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PREFACE 

Metal organic frameworks (MOFs) are crystalline porous materials consist of array of 

metal ions, connected with functionalized organic linkers to form 1D chains, 2D 

layers and 3D frameworks. MOFs can be made with desired functionality with 

porosity for particular applications. Different metal ions and huge number of 

functionalized linkers has been used for MOF synthesis under different synthetic 

conditions, giving rise to unprecedented structural diversity tailored for specific 

application. Most commonly used linkers are aromatic polycarboxylates, due to the 

strong binding affinity of metals with the oxygen atoms.  Whereas most commonly 

used metals are the transition metals because of their well define coordination 

behavior. But lightweight metals i.e. alkali and alkaline-earth metals (s-block 

elements) are rarely studied in literature. . In my thesis, we will be focused on 

synthesis and application of Ca(II) and Mg(II) based lightweight MOFs for their 

application in gas adsorption, proton conduction, chemical sensing and catalysis. 

Excluding introduction chapter my thesis will be divided into 5 chapters which 

discuss the details on synthesis of various Ca(II) and Mg(II) based lightweight MOFs, 

their characterization and applicability in gas adsorption, proton conduction, chemical 

sensing and catalysis.  

Chapter 2 will address the gas adsorption properties of Mg(II) based MOFs.  

Initially, we will discuss the purpose of synthesizing the Mg based MOFs from very 

simple ligands like formates and pyridine dicarboxylic acids. The detail synthetic 

procedures and characterization processes will also be explained. The structure, 

thermal stability and the gas adsorption properties, especially H2, CO2 and N2 

adsorption properties will be demonstrated. Also Grand Canonical Monte Carlo 

(GCMC) simulation has been performed to predict the initial positions of the 

hydrogen molecules in the framework. The positions of the each hydrogen molecules 

in the framework and their related adsorption energies were optimized using Density 

Functional Theory (DFT) and ab-initio Hartree-Fock (HF) method. (Adapted from J. 

Mater. Chem., 2010, 20, 9073–9080 and Inorg. Chem. 2011, 50, 1392–1401) 

In Chapter 3, Proton conductivity of five Ca-based MOFs will be presented, 

which depends on the amount of water molecules coordinated to the Ca-centres. The 

effect of the amount of coordinated water molecules on proton conduction value and 

the activation energy will be discussed. We will also address the role of hydrophilic 
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and hydrophobic nature of the framework on proton conduction. We will explain the 

reason behind the high temperature water holding capacity of a MOF and its effect on 

proton conduction phenomena. (Adapted from Chem. Commun., 2012, 48, 8829-

8831)  

In Chapter 4, the design and synthesis of a photochromic and solvatochromic 

MOF (Mg-NDI) having chromophoric NDI moiety will be discussed. We will briefly 

explain the chemistry behind the reversible photochromic and solvatochromic 

behavior of this MOF. The proper experimental characterization for all these 

properties has also been discussed. We will also demonstrate the visible detection of 

volatile organic amines in very low concentration using this Mg-NDI MOF in solid 

state. The mechanism of amine sensing phenomena was supported by DFT calculation 

and experimental data. (Adapted from Chem. Sci., 2015, 6, 1420 - 1425,) 

In chapter 5, correlation between gelation and crystallization in a Ca(II) based 

metallo-gel and MOF, will be discussed. This gel have some interesting properties 

like i) it is very stable in high temperature (~ 150 ˚C), ii) thixotropic in nature iii) 

transparent with time iv) porous xerogel formation. All these properties will be 

elucidated with appropriate experiments. At last both the gel and MOF has been 

applied as Liwes acid catalyst for hydrosililation reaction. (Adapted from J. Mater. 

Chem. 2012, 22, 14951-14963). 

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

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

An extended Appendix describes crystallographic informations of all the MOF 

crystals reported in this thesis. 
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CHAPTER 1 

 

Introduction of lightweight metal organic framework and its 

applications 

 

Abstract: Metal organic 

frameworks (MOFs) are 

crystalline porous materials 

consist of array of metal ions, 

connected with functionalized 

organic linkers to form 1D chains, 

2D layers and 3D frameworks. 

MOFs can be made with desired 

functionality with porosity for 

particular applications. Different 

metal ions and huge number of 

functionalized linkers has been used for MOF synthesis under different synthetic conditions, 

giving rise to unprecedented structural diversity tailored for specific application. Most commonly 

used linkers are aromatic polycarboxylates, due to the strong binding affinity of metals with the 

oxygen atoms.  Whereas most commonly used metals are the transition metals because of their 

well define coordination behavior. But lightweight metals i.e. alkali and alkaline-earth metals (s-

block elements) are rarely studied in literature. In this thesis, design and synthesis of Ca(II) and 

Mg(II) based lightweight MOFs for their application in gas adsorption, proton conduction, 

chemical sensing and catalysis have been focused. Excluding introduction chapter the thesis is 

divided into 5 chapters which discuss the details on synthesis of various Ca(II) and Mg(II) based 

lightweight MOFs, their characterization and applicability in gas adsorption, proton conduction, 

chemical sensing and catalysis. 
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1.1 Introduction of porous materials: 

A porous solid can be defined as a solid material that contains cavities, channels or 

interstices for particular applications. Porous materials are widely used in various 

applications, ranging from catalysis, gas storage, energy storage, chemical sensing and 

electronics owing to their high surface area, tuneable pore size, adjustable framework and 

surface properties.[1.1] The surface area of these porous materials can be reach up to 

several thousand square meter per gram depending on the materials.[1.2] According to 

the definition accepted by IUPAC, the porous materials can be classified in three classes 

based on their pore diameters (): a) Microporous materials, nm 

(zeolites and metal organic frameworks); b) mesoporous materials, 2.0 nm < < 50 nm 

(silica and alumina); and c) macroporous materials nm (porous glass and foams) 

(Figure 1.1). 

 

 Figure 1.1: Representation of classification of porous materials based on the pore diameter. The 

pore diameter scale is in arbitrary unit. 
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In this thesis, 

mainly microporous 

materials and their 

applications have been 

discussed. Before 1970 

researchers extensively 

used porous carbon for gas 

storage, separation, 

purification of water, 

solvent removal, etc. But 

porous carbon doesn’t 

have high surface area, 

uniform pore size and 

crystallinity, which limits 

its application in large scale. Then researchers discover zeolites as inorganic porous 

materials having crystallinity, uniform porosity for aforementioned applications. Zeolites 

also have some limitation like pore tuneability, chemical stability. In 1998 researchers 

have came up with an organic-inorganic hybride porous materials i.e. metal-organic 

frameworks (MOFs) having better opportunity.   

Metal organic frameworks (MOFs), are highly crystalline porous materials, mainly 

constracted by coordination bonds between metal inos or clusters and organic linkers to 

form 1D chains, 2D layers and 3D frameworks (Figure 1.2), have emerged as most 

promising candidate for sorbent applications. [1.3] MOFs have much higher surface area 

for gas adsorption than zeolites, carbon and porous polymer materials. One of the greatest 

advantages of MOF materials is its crystallinity. The high resolution single crystal 

structures can provide 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). On the other hand, by changing the different organic 

linkers the porosity of MOFs can be tuned according to the requirement. In addition, 

various reaction sites of the organic linkers inside MOF channels facilitate post-synthetic 

Figure 1.2: Model representation of 1D, 2D and 3D MOF 

constructed from organic linkers, metal salt and solvent 

molecules. 
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modification and pore fictionalization, a unique advantage, which is beyond the scope of 

organic or inorganic adsorbent materials.  

The uniform porosity and thermal stability of MOF materials have been utilized 

for important applications that include gas adsorption and storage, gas separation, 

magnetism, chemical sensing, drug delivery etc. [1.3] However, in recent years, focus has 

been shifted to other interesting applications such as proton conduction, lithium ion 

battery, charge carrier motion, oxygen reduction catalysis, light harvesting etc. [1.4] 

These applications are highly important for renewable energy research involving MOF 

materials.  In the next part of this chapter has been focus on a brief overview of synthesis, 

structural and different applications of MOFs. 

1.2 Synthesis of MOFs: 

The metal-organic frameworks (MOFs) has been synthesized using almost all type of 

metal ions, starting from s-block metals, transition metals and lanthanides metals with 

organic linkers. The organic linkers are mainly polydented ligands and most commonly 

used ligands are aromatic polycarboxylates. Including carboxylates, other functionality  

 

such as -OH, -NH2, -SH, -N3, -CN, -H2PO4, -SO3H has also been used extensively for 

MOFs synthesis. Heterocyclic compounds like imidazole, trizole, tetrazole, pyrazine, 

pyridine and their derivatives are also used as linkers for MOFs synthesis.  MOFs are 

Figure 1.3: Model representation of three dimensional functionalized MOF.  
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principally synthesized using different liquid phase methods, where metal salts and 

organic linkers are dissolved in solvents and then at a particular temperature and pressure 

MOF materials are started crystallized from the mixture. 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.  

1.2.1 Solvothermal Synthesis of MOFs: 

The most common method for MOF synthesis is the solvothermal method. In this method 

metal salts and organic linkers first dissolve in suitable solvent in a glass vial having 

teflon cap. The cap should be sealed tightly to make the container a close system. 60 - 

100 ˚C temperature and 10 – 100 h time is required for this solvothermal reaction 

condition. [1.5]  

1.2.2 Hydrothermal Synthesis of MOFs: 

Hydrothermal synthesis method is only used for thigh temperature reaction condition. 

Here metal salts and organic linkers are dissolving in high boiling solvents like DMF, 

DEF, DMA, DMSO, NMP, NMF, etc. in Teflon made container. The container then 

placed in a stainless still autocleave to avoid accident. In this reaction condition 

temperature should be mainten 100 – 200 C for 3 – 5 days to get better quality single 

crystal of MOFs. [1.5] 

1.2.3 Room Temperature Synthesis of MOFs: 

There are several reports on synthesis of MOFs in room temperature. In general three 

types of method has been used for room temperature MOF synthesis i) slow evaporation 

method, ii) layering method and iii) slow diffusion method. 

i) Slow evaporation method: Here, mixture of metal and ligands are dissolved is a low 

boiling solvents in a container (vials or conical flux) and then the solvent is allowed to 

evaporate slowly. Time required for crystallization is 3- 20 days (Figure 1.4). 

ii) Layering method: In this method two different density solvents are used for MOF 

synthesis. The metal salt and ligand are dissolved in two solvents and then the lower 

density solution should be carefully layered on top of high density solution (e.g. 

methanol solution can be layered on aqueous solution). The single crystals grow on 

the junction of the layers. 
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iii)  Slow diffusion method: This method also required two different solvents. The metal 

and ligand are dissolved in a solvent and kept in a saturated vapor of another low 

boiling solvent. The solvent vapor slowly diffuses into the mixture solution and start 

crystallization. 

 

Figure 1.4: Scheme of various synthetic approaches and conditions used for the preparation of 

MOFs. 

 1.2.4 Microwave Synthesis of MOFs: 

Microwave synthesis method is important for industrial bulk scale production of MOFs. 

In this process MOFs can be synthesized within few minutes in gram scale. Here metal 

salt and ligand dissolved in solvent and then reaction happens in presence of microwave 

irradiation. Most of the cases microcrystalline MOF materials has been synthesized in 

this method and getting big single crystal is difficult here (Figure 1.4) [1.5]. 

1.2.5  Mechanochemical Synthesis: 

Mechanical force can induce many physical phenomena (mechano-physics) as well as 

chemical reactions in presence of solvents or without solvents [1.6f]. In 

mechanochemical synthesis, the mechanical breakage of intramolecular bonds followed 
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Figure 1.5: 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.  

by a chemical transformation takes place. Treatment of the starting materials for 210 

min in a steel reactor containing a steel ball or mortar and pestle leads to a highly 

crystalline and single-phase product of MOFs with guest molecules in the pores (Figure 

1.4). These can be removed by thermal activation to yield the guest-free porous 

compound.  

1.2.6  Electrochemical Synthesis: 

The electrochemical synthesis of MOFs was followed in order to prohibit the entry of 

anions like nitrate, perchlorate or halides during the syntheses, which are of concern to 

large-scale production processes (Figure 1.4) [1.6g]. The large scale synthesis of MOFs 

using metal precursors 

and linkers can be 

achieved following 

electrochemical 

synthesis. The highly 

crystalline and pure 

products are 

anticipated during this 

synthetic procedure. 

1.3 Properties and 

Applications of 

MOFs: 

Porous materials find 

their applications in 

gas storage, gas/vapor 

adsorption and 

separation, shape/size-

selective catalysis, 

drug delivery, etc. [1.3] 

In order to take advantage of the properties of both organic and inorganic porous 

materials, porous MOFs, can be generated that are both stable and ordered and possess 
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high surface areas. These materials have attracted a great deal of attention in the past 

decade due to its fascinating applications in gas storage, gas/vapor separation, 

size/shape/enantio-selective catalysis, luminescent and fluorescent materials, and drug 

delivery, etc (Figure 1.5) [1.7]. Since, MOFs have following structural attractiveness; 

these materials have been successfully utilized for various applications: 

  

Figure1.6: Most Important applications of MOFs discussed in this thesis. 

i) Structural diversity due to possibility of synthesis of various MOFs by combining 

a range of metal centers and organic linkers. The ability to tune the framework 

architectures and properties in MOFs via the ligand and the metal ion provides a 

significant advantage over the zeolites because essentially an infinite number of 

variations are possible with predictable structures. 

ii) Easy synthesis and scale up following various strategies like room temperature 

synthesis, electrochemical synthesis, etc is possible. 

iii) High porosity, tunable pore sizes, easy incorporation of functional groups is 

possible in MOFs. The dimensions and topology of channels can be tuned through 
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organic synthesis by modifying the molecular structure of the organic ligand that bridges 

the metal ions.  

iv) The surface properties of channels can be altered by appending different organic 

substituent’s onto the organic ligand without changing the architecture of the framework. 

v) The prospect of predictable alteration of organic units to provide tailored 

materials for given applications. 

Due to aforementioned reasons MOFs over other materials finds several 

applications as they possesses structural integrity. Although, MOFs have been 

successfully synthesized by various ways and potentially applied for several applications, 

here few important applications have been discussed. In this thesis four important 

applications of LWMOFs are focused: i) gas storage, ii) proton transport, iii) chemical 

sensing and vi) catalysis (Figure 1.6). 

1.4 Gas storage in MOFs:  

In last two decades, researchers paid much attention to find out excellent gas storage 

materials. Gas storage has huge importance in energy and fuel application. For storage of 

fuel gases such as hydrogen, ethylene, acetylene and methane under practical conditions 

need highly porous and stable material. MOFs are one of the excellent candidates due to 

their high porosity, crystallinity, tunable pore sizes and easy incorporation of functional 

groups in MOF. Other toxic and environmental hazardous gases like CO2, SO2, CO, NO2 

and NH3 can also be captured and separated using porous MOFs. In this thesis, the 

storage of H2 and CO2 adsorption of Ca(II) and Mg(II) based LWMOFs studied 

extensively. So, H2 and CO2 storage application of MOFs has been briefly discussed here. 

1.4.1 H2 storage in MOFs:  

Storage of H2 is highly important due to its application of H2 as a fuel for mobile or 

portable fuel-cell applications. But storage of H2 is also a great challenge due to its very 

small volumetric density, 0.0899 kg/m
3
 at STP, storing hydrogen at ambient temperature 

and pressure is very difficult [1.8]. Even in the liquid state, the volumetric density of 

hydrogen 70.8 kg/m
3 

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 
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and high surface area [1.9]. MOF-storage for H2 works fully reversibly, avoids 

complicated heat treatments and recharging proceeds within seconds or minutes [1.10]. 

This is clearly an advantage over, e.g., metal hydrides, clathrates as storage materials. 

This makes, H2 storage, the most important and attractive application of MOFs. The 

comparative uptake of H2 by an empty tank without any porous materials and MOF filled 

container, thereby showing how important these MOFs are, for the world of today. The 

availability of high resolution crystal structures of MOFs allows direct observation and 

comparison of pore size and geometry, which is almost impossible in other porous 

materials. Potential reaction sites on the organic ligands in MOFs renders post-synthetic 

modifications possible, leading to the introduction of additional active sites for stronger 

H2 binding. The first study of hydrogen adsorption was reported in 2003 for MOF-5 

which shows high BET surface area (3800 m
2
g

-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] have exhibited 

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 

 

Figure 1.7: a) Current status of MOFs’ hydrogen storage capacity at 77 K versus targets. b) 

Excess high pressure H2 uptake capacities at 77 K versus BET surface areas for some highly 

porous MOFs. [Reprinted with permission from [1.10]. Copyright: American Chemical Society] 
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markedly enhances the gravimetric hydrogen uptake at 77 K under high pressure [1.8]. 

However, for volumetric hydrogen capture, adsorption enthalpy of hydrogen (Qst) plays 

the role rather than surface area. In this condition, unsaturated open metal sites are the 

effective tool to enhance the hydrogen uptake capacity in MOF architecture. There are 

some strategies to improve H2 storage in MOFs, such as: i) increase in pore size, pore 

volume and surface area; ii) generation of open metal sites; iii) incorporation of 

functional groups; iv) interpenetration or catenation; v) doping of metal nanoparticles and 

alkali metals in MOFs. 

i) Increase in pore size, pore volume and surface area: H2 storage capacity of 

MOFs depends on its pore size as well as surface area. It has been observed that there is a 

linear relationship between BET surface area and H2 storage capacity i.e. with increasing 

surface area the H2 storage capacity should increase. But this phenomena only applicable 

for high pressure gas adsorption. In literature, the IRMOFs shows similar trends of 

storage properties. 

ii) Generation of open metal sites: The porous MOFs having solvent coordinated 

metal centers can be used for generation of open metal sites. At first the coordinated 

solvents were exchanged by low boiling solvents like MeOH or EtOH and then these 

coordinated solvents removed by activation. Due to the unsatisfied coordination, the 

metal centers able to form a strong Vander-Waals interaction which leads to improve in 

H2 storage capacity. MOF-74 (Mg, Co, Ni, Zn) and HKUST-1 are the best examples 

which show efficient H2 uptake due to open metal sites. 

iii) Incorporation of functional groups: The organic linkers in MOFs play an 

important role in H2 storage capacity. Experimentally and theoretically it has been proved 

that H2 adsorption depends on the numbers of aromatic rings present in the framework. 

Also the functional groups like –F, –OH, –COOH, –NH2, etc. have some affinity towards 

the adsorb H2. Hence MOFs synthesized using the aforementioned functionalized linkers 

will have greater opportunity for H2 adsorption. The best example on this line are 

IRMOF-2, IRMOF-3 and IRMOF-18 having functionality –Br, –NH2 and CH3 groups 

respectively show improvement in H2 adsorption. 
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Table 1.1: Low pressure H2 adsorption in Metal-Organic Frameworks at 77 K temperature and 1 

atm pressure. 

Name of MOFs 
H2 uptake 

(wt%) 
Name of MOFs 

H2 uptake 

(wt%) 

PCN-12
[1.19a]

 3.05 MOC-2
[1.17h]

 2.17 

UTSA-20
[1.19b]

 2.80 UMCM-150
[1.17i]

 2.10 

PCN-14
[1.19c]

 2.70 Ni\DOBDC
[1.17j]

 2.10 

NOTT-103
[1.19d]

 2.56 
Zn2(BDC) 

(TMBDC)(DABCO)
[1.17k]

 
2.10 

PCN-11
[1.19e]

 2.55 Ni3(BTC)2(3-PIC)6(PD)3
[1.18a]

 2.10 

HKUST-1
[1.7]

 2.54 
(In3O)(OH)(ADC)2(IN)2 . 

4.67H2O
[1.19k]

 
2.08 

Cu2(tptc)
[1.19f]

 2.52 Zn2(BDC)2 (DABCO)
[1.17k]

 2.00 

NOTT-100
[1.19d]

 2.52 Mg\DOBDC
[1.17j]

 1.98 

NOTT-140
[1.19g]

 2.50 PCN-6
[1.18b]

 1.90 

MOF-505
[1.19h]

 2.48 NOTT-116
[1.18c]

 1.90 

NOTT-101
[1.19d]

 2.46 CPM-6
[1.18d]

 1.88 

NOTT-105
[1.19d]

 2.46 PCN-68
[1.17c]

 1.87 

Cu4Cl(btt)3/8
[1.19i]

 2.42 Cd-ANIC-1
[1.18n]

 1.84 

Cu6O(tzi)3(NO3)
[1.19j]

 2.40 Co\DOBDC
[1.17j]

 1.81 

PCN-12′
[1.19a]

 2.40 IRMOF-3
[1.18e]

 1.80 

PCN-10
[1.19e]

 2.34 PCN-66
[1.17c]

 1.79 

(In3O)(OH)(ADC)2(NH2I

N)2 . 2.67H2O
[1.19k]

 
2.31 

Zn2(C2O4)(C2N4H3)2.(H2O)0.5
[

1.18f]
 

1.70 

NU-100
[1.17a]

 2.29 Co-ANIC-1
[1.18n]

 1.64 

NOTT-112
[1.17b]

 2.30 
[Co4 (OH)2 (p-CDC)3 DMF2]n 
[1.18g]

 
1.61 

NOTT-109
[1.19d]

 2.28 ZTF-1
[1.18h]

 1.60 

PCN-61
[1.17c]

 2.25 CUK-1
[1.18i]

 1.60 

Mn-BTT
[1.17d]

 2.25 H3[(Cu4Cl)3-(BTTri)8]
[1.18j]

 1.58 

Cu2(qptc)
[1.17e]

 2.24 Zn\DOBDC
[1.17j]

 1.54 

NOTT-106
[1.19d]

 2.24 Bio-MOF-11
[1.18k]

 1.50 

NOTT-107
[1.19d]

 2.21 ZIF-11
[1.18l]

 1.37 

[Zn2(1)(DMF)2]n(DMF)m 

[MOF(4)]
[1.17f]

 
2.20 MOF-5

[1.18m]
 1.32 

NOTT-102
[1.19d]

 2.19 ZIF-8
[1.18l]

 1.30 

[Zn3(OH)(p-

CDC)2.5(DEF)4]
[1.17g]

 
2.10 MOF-177

[1.18m]
 1.25 
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iv) Interpenetration or catenation: The ongoing studies on the H2 uptake in MOFs 

have confirmed that smaller pores actually take up H2 more effectively than very large 

ones [1.12]. Ideally, pore sizes ranging from 4 to 5 Å, which are comparable to the 

kinetic diameter of H2 (~2.8 Å) seems to be ultimate for H2 adsorption in porous MOFs 

[1.13]. Pores of this size allow the dihydrogen molecule to interact with multiple portions 

of the framework rather than just one SBU or organic linker, increasing the interaction 

energy between the framework and H2 [1.14]. This increased interaction between 

adsorbing gas molecules and framework ingredients like SBU, linkers, etc. results into 

the improvement in isosteric heat (Qst) of H2 adsorption giving high uptake at low 

pressure. 

v) Doping of metal nanoparticles and alkali metals in MOFs: The doping of metal 

nanoparticles into the MOF matrix has been studied extensively for its various 

applications in catalysis, drug delivery and gas adsorption [1.15]. The phenomenon of H2 

adsorption in metal doped MOFs is also known as hydrogen spillover effect [1.16]. This 

hydrogen spillover effect has been known for a long time in the hydrogenation catalysts. 

It is defined as the dissociative chemisorptions of hydrogen on the metal and the 

subsequent migration of atomic hydrogen onto the surface of the support such as alumina, 

carbon, etc [1.16a]. The support can be considered as the primary receptor for atomic 

hydrogen. It has been suggested that hydrogen spillover will play a much larger role in 

terms of H2 storage at ambient temperatures, which is the preferred temperature for 

practical applications. These materials are getting attentions of researches due to the 

probable applications of these materials for H2 storage at ambient conditions. 

1.4.2 CO2 storage in MOFs: 

The tremendous growth in global population and industrialization results in huge increase 

in energy consumption. All most 85% of global energy produced from burning of readily 

available natural fossil fuels which releases huge amount of CO2 in atmosphere. Over the 

last half century the concentration of CO2 in    atmosphere changes from 310 ppm to over 

390 ppm, which is highest steep ever in human history. The increasing level of 

atmospheric CO2 is one of the greatest environmental concerns [1.20]. CO2 is one of the 

major components of greenhouse gases which cause global warming. Also the excess 

amount of CO2 can easily dissolve in sea water and converted to carbonic acid. So pH of 
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Figure 1.8: Comparative high pressure CO2 uptake 

properties of literature reported MOFs and activated 

charcoal Norit RB2. [Reprinted with permission from [1.23]. 

Copyright: American Chemical Society]. 

 

sea water drops down and 

make harm to aquatic lives.  

In these regards, despite of 

the sequestration pathway, 

carbon capture systems 

(CCS) must capture the 

CO2 from flue gas in an 

efficient and reversible 

fashion. Although 

utilization of alkanolamines 

and aqueous ammonia-

based liquids for CO2 

capture is well settled on 

the industrial and domestic 

levels, the difficulties due 

to regeneration of these 

CCS brings the limitations 

for their usages [1.21]. Also, solid porous adsorbent materials like zeolites, porous 

alumina, porous silica and activated charcoals or carbons has been used for selective 

capture of CO2 from flue gases, but their amorphous structures, with limited stability in 

environmental conditions restricts their uses on industrial scale [1.22]. From an 

applications point of view, their extraordinary surface areas, finely tunable pore surface 

properties and potential scalability to industrial scale have made MOF materials an 

attractive target for CO2 capture systems (Figure 1.8) [1.23]. Highly crystalline structures 

with predictable topologies, tunable pore sizes, and functionalizable pores with functional 

groups incorporated via linkers or post-synthetic modification makes MOFs as eligible 

materials for highly efficient CO2 capture systems. 

The high CO2 uptake in interpenetrated MOFs than that of its non-interpenetrated 

analogues has been achieved [1.24a]. Since, it has been observed that MOFs possessing 

open metal sites enhances the performance by providing a mechanism for the separation 

of polar/non polar gas pairs such as CO2/CH4; synthesis of MOFs having open metal sites  
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Table 1.2: Low pressure CO2 adsorption capacities for Metal-Organic Frameworks at 273 and 

298 K temperature and 1 atm pressure. 

Name of MOF 

CO2 uptake 

(mmol/g) Name of MOF 

CO2 uptake 

(mmol/g) 

273K 298K 273K 298K 

Mg\DOBDC
[1.16j]

 NA 8.08 MOF-505
[1.18h]

 NA 3.27 

Co\DOBDC
[1.16j]

 NA 7.11 
H3[(Cu4Cl)3-

(BTTri)8]
[1.17j]

 
NA 3.25 

Ni\DOBDC
[1.16j]

 NA 5.80 

(In3O)(OH)(ADC)2(

NH2IN)2 . 2.67 

H2O
[1.18k]

 

NA 3.21 

Zn\DOBDC
[1.16j]

 NA 5.51 CPM-6
[1.17d]

 4.76 2.90 

UTSA-20
[1.18b]

 NA 5.01 
TMA@ Bio-MOF-

1
[1.25f]

 
4.5 NA 

HKUST-1
[1.9c]

 NA 4.72 
TEA@ Bio-MOF-

1
[1.25f]

 
4.2 NA 

Zn + 4,4’ bipy + 

(BTA-TBA)
[1.25a]

 
NA 4.10 

TBA@ Bio-MOF-

1
[1.25f]

 
3.5 NA 

Bio-MOF-11
[1.17k]

 6.0 4.01 UMCM-150
[1.16i]

 NA 2.80 

[Zn2(1)(DMF)2]n(DM

F)m[MOF(4)]
[1.25b]

 
5.80 NA 

Zn2(BDC)2 

(DABCO)
[1.16k]

 
NA 2.71 

[Zn3(OH)(p-

CDC)2.5]n
[1.25c]

 
NA 4.00 CPM-5

[1.17d]
 3.62 2.43 

Cd-ANIC-1
[1.17n]

 4.72 3.84 ZIF-78
[1.25g]

 3.348 2.23 

ZTF-1
[1.17h]

 5.35 3.79 ZIF-96
[1.25h]

 NA 2.16 

Zn2(C2O4)(C2N4H3)2.(

H2O)0.5
[1.17f]

 
4.30 3.78 IRMOF-3

[1.17e]
 NA 2.14 

Co-ANIC-1
[1.17n]

 4.22 3.48 
(In3O)(OH)(ADC)2(I

N)2 . 4.67 H2O
[1.18k]

 
NA 2.08 

CUK-1
[1.17i]

 NA 3.48 MOF-177
[1.17m]

 NA 1.72 

YO-MOF
[1.25d]

 NA 3.39 ZIF-69
[1.25g]

 3.03 1.69 

SNU-M10
[1.25e]

 NA 3.30 MOF-5
[1.17m]

 NA 0.92 
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has been reported vastly in the literature [1.24b,c]. For example, in HKUST-1 high CO2 

uptake has been achieved as a result of open metal sites [1.24d]; whereas in the case of 

Mg-MOF-74, as a result of open metal Mg-sites high CO2 uptake and separation of CO2 

from flue gases has been achieved [1.24e]. The selective adsorption mechanism may 

occur due to the coordination of CO2 to the metal center in an end-on fashion, i.e. 

O=C=OMetal centre. The MOFs having free functional groups, i.e. surface 

functionalized frameworks enhances the capacity and selectivity of MOFs for CO2 

adsorption by grafting a functional group with a high affinity for CO2 (e.g. amine, 

arylamine, alkylamine, hydroxyl groups, etc.). These functional groups enhance the 

selective interaction between CO2 and the functionalized molecule as well as the 

constriction in the pore space of functionalized framework compared to the parent non-

functionalized material. The high CO2 uptake observed in Bio-MOF-11 and ZTF-1 are 

the examples of high CO2 uptake in functionalized MOFs [1.17h,k,n]. The utilization of 

porous materials with highly electronegative functionalities like F, CF3 etc. having 

optimal adsorption thermodynamics and kinetics for CO2 separation at room temperature 

has been successfully achieved [1.24f]. 

As discussed earlier, although materials with high CO2 uptake capacities are 

important for various applications, the necessity of another kind of porous substances 

which can selectively adsorb CO2 from mixture of gases are very important for industrial 

applications. The preferential uptake of CO2 from mixture of gases like N2, CO, H2, CH4, 

etc. is desired to separate the harmful gases from others in order to avoid the 

environmental issues. In these regards, MOFs with open metal sites, functional groups 

are mostly used as these MOFs adsorb the CO2 very strongly over other gases due to high 

affinity. The successful utilization of several MOFs like SIFSIX-2-Cu, SIFSIX-2-Cu-I, 

SIFSIX-3-Zn, Mg-dobdc, IRMOFs, ZIFs, etc. having functional groups or open metal 

sites is successfully achieved [1.24]. The higher separation factor desired in porous 

materials has been successfully acquired in Mg-MOF-74, due to CO2 adsorption over 

large temperature range as shown in [1.24e]. 

1.5 Proton transport in MOFs:  

The extensive use of fossil fuel as an energy source for rapidly growing industry and 

population shows a big question mark on availability of this natural source in near future 
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[1.26]. Hence, there are growing 

pressures to progress from a fossil 

fuel based economy to an alternative 

renewable energy economy [1.27]. 

Fuel cell technology is one of the 

promising alternatives of fossil fuel 

technology. In the hydrogen fuel 

cells, H2 has been as the source of 

proton. The basic setup of fuel cell 

consist a negative side anode which 

withdraw electron from hydrogen to 

produce proton (Figure 1.9). These 

electrons then flow through the 

external circuit to reach cathode by 

producing direct current. On the 

other hand, the protons generated in 

anode pass through a proton conducting membrane to reach cathode. On cathode, protons 

react with supplied oxygen to produced heat and water. Thus the chemical energy of H2 

converted to electrical energy. The heart of fuel cell is the proton conduction process. Till 

date most explored proton conducting materials are polymers like nafion and 

polybenzamidazole. These polymer membranes have high proton conducting 

performance, but they have some disadvantages such as i) only work in presence of 

moisture (water), ii) efficiency goes down at high temperature (> 80 ˚C), iii)  high cost to 

use in large scale for any technology. In these circumstances researchers are giving huge 

attention to develop some cheap and efficient alternative proton conducting materials. 

