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CHAPTER I

INTRODUCTION

1.1 Research Rationale

Natural gas is a gaseous fuel primarily consisting of methane. The major
difficulty in the use of natural gas is transportation and storage because of its low
density. Therefore, an alternative approach is to seek for storage materials which
provides energy security and easy for transportation. Various types such as cabon
nanotube, carbon-based material zeolites and metal-organic framework (MOFs) are
developed for methane storage. Among those materials, MOFs have become as a
promising candidates for methane adsorption because of the following properties, e.g.,
large pore sizes, high surface areas and selective uptake of small molecules. To
develop and design new MOFs for methane storage, the interaction and orientation of

methane molecule have been studied using computational calculation.

1.2 Energy Resource

1.2.1 Hydrocarbon

In organic chemistry, a hydrocarbon is an organic compound entirely
consisting of hydrogen and carbon. With relationto chemical terminology, aromatic
hydrocarbons or arenes, alkanes, alkenes and alkyne-based compounds composed
only of carbon and hydrogen are referred to as "Pure” hydrocarbons, whereas other
hydrocarbons with bonded compounds or impurities of sulphur or nitrogen, are

referred to as "impure" hydrocarbons.



1.2.2 Petroleum

Liquid geologically-extracted hydrocarbons are referred to as petroleum
(literally "rock oil™) or mineral oil, while gaseous geologic hydrocarbons are referred
to as natural gas. All are significant sources of fuel and raw materials as a feedstock
for the production of organic chemicals and are commonly found in the Earth's
subsurface using the tools of petroleum geology.

The extraction of liquid hydrocarbon fuel from a number of sedimentary
basins has been integral to modern energy development. Hydrocarbons are mined
from tar sands, oil shale and potentially extracted from sedimentary methane hydrates.
These reserves require distillation and upgrading to produce synthetic crude and
petroleum.

Oil reserves in sedimentary rocks are the principal source of hydrocarbons for
the energy, transport and petrochemical industries. Hydrocarbons are of prime
economic importance because they encompass the constituents of the major fossil
fuels (coal, petroleum, natural gas, etc.) and plastics, paraffin, waxes, solvents and

oils.

1.2.3 Natural Gas

Natural gas is a gaseous fossil fuel consisting primarily of methane. The major
difficulty in the use of natural gas is transportation and storage because of its low
density.

The natural gas is mainly stored in pressure vessels at 204 atm, which
demands an expensive multistage compression. An alternative that reduces the costs
and risks of that process is to storage the natural gas as an adsorbed phase within a
solid porous material, because the interactions of the gas molecules with the material
allows a compression at lower pressures. Zeolites are typical examples of solid porous

materials used for this application.



To develop a new MOFs material with methane storage. Methane adsorption
mechanism into the porous MOFs has been studied by computational calculation. We
propose in this work new porous materials with even higher capacity for natural gas
storage called Isoreticular Metal-Organic Frameworks (IRMOFs)[1-4]. The IRMOFs
consists of an isoreticular framework with a cubic lattice with tetrahedral Zn,O
clusters at the cube vertices and organic dicarboxylate aromatic linkers between the
vertices. Therefore, each Zn,O is connected to six linkers with an octahedral
symmetry. IRMOFs are very versatile materials, since the organic linkers can be

easily modified and functionalized.

1.3 Metal Organic Frameworks (MOFs)

The increasing demand for energy has led to an acceleration of efforts to
utilize new technologies based on alternate sources such as hydrogen and natural gas.
Natural gas, which consists mainly of methane, is widely available in many countries
including Thailand. However, its application has been impeded by the absence of
safety and economical techniques for storage compared as compressed natural gas
(CNG). An attractive alternative to CNG is adsorbed natural gas (ANG), which is
usually stored in carbon materials, zeolites, and other porous materials[1,5,6]. It has
been suggested that these materials must incorporate some specific characteristics in
their structure. Some of those are high surface area, low weight, accessible pores with
diameters of a few angstroms, high interaction energies, fast kinetics for adsorption
desorption, and full reversibility. Recently, a new family of hybrid inorganic-organic
nanoporous materials[1,2], which belongs to the category of coordination polymer
materials. These new materials are called Isorecticular Metal-Organic Frameworks
(IRMOFs) or Metal-Organic Frameworks (MOFs).



1.3.1 What a MOF is

MOFs are hybrid materials where metal ions or small nano-clusters are linked
into one-, two- or three-dimensional structures by multi-functional organic linkers
forming into well defined structure. Nanoporous MOFs also have emerged recently as
promising new candidates for adsorption and membrane separations. The self-
assembly of metal ion, which act as coordination centers, linked togther by a variety
of polyatomic organic bridging ligands, can result in coordination polymers, easy
approach chemical modification. However, the term coordination polymer is not very
precise with regarding to the structural features of the material. MOFs are very
interesting inorganic-organic hybrid materials with amazing high surfaces up to 4500

m? per gram because they exhibit hight porosities and world record areas.

Figure 1.1 Porous Metal-Organic particle-like structure

The most prominent example of these MOF structures is MOF-5 (Figure 1.1),
a metal-organic framework built from an extension of the basic zinc acetate structure

(an octahedral Zn,O(CO,)s-benzenedicarboxylate).



1.3.2 Classification of MOFs

The series of MOFs (Figure 1.2) sharing the formular Zn,O(L) with L being a
rigid linear dicarboxylate spacer demonstrates impressively the possibility in
pore design given by a rational selection of the bridging entity. To Produce materials
with larger pores, 2,6-naphthalenedicarboxylate, 4,4’-biphenyldicarboxylate or 4,4-
terphenydicarboxylate were used for synthesis of MOF-5 with the replacement of 1,4-
benzenedicarboxylate. All these materials exhibit the same cubic morphology as the
prototypical MOF-5 with octahedral Zn,O(CQO;)s clusters as secondary building unit
(SBUs) link to organic linker (structures of the same net are formed) and the resulting
structures are termed IRMOF-1 to IRMOF-16.

Figure 1.2 A series of Isoreticular Metal-Organic Frameworks (IRMOFs)

Indeed, using each of the links R2-BDC" (Benzenedicarboxylate), R3-BDC,
R4-BDC, R5-BDC, R6-BDC,  R7-BDC,2,6-NDC(Naphthalenedicarboxylate),
BPDC(Biphenyldicarboxylate), HPDC(Hydropyrenedicarboxylate), PDC
(Pyrenedicarboxylate), and TPDC(Terphenyldicarboxylate) instead of BDC yielded
IRMOF-2 through -16, including the noninterpenetrating structures of BPDC, HPDC,
PDC, and TPDC. Each member of the IRMOF series has been isolated and was
formulated subsequently by chemical microanalysis and single-crystal XRD (X-ray

Diffraction) studies.
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Figure 1.3 Carboxylate links in series of IRMOFs

All IRMOFs have the expected topology adapted by the prototype IRMOF-1
(Figure 1.3) in which an oxide-centered Zn4O tetrahedron is edge-bridged by six
carboxylates to give the octahedron-shaped secondary building unit that reticulates
into a threedimensional (3D) cubic porous network. However, the IRMOFs differ in
the nature of functional groups decorating the pores and in the metrics of their pore

structure.
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Figure 1.4 SBUs (a) the square “paddlewheel”, with two terminal ligand sites,
(b) the octahedral “basic zinc acetate” cluster, and (c) the trigonal prismatic oxo-

centered trimer, with three terminal ligand sites

Another metal carboxylate cluster that has been successfully used in the
synthesis of porous networks is the bimetallic “paddlewheel”. This square SBU is
generated in situ by the combination of four carboxylates with two metal cations such
as Cu®*, Zn**, Fe?*, Mo*", Rh?*, or Ru*"*, each capped by a labile solvent molecule
(Figure 1.4). A variety of link geometries, such as linear, bent, trigonal, or tetrahedral
have adjoined these clusters, often producing networks with simple and predictable
topologies. Compounds in this class have provided nice examples of reticular
synthetic principles, and have allowed the design of metal-organic backbones ranging
from zero- to three-periodic. In all cases, these attributes were made possible by the
use of appropriate links.

1.3.3 Synthesis of MOFs

These series of compounds exemplifies these attributes better than those
sharing the formula Zn,O(L)3, where L is a rigid linear dicarboxylate. These materials
have the same cubic topology as prototypical MOF-5, In this context, the original
low-yielding synthesis of MOF-5 was re-examined and developed into a high-yielding
preparation: An N,N’-diethylformamide (DEF) solution mixture of Zn(NOs),.4H,0



and the acid form of 1,4-benzenedicarboxylate (BDC) are heated (85° to 105°C) in a
closed vessel to give crystalline MOF-5, Zn,O(R1-BDC)3 (where R1 = H), hereafter
termed MOF-5, in 90% yield[7].

1.3.4 Properties of MOFs

MOFs have been found to have good properties for adsorption[7]. They have
very high surface areas per unit volumes, and have very high porosities. Herein the
important properties of MOFs are porosity and gas sorption will be described.

