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PREFACE 
 

The capture and storage of CO2 emitted from industrial processes become a global 

challenge. At present, the separation of CO2 from such a low pressure stream of gases is 

performed by amine sorbents through chemisorptions. However, researchers are 

exploring alternative approaches as amine regeneration requires significant heating and 

has high operational cost. These limitations have prompted investigations on porous 

materials relying on reversible physisorption of CO2, because it requires less energy for 

regeneration than materials relying on chemisorptions. On the other hand, increasing 

environmental pollution and energy shortages, clean energy has become the main 

challenges for the 21st century. The usefulness of proton-exchange membrane fuel cells 

(PEMFCs) which generate electricity appears to be an attractive option as an alternative 

clean energy. In principal, membrane materials which can efficiently transport protons 

from anode to cathode will be the heart of the fuel-cell technology. Commercially, 

sulfonated fluoropolymers (nafion) are used as membrane materials, shows proton 

conductivities of up to 1 Scm
–1

. However, requirement to keep these materials hydrated 

limits their operating temperature and efficiency in PEMFCs. The work presented in this 

thesis is an attempt to design a series of MOFs for addressing the issues like high CO2 

storage capacity as well as efficient proton conductivity.  Chapter 1 gives an overview on 

porous metal organic frameworks including their synthesis, structure and applications. It 

also discusses about literature review and various strategies for high CO2 uptake as well 

as high proton conduction in MOF architectures.  

Chapter 2  will address the role of different functionality (-NH2, -NO2, -Cl, -Br ) on 

CO2 uptake in zeolitic metal organic frameworks.  Initially, we choose –NH2 functionalized 

organic linker (5-amino tetrazole) for the synthesis of MOF (ZTF-1) as such functional 

group has strong potential to interact with CO2. The structure, thermal stability and CO2 

storage capability of ZTF-1 was investigated. The experimentally determined CO2 storage 

capability and isosteric heat of adsorption (Qst) of ZTF-1 also verified with computational 

results. In order to understand the role of functionality in ZIFs we have also investigate the 

study on three new Co-ZIFs [Co-ZIF-68, -69, -81]. They have same GME topology like 

structure but different functionality, composed of one common nitroimidazolate (nIM), and 

one substituted benzimidazolate [C6H6, -C6H5Cl, -C6H5Br]. The polarity of these functional 

groups on CO2 storage capacities in these Co-ZIFs will be discussed. Moreover, the 

experimental resulted CO2 adsorptions were further contrasted with computational results. 

(Chem. Commun., 2011, 47, 2011 and CrystEng Comm, 2014, 16, 4677). 
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In Chapter 3, synthesis and characterization of three new metal organic framework 

isomers (Mn-MOFs) will be presented. The effect of triazole functionality on CO2 uptake 

in these MOFs will be discussed. We will also address the role of size dependent template 

on structural conversions from non-porous to porous MOFs. The periodic increased 

porosity in Mn-MOFs depending on the size of the template used has been expected to 

confirm by the CO2 adsorption isotherms. (Chem. Commun., 2011, 47, 7674)  

In Chapter 4, the synthesis, structure and proton conduction characteristics of two 

isostructural metal organic nanotubes will be discussed. Both these structures functionalize 

with triazole moieties and neutralized by the trapped dimethyl ammonium cations. The 

triazole decorated pores along with dimethyl ammonium cation and metal bound carboxylate 

moiety expectedly provide an unique pathway for proton conduction under humid condition. 

This chapter will also address the mechanisms and theories of inherent proton conduction in 

metal organic nanotubular architectures. (Chem. Commun., 2012, 48, 5464) 

Chapter 5 deals with effects of dimensionality on hydrous and anhydrous proton 

conduction in In (III) isophthalic acid based frameworks will be discussed. It was 

anticipated that, the presence of dimethyl ammonium cations as well as trapped solvent 

molecules inside these structures are expected to show hydrous as well as anhydrous proton 

conduction. The detailed proton conduction mechanism is also addressed in this chapter. 

(Chem. Commun., 2013, 49, 6197) 

Finally chapter 6 will describe the conclusion of the overall work presented in this 

thesis. The future direction and schemes of this thesis also presented in this chapter.  

An extended Appendix describes crystallographic information of all these MOF 

crystals reported in this thesis. 
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CHAPTER 1 

 

 INTRODUCTION OF POROUS METAL ORGANIC FRAMEWORKS (MOFs): 

SYNTHESIS, STRUCTURE AND APPLICATIONs 

 

1.1 Background of porous materials: 

Porous materials are solid-state materials possessing permanent pores or voids that are 

accessible for gases or solvents [1.1]. They are useful in gas storage, separation, shape/size 

selective catalysis etc [1.1]. Depending on the size of the pores, porous materials are 

classified mainly in three 

different categories. (a) 

Microporous materials 

[pore size 0.2-2 nm e.g., 

zeolites and metal organic 

frameworks] (b) 

Mesoporous materials 

[pore size 2-50 nm e.g., 

silica and alumina]. (c) 

Macroporous materials 

[pore size 50-1000 nm e.g., 

Inverse opals and foams] 

[1.2]. The most common 

organic porous material 

having high surface area 

and high adsorption capacities is activated carbon which is synthesized by the pyrolysis of 

carbon-rich materials. Despite the lack of periodicity in the structure, porous carbons have 

been extensively used for gas storage, separation, purification of water, solvent removal, 

etc. However, low surface area, poor selectivity and lack of crystallinity limit their use in 

large scale applications and investigation. 

Figure 1.1: Schematic representations of the types of 
microporous solids (polymers for porous organic solids, zeolites 
for porous inorganic solids and MOFs for porous organic 
inorganic hybrid solids). 
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On the other hand, inorganic porous materials such as zeolites, although possess highly 

ordered three dimensional structure and higher surface area than organic materials, suffer 

from structural instability during the isolation process. Hence, the necessity of developing a 

stable, rigid and crystalline porous material capable of efficient gas adsorption and storage, 

and gas separations, remains a 

big challenge till today. Metal 

organic frameworks (MOF's), a 

hybrid porous crystalline 

materials, principally comprised 

of coordination bonds between 

metal nodes (SBU's) and 

organic linkers (Figure 1.1 and 

1.2), have emerged as most 

promising candidate for sorbent 

applications [1.3]. MOFs have 

much higher surface area for gas 

adsorption than traditional 

materials (zeolites, carbon etc). 

The greatest advantages of 

crystallinity in MOF materials 

provide the unique opportunity 

to determine the high resolution 

crystal structure and accurate pore size/dimension of the MOF channel. This in turn, 

provides better insight into the structural parameters that facilitates rational design of MOF 

architectures (Figure 1.3).  In addition, various reaction sites of the organic linkers inside 

MOF channels facilitate post-synthetic modification, a unique advantage, which is beyond 

the scope of organic or inorganic adsorbent materials. The porosity of MOF materials have 

been utilized for traditional applications that includes gas adsorption and storage, gas 

separation etc. [1.3]. However, in recent years, focus has been shifted to other interesting 

applications such as proton conduction, charge carrier motion, oxygen reduction catalysis, 

light harvesting etc. [1.4]. These applications are particularly interesting in terms of 

Figure 1.2: Model representation of 1D, 2D and 3D 
MOF constructed from organic linkers, metal salt and 
solvent molecules. 
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renewable energy research involving MOF materials.  In the following parts of this chapter, 

we shall focus on a brief overview of synthesis, structural and different applications of 

MOF's. 

1.2. Synthesis of MOFs: 

The synthesis of metal-organic 

frameworks (MOFs) has been 

focused mainly due to the 

possibility in obtaining 

undiscoverable structures which 

could be of great interest for 

various applications. Generally, 

MOFs are synthesized by liquid 

phase synthesis method where 

metal salts and ligand 

solutions are mixed together 

or solvent is added to the mixture of solid salt and ligand in culture tube and heated it at 

higher temperature (100-180 °C). Solvent is the most important factor of a particular 

reaction which determines the thermodynamic control as well as activation energy of the 

system and also enhance the crystallinity at higher extent. Generally, for high temperature 

solvothermal reactions, high boiling solvents like DMF, DEF, NMP etc. have been used. 

To enhance the rate of synthesis in solvothermal process, researchers have discovered high-

throughput methods for higher scale production of MOF. Solid phase reactions were also 

attempted for the synthesis of MOFs due to its easier, quicker, and solvent free synthesis 

despite the poor crystallinity of the product. One of the examples of solid phase reaction is 

the mechano-chemical synthesis where MOFs have been synthesized using the internal 

activation energy created by mechanochemical force. Additional synthetic techniques like 

electrochemical synthesis, microwave-assisted synthesis, slow evaporation synthesis, sono-

chemical synthesis etc have been attempted for synthesis of MOFs. Although, it is worth 

mentioning that solvothermal process have been used routinely for the synthesis of high 

crystalline 3D metal organic frameworks (Figure 1.4 and Table 1.1) illustrated the 

condition used, advantages and disadvantages for all these synthetic techniques. 

Figure 1.3: Model representation of three dimensional 
functionalized MOF.  
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Table 1.1: The advantages and disadvantages of various synthetic techniques of MOFs 

Synthetic 

techniques 
Advantages Disadvantages Ref 

Solvothermal 

(a) High crystallinity and Purity in large 
scale. 
(b) Possibility to get the 3D structure.  

(a) Need of expensive autoclaves. 
(b) The impossibility of observing the 
crystal as it grows. 

1.5 

Sonochemical 

(a)  Rapid reaction rate. 
(b) High purity, narrow size 
distributions, controllable reaction 
conditions. 

(a) Low crystallinity. 
(b) Evaporation of volatile solvent 
during the reaction. 

1.5 

Microwave 
(a) Quick synthesis of MOF.  
(b) High crystallinity and purity. 

(a) For less polar reactants and 
solvents microwave assisted reactions 
are extremely slow. 
(b) Low possibility to get the desired 
product.  

1.5 

Mechanochemical 
(a)  Quick synthesis of MOF.  
(b) Solvent free synthesis. 

(a) Low crystallinity and purity. 
(b) Low surface area and poor gas 
adsorption uptake. 

1.5 

Slow evaporation 

(a) Small amounts of substrates give 
good crystals.  
(b)  Parameters are easy to control  

(a) Needs a lot of material, starts with 
saturated solution.  
(b) Air sensitive starting materials are 
not suitable for reaction. 

1.5 

 

 

Figure 1.4: Scheme of various synthetic approaches and conditions used for the preparation of 
MOFs. 
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1.3 Structure of MOFs: 

Solid state materials like zeolites and activated carbons have no control over the structural 

integrity because the starting 

materials do not maintain 

their arrangement [1.6]. 

However, MOF maintain 

their structural integrity 

during the synthesis because 

of their rigid molecular 

building blocks and reaction 

condition. While considering 

the structure of MOFs, it is 

helpful to recognize the 

reticular synthesis, the 

process of assembling 

judicious primary building 

blocks and secondary 

building units (SBUs), which 

dictate the final topology of 

a framework (Figure 1.5). 

The SBUs which predetermine ordered structures held together by strong coordination 

bonds and expected to result into the formation of different geometric shapes. Generally, 

MOF synthesis was performed by reacting two types of primary building units. One is the 

multitopic organic linker and another one is polytopic metal centre or metal cluster. During 

the synthesis, two primary building  units gets assembled and connects to form secondary 

building units (SBUs) which finally self assembled at higher dimension and construct 

different (1D, 2D and 3D) MOF architectures.  Reticular chemistry [1.7] defines the three 

dimensional architecture when metal clusters are abstracted as shape such as triangle, 

square, tetrahedra, and octahedra and joined into a periodic fashion. All types of network 

structures (organic, inorganic or organic-inorganic hybrid materials) possess inherent nets, 

and the interest of researchers is the topological construction of MOF networks based on 

Figure 1.5: Model representation for the construction of 3D 
network generated from the connector and linker (top). 
Similarly 3D MOF [redrawn the structure from the cif file of 
MOF 5 (1.8)] synthesized by assembling secondary building 
units (SBUs) and organic linker, which dictate the final 
topology of a framework. 
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rational assembly of building units in different dimensions [1.7a]. The detailed 

investigation of the structure of MOF-5 which is consists of tetrahedral ZnO4  SBU 

connected with organic linker terepthalic acid and builds a three dimensional cubic network 

structure with interconnected pores of 8 Å apertures and 12 Å pore diameter [1.8]. In 

contrast, by changing the metal building block from Zn4O to Cr3O keeping terepthalic acid 

intact generate totally different structure called MIL-101 which have diverse pore aperture 

and diameter (3nm) compared to MOF-5.  

1.4 Properties and Applications of MOFs: 

Since, the application of MOF covered diverse area (Figure 1.6). Hence, in order to convey 

the enormous potential of MOFs, we highlighted the selected applications of MOF which 

are extensively studied in the literature. 

Gas storage in MOFs: In the past two decades, much attention has been paid to increase 

the storage of fuel gases such as hydrogen and methane under practical conditions. 

Hydrogen possess enormous amount of energy and considered as an attractive fuel due to 

its high gravimetric energy density and heat of combustion. However, due to its very small 

volumetric density, 0.0899 kg/m3 at STP, storing hydrogen at ambient temperature and 

pressure is very difficult [1.9]. Even in the liquid state, the volumetric density of hydrogen 

70.8 kg/m3 is very low compare to gasoline. As a result, serious difficulties need to be faced 

during the H2 filling at lower temperature (20.27 K). From the last decades, MOFs have 

been used for the H2 storage materials due to its permanent porosity and high surface area 

[1.10]. The first study of hydrogen adsorption was reported in 2003 for MOF-5 which 

shows high BET surface area (3800 m2g-1) and 7.1 wt% H2 uptake at 40 bar and 77 K 

[1.11a]. After that, more than 300 MOFs have been tested till now for their H2 uptake 

capacity. The highest H2 uptake in NOTT-112 reaches up to 10 wt% at 77 bar and 77 K 

[1.11b]. On the other hand, NU-100 and MOF-210 [1.11c and d] exhibit hydrogen 

adsorption as high as 7.9 to 9.0 wt% at 56 bar for both MOFs and 15 wt% at 80 bar for 

MOF-210. In general, the functionality of organic linkers has little influence on hydrogen 

adsorption, whereas increasing the pore volume and surface area of MOFs markedly 

enhances the gravimetric hydrogen uptake at 77 K under high pressure [1.10]. However, for 

volumetric hydrogen capture, adsorption enthalpy of hydrogen (Qst) plays the role rather 
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than surface area. In this condition, unsaturated open metal sites are the effective tool to 

enhance the hydrogen uptake capacity in MOF architecture. 

 

Figure 1.6: Various applications of MOFs such as gas storage, separation, catalysis, drug delivery, 
magnetism, proton conductivity, non linear optics, light harvesting, photoluminescence, explosive 
sensing, charge carrier mobility etc.   
 

Natural gas is another good candidate for on-board fuel. The main component of 

natural gas is methane, which is an alternative high-density fuel source compare to 

hydrogen and gasoline. The first report of high-pressure methane adsorption in an extended 

metal-organic structure [CuSiF6(BPy)2], which demonstrated an uptake capacity of 104 

mg/g at 36 atm and 298 K [1.12]. It is believed that, two competing factor such as high 

surface area and open metal sites are responsible for high methane uptake. Afterward, 

methane uptake measurement was reported for MOF-177, MOF-200 and MOF-210 are 345 

mg g-1, 446 mg g-1, and 476 mg g-1, respectively, at 80 bar and 298 K [1.13 and 1.11d]. The 
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increased surface area is the main factor for enhancement of methane uptake at high 

pressure. Apart from H2 and CH4, MOFs also offer reversible carbon dioxide adsorption 

and are promising materials for the selective capture of carbon from the atmosphere and 

flue gas. The detailed description of CO2 storage in MOFs is discussed in the section 1.5 

Catalysis in MOFs: The high surface areas, uniform pore size and high density of active 

sites within the open structures of MOFs offer their use in catalysis [1.14]. MOFs can be 

used to support homogeneous catalyst, short-lived catalysts, molecular catalysts, and 

encapsulate catalysts within their inner space. The first example of catalysis in MOF, 

reported in 1994, involved the cyanosilylation of aldehydes by a 2D MOF (layered square 

grids) of formula [Cd(BPy)2(NO3)2; BPy=4,4′-bipyridine]. This investigation centered 

mainly on size and shape selective clathration. The majority of the known catalytic MOFs, 

together with descriptions of the specific catalyzed are tabulated in Table 1.2. 

 

Table 1.2: Recent reports of MOF based catalysts used for different catalysis reaction. 

 

Chemical formula 
Name of the 

MOF 
Substrate used 

Rections for 

catalysis 

Conv 

(%) 
Ref 

Cd(BTAPA)2(NO3)2  Benzaldehyde and 
malononitrile 

Knoevenagel 
condensation 

98 1.15a 

Zn4O(BDC-NH2)3 IRMOF-3 
Benzaldehyde and 
ethyl cyanoacetate 

Knoevenagel 
condensation 

99 1.15b 

Cr3O(H2O)2F(BDC)3 
MIL-

101(Cr) 
Benzaldehyde and 
ethyl cyanoacetate 

Knoevenagel 
condensation 

98 1.15c 

 
Fe3O(H2O)3F(BTC)2 

MIL-100(Fe) 
4-Nitrobenzaldehyde 

and ethyl 2  cyano 
acetate 

 
Aerobic oxidation of 

thiophenol 

 
>99 1.15d 

 
Zr3O2(OH)2(BDC-

X)3 

 

 
UiO-66-X (X 
= NH2, Cl, Br, 

NO2) 
(+)-Citronellal 

Cyclization of 
citronellal 

15-100 1.15e 

Zn2Sn(IV)(TPyP)(H
COO)2(H2O)4 

 
 Xe light 

Photo-oxygenation of 
1,5- dihydroxy 

naphthalene 

 
>99.8 

 
1.15f 

Cd(BPy)2(NO3)2  
Benzaldehyde and 

cyanotrimethylsilane 
Cyanosilylation of 

aldehyde 
77 1.15g 

Ce(MDIP)(H2O) Ce-MDIP1 
2-Naphthaldehyde and 
cyanotrimethylsilane 

Cyanosilylation of 
aldehyde 

>98 1.15h 

[(iPrO)TiCl]2(L2)  
Acrolein and 1,3-
cyclohexadiene 

Diels-Alder reaction 100 1.15i 

Cd(BTB)(L-IP)(H2O)4 Cd-TBT 
4-Nitrobenzaldehyde 
and cyclohexanone 

Aldol reactions 97 1.15j 

Zn4O(BDC)3 MOF-5 Toluene and benzyl Friedel–Crafts >99 1.15k 
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bromide alkylation reactions 

Zn2(L3)(BPY)2 NU-601 
N-methylpyrrole and 
(E)-1-nitroprop-1-ene 

Friedel Crafts 
reactions between 

pyrroles and 
nitroalkenes 

98 1.15l 

Pd-Al(OH)(BDC-
NH2) 

Pd/MIL-
53(Al)- NH2 

Bromobenzene and 
phenylboronic acid 

Suzuki-Miyaura 
coupling 

29-97 1.15m 

Cu(PdCl2BPy)  
Phenyl halides and 

arylboronic acid 
Suzuki-Miyaura 

coupling 75-99 1.15n 

Cu(Ac)2(PBBM)(CH3

OH) 
 2,6-Dimethylphenol 

Oxidative coupling of 
dimethylphenol 

90 1.15o 

(Zn4O)3(BDC-
C8H5O4NIn)3(BTB)4 

UMCM-1- 2-Phenyloxirane and 
aniline 

Epoxide ring-opening 
reactions 

99 1.15p 

Ln(OH)(1,5-NDS) LnPF-1 Linalool Epoxidation of olefin 76-100 1.15q 
Pt -Zn4O(BTB)2 Pt@MOF-177 2-Chlorobenzyl alcohol Oxidation of alcohol 99 1.15r 

Au- Zn(2Me-Im)2 Au@ZIF-8 CO and O2 Oxidation of CO 100 1.15s 

Ni(BPy)(HBTC)  NH3BH3 H2 generation 100 1.15t 

Ni + Tb16(TATB)16 
Ni-MesMOF-

1 
Nitrobenzene, NaBH4 

Hydrogenolysis of 
nitrobenzene 

>99 1.15u 

In2(OH)3(BDC)1.5  
Nitrobenzene and 2-

methyl-1- 
Reduction of 
nitroaromatic 

100 1.15v 

 

 Apart from these applications, several other applications (viz, gas separation, drug 

delivery, magnetism, proton conductivity, non linear optics, light harvesting, 

photoluminescence, explosive sensing, charge carrier mobility, ORR catalyst etc. ) are also 

documented in MOF chemistry. The detailed applications of MOFs are pictorially 

assembled and clarified in Figure 1.6. However, in this thesis special emphasis are given to 

the applications of MOFs as platform of two major aspects (1) MOFs for high CO2 uptake 

and (2) MOFs for high proton conduction (Figure 1.7). Since, the application of CO2 

storage and proton conduction is connected with the green environment and clean energy 

related issues that motivated us to choose these applications for MOF materials. As all of us 

know that, the coal fire power plant produced CO2 releases into the atmosphere which 

causes global warming (so-called greenhouse effect) [1.16]. However, the current 

technologies used (chemisorptions by monoethanol amines) for capturing CO2 has several 

disadvantages [1.17]. Porous MOFs are promising materials to achieve such separations 

from flue gases and proposed as proficient materials to replace current technologies. On the 

other hand, Energy resources (coal, gas, oil and uranium) are not homogeneously 

distributed across the world. Many resources are at risk of becoming depleted and it is a 

threatening sustainability of humankind to consume more amounts of resources. 
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  Hence, extensive research is ongoing to replace fossil fuels economy with the more 

sustainable energy economy. Proton exchange membrane fuel cell (PEMFC) is the device 

which converts chemical 

energy to electrical 

energy by combining 

hydrogen with oxygen 

produces water and heat. 

Faster the proton 

transports from cathode 

to anode, the efficiency 

of PEMFC as well 

electricity increases to 

higher extent. Recently, 

MOFs have been used 

for proton-conductivity 

studies and show their 

conduction ability almost 

similar to the nafion, a 

commercially used proton 

conductor in fuel cell. In this thesis, chapter 2 and 3 will describe about the MOFs ability 

for high CO2 uptake. On the other hand, chapter 3 and 4 will showcase the proton 

conducting measurement of newly synthesized MOFs and their conducting performance at 

variable temperatures. In the following section we will address detailed description and key 

aspects of MOFs for high CO2 uptake as well as for high proton conduction.  

1.5 CO2 adsorption in MOFs: 

Selective CO2 capture from coal-fired power plant is a critical issue, as these plants produce 

post-combustion flue gases with ∼15% CO2 concentration [1.18]. At present, the separation 

of CO2 from such a low pressure stream of gases is performed by amine sorbents through 

chemisorptions [1.19]. However, researchers are exploring alternative approaches as amine 

regeneration requires significant heating and has high operational cost. These limitations 

have prompted investigations on porous materials relying on reversible physisorption of 

Figure 1.7: Model representation of MOFs and their most promising 
applications on high CO2 uptake (environmental related) and high 
proton conduction (energy related). 
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CO2, because it requires less energy for regeneration than materials relying on 

chemisorption (Figure 1.8) [1.20]. One such kind of porous material is Zeolite which is 

used as commercial adsorbents due to its low cost, robust nature and well-developed 

structural topology.  Adsorbents like Zeolite 13X has been reported to provide uptake of 

∼4.7 mmol CO2/g 

sorbent via 

physisorption [1.21]. 

Activated carbons also 

have attracted much 

interest as CO2 

adsorbents. The lower 

enthalpy of adsorption 

for CO2, promoted this 

material for high 

pressure gas adsorption 

and separation applications. However, the common deficits of these traditional adsorbents 

(zeolite and activated carbons) have either difficult to regeneration processes or low 

capacities for CO2 at low pressures [Table 1.3]. Recently, MOFs have attracted intense 

research interest as novel functional materials due to their superior surface areas relative to 

those of traditional adsorbents such as activated carbon and zeolites. Most of MOFs have 

porous three dimensional structures with well-defined periodicity as determined from single 

crystal XRD analysis. In these MOFs, solvents molecules get trapped inside the pores. 

However, removal of these solvents generates the open pores or channels inside the MOF 

architecture that are useful for other guest adsorption or loading for further application. The 

permanent porosity, high surface area and tailorble pore size have facilitated MOFs as 

suitable candidates for CO2 capture.  In certain circumstances, ultra-high surface area of 

MOFs have capacity to store nearly ten times more CO2 at particular pressure than a normal 

empty cylinder. In this chapter, first, research on high pressure CO2 storage in MOFs will 

be reviewed. Then, the CO2 adsorption at sub-atmospheric pressure and selective CO2 

adsorption in MOFs will be presented and analyzed.  
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HO
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Disadvantage:

1. Amine regeneration requires high amount of heating 
2. High operational cost.
3. Chemisorption process damage the container.

 

Figure-1.8: CO2 capture process in coal fire power plant by 
using mono ethanolamine and the disadvantages of the process.  
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Table 1.3: Advantages and disadvantages of zeolites and porous carbons. 

Physisorptive  

materials 
Advantages Disadvantages Ref 

Zeolites 

(porous 

aluminosilicat

e materials) 

(a) High chemical and thermal 
stability. 
(b) High surface area, micro pore 
volume and large variety of 
structures. 
(c) Rapid adsorption of CO2 and 
lower energy penalty for the process.  
(d) Some zeolites contain charge 
balancing metal cations within the 
pores, which enhances CO2 uptake. 

(a) Zeolites get saturated with the 
water vapor present in the flue gas 
stream; as a result the CO2 
adsorption capacity is 
consequently reduced. 
(b) The large enthalpy of 
adsorption of CO2 leads to 
relatively high CO2 desorption 
temperatures (135 °C-150 °C). 

1.22a 

Activated 

Carbons 

( amorphous 

porous forms 

of carbon) 

 

(a) Higher surface areas than zeolites 
lead to greater adsorption capacities 
at high pressures. 
(b)  Hydrophobic nature hindered the 
decomposition or decreased 
capacities under hydrated conditions. 
(c) Lower heat of adsorption for CO2, 
results lower temperature for 
regeneration compared with zeolites. 

(a)  Lower enthalpy of adsorption 
for CO2, and hence lower 
capacities for CO2 compared with 
zeolites at lower pressures. 
(b) Limited only for high-pressure 
gas adsorption and separation 
applications. 

1.22b 

 

1.5.1 CO2 adsorption in MOFs at high 

pressures 

Reminiscent of porous materials, CO2 

adsorption capacities in MOFs mainly 

depends on the surface area at high 

pressures. Till now, some MOFs reported 

in the literature have high surface area 

and high CO2 uptake capacity than other 

well known adsorbents such as 

MAXSORB carbons and zeolite 13X.   

First demonstration of CO2 adsorption 

has been studied in MOF-5 [Zn4O(BDC)3] 

[1.23] which consists of tetrahedral 

[Zn4O]6+ clusters connected by BDC (1, 4 

benzene dicarboxylic acid) linkers to form 

Figure 1.9: Comparison of gravimetric 
CO2 capacities for all MOFs compare with 
activated carbon at ambient temperature and 
pressures up to 42 bar. Reprinted with 
permission, 2009 American Chemical Society. 
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a cubic, three-dimensional network. Afterwards, the investigation has been attempted on a 

series of MOFs to explore the relationship between surface area and CO2 capacity. Reports 

of nine MOFs were examined for surface area as well as porosity to evaluate the CO2 

uptake capacities (Figure 1.9). All these MOFs have different structure for example, MOF-

2 have square shaped channel, MOF-505 and Cu-BTC have open metal sites inside the 

pores, MOF-74 contains hexagonal channels, IRMOF-11 have interpenetrated structure and 

IRMOFs-3 and -6 have amino and alkyl-functionalized pores. Among these MOFs, the 

IRMOF-1 and MOF-177 consists highly porous framework. The high surface area of MOF-

177 has highest CO2 uptake at high pressure (60 wt% at 35 bar) among these materials. The 

detailed studies of surface area versus CO2 uptake capacity of these MOFs at high pressure 

are assembled in Table 1.4. 

 

 
 

Figure 1.10: Zn4O(CO2)6 SBU unit (middle) is connected with various types of organic linkers to 
form MOFs [1.11d] with high surface area and CO2 uptake. 
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Table 1.4: High-Pressure CO2 Adsorption Capacities in MOFs 

Chemical formula Name of the MOF 

Surface area (m
2
g

-1
) Pressure 

(bar) 

 

Uptake 

(wt%) 

Temp 

(K) 
Ref 

Langmuir BET 

Zn4O(BTE)4/3(BPDC) MOF-210 10400 6240 50 74.2 298 1.11d 
Zn4O(BBC)2(H2O)3 MOF-200 10400 4530 50 73.9 298 1.11d 

Cu3(TCEPEB) NU 100  6143 40 69.8 298 1.11c 
Zn4O(FMA)3  1618 1120 28 69.0 300 1.24a 
Mg-DOBDC Mg-MOF-74  1542 36 68.9 278 1.24b 

  2060 1800 40 39.8 313 1.24c 
Zn3.16Co0.84O(BDC)3 Co21-MOF-5 2900  10 65.0 273 1.24d 
Be12(OH)12(BTB)4 Be-BTB 4400 4030 40 58.5 313 1.24c 

Zn4O(BDC)3 MOF-5, IRMOF-1 2900  10 58.0 273 1.24d 
  3008  40 45.1 298 1.24e 

Zn4O(BTB)4/3(NDC) MOF-205 6170 4460 50 62.6 298 1.11d 
Ni5O2(BTB)2 DUT-9   47 62.1 298 1.24f 
Zn4O(BTB)2 MOF-177 5340 4500 50 60.8 298 1.11d 

  5400 4690 40 60.6 313 1.24c 
  6210 4898 30 56.8 298 1.24g 

[Cu3(H2O)]3(ptei) PCN-68 6033 5109 35 57.2 298 1.24h 
Cr3O(H2O)2F(BDC)3 MIL-101(Cr)  4230 50 56.9 304 1.24i 

  4792 3360 30 50.2 298 1.24j 

Ni2(dobdc) 
Ni-MOF-74, CPO-

27-Ni 
 1218 22 54.2 278 1.24k 

[Cu(H2O)]3(ntei) PCN-66 4600 4000 35 53.6 298 1.24h 
Zn4O(BDC)(BTB)4/3 UMCM-1 6500 4100 24 52.7 298 1.24l 

[Cu(H2O)]3(btei) PCN-61 3500 3000 35 50.8 298 1.24h 
Cu4(TDCPTM) NOTT-140  2620 20 46.2 293 1.2m 

Tb16(TATB)16(DMA)
24 

 3855 1783 43 44.2 298 1.2n 

Cr3O(H2O)3F(BTC)2 MIL-100(Cr)  1900 50 44.2 304 1.24i 
Cu3(BTC)2 HKUST-1  1270 300 42.8 313 1.24o 

   2211 40 40.1 303 1.24p 

   1571 15 35.9 298 
1.24q, 
1.24r 

H3[(Cu4Cl)3(BTTri)8] Cu-BTTri 2050 1750 40 42.8 313 1.24c 
Co(BDP) Co-BDP 2780 2030 40 41.3 313 1.24c 

Zn2(BDC)2(DABCO)    15 37.6 298 1.24s 
Zn(MeIm)2 nanoZif-8  1264 30 35.0 298 1.24t 

Al(OH)(BDC) MIL-53(Al)   25 30.6 304 1.24u 
Al(OH)(BDC-NH2) amino-MIL-53(Al)   30 30.0 303 1.24v 
Zn2(BPnDC)2(bpy) SNU-9 1030  30 29.9 298 1.24w 

Al(OH)(ndc) DUT-4 1996 1308 10 26.4 303 1.24x 
Cr3O(H2O)2F(BDC)3 MIL-101(Cr)   5.3 26.0 283 1.24y 

Zn(F-pymo)2 β-Zn(F-pymo)   28 26.0 273 1.24z 
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In order to investigate the relationship between high surface area and CO2 uptake in MOF 

networks,  a series of ultrahigh porous MOFs were reported [1.11d], constructed from 

Zn4O(CO2)6 building 

unit with single or 

multiple organic 

linkers (Figure 1.10).  

These are MOF-210, 

-205 and -200 and 

compared their 

surface area as well 

as CO2 uptake with 

MOF-177, MOF-

180. It has been 

observed that, MOF-

210 (pore volume 

3.60 cm3g-1) having 

highest BET and 

Langmuir surface 

area (6240 and 

10400 m2g-1 respectively), showed 74.2% of CO2 uptake at 50 bar pressure. The ultrahigh 

porosity of MOF achieved by increasing length of organic linker from BTB to BTE and 

BBC to form highly porous MOF-180 and MOF-200. The Langmuir and BET surface area 

of MOF-200 are 10400 and 4340 m2g-1 respectively. The CO2 uptake of MOF-200 at 50 bar 

pressure and 298 K is ~74wt%. Thus, from the above discussion it is clear that CO2 

capacities at high pressures depend on surface areas and pore volumes of the MOFs similar 

like other porous materials. However, it should be noted that, materials which adsorb CO2 

gas at high pressure region have less importance in coal fire power plants. They emit N2 

and other gases such as H2O, O2, CO, NOx, SOx etc. The gas stream contains all these 

components released at 1 bar total pressure (approximately). Hence, for CO2 capture, 

Figure 1.11: Single crystal structure of M2(DOBDC) {M= Mg, Co, Ni 
and Zn}, formed by reaction of the 2, 5 dihydroxy terepthalic acid linker 
with different M(NO3)2·6H2O. The structure consists of 1D hexagonal 
channel with open metal sites inside the pore after strong evacuation. 
Redrawn the structure from the cif file of Mg/DOBDC (1.26d). 
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materials which can adsorb at low pressure (specially at 1 bar) region and room temperature 

are most important for industrial carbon capture [1.25].  

1.5.2 CO2 adsorption in MOFs at low pressures 

At low pressures, high CO2 capture capability predominantly depends on the open metal 

sites and chemical functionalization of the pore surface. In coal fire power plant, the 

pressure of the flue gas (∼1 bar) and the low partial pressure of CO2 (∼0.15 bar) indicates 

to the area of interest for the CO2 adsorption isotherm at lower-pressure region. Thus, 

special focus on the adsorption capacities around 0.15 bar would be expected from new 

materials with enhanced performance for post-combustion CO2 capture. Till now, 

Mg/DOBDC (Figure 1.11) has the highest CO2 capacity at 0.1 bar as well as at 1 bar, which 

is 20.6 and 35.2 wt% respectively at 298 K. The very high uptake of Mg/DOBDC at low 

pressures attributed to the presence of light weight open metal sites located towards the 

pore (Figure 1.11). The low pressures (0.15 bar and 1 bar) adsorption capacities for MOFs 

are tabulated according to their uptake capacities in figure 1.12 and table 1.5 respectively.  

