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Abstract 

The optimized geometrical structures, the interaction energies, the basis set 
superposition errors (BSSEs) and the infrared spectra of the monomers, 
homodimers and the molecular complexes formed between BF3 and a number 
of bases have been determined by means of ab initio theoretical calculations 
using the Gaussian-98W (Widows version) computer program package. Three 
levels of theory have been used. These are the Restricted Hartree-Fock (RHF) 
level, the second-order Moller-Plesset (MP2) perturbation theory and the 
Density Functional Theory (OFT). The basis set used was the 6-3 !G(d, p) 
split-valence polarized basis set in order to identify the most reliable 
computational method in the prediction of their molecular properties. 

Full geometry optimizations using the BERNY optimization procedure, were 
carried out at the tight level of convergence using the tight (TIGHT) 
convergence criterion. 

The vibrational spectra of the monomers, dimers and molecular complexes 
were also obtained using the same three levels of theory and same basis set. 
The interaction energies of each binary species have been computed and 
corrected for the basis set superposition error (BSSE) by using the full 
counterpoise methods. 

The monomers, dimers and molecular complexes, which were investigated for 
their molecular properties, are as follows: 

Molecular Complexes: BF 3_CO. BF3_C02_ BF 3_H20, Bf 3 N20, BF J 02. Bf 3.03 

and BF3S02 

Ab initio molecular orbital calculations have been employed in these 
studies as very useful tools in the prediction of molecular parameters, 
interaction energies, and the interpretation of the infrared spectra. 



II 

The good correlation that exist between the theoretical and the experimental 
results obtained from the literature, emphasises the strength of using the 
matrix isolation technique together with ab initio molecular orbital (MO) 
calculations for studying molecular interactions. The structures, interaction 
energies and infrared spectra of both dimeric isomers and molecular 
complexes mentioned in this work have been predicted by means of ab initio 
MO calculations at the HF, MP2 and DFT levels of theory with the standard 
6-31 G( d, p) split-valence polarized basis set. The computed infrared spectra 
obtained in this. way have been analysed and used as guides in the 
assignment and interpretation of the matrix isolation infrared spectra 
obtained from the literature, where available. 

All the complexes studied in this work feature the dominant B ... 0 electron 
donor-acceptor intermolecular interaction. For both the dimeric isomers and 
the molecular complexes mentioned above, the calculated dimerization and 
interaction energies, after being corrected for basis set superposition errors 
by employing the full counterpoise method, present strong evidence that the 
interactions are weak ones. All the wavenumber shifts for both the homo
dimers and hetero-dimers showed small perturbation at all the three levels of 
theory. 

By correlating the calculated wavenumbers of the complex together with 
those of the parent monomers, it has been established that the degree of the 
magnitudes of the in-plane bending mode and the antisymmetric stretching 
modes wavenumber shifts of the electron acceptor moiety in the complex 
can be employed as guides for determining the strength of the binding 
energy as well as the nature of the intermolecular interaction. The small 
wavenumber shifts expressed in terms of the in-plane bending and 
antisymmetric stretching modes signify very weak intermolecular 
interactions accompanied by a large intermolecular interaction distances and 
a low interaction energies, after the latter have been corrected for basis set 
superposition errors (BSSE). For the future works the MP2 method should 
be used since it is more reliable than the DFT approach in the prediction of 
the experimental results, and It is virtually always an improvement on the 
Hatree-Fock method. 
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CHAPTER ONE 

1. AIM AND MOTIVATION FOR THIS WORK 

In the past, chemistry has been traditionally an experimental science. This 
implied that no molecules or complexes could be investigated until they were 
synthesized or found in nature. However, with the advent of computers, 
chemistry no longer depended upon the availability of the laboratory for the 
investigation of molecular properties but on the availability of a more 
powerful computers, which can be employed to perform similar 
investigations. 

In this work the prope11ies of the I: I complexes of boron trifluoride with 
some oxygen electron donors were investigated by using ab initio molecular 
orbital theoretical calculations. The properties of interest are the geometrical 
structures, interaction energies and the vibrational spectra of the complexes 
formed between BF3 and the oxygen electron donor ligands. The calculations 
were carried out using the GAUSSIAN-98W suite of programs at the Hartree
Fock (HF), the second-order M0ller-Plesset (MP2) and the Density 
Functional Theory (DFT) levels of theory using the 6-31G(d, p) split-valence 
polarized basis set. In addition, the prope11ies of the homo-dimers of both the 
boron trifluoride and the oxygen donor ligands were investigated. The 
computationally predicted results were then compared with the 
experimentally generated infrared data, where available, and were used as an 
aid in the assignment of the absorption bands as well as in the interpretation 
of the experimental infrared spectra retrieved from the literature. 

The results obtained in this work were expected to throw some light on the 
nature and strength of the molecular interactions (hydrogen bonding, electron 
donor-acceptor, or van der Waals type). This work also serves to identify 
which amongst the three methods of computation (HF, MP2 and DFT) is the 
most suitable for the prediction of the molecular properties of the complex 
under investigation. This work also serves the purpose of selecting the best 
method which has to be adopted for the prediction of the molecular prope11ies 
in the future calculations of the molecular systems. 
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The aim of this project is therefore to attempt to select which of the three 
astablished levels of theory describing all the various types of molecular 
interactions formed between any given pair of the interacting monomeric 
species. 

1.1 Molecular interactions 

Atoms combine to make all substances in the world around us, but they do so 
in a very orderly fashion. Most substances that are encountered in day-to-day 
life are made up of small units of matter called molecules. A molecule is a 
combination of two or more atoms held together in a specific shape by 
attractive forces. A molecule that contains two atoms is called a diatomic 
molecule, one that contains three is called a triatomic molecule and so on. 
Molecules interact either reactively, resulting in the formation and breaking of 
covalent bonds, or non-reactively in the formation of a molecular complex. 
The former is clearly a covalent bond interaction. The latter which is termed a 
weak, non-covalent, non chemical, physical or van der Waal interactions 
leads to the formation of molecular complexes that are called hydrogen
bonded or electron donor- acceptor (EDA) or van der Waals complexes. All 
these three types of interactions are discussed in the next section. 