Porous media have potential applications in many fields, where confined
species may alter the physical properties of the host material. MOFs materials have
nanometer-sized channels with tailorable chemical functionality and are thus in
principle attractive for the manipulation and transformation of a wide range of

molecules.

a) Porosity of MOFs

In addition, demonstration of porosity through gas sorption isotherms is
necessary to prove permanent porosity. Indeed, MOFs having structures based on
inorganic SBUs are exceptionally porous with pore diameters and volumes which
exceed those of the most porous and useful zeolite (Figure 1.5)[8-10]. Two important
attributions of porous MOFs account for their structural stability and high porosity. In
other porous solids such as zeolites and molecular sieves the interior of the pores is

largely composed of walls leading to relatively lower specific capacity for sorption.
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Figure 1.5 The porosity of MOFs compared to zeolites. Blue circles, sorption and
crystal MOF structures; red squares, crystal MOF structures; yellow diamonds, some

typical zeolites. Reference numbers (superscripted) are shown in green[4].

b) Gas Sorption of MOFs

Interestingly, the gas sorption properties of MOFs is now focused on
increasing their uptake of fuel gases such as methane[1,11,12] and hydrogen[13]. The
low carbon content and large chemical energies of these molecules make them highly
attractive as replacements for fossil fuels. One of the obstacles to their widespread use
Is storage, especially for mobile applications. Host materials must satisfy a set of
criteria including high gravimetric-and volumetric uptake, facile gas release and
reproducible cycling an economical production. Due to their large and reversible
uptake of other gases, MOFs have been proposed as promising materials for this
application. Reports have demonstrated that by changing the organic linkers in
isoreticular materials, increases in their capacities for methane and hydrogen were

actually realized[1,13].
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1.3.5 Application

MOFs are crystalline porous solids composed of a three-dimensional (3D)
network of metal ions held in place by multidentate organic molecules. The spatial
organization of these structural units leads to a system of channels and cavities in the
nanometer length scale, analogous to that found in zeolites. Correct selection of the
structural subunits and the way in which they are connected allows systematic
modification of the pore structure of MOFs. Over the last decade, the elevated surface
area and pore volume and the flexibility of pore design characteristic of MOFs have
sparked research aimed mainly at preparing new MOFs structures and studying their
applications in separation[14,15], molecular storage[3,16,17], molecular magnets
[18,19] and semiconductors[20].

Based on the similarity to zeolites, a logical application of MOFs could be as
solid catalysts. However, despite the elevated metal content of MOFs, their use in
catalysis is largely hampered by the relatively low stability to thermal treatments,
chemical agents, and moisture, due to the presence of the organic component.
Moreover, in most known MOFs structures, the co-ordination sphere of the metal ions
is totally blocked by the organic linkers, so that the metal centers are not accessible to
reactants. However, there are some precedents in the literature reporting some MOFs
with accessible metal sites, opening the possibility of their use in catalysis.
Consequently, despite the limited number of catalytic studies using MOFs as the
active materials in catalysis and photocatalysis in the literature[21], their number can
be anticipated to grow considerably in the near future.

1.4 Adsorption

Adsorption occurred on solid surface is a very important due to its wide
potential application involved in the reaction with the surface of solid catalyst in the
catalysis district. Generally, the investigations about the adsorption on solid surface
can approximately be classified into two categories. One is the adsorption on the
perfect surface, the other happens on the defective surface. It is normally agreed that
the perfect surface, under most conditions, is chemically inert towards the adsorption
and dissociation of small molecules and, in discrete contrast, the surface with various

defect is able to display relatively high surface reactivity and thus contributes to the
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catalytic reaction. Molecules and atoms can attach to surface of solid to two ways,
physisorption (or physical adsorption) and chemisorption (or chemical adsorption).

1.4.1 Physisorption

Physisorption is mainly the result of VVan der Waals interactions between the
molecules of the adsorbing surface (the adsorbent) and the adsorbate molecules. Van
der Waals interactions have a long range but are weak, and the energy released when
a particle is physisorbed and often results in the formation of multilayers of adsorbate
molecules. Physisorption usually in the dominated at very low temperatures and

occurs very rapidly.

1.4.2 Chemisorption

In chemisorption a bond is usually formed that is stronger than a Van der
Waals bond. It need not be a covalent bond and tends to find sites that maximize their
coordination number with adsorbate molecules. The enthalpy of chemisorption is
greater than that for physisorption. A chemisorbed molecule may be torn apart at the
demand of the surface atoms.

The enthalpy of adsorption depends on the extent of surface coverage, mainly
because the adsorbate molecules interact. If the adsorbate molecules repel each other
the enthalpy of adsorption becomes less exothermic as coverage increment. If the
adsorbate molecules attract each other, then they tend to cluster together in island, and

growth occurs at the borders.

1.5 Literature Reviews

The first MOFs, reported by Robson and others in the early 1990s, typically
consisted of single metal ions connected by simple tetrahedral or rod-shaped ligands,
such as tetracyanophenylmethane or 4,4’ bipyridine[22-25], and had little or no
practical applicability. The use of more varied organic linkers and the replacement of
single metal ions with metal clusters however has been led to the synthesis of

increasingly complex frameworks with a variety of proposed applications[26-28].
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In 1984, Wells[29] gave the definition of structure predictability, an important
requirement for the synthesis of functional materials with tailored properties, which
has even become possible, in many cases by combining topological principles laid
out.

In 1997, IRMOF materials were first synthesized by Yaghi and coworkers[30],
as a first step, they concentrated on the material known as isoreticular metal-organic
framework IRMOF-1. A new family of highly crystalline, porous materials in which
the size and chemical functionality of the pores can be tailored systematically shows
promise for gas-storage applications.

In 2000 Seo et al. addition, the organic part can be easily functionalized before
the synthesis to yield different chemical environments within the IRMOFs cavities.
As a result, these materials can also be used as new reaction media with controlled
spatial, chiral and chemical properties[31].

In 2002, Eddaoudi et al. have shown that porous MOFs were successfully
synthesized as to target the capability to store hydrogen and methane. They used the
reticular approach to synthesize 16 different MOFs with the same underlying
topology but different chemical functionality of the pores[1], functionalizing the pores
allows for different hydrogen and methane storage capabilities was investigated.
A similar concept was applied to target the electronic properties of these materials. In
the same year, Eddaoudi studied methane adsorption by MOF-5 and the similar
IRMOF-6. They showed that these new materials are superior for methane storage
compared to current alternatives at room temperature[1].

In 2003, Rosi et al.[32] prepared MOFs in high yield and with adjustable pore
size, shape, and functionality has led to their study as gas sorption materials and
interesting properties, MOFs have been explored for various applications including
the efficient storage of volatile fuels like hydrogen. Recently, Yaghi and co-workers
reported that a series of IRMOFs, Zn,O(L) (L = linear aromatic dicarboxylates), have
reversible hydrogen storage capacities.

In 2004, Sagara et al.[33] reported the results of quantum chemical
calculations on H, binding by the MOF-5. Second-order Mgller-Plesset perturbation
theory was used to calculate the binding energy of H, to benzene and Hj-1,4-
benzenedicarboxylate-H,. The binding energy results were 4.77 kJ/mol for benzene,
5.27 kJ/mol for H,-1,4-benzenedicarboxylate-Hs.
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In 2005 Bordiga et al.[34] studied the physisorption on high surface area
MOF-5, ab initio calculations showed that the adsorptive properties of this material
are mainly due to dispersive interactions with the internal wall structure and to weak
electrostatic forces associated with O;3Zn, clusters. Calculated and measured binding
enthalpies were between 2.26 and 3.5 kJ/mol, in agreement with the H, rotational
barriers reported in the literature. A minority of binding sites with higher adsorption
enthalpy (7.4 kJ/mol) was also observed. These species are probably associated with
OH groups on the external surfaces present as termini of the microcrystals.

In 2006 Coneliu Buda and Barry Dunietz[35] investigated physisorption of
hydrogen on conjugated systems using ab initio methods. The best adsorption sites
were related to the organic linker with special attention to the edge site, which was
only recently reported to exist as the weakest adsorbing site in MOFs. The investigate
of chemically modified models of the organic connector resulted in enforcing this
adsorption site. This may be crucial for improving the uptake properties of these
materials to the goal defined by US Department of Energy for efficient hydrogen
transport materials.

As far as we concered, there is no experimental and theoretical report about
the adsorption of methane on MOFs. The main propose of the research is to calculate
the adsorption of methane on different MOFs by ab initio and two-layered ONIOM
methods. Theoretical absorption studies class of IRMOFs offer an useful information.
Besides that, the study also gives the elementary information to bring the MOFs to

become used as storage.

1.6 Scope of This Study

The objective of this study isto investigate the binding structures and energies
between methane molecule and IRMOFs lattices using ab initio quantum chemical
calculations. Several level of accuracies of the calculation methods as well as size of
the fragment representing the IRMOF lattice were examined to seek for the optimal

methode compromising between accuracy and time required.



CHAPTER 11

THEORETICAL BACKGROUND

A basic understanding of how approximate molecular wave equations are
constructed and solved is essential to the proper use of quantum chemical software.
Quantum chemistry is highly mathematical in nature, and the language used to describe
quantum chemical methods more often relates to equations than to chemical concepts.
Non-specialists who are interested in using guantum chemical methods as molecular

modeling tools can be faced with a considerable learning curve.

2.1 Quantum Chemistry

Quantum chemistry is a branch of theoretical chemistry, which applies quantum
mechanics and quantum field theory to address issues and problems in chemistry. The
description of the electronic behavior of atoms and molecules as pertaining to their
reactivity is one of the applications of quantum chemistry. Quantum chemistry lies on the
border between chemistry and physics, and significant contributions have been made by
scientists from both fields. It has a strong and active overlap with the field of atomic
physics and molecular physics, as well as physical chemistry.

Quantum chemistry mathematically describes the fundamental behavior of matter
at the molecular scale[36]. It is, in_principle, possible to describe all chemical systems
using this theory. In practice, only the simplest chemical systems may realistically be
investigated in purely quantum mechanical terms, and approximations must be made for
most - practical purposes (e.g., Hartree-Fock, post Hartree-Fock or Density Functional
Theory). Hence, a detailed understanding of quantum mechanics is not necessary for
most chemistry, as the important implications of the theory can be understood and
applied in simple terms.
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2.2 Computational Chemistry

The term theoretical chemistry may be defined as a mathematical description of
chemistry, whereas computational chemistry is usually used when a mathematical
method is sufficiently well developed that it can be automated for implementation on a
computer. Note that the words exact and perfect do not appear here, as very few aspects
of chemistry can be computed exactly. However, almost every aspect of chemistry can be
described in a qualitative or approximate quantitative computational scheme.

