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SYNOPSIS

1. Motivation and Introduction

Hydrogen storage and its transportation at operational temperatures remain major issues for its
commercialization in onboard vehicular applications. The U.S. Department of Energy (DOE) has
set hydrogen storage targets for 2025, with ultimate goals of 6.5 wt.% gravimetric capacity and 50
g/L volumetric uptake.[1] To achieve these targets, solid-state hydrogen storage by adsorbing H»
in porous materials has emerged as the most promising technology, since gas-phase hydrogen
storage requires a high-pressure tank and liquid hydrogen can be stored at cryogenic temperatures,
which require sophisticated tanks and raise safety concerns.[2] Porous materials such as metal-
organic frameworks (MOFs) and covalent-organic frameworks (COFs) offer great promise for
enhancing gas storage (especially Ha-storage), CO> capture and gas separation performance with
minimal effort.[3—6] These materials have attracted significant attention in recent years from the
scientific community due to their high surface area, tunable pores, and open metal sites in MOFs,
which facilitate stronger binding of adsorbates.[7-9] In 2003, Yaghi et al. reported remarkable
gravimetric uptake capacities of 4.5 wt.% at 77 K and pressures below 1 atm, and 1 wt.% at room
temperature under 20 bar for MOF-5.[10] Omar Yaghi, Susumu Kitagawa, and Richard Robson
were awarded the Nobel Prize in Chemistry in 2025 for the development of MOFs, which can
be used to harvest water from desert air, capture carbon dioxide, store toxic gases or catalyze

chemical reactions.

Although numerous MOFs and COFs exhibit high hydrogen uptake capacities at cryogenic
conditions (77 K), but their lower performance under ambient conditions hinders their large-scale
implementation. At high pressure, adsorbed H> molecules gain some thermal energy, so they escape
from the binding sites and consequently decrease the binding energy and uptake capacities. Various
studies have shown that, at cryogenic conditions, hydrogen storage capacity generally depends on
surface properties, such as surface area, pore volume, and pore diameter.[11] However, at an
optimal temperature, H> storage generally requires high binding enthalpies in the range of -7 to -
15 kJ/mol, indicating a transition region between physisorption and chemisorption.[2,7,9] MOF

materials with open metal sites have the capability to attract H> molecules and thus enhance the
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binding enthalpy, and the highest value of H> binding enthalpy of -32 kJ/mol was obtained for a
newly designed Cu'Zn-MFU-4/ MOF.[12] As COF materials are purely constituted by the light
elements (C, H, N, O, B and Si) due to the absence of active sites, these pristine COF materials
show very low H» binding. Various strategies are used in COFs to introduce active sites into their
structures to enhance H» binding and uptake. Some of the most widely used strategies are alkali
metal atom doping, transition metal doping or chelation, ligand functionalization, and intercalation
of metal atoms.[13—-19] Few adsorbents balance high gravimetric and volumetric capacities,
although MOFs have recently been recognized as helpful for minimizing this research gap.
Computational methods are highly valuable in accelerating this research. In gas storage, multiscale
modelling has enabled screening of MOFs and COFs with high potential for gas storage
applications. Promising MOF and COF materials could be identified by integrating the density
functional theory (DFT) calculations with Grand Canonical Monte Carlo (GCMC) simulations.

2. Computational Details

DFT calculations were performed to obtain equilibrium geometries and to calculate binding
enthalpies. The periodic DFT computations were carried out using the CRYSTAL 17,[20] Non-
periodic calculations were performed using the Gaussian 16 software.[21] The exchange
correlation hybrid functional B3LYP was used with Grimme’s dispersion correction (-D3) to get
the accurate values of binding energies.[22,23] It has also been reported that the B3LYP hybrid
functional was the best among the commonly used functionals for the cluster models. LANL2DZ
and cc-pVDZ basis sets were used for transition metal atoms and other atoms (C, H, N, O and B),

respectively.[24] The values of binding enthalpy were calculated using the following equation:[25]

AH = Hyor/cor+H, — (HMOF/COF + Hy,) (D

The geometric and physical features of porous COFs and MOFs were calculated using the RASPA
suite code.[26] Hydrogen adsorption capacities of porous materials were widely computed via
GCMC simulations and implemented by the RASPA package. The nonbonded interactions of H»-
MOF/COF and H»-H; were described by the Lennard-Jones (L-J) potential and electrostatic

interaction based on Coulomb’s law:[27]
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MOFs and COFs were assumed to have rigid frameworks using Lennard-Jones (LJ) parameters

from the Universal Force Field (UFF) and the Dreiding force field.[28][29] Lorentz-Berthelot

U(ij) = 4¢;5 (

combination rules were used to calculate Lennard-Jones parameters for intermolecular
interactions.[30] The cutoff distance for L-J interactions was set to 12 A. The partial atomic
charges of MOFs were estimated using the charge equilibration method, which is utilized to rapidly
and accurately evaluate electrostatic interactions of H>-MOF via Ewald summation.[31] To
validate the accuracy of the H> simulation in our work, we have compared the H> adsorption
capacity at various temperatures and high pressure with experimental data from similar MOFs

reported in prior studies.

3. Thesis Objectives

Objective 1. Enhancement of H: Physisorption in Covalent Organic

Framework’s Linkers by Li-decoration [32]
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Scheme 1. (4) Equilibrium structures of pristine and Li-decorated COFs, (B) average binding enthalpy per
H, for COF linkers, (C) absolute loading for pristine COFs at low pressure, and (D) absolute loading for
pristine COFs at high pressure.

Summary: In the present study, we have employed Li-decorating techniques with nine organic
linkers from our designed COFs and have explored their Ha>-binding properties and H»-uptake
capacity. The paramount goal of this work is to present an elementary analysis of the mechanism
of hydrogen physisorption on Li-decorated COF linkers and to understand the nature of interactions

responsible for H» adsorption in the COFs.

The theoretical study of the quantum nature of H» interactions is the backbone of experimental
results and is useful for unravelling the storage properties of porous materials. Our study suggests
that decorating the COF with a Li atom is a suitable strategy for practical H> storage, potentially
achieving the USDOE target. The Li binding energy in the COF linker was in the range of -0.5 to
-1.3 eV, computed by both the B3LYP-D3 and MP2 methods, which is a remarkable value for
strong binding between the Li atoms and linkers. It was observed that the Li atom prefers to interact
with the phenyl rings, with the most negative binding energy (AEy) of -1.11eV. Linker-5 shows the
most favorable binding enthalpy value of -0.20 eV, satisfying the optimal binding enthalpy range
of -0.15 to -0.25 eV, which is a must for practical H> storage at ambient conditions. However, the
calculated vibrational frequencies and binding energies indicate that the systems are stable, which
can be further integrated into COFs. Thus, we expect these COF model systems to be readily
fabricated experimentally and studied for H» storage in the near future. We have performed GCMC
simulations on pure COFs (Pristine COF and COF-IITI) and found that our designed COFs
outperform some previously reported COFs for H» uptake at 77 K and 100 bar. We found that the
maximum loading is approximately 38.27 mg/g for the COF-IITI at 77K and 12 bar. The isotherms
increase approximately linearly when pressure increases from 100 to 300 bars. The H2 absolute
loading is higher at low temperature than at room temperature. COF-IITI shows 57.41 mg/g at high
pressure, and the Pristine-COF shows 22.56 mg/g H» loading at 300 bars. The COF-IITI appears
more effective for H> uptake than the pristine COF. This is consistent with the large surface area
and pore volume, which increase the H> uptake in porous materials. Our calculated H> loading
results for COF-IITI at 77K and 100 bar are better than those previously reported for COF-1, COF-
5, COF-6, COF-8, and COF-10.
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Objective 2. Role of the Quantum Interactions in H; Adsorption on Late
Transition Metal Chelated Linkers of Covalent Organic Frameworks [15]

Summary: Transition-metal (Tm) chelation is an effective strategy to achieve optimal binding
enthalpy (AH) for H> adsorption in the linkers of COFs. The first principle-based DFT method was
implemented to determine H» adsorption on nine organic linkers and transition-metal chelated
linkers. The obtained range of binding enthalpy for single H> adsorbed on the pure and chelated
complexes is —7 to —20 kJ/mol, which is required for onboard H» storage. The Linker-3 chelated
with Ni (II) metal exhibits the most favorable binding enthalpy of approximately —18.72 kJ/mol

for the single adsorbed H> molecule, which falls within the physisorption range.
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Scheme 2. (4) Equilibrium structures of Ni-chelated COFs and with adsorbed H; molecules, and (B)
binding enthalpy of first adsorbed H, molecules of pure and chelated COF linkers.
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Some of the complexes have shown binding enthalpies spanning physisorption to chemisorption,
and in such cases, Hz binds via Kubas interactions. However, physisorption-based complexes are
preferable to others because physisorption is a reversible process with rapid kinetics. This study
reveals that dispersion, polarization, and electrostatic interactions mainly contribute to the binding
enthalpy of H; adsorption. Molecular surface potential analysis verifies the origin of the induced

dipole moment in the H> molecule, thereby enhancing hydrogen adsorption in transition-metal-
chelated COFs.

Objective 3. Hydrogen Storage Capacities in Nanoporous Mx(m-dobdc) Metal-
Organic Frameworks at Near Ambient Temperatures [33]

Summary: We selected Ma(m-dobdc) MOFs and evaluated their Hz adsorption properties under
conditions applicable to onboard H» storage in vehicles. Our results reveal that the Fex(m-dobdc)
MOF exhibits a superior gravimetric capacity value of 4.24 wt.% under cryogenic conditions and
an exceptional volumetric capacity value of 12.36 g/L at room temperature compared to other
MOFs in the chosen Ma(m-dobdc) series. To date, these calculated volumetric H> uptake capacities
are the highest reported for MOFs at room temperature. This finding indicates that the gravimetric
H; uptake capacities of Ma(m-dobdc) MOFs at 77 K and 100 bar are quite close to the DOE target
for 2025, 5.5 wt%. The calculated values of volumetric H> uptake in Nix(m-dobdc) and Coa(m-
dobdc) MOFs show good agreement with previously reported experimental values for these MOFs

under various temperature and pressure conditions.
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The simulated heat of H» adsorption of the Ma(m-dobdc) MOFs at 298 K and 100 bar ranges from
-11.5 to -13.0 kJ/mol at high pressure. The Mz(m-dobdc) series MOFs have shown a promising
deliverable volumetric H» capacity of 36.3 g/L to 40.8 g/L, compared to some well-known MOF
materials in the temperature-pressure swing range (77 K/100 bar to 160 K/5 bar). The volumetric
H> uptake capacity of M(m-dobdc) outperforms those of leading nanoporous MOFs with open
metal sites, such as Cu'-MFU-4/ and V,Cl,s(BTDD), under comparable conditions. Future work
will focus on enhancing the density of active M(II) sites in Mz(m-dobdc) through targeted ligand
modifications and on modifying the geometry of transition-metal centres in MOFs to control the
strength of m-back-bonding interactions. This study marks an important step toward the design of
next-generation MOFs capable of integrated Hz-storage under industrial conditions. In the case of
these specific MOFs, the Mz(m-dobdc) MOF series with open metal sites, there is a need to develop
more accurate polarized force fields for CO to metal interactions. We believe that future efforts
should involve quantum mechanical (QM) calculations to parameterize these interactions. This is

a direction we intend to explore in our future studies.

4. Conclusions

The need for lightweight adsorbents that can perform well in ambient conditions is crucial for
hydrogen storage in fuel cell vehicles. By carefully selecting COF linkers and adopting strategies
to enhance H; binding, researchers can focus on designing three-dimensional COF frameworks
with high H»-uptake capacities. Computational simulations can be used to tune the binding enthalpy
and to study gas adsorption isotherms under varying temperature and pressure conditions. In our
Li-decorated and transition-metal-chelated COF linkers, we found that the dispersion, electrostatic,
and polarization interactions mainly contribute to H> binding enthalpy. In our Monte Carlo study,
we found that the volumetric delivery amount for M»(m-dobdc) MOFs reaches the 2025 DOE target
of 40 g/L at 77 K, and the room-temperature volumetric uptakes are also satisfactory. However,
none of the MOFs in this series meets the 2025 DOE gravimetric target of 5.5 wt%. The best
volumetric uptake is found for the Fex(m-dobdc) MOF, where the surface area is larger than that
of other MOFs of this series.

In summary, four key strategies can be adopted to enhance both the binding enthalpy and
hydrogen uptake capacity of porous materials: (a) designing materials with high surface area where
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all atomic sites are accessible to adsorbates, (b) optimizing pore volume to achieve an appropriate
balance between gravimetric and volumetric storage capacities, (¢) improving hydrogen binding
affinity by incorporating coordinatively unsaturated or partially charged lightweight metal centers
that facilitate electrostatic charge-quadrupole, charge-induced dipole, and occasionally charge
transfer interactions, including c-donation from H> to the metal-center, the magnitude of these
interactions being strongly dependent on the nature and charge of the metal, and (d) ensuring
sufficient polarization of the hydrogen molecule to attain a practical adsorption enthalpy, which
largely depends on the geometry of the metal coordination environment and the presence of a

strong electrostatic dipole or quadrupole moment.
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the 2p-orbital of the C atom, and the black circle shows an overlap of the 1s-orbital of Hz and the
2p-orbital of the C atom.
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Figure 4.13. Molecular electrostatic potential mapping of both the pure Linker-3 and Linker-3-
TmCIX

Figure 4.14. HOMO and LUMO of both the pure Linker-3 and transition metal chelated Linker-3.
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curve.

Figure 5.2. The calculated heat of H» adsorption (Qs) values at 298 K. (a) The simulated Qs values
at low pressure, (b) the simulated Qs values at high pressure, (c) DFT calculated Qs value for
molecular model system of Mna(m-dobdc), and (d) DFT calculated Qg value for molecular model
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Figure 5.3. The H> adsorption isotherms of M(m-dobdc) MOFs at 77 K and 298 K. a) 77 K Buch
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CHAPTER 1

Introduction and Motivation

This chapter summarizes the need for hydrogen energy, its storage methods and limitations. A
detailed description of solid-state hydrogen storage methods is provided, along with recent
innovations and developments in porous materials, including covalent organic frameworks
(COFs) and metal-organic frameworks (MOFs). We have highlighted the recent developments
in hydrogen storage materials and technologies that have shown advantages in H binding
enthalpy and storage capacities. The goal of this chapter is to outline key strategies for
enhancing the hydrogen binding enthalpy and storage capacities of porous materials.
Advanced hydrogen storage technology is crucial for enhancing hydrogen storage, which
could help us achieve our environmental and energy goals as we transition from carbon-based

energy to cleaner alternatives, such as hydrogen energy.

1.1. Need for Hydrogen Energy

Hydrogen energy is recognized as a remarkable competitor to replace carbon-based fuel cells.
It is a promising alternative that can reduce carbon emissions and address the main issues
related to global climate change and the depletion of fossil fuels.[1] H» is an ideal energy carrier
with the potential to reshape industries such as power generation and transportation. Ha, when
used as a fuel, releases only water as a byproduct and does not contribute to greenhouse gas
emissions like petroleum and other carbon-based fuels. It has an energy density three times that
of petroleum, which plays a major role in the global transition to a low-carbon economy.[2]
The integration of hydrogen generation, storage, transportation and utilization forms a
foundational element of an economic system. However, several barriers stand in the way of
efficient H, storage in the onboard storage of next-generation fuel cell vehicles, which is the
implementation of large-scale infrastructure for its storage and producing H> from green energy
sources at an affordable cost.[3] Regardless of several advantages of hydrogen energy, the
commercialization of H> energy is far from being achieved. The global hydrogen energy

demand had increased to over 94 million tons (Mt) in 2021, indicating a significant 5% rise
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from the previous year’s levels, and the worldwide hydrogen production satisfied this demand.

The predicted hydrogen demand is expected to be around 115 million tons by 2030.[4]
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Figure 1.1. (a) Global H; demand by sector from 2020 to 2030 and (b) regional distribution of hydrogen demand.
The bar chart illustrates the projected increase in hydrogen consumption across various sectors, including
industry, refining, transport, synthetic fuels, and others. The pie chart highlights the regional share of hydrogen

demand, with China, North America, and the Middle East as major contributors. [4]

In addition, H> storage techniques suffer from major disadvantages, including infrastructure
requirements, high costs, and safety concerns, which limit their use in real-world
applications.[5] Various novel techniques have been developed to design materials with
enhanced heat of adsorption and reversible H> adsorption capacities. Moreover, the proper
execution of this H> storage technology requires advancements in the development of highly
stable materials for H> storage, with efficient storage capacity at an affordable cost.[6] To
encourage research in the field of H» storage technology, the United States Department of
Energy (USDOE) set targets for on-board storage systems: 5.5 wt % and 40 g/L for 2025, with
an ultimate target of 6.5 wt % and 50 g/L (See Table 1.1).[7]

Table 1.1. Comparison of U.S. DOE 2025 hydrogen storage targets with conventional, chemical, and
physical storage approaches. Key performance parameters such as gravimetric and volumetric
capacities, operating temperature and pressure, reversibility, and system fill time are summarized to

highlight the gap between current storage technologies and the DOE targets.[7]

Storage Parameters DOE Conventional Chemical Physical
Target Techniques Storage Storage
2025 Compressed  Liquid
H» Ha
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Gravimetric Capacity 5.5 100 100 Max 11.4 Max 11.4
(wt %)
Volumetric Capacity 40 NA NA Max 30 Max 66
(g/L)
Temperature (°C) -40/-85 25 -253 >-200 70-400
Pressure (bar) <100 350-700 1-10 30-100 ~1
Reversibility (cycle) 1500 NA NA Limited Reversible
Reversible
System fill time (for 3-5 min fast fast too slow fast
5Kg H»/min)

1.2. Hydrogen Storage Methods

The most traditional method for storing hydrogen is compressed hydrogen storage. It
compresses the gas into a gas tank to a specific density for room temperature. Compressed
hydrogen storage has a volumetric capacity of 10-15 g/L and a gravimetric capacity of 1-2 wt
%, with an estimated cost ranging from $500 to $1000 per kilogram of stored hydrogen.[8]
This compressed hydrogen storage can achieve practical storage capacity with reduced energy
use, but it presents challenges: it requires a high-pressure storage tank that increases overall
cost and necessitates additional safety measures.[5] The other method is liquification of H» gas
at extremely low temperatures (-253°C). To minimize the vaporization, high-vacuum adiabatic
low-pressure tanks are commonly used for liquid hydrogen storage.[9] This process is energy-
intensive and consumes approximately 30% of the overall energy contained in hydrogen.
Although liquid hydrogen storage is a viable option for long-term storage and large-scale
production, it has the potential to achieve a volumetric density of 8.5 MJ/L, with an
approximate cost of $1,500 to $3,000 per kilogram of stored hydrogen.[8] Solid-state H:
storage is an affordable, reliable, and safest method for H storage in a wide range of materials
at varying temperature and pressure conditions.[10] Depending on the binding of H> molecules
with the materials, H> adsorption is divided into two categories: Physical and Chemical
adsorption. Physisorption is characterized by the absence of new molecular orbital formation
between the adsorbate and adsorbent. The interaction is dominated by non-specific van der
Waals and electrostatic forces, with no significant perturbation of the electronic structure of
either the adsorbate or the surface. The binding is inherently reversible, and the extent of
dispersion contribution to the total binding energy is substantial, as can be confirmed by

comparing binding energies calculated with and without dispersion corrections.[11]
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Chemisorption, in contrast, involves the formation of new molecular orbitals through covalent
or ionic bonding between the adsorbate and the surface, resulting in a meaningful
reorganization of the electronic structure of the interacting species. This can be identified
through molecular orbital visualization or energy decomposition analysis. It is important to
note, however, that not all chemisorption is dissociative, a weakly chemisorbed H, molecule
that retains its molecular identity may still undergo reversible desorption, and it is specifically
dissociative chemisorption, where Hz splits into atomic H, that renders desorption energetically

prohibitive and thus undesirable for storage applications.[12]

Physisorption has gained much more attention for storing H> in porous materials
because it does not require extensive energy to store or desorb hydrogen, and is also cost-
effective.[13] Some of the most explored materials for H, storage are metal hydrides, activated
carbons, Metal-Organic Frameworks (MOFs), and Covalent Organic Frameworks (COFs).[5]
Although metal hydrides show high H> storage capacity, they also suffer from high desorption
temperature and poor cycle performance.[14] Developing a new class of porous materials,
namely MOFs and COFs, has provided a new perspective on hydrogen production and
storage.[1,3,5,11] Their extraordinary properties, such as high surface area, porosity, and
tunable electronic properties, make them suitable for electrocatalysis and gas storage/gas
separation applications.[13,15—18] Their high surface area creates a large number of potential

binding sites for molecules, enabling high-capacity physical adsorption.

1.3. Porous Materials for H; storage

This thesis examines hydrogen adsorption in two classes of porous framework materials:
Covalent Organic Frameworks (COFs), composed entirely of organic ligands, and Metal-
Organic Frameworks (MOFs), which integrate metal nodes with organic linkers. The study
analyzes H> adsorption mechanisms in COFs and evaluates hydrogen storage capacities in

MOFs.

(a) Covalent Organic Frameworks

Covalent Organic Frameworks (COFs) have become an advantageous class of materials due to
their superior structural properties and tunability. COFs are three- or two-dimensional, robust,
and stable frameworks designed by covalent bond formation between two or more organic
linkers or ligands.[15] COFs consist of light elements such as C, B, N, O and Si, and the
covalent bonds B-N, B-O, C-N, and O-Si provide exceptional chemical and thermal stability

to these materials.[14] Yaghi and coworkers synthesized a large range of COFs, including
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boronate ester linkage, imine linkage, triazine linkage, boroxine linkage, imide linkage,
hydrazone linkage and many others. [15,19,20]Their crystalline structure, high surface area,
low density, and tunable pores have provided great potential for COF materials in various
applications, including gas storage and separation, catalysis, supercapacitors, and
biomedicine.[5] Compared with other conventional porous materials, such as activated
carbons, zeolites, and silica-supported salts, COFs are attracting increasing attention for gas
storage applications due to their unique features, including high surface area and tunable
porosity. Based on their spatial structures, the building blocks of COF materials can be
classified as 2D or 3D. The uniform expression for 2D COFs is Cn, and using different

combinations of symmetric groups,

()

tetra(4-dihydroxyborylphenyl)silane Hexahydroxytriphenylene COF;105

-]

F i
& ‘

Hexahydroxytriphenylene tetra(4-dihydroxyborylphenyl)methane  COF-108

()
+
: PGP TGy i<

I

[0Zn,]* 1.4-benzodicarboxylate
(d)
[OZn )" 1,3,5-benzenetribenzoate

Figure 1.2. The assembly of covalent organic frameworks (COFs) and metal-organic frameworks (MOFs) from
their constituent building blocks. (a) COF-105, (b) COF-108, (c) MOF-5, (d) MOF-177.
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COFs can be described as tetragonal, trigonal or hexagonal. The construction of 3D COFs
needs at least one building block with orthogonal symmetry to extend the structure to a 3D
framework. The choice of linkage has a major effect on the porosity and crystallinity of the
COFs. In addition, functionalization of linkers is crucial for improving the interaction between
guest molecules and COFs.[21] Hydrogen bonding and quadrupole interactions, as well as
orbital and electrostatic interactions, can be tailored through ligand functionalization in COFs.
A wide range of COFs has been reported by modifying functional groups and tuning structural
properties.[20—24] COFs can play a transformative role in the hydrogen economy due to their

distinct surface characteristics.

In our thesis, we are particularly interested in hydrogen storage on COF and MOF materials.
We have strategically enhanced the hydrogen-storage properties of COFs using various
techniques, including alkali-metal doping and chelation of transition-metal atoms. Detailed
research on the hydrogen adsorption properties of doped and chelated COFs will be presented
in Chapters 3 and 4. However, before that, we must first explore the history of hydrogen

storage in COFs, including its origins and current state in these materials.

Yaghi et al. synthesized both 2D and 3D purely organic ligand-based materials named COF-
102, COF-103, COF-105 and COF-108. Their high surface areas are 3472 m?/g for COF-102
and 4210 m?/g for COF-103, and their very low density is 0.17 g/cm® for COF-108. In this
study, COF-105 and COF-108 were identified as the best-performing materials for hydrogen
storage with a maximum excess H» uptake value of 10 wt % and at T=77 K. (Figure 1.3a) The
highest volumetric uptake of 40.4 g/l was achieved for COF-102 at T=77 K.[25] Another
simulation study of hydrogen storage in COF-102 and COF-103 showed high gravimetric
uptake values of 26.7 and 6.5 wt % at 77 K and 300 K, respectively, and reached the DOE
target even at room temperature.[26] The hydrogen adsorption of 2D COFs, specifically COF-
6, COF-8, and COF-10, has been reported at both 77 K and 298 K (temperatures). The highest
hydrogen storage capacity of 4.2 wt % was achieved in COF-10. The gravimetric and
volumetric capacities of 2D COFs were observed to be lower than those of 3D COFs. The same
behavior was observed at room temperature; the hydrogen storage capacity was half that of the

3D COFs, and 0.8 wt% storage capacity was observed at 298 K and 100 bars.[27]

A 2D mesoporous imine linkage-based COF (ILCOF-1) was synthesized with a high
surface area of 2723 m?/g to explore the gas (H2, CHs, and CO») storage. The isosteric heat of

adsorption was found to be 5.9 kJ/mol for H> adsorption at zero coverage. The hydrogen uptake
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shows a gradual increase with pressure, reaching 4.7 wt% at T=298 K and 40 bars (pressure).
This value is higher than that of most organic polymers but lower than that of 3D COFs with a
similar surface area.[28] Then Liu al. have 1,3,5,7-

et synthesized a new

tetraphenyladamantane-based covalent organic framework (adm-COFs) and their
computational findings suggested that these COFs possess high surface area (5967-6709 m?/g
) and porosity. The simulated results showed that adm-COF-4 exhibited the highest gravimetric
H> adsorption capacity of 38.36 wt % and volumetric capacity of 60.71 g/L at T=77 K. The
gravimetric H> uptake capacity of adm-COF-1 reached up to 5.81 wt % at 298 K and 100 bars,
which was close to the DOE criteria.[29] Another study reported a hydrogen spillover
mechanism on 3D COFs, including COF-102, COF-103, COF-105, and COF-108, as well as
2D COFs, including COF-8, COF-10, and COF-12. This study revealed that in 3D COFs, high
gravimetric hydrogen storage capacities were observed, but their volumetric uptake was very
low due to their large unit cell volume. The gravimetric and volumetric capacities of 2D COFs
were found to be in the range of 5.13-6.06 wt % and they reached the DOE 2010 target. Then,
to observe the H migration, a tetrahedral Pts cluster was chosen as a catalyst and HHTP as a
substrate. This study revealed that at most two H atoms can migrate from the Pts4 cluster to the

HHTP substrate, and this reaction was an endothermic process.[30]
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Figure 1.3. Hydrogen storage performance and design strategies in COF-based materials. (a) Excess H uptake
of COF-108 at 77 K as a function of pressure.[25] (b) Schematic representation of Li-functionalized COFs
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showing enhanced H;isosteric heat through electrostatic interactions between Li* sites and H>molecules.[25] (c)
Gravimetric H, uptake at 298 K for Li-decorated COFs and MOFs, COF102-Li and MOF200-Li.[31] (d)
Screening of 240 H, COF linker complexes to analyze H, interaction mechanisms, including spin coordination,

dispersion, electrostatics, and orbital contributions.[32]

Metal doping and chelation were suggested to add active binding sites and enhance
hydrogen storage at room temperature. Numerous theoretical investigations have been
conducted involving the decoration of alkali-metal ions and clusters, as well as the chelation
of transition metal atoms on COFs, to improve H> binding and storage capacities. Cao et al.
performed Monte Carlo (MC) simulations to study the H» adsorption isotherms in Li-doped
COFs 102, 103, 105 and 108. All four Li-doped COFs achieve an approximately doubled
volumetric H» storage capacity compared to the pristine COFs. Li-doped COF-102 reached a
gravimetric uptake of 4.25 wt % and 21.11 g/L, respectively.[33] Recently, Tang et al.
experimentally studied the H adsorption performance of Li-doped TPB-DMTP-COF at 77 K
and 1 bar. The H» uptake increased from 0.84 wt % to 1.16 wt % after Li decoration. The DFT
results show that the H» adsorption energy reached -19 kJ/mol in Li-doped TPB-DMTP-COF,
and it was observed that when Hb is close to the Li atom, the strong electrostatic interactions
of the Li ions will induce electron polarization in H> molecules (Figure 1.3b).[25] A multiscale
study on hydrogen storage was performed on Li-doped Pc-PBBA COF. The DFT calculations
suggested that Li atoms can be doped in this COF with a binding energy value of 1.08 eV, and
each Li cation can adsorb three H> molecules. The maximum gravimetric density of 5.3 wt %
and volumetric uptake of 45.2 g/L was obtained with a maximum adsorbed 24 H> molecules.
The Kinetic Monte Carlo (KMC) simulations have predicted the gravimetric density of 4.70
wt % at 250 K and 100 bar.[34]

Table 1.2. Hydrogen storage capacities of various COFs and Li-decorated COFs under different

temperature and pressure conditions.

COFs Surface Area Temperature Pressure H; Storage Capacities Ref
(m*/g) (K) (bar) (wt %)
COF-5 1670 77 50 3.58 [14]
COF-10 1760 77 50 3.92 [14]
COF-102 3620 77 35 7.24 [14]
COF-103 3530 77 35 7.05 [14]
Li@COF- - 77 100 7.83 [35]
202
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Li@COF- - 298 100 4.39 [35]
202

Li@COF- - 298 100 6.84 [33]
105

Li@COF- - 298 100 6.73 [33]
108

Goddard and co-workers predicted the H> uptake capacities of pure and Li-, Na-, and K-
metalated COFs and MOFs, revealing that Li-metalated materials exhibit better performance
than other COFs and MOFs.[31] Their designed 11 structures have reached the 2010 DOE
gravimetric uptake target. MOF200-Li showed the highest gravimetric uptake value of 6.34 wt
% and CO102-Li achieved high uptake value of 5.16 wt % at 298 K. (Figure 1.3c¢)
Additionally, these materials exhibited a high volumetric uptake value 0of 23.3 g/L for COF102-
Na at 298 K and 100 bar. The isosteric heat of adsorption for pure systems ranges from 3.5-5
kJ/mol, while the Li-metalated systems vary from 13 to 21 kJ/mol, the Na-metalated cases vary
between 10-17 kJ/mol, and the K-metalated frameworks show values ranging from 8-10
kJ/mol. This study suggested that certain design strategies should be followed to achieve high
adsorption capacities, including controlling the pore volume (a smaller pore volume leads to
better volumetric delivery), creating multiple strong adsorption sites in materials, and tuning

the surface area to accommodate more H, molecules.[31]

Mendoza-Cortes et al. employed a different strategy, chelating the organic linkers of COFs
with first-row transition metal atoms and investigating the H> adsorption mechanism. Their
quantum mechanical calculations revealed that the long-range nonbonding interactions depend
poorly on the geometry of the coordination shell and transition metal oxidation state. Most of
these transition metals fall into the ideal binding enthalpy range of 7-15 kJ/mol. Furthermore,
they performed Grand Canonical Monte Carlo Simulations (GCMC) to investigate the H»
adsorption isotherms of the Chelated COFs, specifically COF-300, COF-301, COF-320, COF-
322, COF-330, COF-333, COF-340, and COF-350. The cobalt-chelated COF-301 has shown
the highest uptake relative to bulk Ho, at 22.2 g/L under 120 bars. The other chelated COF-322,
COF-330, COF-33, and COF-350 have shown a wider range of uptake over bulk H, between
8-13 g/L at 100-700 bar.[36] Pakhira and Mendoza-Cortes extended this study to explore the
quantum nature of H» interaction in the same COF linkers. (Figure 1.3d) They have designed

240 complexes using those five ligands with different transition metal atoms, spins, oxidation
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states and geometrical configurations. Energy decomposition analysis revealed the quantum
nature of the H: interactions on Tm-chelated COFs, with electrostatic and dispersion
interactions being the most significant contributors to the H> binding enthalpy.[32] A novel
strategy was adopted in a research in which a phthalocyanine-based COF was intercalated by
a range of fullerenes ( Czo, C24, Cas, Cas, C30, C36, Co0 and C70), and hydrogen gravimetric and
volumetric uptakes were evaluated at pure C,-PC-PBBA COFs and Li-doped C,-PC-PBBA
COFs. Their GCMC simulations indicated that the hydrogen gravimetric and volumetric
uptakes reached 9.4-12 wt % and 4.8-52.2 g/L in pure C,-PC-PBBA COFs at 77 K and 100
bar. Four Li-doped Cy-PC-PBBA COFs exhibited the gravimetric and volumetric uptake values
of4.2 wt % and 18.2 g/L at 298 K and 100 bar. This study showed that these Li-doped fullerene-
based C,-PC-PBBA COFs are promising materials for H> adsorption at ambient conditions.[37]
Table 1.2 summarizes the experimental and simulated results for COFs in hydrogen storage
applications. These findings demonstrate that metal atom doping and chelation in COFs are
effective strategies to enhance the heat of hydrogen adsorption and storage capacities, and

these techniques have proven their potential for reversible hydrogen storage applications.

In this section, we provided a comprehensive literature review of hydrogen adsorption in both
the pure COFs and metal-doped/decorated COFs. These studies suggest that the COF materials
exhibit exceptional performance at both cryogenic and room temperature conditions. However,
pristine COFs failed to meet the DOE target; therefore, some strategies should be implemented
to improve the hydrogen storage capacities of COF materials. Here, we have analyzed that the
metal doping, intercalation, and chelation are effective strategies to enhance the gravimetric

and volumetric hydrogen storage capacities and to reach the USDOE target.

