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Abstract 
 

 

The thesis entitled “Functionalization and Interpenetration in Metal 

Organic Frameworks (MOFs) for Reversible H2 Storage” has been 

divided into six chapters. 

 

Chapter 1: Introduction to Metal Organic Frameworks (MOFs) and Hydrogen (H2) 

Storage 

Chapter 2: Fluorinated Metal Organic Frameworks (F-MOFs) for Enhanced Hydrogen 

(H2) Uptake 

Chapter 3: Effect of Fluorination on Hydrogen (H2) Adsorption in Copper-Tetrazolate 

Based Metal Organic Frameworks (MOFs) 

Chapter 4: Functionalized Interpenetrated Metal Organic Frameworks (MOFs) for 

Reversible Hydrogen (H2) Uptake 

Chapter 5: Carbon Nanofiber-Metal Organic Framework (CNF-MOF) Hybrids for 

Enhanced Hydrogen (H2) Uptake 

Chapter 6: Conclusions and Future Prospects 

 

Chapter 1: Introduction to Metal Organic Frameworks (MOFs) and Hydrogen 

(H2) Storage 

Recent years have witnessed a huge level of research on the synthesis of porous 

functional materials named Metal Organic Frameworks (MOFs), using diverse organic 

spacers with different metals. One of the major reasons for MOF research is the 

expectation of achieving the U.S. Department of Energy (DoE) targets on H2 storage for 

on-board and vehicular applications. Although carbon nanotubes, zeolites, activated 
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Figure 1. Cartoon representation of 
Functionalized Metal Organic Frameworks. 

 

Figure 2. Representation of 
interpenetrated Metal Organic Framework. 

carbon, and metal hydrides have been 

extensively studied and potentially 

applied in several ways for H2 storage, 

still there are limitations for using these 

materials as they are expensive, shows 

strong interaction with adsorbents, 

problems in regeneration of adsorbents, 

etc. MOFs on the other hand have shown 

promise over these materials because of 

their fascinating structures, exceptionally 

high surface areas, uniform yet tunable 

pore sizes, and well defined adsorbate-MOF interaction sites. Various strategies such as 

extending pore sizes comparable to the adsorbed molecules, increasing surface area and 

pore volume, utilizing catenation and creation of open metal sites have been explored, 

to achieve the DoE target for H2 storage. Similarly, insertion of functionalized links 

holding functional groups like −F, −NH2, −OH, −COOH, etc. on the organic spacer has 

also been proven to have a good impact on enhancing the H2 and CO2 gas adsorption 

properties. The improved interaction between the gaseous molecule and the 

functionalized framework brings hydrogen molecule in close proximity with several 

aromatic rings to improve the H2 uptake 

capacities of MOFs via increased 

adsorption enthalpy.  

In similar attempts for improving 

H2 uptake in MOFs, the considerable 

attention has been given towards the 

synthesis of interpenetrated/catenated 

MOFs. Framework interpenetration, by 

which the pores of one framework are 

inter-grown by one or more independent 

frameworks, is a commonly observed 

phenomenon in MOFs. It was believed 
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that favorable interactions exist between aromatic rings of MOFs and hydrogen 

molecules. Since, microporous interpenetrated MOFs would be ideal candidates for the 

sorption of small gaseous molecules, interpenetration can be utilized to strengthen the 

interaction between the gaseous molecule and the framework by an entrapment 

mechanism, in which hydrogen molecules remains in close proximity with several 

aromatic rings from interpenetrating networks. 

 In these regards, looking towards the H2 storage materials; functionalized and 

interpenetrated MOFs could become a best choice as MOFs adsorbs gas molecules 

reversibly in an efficient manner. Compared to traditional zeolites and porous carbon 

materials, MOFs have very high number of pores and surface area, which allow higher 

hydrogen uptake in a given volume. The stored high amount of H2 stored in these 

materials can be utilized as a fuel in Fuel Cells for the generation of energy with zero 

emission. 

Chapter 2: Fluorinated Metal Organic Frameworks (F-MOFs) for Enhanced 

Hydrogen (H2) Uptake 

The H2 storage capacity in MOFs can be enhanced in various ways, such as introducing 

open metal sites, increasing surface area and pore volume, functionalizing organic 

linkers, and utilizing catenation. Yang et al., in this regard, have explored for the first 

time the possibility of synthesizing Fluorinated Metal Organic Frameworks (F-MOFs) 

using perfluorinated polycarboxylate ligands with porous surfaces and exposed fluorine 

atoms for interesting H2 storage properties. Later, Cheetham and co-workers and others 

also explored the interesting H2 and CO2 storage properties in partially fluorinated 

MOFs or mixed perfluorinated and nonfluorinated ligands. In all these reports 

researchers have agreed that MOFs with fluoro-lined or fluoro-coated channels are 

expected to possess enhanced affinity and selectivity toward gas adsorption compared to 

their non-fluorinated counterparts due to semi-ionic nature of C−F bonds. 

 In most of the synthetic attempts for fluorinated MOFs from fluorinated 

dicarboxylates, insertion of a co-ligands such as 4,4′-bipyridine’s and 1,10-

phenanthroline have wider applications in MOF synthesis; because of their ability to 

bridge multiple metal sites and their facile derivatization to provide bridging ligands 

with additional functionality. In these regards, in our synthetic attempts towards 
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partially fluorinated MOFs, using 4,4’-hexafluoroisopropylidine bis-benzoic acid and 

different co-ligands like 1,10−phenanthroline and 3-methyl pyridine several F-MOFs 

has been synthesized. The successfully isolated partially fluorinated MOFs like F-MOF-

4, Cu-FMOF-4B, Zn-F-MOF-4B, F-MOF-6, Co-HFMOF-D, Co-HFMOF-W, Mn-

HFMOF-D, Mn-HFMOF-W has been used for H2 adsorption. These F-MOFs show H2 

uptake ranging from 0.45 wt% to 0.90 wt% depending upon the available porosity. 

Although H2 adsorptions for these F-MOFs are moderate, they still are comparable with 

the H2 adsorption of the highest capacity zeolites, some carbon materials, and some 

other HF-MOFs reported in the literature. 

 

Figure 3. Synthesis of F-MOFs using 4,4′-hexafluoroisopropylidine bis-benzoic acid 
and different co-ligands like 1, 10−phenanthroline and 3-methyl pyridine. 

Further, using a set of isostructural fluorinated and non-fluorinated MOFs, the 

effect of fluorine insertion on H2 adsorption has been studied. The effect of partial 

introduction of fluorine atoms into the framework on the H2 uptake properties of MOFs 

having similar structures has been analyzed experimentally and computationally in 

isostructural MOFs. Comparison of the H2 and CO2 adsorption in these isostructural 

fluorinated and non-fluorinated MOFs shows that high H2 uptake in F-MOFs is not a 
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universal phenomenon, but is rather system-specific and differs from system to system.  

 

Figure 4. a) Synthesis of 2 set of isostructural fluorinated and non-fluorinated MOFs 
using isonicotinic acid and 3-fluoro isonicotinic acid based linkers with Co(II) as metal 
centers. b) H2 adsorption isotherms in these MOFs. c) H2 adsorption density counters 
observed computationally in Co-INA-1 and Co-FINA-1. 

 In the isostructural Co-INA-1 and Co-FINA-1, fluorination resulted in a similar 

H2 uptake, whereas in Co-INA-2 and Co-FINA-2, fluorination resulted in an overall 

increase in H2 uptake. From these results, it is clear that as fluorine atoms in F-MOFs 

are weakly interacting with gas molecules, other factors, such as pore size, curvature, 

and open metal sites, can also play crucial roles in the high gas uptakes in these F-

MOFs. 

Chapter 3: Effect of Fluorination on Hydrogen (H2) Adsorption in Copper-

Tetrazolate Based Metal Organic Frameworks (MOFs) 

It is well documented in the literature that functionalized links having un-coordinated 

functional groups such as −F, −NH2, −OH, −COOH, etc. on the organic spacer can also 

enhance the H2 and CO2 gas adsorption properties by increasing ligand-to-gas molecule 

interactions and adsorption enthalpy (Qst) in MOFs. Theoretically, it is expected that 

fluorinated MOFs with exposed fluorine atoms into the pores should possess 
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significantly higher adsorption enthalpy for H2 at near ambient temperatures due to 

strong interaction arising from the semi-ionic nature of the C−F bonds and adsorbing H2 

molecules. But, in practical aspects; particularly in the case of MOFs, the increasing van 

der Waals radii of fluorine atoms (1.47 Å) compared to the hydrogen (1.20 Å) need to 

be taken into consideration, as the slight changes in the pore sizes of these MOFs may 

result into the big difference in the adsorption capacities. In these regards, considering 

all the issues related towards advantages or disadvantages of fluorination for the 

improved H2 uptake, at this status it is difficult to quote on the entire topic. 

 

Figure 5. a) Synthesis of Cu-TBA-1, Cu-TBA-2 and Cu-TBA-2F using 4-(1H-
tetrazole-5-yl)benzoic acid and 2-fluoro-4-(1H-tetrazole-5-yl)benzoic acid linkers. b) H2 
adsorption isotherms in Cu-TBA-2 and Cu-TBA-2F with H2 adsorption density counters 
observed computationally. 

In order to facilitate the studies regarding the effect of fluorination on H2 uptake 

in MOFs, gas adsorption properties of three new MOFs named Cu-TBA-1, Cu-TBA-2 

and Cu-TBA-2F has been reported in these studies. The phenomenon of structural 

isomerism has been observed in the Cu-TBA-1 and Cu-TBA-2 upon changing metal 

source during synthesis, whereas isostructural Cu-TBA-2 and Cu-TBA-2F has been 

achieved by changing the linker from 4-tetrazole benzoic acid (TBA) to 2-fluoro-4-

tetrazole benzoic acid (2-F-4-TBA). By utilizing the structural similarities present in 

Cu-TBA-2 and Cu-TBA-2F, the effect of selectively introducing fluorine atoms into the 

MOFs for hydrogen uptake properties has been analyzed. In these studies, we have 

observed that Cu-TBA-1 and -2 adsorbs 1.16 and, 1.54 wt% of H2, while Cu-TBA-2F 

adsorbs 0.67 wt% at 77 K and 1 atm. The direct comparison between iso-structural 
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Figure 6. a) Interpenetrated crystal structure of 
isostructural Cd-ANIC-1 or Co-ANIC-1 MOFs. b) H2 

adsorption isotherms at 77 K and 1 atm pressure. c) 
Hydrogen adsorption density counters for Cd-ANIC-1 and 
Co-ANIC-1 MOFs. 

partially fluorinated Cu-TBA-2F and non-fluorinated Cu-TBA-2 suggested that the 

enhancement of H2 adsorption due to fluorination in MOFs is not an universal 

phenomenon, but it is rather system specific and can differ from system to system. The 

density distributions of adsorbed H2 molecules in Cu-TBA-2 and -2F from simulation 

suggest that H2 molecules are primarily adsorbed in the pores along the X-axis and the 

binding sites are mostly located in the pore centers. Based on the simulation, protruding 

fluorine atoms from 2-F-4-TBA appear to cause a steric hindrance and a lower 

adsorption for H2. Nevertheless, thorough research work is necessary on H2 adsorption 

on iso-structural fluorinated/nonfluorinated MOFs before we can conclusively indicate a 

positive/negative effect of fluorination on enhancement of H2 adsorption in MOFs. 

Chapter 4: Functionalized Interpenetrated Metal Organic Frameworks (MOFs) 

for Reversible Hydrogen (H2) Uptake 

MOFs possessing large sized pores are ultimately disadvantageous to H2 storage, 

because H2 molecules near the center of the pore are unlikely to experience any 

attraction from the 

potential surface of the 

pore walls. In these 

regards, the prominent way 

to reduce the number of 

large voids and increase 

framework-adsorbate 

interaction in a given 

structure is feasibly 

framework 

interpenetration. In 

principle, one should 

expect that the surface area 

for an interpenetrated 

framework will be reduced 

relative to its non-

interpenetrated analogue, owing to the framework–framework interactions that should 
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arise upon desolvation, but catenation has shown some improvement in H2 uptake in 

some MOF systems at 77 K and lower pressure region. Although, it is clear that the H2 

uptake at high pressure will be surely less due to the reduced pore volume; 

interpenetrated MOFs has been getting attention due to its low pressure region H2 

uptake with improved adsorption enthalpy. 

 In these regards, in continuation with the synthesis of functionalized MOFs for 

improved H2 uptake, we have isolated a pair of partially interpenetrated amino 

functionalized MOFs holding diamondoid topology. Two isostructural, three 

dimensional, interpenetrated, amino functionalized MOFs, Cd-ANIC-1 and Co-ANIC-1 

with amine-lined pores have shown high H2 (77 K) uptake due to the framework 

interpenetration. The effect of interpenetration and amino functionalization on H2 

uptake properties of MOFs has been analyzed experimentally and computationally, in 

these isostructural MOFs. The adsorptions of H2 in Cd-ANIC-1 and Co-ANIC-1 have 

also been validated by simulations, which show good agreement with experimental data. 

Collectively, these results points towards the discovery of new materials with amino 

functionalized interpenetrated frameworks synthesized from a simple isonicotinic acid 

derived link for high H2 adsorption capacities. 

Chapter 5: Carbon Nanofiber-Metal Organic Framework (CNF-MOF) Hybrids 

for Enhanced Hydrogen (H2) Uptake 

Hybrid materials design has emerged as the most modish research topics in recent years 

as it often results in new or modified properties than that of individual counterparts. 

Research on MOFs as well as carbon nanomorphologies like carbon nanotubes (CNTs), 

graphene (GE) and carbon nanofibers (CNFs) has picked up attention due to variety of 

applications like gas storage, sensing, drug delivery, catalysis etc. MOFs and 

nanocarbon morphologies so far have been well exploited in the literature separately. 

Despite the recent progresses in the construction of novel MOF-nanocarbon hybrid 

structures through different strategies and the improvement in the sorption capabilities 

of such hybrids, the nature of interaction between the MOF and nanocarbon components 

still possesses a limitation to the versatile exploration of such hybrids. The lack of 

proper chemical interactions among the indivisual counterparts of hybrid materials 

brings the limitations for their usages. 
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Figure 7. Cartoon representation MOF-2@CNF 
hybrids synthesized by in-situ approach. 

In these regards, we have performed synthesis of a Zn-terephthalate MOF-CNF 

hybrid by an in-situ [MOF@CNF] approach. By rationally tailoring the experimental 

parameters, we have achieved the selective one-dimensional confinement of highly 

crystalline and nanosized MOFs in 

inner cavity and in inner cavity as 

well as on the outer walls of CNF. A 

new strategy for the well ordered 

assembly of an otherwise 

thermodynamically less stable MOF 

in the inner cavity as well as on the 

outer wall of a CNF template has 

been reported for the first time. The 

synthesized hybrid material MOF-

2@FCNF shows improved thermal 

stability as well as gas uptake over 

FCNF and MOF-2. At 1 atm pressure and 77 K, FCNF and MOF-2 adsorb 0.27 and 

0.63 wt% H2, while MOF@FCNF shows adsorption of 0.84 wt% of H2. The significant 

increase of ~30 % in the H2 uptake properties can be attributed to the modulated 

property characteristics of the hybrid material. The stabilization of the 

thermodynamically less stable variety of the MOF observed in this study may pave the 

way for future applications of these materials in unforeseen fields. 

Chapter 6: Conclusions and Future Prospects 

This last chapter deals with the significant conclusions of the present study along with 

some of the emerging trends of these fascinating MOF materials as follows: 

1. The intriguing structural aspects in addition to their high surface area’s and pore 

volumes, makes MOFs suitable candidate for H2 adsorption over literature reported 

materials like porous carbons, metal hydrides, zeolites, porous silica materials, etc. 

2. The attempts followed for improvement in H2 uptake capacities in MOFs includes 

increasing pore size, pore volume and surface area, creation of open metal sites, MOF 

functionalization, interpenetration or catenation, doping of metal nanoparticles, etc. 

3. The F-MOF synthesized using a flexible fluorinated dicarboxylates building block 
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4,4′-hexafluoroisopropilidine bis-benzoic acid; 3-methyl pyridine/1,10-phenanthroline 

co-ligands, and different transition metal cations [Zn(II), Co(II), Mn(II) and Cu(II)] 

show moderate H2 uptake despite of its very limited or negligible surface area. 

4. The attempts towards synthesis of highly robust and porous MOFs using isonicotinic 

acid and 3-fluoro isonicotinic acid for high H2 uptake proved to be rewarding to increase 

the overall H2 uptake. From these results, it is clear that as fluorine atoms in F-MOFs 

are weakly interacting with gas molecules, other factors, such as pore size, curvature, 

and open metal sites, can also play crucial roles in the gas uptakes in these F-MOFs. 

5. Using isostructural Cu-TBA-2 and Cu-TBA-2F MOFs, the effect fluorine insertion 

on H2 uptake properties utilizing the experimental and computational results has been 

analyzed. The direct comparison between gas adsorption properties of iso-structural 

partially fluorinated Cu-TBA-2F and non-fluorinated Cu-TBA-2 suggested that 

enhancement of H2 adsorption due to fluorination in MOFs is not an universal 

phenomenon, but it is rather system specific and can differ from system to system. 

6. The interpenetrated, porous, functionalized Cd-ANIC-1 and Co-ANIC-1 MOFs with 

diamondoid topology showed high H2 uptake as a result of interpenetration in the 

frameworks, which was further validated by simulation studies. 

7. The selective one-dimensional confinement of highly crystalline and nanosized 

MOFs in inner cavity and in inner cavity as well as on the outer walls of CNF has been 

demonstrated. The hybrid material shows improved thermal stability as well as gas 

uptake over FCNF and MOF-2. The overall increase in the gas uptake properties of 

MOF-2@FCNF hybrid can be attributed to the modulated property characteristics of the 

hybrid material via gas diffusion. 

Lastly, related promising developments and daunting challenges in this broad 

area are also discussed to extend the applications of functionalized and interpenetrated 

MOFs in view of the fundamental and technological interests ostensibly shown by a 

large number of interdisciplinary researchers encompassing physicists, chemists, 

biologists and engineers. Finally, some of the future prospects and precautions for the 

synthesis and applications of MOFs will be explained within the broad perspective of 

storage materials and its societal impact. 
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Introduction to Metal Organic Frameworks (MOFs) 

and Hydrogen (H2) Storage 

 

1.1  Introduction: 
Due to the limited resources of fossil fuels, a large part of ongoing research is going on 

for the development of alternative energy sources which are equally economical and 

more sustainable.1 Also, the unlimited use of these fossil fuels is adversely affecting on 

the environmental conditions due to the pollutants emitted during use. These pollutants 

are causing various effects like adverse negative health effects, climate change, resource 

depletion and energy security concerns.2 The continuous emission of these gases in 

large amount causes the environmental issues like global warming, causing the average 

surface temperature of the Earth to rise in response.2b In these regards, a necessity of 

renewable energy sources which are enormously available in nature is preferable. The 

natural resources like solar light, wind, biomass, nuclear and atomic fusion reactions are 

the available energy forms, which may lead towards the clean and highly rationalized 

energetic assets.3 The high efficiency, easy availability and economical energy 

resources which emit minimum pollutants during the combustion/usage are the real time 

need for the energy aspects.4 Although, solar and winds are reported as the clean and 

renewable energy sources, these resources hold flowing limitations:5 

a. Solar energy can only be harnessed when it is daytime and sunny.  

b. Large areas of land are required to capture the solar energy. Collectors are usually 

arranged together especially when electricity is to be produced and used in the same 

location. 

c. Solar panels and wind turbines need to become cheaper than raw fossil fuels. This is 

the challenge posed by the diffuse nature of renewables. 

d. Storage solutions need to become cheaper than fossil fuel refineries (e.g. power 

plants). This is the challenge posed by the intermittent nature of renewables. 

Due to aforementioned reasons, there is an immense need of the energy sources, 

which will overcome these efficiency issues and can serve as a better option in near 
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future. Although not yet widely used as transportation fuel, an increase in research and 

development by both government and industry is working toward successful, and 

eventually commonplace, use of clean, economical, and safe production of hydrogen 

(H2) as well as the greater availability of hydrogen fuel cell vehicles.6 A big part of that 

excitement is that H2 is a potentially emissions-free renewable fuel that can be produced 

not from foreign-sourced petroleum, but from domestic resources right here at home.6c 

The abundant supplies and high energy density possessed by H2 holds the great promise 

for energy carrier for a future energy economy. The basic advantage of H2 which can 

release energy cleanly without harmful emissions, which make it particularly attractive 

when considering the drivers for change as outlined above.7 Furthermore, the increase in 

energy generation from renewable sources requires forms of energy storage as 

production fluctuates hugely with solar, wind and tidal activity. The energy stored in H2 

can later be released through electrochemical fuel cells that recombine hydrogen with 

oxygen, with no emissions of harmful gases. 

1.2  Hydrogen Storage Materials and Challenges: 
The storage of H2 is one of these primary challenges to its successful implementation in 

an alternative energy economy that includes both mobile and static applications. 

Although, hydrogen has an excellent gravimetric energy density of around 120 MJ/kg, 

the volumetric energy density is considerably poorer in comparison to current fuels (e.g. 

1 kg of H2 occupying 11 m3 at STP).8 Consequently, a technique by which H2 molecules 

can be packed more closely is needed (physisorption) rather than storing it by applying 

methods like compression, liquid storage, solid state storage, chemisorption, etc.9 In 

order to achieve the current target set by the U. S. Department of Energy (DoE) for a 

vehicular hydrogen storage system, the ideal H2 storage method has a good gravimetric 

density and volumetric density, equilibrium properties near ambient temperature and 

pressure, is reversible over many cycles, has fast transfer rate and is stable in air.10 

Further considerations are costs, recycling and charging infrastructures. Since, transport 

applications are often the most stringent as they require both high gravimetric and 

volumetric energy densities, the physisorption method has been put forward as one of 

the best way to store H2 for those mentioned applications. 

Porous materials like amorphous carbons, charcoals, metal hydrides, clathrates, 
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microporous polymers, zeolites, etc. have been used into the application of H2 storage 

(Figure 1.1).11 But these aforementioned materials are currently finding limited 

applications due to their very narrow possibilities for synthetic expansion. Structural 

resolution of amorphous carbons remains a problem due to a lack of long-range order, 

and building blocks for zeolite synthesis remain limited. Metal hydrides and clathrates 

mostly follow the chemisorption for H2 storage than that of physisorption, showing the 

unsuitability for practical applications.12 Also, the tedious and costly protocols for the 

synthesis find the further limitations for their usages in H2 storage. As these amorphous 

materials lacks periodicity, large voids, and systematic adsorption sites, H2 adsorption is 

unfeasible in these materials. 

 

Figure 1.1 Representative literature reported porous materials used for H2 adsorption and 
storage. [Source: Website and Wikipedia].  

In this regards, a class crystalline and porous materials, MOFs, do not suffer 

from these limitations. Since, there is a wide array of organic units and metal centers 

that can be incorporated into MOFs, an incredibly diverse range of materials can be 

synthesized.13 As these materials do not endure from the limitations of other porous 

materials in the expansion of the class, reversible adsorption and cost effectiveness, 

MOFs are considered as one of the prime material for H2 storage. MOFs are considered 

as a good candidate for H2 uptake, since these materials hold following advantages: 



Chapter 1                                                                Introduction to MOFs and H2 storage  

2014-Ph. D. Thesis: Pradip Pachfule, (CSIR-NCL), AcSIR                                                                          4 | P a g e  

a. Commercial availability and easy synthesis. 

b. Considerable stability at diverse applicative conditions. 

c. Since, the metal-carboxylate and metal-hetero atoms (N, O, S, etc.) bonds formation 

is reversible; the formation of well-ordered crystalline MOFs with high porosity is 

visual. 

d. Extremely large surface-areas and flexibility structures.  

e. Robust architecture with high mechanical and thermal stabilities. 

f. The ability to vary the size and nature of MOF structures without changing 

underlying topology gave rise to the isoreticular principle and its application in making 

MOFs with the large pore aperture and low density, which allows the selective 

inclusion of large molecules like vitamin, proteins as well tiny gas molecules.  

g. The thermal and chemical stability of many MOFs has made them amenable to 

postsynthetic covalent organic and metal-complex functionalization. These capabilities 

enable substantial enhancement of gas storage in MOFs and have led to their extensive 

study in the catalysis of organic reactions, activation of small molecules, gas 

separation, biomedical imaging and proton, electron and ion conduction. 

h. By expanding the length of the organic units, isoreticular expansion, pore size and 

surface area can be enhanced. Isoreticular modification and expansion can be applied 

to any MOF, and therefore this area has seen rapid expansion in recent years. 

Furthermore, unlike the case of amorphous carbons, the structure determination is 

possible for these frameworks due to the crystallinity that arises from the regular order 

of the MOF backbone. 

i. As MOFs are crystalline materials with well ordered periodicity within the structure, 

the characterization is easy and rapid. 

Due to aforementioned extraordinary properties of the MOFs over other 

materials, these materials are being repeatedly used for several applications including 

H2 storage.  

1.3  Synthesis of MOFs Materials for Hydrogen Storage: 
Metal Organic Frameworks (MOFs) or Porous Coordination Polymers (PCPs) are 

organic-inorganic hybrids consisting of metal ions or clusters coordinated to 

rigid organic molecules to form one-, two-, or three-dimensional structures (Figure 
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1.2).14 MOFs are composed of two major components: a metal ion or cluster of metal 

ions and an organic molecule called a linker. Usually metal ions or clusters include most 

of the metals from periodic table. The linkers involves organic components made up 

from aromatic, non-aromatic, aliphatic and coordinating carboxylate, imidazolate, 

triazolates, tetrazolate, pyridine based linkers, amino acids and its derivatives, etc.15 

 
Figure 1.2 Scheme of synthesis of MOFs from metal centers and organic linkers to form 1D, 
2D or 3D MOFs depending on degree of extension. 

MOFs are crystalline materials and these materials need a crystal growth 

technique in order to produce a suitable crystal for X-ray diffraction analysis. Generally, 

the favoured methods for synthesis of crystalline MOFs are as follows:16a 

1.3.1  Hydrothermal Synthesis: 

Hydrothermal synthesis includes the crystallization of substances from high-temperature 

at high vapour pressures generated due to solvent of synthesis.16b The technique is 

typically employed in high temperature range and particularly below 200 ºC for aqueous 

and organic solvent systems using Teflon lined autoclave under autogenous pressure 

(Figure 1.3). Under these conditions, the solvent temperature can be increased above its 
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atmospheric pressure boiling point, while the solvent viscosity and dielectric constant of 

the solvent are reduced. Reduction of viscosity and dielectric constant also enhances the 

diffusion process and subsequently crystal growth.  

 

Figure 1.3 Various representative techniques utilized for the synthesis of MOFs from metal 
centers and organic linkers in suitable solvent media. [Source: Web and Wikipedia]. 

1.3.2  Solvothermal Synthesis: 

Solvothermal synthesis is a method of producing crystalline MOFs, very similar to 

the hydrothermal route.16c The solvothermal synthesis route gains the benefit of both 

the sol-gel and hydrothermal routes, allowing the precise control over the size, shape 
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distribution, and crystallinity of MOFs by varying experimental parameters like reaction 

temperature and time, solvent type, surfactant type, precursor type, etc. (Figure 1.3). 

1.3.3  Room Temperature Synthesis: 

It is a distinct type of solvothermal synthesis, where the heating to the reaction mixture 

is not necessary to produce highly crystalline MOFs.16d Most prominently; the starting 

materials are mixed in solvent at ambient temperature and kept at room temperature for 

crystallization. Subsequent addition of bases like triethylamine, which causes 

deprotonation of the organic linker to precipitate the MOF are used during synthesis 

(Figure 1.3). 

1.3.4  Microwave Assisted Synthesis: 

Microwave-assisted synthesis relies on the interaction of electromagnetic waves with 

mobile electric charges.16e These can be polar solvent molecules/ions in a solution or 

electrons/ions in a solid. By applying the appropriate frequency, collision between the 

molecules will take place, which leads to an increase in kinetic energy, i.e. temperature, 

of the system. Due to the direct interaction of the radiation with the solution/reactants; 

MW-assisted heating presents a very energy efficient method of heating (Figure 1.3).  

1.3.5  Mechanochemical Synthesis: 

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

chemical reactions in presence of solvents.16f In mechanochemical synthesis, the 

mechanical breakage of intramolecular bonds followed 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 1.3). These can be removed 

by thermal activation to yield the guest-free porous compound.  

1.3.6  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 1.3).16g 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. 
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1.4  Applications of MOFs: 
Porous materials find their applications in gas storage, gas/vapor adsorption and 

separation, shape/size-selective catalysis, drug delivery, etc.13 Conventionally, porous 

materials have been either organic or inorganic materials with available porosity. Most 

commonly used organic porous material is activated carbon, which is usually prepared 

by pyrolysis of carbon-rich materials and have high surface areas, high adsorption 

capacities, yet do not possess ordered structures.17 Despite this lack of periodicity, 

porous carbon materials have many uses, including the separation and storage of gases, 

the purification of water, and solvent removal and recovery. Also, inorganic porous 

frameworks like zeolites possess highly ordered structures, which require an inorganic 

or organic template with strong interactions between the inorganic framework and the 

template during the synthesis.11h,11i The removal of the template from these materials 

can result in collapse of the framework. Although, inorganic frameworks suffer from a 

lack of diversity, as the variation of elements used seldom deviates from Al, Si and 

chalcogens; these materials have been used in separation and catalysis applications. 

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

materials, porous hybrids, known as MOFs, can be generated that are both stable and 

ordered and possess high surface areas. MOFs are essentially coordination polymers 

formed in the most elementary sense by connecting together metal ions with polytopic 

organic linkers often resulting in fascinating structural topologies.18 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 1.4).14 Since, 

MOFs have following structural attractiveness; these materials have been successfully 

utilized for various applications: 

a. 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. 

b. Easy synthesis and scale up following various strategies like room temperature 
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synthesis, electrochemical synthesis, etc is possible. 

c. High porosity, tunable pore sizes, easy incorporation of functional groups is possible 

in MOFs. The dimensions and topology of channels can be tuned through organic 

synthesis by modifying the molecular structure of the organic ligand that bridges the 

metal ions.  

 

Figure 1.4 Synthesis of 1D, 2D and 3D MOFs using different kind of aromatic, non-aromatic, 
aliphatic linkers, for its various representative applications. [Reprinted with permission. 
Copyright: American Chemical Society, Royal Society of Chemistry and WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim]. 

d. The surface properties of channels can be altered by appending different organic 

substituent’s onto the organic ligand without changing the architecture of the 
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Figure 1.5 Comparative H2 uptake in empty and MOF filled 
container. [Reprinted with permission from (18). Copyright 
2012 American Chemical Society]. 

framework. 

e. 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, utilization of these MOFs in following major aspects is demonstrated 

following experimental as well as computational pathways: 

1.4.1  Hydrogen Storage: 

The storage of H2 is of course, a great challenge. The underlying possibility to use H2 as 

a fuel for mobile or portable fuel-cell applications raises a very high interest in H2 

storage possibilities.6 

MOF-storage for H2 

works fully reversibly, 

avoids complicated heat 

treatments and 

recharging proceeds 

within seconds or 

minutes.18 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. As shown in Figure 

1.5, 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 solvent or guest molecules, which occupy the pore spaces in MOFs can be 

removed upon solvent exchange and heating under vacuum to generate a stable porous 

structure. Compared to their porous counterparts like zeolites and activated carbon, 



Chapter 1                                                                Introduction to MOFs and H2 storage  

2014-Ph. D. Thesis: Pradip Pachfule, (CSIR-NCL), AcSIR                                                                          11 | P a g e  

MOFs have a much higher surface area (e.g. MIL-101 has a Langmuir surface area of 

5900 m2 g-1).19 The combination of different organic ligands and SBUs gives MOFs 

almost infinite geometrical and chemical variation.19a 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. All these 

characteristics of MOFs make them one of the most promising sorbent material for H2 

storage. The first MOF-based H2 storage study performed in 2003 using MOF-5 showed 

H2 uptake of 4.5 wt% (17.2 H2 molecules per formula unit) at 77 K and 1 wt% at room 

temperature and 20 bar pressure.20 With complete activation and protection of the 

sample from air and water, MOF-5 was observed to exhibit a record excess H2 uptake of 

7.1 wt% at 77 K and 40 bar. 

 

Figure 1.6 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 (18). Copyright 2012 American Chemical 
Society]. 

Using different possible combinations of organic linkers and metal centers; 

various MOFs with high porosity and subsequently H2 uptake capacities has been 

reported in literature. As shown in Figure 1.6a, the H2 uptake capacities in these MOFs 

are almost close to the DoE targets for vehicular applications.18 These completely 

reversible and promising uptake capacities in these porous materials are very high 

compared to the traditional H2 storage materials. Further, it has been shown through 
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calculations and experimental results that a qualitative linear relationship exists between 

the H2 storage capacities at 77 K and the specific surface areas. As shown in Figure 

1.6b, the high pressure H2 uptake capacities of various MOFs show the directly 

proportional relationship between pore volume to the specific surface area. Therefore, in 

order to increase the H2 uptake capacities at 77 K, higher specific surface area and 

higher pore volume should be created in the MOF. However, the H2 storage capacity 

decreases sharply with increasing temperature, and none of the MOFs yet satisfies the 

proposed DoE target at room temperature. The MOFs are physisorption-based materials 

for H2 storage, and their interaction energy with H2 molecules is very weak. In these 

regards, several attempts have been performed to improve the H2 uptake in MOFs via 

different possible strategies, which we have discussed in Section 1.5. 

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-1221a 3.05 MOC-222h 2.17 
UTSA-2021b 2.80 UMCM-15022i 2.10 
PCN-1421c 2.70 Ni\DOBDC22j 2.10 

NOTT-10321d 2.56 
Zn2(BDC) 

(TMBDC)(DABCO)22k 
2.10 

PCN-1121e 2.55 Ni3(BTC)2(3-PIC)6(PD)3
23a 2.10 

HKUST-115c 2.54 
(In3O)(OH)(ADC)2(IN)2 . 

4.67H2O21k 
2.08 

Cu2(tptc)21f 2.52 Zn2(BDC)2 (DABCO)22k 2.00 
NOTT-10021d 2.52 Mg\DOBDC22j 1.98 
NOTT-14021g 2.50 PCN-623b 1.90 
MOF-50521h 2.48 NOTT-11623c 1.90 

NOTT-10121d 2.46 CPM-623d 1.88 
NOTT-10521d 2.46 PCN-6822c 1.87 
Cu4Cl(btt)3/8

21i 2.42 Cd-ANIC-123n 1.84 
Cu6O(tzi)3(NO3)21j 2.40 Co\DOBDC22j 1.81 

PCN-12′21a 2.40 IRMOF-323e 1.80 
PCN-1021e 2.34 PCN-6622c 1.79 

(In3O)(OH)(ADC)2(NH2IN)
2 . 2.67H2O21k 

2.31 
Zn2(C2O4)(C2N4H3)2.(H2O)0

.5
23f 

1.70 

NU-10022a 2.29 Co-ANIC-123n 1.64 
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Figure 1.7 Comparative high pressure CO2 uptake properties 
of literature reported MOFs and activated charcoal Norit 
RB2. [Reprinted with permission from (23m). Copyright 
2004 American Chemical Society]. 

NOTT-11222b 2.30 
[Co4 (OH)2 (p-CDC)3 

DMF2]n 
23g 

1.61 

NOTT-10921d 2.28 ZTF-123h 1.60 
PCN-6122c

 2.25 CUK-123i 1.60 
Mn-BTT22d 2.25 H3[(Cu4Cl)3-(BTTri)8]23j 1.58 
Cu2(qptc)22e 2.24 Zn\DOBDC22j 1.54 

NOTT-10621d 2.24 Bio-MOF-1123k 1.50 
NOTT-10721d 2.21 ZIF-1123l 1.37 

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

[MOF(4)]22f 
2.20 MOF-523m 1.32 

NOTT-10221d 2.19 ZIF-823l 1.30 
[Zn3(OH)(p-

CDC)2.5(DEF)4]22g 
2.10 MOF-17723m 1.25 

 

1.4.2  CO2 Adsorption and Storage: 

The increasing level of atmospheric CO2 is one of the greatest environmental concerns.2 

These emissions, mainly as a result of combustion of coal, oil, and natural gas are 

projected to continue to 

increase in the future due 

to economic growth and 

simultaneous industrial 

development, since, these 

carbon free energy 

systems are not well 

developed. 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 
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domestic levels, the difficulties due to regeneration of these CCS brings the limitations 

for their usages.24 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.25 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 1.7).26 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 (Figure 1.8a).27a 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 has been reported vastly in the literature 

(Figure 1.8b and 1.8c).27b,27c For example, in HKUST-1 high CO2 uptake has been 

achieved as a result of open metal sites;27d 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.27e 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 

(Figure 1.8e). The high CO2 uptake observed in Bio-MOF-11 and ZTF-1 are the 

examples of high CO2 uptake in functionalized MOFs.23h,23k,23n 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 
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been successfully achieved (Figure 1.8d).27f 

 

Figure 1.8 Representive MOFs reported for CO2 capture and separation. a) Interpenetrated 
structure of IRMOF-8 for CO2 capture. b) Structure of HKUST-1 and c) Mg-MOF-74 which 
possesses open metal sites shows high CO2 capture as separation for later case. d) Structure of 
SIFSIX-3-Zn shows high separation of CO2 from flue gases. e) Structure of ZTF-1 shows high 
CO2 uptake at low pressure. 

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.27 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 Figure1.9.27e 
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Figure 1.9 Selective gas adsorption in Mg-MOF-74 and separation of CO2 from other gases as a 
result of open metal sites and subsequent high CO2 uptake capacity over large temperature 
range. [Reprinted with permission from (27e). Copyright 2009 National Academy of Sciences, 
USA]. 

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\DOBDC22j NA 8.08 MOF-50521h NA 3.27 

Co\DOBDC22j NA 7.11 
H3[(Cu4Cl)3-
(BTTri)8]23j 

NA 3.25 

Ni\DOBDC22j NA 5.80 
(In3O)(OH)(ADC)2

(NH2IN)2 . 2.67 
H2O21k 

NA 3.21 

Zn\DOBDC22j NA 5.51 CPM-623d 4.76 2.90 

UTSA-2021b NA 5.01 
TMA@ Bio-MOF-

128f 
4.5 NA 

HKUST-115c NA 4.72 
TEA@ Bio-MOF-

128f 
4.2 NA 

Zn + 4,4’ bipy + 
(BTA-TBA)28a 

NA 4.10 
TBA@ Bio-MOF-

128f 
3.5 NA 

Bio-MOF-1123k 6.0 4.01 UMCM-15022i NA 2.80 
[Zn2(1)(DMF)2]n(DM

F)m[MOF(4)]28b 
5.80 NA 

Zn2(BDC)2 
(DABCO)22k 

NA 2.71 

[Zn3(OH)(p- NA 4.00 CPM-523d 3.62 2.43 
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CDC)2.5]n
28c 

Cd-ANIC-123n 4.72 3.84 ZIF-7828g 3.348 2.23 
ZTF-123h 5.35 3.79 ZIF-9628h NA 2.16 

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

23f 
4.30 3.78 IRMOF-323e NA 2.14 

Co-ANIC-123n 4.22 3.48 
(In3O)(OH)(ADC)2

(IN)2 . 4.67 H2O21k 
NA 2.08 

CUK-123i NA 3.48 MOF-17723m NA 1.72 
YO-MOF28d NA 3.39 ZIF-6928g 3.03 1.69 
SNU-M1028e NA 3.30 MOF-523m NA 0.92 

 

1.4.3  Methane (CH4) Storage: 

Natural gas is another good candidate for on-board fuel which has comparatively lower 

hazardous gas emissions. The main component of natural gas is methane (> 95 %). 

Methane has a comparable gravimetric heat of combustion with gasoline, but it suffers 

from the lack of effective storage. For example, liquefied natural gas requires cryogenic 

conditions (112 K), compressed natural gas operates at pressures about 200 bar, etc.29 

Unlike for hydrogen, the heat of adsorption for methane (about 20 kJ/mol) is already 

within the ideal scope for practical usage. DoE has set a methane storage target i.e. 180 

v/v at ambient temperature and pressure range no more than 35 bar.30 Although, some of 

the carbon materials, silica, zeolites, etc. have already reached this target, they have 

limited packing density, amorphous structure, limited surface area and tedious synthetic 

protocols.31 Thus, the focus has been on increasing the surface area of the porous 

sorbent. After the first methane sorption study using MOFs in 1997, the studies on 

methane uptake in MOFs has been picked up very promptly.32 Table 1.3 summarizes the 

surface area, porosity and methane uptake data for selected MOFs. The breakthrough 

result obtained in MOFs showed that the methane uptake in MOFs can exceed the DoE 

targets as well. 