The methods employed cover both static and dynamic situations. In all cases the
computer time increases rapidly with the size of the system being studied. That system
can be a single molecule, a group of molecules or a solid. The methods are thus based on
theories which range from highly accurate, but are suitable only for small systems, to
very approximate, but suitable for very large systems. The accurate methods are used
called ab initio methods, as they are based entirely on theory from first principles. The
less accurate methods are called empirical or semi-empirical because some experimental
results, often from atoms or related molecules, are used along with the theory

In theoretical chemistry, chemists, physicists and mathematicians develop
algorithms and computer programs to predict atomic and molecular properties and
reaction paths for chemical reactions. Computational chemists, in contrast, may simply
apply existing computer programs and methodologies to specific chemical questions.

There are two different aspects to computational chemistry:

e Computational studies can be carried out in-order to find a starting point for a
laboratory synthesis, or to assist in understanding experimental data, such as the
position and source of spectroscopic peaks.

o - Computational studies can be used to predict the possibility of so far entirely
unknown molecules or to explore reaction mechanisms that are not readily studied

by experimental means.
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Thus, computational chemistry can assist the experimental chemist or it can
challenge the experimental chemist to find entirely new chemical objects. Several major

areas may be distinguished within computational chemistry:

e The prediction of the molecular structure of molecules by the use of the
simulation of forces, or more accurate quantum chemical methods, to find
stationary points on the energy surface as the position of the nuclei is varied.

« Storing and searching for data on chemical entities.

« ldentifying correlations between chemical structures and properties.

o Computational approaches to help in the efficient synthesis of compounds.

2.3 Ab initio Methods

A quantum mechanic was first applied to molecules of real chemical systems, that
dose not really on calibration against measured chemical parameters and it therefore
called ab initio. The simplest type of ab initio electronic structure calculation is the

Hartree-Fock (HF) approximation[36].

2.3.1 Hartree-Fock Method

The Hartree-Fock (HF) method is an approximate method for the determination of
the ground-state wavefunction and ground-state energy of a quantum many-body system.
The Hartree-Fock method assumes that the exact, N-body wavefunction of the system
can be approximated by a single Slater determinant (in the case where the particles are
fermions) or by a single permanent (in the case of bosons) of N spin-orbitals. Invoking
the variational principle one can derive a set of N coupled equations for the N spin-
orbitals.” Solution of these equations yields the HF wavefunction and energy of the

system, which are approximations of the exact ones.
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The HF method finds its typical application in the solution of the electronic
Schrdédinger equation of atoms, molecules and solids but it has also found widespread use
in nuclear physics. The rest of this article will focus on applications in electronic

structure theory.
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Figure 2.1 Flow chart of the HF procedure.
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2.3.2 Mgller-Plesset Perturbation Theory

Mgller-Plesset perturbation theory (MP) is one of several quantum chemistry
post-Hartree-Fock ab initio methods in the field of computational chemistry. It improves
on the Hartree-Fock method by adding electron correlation effects by means of Rayleigh-
Schrédinger perturbation theory (RS-PT), usually to second (MP2), third (MP3) or fourth
(MP4) order[37].

Second (MP2), third (MP3), and fourth (MP4) order MP calculations are standard
levels used in calculating small systems and are implemented in many computational
chemistry codes. Systematic studies of MP perturbation theory have shown that it is not
necessarily a convergent theory at high orders. The convergence properties can be slow,
rapid, oscillatory, regular, highly erratic or simply non-existent, depending on the precise
chemical system or basis set[38]. Additionally, various important molecular properties
calculated at MP3 and MP4 level are in no way better than their MP2 counterparts, even

for small molecules[39].

2.4 Density Functional Theory Methods

Density Functional Theory (DFT) methods are often considered to be ab initio
methods for determining the molecular electronic structure, even though many of the
most common functionals use parameters derived from empirical data, or from more
complex calculations. This means that they could also be called semi-empirical methods.
It is best to treat-them as a class on their own. In DFT, the total energy is expressed in
terms of the total one-electron density rather than the wave function. In this type of
calculation, there is an approximate Hamiltonian and an approximate-expression for the
total electron density. DFT methods can be very accurate for little computational cost.
The drawback is that, unlike ab initio methods, there is no systematic way to improve the
methods by improving the form of the functional. Some methods combine the density
functional exchange functional with the HF exchange term and are known as hybrid

functional methods.
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2.5 Semi-empirical Methods

Semi-empirical methods follow what are often called empirical methods are based
on the HF formalism[36], but make many approximations and obtain some parameters
from empirical data. They are very important in computational chemistry for treating
large molecules where the full HF method without the approximations is too expensive.
The use of empirical parameters appears to allow some inclusion of electron correlation
effects into the methods.

Semi-empirical calculations are much faster than their ab initio counterparts.
Their results, however, can be very wrong if the molecule being computed is not similar
enough to the molecules in the database used to parametrize the method. Semi-empirical
calculations have been most successful in the description of organic chemistry, where

only a few elements are used extensively and molecules are of moderate size.

2.5.1 AM1 Method

Austin Model 1 (AM1) is a semi-empirical method for the quantum calculation of
molecular electronic structure in computational chemistry. It is based on the Neglect of
Differential Diatomic Overlap integral approximation. Specifically, it is a generalization
of the modified neglect of differential diatomic overlap approximation.

AML1 is an attempt to improve the MNDO (Madified neglect of differential
overlap) model by reducing the repulsion of atoms at close separation distances. The
atomic core-atomic core terms in the MNDO equations were modified through the
addition of off-center attractive and repulsive Gaussian functions. The complexity of the
parameterization problem increased in AM1 as the number of parameters per atom
increased from 7 in MNDO to 13-16 per atom in AM1. The results of AM1 calculations
are sometimes used as the starting points for parameterizations of forcefields in molecular

modelling.
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2.5.2 PM3 Method

Parameterized Model number 3 (PM3) is a semi-empirical method for the
quantum calculation of molecular electronic structure in computational chemistry. It is
based on the Neglect of Differential Diatomic Overlap integral approximation.

The PM3 method uses the same formalism and equations as the AM1 method[40].
PM3 uses two Gaussian functions for the core repulsion function, instead of the variable
number used by AML1 the numerical values of the parameters are different. The other
differences lie in the philosophy and methodology used during the parameterization:
whereas AM1 takes some of the parameter values from spectroscopical measurements,

PM3 treats them as optimizable values.

2.6 Basis Set

A basis set in chemistry is a set of functions used to create the molecular orbitals,
which are expanded as a linear combination of such functions with the weights or
coefficients to be determined. Usually these functions are atomic orbitals, in that they are
centered on atoms, but functions centered in bonds or lone pairs have been used as have
pairs of functions centered in the two lobes of a p orbital. Additionally, basis sets
composed of sets of plane waves down to a cutoff wavelength are often used, especially

in calculations involving systems with periodic boundary conditions.

2.6.1 Minimal Basis Sets

The most common minimal basis set is STO-nG, where n is-an integer. This n
value represents the number of Gaussian primitive functions comprising a single basis
function. In these basis sets, the same number of Gaussian primitives comprise core and
valence orbitals. Minimal basis sets typically give rough results that are insufficient for
research-quality publication, but are much cheaper than their larger counterparts.
Commonly used minimal basis sets of this type are:STO-3G/STO-4G/STO-6G and STO-
3G* - Polarized version of STO-3G
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2.6.2 Split-valence basis sets

During most molecular bonding, it is the valence electrons which principally take
part in the bonding. In recognition of this fact, it is common to represent valence orbitals
by more than one basis function, basis sets in which there are multiple basis functions
corresponding to each valence atomic orbital, are called valence double, triple, or
quadruple-zeta basis sets. Since the different orbitals of the split have different spatial
extents, the combination allows the electron density to adjust its spatial extent appropriate
to the particular molecular environment. Minimum basis sets are fixed and are unable to
adjust to different molecular environments. Basis sets in which there are multiple basis
functions corresponding to each atomic orbital, including both valence orbitals and core

orbitals are called double, triple, or quadruple-zeta basis sets.

2.6.3 Polarization Functions

Polarized basis sets allow some small contributions from the unfilled orbital, what
is required for the ground state for atom description by adding orbitals with angular
momentum beyond. Pople and co-workers introduced a simple nomenclature scheme to
indicate the presence of these functions, the “*” (star). Thus, 6-31G* implies a set of
d functions added to polarized the p functions in 6-31G. A second star implies p functions
on H and He, e.g., 6-31G**. To use more than one set of polarization functions in
modern calculation, the standard nomenclature for the Pople basis sets now typically

includes an explicit enumeration of those functions instead of the star nomenclature.
2.6.4 Diffuse Functions
When a basis set does not have the flexibility necessary to allow a weakly bound

electron to localize far from the remaining density (such as molecules with lone pairs,

anions and other systems with significant negative charge, systems in their excited states,
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and system with low ionization potentials), significant errors in energies and other
molecular properties can occur. In the Pople family of basis sets, the presence of diffuse
functions is indicated by a “+” in the basis set name. The 6-31G+* indicates that heavy
atoms have been augmented with an additional one s and one set of p functions having

small exponents.

2.7 Basis Set Superposition Error

In quantum chemistry, calculations of interaction energies are susceptible to basis
set superposition error (BSSE) if they use finite basis sets. As the atoms of interacting
molecules (or of different parts of the same molecule) or two molecules approach one
another, their basis functions overlap. Each monomer “borrows" functions from other
nearby components, effectively increasing its basis set and improving the calculation of
derived properties such as energy. If the total energy is minimised as a function of the
system geometry, the short-range energies from the mixed basis sets must be compared
with the long-range energies from the unmixed sets, and this mismatch introduces an

error.