1.1.1 Electron donor-acceptor (EDA) complexes 

This type of complex was discussed by Benasi and Hildebrand I in 1949 by 
the observation of new absorption bands in the ultraviolet (uv) spectrum of 
the complex. In EDA complexes there is a donor and an acceptor molecule. 
The donor molecule may donate an unshared pair (an n donor) or a pair of 
electrons in a pi orbital of a double bond or aromatic system (a pi donor). One 
test for the presence of an EDA complex is the electronic spectrum (called a 
charge-transfer spectrum) that is not the same as the sum of the two individual 
molecular spectra. Due to the fact that the first excited state of a complex is 
relatively close in energy to the ground state there is usually a peak in the 
visible or near-uv region and EDA complexes are often colored. Many EDA 
complexes are unstable and exist only in solutions in equilibrium with their 
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components but others are stable solids. In most EDA complexes the donor 
and acceptor molecules are present in an integral ratio I: I 2

, but complexes 
with non-integral ratios are also known. 

1.1.2 Hydrogen bonding 

Hydrogen bonding occurs when a covalently bound hydrogen atom forms a 
second bond to another atom. The hydrogen bond is usually represented as A
--H-B, where A is an atom with electronegavity greater than that of hydrogen 
(e.g. C,N,Cl and etc), and B can be any s or pi electron donor site (e.g. a 
Lewis base). 

A hydrogen bond is the attractive force that arises between the proton donor 
covalent pair A-H, with a significant bond dipole, and the non-covalently 
bound nearest-neighbour electronegative proton-acceptor atom B. It is in part 
the Coulombic interaction of the dipole with the excess electron density at the 
proton-acceptor atom that fonns the hydrogen bond interaction. This strength 
of the hydrogen bond formed is believed to be best described with the acidity 
of the hydrogen atom and basicity of the atom B although electrostatic 
interactions are also important. Unless the acidity of hydrogen and the 
basicity of the acceptor atoms are sufficient, any hydrogen bonds formed are 
usually too weak to be of significance. 

Although the hydrogen bond is much weaker than the normal chemical bond, 
its strength varies considerably with A---B and B. It has long been known that 
with very electronegative donor and acceptor atoms, the hydrogen resembles 
a covalent bond, whereas, with weakly electronegative atoms, it is primarily 
electrostatic. Hydrogen bonds can either be intramolecular or intermolecular. 
For intramolecular hydrogen bonding to occur, A and B of A-H---B must be 
in a favourable spatial configuration in the same molecule or the interaction, 
which is taking place with the molecule itself. When the hydrogen bond A-H
--B is formed: 

• The molecules concerned come much closer together than the sum of the 
van der Waals radii of the nearest atoms that would otherwise allow. 

• The lengths of the A-H bonds are some what increased (bond length). 
• The band width mode of the A-H stretching is increased (intensity). 
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• The linearity of the A-H---B segment is increased, as the hydrogen bond 
strength is increased (the bond angle becomes closer to 180.0 degree). 

From the above discussion it can be concluded that the electron donor
acceptor interaction and hydrogen bonding are H-donor and E-donor, even 
though there is a slight difference in terms of their strengths. 

1.1.3 van der Waals complexes 

van der Waals complexes are weakly bound assemblies of atoms or 
molecules, having large amplitude vibrational motions, which are held 
together by dispersion, induction, charge transfer or hydrogen interactions 3

. 

Experimentally, the advent of supersonic free expansion technigue enables a 
wide variety of different complexes to be probed using molecular 
spectroscopy 4

•
5

. Theoretically, many advances have been made in analyzing 
the intermolecular potential, including Stone's distributed multipole analysis 
(DMA)6. Furthe1111ore, in complexes governed by electrostatic interactions the 
geometries of the van der Waals complexes can be predicted by the 
Buckingham-Fowler hard-sphere model 7

•
8
•
9

. Legan and Millen 10
•
11 have 

devised a set of rules facilitating the prediction of molecular geometry for 
small molecular systems and the distribution on complexation is neglected. 
The binding energies of van der Waals complexes are typically not greater 
than 20 kJ mol" 1

, being approximately the the1111al energy of molecules at 
room temperature. Another result of van der Waals interactions are that there 
is very little redistribution of electronic charge. As a result the individual 
molecules retain their separate character. van der Waals forces are responsible 
for complex fo1111ation in inert and non-polar molecules at low temperatures. 
The stability of van der Waals complexes depends on the balance between the 
exchange repulsion which decrease exponentially with the intermolecular 
distance, r, and the attractive forces due to the electrostatic induction and 
dispersion interaction, which decrease as { 11 at large distances 12

. 



5 

CHAPTER TWO 

2.1 ab initio Molecular Orbital Theory 

The term "ab initio" implies a rigorous, non-parametrized molecular orbital 
treatment derived from first principles. This is not completely true. There are 
a number of simplifying assumptions in ab initio theory, but the calculations 
are more complete, and therefore more expensive than that of the Semi 
emperical method. It is possible to obtain chemical accuracy via ab initio 
calculations, but only small systems can be treated this accurately at present. 
In practice most calculations are perfonned at lower levels of theory than 
would be considered definitive, and the shortcomings are taken into account. 

Ab initio theory makes use of the Born-Oppenheimer approximation i.e that 
the nuclei remain fixed on the time scale of electron movement and that the 
electronic wave function is unaffected by nuclear motion. This is a very good 
approximation is nearly all cases. Only for extremely flat potential surfaces, 
as for instance in some Jahn-Teller systems, may significant coupling exist 
between the vibrational and electronic wave functions. 

Ab initio calculations are almost always of either the variation or perturbation 
type, though there are others. The two methods can also be used in 
combination. In calculations of molecular energies and geometries, variation 
calculations are more common than perturbation calculations. 

2.1.1 Basis sets 

The tenn basis set mean an internally standard set of coefficients and 
exponents. Most of the wave functions to be considered are constructed in 
some form from molecular orbitals (MOs). In practical applications of the 
theory, a further restriction is imposed, requiring that the individual molecular 
orbitals be expressed as linear combination of a finite set ofN prescribed one
electron functions known as basis functions. 
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In a simple quantitative version of molecular orbital theory, atomic orbitals 
constituent atoms are used as basis functions. Such treatment is often 
described as a linear combination of atomic orbitals (LCAO) theory. There 
are two types of basis functions which are generally used. These are 
Gaussian-Type Functions (GTFs) and Slater-Type Functions (STFs). 