 

Figure 1.12: Schematic representation of CO2 uptake in selected MOFs at 0.15 bar pressures. 
 

Note that, high CO2 uptake at 1 bar pressure does not depend on the high surface area or 

pore size of the material. However, it depends on the heat of adsorption (Qst), a parameter 

which measures the CO2 adsorption capacities in MOFs at low pressures. The magnitude of 

the Qst dictates the affinity of the pore surface toward CO2, which in turn plays a crucial 
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role in determining the adsorptive selectivity and the energy required to release the CO2 

molecules during regeneration. By increasing Qst, although the CO2 binding with the 

framework increases, however, the regeneration cost will also becomes high due to large 

quantity of energy required in order to break the framework CO2 interactions. One further 

parameter of interest for evaluating the strength of CO2 binding, particularly at the lowest 

CO2 pressures, is the zero-coverage Qst. This parameter provides the information of the 

strength of the strongest binding sites within the framework. In figure 1.13 the summary of 

zero-coverage Qst value of selected MOF are listed pictorially. 

 

 

Figure 1.13: Schematic representation of zero-coverage isosteric heat of CO2 adsorption (Qst) in 

MOFs. 

 

Table 1.5: Low-Pressure CO2 Adsorption Capacities in MOFs 

Chemical formula Name of the MOF 

Surface area (m
2
g

-1
) Pressure 

(bar) 

 

Uptake 

(wt%) 

Tem

p (K) 
Ref 

Langmuir BET 

Mg2(dobdc) Mg-MOF-74, 1733 1174 1 27.5 298 1.26a 
    1 27.2 298 1.26b 
  2060 1800 1 26.7 298 1.26c 
    1.1 26 298 1.26d 
  1905 1495 1 26 296 1.26e 

Cu3(BTC)2(H2O)1.5 HKUST-1, 4 wt% H2O   1 27 298 1.26f 

Co2(dobdc) 
Co-MOF-74,CPO-27-

Co 
1388 957 1 24.9 298 1.26b 

   1080 1 23.4 296 1.26e 

Ni2(dobdc) 
Ni-MOF-74/CPO-27-

Ni 
1356 936 1 23.9 298 1.26b 
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   639 1 22.7 298 1.26g 

  1312 1083 1 22.6 303 1.26h 

   1070 1 20.4 296 1.26e 

Zn2(dobdc) 
Zn-MOF-74/CPO-27-

Zn 
  1 19.8 296 1.26b 

    1 19.6 296 1.26e 
   816 1.1 17.6 298 1.23 

Cu3(BTC)2 HKUST-1  1400 1 19.8 293 1.26i 
  1492  1 18.4 298 1.26f 
    1 18.3 295 1.26b 
   1781 1 15.2 298 1.23 
   1482 1 15 298 1.26j 

    0.8 10.6 298 1.26k 

    1 6.2 313 1.26l 

   857 1 6.2 295 1.26j 

Cu3(BTC)3(H2O)3 
HKUST-1,(8 wt% 

H2O) 
  1 17.4 298 1.26f 

Cu3 (TATB)2 CuTATB-60, PCN-6 4436 3811 1 15.9 298 1.26m 

H3[(Cu4Cl)3(BTTri)8(

mmen)12] 
mmen-Cu-BTTri  870 1 15.4 298 1.26n 

Co2(adenine)2(CO2C

H3)2 
bio-MOF-11  1040 1 15.2 298 1.26o 

H3[(Cu4Cl)3(BTTri)8] Cu-BTTri 1900 1770 1 14.3 298 1.26p 
Zn2(ox)(atz)2   782 1.2 14.3 293 1.26q 

Ni2(2-amino-

BDC)2(DABCO) 
USO-2-Ni-A  1530 1 14 298 1.26r 

Cu2(bdcppi)(DMF)2 SNU-50 2450 2300 1 13.7 298 1.26s 

Fe3[(Fe4Cl)3(BTT)8(

MeOH)4]2 
Fe-BTT  2010 1 13.5 298 1.26t 

Cu3(TATB)2 Cu-TATB-30 3065 2665 1 13.4 298 1.26u 
Cu(bpy)2(BF4)2 ELM-11   1 12.7 298 1.26v 

Cu2(bptc)(H2O)2(DM

F)3 
MOF-505  1547 1.1 12.6 298 12.3 

Al(OH)(2-amino-

BDC) 
NH2-MIL-53(Al), 816 960 1 12 298 1.26r 

 

1.6 Key strategies to enhance CO2 adsorption 

Various strategies have been addressed to enhance the CO2 adsorption capacities of MOFs 

at low pressure (1 bar) and ambient temperature (273K). However, three approaches have 

been proven to be particularly effective for high CO2 uptake in MOFs. These are (1) Open 

metal site inside the framework backbone, (2) Metal doping inside the pore of the MOF, (3) 

Framework cavity functionalized by nitrogen basic sites. 
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1.6.1 Open metal site 

The open metal sites are usually generated by removal of coordinated solvent molecules 

from metal centers of MOF architecture (Figure 1.14). The unsaturated open metal sites 

have high-affinity binding 

sites to interact with CO2 

molecules. The earliest 

studies of MOFs possessing 

open metal sites were 

performed predominantly on 

the structures of M2(DOBDC) 

(M = Mg, Co, Ni, Zn and 

DOBDC = 2, 5 dihydroxy 

terepthalic acid) [1.27, 1.26d 

and e] and HKUST-1 [1.28]. 

The high density of binding 

sites decorating the hexagonal 

one-dimensional pores of 

M2(DOBDC) with high adsorption capacities for CO2 at 1 bar and 296 K, ranging from 

19.8 to 26.0 wt% within Zn2(dobdc) and Mg2 (dobdc), respectively. In fact, the value for 

Mg2(dobdc) represents the highest low-pressure gravimetric and volumetric adsorption 

capacity for CO2 in a MOF, despite its relatively low surface area (BET= 1495 m2g-1), 

which indicates the importance of decorating the pores with a large numbers of high-

affinity binding sites (Figure 1.15). The zero-coverage isosteric heat of CO2 adsorption of 

Mg2 (dobdc) was noted the strongest affinity (Qst= −42 kJmol-1), whereas Zn2(dobdc) 

exhibited the weakest interactions (Qst =  −26 kJmol-1) among the M2(DOBDC) series. Note 

that, the higher ionic character of the Mg-O bonds in Mg2(DOBDC) [compare with other 

M2(DOBDC) series] leading to a higher partial positive charge on the Mg2+ metal centers, 

which eventually facilitate a greater degree of polarization on the adsorbed CO2 molecules 

as well as difference in the isosteric heat of adsorption. Similar kind of example is 

Cu3(BTC)2 (HKUST-1) MOF, where exposed open metal sites generated by the removal of 

Figure 1.14: Generation of open metal sites by removal 
of coordinated solvents from MOF architecture (model 
representation) 
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H2O molecules originally bound to the metal centre (Figure 1.15) [1.28]. As expected CO2 

interact more strongly due to the high charge density of the Cu2+cations, resulting in a zero-

coverage isosteric heat of adsorption (Qst) of −29.2 kJmol-1. Hence, large amounts of CO2 

have been adsorbed through small cage window and shows higher uptake at low pressure 

region. A number of independent research have investigated on the adsorption isotherms of 

this compound, among them HKUST-1, (4 wt% H2O) shows better performance at 1 bar 

pressure and 298 K temperature (Table 1.5).  

 
 

Figure 1.15: Synthesis of Mg-MOF-74 and HKUST-1. Open metal site is generated (for high CO2 
adsorption) after proper evacuation of these MOFs at high temperature and pressure. Redrawn these 
structures from the cif files of Mg/DOBDC [1.26d] and HKUST-1 [1.28]. 

 

1.6.2 Metal doping inside the pores of the MOF  

It has been observed that, incorporation of light weight metal (Li, Al, Na, etc) inside the 

MOF architecture can enhance the CO2 uptake noticeably [1.29]. Recent report predicted 

that Li doping can greatly improve the CO2/CH4 selectivity in MOF-5 [1.30]. Higher 
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uptake arises due to increased dipole–quadrupolar interactions between the reduced Li ion 

and CO2 molecules, but there is little effect on the binding of non-polar CH4. It is evident 

that the chemically reduced nature of the material leads to the drastic increase in selectivity 

of polar CO2 over non polar CH4. First experimental approach [1.31] was the incorporation 

of Li+ ions inside the cationic MOF for enhancement of CO2 selectivity by the cation 

exchange strategy. Three Zn based mixed-ligand MOFs are investigated for this purpose. 

Two of them have same two-fold catenated structure {Zn2(2,6-NDC)2(diPyNI)} [where 

2,6-NDC = 2,6-naphthalenedicarboxylate and diPyNI = N,N-di-(4-pyridyl)-1,4,5,8-

naphthalenetetra carboxy diimide] but are synthesized in different route. The structure of 

third MOF is a non-catenated with hydroxyl groups [Zn2(TCPB)(DPG)]; TCPB = 1,2,4,5-

tetrakis(4-carboxy-phenyl) benzene and DPG = meso-1,2-bis(4-pyridyl)-1,2-ethane diol). 

Each MOF was reacted with a lithium suspension for 10 min and rinsed with THF to 

remove any unreacted lithium. All these cases, the Li incorporation can significantly 

enhance the CO2/CH4 selectivity. The increase in CO2/CH4 selectivity in Li incorporated 

MOFs were attributed to the favourable displacement of catenated frameworks and pore-

volume reduction. Moreover, the adsorption of CO2 also enhanced in Li+ exchanged MOFs 

due to the interaction between desolvated Li+ (charge) and CO2 (quadrupole). Similar 

strategy studied on diamide based porous polymer [1.31] as well for selective capture of 

CO2 in presence lithium metal incorporation. The other inorganic materials such as boron 

nitride BNHx (x ≤1) also incorporated into the void space of MIL-53 based MOF to 

improve their performance on CO2 capture. After loading 1.3 wt% and 1.7 wt% of BNHx, 

CO2 capacity increases with higher boron content from the original 13.7 wt% to 15.9 wt% 

and 16.8 wt% respectively at 780 mmHg and 273 K temperature. 

1.6.3 Framework cavity functionalized by nitrogen basic sites 

It has been noticed that, MOF functionalized with amine or basic nitrogen containing 

organic groups shows promising CO2 interaction with the framework entity. The 

electrostatic force generated due to the interaction of the quadrupole moment of CO2 with 

localized dipoles produced by heteroatom incorporation is paving way to enhance the CO2 

adsorption. For some cases, interactions of acidic CO2 and basic lone pair of nitrogen have 

been observed as well. As already mentioned, functional groups have major contribution 

for the enhancement of CO2 storge capacity in MOF architectures. Therefore, depending on 
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the nature, four major classes of nitrogen-functionalized MOF have been categorized (a) 

amine functionalized MOF (b) alkylamine (i.e, ethylenediamine) bearing frameworks (c) 

MOFs with heterocycle derivatives and (d) polar organic functional groups bearing 

MOFs/ZIFs.  

(a) Amine functionalized MOF 

The potential of amine groups to interact with CO2 molecules is now well understood in the 

literature [1.32]. It is interesting to know that, less basic amines interacts with CO2 via 

physisorption over chemisorptions and greatly reduce the energy of regeneration.  

 

Figure 1.16:  Systematic enhancement of CO2 uptake from IRMOF-1 to IRMOF-3 by incorporating 
–NH2 functionalization in organic linker. Redrawn these figures from the cif files of referance 1.23. 
 

The aromatic amine containing linkers [1.23], specially 2-aminoterephthalic acid (NH2-

BDC) build amine-functionalized variant Zn4O(NH2-BDC)3 [IRMOF-3] with Zn(II) SBU, 



Chapter 1                                                                                          Introduction of Porous Metal… 

23 

 

isostructural with well known IRMOF-1 or MOF-5 [Zn4O(BDC)3]. Characterization shows 

that, at 298 K and 1.1 bar, IRMOF-1 adsorbs approximately 4.6 wt% CO2, while the 

IRMOF-3 adsorbs 5.0 wt% CO2, despite a decrease in the BET surface area from 2833 to 

2160 m2g-1 (Figure 1.16). High CO2 uptake at low pressure in IRMOF-3 is due to the 

presence of free –NH2 groups inside the pore which interacts with acidic CO2.  

To observe the interaction of MOF framework with CO2 gas molecules, single-crystal X 

ray diffraction study on zinc-based MOF Zn2(atz)2(ox) loaded with CO2 have been 

investigated [1.33]. The structure of Zn2(atz)2(ox) consist Zn2+ ions coordinated by amine 

functionalized triazolate ligands and pillared by oxalate ligands. Zn2(atz)2(ox) shows rapid 

uptake of CO2 (8.3 wt% at 0.15 bar and 14.3 wt% at 1.2 bar ) at low pressure with  high 

enthalpy of adsorption  (Qst = −41 kJmol-1).  

  

 

Figure 1.17:  Single-crystal structure of Zn2(atz)2(ox) loaded with CO2 after proper evacuation. It 
has been observed that CO2 molecules trapped closely to the –NH2 groups inside the framework 
which also proved by single crystallographically. Green, gray, blue and red spheres represent Zn, C, 
N, and O atoms respectively; H atoms are omitted for clarity. Inset version shows distance between 
the amine group and the CO2 molecule. Redrawn the structure from the cif file of Zn2(atz)2(ox) 
[1.33] 
 

The CO2 binding sites of Zn2(atz)2(ox) are crystallographically identified at different 

temperatures (123, 173, 195 and 293 K) from the SCXRD data (Figure 1.17). Note that, 

located CO2 molecules were refined properly within framework at 173 K [R factor = 2.7%, 

weighted R factor Rw = 6.5%] as well as at 293 K, where the disorder could be modelled. 

The location of CO2 molecules were also modelled with high accuracy via a combination of 

classical grand canonical Monte Carlo (GCMC) simulations, molecular dynamics (MD) 

simulations, and periodic density functional theory (DFT) calculations. Figure 1.17 shows 
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the primary binding site for CO2, in which the carbon atom of the CO2 molecules and the 

nitrogen of the amine groups are in close contact (3.152 Å) with the primary binding site 

for CO2.  

(b) Alkyl amine (ethylenediamine) bearing frameworks 

In order to improving the affinity and selectivity of CO2, more basic amine species need to 

be incorporated onto the pore surfaces of MOFs.  Strong adsorption of CO2 has been shown 

via incorporation of alkylamines into MOF pores.  

 

Figure 1.18: Post synthetic modification of Cu-BTTri framework through the binding methyl 
ethylene diamine (men) to the open metal coordination sites.  The free amine groups of en lined 
inside the framework pores facilitate to interact with CO2 molecules for higher adsorption. Redrawn 
the crystal structure from the cif file of 1.26n. 
 

There is a report [1.26n and p] of Cu based MOF, HCu[(Cu4Cl)3(BTTri)8] (Cu-BTTri) with 

open metal sites created by the removal of solvent molecules originally bound to the metal 
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centers. N, N′-dimethylethylenediamine (mmen) was incorporated inside the open metal 

site of Cu-BTTri post synthetically to get mmen-functionalized Cu-BTTri (mmen-Cu-

BTTri) as shown in Figure 1.18. It is noteworthy that, although surface area of Cu-BTTri 

decreased after post synthetic modification with mmen however, mmen-Cu-BTTri shows 

higher CO2 uptake at very low pressure associated with high heat of adsorption (-Qst = 96 

kJmol-1) compare to the parent Cu-BTTRi MOF (Qst = −23 kJmol-1). It was assumed that, 

one amine group of en first coordinated to the unsaturated metal center and another one is 

free to interact with adsorbed CO2 molecules (Figure 1.18). Post synthetic incorporation of 

ethylene diamine (en) inside the void space of MOF-74 also has been investigated [1.34]. 

As expected, MOF-74@en shows high heat of adsorption (Qst = −71 kJmol-1) with 

exceptional capacity [2.0 mmol/g (8.1 wt%) at 0.39 mbar and 25 °C] for CO2 adsorption at 

low pressure. 

(c) MOFs with Heterocyclic 

derivatives: 

There are several MOFs reported in 

literature, where organic bridging units 

derived from nitrogen-containing 

heterocycles, have been studied for CO2 

capture [1.35b-e]. It is expected that, the 

ratio of heteroatoms to carbon atoms in 

these frameworks can be quite large, 

results significant surface polarization 

inside the pore surfaces of MOFs. Till 

now the best performing heterocycle for 

high CO2 are adenine based bio-MOF-

11, [1.35a] among all others 

heterocycle MOFs. The bio-MOF-11, 

synthesized via a solvothermal 

reaction and the structure contains one cobalt metal coordinated with-four adenines and two 

acetates (Figure 1.19). The CO2 uptake of bio MOF-11 is 5.8 wt% at 298 K and 0.15 bar 

pressure, associated with -45 kJmol-1 isosteric heat of adsorption at zero-coverage. The 

Figure 1.19: Synthesis of Bio-MOF-11 starting from 
adenine and Co(II) salt. Extended structure of Bio 
MOF-11 contains several amine groups dangled inside 
the pore which enhances the CO2 uptake. Redrawn the 
structure from the cif file of bio-MOF-11, [1.35a] 
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higher CO2 uptake and isosteric heat of adsorption were attributed due to the presence of 

enormous surface polarization generated from uncoordinated nitrogen and free amine of 

adenine inside the small pore of bio-MOF-11. Since, the CO2 capacity of bio-MOF-11 

exceeds than other aromatic amine functionalized MOF reported to date at 1 bar pressure. 

Hence, the effects of the nitrogen heterocycle in bio-MOF-11 are noteworthy for high 

capacity of CO2 uptake despite its low surface area (BET 1040 m2g-1).  

(d) Polar organic functional groups bearing MOFs/ZIFs 

It is interesting to know that, despite amine and other nitrogen-based functionalities 

discussed in earlier paragraph, organic linkers with strongly polar functional groups also 

have much contribution on the CO2 capture in MOFs. These polar functional groups are –

NO2, -OH, -CN, -Cl, and -Br 

groups. It has been sought that, by 

increasing polarizing strength of the 

functional group, CO2 uptake 

capability enhances. A systematic 

study of functionality and 

polarization strength is best 

observed in zeolitic imidazolate 

frameworks (ZIFs), another class of 

metal organic frameworks with 

zeolite type structure (Figure 

1.20). Due to their large and modifiable pores ZIFs have received considerable attention for 

storage of CO2 and H2 gases [1.36]. ZIF frameworks composed by imidazolate based 

organic linkers and tetrahedral metal center (Zn2+, Co2+ and Cd2+) with various structural 

topologies. Hence, by changing the functionality in imidazolate linker a wide number of 

isostructural compounds could be generated with different functional groups. A series of 

mixed imidazolate linker frameworks of the GME topology were examined for CO2 

adsorption by changing functional group and pore size effect [1.37]. The size of the 

functional groups in organic linkers attributes a series of isostructural frameworks with 

different pore sizes varied between 7.1 and 15.9 Å. The framework of Zn(nbIm)(nIm) (ZIF-

78) exhibits the largest volumetric capacity due to the presence of polarizing nitro group in 

~ 3Å
~ 6.5 Å

145 º 145 º

 

Figure 1.20: Structural similarity between zeolite and ZIF. 
(Permission taken Proc. Natl. Acad. Sci. U.S.A., 2006.) 
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both imidazolate and benzimidazolate linker. On the other hand, ZIF synthesized from 

cyano-and nitro-functionality (ZIF-82), chloro and nitro-functionalized (ZIF-69), as well as 

bromo and nitro-functionalized (ZIF-81) imidazolate linkers adsorbed almost similar 

amount of CO2 uptake but slightly less than ZIF-78. Conversely, same topological 

frameworks functionalized with alkyl groups adsorbed very less amount of volumetric CO2 

due to its non polar nature. Therefore, it is understandable that, by increasing the surface 

polarization induced by the functional groups enhances the CO2 capture in ZIFs at low 

pressure.  

1.7 Proton Conduction in MOFs: 

The projection of world marketed energy consumption increasing by 50 % from 2012 to 

2030 due to various factors such as rapid 

urbanization, increasing number of industry and 

population growth [1.38]. Hence, there are 

growing pressures to progress from a fossil fuel 

based economy to an alternative renewable 

energy economy [1.39]. Fuel cell technology is 

one of them which have attracted considerable 

attention as a renewable energy source [1.40]. 

Fuel cell is the devices which convert chemical 

energy to electrical energy by combining 

hydrogen from fuel with oxygen from the air 

and produces by product water and heat [1.40]. 

The basic set up of fuel cell consist a negative 

side anode, a cathode (positive side) and 

an electrolyte that allows charges to move 

between the two sides of the fuel cell. Several different fuel cell systems have been 

developed over the years, among which the polymer electrolyte membrane fuel cells 

(PEMFCs) [1.41] (Figure 1.21) are important. In PEMFCs, the basic principle relies on the 

movement of protons from anode to cathode pass through proton-exchange membrane 

inside the cell, while the electrons generated at anode through external circuit towards 

cathode and thereby generate electricity [1.41]. Although, several proton conducting 

 

Figure 1.21: Model representation of proton 
exchange membrane fuel cell (PEMFCs). 
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materials have been reported in literature, till date only one product based on sulfonated 

fluoropolymer (nafion) [1.42] has been successfully commercialized as proton exchange 

membrane in PEMFCs primarily because of its high proton conductivity up to 0.1 Scm-1. 

However, humidified condition is required to achieve high proton conductivity of nafion 

which lacks its conducting efficiency. Moreover, there is also a need to power the 

humidifiers. Such a need also limits the use of nafion in terms of operating temperatures 

which has several 

cautions: potential for 

CO poisoning of Pt 

catalysts at 

temperatures less than 

100 °C (CO from 

steam reforming to 

produce H2) and 

sluggish reaction 

kinetics. Hence, there 

is an urgent need of 

materials that can 

perform proton 

conduction with similar 

or higher efficiency 

than nafion at lower 

temperatures (< 90 °C). In addition, conduction at high temperature (100 °C - 300 °C) as 

well as under anhydrous condition is also highly desirable for this purpose.  During last few 

years metal-organic frameworks (MOFs), have been utilized as efficient proton conductors 

due to their permanent porosity, thermal stability which could be exploited for the 

development of proton-conducting membranes. Generally, two types of proton conductivity 

mechanisms have been sought in MOFs (1) Grotthuss mechanism (2) Vehicle mechanism 

[1.43]. In Grotthuss mechanism proton transport occurs through the hydrogen bonded H2O 

molecule chain along the MOF channels. The overall mechanism performs well under 

hydrous condition as well as at lower temperature (< 80 °C). On the other hand, vehicle 

 

Figure 1.22: (a) Mechanism of Grotthuss proton hopping through 
the H bonded network of water (b) Vehicle proton hopping 
mechanism through the network. The arrow indicates the movement 
of protons. 
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mechanism occurs by the movement of guest molecules (imidazole, triazole etc.) through 

the MOF architecture to conduct protons (Figure 1.22). Based on the above discussion the 

proton conductivity in MOFs is divided mainly in two ways (a) water mediated (hydrous) 

proton conductivity [1.44] (b) Anhydrous proton conductivity [1.45].  

1.7.1 Challenges of proton conductivity in MOFs  

Solid state ionic conduction occurs by facile movement of proton through conducting 

channel path that have least energy barriers. The overall conduction process going through 

the arrangement of protonation and deprotonation mechanism where donor and acceptor 

sites of proton must have high accessible space for facile movement pathway. In general, 

the improvement of materials is facilitated when changes in properties can be directly 

related to changes in structure. Unlike polymers, MOFs are crystalline, and Scxrd provide 

atomic level structural information. The crystallinity of MOFs, coupled with the many 

options for structural modification, enables molecular level design and hence structural 

optimization. Moreover, the porosity of MOF which facilitate unwanted fuel crossover in a 

PEMFC, can be used to advantage by filling pores with water or a nonvolatile proton 

carrier. At current situation two main targets of MOF for PEMFC operation have emerged, 

(1) to synthesize better proton conducting materials that can perform efficiently under 

humid conditions (below 100 °C) and should be cheaper than well known proton 

conducting material nafion. (2) Development of efficient anhydrous proton conductors that 

should operate at higher temperature (more than 100 °C) as well as anhydrous condition.  

  1.7.2 Water assisted proton conductivity in MOF: 

Hydrous proton conductivity in MOF generally happens in presence of water vapour. Here, 

proton conduction process occurs through the hydrogen bonded network of water 

molecules by the formation and cleavage of covalent bonds (Figure 1.23) at temperature 

range bellow 100 °C (Grotthuss mechanism). To synthesize proton conducting PCP/MOFs 

under humid conditions, the framework should retain a large number of water molecules, 

and the accommodated water should have high mobility. Based on the framework 

architecture, conduction process in MOFs under hydrous condition have been categorized 

in two different sections (1) inherent water assisted proton conduction (2) ion assisted 

proton conduction.    
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Figure 1.23: (a) Schematic view of the one dimensional MOF channel impregnated with protonated 
water molecules. The arrows indicate the possible movement of protons through the channel in 
water assisted proton conduction. 
 

1.7.2.1 Inherent Water assisted proton conduction:  

Efficient proton conduction needs the facile movement of protons through the channels of 

the framework. Inherent water molecules inside the MOF backbone can enhance the 

conduction efficiency by several folds. There are two types of prospect (1) water molecules 

coordinated to the metal center of the MOF moieties or (2) water molecules trapped inside 

the pore of MOF structure.  However, proton conduction phenomena enhances for these 

two prospects in presence of hydrous atmosphere.  

Proton conducting ability have been investigated on 1-dimensional chain systems based 

MOFs with oxalate bridging moieties [1.44c]. The first system examined was ferrous 

oxalate dihydrate which consists of octahedral Fe2+ metal centers linked with bidentate 

oxalate ligands and axially coordinated water molecules to form one-dimensional (1D) 

chain polymer (Figure 1.24a). The proton conductivity showed by this material is 1.3 × 10-3 

Scm-1 at 25°C under 98% RH with activation energy of 0.37 eV. Lewis acidic ferrous ion 

(Fe2+) have tendency to subtract proton from coordinated water molecules. Hence, periodic 

arrangement of coordinated water molecules have been built inside the structure to facilitate 

the pathway for proton hopping under hydrous environment that could be the possible 

reason for high proton conduction. Similar kind of study also been performed on 2,5-

dihydroxy- 1,4-benzoquinone (Dhbq) [structurally modified from oxalate] based 
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coordination polymers [1.44h and i] with various divalent metal center (Co, Mg, Mn, Ni 

and Zn) (Figure 1.24b) . However, the proton conductivity of these 

 

Figure 1.24: (a) Three dimensional arrangement of ferrous oxalate based coordination polymer. (b) 
Three dimensional packing of 2, 5-dihydroxy- 1,4-benzoquinone (Dhbq) and Fe (II) based MOF. 
The protons transport through the coordinated water of 1D chain structure under hydrous condition. 
Fe yellow, O red, C gray and Zn green. [Redrawn the structures from the cif files of 1.44c and h] 
 

materials are low [4 × 10-5 Scm-1] in hydrous condition. Both ferrous oxalate and Dhbq 

based MOF do not show proton conductivity in absence of coordinated water molecules 

which indicate that the coordinated water molecules play an important role for high proton 

conduction at humidified condition.  

Proton conductivity studies also have been investigated on MOFs where water 

molecules are trapped inside the void spaces of MOF architecture. A phosphonate-based 

two dimensional coordination polymer has been reported [1.44b] for hydrous proton 

conduction. The MOF (Zn3Btp/PCMOF3) has been synthesized from the 1,3,5 
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benzenetriphosphonate with Zn(NO3)2 under hydrothermal condition. The framework has 

been assembled in 2D layer fashion where each layer is stacked through alternating sets of 

zinc metal centers layers. Water molecules reside  

 

Figure 1.25: Structure of (a) 1, 3, 5 benzene trisulphonic acid and (b) 1, 3, 5 benzene triphosphonic 
acid (c) Structure of PCMOF-3, showing two layers (top and bottom) and forming 1- D water filled 
channels which enhances the proton conductivity. Colour code: Zn green, O red, C gray and P 
yellow. Redrawn the structure from the cif file of PCMOF-3, [1.44b] 
 

in order fashion among the layers and create strong hydrogen bonded network which 

promotes the proton conduction pathway (Figure 1.25c). PCMOF3 showcased decent 

proton conductivity value 3.5 × 10-5 Scm-1 at 25 °C and 98% RH. However, under 

anhydrous condition the conductivity is extremely low which indicates that PCMOF3 is 

highly humidity-dependent proton conducting material. Along the same line, another report 

in 2012, where a phosphonate based MOF (PCMOF3) can perform better proton 

conduction than previous analogue (PCMOF2). The structure of PCMOF2 [trisodium salt 

of 2,4,6-trihydroxy-1,3,5-benzenetrisulfonate (L1)] contains pores lined with sulfonate 

oxygen atoms and exhibit poor proton conducting efficiency. In order to improve the proton 

conductivity in PCMOF2 structure, replacement of the (L1) linkers with 1,3,5 

benzenetriphosphonate (L2) linkers (Figure 1.25b) by keeping the hybrid nature of both 

PCMOF2 and PCMOF3 [1.44j]. The resulting material named as PCMOF21/2 has very high 
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proton conductivity 2.1 × 10−2 Scm−1 at 90% RH and 85 °C. The PCMOF21/2 also showed 

highly humidity dependent proton conductivity. At 50% RH, the conductivity of 

PCMOF21/2 decreases to 2.4 × 10−5 Scm−1. The activation energy (Ea) measured 0.21 eV, is 

indicative of Grotthuss hopping mechanism for high proton conduction.  

 

Figure 1.26: Representation of D and L valline based MOF with Zn(II) metal center. Close 
proximity of water molecules inside the framework is responsible for proton conduction. [Redrawn 
the structure from the cif file of 1.45k]. 
 

Similar kind of water channel resides in close proximity inside the MOF void space has 

been examined for hydrous proton conduction.  A series of MOF isomers, [Zn(l-

LCl)(Cl)](H2O)2 (1), [Zn(l-LBr)(Br)]-(H2O)2 (2) [Zn(d-LCl)(Cl)](H2O)2 (3), and [Zn(d-

LBr)-(Br)](H2O)2 (4) with unprecedented  unh topology was reported [1.45k]. All these 

MOFs contain helical water chains inside the structure, have explored for proton 

conduction. 1 and 3 have continuous water chains which promotes proton conduction (4.45 

× 10-5 and 4.42 × 10-5 Scm−1 respectively at ambient temperature under 98% RH) through 

the channels (Figure 1.26). On the other hand, 2 and 4 do not show any conductivity due to 

absence of discrete water assembly inside the cavity, confirmed by VT-SCXRD 

experiments. Sometimes two different solvents occupied the void spaces of MOF 

architectures also play the role for hydrous proton conduction. A report of a three 

dimensional MOF [{(Zn0.25)8(O)}Zn6(L)12 (H2O)29(DMF)69(NO3)2]n has been synthesized 

from 1,3 bis (4carboxy phenyl) imidazolium and Zn8O clusters [1.45i]. The inner cavities 

of this framework are occupied by the large numbers of DMF and water molecules. The 
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imidazolium groups of the organic linkers aligned in the channels and interact with DMF 

and water to facilitate the hydrous proton conductivity. The proton conductivity increases 

with an increase of humidity and reaches 2.3 × 10-3 Scm-1. 

1.7.1.2 Ion assisted 

proton conduction:  

There are several MOFs 

reported where metal 

coordination creates 

anionic framework. Hence, 

to neutralize the anionic 

framework various 

cationic molecules [NH4
+, 

(CH3)2NH2
+, (C2H5)2NH2

+ 

etc.] gets trapped inside 

the framework. It has 

been observed that, cation 

trapped MOFs could be 

used as proton transfer 

sites and can initiate the conduction process under hydrous condition.  Such kind of 

cationic MOFs also have been examined for proton conduction. There is a report in 2009, 

[1.44e] where zinc oxalate based framework (NH4)2(adp)-[Zn2(ox)3]·3H2O, consist 

ammonium cations, water molecules and adipic acids (adp) inside the interlayer spaces of 

2D network (Figure 1.27). The proton conductivity of this MOF was found to be 8 × 10-3 

Scm-1 at 25 °C under 98% RH, which is comparable to the proton conductivity of nafion. 

The higher proton conductivity at hydrous condition is due to the extended hydrogen-

bonded network that is generated from the strong hydrogen bonding between ammonium 

caions, adipic acids and water molecules inside the 2D architecture. The proton 

conductivity of similar kind oxalate-bridged bimetallic complexes NH(prol)3} 

[MIICrIII(ox)3] (MII = MnII, FeII, CoII) also have been examined, [1.44n] where the 

hydrophilic tri(3-hydroxy propyl) ammonium [NH(prol)3+] cations inside the crystal 

structure promote hydrous proton conductivity. They reveal lower proton conductivity (∼1 

Figure 1.27: Honeycomb layer structure of Zinc oxalate 
framework (NH4)2(adp)-[Zn2(ox)3]·3H2O. inside the interlayer 
spaces of 2D network ammonium cation, water molecule as 
well as adipic acid (adp) is arranged by H bonds. Color code: 
Zn green, O red, C gray and N blue. [Redrawn the structure 
from the cif file of 1.44e] 
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× 10-4 Scm-1) and show performance only under the humidified condition only. The proton 

conductivities of the complexes significantly decrease to 4.4 × 10-10  Scm-1 under 40% RH.  

Table 1.6: Proton-conducting MOFs under hydrous condition reported in literature. 

SL.No MOFs and CPs Proton 

conductivity 

(Scm
-1

) 

Ea (eV) Conditions Reference 

1 (NH4)2(adp)[Zn2(ox)3]. 