Since, MOFs present a unique blend of the benefits of both zeolites and porous 

carbons; superior applications of these materials for methane uptake are seen to be 

paving.33 The crystalline nature and ordered porosity of the materials make absolute 

characterization a simple task, and permit in-depth structural and host–guest studies to 

be conducted. Additionally, exceptionally high surface areas may be obtained and the 

character of the framework is easily adjusted by incorporation of functional groups or 
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post-synthetic modification of the system.34 The first reported measurement of methane 

uptake by a porous MOF in 1997 showed possible applications of MOFs for methane  

 

Figure 1.10 Representative examples of MOFs showing methane uptake at ambient temperature 
and higher pressure range. [Reprinted with permission from (29c). Copyright 2013 American 
Chemical Society]. 

storage.32 While, volumetric storage capacity has been emphasized, to date, the reported 

volumetric storage capacity of a MOF is usually calculated from the gravimetric 

capacity and the crystallographic density of the material. This leads to an idealized 

maximum volumetric capacity for the framework, as it would be impractical to grow a 

single crystal large enough to accommodate enough methane for any practical use. 

However, the application of MOFs in methane storage has not received nearly as much 

attention as that for hydrogen storage or carbon dioxide capture. In the curiosity to 

explore methane uptake properties in MOFs, several researchers have investigated 

MOFs having high volumetric and gravimetric uptake. The representative MOFs and 

their methane uptake capacities at ambient temperature and high pressure are showed in 

Figure 1.10 and Figure 1.11. A compilation of reported methane uptake in high capacity 

MOFs, in addition to other thoroughly studied MOFs, is provided in Table 1.3: 
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Figure 1.11 Methane uptake capacities in few well known MOFs at ambient temperature and 65 
bar pressure showing uptake of methane in porous MOFs in response to the targets from DoE. 
[Reprinted with permission from (29c). Copyright 2013 American Chemical Society]. 

Table 1.3 Recent reports of methane storage in MOFs achieved at ambient temperature 
and high pressure range. 

MOFs 
BET 

Surface area 
(m2g-1) 

Pore volume 
(cm3g-1) Density 

CH4 uptake 
(cc/cc) 
STP 

MIL-53 (Al)33d 1100 0.59 0.98 155 (35 bar) 

MIL-10135a 2693 1.303 0.31 56 (60 bar) 

PCN-1421c 1753 0.87 0.83 220 (35 bar) 

Zn2(bdc)2dabco35a 1448 0.75 0.87 202 (75 bar) 

Cu3(btc)2
35b 1502 0.76 0.88 165 (35 bar) 

IRMOF-1/MOF-535c 1870 0.60 0.65 110 (36 bar) 

HKUST-135a 1502 0.78 0.88 267 (60 bar) 

Ni-MOF-7435d 1350 0.51 1.21 251 (60 bar) 

UTSA-2031b 1620 0.66 0.91 230 (60 bar) 

NU-12529c 3120 1.29 0.58 232 (60 bar) 

NU-11129c 4930 2.09 0.41 206 (60 bar) 
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Figure 1.12 Different functionalities and strategies for 
the inclusion of catalytic moieties into MOF scaffold. 

1.4.4  Catalysis: 

The applications of MOFs as catalytically active species have been increased over the 

years for due to following reasons:36 

a. In case of MOFs, it is possible to further functionalize the pores found within MOFs 

in order to make the material catalytically active. 

b. The pores present in MOFs may also be fine tuned in their chemical characteristics 

and according to the necessity of catalytic reactions. 

c. Since, MOFs can form large and crystalline pores quite easily, catalytic reactions 

can easily take place within MOF pores.  

In addition to the 

aforementioned reasons, 

MOFs are considered as good 

catalysts as they contain 

‘single-site’ active species, in 

which every active site is in an 

identical environment due to 

the crystalline nature of MOFs. 

As shown in Figure 1.12, the 

various strategies and 

functional groups can be 

incorporated in MOFs via metal centers, linkers and post-synthetic modifications in 

order to acquire catalytic activities in MOFs.37 

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

for an active site e.g. MOF-5.11a 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-5.38a 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.38b The 
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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.38c-38e 

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 oxidation39a 

Zn 
1,4-benzene dicarboxylic 

acid (IRMOF-1) 
Metal 

Cycloaddition of CO2 and 
epoxides39d 

Cu 
1,2,4,5-

benzenetetracarboxylic acid, 
2,2’-bipyridine 

Metal Oxidation of olefins39b 

Zn 
1,4-benzene dicarboxylic 
acid, 2-amino terephthalic 

acid 

Linker and 
Metal 

Cycloaddition of CO2 and 
epoxides39c 

Zn 
2-aminoterephthalic acid 

(IRMOF-3) 
Linker Knoevenagel reaction39d 

Cr 
1,4-benzene dicarboxylic 

acid, ethylenediamine (ED-
MIL-101) 

Coordinated 
ethylene-
diamine 

Knoevenagel reaction39e 

Zn 
2-methyl imidazole  

(ZIF-8) 

Incorporated 
Au/Ag/Pd/Pt 
nanoparticles 

Nitro reduction, CO oxidation, 
Suzuki coupling38 

Cu 
Imidazole 
[Cu(im)2] 

Metal 
Oxidation of activated alkanes, 

1,3-dipolar cycloaddition39f 

Zn 
Porphyrin  

[ZnPO-MOF] 
Zn(II) - 

porphyrin sites 

Acyl transfer between N-
acetylimidazole and 
pyridylcarbinols39g 

Co 
Benzimidazole 

(Co-ZIF-9) 

Metal and 
coordinated N-

atoms 

Photocatalysis and water 
splitting39h 
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Figure 1.13 Active sites present into the MOFs which 
acts as catalytic centers during transformation. 
[Reprinted with permission from (38e). Copyright 
2009 Royal Society of Chemistry]. 

As shown in Figure 1.12 and Table 1.4, many components of MOFs can be used 

within a catalytic reaction such as using the SBU as the active centre and also having 

the active centre being introduced to the MOF by post-synthesis modification.40 The 

active catalytic centers in MOFs mainly includes linker functionalities achieved directly 

via incorporated linkers or post 

synthetic modifications, metal 

centers, metal connected organic 

moieties, encapsulated metal 

nanoparticles, etc. (Table 1.4). 

Due to high porosity, periodic 

arrangement of pores or 

cavities, considerable stability 

and crystalline architectures, the 

applications of MOFs as 

catalysts are finding several 

opportunities. The most remarkable characteristic of MOFs relevant for catalysis, which 

makes them unique, is the lack of non-accessible dead volume. Furthermore, due to the 

very open architecture, the self diffusion coefficients of molecules in the pore system 

are slightly lower than in the bulk solvent, which means mass transport in the pore 

system is not hindered. In addition, the ordered structure offers the opportunity to 

spatially separate active centers. As a result of their high surface areas, MOF-based 

catalysts contain a very high density of fully exposed active sites per volume (Figure 

1.13).38 This characteristic results in enhanced activity, and thus a more effective 

catalytic system.  

Along with aforementioned applications of MOFs for H2 storage, CO2 

adsorption and storage, methane storage, catalysis; there are several applications of 

MOFs has been reported into the literature for gas separation, proton conductivity, 

charge carrier mobility, magnetism, drug delivery, luminescence and sensors, etc 

(Figure 1.4). As a result of intriguing porous structures along with tunable pore sizes; 

MOFs have applied potentially for various appliances. Most of aforementioned 

applications of MOFs are based on the porosity or surface area available for the 
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adsorption of gas, solvent or analytes. As discusses in earlier Section 1.1, in order to 

store the high amount H2 at lower as well as higher pressure range for its applications in 

fuel cell technology; MOFs have shown promising uptake as compared to other H2 

storage materials due to presence of highly porous structures. Well defined periodicity, 

high surface area, high stability to normal atmospheric conditions and easy scale up of 

MOFs shows its potential to serve as H2 storage materials for fuel cell application, 

effectively. Although, MOFs have shown very high H2 uptake capacities in response to 

DoE targets; there are several strategies put forward to improve the uptake capacities to 

large extent. In order to improve the interaction between framework and adsorbing H2 

molecules for efficient uptake at lower pressure following strategies have been 

demonstrated depending on experimental and computational outcomes. Herein, the 

improved interaction between the gaseous molecule and the functionalized framework 

brings hydrogen molecule in close proximity with several aromatic rings to improve the 

H2 uptake capacities of MOFs via increased adsorption enthalpy. 

1.5 Strategies for H2 Uptake Improvement in MOFs: 
There are several approaches have been demonstrated for improvement in H2 uptake, 

the following strategies have found to be effective: 

1.5.1  Increasing Pore Size, Pore Volume and Surface Area. 

1.5.2  Creation of Open Metal Sites. 

1.5.3  MOF Functionalization via Functional Group Incorporation. 

1.5.4  Interpenetration or Catenation. 

1.5.5  Doping of Metal Nanoparticles and Alkali Metals in MOFs. 

 Since, the MOFs synthesized or modified according to the aforementioned 

strategies adsorb H2 effectively at low as well as high pressure; we will discuss these 

factors in details: 

1.5.1  Increasing Pore Size, Pore Volume and Surface Area: 

The correlation between H2 uptake and various physical attributes of MOFs has been 

discussed in large context in the last few years. H2 uptake seems to be proportional to 

heat of adsorption at low pressures, surface area at moderate pressures and pore 
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size/free volume at high pressures.18 Various attempts to determine strong correlations 

between these physical attributes and H2 uptake at low and high temperatures over a 

range of pressures have been made.41 As shown in Figure 1.6b, there is roughly linear 

relationship between BET surface area or pore volume and the 77 K saturation 

hydrogen uptake data for selected MOFs at high pressure. But this linear relationship 

seems to be valid for high pressure H2 uptake; whereas the same affiliation at low 

pressure H2 uptake does not follow the similar trends.18 The probable reason for this is 

the accumulation of all the free space available into MOF structure at high pressure, 

which is impossible in the case of low pressure uptake studies.  

Table 1.5 Porosity and H2 uptake studies in representative IRMOFs: 

Name of 
MOF 

Linker 
Pore 

Diameter 
(Å) 

Framework 
Free 

Volume (%) 

BET 
Surface 

Area (m2/g) 

H2 
uptake 
(wt%) 

IRMOF-3 
2-amino-1,4-benzene 

dicarboxylic acid 
9.6 78.7 2446 1.42 

IRMOF-1 
(MOF-5) 

1,4-benzene 
dicarboxylic acid 

11.2 79.2 3362 1.32 

IRMOF-8 
2,6-Naphthalene-
dicarboxylic acid 

12.6 84.4 4461 1.5 

IRMOF-9 
Biphenyl-4,4′-

dicarboxylic acid 
10.6 74.7 2613 1.17 

 

The linear relationship between pore size and surface area in the case of MOFs 

is validated using literature reported IRMOFs as shown in Figure 1.14. As pore size 

increases as a consequence of increased linker length, pore volume increases; which 

further results into the increase in surface area upto few extent. But, the further increase 

in the linker length results into the formation of interpenetrated framework formation 

with decreased pore size, pore volume and surface area.42 As a result of decreased 

surface area and % free volume available for adsorption of H2 molecules, the overall H2 

uptake in these MOFs decreases considerably. As shown in Figure 1.14, the direct 

impact of linker length on the overall increase in surface area is visible upto certain 

extent. After that although linker length increases, surface area does not increases 
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rationally (Table 1.5).23m Although, interpenetrated MOFs can show elevated H2 uptake 

compared to its non-interpenetrated analogues due to improved interaction between 

framework and adsorbing gas molecules, this improvement is possible only in the case 

of low pressure studies in few cases. But at high pressure, due to decreased pore volume 

H2 uptake does not increases linearly (Figure 1.14).  

 

Figure 1.14 A schematic illustration showing the effect of increasing linker length on the 
surface area and subsequently on the H2 uptake properties in MOFs. The increasing linker 
length for MOF synthesis further results into the interpenetration in frameworks decreasing the 
total pore volume and surface area significantly as shown in the case of IRMOF-9. 

As shown in Figure 1.15, the H2 uptake capacities of MOFs are directly related 

with the surface areas in the low surface area (100−2000 m2/g), but the same 

relationship is not valid in the case where surface area exceeds 2000 m2/g.18,42 It seems 
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Figure 1.15 A plot showing the relationship between H2 
uptake capacities and surface areas of various MOFs at 
low pressure (1 atm) and high pressures (10−90 bar). 
[Reprinted with permission from (18). Copyright 2012 
American Chemical Society]. 

that at 1 atm pressure, the surface area greater than 2000 m2/g cannot be fully covered 

with H2 molecules, since at low pressure, H2 will preferentially bind on the sites that 

have large affinity for H2. In 

addition, low-pressure H2 

adsorption may be influenced 

by other factors such as pore 

size, catenation, ligand 

functionalization, and open 

metal sites. For example, the 

H2 uptake capacity at 77 K 

and 1 atm for doubly 

interpenetrating SNU-77 

(1.80 wt%)43 having surface 

area of 3670 m2/g (pore size 

of 8.0 Å), is higher than that 

of MOF-177 (1.24 wt%)23m 

that has higher surface area of 

4750 m2/g (pore size 11.8 Å) 

in the non-interpenetrating MOF. The factors influencing the H2 uptake of porous 

MOFs at low pressure are not only related to the surface area, but these includes the 

other factors such as interpenetration, open metal sites, affinity of adsorbing gas 

molecules towards the framework, etc. On the other hand, the H2 uptake capacities at 

high pressures show a qualitative relationship with the surface areas. As the surface area 

increases, the high pressure H2 uptake capacity at 77 K increases probability due to the 

availability of free space for the adsorption of gas molecules. In summary, only 

increment in the surface area is not enough to achieve the high H2 uptake at low 

pressure range, but it involves other structural factors as well. 

1.5.2  Creation of Open Metal Sites: 

It has been observed that coordinatively unsaturated metal sites present in MOFs show 

high hydrogen binding affinities.42 During the H2 uptake these unsaturated or open 

metal sites serve as the first loading sites due to high affinity. The MOFs having metal 
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coordinated solvent or gust molecules can generate the open metal sites. Solvent or 

guest molecules can be removed from the metal centers of MOFs without causing any 

structural collapse.44 The solvent exchange with low boiling solvents followed by 

thermal activation at high vacuum can create open metal sites without collapsing the 

basic MOF framework integrity (Figure 1.16). The maintained crystallinity in these 

MOFs, with unsaturated metal coordination creates centers with high affinity for gas 

molecules. 

 

Figure 1.16 A schematic representation showing creation of open metal sites in MOFs. The 
removal of coordinated solvent molecules from the metal center under specific condition crates 
unsaturated metal centers. A representative example of Mg-MOF-74 is presented herein. 

 A series of MOFs having open metal sites derived from M (Mg, Ni, Zn, Co) and 

2,5-dihydroxyterephthalic acid is reported into the literature, where these active sites for 

H2 adsorption are present. Among this series, CPO-27-Ni (Ni-MOF-74) shows an initial 

adsorption enthalpy of 13.5 kJ mol−1, which is among the highest reported value in 

literature for H2 uptake.45 A trend of increasing binding energies of Zn < Mn < Mg < Co 

< Ni have been observed in these MOFs, which is closely correlated with the cationic 
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radius of the exposed metal site. Further, open metal sites generated in 

[Cu3(BTC)2(H2O)3]n (HKUST-1) constructed from benzene-1,3,5-tricarboxylate and Cu 

paddle-wheel SBUs showed efficient H2 uptake.15c A comparison of the H2 storage 

capacities for three isostructural MOFs with and without open metal sites validated the 

importance of open metal sites for improved H2 uptake. The H2 sorption capacities of 

SNU-5 (2.87 wt%) having open metal sites at 77 K and 1 atm pressure is much higher 

than those SNU-4 (2.07 wt%) and SNU-5′ (1.83 wt%), which are without unsaturated 

metal centers.46 The isosteric heats of H2 adsorption for SNU-4, SNU-5’ and SNU-5 

were 5.96−7.24, 5.91−6.53 and 4.43−11.60 kJ mol−1, respectively. These results suggest 

that the presence of open metal sites in MOFs lead to the higher H2 uptake capacity and 

higher isosteric heat of H2 adsorption as well as a higher surface area and pore volume. 

The list of representative MOFs having open metal sites is summarized in Table1.6. 

Table 1.6 Literature reported representative examples of MOFs with open metal sites and their 
H2 uptake properties at 77 K and 1 atm pressure as well as Isosteric Heat (Qst) of H2 adsorption: 

Name of MOF 
Surface Area (m2/g) 

H2 Uptake 
(wt %) 

Isosteric Heat 
(Qst)  

(kJ mol−1) BET Langmuir 

Mg2(dobdc) 
[Mg-MOF-74]47a 

1510 - 2.2 10.3 

Mn(NDC)47b 191 - 0.57 - 

Cu6O(tzi)3(NO3)21j 2847 3223 2.4 9.5 

Zn2(dhtp)38b 783 1132 1.77 8.3 

Zn3(OH)(cdc)2.5
38b 152 - 2.1 7.0 

Cr3(BTC)2
47c 1810 2040 1.9 7.4 

Fe4O2(BTB)8/3
47d 1121 1835 2.1 - 

Cu3(TATB)2 (catenated) 
PCN-623b 

- 3800 1.9 6.2 

Cu3(TATB)2 
(noncatenated)  

PCN-6′47e 
- 2700 1.35 6 

Cu2(bptc) NOTT-10021d 1670 - 2.59 6.3 
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Cu2(qptc) NOTT-10221d 2932 - 2.24 5.4 

Cu2(abtc) SNU-546 - 2850 2.84 8.2 

Cu2(bdcppi) SNU-5′46 - 2450 2.1 5.8 

Cu3(BHB)21b 1156 - 2.9 - 

Cu3(ttei)22a 6143 - 1.82 6.1 

Cu3(L, hexacarboxy-
late) PMOF-2(Cu)47g 

3730 4180 2.29 9.2 

Cd2(Tzc)2
39g 230 339 0.55 11.4 

 

1.5.3  MOF Functionalization via Functional Group Incorporation: 

 

Figure 1.17 A schematic representation showing synthesis of functionalized MOFs via direct 
incorporation of linkers having functional groups or post synthetic modifications. 

The organic linker can play an important secondary role in increasing hydrogen 

adsorption, although the metal sites and/or the SBU are the preferential adsorption sites 

for H2.48a The increased interaction between adsorbing gas molecules and linkers via 
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functional groups or aromatic rings improves the gas uptake significantly, which was 

confirmed using experimental as well as theoretical calculations.48b The insertion of 

functionalized links holding functional groups like –F, –NH2, –OH, –COOH, etc. has 

proved to have good impact on enhancing the H2 adsorption properties.49 Recently, 

computational studies proved that the choice of both ligand and metal center plays an 

important role in gas-framework interactions.48 The improved interaction between 

framework components further results into the increment in isosteric heat (Qst) of H2 

adsorption, which is needful for gas uptake at lower pressure range (Figure 1.17).49 

In the case of IRMOF series, by the utilization of basic structural motif of 

Zn4(μ4-O)(CO2)8 SBUs and different dicarboxylates linkers; series of MOFs have been 

synthesized with various functionalities (Figure 1.18).23m,38b From the gas uptake 

studies performed on these MOFs, it is clear that increasing the aromaticity of this 

central portion, from a simple phenyl ring (MOF-5/IRMOF-1) to cyclobutylbenzene 

(IRMOF-6) to naphthalene (IRMOF-8) increases the H2 uptake dramatically, from 0.5 

wt% to 1.0 wt% and 1.5 wt%, respectively (Figure 1.16).50 The enhancement in the 

affinity of the ligand for the dihydrogen molecule is further enhanced by chemical MOF 

functionalization by the introduction of electron-donating groups to the central portion 

of the ligand. As shown in Figure 1.18, the replacement of 1,4-benzene dicarboxylic 

acid linker in MOF-5 with organic linkers having –Br, –NH2 and −CH3 groups afforded 

IRMOF-2, IRMOF-3 and IRMOF-18, respectively (Figure 1.18). An enhancement in 

gas uptake properties was found in these functionalized IRMOFs in practice. On the 

contrary, a lack of H2 uptake enhancement was reported for pillared square grid net 

based MOFs constructed by ligands where all phenyl −H atoms replaced by either –F 

atoms or –CH3 groups.22k This may be due to partial restriction of the pore size or 

blocking of the high-affinity metal-based binding sites by the larger ligand, effectively 

canceling out any benefit derived from electronic enhancement of the ligand. The 

improved H2 adsorption enthalpy (upto 8 KJ/mol) in the partially fluorinated MOFs, 

wherein fluorine lined pores enhance the interaction with adsorbed H2 molecules has 

been reported.51a As a result of complete fluorination in MOFs, the unique hysteretic 

adsorption of H2, which shows a promising way for filling up H2 at high pressure but 

stored at lower pressure has been reported into the literature.51b The strong interaction of 



Chapter 1                                                                Introduction to MOFs and H2 storage  

2014-Ph. D. Thesis: Pradip Pachfule, (CSIR-NCL), AcSIR                                                                          31 | P a g e  

the semi-ionic C−F bonds with interacting H2 molecules is the driving force for 

increased adsorption enthalpy, which leads to the higher adsorption at low pressure and 

elevated temperature.52 

 
Figure 1.18 Synthesis of IRMOFs by utilizing Zn4(μ4-O)(CO2)8 SBUs and carboxylate based 
organic linkers with functional groups. [Reprinted with permission from (38b). Copyright 2011 
American Chemical Society]. 

Although various types of linker functionalizations are reported in the literature, 

the fluorine functionalized MOFs found to be appealing for H2 uptake studies. The list 

of fluorine functionalized MOFs is summarized in Table 1.7: 

Table 1.7 Hydrogen uptake properties of fluorine containing MOFs collected at 77 K* as a 
representative example of functionalized MOFs for H2 uptake: 

Name of MOF# 
H2 Uptake 

(wt%) 
Name of MOF# 

H2 Uptake 

(wt%) 

[Zn2(tfbdc)2 (dabco)]22k 1.78 
[Co(hfbba)(3-

mepy)(H2O)]51f 
0.67 

[Co3(hfbba)6 (phen)2]51c 0.90 
[Mn2(hfbba)2(3-mepy)] 

·(H2O)51f 
0.60 

[Cu2(hfbba)2 (3-
mepy)2]·(DMF)2 (3-mepy)51d 

0.58 
[Zn2(hfipbb)2 (bpdab)] 

·2DMF51g 
0.87  

[20 atm] 
[Zn5(triazole)6 

(tfbdc)2(H2O)2]·(4H2O)51a 
0.43 

[Cd2(hfipbb)2 (DMF)2] · 
2DMF51g 

0.57  
[20 atm] 
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[Cu(hfipbb)(H2hfipbb)0.5]51e 0.23 
[Cu(hfipbb) 

(H2hfipbb)0.5]51e 
1.1  

[48 atm] 
[Co2(hfbba)2(3-

mepy)2]·(DMF)3
51f 

0.78 [Ag2 (Ag4-Tz6)]51b 
2.33 

[64 atm] 
[Mn(hfbba)(3-mepy)(H2O)]51f 0.72   

*Here it should be noted that wherever pressure and temperature is not mentioned, there pressure is 1 atm 
and temperature is 77 K. 
#tfbdc = Tetrafluoroterephthalic acid, dabco = 1,4-diazabicyclo[2.2.2]octane, hfbba = 4,4′-
(Hexafluoroisopropylidene) bis(benzoic acid), phen = 1,10-phenanthroline, 3-mepy = 3-methyl pyridine, 
triazole = 1,2,4-triazole, Tz = 3,5-bis(trifluoromethyl)-1,2,4-triazole. 

1.5.4  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.42a 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.22k 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 H2.53 

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. 

 

Figure 1.19 Structural representations of interpenetrated and non-interpenetrated MOFs 
IRMOF-9 and IRMOF-10 and its cartoon representation. 
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Figure 1.20 The structural representation of non-
interpenetrated PCN-6′ and interpenetrated PCN-6 MOFs. 
[Reprinted with permission from (23b). Copyright 2006 
American Chemical Society]. 

In general, if big pores should be generated in a MOF that is synthesized from an 

extended organic building block, an interpenetrated framework often resulted, since 

nature prefers to form a compact structure and reduce the free space. From the surface 

area, pore size and pore volume point of view, the phenomenon of interpenetration is 

contradictory (Figure 1.19). But as discussed earlier, for H2 uptake rather than very 

large pores, small sized pores just fitable to the kinetic diameter of H2 are 

favorable.53b,53c The typical effect of interpenetration on porosity is to subdivide large 

single pores, each bounded by the entire organic linker, into several smaller ones, each 

bounded by smaller portions of the organic linker. The dividation of bigger pores into 

the smaller ones creates the additional sites for H2 adsorption, which causes the 

increment in the adsorption enthalpy and subsequently H2 uptake. 

A representative example of direct structural and H2 uptake comparison between 

interpenetrated and non-interpenetrated MOFs for H2 uptake has been reported in 

literature, wherein interpenetrated PCN-6 and non-interpenetrated PCN-6’ having same 

structural components are 

utilized.23b,47e The interpene-

trated MOF named PCN-6 

contains the coppercarboxy-

late paddlewheel SBU 

linked by a trigonal triazine- 

based ligand, and the 

catenation isomerism is 

controlled by the presence 

or absence of oxalic acid, 

which acts as a template (Figure 1.20). The non-interpenetrated MOF named as PCN-6’ 

has a higher overall porosity, based on the solvent-accessible volume calculated from 

the single-crystal X-ray structure. However, the interpenetrated PCN-6 exhibits 133 % 

increase in volumetric hydrogen uptake, and 29 % increase in gravimetric hydrogen 

uptake; when compared to the non-interpenetrated PCN-6’. In another example of 

interpenetrated MOF, a highly interpenetrated structure of Zn4O(L)3 (L= 6,6’-dichloro-

2,2’-diethoxy-1,1’-binaphthyl-4,4’-dibenzoate) with small pores, fourfold 
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interpenetrating structure, open channels of less than 5 Å and BET surface area of only 

502 m2g−1 adsorbs 1.12 wt% of H2 at room temperature and 48 bar.42a This H2 uptake is 

very high compared to MIL-101 having hydrogen uptake of only 0.43 wt% under the 

same conditions, although it have high surface area of 5500 m2g−1.54 

The importance of interpenetration for H2 uptake was further confirmed by 

Grand Canonical Monte Carlo (GCMC) studies on two interpenetrated MOFs from the 

IRMOF series.53 These studies demonstrated that the smaller pore size and multiplicity 

of networks allows the dihydrogen molecule to interact with the central phenyl rings of 

multiple linkers present therein, thus increasing the relevance of the non-coordinating 

portion of the ligand to H2 storage.53b Both studies agree that the importance of a high 

heat of adsorption is greatest at low H2 pressures, and that the overall pore volume 

becomes more important at higher loadings.53c The importance of interpenetration can 

be reflected in an increase in the H2 uptake at 77 K and 1 atm as a result of an increase 

in the interaction energy and ΔHads. 

1.5.5  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.55 The 

phenomenon of H2 adsorption in metal doped MOFs is also known as hydrogen 

spillover effect.56 This hydrogen spillover effect has been known for a long time in the 

hydrogenation catalysts. It is defined as the dissociative chemisorption of hydrogen on 

the metal and the subsequent migration of atomic hydrogen onto the surface of the 

support such as alumina, carbon, etc.56a 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. 

Hydrogen spillover in MOFs can be achieved by doping MOFs with metal 

nanoparticles.57 As shown in Figure 1.21, the doing of nanoparticles into the MOFs can 

be achieved by two methods: 

a. Incorporation of capped metal nanoparticles into the MOFs by mixing the 
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nanoparticles into the MOF precursor solutions during the synthesis. In this case, the 

formation of MOFs from its precursor solution takes place in presence of metal 

nanoparticles, wherein these nanoparticles gets incorporated inside MOF matrix. 

b. Doping of metal nanoparticles into MOFs via post synthetic modifications. In this 

case, impregnation of metal nanoparticle precursor solution into the pre-synthesized 

MOF sample followed by successive reduction under mild conditions is desired.  

The intra-framework generation of palladium nanoparticles (PdNPs) to enhance 

hydrogen storage was explored into SNU-3, where a redox-active ligand plays vital role 

was reported.58a The MOF resulting from the ligand catalyzed reduction of Pd(NO3)2 to 

nanoparticles of about 3.0 nm, showed increased H2 uptake capacity at 77 K of 1.48 

wt% compared to the 1.03 wt% of the pristine material, despite the decreased surface 

area and added weight.  

 

Figure 1.21 Schematic representations of metal nanoparticles doping into MOFs via direct 
incorporation during the synthesis or by post-synthetic modifications. 
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The further example of metal nanoparticles doping into MOFs includes the 

incorporation of PdNPs into MIL-100(Al).58b The fine distribution of approximately 2.0 

nm in sized PdNPs generated in MOF framework induce a significant loss in BET 

surface area, total pore volume, and H2 uptake at 77 K in the modified MOF. The nearly 

two fold increase in H2 uptake observed at 298 K to 0.39 wt% has been partially 

attributed to β-hydride formation at low pressures and a spillover mechanism at 

pressures above 4.5 kPa (Figure 1.22). Increased H2 storage by direct embedding of 

metal nanoparticles also has been reported for Pt-doped IRMOF-8, Pt-doped MOF-177, 

Ni-doped MIL-101, Pd-doped redoxactive MOF and Pd-doped MIL-100.58c-58e The 

aforementioned examples of metal nanoparticle doping into MOFs shows efficiency of 

these materials for H2 uptake at room temperature and low pressure range. The effect of 

smaller size nanoparticles incorporation on the H2 uptake properties has afforded the 

very high gas uptake capacities at room temperature. 

 

Figure 1.22 Schematic representations of synthesis of Pd@MIL-101 hybrid materials, TEM 
images and H2 uptake studies at 298 K. Fine distribution of Pd nanoparticles into MIL-101 
matrix is clearly visible in TEM images and clear improvement in H2 uptake at room 
temperature for Pd nanoparticle doped MOF sample is visible. [Reprinted with permission from 
(58b). Copyright 2010 American Chemical Society]. 

In similar efforts to enhance the H2 uptake at lower as well as ambient 

temperature, chemical doping into MOFs has received a considerable attention in the 

last few years, since calculations have shown that post-synthetic modification of MOFs 

with atomic or cationic metals like lithium can provide a route to surpass the DoE 

targets.59 The computationally explored effects of lithium doping on various MOFs, 
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Figure 1.23 Doping of Li+ achieved via solution method in DO-MOF 
by the means of free −OH groups present therein. [Reprinted with 
permission from (60c). Copyright 2009 American Chemical Society]. 

including IRMOF-

14 showed that the 

single Li(0) per 

organic linker case 

can lead to a 

storage capacity 

that is 7.5 times 

larger than the un-

doped IRMOF-14.60a The inclusion of hydroxyl group in MOF via linkers and then 

exchange of proton from the hydroxyl group with alkali metal ions like Li+, Mg2+, etc. 

has been reported.59a,60b As shown in Figure 1.23, the doping of Li+ in DO-MOF has 

been achieved by the exchange of hydroxyl protons by replacing (via soaking) the 

initially present guest solvent molecules (DMF) with more volatile THF molecules and 

then stirring DO-MOF in an excess of Li+[O(CH3)3
−] in CH3CN/THF (Figure 1.23).60c 

The extent of lithium loading was controlled by adjusting the stirring rate and time. In 

these doped MOFs, at low to intermediate levels of cation substitution, the activated 

metals appear to be naked, apart from alkoxide anchoring, resulting in unusual Qst 

behavior and modest enhancement of H2 sorption ( 2 additional H2 per added Li+ at 77 

K and 1 atm). Further, an analogue of MIL-53(Al) containing a free hydroxyl group that 

was post-synthetically modified to the lithium alkoxide functionalized MOF.60d The 

lithium doped samples prepared via aforementioned method showed a significant 

increase in hydrogen uptake capacity from 0.50 (for prestine MOF) to 1.7 wt% at 77 K, 

and doubled heats of adsorption at low coverage (5.8 vs. 11.6 kJ mol−1). 

 
Figure 1.24 Representative method of doping metals into MOFs and chemical reduction of 
MOF using metal naphthalenide in THF (M = Li, Na, K). [Reprinted with permission from 
(59c). Copyright 2008 American Chemical Society]. 
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 As showed in Figure 1.24, an alternate strategy was employed for the chemical 

reduction of MOFs and doping it with alkali metal cations (Li+, Na+, K+) for improved 

H2 uptake.59c The average ΔHads value of 5.96 kJ mol−1 was observed for 

Li+@Zn2(NDC)2(diPyNI) case and highest H2 uptake of 1.54 wt% was observed as a 

result of the K+0.06/ligand doping, despite the greater contribution to the molecular 

weight of the framework. From the aforementioned examples of alkali metal doping 

into the MOFs, it is visual that high H2 uptake can be achieved into the MOFs at lower 

as well as higher temperature range. 
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1.6 Conclusions: 

As discussed in the Chapter, MOFs have very intriguing structural aspects in addition to 

their high surface area’s and pore volumes. These properties makes MOFs suitable 

candidate for H2 adsorption over other literature reported materials like porous carbons, 

metal hydrides, zeolites, porous silica materials, etc. Highly crystalline structures with 

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

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

materials for gas adsorption, gas separation, catalysis, drug delivery, luminescence and 

sensors, etc. The attempts followed for improvement in H2 uptake capacities in MOFs 

includes increasing pore size, pore volume and surface area, creation of open metal 

sites, MOF functionalization, interpenetration or catenation, doping of metal 

nanoparticles and alkali metals in MOFs, etc. Despite of the promising achievements in 

terms of H2 storage in MOFs, the weak interaction between H2 molecules and 

framework ingredients is the main obstacle for its further application and achievement 

of DoE targets. From the literature survey and expert reviews, it seems that in order to 

reach the DoE set targets for room temperature adsorption a strong initial heat of 

adsorption and large surface area and pore volume is desirable. This may be achieved 

by synthesis of highly porous MOFs with the incorporation of functional groups like –

OH, −F, −CF3, −SO3H, −COOH, etc. via linkers or post-synthetic modifications. The 

initial heat of adsorption necessary for high H2 uptake at low pressure can be achieved 

via highly electronegative groups present into the MOF pores and further uptake at high 

pressure can be accomplished by presence of high porosity.  
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Fluorinated Metal Organic Frameworks (F-MOFs) for 

Enhanced Hydrogen (H2) Uptake 

 

2.1 Introduction: 
The porous materials like functionalized and non-functionalized carbon nanotubes, 

zeolites, activated carbons, metal hydrides, etc. are considered as a potential materials 

for hydrogen (H2) storage.1 Although, inherent and intriguing properties of these 

materials showed high H2 storage in these materials; still there are limitations for using 

these materials since these materials are expensive, shows strong interaction with 

adsorbents, difficulties in H2 regeneration, etc.2 MOFs, on the other hand, have shown 

promise over these materials because of potential structural and functional aspects 

associated due to the purely physisorptive nature of adsorption and easy regeneration 

procedure.3 Various strategies such as extending pore sizes capable of fitting the 

adsorbed molecules, increasing surface area and pore volume, utilizing catenation, and 

creation of open metal sites have been explored, to achieve the high H2 storage.4 

Similarly, insertion of functionalized links holding functional groups like −F, −NH2, 

−OH, −COOH, etc. on the organic spacer has also been proven to have a good impact 

on enhancing the H2 and CO2 gas adsorption properties.5 The improved interaction 

between the gaseous molecules and the functionalized framework brings H2 molecules 

in close proximity with several aromatic rings to improve the H2 uptake capacities of 

MOFs via increased adsorption enthalpy.5,6 

The enhanced H2 adsorption enthalpy achieved for the fluorine intercalated 

carbonous compounds have been validated in the literature using experimental as well 

as computational methods (Figure 1).7 In these materials, the strong interaction of the 

semi-ionic C−F bonds with interacting H2 molecules is the driving force for increased 

adsorption enthalpy, which leads to the higher adsorption at low pressure and elevated 

temperature.7b Since, enhanced H2 adsorption enthalpy is feasible in case of fluorinated 

and amorphous materials lacking structural periodicity; the highly crystalline and 

fluorinated materials having well ordered structural periodicity are expected to have 



Chapter 2                                                                     F-MOFs for Enhanced H2 Uptake  

2014-Ph. D. Thesis: Pradip Pachfule, (CSIR-NCL), AcSIR                                                                    51 | P a g e  

 

Figure 2.1 Fully optimized structures of the partially 
fluorinated graphite intercalation compounds with 
optimized H2 molecules. [Reprinted with permission 
from (7a). Copyright 2009 American Chemical Society]. 

very emerging outcomes for 

H2 uptake. In these regards, 

fluorine functionalized MOFs 

(F-MOFs) proved to be 

advantageous for improved H2 

uptake with elevated 

adsorption enthalpy (Qst) due 

to increased interactions 

between framework and 

adsorbing gas molecules as 

fluorine have high 

electronegativity.6 

Furthermore, fluorinated MOFs (F-MOFs) with porous architecture showed its 

applications for the selective adsorption of hydrocarbons like methane, ethane, etc. 

compared to its non-fluorinated analogues.20 Along this line, a report of fluorinated 

MOF represented a new class of porous materials with superior volumetric gas 

uptake.8,6a,6b The fluorine aligned channels present in the MOF structure have shown the 

unique hysteretic adsorption of H2, which shows a promising way for filling up H2 at 

high pressure but stored at lower pressure. Subsequently, a report on partially 

fluorinated MOFs highlighted the improved H2 adsorption enthalpy (upto 8 KJ/mol), 

wherein fluorine lined pores enhances the interaction with adsorbed H2 molecules. But, 

in contrary to aforementioned results, recent communications by few research groups, 

explains the decrease in overall H2 uptake in partially fluorinated MOFs because of the 

decrease in pore size compared to its non-fluorinated counterparts, due to higher van der 

Waals radii of fluorine (1.47 Å) than hydrogen (1.20 Å) present on ligands.10 From 

these results, it is clear that as fluorine atoms in partially fluorinated MOFs are weakly 

interacting with gas molecules, other factors, such as pore size, curvature, and open 

metal sites, can also play crucial role in the high gas uptakes within these F-MOFs.  

Although, there are few reports on the F-MOFs synthesized using fluorinated 

linkers or fluorine containing anions, the current status does not determine the exact 

contributions of fluorine towards higher gas uptake due to unavailability of comparative 
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studies. There are literature precedents available, wherein gas uptake properties of 

fluorinated MOFs have been compared with its non-fluorinated counterpart, which have 

similar structure. But none of these reports explains the exact status of gas uptake 

properties in F-MOFs and effect of partial or full fluorination on gas adsorption 

properties. Since, in F-MOFs hydrophobic nature induced via highly electronegative 

fluorine atoms is visual; these MOFs have been effectively utilized for hydrocarbon 

adsorption or separation at room temperature.11 In order to understand the status and 

current scenario of F-MOFs for gas as well as solvent adsorption, we have studied the 

literature reports, which are presented in following section: 

2.2 Applications of F-MOFs: 
The F-MOFs have high affinity towards adsorbing gas molecules, which shows 

improved enthalpy for H2 adsorption. Similarly, the hydrophobic nature of these 

fluorine atoms introduced into the framework induces hydrophobicity in MOFs, which 

has been utilized for the applications in hydrocarbon adsorption/separation also.7b From 

the literature survey, it is visual that due to intriguing properties of F-MOFs these 

materials has been used for following applications: 

2.2.1 Fluorinated MOFs for Gas Adsorption and Separation:  

Porous MOFs with exposed fluorine atoms (F-MOFs) show “high” physisorptive H2 

adsorption enthalpy resulting in the enhancement of the H2 adsorption properties. But, 

there have been reports of explicit comparison with nonfluorinated analogues, which 

impart a “disadvantage” of fluorination towards H2 adsorption. The very first report on 

synthesis, structure and room-temperature H2 adsorption of a novel [Cu-

(hfipbb)(H2hfipbb)0.5] fluorine containing MOFs showed the probable application of F-

MOFs for gas adsorption (Figure 2.4a).12 The superior performance showed by FMOF-

1 compared to as-received single walled carbon nanotubes (SWCNTs) and purified 

SWCNTs, emphasized the integrity of these MOFs for gas uptake. A promising H2 

storage capacity of 1.6 wt% at 48 atm and RT showed by [Cu-(hfipbb)(H2hfipbb)0.5] 

inspired the researchers for the synthesis of other F-MOFs with porous architectures 

containing fluorine atoms exposed to the pores. Further, reports of synthesis and gas 

adsorption properties of perfluorinated MOFs and the utilization of F-MOFs for 

hysteretic sorption of H2 showcased a promising way for H2 to be filled at high 
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pressures but stored at lower pressures (Figure 2.2a).8 The volumetric adsorption 

capacity of FMOF-1 for H2 at 77 K and 64 bar is as high as 41 kg/m3, which can be 

attributed to the increased interactions between fluorine lined porous channels and 

adsorbing H2 molecules giving rise to the high physisorptive H2 adsorption enthalpy.  