Gaussian-Type Functions used in molecular calculations are usually 
expressed as 

g -N u k ( 2) (2 I ) X ijk- gx y z exp -E;jkr .. . .. . . .. . ... . .. . .. . ... ... . .. . .. . ... . .. . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Where i, j and k are positive integers 

The normalized Slater-Type Functions in a spherical co-ordinate are defined 
as 

X'n1=N,,."·1exp(-E111r) Y1111 (8, ~) ............................................................ (2.2) 

Where n, 1 and m are principal, azimuthal and magnetic quantum numbers 
respectively, £nl an exponential prefactor of orbital exponents, and Yim (8, ~) 
a spherical harmonic linear combination of STFs are used in approximating 
atomic orbitals (A Os). 

In equation (2.1) and (2.2) the independent variables (r, 8, ~) or (x, y, z) refer 
to the displacement of an electron from a chosen point of reference (for 
example, nuclear position) and N, and Ng are appropriate normalization 
factors. Gaussian-Lobe Functions (GLFs) are special cases of equation (2.1) 
with i=j=k, that is, only the exp(-Er2) is used and several such lobes are placed 
at appropriate positions to appropriate the angular characteristics of the 
spherical harmonic. 

The minimal basis sets are used to describe the minimum number of basis 
functions required for each atom in a molecule, e.g. ST0-3G, which is three 
primitive Gaussians per basis function, and it approximates STFs with GTFs. 

In the minimal basis set only the exact number of functions needed for each 
electron in the atoms is used. An extension of minimal basis set is to double 
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the number of functions representing the valence region. In a split-valence 
basis set, hydrogen and two s-type functions and the first-and second-row 
atoms represent helium atoms by two complete set of valence s and p 
functions. The type of split-valence basis set used in this project is the 6-
3 I G( d, p) basis set, comprising inner shell function expanded in terms of six 
primitive Gaussian functions. 

Basis sets with full diffuse functions are useful for systems containing 
electrons which are far from the nucleus, e.g. molecules with lone pair 
electrons and ions. These types of functions contain larger s and p orbital 
functions, thus allowing the orbitals to occupy larger regions of space. The 6-
31 +G basis set adds diffuse functions to the heavy atoms, whilst the 6-31 ++G 
basis adds diffuse functions to the heavy atoms and the hydrogen atoms as 
well. 

2.1.2 Self-Consistent-Field Methods (SCFM) 

Quantum mechanics studies using ab initio methods depend on what 
properties are to be determined in a given series of calculations. Presently, for 
large molecules or large basis set studies on even relatively small molecules 
quantum mechanical calculations are at stage where electron repulsion 
integrals must be evaluated and processed. Consequently SCF-MO studies 
(for closed-shell system with only a single Slater determinant or open-shell 
system with a fixed linear combination of a small number of Slater 
determinants) still constitute the largest class. 

At the SCF level the electron-electron repulsion is actually overestimated. 
The theory does not allow the electron to avoid each other but assumes that 
their instantaneous positions are independent of one another. However, the 
error is reasonable consistent so that its effect can be made to cancel by the 
use of proper comparisons. The SCF methods are known as Single
determinant or Hartree-Fock (HF). 

Self-consistent field calculations can be used successfully as long as the 
number and the type of electron pair does not change from one side of the 
equation to another. This is because the amount by which the electron 
repulsion is overestimated is approximately constant for each type of electron 



8 

pair. This consideration leads to the use of isodemic equations for evaluation 
of results of SCF calculations. One of the major problems in using the SCF
MO method is how to treat both open and close-shell molecules consistently. 
The application of SCF procedures to open-shell molecules has also become 
relatively commonly used. The SCF wavefunction is a Slater determinant, or a 
fixed linear combination of Slater detenninants that exhibits the proper spatial 
and spin symmetry for the open-shell configuration and the desired state. 

2.1.2.1 Hartree-Fock Method (HF) 

A half-electron calculation for an open-shell system is simply a Restricted 
Hartee-Fock (RHF) 13 calculation in which the singly occupied orbitals 
contain not one electron that would have a spin but rather two half electrons 
of opposite spin. A small correction (the half-electron correction) is applied to 
compensate for the pairing energy of two half electrons. The half-electron has 
the advantage that it is on the same energy scale as RHF calculation for 
closed-shell molecules; this means for instance, that the relative energy for 
singlet and triplet state can be compared directly if the singlet is calculated 
with RHF and the triplet with the half-electron method. The disadvantages of 
the half-electron approach are that no information about spin densities is 
available and that the method is not well suited for optimization using 
analytical calculation forces, thus half-electron optimization may be very 
slowly. 

An alternative method of calculating open-shell system is the Unrestricted 
Hartree-Fock (UHF) 14 formalism, which is most often used for open-shell 
calculations with the GAUSSIAN series of ab initio programs. The 
Unrestricted Hartree-Fock (UHF) method (also referred to as different orbital 
for different spin (DODS)) is more flexible than RHF because the paired 
alpha and beta orbitals 15

, which correspond to doubly occupied molecular 
orbitals in the RHF formalism, need not be identical. This is both the strength 
and weakness of the method. On the other hand, it allows for spin 
polarization, the process by which an unpaired electron perturbs formally 
paired spins, and, therefore, it gives realistic estimates of spin densities. On 
the other hand, this extra flexibility gives a more negative electronic energy 
than would be obtained with spin-restricted theory. It is, therefore, not 
possible to compare the energies of open and closed-shell systems directly. 
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The UHF wavefunction is not limited to one pure electronic state, but can also 
be mixed in with states of higher spin. Spin contamination is not a problem in 
half-electron calculations or for the open-shell restricted Hartree-Fock 
(ROHF) procedure. In these the doubly occupied orbitals are restricted so as 
to be identical for alpha and beta spins, thus no admixture of higher-spin 
states is possible. Open-shell restricted Hartree-Fock calculations are possible 
with ab initio programs. 

2.1.2.2 Electron Correlation Methods 

The exact wavenumber described by a single determinant is the major 
weakness of single determinant molecular orbital (MO) theory since the 
electronic motion is completely neglected. This leads to the Hartree-Fock 
energies being significantly higher than the exact value. Correlation effects 
span through the energies, structural parameters and vibrational frequencies. 
There are various ways to incorporate correlation effects, e.g. through either 
configuration interaction (CI) method, M01ler and Plesset34 (MP) perturbation 
theory or Density Functional theory (DFT). 

2.1.3. M0ller-Plesset Second-Order Perturbation Theory (MP2) 

M01ler and Plesset34 were the first to develop a perturbation theory (PT) in 
which the Hartree-Fock (HF) wavefunction and energy are taken to zero
order solution to the exact wavefuction and energy. The difference between 
the exact Hamiltonian and the HF Hamiltonian is considered as a small 
perturbation which correct the average-field approximation of HF theory in 
such a way that the correlated movement of the electron is explicity 
considered. 