2.8 ONIOM Method

ONIOM (Our N-layer Integrated molecular Orbital + molecular Mechanics)
method was developed in Morokuma group[41-46], allows the user to partition a
chemical system.into layers, which can then each be treated at a different level of theory
are applied to different parts of a molecule. A molecule system can be divided into up to
three layers and the three layers do not have to be-inclusive, provides a possibility to
achieve such high accuracy calculation on a large molecular system. The active part of
the reaction is considered in the “model” system and is treated with both at “high” and
“low” levels of molecular Orbital calculation, whereas the entire “real” system is treated
only at the “low” level of molecular Orbital calculation, and then they are integrated to
define the ONIOM total energy of the “real” system. ONIOM is a computationally

efficient tool for the study of chemical reactions involving large molecular systems.
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2.9 GAUSSIAN Program

GAUSSIAN is a computational chemistry software program, first written by John
Pople[47]. Gaussian's copyright was originally held by Carnegie Mellon University, and
later by Gaussian Inc. Gaussian quickly became a popular and widely-used electronic
structure program, including cutting-edge research in quantum chemistry and other fields.
Applications of Gaussian functions appear in many contexts in the natural sciences, the

social sciences, mathematics, and engineering. Some examples include:

e In statistics and probability theory, Gaussian functions appear as the density
function of the normal distribution, which is a limiting probability distribution of
complicated sums, according to the central limit theorem.

e A Gaussian function is the wave function of the ground state of the quantum
harmonic oscillator.

e« The molecular orbitals used in computational chemistry can be linear
combinations of Gaussian functions called Gaussian orbitals.

« Mathematically, the derivatives of the Gaussian function are used to define
Hermite polynomials.

o Consequently, Gaussian functions are also associated with the vacuum state in
quantum field theory.

e Gaussian beams are used in optical and microwave systems.

e Gaussian functions are used as smoothing kernels for generating multi-scale
representations in computer vision and image processing. Specifically, derivatives
of Gaussians are used as a basis for defining a large number of types of visual
operations.

« - Gaussian functions are used in some types of artificial neural networks.
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CALCULATION DETAILS

In this chapter, interaction energies of methane-benzene derivatives and
methane-IRMOFs complexes were carried out using several methods of ab initio

calculations. The GAUSSIANO03 package[47] was used for all calculations.

3.1 Interaction Between Methane Molecule and Aromatic Systems

The effects of functional groups on the weak interaction between methane
molecule and aromatic-m system have been studied using quantum chemical
calculations at several levels of accuracy. In the MOFs system, such small functional
groups were found to play a key role in the guest-host interaction and, hence, their
applications as the hydrocarbon storage and adsorption. Here, the simple models of
benzene-derivatives, which are benzene, fluorobenzene, cyanobenzene, phenol,
aniline and xylene molecules were used to represent the aromatic-m system. Those
molecules are commonly found as the linker part of the MOFs. Therefore, the
calculated systems consist of one methane molecule and benzene or benzene
derivatives.

The ab initio methods, HF, DFT(B3LYP) and MP perturbation were used to
optimize geometries and calculate binding energies of the CH;-CgHg and its
derivatives CH4-CsHsX (X = F, CN, OH, NH; and CHs) complexes. Three basis sets,
6-31G*, 6-31G** and 6-31+G* were applied to observe their effect on both structural
and energetic properties of the complexes. In order to reduce the scope of the
calculation, the methane molecule was assiged to approach to host molecules in the

two orientations, H-in and H-out as shown in Figure 3.1.



25

J‘,/J J_r "#“

J 9 J
FRws B & S0 1032 ¢ IIBTH OO
(a) (b) (©)
*J’J &J-J 4 *l
9 9 ¥ v
1 D309 IIBIDO PR
(d) ©) M
4 9 <
J" > J/‘ ” ] J’ 4
2 $D-BI A e i
(9) (h) ®
J
A ,.i.. 2,
PR You g W I Do @ JM
0) (k) (1)

Figure 3.1 Twelve different models to investigate binding energies between CH,4 and
benzene derivatives, (a),(g) benzene; (b),(h) aniline; (c),(i) cyanobenzene; (d),(j)
fluorobenzene; (e),(K) phenol and (f),(l) xylene, where CH, moleculeare in H-in (a-f)
and H-out (g-I).

The binding energy of the complex, AEcpx, is defined as the energy
difference between the optimized complex and a summation of its monomer energies

as shown in equation 3.1,
AEping = Ecpx = Eg - Es (31)
Where, E¢px is the total energy of the complex while Eg and E; are the total

energies of the guest molecule and the fragment-surface, respectively. Basis set
superposition error (BSSE) was corrected using the counterpoise procedure [48].
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3.2 Initial Structure of IRMOFs Lattice

3.2.1 IRMOF-1

The unit cell of IRMOF-1 (Figure3.2b) is too large for the calculation of every
possible configuration of the complex. In order to make the calculation practically
possible, a column consisting of two corners connected by a linker,

(Zn40),2(COOCHS3)10(CO0),CsH4, was generated (Figure3.2a). It was, then, used as
starting structure.
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Figure 3.2 (a) A single linker of the IRMOF-1 consisting of two corners and one
linker and (b) The IRMOF-1 unit cell.

The IRMOF-1 was represented by the three models shown in Figure 3.3. The

fragments consisting of 1, 2 and 3 columns were named, for simplicity, as SINGLE,
DOUBLE and TRIPLE, respectively.
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To calculate interaction energy between CH, molecule and the linker (LINK),
guest molecules were generated to move along the vector perpendicular to the

molecular plane of the benzene ring at the Cg (see Figure 3.1a for definition).
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Figure 3.3 Models SINGLE, DOUBLE and TRIPLE represent the IRMOF-1

fragments containing one, two and three units as oriented, respectively.

For the SINGLE, DOUBLE and TRIPLE models, calculations were carried
out only for one wing of the fragments. Here, two possible orientations of guest
molecules were taken into account, H-in and H-out to the IRMOF-1 fragments as
shown in Figure 3.4. Precisely, H-in and H-out for CH,; means that it points one H
atom forward and backward the IRMOF fragment, respectively. For the MOF corner
(CORN), guest molecules, also in the two configurations, were generated to move

along the vector pointing to O; (see Figure 3.2a).
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(a)

(b)

LINKER (LINK) CORNER (CORN)

Figure 3.4 Orientation of methane molecules in (a) H-in orientation and (b) H-out

orientation to the binding site (linker or corner).

Subsequently, the interaction energies of the above mentioned configurations
were calculated using ONIOM method with BSSE corrections. The method used for
the high (model) : low (real) levels was represented by MP2/6-31G** . HF/6-31G**.
The model MP2/6-31G** part covers the compositions (CgH,4) and the (Zn,O)(CO,)s
for the linker and corner domains, respectively, labeled as ball and stick see in
Figure 3.5. The real parts were the whole SINGLE, DOUBLE and TRIPLE

fragments.
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@ A\

Figure 3.5 The real part (line) and the model part (ball and stick) for the ONIOM
method of IRMOF-1, (a) at the linker and (b) at the corner.

The ONIOM interaction energy of the system, 4Eoniom €an be estimated from

the following three independent calculations:

AEoniom = Elreat, 1ow) + E(model, high) — E(model, 1ow) (3.2)

Where Eeal, 1ow) IS the total energy of the real system using the low level method,
while Egmodel, nighy and Emoder, 1ow) denote the total energies of the model part calculated
with high and low level methods, respectively.

The binding energy. is defined according to the supermolecular approach as

shown in equation 3.1.
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3.2.2 IRMOF-6

In the IRMOF series developed by Yaghi et al.[3], the basic structural motif of
Zn,O(COy)s clusters as secondary building unit (SBUs) connected by aromatic
phenyl-containing linkers is repeated to generate a series of isostructural materials.
They differ only in the central portion of the ligand[3,49]. IRMOF-6 can be generated
by changing the linker from simple phenyl ring (MOF-5/IRMOF-1) to be
cyclobutylbenzene (IRMOF-6). A column of IRMOF-6 consisting of two corners
connected by a linker, (Zn40)2(COOCHs3);0(CO0),CgHs, was generated and shows
in the Figure. 3.6a. It was, then, used as starting structure.
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Figure 3.6 (a) A single linker of the IRMOF-6 consisting of two corners and one
linker (cyclobutylbenzene) and (b) The IRMOF-6 unit cell.

The SINGLE DOUBLE and TRIPLE models for IRMOF-6 are defined linker
to these of the IRMOF-1 (see section 3.2.1). As shows in Figure 3.7, there are two
possible configulations of the cyclobutylbenzene for the DOUBLE and TRIPLE
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clusters, model | and Il is Figure 3.7b and Figure 3.7c. For the orientations of guest
molecule, H-in and H-out the same as the IRMOF-1 configulations are used Figure
3.7. Also similar to those in the IRMOF-1, guest molecule generated to move along

the vector pointing to O; (see Figure 3.2a).

(a) SINGLE >
T N

H-out H-in

" Model |

(c) TRIPLE

Model 11

Figure 3.7 Models SINGLE, DOUBLE (Models I, 1) and TRIPLE (Models I, 1)
represent the IRMOF-6 fragments containing one, two and three units as oriented,

respectively.
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The interaction energies for the above mentioned configurations were
calculated using ONIOM(MP2/6-31G**:HF/6-31G**) method with BSSE
corrections. Figure 3.8 shows the model part (ball-and-stick) and the real part (line)

for the ONIOM calculations.
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Figure 3.8 The real part (line) and the model part (ball and stick) for the ONIOM
method of IRMOF-6, (a) at the linker and (b) at the corner.
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3.2.3 IRMOF-14

IRMOF-14 is a member of IRMOFs series, consists of zinc oxide clusters
connected by pyrenedicarboxylate (PDC) linkers. A column consisting of two corners
connected by a linker, (Zn40),(COOCHS3)19(C0O0),C16Hg, was generated as shown in

the Figure. 3.9a. It was then, used as starting structure.
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Figure3.9 (a) A single linker of the IRMOF-14 consisting of two corners and one
linker (b) The IRMOF-14 unit cell.