3H2O 

8 × 10-3 0.63 25 °C and 98%  RH 1..4e 

2 1D Ferrous Oxalate 

Dihydrate 

1.3 × 10-3 0.37 25 °C and 98%  RH 1.44c 

3 (NH4)4[MnCr2(ox)6]3 
.4H2O 

1.1 × 10-3 0.23 25 °C and 98%  RH 1.44o 

4 Cucurbit[6]uril (CB[6]) 1.1 × 10-3 0.39 25 °C and 98%  RH 1.44d 

6 {β-PCMOF2(Tz)0.45} 5 × 10-4 0.51 150 °C 1.45b 

7 Mg2(dobdc)3.0.35LiOiPr3. 
0.25LiBF4. EC3. DEC 

3.1 × 10-4 0.14 27 °C 1.44p 

8 {NH(prol)3}[MIICrIII(ox)3] 
(MII ) =MnII, FeII, CoII) 

1 × 10-4  25 °C and 75% RH 1.44n 

9 (H5C2)2(dtoa) Cu 1 × 10-4  25 °C and 80%  RH 1.44i 

11 [Zn(l-LCl)(Cl)](H2O)2 4.45 × 10-5 0.34 28 °C and 98% RH 1.44l 

12 PCMOF-3 3.5 × 10-5 0.17 25 °C and 98%  RH 1.44b 

13 [M IL-53(Fe)-(COOH)2] 2.0 × 10-6 0.21 25 °C and 98%  RH 1.44a 

 

Proton conduction of related bimetallic oxalate-based MOFs 

[N(R)3(CH2COOH)][FeCr(ox)3] also have been investigated [1.44q] replacing NH(prol)3 

cations by  N(R)3(CH2COOH) cations where  R=Me (methyl), Et (ethyl) or Bu (n-butyl). 

Since, the cationic component consist carboxyl group that will be fruitful for proton carrier 

under hydrous condition. The hydrophilicity of the cationic ion was tuned by the NR3 

residue. Generally, hydrophilicity decreases with increasing the size of the R group of the 

residue: [NMe3(CH2COOH)]+ > [NEt3(CH2COOH)]+ > [NBu3(CH2COOH)]+. The 

hydrophilicity of [N(Me)3(CH2COOH)] [FeCr(ox)3] is very high compare to others which 

is reflected in  high water vapour adsorption as well as high proton conductivity of ∼10−4 

Scm−1 under 65% relative humidity (RH). 
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1.7.3 Anhydrous proton conductivity in MOF: 

 As already discussed in earlier section, developing proton-conducting materials that are 

capable of operating above 80 °C temperature have been a great challenge and could be 

fruitful for practical applications in fuel 

cell [1.46]. Extensive amount of research 

is being carried out to find suitable 

proton conductive materials that can 

function at high temperatures (80 °C to 

250 °C) as well as under anhydrous 

condition for the commercialization of 

fuel cell. Along this goal, MOFs proved 

to be the promising candidate due to their 

high thermal stability, crystallinity and 

porosity which can be used as a 

platform for solid support. Moreover, 

by tuning the functionality inside MOF 

network, one can tailor their property as 

well as efficiency for specific applications. It has been observed that imidazole, pyrazole 

and triazole type organic molecules can conduct proton through the discrete channels at 

higher temperature (Figure 1.28) [1.47]. However, several proton conducting MOFs are 

reported in literature, where water molecules inside 1D or 2D channels are responsible for 

the proton conduction [1.48]. Based on above idea, replacement of water molecules by 

imidazole or triazole molecules inside the porous channels of MOF should logically 

improve the proton conducting efficiency at high temperature. In fact, same approach was 

first demonstrated in 2009, by encapsulating proton conducting imidazole guest inside the 

MOF channels. Two porous MOFs [Al(µ2-OH)(1, 4-NDC)n ] (1) and [Al(µ2-OH)(1, 4-

BDC)n] (2) {1,4-NDC =1,4-naphthalene dicarboxylate and 1,4-BDC = 1,4-benzene 

dicarboxylate} have been chosen for encapsulation of guest imidazoles inside the 

frameworks. Both these MOFs [1.49a and b] have the pore dimension ∼8 Å as a result, 

imidazole (4.3 × 3.7 Å2) molecules easily get incorporated inside the pores (Figure 1.29a 

and 1.29b). The anhydrous proton conductivities measured for 1@Im and 2@Im at room 

Figure 1.28: Schematic representation of MOF 
channel which is filled by imidazole/ triazole 
/pyrazole etc. molecules for anhydrous proton 
conduction. Redrawn with permission of 1.45a 
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temperature were found to be in the range of 10-8 to 10-10 Scm-1} [1.45a]. However, the 

anhydrous proton conductivity measured at 120 °C have increased drastically [2.2 × 10-5 

Scm-1 for 1@Im and 1.0 × 10-7 Scm-1 for 2@Im].The activation energy of 1@Im and 

2@Im were found to be 0.6 eV and 0.9 eV respectively, indicating that the proton 

conduction via vehicle mechanism. The difference in conductivity was due to the polar 

channels in the BDC framework interfering with the free rotation of the imidazole 

molecules that result lowering the conductivity of 2@Im. On the other hand, NDC 

framework channels have more hydrophobic nature which interact weakly with polar 

imidazoles and allow the guest molecules to move freely in the channels. It should also be 

noted that, the conductivity is still lower than pure imidazole under the similar conditions, 

showing that the non-polar ndc framework is lowering the conduction abilities of 

imidazoles.  

 

Figure 1.29. Structure of Al based MOF (a) imidazoles loaded Al-NDC based framework [1@ Im]. 
(b) imidazoles loaded Al-BDC based framework [2@ Im], (c) structure of Al-NDC based MOF 
loaded with histamines for anhydrous proton conduction. Colour code: Al Yellow, O red, C gray 
and Imidazole green pentagon. [Redrawn the structures from the cif files of 1.45a and 1.49a] 
 

Similar kind of idea further extended by incorporating histamine molecules inside the 

cavity of [Al(µ2-OH)(1, 4-ndc)n ] (1). As already mentioned the compound (1) possess pore 

diameter of 7.7  × 7.7 Å with one-dimensional channel networks [1.49a] thus, histamine 

molecules can incorporated inside the cavity (Figure 1.29c). The proton conductivity of 

1@Hist was found to be 3.0 × 10-5 Scm-1 at room temperature, which increases to 1.7 × 10-3 

Scm-1 at higher temperature (150 °C). The reason for increased conductivity of 1@Hist 

than 1@Imd at elevated temperatures is due to higher concentration and dense packing of 
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histamine molecules compared to imidazole molecules. The activation energy of 1@Hist 

was calculated to be 0.25 eV. 

In 2009, sulfonates based MOF loaded with triazoles (used as a protic organic guest) 

have characterized for proton conduction, extensively [1.45b]. The structure of 2,4,6-

trihydroxy-1,3,5-benzene trisulfonate hemihydrates  [β-PCMOF (H2O)2] reveals 2D sheet 

in honeycomb like arrangement, which is cross linked in three dimension with sodium ion. 

The space between the 1D channels is occupied by sodium, hydroxyl and sulfonate polar 

groups. The conductivity measurement of  [β-PCMOF (H2O)2] was found to be 5.0 × 10-6 

Scm-1 at 30 °C under anhydrous condition is mainly due to trapped water molecules inside 

the crystal structure. Heating the sample up to 80 °C under anhydrous condition results the 

reduction in conductivity (5.0 × 10-6 Scm-1) due to dehydration. In next step, H2O molecules 

inside the channels of β-PCMOF were replaced by incorporating triazole molecules to 

produce [β-PCMOF (Tz)x , x=0.3, 0.45 and 0.6] (Figure 1.30a). No proton conductivity was 

observed at low temperatures and under anhydrous condition. However, at higher 

temperatures, the conductivity reached a maximum (5 × 10-4 Scm-1 at 150 °C when x = 

0.45) under anhydrous condition, indicating the replacement of water molecules by triazole 

moieties.     

 

Figure 1.30. (a) Structure of βPCMOF-2, constructed from 1, 3, 5 benzene tri-sulphonic acid and 
Na metal. 1, 2, 4 Triazole molec  ule incorporated inside the pore of β-PCMOF-2 for anhydrous 
proton conduction. (b) Packing structure of [Zn(H2PO4)2(TzH)2]n coordinated triazolate linker forms 
2D sheets where phosphates are dangled along the channel and creates proton conduction pathway. 
Color code: Na cyan, Zn green, P yellow, O red, N blue, C grey and 1, 2, 4 triazole- light blue 
pentagon respectively. H atoms have been omitted for clarity. [Redrawn the structures from the cif 
files of 1.45b and e]  
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Sometime, MOF shows intrinsic proton conduction without any help of guest molecules. 

One report of such MOF is [Zn(H2PO4)2(TzH)2]n [1.45e] composed by octahedral Zn2+ 

coordinated with orthophosphates as well as bridging TzH units. These sheets are stacked 

together in the crystallographic c direction, forming hydrogen bonds between triazoles and 

orthophosphates and create network for proton conduction through the channels (Figure 

1.30b). The conductivity measured by [Zn(H2PO4)2(TzH)2]n at lower temperatures is within 

the range of 10-6 to 10-7 due to bulk phase grain boundary. However, higher temperature 

(150 °C) conductivity increased to 1.2 × 10-4 Scm-1 with activation energy of 0.6 eV 

without support of any other guest proton-conducting materials. This was the first proposed 

example of inherent proton conduction in MOF without any loading of guest molecules.  

Recently, high proton conductivity in MOFs has been achieved by the inclusion of 

inorganic acids into MIL-101 framework. Highly stable and porous chromium terephthalate 

(MIL-101) were loaded with sulfuric acid and phosphoric acid [1.44u]. The acid loaded 

MOFs called H2SO4@MIL-101 and H3PO4@MIL-101 have very high conductivity values, 

1 × 10-2 and 3 × 10-3 Scm-1 respectively at 150 °C and very low humidity (0.15% RH). 

Higher acidity of the guest acids contributed to the proton-conducting property of these 

hybrid materials while MOF is just used a vessel for these acids.  
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CHAPTER 2 

 

 FUNCTIONALIZED ZEOLITIC IMIDAZOLATE AND TETRAZOLATE 

FRAMEWORKS FOR HIGH CARBON DIOXIDE  STORAGE CAPACITY 

 

2.1 Introduction:  

As discussed in section 1.6.3, porous MOFs with –NH2 functional groups exposed into the 

pores showed high physisorptive CO2 adsorption enthalpy resulting in the enhancement of 

the CO2 adsorption properties. On the same line, some reports suggests that MOFs with 

heterocycle derivatives specially adenine based bio-MOF-11 where several sp2 nitrogen 

atoms have promoted towards high CO2 adsorption [1.35a]. Taking these advantages in 

consideration we anticipate that, presence of both –NH2 functionality and heterocycle 

derivatives in single domain would logically improve the heat of CO2 adsorption. In these 

regards, in order to study the high CO2 adsorption behaviors in functionalized MOFs, we 

started working on the synthesis and CO2 gas adsorptions of MOFs synthesized from 5- 

amino tetrazole (5-AT) as linker with Zn (II) metal center.  During the synthesis, firstly we 

have utilized 5-AT as an organic linker not only due to the presence of –NH2 group into its 

backbone, but it also holds following advantages: 

(a) Tetrazolate rings have four sp2 nitrogen atoms which generates polarity inside the MOF 

architecture suitable for high CO2 uptake. 

(b)  Its geometry can induce the formation of several zeolitic topologies with tunable pore 

sizes framework which eventually applied for many characteristics such as selective 

gas adsorption, gas storage and catalysis. 

(c)  Moreover the combination of polar amino group bonded with carbon atom in this 

ligand results in significant surface polarization which enhances the interaction of 

MOF with CO2 molecules. 

In this chapter, we report of a three dimensional amino functionalized Zeolitic 

Tetrazolate Framework (ZTF-1) starting from 5-AT and Zn(II) metal salts, where only N1 

and N4 are coordinated to metal centers (Zn–5AT–Zn angle is close to 145°, coincident 
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with the Si–O–Si angle) and adopt a tetrahedral framework reminiscent of those found in 

zeolites (Figure 2.1). Note that, previously, there is only one report of ZIF with -NH2 

functionality due to the difficulty in synthesis as well as -NH2 group has affinity to 

coordinate with metal center that can annihilate the zeolitc topological structure. However, 

ZTF-1 is the one and only report of -NH2 functionalized three dimensional zeolitic metal 

tetrazolate framework with uncoordinated tetrazolate nitrogen as well as free -NH2 

functionality. The framework of ZTF-1 adopts zeolitic dia topology with a pore size of 4.5 

Å in diameter. Moreover, it shows high CO2 uptake (120 cc/g at 273 K and 1 bar pressure) 

due to the presence of free -NH2 group and uncoordinated tetrazolate nitrogens which has 

been verified both experimentally as well as computationally. 

Since, the polar functional groups have significant contribution on the CO2 capture in 

MOFs (section 1.6.3). Hence, as a part of our investigation, we have also attempted to 

synthesize a series of ZIFs with large pore diameter and aperture [1.37]. Specifically, the 

synthesis of GME topology [1.37c and d] based ZIFs which are exceptional due to their 

large pore aperture and diameter. GME ZIFs typically synthesized by using equimolar 

amounts of 2-nitro imidazole (nIm) and a second substituted imidazole [1.37d]. The 

second link is the key to achieving a wide range of pore diameters and functionalities. 

Since the polar functional groups such as -NO2, -OH, -CN, -Cl, and -Br have been used for 

the synthesis of GME ZIFs hence, depending on polarizing strength enhancement of CO2 

uptake capability will change [1.37d]. Here, we report the synthesis and characterizations 

of three cobalt (Co) based ZIFs, Co-ZIF-68, -69 and -81 that have the GME topology. 

These ZIFs resemble three previously reported zinc (Zn) based ZIFs (ZIF-68, -69 and -81; 

hereafter will be mentioned as Zn-ZIF-68, -69 and -81) [1.37c and d] with same GME 

topology and similar tunable pore apertures, da, (7.7, 4.6 and 4.2 Å) and diameter, dp (10.4, 

7.9 and 7.6 Å) respectively. These ZIFs are composed of two different imidazolate links 

(double-links) and the pores are functionalized with -NO2 and -C6H6 (Co-ZIF-68) or -

C6H5Cl (Co-ZIF-69) or -C6H5Br (Co-ZIF-81) functionalities (Figure 2.4). Our motivation 

was to check whether these functionalities in GME ZIF architectures have any role on CO2 

capture by replacement of metal center. However, similar efforts on iso-structural MOFs 

containing different metal coordination sites are limited to only handful of systems, such as 

CPO-27-M, [1.27b] or M/DOBDC [M= Zn, Co, Ni, Mg] [1.26e] with open metal sites 
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inside the framework. Hence, extensive study on large number of systems is needed to 

completely understand the effects of metal replacement on H2, CO2, CH4 and other gas 

adsorption properties in MOF. This aspect motivated us to attempt for this metal 

replacement among these Co/Zn-ZIFs, with same crystal structures, so that we can 

understand the role of metals on CO2 binding.  As mentioned before, this type of metal 

replacement has been demonstrated in MOFs containing open metal sites, [1.26e] but 

similar study in MOFs/ZIFs which devoid of any open metal sites have not been attempted 

so far. 

2.2 Result and Discussion 

2.2.1 Structural analysis of ZTF-1  

The crystal structure of ZTF-1 was 

found to be related to the diamond 

(dia) topology [2.1]. The tetrahedral 

(T) atoms are Zn and the linkers are 

5-AT bonding to Zn via the N atoms 

of the five-membered tetrazolate ring 

(Figure 2.2a). The Zn·· ·Zn distance 

(∼ 5.9 Å) in ZTF-1 like ZIFs is 

extended by replacing oxide ions 

with tetrazolate linkers (the 

corresponding Si· · ·Si distance in 

aluminosilicates is about 3.0 Å) 

[2.2]. This leads to an expanded 

metal tetrazolate with voids (Figure 

2.2c) and an extended 3D ZTF 

structure with a pore size of 4.5 Å in 

diameter (Figure 2.2c). The dia 

framework of the ZTF-1 is illustrated in figure 2.2b, which shows only the vertices (T 

atoms), edges (links between the T atoms) and the network topological connectivity (ball-

stick). [2.3] It is simply made up of four coordinated [64] tiling with a transitivity of 1111 

(vertex, edge, face, tile). A monoclinic unit cell of ZTF-1 which contains 4 zinc ions within 

 

Figure 2.1: Synthesis of ZTF-1 from 5-amino 
tetrazole and Zn(II) salt in presence of structure 
directing agent DMAz.  
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a unit cell volume of 1349.7(5) Å3. The density (T/V) of metal atoms per unit volume is 

2.09 nm-3, which is comparable to ZIFs (2.08 – 3.7nm−3) and much less than that of zeolites 

(12 – 20 nm−3). Figure. 2.2c shows the separate adamantane type cage in the structure of 

ZTF-1. The adamantane cage consists of 10 Zn (II) ions and 12 5-AT and each cage is 

surrounded by 6 similar cages (Figure 2.2d). Note that, because of the way the 5-AT linkers 

are oriented, there are six 5-AT links pointing inwards each cage while six are pointing 

outwards. Apart from the –NH2 functionality, uncoordinated N2 and N3 nitrogen are 

exposed to the pore. As shown in figure 2.2c, the largest 6-membered ring has a pore 

aperture of 4.3 Å. The reason for ZTF-1 adopting the dia topology (Figure 2.2c) is not very 

clear to us. 

 
 

Figure 2.2:  Crystal structure of ZTF-1. (a) The Zn-TET-Zn bridging angle in ZTF-1 resembles 
with Si-O-Si structure in zeolites. (b) The framework adopts a dia topology. The structure is shown 
as an exploded tiling of adamantane (brown) with all the tetrahedral Zn(II) atoms (green) are linked. 
(c) Zn(II) and 5-amino tetrazolate clusters are bridged together to generate an extended 3D porous 
structure(d) 3D packing diagram of ZTF-1. [Zn(II) blue, C black, N green] 
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We calculated the M–L–M angle of all ZIFs reported so far (Table 2.1 and Figure 2.3) to 

elucidate the reason for the formation of the dia topology with 5-AT rather than the sod 

topology (obtained with 2-methylimidazolate and 2-nitroimidazolate). The dia topology is 

found to withstand a wide variation of the M–L–M angle (from 135° to 149°) compared to 

any other topology reported (sod withstands a variation of 141° to 147°) [2.4]. 

Table 2.1: Types of ZIFs (including the number of times) reported in the literature and the 

M-X-M bond angle range.  

SL. No Type Number of Hits Angle Range 

1 sod 12 143.32 to 147.78 

2 dia 10 140.2 to149.4 

3 crb 7 142.44 to 149.62 

4 gis 6 142.34 to 149.05 

5 rho 5 141.88 to 151.39 

6 cag 5 140.84 to 143.31 

7 zni 5 142.76 to 146.38 

8 mog 4 141.87 to 146.25 

9 ita 4 141.43 to 142.22 

10 gme 3 144.26 to 146.13 

11 neb 3 140.88 to 145.14 

12 nog 3 138.28 to 145.88 

13 frl 2 144.81 to 149.25 

14 dft 2 143.71 to 145.22 

15 coi 2 144.46 to 144.49 

16 mer 2 144.81 to 145.03 

17 zec 1 142.23 

18 zeb 1 140.18 

19 fes 1 146.81 

20 ana 1 144.88 

21 srs-c-b 1 144.16 
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Figure 2.3: Angular distribution for the M-X-M angles. X axis represent the angle range and Y axis 
represent the number of hits. It should be noted that, we have assigned total number of hits for every 
case in order to separate each type from others.  
 

2.2.2 Structural analysis of Co-ZIF-68, -69 and -81  

In general the transition metal atoms, Zn or Co, replace the T atoms (e.g. Si, Al and P) of 

zeolites and imidazolates (IMs) replace the bridging oxide ions in ZIF structures. Moreover, 

by reacting metals with IM-type links one can rapidly obtain tetrahedral, porous ZIF 

structures and access topologies previously unrealized in zeolite materials. Furthermore, it 

has been demonstrated that one can synthesize ZIFs containing two chemically different 

imidazolate links. This usage of double-links introduces a new level of complexity to the 

pore composition and structure. Among several double-linked ZIFs reported in literature, 

we identified  three Zn-ZIFs (Zn-ZIF-68, -69 and -81) with the GME topology, composed 

of one common nitroimidazolate (nIM), and one substituted benzimidazolate [C6H6, -

C6H5Cl, -C6H5Br] (Figure 2.4).  
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Figure 2.4: Reaction of 2nIM with different imidazole based linkers (bIM, Cl-bIM and Br-bIM) 
construct the GME topology. Blue and pink polyhedral indicates Zn and Co metal center 
respectively. H atoms are omitted for clarity. At right side, the schematic representation of hpr, 
gme, and kno cages, which construct the GME topology. 
 

 

These links consistently occupy specific positions in the framework of these three Zn-ZIFs. 

Here, we report an excellent example of metal substitution [from Zn to Co] on these Zn-

ZIFs to synthesize three new Co-ZIFs [Co-ZIF-68, -69, -81], which feature the same GME 

topology as well as a range of functionality and finely varied porec metrics (Figure 2.4). As 

expected, all these Co-ZIFs crystallize in the same hexagonal space group (P63/mmc) and 

have very similar unit cell dimensions (a = b ~ 26 Å, c ~ 19 Å; V ~ 11500 Å3). The unit 

cell of these Co-ZIFs contains 24 Co ions. However, they differ in the nature of the 

functional groups decorating the pores and in the metrics of their pore structure. 
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Figure 2.5: (a) Pictorial definition of pore aperture (da) and pore diameter (dp) of Zn and Co based 
GME ZIFs. (b) pore diameter (dp) vs surface area for Co and Zn based GME ZIFs. (c) Pore 
diameter (dp) vs CO2 uptake for Co and Zn based GME ZIFs at 273 K and (d) 298 K. It is clearly 
indicate that Co based GME ZIFs analogue have much higher CO2 uptake than Zn based GME 
ZIFs. 
 

The GME topology is illustrated in Figure 2.5, only the vertices (T atoms) and edges (links 

between T atoms) are shown [2.5]. The structures of  Co-ZIF-68, -69 and -81can be 

described as being built from three types of cages, namely kno, gme and hpr cages in the 

ratio 1:1:1. These kno cages (24 Co ions), form a 12 membered channel parallel to the c-

axis. nIM links in the hpr cages are oriented in such a way that, there exist a number of 

weak C–H···O interactions{D, 3.212 (2) Å; d, 2.654(4) Å; θ, 114.2 (3)°} [2.6]  between a 

substituted benzimidaole hydrogen and two oxygen atoms from adjacent nIM links. These 

interactions appear to favor the formation of hpr cage.The –NO2 functionalities between 

two adjacent nIMs are separated [O···O 3.73 (2) Å and 4.16 (4) Å] in such a way that steric 
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repulsion is minimal. The gme cages are also supported by a number of weak C–H···O 

interactions [∼D, 3.101(6) Å; d, 2.948(3) Å; θ, 110. 1(2)°] similar to those in the hpr cages 

(see supporting information for detailed description). The da and dp (Figure 2.5) values of 

each gme cage (4.1 and 6.2 Å) and hpr cage (3.1 and 5.4 Å) remain essentially unaltered, as 

the main constituents of these cages is the common link, nIM, that occupies the same 

crystallographic positions in all these Co-ZIF structures. The GME topology is known to 

withstand a wide variation of the T–X–T angle (from 137° to 144°). [1.37c and d] The Co–

IM–Co angle in these Co-ZIFs ranges from 137° to 144° whereas ZIFs bearing SOD (143° 

to 144°), RHO (136° to 140°), LTA (135° to 141°) or other topologies have much narrower 

range of angular flexibility. This added angular flexibility of the GME ZIFs allows for free 

variation of the functionality on the imidazolate link. This flexibility makes these ZIFs 

highly attractive for study, as the topology remains unaltered while one important structural 

variable such as metal substitution are modulated at will.  

2.2.3 Thermal properties and X-ray powder diffraction analysis  

As-synthesized ZTF-1 consists of 23.5 wt% of DMF, as quantified from XRD crystal 

structure, corroborated by thermo gravimetric analysis (TGA) (Figure 2.7d). The activated 

sample was prepared by exchanging the trappedsolvent in as-synthesized ZTF-1 with dry 

methanol, followed by evacuation at room temperature. The methanol-exchanged and 

activated compounds were characterized by TGA measurements to assure full activation. In 

order to confirm the phase purity and consistency of the bulk materials, powder X-ray 

diffraction (PXRD) experiment was carried out on as synthesized ZTF-1 (Figure 2.15a). All 

major peaks of experimental PXRD of ZTF-1 well matched with simulated PXRD, 

indicating reasonably good crystalline as well as phase purity. 

Thermal gravimetric analysis (TGA), performed on as-synthesized, solvent-exchanged and 

activated samples of Co-ZIF-68, -69 and -81 (Figure 2.6d), reveals a thermal stability range 

up to 250 °C, similar to the Zn based ZIFs (Zn-ZIF-68, -69 and -81) [1.37d]. The TGA 

trace for these as-synthesized and solvent exchanged Co-ZIFs showed a long plateau in the 

temperature range 100–390 °C, indicating thermal stability in the absence of guest 

molecules. In order to confirm the phase purity of the bulk materials, PXRD experiments 

were carried out on Co-ZIF-68, -69 and -81 (Figure 2.15b, c and d). All major peaks of 
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experimental PXRD of Co-ZIF-68, -69 and -81 are well matched with simulated PXRD, 

indicating reasonably good crystalline phase purity.  

 
 

Figure 2.6: PXRD patterns of (a) Co-ZIF-68 (b) Co-ZIF-69 and (c) Co-ZIF-81 performed during 
stability test in water. The framework structure of all Co-ZIFs were unchanged after 5 days and 
matches well with simulated PXRD. (d) Thermo gravimetric analysis (TGA) of Co-ZIF-68, -69, and 
-81. 
 

 

We also note that, the guests in Co-ZIF-68, -69 and -81 were released without damaging 

the frameworks as evidenced by the coincidence of the powder X-ray diffraction (PXRD) 

patterns with patterns simulated from the single crystal structures after heating to 300 °C in 

N2 atmosphere. Examination of chemical stability was performed by heating the as-

synthesized samples in water for 5 days. Remarkably, all retained their structures under this 

condition as evidenced by the sharp unshifted diffraction lines in their PXRD patterns 

(Figure 2.6). 
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2.2.4 Gas adsorption Properties 

2.2.4.1 Gas adsorption study of ZTF-1 

The architectural stability and permanent porosity of ZTF-1 were also confirmed by 

measuring the N2 gas adsorption of the guest-free material (Figure 2.7a). The BET and 

Langmuir surface area were calculated to be 355.3 and 443.8 m2g−1. Recently researchers 

have shown that MOFs  

 
 

Figure 2.7: Gas adsorption isotherms of ZTF-1, (a) Nitrogen adsorption isotherm at 77 K. (b) 
Adsorption isotherms for CO2 and N2 at 273 K and 298 K. (c) Hydrogen adsorption isotherms at 77 
K. The filled and open circles represent adsorption and desorption, respectively. (d) Overlay of 
TGA traces of as-synthesized (black), solvent-exchanged (red) and activated (blue) samples of 
ZTF-1. 
 

and ZIFs can hold large amounts of carbon dioxide and have demonstrated that ZIFs can 

capture CO2 selectively from CO and CH4 (Table 2.3 for a detailed list of MOFs with high 

CO2 uptake) [1.37].  Figure 2.7b shows the CO2 adsorption isotherms for ZTF-1, which 
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shows high capacity for CO2 than N2 at 273 K. The CO2 uptake at 760 torr for ZTF-1 is 10 

times higher than N2 at 273 K. Although ZTF-1 has lower CO2 uptake (5.6 mmol/g at 273 

K) than the Mg-MOF-74 (8.08 mmol/g at 298 K) but the CO2 uptake of ZTF-1 compares 

well with the recently reported bio-MOF-11 (6 mmol/g at 273 K) and outperforms other 

ZIFs. Recently, Yaghi and Shimizu reported free –NH2 functionalised zeolitic MOF, ZIF-

96 and Zn-aminotriazolato-oxalate [1.24v, 1.26p, 1.26q, 1.33a and 2.7]. However, ZTF-1 

contains both free tetrazole nitrogen and free –NH2 functionality to interact strongly with 

CO2. As a result in terms of CO2 uptake ZTF-1 out performs ZIF-96 (2.16 mmol/g at 298 

K) and Zn-aminotriazolato-oxalate (4.3 mmol/g at 273 K). Since ZTF-1 has small pores 

and exposed –NH2 functionality like the bio-MOF-11, which has a high (1.5 wt% at 77 K) 

H2 uptake, we decided to collect H2 adsorption isotherms for ZTF-1 at 77 K (Figure 2.7c). 

It should be noted that the repeatability of the H2 adsorption behaviour was confirmed by 

reproducing the same isotherm three times at 77 K. The uptake at 760 torr at 77 K is 1.6 

wt%, which is comparable to bio-MOF-11 and higher than those for ZIF-11 (1.4 wt%), 

ZIF-8 (1.3 wt%) and ZIF-20 (1.1 wt%). The initial uptake of ZTF-1, is also higher than that 

of ZIF-8 (1.3 wt%) and ZIF-11 (1.4 wt%). This suggests that a relatively strong interaction 

between the ZTF-1 framework and H2 exists and small pores of ZTF-1 at low pressure and 

low temperature. A recent theoretical study suggests that nitrogen atoms on aromatic rings 

in a framework can enhance the adsorption energy of H2 [2.8]. In ZTF-1, two tetrazole 

nitrogen and amino nitrogen are available to bind H2 and thereby possibly enhancing the H2 

uptake compared to other ZIFs. 

2.2.4.2 Gas adsorption measurements of Co-ZIFs 

The architectural stability and porosity of Co-ZIFs reported in this paper were also 

confirmed by measuring the N2 gas adsorption of the guest-free material (Figure 2.8a). N2 

adsorption isotherms for Co-ZIFs exhibit the typical Type I isotherm, which is indicative of 

microporous materials. Co-ZIF-68, -69 and -81 showcases BET surface area of 792, 700 

and 661 m2g-1 respectively. We used CO2 as a probe to characterize the effect of the change 

in chemical environment created via metal substitution inside the cages. These ZIFs have a 

disproportionately higher affinity and capacity for CO2 than for other gases (Figure 2.9). 

The CO2 uptake at 1 bar pressure for Co-ZIF-68, -69 and -81 is eight to ten times higher 

than the uptake for N2 at 298 K.  
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Table 2.2: Pore volume, surface area and CO2 uptake of all Co and Zn-ZIFs: 

S.N 
Zn and 

Co ZIFs 

Pore 

diameter (dp) 

Pore Aperture 

(da) 

Pore 

Volume 
Surface 

Area (m
2
g

-1
) 

CO2 uptake 

(cc/g) 

273 K 298 K 

1 

Zn-ZIF-
68 10.3 Å 7.5 Å 571.8 1090 65.8 37.5 

2 

Co-ZIF-
68 10.5 Å 7.7 Å 605.8 792 125.7 92.6 

3 

Zn-ZIF-
69 7.8 Å 4.4 Å 248.3 950 68.1 40.0 

4 

Co-ZIF-
69 8.0 Å 4.6 Å 267.9 700 115.2 59.0 

5 

Zn-ZIF-
81 7.4 Å 3.9 Å 212.0 760 64.2 38.0 

6 

Co-ZIF-
81 7.7 Å 4.1 Å 238.9 661 96.8 48.2 

 

As shown in figure 2.8b, c and d, CO2 uptake at 1 bar pressure is 33-48% higher for Co-

ZIF-68, -69 and -81 compared to their Zn-ZIF counterparts at 273 K. Interestingly, this 

difference decreases for Co-ZIF-69 and -81  when we elevate the temperature at 298 K, but 

for Co-ZIF-68 this difference increases to 60% (Figure 2.5).  We believe, this enhancement 

of CO-ZIFs CO2 uptake of these ZIFs follow a sequence of Co-ZIF-68 (-C6H6),> -69(-

C6H5Cl) > -81(-C6H5Br) >Zn-ZIF-69 (-C6H5Cl)> -68 (-C6H6) > -81(-C6H5Br).  
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Figure 2.8: Volumetric Gas adsorption isotherms of ZIF-68, 69 and 81. (a) Nitrogen adsorption 
isotherm at 77 K. Comparison of CO2 adsorption isotherms (273 K and 298 K) of (b) Zn and Co-
ZIF-68 (c) Zn and Co-ZIF-69 (d) Zn and Co-ZIF-81. The filled and open circles represent 
adsorption and desorption, respectively. Zn ZIF-68, 69 and 81 (J. Am. Chem. Soc., 2009, 131, 3875) 
isotherm have been reproduced (with permission from ACS). 
 

More importantly, figure 2.5b demonstrates a near linear relationship between pore aperture 

and surface area for Zn-ZIF-68, -69 and -81 and Co-ZIF-68, -69 and -81, which shows the 

usefulness of fine tuning of the pore structures along with the Zn/Co metal substitution. It 

should be noted that, although ZIFs does not have open metal cites like M/DOBDC but it 

follows the same trend of enhancement of CO2 uptake upon metal replacement. We believe, 

the interaction with CO2 presumably increases inside the Co based ZIFs compare to their 

Zn based analogues due to decreased ionic radius [Zn+2 (0.68 Å) and Co+2 (0.67 Å)] and M-

O bond length [Zn-O (2.083 Å) and Co-O (2.031 Å)] in the framework. Moreover, low 

density of Co-ZIF-68, -69 and -81 frameworks compare to their isostructural Zn based 

analogue (Zn-ZIF-68, -69 and -81) could possibly enhance the CO2 uptake as well. 
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Figure 2.9: Selectivity of CO2 uptake in compare with its N2 uptake at 273 K of (a) Co-ZIF-68, (b) 
Co-ZIF-69 and (c) Co-ZIF-81.(d) H2 adsorption isotherms of Co-ZIF-68, -69 and -81 taken at 77 K 
(red). Filled and open symbols represent adsorption and desorption branches. 
 

