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ABSTRACT 

Bismuth and lead based MOFs (1–21) have been synthesized by using eight 

different organic linkers. For better understanding and comparison of structural and 

bonding aspects, these linkers were divided into four categories (A–D). This 

categorization was made on the basis of functional molecules present in them. Category 

A include linkers having only dicarboxylate groups i.e., (biphenyl-4,4′-dicarboxylic acid 

(H2BDA), 2,6-naphthalenedicarboxylic acid (2,6-NDA), 2,5-thiophenedicarboxylic acid 

(H2TDC), 2-bromoterephthalic acid (H2-BTA)),  Category B include linker having 

dicarboxylate and hydroxyl groups i.e., (5-hydroxyisophthalic acid (H2HIA)), Category C 

include linkers having monocarboxylate and thione groups i.e., (2-mercapto-3-methyl-4-

thiazoleacetic acid (H2MMTA), 4-mercaptobenzoic acid (H2MBA)) and Category D 

include linker having thione and hydroxyl groups i.e., (4,6-dihydroxy-2-mercapto-

pyrimidine (H2-DMP)). MOFs (1–9) were synthesized from A linkers, MOFs (10–12) 

were synthesized from B linker. Similarly MOFs (13–18) were synthesized from C 

linkers and MOFs (19–21) were synthesized from D linker. The morphological and other 

structural aspects of all these MOFs (1–21) have been established on the basis of Fourier 

transform infrared spectroscopy (FTIR), 1H NMR, Scanning electron microscopy (SEM), 

Energy-dispersive X-ray spectroscopy (EDS), Thermogravimetric analysis (TGA), 

Powder X-ray diffraction techniques and in case of MOF (13) single-crystal X-ray 

diffraction have been used. MOF (13) exhibited orthorhombic crystal system in which 

central lead metal ions form a chain which is bridged to other chains through H2MMT 

linker to form a 3D framework. The octahedron around each lead was hemidirected. 

Powder XRD revealed orthorhombic system for MOFs (2, 4–13, 15 & 18–21), trigonal 



 
 

xx 

crystal system for MOF (3), hexagonal crystal system for MOF (12) and monoclinic 

crystal system for MOFs (16 & 17). Thermogravimetric analysis was carried out to 

investigate the thermal stability of all MOFs (1–21). It was observed that all bismuth 

MOFs (3, 5, 15 & 18) are relatively more stable than lead based MOFs (1–4, 6–11, 13, 

14, 16, 17–20). All these MOFs exhibited appreciable to good luminescence activity. 

Lead-based MOFs exhibited better emission at 527 nm, 499 nm and 514 nm among all 

other MOFs. 

 Adsorption behavior is a key focus in MOFs application. Hence BET studies for 

MOFs (1–21) were investigated to estimate the surface area that is in the range 196-5316 

m2/g. Among these MOFs, highest surface area was found to be  3699 m2/g for (6), 

2866.5 m2/g for (10), 3266.5 m2/g for (11), 5130 m2/g for (14), 5316 m2/g for (15), 

2184m2/g for (18) and 3477 m2/g for (21) and showed appreciable to good adsorption 

capacity (17.62 mmol/g (6), 11.12 mmol/g (10), 6.23 mmol/g (11),9.12 mmol/g (14), 

11.90 mmol/g (15), 1.84 mmol/g (18) and 13.66 mmol/g (21)) for N2. Bismuth is 

surprisingly less toxic relative to its neighboring elements (Pb & Tl). Therefore we have 

also investigated antibacterial activity of bismuth MOFs against three Gram-Positive 

(Staphylococcus aureus, Bacillus cereus and Clostridium and two Gram-negative bacteria 

(Escherichia coli and Enterobacter aerogenes). All bismuth MOFs exhibited appreciable 

to good inhibitory affects against these microorganisms than free linkers. Higher activity 

was observed against bacillus cereus compared to other strains. The increasing order of 

the activity for bismuth MOFs against bacillus cereus are MOFs (21)> MOF (18)> MOF 

(15)> MOF (3)> MOF (5)> MOF (12). 
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CHAPTER 1 

INTRODUCTION 

1.1 Metal organic frameworks 

The term “Metal-organic frameworks” (MOFs) first time appeared in the 

literature around fifteen years have passed [1]. These are also known as coordination 

polymers and indicated most rapidly developing areas of chemical science. These 

frameworks were considered as a curiosity at the beginning but afterward entirely 

transformed into an authorized field of research through expansion of papers into the 

literature [2]. 

Metal Organic Frameworks include a central metal ion surrounded by linkers, 

coordinated to the metal center through coordination bonds. Many of these MOFs can 

assembled into other supramolecules such as cages, cubes, [3,4] catenanes [5], clusters 

[6], knots [7], rotaxanes [8], or helicates [9].These MOFs showed immense interest 

because of their remarkable and attractive properties. These structures have hydrogen 

bond or π-π stack in three dimensions.  

The two- and three-dimensional structures of metal-organic frameworks exhibited 

small cavities or open channels. Recorded illustrious aspects of the MOFs are “high 

surface area, porosity, structural regularity and fine-tunability” [10].  

The term “coordination polymer” firstly introduced in 1960s by Balair 

distinguished organic compounds from inorganic compounds [11,12]. Lately, 

“coordination polymers” (CP) term was used as a substitute with the terms metal organic-

frameworks and hybrid inorganic organic materials (HIOM), introduced by Yaghi in 
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1995, [1]. Inorganic chemists generally used the term “coordination polymers,” whereas 

solid-state chemists used “metal-organic frameworks” [13]. 

Figure 1.1: Examples of 2– and 3D coordination polymers dimensionalities 

These crystalline materials assembled by the reaction of organic linker and inorganic 

species like metal ions/or clusters oftenly called as secondary building units (SBUs). 

These molecular building blocks assemble to obtain a definite structure like one-, two-, 

and three dimensional frameworks (Figure 1.2) [14].  

The scientists have capability to presume and modify the properties of the 

framework by particular choice of moieties within a single material [15]. To design a 
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MOF, a better comprehension about mechanistic stability of the network is required. The 

main challenge is synthesized these porous materials that alter the chemical composition, 

molecular dimension and functionality without altering the topologies. Yaghi et al., have 

introduced isoreticular MOFs structure. Isoreticular series: IR-MOF-n; n = 1-16, having 

particular pores volume upto 1 cm3 g-1with very high porosity (Figure 1.3) [16]. 

In fact, the metal organic frameworks have huge probability in applications 

because of hybrid porous nature and have ability to vary the pore size and pores of their 

 

Figure 1.2: The construction of coordination polymers by using building block/or 

  modular principle [14] 
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structures [17]. The pore size of MOFs are determined by judicious particular choices of 

linkers because larger the linker, the larger the potential pore size can be achieved. 

However, if a spacer is large enough but not rigid, the framework may be interpenetrating 

with small pore size having potentially greater surface area [18]. 

Primarily the most important feature of metal-organic frameworks was gas 

storage because of reasonably required new approaches for energy and CO2 capture [19]. 

MOFs have several other applications in various fields like drug delivery, [20] 

heterogeneous catalysis [21], electronics and conductivity [11], luminosity resulting from 

conjugated organic spacers [12], magnetic properties [22] and application in sensor 

technologies [23]. 

 

Figure 1.3: Comparison of the cubic structures of IRMOFs formed when linear 

aromatic dicarboxylic acids are reacted with Zn(II) ions. Increasing the 
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length of the aromatic dicarboxylic acid gives IRMOFs with larger 

                        channels [16] 

These crucial applications enormously motivate the synthetic approach of metal-

organic frameworks. Many different synthetic approaches have been reported in the 

literature but the most important techniques when dealing with MOFs, are solution and 

hydrothermal reactions. 

1.2 MOF synthesis 

1.2.1 Solvo/hydrothermal synthesis 

The synthetic conditions are one of the most important points in MOF synthesis 

[24]. MOF synthesis required merely mild condition compared to synthesis of zeolites 

and carbon based porous materials [25]. Various synthetic techniques and approaches 

have adopted to synthesize MOFs that is hydrothermal and solvothermal reactions, 

microwave and mechanochemical synthesis [24]. Most published MOFs materials have 

synthesized via solvothermally and hydrothermally techniques and autoclaves. In 

hydrothermally technique water used as a solvent but in solvothermally condition, 

different solvents used accompanied with high temperature and pressure. In some case, 

hydro/solvothermally methods involving a mixture of water and other solvent has used to 

synthesize various MOFs. Both organic linkers and metal salts dissolve in polar solvents 

and then frequently temperature raised and kept at 150 ºC for few hours to several days to 

form amorphous and crystalline material by using solvothermal technique. 

A large MOFs structures could be synthesized from selection of metal centers, 

linkers and synthesis methods. Yaghi et al., established the systematical design of 

isoreticular series [26]. 
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For example, Suslick et al., illustrate done step synthesis of MOFs structure like 

PIZA-1network (PIZA= porphyrinic Illinois zeolite analogue) that contain cobalt(II) and 

cobalt(III) metalions [27]. Maverick and coworker described the copper and cadmium 

mixed MOF structure via multiple steps [28]. 

1.2.2 Microwave Synthesis 

Microwave technique have applied to accelerate chemical reaction [29,30] by 

enhancement in temperature which attain by microwave absorbing solvents. Masel 

prepared microcrystalline products of MOF-5 via microwave irradiation by Ni [31]. This 

technique was further extended to synthesize several other MOFs [32]. 

1.2.3 Mechanochemical Synthesis 

Mechanochemical, a free solvent technique, in which linker and metal salt has 

been ground together in a ball mill to obtain MOFs. Pichon et al. in 2006 reported first 

time copper isonicotinic acid framework by using mechanochemical synthesis method 

[33] and expand this technique to conduct an array-based study of five linkers and twelve 

Cu, Fe, and Zn metal salts. 

1.3 Network architectures 

New metal organic-frameworks have been designed with no altering the basic    

topology but its function and bridge may be changed [27]. The P-block elements like 

bismuth exhibited highly alterable coordination numbers (3 to 10), which impart unique 

network topologies as well as physical properties [34]. The heavy P-block lead atom 

possesses a flexible coordination environment and stereochemical activity that have 

unique opportunity to construct novel network topologies [35]. This P-block metal ion 

provides coordination sites for the organic linkers. Metal connectors have variety of 
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achievable geometry center such as linear, triangle, tetrahedral, square planar, square 

pyramidal and octahedral those depend on various coordination environments that is the 

main factor in establishing the dimensionality of the MOFs. The linker is another factor 

that greatly affects the network formed. The probability to predict the structure is easier 

by using a rigid linker, but in case of more flexible linkers, a variety of frameworks 

increased. Both these two factors involved in design of different MOFs and few examples 

have been described in the reported literature wherein same metal centers and linker were 

used to construct1D, 2D and 3Darchitectures [36]. 

1.4 Organic linkers 

There are several types of linkers like neutral, anionic and cationic organic linkers 

including inorganic linkers as shown in Figure 1.4. Linkers with rigid backbones often 

have a preference due to network geometry. Additionally, the rigidity helps in sustaining 

the open pore structure by removing the incorporated solvents [37]. Furthermore, the 

linker is multidental which are able to form extended networks by linking with more than 

two metal centers. The linker stretch and joining sites are more important during the 

selection of linker for the synthesis of a certain network [38]. Because small inorganic 

linkers such as halides generally build one dimensional network due to small sizes and 

limited coordination number, but neutral like 4,4′-bipyridyl and anionic organic linkers 

such asbenzene-1,4-dicarboxylic acid can make a diversity in MOFs structure. The 

carboxylates linkers have capability to combine metal into M-O-C cluster during MOF 

construction, which results more stable structures than others [39].Usually, cationic 

linkersare not often used because of low affinity to metal cations. 
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A variety of carboxylic acid linkers have ability to construct significant 

frameworks with changeable effects. Moreover neutral as well as anions of 

dioligocarboxylic acids and trioligocarboxylic acids serve as organic linkers along with 

the knots [40]. But rigid linkers used to reduce difficulties in the desired product. A 

multidentate linkers comprises N-, O- and S-donor moieties widely employed to 

construct networks [41]. 

Researchers in this field have undertaken the challenge to synthesize a variety of 

rigid linkers [42].But important factors like linker anion type, concentration, temperature 

as well as polarity greatly affects to determine the character of the product [28]. 

1.4.1 Carboxylate linkers 

The probablilty of carboxylate based bridging linkers began to be investigated in 

the mid 1990s. Carboxylate linkers have been considered as hard linkers after 

establishing strong bonds with hard metal centre. Transition metals are the main choice, 

used to bind to carboxylates for constructing a wide variety of coordination geometries 

[43].Several examples reported in literature, where carboxylate coordinated to lanthanide 

metal ions with coordination numbers in the range between 8–12. Some common mode 

of carboxylate groups coordination is shown in Figure 1.5 [44].  

1.4.2 Hetero-functional linkers 

The vast range of organic chemistry allowed the synthesis of organic molecules including 

more than one type of hetero-functional linkers containing O- and N-donor moieties. This 

combination of donor types into a single unit allows the construction of diversity of 

MOFs. Additionally, the main choices of hetero-functional linkers permit the diffusion of 

metal ions with bridging linkers for limiting interpenetration [45]. Kitagawa, [46,47] and 
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Lin [48] as well as others firstly used the hetero-functional linkers (e.g., pyridine-

carboxylates) for the construction of stable porous MOFs and some common modes of 

hetero-functional linker coordination shown in Figure 1.6. 

 

Figure 1.4: Examples of different types of linkers used in MOF construction 
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Figure 1.5: Different coordination modes of benzene carboxylate (a) mono–, (b) bi– 

and (c) bis–monodentate [44] 

 

Figure 1.6: (a-e) Coordination mode of hetero-fuctional linkers 

 

 



 
 

11 

1.5 Properties of MOFs 

1.5.1 Network interactions in MOFs 

There are several types of interactions involved to synthesize the metal-organic 

frameworks. Generally the coordination bonds formation involved among metal center 

and linker that is the strongest interaction while hydrogen bonding, metal-metal bonding 

interaction and π-π interaction have been exists in these frameworks which often lack 

structural stability [49]. 

1.6 Interpenetration in MOFs 

Interpenetration is defined as when two or more polymeric networks are not 

chemically bonded and not separated to each other without the breaking of bonds [18] 

and is polymeric equivalents i.e., catenanes and rotaxanes. The interpenetration affects 

the sizes of framework pores for improving molecular filterting and storage property 

[50]. The main methodology is to control the framework entanglement as well as 

strategies like sterically encumbered linkers [51]. Usually, the interpenetration extent 

exhibited doubly or triply interpenetrated frameworks that generally fixed after 

assembling framework but can be modified by desolvation after synthesis [52]. 

Interpenetration is favorable to porous networks as well as stabilizing structures 

which have possibility to collapse upon removal of solvents [53]. Structures having 

uneven pore size because of the movement of interpenetrating nets relative to each other 

can construct attractive materials that showed such properties like counter ion controlled 

porosity as well as pressure-related hysteresis of gas sorption [54]. Interpenetration can 

occur when two or more polymeric networks are not chemically linked to each other but 



 
 

12 

cannot separate without the breaking of bonds and these interpenetrated network 

structures are classified as; infinite, polycatenanes or polyrotaxanes [55]. 

β-MUF-9; Zn4O(rac-1)3 is a cubic crystal that is doubly interpenetrated in which 

bulky linker usually achieved anon interpenetrated framework. In this system, Zn4O 

(SBUs) joined with linear linker to form primitive cubic topology (Figure 1.7). 