The perturbation theory of M0ller and Plesset,34 closely related to many
perturbation theory, is an alternative approach to the correction problem 
within a given basis sets. Its aim is still to find the lowest eigenvalue and 
corresponding eigenvector of the full Hamiltonian matrix. However, the 
approach is not to truncate the matrix as in limited Cl, rather to treat it as the 
sum of two parts, the second being the perturbation on the first. 
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The next step in many calculations is to apply some sort of correction for 
electron correlation to the SCF energy. The GAUSSIAN programs 
traditionaly use the Rayleigh-Schr0dinger 16 many body perturbation theory 
(RSMBPT) as applied to molecular systems by M0ller and Plesset and 
implemented at the second (MP2), third (MP3) or fourth (MP4), as based on 
perturbation theory and, like many methods, for calculating the correlation
energy and always rely on a good description of the virtual orbital in the 
original SCF wavefunction. However, MP2 is relatively economic to evaluate 
and gives a reasonable proportion of the correlation energy. Higher order 
tenns become more and more expensive. MP3 is commonly used but does not 
seem to give much improvement over MP2. MP4, with some terms removed 
to speed things up, is often used. MP4 gives reasonable results but it is much 
more expensive than MP2; so the levels of theory selected for this project is 
MP2. 

2.1.4 Density Functional Method (OFT) 

Density functional theory (DFT) has emerged in recent years as a promising 
alternative to conventional ab initio method in computational chemistry. The 
DFT methods are similar to ab initio methods in many ways. The popularity 
of DFT is largely due to its computational simplicity as compared with the 
Hartree-Fock (HF) based ab initio quantum mechanical methods, especially 
with the corrected levels of ab initio methods. Kohn and Sham 17 proposed the 
present form ofDFT computation in I 965. DFT computations are of accuracy 
that is approaching what quantum chemists call "chemical accuracy". DFT 
methods are attractive because they include the effects of electron correlation. 

2.1.3.1 Brunacker 3rd Order Lee-Young-Parisser functional 

There are also several hybrids functionals, which define the exchange 
function as a linear combination of Hartree-Fock (HF), local and gradient 
exchange tenn. This exchange function is then combined with a local and 
gradient corrected correlation functional. One choice is Becke's three 
parameter of exchange 18 (83) and the correlation functional is the Lee
Young-Parr (L YP) 19 functional. Exchange and correlation functionals are 
grouped in different categories, L YP functional, grouped under gradient-
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corrected functional and B3 functional, mixing some HF exchange, are 
examples of hybrid function (also known as adiabatic connection method). 
Then, the exchange functional (B3) is combined with the gradient-corrected 
correlation functional (L YP) to give a Brunacker 3rd Order Lee-Young
Parisser functional (B3L YP). 

2.2 Equilibrium Geometries and Vibrational Properties 

One of the most important and the most successful application of ab initio 
calculations to polyatomic molecules has been the confirmation and the 
prediction of molecular geometries. The Born-Oppenheimer approximation 
and the variation principle allow for the determination of the minimum point
by-point mapping through successive calculations of the total energy. 

Although this procedure must ultimately lead, for bound systems, to a 
minimum corresponding to the equilibrium geometry, it becomes increasingly 
more complicated as the number of atoms increase. This is due to the 
existence of 3N-6 degrees of freedom (3N-5 for a linear molecule), where N 
is the number of atoms. However, symmetry consideration and a reasonable 
guess of the equilibrium geometry reduce the complexity to some degree. 
Pople and co-workers 20 have been successful in the determination of 
geometries of a large number of molecules using such a point-by-point 
procedure. 

It has become apparent over the past several years that a more efficient 
procedure for determining the characteristics of a potential energy surface is 
through the calculation of derivatives of the total energy directly from the 
molecular wavefunction. Pople and Krishnan 20 have developed a method by 
which this can be accomplished through a computation of three types of force 
integrals, thus the Hell-Feynman density and integral forces. 

In addition to the first derivative or gradient, which is used primarily to 
determine the equilibrium geometry, higher derivatives can be calculated 
using this gradient method. Additional points must be calculated but the 
number is still fewer than that required in a point-by-point procedure. The 
option increments geometry for mapping out the surface has been investigated 
2

1.
22

_ The gradient method has recently been applied using M0ller-Plesset 
Pe11urbation theory 23

, Open-shell SCF 24 and MCSCF 25 procedures. 
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CHAPTER THREE 

3.1 Practical aspects of ab initio SCF MO calculations 

The minimum possible input for a MO calculation consist of the molecular 
charge and multiplicity and some definition of the molecular structure, i.e., 
the types of atoms involve and their geometrical positions. The structure is 
conveniently defined by means of a Z-matrix, which is a method of defining 
the molecule atom by atom in terms of bond lengths, bond angles and 
dihedral angles. The GAUSSIAN-98W MO computer program employed in 
this work is capable of automatically optimizing the molecular geometry 
within the specified symmetry constraints. 

Geometry optimization may be perfonned in three different ways with the 
GAUSSIAN-98W program. The first of these methods, commonly known as 
the Berny optimization 25

, is usually the fastest and is selected automatically 
by GAUSSIAN-98W program if no other mode of optimization is specified. 
Berny optimization uses analytical atomic forces and guessed force-constant 
matrix, which is continuously updated during the optimization, to predict the 
atomic positions of the minimum energy structure. This type of optimization 
is very fast and effective for acyclic molecules, but may either be very slow or 
fail completely for molecules with cyclic structures. This problem can, 
however, often be overcome by the use of an appropriate strategy, such as the 
use of the dummy atoms, in writing the Z-matrix. 

The second type of optimization available in the GAUSSIAN-98W program 
is the Murtaugh-Sargent algorithm 26

. This method, which does not rely on a 
guessed-force constant matrix, is slower but more reliable than Berny 
optimization. It too, uses analytically evaluated atomic forces to predict the 
minimum-energy structure. 

The third type of optimization available in GAUSSIAN-98W program is the 
Fletcher-Powell method 27

. The program selects this method automatically for 
those calculations for which no analytical forces are available. The Fletcher
Powell procedure can be used with any type of energy calculation, but is 
extremely slow in comparison with the method that uses analytical forces. 
This method also gives reliable optimizations. 
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In this project all calculations were performed using the Berny optimization 
method, which is the default option to predict a local minimum structure for 
HF, MP2, DPT and CI procedures. The 'TIGHT keyword was used to 
determine convergence. For a systems with very small force constants (low 
frequency vibrational modes), "VERTIGHT" option may be very necessary 
to ensure adequate and reliably of frequencies computed in a subsequent step. 

