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Preface 

 

The study presented in this thesis, titled " Synthesis, Structure and Properties of Some 

Aromatic Carboxylates based Coordination Polymer of Rare Earth and Transition 

Elements," focuses on the creation of metal-organic compounds using commercially 

available aromatic carboxylic acids. This is followed by their structural analysis, 

characterization, and exploration of their various applications in material science. 

The research, which was conducted by the author at Jadavpur University, Jadavpur, Kolkata-

700032, India, took place from August 2018 to June 2025, under the guidance of Dr. Partha 

Mahata.  The entire work is presented and summarized across five chapters within this thesis. 

 

Chapter 1.   The opening of this chapter initiates an exploration into the realm of 

coordination polymers, introducing readers to their fundamental concepts.  Subsequently, it 

delves into an examination of methodologies aimed at attaining functionality within 

individual coordination polymers.  Concluding this section, the chapter further explores 

diverse synthesis approaches, potential applications, and the significance of dynamic 

coordination polymers with respect to these characteristics.  

Chapter 2.  A new gadolinium (III) based coordination polymer (CP), [Gd(3,5-

pydc)1.5(CO2)0.5(H2O)4].3H2O (where 3,5-pydc =3,5-pyridinedicarboxylate), 1, has been 

successfully synthesized using slow diffusion method at room temperature.  Aqueous 

dispersion of compound 1 gives weak luminescence emission at 385 nm upon excitation at 

270 nm.  To explore ligand sensitized metal centre luminescence, we have prepared a 

composite by mixing the CP with Tb3+ ions (Tb@1).  The composite shows luminescence 

quenching behaviour in presence of Cr2O7
2-, CrO4

2-, NO2
ˉ with high sensitivity.  The limits of 

detections are 147 ppb, 142 ppb and 20 ppb, respectively.  Details experimental studies 

suggest that the preferable interaction of the three anions with the Tb3+ ions inside the 

composite and the reduction of the excitation energy, probably, responsible for the quenching 

behaviour. 

Chapter 3.  A new cerium(III) based coordination polymer, [Ce(HCOO)(2,5-pydc)] (where 

2,5-pydc = 2,5-pyridinedicarboxylate), 1, has been fruitfully synthesized using solvothermal 
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method.   The compound displays huge luminescence turn-on behaviour in presence of Lys 

and Arg with high sensitivity.  The limits of detections are 0.72 μM and 1.03 μM for Lys and 

Arg respectively.  Details experimental studies propose that the superior interaction of the 

basic AAs with the CP is probably favoured by the positive charge on these two amino acids. 

 

Chapter 4.  Three sister RE-coordination based phosphors: [RE(3,5-

pydc)1.5(CO2)0.5(H2O)4]·2H2O.CH3OH (RE= Y, Eu and Tb and pydc= 3,5- pyridine 

dicarboxylate) (compound 1, 2 and 3), has been prepared at room temperature using slow 

diffusion method.  Also, we have synthesized a series of tri-RE metal-based phosphors 

materials (Compound 4 to 14) by varying the relative concentrations of Y, Tb and Eu metal 

salts.  The tri-metal based material (compound 14) Y0.5Eu0.25Tb0.25 was found to be 

appropriate for showing a white light emission in solid state at 325 nm excitation, and 

through CIE coordinates (0.329,0.333) and low CCT of 5658 K.  The key factor for the white 

light emission was found to be the presence of three colour emission centre with optimum 

intensity ratio at a particular excitation wavelength.   

Chapter 5.  A new Ni(III)-based metal–organic coordination polymer (MOCP) of formula 

[Ni(4,4'-IPDPA)1.5(H2O)3].6H2O (4,4'-IPDPA = 4,4'-isopropylidenediphenoxyacetate), 1 has 

been synthesized at room temperature using layer diffusion method.  Compound 1 works as a 

promising electrocatalyst for the oxygen reduction reaction (ORR) in basic medium. With a 

nearly four-electron oxygen reduction route and an estimated half-wave potential of 0.72 V 

against reversible hydrogen electrode (RHE), compound 1 demonstrated strong ORR activity. 

The compound 1 most intriguingly showed good long-term stability. In addition to the 

presence of accessible pore within the framework, the emergence of the reduced Ni (II) 

moiety from Ni (III) during cathodic polarisation is believed to be responsible for the high 

level of activity. Compound 1 also demonstrated exceptional resistance towards methanol 

poisoning during the ORR activity. 

 

Each chapter (Chapters 2 to 5) starts with a brief 'Introduction,' followed by 'Experimental 

Section,' 'Results and Discussion,' 'Conclusion,' and 'References.'  A list of publications and a 

compilation of poster presentations are provided at the end of the thesis. 
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Abstract 

                                                                                 Index No: 4/21/chem./27 

Thesis title: "Synthesis, Structure and Properties of Some Aromatic Carboxylates based 

Coordination Polymer of Rare Earth and Transition Elements." 

The primary objective of this study is the synthesis of coordination polymers, their detailed 

characterization using multiple analytical methods, and the investigation of their potential 

applications in various areas of materials chemistry.  To achieve this, a range of metal ions—

including both rare earth elements and transition metals—along with aromatic carboxylate-

based ligands and neutral donor ligands, were utilized.  The targeted coordination polymers 

were synthesized using both solvothermal methods and the layer diffusion approach.  

Structural elucidation of all the synthesized compounds was performed using single-crystal 

X-ray diffraction.  The compounds were intentionally designed to exhibit properties such as 

luminescent sensing, white light emission, and electrocatalytic activity for the oxygen 

reduction reaction. 

In first work, a new gadolinium (III) based coordination polymer (CP), [Gd(3,5-

pydc)1.5(CO2)0.5(H2O)4].3H2O (where 3,5-pydc =3,5-pyridinedicarboxylate), 1, has been 

successfully synthesized using slow diffusion method at room temperature. Single crystal X-

ray diffraction study of 1 confirmed one dimensional ladder like structure. The Gd3+ ions are 

in distorted tricapped trigonal prismatic geometry. Two types of 3,5-pydc ligands are present 

in the structures – in one case the pyridine nitrogen remain vacant whereas in other case the 

pyridine nitrogen coordinated with CO2 to form zwitterionic carbamate.  The phase purity of 

1 has been confirmed by powder X-ray diffraction, thermogravimetric analysis and IR 

spectroscopic studies. Aqueous dispersion of compound 1 gives weak luminescence emission 

at 385 nm upon excitation at 270 nm. To explore ligand sensitized metal centre luminescence, 

we have prepared a composite by mixing the CP with Tb3+ ions (Tb@1). The formation of 

the composite has been confirmed by the IR spectroscopic studies in solid state. The 

composite showed excellent ligand sensitized metal centre luminescence. We have utilized 

this luminescence property for the sensing of anions in aqueous medium. The composite 

shows luminescence quenching behaviour in presence of Cr2O7
2-, CrO4

2-, NO2
ˉ with high 

sensitivity. The limits of detections are 147 ppb, 142 ppb and 20 ppb, respectively. The 

selectivity experiments show that the detection of these three anions is highly selective in 
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presence of other common anions. Details experimental studies suggest that the preferable 

interaction of the three anions with the Tb3+ ions inside the composite and the reduction of 

the excitation energy, probably, responsible for the quenching behaviour. 

In second work, a new cerium(III) based coordination polymer, [Ce(HCOO)(2,5-pydc)] 

(where 2,5-pydc = 2,5-pyridinedicarboxylate), 1, has been fruitfully synthesized using 

solvothermal method.  Single crystal X-ray diffraction study established three-dimensional 

structure of compound 1.  The Ce3+ ions are in tricapped trigonal prismatic geometry.  The 

phase purity of 1 has been confirmed by powder X-ray diffraction, thermogravimetric 

analysis and IR spectroscopic studies.  Aqueous dispersion of compound 1 gives 

luminescence emission at 350 nm upon excitation at 270 nm.  We have observed 17 nm shift 

in emission spectra in presence of two amino acids (AAs) e. g., L-Lysine (Lys) and L-

Arginine (Arg) in aqueous medium.  The compound also displays huge luminescence turn-on 

behaviour in presence of Lys and Arg with high sensitivity.  The limits of detections are 0.72 

μM and 1.03 μM for Lys and Arg respectively.  The selectivity experiments show that the 

detection of these AAs is highly selective in presence of other AAs.  Time–correlated single 

photon counting (TCSPC) studies shows that excited-state lifetime rises with the increase in 

addition of AAs.  Details experimental studies propose that the superior interaction of the 

basic AAs with the CP is probably favoured by the positive charge on these two amino acids. 

In third work, three sister RE-coordination based phosphors: [RE(3,5-

pydc)1.5(CO2)0.5(H2O)4]·2H2O.CH3OH (RE= Y, Eu and Tb and pydc= 3,5- pyridine 

dicarboxylate) (compound 1, 2 and 3), has been prepared at room temperature using slow 

diffusion method.  Also, we have synthesized a series of tri-RE metal-based phosphors 

materials (Compound 4 to 14) by varying the relative concentrations of Y, Tb and Eu metal 

salts.  X-ray diffraction studies on single crystal of 1, 2 and 3 confirmed that these CPs are 

isostructural with one dimensional skeleton.  The rare-earth metal ions adopted distorted 

tricapped trigonal prismatic geometries in this series of compounds.  The presence of 

zwitterionic carbamates in one of the pyridine nitrogen sites were observed through the 

combination of the atmospheric CO2.  All the three compounds have been characterized by 

thermogravimetric analysis, and infrared spectroscopy and the phase purity of the compounds 

has been validated through PXRD studies.  The tri-metal based material (compound 14) 

Y0.5Eu0.25Tb0.25 was found to be appropriate for showing a white light emission in solid state 

at 325 nm excitation, and through CIE coordinates (0.329,0.333) and low CCT of 5658 K.  
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Multicolour emission mechanism at different excitation wavelength has been discussed in 

details.  The key factor for the white light emission was found to be the presence of three 

colour emission centre with optimum intensity ratio at a particular excitation wavelength. 

In fourth work, a new Ni(III)-based metal–organic coordination polymer (MOCP) of 

formula [Ni(4,4'-IPDPA)1.5(H2O)3].6H2O, 1 has been synthesized at room temperature using 

layer diffusion method. Single crystal x-ray diffraction was performed to determine the 

structure of compound 1. It was well characterized by powder X-ray diffraction, Fourier 

transform infrared (FTIR) spectroscopy, X-ray photoelectron spectroscopy (XPS) and 

thermogravimetric analysis (TGA), UV-vis, luminescence spectroscopy, and Brunauer–

Emmett–Teller (BET) analysis. Compound 1 works as a promising electrocatalyst for the 

oxygen reduction reaction (ORR) in basic medium. With a nearly four-electron oxygen 

reduction route and an estimated half-wave potential of 0.72 V against reversible hydrogen 

electrode (RHE), compound 1 demonstrated strong ORR activity. The compound 1 most 

intriguingly showed good long-term stability. In addition to the presence of accessible pore 

within the framework, the emergence of the reduced Ni (II) moiety from Ni (III) during 

cathodic polarisation is believed to be responsible for the high level of activity. Compound 1 

also demonstrated exceptional resistance towards methanol poisoning during the ORR 

activity. 

 

 

                                                                 .……….……………… 
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1.1. Introduction 

Polymers are exquisite, high-molecular-weight compounds crafted through the repeated 

bonding of monomeric units via covalent links.  In contrast, coordination polymers1 are 

intricate, infinite networks composed of metal nodes and organic linkers, held together by 

coordination bonds and various subtle chemical interactions (see Figure 1).  When these 

structures exhibit order, they are often referred to as metal-organic coordination networks or, 

in the case of more structured forms, metal-organic frameworks (MOFs).2  The synthesis of 

polymeric coordination networks, for the chemist, is akin to an intricate "architectural 

endeavor," where the ultimate design is shaped by the harmonious compatibility of 

elements—organic ligands, metal centers, counterions, and solvent molecules.  The 

exploration of the resulting structures, subtle interactions, and refinement of growth processes 

is elegantly known as crystal engineering.1   In 1893, Alfred Werner, recognized as the 

pioneer of coordination chemistry, introduced a theory to elucidate the bonding in metal 

complexes, marking the beginning of the field of coordination chemistry.   He was awarded 

the Nobel Prize in 1913 in recognition of his groundbreaking work.3  In 1897, Hofmann and 

Kuspert first reported the synthesis of Hofmann’s clathrate, a porous coordination polymer, 

by adding Ni(CN)₂ to a solution of ammonia and benzene.4  Powell and Rayner discovered 

Prussian blue in 1949, the first synthetic coordination polymer featuring a mixed-valent 

Fe(II) and Fe(III) network structure, although these compounds are too fragile to retain their 

porosity.5   The exploration of this area began in the early 1960s, with a comprehensive 

review conducted in 1964.  The term "coordination polymer" was first introduced by J.C. 

Bailar in 1967.1   Meanwhile, another class of porous, crystalline aluminosilicates known as 

zeolites was developed, although they also exhibit poor stability in water.  However, the 

coordination bonds in coordination polymers are much weaker compared to the strong Si/Al-

O bonds in zeolites.6  In 1987, however, Robl et al. introduced the concept of using organic 

carboxylate ligands to create extended structures. Subsequently, different coordination 

networks were uncovered by several scientists, including Saito, Robson, Fujita, Zaworotko 

and Yaghi between 1959 and 1995.7-11   Molecular tectonics, a concept later used by Wuest 

and Hosseini (from the Greek word tekton, meaning builder), involves utilizing multiple 

peripheral sites with strong directional interactions between molecules for the development of 

the molecular building block (MBB) approach.12-15  However, For the first time in 1995, Prof. 

Yaghi introduced the "metal-organic framework," although it initially had a 2D layer 
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structure.16  Between 1998 and 1999, he presented a three-dimensional framework that 

exhibited permanent porosity.17  

In 1999, MOF-5, [Zn₄O(1,4-bdc)₃(DMF)₈(C₆H₅Cl)] (see Figure 2), was synthesized by 

combining Zn(II) with 1,4-benzenedicarboxylic acid in DMF or DEF solvent, heated at 

100°C for 20 hours.18  Statistical data reveals that MOFs, a unique class of coordination 

polymers, vividly captured the growing fascination with this field of study between 2001 and 

2017.19  The term "coordination polymers" gradually became broader, embracing all metal-

ligand structures, while "metal-organic frameworks" (MOFs) came to represent exclusively 

the elegant, porous 3D architectures.20 To refine the distinction, CPs encompass 1D, 2D, and 

3D forms, while MOFs are reserved for the intricate, porous 3D networks.21   

Fig. 1. A diagram illustrating a metal-organic framework constructed from metal ions and 

organic ligands. 

In 1960, Pedersen and his team found that small guest molecules could fit into the cavities of 

metal-organic compounds through non-covalent interactions like π-π stacking, hydrogen 

bonds, and van der Waals forces.22  Metal-organic compounds have become highly regarded 

in recent years for their diverse applications, including gas storage and separation,23-34 

catalysis,35-38  proton conduction,39-42  and drug delivery,43-45 energy storage,46-48 sensing,49-51 

live cell imaging.52-54  Additionally, these materials offer valuable opportunities for studying 

their optical, electronic, and magnetic properties.55-65  Of late, new terms such as “porous 

coordination polymers (PCPs),”66 “metal-organic coordination networks,”67 “metal-organic 

hybrids,”68 and “metal-organic rotaxane frameworks (MORFs)”69 have gained widespread 

usage in this domain.  
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Fig. 2. Diagram depicting the structure of the MOF-5, [Zn₄O(1,4-bdc)₃(DMF)₈(C₆H₅Cl)] 

framework.  Here, 1,4-bdc=1,4-benzenedicarboxylate. 

 

1.2. Rare Earth and Transition Metal as Nodes. 

In metal-organic compounds (MOCs), rare earth elements (REs) and transition metals are 

frequently employed as pivotal metal nodes (also known as metal centers or clusters) owing 

to their remarkable chemical characteristics, which profoundly shape the overall properties of 

the MOCs.  These metal nodes are indispensable for the structural integrity, porosity, and 

reactivity of the compounds.70  Rare earth metals (or lanthanides), encompassing the 15 

elements from lanthanum (La) to lutetium (Lu), as well as scandium (Sc) and yttrium (Y), are 

often selected for their high coordination capacities, favorable ionic radii, and distinctive 

electronic configurations.71, 72  Their relatively large ionic sizes and low electronegativity 
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enable them to engage with multiple ligands, thus facilitating the creation of stable, highly 

porous frameworks.73  The unique f-orbital electron configurations of rare earth metals imbue 

these compounds with extraordinary magnetic and luminescent properties.74, 75  Thanks to 

their robust bonds with organic linkers, RE-based MOCs tend to exhibit exceptional stability 

even under extreme conditions, such as elevated temperatures and harsh solvents.76  For 

instance, metals like europium (Eu) and terbium (Tb) are celebrated for their intense 

luminescence, rendering RE-based MOCs highly suitable for applications in sensors, light-

emitting devices, and bio-imaging.54, 77, 78 

Guodong and coworkers reported a metal organic compound with lewis basic pyridyl sites, 

[Eu(pdc)1.5(dmf)]⋅(DMF)0.5(H2O)0.5 (1, pdc=pyridine-3,5-dicarboxylate), (see Figure 3) for 

the sensing of metal ions.  The compound was synthesized overnight at 120°C in DMF 

through a solvothermal reaction of [Eu(NO3)3]⋅(H2O)6 and H2pdc.79 

 

 

 

 

 

 

 

 

 

Fig. 3. Crystal structure of [Eu(pdc)1.5(dmf)]⋅(DMF)0.5(H2O)0.5, color code: Eu (Green 

polyhedral), Eu (pink), O (Red), N (blue) , C (grey). 

Transition metals, such as iron (Fe), copper (Cu), zinc (Zn), nickel (Ni), cobalt (Co), and 

others, also play a pivotal role in the construction of MOCs.80, 81  These metals are prized for 
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their versatile chemistry, which allows them to serve multiple functions within MOC 

frameworks.82   Transition metals exhibit a wide array of oxidation states, facilitating the 

formation of diverse coordination complexes with organic linkers.  This flexibility enables 

the precise tuning of MOC properties by selecting specific metals or oxidation states.83  Many 

MOCs containing transition metals such as copper, iron, or nickel are actively explored for 

their catalytic potential in reactions like CO₂ reduction, O2 reduction,  hydrogenation, and 

oxidation.81, 84-86   MOF-74, Zn2(DHBDC)(DMF)2·(H2O)2  (see Figure 4), was synthesised by 

solvothermal method, for this purpose a mixture of 2,5-dihydroxy-1,4-benzenedicarboxylic 

acid (H2-DHBDC) and zinc nitrate tetrahydrate was dissolved in DMF, 2-propanol, and 

water, then placed in a Pyrex tube.  The tube was frozen in liquid nitrogen, evacuated, flame-

sealed, and heated to 105 °C for 20 hours before cooling to room temperature.87  This MOF-

74 has many applications. 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Compound Zn2(DHBDC)(DMF)2·(H2O)2 (where DHDC= 2,5-dihydroxy-1,4-

benzenedicarboxylate), guest molecules of DMF and H2O removed for clarity. (Red = O, 

Purple = ZnO6 Polyhedra, Cyan = Zn, Black = C). 
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1. 3. Aromatic Carboxylates as Linker 

As discussed earlier, a variety of factors contribute to the diverse dimensionality and 

topology in coordination polymers (CPs).  However, the most influential factor in this 

process is the choice and nature of the organic ligands.  These ligands, which act as linkers 

between metal centers, are responsible for forming the extended polymeric networks that 

define CPs or metal-organic frameworks (MOFs).  For effective coordination, these ligands 

are typically bi-dentate or multi-dentate, meaning they have two or more binding sites that 

enable them to interact with multiple metal centers, leading to the creation of a stable, 

interconnected network.  The properties of the linkers vary considerably and play a 

significant role in determining the structural and functional characteristics of the CPs.  

Linkers can differ in charge, with some being neutral and others ionic, which influences the 

overall charge balance of the resulting framework.  The donor atoms in the ligands also vary, 

with nitrogen (N), oxygen (O), sulfur (S), or combinations of N and O being the most 

common.  These donor atoms are responsible for coordinating with metal centers and play a 

vital role in stabilizing the structure.  Additionally, the size, shape, and flexibility of the 

linkers are crucial factors that influence the dimensionality of the CPs, as well as the porosity 

and rigidity of the framework. 

The functional groups present on the ligands also significantly impact the properties of the 

CPs.  For example, carboxylate, phosphonate, and amine functional groups can alter the 

electronic properties of the framework and can influence its stability, reactivity, and ability to 

host guest molecules.  Ligands can also include aliphatic or aromatic rings, which can affect 

the overall rigidity and symmetry of the framework.  Moreover, the presence of saturated or 

unsaturated components in the ligand structure can influence the framework’s ability to 

undergo reversible transformations, such as adsorption or catalysis, which are critical 

properties for applications like gas storage, separation, and catalysis.  Furthermore, the size of 

the organic ligands can determine the pore size and the overall surface area of the CPs, which 

is a crucial factor for applications such as drug delivery, molecular sieving, and energy 

storage.  The variation in ligand structures also allows for the fine-tuning of the CPs for 

specific applications, leading to the creation of highly specialized frameworks with unique 

properties.  The following section will explore these aspects in greater detail, providing 

insights into how the structural differences of the organic ligands influence the 

dimensionality, topology, and functionality of CPs and MOFs. 
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1.3.1. Organic Ligand with O-Donor Site 

O-donor ligands, particularly carboxylates, are integral to the construction of coordination 

polymers, such as metal-organic frameworks (MOFs), due to their remarkable ability to form 

stable and intricate structures.  These ligands generally exist in their anionic forms—

alkoxides, carboxylates, sulfonates, nitrates, and phosphates—and each type offers distinct 

advantages in coordinating with metal ions to produce diverse and functional frameworks.  

Carboxylates, especially bi-dentate or multi-dentate variants, stand out for their effectiveness 

in bridging cationic metal centers and facilitating the formation of versatile, multidimensional 

frameworks.  The multi-dentate nature of carboxylates enables them to act as strong and 

flexible connectors, establishing networks that can range from simple to highly complex, 

depending on the arrangement of the metal centers and the carboxylate ligands. 

The unique ability of carboxylates to interact through multiple coordination modes—ranging 

from monodentate and bidentate to more intricate bis-monodentate, chelating, and oxo-

bridging configurations—imparts exceptional versatility to MOFs (see Figure 5).  This 

flexibility allows for fine-tuning of the framework's structure and properties, such as porosity, 

surface area, and stability. For instance, small dicarboxylates like oxalate or fumarate 

typically yield MOFs with compact, non-interpenetrated cavities, making them ideal for 

applications like gas storage or separation.  Larger aliphatic dicarboxylates, such as glutarate 

or adipate, with their expansive molecular structures, foster the formation of interpenetrated 

frameworks, which enhances their stability and suitability for applications in catalysis, 

sensing, and other advanced technologies. 

Aromatic carboxylates, exemplified by pyridyne dicarboxylates, terephthalate, are prized for 

their inherent rigidity, which contributes to the formation of robust, thermally stable 

frameworks.  These rigid ligands are instrumental in crafting MOFs that can withstand harsh 

conditions, such as high temperatures or aggressive chemicals, which are often required in 

catalytic or environmental processes.  Moreover, the presence of additional functional groups 

such as hydroxyl, amino, or halide groups—on poly-carboxylates further expands the 

potential applications of MOFs by introducing sites for specific interactions or reactions.  

This allows for the development of highly specialized materials for diverse fields like drug 

delivery, chemical sensing, and even solar energy conversion. 
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Aromatic carboxylates are often classified as "hard" ligands because they form strong bonds 

with "hard" metal centers, such as transition and lanthanide metals.  These metals, like, 

nickel, cobalt, yttrium, gadolinium, terbium, europium, cerium, praseodymium are 

particularly well-suited for forming a variety of coordination geometries, such as octahedral, 

tetrahedral, square planar, tricapped trigonal prism, dodecahedron structures.  This 

adaptability of metal centers enables the creation of an extensive array of network topologies, 

from linear chains to more intricate 2D or 3D frameworks with higher coordination numbers.  

The strong interactions between carboxylates and metal centers not only ensure the structural 

integrity of MOFs but also enhance their functional performance, making them ideal 

candidates for a wide range of applications, including catalysis, sensing, gas storage, and 

environmental cleanup. 

 

 

 

 

 

 

 

 

Fig. 5. Various modes of carboxylate ions displayed in a metal-organic compound 

Moreover, the ability of poly-carboxylates to introduce multiple binding sites within a single 

ligand provides a high degree of control over the connectivity and dimensionality of the 

resulting frameworks.  This capability allows for the design of MOFs with tailored properties, 

from high surface areas to selective adsorption behavior, which is critical for applications in 

energy storage, environmental remediation, and beyond.  The diversity in the size, shape, and 

functional groups of carboxylate ligands allows for the precise engineering of materials with 
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specific characteristics, leading to the development of MOFs that are both scientifically 

intriguing and practically valuable.  Some O-donor ligands are listed below in Figure 6. 

 

 

 

 

       3,5-Pyridinedicarboxylic Acid                               2,5-Pyridinedicarboxylic Acid 

 

 

4,4'-Isopropylidenediphenoxyacetic Acid 

 

 

 

                                        

  

            2,5-DihydroxyterephthalicAcid                              2,3-Pyridinedicarboxylic Acid                                                       

Fig. 6. O-donor ligands employed in the synthesis of metal-organic compounds.            
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1.3.2. Organic Ligand with N-Donor Site 

Since the 1990s, nitrogen-donor (N-donor) ligands, such as amines, pyridyl, imidazole, 

triazole, and tetrazole groups, have become central to the creation of coordination polymers 

(CPs).  These ligands typically exist in their neutral state, where nitrogen atoms' lone pairs 

coordinate with metal centers, giving rise to intricate, extended CP frameworks. Among 

these, nitrogen in pyridyl or imidazole rings often forms stronger bonds with metals than the 

nitrogen in amines.  While metal-N bonds tend to be more labile than their metal-O 

counterparts, this very lability fosters flexibility in CP structures, enabling spontaneous 

rearrangements and contributing to supramolecular isomerism.  N-donor ligands have been 

widely explored for CP synthesis, with notable examples highlighted in research.  As these 

ligands bond with cationic metal centers, the resulting complexes are also positively charged, 

requiring counter anions to balance them, thus preventing the formation of interpenetrated 

networks.  The size and nature of the N-donor ligands profoundly affect the structure of the 

resulting CPs: smaller ligands like thiazole or pyrazole typically form rigid, non-flexible 

frameworks with small pores, while larger, more flexible ligands give rise to dynamic, 

interpenetrated architectures.  Furthermore, azo/azine-based N-donor ligands, such as 4,4'-

azobispyridine, enhance the CO2 capture abilities of these polymers.  A striking example of 

these principles is a novel porous coordination polymer crafted from the tritopic N-donor 

ligand 1,3,5-benzenetristetrazolate (BTT3-), which, when synthesized hydrothermally, forms 

a fascinating three-dimensional cubic structure, showcasing both structural elegance and 

functional versatility.  Some N-donor ligands are listed below in Figure 7. 

Fig. 7. N-donor ligands used in the synthesis of metal-organic compounds. 
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1.4. Structure of Metal-Organic Compounds 

 

1.4.1. Rare Earth based MOCs 

Lanthanide ions typically exhibit coordination numbers ranging from 6 to 12, a characteristic 

that distinguishes them from transition metal ions, whose coordination numbers generally fall 

between 2 and 6.  This higher coordination number is crucial in facilitating the formation of 

more intricate, three-dimensional frameworks, as lanthanide ions can bind to a greater 

number of ligands.  Such enhanced coordination provides increased flexibility and stability, 

enabling the creation of highly robust and durable metal-organic frameworks (MOFs).  In 

these frameworks, the lanthanide ions can adopt various coordination geometries, such as 

eight-coordinate square-antiprismatic, nine-coordinate tricapped trigonal prismatic, or 

twelve-coordinate dodecahedral geometries.  The specific coordination geometry directly 

affects the arrangement of surrounding ligands and plays a pivotal role in determining the 

overall symmetry and properties of the MOF.  The ability of lanthanide ions to form stable 

and versatile coordination environments is fundamental in tailoring the structural and 

functional characteristics of MOFs for a wide range of applications, including catalysis, gas 

storage, and luminescent sensing. 