 
Figure 2.2 Representative literature reported perfluorined MOFs used for gas adsorption or 
separation. (a) Fully fluorinated FMOF-1.8 (b) Partially fluorinated Zn5(1,2,4-triazolate)6(tetra 
fluoroterephthalate)2(H2O)2·4H2O MOF.9 (c) Partially fluorinated FMOF-2 synthesized from 
4,4’-(Hexafluoroisopropylidene)bis(benzoic acid).14 (d) Representative structure of a series of 
Cu-based [1,1′:3′,1′′-ter- phenyl]-(3,3′′,5,5′′)-tetracarboxylic acid functionalized MOFs.15 (e) 
Partially fluorinated Zn(bpe)(tftpa)·cyclohexanone MOF.13 (Hydrogen atoms and solvent 
molecules are omitted for clarity). Color code: Ag (violet), Cu, Zn (dark blue), N (blue), O 
(red), C (grey), F (green). 

The utilization of smaller pores for high H2 uptake with elevated adsorption 

affinity was successfully demonstrated with a partially fluorinated porous coordination 

polymer Zn5(1,2,4-triazolate)6(tetrafluoroterephthalate)2(H2O)2·4H2O.9 This porous 

coordination polymer (PCP) exhibited high physisorptive H2 adsorption enthalpy (8 

kJ/mol) due to the interaction of  fluorine atoms exposed to the pore surface with H2 and 

small pore size comparable to the hydrogen’s molecular diameter (Figure 2.2b). 

Similarly, a partially fluorinated MOF, Zn(bpe)(tftpa)·cyclohexanone, with fluorine 

atoms exposed to the pore surface, adsorbs 1.04 wt% H2 at 77 K and 1 atm with an 

adsorption enthalpy of 6.2 kJ/mol, which signifies a trivial enhancement in the binding 

strength due to the presence of fluorine atoms (Figure 2.2e).13 The gas-induced 
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expansion and contraction of a fluorinated MOF named “FMOF-2” for highly selective 

CO2, H2S, and SO2 adsorption showed breathing behavior towards selected gas 

molecules (Figure 2.2c).14 The same MOF has been further used in the temperature 

dependent Kr/Xe selective adsorption.16 An estimated Kr/Xe selectivity at 0.1 bar and 

203 K shown by FMOFCu was attributed to the micro-tubes packed along the [101] 

direction connected through small bottleneck windows in FMOFCu. The effect of 

fluorination has been further explained in four iso-structural MOFs with various 

functionalized pore surfaces (−H, −N, −CH3 and −CF3), where MOFs were synthesized 

from a series of di-isophthalate ligands.15 Among this series of MOFs, the MOF 

possessing free −CF3 (PCN-308) groups in its framework, showed highest H2 uptake of 

2.67 wt% at 77 K and 1 bar and CO2 uptake of 15.4 wt% at 297 K and 1 bar. Despite 

being holding lower surface area, PCN-308 showed higher heat of adsorption for H2 and 

CO2 than that of its non-fluorinated versions. In a recent report, adsorption of 0.74 wt% 

of H2 at 77 K/1 atm pressure and 2.78 wt% of H2 at 77 K/41 bar pressure with isosteric 

heat of H2 adsorption (Qst) value of ∼7.9 kJ/mol at low coverage has been 

demonstrated.17 In the partially fluorinated 3D MOF, {[Zn4O(bfbpdc)3- (bpy)0.5(H2O)]· 

(3DMF)(H2O)}n (bpy = 4,4′-bipyridine and bfbpdc = 2,2′-bistrifluoromethyl-biphenyl-

4,4′-dicarboxylate) enhancement in gas adsorption was assigned to the presence of the 

exposed metal site and fluorine atoms in the pore surface of the framework. 

 
Figure 2.3 Comparative structure of the Zn containing 1,4-benzenedicarboxylic acid/2,3,5,6-
tetrafluoro-1,4-benzenedicarboxylic acid and 1,4-diazabicyclo[2.2.2]octane based MOFs.10a 
Color code: Zn (violet), N (blue), O (red), C (grey), F (green). [Reprinted with permission from 
(10a). Copyright 2005 WILEY-VCH Verlag GmbH & Co. KGaA]. 
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Although, aforementioned results showed advantages of fluorine 

functionalization for high H2/CO2 uptake with increased heat of adsorption, one relevant 

report demonstrated the disadvantages of fluorine functionalization towards the 

incremental gas adsorption.10a In this context author mentioned that “from the gas-

sorption point of view, fluorinated MOF has a disadvantage compared to its non-

fluorinated analogue not because of the slightly reduced pore size, but because of its 

higher framework density originating from the fluorine atoms. The densities for 

fluorinated and non-fluorinated MOFs based on crystallographic analysis are 1.03 and 

0.82 g/cm3, respectively.” As shown in Figure 2.3, due to the increased atomic size of 

fluorine over hydrogen atom, the overall pore size decreases significantly in fluorinated 

MOF. The decreased free space for gas adsorption, further results into the overall 

decrease in the gas adsorption capacities. Also from the gas adsorption point of view, 

partially fluorinated tetrafluoroterephthalte based MOF (density = 1.03 g/cm3) has 

disadvantage compared to non-fluorinated terephthalate based MOF (density = 0.826 

g/cm3), not because of the slightly reduced pore size, but because of its higher 

framework density originating from the fluorine atoms.10b Hence, it was evident in few 

cases that the fluorine functionalization was not fruitful leading towards the increase in 

gas uptake capacity. 

2.2.2 Fluorinated MOFs for Gas Hydrocarbon Sorption or Separation:  

The separation of a mixture of hydrocarbons is a commercially important process as it 

has a wide range of applications in the chemical and polymer industry.18 Existing 

methods for separation of hydrocarbons from mixtures including fractional distillation 

are based on the difference in the boiling points of the constituents and requires high-

energy costs due to their requirement of low temperatures and high pressure. In order to 

achieve energy effective separation, the exploitation of porous materials like zeolites, 

hydrophobic polymers, carbon containing materials (like SWCNTs, activated carbons), 

alumina compounds, etc. have been tried widely.19,20 Particularly, the applications of 

modified Y zeolites (AgY and CeY) prepared using ion-exchange methods for 

hydrocarbons separation is well studied in literature.21 The adsorption breakthrough and 

on site solvent washing experiments, as well as computer simulation performed for 

various Y zeolites showcased the adsorption and desorption behavior of sulfur 
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containing molecule (thiophene) and hydrocarbon (heptane). Similarly, a hydrophobic 

and  crystalline polymorph of SiO2, (named ‘Silicalite’) has been utilized as a molecular 

sieve for the selective adsorption of organic molecules over water.22a The adsorption of 

the benzene, toluene, dichloromethane, 1,1-dichloro-1-fluoroethane, etc. has 

successfully been demonstrated using hydrophobic Y-Type zeolite.22b So, the literature 

reports reveal that in order to achieve the adsorption and/or separation of the 

hydrocarbons using porous materials, hydrophobicity of the materials plays a crucial 

role. Due to the versatile nature of the pores and high pore volume, crystalline MOFs 

provide a cost effective alternative way to separate C1−C3 and higher hydrocarbons at 

higher temperature.20 In response the above observations, hydrophobicity in MOFs has 

been achieved by incorporation of hydrophobic groups or atoms like methyl, ethyl, n-

propyl, −CF3, −F, etc. The hydrophobicity is induced into the FMOFs either via 

incorporation of anions like SiF6
2−, PF6

−, ZrF6
2−, SbF6

−, BF4
−, etc. or through 

perfluorinated carboxylate, triazolate, tetrazolate etc. organic ligands. This 

hydrophobicity in these MOFs facilitates their stability in presence of water, which in 

turn helps them for the separation/adsorption of hydrocarbons. 

 
Figure 2.4 Representative examples of literature reported perfluorinated MOFs used for 
hydrocarbon adsorption or separation. (a) Partially fluorinated [Cu(hfipbb)(H2hfipbb)0.5] 
synthesized from 4,4’-(Hexafluoroisopropylidene)bis(benzoic acid).11 (b) Partially fluorinated 
AEPF-1 synthesized from 4,4’-(hexafluoroisopropylidene)-bis(benzoic acid).25 (c) Fully 
fluorinated FMOF-2 synthesized from perfluorinated ligand 3,5-bis(trifluoromethyl)-1,2,4-
triazolate.26 Color code: Cu/Zn (violet), Cd (Pink), N (blue), O (red), C (grey), F (green). 
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The development of teflon like channeled nanoporous MOF with a chiral and uni-

nodal 4-connected net for hydrocarbon sorption has been reported in 2005.23 

Subsequently, a three dimensional [Cu(hfipbb)(H2hfipbb)0.5] MOF, with fluorine lined 

micro-channels showed strong interactions with hydrocarbons, causing to large values 

for the heat of adsorption.24 Since, these channels are hydrophobic, they allow the 

separation of trace amount of water vapor present as an impurity with the non-polar 

hydrocarbon molecules. The shape and size selective [Cu(hfipbb)(H2hfipbb)0.5] MOF 

showed efficient method of separating normal C4 from their branched analogues, higher 

normal alkanes and olefins (Figure 2.4a). Similarly in a Ca-based metal–organic 

framework named AEPF-1 based on the organic linker H2hfbba, reversible structural 

change upon removal or addition of guest solvent molecules has been showcased 

(Figure 2.4b).25 The perfluorinated spongy and hydrophobic AEPF-1 shows selective 

adsorption of various organic compounds like toluene, benzene, isopropyl alcohol, 1-

butanol, acetone and acetonitrile based on their size, shape and polarity.  

Further, fluorine containing MOFs (FMOFs) with superior adsorption and 

hydrophobic properties toward oil spill cleanup and hydrocarbon storage have been 

reported in 2011 by Omary and co-workers (Figure 2.4c).26 The Ag containing 3,5-

bis(trifluoromethyl)-1,2,4-triazolate based fully perfluorinated MOFs with highly 

hydrophobic channels have been employed for hydrocarbon adsorption. The 

hydrophobic FMOFs with remarkable air and water stability exhibit a high affinity 

towards C6−C8 hydrocarbons of oil components. The F-MOFs (FMOF-1 and FMOF-2) 

can selectively adsorb C6−C8 hydrocarbons in preference to water, through a 

combination of hydrophobicity and capillary action. In another report, the separation of 

C3/C4 hydrocarbon mixture by adsorption using a mesoporous MIL-100(Fe) was 

recorded.27 The fluorine containing MIL-100(Fe) shows preferential adsorption 

forisobutane over propane and propylene in a wide range of temperature (323–523 K) 

and pressure (0–300 kPa). Temperature dependent propane, isobutene and propylene 

adsorption at low pressures is demonstrated depending on the interaction of adsorbate 

with Fe(II) sites of the MOFs. 
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Figure 2.5 Nitrogen containing linkers used 
for the synthesis of F-MOFs. 

2.3 Synthesis of Fluorinated MOFs for Enhanced H2 Uptake: 

As discussed earlier, in few literature reports, porous F-MOFs with fluorine atoms 

exposed into the pores showed high physisorptive H2 adsorption enthalpy resulting in 

the enhancement of the H2 adsorption properties.8,9 But, at the same time, few literature 

reports suggests the disadvantage of fluorination towards H2 adsorption.10  As a result, 

at this moment, it is very difficult to 

draw any conclusion regarding the 

impact of fluorination on H2 and CO2 

adsorption. Thus, to conclude the effect 

of fluorination on H2 uptake property of 

a MOF, systematic comparison between 

isostructural fluorinated and non-

fluorinated MOFs is necessary. In these regards, in order to study the H2 adsorption 

behaviors in F-MOFs, we started working on the synthesis and gas adsorption studies of 

fluorine containing MOFs synthesized from 4,4’-(Hexafluoroisopropilidine)bis benzoic 

acid (H2hfbba) as linker and different N-donor linkers (Figure 2.5) with the aid of 

various metal centers (Mn, Co, Cu, Zn, etc.).28b-28e 

During these studies, firstly we have utilized H2hffbba as an organic linker not 

only due to the presence of fluorine into its backbone, but it also holds following 

advantages: 

a. It’s bent geometry and considerably long molecular backbones can induce formation 

of a moderately porous framework with many characteristics such as selective gas 

adsorption, gas storage and catalysis. 

b. The twisted (V-shaped) conformation of this ligand may provide the ability to shape 

helical assembly with chirality in the resultant supramolecular architecture.  

c. The different degrees of deprotonation of the ligands under different reaction 

conditions may result in variable coordination modes in the products. 

d. Long molecular structure of this primary building unit may lead to the formation of 

microporous coordination frameworks with channels. 

In addition to these aforementioned advantages of H2hfbba linker towards the 

induction of porosity and helicity into the resultant F-MOFs; dicarboxylate linker show 
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different modes of coordination in various reaction conditions as showed in Figure 2.6. 

The major reason behind these various possible coordination modes in these types of 

carboxylate linkers may be the variable degree of deprotonation in different reaction 

conditions like temperature, pressure, solvent, pH, subsequent metal centre and co-

linkers, etc. In these regards, in the F-MOFs represented in this context, the mostly 

observed coordination modes are μ1
t−OC(=O), μ2

b−OCO and μ1
c−OCO (Figure 

2.6a−2.6c). Although, there are several possible modes of attachments for H2hfbba 

linker, most commonly observed modes of attachment for this linker are summarized in 

Figure 2.6. 

 
Figure 2.6 Commonly observed coordination modes during the MOF formation using 
perfluorinated H2hfbba linkers. The coordination modes observed during the current studies are 
highlighted in red boxes (Figure 2.6a, 2.6b and 2.6c). 

Since, we have used the V-shaped H2hfbba as an organic linker for the synthesis 

of F-MOFs, there always lays a possibility of formation of small sized pores due to the 

twisted conformation. From the literature reports and obtained structures, it was clear 

that F-MOFs obtained using H2hfbba linker usually forms the pores of 3−4 Å diameter, 

which shows adsorption of small gas molecules, but non-porous for the bigger sized 

gas/solvent molecules (Figure 2.7).28 Mostly these structures get deformed due to the  
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Figure 2.8 The structure and commonly observed 
coordination modes of INA and FINA linkers. 

intrinsic flexibility in MOFs due to the bent natures of linkers. Additionally, in many of 

these MOF synthesis procedures addition of N-containing linkers was essential to get 

the crystalline product, in view of fact that without addition of these linkers usually 

precipitation occurs. These additionally inserted N-containing linkers caps the valences 

of metals centers coordinated 

therein, restricting the 

dimensionality of resulting F-

MOFs. Also, the non-

fluorinated analogue of H2hfbba 

does not provide the 

isostructural MOF, albeit similar 

reactions condition has been 

maintained during the course of 

reaction. In view of these 

aspects, according to our 

perspective, the rigid organic 

linkers holding both nitrogen 

and carboxylate functionalities for the coordination with metal centers and free fluorine 

atoms will be the ideal candidate for F-MOF synthesis. In these pyridyl carboxylate 

following probabilities can be observed:  

a. Carboxylic groups of such acids get partially or completely deprotonated depending 

upon the reaction conditions, resulting different coordination modes (monodentate, 

chelating, and/or bridging). 

b. The effective incorporation of N, N′-donors on the same linkers will decorate the 

channels in MOFs to stabilize the structure and conveniently arrange the surface 

features of the compound (Figure 2.8).30a,30b 

In these regards, we have selected isonicotinic acid (4-pyridinecarboxylic acid, 

INA) and its fluorinated analogue 3-fluoro-isonicotinic acid (3-fluoro-4-

pyridinecarboxylic acid, FINA) as a building block due to following reasons: 

a. The modular length of these linkers can produce the porous structures with 

reasonably high porosity. 
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b. The rigid structure of these linkers with rotatable carboxylate groups (having 

angular movement) at its terminals can undergo modification to produce different 

structures.30 

c. Also, pyridyl rings in these linkers can show free rotation around the metal ion, thus 

limiting the degree of control over the final structure. 

d. Since, both fluorinated and non-fluorinated nicotinic acid based linkers are available 

commercially; it will be easier to synthesize the isostructural MOFs with/without 

fluorine incorporated into its backbone. Using these structures, it will be more 

convenient to study the effect of fluorination on the gas adsorption properties in 

resulting MOFs. 

 
Figure 2.9 Scheme of synthesis of isonicotinic acid based fluorinated and non-fluorinated 
MOFs using INA and FINA linker in presence of DMF and H2O solvents with the aid of Co(II) 
as metal centers. Color code: Co (Pink), N (blue), O (red), C (grey), F (green). [Reprinted with 
permission from (28a). Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA]. 

As shown in Figure 2.8 and 2.9, during the course of reaction both these INA 

and FINA linkers can show various modes of attachments leading to the formation of 

diverse number of MOFs.28a In order to study the effect of partial fluorination on the H2 

uptake properties in MOFs, we have synthesized two isostructural pairs of non-

fluorinated and fluorinated MOFs using INA/FINA linkers and Co(II) metal centers, 

respectively.  



Chapter 2                                                                     F-MOFs for Enhanced H2 Uptake  

2014-Ph. D. Thesis: Pradip Pachfule, (CSIR-NCL), AcSIR                                                                    63 | P a g e  

2.4 Result and Discussions: 
2.4.1 MOF Synthesis using H2hfbba and Isonicotinate Linkers:  

Direct solution reactions (mixing or layering) of organic linker and metal solution at RT 

give rise to a microcrystalline precipitate in most of the MOF syntheses reactions. In 

order to achieve the large sized MOF crystals suitable for single crystal XRD studies, 

hydrothermal or solvothermal synthesis methods have been demonstrated as very 

promising techniques. Since, H2hfbba is sparingly soluble in water at room temperature, 

the reaction linker with metals in water solvent are performed mostly in autoclave 

following hydrothermal synthesis.11,14,25 The increased vapour pressure during high 

temperature heating of the reaction mixture dissolves the H2hfbba linker in water, which 

further reacts with metals to form MOF crystals. Similarly, the solvothermal reaction of 

H2hfbba with metals in the DMF solvent proceeds faster due to the high solubility of 

both linker as well as metals. The reaction of H2hfbba and metals in absence of N-

containing co-linkers mostly results into the formation of precipitate without reaction. In 

order to achieve the crystalline products, herein we have added the co-linkers like 3-

methyl pyridine and 1,10-phenanthroline.11b-11e The effect of addition of co-linkers was 

clearly been visualized during the course of reaction, since we could isolate several 

MOFs by following this synthesis procedure. The F-MOFs achieved viz. 

[Cu2(hfbba)2(3-mepy)2].(DMF)2(3-mepy) (F-MOF-4), [Cu2(hfbba)2(3-mepy)2] (Cu-

FMOF-4B), [Zn2(hfbba)2(3-mepy)2] (Zn-FMOF-4B), Co3(hfbba)6(phen)2 (F-MOF-6), 

Mn3(hfbba)6(phen)2 (F-MOF-10), [Co2(hfbba)2(3-mepy)2].(DMF)3 (Co-HFMOF-D), 

[Mn2(hfbba)2(3-mepy)].(H2O) (Mn-HFMOF-D), [Mn(hfbba)(3-mepy)(H2O)] (Mn-

HFMOF-W) and [Co(hfbba)(3-mepy)(H2O)] (Co-HFMOF-W) by using H2hfbba as a 

linker and  3-methyl pyridine and 1,10-phenanthroline show structural diversity. 

 The effect of physical parameters like solvent, temperature, pressure, etc. on the 

MOF growth has been studied in literature to large extent.32 In such cases, with change 

in experimental conditions, each time new MOFs get formed. The synthesis of INA and 

FINA based porous MOFs was achieved by hydrothermal and solvothermal synthesis. 

Similarly, in the cases of INA and FINA linkers, by changing the solvent from H2O and 

DMF, we have achieved two distinct MOF phases. Synthesis, structure and gas 

adsorption properties of four new MOFs designed from isonicotinic acid (INA) and its 
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Figure 2.10 Crystal structure of F-MOF-4. (a) 
SBU showing the paddle-wheel motif of Cu(II). 
(b) 2D coordination layer in F-MOF-4 with Cu(II) 
paddle-wheel (view down b axis). (c) Coordination 
layer in F-MOF-4 (view down a axis). Color code: 
Cu (brown), N (blue), O (red), C (grey), F (green). 
[Reprinted with permission from (28e). Copyright 
2010 Royal Society of Chemistry]. 

fluorinated analogue 3-fluoro isonicotinic acid (FINA) along with Co(II) as metal center 

has been reported. [Co3(INA)4(O) (C2H5OH)3](NO3)·(C2H5OH) ·(H2O)3] Co-INA-1 and 

[Co(INA)2·(DMF)] Co-INA-2 are structural isomers so as 

[Co3(FINA)4(O)(C2H5OH)2(H2O)] Co-FINA-1 and [Co(FINA)2·(H2O)] Co-FINA-2, 

but most important thing to note here is that Co-INA-1 and Co-FINA-1 are isostructural 

so as Co-INA-2 and Co-FINA-2 (INA = isonicotinic acid, FINA = 3-fluoro-isonicotinic 

acid). Effect of partial introduction of fluorine atoms into the framework on gas uptake 

properties of MOFs having similar structures has been analyzed experimentally and 

computationally, in isostructural MOFs. 

2.4.2 Crystal Structure Description: 

Crystal Structure of 

[Cu2(hfbba)2(3-mepy)2]·(DMF)2 

(3-mepy) (F-MOF-4):28e 

Asymmetric unit of F-MOF-4 

(space group P21/c) comprises two 

crystallographically independent 

Cu+2 ion, two hfbba and two 3-

mepy ligand, one lattice 3-mepy and 

three lattice DMF molecules 

(Figure 2.10). Both Cu+2 centers 

have almost the same coordination 

environments with a nearly ideal 

square-pyramidal sphere (τ ≈ 0)32 

enclosed by two hfbba ligands and 

one 3-methyl-pyridine ligand. The 

di-copper paddlewheel secondary 

building unit (SBU)33 for F-MOF-4 

with the Cu⋅⋅⋅Cu distance of 2.60 Å 

is shown in Figure 2.10a, expanded 

to show the four H2hfbba ligands, 

each coordinated to a di-copper paddlewheel unit via one of their carboxylate groups. 
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The second carboxylate group of each H2hfbba ligand coordinates to another 

paddlewheel unit, generating the extended corrugated two dimensional sheets, as shown 

in Figure. 2.10b. Two 3-mepy ligands occupy the axial positions of the di-copper paddle 

wheel SBU. In F-MOF-4, the sheets stack along y axis affording square -shaped 

channels from the sheet cavities that run through the gross structure (Figure 2.10c). 

Similarly sheets stack along z axis affording hexagonal channels that run through the 

gross structure. The distance between equivalent atoms in neighboring sheets is 

approximately 3.5 Å. The –CF3 groups of H2hfbba ligands are directed to the outside of 

the larger square channels, whereas DMF and 3-methyl-pyridine guests reside inside the 

square shaped and hexagonal channels, respectively. The pore diameter is 

approximately 5.5 Å across, based on the largest sphere that could fit into the pore and 

be in contact with the van der Waals surface. Such a large void space within a 

framework often leads to molecular entanglement and two-fold interpenetration.  

Crystal Structure of [Cu2(hfbba)2(3-mepy)2] (Cu-FMOF-4B) and [Zn2(hfbba)2(3-

mepy)2] (Zn-FMOF-4B):28c 

The asymmetric unit of Cu-FMOF-4B/Zn-FMOF-4B contains one crystallographically 

independent Cu2+ or Zn2+ ion, one H2hfbba ligand, one 3-methyl pyridine ligand and 

one guest solvent molecule. Each octahedral Cu2+ or Zn2+ ion is surrounded by four 

oxygen atoms from H2hfbba ligands [Cu/Zn–O distance ranges from 2.01 to 2.03 Å] 

and one nitrogen from 3-methyl pyridine ligand [Cu–N distance= 1.96 Å] as shown in 

Figure 2.11. Both Cu2+ centers of Cu-FMOF-4B  have almost the same coordination 

environments with a nearly ideal square-pyramidal sphere (τ ≈ 0) enclosed by four 

hfbba ligands [Cu–O distance ranges from 2.01 to 2.03 Å] and one 3-methyl pyridine 

ligand [Cu–N distance= 1.96 Å]. The di-copper paddlewheel SBU for Cu-FMOF-4B 

with the Cu⋅⋅⋅Cu distance of 2.67 Å is shown in Figure 2.11b, expanded to show the 

four hfbba ligands, each coordinated to a di-copper paddlewheel unit via one of their 

carboxylate groups. Co-ligand 3-mepy molecules are assembled at top and bottom 

position. This di-copper paddlewheel extends further in ab plane to connect the next 

SBU giving rise to square shaped pores and further the 2D structure. 3-mepy molecules 

are inter-digited into the square shaped pores along the c axis. Space filling model 

shows the assembly of this square shaped pores to form 1D channel (Figure 2.11c). 
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Figure 2.11 Crystal structure of Cu-FMOF-4B/Zn-
FMOF-4B. (a) Polyhedral representation of the SBU 
showing the paddle-wheel motifs. (b) Inter-digited 
layered structure of Cu-FMOF-4B/Zn-FMOF-4B. (c) 
Packing diagram of Cu-FMOF-4B/Zn-FMOF-4B 
(view down b axis) showing channels. Color code: Cu 
(violet), N (blue), O (red), C (grey), F (green). 
[Reprinted with permission from (28c). Copyright 
2011 American Chemical Society]. 

Topological simplification of 

Cu-FMOF-4B, by joining only 

Cu2+ centers, with ligand atoms, 

shows the formation of square 

shaped pores and mode of 

attachment of ligands with metal 

center. In the 2D structure of Cu-

FMOF-4B separate layers are 

arranged in an offset fashion 

(Figure 2.11b). Each layer is 

displaced from its adjacent layer 

by a distance of 2.01 Å. The –

CF3 groups of H2hfbba ligands 

are directed to the outside of the 

square channels while DEF 

molecules are occupying the 

interlayer region. The pore 

diameter for Cu-FMOF-4B is 

∼3.10 Å across, based on largest 

sphere that could fit into the pore 

and also remain in contact with 

van der Waals surface.35 

Structure of Co3(hfbba)6(phen)2 (F-MOF-6) and Mn3(hfbba)6(phen)2 (F-MOF-

10):28d  

F-MOF-6 and −10 have very similar structure (a = 36.62; b =13.55; c = 26.37; β = 

127.8 vs. a = 37.09; b =13.64; c = 29.67; β = 135.0) containing similar [M3(CO2)6] 

SBUs with three octahedral M2+ ions. Similar to the structure of F-MOF-6, in the case 

of F-MOF-10 also, Mn(1) and Mn(3) atoms are coordinated to two bidentate 

phenanthroline ligands [Mn–N distances, 2.22 and 2.24 Å] and six different hfbba 

ligands [Mn–O distances range from 2.08 to 2.26 Å] (Figure 2.12a). The coordination 

sphere of the central octahedral Mn2+ ion includes six oxygen atoms [Mn–O distances 
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range from 2.08 to 2.23 Å] from the bridging hfbba ligands (Figure 2.12b). This 

[M3(CO2)6] SBUs connects to six hfbba ligands which are arranged in a roughly 

octahedral manner around the trimer, bridging to six other trimers to form a 3D pcu 

network (Figure 2.12c). 

 

Figure 2.12 Crystal structure of F-MOF-6/F-MOF-10. (a) Polyhedral representation of the SBU 
of F-MOF-6/F-MOF-10 showing the coordination environment around Co/Mn. (b) [M3(CO2)6] 
SBUs with three octahedral M2+ ions. (c) Isolated cage in F-MOF-6/F-MOF-10. (d) 3D pcu 
network in F-MOF-6/F-MOF-10. (e) One-dimensional channels of F-MOF-6/F-MOF-10 shown 
in spacefill model. Color code: Co/Mn (green), N (blue), O (red), C (grey), F (green). 

The framework in F-MOF-10 is also open, containing one-dimensional channels of 4.4 

× 4.0 Å dimension (the channel size is measured by considering the van der Walls radii 
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of the constituting atoms) along the crystallographic a axis (Figure 2.12e). These 

channels are occupied by solvent molecules. However, calculations with PLATON show 

that the effective volume for the inclusion is 33 % of the crystal volume. Appearance of 

strong peaks at 1405 and 1606 cm–1 in the IR spectrum confirms the coordinated 

carboxylates. 

Crystal structure of [Co2(hfbba)2(3-mepy)2] ·(DMF)3 (Co-HFMOF-D):28a  

Crystal structure of Co-HFMOF-D contains two crystallographically independent Co2+ 

ions, two hfbba ligands, two 3-methyl pyridine ligand and three lattice DMF molecules 

in its asymmetric unit (Figure 2.13a). Both Co2+ centers of Co-HFMOF-D have almost 

the same coordination environments with a nearly ideal square-pyramidal sphere (τ ≈ 0) 

enclosed by four hfbba ligands [Co–O distance ranges from 2.02 to 2.05 Å] and one 3-

methyl pyridine ligand [Co–N=2.05 Å]. The di-cobalt paddlewheel SBU for Co-

HFMOF-D with the Co⋅⋅⋅Co distance of 2.74 Å is shown in Figure 2.13a, expanded to 

show the four hfbba ligands, each coordinated to a di-cobalt paddlewheel unit via one of 

their carboxylate groups. The second carboxylate group of each hfbba ligand 

coordinates to another paddlewheel unit, generating the extended corrugated 2-D 

layered structure (Figure 2.13b). In Co-HFMOF-D, 3-methyl pyridine ligands occupy 

the axial positions of di-cobalt paddlewheel, blocking the pores. By joining only Co2+ 

centers with ligand atoms, topological simplification of Co-HFMOF-D shows the 

formation of square shaped pores and mode of attachment of ligands with metal center 

as shown in Figure 2.13c. In Co-HFMOF-D, the sheets stack along b axis affording 

square-shaped channels from the sheet cavities that run through the gross structure 

(Figure 2.13d) creating square grid topology. The distance between equivalent atoms in 

between neighboring sheets is approximately 3.5 Å. The –CF3 groups of H2hfbba 

ligands are directed to the outside of the larger square channels while one DMF 

molecule is sitting inside the pore and two are arranged in the interlayer region, 

respectively. The pore diameter for Co-HFMOF-D is ∼3.10 Å across, based on largest 

sphere that could fit into the pore and also remain in contact with van der Waals surface. 

The –CF3 groups of one channel in Co-HFMOF-D are located in between the edge of 

the square shaped channel with minimal interlayer void (Figure 2.13d). The two-

dimensional parallel interpenetrating network is reinforced by the existence of other 
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non-covalent interactions like C-H⋅⋅⋅⋅F hydrogen bonds (D, 3.32 Å; d, 2.77 Å; θ, 

117.3º).35 

 
Figure 2.13 Crystal structure of Co-HFMOF-D. (a) Polyhedral representation of the SBU 
showing the paddle-wheel motif of Co2+. Two 3-methylpyridine ligands occupy the axial 
positions. (b) One single unit of Co-HFMOF-D clearly showing the pointing 3-mepy groups 
into the pores. (c) 2-D coordination layer in Co-HFMOF-D with Co2+ paddle-wheel binuclear 
nodes (view down c axis). (d) Space fill model of Co-HFMOF-D (view down b axis) showing 
the 3.106 Å channels. Color code: Co (violet), N (blue), O (red), C (grey), F (green). [Reprinted 
with permission from (28b). Copyright 2011 American Chemical Society]. 

Crystal structure of [Mn2(hfbba)2(3-mepy)]•(H2O) (Mn-HFMOF-D):28a  

In the two dimensional structure of Mn-HFMOF-D, asymmetric unit is composed of 

one Mn2+ ion, one hffbba ligand, one 3-methyl pyridine ligand and one lattice H2O 

molecule. Two different types of co-ordination environments around Mn2+ are found in 

Mn-HFMOF-D. As a result there are two types of SBUs in the binuclear Mn-HFMOF-

D unit (Figure 2.14a). Among these SBUs, one is in octahedral co-ordination geometry 

as four hfbba ligands [Mnoct–O distance ranges from 2.15 to 2.18 Å] and two 3-methyl 

pyridine ligands [Mn–N=2.26 Å] are co-ordinated. Another SBU is in square planer co-
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ordination sphere where only four hfbba ligands [Mn –O distance ranges from 2.11 to 

2.15 Å and O–Mn–O angle ranges from 89.4º to 95.0º] are attached to metal center. In 

this structure, these octahedral and square planer metal centers are arranged 

alternatively along crystallographic b axis (Figure 2.14b). Crystal structure of Mn-

HFMOF-D adopts a 2-D arrangement as the co-ordination of Mn2+– hfbba – Mn2+ 

propagates along c axis and simultaneously Mn–CO2–Mn propagates along b axis. 

 

Figure 2.14 Crystal structure of Mn-HFMOF-D. (a) Polyhedral representation of the SBU 
showing the octahedral and square planar Mn2+ metal centers coordinated to H2hfbba linker. (b) 
2-D coordination layer in Mn-HFMOF-D (view down a axis). (c) One single unit of Mn-
HFMOF-D clearly showing coordinating 3-mepy groups. (d) Space fill model of Co-HFMOF-D 
(view down b axis) showing open channels. Color code: Mn (dark green), N (blue), O (red), C 
(grey), F (green). [Reprinted with permission from (28b). Copyright 2011 American Chemical 
Society]. 

Since the octahedral Mn2+ sites are blocked by 3-methyl pyridine, which is a 

monodentate ligand, the crystal structure fails to propagate along the crystallographic a 

axis. In the crystal structure of Mn-HFMOF-D, each hfbba ligand is connected to two 

Mn2+ metal centers i.e. octahedral and square planer respectively through zigzag fashion 
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as shown in Figure 2.14b. By joining only Mn2+ centers with ligand atoms, topological 

simplification of Mn-HFMOF-D shows the formation of zigzag network and mode of 

attachment of ligands with metal center (Figure 2.14c). In the structure of Mn-HFMOF-

D, propagation of accessible square shaped pores of about 3.0 Å pore diameter is along 

the b axis in which lattice water molecules are sitting inside. Here, -CF3 groups are 

protruding outside the adjacent channels within interlayer’s which are spaced at 2.84 Å, 

in zigzag manner (Figure 2.14d). Unlike Co-HFMOF-D, –CF3 groups of one channel in 

Mn-HFMOF-D are located on top of the square shaped channel edges with significant 

interlayer void. The two-dimensional parallel interpenetrating network is reinforced by 

the existence of other non-covalent interactions like C-H⋅⋅⋅⋅F hydrogen bonds (D, 3.30 

Å; d, 2.53 Å; θ, 140.5º).35 

Crystal Structures of [Mn(hfbba)(3-mepy)(H2O)] (Mn-HFMOF-W) and 

[Co(hfbba)(3-mepy)(H2O)] (Co-HFMOF-W):28a 

Three dimensional Mn-HFMOF-W and Co-HFMOF-W have been synthesized from 

H2O, by hydrothermal conditions in acid digestion bomb at 120 °C. Mn-HFMOF-W 

and Co-HFMOF-W are iso-structural MOFs containing Mn+2 and Co+2 metal centers 

(see the unit cell dimensions in Table 2.1 and 2.2) in orthorhombic Pna21 space group. 

The asymmetric unit of Mn-HFMOF-W and Co-HFMOF-W contains one 

crystallographically independent Mn+2/Co+2 ion, one hfbba ligand, one 3-methyl 

pyridine ligand, and one co-ordinated H2O molecule (Figure 2.15a). Each octahedral 

Mn+2/Co+2 ion is surrounded by four oxygen’s from hfbba ligands [M–O distance 

ranges from 2.07 to 2.21 Å], one oxygen from H2O [M–O distance = 2.16−2.22 Å] and 

one nitrogen from 3-methyl pyridine ligand [M–N distance = 2.12−2.24 Å]. In Mn-

HFMOF-W and Co-HFMOF-W, metal–metal distance is 4.49 to 4.61 Å, which are 

connected through COO– group of hfbba ligands. In the SBU of Mn-HFMOF-W and 

Co-HFMOF-W, on the adjacent metal center 3-methyl pyridine ligands are co-ordinated 

above and below positions alternatively (Figure 2.15b). The co-ordinated water 

molecule is co-ordinated on the opposite side of 3-methyl pyridine ligand. Four hfbba 

ligands are co-ordinated to adjacent metal centers from one carboxyl group which 

extends further joining to the next SBU. In the structure of Mn-HFMOF-W and Co-

HFMOF-W, alternatively joined 3-methyl pyridine ligands are interdigited in the pores 
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by blocking them through ab plane.  

 

Figure 2.15 Crystal structures of Co-HFMOF-W and Mn-HFMOF-W. (a) Polyhedral 
representation of the SBU showing the presence of paddle-wheel Co2+/Mn2+. (b) One single unit 
of Co-HFMOF-W and Mn-HFMOF-W clearly showing the pointing 3-mepy groups into the 
pores. (c) Space fill model of Co-HFMOF-W and Mn-HFMOF-W. (d) 2-D coordination layer 
in Co-HFMOF-W and Mn-HFMOF-W (view down c axis). Mn/Co (dark green), N (blue), O 
(red), C (grey), F (green). [Reprinted with permission from (28b). Copyright 2011 American 
Chemical Society]. 

In these structures, each hfbba ligand co-ordinates with two adjacent metal 

centers through one of its carboxyl groups, which extends further forming the hexagonal 

pores along with interpenetration of 3-mepy and co-ordinated water molecules inside. 

Co-ordinated hfbba ligands form the zigzag type structure along the crystallographic ac 

plane (Figure 2.15d). By joining only Co+2/Mn+2 centers with ligand atoms, topological 

simplification of Mn-HFMOF-W and Co-HFMOF-W shows the formation of zigzag 

network and mode of attachment of ligands with metal center as shown in Figure 2.15d. 

Since V-shaped H2hfbba ligand co-ordinates with metals, it gives square shaped pores. 

Space filling model of these MOFs along crystallographic ab plane shows the formation 

of 1D channel assembling these square shaped pores (Figure 2.15c). 

Using H2hfbba linker and N-containing 3-mepy and 1,10-phenanthroline co-

linkers, we tried to investigate the influence of the solvent and temperature on the 

formation and changes from 0D/1D to 3D architectures, when we change the solvent 
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from H2O to DMF (Figure 2.7). However, for Zn(II), Mn(II) and Cu(II), a similar 

solvent change results in a 0D to 1D structural change. It is noteworthy that as soon as 

we use DMF as a solvent there is a dimensionality increase for the resulting F-MOFs.28 

A possible reason behind this could be the poor solubility of the H2hfbba ligand in 

water. The poor solubility of the fluorinated dicarboxylic acid over the heterocyclic co-

ligands may play an important role in the formation of the H-bonded/1D structures over 

2D/3D structures. As H2hfbba is the major structural building block, its limited 

abundance during the formation/crystallization due to its poor solubility in water may 

lead to the formation of the H-bonded/1D structures over 2D/3D frameworks. Structural 

comparison between F-MOF-4 and Cu-F-MOF-4B/Zn-F-MOF-4B indicates that a 

change in solvent of synthesis (DMF and DEF) resulted into diverse changes in 

resultant MOF architecture. Tetradentate bridging mode of H2hfbba ligand coordinates 

with metal centers resulting in the formation of bimetallic tetracarboxylate clusters in all 

the F-MOFs, where apical positions are occupied by 3-picoline resulting into the 

formation of 2-fold parallel 2D→2D interpenetration or interdigitation with a 1D 

channel through crystallographic planes. 