(b) Metal-Organic Frameworks

Metal-Organic Frameworks are crystalline nanostructures formed by organic ligands
connected by a metallic cluster through coordination bonds. A diverse range of MOFs can be
designed by varying the type or length of the organic ligand and also the metal element in the
metal node.[5] Professor Susumu Kitagawa, Professor Richard Robson, and Professor Omar
Yaghi were awarded the 2025 Nobel Prize in Chemistry for developing highly porous
materials: MOFs. These MOF materials show specific characteristics, including high surface
area and porosity; these features are appealing for gas adsorption and separation, which is
widely used in fuel cell technologies.[5,11,16] MOFs exhibit higher flexibility and tunability,

along with good chemical and thermal stability, compared to other well-known materials such
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as zeolites. [5] MOFs are also used in the fields of electrocatalysis, battery applications and
drug delivery.[16,37-39] Yaghi and coworkers first experimentally reported the MOF-5 with
a surface area of 3534 m?%g. Its building units comprise inorganic [0Zn4]®" units connected
with the organic linker 1,4-benzenedicarboxylate (BDC) to form a cubic topology. It showed a
high H» uptake of 4.5 wt.% at 78 K and 0.8 bar. [40] After that, Wong-Foy ef al. synthesized a
new MOF-177 with a surface area of 4746 m?/g. It consists of a tetrahedral metal node [OZn4]**
unit and 1,3,5-benzenetribenzoate (BTB) as an organic ligand; this MOF reported 7.0 wt.%
gravimetric capacity and 32 g/L volumetric capacity at 77 K and 70 bar. [41] According to
reported results, it is evident that MOFs showed higher H» storage capacities than other porous
materials. The two large surface area MOFs (MOF-5 and MOF-177) and two catenated MOFs
(IRMOF-11 and MOF-14) were selected to study the adsorption isotherms of pure and binary
mixtures of hydrogen and methane using GCMC simulations. The catenated frameworks,
MOF-14 and IRMOF-11, and the open metal site of MOF-74 showed selectivity values three
times higher than those of the noncatenated frameworks. The methane adsorption isotherm

starts to saturate as pressure increases.[42]
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Figure 1.4. Hydrogen storage performance of various MOFs under different conditions. (a) Total H, uptake of
IRMOF-62, MOF-324, and MOF-177 at 77 K as a function of pressure[43], (b) Structures of Li-functionalized
IRMOF derivatives (IRMOF-2-54 and IRMOF-2-96), (c) Total H,uptake of different IRMOF-2 series at 77 K and
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Yaghi et al. synthesized five metal-organic frameworks (MOF-324, 325, 326 and IRMOF-61
and 62) using short linkers (pyrazolecarboxylate and pyrazaboledicarboxylate) and long linkers
(ethyldibenzoate and butadiynedibenzoate) to study the impact of various ligands on hydrogen
storage in these MOFs. (Figure 1.4a) Their study found an interesting fact: at 77 K and low
pressure, there was no specific relationship between H> uptake and surface area. MOF-324
outperforms the other designed novel MOFs in a pressure range from 100 to 800 torr and
obtained a H» loading value of 21 mg/g at 760 torr. [43] This loading value is slightly lower
than that of some benchmark MOFs, such as MOF-505 and HKUST-1, which have open metal
sites, but higher than those of MOF-5 and MOF-177. High-pressure H» storage was
investigated for MOF-324 and IRMOF-62 at 77 K and 298 K. The gravimetric excess Ha
uptake values of 33 and 49 mg/g were obtained for MOF-324 and IRMOF-62 at 77 K. At high
pressure, the observed uptake capacities were modest and lower compared to the well-known
MOF-177 at 70 bar. The hydrogen uptake in MOF-326 indicates that polarizable linkers
significantly accelerate hydrogen uptake due to enhanced interactions. Moreover, the long
linkers identified in both the IRMOF-61, and IRMOF-62 MOFs demonstrate that highly
interpenetrated structures can be designed, allowing for pore control and the regulation of

adsorption site density.

The effect of Li doping was also observed in hexagonal MOFs (IRMOF-2-24 and
IRMOF-2-60), and the H> storage capacities were reported at ambient conditions. Li doping
significantly improved the H> uptake at 300 K, IRMOF-2-96-Li stored 6.0 wt% at 273 K and
100 bar, reaching the DOE target. (Figure 1.4b) The best-performing MOF, based on
volumetric uptake, was IRMOF-2-54-Li, which achieved a volumetric uptake of 20.7 g/L at
273 K, lower than the DOE target. Their simulated results were well correlated with the
experimental findings and yielded results similar to those obtained in the experiments.[44]
Vitillo et al. have unraveled the role of exposed metal sites in HKUST-1 and CPO-27-Ni MOF
for Hy storage applications. The value of initial adsorption enthalpy of -13.5 kJ/mol was
obtained for the CPO-27-Ni, indicating efficient H» storage through physisorption. The total
H> amount stored in these materials was 1.8 H> mass% for CPO-27-Ni, 2.7 H, mass% for
HKUST-1, and 3.1 H> mass% for MOF-5 at 77 K and 45 bar, and these capacities were largely
dependent on their surface area and pore volume. The adsorption capacities of these materials
were directly correlated with the surface area at higher pressure. (Figure 1.4c) This study
proposed that the development of porous materials with a high surface density of active sites

for hydrogen adsorption could be a potential route for better H» storage.[45] A study found that
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remarkably enhanced hydrogen storage capacity can be observed in Pd nanocrystals covered
with the MOF (HKUST-1). Their experimental findings showed that the 74% increase in
hydrogen storage capacity was observed after coating HKUST-1 with Pd nanocrystals. It also
improves the kinetics of hydrogen storage by allowing H> molecules to interact with these
nanocrystals. This study suggested that other earth-abundant transition metals can be used in
place of Pd to design cost-effective and accessible H» storage materials.[47] Table 1.3

summarizes the experimental and simulated results for MOFs in hydrogen storage applications.

Table 1.3. Hydrogen storage capacities of various MOFs under different temperature and pressure

conditions.
MOFs Surface Area Temperature Pressure H, Storage Capacities  Ref
(m*/g) K) (bar) (wt %)
MOFEF-5 3510 77 100 7.8 [48]
IRMOF-20 4070 77 100 9.1 [48]
NU-1101 4340 77 100 9.2 [49]
NU-1102 3720 77 100 9.6 [49]
NU-1103 6245 77 100 12.6 [49]
NU-100 6050 77 100 13.9 [50]
Ui0-66 1903 77 1 1.36 [5]
(Zr)

Ni-MOF- 848 298 100 0.8 [51]

74
Co-MOF- 797 298 100 0.7 [51]

74

In our study, we have explored the H> adsorption and evaluated the H» adsorption capacities in
a family of structural isomers of this framework, Mx(m-dobdc) (M = Mn, Fe, Co, Ni; m-dobdc*
= 4,6-dioxido-1,3-benzenedicarboxylate), featuring exposed M>" cation sites with a higher
apparent charge density. In 2014, Long et al. synthesized this series and observed the H»
interaction with metal coordination sites and found greater isosteric heats of H» adsorption
ranging from -10.3 kJ/mol to -12.3 kJ/mol.[52] In 2018, Long ef al. extended this study to
measure H> storage in Mz(m-dobdc) and Maz(dobdc) (M = Co, Ni) under conditions most
relevant to onboard H»-storage for practical applications. (Figure 1.4d) Based upon the data of

the adsorption isotherm, Niy(m-dobdc) was found to be the top-performing physisorptive
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storage material with a usable volumetric capacity between 100 and 5 bar of 11.0 g/L at 25 °C

and 23.0 g/L with a temperature swing between —75 and 25 °C.[46]

1.4. Objectives

1. We have studied the H> storage mechanism in Li-decorated and late-transition metal (Cr to
Zn) chelated COFs. These COFs contain various ligands such as HHTP (2,3,6,7,10,11-
hexahydroxytriphenylene), = TPT  (Triphenyl-1,3,5-triazine), and  2-phenyl-1,3,2-
benzodioxaboroles. We have explored the H> binding mechanism in both 3D COFs and their
molecular organic linkers. The gravimetric capacities and the role of the interactions involved
in the H> binding were studied and explained in detail. Chapters 3 and 4 will give a
comprehensive view of both research works.

2. We have performed Grand Canonical Monte Carlo Simulations (GCMC) to study the H»
adsorption isotherms in Mz(m-dobdc) series at five different temperatures: 77 K, 160 K, 198
K, 233 K, and 298 K. We also performed Density Functional theory (DFT) calculations to
verify the binding enthalpies and physisorption phenomena. More details regarding this work

will be provided in Chapter 5 of this thesis.

1.5. Recent Developments in the Field of Porous Materials for
Hydrogen Storage
The enhanced H» storage in MOF materials can be achieved through effective design strategies,
including the functionalization of ligands, the insertion of open metal sites, and alterations to
their local environment and coordination geometry. Earlier research was primarily focused on
increasing the surface area of porous materials to enhance storage capacities. Due to the weak
interactions between H, molecules and porous materials, the accepted H» uptake capacities that
could satisfy the DOE target were mostly observed only at cryogenic temperatures. However,
the ambient conditions are required for real-world H» storage applications. Introducing several
functional groups, such as -OH, -CH3s, -CF3, and -NH>, in the organic ligands of COFs and

MOFs could play a crucial role in enhancing H» storage.

Recently, Ghosal et al. employed a dicarboxylate linker containing two -CF3 groups,
which features a pendant polar acylamide (-CONH-) group, and synthesized a mixed-ligand
3D MOF{[Zn2(4-pmi)(hfipbb)>].(H20)3},. This synthesized MOF material shows both
hydrogen storage and supercapacitance together in a single material. This MOF material

achieved maximum H: uptake of 128 cc/g at 1 bar pressure.[53] Farha ef al. have developed a

45



Chapter 1. Introduction

robust Cu(I)-based MOF, NU-2100, using a mixture of Cu/Zn precursors in which zinc acts as
a catalyst to transform an intermediate MOF into NU-2100 without getting incorporated into
the final MOF. (Figure 1.5a) NU-2100 shows the high isosteric heat of adsorption value of 32
kJ/mol and H; deliverable capacity of 10.4 g/L at ambient conditions (233 K/100 bar—296 K/6
bar). (Figure 1.5b) The isosteric heat of adsorption in this MOF outperforms some benchmark
MOFs with open metal sites.[54] Cu and Zn-based MOFs have been recognized as a potential
candidate to improve H» adsorption enthalpies. Long et al. recently synthesized a series of
isostructural frameworks Cuz7M23X13(btdd)s (M = Mn, Cd; X = Cl, I; Cu'M-MFU-4/) and
modulated the n-back bonding interactions by tuning the pyramidal geometry of the trigonal
Cu'sites. This strategy enhanced the H» binding enthalpy, revealing that a decrease in the ionic
radius of the metal atom increases the enthalpy value. The H, binding enthalpy values in Cu'M-
MFU-4/ MOF followed this sequence: —33 kJ/mol for M = Zn" (0.74 A), —27 kJ/mol for M =
Mn" (0.83 A), and —23 kJ/mol for M = Cd" (0.95 A). (Figure 1.5c) Then, they measured the
high-pressure H, adsorption isotherms at a temperature range of 223 to 323 K. Cu'Cd-MFU-4/
showed the highest volumetric usable capacity of 8.5 g/L at 298 K, (Figure 1.5d) and Cu'Zn-
MFU-4/ achieved the highest gravimetric usable capacity of 3.5 wt % at 233 K and 170 bar,
then decreased to 298 K and 5 bar.[55] Gordon et al. computationally studied
M!M4'Cls(bta)s (bta- = benzotriazolate) Kuratowski-type clusters as a model for strong
binding sites in MFU-4/ frameworks. (Figure 1.5e) They have discovered a linear relationship
between enthalpy and the increase in ionic radius. Among the other 3d transition metals
selected in their study, Co' showed the highest strong H> binding, with the binding enthalpy
ranging from -45 to -41 kJ/mol when the central M" atom is altered from Zn" to Cd".[56]
Additionally, their other findings revealed the H> storage in V(I[)XMFU-4/ node containing
halogen groups. They found the fluorine ligand-based structure showed the highest binding
enthalpy value of -19.3 kJ/mol at 77 K and 1 atm and -21.3 kJ/mol at 228 K and 1 atm for the
first adsorbed H> molecule. The usable capacity for the fluoride-containing node in MFU-41
was 4.1 g/L pressure swing between 5 and 100 bars at 228 K.[11] Recent studies suggested that
tuning the crystal size and shape distribution in MOFs enhances their packing density and
volumetric H» storage capacity. After tuning the crystal size of the well-known MOF material
MIL-53-Al, a 25% enhancement in volumetric uptake was achieved compared to pristine MIL-
53-Al. Tuned (MIL-53-Al):.1 has achieved volumetric usable capacity of 37 g/L. under the
pressure swing conditions 70 bar to 5 bar at 77 K.[57]

46



Chapter 1. Introduction

Current research is primarily focused on machine learning-guided DFT and GCMC simulations
to predict the hydrogen capacity of large datasets for MOFs and COFs. Recently, Snurr et al.
developed a machine learning (ML) model to predict the deliverable capacity of 105,230
MOFs. Their developed ML model reliably identified the top-performing MOFs, as validated
by the following GCMC simulations. They suggested that it would be a challenging task to
design and develop new MOFs with a deliverable capacity exceeding 51.9 g/L under preferred
cryogenic operating conditions. This study also suggested that using lighter and smaller metal
clusters and constructing MOFs from denser net platforms could benefit gas storage

applications for physisorption-based materials.[17]

In conclusion, this literature review provides compelling evidence that tuning the MOF crystal
size, pore sizes, unsaturated metal sites and ligand functionalization will be beneficial to utilize
the full potential of MOF materials to meet the USDOE targets and satisfy the global energy
demands. These findings suggest that integrating concepts from chemistry, materials science,
and mathematics could advance sustainable and efficient H, storage in MOF-based

technologies.

In addition to this, COFs promote extensive electron delocalization through their n-conjugated
frameworks and improve the conductivity. The level of control over their structural features
enhances their functionality and allows for optimized H» storage performance. Aza-COF is a
microporous 2D COF with a periodic structure and well-dispersed pyridinic nitrogen sites. This
COF was found to be highly chemically and thermally stable. A recent DFT study suggested
that the Ti adatom formed a strong bond with the pyridinic N in Aza-COF and contributed to
the charge transfer from the Ti atom to COF.
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Figure 1.5. Metal-organic framework structures and hydrogen storage performance. (a) Schematic illustration
of NU-2100 MOF structure, (b) Temperature-dependent hydrogen adsorption isotherms (233-298 K) showing
total uptake as a function of absolute pressure up to 100 bar in NU-2100 MOF[54], (c) Comparison of excess
hydrogen uptake at 298 K for bimetallic MOFs[55], (d) Zn"'MFU-41 unit cell structure and V(I)MFU-4! cluster
model[l1], (e) hydrogen adsorption Ti adatom decorated Aza-COF[58] and (f) Net volumetric hydrogen uptake
comparison for MSUCOF-3-PtCl, MSUCOF-3-CoCl, MSUCOF-3-PdClI versus bulk H,.[59]

This resulted in an orbital-level interaction between the 3d orbital of the Ti atom and the 2p
orbital of N. Each Ti atom can adsorb seven H> molecules and show the highest uptake capacity
0f 9.34 wt % (Figure 1.5e).[58] Mendoza-Cortes et al. recently designed novel COF materials
(MSUCOF) and chelated these COFs with transition metal atoms ( Co, Cu, Fe, Ni, and Mn).
The fitted Morse potential force field parameters have been developed to accurately capture
the interaction between H> molecules and transition metal chelated complexes. The MSUCOF-
3 family gave the best volumetric uptake of 73 g/L, and MSUCOF-3-PtCl achieved
approximately triple the uptake values of pristine MSUCOF-3. (Figure 1.5f) The highest
gravimetric uptake of 4.7 wt % was obtained for Pt chelated MSUCOF-1 and Mn chelated
MSUCOF-2 at room temperature.[59] Recently, Keskin et al. assessed the performance of
69784 COFs for the adsorption of five gas molecules at various pressure conditions using
molecular simulations and machine learning models. This study revealed that hypoCOFs
performed exceptionally with H> adsorption capacities of 1.73 mol/kg at 1 bar. Their selectivity
for CO2/H2, CH4/H2, CO2/N2, and CO2/CH4 separations outperforms experimentally studied
COFs.[60]
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1.6. Challenges in the Hydrogen Storage on Porous Materials

Researchers have observed that the cost, stability, and synthesis limitations are the main
obstacles to the real-world applications of H> storage in MOFs and COFs. The high cost of
these materials is mainly linked to the organic linker. However, the linker performs well across
various applications; it may be possible to develop methods to produce large numbers of linkers
at an affordable cost. Simplifying the complexity of linker synthesis and increasing the overall
yield can be achieved through reaction optimization, such as using efficient catalysis. The other
major concern is the stability of the MOFs and COFs, which is highly required for H» storage
applications. In the case of CO; capture, the stability of these materials is characterized by their
structural retention in the presence of water. Maintaining their stability in humid conditions is
very challenging and needs more attention. Theoretically, accurate prediction of hydrogen
binding enthalpy and adsorption behaviors highlights their limitations. Despite numerous
advances in research, correlating theoretical predictions with experimental outcomes remains
challenging. One main concern is the accuracy of computational outcomes, which can be
compromised by several factors, including poor selection of exchange-correlation functionals,
neglect of zero-point energy effects, and the use of an improper basis set to describe the atomic
orbitals of atoms in MOF/COF. These factors often lead to an underestimation or
overestimation of the hydrogen binding enthalpy. Addressing these issues is crucial for
providing accurate guidance on experimental findings and enhancing the reliability of DFT
studies. To overcome this issue, advancements in computational methodologies are needed to
improve accuracy for practical hydrogen storage applications. It has been identified that
accurate potential parameters for the interaction of hydrogen and other gases with unsaturated
metal sites of MOFs are necessary to obtain results that support experimental findings. These
potential parameters can be developed using DFT calculations for a simple model system.
GCMC simulations are unable to predict the long-term stability of MOFs in the presence of
water, air, and other impurities, which represents a significant area for future research. The
Universal Force Field (UFF) is unable to provide accurate uptake capacities, generally
underestimating H> storage capacities. There is an urgent need to develop force fields that
describe strong interactions between hydrogen and COFs or MOFs, utilizing quantum
mechanical calculations. Neither MOFs nor COFs achieve the DOE 2025 target for usable
capacity (6.5 wt % and 40 g/L at ambient conditions). This could be achieved through ligand

functionalization and the tuning of pore size or surface area in porous materials.
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CHAPTER 2

Principles of DFT Methods and Monte
Carlo Simulations

This chapter provides a comprehensive overview of Density Functional Theory (DFT) and the
Monte Carlo (MC) simulation methods used in our computational studies of H2 storage in both
covalent organic frameworks (COFs) and metal-organic frameworks (MOFs). This chapter
will help us understand the theory behind quantum-mechanical calculations and MC
simulations, and it is essential to establish a solid conceptual foundation before examining the
research findings. This chapter is divided into two parts: the first explains the theory of DFT,

and the second provides the theoretical background for MC simulations.

2.1.Many Body Equations
Hartree proposed a method after Schrodinger’s equation, and he proposed an equation for
multiple-electron systems. This equation, based on fundamental physical principles, is known

as the Hartree method.[1] The equation for the He atom can be written as:

g=-4

VZ
2 72 + Vae (1) + Vi (1) + Vee (1, 12), (2.1)

where T, is the position vector of the n' electron and V,, is the gradient vector operator for the
n electron. On the right-hand side of this equation, the first two terms are kinetic energy
operators, and the next two terms are nuclear-electron electrostatic interaction potentials. The
last term is an electron-electron electrostatic interaction potential. Hartree assumed that each
electron moves in the averaged potential of the electrostatic interactions with surrounding
electrons and suggested the independent electron approximation, which approximates the

averaged potential as an effective potential V,¢r. As a result, the Hamiltonian operator (H) is

divided into terms for the different electrons as:

2

I v v
H= —71 + Ve (1) + Veff(rl)l + [_72 + Vie(12) + Veff(rZ) (2.2)
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= h(ry) + h(ry), (2.3)

where h(r;) is the Hamiltonian operator for the i" electron. The wave function for this
Hamiltonian operator can be represented as the product of different electronic motion

wavefunctions,

Y(ry, 1) = d(r)p(ry) (2.4)

and the expectation value of the Hamiltonian operator is written as:

_ fd3r1d3r21,l)*(r1,r2) Hl/)(rprz)
fd3r1d3r2¢*(r1,r2)1/1(r1,rz)

12=1f d*r;p* (r;) ﬁ(ri)d)(ri)
2, | dPrp; () ep(xy)

(2.5)

The variation principle states that the Schrodinger equation for obtaining the set of one-electron

wavefunctions {¢;}, which makes this expectation value stationary can be written as:

h(r)¢(r) = €;¢:(r) (2.6)

The eigenvalue €; is explained as the eigenenergy for the motion of the i electron, the total
wavefunction can be gained by solving the eigen equation for each electron. This expression
in equation (2.6) also suggests that the total eigenenergy is the sum of the orbital energies

corresponding to different electronic motions,

ﬁlp = (€1 + €)P1p, = €. (2.7)

This theory is known as the Hartree method.

2.2.Born-Oppenheimer Approximation
Now, with the help of the above-mentioned Hartree method, we can write the Hamiltonian

operator for the hydrogen molecule as:
H = h(r) + h(ry) + Van (Rap), (2.8)
R, represents the distance between two atomic nuclei A and B.

The behavior of electrons in molecules has been studied using a highly effective simplification

called the Born-Oppenheimer (BO) approximation, which is also known as the adiabatic
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approximation.[2] The basic principle is that electrons are so much lighter and faster than
atomic nuclei that we can treat the nuclei as stationary while electrons are revolving around
them. It means we can neglect the nucleus’s kinetic energy, vibrations, and rotations. This
approximation is remarkably accurate for most molecules in their ground states, and it makes
quantum chemical calculations much simpler without compromising key chemical aspects. The
mathematical equation is now much easier to solve, and this approximation can serve as the

standard approach for quantum-chemical calculations. Now the equation becomes:
ﬁ = fl(l‘l) + i\l(rz), (29)

This equation is analogous to the Hamiltonian of the He atom. Later, to solve this equation, the

concept of molecular orbitals was introduced.

2.3.Slater Determinant
In 1926, Heisenberg and Dirac made a major discovery to explain the behavior of electrons in
molecules.[3,4] They realized that to properly follow the Pauli exclusion principle (which
states that no two electrons can occupy the exact same quantum state), the mathematical
description of electron’s wavefunctions must follow an antisymmetric property. To achieve
this antisymmetric nature, this wavefunction should be written in the form of a determinant.
Later on, John Slater developed a systematic method for solving the Schrodinger equation
using these normalized determinants that represent antisymmetric wavefunctions and

introduced the concept of the exchange integral.[5]

Let us consider the exchange of electrons, using the He atom as an example. The Hamiltonian

remains the same by exchanging the coordinates of two electrons:
H(l‘l, 1'2) = ﬁ(rz, 1'1). (210)
This leads to H(r, r)Y(ry, 1) = EY(ry, 1), (2.11)

The Hamiltonian operator is commutative with the exchange operator, replacing the positions

of two electrons P, ,,

H(I’L ry) ﬁ12¢( r, 1) = ﬁ12ﬁ(r1, 1'2)1/)( r, 1), (2.12)

Means; [ﬁ, ﬁlz]d) = (ﬁ ﬁlz - ﬁlz H\)dj = 0. (213)
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This indicates that the Hamiltonian and exchange operators have simultaneous eigenstates.
Moreover, P2, = 1 is found by considering that the positions of two electrons are reversed by
two exchanges. This leads to the eigenvalues of P;,: +1. The symmetric wavefunction for +1

eigenvalues is:
Q) 1
P () = ={(r, ) + ¥, 1)}, (2.14)
V2
and the antisymmetric wavefunction corresponding to the -1 eigenvalue,
1
IP(A) (r, ) = ﬁ{w(rp r;) —P(ry, 1)} = _l/)(A) (ry,r), (2.15)

where 1/4/2 is the normalization constant.

Now, the symmetric and antisymmetric wavefunctions can be expressed as:

w(s) (r, 1) = \/_1?{4’1(1'1)4’2 (ry) + 1 (r2) P (ry)} (2.16)

and w(A) (r;, 1) = \/% {d1(r) o (r2) — 1 (1) P, (ry)}, (2.17)

respectively. The antisymmetric wavefunction can be expressed by a Slater determinant. For a

two-electron, this takes the form:

1 |$1(r)  Pi(r2) (2.18)

Y(ry, 1) = V2 |, (1)  ¢y(1y)

This ensures that the wavefunction is antisymmetric under partial exchange. When r; = r,, the
determinant equals zero, which directly enforces the Pauli exclusion principle: an electron

cannot occupy the same quantum state simultaneously.

For the case of N electrons, the antisymmetric wavefunction can be written in a determinant

form,

h1(r)  P1(rz) - Pi(ry)
1' ¢2§r1) ¢2Er2) ¢2(:rN) (2.19)

Y(r,ry, ..., Ty) = N . . . :
dn(r) Pn(ry) - Py(ry)
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= \/%det|¢1(r1)¢2(r2) <y (ry)] (2.20)

This determinant is called the Slater Determinant.

2.4.Basis Function
The Roothaan method accelerates Hartree-Fock (HF) calculations by expanding molecular
orbitals in a basis set.[6,7] The computational accuracy and speed depend on the quality of
basis functions. Gaussian-type functions are the most popular basis functions in quantum
chemistry due to their computational advantages. The product rule of Gaussian-type basis

functions can be written as:[8]

exp(—alr — Ra|?) exp(=BIr — Rs1?) (2.21)

3

e
= |22=] exp (- 55 IRa — Ral?) expl—(a + )Ir — Rc[?], (222)

R, +LRB, (2.23)

R —_—
¢ a+pf

_a+ﬁ

where Ry is the coordinate vector of nucleus A. Based on this definition, the product of two
Gaussian functions yields another Gaussian function centred at a different point, significantly
accelerating two-electron integral evaluations. Later, Boys et al. proposed contracted
Gaussian-type basis functions, which are linear combinations of primitive Gaussian functions

and achieve high accuracy with fewer basis functions.[9]

Xp(r—Rp) = ZCW exp(—am, Ir—RAIZ). (2.24)
"
In this equation (2.24), the original Gaussian-type functions are called primitive functions to
distinguish them from the contracted ones. The primitive functions are specified only by the
orbital exponent, @, contracted coefficient, c,,, and the coordinate vector of the center of the
function, R,. The primitive functions are standardized for s, p, d and f orbitals analogous to

spherical harmonics. For d and f orbitals, linear combinations are used to provide the correct
The most important Gaussian-type basis functions are described as:

a) Minimal basis sets: They contain only the essential contracted functions for each atom. For

carbon, this includes five functions for /s, 2s and three 2p orbitals. Example: STO-LG. The
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minimal basis functions approximating Slater-type orbitals (STO) corresponding to atomic

orbitals with L primitive functions are called STO-LG basis functions. [10]

b) Split-valence basis sets: This basis set uses single contracted functions for core orbitals but
multiple functions for valence orbitals, since valence electrons primarily participate in bonding.
Pople-type notation like “6-31G” indicates 6 primitive functions contracted for core orbitals
and double-split valence functions (3 primitives + 1 uncontracted). [11] Dunning-Huzinaga
(DZ, TZ, QZ) and Ahlrichs (DZV, TZV, QZV) types follow similar splitting patterns.
Examples are: 6-31G, 6-311G and others.

c) Polarization-augmented basis sets: This basis set incorporates bond isotropy by adding
higher angular momentum functions of the atomic orbitals. In the Pople notation, “*” indicates
d functions on heavy atoms, while “**” adds p functions to hydrogen. Correlation-consistent
basis sets (cc-pVXZ) are designed to provide equivalent treatment of electron correlation
across different orbital types. Dunning et al. developed these basis functions to account for
electron correlations in valence orbitals, such as the 4d and 4f orbitals.[12] Furthermore, there
are “cc-pCVXZ” basis functions, which incorporate the electron correlations of the core

orbitals by adding s and p orbital functions. Examples are: 6-31G*, cc-pVXZ and cc-pCVXZ.

d) Diffuse-augmented basis sets: This basis set includes diffuse functions for weakly bound
electrons, essential for anions and excited states. Adding diffuse functions is shown by a plus
“+” in Pople-type basis functions. For correlation-consistent basis functions, augmenting
diffuse functions are denoted by “aug-" at the head of the names, and one diffuse function is
added to each angular-momentum type of basis function. Example: 6-311+G(d), aug-cc-pVXZ,
etc. [13]

e) Effective core potential (ECP) basis set: This replaces core electrons with an effective
potential, which reduces computational cost while maintaining accuracy. Relativistic ECPs
incorporate relativistic effects for heavy element atoms, making them standard for fourth-
period elements and beyond. Example: LanL.2DZ and Stuttgart-ECP. [14] These are the most

widely used basis functions in quantum chemistry calculations.
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2.5.Hohenberg-Kohn Theorem
This theorem consists of the following two auxiliary theorems for nondegenerate ground

electronic states:[15]

a) First Theorem: External potentials (nuclear-electron interactions) are uniquely determined
by electron density alone, not wavefunctions. This means the ground-state Hamiltonian can be
completely defined by electron density.

b) Second Theorem: The energy variational principle applies to the electron density, which
ensures that the correct ground-state density minimizes the total energy for a given external
potential.

In the early stages of these theorems, they revealed significant conceptual gaps. The first is the
V-representability problem, which arises because the first theorem suggested an unproven one-
to-one correspondence between electron density and wavefunction. Another problem is
implicitly assuming the N-representability of the electron density.[16] The N-representability
of the electron density indicates that the electron density is always greater than or equal to zero,

the sum of the electron density is the number of electrons N, and the square of the gradient of

2
has a finite total sum. In general, the energy

1
the square root of the electron density |Vp5

variation principle is violated unless the Hamiltonian operator is written in terms of N-
representable variables. In practice, DFT calculations typically employ Slater determinants
rather than full-electron wave functions. Since Slater determinants are inherently N-
representable, this N-representability problem of variables is rarely seen in practical DFT
applications.

In 1979, Levy’s constrained search formulation solved the V-representability problem.[17]
Instead of assuming density-wavefunction correspondence, it defines a universal functional
Eunivlp], as the minimum expectation value of kinetic plus electron-electron interaction

energies among all wavefunctions yielding density :
Euniwlp] = min [ d*r " (T + Vo) Y. (2.25)

This constrained search formulation establishes a one-to-one correspondence between the

electron density and wavefunction for every system and solves the V-representability problem.
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2.6.Kohn-Sham (KS) Method
The Hohenberg-Kohn theorems provide the theoretical foundation for density-based quantum
chemistry, but it does not reveal a practical method for calculating electronic states. The famous
Kohn-Sham (KS) method represents an exact reformulation of the Hohenberg-Kohn theorem,
not an approximation.[18] It rigorously implements the one-to-one correspondence between
external potential and electron density through variational principles, ensuring that the method
is accurate for determining electronic structures. In practice, the Kohn-Sham method employs
a one-electron self-consistent field (SCF) equation analogous to Hartree-Fock theory. Both
methods apply Slater determinants as trial wavefunctions, use the Lagrange multiplier method
for energy minimization under normalization constraints and generate similar Fock-type

operators for the resulting nonlinear equations.
n
F=E+22]}+ch. (2.26)
J

The difference between this Fock operator and the Hartree-Fock counterpart is only the
exchange-correlation potential functional (V,.), which substitutes for the exchange operator in
the Hartree-Fock operator.[19] Specifically, the Coulomb operator | j, remains identical,
representing electron density interactions; the exchange operator is substituted with exchange-
correlation density functionals, and electron correlation effects, treated as multi-
configurational interactions in wavefunction methods, are incorporated simply as potential
density functionals.

Using this Fock operator, orbitals ¢;, and orbital energies, €; are calculated by solving the one-

electron equation,

Fo: = ei¢y, (2.27)

Orbital energies are represented as,
€ = [ d®ryp; (1) Fpi(ry) (2.28)
=h; + 2370 + [ dPripi(r)Vye, (2.29)

where p; is the electron density of the i-th orbital, and is summed to be the total electron

density,

n

p= Zpi - 2il¢ilz. (2.30)
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Unlike the Hartree—Fock method, the Kohn—Sham approach calculates the total electronic
energy using the exchange—correlation energy functional rather than the exchange—correlation

potential functional,
E=%(hi +2%7]ij) + Exc. (2.31)

The exchange-correlation potential functional (V,.), is the first derivative of this exchange-

correlation energy functional with respect to electron density,

SE
Vee = 6;“. (2.32)

The Kohn-Sham method employs a self-consistent field approach identical to Hartree-Fock for

solving the nonlinear equations:

a) Initialize the molecular system (nuclear coordinates, charges, electron count) and guess
initial molecular orbitals

b) Construct the Fock operator’s two-electron components using current reference orbitals

¢) Solve the Kohn-Sham equation with the updated Fock operator

d) Calculate the exchange-correlation energy from the orbitals and determine the total
electronic energy

e) Check convergence by comparing current orbitals and total energy with previous iteration.
If the differences exceed the threshold, return to step (b) with new orbitals; otherwise, accept

the solution as converged.
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Construct effective potential V¢ ¢(r)
with old density p,;4(r)

v

[ Construct initial density ppe (1) ]

[ Solve the Kohn-Sham equations ]
v

[ Pota(r) < Prew(r) ]7

v

[ Construct ground-state density ]

Construct new density ppe,,(r) with l not converged
po(r) and previous densities

converged

solves the given problem: charge

[ Calculated electron density py(r) }
density, energies, forces ..

Figure 2.1. The schematic diagram of the self-consistent field cycle

2.7.Classification of Exchange-Correlation Functionals

The Kohn-Sham method relies fundamentally on exchange-correlation functionals, which
makes it impossible to evaluate the reliability of methods without examining these functionals
specifically. Since the exchange-correlation functional represents the only approximated
component in the Kohn-Sham equation, the entire method’s accuracy depends on how well this
functional approximates reality. Numerous exchange-correlation functionals have been
developed in the past years based on different physical models. These can be organized into
several categories:

Local density approximation (LDA) functionals depend solely on electron density.
Generalized gradient approximation (GGA) functionals improve upon LDA by
incorporating density gradients Vp. Meta-GGA functionals further enhance GGA by adding
kinetic energy density terms.[20] Hybrid functionals combine DFT exchange with a fixed

proportion of Hartree-Fock exchange EfF . Semiempirical functionals use multiple fitted

64



Chapter 2. Principles of DFT Methods and Monte Carlo Simulations

parameters to reproduce experimental data accurately. While some functionals do not align in
this category, most represent modifications of the standard types to account for specific
physical effects. The standard functionals follow a hierarchical structure known as Jacob’s

ladder,[21] as represented in Figure 2.2.

Chemical Accuracy

Approximation

Dependence on Virtual orbitals

B2-PLYP, PBE0-DH,

Double-Hybri |
®B2GPPLYP ouble-Hybrid

Dependence on exact exchange
B3LYP, PBEO, and HSE

Hybrid I
Meta-GGA I

LDA

M06-L, TPSS, and SCAN Dependence on Kinetic energy density

Increasing Accuracy

Decreasing Computational Cost

PBE, PW91 and BLYP Dependence on density gradient

Perdew-Zunger, Perdew-Wang,
and Vosko-Wilk-Nusair

Density dependence

Hartree-Fock
Theory
No Exchange Correlation

Figure 2.2. Jacob’s Ladder Approach for the Systematic Improvement of DFT Functionals.

(a) LDA and GGA Exchange Functionals

The LDA exchange functional uses the exact Dirac form, which is the Dirac LDA exchange
functional. Similar to the usual exchange integral, this functional is first used as an exchange
potential in the Fock operator, and it significantly underestimates the exchange energies. Dirac
suggested that the y, method means the multiplication of the semiempirical parameter a by
the exchange potential, this method improves this underestimation. The exact form of the Dirac
LDA exchange functional is usually used in the Kohn-Sham method. Since the Dirac LDA
exchange functional is also the exact local density approximation of exchange energy, it is
generally used as the local density limit of exchange functionals.

The general form of GGA exchange functionals is defined as:

1 4
E, = —Eprg K,d3r. (2.33)
o

This K,; is usually expressed with the dimensionless parameter x,;,

65



Chapter 2. Principles of DFT Methods and Monte Carlo Simulations

_ 1Vpsl

(2.34)

Xg p
[
Although various forms of GGA exchange functionals have been developed, the differences in

the best-known functionals are found only in the dependence of K,; on x,,.