1.4.1.1. Tricapped trigonal prismatic geometry 

This particular geometry is commonly observed in metal-organic frameworks (MOFs) with a 

well-defined, orderly structure, as the symmetrical arrangement of ligands helps stabilize the 

overall framework.  A prime example of this can be seen in the structure of the terbium-based 

MOF, Tb-MOF [Tb2(PDC)2(SO4)(H2O)6]·2H2O, where the terbium ion adopts a distorted 

tricapped trigonal prismatic geometry.  In this structure, the coordination environment around 

the Tb3+ ion is stabilized by a combination of water molecules, sulfate groups, and 

carboxylate ligands, which form a well-connected 3D network.  The polyhedral view of the 

framework along the c-axis illustrates this arrangement (see Figure 8), with the distortions in 

the geometry stemming from factors such as ligand steric effects and the ion's specific 

electronic preferences.88 
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Fig. 8. Tb-MOF-[Tb2(PDC)2(SO4)(H2O)6].2H2O, (PDC= pyridine-3,5-dicarboxylate),  

polyhedral representation of the 3D structure along the c-axis.  Hydrogen atoms are excluded 

for clarity. 
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1.4.1.2. Square antiprismatic geometry 

In this geometry, eight ligands are positioned around the lanthanide ion in a square antiprism, 

with four ligands on the equatorial plane and four others occupying the axial positions. A 

prominent example of this geometry is found in the Dy-MOF [Dy(pyc)(pydc)(H2O)]n, where 

Dy3+ ions exhibit a distorted square antiprismatic geometry.  In this framework, the 

lanthanide ion is coordinated by pyridine-2-carboxylate (pyc) and pyridine-3,5-dicarboxylate 

(pydc) ligands, as well as water molecules (see Figure 9).  The distortion of the ideal square 

antiprism arises due to factors such as ligand-ligand interactions and the specific steric 

requirements of the Dy3+ ion.89 

 

Fig. 9. Molecular structure of [Dy(pyc)(pydc)(H2O)]n, [pyridine-2-carboxylate (pyc) and 

pyridine-3,5-dicarboxylate (pydc)].  All hydrogen atoms are omitted for the clarity. 
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1.4.1.3. Dodecahedral geometry 

In the dodecahedral geometry, twelve ligands gracefully encircle the lanthanide ion, forming 

a symmetrical, polyhedral arrangement that imparts remarkable stability and rigidity to the 

framework.  A striking example is Sm(pydc)(Hpydc), where the samarium ion is delicately 

coordinated by six oxygen atoms and two nitrogen atoms from the elegant pyridine-2,5-

dicarboxylate ligands (see Figure 10).  This arrangement fosters a robust, harmonious 

structure, enhancing the framework's overall stability and making it ideal for applications that 

demand unwavering structural integrity and precision.90  

 

Fig. 10. Intricate three-dimensional structure of Sm(pydc)(Hpydc) viewed down the c axis. 

Here, H2pydc = pyridine-2,5-dicarboxylic acid. 

 

 



Chapter 1 

Page | 16  

 

(a)

(b) (c)

1.4.1.4. Icosahedral geometry 

Icosahedral geometry in lanthanide metal-organic frameworks (MOFs) describes the spatial 

arrangement of atoms surrounding a central metal ion, forming a polyhedron with 20 

triangular faces.  This highly symmetrical structure can significantly impact the MOF's 

properties, such as its stability, reactivity, and luminescence.  In the case of Ce(III) in 

[Ce₃(ADB)₃(HADB)₃]·30DMSO·29H₂O}ₙ, (H2ADB = 4,4′-azodibenzoic acid), two distinct 

coordination environments are observed.  One Ce(III) ion is coordinated to 12 oxygen atoms 

from the ligands, creating an icosahedral geometry, while the other Ce(III) ion is coordinated 

to 9 ligands, resulting in a distorted tricapped trigonal prism (see Figure 11).91  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. (a) Coordination environment of CeIII in [Ce₃(ADB)₃(HADB)₃]·30DMSO·29H₂O}ₙ, 

here, H2ADB = 4,4′-azodibenzoic acid, (b) one CeIII exhibiting 12 coordination, forming an 

icosahedral geometry, and (c) another CeIII showing 9 coordination, leading to a distorted 

tricapped trigonal prism. 
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1.4.2. Transition Metal based MOCs 

Transition metal-based MOFs are particularly interesting due to the variety of coordination 

geometries and the ability to tune their properties through metal-ligand interactions.  The 

coordination number (CN) of a metal ion in a MOF refers to the number of atoms or ligands 

directly bonded to the metal center.  The geometry is the arrangement of these ligands around 

the metal center, which is determined by the CN and the steric and electronic properties of 

the metal and ligand.  The coordination number (CN) of a metal ion in a MOF typically range 

from 2 to 6 for transition metal ions. 

1.4.2.1. Square planar type geometry 

Cu(II)-based metal-organic frameworks (MOFs), like HKUST-1, feature a square planar 

geometry, where the Cu(II) ion is at the center, coordinated by four ligands at the corners (see 

Figure 12).  This structure contributes to the high porosity of HKUST-1, enabling effective 

gas adsorption, particularly for CO₂ and methane.  

 

 

 

 

 

 

 

 

 

Fig. 12. [Cu3(TMA)2(H2O)3]n,  polymer framework viewed along the [100] direction, 

highlighting nanochannels with fourfold symmetry. Here, TMA-benzene-1,3,5-

tricarboxylate. 
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The square planar coordination facilitates interactions between the metal center and organic 

linkers, stabilizing the framework and enhancing its gas storage capabilities.92 

1.4.2.2. Tetrahedral geometry 

Zn-based metal-organic frameworks (MOFs), such as ZIF-8, exhibit a tetrahedral 

coordination geometry where the Zn²⁺ ion is surrounded by four ligands arranged at the 

vertices of a tetrahedron.  In ZIF-8, imidazolate ligands, such as 2-methylimidazole, act as 

linkers, connecting the metal centers to form the framework (see Figure 13).  The tetrahedral 

coordination of the Zn centers imparts exceptional stability and rigidity to the structure, 

which is crucial for its performance in gas storage applications, particularly for CO₂ and CH4.  

ZIF-8’s robust framework also contributes to its remarkable stability in humid environments, 

making it a promising material for applications in gas storage, separation, and environmental 

sensing.93 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13. ZIF-8, Zn(MeIM)2, (here, MeIM= 2-methylimidazolate) exhibits a tetrahedral 

coordination geometry. 
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1.4.2.3. Octahedral geometry  

 MIL-53(Cr) features an octahedral coordination geometry, with six terephthalate ligands 

arranged around the central chromium ion in a regular octahedral shape (see Figure 14).  This 

coordination enhances the material's stability and flexibility, particularly in gas adsorption 

applications. MIL-53(Cr) is distinctive for its ability to undergo structural changes, 

expanding and contracting in response to fluctuations in gas pressure.  This flexibility allows 

it to efficiently adsorb and release gases, making MIL-53(Cr) particularly suitable for gas 

storage applications such as CO₂ and methane capture.94 

 

Fig. 14. View of the pore systems of MIL-53(Cr) or CrIII(OH)·{O2C−C6H4−CO2} 

·{HO2C−C6H4−CO2H}0.75, where MIL-53(Cr) exhibits an octahedral coordination geometry. 
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1.5. Synthetic Methods for Metal-Organic Compounds   

Over the past three decades, a diverse array of methods has been developed for the synthesis 

of metal-organic compounds, including microwave and ultrasonic synthesis, stirring 

techniques, sonochemical methods, reflux processes, mechanochemical techniques, 

solvothermal approaches, and slow layer diffusion.  These compounds are typically 

characterized using single-crystal X-ray diffraction and powder X-ray diffraction (PXRD) 

methods.  To ensure accurate results, it is crucial to focus on obtaining a suitable single 

crystal and maintaining the purity of the compound.  Numerous factors influence both the 

crystal growth and the purity of metal-organic compounds, such as temperature, reagent 

concentration, mole ratio, solvent types, pH of the reaction medium, and the duration of the 

reaction.  For our study, we explore the solvothermal method and slow layer diffusion 

technique to gain deeper insights into their effectiveness.  A detailed discussion of these two 

methods follows below. 

 

1.5.1. Solvothermal Synthesis 

Solvothermal synthesis is a common technique used to produce coordination polymers (CPs) 

and metal-organic compounds, allowing for the creation of materials with a variety of shapes 

and sizes.  This method involves crystallizing substances from high-temperature solutions of 

reactants in solvents such as water, dimethylformamide (DMF), acetonitrile, and methanol, 

among others.  The term "solvothermal" refers to the use of different solvents, while 

"hydrothermal" is specifically used when water is the solvent.  This technique is particularly 

useful for materials with low solubility, and when dealing with substances that have high 

melting points, a "mineralizer" is added to assist in the process. 

Important factors that influence the solvothermal method include the concentration of 

reactants, stoichiometry, pH, reaction time, and temperature.  In typical processes, the 

reaction mixture is heated to temperatures above the boiling point of the solvent, creating a 

supercritical fluid that dissolves most of the components.  This mixture is sealed in Teflon-

lined autoclaves, where it is subjected to high pressure and heated to temperatures between 

80–180 ºC in a hot air oven (see Figure 15a-c).  After the reaction, the mixture is slowly 

cooled, allowing crystals to form in situ.  The solvothermal method offers several advantages 

over other techniques, such as precise control over the size and shape of the products, low 

energy consumption, and the absence of harmful substances, resulting in high-quality crystals 

with good morphology. 



Chapter 1 

Page | 21  

 

The success of the solvothermal synthesis relies on choosing the right solvent, metal ions, and 

polydentate ligands.  As temperature increases, the dielectric constant of water decreases, but 

it rises with increased pressure.  The solvothermal technique, which often requires the use of 

an autoclave, is especially effective for crystal growth.  This process was first described by 

Rabenau and Laudise, and today, Teflon is widely used for the reaction vessels, as it is 

resistant to high pressures while being durable and porous, making it ideal for these reactions. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15. (a) Hot air ovens used for the solvothermal synthesis technique; (b) The external view of 

the autoclave used for the synthesis process described in this thesis; (c) The external view of the 

Teflon vessels used as digestion bombs. 
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(b) (c) 
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 1.5.2.  Slow Layer Diffusion Technique 

The slow layer diffusion technique is a highly effective approach for creating metal-organic 

compounds (MOCs).  In this method, two solvents with different densities are used, where 

the lighter solvent is placed on top of the heavier one, forming distinct layers.  The metal ions 

are typically dissolved in a polar solvent, such as water, while the organic ligands are 

dissolved in a non-polar solvent.  The metal solution is carefully placed at the bottom of a 

glass tube, followed by the ligand solution layered on top.  The tube is then sealed and left 

undisturbed, usually at room temperature, allowing crystals to form over a period of weeks.  

The process relies on the surface tension between the two solvents to aid in the gradual 

diffusion and crystallization at their interface.  In some variations, a buffer solution made by 

mixing the two solvents in specific ratios can be used to slow the diffusion, making the 

crystallization process more favorable.  This technique, which emphasizes the careful 

layering of the reactants, ensures that well-formed crystals are produced (see Figure 16).  

While the slow diffusion method is widely used, other established techniques like reflux and 

ultrasonic methods also play important roles in synthesizing coordination polymers, offering 

researchers efficient and controlled ways to create MOCs in the lab. 

 

 

 

 

 

 

Fig. 16. Diagrammatic representation of the synthesis process using the slow layer diffusion 

method. 
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1.6.  Structural Characterizations of CPs 

1.6.1.  Powder X-ray Diffraction (PXRD) 

Powder X-ray diffraction (PXRD) is a fundamental technique in the characterization of 

metal-organic compounds, serving as a critical tool for determining both purity and phase 

identification.  Following the isolation of the crystalline form of the compound, the first 

essential step is the measurement of its PXRD pattern.  This technique yields a distinctive 

"fingerprint" of crystalline materials, which is instrumental in confirming the purity and 

structural integrity of the compound.  The PXRD pattern provides key data, including the 

peak positions (2θ) and the full width at half maximum (FWHM), both of which are vital for 

indexing the diffraction pattern. Additionally, the precise measurement of relative peak 

intensities plays a crucial role in structural analysis and phase identification.  To ensure 

accurate intensity measurements, three factors must be carefully controlled: sample thickness, 

preferred orientation, and divergence slit settings. 

For metal-organic compounds, the experimentally obtained PXRD pattern is compared to a 

simulated pattern derived from single-crystal X-ray diffraction (XRD) data.  A close match 

between the experimental and simulated patterns confirms the purity of the compound, while 

deviations in peak positions may indicate structural variations or phase impurities.  In this 

study, PXRD patterns for all compounds were recorded using a Bruker D8 Discover 

instrument, equipped with a flat plate sample holder and monochromatic Cu-Kα radiation.  

The measurements were performed at room temperature using liquid nitrogen-cooled solid-

state detectors to improve sensitivity. 

PXRD is not only instrumental in verifying the purity of a compound but also serves as a 

powerful tool for identifying phase transitions and structural changes under various 

environmental conditions.  It is particularly valuable for monitoring reaction dynamics and 

for the identification of novel materials.  Throughout this thesis, the PXRD data 

unequivocally confirmed that the products were synthesized in their pure phase, providing 

strong evidence for the successful formation of new metal-organic compounds. 
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1.6.2.  Single Crystal Structure Determination (SCXRD) 

A carefully selected single crystal was precisely mounted onto a fine glass fiber under a 

polarizing microscope.  Single-crystal X-ray diffraction (XRD) measurements were 

performed using a Bruker D8 Quest instrument at a temperature of 293(2) K.  The X-ray 

source was operated at 50 kV and 35 mA, utilizing Mo Kα radiation (λ = 0.71073 Å).  Data 

were collected through an ω scan with a range of 0.3º, capturing a total of 606 frames in three 

distinct φ orientations (0º, 90º, and 180º).  The sample-to-detector distance was maintained at 

6.03 cm, and the detector angle (2θ) was fixed at -25º.  The acquired data were processed 

using the SAINTPLUS95 software, with empirical absorption corrections applied via the 

SADABS96 program.  The crystal structure was solved using the SIR 9297 method and 

subsequently refined using full-matrix least-squares techniques with SHELXL-201698, part of 

the WinGx suite (Version 1.63.04).99, 100  Non-hydrogen atoms were determined from Fourier 

difference maps and refined with anisotropic displacement parameters.  Hydrogen atoms 

were initially placed based on difference Fourier maps and, for the final refinement, were 

fixed at ideal geometrical positions and refined using a riding model with isotropic thermal 

parameters.  This procedure provided a detailed analysis of the crystal structure, including its 

symmetry, unit cell dimensions, space group, atomic positions, and bond lengths.  

Comparisons were made with existing data in structural databases like the Cambridge 

Structural Database (CSD).  Using graphite-monochromated X-rays, diffraction angles were 

determined in accordance with Bragg’s Law, and the collected data were processed and 

refined to produce an accurate model of the crystal structure. 

1.6.3.  Fourier Transform Infrared (FT–IR) Spectroscopy 

Infrared (IR) spectroscopy is an indispensable analytical technique that unveils the presence 

of various functional groups within metal-organic compounds by observing their interaction 

with infrared radiation.  This technique primarily measures the absorption, emission, or 

reflection of infrared light, providing valuable information about molecular vibrations, such 

as bond stretching and bending.  To prepare samples, the KBr pellet method is frequently 

employed, where the compound is carefully mixed with KBr, and the measurements are taken 

in transmission mode.  This allows for a thorough investigation of molecular vibrations 

across the IR spectrum, typically recorded in the range of 400 to 4000 cm⁻¹.  Instruments 

such as the Nicolet Magna IR 750 series-II FTIR spectrophotometer, JASCO FT/IR 6300, or 
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Shimadzu FTIR-8400S are commonly used for these analyses.  The precise wave numbers of 

the IR bands are intricately influenced by the compound's coordination environment. 

However, the technique is not without its challenges.  Two primary limitations exist: (i) 

certain species may give rise to broad absorption bands that obscure adjacent, more distinct 

peaks, and (ii) the overlapping vibrational bands of multiple functional groups within the 

same frequency region can complicate spectral interpretation.  An alternative, yet 

increasingly popular approach to IR spectroscopy is Attenuated Total Reflectance (ATR), 

which simplifies the process by directly placing the sample onto an ATR crystal.  This 

method requires minimal sample preparation, offering a more accessible means to identify 

functional groups and structural motifs through a straightforward spectrum. 

In addition to standard measurements, IR spectroscopy can also be employed to monitor any 

shifts in spectral bands when the compound interacts with different analytes.  For this, the 

powdered sample is immersed in an aqueous solution of the analyte for 24 hours, dried, and 

then subjected to further IR analysis to observe any changes in the spectral features.  Through 

these techniques, IR spectroscopy remains an essential tool for exploring the intricate 

molecular details of compounds, providing a window into their structural and functional 

characteristics. 

1.6.4.  Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) is an essential analytical technique used extensively for 

the characterization of metal-organic compounds, providing crucial insights into their thermal 

stability and decomposition processes.  During TGA, the sample is subjected to a controlled 

heat treatment under a continuous flow of nitrogen gas, typically at a rate of 20 ml/min.  The 

weight changes of the material are monitored as a function of temperature and time, enabling 

the detection of stepwise thermal degradation, such as the loss of lattice-bound or coordinated 

water molecules, or the release of other volatile species.  This technique offers a quantitative 

assessment of weight loss, which is instrumental in identifying the specific components 

within the compound and validating its structural integrity.  The temperature at which various 

decomposition events occur provides valuable information regarding the thermal behavior 

and stability of the substance.  In the present study, TGA was performed using sophisticated 

Perkin-Elmer instruments, such as the STA 6000 and Diamond models, to meticulously 

analyze the thermal properties of the compounds under carefully controlled experimental 
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conditions.  This in-depth evaluation aids in understanding the decomposition mechanisms, 

dehydration processes, and potential structural formulations of the compounds. 

1.6.5.  Nitrogen Gas Adsorption-Desorption (BET) Experiment 

The nitrogen gas adsorption-desorption technique is widely employed to characterize the pore 

size distribution and surface area of materials.  Typically performed at the temperature of 

liquid nitrogen, this method is facilitated by an adsorption analyzer.  It involves the 

generation of an isotherm that reveals a hysteresis loop at a relative pressure of p/p0, requiring 

careful degassing of the sample.  The approach assumes that gas molecules accumulate in 

multiple layers on the material’s surface, with nitrogen being the gas of choice due to its inert 

nature.  Upon gathering the data, a plot of total gas uptake versus p/p0 is generated.  In the 

present study, nitrogen gas adsorption-desorption (BET method) was conducted using the 

Autosorb iQ2 from Quantachrome Instruments, USA.  This technique also plays a crucial 

role in the realm of coordination chemistry, where evaluating the surface area and pore 

volume of coordination polymers—composed of metals and ligands—is essential for a wide 

range of applications.  These polymers often possess remarkable surface areas and porosity, 

making the manipulation of surface area a key factor for practical utilization.  A common 

strategy to enhance surface area is the incorporation of expanded organic linkers to form 

microporous coordination polymers (MCPs), although challenges such as framework collapse 

or incomplete guest removal may restrict their porosity.  Computational tools like Grand 

Canonical Monte Carlo (GCMC) simulations provide predictions of ideal surface areas, 

which can be compared with experimental BET data, as BET is widely regarded as more 

reliable than other methods, such as Langmuir.  Recent investigations have also delved into 

the potential of these materials in the selective separation of nitrogen from gas mixtures. 

1.6.6.  Scanning Electron Microscopy (SEM) 

The dimensions and structural characteristics of the metal-organic compounds were carefully 

analyzed using scanning electron microscopy (SEM).  In this method, the finely ground 

metal-organic compounds were either directly placed onto a glass slide or applied via drop-

casting on a silicon wafer.  SEM is a sophisticated electron microscope that employs a 

focused electron beam to scan the surface of the metal-organic compounds.  This electron 

beam, produced by a tungsten filament or a field emission gun, interacts with the sample, 

providing detailed insights into its structure.  The high-energy electrons emitted during this 

process are crucial for determining the specimen's size and shape.  These emitted electrons 



Chapter 1 

Page | 27  

 

interact with the atoms of the sample, producing a variety of signals that contain information 

about the material's composition and surface features.  Initially, the crystals are ground finely 

using a mortar and pestle before being either mounted directly on a glass slide or drop-cast 

onto a silicon wafer.  For the current study, SEM images were captured using both the 

QUANTA FEG250 FEI scanning electron microscope and the Zeiss Gemini SEM 45 field 

emission scanning electron microscope. 

 

1.6.7.  Determination of Elemental Composition 

To unveil the intricate chemical composition of the sample, scientists utilized Energy 

Dispersive X-ray Analysis (EDAX), a sophisticated technique that elucidates the elemental 

proportions within a complex mixture.  The analysis was performed with a scanning electron 

microscope (SEM) outfitted with an advanced spectrometer.  Specifically, EDAX was 

conducted using the QUANTA FEG250 FEI SEM, paired with the EDAX QUANTA 200 

spectrometer.  Given that organic ligands—essential building blocks of metal-organic 

compounds—harbor elements like carbon (C), hydrogen (H), and nitrogen (N), CHN analysis 

was indispensable for their precise identification.  Typically, these elements are quantified 

through an elemental micro-analysis system.  The EDAX technique revealed the elemental 

ratios within the compound, offering profound insight into its compositional structure.  This 

detailed elemental analysis is pivotal, as these elements form the cornerstone of the organic 

linkers used in the synthesis of the compound. 

 

1.6.8.  UV-visible Spectroscopy (UV-vis) 

UV-visible spectroscopy is a powerful analytical technique used to explore the intricate 

properties of metal-organic compounds by studying the interaction between ultraviolet light 

and the sample.  As UV light penetrates these compounds, it excites molecular vibrations, 

creating a spectrum that reveals key electronic transitions, such as n → π*, π → π*, and 

ligand-to-metal charge transfers.  These transitions predominantly occur in the UV region 

(200-400 nm), while the d-d transitions of transition metal ions and f-f transitions of 

lanthanide ions manifest in the visible spectrum (400-1100 nm).  This method is particularly 

insightful for investigating dye adsorption in metal-organic compounds, offering a window 

into surface and pore interactions.  Advanced instruments like the SHIMADZU UV-1900i 

and UV 3101PC spectrophotometers are frequently employed, while diffuse reflectance 

spectroscopy is utilized for solid-state samples, overcoming solubility challenges.  This 
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technique plays a vital role in uncovering properties such as the band gap and in providing a 

profound understanding of the electronic structure of these materials. 

 

1.6.9. Photoluminescence Spectroscopy  

Photoluminescence spectroscopy is a sophisticated, non-destructive optical method employed 

to explore the luminescent properties of metal-organic compounds.  This technique proves 

especially powerful for detecting and characterizing trace amounts of a sample by exciting it 

with ultraviolet radiation.  A wide range of metal-organic compounds typically exhibits intra-

ligand luminescence, attributed to the aromatic nature of the organic ligands, while 

lanthanide-based compounds often display ligand-sensitized, metal-centered emissions.  In 

photoluminescence emission measurements, the excitation wavelength is held constant, while 

the emitted light is recorded across an extensive range of wavelengths.  Conversely, in 

excitation spectroscopy, the emission wavelength is fixed, and the excitation wavelength is 

varied.  The resulting luminescence intensity is then plotted against the wavelength measured 

by the monochromator. 

In spectrofluorometers, the light source passes through a monochromator composed of 

components such as a collimating mirror, diffraction grating, and focusing mirror.  This 

system produces monochromatic light, which is directed onto the sample, causing it to absorb 

the light and emit luminescence in all directions.  To minimize the intrusion of the incident 

light, the detector is positioned at a 90-degree angle to the light source.  An additional 

monochromator is placed before the detector to further ensure precise measurements.  The 

detector then sends the signal to a computer, where the software processes it into the 

corresponding luminescence intensity, which is subsequently plotted against the wavelength 

captured by the monochromator.  Moreover, shifts in the luminescence parameters—such as 

intensity, lifetime, and anisotropy—can be harnessed to detect and identify various analytes.  

In this investigation, luminescence experiments were carried out using both the Hitachi F-

7100 spectrofluorometer and the Horiba Fluoromax-4 spectrofluorometer. 

 

1.6.10.  Time-Correlated Single Photon Counting (TCSPC) Measurements 

In the present study, time-correlated single photon counting (TCSPC) measurements were 

conducted using a HORIBA Jobin-Yvon instrument, operating in the nanosecond time 

domain, at room temperature across various solvents.  This technique enabled a 
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comprehensive analysis of the photophysical characteristics of the compounds under 

investigation.  By fixing both the excitation and emission wavelengths, the decay profile of 

luminescence lifetime was captured, with the decay curves typically fitting mono-, bi-, or tri-

exponential models. 

Luminescence lifetime analysis is an essential method for exploring fluorophore molecules, 

offering valuable insights into the photophysical processes that vary among different 

compounds.  These processes, with lifetimes spanning nanoseconds, microseconds, or 

milliseconds, reveal key molecular interactions that steady-state luminescence studies may 

not.  Unlike conventional techniques, lifetime measurements provide a clearer view of 

excited-state interactions, enhancing the understanding of molecular behavior. 

When quenching phenomena are present, lifetime values help distinguish between static and 

dynamic quenching.  These measurements are especially crucial for studying how the 

emission of metal-organic compounds is affected by their surrounding environment or 

molecular interactions, which can influence non-radiative relaxation processes.  Overall, 

luminescence lifetime studies are vital for deepening our understanding of molecular 

interactions and the mechanisms governing luminescence. 

1.6.11.  Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) 

The metal content of the material was quantitatively determined using an inductively coupled 

plasma-optical emission spectrometer (ICP-OES), specifically the Thermo Fisher Scientific 

iCAP PRO XP Duo model, in conjunction with an Anton Paar Multiwave 5000 182 

microwave digester.  Initially, 10 mg of the sample was accurately weighed and dissolved in 

2 mL of concentrated nitric acid (HNO3).  The sample was then subjected to microwave-

assisted digestion at 220°C for 1 hour, which facilitated the complete dissolution of the metal 

components in the sample matrix.  This digestion step was essential to ensure the metals were 

fully solubilized, allowing for accurate subsequent analysis. 

Following digestion, the sample mixture was filtered using syringe filters with a 0.2 µm pore 

size to remove any undissolved particulates or residues.  The resulting clear filtrate was then 

diluted to an appropriate concentration to bring it within the analytical range of the ICP-OES 

system.  The metal concentrations in the filtrate were determined by ICP-OES, where the 
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emission intensities of the metal ions were measured and compared to calibration standards.  

This allowed for the identification and quantification of individual metal elements in the 

sample. 

The metal content of the material was expected to conform to theoretical values based on the 

metal atom percentages, which are derived from the known chemical composition of the 

sample.  The observed ratios of the metals in the sample were then compared to these 

theoretical values to confirm that the digestion and analysis were conducted accurately.  This 

approach ensured that the ICP-OES results provided reliable data that closely reflected the 

theoretical metal composition of the material. 

 

1.6.12.  X-ray Photoelectron Spectroscopy (XPS) 

The Omicron Nanotech system was employed to conduct X-ray photoelectron spectroscopy 

(XPS) measurements, utilizing a monochromatic Mg Kα X-ray source with an energy of 

1253.6 eV to investigate the surface composition of the sample.  Spectra were recorded 

across a binding energy range from 0 to 1200 eV, capturing both core-level and valence band 

signals.  For high-resolution scans, a pass energy of 20 eV was applied to achieve a fine 

energy resolution of around 0.5 eV.  Measurements were performed in a vacuum 

environment with a pressure lower than 10⁻⁷ Pa to avoid contamination.  The acquired spectra 

were analyzed using the casaXPS software, which enabled peak deconvolution, background 

subtraction, and detailed quantitative analysis.  The Shirley background subtraction method 

was used to correct for inelastic scattering effects.  To maintain accuracy in the results, the 

carbon 1s peak at 284.8 eV was set as a reference for calibration, and the spectra for all 

elements under investigation were corrected accordingly to account for any potential 

charging effects or instrumental variations. 
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1.7.  Properties of Metal-organic Compounds 

1.7.1.  Photoluminescence Property 

When a molecule is excited to a higher energy state, it gradually returns to its ground state 

through both radiative and non-radiative processes.  If radiative processes dominate, the 

molecule emits light in the form of luminescence, which can be classified into fluorescence 

or phosphorescence, depending on the type of excited states involved.  Fluorescence occurs 

when a molecule relaxes from the lowest vibrational level of the first excited singlet state 

(S1) to the ground state (S0), a swift, spin-allowed process.  In contrast, phosphorescence 

involves a slower, spin-forbidden transition from the triplet state (T1) to the ground state.  