Having reached the minimum-energy structure, the GAUSSIAN-98W 
program calculates both the vibrational frequencies and the infrared and 
Raman intensities by using the FREQ keyword. Vibrational frequencies are 
computed by determining the second derivative of the energy with respect to 
the nuclear Cartesian coordinates and then transforming them to mass
weighted coordinates. This transformation is only valid at a stationary point. 

3.2 Basis Set Superposition Error (BSSE) 

This error (BSSE) occurs when a finite basis set is used since the electronic 
description of either sub-unit in a complex is improved when the basis set for 
the supermolecule makes use of the orbital associated with the other monomer 
unit. The inclusion of the functions from one monomer with those of other 
results in lowering of the interaction energy. This lowering in energy is 
known as the BSSE. An approximation method for taking account of this is 
the counterpoise correction 28 in which the energy of each monomer unit is 
calculated using a full basis set 29

. There have been many studies criticising 
the counterpoise correction (CPC) 30

•
31

, and alternative suggestions have been 
made. However, the CPC still produces acceptable, accurate results 32.33. 

Many variation of the counterpoise correction scheme have been reported. 
One reason why there should be so many are that the counterpoise correction 
is only an estimate. It is the most reasonable estimate. However, it provides 
neither an upper nor a lower bound of the extent of BSSE. 
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3.3 Infrared band assignments and nomeclature 

3.3.1 The plotting program ORTEP 

The oak ridge thermal ellopsoidal program (ORTEP) 34 was used for the 
facilitation of the assignments of the calculated infrared wavenumbers to 
particular modes of vibration. The first method involves adding the 
Cartesian coordinate of the calculated eigenvectors, for each mode, to the 
principal Cartesian coordinates, thereby obtaining the coordinates of the 
positions attained by atoms at the turning points of each normal modes of 
vibration. The pictorial plots obtained using the ORTEP program were then 
used as an aid in the description of the normal mode of vibration 35

. Using 
the standard orientation of the optimized structure, the ORTEP program was 
then used to draw the structure of the monomers, dimers and molecular 
complex 36

• 

37

. 

3.3.2 Execution of the computer program 

All the theoretical calculations involving the equilibrium geometries, infrared 
wavenumbers and band intensities of the monomers, dimers and molecular 
complexes were performed using the Window version of the GAUSSIAN-
98W computer program package 38

•
39 at the HF, MP2, and OFT level of 

theory 40

.4
1

, using the polarized 6-31 G( d, p) split-valence basis set 42

.4
3

. 

Geometry optimizations were carried out using the energy gradient procedure, 
commonly known as the Berny optimization method 43

. 
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CHAPTER FOUR 

Theoretical predictions of the geometries, energies and vibrational 
spectra of the monomers BF3, CO, CO2, H20, N20, 0 2, 0 3 and S02 

4.1 The boron trifluoride monomer 

ln the past years a great amount of theoretical and experimental information 
about boron trifluoride, boron tribromide and aluminium trichloride trapped 
in cryogenic matrices has become available 44

-
48

. We are not going to focus 
more on the monomer; however, we are going to use them in the next two 
chapters since they have enjoyed a lot of investigation in the past years. Our 
main focus will be the geometrical parameters, wavenumbers and the band 
intensities of the boron trifluoride monomer. 

4.1.1 The equilibrium geometries 

The equilibrium geometry of the boron trifluoride monomer was optimized 
at the TIGHT level, using the Berny optimization procedure and the use of 
the FREQ option to establish the equilibrium structure for the monomer. It 
is observed from Table 4.1 that the HF method predicts shorter bond lengths 
as compared to other methods of computation. This simply imply that for 
both the MP2 and DFT methods the predicted bond lengths are 
overestimated by small amounts when compared with the experimental 
results. The FBF bond angle is not changed as compared with the 
experimental gas phase value. 

4.1.2 The vibrational wavenumbers and the band intensities 

The molecular energies determined at the HF, MP2 and DFT levels of 
computation using the 6-3 I G( d, p) split-valence polarized basis set are 
collected in Table 4.2. These energies are going to be used in the next two 
chapters for calculating the interaction energies and the BSSEs. The 
computed wavenumbers of BF3 and the other monomers are listed in Table 
4.3, along with experimental wavenumbers. Tables 4.4 and 4.5 show the 
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calculated/experimental wavenumber ratios of the 11 BF3 and 
10

BF3 

isotopomers, respectively. This tables show that the ab initio calculations at 
the HF level of the type reported here typically overestimate the 
experimental wavenumbers by ca. 7% whereas the MP2 and DFT methods 
better fit the experimentally determined values. It is probable that, for these 
molecules are hevelly complex, at the HF level of theory, the absence of 
electron correlation limits the accuracy with which the experimental 
wavenumbers may be expected to be reproduced. 

Table 4.6 shows the calculated and the experimental gas-phase intensities of 
BF3 

49 .The calculated/experimental intensity ratio are shown in Table 4.7. 
As was found for the wavenumbers, the agreement between theory and 
experiment is better for the BF3 

49 monomer at both MP2 and DFTlevels of 
theory. At the HF approach using the 6-31G(d, p) basis set we expect to 
reproduce the IR band intensities to within a factor of two of the 
experimental observed ones 50

•
53

_ For the BF3 monomer this is indeed the 
case, with the out-of-phase bending intensity being overestimated, and the 
intensities of the doubly degenerate modes being predicted to be too low 
compaead with experimentally mearured ones. 

z 

Figure 4.1 The structure of boron trifluoride monomer and the numbering of 
atoms together with the orientation of the axis. 
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4.2 The diatomic monomers (CO and 0 2) 

A number of van der Waals complexes containing BF3 have been studied to 
date 53•60. In every case the boron atom acts as the binding site and it is 
natural to interpret the bonding in terms of the Lewis acidity of BF3. The 
current study was initiated in order to investigate the nature of the van der 
Waals bonding or electron donor-acceptor interaction with BF3 when the 
bonding partners are CO and 0 2. These complexes are fertile grounds for ab 
initio calculations because the self-consistent-field (SCF) calculations 
appear reliable enough for the prediction of some of the properties of 
interest such as geometries and frequencies 61 . Carbon monoxide is one of 
the most stable first row diatomic molecules and has accordingly been 

• I • • d b h • l l 53-58 d h - ll 50 51 53-63 extensive y mvest,gate ot expenmenta y an t eoret1ca y • • . 