Last few years, researchers have explore some proton conducting materials in addition 

with polymers like oxo acids, metal oxides or hydroxides, inorganic- organic hybrid 

materials, etc. Porous solids such as mesoporous silica, organic porous solids, metal-

organic frameworks (MOFs) have also been used as possible proton conducting 

materials. Now days the modern electronic devices like laptop, and cellular phones 

required fuel cells which have higher proton conductivity (> 0.1 S/cm) and operating 

Figure 1.9: Model representation of proton 

exchange membrane fuel cell (PEMFCs). 
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temperature range 25 to 300 ˚C. Porous solids like MOF could be most promising 

materials to fulfill these requirements. 

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 

(Figure 1.10) [1.28, 3.8]. 

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 

mechanism occurs by the movement of guest molecules (imidazole, triazole etc.) through 

the MOF architecture to conduct protons (Figure 1.10). Based on the above discussion 

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

(hydrous) proton conductivity [1.29] (b) Anhydrous proton conductivity [1.30]. 

1.5.1 Challenges of proton conductivity in MOFs:  

There are some challenges and opportunity in designing MOFs as proton conducting 

materials which are discussed here. 

Figure 1.10: a) Vehicle proton hopping mechanism through 

the network. The arrow indicates the movement of protons. b) 

Mechanism of Grotthuss proton hopping through the H 

bonded network of water. 
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i) In general MOFs are unstable in humidified condition. In presence of water MOF 

framework get deconstructed to form metal oxides or hydroxides. However, few selected 

metal clusters linked by carboxylate moieties [e.g. Cr3O(COO)6F/OH, 

Zr6O4(OH)4(COO)6] proved to be effective in tolerating water even at higher 

temperatures. 

ii) The inherent porosity inside MOF framework can provide fuel cell crossover 

problem in PEMFCs. This problem can be minimized by filling up these pores with water 

or proton conducting molecules. Otherwise incorporation of proton conducting functional 

groups inside pore walls can also help to overcome this problem. 

iii) MOFs are highly crystalline or microcrystalline powder which creates grain 

boundary problem during palate making. Due to the presence of grain boundary the 

materials show lower proton conduction performances. This problem can be minimized 

by using MOF-polymer composite membranes where polymer will be act as binding 

agent to reduced grain boundary. 

  1.5.2 Water assisted proton conductivity in MOF: 

Humidified condition is required for hydrous proton conduction process in case MOF 

based materials. The incoming water molecules, as well as trapped water (solvent of 

crystallization) form a water channel inside the MOF pores. The proton produced from 

water by electrical potential stimuli. These protons conduct through the hydrogen bonded 

water channels at low activation energy (< 0.4 eV) and low temperature (below 100 °C). 

This is the typical characteristics of Grotthouss proton conduction mechanism pathway. 

Proton conduction in MOFs in humidified condition can be categorised in two primary 

sections based on the framework nature, conduction pathway and proton carrier 

molecules. a) Inherent water assisted proton conduction and b) Framework ion induced 

proton conduction.  

1.5.2.1 Inherent Water assisted proton conduction:  

The inherent water assisted proton conduction happens due to the presence of water 

molecules inside the MOF pores. Two types of water can be present inside the MOF 

pores, a) water molecules coordinated to the metal centre of the MOF moieties or b) 

water molecules trapped inside the pore of MOF structure. Bothe the cases proton 
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conduction phenomena enhances in humidified conditions. Proton conducting ability 

have been investigated on 1-dimensional chain systems based MOFs with oxalate 

bridging moieties [1.29c]. The first system examined was ferrous oxalate dihydrate which 

consists of octahedral Fe
2+

 metal centres linked with bidentate oxalate ligands and axially 

coordinated water molecules to form one-dimensional (1D) chain polymer (Figure 1.11). 

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 (Fe
2+

) 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 coordination polymers 

[1.29h and i] with various divalent metal centre (Co, Mg, Mn, Ni and Zn) (Figure 1.11) . 

However, the proton conductivity of these materials are low [4 × 10
-5

 Scm
-1

] in hydrous 

condition. Both ferrous oxalate and Dhbq based MOF do not show proton conductivity in 

 

Figure 1.11: Inherent Water assisted proton conduction in a) ferrous oxalate dihydrate and b) 

Mn-dihydroxybenzoquinone MOF {Mn(DHBQ)(H2O2)}. 

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 
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two dimensional coordination polymer has been reported [1.29b] for hydrous proton 

conduction. The MOF (Zn3Btp/PCMOF3) has been synthesized from the 1,3,5 

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 centres layers. Water molecules reside in order fashion among the layers 

and create strong hydrogen bonded network which promotes the proton conduction 

pathway. 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 by keeping 

the hybrid nature of both PCMOF2 and PCMOF3 [1.29j]. The resulting material named 

as PCMOF2
1/2

 has very high proton conductivity 2.1 × 10
−2

 Scm
−1

 at 90% RH and 85 °C. 

The PCMOF2
1/2

 also showed highly humidity dependent proton conductivity. At 50% 

RH, the conductivity of PCMOF2
1/2

 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.  

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 [1.30k]. 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. 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 
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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 [1.30i]. The inner cavities 

of this framework are occupied by the large numbers of DMF and water molecules. The 

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

. 

1.5.1.2 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, [1.29e] 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  

 

Figure 1.12: Ion assisted proton conduction in a) Zn-oxalate based 2D MOF and b) (NH4)2(adp)-

[Zn2(ox)3]·3H2O. 

1.12). 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 
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proton conductivity at hydrous condition is due to the extended hydrogen-bonded 

network that is generated from the strong hydrogen bonding between ammonium cations, 

adipic acids and water molecules inside the 2D architecture. The proton conductivity of 

similar kind oxalate-bridged bimetallic complexes NH(prol)3} [M
II
Cr

III
(ox)3] (M

II 
= Mn

II
, 

Fe
II
, Co

II
) also have been examined, [1.29n] 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 × 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. Proton conduction 

of related bimetallic oxalate-based MOFs [N(R)3(CH2COOH)][FeCr(ox)3] also have been 

investigated [1.29q] 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 

Table 1.3: 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 1.29e 

2 1D Ferrous Oxalate 

Dihydrate 

1.3 × 10
-3

 0.37 25 °C and 98%  RH 1.29c 

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

.4H2O 

1.1 × 10
-3

 0.23 25 °C and 98%  RH 1.29o 

4 Cucurbit[6]uril (CB[6]) 1.1 × 10
-3

 0.39 25 °C and 98%  RH 1.29d 

6 {-PCMOF2(Tz)0.45} 5 × 10
-4

 0.51 150 °C 1.29b 

7 Mg2(dobdc)3.0.35LiOiPr3. 

0.25LiBF4. EC3. DEC 

3.1 × 10
-4

 0.14 27 °C 1.29p 

8 {NH(prol)3}[MIICrIII(ox)3] 

(MII ) =MnII, FeII, CoII) 

1 × 10
-4

  25 °C and 75% RH 1.29n 

9 (H5C2)2(dtoa) Cu 1 × 10
-4

  25 °C and 80%  RH 1.29i 

11 [Zn(l-LCl)(Cl)](H2O)2 4.45 × 10
-5

 0.34 28 °C and 98% RH 1.29l 

12 PCMOF-3 3.5 × 10
-5

 0.17 25 °C and 98%  RH 1.29b 

13 [M IL-53(Fe)-(COOH)2] 2.0 × 10
-6

 0.21 25 °C and 98%  RH 1.29a 

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 
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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). 

1.6 MOF as chemical sensor: 

Conversion of chemical information of a molecule into detectable and analyzable signals 

is defined as chemical sensing. A huge range of sensor materials, starting from very small 

molecules to large polymeric materials, have been used for chemical sensing. The sensor 

materials generally interact or react with analyte molecules and produce some response in 

terms of mechanical, photophysical or electrical signals. Chemo sensors are essential for 

range of applications including chemical threat detection, medical diagnostics, food 

quality control, occupational safety, environmental monitoring and industrial process 

management. MOFs can be applied as an important candidate for sensor materials due to 

its tunable properties and structure [1.31]. For device application needs thigh thermally 

and chemically stable materials. MOFs are advantageous on this respect, because it has 

high thermal stability (> 350 ˚C) and some of the MOFs are chemically stable also. 

MOFs can be easily designed according to the desire properties for particular 

applications. Since MOFs have uniform and definite pore size, it can allow size selective 

sensing. Depending on the techniques or mechanism of sensing process the chemo 

sensors can be classified as-  

1.6.1 Solvatochromic or vapochromic sensor:  

This is the simplest process of detection, where the detection can be recognize by visible 

color change of the sensor materials. Solvatochromism happens due to the large shift in 

the absorption spectra of the materials in presence of different polarity of solvents. The 

difference in polarity of the solvent, changes the dipole moment of the excited electronic 

state of the chromophoric component of the material. If the excited state features a larger 

dipole moment than the ground state, it is preferentially stabilized by polar solvents, and 

bathochromic shifts (red shifts) are observed with increasing solvent polarity. 

Conversely, if the ground state has the larger dipole moment, hypsochromic shifts (blue 

shifts) occur with increasing solvent polarity. For a chromophore containing MOF, 
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sorption of vapor is the equivalent of solvating a molecular absorber, and vapochromic 

trends should match solvatochromic ones. As an example, Lu et al. synthesized a copper 

MOF containing the ligand 3,6-di(pyridin-4-yl)-1,2,4,5-tetrazine (dptz), which shows 

solvatochromic behavior when immersed in solvents ranging in polarity from water to 

chloroform (Figure 1.13a) [1.32]. Overall, the material shows a negative solvatochromic 

effect with the absorption band blue-shifting with increasing solvent polarity. 

 

Figure 1.13: a) Visible spectra and photograph of MOF crystals containing solvents (condensed 

vapors). A negative vapochromic effect is observed for both hydroxylic and nonhydroxylic vapors 

(solvents). Reprinted with permission from ref. [1.31]. Copyright: American Chemical Society. b)  

Illustration of the color changes of Nile Blue@DUT-25 crystals by use of basic or acidic solvents. 

Reprinted with permission from ref [1.32]. Copyright: Wiley-VCH. 

Two distinct groupings were observed, one for hydroxylic andone for nonhydroxylic 

solvents, when the measured band gaps were plotted versus solvent polarity. A 

appropriste example of Vapochromic MOFs reported by Lee and coworkers, where 

Co(II) nodes coordinated to 1,2,4,5-tetra(2H-tetrazole-5-yl)-benzene (TTB) (Figure 

1.13b) [1.33]. This red colored MOF can sense chloride ions derived from chlorine-

containing vapors or gases. Interestingly, when the MOF was exposed to chlorine-

containing gases, including HCl, SOCl2, (COCl)2, and COCl2 (phosgene), its color 

changes from red to blue. 

1.6.2 Luminescence based MOF sensors:  

The most widely used MOF sensors are based on the photo luminescence properties. 

Luminescence properties can be studied using fluorescence spectroscopy, which is very 

well explored technique. In MOF based materials, the analytes come contact with 
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fluorescence centers present in pores and interact or react to produce signals in terms of 

enhancement or quenching of the fluorescence intensity and also by shifting of emission 

maxima. Luminescent MOFs are also works in three ways such as i) luminescent organic 

linker based MOFs, ii) luminescent metal based MOFs and iii) MOFs incorporated with 

luminescent gust. Among these three types linker based MOFs are most effective, 

because analytes can easily interact with linkers present on the MOF pores rather than 

core metal centers. The appropriate example will be The chemosensory material, 

Zn2(bdc)2(dpNDI) (bdc = 1,4-benzenedicarboxylate; dpNDI =N,N-di(4-pyridyl)-1,4,5,8-

naphthalenediimide) reported by Kitagawa and coworkers [1.34]. NDI is well known to 

generate exciplex emission when interacting with aromatic molecules in solution, and 

these phenomena are transferred to the MOF structure. Different pure aromatic 

substituents are soaked in Zn2(bdc)2(dpNDI) MOF. The analytes include benzonitrile, 

toluene, benzene, anisole, iodobenzene, and xylenes. In all cases it was observed that a 

new broad absorption peak popped up between 420 and 500 nm, indicating a ground-state 

charge transfer (CT) interaction between NDI and the guest (Figure 1.14). The 

exceptional behavior observed  

 

Figure 1.14: a) MOF powders suspended in organic liquid indicated, under 365 nm irradiation. 

b) Height-normalized luminescent spectra of guest-containing MOFs upon excitation at 370 nm. 

Reprinted with permission from ref [1.33]. Copyright: Nature Publishing Group. 

for benzonitrile.  Each analyte also exhibited exciplex emission, but at different 

wavelengths. The emission systematically shifted to longer wavelength with increasing 

electron-donating capability of the analyte. 
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1.6.3 Sensor based on Impedance Spectroscopy:  

Electrochemical sensors are also important for quantitative and high performance 

sensing. The electrochemical signals produced in presence of analytes can be measured 

by impedance spectroscopy. MOF based electrochemical sensors generally works due to 

the conduction of electrons, protons or ions through the MOF pores. The analyte 

 

Figure 1.15: a) MOF films deposited on interdigital electrodes. b) MOF pellet pressed between 

gold disk electrodes. Reprinted with permission from ref [1.35]. Copyright: MDPI AG. 

concentration can be measured from the change in the conductivity values. Mainly gases 

like CO2, NO, O2, H2 and etc can be quantitatively sensed using this type of MOF sensors 

(Figure 1.15) [1.35]. 

1.6.4 Interferometric MOF sensors:  

Other optical methods that have been used for sensing differ from luminescence and 

solvatochromic measurements in that they do not involve absorption or emission of light 

by the MOF. Instead, they measure the MOF refractive index (RI), a bulk property (i.e., 

composite, volume-weighted property of vacuum (RI = 1), empty framework, and 

adsorbed guest) that changes depending on the amount and RI of the guest. 

1.6.5 Surface plasmon resonance based MOF sensors:  

Like interferometry, surface plasmon resonance spectroscopy indirectly detects analytes 

by measuring changes in MOF RI. When small silver, gold, or copper nanoparticles are 

irradiated with white light, the conduction band electrons oscillate coherently, a 

phenomenon known as localized surface Plasmon resonance (LSPR) [1.36]. The 
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frequency of this resonance depends on the RI of the medium surrounding the particles, 

and changes in this RI can be detected as shifts in the visible extinction spectrum via 

LSPR spectroscopy. Kreno and co-workers exploited this RI sensitivity to sense sorption 

of guests inside of a MOF grown on the surface of plasmonic nanoparticles.  

1.6.6 Photochromic MOF sensors: 

Other than molecules MOF can also applied for sensing of different electromagnetive 

waves like X-ray, Uv light, visible light, etc. In this thesis we also describe the some 

photochromic properties of MOFs. In literature very few light sensing MOFs are 

reported. Zuo and coworkers reported [1.37] a reversible photochromic MOF using 

Ca(II) as metal source and NDI based organic linker as chromophoric unit. These 

materials (as synthesized) are yellow in color and by shining with sunlight it converts to 

dark green crystals. The green crystals again go back to original state after keeping it into 

dark foe 2 days (Figure 1.16a). Gong and coworkers reported [1.38] a photochromic and 

thermochromic MOF using Cd(II) and triphenyltricarboxylicacid (TTCA). Methyl 

viologen cations were loaded into the MOF to get the photochromic material. The as 

synthesized  

 

Figure 1.16: a) NDI chromophore containing Ca-MOF showed reversible photochromism in 

visible light. b) Methyl viologen cations were loaded MOF showed thermochromic and 

photochromic properties. Copyright: Royal Society of Chemistry. 

orange colored material converted into dark on shining with X-ray or UV light. The dark 

crystals go back to original state in presence of oxygen gas (Figure 1.16b). 

1.7 Catalysis in MOFs:  

MOFs can be used as porous heterogeneous catalyst for lots of organic reactions. In 

industrial applications zeolites are used as porous heterogeneous catalyst. But MOFs are 
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more advantageous over Zeolites in terms of chemical stability, tunable porosity and 

design functionality according to desired catalytic property. Also MOF catalyst are 

cheap, green and have high recycle numbers. The high surface areas, uniform pore size 

and high density of active sites within the open structures of MOFs offer their use in 

catalysis [1.39]. The first MOF based catalysis was reported by Fujita and coworkers in 

1994. A 2D MOF synthesized from Cd
2+

 and 4,4’bipyridine, was used for shape and size 

selective clathration of aromatic guests[1.40]. In 2000 Kim and coworkers first reported 

[1.41] asymmetric 

 

Figure 1.17: Catalysis in MOFs can be categorized into three types, a) metal node based 

catalysis, b) organic linker based catalysis and c) multifunctional catalysis. 

catalysis in MOF. Zn(II) based hommochoral 3D MOF was synthesized using a chiral 

linker in which Ru(bpy)3
2+

 coplex was incorporated to make the material catalytically 

active. This MOF showed high catalytic performance for transesterification reaction with 

~8 ee(%) at room temperature. Since MOFs are well known as inorganic- organic hybrid 

materials, both organic linker and metal centers can take part in catalysis. Based on the 

position of the catalytic inside the framework, it can be categorized into three types, i) 

metal node based catalysis, ii) organic linker based catalysis, iii) multifunctional catalysis 

(Figure 1.17). 

1.7.1 Metal node based catalysis:  

There are some reports where the metal centers in MOF perform the catalysis. The 

unsaturated metal centers acts as the Liwes acid centers and hence if instaurations can be 

created in MOF, it will act as catalyst.  Long and coworkers have shown Liwes acid 

catalyzed cyanosilylation of aromatic ketones and aldehydes in presence of Mn based  
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Figure 1.18:  Example of metal node based catalysis in Mn3[(Mn4Cl)3(BTT)8(MeOH)10]2. 

Reprinted with permission from ref [1.42]. Copyright: American Chemical Society. 

MOF (Mn3[(Mn4Cl)3(BTT)8(MeOH)10]2) [1.42]. There was unsatisfied coordination of 

Mn
2+

 which acts as catalytic centers. The yield was nearly 90% and also showed size 

selectivity due to the 10 Å MOF pore diameter (Figure 1.18). 

1.7.2 Organic linker based catalysis:  

MOFs can be designed using catalytically active organic linkers. Mostly the organic 

linkers are more expose to the pore walls than metal centers, which makes the reactant 

accessible to the catalyst. Telfer and coworkers [1.43] have made proline functionalized 

linker for synthesis of Zn based MOF. Proline is well known for organic catalytic 

reactions. Here the IRMOF-Pro has been demonstrated catalytic activity towards 

asymmetric aldol reactions (Figure 1.19).    

 

Figure 1.19:  Example of organic linker based catalysis in IRMOF-Pro. Reprinted with 

permission from ref [1.43]. Copyright: American Chemical Society. 

1.7.3 Multifunctional catalysis:  

When metal and ligand both can show catalytic activity inside a MOF, it can be possible 

to perform sequential catalysis reaction in one port. Lin and coworkers reported  
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Figure 1.20:  Example of multifunctional catalysis in CMOF-1. Reprinted with permission from 

ref [1.44]. Copyright: American Chemical Society. 

Table 1.4 Literature reported examples of MOF based catalysts and summary of active 

functionalities involved in these MOFs as catalytic centers. 

MOF 

Metal 
MOF Linker Active Centre Catalytic Reaction 

Cu 4,4′-bipyridine Metal Allylic oxidation
[1.46a]

 

Zn 
1,4-benzene dicarboxylic 

acid (IRMOF-1) 
Metal 

Cycloaddition of CO2 and 

epoxides
[1.46d]

 

Cu 

1,2,4,5-

benzenetetracarboxylic 

acid, 2,2’-bipyridine 

Metal Oxidation of olefinz
[1.46b]

 

Zn 

1,4-benzene dicarboxylic 

acid, 2-amino terephthalic 

acid 

Linker and Metal 
Cycloaddition of CO2 and 

epoxides
[1.46c]

 

Zn 
2-aminoterephthalic acid 

(IRMOF-3) 
Linker Knoevenagel reaction

[1.46d]
 

Cr 

1,4-benzene dicarboxylic 

acid, ethylenediamine 

(ED-MIL-101) 

Coordinated 

ethylene-diamine 
Knoevenagel reaction

[1.46e]
 

Zn 
2-methyl imidazole  

(ZIF-8) 

Incorporated 

Au/Ag/Pd/Pt 

nanoparticles 

Nitro reduction, CO oxidation, 

Suzuki coupling
[1.45]

 

Cu 
Imidazole 

[Cu(im)2] 
Metal 

Oxidation of activated alkanes, 

1,3-dipolar cycloaddition
[1.46f]

 

Zn 
Porphyrin  

[ZnPO-MOF] 

Zn(II) - porphyrin 

sites 

Acyl transfer between N-

acetylimidazole and 

pyridylcarbinols
[1.46g]

 

Co 
Benzimidazole 

(Co-ZIF-9) 

Metal and 

coordinated N-atoms 

Photocatalysis and water 

splitting
[1.46h]
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multifunctional MOF (CMOF-1) [1.44], which was used as catalyst for sequential 

reaction of epoxidation-epoxide opening reaction. Mn(salen) linkers catalyze the 

asymmetric epoxidation of alkenes and Zn SBUs catalyze the stereo and regioselective 

epoxide opening (Figure 1.20). 

MOFs can also be used as catalytic supports, whereby the MOF is used as a 

carrier for an active site e.g. MOF-5 [1.45]. The porous MOFs and ZIFs with 

considerable stability have been successfully utilized as a catalytic support in many 

catalytic reactions such as use in the epoxidation of propylene with molecular oxygen by 

incorporating Ag into MOF-5, H2O2 synthesis from the elements utilizing Pt on MOF-5, 

the synthesis of methanol from synthesis gas utilizing Cu on MOF-5, and also in the 

hydrogenation of cycloctene by incorporating Pd onto MOF-5 [1.46a]. The Au and Ag 

nanoparticle incorporated ZIFs and MOFs have been effectively utilized as catalyst for 

nitro reduction reaction to produce commercially important amines and other reagents 

[1.46b].
 
The various as synthesized or post-synthetically modified MOFs have been used 

for the synthesis of various commercially important chemicals, to catalyze organic 

transformation reactions (e.g. Suzuki, Sonogashira, Heck, etc.), various oxidation and 

reduction reactions, tandem and cascade reactions [1.46c-e]. 

1.8 Introduction to Lightweight Metal-Organic Framework (LWMOFs): 

Most commonly used metals for MOF synthesis are the transition metals and lanthanides 

because of their well define coordination behavior. But lightweight metals i.e. Li, Na, Ca, 

Mg, Al, K, etc are rarely used for MOF synthesis in literature. Metal-organic frameworks 

made of such lightweight metals are well known as lightweight metal-organic 

frameworks (LWMOFs) (Figure 1.5). Since, inside the MOF structure the organic linkers 

are constructed from C, H, N, O, S and B, which are light elements and only the heaviest 

parts are the metal centers. So by using the lightweight metals LWMOFs can be 

synthesized. All the chapters in this thesis mainly focused on the synthesis of Ca(II) and 

Mg(II) based LWMOFs followed by deeply investigate their chemical as well as 

electrochemical properties and their applications in important areas based on their 

properties.  
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Figure 1.21: Introduction of lightweight metals and LWMOFs synthesis. 

1.9 Advantages of Lightweight Metal-Organic Framework (LWMOFs): 

As previously discussed that transition metals and lanthanides are widely used for MOF 

synthesis, but lightweight metal containing MOFs are less explored. The lightweight 

metals have high charge density, which results in high affinity to bind to the ligands with 

unpredicted geometry. Also these metals have tendency to bind with polar solvents and 

form low dimensional structures rather than three dimensional (3D) MOF structures. 

Even then, there are lots of advantages of lightweight metals, if 3D MOFs can be 

synthesized the by overcoming these limitation. Since in this thesis mainly Ca(II) and 

Mg(II) based LWMOFs has been discussed, here advantage of Ca and Mg metals are 

focused. 

i) High abundance in earth crust: The lightweight metals especially Ca and Mg are 

the one of those most abundant elements present in upper shell of earth crust (Table 

1.5) [1.47]. Hence the materials produced from these elements will be 
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Table 1.5: Top 10 abundance elements present in earth crust. 

Element Abundance 

percent by weight 
Abundance 

parts per million by weight 

Oxygen 46.1% 461,000 

Silicon 28.2% 282,000 

Aluminum 8.23% 82,300 

Iron 5.63% 56,300 

Calcium 4.15% 41,500 

Sodium 2.36% 23,600 

Magnesium 2.33% 23,300 

Potassium 2.09% 20,900 

Titanium 0.565% 5,650 

Hydrogen 0.14% 1,400 

Table 1.6: Human body elemental abundance. 

Serial Element Proportion (by mass) 

1 Oxygen 65% 

2 Carbon 18% 

3 Hydrogen 10% 

4 Nitrogen 3% 

5 Calcium 1.5% 

6 Phosphorus 1.2% 

7 Potassium 0.2% 

8 Sulfur 0.2% 

9 Chlorine 0.2% 

10 Sodium 0.1% 

12 Magnesium 0.05% 

13 Iron < 0.05% 

14 Cobalt < 0.05% 

15 Copper < 0.05% 

16 Zinc < 0.05% 

17 Iodine < 0.05% 

18 Selenium < 0.01% 
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Figure 1.22: Most important advantages to use lightweight 

metals for MOF synthesis. 

 

very low cost materials (Figure 1.22). 

ii) Nontoxic for biological system: All lightweight metals have high importance in  

biological system. 

Calcium and Magnesium 

are the 5
th

 and 12
th

 highly 

abundant element in 

human body (Table 1.6) 

[1.47].  Calcium is 

essential for 

living organisms, in 

particular 

in cell physiology, where 

movement of the calcium 

ion Ca
2+

 into and out of 

the cytoplasm functions 

as a signal for many 

cellular processes. As a 

major material used in 

mineralization 

of bone, teeth and shells, 

calcium is the most 

abundant metal by mass 

in many animals. In human biology, magnesium is the eleventh-most-abundant element 

by mass in the human body. Its ions are essential to all living cells, where they play a 

major role in manipulating important biological polyphosphate compounds like ATP, 

DNA, and RNA. Hundreds of enzymes, thus, require magnesium ions to function (Figure 

1.22) [1.48]. 

iii)  Environmental nonhazardous: The lightweight metals are nontoxic as well as 

environmentally nonhazardous. So, environmental friendly MOFs can be easily 

synthesized by designing such nontoxic organic linkers (Figure 1.22). 
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Figure 1.23: The metal-oxygen bonds in 

LWMOFs are stronger than other MOFs. 

iv) Low mass density storage materials: MOFs are well known for gas storage 

application and for this low density materials are advantageous over others. Especially 

for vehicular engine (high speed cars or aircraft) needs very lightweight materials for 

fuel (hydrogen gas) storage gadgets (Figure 1.22) [1.49]. 

v) Stable ionic bond formation: As 

compare to transition metals the 

lightweight metals have high charge 

density (Table 1.7). So, lightweight metals 

forms strong ionic bonds rather than 

covalent bonds. The ionic bonds are far 

strong than covalent bonds and hence 

LWMOFs are more stable than other 

MOFs (Table 1.8) [1.48].  

Table 1.7: Properties of lightweight Metal Cations. 

Metals Atomic 

radius (Å) 

Ionic radius 

(Å) 

Ionizatin energy 

(KJ/mol) 

Electronegativity 

(Pauling) 

Li  1.52 0.76 520.1 1.0 

Na  1.86 1.02 495.7 0.9 

K  2.27 1.38 418.6 0.8 

Rb  2.48 1.52 402.9 0.8 

Cs  2.65 1.67 375.6 0.7 

Be  1.12 0.31 1757 1.5 

Mg 1.60 0.72 1450 1.2 

Ca  1.97 1.00 1145 1.0 

Sr 2.15 1.18 1064 1.0 

Ba 2.22 1.35 965 0.9 
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Figure 1.24: Crystal structure of MIL-100 and MIL-101 showing 

large pore volume for gas adsorption. Reprinted with permission 

from ref [1.50]. Copyright: Wiley-VCH. 

Table 1.8: Average bond distance variation in lightweight metal carboxylate networks* 

Metal−Ocarboxylate Distance (Å) Metal−Ocarboxylate Distance (Å) 

Li−O  1.976 (0.09) Be−O 1.636 (0.005) 

Na−O  2.431 (0.004) Mg−O 2.066 (0.02) 

K−O 2.802 (0.006) Ca−O 2.428 (0.006) 

Rb−O  2.997 (0.016) Sr−O 2.622 (0.006) 

Cs−O 3.185 (0.015) Ba−O 2.816 (0.005) 

*Cambridge Crystallography Database (CSD). 

1.10: Important Applications of Lightweight MOFs (LWMOFs): 

Based on the aforementioned advantages the LWMOFs has been used for several 

applications like i) gas storage and separation, ii) heterogeneous catalysis, iii) chemical 

sensing, iv) proton or ion conduction, v) drug delivery, vi) encapsulation of active 

molecules, etc.  

i) Gas storage and separation: The most important application of porous LWMOFs is 

the gas storage. The 

commonly used metals 

for MOF synthesis are 

transition metals and 

lanthanides. Because 

of their well define 

coordination 

geometry, highly 

porous MOFs can be 

easily synthesized. 

Due to the high mass 

density of   these 

metals, the gravimetric 

gas adsorption is less. So researchers started using main group metals for MOF synthesis. 

The main group metals like Na, K, Mg, Ca, Al, etc have low mass density, which results 
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in formation of very low density MOF materials or LWMOFs. The gravimetric gas 

uptake is higher in case of LWMOFs. Férey and coworkers [1.50] synthesized Al-MIL-

53, Al-MIL-100 and Al-MIL-101 which have been applied for H2 storage application. Al-

MIL-53 was synthesized using 1,4-benzene dicarboxylic acid and Al(NO3)3, have 1D 

channels with large free diameters of about 8.5 Å and a  large BET surface area of 1100 

m
2
g

-1
. The compound exhibited a maximal hydrogen storage capacity of 3.8 wt% at 77 K 

and 16 bar. Al-MIL-100 and Al-MIL-101 was synthesized from carboxylate moieties 

(BTC for MIL-100 and BDC for MIL-101). These MILs have two types of pores, smaller 

pore has 12 pentagonal pores and larger pores have 12 pentagonal and 4 hexagonal faces. 

The accessible diameters of the cages were 25 and 29 Å for MIL-100 and 29 and 34 Å for MIL-

101. The MIL-100, which was previously out-gassed at 493 K, had a Langmuir surface area of 

2700 m
2
g

-1
 and a maximum hydrogen uptake of 3.28 wt% at 77 K and 26.5 bar. The 

MIL-101b, obtained after removal of all gusts from the pores, have very high Langmuir 

surface area 5500 m
2
g

-1
. The maximum hydrogen adsorption capacity of MIL-101b 

reached 6.1 wt% at 80 bar and 77 K. The high adsorption capacity of MIL-101b was 

attributed to its high adsorption heat (9.3 to 10.0 kJ mol
-1

 at low coverage), which was 

larger than that of MIL-100 (5.6 to 6.3 kJ mol
-1

 at low coverage). 

 

Figure 1.25: Generation of open metal sites in Mg-MOF-74 for enhancement of gas storage 

properties. 