(b) Hybrid Functionals

Hybrid functionals are constructed by using a specific theoretical framework that connects
exchange functionals (representing exchange energies in independent electron systems) with
the Hartree-Fock exchange integral (representing exchange energies in fully interacting

systems).
1
E, = j dAE} =~ EG64 + A(EHF — EG64), (2.35)
0

This connection involves a coupling strength parameter A in the above equation, which differs
from the standard adiabatic connection because it links both the non-correlated and correlated
systems rather than non-interacting and interacting systems. The electron-correlation
component in these functionals is calculated separately and does not necessarily follow
adiabatic-connection principles. Various hybrid functionals have emerged with different
mixing ratios and parameter counts, including the B3LYP,[22] PBEO,[23] and Heyd-Scuseria-
Ernzerhof (HSE) functionals.[24]

The B3LYP hybrid functional holds the distinction of being both the first hybrid functional and
the most widely used functional in quantum mechanical (QM) calculations. It employs three
mixing coefficients to establish adiabatic connections: one between the Hartree-Fock and LDA
exchange functionals, another between the LYP-GGA and LDA correlation functionals, and a

third to incorporate a modified B88 exchange functional component.
BEY = BYA 4 ay (BT — EEPY) + G082 + ay (BEP — BN (2:36)

Besides the parameters in the exchange and correlation functionals, the semiempirical

parameters are a; = 0.2,a, = 0.72,and a; = 0.81.
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2.8.van der Waals (vdW) Correction
van der Waals interactions represent one of the most important forms of electron correlation,
even though it has been neglected in the development of most correlation functionals. The van
der Waals interaction is a collective term that includes dipole-dipole, dipole-induced dipole,
and dispersion interactions. Dipole-dipole interactions occur through electrostatic forces
between permanent dipoles in polar systems. For interactions between systems A and B, the

classical potential follows:

, (2.37)

where py represents the permanent dipole of each system X and R,p is the inter-system
distance. The Kohn-Sham equation already accounts for this interaction within its Coulomb

interaction terms.

Dipole-induced dipole interactions arise between polar and nonpolar systems. When a polar
system A with a permanent dipole moment p, interacts with a nonpolar system B having

polarizability ag, the classical potential becomes:[25]

, (2.38)

This weak interaction explains why polar molecules have limited solubility in nonpolar

solvents. Kohn-Sham self-consistent field (SCF) calculations also incorporate this interaction.

Dispersion interactions represent a universal force that operates even between electrically
neutral bodies lacking multipole moments. London’s perturbation theory provides the classical

expression for the potential between two different bodies:[26]

3agap Iylg

VLondon r) = — )
d ) 2RS, I, + Iy

isp (2.39)

where Iy is the ionization potential of partial system X.

Dispersion interactions arise from correlations between instantaneous dipole moments created
by electron fluctuations and the induced dipole moments they generate. Essentially, electron
distributions in two spatially separated systems fluctuate around their equilibrium positions in

a correlated manner, creating inter-system attractions. This makes dispersion a pure form of
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electron correlation between separate bodies that cannot be captured by one-body mean-field
approximations. It represents an explicit long-range correlation acting between distant

electrons.

In our DFT calculations, we have used the highest level DFT-D3 functional (i.e., Grimme’s 3™

order dispersion correction parameters), which is defined as:

-D3 _ 2 3
EPFT-D3 — EKS 4 Edisp + Edisp (2.40)
S CAB
2
Ec(iigp == Z z . nn f(}iamp (Rap), (2.41)
RAB

A>B n=6,8,10,...

3)
Edisp -

C4BC(3 cosB,cos0,c0s6, + 1) _
o z (R (;2 IRE — fiomp (Ragc),  (242)
A>B>C AB'\BCcI'cA

Where A, B and C are atomic labels, 8,, 8, and 6, are the internal angles of the ABC triangle,

and R,pc are geometrically averaged radii. The damping functions are given by

1

faamp(Rap) = T\ (2.43)
1 AB
46 (R)
and
@ (p 1

faamp(Ragc) = —= (2.44)

1+ 6 Rase

4R{PC
(%)
All the remaining parameters are semiempirical and R Z and R§ZCare cutoff radii adjusted to
each pair and trio of atoms. Coefficients s, (n = 8, 10, ...) are fitted in benchmark calculations
depending on the functionals combined, while s is unity or adjusted value less than unity. For
ABC

dispersion coefficients, C4'Z and C4'5¢, the time-dependent Kohn-Sham method and recursion

relations are used to determine the values for each atomic pair and trio.

2.9.Software used in our DFT and DFT-D Calculations

(a) CRYSTAL17 Suite Code
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CRYSTAL17 suite code[27] implements quantum mechanical methods to study the electronic
structure and properties of crystalline materials. The theoretical foundation of this suite code
rests on Bloch’s theorem, which exploits the translational symmetry of periodic crystals by
expressing electronic wave functions as Bloch functions-plane waves modulated by functions
having the periodicity of the crystal lattice. This fundamental quantum-mechanical principle
allows CRYSTALI17 to handle infinite periodic systems by solving the eigenvalue problem
only within the first Brillouin zone, with k-point sampling determining the accuracy of the
reciprocal-space integration. The approach of the CRYSTAL17 software centers on expanding
crystalline orbitals as linear combinations of atom-centered Gaussian-type functions, which
provide computational efficiency while maintaining sufficient flexibility to describe both core

and valence electron distributions.

i. Basic Structure Parameters

CRYSTAL: Defines the structure as three-dimensional, SLAB: Defines the structure as two-

dimensional.

Space Group or Layer number: In the attached input file, 187 corresponds to a specific trigonal

space group P6m2

Lattice parameters: The values a=4.7844 A and ¢=7.0775 A represent the lattice parameters,
and y=120.00" shows the angle between the a and b axes.

Number of Atoms: Then the next line indicated the total number of atoms.

ii.  Atomic Specifications:

Atomic Number: Element identification (6 for Carbon, and N for Nitrogen)
Fractional Coordinates: x/a, y/b, z/c positions in terms of lattice parameters

ili.  Optimization Control Parameters

OPTGEOM: Initiates geometry optimization procedure.
FULLOPTG: Specifies full optimization of both atomic positions and lattice parameters.
MAXCYCLE 800: Sets maximum number of optimization cycles to 800.

ENDOPT: Terminates optimization parameter specification.
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iv.  Basis Set Structure for Each Element

The first line contains the atomic number, then the number of shells. Each shell begins with
parameters / value (angular momentum) and n primitives (number of primitive Gaussian
functions in this contracted shell). Each contracted shell is “a weighted sum of primitive
Gaussians with different exponents”. The left column shows exponents (a values), the right

column shows contraction coefficients (c values).

v.  Density Functional Theory Settings

B3LYP-D3: Hybrid density functional with Grimme’s third order dispersion correction.
XLGRID: Specifies an extra-large integration grid for high accuracy DFT calculations.
SPIN: enables spin-polarized calculations.

TOLINTEG 7 77 7 14: Coulomb integrals, exchange integrals, Coulomb fitting, and exchange

fitting =107, and bipolar expansion = 10714,
TOLDEE 7: Total energy convergence criteria (107).

SHRINK 0 16: Defines K-POINT sampling in reciprocal space, 0: automatic k-point generation

and 16: shrinking factor determining k-point density.

SCFDIR: Enables direct SCF algorithm for memory efficiency.

BIPOSIZE and EXCHSIZE: Memory allocation for bipolar expansion and exchange integrals.
MAXCYCLE: Maximum SCF iterations allowed.

FMIXING: Fock matrix mixing parameter.

ANDERSON: Anderson mixing acceleration technique.

PPAN: Periodic Pulay’s DIIS (Direct Inversion of Iterative Subspace) method.

Example Input File for CRYSTAL 17:

Title: - g-C3Ny4 by HIMANI JOSHI
CRYSTAL
000
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187
4.7844 7.0775 120.0000
6

0.01936 0.50968 0.00000
0.15671 0.31343 0.50000
0.17009 0.34018 0.00000
0.32625 0.16312 0.50000
0.33333 0.66667 0.50000
0.66667 0.33333 0.00000

~N 999N

OPTGEOM
FULLOPTG
MAXCYCLE
800
ENDOPT
END

638

0062.01.0

13575.349682 0.00022245814352
2035.2333680 0.00172327382520
463.22562359 0.00892557153140
131.20019598 0.03572798450200
42.853015891 0.11076259931000
15.584185766 0.24295627626000
0022.01.0

6.2067138508 0.41440263448000
2.5764896527 0.23744968655000
0010.01.0

0.4941102000 1.00000000000000
0010.01.0

0.1644071000 1.00000000000000
024201.0

34.697232244 0.00533336578050
7.9582622826 0.03586410909200
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2.3780826883 0.14215873329000
0.8143320818 0.34270471845000
0210.01.0
0.5662417100 1.00000000000000
0210.01.0
0.2673545000 1.00000000000000
0310.01.0
0.8791584200 1.00000000000000
78
0062.01.0
19730.800647 0.00021887984991
2957.8958745 0.00169607088030
673.22133595 0.00879546035380
190.68249494 0.03535938260500
62.295441898 0.11095789217000
22.654161182 0.24982972552000
0022.01.0
8.9791477428 0.4062389614800
3.6863002370 0.2433821717600
0010.01.0
0.7865398200 1.0000000000000
0010.01.0
0.2677997200 1.0000000000000
0243.01.0
49.200380510 0.0055552416751
11.346790537 0.0380523797230
3.4273972411 0.1495367102900
1.1785525134 0.3494930523000
0210.01.0
0.3780331700 1.0000000000000
0210.01.0
0.1473661500 1.0000000000000
0310.01.0
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0.3612294900 1.0000000000000
99 0

END

DFT

SPIN
B3LYP-D3
XLGRID
END
TOLINTEG
777714
TOLDEE

7

SHRINK
016

8 88
SCFDIR
BIPOSIZE
10000000
EXCHSIZE
10000000
MAXCYCLE
800
FMIXING
80
ANDERSON
PPAN

END

(b) Gaussian16 Suite Code

Gaussian 16 [28] is a quantum chemistry suite code that employs computational methods to
predict molecular properties, electronic structures, and thermodynamic parameters. The

Gaussian 16 input file needs multiple parameters that define the computational methods and
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molecular system. The reliability and accuracy of Gaussian 16 calculations depend critically
on the convergence criteria employed for various computational procedures. SCF convergence
criteria conduct the iterative solution of the electronic structure problem and typically involve
multiple matrices that must simultaneously satisfy specified tolerances. Energy convergence
requires that successive SCF iterations yield total energies that differ by less than a specified
threshold, ranging from 107 to 10 Hartree. Root-mean-square density matrix changes are
typically required to be less than 10°® for standard calculations. The maximum force and RMS
force criteria require that the largest component of the gradient vector should be less than
0.000450 Hartree/Bohr and 0.000300 Hartree/Bohr, respectively. The maximum displacement
criterion requires that the largest atomic coordinate change be less than 0.001800 Bohr, while
the RMS displacement criterion requires that the root-mean-square coordinate change be less
than 0.001200 Bohr. These criteria ensure that the optimization has converged to a stationary
point where further coordinate changes would be negligible. The input file of the Gaussian 16

suite code includes the following parameters:

The route section, denoted by the (#) symbol, specifies the level of theory, basis set and job

type of the calculation.

Print Level: #P for detailed output, #N for normal output

Memory: %mem directive for RAM allocation

Processors: %nprocshared for parallel computation

Checkpoint: %chk for saving wavefunction data

Method Selection: B3LYP, M06-L, MP2, CCSD(T) for different levels of theory

Basis Set: cc-pVDZ, cc-pVTZ, 6-31G(d,p), def2-TZVP for atomic orbital representation

Job Types: Opt (geometry optimization), Freq (frequency calculation), SP (single point
energy), IRC (reaction path)

Keywords: EmpiricalDispersion for van der Waals corrections, Solvent for implicit solvation

models
Charge and Multiplicity: It defines the electronic state (0 1 for neutral singlet)

Coordinates: Cartesian (X,y,z) or Z-matrix format for atomic positions
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Connectivity: Bond topology specification when automatic detection is insufficient
Output Analysis and Result Interpretation

Zero-point energy corrections account for quantum mechanical vibrational effects that persist
even at absolute zero temperature and represent a significant contribution which is essential for
accurate thermodynamic calculations. Temperature-dependent thermodynamic corrections
help compare theoretical results with experimental calorimetric and spectroscopic data by
accounting for how temperature affects the translational, rotational, and vibrational motions of
molecules. The thermal correction to enthalpy includes both the zero-point energy and
temperature-dependent contributions, providing the total enthalpy change relative to the
electronic energy. Gibbs free energy corrections additionally incorporate entropy effects,
yielding the thermodynamic quantity used to predict reaction spontaneity and equilibrium
positions. Vibrational analysis enables direct comparison with infrared (IR) and Raman
spectroscopic data. The real frequencies, or positive frequency values, confirm the true
minimum, while negative frequency values indicate saddle points or transition states.
Electronic structure analysis provides insight into the nature of chemical bonding and
electronic distribution within molecules through molecular orbital analysis, population

analysis, and electrostatic properties.

Example input file for Gaussian 16 suite code:

%mem=180GB

%nprocshared=20

%NProcLinda=1

#p B3LYP/cc-pVDZ EmpiricalDispersion=GD3 geom=connectivity Opt Freq

Benzene Ring by HIMANI JOSHI

01

C -6.91032684 -0.45996776 -0.00063400
C -5.51516684 -0.45996776 -0.00063400
C -4.81762884 0.74778324 -0.00063400
C -5.51528284 1.95629224 -0.00183300
C -6.91010784 1.95621424 -0.00231200
C -7.60770884 0.74800824 -0.00131600
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H -7.46008584 -1.41228476 -0.00018400
H -4.96565884 -1.41248076 0.00068100
H -3.71794884  0.74786324 0.00000000
H -4.96508284 2.90843524 -0.00189200
H -7.46022984 2.90849524 -0.00326500
H -8.70731284  0.74819124 -0.00149600
121561571.0

231581.0

341591.0

4515101.0

561.5111.0

6121.0

7

8

9

10

11

12

(¢) GAMESS Suite Code

The General Atomic and Molecular Electronic Structure System (GAMESS)[29] is a quantum
chemistry tool designed for electronic structure calculations and molecular property
predictions. GAMESS input files are organized using control groups that specify different

aspects of the quantum chemical calculation.

I. Primary Control Section

The $CONTRL group defines fundamental calculation parameters and includes several

keywords:
SCFTYP: Specifies the self-consistent field method

(a) RHF: Restricted Hartree-Fock for closed-shell systems
(b) UHF: Unrestricted Hartree-Fock for open-shell systems
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(c) RKS/UKS: Restricted/Unrestricted Kohn-Sham for DFT calculations

RUNTYPE: Defines the type of calculation to be performed

(a) ENERGY: Single-point energy calculations
(b) OPTIMIZE: Geometry optimization
(c) EDA: Energy Decomposition Analysis for intermolecular interactions

(d) HESSIAN: Second derivative calculation for frequencies
DFTTYP: Specifies exchange-correlation functional for DFT calculations
MULT: Defines spin multiplicity (2S+1 where S is the total spin)
NOSYM: Disables symmetry considerations when needed
MAXIT: Maximum number of SCF iterations allowed

II.  Basis Set Specification
GBASIS: Specifies the basis set family
III.  Energy Decomposition Analysis
MATOM: Defines which atoms belong to each molecular fragment
MCHARG: Specifies the charge of each fragment
MMULT: Defines the multiplicity of each fragment

Energy decomposition analysis provides a rigorous theoretical framework for understanding
intermolecular interactions by systematically decomposing the total interaction energy into
physically interpretable components. The methodology begins with isolated molecular

fragments and progressively includes different physical effects:

Total Interaction Energy = Electrostatic + Exchange-Repulsion + Polarization + Charge

Transfer + Dispersion

Example input file of GAMESS software:

$CONTRL SCFTYP=RHF RUNTYP=EDA DFTTYP=B3LYP MAXIT=200
MULT=1 NOSYM=1 ISPHER=1 $END
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$CCINP NCORE=10 $SEND

$System mwords=12000 MEMDDI=4500 $end
$INTGRL NOPK=1 $END
$BASIS GBASIS=TZV $END

$lmoeda matom(1)=12,2 mcharg(1)=0,0 mmult(1)=1,1 $end

$DATA

Benzene 1H> by HIMANI JOSHI

C1

C 6.0 -6.91032684 -0.45996776 -0.00063400
C 6.0 -5.51516684 -0.45996776 -0.00063400
C 6.0 -4.81762884 0.74778324 -0.00063400
C 6.0 -5.51528284 1.95629224 -0.00183300
C 6.0 -6.91010784 1.95621424 -0.00231200
C 6.0 -7.60770884 0.74800824 -0.00131600
H 1.0 -7.46008584 -1.41228476 -0.00018400
H 1.0 -4.96565884 -1.41248076 0.00068100
H 1.0 -3.71794884 0.74786324 0.00000000
H 1.0 -4.96508284 2.90843524 -0.00189200
H 1.0 -7.46022984 2.90849524 -0.00326500
H 1.0 -8.70731284 0.74819124 -0.00149600
H 1.0 -6.07992611 0.72531268 2.28291711
H 1.0 -6.11345821 0.70087531 1.68435349
$SEND
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Introduction to Monte Carlo (MC) Simulations

Molecular simulations enable us to study the properties of many-particle systems at the atomic
level. However, most of these quantities do not correspond to properties measured in real
experiments. The gap between these two levels can be bridged by methods in statistical
mechanics. In statistical mechanics, large systems with many energy states for each energy level
can be studied. The assumption is that many microscopic states are compatible with a
macroscopic state: a physical system can be arranged in different ways while still having the
same energy. A collection of different configurations of a system that share macroscopic

properties is called an ensemble.

Depending on the property to be computed, simulations can be performed across several

ensembles. Most of the common ensembles are:

a) Microcanonical Ensemble (NVE): In this ensemble, the total energy (E), volume (V), and the
number of particles (N) are fixed.

b) Canonical Ensemble (NVT): In this ensemble, the temperature (T), volume (V), and the
number of particles (N) are fixed, but the energy (E) is not known.

¢) Grand Canonical Ensemble (uVT): In this ensemble, the chemical potential (i), volume (V),
and temperature (T) are fixed, but the energy (E) and the number of particles (N) are not fixed.

2.10. Interatomic Potentials: The Foundation of Molecular
Interactions

To perform accurate molecular simulations within the statistical mechanics framework, we need
to define how atoms and molecules interact. Classical molecular simulation techniques use the
sum of inter- and intra-molecular interactions to describe the energy of a host-guest system, and
these interactions are described by force fields. Such classical simulations do not consider the
degree of freedom of electrons, and it saves computational effort to model electron interactions
by using the Born-Oppenheimer approximation. The interatomic potential is a sum of various

terms that can be calculated separately.

ETotal = Estretch + Ebend + Etorsion + Eimproper_torsion + Eelectroostatic + EvDW (2-45)
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Estretcn = two-body stretching potential, E,.,q = three-body bending potential, E;prsion

Eimproper torsion= four body torsional potential. The summation of these four potentials is the
bonded potential. The non-bonding interaction is the sum of the electrostatic and van der Waals

potentials.
(a) Bonded Interactions
Bond stretching
Bond stretch potential terms are described by Hook’s law:
Egtreten = kp(r — bo)? (2.46)

This equation describes the energy Eg:e¢cn changes with the distance r to the force field defined

reference by.
Angle bending
DRIDING[30] use the harmonic cosine function to show the angle bending:
Ependaing = k[cos(6) — cos(6,)] (2.47)

k is the bending energy constant and 6 and 6, are the bond angle and reference bond angle

defined in the force field.
Torsional and improper torsional terms

The magnitudes of both bond stretching and angle bending are large, and a significant amount of
energy is required to provide deformation from their reference values. Hence, torsional terms can
vary the structure. Like the bonding, stretching, and angle bending terms, torsional and improper
terms, the four-body dihedral motion is based on the energy barriers of bond rotation. Quantum-
mechanical calculations suggest that the rotational barriers result from the antibonding

interaction between two opposite atoms in a four-body system.

S
Ul

[1+4 cos(nw — y)] (2.48)

Etorsion =

N
Vn
2
0

S
1l

w = angle of the torsion, and V,, stands for the barrier’s height, n is the multiplicity that defines

the number of minimal points, and y defines where the minimum points should be located.
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The following expression is used to explain the improper torsion angle:
Eimpropercorsion = k(1 — cos(2w)) (2.49)

(b) Non-bonded Interactions

van der Waals Interaction

The weak van der Waals (vdW) interaction is the combination of long-range dispersive and short-
range repulsive interactions. The long-range dispersive interaction is responsible for the
attractive force between atoms. This interaction is also referred to as the London dispersion force.
To model attractive and repulsive interactions, a force field should accurately reproduce the

potential energy curve. The 12-6 Lennard-Jones (LJ) interaction can be written as:

12

Evow = 4¢l(=) = ()] (250)

r r

€ = potential well, and o = is the collision diameter where the separation energy is zero.
Electrostatic Interactions

Electrostatic interactions between charged sites can be computed in RASPA using the Ewald
summation method to account for long-range Coulombic effects under periodic boundary
conditions. The electrostatic energy between two partial charges q; and q; can be written as the
second term in the Equation. The charge equilibration (Q.q) method computes partial charges for
atoms in a molecule using their geometry as input and three important properties of isolated
atoms.[31] The first is the ionization potential, i.e., the energy needed to remove the outer valence
electron; the second is the electron affinity, i.e., the energy difference related to the injection of
an extra electron; and the last is the atomic radius. These quantities can be obtained from
experimental measurements and/or computed by the ab initio methods. The Qcq method is based
on Sanderson’s concept of electronegativity equalization,[32] postulating that two or more atoms

combining within a molecule get their electronegativity equalized.

LJ potential and Coulomb potentials:[33]

oi\ 12
Uij (i) = 4 (ﬁ) -
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(¢) Mixing Rules

To combine two defined parameters of different types of atoms, there are three mixing

rules:[34,35]

(a) Lorentz-Berthelot

_ __ 0i40j
gij = .\/€i&j, O-ij = >

(b)Waldman-Hagler

20’l O'J

= 209 e o= (22N
slj_o.l+0.1 &€ 70-11_( 2 ) 6

The vdW potential needs to be cut off at a certain distance, called the “cut-off” distance. In the
MC simulation, a cut-off distance can be used because van der Waals potentials are negligible
beyond it. However, this cut of energy may lead to force divergence. In general, the vdW

potential can be switched to a smooth function.

(a) 30 irong repulsive forces c) c*
N i 09 ——— LJ Potential Adsorbent Adsorbates

0.5 L‘-cyinlllml at energy minimum

Potential Energy V(r) in Kcal/mol

ol | o® ] (H)
0.5 \L Weak attractive forces 3
Active Sites .
-1.0 . . Kubas Interaction
2 8 9 10

Dntancv (r) in A

-2q
22 ;
() (©) ")3( ® r ® /??\
+0.4¢8¢ @« :-..-Q+ll. 68e
N/ N

Single-site LJ Single-site LJ + quadrupole moment  Two-site LJ + quadrupole moment Three-site LJ + quadrupole moment

Figure 2.3. (a) The schematic diagram of the L-J potential, (b) representation of physisorption and chemisorption,

(c) representation of Kubas interaction, (d) schematic diagram of H> models.

2.11. Specialized Models for Hydrogen
(a) Single-site L.J Model
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The simplest model of diatomic H» uses a single-site Lennard-Jones 12-6 potential placed at the
COM of the molecule and is generally referred to as a “LJ-1S model” (Figure 2.3d). An LJ
potential is defined by its well depth € and the distance ¢ at which the potential is equal to zero.
Buch proposed a value of /kB = 34.2 K, with kB being Boltzmann’s constant and ¢ = 2.96 A
for the COM site.[36] In its original form, it was supplemented by a small quadrupole—
quadrupole interaction term. However, preliminary tests showed problems attaining equipartition
between the different modes due to a slow exchange of kinetic energy between the rotational and
translational degrees of freedom, and as done elsewhere, the weak quadrupole interaction was

discarded.

(b) Single-site LJ Model + Quadrupole Moment

In the Darkrim-Levesque (DL) model,[37] the H> molecules were described with a three-site,
rigid model having an H-H bond length of 0.741 A as represented in Figure 2.3e. A Lennard-
Jones site (onn =2.958 A and enn/ks = 36.7 K) was placed at the H, centre of mass, and a negative

charge of —0.936 on the centre of mass was balanced by positive charges of 0.468 on the H nuclei.

(¢) Two-Site LJ + Quadrupole Moment

The two-site LJ model can be further extended by including the quadrupole moment of H2,
thereby referred to as a “LJ-2S-q=” model (Figure 2.3f). This is the case for Marx and
Nielaba,[38] whose model had a quadrupole moment of 54.2 (KA®)!"2, along with L] 12-6
interactions between the H atoms, with enn/ks = 36.7 K and onn = 2.958 A; i.e., they were very

close to those of a LJ-1S model.

(d) Three-Sites LJ + Quadrupole Moment

Belof et al. have developed both a polarizable and non-polarizable potential for Hz from first
principles.[39] Their non-polarizable model is a “LJ-3S-q+ model” (Figure 2.3g) combining
three LJ 12-6 interaction sites with a quadrupole moment (model Be5 LJ-3S-q+). The masses are
placed at atomic positions separated by 0.742 A. These mass sites carry a charge of g/e = 0.3732
but are not the origin of an LJ interaction. The COM has a charge of —2q placed on it and an LJ
interaction with parameters ¢/kB = 8.8516 K and ¢ = 3.2293 A. Two other massless sites are
placed along the H-H bond at 0.329 A from the COM, and these are also the origin of a LJ
interaction with &/kB = 4.0659 K and ¢ = 2.3406 A.
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2.12. Feynman-Hibbs (FH) Effective Potential

The accurate representation of hydrogen fluid molecules requires consideration of quantum
effects, particularly given the small molecular mass of hydrogen, the low temperatures (typically
77 K), and the significant confinement effects in nanoporous materials. These factors make
quantum contributions especially important in both the liquid and adsorbed phases. A widely
adopted method to incorporate such effects into molecular simulations is the Feynman-Hibbs
(FH) effective potential approach.[40] This method, also known as the effective potential
method, modifies the classical intermolecular potential by adding a quantum correction term
derived from path-integral formulations. The FH potential estimates quantum effects exactly to
first order in %2, retaining the classical potential framework while accounting for the finite de
Broglie wavelength of light molecules. Mathematically, the FH effective potential is expressed

as:

h? (azv(r) +3 6V(r))
24m kgT \ 012 r or

VFH(T) = Vclassical(r) + (2-52)

The first term represents the conventional classical interaction, while the second term introduces
the quantum correction. The zeroth-order approximation neglects the quantum term, recovering
the purely classical description. By including the first-order correction, simulations can more
accurately reproduce experimental thermodynamic properties for hydrogen in both bulk and
confined states. This method has been applied to predict hydrogen adsorption in MOFs and other

nanoporous materials, bridging the gap between experimental data and theoretical predictions.

2.13. Monte Carlo Simulations: Computational Methodology
We now turn to the computational methods used to study these systems, with the interatomic
potentials defined. The MC method is a numerical statistical method to approximate
mathematical expressions that cannot be evaluated accurately. It operates through an iterative
process of randomly sampling points within the space and then averaging the collected data. To
calculate the average properties of a system, one needs to reduce the sampling number, as there
are a vast number of accessible states. To reduce sampling, importance sampling is employed.
The MC scheme exploits the fact that only the relative probability of visiting points in
configuration space is needed, not the absolute probability, allowing the estimation of a
macroscopic property without accounting for all microstates. The Markov chain Monte Carlo
(MCMC) method is a class of algorithms for sampling from a probability distribution. The

MCMC method generates compatible configurations of the microstate with a probability
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proportional to the Boltzmann weight. This algorithm generates a random trial move from the
current state to a new state, which can be accepted or rejected. The movements of MC are
designed such that the states are visited with the correct probability. The probability of accepting
the trial move from the old state (0) to the new state (n) is the same as accepting the trial move

from any state (n) to state (0):
Peq(O)CZ(O = )P0 o n) = Peq (m)a(n = 0)Py.(n - o) (2.53)
For the equilibrium in the Metropolis algorithm:

alo »n) =aln- o) (2.54)

. Pgcc (0-n) _ Peg(n)
It leads to: Pace (120) — Poq(®) (2.55)

Hence, the Metropolis acceptance rule is written as:

(2.56)

P,..(0 » n) = min <1,Peq (n)>

Peq (o)

Random trial moves help the MC method move the system towards an equilibrium where the
average properties can be calculated. Insertion, rotation, translation and swap are some of the

random trial moves that can be attempted.

(a) Grand Canonical Ensemble Implementation
The grand canonical (uWVT) ensemble is the most used ensemble for adsorption simulation. The
partition function of this ensemble is:
= N gBuN .
Q(wV,T) = Z f e BUGSTM N (2.57)

A3NN!
N=0

And the probability of a configuration is:
Y NehuN
A3NN!

The acceptance rule for several trials is listed below:

P(sM, V) e~ BUGENY (2.58)

i.Particle moves

vNeBuN
acc(0-n) _ p3Nnie=BUnSNN gy, (sNm—y,(sNiM)]
e € (2.59)

A3NN1e—BUo(SNiM)
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ii.Insertion

vN+1Bu(N+1)
accloon 3(N+1) -BU (SN+1ih) Veﬁli _ N+1;h) _ N;h)
( )= A (N+;V)!eﬁ Nn — e ~BlUn(S Uo(S™™] (2.60)
acc(n—o) vNePH A3(N+1)
A3NN1e—BUo(SNP)
iii.Deletion
VN_leB”(N_l)
_ _ N—-1;h) 3 —1; ;
acc(oom) _ \NDn-rye POnts = AN p=BlUnSN T -UMP] (61
acc(n-o) vNehu vebr

A3NN1e=BUo(SN)
The pressure P is related to the chemical potential p and fugacity f, which is written as:

Bu = Buie +In(Bf) (2.62)

The chemical potential p is defined as:

. = 5 (2.63)

Fugacity is a closely related term to the pressure that describes the activity of a gas. The fugacity

coefficient @ is written as:

_ 4IG fP z_1 dP
f_ 9P ~g (T'P)]:exp["( 7, e

¢ —_ —
p_ &P RT RT

The g(T, P) is Gibbs free energy and IG indicates the ideal gas, z is the compressibility. For an
ideal gas, f = P (P close to 0), and the fugacity and pressure can be converted.

In our work, the Peng-Robinson equation is employed:[41]

p= X aa 2.65
" V,—b VZ2+2bV, —b? (2.65)
_ 0.45724 R*T}?
a= PC
_ 0.07780RT,
- B
- T
r TC

a = (1+ (0.37464 + 1.54226 w — 0.26992 w?)(1 — TO5))2  (2.66)
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Where w is the acentric factor, P, is the critical pressure, T, is the critical pressure, and R is the

ideal gas constant.

2.14.Adsorption Fundamentals in Porous Materials
In the previous section, we established a theoretical foundation and computational methods; now,

we can apply them to study adsorption phenomena in porous materials.

2.14.1. Types of Adsorptions in Porous Materials

An adsorbate molecule can bind to the surface of porous materials in two ways: chemical
adsorption and physical adsorption. Chemical adsorption involves the formation of chemical
bonds between adsorbates and the surface of the porous material, and it requires a high (more
than 100 kJ) energy. On the other hand, physisorption is an adsorption mechanism based on the
weak vdW interaction, and the bonding energy of physisorption is weak (7-32 kJ/mol). Gas
adsorption in porous materials is usually quantified through adsorption isotherms, which are the

amount of gas adsorbed at a constant temperature as a function of pressure.

2.14.2. Adsorption Isotherm

Adsorption isotherms are the principal performance metric of MOF and COF for gas adsorption.
For the same pair of gas and framework atom, the amount of adsorption that occurs (loading)
depends on pressure, temperature and the binding energy of the gas molecules with the
framework. The amount of adsorption is a function of pressure at a constant temperature. Hence,
the gas uptake property in both the MOFs and COFs is studied by varying the applied pressure,
and the relationship between the uptake and pressure is called an adsorption isotherm. An
adsorption isotherm can be obtained experimentally, but also computationally through GCMC
simulations. The adsorption mechanics is a phase equilibrium process, as, at equilibrium, the
temperature and chemical potential for all species are equal between the adsorbed phase and bulk
fluid. The chemical potential is related to pressure through fugacity, which is a measure of the
difference between the chemical potential in a system and that in the hypothetical ideal gas state.
Fugacity equals the pressure of an ideal gas. In simulations, the chemical potential is directly

obtained from the fugacity.

2.14.3. Geometric Properties of Porous Materials

(a) Pore Size and Surface Area
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In simulations, the helium void fraction is calculated, and it corresponds to the empty space of a
structure divided by the total volume. It is also used to compute excess adsorption during
simulations. Excess adsorption can be substantially lower than the absolute adsorption at high
pressure and temperatures. It is the difference between the amount of gas in the system and the
amount present at the same temperature and pressure in the absence of adsorption. The surface
area of a porous material is one of the most important properties, as it is the base where the
adsorption process happens. Experimentally, the BET models and the adsorption isotherm of
non-reactive gases such as N> and Ar are used to calculate the surface area. Computationally, a
geometry-based approach is usually used, which involves rolling a probe molecule over the
atoms to compute the surface area. In the figure, as can be seen, the red area is shown as a solvent-

accessible surface area, which is closely related to the experimentally obtained surface area.

(a) (b)

Define H,
model

Assign force
field

The difference between the
geometric volume and the
probe-occupiable volume

Obtain CIF file

Prepare RASPA
input

Set ensemble
and condition

Probe occupied
Volume

Run Equilibration
Cycles

Run Production
Cycles

Connolly
surface

Output
Adsorption Data

Figure 2.4. (a) The flowchart of the RASPA 2.0 calculation process, (b) pore-size distribution and Connolly surface.

Isotherms

Calculate Q,,

The pore-size distribution (PSD) can be calculated geometrically in RASPA using the Gelb and
Gubbins method.[42] For every point in the void volume, the largest sphere is found that encloses
the point but does not overlap with any framework atoms. This yields the cumulative pore volume
curve. Let Vpore(r) be the volume of the void space ‘coverable’ by spheres of radius r. A point x
is in Vpore(r) only if we can construct a sphere of radius r that overlaps x and does not overlap
any adsorbent atoms. This volume is equivalent to that enclosed by the pore’s “Cannolly
surface”. Vpore(r) 1s @ monotonic decreasing function of ‘r’ and is easily compared with the

“cumulative pore volume” curves often calculated in isotherm-based PSD methods. The PSD is
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represented as a histogram with peaks corresponding to the pore sizes present in an MOF. The

figure represents the three different sizes of pores that are identified in MOF.

2.14.4. Performance Analysis

i. Deliverable Capacity
To describe the adsorption performance of a porous material for gas storage applications, the
deliverable capacity is used as a key descriptor. The deliverable capacity is the difference
between the amount of gas adsorbed at the storage and release pressures.

ii. Heat of Adsorption
GCMC simulations can be employed to obtain the isosteric heat of adsorption, which corresponds
to the change in energy when one guest molecule is adsorbed and can be calculated using
energy/particle fluctuations. The heat of adsorption can be obtained after enough particle
insertions and deletions are performed to obtain averages of energy and the number of particles.