The SINGLE, DOUBLE and TRIPLE models, were defined in the same
maner at IRMOF-1. Based on-molecular symmetry, different binding sites (model I-11
for SINGLE and models I-111 for DOUBLE and TRIPLE) were defined according to
Figure 3.10. Again, two configulations of CH, are taken into account. The Figure 3.11
shows the model part (ball-and-stick) and the real part (line) for the ONIOM
(MP2/6-31G**:HF/6-31G**) calculations.
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(b) DOUBLE (Models 1,11,111) (c) TRIPLE (Models I,11,111)

Figure 3.10 Models SINGLE (Models I, 1) and DOUBLE, TRIPLE (Models I, 11,111)
represent the IRMOF-14 fragments.
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Figure 3.11 The real part (line) and the model part (ball and stick) for the ONIOM
method of IRMOF-14, (a) at the linker and (b) at the corner.



CHAPTER IV

RESULTS AND DISCUSSIONS

4.1 Interaction Between Methane Molecule and Aromatic Systems

The calculations of methane-benzene and methane-benzene derivatives
complexes were carried out, aimed to understand the effects of functional groups on
the weak interaction between CH, and aromatics-n systems. This interaction was
known to play important role on the adsorption processes of hydrocarbon guest
molecules in the IRMOFs lattices. The binding energies of all complexes described in
CHAPTER 111 at several levels of calculations were summarized in Table 4.1 and
ploted in Figure 4.2. The optimal structures obtained from the HF, B3LYP and MP2

methods using the 6-31G** basis set were shown in Figure 4.1.

%ﬂff

(a) (b)

(c) (d)

Figure 4.1 Optimized structures of CH4-CgHs (a, b) and CH4-CgHsCN (c, d) with the
starting configurations H-in (a, ¢) and H-out (b, d). The yellow (0), red (®) and green
(@) balls are the carbon atoms obtained from the MP2, HF and B3LYP at the 6-31G**

basis set, respectively.
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Table 4.1 The binding energies (kJ/mol) with the BSSE corrections of the optimized
CHj-CgHs complex and its derivatives CH4-CgHsX (X =F, CN, OH, NH; and CHy).

Basis Set HF B3lyp MP2
H-in H-out H-in H-out H-in H-out
Benzene
6-31G+* -0.23 0.12 0.77 0.93 -1.85 -1.58
6-31G** -0.07 0.93 0.66 1.91 -154 -0.81
6-31G* -0.08 0.92 1.09 1.84 1.25 -0.42
Aniline
6-31G+* -0.29 0.15 0.22 0.28 -2.65 -1.83
6-31G** -0.13 1.06 0.51 2.18 -1.86 -0.88
6-31G* -0.11 1.05 4.69 7.10 -1.53 -0.47
Cyanobenzene
6-31G+* 0.01 0.07 0.67 0.07 -254  -2.59
6-31G** 0.17 0.69 0.64 0.69 -1.68 -1.92
6-31G* 0.16 0.58 0.68 0.58 -1.45 -151
Fluorobenzene
6-31G+* -0.10 0.09 0.53 0.17 -210  -1.91
6-31G** 0.07 0.78 0.65 1.45 -1.34  -0.49
6-31G* 0.06 0.76 0.55 1.92 -1.06 -0.29
Phenol
6-31G+* -0.16 0.11 0.37 0.14 -2.34 -2.64
6-31G** -0.02 0.81 0.56 0.41 -1.68 ~ -0.80
6-31G* -0.03 0.79 0.48 0.25 -1.27 -0.63
Xylene
6-31G+* -0.25 0.07 0.33 0.10 -250 -2.54
6-31G** -0.11 0.69 0.46 1.56 -2.03 -1.96
6-31G* -0.10 0.67 0.42 1.74 -1.59 -1.58
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Figure 4.2 The binding energies between CH, and benzene derivatives at the optimal

structures using MP2/6-31G**.
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It can be seen from Table 4.1 and Figure 4.2 that among the three methods
(HF, B3LYP and MP2) at the same basis set, the binding energies of all complexes
are in the following order MP2 < HF < B3LYP. It is known that the calculated results
depend strongly on the used method especially for the weak interaction systems.
Previous study shown that DFT/B3LYP method failed to estimate the interaction
energy with w-electron clouds [48].

The MP2/6-31G+* for the methane-benzene derivatives give lowest
interaction energy. Due to the fact that the MP2/6-31G+* is highly time consuming,
it is practically impossible to apply it for the large system. Therefore, the optimal
choice shifts to the next lower-accurate MP2/6-31G** methods. The binding energies
between methane and benzene-derivatives obtained from the MP2/6-31G** method,
were sorted by their stabilities from high to low as aniline, cyanobenzene, phenol,
xylene, fluorobenzene and benzene, respectively. Effect of functional group can be
clearly seen not only in terms of binding energies but also in the optimal configulation
of the complexes (Figure 4.2.).

Since the CH/x bonding is mainly determined by the correlation energy, the
binding is weak, and Van der Waals interactions are important, therefore, the standard
DFT and HF calculations are not suitable for such system. By contrast, MP2 theory is
known to provide more accurate results. Due to the constraints in computational
resources, the MP2 calculations can also performed only on small model system.

Large basis sets are necessary to provide the required accuracy for these calculations.
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4.2 Geometries of the IRMOF-1

Starting from the SINGLE linker (Figure 3.2a) and the whole unit cell (Figure
3.2b) of the IRMOF-1, the properties of the optimal structures obtained from several
methods are summarized in Table 4.2. In the case of SINGLE linker structure the
MPW1PW91/6-31G** methods yielded an overall structure in very good agreement
with the experimental data[3]. However, the MPW1PW91/6-31G** method was
highly time consuming. Therefore, it was practically not possible to apply to the full
unit-cell cluster. In the case of a unit cell, the choice of the method shifted to the next
lower accurate B3LYP/6-31G**. The semi-empirical methods AM1 and PM3 were
carried out for comparison. As expected, these two methods yield the structural data

for the SINGLE linker and the unit cell far from those observed experimental data.
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Table 4.2 The bond distances and bond angles obtained from the geometry

optimizations as shown in Figure 3.2a.

Method/basis set Bond length (pm) Bond angle (°)
Zn-0; Zn-0, 0,-C; C,-C, 0:1-Zn-0, Zn-0,-C; 0,-C4-C,

a.) One column cluster (Figure 3.2a)

AM1 2055 2124 1285 148.5 110.1 134.2 119.0
PM3 195.1 205.3 127.6 150.7 112.4 131.2 118.2
HF/6-31G* 197.8 196.9 1245 149.7 110.1 132.8 117.7
HF/6-31G** 197.8 196.9 1245 149.7 110.1 132.8 117.7
B3LYP/6-31G* 1954 195.0 127.0 149.6 111.2 131.1 117.2
B3LYP/6-31G** 195.3 1951 127.0 149.6 111.1 131.2 117.2
B3LYP/6-311G** 196.1 1957 126.4 149.6 109.7 1311 117.3
B3LYP/6-311G** [49] 197.2 1953 126.2 151.0 110.8 131.7 117.8
MPW1PW91/6-31G** 194.0 194.0 126.4 149.1 111.2 131.0 117.2
b.) One unit cell cluster (Figure 3.2b)

AM1 2054 2121 1285 1485 110.2 134.2 119.0
PM3 195.1 2054 1275 150.7 112.1 130.7 117.6
B3LYP/6-31G** 195.3 1948 127.0 149.6 111.4 131.1 117.3
Experimental data[3] 1936 1941 1252 149.8 111.1 132.3 118.1
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4.3 Interaction of CH,4 in IRMOF-1 and Effect of BSSE

Adsorption of methane on IRMOF-1 was investigated using various sizes of
clusters, which the smallest model consists of (Zn40)2(COOCHS3)10(CO0),CsHa.
There are two possible sites within the IRMOFs lattice, at the linker and the corner.
Since a unit cell of IRMOFs is to large, so it can not be directly apply for quantum
chemical calculation, therefore, the calculations were carried out for different sizes of
the models, SINGLE, DOUBLE and TRIPLE. The results obtained from the ONIOM
(MP2/6-31G**:HF2/6-31G**) calculations for changes of the binding energies as a
function of separation were given in Figures 4.3-4.8., the linker and corner were

summarized in Tables 4.3 and 4.4, respectively.

Table 4.3 ONIOM binding energies with and without BSSE corrections and the
corresponding distances between IRMOF-1 linker in the three cluster models
(SINGLE, DOUBLE and TRIPLE) and CH4 molecule.

Model Distance Cg-C (A) Binding energy (kJ/mol)
IRMOF-1  CHy With BSSE  Without BSSE With BSSE ~ Without BSSE
H-in 4.08 3.73 -2.15 -6.19
SINGLE
H-out 3.97 3.63 -1.86 -5.01
H-in 4.09 3.73 -2.17 -6.19
DOUBLE
H-out 3.98 3.63 -1.84 -5.01
H-in 4.10 3.73 -2.15 -6.19
TRIPLE

H-out 3.98 3.64 -1.83 -5.01




42

Table 4.4 ONIOM binding energies with and without BSSE corrections and the
corresponding distances between IRMOF-1 corner in the three cluster models
(SINGLE, DOUBLE and TRIPLE) and CH4 molecule.