4.2.1 The equilibrium geometries 

It is observed from Table 4.1 that the HF level of theory predicts shorter 
bonds lengths when compared with the other two methods. This trend can 
also be observed in the dioxygen monomer. The molecular energies of the 
diatomic monomers are also collected in Table 4.2. The geometrical 
paramers are overestimated at both MP2 and DFT levels of theory when 
compared with the experimental ones. 

4.2.2. The vibrational wavenumbers 

The predicted vibrational wavenumbers of the CO and 0 2 monomers, 
calculated at the three levels of computation, are listed in Table 4.3. All the 
computed vibrational wavenumbers of the oxygen are lower than the 
experimental values with the exception of the HF level of computation. This 
trend is also observed for the carbon monoxide monomer and this implies 
that for both monomers the HF method typically overestimates the 
experimental values. 
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I JI 

• 
" " 

Figure 4.2 The structures, orientation of axis and the numbering 
of atoms of the diatomic monomers (I) CO and (II) 0 2 
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4.3.1 The triatomic monomers CO2, H20, 0 3, N20 and S02 

In the last few years a great amount of experimental and theoretical 
information on molecular interactions has become available 64

-
69

. Among 
molecular complexes the weakly bound systems, especially those in which 
the component interact through either a hydrogen bond or van der Waals or 
electron donor-acceptor interactions, have attracted special interest, mainly 
because of the prevalence of such bonds in nature. 

4.3.1. The optimized geometrical parameters 

The optimized geometrical parameters of the CO2, H20, N20, 0 3 and S02 

monomers, calculated at the three levels of computation using the 6-31 G(d, 
p) split-valence polarized basis set are also presented in Table 4.1, together 
with the experimental geometrical parameters. The ab initio results show 
that the equilibrium bond distances are shorter than the experimental values 
at the HF level of computation. Differences between the calculated and the 
experimental values are quite small, the largest deviation being in the bond 
length of the N20 monomer. The HF method also predicts larger bond 
angles as compared with both the MP2 and OFT methods. At the HF level 
of computation the bond angle in the water monomer is slightly larger than 
the experimental values which was not expected. The bond angle in the 
corresponding sulphur dioxide monomer is underestimated by I. I deg from 
the experimental value while the MP2 and DFT methods are overestimate 
the value. 

The equilibrium structures, the numbering of atoms and the relative 
orientation of the monomers are shown in Fig 4.3. The molecular energies 
of the triatomic monomers are also listed in Table 4.2. 

4.3.2 The vibrational wavenumbers and the band intensities 

The calculated and experimental wavenumbers for the triatomic monomers 
are collected in Table 4.3. All the wavenumbers calculated at the three 
levels of computation are consistently larger than the experimental values 
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with the exception of the v3 mode of the sulphur dioxide monomer. The 
calculated/experimental ratios of the triatomic monomers observed in 
nitrogen matrices are presented in Table 4.8. This table indicates that the HF 
method overestimates the experimental wavenumbers by ca. 13% on 
average while both the MP2 and DFT levels of computation predict the 
correct values for the carbon dioxide monomer. This trend is also observed 
for the other monomers at the HF method, while at the MP2 and DFT 
approaches the changes are minimal. 

The predicted intensities are less useful than the wavenumbers for 
comparison purposes, since the experimental intensities are very difficult to 
measure. Moreover, the precision with which intensities may be calculated 
is intrinsically lower typically within a factor of two of the experimental 
value 70

. All the predicted infrared modes of the H2O, 0 3 and SO2 triatomic 
monomers are expected to be observed. 

ln the Raman spectrum, only one strong band would be expected to be 
observed. In the case of the N2O monomer it should be noted that there is a 
mixing of v(NN) and v(NO) vibrations giving rise to v1 and v2 modes, 
respectively. All calculated infrared active fundamental intensities are 
overestimated with the exception of the v1 and v2 modes at both the MP2 
and DFT levels of theory. 
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Figure 4.3 The structures of the (I) I-120 and (JI) S02, (III) CO2, (IV) N20 
and 0 3 monomers together with the numbering of the atoms and 
orientation of the axis. 
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Table 4.1 The optimized geometrical parameters ofBF3, CO, CO2, 
N20, H20, 02, 03, and S02 monomers using the 6-31 G(d, p) 
split-valence polarized basis set. 

Level of theory 

Point 
Species group Parameters HF MP2 DFT aExperimental 

BF3 Dooh r(BF)/pm 130.1 132.2 131.8 131.3 
FBF!deg 120.0 120.0 120.0 120.0 

co Coov r(CO)/pm 111.4 11 5 .1 113.8 112.8 

CO2 Coov r(CO)/pm 114.3 118.0 116.9 116.0 
OCO/deg 180.0 180.0 180.0 180.0 

H20 C2v r(OH)/pm 94.0 96.1 96.5 95.8 
HOH /deg 105.8 103.8 103.7 104.5 

N20 Coov r(ON)/pm 117.8 119.3 119.2 118.4 
r(NN)/pm 109.2 117.2 113 .4 112.8 
NiVO/deg 180.0 180.0 180.0 180.0 

02 Dooh r(OO)/pm 116.8 124.7 121.4 120.8 

03 C2v r(OO)/pm 121.4 130.0 126.4 125.3 
000/deg 1 1 7 .9 116.3 117.9 118.2 

S02 C2v r(SO)/pm 141.4 147.8 146.4 143.1 
o.§o!deg 1 18.2 119.8 119.1 119.3 

aRef: 71 



Table 4.2. Energies of the monomers calculated at the HF, MP2 and DFT 
levels of theory using the 6-3 I G( d, p) split-valence polarized 
basis set 

Monomers E(HF)/a.u E(MP2)/a.u E(DFT)/a.u 

BF3 -324.553222 -323.193822 -323.553221 

co -112.737877 -] 13.021215 -113.309454 

CO2 -187.634176 -188.118363 -188.580940 

H20 -76.022840 -76.219786 -76.419736 

N20 -183.680122 -184.213684 -184.660270 

02 -149.617908 -149.949732 -150.320042 

03 -223.695277 -224.869545 -225.426484 

S02 -547.169006 -547.682446 -548.587464 

23 
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Table 4. 3 The calculated and the experimental wavenumbers of the BF3, 
CO, CO2, N2O, H2O, 02, 03, and SO2 monomers. 