The heat of adsorption can be written as:
_ (U X N)/,L - <U>ﬂ(N)u _
st (N2>/,L - <N>;4<N>/,L

(Ng) 3

7 (2.67)

(U), = average total energy,(N), = average of total particle number,
(Ng) = average number of guest molecule only,
and [ = inverse temperature factor

This function gives the heat of adsorption at zero loading, which is also defined as the isosteric
heat of adsorption.

iili.  Experimental Validation and Simulation Comparison
The comparison between experimentally observed and GCMC adsorption isotherms can help
understand the nature of the porous material. Here, some examples are presented which describe

how GCMC simulations complement the experimental adsorption findings.
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Figure 2.5. Comparison of experimental and simulated adsorption isotherms. (a) H> uptake (g/L) in NU-2100 MOF,
(b) CO; uptake (mol/kg) in CAU-10 (Al) (The graphs are taken from ref. [43,44]

Farha et.al have focused on the synthesis of new air-stable Cu(I)-based materials for H»
storage.[43] They have developed a de novo synthetic strategy to generate a robust Cu(I)-based
MOF, denoted NU-2100, using a mixture of Cu/Zn precursors, in which zinc acts as a catalyst to
transform an intermediate MOF into NU-2100 without being incorporated into the final MOF
structure. Their experimental findings reveal that a combination of adsorption and spectroscopic
studies on NU-2100 indicate a very high isosteric heat of adsorption of 30 kJ/mol combined with
a good deliverable capacity of 10.4 g/L under practical operational conditions (233 K/100 bar to
296 K/5 bar) at ambient temperature, although only 1% of the Cu(I) species serve as active sites.
There is a correlation between the experimental and simulation adsorption isotherms. There is a
small difference between isotherm curves as temperature decreases, but at room temperature,
both experimental and simulation results are almost identical, as shown in Figure 2.5a. Smit et
al. have developed force fields to address the inaccuracy of UFF[45] caused by different
polarizability within different chemical environments. They have observed that their developed
refined force fields can give an accurate description of the adsorption isotherm, and follow the

experimental curve as represented in Figure 2.5b.[44]

2.15.RASPA Software
RASPA is a suite of codes for simulating the adsorption and diffusion of molecules such as Ha,
COy, CH4 and other hydrocarbons in porous materials.[46] This code implements the latest state-
of-the-art algorithms for Monte Carlo (MC) and Molecular Dynamics (MD) simulations in

various ensembles. To run the simulations in RASPA, several input files are required:
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a) simulation.input

This input file describes the type of simulation, simulation box size, steps in initialization cycles,

production cycle and L-J cutoff.
b) Material_name.cif

The definition of the structure, such as atomic coordinates and lattice parameters, is mentioned

in this file.

¢) Pseudo_atoms.def

This file lists all the information about pseudo-atoms, such as charges, radii, and atomic masses.

d) Force_field_mixing rules.def, force_field.def

The force field definition file shows the van der Waals potential (L-J parameters) for atoms
involved in the material and molecules, and the rule for mixing the L-J parameters of various

atoms.

e) Molecule_name.def

This file includes the atomic coordinates and bond length, and angle of the adsorbate molecule.

Example input file for RASPA 2.0 suite code:

SimulationType MonteCarlo

NumberOfCycles 50000
NumberOflnitializationCycles 50000
PrintEvery 10000

PrintPropertiesEvery 10000
Movies yes

WriteMoviesEvery 10000

Forcefield local
UseChargesFromCIFFile yes
ChargeMethod Ewald
EwaldPrecision le-6
CutOfftVDW 12.0
CutOffChargeCharge 12.0
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NumberOfSystems 1
Framework 0
FrameworkName MOF
UnitCells 222
InputFileType cif
External Temperature 298.0
ExternalPressure le5
NumberOfComponents 1
Component 0 MoleculeName H>
MoleculeDefinition local

TranslationProbability 1.0
RotationProbability 1.0
ReinsertionProbability 1.0
SwapProbability 1.0
CreateNumberOfMolecules 0
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CHAPTER 3

Enhancement of H; Physisorption in
Covalent Organic Framework’s Linkers
by Li-decoration

This chapter provides a detailed theoretical analysis of the Li decoration strategy applied to
COF materials. In this work, we computationally designed 36 complexes comprising nine pure
COF linkers and Li-decorated linkers, demonstrating physisorption of H> molecules. The
synergy of Li atoms with these linkers shows a Li binding energy of - 0.5 to - 1.3 eV, which
enables each Li atom to capture two H; molecules with an average AH per H> molecule about
-0.02 to -0.20 eV. We computationally found a significant H> uptake weight percentage (wt.%)
of 6.5 wt.% for the molecular structure of Linker-3 using the DFT-D method. The true highlight
of our work is the average binding enthalpy of -0.20 eV per H> molecule in the Li-decorated
Linker-5. Our study reveals the intricate interplay between dispersion and electrostatic forces,
which play a significant role in determining the binding enthalpy. We performed GCMC
simulations on our designed pure COFs to investigate H> uptake at 77 K and 298 K over a
range of varying low and high pressures. COF-IITI appears more effective in absolute H>
loading than the pristine COF because of its larger surface area. This groundbreaking
research is essential for realizing efficient, secure, compact, and cost-effective hydrogen
storage materials. It aligns perfectly with the ambitious goals set by the U. S. Department of

Energy (DOE), driving us closer to a sustainable energy future.

3.1. Introduction

The global shift towards utilizing molecular hydrogen (H>) as a clean, renewable energy source
is crucial for reducing reliance on finite, environmentally polluting fossil fuels. However,
transitioning to a hydrogen-based economy, particularly for mobile applications, faces
significant hurdles, primarily due to technological limitations in economic production and
effective fuel storage.[1] While conventional storage methods, such as compressing and
liquefying hydrogen, exist, concerns over efficiency, safety, and economic feasibility limit their

practicality for widespread use in the future.[2] As an alternative approach, controlling the
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interaction between hydrogen and host materials has emerged as a promising approach for
hydrogen storage.[3] The fundamental interaction between hydrogen and the storage material
dictates sorption properties and reversibility under ambient conditions. Since physisorption,
driven by weak van der Waals (vdW) forces, allows reversible, fast hydrogen adsorption and
desorption at mild conditions, with an ideal range of heat of adsorption of -0.15 to -0.25 eV at
233-258 K.[4] This work aims to design a new hydrogen storage material with an optimal H»
adsorption energy that satisfies physisorption. For this purpose, we introduce a Li-decorated
COF technique that significantly improves the hydrogen-binding and gravimetric uptake
capacities of the COFs.

The US DOE has revised the H» storage target to a gravimetric capacity of 5.5 wt.%
and a volumetric capacity of 40 g/L at 233-358 K for the year 2025. The ultimate targets are a
gravimetric capacity of 6.5 wt.% and a volumetric capacity of 50 g/L for on-board vehicular
applications in industries.[5] Various materials, including metallic hydrides, complex hydrides,
carbon nanostructures, metal-organic frameworks (MOFs), and zeolites, have been explored
for hydrogen adsorption.[6] Several experimental and computational/theoretical studies have
recently suggested that COFs can be ideal, compatible hydrogen storage materials for industrial
applications in which H» storage is primarily based on physisorption.[7,8] Li doping in the
organic ligands of the porous COFs is a promising approach to enhance hydrogen storage at
near-ambient conditions. Since aromatic rings in their organic linkers have high electron
affinity, the sp? carbon framework would segregate the charge from the Li atom and stabilize
H> molecules.[9] Ding et al. observed that combining Li-doping with Cgo impregnation or
aromatic ring grafting can significantly enhance the volumetric H> adsorption capacity of COF-
108.[10] Guo et al. theoretically designed an effective hydrogen storage material by doping
ILCOF-1 with lithium. Their computational study indicated that the Li-doped ILCOF-1
achieved a high hydrogen storage capacity, with a gravimetric uptake of 7.26 wt.%.[11] The
Li decoration technique has been employed in other COFs, such as COF-1,[14] COF-202,[15]
and COF-366,[12] for H> storage. The main building block of COF-1 is a boroxine ring, the
COF-202 has a B-O-Si linkage, and the COF-366 consists of tetra (p-amino-phenyl) porphyrin
(TAPP) bonded with a terephthaldehyde chain. However, these COF materials have shown
poor H» storage performance due to weak hydrogen binding. Their results fall short of USDOE

targets, hindering their industrial and technological applications.
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Our study is crucial because it aims to address this limitation, which is vital to the clean
energy transition, economic growth, environmental benefits, and the achievement of global
energy goals. In the present study, we have employed Li-decorating techniques with nine
different linkers on a COF and have explored its H> binding properties and H» uptake capacity.
The paramount goal of this work is to present an elementary analysis of the mechanism of
hydrogen physisorption on Li-decorated COF linkers and to understand the nature of
interactions responsible for H» adsorption in the COFs. The theoretical study of the quantum
nature of Hy interactions is the backbone of experimental results and is useful for unravelling

the storage properties of porous materials.

3. 2. Methodology, computational details, and material
description

3.2.1. Computational Details
We have computationally designed 36 new complexes using pure and Li decorated COF
linkers. After Li decoration, H> physisorption was investigated on these COF linkers. We
applied unrestricted hybrid DFT, the B3LYP method [13] i.e., the UB3LYP DFT method, to
obtain the equilibrium structures of the Li-decorated COF linkers, and the thermodynamic
parameters were calculated using both the B3LYP and MP2 methods.[14] Since B3LYP
includes an approximate treatment of electron correlation, the results should be more accurate
and economical than those of the Hartree-Fock theory, and it performs well for truly extensive
chemical systems and properties. It is generally faster than most post-Hartree-Fock methods
and yields results similar to theirs. Next, to account for the weak vdW interactions between gas
molecules and the linkers, the semiempirical Grimme’s dispersion correction parameters (-D3)
were added to the UB3LYP DFT method.[15] Since the MP2 method is free from the self-
interaction of electrons, and it naturally takes dispersion into account, the -D3 correction was
not included in the MP2 method.

We have used both the double-{ and triple-{ quality correlation-consistent polarized
Gaussian type basis sets, i.e., cc-pVDZ and cc-pVTZ, for the H, B, N, C, O, and Li atoms in

the present computations.[16] All calculations were performed using the Gaussian 16 suite
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code.[17] We have used ChemCraft software for designing all the structures, initial geometries
and visualization.[18] The PyMOLyze suite code was used to compute the partial density of
states (PDOS). An Energy Decomposition Analysis (EDA) was performed using the GAMESS-
US program.[19] A harmonic vibrational frequencies analysis was carried out, and none of the
equilibrium structures has imaginary frequencies, which confirms that all the optimized
geometries are energetically stable. Thermodynamic potential, i.e., binding enthalpy and
binding energy, is computed at equilibrium structures of the complexes studied here. The
average binding energy per Li atom adsorbed on the linkers can be calculated by the following

mathematical expression:

ELinker nLi —(Epure_linker+ NEL;)
AE = ot Eure 3.1)

The binding enthalpy (AH) of adsorbed H> molecules on Li-decorated linkers was calculated

using the equation below:

AH = HLinker_Li+nH2 - (HLinker_Li + nHHZ) (3.2)

The average binding enthalpy (AH) per one H> molecule adsorbed on linkers decorated by Li

can be defined as follows:

AH = [HLinker_Li+nH2_(:Linker_Li+nHH2)] (33)

The following equation has computed the vibrational frequency shift:
Av = Veomplex — VH, molecule (3.4)

Vcomplex 18 the value of the vibrational frequency of the Li-linker-H> complex, and v, molecule

is the vibrational frequency of the free H> molecule.

The energy gap between the frontier orbitals is defined as

Eg = Enomo — Erumo (3.5)
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The Hz-uptake in terms of weight percentage (wt.%) in the pure and Li-decorated linkers is

calculated by the equation given below:
wt% = n * MHZ/(MLinker +nx* MHZ) (3.6)

The H» adsorption isotherms of the pure COFs were studied using the uVT ensemble at 77 K
and 298 K and pressures up to 300 bar with the RASPA 2.0 package.[20] The number of
initialization cycles was 2.5 x 10* Steps, followed by 5 x 10* Monte Carlo (MC) steps for the
random insertion, rotation, swap, and translation of the H> molecule in the simulation box.
During the simulation, all the atoms of the COF were kept fixed, while the H, molecules were
free to move within the structure. We used the Lennard-Jones (LJ) 6-12 potential to describe
the interaction between the hydrogen molecules and COF atoms (N, B, O, C, and H) presented
by:
12 6
U(ij) = 4e; [(:_j) - (:_j) l + ﬁ‘i—‘? (3.7)

These parameters were determined by using the Lorentz-Berthelot mixing rule for a pair of

unlike atoms as follows:
1
&ij = w/gigj’ Ojj = E(O—i + O']) (38)

The potential parameters for the framework atoms in COFs were taken from the standard
DREIDING force field implemented in the RASPA 2.0 package,[21] and the cut-off radius for
the LJ interaction is 12.0 A. The DREIDING force field has been widely used to study gas

adsorption in nanoporous materials.[22,23]

The desorption temperature Tq is computed utilizing the van’t Hoff equation:[24]

T, = ’Z—:(%S —In P)_1 (3.9)

where Hg denotes the average adsorption energy, P = 1 atm, AS is the entropy change of

hydrogen for the gas-to-liquid phase conversion, and R represents the universal gas constant.
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3.2.2. Materials description
(a) Periodic 3D COFs

We have represented our designed 3D Pure COFs, named COF-IITI and Pristine COF, in
Figures 3.1a and 3.1b. The specific surface area (Sa) and pore volume (Vp) of these designed
COFs have been reported in our earlier articles.[25,26] Both the COF-IITI and Pristine COF
have a high specific surface area of 1555.12 m?*/g[27] and 1081 m*/g, respectively, and their

estimated pore volumes are 0.473 cm?/g and 0.948 cm?®/g , respectively.
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Figure 3.1. Equilibrium structures of our designed 3D COFss, (a) COF-IITI, (b) Pristine COF, (c) COF-1ITI-3Li,
(d) COF-3Li, and (e) Pore-size distribution (PSD) curve for all designed COFs.

Then, we decorated these COFs with Li atoms at the centroids of the phenyl rings, as shown in
Figures 3.1c and 3.1d. We have estimated the specific surface area and pore volume of these
Li-decorated 3D COFs using H» as a probe molecule. Both the COF-IITI-3Li and COF-3Li
have a high specific surface area of 1583.1 m?/g and 1228.66 m?*/g, respectively, and their
estimated pore volumes are 0.48 cm’/g and 0.968 cm?/g, respectively. The extraordinary
framework properties (high surface area and pore volume) of our designed COFs can contribute
to efficient H» storage, making them a potential material for practical H> storage applications.

The pore-size distribution (PSD) can be calculated geometrically using the Gelb and
Gubbins method [28], implemented in RASPA-2.0. For every point in the void volume, the
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largest sphere is found that encloses the point but does not overlap with any framework atoms.
This yields the cumulative pore volume curve. Our calculated pore size distribution curve is
represented in Figure 3.1(e), which illustrates that both the COF-IITI and COF-IITI-3Li have
pore diameters between 15-16 A, and both the Pristine-COF and COF-3Li have pore diameters
about 8-9 A. These values fall within the microporous range, and some previously reported
articles suggest that a porous material with a pore diameter of approximately 9 A is the most
suitable for enhanced H> uptake.[29] Some microporous MOFs have already demonstrated
extraordinary H» storage properties. These findings indicate that the COFs we designed could

serve as effective adsorbents for H» storage.[30]

(b) Non-periodic organic linkers of the designed COFs

We have considered nine pristine organic linkers from our previously designed covalent
organic frameworks, as represented in Figure 3.2.[25-27] Various experimental works have
been reported on synthesizing several porous materials using these kinds of organic linkers for
various applications. These nine linkers are fundamental building units of the pristine COFs,
which contain phenyl (CsHs),[31] triazine (C3H3N3),[32] boroxine (B303),[33] and boronate
ester rings (BO2C»).[34] The electronic properties of these pristine COFs were earlier reported
by using the DFT-D method.[25] The metal-decorated BO>C> rings have already proven to be
superior for H» adsorption and enhanced hydrogen uptake capacity.[1][35] These linkers have
the potential to provide desirable results in gas storage, energy storage, and CO> capture in
porous frameworks.[36][37] Linker-3, also known as 2-phenyl-1,3,2-benzodioxaboroles, is a
fundamental building block for various COFs. This Linker-3 can modify the reactivity and
structural properties of porous materials. [38] 2,4,6-Tripheny-1-1,3,5-triazine (TPT) linker is
noted as Linker-5, and it is also a main building block of various previously synthesized COFs
like COF105, COF108, COF-IITI-0, etc.[25][39] Linker-6 is a widely used organic linker for
the design of porous materials, commonly known as 2,3,6,7,10,11-hexahydroxytriphenylene
(HHTP). Many COFs have been synthesized using the condensation of various linkers with
HHTP. Some of them are COF6, COF7, and COF8.[34]
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3.3. RESULTS AND DISCUSSION

3.3.1. Li-decoration in linkers
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Figure 3.2. The equilibrium structures of nine pristine linkers are represented here. The name of these nine linkers
is written as (a) Linker-1, (b) Linker-2, (c) Linker-3, (d) Linker-4, (e) Linker-5, (f) Linker-6, (g) Linker-7, (h)
Linker-8, and (i) Linker-9.

We have explored various Li adsorption sites in the equilibrium structure of the organic
ligands studied here, namely Linker-1 to Linker-9. Linker-2 and Linker-7 are the most suitable
linkers for selecting favorable locations for Li adsorption, as Linker-2 has all three phenyl,
triazine, and boronate ester rings, and Linker-7 has a boroxine ring. The terminology of our
chosen sites is “Site A” for the top of the phenyl ring, “Site B” for the top of the triazine ring,
“Site C” for the top of the boronate ester ring and “Site D” for the top of the boroxine ring. The
Li atom is placed at the centroid of sites A, B, C, and D, as depicted in Figure 3.3. Triazine
and boroxine rings, i.e., B and D configurations, have an uneven electron density distribution

that causes the Li atom to experience a slight displacement from the centroid. The Mulliken
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charge analysis of both the B and D configurations reveals distinctive charge distributions

among the constituent atoms.
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Figure 3.3. The selected sites in Linker-2 and Linker-7: (a) Site A for the phenyl ring, (b) Site B for the triazine

ring, (c) Site C for the boronate ester ring, and (d) Site D for the boroxine ring are shown here.

In configuration B, nitrogen (N) atoms exhibit a negative charge of -0.17 a.u., while carbon
(C) atoms possess a smaller negative charge of -0.04 a.u. Conversely, lithium (Li) atoms in this
configuration demonstrate a positive charge of +0.18 a.u. This unequal charge distribution
suggests an electron transfer from Li to N, likely influenced by interactions with neighbouring
atoms. Conversely, oxygen (O) atoms acquire a negative charge of -0.11 au. in the D
configuration, whereas boron (B) atoms exhibit a slightly larger positive charge of +0.20 a.u.
Li atoms in this setup exhibit a smaller positive charge of +0.03 a.u., indicating less electron
transfer than in the B configuration. These unequal charge distributions highlight electron
redistribution within the molecules, potentially impacting the positioning of Li atoms relative
to the surrounding atoms. The value of binding energy (AE) of the Li atom adsorption in each
selected site of the Linker-2 and Linker-7 was calculated by using both the B3LYP-D3 and
MP2 methods with two different basis sets (i.e., cc-pVDZ and cc-pVTZ). According to our
results, Site A has the most negative binding energy, with values of -1.11 eV, -1.20 eV, and -
0.70 eV obtained with the B3LYP-D3/cc-pVDZ, B3LYP-D3/cc-pVTZ, and MP2-cc-pVTZ

methods, respectively. It reveals that the phenyl ring is energetically more favorable for the Li
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binding. Sites B, C, and D show binding energies of approximately -0.59, -0.39, and -0.62 eV,
respectively, as computed by the B3LYP-D3/cc-pVDZ method. Additionally, previous studies
have shown that the phenyl ring provides greater Li-binding energy than the triazine, boroxine,

and boronate ester rings in COFs.[40][41]

Now, we have decorated phenyl rings with Li atoms in the designed organic linkers. Linker-
1, Linker-3, Linker-4, and Linker-8 have two phenyl rings in their structures, so we have
decorated them with two Li atoms per ring, one located on the upper side and the other on the
lower side of the linker. It is shown that both the Linker-2 and Linker-9 are decorated by two
Li atoms because of single phenyl rings in their structure in Figure 3.4b and Figure 3.4i.
Since Linker-5, Linker-6, and Linker-7 have three phenyl rings, they are decorated by six Li
atoms. This phenomenon, in which several Li atoms are absorbed on both sides of the linkers,
is studied because these Li atoms could play a significant role as an active site for Hz binding
by expanding the adsorption surface area for H> molecules.[42] Linker-5, Linker-6, and Linker-
7 have absorbed a maximum of six Li atoms near the centroid of the phenyl rings. It was

observed that a slight distortion in the structures occurred after the addition of Li atoms.

We have then calculated the average binding energy (AEy) per Li atom, using equation 3.1,
since each linker has a different number of Li-atom adsorption sites. The calculated values of
average binding energy per Li atom absorbed on both sides of the linkers are shown in Table
3.1. The Linker-9 shows the most favorable value of average binding energy about -1.21 eV, -
1.31 eV and -1.31 eV computed by the B3LYP-D3/cc-pVDZ, B3LYP-D3/cc-pVTZ and
MP2/cc-pVTZ levels of theory, respectively. The range of average binding energy is between
-0.5 to -1.3 eV. These results are remarkable for the Li atom adsorption in all the linkers

considered in the present study.[43][44]

3.3.2. H;Physisorption in the Li-decorated linkers

To develop a feasible solid adsorbent for high hydrogen uptake, solid porous materials typically
require three key parameters: a high surface area, low density, and strong binding enthalpy for
H: physisorption. The first two parameters are the average surface area and volume per unit of
the host material, typically obtained from its structural properties. Whereas the binding

enthalpy of adsorption is tunable, and various techniques can enhance it. To enhance the H»
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storage capacity of any porous material, it is recommended to optimize the thermodynamics of

H; binding within the host material.[6]
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Figure 3.4. The Li atom decoration in sites A of each linker (a) Linker-1 is decorated by 4 Li atoms in 2 phenyl
rings: 2 atoms from the lower side of the ring and two atoms from the upper side of the ring. (b) Linker-2 is
decorated by 2 Li atoms in 1 phenyl ring, (c) Linker-3 is decorated by 4 Li atoms in 2 phenyl rings, (d) Linker-4
is decorated by 4 Li atoms in 2 phenyl rings, (e) Linker-5 is decorated by 6 Li atoms in 3 phenyl rings, (f) Linker-
6 is decorated by 6 Li atoms in 3 phenyl rings, (g) Linker-7 is decorated by 6 Li atoms in 3 phenyl rings, (h)
Linker-8 is decorated by 4 Li atoms in 2 phenyl rings, and (i) Linker-9 is decorated by 2 Li atoms in single one
phenyl ring.

Table 3.1. Average binding energy per Li atom (AEy in eV) calculated for the Li-decorated complexes.

Linkers Average Binding energy per one Li atom

AEp (eV)
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Number  Number of B3LYP-D3/cc- B3LYP-D3/cc- MP2/cc-pVTZ

of Sites  adsorbed Li pVDZ pVTZ
A atoms
Linker-1 2 4 -0.77 -0.82 -0.90
Linker-2 1 2 -1.11 -1.20 -1.21
Linker-3 2 4 -0.55 -0.58 -0.68
Linker-4 2 4 -0.57 -0.58 -0.68
Linker-5 3 6 -0.72 -0.77 -0.87
Linker-6 3 6 -0.81 -0.83 -0.94
Linker-7 3 6 -0.70 -0.75 -0.81
Linker-8 2 4 -0.74 -0.79 -0.89
Linker-9 1 2 -1.21 -1.31 -1.31

We first applied Li-decorating techniques to the equilibrium structures of the organic linkers
and then further investigated H> physisorption on Li-decorated linkers. We studied the
adsorption of a single hydrogen molecule on the Li-decorated linkers, which is essential for
understanding the interactions responsible for H> adsorption on the linker surface. Then, we
calculated the binding enthalpy of single H> adsorption in the Li-Linker complexes. Table 3.2
presents the binding enthalpy value of a single H> molecule adsorbed on the Li-decorated
linkers studied here. The maximum binding enthalpy of Linker-5 is approximately -0.19 eV,
as computed using the B3LYP-D3/cc-pVDZ method. This value lies in the range of -0.05 to -
0.19 eV for all the Li-decorated linkers or complexes, which satisfies the ideal range of
hydrogen physisorption (-0.15 to -0.25 eV) and is also comparable to the previously reported
values of AH for COFs.[3][45][46]

Table 3.2. The binding enthalpy (AH) of a single H; molecule adsorbed on the Li-decorated linkers.

Linkers Number of Binding Enthalpy (kJ/mol)
Li atoms 1H>
adsorbed B3LYP-D3/cc- B3LYP-D3/cc- MP2/cc-pVTZ
pVDZ pVTZ
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Linker-1 4 -0.17 -0.15 -0.14
Linker-2 2 -0.15 -0.12 -0.10
Linker-3 4 -0.13 -0.12 -0.08
Linker-4 4 -0.18 -0.16 -0.17
Linker-5 6 -0.19 -0.18 -0.18
Linker-6 6 -0.05 -0.04 -0.05
Linker-7 6 -0.10 -0.07 -0.06
Linker-8 4 -0.11 -0.07 -0.09
Linker-9 2 -0.11 -0.08 -0.08

The range of calculated binding enthalpy of H> adsorption is about -0.07 to -0.18 eV obtained
by the B3LYP-D3/cc-pVTZ method, and in this case, the complexes also satisfy the ideal range
of heat of physisorption except Linker-6. Using the MP2/cc-pVTZ method, we observed that
the H> molecule binds to all the complexes studied here via weak van der Waals (vdW)
interactions, and the Linker-5 complex exhibits the most negative binding enthalpy of -0.18
eV. We conclude that both the B3LYP-D3 and MP2 methods yield similar results for the H»
binding enthalpy, and that significant variations in enthalpies are observed with changes in

basis set quality from double-{ to triple-C quality.

Table 3.3. Calculated values of average binding enthalpy per one H> molecule physiosorbed on pure

and Li-decorated linkers. (Units are in eV)

Linkers No. of No of H: Average binding enthalpy per one H2 molecule
Li  molecules AH
atoms adsorbed Pure Li decorated

B3LYP-  B3LYP- MP2/cc- B3LYP- B3LYP- MP2/cc-

D3/cc-  D3/cc-  pVTZ  D3/cc-  D3/ce-  pVTZ

pVDZ pVTZ pVDZ  pVTZ
Linker-1 4 8 -0.02 -0.01 -0.01 -0.12 -0.10 -0.08
Linker-2 2 4 -0.02 -0.04 -0.04 -0.15 -0.11 -0.11
Linker-3 4 8 -0.01 -0.004 -0.005 -0.10 -0.08 -0.06
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Linker-4 4 8 -0.03 -0.02  -0.02 -0.09 -0.06  -0.08
Linker-5 6 12 -0.02 -0.01 -0.01 -0.20 -0.17  -0.15
Linker-6 6 12 -0.02 -0.01 -0.01 -0.03  0.001 0.00
Linker-7 6 12 -0.02 -0.02  -0.01 -0.10 -0.08  -0.06
Linker-8 4 8 -0.02 -0.006 -0.003 -0.14 -0.10  -0.07
Linker-9 2 4 -0.01 -0.003  -0.00 -0.07 -0.10  -0.10

The discrepancy in binding enthalpies between the cc-pVDZ and cc-pVTZ basis sets can be
attributed to differences in basis set completeness and accuracy. The cc-pVDZ basis set, of
double-zeta quality, includes fewer basis functions and therefore provides a less accurate
description of the molecular system than the cc-pVTZ basis set, which is of triple-zeta quality
and includes additional basis functions to represent the electronic structure more accurately,
making it computationally more precise.[47][48] As a result, calculations with the cc-pVTZ
basis set tend to yield more accurate results than those with the cc-pVDZ basis set. We have
further studied the maximum hydrogen-molecule adsorption in both the pure and Li-decorated
linkers and calculated the average binding enthalpy per hydrogen molecule. According to

previous reports, one Li atom can stably and strongly interact with 2H> or 3H> molecules.[49]

109



Chapter 3. Enhancement of H: Physisorption in Covalent Organic Framework’s Linkers by Li-decoration

@ 3§ « s g (b) PR (c) <
® (] [ % " @ ‘f ®
eo- T e (SN ¢ e ® X ® = @
—S5 2 - L e o & e
“ “7’7‘_. " - . o S F -CtF bq - _’:}0» e,
% @ S @ v ¢ © e e
$ t % G 8 e
Linker-1-4Li-8H, Linker-2-2Li-4H, Linker-3-4Li-8H,
(d) © ® :
s % e 4 ¢ o
® i ® : ¢ ! J:: > 5 7;0 : %Y':’;‘o 1
— Ry & V% o & Sye” «® 9 &
} “ % SR *=- r\ { «c.~ - e g\.‘. ;ls'.‘ - \}\
" J» x ¥ % T
L] : o ? ° v = oo
Linker-4-4Li-8H, Linker-5-6Li-12H, Linker-6-6Li-12H,
(2) (h) @)
¢ 1 :‘)' e Tb ’: © - l 1 J ‘1
o ¢ : % e, m b o s
, “o . f::}\ s ® o oy « = w_ "_ < }.- e
OF 2NEE 4y A R . . =
%& 4 ® :'. K .). & g’
Linker-7-6Li-12H, Linker-8-4Li-8H, Linker-9-2Li-4H,
@=H _=C =Li =N =0 =B

Figure 3.5. Hydrogen physisorption in Li-decorated linkers. (a) Linker-1 with 8 adsorbed H, molecules, (b)
Linker-2 with 4 adsorbed H> molecules, (c) Linker-3 with § adsorbed H> molecules, (d) Linker-4 with § adsorbed
H>molecules, (e) Linker-5 with 12 adsorbed H> molecules, (f) Linker-6 with 12 adsorbed H> molecules, (g) Linker-
7 with 12 adsorbed H, molecules, (h) Linker-8 with 8 adsorbed H> molecules, and (i) Linker-9 with 4 adsorbed

H> molecules.

Figure 3.5 shows the equilibrium structures of the Li-decorated linker complexes with the
maximum adsorbed Hz, and all H> molecules retain their molecular form in each complex. The
values of the average binding enthalpy of H> molecules in the Li-decorated linkers are tabulated
in Table 3.3. Linker-5 can bind 12 H, molecules, with a maximum binding enthalpy of -0.20
eV. Here, the range of average binding enthalpy for these linkers lies between -0.02 to -0.20
eV. Both the B3LYP-D3 and MP2 methods provide approximately similar values of the
binding enthalpy of the systems considered in the present study. Linker-6 shows the least
favorable value (-0.02 eV) of binding enthalpy computed by the B3LYP-D3/cc-pVDZ method,
and slightly positive values obtained by both the B3LYP-D3/cc-pVTZ and MP2 methods. The

binding enthalpy in the last two cases indicates that Linker-6 is unstable, with a maximum
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adsorbed H> molecules, suggesting saturation of the active site and repulsion between H»
molecules. Table 3.4 compares the binding enthalpy for single H>-molecule adsorption with

those of other previously designed COFs.

Table 3.4. Compared the values of the binding enthalpy of H: adsorption in various COFs.

COF Binding Enthalpy Computational Method
Li doped COF-105 and COF-108 -0.13 eV MP2 [52]
COF-1 -0.02 eV MP2[53]
COF-102 -0.05 eV GCMC simulations[7]
COF-103 -0.06 eV GCMC simulations[7]
Li doped COF-1 -0.25eV M.D. simulations[49]
Li doped Linker-5 -0.20 eV DFT (This work)

Figure 3.6 shows the average binding enthalpy (AH in eV) for all complexes. It was found that
the Li-decorated linkers have a higher average binding enthalpy value than the pristine linkers.
It means that decorating linkers with Li alkali metal atoms is a good approach to enhance the
binding enthalpy during H> physisorption, as the alkali metal atoms can act as acidic nodes to
attract H> molecules.[50][51] The high electron affinity of a n-conjugated aromatic ring in the
linkers enables it to accept charge from the Li atom, providing strong stability to adsorbed H>
molecules. Therefore, the Li-decorated linkers significantly improve Hz binding compared to
the pure linkers.[6] We have also examined the increase in binding enthalpy with the increase
in adsorbed H> molecules. The enthalpy of adsorption depends on the surface coverage and the
interaction between two adsorbed H> molecules. If H> molecules attract each other, they will
form small clusters, and the average binding enthalpy will increase. If the adsorbed H»
molecules repel each other, the average binding enthalpy becomes less negative as the

fractional coverage increases.[50]
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Figure 3.6. Average binding enthalpy per one H molecule physiosorbed in both the pure and Li-decorated

linkers. (Units are in eV)

When H> molecules are adsorbed onto the surface, they maintain their molecular integrity
without undergoing dissociation, with the H-H bond distance between the hydrogen atoms
slightly increasing to 0.76 A compared to the 0.74 A observed in free H> molecules.
Meanwhile, the average spacing between these adsorbed H> molecules ranges from
approximately 2.7 to 3.2 A. This indicates that the Li atoms effectively capture and confine the
H> molecules, ensuring that they remain closely packed. When the H> molecule adsorbs on
the surface of Li-decorated linkers, there is a strong correlation between the average binding

enthalpy and dun, which can be used to guide the optimal design of H» storage materials.[41]

Suppose the Hz-H» interactions cause Li metal atoms to promote charge transfer, then
electron polarization plays a significant role in enhancing the binding enthalpy of H:
molecules.[54] After the saturation of active sites, there will be some steric hindrance, which

causes Pauli’s repulsion between the H2 molecules.[55] Consequently, it decreases the average
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binding enthalpy of H adsorption. In our case, the average binding enthalpy increases with the
number of adsorbed H> molecules, consistent with previous studies.[50,56] It is also important
to mention here that the maximum number of H, molecules that can be stably adsorbed in any
metal-decorated/doped materials is limited by the 18-electron rule for metal-based
complexes.[57] Recently, Gao et al. used the 18-electron rule in their Ca intercalated COF and
observed that one Ca metal-doped benzene ring could adsorb a maximum of five H> molecules
stably and satisfy the 18-electron rule.[41] According to the 18-electron rule, the total number
of electrons participating in the Hz-metal complexes must be equal to or less than 18, and this
criterion is satisfied by our designed Li-decorated complexes. If we attempt to adsorb 6 H»
molecules on a single Li-decorated phenyl ring, it will violate the 18-electron rule, and the

average binding enthalpy could decrease.

3.3.3. Dispersion Energy and EDA Analysis
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Figure 3.7. The average dispersion energies of both the pure and Li-decorated linkers are shown here. The green
curve displays the average dispersion energy of the pure linkers, and the red curve shows the average dispersion
energy of the Li-decorated linkers. (These curves are plotted using dispersion energy data computed by the
B3LYP-D3/cc-pVTZ level of theory).