Table 2.3: Ranking of low pressure (1 bar) CO2 Adsorption Capacities in Metal Organic 

Frameworks at 273 K and 298 K: 

SL 

No 
MOFs 

CO2 uptake Gravimetrically 

(mmol/g at 1 bar) 

CO2 

uptakeVolumetrically 

(cc/g at 1 bar) Ref 

273 K 298 K 273 K 298 K 

1 Mg\DOBDC NA 8.0  180.9 1.26e 

2 Co\DOBDC NA 7.1  159.2 1.26e 

3 Ni\DOBDC NA 5.8  129.9 1.26e 

4 Zn\DOBDC NA 5.51  123.4 1.26e 

5 HKUST-1 NA 4.7  105.7 1.26i 

6 
Zn + 4,4’ bipy + (BTA-

TBA) 
NA 4.1  91.8 1.26w 
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7 Bio-MOF-11 6.0 4.0 134.4 89.8 1.26o 

8 
[Zn2(1)(DMF)2]n(DMF)m  

[MOF(4)] 
5.8 NA 129.9  1.26x 

9 [Zn3(OH)(p-CDC)2.5]n NA 4.0  89.6 1.26y 

10 Co-ZIF-68 5.6 4.1 125.6 91.8 This report 

11 ZTF-1 5.3 3.7 119.8 84.8 This report 

12 Co-ZIF-69 5.1 2.6 115.1 58.9 This report 

13 Cd-ANIC-1 4.7 3.8 105.7 86.0 1.3k 

14 Co-ZIF-81 4.3 2.1 96.7 48.1 This report 

15 
Zn2(C2O4)(C2N4H3)2.(H2O)

0.5 
4.3 3.7 96.3 84.6 1.26q 

16 Co-ANIC-1 4.2 3.4 94.5 77.9 1.3k 

17 CUK-1 NA 3.4 NA 77.9 1.3l 

18 YO-MOF NA 3.3 NA 75.9 1.3m 

19 SNU-M10 NA 3.3 NA 73.9 1.3n 

20 MOF-505 NA 3.2 NA 73.2 3.3f 

21 H3[(Cu4Cl)3-(BTTri)8] NA 3.2 NA 72.8 1.26p 

22 
(In3O)(OH)(ADC)2(NH2IN

)2 • 2.67 H2O 
NA 3.2 NA 71.9 1.3o 

23 CPM-6 4.76 2.9 106.62 64.9 1.3p 

24 TMA@ Bio-MOF-1, 4.5 NA 100.8 NA 1.3q 

25 TEA@ Bio-MOF-1 4.2 NA 94.08 NA 1.3q 

26 TBA@ Bio-MOF-1 3.5 NA 78.4 NA 1.3q 

27 UMCM-150 NA 2.8 NA 67.7 1.3r 

28 Zn2(BDC)2 (DABCO) NA 2.7 NA 60.7 1.3s 

29 CPM-5 3.62 2.4 81.08 54.4 1.3p 

30 ZIF-78 3.348 2.2 75 49.9 1.37d 

31 ZIF-96 NA 2.1 NA 48.3 2.7 

32 IRMOF-3 NA 2.1 NA 47.9 1.35d 

33 (In3O)(OH)(ADC)2(IN)2 • 
NA 2.0 NA 46.5 1.3o 
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4.67 H2O 

35 MOF-177 NA 1.7 NA 38.5 1.3s 

36 Zn-ZIF-69 3.03 1.6 67.87 37.8 1.37d 

37 MOF-5 NA 0.9 NA 20.6 1.3t 

 

2.2.5 Computational Studies for ZTF-1 and Co-ZIFs: 

2.2.5.1 GCMC simulation for ZTF-1  

Simulation Model and Method 

Next we wish to investigate the adsorption sites inside the gas-loaded crystal structure of 

ZTF-1. Grand canonical Monte Carlo (GCMC) simulations were employed to investigate 

CO2 adsorption in de-solvated ZTF-1 to further confirm the adsorption mechanism (Figure 

2.10a and b).  
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Figure 2.10: (a) Pore morphology and (b) diameter along the X axis in ZTF-1. (c) Atomic labels of 
ZTF-1. (d) The Qst value for the CO2 adsorption of ZTF-1. 
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The crystal structure of ZTF-1 measured from experiment was used in simulation. Figure 

2.10a and b shows the morphology and diameter of the pore along the X direction 

calculated using HOLE program [2.9]. The pore diameter ranges from 4.50 to 4.85 Å. The 

porosity of ZTF-1 is 0.626, evaluated using Materials Studio [2.10] with a Connolly probe 

radius equal to zero. The atomic charges of the framework atoms in a unit cell of ZTF-1 

were calculated from density functional theory (DFT) in Materials Studio [2.10]. The DFT 

calculation used the Becke exchange plus Lee-Yang-Parr correlation functional and the all-

electron core potentials. The double-ξ numerical polarization (DNP) basis set was adopted, 

which is comparable to the 6-31G(d,p) Gaussian-type basis set. Mulliken population 

analysis was used to estimate the atomic charges as in Table 2.4  

Table 2.4: Atomic charges in ZTF-1 with the atomic labels indicated in Figure 2.10c. 

Atom 

type 
N1 N2 N3 N6 N8 C1 H3(A, B) Zn 

Charge -0.478 -0.074 0.001 -0.058 -0.458 0.466 0.039, 0.142 0.969 

Atom 

type 
N4 N5 N10 N7 N9 C2 H10(A, B)  

Charge -0.459 -0.121 -0.130 -0.109 -0.435 0.479 0.101, 0.118  

 

CO2 was represented as a three-site rigid molecule and its intrinsic quadrupole moment was 

described by a partial-charge model [2.11]. The partial charges on C and O atoms were qC 

= 0.576e and qO = –0.288e (e = 1.6022 × 10-19 is the elementary charge). The C−O bond 

length was 1.18 Å and the bond angle O−C−O was 180°. The LJ parameters for CO2 were 

σC = 2.789 Å, εC = 29.66K, σO = 3.011 Å, εO = 82.96K. The dispersion interactions of the 

framework atoms in ZTF-1 were modeled by the Universal Force Field (UFF) [2.12]. The 

Lorentz-Berthelot combining rules were used to calculate the cross LJ interaction 

parameters. A number of simulation studies have shown that UFF can accurately predict 

gas adsorption in various MOFs [2.13- 2.16].  

The interactions between CO2 molecules and framework were represented by electrostatic 

and Lennard-Jones (LJ) potentials. The atomic charges in ZTF-1 framework were estimated 

by density functional theory and the LJ potential parameters were adopted from the 

Universal Force Field (UFF). CO2 adsorption in ZTF-1 was simulated in Materials Studio 
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using the Metropolis algorithm. The LJ interactions were evaluated using a spherical cutoff 

of 12.5 Å and the electrostatic interactions were calculated using the Ewald summation 

with a precision of 10-5 kcal/mol. Two types of trial moves were conducted for CO2 

molecules, namely, translation and rotation. The number of steps in the simulation was 2 × 

106 for equilibration and 107 for production. 

Simulation Results and Discussion  

Figure 2.11a shows the adsorption isotherm of CO2 in ZTF-1 at 273 K. The simulated 

isotherm agrees quite well with experiment. The capacity of CO2 at 100 kPa is about 5.3 

mmol/g at 273 K, which is higher than in most MOFs (MOF-2, MOF-177, MOF-505, 

IRMOF-1, -3, -6 and -11).  
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Figure 2.11: (a) Isotherm and (b) isosteric heat for CO2 adsorption in ZTF-1 at 273 K. The open 
symbols are from simulation and the filled symbols are from experiment. (c) Distances between 
CO2 molecule and different N atoms and (d) radial distribution functions of CO2 around N6, N7, N3 
and Zn atoms in ZTF-1 at 273 K. 
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The high CO2 capacity is attributed to the narrow pores, exposed –NH2 functionality and 

free tetrazole nitrogen. As a consequence, there is a substantial overlap of the potential 

fields for CO2 in the pores, and a strong interaction between the amino group and CO2. 

Figure 2.11b shows the calculated isosteric heat Qst for CO2 adsorption in ZTF-1. Qst 

increases with increasing loading, which is similar to CO2 adsorption in IRMOF-1 [2.15]. 

At zero coverage, Qst is approximately 25.4 kJ mol–1. With increasing loading, Qst 

increases; which is similar to CO2 adsorption in IRMOF-1. The isosteric heat predicted is 

consistent with the high capacity observed in the experiment. The increase of Qst is due to 

the cooperative attractive interactions between adsorbed CO2 molecules. However, the 

magnitude of Qst in ZTF-1 is much higher than in IRMOF-1. To identify the favorable 

binding sites for CO2 in ZTF-1, we have calculated the density distributions of adsorbed 

CO2 molecules along the YZ plane at 273 K and 100 kPa. We see that CO2 molecules are 

primarily adsorbed in the pores along the X axis and the binding sites are mostly located in 

the pore centers. To better understand the nature of the binding sites, we have calculated the 

distances between a single CO2 molecule and different N atoms in a six member 

adamantane ring consists of Zn atoms (Figure 2.11c and 2.13). It is observed that CO2 is 

closer to the both –NH2 nitrogen atoms (3.94 Å) and to the uncoordinated tetrazole nitrogen 

(3.45 Å).  

     

YZ plane XY plane

 

Figure 2.12: Density distributions of adsorbed CO2 molecules on (a) YZ and (b) XY planes in ZTF-1 
at 273 K and 100 kPa. 
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The observed different distances can be further elucidated from the radial distribution 

functions g(r) of CO2. The g(r) was calculated by 

2
( )

4

∆
=

∆
ij

ij
i j

N V
g r

r r N Nπ  

where r is the distance between species i and j, ΔNij is the number of species j around i 

within a shell from r to r + Δr, V is the volume, Ni and Nj are the numbers of species i and 

j. As shown in Figure 2.11d, a pronounced peak is centered at r = 3.4 Å in the g(r) around 

N6, and at r = 3.9 Å in the g(r) around N7. The peak of g(r) around N3 and Zn is beyond 

4.0 Å. This structural analysis reveals that CO2 is more preferentially bound onto N6 atom, 

and then N7 atom. 

 

a)

b)

c)

5-Amino 

Tetrazole

5-Amino 

Imidazole

Tetrazole  

Figure 2.13: Calculated distances of carbon dioxide (CO2) from (a) ZTF-1 (b) ZTF-1 analogue 

without free tetrazole nitrogen (c) ZTF-1 analogue without amino functionality. 
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2.2.5.2 Ab initio calculations of Zn and Co-ZIF-68, -69 and -81                                   

To elucidate the difference in experimentally measured adsorption isotherms of CO2 in Zn- 

and Co-ZIFs, we calculated CO2 binding energies with Zn- and Co-ZIF-68 clusters from 

first-principles method. Two representative clusters constructed on the basis of 

experimental crystallographic data, as shown in Figure 2.14a and b, were used in ab intio 

calculations.  

 

 

Figure 2.14: (a) Zn-ZIF-68 (b) Co-ZIF-68 clusters. The clusters are terminated by Li atoms 
(yellow); H atoms are omitted for clarity. (c) and (d) optimized CO2 positions around Zn-ZIF-68 
and Co-ZIF-68 clusters respectively. 
 

For each cluster, CO2 position was optimized using the Becke exchange plus the Lee-Yang-

Parr functional and 6-31g(d,p) basis set; interaction energy was evaluated from the 2nd 

Møller-Plesset method and 6-311++g(d,p) basis set. The basis set superposition errors were 
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corrected by counterpoise method [2.17]. All the ab intio calculations were performed 

using Gaussian 09 [2.18]. Figure 2.14c and d illustrates the optimized CO2 positions around 

Zn-ZIF-68 and Co-ZIF-68 clusters. The binding energies were estimated to be -16.37 and -

19.89 kJ/mol around Zn- and Co-ZIF-68 clusters, respectively. This validates the above 

assumption that CO2 has a stronger interaction with Co-ZIF compared to Zn-ZIF. The 

difference of binding energy (~ 3 kJ/mol) is for one cluster only and seems to be small. In 

crystalline structures, which contain large number of such clusters however, the difference 

would be significantly enhanced and lead to distinctly different adsorption isotherms as 

experimentally observed. 

 

2.3 Conclusion 

Synthesis of zeolitic MOFs with free amino decorated pores was always a challenge for 

researchers as the free amine group tends to coordinate with the metal, resulting into 

hindering its 3D structure generation. Successful synthesis and crystallization of ZTF-1, the 

first zeolitic MOF with both exposed –NH2 functionality and free tetrazole nitrogen, could 

only become possible once we found a possible structure directing agent DMAz. ZTF-1 has 

high CO2 capacity. This material is comparable to recently reported bioMOF-11 and 

outperforms other amine-functionalized MOFs and ZIFs. The CO2 uptake in ZTF-1 

compared to –NH2 functionalised ZIF-96 is also validated as we found the location of CO2 

is closer to the both –NH2 nitrogen atoms and to the uncoordinated tetrazole nitrogen. It is 

hard to quantify the exact contributions of exposed NH2 functionality or free tetrazole 

nitrogen for the high CO2 capacity of ZTF-1 but these results point toward the value of 

utilizing amino functionalized links and free aromatic nitrogen atoms as a building block 

for constructing MOFs for high and reversible CO2 capture. Moreover, in this chapter we 

have also identified three isoreticular cobalt based hetero-linked ZIFs that share the GME 

topology. We have shown that, we can not only tune the pore size and the pore environment 

by changing the link functionality but can also replace the coordinated metal to understand 

the role of metals on CO2 binding. The metal replacement, we have showcased in this 

paper, as these ZIFs do not contain an open metal site.  
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2.4 Experimental Procedures 

2.4.1 Materials 

Thionyl chloride, hydrazine hydrate, diethyl ether, benzene, and N, N-dimethylformamide 

(DMF) were purchased from Rankem chemicals. 5-amino tetrazole, Co(NO3)2.6H2O, 

benzimidazole, 5-chloro bezimidazole, 6-bromo benzimidazole and methanol were 

purchased from Sigma aldrich chemicals. 2-nitroimidazole (2-nIM) was purchased from 3B 

Scientific corporation. All starting materials were used without further purification. All 

experimental operations were performed in 5 mL glass vial inside a programmed oven for 

Co-nIM based zeolitic imidazolate frameworks as well as for ZTF-1 synthesis.  

2.4.2 Synthesis of N,N-Dimethylformamide Azine Dihydrochloride (DMAz) 

28.6 mL, 0.4 mol of Thionyl chloride (SOCl2) was added with stirring to DMF (150 mL) at 

5 °C. After addition keep this mixture at 5 °C for 24h and then added slowly aqueous 

hydrazine hydrate (5 mL, 0.1 mol) in 20 mL DMF. After addition the mixture was stirred at 

room temperature for 48h and the white precipitate of N, N-dimethylformamide azine 

dihydrochloride was collected by filtration and washed with DMF and diethyl ether: 19.1 g; 

mp 251 °C.   

FTIR: (KBr 4000-400cm-1): 3473(s), 3223 (w), 2951(w), 2848(w), 2031(m), 1715(s), 

1609(m), 1507(s), 1398(w), 1287(s), 1228(m), 1137(s), 1054(s), 1019(m), 877(m), 672(s), 

654(m), 530(m), 496(m). 

2.4.3 Synthesis of ZTF-1  

Our initial attempt to synthesize ZTF-1 by means of solvothermal reactions of 

Zn(NO3)2•6H2O and 5-aminotetrazole (5-AT, CN5H3) in different molar ratio in aqueous or 

non aqueous media (DMF/DEF/NMP) resulted in the precipitation of un-reacted starting 

material. Usage of diverse structure directing agents (like tetra-butyl ammonium salts) also 

resulted into similar outcome [Table 2.5]. However after several attempts we discovered 

that reaction of Zn(NO3)2•6H2O (1 mL, 0.2M) with 5-AT (1 mL, 0.2M) in a N,N′-

dimethylformamide (DMF) solution in the presence of N,N′-dimethylformamide-azine-

dihydrochloride (DMAz) [1 mL 0.2M] at 100 °C for 72 h afforded a colorless 

microcrystalline material with a dodecahedron morphology. So far we are unable to 

understand the role of DMAz during the synthesis and crystallization of ZTF-1, as it is non-
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existent in the resulting crystal structure. We anticipate that, it might be acting as a 

structure directing agent (SDA) as it contains two tetrahedral nitrogens. The as-synthesized 

compound, was characterized and formulated by X-ray diffraction (XRD) studies as 

[Zn(CN5H2)2]•DMF. 

+ Zn(NO3)2 .6H2O

1 ml, 0.2M in DMF

85 0C

ZTF-1

1 ml, 0.2M in DMF

HN

N N

N

NH2

N C
H

N N C
H

N 2HCl.

1 ml, 0.2M in DMF
 

FTIR: (KBr 4000-400cm
-1

): 3341(s), 3196 (m), 2806(w), 1642(s), 1567(s), 1472(m), 

1449(m), 1387(w), 1307(m), 1283(m), 1163(m), 1096(s), 1008(m), 843(m), 750(m), 

597(w), 489(s). 

Table 2.5: Types of structure directing agents used for the synthesis of ZTF-1.  

SL. 

No 
Type of SDA 

No 

Reaction 

Unreacted 

starting 

materials 

Crystalline 

ZTF-1 

1 

 

√√√√   

2 

 

√√√√   

3 

 

√√√√   

4 

 

√√√√   

5 

 

 √√√√  
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6 

 

√√√√   

7 

 

 √√√√  

8 

 

 √√√√  

9 

 

  √√√√ 

 

No reaction = after reaction solution is crystal clear. Unreacted starting Material = after 

reaction starting material is precipitate. 
 

2.4.4 Synthesis procedure of Co-ZIFs 

Synthesis of Co-ZIF-68 [C10H7CoN5O2. DMF]:  1 mL 0.2(M) DMF solution of 

Co(NO3)2.6H2O was added to 1.5 mL 0.2(M) DMF solution of 2 nitro imidazole and 1 mL  

0.2(M) DMF solution of benzimidazole in a 5 mL culture tube and heated 120 °C 

temperature for 24h. Plate like pink crystals were collected by filtration (75% yield by Co) 

and washed with DMF and dry acetone then dried in air. FT-IR: (KBr 4000-600 cm-1): 

1670(w), 1660(m), 1461(s), 1354(s), 1273(m), 1237(s), 1171(s), 1110(m) , 901 (m), 

825(m), 733 (s), 647 (m).  

Elemental analysis (%) of as synthesized Co-ZIF-68. [C10H7CoN5O2. DMF] calcd: C 

(43.21%), H (3.80%), N (23.26%); Found: C (43.32%), H (3.85%), N (23.02%) 

Elemental analysis (%) of vacuum dried sample of Co-ZIF-68 [C10H7CoN5O2] calcd: 

C=41.67%, H=2.43 % and N=24.31%; Found: C=41.22%, H=2.45% and N=24.15% 

Synthesis of Co-ZIF-69 [C10H5Cl2CoN5O2. DMF]: 1 mL 0.2(M) DMF solution of 

Co(NO3)2.6H2O was added to 1.0 mL 0.2(M) DMF solution of 2 nitro imidazole and 3 mL  

0.2(M) DMF solution of 5-chlorobenzimidazole in a 5 mL culture tube and heated 120 °C 

temperature for 12h. pink crystals were collected by filtration (77% yield by Co) and 
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washed with DMF and dry acetone then dried in air. FT-IR: (KBr 4000-600 cm-1): 1660(s), 

1456(s), 1360 (s), 1283(m), 1237(m), 1156(s), 1095(s) , 1059 (m), 953 (m), 795 (s), 

718(m), 647(s) cm-1 

Elemental analysis (%) of as synthesized Co-ZIF-69. [C10H5Cl2CoN5O2. DMF] calcd: C 

(36.28%), H (2.79%), N (19.53%); Found C (35.98%), H (2.67%), N (19.55%). 

Elemental analysis (%) of vacuum dried sample of Co-ZIF-69 [C10H5Cl2CoN5O2] 

calcd: C (33.62%), H (1.40%), N (19.61%); Found C (33.48%), H (1.50%), N (19.55%). 

 

Figure 2.15: Comparison of the experimental PXRD pattern of as-synthesized (top) with the 
simulated from its single crystal structure (bottom) of (a) ZTF-1 (b) Co-ZIF-68 (c) Co-ZIF-69 and 
(d) Co-ZIF-81. 
 

Synthesis of Co-ZIF-81 [C10H5Br2CoN5O2. DMF]: 1 mL 0.2(M) DMF solution of 

Co(NO3)2.6H2O was added to 1.0 mL 0.2(M) DMF solution of 2 nitro imidazole and 2 mL  

0.2(M) DMF solution of 5-bromobenzimidazole in a 5 mL culture tube and heated 120 °C 
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temperature for 12h. pink crystals were collected by filtration (60% yield by Co) and 

washed with DMF and dry acetone then dried in air. FT-IR: (KBr 4000-600 cm-1): 

1644(w), 1456(s), 1349 (s), 1283(m), 1237(m), 1151(s), 1100(m), 1049 (m), 947 (m), 795 

(s), 698(m), 647(s) cm-1. 

Elemental analysis (%) of as synthesized Co-ZIF-81. [C10H5Br2CoN5O2. DMF] calcd: 

C (30.06%), H (2.31%), N (16.19%); Found C (30.15%), H (2.28%), N (16.17%). 

Elemental analysis (%) of vacuum dried sample of Co-ZIF-81 [C10H5Br2CoN5O2] 

calcd: C (26.92%), H (1.12%), N (15.70%); Found C (26.8 8%), H (1.05%), N (15.61%). 

 

2.4.5 General methods for characterization  

(a) Powder X-Ray Diffraction (PXRD).  The PXRD patterns were collected on a Phillips 

PANalytical diffractometer on a Cu  Kα  radiation (λ = 1.5406 Å), with a scan speed of 2° 

min-1. The tube voltage and amperage were set at 40 kV and 50 mA respectively. Each 

sample was scanned between 5 and 50° 2θ with a step size of 0.02°. The instrument was 

previously calibrated using a silicon standard. 

 (b)Thermogravimetric Analysis (TGA). TGA was performed on a SDT Q600 TG-DTA 

analyzer instrument. Approximately 5 mg of the sample was added to an aluminium 

crucible and heated from 25 to 800 °C under N2 atmosphere at a heating rate of 10 °C min–

1. 

(c) Hot-Stage Microscopy.  Leica M-80 optical microscope with hot stage and camera 

attachment was used for collecting photographs. 

(d) IR Spectroscopy. The Fourier transform (FT) infrared spectra of the MOFs were taken 

on a PERKIN ELMER FT-IR SPECTRUM (Nicolet) spectrometer. KBr samples (2 mg in 

20 mg of KBr) were prepared and 10 scans were collected at 4 cm-1 resolution for each 

sample. The spectra were measured over the range of 4000-600 cm-1 

(f) Gas Adsorption. All low-pressure gas-sorption experiments (up to 1 atm) were 

performed on a Quantachrome Autosorb-1 automatic volumetric instrument. 

Approximately 50 mg of the as-synthesized samples were immersed in dry methanol at 

ambient temperature for 72 h, evacuated at ambient temperature for 24 h, followed by 
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elevated temperature (85 °C) for 48 h. Finally the activated samples are treated for gas 

adsorption (H2, N2 and CO2).  

2.4.6 X-ray Crystallography  

General Data Collection and Refinement Procedures: 

 All single crystal data were collected on a Bruker SMART APEX three circle 

diffractometer equipped with a CCD area detector and operated at 1500 W power (50 kV, 

30 mA) to generate Mo Kα radiation (λ=0.71073 Å). The incident X-ray beam was focused 

and monochromated using Bruker Excalibur Gobel mirror optics. All crystals reported in 

this chapter were mounted on nylon CryoLoops (Hampton Research) with Paraton-N 

(Hampton Research).  

Initial scans of each specimen were performed to obtain preliminary unit cell parameters 

and to assess the mosaicity (breadth of spots between frames) of the crystal to select the 

required frame width for data collection. In every case frame widths of 0.5° were judged to 

be appropriate and full hemispheres of data were collected using the Bruker SMART
 [2.19] 

software suite. Following data collection, reflections were sampled from all regions of the 

Ewald sphere to redetermine unit cell parameters for data integration and to check for 

rotational twinning using CELL_NOW [2.20]. No data collection was evidence for crystal 

decay encountered. Following exhaustive review of the collected frames the resolution of 

the dataset was judged. Data were integrated using Bruker SAINT [2.21] software with a 

narrow frame algorithm and a 0.400 fractional lower limit of average intensity. Data were 

subsequently corrected for absorption by the program SADABS [2.22]. The space group 

determinations and tests for merohedral twinning were carried out using XPREP [2.23]. In 

all cases, the highest possible space group was chosen. 

All structures were solved by direct methods and refined using the SHELXTL 97 [2.23] 

software suite. Atoms were located from iterative examination of difference F-maps 

following least squares refinements of the earlier models. Final models were refined 

anisotropically (if the number of data permitted) until full convergence was achieved. 

Hydrogen atoms were placed in calculated positions (C-H = 0.93 Å) and included as riding 

atoms with isotropic displacement parameters 1.2-1.5 times Ueq of the attached C atoms. 

Data were collected at 100(2) K for all the MOF presented in this paper. This lower 
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temperature was considered to be optimal for obtaining the best data. Electron density 

within void spaces has not been assigned to any guest entity but has been modeled as 

isolated oxygen and/or carbon atoms. The foremost errors in all the models are thought to 

lie in the assignment of guest electron density. All structures were examined using the 

Adsym subroutine of PLATON [2.24 and 2.25] to assure that no additional symmetry could 

be applied to the models. All ellipsoids in ORTEP diagrams are displayed at the 50% 

probability level unless noted otherwise. For all structures we note that elevated R-values 

are commonly encountered in MOF crystallography for the reasons expressed above by us 

and by other research groups. [2.26 to 2.35]  

Experimental and refinement details for ZTF-1: A colorless prismatic crystal (0.20 × 

0.16 × 0.10 mm3) of  ZTF-1 was placed in a 0.7 mm diameter nylon CryoLoops (Hampton 

Research) with Paraton-N (Hampton Research). The loop was mounted on a SMART 

APEX three circle diffractometer. A total of 7544 reflections were collected of which 3042 

were unique and 2879 of these were greater than 2σ(I). The range of θ was from 2.43 to 

28.09º. All non-hydrogen atoms were refined anisotropically ZTF-1 contains two 5-amino 

tetrazole molecule in the asymmetric unit. It should be noted that other supporting 

characterization data (vide infra Section S2) are consistent with the crystal structure. Final 

full matrix least-squares refinement on F2 converged to R1 = 0.0510 and wR2 = 0.1283(all 

data) with GoF = 1.051.  

Experimental and refinement details for Co-ZIF-68: 

A pink colored plate like crystal (0.31 × 0.26 × 0.15 mm3) of Co-ZIF-68 was placed in 0.7 

mm diameter nylon CryoLoops (Hampton Research) with Paraton-N (Hampton Research). 

The loop was mounted on a Super Nova Dual source X-ray Diffractometer system (Agilent 

Technologies) equipped with a CCD area detector and operated at 250 W power (50 kV, 

0.8 mA) to generate Mo Kα radiation (λ = 0.71073 Å) at 100(2) K in a liquid N2 cooled 

stream of nitrogen. A total of 5153 reflections were collected of which 2116 were unique. 

The range of θ was from 3.05 to 29.26. Analysis of the data showed negligible decay 

during collection. The structure was solved in the Hexagonal P63/mmc space group, with Z 

= 24, using direct methods. All non-hydrogen atoms were refined anisotropically with 

hydrogen atoms generated as spheres riding the coordinates of their parent atoms. We have 
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repeatedly collected the single crystal XRD data of Co-ZIF-68 at different temperature 

(100, 120, 150 K). We would like to mention that each time  

 

 

Figure 2.16: Asymmetric unit ORTEP diagram (50% probability) of (a) ZTF-1 (b) Co-ZIF-68 (c) 
Co-ZIF-69 and (d) Co-ZIF-81. 
 

during the refinement of crystal structure we encountered electron densities within the 

framework cavity. However, assigning these electron densities with isolated O, N and C 

atoms, leads to highly distorted atoms, although the refinement  become stable with 

decreased R factor and goodness of fit. Hence, we believe that one DMF molecule reside 

inside the asymmetric unit of Co-ZIF-68, however, these atoms of DMF molecule have 

very high thermal parameters apart from Co-ZIF frameworks with several IUCr checkcif 

errors. Hence we have decided to use the SQUEEZE routine to remove these unstable and 

highly distorted DMF molecules from the pores of Co-ZIF-68. It should be noted that 
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SQUEEZE structure is very stable with minimal IUCr checkcif problems, less R factor and 

goodness of fit. In this manuscript we have provided the SQUEEZE applied cif file of Co-

ZIF-68. Final full matrix least-squares refinement on F2 converged to R1 = 0.0992(F >2σF) 

and wR2 = 0.2938 (all data) with GoF = 0.884 (CCDC  952993). 

Refine_special_details We believe anisotropic distortion in the aromatic ring in Co-ZIF-68 

structure appears due to static or dynamic disorder. As a result despite lowering the data 

collection temperature to 100 K this distortion remains persistent. There is disorder by 

symmetry in the structure of Co-ZIF-68. 

Experimental and refinement details for Co-ZIF-69: 

A colorless block like crystal (0.33 × 0.23 × 0.16 mm3) of Co-ZIF-69 was placed in 0.7 

mm diameter nylon CryoLoops (Hampton Research) with Paraton-N (Hampton Research). 

The loop was mounted on a Super Nova Dual source X-ray Diffractometer system (Agilent 

Technologies) equipped with a CCD area detector and operated at 250 W power (50 kV, 

0.8 mA) to generate Mo Kα radiation (λ = 0.71073 Å) at 100(2) K in a liquid N2 cooled 

stream of nitrogen. A total of 5174 reflections were collected of which 2364 were unique. 

The range of θ was from 3.16 to 29.17. Analysis of the data showed negligible decay 

during collection. The structure was solved in the Hexagonal P63/mmc space group, with Z 

= 24, using direct methods. All non-hydrogen atoms were refined anisotropically with 

hydrogen atoms generated as spheres riding the coordinates of their parent atoms. We have 

repeatedly collected the single crystal XRD data of Co-ZIF-69 at different temperature 

(100, 120, 150 K). We would like to mention that each time during the refinement of 

crystal structure we encountered electron densities within the framework cavity. However, 

assigning these electron densities with isolated O, N and C atoms, leads to highly distorted 

atoms, although the refinement  become stable with decreased R factor and goodness of fit. 

Hence, we believe that one DMF molecule reside inside the asymmetric unit of Co-ZIF-69, 

however, these atoms of DMF molecule have very high thermal parameters apart from Co-

ZIF-69 frameworks with several IUCr checkcif errors. Hence we have decided to use the 

SQUEEZE routine to remove these unstable and highly distorted DMF molecules from the 

pores of Co-ZIF-69. It should be noted that SQUEEZE structure is very stable with 

minimal IUCr checkcif problems, less R factor and goodness of fit. In this manuscript we 

have provided the SQUEEZE applied cif file of Co-ZIF-69. Final full matrix least-squares 
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refinement on F2 converged to R1 = 0.0997 (F >2σF) and wR2 = 0.2862(all data) with GoF = 

0.979 (CCDC 952994). 

Refine_special_details 

We believe anisotropic distortion in the aromatic ring in Co-ZIF-69 structure appears due to 

static or dynamic disorder. As a result despite lowering the data collection temperature to 

100 K this distortion remains persistent. Moreover, there is disorder by symmetry in the 

crystal structure of Co-ZIF-69. 

NB: There is only one Cl atom per cobalt metal center in the crystal structure Co-ZIF-69. 

However, due to crystallographic disorder of chlorine atom Co-ZIF-69 shows two chlorine 

atoms with ½ occupancy factor per cobalt center. Hence, the formula used 

(C10H5Cl2CoN5O2) in the cif and crystallographic tables is the original one, generated from 

crystallographically. 

Experimental and refinement details for Co-ZIF-81: 

A colorless block like crystal (0.31 × 0.26 × 0.17 mm3) of Co-ZIF-81 was placed in 0.7 

mm diameter nylon CryoLoops (Hampton Research) with Paraton-N (Hampton Research). 

The loop was mounted on a Super Nova Dual source X-ray Diffractometer system (Agilent 

Technologies) equipped with a CCD area detector and operated at 250 W power (50 kV, 

0.8 mA) to generate Mo Kα radiation (λ = 0.71073 Å) at 100(2) K in a liquid N2 cooled 

stream of nitrogen. A total of 4947 reflections were collected of which 1471 were unique. 

The range of θ was from 3.13 to 29.14. Analysis of the data showed negligible decay 

during collection. The structure was solved in the Hexagonal P63/mmc space group, with Z 

= 24, using direct methods. All non-hydrogen atoms were refined anisotropically with 

hydrogen atoms generated as spheres riding the coordinates of their parent atoms. We have 

repeatedly collected the single crystal XRD data of Co-ZIF-81 at different temperature 

(100, 120, 150 K). We would like to mention that each time during the refinement of 

crystal structure we encountered electron densities within the framework cavity. However, 

assigning these electron densities with isolated O, N and C atoms, leads to highly distorted 

atoms, although the refinement  become stable with decreased R factor and goodness of fit. 

Hence, we believe that one DMF molecule reside inside the asymmetric unit of Co-ZIF-81, 

however, these atoms of DMF molecule have very high thermal parameters apart from Co-
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ZIF-81 frameworks with several IUCr checkcif errors. Hence we have decided to use the 

SQUEEZE routine to remove these unstable and highly distorted DMF molecules from the 

pores of Co-ZIF-81. It should be noted that SQUEEZE structure is very stable with 

minimal IUCr checkcif problems, less R factor and goodness of fit. In this manuscript we 

have provided the SQUEEZE applied cif file of Co-ZIF-81. Final full matrix least-squares 

refinement on F2 converged to R1 = 0.0995 (F >2σF) and wR2 = 0.2545(all data) with GoF = 

0.702 (CCDC 952995). 

Refine_special_details 

We believe anisotropic distortion in the aromatic ring in Co-ZIF-81 structure appears due to 

static or dynamic disorder. As a result despite lowering the data collection temperature to 

100 K this distortion remains persistent. Moreover, there is disorder by symmetry in the 

crystal structure of Co-ZIF-81.  

NB: There is only one Br atom per cobalt metal center in the crystal structure Co-ZIF-81. 

However, due to crystallographic disorder of bromine atom Co-ZIF-81 shows two bromine 

atoms with ½ occupancy factor per cobalt center. Hence, the formula used 

(C10H5Br2CoN5O2) in the cif and crystallographic tables is the original one, generated from 

crystallographic data. 