These transitions are elegantly depicted by the Jablonski diagram (see Figure 17), illustrating 

the various electronic states a molecule can occupy upon light absorption, with subsequent 

energy losses through heat and relaxation to the lowest vibrational level of the excited state 

(S1).  Sometimes, a molecule may transition to a triplet state via intersystem crossing (ISC), 

and it can then return to its ground state through radiative or non-radiative processes, with 

radiative pathways leading to visible light emission.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 17. Diagrammatic illustration of the Jablonski diagram. 
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This luminescent behavior is particularly significant in the study of Metal-Organic 

Frameworks (MOFs), materials renowned for their tunable photoluminescent properties.  

These structures, characterized by a delicate interplay between metal ions and organic 

ligands, provide ample opportunities for customizing their emission characteristics.  The 

photoluminescence of MOFs is influenced by factors such as composition, concentration, and 

the nature of interactions with guest molecules.  For example, lanthanide-based MOFs, which 

incorporate rare-earth elements like europium (Eu3+) or terbium (Tb3+), exhibit unique 

emission spectra due to the transfer of energy from the organic ligands to the metal center.  

Europium, with its striking emission peaks at 592, 615, 650, and 693 nm, demonstrates 

transitions like 5D0 → 7F1,2,3,4 while terbium emits at 491, 545, and 585 nm through 

transitions like 5D4 → 7F6,5,4,3 (see Figure 18).  Such distinct emissions make lanthanide-based 

MOFs ideal for applications requiring precise control over light emission, such as in chemical 

sensors.  

Fig. 18. (a) Emission spectra and associated emission peaks seen in Eu-based MOF. (b) 

Emission spectra and corresponding emission peaks observed in Tb-based MOF. 

Moreover, the interaction of MOFs with guest molecules can significantly alter their emission 

intensity, either amplifying it (turn-on effect) or reducing it (quenching effect).  These effects 

are categorized into static or dynamic quenching, with static quenching resulting from the 

formation of non-emissive complexes, and dynamic quenching occurring through collisional 

interactions. Time-resolved measurements help distinguish between these quenching types, 

revealing that static quenching maintains a constant lifetime decay, while dynamic quenching 

shows a progressive decrease in lifetime as analyte concentration rises.  The Limit of 

Detection (LOD), which indicates the lowest analyte concentration that can be reliably 

detected, is crucial for assessing the sensitivity of MOF-based sensors. 
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Lanthanide-based MOFs are especially celebrated for their unique photoluminescent 

properties, such as large Stokes shifts and extended emission lifetimes.  These materials 

operate through a two-step emission process: the ligand absorbs energy in the UV-visible 

range, exciting it to a higher energy state, and energy is subsequently transferred to the metal 

ion's excited state, resulting in metal-centered luminescence.  The efficiency of this emission 

is intricately dependent on the alignment of energy levels between the metal ion and the 

ligand, with mechanisms like Förster resonance energy transfer (FRET), photo-induced 

electron transfer (PET), and excited-state intramolecular proton transfer (ESIPT) further 

enhancing the luminescent behavior of these systems. 

The long-lived excited states of lanthanide ions, such as europium (Eu3+) and terbium (Tb3+), 

provide a robust platform for advanced sensing applications.  For instance, Férey and 

colleagues demonstrated the potential of a lanthanide-based glutarate metal-organic 

compound, [Gd1-xEux(glu)].4H2O, where the luminescence lifetime of the Eu3+ dopant is 

influenced by the degree of dehydration, highlighting how reversible removal of water 

molecules can impact luminescence properties.101  Similarly, Huang and colleagues 

synthesized 3D lanthanide-based MOFs with pyridine-2,5-dicarboxylate ligands, observing 

characteristic lanthanide ion-based luminescence and the energy transfer from ligands to 

dopants (Eu3+, Tb3+) as dopant concentration increased.102  This demonstrated the intricate 

energy transfer dynamics and the versatility of MOF-based materials in luminescent sensing 

applications. 

Luminescent Metal-Organic Frameworks, particularly those incorporating lanthanide ions, 

offer a rich and versatile platform for a wide range of applications, from chemical sensing to 

biomedical imaging, owing to their unique emission features, tunability, and stability.  By 

advancing the synthesis and understanding of energy transfer mechanisms, these materials are 

paving the way for more sensitive, efficient, and adaptable sensors that will have profound 

implications across various scientific and industrial domains. 
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1.7.2.  White Light Emission Property   

In recent years, white-light-emitting diodes (WLEDs) have gained widespread attention as a 

highly efficient and cost-effective source of illumination, offering significant advantages over 

traditional lighting technologies.103, 104 As fourth-generation light sources, WLEDs have 

found extensive use in various applications, ranging from displays and lighting systems to 

sensors, transportation, imaging, agriculture, and medicine.72, 105-111  The increasing reliance 

on WLEDs is primarily attributed to their numerous advantages, such as superior low-

temperature performance, prolonged operational lifetime, excellent reliability, high 

brightness, remarkable energy efficiency, and eco-friendliness.103  These attributes have 

positioned WLEDs as an ideal choice for both general and specialized lighting needs. 

The creation of white light from WLEDs typically involves the combination of different 

colored light emitters—typically blue, green, and red—through the use of phosphors or other 

innovative materials.  A major focus of current research is the modulation of light-emitting 

materials, which requires introducing dichromatic or trichromatic (RGB) techniques into bulk 

materials.112-114  The RGB approach, wherein each primary color is carefully tuned and 

combined, allows for the efficient generation of white light with a wide color spectrum. By 

adjusting the color emission characteristics of individual emitters, the desired white light can 

be achieved with improved color rendering and brightness. 

One of the most promising strategies for enhancing WLEDs involves the introduction of 

organic chromophores into rare-earth-based systems. These chromophores exhibit a unique 

"antenna effect," whereby they absorb energy from an excited state and transfer a portion of 

that energy to the metal centers within the rare-earth system. This energy transfer results in 

the production of luminescence that is primarily dependent on the metal centers, thus 

contributing to the light emission process.115, 116  This technique is particularly advantageous 

in the development of high-performance WLEDs, as it improves the efficiency of light 

generation by optimizing energy transfer between organic and inorganic components. 

In the co-doped strategy, various rare-earth metal ions—such as terbium (Tb3+) and europium 

(Eu3+)—play a crucial role in generating the green and red emissions, respectively, that are 

essential for producing full-spectrum white light. Tb3+ ions are known for their strong green 

emission, while Eu3+ ions are responsible for vibrant red emission, both of which are 

fundamental to achieving the desired color balance in WLEDs. The careful selection and 
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incorporation of these metal ions allow for precise tuning of the light emission properties, 

which significantly enhances the quality and efficiency of WLEDs.117, 118 

Furthermore, carboxylate-derived ligands with π-conjugated aromatic rings have emerged as 

powerful candidates for use as light-emitting centers, particularly in the blue emission range. 

These ligands, when integrated into the rare-earth system, help improve the efficiency and 

stability of blue light emitters. The π-conjugated aromatic rings, with their delocalized 

electrons, enable strong light absorption and efficient emission of blue light, which is 

essential for the overall performance of WLEDs. The combination of these advanced 

materials—organic chromophores, rare-earth metal ions, and carboxylate-derived ligands—

has paved the way for the development of smart white LED materials with enhanced 

brightness, energy efficiency, and stability. 

To produce pure white light, the CIE (Commission Internationale de l'Éclairage) chromaticity 

coordinates must be (0.33, 0.33), which represents the point of neutral white on the color 

spectrum (see Figure 19).  The corresponding correlated color temperature (CCT) should fall 

within the range of 2500K to 6500K, defining high-quality white light sources.  The quantum 

yields of the compounds are expected to be significant.  The key to achieving white light 

emission is the presence of three distinct color emission centers, each responsible for 

generating light at different wavelengths.  These centers must work in harmony, with their 

intensities carefully balanced according to an optimal ratio to ensure that the resulting light 

appears white.  This balance is most effectively achieved when the system is excited at a 

specific wavelength, which maximizes the intensity of each emission center in the correct 

proportions, thereby contributing to a white light spectrum.  This precise coordination ensures 

that the light source is perceived as pure white by the human eye.  The compounds 

[Sm41.26Gd44.72Eu14.02(4-SBA)(IP)OH], [Sm27.93Tb53.13Eu18.94(4-SBA)(IP)OH] and ZJU-

1:1.0%Tb3+,2.0%Eu3+ display quantum yields of 2.23%, 2.71%, and 6.11%, respectively.  

Moreover, the CIE coordinates of these materials are highly favorable for white light-

emitting diode (WLED) applications.119, 120 
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Fig. 19. The CIE 1931 chromaticity diagram for pure white light at coordinates (0.33, 0.33). 

 

1.7. 3. Oxygen Reduction Reaction (ORR) through Electrocatalysis: 

Researchers are dedicatedly exploring alternative, renewable, and sustainable energy 

technologies to mitigate the growing environmental challenges and the imminent depletion of 

fossil fuels.121, 122  Innovations such as fuel cells, batteries, and water electrolysis have 

emerged as key solutions, driven by the need to address the impacts of rapid industrialization 

and surging global energy demands.  Among these, fuel cells stand out due to their ability to 

directly convert chemical energy into electrical energy efficiently, bypassing the 

inefficiencies of traditional combustion methods. However, challenges remain, especially in 

optimizing fuel cell electrodes. The oxygen reduction reaction (ORR) at the cathode is 

particularly problematic, as it occurs at a much slower rate compared to oxidation reactions at 

the anode, such as hydrogen or methanol oxidation. This bottleneck limits the overall 

efficiency of fuel cells.123 

To overcome this issue, researchers have focused on enhancing cathode catalysts, particularly 

to improve the performance of the ORR. This reaction can follow two pathways: the four-

electron route, which efficiently reduces oxygen to water or hydroxide ions, and the two-

electron route, which produces hydrogen peroxide or hydroperoxide ions (see Figure 20). 
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While the two-electron process has applications, the four-electron pathway is preferred for its 

higher efficiency and reaction kinetics, making it the target for catalyst development.124  

Platinum-based materials have traditionally been the gold standard for the ORR due to their 

ability to promote the four-electron reduction pathway.125  However, the high cost, rarity, and 

limited stability of platinum have driven the search for alternative, non-precious metal 

catalysts.126 

A wide range of non-precious metal-based catalysts have been developed, including metal 

oxides, sulfides, chalcogenides, organometallic complexes, carbon-based nanomaterials, and 

more recently, metal-organic frameworks (MOFs) and coordination polymers (CPs).127-135  

These materials have demonstrated impressive electrocatalytic activity, long-term stability, 

and scalability, making them viable alternatives to platinum. MOFs and CPs, in particular, 

show promise due to their ability to combine metal ions with organic linkers, creating highly 

ordered structures with customizable properties.136 These materials offer high surface area, 

porosity, and flexibility, all of which are crucial for optimizing the adsorption and activation 

of molecular oxygen in the ORR.137, 138 

Among these, metal-organic coordination polymers (MOCPs) have emerged as a particularly 

exciting option. Their well-defined, crystalline frameworks and dynamic structures allow for 

a wide range of applications, including catalysis.139-141 The ease of synthesis, along with their 

ability to enhance ORR performance, makes MOCPs a promising candidate for improving 

fuel cell technology and advancing the search for more sustainable energy solutions. Their 

potential to replace costly platinum catalysts highlights their role in shaping a more 

sustainable energy future. 

To exhibit promising catalytic performance for the oxygen reduction reaction (ORR), the 

material in question must demonstrate several critical parameters.  First, it should achieve a 

high peak current, indicating its ability to facilitate the reaction efficiently.  The half-wave 

potential (E₁/₂) is another key factor, as it reflects the electrode’s ability to reach half of its 

maximum current density, with higher values typically correlating to better catalytic activity.  

Additionally, the onset potential, which marks the potential at which the reaction begins, 

should be favorable, enabling the catalyst to activate early in the reaction.  A catalyst that 

supports a four-electron pathway is crucial for maximizing efficiency, as this pathway avoids 

the formation of undesired products like hydrogen peroxide.  Durability in alkaline media is 

also essential, as the catalyst must withstand prolonged exposure to harsh conditions without 
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losing activity.  Finally, methanol tolerance is critical for direct methanol fuel cells, where 

fuel crossover effects can diminish the efficiency of the cell.  A material that minimizes these 

effects ensures better overall performance and longevity of the fuel cell system. The 

compounds [Co4(BTC)3 (BIM)6] [solvent], Ni3(HITP)2 and Co-BTB-BPE exhibit onset 

potentials of 0.85, 0.82 and 0.80 respectively.133, 135, 142  The compound PCN-226 (Co) 

displays an onset potential of 0.83 and an E½ potential 0.75, which are notably comparable to 

the highest values reported to date among MOCPs for the oxygen reduction reaction 

(ORR).143 

 

Fig. 20. Schematic representation of the mechanism for the oxygen reduction reaction. 
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2.1. Introduction  

The threshold of global warming in this living globe predominantly caused by indulgent 

burning of fossil fuels and drastic deforestation.  Significantly, CO2 contributes exceedingly 

to the global warming among all other members of the greenhouse gas (GHG) clan.  

Therefore it is very necessary to minimize the concentration level of atmospheric CO2.1-5  To 

save  mankind, researchers from all over the world are trying not to rise up the level of CO2  

in aura.6  In the previous decays conversion of CO2 by chemical, photochemical and 

electrochemical method have been reported in a way of various products, including CO, 

carbonate, methanol, formate, oxalate, alkanes and many insertion reactions and reductive 

coupling of two CO2 molecules have also been reported.  Here, we have been successfully 

synthesized a new gadolinium (III) based coordination polymer (CP), [Gd(3,5-

pydc)1.5(CO2)0.5(H2O)4].3H2O, 1, by incorporating CO2 from air using slow diffusion method 

at room temperature.  Two types of 3,5-pydc ligands are present in the structures – in one 

case the pyridine nitrogen remain vacant whereas in other case the pyridine nitrogen 

coordinated with CO2 to form zwitterionic carbamate.  The incorporation and stabilization of 

atmospheric CO2 as zwitterionic carbamate in the pyridine nitrogen site is the result Lewis 

acid-base adduct.7  The pyridine nitrogen acts a Lewis base using its lone pair of electrons 

whereas the CO2 acts as Lewis acid owing to the polar nature of CO2 based on the positive 

charge on the carbon atom.  Direct CO2 incorporation in room temperature through the 

interaction between pyridine moiety and CO2 has been experimentally observed for the first 

time.8 

Discharging excessive amount of such toxic pollutants in water poses an anxious snub 

not only for humans but also for aquatic species as they are non -biodegradable, mutagens 

and dynamic carcinogens.9-11  The oxo-anions of Cr(VI) have been classified as Group “A” 

human carcinogens according to the U.S. Environmental Protection Agency.12  By a variety 

of anthropogenic activities chromium demobilization reveals into the atmosphere, such as 

mining, metal plating, wood preservation, ink manufacture, dyes, pigments, glass and 

ceramics, tanning and textile industries.  The plant growth and metabolic functions of the 

living species are also hampered by chromium, comes from natural processes (weathering 

and biochemical).13-15  Orifice of the nasal septum, asthma, bronchitis, pneumonitis, 

inflammation of the larynx and liver and increased incidence of bronchogenic carcinoma is 

supposed to be caused by inhalation and retention of Cr(VI)- containing materials.16  The 

excess intake of Cr(III) can consolidate with DNA, which would lead to mutations and 

damning cells.17,18  Carcinogenic and mutagenic Cr(VI) can cause skin allergies, dermatitis, 



Chapter 2 

 

Page | 54  
 

dermal necrosis, dermal corrosion, hereditary genetic defects and various types of cancers.16, 

17  As opposed to in modern times, among all other food preservative nitrite(NO2
-) is well 

known as it prevent the production of Clostridium botulinum, a kind of toxic microorganism 

in pickled products.  Nitrite is frequently used to make meat product colouring, good looking 

and fresh, nevertheless it has a massive potential intimidation to human health since nitrite 

(NO2
ˉ) possesses carcinogenicity.  Reacting with secondary amines and amide matters in 

acidic environment, it produces highly oncogenic nitrosaminesa compounds. The excessive 

consumption of nitrite ions causes serious health issues such as oesophageal cancer and 

congenital anomaly.  According to the World Health Organization guidelines, the maximum 

contaminant level (MCL) of nitrite ions in drinking water is 3 mg L−1 (65μM).19-22  In the 

sake of preventing food, water toxicity and environmental pollution, detection of such toxic 

anions NO2
ˉ , Cr2O7

2- and CrO4
2- became a hotspot area in research. 

Nowadays, the luminescence-based detection mode has redact startling animus from 

the scientific community as it  possesses remarkable advantages such as rapid response time, 

simplicity, high sensitivity, selectivity, reversibility, portability and could be used in both 

solution and solid state.23, 24 Luminescence-based detection of these toxic anions have been 

reported by various materials such as quantum dots, nanomaterials, organic molecules and 

conjugated polymers.25-30   These chemosensors have some major drawbacks, like poor 

stability, complicated synthesis procedure, easy interference from other analytes, 

environmental toxicity, poor photostability and lack of control over the molecular 

organisation, that’s why extensive use of these materials is limited.31, 32  To harmonize both 

the inorganic and organic moieties into a porous hybrid materials – coordination polymers 

comes out as a supreme type of sensor among other neoteric luminescent sensors.33-37  Due to 

its crystalline nature, well-defined designable structure, unusual flexibility, mild synthetic 

condition and it also have incredible potential applications in gas storage, separation, 

catalysis, magnetism, drug delivery, ion-exchange and sensing among others, becoming 

amiable to researchers.38-42  These chemically tailorable crystalline supramolecular 

coordination architectures have versatile functionality, including the variable oxidation state, 

formal charges, coordination environment around the metal ions and different binding modes 

of organic ligands, hence it  can be utilized in a detection mechanism even at the molecular-

level.  CPs interacts with the analytes via electron-transfer, energy-transfer, hydrogen bond, 

coordinate bond and π-π interactions process.36, 43-48 
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Among all other luminescence  materials, lanthanide based CPs have some exclusive 

features such as flexible structure, a high coordination number, high quantum yield, large 

Stoke’s shift, sharp emission peaks and long-lived emissions.49  Ln-CPs show luminescence 

with sharp peaks via the antenna effect.  In this process after excitation, the organic ligands 

go to the excited state, from which a part of the energy is transferred to the metal centers, 

resulting in a metal-centered luminescence.  Due to self-quenching phenomenon, pure 

lanthanide based CPs are inefficient to detect these anions by naked eye with superior 

sentivity.50-52  Immensely low concentration of emissive lanthanide is highly desirable to 

overcome this self–quenching phenomenon.  In this process minimization of self–quenching 

occurs through the separation between two adjacent emissive lanthanide centers.53-55  In 

addition, preparation of a composite by mixing Ln-CPs with inert lanthanides gives 

prominent luminescence.56 

Nowadays, several luminescent CPs have been developed to simultaneously detect Cr2O7
2- 

and CrO4
2-by a luminescence quenching effect.57  Although there is no such CPs have been 

reported to detect Cr2O7
2-, CrO4

2- and NO2
ˉ at a time in aqueous media. Even NO2

ˉ sensing 

using CPs are very rare to date.  Regarding this above information and to explore ligand 

sensitized metal centre luminescence, we have prepared a composite by mixing the CP with 

Tb3+ ions (Tb@1).  The phase purity of the composite (Tb@1) was confirmed by powder X-

ray diffraction and the formation of the composite was confirmed by FTIR spectra.  The 

aqueous dispersion of the composite phosphor (Tb@1) showed intense green emission when 

excited at 270 nm.  We have also studied the toxic oxo-anions (Cr2O7
2-, CrO4

2-) and food 

preservative nitrite (NO2ˉ) sensing behaviour of the composite Tb@1 based on momentous 

luminescence quenching. The niceties of the work and mechanism behind the high selectivity 

and sensitivity of composite towards these anions is narrated hither. 

2.2. Experimental Section 

2.2.1. Materials.  The chemicals required for the synthesis of compound 1, Gd(NO3)3.6H2O 

(Sigma-Aldrich, 99.9%), Tb(NO3)3.5H2O (Sigma-Aldrich, 99.9%), 3,5-Pyridinedicarboxylic 

acid (TCI, 98%), NaOH (Merck, 97%), Methanol (Merck, 99.5%) were used as received.  

The chemicals used for the detection experiments, K2Cr2O7 (Merck, 99%), K2CrO4 (Merck, 

99.5%), KMnO4 (Merck, 99%), Na3PO4 (Sigma-Aldrich, 96%), Na2CO3 (Merck, 99.5%), NaI 

(Merck, 99%), NaF (Merck, 97%), NaCl (Merck, 99%), NaBr (Merck, 99%), NaNO2 (Merck, 

99%), NaNO3 (Merck, 99.5%) and Na2SO4 (Merck, 99%) were used as received without 

further purification.  The water used was double distilled. 
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2.2.2. Synthesis of Na2pydc.  Na2pydc was synthesized by simple solvent evaporation 

reaction.  For this purpose, 3,5-pyridinedicarboxylic acid (0.8526 gm, 5 mmol) was dissolved 

in 20 mL water in a 100 mL beaker.  Then NaOH (0.4 gm, 10 mmol) was added to this 

solution and heated at 100 °C along with continuous starring until it solidifies. 

Synthesis of Compound 1.  Compound 1 was prepared employing layer diffusion method at 

room temperature.  An aqueous solution (5 mL) of Na2pydc (0.25 mmol, 0.0538 gm) was 

mixed with 5 mL methanol.  The resulting solution was stirred for 60 min to mix well.  

Gd(NO3)3.6H2O (0.5 mmol, 0.2258 gm) was dissolved in 5 mL of water and put it in a 

narrow tube.   2 mL of the above metal ion solution is withdrawn and put in a capped test 

tube.  To it 2 mL of the ligand solution was slowly and carefully layered by syringe.  After 7 

days white coloured block shaped crystals suitable for single crystal diffraction were obtained 

from the junction of the layer.  After that the crystals were collected and washed with water-

methanol mixture and dried in air. 

Preparation of Composite (Tb@1).  The composite has been prepared by adding 2000 µL 

H2O with 20 µL Tb(NO3)3 solution [5mM] and 100 µL compound 1 (a dispersed solution of 

compound 1 was prepared introducing 2 mg of compound 1 into 2 mL of water applying 

ultrasonic agitation for 30 minutes) in a 20 mL capped bottle. 

2.2.3. Instrumentations.  The powder XRD data was recorded using a Bruker D8 Advance 

X-ray diffractometer with Cu Kα radiation (λ= 1.5418 Å) operating at 40 kV and 40 mA. The 

XRD patterns were recorded in the 2θ range between 5 to 50° using Lynxeye detector (1D 

mode) with a step size of 0.02° and a scan time of 2 s per step.  FT-IR spectra were recorded 

on Nicolet Magna IR 750 series-II instrument in the range 400-4000 cm-1.  

Thermogravimetric analysis (TGA) using Perkin-Elmer instrument STA 6000 has been 

carried out in nitrogen atmosphere (flow rate = 20 ml min-1) in the temperature range 40 – 

800 ºC (heating rate = 20 ºC min-1). 

2.2.4. Single-Crystal Structure Determination of Compound 1.  Suitable single crystal of 

[Gd(3,5-pydc)1.5(CO2)0.5(H2O)4].3H2O, 1, was carefully selected under a polarising 

microscope and glued carefully to a thin glass fiber.  The single crystal data were collected 

using Bruker D8 Quest machine.  The X-ray generator was operated at 50 kV and 1 mA using 

Mo Kα (λ=0.71073Å) radiation.  Data were collected with ω scan width of 0.5º. A total of 

408 frames were collected in three different setting of φ (0, 90, 180º) keeping sample-to-

detector distance fixed at 6.03 cm and the detector position (2θ) fixed at -25º.  The final data 
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sets were reduced by an APEX3 program, while a SAINTPLUS58 program was utilized for 

the integration of diffraction profiles. The absorption correction (multi-scan) was carried out 

by a SADABS program.59 We initially solved the structure by SIR 92,60  and the full matrix 

least-square method (SHELXL-2016)61 was used further, which is present in the WinGx suit 

of programs (Version 1.63.04a).62, 63 We successfully located all the non-hydrogen atoms 

from Fourier maps and refined them with anisotropic displacement parameters at the final 

cycles. Finally, we fixed all the hydrogen atoms at calculated positions and included them in 

the refinement process using riding model associated with isotropic thermal parameters. 

Details of the structure solution and final refinement is given in the Table 1.  CCDC:  

2173536 contain the crystallographic data for this paper.  These data can be obtained free of 

charge from The Cambridge Crystallographic Data Center (CCDC) via 

www.ccdc.cam.ac.uk/data_request/cif. 

Table 1: Crystal data and structure refinement parameters of [Gd(3,5-

pydc)1.5(CO2)0.5(H2O)4].3H2O, 1.  

Empirical formula C11H4.50GdN1.50O14 

Formula weight 538.91 

Crystal system Monoclinic 

Space group C2/c (no. 15) 

a (Å) 20.0564(16) 

b (Å) 10.9978(8)  

c (Å) 17.5059(13) 

β (deg) 111.797(2) 

Volume (Å3) 3585.3(5) 

Z 8 

T (K) 273(2) 

ρcalc (mg m-3) 1.997 

μ (mm-1) 3.774 

θ range (deg) 2.151 to 27.137 

λ (Mo Kα) (Å) 0.71073 

R indices [I>2σ(I)] R1 = 0.0296, wR2 = 0.0924 

R indices (all data) R1 = 0.0316, wR2 = 0.1005 

http://www.ccdc.cam.ac.uk/data_request/cif
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R1 =Σ ||F0|-|Fc|| / Σ |F0|; wR2 = {Σ[w(F0
2 – Fc

2)2] / Σ[w(F0
2)1/2. w = 1/[2(F0)2 + (aP)2 + bP], P 

= [max.(F0
2,0) + 2(Fc)2]/3, where a =  0.0514 and b = 24.2387 

2.2.5. Photoluminescence Measurements.  At room temperature, the photoluminescence 

spectra of compound 1 were recorded on a Hitachi F-7100 spectrofluorometer using a xenon 

lamp as the excitation source.  The cut-off filter was set at 420 nm to exclude the ligand 

centre luminescence.  The solutions of anions (5 ×10-3 M) were prepared in water for the 

sensing experiments.  The excitation wavelength of compound 1 at 270 nm was recorded by a 

Shimadzu UV 3101PC spectrophotometer.  

2.3. Results and Discussion  

2.3.1. Structural Description. The asymmetric unit of compound 1 consists of one Gd3+ ion, 

one 3,5-pyridinedicarboxylate ion, half 3,5-pyridinedicarboxylate-zwitterionic carbamate 

unit, four coordinated water molecules and three lattice water molecule (Fig. 1).  Here, Gd3+ 

ions are coordinated with five carboxylate oxygen atoms of 3,5-pydc ligands and four oxygen 

atoms of water molecules occupying distorted tricapped trigonal prismatic geometry (Fig. 2).  

The Gd-O bonds have average bond distance 2.46 Å and the O-Gd-O bond angels are in the 

range of 51.48(11) - 144.03(13)°.  The selected bond angels and bond distance are listed in 

table 2 and table 3, respectively.   

 

 

 

 

 

 

 

 

 

Fig. 1. Figure shows the asymmetric unit of [Gd(3,5-pydc)1.5(CO2)0.5(H2O)4].3H2O, 1.  
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Fig. 2. Figure shows nine coordinated polyhedral unit [GdO9] with distorted tricapped 

trigonal prismatic geometry in [Gd(3,5-pydc)1.5(CO2)0.5(H2O)4].3H2O, 1. 

 

Table 2: Selected bond angles observed in [Gd(3,5-pydc)1.5(CO2)0.5(H2O)4].3H2O, 1. 