Model Distance 0:-C (A) Binding energy (kJ/mol)
IRMOF-1  CHy With BSSE ~ Without BSSE With BSSE ~ Without BSSE
H-in 4.92 419 -3.18 -12.11
SINGLE
H-out 4.90 4.42 -3.64 -12.66
H-in 4.90 4.16 -3.11 -12.31
DOUBLE
H-out 4.91 4.43 -3.74 -12.57
H-in 4.92 4.26 -3.00 -11.89
TRIPLE

H-out 4.90 441 -3.80 -12.95
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Figure 4.3 ONIOM binding energies (o) with BSSE and (m) without BSSE
corrections for the CH4/MOF-5 complexes where CH, was located in the H-in
configuration (a) for the SINGLE linker (LINK) and (b) for the SINGLE corner
(CORN) calculations, the distances were measured from the C atom of CH,4 to Cg and

04, respectively (see Figure 3.2a).
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Figure 4.4 ONIOM binding energies (o) with BSSE and (m) without BSSE
corrections for the CH4s/MOF-5 complexes where CH, was located in the H-in
configuration (a) for the DOUBLE linker (LINK) and (b) for the DOUBLE corner
(CORN) calculations, the distances were measured from the C atom of CH,4 to Cg and

04, respectively (see Figure 3.2a).
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Figure 4.5 ONIOM binding energies (o) with BSSE and (m) without BSSE
corrections for the CH4s/MOF-5 complexes where CH, was located in the H-in
configuration (a) for the TRIPLE linker (LINK) and (b) for the TRIPLE corner
(CORN) calculations, the distances were measured from the C atom of CH,4 to Cg and

04, respectively (see Figure 3.2a).
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Figure 4.6 ONIOM binding energies (o) with BSSE and (m) without BSSE
corrections for the CH4/MOF-5 complexes where CH, was located in the H-out
configuration (a) for the SINGLE linker (LINK) and (b) for the SINGLE corner
(CORN) calculations, the distances were measured from the C atom of CH,4 to Cg and

04, respectively (see Figure 3.2a).
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Figure 4.7 ONIOM binding energies (o) with BSSE and (m) without BSSE
corrections for the CH4/MOF-5 complexes where CH, was located in the H-out
configuration (a) for the DOUBLE linker (LINK) and (b) for the DOUBLE corner
(CORN) calculations, the distances were measured from the C atom of CH,4 to Cg and

04, respectively (see Figure 3.2a).
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Figure 4.8 ONIOM binding energies (o) with BSSE and (m) without BSSE
corrections for the CH4/MOF-5 complexes where CH, was located in the H-out
configuration (a) for the DOUBLE linker (LINK) and (b) for the DOUBLE corner
(CORN) calculations, the distances were measured from the C atom of CH, to Cg and
04, respectively (see Figure 3.2a).
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It can be seen from Table 4.3 and 4.4 that size of the fragment does not effect
significantly to the energy and structure of binding at both corner and linker sites.
This is incontrast to what observed for the CO,-MOF where size of the fragment plays
strong role on those properties, especially at the corner of the unit cell[50]. The
optimal structure of methane-lattice complexes at the linker site of the biggest
fragment (TRIPLE) gives the energy with BSSE corrections of -1.83 kJ/mol in the
H-out orientation with the distance Cg-C of 3.98 A. Such weak interaction is known
to be due to the fact that the interaction with the benzene ring (see Figure 3.2a) of the
linker unit is dominated by the dispersion forces. This is not the case for the corner
where the interaction is influenced by electronic forces due to the Zn cluster unit.
Therefore, the corresponding binding energy and the O;-C distance are -3.80 kJ/mol
and 4.90 A, respectively.

The Figures 4.3-4.8 as well as the data in Tables 4.3 and 4.4 show that the
BSSE leads to dramatic changes of the calculated results. Distance to the minimum
changes from 3.73 A to 4.08 A for the SINGLE LINK cluster H-in orientation and
from 4.19 A to 4.92 A for the SINGLE CORN cluster H-in orientation. The
corresponding interaction energies for the linker and corner were observed to change
by ~3 kJ/mol and ~9 kJ/mol, respectively, shifted to weaker interactions. The
observed results indicate obviously that the investigated systems requires BSSE
corrections. Since the two-body method is applied in all molecular adsorption cases

and this correction should be included in all energy values.
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4.4 Binding Energy of CH, in IRMOF-6 and IRMOF-14

In these complexes, the method of ONIOM (MP2/6-31G** . HF/6-31G*¥*)
with BSSE was again used. The lattices SINGLE, DOUBLE and TRIPLE were
optimized as in the case of IRMOF-1. The structures and energies of methane-
IRMOF-6 complexes are summarized in Table 4.5 and 4.6. At the linker, the most
flavourite orientation of the CH4 molecule is H-in with the Cg-C distance and the
corresponding energy of 4.04 A and -2.89 kJ/mol, respectively.

The same as that found for IRMOF-1, sizes of the fragment are not influent to
the adsorption energy. The adsorption energies at the corner site are -2.97 and -3.42
kJ/mol for the SINGLE cluster in H-in and H-out orientations, respectively. Increase
of the frangment size to DOUBLE and TRIPLE models increases the overall
adsorption energies in the range of 0.3-0.15 kJ/mol. The binding of CH, at the corner
of all IRMOF-6 models show the same trend as those observed from the IRMOF-1

system in term of both structures and energies.
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Table 4.5 ONIOM binding energies with BSSE corrections and the corresponding
distances between IRMOF-6 linker in the three cluster models (SINGLE, DOUBLE
and TRIPLE) and CH,4 molecule.

Model
Distance Cg-C (A) Binding energy (kJ/mol)
IRMOF-6 CH,4
SINGLE H-in 4.06 -2.85
H-out 3.89 -2.50
DOUBLE
Model | H-in 4.02 -2.80
H-out 3.88 -2.52
Model 11 H-in 4.02 -2.81
H-out 3.89 -2.63
TRIPLE
Model | H-in 4.04 -2.89
H-out 3.87 -2.63
Model 11 H-in 4.06 -2.87

H-out 3.84 -2.58
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Table 4.6 ONIOM binding energies with BSSE corrections and the corresponding
distances between IRMOF-6 corner in the three cluster models (SINGLE, DOUBLE
and TRIPLE) and CH,4 molecule.

Model
Distance O;-C (A) Binding energy (kJ/mol)

IRMOF-6 CH,4

SINGLE H-in 5.08 -2.97
H-out 4,90 -3.42

DOUBLE
H-out 4,95 -3.50
Model 11 H-in 5.09 -3.08
H-out 4,93 -3.47

TRIPLE
Model | H-in 5.03 -3.12
H-out 4,93 -3.53
Model 11 H-in 5.07 -3.15

H-out 491 -3.54
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Table 4.7 ONIOM binding energies and the corresponding distance with the BSSE
corrections for the CHs-IRMOF-14 complex.

A: At the IRMOF-14 linker

Model
Distance Cg-C (A) Binding energy (kJ/mol)

IRMOF-14 CH,

SINGLE

H-in 3.96 -3.67
Model |

H-out 3.77 -3.53

H-in 3.93 -3.63
Model 11

H-out 3.73 -3.58
DOUBLE

H-in 3.96 -3.65
Model |

H-out Jara -3.54

H-in 3.96 -3.71
Model 11

H-out 3.72 -3.50

H-in 3.98 -3.77
Model 111

H-out 3.78 -3.49
TRIPLE

H-in 3.96 -3.75
Model |

H-out 3.77 -3.47

H-in 3.95 -3.71
Model 11

H-out 3.73 -3.55

H-in 3.97 -3.73
Model 111

H-out 3.77 -3.58
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B: Atthe IRMOF-14 corner

Model
Distance O;-C (A Binding energy (kJ/mol
IRMOF-14  CH, e ® 9 energy (K/me)
H-in 4.96 -3.06
SINGLE
H-out 5.05 -3.50
H-in 4.97 -3.02
DOUBLE H-out 5.07 -3.14
H-in 4.93 -3.07
TRIPLE
H-out 5.04 -3.36

Table 4.7 shows the calculation energies and structures of the CH, in
the IRMOF-14 complexes. The distances and configuration used were shown in
Figure 3.10. The optimal structure of methane-IRMOF-14 complex is H-in orientation
at the linker site with the binding energy of -3.75 kJ/mol and the corresponding Cg-C
distance of 3.96 A (TRIPLE model). The conjugation linker of bigger size does not
affect the adsorption energies of the system. The interaction of the IRMOF-14 corner
is similar to that in the IRMOF-1 and IRMOF-6.



CHAPTER V

CONCLUSIONS

Natural gas mainly consisting of methane is a valuable alternative to be more
conventional fuels, however, its very low intrinsic density constitutes a major
disadvantage in practical application. To find a new desirable material for methane
storage, specific accessible area, free volume, and low density of framework should
be considered. Thus, the comparison of methane adsorption in various IRMOFs was
investigated in this work.

To validate reliability of the methods and the basis sets used, the calculations
were firstly examined on various systems of benzene and its derivatives with
methane molecule. The obtained results suggest that the binding interactions of the
system are obviously weak, therefore, the DFT and HF calculations are not suitable.
By contrast, MP2 theory should give accurate results in this case. It was, then, applied
to investigate interaction energy for all systems. Large basis sets are necessary to
provide the required accuracy for investigated systems.