Since the lightweight metals have tendency to coordinate with solvent along with the ligand, the 

framework have opportunity to produce open metal sites inside the MOFs. The open metal sites 

are advantageous for high gas storage and separation. Especially polar gases like CO2, CO, NO 



 

                                                                                                                                                                                   

Chapter 1                                                                                 Introduction of lightweight… 

 2015-Ph. D. Thesis: Arijit Mallick, (CSIR-NCL), AcSIR  39 
 

etc have high affinity towards open metal sites. Yaghi and co-workers [1.51] showed that, Mg-

MOF-74 (Figure 1.25), with open magnesium sites, rivals competitive materials in CO2 capture, 

with 8.9 wt. % dynamic capacity, and undergoes facile CO2 release at significantly lower 

temperature, 80 °C.  Also Ahn and coworkers reported the adsorption isotherms of Mg-MOF-74 

for CO2, which showed high adsorption capacity (350 mg g
−1

 at 298 K) and high isosteric heats of 

adsorption for CO2 (42 to 22 kJ mol
−1

). The breakthrough experiment confirmed excellent 

selectivity to CO2 over N2 at ambient conditions (saturation capacity of ca. 179 mg g
−1

).  

ii) Heterogeneous catalysis: Lightweight metals especially alkaline earth metal 

complexes are Liews acid in character. So these complexes have been used for 

hydrogenation (hydrophosphination, hydrosilylation, hydroamination) and 

polymerization reactions as homogeneous catalyst. The heterogeneous catalysis is 

possible in porous LWMOFs using the Liews acid centers in the frameworks. Gutiérrez-

Puebla and co-workers [1.52] reported a LWMOF based on cheap, abundant calcium, 

with the bent ligand, 4,4′-hexafluoroisopropylidenebisbenzoic acid. This LWMOF serves 

as a highly efficient heterogeneous catalyst for the hydrogenation of styrene to form ethyl 

benzene under mild conditions (Figure 1.26). Complete hydrogenation occurs after 2 h at 

373 K without formation of byproduct.  

 

Figure 1.26: Heterogeneous catalysis in MOFs, a) Ca-HFBBA MOF structure, b) 

hydrogenation reaction kinetics with time. Reprinted with permission from ref [1.52]. 

Copyright: Wiley-VCH. 

iii) Chemical sensing: The lightweight metals don’t have d orbital electrons which is 

advantageous for synthesis of desired fluorescent MOFs. The transition metals generally 



 

                                                                                                                                                                                   

Chapter 1                                                                                 Introduction of lightweight… 

 2015-Ph. D. Thesis: Arijit Mallick, (CSIR-NCL), AcSIR  40 
 

quench the luminescence properties of organic linkers due to the presence of 

paramagnetic d electrons.  Dinca and coworkers [1.53] reported an Mg based fluorescent 

MOF, which was applied for sensing of harmful gas (ammonia). The linker, 2,5-

dihydroxybenzene-1,4-dicarboxylate was fluorescent and the MOF, synthesized from this 

had a emission maxima at 487 nm. This MOF exhibits selective turn on sensing in 

presence of trace amount ammonia vapor (Figure 1.27). The emission maxima of the 

MOF were shifted to 511 nm in presence of analyte. In high temperature the sensing 

performance was also intact in that case (Figure 1.27). Recently, N. C. Jeong and 

coworkers reported a metal–organic framework (CDMOF-2) [1.54], where structure 

containing six units of γ-cyclodextrin linked together in cube-like fashion by rubidium 

ions (Rb
+
).  CO2 can be detected selectively from the atmosphere by electrochemical 

impedance spectroscopy. The as-synthesized CDMOF-2 which exhibits high proton 

conductivity in pore-filling methanolic media, displays a ∼550-fold decrease in its ionic 

conductivity on binding CO2. This fundamental property has been exploited to create a 

sensor capable of measuring CO2 concentrations quantitatively even in the presence of 

ambient oxygen. 

 

Figure 1.27: a) Temperature-dependent fluorescence decay profiles of 1(squares) and TPE 

(circles). Heating and cooling cycles are represented as filled and open symbols, respectively. 

The inset shows PXRD patterns of activated 1 and after heating at 350°C in air. The optical 

micrographs show fluorescent 1 (λex = 350 nm) upon heating at various temperatures in air, b) 

In situ normalized emission spectra (λex= 350 nm) of 1 exposed to various analytes at room 

temperature and 100 °C. Reprinted with permission from ref [1.54]. Copyright: American 

Chemical Society. 

v) Drug delivery: As the lightweight metals are biocompatible (discussed earlier), the 

LWMOF can be used for challenging application like drug delivery in biological system. 
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Ferey and coworkers [1.55] used stable MOFs like MIL-100, MIL-101 for loading of 

ibuprofen inside the large pores. MIL-100 could uptake 0.35 g of ibuprofen/g of 

dehydrated MIL-100, whereas MIL-101 could uptake 1.4 g of ibuprofen/g of dehydrated 

MIL-101.  

vi) Encapsulation of active molecules: Large pore LWMOFs are applicable for 

encapsulation of active molecules like portions, enzymes and etc. Yaghi and coworkers 

[1.56] have synthesized a series of isoreticular MOF-74 structures having large pore size 

~98 Å. These IRMOF-74 materials have been used for encapsulation of active 

biomolecules like proteins and enzymes. The IRMOF-74-VII, having pore diameter ~34 

Å, has been used for myoglobin encapsulation. Also IRMOF-74-IX, having pore 

diameter ~45 Å, has been applied for inclusion of green fluorescent protein (GFP) inside 

the MOF pores (Figure 1.27).  

 

Figure 1.28: Iinclusion study of selected large molecules in a) IRMOF-74-VII and b) IRMOF-74-

IX respectively. This process was monitored through the decrease in absorbance at a selected 

wavelength as a function of contact time. For each measurement, the initial absorbance was 

normalized to 1.0. (Insets) Illustrations of the inclusion complex for each study Reprinted with 

permission from ref [1.56]. Copyright: AAAS publishing group. 
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CHAPTER 2 

 

Synthesis of Porous Mg(II) based Light Weight Metal-Organic 

Frameworks (LWMOFs) for Gas Storage 

 

 

Abstract: In this chapter two 

new 3D Mg(II) based 

lightweight MOFs, 

synthesized using Mg(II) 

salts and very simple 

ligands, formate anion and 

3,5 pyridinedicarboxylic 

acid has been presented. 

These MOFs are porous and 

show interesting H2, CO2 

and N2 adsorption 

properties. Also Grand 

Canonical Monte Carlo (GCMC) simulation has been performed to predict the initial 

positions of the hydrogen molecules in the framework. The positions of the each hydrogen 

molecules in the framework and their related adsorption energies were optimized using 

Density Functional Theory (DFT) and ab-initio Hartree-Fock (HF) method. 
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2.1 Introduction: 

Metal-organic frameworks (MOFs) [2.1] are the important class of porous solids that 

have potential application in gas storage [2.2], separation [2.3], magnetism [2.4], 

heterogeneous catalysis [2.5], multiferroics [2.6], drug delivery [2.7], chemical sensing 

[2.8], etc. Among all this gas storage and separation is the most promising application in 

such porous network materials. The gases like CO2, CO, NO2, SO2, NH3, H2S, Br2, Cl2, 

etc which, are very harmful for biological system as well as environment, should be 

captured and separated. It is also important to store some gases like H2, CH4, C2H4, C2H2, 

C4H10, etc, which are useful for energy and fuel applications. Last two decades 

researchers emphasizing on H2 storage in MOFs because it has a curtail role in fuel cell 

engine vehicles.  Hydrogen storage materials for fuel cells became an important research 

topic due to the increasing demand of clean and efficient alternatives for fossil fuels [2.9]. 

MOFs in this regard have attracted great deal of attention because of their fascinating 

topologies [2.10] and potential applications such as hydrogen storage [2.2]
 
and CO2 

sequestration [2.11]. In comparison to other materials such as inorganic zeolites [2.12], 

metal hydrides [2.13] and carbon-based porous materials [2.14], MOFs exhibit promising 

hydrogen storage capacities, owing to their low framework density, high specific surface 

area, and tunable surface structures on which hydrogen molecules can be adsorbed. 

MOFs formed by light main group metals such as Mg
2+

 and Al
3+

 may play an important 

role in this endeavor [2.15]. However, most studies in the literature have focused on 

MOFs assembled from d- or f-block elements (e.g. cobalt, nickel, zinc and copper). 

MOFs based on main-group metals, in particular, light main group metals are very rare 

[2.16]. Divalent magnesium has a number of similarities to the transition metal ions, 

typically used to make MOFs, in that it prefers octahedral coordination, has a comparable 

ionic radius (72 pm for Mg
2+

 compared to 74 pm for Zn
2+

 and 73 pm for Cu
2+

) and 

similar hydration energy. However, only a handful of magnesium containing MOFs were 

reported presumably due to the difficulty in synthesizing three dimensional porous 

structures with a high hydrogen storage capacity [2.17].  

In order to build MOF based materials with high gas storage capacity it is 

essential to have a molecular level understanding of interactions. As a result several 

researchers’ attempted ab-initio quantum mechanical study on the finite structure of the 
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MOFs [2.18]. The storage capacity of different types of gases at different temperatures is 

strongly dependent upon the interactions between the MOF framework and gas 

molecules. It is expected that finding the adsorption sites in the framework and their 

energies will also produce valuable information about the amount of the intake of gas 

molecules. Therefore first principle quantum chemistry calculations are useful to scan the 

adsorption sites and their respective adsorption energies to predict the adsorption capacity 

and further tuning the chemistry of the framework [2.19]. 

In this chapter we presented the synthesis and structural studies of new three 

dimensional magnesium formate polymorph namely -[Mg3(O2CH)6] synthesized via in 

situ formate anion generation method and adding 1,3-benzene-ditetrazole as structure 

directing agent (SDA) and a porous chiral 3D Mg-MOF-1 synthesized from 3,5-pyridine 

di-carboxylic acid (C7H5NO4, H2 3,5-PDC) and Mg
2+

 metal ion as a metal centre in DMF 

media. Crystal structure of this new - polymorph of magnesium formate was completely 

different from other reported magnesium formates ( and  polymorph) [2.20]. The 

occurrence of polymorphism [2.21] was likely for a particular compound that can be 

synthesized or crystallized under different experimental conditions. Chiral 3D Mg-MOFs 

are rare as there are only four chiral Mg-MOFs reported in the CSD that poses a 3-

dimensional architecture [2.22]. The MOF synthesized can be formulated as [Mg(3,5-

PDC)(H2O)] (Mg-MOF-1) (3,5-PDC = 3,5-pyridine dicarboxylate) and display an 

interesting 3D chiral architecture containing parallel hexagonal channels. We also report 

crystal structure of one zero-dimensional (0D) analogue of Mg-MOF-1, namely Mg-

MOF-2 synthesized from 2,4-pyridine di-carboxylic acid (C7H5NO4, H2 2,4-PDC) and 

Mg
2+

. The structure of -[Mg3(O2CH)6], Mg-MOF-1 and -2 has been determined by 

single crystal X-ray diffraction (XRD) and further identified by IR spectroscopy (FTIR) 

and powder X-ray diffraction (PXRD). We measured the thermal stability of these MOFs 

by thermogravimetric analysis (TGA) and its ability to adsorb and release carbon dioxide 

(CO2) and hydrogen (H2) gas. In addition, in-situ variable temperature PXRD has been 

carried out on these MOFs to analyze their stability and crystallinity at high temperature 

and dehydration-rehydration cycle. We have used Grand Canonical Monte Carlo 

(GCMC) simulation [2.23]
 
to predict the initial positions of the hydrogen molecules in 

the framework and Density Functional Theory (DFT) method to optimize the positions of 
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the each hydrogen molecules in the framework and their related adsorption energies. Also 

ab-initio Hartree-Fock (HF) method has applied to optimize the positions of the each 

hydrogen molecules in the framework and their related adsorption energies. 

2.2 Result and discussion: 

2.2.1 Structural analysis of γ-Mg-formate Mg3(O2CH)6[NH(CH3)2]0.5: 

In most of the literature on Mg-formates, Mg
2+

 centers were surrounded by formate 

groups as well as coordinated water molecules [2.24]. Till date, there were only three 

anhydrous Mg-formates reported in the literature where Mg
2+

 centers were coordinated 

only with formate anions. Powell and coworker [2.20a] first reported the solvothermal 

synthesis of two un-solvated Mg- formates (α form and β form) of which only nonporous 

β-[Mg(O2CH)2] form was structurally determined. Later Rood et al. reported the 

structural characterization and gas adsorption study of α-Mg-formate 

[Mg3(O2CH)6HCO2H].
 
[2.20b] Recently there has been a report of a third anhydrous 

phase Mg(HCOO)2(HCOOH)⊃(CH3)2NH [2.24].  Formic acid had been the source of 

formate anion in all these three cases.  Mg(NO3)2·6H2O was the source of metal for the α 

and β form, whereas anhydrous Mg(HCOO)2(HCOOH)⊃(CH3)2NH could be prepared 

from Mg(NO3)2·6H2O, Mg(CO2CH3)2·4H2O and Mg(ClO4)2·6H2O. We introduced a 

different synthetic route of generating formate anion in situ by addition of nitric acid 

(HNO3) into the reaction media that contains N,N′-dimethylformamide (DMF) as a 

solvent [2.25]. We anticipated that reaction between nitric acid and DMF at high 

temperature and pressure inside a teflon-lined stainless steel autoclave may create 

formate anion, which upon reaction with Mg
2+

 might result into Mg-formate. All our 

attempts to synthesize a new Mg-formate polymorph resulted into the production of 

mixtures of -Mg-formate (major product) and previously reported anhydrous 

Mg(HCOO)2(HCOOH)⊃(CH3)2NH (minor product).  Our attempt of using diverse 

structure directing agents (like tetra-butyl ammonium salts) to synthesize phase pure -

Mg-formate also resulted in the precipitation of either the aforementioned mixtures or 

unreacted starting material. However, after several attempts we discovered that 

solvothermal reaction (in teflon-lined stainless steel autoclave at 125 to 150 

C) of 

Mg(CO2CH3)2·4H2O with nitric acid (HNO3) in a DMF solution in the presence of 1,3-
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benzene-ditetrazole in 3:2:1 mol ratio for 72 h afforded a colorless homogeneous 

microcrystalline -Mg-formate as phase pure form with a dodecahedron morphology.  So 

far we were unable to understand the role of 1,3-benzene-ditetrazole  

 

Figure 2.1: a), b), c) and d) represents the local geometries surrounding the four independent, 

octahedrally coordinated magnesium centers within γ-Mg-formate. Ball and stick models showing 

packing diagram for e) α-Mg-formate f) β-Mg-formate g) γ-Mg-formate. Yellow balls represent 

the empty space inside the pores. Color code: O (red) C (grey) Mg( green). 

during the synthesis and crystallization of -Mg-formate as we were unable to find its 

existence in the resulting crystal structure.  We anticipate that it might be acting as a 

structure directing agent. The as-synthesized compound was stable in most organic 

solvents and was characterized and formulated by single-crystal X-ray diffraction (XRD) 

studies as Mg3(O2CH)6[NH(CH3)2]0.5. The same result was obtained when we used 

either Mg(ClO4)2·6H2O or Mg(NO3)2·6H2O, with no significant differences for phase 

purity (less than 50% yield), as confirmed by the PXRD patterns (Figure 2.7a). The -

Mg-formate crystallizes in space group Pbcn and structural determination by x-ray single 

crystal diffraction reveals a three dimensional network of Mg
2+

 linked by formate anions. 

The asymmetric unit of Mg-formate consists of four crystallographically independent 

Mg
2+

 ions, each of which was octahedrally coordinated by six different formate anions.  
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Figure 2.2: a) The polyhedral representation of the extended structure of α-Mg-formate 

(parallel) viewed down the crystallographic b axis. b) Trans orientation Mg(4) with respect to the 

planes formed by Mg(1)–Mg(2)–Mg(1). c) Trans orientation Mg(3) with respect to the planes 

formed by Mg(1)–Mg(4)–Mg(1)c) in α-Mg-formate. d) The polyhedral representation of the 

extended structure of -Mg-formate (orthogonal) viewed down the crystallographic b axis. e) Cis 

orientation Mg(4) with respect to the planes formed by Mg(1)–Mg(2)–Mg(1). f) Cis orientation 

Mg(3) with respect to the planes formed by and Mg(1)–Mg(4)–Mg(1) in -Mg-formate. 

All formate anions poses similar binding mode to the metal center with one oxygen of a 

particular formate anion binds to one metal center (µ
1
 oxygen) and other oxygen binds to 

two metal centers (µ
2
 oxygen). So each formate anion binds with three Mg

2+
 and each 
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Mg
2+

 binds with six formate anions and hence the chemical formula could be derived as 

Mg3(O2CH)6  with 1:2 Mg
2+

 and ligand ratio (Figure 2.1a,b,c,d). This 
2 


3
 type binding 

motif was also seen in α- and β-Mg-formates.  Mg-formate has interesting structural 

similarity with its α- polymorph as it contains similar coordination environments for the 

metal centers. Mg(1) center was connected with the six µ
2
 oxygen, Mg(2) center was 

connected with four µ
2
 oxygen and two µ

1
 oxygen, whereas Mg(3) and Mg(4) centers 

were connected with four µ
1
 oxygen and two µ

2
 oxygen. Although Mg(3) and Mg(4) 

centers have similar connectivity but they have different coordination environments. The 

Mg(3) was connected to Mg(1) through two formate bridges and one µ
2
 oxygen (O7), and 

here the bridging dihedral angles () were 21.29
o (Mg3–O11–O8–Mg1) and 27.00

o 

(Mg3–O1–O5–Mg1) (Figure 2.1c). Mg(4) was also connected with Mg(1) through two 

formate bridges and one µ
2
 oxygen (O3), but the dihedral bridging angles () were 21.90

o 

(Mg4–O10–O7–Mg1) and 14.18
o (Mg4–O9–O6–Mg1). The Mg–O(µ

1
) bond distance 

ranges from 2.012(2) to 2.053(3) Ǻ and the Mg–O(µ
2
) bond distance ranges from 

2.063(2) Ǻ to 2.132(2) Ǻ. Mg(1) and Mg(2) were linked through  edge-shared MgO6 

octahedra and form one dimensional chain along crystallographic a-axis. That chains 

were connected to each other through vertex-sharing octahedra of Mg(3) and Mg(4) and 

thus it forms a three dimensional network. The network contains one dimensional 

channel along crystallographic a-axis. Here the channels were filled by the disordered 

dimethylamine molecules. The void space was calculated using PLATON [2.39] 

suggesting 5.1% void volume to the total crystal volume; however, this would be 

increased to 24.7% after removal of the disordered solvent molecules. The pore diameter 

of the channel was 3.6 Ǻ (the channel size was measured by considering the van der 

Walls radii of the constituting atoms). 

As mentioned previously there were three other anhydrous Mg-formates (α-Mg-

formate, β-Mg-formate, Mg(HCOO)3(CH3)2NH) reported in literature. In case of α, β 

and γ-Mg-formate (reported in this chapter), µ
1
 and µ

2
 oxygen were binding with Mg

2+
 

centers (Figure 2.1e,f,g).  Whereas anhydrous Mg(HCOO)2(HCOOH)⊃(CH3)2NH has 

only µ
1
 oxygen binding metal centers. The α-Mg-formate crystallizes in monoclinic space 

group (P21/n) and β, γ-Mg-formate crystallizes in orthorhombic space group (Pca21 and 
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Pbcn). All the Mg-formates contain octahedral Mg
2+

 centers. In case of α-Mg-formate 

and γ-Mg-formate, the edge share MgO6 octahedra form one dimensional chain and the 

chains were also connected through vertex share octahedra to form three dimensional 

frame works. Whereas, in β-Mg-formate the one dimensional chains, formed by edge 

share octahedra, were connected through formate anions (HCO2
–
) not through vertex 

share octahedra. In α-Mg-formate Mg(3) and Mg(4) were in transoid orientation with 

respect to the planes formed by Mg(1)–Mg(2)–Mg(1) (Figure 2.2b) and Mg(1)–Mg(4)–

Mg(1) (Figure 2.2c); whereas in -Mg-formate those Mg atoms were arranged in cisoid 

orientation (Figure 2.2e and Figure 2.2f). As a result, the edge shared MgO6 octahedra in 

α-Mg-formate were arranged parallel (Figure 2.2a) while in -Mg-formate they were 

arranged in an orthogonal manner (Figure 2.2d). The µ
1 

and µ
2 

Mg–O bond distances in 

all three α, β and γ-Mg-formate range from 2.01 Ǻ to 2.05 Ǻ and 2.06 Ǻ to 2.13 Ǻ 

respectively. 

2.2.2 Structural analysis of Mg-MOF-1 and Mg-MOF-2:  

As 3,5-pyridine dicarboxylic acid was sparingly soluble in water at moderate temperature 

we used the solvent DMF in which it was readily soluble. 2,4-pyridine dicarboxylic acid, 

was soluble in water and we used the same for the synthesis. Also the reaction of it with 

Mg(CO2CH3)2·4H2O at room temperature results into the formation of microcrystalline 

precipitate of Mg-MOF-1 and -2. So we used the hydrothermal condition (teflon-lined 

stainless steel autoclave at 125 to 150 °C) for synthesis which results into the formation 

of single crystals suitable for X-ray diffraction. Before solvothermal reactions, stirring of 

the heterogeneous solutions for a period of time was helpful for a high purity of both 

compounds, which was confirmed by their PXRD patterns. As expected, IR spectra of 

Mg-MOF-1 and -2 were very similar. For the IR spectra, the broad bands centered at ca. 

3401 cm
–1

 and 3435 cm
–1

 indicates the O–H stretching of water for Mg-MOF-1 and -2. 

Notably, in the IR spectra of Mg-MOF-1, the presence of characteristic absorption bands 

of carboxyl, which appears at 1687 cm
–1

 for the coordinated ligand, reveals its 

complete/partial deprotonation in the crystal lattice. In the IR spectra of Mg-MOF-2, the 

presence of characteristic absorption bands of carboxyl, which appears at 1662 cm
–1

 and 

1699 cm
–1

 for the coordinated and free carboxylic acid ligand, reveals its presence in the 

crystal lattice. Mg-MOF-1 crystallizes in hexagonal chiral space group P6122, and 
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structural determination by x-ray single crystal diffraction revels a 3D network of Mg
2+

 

linked by 3,5-PDC (Figure 2.3). The asymmetric unit of Mg-MOF-1 consists of one 

crystallographically independent Mg
2+

 ion, five 3,5-pyridine dicarboxylate (3,5-PDC) 

and one coordinated H2O molecule. In the framework each Mg
2+

 was surrounded by one 

nitrogen atom (from the pyridine –N functionality) and five oxygen atoms (O1, O2, O3, 

O1A and O2A) from four 2-CO2
–
 groups of 3,5-PDC ligands and one coordinated 

 

Figure 2.3: Schematic diagram showing structural diversities of Mg-MOFs.  

water molecule giving an octahedral coordination environment. In the crystal structure, 

each pentadented 3,5-PDC ligand was coordinated with five different Mg
2+

 ions with 

Mg—O bond distance ranges from 2.024(3) to 2.092(3) Å. Mg—Owater bond distance was 

2.078(2) Ǻ and the Mg—N3,5-PDC bond distance was 2.254(3) Å. The Mg-MOF-1 

contains hexagonal 1D channel along crystallographic c axis. Figure 2.4b shows the 

helical connectivity between Mg
2+ 

ions inside these channels with a 4.56 (2) Å distance 

between adjacent Mg
2+ 

ions. The void space was calculated using PLATON [2.39] 

suggesting a 11.9% void volume to the total crystal volume; however, this would be 

increased to 38.7% after removal of the coordinated water molecules. The pore diameter 

of the channel was 4.0 Å (the channel size was measured by considering the Van der  
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Figure 2.4: a) Polyhedral representation of Mg-MOF-1 [Mg(3,5-PDC)(H2O)] showing the 

coordination environment around Mg. b) Helical connectivity between Mg
+2 

ions inside the 

channels. c) Ball and stick representation of along c axis of Mg-MOF-1 showing the 1D channel 

with open Mg-metal sites. d) Polyhedral model of Mg-MOF-1 showing 1D channels with 

coordinated water molecules facing towards the channels. e) Space-fill model of Mg-MOF-1 

showing pores along c axis. Color code: Mg (green), N (blue), C (black), O(red). 

Walls radii of the constituting atoms). Topologically, each 3,5-PDC ligand provides five 

donor sites and connects five Mg
2+

 ions, so each 3,5-PDC and Mg
2+

 ion can be defined as 

a five-connected node at a ratio of 1:1, which generated a new chiral hexagonal network 

(Figure 2.4d,e). The hexagonal network was notably interesting as they hold helical 

channels and along the channel H2O molecules coordinated to the Mg
2+

 and were facing 

towards the channel (Figure 2.4d). A chiral hexagonal Mg-MOF has been synthesized 

from an achiral organic building unit for the first time. There were four chiral Mg-MOFs 

reported in the CSD, but none of them obtain a hexagonal orientation. Thus, this was a 

new example of a magnesium based metal-organic framework adopting a neutral non-

interpenetrated chiral topological network. 
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The structural detail of its 0D analogue Mg-MOF-2 [Mg(2,4-PDC)(H2O)3] has 

been discussed to show how subtle variation in the ligand architecture changes the 

resulting structure from 0D to 3D.  Changing the ligand from 3,5-pyridine dicarboxylic 

acid to 2,4-pyridine dicarboxylic acid affords compound Mg-MOF-2 which crystallizes 

in the orthorhombic Pbca space group. The asymmetric unit of Mg-MOF-2 consists of 

one  

 

Figure 2.5: a) The SBU in the crystal structure of Mg-MOF-2 [Mg(2,4-PDC)(H2O)3] showing the 

coordination environment around Mg. b) Packing diagram of Mg-MOF-2 highlighting the 

hydrogen bonding network. 

crystallographically independent Mg
2+

 ion, one 2,4-pyridine dicarboxylate (2,4-PDC) and 

three coordinated H2O molecules. Structural determination reveals that each Mg
2+

 was 

chelated to symmetry related 2,4-PDC ligand centers through the pyridine nitrogen (N1) 

and carboxylate functionality adjacent to pyridine nitrogen. Each Mg
2+

 ion was 

coordinated to three water molecules (O5, O6 and O7) and fulfills the octahedral 

geometry. Mg–O bond distances were in the range of 2.014(1) to 2.099(1) Å, and the 

Mg–N1 bond distance was 2.2199(4) Å, slightly higher than that of Mg-MOF-1. The 
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coordinated water molecules and non-coordinated carboxylate oxygens of 2,4-PDC were 

involved in O–H…O hydrogen bonding
25

 [D, 2.665(2) Å; d, 1.801(3) Å; θ, 172.1°], 

forming a 3D supramolecular network (Figure 2.5). 

2.2.3 Thermal properties and X-ray powder diffraction analysis: 

We have synthesized α- and γ-Mg-formates in bulk for in situ variable temperature 

PXRD analysis. In order to confirm the phase purity of the bulk materials, powder X-ray 

diffraction (PXRD) experiments were carried out on those compounds. The PXRD of 

experimental and computer-simulated pattern of γ-Mg-formate was shown in the figure 

2.7a. All major peaks of experimental powder X-ray patterns (PXRD) matches quite well 

that of simulated XRPD, indicating their reasonable crystalline phase purity. Thermal 

gravimetric analysis (TGA) performed on as-synthesized γ-Mg-formate revealed this 

compound high thermal stability (Figure 2.6a). The TGA trace for γ-Mg-formate showed 

a gradual weight-loss step of 27% (108–155 °C), corresponding to the escape of all  

 

Figure 2.6: a) Thermogravimetric analysis of -Mg-formate (10 °C/min). b) Thermo gravimetric 

analysis plot of Mg-MOF-1. 

solvent molecules trapped in the pores [2(CH3)2NH; calc. 27%] followed by a plateau 

(155–370 °C) indicating its high thermal stability in the absence of guest molecules 

(Figure 2.6a). We note that the dimethylamine molecules in Mg-formate were released 

without damaging the frameworks, as evidenced by the coincidence of the powder x-ray 

diffraction (PXRD) patterns of γ-Mg-formate powder sample heated to and held at 120 

°C, in N2 atmosphere with the PXRD patterns simulated from single crystal structures. 

Such high thermal and architectural stability of γ-Mg-formate was also verified from its 
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in situ VTPXRD patterns at different temperature which coincides with the patterns 

simulated from single crystal structures. In situ VTPXRD of α- Mg-formate and γ-Mg-

formate (Figure 2.7c) indicate the retention of crystallinity of these samples at high 

temperature. It also reveals the fact that there were no possibilities of phase changes at 

higher temperature for these samples. We were unable to perform a VTPXRD experiment 

on β-Mg-formate as all our attempts to synthesize it in phase pure bulk failed resulting in 

the production of a mixture of β-Mg-formate and anhydrous 

Mg(HCOO)2(HCOOH)⊃(CH3)2NH. 

 

Figure 2.7: Comparison of PXRD patterns of the as-synthesized MOFs (black) with the simulated 

pattern from the single-crystal structure (red) for a) -Mg-formate and b) Mg-MOF-1. VT-PXRD 

patterns of c) -Mg-formate and d) Mg-MOF-1 at different temperature which coincides with the 

patterns simulated from single crystal structures. 

All major peaks of experimental powder X-ray patterns (PXRD) of compound 

Mg-MOF-1 matches quite well that of simulated XRPD, indicating their reasonable 

crystalline phase purity. Thermal gravimetric analysis (TGA) performed on as-

synthesized Mg-MOF-1 revealed this compound remarkable thermal stability (Figure 

2.6b). The TGA trace for Mg-MOF-1 showed a gradual weight-loss step of 10.3% (100–
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150 °C), corresponding to the escape of all water molecules trapped in the pores [1 H2O; 

calc. 10.9%], followed by a plateau (120–450 °C) indicating its high thermal stability in 

the absence of guest molecules. We note that the water molecules in Mg-MOF-1 were 

released without damaging the frameworks, as evidenced by the coincidence of the 

powder x-ray diffraction (PXRD) patterns of Mg-MOF-1 sample heated to and held at 

120 °C, in N2 atmosphere with the PXRD patterns simulated from single crystal 

structures. Such high thermal and architectural stability of Mg-MOF-1 was also verified 

from its in situ VT-PXRD patterns at different temperature (Figure 2.7d) which 

coincides with the patterns simulated from single crystal structures. 

2.2.4 Gas adsorption properties: 

We focused to examine the porosity of γ-Mg-formate and prepared it at the gram scale to 

allow detailed investigation of the aforementioned property. An important structural 

feature of this γ-Mg-formate was that they possess pores (3.6 Å in diameter) (Figure 

2.8c). Recently researchers envisaged that MOFs containing open Mg metal sites (Mg-

MOF-74) rivals competitive materials in CO2 capture, with 8.9 wt.% dynamic capacity, 

and undergoes facile CO2 release at 80 °C [2.26]. The dimethylamine molecules inside 

the pore in as- synthesized γ-Mg-formate could be more readily removed by solvent-

exchange. The thermogravimetric behavior of γ-Mg-formate was significantly simplified 

after they were immersed in organic solvents, such as chloroform. To remove the guest 

species from the frameworks and prepare the evacuated forms of γ-Mg-formate for gas-

adsorption analysis, the as-synthesized γ-Mg-formate sample were immersed in 

chloroform at ambient temperature for 48 h, and evacuated at ambient temperature for 24 

h, then at an elevated temperature (120 °C) for 6 h. MOF sample thus obtained was 

optimally evacuated, as evident from the long plateau (108–370 °C) in the TGA traces. 