Angle  Amplitude (º) Angle Amplitude (º)  

O(5)-Gd(1)-O(9) 71.91(13) O(5)-Gd(1)-O(8)              127.16(14) 

O(5)-Gd(1)-O(10) 135.42(12) O(9)-Gd(1)-O(8) 73.32(15) 

O(9)-Gd(1)-O(10) 78.61(13) O(10)-Gd(1)-O(8) 71.91(13) 

O(5)-Gd(1)-O(11) 144.03(13) O(11)-Gd(1)-O(8) 72.02(15) 

O(9)-Gd(1)-O(11) 141.96(13) O(1)-Gd(1)-O(8) 143.62(14) 

O(10)-Gd(1)-O(11) 76.19(13) O(5)-Gd(1)-O(3)#1 75.68(13) 

O(5)-Gd(1)-O(1) 89.19(13) O(9)-Gd(1)-O(3)#1 98.04(12) 

O(9)-Gd(1)-O(1) 127.62(13) O(10)-Gd(1)-O(3)#1 142.31(12) 

O(10)-Gd(1)-O(1) 83.00(12) O(11)-Gd(1)-O(3)#1 85.29(14) 

O(11)-Gd(1)-O(1) 76.77(13) O(1)-Gd(1)-O(3)#1 124.55(11) 

O(8)-Gd(1)-O(3)#1 71.23(13) O(5)-Gd(1)-O(4)#1 73.11(12) 

O(9)-Gd(1)-O(4)#1   138.59(12) O(10)-Gd(1)-O(4)#1 142.80(12) 

O(11)-Gd(1)-O(4)#1 71.13(12) O(1)-Gd(1)-O(4)#1 72.76(11) 
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O(8)-Gd(1)-O(4)#1 112.90(13) O(3)#1-Gd(1)-O(4)#1 51.79(10) 

O(5)-Gd(1)-O(2) 71.73(12) O(9)-Gd(1)-O(2) 76.14(12) 

O(10)-Gd(1)-O(2) 69.20(11) O(11)-Gd(1)-O(2) 119.42(13) 

O(1)-Gd(1)-O(2) 51.48(11) O(8)-Gd(1)-O(2) 134.21(13) 

O(3)#1-Gd(1)-O(2) 147.10(12) O(4)#1-Gd(1)-O(2) 112.63(10) 

Symmetry transformations used to generate equivalent atoms: #1 x,-y+1,z-1/2 

Table 3: Selected bond distances (Å) observed in [Gd(3,5-pydc)1.5(CO2)0.5(H2O)4].3H2O, 1. 

Bond  Distances, Å Bond  Distances, Å 

Gd(1)-O(1) 2.460(3) Gd(1)-O(8) 2.469(4) 

Gd(1)-O(2) 2.567(3) Gd(1)-O(9) 2.384(4) 

Gd(1)-O(3)#1 2.482(3) Gd(1)-O(10) 2.411(3) 

Gd(1)-O(4)#1 2.520(3) Gd(1)-O(11) 2.433(4) 

Gd(1)-O(5) 2.382(4)   

Symmetry transformations used to generate equivalent atoms: #1 x,-y+1,z-1/2 

 

There are differences between two 3,5-pydc ligands in this structure.  In one, both the 

carboxylates are bidentate and the pyridine nitrogen remains free and in other both the 

carboxylates are monodentate and the pyridine nitrogen coordinated with CO2 to form 

zwitterionic carbamate (Fig. 3a and 3b).   

 

 

 

 

 

Fig. 3. (a) Figure shows coordination mode of 3,5-pydc ligand, (b) coordination mode 3,5-

pydc ligand and formation of zwitterionic carbamate.   

(a) (b) 
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In this structure, the Gd3+ ions are connected by 3,5-pydc ligands to generate a one-

dimensional (1D) infinite ladder (Fig. 4a).  In this ladder, 3,5-pydc ligands act as rear side 

rails and 3,5-pydc-zwitterionic carbamate units act as steps.  The lattice water molecules 

occupy the inter-step positions.  The distances among the oxygens of lattice water molecules 

and oxygens of the zwitterionic carbamate units indicate the stabilization of zwitterionic 

carbamates through the hydrogen bonds interactions (Fig. 4b). The structure is stabilized 

through hydrogen bond interactions involving coordinated water molecules to form three-

dimensional supra-molecular structure (Fig. 5).           

 

    (a) 

 

 

 

 

        (b) 

 

 

 

 

 

 

Fig. 4. (a) Figure shows formation of one dimensional ladder though the connectivity 

between Gd3+ ions and 3,5-pydc ligands (b) oxygen – oxygen distances between oxygens 

(donor) of lattice water molecules and oxygens (acceptor) of 3,5-pydc- zwitterionic 

carbamate units to realize the possible hydrogen bond interactions (a = 2.843, b = 2.743, c = 

2.654, d = 2.936, e = 2.777 and f = 2.775 Å). 
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Fig. 5. Figure shows three-dimensional supra-molecular structure stabilized through 

hydrogen bond interactions involving coordinated water molecules in [Gd(3,5-

pydc)1.5(CO2)0.5(H2O)4].3H2O, 1. 

 

2.3.2. Characterization of Compound 1.  

The XRD patterns indicated that the product is a new material; the pattern being entirely 

consistent with the simulated XRD pattern generated based on the structure determined using 

the single-crystal XRD (Fig. 6).  

 

 

 

 

 

 

 

Fig. 6.  Powder XRD (CuKα) patterns of (a) simulated from single crystal X-ray data (b) 

experimental of [Gd(3,5-pydc)1.5(CO2)0.5(H2O)4].3H2O, 1. 
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 IR spectra of compound 1 and the composite (Tb@1) are shown in figure 7 to observe 

changes in the range of 1625 to 1375 cm-1 based on the carboxylate groups of the compound 

during the formation of composite whereas the other parts of the spectra remain unaffected.   

 

 

 

 

 

 

 

 

 

 

Fig. 7. FTIR spectra of compound 1 and 1+Tb3+ (Tb@1). 

 

The TGA studies shows weight loss in two distinct steps.  The first weight loss of 21 % 

(calculated 22%) upto 300°C may be due to the removal of the four coordinated and three 

lattice water molecule.  The compound is stable upto 490°C.  Above 490 °C the weight loss is 

due to the decomposition of the framework (Fig. 8). 
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Fig. 8. Thermogravimetric analysis (TGA) of [Gd(3,5-pydc)1.5(CO2)0.5(H2O)4].3H2O, 1,  

 in nitrogen atmosphere.  

 

2.3.3. Photoluminescence Behaviour.  

 Absorption spectrum of compound 1 dispersed in water is shown in figure 9.  Luminescence 

spectrum of aqueous suspension of compound 1 upon excitation at 270 nm showed very weak 

broad emission in the UV and blue region (Fig. 10).  To explore the ligand sensitized metal 

centred emission (Tb3+), an aqueous suspension of the composite (Tb@1) was used for the 

photoluminescence studies at room tenperature.  The emission spectrum for the metal centre 

was recorded at an excitation wavelength of 270 nm (Fig. 11).  The four  transitions 

5D4→7F6, 5D4→7F5, 5D4→7F4 and 5D4→7F3 showed emission bands at 490, 545, 586 and 621 

nm respectively, based on 3,5-pydc sensitized Tb3+ centered emissions. The emission 

intensities were strong enough to be useful for the luminescence detection of the toxic anoins 

in aqueous media.   
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Fig. 9. Figure shows absorption spectrum of [Gd(3,5-pydc)1.5(CO2)0.5(H2O)4].3H2O, 1, 

dispersed in water. 

 

 

 

 

 

 

 

 

 

Fig. 10.  Emission spectrum of [Gd(3,5-pydc)1.5(CO2)0.5(H2O)4].3H2O, 1, dispersed in water 

upon excitation at 270 nm. 
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Fig. 11.  Ligand sensitized metal centre emission spectrum of the composite, Tb@1, 

dispersed in water upon excitation at 270 nm. 

 

2.3.4. Detection of Toxic Anions.   

The photoluminescence-based titrations were performed to investigate the ability of 

composite (Tb@1) for the detection of a trace amount of anions with the incremental 

addition of various anion solutions to an aqueous suspension of composite.  The 

accretive addition (up to 30 µM) of the toxic anions (Cr2O7
2-, CrO4

2-, NO2
-) to the 

composite showed great extent of quenching to the emissions intensities at the metal 

centre peaks (Fig. 12a-c) respectively.  No significant change was observed in the case 

of ligand centre emission.  The quenching efficiency (η) was calculated by monitoring 

the intensity at 545 nm using the equation: η= (1- I/I0) ×100%, where I0 is the initial 

luminescence intensity of the suspension of composite and I is the luminescence 

intensity after the addition of the analytes.  The calculated values of η were found to 

be 85%, 76% and 70% for Cr2O7
2-, CrO4

2- and NO2
ˉ respectively.  The luminescence 

titration experiments were also performed for several other anions, namely MnO4
-, F-, 

Cl-, Br-, I-, NO3
-, SO4

2-, PO4
3- and CO3

2- but the emission spectra showed no 

significant responses in presence of these anions (Fig. 13a-h).  These quenching 
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behaviours are represented in the bar diagram in figure 14 after the addition of 30 µM 

of all the anions to the water dispersed solution of composite Tb@1.  The 3D bar 

diagram (Fig. 15) obtained by plotting [(I0/I)-1] against the concentration of anions 

suggested that composite can act as a remarkable luminescent turn-off chemosensor 

for the selective detection of these toxic anions in aqueous media.   
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(c) 

Fig. 12.  Emission spectra of Tb@1 dispersed in water upon the incremental addition 

of an aqueous solution of analytes (ex = 270 nm): (a) Cr2O7
2- ions, (b) CrO4

2- ions, (c) 

NO2
ˉ  ions.  The final concentration of analytes in the medium is indicated in the 

legend.  The inset figure in c shows the colour change of green emission of Tb@1 

after the addition of NO2ˉanion. 

450 500 550 600

0

100

200

300

400

500

600

700

800

900

1000

L
u

m
in

e
sc

e
n

c
e
  

In
te

n
si

ty
 (

a
.u

)

Wavelength (nm)

 0.00 mM

 1.25 mM

 2.50 mM

 3.75 mM

 5.00 mM

 7.50 mM

 10.0 mM

 15.0 mM

 20.0 mM

 25.0 mM

 30.0 mM

NO
-
2



Chapter 2 

 

Page | 69  
 

450 500 550 600 650

0

100

200

300

400

500

L
u

m
in

e
sc

e
n

c
e
  

In
te

n
si

ty
 (

a
.u

)

Wavelength (nm)

 0.00 mM

 1.25 mM

 2.50 mM

 3.75 mM

 5.00 mM

 10.0 mM

 15.0 mM

 20.0 mM

 25.0 mM

 30.0 mM

MnO
-

4

450 500 550 600 650

0

100

200

300

400

500

L
u

m
in

es
ce

n
ce

  
In

te
n

si
ty

 (
a

.u
)

Wavelength (nm)

  00 mM

  05 mM

  10 mM

  15 mM

  20 mM

  25 mM

  30 mM

F-

450 500 550 600 650

0

100

200

300

400

500

L
u

m
in

es
ce

n
ce

  
In

te
n

si
ty

 (
a
.u

)

Wavelength (nm)

  00 mM

  05 mM

  10 mM

  15 mM

  20 mM

  25 mM

  30 mM

Cl
-

(a)

(b)

(c)

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 

 

Page | 70  
 

450 500 550 600 650

0

100

200

300

400

500

600

700

800

900

L
u

m
in

es
ce

n
ce

  
In

te
n

si
ty

 (
a

.u
)

Wavelength (nm)

  00 mM

  05 mM

  10 mM

  15 mM

  20 mM

  25 mM

  30 mM

Br
-

450 500 550 600 650

0

100

200

300

400

500

L
u

m
in

es
ce

n
ce

  
In

te
n

si
ty

 (
a

.u
)

Wavelength (nm)

  00 mM

  05 mM

  10 mM

  15 mM

  20 mM

  25 mM

  30 mM

I
-

450 500 550 600 650

0

100

200

300

400

500

L
u

m
in

es
ce

n
ce

  
In

te
n

si
ty

 (
a
.u

)

Wavelength (nm)

  00 mM

  05 mM

  10 mM

  15 mM

  20 mM

  25 mM

  30 mM

NO
-

3

(d)

(e)

(f)

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 

 

Page | 71  
 

450 500 550 600 650

0

100

200

300

400

500

L
u

m
in

es
ce

n
ce

  
In

te
n

si
ty

 (
a

.u
)

Wavelength (nm)

  00 mM

  05 mM

  10 mM

  15 mM

  20 mM

  25 mM

  30 mM

SO
2-

4

450 500 550 600 650

0

100

200

300

400

500

L
u

m
in

es
ce

n
ce

  
In

te
n

si
ty

 (
a
.u

)

Wavelength (nm)

  00 mM

  05 mM

  10 mM

  15 mM

  20 mM

  25 mM

  30 mM

PO
3-

4

(g)

(h)

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13. The emission spectra of Tb@1 dispersed in water upon the incremental addition of 

individual aqueous solutions of anions, namely MnO4
- (a), F-(b), Cl-(c), Br-(d), I-(e), NO3

-(f), 

SO4
2- (g) and PO4

3- (h)  (ex = 270 nm). The final concentration of anions in the medium is 

indicated in the legend. 
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Fig. 14. Quenching efficiency of Tb@1 toward different anions after the addition of 30 μM 

of these anions. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15.  Plot of [(I0/I) - 1] of Tb@1 against the concentration of analytes after the addition of 

30 µM of analytes. 

The limit of detection (LOD) of composite Tb@1 towards Cr2O7
2-, CrO4

2- and NO2
- 

were determined from the luminescence data in the ultra-low concentration range of 

these anions (Fig. 16a-c and Table 4).  The LOD values were calculated to be 147, 142 

and 20 ppb for Cr2O7
2-, CrO4

2- and NO2
- respectively.  

 



Chapter 2 

 

Page | 73  
 

1 2 3 4 5 6 7 8

200

250

300

350

400

In
te

n
si

ty
 (

a
.u

)

Cr
2
O

2-

7

Equation y = a + b*x

Weight No Weighting

Residual Sum of 

Squares

460.13608

Pearson's r -0.98867

Adj. R-Square 0.96996

Value Standard Error

B

Intercept 416.01081 11.69603

Slope -29.3827 2.57538

[mM]

1 2 3 4 5 6 7 8

250

300

350

400

[mM]

In
te

n
si

ty
 (

a
.u

)

CrO
2-

4

Equation y = a + b*x

Weight No Weighting

Residual Sum of 

Squares

36.06324

Pearson's r -0.99808

Adj. R-Square 0.99487

Value Standard Error

B

Intercept 421.6378

4

3.27437

Slope -20.0994 0.72099

1 2 3 4 5 6 7 8

500

550

600

650

700

750

800

850

900

[mM]

In
te

n
si

ty
 (

a
.u

)

Equation y = a + b*x

Weight No Weighting

Residual Sum of 
Squares

635.27243

Pearson's r -0.99461

Adj. R-Square 0.98568

Value Standard Erro

B

Intercept 904.1162
2

13.74281

Slope -50.2940 3.02607

NO
-

2

 

 

 

 

 

 

 

 

 

 (a) (b) 

 

 

 

 

 

 

 

 

                                                                                      (c) 

 

Fig. 16. Linear correlation between the luminescence intensity and concentration of 

dichromate anion Cr2O7
2-(a), CrO4

2- (b) and NO2
- (c). 

 

The limit of detection (LOD) was calculated by the following equation, LOD = 3σ/m, where 

σ denotes the standard deviation of the luminescence intensity (at 546 nm) of 1a without any 

analytes and m represents the slope of the plot of luminescence intensity data vs 

concentration of anions. 
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Table 4: Calculation of standard deviation and Limit of Detection (LOD) for Cr2O7
2-, CrO4

2- 

and NO2
- . 

    

 

 

Slope, m for Cr2O7
2-= 29.3827                                

 

Slope, m for CrO4
2-= 20.0994 

 

Slope, m for NO2
-= 50.2940 

 

 

LOD for Cr2O7
2-=3σ/m = (3 × 4.9042)/29.3827=0.5007 µM=147.306 ppb 

 

LOD for CrO4
2- =3σ/m = (3 × 4.9042)/20.0994=0.7319 µM=142.150 ppb 

 

LOD for NO2
- =3σ/m = (3 × 4.9042)/50.2940=0.2925 µM= 20.183 ppb 

 

The quenching constant (KSV) was obtained from the Stern–Volmer (SV) equation, 

(I0/I) = KSV[M] + 1, where I0 is the initial luminescence intensity, I is the luminescence 

intensity after the addition of analytes and [M] is the molar concentration of the 

analytes.  By plotting the luminescence intensity ratio (I0/I) vs. analyte concentration 

(up to 30 µM), KSV values were obtained from the linear fitting (Fig. 17). The KSV 

(slope) values were calculated to be 19.9×104 M-1, 10.5×104 M-1, 7.7×104 M-1 for 

Cr2O7
2-, CrO4

2- and NO2
-, respectively. 

Blank Reading (only 

Composite) 

Luminescence 

intensity at 546 nm 

(𝑋) 

Mean (𝑥) Standard 

Deviation(σ)  

Reading 1 788.4  

 

 

795.6 

 

 

 

4.9042 

Reading 2 792.6 

Reading 3 795.7 

Reading 4 798.6 

Reading 5 802.7 
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Fig. 17. KSV curves of Tb@1 in an aqueous solution in the presence of all the studied anions. 

 

 

However, in reliable application, it is very significant to check the selectivity of dichromate, 

chromate and nitrites detection in presence of other competing anions as they may be present 

along with these detectable anions. For this intend, we have added each analyte (to make 

concentration 25 µM for each analyte) one after another in Tb@1 followed by stepwise 

addition of targeted analyte (to increase concentration 5 µM in each step and make it upto 30 

µM).  It was noticed that in presence of other anions the quenching efficiency of Tb@1 

towards the detection of dichromate remained unchanged (Fig. 18a, b).  Likewise, selectivity 

experiments were repeated for CrO4
2- and NO2

- using the aforesaid procedure (Fig. 19a, b & 

Fig. 20a, b).  
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Fig. 18. (a) Emission spectra of Tb@1 in water dispersion upon the incremental addition of 

Cr2O7
2- solution in the presence of 25 µM of different anion solution (ex = 270 nm).  (b) 

Corresponding bar diagram showing the luminescence intensity (monitored at 545 nm) after 

the sequential addition of the analytes. 

(a) 
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Fig. 19. (a) Emission spectra of Tb@1 in water dispersion upon the incremental addition of 

CrO4
2- solution in the presence of 25 µM of different anion solution (ex = 270 nm).  (b) 

Corresponding bar diagram showing the luminescence intensity (monitored at 545 nm) after 

the sequential addition of the analytes. 
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Fig. 20. (a) Emission spectra of Tb@1 in water dispersion upon the incremental addition of 

NO2
-, solution in the presence of 25 µM of different anion solution (ex = 270 nm).  (b) 

Corresponding bar diagram showing the luminescence intensity (monitored at 545 nm) after 

the sequential addition of the analytes. 
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A comparison of the luminescence-based sensors using MOFs for the detection of Cr2O7
2- 

and CrO4
2-anions is provided in table 5.   

Table 5:  Comparison of the luminescence-based sensors using MOFs for the detection of 

Cr2O7
2- and CrO4

2- anions.       

Sl. 

No. 

Luminescent Sensor Anions 

Detected 

Medium  LOD(ppb) KSV(M−1) Reference 

1 [EuL(CH3COO)Cl]n Cr2O7
2-   

and  

CrO4
2- 

H2O 25388 and 

16584 

1.15 ×104  

    and 

2.52 × 104          

 

64 

2 [Tb2(H3L)(C2O4)3 

(H2O)4]·2H2O 

Cr2O7
2-   

and  

CrO4
2- 

H2O 1235 and 

718 

7.78 ×103                         

    and 

3.63×103 

65 

3 [Eu2(tpbpc)4·CO3·4H2O]·DMF

·so lvent 

Cr2O7
2-   

and  

CrO4
2- 

H2O 1070 and 

330 

1.04×103 

   and 

7.85×103 

66 

4 [Zn2(TPOM)(NH2- 

BDC)2].4H2O 

Cr2O7
2-   

and  

CrO4
2- 

DMF 1147 and 

932 

7.59×103 

   and 

4.45×103 

67 

5 Eu3+@MIL-121 Cr2O7
2- H2O 15 4.34×103 68 

6 {[Zn(btz)]n} 

 

Cr2O7
2-   

and  

CrO4
2- 

H2O 588 and 

1942 

4.23×103 

   and 

3.19×103 

69 

7 {[Zn2(ttz)H2O]n} Cr2O7
2-   

and  

CrO4
2- 

H2O 588 and 

3884 

2.19×103 

   and  

2.35×103 

69 

8 [Zn(L)(H2L)]n Cr2O7
2- H2O    3353 1.897×103 70 

9 {[Cd(IPA)(L2)]}n Cr2O7
2-   

and  

CrO4
2- 

H2O 664 and 

489 

2.91×103 

    and 

1.30×103 

71 

10 {[Zn(IPA)(L2)]}n Cr2O7
2-   

and  

CrO4
2- 

H2O 3536 and 

3559 

1.37×103 

    and 

 1.00×103 

71 

11 {[Zn2.5(cpbda)(OH)2]·solvent2}

n 

Cr2O7
2-   

and  

CrO4
2- 

DMA: 

H2O/ 

DMF 

Not 

mentioned  

Not 

mentioned 

72 

12 {[Zn(2,5-tdc)(3-abit)]·H2O}n Cr2O7
2-   

and  

CrO4
2- 

H2O Not 

mentioned 

5.08 ×103 

   and  

5.43×103 

73 

13 [Cd1.5(L1)2(bpy)(NO3)]·2DMF·

2H2O 

 

Cr2O7
2-   

and  

CrO4
2- 

H2O 320 and 

280  

5.42 × 104 

     and  

1.73 × 104 

74 

14 {[Zn(PA2−)(4,4′-bpy)](H2O)}n 

 

Cr2O7
2- H2O 1212 4.8 × 103 75 

15 [Ni2(μ2-OH)(azdc)(tpim)] Cr2O7
2-   H2O 900 and 1.31 ×104 76 
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2.3.5. Chemical Stability.  However, it is auxiliary to check the chemical stability of a 

chemosensor in the presence of the target analytes.  Firstly, we have checked the powder 

XRD pattern of composite (Tb@1), which remained well consistent with the simulated one 

and with PXRD pattern of compound 1.  Thereafter, we have checked the stability of 

composite (Tb@1) by soaking the powdered form of composite in the aqueous solution of 

chromate, dichromate and nitrite for 24 h in three separate experiments and measured the 

PXRD pattern.  Comparing the PXRD patterns, we investigated that composite (Tb@1) also 

maintained its integrity in the presence of these detectable anions.  This convey that the 

composite (Tb@1) remained stable in presence of chromate, dichromate and nitrite ions (Fig. 

21). 

 

 

 

 

 

 

Fig. 21. The PXRD pattern of (a) Simulated of compound 1, (b) Experimental of compound 

1, (c) compound 1 immersed in aqueous solution of Tb(NO3)3 (composite Tb@1), (d) 

composite Tb@1 immersed in an aqueous solution of Cr2O7
2-, (e) composite Tb@1 

immersed in an aqueous solution of CrO4
2-, (f) composite Tb@1 immersed in an aqueous 

solution of NO2
- . 

(NO3)·6DMA·6MeOH and  

CrO4
2- 

290     and 

7.9 × 103             

16 [Cd(2-bpeb)0.5(CNA)(H2O)] 

 

Cr2O7
2- H2O 107968 7.61 × 103 11 

17 [Cd(2-bpeb)0.5(NDC)] 

 

Cr2O7
2- H2O 270655 3.10 × 103 11 

18 [Zn(2-bpeb)(BDC)] Cr2O7
2- H2O 423634 1.88 × 103 

 

11 

19 [Gd(pdc3,5)
1.5

(CO
2
)

0.5
(H

2
O)

4
].

3H2O 

Cr2O7
2-   

and  

CrO4
2- 

H2O 147 and 

142  

19.9×104     

       and 

10.5×104 

This work 
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2.3.6. FTIR Experiments.  FTIR spectra in range of 1625 to 1375 cm-1 is very informative to 

understand the formation carbmate and composite (Tb@1)) as well as interactions with the 

anions.  As can be seen from figure 22, asymmetric stretching due to the presence 

carboxylate from the carbamate unit of compound 1 occurs at 1603 cm-1.  Whereas in 

composite (Tb@1), these asymmetric stretching shifted to 1611 and 1590 with triple hump 

curve along with the presence at original position (1603 cm-1).  This indicates presence of 

free, monodentate and bidentate nature of the carboxylate of carbamate relating to bond 

formation with Tb3+ ions.  The change of the position of symmetric stretching band from 

1447 cm-1 to 1436 cm-1 has also been observed.  Interestingly, in presence of Cr2O7
2-, both 

stretching (asymmetric and symmetric stretching of carboxylate of carbmate) returned to the 

original position indicating breaking of bonds with Tb3+ ions due the formation of the Tb3+ - 

Cr2O7
2- interactions.  On the other side, the asymmetric stretching (1539 cm-1) and symmetric 

stretching (1396 cm-1) of the carboxylate groups of 3,5-pydc remains unaffected during the 

formation of composite as well as in presence of Cr2O7
2- anions.  Similar behaviour has also 

been observed for the CrO4
2- and NO2ˉ anions (Fig. 23 and 24).  These studies indicate that 

the carboxylate groups of the carbamate units are responsible for the bond formation with 

Tb3+ ions.   

Fig. 22.  FTIR spectra of compound 1, composite (Tb@1), composite (Tb@1) + K2Cr2O7
 

and pure K2Cr2O7 in the range 1625 to 1375 cm-1.   
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Fig. 23.  FTIR spectra of compound 1, composite (Tb@1), composite (Tb@1) + K2CrO4 and 

pure K2CrO4 in the range 1625 to 1375 cm-1.   

 

 

 

 

 

 

 

 

 

 

Fig. 24.  FTIR spectra of compound 1, composite (Tb@1), composite (Tb@1) + NaNO2 and 

pure NaNO2 in the range 1625 to 1375 cm-1.   
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2.3.7. Mechanism of Luminescence Quenching.  Since the sensitization process arises due 

to the energy dispose from the excited state of ligand to the Tb+3 centre of Tb@1.  The 

competence of energy transfer and the intrinsic spectral feature of the ligand are momentous 

for the luminescence of the Tb+3 centre. From the chemical stability experiments, we 

observed that the quenching did not come from the wreckage of the mold. The FTIR spectra 

(Fig. 7) clearly demonstrated that with the addition of chromate, dichromate and the nitrite 

ions to the suspension of Tb@1, the bond between Tb+3 and the carbamate moiety broke 

down. Consequently, the sensitization process i.e. energy flow from the ligand to Tb+3 centre 

got stopped that results in a huge quenching of luminescence of the Tb+3 centre. The Tb+3 

ions that are not attached anymore with the organic ligands via some bond, will not be 

excited by the 270 nm excitation light directly, hence no luminescence would be coming out 

from those Tb+3 ions. If we now compare the quenching efficiency of these three anions, the 

chromate and dichromate showed greater quenching percentage compared to that of nitrite. 

This can be explained by the additional inner filter effect in case of chromate and dichromate 

ions as evident from the absorption spectra (Fig. 25).  At 270 nm (i.e. the excitation 

wavelength) unlike nitrite ions the chromate and dichromate solutions have some absorption 

intensity that indicates the possibility of the absorption of excitation light by the anions which 

eventually would be manifested as the quenching of the luminescence intensity. 

 

 

 

 

 

 

 

 

 

Fig. 25. UV-Visible absorption spectra of K2Cr2O7, K2CrO4
 and NaNO2

 in aqueous solution 

at 0.24 mM concentration. 
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2.4. Conclusion 

We have successfully synthesized a Gd3+ based coordination polymer (CP) using slow 

diffusion method at room temperature.  Direct CO2 incorporation and formation of 

zwitterionic carbamate i.e nucleophilic fixation of atmospheric CO2 at room temperature 

during the synthesis of rare earth based CP is marvellous and still sparse.  The synthesized 

CP was minutely characterized by PXRD, TGA and FTIR. To demonstrate ligand sensitized 

metal centre luminescence we have prepared a composite Tb@1. The formation of composite 

was confirmed by FTIR spectra.  It was found that the composite Tb@1 is stable both 

chemically and thermally.  The composite Tb@1 showed luminescence behavior (phosphor) 

and its luminescence properties have been assigned as ligand-sensitized metal centered 

emission.  Details experimental studies suggest that the preferable interaction of the Cr2O7
2-, 

CrO4
2-  and NO2

- anions with the Tb3+ ions inside the composite was found responsible for the 

breakage of the Tb-carbamate bonds and the quenching of luminescence is the obvious 

consequence of this bond breaking. Unless the Tb3+ ions remain attached with the organic 

ligands the sensitization process is not possible and hence the quenching of luminescence 

occurred. In addition to this effect, the chromate and dichromate can take part in the 

absorption of excitation energy which adds further to the quenching efficiency of these two 

ions.  Simultaneous detection of toxic anions like Cr2O7
2-, CrO4

2- and NO2
- is rare to date.  In 

addition, the observed LODs are classy among the prior reported CP/MOFs for the detection 

of these anions and these values are outlying below the recommended permissible level of 

these anions in water environment towards human health. 
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3.1. Introduction 

After water, the second most plentiful component is protein which occupies nearly 20% of 

human body.  Amino acids (AAs) are the fundamental building block of protein structure in 

living organisms and physiologically significant substances for keeping life activities such as 

human body repair and regeneration.  In the history of nutritional examination and in the 

recognition of diseases like pancreatitis and Alzheimer’s dementia, AAs has played a mighty 

role.1-3  Among all other basic AAs, Lys is indispensable for radical growth and must be 

supplied in diet because this cannot be synthesized in human body.4  Average intake of  the 

fat burner Lys is 4.0-5.0 g per day for humans.5  Lys  involves in a variety of biological 

process such as polyamine synthesis, the Krebs-Henseleit cycle and carnitine production 

which has a prime effect in β-oxidation of fatty acids.  Lys plays drastic roles in 

decomposition and metabolism which results in irreversible α-aminoadipate formation via a 

saccharopine pathway.6, 7  In human organism, many medical obscurity, such as fatigue, 

anaemia, hair loss, distorted and stunted growth, inflamed eyes and reproductive 

complications are supposed to be caused by the lack of Lys.  Again, hyperlysinemia or 

cystinuria kind of diseases arises due to high amount of Lys in blood and urine. 