 

NOTE: The results of this chapter have already been published in Chem. Commun., 2011, 

47, 2011-2013 and CrystEngComm, 2014, 16, 4677-4680. with the title: 

“Amino functionalized zeolitic tetrazolate framework (ZTF) with high capacity for storage 

of carbon dioxide” and “Enhancement of CO2 Uptake in Iso-reticular Co based Zeolitic 

Imidazolate Frameworks via Metal Replacement” respectively. These publications were the 

results of the collaboration between the group of Dr. Rahul Banerjee and his students 

Tamas Panda and Pradip Pachfule from CSIR National Chemical Laboratory, Pune, India 

and the group of Dr. Jianwen Jiang and his students Yifei Chen and Krishna M. Gupta from 

CSIR National University of Singapore, Singapore. Apart from computational study major 

works contributed by Tamas Panda.  
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CHAPTER 3 

 

ENHANCEMENT OF POROSITY IN TRIAZOLE FUNCTIONALIZED 

ISOMERIC MOFs BY INDUCING SIZE DEPENDENT TEMPLATE.  

 

3.1 Introduction: 

Over the last decade, considerable efforts have been made to improve the CO2 storage 

capacity in MOFs [3.1]. Functionalization of organic linkers is one route that is currently 

being explored by several groups [3.2]. Previous studies have revealed that, the presence of 

functional groups may reduce the pore size of MOFs. However, selecting proper functional 

group might lead to an improved CO2 adsorption capability in the low pressure range (0-1 

bar) [3.3]. We also found that, functional groups, like –NH2, –NO2 and uncoordinated 

nitrogen, have significant role for enhancing the CO2 storage capacities of MOF 

architectures as reported in Chapter 2. In fact, the interactions of CO2 with –NH2 

functionalities in MOFs have been proved crystallographically [3.4]. In this regard, we 

attempted to synthesize a –NH2 functionalized MOF by using 5-amino isophthalic acid as 

an organic linker, but our approach appeared unsuccessful. After several efforts, we could 

not able to get any expected product or crystal structures out of it. We speculate that, 

instead of –NH2 functionality, incorporation of any nitrogen rich functional groups (viz, 

triazole, tetrazole etc) in the same organic linker might have profound effect on CO2 

storage capacity of the resulted MOF. Considering the fact, we replaced 5-amino 

isophthalic acid by 5-triazole isophthalic acid (5TIA) [3.5] to acquire the advantage of 

nitrogen rich functionality (triazole group) in MOF networks for high CO2 storage. In order 

to achieve that, we attempted to synthesize 5TIA based MOF architectures with different 

transition metal salts. First successful synthesis of 5TIA and Mn(NO3)2.xH2O in presence 

of N,N′ dimethyl formamide (DMF) solvent resulted a non porous structure Mn-5TIA-1 

[Figure 3.1]. Since, this structure has negligible porosity as well as poor surface area we 

decided to synthesize the porous isomeric analogues of Mn-5TIA-1. We anticipated that, 

these porous isomers with triazole functionality might act as high CO2 adsorbing material. 

However, several structural features such as surface area, pore size, shape and pore 
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functionalization have been found to play important role to design MOFs for high CO2 

adsorption.  Thus, synthetic strategies that allow the control of the pore size and pore 

geometry are particularly important [3.6]. Although, porous MOFs can be synthesized 

using multi-dentate ligand, however, the final structural topology is highly influenced by 

several factors including metal–ligand ratio, pH, solvent of crystallization, temperature and 

often on oxidation state of the metal [3.7]. As a result, predicting the final MOF topology 

by using flexible ligands is even more difficult due to the possibility of existence of several 

structural isomers [3.8]. Therefore the design and synthesis of a particular structural isomer 

is still a challenging aspect of crystal engineering, [3.9] as these are governed by diverse 

perturbation factors, such as the conformational flexibility of ligands, influence of 

guest/solvent molecules and reaction conditions. Among these factors, the effect of solvent 

and conformational flexibility has been demonstrated by several researchers, in which 

different MOFs could be selectively synthesized from the same components using different 

solvents [3.10].  

In this chapter, we have strategically synthesized three new isomeric Mn-MOFs, 

starting from organic linker 5-triazole isophthalic acid (5-TIA), Mn(NO3)2.xH2O and N, N′ 

dimethyl formamide (DMF) as a solvent. First one is non porous Mn-5TIA-

1(C26H24Mn2N8O10) synthesized without any template. Rest two are, Mn-5TIA-2 

(C43.7H10Mn2N6O8) and Mn-5TIA-3 (C10H5MnN3O4) where porosity is systematically 

induced by the use of different size template [Figure 3.1]. It is interesting to note that, 

structural conversions from non-porous to porous MOFs due to the template effect have 

been observed. We have used pyrazine and 4,4′-bipyridine as a template to synthesise Mn-

5TIA-2 and -3 [Figure 3.1]. The cross sectional pore apertures of the resulting Mn-MOFs 

are comparable to the molecular dimensions of the template (pyrazine and 4,4′-bipyridine). 

The periodic increased porosity in Mn-MOFs depending on the size of the template used 

has been further confirmed by the CO2 adsorption isotherms. To the best of our knowledge 

this is the first report, where the porosity and CO2 uptake capacity of the structural isomers 

is enhanced periodically due to size dependent template effect. 
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3.2 Result and Discussion: 

3.2.1 Structural analysis of Mn-MOFs  

In the crystal structure of Mn-5TIA-1 (space group P21/c) only one type of SBU [3.11] is 

present with two Mn(II) metal centres (Mn1 and Mn2) [Figure 3.3a]. Among these two 

Mn(II) metal centers, Mn1 adopts an octahedral geometry, while Mn2 is in trigonal 

bipyramidal coordination state. It is noteworthy that, octahedral Mn1 is coordinated to four 

oxygens from µ2-CO2
- functionalities of 5TIA and two DMF oxygen atoms, while trigonal 

bipyramidal Mn2 is coordinated to two µ2-CO2
-, one µ1-CO2

- oxygen atoms and one µ1-N 

atom (from triazolate functionality) of 5TIA ligand. In the structure of Mn-5TIA-1, 

octahedral Mn1 bridges to the next trigonal bipyramidal Mn2 through the µ2-CO2
- carboxyl 

functionalities and µ1-triazole group of the 5-TIA [Figure 3.3a].  

 
 

Figure 3.1:  Synthesis of three isomeric Mn-MOFs starting from 5TIA, Mn(II) salt and DMF, 
shows enhancement of porosity depending on the size of templates used during synthesis. Color 
code: Mn (green), N (blue), O (red), C (black), H (white). 
 

These two Mn(II) centers extends in three dimension through the coordination of µ2-CO2
-, 

µ1-CO2
- oxygens and µ1-triazole nitrogen functionality of 5-TIA ligand [Figure 3.3a]. Mn-



Chapter 3                                                                                     Enhancement of Porosity in… 

77 

 

5TIA-2 on the other hand, crystallizes in Pbcn space group. Both Mn(II) centers in the 

dimanganese paddlewheel SBU have almost the same coordination environments with a 

nearly ideal octahedral sphere (τ ≈ 0) [3.12] enclosed by six 5-TIA ligands. Four such 5TIA 

ligands are coordinated to this paddlewheel unit via one of their carboxylate groups and rest 

of the two are coordinated via the triazolyl nitrogen functionality [Figure 3.3b]. Each 

paddlewheel SBU extends further in three dimensions through two bridging µ2-CO2
- 

carboxyl groups and one nitrogen from µ1-triazolyl group of each 5-TIA ligand. The 

structure extends extensively through b axis via coordination of µ2-CO2
- carboxyl group. 

Whereas through a and c axis, it extends through the coordination of µ2-CO2
- carboxyl 

group as well as µ1-triazolyl nitrogen functionality of 5-TIA ligand [Figure 3.3b]. In Mn-

5TIA-2 the coordination of µ1-triazolyl nitrogen functionality to the Mn(II) metal is 

convergent on both sides of the dimanganese paddlewheel SBU [Figure 3.2]. 
 

 

Figure 3.2: (a) Structural differences between Mn-5TIA-2 and -3. In Mn-5TIA-2 the N2 nitrogen of 
triazole ring is connected with Mn(II) but in Mn-5TIA-3 the N3 nitrogen of triazole ring is 
connected with Mn(II) resulting into the increase in MZC angle (Mn–centroid of benzene ring in 5-

TIA–carboxylate carbon of 5-TIA) for Mn-5TIA-3 (129°) than Mn-5TIA-2 (109°). Color code: Mn 
(green), N (blue), O (red), C (black), H (light pink). 
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In the crystal structure of Mn-5TIA-3 (space group P21/c) exactly similar dimanganese 

paddlewheel SBU like Mn-5TIA-2 [with octahedral Mn(II) metal centers] has been 

observed. Like Mn-5TIA-2, the structure of Mn-5TIA-3 extends in three dimensions 

through the two bridging µ2-CO2
- carboxyl group and µ1-triazolyl nitrogen from each 5-

TIA ligand [Figure 3.3c]. However, unlike Mn-5TIA-2, the coordination of µ1-triazolyl 

nitrogen functionalities to the Mn (II) metal is convergent on one side and divergent on the 

other side of the diamanganese paddlewheel SBU [Figure 3.2]. In case of Mn-5TIA-3, twist 

of the triazole ring from the plane of benzene ring of 5-TIA ligand (42.5°) is lower 

compared to the Mn-5TIA-2 (50.9°).   

 

 

Figure 3.3: Coordination of 5TIA with metal SBU (left), ball and stick three dimensional packing 
(middle) and metal connections (right) of (a) Mn-5TIA-1 (b) Mn-5TIA-2 and (c) Mn-5TIA-3. 
Solvent molecules are omitted for clarity. Color code: Mn (green), N (blue), O (red), C (black), H 
(light pink). 
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Structural analysis of Mn-5TIA-1 indicates, that it is non porous in nature. Exactly similar 

reaction conditions yielded Mn-5TIA-2, when we used pyrazine as a co-ligand. It is 

noteworthy that pyrazine molecules are not coordinated to the Mn(II) metal and neither 

trapped as guest inside the pores of Mn-5TIA-2. However, solvent accessible voids in Mn-

5TIA-2 are higher (51.6%) compared to the solvent accessible voids of Mn-5TIA-1 (0%). 

Analysis of the pore aperture of Mn-5TIA-2 indicates that, it has 2.56 Å pore aperture 

which is comparable to the length of the pyrazine molecule (2.81 Å from one nitrogen to 

another nitrogen of pyrazine) as shown in figure 3.2. We thought that, increase in pore 

aperture, which has similar dimensionality like pyrazine molecule, could be an indication of 

pyrazine molecules acting as template for creating higher porosity in Mn-5TIA-2. To prove 

this hypothesis, we replaced pyrazine with 4,4′-bipyridine and attempted similar synthetic 

procedure which yielded Mn-5TIA-3. Mn-5TIA-3 has higher solvent accessible void 

(52.5%) than Mn-5TIA-2 (51.6%). Close analysis of the crystal structure indicates the 

increase in the pore aperture from 2.57 Å (in Mn-5TIA-2) to 7.26 Å (in Mn-5TIA-3). It is 

noteworthy that the pore aperture of Mn-5TIA-3 is comparable to the molecular dimension 

of the 4,4′-bipyridine molecule (7.21 Å from one nitrogen to another nitrogen of 4,4′-

bipyridine). Like Mn-5TIA-2, 4,4′-bipyridine molecules are not coordinated to the metal 

and neither trapped as guest inside the pores of Mn-5TIA-3. The formation of Mn-5TIA-2 

and -3 and subsequent systematic increase of their porosity and pore aperture indicate the 

template effect of pyrazine and 4,4′-bipyridine during the MOF formation. 

3.2.2 Thermal properties and X-ray powder diffraction analysis  

Thermal gravimetric analysis (TGA) performed on as-synthesized Mn-5TIA-1, -2 and -3 

revealed that, these compounds have high thermal stability [Figure 3.4d]. The TGA trace 

for as synthesized Mn-5TIA-1, -2 and -3 showed a gradual weight-loss step of 2.13% (20–

200 °C), 5.28% (20–200 °C) and 7.55% (20–200 °C) respectively, corresponding to escape 

of guest DMF solvent molecules from the pores [Figure 3.4d]. This is followed by a sharp 

weight loss (290–450 °C) probably due to the decomposition of the framework. In order to 

confirm the phase purity of the bulk materials, powder X-ray diffraction (PXRD) 

experiments were carried out on all complexes. All major peaks of experimental PXRDs of 

Mn-5TIA-1, -2 and -3 matches well with simulated PXRDs, indicating their reasonable 

crystalline phase purity [Figure 3.4a, b and c] 
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Figure 3.4: Comparison of the simulated (bottom) and experimental (top) PXRD patterns of (a) 
Mn-5TIA-1 (b) Mn-5TIA-2 and (c) Mn-5TIA-3. The framework structures of all Mn-MOFs were 
matches well with simulated PXRD. (d) Thermo gravimetric analysis (TGA) of Mn-5TIA-1, -2, and 
-3. 

3.2.3 Gas adsorption Properties of Mn-MOFs 

Template (pyrazine and 4,4′-bipyridine) induced enhancement of porosity has been 

observed in the Mn-MOFs reported in this chapter. From the structural analysis using 

PLATON [3.13] it was clear that Mn-5TIA-2 and -3 are having 51.6% and 52.5% solvent 

accessible void with 2.57 Å and 7.22 Å pore aperture respectively. High solvent accessible 

void and pore sizes comparable to the kinetic diameter of N2 (3.65 Å) and CO2 (3.40 Å) 

prompted us to analyze the N2 and CO2 adsorption properties of these two MOFs. Prior to 

gas sorption experiments, guest DMF solvent molecules are removed by solvent exchange 
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(1:1 mixture of DCM: MeOH) followed by thermal activation at an optimized temperature 

of 110 °C, for 48 h. We could not get the N2 adsorption in Mn-5TIA-2 and Mn-5TIA-3, as 

the kinetic diameter of N2 (3.6 Å) is higher than the cross sectional pore aperture of all 

these Mn-MOFs (Mn-5TIA-2, 2.57 × 2.57 Å and Mn-5TIA-3, 2.8 ×7.22 Å). But the CO2 

adsorption isotherms for these MOFs analyzed at 298 K are completely reversible. A 

possible reason for the selective CO2 adsorption over N2 could be due to the quadrupole 

interactions of N2 with the electrostatic field gradients near the pore surface, which 

subsequently block other molecules to enter the pores. Whereas at 298 K such type of 

quadrupole interactions are overcome by the thermal energy in case of CO2 adsorption. The 

CO2 adsorption isotherm in Mn-5TIA-1 shows 2 cc/g CO2 adsorption, as it is non-porous in 

nature. Mn-5TIA-2 shows 9.85 cc/g CO2 adsorption at the same conditions [Figure 3.5a]. 

Whereas, CO2 adsorption of Mn-5TIA-3 increases to 37.45 cc/g as pressure reaches to 1 bar 

[Figure 3.5a]. The reason for higher CO2 adsorption in Mn-5TIA-3 (compare to Mn-5TIA-1 

and -2) is the high solvent accessible void (52.5%) along with larger pore aperture (7.216 

Å). 

 We also collected the H2 adsorption data on the activated samples of Mn-5TIA-1, -

2 and -3 at 77 K and 1 bar pressure [Figure 3.5b]. As expected, Mn-5TIA-1 is non-porous 

to H2 like other gas molecules. But Mn-5TIA-2 having comparable pore radius with kinetic 

diameter of H2 molecule (2.89 Å) shows 23.44 cc/g of H2 uptake. Also Mn-5TIA-3 having 

larger pores in Mn-MOFs series shows 49.57 cc/g H2 uptake at 77 K as pressure approaches 

to 1 bar [Figure 3.5b]. These H2 uptakes are well justified with the increasing pore size 

from Mn-5TIA-1 to Mn-5TIA-3. Since, CO2/CH4 separation is very important to industrial 

process, we have examined the CH4 adsorption behavior for Mn-5TIA-2 and -3 at 298 K 

and 1 bar pressure [Figure 3.5c]. At aforementioned conditions, activation samples of Mn-

5TIA-2 and Mn-5TIA-3 could adsorb 1.05 cc/g and 1.87 cc/g of CH4 as pressure 

approaches to 1 bar. This uptake is completely reversible but as compared to CO2 uptake it 

is very less [Figure 3.5c]. 
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Figure 3.5: Gas adsorption isotherms of Mn-5TIA-1, -2 and -3, (a) CO2 adsorption isotherms for all 
Mn-MOFs, showing increase in CO2 uptake from Mn-5TIA-1 to Mn-5TIA-3. (b) H2 adsorption 
isotherms of Mn-MOFs at 77 K. (c) and (d) Comparison of CO2 and CH4 gas-sorption isotherms for 
Mn-5TIA-2 and -3 measured at 298 K respectively. Open and filled symbol represents adsorption 
and desorption, respectively. 
 

3.3 Conclusion: 

In conclusion, we have synthesized three new Mn-MOFs using predesigned 5TIA ligand 

with transition metal Mn(II). First time we discovered that in structural isomers porosity 

can be controlled by controlling the size of template. Mn-TIA-1 is nonporous as no 

template has been used during its synthesis. Mn-5TIA-2 has 2.56 Å pore aperture which is 

comparable to the length of the pyrazine molecule. Similarly, the pore aperture of Mn-

5TIA-3 is comparable to the molecular dimension of the 4,4′-bipyridine molecule.  This 

increment in porosity in these Mn-MOFs depending on the size of the template used has 

been further validated by the CO2 adsorption isotherms. Non porous Mn-5TIA-1 showed 2 
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cc/g CO2 uptake, whereas Mn-5TIA-2 and porous Mn-5TIA-3 is showing 9.85 cc/g and 

37.45 cc/g CO2 adsorption, respectively. Although, the CO2 uptake property is not 

promising here but we believe this strategy of enhancement of porosity by using template 

will open up a new avenues in the research of MOF for gas adsorption.  

3.4 Experimental Procedures: 

3.4.1 Materials 

Thionyl chloride, hydrazine hydrate, diethyl ether, benzene, and N, N-dimethylformamide 

(DMF) were purchased from Rankem chemicals. 5-amino isophthalic acid was purchased 

from the Aldrich Chemicals. All starting materials were used without further purification. 

All experimental operations were performed in 5 mL glass vial inside a programmed oven 

for synthesis.  

3.4.2 Synthesis procedure of Mn-MOFs 

Synthesis of Mn-5TIA-1 [Mn(5-TIA)(DMF)]:  1.0 mL of 5-TIA (0.20M) solution in N,N-

dimethylformamide (DMF) was taken in a 5 mL vial. 0.5 mL of Mn(NO3)2 •xH2O solution 

(0.20 M) in DMF was added to this solution. The vial was capped and heated to 85 °C for 

72 h. The mother liquor was decanted and the Rectangular golden color crystals were 

filtered off, washed with DMF. The unreacted ligand can be removed by washing in DMF 

(3 mL, 4 times) as 5-TIA is highly soluble in DMF and afterwards resulting MOF was dried 

in air (10 min). [Yield: 70 %, 0.0130 g depending on Mn(NO3)2 • xH2O]. FT-IR: 3448(m, 

br), 2929(w), 2867(w), 1652(s), 1505(w), 1383(s), 1250(m), 1092(s), 780(m), 708(m), 

656(m) cm-1. 

Elemental analysis (%) of of evacuated Mn-5TIA-1 Found (%) C= 44.42, H= 3.37, N= 

15.82; Calc. (%) C= 43.46, H= 3.36, N= 15.59. 

Synthesis of Mn-5TIA-2 [Mn(5-TIA)]: 1.0 mL of 5-TIA (0.20M) solution in N,N-

dimethyl formamide (DMF) was taken in a 5 mL vial. 0.5 mL of Mn(NO3)2  •xH2O solution 

(0.20 M) in DMF and 0.5 mL of pyrazine solution (0.20 M) in DMF was added to this 

solution. The vial was capped and heated to 85 °C for 72 h. The mother liquor was 

decanted and the square yellow color crystals were filtered off, washed with DMF) and 

dried in air (10 min). [Yield: 74%, 0.0074 g depending on Mn(NO3)2• xH2O]. FT-IR: (KBr 

4000-600 cm-1): 2980(m), 2308(m), 1654(s), 1367(s), 1091(m), 774(m), 711(m), cm-1. 
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Elemental analysis (%) of evacuated Mn-5TIA-2: Found (%) C= 40.83, H= 1.77, N= 

14.828; Calc. (%) C= 41.98, H= 1.76, N= 14.68. 

Synthesis of Mn-5TIA-3 [Mn(5-TIA)]: 1.0 mL of 5-TIA (0.20M) solution in N,N-

dimethyl formamide (DMF) was taken in a 5 mL vial. 0.5 mL of Mn(NO3)2 •3H2O solution 

(0.20 M) in DMF and 0.5 mL of 4, 4′ bipyridine solution (0.20 M) in DMF was added to 

this solution. The vial was capped and heated to 85 °C for 72 h. The mother liquor was 

decanted and the rectangular colorless crystals were filtered off, washed with DMF) and 

dried in air (10 min). [Yield: 74%, 0.0074 g depending on Mn(NO3)2 •xH2O]. FT-IR: (KBr 

4000-600 cm-1): 3524(m br), 2929(m), 1654(s), 1052(w), 1384(s), 1254(m), 1091(s), 

776(w), 712(w), 658(s), cm-1. 

Element analysis of evacuated Mn-5TIA-3: Found (%) C= 40.82, H= 1.77, N= 14.924; 

Calc. (%) C= 41.98, H= 1.76, N= 14.68. 

3.4.3 General methods for characterization  

(a) Powder X-Ray Diffraction (PXRD).  The PXRD patterns were collected on a Phillips 

PANalytical diffractometer on a Cu  Kα  radiation (λ = 1.5406 Å), with a scan speed of 2° 

min-1. The tube voltage and amperage were set at 40 kV and 50 mA respectively. Each 

sample was scanned between 5 and 50° 2θ with a step size of 0.02°. The instrument was 

previously calibrated using a silicon standard. 

 (b)Thermogravimetric Analysis (TGA) TGA was performed on a SDT Q600 TG-DTA 

analyzer instrument. Approximately 5 mg of the sample was added to an aluminium 

crucible and heated from 25 to 800 °C under N2 atmosphere at heating rate of 10 °C min–1. 

(c) Hot-Stage Microscopy.  Leica M-80 optical microscope with hot stage and camera 

attachment was used for collecting photographs. 

(d) IR Spectroscopy. The Fourier transform (FT) infrared spectra of the MOFs were taken 

on a PERKIN ELMER FT-IR SPECTRUM (Nicolet) spectrometer. KBr samples (2 mg in 

20 mg of KBr) were prepared and 10 scans were collected at 4 cm-1 resolution for each 

sample. The spectra were measured over the range of 4000-400 cm-1 

(f) Gas Adsorption. All low-pressure gas-sorption experiments (up to 1 atm) were 

performed on a Quantachrome Autosorb-1 automatic volumetric instrument. 

Approximately 50 mg of the The as-synthesized samples were immersed in dry methanol at 
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ambient temperature for 72 h, evacuated at ambient temperature for 24 h, followed by 

elevated temperature (85 °C) for 48 h. Finally the activated samples are treated for gas 

adsorption (H2, CH4 and CO2).  

3.4.4 X-ray Crystallography  

General Data Collection and Refinement Procedures: 

 All single crystal data were collected on a Bruker SMART APEX three circle 

diffractometer equipped with a CCD area detector and operated at 1500 W power (50 kV, 

30 mA) to generate Mo Kα radiation (λ=0.71073 Å). The incident X-ray beam was focused 

and monochromated using Bruker Excalibur Gobel mirror optics. All crystals reported in 

this chapter were mounted on nylon CryoLoops (Hampton Research) with Paraton-N 

(Hampton Research).  

Initial scans of each specimen were performed to obtain preliminary unit cell parameters 

and to assess the mosaicity (breadth of spots between frames) of the crystal to select the 

required frame width for data collection. In every case frame widths of 0.5° were judged to 

be appropriate and full hemispheres of data were collected using the Bruker SMART [2.19] 

software suite. Following data collection, reflections were sampled from all regions of the 

Ewald sphere to redetermine unit cell parameters for data integration and to check for 

rotational twinning using CELL_NOW [2.20]. In no data collection was evidence for 

crystal decay encountered. Following exhaustive review of the collected frames the 

resolution of the dataset was judged. Data were integrated using Bruker SAINT [2.21] 

software with a narrow frame algorithm and a 0.400 fractional lower limit of average 

intensity. Data were subsequently corrected for absorption by the program SADABS [2.22]. 

The space group determinations and tests for merohedral twinning were carried out using 

XPREP [2.22]. In all cases, the highest possible space group was chosen. 

All structures were solved by direct methods and refined using the SHELXTL 97 [2.23] 

software suite. Atoms were located from iterative examination of difference F-maps 

following least squares refinements of the earlier models. Final models were refined 

anisotropically (if the number of data permitted) until full convergence was achieved. 

Hydrogen atoms were placed in calculated positions (C-H = 0.93 Å) and included as riding 

atoms with isotropic displacement parameters 1.2-1.5 times Ueq of the attached C atoms. 
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Data were collected at 293(2) K for Mn-5TIA-2 MOF and 190(2) K for Mn-5TIA-1 and -3 

MOFs presented in this paper. This lower temperature was considered to be optimal for 

obtaining the best data. Electron density within void spaces has not been assigned to any 

guest entity but has been modeled as isolated oxygen and/or carbon atoms. The foremost 

errors in all the models are thought to lie in the assignment of guest electron density. All 

structures were examined using the Adsym subroutine of PLATON [2.24] to assure that no 

additional symmetry could be applied to the models. All ellipsoids in ORTEP diagrams are 

displayed at the 50% probability level unless noted otherwise. For all structures we note 

that elevated R-values are commonly encountered in MOF crystallography for the reasons 

expressed above by us and by other research groups. [2.25–2.35]  

Experimental and refinement details for Mn-5TIA-1: A colorless type crystal (0.20 × 

0.16 × 0.12 mm3) of Mn-5TIA-1 was mounted on 0.7 mm diameter nylon CryoLoops 

(Hampton Research) with Paraton-N (Hampton Research). The loop was mounted on a 

SMART APEX three circle diffractometer equipped with a CCD area detector (Bruker 

Systems Inc., 1999a) and operated at 1500 W power (50 kV, 30 mA) to generate Mo Kα 

radiation (λ =0.71073 Å). The incident X-ray beam was focused and monochromated using 

Bruker Excalibur Gobel mirror optics. A total of 32862 reflections were collected of which 

6794 were unique and 6116 of these were greater than 2σ(I). The range of θ was from 

1.85– 28.270. Analysis of the data showed negligible decay during collection. The structure 

was solved in monoclinic P21/c space group, with Z = 4, using direct methods. All non-

hydrogen atoms were refined anisotropically. Mn-5TIA-1 contains two 5-amino isophthalic 

acid molecule in the asymmetric unit. It should be noted that other supporting 

characterization data are consistent with the crystal structure. Final full matrix least-squares 

refinement on F2 converged to R1 = 0.0462 and wR2 = 0.1024 (all data) with GOF = 1.157.  

Experimental and refinement details for Mn-5TIA-2: 

A colorless type crystal (0.20 × 0.16 × 0.12 mm3) of Mn-5TIA-2 was mounted on 0.7 mm 

diameter nylon CryoLoops (Hampton Research) with Paraton-N (Hampton Research). The 

loop was mounted on a SMART APEX three circle diffractometer equipped with a CCD 

area detector (Bruker Systems Inc., 1999a) and operated at 1500 W power (50 kV, 30 mA) 

to generate Mo Kα radiation (λ=0.71073 Å). The incident X-ray beam was focused and 
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monochromated using Bruker Excalibur Gobel mirror optics. A total of 9625 reflections 

were collected of which 3380 were unique and 2380 of these were greater than 2σ (I). 

 

Figure 3.6: Asymmetric unit ORTEP diagrams (50% probability) of Mn-5TIA-1, -2 and -3. 

 

The range of θ was from 2.89– 25.000. Analysis of the data showed negligible decay during 

collection. The structure was solved in orthorhombic Pbcn space group, with Z = 4, using 

direct methods. All non-hydrogen atoms were refined anisotropically. Mn-5TIA-2 contains 

one 5-amino isophthalic acid molecule in the asymmetric unit.  

The attempts made to model the guests (solvent molecules) did not lead to identification 

of guest entities in these structures due to the limited periodicity of the solvent molecules in 

the crystals. Since the solvent is neither bonded to the framework nor tightly packed into 

the voids, solvent disorder can be expected for the MOF structures. Thus, electron density 

within void spaces which could not be assigned to any definite guest entity was modeled as 

isolated carbon or oxygen atoms, and the foremost errors in all the models lie with the 
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assignment of guest electron density. To assess the correctness of the atomic positions in 

the framework, the application of the SQUEEZE routine of A. Spek has been performed. 

However, atomic co-ordinates for the “non-SQUEEZE” structures are also presented. It 

should be noted that the precision of this model is low; however, the structure is reported to 

demonstrate the nature of the framework of Mn-5TIA-2. Other supporting characterization 

data (vide infra Materials and Methods) agree with the structure. Final full matrix least-

squares refinement on F2 converged to R1 = 0.0862 and wR2 = 0.2761 (all data) with GOF = 

1.147.  

Experimental and refinement details for Mn-5TIA-3: 

A colorless type crystal (0.20 × 0.16 × 0.12 mm3) of Mn-5TIA-3 was mounted on 0.7 mm 

diameter nylon CryoLoops (Hampton Research) with Paraton-N (Hampton Research). The 

loop was mounted on a SMART APEX three circle diffractometer equipped with a CCD 

area detector (Bruker Systems Inc., 1999a) and operated at 1500 W power (50 kV, 30 mA) 

to generate Mo Kαradiation (λ=0.71073 Å). The incident X-ray beam was focused and 

monochromated using Bruker Excalibur Gobel mirror optics. A total of 20465 reflections 

were collected of which 4436 were unique and 3554 of these were greater than 2σ (I). The 

range of θ was from 1.93 – 28.260. Analysis of the data showed negligible decay during 

collection. The structure was solved in monoclinic P21/c space group, with Z = 4, using 

direct methods. All non-hydrogen atoms were refined anisotropically. Mn-5TIA-3 contains 

one 5-amino isophthalic acid molecule in the asymmetric unit. It should be noted that other 

supporting characterization data are consistent with the crystal structure. Final full matrix 

least-squares refinement on F2 converged to R1 = 0.0642 and wR2 = 0.15991 (all data) with 

GOF = 0.997.  

 

NOTE: The results of this chapter have already been published in Chem. Commun., 2011, 

47, 7674-7676. with the title: “Template induced structural isomerism and enhancement of 

porosity in manganese(II) based metal–organic frameworks (Mn-MOFs)”. These 

publications were the results from the group of Dr. Rahul Banerjee and his students Tamas 

Panda and Pradip Pachfule from CSIR National Chemical Laboratory, Pune, India. Major 

works are contributed by Tamas Panda with the instrumental facilities of CSIR National 

Chemical Laboratory.  
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CHAPTER 4 

 

SELF ASSEMBLED ONE DIMENSIONAL FUNCTIONALIZED METAL 

ORGANIC NANOTUBES (MONTs) FOR HYDROUS PROTON CONDUCTION 

 

4.1 Introduction: 

 Proton-conducting materials are prime important component of fuel cells [1.39]. The 

beneficial aspects of the fuel cell have prompted many researchers to look for materials that 

can transport protons efficiently, as the facile proton conduction appears to be at the heart 

of the fuel-cell technology [1.40]. Recently, metal-organic frameworks (MOFs), showed 

their potential as a proton conductor due to their tunability of pore sizes, shapes, and 

different functionalities [3.2]. In Section 1.8, the overview of new types of proton-

conducting MOFs and their unique proton-conduction properties are discussed. In general, 

promises for proton conduction in MOFs have been classified in two categories: water 

assisted proton-conducting MOFs operating below 100 °C and anhydrous proton 

conductors operating above 100 °C. Although several attempts like incorporation of water 

channel and doping of organic molecules (imidazole, triazole etc.) inside the pores have 

been implemented to get higher proton conductivity in MOFs. However, it is clearly visible 

that applications of MOFs as proton conductors have not been explored as broadly as gas 

storage properties [1.43a and b]. Extensive amount of research is still necessary to explore 

the potential of MOFs as promising proton conducting materials for fuel cell application. 

As a part of our investigation (from earlier chapter) on the study of functionalization in 

MOFs, we have chosen 5TIA as organic linker considering the effect of triazole 

functionalization might enhance the CO2 uptake. In order to investigate this ideology, we 

have tried to synthesize various MOFs with the same linker 5TIA.  In this chapter, we 

report two isostructural self assembled and functionalized metal organic nanotubes 

MONTs, In-5TIA [In(C10O4N3H5)2(C2H8N)(H2O)] and Cd-5TIA 

[Cd(C10O4N3H5)2(C2H8N)2(H2O)] have been synthesized using In(III) and Cd(II) ions as 
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metal center with 5-triazole isophthalic acid (5-TIA) as organic building block. We would 

like to mention that, although there have been several reports of MOFs with diverse 

architecture, still discrete metal organic nanotubular structures are extremely rare [4.1]. 

Only a handful of literature reports are available where self assembled metal organic 

nanotubes (MONTs) has been constructed using capping agents (like, ethylene diamine, 

phenanthroline) or secondary linkers (like, 4,4′ bipyridine, iodine) [4.2]. However most of 

these reports reveal only the structural details of the MONTs without showcasing any 

fundamental application. Moreover, most of the MONTs reported in literature are 

interconnected by metal ions [4.3] leaving only one or two examples of self assembled 

hydrogen bonded MONTs. 

Both In-5TIA and Cd-5TIA consists of one dimensional single walled self 

assembled nanotubes with 7.8 and 8.2 Å inner dimensions and outer dimension of 26.6 and 

27.4 Å, respectively. These MONTs are held together by weak C-H…O hydrogen bonding 

[4.4] to form the self assembled architectures. Initially, we analyzed the N2 adsorption 

isotherm of these two MONTs. However, owing to their one dimensional structure In-5TIA 

and Cd-5TIA MONTs do not show any gas adsorption despite their decent pore aperture of 

7.8 and 8.2 Å respectively. Structural investigation reveals that both these structures consist 

(CH3)2NH2
+ cations, trapped inside the frameworks.  As mentioned in section 1.8.1.2, 

various cation molecules [NH4
+, (CH3)2NH2

+, (C2H5)2NH2
+ etc.] trapped inside the MOFs 

could be useful for proton conduction under hydrous condition. Since these MONTs have 

cationic (CH3)2NH2
+ inside these nanotubes, we decided to measure their proton 

conductivities under hydrous condition.  It is noteworthy that, Cd-5TIA and In-5TIA 

MONTs shows high proton conductivity of 3.61 × 10-3 Scm-1 and 5.35 × 10-5 Scm-1 at 

ambient temperature (301 K) and 98% relative humidity (RH). We have also collected the 

proton conductivity data of the literature reported self assembled Indium isophthalic acid 

based MONT (In-IA) [4.5] to systematically study the proton conduction pathways in these 

MONTs. To the best of our knowledge, In-5TIA and Cd-5TIA are the first example of self 

assembled functionalized (MONTs) which shows application like proton conductivity. 
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4.2 Result and discussion: 

4.2.1 Structural analysis of In-IA, In-5TIA and Cd-5TIA 

Isophthalate building blocks are well-known for synthesis of isolated nanocubes [4.6a-b] 

and nanoballs [4.6c-d]. Among these, Metal Organic Polyhedras (MOPs), [4.7] are the well 

known example of isolated nanoballs constructed from isophthalic acid. Self assembled 

MONT architecture has already been reported [4.5] with isophthalic acid as the organic 

building unit and In(III) as metal center with small inner dimension (4.8 Å) (Figure 4.1a). 