The architectural rigidity and consequently the permanent porosity of evacuated γ-

Mg-formate were unequivocally proven by gas-adsorption analysis. The nitrogen (N2), 

hydrogen (H2) and carbon-dioxide (CO2) gas-adsorption experiments were carried out on 

γ-Mg-formate (Figure 2.8b,c). These isotherms exhibit typical physisorption behavior, 

with a steep initial increase at low pressures and saturation at higher pressures. γ-Mg-

formate adsorbs less  nitrogen (38 cc g
–1

) than the -Mg-formate (88 cc g
–1

) reported by  
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Figure 2.8:  Gas adsorption isotherms of γ-Mg-formate: a) N2 at 77 K (blue circles), b) CO2 

(green circles), at 298 K, and c) stick model of γ-Mg-formate showing the voids. d) H2 (red 

circles) at 77 K. The filled and open shapes represent adsorption and desorption, respectively. 

P/P0, relative is the pressure at saturation vapor pressure of the adsorbate gas.  

Rood et al.
 
[2.20b] As a result the specific surface area of γ-Mg-formate (BET, 120 m

2
 g

–

1
) was lower than the - polymorph (BET, 150 m

2
 g

–1
). However, initial hydrogen uptake 

of γ-Mg-formate reached almost 1.0 wt% when the adsorbate pressure approached 760 

torr at 77 K (Figure 2.8d). This was higher than the hydrogen uptake of -Mg-formate 

(0.6 wt%) reported by Rood et al [2.20b] under similar conditions. It w noteworthy that 

low pressure hydrogen uptake of newly found γ-Mg-formate compared well with the 

reported hydrogen uptake of -Mg-formate at pressure higher than 760 torr [2.20b]. The 

maximum excess hydrogen uptake of the -Mg-formate at 77 K was about 1.1 wt% with 

no hysteresis between adsorption and desorption. Although this H2 adsorption was 
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somewhat moderate, they compare well with the value of 0.7 wt% obtained for the 

highest capacity zeolite ZSM-5 and some of Mg-MOFs reported in the literature [2.27]. 

Recently researchers have shown that MOFs can hold large amounts of carbon dioxide 

and have demonstrated
 
that MOFs can capture CO2 selectively from CO and CH4.

 
Figure 

2.8b shows the CO2 adsorption isotherms for γ-Mg-formate, which shows a moderate 

affinity and capacity for CO2 (3.4 Å kinetic diameter) at 298 K. The CO2 uptake of γ-Mg-

formate at 298 K (2.01 mmol g
–1

) (Figure 2.8b) was higher than the - polymorph (1.69 

mmol gm
–1

). Although this CO2 uptake was somewhat modest, but it compared well with 

the CO2 uptake of several Mg-MOFs and ZIFs reported in the literature. 

 

Figure 2.9: Selective gas adsorption isotherms of Mg-MOF-1. a) CO2 (blue, triangles) and N2 

(red, circle) at 298 K, b) H2 (black, squares) and N2 (red, circle) at 77 K for Mg-MOF-1; the 

filled and open shapes represent adsorption and desorption, respectively. P/P0, relative pressure 

at the saturation vapour pressure of the adsorbate gas.  

We focused to examine the chemical stability and porosity of Mg-MOF-1 and 

prepared it at the gram scale to allow detailed investigation of the aforementioned 

properties. An important structural feature of this Mg-MOF-1 was that they possess pores 

(4.0 Å in diameter) containing open Mg metal sites. Recently researchers envisaged that 

MOFs containing open Mg metal sites (Mg-MOF-74) rivals competitive materials in CO2 

capture, with 8.9 wt.% dynamic capacity, and undergoes facile CO2 release at 80 °C 

[2.26a]. The H2O molecules coordinated in as-synthesized Mg-MOF-1 could be more 

readily removed by solvent-exchange. The thermogravimetric behavior of Mg-MOF-1 

was significantly simplified after they were immersed in organic solvents, such as 

methanol. To remove the guest species from the frameworks and prepare the evacuated 
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forms of Mg-MOF-1 for gas-sorption analysis, the as-synthesized Mg-MOF-1 sample 

were immersed in methanol at ambient temperature for 48 h, and evacuated at ambient 

temperature for 5 h, then at an elevated temperature (100 °C) for 2 h. MOF samples thus 

obtained were optimally evacuated, as evidenced by their well maintained PXRD patterns 

and the long plateau (25–350 °C) in their TGA traces. 

The architectural rigidity and consequently the permanent porosity of evacuated 

Mg-MOF-1 were unequivocally proven by gas-sorption analysis. Mg-MOF-1 was 

nonporous to nitrogen because its aperture size (4.0 Å) was almost equivalent to the 

kinetic diameter of nitrogen (3.6 Å); however, it was able to take up hydrogen (H2) and 

carbon-dioxide (CO2). Mg-MOF-1 showed reversible hydrogen sorption behavior 

(Figure 2.9b). The initial hydrogen uptake of Mg-MOF-1 reached almost 0.8 wt% in 

when the adsorbate pressure approached 1 atm. Although the H2 adsorptions were 

somewhat moderate, they compare well with the value of 0.7 wt% obtained for the 

highest capacity zeolite ZSM-5 and some of Mg-MOFs reported in the literature [2.27]. 

As shown in figure 2.9a, the framework exhibits a typical reversible CO2 (3.4 Å) uptake 

profile at 298 K. The modest CO2 uptake at 760 torr was 14 cm
3
 gm

–1
. Activated Mg-

MOF-1 exhibits very interesting selective adsorption of H2 and CO2 over N2. The gas 

uptake of Mg-MOF-1 for H2, CO2 and N2 was 75.0, 14.0 and 2.0 cm
3
 g

−1
 and at P/P0 of 

about 0.9, respectively, underlying the potential of Mg-MOF-1 for selective separation of 

H2 and CO2 over N2 (Figure 2.9). Such preferential H2 and CO2 uptake over nitrogen 

might be attributed to size-exclusive effect in which the hexagonal channels were 

accessible to hydrogen and oxygen, but not to nitrogen because of their differential 

kinetic diameters of 2.8, 3.46 and 3.64 Å, respectively. Such higher storage capacity was 

practically important for porous MOFs to be efficiently utilized for the H2/N2 and CO2/N2 

separation  

Recently Yaghi and co-workers proved that MOFs could show exceptional resistance to 

hydrolysis [2.28]. The chemical stability of Mg-MOF-1 was examined by suspending 

samples in boiling benzene, and methanol, conditions that reflect extreme operational 

parameters of typical industrial chemical processes. MOF samples were immersed in the 

desired solvent for 1–7 days at ambient temperature, 50 °C, and at the boiling point of 

each medium. During this process, samples were periodically observed under an optical 
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microscope and found to be insoluble under each of these conditions. PXRD patterns 

collected for each sample at designated intervals showed that the solid samples of Mg-

MOF-1 maintained their full crystallinity. A plausible explanations of this chemical 

stability could be due to the hydrophilic pores in Mg-MOF-1 was likely to repel benzene 

and MeOH molecules preventing the attack of MgO5N units and dissolution of the 

framework. 

2.2.5 Computational/theoretical results: 

2.2.5.1 Quantum chemical calculations for γ-Mg-formate:  

Portion of the 111 supercell of both  and γ-Mg-formate, which have been used for all 

ab-initio quantum chemical calculation as cluster model (Figure 2.3). It was clearly 

visible from the crystal structure of these two  and γ-Mg-formate (Figure 2.1) that there 

were highly electronegative oxygen atoms (from formate ligand), which were exposed to 

the pore surface. These particular surface areas have been scanned for adsorption 

energies and adsorption sites. We have calculated adsorption energies for each position 

for each hydrogen and compared the lowest energy positions at each surface sites. The 

adsorption energies we get were the local energy minima from every complete 

optimization cycle. Comparison of the adsorption energies often suggested similar 

adsorption energies and sites due the choice of initial position of hydrogen molecules. 

The corresponding position of the hydrogen molecule with lowest adsorption energy can 

be obtained from the coordinate of the optimized geometry, which was depicted in figure 

2.1. It was clearly visible from the figure 2.1 that the hydrogen molecules were oriented 

towards oxygen i.e. to the pore surface. This showed that oxygen atoms have pronounced 

affinity to bind to the free hydrogen molecules. The lowest energy adsorption sites of 

hydrogen molecules with respect to the oxygen atoms of formate anion were represented 

in figure 2.10. The cluster for quantum chemical calculations was extracted from the 

supercells of these two formates. Therefore some oxygen carbon bonds were cleaved and 

hydrogen atoms saturated the dangling bonds. So the chemistry of those oxygen atoms 

changed and we had two types of oxygen atoms in the cluster, first one was the original 

formate oxygen from the supercell and the second one was hydroxyl oxygen which we 

have generated while making the  
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Figure 2.10: Different positions of hydrogen molecule in (a) α–Mg-formate cluster and (b) γ–Mg-

formate cluster. Simulated and experimental isotherms for (c) α–Mg-formate and (d) γ–Mg-

formate.  

cluster (Figure 2.10a,b). We had found from this quantum chemical calculation that 

hydroxyl oxygen (binding energy is ~ - 5.9 KJ/mol for α–formate and ~ - 5.5 KJ/mol for 

γ–formate) has a higher affinity to attract hydrogen than the formate oxygen (~ -2.6 

KJ/mol for both of them). But it was also evident that if we do not replace the formate 

oxygen with hydroxyl oxygen, hydrogen molecule would interact with formate oxygen 

but with lesser interaction energy than that of hydroxyl oxygen. 

Figure 2.10c and 2.10d shows the comparison between experimental and 

simulated single component H2 adsorption isotherm of α–Mg-formate and γ–Mg-formate 

at low pressure region. The excess amount adsorbed, Nex, was defined as Nex = Ntotal - ρ 

v, where ρ was the density of the bulk gas phase and v was the pore volume (calculated 

from the x-ray crystallographic structure). Data for H2 adsorption isotherm in α-Mg-

formate has been taken from the literature [2.20a]. Calculated adsorption isotherms for 



 

 

Chapter 2                                                                                Synthesis of Porous Lightweight… 

 
2015-Ph. D. Thesis: Arijit Mallick, (CSIR-NCL), AcSIR                                                                                                           62 

 

pure H2 were obtained by GCMC simulations. The GCMC simulations predict the 

measured and available experimental results with acceptable accuracy. The calculated 

loading of hydrogen in α-Mg-formate was 54.38 cc/g and in case of γ-Mg-formate the 

value was 155.34 cc/g at 760 torr. pressure. The difference between experimental and 

simulated isotherms can be attributed to the contraction of pores after removal of the 

solvent [2.29]. These pore contractions of the γ-Mg-formate giving rise to lesser amount 

of loading with respect to the theoretically predicted isotherm which has been calculated 

from the original crystal structure (ignoring the solvent molecules). In addition, the 

empirical force fields used may not be accurate enough to describe such discrepancy, 

particularly in case of α-Mg-formate. 

2.2.5.2 Quantum chemical calculations for Mg-MOF-1: 

In table 1, we have summarized the results of adsorption energies and the positions of 

adsorption sites of 4 Hydrogen molecules out of 18, which possess higher absorption 

energies than others. After optimization some of the final configurations result in the 

same adsorption sites of hydrogen molecules in framework. This suggested that there 

were some positions, which have much higher interaction strength than others. Hydrogen 

at position 1 (Table 2.1) shows the highest adsorption energy, which was -36.17 KJ/mol 

at 0 K. We have found that 2 initial structures among 18 showed the same site of 

hydrogen adsorption with the same energy. This confirmed that the adsorption position 

near to the Mg atoms (metal centers) inside the pore have high affinity to adsorb 

hydrogen and results in strong interaction. Hydrogen at position 2 shows much lower 

adsorption energy (40% lower) than position 1. Position 3 and 4 has even lower energies 

and the adsorption sites were representing positions with weak interactions. In figure 

2.11b we have depicted all the 4 positions and their relative distance from the nearer 

atoms mainly the magnesium and oxygen to elucidate the spatial positions of the 

adsorption sites of the each hydrogen molecules. It was evident from the table 2.1 and the 

figure 2.11 that H2 at positions 1 and 2 has some spatial differences with positions 3 and 

4. It was important to note that at positions 1 and 2, H2 molecules were closer to one 

oxygen atom, which was bonded to magnesium. In these two positions hydrogen 

molecules were approaching in a tilted fashion towards the Magnesium atom. However 

hydrogen at position 4 was almost parallel to the Mg-O plane. Therefore we can infer that 
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hydrogen at position 1 and 2 get induced by the electronegative oxygen atom (which was 

at a distance of 1.9 Å) and become stabilized 

 

Figure 2.11: a) Positions of adsorbed hydrogen molecules in Mg-MOF unit cell from GCMC 

calculation. Highlighted region was used to as the finite structure for ab-initio quantum 

chemistry calculation. b) Different adsorption sites of Hydrogen molecules from ab-initio 

quantum chemical calculations. 

due to induced electrostatic interaction. This was confirmed by checking the separation of 

charge on each hydrogen atoms of the hydrogen molecules. Hydrogen molecules at 

position 1 have the highest adsorption energy and consequently the highest charge 

separation (Table 2.1). However position 3 and 4 has no significant charge separation. 

This was also cleared from the bond length between hydrogen atoms of hydrogen 

molecules at position 1 and 2, which was longer than H2 at position 3 and 4. The spatial 

arrangement of H2(1) and H2(2) was almost same (Table 2.1). But the adsorption energy 

of H2(1) was higher than H2(2). H2(1) was inside the pore of the finite structure and get 

stabilized by the environment. H2(2) was situated in another pore, which was not 

considered in this finite calculation and therefore showed much lower binding energy.  

Table 2.1: Spatial position of H2 molecules from ab-initio quantum chemistry calculations. 

Positio

n of 

H2 

Binding 

energy 

of 

H2  at 

that 

position 

(KJ/mol) 

H-H 

bond 

(Å) 

Distance 

between 

H2 and 

Mg (Å) 

Distance 

between 

H2 and 

O1 (Å) 

Distance 

between 

H2 and 

O2 (Å) 

Distance 

between 

H2 and 

O3 (Å) 

Distance 

between 

H2 and 

O4 (Å) 

Partial 

charge 

(e) of 

H(1) 

atom of 

H2 

molecule 

Partial 

charge 

(e) of 

H(2) 

atom of 

H2 

molecule 

H2(1) -36.17 0.767 3.5 3.1 5.4 4.8 1.9 0.293 -0.365 

H2(2) -21.92 0.766 3.4 3.0 1.8 4.7 5.3 0.154 -0.226 

H2(3) -18.49 0.734 3.0 4.6 3.6 2.4 3.9 0.026 -0.052 

H2(4) -16.80 0.733 2.7 3.9 3.1 2.8 3.8 0.080 -0.086 
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Similarly differences in adsorption energies between H2(3) and H2(4) can also be 

explained. Actually the positions 1 and 2 were equivalent and so as were the positions 3 

and 4. The reported adsorption energies were binding enthalpies (not binding free 

energies) because the thermal contributions were ignored. 

2.3 Conclusions: 

A new three dimensional magnesium formate polymorph namely -[Mg3(O2CH)6] has 

been synthesized via in situ formate anion generation method and structurally 

characterized. Crystal structure of this new  polymorph of magnesium formate was 

completely different from other reported magnesium formates ( and  polymorph). The 

γ-Mg-formate has one-dimensional channels along the a-axis, and shows reversible 

hydrogen (~1.0 wt% at 77 K, 760 torr) and CO2 uptake (2.1 mmol g
-1

 at 298 K, 760 torr). 

Quantum chemical calculation predicted the adsorption energies, which was in the range 

of physisorption and explained the low intake of hydrogen gas in this system. γ-Mg-

formate outperformed the  and  polymorph with respect to CO2 and H2 uptake.  Also, 

two new Mg containing metal organic framework materials have been synthesized and 

structurally characterized. One of which (Mg-MOF-1) adopts the chiral hexagonal 

topology while the other one (Mg-MOF-2) exhibits a 0D network. The Mg-MOF-1 has 

one dimensional, hexagonal channel along c axis and it showed reversible hydrogen (0.8 

wt% at 77 K, 760 torr) and CO2 uptake (14 cc g
–1

 at 298 K, 760 torr).  

2.4 Experimental procedures: 

2.4.1 Materials:   

All reagents and solvents for synthesis and analysis were commercially available and 

used as received.  

2.4.2 Synthesis of γ-Mg-formate Mg3(O2CH)6[NH(CH3)2]0.5:  

Solvothermal reaction of Mg(CO2CH3)2·4H2O (0.214 g, 1 mmol) with 1,3-benzene-

ditetrazole (0.214 g, 1 mmol) in a 25 mL Teflon-lined stainless steel autoclave in 5 ml 

DMF and 0.2 ml HNO3 (3.6 M) mixture at 150 

C for 60 h produces colorless crystals of 

Mg3(O2CH)6[NH(CH3)2]0.5 in 61% yield. Crystals were collected by filtration and dried 

in air (10 min). [Yield: 61%, 0.130 g depending on Mg(CO2CH3)2·4H2O]. FT-IR : (KBr 
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4000-400 cm
-1

): 3302(br), 2906(w), 1683(w), 1598(s), 1404(m), 1375(m), 1364(m), 

841(w), 761(w), 694(w), 574(w). Elemental Analysis calc: C (23.20%), H (0.82%), N 

(1.93%); Found C (21.20%), H (0.72%), N (2.03%). 

2.4.3 Synthesis of Mg-MOF-1 [Mg(3,5-PDC)(H2O)]: 

 Solvothermal reaction of Mg(CO2CH3)2·4H2O (0.020 g, 0.08 mmol) with 3,5-pyridine 

dicarboxylic acid (0.023 g, 0.14 mmol) in a 15 mL vial in DMF and CH3CN mixture 

(1:1) 2 mL at 120 

C for 3 days produced colorless crystals of Mg-MOF-1 in 40% yield. 

Crystals were collected by filtration and dried in air (10 min). FT-IR : (KBr 4000-400 

cm
-1

): 3401(br), 1637(s), 1385(s), 1281(w), 1127(w), 1031(w), 927(w), 814(w), 773(m), 

724(m).  

2.4.4 Synthesis of Mg-MOF-2 [Mg(2,4-PDC)(H2O)3]:  

A mixture of Mg(CO2CH3)2·4H2O (0.214 g, 1mmol) with 2,4- pyridine dicarboxylic acid 

(0.167 g, 1 mmol) was added to 5 mL water in a teflon-lined stainless steel autoclave. The 

mixture was heated at 150 °C for 72 h. Colorless hexagonal crystals were collected by 

filtration (73% yield) and washed with water and acetone and dried in air. FT-IR : (KBr 

4000-400cm
-1

): 3435(br), 3082 (s) 1699(s), 1662(s), 1560(s), 1485(s), 1403(s), 1365(s), 

1017(s), 778(s), 701(s). 

2.4.5 General methods for characterization: 

Powder X-Ray diffraction (PXRD).  The PXRD patterns were collected on a Phillips 

PANalytical diffractometer on a Cu Kα radiation ( = 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° 2 with a step size of 0.02°. The instrument was 

previously calibrated using a silicon standard. 

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

. 

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 
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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 

Gas adsorption. Hydrogen adsorption-desorption experiments were conducted at 77 K 

using Quantachrome Quadrasorb automatic volumetric instrument. Ultrapure H2 

(99.95%) was purified further by using calcium aluminosilicate adsorbents to remove 

trace amounts of water and other impurities before introduction into the system. For 

measurements at 77 K, a standard low-temperature liquid nitrogen Dewar vessel was 

used. CO2 adsorption-desorption measurements were done at room temperature (298 K). 

Before gas adsorption measurements, the sample was activated at room temperature (for 

24 hrs) and 120 ºC (for 6 hrs) under ultrahigh vacuum (10
-8

 mbar) overnight. About 75 

mg of samples were loaded for gas adsorption, and the weight of each sample was 

recorded before and after out-gassing to confirm complete removal of all guest 

molecules.  

2.4.6 Computational procedures: 

Initial structure generation. Selection of initial positions of hydrogen molecules in the 

framework was the most important step for calculating the probable binding sites and the 

corresponding binding energy. Proper scanning of pore surface was important to get the 

adsorption site with the lowest binding energy. It was difficult to create homogeneously 

distributed initial positions of hydrogen molecules in the framework due to the 3D 

structure of the MOF. Even if we find homogeneously distributed positions, executing 

calculations for all the initial structures leads to large number of optimization 

calculations. Therefore, we choose the initial structure from the output of our classical 

grand canonical Monte Carlo simulation, which we have performed for calculating 

adsorption isotherms.  

The conventional GCMC simulation technique was used to compute adsorption 

isotherms. The input for the simulation consists of models (structures) for the adsorbent 

and the adsorbate as well as force fields which describe the interactions between them. 

MOFs were crystalline therefore model for the adsorbent in the atomistic representation 

of the framework was taken from its crystallographic coordinates. Here, for Mg-MOFs 

we have used the original crystal structure ignoring the solvent molecule residing in the 
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pore. In all the simulations, the framework was treated as rigid (a valid assumption for 

many MOFs at low temperature), although models for flexible MOFs have been proposed 

recently. We have calculated the theoretical hydrogen adsorption isotherm for γ-Mg-

formate and α-Mg-formate formate. In order to avoid boundary or finite size effects and 

to allow simulations that were valid for the extended crystal lattice, periodic boundary 

conditions has been used, [2.23] resulting in simulations that take place in an infinite, 

perfect structure. To model adsorbate/adsorbate and adsorbate/framework interactions, 

Van der Waals interactions (normally modelled by Lennard-Jones potentials) have been 

taken into account. Lennard-Jones (LJ) parameters for the individual atoms and for H2 

molecule UFF [2.30] potential parameters has been considered. LJ potential parameters 

for cross interactions were computed from Lorentz–Berthelot combining rules. The cutoff 

radii for both the MOFs were set to be 4.8 Å. For GCMC calculations the volume (V), the 

temperature (T) and the chemical potential (μ) were kept fixed and under these 

conditions, the average number of H2 molecules adsorbed was computed.  Each step in 

the Monte Carlo routine consisted of the insertion of a new molecule, deletion of an 

existing molecule, or translation of an existing molecule. A total of 5 million steps were 

used, the first half for equilibration and the second half to calculate the ensemble 

averages. A configuration was defined as an attempted translation, rotation, creation or 

deletion of a H2 molecule. The probability of attempting creation or deletion of a 

molecule was set to 0.3 an equation of state for hydrogen [2.31] was used to obtain the 

relationship between the bulk pressure and fugacity. We have converted the total 

adsorption obtained from simulation to excess adsorption to compare with the 

experiments. The details of the conversion calculations can be found in the literature. 

Along with the adsorption isotherm the positions (coordinates) of the adsorbed hydrogen 

molecules in the pores of both of all Mg-MOFs were obtained. Finite structures (shown in 

figure 2.11) of the frameworks have been generated with different positions of hydrogen 

molecules. These initial structures were further optimized by ab-initio quantum chemical 

calculations. 

Calculation of adsorption energy and site. Finite structure obtained from the periodic 

structure possesses artificial dangling bonds. We have saturated those bonds with H 

atoms. For geometry optimization Gaussian 09 software suite [2.32] has been used. The 
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ModRedundant option has been employed to perform the selective optimization of H 

atoms which have been attached to the clusters to saturate the dangling bonds at the 

B3LYP [2.33]/6-31G level of theory to get the energy, E(BAREMOF) of the finite structure. 

Hydrogen molecule on the finite structure was inserted at the same positions that we 

obtained from GCMC simulation. Then we have optimized the positions of hydrogen 

molecules of each initial structure containing finite formate clusters (α-formate and γ–

formate both) and one hydrogen molecule using density functional theory (DFT) with 6-

31G basis set. The energies we calculated from these calculations were for adsorbate-

adsorbent complex, E(BAREMOF+H2).  We have determined the binding energy of hydrogen 

using the following equation, where E(H2) was the energy of H2 molecule obtained from 

DFT calculation with the same basis set.  

Eads = E(BAREMOF+H2) - (E(BAREMOF)+E(H2))  

Adsorption energies after optimization of all initial configurations for each type of MOFs 

were compared. The lowest adsorption energies refer to the positions of the hydrogen 

molecules in the pores and reported in the paper.  

Calculation of adsorption energy and site using: Finite structure extracted from periodic 

structure possesses artificial dangling bonds. We have saturated those bonds with H 

atoms. For geometry optimization we have used the Gaussian 09 software suite [2.32]. 

The ModRedundant option was employed to perform the selective optimization of the 

moieties associated with saturating the dangling bonds on the clusters at the HF/6-31G 

level of theory to get HF energy, E(BAREMOF) of the finite structure. We inserted hydrogen 

molecule on the finite structure at the same positions that we got from GCMC simulation. 

Then we optimized the positions of hydrogen molecules of these inputs containing finite 

Mg-MOF and one hydrogen molecule using ab-initio HF with 6-31G basis set to get HF 

energy of the adsorbate-absorbent complex, E(MOF+H2). We determined the binding energy 

of hydrogen adsorption using the following equation, where E(H2) was the HF energy of 

H2 molecules with the same basis set. 

        Eads = E(BAREMOF+H2) - (E(BAREMOF)+E(H2)) 

Adsorption energies after optimization of all 18 initial configurations compared and we 

have reported four best energies.  
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2.4.7 X-ray crystallography:  

2.6.7.1 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 (Bruker Systems Inc., 1999a) [2.34] 

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 mono-chromated using Bruker Excalibur 

Gobel mirror optics. Crystals of the Mg-MOFs reported in the paper were mounted on 

nylon CryoLoops (Hampton Research) with Paratone-N (Hampton Research). Data were 

integrated using Bruker SAINT software [2.35]. Data were subsequently corrected for 

absorption by the program SADABS [2.36]. Space group determinations and tests for 

merohedral twinning were carried out using XPREP [2.37]. All cases, the highest 

possible space group was chosen. All structures were solved by direct methods and 

refined using the SHELXTL 97 software suite [2.38]. Atoms were located from iterative 

examination of difference F-maps following least squares refinements of the earlier 

models. Hydrogen atoms were placed in calculated positions and included as riding 

atoms with isotropic displacement parameters 1.2-1.5 times Ueq of the attached C atoms. 

Data were collected at 298(2) K for all the Mg-MOFs reported in this chapter. All 

structures were examined using the Adsym subroutine of PLATON [2.39] to assure that 

no additional symmetry could be applied to the models. All ellipsoids in ORTEP 

diagrams were displayed at the 50% probability level unless noted otherwise. ESI 

contains a detailed data collection strategy and crystallographic data for the two Mg-

MOFs reported in this chapter. Crystallographic data (excluding structure factors) for the 

structures reported in this chapter have been deposited with the CCDC as deposition No. 

CCDC 772894, 772895 & 791926 for Mg-MOF-1, Mg-MOF-2 and γ-Mg-formate 

respectively. Copies of the data can be obtained, free of charge, on application to the 

CCDC, 12 Union Road, Cambridge CB2 lEZ UK [fax: + 44 (1223) 336 033; e-mail: 

deposit@ccdc.cam.ac.uk]. 

2.6.7.2 Experimental and refinement details for γ-Mg-formate: 

A colorless crystal (0.20 × 0.16 × 0.12 mm
3
) of γ-Mg-formate was placed in a 0.7 mm 

diameter CryoLoops (Hampton Research) with Paraton-N (Hampton Research). The loop 

mailto:deposit@ccdc.cam.ac.uk
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was mounted on a SMART APEX three circle diffractometer. A total of 2830 reflections 

were collected of which 1417 were unique and 1000 of these were greater than 2σ (I). 

The range of θ was from 2.47 to 25.97º. All non-hydrogen atoms were refined 

anisotropically. γ-Mg-formate contains six formate anion and three metal atom in the 

asymmetric unit. It should be noted that other supporting characterization data were 

consistent with the crystal structure. Final full matrix least-squares refinement on F
2 

converged to R1 = 0.0687 (F >2σF)) and wR2 = 0.1257 (all data) with GOF = 0.937 

(Table-2.2).  

 

Figure 2.12: ORTEP drawing of the asymmetric unit of -Mg-formate. 

 

2.6.7.3 Experimental and refinement details for Mg-MOF-1: 

A colorless prismatic crystal (0.20 × 0.16 × 0.12 mm
3
) of Mg-MOF-1 was placed 

in 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 16416 reflections were collected of which 6231 were unique and 1000 of these 

were greater than 2σ(I). The range of θ was from 2.47 to 25.97º. All non-hydrogen atoms 

were refined anisotropically. Mg-MOF-1 contain one 3,5-pyridine dicarboxylic acid and 

one metal atom in the asymmetric unit. It should be noted that other supporting 

characterization data were consistent with the crystal structure. Final full matrix least-
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squares refinement on F
2
 

converged to R1
 
= 0.0752 (F >2σF)) and wR2

 
= 0.2331 (all data) 

with GOF = 1.237 (Table-2.2).  

2.6.7.4 Experimental and refinement details for Mg-MOF-2: 

A colorless prismatic crystal (0.14 × 0.12 × 0.09 mm
3
) of Mg-MOF-2 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 10533 reflections were collected of which 6236 were unique and 4944 of these 

were greater than 2σ(I). The range of θ was from 1.38 to 28.09º. All non-hydrogen atoms 

were refined anisotropically. Mg-MOF-1contains two 2,4-pyridine dicarboxylic acid and 

three water molecule in the asymmetric unit. It should be noted that other supporting 

characterization data were consistent with the crystal structure. Final full matrix least-

squares refinement on F
2

 

converged to R1
 
= 0.0607 (F >2σF)) and wR2

 
= 0.1505(all data) 

with GOF = 0.816 (Table-2.2).  

 

Figure 2.13: ORTEP drawing of the asymmetric unit of a) Mg-MOF-1 and b) Mg-MOF-2. 
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Table 2.2. Crystal data and structure refinement for Mg-MOFs. 

 Mg-MOF-1 Mg-MOF-2 Mg-formate 

Empirical formula C7 H3 Mg N O5 C14 H18 Mg2 N2 O14 C14 H12 Mg6 N O24 

Formula weight 205.41 486.92 724.11 

Temperature 293(2) K 298(2) K 293(2)K 

Wavelength 0.71073 Å 0.71073 Å 0.71073Å 

Crystal system Hexagonal Orthorhombic Orthorhombic 

Space group P6122 Pbca Pbcn 

Unit cell dimensions 

a = 11.4858(17) Å  α = 

90° 

b = 11.4858(17) Å  β = 

90° 

c = 14.756(3) Å γ = 

120.00° 

a = 7.9273(18) Å  α 

=90.00° 

b =  12.057(3) Å  β = 

90.00° 

c =  20.301(4) Å γ = 

90.00° 

a = 9.9638(18)Å  α = 

90.00° 

b = 18.450(3)Å  β = 

90.00° 

c = 18.082(3)Å γ = 

90.00° 

Volume 1685.9(5) 1940.4(8) 3324.1(10) Å
3
 

Z 6 4 4 

Density (calculated) 1.214 1.667 1.447 Mg/m
3
 

Absorption coefficient 0.153 0.205 0.236 

F(000) 624 1008 1468 

Crystal size 0.20 × 0.16 × 0.12 mm
3
 0.20 × 0.16 × 0.12 mm

3
 0.20×0.16×0.12 mm

3
 

Theta range for data 

collection 
2.47 - 25.97 2.57- 27.98 2.47- 25.97 

Index ranges 
-13 <= h <= 13,  -13 <= k 

<= 13,  -17 <= l <= 17 

-10 <= h <= 10,  -16 <= 

k <= 15,  -25 <= l <= 26 

-11<= h <= 11,  -

21<= k <= 21,  -21<= 

l <= 21 

Reflections collected 16416 2340 2830 

Independent 

reflections 
6231 2199 1417 

Completeness to theta 

= 26.02° 
100 % 96.3 % 100 % 

Absorption correction 
Semi-empirical from 

equivalents 

Semi-empirical from 

equivalents 

Semi-empirical from 

equivalents 

Refinement method 
Full-matrix least-squares 

on F
2
 

Full-matrix least-squares 

on F
2
 

Full-matrix least-

squares on F
2
 

Data / restraints / 

parameters 
6231 / 0 / 68 2340 / 0 / 145 2830 / 0 / 198 

Goodness-of-fit on F
2
 1.237 0.816 0.937 

Final R indices 

[I>2sigma(I)] 

R1 = 0.0752, wR2 = 

0.2331 

R1 = 0.0461, wR2 = 

0.1299 

R1 =0.0687, wR2 

=0.1257 

R indices (all data) 
R1 = 0.0757, wR2 = 

0.2337 

R1 = 0.0483, wR2 = 

0.1324 

R1 = 0.1337, wR2 = 

0.1567 

Largest diff. peak and 

hole 
0.215 and  -0.556 e.Å

-3
 0.085 and  -0.342 e.Å

-3
 0.900 and -0.400e.Å

-3
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NOTE: The results of this chapter have already been published in J. Mater. Chem., 

2010, 20, 9073–9080, with the title: “Selective CO2 and H2 Adsorption in a Chiral 

Magnesium based Metal Organic Framework (Mg-MOF) with Open Metal Sites” and 

Inorg. Chem. 2011, 50(4), 1392–1401, with the title: “Structure and Gas Sorption 

Behavior of a New Three Dimensional Porous Magnesium Formate” This publication 

was the result of a collaboration between the group of Dr. Rahul Banerjee with his 

students Arijit Mallick, Subhadeep Saha and Pradip Pachfule and the group of Dr. Sudip 

Roy from the Physical/Materials Chemistry Division at CSIR-National Chemical 

Laboratory in Pune, India.  