Similarly, another most alkaline  AA, Arg which contains a guanidine group plays an 

important role in cell division, wound healing, protein production, immune response.8  Arg 

also acts as anti- aggregating agent and ambassador of a lot of proteins and molecules 

metabolism.  In humans the concentration level of Arg is about 100-120 μM and this can be 

exponent of the assessment of healthiness of masses and the quality of foods.9-11  As per 

previous report, deficiency of plasma arginine caused different types of cancer, such as breast 

cancer and colon cancer (80 ± 3 μM), pancreatic cancer (76 ± 5 μM) and esophageal cancer 

(41.9 ± 13.4 μM).12, 13  In addition, Arg helps us for directing hormone levels, maintaining 

blood pressure and immune system and by enhancing vasodilation Arg treat manifold 

physiological diseases, such as cardiovascular diseases, erectile dysfunction, peripheral 

vascular diseases, vascular headaches, atherosclerosis and chest pain.6, 11, 14  Arg is an index 

of the safety beverages in grape juice and wines, is closely related to the ethyl carbamate 

(EC) which is a hazardous and carcinogenic reagent.10, 15  Nowadays, the Arg and Lys have 

concealed the untoward flavour caused by the implantation of NaCl with KCl and also 

elevated the water holding capacity, texture and color of pork sausages.16-19  Hence it is 

mortally emergent to detect Lys and Arg in aqueous media for the diagnosis, treatment and 

prognosis disease and also for safety beverages. 
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In modern days, different kinds of detection methods are known to track out AAs but  

luminescence based detection method has exceptional amenities such as simplicity, 

reversibility, portability, rapid response time, high sensitivity and could be used in both solid 

and solution state.20, 21  Different kinds of materials such as small organic molecules, carbon 

dots, nanoclusters and polymer dots has been reported to detect AAs by luminescence 

method.8, 22-27  Limitations such as instability, complicated synthesis methods, susceptibility 

to interference, environmental harm, photostability issues and lack of molecular organization 

control restrict the utilization of these chemosensor.28, 29  Coordination polymer is formed by 

the muster of inorganic and organic linkers with metal nodes, is a promising aspirant to show 

off luminescence.28-32  This kind of materials  have marvellous dynamic infliction in gas 

storage, isolation, catalysis, magnetism, drug delivery, ion-exchange and sensing amid others 

and it also have crystalline class, perfectly-defined designable layout, paranormal pliability, 

light synthetic estate which glamor researchers from all over the world.33-37  This 

coordination masonry can be exploited in a detection mechanism also at the molecular-range 

due to its flexible functionality, along with the changeable oxidation state, formal charges, 

coordination circumstance around the metal ions and diverse fastening modes of organic 

ligands.  In a variety of way, CPs interact with the analytes like π-π interactions, coordinate 

bond, energy-transfer, hydrogen bond and electron-transfer.31, 38-43  

Lanthanide based CPs are more prominent towards luminescence other than any 

luminophore materials, as it has various monopolistic prominence such as sharp emission 

peaks, long-lived emissions, a lofty coordination number, flexible structure, elevated 

quantum yield and massive Stoke’s shift.44  Among all other Ln-CPs, cerium(III) based CPs 

are swiftly emerging due to the elevated copiousness and comparatively low price of Ce(III) 

salts anticipate it a pledge metal for large scale application in  practical field.45   

At present, a few luminescence CPs have been manifested to simultaneously trace out 

Lys and Arg by a luminescence turn on effect.46, 47  Concerning, the above fact and to explore 

luminescence, we have effectively synthesized a coordination polymer (CP) containing Ce3+ 

metal-ion of formula [[Ce(HCOO)(2,5-pydc)], 1.  Confirmation of the phase purity of the 

compound 1 was achieved through powder X-ray diffraction.  The water suspension of the 

compound 1 emerged profound emission when excited at 270 nm and these two detectable 

AAs (Lys and Arg) showed significant luminescence turn on behaviour.  The mechanism and 

trifles of the work beyond the prosperous selectivity and sensibility of the compound 1 onto 

these AAs is portrayed here. 
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3.2. Experimental Section 

3.2.1. Materials.  In the sake of the synthesis of compound 1, the necessary chemicals are 

Ce(NO3)3.6H2O (Sigma-Aldrich, 99.9%), 2,5-dihydroxyterephthalic acid (DHTA) (Sigma 

Aldrich, 99%), 2,5-Pyridinedicarboxylic acid (TCI, 98%), NaOH (Merck, 97%), 

Dimethylformamide (Merck, 99%) were used as received.  The chemicals employed in 

experiment for detection purposes are L-Lysine (TCI, 97 %), L-Arginine (Alfa Aesar, 98 %), 

L-Alanine (Sigma Aldrich, 98 %), L-Phenylalanine (Sigma Aldrich, 99 %), L-Cysteine 

(Sigma Aldrich, 97 %), Glycine (Sigma Aldrich, 99 %), L-Methionine (TCI, 99 %), L-Serine 

(Sigma Aldrich, 99 %) and L-Leucine (Sigma Aldrich, 98.5 %). 

 

3.2.2. Synthesis of Compound 1.  The solvothermal technique was utilized to synthesized 

the compound 1.  For this purpose, Ce(NO3)3.6H2O (0.0547 g, 0.125 mM), 2,5-

Pyridinedicarboxylic acid (0.0213 g, 0.125 mM) and 2,5-dihydroxyterephthalic acid (0.0252 

g, 0.125 mM) were dispersed in 3 mL of water and 3 mL of DMF.  Then the mixture was 

homogenized at room temperature for 60 min.  The final reaction mixture was sealed in a 23 

mL PTFE-lined stainless-steel autoclave and heated at 180 ºC for 48 h.  The final product, 

containing   greenish yellow colour rod-shaped crystals, was filtered, washed with deionized 

water under vacuum, and dried at immanent environment (yield 77% based on metal).  Anal. 

calcd. for 1: C, 27; H, 1.15; N, 3.9. Found: C, 26.9; H, 1.05; N, 4.1%.  The compound 1 does 

not contain 2,5-dihydroxyterephthalate (anionic form 2,5-dihydroxyterephthalic acid).  But 

the synthesis of compound 1 without 2,5-dihydroxyterephthalic acid was not successful.  On 

the otherhand, in-situ formation of formate ligand was generated, probably, from the 

decomposition of the DMF used as solvent during the synthesis.   

 

3.2.3. Instrumentations.   

With Cu Kα radiation (λ= 1.5418 Å) operating at 40 kV and 40 Ma, the powder XRD data 

was collected using the Bruker D8 Advance X-ray diffractometer.  Employing  Lynxeye 

detector (1D mode), the XRD patterns were captured in the 2θ range between 5 to 50° 

utilizing a step size of 0.02° and a scanning duration of 2 s per step.  Within the range of 400-

4000 cm-1, FT-IR spectra were obtained using the Nicolet Magna IR 750 series-II instrument.  

In a nitrogen atmosphere (flow rate = 20 mL min-1), thermogravimetric analysis (TGA) was 
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conducted utilizing a Perkin-Elmer instrument STA 6000, over a temperature span from 40 – 

800 ºC (heating rate = 20 ºC min-1). 

3.2.4. Single-Crystal Structure Determination of Compound 1.  Under a polarising 

microscope, carefully selected single crystals of [Ce(HCOO)(2,5-pydc)], 1, were diligently 

chosen and delicately affixed to a thin fiber.  The collection of data from the single crystal 

was performed utilizing the Bruker D8 Quest instrument.  Mo Kα (λ=0.71073Å) radiation 

was applied while operating the X-ray generator at 50 kV and 1 mA.  With a set ω scan width 

of 0.5º data collection was conducted.  A magnificent array of 408 frames were meticulously 

captured across three distinct φ (0, 90, 180º) settings by maintaining a fixed sample-to-

detector distance at 6.03 cm and a steadfast detector position (2θ) of -25º.  The final data sets 

underwent reduction through an APEX3 program and integration of various profiles was 

achieved using a SAINTPLUS48 program.  The SADABS program49 was used to carry out 

the absorption correction (multi-scan).  The structure was solved with the ShelXT 2014/550 

solution program using iterative methods and by using Olex2 1.5-dev51 as the graphical 

interface.  The model was refined with olex2.refine 1.5-dev52 using full matrix least squares 

minimisation on F2.  All non-hydrogen atoms were refined anisotropically.  Hydrogen atom 

positions were calculated geometrically and refined using the riding model.  Most hydrogen 

atom positions were calculated geometrically and refined using the riding model, but some 

hydrogen atoms were refined freely.  Details of the structure solution and final refinement is 

given in the Table 1.  CCDC:  2284068 contain the crystallographic data for this paper.  

These data can be obtained free of charge from The Cambridge Crystallographic Data Center 

(CCDC) via www.ccdc.cam.ac.uk/data_request/cif. 

Table 1: Crystal data and structure refinement parameters of compound 1.  

Empirical formula C8H4CeNO6 

Formula weight 350.24 

Dcalc./ g cm-3 2.704 

/mm-1 5.305 

Colour Greenish Yellow 

Shape rod-shaped-shaped 

Size/mm3 0.08×0.05×0.05 

T/K 293(2) 

http://www.ccdc.cam.ac.uk/data_request/cif
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Crystal system Orthorhombic 

Space group Pbca 

a/Å 12.065(2) 

b/Å 7.637(2) 

c/Å 18.673(4) 

/° 90 

/° 90 

/° 90 

Volume (Å3) 1720.6(6) 

Z 8 

Z' 1 

Wavelength/Å 0.71073 

Radiation type Mo K 

min/° 2.76 

max/° 27.15 

Measured Refl's. 53610 

Indep't Refl's 1898 

Refl's I≥2 (I) 1831 

Rint 0.0724 

Parameters 150 

Restraints 0 

Largest Peak 0.8544 

Deepest Hole -1.2722 

GooF 1.0991 

wR2 (all data) 0.0617 

wR2 0.0610 

R1 (all data) 0.0293 

R1 0.0280 

R1 =Σ ||F0|-|Fc|| / Σ |F0|; wR2 = {Σ[w(F0
2 – Fc

2)2] / Σ[w(F0
2)2 1/2. w = 1/[2(F0)

2 + (aP)2 + bP], P 

= [max.(F0
2,0) + 2(Fc)

2]/3, where a =  0.0193 and b = 12.2239.  
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3.2.5. Photoluminescence Measurements.  At ambient temperature, the photoluminescence 

spectra of compound 1 were captured utilizing a xenon lamp as the excitation origin on a 

Hitachi F-7100 spectrofluorometer.  For the sensing experiments, aqueous solutions of amino 

acids (5 ×10-3 M) were prepared.  The Shimadzu UV 3101PC spectrophotometer detected the 

excitation wavelength of compound 1 at 270 nm.  For the determination of time-correlated 

single photon counting (TCSPC) measurements, we utilized a HORIBA Jobin-Yvon 

instrument at room temperature in water medium.  For this investigation, the excitation 

wavelength was set at 280 nm, while the luminescence decay curve was examined at 350 nm 

and 367 nm. 

3.3. Result and Discussion 

3.3.1. Structural Description. One Ce3+ ion, one 2,5-pyridinedicarboxylate ion and one 

formate unit constitute the asymmetric unit of compound 1 (Fig. 1).  The coordination of Ce3+ 

ions are accomplished by five carboxylate oxygen atoms of 2,5-pydc ligands, three oxygen 

atoms of formate units and one nitrogen atom of pydc ligands to inhabited a tricapped 

trigonal prismatic geometry (Fig. 2).  The Ce-O and Ce-N bonds have average bond distance 

of 2.53 Å and 2.71 Å respectively.  The O-Ce-O bond angels are in the range of 50.43(10) – 

151.38(12)° and the O-Ce-N bond angles are in the range of 60.62(10) – 140.03(10)°.  Table 

2 displays the chosen bond distances, while bond angles are listed in table 3.  

 

 

 

 

  

                    

Fig. 1.  Figure displays the asymmetric unit of [Ce(HCOO)(2,5-pydc)], 1. 
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Table 2: Selected bond distances (Å) observed in 1.  

Atom Atom Distances, Å Atom Atom Distances, 

Å 

Ce1  O41 2.677(3) Ce1 O54 2.517(3) 

Ce1 O42 2.597(3) Ce1 O5 2.475(3) 

Ce1 O33 2.473(3) Ce1 O1 2.453(3) 

Ce1 O64 2.622(3) Ce1 O25 2.462(3) 

Ce1 N12 2.710(4) 

 

Table 3: Selected bond angles observed in 1. 

Atom Atom Atom Angle/° Atom Atom Atom Angle/° 

O31 Ce1 O42 139.26(9) O5 Ce1 N13 140.02(11) 

O31 Ce1 O43 74.59(10) O54 Ce1 N13 81.56(11) 

O64 Ce1 O43 103.16(10) O1 Ce1 O43 71.51(10) 

O64 Ce1 O42 70.52(10) O1 Ce1 O42 75.25(10) 

O64 Ce1 O31 138.89(10) O1 Ce1 O31 96.82(11) 

N13 Ce1 O43 60.62(10) O1 Ce1 O64 121.89(11) 

N13 Ce1 O42 140.03(10) O1 Ce1 N13 132.05(11) 

N13 Ce1 O31 74.07(10) O1 Ce1 O5 74.35(11) 

N13 Ce1 O64 69.83(11) O1 Ce1 O54 77.35(11) 

O54 Ce1 O43 66.91(9) O25 Ce1 O42 87.49(11) 

O54 Ce1 O42 77.28(9) O25 Ce1 O43 133.82(11) 

O5 Ce1 O43 128.98(10) O25 Ce1 O31 81.38(12) 

O5 Ce1 O42 66.23(9) O25 Ce1 O64 71.07(12) 

O5 Ce1 O31 73.12(10) O25 Ce1 N13 75.20(12) 
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(a) (b)

O54 Ce1 O31 140.96(10) O25 Ce1 O5 77.86(11) 

O5 Ce1 O64 127.04(11) O25 Ce1 O54 121.40(11) 

O54 Ce1 O64 50.43(10) O25 Ce1 O1 151.38(12) 

Symmetry transformations used to generate equivalent atoms: 11/2-x,1-y,1/2+z; 21-x,1-y,1-z; 

3+x,3/2-y,1/2+z; 41-x,1/2+y,3/2-z; 51-x,-1/2+y,3/2-z;  

 

 

 

 

 

 

 

Fig. 2. Figure shows nine coordinated polyhedral unit [CeO8N] with tricapped trigonal 

prismatic geometry in [Ce(HCOO)(2,5-pydc)], 1. 

Out of two carboxylate groups of 2,5-pydc ligand, in one case both the oxygen atoms are 

monodentate and in another case one oxygen is bidentate and other oxygen is monodentate 

with respect to Ce3+ ions (Figure 3a).  The formate unit is also connected with the Ce3+ ions 

by oxygen doner sites with both bi- and monodentate manner (Figure 3b). 

 

 

 

 

 

 

 

Fig. 3. (a) The coordination mode of 2,5- pydc ligand is depicted in the figure, (b) 

coordination mode of formate unit.  
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The connectivity between Ce3+ ions and carboxylates of the formate ligands form a zigzag 

one dimensional infinite chain structure (Fig. 4a).  The one-dimensional chains are further 

connected by the carboxylate groups of the 2,5-pydc ligands to form two-dimensional 

structure (Fig. 4b).  Stable three-dimensional structures are formed by the connectivity of the 

two-dimensional carboxylate connected structures and the aromatic part of the 2,5-pydc 

ligands (Fig. 4c).   

              

 

 

 

 

 

 

(a)                                                             (b) 

 

 

 

 

 

 

 

(c) 

Fig. 4. (a) Figure displays one-dimensional chain formed by the coordination of formate units 

and Ce3+ ions in [Ce(HCOO)(2,5-pydc)], 1. (b) Two-dimensional carboxylate connected 

structure, (c) Three-dimensional structure formed through the connectivity between two-

dimensional constructions and aromatic part of 2,5-pydc ligands.  The green polyhedra unit 

represent CeO8N tricapped trigonal prismatic geometry.    
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The three-dimensional structure can be described as a pillared layer structure.  The layer 

structure (two-dimensional structure) generated through the connectivity of carboxylate 

groups (two from 2,5-pydc and one from formate), nitrogen atoms of pyridine rings and Ce3+ 

ions. This connectivity can be simplified based on network approach.  Here out of the three 

carboxylate groups, two carboxylate groups act as simple connectors and one carboxylate 

group acts as three-connected node.  On the other hand, each of the Ce3+ ions connect three of 

the carboxylate groups that act as three-connected nodes.  Overall the connectivity between 

these two nodes forms six membered fundamental rings.  Topological analysis reduced the 

two-dimensional structure as a network with 63 Schläfli symbol and 6.6.6 vertex symbol 

(Fig.5). 

 

 

 

 

 

 

 

Fig. 5. Figure shows the connectivity between Ce3+ ion based node (cyan) and tri-connected 

carboxylate based node (grey) in [Ce(HCOO)(2,5-pydc)], 1.  Note the formation of network 

structure (see text).    

 

3.3.2. Characterization of Compound 1.  The powder XRD pattern closely aligns with the 

simulated XRD pattern generated from the structure determined using single crystal XRD and 

the patterns revealed that the product is a new material (Fig. 6).  The IR spectra for 

compound 1 can be found in Figure 7.  The TGA analysis reveals weight reduction in two 

separate stages.  The stability of the compound persists upto 325°C.  Once the temperature 

exceeds 325°C, the framework undergoes complete decomposition, leading to weight loss 

(Fig. 8). 
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Fig. 6.  Powder XRD (CuKα) patterns of (a) simulated from single crystal X-ray data (b) 

experimental of [Ce(HCOO)(2,5-pydc)], 1.  

 

 

 

 

 

 

 

 

 

 

Fig. 7. FTIR spectra of [Ce(HCOO)(2,5-pydc)], 1. 
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Fig. 8. Thermogravimetric analysis (TGA) of [Ce(HCOO)(2,5-pydc)], 1, in nitrogen 

atmosphere.  

3.3.3. Photoluminescence Behaviour.  By introducing 2 mg of compound 1 in 2 mL water 

to create a dispersed solution of compound 1, with ultrasonic agitation applied for 30 

minutes.  From this stock solution, we took 100 µL and added it to 2 mL H2O in a quartz 

cuvette.  Initial pH of the dispersed solution was 7.  Absorption spectra of compound 1 

dispersed in water are depicted in Figure 9.  The aqueous suspension of compound 1 exhibits 

luminescence spectra with emission at 350 nm upon excitation at 270 nm (Fig. 10). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Figure shows absorption spectra of [Ce(HCOO)(2,5-pydc)], 1, dispersed in water. 
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Fig. 10. Figure shows emission spectra of [Ce(HCOO)(2,5-pydc)], 1, dispersed in water. 

 

3.3.4. Detection of Amino Acids.  On excitation at 270 nm, the aqueous dispersion of 

compound 1 shows intense luminescence emission at 350 nm.  Compound 1 was 

tested using photoluminescence-based titrations to assess its capability in detecting 

minute quantities of amino acids.  The incremental addition of the amino acids Lys 

and Arg to the compound 1 resulted in a prominent shift in the emission maxima from 

350 nm to 367 nm.  The shift in emission peak was accompanied by the increase in 

luminescence intensity to a great extent for Lys and Arg (Fig. 11).  Experiments 

showed three-fold turn on for Lys and two-fold turn on for Arg approximately.  

Additionally, luminescence titration experiments were conducted for various other 

amino acids, namely L-Alanine, L-Phenylalanine, Glycine, L-Cysteine, L-Serine, L-

Methionine and L- Leucine, however the emission spectra did not exhibit any notable 

responses in presence of these amino acids (Fig. 12).  The turn on behaviours of 

compound 1 have been summarised as a bar diagram in figure 13 abaft the accession 

of 250 µM of all the amino acids to the aqueous dispersion of compound 1.  The 3D 

bar graph, resulting from correlating [(I/I0)-1] with amino acid concentrations, implies 

that compound 1 may function as an outstanding luminescent turn-on chemosensor, 

activating upon detecting the two specific amino acids Lys and Arg in aqueous media 

(Fig. 14).   
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Fig. 11. Emission spectra of compound 1 dispersed in water upon the incremental addition of 

an aqueous solution of analytes (ex = 270 nm): (a) Lysine and  (b) Arginine.  The final 

concentration of analytes in the medium is indicated in the legend. 



Chapter 3 

 

Page | 107  
 

320 340 360 380 400 420 440

0

2000

4000

L
u

m
in

e
sc

e
n

c
e
 I

n
te

n
si

ty
(a

.u
)

Wavelength(nm)

 00.00 M

 25.00 M

 50.00 M

 100.0 M

 150.0 M

 200.0 M

 250.0 M

Phenyl alanine

320 340 360 380 400 420 440

0

2000

4000

6000

L
u

m
in

e
sc

e
n

c
e
 I

n
te

n
si

ty
(a

.u
)

Wavelength(nm)

 00.00 M

 25.00 M

 50.00 M

 100.0 M

 150.0 M

 200.0 M

 250.0 M

Alanine

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 



Chapter 3 

 

Page | 108  
 

320 340 360 380 400 420 440

0

2000

4000

6000

L
u

m
in

e
sc

e
n

c
e
 I

n
te

n
si

ty
(a

.u
)

Wavelength(nm)

 00.00 M

 25.00 M

 50.00 M

 100.0 M

 150.0 M

 200.0 M

 250.0 M

Glycine

320 340 360 380 400 420 440

0

2000

4000

6000

L
u

m
in

e
sc

e
n

c
e
 I

n
te

n
si

ty
(a

.u
)

Wavelength(nm)

 00.00 M

 25.00 M

 50.00 M

 100.0 M

 150.0 M

 200.0 M

 250.0 M

Cysteine

 

 

 

                        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(c) 

(d) 



Chapter 3 

 

Page | 109  
 

320 340 360 380 400 420 440

0

2000

4000

6000

L
u

m
in

e
sc

e
n

c
e
 I

n
te

n
si

ty
(a

.u
)

Wavelength(nm)

 00.00 M

 25.00 M

 50.00 M

 100.0 M

 150.0 M

 200.0 M

 250.0 M

Serine

320 340 360 380 400 420 440

0

2000

4000

6000

L
u

m
in

e
sc

e
n

c
e
 I

n
te

n
si

ty
(a

.u
)

Wavelength(nm)

 00.00 M

 25.00 M

 50.00 M

 100.0 M

 150.0 M

 200.0 M

 250.0 M

Methionine

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

               

                         

 

 

 

 

 

 

 

 

 

 

 

 

(e) 

(f) 



Chapter 3 

 

Page | 110  
 

320 340 360 380 400 420 440

0

2000

4000

6000

L
u

m
in

e
sc

e
n

c
e
 I

n
te

n
si

ty
(a

.u
)

Wavelength(nm)

 00.00 M

 25.00 M

 50.00 M

 100.0 M

 150.0 M

 200.0 M

 250.0 M

Leucine

Lys Arg Met Ala Cys Leu Ser Gly Phe

0

1

2

[I
/I

0
-1

]

 

 

                                

 

 

 

 

 

 

 

 

 

 

Fig. 12. Emission spectra of compound 1 dispersed in water upon the incremental addition of 

individual aqueous solutions of amino acids, namely Ala (a), Phe (b), Gly (c), Cys (d), Ser 

(e), Met (f) and Leu (g) of (ex = 270 nm). The final concentration of amino acids in the 

medium is indicated in the legend. 

 

 

 

 

 

 

 

 

 

Fig. 13. Luminescence intensity changes of compound 1 toward different AAs after the 

addition of 250 μM of these AAs. 

(g) 
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Fig. 14. Plot of [(I/I0) - 1] of compound 1 against the concentration of analytes after the 

addition of 250 µM of analytes. 

 

The limit of detection (LOD) was calculated applying the equation LOD =3σ/m, where 

σ is the standard deviation of blank titration and m denotes the slope of the plot of 

luminescence intensity data vs. concentration of amino acids.  The calculated values of 

LOD for Lys and Arg were 0.72 μM and 1.03 μM, respectively (Fig. 15a-b and Table 

4).  Again, the strong affinity of compound 1 towards two selected amino acids have 

been verified by assessing the luminescence enhancement coefficient, KSV, according 

to the equation (I/I0) = (1+ KSV[M]) where I and I0 are luminescence intensities before 

and abaft the accession of analyte, respectively, [M] is concentration of analyte.  From 

the slope of the plot depicting luminescence intensity ratio (I/I0) vs. analyte 

concentration (up to 125 µM), KSV values were derived (Fig. 16).  The KSV values 

were calculated to be 12.5×103 M-1 and 6.3×103 M-1 for Lys and Arg respectively.  

Nevertheless, it is worth investigating the selectivity of the detection in presence of 

other amino acids because they may be present simultaneously in the system.  For this 

purpose, we have added 12.5 µM of other amino acids successively in compound 1 

followed by incremental addition of Lys and Arg up to 87.5 µM concentration.  The 

results clearly indicate that the peak shift and turn on efficiency of compound 1 

towards detection of Lys and Arg remained unvaried even in presence of various 

interfering amino acids (Fig. 17 and 18).  We have plotted a graph considering the red-
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shift vs the concentration of analyte for both the AAs. The red shifts are the 

consequence of the binding of the AAs with the ligands of the compound 1. Form the 

slope of the linear part of the plot we obtained the corresponding binding constant 

values as 15×104 M-1 and 4.9×104 M-1 for Lys and Arg, respectively (Fig. 19 and 20). 

The high values of the binding constants indicate the strong affinity of the two AAs 

towards the compound 1. Detailed comparisons with other CPs, MOFs and composite 

materials for the sensing of Lys and Arg are summarised in table 5.  This indicates that 

compound 1 are one of the best luminescecent CP based sensors for the Lys and Arg 

with respect to LOD and KSV values.     

 

                                                                 

 

(a)             (b) 

Fig. 15. Linear correlation between the luminescence intensity and concentration of Lysine 

(a) and Arginine(b). 

The limit of detection (LOD) was calculated by the following equation, LOD = 3σ/m, where 

σ denotes the standard deviation of the luminescence intensity compound 1 without any 

analytes and m represents the slope of the plot of luminescence intensity data vs 

concentration of AAs. 
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Table 4: Calculation of standard deviation and Limit of Detection (LOD) for Lys and Arg: 

 

 

Slope, m for Lys= 7.12              LOD for Lys=3σ/m = (3 × 1.72)/7.12 =0.72 µM 

Slope, m for Arg=1.032             LOD for Arg =3σ/m = (3 × 1.72)/5=1.03 µM 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 16. KSV curves of compound 1 in an aqueous solution in the presence of Lys and Arg. 