The structure of isoreticular MOF-15 is doubly interpenetrated contains 

Zn4O(O2CR)6 secondary building units that linked by bridging tpdc spacers; tpdc = p-

terphenyl-4,4′-dicarboxylate (Figure 1.8).  

It has been shown interpenetration has not revealed any drawbacks in MOFs. 

Interpenetration did not eliminate the pores but increases the surface area for gas storage 

property [56]. In addition, the stability of these structures improved because of the 

presence of weak interactions among the constituent networks. 

The other current approaches are to prevent interpenetrations by synthesis of 

metal-organic frameworks having linker with bulky functional group that fill the pore 

spaces. Tefler et al., construct the isoreticular structure by linking the Zn4O(O2CR)6 SBU 

with a bpdc (bpdc: biphenyl-4,4′-dicarboxylate) linker via this method (Figure 1.9). The 

non-interpenetrated amine functionalized structure is made by removing a bulky tert-

butylcarbamate (NHBoc) group through thermolysis [57]. 

1.7 Applications of MOFs 

Porous materials are attracted due to their applications in distinct areas like gas 

storage, gas/vapor separation and adsorption, drug delivery, shape/size-selective 

catalysis, etc. [58]. Usually, porous materials contain organic as well as inorganic 

materials having accessible porosity. Most commonly used organic porous materials 
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activated carbon have no ordered structures but reveal high surface area and adsorption 

capacity. This porous material generally obtained from pyrolysis [59]. Because of lack of 

periodicity, porous carbon materials are very useful due to their applications containing 

storage and separation of gases, the refining of solvent removal and recovery etc. The 

properties of inorganic-organic hybrids materials are stable and have ordered structure 

with high surface areas [28]. Since, metal-organic frameworks with subsequent structural 

attractiveness have been successfully employed for various applications. 

 

Figure 1.7: β-MUF-9 is a specific example of double interpenetration [56] 
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Figure 1.8: Example of double interpenetrated network of IRMOF-15 [57] 

 

 

Figure 1.9: View of thermolysis process to construct non-interpenetrated structure [57] 
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1.7.1 Hydrogen storage 

The storage of hydrogen is obviously a great challenge, because the basic 

opportunity for H2 as a fuel for mobile or portable fuel cell applications boosts a very 

high interest in H2storage [60]. The function of H2storage for MOFs is fully reversible; 

prevents complicated heat treatments as well as recharging continued within seconds or 

minutes that is obviously beneficial over metal hydrides and clathrates, which are used as 

storage materials. Hydrogen is an ultimate possible candidate for a clean energy source 

due to lack of carbon content and due to its large gravimetric heat of combustion i.e., 120 

MJ kg-1.  

Nevertheless, hydrogen gas storage at room temperature and pressure is not easy 

due to its low density and its storage at low volume causes hindrance to its use as a fuel 

and for these valuable storage materials desirable. In 2010, the US DOE (Department of 

Energy) established revise target for a H2 storage system 0.045 kg/kg for gravimetric as 

well as 0.028 kg/L for volumetric capacities. While in 2015, gravimetric capacity is 0.055 

kg/kg and volumetric capacity is 0.040 kg/L for system has been noted and storage 

system will be capable to operate between -40/85 ºC at less than 100 bar pressure as 

shown in Table 1.1.The fundamental targets for gravimetric are 0.075 kg/kg and 

volumetric storage are 0.070 kg/L, respectively [61]. 

MOFs appeared as an ideal candidate for the storage of hydrogen due to having 

large surface areas and pore size. The target of department of Energy (DOE)to store 

hydrogen are established at near high temperature and room pressure because main work 

on MOFs included H2 uptake amount measured at 77 K temperature and 1 atm pressure 

(Table 1.2). 
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Table 1.1: Revised aim for hydrogen storage by department of Energy [61] 

Storage parameters Units 2010 2015 Ultimate 

 
System Gravimetric 

Capacity (net useful energy/max. system mass) 

Kg H2/kg        

system 

0.045 0.055 

 

0.075 

 

System Volumetric Capacity (net useful 

energy/max. system mass) 

kg H2/ kg 

 

0.028 

 

0.040 

 

0.070 

 

Min./max. delivery 

temperature 

 

ºC -40/85 -40/85 -40/85 

Cycle life (1/4 tank to full) Cycles 1000 1500 1500 

Max. delivery pressure from storage system Atm (abs) 100 100 100 

System fill time    (for 5kg H2) min 4.2 3.3 2.5 

 

Table 1.2: H2uptakecapacity in Metal-Organic Frameworks at 77 K temperature and 

1atm pressure 

 

1.7.2 Carbon dioxide capture 

The release of carbon dioxide, as a fuel gas, into the atmosphere is due to burn of 

fossil fuels at power plants and many other sources that further change the global climate. 

It is essential to separate and recovers the CO2 from the emitted flue gas because of this 

Name of 

MOFs  

Ref. H2 

uptake 

(wt%) 

Name of MOFs  H2 uptake 

(wt%) 

Ref. 

HKUST-1 [62] 2.54 MOF-177  1.25 [70] 

Cu2(tptc)  [63] 2.52 PCN-61  2.25 [71] 

Zn2(BDC)2 

(DABCO)  

[64] 2.00 PCN-66 1.79 [71] 

NOTT-100 [65] 2.52 Zn2(BDC)(TMBDC)(DABCO)  2.10 [64] 

NOTT-140  [70] 2.50 Zn2(BDC)2(DABCO)  2.00 [64] 

MOF-505  [67] 2.48 IRMOF-3  1.80 [72] 

PCN-12′  [68] 2.40 PCN-61  2.25 [71] 

MOF-5   [69] 1.32 Mg\DOBDC 1.98 [73] 



 
 

17 

reason. Now a day, chemical adsorption process is used to remove CO2 by amine 

solutions, a basic liquid. After initial adsorption process, this liquid solvent act as energy 

consuming and showed difficulty in regeneration [74]. 

Zeolites, alumina, porous silica and activated charcoals, porous adsorbents have 

been used to capture CO2 from flue gases, but their amorphous structures have less 

stability in environmental conditions, which limits their use on industrial scale [75]. 

Because of this reason, porous materials like MOF have been recommended as best 

substitute to the current technology due to their high surface areas with polar functional 

groups and tunable pore surfaces [74]. 

It has been reported in the literature that MOFs have open metal sites to improve 

the function through assigning a method to separate the polar and non-polar gas pairs 

such as CO2/CH4 [76]. It has proved experimentally that the presence of polar group like 

amine or free nitrogen moiety with organic heterocyclic residues on the pores is useful 

for high carbon dioxide uptake comparatively unfunctionalized analogues. 

Table 1.3: CO2uptake capacity in MOFs at 273-298 K temperature and 1 atm 

pressure 

 

Name of MOF Ref. CO2 uptake 

(mmol/g) 

Name of 

MOF 

Ref. CO2 uptake 

(mmol/g) 

273K 298K 273K 298K 

HKUST-1  [62] NA 4.72 CPM-5  [79] 3.62 2.43 

Zn2(BDC)2(DABCO)  [64] NA 2.71 Cd-ANIC-1  [80] 4.72 3.84 

Zn + 4,4′ bipy + 

(BTA-TBA)  

[77] NA 4.10 IRMOF-3  [81] NA 2.14 

MOF-505  [67] NA 3.27 MOF-177  [70] NA 1.72 

UMCM-150  [78] NA 2.80 MOF-5  [69] NA 0.92 
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1.7.3  Catalysis 

MOFs are ideal material for catalysts due to well defined pores and channel in 

metal organic-frameworks that is helpful in contribution to catalysis [82]. 

There are two ways for introducing catalytically active and coordinate unsaturated 

metal sites into frameworks (Scheme 1.1) [83]. Fujita et al., (1994) firstly reported 2D 

MOFs, {[Cd(4,4′-Bipy)2](NO3)2}∞, which exhibited catalysis for the cyanosilylation of 

aldehydes [84]. Only a few reports related to chemical catalysis by crystalline and 

microporous MOFs have described up to till now and are tabulated in Table 1.4.  

The future of the MOFs field clearly demonstrates their useful catalytic behavior. 

Regardless of the rapid as well as interesting development of metal organic frameworks, 

their marketable potential is still in its early stages.  

 

Scheme 1.1: (a) Coordinatively unsaturated metal connecting points as active catalytic 

sites. (b) Incorporation of active catalytic sites into the bridging ligands of 

MOFs [83] 
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Table 1.4: Examples linkers and active functionalities based catalysts involved in the 

microporous MOFs as catalytic center 

 

1.7.4 Drug delivery  

A controlled released drug is an important feature to design materials for storing 

drug compounds. Now a day, there are two basic systems that are organic and inorganic 

compounds, utilized in drug delivery process. The inorganic compounds contain zeolites 

or mesoporous silicates while organic compounds have biocompatible dendritic 

macromolecules or polymers. The basic difficulty is the controlled release of drug 

because of the indistinct pores when the organic compound encapsulates the drug. Hence, 

research has initiated to evaluate MOFs because of their high and regular porosity [89] 

that used for drug delivery.  

For example, Horcajada et al., have studied by loading 0.35 g of Ibuprofen per 

gram of MIL-100 and 1.4 g of Ibuprofen per gram of MIL-101 that is antiinflammatory 

MOF 

Metal 

MOF Linker Active 

Centre 

Catalytic Reaction Ref. 

Cu 4,4′-bipyridine Metal Allylic oxidation  [85] 

Zn 1,4-benzene dicarboxylic 

acid (IRMOF-1) 

Metal Cycloaddition of CO2 and 

Epoxides  

[86] 
 

Zn 2-aminoterephthalic acid 

(IRMOF-3) 

Linker Knoevenagel reaction  [86] 

Cu Imidazole[Cu(im)2] Metal Oxidation of activated alkanes, 

1,3-dipolar cycloaddition  

[87] 

Co Co-Benzimidazole 

(Co-ZIF-9) 

Metal and 

coordinated 

N-atoms 

Photocatalysis and water 

Splitting  

[88] 
 



 
 

20 

drug [90]. Both these MOFs reveal stability with drug, complete guest released into a 

simulated body fluid solution. 

Horcajada et al., also revived loading of ibuprofen antiinflammatory drug with 

flexible MIL-53(Fe). It has been observed that desorption time for this MOF material was 

very slow about 20 days with zero order kinetic but special effect is ascribed to the 

inflexible fitting of this molecule in the framework [91]. 

Serre et al., described the first porous crystalline MOFs that base on bioactive 

molecule. The isonictonic acid, known as vitamin B23, used to coordinate with 

Fe(II)/Fe(III) ions to give three dimensional structure [92]. 

1.7.5 Luminescence and sensors 

MOFs used as a luminescence materials and display great involvement in this 

field [93,94]. Luminescence has two types, firstly is fluorescence: spin allowed with 

usual lifetime about several nanoseconds. Secondly is phosphorescence: spin forbidden 

having life time as long as several seconds. The third type is scintillation, stimulated by 

contactwith ionizing radiations [95], have lifetimes of 1 nanoseconds. 

Two luminescent stilbene based MOFs like 2D Zn3L3(DMF)2and three 

dimensional porous framework, Zn4OL3weresynthesizedfrom trans-4,4′-stilbene di-

carboxylic acid (LH2) and Zn(NO3)2(Figure 1.10) [96]. Both these stilbene based MOFs 

exhibited optical properties within organic linker (LH2) that act as the chromophores. 

Gándara et al., reported the luminescent organic linkers like H2hfipbb in 2007 

[97] that have ability to emit blue white color under UV light. This linker (H2hfipbb) can 

be little bit transformed by adding various lanthanide metals. 
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Figure 1.10: Luminescence properties of stilbene based MOFs;[2D: Zn3L3(DMF)2] 

and[3D: Zn4OL3][96] 

The luminescent MOFs with particular sorption properties also utilized as sensing 

devices. Lately, Chen et al., [98] studied the first luminescent MOF-76b; [Tb(BTC)·G] 

(G= guest solvent) (Figure1.11b). According to the results, the luminescent intensity of 

MOF-76b considerably enhanced due to incorporation of F- (Figure 1.11c).  

 

Figure 1.11: Crystal X-ray structure of MOF-76b containing 5D4→7F5 transition 

intensities with excitation (dotted) and luminescent spectra (solid) [98] 

1.8 Aim and objectives 

 As outlined in literature, transitions and lanthanides metal ion has widely used to 

assemble the framework structure. However, the incorporation of bismuth and lead metal 

ions in such polymeric/framework system have great interest because of their interesting 
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structural and bonding aspects, large radii, stereochemical activity of 6s2 lone electron, 

flexible coordination numbers etc.Similarly, the heavy-atom effects of bismuth and lead 

(spin-orbit coupling) make them desirable candidates to design new photophysically 

interesting systems, which can be employed as relative inexpensive sources (compared to 

Pt & Ir) for the development of  “OLEDs” makers. Keeping in view, these interesting 

characteristics and their relatively less exploration in this direction; we have synthesized 

bismuth and lead-based MOFs with following main objectives. 

1.  to synthesize bismuth and lead-based MOFs by employing simple 

solvo/hydrothermal methodology. 

2. to understand the structural and bonding aspects by employing sophisticated 

techniques such as FT-IR, 1H NMR, PXRD and single crystal X-ray diffraction. 

3.  to investigate their luminescent behavior. 

5. to investigate the porous nature by BET study. 

4.   to investigate the antibacterial activity of bismuth-based MOFs.  
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CHAPTER 2 

LITERATURE REVIEW 

Bismuth and lead based MOFs have recently gained attractions in various 

applications. The relevant literature is described below in which already reported MOFs 

have been divided on the basis of two types of linkers i.e., dicarboxylate containing 

linkers and linkers having N and S donor moieties. 

2.1 Bismuth and Lead based MOFs from dicarboxylate linkers 

2.1.1 Bismuth based MOFs 

Thirumuruganand coworkers reported three dimensional heterobimetallic NaBi 

benzenedicarboxylate (BDC) frameworks, [NaBi(1,4-BDC)2(DMF)2 (1), [NaBi(1,4-

BDC)2(DMF)(H2O)]3(DMF) (2), [NaBi(1,3-BDC)2(DMF)] (3) and [NaBi(1,3-

BDC)2(EtOH)] (4) (1,4-BDC = 1,4-benzenedicarboxylic acid; 1,3-BDC = 1,3-

benzenedicarboxylic acid) using solvothermal method. Both MOFs (1& 2) have channel 

structures wherein infinite Na-O-Bi chains of ID are connected via BDC anions while 

MOFs (3 & 4) are isostructural and have Na-O-Bi layers that are linked by 1,3-

BDCanions via (I2O1). Tb+3and Eu+3 doped 2 and 3 emitted characteristic ligand-

sensitized green and red luminescence, respectively [99].  

Thirumurugan and Cheetham described the synthesis of four bismuth-based 

frameworks, [Bi(1,4-bdc)2(dmf)]·(dma)(dmf)2 (1), [Bi(1,4-bdc)2]·-(dma)(dmf) (2), 

[Bi4(1,4-bdc)7(HIm)]·-(dma)2(dmf)2 (3) and [Bi(1,4-bdc)2]·(dma) (4) (dma = dimethyl 

ammoniumcation, HIm = imidazole and dmf = dimethylformamide) under solvothermal 



 
 

24 

 

Figure 2.1: View of the 3D structure (I1O2) with rhombic 1D channels down the a-axis 

conditions.  MOFs (1–3) have 4-connecting nodes with net topology. But MOF 4 possess 

six connecting node having pcu net topology. The BiOn polyhedral is holodirected in 1, 3 

and 4 and have inactive lone pair of electrons, but hemidirected because of active lone 

pair of electrons in MOF 2 [100].  