Similarly, using H2hfbba linker and N-containing 3-methyl pyridine co-linker, 

we tried to investigate the influence of the solvent and temperature on the 

dimensionality in the resulting MOFs. We have synthesized four new polymeric 

frameworks Co-HFMOF-D, Co-HFMOF-W, Mn-HFMOF-D, and Mn-HFMOF-W as 

shown in Figure 2.7, which forms 2-D and 3-D networks with diverse architectures 

depending on the solvent of synthesis. We expected that the insertion of additional 3-

methyl pyridine ligand in the synthesis media should have a crucial effect, as they 

induces the Π−Π stacking interactions affecting the dimensionality of the resulting 

polymeric framework, and therefore its square grid topology. In all the structures 3-

picoline occupies the axial position of the M2N2(μ2-CO2)2 or M2N1O1(μ2-CO2)2 the 

coordination sphere (Figure 2.13−2.15). Bimetallic clusters formed by coordination of 

metal centers with carboxylate groups play an important role in the determination of the 

architecture of the resultant framework. In the F-MOFs reported herein, the co-

ordination mode is μ2
b−OCO, that is, both the carboxylate oxygen atoms are involved in 

the co-ordination with two M+2 atoms in monodentate fashion (Figure 2.6). Although 
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the co-ordination mode is same in all HFMOFs, their dimensionality, SBU, and 

resultant frameworks are totally different from each other. It seems that the solvent of 

synthesis and the conditions for reaction are affecting the network structures. Co-

HFMOF-D and Mn-HFMOF-D synthesized from DMF have the 2-D structure, whereas 

Co-HFMOF-W [flack parameter: 0.01(2)] and Mn-HFMOF-W [flack parameter: 0.04-

(2)]36 synthesized from H2O have the isostructural 3-D architecture with an octahedral 

SBU in the same Pna21 space group as shown in Figure 2.15. The adoption of a non-

centrosymmetric space group and 21 screw axis by these two F-MOFs could be 

attributed to the bent nature of the hfbba link.28 But Co-HFMOF-D and Mn-HFMOF-D 

synthesized from DMF have different structures (Co-HFMOF-D, octahedral SBU with 

paddlewheel; Mn-HFMOF-D, octahedral and square planar SBU in same structure) 

with different space groups (C2/c in Co-HFMOF-D and C2 in Mn-HFMOF-D). 

Although combination of hfbba2− with M2+ can produce several possible bridging 

modes, we observe only three possible co-ordination mode μ1t−OC(=O), μ2b−OCO and 

μ1c−OCO along this series (Figure 2.6), even we have changed solvent and synthetic 

conditions. Within these HF-MOFs, Co-HFMOF-D and Mn-HFMOF-D show 

formation of 2-fold parallel 2-D→2D interpenetration with a 1-D channel through the 

crystallographic ac plane (Figure 2.13 and 2.14). Co-HFMOF-W and Mn-HFMOF-W 

on the other hand show formation of a 3-D framework with interdigited 3-methyl 

pyridine molecules (Figures 2.15). Also, in these two HFMOFs open metal sites can be 

observed as they contain the coordinated H2O molecules which could be removed by 

strong evacuation. 

Crystal Structures of [Co3(INA)4(O)(C2H5OH)3](NO3) ·(C2H5OH) ·(H2O)3] Co-

INA-1 and [Co3(FINA)4(O)(C2H5OH)2 (H2O)] Co-FINA-1:  

The isostructural Co-INA-138 and Co-FINA-1, crystallizes in Pnma space group with 8-

connected, oxo-centered [Co3(O)] type SBU where open metal sites could be perceived. 

Since, Co-INA-1 and Co-FINA-1 have similar structure except replacement of INA 

with FINA; the structural details of isostructural Co-FINA-1 only represented herein. 

Each [Co3(O)] metal cluster of Co-FINA-1 is connected to eight FNIC ligands through 

four bridging μ2-COO– groups, four pyridyl nitrogen atoms, two coordinated ethanol 

and one coordinated water molecule (Figure 2.16a and 2.16d).  
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Figure 2.16 Crystal structure of Co-FINA-1 and Co-INA-1. (a), (d) Ball and stick 
representation of SBU of Co-FINA-1 and Co-INA-1. (b), (e) Packing diagram of Co-FINA-1 
and Co-INA-1 along a axis. (c), (f) Packing diagram of Co-FINA-1 and Co-INA-1 along c axis. 
Co (pink), N (blue), O (red), C (grey), F (green). [Reprinted with permission from (28a). 
Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA]. 

Each tri-metal cluster is connected to the eight similar tri-metal SBUs resulting 

into highly connected 3D framework with high porosity. In Co-FINA-1, two types 

pores are available, through a axis one dimensional channels with an aperture of 4.2 Å 

propagate (Figure 2.16b and 2.16e), while through c axis square shaped channels of 3.2 

× 2.8 Å dimensions extends through the crystal structure (Figure 2.16c and 2.16f). The 

metal sites are coordinated to EtOH and water molecules pointing towards the pores, 

which in-turn can create the open metal sites. In each tri-metal oxo-center [Co3(O)], two 

metal centers possesses identical coordination sphere (τ = 0), where each Co(II) 

connects to three μ2-carboxyl oxygen atoms, one nitrogen from FNIC ligand, one 

ethanol molecule and one central μ3-oxygen atom. Remaining third Co(II) metal center 

is connected to two μ2-carboxyl oxygen, two FNIC–pyridyl nitrogen, one coordinating 

water molecule and one central μ3-oxygen atom. The crystal structure of Co-INA-1 has 

higher porosity (5.0 Å) and solvent accessible void (39 %) than Co-FINA-1 (4.2 Å and 
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34.5 %) calculated using PLATON, due to smaller atomic size of hydrogen atoms than 

fluorine. 

Crystal structure of [Co(INA)2.(DMF)] Co-INA-2 and [Co(FINA)2 •(H2O)] Co-

FINA-2:  

 
Figure 2.17 Crystal structure of Co-FINA-2 and Co-INA-2. (a), (d) Ball and stick 
representation of SBU of Co-FINA-2 and Co-INA-2. (b), (e) Packing diagram of Co-FINA-2 
and Co-INA-2 along c and a axis, respectively. (c), (f) Space filling representation of Co-FINA-
2 and Co-INA-2 along c and a axis, respectively. Co (pink), N (blue), O (red), C (grey), F 
(green). [Reprinted with permission from (28a). Copyright 2012 WILEY-VCH Verlag GmbH & 
Co. KGaA]. 

The three dimensional structure of Co-INA-2 and Co-FINA-2 crystallizes in P21 and 

P21/c space groups, respectively. In the crystal structure of Co-INA-2 and Co-FINA-2, 

the INA and FINA linkers coordinate through pyridinic nitrogen atoms and carboxylic 

acid groups in μ2-OCO fashion. The crystal structure of Co-INA-2 and Co-FINA-2 

consists doubly bridged infinite Co(II) carboxylate chains (Figure 2.17a and 2.17d). 

The pyridine functionalities of the INA and FINA ligands point outwards of the chains 

(Figure 2.17b and 2.17e). The resulting strands crosslink by N–Co coordination to 

generate the 3D framework. In Co-INA-2, each Co(II) metal center connects to the four 

INA ligands through one of their μ2-carboxyl oxygen and two INA ligands through their 
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pyridyl nitrogen atoms. Each SBU connects to the next through INA ligands to generate 

the 3D structure. Co-INA-2 have 2.4 × 3.1 Å square shaped pores with 8.9 % solvent 

accessible void, where uncoordinated water molecules are sitting inside the pores 

(Figure 2.17c and 2.17f). The Co-FINA-2 crystal structure shows the square shaped 

channels of 2.4 × 4.1 Å running through the structure with 51 % solvent accessible 

volume. Like isostructural Co-INA-1 and Co-FINA-1, the structures of Co-INA-2 and 

Co-FINA-2 are also isostructural.  

Like isostructural Co-INA-1 and Co-FINA-1, the structures of Co-INA-2 and 

Co-FINA-2 are also isostructural. In the crystal structure of Co-INA-1, due to the 

presence of [Co3(OH)] metal cluster, additional positive charge on central tetra-

coordinated oxygen atom has been balanced by the NO3
– ions present in the pores. But 

in case of Co-FINA-1, the metal cluster itself is neutral [Co3(O)], which diminishes the 

possibility of presence of  NO3
– ions in the pores. The crystal structure of Co-INA-1 has 

higher porosity (5.0 Å) and solvent accessible void (39 %)38 than Co-FINA-1 (4.2 Å 

and 34.5 %) calculated using PLATON, due to smaller atomic size of hydrogen atoms 

than fluorine. Comparison between the cell dimensions for the Co-INA-2 (a = 9.81 Å, b 

= 12.64 Å, c = 11.07 Å) and Co-FINA-2 (a = 4.96 Å, b = 12.35 Å, c = 11.81 Å) reveals 

that although the b and c axes are similar in dimensions, the a axis of the Co-INA-2 unit 

cell is approximately double of Co-FINA-2 (doubling of the a axis is expected from the 

randomization/disorder of the pyridine ring orientations in the Co-INA-2 structure).39 

The unit cell volume of the Co-FINA-2 crystal structure (698.9 A3) is 51 % that of the 

Co-INA-2 unit cell volume (1355.0 A3). Co-FINA-2 has higher pore dimensions (2.4 × 

4.1 Å) compared to Co-INA-2 (2.4 × 3.1 Å), although in former case fluorine atoms are 

pointing into pores. Also Co-FINA-2 (14.5 %) has the higher solvent accessible void 

than that of Co-INA-2 (8.9 %), although latter have the higher cell volume and cell 

dimensions.
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2.4.3 X-ray Powder Diffraction and Thermal Properties: 

 

Figure 2.18 PXRD patterns for the as synthesized MOF samples of F-MOF-4, F-MOF-6, Zn-
FMOF-4B, Cu-FMOF-4B, Co-HFMOF-D, Mn-HFMOF-W, Co-HFMOF-W and Mn-HFMOF-
D. The matching profile of simulated XRD patterns from single crystal structure data with those 
of experimental one suggests the phase purity of synthesized MOFs. 
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Being achieved structural information of partially fluorinated MOFs synthesized using 

H2hfbba linker by solvothermal/hydrothermal methods; the bulk phase of synthesized 

MOFs was characterized using PXRD, TGA and gas adsorption studies. PXRD 

experiments were carried out on all the complexes, to confirm the phase purity of the 

bulk materials. The PXRD patterns of the experimental and computer-simulated 

patterns of all the F-MOFs are shown in Figure 2.18. All the major peaks in the 

experimental PXRD patterns of F-MOF-4, F-MOF-6, Zn-FMOF-4B, Cu-FMOF-4B, 

Co-HFMOF-D, Mn-HFMOF-W, Co-HFMOF-W and Mn-HFMOF-D are matches quite 

well with that of simulated PXRD pattern from single crystal XRD structure, indicating 

their reasonable crystalline phase purity. Similarly, peak to peak matching profile of 

experimental and simulation PXRD patterns of these F-MOFs confirms the absence of 

impurities in the bulk phase MOF synthesized. The experimental patterns in few MOF 

cases have few diffraction lines that are un-indexed and some that are slightly 

broadened in comparison with those simulated patterns. This is probably due to the loss 

of DMF molecules from the lattice because of grinding during the analysis. 

 

Figure 2.19 Overlay of TGA traces of as synthesized F-MOFs indicating their reasonable 
thermal stability.  

To examine the architectural and thermal stability of synthesized F-MOFs, we 

prepared them at the gram scale to allow detailed investigation of the aforementioned 

properties. From thermogravimetric analyses (TGA) performed on the as synthesized 

MOFs samples represented in Figure 2.19, it was revealed that these compounds have 

high thermal stability. The TGA trace for F-MOF-6, F-MOF-10 and Cu-FMOF-4B 
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showed a gradual weight-loss step of upto  150 °C, corresponding to escape of all 

DMF/H2O molecules from the pores followed by a sharp weight loss (300−450 °C) 

probably because of the decomposition of the framework. The TGA patterns of the F-

MOF-4, Zn-FMOF-4B and Co-HFMOF-D show continuous weight loss from the 

temperature above 100 °C probably due to the loss of guest solvent molecules present 

into the pores of these MOFs. The TGA of Mn-HFMOF-D and Mn-HFMOF-W shows 

the sharp weight loss of 25−100 °C corresponding to escape of all H2O molecules in 

pores followed by a plateau before a sharp weight loss (200−300 °C) probably because 

of the decomposition of the coordinated 3-methyl pyridine molecules. The TGA of Co-

HFMOF-W shows a gradual weight loss step of 25−125 °C corresponding to the loss of 

coordinated and framework water molecules followed by the decomposition of the 

framework probably because of decomposition of 3-methyl pyridine molecules and 

escape of coordinated H2O molecules.  

Further, in order to furnish the phase purity of INA and FINA linker based 

MOFs, PXRD analyses were performed using bulk samples. All major peaks of 

experimental PXRDs matches well with simulated PXRDs, indicating their reasonable 

crystalline phase purity (Figure 2.20). The experimental PXRD pattern of Co-FINA-1 

has a few diffraction lines that are un-indexed and some that are slightly broadened in 

comparison to the simulated pattern. This is probably due to the loss of DMF molecules 

from the lattice due to grinding at the time of sample preparation. Also in purpose of 

checking framework architecture and thermal stability of Co-FINA-1, Co-FINA-2 and 

Co-INA-2, we performed thermal gravimetric analyses (TGA) of these samples. From 

TGA it was revealed that these compounds have high thermal stability. The TGA traces 

of as synthesized Co-INA-2, Co-FINA-1 and Co-FINA-2 showed a gradual weight-loss 

step of 11.5 % (20–200 °C), 19.5 % (20–140 °C) and 8.7 % (20–160 °C) respectively 

corresponding to escape of DMF, EtOH and H2O guest and coordinated solvent 

molecules from pores (Figure 2.20). The framework of Co-FINA-1 is stable upto 400 

°C although coordinated and guest solvent molecules leaves the framework at 140 °C. 

After 400 °C the Co-FINA-1 framework decomposes with sharp weight loss. The 

framework of Co-FINA-2 have the more stability compared to Co-INA-2. Co-FINA-2 

is stable upto 300 °C, whereas Co-INA-2 is stable upto 250 °C. This is followed by a 
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sharp weight loss probably due to the decomposition of the frameworks. 

 

Figure 2.20 PXRD patterns and TGA profiles for the as synthesized MOF samples of Co-
FINA-1, Co-FINA-2, and Co-INA-2. The matching profile of simulated XRD patterns from 
single crystal structure data with those of experimental one suggests the phase purity of 
synthesized MOFs. The thermal stability of Co-FINA-1, Co-FINA-2, and Co-INA-2 above 300 
°C is visible from TGA profiles. 
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2.5 Gas Adsorption Properties: 
2.5.1 Experimental Results: 

Having all the structural information and phase pure samples of all the 2D and 3D 

MOFs synthesized using H2hfbba linkers; we have investigated the gas adsorption 

behavior of these samples. Prior to the gas adsorption, the micro-crystals of each MOF 

were soaked in dry chloroform or 1:1 dry dichloromethane and methanol mixture for 12 

h. Fresh 1:1 dry dichloromethane and methanol mixture was subsequently added, and 

the crystals were allowed to stay for an additional 48 h to remove coordinated and free 

solvates (DMF/DEF/H2O/EtOH) present in framework. The sample was dried under a 

vacuum (<10−3 Torr) at room temperature for 12 h. In case, if the coordinated solvent  

 

Figure 2.21 Gas adsorption analyses for F-MOFs. (a) and (b) H2 (77 K) and CO2 (298 K) 
adsorption isotherms for F-MOF-4, F-MOF-6, Cu-FMOF-4B and Zn-FMOF-4B. (c) and (d) H2 
(77 K) and CO2 (298 K) adsorption isotherms for Co-HFMOF-D, Co-HFMOF-D, Co-HFMOF-
W and Mn-HFMOF-W. Filled and open circles represent adsorption and desorption branches, 
respectively. 
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molecules on the secondary binding units (SBUs) remain in the framework at this stage; 

to remove these species, samples were heated at 60 °C for 12 h and 100 °C for 12 h 

under a dynamic vacuum. Since, all these F-MOFs synthesized using H2hfbba linker 

was having porous structures with the pore sizes ranging from 3−5 Å, we have collected 

the N2 adsorption isotherms at 77 K and 1 atm pressure. Except, F-MOF-4 (196 m2/g) 

and F-MOF-6 (20 m2/g); none other MOF in this series among synthesized F-MOFs 

have shown N2 uptake. All of these F-MOFs are non-porous towards the N2 uptake as 

they have a lesser aperture size than the kinetic diameter of N2 (3.6 Å); however, these 

F-MOFs are able to take the H2 (2.89 Å) and CO2 (3.4 Å) as they have a lesser kinetic 

diameter. Furthermore, the low kinetic energy of the N2 molecules, at 77 K results in N2 

molecules being unable to effectively enter small pores. 

All these F-MOFs show reversible type-I H2 and CO2 adsorption isotherms at 77 

K and 298 K, respectively. As shown in Figure 2.21, among these H2hfbba based MOF 

series represented herein, F-MOF-6 show highest H2 uptake upto 0.90 wt% as pressure 

approaches to 1 atm. In this series, F-MOF-4 having non-interdigitated square shaped 

pores showed H2 and CO2 uptake of 0.58 wt% and 1.27 mmol/g, respectively. The 

isostructural MOFs, Cu-FMOF-4B and Zn-FMOF-4B having square-shaped pores with 

interdigitated layered show nearly similar H2 uptake upto 0.52 and 0.45 wt% as well as 

CO2 uptake of 0.96 and 0.87 mmol/g, as pressure reaches to 1 atm. The uptake observed 

in F-MOF-4 and Cu-FMOF-4B/Zn-FMOF-4B is well justified as later have the non-

interdigited pores accessible for gas adsorption. Further, iso-structural Co-HFMOF-W 

and Mn-HFMOF-W show nearly equal 0.67 and 0.72 wt% H2 uptake, and 1.20 and 

1.34 mmol/g of CO2 adsorption. In this context, Co-HFMOF-D showed higher H2 (0.78 

wt%) and CO2 (1.48 mmol/g) uptake, whereas Mn-HFMOF-D shows the lower H2 

(0.60 wt%) and CO2 (1.06 mmol/g) adsorption. This result is well anticipated as Co-

HFMOF-D contains the robust paddle-wheel Co(II) motif with 3-methyl pyridine 

molecules pointing outward of the pore. As a result pores are accessible for adsorbing 

gas molecules. On the other hand, Co-HFMOF-W and Mn-HFMOF-W have blocking 

3-methyl pyridine molecules into the pores. Although, H2 adsorptions for these F-MOFs 

are moderate, they still are comparable with the H2 adsorption of the highest capacity 

zeolites, some carbon materials, and some other F-MOFs reported in the literature. 
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Table 2.1 Summary of gas adsorption analyses of MOFs synthesized using H2hfbba and 

INA/FINA linkers: 

Sr. 
No. Name of MOF BET surface 

area (m2/g) 
H2 uptake 

(wt%)a 
CO2 uptake 
(mmol/g)b 

H2hfbba linker based MOFs 

1 F-MOF-428e 196 0.58 1.27 

2 Cu-FMOF-4B28c - 0.52 0.96 

3 Zn-FMOF-4B28c - 0.45 0.87 

4 F-MOF-628d 20 0.9 - 

5 Co-HFMOF-D28b - 0.78 1.48 

6 Mn-HFMOF-D28b - 0.60 1.06 

7 Co-HFMOF-W28b - 1.67 1.20 

8 Mn-HFMOF-W28b - 0.72 1.34 

INA and FINA linker based MOFs 

9 Co-INA-128a 544c 1.90 3.09 

10 Co-FINA-128a 547 1.97 3.00 

11 Co-INA-228a 92 0.52 1.78 

12 Co-FINA-228a 152 1.82 2.30 

a H2 uptake data represented is collected at 77 K and 1 atm pressure. 
b CO2 uptake data represented is collected at 298 K and 1 atm pressure. 
c surface are represented in this table is Langmuir surface area adopted from Reference: Inorg. 
Chem., 2011, 50, 232. 

As shown in Figure 2.21 and table 2.1, we have achieved the moderate H2 and 

CO2 uptake in these F-MOFs synthesized using H2hfbba linkers, despite in several cases 

surface area was negligible. From this obtained data it was clear that tiny pores present 

in these MOFs are the result of V-shaped bent structure of H2hfbba linker used as 

building block, which restricts the formation of big channels favorable for higher 

amount of gas uptake. The twisted conformation of linker in these MOFs induces 

flexibility restricting the pore size below 4 Å, which in turn creates very small channels 

accessible for tiny gas molecules (H2/CO2) with very limited free space. The high 

framework density and low solvent accessible voids present in these MOFs as a result of 

their limited intrinsic porosity, adsorbs H2 moderately. Since, we could not synthesize 

the isostructural non-fluorinated analogue for any of these F-MOFs; it is very difficult 
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to conclude the effect of fluorination on the gas adsorption.  

In these regards, in order to achieve the porous MOFs with rigid framework for 

high H2 uptake, we have collected the gas adsorption isotherms for MOFs synthesized 

using INA and FINA as a building block. In these MOFs, as seen from the crystal 

structures of Co-INA-1, Co-FINA-1, Co-INA-2 and Co-FINA-2; the modular length of 

these INA and FINA linkers produced the porous structures with reasonably high pore 

size and surface area due to higher porosity. Most importantly, in these cases, we could  

 

Figure 2.22 Gas adsorption analyses for Co-FINA-1, Co-INA-1, Co-FINA-2, and Co-INA-2. 
(a) N2 adsorption isotherms for Co-FINA-1, Co-FINA-2, and Co-INA-2 collected at 77 K and 1 
atm pressure. (b) H2 adsorption isotherms for Co-FINA-1, Co-INA-1, Co-FINA-2, and Co-INA-
2 collected at 77 K and 1 atm pressure. (c) Comparison between simulated and experimental H2 
adsorption isotherms for Co-FINA-1 and Co-INA-1 collected at 77 K and 1 atm pressure. (d) 
CO2 adsorption isotherms for Co-FINA-1, Co-INA-1, Co-FINA-2, and Co-INA-2 collected at 
298 K and 1 atm pressure. Filled and open circles represent adsorption and desorption branches, 
respectively. [Reprinted with permission from (28a). Copyright 2012 WILEY-VCH Verlag 
GmbH & Co. KGaA]. 
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easily synthesize the isostructural MOFs with/without fluorine incorporated into its 

backbone. Since, using these isostructural MOFs (Co-INA-1/Co-FINA-1 and Co-INA-

2/Co-FINA-2) it will be more convenient to study the effect of fluorination on the gas 

adsorption properties in resulting MOFs, we have analyzed the adsorption behavior of 

these MOFs using N2, H2 and CO2 gases. The isostructural MOFs, with and without 

fluorine atoms pointing into the pores will allow studying the electronic effect of these 

atoms present into the pores on the gas (especially H2) uptake properties. 

Analysis of crystal structure of Co-INA-1, Co-FINA-1, Co-INA-2 and Co-

FINA-2 reveals that, these MOFs are porous with moderate solvent accessible void, 

despite being the presence of protruding fluorine atoms in the pores of Co-FINA-1 and 

Co-FINA-2. Unlike Co-FINA-1 and Co-INA-1, Co-FINA-2 possesses higher pore size 

and higher solvent accessible void than non-fluorinated Co-INA-2. These results 

motivated us to study the N2, H2 and CO2 adsorption of these MOFs. Prior to gas 

sorption experiments, guest and possibly coordinated solvent molecules are removed by 

solvent exchange and thermal activation at an optimized temperature of 150 °C, under 

ultrahigh vacuum. The permanent porosity of Co-FINA-1, Co-FINA-2 and Co-INA-2 

was confirmed by N2 adsorption isotherms, as these MOFs have the pore size higher 

than the kinetic diameter of N2 (3.6 Å). All these MOFs show reversible Type-I N2 

adsorption isotherms at 77 K temperature (Figure 2.22a). The Co-FINA-1 have the 

BET and Langmuir surface area of 547 and 841 m2/g, which is higher than its non-

fluorinated isostructural analogue Co-INA-137 (Langmuir surface area = 544 m2/g). 

Although, Co-FINA-1 has smaller pores compared to Co-INA-1, it shows higher 

surface area possibly due to high stability of the framework. It has been mentioned in 

the literature that Co-INA-1 due to the slight shrinkage and/or partial collapse of the 

coordination framework after removing all coordinated and lattice solvents, shows less 

Brunauer–Emmett–Teller (BET) as well as Langmuir surface area. Whereas, Co-FINA-

1 framework remains intact even after solvent removal also probably due to the 

presence of fluorine atoms into the pores. Co-INA-2 shows 92 m2/g and 157 m2/g of 

BET and Langmuir surface area, whereas its fluorinated isostructural analogue Co-

FINA-2 has higher BET (152 m2/g) as well as Langmuir surface area (238 m2/g) as 

shown in Figure 2.22. The higher surface area of Co-FINA-2 than Co-INA-2 is justified 
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as former has the larger pores with higher solvent accessible void. It is noteworthy that 

for Co-FINA-1 and −2, fluorine insertion has increased the surface area than the non-

fluorinated analogues. 

Further, as we confirmed the permanent porosity of Co-INA-1, Co-INA-2, Co-

FINA-1 and Co-FINA-2, we collected the H2 and CO2 adsorption isotherms for these 

MOFs. All these MOFs show reversible type-I isotherms at 77 K (H2) and 298 K (CO2) 

and 1 atm pressure. In addition, the absence of adsorption–desorption hysteresis 

indicates that H2 and CO2 is reversibly adsorbed by all the MOFs reported here. At 77 

K, Co-FINA-1 adsorbs highest amount of H2 in this series (1.97 wt%) as pressure 

approaches to 1 atm (Figure 2.22b). At 77 K, Co-INA-1 adsorbs almost similar amount 

of H2, showing 1.90 wt% uptake as pressure approaches to 1 atm (as reported in 

literature). Similarly, Co-FINA-2 shows 0.82 wt% H2 uptake at 77 K and 1 atm 

pressure. Co-INA-2, which is isostructural with Co-FINA-2, adsorbs lowest amount of 

H2 (0.52 wt%) in this series of MOFs synthesized using INA and FINA linkers. 

Although Co-FINA-1 has smaller pores compared to Co-INA-1, it shows higher surface 

area as well as higher H2 adsorption. A possible reason could be the aforementioned 

logic of pore shrinkage in Co-INA-1 due to loss of coordinated solvent molecules while 

evacuation. At higher pressure, Co-INA-1 and Co-FINA-1, Co-INA-1 has a higher H2 

adsorption over the entire pressure range. H2 uptake in Co-FINA-2 and Co-INA-2 is 

well justified as Co-FINA-2 has much larger pores (2.4 × 4.1 Å vs 2.4 × 3.1 Å) with 

higher solvent accessible void (14.4 % vs 8.9 %) compared to the Co-INA-2, which is 

well supported by the BET and Langmuir surface area analyses. Further, the CO2 

adsorption properties of Co-INA-1, Co-FINA-1, Co-INA-2 and Co-FINA-2 shows 

same trends in adsorption capacities as seen in the case of H2 uptake (Figure 2.22d). 

Co-FINA-1 adsorbs 3.09 mmol/g CO2 at 298 K, which is highest uptake in this series. 

Co-FINA-2 adsorbs 2.30 mmol/g, while Co-INA-2 adsorbs 1.78 mmol/g of CO2 at 298 

K and as pressure approaches to 1 bar. These CO2 uptake properties are well justified 

with respect to the BET and Langmuir surface areas of these MOFs. The H2 and CO2 

uptake capacities shown by the Co-INA-1, Co-FINA-1, Co-INA-2, Co-FINA-2 are 

comparable with previously reported well known MOFs. The H2 (77 K) and CO2 (298 

K) uptake shown by the Co-FINA-1 at 1 bar pressure is highest reported for the fully or 
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partially fluorinated MOFs reported in the literature. Co-FINA-1 outperforms the 

fluorinated MOFs [Ag2 (Ag4-Tz6)]8 and [Zn2(tfbdc)2(dabco)],10a which have the H2 

uptake capacity of 1.0 wt% and 1.78 wt% respectively, at 1 bar pressure. The H2 uptake 

shown by Co-FINA-1 at 77 K and 1 atm pressure is comparable to the MOFs like 

Mg/DOBDC,4f Zn2(BDC)2 (DABCO)10a and outperforms well known MOFs like PCN-

6,40a PCN-68,40b PCN-66,40b NOTT-116,40c Co/DOBDC,4f Zn/DOBDC,4f IRMOF-3,5g 

CUK-1,40d Bio-MOF-11,40e MOF-177,40f MOF-540f and ZIFs like ZIF-1140g and ZIF-840g 

reported in literature. Also CO2 uptake at 298 K and 1 atm pressure shown by the Co-

FINA-1 outperforms MOFs like CPM-6,41a TMA@ Bio-MOF-11,41b UMCM-150,41c 

Zn2(BDC)2(DABCO),10a IRMOF-3,5g (In3O)(OH)(ADC)2(IN)2·4.67H2O,5c MOF-177, 

MOF-5 and ZIFs like ZIF-7841d and ZIF-6941d. The simultaneous H2 and CO2 uptake 

shown by the Co-FINA-1 stands better over some literature reported MOFs having 

higher surface area. The gas uptake shown by Co-FINA-2 is lower than Co-FINA-1, but 

still it is comparable with previously reported fluorinated and non-fluorinated MOFs.6-17 

2.5.2 Computational/Theoretical Results: 

As shown in Figure 2.22c, we could obtain the adsorption isotherms of H2 in Co-INA-1 

and Co-FINA-1 at 77 K, experimentally as well as by simulations also. The simulation 

results of H2 adsorption in Co-FINA-1 agree fairly with the experimental data. In Co-

INA-1, however, the calculated results underestimate the experimental data at low 

pressures, but overestimate at high pressures. The deviations between simulation and 

experimental results in Co-INA-1 might be attributed to the structural changes during 

experimental data collection. The simulation used the crystal structure prior to the 

removal of solvents, though solvents were not included in the simulation. Nevertheless, 

the crystal structure of Co-INA-1 was found to slightly shrink and/or partially collapse 

after removing all coordinated and lattice solvents. Therefore, the crystal structure in 

experimental measurement was different from the one in the simulation. It should be 

noted that the crystal structure of Co-FINA-1 remains intact even after solvent removal 

due to the presence of fluorine atoms. Comparing the simulation results in Co-INA-1 

and Co-FINA-1, Co-INA-1 has a higher H2 adsorption over the entire pressure range, 

since we did not considered the structural changes into the MOF during the activation 

and gas adsorption studies. 
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Figure 2.23 H2 adsorption density contours for Co-INA-1 and Co-FINA-1 on the XY plane for 
H2 adsorption in Co-INA-1 and Co-FINA-1 at 40 kPa. [Reprinted with permission from (28a). 
Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA]. 

The density contours calculated to identify the favorable binding sites for H2 in 

Co-INA-1 and Co-FINA-1 as shown in Figure 2.23. These density contours are shown 

on the XY plane for H2 adsorption at 40 kPa. It is observed that H2 molecules are 

primarily located in the 1-D channels and the binding sites are mostly located in the 

channel centers. The density in Co-FINA-1 is lower than in Co-INA-1, particularly in 

the regions near the fluorine atoms due to steric hindrance. 
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2.6 Conclusions: 
In this contribution, we have successfully synthesized new F-MOF using a flexible 

fluorinated dicarboxylates building block 4,4′-(Hexafluoroisopropilidine)bis-benzoic 

acid; 3-methyl pyridine/1,10-phenanthroline co-ligands, and different transition metal 

cations [Zn(II), Co(II), Mn(II), and Cu(II)]. These materials exhibit a great degree of 

structural diversity despite similar structural components, i.e. dicarboxylate building 

block, heterocyclic N-containing co-ligands and transition metals. The moderate H2 

uptake shown by these materials, despite of its very limited or negligible surface area 

could possibly emerge as H2 storage materials. The H2 uptake shown by these partially 

fluorinated MOFs can be attributed to the V-shaped twisted conformation and flexible 

nature of 4,4′-(Hexafluoroisopropilidine)bis-benzoic acid, which restricts the expansion 

of cavities into the MOF structure. 

The attempts towards synthesis of highly robust and porous MOFs using 

isonicotinic acid and 3-fluoro isonicotinic acid for high H2 uptake proved to be 

rewarding to increase the overall H2 uptake. Two pairs of isostructural fluorinated and 

non-fluorinated MOFs by using isonicotinic acid and its fluorinated analogue 3-fluoro 

isonicotinic acid have been synthesized. For the first time, we have achieved 

isostructural isomerism in fluorinated and non-fluorinated MOFs by using fluorinated 

and non-fluorinated ligands. The comparison of the H2 uptake in these isostructural 

MOFs using experimental and simulation methods, emphasizes that improvement in H2 

uptake in F-MOFs is not a universal phenomenon, but is rather system-specific and 

differs from system to system. In isostructural Co-INA-1 and Co-FINA-1, fluorination 

resulted in almost similar H2 uptake, whereas in Co-INA-2 and Co-FINA-2, fluorination 

resulted in an overall increase in H2 uptake. Also, the H2 uptake shown by Co-FINA-1 

is the highest reported in the literature for F-MOFs, although the pore size is decreased 

due to fluorine atoms pointing into the pores. From these results, it is clear that as 

fluorine atoms in F-MOFs are weakly interacting with gas molecules, other factors, 

such as pore size, curvature, and open metal sites, can also play crucial roles in the gas 

uptakes in these F-MOFs. The replacement of flexible dicarboxylate linkers with rigid 

and hetero atom containing carboxylate linkers produces the highly porous MOFs 

without assistance of additional co-linker for high H2 uptake. 
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2.7 Experimental Materials and Methods: 
2.7.1 General Procedures:  

All reagents and solvents for synthesis and analysis were commercially available and 

used as received without further purification. 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-Kα1 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 15–900 °C on a SDT Q600 TG-DTA analyzer under N2 

atmosphere at a heating rate of 10 °C min–1. All low pressure gas adsorption 

experiments (up to 1 bar) were performed on a Quantachrome Quadrasorb automatic 

volumetric instrument. 

2.7.2 X-Ray Crystallography:  

All single crystal data were collected on a Bruker SMART APEX three circle 

diffractometer equipped with a CCD area detector (Bruker Systems Inc., 1999a)14 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.42 Crystals of all the MOFs reported herein were mounted on nylon 

CryoLoops (Hampton Research) with Paraton-N (Hampton Research). Data were 

integrated using Bruker SAINT software.43 Data were subsequently corrected for 

absorption by the program SADABS.44 The space group determinations and tests for 

merohedral twinning were carried out using XPREP.45 In all cases, the highest possible 

space group was chosen. All structures were solved by direct methods and refined using 

the SHELXTL 97 software suite.46 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 100(2) or 298(2) K for all the MOFs reported. All structures were examined using the 

Addsym subroutine of PLATON47 to assure that no additional symmetry could be 

applied to the models. All ellipsoids in ORTEP diagrams are displayed at 50 %, 
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Table 2.2 Comparison of crystal data and structure refinement for H2hfbba based MOFs reported. 

F-MOF F-MOF-4 F-MOF -6 F-MOF-10 Cu-FMOF-4B Zn-FMOF-4B Co-HFMOF-D Co-HFMOF-W 

Empirical formula 
C29.97 H27.97 F6 
N2.91 O5.5Cu 

C25 H13.33 F6 
N1.33 O12  Co 

C25.5 H14 F6 N1.33 
O4  Mn 

C23 H15 O4 F6 N 

Cu 

C29 H22 F5.92 N2 

O4 Zn 

C28 H20 F6 N4 O7 

Co 

C23 H17 F6 N O5 

Co 

Formula weight 694.51 569.3 571.98 546.91 640.36 696.65 560.31 

Temperature 100(2) K 100(2) K 100(2) K 293(2) K 293(2) K 293(2) K 293(2) K 

Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 

Crystal system Monoclinic Monoclinic Monoclinic Orthorhombic Orthorhombic Monoclinic Orthorhombic 

Space group P21/c C2/c C2/c Cmca Cmc21 C2/c Pna21 

Unit cell 
dimensions 

a = 25.643(8) Å 
b = 11.004(3) Å 
c = 24.351(7) Å 
β =115.518° 

a = 36.616(6)Å 
b = 13.551(2)Å 
c = 26.373(4)Å 
β = 127.80(2)° 

a = 37.09(2) Å 
b = 13.643(7) Å 
c = 29.671(12) Å 
β = 135.04(2)° 

a = 21.561(3) Å 

b = 14.717(2) Å 

c = 17.745(3) Å 

a = 21.626(2) Å 

b = 14.662(17) Å 

c = 17.777(3) Å 

a = 26.957(9) Å, 

b = 11.025(8) Å, 

c = 24.602(15) Å, 

β = 119.74(3)° 

a = 26.194(8) Å,  

b = 10.524(5) Å, 

c = 8.243(4) Å 

Volume (Å3) 6201.0(3) 10340(3) 10609(9) 5630.7(15) 5636.8(13) 6349(7) 2272.4(19) 

Z 4 4 2 8 8 8 4 

Density (g/cm3) 1.488 1.097 1.074 1.290 1.507 1.458 1.638 

Goodness-of-fit on 
F2 

0.986 1.041 0.877 1.067 0.949 1.054 1.095 

Final R indices 
[I>2sigma(I)] 

R1 = 0.0557, 
wR2 = 0.1278 

R1 = 0.0858, 
wR2 = 0.1915 

R1 = 0.1119, wR2 
= 0.2597 

R1 = 0.0960, 

wR2 = 0.2410 

R1 = 0.0596, 

wR2 = 0.1345 

R1 = 0.1297, 

wR2 = 0.3308 

R1 = 0.0550, 

wR2 = 0.1133 

R indices (all data) 
R1 = 0.0990, 
wR2 = 0.1439 

R1 = 0.1202, 
wR2 = 0.2070 

R1 = 0.1465,  
wR2 = 0.2990 

R1 = 0.1529, 

wR2 = 0.2638 

R1 = 0.0967, 

wR2 = 0.1542 

R1 = 0.1343, 

wR2 = 0.3359 

R1 = 0.0641, 

wR2 = 0.1168 

CCDC No. 745106 752227 752231 797251 797252 788025 788026 
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Table 2.3 Comparison of crystal data and structure refinement for H2hfbba and INA/FINA based MOFs reported. 

F-MOF Mn-HFMOF-D Mn-HFMOF-W Co-INA-1** Co-FINA-1 Co-INA-2 Co-FINA-2 

Empirical formula C23 H16 F6 N O4.5 Mn C23 H17 F6 N O5 Mn C30H43N5O19Co3 C22H7F5N4O12Co3 C27H16N5O9Co2 C12H4F2N2O5Co 

Formula weight 547.31 556.32 954.5 791.11 672.31 353.10 

Temperature 293(2) K 293(2) K 123(2) K 298(2) K 298(2) K 298(2) K 

Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 0.71073 Å 

Crystal system Monoclinic Orthorhombic Orthorhombic Orthorhombic Monoclinic Monoclinic 

Space group C2 Pna21 Pnma Pnma P21 P21/c 

Unit cell dimensions 

a = 28.086(8) Å, 

b = 7.583(2) Å, 

c = 12.109(3) Å, 

β = 105.461(5)° 

a = 26.406(8) Å, 

b = 10.626(3) Å, 

c = 8.473(3) Å 

a = 18.986(4) Å 

b = 19.683(4) Å 

c = 12.081(2) Å 

a = 19.329(8) Å 

b = 20.088(9) Å 

c = 12.120(7) Å 

a = 9.819(2) Å 

b = 12.6499(4) Å 

c = 11.0731(8) Å 

β = 99.852(4)° 

a = 4.9627(7) Å 

b = 12.3597(6) Å 

c = 11.8167(5) Å 

β = 105.336(2)° 

Volume (Å3) 2485.6(8) 2377.3(7) 4514.6(2) 4706(4) 1355.1(4) 699.00(9) 

Z 2 4 4 4 2 2 

Density (g/cm3) 1.463 1.554 1.298 1.117 1.648 1.678 

Goodness-of-fit on 

F2 
1.010 1.052 1.075 1.097 0.839 1.146 

Final R indices 

[I>2sigma(I)] 

R1 = 0.0682, 

wR2 = 0.1675 

R1 = 0.0354, 

wR2 = 0.0913 

R1 = 0.0882, 

wR2 = 0.1006 

R1 = 0.1090, 

wR2 = 0.3201 

R1 = 0.0535, 

wR2 = 0.1384 

R1 = 0.0511, 

wR2 = 0.1322 

R indices (all data) 
R1 = 0.0959, 

wR2 = 0.1797 

R1 = 0.0405, 

wR2 = 0.0935 

R1 = 0.2559,  

wR2 = 0.2653 

R1 = 0.1323,  

wR2 = 0.3352 

R1 = 0.1035,  

wR2 = 0.1542 

R1 = 0.0585,  

wR2 = 0.1359 

CCDC No. 788027 788028 - 835979 835981 835980 

** The crystal data for Co-INA-1 is reported previously by Q. Chen, J.-B. Lin, W. Xue, M.-H. Zeng, X.-M. Chen, Inorg. Chem., 2011, 50, 232.  
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probability level unless noted otherwise. Crystal data and details of data collection 

structure solution and refinement are summarized in Table 2.2 and 2.3. Crystallographic 

data (excluding structure factors) for the structures represented in this chapter have been 

deposited with the CCDC as deposition No. CCDC 745106, 752227, 752231, 797251, 

797252, 788025−788028, 835979−835981 (See Table 2.2 and 2.3). 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]. 