Major works were contributed by Arijit Mallick with the help of the instrumental 

facilities of CSIR National Chemical Laboratory. Subhadeep Saha was involved in 

theoretical calculation of the materials. Pradip Pachfule helped in gas adsorption 

measurement. 
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CHAPTER 3 

 

Electrochemical Property of LWMOFs: Correlation between 

Coordinated Water Content and Proton Transport in Ca-BTC-based 

Metal-Organic Frameworks 

 

 

Abstract: In this chapter 

Proton conductivity of five 

Ca-based MOFs which 

depends on the amount of 

water molecules coordinated 

to the Ca-centres has been 

presented. These Ca-BTC 

based MOFs possess distinct 

difference in their proton conducting ability. Ca-BTC-H2O, which has the highest amount 

of water content per Ca unit (1.00/Ca unit), shows high conductivity 1.2 x 10
-4

 Scm
-1

 and 

exhibit low activation energy of 0.18 eV. It also shows proton conductivity at high 

temperature (72 ºC). Ca-BTC-DMF and Ca-BTC-DMA have water content per Ca unit 

as 0.66 and 0.50 respectively, and show lower proton conductivity (4.8 x 10
-5

 Scm
-1 

and 

2.0 x 10
-5

 Scm
-1

) as well as higher activation energy (0.32 and 0.40 eV). Ca-BTC-DMSO 

and Ca-BTC does not show any proton conductivity due to structural instability at 

humidified condition and zero water content/Ca unit respectively. 
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3.1 Introduction: 

Electrochemical properties of a material can be defined as the properties shown by 

materials when it has been placed in between electrodes. The electrochemical property is 

one of the important phenomena of materials due to its possible application in next 

generation energy storage system. Conduction of protons is also an important 

electrochemical property of materials. Proton conducting porous solids has recently 

picked up researchers attention due to its beneficial application in solid state 

electrochemical devices like fuel cells [3.1]. In fuel cells these proton conducting 

materials has been used as membrane through which protons travel from cathode to 

anode and complete the cell circuit. In general nafion has been used as proton conducting 

membrane in fuel cells, which have very high commercial value. Also nafion has the 

technical problem like, decrease proton conduction performance at higher temperature (> 

80 °C) due to dehydration [3.2]. As an alternative, researchers suggested the use of 

Metal-Organic Frameworks (MOFs) as proton conductors because of high chemical and 

thermal stability and diverse topological architecture with tunable functionality [3.3].  

In general, proton conduction in MOFs has been classified in two categories: 

water assisted proton-conducting MOFs operating below 100 C and anhydrous proton 

conductors operating above 100 C. There are several attempts like incorporation of 

water channel, doping of organic molecules (imidazole, triazole etc.) inside the pores of 

MOFs have been implemented to get higher proton conductivity. However, it is clearly 

visible that applications of MOFs as proton conductors have not been explored as broadly 

as gas storage properties [3.4]. Extensive amount of research is still necessary to explore 

the potential of MOFs as promising proton conducting materials for fuel cell application. 

Although transition metal based MOFs (e.g. cobalt, nickel, zinc and copper) have been 

widely investigated, [3.5] the coordination chemistry of MOFs based on main-group 

metals, (like Li
+
, Ca

2+
, Mg

2+
 or Al

3+
), especially Ca-based MOFs are rarely explored and 

the properties are not studied widely [3.6].  

In these regards, herein, in this chapter, synthesis of a series of Ca-based MOFs 

prepared using 1,3,5-benzenetricarboxylic acid (BTC) as linker in different solvents 

(H2O, DMF, DMA, DMSO) has been presented. These Ca-based MOFs have different 
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amount of water content per Ca unit (Ca-BTC-H2O: 1.00, Ca-BTC-DMF: 0.66, Ca-BTC-

DMA: 0.50, Ca-BTC: 0.00). It has been observed that water molecules coordinated to the 

metal play an important role for proton conduction due to the polarization effect. As a 

result, Ca(II) as a metal center has been preferred for its higher polarizing ability compare 

to other metals, which should increase the proton conduction ability of the MOF by 

increasing the acidity of coordinated water molecules. These Ca-BTC based MOFs 

possess distinct difference in their proton conducting ability, as the water content per Ca-

BTC unit is different. Ca-BTC-H2O, which has the highest amount of water content per 

Ca unit (1.00/Ca unit), shows high conductivity 1.2 x 10
-4

 Scm
-1

 and exhibit low 

activation energy of 0.18 eV. It also shows proton conductivity at high temperature (72 

ºC). Ca-BTC-DMF and Ca-BTC-DMA have water content per Ca unit as 0.66 and 0.50 

respectively, and show lower proton conductivity (4.8 x 10
-5

 Scm
-1 

and 2.0 x 10
-5

 Scm
-1

) 

as well as higher activation energy (0.32 and 0.40 eV). Ca-BTC-DMSO and Ca-BTC 

does not show any proton conductivity due to structural instability at humidified 

condition and zero water content/Ca unit, respectively. 

3.2 Result and discussion: 

3.2.1 Structural analysis of Ca-BTC based MOFs: 

Since, the calcium is one of the most abundant metal present in earth, Ca(II) has been 

used here as metal centre for MOF synthesis. As a result, these MOFs will be 

commercially cheap and also environmental friendly. In this work, we have used 1,3,5-

benzenetricarboxylic acid (BTC) as linker due to its C3 symmetry which favour to 3D 

framework formation and easy crystallization. In addition to the previously reported two 

MOFs synthesized using BTC and Ca(II), herein, we report three more structures using 

similar precursors (Figure 3.1). Ca-BTC-H2O [3.6a] has been synthesized by using a 1:1 

(0.2 mmol) mixture of BTC and Ca(OAc)2 in H2O-Ethanol mix-solvent (3:1) at 90 ºC for 

24 h. The Ca-BTC-DMF
 
[3.6b] has been synthesized by mixing Ca(NO3)2·4H2O, (0.3 

mmol) and BTC (0.1 mmol) in mix-solvent (5.0 mL  DMF and 1mL H2O) at 85 ºC for 48 

h.  Ca-BTC-DMA has been synthesized by mixing Ca(OAc)2 (0.1 mmol) and BTC (0.3 

mmol) in DMA- H2O (4:1) mix-solvent at 85 ºC for 24 h. The synthesis of Ca-BTC-

DMSO is similar to Ca-BTC-DMA, where DMSO has been used in place of DMA. Ca-  
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Figure 3.1: Schematic representation highlights the synthetic scheme and water content 

per metal centre in assymetric unit of Ca-BTC based MOFs. Color code: Ca-green, O-

red, C-black, N-blue, S-yellow and H-redish white. The coordinated waters are highlited 

by pink circles. 

BTC has been synthesized using CaCl2 (0.1 mmol), BTC (0.3 mmol) and 2.5 mL in dry 

DMF at 85 ºC for 24 h. During synthesis of Ca-BTC-MOFs (apart from Ca-BTC-H2O 

and Ca-BTC) the amount of H2O should be added very carefully because addition of 

excess H2O will lead to form Ca-BTC-H2O only.  

Crystal structure of Ca-BTC-H2O and Ca-BTC-DMF were reported earlier 

[3.6a,b]. Ca-BTC-H2O contains 1D channel along crystallographic a axis containing one 

dimensional array of lattice H2O molecules strongly hydrogen bonded [O-H···O, 

D=2.762(6) Å, d = 1.937(5) Å, θ = 159.1°(3)] to the coordinated H2O and oxygen atoms 

of carboxylate groups [3.7]. Ca-BTC-DMF contains edge shared CaO8 and CaO7 

polyhedrons connected through BTC ligand to form a 3D framework. Ca-BTC-DMF 

contains three lattice H2O molecules, discretely hydrogen bonded to the coordinated H2O, 

carboxylate oxygen atom and to other lattice H2O molecules. Ca-BTC-DMA (space 

group C2/c) contains 1D channel along the crystallographic c axis and the coordinated 

DMA solvents and H2O molecules are facing towards the channel. Ca-BTC-DMSO 

(C2/c) does not contain any lattice H2O, but only one H2O coordinated to the Ca2 center 

(Figure 3.2) 
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Figure 3.2: Packing diagrams showing the 3D arrangement along crystallographic a 

axis for a) Ca-BTC-H2O b) Ca-BTC-DMSO, c) Ca-BTC, d) Ca-BTC-DMF, e) Ca-BTC-

DMA. Color code: Ca-green, O-red, C-grey, N-blue, S-yellow and H-redish white. The 

coordinated waters are highlited by pink circles. 

It is noteworthy that, in all four Ca-BTC based MOFs; water content per Ca-

center varies systematically as 0, 0.5, 0.66 and 1 unit. As, in Ca-BTC-H2O each Ca-center 

is coordinated to single water molecules, the water content per Ca center is 1.0. In Ca-

BTC-DMF, each three Ca-centers contain two H2O and two DMF molecules; hence 

calculated water content per Ca unit is 0.66. Whereas, in Ca-BTC-DMA and Ca-BTC-

DMSO MOFs, the calculated water content per Ca unit is 0.50. In order to complete the 

series, we attempted to synthesize one Ca-BTC MOF isomer without any coordinated or 

lattice H2O, but despite of several efforts we could not isolate any anhydrous Ca-BTC 

MOF. A possible reason could be strong hygroscopic nature of Ca metal. On the other 

hand, we could successfully synthesize anhydrous Ca-BTC by using CaCl2 as a precursor 

in dry DMF. Unlike Ca-BTC-DMF, DMA and DMSO, does not contain any lattice as  
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well as coordinated H2O molecules. 

3.2.2 Thermal properties and X-ray powder diffraction analysis: 

TGA techniques of Ca-BTC-H2O, Ca-BTC-DMF and Ca-BTC-DMA under N2 

atmosphere show almost similar stepwise weight loss, first (615 wt%) around 30-200 °C  

due to ready removal of both coordinated and lattice solvent molecules, followed by 

sharp weight loss (20-30 wt%) at 350440 °C, probably due to the decomposition of the 

framework (Figure 3.3). Since, the Ca-BTC doesn’t have any coordinated or lattice 

solvent inside the framework; it shows framework decomposition at 550 °C. Except Ca-

BTC-DMSO, all four Ca-BTC-MOFs are thermally stable and show similar 

decomposition behaviors at high temperature. Ca-BTC-DMSO shows a gradual weight 

loss up to 250 °C due to removal of solvent molecules and simultaneously framework 

decomposition. TGA traces of Ca-BTC-H2O and Ca-BTC-DMF show that the lattice H2O 

molecules leave at 75 °C and 40 °C, respectively; without degradation of the framework.  

 

Figure 3.3: a) FT-IR spectra patterns of BTC ligand Ca-BTC-H2O, Ca-BTC-DMF, Ca-BTC-

DMA, Ca-BTC-DMSO and Ca-BTC. b) TGA traces of Ca-BTC-H2O, Ca-BTC-DMF, Ca-BTC-

DMA and Ca-BTC-DMSO.   

Variable-temperature single crystal data of Ca-BTC-H2O collected at different 

temperature [e.g. 25, 33, 43, 53, 65, 75, 80, and 90 °C] reveals that 75 °C is the optimum 

temperature at which we could achieve a stable and solvent-free framework of Ca-BTC-

H2O with reasonably good structural parameters [R1 = 4.1%, wR2 = 10.72%, GOF = 

1.079] (Figure 3.4c). In case of Ca-BTC-DMF, the VTSCXRD collected at different  
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Figure 3.4: a) Water adsorption isotherm for Ca-BTC-H2O, Ca-BTC-DMF and Ca-BTC-DMA. 

b) Variable temperature PXRD peaks of Ca-BTC-H2O showing the thermal stability of the 

materials. c) VTSCXRD of Ca-BTC-H2O showing loss of lattice water molecules at 75 ºC. 

temperature [e.g. 173, 25, 30, 35, and 40 °C] reveals that similar stable solvent free 

framework could be achieved at 40 °C [R1 = 5.2%, wR2 = 19.72%, GOF = 1.435] (Figure 

3.4d).  The framework stability of Ca-BTC-H2O has also been proved by variable 

temperature PXRD (VTPXRD). It has been observed that the framework is stable upto 

150 °C with reversible phase change after 150 °C (Figure 3.4b). All major peaks of 

experimental and simulated PXRDs of Ca-BTC-MOFs match well indicating their 

reasonable crystalline phase purity (Figure 3.4 and 3.5). 

3.2.3 Proton conductivity measurements: 

3.2.3.1 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 Ca-BTC-MOFs 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 
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Figure 3.5: Comparison of PXRD patterns of as synthesised materials with the simulated pattern 

from the single-crystal structure for  a) Ca-BTC-H2O,  b) Ca-BTC-DMF,  c) Ca-BTC-DMA, d) 

Ca-BTC-DMSO, e) Ca-BTC, f) Ca-BTC-DMSO after water treatment. The red colored patterns 

symbolized experimental data and black colored patterns symbolized simulated data. 

then subjected to analysis for proton conduction. The resistances were calculated from 

the semicircle of the Nyquist plots. The activation energy values were obtained from the 
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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).  

Further, from diameter r (mm) and thickness A (mm);  proton conductivity () value can 

be calculated by the following equation, 

            = A / (R × r
2
) Scm

-1 

Rs (C - Rp)
 

Figure 3.6: Equivalent circuit model representation of the Nyquist plot. 

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. 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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3.2.3.2 Proton conductivity measurements of Ca-BTC-MOFs:  

The proton conductivities in all the Ca-BTC-MOFs have been observed only after 

humidification for 24 h, which eventually confirms the role of water as proton carrier and 

grain boundary remover. In case of Ca-BTC-H2O, Ca-BTC-DMF and Ca-BTC-DMA, the 

water molecules are absorbed within the crystals by strong hydrogen bonding with the 

carboxylate bound metal centers, coordinated and non-coordinated solvent molecules, 

which facilitate the proton conduction. The observed proton conductivity values for the 

Ca-BTC-H2O, Ca-BTC-DMF and Ca-BTC-DMA are 1.2 x10
-4

 Scm
-1

, 4.08 x10
-5

 Scm
-1

 

and 1.46 x 10
-5

 Scm
-1

 at 25 ºC and 98% relative humidity (RH), respectively (Figure 

3.7). However, Ca-BTC and Ca-BTC-DMSO doesn’t show any proton conductivity at the 

same condition due to structural instability and lack of coordinated H2O molecules. There 

is a clear tendency that higher proton conductivity is observed in MOFs, where more 

water content per Ca unit is present. Ca-BTC-H2O shows highest proton conductivity 

because water content per Ca unit is 1.00. Whereas, Ca-BTC- DMF, Ca-BTC-DMA and 

Ca-BTC show gradually low to nil proton conductivity due to the steady decrease of 

water content per Ca unit. The activation energy values calculated for Ca-BTC-H2O, Ca-

BTC-DMF and Ca-BTC-DMA are 0.18 eV, 0.31 eV and 0.40 eV, respectively (Grotthuss 

proton hopping mechanism), [1.28, 3.8] and accordance with the aforementioned trend 

(Figure 3.8). 

We have also performed the temperature dependent proton conductivity for all 

these Ca-MOFs. Ca-BTC-H2O shows proton conductivity at wide range of temperature 

from 10 ºC (1.2 x10
-5

 Scm
-1

) to 72 ºC (3.2 x10
-5

 Scm
-1

), while Ca-BTC-DMF and Ca-

BTC-DMA showed proton conductivity of 8.4 x10
-6

 Scm
-1

 (40 ºC) and 9.4 x10
-6

 Scm
-1

 

(35 ºC), respectively (Figure 3.7). Noticeably, Ca-BTC-H2O shows proton conductivity 

at much higher temperature (72 ºC), than Ca-BTC-DMF (40 ºC) and Ca-BTC-DMA (35 

ºC). Proton conduction in MOF at higher temperature (more than 72 ºC and 98% RH) is a 

rare phenomenon. There are only few reports which demonstartes MOFs containing 

lattice H2O molecules can conducts proton at high temperature (MIL-53(Fe)-(COOH)2 : 

6.5x10
-6 

Scm
-1

at 72 ºC).
3c

 These MOFs exhibits lower proton conductivity than Ca-BTC-

H2O at72 ºC (3.2 x10
-5

 Scm
-1

). The plausible reason behind the proton conductivity at 

higher temperature is the strong and continuous hydrogen bonding between coordinated  
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Figure 3.7: Proton conductivity of Ca-BTC-H2O: a) at low temperature, and b) at high 

temperature. Proton conductivity of Ca-BTC-DMF: c) at low temperature and d) at high 

temperature. Proton conductivity of Ca-BTC-DMA: e) at low temperature and f) at high 

temperature.  

and lattice H2O molecules, which hold the H2O molecules till 72 ºC as confirmed by VT-

SCXRD. However, in case of Ca-BTC-DMF, the lattice H2O molecules are arranged as 

discrete hydrogen bonded cluster, which hold the H2O molecules till 40 ºC. Ca-BTC- 

DMA and Ca-BTC does not contain any such continuous hydrogen bonded network 
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Figure 3.8: a) Arrhenius plots of Ca-BTC-H2O, Ca-BTC-DMF and Ca-BTC-DMA. The 

activation energy has been calculated from the slope of the Arrhenius plots. b) The barchart 

representation of proton conductivity values with respect to different Ca-BTC-MOFs. 

within the framework. Hence, we believe that strong hydrogen bonding between 

coordinated and non-coordinated H2O molecules plays a key role in high temperature 

proton conduction in Ca-BTC-H2O. 

3.2.3.3 Proton conduction mechanism: 

The activation energy calculation suggest that proton conductivity in Ca-BTC-MOFs 

follows the Grotthuss proton hopping pathway [3.8]. On the basis of crystal structures 

and supporting experimental data, we have proposed a possible mechanism for the proton 

transport inside the frameworks. In case of Ca-BTC-H2O, there is continuous hydrogen 

bonding through the channel along a axis which favours the proton conduction. Also, in 

 

Figure 3.9: Possible scheme of Grotthuss proton hopping mechanism of In and Cd-5TIA. 
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humidified condition the incoming water molecules adsorb inside the channel and easily 

form hydrogen bonding with the coordinated water molecules and carboxylate oxygen 

atoms (Figure 3.9). Since Ca-BTC-DMF and Ca-BTC-DMA don’t have continuous 

hydrogen bonding channel, only the absorbed water molecules are responsible for proton 

conduction through the channel. 

3.3 Conclusions: 

In conclusion, we have studied the crystal structure and the proton conductivity of five 

Ca-based MOFs at variable temperature and relative humidity. The Ca-BTC-H2O MOF 

having 1.00 water content per Ca units, shows high conductivity 1.2 x 10
-4

 Scm
-1

 and 

exhibit low activation energy of 0.18 eV. Whereas, the Ca-BTC-DMF and Ca-BTC-

DMA having 0.66 and 0.50 water content per Ca unit show proton conductivity of 4.8 x 

10
-5

 Scm
-1 

and 1.46 x 10
-5

 Scm
-1 

and activation energy of 0.32 and 0.40 eV, respectively. 

As expected, Ca-BTC doesn’t show any proton conductivity due to the absence of water 

content. Hence, we believe that the extent of water content per metal unit plays a key role 

in high proton conduction in humidified condition. We hope that these kinds of materials 

will provide a roadmap towards synthesis of controllable proton conducting materials by 

varying water content per metal centre. 

3.4 Experimental procedures: 

3.4.1 Materials:   

1,3,5-benzenetricarboxylic acid was purchased from the Aldrich Chemicals. The 

Ca(OAc)2, Ca(NO3)2·4H2O, CaCl2, N,N-dimethylformamide (DMF), N,N-

dimethylacetamamide (DMA),  N,N-dimethylsulfoxide (DMSO) and other solvents were 

purchased from Rankem chemicals. 

3.4.2 Synthesis of all Ca-BTC based MOFs:  

Ca-BTC-H2O: A mixture of 1,3,5-benzenetricarboxylic acid (C9H6O6,H3, BTC, 0.042 g, 

0.2 mmol), Ca(OAc)2 (0.0316 g, 0.2 mmol), H2O (3.0 mL), and Ethanol (EtOH, 1.0 mL) 

was stirred for 20 min at room temperature in a 15 mL vial to form a homogeneous 

solution. The vial was capped and kept in oven at 90 ºC for 24 h. After this time, 

colourless needle like crystals were obtained, which were filtered off using Whatmann 

filter paper and washed thoroughly with 99.9% as received EtOH. The so-obtained MOF 



 

 

Chapter 3                                                                      Electrochemical property of LWMOFs … 

2015-Ph. D. Thesis: Arijit Mallick, (CSIR-NCL), AcSIR                                                                                                           88 
 

[Ca2(BTC)(H2O)∙H2O] (41.8 mg, 81% yield) was dried at RT under air atmosphere (60 

min). 

FT-IR (4000-600 cm
–1

): 3216 (m, br), 1670 (m), 1616 (m), 1550 (s), 1450 (m), 1381 (s), 

1297 (w), 1244 (m), 1170 (w), 1085 (m), 1043 (w), 900 (w), 773 (m), 740 (m), 683 (m). 

Elemental analysis (for activated sample): calc. (%) (C9H9O8Ca): C, 25.24; H, 3.16;  

Found (%): C, 24.79; H, 3.29. 

Ca-BTC-DMF: A mixture of 1,3,5-benzenetricarboxylic acid (C9H6O6,H3, BTC, 0.021 g, 

0.1 mmol), Ca(NO3)2·4H2O (0.0708 g, 0.3 mmol), DMF (5.0 mL), and water (H2O, 1.0 

mL) was stirred for 20 min at room temperature in a 15 mL vial to form a homogeneous 

solution. The vial was capped and kept in oven at 85 ºC for 48 h. After this time, 

colourless plate like crystals were obtained, which were filtered off using filter paper and 

washed thoroughly with 99.9% as received EtOH. The so-obtained MOF 

[Ca(BTC)2(DMF)2(H2O)2∙3H2O] (67.55 mg, 57% yield) was dried at RT under air 

atmosphere (60 min).  

FT-IR (4000-600 cm
–1

): 3304 (m, br), 2305 (w), 1608 (s), 1548 (s), 1421 (s), 1356 (s), 

1200 (w), 1100 (m), 932 (w), 758 (m), 711 (s). 

Elemental analysis (for activated sample): calc. (%) (C10H4N3O5Ca): C, 40.24; H, 

1.96; N, 21.82; Found (%): C, 39.20; H, 1.99; N, 22.24. 

Ca-BTC-DMA: A mixture of 1,3,5-benzenetricarboxylic acid (C9H6O6,H3, BTC, 0.063 g, 

0.3 mmol), Ca(OAc)2 (0.0158 g, 0.1 mmol), DMA (2.0 mL), and water (H2O, 0.5 mL) 

was stirred for 10 min at room temperature in a 5 mL vial to form a homogeneous 

solution. The vial was capped and kept in oven at 90 ºC for 24 h. After this time, 

colourless plate like crystals were obtained, which were filtered off using filter paper and 

washed thoroughly with 99.9% as received EtOH. The so-obtained MOF 

[Ca2(BTC)(DMA)(H2O)] (18.85 mg, 76% yield) was dried at RT under air atmosphere 

(60 min).  

FT-IR (4000-600 cm
–1

): 3425 (m, br), 1615 (s), 1555 (s), 1434 (s), 1681 (s), 1247 (w), 

1106 (m), 1026 (m), 938 (w), 824 (w), 764 (s), 725 (s). 

Elemental analysis (for activated sample): calc. (%) (C26 H28 N2 O16Ca3): C, 41.89; H, 

3.75; N, 3.76; Found (%): C, 41.91; H, 3.58; N, 3.57. 
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Ca-BTC-DMSO: A mixture of 1,3,5-benzenetricarboxylic acid (C9H6O6,H3, BTC, 0.063 

g, 0.3 mmol), Ca(OAc)2 (0.0158 g, 0.1 mmol), DMSO (2.0 mL), and water (H2O, 0.5 

mL) was stirred for 10 min at room temperature in a 5 mL vial to form a homogeneous 

solution. The vial was capped and kept in oven at 90 ºC for 24 h. After this time, 

colourless plate like crystals were obtained, which were filtered off using filter paper and 

washed thoroughly with 99.9% as received EtOH. The so-obtained MOF 

[Ca2(BTC)(H2O)(DMSO)∙DMSO] (22.07 mg, 75% yield) was dried at RT under air 

atmosphere (60 min).  

FT-IR (4000-600 cm
–1

): 3424 (m, br), 1615 (s), 1555 (s), 1428 (s), 1368 (s), 1207 (w), 

1100 (m), 1006 (s), 946 (s), 772 (s),0, 718 (s), 628 (w).  

Elemental analysis (for activated sample): calc. (%) (C10H4N3O5Ca): C, 35.60; H, 

3.82; S, 10.82; Found (%): C, 35.43; H, 3.75; S, 9.53. 

Ca-BTC: A mixture of 1,3,5-benzenetricarboxylic acid (C9H6O6,H3, BTC, 0.063 g, 0.3 

mmol), CaCl2 (0.0111 g, 0.1 mmol), DMF (2.0 mL) was stirred for 10 min at room 

temperature in a 5 mL vial to form a homogeneous solution. The vial was capped and 

kept in oven at 90 ºC for 24 h. After this time, colourless polyhedral crystals were 

obtained, which were filtered off using filter paper and washed thoroughly with 99.9% as 

received EtOH. The so-obtained MOF [Ca(BTC)] (16.15 mg, 70% yield) was dried at RT 

under air atmosphere (60 min).  

FT-IR (4000-600 cm
–1

): 1616 (s), 1553 (s), 1435 (s), 1680 (s), 1250 (w), 1107 (m), 1016 

(m), 941 (w), 820 (w), 764 (s), 725 (s).  

Elemental analysis (for activated sample): calc. (%) (C6 H2 Ca O4): C, 40.39; H, 1.25; 

Found (%): C, 40.04; H, 1.18. 

3.4.3 General methods for characterization: 

All reagents were commercially available and used as received. Leica M-80 optical 

microscope was used for collecting photographs. 

Powder X-Ray Diffraction (PXRD):  The PXRD patterns were collected on a Phillips 

PANalytical diffractometer on a Cu Kα radiation ( = 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 
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sample was scanned between 5 and 50° 2 with a step size of 0.02°. The instrument was 

previously calibrated using a silicon standard. 

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

. 

 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 

Proton Conductivity: Proton conductivity data were measured in a quasi-two-probe 

method, with a Solartron 1287 Electrochemical Interface with frequency response 

analyzer. 

 Water Adsorption Analyses: 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.  

3.4.4 X-ray crystallography: 

3.4.4.1 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 chapter was 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. CrysAlis
Pro

 [3.9] program software suite to carry out was used overlapping φ 

and ω scans at detector (2 settings (2 = 28). Following data collection, reflections were 

sampled from all regions of the Ewald sphere to redetermine unit cell parameters for data 
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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 CrysAlis
Pro

 software with a narrow frame algorithm. Data were 

subsequently corrected for absorption by the program SCALE3 ABSPACK
 
[3.9] 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 chapter. 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 chapter have been 

deposited in CCDC as deposition No. CCDC 885042 - 885046. 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]. 

3.4.4.2 Experimental and refinement details for Ca-BTC-DMA: 

A white block like crystal (0.25× 0.19 × 0.15 mm
3
) of Ca-BTC-DMA 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) and Cu Kα 

radiation (λ = 1.54178 Å) at 190(2) K in a liquid N2 cooled stream of nitrogen. A total of 

3737 reflections were collected of which 3207 were unique. The range of θ was from 
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1.85 to 28.92. Analysis of the data showed negligible decay during collection. The 

structure was solved in the monoclinic C 2/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 (Figure 3.10). Final full 

matrix least-squares refinement on F
2 

converged to R1 = 0.0742 (F >2σF) and wR2 = 

0.1651 (all data) with GOF = 1.597 (Table 3.1). 

3.4.4.3 Experimental and refinement details for Ca-BTC-DMSO: 

A white block like crystal (0.31× 0.23 × 0.14 mm
3
) of Ca-BTC-DMSO 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) and Cu Kα 

radiation (λ = 1.54178 Å) at 190(2) K in a liquid N2 cooled stream of nitrogen. A total of 

5252 reflections were collected of which 3542 were unique. The range of θ was from 

1.85 to 29.07. Analysis of the data showed negligible decay during collection. The 

structure was solved in the monoclinic C 2/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 (Figure 3.10). Final full 

matrix least-squares refinement on F
2 

converged to R1 = 0.0809 (F >2σF) and wR2 = 

0.2522 (all data) with GOF = 1.139 (Table 3.1). 

3.4.4.4 Experimental and Refinement Details for Ca-BTC: 

A white block like crystal (0.21× 0.19 × 0.15 mm
3
) of Ca-BTC 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) and Cu Kα radiation (λ = 

1.54178 Å) at 190(2) K in a liquid N2 cooled stream of nitrogen. A total of 795 reflections 

were collected of which 580 were unique. The range of θ was from 1.85 to 28.92. 

Analysis of the data showed negligible decay during collection. The structure was solved 

in the trigonal R -3 space group, with Z = 9, using direct methods. All non-hydrogen 

atoms were refined anisotropically with hydrogen atoms generated as spheres riding the 
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Figure 3.10: Ortep Drawing of the assymetric unit of a) Ca-BTC-H2O b) Ca-BTC-DMA, c) Ca-

BTC-DMSO, d) Ca-BTC, e) Ca-BTC-DMF. Thermal ellipsoids set to 50% probability level. 

coordinates of their parent atoms (Figure 3.10). Final full matrix least-squares refinement 

on F
2 

converged to R1 = 0.0375 (F >2σF) and wR2 = 0.0874 (all data) with GOF = 1.139 

(Table 3.1).  

3.4.4.5 Experimental and refinement details for Ca-BTC-H2O: 

A white block like crystal (0.31× 0.25 × 0.14 mm
3
) of Ca-BTC-H2O 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) and Cu Kα 

radiation (λ = 1.54178 Å) at 348(2) K in a liquid N2 cooled stream of nitrogen. A total of 

2980 reflections were collected of which 2100 were unique. The range of θ was from 

1.85 to 29.24. Analysis of the data showed negligible decay during collection. The 

structure was solved in the triclinic P -1space group, with Z = 2, using direct methods. 