Trobs and Emmerling described the mechanochemically synthesis of two model 

MOFs: (H2Im)[Bi(1,4-bdc)2 (bdc = benzene dicarboxylate, H2Im = imidazole cation) and 

a cocrystal of carbamazepine and indometacin (1:1) is obtained within a few second 

andits grain diameter size decreased by further milling treatment. Both these MOFs 

exhibited blue luminescence [101]. Kan and coworkers reported the synthesis of three 

novel bismuth based coordination polymers, (CH3)2NH2][Bi(pdc)(bdc)]·2DMF, 

(CH3)2NH2][Bi(tdc)2]·1.5DMF and [Bi(bpdc)2H2O]·-xGuest [H2pdc = 3,5-

pyridinedicarboxylic acid, H2bdc = 1,4-benzene-dicarboxylic acid, H2tdc = 2,5-
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thiophenedicarboxylic acid, H2bpdc = 4,4′-biphenyldicarboxylic acid via solvothermally. 

MOFs (1 & 2) assembled by 9-coordinated or 8-coordinated bismuth ions with topology 

(hms & dia), respectively. Whereas, compound (3) has layered structure via 5-coordinate 

Bi3+[102]. Tröbs and coworkers reported two MOFs like (H2Im)[Bi(1,4-bdc)2] (1) and 

[Bi(pydc)(NO3)2(H2O)2]·H2O (2) bdc =benzenedicarboxylate, H2Im = imidazole cation, 

pydc = pyridinedicarboxylate. The MOF (1) crystallized isostructurally containing 

dimethyl ammonium with formula [(dma)[Bi(1,4-bdc)2] [103]. 

Wibowo and coworkers reported hydrothermal synthesized 2D and 3D MOFs; 

Bi3(μ3-O)2(pydc)2(Hpydc)(H2O)2and Pb(pydc)(H2O) having pyridine-2,5-di-carboxylate 

linkers (H2pydc). Both MOFs exhibited white light emitting phosphors that covered a 

wide spectral range, which revealed “white” luminescence properties [104]. Wibowo 

group reported solvothermal synthesis of two dimensional Kagome topology bismuth-

based MOF; Bi(pydc)2(H3O+)(H2O)0.83 at 100 oC. This MOF has a layered structure 

formed by bismuth centers linked to four pydc2- linkers extending in ab plane. This MOF 

exhibited blue luminescence [105].  

 

Figure 2.2: 2-D Kagome´ layer of the compound (color scheme: Bi = blue, O = red, N =   

        dark blue, C = black) 
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Wibowo et al., reported single crystal structure of bismuth based frameworks, 

Bi2O2(pydc)(pydc = pyridine-2,5-dicarboxylate) using two different temperatures likes 

180 oC and 100 oC via hydrothermal method. This MOF exhibited monoclinic crystal 

system with space group P21 that contain Bi2O2 chains joined into a three dimensional 

structure through linker [106].  

Jeon and coworkers synthesized two1D bismuth based MOFs; 

Bi[NC5H3(CO2)2](OH2)xF (x = 1 and 2), via hydrothermal using Bi2O3, 2,6-

NC5H3(CO2H)2, HF and water at 180 oC. MOFs (1 & 2) reveal dissimilar crystal structure 

except bismuth metal that shared a common pattern in a 1D chain structureconsistofBi+3 

andpydc. [107]. Tran et al., described hydrothermal preparation of 3D bismuth-based 

MOF; {Bi2O2[NC5H3(CO2)2]}at 165 oC. This MOF contain embedded 1D cationic 

bismuth oxide chains in which oxygen of the bismuth oxide core are three coordinated 

and bonded strongly with bismuth atoms [108]. Shi and coworkers reported 3D 

heterobimetallic frameworks; [Bi3O2Cu(OH)(pdc)2], (pdc3-= 3,5-pyrazoledicarboxylate) 

that behave as an efficient catalyst in diastereoselective synthesis of E-α,β-unsaturated 

ketones[109]. 

2.1.2 Lead based MOFs 

Zhang and coworkers described hydrous and anhydrous 3-dimensional metal-

organic frameworks; {[Pb2(fum)2(H2O)4].2H2O}n(1), [Pb(fum)]n(2) that synthesized by 

the reaction of the fumdianion (fum = fumarate) with the Pb(II) ion in the presence of 

pyrazole and pyrazine. The linker array display a coordination gap around the lead due to 

a stereoactive lone pair of electrons on lead(II) that exhibited eight coordination 1 and six 

coordination in 2 revealed a hemidirected geometry [110]. Wang and coworkers reported 
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hydrothermally synthesized eight novel Pb(II) MOFs like Pb(3-PDIP)2(1,4-bdc)·4H2O]n 

(1), Pb(3-PDIP)2(bpea)]n (2), [Pb(HOIP)(pyc)2]2 (3), [Pb(HOIP)(1,3-bdc)]n(4), Pb(4-

PDIP)(glu)·H2O)n (5), Pb(4-PDIP)(1,4-bdc)·2H2O)n (6), [Pb(4-PDIP)(1,3-bdc)]n (7), and 

[Pb(4-PDIP)(4,4′-bpdc)]n (8) [(3-PDIP = 2-(3-pyridine) imidazo[4,5-f]1,10-phen-

anthroline, (HOIP = 2-(4-hydroxylbenzene) imidazo[4,5-f]1,10-phenanthroline), (4-PDIP 

= 2-(4-pyridine) imidazo[4,5-f]1,10-phenanthroline), (1,4-H2bdc = benzene-1,4-

dicarboxylic acid), (H2bpea = bi-phenylethene-4,4′-dicarboxylic acid), (Hpyc = pyridyl-

2-carboxylic acid), (1,3-H2bdc = benzene-1,3-di-carboxylic acid), (H2glu = glutaric acid) 

and(4,4′-H2bpdc = biphenyl-4,4′-dicarboxylic acid)]. These complexes like 1, 2, 4, and 6 

have one-dimensional chain structure and 3 with mononuclear structure, but 5 and 7 

reported 2D with 4,4′ topology networks. Finally, MOF 8 displayed rare self-penetrated 

topology with two fold interpenetrating three-dimensional frameworks. Moreover, the 

fluorescence properties of MOFs 5−8 were also investigated [111]. 

Chen and coworkers reported the synthesis of a series of novel MOFs from PbII 

and 2,3,5,6-tetra-chloro-1,4-benzene-dicarboxylic acid (H2BDC-Cl4) since by add 

different alkali metal ions as template. By using Pb(NO3)2, a three dimensional open 

framework [Pb(BDC-Cl4)(MeOH)2]n (1) obtained that further incorporated by the lighter 

LiI or NaI ions into the above PbII/BDC-Cl4 system result two distinctive isostructural 

PbII-LiI and PbII-NaI hetero-metallic frameworks; PbLi2(BDC-Cl4)(μ2-OH)2](H2O)n (2) 

and [PbNa2(BDC-Cl4)(μ2-OH)2]n (3), obtained. But when heavy KI ion is used, a three 

dimensional MOF [Pb2(BDC-Cl4)2(DMF)3]n (4) obtained that relate tothe first pillar 

layered PbII coordination network [112].  
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Li and coworkers discussed the synthesis of (Me)4N)2[Pb6M6(m-

BDC)9(OH)2]∙H2O (1: M = K; 2: M = Rb; 3: M = Cs) (where H2BDC is 1,3-

benzenedicarboxylic acid)  in a mixed solvents of methanol and dimethylformamide (v/v 

= 1/2). MOFs (1–3) are 3D frameworks built by heterometallic Pb6-M6 cage, extends 

topology into an 8-connected network via isophthalic acid linkers. At room temperature, 1–3 

exhibit strong emissions, attributed to ligand-to-metal charge transfer between the 

delocalized π bonds of carboxylate groups and p orbitals of lead(II) centers [113].  

 

Figure 2.3: View of the 3-D framework of 1 

Rana and coworkers discussed the synthesis of two new Pb(II) MOFs namely 

Pb2(picOH)4·H2O (1) and Pb3(Sip)2(H2O)2·H2O (2):(HpicOH=3-hydroxypicolinic acid 

and NaH2Sip=5-sulfoisophthalic acid monosodium salt). MOF (1) exhibited done 
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dimensional array [114]. Sahu and coworkers synthesized two lead-based MOFs, 

[Pb2(L)1.5(O)0.5]∙EtOH·2H2O)n and [Pb3(L)3(H2O)]·6H2O)n(H2L= p-terphenyl-4,4′-

dicarboxylic acid) through solvothermal method using rigid linear ligand. These 

compounds show photoluminescence emission at 347 nm upon excitation at room 

temperature [115].  

Jennifer and Muthiah synthesized two mixed ligand Pb(II) clusters; 

Pb4(quin)4(bipy)2(5-tpc)4 (1) and Pb4(quin)4(phen)2(5-tpc)4 (2)by using2,2′-bi-

pyridine(bipy), 1,10-Phenanthroline(phen), 8-Hydroxyquinolinate(quin)  and 5-chloro- 

thiophene-2-carboxylate(5-tpc) that exhibited a slightly dissimilarity in unit cell 

parameters by replacing the bipyridine and then phenanthroline linkers. These MOFs 

showed photoluminescence emission at 543 nm and 552 nm upon excitation at room 

temperature [116]. Santra and Bharadwaj reported (Pb6(L)5(OH)2·2H2O)n(1), 

(Pb3(L)2(O)(EtOH)·-(EtOH))n(2), (Pb3(L)2(O)(PrOH)·(PrOH))n(3), (Pb3(L)2(O)(i-PrOH)-

]·(i-PrOH))n(4) and (Pb6(L)4-(O)2)∙(benzylalcohol)2(H2O)2)n(5)using the rigid, fluorinated 

ligand; (L = 2,2′-bis-trifluoromethylbiphenyl-4,4′-dicarboxylic acid) via solvothermal 

method. All these compounds display rare rod type topology. Solid-state 

photoluminescence studies were carried out for all of the complexes at room temperature 

[117]. Bo group described the synthesis of Pb(II) based MOFs; [Pb(H2O)(tip)]n, [Pb3(μ4-

O)(tip)2]n and [Pb4(μ4-O)(tip)3]n at 210 oC under static conditions, where H2tip is 5-tert-

butylisophthalic acid. Single crystal X-ray diffraction reveal orthorhombic system with 

space groups Iba2 and Pna21, respectively. All of the solid state compounds exhibited the 

photoluminescence properties at room temperature [118].  
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Zeng  group reported the synthesis of two main group coordination polymers, 

{[Ba(H2oPyIDC)2(H2O)]n and [Pb2(HoPyIDC)2]n}(H3oPyIDC = 2-(2-pyridyl)-4,5-

imidazoledicarboxylic acid) under hydrothermal conditions. In lead based polymer 2-

dimensional layer with (4,4′) topology formed by lead ions and HoPyIDC2- anion [119]. 

Dai and coworkers reported four structurally different metal organic frameworks, 

namely;{[Pb(L1)(DMF)] (1), [Pb(L1)(DMF)] (2), [Pb(L2)] (3), and [Pb3(L3)2(Cl-)2] (4)} 

that synthesized by using three rigid linear ligands: [2′,5′-dimethyl-[1,1′:4′,1′′-terphenyl]-

4,4′′-dicarboxylic acid (H2L1), triphenyl-6,6′-dicarboxylic acid (H2L2), and 2,2′-

bipyridine-5,5′-dicarboxylic acid (H2L3)] and Pb(II).The diverse length of the linkers 

from 15.64 Å to 10.89 Å create one-dimensional zigzag chain in 1, a two-dimensional 

wavy layer in 2, a three-dimensional Pb-O-C based layer in 3 and a three-dimensional 

Pb-O-Cl based chain in 4. Solid-state photoluminescence studies were carried out for all 

MOFs at room temperature [120]. 

2.2 Bismuth and Lead-based MOFs from linkers having N and S 

moieties 

2.2.1 Bismuth based MOFs 

Gschwind and Jansen described the synthesis of 3D bismuth-ethanedisulfonate 

framework; Bi(O3SC2H4SO3)1.5(H2O)2 via hydrothermally method by using bidentate 

linker (1,2-ethanedisulfonate).XRD revealed that the bismuth cation coordinates to 

ethanedisulfonate ligands with coordination number 8 having distorted square 

antiprismatic configuration [121]. Marri and Behera prepared both layered form and 3D 

bismuth sulfates based MOFs like (C6N2H14)[Bi(SO4)2(NO3)], and (C4N2H12)4-

[Bi4(SO4)10-(H2O)4] at room temperature. Both these MOFs display blue luminescence 

properties [122]. Wang group described solvothermal synthesis of extremely effective 
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bismuth-based photocatalyst frameworks; [(Bi-mna) (H2mna = 2-mercaptonicotinic 

acid)] at 100 oC [123]. Fritsch and coworkers discussed new tin, antimony and bismuth 

based organic frameworks linked through metal carbon bonds. These frameworks are 

characterized by the BET that revealed specific surface area (up to SA = 445 m2g-1) that 

show good stability under ambient conditions as well as better performance as catalysts 

in the cyanosylilation of benzaldehyde [124].  

2.2.2 Lead based MOFs 

Hazari and coworkers described the synthesis of two interesting lead-based 

MOFs; [Pb(ind)2(H2O)]n and[Pb2(dbsf)2(bipy)]n (Hind = indane-2-carboxylic acid and 

H2dbsf = 4,4′-sulfonyl-dibenzoic acid, and bipy = 4,4′-bi-pyridine) at room temperature 

[125]. Hu and coworkers synthesized a microporous lead based MOF; Pb(4,4′-

ocppy)2·7H2O from linker (4,4′-ocppy = 4-(4-carboxyphenyl)pyridine-N-oxide) and lead 

nitrate. The lead MOF exhibited 3D framework with a 1D rhombic channel [126].  

Li and coworkers studied the synthesis of five MOFs varying from 0D to 3D 

structures with lead(II), copper(II), or cobalt(II) ion using 4-hydroxy-3-methoxy-

benzaldehyde nicotinoylhydrazone and 4-hydroxy-3-methoxybenz-aldehyde 

salicyloylhydrazone. The Pb(II) centers illustrated diverse coordination geometries and 

coordination numbers i.e., 5, 7 and 9 respectively.  [127]. Hashemia and Morsali studied 

the synthesis of two new MOFs; [Pb2(μ-bpe)3(μ-NO3)2(NO3)2]n (1) and Pb(μ-bpe)(μ-

NO3)2(NO3)(H2O)·(Hbpe)·0.5(bpe)n (2) from ligand;(1,2-di-(4-pyridyl)-ethylene). The 

structures of both coordination polymers consist of metallocyclic chains that made by 

bridging linkers, results 2D and 1D array of lead nitrate and bpe linker, respectively 

[128]. Alizadeh and Amani synthesized lead(II) coordination polymer [Pb(5,5′-
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dmbpy)(μ-NO3)2]n(5,5′-dmbpy = 5,5′-dimethyl-2,2′-bipyridine) having hemidirected 

geometry with coordination number 8 [129].  

Lestari et al., described solvothermal synthesis of heterobimetallic three-

dimensional metal-organic framework [Na2Pb2(L)3(H2O)(dmf)4∙9dmf]n (H2L = (S)-5,5′-

bis(4-carboxyphenyl)-2,2′-bis(diphenyl-phosphinoyl)-1,1′-binaphthyl) containing 

[Pb2Na-(η2-O2CR)6] group as secondary building units. This frameworks exhibited violet 

blue luminescence [130].  