To describe the adsorption energy of methane within IRMOFs, the interactions
between CH, molecule and several IRMOFs in three cluster sizes, SINGLE,
DOUBLE and TRIPLE, are studied. The ONIOM (MP2/6-31G** : HF/6-31G**)
method was carried out to obtain the optimal binding site, orientation as well as the
binding energy of the complexes. CH, molecule with the configurations H-in and
H-out was assigned to the linker (LINK) and corner (CORN) domains. The basis set
superposition error corrections was also found to effect the calculated results
significantly, both minimal distance and binding energy. The cluster size of SINGLE
is sufficiently representative of the interactions at both linker and corner domains of
the IRMOFs series with CH4 molecules.
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Abstract

Optimal binding sites and its corresponding binding energies between MOF-5 clusters and small guest molecules, CH4 and CO,, were
investigated using the ONIOM method with different levels of quantum chemical calculations. The clusters were validated using three
different sizes of the MOF-5 clusters, SINGLE, DOUBLE and TRIPLE consisting of (Zn40),(COOCH3),9(COO),C¢Hy, (Zn40)s3-
(COOCH;)14(CO0)4(CgHy), and (Zng0)4(COOCH;3)3(CO0)(CsHy)s units, respectively. Guest molecules were assigned to lie in the
configurations parallel (||) and perpendicular (1) to linker (LINK) and corner (CORN) domains of the clusters. The ONIOM(MP2/
6-31G™":HF/6-31G™™) with the corrections due to the basis set superposition errors was found to be the optimal choice for the investi-
gation of these systems. Strong effects of cluster size were found for the CO,/MOF-5 complexes, i.e., the SINGLE cluster is sufficient to
represent interactions with CHy, but the interaction with CO5 requires the TRIPLE model. The optimal binding sites of guest molecules
as well as their orientations in the cavity of the MOF-5 are CORN L for both CH4 and CO, with the corresponding binding energies of
—3.64 and —9.27 kJ/mol, respectively.
© 2008 Elsevier B.V. All rights reserved.

Keywords: Metal-organic frameworks; MOF-5; Quantum calculations; ONIOM; Methane; Carbon dioxide

1. Introduction and purification of gas mixtures (H,/CO,/CH,). Yaghi

and his group introduced the first stable crystal structure

Metal-organic frameworks (MOFs) are a new class of
porous materials which becomes a promising target for
gas adsorption, storage and separation [1-3]. Attempts to
use alternative fuels such as hydrogen and methane instead
of the conventional fuels such as gasoline and diesel have
raised the studies of storage applications for such MOFs
[4]. Moreover, MOFs have been utilized for separation

* Corresponding author. Tel./fax: +66 2218 7603.
E-mail address: Supot. H@Chula.ac.th (S. Hannongbua).

0301-0104/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.chemphys.2008.02.039

of the MOF-5 and generated series of the iso-reticular
metal-organic frameworks (IRMOFs) [5-8]. The structure
of the IRMOFs composes of basic zinc acetate unit
(Zn40(CO5)6) and linking units (LINK) which are rigid lin-
ear dicarboxylate groups. Both units are strongly bonded
providing a well-defined structure in which different linking
units are possible. In view of an advantage of the modifica-
tion of such linking units, the MOFs are considered to be
the most powerful targets for new storage media in the near
future. The understanding of guest-host interactions as
well as related properties at molecular level is the key of

Please cite this article in press as: A. Pianwanit et al., Chem. Phys. (2008), doi:10.1016/j.chemphys.2008.02.039
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success to design and discover new class of materials and
becomes the main goal of this study.

Some attempts have been made using quantum chemical
calculations to study H,~MOF-5 interaction. Sagara et al.
[9,10] calculated the binding energy based on the second-
order Mgller-Plesset perturbation theory (MP2) with some
models of linker and corner sites. The results show that the
binding energy at the corner site (~6-7 kJ/mol) is a little bit
stronger than once at the linker site (~4-5kJ/mol). In
addition, the investigation of Lee et al. [11] using density
functional theory (DFT) shows that the interaction
between the simple benzene ring with H, is significantly
changed when the benzene ring has been incorporated into
the framework of MOF-5. Moreover, molecular dynamics
simulations have been performed for predicting the adsorp-
tion sites of the H, [12,13] on the MOF-5 structure. The
results again, indicate that hydrogen adsorbs rather
strongly at the sites near the zinc acetate cluster and less
strongly at the sites near the 1,4-benzenedicarboxylate lin-
ker. Yang and Zhong [14] also found that the selectivity of
gas absorption is almost pressure-independent. These
above results clearly show that the caleculated results
depend significantly on method and model employed.

To our knowledge, no experimental results are available
on the position of preferential CH, and CO, sites, only
neutron spectroscopic techniques proposes at least two dif-
ferent adsorption sites with considerably strong interaction
[1]. In this study, different levels of the ONIOM method
were applied to investigate the interaction between MOE-
5 and small guest molecules, CH; and CO,, aimed to
understand their preferential binding site in the cavity of
the MOF-5. The investigations were also extended to seek

for the optimal method used, optimal cluster size of the
MOF and the effect of the unbalance of the basis set.

2. Computational details
2.1. Initial structure of the MOF-5

A column consisting of two corners connected by a lin-
ker, (Zn40),(COOCH3),o(CO0),C¢H,y, was generated
(Fig. 1a). It was, then, used to build up the whole MOF-
5 unit cell (Fig. 1b). Aimed to get reliable geometries of
the MOF-5 relative to experimental data [5], the two frag-
ments were fully optimized using various quantum
mechanical methods (semi-empirical, HF, DFT) and basis
sets. All optimization and energy calculation were per-
formed using Gaussian03 [15].

2.2. The models

Seeking for an optimal compromise between fragment
size vs. the required computer time, different quantum
mechanical methods and fragment sizes were examined.
The MOF-5 was represented by the three models shown
in Fig. 2a. The fragments consisting of 1, 2 and 3 columns
were named, for simplicity, as SINGLE, DOUBLE and
TRIPLE, respectively.

For interaction with the linker (LINK), guest molecules
were generated to move along the vector perpendicular to
the molecular plane of the benzene ring at the Cg (see
Fig. la for definition). For the DOUBLE and TRIPLE
models, calculations were carried out only for one wing
of the fragments. Here, two possible orientations of guest

Fig. 1. (a) A single fragment of the MOF-5 consisting of two corners and one linker and (b) the whole MOF-5 unit cell which were generated as initial
structures to be used in this study where Cg denotes center of mass of the benzene ring.

Please cite this article in press as: A. Pianwanit et al., Chem. Phys. (2008), doi:10.1016/j.chemphys.2008.02.039




A. Pianwanit et al. | Chemical Physics xxx (2008) xxx—xxx 3

SINGLE DOUBLE

TRIPLE LINK

CORN

Fig. 2. Representation of the calculated models where rectangular and filled-circle represent linker and corner, respectively, and dot-circle denotes the
model part for which high level of accuracy in the ONIOM calculation was applied. (a) Models SINGLE, DOUBLE and TRIPLE represent the MOF
fragments containing one, two and three units as oriented, respectively, where one unit of the model is composed of two corners connected by a linker
(Fig. 1a). (b) Orientation of guest molecules in parallel (A) and perpendicular (B) to the binding site (linker or corner).

molecules were taken into account, parallel (||) and perpen-
dicular (L) to the MOF fragments as shown in Fig. 2b. Pre-
cisely, || and (L) for CH4 means that it points one H atom
forward and backward the MOF fragment, respectively.
For the MOF corner (CORN), guest molecules, also in
the two configurations, were generated to move along the
vector pointing to Ol (see Fig. 1a). Note that the vector
denotes the Cs-symmetry axis of the three O1-Zn bonds
of the MOF corner.

Table 1

2.3. ONIOM calculations including BSSE

Referred to the three SINGLE, DOUBLE and TRIPLE
models defined in Section 2.2, the ONIOM interaction
energy of each system, AEgniom, 1s derived as
AEoniom = Ereatjow) T E(modelnigh) — £ (model,low) (1)

where E(eat 0w 15 the total energy of the real system using
the low level method, while Emodelhighy and Eimodeliow)

Selected bond distances and bond angles obtained from the geometry optimizations for the two clusters shown in Fig. 1 where the experimental data [5]
and the other theoretical calculations [16,17] were also given for comparison (see Fig. 1 for atomic labels)

Method/basis set Bond length (pm)

Bond angle (°)

Zn—01 Zn—Oz 02—C 1 C 1 —C2 (0] 1 —Zn—02 Zn—02—C] 02—C 1 —Cz

(a) One column cluster (Fig. 1a)

AMI1 205.5 212.4 128.5 148.5 110.1 134.2 119.0
PM3 195.1 205.3 127.6 150.7 112.4 131.2 118.2
HF/6-31G™ 197.8 196.9 124.5 149.7 110.1 132.8 117.7
HF/6-31G™ 197.8 196.9 124.5 149.7 110.1 132.8 117.7
B3LYP/6-31G” 195.4 195.0 127.0 149.6 111.2 131.1 117.2
B3LYP/6-31G™ 195.3 195.1 127.0 149.6 111.1 131.2 117.2
B3LYP/6-311G™ 196.1 195.7 126.4 149.6 109.7 131.1 117.3
B3LYP/6-311G™ [16] 197.2 195.3 126.2 151.0 110.8 131.7 117.8
GULP [16] 212.6 195.7 127.2 138.8 134.5 120.3
MPWI1PW91/6-31G"" 194.0 194.0 126.4 149.1 111.2 131.0 117.2
(b) One unit cell cluster (Fig. 1b)

AMI1 205.4 212.1 128.5 148.5 110.2 134.2 119.0
PM3 195.1 205.4 127.5 150.7 112.1 130.7 117.6
B3LYP/6-31G™ 195.3 194.8 127.0 149.6 111.4 131.1 117.3
AMI1 [17] 205.5 212.4 128.4 148.5 110.1 134.2 119.0
PM3 [17] 195.1 205.6 127.5 150.7 112.1 130.6 117.5
Experimental data 193.6 194.1 125.2 149.8 111.1 132.3 118.1
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denote the total energies of the model part calculated with
high and low level methods, respectively. The method used
for the high:low levels was represented by MP2/6-
31G™:HF/6-31G*™". The high accurate (model) MP2/6-
31G™ part covers the compositions (C¢Hy) and the
(Zn40O(COy)e) for the linker and corner domains, respec-
tively, labeled as dot-circles in Fig. 2. The real parts were
the whole SINGLE, DOUBLE and TRIPLE fragments
shown in Fig. 2. Discrepancies due to an unbalance of
the basis set used, known as basis set superposition error
(BSSE) were examined and taken into account for all data
points reported in this study.