Blank Reading (only 

Compound) 

Luminescence 

intensity at 350 nm 

(𝑋) 

Mean (𝑥) Standard 

Deviation(σ)  

Reading 1 3065  

 

 

3066.2 

 

 

 

1.72 

Reading 2 3064 

Reading 3 3066 

Reading 4 3067 

Reading 5 3069 
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Fig. 17. (a) Luminescence spectra of 1 dispersed in an aqueous solution upon the incremental 

addition of Lysine solution in the presence of 12.5 µM of different AAs solution (ex = 270 

nm).  (b) Corresponding bar diagram showing the luminescence intensity (monitored at 

367nm) after the sequential addition of the analytes.  The composition and concentration of 

the system were as follows: (A) 1 in aqueous dispersion, (B) A + 12.5 µM Gly, (C) B + 12.5 

µM Ala, (D) C + 12.5 µM Phe, (E) D + 12.5 µM Ser, (F) E + 12.5 µM Leu, (G) F + 12.5 µM 

Met, (H) G + 12.5 µM Cys, (I) H + 12.5 µM Lys, (J) I+ 25 .0 µM Lys, (K) J + 37.5 µM Lys, 

(L) K + 50.0 µM Lys, (M) L + 62.5 µM Lys, (N) M + 75.0 µM Lys, (O) N + 87.5 µM Lys.  
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Fig. 18. (a) Luminescence spectra of 1 dispersed in an aqueous solution upon the incremental 

addition of Argnine solution in the presence of 12.5 µM of different AAs solution (ex = 270 

nm).  (b) Corresponding bar diagram showing the luminescence intensity (monitored at 

367nm) after the sequential addition of the analytes.  The composition and concentration of 

the system were as follows: (A) 1 in aqueous dispersion, (B) A + 12.5 µM Gly, (C) B + 12.5 

µM Ala, (D) C + 12.5 µM Phe, (E) D + 12.5 µM Ser, (F) E + 12.5 µM Leu, (G) F + 12.5 µM 

Met, (H) G + 12.5 µM Cys, (I) H + 12.5 µM Arg, (J) I + 25 .0 µM Arg, (K) J + 37.5 µM Arg, 

(L) K + 50.0 µM Arg, (M) L + 62.5 µM Arg, (N) M + 75.0 µM Arg, (O) N + 87.5 µM Arg.  
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(a)                                                                          (b) 

Fig. 19. Plot of the concentration and red shift of Lysine(a) and Arginine(b) respectively. 

 

 

 

(a)                                                                                 (b)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

Fig. 20. Plot of the low concentration and red shift of Lysine(a) and Arginine(b) respectively.                                                                            
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Table 5: Comparison of the luminescence-based sensors using MOFs, CPs and composite for 

the detection of Lys and Arg 

Sl. 

No. 

Sensing Probe Amino 

Acid 

Detected 

Method LOD(µM) Ksv (M-1) Reference 

1 UiO-66-NH2 Lys and 

Arg 

FL 60.22 and 

21.50 

1.81×103                         

and 8.03×103 

46 

2 NH2-MIL-101-Fe and NH2-

MIL-101-Al 

Lys and Arg FL 45.5 and 45.1 3.39×103                         

and 3.42×103 

6 

3 {[Eu(DMTP-

DC)1.5(H2O)3]·DMF}n 

Lys and 

Arg 

FL 9.31 and 

24.38 

Not 

mentioned 

53 

4 JXUST-29 Lys and 

Arg 

FL 0.077 and 

0.023 

Not 

mentioned 

47 

5 Ce-EDTA Lys FL 3.6 Not 

mentioned 

54 

6 RhB@MOF1 Lys FL 0.024 1.67 × 106 7 

7 H8L-Mn-MOF Arg FL 41 Not mentioned 55 

8 ZnMOF@SA Arg FL 20 Not mentioned 56 

9 poly-CoTPyPyPc/GCE Arg CV 2.5 Not mentioned 2 

10 Rhodamine-thiourea/Al3+  

complex 

Arg FL 2.3 Not mentioned 57 

11 Zn(II)-terpyridine complex Arg FL 2.05 1.78 × 104 58 

12 (UO2)(nip)(2,2′-bpy) and 

(H2bpp)·[(UO2)2(nip)3]·H2O 

Arg FL 1.06 and 

6.42 

Not mentioned 3 

13 Schiff base-based sensor 

and [PbL2]
2+ complex 

Arg UV–vis 0.67 and 

0.0001 

Not mentioned 59 

14 anth-UiO-67 MOF Arg FL 0.017 5.1×106 and 

4.8 × 106 

1 

15 La(TATB) Arg FL 0.007 Not mentioned 60 

16 NIR-MOF [Nd(L)(DMF)2]n Arg FL 0.001 2.9× 105 61 

17 [Ce(HCOO)(2,5-pydc)] Lys and 

Arg 

FL 0.72  and 

1.03  

12.5×103 and 

6.3×103 
This 

Work 
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3.3.5. UV-Visible Absorption Spectra.   

The UV-Visible absorption spectra of aqueous suspension of compound 1 were also 

measured at different concentration of Lys and Arg (Fig. 21).  The small changes in the 

spectra are significant here because it indicates the presence of strong interaction between the 

amino acids and the compound 1 in the ground state.  It should be remembered that in this 

wavelength range the said amino acids do not have any absorption (Fig. 22), so whatever 

change we observe is due to the said interaction.  
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Fig. 21. Absorption spectra of compound 1 dispersed in water upon the incremental addition 

of an aqueous solution of (a) Lys and (b) Arg.  The final concentrations of Lys and Arg in the 

medium are indicated in the legend. 

 

 

 

 

 

 

 

 

 

  Fig. 22. Absorption spectra of Lys and Arg dispersed in water. 
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3.3.6. Luminescence Lifetime Measurements.  The time dependent luminescence intensity decay 

profile of compound 1 in absence and presence of Lys and Arg were measured using TCSPC 

technique and has been plotted in Figure 23.  It is clearly visible that the decay profile of the 

compound 1 get altered to a good extent in presence of these two amino acids.  The decay curves 

were analyzed employing tri-exponential function and the findings are compiled in table 6.  

Among the three life time components, the first one was found to be in the order of few 

picoseconds which is beyond the time resolution (FWHM of the IRF is 450 ps) of the present 

study.  The other two components 1.2 ns and 12.5 ns were found to be increased to 2 ns and 

30 ns and 2 ns and 29 ns in presence of 75 µM Arg and Lys, respectively.  The wavelength 

used for exciting was 280 nm and the emission wavelength were destined at the emission 

peak of the corresponding luminescence spectra i. e. 350 nm for the compound 1 and 367 nm 

for compound 1 in presence of Lys and Arg.  

 

Fig. 23. Luminescence Intensity decay profile of compound 1 before and after the addition of 

the Arginine and Lysine.  The final concentrations of Arginine and Lysine in the medium are 

indicated in the legend.  The instrument response function (prompt) is also shown.  Here, λex 

= 280 nm and λem= 350 for compound 1, and λem= 367 nm for compound 1 + AAs were set 

during the experiment. 
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Table 6: Lifetime components of Compound 1 in presence of Arginine and Lysine (λex = 280 

nm) 

System em a1 τ1 (ns) a2  τ2 (ns) a3 τ3 (ns) 

Compound 1  350 

nm 

0.96 0.025 0.03 1.2 0.01 12.5 

Compound 1+ 25 µM 

Arginine 

367 

nm 

0.93 0.025 0.06 1.9 0.01 14.2 

Compound 1+ 75 µM 

Arginine 

367 

nm 

0.91 0.025 0.08 2.0 0.01 30.0 

Compound 1+ 25 µM 

Lysine  

367 

nm 

0.94 0.025 0.05 1.5 0.01 14.8 

Compound 1+ 75 µM 

Lysine  

367 

nm 

0.95 0.025 0.04 2.0 0.01 29.0 

 

3.3.7. Chemical Stability.  However, it is emergent to examine the chemical stability of a 

chemosensor in presence of the targeted analytes.  Hence, initially the powdered form of 

compound 1 was engrossed in water for 24 hour and measured PXRD patterns, which is well 

coherent with simulated one.  The PXRD patterns were also taken for compound 1 after 

sensing experiment in presence of Lys and Arg (Fig. 24).   

 

 

 

 

 

 

 

 

Fig. 24. The PXRD pattern of (a) simulated of compound 1, (b) experimental of compound 1 

immersed in water, (c) compound 1 immersed in aqueous solution of Lysine, (d) compound 1 

immersed in an aqueous solution of Arginine. 
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We have allowed the water to evaporate from the system after addition of AAs and then the 

powder XRD was done.  By examining the PXRD patterns, it appears that the compound 1 

remained unchanged when exposed to these detectable AAs.  These findings ascertained the 

durability of the 3D mold of compound 1 in aqueous medium and even abaft the sensing 

experiment. 

3.3.8. Mechanism of Luminescence Turn On. The luminescence titration experiments of 

compound 1 revealed that Arg and Lys and resulted in a 17 nm peak shift and multiple fold 

luminescence turn on.  The other AAs did not alter the luminescence spectra of compound 1.  

The PXRD patterns of the compound 1 before and after the addition of amino acids remained 

consistent with simulated and experimental one, so the peak shift and enhancement of 

luminescence do not occur due to breakdown of the framework.  The UV-vis absorption 

spectra and the fluorescence excitation spectra (Fig. 25 and 26) both show slight alteration of 

the bands even though there is no absorbance (Fig. 23) of the AAs itself in this range of 

wavelength.   
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Fig. 25. Excitation spectra of Lys dispersed in water, emission centre was fixed at 350 nm (a) 

and 367 nm (b). 
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Fig. 26. Excitation spectra of Arg dispersed in water, emission centre was fixed at 350 nm (a) 

and 367 nm (b). 

This is evidence of the interaction between the compound 1 and the said amino acids.  The 

interaction was probably favoured by the positive charge on these two amino acids (Arg and 

Lys).  Due to this strong interaction, the excited state energy level gets stabilised which 

results in a 17 nm red shift in the emission spectra.  Moreover, due to the presence of these 

amino acids in the vicinity of the compound 1 some of the non-radiative pathways get 

obstructed that consequently results in turn on of luminescence.  This has also been 

evidenced by the luminescence lifetime measurements.  Upon addition of Arg and Lys we 

have found an increase in longer lifetime components 1.2 ns and 12.5 ns to 2 ns and 30 ns 

and 2 ns and 29 ns in presence of 75 µM Arg and Lys, respectively (table 6, Fig. 27).  The 

increase in lifetime components is an obvious consequence of the reduction of non-radiative 

decay rates.  In summary, the positively charged AAs (Lys and Arg) strongly interact with 

the compound 1 and reside close to each other.  As a result, the excited state energy level of 

compound 1 is lowered to a good extent which has been manifested by the 17 nm red shift in 

emission spectra.  The luminescence turn-on and increase in life time components occurred 

due the confined environment caused by the presence of AAs around the compound 1.   

(b) 
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 Fig. 27. Schematic drawings of the ground and excited state energy levels of compound 1 in 

absence and presence of amino acid (Arg and Lys). 

 

3.4. Conclusion 

Using the solvothermal method, we have effectively synthesized a coordination polymer (CP) 

containing Ce3+ ion.  We meticulously characterized the synthesized CP using PXRD, TGA 

and FTIR techniques.  The compound showed excellent luminescence behaviour.  This 

luminescence characteristic has been employed for detecting amino acids (AAs) in aqueous 

solutions.  Experiments exhibits approximately three-fold turn on for Lys and two-fold turn 

on for Arg.  Due to the strong interaction between the compound 1 and the said amino acids, 

the excited state energy level gets stabilised which results in a 17 nm red shift in the emission 

spectra.  The luminescence life time components of compound 1 in presence of Lys and Arg 

are much higher than that of the compound 1 itself.  The increase in lifetime is a consequence 

of the reduction of non-radiative decay rates that is caused by the presence of the positively 

charged AAs (Lys and Arg) around the compound 1.  The compound 1 do not respond to the 

other AAs.  Synchronous detection of Lys and Arg is very few in recent days.  In addition, 

the investigated LODs are excellent among the prior reported compound for the detection of 

these AAs. 
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4.1. Introduction 

To dislodge traditional incandescent and fluorescent lamps, advanced luminous solid-state 

materials, particularly white light-emitting substances or white-light-emitting diodes 

(WLEDs) could serve as a highly efficient source of economic illumination.1-3  Due to their 

safety and excellent low-temperature performance, long lifetime, good reliability, high 

brightness, high energy-efficiency and environmental friendliness, WLEDs have been 

extensively used in displays and lightings, sensors, transportation, imaging, agriculture and 

medicine.1, 4-16  Nowadays, blue LED chips coated with layer of yellow-emitting YAG/Ce3+ 

phosphors are typically shaped for white LED with the high correlated colour temperature 

(CCT) and small colour rendering index (CRI).  These are not covetable for indoor 

illumination applications due to the lack of red ingredient.17, 18  Thus, modulation of new 

light-emitting materials needs introducing of dichromatic or trichromatic (RGB) technique in 

optical materials.4, 19-27  In the field of materials science researchers are keenly interested in 

integrating Ln3+ complexes into hybrid organic-inorganic materials to create phosphors that 

emit blue, red, and green light with high efficiency.9   RE-CPs are pregnant aspirant to show 

off  luminescence other than any phosphor because of their crystalline characteristics, 

precisely defined and customizable structure, remarkable flexibility, and mild synthetic 

conditions, sharp emission peaks, long-lived emissions, a large coordination number, 

substantial quantum yield, and considerable Stokes shift.28-39  Introduction of organic 

chromophores into the rare-earth system shows antenna effect, by this process a portion of 

energy from the excited state of organic chromophore is transferred to the metal centers, 

producing luminescence that is based on the metal.40, 41  Using co-doped strategy of different 

RE3+ metal ions specially Tb3+ and  Eu3+ is the main source of green and red colour, 

respectively and carboxylate-based ligands with π-conjugated systems as fluorescence hubs 

are candid postulants for blue light sources to modulate white LEDs smart materials.42-45  

This co-doped strategy also helped to overcome from concentration quenching effect and 

increases the quantum efficiency and the emission intensity of the materials.42, 46 

Considering the above information we have successfully synthesized a series of RE-CPs: 

[RE(3,5-pydc)1.5(CO2)0.5(H2O)4]·2H2O.CH3OH (RE= Y, Eu and Tb and pydc= 3,5- pyridine 

dicarboxylate).  Here, another interesting observation is that the carbamate i.e, CO2 unit in the 

given formula comes from atmosphere and incorporation and stabilization of the zwitterionic 

carbamate at a pyridine nitrogen site is caused by a Lewis acid-base interaction.47, 48  We have 

also synthesized a series of tri- metal based material by varying the correlative concentrations 
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of Y, Tb and Eu metal salts.  Among these, Y0.5Eu0.25Tb0.25  composition is suitable for 

showing a white emission at 325 nm excitation, and through CIE coordinates (0.329,0.333) 

plus low CCT of 5658 K.1  

4.2. Experimental Section 

4.2.1. Materials  

 For the preparation of the compounds, Y(NO3)3.6H2O and Tb(NO3)3.5H2O were purchased 

from Sigma-Aldrich with 99.9% purity.  Eu(NO3)3.6H2O of Alfa Aesar with 99.9% purity 

and 3,5-Pyridinedicarboxylic acid of TCI with 98% purity were used.  Merck made NaOH 

and Methanol with 97% and 99.5% purity, respectively, were utilized.  The water used was 

double distilled. 

4.2.2. Synthesis of Na2pydc   

By using the solvent evaporation method, Na2pydc was synthesized.  Aqueous solution of 

3,5-pyridinedicarboxylic acid were prepared by dissolving 3,5-pyridinedicarboxylic acid 

(0.8526 gm, 5 mmol) within a 100 mL beaker containing 20 mL water.   After this, NaOH 

(0.4 gm, 10 mmol) was mixed to this solution and the whole mixture was heated at 100 °C 

with continuous stirring to make it solidify.  

Synthesis of Compound 1   

Slow layer diffusion process was employed to prepare compound 1 at ambient atmosphere.  

The freshly prepared Na2pydc (0.25 mmol, 0.0538 gm) were mixed 10 mL water-methanol 

(1:1) solution and the blend were stirred for 1 hr until it was thoroughly mixed.  5 mL 

aqueous solution of Y(NO3)3.6H2O (0.5 mmol, 0.1916 gm) were made and transferred into a 

test tube.  A volume of 2 mL from the Y3+ solution described previously was drawn and 

transferred into a sealed glass tube.  Next, 2 mL of the organic ligand blend was gently and 

slowly layered with a needle.  Subsequently a week later block-shaped white crystals were 

formed at the interface of the solution.  Afterward, the crystals were gathered, rinsed with a 

mixture of water and methanol, and left to dry in the air (yield 76% based on the metal).   

Synthesis of Compound 2 and 3   

Compound 2 and compound 3 were synthesized by the same process as compound 1 using 

Eu(NO3)3.6H2O and Tb(NO3)3.5H2O, respectively, as sources of metal ions in place of 
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Y(NO3)3.6H2O.  The corresponding yield percentage of compound 2 and 3 are 78 % and 79 

% respectively, based on the metal. 

Synthesis of Compound 4 to 14  

Compound 4 to 14 was synthesized by the same process using mixture of metal salts, 

Y(NO3)3.6H2O, Tb(NO3)3.5H2O and Eu(NO3)3.6H2O in different molar compositions in 50 

mL beakers containing 10 mL water.  Thereafter, we followed a similar method to synthesize 

the compounds.  The molar ratios of metal ions used for synthesis of compounds 4 to 14 are 

tabulated below (Table 1). 

Table 1: Molar ratio of metal ions in synthesized tri-metal based materials. 

Compound No. Y(NO3)3.6H2O Tb(NO3)3.5H2O Eu(NO3)3.6H2O 

4 0.96 0.030 0.010 

5 0.95 0.030 0.020 

6 0.95 0.025 0.025 

7 0.94 0.035 0.025 

8 0.92 0.045 0.035 

9 0.90 0.055 0.045 

10 0.80 0.115 0.085 

11 0.70 0.175 0.125 

12 0.60 0.25 0.15 

13 0.50 0.30 0.20 

14 0.50 0.25 0.25 

 

4.2.3. Instrumentations 

Bruker D8 Advance X-ray diffractometer were utilized for the collection of powder XRD 

data of all the synthesized compounds within the 2θ range of 5° to 50°. Nicolet Magna IR 750 

series-II instrument were employed for the collection of FT-IR spectra within the 

wavenumber range of 400-4000 cm-1.  Perkin-Elmer instrument STA 6000 was used to 

perform thermogravimetric analysis (TGA) in N2 atmosphere with flow rate of 20 ml min-1 

and spanning temperatures from 40 – 800 ºC with heating rate of 20 ºC min-1.  SEM images 
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were collected using a QUANTA FEG250, FEI scanning electron microscope.  Inductively 

coupled plasma optical emission spectrometer (ICP-OES) were used for the determination of 

the metal content of final tri-metal based material (14).  For this, Thermo Fisher Scientific 

made ICP-OES (Model: iCAP PRO XP Duo), paired through an Anton Paar Multiwave 5000 

182 microwave digester were used.   

4.2.4. Structure Determination Using Single Crystal X-ray Diffraction    

Carefully selected single crystals of 1, 2 and 3 were affixed to a thin glass fiber under a 

polarising microscope.  The data from single crystals were gathered using the Bruker D8 

Quest machine.  Mo Kα (λ=0.71073Å) radiation was employed to operate the X-ray 

originator at 50 kV and 1 mA.  The data from diffraction were accumulated with ω scan 

width set to 0.5º.  Throughout three distinct φ (0, 90, 180º) setting, 408 frames were gathered, 

maintaining 6.03 cm sample-to-detector distance and a detector location (2θ) fixed at -25º.  

APEX3 program was employed to reduce the final datasets and the  integration of diffraction 

profiles was conducted using the SAINTPLUS49 program.  The SADABS program50 was 

utilized to perform the absorption correction (multi-scan).  Initially, we realised atomic 

position using SIR 92,51 and then employed the full matrix least-square method (SHELXL-

2016)52, available in the WinGx packages (Version 1.63.04a),53, 54 for further analysis.  Using 

the Fourier maps, we fruitfully identified all the atoms except hydrogen and adjusted them 

with anisotropic displacement factors in the final refinement cycles.  In the end, we 

positioned the hydrogen atoms at their calculated locations and integrated them into the 

refinement procedure using a riding model along with isotropic thermal factors.  Table 2 

contains information regarding the structure solution process and final refinement outcome.  

CCDC: 2369616 - 2369618 comprises the crystallographic data described in this paper.  

Table 2: Summary of crystallographic data of 1, 2 and 3. 

Compound 1 2 3 

Empirical 

formula 

C12 H4.50 N1.50 O14Y 

 

C12 H4.50 N1.50 O14Eu 

 

C12 H4.50 N1.50 O14Tb 

 

Formula 

weight 

482.58 545.63 552.59 

Crystal 

system 

Monoclinic Monoclinic Monoclinic 

Space group C2/c C2/c C2/c 
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a (Å) 19.9733(15) 20.049(2) 19.987(2) 

b (Å) 10.9437(8) 11.0298(11) 10.9742(13) 

c (Å) 17.4230(13) 17.5429(17) 17.480(2) 

 (deg) 90 90 90 

β (deg) 111.543(2) 111.833(2) 111.634(3) 

 (deg) 90 90 90 

Volume 

(Å3) 

3542.3(5) 3601.1(6) 3564.0(7) 

Z 8 8 8 

T (K) 273(2) 273(2) 273(2) 

ρcalc (g cm-3) 1.810 2.013 2.060 

μ (mm-1) 3.371 3.560 4.046 

θ range 

(deg) 

2.160 to 27.136 2.146 to 27.150 2.155 to 27.215 

λ (Mo Kα) 

(Å) 

0.71073 0.71073 0.71073 

R indices 

[I>2σ(I)] 

R1 = 0.0469, wR2 = 

0.1397 

R1 = 0.0396, wR2 = 

0.1213 

R1 = 0.0279, wR2 = 

0.1000 

R indices 

(all data) 

R1 = 0.0555, wR2 = 

0.1492 

R1 = 0.0405, wR2 = 

0.1222 

R1 = 0.0307, wR2 = 

0.1123 

R1 =Σ ||F0|-|Fc|| / Σ |F0|; wR2 = {Σ[w(F0
2 – Fc

2)2] / Σ[w(F0
2)2]} 1/2. w = 1/[2(F0)2 + (aP)2 + bP], 

P = [max.(F0
2,0) +2(Fc)2]/3, where a = 0.0856 and b = 15.2729 for 1, a = 0.0687 and b = 

48.6625 for 2, a = 0.0600 and b = 21.6388 for 3.  

4.2.5. Photoluminescence Measurements 

Hitachi F-7100 spectrofluorometer attached with a xenon lamp as light source were employed 

at ambient temperature to record the photoluminescence spectra of all the CPs in solid state.  

The white light emission experiment was carried out using solid samples.  Absorption spectra 

of all the compounds were recorded employing Shimadzu UV 3101PC spectrophotometer in 

the UV-visible range.   
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4.3. Results and Discussion   

4.3.1. Structure and Morphology  

Crystallographically, we have determined the structures of the three CPs of Y, Eu and Tb 

[RE-CP] and all these three compounds are isostructural.  Here, the molecular level structure 

of Y-CP (compound 1) has been elaborated in detail.  One Y3+ ion, one 3,5-

pyridinedicarboxylate, half 3,5-pyridinedicarboxylate-zwitterionic carbamate unit, four 

coordinated H2O, two lattice H2O and one methanol formed the asymmetric unit of 

compound 1.  Figure 1 shows the tetramer unit of compound 1 constructed through the 

linkage between Y3+ ions and ligands via carboxylate groups.  At the atomic level the Y³+ 

ions linked to five oxygen atoms from the carboxylate moiety of 3,5-pydc units and four 

oxygen atoms from water molecules, resulting in tricapped trigonal prismatic coordination 

through some distortion from ideal geometry.  The tetrameric units are further connected to 

form one dimensional structure along the c axis (Fig. 2).  Figure 1 present three-dimensional 

stuffing organisation of the one dimensional structures stabilized through the supramolecular 

interactions involving solvent molecules (water and methanol).   Connectivity mode of 3,5-

pydc ligands are two types, in one pyridine nitrogen remains non-bonded and two 

carboxylates are bidentate, and in the other 3,5-pydc ligand the pyridine nitrogen is attached 

with CO2 as a zwitterionic carbamate and carboxylates are monodentate.  Here, the calculated 

mean value of bond length from X-ray data corresponding to Y-O bonds is 2.41 Å and the 

observed O-Y-O bond angle values are in between of 52.17(10) and 146.98(11)°.  The Eu-O 

and Tb-O bonds have mean value of bond length of 2.46 and 2.44 Å, respectively.  The 

corresponding O-Eu-O and O-Tb-O bond angle values are in between of 51.39(13) & 

147.26(15)° and 51.77(12) & 147.01(13)° respectively.   

            

  (a) 
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(b) 

 

 

 

 

 

 

 

Fig. 1. (a) Figure shows the tetramer unit of Y-CP (1), (b) Figure shows three-dimensional 

stuffing organisation of the one dimensional structures stabilized through the supramolecular 

interactions involving solvent molecules. 

 

 

 

 

 

 

 

 

 

Fig. 2. Figure shows one dimensional structure of compound 1 along the c axis.  

 

In the mixed RE-CPs, the molar ratio of the elements closely resembles that of the initial 

mixture, indicating successful doping of the rare-earth ions.  The cell parameters of single 
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crystal and PXRD pattern of the compound 14 reveals that it is isostructural to the single rare-

earth counterparts (Table 3 and Fig. 3).  Scanning electron microscopy (SEM) were utilized 

for the analysis of the sizes and morphologies of compound 14 (Fig. 4).  Compound 14 

powder grains have brick shape and are in submicron dimensions (Fig. 5).  The Y, Eu, and Tb 

concentrations in sample 14 were analyzed using ICP-OES.  Before the investigation, 10 mg 

of the sample was dissolved in 2 mL of concentrated HNO3 and heated at 220 ºC with stirring 

for 1 hour.  After ingestion, the blend was passed through syringe filters with a 0.2 µm 

aperture size, and the filtrate was mixed with water for dilution prior to analysis.  The ratio of 

Y, Eu and Tb were found to be 48.4: 25.5: 26.1 (~ 2:1:1) based on metal atoms percentage.    

 

Table 3: The unit cell parameters of [Y0.5Eu0.25Tb0.25 (3,5-pydc)1.5(CO2)0.5(H2O)4]·2H2O. 

CH3OH (compound 14) from single crystal XRD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Crystal system Monoclinic 

Space group C2/c 

a (Å) 20.0076(9) 

b (Å) 11.0000(5) 

c (Å) 17.4936(7) 

 (deg) 90 

β (deg) 111.73 

 (deg) 90 

Volume (Å3) 3576.49(145) 
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Fig. 3.  Powder XRD (CuKα) patterns of (a) simulated from single crystal X-ray data of 

compound 1, (b) the experimental of compound 1 and (c) the experimental of compound 14.  

  

 

 

 

 

 

 

 

 

 

Fig. 4. (a) SEM image of sample where elemental mapping is accomplished in compound 

14 and elemental mapping pictures, (b) C K, (c) N K, (d) O K, (e) Y L, (f) Eu L and (g) Tb L.                           
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Fig. 5. SEM image of a submicron sized crystal of compound 14. 

4.3.2. Characterization of Compounds 

Absorption spectra of compound 1, 2 and 3 dispersed in water are depicted in figure 6.  

 

 

 

 

 

 

 

 

 

Fig. 6. Figure shows absorption spectra of compound 1, 2 and 3 dispersed in water. 

The PXRD patterns suggests that the production of new materials; the experiential patterns 

align perfectly with the simulated XRD pattern derived from the structure determined using 

SCXRD (Fig. 7) 
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Fig. 7. Powder XRD (CuKα) patterns of (a) simulated from single crystal X-ray data of 

compound 1, (b), (c) and (d) are the experimental of [RE(3,5-

pydc)1.5(CO2)0.5(H2O)4]·2H2O.CH3OH [RE= Y (1), Eu (2) and Tb (3) ] respectively. 

 The IR spectra of compound 1, 2 and 3 are shown in Fig. 8.   

 

 

 

 

 

 

 

 

Fig. 8. FTIR spectra of compound 1, 2 and 3.  

 

TGA analysis reveals a two-step pattern of weight loss for compound 1, 2 and 3.  The initial 

weight loss of 27% (calculated, 28%) for compound 1, 23% (calculated, 24.9%) for 
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compound 2 and 22.5% (calculated, 24.6%) for compound 3 in the range of 50 to 300 °C is 

likely due to the removal of the four coordinated and two lattice water molecules and one 

lattice methanol molecule.  The stability of the compounds persists until 490 °C.  Higher than 

490 °C, the reduction in weight is attributed to the framework breakdown (Fig. 9).  