 

Figure 2.4: 3D framework of 1 

Shi and coworkers reported the synthesis of a new 1D MOF; Pb(2,2′-bipy)(Hsal)2n(Hsal = 

salicylate and 2,2′-bipy = 2,2′-bipyridine) that consists of a 1D chain linked via C-H···π 

interactions as well as intermolecular C-H···O hydrogen bonds, resulting 2D network 

[131].  
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Chen and coworkers studied the synthesis of two new two-dimensional lead(II) 

MOFs like [Pb(NO3)(tzib)]n (1) and [Pb(tzib)2]n (2), by the reaction of a rigid ligand [1-

tetrazole-4-imidazolebenzene (Htzib)] and Pb(NO3)2 in various solvents. The organic 

ligands tzib- joins the neighboring chains into a two-dimensional layer by a μ3-

κN1:κN2:κN6 connection mode in 1 while in 2, two different bridging modes of the tzib- 

ligand: μ3-κN1:κN2:κN6 and μ3-κN1:κN6 to coordinate the lead ions into a two-

dimensional layer structure. Both MOFs displayed broadband emissions [132]. Liu and 

coworkers reported the synthesis of two new Pb(II) based MOFs having (1) three 

dimensional network while (2) have a layer structure. UV-visible and solid state 

absorption revealed that both MOFs are semiconductor having band gaps 1.70 and 1.78 

eV [133].  
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CHAPTER 3 

MATERIALS AND METHODS 

In the field of MOFs, researchers are continually investigate new ideas and 

strategies for designing and synthesizing of functional materials that could showed even 

superior properties than the already existing ones. An extensive interest on the 

aforementioned aim has resulted in a rational designed approach where judicious 

selection of the metal ions and organic linkers are preferred [134]. 

This chapter describes in detail the synthesis of porous MOFs (1–21) by using 

four different categories (A–D) of organic linkers (Figure 3.1). 

Linkers of Category A: 

                                   

                          H2NDC                    H2TDC 

                          

                               H2BPDC                                                                   H2BTA 

Linkers of Category B: 

  

 H2IPA 
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Linkers of Category C: 

                                     

                                  H2MMTA                H2MBA  

 

Linkers of Category D: 

 

                                                              H2DMP 

Figure 3.1: Four categories (A–D) of organic linkers used in the synthesis of MOFs 

(1-21) 

3.1 Materials 

Organic linkers of categories (A–D) i.e., A(biphenyl-4,4′-dicarboxylic acid 

(H2BDA), 2,6-naphthalenedicarboxylic acid (2,6-NDA), 2,5-thiophenedicarboxylic acid 

(H2TDC), 2-bromoterephthalic acid (H2-BTA)), B (5-hydroxyisophthalic acid (H2HIA)C 

(2-mercapto-3-methyl-4-thiazoleacetic acid (H2MMTA), 4-mercaptobenzoic acid 

(H2MBA)) and D (4,6-dihydroxy-2-mercapto-pyrimidine (H2-DMP)) were purchased 

from Sigma-Aldrich. While bismuth chloride, lead nitrate and lead acetate trihydrate 

were procured from Uni-chem and bismuth nitrate pentahydrate was purchased from 
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GPR Rectapur.  All chemicals were of reagent grade and used without further 

purification. All the glassware used was made up of pyrex and dried in oven before use. 

3.2 Instrument uses 

The melting points of all these MOFs were noted by Gallenhamp melting point 

apparatus. The FT-IR spectra were recorded by using FTIR Agilent Technologies Cary 

630 in the range 4000-650 cm-1.1H NMR spectra were recorded on Avance AV–400 

spectrometers. The morphology of these MOFs was done by field emission scanning 

electron microscope (FESEM), NovaNano 450–SEM, model vega tescan LMU and 

Inspect S50, FEI, USA scanning electron microscope (SEM). The EDS was carried out 

using EDAX system, model Ametek, Inc. Materials Analysis Division, USA and Oxford 

Instruments. Thermogravimetric analysis (TGA) was performed from 30-800°C at a 

heating rate of 10°C/min under a nitrogen atmosphere using SDT Q600 and 

TGA701instruments.The PXRD patterns were obtained on PANalytical made “X’Pert 

Powder and Equinox 2000, Thermo scientific, USA. A single crystal of MOF(10) was 

examined on a Rigaku Supernova diffractometer using MoKα (λ = 0.71073 Å) radiation. 

Using Olex2 [135], the structure was solved with the ShelXT structure solution program 

using Intrinsic Phasing and refined with the ShelXL [136] refinement package using 

Least Squares minimisation. Hydrogen atoms were taken into account using a riding 

model. Brunauer-Emmett-Teller (BET) based N2 gas adsorption studies were carried out 

using Tri Star II 3020 version 2.00, a BET surface area measurement instrument. 



 
 

37 

3.4 Synthesis of MOFs 

 MOFs (1, 2, 5–13, 16, 17 & 19–21) were synthesized at room temperature while 

MOF (3, 4, 14, 15 & 18) were synthesized under refluxed conditions. General methods 

under these conditions were used described as follows: 

3.4.1 General procedure at ambient condition 

Equimolar solution of organic linker (1 mmole, 10 mL) and respective metal salts 

(1 mmole, 10 mL) were mixed together and stirred for 4 hrs at room temperature (20 – 35 

ºC). The resulting solutions were concentrated upto almost half. Resulting precipitates 

formed were filtered off, washed with ethanol, water and finally dried. The precipitates 

were kept in dessicator for further use. 

3.4.2 General procedure at reflux condition 

Equimolar solution of organic linker (1 mmole, 10 mL) and respective metal salts 

(1 mmole, 10 mL) were mixed together and refluxed for 2 hr on pre-heated oil bath at 

70ºC. After cooling the reaction mixture, the resulting precipitates formed were filtered 

off, washed with ethanol, water and finally dried. The precipitates were kept in dessicator 

for further use. 

3.4.3 Synthesis of MOFs with organic linkers of Categories (A–D) 

MOFs (1, 2, 5–13, 16, 17 & 19–21) were synthesized as described in general 

procedure 1 while MOF (3, 4, 14, 15 & 18) were synthesized as described in general 

procedure 2 by taking respective metal salts and linkers in ratio (1:1)that were shown in 

table 3.1. 
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Table 3.1: Synthesis of MOFs with their organic linkers  

 

MOFs  Linker  

Conc. (1 mmol) 

Metal Salts 

Conc. (1 mmol) 

Solvents Conditions 

1 biphenyl-4,4′-dicarboxylic acid lead nitrate DMF, Water r.t 

2 biphenyl-4,4′-dicarboxylic acid lead acetate trihydrate DMF,  Water r.t 

3 biphenyl-4,4′-dicarboxylic acid bismuth nitrate pentahydrte DMF,  Water reflux 

4 2,6-napthalenedicarboxylic acid lead acetate trihydrate DMF,  Water reflux 

5 2,6-napthalenedicarboxylic acid bismuth chloride Acetonitrile, DMF r.t 

6 2,5-thiophenedicarboxylic acid lead nitrate Ethanol, Water r.t 

7 2,5-thiophenedicarboxylic acid lead acetate trihydrate Ethanol , Water r.t 

8 2-bromoterephthalic acid lead nitrate Methanol, Water r.t 

9 2-bromoterephthalic acid lead acetate trihydrat e Methanol, Water r.t 

10 5-hydroxyisophthalic acid lead nitrate Methanol, Water r.t 

11 5-hydroxyisophthalic acid lead acetate trihydrate Methanol, Water r.t 

12 5-hydroxyisophthalic acid bismuth chloride Methanol, Acetonitrile r.t 

13 2-mercapto-4-methyl-5-thiazoleacetic acid lead nitrate Methanol, Water r.t 

14 2-mercapto-4-methyl-5-thiazoleacetic acid lead acetate trihydrate Methanol, Water reflux 

15 2-mercapto-4-methyl-5-thiazoleacetic acid bismuth nitrate pentahydrate Methanol, DMF reflux 

16 4-mercaptobenzoic acid lead nitrate Methanol, Water r.t 

17 4-mercaptobenzoic acid lead acetate trihydrate Methanol, Water r.t 

18 4-mercaptobenzoic acid bismuth nitrate pentahydrate Methanol, DMF reflux 

19 4,6-dihydroxy-2-mercapto-pyrimidine lead nitrate Water r.t 

20 4,6-dihydroxy-2-mercapto-pyrimidine lead acetate trihydrate Water r.t 

21 4,6-dihydroxy-2-mercapto-pyrimidine bismuth chloride Acetonitrile, Water r.t 
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3.5 Photoluminescence study 

 Photoluminescence spectra of MOFs (1–21) were made in solid state at room 

temperature. Excitation of the MOFs was made in the range of 350-800 nm. During every 

analysis, 1 mg of MOFs sample was placed between two glass slides and then measured 

the emission intensity. 

3.6 Adsorption measurements 

The adsorption isotherms of N2 at 77.300 K were measured volumetrically in the 

Tri Star II 3020 version 2.00 adsorption apparatus. About 0.3 g of adsorbent sample was 

taken in tube that put it in liquid nitrogen for adsorption and temperature was achieved by 

using a Dewar with a circulating jacket connected to a thermostatic bath with a precision 

of ± 0.1 K. After this, the changes in gas pressure as well as adsorption volume were 

recorded for generating the adsorption kinetics and final adsorption amount at a given 

pressure. 

3.7 Biological investigations 

Bismuth compared to its neighboring elements (Pb & Tl) is surprisingly less toxic 

and bismol a well known drug is being marketed. In this project, the antibacterial activity 

of these bismuth based MOFs were tested on three Gram-positive bacteria; 

Staphylococcus aureus, Bacillus cereus, Clostridium butyricum and two Gram-negative 

bacteria; Escherichia coli and Enterobacter aerogenes in nutrient agar medium. Agar 

well diffusion technique used as previously reported [137]. 

3.7.1 Agar well diffusion technique 

The agar well diffusion technique was used to determine the antimicrobial activity 

of these bismuth MOFs. Nutrient agar media was used for bacteria respectively and 
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prepared in distilled water, autoclaved at 121 0C for ½ an hour, poured into sterile petri 

dishes under an aseptic hood and allowed to cool and solidify. Bacterial inoculums (100 

µL) spread evenly over the surfaces of the media and a cork borer (6 mm diameter) was 

used to cut a well at the centre of each inoculated medium and 5 mg/3 mL of the test 

MOFs dissolved in DMSO were introduced into their respective wells. The well 

supplemented with standard antibacterial drug, erythromycin, used as positive control 

while DMSO as negative control. Then the petri plates of all bacterial strains incubated at 

37 °C overnight and checked zone of inhibition (mm): using zone reader, showing 

complete inhibition [138]. 

3.8 Reaction schemes for the formation of MOFs (1-21) 

Category A: 
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MX2 = Pb(NO3)2 

MX′2 = Pb(CH3COO)2, x = H2O 

Scheme 3.1: Reaction scheme for the formation of MOFs (1-9) 

Category B:
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MX2 = Pb(NO3)2 

MX′2 = Pb(CH3COO)2, x = H2O 

Scheme 3.2: Reaction scheme for the formation of MOFs (10-12) 

Category C: 
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MX2 = Pb(NO3)2 

MX′2 = Pb(CH3COO)2, x = H2O 

Scheme 3.3: Reaction scheme for the formation of MOFs (13-18) 
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Category D: 

 

 

 MX2 = Pb(NO3)2 

MX′2 = Pb(CH3COO)2, x = H2O 

Scheme 3.4: Reaction scheme for the formation of MOFs (19-21) 
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CHAPTER 4 

RESULTS AND DISCUSSION 

This chapter deals with the discussion and interpretation of results determined 

from different characterization techniques. Morphological and structural aspects of 

synthesized MOFs (1–21) have been described and compared in each category of linkers. 

Among these four categories of linkers, Category A includes linkers having dicarboxylate 

groups (biphenyl-4,4′-dicarboxylic acid (H2BDA), 2,6-naphthalenedicarboxylic acid (2,6-

NDA), 2,5-thiophenedicarboxylic acid (H2TDC), 2-bromoterephthalic acid (H2-BTA)), 

category B include monocarboxylate and thione group (2-mercapto-3-methyl-4-

thiazoleacetic acid (H2MMTA), 4-mercaptobenzoic acid (H2MBA)), category C include 

thione and hydroxyl moiety (4,6-dihydroxy-2-mercapto-pyrimidine (H2-DMP)) and 

category D include dicarboxylate and hydroxyl moieties (5-hydroxyisophthalic acid 

(H2HIA)).  

4.1 MOFs (1–9) derived from category A linkers 

MOFs (1–9) have been synthesized by using category A linkers [biphenyl-4,4′-

dicarboxylic acid (H2BDA), 2,6-naphthalenedicarboxylic acid (2,6-NDA), 2,5-

thiophenedicarboxylic acid (H2TDC) and 2-bromoterephthalic acid (H2-BTA)] containing 

dicarboxylate moieties as outlined in scheme 3.1. 

4.1.1 Physicochemical properties 

All the MOFs (1–9) are air stable solids and appreciable yields of these MOFs 

have been obtained. Their solubility is quite selective; only soluble in DMSO. The 

physical data of the synthesized MOFs are reported in Table 4.1. 
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Table 4.1: Physical data of MOFs (1–9) 

MOFs  Color % Yield m.p (oC) 

1 Colourless  51  > 300 

2 Colourless 65  > 300 

3 Colourless  58  > 300 

4 Colourless  55  > 300 

5 Colourless  57  > 300 

6 Colourless  45  > 300 

7 Colourless  57  >280 

8 Colourless  57  > 300 

9 Colourless 45  > 300 

 

4.1.2 FT-IR spectroscopy 

The comparisons of the IR spectra of MOFs (1–9) with respective organic linkers 

[biphenyl-4,4′-dicarboxylic acid (H2BDA), 2,6-naphthalenedicarboxylic acid(2,6-NDA), 

2,5-thiophenedicarboxylic acid (H2TDC) and2-bromoterephthalic acid (H2-BTA)] display 

the characteristic IR bands. The bands at 1578 and 1426cm-1 for (1), 1572 and 1375 cm-1 

for (2), 1571 and 1375 cm-1 for (3), 1528 and 1390cm-1 for (4), 1508 and 1341cm-1 for 

(5), 1524 and 1383cm-1 for (6), 1509 and 1383cm-1 for (7), 1508 and 1365cm-1 for (8), 

and 1507 and 1364cm-1 for (9) correspond to the asymmetric and symmetric stretching 

vibrations. The separation (Δυ) between υasym(COO) and υsym(COO) of the carboxylate 

groups are 152, 197, 138, 167, 167, 141, 126, 143 and 143 showing bidentate binding 

[139]. The bands at 1561 cm-1attribute to the aromatic skeleton vibration of the benzene 

ring. The υC=H of benzene as well as υC-C of the benzene ring have bands at 3095 and 674-
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819 cm-1, respectively. The characteristic strong absorption bands assignable to carbonyl 

group of DMF molecules appeared at 1654 cm-1 in the spectra of (3) and at 1655 and 

1656 cm-1in the spectra of (4 & 5) [140]. 

4.1.3 1H NMR spectra 

 The 1HNMR spectra of MOFs (1–9) showed no signals for –COOH (Figures 4.1-

4.5), involved in coordination with lead and bismuth metal ions through oxygen of 

carboxylate group [141–142]. A multiplet due to aromatic protons was found to be 

downfield region 6.04-8.04 and 7.83-8.04 ppm in spectra of MOF (1–3).Broadwater 

signals are also seen in 1HNMR spectra of MOF (10 & 11). A multiplet in the downfield 

region 8.02-8.65 ppm is assigned to naphthyl protons ((3H, Ar-H) of MOFs (4–5).  