113



Chapter 3. Enhancement of H: Physisorption in Covalent Organic Framework’s Linkers by Li-decoration

The dispersion energy is one of the most critical components in explaining the physisorption
phenomena for H storage and adsorption. The overlapping electron clouds indicate a stronger
dispersion interaction. Still, weak dispersion attractions between atomic orbitals do not always
overlap. Dispersion interactions are long-range forces inversely proportional to the interatomic
distance's sixth power (~ 1/R®).[58] The short distance between the metal atom and the H
molecules indicates a strong interaction, which increases the dispersion energy. Since there is
a correlation between binding enthalpy and dispersion interaction, the maximum dispersion
interaction contributes to the increased value of binding enthalpy of H»> physisorption in the
linkers.[56,59]According to our calculations, the Li-decorated organic linkers have a slightly
higher average dispersion energy than the pure linkers, indicating better H> physisorption. To
enhance dispersion interactions between H» and the complex, it is recommended to position
the H> molecules near the aromatic ring’s central region. In the present study, the Episp, was

(13

calculated separately by using Grimme’s semi-empirical “-D3” dispersion correction
implemented in the B3LYP method. The MP2 method naturally accounts for dispersion;

therefore, it is excluded from the separate dispersion-energy study.[56]

Previous studies of hydrogen physisorption in organic linkers reported that both dispersion and
electrostatic energies dominate other interactions. Figure 3.7 represents the dispersion energy
curves of both the pure and Li-decorated complexes considered in the present investigation.
The Li-decorated complexes exhibit more dispersion energy than the pure linkers in most cases.
This increase in dispersion energy upon decoration of the Li atoms results in a more negative

binding enthalpy for hydrogen physisorption.
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Figure 3.8. Energy decomposition analysis (EDA) graph of the Li-decorated complexes with a single adsorbed
H:> molecule. The binding enthalpy (AH) with dispersion energy (AEpisy,), electrostatic energy (AEgisia), and Pauli

repulsion energy (AEpau;) are shown by black, blue, green, and red colours, respectively.

To further understand both the contribution of dispersion and electrostatic energies in
terms of the magnitude of binding enthalpy of H» physisorption, we have performed energy
decomposition analysis using the same B3LYP-D3 method, since this method provides the
most favorable value of H> binding enthalpy than the other methods.[56,59] Figure 3.8
illustrates the contributing components: Pauli repulsions, electrostatics, and dispersion energy,
which comprise the total binding enthalpy of H> physisorption in the Li-decorated complexes.
It is observed that both the electrostatics and dispersion energy values follow the binding
enthalpy curve, whereas the values of repulsion energy have a totally different route. This study
proved that both dispersion and electrostatic interactions are the primary factors contributing
to the total binding enthalpy. The adsorbed H> molecule does not create a bond with the Li-
decorated complexes through chemical interactions. It is a weak attractive interaction between
the Li cation and the induced H> dipole, which is solely responsible for the adsorption of H>

molecules on the Li-decorated complexes.
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3.3.4. Vibrational spectroscopic properties of the adsorbed H;

Vibrational spectroscopy provides a bridge between theory and experiment. It verifies
theoretically calculated adsorption characteristics of the systems. For a particle to be infrared
(IR) active, there is a requirement for a change in the dipole moment. When any molecule
absorbs infrared radiation, it becomes active. The H> molecule has a zero-dipole moment in
neutral conditions and is inactive in the IR region. However, our study has found that the
adsorbed H> molecules can be activated in the IR region. Table 3.5 shows the estimated values

of vibrational frequencies, redshift, and IR intensities.

Table 3.5. Infrared spectroscopy properties of the adsorbed H; molecules on the Li-decorated linkers.
(1 Debye’-angstrom™-amu™ (IR intensity unit) = 42.2561 KM/Mole = 5.82573 x 107 cm™-atm™ at STP
orau.)[56]

Parameters Isolated Linker-1 Linker-2 Linker-3 Linker-4 Linker-5 Linker- Linker- Linker- Linker-9

H: 6 7 8

v (H-H)

[cm'l] 4368.38 4055.98 4135.98 3964.41 3909.97 407136  4016.75 4052.86 401692 4154.31
Intensity
[KM/Mole 0 68.12 728.95 1132.64 924.49 760.96 530.31 687.76 1012.54 53.70
ora.u.f

Av
red shift in 0 -312.4 -232.39 -403.97 -458.40 -297.02 -351.62  -315.52  -351.45 -214.07
cm’!

There is a slight change in the stretch modes of the H-H in the H»-Li-linker complexes
compared to an isolated H> because the Hz-Li-linker complexes are bound mainly through weak
van der Waals (vdW) interaction and charge transfer forces. Therefore, the shift in vibrational
frequency can be probed by IR spectroscopy to confirm the successful synthesis of the
complexes predicted here. Due to the transfer of electrons from the c-bonding orbital to the
metal atom, there is a significant amount of robust redshift in the range of 214-377 cm™' of the
H-H stretching mode of vibration in the H»>-Li-complexes. So, the important question now is
how the Hz-Li-linker complexes achieve a dipole moment and become IR-active? In the Ha-

Li-complexes, when a hydrogen molecule oscillates, one of the H atoms goes near the atomic
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orbitals of the Li-doped linkers, gaining some partial negative charge; consequently, the dipole
moment tends to a non-zero quantity. Therefore, the vibrational induction process is
responsible for activating the dipole moment of H> molecules in the Li-decorated complexes

in the IR region.[60]

3.3.5. Highest occupied molecular orbital and lowest unoccupied molecular
orbital (HOMO-LUMO) analysis

Since physisorption is a very weak interaction, explaining H physisorption in the Li-linker
complexes requires estimating the energy gap between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO). The HOMO is associated with
bonding orbitals (c) with more electrons, and the LUMO is associated with the anti-bonding
orbitals (c*) that do not have any electrons at the ground state. A large HOMO-LUMO gap
always indicates greater stability for a system.[60] We have calculated the HOMO and LUMO
energies for all pristine and Li-decorated linkers, and the HOMO-LUMO gap for all complexes.
It was observed that the H> molecule has a stronger interaction with the phenyl ring compared
to the others. So, we observed a feasible overlapping of the electron clouds between the H» and
Li-decorated phenyl rings. All the Li-decorated linkers have a smaller HOMO-LUMO gap than

the pure linkers.

Linker-1 Linker-2 Linker-3

Figure 3.9. The overlapping of atomic orbitals and HOMO-LUMO in Li-Linker complexes (a) Linker-1 (b)
Linker-2; (c) Linker-3. The green circle shows an overlap of the 2s-orbital of Li and the 2p-orbital of the C atom,
and the black circle shows an overlap of the Is-orbital of H, and the 2p-orbital of the C atom.

We have observed that there is no overlapping of electron clouds between the s-orbitals of H»
and Li. It means there is no covalent bonding between the Li and H atoms, so they are not
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forming a Lithium hydride compound. The calculated energy gap of the HOMO-LUMO of the
pure linkers-Ho lies in the range of 4 - 6 eV obtained by the DFT-D3 method with both the cc-
pVDZ and cc-pVTZ basis sets. The comparison of the energy gap between the pure and Li-
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Figure 3.10. The energy of the HOMO and LUMO with their gap for both the pure and Li-decorated linkers.
(This graph is plotted using the reference data of the HOMO-LUMO gap obtained by the B3LYP-D3/cc-pVTZ
method.)

decorated linkers, as calculated using B3LYP-cc-pVTZ, are represented in Figure 3.10. In the
MP2 method, the energy gap lies in the range of 9 to 11 eV, indicating a large HOMO-LUMO
energy gap in the complexes. The calculated HOMO-LUMO energy gap of the Li-linkers-H>
complexes lies in the range of 1.5-2.5 eV, as determined by the DFT-D3 method using the cc-
pVDZ and cc-pVTZ basis sets. Using the MP2 method, the estimated HOMO-LUMO energy
gap of the Li-decorated linkers is approximately 1.1-5.9 eV. Both the DFT and MP2 methods
were already explored for the HOMO-LUMO calculations, and both methods successfully
predicted the energies of the frontier orbitals without any limitations.[56,59,60]
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3.3.6. Partial density of states (PDOS) of adsorption of H, molecules in both
the pure and Li-decorated linkers

PDOS of both the pure and Li-decorated linkers with the first H> molecule adsorbed in Linker-
1, Linker-2, and Linker-3 are shown in Figure 3.11. The PDOS of the Li atoms in all the
complexes is broadened above the Fermi level Er. There is no overlapping of H» 1s, Li 2s, and

C 2p orbitals in the pure linkers with a single H> molecule.
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Figure 3.11. PDOS of the Li-decorated linkers with H; molecules adsorbed. (a) PDOS of the Li-Linker-1 with a
single adsorbed H> molecule. (b) PDOS of the Li-Linker-1 with eight adsorbed H; molecules.

The present study found that there are still overlaps in the prominent peaks of the H2 1s, Li 2s,
and C 2p orbitals, spanning 2-5 eV, in the Li-decorated Linker-1 and Linker-2, indicating a
strong interaction among Hp, L1, and the linkers. There is more overlap between the orbitals of
L1 and the linkers above the Fermi energy level. Li can strongly bind to a linker because of its
distinct binding mechanism and relatively low ionization energy. This strong hybridization can
impressively intercept the Li atoms from clustering on the surface of the linkers. Mullikan
charge analysis also confirmed that each H> molecule gained a slight negative charge, and the
Li atom became more positive with the H> molecule adsorption. This indicates that charge
transfer is occurring from the Li atom to the H> molecules and polarizes the H> molecule. In
Figure 3.11, it is visible that as the adsorbed H> molecules increase in the Li-decorated linkers,
the sigma orbital (o) of the H> molecule is shifted towards the right-hand side and splits into

several peaks.
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3.3.7. H> Uptake in both the pure and Li-decorated linkers

The Ha-uptake properties of both the pure COF linkers and Li-decorated linkers were calculated
using equation 3.6 and expressed in weight percentage (% wt.). The values lie in the range of
1-7 wt.%, which is comparable to those previously reported for Li-doped COFs, as represented
in Table 3.6.

Table 3.6. Comparison of H; uptake in weight % uptake across different COFs.

COF H:2 weight % uptake Temperature and Pressure
Li doped COF-105 6.84 wt.% 298 K and 100 bar[35]
Li doped COF-108 6.73 wt.% 298 K and 100 bar[35]
Li-doped COF-202 4.39 wt.% 298 K and 100 bar[61]
Li-doped COF-102 4.25 wt.% 298 K and 100 bar[35]
Li doped COF-1 52 wt% 300 K[49]
Li doped Linker-3 6.3 wt.% 298 K and 1 bar (This work)

The calculated Hz-uptake capacities in our research closely matched the previously reported
data and were close to the USDOE target of 2025. Figure 3.12 illustrates the difference in
uptake capacities between the pure and Li-decorated linkers considered in the present study. It
is evident that the uptake capacity is inversely proportional to the molecular weight of the
complex. The pure linker complexes have the lowest molecular weight and show greater
gravimetric H> uptake than the pure linkers. Pristine Linker-3 showed the highest uptake of
7.06 wt.%. Lithium decorated linkers have lower uptake capacity than pristine ones due to their
greater mass. It should be noted that the calculations were performed for non-porous, non-
periodic organic linkers. For this calculation, we used 298 K and 1 bar, the default temperature

and pressure conditions of the Gaussian 16 suite.
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Figure 3.12. Hj-uptake in weight percentage (wt.%) in both the pure and Li-decorated linkers.

3.3.8. Adsorption isotherms and desorption temperature (Tq)

Figure 3.13 represents the H> absolute loading isotherms in mg/g. Both the COFs show similar
adsorption behavior, and the H> loading in the COF-IITI is slightly higher than that of the
Pristine-COF. The pressure range from 5 to 12 bar indicates that the H> loading increases very
slowly. We found that the maximum loading is approximately 38.27 mg/g for the COF-IITI at
77K and 12 bar. The isotherms increase approximately linearly when pressure increases from
100 to 300 bars. The H» absolute loading is higher at low temperature than at room temperature.
COF-IITI shows 57.41 mg/g at high pressure, and the Pristine-COF shows 22.56 mg/g H»
loading at 300 bars. The COF-IITI appears more effective for H» uptake than the pristine COF.
This is consistent with the large surface area and pore volume, which increase the H> uptake in
porous materials.[62] Our calculated results for H> loading in COF-IITI at 77K and 100 bar are
better than some previously reported COF-1, COF-5, COF-6, COF-8, and COF-10.[63] Even
our computationally designed pristine COF is outperforming COF-1. In this article, we have

studied the H» adsorption isotherms for pure COFs. While we are currently unable to simulate
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our computationally designed Li-decorated COFs due to the lack of appropriate force fields,
we are actively exploring methods to either generate or adapt force fields from previous reports

to accurately represent Li-COF interactions.
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Figure 3.13. Absolute loading of H> in mg/g, (a) at low pressure range (5-12 bar), (b) at high pressure range
(100-300 bar).

We are committed to overcoming this challenge, and this work is left for our future studies.
The desorption temperature, calculated using a specific equation 3.9, is summarized in Figure
3.14. Our calculated desorption temperature range for the maximum number of adsorbed H»
molecules lies between 20K and 152K. The desorption temperature range for single adsorbed
H2 molecules lies in the range of 45K — 154 K. These values suggest H> desorption is easy in
our Li-decorated COF linkers, as it satisfies the ideal range of desorption temperature, which

is Ta < 433.15 K.[64]
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Figure 3.14. H: desorption temperature for all Li-decorated complexes with single and maximum adsorbed H> molecules.

3.4. Conclusions

Our study suggests that decorating the COF/MOF with a Li atom is a suitable strategy for
practical Hy storage, potentially achieving the USDOE target. The Li binding energy in the
COF linker was in the range of -0.5 to -1.3 eV, computed by both the B3LYP-D3 and MP2
methods, which is a remarkable value for strong binding between the Li atoms and linkers. It
was observed that the Li atom prefers to interact with the phenyl rings, with the most negative
binding energy (AEy) of -1.11eV. Linker-5 shows the most favorable binding enthalpy value
of -0.20 eV, satisfying the optimal binding enthalpy range of -0.15 to -0.25 eV, which is a must
for practical H> storage at ambient conditions. However, the calculated vibrational frequencies
and binding energies indicate that the systems are stable, which can be further integrated into
COFs. Thus, we expect these COF model systems to be readily fabricated experimentally and
studied for H» storage in the near future. We have performed grand canonical Monte Carlo
(GCMC) simulations on pure COFs and found that our designed COFs outperform some
previously reported COFs for H> uptake at 77 K and 100 bar. The next target of our study is to
perform Monte Carlo (MC) simulations of Li-decorated COFs and to investigate hydrogen

adsorption isotherms at various pressures and temperatures.
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CHAPTER 4

Role of the Quantum Interactions in
H2 Adsorption on Late Transition Metal
Chelated Linkers of Covalent Organic
Frameworks

Transition-metal (Tm) chelation is an effective strategy to achieve optimal binding enthalpy
(AH) for H> adsorption in the linkers of Covalent Organic Frameworks (COFs). The first
principle-based DFT method was implemented to determine H: adsorption on nine organic
linkers and transition-metal chelated linkers. The obtained range of binding enthalpy for single
H> adsorbed on the pure and chelated complexes is —7 to —20 kJ/mol, which is required for
onboard H: storage. The Linker-3 chelated with Ni (II) metal exhibits the most favorable
binding enthalpy of approximately —18.72 kJ/mol for the single adsorbed H> molecule, which
falls within the physisorption range. Some of the complexes have shown binding enthalpies
spanning physisorption to chemisorption, and in such cases, H> binds via Kubas interactions.
However, physisorption-based complexes are preferable to others because physisorption is a
reversible process with rapid kinetics. This study reveals that dispersion, polarization, and
electrostatic interactions mainly contribute to the binding enthalpy of H:> adsorption.
Molecular surface potential analysis verifies the origin of the induced dipole moment in the

H> molecule, thereby enhancing hydrogen adsorption in transition-metal-chelated COFs.

4.1. Introduction

Metal-organic frameworks (MOFs) and Covalent organic frameworks (COFs) are emerging
solid-state hydrogen storage materials due to their high surface areas, fast adsorption-
desorption kinetics, and large pore volumes.[1-3] In these porous materials, H> is generally
adsorbed via weak intermolecular forces, specifically van der Waals (vdW) interactions, with
binding enthalpies ranging from -7 kJ/mol to -20 kJ/mol.[4,5] MOFs have metal nodes or

clusters within their framework, and these metal clusters contribute to the weight of the
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structures without increasing the storage capacity. In 2005, Yaghi and coworkers synthesized
a new class of lightweight porous materials that are known as covalent organic frameworks
(COFs). These materials exhibit organic linkers having solid covalent bonds (C-C, C-O, C-B,
and B-0) and large surface areas (4210 m?g™! for COF-103 and 3472 m?g! for COF-102).[6]
These COF materials have a high gas storage capacity due to their lower densities, large
micropore volumes, suitable pore sizes, and moderate adsorption enthalpies.[7,8] A porous
material with the optimal H» binding enthalpy in the range of physisorption is required to obtain
favorable and high H; storage at ambient conditions.[4,9]

Computer simulations, including Density Functional Theory (DFT) methods,[10] play
a crucial role in uncovering the various applications of MOFs and COFs by predicting their
structural and electronic properties. Furthermore, simulations provide invaluable insights into
the mechanisms of gas adsorption, separation,[11-13] and catalysis[14] within these
frameworks, thereby facilitating the development of novel porous materials. Earlier DFT
studies have highlighted the remarkable versatility of transition metal-based MOFs across
various applications. Yang ef al. demonstrated the CO adsorption properties of functionalized
Mz(dobpdc) MOFs by incorporating different ligands, showing that performance can be tuned
through the selection of metal (M?") types and ligand structures.[15,16] They also proposed
new transition metal-based MOFs, labeled X4Y—MOF-5, which exhibit band gaps ranging
from 1.7 to 3.6 eV, indicating the potential for visible-light photocatalysis due to their tunable
electronic states.[17] These findings emphasize the diverse capabilities of transition metal-
based porous materials in gas storage, separation, and other energy storage
technologies.[18,19]

Additionally, Various approaches have been implemented to increase the number of
active sites and improve Hz binding in both COF and MOF materials using DFT simulations.
Some effective strategies include doping alkali metals or chelating transition metals (Tm) into
porous materials. Enhancement of H» binding has been explored through the intercalation of
metal atoms [20,21] and COF impregnation.[22] Transition metals incorporated into porous
materials have been recognized as an effective strategy for balancing the binding strength

between the materials and H> molecules.[23-25]
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Searching for H; storage materials with high gravimetric and volumetric densities, low
cost, and safety is the primary goal for achieving the US Department of Energy (USDOE) set
target.[26] To achieve this target, the chelation of transition metals (Tm) into organic linkers
of COF material shows great promise. However, this technique has not been extensively
studied. Some reports have described enhancements in the H> adsorption energy through the
chelation of transition metals in the organic ligands of COFs.[5,23] Chelation is an appealing
method for modifying metal sites on COFs, introducing unsaturated sites without
compromising the COF framework and structural integrity. To chelate TM complexes into
porous materials, the COF framework requires the presence of certain heteroatoms in its
organic building blocks.

Many previous studies have found doping of transition metals into porous materials as
a promising approach for achieving satisfactory H» storage.[27,28] Zou et al. have investigated
hydrogen storage in scandium and titanium-doped COF-1 using the DFT method. The H»
molecules adsorbed around the Sc and Ti metal atoms achieved binding enthalpy values of
approximately -0.32 eV/H; and -0.40 eV/Ha, respectively. As a result, their gravimetric
hydrogen storage capacity exceeded 6.5 wt.%.[29] Klontzas ef al. have synthesized MOFs
based on transition metals (Co, Ni, and Zn), and the binding enthalpy value ranged from 6 to
13.5 kJ/mol. They noted that the introduction of transition metal atoms enhanced electrostatic
and Kubas interactions between the H> molecule and the adsorbent.[30] The combination of
optimal binding enthalpy values, a high surface area, and a high pore volume in a porous
material could meet the onboard H» storage target for light-duty vehicles. Recently, Pakhira et
al. studied H> adsorption in computationally designed Sc-, Ti-, and V-chelated COF linkers.
Their study revealed that the Sc-, Ti-, and V-chelated linkers exhibit optimal binding enthalpies
for H» adsorption, and these transition-metal chelated complexes showed physisorption.[5]

Our primary objective is to chelate the COF linkers with late first-row transition-metal
atoms ranging from Cr to Zn and to study the enhancement in H> binding enthalpy. Our work
has adopted a novel approach using transition-metal complexes with halogens, specifically
TmClx. The nature of the interaction between Hz molecules and the d-subshell of the chelated

transition metal within a porous material has not been extensively studied. Therefore, our
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secondary goal is to elucidate the nature of the interaction between H, molecules and COF

linkers, identifying the predominant interactions that contribute to the H> binding in linkers.

4.2. Material design and Computational details

(a) Non-Periodic DFT calculations

We have used the same nine organic linkers of COFs as in our earlier study. More details on
the non-periodic models of these pure linkers are provided in Section 3.3.2(b) of Chapter 3.
We computationally designed nine pure organic linkers and chelated them with late transition
metals ranging from Cr to Zn. Subsequently, we investigated H> adsorption in these pure and
transition-metal-chelated complexes by sequentially adsorbing 4 H> molecules. The first
principle-based unrestricted hybrid density functional theory (B3LYP) method was used to
obtain the stable equilibrium structures of the complexes with real vibrational frequencies.[10]
We have included Grimme’s dispersion correction (-D3) in the U-B3LYP method to
incorporate the effect of long-range ordered van der Waals (vdW) forces between the surface
of chelated organic linkers and H> molecules.[31] In the present DFT calculations, a double-(
quality Gaussian-type basis set, cc-pVDZ, was used for C, H, B, N, O, and the transition metals
Cr and Zn.[32] The LANL2DZ basis set was used for Pd and Pt metal atoms.[33] The threshold
for convergence of maximum force and displacement, RMS force and velocity, energy, and
electronic density was 107 a.u. The Gaussian16 suite code[34] was used for all the non-periodic
DFT calculations, and the ChemCraft software[35] for molecular designing and visualization.
GAMESS-US was used to perform the energy decomposition analysis (EDA).[36] Harmonic

vibrational frequency analysis was performed to demonstrate the stability of the complexes.
(b) Periodic DFT calculations

We computationally designed two 2D periodic COFs, namely Pristine COF and COF-IITI, and
chelated them to a transition-metal complex, TmClx (here, NiClx). The equilibrium atomic
configuration, structures, and energetics were determined by using the spin-unrestricted
B3LYP DFT method[10] implemented in the CRYSTAL17 suite code.[37] To enhance the

(3

accuracy of the hybrid functionals, Grimme’s “-D3” dispersion correction was incorporated to

account for the weak van der Waals (vdW) interactions between H> molecules and COF
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layers.[31] For the C, N, O, H, B, Ni, and CI atoms, a triple-( valence polarized (TZVP)
Gaussian basis set was employed in the present calculations.[38] We have employed a full
optimization process, i.e., all atomic coordinates and lattice parameters were allowed to relax
during geometry optimization. The self-consistent field (SCF) convergence criterion was set to
a total energy difference of 107 a.u. between successive iterations. To achieve precise 2D
SLAB calculations with the CRYSTAL17 suite code, a separation of 500 A in the Z-direction
was used to avoid interactions between periodic images. For Brillouin zone integration, a 3 x
3 x 1 k-mesh in the Monkhorst-Pack scheme was utilized for both pure and chelated COFs
during geometry optimization.[39] The designed 2D equilibrium structures were displayed

using the VESTA code.[40]
(c) Equations and formulas used in the calculations

The binding enthalpy of H adsorption in the Tm-chelated complexes considered in the present

investigation:

AH = HLinker_Tm+nH2 - (HLinker_Tm + nHHz) (4-1)

This binding enthalpy is the sum of electronic energies (Eciec) and thermal correction in
enthalpy (Hcorr):

H = Eeciec + Heorr (4.2)
The following equation was used to calculate the binding energy of H> adsorption in the Tm-

chelated complexes considered in the present investigation:
AE = Epinker Tmant, — (ELinker_Tm + nEHZ) (4.3)
The energy difference between the HOMO and LUMO levels is calculated as:
Eg = ELumo - Enomo (4.4)
ErLumo is the energy of the lowest unoccupied molecular orbitals, and Exomo is the energy of

the highest occupied molecular orbitals (HOMO).
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The Hr-uptake in terms of weight percentage (wt.%) of both the pure and transition metal

chelated linkers was calculated using this equation:
wt% = n * MHZ/(MLinker t+nx* MHZ) 4.5)

Where My, is the molecular weight of H», n is the number of adsorbed H> molecules, and

M, inker 18 the molecular weight of the organic linker.

4.3. Results and Discussion

4.3.1. Chelation of transition metal atoms in the pure organic linkers

Chelating ligands are complexes with one central metal ion attached to a large organic
molecule. To maintain oxidation number balance in transition metal ions, halogen atoms were
used in the design of TmCli-type complexes. We have explored two expected geometries,
tetrahedral (Tet) and trigonal planar (Tpl), for chelated compounds and the most common
oxidation number of the transition metal atoms: Cr (III), Mn (III), Fe (II), Co (II), Ni (II), Cu
(Il) and Zn (IT) to achieve the ideal value of binding enthalpy of H> adsorption in chelating
ligands. The possible spin states for transition metals were proposed, and these values can be
calculated using selected oxidation numbers. We have investigated the following spin states

for late-transition metals:

Cr (III), geometry = Tetrahedral with s = 1/2 and 3/2.

Mn (ITI), geometry = Tetrahedral with s =0, 1,2.

Fe (II), geometry = Trigonal planar with s =0, 1,2.

Co (IT), geometry = Trigonal planar with s = 1/2, 2/2, 3/2.
Ni (IT), geometry = Trigonal planar with s =0 and 1.

Cu (II), geometry = Trigonal planar with s = 1/2.

NS kR

Zn (II), geometry = Trigonal planar with s = 0.

Hence, our transition metal complexes (TmCly) are CrCl3, MnCl,, FeCl,, CoClz, NiClz, CuCl»
and ZnCl,.
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Subsequently, we have attached heteroatoms (N or O) to the organic linkers of these TmCly
compounds and analyzed the vibrational frequencies of the resulting equilibrium structures.
The presence of electron-rich atoms in the framework of COFs promotes additional n-bonds

between transition metals and heteroatoms, thereby increasing the hydrogen adsorption

strength.

3.3.2. Interaction of H, molecules with chelated COFs

(a) Adsorption of the first H2 molecule in both the pure and transition-metal chelated

linkers
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Figure 4.1. (a) Bond distance between the transition metal atom and the first adsorbed H; molecule, (b) binding

enthalpy value of the first adsorbed H; molecule on the surface of chelated linkers.

We chelated our designed nine organic linkers to transition-metal complexes ranging from Cr
to Zn. Next, to investigate hydrogen adsorption on the chelated ligands, we sequentially

adsorbed up to four hydrogen molecules onto the linker surface. It was observed that hydrogen
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adsorption in proximity to the chelated complex enhances the adsorption energy. However, it
is crucial to maintain a distance between the H, molecules and TmClx to prevent hydrogen
from creating a covalent bond with the Cl atom. The clustering of H> molecules on the surface
of chelated linkers could compromise material quality by forming HCI, consequently reducing

H; adsorption capacity.
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Figure 4.2. The equilibrium structures of the pure and Tm-chelated organics, Linker-1 to Linker-3, with one

adsorbed H, molecule.

With these considerations in mind, we have carefully positioned H> molecules near the chelated
complex one by one, ensuring proper bond distances between the CI atom and H> molecules.
We have computed the first structural parameter: the bond length between the transition-metal
atom and the initially adsorbed H> molecule. Our calculations reveal that the bond length ranges
from approximately 3.0 A for all the pristine ligands, with Linker-5 exhibiting the shortest bond
length at 2.75 A between the centroid of the host site/chelated site and the H, molecule. In the
case of chelated ligands, the bond distances change slightly. All transition metals exhibit a bond
length range between 2.5 A and 4.5 A, with Ni (II) demonstrating the shortest distance between
the first adsorbed H> molecule and the transition metal.

Subsequently, we have computed the most significant thermodynamic parameter for
hydrogen adsorption: H binding enthalpy. Table 4.1 displays the assessed binding enthalpy
values for the first adsorbed H> molecule in both pure and chelated linkers, calculated using
equation 4.1. The value of binding enthalpy (AH) of the first adsorbed H> molecule in the
chelated linkers correlates with the bond length between the H> molecule and Tm.

Table 4.1. The values of binding enthalpy (AH) of the first adsorbed H; molecule in both the pure and
Tm-chelated linkers.

Binding enthalpy AH of the first adsorbed H2 molecule (kJ/mol)

Linkers  Pure Cr Mn Fe Co Ni Cu Zn
Linker-1 -2.04 -2.69 -6.73 -5.80 -2.19 -8.10 -6.39 -4.21
Linker-2 -1.50 -2.55 -7.49 -8.59 -2.55 -8.41 -6.17 -6.03
Linker-3 -2.69 -6.96 -8.31 -6.51 -534  -18.72  -8.13 -5.14
Linker-4 -935 -6.15 -7.17 -6.77 -4.71 -7.07 -9.82  -10.07
Linker-5 -5.02 -7.10 -7.83 -6.98 -4.36 -7.83 -5.62 -5.83
Linker-6 -4.41 -5.78 -7.21 -7.16 -2.57 -8.00  -10.12  -10.26
Linker-7 -1.72 -2.77 -6.06 -4.57 -3.94 -9.51 -3.81 -3.92
Linker-8 -2.09 -2.66 -6.06 -5.37 -5.28 -9.26 -1.56 -2.48
Linker-9 -1.74 32.64 -6.81 -5.56 -4.47 -6.10 -6.23 -6.02
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Our study reveals no dissociation of H> molecules into two H atoms during adsorption, and the
required barrier energy for H dissociation is very high. It requires an energy of ~4.5 eV (430.53
kJ/mol) to dissociate the H> molecule into two H atoms. Therefore, it is next to impossible to

dissociate H> molecules into two H atoms during physisorption.
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Figure 4.3. The equilibrium structures of both the pure and Tm-chelated organics Linker-4 to Linker-6 with one

adsorbed H, molecule.

Then, we checked the bond distance between two H atoms of the adsorbed H> molecules in the
relaxed structure of Tm-chelated linkers with a single adsorbed H,> molecule. We have observed
that the H-H bond length varies from 0.75 A in free hydrogen molecules to 0.77 A upon

adsorption.

Table 4.2. A comparative analysis of the values of the binding enthalpy for the first H, molecule

adsorbed onto Linker-3 chelated with early, late, and precious transition metals.

Linker Binding enthalpy AH of the first adsorbed H2 molecule (kJ/mol)
Sc Ti Vv Ctr Mn Fe Co Ni Cu Zn Pd Pt

Linker- - - - - - - - - - - - _

3 9.59 288 327 696 831 6.51 534 1872 8.13 5.14 9.78 59.36

The slight elongation of bond length indicates a binding interaction between the transition
metals and H» molecules, which lies midway between physisorption and dissociative
chemisorption because only H-H bond lengths beyond 1.6 A are considered to be
dissociated.[41] For the pure linkers, the binding enthalpy range falls between -1.5 to -9.3
kJ/mol. Linker-4 exhibits the highest binding enthalpy value of -9.3 kJ/mol, which falls within
the ideal range for the heat of physisorption. However, other pure linkers did not yield
reasonable binding enthalpies, rendering them unsuitable materials for efficient hydrogen
storage. Transition metal chelation has notably improved the values of binding enthalpy, with
the most chelated complexes displaying favorable values within the ideal range of heat of
physisorption (-7 to -20 kJ/mol). Among our designed complexes, the Ni (II)-chelated Linker-
3 exhibits the most negative binding enthalpy of -18.72 kJ/mol. However, a positive binding
enthalpy was observed for Linker-9 with Cr (III), suggesting that this structure is unsuitable

for H> binding, as adsorption would be endothermic and require substantial energy.
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Figure 4.4. The equilibrium structures of the pure and Tm-chelated linkers Linker-7 to Linker-9, each with one

adsorbed H, molecule.

Consequently, Linker-9 with Cr (III) was excluded from further binding enthalpy calculations.
The comparative analysis of H, binding enthalpy for early-, late-, and precious-metal chelated
linkers was presented using Linker-3, which had a slightly higher H> binding enthalpy than the
other designed linkers. Then, we conducted additional calculations to investigate the nature of
interactions involving early- and late-transition-metal atoms, as well as Pt and Pd. The
equilibrium geometries of both the Pd and Pt-chelated Linker-3 are presented in Figure 4.5.
Table 4.2 presents a comparative analysis of the binding enthalpy values for the first H»
molecule adsorbed onto Linker-3, which was chelated to early-, late-, and precious-metal (Pt

and Pd) transition metals.

For early transition metals, Sc-chelated Linker-3 shows physisorption, while Ti and V show
very weak interactions.[5] Among late transition metals, Mn, Cu, and Ni chelated Linker-3
display physisorption, with other metals in this group showing similarly weak interactions. A
distinct behavior was observed in precious transition metals: Pd-chelated Linker-3 results in
physisorption, relying more on van der Waals (vdW) forces for H> binding. In contrast, Pt-
chelated Linker-3 exhibits Kubas-type interactions. Platinum, with its fully filled d-orbitals,
engages in back-donation interactions where its valence d-electrons are donated to the anti-
bonding orbitals of the H> molecule. This interaction stabilizes the H> molecule through partial

electron density sharing, leading to a more stable and stronger binding complex.
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Figure 4.5. (a) and (b) The equilibrium structures of the Pd and Pt chelated Linker-3, (c) and (d) The equilibrium
structures of the Pd and Pt chelated Linker-3 with single adsorbed H; molecules.

The equilibrium structures of both the pure and Tm-chelated linkers with the first adsorbed H>
molecule are represented in Figures 4.2 to 4.4. After chelating them with transition-metal
complexes, there is slight stress and tension in the structures of Linker-5 and Linker-7. Some
previous studies have shown that the introduction of metal atoms can cause structural
distortions in both the triazine and boroxine rings of the materials. An earlier study has found
that the Sc-decoration on the g-C3N4 plane results in a loss of planarity, changing the C-N-C
bond angles from 116.15° in pristine g-C3N4 to 113.94° and 106.23° in the doped structure.[41]
These examples illustrate that aromatic rings in which N and O heteroatoms are present can
bear significant tension and distortions due to metal doping, which aligns with the computed
tension in the Linker-5-Tm and Linker-7-Tm of COFs caused by buried N/O atoms. These
findings suggest that real materials with similar connections can exhibit analogous structural

changes upon metal doping.
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4.3.2. Adsorption of the first H, molecule in both the pure and transition-
metal chelated periodic COFs

As we know, COFs have periodic crystalline structures composed of well-defined repeated
building units, i.e., organic linkers. The periodic structure of transition-metal-chelated COFs is
complex and requires substantial computational resources. Even though cluster models are not
very different from an extended COF, one must remember that the H> molecule bond length is
only 74 pm long, shorter than a typical C—H bond. Hence, H> adsorption is a local interaction
mainly sensitive to the immediate environment of the adsorption sites.[42] Therefore, cluster
models should accurately describe adsorption interactions and provide valuable insights.
Numerous successful previous studies support the reliability of H» adsorption in cluster
models.[43,44] To evaluate the reliability of cluster models for COF linkers, we performed
periodic DFT calculations and designed two 2D periodic COFs: Pristine COF and COF-IITI,
as shown in Figures 4.6a and 4.6b, respectively. We have compared their H, adsorption results

with those of cluster models.