Symmetry Approximate Level of theorx 
Species species Mode description HF/cm-1 MP2/cm-1 DFT "Expt/cm - I 

BF3 a'1 Y1 Ys(BFi) 943 889 889 888 
a'2 Y2 1:(8F3) 738 699 685 691 
e' V3 v.(BF3) 1575 1497 1448 1449 

Y4 6a(BF3) 508 481 479 480 

co Ig V1 (CO) 2439 2119 2209 2018 

CO2 I\ VJ V5(CO2) 1519 1337 1338 1334 
TI V2 6(CO2) 746 642 633 667 
I-u V3 Va(CO2) 2585 2455 2448 2349 

H2O a1 V1 v5(H2O) 4102 3892 3786 3650 
a2 V2 6(H2O) 1753 1682 1666 1588 
b1 V3 v.(H2O) 4249 4030 3912 3742 

N2O I+ V1 v(NN) 2633 2247 2371 2224 
I+ V2 v(NO) 1393 1289 1344 1585 
TT V3 6(N2O) 689 575 604 589 

02 I/ V1 v(OO) 1998 1409 1660 1689 

01 a1 VJ V5(OO) 1256 1173 1266 1103 
V2 6(00) 1753 727 735 701 

b1 V3 v.(OO) 849 2381 1240 1042 

SO2 a1 VJ V5(SO) 1359 1077 1139 1151 
V2 o(SO) 592 486 502 518 

b1 V3 Va(SO) 1569 1305 1336 1362 

"Ref: 71 



Table 4.4 The calculated/experimental wavenumber ratios of the 11 BF3 
monomer of D3h symmetry calculated at the HF, MP2 and DFT 
levels of theory using the 6-3 IG(d, p) split-valence polarized 
basis set 

Symmetry Mode Approximate "wavenumber ratio 
species description HF MP2 DFT 

a'1 V1 v,(BF3) 1.06 1.00 1.00 
a" 2 V2 i:(BF 3) 1.07 1.01 0.99 
e' V3 v.(BF3) 1.09 1.03 1.00 

V4 8.(BF3) 1.06 1.00 1.00 

Mean Average 1.07 1.01 1.00 

Table 4.5 The calculated/experimental wavenumber ratios of the 10BF 3 

monomer of D3h symmetry calculated at the HF, MP2 and DFT 
levels of theory using the 6-3 IG(d, p) split-valence polarized 
basis set. 

Symmetry mode Approximate "wavenumber ratio 
species description HF MP2 DFT 

a'1 V1 v,(BF3) 1.06 1.00 1.00 
a" 2 Vz i:(BF 3) 1.07 1.01 0.99 
e' V3 v.(BF3) 1.09 1.03 1.00 

V4 o.(BF3) 1.06 1.00 1.00 

Average mean 1.07 1.01 1.00 

"R • - ;-attQ= Uwlc U exp, 

25 
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Table 4.6 Calculated infrared band intensities of the BF 3, CO, CO2, N2O, H2O, 0 2, 
0 3, and SO2 monomers. 

Symmetry Vibrational Approximate Leveloftheorl'. 
Species species mode description HF MP2 DFT "Expt/km mor1 

BF3 a'1 V1 v,(Bf 3) b _b _b b 

a" 2 V2 -r (BF3) 149 IO I 56 69 
e' V3 v,i(BF3) 485 409 382 1449 

V4 8a(BF3) 16 13 1 1 480 

co Lg V1 (CO) 138 26 70 70 

CO2 Lg V1 v,(CO2) 0 0 0.3 9 
nu V2 8(CO2) 69 26 30 503 
Lu V3 Va(CO2) 985 453 576 989 

H2O a1 V1 v,(H2O) 94 4 2 2 
a1 V2 8(H2O) 73 78 70 54 
b3 V3 Va(H2O) 15 34 20 45 

N2O Lg V1 v(NN) 490 263 310 346 
Lg V2 v(NO) 165 8 49 55 
n V3 8(N2O) 20 5 9 7 

02 L/ V1 v(OO) b - b _b _b 

03 a1 V1 v.(OO) 849 2 0.2 1103 
V2 8(00) 9 8 8 701 

b2 V3 v,(OO) 0.1 1489 166 1042 

SO2 a1 V1 v,(SO) 64 13 28 I 101 
V2 8(SO) 62 32 34 497 

b1 V3 Va(SO) 322 79 165 1318 

"Ref: 71, b infrared inactive band 
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Table 4.7 The calculated/experimental intensity ratios of the boron 
trifluoride monomer of D3h symmetry calculated at the HF, MP2 
and DFT levels of theory using 6-31 G( d, p) basis set. 

Symmetry Mode Approximate Levels of theorx 
species description HF MP2 OFT 

a'1 VJ Vs(BF3) _a - a _a 

a" 2 V2 iBF3) 2.16 1.43 0.81 

e' V3 Va(BF3) 0.33 0.26 0.26 

V4 sa(BF3) 0.03 0.28 0.02 

a infrared inactive band 

Table 4.8 Calculated/experimental wavenumber ratios of the CO2, N2O, H2O, 0 3, 
and SO2 monomers. 

Symmetry Approximate aLevel of theorx 
Species species Mode description HF MP2 DFT 

CO2 Lg VJ vs(CO2) 1.14 1.00 1.00 

Tiu V2 6(CO2) 1.12 0.96 0.95 

Lu V3 Va(CO2) I. I 0 1.05 1.05 

Average mean 1.12 1.00 1.00 

H2O a1 VJ v,(H2O) 1.12 1.06 1.04 

a1 Vz 6(H2O) I.IO 1.05 1.04 

b3 V3 v,i(H2O) 1.13 1.07 1.05 

Average mean 1.12 1.06 1.04 

N2O Lg VJ v(NN) 1.18 1.01 1.07 

Lg V2 v(NO) 1.08 1.01 1.05 

TI V3 6(N2O) I. I 7 0.98 1.03 



Table 4.8 continue 

Symmetry 
Species species Mode 

Approximate 
description 

Average mean 

03 a, v, v,(OO) 

V2 o(OO) 
62 V3 v,(OO) 

Average mean 

SO2 a, v, v,(SO) 

V2 o(SO) 
b, V3 v.(SO) 

Average mean 

aR t' - 1~ a JQ=LJca/c LJ eXpl 

28 

"Level of theory 
HF MP2 DFT 

1.14 1.00 1.05 

1.14 1.06 1.15 
1.21 1.04 I.OS 
1.68 I.OS 1.19 

1.34 I.OS I. 13 

1.18 0.94 0.98 
1.14 0.93 0.97 
1. 15 0.96 0.98 

1.16 0.95 0.98 
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CHAPTER FIVE 

Theoretical predictions of the geometries, energies and vibrational 
spectra of the homo-dimers. 