One would assume that the angle between two carboxylate groups of isopthalate scaffold 

(115°) favors the formation of the nanotubular architecture. This motivated us to choose 

5TIA as the organic ligand which posses the specific geometry as well as functionalization 

of the outer core to achieve these large functionalized nanotubular architectures (Figure 

4.1b). 5TIA offers triazole moiety on the five positions of isophthalate scaffold which could 

hold these nanotubes in close proximity via hydrogen bonding and create functionalization 

on the outer wall of these nanotubes. Single-crystal X-ray diffraction analysis reveals that 

both In-5TIA and Cd-5TIA are isostructural and crystallizes in the tetragonal space group 

P4/n. The asymmetric unit of In-5TIA consists of one octahedral In (III) ion and two 5TIA 

molecules. Each In (III) SBU is coordinated to eight oxygens from four µ1-CO2
- 

functionalities and each carboxylate group of 5TIA chelates to one In (III) site (Figure 

4.2a). Each 5TIA ligand is coordinated to two different In(III) ions with In–5TIA–In angle 

of 126°( for Cd-5TIA, Cd–5TIA–Cd angle is 124.7°) . It is noteworthy that, the triazole 

moiety of 5-TIA is not coordinated to any In(III) / Cd(II) metal center. These types of M 

(CO2)4 type of SBU could be found in some In(III) based MOFs [4.8]  but it is very rare 

among Cd(II) based MOFs. In the crystal structure of In-5TIA each In(III) SBU extends 

through a and b axis to form a metallomacrocycle where four In(III) ions are linked by four 

5TIA via µ1-CO2
- carboxyl groups to generate a [In4(5TIA)4] square grid  with In-In 

distance being 9.7 Å (for Cd-5TIA, Cd-Cd distance being 9.9 Å). These [In4(5TIA)4] 

squares are infinitely connected to µ1-CO2
- functionalities of 5TIA ligands along the c axis 

to produce a 1D nano channel containing [In8(5TIA)12] boxes (Figure 4.2c). The top view 

of the open-ended, hollow nanotube indicates that it is an undulated tetranuclear 

[In4(5TIA)4] metallamacrocycle with a very unusual 32-membered ring (32MR) consisting 

of four In(III) atoms and four 5TIA ligands (4 In, 20 C, and 8 O) with S4 symmetry, where 
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all the triazole moiety of 5TIA molecules are pointed to the periphery of the MONT (Figure 

4.2d). The interior and exterior wall cross sectional diameter of these nanotubes of In-5TIA 

is 7.8 and 26.6 Å whereas for Cd-5TIA, it is 8.2 and 27.4 Å respectively. These 

independent MONTs are further self assembled to produce an interesting 3D 

supramolecular aggregate along bc plane where triazole functionality of one MONT is 

interdigited to another MONT and vice versa (Figure 4.2d). 

 

Figure 4.1: Structures of In-IA and In-5TIA MONTs: a) Schematic view IA ligand, showing the 
angle 118° between two carboxylic acid moiety and forms three centered MONT with In(III). (b) 
and (c) Schematic view of functionalized 5-TIA ligand, showing the angle 115° between two 
carboxylic acid moiety and forms four centered MONT with In(III) and Cd(II) respectively. Color 
code: In (green), Cd (light blue), N (blue), O (red), C (gray) and H (white).  

The C-H…O hydrogen bonding [D=3.645(7) Å, d=2.811(5) Å, θ=150.0°(3)] between 

triazole carbon bound hydrogen and metal [In(III) or Cd(II)] coordinated carboxylate 

oxygen holds these self assembled MONTs, which rules out the possibility of 
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interpenetration among In-5TIA ring through tube to tube cohesion. The extra-framework 

volumes per unit cell for In-5TIA and Cd-5TIA are approximately 48.8 and 50.6 %, 

respectively, calculated using PLATON [4.9]. A side view of these frameworks reveals 

another tetragonal channel opening with effective dimensions of 7.8 × 8.5 Å along the bc 

plane for In-5TIA whereas for Cd-5TIA it is 6.7 × 8.4 Å (Figure 4.2e). The whole 

framework of In-5TIA and Cd-5TIA bears negative charge due to the coordination of each 

metal [In(III) or Cd(II)] atom to the four carboxylate ligands. It is noteworthy that each 

SBU of In-5TIA contains one negative charge whereas each SBU of Cd-5TIA contains two 

negative charges. However, after careful investigation of these two isostructural MOFs, we 

propose that, single negative charge of In-5TIA SBU were balanced by one dimethyl 

ammonium cation. Whereas in Cd-5TIA, two negative charges at SBU was neutralized by 

two dimethyl ammonium cations. These cations were heavily disordered and confirmed by 

the elemental analysis of In-5TIA and Cd-5TIA. (See Experimental section). 

 

Figure 4.2: (a) The cross sectional view of In-5TIA MONTs. (b) Self assembled MONTs are 
arranged in three dimensional manners. (c) Simplified view of a eight-connected Indium center, 
yellow stick indicates each µ1-CO2

- carboxyl group connected with octahedral In(III) node (d) Side 
view of the simplified nanotube structure (e) packing view of three different self assembled 
MONTs. 
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Charge mismatch of In-5TIA and Cd-5TIA:  

During the refinement of In-5TIA and Cd-5TIA X-ray data, we encountered an electron 

density within the framework cavity and also one more electron density near the SBU of 

Cd-5TIA. Structural investigation of In-5TIA SBU reveals that one In (III) metal center 

with tri-positive charges coordinated to eight µ1-CO2
- oxygens from four 5TIA links 

creating an extra negative charge associated with each In(III) metal center. A cation should 

be present to balance the negative charge in the SBU. On the contrary, Cd-5TIA SBU 

contains one Cd(II) metal center with di-positive charges get coordinated with eight µ1-

CO2
- oxygens from four 5TIA link creating extra double negative charge associated with 

each Cd(II) metal center. Hence a single cation in the SBU of In-5TIA and double cations 

in the SBU of Cd-5TIA should be present to balance the negative charge in the SBU. Upon 

careful investigation of the crystal structure of both these MONTs, we have found heavily 

disordered dimethyl ammonium cation within the framework cavity. Hence, we believe that 

one dimethyl ammonium cation is balancing the extra negative charge of In-5TIA SBU, 

whereas two dimethyl ammonium cations are balancing the extra negative charge of Cd-

5TIA SBU. To prove the correctness of the electron density within these frameworks, the 

SQUEEZE routine has been applied. It should be noted that SQUEEZE structures does not 

contain any disordered dimethyl ammonium cations within the framework cavity of both 

In-5TIA and Cd-5TIA. So from the crystal structures of both In-5TIA and Cd-5TIA, we 

anticipate that the molecular formula of In-5TIA and Cd-5TIA could be 

In(C10O4N3H5)2(C2H8N) and Cd(C10O4N3H5)2(C2H8N)2,  respectively as we were unable to 

locate any solvent molecule inside the framework. Also the experimental elemental analysis 

(CHN) of as-synthesized In-5TIA and Cd-5TIA matches well with the calculated CHN data 

from the aforementioned molecular formula. The calculated CHN percentage of In-5TIA 

(including dimethyl ammonium cation) was found to be, C=42.3%, H=2.9% and N=15.7%, 

in accordance with experimental elemental analysis data (C=42.2%, H=3.0% and 

N=15.6%) and support the dimethyl ammonium cation contain In-5TIA crystal structure. 

Similarly for as-synthesized Cd-5TIA, we have also done the elemental analysis  and found 

the percentage of C=42.3%, H=4.01% and N=16.12%  is also in accordance with calculated 

CHN percentage of dimethyl ammonium cation contained Cd-5TIA (C=42.7%, H=3.9% 

and N=16.8%). For representation we have provided SQUEEZE structure. It should be 
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noted that SQUEEZE structures does not contain any disordered dimethyl ammonium 

cations within the framework cavity of both In-5TIA and Cd-5TIA. 

4.2.2 Thermal properties and X-ray powder diffraction analysis:  

Thermal gravimetric analysis (TGA) revealed that both In-5TIA and Cd-5TIA retains its 

stability at temperature as high as 150 °C (Figure 4.3), which was further confirmed by in 

situ variable temperature single crystal X-Ray data. 
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Figure 4.3: Thermal gravimetric analysis (TGA) data of (a) In-5TIA and (b) Cd-5TIA. Variable 
temperature powder Xray diffraction VTPXRD data of  (c) In-5TIA and (d) Cd-5TIA comparison 
with the simulated one clearly indicates its high crystallinity as well as thermal stabilty at broad 
temperature range (25 °C to 150 °C). 

 In order to confirm the phase purity of the bulk materials, powder X-ray diffraction 

(PXRD) experiments were carried out on In-5TIA and Cd-5TIA. All major peaks of 

experimental PXRDs of In-5TIA and Cd-5TIA matches well with simulated PXRDs, 

indicating their reasonable crystalline phase purity (Figures 4.3 and 4.12). Variable 

temperature powder X-Ray diffraction data (VTPXRD) performed on as-synthesized In-
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5TIA and Cd-5TIA (from 25 °C to 150 °C) further confirms their stability and crystallinity 

at elevated temperatures (Figure 4.3c and 4.3d). 

4.2.3 Proton Conductivity Measurement:  

4.2.3.1 Methods and plots: Proton conductivity was measured by a quasi-two-probe 

method, with a Solatron 1287 Electrochemical Interface with 1255B frequency response 

analyzer. As synthesized samples of In-5TIA and Cd-5TIA were pelletized under hydraulic 

pellet pressure with 0.5 mm and  0.6 mm thickness and 6.5 mm diameter under humidified 

condition for 24 hours and then subject to analysis for proton conduction. The resistances 

were calculated from the semicircle of the Nyquist plots. The activation energy values were 

obtained from the slope by least square fitting of the straight line. If the data points are 

(x1,y1), (x2,y2), ......, (xn,yn) where x is the independent variable and y is the dependent 

variable. The fitting curve f(x) has the deviation (error) d from each data point, i.e., d1= y1− 

f(x1), d2= y2− f(x2),..., dn= yn− f(xn). According to the method of least squares, the best 

fitting curve has the properties: 

 

N.B. From the semicircle we got the resistance R  

(Ohm). Now, from diameter r (mm) and thickness A (mm)  proton conductivity (σ) value 

can be calculated by the following equation, 

           σσσσ = A / (R × ππππr
2
) Scm

-1 

Rs (C - Rp)  

Figure 4.4: Equivalent circuit model representation of the Nyquist plot. 
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For high-temperature proton conductivity measurements, the pellets were inserted within a 

humidification chamber, which was encircled with a controlled heating coil attached with 

an automated temperature controller. The heat flow within the temperature controller was 

controlled by a dimerstat accordingly. The temperature of the chamber was measured by an 

infrared temperature sensor attachment, having a sensing accuracy of ±0.5 °C.  

 

Figure 4.5: Nyquist plots of (a) In-5TIA MONT (b) Cd-5TIA MONT and (c) In-IA MONT at 31 
°C under 98% RH (b) Arrhenius plots of activation energy for In-5TIA, Cd-5TIA and In-IA 
MONTs.  

For low-temperature proton conductivity measurements, the pellets were inserted within a 

humidification chamber, which was encircled with a water circulation coil attached with a 

chiller integrated with an automated temperature controller. The heat flow within the 

chamber was controlled by the chiller accordingly. The temperature of the chamber was 

measured by an infrared temperature sensor attachment, having a sensing accuracy of ±0.5 

°C. 
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Figure 4.6: Proton conductivity vs humidity plot of (a) In-5TIA and (b) Cd-5TIA, shows that at 
lesser humidity decrease in proton conductivity values. Proton conductivity plots of (c) In-5TIA and 
(b) Cd-5TIA, at 60% RH shows decrease in proton conductivity values.  

4.2.3.2 Proton Conductivity Measurements of all MONTs: 

The proton conductivity values were measured for In-5TIA and Cd-5TIA as 5.35 × 10ˉ5 

Scmˉ1 and 3.61 × 10ˉ3 Scmˉ1, respectively at ambient temperature (301 K) with 98% RH 

(Figure 4.5a and b). The conductivities were determined from the semicircle in the Nyquist 

plots, as shown in Figure 4.5. These values are highly humidity-dependent and dropped 

from 5.35 × 10ˉ5 Scmˉ1 and 3.61 × 10ˉ3 Scmˉ1 at 98% RH to 1.25 × 10-5 Scm-1 and 3.14 × 

10-5 Scm-1 at 20% RH, respectively for In-5TIA and Cd-5TIA at 301 K (Figure 4.6), which 

indicates gradual decrease in proton conductivity upon decreasing humidification and 

establishes the role of water in proton conduction. The proton conductivity vs humidity and 

/or temperature plots clearly shows that Cd-5TIA is much more humidity and temperature 

sensitive than In-5TIA.  
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Figure 4.7: Water  vapour adsorption plot at 298 K and 1 bar pressure for (a) In-5TIA and (b) Cd-
5TIA. Filled circle represents adsorption and empty circle represents desorption. 

 

We believe that, loosely bound water molecules due to humidification and dimethyl 

ammonium cations play a pivotal role in drastic difference in proton conductivity in these 

materials. At 298 K and 1 bar pressure, the water vapor uptake of In-5TIA and Cd-5TIA is 

15 wt% and 14 wt% respectively (Figure 4.7). Interestingly, proton conductivity of Cd-

5TIA is far more humidity sensitive than In-5TIA, evident from sharp drop in proton 

conductivity upon lesser humidification (from 98% RH to 60% RH) (Figure 4.6). This 

humidity sensitive proton conductivity behavior of Cd-5TIA is similar to 

(NH4)2(adp)[Zn2(ox)3].3H2O (8 × 10-3 Scm-1 at 98% RH while 6 × 10-6 Scm-1 at 298 K 70% 

RH) [1.44e]. Worth mentioning, In-5TIA has only one dimethyl ammonium cation whereas 

Cd-5TIA has two dimethyl ammonium cations per SBU, providing enhanced hydrophilic 

environment within the nanotubular channel in case of Cd-5TIA. This phenomenon justifies 

the high proton conductivity of Cd-5TIA (3.61 × 10-3 Scm-1) compared to In-5TIA (5.35 × 

10-5 Scm-1). Also, ramping the sample results in dislocation of the adsorbed water 

molecules, showing lower proton conductivity at elevated temperature (Figure 4.8b and 

8d). 

Table 4.1: Comparison of Proton Conductivity Values of Cd-5TIA and In-5TIA with other 

proton conducting MOF (based on the literature report within August 2012): 

SL.No. MOFs and CPs Proton conductivity 

(Scm
-1

) 

Ea 

(eV) 

Conditions Reference 

1 (NH4)2(adp)[Zn2(ox)3]. 3H2O 8 × 10-3 0.63 25 °C and 98%  1.44e 
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RH 

2 Cd-5TIA 3.6 × 10-3 0.163 28 °C and 98%  
RH 

This 
report 

3 1D Ferrous Oxalate Dihydrate 1.3 × 10-3 0.37 25 °C and 98%  
RH 

1.44c 

4 (NH4)4[MnCr2(ox)6] 3 
4H2O. 

1.1 × 10-3 0.23 25 °C and 98%  
RH 

1.44o 

5 Cucurbit[6]uril (CB[6]) 1.1 × 10-3 0.39 25 °C and 98%  
RH 

1.44d 

6 {β-PCMOF2(Tz)0.45} 5 × 10-4 0.51 150 °C 1.45b 

7 Mg2(dobdc)3.0.35LiOiPr3. 
0.25LiBF4. EC3. DEC 

3.1 × 10-4 0.14 27 °C 1.44p 

8 {NH(prol)3}[MIICrIII(ox)3] 
(MII ) =MnII, FeII, CoII) 

1 × 10-4  25 °C and 75% 
RH 

1.44n 

9 (H5C2)2(dtoa) Cu 1 × 10-4  25 °C and 80%  
RH 

1.44i 

10 In-5TIA 5.35 × 10-5 0.137 28 °C and 98%  
RH 

This 
report 

11 [Zn(l-LCl)(Cl)](H2O)2 4.45 × 10-5 0.34 28 °C and 98% 
RH 

1.44l 

12 PCMOF-3 3.5 × 10-5 0.17 25 °C and 98%  
RH 

1.44b 

13 [MIL-53(Fe)-(COOH)2] 2.0 × 10-6 0.21 25 °C and 98%  
RH 

1.44a 

 

 In-5TIA outperforms MIL-53 based MOFs (10-6-10-7 Scm-1) [1.44a] and PCMOF-3 (3.5 × 

10-5 Scm-1) [1.44b], whereas Cd-5TIA outperforms Ferrous oxalate dehydrate (1.3 × 10-3 

Scm-1) [1.44c] and cucurbituril (1.3 × 10-3 Scm-1) [1.44d], although it posses lower proton 

conductivity value than (NH4)2(adp)[Zn2(ox)3].3H2O (8 × 10-3 Scm-1) [1.44e] at 298 K 

(Table 4.1).   

High temperature proton conducting MOFs are extremely rare, where imidazole [1.45a] or 

triazole [1.45b] is the proton carrier. Contrary to other proton conducting MOFs, In-5TIA 

and Cd-5TIA shows proton conductivity in wide range of temperatures, from 277 K (2.8 × 

10-5 Scm-1 for In-5TIA and 3 × 10-5 Scm-1 for Cd-5TIA) to 368 K (2.7 × 10-5 Scm-1 for In-

5TIA and 1.2 × 10-5 Scm-1 for Cd-5TIA) (Figure 4.9 and Table 4.3), proving their potential 

for working in various applications. For In-5TIA, proton conductivity value increases from 

277 K to 312 K, and then decreases steadily upto 368 K whereas for Cd-5TIA proton 

conductivity increases from 277 K to 301 K and then decreases upto 368 K (Figure 4.8, 
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Table 4.2 and 4.3). However, we acknowledge that both In-5TIA and Cd-5TIA show 

proton conductivity till 368 K. It is noteworthy that, In-5TIA and Cd-5TIA shows decrease 

in proton conductivity at lower temperatures than 301 K (Figure 4.8). To further compare 

the proton conducting efficiency of In-5TIA and Cd-5TIA, we have collected the proton 

conductivity data of the literature reported MONT architecture (In-IA) (Figure 4.8e and 8f), 

which reveals that In-IA and In-5TIA has comparable proton conductivity (5.35 × 10-5 

Scm-1 for In-5TIA and 2.20 × 10-4 Scm-1 for In-IA, respectively at 301 K and 98% RH) as 

both material contain one dimethyl ammonium cation per SBU within the framework. 

Accordingly, Cd-5TIA shows higher proton conduction (3.61 × 10-3 Scm-1 at 301 K and 

98% RH) than In-5TIA and In-IA as Cd-5TIA possess two dimethyl ammonium cations per 

SBU inside the framework. 

Table 4.2: Low temperatures Proton Conductivities of In-5TIA and Cd-5TIA: 

 In-5TIA Cd-5TIA 

Sr. no Temperature 

(K) 

Proton conductivity 

value (98% RH) 

(Scm
-1

) 

Temperature 

(K) 

Proton conductivity 

value (98% RH) 

(Scm
-1

) 

1 277 2.81 × 10-5  277 2.98 × 10-5  

2 279 2.93 × 10-5  279 3.24 × 10-5  

3 281 3.05 × 10-5  281 3.54 × 10-5  

4 283 3.2 × 10-5  283 3.89 × 10-5  

5 287 3.38 × 10-5  285 4.3 × 10-5  

6 289 3.5 × 10-5  287 4.76 × 10-5  

7 290 3.54 × 10-5  289 5.43 × 10-5  

8 297 3.72 × 10-5  291 6.7 × 10-5  

9 301 5.35 × 10-5  293 8.3 × 10-5  

10 — — 297 1.5 × 10-4  

11 — — 301 3.61 × 10-3  
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Table 4.3: High temperatures Proton Conductivities of In-5TIA and Cd-5TIA: 

 In-5TIA Cd-5TIA 

Serial 

no 

Temperature 

(K) 

Proton conductivity 

value (98% RH) 

(Scm
-1

)  

Temperature 

(K) 

Proton conductivity 

value (98% RH) 

(Scm
-1

) 

1 305 9.12 × 10-5  306 1.6 × 10-4  

2 312 3.85 × 10-4  311 8.46 × 10-5  

3 333 6.72 × 10-5  316 6.11 × 10-5  

4 343 4.87 × 10-5  321 4.75 × 10-5  

5 348 4.56 × 10-5  326 3.8 × 10-5  

6 358 3.0 × 10-5  331 3.18 × 10-5  

7 368 2.7 × 10-5  336 2.71 × 10-5  

8 — — 341 2.47 × 10-5  

9 — — 346 2.12 × 10-5  

10 — — 351 1.80 × 10-5  

11 — — 356 1.63 × 10-5  

12 — — 368 1.148 × 10-5  
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Figure 4.8: Proton conductivity plots of (a) In-5TIA at lower temperature, (b) In-5TIA at elevated 
temperature, (c) Cd-5TIA at lower temperature, (d) Cd-5TIA at elevated temperature, (e) In-IA at 
lower temperature and (f) In-IA at elevated temperature. 

4.2.3.3 Possible Mechanism for proton conduction in In-5TIA and Cd-5TIA: 

To account for the high proton conductivity of In-5TIA and Cd-5TIA, we speculate a 

possible mechanism for proton hopping within the 1D tubular channels. Firstly, water 

molecules were adsorbed during humidification of as-synthesized sample by strong 

hydrogen bonding with dimethyl ammonium cations, triazole nitrogens and In(III) bound 
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carboxylate moieties within the hollow tubular cavity (Figure 4.9 and 4.10). The proton 

from dimethyl ammonium cation was transferred to In(III) bound carboxylate moiety, 

 

Figure 4.9: Schematic view of  stacking triazole incorporeted in the one dimensional nanotube 
which is the key factor for proton conduction. 

 

Figure 4.10: Possible scheme of Grotthuss proton hopping mechanism of In and Cd-5TIA. 
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then hopped to next triazole nitrogen via adsorbed water molecule. Again it gets transferred 

to next In(III) bound carboxylate moiety via another adsorbed water molecule. Finally, this 

proton moved to adjacent In(III) bound carboxylate moieties and the hopping goes on 

within these MONTs (Figure 4.10). 

4.2.3.4 Activation Energy Value:  

In-5TIA and Cd-5TIA show considerably lower activation energy value than In-IA (0.137 

eV for In-5TIA and 0.163 eV for Cd-5TIA whereas 0.47 eV for In-IA). Thus, proton 

conductivities in In-5TIA and Cd-5TIA follow mainly Grotthuss proton hopping 

mechanism [4.10] whereas proton conductivity of In-IA follows chiefly vehicular 

mechanism, which hint at the role of triazole moiety for providing proton conducting 

pathways in In-5TIA and Cd-5TIA  

 

Figure 4.11: Proton conductivity vs temperature plot of (a) In-5TIA and (b) Cd-5TIA with 
increasing temperature.  

and hence the advantages of functionalization of the framework. Activation energy value of 

In-5TIA (0.137 eV) (Figure 4.11) is comparable to nafion based membrane electrolytes 

(0.22 eV), [4.11] and lowest activation value reported till date for MOF based proton 

conducting materials. Cd-5TIA also posses low activation energy value of 0.163 eV (Figure 

4.11). 

4.3 Conclusion: 

In conclusion, we report two isostructural single-walled functionalized metal–organic 

nanotubes (MONTs) by using 5TIA as single organic building block and In(III) or Cd(II) as 
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metal node. These large MONTs are held together by hydrogen bonding interactions, 

leading to unique supramolecular nanotubular arrays. In this work, 5TIA serves dual 

purpose, to construct nanotubular architecture using single organic precursor linked with 

In(III) or Cd(II) node, as well as functionalize the pore wall with triazole moieties. The 

triazole decorated pores along with dimethyl ammonium cation and Cd(II) or In(III) bound 

carboxylate moiety provide an unique pathway for proton conduction under humid 

condition, showing noticeably high proton conductivity values (3.61 × 10-3 to 1.15 × 10-5 

Scm-1 for Cd-5TIA and 5.35 × 10-5 to 2.7 × 10-5 Scm-1 for In-5TIA) across a wide range of 

temperature (301 K to 368 K) and 98% relative humidity. Moreover, proton conductivity 

shown by Cd-5TIA (3.61 × 10-3 Scm-1 at 301 K) stands at high position among the proton 

conducting MOFs reported till date. We have also studied and compared the proton 

conductivity of the literature reported MONT architecture (In-IA). We expect that, this 

finding will lead to many new applications previously unrealized in nanotube based porous 

materials. 

4.4 Experimental Procedures: 

4.4.1 Materials: 

Thionyl chloride, hydrazine hydrate, diethyl ether, benzene, and N,N′-dimethylformamide 

(DMF), benzene were purchased from Rankem chemicals. 5-amino isopthalic acid was 

purchased from the Aldrich Chemicals. All starting materials were used without further 

purification.  All experimental operations were performed in air. 

4.4.2 Synthesis of 5-triazole isophthalic acid: 

Synthesis of N,N′′′′-Dimethylformamide Azine Dihydrochloride (DMAz): 

 28.6 mL, 0.4 mol of Thionyl chloride (SOCl2) was added with stirring to DMF (150 mL) at 

5 °C. After addition keep this mixture at 5 °C for 24h and then added slowly aqueous 

hydrazine hydrate (5 mL, 0.1 mol) in 20 mL DMF. After addition the mixture was stirred at 

room temperature for 48h and the white precipitate of N, N′-dimethylformamide azine 

dihydrochloride was collected by filtration and washed with DMF and diethyl ether: 19.1 g; 

mp 251 °C.   
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FT-IR: (KBr 4000-600 cm-1):3473(s), 3223 (w), 2951(w), 2848(w), 2031(m), 1715(s), 

1609(m), 1507(s), 1398(w), 1287(s), 1228(m), 1137(s), 1054(s), 1019(m), 877(m), 672(s), 

654(m), 530(m), 496(m). 

Synthesis of 5-Triazole Isopthalic Acid:  

Refluxing a mixture of N, N′-dimethylformamide azine dihydrochloride (4.0 g, 1.866 

mmol) and 5-amino isopthalic acid (3.38 g, 1.866 mmol) in 50 mL benzene (Benzene is 

carcinogenic; reaction should be conducted in a fume hood) for 8h gave whitish solid. The 

solid was filtered and washed with ethanol (2 × 15 mL) and Diethyl ether (1 × 17 mL); 

yield: 2.38 g (68%). 

FT-IR: (KBr 4000-600 cm-1): 3119(m), 2906 (w), 2552(w), 1699(s), 1519(s), 1448(m), 

1268(m), 11224(m), 1143(m), 1095(s), 889(m), 755(s), 665(s). 

4.4.3 Synthesis of In-5TIA and Cd-5TIA:  

In-5TIA [In(C10O4N3H5)2(C2H8N)(H2O):  0.25 mmol of  5-TIA (0.058 g) and 0.06 mmol 

of In(NO3)3.3H2O (0.023 g) was taken in a 15 mL scintillation vial. A mixture of 2.5 mL of 

N,N′-diethylformamide (DEF) and I mL of DMF was added and sonicated for 30 minutes, 

then transferred to a pre-heated oven at 120 °C for 96 hours. Rod shaped crystals of In-

5TIA (C20H6InN6O8) was filtered, washed repeatedly with DMF and ethanol and air dried 

for 20 mins (yield~ 37%). 

FT-IR: (KBr 4000-600 cm-1): 3122(w), 2736(w, br), 1571(s), 1469(w), 1362(s), 1252(m), 

188(s), 1054(m), 1019(w), 869(s, br) , 779 (s), 732 (s), 636 (m) cm-1. 

Elemental analysis (%) calcd: C=41.25, H=3.12, N=15. 30; found: C= 41.17, H=2.28, 

N=15.12 

Cd-5TIA[Cd(C10O4N3H5)2(C2H8N)2(H2O): 3.0 mL of 5-TIA (0.20M) solution in N,N′-

dimethylformamide (DMF) was taken in a 5 mL culture tube 0.5 mL of Cd(NO3)2 •4H2O 

solution (0.20 M) in DMF was added to this solution. The culture tube was capped and 

heated to 120 °C for 96 h. The mother liquor was decanted and the rod like colorless 

crystals were filtered off, washed with DMF. The unreacted ligand can be removed by 

washing in DMF (3 mL, 4 times) as 5-TIA is highly soluble in DMF and afterwards 
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resulting MOF was dried in air (10 min). [Yield: 70%, 0.0130 g depending on Cd(NO3)2• 

4H2O].  

FT-IR: (KBr 4000-600 cm-1): 1568(s), 1472(w), 1368(s), 1246(m), 1164(w), 1109(s), 

1047(m), 1013(w), 869(br), 793(s), 732(s), 650 (m) cm-1.  

Element analysis (%) calcd: C= 42.10, H= 4.1, N= 16.37; Found: C= 42.34, H= 3.91, N= 

16.11. 

 

Figure 4.12: Comparison of the experimental PXRD pattern of as-synthesized (a) In-5TIA(top) and 
(b) Cd-5TIA (top) with the one simulated from its single crystal structure (bottom). 

4.4.4 General methods for characterization:  

(a) Powder X-Ray Diffraction (PXRD):  The PXRD patterns were collected on a Phillips 

PANalytical diffractometer on a Cu  Kα  radiation (λ = 1.5406 Å), with a scan speed of 2° 

min-1. The tube voltage and amperage were set at 40 kV and 50 mA respectively. Each 

sample was scanned between 5 and 50° 2θ with a step size of 0.02°. The instrument was 

previously calibrated using a silicon standard. 

 (b) Thermogravimetric Analysis (TGA): TGA was performed on a SDT Q600 TG-DTA 

analyzer instrument. Approximately 5 mg of the sample was added to an aluminium 

crucible and heated from 25 to 800 °C under N2 atmosphere at a heating rate of 10 °C min–

1. 

(c) Hot-Stage Microscopy:  Leica M-80 optical microscope with hot stage and camera 

attachment was used for collecting photographs. 
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(d) IR Spectroscopy: The Fourier transform (FT) infrared spectra of the MOFs were taken 

on a PERKIN ELMER FT-IR SPECTRUM (Nicolet) spectrometer. KBr samples (2 mg in 

20 mg of KBr) were prepared and 10 scans were collected at 4 cm-1 resolution for each 

sample. The spectra were measured over the range of 4000-400 cm-1 

(e) Proton Conductivity:  Proton conductivity data were measured in a quasi-two-probe 

method, with a Solartron 1287 Electrochemical Interface with frequency response analyzer. 

 (f) Water Adsorption: All low-pressure water adsorption experiments (up to 1 bar) were 

performed on a BELSORP-max volumetric instrument. Approximately 50 mg of the 

sample was activated after solvent exchange by the use of activation chamber. The 

activated sample was loaded inside the glass bulb of water adsorption instrument and 

measured the capacity.  

4.4.5 X-ray Crystallography:  

4.4.5.1 General Data Collection and Refinement Procedures: 

 Single crystal data were collected on Bruker SMART APEX three circle diffractometer 

equipped with a CCD area detector and operated at 1500 W power (50 kV, 30 mA) to 

generate Mo Kα radiation (λ=0.71073 Å). The incident X-ray beam was focused and 

monochromated using Bruker Excalibur Gobel mirror optics. Crystals of all MOFs reported 

in the paper was mounted on nylon CryoLoop (Hampton Research) with Paraton-N 

(Hampton Research). Initial scans of each specimen were performed to obtain preliminary 

unit cell parameters and to assess the mosaicity (breadth of spots between frames) of the 

crystal to select the required frame width for data collection. In every case frame widths of 

0.5° were judged to be appropriate and full hemispheres of data were collected using the 

Bruker SMART [2.19] software suite. Following data collection, reflections were sampled 

from all regions of the Ewald sphere to redetermine unit cell parameters for data integration 

and to check for rotational twinning using CELL_NOW [2.20]. In no data collection was 

evidence for crystal decay encountered. Following exhaustive review of the collected 

frames the resolution of the dataset was judged. Data were integrated using Bruker SAINT
 

[2.21] software with a narrow frame algorithm and a 0.400 fractional lower limit of average 

intensity. Data were subsequently corrected for absorption by the program SADABS
 [2.22]. 
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The space group determinations and tests for merohedral twinning were carried out using 

XPREP. In these cases, the highest possible space group was chosen. 

Structures were solved by direct methods and refined using the SHELXTL 97
 [2.23] 

software suite. Atoms were located from iterative examination of difference F-maps 

following least squares refinements of the earlier models. Final model was refined 

anisotropically (if the number of data permitted) until full convergence was achieved. 