Figure 4.6c-4.6e displays the equilibrium structures of the 2D Pristine COF and COF-IITI,
with single adsorbed H> molecules at different sites. In the previous section, we observed that
the Ni-chelated complexes gained the most favorable binding enthalpy among the other
complexes. Given the computational resources and time constraints of current DFT
calculations, the computational calculations and result analysis for all late transition-metal-

chelated periodic COFs may not be feasible.
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Figure 4.6. The equilibrium structures of both the pure periodic COFs and with a single adsorbed H, molecule.
(a) Pristine-COF, (b) COF-IITI, (c) Pristine-COF-A-1H>, (d) COF-IITI-1H,, and (e) Pristine-COF-B-1H.,.

Therefore, we have chelated the designed 2D COFs with Ni metal complexes (NiCl,). It is
evident from Figure 4.7 that these COFs have three main building units (Linker-5, Linker-6,
and Linker-7), represented in the cluster models (see Figure 3.2 in Chapter 3). We initially
chelated all three sites (A, B, and C) in the COFs, which contain heteroatoms (either N or O),
as shown in Figure 4.7a-4.7¢c. Subsequently, we have conducted the adsorption of a single H»
molecule at all three sites in these chelated COFs, as displayed in Figure 4.7d-4.7f. Using
equation 4.3, we have calculated the H> binding energies of a single adsorbed H> molecule on
periodic COFs. For consistency, we have reported the H> binding energies of the chelated

linkers in Table 4.3.

Table 4.3. A comparative analysis of the values of the binding energy for the first adsorbed H,; molecule on both

the pure and chelated periodic COFs with their cluster models.

COFs Sites Binding Energy AE in kJ/mol of single
adsorbed H2
Periodic system Cluster model
Pristine COF Linker-5=Site A -3.32 -5.02
Linker-6=Site B -19.96 -11.18
Pristine COF-NiClz  Linker-5-NiCl-A -11.45 -17.04
Linker-6-NiCl>-B -25.23 -15.38
COF-IITI Linker-7=Site C -17.02 -11.15
COF-IITI-NiClL2 Linker-7-NiCl,-C -19.10 -16.07

The values of H; binding energy reported in Table 4.3 indicate a significant enhancement after
chelation with a Ni metal atom. In the 2D Pristine-COF, Site B (Linker-6) exhibits the most
negative binding energy in both pure and chelated cases, indicating it has the most stable
geometry. While there is a slight discrepancy in the H> binding energy values between the

periodic COFs and the cluster models, this minor difference does not undermine the reliability
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of our designed cluster models. The data in Table 4.3 clearly demonstrate that the cluster
models are as reliable as the periodic system, providing accurate and acceptable results for H»

binding energies.
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Figure 4.7. The equilibrium structures of both the periodic chelated COF's with a single adsorbed H> molecule.
(a) Pristine-COF-NiCl>-A, (b) Pristine-COF-NiCl>-B, (c¢) COF-IITI-NiCl,, (d) Pristine-COF-NiCl>-A-1H>, (e)
Pristine-COF-NiCl>-B-1H>, and (f) COF-IITI-NiCl>-1H>.

4.3.3. Adsorption of four H, molecules in the pure and transition metal
chelated organic linkers

Pramudya et al. recently used the Langmuir Toy Model to evaluate the delivery and uptake of
H> molecules at varying pressures. They observed that the adsorption energy directly affects

the delivery amount of H» at room temperature. They have used a simple approximation (AHags
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~ AHping) in this model.[23] This suggests that the ideal range of binding enthalpy, from -7 to -
20 kJ/mol, helps achieve the desired H> delivery amount for the DOE setup targets. Our next
target is to study the pattern of binding enthalpy as the number of adsorbed H, molecules
increases. For this purpose, we studied the hydrogen adsorption phenomena using both the pure
and chelated linkers at 298 K. The estimated binding enthalpies for all complexes are calculated

using equation 4.1.
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Figure 4.8. The binding enthalpy graph for pure and chelated Linker-1 to Linker-4.

According to our results, the binding enthalpy has increased gradually as the adsorbed H»

molecules become more intense in all chelated complexes. The enthalpy of Hz adsorption
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depends on the surface coverage and the interaction between two adsorbed H> molecules on
the surface. When a single H> molecule adsorbs, the binding enthalpy is mainly influenced by
the interaction of the Hz molecule with the linkers. As additional H, molecules adsorb,
electrostatic and van der Waals interactions strengthen, increasing the overall adsorption and
the binding enthalpy.[45] However, when the adsorption sites become saturated and the
coverage is very high, the reduced distance between adjacent H, molecules can introduce

repulsive interactions and steric hindrance. This can lead to a decrease in the H> binding

enthalpy.
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Figure 4.9. The binding enthalpy graph for pure and chelated Linker-5 to Linker-8.

The 18-electron rule can predict the maximum number of Hz molecules that can be adsorbed
stably on a transition-metal complex without causing repulsion.[46] This rule suggests that the
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sum of the total number of electrons should be 18 within any H»-adsorbed transition metal
complexes. Based on the 18-electron rule, we can predict that the maximum number of H»
molecules that could be bound to the Linker-TmCly complex should be 4 or 5, as this would
correspond to the total number of electrons equal to 18. In our designed complexes, either three
electrons are contributed by the transition metal in the +3 oxidation state, or two electrons are
contributed by the transition metal in the +2 oxidation state. The chelated aromatic ring
contributes six electrons, and the four adsorbed H» molecules contribute a total of eight
electrons. Hence, the TmClx complex satisfies the 18-electron rule.

Figures 4.8-4.10 show the enthalpy graphs for both the pure and chelated linkers. Five
types of interactions could be responsible for H» binding in porous materials. Our research
primarily investigates hydrogen physisorption phenomena in both the pure and chelated
linkers, focusing on selecting the best complexes based on hydrogen physisorption criteria. In
this context, interactions with a binding enthalpy value around -3.5 kJ/mol are termed charge-
quadrupole interactions. In comparison, charge-induced dipole interactions exhibit a binding
enthalpy value of approximately -6.8 kJ/mol. Interactions with a value of binding enthalpy less
than -1 kJ/mol are characterized as dipole-induced dipole interactions. Van der Waals (vdW)
interactions typically have a binding enthalpy of around -7 kJ/mol, while those exceeding -20
kJ/mol are Kubas interactions. Generally, the values of binding energy between -7 and -20
kJ/mol indicate physical adsorption, whereas those surpassing -100 kJ/mol signify chemical
adsorption. As physisorption is reversible, hydrogen desorption from physiosorbed materials
is feasible because the required desorption energy is minimal. Most of the designed complexes
have successfully met the criteria for H> binding by physical adsorption. However, some linkers
bind H, molecules through weak charge-induced and quadrupole interactions, which are
notably weak and indicative of poor H> adsorption in such complexes. Additionally, a few
complexes exceed the typical enthalpy range of H> adsorption and bind H> molecules through
Kubas interactions. In these cases, the binding enthalpy exceeds- 20 kJ/mol but remains below

-100 kJ/mol.
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Figure 4.10. The binding enthalpy vs. complexes graph for both the pure and chelated Linker-9.

Linker-1: The computed values of enthalpy (AH) for the pure Linker-1 range from
approximately -2.04 to -7.48 kJ/mol. This indicates that H> molecules were adsorbed via weak
van der Waals (vdW) interactions in the pure linker, consistent with physisorption. For the
chelated Linker-1-TmCly, these values span from -2.19 to -32.18 kJ/mol. Linker-1 with Cr (III),
Mn (II), Co (IT), Ni (II), Cu (II), and Zn (II) exhibit optimal values of heat of physisorption for
all four adsorbed H> molecules. Only the Linker-1-FeCl, displays binding enthalpy values of
approximately -26 kJ/mol and -32 kJ/mol for 3 Hz and 4 Hz molecules, respectively. This
suggests that for the Linker-1-FeCly, there is an interaction responsible for the adsorption of
three or more H> molecules, and the strength of this interaction falls between physisorption and
chemical adsorption. Linker-1-ZnCl; has attained the most negative value of binding enthalpy,

-17.47 kJ/mol, within the range of physisorption with the third adsorbed H> molecule.

Linker-2: The pure Linker-2 adsorbs 1 to 4 H> molecules via very weak interactions, ranging
from a binding enthalpy of -1.5 kJ/mol to -6.2 kJ/mol. This suggests that the charged

quadrupole and charge-induced dipole interactions are responsible for H, binding in the pure
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Linker-2. [Mn (II), Co (II), Cu (II), and Zn (II)] chelated Linker-2 exhibits binding enthalpy
values in the range of about -2.55 kJ/mol to -19.10 kJ/mol. In these complexes, H> molecules
bind with the chelated linkers through physisorption except for Linker-2 [Cr (III), Co (II), Cu
(IT), and Zn (II)] complexes with a single adsorbed H, molecule. Linker-2 [Cr (III), Co (IT), Cu
(IT), and Zn (II)] demonstrates binding energy values of < -7 kJ/mol with single adsorbed H»
molecules, but upon increasing the number of H, molecules, their values align with the ideal
range of the heat of physisorption. In Linker-2-FeCl,, favorable values of heat of physisorption
are observed for two adsorbed H> molecules, but adding more H> molecules shifts this
interaction towards Kubas interaction with a binding energy value exceeding -20 kJ/mol. A
similar phenomenon was observed with Linker-2-NiCl,. At the same time, its hydrogen
adsorption energy value is more satisfactory with three adsorbed H, molecules. The energy
value for the fourth H> molecule is more indicative of a Kubas interaction than of van der Waals
interactions. Linker-2 chelated MnCl, exhibits a superior adsorption energy of -19.10 kJ/mol
with the fourth adsorbed H2 molecule.

Linker-3: The calculated hydrogen adsorption energy value for the pristine Linker-3 ranges
from approximately -2.68 kJ/mol to -11.29 kJ/mol. For the first and second adsorbed H:
molecules, the range of binding enthalpy values is below -7 kJ/mol. However, after the third
molecule adsorbs, this value increases slightly to -11.29 kJ/mol, indicating that the third and
fourth H> molecules interact with the pure linkers via van der Waals forces. After the chelation
of transition metals, most complexes exhibit values of ideal adsorption energy. Linker-3 with
[Cr (IIT), Fe (II), Co (II), Cu (II), and Zn (II)] demonstrates the values of binding enthalpy
exceeding -7 kJ/mol after the adsorption of a second hydrogen molecule. Mn (II) chelated
Linker-3 exhibits exceptional binding enthalpy with each adsorbed H> molecule. Linker-3 with
Ni (IT) displays a favorable binding enthalpy value with only a single adsorbed H> molecule.
Still, as the number of adsorbed H> molecules increases, the values tend towards the range of
Kubas interactions. Similarly, Mn (II) and Zn(II) chelated Linker-3 exhibit binding enthalpies
exceeding -20 kJ/mol for the fourth adsorbed H> molecule. The linker-3-CoCl, complex with
four adsorbed H> molecules is the most stable and promising, with an enthalpy of

approximately -18.89 kJ/mol.
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Linker-4: The pure Linker-4 exhibits a binding enthalpy for hydrogen adsorption ranging from
about -9.35 kJ/mol to -15.37 kJ/mol, meeting the required enthalpy of adsorption for all the
complexes considered in the present investigation. After the second adsorbed H> molecule, the
Linker-4 with Cr (III), Fe (II), and Co (II) demonstrates a favorable value of enthalpy of
adsorption. However, the first H> molecule is adsorbed via charge-induced and quadrupole
interactions. Upon adsorption of the third H> molecule, Cu (II), Co(I), and Zn(II)- chelated
Linker-4 exhibit H> binding in the materials via Kubas interactions. The present study indicates
that upon adsorption of the fourth hydrogen molecule in the Linker-4-MnCly, the binding
enthalpy becomes -18.57 kJ/mol, indicating strong physisorption and high thermodynamic
stability of the system.

Linker-5: In the pure Linker-5, a weak charge-induced and quadrupole interaction exists
between the linker and the first adsorbed Hz> molecule, with a value of AH approximately -5.02
kJ/mol, computed by the DFT method. From the adsorption of 2 to 4 molecules, H> shows
weak vdW interactions with a change of AH about -11.5 kJ/mol to -15.5 kJ/mol. Linker-5,
chelated with Cr (III) and Mn (III), makes weak vdW bonds to all four H2 molecules with a
favorable value of heat of physisorption. The Linker-5 chelated by Fe (II) exhibits the binding
enthalpy of -7 kJ/mol after the adsorption of the second H> molecule. In Linker-5-CoCly, the
first adsorbed Hz molecule has a value of AH less than -7 kJ/mol, but the second and third H»
molecules were adsorbed on the surface via physisorption. The fourth H> molecule exhibits a
Kubas interaction, with AH around -20 kJ/mol. Linker-5 chelated by Ni (II) shows the value of
Ni (II) approximately -20 kJ/mol after the adsorption of the first and second H> molecules, with
the subsequent adsorption of the other two H> molecules via Kubas interactions. Linker-5
chelated by the Cu (II) and Zn (II) exhibits weak charge-induced and quadrupole interactions
with the first adsorbed H> molecule. In contrast, the second and third H> molecules exhibit
physisorption. However, the fourth H> molecule in both the Cu(Il) and Zn(II) chelated
complexes forms weak interactions with the linker’s surface via Kubas interactions. The best
complex was determined to be Linker-5-FeCl,, with a value of AH approximately -19.61

kJ/mol for 4 H> molecules.
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Linker-6: The Linker-6 chelated by the Tm exhibits a feasible value of binding enthalpy for
physisorption during the adsorption of third and fourth H, molecules, whereas the first and
second Hz molecules interact via weak interactions, with the value of AH less than -7 kJ/mol.
The Cr(IIl) and Co(Il) chelated complexes show H2 physical adsorption, with 2-4 H»
molecules. Mn (II) chelated complexes have AH values ranging from -7 to -20 kJ/mol for all
adsorbed H> molecules. The Linker-6 chelated by the Fe (II), Ni (II), Cu (II), and Zn (II) metal
atoms display a favorable value of enthalpy of adsorption after the adsorption of 2 H>
molecules. In contrast, prior to this, H> molecules interact with the complexes via weak charge-
induced and quadrupole interactions. Among them, Linker-6-MnCl> with four adsorbed H»

molecules exhibits the most negative H» binding enthalpy value of -19.51 kJ/mol.

Linker-7: In the pristine Linker-7, only the fourth H> molecule interacts through physisorption;
the other H> molecules display a binding enthalpy of less than -7 kJ/mol. Cr(Ill) chelated
Linker-7 shows that the AH for the first and second adsorbed H> molecules is less than -7
kJ/mol. However, the third and fourth H> molecules exhibit an ideal value of enthalpy of
adsorption. In the Mn (III) chelated complex, only the first H> molecule is adsorbed with a
binding enthalpy of less than -7 kJ/mol. In contrast, the other three H> molecules exhibit weak
vdW interactions with the linker. The Linker-7 chelated by the Fe (II) and Cu (II) demonstrates
weak charge-induced and quadrupole interactions with the first H> molecule and vdW
interactions with the second and third H> molecules. The binding enthalpy for the fourth H»
molecule exceeds -20 kJ/mol. In Linker-7, chelated by the Co (II) and Zn (II), only the second
H> molecule is adsorbed with the desired value of binding enthalpy. Ni (IT) chelated Linker-7
exhibits the value of AH approximately -7 to -20 kJ/mol in the case of the first and second H»
molecules, which exceeds -20 kJ/mol for the third and fourth H> molecules. Among them,
Linker-7-NiCl, with the second adsorbed H» molecule demonstrates the most favorable

enthalpy value of -18.24 kJ/mol for H; physisorption.

Linker-8: The pure Linker-8 exhibits the value of AH ranging from approximately -2.09
kJ/mol to -7.61 kJ/mol. In the case of Cr (III) chelated Linker-8, all four H> molecules interact
with weak vdW forces. Mn (II), Fe(II), and Co(II) chelated complexes exhibit an ideal enthalpy
of adsorption range of approximately -7 to -20 kJ/mol. In Linker-8-NiCl,, only the first and
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second H, molecules interact via physical adsorption. Cu (II) and Zn (IT) chelated Linker-8
demonstrate favorable values of AH for only the second and third adsorbed H> molecules; the
first and fourth H> molecules exhibit binding enthalpies of less than -7 kJ/mol and more than -
20 kJ/mol, respectively. Linker-8-FeCl, with four adsorbed H, molecules demonstrates an

optimal binding enthalpy value of -18.82 kJ/mol.

Linker-9: In the pristine Linker-9, only the fourth H> molecule physiosorbed on the surface,
while others also have weak charged interactions with the values of AH less than -7 kJ/mol.
The structure of Cr (III) chelated Linker-9 is thermodynamically unstable, so we have not
studied H> adsorption in this system. Mn (III), Co(II), Cu(Il), and Zn(II) chelated Linker-9
demonstrates an ideal enthalpy of adsorption for all three H> molecules, except for the first.
Linker-9-FeCl, exhibits less than -7 kJ/mol adsorption energy for the first H> molecule and
more than -20 kJ/mol for the fourth H, molecule. Only the third and fourth H> molecules show
a weak interaction with the Fe (II)- chelated Linker-9. Linker-9-FeCl, with maximum adsorbed

H> molecules showed a binding enthalpy value of -16.64 kJ/mol.

None of our complexes followed chemisorption, indicating that H> desorption will be facile in
late-transition-metal-chelated complexes that require only a small amount of energy to separate
H, from porous materials. Our theoretically calculated values of binding enthalpy are
promising, suggesting the potential to synthesize practical H> storage materials with good

volumetric and gravimetric Hz uptake capacities.

3.3.3. H: uptake capacities in weight percentage
We can predict the Ho-uptake capacities of both the pure and transition-metal-chelated linkers
using equation 4.5. The hydrogen uptake capacities of the pure linkers range from
approximately 2.2 to 4 wt.%. Linker-3 has the highest H> uptake capacity of ~ 4 wt.%. The
weight percentage H» uptake capacity is inversely proportional to the molecular weight of the
complex with adsorbed H> molecules, and it is directly proportional to the number of adsorbed
H> molecules. Consequently, the higher molecular weight of Tm-chelated linkers results in

lower Hz uptake capacities for the complexes.
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Figure 4.11. H; uptake capacities (in wt.%) and binding enthalpies with maximum adsorbed H; molecules in both

the pure and transition metal chelated linkers.

Due to the relatively high atomic masses of transition metals, which result in higher molecular-
weight complexes than the pure linkers, we have observed a significant difference in the uptake
capacities of the pure and chelated linkers. The range of H> uptake capacities for transition-

metal-chelated linkers is 1.5-2.5 wt.%. Linker-3 chelated with Cr (III), Mn (III), Fe (II), Co
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(IT), Ni (II), Cu (II), and Zn (IT) has the highest H» uptake capacity ~ 2.5 wt.% among the other
chelated complexes. The calculated uptake capacities of the pure complexes (4 wt.%) are close
to the DOE target (gravimetric uptake of 5.5 wt.%) for 2020. Here, we have considered the
adsorption of up to 4 H> molecules to calculate the binding enthalpy and the weight percentage
uptake for both the pure and Tm-chelated linkers. Figure 4.11 shows the calculated H> uptake
capacities and binding enthalpies for the maximum number of adsorbed H> molecules in both

the pure and transition-metal-chelated linkers considered in the present calculations.

The H> uptake capacities and binding enthalpies of our late-transition metal-chelated COF
linkers surpass those of the early-transition metal complexes under the same conditions. The
pure linkers have a binding enthalpy of -6.2 to -15.3 kJ/mol, and Fe-chelated Linker-7 has
obtained a maximum binding enthalpy of -47.5 kJ/mol. Most of the designed complexes follow
physisorption phenomena. Hence, late-transition metal-chelated COFs could be promising
materials for practical H» storage. Zr-doped psi-graphene has set the benchmark for the highest
H;> uptake capacity at 11.3 wt.% as determined by DFT.[47] In the future, we plan to enhance
our model by incorporating psi-graphene-conjugated COFs and to investigate H, adsorption
phenomena and uptake capacities under varying temperature and pressure conditions. Our
method provides theoretically calculated H> uptake values based on the maximum number of
adsorbed H> molecules per chelated complex, which may differ from experimental results and
practical applications of H» storage in COFs. However, it remains a widely used formula for
predicting theoretical H> uptake in porous materials and generally yields results that are

accurate and comparable to experimental findings.[48,49]

3.3.4. Type of interactions controlling the binding enthalpy value
We have considered five types of interactions that contribute to the binding enthalpy. EDA
analysis has confirmed that electrostatic, polarization, exchange interactions, and dispersion
energy are the main factors that affect the H> binding in organic linkers. Still, Pauli repulsions

have a positive energy value and do not follow the binding enthalpy curve.

Role of electrostatic and polarization energy: Electrostatic potential is an indirect

consequence of non-polar atoms. Since the H> molecule has no dipole moment but has a
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40 ¢cm?. The dipole moment can be induced in the H»

quadrupole moment of about 2.21 x 10
molecule by polarizing the bonding ¢ orbital towards one end, and it becomes moderately
polarized. In transition metal cations, the H> molecule shows bond stretching caused by charge
polarization. In this case, if H> coverage increases, binding enthalpy decreases. In this

mechanism, the quasi-molecular form of H> is stored by transition metal cations.

Role of dispersion energy: Dispersion interactions are long-range forces inversely
proportional to the interatomic distance. The short distance between the transition metal atom
and the centroid of the H> molecules corresponds to the strong interaction, which increases the
value of dispersion energy, and this high value of dispersion energy directly correlates with the

binding enthalpy of H» adsorption.
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Figure 4.12. Energy decomposition analysis and study of interactions contributing to H binding in Tm-chelated

linkers.
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We can conclude from Figure 4.12 that the electrostatic, polarization, and dispersion

interactions are the leading factors in the binding enthalpy of H> adsorption.

3.3.5. Molecular electrostatic potential mapping
Molecular electrostatic potentials (MEPs) are useful for identifying the adsorption sites.
Electrophilic and nucleophilic processes involving charge transfer between adsorbed H>
molecules and organic linkers are interpreted from MEP contours. Figure 4.13 depicts the
charge transfer phenomena from the linkers to the adsorbed H2> molecules in Linker-3.
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Pure Linker-3+4H, Linker-3-CrCl;+4H, Linker-3-MnCl;+4H, Linker-3-FeCl,+4H,
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Figure 4.13. Molecular electrostatic potential mapping of both the pure Linker-3 and Linker-3-TmCl,.

Since electrostatic interactions play a significant role in the H» storage in COF materials, the

potential difference reveals the presence of electrostatic or polarization interactions in H»
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binding. As COF linkers contain n-electrons and C-H bonds within their aromatic rings, they
exhibit polarity. Consequently, vdW forces govern the interaction between non-polar H»
molecules and these linkers. However, when H, molecules approach the linker surface, charge
separation can induce a dipole moment in the H> molecule, leading to its adsorption. This

polarization phenomenon results in a shift in the charge density within the H> molecule.[50]

Using Mulliken population analysis, we observed that one H atom acquired a positive charge,
while the other acquired a negative charge. The positively charged atom tends to migrate
towards the surface of the organic linkers. This polarization effect arises from the more
electronegative heteroatoms attracting electrons from the less electronegative carbon atoms.
Consequently, H> molecules become easily polarized by these heteroatoms. This induced
polarization phenomenon confirms the weak binding of H> molecules with Tm-chelated

organic linkers, which means that there is no chemisorption.

3.3.6. Study of global indices of reactivity and HOMO-LUMO gap
Analysis of frontier orbitals is fundamental in determining the electronic properties of any
molecular framework. The electron-donating ability of any orbital is defined by the highest
occupied molecular orbitals (HOMO), and the electron-withdrawing capacity is obtained by
the lowest occupied molecular orbitals (LUMO). The energy gap between HOMO and LUMO

helps determine the stability of any molecular structure.

Table 4.4. Energy values of frontier orbitals and HOMO-LUMO gap for Linker-3 with maximum

adsorbed H> molecules. (Units are in eV)
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Complexes Enomo  Erumo E¢ R 1] c [0

Linker-3 -6.298  -1.166 5131  -3.732  2.565 1.282 2.715
Linker-3-CrClz  -6.717  -3.432 3.284  -5.075 1.642 0.821 7.841
Linker-3-MnClz  -6.935 -3.596 3.339  -5.266 1.669 0.834 8.304
Linker-3-FeCl.  -6.759  -3.369 3.390  -5.064 1.695 0.847 7.566
Linker-3-CoCl.  -7.024  -4.243 2.780  -5.633 1.390 0.695 11.413
Linker-3-NiCl.  -6.947  -3.486 3460  -5.217 1.730 0.865 7.864
Linker-3-CuCl. -7.087  -1.817 5269 4452  2.635 1.317 3.762
Linker-3-ZnCl.  -6.907  -1.651 5256 4279  2.628 1.314 3.484

The larger HOMO-LUMO energy gap indicates greater stability in the complexes. In other
words, a smaller HOMO-LUMO gap means more effortless electron transfer and less stability
of the complexes. According to our study, Linker-3 shows the most favorable value of H»
adsorption energy. Hence, we have represented the HOMO-LUMO gaps for both the pure
Linker-3 and the Tm-chelated Linker-3. Table 4.4 shows the energy values of frontier orbitals
and the HOMO-LUMO gap of Linker-3 with maximum adsorbed H> molecules. The higher
the value of Eg, the greater the electron donor capacity and the greater the charge transfer at the
molecular surface. Linker-3 with Cu (II) chelation has a maximum energy gap of 5.26 eV.
Similar results were obtained with Linker-3 chelated to Zn (II). The high value of the HOMO-
LUMO gap showed the conductivity of the material because conductivity is directly

proportional to e_Eg/ kT, where Eg i1s the HOMO-LUMO gap. Linker-3-CuClz is the most
stable, and Linker-3-CoCl: is the least stable complex. Figure 4.14 represents the HOMO and
LUMO in both the pure Linker-3 and Tm-chelated Linker-3. There is a significant overlap of
the s-orbital of H> molecules with d-orbitals of Tm atoms in the linker-TmClx complexes,

proving the strong binding of H> molecules on the surface of chelated linkers.

By employing Koopman’s theorem[51]Global indices of reactivity like global hardness (I]),
softness parameter (o), ionization potential (i), and electrophilicity (w) were calculated using

the energy of frontier orbitals.[52]
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W= HOMO;-LUMO (4‘6)
H:HOMOZ_LUMO (47)
® =§ (4.8)
6= % (4.9)

The calculated values of global reactivity indices are provided in Table 4.4. Chemical hardness
(I1) and softness (o) are the essential parameters for predicting the behavior of complexes. This
value suggests that computationally designed molecular complexes are stable, exhibit high
electrophilicity, and exhibit minimal softness. The excellent value of the chemical potential
indicates that these computationally designed Tm-chelated linkers might participate in charge-

transfer reactions.
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Figure 4.14. HOMO and LUMO of both the pure Linker-3 and the transition metal chelated Linker-3. The dotted
black circles show the overlapping of the s-orbital of the H atom and the 2p-orbital of atoms in organic linkers.
The dotted red circles show the overlapping of the s-orbital of the H atom and the 3d-orbital of transition metal

atoms in TmCl,.

4.4. Conclusions

Our study has employed non-periodic molecular modeling to explore H» adsorption in the
transition metal (Cr to Zn) chelated ligands of COF materials. We have thoroughly examined
the intermolecular interactions that contribute to hydrogen binding. The EDA approach reveals
that dispersion, electrostatic, and polarization interactions contribute to binding enthalpy. The
theoretically calculated H> uptake capacity was approximately 1.5-4 wt% for both the pure and
chelated linkers. These Tm-chelated COF linkers exhibit promising potential to meet the
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USDOE target for safe, cost-effective H» storage. Our findings suggest that the induced dipole
moment in the H> molecule arises from charge transfer between the transition metal and the
linkers, which accounts for the weak binding of H>. Most of the Tm-chelated complexes exhibit
ideal values of heat of physisorption, with some falling between physisorption and
chemisorption ranges. Notably, Mn (III), Ni (IT), and Fe (II) chelated complexes display the
most negative values of heat of physisorption. This study concludes that the late-transition-

metal-chelated COF linkers hold promise as H» storage materials under ambient conditions.
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CHAPTER §

H: Storage Capacities in Nanoporous
M:(m-dobdc) Metal-Organic Frameworks
at Near Ambient Temperatures

Green hydrogen presents a cleaner alternative to petroleum-based energy, with onboard
storage challenges addressed by Metal-Organic Frameworks (MOFs). This chapter describes
the study of M>(m-dobdc) MOFs (M = Mn, Fe, Co, and Ni) towards H>-storage by using Grand
Canonical Monte Carlo simulations (GCMC) at five distinct temperatures (77 K, 160 K, 198
K, 233 K, and 298 K) and pressures 1—-100 bar. The Fex(m-dobdc) MOF achieves a promising
volumetric H> storage capacity of 51.2 g/L under cryogenic conditions, meeting the target of
the Department of Energy, United States of America (USDOE), while the calculated value of
the gravimetric uptake is 4.2 wt.%, which approaches the USDOE 2025 target of 5.5 wt.%.
The M>(m-dobdc) MOF series reflects exceptional volumetric uptake capacities at room
temperature, ranging from 11.0-12.3 g/L, while gravimetric capacities are moderate,
indicating key challenges in physisorption-based nanoporous materials at ambient conditions.
Density functional theory (DFT) calculations reveal the enthalpy of H> adsorption ranging
from -15 to -18 kJ/mol in this M>(m-dobdc) MOFs series, confirming the reversible
physisorption phenomenon. Our results highlight the potential of M>(m-dobdc) MOFs for
mobile H>-storage applications, with deliverable volumetric capacities ranging from 36.3 g/L
to 40.8 g/L and gravimetric uptake ranging from 2.7 to 3.4 wt.% under a temperature-pressure
swing range (77 K/100 bar to 160 K/5 bar). The present investigation indicates that the M>(m-
dobdc) MOFs have advanced toward the USDOE target and promise to meet the practical
onboard hydrogen storage requirements for automobile applications. Their balanced
gravimetric and volumetric capacities make them promising candidates for near-future

implementation in green energy systems.
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5.1.Introduction

Carbon-based fossil fuels are recognized as the primary contributors to climate change and
environmental pollution, and these fossil fuels satisfy most of the human energy requirements
for several decades. Their combustion results in the release of carbon into the Earth’s atmosphere
(carbon that was stored hundreds of millions of years ago), and climate change and its primary
root cause, the burning of fossil fuels, are arguably the leading cause of avoidable morbidity and
mortality worldwide, emitting greenhouse gases during the combustion of fossil fuels. Replacing
carbon-based fossil fuels like coal and petroleum with eco-friendly fuels is essential to reducing
COz levels in the atmosphere.[1] Green hydrogen is a clean energy carrier with high energy
density and zero toxic gas emissions.[2,3] However, its volumetric energy density is very low
compared to conventional fuels, which challenges its feasibility.[4] H> gas can be compressed to
very high pressure or liquified at cryogenic temperature for storage and practical applications.
Liquid and gaseous state H»-storage requires extra safety measures, and it is costly for storage

and transportation.[5—7]

H> adsorption is a potential high-density solid-state H-storage strategy at ambient
conditions.[8] The structure and properties of the adsorbent material influence the efficiency of
Ha-storage. Traditionally, metal oxides and activated carbons have been used for H»-storage as
they are relatively easy to synthesize commercially.[8] However, a new efficient H> adsorbent
material is required to achieve a satisfactory volumetric energy density. In this context, MOFs
are known for their excellent potential as gas storage and separation materials.[9,10] MOFs are
composed of linking metal 10ns or clusters with organic molecules;[8] and they are highly tunable
in terms of surface area, pore geometry, and volume.[8] The precise crystalline structure of
MOFs enables computational studies of host-guest interactions, which provide fundamental

insights into rational material design.[11]

In 2003, Yaghi and coworkers experimentally studied H> adsorption in MOF-5 at high
pressures of up to 20 bar.[12] Since then, numerous MOFs have been explored for H»-storage
and gas separation, and significant progress has been made in this field.[13—16] The usable
storage capacities of some highly porous MOFs, such as MOF-5 and IRMOF-20, are 4.5 wt.%
and 5.7 wt.%, respectively, at 77 K with the pressure swing between 5 and 100 bars.[17] These

observed H» uptake capacities outperform conventional porous materials such as activated
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carbons and zeolites.[17] In fuel cell vehicles, the minimum usable pressure for onboard
hydrogen storage is 5 bar, and the adsorption capacity between 5 and 100 bar is considered a
usable working capacity or deliverable capacity.[8] The US Department of Energy (USDOE) has
set gravimetric and volumetric uptake capacity targets of 5.5 wt.% and 40 g/L for 2025, with an
ultimate target of 6.5 wt.% and 50 g/L.[18] While many nanoporous MOFs have achieved a high
gravimetric working capacity that meets the DOE target, reaching a high volumetric working

capacity remains a significant challenge.[19,20]

Recently, Long and co-workers experimentally synthesized two types of metal-organic
frameworks, Ma(m-dobdc) and Ma(dobdc), where (M = Ni and Co) and [m-dobdc*) refer to 4,6-
dioxido-1,3-benzenedicarboxylate]. The most notable finding was the exceptional hydrogen
storage capacity of Nix(m-dobdc), achieving a deliverable volumetric capacity of 11.0 g/L
between 100 and 5 bar at 298 K.[4] In their study, they experimentally observed the H>
adsorption isotherms at different conditions by varying temperature and pressure. Similar MOF
structures with different metal atoms (Fe and Mn) were synthesized by Yadav et al., and they
experimentally studied H» adsorption isotherms in Fex(m-dobdc) and Mna(m-dobdc).[21] Their
experimental study revealed that the Fex(m-dobdc) MOF can store 4.31 wt.% of hydrogen at 77
K and 100 atm. pressure. At the same time, Yadav et al. claimed that the Mny(m-dobdc) MOF
has a higher hydrogen storage capacity of 8.21 wt.% under identical temperature and pressure
conditions.[21] Both experimental works suggested that the nanoporous Ma(m-dobdc) MOFs are
the most efficient material for high Hz-storage, and their exceptional volumetric and gravimetric

uptake capacities are close to the USDOE target for 2025.

These findings highlight the necessity of in-depth research and further investigation
through GCMC simulations. Relying on experiments can be challenging due to the complex
interplay of various properties, which affects the synthesis or modification of adsorbents and
their gas storage properties. Hence, we employed Grand Canonical Monte Carlo (GCMC)
simulations to overcome these limitations. We studied the H» adsorption isotherms and reported
the storage and deliverable capacities in the Mx(m-dobdc) MOFs at different temperature-
pressure conditions. GCMC 1is a suitable approach for simulating the equilibrium state of
hydrogen physisorption when MOF structures are attached to a hydrogen reservoir with well-
defined pressure and temperature. We also performed the Density Functional Theory (DFT)
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calculations to reveal the H»> binding mechanism at the open metal sites present in these

nanoporous MOFs.