 

Figure 4.1: 1H NMR spectrum of MOFs (1) 
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While a multiplet at6.06-7.48 ppm is assigned to aromatic protons in spectra of MOFs (6 

& 7) and at 7.64-8.08 ppm is assigned to benzene protons (3H, Ar-H) of MOFs (8 & 9). 

In addition, the broad water signals are also seen in NMR spectra of these MOF

 

Figure 4.2: 1H NMR spectra of MOFs (a): (2) & (b): (3) 
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Figure 4.3 1H NMR spectra of MOFs (a): (4) & (b): (5) 

 



 
 

51 

 

Figure 4.4: 1H NMR spectra of MOFs (a): (6) & (b): (7) 
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Figure 4.5: 1H NMR spectra of MOFs (a): (8) & (b): (9) 

4.1.4 Powder X-ray diffraction studies 

X-ray diffraction analysis of MOFs (1–9) was carried out in solid state form and 

the respective XRD patterns are shown in Figures (4.6-4.9). The high intensity Bragg 

diffraction peaks for lead MOF (1) are observed at 2θ = 6.05o, 12.50o and 18.66oand for 
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MOF (2), highest peaks appeared at 2θ = 12.54º, 18.81º, 18.14º, 25.30o, 27.72º indexed 

with unit cell parameters and space group (a = 4.5330 Å, c = 11.7970 Å; 1mm2). But the 

high intensity peaks for lead MOF (4) are observed at 2θ = 6.00o, 7.43o, 8.99o, 12.50o and 

18.50o with few low intensity peaks While the sharp peaks for MOF (6) appeared at 2θ = 

9.92º, 18.87o, 19.00º, 28.61o indexed with unit cell (a = 6.0268 Å, b = 11.3635 Å, c = 

19.3485 Å; Pbca) and lead MOF (7) exhibited the sharp peaks at 2θ = 9.82º, 19.87o 

indexed with unit cell (a = 4.9470 Å, b = 5.9510Å, c = 5.4970 Å; Pbcn). High intensity 

peaks for lead MOF (8) observed at 2θ = 11.31, 19.17º, 28.95º, 41.35º and for MOF (9), 

main peaks are observed at 2θ = 9.22º, 18.67o, 28.09o with the remaining small peaks not 

so sharp and clear. 

Lead-based MOFs (1, 2 & 4–9) have similar crystal system i.e., orthorhombic 

except MOF (3) that exhibit trigonal crystal system. 

The highest intensity peak observed at 2θ = 6.05º and 12.54º for MOFs (1 & 2), at 

2θ = 6.00o for (4), at 2θ = 9.92º and 9.82º for (6 & 7) and at 2θ = 11.31º and 9.22º for (8 

& 9) are indexed as the d100 for lead metal while pattern indexing of the low intensity 

peaks could not be done.  

In bismuth MOF (3), main peaks appeared at 2θ = 25.40º, 25.80º, 26.86º, 58.62º 

indexed trigonal crystal system with unit cell parameters and space group (a= 3.8650 Å, b 

= 3.8620 Å, c = 13.6750 Å; R3m). While Bragg diffraction peaks for bismuth MOF (5) 

are observed at 2θ = 26.00o, 32.5o, 33.5o. The highest intensity peak observed at 2θ = 

25.40º and 26.00o, are indexed as the d100 and d210. Few peaks (28º – 33º) in diffraction 

pattern could be assigned to organic nature of sample; indicates the binding of metal ions 

with organic linker. 
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The grain diameter D of these MOFs are [113.6 nm (1), 133.14 nm (2), 135.67 nm 

(3), 159.1 nm (4), 16.30 nm (5), 199.27 nm (6), 265.67 nm (7), 132.99 nm (8) and 79.66 

nm (9)] that could be estimated by Debye-Scherrer formula [143]. 

 

Figure 4.6: PXRD pattern of MOF (1) 
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Figure 4.7: PXRD pattern of MOFs (2, 3 & 6–9) 
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Figure 4.8: PXRD pattern of MOF (4) 

 

Figure 4.9: PXRD pattern of MOF (5) 
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4.1.5 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is a technique to study the distinct 

morphologies of MOFs (1–9) that are found in different shapes and sizes. The SEM 

micrographs of (1–9) are shown in Figures4.10-4.17. The SEM micrograph showed 

irregular crystalline and flake shiny particles of lead MOFs (1, 2, 4 & 6) and SEM 

micrograph of MOF (7) display irregular rod shape or tentacles structure. Lead MOF (8) 

exhibited beads shape that appeared due to the mishmash of various single beads in long 

chain, while MOF (9) display cage like structure. Such characteristics features of MOFs 

(8 & 9) are also identified in the literature [144,145]. 

Compared to lead-based MOFs, bismuth MOF (3) display sponge shape structure 

[144] that is similar to previously reported coordination polymer of {Ni(fbpmpc) 

(H2O)2].3H2O}n and MOF (5) displayed homogeneous aggregated flower-like clusters 

[146]. This study concludes that all the SEM images of (1–9) represent porous nature 

thus making suitable these MOFs for gas adsorption. 

 

Figure 4.10: SEM micrographs of MOF (1) at two different magnifications (50000 x & 

  10000 x) 
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Figure 4.11: SEM micrographs of MOF (2) at two different magnifications (25000 x & 

50000 x) 

 

Figure 4.12: SEM micrographs of MOF (3) at two different magnifications (10000 x & 

  25000 x) 
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Figure 4.13: SEM micrographs of MOF (4) at two different magnifications (10000 x & 

50000 x) 

 

Figure 4.14: SEM micrographs of MOF (5) at two different magnifications (36995 x & 

 24512 x) 
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Figure 4.15: SEM micrographs of MOF (6) at two different magnifications (10317 x & 

 8663 x) 

 

Figure 4.16: SEM micrographs of MOF (7) at two different magnifications (100000 x & 

 50000 x) 
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Figure 4.17: SEM micrographs of MOFs (8 & 9) 

4.1.6 EDX analysis 

The EDX spectrum of MOFs (1–9) showed the presence of carbon, oxygen, lead 

and bismuth that reveal the successful synthesis of MOFs due to sufficient incorporation 

of lead and bismuth in these systems and their respective spectra shown in Figures (4.18-

4.23). 

Quantitative analysis of the EDX result of MOF (1) showed the presence of 

oxygen 48.81% and lead 29.38% (Table 4.2).While MOF (2) showed the presence of 

carbon 30.88%, oxygen 18.81% and lead 39.38% (Table 4.3).Similarly MOF (3) 

exhibited multiple peaks of carbon, oxygen and bismuth with weight 35.73%, 16.58% 

and 41.22% respectively (Table 4.4). 

The EDX spectrum of MOF (4) exhibited multiple peaks corresponding carbon 

(16.47%), oxygen (41.95%) and lead (29.53%) (Table 4.5). MOF (8) displays the 

presence of carbon, oxygen, bromine and lead with 26.51%, 25.68%, 13.52% and 24.54% 

weight percentage respectively (Table 4.6). While EDX spectrum of leads MOF (9) 

consists of 29.9% weight of carbon, 23.74% oxygen, 12.23% bromine and 24.07% lead 
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(Table 4.7). All EDX spectrums reveal the successful synthesis of lead MOFs due to 

sufficient incorporation of lead in these systems. 

Table 4.2: Percentage weight of element and atom obtained by energy dispersive X-

ray spectroscopy for MOF (1) 

Element Wt% Wt% Sigma 

C 0 0 

O 48.81 5.03 

S 6.11 0.81 

Cu 4.21 1.43 

Pd 5.51 1.61 

Au 5.98 2.06 

Pb 29.38 2.49 

 

 

Figure 4.18: EDX spectrum of MOF (1) 

Table 4.3: Percentage weight of element and atom obtained by energy dispersive X-

ray spectroscopy for MOF (2) 

Element Wt% Wt% Sigma 

C 30.88 0.45 

O 18.81 0.67 

S 0.44 0.89 

Cu 3.00 0.98 

Pd 5.32 1.17 

Au 2.17 0.06 

Pb 39.38 1.17 
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Figure 4.19: EDX spectrum of MOF (2) 

Table 4.4: Percentage weight of element and atom obtained by energy dispersive X-

ray spectroscopy for MOF (3) 

Element Wt% Wt% Sigma 

C 35.73 0.45 

O 16.58 0.67 

Si 1.7 0.09 

Cu 1.53 0.98 

Pd 0.34 0.03 

Au 2.9 0.28 

Bi 41.22 2.17 

 

 

Figure 4.20: EDX spectrum of MOF (3) 
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Table 4.5: Percentage weight of element and atom obtained by energy dispersive X-

ray spectroscopy for MOF (4) 

Element Wt% Wt% Sigma 

C 16.47 5.01 

O 41.95 3.35 

Cu 7.99 0.44 

Pd 1.54 0.25 

Au 2.91 0.3 

Pb 29.53 1.19 

Total: 100  

 

 

Figure 4.21: EDX spectrum of MOF (4) 

 

Table 4.6: Percentage weight of element and atom obtained by energy dispersive X-

ray spectroscopy for MOF (8) 

Element Weight % Atomic % Net Int. 

C  36.51 51.62 180.64 

O  15.68 14.52 45.21 

N  10.78 30.04 55.56 

Br  13.52 2.87 101.88 

Pb 24.54 0.94 51.04 
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Figure 4.22: EDX spectrum of MOF (8) 

Table 4.7: Percentage weight of element and atom obtained by energy dispersive X-

ray spectroscopy for MOF (9) 

Element Weight % Atomic % Net Int. 

C  29.9 39.85 403.44 

O  23.74 13.75 106.75 

N  10.06 43.49 267.23 

Br  12.23 2.45 240.55 

Pb 24.07 0.47 71.71 
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Figure 4.23: EDX spectrum of MOF (9) 

4.1.7 CHN analysis 

 Elemental composition of MOFs (5–7) was determined by CHN analysis and is in 

good agreement with the experimental values of proposed MOFs (Table 4.8). 

Table 4.8: Elemental data of MOFs (5–7) 

 

 

 

MOFs Elemental analysis 

%C 

Calcd. 

(found) 

%H 

Calcd. 

(found) 

%Bi 

Calcd. 

(found) 

%Pb 

Calcd. 

(found) 

%S 

Calcd.(foun

d) 

5 28.62 (28.02) 1.85 (1.77) 38.31 (37.83) – – 

6 27.85 (26.87) 0.77 (0.63) – 40.03 (39.51) 6.19 (5.92) 

7 32.87 (32.56) 1.56 (1.44) – 40.50 (39.92) 12.52 (12.29) 



 
 

67 

4.1.8 Thermal stability 

TGA technique employed to determine the thermal stability of MOFs (1–9) and 

TGA curves can be seen in Figures (4.24 & 4.25). In MOF (1), initial weight loss (8%) 

observed between 32-280°C; assigned to removal of water and DMF molecules that 

could be compared with a close temperature (280 °C) of the DMF linker elimination in 

3D lithium based metal organic frameworks [147]. But second decomposition occurred at 

300-550 °C relatively more intense with 89% weight loss corresponds to the 

disintegration of the lead-MOF, leaving a final residue of PbO. 

MOF (2) exhibits first weight loss (4%) observed in a range between 75-275 ºC, 

attributed to removal of water and DMF molecule. This assignment can be compared 

with a close temperature (280 ºC) of the dmf linker elimination in 3D lithium based metal 

organic frameworks [147]. The final weight loss in the range from 350 to 550 ºC assigned 

to the release of organic moiety giving lead oxide (PbO) as the final decomposition 

products, which constituted 40% of the initial weight.  

The TGA curve of lead MOF (4) shows multiple decomposition steps and exhibits 

initial weight loss (3%) between 30-155 °C, attributed to loss of the hydrated water 

molecules. Second decomposition took place between 155-395 °C with 20% weight loss 

is due to pyrolysis of DMF molecule as well organic moieties that further decomposed 

upto 550°C indicates the formation of metal oxide (PbO). 

Lead MOF (6) exhibited initial weight loss (3%) at 20-120 ºC is due to removal of 

water and ethanol molecules. A remarkable weight loss (66%) observed between 220-

425ºC followed by a sharp weight drop above 300ºC, suggesting a two-step 
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decomposition. After which the framework decompose, leaving lead oxide as final 

residue. 

While TGA curve of MOF (7) exhibited a rapid weight loss from 200 °C to 700 

°C resulted in mass loss of 80% correspond with the loss of organic moiety followed by a 

sharp weight drop above 280ºC, leaving lead oxide as final residue. 

The TGA curve of lead MOF (8) reveals the removal of water and methanol 

molecules (weight loss of 15%) in a range between 18-120 ºC. A negligible weight loss 

observed from 130 to 250 °C (20%) but a dramatic weight loss occurred from 250.0 °C to 

609 °C resulted in mass loss of 80% that correspond to the breakdown of organic moiety, 

giving lead oxide (PbO) as the final decomposition product. 

While MOF (9) exhibited similar thermal behavior like MOF (17) and a 

remarkable weight loss observed from 260 °C to 611 °C that correspond to the 

breakdown of organic moiety leaving PbO as residue. 

Compared to lead MOFs (1, 2 & 4), bismuth MOF (3) exhibited initial weight 

loss between 30-300ºC, assigned to removal of DMF molecule. The second stage of 

decomposition in a range between 330-530 ºC with weight loss (30%) is due to the 

decomposition of organic moiety, leaving the resulting residue Bi2O3. 

But bismuth MOF (5) displayed a rapid weight loss between 320 and 535 ºC, 

which can be associated to the release of the organic moiety thus leaving a final residue 

of Bi2O3(TGA plot showed a weight loss of 57%). 

By comparing the TGA curves, MOFs (1 & 4–9) degraded thermally more easily 

relative to MOFs (2 & 3). 
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Figure 4.24: Curves showing the TGA behaviour of MOFs (1–7) 

4.1.9 Photoluminescence studies 

The solid-state luminescence spectra of MOFs (1–9) were taken at room 

temperatureand the results are shown in Figures (4.26 & 4.27). The leads MOFs (1, 2 & 

4) exhibit an emission bands at  424 nm and 391 nm at different emission intensity. But 

MOFs (6–9) display duel emission bands at 437 and 475 nm (6), 438 and 471 nm  (7), 

409 and 501 nm (8), 408 and 496 nm (9); attributed to ligand-to-metal charge transfer 

(LMCT) between the delocalized π-bond of carboxylate groups and p orbitals of Pb(II) 

centers [148]. These transitions are comparable with reported Pb-based MOFPb 

(Pb(pydc)(H2O)) reported in literature [36].  
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The optical property of Bi+3 ions with s2 configuration in the ground and sp 

configuration (first excited state)have been explained in terms of Russell-Saunders type 

electronic energy terms that generally described according to the energy level scheme 

1So<3Po <3P1<3P2<1P1[149]. Among these, the 3P1–1S0 transition is possible due to spin-

orbit coupling [150] of the 3P1 and 1P1 states [151] but the energetically lowest possible 

(3P0–1S0) excitation is strongly forbidden. 