All non-hydrogen atoms were refined anisotropically with hydrogen atoms generated as 

spheres riding the coordinates of their parent atoms (Figure 3.10). Final full matrix least-

squares refinement on F
2 

converged to R1 = 0.0410 (F >2σF) and wR2 = 0.1072 (all data) 

with GOF = 1.079 (Table 3.1).  
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3.4.4.6 Experimental and refinement details for Ca-BTC-DMF: 

A white block like crystal (0.32× 0.25 × 0.18 mm
3
) of Ca-BTC-DMF 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) and Cu Kα 

radiation (λ = 1.54178 Å) at 348(2) K in a liquid N2 cooled stream of nitrogen. A total of 

8481 reflections were collected of which 5946 were unique. The range of θ was from 

1.85 to 8.08. Analysis of the data showed negligible decay during collection. The 

structure was solved in the triclinic P -1 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 (Figure 3.10). Final full matrix least-

squares refinement on F
2 

converged to R1 = 0.0610 (F >2σF) and wR2 = 0.1728 (all data) 

with GOF = 1.062 (Table 3.1). 
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Table 3.1. Crystal data and structure refinement for Ca-BTC-MOFs. 

MOFs Ca-BTC-DMA Ca-BTC-DMSO Ca-BTC Ca-BTC-H2O Ca-BTC-DMF 

Empirical 

formula 
C26H28Ca3N2O16 C24H28Ca3O18S4 C6H2CaO4 C9H6CaO7 C54H30Ca6N6O31 

Formula wt. 744.74 852.98 178.16 266.22 1499.32 

Temperature 190(2) K 190(2) K 190(2) K 348(2) K 313(2) K 

Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 

Cryst. system Monoclinic Monoclinic Trigonal Triclinic Monoclinic 

Space group C2/c C2/c R -3 P -1 C 2 

Unit cell 

dimensions 

a = 16.552(7) Å 

α = 90° 

b = 13.6128(19) 

Å  β = 

101.88(2)° 

c = 18.691(11) 

Å, γ = 90° 

a = 15.547(3) Å, 

α = 90° 

b = 21.58(2) Å, β 

= 90° 

c = 18.981(4) Å, 

γ = 90° 

a = 8.9636(3) 

Å α = 90° 

b = 8.9636(3) 

Å  β = 90° 

c= 19.283(11) 

Å  γ = 120° 

a = 6.865(11) Å 

α = 101° 

b = 9.128(16) Å  

β = 99.683(12)° 

c = 9.920(14) Å  

γ = 

111.950(16)° 

a = 16.281(3) Å 

α = 90° 

b = 13.514(3) Å  

β = 93.254(18)° 

c = 15.759(3) Å  

γ = 90° 

Volume 3155(3) 3931.0(12) 1341.76(10) 545.11(18) 3461.92(12) 

Z 4 4 9 2 4 

Density 

(calculated) 
1.568 1.441 1.984 1.622 1.438 

Absorption 

coefficient 
0.602 0.700 1.000 0.596 0.549 

Goodness-of-

fit on F
2
 

1.597 1.139 1.139 1.079 1.062 

Final R 

indices 

[I>2sigma(I)] 

R1 = 0.0742, 

wR2 = 0.1613 

R1 = 0.0809, 

wR2 = 0.2320 

R1 = 0.0375, 

wR2 = 0.0874 

R1 = 0.0410, 

wR2 = 0.0983 

R1 = 0.0610, 

wR2 = 0.1671 

R indices (all 

data) 

R1 = 0.0869, 

wR2 = 0.1651 

R1 = 0.0976, 

wR2 = 0.2522 

R1 = 0.0468, 

wR2 = 0.0953 

R1 = 0.0502, 

wR2 = 0.1072 

R1 = 0.0647, 

wR2 = 0.1728 
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NOTE: The results of this chapter have already been published in Chem. Commun., 

2012, 48, 8829-8831, with the title: “Correlation between Coordinated Water Content 

and Proton Conductivity in Ca-BTC-based Metal-Organic Frameworks.” These 

publications were the results from the group of Dr. Rahul Banerjee and his students Arijit 

Mallick and Tanay Kundu from CSIR National Chemical Laboratory, Pune, India. Major 

works are contributed by Arijit Mallick with the help of the instrumental facilities of 

CSIR National Chemical Laboratory.  

Tanay Kundu was involved in proton conductivity measurement studies. Finally figure 

preparation and draft writing was carried out by Arijit Mallick under the guidance of Dr. 

Rahul Banerjee. 
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CHAPTER 4 

 

 Solvatochromic and Photochromic Metal-Organic Framework 

Containing Naphthalenediimide (NDI) based Linker for Solid State 

Organic Amine Sensing 

 

Abstract: In this chapter a 

new Mg(II) based 

photochromic porous 

metal–organic framework 

(MOF) has been 

synthesized bearing 

naphthalenediimide (NDI) 

chromophoric unit. This 

MOF (Mg–NDI) shows 

instant and reversible solvatochromic behavior in presence of solvents with different 

polarity. Mg–NDI also exhibits fast and reversible photochromism via radical formation. 

Due to the presence of electron deficient NDI moiety, this MOF exhibits selective organic 

amine (electron rich) sensing in solid state. The organic amine detection has been 

confirmed by photoluminescence quenching experiment and visual color change. 
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4.1 Introduction: 

For over two decades researchers have paid huge attention on transformation of the 

chemical information stored in a molecule into an analyzable signal [4.1]. A chemical 

sensor can detect an analyte through different ways like change in color, luminescence, 

conductivity, etc [4.2]. However, analytes like explosives, hazardous chemicals, or gases, 

harmful radiations and bioactive reagents need to be detected in very low concentrations 

in order to avoid the danger inherent in them. In this regard, porous crystalline chemical 

sensors are quite interesting because of their quick, reversible and recyclable sensing 

ability [4.3]. As we discussed earlier [4.4] MOFs can be synthesized from metal ions and 

linkers, where properties of the MOFs can be tuned by changing the functionality of the 

organic linkers and different metal ions. It is possible to make chemo sensor MOFs using 

luminescent linkers or metal ions. In recent years researchers, began to explore the 

potential of MOFs as chemical sensors. MOFs could be better candidate than other 

chemo sensors due to its robustness, possibilities of properties modification by changing 

organic linkers, high crystallinity and geometrically well define structure. In literature 

mainly four types of MOF sensors has been reported: i) Ligand based luminescence, 

which includes, a) ligand localized emission, b) ligand to metal charge transfer (LMCT) 

emission, c) metal to ligand charge transfer (MLCT) emission [4.5]. ii) Metal ion based 

emission [4.6]. iii) Antennae effect [4.7]. iv) Guest induced effect [4.8]. 

MOFs can absorb the analyte molecules into the definite pores, which allows the species 

to immobilized in close proximity to the luminescent centers. The incorporation of the 

analytes in the MOF pores, leads to the change in luminescent properties by means of 

shift in wavelength, change in intensity or new emission peak formation.  

 In this thesis, a porous solvatochromic MOF (Mg-NDI), constructed from the 

environmentally friendly element Mg(II) and naphthalenediimide (NDI) based 

fluorescent linker has been reported.  The Mg-NDI has capablity of sensing a diverse 

range of solvents in less than 60 seconds and having ability to detect the new incoming 

solvent during fast analyte–solvent exchange. Chemical entities such as organic amines 

have enormous importance in polymer, dye and pharmaceutical industries [4.9]. 

However, most of these amines are colorless, making their differentiation via visual 
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inspection chemical entities such as solvent molecules, organic amines are small in size 

and have intense importance in polymer, dye and pharmaceutical industries [4.9]. Most of 

these liquids are colorless and similar looking, making their differentiation via visual 

inspection difficult. These chemicals are mostly hazardous to environment, and hence 

spillage of these materials into the nature should be difficult. These amines are also 

hazardous to the environment, and hence spillage of these materials should be sensed 

efficiently in order to prevent any probable harm. Traditional chemical sensors generally 

dissolve or decompose in presence of such analytes [4.10]. Porous MOFs, on the other 

hand, bear an advantage over these traditional chemical sensors because of their 

heterogeneous nature and ability to be used over multiple cycles. However, 

solvatochromic MOFs reported in the literature, have sluggish reversibility and require 

long detection time and /or sophisticated instrumental fabrication [4.11]. Hence, it is still 

quite challenging to make a porous MOF which capable of sensing an analyte quickly 

and reliably. This Mg–NDI MOF, reported in this paper, is able to sense small sized 

amines by visual color change as well as photoluminescence quenching, making it a dual 

sensor of solvents and amines. Apart from these chemical entities, Mg-NDI is also able to 

detect the presence of radiations by showing reversible colour change. This 

photochromism adds as another sensing property for Mg-NDI. To the best of our 

knowledge, this is the first report of a MOF where both solvatochromism and 

photochromism could be observed in one system. This type of dual sensing property is 

possible because of the presence of chromophoric unit forming the porous structure. 

4.2 Result and discussion: 

4.2.1 Structural analysis of Mg-NDI: 

 Here Mg(NO3)2·6H2O has been used as Mg(II) metal source for MOF synthesis. There is 

few advantage of selecting Mg(II) as metal centres: a) The electronic configuration of 

Mg(II)  is  1S
2
, 2S

2
, 2P

6
. So there are no unpaired d electrons (i.e. paramagnetic 

character) which can quench the luminescent properties of the organic linkers. b) The 

abundance of Mg present in upper layer of earth crust is 23300 ppm, which is one of the 

top 10 abundance elements present in earth crust. So the Mg based materials 

would be low cost and nontoxic products. The organic linker used here is N,N– 
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Figure 4.1: Scheme represents the synthsis of Mg-NDI. Color code: Mg-green, O-red, C-black, 

N-blue and H-redish white.  

bis(5–isophthalic acid)naphthalenediimide (H4BINDI). H4BINDI has 

naphthalenediimide (NDI) chromophoric unit which induced luminescent property in 

Mg-NDI. This solvatochromic MOF (Mg–NDI) was synthesized from the solvothermal 

reaction of Mg(NO3)2·6H2O (24 mg, 0.093 mmol) and N,N–bis(5–isophthalic 

acid)naphthalenediimide (H4BINDI, 21 mg, 0.035 mmol) in a mixture of DMF (4 mL) 

and 3 N HCl (0.2 mL) at 90 °C. Mg–NDI MOF crystallized in P2/c space group and the 

secondary building unit (SBU) contains two different hexacoordinated Mg(II) metal 

centers, two BINDI ligands, two coordinated DMF and one water molecule. The first 

Mg(II) center is coordinated to the six carboxylate oxygen atoms of isophthalate moieties 

present in BINDI ligand while the second Mg(II) center is coordinated to three BINDI 

carboxylate oxygen atoms, two DMF and one water molecules. Each BINDI ligands also 

binds with six Mg(II) centers to form a 3D networks. The crystal structure of Mg-NDI 

shows, along a axis, there is no porosity and along b axis around 4 Å pore aperture is 

present, but through c axis, two types of channels are present (pore aperture: 4.3 and 7.1 

Å respectively). The most interesting part of the structure is that, all NDI linkers are pull 

apart from each other by coordination with metals. As a result there is no  interaction 

between each ligands which helps the NDI linkers behave like a individual chromophore. 
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Figure 4.2: a) The SBU of Mg-NDI shows coordination geometry of the metal centers and the 

binding fashion of the ligands. b) The perspective view of 1D channel in Mg-NDI present along c 

axis. c) Packing diagrams showing the 3D arrangement along crystallographic c axis. d) Solvent 

accessible void present in Mg-NDI. Color code: Ca-green, O-red, C-grey, N-blue, S-yellow and 

H-redish white. 

4.2.2 FT-IR, thermal properties and X-ray powder diffraction analysis: 

The PXRD pattern of the as–synthesized material matched well with the simulated 

pattern, except for the additional small peak at 2 = 8.8°, possibly originated from the 

disordered solvent molecules present in the framework (Figure 3.4b and Figure 4.4d). 

Mg–NDI retained its PXRD patterns after addition of analyte molecules (such as various 

solvents and amines), indicating the retention of crystallinity after incorporation of guest 

molecules in the framework. Generation of no additional peak in the PXRD pattern 

suggests that the solvent molecules are not coordinated to the metal ions; rather they are 

situated within the pores and weakly interacting with the pore walls to generate the 

necessary analyte response. 

FT–IR analysis of the vacuum dried MOF (Figure 4.3a) shows sharp peaks at 

1656 and 1550 cm
–1

 due to the presence of amide and carboxylate carbonyl 
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functionalities, respectively. In comparison to the free ligand, this amide carbonyl 

stretching frequency (1708 cm
–1

) got shifted by 52 cm
–1

, possibly due to the change in 

 

Figure 4.3: a) FT-IR spectra of H4BINDI and solvent incorporated Mg-NDI. b) PXRD pattern of 

water vapor treated Mg-NDI compared with the simulated and as-synthesized pattern of Mg-NDI. 

c) TGA plots of Mg-NDI and different analyte incorporated MOFs. 

dihedral angle from 128 to 103 ° in the crystal lattice (Figure 4.14c). Generation of 

additional broad peak at 3305 and sharp peaks at 2971 and 1044 cm
–1

 account for the O–

H, C–H and C–O stretching frequencies for the EtOH   present in EtOH@Mg–NDI. Such 

characteristic peaks (Figure 4.3a) were also observed for DMF, DEF, DMA incorporated 

MOFs (1649, 1642, 1607 cm
–1

, respectively for carbonyl stretching), DMSO@Mg–NDI 

(1015 cm
–1

 for S=O stretching) and MeCN@Mg–NDI (2253 cm
–1

 for C–N stretching). 

These weakly interacting solvent molecules do not affect the thermal stability of the 

MOF and are released from the framework between 80–150 °C during TGA which 

causes ~15% weight loss of the material (Figure 4.3c). Mg–NDI framework is stable up 

to 300 °C under N2 atmosphere. 

4.2.3 Solvatochromism in Mg-NDI: 
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In the crystal structure of free H4BINDI ligand, the chromophoric naphthalenediimide 

(NDI) moieties are π–stacked and separated by a distance of 3.3 Å (Figure 4.15a). 

However, within the MOF lattice, the moieties are separated by a longer distance of 7.1 Å 

(Figure 4.2c), preventing them from forming any π–stacked assembly. This spacing 

allows the NDI moieties to behave as discrete fragments, unlike H4BINDI ligand where 

the smaller spacing and existing π–interaction prohibit the analyte molecules from 

interacting with the chromophore. Analyte molecules can pass through the pores of Mg–

NDI MOF, creating a definite interaction with the pore walls constructed by the BINDI 

linkers. N2 adsorption analysis also indicated the presence of 224 m
2
g

–1
 available surface 

area within this MOF (Figure 4.4e). When the dark–brown colored as–synthesized MOF 

was placed in ethanol, the color of the resulting compound (EtOH@Mg–NDI) changed to 

bright–yellow. Similar solvent exchange with other solvents like DMSO, DEF, DMA, 

MeCN, generates different colors (brown, dark red, red, orange, respectively; Figure 

4.4a) for the MOF depending on the polarity of the solvent.  This color change is instant 

and reversible, i.e. after placing the MOF into the solvent; it converted into the 

corresponding distinct colored MOF in less than 60 seconds. This fact indicated that the 

interaction of the incorporated solvent and framework is short ranged and weak, allowing 

the external bulk solvents to easily replace the core solvent already present inside the 

porous framework. 

Solid state UV–vis spectra revealed that the solvent incorporated Mg–NDI 

samples showed absorption in the visible range and absorption maxima are consistent 

with the solvent polarity. The UV–vis spectrum of both Mg–NDI and free H4BINDI 

ligand showed a strong absorption band at 370 nm (Figure 4.4b), which corresponds to 

the n–* and – transition of the aromatic carboxylate ligands [4.12]. In addition, a 

shoulder peak around 515 nm can also be observed in Mg–NDI, which could be 

attributed to an intermolecular electron–transfer transition. The UV–vis spectra of 

solvent@Mg–NDI (Figure 4.4b) displayed a gradual broadening of absorption band in 

the region 515–680 nm with respect to different solvent polarity, which may arise from 

the intermolecular electron–transfer transition from solvent to BINDI linker within the 

MOF framework. The band gap energies of these solvent incorporated MOFs were 
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.  

Figure 4.4: a) Schematic representation of Mg-NDI crystals showing different color in different 

solvents; b) solid state UV-vis spectra; c) solid state photoluminescence of Mg-NDI crystals 

soaked in different solvents; d) PXRD patterns of solvent@Mg-NDI materials and e) N2 

adsorption isotherm for Mg-NDI. 
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Figure 4.5: a) Solid state UV-vis spectra of H4BINDI (red), Mg-NDI (black) and aniline@Mg-

NDI (brown). b) Band gap value vs. polarity has been plotted, which shows the band gap value 

increases with increasing polarity. 

calculated from UV–vis data which show that band gap energy of DMF@Mg–NDI and 

EtOH@Mg–NDI are 1.63 eV and 2.06 eV, respectively and are extreme values for all the 

tested solvents. The band gap energies of other solvent incorporated MOFs were found to 

increase with the increment of the solvent polarity (1.87, 1.88, 1.91, and 1.92 eV for 

DMA, DMSO, DEF, and MeCN, respectively; (Figure 4.5b).   Mg–NDI also exhibited 

solvent–dependent photoluminescence (PL). The PL spectrum of EtOH@Mg–NDI shows 

an emission at 570 nm and DMF@Mg–NDI shows an emission at 625 nm upon 

excitation at 515 nm, i.e. a 55 nm shift of em was observed upon changing the solvent 

from EtOH to DMF. With increasing solvent polarity [DMF < DMSO < DEF < MeCN < 

EtOH] a gradual blue shift of em was observed which correlates with the band gap 

energies of the solvent@Mg–NDI MOFs, showing that Mg–NDI MOF has a negative 

solvatochromic effect. The solid H4BINDI ligand showed the photoluminescence 

emission maxima at 540 nm upon excitation at 370 nm (Figure 4.4c). Whereas, the PL 

spectra of the dry Mg–NDI MOF showed strong emission bands centered at em= 570 nm 

upon excitation at 515 nm. The probable reason behind the strong red shift of emission 

maxima is the coupling interaction between the neighboring ligands through Mg(II)  

inside the framework. Thus, the solvatochromism of Mg–NDI MOF is much better than 

that of the H4BINDI ligand itself. 
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4.2.4 Photochromism in Mg-NDI:  

It is noteworthy that Mg–NDI also shows sensitivity towards sunlight irradiation. The 

yellow colored crystals of Mg–NDI undergo photochromic transition and become black 

within five minutes. The black crystals then regain their yellow color when kept in dark 

for 8 hours at ambient condition (Figure 4.6a). PXRD data of Mg–NDI collected before 

and after the photochromic transition are exactly identical (Figure 4.6c) which proves 

that no structural change is caused because of the irradiation. However, the UV-vis 

spectra show an abrupt change in absorption band (Figure 4.6d) which reveals that 

reversible photochromism may be resulted from an electron-transfer chemical process 

 

Figure 4.6: a) photograph representing the reversible photochromic behavior of Mg-NDI MOF 

crystal in sunlight and dark; b) ESR spectra of Mg-NDI crystals before and after irradiation of 

sunlight; c) PXRD patterns of Mg-NDI crystals before and after irradiation of sunlight; d) solid 

state UV-vis spectra of H4BINDI (red), Mg-NDI (black) and Mg-NDI* (brown). 
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inside the structure, and not from a structural transformation. The UV-vis spectrum of the

irradiated Mg–NDI (Mg-NDI
*
) displays a transformation of the tiny shoulder peak at 515 

nm for Mg–NDI, into a broad band in the region 515–700 nm (Figure 4.6d). This 

broadening is arising from the photo-induced electron-transfer transition in Mg–NDI
*
. 

NDI moiety is known to be redox-active and can generate radicals upon light irradiation 

[4.12]. Therefore, besides electron-transfer, this photochromic process may also 

arise from the photo-induced radical generation of organic ligand. This radical generation 

has been confirmed by ESR spectra. Mg–NDI exhibits no ESR signal, but Mg–NDI
*
 

shows a single-peak radical signal with a g value of 1.9514 (Figure 4.6b). 

4.2.5 Solid state amine sensing in Mg-NDI: 

As the Mg–NDI framework is electron deficient in nature due to the presence of NDI 

chromophore, we decided to check its ability to sense electron rich chemical species. 

Among several electron rich chemical species, this MOF can selectively sense small 

sized organic amines by visual color change as well as quenching of its fluorescence 

efficiency. Electron rich organic amines can form charge transfer complex with the NDI 

moieties within the framework, resulting a change in color as well as photoluminescence 

property. Treatment of Mg–NDI with various organic amines like aniline, hydrazine, 

ethylene diamine, triethylamine, dimethylamine, 1,3-propanediamine, ethylamine, 

methylamine showed a distinct color change (to black)  over other functionalized analytes 

like chlorobenzene, toluene, benzene, phenol, 4–nitrophenol, nitrobenzene, 4–

bromotoluene, etc (Figure 4.9a). This color change is extremely rapid and very 

prominent and can be easily detected from naked eye inspection. Mg–NDI is able to 

detect the presence of amine from a very low concentration (10
–5

 M) in the solid state. 

Chemical sensing using as–synthesized solid MOF samples is rarely reported in the 

literature. In all the previous reports [4.13], analyte sensing has been done with a 

suspension of the sensor MOF, or by making a thin film probably due to their poor 

efficiency.  

Presence of the chromophoric NDI moiety has made Mg–NDI capable to sense 

organic amines in solid state. To explore the ability of Mg–NDI to sense a trace quantity 

of amine, fluorescence quenching experiment were performed with addition of analytes, 
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Figure 4.7: Optical images representing the color change of Mg-NDI in presence of different 

amines at different concentrations. 

with increasing concentration to the fixed amount Mg–NDI. Rapid and strong 

fluorescence quenching was observed upon increasing the concentration of amine 

solution. The MOF was tested for its sensing ability against a wide range of amines like 

aniline, ethylinediamine, triethylamine, hydrazine, etc. where an instant color change of 

the solid material was observed for the case of hydrazine, methylamine, ethylamine, 

dimethylamine and ethylenediamine [Figure 4.7]. In the cases of aniline and 

triethylamine, the rate of color change was found to be relatively slow because of their 

bulky size. The PL spectra revealed that the tested amines showed prominent PL 

quenching response over other analytes [Figure 4.8] which can also be detected by visual 

color change to black. The fluorescence quenching can be attributed to the donor–

acceptor electron transfer between amines and MOF. To understand the electron transfer 

process, the HOMO and LUMO energy of Mg–NDI was determined by cyclic 
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Figure 4.8: PL quenching spectra of Mg-NDI in presence of different concentration of a) 

Hydrazine, b) aniline, c) ethylinediamine, d) triethylamine, e) Diethylamine, b) 1,3-

propanediamine, c) Ethylamine, d) Methylamine. 
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Figure 4.9: a) Photograph representing the selective color change in case of aniline with respect 

to other aromatic functional molecules; b) Solid state PL spectra of Mg-NDI in different 

aromatic functional molecules; c) Bar chart representation for quenching efficiency of Mg–NDI 

in presence of different amines (0.01 M) in EtOH d) bar chart representation for quenching 

efficiency of Mg-NDI in presence of different analytes (0.01 M in EtOH); (e) Stern–Volmer plot 

for Mg–NDI with different amines. 

voltammetry measurement (Figure 4.11). The electron transfer happens because the 

HOMO energy (–6.02 eV) of Mg–NDI is lower than that of amine analytes [hydrazine: –

5.47 eV, ehtylenediamine: –5.60 eV, aniline: –5.63 eV and triethylamine: –5.76 eV]. The 

electron transfer from hydrazine to Mg–NDI is faster than other amines because of higher 

energy difference as compare to other amines (Figure 4.12a). In case of phenol the PL 

quenching is also observed due to the presence of electron rich phenolic hydroxy groups, 
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Figure 4.10: N2 adsorption isotherms for solvent loaded Mg-NDI at 

77 K. The filled and unfilled shapes are representing the adsorption 

and desorption respectively. 

but no color change has been observed in visible light. Few experiments have been 

designed to check vapor phase sensing ability of Mg-NDI. In a typical experiment, the 

vacuum dried Mg-NDI was exposed to the vapor of the amines (obtained from the 

evaporation of the pure liquid amines) for a period of 30 min and then measured their 

photoluminescence property. It was observed that because of the exposure to the amine 

vapor, photoluminescence property of Mg-NDI has been completely quenched, as that for 

amines from solution. Thus, Mg-NDI is also able to show vapor phase sensing for 

amines. 

4.2.6 N2 adsorption analysis:  

In order to understand the interaction of the analyte molecules with the pore walls for 

showing the solvatochromic property the N2 adsorption isotherms have been checked of 

the solvent molecule incorporated  Mg-NDI  MOF  materials.  Thus, if there are any 

solvent molecules trapped inside the MOF  pores,  the  change  in  N2 adsorption  of  the  

materials  can  be  

observed.  For this, 

the assynthesized 

Mg-NDI crystals 

were soaked in the 

respective solvent(s) 

for a prolonged time 

[2 h] and then dried 

the material under 

vacuum for 6 h to 

remove the loosely 

bound solvent 

molecules on the 

crystal surface and 

in between the 

crystallites. N2 

adsorption of these dried materials revealed their non-porous nature and the BET surface 

area was drastically decreased because of the presence of solvent molecules. The 
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Figure 4.11: The cyclic voltammograms of Mg-NDI in 

acetonitraile medium and (inset) cyclic voltammogram of 

ferrocene. 

following N2 adsorption isotherms indicate that the respective materials do not contain 

any pore surfaces accessible for the incoming N2 molecules. Thus, it can be concluded 

that this decrease in surface area for the solvent loaded materials compared to the 

completely evacuated  materials  is  because  of  the  trapped  solvent  molecules  present 

inside  the  MOF  pores.  It  is noteworthy  that  the  MOF  crystals  were  vacuum  dried  

with  a  degasser  prior  to  this  study,  thus chances  of  pore  blockage  by  the  solvent  

molecules  adsorbed  on  surface  of  in  the  inter-crystallite spaces has been diminished. 

Therefore, this non porous nature of the solvent incorporated materials concluded that the 

solvatochromic behavior of Mg-NDI is because of the solvent molecules present and 

interacting inside the pores of the framework. 

4.2.7 Electrochemical measurements: 

The reduction potentials 

of the Mg-NDI were 

measured using a three-

electrode cell at room 

temperature. A platinum 

electrode was used as the 

working electrode, 

platinum wire as the 

counter-electrode, and a 

reference using ferrocene 

coupled (Fc/Fc
+
). 

Electrochemical 

measurements of the 

analytes were carried out 

using 0.01 mmol solutions of tetrabutylammonium hexafluoro phosphate solution in 

acetonitrile. For the MOFs, the powdered materials were coated on 3 mm wide platinum 

electrode. The reduction potentials of the compounds were obtained from the cyclic 

voltammograms and corrected with respect to the Fc/Fc
+
 internal standard. 
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Figure 4.12: a) HOMO () and LUMO (*) energy levels of Mg–NDI and different amines. The 

inset shows contour plots of the HOMO and LUMO for Mg–NDI. Energy optimized structures of 

b) DMF, c) EtOH, d) Aniline and e) Toluene incorporated Mg–NDI has been represented. 
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4.2.8 DFT calculation for Mg-NDI: 

In order to get better understanding of the solvatochromic behavior and the corresponding 

PL quenching of Mg–NDI, DFT calculations were performed for bare and analyte 

incorporated MOFs. Optimized structures of the solvent incorporated MOFs (Figure 

4.12b, 4.12c) suggest that the solvent molecules have a weak dipolar interaction with the 

pore walls. Band gap energy for DMF@Mg–NDI and EtOH@Mg–NDI were found to be 

1.32 and 1.41 eV, respectively. The calculated band gap values, calculated while keeping 

all framework atoms fixed in their crystallographic positions, are in accordance with the 

corresponding experimental band–gap values. For each solvent@MOF combination, 100 

initial geometries were generated using the Kick [4.14] stochastic structure generator 

[4.15]. Positions of the solvent molecules were optimised using DFTB [4.16], keeping the 

framework fixed at the experimental geometry. The optimised structures were ranked in 

terms of energy and the energy levels of the HOMO and LUMO were extracted for the 

lowest energy structure of each solvent@MOF system. To generate cube files for the 

frontier orbitals, single point calculations of the DFTB optimized geometry in periodic 

boundary conditions were performed at DFT level. Density functional theory (DFT) was 

applied within the generalized gradient approximation, using the PBE XC functional 

[4.17]. The Gaussian and Plane-Wave method, as it is implemented in CP2K package, 

[4.18] with DZVP-MOLOPT-GTH basis set and Goedecker-Teter-Hutter 

pseudopotentials [4.19] was applied for all atoms. The charge density cutoff of the finest 

grid level is equal to 400 Ry. The number of used multigrids is 5. 

4.3 Conclusions 

In conclusion, a new metal organic framework (Mg-NDI) has been synthesized using a 

NDI-based chromophoric linker. Presence of the NDI moiety inside the framework made 

Mg-NDI capable of showing photochromic as well as solvatochromic property. Mg–NDI 

is able to demonstrate a quick (within 60 seconds) and reversible solvatochromic 

behavior in presence of solvents having different polarities. The photoluminescence 

emission maximum shows hypsochromic shift according to the increase in solvent 

polarity. Interestingly, the band gap of the solvent incorporated material was found to 

show a linear relationship with the solvent polarity. Mg-NDI is also exhibit 
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photochromism via electron transfer pathway because of the presence of the redox active 

organic linker. Mg–NDI also exhibits colorimetric and fluorescence sensor of small sized 

amine molecules. Mg–NDI is able to selectively sense amine molecules, from a series of 

similar sized analytes, through prominent color change. Sensing of the mixed solvents 

and vapor phase amine detection are underway in our laboratory. 

4.4 Experimental procedures: 

4.4.1 Materials:   

The starting materials for synthesis of H4BINDI were purchased from the Aldrich 

Chemicals. Mg(NO3)2·6H2O, N,N-dimethylformamide (DMF), N,N-

dimethylacetamamide (DMA),  N,N-dimethylsulfoxide (DMSO), N,N-diethylformamide 

(DEF), Acetonitrile (CH3CN), Ethanol (EtOH)  and other solvents were purchased from 

Rankem chemicals. 

4.4.2 Synthesis of H4BINDI and Mg-NDI:  

N,N’-bis(5-isophthalic acid)naphthalenediimide (H4BINDI) was synthesized according to 

a previously reported procedure
1
. 1,4,5,8-tetracarboxydianhydride (1.34 g, 5.0 mmol) was 

taken into a 250 mL round bottomed flask and suspended in 25 mL acetic acid. The 

mixture was stirred for 10 min. To this solution, 5-aminoisophthalic acid (1.81 g, 10.0 

mmol) was added and the solution allowed reflux for 12 h. The reaction was allowed to  

 

Figure 4.13: Scheme for synthesis of H4BINDI.  

cool to room temperature and water (20 mL) was added to precipitate the product. The 

product was collected by filtration washed with ethanol and dried in vacuum to yield 2.4 
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g of off-white solid (isolated yield = 2.4 g, 77%). The compound was recrystallized from 

DMF as an off-yellow materials (isolated yield = 2.1 g, 67%). 