2.7.3 H2 and CO2 Adsorption Measurements:  

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 273 K and 298 K 

temperatures. Before gas adsorption measurements, the sample was activated at room 

temperature (for 12 h) and 100 ºC (for 24 h) under ultrahigh vacuum (10-8 mbar). 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 residual guest 

and coordinated solvent molecules. The same analyses were performed three times to 

confirm the repeatability and reusability of the materials. 

2.7.4 Simulation Model and Method: 

To unravel the effect of fluorine atoms on adsorption and identify the adsorption sites in 

gas–loaded structures, grand canonical Monte Carlo (GCMC) simulations were carried 

out for H2 adsorption at 77 K in Co-INA-1 and Co-FINA-1. The experimentally 

determined desolvated crystal structures were used in the simulations. H2 molecule was 

modeled as a two-site rigid molecule with H−H bond length of 0.74 Å. The Lennard-

Jones interaction parameters of H-H interaction were σ = 2.59 Å and ε = 12.5 K.48 The 

dispersion interactions of the framework atoms in Co-INA-1 and Co-FINA-1 were 

represented by the Universal Force Field (UFF).49 The frameworks and H2 molecules 

were treated as rigid. The Lorentz-Berthelot combining rules were used to calculate the 

cross LJ interaction parameters. The LJ interactions were evaluated using a spherical 
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cutoff of 18 Å with the long-range corrections added. The number of trial moves in the 

GCMC simulation was 2× 107. The first 107 moves were used for equilibration and the 

subsequent 107 moves for production. Four types of trial moves were conducted for H2 

molecules, namely, displacement, rotation, regrowth at a new position, and swap with 

the reservoir. 

2.7.5 Synthesis of MOFs: 

The synthesis of various MOFs using H2hfbba, INA, FINA as linkers and 3-methyl 

pyridine, 1,10-phenanthroline, 2,2’-bipyridine, 4,4’-dimethyl-2,2’-bipyridine as co-

ligands in DMF, DEF, H2O as solvents with the aid of Mn, Co, Cu and Zn as metal 

centers has been performed (Figure 2.8 and  2.9). As shown Figure 2.8 and Figure 2.9, 

using following synthetic procedures various MOFs has been synthesized. 

[Cu2(hfbba)2(3-mepy)2]·(DMF)2(3-mepy) (F-MOF-4):28e 0.5 mL 3-methyl-pyridine 

stock solution (0.20 M) and 1.5 mL H2hfbba stock solution (0.20 M) were mixed in a 5 

mL vial. To this solution was added 0.5 mL Cu(NO3)2⋅3H2O stock solution (0.20 M). 

The vial was capped and heated to 85 °C for 96 h. The mother liquor was decanted and 

the products were washed with DMF (15 mL) three times. Blue colored crystals of F-

MOF-4 were collected by filtration and dried in air (10 min) (Yield: 50 %; 0.0120 g 

depending on Cu(NO3)2·3H2O). 

FT-IR : (KBr 4000-400 cm-1): 3676 (br), 3068 (w), 3935 (m), 2657 (w), 2548 (w), 

2331(s), 1944(m), 1816 (w), 1683 (m), 1632 (w), 1561 (w), 1410 (s), 1291 (w), 1239 

(s), 1174 (w), 1090 (w), 1020 (w), 971 (w), 929 (w), 846 (m), 780 (s), 748 (w), 706 (w), 

514 (m) and 494 (w).  

Synthesis of Co3(hfbba)6(phen)2 (F-MOF-6):28d Following similar synthetic protocol 

as F-MOF-5, synthesis of F-MOF-6 has been performed except the addition of 

Co(NO3)2·6H2O in place of Cu(NO3)2·3H2O. Pink colored crystals of F-MOF-6 were 

collected by filtration and dried in air (10 min). [Yield: 70 %, 0.0203 g depending on 

Co(NO3)2·6H2O].  

FT-IR : (KBr 4000-400 cm-1): 3467 (br), 3077 (w), 2932 (w), 2857 (w), 2188 (w), 1950 

(w), 1673 (s), 1612 (m), 1562 (w), 1403 (s), 1255 (m), 1212 (w), 1175 (s), 1090 (w), 

1021 (m), 970 (m), 860 (m), 845 (m), 781 (s), 727 (s) and 659 (w). 
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Synthesis of Mn3(hfbba)6(phen)2 (F-MOF-10):28d Following similar synthetic 

protocol as F-MOF-8, synthesis of F-MOF-10 has been performed except the addition 

of Mn(NO3)2·xH2O in place of Zn(NO3)2·6H2O. Light yellow colored crystals of F-

MOF-10 were collected by filtration and dried in air (10 min) (yield: 72 %). [Yield: 47 

%, 0.0205 g depending on Mn(NO3)2·xH2O].  

FT-IR : (KBr 4000-400 cm-1): 3353 (br), 3075 (w), 2934 (w), 2345 (w), 1947 (m), 

1814(w), 1606 (s), 1555 (w), 1403 (s), 1292 (w), 1254 (w), 1211 (w), 1175 (w), 1102 

(w), 1021 (s), 971 (w), 845 (s), 845 (s), 782 (w), 727 (m), 688 (w), 639 (w) and 468 (w). 

Synthesis of [Cu2(hfbba)2(3-mepy)2] (Cu-FMOF-4B):28c Following similar synthetic 

protocol as F-MOF-4, synthesis of Cu-FMOF-4 has been performed except the 

replacement of DMF solvent with DEF. Dark blue colored crystals of Cu-FMOF-4B 

were collected by filtration and dried in air (10 min). [Yield: 67 %, 0.0161 g depending 

on Cu(NO3)2·3H2O]. 

FT-IR: (KBr 4000-400 cm-1): 3659 (m, br), 3071 (m, br), 2935 (w), 1632 (m), 1407 (s), 

1239 (m), 1173 (s), 929 (m), 779 (m), 514 (m). 

Synthesis of [Zn2(hfbba)2(3-mepy)2] ·(3-mepy) (Zn-FMOF-4B):28c Following similar 

synthetic protocol as Cu-FMOF-4B, synthesis of Zn-FMOF-4B has been performed 

except the addition of Zn(NO3)2·6H2O in place of Cu(NO3)2·3H2O. Colorless crystals of 

Zn-FMOF-4B were collected by filtration and dried in air (10 min). [Yield: 48 %, 

0.0142 g depending on Zn(NO3)2⋅6H2O]. 

FT-IR: (KBr 4000-400 cm-1): 3310 (m, br), 2941 (w), 1938 (w), 1644 (s), 1570 (m), 

1410 (s), 1291 (m), 1174 (m), 929 (m), 780 (m) and 477 (m). 

Synthesis of [Co2(hfbba)2(3-mepy)2] ·(DMF)3 (Co-HFMOF-D):28b Following similar 

synthetic protocol as F-MOF-4, synthesis of Co-HFMOF-D has been performed except 

the replacement of metal centre Cu(NO3)2·3H2O with Co(NO3)2·6H2O. Dark pink 

colored crystals of Co-HFMOF-D were collected by filtration and dried in air (10 min) 

[Yield: 52 %, 0.0151 g depending on Co(NO3)2·6H2O].  

FT-IR: (KBr 4000-400 cm-1): 3393 (m, br), 2935 (w), 1944 (w), 1628 (m), 1406 (s), 

1172 (s), 929 (m), 780 (m) and 481 (m). 
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Synthesis of [Co(hfbba)(3-mepy)(H2O)] (Co-HFMOF-W):28b Hydrothermal reaction 

of Co(NO3)2·6H2O (0.035, 0.12 mmol) with 0.5 mL 3-methyl pyridine and excess 

H2hfbba (0.196 g, 0.50 mmol) in a 25 mL acid-digestion bomb using deionized water (7 

mL) at 85 °C for 96 h produced pink colored crystals of Co-HFMOF-W. Crystals were 

collected by filtration, washed with ethanol, and dried in air (10 min). [Yield: 42 %, 

0.0147 g depending on Co(NO3)2·6H2O].  

FT-IR: (KBr 4000-400 cm-1): 3203 (m, br), 3088 (w), 2528 (w), 1697 (m), 1609 (s), 

1546 (m), 1392 (s), 1293 (m), 1171 (m), 930 (w), 786 (m), 725(m) and 512(w). 

Synthesis of [Mn2(hfbba)2(3-mepy)]·(H2O) (Mn-HFMOF-D):28b Following similar 

synthetic protocol as F-MOF-4, synthesis of Mn-HFMOF-D has been performed except 

the replacement of metal centre Cu(NO3)2·3H2O with Mn(NO3)2·xH2O. Colorless 

crystals of Mn-HFMOF-D were collected by filtration and dried in air (10 min). [Yield: 

47 %, 0.0134 g depending on Mn(NO3)2·xH2O].  

FT-IR: (KBr 4000-400 cm-1): 3225 (m, br), 1965 (m), 1624 (m), 1550 (s), 1390 (s), 

1242 (s), 1171 (m), 957 (s), 784 (s), 555 (w). 

Synthesis of [Mn(hfbba)(3-mepy)(H2O)] (Mn-HFMOF-W):28b Following similar 

synthetic protocol as Co-HFMOF-W, synthesis of Mn-HFMOF-W has been performed 

except the replacement of metal centre Co(NO3)2·6H2O with Mn(NO3)2 ·xH2O. Crystals 

were collected by filtration, washed with ethanol, and dried in air (10 min). [Yield: 61 

%, 0.0213 g depending on Mn(NO3)2·xH2O].  

FT-IR: (KBr 4000−400 cm−1): 3207 (m, br), 3090 (w), 2528 (w), 1697 (m), 1610 (s), 

1547 (m), 1390 (s), 1292 (m), 1248 (s), 1171 (m), 933 (w), 785 (m), 730 (m), 514 (w). 

Synthesis of [Co3(INA)4(O)(C2H5OH)3](NO3)·(C2H5OH) ·(H2O)3] Co-INA-1:37 A 

mixture of Co(NO3)2·6H2O (1.0 mmol, 0.029 g), isonicotinic acid (1.0 mmol, 0.121 g), 

triethylamine (0.20 mL), and EtOH (10 mL) was sealed in a 15 mL teflon-lined 

stainless-steel parr bomb at 140 °C for 72 h, which was then slowly cooled to room 

temperature. The block red crystals obtained were filtered off, washed with EtOH and 

dried in air (30 min). (Yield: 21 mg, 75 % based on Co). 

FT-IR: (KBr, 4000-400 cm-1): 3372 (s), 1617 (s), 1550 (s), 1384 (vs), 1229 (w), 1058 

(w), 1019 (w), 869 (w), 775 (m), 690 (m), 568 (w), 457 (w). 

Synthesis of [Co(INA)2 •(DMF)] Co-INA-2:28a 1.5 mL isonicotinic acid (0.20 M) 
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solution in DMF was taken in a 5 mL glass vial. 0.5 mL Co(NO3)2·6H2O solution (0.20 

M) in DMF was added to this solution. The vial was capped and heated to 85 °C for 72 

h. The mother liquor was decanted and plate pink crystals were filtered off, washed with 

DMF and dried in air (10 min). (Yield: 17 mg, 58 % based on Co). 

FT-IR: (KBr 4000-400 cm-1): 3238 (br), 2894 (br), 1657 (w), 1566 (m), 1441 (s), 1372 

(s), 1062 (w), 774 (m) and 684 (s). 

Synthesis of [Co3(FINA)4(O)(C2H5OH)2 (H2O)] Co-FINA-1:28a A mixture of 

Co(NO3)2·6H2O (1.0 mmol, 0.029 g), 3-fluoro-isonicotinic acid (1.0 mmol, 0.121 g), 

EtOH (2 mL) and DMF (5 mL) was sealed in a 25 mL teflon-lined stainless-steel parr 

bomb at 140 °C for 72 h, which was then slowly cooled to room temperature. The block 

pink crystals obtained were filtered off, washed with DMF and dried in air (30 min). 

(Yield: 15 mg, 50 % based on Co). 

FT-IR: (KBr 4000-400 cm-1): 3215 (br), 1654 (m), 1588 (s), 1381 (s), 1215 (s), 1062 

(w), 801 (w) and 667 (w). 

Synthesis of [Co(FINA)2·(H2O)] Co-FINA-2:28a 1.5 mL 3-fluoro-isonicotinic acid 

(0.20 M) solution in DMF was taken in a 5 mL glass vial. 0.5 mL Co(NO3)2·6H2O 

solution (0.20 M) in DMF was added to this solution. The vial was capped and heated to 

85 °C for 72 h. The mother liquor was decanted and block pink crystals were filtered 

off, washed with DMF and dried in air (10 min). (Yield: 19 mg, 65 % based on Co). 

FT-IR: (KBr 4000-400 cm-1): 3212 (br), 2871 (br), 1661 (w), 1561 (m), 1539 (s), 1381 

(s), 1231 (s), 1062 (w), 923 (w), 773 (m) and 688 (s). 
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Effect of Fluorination on Hydrogen (H2) Adsorption in 

Copper-Tetrazolate Based Metal Organic Frameworks 

(MOFs) 
 

3.1 Introduction: 
From last few years, active research for storing hydrogen is also proceeding on 

functionalized and non-functionalized carbon nanotubes,1 zeolites,2 activated carbon,3 

and metal hydrides.4 Although, these materials has been broadly studied and potentially 

applied in H2 storage applications, still there are limitations for using these materials as 

they are expensive, shows strong interaction with adsorbents, problems in regeneration 

of adsorbents, etc.5 Recent years have witnessed huge research on the synthesis of 

porous functional MOF materials, using diverse organic spacers with different metals.6 

MOFs, on the other hand has shown promise over these materials due to their 

fascinating structures, exceptionally high surface areas, uniform yet tunable pore sizes 

and well-defined adsorbate-MOF interaction sites.7 One of the major reasons for MOF 

research is the expectation of achieving the U.S. Department of Energy (DoE) targets on 

H2 storage for on-board and vehicular applications.8 Various strategies such as 

extending pore sizes comparable to the adsorbed molecules,9 increasing surface area and 

pore volume,10 utilizing catenation11 and creation of open metal sites12 have been 

explored to achieve the DoE target for H2 storage. Similarly, insertion of functionalities 

like –F, –NH2, –OH, –COOH, etc. on the organic spacer has also been proved to have 

good impact on enhancing the H2 and CO2 gas adsorption properties.13 Recently, 

computational studies also proved that the choice of both ligand and metal center plays 

an important role in gas-framework interactions.14 In recent reports, researchers have 

showed that porous MOFs with exposed fluorine atoms (F-MOFs), possess “high” 

physisorptive H2 adsorption enthalpy resulting into the enhancement in the H2 

adsorption properties.15 In previous chapter, as per our recent communications, we have 

demonstrated the advantage of fluorination for elevated H2 uptake experimentally as 

well as computationally.16 However, in an additional work on partially fluorinated 

MOFs, the explicit comparison of F-MOFs with its non-fluorinated analogues imparted 
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Figure 3.1 Possible modes of attachments commonly observed in 
tetrazolyl and carboxylate based linkers. 

a “disadvantage” towards H2 adsorption.17 As a result, it is very difficult to draw any 

conclusion regarding the impact of fluorination on H2 and CO2 adsorption as there are 

very few systematic comparative study of gas storage in iso-structural fluorinated and 

non-fluorinated MOFs. 

 Utilization of carboxylate containing organic linkers for constructing MOFs has 

been extensively studied because of their excellent coordination potential and possibility 

of building up novel open architectures. Alternatively, tetrazole based linkers and their 

substituted derivatives 

having pKa values 

similar to carboxylate 

acids (~4) have 

attracted great 

attention and used as 

organic linkers in the 

construction of 

MOFs.18,19 Followed 

by the convenient and 

environmental 

friendly synthetic 

route reported by 

Sharpless et al. for 

synthesis of 5-substituted-1H-tetrazoles; these tetrazolates have picked up researchers’ 

attentions for several purposes including organic linkers for MOF synthesis.18 Several 

tetrazolate-based MOFs with novel structures and interesting physical properties have 

been generated by in-situ hydrothermal methods.19,20 Similarly, utilization of pre-

synthesized tetrazole based linkers for MOF synthesis has been attempted due to the 

phenomenal applications shown by these MOFs in the fuel gas or CO2 storage, 

catalysis, nonlinear optics, molecular magnets, and luminescent properties.19 

Carboxylate-containing 5-substituted tetrazolate ligands (so-called tetrazolate-5-

carboxylates), contains at least four nitrogen and two oxygen atoms as electron-donating 

hetero-atoms, and thus can exhibit diverse coordination modes and have been used as 
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bridging building blocks in the formation of polymeric networks with charming 

structural varieties and peculiar performance (Figure 3.1). However, in contrast with 

carboxylate or tetrazolate, the investigation on chemistry of tetrazolate-5-carboxylate 

ligands having both functionalities (carboxylate and tetrazole) remains less developed, 

though they are expected to be a versatile bridge ligand. Since, the linkers possessing 

carboxylic acids and tetrazoles, exhibits a variety of coordination abilities (Figure 3.1) 

and the tendency to form architectures with multidimensional frameworks, these linkers 

are appealing for building new coordination compounds.20 In these regards, in order to 

achieve the multidimensional MOFs, with superior gas adsorption properties, we have 

utilized the 4-(1H-tetrazole-5-yl) benzoic acid (4-TBA) as an organic linker for MOF 

synthesis. Also, to explore the effect of fluorine insertion on the gas uptake properties in 

MOFs, the fluorine containing linker 2-fluoro-4-(1H-tetrazole-5-yl)benzoic acid (2F-4-

TBA) has been synthesized. 

Herein, in continuation with our previous attempts towards the evaluation of 

effect of partial fluorination on H2 uptake in MOFs,16a we represent the synthesis, 

structure and gas adsorption properties of three MOFs synthesized from predesigned 

ligands 4-TBA and 2F-4-TBA with Cu(NO3)2.4H2O and anhydrous CuCl as metal 

precursors.16f Among these MOFs, Cu9(4-TBA)10(C2H5OH)2 (Cu-TBA-1) and Cu2(4-

TBA)2(DMF)(C2H5OH) (Cu-TBA-2) are structural isomers. Whereas, non-fluorinated 

Cu2(4-TBA)2(DMF)(C2H5OH) (Cu-TBA-2) and fluorinated Cu2(2-F-4-TBA)2(DMF)2 

(Cu-TBA-2F) have similar crystal structure. The structure of MOFs was determined by 

single crystal X-Ray diffraction, phase purity was demonstrated by PXRD, FT-IR and 

elemental analysis. Whereas, thermal stability of these MOFs was analyzed using VT-

PXRD/TGA analyses and N2, H2 and CO2 adsorption studies were performed in order to 

determine the porosity. H2 adsorption sites in Cu-TBA-2 and Cu-TBA-2F have been 

analyzed computationally by molecular simulations. To the best of our knowledge this 

is the first attempt, where effect of fluorination on structurally similar MOFs has been 

verified both experimentally and computationally.  
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3.2 Result and Discussion: 
3.2.1 Synthesis of MOFs:  

In the present context, we have used 4-TBA and it’s partially fluorinated analogue 2-F-

4-TBA as key linkers and presented a comparative study towards their gas adsorption 

properties. We chose tetrazole benzoic acids as the ligand for this study as:  

a. These linkers possess two functional groups with different coordination modes. The 

carboxylate and tetrazole group can adopt versatile coordination conformations, from 

monodentate to tetradentate. Combination of both these functionalities can create a 

number of new MOFs with uncommon topologies.20  

b. Elongated structure of the ligand with carboxylate and tetrazole functionality can 

create large pores for gas adsorption and other purposes. 

 
Figure 3.2 Scheme of synthesis for MOFs synthesized using of 4-tetrazole benzoic acid and 2-
fluoro-4-tetrazole benzoic acid linkers. (S.A.V. = solvent accessible volume). 

Since, thermodynamically and kinetically unfavorable room temperature 

reactions of these linkers with metals results into the precipitations of reactants, we have 

followed the solvothermal synthetic pathway using elevated temperature around 90 °C. 

Although, we could see the small crystallites in the reaction vessel after 12 h, in order to 

achieve the single crystal suitable for X-ray diffraction studies in large yield, we have 
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used prolonged heating upto 96 h to the same mixture. Due to the poor solubility of both 

4-TBA and 2-F-4-TBA into water, we have used DMF as a solvent. The addition of 

alcohol into the reaction vial facilitated the crystal growth to form the single crystals 

mountable for X-ray diffraction studies. Since, the oxidation state of precursor metal in 

the reaction mixture affects the resulting crystal structure of MOFs diversely, in this 

context we have used both Cu(I) and Cu(II) as metal centers for the MOF synthesis. The 

effect of metal oxidation state, temperature and ligand functionalization on the resulting 

MOF structures has been validated by means of single crystal XRD structures. The 

MOFs formed in these series were further examined for gas adsorption studies. 

3.2.2 Crystal Structure Descriptions: 

Crystal Structure of Cu-TBA-1: 

 

Figure 3.3 Crystal structure of Cu9(4-TBA)10(EtOH)2 (Cu-TBA-1). (a) Octahedral paddlewheel 
type SBU-1 along with 2 axial solvent molecules. (b) SBU-2 with octahedral Cu(II) (middle, 
coordinated to 6 nitrogen) surrounded by two trigonal bipyramidal Cu(II) (coordinated to 3 
nitrogen and 2 oxygen). (c) Trigonal bipyramidal SBU-3 where Cu(II) is coordinated to 3 
nitrogen and 2 oxygen. (d) Packing diagram showing formation of hollow cages through a axis. 
Solvent molecules are omitted for clarity. Color code: Cu (magenta), N (blue), O (red), C (grey), 
H (pink). [Reprinted with permission from (16f). Copyright 2011 American Chemical Society]. 

In the crystal structure of Cu-TBA-1, three types of SBUs are present (Figure 3.3 and 

Figure 3.4), where Cu(II) metal centers are either in octahedral (SBU-1 and -2) or in 

trigonal bipyramidal coordination state (SBU-2 and SBU-3). It is noteworthy that, 
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octahedral metal centers [Cu(1) and Cu(2)] in the SBU-1 and -2 are coordinated 

exclusively to oxygen or nitrogen; while trigonal bipyramidal metal centers [Cu(3) and 

Cu(4)] are coordinated to both oxygen and nitrogen (Figure 3.3). Among the three 

SBUs, SBU-1 is a Cu paddlewheel type, where four μ2-OCO− carboxyl groups from 

different 4-TBA ligands join to two different Cu(II) atoms. Two axial positions of 

Cu(II) are coordinated by ethanol molecules as shown in Figure 3.3a and Figure 3.6. 

Removing coordinated solvent molecules from the paddlewheel SBU via solvent 

exchange followed by evacuation at elevated temperature, can create open metal sites.  

 
Figure 3.4 ORTEP drawings displayed at the 50 % probability level for, (a) Cu-TBA-1, (b) Cu-
TBA-2, and (c) Cu-TBA-2F synthesized using 4-TBA and 2F-4-TBA linkers. 

In SBU-2, there are two types Cu(II) atoms, in which Cu(2) is coordinated to four 

different μ2-tetrazolyl and two different μ4-tetrazolyl nitrogen (See Figure 3.6 for 

modes of attachments). On the other hand, Cu(3) is coordinated to two nitrogen from 

two different μ2-tetrazolyl groups, one nitrogen from μ4-tetrazolyl group and two 
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oxygens from carboxylate functionality of 4-TBA ligand (Figure 3.3b). Similarly the 

SBU-3 is formed by coordination of three different μ2-tetrazolyl, one μ4-tetrazolyl 

nitrogen and two μ2-OCO carboxylate functionality to Cu(4) as shown in Figure 3.3c. 

In the crystal structure of Cu-TBA-1, the paddlewheel type SBU-1 extends in 

three dimensions through its μ2-tetrazolyl group along a and c axis connecting to SBU-2 

as shown in Figure 3.3d. Further, SBU-2 expands its coordination sphere along ab plane 

connecting it’s both sides to the SBU-3 and thus creates a three dimensional 

architecture. Cu-TBA-1 forms highly connected porous structure due to the different 

binding modes of 4-TBA ligand. In the crystal structure, three types of SBUs with two 

different types of bridging modes for tetrazolyl group and carboxyl group gives highly 

connected structure with a large cages of 18.4 × 19.7 Å outer dimensions, with 11.6 Å 

pore radii inside it (Figure 3.2). These pores are accessible for gas adsorption as they 

have the pore aperture of 3.6 Å. The paddlewheel type SBU-1 forms the wall of cages 

and two solvent molecules attached to it protrude into the pores, which can be removed 

after evacuation for creation of large void space. The solvent accessible volume 

calculated for guest free Cu-TBA-1 using PLATON is as high as 51 %.29 The structure 

of Cu-TBA-1 is highly stable till 230 ºC and maintains crystallinity at higher 

temperature as well. 

Crystal Structure of Cu-TBA-2: 

In the crystal structure of Cu-TBA-2, only one SBU has been observed with octahedral 

Cu(II) centers (Figure 3.5b). In Cu-TBA-2, two oxygen atoms from μ2-OCO 

carboxylate groups are coordinated to two adjacent Cu(II) centers (Figure 3.6). These 

Cu(II) centers are also connected to four nitrogen atoms from ditopic μ2-tetrazolyl 

groups. One oxygen atom from DMF and one oxygen atom from ethanol are 

coordinated to these Cu centers to form octahedral environment as shown in Figure 3.5. 

The structure of Cu-TBA-2 extends in the ab plane through the coordination of Cu(II) 

centers, ditopic tetrazolyl groups and DMF or ethanol in alternate fashion (Figure 3.5a 

and 3.5c). The joining of these carboxyl and tetrazolyl groups in ditopic fashion along 

the c axis creates one dimensional square shaped pores of 4.0 Å, where bridging 

disordered DMF and ethanol are pointing towards the pores (Figure 3.5b). 



Chapter 3                                                                   Effect of Fluorination on H2 Uptake 

2014-Ph. D. Thesis: Pradip Pachfule, (CSIR-NCL), AcSIR                                                                        112 | P a g e  

 

Figure 3.5 Crystal structure and structural deformation of Cu2(4-TBA)2(DMF)(EtOH) (Cu-
TBA-2) and Cu2(2F-4-TBA)2(DMF)2(Cu-TBA-2F). (a) and (d) Octahedral Cu(II) SBU in Cu-
TBA-2 and Cu-TBA-2F coordinated to 4 oxygen and 2 nitrogen. (b) and (e) Packing diagram 
showing formation of one-dimensional pores through a axis for Cu-TBA-2 and Cu-TBA-2F. (c) 
and (f) Packing diagram of  Cu-TBA-2 and Cu-TBA-2F showing connectivity of metal centers 
with 4-TBA and 2-F-4-TBA linkers. (g) Formation of 12.5 Å and 15.7 Å angle between 
tetrazole ring with benzene ring plane and carboxyl group with benzene ring plane, respectively 
in Cu-TBA-2. (f) Formation of 9.6 Å and 16.7 Å angles between the tetrazole ring with the 
benzene ring plane and the carboxyl group with the benzene ring plane, respectively, in Cu-
TBA-2F, showing variation in angle formation due to the effect of the protruding fluorine. Color 
code: Cu (magenta), N (blue), O (red), C (grey), H (pink), and F (green). 

Crystal Structure of Cu-TBA-2F: 

In the crystal structure of Cu-TBA-2F, only one type SBU has been observed (like Cu-

TBA-2) with octahedral Cu(II) metal center. In the SBU of Cu-TBA-2F, two oxygen 

atoms from μ2-OCO carboxylate groups, two nitrogen atoms from ditopic μ2-tetrazolyl 

groups and two DMF molecules are coordinated to the two adjacent Cu centers to form 

the octahedral Cu(II) centers as shown in Figure 3.5d and Figure 3.6. Each Cu(II) atom 

in the structure is connected through carboxyl and tetrazolyl groups along a axis. The 

structure of Cu-TBA-2 extends in the ab plane through joining of μ2-carboxyl and 

ditopic tetrazolyl groups in alternate ditopic fashion (Figure 3.5f) and creates the one 

dimensional, square shaped pores of 3.6 Å along the a axis (Figure 3.5e).  
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Figure 3.6 Schematic drawing and mode of coordination of 
TBA and 2F-4-TBA linkers observed in Cu-TBA-1, -2, and -
2F. 

In Cu-TBA-2 and Cu-TBA-2F, both tetrazolate ring and carboxyl functionality 

adopts a bend conformation (Figure 3.5g and 3.5h). The tetrazolate ring for Cu-TBA-2 

and -2F adopts an angle of 12.5° and 9.6º with respect to the plane of the benzene ring, 

while 15.7° and 16.7º are the angles of the carboxyl group. In Cu-TBA-2F, due to the 

steric hindrance of fluorine atom with solvent molecules, the bending angle increases 

from 15.7º to 16.7º for the coordinated carboxyl group. Due to the higher bending of 

carboxyl group, the pores formed in Cu-TBA-2F have smaller dimensions (3.3 Å) than 

Cu-TBA-2 (4.0 Å). Structures of Cu-TBA-2 and Cu-TBA-2F are very similar in nature, 

well simplified compared to Cu-TBA-1, and porous. Solvent accessible void calculated 

for solvent free Cu-TBA-2 and -2F using PLATON is 10 % and 8 %, respectively. In the 

crystal structure of the Cu-TBA-2F fluorine atoms are protruding in the pores, leading 

to the pore blockage and decreasing the solvent accessible volume. 

3.2.3 Discussion on Crystal Structures: 

Structural analysis of Cu-TBA-1, Cu-TBA-2 and Cu-TBA-2F reveals several interesting 

features. Cu-TBA-1 is highly porous and highly connected MOF with different 

connectivity’s for 

tetrazolate (μ2-tetrazolyl, 

μ4-tetrazolyl) as well as 

carboxyl group (μ1-

OCO−, μ2-OCO−). The 

Cu-TBA-1 has large 

elliptical cages possessing 

large pores of about 11.6 

Å. On the other hand Cu-

TBA-2, the structural 

isomer of Cu-TBA-1 is 

well simplified and 

contains only one 

octahedral SBU with μ2-

tetrazolyl group and μ2-OCO− group (Figure 3.6). The structure of Cu-TBA-2F is iso-

structural to Cu-TBA-2 in terms of connectivity of the SBU and formation of extended 
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3D structure. In this structure, due to insertion of highly electronegative fluorine atom 

into the system, bending of carboxyl group increases from 15.7 Å to 16.7 Å from the 

benzene ring plane, possibly due to the interaction of fluorine atoms with neighboring 

atoms resulting into the formation of smaller pores of 3.3 Å as compared to the Cu-

TBA-2. Moreover, in the structure of Cu-TBA-2F, uncoordinated exposed fluorine 

atoms are protruding into the pores resulting in pore blockage. 

By changing the metal precursor from Cu(II) to Cu(I), the structural isomers Cu-

TBA-1 and Cu-TBA-2 has been isolated in crystalline form in quantitative amount. The 

discrete differences in pore size and modes of attachments observed in these MOFs, 

highlights the role of metal precursor in the determination of MOF structure. The 

structural isomerism, in which isomers retain their structural similarity before and after 

functionalization, is very rare in the literature and has not been reported in MOF 

literature frequently. Since, Cu-TBA-2 and Cu-TBA-2F are isostructural MOFs, the 

obvious structural similarities are observed in these cases. Most importantly, the Cu-

TBA-2 synthesized from 4-TBA have the similar structure so as to Cu-TBA-2F 

synthesized from 2-F-4-TBA. Isostructural MOFs having exactly similar structures but 

with and without fluorine atoms pointing into the MOF pores in case of Cu-TBA-2 and 

Cu-TBA-2F, respectively; would be the best choice to study the effect of partial 

fluorination on gas uptake properties.  

3.2.4 Thermo Gravimetric and Powder X-ray Diffraction Analyses: 

 

Figure 3.7 Thermal stability and the thermal gravimetric analysis (TGA) data of as synthesized 
samples of (a) Cu-TBA-1, (b) Cu-TBA-2, and (c) Cu-TBA-2F and solvent exchanged samples 
of Cu-TBA-2 and Cu-TBA-2F. The solvent exchanged samples show the higher weight loss at 
low temperature due removal low boiling guest solvent molecules from the framework. 
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We have prepared the Cu-TBA-1, Cu-TBA-2 and Cu-TBA-2F at the gram scale to 

allow detailed investigation of the thermo gravimetric properties and to examine the 

architectural stability and thermal stability. Thermo gravimetric analysis (TGA) 

performed on as-synthesized Cu-TBA-1, Cu-TBA-2 and Cu-TBA-2F revealed that these 

compounds have high thermal stability (Figure 3.7). The TGA trace for as synthesized 

Cu-TBA-1, Cu-TBA-2 and Cu-TBA-2F showed a gradual weight-loss step of 22.5 % 

(20–200 °C), 3.2 % (20–200 °C) and 3.0 % (20–200 °C), respectively; corresponding to 

escape of coordinated and guest solvent (DMF and ethanol) molecules in pores. This is 

followed by a sharp weight loss (200–390 °C) probably due to the decomposition of the 

framework. It is noteworthy that the TGA traces solvent exchanged Cu-TBA-2 show a 

larger weight loss of 12.5 % (20–200 °C) corresponding to escape of coordinated DMF, 

ethanol and non-coordinated guest solvent molecules in pores (Figure 3.7b). However, 

the same for Cu-TBA-2F doesn’t change its TGA behavior in large extent [6.5 % (20–

200 °C)]. A possible reason for this could be due to difficulty for the removal of 

coordinated DMF and ethanol molecules form Cu-TBA-2F framework (Figure 3.7c). 

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

diffraction (PXRD) experiments were carried out on all complexes. All major peaks of 

experimental PXRDs of Cu-TBA-1, Cu-TBA-2 and Cu-TBA-2F matches well with 

simulated PXRDs, indicating their reasonable crystalline phase purity (Figure 3.8a, 3.8c 

and 3.8e).21 We have performed in situ variable temperature PXRD (VT-PXRD) of Cu-

TBA-1, Cu-TBA-2 and Cu-TBA-2F to understand the structural changes at high 

temperature (Figure 3.8b, 3.8d and 3.8f). In situ VT-PXRD patterns of Cu-TBA-1, Cu-

TBA-2 and Cu-TBA-2F have been collected at different temperature that coincides with 

the patterns simulated from single crystal structures. In situ VT-PXRD of all MOFs 

reported here indicate the stability and retention of crystallinity of these samples (230 

°C) at high temperature. It also reveals that there are no possibilities of phase changes at 

higher temperature for these samples. Small differences in the intensities of the 

reflections are observed at higher temperatures due to the removal of residual solvent 

molecules. 
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Figure 3.8 PXRD and VTPXRD patterns Cu-TBA-1, Cu-TBA-2 and Cu-TBA-2F. (a), (c) and 
(e) Comparison of the experimental PXRD pattern of as-synthesized Cu-TBA-1, Cu-TBA-2 and 
Cu-TBA-2F (top) with the one simulated from its single crystal structure (bottom), respectively. 
(b), (d) and (f) VT-PXRD patterns of Cu-TBA-1, Cu-TBA-2 and Cu-TBA-2F at different 
temperatures which coincides upto 230 °C, showing absence of phase change at high 
temperature. 
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3.3 Gas Adsorption Properties: 
3.3.1 Experimental Results: 

 

Figure 3.9 Experimental and computational gas adsorption isotherms for Cu-TBA-1, Cu-TBA-
2 and Cu-TBA-2F. (a) N2 adsorption isotherms below 1.0 bar for Cu-TBA-1 (blue) and Cu-
TBA-2 (red) at 77 K. (b) H2 adsorption isotherms below 1.0 bar for Cu-TBA-1 (blue), Cu-TBA-
2 (red) and Cu-TBA-2F (green) at 77 K. (c) CO2 adsorption isotherms below 1.0 bar for Cu-
TBA-1 (blue), Cu-TBA-2 (red), and Cu-TBA-2F (green) at 298 K. (d) Simulated and 
experimental adsorption isotherms of H2 in Cu-TBA-2 (red) and -2F (green) at 77 K. The open 
symbols are from simulation and the filled symbols are from experimental data. Pores available 
for N2 gas adsorption in the Cu-TBA-1, Cu-TBA-2 and Cu-TBA-2F are shown with a yellow 
ball in the inset figures. Filled and open circles represent adsorption and desorption data for (a), 
(b) and (c), respectively. [Reprinted with permission from (16f). Copyright 2011 American 
Chemical Society]. 

In order to explore the gas storage properties of MOFs synthesized using 4-TBA and 2-

F-4-TBA, we have performed the N2, H2 and CO2 uptake studies (Table 3.1). The 

permanent porosity of Cu-TBA-1, Cu-TBA-2 and Cu-TBA-2F is confirmed by gas 
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adsorption studies. The N2 adsorption isotherms of the activated sample of Cu-TBA-1 

exhibit Type-I sorption behavior (Figure 3.9) with a Langmuir and BET surface area of 

686 m2/g and 616 m2/g respectively. The activated sample of Cu-TBA-2 also shows 

type-I adsorption behavior with Langmuir and BET surface area of 402 m2/g and 356 

m2/g, respectively. These results are justified as Cu-TBA-2 has less pore size (4.24 Å), 

low void space and less solvent accessible volume (10.9 %) as compared to Cu-TBA-1 

(51.3 %). Although, Cu-TBA-2 and Cu-TBA-2F are iso-structural in terms of the 

connectivity of the SBU and formation of extended 3D structure, Cu-TBA-2F is non-

porous to N2 adsorption. The total reduction of surface area in Cu-TBA-2F is 

presumably due to the insertion of fluorine and subsequently inaccessibility of pores. 

Fluorine atom has considerably higher van der Waals radius (1.47 Å) than H2 (1.20 Å). 

Also, as mentioned previously, the coordinated guest solvents present in the framework 

of Cu-TBA-2F are difficult to remove from the framework possibly due to highly 

electronegative nature of fluorine atom. The kinetic diameter of N2 (3.65 Å) is higher 

than pore size of Cu-TBA-2F (3.52 Å), and the low kinetic energy of the N2 molecules 

at 77 K resulting in N2 molecules unable to effectively enter small pores of Cu-TBA-2F. 

However, Cu-TBA-2F is able to take up H2 (2.89 Å) and CO2 (3.4 Å) as it has the less 

kinetic diameter. 

Table 3.1 Summary of gas adsorption analyses of Cu-TBA-1, Cu-TBA-2 and Cu-TBA-2F 

MOFs synthesized using 4-TBA and 2-F-4-TBA linkers: 

Name of 

MOFs 

Surface Area (m2/g) H2 Uptake CO2 Uptake 

(mmol/g) Langmuir  BET Experimental Computational 

Cu-TBA-1 686 402 1.16 - 3.08 

Cu-TBA-2 616 356 1.54 1.62 2.54 

Cu-TBA-2F - - 0.67 1.36 1.27 

The H2 and CO2 adsorption properties of Cu-TBA-1, Cu-TBA-2 and Cu-TBA-

2F are shown in Figure 3.9b and 3.9c, respectively. All these MOFs show reversible 

type-I H2 and CO2 adsorption isotherms at 77K and 298 K, respectively. In addition, the 

absence of adsorption–desorption hysteresis indicates that H2 and CO2 is reversibly 
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adsorbed by all the MOFs discussed in this context. At 760 Torr and 77 K, Cu-TBA-1 

and Cu-TBA-2 adsorbs 1.16 and 1.54 wt% H2, while Cu-TBA-2F adsorbs 0.67 wt% H2. 

The difference between the H2 uptakes of Cu-TBA-1 and −2 is well anticipated as small 

pores of Cu-TBA-2 are more suitable for H2 adsorption, which is well supported by 

previous reports.22 Fluorine atoms protrude into the pores in case of Cu-TBA-2F, as a 

result due to decreased pore size and steric crowding; it shows less adsorption capacity 

for H2. The CO2 adsorption properties of Cu-TBA-1, −2 and −2F are shown in Figure 

3.9c. Cu-TBA-1 and −2 adsorbs 3.08 and 2.54 mmol/g, while Cu-TBA-2F adsorbs 1.27 

mmol/g of CO2 at 298 K and 1 bar pressure. These reversible H2 and CO2 uptake at 1 

atm pressure is comparable with previously reported ZIFs and well known MOFs 

materials.23 The prominent difference in CO2 uptake properties between the Cu-TBA-1 

and −2 is well defined. As shown in Figure 3.9c, at low pressure upto the 0.45 bar both 

these MOFs adsorb CO2 equally as Cu-TBA-1 and -2 have availability of adsorptive 

pores till that pressure. After 0.45 bar pressure, Cu-TBA-2 adsorbs less CO2 gas as its 

pore size is less than Cu-TBA-1. The larger pores of Cu-TBA-1 adsorb more CO2 as 

pressure increases from 0.45 to 1 bar. The availability of larger and suitable pores for 

CO2 adsorption in Cu-TBA-1 over Cu-TBA-2 gives more adsorption capacity in it. 