 

Figure 4.25: Curves showing the TGAbehaviour ofMOFs (8 & 9) 

While bismuth MOF (3) display an emission at 412 nm and MOF (5) exhibit duel 

emission at 438 and 473 nm; assigned to the ligand-to-metal charge transfer [152,153] or 

the 1P1–1S0 and 3P1–1S0 transition of the s2 electron of Bi+3 [154,155].These transitions are 
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comparable with similar Bi-based MOFs (Bi3(μ3-O)2(pydc)2(Hpydc)(H2O)2) reported in 

literature [104].  

 

Figure 4.26: PL emission spectra of MOFs (1–4) 

4.1.10 Surface area and porosity characterization 

 The gas adsorption isotherms (Figures 4.28-4.45) of MOFs (1–9) noted at 77.300 

K is similar to the type-II isotherm having characteristics of mesoporous materials. A 

steep slope on these isotherms indicates capillary condensation that occurred in 

mesopores. The estimated BET surface area was found to be 1461.4 m2/g (1), 381 m2/g 

(2), 175 m2/g (3), 168.5 m2/g (4), 1414 m2/g (5), 3699 m2/g (6), 318 m2/g (7) and 609.90 

m2/g and 1054 m2/g for (8 & 9) respectively. MOFs (1, 5, 6 & 9) showed significant 
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adsorption property due to high surface area for N2 relative to MOFs (2, 3, 4, 6 & 8). The 

related literature shows that the adsorption selectivity depends on size of the gas 

component as well as polarizability of the surface and gas component [156]. 

 

Figure 4.27: PL emission spectra of MOFs (5–9) 
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Figure 4.28: Nitrogen gas adsorption isotherm at 77.300 K for MOF (1) 

 

Figure 4.29: BET plot of nitrogen adsorbed on MOF (1) 
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Figure 4.30: Nitrogen gas adsorption isotherm at 77.300 K for MOF (2) 

 

Figure 4.31: BET plot of nitrogen adsorbed on MOF (2) 
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Figure 4.32: Nitrogen gas adsorption isotherm at 77.300 K for MOF (3) 

 

Figure 4.33: BET plot of nitrogen adsorbed on MOF (3) 
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Figure 4.34: Nitrogen gas adsorption isotherm at 77.300 K for MOF (4) 

 

Figure 4.35: BET plot of nitrogen adsorbed on MOF (4) 
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Figure 4.36: Nitrogen gas adsorption isotherm at 77.300 K for MOF (5) 

 

Figure 4.37: BET plot of nitrogen adsorbed on MOF (5) 
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Figure 4.38: Nitrogen gas adsorption isotherm at 77.300 K for MOF (6) 

 

Figure 4.39: BET plot of nitrogen adsorbed on MOF (6) 

 



 
 

79 

 

Figure 4.40: Nitrogen gas adsorption isotherm at 77.300 K for MOF (7) 

 

Figure 4.41: BET plot of nitrogen adsorbed on MOF (7) 
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Figure 4.42: Nitrogen gas adsorption isotherm at 77.300 K for MOF (8) 

 

Figure 4.43: BET plot of nitrogen adsorbed on MOF (8) 

 



 
 

81 

 

Figure 4.44: Nitrogen gas adsorption isotherm at 77.300 K for MOF (9) 

 

Figure 4.45: BET plot of nitrogen adsorbed on MOF (9) 
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4.2 MOFs (10–12) derived from category B linker 

MOFs (10–12) have been synthesized by using category B linker [5-

hydroxyisophthalic acid (H2HIA)] containing dicarboxylate and hydroxyl moieties as 

outlined in scheme 3.2. 

4.2.1 Physicochemical properties 

All the MOFs (10–12) are air stable solids and appreciable yields of these MOFs 

have been obtained. Their solubility is quite selective; only soluble in DMSO. The 

physical data of the synthesized MOFs are reported in Table 4.9. 

Table 4.9: Physical data of MOFs (10–12) 

MOFs  Color % Yield m.p (oC) 

10 Colourless  58  > 300 

11 Colourless 62  > 300 

12 Colourless  48  > 300 

 

4.2.2: FT-IR spectroscopy 

FT-IR is an effective technique to identify functional groups and IR spectrum. 

The IR spectra of MOF (10 & 11) exhibited broad peaks at 3300 cm-1 because of the 

existence of hydrogen bonding between water molecules [157]. The asymmetric and 

symmetric stretching modes for the carboxylate group of MOFs (10–12) occurred at 

1535-1351, 1509-1351 and 1590-1401 cm-1, respectively. The Δυ between υasym(COO) 

and υsym(COO) are 184, 158 and 189. This comparison revealed that each H2HIA linker 

behave in a bidentate manner [140]. A medium aromatic C-OH absorption (1179 cm-1) 
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atL7 disappears in the IR spectra of MOFs (10–12), providing strong evidence for 

coordination of the hydroxyl oxygen atom to a lead(II)  and bismuth(III) atom. 

4.2.3: 1H NMR spectra 

1H NMR spectroscopy was conducted to elucidate the structure of MOFs (10–12). 

1H NMR spectra can be seen in Figures 4.46-4.47, which indicates the absence of signal 

for –COOH proton supporting its coordination with lead metal ions via oxygen of 

carboxylate group [141]. A multiplet in the region 8.32-7.38 ppm is assigned to phenyl 

protons.  1H NMR spectra of (10–12) showed sharp singlet for methyl protons at 3.26-

3.31. 

 

Figure 4.46: 1H NMR spectrum of MOF (10) 
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Figure 4.47: 1H NMR spectra of MOFs (a): (11) & (b): (12) 
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4.2.4 Powder X-ray diffraction studies 

Figure 4.48 shows a powder diffraction pattern of framework (10–12). The main 

peaks for MOF (10) observed at 2θ = 13.07º, 17.78º, 28.34º, 29.48º and Bragg diffraction 

peaks for MOF (11) are observed at 2θ = 13.10º, 17.74º, 28.46º, 32.46º with the 

remaining small peaks not so sharp and clear. While the high intensity peaks for MOF 

(12) appeared at 2θ = 17.78º, 26.34º, 27.08º. The highest intensity peak in MOFs (10–12) 

at 2θ = 13.07º, 13.10º, 17.74º, 17.78º and 26.34º respectively are indexed as the d100and 

d110, which indicates that the Pb+2 and Bi+3 has been bonded with organic linkers as few 

peaks in the range 29º-31º can be assigned to carbonyl linkage with metal. 

Both MOFs (10 & 11) possess similar crystal system; orthorhombic but different 

space group and unit cell (cmma: a= 5.6118 Å, b= 5.6114Å, c= 4.9988 Å) and (Pbcn: 

a=4.9470 Å, b = 5.9510 Å, c = 5.4970 Å).In compared to lead MOF, bismuth MOF 

exhibit hexagonal system: (unit cell a= 4.5367 Å c= 5.1998 Å; space group P63/mmc). 

Crystallite size estimation was made by Debye-Scherrer formula [143] that is 199.82 nm 

for (10), 266.44 nm for (11) and 272.27 nm for (12). 

4.2.5 Scanning electron microscopy (SEM) and EDS studies 

SEM used to study the morphology of MOFs (10–12) and respective micrographs 

are shown in Figures 4.49-4.51. Lead MOF (10) exhibited irregular shaped particles and 

MOF (11) displayed homogeneous crystalline aggregated flower-like clusters [146]. 

Compared to lead MOFs (10 & 11), bismuth MOF (12) showed irregular sponge 

shaped particles. The morphology of MOF (10) is also identified in literature [158]. 

Generally all the SEM images of (10–12) represent porous nature thus making these 

MOFs suitable for gas adsorption. 



 
 

86 

Quantitative analysis of the EDX result of MOFs (10 & 11) shown in Table 

(4.10& 4.11). MOF (10) displays the presence of carbon, oxygen and lead with 23.24%, 

28.07% and 48.7% weight percentage respectively. On the other hand leads MOF (11) 

consist of 25.98% weight of carbon, 30.51% oxygen and 43.52% lead. Both EDX spectra 

reveal the successful synthesis of lead MOFs due to sufficient incorporation of lead in 

these systems. 

 

 

 

Figure 4.48: PXRD patterns of MOFs (10–12) 

 



 
 

87 

 

Figure 4.49: (a): SEM micrograph and (b): EDS spectrum of MOF (10) 

Table 4.10: Percentage weight of element and atom obtained by energy dispersive X-

ray spectroscopy for MOF (10) 

 

 

Element Weight % Atomic % Net Int. 

C  23.24 49.3 517.72 

O  28.07 44.71 496.73 

Pb 48.7 5.99 729.68 
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Figure 4.50: (a): SEM micrograph and (b): EDS spectrum of MOF (11) 

Table 4.11: Percentage weight of element and atom obtained by energy dispersive X-

ray spectroscopy for MOF (11) 

 

 

 

 

Element Weight % Atomic % Net Int. 

C  25.98 50.54 2618.59 

O  30.51 44.55 2418.48 

Pb 43.52 4.91 2011.31 
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Figure 4.51: SEM micrographs of MOF (12) at two different magnifications (10000 x & 

13000 x) 

4.2.6 CHN analysis 

 Elemental composition of MOFs (12) was determined by CHN analysis and is in 

good agreement with the experimental values of proposed MOFs (Table 4.12). 

Table 4.12: Elemental data of MOFs (12) 

 

4.2.7 Thermal stability 

TGA was performed under nitrogen atmosphere to illustrate the thermal stability 

of MOFs (10–12) and TGA curves are presented in Figure 4.52. In MOF (10), the TGA 

curve reveals the removal of water and methanol molecules (weight loss of 1%) in a 

range between 40-150 ºC. A negligible weight loss observed from 180 to 390 °C (10%) 

MOFs Elemental analysis 

%C 

Calcd. 

(found) 

%H 

Calcd. 

(found) 

%O 

Calcd. 

(found) 

%Bi 

Calcd. 

(found) 

12 19.31 (19.46) 1.22 (1.38) 16.19 (16.08) 37.83 (42.18) 
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but a dramatic weight loss occurred from 380.0 °C to 510 °C resulted in mass loss of 

32% that correspond to the breakdown of organic moiety, giving lead oxide (PbO) as the 

final decomposition product. 

While MOF (11) exhibited initial weight loss (7%) between 50-120 °C, is due to 

loss of water and methanol molecules. A slight weight loss observed from 120 to 340 °C 

(9%) but a remarkable weight loss observed from 390 °C to 500 °C that correspond to the 

breakdown of organic moiety. The residue was estimated as PbO. 

 

Figure 4.52: Curves showing the TGAbehaviour of MOFs (10–12) 
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Compared to lead MOFs (10 & 11), bismuth MOF (12) exhibited initial weight 

loss between 50-120 °C and showed gradual breakdown upto 380 °C with 40%weight 

loss correspond to breakdown of framework, leaving bismuth oxide as residue. The TGA 

curve indicates degradation of all MOFs. 

4.2.8 Photoluminescence studies 

The room temperature solid state photoluminescence spectra for MOFs (10–12) 

were taken and can be seen in Figure 4.53.The two emission peaks are observed at 438 

and 470 nm for MOF (10), 434 nm and 473 nm for MOF (11); attributed to ligand-to-

metal charge transfer (LMCT) between the delocalized π-bond of carboxylate groups and 

p orbitals of Pb(II) centers [148]. These transitions are comparable with reported Pb-

based MOF (Pb(pydc)(H2O)) [104].  

 

Figure 4.53: PL emission spectra of MOFs (10–12) 
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While bismuth MOFs (12) exhibited two emission peaks at 438 and 473 nm, may 

be assigned to the ligand-to-metal charge transfer [152,153] or the 1P1–1S0 and 3P1–1S0 

transition of the s2 electron of Bi+3 [154,155]. Overall, the emission spectrums are 

significantly blue-shifted. 

4.2.9 Surface area and porosity characterization 

The adsorption isotherms for MOFs (10–12) are similar to type-II isotherm 

according to BDDT classification, corresponds to mono- and multilayer physical 

adsorption (Figures 4.54, 4.56& 4.58). 

The estimated BET surface area is 2866.5 m2/g (10), 3266.5 m2/g (11) and 1096.11 m2/g 

for MOF (12) (Figures 4.55, 4.57 & 4.59). The estimated BET surface area decreases in 

the range MOF (11) > MOF (10) > MOF (12) but adsorption amount of nitrogen on 

MOFs decreases in the range MOF (12) > MOF (11) > MOF (10), which shows that the 

adsorption selectivity depends size of the gas component as well as polarizability of the 

surface and gas component [156].            

Figure 4.54: Nitrogen gas adsorption isotherm at 77.300 K for MOF (10) 
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Figure 4.55: BET plot of nitrogen adsorbed on MOF (10) 

 

Figure 4.56: Nitrogen gas adsorption isotherm at 77.300 K for MOF (11) 
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Figure 4.57: BET plot of nitrogen adsorbed on MOF (11) 

 

Figure 4.58: Nitrogen gas adsorption isotherm at 77.300 K for MOF (12) 
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Figure 4.59: BET plot of nitrogen adsorbed on MOF (12) 

4.3 MOFs (13–18) derived from category C linkers 

MOFs (13–18) have been synthesized by using category C linkers [(2-mercapto-

3-methyl-4-thiazole-acetic acid (H2MMTA) and 4-mercaptobenzoic acid (H2MBA)] 

containing monocarboxylate and thiophene moiety and outlined in scheme 3.3. 

4.3.1 Physicochemical properties 

MOFs (13, 14, 16 & 18) are yellow in colour while MOF (15 & 17) are orange in 

colour. Appreciable yields of all these MOFs have been obtained and all of them are quite 

air stable solids; however their solubility is quite selective. MOF (13) is soluble in n-

hexane, chloroform and DMSO, while MOF (14) is soluble in chloroform and DMSO. 

But other MOFs (15–18) are only soluble in DMSO. This reduced solubility could be 

attributed to their framework/polymeric nature.  

Several efforts have been made to grow single crystal of (13–18); however we 

were able to grow only single crystal of (13).  
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Table 4.13 Physical data of MOFs (13–18) 

MOFs  Color % Yield m.p (oC) 

13 Yellow 48 210 

14 Yellow 58 120 

15 Orange 66 244 

16 Yellow 64 258 

17 Orange 53 > 300 

18 Yellow 57 > 300 

 

4.3.2 FT-IR spectroscopy 

The coordination mode of organic linkers [(2-mercapto-3-methyl-4-thiazole-

acetic acid (H2MMTA) and 4-mercaptobenzoic acid (H2MBA)]has been proposed by 

comparing the IR spectra of these uncomplexed linkers with MOFs (13–18).The IR 

spectra of these MOFs exhibited characteristic bands for asymmetric and symmetric 

stretching vibrations of carboxylate groups at 1547-1385 (13), 1534-1383 (14), 1541-

1371 (15), 1583-1419 (16), 1587-1422 (17), 1510-1358 (18) cm-1, respectively. The 

separation (Δυ) between υasym(COO) and υsym(COO) for these MOFs (13–18) are 162, 

151, 170, 164, 165 and 152 respectively which reveal that each carboxylate group is 

involved in coordination via monoanionic bidentate fashion [139]. Moreover, the infra-

red spectrum of MOFs (13–18) display shifting of a C=S frequency from 1020 cm-

1to1054 (13), 1019 (14), 1059 (15) but from 1064 cm-1 to 1011 (16), 1011 (17) and 1009 

(18) cm-1. 
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4.3.3: 1H NMR spectra 

To elucidate the structure of MOFs (13–18), 1HNMR spectra were recorded in 

DMSO-d6 and are presented in Figures (4.60-4.63).The important aspect of these 1HNMR 

spectra is the lack of signal for –COOH proton which indicates the involvement of 

organic linker with lead or bismuth metal ions through oxygen of carboxylate group after 

deprotonation [141,142]. 