 

 

 

 

 

 

 

Fig. 9. Thermogravimetric analysis (TGA) of Y-CP (compound 1), Eu-CP (compound 2) and 

Tb-CP (compound 3), in nitrogen atmosphere.  

 

4.3.3. Studies On Luminescence Properties    

The captivating glow emitted by RE-CPs holds promise for enhancing solid–state lighting 

endeavours.  This type of materials become especially fascinating if the ligand employed can 

also emit light upon excitation.55  In this particular situation, upon being illuminated with 

light at 325 nm, the powdered samples of singular rare-earth CPs (compound 1, 2 and 3) 

display blue (Y3+), red (Eu3+) and green (Tb3+) light respectively (Fig. 10).  We have also 

measured the emission spectra of the aforementioned singular rare-earth CPs at an excitation 

light of 225 nm.  The overall spectral features are almost the same as those at an excitation 

light of 325 nm (Fig. 10).  The corresponding quantum yield of compound 1, 2 and 3 are 1.3 

%, 1.01 % and 18 % respectively (Table 4).  Upon excitation at 325 nm the luminescence 

spectra of the free 3,5-H2pydc displayed a broad band centred at 390 nm which was due to 

the intra-ligand transitions (π* → π and π* → n) (Fig. 11).56  The free 3,5-H2pydc showed 

excitation peak at 325 nm when we fixed the emission at 390 nm in solid state (Fig. 12).  The 

corresponding excitation spectra of compounds 1, 2, and 3 at an emission wavelength of 390 
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nm in the solid state also show a prominent peak centered at 325 nm (Fig. 13).  Compound 1 

showed a major peak positioned at 398 nm using excitation light at 325 nm owed to the 

ligand centre emission spectra.  The ligand center emission of compound 1 demonstrated an 

increase in intensity and a significant red shift relative to the pure ligand.  This phenomenon 

is due to the improved stability of the ligand when complexed in presence of metal ion and 

these factors contributes to reduction in energy loss via non-radiative decay of the excited 

state during intra-ligand emission.24, 57, 58  Apart from the emission originating from the 

ligand center, the detected emission bands at 593 (5D0→7F1), 616 (5D0→7F2), 650 (5D0→7F3) 

and 695 (5D0→7F4) nm are due to the ligand sensitized Eu3+ centered emission for Eu-CP (2) 

and emission bands at 492 (5D4→7F6), 545 (5D4→7F5) , 584 5D4→7F4 and 623 (5D4→7F3) nm 

are due to the ligand sensitized Tb3+ centered emission for Tb-CP (3).59, 60  Here, the ligand 

itself acts as a blue emitter and also functions as a supplier of energy for the red emission 

(Eu3+) and green emission (Tb3+) through the antenna effect.61  Presence of the 5D0→7F0 

emission band at 578 nm in case of Eu-CP (2) is an indication that Eu3+ ions are situated at 

non-centrosymmetric location.62  The red emission band (5D0→7F2) is the resultant of electric 

dipole transition had the maximum intensity and dominated the orange band (5D0→7F1).  The 

latter is resultant of magnetic dipole transition and its intensity is independent of the structure 

of the host.  The forced electric dipole transitions (5D0→7F2,4,6) are Laporte forbidden and 

originated through the mixing of opposite parity 4f orbitals at the low-symmetry sites.  The 

5D0→7F2 is recognized as a hypersensitive transition and it is simply affected by the locality 

of a Eu3+ ion.  Therefore, the ratio between the R (5D0→7F2) and the O (5D0→7F1) can be 

viewed as a clue concerning the symmetry of the position of Eu3+ ions.63, 64  Higher 

asymmetry of the local framework outcomes higher R/O-factor value.  The R/O-ratio values 

for Eu-CP (2) were estimated to 3.17 based on the band area.  In compound 1, Y3+ lacks of f-

orbitals, preventing orbital splitting.  Consequently, only ligand centre emission takes place, 

resulting in the production of blue light.  It becomes possible to adjust the colour of the 

emitted light by incorporating other rare-earth ions through in-situ doping.  By integrating a 

precisely adjusted molar ratio of different rare-earth ions within a unified CP structure, 

attainment of white light is feasible.  The emission spectra at various concentration ratio of 

Eu3+ and Tb3+ in Y1-x-yTbxEuy are presented in figure 14.  The corresponding excitation 

spectra at emission wavelengths of 390 nm, 545 nm, and 615 nm in the solid state are also 

provided (Fig. 15a-c).  To maximize the blue emission, we have allocated a significantly 

higher percentage of Y3+ in the composition compared to the other two components.  Hence, 
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the solid matrix has experienced a reduction in the concentration of the other two ions (Eu3+ 

and Tb3+).  

 

Fig. 10. (a) Presentation of solid state emission spectra of complexes Y-CP (compound 

1), Eu-CP (compound 2), and Tb-CP (compound 3) at RT (λex = 325 nm).  The inset displays 

the real photographs of the CPs when placed under 325 nm light.  (b) Presentation of solid 

state emission spectra of complexes Y-CP (compound 1), Eu-CP (compound 2), and Tb-CP 

(compound 3) at RT (λex = 225 nm and 325 nm). 

Quantum Yield Measurements 

Luminescence quantum yields (QYs) were calculated according to the following equation:  

Qi
f = (Fifsni

2/ Fsfins
2) Qs

f                 

In this context, Qi
f and Qs

f represent the luminescence quantum yields (QYs) of the sample 

and standard, respectively.  Fi and Fs denote the integrated intensities (areas) for the sample 

and standard, respectively, while fs and fi are the absorbance factors for the standard and 

sample, respectively.  The refractive indices of the sample and reference solution are 

represented by ni and ns, respectively.  The QYs of compound 1, 2, 3 and 14 were assessed 

using Coumarin 480 in water as the standard reference.65, 66 
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Table 4: Quantum yield. 

Sl. No. Sample Integrated 

Area 

Absorbance 

Factor 

Quantum 

yields (QYs) 

(QYs) % 

1 Coumarin 480 571054 0.037 1 100 

2 Compound 1 6624 0.033 0.013 1.3 

3 Compound 2 4845 0.031 0.0101 1.01 

4 Compound 3 98075 0.034 0.18 18 

5 Compound 14 34010 0.031 0.071 7.1 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Solid state luminescence spectra of H2pydc upon excitation at 325 nm. 

 

 

 

 

 

 

 

 

Fig. 12. Solid state excitation spectra of H2pydc upon emission fixed at 390 nm. 
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Fig. 13. Excitation spectra of solid samples of Compound 1, 2 and 3 at the emission 

wavelength 390 nm.    

 

 

 

 

 

 

 

 

 

 

 

Fig. 14. Emission spectra of solid samples of compound 4 to 14 at the excitation wavelength 

325 nm.  The ratio of rare-earth metals present (Y:Tb:Eu) in the compounds 4 to 14 are given 

in the bracket.  The rectangular frames are the eye guides to the blue, green and red emission 

windows we have considered.  
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Fig. 15. Excitation spectra of solid samples of Compound 4 to 14 at the emission wavelength 

390 nm (a), 545 nm (b) and 615 nm (c).  The ratio of rare-earth metals present (Y:Tb:Eu) in 

the Compounds 4 to 14 are given in the bracket.  
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(B)

(I) (II)

(III) (IV)

4.3.3.1.  Colour-Tuneable Luminescence  

To get the white light, the most essential thing is to mix red, green and blue (RGB) in an 

appropriate ratio.  We have synthesized a series of compounds (compound 4 to compound 

14) tuning the ratio of RGB by changing the ratio of Y:Tb:Eu in the CP.  We have measured 

the luminescence spectra of these compounds with different ratio of RGB at excitation 

wavelength of 325 nm to obtain the relative intensity of red, green and blue emission (Fig. 

14).  The corresponding CIE -1931 chromaticity diagram and CIE coordinate and lifetime 

values are provided below (Fig. 16 and table 5).   

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 16. The CIE -1931 chromaticity diagram for compound 14 to 4, fig. (I) shows 

B=compound 14, C=compound 13 and D=compound 12 and the inset shows the real 

photograph of the compound 14 when placed under 325 nm light.  Fig. (II) shows 

E=compound 11, F=compound 10 and G=compound 9.  Fig (III) shows H=compound 8 and 

I=compound 7.  Fig. (IV) shows J=compound 6, K=compound 5 and L=compound 4 with 

excitation wavelength at 325 nm, displaying the position of the color-adjustable chromaticity 

in the visual emission image. 
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Table 5: Colour coordinates according to CIE 1931, luminescence lifetime of the compound 

4 to 14 under 325 nm excitation wavelength. 

Compound 

No. 

CIE (x,y) CTT(K) Lifetime at 545 

nm (ms) 

Lifetime at 

615 

nm (ms) 

4 0.253, 0.317 11049 1.03 0.732 

5 0.224, 0.308 14695 0.891 0.678 

6 0.225, 0.287 17313 0.901 0.581 

7 0.220,0.281 19284 0.885 0.705 

8 0.232, 0.317 13032 0.853 0.819 

9 0.232, 0.300 14579 0.888 0.807 

10 0.279, 0.390 7548 0.788 0.811 

11 0.276, 0.347 8353 0.854 0.523 

12 0.278, 0.344 8296 0.567 0.424 

13 0.336, 0.376 5374 0.749 0.741 

14 0.329, 0.333 5658 0.543 0.582 

 

It was observed that the compound 14 showed almost exact white light upon excitation at 325 

nm.  The ideal proportion of co-dopants to achieve white light emission are 25 mol % Eu3+, 

25 mol % Tb3+, 50 mol % Y3+. (τTb3+ = 0.543 ms, τEu3+ = 0.582 ms,) (Fig. 17).  The 

corresponding quantum yield of the compound 14 is 7.1 % (Table 4).  We have also plotted 

the lifetime data for the compounds 14 to 4, monitored at 545 and 615 nm, using an 

excitation light of 325 nm (Fig. 18 and 19).  
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Fig. 17. The lifetime decay curve of compound 14 with emission monitored at 545 nm and at 

615 nm (λex = 325 nm). The red lines are the best fit to the data using a mono-exponential 

function, giving the values of τ Tb3+ =0.543 ms, and τ Eu3+= 0.582 ms.  
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Fig. 18. The lifetime decay curve of compound 14 to compound 4 

with emission monitored at 545 nm (λex = 325 nm). 

 

 

 

 

 

 



Chapter 4 

Page | 154  
 

0 1 2 3 4 5
0.01

0.1

1

10
Monitored 

at 615 nm

 Compound 14

 Compound 13

 Compound 12

 Compound 11

 Compound 10

 Compound 09

 Compound 08

 Compound 07

 Compound 06

 Compound 05

 Compound 04

 ExpDecay1 Fit of Sheet1 B

 ExpDecay1 Fit of Sheet1 C

 ExpDecay1 Fit of Sheet1 D

 ExpDecay1 Fit of Sheet1 E

 ExpDecay1 Fit of Sheet1 F

 ExpDecay1 Fit of Sheet1 G

 ExpDecay1 Fit of Sheet1 H

 ExpDecay1 Fit of Sheet1 I

 ExpDecay1 Fit of Sheet1 J

 ExpDecay1 Fit of Sheet1 B

 ExpDecay1 Fit of Sheet1 B

C
o

u
n

ts
(L

O
G

) 

Time( ms)

M odel ExpDecay1

Equatio y = y0 + A1*exp(-(x-x0)/t1)

Plot B C D E F G H I J K L

y0 0.05404 0.00459 ± 0.03341 ± 0.03763 0.00544 0.03803 ± 0.01336 ± 0.02007 ± -0.0123 0.04118 0.01475

x0 -0.0235 -0.03963 ± -0.15333 ± -0.0012 -0.0336 -0.0769 ± -0.26703 ± -0.17316 ± -0.2076 -0.0904 -0.2399

A1 3.58202 8.56493 ± 2.36203 ± 2.37778 4.79211 1.60542 ± 1.87776 ± 1.94504 ± 3.2895 1.59839 1.11397

t1 0.58294 0.74101 ± 0.42415 ± 0.52333 0.8117 0.80724 ± 0.81972 ± 0.70556 ± 0.58125 0.67858 0.73216

Reduce 0.00866 0.00975 0.00674 0.00414 0.01031 0.00487 0.00919 0.00424 0.00815 0.00372 0.00249

R-Squa 0.95027 0.99158 0.80704 0.94506 0.97484 0.89156 0.79223 0.90088 0.90062 0.89423 0.81681

Adj. R- 0.9502 0.99156 0.80675 0.94498 0.9748 0.8914 0.79192 0.90073 0.90047 0.89407 0.81654

 

 

 

 

 

 

 

 

Fig. 19. The lifetime decay curve of compound 14 to compound 4 with emission monitored at 

615 nm (λex = 325 nm). 

 The excitation wavelength of 325 nm was decided after varying the excitation wavelength 

from 225-385 nm during which the compounds showed different colour at variable excitation 

wavelength.  The luminescence spectra of compound 14 at excitation light varied from 225 

nm to 385 nm have been plotted in figure 20 and the real photographs of the compound 14 

emitting visible colours at different excitation light are presented in figure 21.  From figure 

20 it is apparent that the relative intensities of the blue, green and red emissions have been 

altered upon changing the excitation wavelength.  To summarize the relative change in the 

intensity of the RGB emission we have prepared figure 22 that plotted the integrated intensity 

of the blue area (400-495 nm), green area (495-570 nm) and red area (570 -750 nm) of the 

spectra at different excitation wavelength.  In the excitation wavelength range 260-300 nm 

the intensity of the red region is the highest, whereas the blue region intensity remained very 

small compared the green and red region.  In the excitation wavelength range 340-385 nm the 
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320 nm 325 nm 335 nm 355 nm 385 nm

intensity of the blue region in the maximum whereas the intensity of the red region is very 

small.  However, when the excitation wavelengths are within the range 310-335 nm all the 

three (blue, green, and red) emissions have appreciable intensity.  At the excitation light of 

325 nm the intensity of red, green and blue emissions has almost equal intensity which results 

in the emission of white light.   

 

 

 

 

 

 

 

 

 

Fig. 20.  Solid state luminescence spectra of 14 with excitation light varying from 225 nm to 

385 nm (here, B=225, C=260, D=275, E=285, F=300, G=310, H=315, I=320, J=325, K=330, 

L=335, M=340, N=355, O=370 and P=385 nm). 

 

 

 

 

 

 

 

Fig. 21.  Real photographs of compound 14 under the illumination of various excitation light 

of wavelength ranging from 260 to 385 nm. 
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Fig. 22. Figure show the variation of the intensity of luminescence of compound 14 across 

the blue, green, and red regions as the alternation of the excitation light.   

 

The CIE coordinate for compound 14 (containing Y0.5Eu0.25Tb0.25) at the excitation 

wavelength of 325 nm is (0.329, 0.333).  The correlated colour temperature (CCT) value of 

5658 K is inside the CCT section of a good white light source (2500K-6500K).67, 68  The 

emission color at various wavelengths is represented in the CIE chromaticity chart (Fig. 23), 

with the equivalent CIE coordinates listed in Table 6.  We have tabulated the previously 

reported white light-emitting RGB phosphors alongside the current white light-emitting 

phosphor, including their CIE coordinates, excitation wavelengths, and percentage of 

quantum yields in Table 7.  The table 7 indicates that the following compounds 

[Sm41.26Gd44.72Eu14.02(4-SBA)(IP)OH], [Sm27.93Tb53.13Eu18.94(4-SBA)(IP)OH] and ZJU-

1:1.0%Tb3+,2.0%Eu3+ exhibit quantum yields of 2.23%, 2.71%, and 6.11%, respectively, 

which are lower than those reported in the current study.69, 70  Moreover, the CIE coordinates 

of these compounds are comparable. Additionally, all other compounds listed in the table 
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show reasonable quantum yield values and CIE coordinates that align well with the findings 

of the present work. 

 

Fig. 23.  The CIE -1931 chromaticity chart for compound 14 through the variation of the 

excitation light (260 to 385 nm) and depiction of the colour-tunable chromaticity of visual 

light emission based image (here, B=260, C=275, D=285, E=300, F=310, G=315, H=320, 

I=325, J=330, K=335, L=340, M=355, N=370 and O=385 nm).   
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Table 6: Colour coordinates according to CIE 1931, luminescence lifetime of the compound 

14 under different excitation wavelength.  

Excitation 

Wavelength 

(nm) 

CIE (x,y) Approximate 

colour regions 

Lifetime at 545 

nm (ms) 

Lifetime at 

615 

nm (ms) 

260 0.452, 0.436 Reddish orange 0.596 0.418 

275 0.467,0.447 Reddish orange 0.717 0.542 

285 0.470, 0.450 orange 0.644 0.534 

300 0.463, 0.449 Light orange 0.674 0.527 

310 0.440, 0.436 Whitish orange 0.599 0.634 

315 0.416, 0.414 Light white 0.524 0.542 

320 0.382, 0.393 Light white 0.618 0.448 

325 0.329,0.333  white 0.543 0.582 

330 0.274, 0.277 Light white  0.559 0.531 

335 0.243, 0.249 Whitish blue 0.533 0.441 

340 0.238, 0.274 Bluish white 0.494 0.474 

355 0.219, 0.242 blue 0.549 0.611 

370 0.252, 0.295 Deep blue 0.592 0.424 

385 0.276, 0.173 Deep blue 0.307 0.537 

 

Table 7: Comparison of the literature reported white light emitting RGB phosphors with the 

present white light emitting phosphor. 

RGB Phosphor CIE 

chromaticity 

(x, y) 

Excitation 

Wavelength 

(nm) 

Quantam 

yield(%) 

Reference 

La0.6Eu0.1Tb0.3-BTPCA (0.3161, 0.3212) 365 47.33% 71 

(Eu0.0667Tb0.0667Dy0.8666)(HL)(H2O)(DEF) (0.30, 0.32) 336 NA 72 

Eu0.045Tb0.955CPOMBA (0.3264, 0.3427) 365 15% 73 

La0.93Eu0.02Tb0.05 and  (0.329, 0.333) 320 and 322 15.3% 74 
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Tm0.47Eu0.18Tb0.35 and (0.331, 

0.336) 

and 

13.9% 

[Sm41.26Gd44.72Eu14.02(4-SBA)(IP)OH] and 

[Sm27.93Tb53.13Eu18.94(4-SBA)(IP)OH]  

(0.332, 0.330) 

and (0.330, 

0.333) 

390 and 385 2.23% 

and 

2.71% 

69 

[H2NMe2]3[Gd1–x–yEuxTby(L)3] (0.331, 0.337) 320 62% 75 

[(Eu0.0073Tb0.0007Gd0.992)2(H2O)4(L)3]·2H2O  (0.336, 0.327) 340 NA 76 

 1-Eu0.0855Gd0.6285Tb0.2860 (0.34, 0.33) 378 22.4% 4 

Sm0.1Tb0.04Dy0.06-MOF  (0.333, 0.3522) 389 19% 1 

1-Eu0.01Gd0.6015Tb0.3885  (0.33,0.37) 365 36.49% 77 

 Tb/Eu@UiO-66-AB and Tb/Eu@MIL-

53(Al)-AB 

(0.3290, 0.3934) 

and 

(0.3204,0.3873) 

340 and 320 NA 78 

 Eu0.12Tb0.52Gd0.36bptc 

 

(0.34, 0.34) 380 NA 25 

Gd0.95Tb0.015Eu0.035  (0.328, 0.352) 254 8.76% 79 

Y0.96Tb0.02Eu0.02 (bpy)  and 

Y0.939Tb0.06Eu0.001 (phen)  

(0.33, 0.345 ) 

and (0.332, 

0.331) 

350 31% and 

43% 

80 

[Zn3(TCPB)2(H2O)2]·2H2O·4DMF 1.05% 

Eu and 1.56% Tb 

0.3292, 0.3543 254 NA 81 

Eu0.005Tb0.095-Bi0.9-MOF 0.33, 0.31 325 NA 82 

Tb0.31179Eu0.1099Gd0.5782-SURMOF 0.331, 0.329 360 NA 83 

Y0.96Tb0.02Eu0.02 (BPTA-bpy) 0.334 0.346 345 28% 57 

ZJU-1:1.0%Tb3+,2.0%Eu3+ 0.32, 0.31 312 6.11% 70 

Y0.5Eu0.25Tb0.25   (0.329,0.333) 325 7.1% This work 
 

4.3.4. Proposed Mechanism of White Light Emission 

On the foundation of all the investigational observations we have proposed an energy level 

diagram of the compound 14 which is presented in figure 10.  It has energy levels of the 

ligand centre as well as the metal centres (Tb and Eu).  When the excitation wavelengths are 

short (260-300 nm), the ligand centre get promoted to the higher singlet states from that 

probably the internal conversion (IC) is negligibly small compared to the intersystem 

crossing (ISC).  After the ISC to the ligand triplet position the excited energy eventually 

reaches the Tb and Eu metal centre, this process is known as sensitization.  Because of the 

better sensitization process in the excitation wavelength range 260-300 nm, the emission 
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from the Tb and Eu centre (green and red) has very high intensity whereas due to very weak 

IC process the intensity of the ligand centre emission (blue) is low.  In the intermediate 

excitation wavelength range (310-335 nm) both the ISC and IC occurs with good extent 

resulting in moderate sensitization of the Tb and Eu centre as well as appreciable intensity of 

the ligand centre.  As a result of all three emissions red, green and blue in this region white 

light emission is possible and it happens at the excitation wavelength 325 nm.  In the longer 

excitation wavelength range (340-385 nm) only the lowest singlet state of the ligand centre 

gets excited and most of the radiative emission occurs from the ligand centre itself, only a 

portion get transferred by ISC to the Tb metal centre and even lesser portion to Eu centre via 

triplet state of ligand.  As a result, we observed the blue luminescence having the maximum 

and the red luminescence with lowest intensity in this excitation wavelength range.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 24. Schematic of the various energy positions and energy transfer processes in 

compound 14. It illustrates the excitation of the ligand center through various energies of UV 

region (indicated by straight uphill arrows).  The straight downhill arrows represent blue 

ligand-based, red Eu³-based and green Tb³-based luminescence.  Internal conversion (IC) and 

intersystem crossing (ISC) are represented as curved arrows.  
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4.4. Conclusion 

We have successfully synthesized a series of RE-based coordination polymers (CPs) and a 

series of tri-metal based material at different molar ratio of Y, Tb and Eu metal salts by layer 

diffusion method.  The synthesized mono metal based CPs was thoroughly characterized by 

PXRD, TGA and FTIR and three metal based material by PXRD, SEM, EDX and ICP.  We 

have studied multicolour luminescence of a series of tri-metal based martials with the 

alteration of the excitation light from 225 to 385 nm.  Among this tri-metal based martials, 

compound 14 showed a consequence visible white light at 325 nm excitation light having the 

CIE coordinates (0.329,0.333).  The correlated colour temperature (CCT) value of compound 

14 is 5658 K fall within the CCT area of a good quality white light source (2500K-6500K).  

The white light emission has been possible because of three active emission centres e.g. 

ligands (blue), Tb (green) and Eu (red) in the same CP with optimum ratio (compound 14).  

By the variation of excitation wavelength, we could monitor the relative proportion of ISC 

and IC processes that eventually determines the extent of sensitization process and the overall 

ratio of intensity of the three emitted colours (RGB).   
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5.1. Introduction 

Researchers, alarmed by ecological turmoil and depletion of fossil fuel availability, are 

earnestly pursuing alternative, renewable, green and sustainable energy options for human 

civilization.  So, our attention centres on fuel cells, batteries and water electrolysis, aiming to 

tackle the consequences of escalating industrialization and global demand.1-5  As an advanced 

electrochemical system, fuel cell technology shows significant potential for efficiently 

transforming chemical energy into electrical energy, bypassing the limitations of the Carnot 

cycle.6  In the process of fabricating fuel cell electrodes, it has been observed that the oxygen 

reduction reaction (ORR) at the cathode occurs six or more orders of magnitude more slowly 

than the hydrogen or methanol oxidation at the anode.  Thus, the sluggish ORR, a crucial 

process in fuel cells, severely limits their overall efficiency.7-9  So, the main thrust of research 

and development lies in enhancing the cathode catalyst.  Molecular oxygen is 

electrochemically reduced in the ORR process, either through a 4-electron mechanism to 

yield H2O (in acidic environments) or OH⁻ (in alkaline environments), or through a 2-

electron pathway producing H2O2 (in acidic conditions) or HO2⁻ (in alkaline conditions) as 

intermediate products.10-12  Due to superior reaction kinetics and efficiency, the preference is 

for the 4-electron route.   

For practical applications involving the ORR, Pt-based materials stand out as optimal 

electrocatalysts, mainly attributed to their 4-electron pathway.13-17  The widespread use of Pt-

based materials in commercial green energy applications faces obstacles due to their rarity, 

high cost, as well as challenges in reaction kinetics and stability.5, 18  Hence, the preference is 

for electrocatalysts based on non-noble metals in various energy conversion applications, 

especially fuel cells, aiming to supplant Pt-based materials.  Numerous catalysts composed of 

nonprecious elements, like metal oxide,19, 20  metal sulphide,21, 22  chalcogenides, 23, 24 

organometallic complexes,25, 26 nano-sized carbon materials,27-30 MOFs,5, 31, 32 CPs33-35 have 

been devised to accelerate the sluggish ORR kinetics and exhibiting superior electrocatalytic 

efficacy alongside extended durability during the ORR process. 

Recently, metal-organic coordination polymers (MOCPs) have sparked considerable interest 

as potential aspirants for facilitating the electrocatalytic ORR.  MOCPs emerge through the 

harmonious fusion of inorganic and organic linkers with metal nodes, creating a mesmerizing 

symphony of structure and function.36-40  These materials showcase exquisite dynamism in 

the realms of magnetism, catalysis, gas storage, isolation,  ion-exchange, sensing and drug 

delivery, and they also feature mild synthetic conditions, a crystalline structure, a well-
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defined and customizable framework, and remarkable flexibility, which captivate researchers 

globally.41-51  Their multifunctional properties, such as the varying oxidation states, formal 

charges, coordination environments of the metal ions, and diverse binding modes of organic 

ligands, enable the exploration of the mechanistic pathway underlying catalytic activity.  

Considering the above factors and aiming to explore ORR activity, high-valent transition 

metal-based MOCPs, particularly nickel in the +3 oxidation state, emerge as highly 

promising candidates.  Nevertheless, for the first time, we have successfully synthesized a 

stable and robust metal-organic coordination polymer (MOCP) containing Ni3+ metal-ion of 

formula [Ni(4,4'-IPDPA)1.5(H2O)3].6H2O, 1.  A literature survey, however, reveals only a 

limited number of Ni(III) complexes (Table 1).   The structure of compound 1 was 

determined using single crystal X-ray diffraction (XRD), and confirmation of the phase 

purity was achieved through powder XRD (Table 2). 

5.2. Experimental Section 

5.2.1. Materials.  

The chemicals required for the synthesis of compound 1 are Ni(OCOCH3)2.4H2O (Sigma-

Aldrich, %), 4,4'-isopropylidenediphenoxyacetic acid (TCI, 98%), Triethylamine (Merck, 

99%), Dimethylformamide (Merck, 99%) were used as received without further purification.  

The water used was double distilled.  

5.2.2. Synthesis of Compound 1.    

Compound 1 was prepared employing layer diffusion method at room temperature.  An 

aqueous solution (5 mL) of 4,4'-isopropylidenediphenoxyacetic acid (0.25 mmol, 0.0878 

gm) was mixed with 5 mL DMF.  To this mixture, we added 0.070 mL of triethylamine to 

adjust the pH of solution 6.  The resulting solution was stirred for 60 min to mix well. 

Ni(OCOCH3)2.4H2O (0.5 mmol, 0.1265 gm) was dissolved in 10 mL of water and put it in a 

narrow tube.  2 mL of the above metal ion solution was withdrawn and added to a capped test 

tube.  To it 2 mL of the ligand solution was slowly and carefully layered by syringe.  After 4 

days green coloured rhombus shaped crystals suitable for single crystal diffraction were 

obtained from the junction of the layer.  After that, the crystals were collected and washed 

with water-DMF mixture and dried in air.  
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5.2.3. Instrumentations.  

Using a Bruker D8 Advance X-ray diffractometer with Cu Kα radiation (λ= 1.5418 Å) 

operating at 40 kV and 40 mA, the powder XRD data were recorded.  The XRD patterns 

were recorded using Lynxeye detector (1D mode) with a step size of 0.02° and a scan time of 

2 s per step, within the 2θ range between 5 to 50°.  FT-IR spectra were obtained with a 

Nicolet Magna IR 750 series-II instrument.  For thermogravimetric analysis (TGA), a Perkin-

Elmer STA 6000 device was used in a nitrogen environment (with a flow rate of 20 ml/min), 

spanning a temperature range of 40 to 800 ºC and heating at a rate of 20 ºC/min.   UV-Vis 

spectrum in aqueous dispersion was recorded using a Shimadzu UV-1900 Pharma Spec UV-

Vis spectrophotometer.  For the examination of photoluminescence properties at room 

temperature in aqueous dispersion a Horiba FluoroMax-4 spectrofluorometer was employed.  