3. Results and discussion
3.1. Geometries of the MOF-5

Starting from the two clusters, one column (Fig. 1a) and
the whole unit cell (Fig. 1b) of the MOF-5, their intramo-
lecular geometries (bond lengths and bond angles) were
fully optimized using different methods and levels of accu-
racy. The results were summarized in Table 1.

Relative to experimental geometries [5], discrepancies
were, as expected, found among the results obtained from
different methods and basis sets used. The MPWI1PW91/
6-31G™* geometries for the one column cluster are in excel-
lent agreement with the experimental data. Due to the fact
that the MPWI1PW91/6-31G™" is highly time consuming, it
is practically impossible to apply it for the full unit cell
cluster. Therefore, the optimal choice shifts to the next
lower-accurate B3LYP/6-31G" and B3LYP/6-31G** meth-

ods. As shown in Table 1, no significant difference was
found on the geometries of the clusters yielded from these
two methods. However, the MP2/6-31G™ binding energy
is slightly lower than that of MP2/6-31G™ (data not shown)
although the time required is also slightly longer. Taking
into account all the data mentioned earlier, the MP2/6-
31G™, with BSSE corrections, was chosen to represent
the high accurate part of the ONIOM calculation.

Note that the results yielded from the two clusters, one
column and one unit cell, are in good agreement. This indi-
cates that size of the one column cluster is sufficient to rep-
resent intramolecular geometries of the MOF-5. In
addition, our results, especially Zn—-O1 and Zn-O2 dis-
tances, are closer to the experimental data [S] in compari-
son to those reported in Refs. [16,17].

3.2. Effect of an unbalance of the basis sets

Fig. 3 shows the ONIOM binding energies with and
without BSSE corrections between CH4 and the three clus-
ters, SINGLE, DOUBLE and TRIPLE, of the MOF-5 (see
Fig. 2a) where CH4 points one H atom forward Cg or O1
and the distances are from C atom of CH4 to Cg or Ol (see
Fig. la) for linker (LINK]|) or corner (CORN]|) clusters,
respectively.

It was surprisingly found from the plots that BSSE leads
to dramatic changes of the calculated results. Distance to
the minimum changes from 3.74 to 4.08 A for the SINGLE
LINK]|| and from 4.19 to 4.92 A for the SINGLE CORN||
clusters. The corresponding interaction energy differences
for the linker and corner are ~3 and ~9 kJ/mol,

CH‘ LINKER CORNER
r b 15.04 \ —s—wilnout BSSE ]
I L 7.5 == wilh BSSE
SINGLE \\_ e -
I ., s 17 e St '\ e - —
L L 7.5 T e
-15.0
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=
e | 15.04 2
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DOUBLE | ) JLSL 6 A 1 3
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R Rt |
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1=15.0

30 35 40 45 50 55 60
distance / A

30 35 40 45 S50 55 60
distance / A

Fig. 3. ONIOM binding energies with and without BSSE corrections for the CH4/MOF-5 complexes where CH, was located in the configuration pointing
one H atom to the MOF-5 (||, see Fig. 2b) and the MOF-5 was represented by the SINGLE, DOUBLE and TRIPLE clusters (see Fig. 2a). For the linker
(LINK) and corner (CORN) calculations, the distances were measured from the C atom of CH,4 to Cg and Ol, respectively (see Fig. la).
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respectively, shifted to weaker interactions. The observed
results indicate obviously that the investigated systems
requires BSSE corrections.

3.3. MOF-guest binding

ONIOM binding energy between MOF-5 in the three
cluster models, SINGLE, DOUBLE and TRIPLE
(Fig. 2a) and guest molecules in the two orientations, ||
and 1, (Fig. 2b) were calculated separately for the linker
and corner parts and summarized in Table 2. The distances
were measured from Cg (for linker) and O1 (for corner) to
C atoms of CH,; and CO,. The BSSE corrections were
applied in all data points.

Considering the binding energies at the same configura-
tion of guest molecules (|| or L) at the linker part (Table
2a), no significant difference was found for the CH, com-
plexes of different cluster sizes, SINGLE, DOUBLE and
TRIPLE. However, the cluster size effect was slightly found
for the CO, complexes, i.e., increasing of the MOF-5 clus-
ter from SINGLE to TRIPLE leads to weaker binding
energy (from —5.32 to —5.08 kJ/mol) for the || whereas this
change was opposite (from —1.61 to —2.02 kJ/mol) for the
1 configurations. For the effects of molecular orientation,
the binding energy of the || configuration for the CO,/
MOF-5 complexes is about three times more stable than
that in the L configuration but only slightly different for
the CH4 complexes.

In contrast to what was observed for the linker, the cal-
culated results at the MOF-5 corner (Table 2b) lead to the
following two main conclusions: (i) CO, prefers to
approach Ol (defined in Fig. 1b) at the corner of the
MOFEF-5 in the L configuration, i.e., the binding energies

Table 2

ONIOM binding energies with BSSE corrections and the corresponding
distances between MOF-5 in the three cluster models (SINGLE, DOU-
BLE and TRIPLE in Fig. 2a) and guest molecules in the two orientations
(|| and L in Fig. 2b) in which the distances were measured from Cg (for
linker) and O1 (for corner) to C atoms of CHy4 and CO,

Model Distance Cg-C (10\) Binding energy (kJ/mol)
MOF-5 Guest CHy CO, CH,4 CO,
(a) At the MOF-5 linker
SINGLE I 4.08 3.59 —2.15 —5.32

1 3.97 4.64 —1.86 —1.61
DOUBLE || 4.09 3.58 -2.17 —5.16

1 3.98 4.65 —1.84 —1.84
TRIPLE I 4.10 3.59 -2.15 —5.08

€ 3.98 4.66 —1.83 -2.02
Model Distance O1-C (A) Binding energy (kJ/mol)
MOF-5 Guest CH4 COZ CH4 C02
(b) At the MOF-5 corner
SINGLE I 4.92 5.03 -3.18 —4.94

1 4.90 5.06 —3.64 —6.72
DOUBLE || 4.90 5.01 =3.11 —3.55

1 491 5.04 —3.74 —8.14
TRIPLE I 4.92 5.04 —3.00 —2.25

1 4.90 5.03 —3.80 -9.27

of the || configuration of —4.94, —3.55 and —2.25 kJ/mol
are obviously less stable than those of the L configuration
of —6.72, —8.14 and —9.27 kJ/mol, respectively. A similar
trend was, somehow, found for the CH,4 binding in which
the interaction energy in the configuration where CHy
points one H backward Ol is slightly lower than that when
one H points forward Ol. (ii) Effects of cluster size were
found to be strong for the CO,/MOF-5 complexes. As
shown, an increasing of the cluster size from SINGLE to
TRIPLE decreases the binding energy of the || configura-
tion from —4.94 to —2.25 kJ/mol. In contrast, this change
leads to an increasing of the binding energy of the L con-
figuration from —6.72 to —9.27 kJ/mol. The detected data
let us conclude that for guest molecules of similar or bigger
size than CO,, the minimum cluster size to represent the
MOF corner must contain at least three SINGLE MOF
units (see Fig. 2a).

Taking into account all the data discussed above for
both CH,4 and CO, molecules, interactions at the MOF’s
corner are stronger than those at the linker. This can be
due to the fact that the interaction with the arene ring
(see Fig. 1) of the linker unit is dominated by the dispersion
forces. This is not the case for the MOF’s corner where the
interaction is influenced by electronic forces due to the
(ZH40)2(COOCH3)10 unit.

Note that the results show a certainly relevant trend of
the interaction energies with CH,4 and CO, guest molecules.
However, a higher level of quantum treatment is needed in
order to provide an absolute value of the binding energies.

In summary, the optimal binding sites of guest mole-
cules as well as their orientations in the cavity of the
MOF-5 based on the binding energies shown in Table 2
are CORN_L for both CH4 and CO, complexes. In addi-
tion, the binding energies of the MOF-5 with the two guest
molecules complexes are in the following order: CHy:
CORN L < CORN|| < LINK|| < LINK L and COy:
CORN L< LINK|| < CORN|| < LINK L.

4. Conclusion

Quantum chemical calculations were carried out to find
the optimal binding site and orientation as well as the bind-
ing energy of CH, and CO, molecules in the cavity of
MOF-5. Guest molecules were assigned to lie in the config-
urations parallel (||) and perpendicular (L) to linker
(LINK) and corner (CORN) domains. The ONIOM
(MP2/6-31G™":HF/6-31G™) method was found to be a
compromise between the accuracy and computer time
required for the investigated system. Unbalance of the
basis set used, known as basis set superposition errors,
was found to effect the calculated results, both binding dis-
tance and energy, significantly. The cluster size of
(Zn40),(COOCH3)o(CO0),C¢Hy is sufficient to represent
interactions at both linker and corner domains of the
MOF-5 with CH4 molecules. However, for guest molecules
of similar or bigger size than CO,, the minimum cluster size
to represent the MOF corner must contain at least one
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corner of (ZnsO)(CO,)s and three edges of ((ZnsO)(-
CO,)6(CgHy))3 unit in perpendicular. The optimal binding
sites for the CH; and CO, molecules are at the corner.
CH, was found to point one H atom backward and along
the Cs;-symmetry axis of the corner of the MOF unit cell.
For CO,, it prefers to approach the MOF corner by mov-
ing the C atom along the C; axis and its molecular axis is
perpendicular to the C; axis. The optimal binding energies

for CH; and CO, are —-3.64 and —9.27 kJ/mol,
respectively.
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