Again as discussed earlier, due to blocking of pores, Cu-TBA-2F adsorbs less amount of 

CO2, although it is iso-structural, in terms of the connectivity of the SBU and formation 

of extended 3D structure with Cu-TBA-2. 

3.3.2. Computational/Theoretical Results: 

Grand Canonical Monte Carlo (GCMC) simulations were carried out for H2 adsorption 

in Cu-TBA-2 and Cu-TBA-2F; to unravel the effect of fluorine atoms on adsorption and 

to identify the adsorption sites in gas–loaded structures, as they are isostructural. The 

experimentally determined desolvated crystal structures were used in the simulations. 

The porosities of Cu-TBA-2 and Cu-TBA-2F are 0.540 and 0.531, respectively, 

evaluated using Materials Studio with a Connolly probe radius equal to zero. H2 

molecule was represented as a two-site rigid molecule with H−H bond length of 0.74 Å. 

The Lennard-Jones parameters of H-H interaction were σ = 2.59 Å and ε = 12.5 K.31 

The dispersion interactions of the framework atoms in Cu-TBA-2 and Cu-TBA-2F were 

modeled by the Universal Force Field (UFF).32 The Lorentz-Berthelot combining rules 
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were used to calculate the cross LJ interaction parameters.  

 

Figure 3.10 H2 adsorption density contours for Cu-TBA-2 and Cu-TBA-2F on the XY plane for 
H2 adsorption at 1 kPa. [Reprinted with permission from (16f). Copyright 2011 American 
Chemical Society]. 

In the GCMC simulations the frameworks and H2 molecules were treated as rigid. 

The LJ interactions were evaluated using a spherical cutoff of 18 Å with the long-range 

corrections added. Five types of trial moves were conducted for H2 molecules, namely, 

displacement, rotation, partial re-growth at a neighboring position, complete re-growth 

at a new position, and swap with the reservoir. The number of trial moves in the 

simulations was 2 × 107. The first 107 moves were used for equilibration and the 

subsequent 107 moves for production. The H2 adsorption isotherms obtained in Cu-

TBA-2 and Cu-TBA-2F at 77 K by experimental procedures and simulations are shown 

in Figure 3.10d. The simulated H2 adsorption agrees fairly well with experimental in 

Cu-TBA-2. Specifically, the adsorption at 1 bar is 1.54 wt% from experiment and 1.62 

wt% predicted by simulation. But the simulated isotherm in Cu-TBA-2F largely 

overestimates experimental data as the simulated adsorption is 1.36 wt%, whereas the 

experimental is 0.67 wt%. The deviations between experimental and simulation 

isotherms in Cu-TBA-2F are much larger than in Cu-TBA-2. This is possibly attributed 

to the interactions of protruding fluorine atoms in Cu-TBA-2F and difficulties in 

removing the coordinated and guest solvent molecules from the pores. At low pressures, 

both the simulated isotherms in Cu-TBA-2 and Cu-TBA-2F are nearly similar, due to 
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the availability of smaller pores in both MOFs. But as we move further to high 

pressures, due to the inaccessibility of pores for H2 adsorption in Cu-TBA-2F over Cu-

TBA-2, lower H2 adsorption is observed in Cu-TBA-2F. 

To identify the favorable binding sites for H2 in Cu-TBA-2 and -2F, the density 

distributions of adsorbed H2 molecules were estimated along the YZ plane at 77 K and 1 

kPa. As illustrated in Figure 3.10, H2 molecules are primarily adsorbed in the pores 

along the X axis and the binding sites are mostly located in the pore centers in both Cu-

TBA-2 and -2F. More specifically, the density in Cu-TBA-2 equally distributes in the 

middle of the pores as protruding hydrogen atoms from ligand does not have strong 

effect on adsorbed H2 gas molecules. The density in Cu-TBA-2F is lower; however, 

particularly in the regions near the fluorine atoms due to steric hindrance. 
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3.4 Conclusions: 
In conclusion, we have synthesized solvothermally three new MOFs having three 

dimensional structures using the predesigned 4-TBA and 2-F-4-TBA ligands with a 

transition metal center Cu(I/II). These MOFs are highly porous and show high 

adsorption capacity for N2, H2 and CO2 at 1 atm pressure. At 1 atm pressure, Cu-TBA-1 

shows 1.16 wt% H2 and 3.08 mmol/g CO2 uptake; while Cu-TBA-2 shows uptake of 

1.54 wt % H2 and 2.54 mmol/g CO2 at 77 and 298 K. These MOFs are highly stable and 

retain crystallinity until 230 °C which was confirmed by TGA and in situ VT-PXRD 

patterns. The phenomenon of structural isomerism has been observed in the Cu-TBA-1 

and Cu-TBA-2 upon changing metal source during synthesis [Cu(NO3)2.3H2O to CuCl]. 

Also, iso-structural Cu-TBA-2 and Cu-TBA-2F were obtained by changing the ligand 4-

TBA to 2-F-4-TBA. The utility of small sized pores than that of very large for high H2 

uptake is experimentally redefined using Cu-TBA-2 (1.54 wt %) and Cu-TBA-1 (1.16 

wt %). 

In continuation with our efforts to explore the effect of partial fluorination on H2 

uptake properties in MOFs from previous Chapter 2, herein using isostructural Cu-

TBA-2 and Cu-TBA-2F MOFs, we have studied the same effect in more details by 

utilizing the experimental and computational results of H2 adsorption isotherms. The 

direct comparison between gas adsorption properties of iso-structural partially 

fluorinated Cu-TBA-2F and non-fluorinated Cu-TBA-2 suggested that enhancement of 

H2 adsorption due to fluorination in MOFs is not an universal phenomenon, but it is 

rather system specific and can differ from system to system. The density distributions of 

adsorbed H2 molecules in Cu-TBA-2 and Cu-TBA-2F from simulation suggest that H2 

molecules are primarily adsorbed in the pores along the X axis and the binding sites are 

mostly located in the pore centers. Based on the simulation, protruding fluorine atoms 

from 2-F-4-TBA appear to cause a steric hindrance and a lower adsorption for H2. 

Nevertheless, thorough research work is necessary on H2 adsorption on iso-structural 

fluorinated/non-fluorinated MOFs before we can conclusively indicate a 

positive/negative effect of fluorination on enhancement of hydrogen adsorption in 

MOFs. 
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3.5 Experimental and Computational Materials and Methods: 

3.5.1 General Procedures: 

All reagents and solvents for syntheses and analyses were commercially available and 

used as received. 4-cyanobenoic acid, 2-Fluoro-4-cyanobenzoic acid, Cu(NO3)2.3H2O, 

Sodium azide and Ammonium chloride were purchased from Aldrich Chemicals. DMF 

was purchased from Rankem chemicals. All experimental operations were performed in 

air and all the stock solutions were prepared in DMF. The Fourier transform (FT) IR 

spectra were recorded on a Bruker Optics ALPHA-E spectrometer with a universal Zn-

Se ATR accessory in the 600−4000 cm-1 region. Powder X-ray diffraction (PXRD) 

patterns and insitu variable temperature PXRD (VT-PXRD) were recorded on a Phillips 

PANalytical diffractometer for Cu Kα radiation (λ= 1.54 Å), with a scan speed of 2° 

min–1 and a step size of 0.02° in 2θ. Thermo-gravimetric analyses (TGA) were carried 

out for the temperature range of 20–800 °C on a SDT Q600 TG-DTA analyzer under N2 

atmosphere at a heating rate of 10 °C min–1. All low pressure gas adsorption 

experiments (up to 1 bar) were performed on a Quantachrome Quadrasorb automatic 

volumetric instrument. 

3.5.2 Single Crystal X-Ray Diffraction Methods:  

Single crystal data were collected on Bruker SMART APEX three circle diffractometer 

equipped with a CCD area detector and operated at 1500 W power (50 kV, 30 mA) to 

generate Mo Kα radiation (λ= 0.71 Å). The incident X-ray beam was focused and 

monochromated using Bruker Excalibur Gobel mirror optics. Crystals of all MOFs 

reported in the paper were mounted on nylon Cryo-Loop (Hampton Research) with 

Paraton-N (Hampton Research). Initial scans of each specimen were performed to 

obtain preliminary unit cell parameters and to assess the mosaicity (breadth of spots 

between frames) of the crystal to select the required frame width for data collection. In 

every case frame widths of 0.5° were judged to be appropriate and full hemispheres of 

data were collected using Bruker SMART software suite.24 Following data collection, 

reflections were sampled from all regions of the Ewald sphere to redetermine unit cell 

parameters for data integration and to check for rotational twinning using CELL NOW. 

Following exhaustive review of the collected frames the resolution of the dataset was 

judged. Data were integrated using Bruker SAINT25 software with a narrow frame 
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algorithm and a 0.40 fractional lower limit of average intensity. Data were subsequently 

corrected for absorption by the program SADABS.26 The space group determinations 

and tests for merohedral twinning were carried out using XPREP.27 In these cases, the 

highest possible space group was chosen. 

Table 3.2 Comparison of crystal data and structure refinement for Cu-TBA-1, Cu-TBA-2 and 
Cu-TBA-2F MOFs. 

MOFs Cu-TBA-1 Cu-TBA-2 Cu-TBA-2F 

Empirical formula C86H50Cu9N40O22 C21H23Cu2N9O6 C11.16H8CuF0.33N5O3 

Formula weight 2567.5 624.5 330.0 

Temperature 293(2) K 298(2) K 298(2) K 

Wavelength 0.7107 Å 0.7107 Å 0.7107 Å 

Crystal system Orthorhombic Orthorhombic Orthorhombic 

Space group Pnn2 Imm2 Ima2 

Unit cell dimensions 

a = 13.46(8) Å, α = 90° 

b = 29.98(7) Å,β = 90° 

c = 19.71(11) Å, γ = 90° 

a = 7.11(6) Å, α = 90° 

b = 21.58(2) Å, β = 90° 

c = 9.10(8) Å, γ = 90° 

a = 7.185(15) Å, α = 90° 

b = 9.185(19) Å, β = 90° 

c = 21.544(5) Å, γ = 90° 

Volume 7960 (8) 1398 (2) 1421.8 (5) 

Z 2 2 4 

Density (calculated) 1.071 1.477 1.540 

Absorption coefficient 1.235 1.572 1.553 

Goodness-of-fit on F2 0.910 1.077 1.031 

Final R indices 

[I>2sigma(I)] 

R1 = 0.0778, 

wR2 = 0.1731 

R1 = 0.0604, 

wR2 = 0.1503 

R1 = 0.0723, 

wR2 = 0.1961 

R indices (all data) 
R1 = 0.1304, 

wR2 = 0.1943 

R1 = 0.0663, 

wR2 = 0.1540 

R1 = 0.0933, 

wR2 = 0.2091 

CCDC 811812 811813 811814 

 

Structures were solved by direct methods and refined by least square method 

using the SHELXTL 97 software suite.28 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 
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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. Single crystal X-ray diffraction data for Cu-TBA-1, -2 and -2F 

was collected at 293(2) or 298(2) K. Structures were examined using the ADDSYM 

subroutine of PLATON to assure that no additional symmetry could be applied to the 

models.29 All ellipsoids in ORTEP diagrams are displayed at the 50 % probability level 

unless noted otherwise. Crystal data and details of data collection, structure solution and 

refinement are summarized in Table 3.2. Crystallographic data (excluding structure 

factors) for the structures reported in this context have been deposited with the CCDC 

as deposition No. CCDC 811812 - 811814. 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). 

3.5.3 Gas Adsorption Measurements:  

Low pressure volumetric gas adsorption measurements involved in this work were 

performed at 77 K for H2 and N2, maintained by a liquid nitrogen bath, with pressures 

ranging from 0 to 760 Torr on Quantachrome Quadrasorb automatic volumetric 

instrument. While CO2 adsorption measurements were done at room temperature (298 

K) with same pressures range. In the all adsorption measurements, ultra high-purity H2 

was obtained by using calcium aluminosilicate adsorbents to remove trace amounts of 

water and other impurities before introduction into the system. The blue colored micro 

crystals of each MOF were soaked in 1:1 dry dichloromethane and methanol mixture for 

12 h. Fresh 1:1 dry dichloromethane and methanol mixture was subsequently added and 

the crystals were allowed to stay for additional 48 h to remove co-ordinated and free 

solvates (DMF and EtOH) present in framework. The sample was dried under a 

dynamic vacuum (< 10-3 Torr) at room temperature for 12 h. The coordinated solvents 

DMF and EtOH on the secondary binding units (SBUs) remain in the framework at this 

stage. To remove coordinated solvents, samples were heated at 60 °C for 12 h and 100 

°C for 12 h under a dynamic vacuum. 

3.5.4 Simulation Model and Methods:  

Grand canonical Monte Carlo (GCMC) simulations were carried out for H2 adsorption 

in Cu-TBA-2 and −2F; to find the effect of fluorine atoms on adsorption and to identify 
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the adsorption sites in gas–loaded structures. The experimentally determined desolvated 

crystal structures were used in the simulations. The porosities of Cu-TBA-2 and -2F are 

0.540 and 0.531, respectively, evaluated using Materials Studio30 with a Connolly probe 

radius equal to zero. H2 molecule was represented as a two-site rigid molecule with 

H−H bond length of 0.74 Å.31 The dispersion interactions of the framework atoms in 

Cu-TBA-2 and −2F were modeled by the Universal Force Field (UFF).32 The Lorentz-

Berthelot combining rules were used to calculate the cross LJ−interaction parameters. 

GCMC simulations were conducted for H2 adsorption in Cu-TBA-2 and -2F at 77 K. 

The LJ interactions were evaluated using a spherical cutoff with the long-range 

corrections added. The number of trial moves in the simulation was 2 × 107. The first 

107 moves were used for equilibration and the subsequent 107 moves for production. 

3.5.5 Synthesis of Linkers and MOFs: 

Synthesis of 4-tetrazole benzoic acid (4-TBA) and 2-fluoro-4-tetrazole benzoic acid 

(2F-4TBA): Sodium azide (0.11 mol, 7.1 g) and ammonium chloride (0.11 mol, 5.8 g) 

were dissolved in 100 mL dry DMF. This solution was stirred for 30 min at room 

temperature. 4-cyano benzoic acid (0.1 mol, 14.7 g) was added with stirring to this 

solution. Then this mixture was refluxed with stirring at 120 °C for 18−20 h. After 

cooling to room temperature, this solution was acidified with 200 mL hydrochloric acid 

(1 M) solution with continuous stirring. White precipitate formed in the flask was 

filtered and ensuing product was washed with successive aliquots of distilled water (3 × 

25 mL). The product 4-tetrazole benzoic acid obtained was re-crystallized in dry 

acetone (Yield: 90 %, 13.2 g).33 

 
Scheme 1. Scheme of synthesis of 4-tetrazole benzoic acid and 2-fluoro-4-tetrazole benzoic acid 
linkers. 

The synthesis of 2-F-4-TBA was performed by following the similar synthesis 
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protocol so as to 4-TBA except the use of 2-fluoro-4-cyano benzoic acid instead of 4-

cyano benzoic acid (Yield: 58 %, 9.5 g). 

4-tetrazole benzoic acid (4-TBA): 

FT-IR: (KBr, 4000-600 cm-1): 3066 (m), 2321 (m, br), 1885 (m, br), 1630 (m), 1415 

(s), 1375 (s), 1200 (m), 1112 (m), 890 (s) and 744 (s). 
1H NMR (300 MHz, CDCl3): δ 8.10 (d, 2H, J=7.8), 8.00 (d, 2H, J=7.8). 

2-fluoro-4-tetrazole benzoic acid (2-F-4-TBA): 

FT-IR: (KBr 4000-600 cm-1): 3205 (m, br), 2958 (m), 2342 (m, br), 1802 (m), 1617 

(m), 1401 (m), 1355 (s), 1287 (s), 1212 (s), 854 (m) and 713 (m). 
1H NMR (300 MHz, CDCl3): δ 7.98 (d, 1H), 7.87 (d, 1H), 7.85 (d, 1H). 

Synthesis of Cu9(4-TBA)10(C2H5OH)2 (Cu-TBA-1): 2.0 mL 4-TBA solution (0.20 M) 

in 1:1 solution of N,N-dimethylformamide (DMF) and Ethanol (EtOH) was taken in a 5 

mL vial. 0.5 mL Cu(NO3)2 •3H2O solution (0.20 M) in DMF was added to this solution. 

The vial was capped and heated to 85 °C for 96 h. The mother liquor was decanted and 

the octahedral blue crystals were filtered off, washed with EtOH. The unreacted ligand 

was removed by washing with DMF (3 mL, 4 times) as 4-TBA is highly soluble in 

DMF and afterwards resulting MOF was dried in air (10 min). [Yield: 0.013 g, 54 % 

depending on Cu(NO3)2. 3H2O].  

FT-IR: (KBr 4000-600 cm-1): 3039 (m, br), 2795 (w, br), 2356 (m), 1660 (s), 1611 (s), 

1393 (s), 1246 (m), 1091 (s), 868 (m) and 742 (m).  

Element analysis: Found (%) C= 39.20, H= 1.99, N= 22.24; Calc. (%) C= 40.24, H= 

1.96, N= 21.82. 

Synthesis of Cu2(4-TBA)2(DMF)(C2H5OH) (Cu-TBA-2): 2.0 mL 4-TBA solution 

(0.20 M) in 1:1(v/v) mixture of  DMF and EtOH was taken in a 5 mL vial. 0.009 g (0.2 

mmol) of anhydrous CuCl solid was added to this solution. Additional 0.5 ml DMF was 

added to this above mixture; vial was capped and heated at 90 °C for 72 h. After cooling 

to room temperature, two layers were seen, one is a plate light blue crystal of Cu-TBA-2 

and other one is an unreacted white starting materials. Then collected Cu-TBA-2 

crystals were washed with EtOH (2 mL, 3 times) and DMF (5 mL, 2 times) and dried in 

air (10 min). [Yield: 0.0054 g, 61 % depending on CuCl].  

FT-IR: (KBr 4000-600 cm-1): 3555 (m, br), 2811 (m), 2675 (w), 2361 (w), 1668 (s), 
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1614 (m), 1537 (w), 1401 (s), 1325 (m), 1098 (s), 860 (m) and 739 (s).  

Element analysis: Found (%) C= 39.84, H= 3.59, N= 20.96; Calc. (%) C= 40.38, H= 

3.71, N= 20.18 

Synthesis of Cu2(2-F-4-TBA)2(DMF)2 (Cu-TBA-2F):34 2.0 mL 2-F-4-TBA solution 

(0.20 M) in 1:1(v/v) mixture of DMF and EtOH was taken in a 5 mL vial. 0.5 mL 

Cu(NO3)2.3H2O solution (0.20 M) in DMF was added to this solution. The vial was 

capped and heated to 85 °C for 96 h. The mother liquor was decanted and plate like blue 

crystals were filtered off, washed with EtOH and dried in air (10 min). [Yield: 0.0139 g, 

58 % depending on Cu(NO3)2• 3H2O].  

FT-IR: (KBr 4000-600 cm-1): 3561 (m, br), 2923 (m), 2853 (w), 2458 (w), 1745 (s), 

1537 (s), 1380 (s), 1212 (s), 1090 (m), 1020 (s), 895 (m) and 752(s).  

Element analysis: Found (%) C= 40.02, H= 2.31, N= 21.84; Calc. (%) C= 40.61, H= 

2.44, N= 21.21. 
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Functionalized Interpenetrated Metal Organic 

Frameworks (MOFs) for Reversible Hydrogen (H2) 

Uptake 
 

4.1 Introduction: 
The decreasing amount of fossil fuels and increasing warning of global warming due to 

the pollutant emissions from traditional energy sources like coal, natural gas, gasoline, 

etc. have driven the search for clean energy sources like solar, wind and geothermal 

power sources.1 Although, Department of Energy (DoE) has launched the Hydrogen 

Fuel Initiative project, the commercialization of hydrogen powered vehicles still 

remains a challenge as it is difficult to create a technology for on board hydrogen 

storage due to complications in H2 storage systems.2 As a result, energy sources from 

fossil fuels still remains in the forefront despite being a major source of increased CO2 

content in the atmosphere.3 Due to these reasons, the capture and storage of CO2 emitted 

from coal fired power plants and vehicle exhausts has also emerged as another major 

research area, wherein materials having physisorptive adsorption of CO2 are mostly 

preffered.4 The currently employed carbon capture method from flue gas involves 

alkanolamine based solvents that act as CO2 absorber by formation of N−C bonded 

carbamate species.5 Amine regeneration requires cleavage of this covalent bond by 

heating (at 100 to 150 °C) and has high operational cost. In these regards, MOFs have 

emerged as promising materials for H2 storage and CO2 sequestration due to its 

completely physisorptive adsorption behaviour.6 Several factors influencing the 

gravimetric H2 uptake of porous MOFs such as surface area, catenation, ligand 

functionalization, doping with alkali metals and unsaturated metal centers have been 

extensively studied in order to achieve the elevated H2 uptake.7 In other efforts, CO2 

uptake in amine-functionalized porous solids like zeolitic materials, mesoporous silica, 

porous carbon, etc. has also been tried since long time.8 As these materials have the lack 

of order, large voids, flexible amine groups, and random adsorption sites, the CO2 

adsorption is unfeasible due to undefined and random gas adsorption sites. In contrary, 

well defined periodicity and tunable pore sizes along with less basic amino functional 
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groups (−NH2) in MOFs enables them as a favorable candidate for fast and reversible 

CO2 gas adsorption at low partial pressure and room temperature.9 In previous reported 

examples of amino functionalized MOFs, it has been showed that these MOFs can 

perform better for selective and reversible CO2 adsorption at very low heat of 

adsorption range.10 

 In these regards, although many successful strategies exist towards the design of 

MOFs for simultaneous high CO2 and H2 uptake, there are only a handful of MOFs 

reported that can do both the jobs efficiently.11 Several researchers studied the 

phenomenon of interpenetration (or catenation) in MOFs for high H2 uptake12,7 and 

amino-functionalization for high CO2 uptake separately.9,10 As a result, each time a 

separate MOF becomes necessary to achieve these both H2 and CO2 uptake efficiently. 

There are very limited reports available in literature for the MOFs, wherein single 

MOFs can perform both these functions efficiently as a result of their intrinsic structural 

magnificence. This will not only minimize the efforts to synthesize various MOFs but 

also emerge as one of the effective strategy for the utilization of any MOF for multiple 

applications. In view of all these aspects, any MOF having interpenetrated structure 

with free functional groups like –NH2, −CONH-, etc. will be the best choice to achieve 

both H2 and CO2 uptake in same MOF material.13 In former case interpenetration in 

MOFs can show high adsorption of H2 and in later case amino functionalization in 

MOFs can show high CO2 uptake at very low pressure range. To achieve these 

functionalized interpenetrated MOFs, the organic linker with rigid structure and free 

functional groups can emerge as best choice, since the MOFs derived from these 

pyridine carboxylate linkers usually forms the porous structures, with or without 

interpenetration. The considerably high length (~9 Å) of these pyridine carboxylate 

linkers favors the MOFs with gas/solvent accessible pores or channels, which motivated 

us to use these linkers for MOF synthesis.  

In these regard, we have selected 2-amino-isonicotinic acid (2-amino-4-

pyridylcarboxylic acid) as an organic linker having free –NH2 groups on its backbone 

due to its rigid structure with sufficient length and capability to form fascinating 

coordination modes (Figure 4.1). The longer backbone length of organic linkers favors 

the formation of interpenetrated framework after reaction with transition metal in 
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suitable solvent.7i,7j In addition to the interpenetrated framework in these MOFs, free 

functional groups (here, −NH2 groups) present on the linker restrict the higher degree of 

interpenetration in resulting MOFs.14 The partially or doubly interpenetrated MOFs 

 
Figure 4.1 (a) Structure of 2-amino-isonicotinic acid and (b), (c), (d) and (e) commonly 
observed coordination modes in 2-amino-isonicotinic acid linker.  

having porous structures with free amine groups into its backbone poking into the pore, 

may be ideal candidate for simultaneously high H2 and CO2 uptake in same MOF.15 In 

this context, using 2-amino-isonicotinic acid (ANIC) linker, we report the blending of 

amino-functionalization and interpenetration in two isostructural porous MOFs having 

diamondoid (dia) topology for simultaneous high H2 and CO2 uptake. As a result of 

long backbone length of ANIC linker, the formation of the partially interpenetrated 

structure of MOFs, in the midst of pore size of ~3.9 Å with free amine groups into the 

backbone was achieved. 

4.2 Interpenetration/catenation in MOFs:  

 
Figure 4.2 Schematic representations of non-interpenetrated and interpenetrated MOFs 
depending on the degree on interpenetration. The individual MOF nets are showed in green and 
grey colors for visualization. 

The ongoing attempts for the overall increase in the H2 uptake properties of MOFs 
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includes the creating exposed/open metal sites, functionalization with organic groups, 

catenation/interpenetration, spillover, doping of metal nanoparticles, etc.7 From the 

literature reports, it is clear that very large pores within MOFs are ultimately 

unfavorable to H2 storage.7a,11e Since, H2 molecules near the center of the pore are 

unlikely to experience any attraction from the potential surface of the pore walls, small 

sized pores with availability of large number of adsorption sites are recommended for 

high H2 uptake in MOFs.7i,7j Although, for improved H2 uptake in MOFs, the methods 

followed like functionalization and creation of open metal sites were fruitful to some 

extent; the partial or doubly interpenetrated MOFs having pore sizes fitable to the 

kinetic diameter of H2 showed very high uptake, at very low coverage (Figure 4.2). 

Framework interpenetration, by which the pores of one framework are inter-grown by 

one or more independent frameworks, is a commonly observed phenomenon in MOFs 

(Figure 4.2).16 While it may be a negative phenomenon from the surface area point of 

view, because it significantly reduces the available void space; the interpenetration 

bears positive effects, including enhanced framework stability, increased heat of 

adsorption, and size selectivity.7 The studies on the adsorption of small molecules (such 

as H2, CH4, O2, etc.) by microporous interpenetrated MOFs pioneered the successful 

utilization of these MOFs for gas uptake. It was believed that favorable interactions 

exist between aromatic rings of MOFs and H2 molecules. Since, microporous 

interpenetrated MOFs would be ideal candidates for the sorption of small gaseous 

molecules, interpenetration can be utilized to strengthen the interaction between the 

gaseous molecule and the framework by an entrapment mechanism, in which a 

hydrogen molecule is in close proximity with several aromatic rings from 

interpenetrating networks.16 In addition to the experimental results, from the 

computational outcomes, it is clear that a large micropore volume composed of small 

voids is more desirable for an efficient storage.7j Ideally, a material with interpenetrated 

frameworks (or partial interpenetration), but still exhibiting a moderate surface area 

would adsorb H2 more strongly as well as in high amount. Although, interpenetration 

can reduce the pore size of MOFs increasing the micropore volume, which helps to 

improve the H2 uptake significantly; the higher degree of interpenetration can reduce the 

pore size drastically creating the non-porous MOFs. Thus, in order to improve the H2 
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Figure 4.3 (a) Space-filling model of the non-
interpenetrated net in PCN-6′; (b) two interpenetrated nets 
in PCN-6 forming interpenetrated MOF structure (Adopted 
with permission from XX). [Reprinted with permission 
from (7b). Copyright 2007 American Chemical Society]. 

uptake in MOFs, partially interpenetrated or interpenetrated MOFs with pore sizes 

higher than kinetic diameter of H2 are favorable (Figure 4.2).  

 In MOFs, it is possible to reduce the number of large voids conceivably in a 

given structure via framework interpenetration. Although, in synthetic manner, it is 

extremely difficult to control the interpenetration, which further leads to the formation 

of non-porous MOFs 

(Figure 4.2); the small pores 

formed via partial or 

sometimes two, three or four 

fold interpenetration shows 

the ability to adsorb the H2 

in large quantity. The 0.6 

wt% improvement in H2 

storage achieved in 

interpenetrated MOF PCN-6 

as compared to its non-interpenetrated counterpart PCN-6’ showed the advantages of 

framework interpenetration for improved H2 uptake in MOFs (Figure 4.3).7b In such 

cases, MOFs having smaller pore diameters show moderately stronger 

adsorbent−adsorbate interactions, leading towards the uptake improvement.17 

Hypothetically, one should expect that the surface area for an interpenetrated framework 

will be reduced relative to its non-interpenetrated analogue, owing to the framework–

framework interactions that should arise upon desolvation. But, in practical aspects, 

catenation can sometimes lend a material enhanced thermal stability, reducing the 

degree of framework collapse during desolvation.18 The recent calculations on 

interpenetrated MOFs suggest that the amount of H2 adsorbed correlates with the heat of 

adsorption only at low loadings, and surface area as well as total free volume become 

more important at intermediate and high loadings, respectively. So, in order to seize the 

extra advantage of framework interpenetration, for improved H2 uptake in amino 

functionalized MOFs, herein we have synthesized the MOFs having partial 

interpenetrated framework with moderate porosity. The H2 and CO2 uptake properties of 

these MOFs have been studied experimentally as well as computationally.  
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4.3 Result and Discussion: 
4.3.1 Synthesis of MOFs: 

The rational design and appropriate use of the characteristic ligands is critical in the 

construction of the desired MOFs. Among various organic ligands, multidentate N- or 

O-donor ligands such as pyridine or pyrazine-carboxylic acids have drawn extensive 

attention in the construction of coordination polymers owing to their versatile 

coordination modes and structural stability. Pyridyl carboxylic acids with various 

functional groups on its backbone are especially useful in this regard, but the 

exploitation of the ligands in the construction of open framework materials is still in its 

infancy. The anions of these acids may bond to metal centers via their N- and O-donor 

atoms. Thus, one would expect higher flexibility and more versatile coordination modes 

compared to the original ligand (Figure 4.1). Furthermore, the separation of the 

bridging sites is definitely larger, which can further induce the interpenetration into 

resulting MOFs. However, studies on such ligand behavior towards coordination 

polymers are limited, and only a few transition metal-, lanthanide metal-, and main 

group metal-based coordination polymers incorporating pyridyl carboxylic acid have 

been structurally examined.19 By the successful employment of pyridine carboxylate 

(nicotinic acid, isonicotinic acid, etc.) as multifunctional ligands a variety of MOFs with 

diverse topologies and interesting properties have been obtained. However, compared 

with other pyridine based acids, 4-pyridine carboxylate derived organic linkers having 

functional groups (Figure 4.1) are rarely employed as a linkage ligand. In an attempt to 

address this point, we have introduced an effective strategy to synthesize the 

interpenetrated MOFs with functional groups, in which the 2-amino isonicotinic acid is 

used to construct a basic skeleton. The advantages of having both interpenetration and 

functional groups in same MOF structure for higher H2 and CO2 uptake can be achieved 

by judicial selection of organic linker 2-amino isonicotinic acid for the MOF synthesis. 

4.3.2 Crystal Structure Description. 

Crystal structure of Cd-ANIC-1 and Co-ANIC-1:  

Single crystal X-ray diffraction studies reveal that isostructural Cd-ANIC-1 and Co-

ANIC-1 crystallizes in Fddd Space Group with octahedral Cd or Co secondary building 

units (SBUs) linked by ANIC linkers (Figure 4.4). Four O atoms from two μ2-CO2
– 
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functionality and two N atoms of two unidentate pyridyl groups provide the four 

connecting nodes resulting in an adamantanoid unit (Figure 4.5). The distance between 

two Cd(II) metal centers is determined by the length of ANIC ligands (9.1 Å). In Cd-

ANIC-1, each Cd(II) centre is coordinated to four ANIC links in octahedral geometry, 

which are in turn bound to four other Cd(II) centers (See Table 4.2 for more structural 

details). 

 
Figure 4.4 ORTEP diagrams of Cd-ANIC-1 and Co-ANIC-1 at 50 % probability factor 
showing coordination of linkers with metal centers. 

The three-dimensional structure of Cd-ANIC-1 and Co-ANIC-1 (Figure 4.5c-

4.5f) builds through the formation of edge-sharing adamantoid units. The single 

adamantoid cage consists of 10 Cd(II) or Co(II) ions and 12 ANIC ligands. Figure 

4.5c−4.5f shows the interpenetration within the MOF structure with two independent 

equivalent networks (twofold interpenetration) (Figure 4.6). The separation between 

adjacent adamantoid cages is further controlled by N–H•••O hydrogen bonding (D, 3.0 

Å; d, 2.2 Å; θ1, 116.3°) between the sets of ANIC carboxylate oxygen atoms and –NH2 

group present on the organic linkers. Hydrogen bonding20 interaction is clearly 

important in the overall control of this extended structure and the presence of this 

interaction along the direction in which the adamantoid cages propagate. Due to the two 

fold interpenetration, pore size decreases from the dimensions of 5.4 Å × 5.4 Å to 3.9 Å 

× 3.9 Å (Figure 4.5f). Although, the reason for Cd-ANIC-1 and Co-ANIC-1 adopting 

the diamondoid (dia) topology is not very clear to us; probably L–M–L angle is 

responsible for the creation of dia topology into the framework (L, ANIC linker; M, 

Cd/Co metal centers). There are three types (out of 18) of L–M–L angles present in the 

adamantanoid cage, each 6 being 138.9º, 99.7º and 94.4º. The angles between each 

corners of the hexagonal circuit (99.7º and 94.4º) are less than angles at the middle 

(138.9º). Overall, moderately porous Cd-ANIC-1 and Co-ANIC-1 MOFs with 
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considerable solvent accessible voids, free functional groups and partially 

interpenetrated networks has been isolated. These kind of porous functionalized 

frameworks with partially interpenetrated nets and dia topology are very rare in 

literature and structurally interesting. 

 
Figure 4.5 Crystal structures of Cd-ANIC-1 and Co-ANIC-1. (a) Octahedral SBU in Cd-ANIC-
1 and Co-ANIC-1, where each octahedral Cd(II) or Co(II) metal is connected to two μ2-OCO 
carboxylate groups and two nitrogen atoms from ANIC ligand. (b) A single adamantanoid cage 
of Cd-ANIC-1 and Co-ANIC-1. (c) Interpenetrated adamantanoid cages in Cd-ANIC-1 and Co-
ANIC-1. (d) A topological representation of the two fold interpenetration in Cd-ANIC-1, where 
red and grey lines represents the ligands and green and violet balls represents the metal centers. 
(e) Formation of the interpenetrated framework in Cd-ANIC-1 and Co-ANIC-1, where separate 
green and red colored layers are interweaving to form the interpenetrated framework through c 
axis. (f) Packing diagram of Cd-ANIC-1 and Co-ANIC-1, where each layer is distinguished in 
space filling (yellow) and ball and stick models showing two fold interpenetrating frameworks 
through a axis. (Color code: Cd: violet, O: red, H: pink, N: light blue, C: grey). [Reprinted with 
permission from (15). Copyright 2011 Royal Society of Chemistry]. 

The structure of Co-ANIC-1 is isostructural with Cd-ANIC-1 except shorter M–

M distance (Co–Co = 8.85 Å) and smaller L–M–L angles (137.5º, 98.8º and 96.2º) 

compared to Cd-ANIC-1. Solvent accessible volume in Cd-ANIC-1 (38.2 %) is higher 
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compared to Co-ANIC-1 (36.3 %) as the degree of interpenetration is less in the former 

compound. As discussed earlier, less M–M distance, more distance between two 

independent interweaving layers and smaller L–M–L angles, increases the degree of 

interpenetration in Co-ANIC-1 resulting into the pores of the dimensions 3.7 × 3.7 Å.  

 

Figure 4.6 Formation of the interpenetrated framework in Cd-ANIC-1 and Co-ANIC-1, where 
separate green and red colored layers are interweaving to form the interpenetrated framework 
through (a) c axis, and (b) a axis. 

4.3.3 Discussion on Crystal Structures. 

The closer structural analysis of these MOF structures depicts the presence of only μ1-

CO2
− coordination mode selectively, although these pyridine carboxylate linkers can 

show several coordination modes (Figure 4.1). The crystal structure of Cd-ANIC-1 and 

Co-ANIC-1 show one-dimensional channels of 3.9 × 3.9 Å and 3.7 × 3.7 Å running 

through a axis, respectively. These channels present in these structures are densely lined 

by free –NH2 groups, which usually show high affinity towards the adsorbing CO2 

molecules. Since, these MOFs have the free amino groups and two fold interpenetrated 

framework structure, the pore size is lower as compared to the non-interpenetrated and 

non-functionalized isonicotinic acid based MOFs. Although, we have used the transition 

metals Co(II) and Cd(II) for MOF synthesis, the electronic factors of these metals 

affects the M−L−M distances and angles (M = Cd and Co; L= ANIC) to large extent. 

This change in metal to metal distances further influence on the pore sizes in the 

resulting MOFs.  

The crystalline MOFs have currently attracted considerable attention because of 

their enormous variety of fascinating structural topologies through self-organization and 

great potential applications as functional solid materials. Especially, some MOFs with 

the dia topology that are usually assembled by the copolymerization of 4-connected 
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mononuclear metal-carboxylate SBUs with organic linkers have been synthesized. In 

the case of Cd-ANIC-1 and Co-ANIC-1, we have observed very rare dia topology as a 

result of coordination behavior of polyatomic ANIC linkers. Most surprisingly, as 

shown in figure 4.5b, 4.5c, 4.5d and 4.6a, we have successfully isolated the two fold 

interpenetrated, amino functionalized MOFs with dia topology, which is obviously very 

rare in the literature.  

4.3.4 Thermal properties, X-ray powder diffraction and FT-IR analyses: 

 

Figure 4.7 Characterizations of Cd-ANIC-1 and Co-ANIC-1. (a) IR absorption spectrums of 
Cd-ANIC-1 (blue) and Co-ANIC-1 (red). IR stretching indicates the presence of uncoordinated 
–NH2 functionality in the MOFs. (b) Thermal stability and the thermal gravimetric analysis 
(TGA) data of Cd-ANIC-1 and Co-ANIC-1. (c) Comparison of the experimental PXRD pattern 
of as-synthesized Cd-ANIC-1 (top) with the one simulated from its single crystal structure 
(bottom). (d) Comparison of the experimental PXRD pattern of as-synthesized Co-ANIC-1 (top) 
with the one simulated from its single crystal structure (bottom). 

In the purpose to analyze the framework architecture and thermal stability of Cd-

ANIC-1 and Co-ANIC-1, we have examined the thermal gravimetric analyses (TGA) of 

these samples. From TGA, it was revealed that these compounds have high thermal 

stability. The TGA traces for as synthesized Cd-ANIC-1 and Co-ANIC-1 showed a 
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gradual weight-loss step of 9.5 % (20–200 °C), 4.75 % (20–200 °C), respectively; 

corresponding to escape of solvent of crystallization present in pores (Figure 4.7b). This 

is followed by a sharp weight loss (270–390 °C) probably due to the decomposition of 

the framework. The TGA trace of Cd-ANIC-1 indicates the loss of solvent molecules in 

the range of 20–200 °C in 2 steps. The first weight loss step of ∼2.5 % occurring at 20–

90 °C is possibly due to removal of ethanol molecules from the framework as this 

temperature. Following to this weight loss in Cd-ANIC-1, a weight loss of ∼7.0 % is 

possibly due to removal of higher boiling DMF molecules. Similarly, in case of Co-

ANIC-1 also first solvent removal steps of ∼3.0 % has been observed, which may arise 

due to removal of ethanol molecules at temperature range 20–90 °C. Following to this, 

the weight loss observed may be due to the removal of DMF molecules. 

Further, powder X-ray diffraction (PXRD) analyses of Cd-ANIC-1 and Co-

ANIC-1 performed to confirm the phase purity of the bulk samples show the formation 

of phase pure MOF samples. All major peaks of experimental PXRDs match well with 

simulated PXRDs, indicating their reasonable crystalline phase purity (Figure 4.7c and 

4.7d). Also the PXRD patterns of the solvent exchanged and the activated samples show 

the crystallinity and the retention of the framework. The presence of strong 

characteristic peaks for −NH2 groups (~3256 cm-1) in addition to the other featured 

starching and bending assignments in MOFs proves the presence of free −NH2 groups in 

the MOF structure (Figure 4.7a). 

4.4 Gas Adsorption Properties: 
4.4.1 Experimental Results: 

Although, the Cd-ANIC-1 and Co-ANIC-1 are formed by the interweaving of the two 

nets, these MOFs are still porous, with solvent-accessible void of 38.2 % and 36.3 % as 

calculated using PLATON.31 Prior to gas sorption experiments, guest (DMF and 

ethanol) solvent molecules are removed by solvent exchange (1:1 mixture of CH2Cl2: 

MeOH) followed by thermal activation at an optimized temperature of 120 °C, for 48 h. 