Synthesis of Mg-NDI: The plate-like crystals of Mg-NDI MOF was synthesized by 

reacting N,N’-bis(5-isophthalic acid)naphthalenediimide (H4BINDI) (21 mg, 0.035 

mmol) with Mg(NO3)2.6H2O (24 mg, 0.093 mmol) in 4 mL DMF and 0.2 mL HCl (3 N) 

at 90 ˚C for 24 h. Orange color crystals were separated after the reaction and preserved in 

dry DMF/DEF for further applications/characterizations. 

4.4.3 General methods for characterization: 

All reagents were commercially available and used as received. All gas adsorption 

experiments (up to 1 bar) were performed on a Quantachrome Autosorb automatic 

volumetric instrument. UV-vis absorbance studies were carried out with Varian Carry 50 

instrument equipped with a single beam facility (with a spectral resolution of 0.5 nm). 

Horiba Jobin Yvon Fluorolog 3 spectrophotometer having 450 W Xenon lamp was used 

for steady state fluorescence studies. 

Powder X-Ray diffraction (PXRD).  Powder X-ray diffraction (PXRD) patterns were 

recorded on a Rigaku Smartlab diffractometer for Cu K radiation ( = 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° 2 with a step size of 0.02°. 

The instrument was previously calibrated using a silicon standard.  

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

. 

 IR spectroscopy. Fourier transform infrared (FT-IR) spectra were taken on a Bruker 

Optics ALPHA-E spectrometer with a universal Zn-Se ATR (attenuated total reflection) 

accessory in the 600-4000 cm
–1

 region or using a Diamond ATR (Golden Gate). 24 scans 

were collected at 4 cm
-1

 resolution for each sample. 

4.4.4 X-ray crystallography: 

3.4.4.1 General data collection and refinement procedures: 
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 As synthesized crystals of Mg-NDI and H4BINDI were coated with paratone-N and 

placed on top of a nylon cryoloop (Hampton research) and then mounted in the 

diffractometer. The data collection was done at 150 and 293 K, respectively. The crystals 

were 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) and Cu Kα radiation (λ = 1.54178 

Å) at 298(2) K. 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. CrysAlis
Pro

 program 

software [3.9] was used suite to carry out 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 data set was judged. Data were integrated using 

CrysAlis
Pro

 software with a narrow frame algorithm. Data were subsequently corrected 

for absorption by the program SCALE3 ABSPACK 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. 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 this case, as the intensity from low angle data saturated the detector and minimal 

improvement in the high angle data was achieved. Additionally, diffused scattering from 
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Figure 4.14: Ortep Drawing of the assymetric unit of a) 

H4BINDI b) Mg-NDI. Thermal ellipsoids set to 50% 

probability level. 

 

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. 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. The 

structure was examined using the ADSYM 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 MOP crystallography for the reasons 

expressed above by us and by other research groups [2.26-2.35]. CCDC 1024270 and CCDC 

1024271 contain the crystallographic data for H4BINDI and Mg-NDI respectively. 

4.4.4.2 Experimental and refinement details for H4BINDI: 

A white block like crystal 

(0.41× 0.40 × 0.10 mm
3
) of 

H4BINDI 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) and Cu Kα 

radiation (λ = 1.54178 Å) at 

293(2) K in a liquid N2 

cooled stream of nitrogen. A total of 7311 reflections were collected of which 4775 were  
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Figure 4.15: Single crystal structure and packing diagram of a) H4BINDI showing the  

interaction between NDI moieties (3.3 Å) and b) Mg-NDI showing the absence of  interaction 

between NDI moieties (7.1 Å). The dihedral angle between naphthalene ring and isophthalic acid 

moiety in c) H4BINDI and d) Mg-NDI framework was presented. 

unique. The range of θ was from 3.08 to 29.20. Analysis of the data showed negligible 

decay during collection. The structure was solved in the monoclinic C 2/c space group, 

with Z = 1, 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 F
2 

converged to R1 = 0.1780 (F >2σF) and 

wR2 = 0.2988 (all data) with GOF = 1.113 (Table 4.1).  

4.4.4.3 Experimental and refinement details for Mg-NDI: 

 A white block like crystal (0.40 × 0.20 × 0.20 mm
3
) of Mg-NDI was placed in 0.7 mm 

diameter nylon CryoLoops (Hampton Research) with Paraton-N (Hampton Research). 
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The loop was mounted on a Super Nova Dual source X-ray Diffractometer (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 150(2) K in a liquid N2 cooled 

stream of nitrogen. A total of 14116 reflections were collected of which 5643 were 

unique. The range of θ was from 2.98 to 29.19. Analysis of the data showed negligible 

decay during collection. The structure was solved in the monoclinic P 2/c space group, 

with Z = 2, 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 F
2 

converged to R1 = 0.1637 (F >2σF) and 

wR2 = 0.2975 (all data) with GOF = 0.7929 (Table 4.1). 
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Table 4.1 Crystal data and structure refinement for H4BINDI and Mg-NDI.  

MOFs H4BINDI Mg-NDI 

Empirical 

formula 
C279.28 H164 N37 O100 

C69H35 

Mg4N7O30 

Formula wt. 5637.84 1539.28 

Temperature 293(2) K 150(2) K 

Wavelength 0.71073 Å 0.71073 Å 

Cryst. system Monoclinic Monoclinic 

Space group C2/c P2/c 

Unit cell 

dimensions 

a = 33.067(4) Å α = 90° 

b = 14.8252(15) Å  β = 121.19(10)° 

c = 17.1809(12) Å, γ = 90° 

a = 34.3413(18) Å, α = 90° 

b = 10.0447(7) Å, β = 96.234(6)° 

c = 17.7382(17) Å, γ = 90° 

Volume 7205.1(12) 6082.6(8) 

Z 1 2 

Density 

(calculated) 
1.401 0.8404 

Absorption 

coefficient 
0.101 0.085 

Goodness-of-fit 

on F
2
 

1.113 0.7929 

Final R indices 

[I>2sigma(I)] 
R1 = 0.1429, wR2 = 0.2897 R1= 0.1057, wR2 = 0.2679 

R indices (all 

data) 
R1 = 0.1780, wR2 = 0.2988 R1 = 0.1637, wR2= 0.2975 

 

NOTE: The results of this chapter have already been published in Chem. Sci., 2015, 6, 

1420 - 1425, with the title: “Solid State Organic Amine Detection in a Photochromic 

Porous Metal Organic Framework.” These publications were the results from the group 

of Dr. Rahul Banerjee and his students Arijit Mallick and Bikas Garai from CSIR-

National Chemical Laboratory, Pune, India. Prof. Dr. Thomas Heine with his student 

Matthew A. Addicoat and Petko St. Petkov have actively contributed to the publication 

by performing computational studies on MOFs. Major works are contributed by Arijit 

Mallick with the help of the instrumental facilities of CSIR National Chemical 

Laboratory.  



123 
 

CHAPTER 5 

 

Ca(II) based Metal-Organic Framework and Metal-Organic Gel for 

Hydrosilylation Catalysis: Tuning between Gelation and Crystallisation 

 

Abstract: A porous, 

crystalline metal-organic 

framework (Ca-5TIA-

MOF), as well as stable 

viscoelastic metallogel 

(Ca-5TIA-Gel) is 

represented in this chapter. 

Presence of water in the 

solvent system favors the 

formation of crystalline MOF, whereas pure organic solvent induces gelation. this 

chapter describes unprecedent Ca-based low molecular weight-metallogels, as well as 

the first porous Ca-based MOF, which shows adsorption capacity for CO2 at 1 atm 

pressure. Interestingly, Ca-5TIA-Xergel shows 20% higher CO2-uptake than the 

crystalline Ca-5TIA-MOF at 1 atm and 298 K. Both Ca-5TIA-MOF and Ca-5TIA-Gel 

displayed a modest catalytic activity towards the hydrosilylation of benzaldehyde, 

Meanwhile gel showed better performance over the MOF in the aforementioned 

catalysis. 
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5.1 Introduction: 

Metalorganic frameworks (MOFs) are porous, crystalline materials in which metal ions 

are linked together by multidentate, low-molecular-weight (LMW) organic ligands 

resulting in supramolecular coordination polymers of different topologies [5.1]. Over the 

past few years, research on MOFs has rapidly drawn considerable attention due to their 

promising applications in gas storage adsorption [5.1a, 5.2], separations [5.2t, 5.3], 

heterogeneous catalysis [5.4], drug delivery [5.5] and sensors [5.6]. The practical 

advantages of MOFs mainly relies on their uniform channels, high porosities, excellent 

thermal stability and chemical tailorability [5.7]. However, the brittle nature of these 

crystalline materials can challenge their industrial processing and combination with other 

functional materials without pore blocking and/or decrease in their inner surface area 

[5.8]. It is worthy to mention that viscoelastic metallogels [5.9] could overcome, this 

limitation partially [5.10]
 
for high-tech applications in a number of fields such as 

catalysis [5.4g, 5.11], photo physics [5.12], sensing [5.13],
 
magnetic materials [5.14], 

redox responsiveness [5.15], and electron emission [5.16]. In particular, the catalytic 

potential of wide-ranging metallogel-based materials [5.9k, 5.17] relies on two major 

aspects; i) two-phase nature, which may facilitate recovering and recycling; and ii) a 

much higher accessibility of small reagents towards highly solvated 3D porous network 

in comparison to other standard heterogeneous catalysts. 

Metallogels can perform catalytic activity in three ways; i) metal centers based 

catalysis, ii) organic ligand based catalysis and iii) guest (trapped in gel matrix) induced 

catalysis. In this chapter the metal center based catalysis has been dicussed briefly. 

Despite a substantial volume of literature on MOFs and matallogels, reports on Ca-based 

porous 3D MOFs are rather limited when we critically compare with other metals [5.18]. 

Among the most recent examples, catalytically active Ca-based MOFs have been 

prepared using 4,4’-(hexafluoroisopropylidene)bis(benzoic acid) [5.18k] or 

anthraquinone-2,6-disulfonate [5.18k] as ligands. On the other hand Lin and co-workers 

[5.18n] have also demonstrated a series of new 3D MOFs made from aromatic carboxylic 

acids and Ca(II) ions under different conditions, which can undergo remarkable 

destruction/construction structural transformations involving a break and reformation of 

the Ca-O bond. From the sustainable point of view, calcium is non-toxic and highly 
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abundant in nature (3.4% of Earth’s crust), which converts it in one of the cheapest 

commercially available metals without environmental hazards [5.19]. Here we 

demonstrated the synthesis, characterization, gas uptake and catalytic properties of a new 

selfassembled porous Ca-based 3D MOF (Ca-5TIA-MOF) and stable Ca-based 

metallogels (Ca-5TIA-Gel), synthesized from 5-(1,2,4-triazole) isophthalic acid (5TIA) 

as LMW organic ligand.  

5.2 Result and discussion: 

5.2.1 Synthesis of Ca-5TIA-MOF and Gel: 

In general, the synthesis of MOFs involves the combination of metal ions (connectors) 

and organic polyanions (linkers) with strong coordination ability toward metals (e.g. 

carboxylates, phosphonates, sulfonates). Among these linkers, aromatic carboxylates 

constitute useful building blocks for the synthesis of stable MOFs due to the considerable 

rigidity imparted by the organic ligand. It is well established that cooperative stabilization 

provided by a combination of hydrogen bonding,  and metal-ligand interactions is a 

powerful approach for the synthesis of gel-phase materials [5.20]. In this sense, we 

recently focused our attention in a 1,2,4-triazole-containing ligand (5TIA) [5.21a] for the 

construction of new Mn-MOFs showing template-based structural conversions [5.21b].
 

The versatile coordination modes of this N-heterocyclic carboxylic acid ligand is 

governed by the presence of both nitrogen and oxygen donor atoms in the structure. This 

favour the coordination with soft- and hard-metals respectively [5.22] allowing the 

preparation of a number of functional heterometallic coordination polymers [5.23]. Use 

of soft metals like calcium in combination with 5TIA allow the formation of either MOF 

(Ca-5TIA-MOF) or metallogels (Ca-5TIA-Gel), where the solvent composition plays a 

pivotal role.  

The synthesis of plate-like colourless crystals of Ca-5TIA-MOF was carried out 

using Ca(OAc)2 and 5TIA as ligand in a DMF:H2O (v/v 1:1) mixture at 90 ºC. In 

contrast, when pure DMF was used as liquid phase a fast and complete gelation was 

observed (Figure 5.1). The gelation time upon sonication at RT was established in 30 ± 5 

min for a gelator system of concentration 0.2 M. The material was stable (viz. did not 

flow) by the “test-tube inversion” method [5.24] and the gel nature was further confirmed 
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Figure 5.1: Schematic diagram showing the synthesis of Ca-5TIA-

MOF and Ca-5TIA-Gel under different conditions. TEM image of 

Ca-5TIA-Gel (scale bar = 100 nm) and SEM image of Ca-5TIA-

MOF (scale bar = 100 m). 

by dynamic rheological measurements. It is widely accepted that the solvent molecules in 

gel materials are immobilized by capillaries and other related forces in the 3D network 

structures [5.9]. 

As 5TIA alone is 

unable to produce gel 

in DMF, its rapid 

coordination with 

Ca(II) plays a key 

role in the gelation 

phenomenon, leading 

to the growth of 

coordination 

polymeric species. 

This coordination 

polymeric species 

then undergo further 

entanglement in order 

to develop the 3D gel 

network. The as 

formed material was 

characterized by 

single crystal X-ray 

diffraction. The experimental PXRD peaks of both Ca-5TIA-Xerogel and Ca-5TIA-MOF 

matched with simulated PXRD pattern as well. This suggests the presence of, at least, 

some common structural elements in the 3D networks of both xerogel and crystalline Ca-

5TIA-MOF phases.  

Stable non-thermoreversible Ca-5TIA-Gel could also be obtained at different 

temperatures ranging from room temperature (RT) to 150 ºC (Figure 5.2). A pH range 

between  was found to be optimum for the gel formation. Interestingly, both optical 

and microstructure of the materials were found to be influenced by the processing 

temperature. For instance, bright pinkish gels were usually obtained at RT (Figure 5.2b), 
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whereas yellowish materials are obtained at 120 ºC (Figure 5.2e). Regardless of the 

processing temperature, ultrasonic pre-treatment of the mixture [Ca(OAc)2 + 5TIA] in the 

appropriate solvent usually provided more homogeneous gel samples. The minimum 

gelation concentration (MGC) for the equimolar mixture [Ca(OAc)2 + 5TIA] in DMF 

was established as 0.1 M. This result indicates that up to ca. 258 molecules of solvent are 

immobilized per molecule of ligand. To check the effect of water in gel formation, we 

varied the volume of water from 0.1 mL to 2.0 mL. A ratio H2O:DMF 1:20 (v/v) was 

established as the limit, above which no gelation but crystallization took place (Table 

5.2). This result also confirmed the so-called “delicate balance” existing between these 

two phenomena [5.25]. 

5.2.2 Solubility and gelation properties:  

The gelation ability of the gelator system [Ca(OAc)2 + 5TIA] was evaluated for various 

solvents upon sonication at RT for 15 min at concentrations of the gelator system ranging 

between 0.1 to 0.5 M. We found that stable gels could be prepared in at least five solvents 

such as DMF, DMSO, DMA, quinoline and DEF (entries 25, 10) (Figure 5.2f). Water 

(entry 1) afforded a clear solution of both the ligand and the metal salt, whereas the 

gelator system was found insoluble in the rest of tested solvents. It was established that 

Kamlet-Taft parameters [5.26] accounts for specific interactions between solvent and 

gelator molecules [5.27]. The  parameter defines the hydrogen bond donor ability of the 

solvent, which is of special importance in 3D networks built by hydrogen bonding. The  

parameter represents the hydrogen bond acceptor ability and can be associated to the 

thermal stability of the gel, whereas the * parameter accounts for the polarisability and 

plays a vital role on solvation processes during the gelation phenomenon. In our 

particular case, and from the results of Table 1, it is obvious that those solvents with very 

low values and high  and * values simultaneously provided an optimal environment 

for the gelation process leading to highly thermally stable gels. Thus, solvents that can 

not (or have a very low tendency) donate hydrogen bonds to the gelator and have low or 

moderate hydrogen bond acceptor ability and/or polarisability (entries ) results in 

incompatible phases. On the other hand, solvents with high  values dissolve the gelator 

system (entry 1) or have a considerable tendency to dissolve it (entries 9) regardless 
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the  and * parameters. An exception to the rule was found with an ionic liquid (entry 

6), which afforded partial gelation in spite of its moderate  value and low  value. Ca-

5TIA-Gel was found to be stable on standing at RT under dark conditions at least for1.5 

months. With the idea in  

Table 5.1: Gelation ability in various solvents for the system [Ca(OAc)2 (0.1 mmol) + 5TIA (0.1 

mmol)].
[a] 

Entry Solvent 
Result 

[b] Conc.
[c] 

Time 
[d]

 
Gel-phase 

colour 

Kamlet-Taft 

parameters 

  

1 H2O S 0.2-0.5 - - 1.17 0.47 1.09 

2 DMF G 0.2 30 ± 5 min 
light 

pinkish 
0.00 0.69 0.88 

3 DMSO G 0.4 
10 ± 5

[e] 
 

min 

light 

brownish 
0.00 0.76 1.00 

4 DMA G 0.67 24 -48
[f] 

 h 
light 

pinkish 
0.00 0.76 0.88 

5 Quinoline G 0.5 10 ± 5
[e] 

min brownish 0.00 0.64 0.92 

6 
[BMIM] 

[PF6] 
G + P 0.2-0.5 - white 0.63 0.21 1.03 

7 MeOH I
[g]

 0.2-0.5 - - 0.98 0.66 0.60 

8 EtOH I
[g] 

0.2-0.5 - - 0.86 0.75 0.54 

9 i-PrOH I
[g]

 0.2-0.5 - - 0.76 0.84 0.48 

10 DEF G 0.5 90 ± 5 min - -
[h] 

-
[h] 

-
[h] 

11 Acetone I 0.2-0.5 - - 0.08 0.43 0.71 

12 THF I 0.2-0.5 - - 0.00 0.55 0.58 

13 n-Hexane I 0.2-0.5 - - 0.00 0.00 -0.04 

14 Et2O I 0.2-0.5 - - 0.00 0.47 0.27 

15 
1,4-

Dioxane 
I 0.2-0.5 - - 0.00 0.37 0.55 

16 
Cyclohexa

ne 
I 0.2-0.5 - - 0.00 0.00 0.00 

17 EtOAc I 0.2-0.5 - - 0.00 0.45 0.55 

18 CH2Cl2 I 0.2-0.5 - - 0.13 0.10 0.82 

19 CHCl3 I 0.2-0.5 - - 0.20 0.10 0.58 

20 Benzene I 0.2-0.5 - - 0.00 0.10 0.59 

21 Toluene I 0.2-0.5 - - 0.00 0.11 0.54 

22 CH3CN I 0.2-0.5 - - 0.19 0.40 0.75 

 

[a] Upon sonication at RT for 15 min. After this time, the temperature of the bath was 27 ± 1 ºC. 

Additional heating with a “heat gun” was necessary only to prepared the isotropic solution of the 

IL. [b] Abbreviations: S = solution; G = gel; I = insoluble (upon sonication with or without 

further heating with “heat gun”); P = precipitate. [c]  Molar concentration (or range of 

concentrations in the cases where no stable gels were obtained) of the mixture [5TIA + 

Ca(OAc)2] employed for the gelation tests (unit mol/L). [d] Time required for complete gelation 

at given concentration. [e] Gelation occurred during sonication. [f] Sonication was applied for 

30 min at 50 ºC. [g] A white viscous blend was obtained. [h] Unknow value. 
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Table 5.2: Controlling of gelation and crystallisation by addition of water for the system 

[Ca(OAc)2 (0.2 mmol) + 5TIA (0.2 mmol) + 2mL DMF]. 

Name 
Metal 

salt conc. 

Conc. of 

5TIA ligand 

Volume 

of DMF 

Volume 

of H2O 
Picture Remarks 

1 0.2 mmol 0.2 mmol 2.0 mL 0.1 mL 
 

Gel 

2 0.2 mmol 0.2 mmol 2.0 mL 0.2 mL 

 

Precipitate 

3 0.2 mmol 0.2 mmol 2.0 mL 0.5 mL 

 

Precipitate 

4 0.2 mmol 0.2 mmol 2.0 mL 0.7 mL 

 

Precipitate 

5 0.2 mmol 0.2 mmol 2.0 mL 1.0 mL 

 

Precipitate 

6 
0.2 m 

mol 
0.2 mmol 2.0 mL 1.5 mL 

 

Precipitate 

7 0.2 mmol 0.2 mmol 2.0 mL 2.0 mL 

 

Precipitate 

8 0.2 mmol 0.2 mmol 2.0 mL 2.5 mL 

 

Crystals 

 

mind of further testing the potential catalytic activity of Ca-5TIA-Gel, its stability over 

time (up to 5 days) in the presence of other solvents was qualitatively evaluated for the 

gel prepared in DMF at RT upon sonication. Small pieces of the gel were placed in glass 

vials and covered with different solvents. In general, the gel suffered fragmentation if 

shaken vigorously in the presence of other solvents, suggesting a rigid rather than a 
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flexible supramolecular network. The results indicate that only external water can 

dissolve the gel, whereas strong acidic (1.0 M HCl) or basic (1.0 M NaOH) solutions 

caused precipitation after 24 h. Partial fragmentation of the gel body into smaller pieces 

was observed on standing in most of organic solvents after 1 h in the following order: 

MeOH  THF  CH2Cl2  toluene  acetone >1,4-Dioxane  CH3CN  EtOAC  DMF  

Et3N. In CHCl3, the gel was stable up to 3 h. In contrast, the bulk gel was found to be 

fairly stable at least up to 5 days in the presence of DMSO, toluene, cyclohexane, n-

hexane and Et2O, which points out that some of these solvents could be a good choice for 

catalytic experiments. Among these solvents, the gel embedded in DMSO clearly 

exhibited the highest resistance to mechanical stirring. Moreover, resolute change in the 

refraction index of the material occurs in the presence of Et2O (the gel body become 

more white-opaque), which is not observed with the other solvents. The light pinkish 

opaque Ca-5TIA-Gels remained stable to the “test-tube inversion” method but 

experienced a clear colour intensification over time when exposed to visible light (Figure 

5.2g). This change in the optical properties can be inhibited under dark conditions, which 

suggested intra-ligand or ligand-metal charge transfer episodes during light exposure. To 

gain additional insight into this process, UV-vis and fluorescence spectra of Ca-5TIA-Gel 

was measured at RT and different ageing time. The UV-vis spectrum of the ligand in 

DMF displayed only a broad absorption at 346 nm, which may be assigned to an 

intraligand orbital transition from n to * and  to * (Figure 5.2i). In contrast, Ca-

5TIA-Gel showed the major phenyl ring absorption peak at 290 nm and a minor hump at 

346 nm probably due to unreacted ligand (Figure 5.2k). A remarkable decrease in 

intensity of the peak at 290 nm with increasing time exposure to light points out the 

blockade of  to * or n to * transitions between the aromatic moiety conjugated with 

the lone-pair electrons of the triazole unit or the unsaturated bonds of the carbonyl groups 

(-COOH). On the other hand, the intense fluorescence emission concentrated at 356 nm 

was most likely due to a product of intraligand fluorescent emission as it was also 

observed for the free ligand (Figure 5.2k). The signal intensity pattern signified that the 

fluorescence emission of the system is quenched due to metal coordination.  

Moreover, a series of studies were carried out to determine the influence of the 

metal counter anion on the gelation phenomenon. Interestingly, we found that the acetate 
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anions could be efficiently exchanged by hydroxides and oxides (i.e. using Ca(OH)2 and 

CaO instead of Ca(OAc)2) in the gel formulation).
 
In contrast, the use of other hard 

anions like chloride, carbonate, sulfate or nitrate led to the formation of either clear 

solutions or amorphous precipitates upon sonication at room temperature [5.28].
 
These 

results indicate that the counter anion plays an important role in the supramolecular 

 

Figure 5.2: a) Digital photograph of the milky solution obtained by mixing 0.1 mmol Ca(OAc)2 

and 0.1 mmol 5TIA in 1 mL DMF upon sonication at RT for 15 min. Gel formation after b) 

standing at RT or heating at c) 60 ºC, d) 90 ºC, e) 120 °C in an oil bath for 2 h. f) Gels prepared 

in DMF, DMSO, DMA and Quinoline at 0.5 M concentration in the gelator system. g) Digital 

photograph of the Ca-5TIA-Gel made in DMF after 1 day, 3 weeks and 1.5 months; h) digital 

photograph of the same gels under UV irradiation. i) UV-Vis spectra for 5TIA ligand (black) and 

Ca-5TIA-Gel (red). j) Time dependent UV-Vis spectra for Ca-5TIA-Gel. k) Fluorescence emission 

spectra for 5TIA ligand (black) and Ca-5TIA-Gel (red).  

assembly of the Ca-5TIA complex in solution as it has been observed for other 

metallogels [5.23a, 5.29]. We observed that experimental PXRD peaks of both Ca-5TIA-
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Xerogel and Ca-5TIA-MOF matched reasonably well with simulated PXRD pattern of 

Ca-5TIA-MOF, suggesting the presence of, some common structural elements in the 3D 

networks of both xerogel and crystalline phases. However, the PXRD peaks of the 

xerogels obtained from Ca(OH)2 and CaO did not match with the simulated PXRD 

patterns of Ca-5TIA-MOF, albeit it was noteworthy that the PXRD of the Ca(OH)2- and 

CaO-based xerogels matched well each other, which indicating some structural 

similarities of these two gel materials (Figure 5.5d).  

Table 5.3: Gelation ability of the system [Ca-salt (0.1 mmol) + 5TIA (0.1 mmol)] in 

DMF (1.0 mL) using different metal counteranions. 

Metal 

salts 

Conc. of 

metal 

salts 

Conc. of 

5TIA 

ligand 

Volume of 

DMF 

added 

Pictures 
Description of the 

obtained material 

Ca(OH)2 
0.1 mmol 

(7.4 mg) 

0.1 

mmol 

(22.3 

mg) 

1.0 mL 

 

Gel 

(white opaque) 

CaO 
0.1 mmol 

(6.5 mg) 

0.1 

mmol 

(22.3 

mg) 

1.0 mL 

 

Gel 

(brownish) 

Ca(OAc)2 

0.1 mmol 

(15.8 

mg) 

0.1 

mmol 

(22.3 

mg) 

1.0 mL 

 

Gel 

(white opaque) 

CaSO4 

0.1 mmol 

(13.6 mg 

) 

0.1 

mmol 

(22.3 

mg) 

1.0 mL 

 

Pinkish solution 

and solid material 

at the bottom of 

the vial 

CaCl2 

0.1 mmol 

(11.1 

mg) 

0.1 

mmol 

(22.3 

mg) 

1.0 mL 

 

Clear solution 

CaCO3 

0.1 mmol 

(10.0 mg 

) 

0.1 

mmol 

(22.3 

mg) 

1.0 mL 

 

Pinkish solution 

and solid material 

at the bottom of 

the vial 

Ca(NO3)2 
0.1 mmol 

(7.4 mg) 

0.1 

mmol 

(22.3 

mg) 

1.0 mL 

 

Clear yellowish 

solution 
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5.2.3 Structural analysis of Ca-5TIA:  

The Ca-5TIA-MOF crystallizes in space group Cmca and structural determination by X-

ray single crystal diffraction revealed a well-defined 3D network of Ca(II) linked by 

5TIA ligands. The asymmetric unit of Ca-5TIA-MOF consisted of only one 

crystallographycally independent Ca(II) ion having eight coordination sites. Within the 

framework, each Ca(II) was surrounded by one nitrogen atom (from the triazole-N 

functionality) and six oxygen atoms (O1, O2, O3, O4, O1A and O4A) from four 

carboxylate groups of 5TIA ligands and one coordinated water molecule. 5TIA ligand 

adopted two types of binding modes in Ca-5TIA-MOF. In the first case, 5TIA was 

hexadented and all its carboxylate and triazole functionalities were coordinated with 

metal centers (Figure 5.3a). In the second type of binding, 5TIA was found to be 

tetradented and only carboxylate groups of 5TIA were coordinated to the metal centers 

(Figure 5.3b). In the crystal structure the Ca–O bond distances ranged from 2.425(3) 

 

Figure 5.3: a) Coordination sites of 5TIA along c axis. b) Coordination sites of 5TIA along a 

axis. c) Coordination environment around Ca(II) centre. d) The SBU in the crystal structure of 

Ca-5TIA-MOF showing the arrangement of 5TIA. e) Packing diagram showing formation of one 

dimensional pores through c axis for Ca-5TIA-MOF. f) Topological simplification of Ca-5TIA-

MOF through c axis, by joining only Ca(II) centres (orange) with 5TIA ligand (blue). 
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to 2.660(3) Å. The Ca–Owater and Ca–Ntriazole bond distances were 2.428(3) and 2.544(3) 

Å respectively. Eight coordination sites of Ca(II) ions were fulfilled by five 5TIA ligands 

and one water molecule (Figure 5.3c). Ca-5TIA-MOF contained 1D channel along the 

crystallographic c axis and the free triazole rings were facing towards the channel 

(Figure 5.3e). Solvent accessible void of Ca-5TIA-MOF was calculated using PLATON
 

[2.25] and which suggested a 21.1% void volume relative to the total crystal volume. 

However, this was increased to 38.5% after removal of the solvent molecules residing 

inside the pores. The pore diameter of the channel was found to be 33.6 Å (this value was 

calculated by considering the Van der Waals radii of the constituent atoms). 

5.2.4 Thermal properties and FT-IR analysis: 

The Ca-5TIA-MOF was prepared at the gram scale to allow detailed investigation of the 

aforementioned 3D structure and to examine the stability (chemical, thermal and 

mechanical), gas affinity and catalytic properties. Thermal gravimetric analysis (TGA) 

performed on as-synthesized Ca-5TIA-MOF revealed that these compounds were 

thermally stable (Figure 5.4a).
 
The TGA curve for Ca-5TIA-MOF showed a sharp 

weight-loss step of 15% (90–160 ºC), corresponding to evaporation of water and organic 

molecules (DMF) absorbed on the surface and trapped inside the pores  This was 

followed by a weight-loss of 27 % (330–400 ºC) assigned to the collapse of the 

framework, which was also observed for Ca-5TIA-Xerogel (38 % weight loss). Common 

weight-losses up to 800 ºC were attributed to further decomposition of the organic ligand 

in both systems. As for other Ca-MOF, the final residual was attributed to calcium oxide. 

From the TGA traces it was observed that solvent removal at Ca-5TIA-Gel happens over 

a broader temperature range (gradual weight-loss of 15% between  ºC) because 

solvent molecules are loosely bound in the gel state. Meanwhile in crystalline Ca-5TIA-

MOF, the solvent entrapped inside the pores left the framework over much narrow 

temperature range. 

Fourier transform infrared (FT-IR) spectroscopy of the Ca-5TIA-Gel, Ca-5TIA-

Xerogel and Ca-5TIA-MOF appeared to be virtually identical (Figure 5.4b). This 

suggested that the internal structure of the Ca-5TIA-Gel was preserved during the 

preparation of its Ca-5TIA-Xerogel, and resemblanced with the crystalline Ca-5TIA-
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MOF. FT-IR spectra confirmed the presence of carboxylate groups in the coordination 

sphere of the metal and suggested that at least > 95% of the carboxylic groups of 5TIA 

are deprotonated in the MOFs materials. In this regard, 5TIA ligand showed the C=O 

stretching frequency of free aromatic carboxylic acid at ca. 1699 cm
–1

. 

 

Figure 5.4: a) TGA traces of Ca-5TIA-Xerogel (black) and Ca-5TIA-MOF (red). b) FTIR spectra 

patterns of Ca(OAc)2 (blue), 5TIA ligand (red) Ca-5TIA-Xerogel (yellow) and Ca-5TIA-Gel 

(green).  