1HNMR spectra of MOFs (13−15) showed singlet for methyl protons in the range 

2.02-2.87ppm and methylene protons in the range 3.30-3.31 ppm. A minor signal at 

12.88 and 12.98 ppm indicates –NH group in spectra of MOFs (13 & 14). However, 

1HNMR spectra of MOFs (16−18) showed a multiplet in the region 7.31-7.93 ppm which 

may be due to protons of aromatic rings (4H, Ar-H). 

 

Figure 4.60: 1H NMR spectrum of MOF (13) 
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Figure 4.61: 1HNMR spectra of MOFs (a): (14) & (b): (15) 
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Figure 4.62: 1H NMR spectra of MOFs (a): (16) & (b): (17) 
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Figure 4.63: 1H NMR spectrum of MOF (18) 

4.3.4 Single crystal X-ray diffraction 

Single crystal X-ray diffraction analysis reveals that MOF (13) crystallizes in the 

Pca21 (no. 29) space group of the orthorhombic crystal system and shows a unique 3D 

structure. In this MOF, the central lead atom adopted a distorted octahedral geometry via 

coordination with four linkers (H2MMT); two of them are monoanionic bidentate and 

other two are monodentate via C=S moiety, resulting [PbO4S2] coordination core (Figure 

4.64). This coordination core is further build up a chain-like polymer running along the b 

axis (Figure 4.65) that further assembled into 3D supramolecular network through 

hydrogen bonds (Figure 4.66). 

In this 3D structure, the behavior of lead toward both soft and hard donor sites 

supports it boarder line placement in HSAB concept. The important bond lengths [Pb(1)–
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S(2) 2.913(2) Å; Pb(1)–S(4) 2.913(2) Å; Pb1–O1, 2.371(2) Å; Pb1–O2, 2.673(2) Å; Pb1–

O3, 2.395(2) Å; Pb1–O4, 2.714(2)]is consistent with the earlier reported values [159]. 

The bond angles [O(1)–Pb(1)–O(3) 75.41(6), O(1)–Pb(1)–O(2) 51.58(5), O(1)–Pb(1)–

O(4) 117.90(6), O(2)–Pb(1)–O(4) 166.23(6), O(3)–Pb(1)–O(4) 50.84(6), S(2)–Pb(1)–

S(4) 168.01(2), O(1)–Pb(1)–S(2) 86.41(5), O(1)–Pb(1)–S(4) 81.83(5), O(2)–Pb(1)–S(2) 

83.89(5), O(2)–Pb(1)–S(4) 86.96(5)]is correspond with a related structure reported by us 

earlier [160].By analysis of the bond angles and coordination arrangement around the 

lead atom, MOF (13) can be illustrated as hemidirected, revealed that the inert pair of 

electron is sterically active [161]. 

 

 

Figure 4.64: Coordination environment of the Pb(II) in MOF (13) 
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Table 4.14 Crystallographic data for MOF (13) 

 

 

 

 

 

Parameters MOF(13) 

Empirical formula C12H12N2O4PbS4 

Formula weight 583.67 

Temperature (K) 100 

Space group Pca21 

a, (Å) 7.44271(5) 

b, (Å) 16.04525(8) 

c, (Å) 14.25420(8) 

Volume (Å3) 1702.238(17) 

Z 4 

ρcalc (g/cm3) 2.277 

μ (mm-1) 10.420 

F(000) 1104.0 

Crystal size (mm3) 0.219 × 0.18 × 0.10 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection (°) 5.7 to 73.2 

Index ranges -12 ≤ h ≤ 12, -26 ≤ k ≤ 26, -23 ≤ l ≤ 23 

Reflections collected 177009 

Independent reflections 8233 [Rint = 0.0336, Rsigma = 0.0110] 

Data/restraints/parameters 8233/1/211 

Goodness-of-fit on F2 1.117 

Final R indexes [I≥2σ (I)] R1 = 0.0138, wR2 = 0.0323 

Final R indexes [all data] R1 = 0.0154, wR2 = 0.0327 

Largest diff. peak/hole (e Å-3) 1.12/-0.75 

Flack parameter -0.007(2) 
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Figure 4.65: The coordination of H2MMTA in Polymeric chain for MOF (13) 
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Figure 4.66: A view of 3D framework of MOF (13) 

4.3.5 Powder X-ray diffraction studies 

X-ray powder diffraction study was employed to elucidate the structural 

information of synthesized material and the respective XRD pattern of MOFs (14–18) are 

shown in Figure 4.67 that reveal distinct and sharps peaks. The sharp peaks of lead MOFs 

(14) appeared at 2θ = 12.54º, 19.00º, 20.68º, 32.00º, 33.00º are well identified. While the 

lead MOF (16) exhibited sharp peaks at 2θ = 9.91º, 9.97º, 19.95º, 24.69º and the main 

peaks for MOF (17) appeared 2θ = 9.38º, 9.88o, 19.68º, 24.69º, 29.89º.  

Lead MOFs indexed with crystal system i.e., orthorhombic (14) and monoclinic 

(16 & 17) with different space group and cell parameters [(Pbca: a = 6.0268 Å, b = 
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11.3635 Å, c = 19.3485 Å (14): (P121/c1: a=7.2970 Å, b = 11.6980 Å, c = 11.4980 Å, β= 

90.930º) (16): (C12/m1: a=13.7690 Å, b = 5.6980 Å, c = 7.0790 Å, β= 115.930º (17)]. 

The highest intensity peak for MOFs (14, 16 & 17) observed at 2θ = 12.54o, 9.97º 

and9.38º are indexed as the d100 for lead metal while pattern indexing of the low intensity 

peaks could not be done. A sharp peak below 10° (2theta) observed in MOFs (16 & 17) 

indicate its crystalline nature [162]. 

While the main peaks of bismuth based MOF (15) appeared at 2θ = 10.47o, 

27.84o, 28.02o, 33.78o and MOF (18) exhibited highest peak at 2θ = 40.00º.  Both bismuth 

MOFs indexed with similar crystal system, unit cell and space group i.e., orthorhombic 

(a= 3.8650 Å, b = 3.8620 Å, c = 13.6750 Å; space group 1mm2) 

The highest intensity peak for both bismuth MOFs (15 & 18) observed at 2θ = 

27.84º and 40.00º are indexed as the d100 and d211 for bismuth metal. Few peaks (28º – 

33º) in diffraction pattern can be assigned to organic nature of sample containing C, H, O 

and S, indicates the binding nature of lead and Bi+3 with organic linkers. 

The crystallite size 79.88 nm (14), 20.46 nm (15) 265.69 nm (16), 199.18 nm (17) 

and 21.09 nm (18) respectively, was estimated by Debye-Scherrer formula [143]. 

D = Kλ/(βcos θ) 

Where λ is the wavelength of x-ray, θ is the Bragg angle (in radian), K is a 

constant that depends on the grain shape and β is the full width at half maximum.  

4.3.6 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is a technique to study the distinct 

morphology of MOFs and respective SEM micrographs are shown in Figures (4.68 & 

4.73).  



 
 

106 

 

 

 

Figure 4.67: PXRD pattern of MOFs (14–18) 

 



 
 

107 

The SEM image of lead based MOFs (13 & 14) showed irregular flake shaped 

particles while that of MOF (16) show distribution of particles arranged as rod shape, 

MOFs (14) SEM image displayed porous irregular shaped particles. 

Compared to lead-based MOFs (13, 14, 16 & 17), bismuth MOF (15) showed 

clusters of irregular shaped particles (Figure 4.12) and the SEM image of bismuth MOF 

(18) is unclear, but showed small irregular shaped particles entrapped in bigger one to 

give cotton shape structure indicate the aggregation of number of polymer chains [144] 

that is similar to previously reported coordination polymer of {Ni(fbpmpc) 

(H2O)2].3H2O}n. 

 Generally all the SEM images of (13–18) represent porous nature thus making 

these MOFs suitable candidates for gas adsorption. 

 

Figure 4.68: SEM micrographs of MOF (13) at two different magnifications (10000 x & 

50000 x) 
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Figure 4.69: SEM micrographs of MOF (14) at two different magnifications (10000 x & 

50000 x) 

 

Figure 4.70: SEM micrographs of MOF (15) at two different magnifications (100000 x & 

50000 x) 
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Figure 4.71: SEM micrographs of MOF (16) at two different magnifications (50.0 kx & 

25.0 kx) 

 

Figure 4.72: SEM micrographs of MOF (17) at two different magnifications (50000 x & 

25000 x) 
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Figure 4.73: SEM micrographs of MOF (18) at two different magnifications (14901 x & 

8297 x) 

4.3.7 EDX analysis 

The incorporation of metals into the organic frameworks was determined by EDX 

analysis and their respective spectra shown in Figures (4.74 & 4.75). Quantitative 

analysis of MOF (13) shows the presence of sulphur, oxygen and lead with 30.5%, 

24.04% and 35.05% weight percentage respectively (Table 4.15).MOF (14) exhibited 

multiple peaks corresponding to S (29.47%), O (24.95%) and Pb (36.53%) (Table 4.16). 

Both these spectra demonstrate the sufficient incorporation of lead in these systems. 

Table 4.15: Percentage weight of element and atom obtained by energy dispersive X-

ray spectroscopy for MOF (13) 

Element Wt% Wt% Sigma 

C 0 0 

O 24.04 0.56 

S 30.5 0.43 

Pd 6.2 0.32 

Pb 35.05 0.57 
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Figure 4.74: EDX spectrum of MOF (13) 

Table 4.16: Percentage weight of element and atom obtained by energy dispersive X-

ray spectroscopy for MOF (14) 

Element Wt% Wt% Sigma 

C 6.02 0.2 

O 24.95 0.54 

S 29.47 0.3 

Cu 1.02 0.2 

Pd 2.01 0.02 

Pb 36.53 1.17 

 

Figure 4.75: EDX spectrum of MOF (14) 

4.3.8 CHN analysis 

 Elemental composition of MOFs (15–18) was determined by CHN analysis and is 

in good agreement with the experimental values of proposed MOFs (Table 4.17). 
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Table 4.17: Elemental data of MOFs (15–18) 

 

4.3.9 Thermal stability 

The thermal stability of synthesized MOFs (13–18) was studied by TGA 

technique and the TGA curves are represented in Figure 4.76. TGA curve of lead MOF 

(13) exhibited initial weight loss (2%) between 30-235.0 °C that could be assigned to 

removal of water and methanol molecules. But second decomposition occurred between 

235-510 °C with weight loss 40% to original mass and then the curve becomes almost 

flat at 620 °C, indicate decomposition of the lead MOF into lead oxide (PbO). 

MOF (14) exhibited initial weight loss between 30-120ºC, assigned to removal of 

water and methanol molecules. The second stage between 285-350 ºC with weight loss 

(50%) is due to the decomposition of organic moiety, leaving the resulting residue PbO 

(Figure 6a). Finally the curve becomes flat upto 800 oC. 

In lead MOF (16), the weight loss (2%) above 100ºC is due to removal of water 

and methanol molecules. Second decomposition occurred between 232-535 °C as shown 

by TGA plot with weight loss 80% corresponding to the decomposition of the lead-MOF, 

leaving lead oxide as residue. 

MOFs Elemental analysis 

% C 

Calcd. 

(found) 

% H 

Calcd. 

(found) 

% Bi 

Calcd. 

(found) 

% Pb 

Calcd. 

(found) 

% S 

Calcd. 

(found) 

15 13.56 (12.98) 1.52 (1.41) 38.34 (38.96) – 12.07 (11.73) 

16 32.87 (32.44) 1.56 (1.42) – 40.50 (40.01) 12.52 (12.23) 

17 32.87 (32.56) 1.56 (1.44) – 40.50 (39.92) 12.52 (12.29) 

18 16.94 (16.22) 1.42 (1.33) 42.12 (41.56) – 6.46 (6.08) 
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The TGA curve of MOF (17) exhibited initial weight loss (5%) in a range 

between 38-110ºC indicate the removal of water and methanol molecules. Second 

decomposition occur between 280-410 °C with 27% weight loss is due to the 

decomposition of the framework, leaving lead oxide as residue. 

Compared to lead MOFs (13, 14, 16 & 17), bismuth-based MOF (15) showed 

stability up to∼500 °C by revealing no more significant decomposition.  

Bismuth MOF (18) exhibited first decomposition step between 100-285 °C with 

weight loss 8%; assigned to the removal of the water as well as dmf molecules [147]. 

While the second decomposition occurred between 300-525 °C, attributed to the release 

of organic moiety, leaving Bi2O3as residue. 

 

Figure 4.76: Curves showing the TGAbehaviour of MOFs (13–18) 
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Summarily TGA curves clearly indicate that bismuth-based MOFs (15 & 18) are 

thermally more stable relative to lead MOFs (13, 14, 16 & 17). 

4.3.10 Photoluminescence studies 

Metal organic frameworks of heavy metals with 6s25d10 electron configuration 

have attracted much recent attention due to their enhanced spin-orbit coupling constants 

[163]. Solid-state luminescence properties of MOFs (13–18) were studied at room 

temperatureand the results are shown in Figures (4.77). Lead MOFs (13 & 14) exhibits 

emission bands at 527 and 499 nm, assigned to a metal-centered s→p transition [164] but 

MOFs (16 & 17) exhibited emissions at 425 and 427 nm, asigned to ligand-to-metal 

charge transfer between the delocalized π-bond of carboxylate group and p orbitals of 

Pb+2center [148]. We assume that the emission in MOFs (13 & 14) may arise from the 

Pb+2 lone pair to ligand charge transfer and these transitions are comparable with similar 

Pb-based MOFs [Pb(1,4-BDC)]nand (Pb(pydc)(H2O)) reported in literature [36,104]. 

Bismuth MOF (15) exhibited two emission peaks at 356 and 424 nm and MOF 

(18) revealed emission at 477 nm. Generally, these emissions are considerably blue-

shifted [154,155],attributed to the ligand-to-metal charge transfer [152,153] and/or 1P–1S0 

and 3P1–1S0 transition of s2 electrons of Bi3+ [154,155]. These transitions are comparable 

with Bi-based MOF (Bi3(μ3-O)2(pydc)2(Hpydc)(H2O)2) reported in literature [104]. These 

observations indicate that MOFs (13–18) may be used as potential candidates for a new 

class of photoactive materials. 

4.3.11 Surface area and porosity characterization 

Nitrogen adsorption isotherms of MOFs were measured at 77.300 K to calculate 

the surface area of all these MOFs and these isotherms (Figures 4.78, 4.80, 4.82, 4.84, 4.8 
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Figure 4.77: PL emission spectra of MOFs (13–18) 

6 & 4.88) are similar to the type-II isotherm, near the saturated vapor pressure. In all 

cases, the monolayer formation begins at the knee and multilayer formation occurred at 

medium pressure but steep slope on these isotherms indicate capillary condensation that 

occurred in mesopores. The estimated BET Surface for MOF (13) is 2630 m2/g, for (14) 

is 5130 m2/g, for (15) is 5316 m2/g, for MOF (16) is 742 m2/g, for MOF (17) is 382 m2/g 

and 2184 m2/g for MOF (18) respectively (Figures 4.79, 4.81, 4.83, 4.85, 4.87 & 4.89). 