5.2. Theory, Computational Methods, and Material Description

5.2.1. Theory and Computational Details
Grand Canonical Monte Carlo Simulations were conducted to predict the H» adsorption
isotherms at 77 K, 160 K, 198 K, 233 K, and 298 K in Mx(m-dobdc) MOFs by using the RASPA
2.0 package.[22] The simulations used insertion, rotation, swap, and translation moves with
equal probability. The number of initialization cycles was 5 x 10* steps, followed by 5 x 10*
production steps. During the simulation process, all MOF atoms remained stationary, while H»
molecules could move freely within the framework structure. The partial atomic charges for the
framework atoms were calculated by using the Charge Equilibration (QEq) method[23] as
implemented in RASPA 2.0. This QE4 method is widely used in studies to calculate the partial
atomic charges and ensures self-consistent charge distributions by minimizing the electrostatic
energy of the system under periodic boundary conditions, with Ewald summation, which handles

long-range interactions.[24,25] The calculated partial charges for each atom type are provided in

Table 5.1. Calculated partial charges (expressed in electronic charge e ) and force field (FF)
parameters for the chemically distinct atoms in the M>(m-dobdc) MOFs (M = Mn, Fe, Co and Ni)

Atom Mna(m- Fex(m- Cox(m- Niz2(m- £ (K) ¢ (A)
dobdc) dobdc) dobdc) dobdc)
Metal 1.062 0.922 0.901 1.235 Mn=Fe=6.54 Mn=2.63
(M4) Ni=7.54, Fe=2.59
Co=7.04 Co=2.55
Ni=2.52
C1 0.396 0.352 0.383 0.393 47.85 3.47
C2 -0.386 -0.336 -0.359 -0.409 47.85 3.47
C3 0.523 0.493 0.475 0.558 47.85 3.47
05 -0.530 -0.462 -0.496 -0.590 48.15 3.03
06 -0.584 -0.544 -0.502 -0.632 48.15 3.03
o7 -0.474 -0.437 -0.416 -0.551 48.15 3.03
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C8 -0.366 -0.317 -0.321 -0.35 47.85 3.47
H9 0.133 0.128 0.117 0.126 7.64 2.84
C10 0.245 0.212 0.239 0.263 47.85 3.47
H11 -0.014 -0.001 -0.007 -0.016 7.64 2.84

A Lennard-Jones (LJ) 6-12 potential[26] plus Coulomb potential was used to describe the
interactions between the hydrogen molecules and MOF atoms (Mn, Fe, Co, Ni, O, C, and H)
presented by:

U(ij) = 4 [(:_3)12 B (2)61 4L %9 (5.1)

rij 4meg 1y

‘i" and ‘j'"” atoms in the system, g; is the partial charge of the

Where 7; is the distance between
i" atom, g, is the dielectric constant of free space, &; j is the potential well depth and o;; is the

potential well diameter.

The mixing of force field parameters was done by using the Lorentz-Berthelot mixing

rule for a pair of unlike atoms as follows:[27]
1
gij = 1/Si€j’ O-L'j = E(O-i + O']) (52)

Where ¢; and o; for H, C, O, and B were taken from the DREIDING force field parameters
available in the RASPA 2.0 package[22], and the cut-off radius for the LJ interaction is 12.0 A.
The potential parameters for the framework atoms in MOFs were taken from the standard UFF
force fields.[27-29] Universal Force Field (UFF) remains one of the most widely adopted force
fields in the literature for H, adsorption studies in nanoporous MOFs[30-32], especially when
dealing with transition metals such as Ni, Fe, Co, and Mn, for which specialized force fields like
UFFAMOF, or MOF-FF have not been comprehensively developed non-bonded
parameters.[33,34] We included the Feynman-Hibbs (FH) quantum correction[35] in our
simulations at cryogenic temperatures. This semi-classical correction appropriately modifies the

LJ potential to account for the delocalized nature of the H> molecule at low temperatures.
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We used two well-established H> models: the Buch model[36] and the Darkrim-Levesque
model (DL)[37] to ensure accurate and reliable modelling of H> adsorption. In the DL model,
the H> molecules were described using a three-site rigid model with an H-H bond length of 0.741
A. A Lennard-Jones site (c =2.958 A and & = 36.7 K) was placed at the H» center of mass, and
a negative charge of —0.936 on the center of mass was balanced by positive charges of 0.468 on
the H nuclei. These models have been widely applied in classical GCMC simulations for H»
storage applications in nanoporous MOFs.[38] The LJ parameters for these H> models are

explicitly listed in Table 5.2.

Table 5.2. Parameters used to characterize the H, potential used in this work: Buch model, Darkrim-
Levesque (DL) model. COM corresponds to the center-of-mass site, and H corresponds to the atomic

locations of the hydrogen atoms.

Model Atomic r (A) £ (K) 6 (A) q (e-)
Site
Buch COM 0.00 34.200 2.960 0.00
DL COM 0.00 36.70 2.958 -0.936
H 0.37 0.00 0.00 0.468

All the simulations were carried out on unit cells using 3D periodic boundary conditions, and the
adsorption isotherm curves were derived from GCMC simulation data. All 3D equilibrium
structures of MOFs were visualized by VESTA software.[39] The snapshots of H> adsorption in
MOFs were captured by iRASPA software.[40]

The conversions from loading (mg of H» per g of framework) to wt.% were performed by using

the standard expression:

mass of adsorbed H,

Gravimetric Uptake (in wt. %) = x 100 (5.3)

mass of framework

This equation number (5.3) expresses that the denominator includes only the mass of the
adsorbent. This is the conventional practice in both experimental and simulation-based H:

storage studies in porous materials.[19]
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The volumetric uptake capacity in g/L is defined as:[41]

A (54)
Molecular models of Ma(m-dobdc) MOFs were designed to calculate the values of enthalpy of
adsorption. Geometry optimizations were performed using the B3LYP functional[42] with
Grimme’s -D3 dispersion correction[43] incorporated to account for weak van der Waals (vdW)
interactions. B3LYP functional with the -D3 correction has been widely used to study H> binding
in transition-metal molecular complexes.[44] The cc-pVTZ basis set[45] was used to define the
atomic orbitals in the molecular models of subject MOFs. Gaussian 16 suite code[46] was used
to perform DFT calculations, and ChemCraft software[47] was used to visualize the equilibrium
molecular structures. The enthalpy of adsorption AH was calculated by employing the following

expression:[2]

AH = Hyop+n, — (Huor + Hy,) (5.5)

where Hyop+n,, Huor . Hy, are the binding enthalpies of the MOF with adsorbed Ha, pristine

MOF, and free H> molecules, respectively.

5.2.2. Properties of MOF Materials

We selected transition metal cluster-based MOFs with transition metal atoms (Mn, Fe,
Co, and Ni) with a ligand structure [mdobdc*) means 4,6-dioxido-1,3-benzenedicarboxylate].
These MOFs were already experimentally synthesized, and H» adsorption isotherms have been
observed experimentally at varying temperature and pressure conditions.[4,21,22] In the present
manuscript, we used computational methods to investigate the equilibrium structures of the
MOFs and investigated their H, adsorption isotherms, H> storage capacities, deliverable
capacities and compared them with the previously obtained experimental findings. We utilized
CRYSTAL17[48] software to perform structural relaxation and to get the equilibrium structures
of the 3D Mz(m-dobdc) MOFs. The crystallographic information files (.cif) of these MOFs
are provided in the Appendix. Our computational approach employed Density Functional
Theory (DFT) calculations wusing the B3LYP exchange-correlation functional,[44]

complemented by Grimme’s dispersion correction parameters.[43] To accurately represent the
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electronic structure, we implemented a triple-zeta valence polarizable (TZVP) basis set, which
precisely defined the atomic orbital characteristics of all atoms present in the MOF structure.[49]
Figure 5.1 represents the equilibrium structures of M(m-dobdc) MOF materials. The pore-size
distribution can be calculated geometrically in RASPA-2.0 [22] using the Gelb-Gubbins
method.[50,51] The cumulative pore volume curve is obtained by enclosing each point in the
void volume with the largest sphere that does not intersect with framework atoms. Our calculated
pore size distribution curve is represented in Figure 1(e), which illustrates that the Mno(m-
dobdc), Fex(m-dobdc), Coz(m-dobdc), and Nix(m-dobdc) MOFs have pore diameters 10.73,
10.87,10.77, and 10.73 A, respectively.

Mn,(m-dobdc)

—*— Fe,(m-dobdc)

—— Co,(m-dobdc)

— " Niy(m-dobdc)

Pore Size Distribution

i I
01 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Pore Diameter (A)

Co,(m-dobdc) Niy(m-dobdc)

)=HO=C @=0@=Mn °= Fe. —Co O= Ni

Figure 5.1. Equilibrium structures of M>(m-dobdc) MOFs and their pore diameter. (a) Mn>(m-dobdc), (b) Fe>(m-
dobdc), (c) Cox(m-dobdc), (d) Nix(m-dobdc) and (e) pore-size distribution (PSD) curve.

The cumulative pore volume curve is obtained by enclosing each point in the void
volume with the largest sphere that does not intersect with framework atoms. Our calculated
pore-size distribution curve is shown in Figure 5.1(e), which indicates that the Mn2(m-dobdc),
Fex(m-dobdc), Coa(m-dobdc), and Nix(m-dobdc) MOFs have pore diameters of 10.73, 10.87,
10.77, and 10.73 A, respectively. Previous studies have reported that hydrogen storage at 77 K
predominantly depends on micropores in the material.[52] Earlier, various microporous 3D

MOFs have been synthesized, and H> adsorption isotherms were observed for those MOFs.
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Experimental findings suggest that these 3D MOFs performed exceptionally well towards H»-
storage due to their microporous nature.[12,53,54] Ma(m-dobdc) series is also categorized in the
microporous range, so these Mx(m-dobdc) MOFs could be expected to adsorb more H> at 77 K

and high pressures.

Table 5.3. The calculated surface area, pore volume, framework mass, and density of the subject MOF
materials, M>x(m-dobdc). (The bold values in the surface area represent the experimentally calculated

surface area taken from literature sources)[13]

MOF Surface Area Pore Volume Framework Density (cm?/g)
(m?/g) (cm?/g) Mass (g/mol)
Mnz(m-dobdc)  1444.62/1741 0.53 2735.76 0.85
Fez(m-dobdc) 1500.03/1624 0.54 2751.32 0.87
Coz(m-dobdc) 1423.90/1504 0.52 2806.90 0.84
Ni2(m-dobdc) 1410.33/1592 0.51 2803.36 0.83

Earlier, the BET surface areas of Ma(m-dobdc) were measured experimentally using H>
as a probe molecule at 77 K.[13] In our study, the geometric area of MOFs was calculated using
the Monte Carlo method with a 2.958 A probe (in the present investigation), which is equal to
the diameter of a hydrogen atom at 77 K. We observed that the Ni2(m-dobdc) MOF has the lowest
value of surface area about 1410.33 m*/g and similarly, the Fex(m-dobdc) MOF has the highest
value of surface area about 1500.03 m*/g. It was found that Fe>(m-dobdc) MOF has the highest
pore volume, about 0.54 cm?/g. The lowest calculated pore volume was 0.51 cm?/g for Nix(m-
dobdc). We observed that our calculated surface areas are in accord with the experimental
observation wherever available.[13,55] We calculated the void fraction for Mz(m-dobdc) MOFs
and determined their pore volumes. Table 5.3 indicates that the calculated surface area and pore
volumes of our selected Ma(m-dobdc) MOFs are higher, which means these MOF materials must

be excellent Ho-storage materials.
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5.3. Results and Discussion

5.3.1. Isosteric Heat of Adsorption (Qst)

The DL model was selected for H, heat of adsorption calculations due to its better
representation of electrostatic interactions through partial charge distributions, which are
essential for accurately modelling H>-metal binding energetics at open metal sites in the Ma(m-
dobdc) MOFs. The Nix(m-dobdc) MOF material shows the highest Qg value of -7.72 kJ/mol at
low pressure, as shown in Figure 5.2a. At high pressure, we obtained the value of Qg about -
12.33 kJ/mol for the Niz(m-dobdc), -11.54 kJ/mol for Coz(m-dobdc), -13.08 kJ/mol for Mny(m-
dobdc) and -13.04 kJ/mol for Fex(m-dobdc) as represented in Figure 5.2b. Our simulated heat
of adsorption (Qs) values are consistent with the previously reported Qs: values of -13.0 kJ/mol
for the Ni2(dobdc) and -11.9 kJ/mol for Coz(dobdc)[38] and also matched the earlier-reported
Qst values for the same May(m-dobdc) MOFs.[13] Additionally, to further validate our
computational approach, we performed DFT calculations using molecular modelling and
calculated the enthalpy of adsorption (AH) , which gives AH values of -17.6 kJ/mol for Nix(m-
dobdc), -19.6 kJ/mol for Fex(m-dobdc), -17.2 kJ/mol for Coz(m-dobdc) and -15.4 kJ/mol for
Mny(m-dobdc) MOFs. The two quantities (Qs and AH) become comparable in magnitude,
though they are not formally equivalent, the DFT value reflects a specific minimum energy
configuration while the RASPA value retains its ensemble-averaged character. The comparison
here is intended as a qualitative validation of the DFT-derived adsorption enthalpies rather than
a strict quantitative equivalence. The heat of adsorption/enthalpies calculated by both the DFT
method and GCMC simulations indicate strong physisorptive interactions between H> molecules
and metal ions in the Ma(m-dobdc) series. The molecular models of Mna(m-dobdc) and Nia(m-

dobdc) are shown in Figures 5.2c and 5.2d, respectively.
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Figure 5.2. The calculated heat of H> adsorption (Qy) values at 298 K. (a) The simulated Qy values at low pressure,
(b) the simulated Qg values at high pressure, (c) DFT calculated AH value for molecular model system of Mn(m-
dobdc), and (d) DFT calculated AH value for the molecular model system of Ni>(m-dobdc).

5.3.2. H, Adsorption Isotherms

We calculated the absolute H> loading at five different temperatures: 77 K, 160 K, 198 K,
233 K, and 298 K. While numerous computational investigations have been reported for H»
adsorption in other MOF materials, only a limited number of MOFs have been correlated with
experimental data.[16,56—59] Keskin et al. proposed that one should not expect a close match
between simulated results and experimental data at low pressures for H, adsorption in MOFs.[60]
These studies found that simulations can significantly differ from experiments at high pressure,
even though they align well with experiments at low pressure.[60] Hence, to evaluate the H»-
storage potential of the M(m-dobdc) MOFs, high-pressure adsorption isotherms were collected
over 1-100 bar.

(a) Hz adsorption isotherms at 77 K and 298 K

178



Chapter 5. H> Storage Capacities in Nanoporous M:(m-dobdc) Metal-Organic Frameworks at Near

Ambient Temperatures

We reported the absolute loading and weight percentage with respect to pressure by both models:

DL and Buch. At cryogenic temperature (77 K), all MOFs show excellent absolute loading

ranging from 34-42 mg/g (3.4-4.2 wt.%) using the Buch model and 35-40 mg/g (3.5-4.0 wt.%)
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Figure 5.3. The H; adsorption isotherms of M>(m-dobdc) MOFs at 77 K and 298 K. a) 77 K Buch model, (b) 77 K
DL model, (c) 298 K Buch model, and (d) 298 K DL model.

with the DL model as represented in Figures 5.3a and 5.3b. Fex(m-dobdc) and Mnz(m-dobdc)
show the highest performance, followed by Coz(m-dobdc), and the Niz(m-dobdc) MOF shows
the lowest loading values among the series. Even at low-pressure (1 bar) conditions, adsorption
isotherms show about 16.08 mg/g H» loading for Nix(m-dobdc) and 16.23 mg/g for Coz(m-dobdc)
with the DL model, which are comparable to the previous reported values of approximately 21
mg/g for Niz(dobdc) and 22 mg/g for Coz(dobdc).[38] Our results show reasonable agreement
with the literature, given the structural differences between these two MOF series. The H»

adsorption capacities increased with greater surface area and pore volume, following the order:
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Fex(m-dobdc) > Mny(m-dobdc) > Coz(m-dobdc) > Nix(m-dobdc). The Buch model consistently
predicts capacities 15-20% higher than those of the DL model. However, at 298 K, performance
drops, and loading values range from 8-10 mg/g with the Buch model and 6-7 mg/g with the DL
model, as shown in Figure 5.3c and Figure 5.3d, highlighting the critical issues with

physisorption-based hydrogen storage materials at ambient conditions.

We conducted a comprehensive statistical analysis and sensitivity assessment of our
simulation results at 77 K and 298 K using the DL model. We performed multiple independent
GCMC simulations with different random seeds at both cryogenic (77 K) and ambient (298 K)
conditions, with each data point representing the average of these independent runs. The figure
showing error bars for the adsorption isotherm curves of Mna(m-dobdc) at 77 K and 298 K is
provided in Figures 5.4a and 5.4b.
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Figure 5.4. Representation of error bars in the adsorption isotherm curves for M>(m-dobdc) for 77 K and 298 K
by the DL model. (a) 77 K loading with error bars, (b) 298 K loading with error bars.

Our statistical analysis shows good reproducibility with standard deviation values
ranging from 0.025 to 0.17 mg/g and the values of coefficient of variation (CV) lies between
0.001-0.006 (0.1-0.6%) at 77 K, and the standard deviation values from 0.001 to 0.04 mg/g
with CV values between 0.004-0.01 (0.4-1.0%) at 298 K across all the studied MOFs. These
consistently low statistical measures confirm high simulation precision and minimal data

scatter.

(b) Hz adsorption isotherms at 160 K, 198 K and 233 K
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Next, we extended our H» adsorption study at T=160 K to a pressure range of 1-100 bars using
the same GCMC simulation technique. We observed absolute H» loading values for Fex(m-
dobdc) at 5 bar of 8.7 mg/g (0.87 wt.%) by using the Buch model and 2.61 mg/g (0.26 wt.%) by
using the DL model. The Nix(m-dobdc) MOF material shows the minimum absolute H» loading
value of 6.1 mg/g (0.61 wt.%) by the DL model under the same conditions. The shapes of the
isotherms are well consistent across all the MOFs investigated, but the loadings vary because of
differences in their pore sizes, as seen in Figure 5.5a and Figure 5.5b. The Fex(m-dobdc) MOF
shows the highest absolute loading at the Buch model, and the Mnz(m-dobdc) MOF performs
best at the DL model. We obtained the absolute H» loading of 27.7 mg/g for Fex(m-dobdc) at 160
K and 100 bar, using the Buch model, which aligned well with previously reported loading values
for MOFs under similar temperature and pressure conditions.[61] We found that the absolute H»
loading values increased rapidly at low pressure (below 50 bar), then increased slowly to a
maximum at 100 bar, as illustrated in Figures 5.5a and 5.5b. Our study reveals that H> molecules
preferentially accumulate around the metal nodes within the framework, which confirms that the
metal node site serves as a specific binding site for H> in these Mz(m-dobdc) MOFs. In an earlier
study, DFT-based quantum calculations verified that the metal nodes are the leading active sites
for Hz binding, and the charge transfer and dispersion with the polarization interactions are the
most dominating factors in the H> binding energy.[7,62]

At low pressure, H> molecules in MOFs occupy sites near the organic linkers due to n-n
interactions with the organic ligands. As pressure rises, the molecules fill the empty spaces within
the MOF channels. The absolute H> loadings were subsequently evaluated at 198 K over a
pressure range of 1 to 100 bars. The study of H» uptake capacities at 198 K is critical for hydrogen
storage applications as this temperature represents a practical intermediate condition between
cryogenic (77 K) and ambient (298 K) environments. The value of data collected at 198 K
provides essential insights for developing viable hydrogen storage systems that could operate
with more economical and energy-efficient cooling technologies for practical mobile and
stationary applications. The H> adsorption isotherms of Ma(m-dobdc) MOFs at 198 K with a
pressure of 1-100 bars are displayed in Figure 5.5¢ and Figure 5.5d.
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Figure 5.5. The H; adsorption isotherms of M>(m-dobdc) MOFs at three temperatures: 160 K, 198 K and 233 K.

(a) 160 K Buch model, (b) 160 K DL model, (c) 198 K Buch model, (d) 198 K DL model, (e) 233 K Buch model, and
() 233 K model.
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Our simulations reveal that the Fex(m-dodbc) MOF reaches a Hy-loading of 23.1 mg/g
(2.3 wt.%) in the Buch model and 14.3 mg/g (1.4 wt.%) in the DL model at 100 bars. The Mny(m-
dodbc) MOF material shows the Hz-uptake capacity about 22.7 mg/g (2.2 wt.%) by using the
Buch model and 14.4 mg/g (1.4 wt.%) by employing the DL model at 100 bars. Similarly, the
Coz(m-dodbc) MOF reveals the H»-storage capacity about 24.4 mg/g (2.4 wt.%) in the Buch
model and 13.9 mg/g (1.3 wt.%) in the DL model. In the case of the Nix(m-dobdc) MOF, the H»
loading value was found to be 17.5 mg/g (1.7 wt.%) computed by employing the Buch model
and 12.8 mg/g (1.2 wt.%) at the DL model.

Now, we extended our GCMC simulations to investigate H> adsorption at a comparable high
temperature, T = 233 K, over a pressure range of 1-100 bars to understand the effects of high
temperature on H» uptake. The adsorption isotherms of M»(m-dobdc) MOFs at 233 K from 1
bar to 100 bars are shown in Figures 5.5¢ and 5.5f. The GCMC simulations reveal that the
absolute H» loading in the subject MOFs grows gradually with the pressure up to 100 bar at
233 K. As depicted in Figure 5.5e¢ and 5.5f, the absolute H» loading in M»(m-dobdc) series
obeys the sequence of Fex(m-dobdc) > Mny(m-dobdc) > Coz(m-dobdc) > Niz(m-dobdc). This
sequence of absolute loading is consistent with their surface area and pore volume. Our analysis
reveals that the Fex(m-dobdc) framework achieves the value of absolute H> loading around 17.2
mg/g (1.7 wt.%) computed by using the Buch model and 10.5 mg/g (1.0 wt.%) using the DL
model at 233 K and 100 bar, surpassing the maximum storage capacities reported for leading
MOFs under identical temperature-pressure conditions.[63] This performance sets a new

benchmark for H> adsorption in porous materials at moderate temperatures.

Frost et al. outlined three phases of adsorption: at low pressures, H» loading is always
governed by Qs; at intermediate pressures, it depends on surface area; and at high pressures, H>
uptake is influenced by the free volume in MOFs.[64] Frost and Snurr discovered that the
absolute H» adsorption at 298 K primarily relates to free volume across the entire pressure
range.[65] Using the concept, we quantitatively correlated our simulation results (obtained using
the DL model) with the outlined phases of adsorption at both cryogenic and ambient conditions.
At 160 K and in the low-pressure regime (1-10 bar), for example, the Coz(m-dobdc) MOF shows
a significant increase in Hz loading of 0.56 mg/g to 4.5 mg/g, which represents strong binding of
H> at open metal sites, which is supported by the reduced temperature. In Figure 5.5b, the
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medium-pressure phase (10-50 bar) shows a more gradual increase in loading from 4.5 mg/g to
13.6 mg/g for the Coz(m-dobdc) MOF, which indicates filling of secondary sites with
intermediate binding energies. Finally, in the high-pressure regime (50-100 bar), a slight increase
from 13.6 to 18.8 mg/g, reflecting pore saturation and the occupation of the weakest
physisorption sites. In contrast, at 233 K, the van der Waals (vdW) forces support completely
different behavior of the physisorption sites; in the low-pressure regime, only a minimal loading
rise from 0.16 to 1.5 mg/g in the Cox(m-dobdc) MOF indicates weaker H» binding at open metal
sites as represented in Figure 5.5f. The medium-pressure regime contributes a moderate increase
up to 6.2 mg/g, while the high-pressure regime contributes an additional 4.0 mg/g in the case of
Coz(m-dobdc) MOF. This temperature dependent analysis shows that the simulation results
generated in this work agree with concepts of the three phase mechanism (low, medium and high
pressure ranges) proposed by Frost ef al., (1) at cryogenic conditions, the loading is steeped at
beginning with a strong initial adsorption at open metal site followed by gradual filling of weaker
sites, (2) at ambient conditions, the uptake is more continuous and gradual, reflects that the gas
molecules first fill the strongest adsorption sites, and then gradually move to weaker sites as

pressure increases.

5.3.3. Gravimetric and Volumetric H. Uptake Capacities of M»(m-dobdc) MOFs

Gravimetric H» uptake capacity (G¢) and volumetric H> uptake capacity (V) are related to
adsorbed H> molecules in MOFs, which directly means the porosity of materials. The hydrogen
storage performance of Ma(m-dobdc) MOFs was comprehensively evaluated by calculating
gravimetric uptake capacities in (wt.%) and volumetric capacities in (g/L) at multiple
temperatures. Figure 5.6 shows the gravimetric and volumetric capacities of the Ma(m-dobdc)
MOFs as a function of pressure at cryogenic conditions and room temperature using both the
Buch model and the DL model. Additional H> uptake capacity data (Gc and V.) of the Ma(m-
dobdc) MOFs at intermediate temperatures 160 K, 198 K and 233 K are provided in Figure 5.7a-
f. The total gravimetric Hz uptake for Mz(m-dobdc) MOF series varies from 3.4 to 4.24 wt.% at
77 K and 100 bars by using the Buch model as represented in Figure 5.6a. The present study
indicates that Fey(m-dobdc) and Mna(m-dobdc) have the highest gravimetric uptake capacity,
about 4.24 wt.% (at T = 77 K and P =100 bars), compared to the other Mz(m-dobdc) MOFs.
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Similarly, the total gravimetric H> uptake for the Mz(m-dobdc) MOF series varies from 2.7 to
4.10 wt.% at 77 K and 100 bar, as shown in Figure 5.6b using the DL model.
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Figure 5.6. The H> uptake capacities of M>(m-dobdc) MOFs at cryogenic conditions and room temperature. (a) 77
K Buch model, (b) 77 K DL model, (c) 298 K Buch model, and (d) 298 K DL model.

This high uptake is expected, as a larger surface area provides more free space within the
framework, allowing more bulk H» to occupy the empty spaces and boosting the overall capacity.
Experimental investigations have consistently demonstrated that MOFs typically exhibit limited
hydrogen storage capacities at room temperature and moderate pressures, with gravimetric H»
uptake capacities generally remaining below 2 wt.%. However, when subjected to elevated
pressures of 80-200 bar, these materials exhibit enhanced storage capacity, with gravimetric H»

capacities increasing from 0.4 to 4 wt.%.[66]
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Table 5.4. The calculated gravimetric H, uptake capacities (G.) of Mx(m-dobdc) MOF's by using the
Buch model. (Bold values indicate the experimental values of Gravimetric H;uptake have been taken

from literature sources)

MOFs Gravimetric H2 Uptake in wt.%
T=77K/P=100 T=160K/ T=198K/ T=233K/ T=298 K/P=100
bars P=100 bars P=100 bars P=100 bars bars

Mny(m-dobdc)  4.24/8.21[21] 2.74 2.27 1.67 1.01/1.38[21]
Fex(m-dobdc) 4.24/4.31[21] 2.77 231 1.72 1.04/0.10[21]
Coz(m-dobdc) 4.23 2.72 2.24/1.8[4] 1.65/1.5[4] 0.98/0.9[4]
Niz(m-dobdc) 3.4 2.12 1.75/2.0[4] 1.31/1.6[4] 0.81/1.0[4]

MOF-5 8.34[67]/9.8[68] - - - 1.15[67]/0.82[68]

The present GCMC simulation shows that total gravimetric uptake ranges from 0.60 to 0.67 wt.%
by the DL model and from 0.81 to 1.04 wt.% by the Buch model at 298 K, as shown in Figure
5.6¢ and Figure 5.6d. We compared our simulated gravimetric and volumetric uptake capacities
with previously reported experimental data for the same MOF series and the benchmark MOF-
5. Table 5.4 summarizes the total hydrogen gravimetric uptake capacities of the Mz(m-dobdc)
MOFs with pore diameters in the range of 7-15 A. The predictions of the Buch model showed
better agreement with experimental H»>-uptake capacities than those of the DL model. Therefore,
we used the Buch model data for tabulation and comparative analysis. As temperature increases,
the differences in gravimetric Ha-uptake capacity between the various MOFs become minimal.
Therefore, total gravimetric capacity is not a suitable metric for comparing Hz-storage
performance among different adsorbents. As porosity increases, the framework mass within a
given volume decreases to zero, leading to an infinite total gravimetric capacity.[68] Thus,
volumetric H> storage capacity represents a more reliable parameter for evaluating the practical

utility of MOFs.
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Figure 5.7. The H, uptake capacities of Mz(m-dobdc) MOF's at three temperatures. (a) 160 K Buch model, (b)
160 K DL model, (c) 198 K Buch model, (d) 198 K DL model, (e) 233 K Buch model, and (f) 233 K DL model.
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Table 5.5. The calculated volumetric H, uptake capacities of M>(m-dobdc) MOF's by using the Buch
model. (Bold values indicate the experimental values of Volumetric H; uptake have been taken from

literature sources)[4]

MOFs Volumetric H2 Uptake in g/L
77 K/100 bars 160 K/100 198 K/100 bars 233 K/100 298 K/100
bars bars bars
Mn;(m-dobdc) 50.41 32.55 26.99 19.95 12.06
Fex(m-dobdc) 51.22 32.84 27.35 20.36 12.36
Coz(m-dobdc) 50.28 32.35 26.66/23.0 19.62/17.3 11.73/11.0
Niz(m-dobdc) 44.26 27.61 22.78/23.8 17.08/18.2  10.55/11.9
MOF-5 - - 15.8 12.8 8.8

When considering volumetric uptake, the amount of hydrogen adsorbed is primarily determined
by the density and strength of H>-binding sites rather than by the volumetric surface area alone.
As a result, materials with high surface area and high gravimetric capacity but weak binding sites
exhibit significantly lower volumetric capacity than frameworks with smaller surface area but
stronger binding sites. The presence of unsaturated metal sites in Mz(m-dobdc) makes it the best
choice for onboard H»-storage, as it has a relatively low volumetric surface area compared to
some reference MOFs like MOF-5, which have both exceptional gravimetric and volumetric
surface areas. Ma(m-dobdc) MOF achieve volumetric uptake of 26.7-34.7 g/L at 77 K and 1 bar,
with potential to exceed the DOE target of 40 g/L at higher pressure. Among the M2(m-dobdc)
series, the Fex(m-dobdc) MOF achieves an outstanding V. value of 51.22 g/L under cryogenic
conditions (77 K, 100 bar) as reported in Table 5.5. At room temperature, the MOFs delivered
V. values ranging from 10.55 to 12.36 g/L, with Fex(m-dobdc) showing maximum uptake of
12.36 g/L, marginally outperforming MOF-5. This dual performance capability demonstrates the
potential of Ma(m-dobdc) MOFs for practical H» storage applications.

Table 5.6. The calculated H» deliverable capacity in the temperature-pressure range (77 K/100 bar
— 160 K/5 bar) and total gravimetric H> adsorption capacities at T=298 K and P =100 bars in M>(m-
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dobdc) MOFs by using the Buch model. (The experimental data for other MOFs have been taken from

literature sources)

H: total adsorption at

MOFs 77 K/100 bar —160 K/5 bar T=298 K, P-100 bars
Ge(Wt.%) Ve(g/L) Ge(Wt.%) Ve(g/L)
HKUST-1[61] 5.2 46 1.2 10.8
Cu-MOF-74[61] 3.0 39 0.8 10.1
NU-1000[61] 8.3 48 1.7 10.0
Ui0-67[61] 6.0 41 1.2 8.0
PCN-250[61] 5.2 47 1.2 10.4
Mny(m-dobdc) This work 3.4 40.3 1.01 12.06
Fex(m-dobdc) This work 3.3 40.8 1.04 12.36
Coa(m-dobdc) T™is work 3.4 40.7 0.98 11.73
Nia(m-dobdc) This work 2.8 36.3 0.81 10.55

Additionally, an optimal MOF structure for hydrogen tank storage should offer both high
hydrogen storage capacity and high deliverable capacity.[61] To further investigate gas storage
performance, we calculated the theoretical H deliverable capacities of the studied MOFs under
two distinct combined temperature-pressure swing systems ranges from (77 K/100 bar —160
K/5 bar) at cryogenic conditions, and (198 K/100 bar — 298 K/5 bar, 233 K/100 bar — 298 K/5
bar and 298 K/100 bar — 298 K/5 bar) at ambient conditions. We reported the calculated H»
deliverable capacity in the temperature-pressure range (77 K/100 bar —160 K/5 bar) and total
gravimetric Hy adsorption capacities at T=298 K and P =100 bars in Mx(m-dobdc) MOFs in
Table 5.6. The calculated H> deliverable capacity (in g/L) for other temperature-pressure swing
systems is provided in Table 5.7.

The hydrogen deliverable capacities (in g/L) of the Ma(m-dobdc) MOFs match or exceed those
of leading frameworks like UiO-67 and Cu-MOF-74 under cryogenic temperature-pressure
swing conditions (77 K/100 bar — 160 K/5 bar). Their volumetric performance remains
competitive with established benchmark materials reported in prior studies, demonstrating their
versatility across temperature regimes.[61] The Fex(m-dobdc) MOF shows the highest
gravimetric Ha-storage capacity of 1.04 wt.%, and volumetric H> uptake of 12.36 g/L at 298 K
and 100 bars. To the best of our knowledge, this simulated volumetric H> uptake capacity is the

highest measured H> volumetric uptake capacity of any MOF under the same temperature-
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pressure conditions.

Table 5.7. The calculated volumetric H, deliverable capacity (in g/L) under ambient conditions for
M>(m-dobdc) MOFs. (The uptake values are taken from Buch model simulations.)