Compounds Cd-ANIC-1 and Co-ANIC-1 exhibit permanent porosity, which has been 

confirmed by nitrogen gas sorption isotherms collected at 77 K and 1 atm pressure. The 

N2 adsorption isotherm of Cd-ANIC-1 (Figure 4.8a) indicates typical Type-I sorption 

behavior, with a Langmuir and BET surface area of 504 m2/g and 329 m2/g, 
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respectively. The Co-ANIC-1, on the other hand has a lower Langmuir and BET surface 

area of 412 m2/g and 274 m2/g, respectively. 

Table 4.1 Gas uptake properties of MOFs reported in this chapter collected at 1 atm pressure.a,b 

Name of 

MOF 

Surface Area (m2/g) H2 uptake (77 
K) 

(Wt %) 

CO2 uptake (mmol/g) 

BET Langmuir 273 K 298 K 

Cd-ANIC-1 329.3 504.9 1.84 4.72 3.84 

Co-ANIC-1 274.0 412.6 1.64 4.22 3.48 

 

Figure 4.8 Gas adsorption isotherms of Cd-ANIC-1 and Co-ANIC-1. (a) N2 adsorption 
isotherms for Cd-ANIC-1 (blue circles) and Co-ANIC-1 (red circles) at 77 K and 1 atm 
pressure. (b) H2 adsorption isotherms for Cd-ANIC-1 (blue circles) and Co-ANIC-1 (red circles) 
at 77 K. (c) CO2 adsorption isotherms for Cd-ANIC-1 at 273 K (blue circles) and 298 K (black 
circles). (d) CO2 adsorption isotherms for Co-ANIC-1 at 273 K (red circles) and 298 K (green 
circles). The filled and open circles represent adsorption and desorption, respectively. 
[Reprinted with permission from (15). Copyright 2011 Royal Society of Chemistry]. 
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Several researchers proposed and proved that rather than a number of extremely large 

pores, a larger number of small pores which closely “fit” the dihydrogen molecule are 

most favorable for adsorption.21 Catenation or interpenetration divides the large pores 

into smaller ones and has the ability of increasing surface area to pore volume ratio and 

the overall stability of the network along with increased hydrogen adsorption capacity.7, 

12, 21 It has been previously reported that, porous interpenetrated MOFs like IRMOF-9,7e 

IRMOF-13,7e PCN-6,7b etc. outperform the non-interpenetrated ones regarding the H2 

adsorption properties. This fact motivated us to check the H2 uptake for Cd-ANIC-1 and 

Co-ANIC-1. The activated samples of Cd-ANIC-1 and Co-ANIC-1 show typical Type-I 

H2 adsorption isotherm at 77 K temperature, with steep rise at very low pressure. As 

expected, the Cd-ANIC-1 shows the H2 adsorption nearly 1.84 wt% at 1 atm pressure, 

which is higher than the Co-ANIC-1 (1.64 wt% of H2 adsorption) at same conditions 

(Figure 4.8b). These adsorption capacities are well justified as these MOFs have the 

interpenetrated frameworks with suitable pores for H2 adsorption. Also from the 

previous reports and theoretical calculations, it was confirmed that the porous MOFs 

having free –NH2 groups, can adsorb large amount of CO2 at room temperature.9,10 The 

pores of Cd-ANIC-1 and Co-ANIC-1 are densely lined with basic amino functionality 

(Figure 4.5). This feature prompted us to examine the CO2 adsorption properties. We 

firstly collected the CO2 isotherm at 273 K and later at 298 K. For Cd-ANIC-1, the 

isotherm is completely reversible, exhibits a steep rise at low pressures, and reaches a 

maximum of 4.72 mmol/g (273 K) and 3.84 mmol/g (298 K) as pressure reach to the 1 

bar (Figure 4.8). Also Co-ANIC-1 shows similar behavior like Cd-ANIC-1, with 4.22 

mmol/g (273 K) and 3.48 mmol/g (298 K) CO2 uptake at 1 bar pressure (Figure 4.8). 

Again these results are well anticipated as free –NH2 groups can drastically increase the 

CO2 adsorption capacities at ambient temperature. Pores present into interpenetrated 

Cd-ANIC-1 and Co-ANIC-1 allow 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. 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. 
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Figure 4.9 Comparison of H2 adsorption capacity of literature reported MOFs with Cd-ANIC-1 

and Co-ANIC-1. H2 uptake data collected at 77 K and 1atm pressure is represented here. 

As discussed earlier, the H2 adsorption capacity of Cd-ANIC-1 and Co-ANIC-1 

is greatly enhanced by the interpenetrating framework and comparable pore size with H2 

molecule. The recent experimental and computational studies have demonstrated that 

the smaller pore size and multiplicity of networks allows the dihydrogen molecule to 

interact with the central phenyl rings and functional group of multiple linkers present 

therein, thus increasing the relevance of the non-coordinating portion of the ligand to H2 

storage.7 Both experimental and computational studies performed for Cd-ANIC-1 and 

Co-ANIC-1 agree that interpenetrated networks present into MOFs along with 

functional groups are responsible for high H2 uptake. The H2 adsorption capacity of Cd-

ANIC-1 at 1 bar pressure is comparable to the previously reported MOFs like 

Co\DOBDC,7g CPM-6,11d PCN-68,17 PCN-66,22a IRMOF-3,7h and outperforms some 

well known MOFs and ZIFs like ZTF-1,22b Zn-DOBDC,7g Bio-MOF-1,22c MOF-177,11a 

ZIF-116d and ZIF-822d (Figure 4.9).  
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Figure 4.10 Comparison of CO2 adsorption capacity of literature reported MOFs with Cd-

ANIC-1 and Co-ANIC-1. CO2 uptake data collected at 298 K and 1atm pressure is represented 

here. 

Also, CO2 adsorption capacity at 298 K and 1 bar pressure for Cd-ANIC-1 is 

higher than ZTF-1, Zn2(C2O4)(C2N4H3)2. (H2O)0.5,23a MOF-505,7c (In3O)(OH) (ADC)2 

(NH2IN)2. 2.67H2O,9j CPM-6, TMA@ Bio-MOF-1,11d UMCM-150,11c IRMOF-3, MOF-

177 and ZIFs like ZIF-78,6c -96,23c -69.6c (Figure 4.10). Although, MOFs like PCN-

12,23d –14,23e –11, –10, –6,12b HKUST-1,10b Cu2(tptc),23f NOTT-103,23h –100,23h –140, –

101,23h –105,23h UTSA-20,23h NU-100,21c MOF-505,23f Cu6O(tzi)3(NO3),23i UMCM-150, 

Ni/DOBDC,7g Zn2(BDC)(TMBDC)(DABCO),11e Ni3(BTC)2(3-PIC)6(PD)3,23e 

Mg\DOBDC,7g etc. outperforms the Cd-ANIC-1 in H2 adsorption at aforementioned 

pressure and MOFs like Mg\DOBDC, Co\DOBDC, Ni\DOBDC, Zn\DOBDC, UTSA-

20, HKUST-1, Bio-MOF-1, Zn3(OH)(p-CDC)2.5,22e etc. outperforms the same in terms 

of their CO2 uptake, only few MOFs like Ni\DOBDC, UTSA-20, HKUST-1 and 

Mg\DOBDC withstands higher H2 as well as CO2 adsorption capacity over Cd-ANIC-1 
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(Figure 4.11).  

 
Figure 4.11 Plot of H2 uptake (X axis) and CO2 uptake (Y axis) in literature reported MOFs 
with comparison to Cd-ANIC-1 and Co-ANIC showing the utility of functionalized 
interpenetrated MOFs for subsequent H2 and CO2 uptake. The represented H2 and CO2 uptake 
data is collected at 77 K and 298 K, respectively; at 1 atm pressure. 

High H2 adsorption by the interpenetration or CO2 adsorption by –NH2 

functionalization previously achieved by MOFs only stands better in separate cases. But 

in the case of Cd-ANIC-1 and Co-ANIC-1 by the blending of interpenetration and –NH2 

functionalization, we could successfully achieve a significantly high H2 and CO2 uptake 

despite the limited surface area of these MOFs. Since, Cd-ANIC-1 and Co-ANIC-1 

have the low surface area; we acknowledge that high pressure H2 and CO2 uptake could 

be moderate. But this particular work implies that, it is possible to blend 

interpenetration and amino functionalization in one MOF, which successfully impose 

their individual effect enhancing both H2 and CO2 uptake. 
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4.4.2 Computational/Theoretical Results: 

Figure 4.12 shows the comparison between experimental and simulated H2 and CO2 

adsorption isotherms for Cd-ANIC-1 and Co-ANIC-1 at 77 K and 298 K, respectively. 

The simulated results of H2 agree fairly well with the experimental data in both Cd-

ANIC-1 and Co-ANIC-1 structures. However, the simulated results of CO2 are 

overestimated at low pressures and underestimated at high pressures. For both H2 and 

CO2, the extent of adsorption in Cd-ANIC-1 is greater than in Co-ANIC-1, because the 

former has a larger porosity as confirmed from single crystal structure and porosity 

studies using gas adsorption as well as Materials Studio software.24 

 

Figure 4.12 Comparison between experimental and simulated adsorption isotherms in Cd-
ANIC-1 and Co-ANIC-1 (a) H2 at 77 K; (b) CO2 at 298 K. (Desorption branches for isotherms 
has been removed for clarity). 

As mentioned earlier these deviations in experimental and simulated gas uptake 

properties could be attributed to a number of possible factors as: 

a. The framework structures used in simulations are perfect crystals without any 

defects; however, experimental samples usually contain impurities. 

b. Activation of experimental samples may not be complete and solvent is not fully 

evacuated. 

c. The force field used may be inaccurate to describe the interactions.  

Figure 4.13d shows the density contours of H2 adsorption at 77 K and 1 kPa in Cd-

ANIC-1 and Cd-ANIC-1. The contours are viewed from the [100] plane and generated 

by accumulating 100 equilibrium configurations. It is observed that H2 molecules are 
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primarily adsorbed in pore centers in both Cd-ANIC-1 and Cd-ANIC-1. The density 

contours for CO2 adsorption also shows similar results like those observed in the case of 

H2 adsorption studies. 

 
Figure 4.13 Computational results for Cd-ANIC-1 and Co-ANIC-1. (a) and (b) Radial 
distribution functions for Cd-ANIC-1 and Co-ANIC-1, respectively. (c) Distances between CO2 
and framework atoms (C2, Cd/Co, O, N2) in Cd-ANIC-1 and Co-ANIC-1, respectively. (d) 
Density contours of H2 adsorption at 1 kPa in Cd-ANIC-1 and Co-ANIC-1, respectively. 
[Reprinted with permission from (15). Copyright 2011 Royal Society of Chemistry]. 

To better understand the nature of adsorption sites, we have performed further 

simulations using single crystal X-ray diffraction derived structures of Cd-ANIC-1 and 

Co-ANIC-1. Figure 4.13a shows the radial distribution functions g(r) between CO2 and 

the framework atoms (C2, Cd, O, N2) in Cd-ANIC-1.24 The g(r) was calculated by, 

2( )
4

Δ
=

Δ
ij

ij
i j

N V
g r

r r N Nπ  

Where, r is the distance between species i and j, ΔNij is the number of species j around i 

within a shell from r to r + Δr, V is the volume, Ni and Nj are the numbers of species i 

and j. It is observed CO2 is the closest to C2 atom and the g(r) of CO2−C2 has the 

highest peak. This reveals that phenyl ring has the strongest affinity with CO2 because 
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of the framework interpenetration. CO2 is closer to N2 atom than to Cd and O atoms, 

implying –NH2 group plays a more important role than Cd and O atoms for CO2 

adsorption. Figure 4.13c schematically shows the distances between a single CO2 

molecule and the framework atoms. Figure 4.13a and 4.13b shows the radial 

distribution functions and distances between CO2 and the framework atoms (C2, Co, O, 

N2) in Co-ANIC-1. Similar to figure 4.13c and 4.13d, CO2 is the closest to C2 atom, 

followed by N2 atom, and finally O and Co atoms. Again, this suggests CO2 is 

preferentially adsorbed near phenyl ring and then –NH2 group.  

These overall experimental and computational studies performed suggest the 

advantages of framework interpenetration and functionalization for H2 uptake studies. 

The partial interpenetrated frameworks of Cd-ANIC-1 and Co-ANIC-1 having moderate 

porosity, where higher degree of interpenetration is controlled by hydrogen bonding 

between functional groups and oxygen atoms from carboxylate groups show high 

uptake of H2 as well as CO2 at 77 K and 298 K, respectively. The combined effect of 

interpenetration and presence of functional groups on H2 uptake demonstrate the utility 

of these kinds of porous materials for H2. 
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4.5 Conclusions: 

In conclusion, we have successfully achieved isolation of the interpenetrated, porous, 

functionalized MOFs with diamondoid topology that shows high H2 uptake. The two 

fold interpenetrated structures of Cd-ANIC-1 and Co-ANIC-1 have one dimensional 

channels of dimensions 3.9 Å × 3.9 Å and 3.7 Å × 3.7 Å running through a axis, 

respectively. The higher degree of interpenetration in these structures is probably 

restricted due to the N–H•••O hydrogen bonding present between free –NH2 groups and 

oxygen atoms of the ANIC linkers. By the successful utilization of functionalized 

organic linker ANIC, for the first time, we have isolated the porous amino 

functionalized and interpenetrated MOFs having dia topology.  

Cd-ANIC-1 and Co-ANIC-1 have high H2 and CO2 adsorption capacities which 

outperform previously reported well known MOFs and ZIFs. We attribute these 

favorable H2 and CO2 adsorption properties to the presence of the Lewis basic amino 

groups of 2-amino-4-pyridine carboxylic acid and interpenetrated frameworks in Cd-

ANIC-1 and Co-ANIC-1. Specially, as other amino functionalized MOFs and ZIFs lack 

the high H2 adsorption, we could successfully achieve high H2 adsorption as well, which 

is contributed by interpenetration in the frameworks of Cd-ANIC-1 and Co-ANIC-1. H2 

and CO2 adsorption in Cd-ANIC-1 and Co-ANIC-1 have also been validated by 

simulations, which show good agreement with experimental data. Collectively, these 

results points towards the discovery of new materials with functionalized 

interpenetrated frameworks synthesized from a simple isonicotinic acid derived link for 

high H2 and CO2 adsorption capacities. 
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4.6 Experimental Materials and Methods: 
4.6.1 General Procedures:  

All reagents and solvents for synthesis and analysis were commercially available and 

used as received. 2-amino-4-pyridylcarboxylic acid (2-amino-isonicotinic acid) was 

purchased from Alfa Aesar and Cd(NO3)2.4H2O, Co(NO3)2.6H2O were purchased from 

Aldrich Chemicals. N,N-dimethylformamide (DMF) was purchased from Rankem 

chemicals. All starting materials were used without further purification. All 

experimental operations were performed in air and all the stock solutions were prepared 

in N,N-dimethylformamide (DMF). The Fourier transform (FT) IR spectra were taken 

on a Bruker Optics ALPHA-E spectrometer with a universal Zn-Se ATR accessory in 

the 600−4000 cm-1 region. Powder X-ray diffraction (PXRD) patterns and insitu 

variable temperature PXRD (VT-PXRD) 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 20–800 °C on a SDT Q600 TG-DTA analyzer under N2 

atmosphere at a heating rate of 10 °C min–1. All low pressure gas adsorption 

experiments (up to 1 bar) were performed on a Quantachrome Quadrasorb automatic 

volumetric instrument. 

4.6.2 Single Crystal X-Ray Diffraction Methods:  

Single crystal data were collected on Bruker SMART APEX three circle diffractometer 

equipped with a CCD area detector and operated at 1500 W power (50 kV, 30 mA) to 

generate Mo-Kα radiation (λ=0.71073 Å). The incident X-ray beam was focused and 

monochromated using Bruker Excalibur Gobel mirror optics. Crystals of all Cd-ANIC-1 

and Co-ANIC-1 reported in the paper was mounted on nylon Cryo-Loop (Hampton 

Research) with Paraton-N (Hampton Research). Initial scans of each specimen were 

performed to obtain preliminary unit cell parameters and to assess the mosaicity 

(breadth of spots between frames) of the crystal to select the required frame width for 

data collection. In every case frame widths of 0.5° were judged to be appropriate and 

full hemispheres of data were collected using the Bruker SMART25 software suite. 

Following data collection, reflections were sampled from all regions of the Ewald 

sphere to re-determine unit cell parameters for data integration and to check for 
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rotational twinning using CELL_NOW.26 Data were integrated using Bruker SAINT27 

software with a narrow frame algorithm and a 0.400 fractional lower limit of average 

intensity. Data were subsequently corrected for absorption by the program SADABS.28 

The space group determinations and tests for merohedral twinning were carried out 

using XPREP.29 In these cases, the highest possible space group was chosen using 

WINGX.30 

Table 4.2 Comparison of crystal data and structure refinement for Cd-ANIC-1 and Co-ANIC-1 
MOFs. 

MOFs Cd-ANIC-1 Co-ANIC-1 

Empirical formula C12 H12 Cd N4 O4 C12 H10 Co N4 O4 

Formula weight 388.67 333.17 

Temperature 298(2) K 298(2) K 

Wavelength 0.71073 0.71073 

Crystal system Orthorhombic Orthorhombic 

Space group Fddd Fddd 

Unit cell dimensions 

a = 12.869(5) Å, α = 90° 

b = 23.643(10) Å, β = 90° 

c = 24.900(11) Å, γ = 90° 

a = 12.819(2) Å, α = 90° 

b = 23.058(4) Å, β = 90° 

c = 23.654(4) Å, γ = 90° 

Volume 7576(5) 6992(2) 

Z 16 16 

Density (calculated) 1.363 1.266 

Absorption coefficient 1.192 0.998 

Goodness-of-fit on F2 1.340 1.110 

Final R indices [I>2sigma(I)] R1 = 0.0659, wR2 = 0.1822 R1 = 0.0335, wR2 = 0.1087 

R indices (all data) R1 = 0.0688, wR2 = 0.1853 R1 = 0.0437, wR2 = 0.1108 

CCDC No. 822054 822055 

Structures were solved by direct methods and refined using the SHELXTL 9729 

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 
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riding atoms with isotropic displacement parameters 1.2−1.5 times Ueq of the attached C 

atoms. Single Crystal X-ray Diffraction data for Cd-ANIC-1 and Co-ANIC-1 was 

collected at 298(2) K. Structures were examined using the ADDSYM30 subroutine of 

PLATON32 to assure that no additional symmetry could be applied to the models. All 

ellipsoids in ORTEP diagrams are displayed at the 50 % probability level unless noted 

otherwise (Figure 4.4). Table 4.2 contains crystallographic data for the Cd-ANIC-1 and 

Co-ANIC-1 MOFs. Crystallographic data (excluding structure factors) for the structures 

reported in this chapter have been deposited with the CCDC as deposition No. 822054 

and 822055. 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). 

4.6.3 Gas Adsorption Measurements: 

Low pressure volumetric gas adsorption measurements involved in this work were 

performed at 77 K for H2 and N2, maintained by a liquid nitrogen bath, with pressures 

ranging from 0 to 760 Torr on Quantachrome Quadrasorb automatic volumetric 

instrument. While CO2 adsorption measurements were done at 273 K and 293 K 

temperature with same pressures range. In the all adsorption measurements, ultra high-

purity H2 was obtained by using calcium aluminosilicate adsorbents to remove trace 

amounts of water and other impurities before introduction into the system. The micro 

crystals of each MOF were soaked in 1:1 dry dichloromethane and methanol mixture for 

12 h. Fresh 1:1 dry dichloromethane and methanol mixture was subsequently added and 

the crystals were allowed to stay for additional 48 h to remove co-ordinated and free 

solvates (DMF and Ethanol) present in framework. The sample was dried under a 

dynamic vacuum (<10-3 Torr) at room temperature overnight. Prior to gas sorption 

experiments, thermal activation at an optimized temperature of 120 °C, for 48 h has 

been done to remove co-ordinated and free solvates (DMF and Ethanol) present in 

framework. 

4.6.4 Simulation Model and Methods:  

Grand-canonical Monte Carlo (GCMC) simulations were carried for the adsorption of 

H2 at 77 K and CO2 at 273 and 298 K in Cd-ANIC-1 and Co-ANIC-1. H2 was 
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represented as a two-site rigid molecule with H−H bond length of 0.74 Å. The Lennard-

Jones parameters of H−H interaction were σ = 2.59 Å and ε = 12.5 K.24a CO2 was 

represented as a three-site rigid molecule and its intrinsic quadrupole moment was 

described by a partial-charge model. The partial charges on C and O atoms were qC = 

0.576e and qO = –0.288e (e = 1.602 ×10-19 is the elementary charge). The C−O bond 

length was 1.18 Å and the bond angle O−C−O was 180°. The LJ parameters for CO2 

were σC = 2.789 Å, εC = 29.66 K, σO = 3.011 Å, εO = 82.96 K.24b The experimentally 

determined crystal structures were used in simulations. The porosities of Cd-ANIC-1 

and Co-ANIC-1 were estimated to be approximately 0.516 and 0.488 using Materials 

Studio24c with a Connolly probe radius equal to zero. The atomic charges of the 

framework atoms were calculated from periodic density functional theory (DFT) using 

the primitive cells of Cd-ANIC-1 and Co-ANIC-1. The DFT calculations used the 

Becke exchange plus Lee-Yang-Parr correlation functional and all-electron core 

potentials. The double-ξ numerical polarization (DNP) basis set was adopted. The 

Mulliken population analysis was used to estimate the atomic charges as listed in Table 

4.4. The dispersion interactions of the framework atoms in Cd-ANIC-1 and Co-ANIC-1 

were modeled using the parameters based on the DREIDING force field.24d However, 

the DREIDING force field parameters are not available for Cd and Co atoms; thus the 

parameters from the Universal force field were adopted.24e With these LJ parameters, 

the predicted isotherms were found not to agree well with experimental data. As a 

simple alternative, the parameters of carbon atoms were adjusted.  

Table 4.3 LJ Potential parameters for the framework atoms in Cd-ANIC-1 and Co-ANIC-1. 

Atom 

type 
Cd Co 

C in 

(Cd-ANIC-1) 

C in 

(Co-ANIC-1) 
O N H 

σ (Å) 2.537 2.559 3.473 3.473 3.033 3.263 2.846 

ε/kB (K) 114.631 7.039 40.813 32.813 48.115 38.914 7.642 

Table 4.3 lists the set of LJ parameters used in this study. The Lorentz-Berthelot 

combining rules were used to calculate the cross LJ interaction parameters. In the 

GCMC simulations, the frameworks were treated as rigid and the adsorbent-adsorbate 
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Figure 4.14 Atomic types in Cd-ANIC-1 and Co-ANIC-1 MOF 

represented during the simulation studies. 

interactions were pre-tabulated. The LJ interactions were evaluated using a spherical 

cutoff of 11.5 Å with the long-range corrections added. For the Coulombic interactions, 

the Ewald sum with a 

tin-foil boundary 

condition was used. The 

real/reciprocal space 

partition parameter and 

the cutoff for reciprocal 

lattice vectors were 

chosen to be 0.2 Å-1 and 

8, respectively, to 

ensure the convergence 

of the Ewald sum. Five 

types of trial moves 

were conducted for gas 

molecules, namely, 

displacement, rotation, 

partial re-growth at a neighboring position, complete re-growth at a new position, and 

swap with the reservoir. The number of trial moves in the simulation was 2× 107 with 

the first 107 moves for equilibration and the subsequent 107 moves for production. 

Table 4.4 Atomic charges in Cd-ANIC-1 and Co-ANIC-1 MOFs as per atomic types labeled in 

Figure 4.14. 

(a) Cd-ANIC-1 

Atom type C1 C2 C3 C4 C5 C6 Cd 

Charge 0.314 0.030 -0.059 0.525 -0.048 0.213 0.953 

Atom type H1 H2 H3 H4 N1 N2 O 

Charge 0.079 0.255 0.136 0.029 -0.476 -0.565 -0.581 
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(b) Co-ANIC-1 

Atom type C1 C2 C3 C4 C5 C6 Co 

Charge 0.271 -0.028 -0.051 0.553 -0.041 0.189 0.711 

Atom type H1 H2 H3 H4 N1 N2 O 

Charge 0.074 0.175 0.144 0.046 -0.700 -0.246 -0.574 

4.6.5 Synthesis of Cd-ANIC-1 and Co-ANIC-1 MOFs: 

Synthesis of [Cd(ANIC)2] (C12H12N4O4Cd) (Cd-ANIC-1):  

A solution of Cd(NO3)2·4H2O (37 mg, 0.12 mmol) and ANIC (69 mg, 0.50 mmol) in 

DMF/Ethanol (6:1 (v/v), 7 mL) was heated under controlled heating at 120 ºC for 2 

days in a Teflon-lined steel bomb. The resulting colorless crystals were collected, 

washed with DMF, and dried at room temperature (yield: 19 mg, 54 % based on Cd). 

FT-IR: (KBr 4000-600 cm-1): 3256 (m, br), 2976 (w), 2308 (w), 1675 (s), 1642 (s), 

1530 (s), 1452 (m), 1360 (s), 1244 (m) and 774 (m). 

Elemental analysis (%) calcd: C 37.08, H 3.11, N 18.62; found: C 36.35, H 2.96, N 

18.96. 

Synthesis of [Co(ANIC)2] (C12H12N4O4Co) Co-ANIC-1:  

A solution of Co(NO3)2·6H2O (35 mg, 0.12 mmol) and ANIC (69 mg, 0.50 mmol) in 

DMF/Ethanol (6:1 (v/v), 7 mL) was heated under controlled heating at 120 ºC for 2 

days in a Teflon-lined steel bomb. The resulting pink colored crystals were collected, 

washed with DMF, and dried at room temperature (yield: 17 mg, 48 % based on Co). 

FT-IR: (KBr 4000-600 cm-1): 3258 (m, br), 2977 (w), 2311 (w), 1682 (s), 1586 (s), 

1534 (s), 1454 (m), 1371 (s), 1243 (m), 990 (m), 808 (m) and 771 (m). 

Elemental analysis (%) calcd: C 43.25, H 3.02, N 16.80; found: C 42.63, H 2.99, N 

17.04. 
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Memorandum 

The results of this chapter have already been published in Journal of Materials 

Chemistry, 2011, 21, 17737–17745; with the title: “Experimental and computational 

approach of understanding the gas adsorption in amino functionalized interpenetrated 

metal organic frameworks (MOFs)”. 

 This publication was the result of collaboration between the group of Dr. Rahul 

Banerjee and his student Pradip Pachfule from the Physical/Materials Chemistry 

Division at CSIR-National Chemical Laboratory in Pune, India and the group of Prof. 

Dr. Jianwen Jiang with his student Yifei Chen from the National University of 

Singapore, 117576 Singapore. Prof. Dr. Jianwen Jiang with his student Yifei Chen have 

actively contributed to the publication by performing computational studies on MOFs. 

Pradip Pachfule was involved in the preparation of MOFs, characterization of 

MOFs which includes Single crystal X-ray diffraction studies, PXRD, FT-IR, TGA, 

NMR, Gas adsorption studies. Finally figure preparation and draft writing was carried 

out by him under the guidance of Dr. Rahul Banerjee. 
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Carbon Nanofiber-Metal Organic Framework (CNF-

MOF) Hybrids for Enhanced Hydrogen (H2) Uptake 

 

5.1 Introduction: 
Hybrid materials design for specified applications Viz. gas adsorption, gas and solvent 

separation, electronic and optical properties, catalysis, etc; has been emerged as the 

most modish research topics in recent years as it often results in new or modified 

properties than that of individual counterparts.1 These kinds of hybrid materials may be 

considered as multifunctional materials, wherein two (or more) functional properties not 

only just simply co-exist, but can also be found strongly coupled with each other. This 

brings advantages for the multiple applications with enhanced activities. Research on 

MOFs as well as carbon nanomorphologies like carbon nanotubes (CNTs), graphene 

(GE) and carbon nanofibers (CNFs) has picked up attention due to variety of 

applications like gas storage, sensing, drug delivery, catalysis, oxygen reduction 

reactions (ORR), etc.2,3 Many attempts have been devoted so far to improve the 

properties of these materials individually as well as by preparing the hybrids. Some of 

the specific examples aiming at the property modulation of MOFs include increasing 

and controlling functionality, introduction of exposed metal sites, doping the MOFs 

with alkali-metal ions, etc.4 Similarly, for nanocarbon morphologies, various strategies 

like surfactant encapsulation, polymer wrapping and attachment of various metal and 

metal oxide nanoparticles have been attempted.5 MOFs and nanocarbon morphologies 

so far have been well exploited in the literature for several applications including 

improvement in gas adsorption, enhanced ORR activity, etc. The recent progresses in 

the construction of novel MOF-nanocarbon hybrid structures through different 

strategies aimed at the improvement in the gas adsorption properties highlights the 

capabilities and convenience of such hybrids for those applications.6 In this aspect, the 

nature of interaction between the MOF and nanocarbon components still possesses a 

limitation to the versatile exploration of such hybrids. However, most of the hybrids are 

physical mixtures and they lack a proper chemical interaction between the individual 

counterparts.7 These materials having loose interaction among the individual 
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constituents suffer from the separation from each other upon utilization for targeted 

applications of these materials, which results into poor performance due to phase 

separation. But, the long term use of these materials needs modifications in the 

properties by synergistic effects by chemical interactions between ingredients to meet 

the real time requirements. 

In this context, in continuation with our efforts to improve the H2 uptake 

capacities of MOFs,8 we report a facile move toward the synthesis of a Zn-terephthalate 

MOF-CNF hybrid [MOF@CNF].  Since, in-situ approach for hybrid synthesis mostly 

results into the intimate interactions between individual counterparts, we have 

synthesized MOF-CNF hybrids via in-situ MOF growth mechanism.9 As the 

confinement and insulation within nanosized hollow structures are expected to show 

intriguing property modulations and unusual stability, we have selected CNFs, which 

are still much unexplored as a wide-diameter carbon container and may also present 

exceptional encapsulating capacity.10 By rational tailoring of the experimental 

parameters, we achieved the selective one-dimensional confinement of highly 

crystalline and nanosized MOFs in inner cavity and both in the inner cavity as well as 

on the outer walls of CNF. We have endeavoured to unravel the intimate interaction 

between the CNFs and the encapsulated MOFs using TEM and XPS analysis and 

thermal stability using variable temperature PXRD analysis (VT-PXRD) and 

Thermogravimetric analysis (TGA). To the best of our knowledge, it is the first 

successful report where a metal organic framework in the nanoregime is effectively 

encapsulated in a one-dimensional nanocarbon material for improved H2 uptake. 

5.2 MOF and Carbon Nanotube/Graphene Oxide based Hybrids:  
Many efforts are conducted worldwide to find out efficient and cost-effective H2 storage 

materials for various applications including transportation and distributed generation.11 

Although, extensive storage methods have been inspected including liquid H2, metal 

hydrides, electrosorption, high-pressure H2 and physisorption in porous materials; none 

of these methods have a clear technical and commercial future.12 Storing molecular H2 

in porous media is one of the promising ways for H2 storage, among which the 

physisorption of H2 remains an attractive alternative due to its reversible storage 

reaction and safety. Many researchers have investigated several materials like CNTs, 
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Figure 5.1 Scheme illustrating the synthesis of 
CNT@MOF-5 hybrid composites and optical image of 
CNT incorporated MOF-5 crystals. [Reprinted with 
permission from (14a). Copyright 2009 American Chemical 
Society]. 

activated carbon, CNFs, graphitic materials, zeolites, MOFs, etc. for physisorptive H2 

storage.12b The interest in these materials lies in the fact that they can be optimized for 

H2 storage through various physical and chemical treatments. These carbon containing 

materials like CNTs, CNFs and graphitic compounds are known to offer many 

advantages due to its low mass density and high surface area.5,6 The narrow pore size 

distribution of in these carbon containing materials makes them attractive candidates as 

adsorbents for H2.13 Their cylindrical structure would be increases the adsorption 

potential on the tube core leading to capillary forces and to enhanced storage 

capability.13d 

Similarly, porous MOFs have attracted much attention due to their potential 

applications in heterogeneous catalyst, separations, sensors, electronics, gas storage, etc. 

In these regards, as discussed in earlier chapters, we have shown the uses of MOFs as 

strong candidates for 

hydrogen storage with or 

without structural 

modifications. Therefore, 

porous MOFs with various 

functionalities or active 

metal centers naturally 

became initial target for the 

hybrid composites 

preparation for H2 storage. 

The H2 storage behaviors of 

carbon nanotubes and MOF hybrid composites (CNTs/MOF-5) were studied (Figure 

5.1).14a The preparation and enhanced hydrostability and H2 storage capacity of 

CNT@MOF-5 hybrid composite has been reported in subsequent reports. Similarly, in-

situ synthesis of zeolitic imidazolate frameworks/carbon nanotubes composites for 

enhanced CO2 adsorption has been reported recently (Figure 5.2b).14b Few literature 

reports have showcased utilization of these MOF@CNF or graphene-CNF hybrids for 

improved gas uptake, with enhanced thermal and chemical stability.14c,14d 

Since, graphene oxide (GO) is the solution-dispersible form of graphene with 
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presence of epoxy and hydroxyl functional groups on either side of the GO sheet, it 

imparts bifunctional properties on the material allowing it to act as structural nodes in 

MOFs.15a The higher conductivity and other supporting properties of GO for Oxygen 

Reduction Reactions (ORR) helps to improve activity many folds. The change in 

crystallization process of iron−porphyrin in the MOF by the addition of pyridine 

functionalized graphene, which increases its porosity and enhances the electrochemical 

charge transfer rate of iron−porphyrin has been reported in literature (Figure 5.2a).15b 

Composites of MIL-100 (Fe) and GO were prepared with various ratios of the two 

components and tested for ammonia removal in dynamic conditions.15c Since, it has 

been demonstrated that introduction of CNTs into solar cell enhances the electric field 

of the devices; CNTs were introduced into the Cu-based MOF sensitized solar cell in an 

attempt to improve the performance of the cell.  

 
Figure 5.2 Scheme illustrating the synthesis of, (a) electrocatalytically active 
graphene−porphyrin MOF composite, and (b) ZIF@CNF composite for enhanced CO2 uptake. 
[5.2a: Reprinted with permission from (15b). Copyright 2012 American Chemical Society; 
5.2b: Reprinted with permission from (14b). Copyright 2014 Royal Society of Chemistry]. 

From the aforementioned examples of MOF based hybrid materials, it is clear 

that these materials show very promising properties with enhanced chemical and 

thermal stabilities. The carbon based materials which have ultimate chemical interaction 

with decorated or incorporated MOFs, show high stability as well as potential 

applications in various avenues. Although, there are several reports available for the 

hybrid materials synthesized using CNTs, graphene based materials; hybrid materials 

derived from nanosized hollow structures named CNFs are not reported till date. Since, 

CNFs have wide-diameter and exceptional encapsulating capacity due to higher 

diameter; the MOF-CNF hybrid materials may pave applications for gas uptake. 
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5.3 Result and Discussion: 
5.3.1 Synthesis of MOF@PCNF and MOF@FCNF: 

The commonly used methods for synthesis of MOFs are hydrothermal and solvothermal 

pathways. For most of the terephthalic acid based MOFs, generally solvothermal 

methods were followed, since these organic linkers and metal precursors get easily 

dissolved and deprotonation of organic linkers happens quite easily. In the case of 

hybrid materials preparation, although methods like mechanochemical grinding, layered 

growth, etc. are followed in literature, the intimate interactions necessary to hold these 

both (or more) materials is not sufficient to bind them together.  

 

Figure 5.3 Scheme illustrating the synthesis for hybrid MOF@PCNF and MOF@FCNF using 
pristine CNFs (PCNF) and functionalized CNFs (FCNF), respectively. [Reprinted with 
permission from (16). Copyright 2012 Royal Society of Chemistry]. 

In these regards, we have followed in-situ approach for hybrid preparation, 

wherein during the MOF synthesis itself, we have added the CNFs; in order to achieve 

the hybrids having proper interactions among MOFs and CNFs (Figure 5.3).16 The 

addition of Pristine Carbon Nanofibres (PCNF) into the reaction mixture resulted into 

the formation of MOF@PCNF hybrid, wherein loading was selectively achieved into 

the inner cavity of CNFs, due to the absence of interaction sites and functional groups. 
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The proof of concept for the necessity of functional groups or interaction sites for MOF-

CNF hybrid preparation was further confirmed by the addition of FCNF into the 

reaction mixture for MOF synthesis (Figure 5.3). The inside-out loading of MOF-2 on 

the FCNF confirmed using TEM and XPS and FT-IR data proved the necessity of 

functionalization for hybrid preparation. The reaction conditions for good quality hybrid 

preparation were optimized using different amount of MOF precursors, CNFs, 

temperature, etc. Finally in order to achieve the uniform loading of MOF into the CNF 

cavity, to facilitate the entry of MOF precursor solution into the hollow CNF, the probe 

sonication was followed to the reaction mixture. The pure MOF@PCNF and 

MOF@FCNF hybrids were isolated following the centrifugation method, since pure 

MOF crystals have considerably high density than that of CNFs and hybrids 

synthesized. The low dense hybrids MOF@PCNF and MOF@FCNF collected by 

filtration were dried in air and used without further purification. 

5.3.2 Morphology and structure of MOF@PCNF and MOF@FCNF: 

The SEM images of the pristine CNFs shown in Figure 5.4a clearly depict that the 

length of these nanofibers is in few micrometers and diameter is ~ 100 ± 20 nm. As 

shown in Figure 5.4b, SEM images of pure MOF-2 indicates that the size of the MOF is 

in micrometers, typically in the range of 100 µm. It is also clear from the image that the 

growth of MOFs is not uniform and there is polydispersity in size as well as in shape. 

The SEM image of MOF@FCNF (Figure 5.4c) demonstrates a clear enhancement in 

the diameter of the CNFs after the incorporation and loading of MOF on/in CNFs. The 

observed diameter is ~150 ± 20 nm and this enhancement in the diameter gives an 

indication for the incorporation of the MOF inside as well as outer walls of CNFs. 

However, the presence of MOF in and out of CNF cannot be detected from the SEM 

images due to its nanosized morphology, which will be explained in the latter sections. 

From the SEM images of the hybrid material it can also be confirmed that the 

unattached MOFs are not present in the sample, which implies the effectiveness of the 

washing strategy we adopted for the purification and separation of the material from the 

unattached MOFs. Since, the SEM could not detect the quantity and accessibility of 

MOFs for the inner cavity of CNFs, we have moved further for TEM analyses of as 

synthesized samples. 
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Figure 5.4 Comparison of the SEM images of (a) pristine CNF, (b) pure MOF-2 and (c) 
MOF@FCNF. (d) HRTEM images of MOF@PCNF showing the one dimensional confinement 
of MOF in the inner cavity. (e) and (f) are the high-magnification images and the marked black 
lines show the empty outer wall. (g) MOF@FCNF showing the attachment of MOF in the inner 
cavity as well as on the outer walls. (h) and (i) are the high magnification images showing 
stacking of MOF crystals inside the CNFs. [Reprinted with permission from (16). Copyright 
2012 Royal Society of Chemistry]. 

HRTEM is used as an effective tool to authenticate the incorporation of MOF-2 

crystals in the CNFs. Accordingly, Figure 5.5a and 5.5b show the HRTEM images of 

pristine carbon nanofibers at different magnifications. The peculiar morphological 

features of these CNFs; i.e. active terminal graphene edges in the inner cavity, open tips  
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Figure 5.5 HRTEM images of pristine CNF at different magnifications, (a) pristine carbon 
nanofiber [PCNF]; encircled regions represent the open tips of the carbon nanofiber support. (b) 
images of carbon nanofiber clearly depicting the active terminal graphene edges and the 
deactivated outer wall due to the deposition of a pyrolytic carbon layer. (c) and (d) HRTEM 
images of MOF@PCNF at different magnifications are clearly showing the one-dimensional 
confinement of nanosized MOFs in the inner cavity of CNFs. (f) HRTEM image showing the 
continuous lattice fringes clearly indicating the crystalline nature of the MOFs. 
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with large inner diameter, inherently inactive outer surface which results from the 

covering of the slanting graphene edges by a duplex layer etc. are evident from the 

images.17 The HRTEM images of MOF@PCNF, shown in Figure 5.4d–5.4f and Figure 

5.5c−5.5e, clearly show the one dimensional stacking of MOF crystals in the entire 

length of the inner cavity of the CNFs. The high magnification image of the same given 

in Figure 5.4f indubitably confirms that regular hexagonal shaped MOF crystals are 

stacked together in an organized way. Moreover, these MOF crystals are strictly in the 

nanoregime with size ~20–30 nm, which correlates closely with the inner diameter of 

the CNFs. The completely unoccupied outer wall of the CNFs, marked with the black 

lines (Figure 5.4e), clearly gives an unambiguous evidence for the initial prediction that 

MOF crystals are exclusively incorporated in the inner cavity. 