Hydrogen atoms were placed in calculated positions (C-H = 0.93 Å) and included as riding 

atoms with isotropic displacement parameters 1.2-1.5 times Ueq of the attached C atoms. In 

some cases modeling of electron density within the voids of the frameworks did not lead to 

identification of recognizable solvent molecules in these structures, probably due to the 

highly disordered contents of the large pores in the frameworks. Highly porous crystals that 

contain solvent-filled pores often yield raw data where observed strong (high intensity) 

scattering becomes limited to ~1.0 Å at best, with higher resolution data present at low 

intensity. A common strategy for improving X-ray data, increasing the exposure time of the 

crystal to X-rays, did not improve the quality of the high angle data in these cases, as the 

intensity from low angle data saturated the detector and minimal improvement in the high 

angle data was achieved. Additionally, diffuse scattering from the highly disordered solvent 

within the void spaces of the framework and from the capillary to mount the crystal 

contributes to the background and the ‘washing out’ of the weaker data. The only optimal 

crystals suitable for analysis were generally small and weakly diffracting. Unfortunately, 

larger crystals, which would usually improve the quality of the data, presented a lowered 

degree of crystallinity and attempts to optimize the crystal growing conditions for large 

high-quality specimens have not yet been fruitful. Single Crystal X-ray Diffraction data for 

In-5TIA and Cd-5TIA was collected at 293(2) K. Electron density within void spaces has 

not been assigned to any guest entity but has been modeled as isolated oxygen and/or 

carbon atoms. The foremost errors in all the models are thought to lie in the assignment of 

guest electron density. Structures were examined using the ADDSYM subroutine of 

PLATON [2.24] to assure that no additional symmetry could be applied to the models. All 

ellipsoids in ORTEP diagrams are displayed at the 50% probability level unless noted 

otherwise. For these structures we noted that elevated R-values are commonly encountered 



Chapter 4                                                                                    Self Assembled One Dimensional… 

111 

 

in MOF crystallography for the reasons expressed above by some research groups [2.25-

2.35]. CCDC 845047- 845048. 

4.4.5.2 Experimental and Refinement Details for In-5TIA: 

A colorless plate type crystal (0.20 × 0.16 × 0.10 mm3) of In-5TIA  was mounted on 0.7 

mm diameter nylon CryoLoops (Hampton Research) with Paraton-N (Hampton Research). 

The loop was mounted on a SMART APEX three circle diffractometer equipped with a CCD 

area detector (Bruker Systems Inc., 1999a) and operated at 1500 W power (50 kV, 30 mA) 

to generate Mo Kα radiation (λ=0.71073 Å). The incident X-ray beam was focused and 

monochromated using Bruker Excalibur Gobel mirror optics. A total of 41933 reflections 

were collected of which 8329 were unique and 6118 of these were greater than 2σ (I). The 

range of θ was from 3.69 to 28.09º. Analysis of the data showed negligible decay during 

collection. The structure was solved in the tetragonal P4/n space group, with Z = 8, using 

direct methods. Atoms C10, C19, C20, N4, N5 and N6 were refined isotropically. All other 

non-hydrogen atoms were refined anisotropically. Modeling of electron density within the 

voids of the frameworks did not lead to identification of solvent molecules in all structures 

due to the lowered resolution of the data. The attempts made to model the solvent 

molecules did not lead to identification it in all structures due to the limited periodicity of 

the solvent molecules in the crystals. Since the solvent is free in the framework this can be 

expected for the MOF structures. However, very high displacement parameters, high esd’s 

and partial occupancy due to the disorder make it impossible to determine accurate 

positions for these solvent molecules. Thus, electron density within void spaces which 

could not be assigned to any definite guest entity was modeled as isolated carbon and 

oxygen atoms, and the foremost errors in all the models lies with assignment of guest 

electron density. To prove the correctness of the atomic positions in the framework the 

application of the SQUEEZE routine of A. Spek has been performed. The unit cell of In-

5TIA SQUEEZE structure contains 2 units of 5TIA and one Indium ion. Final full matrix 

least-squares refinement on F2 converged to R1 = 0.0778 (F >2σF)) and wR2 = 0.2224 (all 

data) with GOF = 1.099. It should be noted that other supporting characterization data 

(CHN, EDAX) are consistent with the crystal structure. CCDC 845048. 
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4.4.5.3 Experimental and Refinement Details for Cd-5TIA: 

A pink plate type crystal (0.24  ×  0.15  ×  0.12 mm3) of Cd-5TIA was mounted on 0.7 mm 

diameter nylon CryoLoops (Hampton Research) with Paraton-N (Hampton Research). The 

loop was mounted on a SMART APEX three circle diffractometer equipped with a CCD 

area detector (Bruker Systems Inc., 1999a) and operated at 1500 W power (50 kV, 30 mA) 

to generate Mo Kα radiation (λ=0.71073 Å). The incident X-ray beam was focused and 

monochromated using Bruker Excalibur Gobel mirror optics. A total of 35539 reflections 

were collected of which 8874 were unique and 5876 of these were greater than 2σ (I). The 

range of θ was from 3.61 to 28.11º. Analysis of the data showed negligible decay during 

collection. The structure was solved in the tetragonal P4/n space group, with Z = 8, using 

direct methods. All other non-hydrogen atoms were refined anisotropically. Modeling of 

electron density within the voids of the frameworks did not lead to identification of solvent 

molecules in all structures due to the lowered resolution of the data. The attempts made to 

model the solvent molecules did not lead to identification it in all structures due to the 

limited periodicity of the solvent molecules in the crystals. Since the solvent is free in the 

framework this can be expected for the MOF structures. However, very high displacement 

parameters, high esd’s and partial occupancy due to the disorder make it impossible to 

determine accurate positions for these solvent molecules. Thus, electron density within void 

spaces which could not be assigned to any definite guest entity was modeled as isolated 

carbon and oxygen atoms, and the foremost errors in all the models lies with assignment of 

guest electron density. To prove the correctness of the atomic positions in the framework 

the application of the SQUEEZE routine of A. Spek has been performed. The unit cell of 

Cd-5TIA contains 2 units of 5-TIA and per Cadmium ion. Final full matrix least-squares 

refinement on F2 converged to R1 = 0.0927 (F >2σF)) and wR2 = 0.2739 (all data) with 

GOF = 1.088. It should be noted that other supporting characterization data (CHN, EDAX) 

are consistent with the SQUEEZE crystal structure. CCDC 845047. 
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Figure 4.13: ORTEP diagram of the asymmetric unit of (a) In-5TIA and (b) Cd-5TIA.  

 

NOTE: The results of this chapter have already been published in Chem. Commun., 

2012, 48, 5464-5466 with the title: “Self-assembled one dimensional functionalized metal 

organic nanotubes (MONTs) for proton conduction.” These publications were the results 

from the group of Dr. Rahul Banerjee and his students Tamas Panda and Tanay Kundu 

from CSIR National Chemical Laboratory, Pune, India. Major works are contributed by 

Tamas Panda with the help of Tanay Kundu and instrumental facilities of CSIR National 

Chemical Laboratory.  
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CHAPTER 5 

 

STRUCTURAL ISOMERISM LEADING TO ANHYDROUS PROTON 

CONDUCTIVITY IN INDIUM (III) ISOPHTHALIC ACID BASED 

FRAMEWORKS 

 

5.1 Introduction: 

As discussed in earlier chapters and section 1.6.3, most of the proton conducting MOFs 

reported in literatures works at low temperatures under hydrous conditions. It is interesting 

to note that, despite the disadvantages (high cost, lack of performance at high temperature 

etc.), nafion [5.1] is still the most extensively used commercial proton conducting material 

under fuel cells. However, it is necessary to develop an anhydrous proton-conductor 

capable of perform in an intermediate temperature region (100 °C to 200 °C) which is 

important in fuel cell [1.40]. Since water molecules cannot be used as a proton carrier, 

hence the synthesis of an anhydrous materials proton conductor is much more difficult. It 

has been observed that, organic heterocycles like imidazolium (pKa: 6.9) and pyrazolium 

(pKa: 2.6) have been proposed as proton transfer agents due to their fast proton transfer 

behaviour and amphiprotic nature, analogous to that of water. Few attempts such as 

incorporation of heterocycles (imidazole, triazole, histamine) inside the confined channels 

of MOFs have been implemented for anhydrous proton conduction.  However, inherent 

anhydrous proton conduction inside the MOF architectures without doping any other 

heterocycles is extremely rare. Moreover, it is clear that, the development of new 

anhydrous proton-conducting MOFs is still in infancy. Therefore, more fundamental 

research is necessary to understand the issues of anhydrous proton conduction in MOFs. In 

our previous attempts, we found that, In(III), Cd(II) and triazole functionalized metal 

organic nanotubular (MONT) architectures (In-5TIA and Cd-5TIA MONTs) shows proton 

conduction under hydrous condition [5.2]. However, detailed structural investigation of 

these MONTs show that trapped [(CH3)2NH2]
+  cations acts as a trigger for hydrous proton 

conduction. We thought that, instead of using triazole functionalized isophthalic acid 
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(5TIA) as organic linker, if we use only isophthalic acid that might enhance the proton 

conduction among the resulting MOFs due to less steric hindrance. In this regard, we 

present two In(III) based isomeric MOFs (In-IA-2D-1 and -2), synthesized by using 

isophthalic acid (IA) as the organic linker under solvothermal condition (Figure 5.1). These 

In(III) isophthalate based MOFs adopt two dimensional architecture and exhibit proton 

conductivity. Proton conductivity shown by In-IA-2D-1 and -2 are 3.4 × 10-3 and 4.2 ×  10-4 

Scm-1 at 27 °C with 98% RH respectively. Interestingly, In-IA-2D-2 shows proton 

conductivity in anhydrous conditions [2.6 × 10-5 Scm-1 at 25 °C and 1.18 × 10-5 Scm-1 at 90 

°C] as well. Moreover, proton conductivity of In-IA-2D-1 (3.4 × 10-3 Scm-1 at ambient 

temperature and 98% RH) stands at high position among the proton conducting MOFs 

reported in the literature. 

5.2 Result and Discussion: 

5.2.1 Structural analysis of In-IA-2D-1 and In-IA-2D-2 

In (III) carboxylate based MOFs have well known tendency to create anionic frameworks. 

[5.3] In order to neutralize these anionic structures different types of cations get trapped 

inside the system. In our previous work, we have observed that anionic In(III)-5 triazole 

isophthalic acid (In-5TIA) based MOFs have been neutralized by [(CH3)2NH2]
+ cations 

inside the framework. [5.2] These [(CH3)2NH2]
+ cations act as a proton carrier and favour 

proton conductivity at 98% RH. Like 5TIA, isophthalic acid (IA) also forms anionic 

frameworks with In(III) metal. However, only one In-IA based MOF, In-IA-1D, that 

contains [(CH3)2NH2]
+ cations inside the porous framework, has been reported in the 

literature. In-IA-1D adopts one dimensional hydrogen bonded channel structure, [5.4] and 

can conduct protons due to the presence of [(CH3)2NH2]
+ cations inside the framework. 

[5.2] However, [(CH3)2NH2]
+ cations, in In-IA-1D, are located within the void between the 

channels and have very limited freedom to facilitate the proton transport. Hence, we 

decided to investigate whether the ease of carrier ion mobility {in this case [(CH3)2NH2]
+}, 

as well as openness of the framework can enhance the proton conductivity in In(III)-IA 

based MOFs. In order to achieve this, we attempted to synthesize the 2D and 3D isomers of 

In-IA based MOFs containing [(CH3)2NH2]
+ cations. However, we could only synthesize 

two 2D isomers [In-IA-2D-1 and -2] for which we measured the proton conductivity. 
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Figure 5.1. Schematic representation of isophthalic acid (IA) moiety and In(III)(CO2
−)4 SBU. Two 

dimensional (2D) structure of In-IA-2D-1 and -2, indicating [(CH3)2NH2]
+ cations inside In-IA-2D-

1 framework, and [(CH3)2NH2]
+ cations as well as DMF molecules inside the In-IA-2D-2 

framework. (Note: Zoomed in figures have been rotated 90 ° for clarity).  

In the crystal structure of In-IA-2D-1 and -2 have similar secondary building units (SBU). 

Each In (III) centre in In-IA-2D-1 and -2 is coordinated to seven oxygen atoms from four 

carboxylate functionalities to form a tetrahedral In(III) SBU (Figure 5.1). Detailed 

structural investigation of In-IA-2D-1 and -2 reveals that, one In(III) metal center with tri-

positive [+3] charge is coordinated to six µ1
c-CO2

- [-3] and one µ1
t-CO2

- [-1] oxygens from 

four IA links, thus creating an extra negative charge [-1] associated with each In(III) metal 

center. This extra negetive charge is neutralized by one [(CH3)2NH2]
+ cation per In(III) 

metal center inside these frameworks. In-IA-2D-1 contains guest H2O and [(CH3)2NH2]
+ 

cations, whereas In-IA-2D-2 contains [(CH3)2NH2]
+ cations and solvent (DMF) molecules 

inside the framework (Figure 5.2). In the extended structure of In-IA-2D-1 and -2, In(III) 

SBUs are connected to each other via IA linkers to form a 1D coordination network along 

the a axis. Adjacent one dimensional network in In-IA-2D-1 are bridged via IA moieties to 

form a 2D layer structure along the crystallographic ab plane. Similar 2D layer structures 

have been observed along the bc plane in In-IA-2D-2.These two dimensional layers in In-

IA-2D-1 and -2 prefer to interdigitate. Interestingly, this interdigitation creates π–π 
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stacking among the phenyl rings of isophthalic acid moieties of adjacent 2D layer in In-IA-

2D-2 (Figure 5.1). Similar π–π stacking has not been observed in In-IA-2D-1despite the 

high degree of interdigitation. Moreover, in In-IA-2D-2, the coordination of the carboxylate 

functionality to the In(III) metal is cisoid on either sides of the In (III) SBU but in In-IA-

2D-1 the coordination of the carboxylate functionality to the In(III) metal is transoid on one 

side and cisoid on other side of the In(III) SBU (Figure 5.2).  

 

Figure 5.2. Three dimensional packing orientations of (a) In-IA-2D-1 and (b) In-IA-2D-2 MOFs. 
Each 2D layer clarified by different color. (c) and (d) structural difference of In-IA-2D-1 and -2. 

5.2.2 Thermal properties and X-ray powder diffraction analysis: 

TGA performed on as-synthesized In-IA-2D-1 and -2 MOFs revealed that these compounds 

have high thermal stability. TGA trace for as synthesized In-IA-2D-1 and -2 MOF show a 

stepwise weight-loss of 3% (30–200 °C) and 4% (30–105 °C) respectively, correspond to 
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escape of guest molecules from the lattice (Figure 5.3d). For In-IA-2D-1 we observed a flat 

plateau from 200–370 °C which confirms the stability of the framework. A sharp weight 

loss in the range of 370–440 °C for In-IA-2D-1 is probably due to the decomposition of the 

framework. 

 

Figure 5.3. Variable temperature powder Xray diffraction (VTPXRD) data of  (a) In-IA-2D-1  and 
(b) In-IA-2D-2 comparison with the simulated one clearly indicates its high crystallinity as well as 
thermal stabilty at broad temperature range (25 °C to 200 °C). (c) PXRD analysis of as synthesized 
(Expt), humidified (under 98% RH for 3 days) and preheated at 350 °C of In-IA-2D-1 in 
comparison with the simulated (d) Thermal gravimetric analysis (TGA) data of In-IA-2D-1 and In-
IA-2D-2. 

For In-IA-2D-2, on the other hand, a sharp weight loss has been observed from 220–350 °C 

due to the loss of [(CH3)2NH2]
+ cations. To prove this phenomenon, we have performed the 

elemental analysis (CHN) of preheated (350 °C) In-IA-2D-2 samples. The % of elements 

found: C (44.08%), H (1.85%), N (0.01%), confirms the absence of N atoms in preheated 

(350 °C) In-IA-2D-2 samples. Hence, it matches with the molecular formula of {In (IA)2 
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H+}[ Calc: C (43.35%), H (1.89%), N (0%)] indicates the absence of [(CH3)2NH2]
+ cations 

from the framework . After that, a stable framework of In-IA-2D-2 is obtained at higher 

temperature (350–460 °C) followed by sharp weight loss (460–600 °C) due to the 

decomposition of the framework. In Situ VTPXRD performed on as-synthesized In-IA-2D-

1 and -2 (from 25 °C to 200 °C) further confirms their stability and crystallinity at elevated 

temperatures (Figure 5.3a and 5.3b). 

 

Figure 5.4. Powder X-ray diffraction analysis of (a) as synthesized (Expt) and pre heated (200 °C 
and 350 °C) samples of In-IA-2D-2 in comparison with the simulated one and (b) In-IA-2D-2 as 
synthesized (Expt),  98% Relative humidified condition and 98% RH then heated to 90 °C and 120 
°C of In-Ia 2D-2 . All these case it is clearly indicates its high crystallinity, purity as well as stabilty 
at long time humidified condition. 

 

The architectural stability of In-IA-2D-1and -2 at very high temperature has been 

confirmed by PXRD pattern agreement between simulated and preheated In-IA-2D-1and -2 

crystals at 350 °C and 450 °C respectively (Figure 5.3c and 5.4a). We have also collected 

the in situ variable temperature single crystal X ray diffraction (VTSCXRD) data of In-IA-

2D-2 at different temperatures (35 °C, 55 °C, 65 °C, 75 °C, 85 °C and 95 °C) to monitor the 

mobility of the solvent DMF molecules at higher temperature (Figure 5.19). VTSCXRD 

data of In-IA-2D-2 reveals that, after 90 °C, the electron density of the DMF molecules 

decrease significantly, which indicates the loss of DMF molecules from the lattice. This 

phenomenon correlates with the TGA data (discussed earlier) as well as anhydrous proton 

conductivity data (discussed later) of In-IA-2D-2 (Figure 5.12). To prove the higher 

temperature stability we took three batches of In-IA-2D-2 samples and seperately heated 
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200 °C, 350 °C and 450 °C in a furnace for 2 hours followed by colling up to room 

temperature. PXRD pattern of  these three samples indicates its crystallinity and framework 

stability at higher temperatures (Figure 5.4). It is also clear that after removal of 

[(CH3)2NH2]
+ cations at 450 °C, the parent framework of In-IA-2D-2 is quite stable.  

5.2.3 Proton Conductivity  

5.2.3.1 Methods and plots:  

Proton conductivity was measured in Solartron instrument. As synthesized samples of In-

IA-2D-1 and -2 were pelletized of 0.6 mm and 1.25 mm thickness, with 6.5 mm diameter 

under humidified condition for 24 hours and then subject to analysis for proton conduction. 

The resistances were calculated from the semicircle of the Nyquist plots. The activation 

energy values were obtained from the slope by least square fitting of the straight line. If the 

data points are (x1,y1), (x2,y2), ......, (xn,yn) where x is the independent variable and y is the 

dependent variable. The fitting curve f(x) has the deviation (error) d from each data point, 

i.e., d1= y1− f(x1), d2= y2− f(x2),..., dn= yn− f(xn). According to the method of least squares, 

the best fitting curve has the properties: 

 

N.B. From the semicircle we got the resistance R (Ohm). Now, from diameter r (mm) and 

thickness A (mm)  proton conductivity (σ) value can be calculated by the following 

equation, 

           σσσσ = A / (R x ππππr
2
) Scm

-1 

Rs (C - Rp)  

Figure 5.5. Equivalent circuit model representation of the Nyquist plot. 
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For high-temperature proton conductivity measurements, the pellets were inserted within a 

humidification chamber, which was encircled with a controlled heating coil attached with 

an automated temperature controller. The heat flow within the temperature controller was 

controlled by a dimerstat accordingly. The temperature of the chamber was measured by an 

infrared temperature sensor attachment, having a sensing accuracy of ±0.5 °C.  The pellets 

were inserted within a humidification chamber for low-temperature proton conductivity 

measurements which was encircled with a water circulation coil attached with a chiller 

integrated with an automated temperature controller. The heat flow within the chamber was 

controlled by the chiller accordingly. The temperature of the chamber was measured by an 

infrared temperature sensor attachment, having a sensing accuracy of ±0.5 °C. 

5.2.3.2 Proton Conductivity Measurements of In-IA-2D-1 and -2: 

In our previous contribution [5.2], we observed that the [(CH3)2NH2]
+ cation based In-IA-

1D framework can conduct protons under 98% RH [2.2 × 10-4 Scm-1 ]. 

 

Figure 5.6. (a) Nyquist plot of In-IA-2D-1 at 27 °C in 98% RH (b) Nyquist plot of In-IA-2D-2 at 
27 °C in 98% RH. 

Since In-IA-2D-1 and -2 has carrier mediated [(CH3)2NH2]
+ cations inside the framework, 

we decided to study the proton conductivity of all these MOFs. Proton conductivity values 

measured for In-IA-2D-1 and -2 are 3.4 × 10-3 and 4.2 × 10-4 Scm-1 respectively at ambient 

temperature (27 °C) with 98% RH. The conductivities were determined from the diameter 

of the pellet and resistance from the Nyquist plots, as shown in Figure 5.6. Proton 

conductivity values of these MOFs [In-IA-2D-1 and -2] are highly humidity dependent and 

dropped from 3.5 × 10-3 and 4.2 × 10-4 Scm-1 (at 98% RH)  to 2.1 × 10-5 and 6.7 × 10-5 Scm-1 
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(at 60% RH), respectively at ambient temperature (Figure 5.7). The high temperature 

proton conductivity of these MOFs was also measured (Figure 5.8). In-IA-2D-1 shows 

proton conductivity till 65 °C [9.3 × 10-6 Scm-1] at 98% RH (Figure 5.8b and Table 5.2). In-

IA-2D-2, on the other hand, shows proton conductivity up to 120 °C [1.6 × 10-5 Scm-1] 

under humidification  

 

Figure 5.7. Proton conductivity plots at lesser humidity (60% RH) of (a) In-IA-2D-1 showing 
decrease in proton conductivity values 2.4 × 10-5 Scm-1 and (b) In-IA-2D-2 showing decrease in 
proton conductivity values 6.2 × 10-5 Scm-1 .  Proton conductivity vs. temperature plots of (c) In-IA-
2D-1 and (d) In-IA-2D-2 under 98% RH. 

(Figure 5.8d and Table 5.2) which is a rare phenomenon among the proton conducting 

MOFs. TGA profile of In-IA-2D-2 signifies that the solvent DMF molecule leaves the 

framework at 90 °C. We assume that, at high temperature (>90 °C) and under humidified 

condition (98% RH) water molecules replace the DMF molecules due to the high water 

vapour pressure inside the humidification chamber and occupy the void space of In-IA-2D-

2. This could be the possible reason for high temperature (120 °C) proton conductivity of 

In-IA-2D-2. For In-IA-2D-1 proton conductivity increases from 4 °C to 27 °C and then 
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decreases upto 65 °C. On the other hand, for In-IA-2D-2, proton conductivity value 

increases from 4 °C to 28 °C, and then decreases steadily upto 120 °C. The proton 

conductivity values of In-IA-2D-2 outperforms MIL-53 based MOFs (10-6-10-7 Scm-1) 

[1.44a] and PCMOF-3 (3.5 × 10-5 Scm-1), [1.44b]  whereas In-IA-2D-1 outperforms ferrous 

oxalate dihydrate (1.3 × 10-3 Scm-1) [1.44c] and cucurbituril (1.3 × 10-3 Scm-1) [1.44d], 

although it posses lower proton conductivity value than (NH4)2(adp)[Zn2(ox)3].3H2O (8 × 

10-3 Scm-1) [1.44e] at 25 °C and 98% RH (Table 5.3). High degree of resemblance of 

PXRD pattern between simulated and moisture treated In-IA-2D-1 and -2 MOFs confirms 

the stability of the framework at 98% RH even at high temperature (Figure 5.3c and 5.4b). 

 Table 5.1: Low temperatures proton conductivities of In-IA-2D-1 and -2 : 

 In-IA-2D-1 In-IA-2D-2 

Serial no 
Temperature 

(°C) 

Proton conductivity 
value (98% RH) 

[Scm
-1

] 

Temperature 
(°C) 

Proton conductivity 
value (98% RH) 

[Scm
-1

] 

1 5  5.65 × 10-4  5  6.19 × 10-5  

2 10  8.22 × 10-4  10  7.78 × 10-5  

3 15  1.13 × 10-3  15  1.00 × 10-4  

4 20  1.81 × 10-3  20  1.56 × 10-4  

5 25  3.01 × 10-3  23  2.13 × 10-4  

6 27  3.37 × 10-3  27  4.20 × 10-4  

7 32  3.48 × 10-3  30  2.12 × 10-4  

 

Table 5.2: High temperatures proton conductivities of In-IA-2D-1 and -2 : 

 In-IA-2D-1 In-IA-2D-2 

Sr. 
no 

Temperature 
(°C) 

Proton conductivity value 
(98% RH) [Scm

-1
] 

Temperature 
(°C) 

Proton conductivity value 
(98% RH) [Scm

-1
] 

1 32  3.48 × 10-3  33  1.58 × 10-4  

2 39  5.02 × 10-4  41  9.8 × 10-5  

3 47  8.3 × 10-5  49  7.16 × 10-5  

4 57  2.13 × 10-5  57  5.49 × 10-5  

5 65  9.33 × 10-6  65  4.46 × 10-5  

6 — — 73  3.73 × 10-5  
7 — — 81  3.24 × 10-5  

8 — — 89  2.77 × 10-5  
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9 — — 97  2.38 × 10-5  

10 — — 105  2.08 × 10-5  
11 — — 113  1.87 × 10-5  

12 — — 120  1.59 × 10-5  
 

a) b)

c) d)

In-IA-2D-1 In-IA-2D-1

In-IA-2D-2 In-IA-2D-2

 

Figure 5.8. Proton conductivity plots of In-IA-2D-1 at (a) lower temperature and (b) higher 
temperature under 98% RH showing decrease in proton conductivity. Proton conductivity plots of 
In-IA-2D-2 at (c) lower temperatures and (d) elevated temperatures under 98% RH. 

A possible reason behind these diverse proton conductivities among In-IA based MOFs 

could be found in the crystal structure. In In-IA-2D-1 framework, solvent H2O and 

[(CH3)2NH2]
+ cations toghether facilitate the proton conductivity under humidified 

condition. However, In-IA-2D-2 contains [(CH3)2NH2]
+ cations as well as DMF molecules 

inside the framework. Hence, approachability of water molecules to [(CH3)2NH2]
+ cations 

become restricted under humidified condition. As a result, In-IA-2D-2 shows less proton 

conductivity (4.2 × 10-4 Scm-1) than In-IA-2D-1 (3.4 × 10-3 Scm-1) at 27 °C under 98% RH 

despite of adopting a similar 2D network structure. To understand the role of [(CH3)2NH2]
+ 
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cations for conduction, we have 

performed humidified proton 

conductivity study on In-IA-2D-

2 sample preheated at 350 °C. 

Sample of In-IA-2D-2 preheated 

at 350 °C does not show any 

proton conductivity (at 98% 

RH), presumably due to loss of 

carrier dimethyl ammonium 

cations leaving bare proton to 

the framework. Low 

temperature proton conductivity 

measurement reveals that 

activation energy of 0.61 and 0.48 eV for In-IA-2D-1 and -2, respectively under 98% RH 

(Figure 5.7). Hence, we assume that proton conduction of In-IA-2D-1 and -2 follow the 

Grotthuss mechanism along with some other process such as the direct diffusion of 

additional protons with water molecules or [(CH3)2NH2]
+ cations molecules (vehicle 

mechanism) [5.7].  

Table 5.3: Comparison of hydrous proton conductivity values of In-IA-2D-1 and In-IA-

2D-2 with other proton conducting MOFs: 

SL. 

No. 
MOFs and CPs 

Proton 

conductivity 

(Scm
-1

) 

Ea (eV) Conditions Reference 

1 (NH4)2(adp)[Zn2(ox)3]. 3H2O 8 × 10-3 0.63 
25 °C and 
98%  RH 

4.4e 

2 Cd-5TIA 3.6 × 10-3 0.163 
28 °C and 
98%  RH 

5.6a 

3 In-IA-2D-1 3.48  ×  10-3 0.61 
32 °C and 
98%  RH 

This report 

4 1D Ferrous Oxalate Dihydrate 1.3 × 10-3 0.37 
25 °C and 
98%  RH 

4.4c 

5 (NH4)4[MnCr2(ox)6] 3.4H2O. 1.1 × 10-3 0.23 
25 °C and 
98%  RH 

4.4o 

6 Cucurbit[6]uril (CB[6]) 1.1 × 10-3 0.39 
25 °C and 
98%  RH 

4.4d 

Figure 5.9. Arrhenius plot of activation energy (under 98% 

RH) for In-IA-2D-1 and -2 MOFs. 
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7 (β-PCMOF2(Tz)0.45) 5 × 10-4 0.51 150 °C 4.5b 

8 In-IA-2D-2 4.2  ×   10-4 0.48 
32 °C and 
98%  RH 

This report 

9 
Mg2(dobdc)3.0.35LiOiPr3. 0.25LiBF4. 

EC3. DEC 
3.1 × 10-4 0.14 27 °C 4.4p 

10 
{NH(prol)3}[MIICrIII(ox)3] (MII ) 

=MnII, FeII, CoII) 
1 × 10-4  

25 °C and 
75% RH 

4.4n 

11 (H5C2)2(dtoa) Cu 1 × 10-4  
25 °C and 
80%  RH 

4.4i 

12 In-5TIA 5.35 × 10-5 0.137 
28 °C and 
98%  RH 

5.6a 

13 [Zn(l-LCl)(Cl)](H2O)2 4.45 × 10-5 0.34 
28 °C and 
98% RH 

4.4l 

14 PCMOF-3 3.5 × 10-5 0.17 
25 °C and 
98%  RH 

4.4b 

15 [MIL-53(Fe)-(COOH)2] 2.0 × 10-6 0.21 
25 °C and 
98%  RH 

4.4a 

 

5.2.3.3 Water adsorption study: 

Since, In-IA-2D-1 and -2 shows proton 

conductivity under hydrous condition. 

Hence, it is necessry to evaluate the 

amount of water vapor adsorb for these 

materials at standard temperature 273K 

and 1 bar pressure (abbreviated as STP). 

In this manner, 110 mg of as synthesized 

In-IA-2D-1 has been taken and dried at 

room temperature upto 4 hours and 

treated for water adsorption. The uptake 

capability of In-IA-2D-1 are 2.9 wt% at 

STP. Similarly, as synthesized In-IA-2D-2, 110 mg of sample was taken and dried at room 

temperature upto 4 hrs. sample was used for water vapor adsorption measurement.The 

result shows that In-IA-2D-2 takes up 4.1 wt% water vapor at STP. For our interest, 

another fresh batch of as synthesized sample of In-IA-2D-2 (110 mg) was heated at 90 °C 

for 4 hours followed by evacuation and then measured for water vapor adsorption. 
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Figure 5.10. Water vapor adsorption of In-IA-2D-1 

at STP. 



Chapter 5                                                                                       Structural Isomerism Leading… 

127 

 

Preheated In-IA-2D-2 takes up 7.3 wt% water vapor at STP. The reason behind this high 

uptake could be the removal of the DMF molecules from In-IA-2D-2 framework at 90 °C 

under evacuation. We have also calculated the number of water molecules inside the void 

space of In-IA-2D-1 and -2 by using the water adsorption study.   
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Figure 5.11. Schematic representation of increasing hydrophilicity of In-IA-2D-2 via DMF 
removal at 90 °C, confirmed by water vapor adsorption experimenent at STP. 

Calculation of water content molecular formula at 98% RH of In-IA-2D-1 and In-IA-

2D-2: For In-IA-2D-1, 2.85 wt% H2O uptake = 2.85 × MW of In-IA-2D-1/ 100 = 2.85 × 

489.14/100 = 13.94 cc  H2O. Hence, number of water molecules for In-IA-2D-1 = 13.94/ 

18 = 0.78.For In-IA-2D-2, 4.1 wt% of H2O = 4.1 × MW of In-IA-2D-2 /100 = 4.1 × 

562.23 / 100 = 23.05 cc H2O. Hence, number of H2O molecule for In-IA-2D-2 = 23.05 / 18 

= 1.3 
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We have also calculated the possible chemical formula of both these MOFs at 98% RH.  As 

per our calculations ~1.3 water molecules per asymmetric unit of In-IA-2D-1 and ~0.78 

water molecules per asymmetric unit of In-IA-2D-2 are absorbed within the pores. Hence, 

the molecular formula at 98% RH of these MOFs are [In(IA)2 {(CH3)2NH2}]. 0.78H2O and 

[In(IA)2 {(CH3)2NH2}(DMF)].3H2O, respectively for In-IA-2D-1 and -2.   

 

 

Figure 5.12. In situ variable temperature single crystal XRD structures and anhydrous proton 
conductivity plot of In-IA-2D-2 at 25, 90 and 95 °C. Electron density of DMF resides in the cavity 
dispersed considerably at temperatures beyond 90 °C. 

5.2.3.4 Anhydrous proton conduction in In-IA-2D-2: 

The “anhydrous condition” mentioned for the proton conductivity in In-IA-2D-2 refers to 

perfectly anhydrous system both from sample as well as proton conductivity chamber point 

of view. The sample holder was held in a dry condition in N2 containing chamber with 

occasional flushing of dry N2 to ensure complete humid free environment throughout the 
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measurements. The reproducibility of the entire process were confirmed by repeated 

experiments. In-IA-2D-2 shows proton conductivity at ambient (25 °C) as well as high 

temperatures (90 °C) under anhydrous conditions due to the presence of [(CH3)2NH2]
+ 

cations and high boiling DMF solvent molecules as proton carriers (boiling point of DMF 

154 °C).  

Table 5.4: Anhydrous proton conductivity values of In-IA-2D-2 at different temperatures: 
 

In-IA-2D-2 

(anhydrous condition) 

Serial. no Temperature (°C) 
Proton conductivity value (Anhydrous 

Condition) [Scm
-1

] 
1 25  2.61 × 10-5  

2 40  2.56 × 10-5  

3 55  2.12 × 10-5  

4 60  2.51 × 10-5  

5 77  2.72 × 10-5  

6 80  1.37 × 10-5  
7 90  1.18 × 10-5  

 

Table 5.5: Comparison of anhydrous proton conductivity values of In-IA-2D-2 with other 

proton conducting MOFs: 
 

SL.No. MOFs and CPs 
Protonconductivity 

(Scm
-1

) 

Ea  

(eV) 
Conditions Reference 

1 [β-PCMOF2(Tz)0.45] 5 ×  10-4 0.51 150 °C 4.5b 

2 
[{Zn(HPO4)(H2PO4)2 

}(ImH2)2] 
2.6 × 10-4 0.47 130 °C 4.5d 

3 [Al(OH)(ndc)]n⊃His 2.1 × 10-4 0.25 150 °C 4.5c 

4 [Zn(H2PO4)2(TzH)2]n 1.2 × 10-4 0.6 150 °C 4.5e 

5 Al-PCP⊂ Imdz 2.2 × 10-5  0.6 120 °C 4.5a 

6 In-IA-2D-2 1.2 × 10-5 0.61 90 °C This report 

 

Proton conductivity of In-IA-2D-2 is 2.6 × 10-5 Scm-1 at 25 °C, 2.7 × 10-5 Scm-1 at 77 °C 

and 1.18 × 10-5 Scm-1 at 90 °C under anhydrous conditions (Figure 5.12). We speculate that, 

under anhydrous condition DMF molecules and [(CH3)2NH2]
+ cations both facilitate the 

proton transport (up to 90 °C) in In-IA-2D-2 framework (Figure 5.12 and 5.15). However, 

beyond 90 °C, DMF molecules leave the framework which is confirmed by the TGA and 
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VTSCXRD (Figure 5.3b and 5.19). This results in the non-conducting (proton) behaviour 

of In-IA-2D-2 beyond 90 °C under anhydrous conditions (Figure 5.12). Interestingly, the 

anhydrous proton conductivity of In-IA-2D-2 at room temperature (27 °C) outperforms Al-

PCP⊂ Imdz (5.5 × 10-8 Scm-1 at 25 °C) and β-PCMOF2 (H2O)0.5 (5.0 × 10-6 Scm-1 at 30 

°C).  