When the carboxylic acid coordinates to the metal atoms, C=O stretching frequency was 

shifted to lower frequencies (ca. 1550 cm
–1

). This phenomenon was clearly observed in 

Ca-5TIA-Gel, Ca-5TIA-Xerogel and Ca-5TIA-MOF. However the C=O stretching 

frequency and the coordinated triazole stretching frequency were overlapped in the range 

of  cm
–1

. 

5.2.5 X-ray powder diffraction analysis: 

In order to confirm the phase purity of the bulk materials, powder X-ray diffraction 

(PXRD) experiments were carried out (Figure 5.5a). All major peaks of experimental 

PXRD of Ca-5TIA-Xerogel and Ca-5TIA-MOF matched well with simulated PXRD of 

Ca-5TIA-MOF, indicating reasonably crystalline phase purity [5.30]. There were some 

low intensity peaks that were observed in Ca-5TIA-Xerogel which might be due to the 

unreacted starting materials trapped inside the gel network. Despite these similarities, it 

seems unlikely that the MOF structure is fully retained in the gel materials. In fact, the 

absence of additional water during gelation, as well as the influence of the counter anion 

in the stabilization of the gel materials point out a gelation mechanism in which the 

gelator agent is not the intact self-assembled 3D porous MOF. In this sense, no gels could 
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be formed upon sonication of the MOF material in DMF, whereas the in-situ coordination 

of the metal with the ligand and the solvation of the solvent molecules cannot be 

reproduce exactly from the xerogel (i.e. up to one week is necessary to obtain a partial gel 

from the corresponding xerogel material) either because of some structural change (not 

observable  

 

Figure 5.5: a) Comparison of PXRD patterns of the Ca-5TIA-Xerogel (green) and Ca-5TIA-MOF 

(red) with the simulated pattern from the single-crystal structure (black). b) VT-PXRD patterns of 

the Ca-5TIA-Gel in the tempetature range of 25-200 °C. c) Comparison of PXRD patterns of the 

Ca-5TIA-MOF after catalysis experiment (red) with the simulated pattern from the single-crystal 

structure of Ca-5TIA-MOF (black). d) Comparison of PXRD patterns of the Ca-5TIA-Xerogel 

[CaO] (red) and Ca-5TIA-Xerogel [Ca(OH)2] (green).  

by PXRD) that occurs during the evaporation of the solvent or because the insoluble 

nature of the metal-complex system, which prevents the right accommodation of the 

solvent molecules which is necessary for the gelation phenomena. Moreover, in situ 

variable temperature PXRD (VT-PXRD) was performed on Ca-5TIA-Gel in order to 

understand the phase changes that might take place with increasing temperature (Figure  
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Figure 5.6: SEM images of Ca-5TIA-Gels prepared in 1 mL DMF under different conditions: a) 

0.2 mmol Ca(OAc)2 +0.2 mmol 5TIA sonication at RT for 15 min, then standing at 30 ºC  

peach coloured gel (scale bar = 50 m); b) 0.2 mmol Ca(OAc)2 +0.2 mmol 5TIA sonication at 

RT for 15 min, then standing at 60 ºC inside the oven peach coloured gel (scale bar = 30m); 

c) 0.2 mmol Ca(OAc)2 +0.2 mmol 5TIA sonication at RT for 15 min, then standing at 90 ºC inside 

the oven  peach coloured gel (scale bar = 5 m); d) 0.2 mmol Ca(OAc)2 +0.2 mmol 5TIA 

sonication at RT for 15 min, then standing at 120 ºC inside the oven  bright yellow coloured gel 

(scale bar = 10 m); e) 0.1 mmol Ca(OAc)2 +0.1 mmol 5TIA, sonication at RT for 15 min, then 

standing at RT  peach coloured gel (scale bar = 2 m); f-g) 0.1 mmol Ca(OAc)2 + 0.1 mmol 

5TIA, sonication at RT for 15 min, then heating at 120 °C in an oil bath for 2 h (scale bars = 5 

and 2 m, respectively); h) 0.1 mmol Ca(OAc)2 +0.1 mmol 5TIA, sonication at RT for 15 min, 

then heating at 120 °C in an oil bath for 20 h  yellow coloured gel (scale bar = 2 m); i) 0.1 

mmol Ca(OAc)2 + 0.1 mmol 5TIA, sonication at RT for 15 min, then standing at 4 °C (scale bar 

= 100 m); j-k) 0.1 mmol Ca(OAc)2 + 0.075 mmol 5TIA, sonication at RT for 15 min, then 

heating at 120 °C in an oil bath for 3 h bright yellow coloured gel (scale bars = 20 and 1 m, 

respectively); l) 0.1 mmol Ca(OAc)2 + 0.075 mmol 5TIA, sonication at RT for 15 min, then 

heating at 60 °C in an oil bath for 2.5 h  bright peach coloured gel (scale bar = 5 m).  
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5.5b). In situ VT-PXRD patterns of Ca-5TIA-Gel collected at different temperatures (25 

°C to 200 °C with a periodic interval of 25 °C) showed that the amorphous gel phase 

starts converting to a crystalline xerogel phase at around 100 °C.  This suggested that Ca-

acetate-5TIA induced gelation (amorphous phase) was irreversible, upon removal of 

solvent it was converted into a crystalline xerogel phase. Small differences in the 

intensities of the reflections were observed at higher temperatures because of the removal 

of residual solvent molecules. These results support also the premise that both the Ca-

5TIA 3D MOF and the xerogel systems possess, at least, some common structural 

elements. 

5.2.6 Morphological characterization:  

Scanning electron microscopy (SEM) and transmission electron microscope (TEM) 

images of Ca-5TIA-MOF and Ca-5TIA-Gel were recorded in order to gain insights about 

the microstructure of the materials. Gel formation usually comprises the formation of 1D 

aggregates, which further undergo entanglement to form the 3D-network.
 
In the case of 

Ca-5TIA-Gels, the experimental protocol was used to prepare the organogels which 

showed a remarkable influence on the morphology of the 3D microfiber like-networks. 

For example, the use of sonication in order to disperse the gelator system seems to 

promote the formation of fibrilar networks of much higher homogeneity and high aspect 

ratio regardless of processing temperature (Figure 5.6a-d vs. 5.6e-i). Interestingly, the 

use of 25% less ligand concentration with respect to Ca(OAc)2 induced the formation of 

much denser and highly entangled rope-like structures, specially at high processing 

temperatures, with fiber diameters ranging between  m (Figure 5.6j-l). In the 

other hand, extended periods of heating results in the evolution of well-defined fibrillar 

clusters towards a more compact material without visible bundles (Figure 5.6f-g vs. h). 

The fibrilar evolution of the gel microstructure with increasing temperature was also 

confirmed when the samples were allowed to stand at 4 ºC upon initial sonication, 

leading to a cobbled paving rather than a developed fibrilar surface (Figure 5.6i). 

5.2.7 Gas adsorption analysis:  

The architectural rigidity and consequently the permanent porosity of evacuated Ca-

5TIA-MOF and Ca-5TIA-Gel were unequivocally proven by gas-sorption analysis. Ca-
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5TIA-MOF resulted non-porous to nitrogen (N2) because its aperture size (3.6 Å) was 

almost equivalent to the kinetic diameter of N2 (3.6 Å). However, it was resposive 

towards hydrogen (H2) and carbon dioxide (CO2) uptake. The kinetic diameter of N2 

(3.65 Å) is not only higher than pore size of Ca-5TIA-MOF (3.6 Å), but also N2 

molecules have low kinetic energy at 77 K. As a result N2, molecules are unable to enter 

through the small pores of Ca-5TIA-MOF. However, Ca-5TIA-MOF was able to take up 

CO2 (3.4 Å) as it has the less kinetic diameter than the MOF aperture size. The CO2 

 

Figure 5.7: CO2 adsorption isotherms below 1.0 bar for Ca-5TIA-Xerogel (blue) and Ca-5TIA-

MOF (red) at 298 K. Filled and open circles represent adsorption and desorption data, 

respectively. 

adsorption properties of Ca-5TIA-MOF and Ca-5TIA-Gel are shown in Figure 5.7. Ca-

5TIA-MOF and Ca-5TIA-Xerogel both showed reversible type-I CO2 adsorption 

isotherms at 298 K. Ca-5TIA-MOF and Ca-5TIA-Xerogel adsorbs 1.12 and 1.45 mmol/g 

of CO2 at 298 K and 1 atm pressure. It is noteworthy that Ca-5TIA-Xerogel showed 20% 

increase in CO2 adsorption in comparision to crystalline Ca-5TIA-MOF. This result 
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remained persistent after repeated experiments, although the reason behind such 

anomalies are still unresolved. 

5.2.8 Rheological and SAXS measurements:  

We used rheology and small angle X-ray scattering to probe in-situ both the nature and 

change in the gel structure during ageing. Our rheological measurements were performed 

after intense pre-shearing to prepare a well-defined initial state for the sample. We 

observed that, even immediately after pre-shear (viz. at t = 0), the solid modulus, G', had  

 

Figure 5.8: Rheology studies: a) A plot of the solid modulus (G´) and loss modulus (G˝) as a 

function of frequency () for Ca-5TIA-Gel; b) A plot of the solid modulus (G´) and loss modulus 

(G˝) as a function of frequency () at final holding time (720 minutes) and after preshere with 

strain () of 1% and frequency ( from 0.1 to100 rad·s
-1

 using Couette geometry for Ca-5TIA-

Gel. c) plot of the solid modulus (G') as a function of frequency (  with ageing time at RT using 

Couette geometry for Ca-5TIA-Gel. d) Plot of the loss modulus (G”) as a function of frequency 

(  with ageing time at RT using Couette geometry for Ca-5TIA-Gel. 

a very weak frequency dependence (Figure 5.8c). With ageing time, the solid modulus 

increased, but still maintained a very weak frequency dependence (G' ~ 
0.045

) over the 
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entire 4-decades of frequency probed. The loss modulus (G'') was lower than the solid 

modulus, and has a minimum at high frequencies ( between 10 and 100 rad s
–1

, Figure 

5.8c).  This indicated that the material had a network like structure, viz. it could be 

defined as a gel. However, the mechanical response was not dominated by the solid-like 

behaviour and there was significant dissipation (viz. G'' is not significantly lower than G', 

Figures 5.8c, 5.8d).  It was possible that the solid-like response was characteristic of the 

network structure formed by gelation of the particles of the Ca-5TIA, while the 

dissipation was resulted from the associated solvent phase [5.31]. We can use the relation 

between the crosslink density and modulus for elastic networks, G' =  kBT, (where  is 

the number density of network junctions, kB is Boltzmann constant and T is the 

temperature), to estimate the spacing between “network junctions” as ca.  nm. 

Interestingly, the solid modulus showed a slow, logarithmic thixotropic growth with 

ageing time, increasing about four-fold over 11 h (Figure 5.8c).  This indicated the slow 

kinetics of the ageing process (Figure 5.8c).  At the end of the experiment, viz. after 

about 11 h of ageing, the solid modulus of the gel was about 400 to 500 Pa. At the end of 

the ageing experiment, the gel was again subjected to intense steady shear at 10 rad s
-1

, 

and a decrease in the gel modulus was observed indicating a break-down of the network 

structure.  Thematerial was transformed to gel again on standing, suggesting that a weak 

attraction between the Ca-5TIA particles were responsible for the thixotropic behaviour.  

The thixotropic response of the Ca-5TIA-Gels was qualitatively independent of the 

processing temperature, which could make them attractive for potential biomedical 

applications. 

In agreement with the gradual increase in the modulus, the gel microstructure was 

evolved gradually with ageing time as revealed, from small angle X-ray scattering 

(Figure 5.9a). The scattering invariant was used to characterize a two-phase structure in 

a model-independent manner. As we did not have scattering data over the entire q range, 

we approximated the invariant, Q as q
2
 I(q) dq from the experimental qmin to qmax. The 

scattering invariant did not show any significant systematic change with time (Figure  
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Figure 5.9: a) SAXS plot of q (A
o-1

) as a function of scattering intensity (a.u) with varying time. b) 

SAXS plot of time (hours) as a function of correlation length (right-red) and Invariant (left-black) 

plots for Ca-5TIA-Gel at 60 °C. 

5.9b). Therefore the invariant could be written as, Q = 2
2
x(1-x)

2
, where x is the 

fraction of the Ca-TIA particle, (1-x) is the solvent fraction and  is the difference in 

electron density between the Ca-5TIA and the solvent. Thus, this result indicated that 

there was no significant change with ageing time of , viz. the particles did not appear 

to densify with ageing. Based on the structure observed from TEM (Figure 5.6m-5.6p) 

[5.22],
 
the small angle X-ray scattering data was used to model arising from a random 

two phase structure. Further this was fitted with Debye-Bueche model, as follows: I = 

Io/(1 + q
2


2
)
2
 + IB. [ is a correlation length that characterizes the structure, and Io and IB 

are fitting constants where IB represents a q-independent background]. The fitted data 

was reasonable, except at very low q and indicated that the correlation length, , 

increases gradually from about 31 to 36 Å over an ageing time of 15 h (Figure 5.9b). 

These values of  showed reasonable correlation with the distance between network 

points estimated from the rheology data, and with the dimensions of the void space 

between the Ca-5TIA particles from TEM. 

5.2.9 Catalytic performance:  

Finally, the performance of both Ca-5TIA-MOF and Ca-5TIA-Gel as heterogeneous 

catalysts was also tested for the atom-efficient hydrosilylation of benzaldehyde with 

diphenylsilanes Lewis-acid catalyzed model reaction was define as: [PhCHO + Ph2SiH2 

 PhCH2OSiHPh2]. The reactions were carried out in DMSO based on the above-

mentioned stability of the Ca-5TIA-Gel. The key factors responsible for the catalytic 
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conversion of small molecules using Ca-based MOFs [5.18k,m] are (1) a low restriction 

in mass transport due to macroporosity of the catalyst, (2) the Lewis acid character of the 

calcium and (3) the presence of coordinated solvent molecules (e.g. DMF) in the 

structure of the catalyst, which offsets the acidity of the Ca(II) center and favours the 

exchange of coordinated water molecules by other hard bases like carbonyl oxygens. In 

agreement with recent observations albeit with somewhat lower efficiency [5.18k,m]
 
Ca-

5TIA-MOF (10 mol%) catalyzed the hydrosilylation of benzaldehyde affording the 

expected silylated product up to 70% within 24 h (Figure 5.10). In spite of the modest 

catalytic activity, the gel phase exhibited moderately higher activity than the 

corresponding MOF and xerogel samples under comparable conditions (TOFs1/2 (h
–1

) = 

1.09 (Ca-5TIA-Gel), 0.74 (Ca-5TIA-Xerogel), 0.71 (MOF)). Such enhanced performance 

for the gel phase in comparison to the solid or crystalline phase was also observed in 

other metallogels [5.4g, 5.9k].
 

 

Figure 5.10: Kinetic profile for the hydrosilylation of benzaldehyde catalyzed by Ca-5TIA-MOF 

(red), Ca-5TIA-Xerogel (blue) and Ca-5TIA-Gel (green) (catalyst loading = 10 mol%). 

The absence of catalytic active species in solution, generated by potential leaching 

from the catalytic systems, was unequivocally confirmed by a series of control 

experiments in which the reactions conditions (i.e. amount of catalyst, solvent, 
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temperature and time) were simulated in the absence of reactants or in the presence of 

only one of the two reactants. After heating the padlocked catalyst in DMSO at 65 ± 5 ºC 

for 1 h, the liquid phase was separated and used as reaction medium for the 

hydrosilylation reaction of benzaldehyde with diphenylsilane under homogeneous 

conditions. No reaction was observed during the control experiments for both Ca-5TIA-

MOF and Ca-5TIA-Gel, which ruled out leaching of active species, at least, above the 

minimun catalytic concentration. Moreover, no further conversion was observedwhen the 

catalysts were removed from the reactor after 1 h. Considering the estimated 

experimental error (ca. ± 5%) only a minor detriment in the reaction conversion (∆ < 

10%) was observed after the third run of the recycling experiments. The integrity of the 

catalysts was further confirmed by comparison of the PXRD patterns before and after the 

reation. 

5.3 Conclusions: 

In conclusion, 5TIA has been demonstrated a versatile ligand for the construction of new 

3D Ca-based MOFs and stable metallogels. To the best of our knowledge Ca-based 

metallogels and 3D MOF synthesized from the same organic and metal components has 

been represented for the first time. This is also the first porous Ca-based MOF, which 

shows adsorption capacity for CO2 at 1 atm pressure. Remarkably, Ca-5TIA-Xerogel 

presents, on a molar basis, 20% higher CO2 uptake than the crystalline Ca-5TIA-MOF. 

These materials are highly stable and retain crystallinity until 400 °C as confirmed by 

TGA. Ca-5TIA-Gel also showed an interesting thixotropic behaviour and it is 

characterized by a dynamic gel microstructure, which evolves with ageing time as 

demonstrated by rheological and X-ray scattering measurements. Experimental PXRD 

peaks of both Ca-5TIA-Xerogel and Ca-5TIA-MOF matched reasonably well with 

simulated PXRD, suggesting the presence of, at least, some common structural elements 

in the 3D networks of both xerogel and crystalline phases, which was also supported by 

the similarities in FT-IR spectra. However, the absence of extra water during gelation, the 

influence of the counteranion in the stabilization of the gels, and the failure to form the 

gel materials using the crystalline Ca-5TI.A-MOF directly as pure gelator agent, point out 

a somewhat modified internal structure of the gels compared to the MOF materials. In the 

other hand, the synthesized materials showed also a modest catalytic activity towards the 
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hydrosilylation of benzaldehyde with diphenylsilane, where improved catalytic 

performance was found to observed for the gel phase in comparison to the crystalline or 

xerogel materials. The versatile ability of 5TIA to develop novel MOF, metallogel 

materials and including the corresponding MOF aerogels, by coordination with other 

metal ions could be promoted for designing of a wide variety of MOFs/gels with plethora 

of applications are envisioned. 

5.4 Experimental procedures: 

5.4.1 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. 

5.4.2 Synthesis of 5-triazole isophthalic acid: 

5.4.2.1 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. 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). 

5.4.2.1 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). 
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5.4.3 Synthesis of Ca-5TIA-MOF and Ca-5TIA-Gel:  

5.4.3.1 [Ca-5TIA-MOF] Ca2(5TIA)2(H2O)2∙DMF: 0.2 mmol (0.0446 g)  of  5TIA and 

0.2 mmol (0.0316 g) of Ca(OAc)2 was mixed in 3 mL of (1:1) DMF:H2O solution 

mixture in a 5 mL vial. The mixture solution was stirred for 30 minutes and was capped 

and heated to 85 °C for 48 h. Colorless plate like crystals were obtained, which were 

filtered off and washed with EtOH. Afterwards resulting MOF was dried in air (10 min). 

[Yield: 72 %, 0.0227 g depending on Ca(OAc)2]. FT-IR: (KBr 4000-600 cm
-1

): 3216 

(m, br), 1669.83 (m), 1616.42 (m), 1549.79 (s), 1450.09 (m), 1380.82 (s), 1296.55 (w), 

1244.21 (m), 1169.51 (w), 1084.79 (m), 1042.68 (w), 899.52 (w), 773.42 (m), 739.67 

(m), 682.77 (m) cm
-1

. Elemental analysis: Calc. (%) for activated sample 

(C10H4N3O5Ca): C, 40.24; H, 1.96; N, 21.82; found: C, 39.20; H, 1.99; N, 22.24. 

5.4.3.2 [Ca-5TIA-Gel]: 0.2 mmol (0.0316 g) of Ca(OAc)2 and 0.2 mmol (0.0446 g) of 5-

triazole isophthalic acid (5TIA) were added in a 5 mL vial. Then 2 mL of DMF was 

added to the mixture and sonicate the mixture solution (~15 min) till it become a 

homogeneous milk colored solution. Then the solution was kept in different temperature 

30 °C, 60 °C, 90 °C and 120 °C for 2 days. In all cases white color gels are formed. FT-

IR: (KBr 4000-600 cm
-1

): 3348.58 (m, br), 1616.84 (m), 1550.28 (s), 1436.48 (m), 

1386.03 (s), 1296.60 (w), 1248.48 (m), 1167.79 (w), 1095.51 (m), 1050.93 (w), 899.65 

(w), 773.42 (m), 731.39 (m), 669.01(w) cm
-1

. 

5.4.4 General methods for characterization: 

The Fourier transform (FT) IR spectra (KBr pellet) were taken on a PERKIN ELMER FT-

IR SPECTRUM (Nicolet) spectrometer. Powder X-ray diffraction (PXRD) patterns were 

recorded on a Phillips PANAlytical diffractometer for Cu Kα radiation (λ = 1.5406 Å), 

with a scan speed of 2° min
–1

 and a step size of 0.02° in 2θ. Thermo-gravimetric 

experiments (TGA) were carried out in the temperature range of 25-800 °C on a SDT 

Q600 TG-DTA analyzer under N2 atmosphere at a heating rate of 10 °C min
–1

.  

Powder X-Ray diffraction (PXRD).  The PXRD patterns were collected on a Phillips 

PANalytical diffractometer on a Cu Kα radiation ( = 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° 2 with a step size of 0.02°. The instrument was 

previously calibrated using a silicon standard. 
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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

. 

 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 

Gas adsorption. All low-pressure CO2 adsorption experiments (up to 1 bar) were 

performed on a Quantchrome 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.  

5.4.5 X-ray crystallography: 

5.4.5.1 General data collection and refinement procedures: 

 Single crystal data was collected on a Bruker SMART APEX three circle diffractometer 

equipped with a CCD area detector [2.29] 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 single crystal of the MOF 

was mounted on nylon CryoLoop (Hampton Research) with Paraton-N (Hampton 

Research). Data were integrated using Bruker SAINT software [2.21] and subsequently 

corrected for absorption using the program SADABS [2.22]. Space group determinations 

and tests for merohedral twinning were carried out using XPREP [2.24]. In this case, the 

highest possible space group was chosen. The structure was solved by direct method and 

refined using the SHELXTL 97 software suite [2.23].
 
Atoms were located from iterative 

examination of difference F-maps following least squares refinements of the earlier 

models. Hydrogen atoms were placed in calculated positions and included as riding 

atoms with isotropic displacement parameters 1.21.5 times Ueq of the attached C atoms. 

Data were collected at 298(2) K. The structure was examined using the ADDSYM 

subroutine of PLATON [2.25] to assure that no additional symmetry could be applied to 
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the models. Unless noted otherwise, all ellipsoids in ORTEP diagrams are displayed at 

the 50% probability level (see Supporting Information for crystallographic data table). 

CCDC 846548. 

5.4.5.2 Experimental and refinement details for Ca-5-TIA MOF (orthorhombic): 

A colorless plate crystal (0.29 × 0.21 × 0.12 mm
3
) of Ca-5-TIA MOF 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)
19

 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 31141 reflections were collected of which 3022 were unique and 2456 of these 

were greater than 2σ (I). The range of θ was from 1.69 to 24.99º. Analysis of the data 

showed negligible decay during collection. The structure was solved in the orthorhombic 

Cmca space group, with Z = 16, using direct methods. All carbon, oxygen and nitrogen 

atoms were refined isotropically with hydrogen atoms generated as spheres riding the 

coordinates of their parent atoms. All Ca atoms were refined anisotropically. Modelling 

of electron density within the voids of the frameworks did not lead to identification of 

coordinated solvent molecules in all structures due to the lowered resolution of the data. 

The attempts made to model the coordinated 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 bonded to the framework, this can be expected for the  
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Figure 5.11. ORTEP drawing of the asymmetric unit of Ca-5TIA-MOF. 
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MOF structures. Many atomic coordinates that have been attributed to solvent molecules 

lie on a special position. 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. Final full matrix least-squares 

refinement on F2 converged to R1 = 0.0567 (F >2σF)) and wR2 = 0.1671 (all data) with 

GOF = 1.083. Another possible structure solution was possible in Cmca space group for 

Ca-5TIA-MOF. It should be noted that other supporting characterization data are 

consistent with the crystal structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Chapter 5                                                                   Ca(II) based Metal-Organic Framework … 

2015-Ph. D. Thesis: Arijit Mallick, (CSIR-NCL), AcSIR                                                                                                         150 
 

Table 5.4: Crystal data and structure refinement for Ca-5TIA-MOF. 

Empirical formula C10H4CaN3O5 

Formula weight 286.24 

Temperature 293(2) K 

Wavelength 0.71073 Å 

Crystal system Orthorhombic 

Space group C m c a 

Unit cell dimensions 

a = 19.346(2)Å  α = 90° 

b = 24.081(3)Å  β = 90° 

c = 14.2543(15)Å  γ = 90° 

Volume 6640.7(12) 

Z 16 

Density (calculated) 1.145 

Absorption coefficient 0.392 

F(000) 2320 

Crystal size 0.29× 0.21× 0.12  mm
3
 

Theta range for data collection 2.21– 27.52 

Index ranges -22<= h <= 22,  -28<= k <= 28,  -16<= l <= -16 

Reflections collected 31147 

Independent reflections 7330 

Completeness to theta = 26.02° 100  % 

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 3022 / 0 / 178 

Goodness-of-fit on F
2
 1.083 

Final R indices [I>2sigma(I)] R1 = 0.0567, wR2 = 0.1671 

R indices (all data) R1 = 0.0642, wR2 = 0.1728 

Largest diff. peak and hole 0.093 and  -0.407 e.Å
-3
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NOTE:  

The work presented in the chapter-5 was a collaborative work between the group of Dr. 

Rahul Banerjee from the Physical/Materials Chemistry Division at CSIR-National 

Chemical Laboratory in Pune, India and the group of Prof. Dr. David Díaz Díaz with his 

student Eva-Maria Schön from the Institut für Organische Chemie at Universität 

Regensburg, Germany. The experimental results depicted in this chapter have already 

been published in J. Mater. Chem. 2012, 22, 14951-14963, with the title: “Fine-tuning 

the balance between crystallization and gelation and enhancement of CO2 uptake on 

functionalized calcium based MOFs and metallogels”. The original idea and discovery 

was from Dr. Banerjee’s group and the major work has been contributed by Arijit 

Mallick. He was involved in synthesis of MOF and gel, characterisation of the materials 

by single crystal-XRD, PXRD, IR, TGA, UV, elemental analysis, photoluminescence 

measurement , rheology, SAXS, TEM imaging, gas adsorption studies. Eva-Maria Schön 

was involved in the gelation ability, stability study, SEM imaging, catalysis and digital 

imaging of the gel materials. Since this work was a collaboration work, the data were 

incorporated in both Arijit and Eva’s thesis. 
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CHAPTER 6 

 

Conclusions of all the chapters and future directive 

 

6.1 Conclusion: 

In the first chapter of the thesis includes introduction of metal organic frameworks 

(MOFs), lightweight metal organic frameworks (LWMOFs) and their important 

applications. All the MOFs reported in this thesis are synthesized from lightweight metals 

Ca(II) and Mg(II) with different organic linkers.  The advantages of using lightweight 

metals for MOF synthesis has been discussed briefly. The possible application of MOFs 

has also been highlighted with proper literature reports.  

 In chapter 2, we discussed the gas adsorption properties of Mg(II) based MOFs. 

Two Porous MOFs have been synthesized and H2 and CO2 adsorption studies were 

performed with these materials. The γ-Mg-formate has one-dimensional channels along 

the a-axis, and shows reversible hydrogen (~1.0 wt% at 77 K, 760 torr) and CO2 uptake 

(2.1 mmol g
-1

 at 298 K, 760 torr). The Mg-MOF-1 has one dimensional, hexagonal 

channel along c axis and it showed reversible hydrogen (0.8 wt% at 77 K, 760 torr) and 

CO2 uptake (14 cc g
–1

 at 298 K, 760 torr). Also Grand Canonical Monte Carlo (GCMC) 

simulation has been performed to predict the initial positions of the hydrogen molecules 

in the framework. The positions of the each hydrogen molecules in the framework and 

their related adsorption energies were optimized using Density Functional Theory (DFT) 

and ab-initio Hartree-Fock (HF) method.  

 The chapter 3 includes the electrochemical behaviour of Ca-BTC (1,3,5-

benzenetricarboxylic acid) based MOFs. Proton conductivity of five Ca-based MOFs has 

been demonstrated, which depends on the amount of water molecules coordinated to the 

Ca-centers. Ca-BTC-H2O, which has the highest amount of water content per Ca unit 

(1.00/Ca unit), shows high conductivity 1.2 x 10
-4

 Scm
-1

 and exhibit low activation 

energy of 0.18 eV. Ca-BTC-DMF and Ca-BTC-DMA have water content per Ca unit as 

0.66 and 0.50 respectively, and show lower proton conductivity (4.8 x 10
-5

 Scm
-1 

and 2.0 
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x 10
-5

 Scm
-1

) as well as higher activation energy (0.32 and 0.40 eV). So we can conclude 

that MOFs having high amount of water content per asymmetric unit, should have high 

proton conduction values. 

In chapter 4, a new Mg(II) based photochromic porous metal–organic framework 

(MOF) has been synthesized bearing naphthalenediimide (NDI) chromophoric unit. This 

MOF (Mg–NDI) shows instant and reversible solvatochromic behavior in presence of 

solvents with different polarity. Mg–NDI also exhibits fast and reversible photochromism 

via radical formation. Due to the presence of electron deficient NDI moiety, this MOF 

exhibits selective organic amine (electron rich) sensing in solid state. The organic amine 

detection has been confirmed by photoluminescence quenching experiment and visual 

color change. 

 In chapter 5, Ca-based metallogels and 3D MOF synthesized from the same 

organic and metal components has been represented. This porous Ca-based MOF shows 

adsorption capacity for CO2 at 1 atm pressure, where as the Ca-5TIA-Xerogel presents 

20% higher (on a molar basis) CO2 uptake than the crystalline Ca-5TIA-MOF. Ca-5TIA-

Gel also showed an interesting thixotropic. Both Ca-5TIA-Xerogel and Ca-5TIA-MOF 

matched reasonably well with simulated PXRD, suggesting the presence of, at least, 

some common structural elements in the 3D networks of both xerogel and crystalline 

phases. However, the absence of extra water during gelation, the influence of the 

counteranion in the stabilization of the gels, and the failure to form the gel materials 

using the crystalline Ca-5TI. In the other hand, the synthesized materials showed also a 

modest catalytic activity towards the hydrosilylation of benzaldehyde with 

diphenylsilane, where improved catalytic performance was found to observed for the gel 

phase in comparison to the crystalline or xerogel materials.  
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6.2 Future directive: 

Design and synthesis of photochromic porous MOFs for electron conduction 

application. 

The aim of this future plan is to synthesize electrically conducting MOFs from a 

photochromic MOFs. In our previous work, presented in chapter 4, a photochromic MOF 

has been synthesized for sensing application. Photochromic MOFs contain redox active 

chromophoric linkers, which in presence of particular wavelength light generates 

radicals. The idea behind this proposed work is to use these radicals for initiating radical 

polymerisation reaction [6.1]. Since MOFs are porous enough to accommodate small 

molecules [6.2], it is possible to absorb aniline in MOF pores. This aniline loaded MOFs 

have to place under light for the synthesis of polyaniline in MOF pores. The 

polymerisation will be initiated by photo generated radicals from photochromic MOFs.  

 

 

Figure 6.1: Scheme for synthesis of electron conducting MOFs using a photochromic MOF. 

The next step is to check the electron conduction properties of this polyaniline loaded 

MOFs. Polyaniline have extended  conjugated system and it has been used as an 

important electron conducting polymer in some electronic devices [6.3]. So these 

polyaniline channels inside the MOF pore will provide electron conduction pathway 

(Figure 6.1) and the nonconducting MOF will be converted to conducting MOF.  
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