 
Figure 5.6 (a) and (b) HRTEM images of MOF@FCNF at different magnifications are 
depicting the attachment of MOFs on the outer walls along with its confinement in the inner 
cavity. (c) HRETEM image showing the continuous lattice fringes clearly indicating the 
crystalline nature of the MOFs both in the inner cavity as well as on the outer walls. 

The attachment of MOF crystals with FCNFs in hybrid MOF@FCNF was also 
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explored using TEM imaging and the respective images are shown in 5.4g–5.4i and 

Figure 5.6. The images clearly demonstrate that the FCNF host is homogeneously 

loaded with the MOF crystals on the outer wall along with their stacking in the inner 

cavity. The high magnification images shown in Figure 5.4i and Figure 5.6b−5.6c 

indicate the highly crystalline nature of these particles. The size of the MOF crystals on 

the outer wall is slightly larger (~50–60 nm), as compared to those in the inner cavity. 

This can be attributed to the more freedom for growth on the outer surface compared to 

the restricted inner cavity of CNF. The distortion of the CNF walls as apparent from 

Figure 5.4 and 5.6, clearly demonstrates the stress induced during the restricted growth 

of MOFs along the inner cavity of CNFs.  

5.3.3 X-ray powder diffraction analysis and thermal stability of hybrids: 

 
Figure 5.7 Characterizations of MOF-2 and MOF@FCNF. (a) Comparison of the experimental 
PXRD pattern of as-synthesized MOF-2 (green) with the simulated from single crystal structure 
of MOF-2 (blue). (b) VT-PXRD analysis of MOF@FCNF. (c) Comparison of the experimental 
PXRD pattern of as-synthesized MOF@FCNF (red) with the simulated from single crystal 
structure of MOF-2 (green). (d) VT-PXRD analysis of MOF-2. [Reprinted with permission 
from (16). Copyright 2012 Royal Society of Chemistry]. 



Chapter 5                                                     CNF-MOF Hybrids for Enhanced H2 Uptake 

2014-Ph. D. Thesis: Pradip Pachfule, (CSIR-NCL), AcSIR                                                                        178 | P a g e  

To confirm the content and the phase purity of samples, PXRD analyses of the 

hybrid materials were performed. Although, we attempted the synthesis of the MOF-5 

based hybrid,18 the PXRD patterns of the resulting MOF crystals as well as the 

MOF@CNF hybrid show that all the major peaks of experimental PXRD match well 

with the simulated PXRD pattern of another Zn–terephthalate based MOF (MOF-2) 

synthesized under acidic conditions (Figure 5.7 and 5.9).19 To find out the lowest 

threshold of CNFs at which the structure directing occurs, we used the amount of FCNF 

as small as 1 mg in 10 mL Zn–terephthalate solution. It is fascinating to note that this 

minimum amount itself is sufficient to change the growth of the crystal from MOF-5 to 

MOF-2, which is also confirmed from PXRD analysis. Though, the exact reason for this 

structure directing role of CNFs is unclear at this point, we speculate that the lowering 

of pH (~ 4.3) of the DEF solution of Zn(NO3)2.6H2O and terephthalic acid by induction 

of CNFs may play a crucial role for the final structure determination. 

To validate the thermal stability of the MOF@FCNF hybrid, we performed in-

situ VT-PXRD analyses of MOF-2 and MOF@FCNF samples at temperatures ranging 

from 25 °C to 600 °C (Figure 5.7b and 5.7d). The VT-PXRD analysis of MOF-2 

obtained, clearly indicates that MOF-2 is stable and retains crystallinity up to 200 °C 

without any phase change. Small differences in the intensities of the reflections are 

observed at higher temperatures probably because of the removal of 

residual solvent molecules. However, the VT-PXRD analysis of MOF@FCNF depicts 

that the hybrid material is stable even above 300 °C and this additional thermal stability 

by 100 °C can be attributed to the synergistic effect between the MOF-2 and FCNFs. 

Similarly, TGA of these samples also suggests the additional thermal stability of hybrid 

MOF@FCNF over pristine MOF-2. The TGA analysis for the as synthesized 

MOF@FCNFs hybrid shows stability up to 180 °C, which is followed by a gradual 

weight-loss step of 4.5% (180–275 °C), corresponding to escape of the 

trapped solvent of crystallization present in the pores and CNFs. This is followed by a 

sharp weight loss (275–340 °C) probably due to the decomposition of the framework. 

The TGA trace of as synthesized MOF-2 indicates the loss of solvent molecules in the 

range of 20–220 °C in 2 steps possibly due to removal of free and trapped DEF 

molecules from the framework. This is followed by the sharp weight loss step of 13.8% 
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Figure 5.8 FT-IR spectra for FCNF, MOF-2 
and MOF-2@FCNF showing characteristic 
peaks for the confined MOF-2 in FCNF. 

(220–280 °C) probably due to decomposition of bridging terephthalate molecules 

resulting into decomposition of the framework.  

5.3.4 FT-IR and XPS analyses of MOF-2 and hybrids: 

The FT-IR analyses of the samples of F-CNF, MOF-2 and MOF-@FCNF hybrids were 

performed to confirm the interactions between MOF-2 and FCNF into the hybrid 

materials. The presence of 

characteristic peaks for acid 

functionalized CNFs at ~1690 cm-1 

and ~3110 cm-1 confirmed the 

existence of coordination sites for 

MOF-2 anchoring (Figure 5.8). 

Similarly, the distinct appearance of 

peaks for uncoordinated carbonyl and 

–OH groups in the IR-spectrum MOF-

2 has been noticed. The FT-IR spectra 

of MOF-2@FNCF showed the 

presence of all the characteristic peaks 

for both FCNF and MOF-2, with 

additional peaks for coordination between Zn-metal and functional groups from FCNF 

as expected (Figure 5.8). From the FT-IR an analysis of these samples, interactions of 

MOF-2 with CNFs was confirmed, which was further authenticated using XPS analysis 

of as synthesized samples of MOF-2 and MOF@FCNF (vide infra). 

The intimate interaction between the FCNFs and MOF-2 is unraveled 

using XPS analysis. Figure 5.9b and 5.9c respectively, show the comparison of the 

deconvoluted Zn 2p levels of MOF-2 and MOF@FCNF. The Zn 2p spectra of MOF-2 

exhibit two intense peaks at 1022.2 and 1045.2 eV, respectively; which can be assigned 

to the 2p3/2 and 2p1/2 components, revealing the presence of Zn2+ cations in MOF-2. The 

Zn 2p spectrum of MOF@FCNF shows two doublets at peak positions 1023, 1045.8, 

1015.5 and 1037.5 eV, respectively. The additional two peaks observed at lower binding 

energy indicate that Zn is present in two chemical environments in MOF@FCNF. This 

doublet can be attributed to the Zn present in the MOF-2 crystals which are directly 
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linked to the FCNF support.20 The observed shift in the binding energy of Zn by ca. 8 

eV indicates the strong chemical interaction between the carbon in the FCNF and the Zn 

in the MOF-2. The regular doublet observed in pure MOF-2 is retained in the hybrid 

also. Interestingly, a slight shift in the peak position of ca. 0.8 eV is observed in this 

case as well. This elucidates that a liable interaction is still present even in MOF crystals 

which are not in immediate contact with the FCNF. Further, additional evidences for the 

interaction between FCNF and MOF-2 can be deduced from a comparison of the full 

survey XP spectra (Figure 5.9a), C 1s (Figure 5.9d−5.9f) and O 1s (Figure 5.9g−5.9i) 

spectra of the FCNF, MOF-2 and MOF@FCNF. 

 
Figure 5.9 XPS analyses of FCNF, MOF-2, MOF@PCNF and MOF@FCNF. a) Comparison of 
the full survey X-ray photoelectron spectra obtained for FCNF, MOF-2 and MOF@FCNF. b) 
and c) Deconvoluted XP spectra of Zn 2p levels in MOF@PCNF and MOF@FCNF, 
respectively. d), e) and f) XP spectra of C 1s core level of F-CNF, MOF-2 and MOF@FCNFs 
after deconvolution, respectively. g), h) and i) Comparison of XP spectra of O 1s core level of 
F-CNF, MOF-2 and MOF@FCNFs after deconvolution, respectively. (The circles represent the 
experimental data, red line represents the fitting data for the overall signal and the dotted lines 
are the deconvoluted individual peaks for different species present in the sample). 
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5.3.5 Crystal structure description of MOF-2: 

 
Figure 5.10 Crystal structure of MOF-2. a) ORTEP drawing of the asymmetric unit of MOF-2 
drawn at 50% probability level. b) Tetrahedral SBU’s in MOF-2 where each tetrahedral Zn is 
connected to the next Zn through bridging carboxylate groups. c) and d) Packing diagram of 
MOF-2 through a and c axis showing one dimensional channels running through structure. 

Further, in order to confirm the formation of MOF-2 despite of MOF-5, single crystal 

X-ray analyses were performed using single crystals of MOFs obtained during the 

hybrid synthesis.19 A open-framework zinc terephthalate (H2NEt2)2[Zn3(BDC)4] 3DEF 

(BDC = 1,4-benzendicarboxylate, DEF=N,N′-diethylformamide) was obtained under 

slightly acidic condition developed by addition of FCNF into the reaction mixture 

through the  reaction of 1,4-benzendicarboxylic acid (H2BDC) with Zn(II) in a DEF 

solution. The structure was obtained by single crystal X-ray diffraction and consists of 

trimetallic zinc building units, that are interconnected by eight BDC units each as 

previously reported by Stock and co-workers (Figure 5.10). Six BDC ions together with 

the trimetallic Zn-units form a two-dimensional (3,6)-net while the other two BDC unit 

pillar these layers. Thus a three-dimensional anionic framework with a 2D pore system 

is formed. The pore space is occupied by solvent molecules (DEF) and 

diethylammonium ions, produced by in situ hydrolysis of DEF. These DMA cations are 

interconnected with each other as well as connected to the framework by H-bonds. 
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5.4 Gas Adsorption Properties: 
In order to study the porosity and gas uptake properties of FCNF, MOF-2 and 

MOF@FCNF, these samples were activated to make them free from other guest entities. 

The permanent porosity of the activated samples of FCNF, MOF-2 and MOF@FCNFs 

is confirmed by N2 adsorption study. The N2 adsorption isotherms for the activated 

samples of FCNF, MOF-2 and MOF@FCNF exhibit type-I sorption behavior (Figure 

5.11a) with Langmuir surface areas of 37, 68 and 81 m² g−1 and BET surface areas of 

23, 39 and 50 m2 g−1, respectively. Further, all these samples show reversible type-I 

H2 and CO2 adsorption isotherms at 77 and 298 K, respectively, at 1 atm pressure 

indicating reversible adsorption (Figure 5.11b and 5.11c). At 1 atm pressure and 77 K, 

FCNF and MOF-2 adsorb 0.27 and 0.63 wt% H2, while MOF@FCNF adsorbs 0.84 wt% 

H2. In the case of CO2 adsorption, at 298 K, FCNF and MOF-2 adsorb 0.70 and 1.20 

mmol g−1 CO2 as the pressure approaches 1 atm, while MOF@FCNF adsorbs 1.61 

mmol g−1 CO2 at 298 K and 1 atm pressure. So, there is a significant increase of 30% 

in the H2 uptake and 25% increase of CO2 uptake in the case of hybrids in comparison 

with pristine MOF-2 (Figure 5.11d). 

This overall increase in the gas uptake properties can be attributed to the 

modulated property characteristics of the hybrid material via gas diffusion in the 

MOF@CNF hybrid. Since CNFs are hollow structure with a large central hollow core 

and comparatively larger inner diameter (60 ± 10 nm), diffusion of guest molecules into 

the inner cavity will not be a major problem. On the other hand, adsorption of tiny gas 

molecules like N2 (Kinetic diameter−3.65 Å), CO2 (Kinetic diameter−3.4 Å) and H2 

(Kinetic diameter: 2.85 Å) is also difficult in case of CNFs, as they have very high 

diameter compared to the kinetic diameter of the adsorbing molecules. Form the 

synthesis part; it is clear that relatively viscous DEF solution has entered in the inner 

cavity without any diffusional limitation resulting into the formation of MOF-2 crystals 

in the inner cavity. Since, in case of gas uptake the molecules are in the gaseous state, 

diffusional limitation will be less as compared to that in the liquid phase. Moreover, the 

CNF is not completely packed with the MOFs thus leaving path for gas diffusion. 

During the mass-transport process, the guest molecules can either diffuse through the 
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Figure 5.11 Gas adsorption analyses of FCNF, MOF-2 and MOF@FCNF. (a) N2 adsorption 
isotherms for FCNF, MOF-2 and MOF@FCNF. (b) H2 adsorption isotherms for FCNF, MOF-2 
and MOF@FCNF. c) CO2 adsorption isotherms for FCNF, MOF-2 and MOF@FCNF. d) Bar 
chart representation of comparison of the BET, H2 and CO2 uptake capabilities in the FCNF, 
MOF-2 and MOF@FCNF. [Reprinted with permission from (16). Copyright 2012 Royal 
Society of Chemistry]. 

pore (Knudson diffusion or bulk diffusion), on the pore wall (surface diffusion) or a 

combination through desorption/adsorption processes.21 In this context, although CNFs 

are partially or completely filled with the MOF-2, the active graphene edges which are 

still present inside the CNFs, which acts as adsorption sites. As MOF-2 itself is porous, 

it can easily adsorb or allow the diffusion of gas molecules through its pores and 

through the CNFs. MOF@CNF although have limited channels, the overall increase in 

the gas uptake can be attributed to the creation of the new adsorption sites (active 

graphene edges) as well synergetic effect of both MOF as well as CNFs. But, we would 

like to mention that the exact mechanism of the adsorption of gases on the MOF@CNF 

is still not clear, we are still finding the ways to analyze the reason behind the overall 

increase in the gas uptake rather than FCNF and MOF-2. 
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5.5 Conclusions: 
The utilization of carbon nanofibers, having one dimensional tubular, nanosized hollow 

structure has been demonstrated, as a host for MOFs to improve the gas uptake as well 

as thermal stability. The selective one dimensional confinement of MOF-2 in the inner 

cavity of CNF has been achieved by the utilization of pristine CNFs as a host, whereas 

the loading of MOF-2 in inner cavity as well as on outer surface of CNFs was 

accomplished in the case of functionalized CNFs. The presence of anchoring sites in the 

FCNFs to achieve the both in and out growth of MOFs was explored. This study 

outlines a new strategy for the well ordered assembly of an otherwise 

thermodynamically less stable MOF in the inner cavity as well as on the outer wall of a 

CNF template. The 1D confinement restricts the growth of such MOFs to 

nanodimensions giving superior properties over pristine MOF and CNFs. The hybrid 

material shows improved thermal stability as well as gas uptake over FCNF and MOF-

2. The overall increase in the gas uptake properties attributed by the modulated property 

characteristics of the hybrid material via gas diffusion in the MOF@CNF hybrid was 

realized for the first time in MOF literature. The advantages of hybrid synthesis using 

two promising materials for betterment of gas uptake and thermal stability of MOFs by 

achieving increased interactions between indivisual counterparts was also reveled. The 

stabilization of the thermodynamically less stable variety of the MOF observed in our 

study may pave the way for future applications of these materials in unforeseen fields. 
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5.6 Experimental Materials and Methods: 
5.6.1 General Procedures: 

All reagents and solvents for synthesis and analysis were commercially available and 

used as received. 1,4-Benzene dicarboxylic acid (Terephthalic acid), N,N-

Diethylformamide (DEF) and Zn(NO3)2.6H2O were purchased from Aldrich Chemicals. 

All starting materials were used without further purification. All experimental 

operations were performed in air and all the stock solutions were prepared in DEF. N,N-

dimethylformamide (DMF) was purchased from Rankem chemicals. Powder X-ray 

diffraction (PXRD) patterns were recorded on a Phillips PANalytical diffractometer for 

Cu Kα radiation (l = 1.5406 Å), with a scan speed of 0.5° min-1 and a step size of 0.02° 

in 2θ. 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). 

Thermogravimetric analyses (TGA) were carried out on a TG50 analyzer (Mettler-

Toledo) or a SDT Q600 TG-DTA analyzer under N2 atmosphere at a heating rate of 10 

ºC min-1 within a temperature range of 30−900 °C. SEM images were obtained with a 

Zeiss DSM 950 scanning electron microscope and FEI, QUANTA 200 3D. Scanning 

Electron Microscope with tungsten filament as electron source operated at 10 kV was 

used to get SEM images. The samples were sputtered with Au (nano-sized film) prior to 

imaging by a SCD 040 Balzers Union as well as by sprinkling the powder on carbon 

tape. Microscopy analyses were performed using a LEICA Stereoscan 440 scanning 

electron microscope (SEM) equipped with Phoenix energy dispersive analysis of X-ray 

(EDAX). To investigate the microstructure and morphology of the nanoparticles, we 

used the FEI (model Tecnai F30) high resolution transmission electron microscope 

(HRTEM) equipped with field emission source operating at 300 KeV to image the 

nano-crystals on carbon-coated copper TEM grids. The nanoparticles were dispersed in 

i-PrOH and drop casted on the TEM grids. X-Ray photoelectron spectroscopic (XPS) 

measurements were carried out on a VG Micro Tech ESCA 3000 instrument at a 

pressure of >1 × 10-9 Torr (pass energy of 50 eV, electron take-off angle of 60°, and 

overall resolution was 0.1 eV).  
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5.6.2 Single Crystal X-Ray Diffraction Methods: 

Single crystal data for MOF-2 was collected on Bruker SMART APEX three circle 

diffractometer equipped with a CCD area detector and operated at 1500 W power (50 

kV, 30 mA) to generate Mo Kα radiation (λ= 0.71073 Å). The incident X-ray beam was 

focused and monochromated using Bruker Excalibur Gobel mirror optics. Crystal of 

MOF-2, which data is reported in this work, was mounted on nylon CryoLoop 

(Hampton Research) with Paraton-N (Hampton Research). Initial scans of each 

specimen were performed to obtain preliminary unit cell parameters and to assess the 

mosaicity (breadth of spots between frames) of the crystal to select the required frame 

width for data collection. In every case frame widths of 0.5° were judged to be 

appropriate and full hemispheres of data were collected using the Bruker SMART22 

software suite. Following data collection, reflections were sampled from all regions of 

the Ewald sphere to re-determine unit cell parameters for data integration and to check 

for rotational twinning using CELL_NOW.23 Following exhaustive review of the 

collected frames the resolution of the dataset was judged. Data were integrated using 

Bruker SAINT24 software with a narrow frame algorithm and a 0.400 fractional lower 

limit of average intensity. Data were subsequently corrected for absorption by the 

program SADABS.25 The space group determinations and tests for merohedral twinning 

were carried out using XPREP.26 In these cases, the highest possible space group was 

chosen. 

Structure was solved by direct methods and refined using the SHELXTL 9726 

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. Single Crystal X-ray Diffraction data for MOF-2 was collected at 298(2) K. 

Structures were examined using the ADDSYM27 subroutine of PLATON28 to assure that 

no additional symmetry could be applied to the models. All ellipsoids in ORTEP 

diagrams are displayed at the 50 % probability level unless noted otherwise (Figure 

5.10a).  
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5.6.3 Gas Adsorption Measurements: 

 Low pressure volumetric gas adsorption measurements involved in this work were 

performed at 77 K for H2 and N2, maintained by a liquid nitrogen bath, with pressures 

ranging from 0 to 1 bar on Quantachrome Quadrasorb automatic volumetric instrument. 

While, CO2 adsorption measurements were done at 273 K and 293 K temperature with 

same pressures range. In the all adsorption measurements, ultra high-purity H2 was 

obtained by using calcium aluminosilicate adsorbents to remove trace amounts of water 

and other impurities before introduction into the system. The samples of MOF-2, 

MOF@FNCF and MOF@PCNF were soaked in 1:1 dry dichloromethane and methanol 

mixture for 12 h. Fresh 1:1 dry dichloromethane and methanol mixture was 

subsequently added and the crystals were allowed to stay for additional 48 h to remove 

co-ordinated and free solvates (DEF and H2O) present in framework. The sample was 

dried under a dynamic vacuum (<10-3 Torr) at room temperature overnight. Prior to gas 

sorption experiments, thermal activation at an optimized temperature of 120 °C, for 48 h 

has been done to remove free solvates (DMF and EtOH) present in framework. 

5.6.4 Synthesis of MOF-CNF Hybrids by Solvothermal Method. 

Synthesis of MOF@PCNF:  

As shown in Figure 5.3, Zn(NO3)2.6H2O (0.1 g) and terephthalic acid (0.4 g) were 

dissolved in 10 mL DEF and mixed well by ultra-sonication (5 min) to get a clear 

solution in a glass vial. To this solution a weighed amount of the PCNF (45 mg) was 

added. To facilitate the entry of the precursor solution in the inner cavity of the CNFs, 

this was subjected to extensive sonication using a probe type sonicator (10 sec pulse for 

5 times). This slurry was then kept at 90 °C for 48 h for the complete formation of MOF 

crystals. The resulting hybrid material was purified and separated from the unattached 

MOFs by repeated centrifugation (5 times) at 2000 rpm in the same solvent used for the 

synthesis. Since, there is considerable difference in the density of pure MOFs and the 

hybrid material, during centrifugation pure MOFs were settled down at the bottom and 

could be separated from the hybrid material easily. The resulting hybrid material 

MOF@PCNF was collected and dried in atmospheric conditions.  

Synthesis of MOF@FCNF:  

Zn(NO3)2.6H2O (0.1 g) and terephthalic acid (0.4 g) were dissolved in 10 mL DEF and 
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mixed well by ultra-sonication (5 min) to get a clear solution in a glass vial. To this 

solution, a weighed amount of the FCNF (45 mg) was added. In this case, PCNF 

activated by an H2O2 treatment at 60 °C for 6 h to introduce functional groups (FCNF) 

was used. The same synthesis approach was performed to load MOF-2 on FCNF and to 

get the phase pure MOF@FCNF (Figure 5.3).  
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Memorandum 

The results of this chapter have already been published in Chemical Communications, 

2012, 48, 2009–2011; with the title: “One-dimensional Confinement of a Nanosized 

Metal Organic Framework in Carbon Nanofibers for Improved Gas Adsorption”. 

 This publication was the result of collaboration between the group of Dr. Rahul 

Banerjee and his student Pradip Pachfule from the Physical/Materials Chemistry 

Division at CSIR-National Chemical Laboratory in Pune, India and group Dr. 

Sreekumar Kurungot and his student Beena K. Balan from same place. Dr. Sreekumar 

Kurungot with his student Beena Balan has actively contributed to the publication in 

characterization of hybrids by TEM, SEM and XPS analyses. 

Pradip Pachfule was involved in the preparation of MOF based hybrids, 
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PXRD, FT-IR, TGA, Gas adsorption studies, etc. Finally figure preparation and draft 

writing was carried out by him under the guidance of Dr. Rahul Banerjee and Dr. 

Sreekumar Kurungot. 
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Conclusions and Future Prospects 

 

6.1 Conclusions: 
Physisorption of H2 in porous materials at cryogenic conditions is a viable mechanism 

for H2 storage in mobile applications, in which storage mechanism has the advantage of 

possessing fast kinetics, low heat of adsorption and being completely reversible. 

Although there are several porous materials reported into the literature, MOFs are the 

best candidates for H2 adsorption, since they consist of lighter elements, are highly 

porous and their pore dimensions can be tailored by chemical engineering. Different 

properties of the material, like specific surface area, composition and pore size can 

influence the storage capacity. Therefore, an understanding about the correlation 

between adsorption properties and structure of MOFs is necessary to specifically 

improve these materials for H2 storage.2 The main achievements acquired during the 

course of time of the investigation for H2 storage in MOFs are discussed, limitations of 

the present investigation are defined and some of the future prospects are proposed. 

 The intriguing structural aspects like high surface area, tunable pore sizes and 

functionalizable pore walls makes MOFs as a suitable candidate for H2 adsorption over 

other literature reported materials like porous carbons, metal hydrides, zeolites, porous 

silica materials, etc. MOFs are considered as eligible materials for gas adsorption, gas 

separation, catalysis, drug delivery, luminescence and sensors, etc. Although, these 

materials are utilized for various applications, MOFs have been used frequently for H2 

storage in order to achieve DoE targets. Several attempts are followed for improvement 

in H2 uptake capacities in MOFs, which includes increasing pore size, pore volume and 

surface area, creation of open metal sites, MOF functionalization, interpenetration or 

catenation, doping of metal nanoparticles and alkali metals in MOFs, etc. Despite of the 

promising achievements in terms of H2 storage in MOFs, the weak interaction between 

H2 molecules and framework ingredients is the main obstacle for its further application 

and achievement of DoE targets. From the literature survey and expert reviews, it seems 

that in order to reach the DoE set targets for room temperature adsorption a strong 

initial heat of adsorption and large surface area and pore volume is desirable. This may 
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be achieved by synthesis of highly porous MOFs with the incorporation of functional 

groups like –OH, −F, −CF3, −SO3H, −COOH, etc. via linkers or post-synthetic 

modifications. The initial heat of adsorption necessary for high H2 uptake at low 

pressure can be achieved via highly electronegative groups present into the MOF pores 

and further uptake at high pressure can be accomplished by presence of high porosity.  

 In the initial attempts, as desired in previous literature outcomes, in order to 

improve the H2 uptake properties of MOFs via increased interactions among the 

framework components and adsorbing H2 molecules, synthesis of new F-MOF was 

performed. In these aspects, using a flexible fluorinated dicarboxylates building block 

4,4′-hexafluoroisopropilidine bis-benzoic acid; 3-methyl pyridine/1,10-phenanthroline 

co-ligands, and different transition metal cations [Zn(II), Co(II), Mn(II), and Cu(II)] 

several F-MOFs have been synthesized. The moderate H2 uptake shown by these 

materials, despite of its very limited or negligible surface area could possibly emerge as 

H2 storage materials. The further attempts to improve the gas uptake in these F-MOFs 

were unsuccessful due the V-shaped twisted conformation and flexible nature of 4,4′-

hexafluoroisopropilidine bis-benzoic acid, which restricts the expansion of cavities into 

the MOF structure. To overcome these issues, highly robust and porous MOFs using 

isonicotinic acid and 3-fluoro isonicotinic acid for high H2 uptake proved to be 

rewarding to increase the overall H2 uptake. The H2 uptake data collected in two pairs of 

isostructural fluorinated and non-fluorinated MOFs, Co-INA-1 and Co-FINA-1, 

fluorination resulted in almost similar H2 uptake, whereas in Co-INA-2 and Co-FINA-2, 

fluorination resulted in an overall increase in H2 uptake. From these results, it is clear 

that as fluorine atoms in F-MOFs are weakly interacting with gas molecules, other 

factors, such as pore size, curvature, and open metal sites, can also play crucial roles in 

the gas uptakes in these F-MOFs. The comparison of H2 uptake in these isostructural 

MOFs using experimental and simulation methods, emphasizes that improvement in H2 

uptake in F-MOFs is not a universal phenomenon, but is rather system-specific and 

differs from system to system. 

 In order to reassert the effect of partial fluorination on H2 uptake properties of 

MOFs, we have synthesized new MOFs using the predesigned 4-tetrazole benzoic acid 

(4-TBA) and fluorine containing 2-fluoro-4-tetrazole benzoic acid (2-F-4-TBA) linkers 
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with a transition metal center Cu(I/II), solvothermally. The exploration of H2 uptake 

properties in isostructural Cu-TBA-2 and Cu-TBA-2F was performed in more details by 

utilizing the experimental and computational results of H2 adsorption isotherms. At 1 

atm pressure, Cu-TBA-2 shows uptake of 1.54 wt % H2, whereas Cu-TBA-2F shows 

uptake of 0.67 wt% at same conditions. The direct comparison between gas adsorption 

properties of iso-structural partially fluorinated Cu-TBA-2F and non-fluorinated Cu-

TBA-2 suggested that enhancement of H2 adsorption due to fluorination in MOFs is not 

an universal phenomenon, but it is rather system specific and can differ from system to 

system. The density distributions of adsorbed H2 molecules in Cu-TBA-2 and Cu-TBA-

2F from simulation suggest that H2 molecules are primarily adsorbed in the pores along 

the X axis and the binding sites are mostly located in the pore centers. Based on the 

simulation, protruding fluorine atoms from 2-F-4-TBA appear to cause a steric 

hindrance and a lower adsorption for H2. Nevertheless, thorough research work is 

necessary on H2 adsorption on iso-structural fluorinated/non-fluorinated MOFs before 

we can conclusively indicate a positive/negative effect of fluorination on enhancement 

of hydrogen adsorption in MOFs.  

As per the studies based on fluorinated MOFs for enhanced H2 uptake showed 

promising results, we have moved further for the synthesis of functionalized MOFs 

having framework interpenetration. Framework interpenetration is a phenomenon, 

where the pores of one framework are inter-grown by one or more independent 

frameworks, which hold favorable interactions between aromatic rings of MOFs and H2 

molecules. Since, microporous interpenetrated MOFs would be ideal candidates for the 

sorption of small gaseous molecules, interpenetration has been utilized to strengthen the 

interaction between the gaseous molecule and the framework by an entrapment 

mechanism, in which hydrogen molecules remains in close proximity with several 

aromatic rings from interpenetrating networks. In these regards, the successful isolation 

of the interpenetrated, porous, functionalized Cd-ANIC-1 and Co-ANIC-1 MOFs with 

diamondoid topology having one dimensional channels of dimensions 3.9 Å × 3.9 Å 

and 3.7 Å × 3.7 Å running through a axis, respectively; synthesized using 2-amino-

isonicotinic acid (ANIC). The porous, interpenetrated and functionalized Cd-ANIC-1 

and Co-ANIC-1 have high H2 adsorption capacities of 1.84 wt% and 1.64 wt%, 
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respectively; which can be attributed to the presence of the Lewis basic amino groups of 

ANIC linkers and interpenetration. Specially, as other amino functionalized MOFs and 

ZIFs lack the high H2 adsorption, we could successfully achieve high H2 adsorption as 

well, which is contributed by interpenetration in the frameworks of Cd-ANIC-1 and Co-

ANIC-1. The H2 adsorptions in Cd-ANIC-1 and Co-ANIC-1 have also been validated 

by simulations, which show good agreement with experimental data. Collectively, these 

results points towards the discovery of new materials with functionalized 

interpenetrated frameworks synthesized from a simple isonicotinic acid derived link for 

high H2 adsorption capacities. 

 Lastly, to achieve the enhanced H2 uptake in MOFs, synthesis of hybrid 

materials using functionalized carbon nanofibers (F-CNF) has been performed. The 

utilization of carbon nanofibers, having one dimensional tubular, nanosized hollow 

structure has been demonstrated, as a host for MOFs to improve the gas uptake as well 

as thermal stability. The selective one dimensional confinement of MOF-2 in the inner 

cavity of CNF has been achieved by the utilization of pristine CNFs as a host, whereas 

the loading of MOF-2 in inner cavity as well as on outer surface of CNFs was 

accomplished in the case of functionalized CNFs. This study outlines a new strategy for 

the well ordered assembly of an otherwise thermodynamically less stable MOF in the 

inner cavity as well as on the outer wall of a CNF template. The 1D confinement 

restricts the growth of such MOFs to nanodimensions giving superior properties over 

pristine MOF and CNFs. The hybrid material shows improved thermal stability as well 

as H2 uptake over FCNF and MOF-2. At 1 atm pressure and 77 K, FCNF and MOF-2 

adsorb 0.27 and 0.63 wt% H2, while MOF-2@FCNF adsorbs 0.84 wt% H2. The 

significant increase of 30% in the H2 uptake in the case of hybrids in comparison with 

pristine MOF-2, which can be attributed to the modulated property characteristics of the 

hybrid material via gas diffusion in the MOF@CNF hybrid. The advantages of hybrid 

synthesis using two promising materials for betterment of gas uptake and thermal 

stability of MOFs by achieving increased interactions between indivisual counterparts 

was also revealed. The stabilization of the thermodynamically less stable variety of the 

MOF observed in our study may pave the way for future applications of these materials 

in unforeseen fields. 
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In summary, MOFs have versatile structures, high surface areas, and high pore 

volumes, and thus can be regarded as good candidate materials for H2 storage. To 

develop MOFs as H2 storage materials that meet the DoE targets for an on-board 

hydrogen system, a serious challenge is still present in the design and synthesis of the 

MOF materials. We may expect that highly stable MOFs having a large surface area 

and pore volume, together with many open metal sites or embedded catalysts for 

hydrogen spillover or functional groups having high affinity to H2 molecules would 

provide positive results for H2 storage at ambient temperature. Looking through the 

impact of MOFs for social cause, these materials are applied in several avenues for gas 

separation, proton conductivity, charge carrier mobility, magnetism, drug delivery, 

luminescence and sensors, etc. Due to the intriguing structural and inherent properties, 

MOFs may pave future application for several unseen field for the good of the society. 

6.2 Future Prospects: 

Finally, some of the future prospects for the applications of MOFs within the broad 

perspective of storage materials and its societal impact are as follows: 

Proposal-I: Synthesis of Hydrophobic Fluorinated Metal Organic Frameworks for 

Hydrocarbon Storage, Adsorption of Nerve agents and Mustard Gases 

Synthesis of hydrophobic adsorbing materials has picked researchers attention due to its 

significant applications in gas adsorption, hydrocarbon adsorption/separation, capture of 

Nerve agents and Mustard gas analogues.1 As discussed earlier, as a result of high 

elctronegativity and hydrophobic nature fluorine atoms, the utilization of F-MOFs for 

gas adsorption and hydrocarbon separation and sorption are demonstrated in literature. 

The capture of Nerve agents is also important in order to maintain the environmental 

balance, since these gases disrupt the mechanism by which nerves transfer messages to 

organs. Similarly, the mustard gas compound readily eliminates a chloride ion by 

intramolecular nucleophilic substitution to form a cyclic sulfonium ion, which tends to 

permanently alkylate the guanine nucleotide in DNA strands, which prevents cellular 

division and generally leads directly to programmed cell death or development of 

cancer.2 MOFs with hydrophobic groups have been utilized to capture the Nerve agents 

and Mustard gas analogues owing to their highly ordered, crystalline architectures with 
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tunable porosities. MOFs/ZIFs having functional groups (−CH3, −C2H5, −CHO, etc.) 

anchored to the coordinating linkers studied extensively for their hydrophobic nature.3 

Similarly, the fluorine functionalized MOFs having fluorine lined channels showed 

great promise for hydrocarbon adsorption/separation and gas uptake as well, probably 

due to the high thermal stability, high selectivity, and excellent recyclability of these 

materials originating from the highly electronegative fluorine atoms.4 Although, these 

materials are of great interest, they are not studied well in the literature due to limited 

diversity of fluorine containing linkers.  

In light of these issues associated with the synthesis of fluorinated MOFs (F-

MOFs), herein we propose the synthesis of fluorinated MOFs having fluorine lined 

channels. The synthesis of fluorine containing ligands can be achieved by simple click 

chemistry or coupling reaction. As shown in Figure 6.1, the reaction of these fluorine 

containing ligands with metal centers like Zn(II), Cu(II), Co(II), etc. will result into the 

formation of  highly porous F-MOFs possessing fluorine lined channels. As these 

ligands can coordinate into the similar fashion of 1,4-benzene dicarboxylate showed in 

MOF-5 or 3,5-dimethyl-4-carboxypyrazolate showed in [Zn4O(3,5-dimethyl-4-

carboxypyrazolato)3] MOF, hence possibility of getting highly porous structures is 

maximum. 

 
Figure 6.1 Synthesis of MOF-5 analogues fluorinated MOFs from pyrazolate, triazolates, 
tetrazolate or carboxylate based coordinating linkers. 

The highly ordered and porous architectures with hydrophobic channels present 

in these FMOFs can be further utilized for the hydrocarbon adsorption/separation and 

H2 adsorption also. The similar approach of utilization of hydrophobic channels can be 

extended for the capture of G/V-series Nerve agents and Mustard gas analogues as well. 
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The harmful volatile compounds including tear agents, vomiting agents, lethal agents, 

etc. will be successfully captured by these F-MOFs as these materials possesses the high 

attraction towards these kind of gases. 

Proposal-II: Design and Synthesis of New Proton Conducting Materials Based on 

Metal-Organic Framework-Carbon Nanofiber (PC-MOF@CNF) Hybrids 

Research on Metal−organic frameworks (MOFs)5 and carbon nanomorphologies like 

carbon nanotubes (CNTs), graphene (GE) and carbon nanofibers (CNFs) derived hybrid 

materials6 has picked up attention due to variety of applications like gas storage, 

sensing, drug delivery, catalysis, proton conduction, etc. MOFs and nanocarbon 

morphologies so far have been well exploited in the literature separately; and despite the 

recent progresses in the construction of novel MOF-nanocarbon hybrid structures 

through different strategies and the improvement in the properties of such hybrids.7 

However, most of the hybrids are physical mixtures and they lack proper chemical 

interactions between the individual counterparts. But, the modifications in the properties 

by synergistic effects need such chemical interactions to meet the real time 

requirements. On the other hand, the search for new highly proton-conducting materials 

has been a subject of intense research because of their potential applications in fuel 

cells, sensors and other areas as the traditional proton conducting nafion membranes 

suffers a limitation of operating in temperature above 80 °C.8 In order to replace these 

membranes several materials like MOFs, organic molecular porous materials, 

biopolymer composite materials, anodic nanofilms, etc. have been tried previously.9 

Despite the several materials studied for proton conduction, MOFs showed promising 

results over other materials due to hallow channels inside the flexible structure and 

competence of accommodating small molecules like water, imidazole, triazole helping 

in proton conduction.10 In this context, we propose a facile move toward the synthesis of 

a MOF-CNF hybrid by an in-situ approach for high proton conduction. As the 

confinement and insulation within nanosized hollow structures are expected to show 

interesting property modulations and unusual stability, we have selected CNFs, which 

has a  such as high flexibility, high tensile strength, low weight, high resistance, high 

temperature tolerance, low thermal expansion and high thermal conductivity. By 

rationally tailoring the experimental parameters, it is possible that the selective one-
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dimensional confinement of highly crystalline and nanosized proton conductive MOFs 

(PC-MOF) in inner cavity and in inner cavity as well as on the outer walls of CNF.11 

 

Figure 6.2 Proposed scheme of synthesis illustrating the synthesis for hybrid PC-MOF@PCNF 
and PC-MOF@FCNF using pristine CNFs (PCNF) and functionalized CNFs (FCNF), 
respectively. 

The proposed research intends to create a new route to synthesize PC-

MOF@CNFs hybrid by an insitu MOF growth approach.12 Figure 6.2 illustrates the idea 

behind the proposed work, where selective decoration of PC-MOF inside and inner as 

well as outer surface of CNFs can be achieved by using prestine and functionalized 

CNFs, respectively; as functionalizations of CNFs can procure binding sites for MOFs. 

As CNFs possesses active terminal graphene edges in the inner cavity, open tips with 

large inner diameter, inherently inactive outer surface which results from the covering 

of the slanting graphene edges by a duplex layer, the chemical interaction between PC-

MOF and FCNF is obvious, which usually results into the improved chemical as well as 

thermal stability. The incessant loading of PC-MOFs on outer as well as inner surface of 
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CNFs with improved thermal stability can be achieved, as CNFs possesses high thermal 

conductivity and low thermal expansion with high temperature tolerance, it is expected 

that confinement of proton PC-MOFs inside as well as on the outside surface on CNFs 

could result into the thermally stable hybrid PC-MOF@CNF materials. 

We have in our laboratory already synthesised a Zn-terephthalate MOF-CNF 

hybrid by an in-situ [MOF@CNF] approach.13 By rationally tailoring the experimental 

parameters, we expect the selective one-dimensional confinement of highly crystalline 

and nanosized MOFs in inner cavity and in inner cavity as well as on the outer walls of 

CNF. The hybrid material may show improved thermal stability as well as gas uptake 

over individual precursors. One dimensional continuous confinement of MOF inside the 

hollow CNFs can facile the movement of the charge carrier molecules like water, 

imidazole, triazole, etc. by following the Grotthuss hopping mechanism for proton 

conduction. To achieve the real time need of materials which will show the proton 

conduction at high as well as low temperature, the hybrid materials PC-MOF@PCNF 

and PC-MOF@FCNF will be the best materials to replace the thermally unstable 

traditional proton conduction materials like nafion. 
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