 

Figure 5.13. Anhydrous proton conductivity plots of In-IA-2D-2 at different temperatures (40, 55, 
65 85 °C) for 1, 2 and 4 hrs respectively. 

At higher temperature (90 °C) In-IA-2D-2 shows comparable proton conductivity value 

(1.2 × 10-5 Scm-1 at 90 °C) like Al-PCP⊂ Imdz (2.2 × 10-5 Scm-1 at 120 °C), [1.45a] but less 

proton conductivity value than β-PCMOF2 (Tz)0.45 (5 × 10-4 Scm-1 at 150 °C), [1.45b] 

[{Zn(HPO4) (H2PO4)2 }(ImH2)2] (2.6 × 10-4 Scm-1 at 130 °C), [1.45d]  [Al(OH)(ndc)]n⊃His 

(2.1 × 10-4 Scm-1 at 150 °C) [1.45c]  and [Zn(H2PO4)2(TzH)2]n. (1.2 × 10-4 Scm-1 at 150 °C ) 

[1.45e]  [Table 5.4] under anhydrous medium. It is interesting to note that, anhydrous 

proton conductivity of In-IA-2D-2 remains constant over a wide range of temperature (2.6 
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× 10-5 Scm-1 at 25 °C and 1.15 × 10-5 Scm-1 at 90 °C) compared to other anhydrous proton 

conducting materials like {Zn(HPO4) (H2PO4)2}(ImH2)2, [3.3 × 10-8 Scm-1 at 25 °C to 2.6 × 

10-4 Scm-1 at 130 °C], Al-PCP⊂ Imdz, [5.5 × 10-8 Scm -1 at 25 °C to 2.2 × 10-5 Scm -1 at 

120 ° C] and like β-PCMOF2 (Tz)0.45, [9.5 × 10-7 Scm-1 at 25 °C to 5 × 10-4 Scm-1 at 150 

°C]. To prove the durability of anhydrous proton conduction in In-IA-2D-2, we have 

measured time dependent performance for 1 hr, 2 hrs and 4 hrs. It is interesting to note that 

anhydrous proton conductivity of In-IA-2D-2 at different temperatures (40, 55, 65 85 °C) 

are pretty stable up to 4 hours. 

5.2.3.5 Anhydrous proton conduction Mechanism: 

The anhydrous proton conduction of In-IA-2D-2 is due to the presence of inherent 

(CH3)2NH2
+ cations and DMF molecules inside the crystal structure. Figure 5.14 shows the 

close proximity (small hopping distance) of (CH3)2NH2
+ cations and DMF molecules which 

facilitated the proton conduction pathway through the channel of In-IA-2D-2 network.   

 

Figure 5.14. Intermolecular distance between proton hopping sites in the crystal structure of In-IA-

2D-2. 

The conduction mechanism of In-IA-2D-2 pictorialy discussed at Figure 5.15. It should be 

noted that proton of (CH3)2NH2
+ cations take the initiation by passing one proton to 

adjacent oxygen of DMF molecules. Alternatively, the extra proton of DMF molecules was 

transferred to the framework oxygen of carboxylate moiety and finally passes the proton to 
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another (CH3)2NH2
+ cation. It is interasting to note that, anhydrous proton conduction 

occures due to the low hopping distances among the conducting sites which is well 

maintained inside the structural networks of In-IA-2D-2.  

 

Figure 5.15. Schematic representation and possible proton hopping mechanism of In-IA-2D-2 
MOF under anhydrous condition. The arrows indicate the possible movement of the H+ ion. 

5.3 Conclusions 

In conclusion, we have successfully synthesized two isomeric 2D MOFs, In-IA-2D-1 and 

In-IA-2D-2, by using IA as the organic building block and In(III) as the metal node. This 

In-IA based isomeric MOFs exhibit significant difference in proton conductivity owing to 

their structural variation. In-IA-2D-1 shows high proton conductivity of 3.4 × 10-3 Scm-1 at 

ambient temperature (27 °C) and 98% RH due to the large available void space filled with 

H2O molecules enhances the proton transport. Although In-IA-2D-2 shows a proton 

conductivity lower than In-IA-2D-1 under humid conditions, it shows proton conductivity 

in anhydrous condition. Research on the conduction properties of MOF is still at its infancy 

and there are many fundamental aspects that need to be clarified. However, we believe that 

these results will encourage researchers to explore new materials that can substitute the 

conventional conductive polymers. 

 

5.4 Experimental Procedures: 

5.4.1 Materials:  Isophthalic acid and N, N′-dimethylformamide (DMF) were purchased 

from Rankem chemicals. In(NO3)3.xH2O as a metal salt and tetra methyl ammonium 

chloride  were purchased from the Aldrich Chemicals. All starting materials were used 

without further purification.  All experimental operations were performed in air. 
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5.4.2 Synthesis of In-IA-2D-1 and In-IA-2D-2:  

In-IA-2D-1(C18H16InNO8): In the synthesis of In-IA-2D-1 (C18H16InNO8), we used 

isophthalic acid (IA) as organic linker and In(NO3)3.xH2O as a metal salt. Solvothermal 

reaction between 1.0 mmol of  IA (0.170 g), 1.00 mmol of tetra methyl ammonium chloride 

(0.1096 g) and 0.3 mmol of In(NO3)3.xH2O (0.102 g) in presence of 5 ml N,N′-

dimethylformamide (DMF) solution at 120 °C for 96 hours yielded rod shaped crystals of 

In-IA-2D-1 MOF. IR (KBr, cm
-1

): 2977 (w), 2307(w), 2172 (w), 1679 (w), 1610 (m), 

1550(m), 1486(w), 1374(d,s), 1163(w), 1069(w), 992(w), 852(w), 793(w), 739(s), 657(m), 

cm-1. Elemental Analysis: Calculated – C (44.83%), H (4.12%), N (4.98%); Found – 

C(44.75%), H (4.21%), N (5.08%).  

 

Figure 5.16. Comparison of the experimental PXRD pattern of (a) as-synthesized In-IA-2D-1 (top) 
with the simulated one from its single crystal structure (bottom) and (b) as-synthesized In-IA-2D-1 
(top) with the simulated one from its single crystal structure (bottom). 

In-IA-2D-2 (C21H23InN2O9): 0.3 mmol of IA (0.049 g) and 0.1 mmol of In(NO3)3.3H2O 

(0.031 g) was taken in a 15 ml scintillation vial. A mixture of 2 ml of DMF and 1ml of H2O 

was added and sonicated for 30 minutes, then transferred to a pre-heated oven at 90 °C for 

126 hours. Cube shaped crystals of In-IA-2D-2 (C21H23InN2O9) was filtered washed 

repeatedly with DMF and H2O and air dried for 20 minutes (yield~ 77%). IR (KBr, cm
-1

): 

2319(w), 1668(m), 1610(m), 1526(s), 1350(d, s), 1163(w), 1080(m), 1022 (w), 928 (w), 

840 (m), 746(s), 657(m). Elemental Analysis: Calculated- C (34.37%), H (3.90%), N 

(7.29%); Found C (34.35%), H (3.92%), N (7.25%). 
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5.4.3 General methods for characterization  

(a) Powder X-Ray Diffraction (PXRD).  The PXRD patterns were collected on a Phillips 

PANalytical diffractometer on a Cu Kα radiation (λ = 1.5406 Å), with a scan speed of 2° 

min-1. The tube voltage and amperage were set at 40 kV and 50 mA respectively. Each 

sample was scanned between 5 and 50° 2θ with a step size of 0.02°. The instrument was 

previously calibrated using a silicon standard. 

 (b)Thermogravimetric Analysis (TGA). TGA was performed on a SDT Q600 TG-DTA 

analyzer instrument. Approximately 5 mg of the sample was added to a platinium crucible 

and heated from 25 to 800 °C under N2 atmosphere at a heating rate of 10 °C min–1. 

(c) Hot-Stage Microscopy.  Leica M-80 optical microscope with hot stage and camera 

attachment was used for collecting photographs. 

(d) IR Spectroscopy. The Fourier transform (FT) infrared spectra of the MOFs were taken 

on a PERKIN ELMER FT-IR SPECTRUM (Nicolet) spectrometer. KBr samples (2 mg in 

20 mg of KBr) were prepared and 10 scans were collected at 4 cm-1 resolution for each 

sample. The spectra were measured over the range of 4000-400 cm-1 

(e) Proton Conductivity.  Proton conductivity data were measured in a quasi-two-probe 

method, with a Solartron 1287 Electrochemical Interface with frequency response analyzer. 

 (f) Water Adsorption. All low-pressure water adsorption experiments (up to 1 bar) were 

performed on a BELSORP-max volumetric instrument. Approximately 50 mg of the 

sample was activated after solvent exchange by the use of activation chamber. The 

activated sample was loaded inside the glass bulb of water adsorption instrument and 

measured the capacity.  

5.4.4 X-ray Crystallography  

5.4.4.1 General Data Collection and Refinement Procedures: 

 Datas were collected on a Super Nova Dual source X-ray Diffractometer system (Agilent 

Technologies) equipped with a CCD area detector and operated at 250 W (50 kV, 0.8 mA) 

to generate Mo Kα radiation (λ = 0.71073 Å) and Cu Kα radiation (λ = 1.54178 Å). The 

crystal reported in this paper was mounted on Nylon CryoLoops (Hampton Research) with 

Paraton-N (Hampton Research).Initial scans of each specimen were performed to obtain 
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preliminary unit cell parameters and to assess the mosaicity (breadth of spots between 

frames) of the crystal to select the required frame width for data collection. CrysAlisPro 

[5.8] program software suite to carry out was used overlapping φ and ω scans at detector 

(2θ settings (2θ = 28). Following data collection, reflections were sampled from all regions 

of the Ewald sphere to redetermine unit cell parameters for data integration. In no data 

collection was evidence for crystal decay encountered. Following exhaustive review of 

collected frames the resolution of the dataset was judged. Data were integrated using 

CrysAlisPro software with a narrow frame algorithm. Data were subsequently corrected for 

absorption by the program SCALE3 ABSPACK [5.9] scaling algorithm. 

These structures were solved by direct method and refined using the SHELXTL 97 [2.23] 

software suite. Atoms were located from iterative examination of difference F-maps 

following least squares refinements of the earlier models. Final model was refined 

anisotropically (if the number of data permitted) until full convergence was achieved. 

Hydrogen atoms were placed in calculated positions (C-H = 0.93 Å) and included as riding 

atoms with isotropic displacement parameters 1.2-1.5 times Ueq of the attached C atoms. 

Data were collected at 100(2) K for the MOF presented in this paper. This lower 

temperature was considered to be optimal for obtaining the best data. The structure was 

examined using the Addsym subroutine of PLATON [2.25] to assure that no additional 

symmetry could be applied to the models. The ellipsoids in ORTEP diagrams are displayed 

at the 50% probability level unless noted otherwise. For all structures we note that elevated 

R-values are commonly encountered in MOF crystallography for the reasons expressed 

above by us and by other research groups [2.26-2.35]. Crystallographic data (excluding 

structure factors) for the structures are reported in this paper have been deposited in CCDC 

as deposition No. CCDC 932278 – 932280. Copies of the data can be obtained, free of 

charge, on application to the CCDC, 12 Union Road, Cambridge CB2 lEZ, U.K. [fax: þ 44 

(1223) 336 033; e-mail: deposit@ccdc.cam.ac.uk]. 

5.4.4.2 Experimental and Refinement Details for In-IA-2D-1: 

A colorless plate like crystal (0.35 × 0.28 × 0.16 mm3) of In-IA-2D-1 was placed in 0.7 

mm diameter nylon CryoLoops (Hampton Research) with Paraton-N (Hampton Research). 

The loop was mounted on a Super Nova Dual source X-ray Diffractometer system (Agilent 
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Technologies) equipped with a CCD area detector and operated at 250 W power (50 kV, 

0.8 mA) to generate Mo Kα radiation (λ = 0.71073 Å) at 100(2) K in a liquid N2 cooled 

stream of nitrogen. A total of 15548 reflections were collected of which 7034 were unique. 

The range of θ was from 3.29 to 29.15. Analysis of the data showed negligible decay 

during collection. The structure was solved in the orthorhombic Pna21 space group, with Z 

= 4, using direct methods. All non-hydrogen atoms were refined anisotropically with 

hydrogen atoms generated as spheres riding the coordinates of their parent atoms. we have 

repeatedly collected the single crystal XRD data of In-IA-2D-1 at different temperature (90, 

120, 150K). We would like to mention 

that each time during the refinement of 

crystal structure we encountered two 

electron densities within the framework 

cavity apart from dimethyl ammonium 

cation. However, assigning these 

electron densities with isolated O 

atoms, leads to highly distorted O 

atoms, although the refinement become 

stable with decreased R factor and 

goodness of fit. Hence, we believe that 

two water molecules reside inside the asymmetric unit of In-IA-2D-1, however, the O 

atoms of water molecules have very high thermal parameters apart from In-IA and 

(CH3)2NH2 cations with several IUCr checkcif errors. Hence we have decided to use the 

SQUEEZE routine to remove these unstable and highly distorted water molecules from the 

pores of In-IA-2D-1. It should be noted that SQUEEZE structure is very stable with 

minimal IUCr checkcif problems, less R factor and goodness of fit. In this manuscript we 

have provided the SQUEEZE applied cif file of In-IA-2D-1. Final full matrix least-squares 

refinement on F2 converged to R1 = 0.0725 (F >2σF) and wR2 = 0.2213 (all data) with GOF 

= 1.132. [CCDC 932278]. 

Refine_special_details: We believe this distortion in the benzene ring in In-IA-2D-1 

structure appears due to possible merohedral or pseudo-merohedral twining not due to a 

static or dynamic disorder. As a result despite lowering the data collection temperature to 
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Figure 5.17. ORTEP diagram (50% probability) of 
the asymmetric unit of In-IA-2D-1. 
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110 K this distortion remains persistent. A close look of the .res file will show that the 

structure contains a twining with a BASF parameter 0.545. This indicates a 50/50 twining 

in the crystal lattice. In order to overcome this distortion we have used 8 EADP and 3 

FLAT commands in the .res file. 

5.4.4.3 Experimental and Refinement Details for In-IA-2D-2: 

A colorless block like crystal (0.35 × 0.27 × 0.15 mm3) of In-IA-2D-2 was placed in 0.7 

mm diameter nylon CryoLoops (Hampton Research) with Paraton-N (Hampton Research). 

The loop was mounted on a 

Super Nova Dual source X-

ray Diffractometer system 

(Agilent Technologies) 

equipped with a CCD area 

detector and operated at 250 

W power (50 kV, 0.8 mA) to 

generate Cu Kα radiation (λ = 

1.54178 Å) at 100(2) K in a 

liquid N2 cooled stream of 

nitrogen. A total of 8741 

reflections were collected of which 4027 were unique. The range of θ was from 4.50 to 

70.72. Analysis of the data showed negligible decay during collection. The structure was 

solved in the Monoclinic P21/c space group, with Z = 4, using direct methods. All non-

hydrogen atoms were refined anisotropically with hydrogen atoms generated as spheres 

riding the coordinates of their parent atoms. Final full matrix least-squares refinement on F2 

converged to R1 = 0.0684 (F >2σF) and wR2 = 0.1826 (all data) with GOF = 0.993.  [CCDC 

932279] 

Refine_special_details: 

The solvent DMF molecule has been refined as isotropic due to large anisotropic 

displacement of N atom of DMF molecule even after several refinements. 
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Variable temperature single crystal X-ray (VTSCXRD) of In-IA-2D-2 : 
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Figure 5.19. ORTEP diagrams (50 % probability) of In-IA-2D-2 single crystal X-ray data at 
variable temperature (35, 55, 75 and 95 °C). 

 

NOTE: The results of this chapter have already been published in Chem. Commun., 2013, 

49, 6197-6199. with the title: “Stuctural Isomerism Leading to Variable Proton 

Conductivity in Indium (III) Isophthalic Acid based Framework.” These publications were 

the results from the group of Dr. Rahul Banerjee and his students Tamas Panda and Tanay 

Kundu from CSIR National Chemical Laboratory, Pune, India. Major works are contributed 

by Tamas Panda with the help of the instrumental facilities of CSIR National Chemical 

Laboratory.  
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CHAPTER 6 

 

 

CONCLUSION OF ALL CHAPTERS AND FUTURE DIRECTION 

 

 

6.1 Conclusion: 

In this dissertation, the applications of MOFs have been emphasized on high CO2 storage 

capacity and proton conduction capability. A series of MOFs/ZIFs have been synthesized 

and characterized successfully for such applications.   

The conclusion of chapter 2 is divided into two parts. First part, describes the 

synthesis and isolation of a three dimensional amino functionalized zeolitic tetrazolate 

framework (ZTF-1) where only N1 and N4 are coordinated to metal centers. This is the first 

report of a –NH2 functionalized MOF among different metal imidazolates / triazolates / 

tetrazolates where M–TET–M angle is close to 145°. ZTF-1 adopts diamond (dia) topology 

and shows high CO2 (273 K) and H2 (77 K) uptake due to the presence of free –NH2 group 

as well as uncoordinated tetrazolate nitrogens. We have also found the exact location of the 

CO2 by GCMC calculation. It is very challenging to find out the exact contributions of 

exposed -NH2 functionality or free tetrazole nitrogens for the high CO2 capacity of ZTF-1 

but these results shows the value of utilizing -NH2 functionalized links as well as free 

aromatic nitrogen atoms as building block for constructing MOFs for high and reversible 

CO2 capture. In the second part, we have demonstrated the effects of metal replacement 

(from Zn to Co) on CO2 gas adsorption properties in a series of isostructural zeolitic 

imidazolate frameworks (ZIFs). These Co-ZIFs [Co-ZIF-68, -69, -81] feature the same 

structural topology as well as a range of functionality and finely varied pore metrics. 

Although CO2 adsorption study (computational and experimental) on open metal sites have 

been demonstrated in MOFs. However, there are very limited reports, where combined 

experimental and theoretical approach has been spotlighted on isostructural MOFs/ZIFs 

contains different metals with saturated coordination center.  Co-ZIF-68, -69 and -81 show 
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high CO2 (273 K) uptake (124, 115 and 96 cc/g respectively) and stands at high position 

among the MOFs with high CO2 capture capability. These Co-ZIFs shows high CO2 (273 K 

/ 298 K) uptake (33 to 60%) compare to their isostructural Zn based analogues (Zn-ZIF-68, 

-69 and -81) due to the replacement of the metal center. Moreover, Ab initio calculations of 

Co-ZIF-68, and Zn-ZIF-68, highlights that CO2 has a stronger interaction with Co-ZIF 

compared to Zn-ZIF, which is in well agreement with experimental data. 

 In chapter 2, we have reported three new Mn-MOFs using predesigned 5-TIA 

ligand with transition metal Mn(II). This is the first report which describes the usage of 

template (like pyrazine and 4,4′-bipyridine) for systematic and controlled enhancement of 

the porosity. We have prepared nonporous to microporous MOFs from the same reactants 

by increasing the size of the template (pyrazine and 4,4′-bipyridine). This is the first report 

where the porosity of the structural isomers in MOFs is enhanced due to size dependent 

template effect. The cross sectional pore aperture of the resulting Mn-MOFs are 

comparable to the molecular dimensions of the template (pyrazine and 4,4′-bipyridine). The 

increased porosity in MOFs depending on the size of the template used has been further 

confirmed by the CO2 adsorption isotherms. 

 In chapter 3, we have reported two isostructural self assembled functionalized Metal 

Organic Nanotubes. These MONTs (Cd-5TIA and In-5TIA) are held together by weak C-

H…O hydrogen bonding to form the self assembled architecture. These are the first 

example of self assembled functionalized metal organic nanotubes (MONTs) which shows 

application like proton conductivity. Proton conductivity shown by Cd-5TIA (3.61×10
-3

 

Scm
-1

 at 301 K) stands at high position among the proton conducting MOFs reported till 

date. Not only that, In-5TIA and Cd-5TIA shows high proton conductivity (5.35×10-5 to 

2.7×10
-5

 Scm
-1 

for In-5TIA and 3.61×10
-3

 to 1.15×10
-5

 Scm
-1

 for Cd-5TIA) across a wide 

range of temperature (301 K to 368 K). In-5TIA shows significantly low activation value 

(0.137 eV) compared to nafion based membrane electrolytes (0.22 eV), and lowest 

activation value reported till date for MOF based proton conducting materials. We have 

also studied and compared the proton conductivity of the literature reported MONT 

architecture (In-IA).  

 In chapter 4, we have reported two isomeric 2D MOFs, In-IA-2D-1 and In-IA-2D-2, 

by using IA as the organic building block and In(III) as the metal node. These isomeric 
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MOFs exhibit significant difference in proton conductivity owing to their structural 

variation. Interestingly, In-IA-2D-2 MOF shows the proton conduction (2.6 × 10
-5 

Scm
-1

 to 

1.18 × 10-5 Scm-1) at wide range of temperature (25 to 90 °C) at anhydrous conditions as 

well as (4.2 × 10
-4

 to 1.6 × 10
-5 

Scm
-1

) under humidified condition (25
 
to 120

 °
C). Proton 

conductivity shown by In-IA-2D-1 (a structural isomer of In-IA-2D-2) under 

humidification (3.4 × 10
-3

 Scm
-1

 at 27 
°
C) stands at high position among the proton 

conducting MOFs reported till date. We believe, the high proton conduction of In-IA-2D-2 

due to the large available space, which facilitates the higher proton transport. 

 

6.2 Future direction: 

Plan-1: Design and Synthesis of amino (–NH2) Functionalized Zeolitic Tetrazolate 

Frameworks with various zeolitic topology. 

The aim of our future plan implies extensive study and synthesis of zeolitic amino 

functionalized (NH2-ZMOFs) MOFs which selectively adsorbed CO2 at low pressures. In 

our previous report (chapter 

2), first time we could isolate 

zeolitic tetrazolate 

framework (ZTF-1) with 

diamondoid topology and 

exhibits high CO2 uptake 

(120 cc/gm at 1 bar 

pressure). ZTF-1 contains 

the organic building block 5-

amino tetrazole coordinated 

with Zn metal atom. We 

proved that, high CO2 uptake 

of ZTF-1 is not only for 

amino functionalization but 

also for free tetrazolate 

nitrogens. Taking up this 

opportunity, we realize that if we can make ZTFs with different zeolitic topologies with 

Figure 6.1. RHO topology of 5-amino tetrazole with Zn(II) and 

Co(II) metal could be the suitable candidates for high CO2 

uptake. 
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large pore size (e.g., GME, RHO, FAU topology) would be the suitable materials for high 

CO2 uptake. Figure 6.1 is the proposed structure of highly porous RHO topological ZIF 

will be synthesized from 5-amino tetrazole (5-AT) with different metal center [Zn(II) and 

Co(II)]. High surface area, free amino groups as well as uncordinated tetrazolate nitrogens 

are exposed inside the pores and may therefore increase the material’s affinity for enhanced 

CO2 adsorption, including high uptake and high selectivity. 

 

Plan-2: Induction of polar functionality in zeolitic tetrazolate Frameworks.  

As described in chapter 2 the use of various metals (nodes) and ligands (rods) under a wide 

variety of reaction conditions have produced diverse MOF structures that have shown great 

promise in a range of applications especially CO2 storage and sequestration. Despite 

impressive progress in the area of ZIFs, it remains a significant challenge to introduce 

proper polar functionality inside the ZIF lattice which could enhance the CO2 uptake 

incredibly at low pressure. 

Recent literatures of MOFs 

with polar functional 

groups increases the 

interaction of CO2 in many 

fold compared to non 

functionalized counterpart 

[3.2]. In this regards, we 

would like to incorporate 

different polar functional 

groups such as -F, -Cl, -

NO2 and -OH inside the 

zeolitic tetrazolate structures. For this purpose, we have chosen tetrzolate ligand as report 

of such kind of structure is very less and functionalized the 5- position of tetrazole with 

mentioned polar groups. As a result, after the formation of MOF free tetrazole nitrogens as 

well as polar functional groups at 5- postion of tetrazole moieties will interact strongly with 

CO2 (Figure 6.2). 

Figure 6.2. Induction of polar functionality in ZTF (a) 5-nitro 

tetrazole based zeolitic MOF (b) and (c) Incorporation of polar 

functional group –F and –Cl in 5 position of tetrazole moiety 

could enhance the high CO2 uptake. 
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Plan-3: Phosphoric acid doped benzimidazole based stable covalent organic 

frameworks (COFs) and porous organic frameworks (POFs) for high proton 

conduction. 

The objective of this plan is to design and synthesis of benzimidazole based COFs and 

POFs which can show very high proton conductivity at hydrous and anhydrous condition. 

Earlier studies [6.1] revealed that, phosphoric acid (H3PO4) doped polybenzimidazole 

polymers (PBI) have great potential for higher proton conduction at temperatures as high as 

200 °C without humidification. The proton conduction of these polymers have initiated by 

dopped H3PO4 molecules which form a salt by protonation of the imine N group of 

imidazole ring (6.1a) and creates proton hopping channel through the polymer backbone.  

 

 

Figure 6.3. Scheme of synthesis and proposed proton conduction mechanism in phosphoric acid 

doped  benzimidazole based covalent organic frameworks. 
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Keep these things in perspective, our approach focused on the synthesis of stable COFs and 

POFs which will have repeating benzimidazole units in the framework backbones as such 

units have proton anchoring sites. Moreover, long range periodicity, tailorable porosity, 

regular arrangement of voids and dynamic behaviour of COF and POFs are especially 

beneficial for their use as proton conductors compare to PBI based polymers. However, the 

major obstacles of COFs and POFs have the lack of stability in acidic, alkaline as well as in 

aqueous solutions. Recent report from our group reveals that, the stability of these materials 

can be overcome via irreversible enol to keto tautomerization, which enhances the chemical 

stability [6.2]. Taking the advantages of these materials we propose the synthesis of COF-1 

and POF-1 by using the organic linkers 1,2,4,5-benzenetetramine with 1,3,5-triformyl 

phloroglucinol and 1,3,5-tricarboxy phloroglucinol respectively. Both COF-1 and POF-1 

will be chemically stable due to enol to keto tautomerization which is established earlier. 

After that, H3PO4 doping in COF-1 and POF-1 will lead to immobilization of the acid 

within the porous frameworks that probably enhance the proton conduction in both the 

hydrous and anhydrous state (Figure 6.3). 

 

Plan-4: Salt inclusion in hydrophobic covalent organic frameworks (COFs) for 

hydroxide ion (OH
-
) conductivity.  

Recently, hydroxide ion conductors have received a great deal of interest as electrolytes for 

alkaline fuel cells that can operate without precious-metal catalysts (platinum). In general, 

hydroxide ion conduction at ambient temperature requires OH
−  

ion carriers and conducting 

pathways created by hydrogen bonded networks, [6.3] similar like proton conduction. 

Future prospective in porous materials vessel should rely on the synthesized COFs that 

could conduct OH
−
 ions based on “salt inclusion into alkaline stable COFs”. For this 

purpose two fundamental requirements are necessary (1) an alkaline stable porous COF as a 

host and (2) the counter cations of OH
−
 ions having an affinity to adsorb in the frameworks 

must be employed. In this regard, we are proposing the synthesis of two stable COFs 

named as TpPA-2 and TpPA-3 [6.2a] as the host frameworks, which is highly stable for 

Lewis bases due to the hydrophobic pore surface in presence of a methyl and ethyl groups. 

Syntheses of these COFs will be done by the Schiff base reactions of 1,3,5-
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triformylphloroglucinol (Tp) with 2,5-dimethyl-p-phenylenediamine (Pa-2) and 2,5-

diethyl-p-phenylenediamine (Pa-3), respectively, in 1:1 mesitylene/dioxane. The ligand 

tetrabutyl ammonium hydroxide salt, NBu4OH (Bu =n-butyl), was selected as the included 

salt. We believe, the hydrophobic nature of n-butyl groups will interact with hydrophobic 

frameworks of TpPA-2 and TpPA-3 and leaves OH
− 

ions free for conduction (Figure 6.4).  

 

Figure 6.4. Scheme of synthesis and structures of stable COFs loaded with n-tetrabutylammonium 

hydroxide (NBu4OH) salts inside the pore surface. Hydrophobic interaction between NBu4
+ 

cations 

and COF frameworks leaves OH
− 

ions free for conduction. 
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APPENDIX 1 

 

Table 1. Crystallographic details of the compounds discussed in this thesis. 
 

Crystal 

description 

Chapter 2 

ZTF-1 Co-ZIF-68 Co-ZIF-69 Co-ZIF-81 

Chemical Formula C5H10 N11OZn C10H7CoN5O2 C10H5Cl2CoN5O2 C10H5Br2CoN5O2 

Formula weight 305.61 288.14 357.02 445.92 

Crystal system Monoclinic Hexagonal Hexagonal Hexagonal 

Space group Cc P63/mmc P63/mmc P63/mmc 

a (Å) 13.330(3) 26.674(2) 26.113(2) 25.9949(12) 

b (Å) 15.327(3) 26.674(2) 26.113(2) 25.9949(12) 

c (Å) 8.7796(17) 18.4694(20) 19.6459(14) 19.7757(11) 

α (°) 90 90 90 90 

β (°) 131.20(2) 90 90 90 

γ (°) 90 120 120 120 

Vol (Å3) 1349.7(5) 11380.5(19) 11601.2(16) 11572.9(10) 
Dcalcd(g/cm3) 

 
1.504 1.009 1.226 1.536 

μ (mm–1) 1.829 0.905 1.168 5.038 

θ range (°) 2.43–28.09 3.05–29.26 3.16–29.17 3.13–29.14 

Z 4 24 24 24 

range h –17 to +17 –26 to +36 –34 to +31 –19 to +35 

range k –20 to +19 –32 to +36 –35 to +35 –20 to +35 

range l –11 to +11 –25 to +25 –21 to +25 –18 to +27 

Reflns collected 7544 5133 5174 4947 

Independent 3042 2116 2364 1471 

T (K) 293(2) 100(2) 100(2) 100(2) 

R1 0.0510 0.0992 0.0997 0.0995 

wR2 0.1283 0.2938 0.2862 0.2545 

GOF 1.051 0.884 0.979 0.702 

CCDC No. 779031 952993 952994 952995 

 

Table 1. Continued... 
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Crystal 

description 

 Chapter 3  

Mn-5TIA-1 Mn-5TIA-2 Mn-5TIA-3 

Chemical Formula C26H24Mn2N8O10 C43.7H10Mn2N6O8 C10H5MnN3O4 

Formula weight 718.41 856.86 286.11 

Crystal system Monoclinic Orthorhombic Monoclinic 

Space group P21/c Pbcn P21/c 

a (Å) 10.7892(4) 12.2862(4) 11.214(11)   

b (Å) 13.641(2) 14.9471(4) 12.585(13)   

c (Å) 19.851(3) 20.8959(5) 14.447(15) 

α (°) 90 90 90 

β (°) 95.049(2) 90 110.125(15) 
γ (°) 90 90 90 

Vol (Å3) 2910.2(7) 3837.39(19) 1914(3) 

Dcalcd (g/cm3) 1.640 1.483 0.993 

μ (mm–1) 0.940 0.722 0.695 

θ  range (°) 1.85–28.27 2.89–25.00 1.93–28.26 

Z 4 4 4 

range h –13 to +13 –8 to +14 –14 to +14 

range k –18 to +17 –17 to +11 –16 to +15 

range l –25 to +25 –24 to +12 –18 to +18 

Reflns collected 32862 9625 20465 

Independent reflns 6794 3380 4436 

T (K) 190(2) 293(2) 190 (2) 

R1 0.0462 0.0862 0.0642 

wR2 0.1024 0.2761 0.1599 

GOF 1.157 1.147 0.997 

CCDC No. 822130 822131 822132 

 

 

 

 

Table 1. Continued... 
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Crystal 

description 

Chapter 4 Chapter 5 

In-5TIA Cd-5TIA In-IA-2D-1 In-IA-2D-2 

Chemical Formula  C20H10InN6O8 C20H10Cd N6 O8.5 C16H8InO8,C2H8N   C16H8InO8, C3H7NO, C2H8N 

Formula weight 577.16 582.74 489.14 562.23 

Crystal system Tetragonal Tetragonal Orthorhombic Monoclinic 

Space group P4/n P4/n Pna21 P21/c 

a (Å) 26.6386(5) 27.429(5) 15.8408(4) 11.9876(3) 

b (Å) 26.6386(5) 27.429(5) 16.5349(3) 13.0329(4)   

c (Å) 9.8419(3) 9.897(5) 9.94883(14) 18.3012(6)   

α (°) 90 90 90 90 

β (°) 90 90 90 125.260(2) 

γ (°) 90 90 90 90 

Vol (Å3) 6984.0(3) 7446(4) 2605.86(8) 2334.70(12) 

Dcalcd(g/cm3) 1.098 1.040 1.247 1.600 

μ (mm–1) 0.715 0.624 0.940 8.564 

θ range (°) 3.69–28.09 3.61–28.11 3.29–29.15 4.50–70.72 

Z 8 8 4 4 

range h –33to +33 –33 to +32 –21 to +21 –14 to +8 

range k –34 to +33 –36 to +37 –22 to +22 –15 to +15 

range l –12 to +13 –12 to +12 –13 to +13 –17 to +22 

Reflns collected 41933 35539 15548 8741 

Independent 8329 8874 4794 4027 

T (K) 293(2) 239(2) 100(2) 100(2) 

R1 0.0778 0.0927 0.0725 0.0684 

wR2 0.2224 0.2739 0.2213 0.1826 

GOF 1.099 1.088 1.132 0.993 

CCDC No. 845048 845047 932278 932279 
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