Because of more BET surface area, MOFs (14, 15, 17 & 18) showed significant uptake 

amount (9.12 mmol/g, 11.90 mmol/g, 16.06 mmol/g and 1.84 mmol/g) for N2 relative to 

uptake amount (0.018 mmol/g and 0.88 mmol/g) by MOF (13 & 16).  
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Figure 4.78: Nitrogen gas adsorption isotherm at 77.300 K for MOF (13) 

 

Figure 4.79: BET plot of nitrogen adsorbed on MOF (13) 
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Figure 4.80: Nitrogen gas adsorption isotherm at 77.300 K for MOF (14) 

 

Figure 4.81: BET plot of nitrogen adsorbed on MOF (14) 
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Figure 4.82: Nitrogen gas adsorption isotherm at 77.300 K for MOF (15) 

 

Figure 4.83: BET plot of nitrogen adsorbed on MOF (15) 
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Figure 4.84: Nitrogen gas adsorption isotherm at 77.300 K for MOF (16) 

 

Figure 4.85: BET plot of nitrogen adsorbed on MOF (16) 
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Figure 4.86: Nitrogen gas adsorption isotherm at 77.300 K for MOF (17) 

 

Figure 4.87: BET plot of nitrogen adsorbed on MOF (17) 

 



 
 

121 

 

Figure 4.88: Nitrogen gas adsorption isotherm at 77.300 K for MOF (18) 

 

Figure 4.89: BET plot of nitrogen adsorbed on MOF (18) 
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4.4 MOFs (19–21) derived from category D linkers 

MOFs (19–21) have been synthesized by using category C linker [4,6-dihydroxy-

2-mercapto-pyrimidine(H2-DMP)] containing dihydroxy and thiophene moiety as 

outlined in scheme 3.4. 

4.4.1 Physicochemical properties 

All MOFs (19–21) are colourless and quite air stable solids. All MOFs were 

obtained in good yield; however their solubility is quite selective. These are only soluble 

in DMSO. This reduced solubility could be attributed to their framework/polymeric 

nature. 

Table 4.18: Physical data of MOFs (19–21) 

MOFs  Color % Yield m.p (oC) 

19 Colourless  58  230 

20 Colourless 48  190 

21 Colourless  68  > 300 

 

4.4.2 FT-IR spectroscopy 

IR peaks of the lead and bismuth based MOFs (19–21) spectra clearly reveal the 

interaction of coordination sites with metal ions. The IR spectra of MOF (21) showed 

broad peaks at 3200 cm-1 due to the existence of hydrogen bonding between water 

molecules [157]. The IR spectrums of MOFs (19–21) exhibit no bands of –OH group; 

indicate its deprotonation and further involvement with bismuth and lead ions. The IR 

spectrum of MOFs (19–21) displays peaks at 2610, 2590 and 2630 cm-1indicating the 

presence of a –SH group [165]. Moreover, the stretching frequency for C=N moiety in 
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H2DMP at 1643 cm-1 has been shifted at 1618, 1682 and 1662 cm-1 in MOFs (19–21) 

respectively. This IR spectra revealed that each H2DMP linker behave in a monoanionic 

bidentate manner. 

4.4.3 1H NMR spectra 

1H NMR spectra of (19–21) were recorded in DMSO-d6 and clearly showed the 

absence of signal for –OH proton thus supporting the coordination with bismuth or lead 

metal ions through oxygen of hydroxyl group (Figures 4.90 &4.91). The relatively broad 

singlet in the ranges 4.10-4.37 ppm have been assigned to –SH moiety (166). A sharp 

broad signal observed at 3.32 and 3.36 ppm corresponds to water molecule in MOF (19 

& 20). While a singlet at 7.64 is assigned to aromatic proton in spectra of MOF (21). 

 

Figure 4.90: 1H NMR spectrum of MOF (19) 
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Figure 4.91: 1H NMR spectra of MOFs (a): (20) & (b):(21) 

4.4.4 Powder X-ray diffraction studies 

Structure determination by X-ray powder diffraction data is a very informative 

tool for investigation the structural information, which does not yield good quality of 
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single crystals [167]. Hence, the resulting product of MOFs (19–21) was characterized 

using PXRD (Figures 4.92 & 4.93). Both lead MOFs exhibited sharp peaks at 2θ = 

12.54º, 19.00º, 22.00º, 28.00º, 29.00º, 31.44º for (19) and 2θ = 11.17º, 19.00º, 22.47º, 

29.84º, 33.85º for (20). Both MOFs have similar crystal system i.e., orthorhombic with 

different lattice parameters (a = 6.0268 Å, b = 11.3635 Å, c = 19.3485 Å (19)) and (a = 

5.6118 Å, b = 5.6114 Å, c = 4.998 Å (20)). The Bragg diffraction peaks for bismuth 

MOFs (21) are observed at 2θ = 15.5o, 26.00o, 27.00o, 33.5o.  

The highest intensity peak for MOFs (19–21) observed at 2θ = 12.54º, 11.17º and 

27.00o are indexed as d100 and d111 for lead and bismuth metals while pattern indexing of 

the low intensity peaks at 2θ = 22.00º and 19.00º could also be done i.e., d111. Few peaks 

(28º-33º) in diffraction pattern can be assigned to organic nature of sample containing C, 

H, O and S, indicates the binding of metal ions with organic linker. 

The crystallite size estimation was done by Debye-Scherrer formula [143] that is 

16.18 nm for (19), 15.97 nm for (20) and 20.14 nm for (21). 

 

Figure 4.92: PXRD pattern of MOF (19 & 20) 
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Figure 4.93: PXRD pattern of MOF (21) 

4.4.5 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) technique used to study the distinct 

morphology of resulting MOFs. The SEM micrographs of MOFs (19–21) are shown in 

Figures (4.94-4.96). 

The SEM image of MOF (19) showed more porous flake shaped crystalline 

particles while that of MOF (20) showed irregular aggregation shiny particles. The SEM 

image of MOF (21) displays a regular polyhedral appearance comparatively to MOFs (19 

& 20).Generally all the SEM images of (19–21) represent porous nature thus making 

these MOFs suitable candidates for gas adsorption. 

4.4.6 CHN analysis 

 Elemental composition of MOFs (19–21) was determined by CHN analysis and is 

in good agreement with the experimental values of proposed MOFs (Table 4.19). 
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Figure4.94: SEM micrographs of MOF (19) at two different magnifications (5.00 kx & 

10.00 kx) 

 

     Figure4.95: SEM micrographs of MOF (20) at two different magnifications (18491 x & 

43991 x) 
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  Figure 4.96: SEM micrographs of MOF (21) at two different magnifications (2817 x & 

40351 x) 

Table 4.19: Elemental data of MOFs (19–21) 

 

4.4.7 Thermal stability 

Thermogravimetric analysis (TGA) analysis was carried out to determine the 

thermal stabilities of synthesized MOFs (19–21) and graphically represented in Figure 

4.97. In lead MOF (19), initial weight loss between 30-155ºC is due release of water 

molecule [168]. The final weight loss (75%) in the range from 160 to 780 ºC occurred 

MOFs Elemental analysis 

%O 

Calcd. 

(found) 

%N 

Calcd. 

(found) 

%Bi 

Calcd. 

(found) 

%Pb 

Calcd. 

(found) 

%S 

Calcd. 

(found) 

19 26.93 (28.02) 5.90 (5.76) – 43.64 (42.98) 6.75 (6.44) 

20 21.96 (26.87) 11.75(11.32) – 43.59 (42.80) 6.75 (6.01) 

21 32.87 (32.56) 5.96 (6.10) 45.02 (37.83) – 7.52 (7.29) 
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followed by sharp weight drop above 375 ºC, attributed to the fast decomposition of 

MOF structure, leaving PbO as residue. 

In MOF (20), first weight loss (3%) observed between 30-155 ºC is due to release 

of water molecule [168]. A gradual weight loss approximately 48% of their initial mass 

occurred from 200 to 790 ºC followed by a sharp weight drop above 350 ºC after which 

the framework collapse, leaving the PbO as residue. 

Compared to lead MOFs (19 & 20), a TGA plot of bismuth MOF (21) showed 

initial weight loss between 50-160 °C attributed to release of water molecule [168]. 

Second decomposition showed gradual breakdown between 200-520 °C with 52% weight  

 

Figure 4.97: Curves showing the TGA behaviour of MOFs (19–21) 
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loss associated with loss of organic moiety leaving Bi2O3 as residue. These curves reveal 

that MOF (19 &21) degraded thermally more easily relative to MOF (20). 

4.4.8 Photoluminescence studies 

The luminescence properties of these MOFs (19–21) were investigated in 

solidstate at room temperature and their spectra are shown in Figure (4.98). Both lead 

based MOFs (19 & 20) display similar emission band at 514 nm which can be assigned to 

a metal-centered s→p transition as proposed by Vogler (164). This similar emission 

reveal that the coordination modes of the Pb(II) cations in both MOFs (19 & 20) show 

influence on the emissive peak position of compounds as well as emission mechanism. 

These transitions are comparable with similar Pb-based MOF [Pb(1,4-BDC)]n reported in 

literature [36].  

Bismuth MOF (21) exhibited two emission peaks at 438 and 473 nm, which may 

 

Figure 4.98: PL emission spectra of MOFs (19–21) 
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be assigned to ligand-to-metal charge transfer [152,153] and/or 1P–1S0 and 3P1–

1S0transitions of s2 electrons of Bi3+ [154,155].These transitions are comparable with 

similar Bi-based MOF (Bi3(μ3-O)2(pydc)2(Hpydc)(H2O)2) reported in literature [104].  

4.4.9 Surface area and porosity characterization 

N2 adsorption isotherms at 77.300 K were collected for MOFs (19–21) and these 

isotherms are shown in Figures 4.99-4.104 that are similar to the type-II isotherm, 

according to BDDT classification; corresponds to mono- and multilayer physical 

adsorption. A steep slope on the isotherm indicates capillary condensation that occurred 

in the mesopores. 

The estimated BET surface area for MOF (19) is 196 m2/g, for MOF (20) is 814 

m2/g and for MOF (21) is 3477 m2/g. TheN2 adsorption amount of 0.13 mmol/g on MOF 

(19) was observed that is lowers relatively MOFs (20 & 21) [adsorption amount 7.81 m  

 

Figure 4.99: Nitrogen gas adsorption isotherm at 77.300 K for MOF (19) 
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mol/g (20) and 13.66 mmol/g (21)].  MOF (21) showed promising adsorption properties 

for N2 due to high surface area and adsorption amount comparatively MOFs (19 & 20).  

 

Figure 4.100: BET plot of nitrogen adsorbed on MOF (19) 

 

Figure 4.101: Nitrogen gas adsorption isotherm at 77.300 K for MOF (20) 
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Figure 4.102: BET plot of nitrogen adsorbed on MOF (20) 

 

Figure 4.103: Nitrogen gas adsorption isotherm at 77.300 K for MOF (21) 
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Figure 4.104: BET plot of nitrogen adsorbed on MOF (21) 
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CHAPTER 5 

BIOLOGICAL ACTIVITY 

5.1 Antibacterial activity 

A well diffusion method was employed to study antibacterial activity of the 

organic linkers (biphenyl-4,4′-dicarboxylic acid (H2BDA), 2,6-naphthaleindicarboxylic 

acid (2,6-NDA), 5-hydroxyisophthalic acid (5-HIA), 2-mercapto-3-methyl-4-

thiazoleacetic acid (H2MMTA), 4-mercaptobenzoic acid (H2MBA) and 4,6-dihydroxy-2-

mercaptopyrimidine (H2DMP))  and their respective MOFs (3, 5, 9, 15, 18, & 21) against 

five bacterial strains; three Gram-Positive (Staphylococcus aureus, Bacillus cereus and 

Clostridium and two Gram-negative bacteria (Escherichia coli and Enterobacter 

aerogenes). The inhibitory effect of MOF (3, 5, 9, 15, 18, & 21) against these organisms 

is given in Figure 4.105. Erythromycin was used as standard drug in this assay. MOFs 

(15, 18 & 21) displayed high activity (19 mm, 21 mm & 22 mm) against Bacillus cereus 

and showed no remarkable activity to other bacterial strains.  While MOFs (3 & 5) 

displayed good activity (17 mm & 16 mm) against clostridium while moderate activity 

was shown against Staphylococcus aureus, and Bacillus cereus. But MOFs (9) displayed 

moderate activity (near about 15 mm) against all organisms. Generally, the antibacterial 

activity was found to be enhanced upon chelation with bismuth ions and hence can be 

justified on the basis of chelation theory [169].This theory states that a decrease in the 

polarizability of the metal could enhance the lipophilicity of the complexes. This leads to 

a breakdown of the permeability of the cells, resulting in interference with normal cell 

processes [170]. This indicates that the process of chelation dominantly affects the 

biological activity of compounds that are potent against microbial strains. Generally, 
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MOF (15, 18 & 21) were more active against gram-positive bacteria than the gram-

negative ones. 

 

Figure 4.105: Zone of inhibition of bismuth-based MOFs (3, 5, 12, 15, 18 & 21) and 

refrence drug against gram positive and gram negative bacteria 

5.2 Conclusions 

The overall aim of this work was to design and synthesize twenty one new 

bismuth and lead-based MOFs and examine their properties on the basis of their 

categories (A–D) that have been discussed earlier in this thesis. All these MOFs (1–21) 

reveal porosity with some interesting property for gas adsorption applications and hence 

were fully characterized by different techniques. MOF (13) exhibited unique 3D 
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framework in which four oxygen and two sulphur atoms distribute spherically around the 

lead(II) ions, resulting a hemidirected geometry. The crystal systems were found to 

bemonoclinic for MOFs (16 & 17), trigonal for MOF (3) and hexagonal for MOF (12) 

but remaining all MOFs (2, 4–13, 15 & 18–21) exhibited orthorhombic system with 

different space groups and unit cell. All these MOFs especially lead-based MOFs (10, 11, 

16 & 17) reveal very appreciable luminescencent behaviour relativelybismuth based 

MOFs (3, 5, 12, 15, 18 & 21). These MOFs might be considered as promising materials 

for developing emitting diode devices. 

Bismuth based MOFs (15, 18 & 21) and few lead-based MOFs (6, 11, 19 & 20) 

have high BET surface area and adsorption capacity but overall all MOFs show 

extremely selective behavior toward N2 gas that give promising property for applications 

in the field of gas adsorption. Moreover, the antibacterial data (15, 18 & 21) reveal very 

appreciable inhibitory affects against these microorganisms than free linkers 

comparatively MOFs (5 & 12) because the active bactericidal agent in this case will be 

the bismuth ions that is less toxic then lead metal. Overall we concluded that thioene 

contaning linkers yield thermal and stable appreciable MOFs that showed significant 

properties as effective adsorbent and luminescent behavior comparatively carboxylate 

linkers yielding MOFs. 

5.3 Future work 

 A successful synthesis and characterization of twenty one MOFs with its possible 

applications (luminescence and gas adsorption) were discussed in this thesis by using 

simple methodology. After complete this work, several other investigations could also be 

required for these MOFs. 
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 Overall, this work can be further extended in the future for the studies of 

adsorption assess the uptake capacity by utilizing different types of sorbate molecules 

like CO2, H2, CH4 and mixture of gases through a broad range of pressure and 

temperature. The significant luminescence properties of some lead-based MOFs may 

become promising candidates for the development of efficient visible light photocatalysts 

in the future. It would be also interesting by employing different metals especially with 

mixed-ligand system to explore beneficial MOFs. Modification in the synthetic procedure 

used to obtain the mixed Bi-Pb-MOFs still has to be investigated. Without any doubt, 

MOFs would change the future to make our world’s technology more energy efficient as 

well as make it possible for industries. These MOFs may become environmentally 

friendly and production of these MOFs is further developed. 
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