Nitrogen gas sorption isotherm measurements were conducted using an Autosorb iQ 

instrument from Quantachrome Inc., USA.  The Omicron Nanotech was utilized for 

conducting X-ray photoelectron spectroscopy (XPS) with a Mg Kα X-ray source.  The 

measurement data was then analyzed using the casaXPS software. The carbon calibration 

(284.8 eV) was performed for all elements. 

Table 1: Ni(III) complexes reported in earlier studies. 

SL. 

No. 

Complex Ligand Reference 

1  [Ni3+(pdtc)2]- Pyridine-2,6-bis(monothiocarboxylate) 52 

2  [Ni3+(emb)]- Tetraanions of N,N‘-ethylenebis(o-

mercaptobenzamide) 

52 

3  [Ni3+(ema)]- N,N‘-ethylenebis(2-mercaptoacetamide) 52 

4 [(PhTttBu)Ni]2(μ-O)2 Phenyltris((tert-butylthio)methyl)borate 53 

5 NaCI: [Ni(CN)4· Cl2]3- Cyanide 54 

6 [Ni(bpyO2)3](C1O4)2-2H2O 2,2'-bipyridine 1,1'-dioxide 55 

7 bis(trifluoromethyl)NiIII 

complexes 

Trifluoromethyl 56 

8  [Ni(Psalen)]+ SbF6
− Phospha N,N′-ethylenebis(salicylimine) 57 

9  [NiIII(L1
··)2–(OH)] NNN-pincer ligand bis(imino)pyridyl 58 

10 [Et4N][Ni(η4-l)] Macrocyclic tetraamide 59 
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5.2.4. Single-Crystal Structure Determination of Compound 1.  

Single crystals of compound 1 were carefully selected using a polarizing microscope and 

mounted on a thin glass fiber.  Data collection was performed with a Bruker D8 Quest 

diffractometer, operating the X-ray generator at 50 kV and 1 mA with Mo Kα (λ = 0.71073 

Å) radiation.  The data were gathered with an ω scan width of 0.5º, encompassing 408 frames 

taken at φ angles of 0º, 90º, and 180º, with a fixed sample-to-detector distance of 6.03 cm and 

a detector position (2θ) of -25º.  Data reduction was accomplished using the APEX3 

program, while diffraction profile integration was handled by the SAINTPLUS60 program.  

Absorption correction was performed using the SADABS program.61  The structure was 

initially solved with SIR 9262, and subsequent refinement was conducted using the full matrix 

least-squares method with SHELXL-201663, available in the WinGx suite of programs 

(Version 1.63.04a).64, 65  All non-hydrogen atoms were located from Fourier maps and refined 

with anisotropic displacement parameters.  Hydrogen atoms were fixed at calculated 

positions and included in the refinement using a riding model with isotropic thermal 

parameters.  Details of the structure solution and final refinement are provided in Table 1. 

CCDC: 2455957 contain the crystallographic data for this paper.  These data can be obtained 

free of charge from The Cambridge Crystallographic Data Center (CCDC) via 

www.ccdc.cam.ac.uk/data_request/cif. 

 

Table 2: Crystal data and structure refinement parameters of compound 1.  

Empirical formula C9.50 H11 Ni0.33 O6 

Formula weight 240.75 

Crystal system Trigonal 

Space group P-3c1 

a (Å) 20.6188(13) 

b (Å) 20.6188(13) 

c (Å) 9.7696(8) 

α (deg) 90.00 

β (deg) 90.00 

ᵧ (deg) 120.0 

Volume (Å3) 3596.9(5) 

http://www.ccdc.cam.ac.uk/data_request/cif
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Z 12 

T (K) 273(2) 

ρcalc (mg m-3) 1.334 

μ (mm-1) 0.612 

θ range (deg) 2.872 to 27.159 

λ (Mo Kα) (Å) 0.71073 

R indices [I>2σ(I)] R1 = 0.0530, wR2 = 0.1444 

R indices (all data) R1 = 0.0617, wR2 = 0.1548 

R1 =Σ ||F0|-|Fc|| / Σ |F0|; wR2 = {Σ[w(F0
2 – Fc

2)2] / Σ[w(F0
2)2 1/2. w = 1/[2(F0)2 + (aP)2 + bP], P 

= [max.(F0
2,0) + 2(Fc)2]/3, where a = 0.0790 and b = 2.9753 

5.3. Results and Discussion   

5.3.1. Structure  

One-third of the Ni3+ ion, half of the 4,4'-isopropylidenediphenoxyacetate ion, one 

coordinated water molecule, and two lattice water molecules are present in the asymmetric 

unit of compound 1 (Fig. 1a).  The Ni3+ ion adopts a six-coordination octahedral geometry by 

coordinating with three oxygen atoms from the carboxylate of 4,4'-IPDPA ligand and three 

oxygen atoms from water molecules (Fig. 1b).  Both the carboxylate groups of the IPDPA 

ligand have monodentate connectivity with respect to Ni3+ ions (Fig. 1c).  

 

                (a)                                                                                 (b) 



Chapter 5 

 

Page | 176  
 

 

 

 

 

 

 

 

 

 

(c) 

 

Fig. 1. (a) Figure shows asymmetric unit of [Ni(4,4'-IPDPA)1.5(H2O)3].6H2O, 1, (b) 

Octahedral coordination around Ni3+ ion, (c) Binding mode of 4,4'-IPDPA ligand. 

 

 The average bond distance of the Ni-O bonds is 2.07 Å, and the O-Ni-O bond angles range 

from 88.11(7)° to 179.81(8)°.  The chosen bond distances and bond angles are provided in 

Table 3 and Table 4, respectively.   

Table 3: Selected bond distances (Å) observed in 1.  

 

Bond Distances, Å Bond Distances, Å 

Ni-O(4) 2.0712(19) Ni-O(3)#2 2.0828(18) 

Ni-O(4)#1 2.0713(19) Ni-O(3) 2.0828(18) 

Ni-O(4)#2 2.0713(19) Ni-O(3)#1 2.0829(18) 

Symmetry transformations used to generate equivalent atoms:  #1 -y+1,x-y,z    #2 -x+y+1,-

x+1,z 



Chapter 5 

 

Page | 177  
 

Table 4: Selected bond angles observed in 1. 

 

Angle Amplitude (º) Angle Amplitude (º) 

O(4)-Ni-O(4)#1 88.13(7) O(4)#2-Ni-O(3) 179.81(7) 

O(4)-Ni-O(4)#2 88.13(7) O(3)#2-Ni-O(3) 88.11(7) 

O(4)#1-Ni-O(4)#2 88.13(7) O(4)-Ni-O(3)#1 179.81(8) 

O(4)-Ni-O(3)#2 92.01(7) O(4)#1-Ni-O(3)#1 91.75(7) 

O(4)#1-Ni-O(3)#2 179.81(7) O(4)#2-Ni-O(3)#1 92.01(7) 

O(4)#2-Ni-O(3)#2 91.75(7) O(3)#2-Ni-O(3)#1 88.11(7) 

O(4)-Ni-O(3) 91.75(7) O(3)-Ni-O(3)#1 88.11(7) 

O(4)#1-Ni-O(3) 92.01(7)   

Symmetry transformations used to generate equivalent atoms:  #1 -y+1,x-y,z    #2 -x+y+1,-

x+1,z 

 

The 4,4'-IPDPA ligands connect the Ni3+ ions to form six-membered (based on Ni3+ ions) 

ring structures (Fig. 2a).  The rings are further connected to form a two-dimensional 

structure. The topology of a two-dimensional structure can be reduced to a honeycomb 

structure where each Ni3+ ion acts as the three-connected node and the 4,4'-IPDPA ligands act 

as simple connectors (Fig. 2b).  The topological analysis yielded the two-dimensional 

structure as a network with 63 Schläfli symbols and 6.6.6 vertex symbols.  The two-

dimensional structures form three-dimensional packing arrangement through the 

ABAB…type stacking along with the formation of a one-dimensional infinite channel 

occupied by lattice water molecules (Fig. 3). 

 



Chapter 5 

 

Page | 178  
 

(a)

(b)

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. (a) Formation of six membered ring structure in [Ni(4,4'-IPDPA)1.5(H2O)3].6H2O, 1, 

(b) Honeycomb like network structure based on connectivity of 3-connected Ni3+ nodes. 
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Fig. 3. Three-dimensional packing arrangement of two-dimensional structures along with the 

formation of one-dimensional water-filled channel in [Ni(4,4'-IPDPA)1.5(H2O)3].6H2O, 1.   

 

5.3.2. Characterization of Compound 1. 

The phase purity of 1 has been validated through powder XRD, and we have further 

examined the compound using thermogravimetric analysis and IR spectroscopy.  The product 

was identified as a new material based on XRD patterns, which matched with the simulated 

XRD pattern derived from the single-crystal XRD structure (Fig. 4).  FT-IR spectra were 

obtained using a KBr pellet over the range of 400-4000 cm−1 (Fig. 5).  A weight loss of 20% 

(calculated 21.50%) up to 250°C was observed, which is attributed to the removal of lattice 

and one coordinated water molecule.  The compound stays stable up to 393°C, beyond which 

weight loss is observed due to the breakdown of the framework (Fig. 6).  Figure 7 shows the 

absorption spectra of compound 1 dispersed in water, and this dispersion shows luminescence 

emission at 305 nm when excited at 275 nm (Fig. 8).  The emission we observed resulted 

from the intra-ligand transitions (π* → π and π* → n) of the organic ligands bound with the 

metal ions.  
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Fig. 4.  Powder XRD (CuKα) patterns of (a) simulated from single crystal X-ray data (b) 

experimental of [Ni(4,4-IPDPA)1.5(H2O)3].6H2O, 1.  

 

 

 

 

 

 

 

 

 

Fig. 5.  FTIR spectra of [Ni(4,4-IPDPA)1.5(H2O)3].6H2O, 1.   
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 Fig. 6. Thermogravimetric analysis (TGA) of [Ni(4,4-IPDPA)1.5(H2O)3].6H2O, 1, in nitrogen 

atmosphere.  

 

 

 

 

 

 

 

 

Fig. 7. Figure shows absorption spectra of [Ni(4,4-IPDPA)1.5(H2O)3].6H2O, 1, dispersed in 

water. 
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Fig. 8. Figure shows emission spectra of [Ni(4,4-IPDPA)1.5(H2O)3].6H2O, 1, dispersed in 

water. 

 

Nitrogen gas sorption isotherms for compound 1 were recorded at 77 K over a pressure range 

of 0 to 1 bar.  Prior to the experiment, the powdered sample was activated by heating at 

120 °C for 60 minutes.  The resulting adsorption profile displayed a type II isotherm, with 

compound 1 achieving a maximum nitrogen uptake of 44.77 cm³ g⁻¹ at 0.99 bar and 77 K.  

Based on these measurements, the BET (Brunauer–Emmett–Teller) surface area was 

determined to be 29.48 m² g⁻¹ (Fig. 9).  The corresponding pore volume is 0.062 cm3 g−1.  

Using the NLDFT (nonlocal density functional theory) approach, the pore size distribution 

plot was extrapolated, revealing that compound 1 possesses a pore diameter of 1.43 nm (Fig. 

9).   
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Fig. 9. (a) N2 adsorption (at 77 K) isotherms of compound 1 (circles represent the adsorption 

(red), and squares represent the desorption (black)), (b) Pore size distribution plot of 

compound 1. 

 

The X-ray photoelectron spectroscopy (XPS) of compound 1 is corrected to give the 

adventitious C 1s spectral component (C–C, C–H) a binding energy (BE) of 284.8 eV (Fig.  

10).66  The intense peak in C 1s spectrum is deconvoluted with two additional components 

centred at 288.1 eV and 289.75 eV, which are assigned to the carboxylate group of the ligand 

and surface carbonate spices, respectively.67  The Ni 2p3/2 component (Fig. 11) at 858.25 eV 
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suggests the presence of Ni(III) in compound 1.66, 68, 69  The O 1s spectrum is deconvoluted to 

two main components (530.4 eV and 535.05 eV, Fig. 12 ).  The lower BE peak is assigned to 

the nickel-bound oxygen species from the ligand, whereas the higher BE peak is expected to 

arise from the water molecules (both co-ordinated and lattice water molecules).67, 70 

 

 

 

 

 

 

 

 

Fig. 10. High-resolution XPS spectrum for the C 1s component in [Ni(4,4'-

IPDPA)1.5(H2O)3].6H2O, 1.  

 

 

 

 

 

 

 

 

Fig. 11. High-resolution XPS spectrum for the  Ni 2p region in [Ni(4,4'-

IPDPA)1.5(H2O)3].6H2O, 1. 
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Fig. 12. High-resolution XPS spectrum for the  O 1s component in [Ni(4,4'-

IPDPA)1.5(H2O)3].6H2O, 1.  
 

 

5.4. Electrochemical ORR Measurement 

The capability of the as-obtained compound 1 as a catalyst toward electrocatalytic ORR has 

been studied by adopting a three-electrode setup using a CHI 760E potentiostat.  For the 

experiment, a glassy carbon electrode functioned as the working electrode, while a Hg/HgO 

electrode and a platinum wire served as the reference and counter electrodes, respectively.   

Prior to electrochemical testing, the glassy carbon working electrode undergoes a multistep 

polishing process.  The surface is sequentially treated with 1 μm, 0.3 μm, and 0.05 μm 

alumina slurries on a polishing pad, then sonicated in deionized water, resulting in a highly 

reflective, pristine finish.  The catalyst ink was formulated by dispersing 1 mg of the catalyst 

in a solvent mixture containing 200 μL of ethanol and 5 μL of a 5 wt% Nafion solution.  This 

mixture was then subjected to ultrasonic agitation in a water bath for at least 30 minutes to 

ensure a homogeneous dispersion.  Finally, a 5 μL aliquot of the prepared ink was deposited 

and dried on the surface of a glassy carbon electrode.  All electrochemical experiments were 

conducted in a 0.1 M KOH electrolyte solution at room temperature.  Before each 

measurement, the alkaline solution was saturated with either argon or oxygen gas by bubbling 

the respective gas through the solution for at least 45 minutes.  To facilitate comparison and 

analysis, each potential mentioned in the study was converted to a Reversible Hydrogen 
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Electrode (RHE) reference using the formula ERHE = EHg/HgO + E0
Hg/HgO + 0.591 × pH of the 

electrolyte.  

 

In the conventional three-electrode system, the electrochemical studies were conducted using 

either a rotating disc electrode (RDE) with a surface area of 0.196 cm2 or a glassy carbon 

electrode (GCE) with a surface area of 0.071 cm2 as the working electrode.  The prepared 

catalyst ink was coated on a glassy carbon electrode and allowed to dry in the air at room 

temperature for 1 hour.  All of the aqueous solutions and electrolytes were made with 

deionized water.  To purge 0.1 M KOH, ultra-high pure (UHP) grade argon and oxygen gases 

are utilized. Before conducting electrochemical studies, the cyclic voltammetry technique 

was repeatedly performed to activate and stabilize the surface of the modified electrode in the 

alkaline solution.  The RDE and RRDE experiments were performed using a rotating 

electrode setup supported by Pine Research Instrumentation, USA. 

The Koutecky-Levich (K-L) plots were obtained by fitting a linear regression to the data 

obtained from plotting the inverse of the rotating speed ( ) against the inverse of the 

current density (J-1) at various potentials.  The slopes of these plots were then used to 

calculate the electron transfer numbers (n) during the oxygen reduction reaction (ORR) using 

Equation 1: 

1/J = 1/Jk + 1/(Bω1/2)  …………………………………………………………...(Equation 1) 

In this equation, J represents the measured current density, Jk is the kinetic current density, ω 

denotes the electrode rotating speed in revolutions per minute (rpm), and B is the reciprocal 

of the slope.  The value of B is determined using the Levich equation, as described by 

Equation 2: 

B = 0.2nFv –1/6CO2DO2
2/3 ………………………………………………………(Equation 2) 

In Equation 2, n represents the number of electrons transferred per oxygen molecule, F is the 

Faraday constant (96485 C mol-1), DO2 is the diffusion coefficient of oxygen in a 0.1 M KOH 

solution (1.9 × 10-5 cm2 s-1), v is the kinetic viscosity (0.01 cm2 s-1), and the concentration of 

oxygen CO2 is 1.2 × 10-3 mol L-1. The constant 0.2 is used when the rotating speed is given in 

rpm. 
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The electrocatalytic performances were further examined using rotating ring disk electrode 

(RRDE) and Pine Research Instrumentation (USA) tests.  These experiments made it possible 

to calculate the percentage of hydrogen peroxide (H2O2%) produced during the oxygen 

reduction reaction (ORR) as well as the electron transfer number (n).  The electron transfer 

number and the percentage of H2O2 generated were calculated based on the RRDE test 

results, employing Equations 3 and 4, respectively. 

 

 

 

where Id is the disk current, Ir is the ring current, and N is the geometrical current collection 

coefficient of the Pt ring in the RRDE (0.383).  

 

The capability of the as-obtained compound 1 as a catalyst toward electrocatalytic ORR has 

been studied in 0.1 M KOH solution as the electrolyte by adopting a three-electrode setup 

with a compound 1 deposited glassy carbon electrode, platinum wire and Hg/HgO electrode 

serving as working, counter and reference electrodes respectively using a CHI 760E 

potentiostat.  Before each measurement, the alkaline solution was saturated with either argon 

or oxygen gas by bubbling the respective gas through the solution for at least 45 minutes.  To 

facilitate comparison and analysis, each potential mentioned in the study has been converted 

to a Reversible Hydrogen Electrode (RHE) reference employing the formula ERHE = EHg/HgO + 

E0
Hg/HgO + 0.591 × pH of the electrolyte.  

Cyclic voltammetry (CV) was initially employed to assess the ORR activity of compound 1 

(Fig. 13a).  In the O2-saturated electrolyte, distinct cathodic reduction peaks associated with 

the ORR are observed at 0.7 V.  However, in the Ar-saturated solution, a less intense peak 

representing the reduction of Ni (III) to Ni (II) is identified with a lower current density 

compared to the O2-saturated solution.  Therefore, the material demonstrated promising 

catalytic performance, displaying a peak current at approximately 0.7 V (vs. the RHE), close 

to that of most reported CP-based electrocatalysts in O2-saturated solutions. 
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Linear sweep voltammograms (LSVs) were obtained for the material in 0.1 M KOH 

electrolyte saturated with O2 using the rotating-disk electrode (RDE) technique at various 

rotation rates.  Background LSV curve (Control LSV) was also recorded in an Ar-saturated 

electrolyte to correct the current density measurements obtained in the O2 environment.  

Figure 13b illustrates the polarization curves acquired in Ar- and in O2-saturated 0.1 M KOH 

at 10 mV/s. Compound 1 demonstrates a promising catalytic activity for the ORR, exhibiting 

a half-wave potential (E1/2) of 0.72 V and an onset potential (E0) of 0.80 V.  The material's 

ORR activity, which is diffusion-controlled, becomes evident as the current density rises 

while the rotational speed of the RDE goes up.  As the RDE rotation speed increases, the 

mass transport enhancement promotes better reactant access to the electrode surface, resulting 

in higher current densities during the ORR.  To investigate the ORR kinetics and mechanism, 

Koutecky-Levich (K-L) plots were extrapolated from the series of polarization curves 

scanned in the oxygen environment.  Figure 13c presents the K-L plot for the material, linear 

fitted by considering the inverse current density (J-1) against the inverse square root of 

rotation speed (ω-1/2) over a range of potential 0.6-0.2 V.  The linearity of the K-L plots 

suggests that the ORR follows first-order kinetics concerning oxygen concentration.  Based 

on the slope obtained, the number of electron exchanges during ORR was calculated for 

different potentials using the Koutecky-Levich Equation 2, and shown in Figure 13d. 

Further insights into the ORR mechanism can be obtained by quantifying the rate of H2O2 

intermediate formation using a rotating ring disk electrode (RRDE).  Figure 13e presents the 

ring and disk current response in an O2-saturated 0.1 M KOH at 10 mV/s with a fixed rotation 

of 1600 RPM.  By potentiating the ring electrode to 1.2 V, any H2O2 formed is directed 

towards the outer Pt ring, enabling the measurement of its oxidation current.  Using 

Equations 3 and 4, the number of electron transfers (n) and the selectivity towards hydrogen 

peroxide (H2O2 %) of the material were calculated.  The results are depicted in Figure 13f. 

Notably, the average number of electron exchanges during the ORR was determined to be 

3.7, consistent with the figured n value of K-L plots from RDE techniques, indicating 

predominant 4 electron reduction of an oxygen molecule to H2O by compound 1.  The 

material displayed a meagre hydrogen peroxide yield of less than 12%, except in the mix 

kinetic region around 0.6 V.  This finding further emphasizes its potential as an effective 

catalyst.  In summary, both RDE and RRDE analysis provided valuable information about the 

ORR mechanism, showcasing an efficient reduction of oxygen to water via four-electron 

transfer and minimal hydrogen peroxide production by the material.  
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A chronoamperometric study was conducted to check the durability of the material in the 

alkaline medium.  Figure 13g illustrates the i-t response of the material in oxygen-saturated 

0.1 M KOH at a potential of 0.68 V, corresponding to the cathodic peak potential.  Following 

oxygen saturation, no additional O2 bubbling was performed, and a steady current was 

encountered for 2 h, highlighting its durability and stability in the alkaline environment.  The 

catalyst's exceptional stability might have resulted from the +3 oxidation state of Ni ion, 

which could be attributed to its inherent characteristics or properties.  In addition to its 

promising catalytic activity and stability, the material exhibits exceptional methanol tolerance 

behaviour.  The compound's resistance to methanol poisoning was investigated using both 

CV and chronoamperometric i-t measurements.  Figure 13h shows no drastic variation in 

current density and onset potential by comparing the CVs in O2 saturated alkaline medium 

upon adding 3 M methanol to the 3-electrode system.  A similar chronoamperometric i-t 

study was repeated, and in between the reactions, methanol was added to the system after half 

an hour.  After adding 3 M methanol, almost no obvious current variations are noticed in 

Figure 13i.  This indicates that compound 1 is highly insensitive to methanol, making it a 

promising candidate for its application in direct methanol fuel cells to mitigate the fuel 

crossover effect.  Ligand's π-electron clouds around the structure's pores, potentially 

obstructing the passage of methanol within.  Compound 1 demonstrates a better positive E0 of 

0.80 V and an E1/2 of 0.72 V, which are strikingly comparable with the most exceptional 

values reported to date among MOCPs (Tables 5 and 6). 
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Fig. 13. (a) Cyclic voltammograms of compound 1 modified on RDE in oxygen and 

argon saturated 0.1 M KOH solutions at a scan rate of 10 mV/s, (b) LSV curves of the 

compound 1 catalyst at different rotation speed in O2-saturated 0.1 M KOH solution, (c) 

K-L plots, (d) calculated electron transfer numbers of the compound 1 in the potential 

region of 0.2-0.6 V (vs. RHE), (e) RRDE response (ring current and disc current) 

recorded at 1600 rpm in O2-saturated 0.1 M KOH with a scan rate of 10 mV/s, and (f) 

the number of electron transfer ‘n’ and percentage of peroxide yield of the compound 1. 

(g) Chronoamperometric i-t plots, (h) CV comparison after adding 3 M methanol in 

oxygen saturated 0.1 M KOH solutions at a scan rate of 10 mV/s and (i) Methanol 

tolerance test to 3 M methanol using Chronoamperometric i-t study of compound 1 

modified on GC electrode.  
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Table 5: A comparison of the Ni-MOCP activity from this study with that of previously 

reported MOCP for the oxygen reduction reaction is shown in the table. 

SL No. Materials Electrolyte 

 

Onset 

potential 

(V vs 

RHE) 

E½ 

potential 

(V vs 

RHE) 

Ref. 

1 [Co4(BTC)3 (BIM)6] [solvent] 0.1 M 

KOH 

0.85  71 

2 Ni3(HITP)2 0.1 M 

KOH 

0.82   31 

3 Co-BTB-BPE  0.8  34 

4 Cu-bipy-BTC 0.1 M 

phosphate 

buffer 

0.6  72 

5 Cu2(COO)4(ted)2 0.5 M 

H2SO4 

0.16  73 

6 PCN-226 (Co) 0.1 M 

KOH 

0.83 0.75 5 

7 PCN-226(Fe) 0.1 M 

KOH 

0.70 0.58 5 

8 PCN-226(Zn) 0.1 M 

KOH 

0.68 0.56 5 

9 PCN-226(Cu) 0.1 M 

KOH 

0.63 0.55 5 

10 PCN-226(Ni) 0.1 M 

KOH 

0.63 0.55 5 

11 [Ni(4,4'-

IPDPA)1.5(H2O)3].6H2O 

0.1 M 

KOH 

0.80 0.72 This 

Work 
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Table 6: A comparison of the Ni-MOCP activity from this study with that of previously 

reported MOCP derived materials for the oxygen reduction reaction is shown in the 

table. 

 

SL No. Materials Electolyte 

(0.1 M) 

Onset 

potential 

(V vs 

RHE) 

E½ 

potential 

(V vs 

RHE) 

Ref. 

1 Co3O4/N 

graphene 

KOH 0.88 0.83 74 

2 H-Pt/CaMnO3 KOH N. A. 0.81 75 

3 NCNTFs 

 

KOH 0.97 0.87 76 

4 Co@Pt-NC 

 

KOH 0.99 0.87 77 

5 Mn/C-NO 

 

KOH 0.94 0.86 78 

6 SA-Fe-HPC 

 

KOH 0.96 0.89 79 

7 Fe SAs-N/C-20 

 

KOH 0.97 0.909 80 

8 Fe@Aza-PON 

 

KOH 0.9 0.839 81 

9 Cu SAs/N-C 

 

KOH 0.98 0.895 82 

10 Co-ISAS/p-CN 

 

KOH 0.95 0.838 83 

11 PcCuO8-Co/CNT 

 

KOH N. A. 0.83 84 

12 Co 

SA@NCF/CNF 

 

KOH 0.98 0.88 85 

13 Co-SAs@NC 

 

KOH 0.96 0.82 86 

14 BTC-Co-O-Cu 

BTA 

 

NaOH 1.06 0.95 87 

15 Co1-N3PS/HC 

 

KOH 1.00 0.92 88 

16 1@ZIF-8 

 

KOH 0.83 0.79 89 
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17 Fe1/d-CN 

 

KOH N. A. 0.950 90 

18 Fe-N/P-C-700 

 

KOH 0.941 0.867 91 

19 Fe/OES 

 

KOH 1.00 0.85 92 

20 SA-PtCoF 

 

KOH 0.95 0.88 93 

21 FeSA-N-C 

 

KOH 0.99 0.9 94 

22 PSTA-Co-1000 

 

KOH 0.96 0.878 95 

23 Cu-Se Das 

 

KOH N. A. 0.905 96 

24 Co3N/C 

 

KOH N. A. 0.85 97 

25 Fe SAs/NC 

 

KOH 1.11 0.93 98 

26 NDPC-1000 

 

KOH 0.97 0.87 99 

27 SA-FeIII/SNPC 

 

KOH 0.99 0.91 100 

28 15% 

CoNiPt@CNFs 

 

KOH 1.05 0.93 101 

29 Fe/Zn-N-C 

 

KOH N. A. 0.906 102 

30 FeH-N-C 

 

KOH N. A. 0.91 103 

31 Pt@Mn-SAs/NC 

 

KOH N. A. 0.91 104 

32 [Ni(4,4'-

IPDPA)1.5(H2O)3]

.6H2O 

KOH 0.80 0.72 This 

Work 
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5.5. Conclusion 

In summary, we can accomplish that, for the first time, we have successfully synthesized a 

new Ni3+-ion-based MOCP in the pure phase. The formation of the Ni3+ oxidation state is 

confirmed through single-crystal X-ray diffraction, cyclic voltammetry, and X-ray 

photoelectron spectroscopy. The compound is durable and stable up to 393°C and holds 

significant potential for the oxygen reduction reaction, demonstrating exceptional methanol 

tolerance. The corresponding onset and half-wave potentials align with those reported for 

MOCPs to date.       
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