MOFs 198 K/100 bar 233/100 bar  298/100 bar —298
—298 K/5 bar —298 K/5 bar K/5 bar
' ve(g/L) ve(g/L) ve(g/L)
Mna(m-dobdc) ™ work 26.03 18.99 11.10
Fea(m-dobdc) ™ ok 26.39 19.40 11.39
Coa(m-dobdc) s work 25.73 18.70 10.81
Niz(m-dobdc) This work 21.95 16.25 9.73

To test the accuracy of our chosen force field parameters, we compared our simulated results for
the Hz-adsorption of the Nix(m-dobdc) MOF with the previously reported experimental H»
adsorption isotherms by Long and coworkers of the Nix(m-dobdc), MOF-5 and Nix(dobdc) at
298 K.[4]For instance, the values of RMSE between the simulated and experimental gravimetric
uptake of the Niz(m-dobdc) MOF is 0.153 wt.%, and for volumetric uptake, it is 0.507 g/L, which
shows consistency with reported experimental data. The close match between our simulated
gravimetric (G¢) and volumetric uptake (V.) capacities of the H>-adsorption of the Nix(m-dobdc)
MOF with the experimentally calculated uptake values of the same MOF, as represented in
Figure 5.8a, reflects that Generic force fields reliably captured the interactions between gas
molecules and open metal sites under ambient conditions. The small root mean square error
(RMSE) values (<1) derived from these statistical distributions validate the robustness of the
chosen force field parameters. The gravimetric capacity of Niz(m-dobdc) MOF is comparable to
that of MOF-5, with a low RMSE value of 0.013 wt.% between MOF-5 (experimental) and
Niz(m-dobdc) (simulated) values for gravimetric uptake. However, the volumetric uptake of the
Nix(m-dobdc) exceeds the corresponding values of the MOF-5, which is an essential metric for
practical Ha storage. This difference is reflected in a higher RMSE value of the volumetric uptake

of the MOF-5 (experimental) vs Nix(m-dobdc) (simulated).
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Figure 5.8. Comparison of the simulated gravimetric and volumetric H; uptake capacities and loading values of
M>(m-dobdc) MOFs with experimental uptake capacities/loadings of other MOFs. (a) Simulated vs experimental V.
and G.values comparison of Niz(m-dobdc) at 298 K, (b) simulated vs experimental V. values comparison of Coz(m-
dobdc) at 198 K, 233 K and 298 K, (c) G. values comparison of M>(m-dobdc) with other MOFs at 77 K, and (d)
absolute loading comparison of M>(m-dobdc) with other MOFs at 77 K. (Data was taken for 77 K and 100
bars)[8,69,70] (Experimental data of V. and G. at 298 K were extracted from the literature.[4] )

Figure 5.8b represents a comparison of the simulated volumetric uptake of the Coz(m-dobdc)
with experimentally calculated volumetric uptake of the same MOF at 298K, 233K and
198K.[4]

Our simulation results of the Coz(m-dobdc) MOF show close correlation with the experimental
data at 298 K, with a value of RMSE about 0.385 g/L, indicating very small prediction errors.
At 233 K, the calculated RMSE for the Coz(m-dobdc) MOF is 1.4 g/L, whereas at 198 K it
reaches 2.5 g/L.. The increasing error at lower temperatures is expected because molecular
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interactions become stronger and more complex, making accurate prediction of uptakes more
difficult. Overall, all RMSE values are within acceptable limits for molecular simulation using
Generic force fields. As shown in Figures 5.8¢ and 5.8d, our simulated results align with the
reported data from both experiments and simulations,[8,61,69,70] at cryogenic conditions.
Hence, we conclude that the GCMC method and the chosen force field parameters are

sufficiently stable to predict hydrogen adsorption in the Mz(m-dobdc) series.

5.4. Conclusions
We selected M>(m-dobdc) MOFs and evaluated their H, adsorption properties under conditions
applicable to onboard H» storage in vehicles. Our results reveal that Fex(m-dobdc) exhibits a
superior gravimetric capacity value of 4.24 wt.% under cryogenic conditions and an
exceptional volumetric capacity value of 12.36 g/L at room temperature compared to other
MOFs in the chosen Ma(m-dobdc) series. To date, these calculated volumetric H> uptake
capacities are the highest reported for MOFs at room temperature. This finding indicates that
the gravimetric H> uptake capacities of Ma(m-dobdc) MOFs at 77K and 100 bar are quite close
to the DOE target for 2025, 5.5 wt%. The calculated values of volumetric H> uptake in Niz(m-
dobdc) and Coz(m-dobdc) MOFs show good agreement with previously reported experimental
values of volumetric uptake for these MOFs under various temperature and pressure conditions.
The simulated heat of H, adsorption of the Mz(m-dobdc) MOFs at 298 K and 100 bar ranges
from -11.5 to -13.0 kJ/mol at high pressure. The Mz(m-dobdc) series shows a promising
deliverable volumetric H> capacity of 36.3 g/L to 40.8 g/L, compared to some well-known
MOF materials in the temperature-pressure swing range (77 K/100 bar to 160 K/5 bar). The
volumetric Hz uptake capacity of Ma(m-dobdc) outperforms those of leading nanoporous
MOFs with open metal sites, such as Cu'-MFU-4/ and V,Cl,s(BTDD), under comparable
conditions. Future work will focus on enhancing the density of active M(II) sites in Ma(m-
dobdc) through targeted ligand modifications and on modifying the geometry of transition-
metal centres in MOFs to control the strength of t-back-bonding interactions. This study marks
an important step toward the design of next-generation MOFs capable of integrated Hz-storage
under industrial conditions. In the case of these specific MOFs, the Ma(m-dobdc) MOF series

with open metal sites, there is a need to develop more accurate polarized force fields for H»
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and CO> to metal interactions. We believe that future efforts should involve quantum

mechanical calculations to parameterize these interactions. This is a direction we intend to

explore in our future studies.
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CHAPTER 6

Future Research Scope

Both the MOFs and COFs have emerged as highly promising materials in recent years,
demonstrating significant potential for novel applications such as gas separation and storage,
drug delivery, CO> capture, photocatalysis, and electrocatalysis. Computational materials
science, physics and materials chemistry play an important role in providing molecular-level
insights into their performance and highlighting the structural features and mechanisms for
various applications. The impact of pore sizes, topology, functional groups, and configurational
modifications of MOFs and COFs on gas storage, adsorption and separation processes, CO>
capture, H>O harvesting and catalytic activities can be explored using computational

simulations.

6.1. Linker functionalization and node modification

We propose that future studies focus on linkage engineering to enhance the structural stability
and functional performance of these porous materials, which makes them more effective in
real-world applications.[1] Incorporating halogen, -OH, and -NH> groups into the organic
ligands of MOFs has been shown to enhance gas adsorption and separation performance.[2]
Similarly, mixed-metal nodes in MOFs have received significant attention for enhancing host-
guest interactions and thereby increasing binding strength.[3,4] Our focus will be to apply the
same strategies in novel MOF materials from the computational database and to predict their

gas adsorption behavior and various temperature-pressure conditions.

6.2. Designing of hybrid materials and MOF-COF composites

The design of hybrid materials would be an effective approach to improve catalytic efficiency.
Integrating COFs with other materials, such as graphene, carbon nanotubes, and MOFs, results
in advanced composites with extraordinary performance.[5—7] Our future studies should aim
to develop high-throughput computational screening approaches to identify the most suitable
MOFs and COFs for specific applications. Some previous studies reported that MOF—COF

composites show remarkable catalytic activity in various chemical reactions due to the
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synergistic interplay between their constituent structures.[6,7] This synergy arises from the
complementary functionalities of MOFs and COFs, enabling unique reaction pathways and

enhanced performance compared to their individual components.

(c) A MOF construction = Desired conditions
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Figure 6.1. Fluorinated metal-organic frameworks PCN-222 and UiO-66,[8] (b) MOF/COF hybrid
photocatalysts,[9] (c) data-driven design of flexible metal—organic frameworks for gas storage.[10]

One key advantage of MOF—-COF composites is their ability to facilitate multistep catalytic
processes within a single framework. For instance, Zhao et al. developed a layered catalytic
system in which palladium nanoparticles (Pd NPs) were embedded within a UiO-66-NH, MOF
core and encapsulated by a COF outer shell, forming the Pd/UiO-66-NH>@COF
composite.[11] This structure displayed exceptional -catalytic efficiency for olefin
hydrogenation, with the COF shell acting as a size-selective barrier, ensuring selective
substrate access and improved reaction control. By tuning the pore size, electronic properties,
and functionalities of MOFs and COFs, a highly efficient, multifunctional catalytic system can
be rationally designed for environmental and industrial applications. Computational
simulations could also play a crucial role in understanding reaction mechanisms and guiding

the rational design of next-generation MOF—COF composites.
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6.3. High-throughput computational screening and
development of force fields for flexible frameworks

A major challenge that persists is the long-term stability of MOFs under demanding operational
environments. Overcoming these limitations requires interdisciplinary collaboration that
integrates characterization, synthesis, theory and computation. The integration of machine
learning (ML) algorithms with artificial intelligence (AI) models has already transformed the
screening and discovery process of MOFs and COFs.[12—-14] By integrating ML algorithms
with a large computational database, researchers can effectively identify potential candidates
for diverse energy-related applications. Molecular simulations coupled with data-driven
methods are a powerful tool for accelerating the design and discovery of MOFs for a wide
range of applications, particularly gas adsorption. However, several approximations are
typically made to reduce computational cost.

Recently Song et al. reported a machine learning-guided framework for identifying and
optimizing MOFs for volumetric methane storage. An Extra Trees Regressor trained on grand
canonical Monte Carlo simulation data from the CORE MOF 2024 database achieved an R? of
0.96, enabling high-throughput computational screening. UMCM-4, MUF-8, and MOF-5
emerged as top candidates, with experimentally measured working capacities of 225, 225, and
231 cm?(stp) cm, respectively, that align closely with model predictions.[15] Another study
integrates GCMC simulations with machine learning to predict hydrogen storage performance
across a dataset of 98,695 MOFs under temperature—pressure swing conditions. Feed-Forward
and Pattern Recognition neural networks, optimized using the Equilibrium Optimizer and
Genetic Algorithm, were employed to model both gravimetric and volumetric storage
capacities with high fidelity. Structural analysis identified pore volume and void fraction as the
most influential descriptors governing hydrogen uptake. Large-scale screening through this
integrated framework identified 12 MOFs that surpass the benchmark MOF-5, achieving
gravimetric and volumetric capacities exceeding 8.27 wt.% and 51.94 g-H»/L, respectively.
The work shows that coupling physics-based simulation with ML-driven optimization offers a
computationally efficient and reliable route for accelerating the discovery of next-generation

hydrogen storage materials.[16]
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High-throughput computational screening (HTCS) studies often treat MOFs as rigid, defect-
free crystals, whereas real MOFs are flexible and often contain structural defects. Considering
such flexibility in MOFs significantly increases computational time and cost. Most HTCS
studies rely on generic force fields, such as the universal force field (UFF), to describe
interactions between gas molecules and framework atoms in MOFs. These models may fail to
capture specific interactions in MOFs with open metal sites and unique functional groups with
the polarized gas molecules (e.g. CO»), indicating the urgent need for specialized force fields
to achieve more accurate framework-guest interaction descriptions. To overcome the
limitations of generic force fields, researchers are increasingly integrating density functional
theory (DFT) to fit the interaction potentials and provide accurate energy predictions in flexible
MOFs.[17] Incorporating DFT-derived potential energy surfaces into Grand Canonical Monte
Carlo (GCMC) simulation significantly enhances the reliability of adsorption predictions by
improving the parametrization of force fields. Recently, Yang ef al. addressed a fundamental
limitation in existing CO, adsorption databases by replacing conventional Lennard-Jones force
fields with a physically rigorous van der Waals force field based on the Exp-PE potential, which
more accurately captures CO2-CO2 and CO:-framework interactions, particularly at high
pressure. A high-fidelity adsorption database was constructed on this basis, and quadrupole-
responsive descriptors were introduced to explicitly account for anisotropic electrostatic
character of CO., yielding measurable improvements in machine learning predictive accuracy.
Large-scale screening of COF and MOF structures using this framework identified COF-50
and COF-364 as exceptional candidates, with CO> working capacities of 13.58 and 12.43

mol/kg, respectively, surpassing those of all currently reported porous materials. [18]

6.4. Combination of computational insights and theoretical
predictions with real-world MOF synthesis

Despite significant computational progress, only a limited fraction of computationally
predicted MOFs from various databases have been experimentally synthesized. Challenges
such as chemical and thermal stability, as well as stability in humid conditions, hinder the
translation of computational discoveries into experimental realization. Overall, the future of

MOF and COF research demands close collaboration among computational scientists,
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experimentalists, and data scientists. By combining advanced simulations, robust machine
learning frameworks, and an open-access database, researchers can enhance reproducibility,
accelerate discoveries, and bridge the gap between theoretical predictions and real-world

performance in adsorption and catalysis applications in the near future.
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Appendix-A

Crystallographic Information Files (.cif) of MOFs
(a) Mmnz(m-dobdc)

data Mny(mdobdc)

_audit_creation_date 2024-11-11
_audit_creation method 'VESTA'
_symmetry space group name H-M 'R3M'
_symmetry Int Tables number 160
_symmetry cell setting trigonal
_cell length a 25.6825

_cell_length b 25.6825

_cell length ¢ 6.6889

_cell angle alpha 90.0000

_cell angle beta 90.0000

_cell angle gamma 120.0000

loop

_atom_site label

_atom_site type symbol

_atom_site fract x

_atom_site fract y

_atom_site fract z

_atom_site charge

coor C 0.20828 0.32204 -0.17020 0.396
coo7 C -0.13425 -0.36282 -0.04057 -0.386
co13 C -0.09097 -0.36844 -0.16604 0.523
MNO19 Mn -0.29615 -0.00713 0.11496 1.062

0025 O 0.26022 0.33679 -0.07574  -0.530
0031 O  -0.03772 -0.34977 -0.09733 -0.584
0037 O  -0.43863 -0.05607 -0.00827 -0.474
co43 C 0.16406 0.32812 -0.07050 -0.366
HO046 H 0.17172 0.34345  0.08278 0.133
co49 C -0.18607 -0.37214 -0.13428 0.245
HO052 H -0.19290 -0.38579 -0.28902 -0.014

(b) Fez2(m-dobdc)

data_Fex(mdobdc)
_audit_creation_date 2025-04-17



_audit_creation _method 'VESTA'
_symmetry space group name H-M  'R3M'
_symmetry Int Tables number 160

_symmetry cell setting trigonal
_cell length a 25.6484
_cell length b 25.6484
_cell length c 6.7678
_cell angle alpha 90.0000
_cell angle beta 90.0000
_cell angle gamma 120.0000
loop

_atom_site label
_atom_site type symbol
_atom_site fract x
_atom_site fract y
_atom_site fract z
_atom_site charge

C001 C 0.33473 0.21531 -0.08647 0.352

C007 C 0.01922 -0.44281 0.04376 -0.336
C013 C -0.30701 -0.06046 0.24921 0.493
FEO019 Fe 0.00879 -0.28857 -0.13283 0.922
0025 O 0.32043 0.25208 0.01155 -0.462
0031 O 0.00919 -0.35740 -0.01707 -0.544
0037 -0.28639 -0.05519 0.07616 -0.437
C043 0.32857 0.16429 0.01009 -0.317
HO046 0.31387 0.15694 0.16237 0.128
C049 -0.30519 -0.15260 0.28546 0.212
HO052 -0.29176 -0.14588 0.13224 -0.001

=T O X OO0

(¢) Coz(m-dobdc)

data_Coz(mdobdc)

_audit_creation_date 2024-11-11
_audit_creation_method 'VESTA’
_symmetry space group name H-M 'R3M'
_symmetry Int Tables number 160
_symmetry cell setting trigonal
_cell length a 25.8734

_cell_length b 25.8734

_cell length ¢ 6.7677

_cell angle alpha 90.0000

_cell angle beta 90.0000
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_cell angle gamma 120.0000

loop

_atom_site label

_atom_site_type symbol

_atom_site fract x

_atom_site fract y

_atom_site fract z

_atom_site charge

Coolr C 0.21163 0.32437 -0.17033 0.901
C007 C -0.13390 -0.36090 -0.04000 0.383
C013 C -0.09120 -0.36780 -0.16320 -0.359
CO019 Co -0.29107 -0.00513 0.11067 0.475
0025 O 0.25963 0.33657 -0.08133 -0.496
0031 O -0.03840 -0.34850 -0.09610 -0.502

0037 O -0.44213 -0.05687 -0.00067 -0.416
Cco43 C 0.16598 0.33197 -0.07733 -0.321
HO46 H 0.17313 0.34627 0.07867 0.117
Cco49 C -0.18595 -0.37190 -0.12500 0.239
HO052 H -0.19135 -0.38270 -0.28200 -0.007

(d) Niz(m-dobdc)

data_Nix(mdobdc)

_audit_creation_date 2024-11-11
_audit_creation_method 'VESTA'
_symmetry space group name H-M 'R3M'
_symmetry Int Tables number 160
_symmetry cell setting trigonal
_cell length a 25.9066

_cell length b 25.9066

_cell length ¢ 6.1485

_cell angle alpha 90.0000

_cell_angle beta 90.0000

_cell_angle gamma 120.0000

loop

_atom_site label

_atom_site type symbol

_atom_site fract x

_atom_site fract y

_atom_site fract z

_atom_site charge

coor C 0.11767 -0.21122 -0.15061 1.235
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Cco13 C

NIOI9 Ni

0025
0031
0037
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HO052

O

T OZ 000
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0.08019
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0.13460
0.08905
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0.03501
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-0.17845
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-0.05579
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-0.00974
-0.04302

0.11867
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                                          Φ =   f  P =  exp ⁡   [   g  ( T , P ) −   g  I G  ( T , P )  R T ] = exp ⁡ [     ∫ 0  P     (   z − 1  P )  T d P  R T                   ( 2 . 64 )


                                                                                                                          𝜇  I G 0 ≡    ln ⁡   (  Ʌ 3 )  𝛽                                                                                                             ( 2 . 63 )


                                                                                                            𝛽 𝜇 = 𝛽   𝜇  I G 0 +  ln ⁡   ( 𝛽 f )                                                                                               ( 2 . 62 )


  f


          ( 2 . 61 )


    a c c ( o → n )  a c c ( n → o ) =         V  N − 1   e  𝛽 𝜇 ( N − 1 )   Ʌ  3  ( N − 1 ) ( N − 1 ) !   e  − 𝛽   U  n (   S  N − 1 ; h )      V  N   e  𝛽 𝜇 N   Ʌ  3 N N !   e  − 𝛽   U  o (   S  N ; h )   =    Ʌ 3 N  V   e  𝛽 𝜇 e  − 𝛽 [   U  n (   S  N − 1 ; h ) −   U  o (   S  N ; h ) ]


    ( 2 . 60 )


    a c c ( o → n )  a c c ( n → o ) =         V  N + 1   e  𝛽 𝜇 ( N + 1 )   Ʌ  3  ( N + 1 ) ( N + 1 ) !   e  − 𝛽   U  n (   S  N + 1 ; h )      V  N   e  𝛽 𝜇 N   Ʌ  3 N N !   e  − 𝛽   U  o (   S  N ; h )   =   V   e  𝛽 𝜇   Ʌ 3 ( N + 1 ) e  − 𝛽 [   U  n (   S  N + 1 ; h ) −   U  o (   S  N ; h ) ]


                                              ( 2 . 59 )


                                        a c c ( o → n )  a c c ( n → o ) =         V  N   e  𝛽 𝜇 N   Ʌ  3 N N !   e  − 𝛽   U  n (   S  N ; h )      V  N   e  𝛽 𝜇 N   Ʌ  3 N N !   e  − 𝛽   U  o (   S  N ; h )   e  − 𝛽 [   U  n (   S  N ; h ) −   U  o  (   S  N ; h ) ]    


                                                                                P  (   s  N ,   V ) ∝     V  N   e  𝛽 𝜇 N   Ʌ  3 N N !   e  − 𝛽 U (   s  N ; h )                                                                               ( 2 . 58 )


                                                                                    Q  ( 𝜇 , V , T ) =   ∑  N = 0 ∞      V  N   e  𝛽 𝜇 N   Ʌ  3 N N !  ∫    e  − 𝛽 U (   S  N ; h )   d  N s                               ( 2 . 57 )


                                                                                              P  a c c  ( o → n ) =  min ⁡   ( 1 ,       P  e q  ( n )    P  e q  ( o ) )                                                                   ( 2 . 56 )


        P  a c c   ( o → n )    P  a c c   ( n → o ) =       P  e q ( n )    P  e q ( o )                                                                                             ( 2 . 55 )


                                                                                                  𝛼  ( o → n ) = 𝛼  ( n → o )                                                                                             ( 2 . 54 )


                                  P  e q  ( o ) 𝛼  ( o → n )   P  a c c  ( o → n ) =   P  e q  ( n ) 𝛼  ( n → o )   P  a c c  ( n → o )               ( 2 . 53 )


  o


  n


  n


  o


                                                                          V  F H  ( r ) =   V  c l a s s i c a l  ( r ) +    ℏ 2  24   m  r   k  B T  (     𝜕 2 V  ( r )  𝜕   r 2 +  2  r     𝜕 V  ( r )  𝜕 r )                             ( 2 . 52 )


    𝜎  i j = (       𝜎  i +   𝜎  j 2 )   1 6


    𝜀  i j =     2   𝜎  i 3   𝜎  j 3    𝜎  i 6 +     𝜎  j 6      𝜀  i   𝜀  j


    𝜎  i j =       𝜎  i +   𝜎  j 2


    𝜀  i j =    𝜀  i   𝜀  j


                  U  i j  (   r  i j ) = 4   𝜀  i j  [    (       𝜎  i j    r  i j ) 12 −    (       𝜎  i j    r  i j ) 6 ] +  1  4 𝜋   𝜀 0     q  i   q  j    r  i j                           ( 2 . 51 )


    q  j  


    q  i


    𝜎


  𝜀


                                                                          E  V D W = 4 𝜀 [    (     𝜎  r ) 12 −    (     𝜎  r ) 6 ]                                                           ( 2 . 50 )


                                                                E  i m p r o p e   r  t o r s i o n = k  ( 1 −  cos ⁡   ( 2 w ) )                                           ( 2 . 49 )


  𝛾


  n


    V  n


  w


                                                      E  t o r s i o n =     ∑  n = 0  n = N      V  n 2  [ 1 +  cos ⁡   ( n w − 𝛾 ) ]                                                           ( 2 . 48 )


    𝜃 0


  𝜃


  k


                                                                      E  b e n d i n g   = k [  cos ⁡   ( 𝜃 ) −  cos ⁡  (   𝜃 0 ) ]                                                                 ( 2 . 47 )


    b 0


  r


    E  s t r e t c h


                                                                                                      E  s t r e t c h =     k  b   ( r −   b 0 ) 2                                                                     ( 2 . 46 )


    E  t o r s i o n ,       E  i m p r o p e r _ t o r s i o n


    E  b e n d


    E  s t r e t c h


    E  T o t a l =     E  s t r e t c h +   E  b e n d +   E  t o r s i o n +   E  i m p r o p e r _ t o r s i o n +     E  e l e c t r o o s t a t i c +     E  v D W             ( 2 . 45 )  


  P  6 - m 2


    C 9  A B C


    C 9  A B


    s 6


    s  n ( n = 8 ,   10 ,   … )


    R 0  A B C


    R 0  A B


                                                      f  d a m p   ( 3 )  (     R -  A B C ) =  1  1 + 6    (       R -  A B C   (   4   R 0  A B C 3 ) )  − 16                                                               ( 2 . 44 )


                                                                            f  d a m p  n  (   R  A B ) =  1  1 + 6    (     R  A B    s  r , n   R 0  A B )  −   𝛼  n     ,                                                 ( 2 . 43 )


      R -  A B C  


    𝜃  a ,     𝜃  b ,   a n d     𝜃  c


                  E  d i s p  ( 3 ) = −   ∑  A > B > C      C 9  A B C  ( 3   c o s   𝜃  a c o s   𝜃  b c o s   𝜃  c + 1 )     (   R  A B   R  B C   R  C A ) 3   f  d a m p   ( 3 )  (     R -  A B C ) ,               ( 2 . 42 )


                  E  d i s p  ( 3 ) = −   ∑  A > B > C      C 9  A B C  ( 3   c o s   𝜃  a c o s   𝜃  b c o s   𝜃  c + 1 )     (   R  A B   R  B C   R  C A ) 3   f  d a m p   ( 3 )  (     R -  A B C ) ,               ( 2 . 42 )


                                                    E  d i s p  ( 2 ) = −   ∑  A > B    ∑  n = 6 , 8 , 10 ,   …      S  n     C  n  A B    R  A B  n     f  d a m p  n  (   R  A B ) ,                                             ( 2 . 41 )


                                                    E  d i s p  ( 2 ) = −   ∑  A > B    ∑  n = 6 , 8 , 10 ,   …      S  n     C  n  A B    R  A B  n     f  d a m p  n  (   R  A B ) ,                                             ( 2 . 41 )


                                                                    E  D F T − D 3 =   E  K S +   E  d i s p  ( 2 ) +   E  d i s p  ( 3 )                                                                       ( 2 . 40 )


    I  X


                                                                            V  d i s p  L o n d o n  ( r ) = −   3   𝛼  A   𝛼  B       I  A   I  B  2   R  A B 6         I  A +   I  B   ,                                             ( 2 . 39 )


                                                                                                V  𝜇 − 𝛼  ( r ) = −     𝜇  A   𝛼  B    R  A B 6 ,                                                                 ( 2 . 38 )


    𝛼  B ,  


    𝜇  A


    R  A B


  X  


    𝜇  X


                                                                                            V  𝜇 − 𝜇  ( r ) = −     𝜇  A   𝜇  B    R  A B 3 ,                                                                         ( 2 . 37 )    


    a 1 = 0 . 2 ,     a 2 = 0 . 72 ,   a n d     a 3 = 0 . 81 .


    E  x c  B 3 L Y P =   E  x c  L D A +   a 1  (   E  x  H F −   E  x  L D A ) +   a 2 Δ   E  x  B 88 +   a 3  (   E  c  L Y P −   E  c  V W N − L D A )           ( 2 . 36 )


  𝜆


                                                        E  x =   ∫ 0 1  d 𝜆   E  x  𝜆 ≈   E  x  G G A + 𝜆  (   E  x  H F −   E  x  G G A ) ,                                             ( 2 . 35 )


    x  𝜎


    K  𝜎


                                                                                                                  x  𝜎 =    | ∇   𝜌  𝜎 |    𝜌  𝜎   4 3                                                                                                                       ( 2 . 34 )


    x  𝜎 ,


    K  𝜎


                                                                                                  E  x = −  1 2   ∑  𝜎  ∫   𝜌  𝜎   4 3     K  𝜎   d 3 𝐫 .                                                                                 ( 2 . 33 )


  𝛼


    𝜒  𝛼


    E  x  H F


  ∇ 𝜌


                                                                                                                                  V  x c =   𝛿   E  x c  𝛿 𝜌 .                                                                                               ( 2 . 32 )


    ( V  x c ) ,


                                                                                                                        E =   ∑  i  n  (  h  i + 2   ∑  j  n    J  i j ) +   E  x c .                                                                   ( 2 . 31 )  


                                                                                          𝜌 =   ∑  i  n    𝜌  i = 2   ∑  i  n     |   𝜙  i | 2 .                                                                                 ( 2 . 30 )


    𝜌  i


                                                                                                      =  h  i + 2   ∑  j  n    J  i j + ∫   d 3   𝐫 1   𝜌  i  (   𝐫 1 )   V  x c   ,                                                           ( 2 . 29 )


    𝜖  i = ∫   d 3   𝐫 1   𝜙  i ∗  (   r 1 )     F ^   𝜙  i  (   𝐫 1 )                                                                     ( 2 . 28 )    


                                                                                                                                                    F ^   𝜙  i =   𝜖  i   𝜙  i ,                                                                                                   ( 2 . 27 )


    𝜖  i


    𝜙  i ,


      J ^  j ,  


    ( V  x c )


                                                                                                      F ^ =  h ^ + 2   ∑  j  n      J ^  j +   V  x c .                                                                           ( 2 . 26 )


                                                                                                          E  u n i v  [ 𝜌 ] =    min  𝜓 → 𝜌 ⁡  ∫   d 3 𝐫     𝜓 ∗ (   T ^ +     V ^  e e ) 𝜓 .                                                   ( 2 . 25 )


    E  u n i v [ 𝜌 ]


     | ∇   𝜌   1 2 | 2


    𝐑 A .


    c  p 𝜇 ,  


    𝛼  𝜇 p ,  


                                                                                      𝜒  p  ( 𝐫 −   𝐑 A ) =   ∑  𝜇    c  p 𝜇  exp ⁡   ( −   𝛼  𝜇 p      | 𝐫 −   𝐑 A | 2 ) .                                       ( 2 . 24 )  


    𝐑 A


                                                                                                                                              𝐑 C =   𝛼  𝛼 + 𝛽   𝐑 A +   𝛽  𝛼 + 𝛽   𝐑 B ,                                                         ( 2 . 23 )                


                                                        =    [   2 𝛼 𝛽   ( 𝛼 + 𝛽 ) 𝜋 ]   3 4  exp ⁡   ( −   𝛼 𝛽     ( 𝛼 + 𝛽 )    |   𝐑 A −   𝐑 B | 2 )  exp ⁡   [ −  ( 𝛼 + 𝛽 )    | 𝐫 −   𝐑 C | 2 ] ,         ( 2 . 22 )


              exp ⁡   ( − 𝛼    | 𝐫 −   𝐑 A | 2 )  exp ⁡   ( − 𝛽    | 𝒓 −   𝑹  B | 2 )                                                 ( 2 . 21 )


  =  1   N !  det ⁡   |   𝜙 1  (   𝐫 1 )   𝜙 2  (   𝐫 2 ) ⋯   𝜙  N  (   𝐫  N ) |                                               ( 2 . 20 )


                                        𝜓  (   𝐫 1 ,     𝐫 2 , … . . ,   𝒓  N ) =  1   N !  |      𝜙 1  (   𝐫 1 )    𝜙 1  (   𝐫 2 )  ⋯    𝜙 1  (   𝐫  N )     𝜙 2  (   𝐫 1 )    𝜙 2  (   𝐫 2 )  ⋯    𝜙 2  (   𝐫  N )   ⋮  ⋮  ⋱  ⋮     𝜙  N  (   𝐫 1 )    𝜙  N  (   𝐫 2 )  ⋯    𝜙  N  (   𝐫  N ) |                                       ( 2 . 19 )


    𝐫 1 =   𝐫 2


                                                                                                                𝜓  (   𝐫 1 ,   𝐫 2 ) =  1   2    |      𝜙 1  (   𝐫 1 )    𝜙 1 (   𝐫 2 )     𝜙 2  (   𝐫 1 )    𝜙 2  (   𝐫 2 ) |                                                           ( 2 . 18 )    


                                                                    𝜓   ( A )  (   𝐫 1 ,   𝐫 2 ) =  1   2    {   𝜙 1  (   𝐫 1 )   𝜙 2  (   𝐫 2 ) −   𝜙 1  (   𝐫 2 )   𝜙 2  (   𝐫 1 ) } ,                     ( 2 . 17 )  


                                                  𝜓   ( S )  (   𝐫 1 ,   𝐫 2 ) =  1   2  {   𝜙 1  (   𝐫 1 )   𝜙 2  (   𝐫 2 ) +   𝜙 1  (   𝐫 2 )   𝜙 2  (   𝐫 1 ) }                           ( 2 . 16 )


  1 /  2  


                                                                      𝜓   ( A )  (   𝐫 1 ,   𝐫 2 ) =  1   2  { 𝜓  (   𝐫 1 ,   𝐫 2 ) − 𝜓  (   𝐫 2 ,   𝐫 1 ) } = −   𝜓   ( A )  (   𝐫 2 ,   𝐫 1 ) ,           ( 2 . 15 )


                                                                      𝜓   ( S )  (   𝐫 1 ,   𝐫 2 ) =  1   2  { 𝜓  (   𝐫 1 ,   𝐫 2 ) + 𝜓  (   𝐫 2 ,   𝐫 1 ) } ,                                                 ( 2 . 14 )          


      P ^ 12 : ± 1


      P ^ 12 2 = 1


                                                                                   [   H ^ ,     P ^ 12 ] 𝜓 =  (   H ^       P ^ 12 −     P ^ 12     H ^ ) 𝜓 = 0 .                                             ( 2 . 13 )  


                                                                                          H ^  (   𝐫 1 ,   𝐫 2 )       P ^ 12 𝜓  (     𝐫 1 ,   𝐫 2 ) =     P ^ 12   H ^  (   𝐫 1 ,   𝐫 2 ) 𝜓  (     𝐫 1 ,   𝐫 2 ) ,                         ( 2 . 12 )  


      P ^ 12 ,


                                                                  H ^  (   𝐫 1 ,   𝐫 2 ) 𝜓  (   𝐫 2 ,   𝐫 1 ) = E 𝜓  (   𝐫 2 ,   𝐫 1 ) ,                                                     ( 2 . 11 )


                                                                                                                                H ^  (   𝐫 1 ,   𝐫 2 ) =   H ^  (   𝐫 2 ,   𝐫 1 ) .                                                                             ( 2 . 10 )  


    H ^ =  h ^  (   𝐫 1 ) +  h ^  (   𝐫 2 ) ,                                                                       ( 2 . 9 )                    


    R  A B


    H ^ =  h ^  (   𝐫 1 ) +  h ^  (   𝐫 2 ) +   V  n n  (   R  A B ) ,                                                         ( 2 . 8 )  


    H ^ 𝜓 =  (   𝜖 1 +   𝜖 2 )   𝜙 1   𝜙 2 = 𝜖 𝜓 .                                                       ( 2 . 7 )  


    𝜖  i


                                                                                                         h ^  (   𝐫  i ) 𝜙  (   𝐫  i ) =   𝜖  i   𝜙  i  (   𝐫  i )                                                                   ( 2 . 6 )


   {   𝜙  i } ,  


                                                                                =     ∑  i = 1 2 ∫   d 3   𝐫  i   𝜙 ∗  (   𝐫  i )    h ^  (   𝐫  i ) 𝜙  (   𝐫  i )    ∑  i = 1 2 ∫   d 3   𝐫  i   𝜙  i ∗  (   𝐫  i )   𝜙  i  (   𝐫  i )                                               ( 2 . 5 )


                                                                                =     ∑  i = 1 2 ∫   d 3   𝐫  i   𝜙 ∗  (   𝐫  i )    h ^  (   𝐫  i ) 𝜙  (   𝐫  i )    ∑  i = 1 2 ∫   d 3   𝐫  i   𝜙  i ∗  (   𝐫  i )   𝜙  i  (   𝐫  i )                                               ( 2 . 5 )


  E =   ∫   d 3   𝐫 1   d 3   𝐫 2   𝜓 ∗  (   𝐫 1 ,     𝐫 2 )     H ^ 𝜓  (   𝐫 1 ,   𝐫 2 )  ∫   d 3   𝐫 1   d 3   𝐫 2   𝜓 ∗  (   𝐫 1 ,     𝐫 2 ) 𝜓  (   𝐫 1 ,   𝐫 2 )        


  𝜓  (   𝐫 1 ,   𝐫 2 ) = 𝜙  (   𝐫 1 ) 𝜙  (   𝐫 2 )                                                                           ( 2 . 4 )


  h (   𝐫  i )


                                      =  h ^  (   𝐫 1 ) +  h ^  (   𝐫 2 ) ,                                                                                 ( 2 . 3 )              


    H ^ =  [ −    ∇ 1 2 2 +   V  n e  (   r 1 ) +   V  e f f  (   𝐫 1 ) ] +  [ −    ∇ 2 2 2 +   V  n e  (   r 2 ) +   V  e f f  (   𝐫 2 ) ]       ( 2 . 2 )


    V  e f f .


   ∇  n


    𝐫  n


    H ^ = −    ∇ 1 2 2 −    ∇ 2 2 2 +   V  n e  (   𝐫 1 ) +   V  n e  (   𝐫 2 ) +   V  e e  (   𝐫 1 ,   𝐫 2 ) ,                             ( 2 . 1 )


                    U  ( i j ) = 4   𝜀  i j  [    (     𝜎  i j    r  i j ) 12 −    (     𝜎  i j    r  i j ) 6 ] +  1  4 𝜋   𝜀 0     q  i   q  j    r  i j                       ( 2 )


      ∆ H =     H  M O F / C O F +   H 2 −  (   H  M O F / C O F +   H    H 2 )                             ( 1 )