5.1 The boron trifluoride dimer 

The boron trifluoride dimer has been subjected to several matrix isolation 
and theoretical studies by a number of authors 55

,
57

,
72

-
73

,1
6 and the presence of 

the dimer was detected by means of infrared spectroscopy. The suggested 
configuration for the dimer was a bridged cyclic dimeric species of D2h 

symmetry similar to that of the B2H/4, A)zC16 and A)zBr6 
75 dimers. In the 

latest study by Nxumalo et. al 130 the authors based their investigations on a 
bridged cyclic dimeric structure of C2h configuration calculated at the HF 
level using the 6-31 G* basis set. The findings of Nxumalo and his co
workers 130 confirm that this dimer is more stable than the D2h dimer and this 
was also supported by matrix isolation results 76

. In ab initio results 
obtained, the mainly focussed would be based on the investigations of the 
bridged cyclic dimeric structure of C2h configuration using the 6-31 G(d, p) 
basis set. The three levels of theory were employed to determine the BSSEs, 
the vibrational wavenumbers and band intensities of the 10B and 11 B isotopic 
species. 

5.1.1 The optimized geometrical parameters of the boron trifluoride 
dimer. 

Fig 5.1 illustrates the structure of the boron trifluoride dimer of the C2h 

symmetry with the orientation of the axis and the numbering of atoms for 
identification purposes. The structure was drawn from the standard 
orientation of the optimized structure using an Oak Ridge Thermal 
Ellipsoidal Program (ORTEP). Table 5.1.1 presents the values of the 
geometrical parameters of the boron trifluoride dimer of C2h symmetry. The 
boron trifluoride monomer bond lengths calculated at the HF, MP2 and DFT 
levels of theory are equal to 130.1, 132.2 and 131.8 pm, respectively. Table 
5.1.1 shows that the BF bond length of the boron trifluoride subunits in the 
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dimer is slightly changed from the monomer value at all three levels of 
theory. The intermolecular bond length, r(B 1 ... B2) is equal to 337.6, 230.4 
and 323.9 pm at the HF, MP2 and DFT levels of theory, respectively. The 
bonded BF bond length, i.e., r(B 1 F3 ) and r(B 2 F4 ), at the HF and DFT levels 
show an increase relative to the monomer value while the terminal non
bonded BF bond lengths, for example, r(B

1
F

5
)=r(B

1
F

6
), undergo slight 

decreases at both levels of computation. The MP2 level shows inconsistency 
relative to the two methods, i.e. an increase to 146.9 pm as well as increases 
to 132.5 pm for the bond BF bond length and the terminal non-bonded BF 
bond lengths, respectively. The boron trifluoride monomer bond angle 
calculated at all levels equal to 120.0. Table 5.1.1 shows that the BF bond 
angle of the boron trifluoride subunits in the dimer are completely 
unchanged from the monomer value at the DFT and HF methods and at the 
MP2 approach it is substantially changed. These minor changes 
accompanying the dimerization of boron trifluoride are indicative of the 
presence of some weak donor-acceptor interactions. 

5.1.2 The dimerization energy 

The dimerization energies of the boron trifluoride dimer of C2h symmetry 
before and after correction for BSSEs by the full counterpoise method 77 are 
listed in Table 5.1.2. As illustrated in this table, the boron trifluoride dimer 
of the C2h symmetry is strongly bonded, although it must be stressed that the 
interactions found in all the methods are strong. The difference between the 
uncorrected dimerization energies of either of the methods is not that large, 
and the BSSEs account for about two thirds of the interaction energies 
calculated at both the HF and DFT levels of theory. 
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8 

Figure 5.1 The structure of the boron trifluoride dimer of C2h symmetry 
together with the numbering of atoms and the orientation of the 
axis. 



Table 5.1.1 The optimized geometrical parameters of the (BF3) 2 dimer 
calculated at the HF, MP2 and OFT levels of theory using the 
6-3 IG(d, p) split-valence polarized basis set 

Level of theory 

Species Parameters HF MP2 OFT 

(BFih r(B1 ... B2)/pm 337.6 230.4 323.9 

r(B 1F3)= (B2F4)/pm 131.0 146.9 132.9 

r(B1 ... F4)=r(B2 ... f 3)/pm 277.4 169.3 266.8 

r(B IF s)= (BI F 6)/pm 129.8 132.5 131.5 

r(B2F1)= (B2Fs)/pm 129.8 132.5 131.5 - -B2 ... B1F1 = B1 ... B2F,ldeg 52.2 47.2 53.3 - -B2 ... B,F, = B1 ... B2Fs /deg 108.2 117.9 108.0 

F ,fj, F, = F, B2F s /deg 119.6 114.0 119.6 
- -B2...B1F, = B, ... B2F,ldeg 108.2 117.9 108.0 - -F1B1F, = F,B2F1 !deg 119.6 I 14.0 119.6 - -F,B,F, = F1B2F, !deg 120.8 122.2 120.0 
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Table 5.1.2 The dimerization energies and the basis set superposition errors 
of the ( 11 BF3) 2 dimer calculated at the HF, MP2, and OFT levels 
of theory using the 6-31 G( d, p) split-valence polarized basis 
set. 

Species Point group Energy/kl mor 

6.E (uncorrected) 
hBSSE 

L'IE (cor,ected) 

bbasis set superposition error 

Level of theory 

HF 

-12.42 
8.22 

-4.20 

MP2 

-4.89 
2.92 

-1.97 

OFT 

-8.43 
2. 18 

-6.25 
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5.1.3 The vibrational wavenumbers and band intensities 

The HF, MP2 and DFT harmonic vibrational analyses for the boron 
trifluoride dimer, together with the approximate description of the normal 
modes, are given in Table 5.1.3. The vibrations belonging to ag and bg 
symmetry species are infrared inactive, those belonging to au and bu species 
are infrared active. Table 5.1.3 and 5.1.4 show Sau and 2b. modes shift the 
bg up. Table 5.1.3 list v,o (HF level) as being IR Inactive. The c' 0BF3)2 and 
(

11 BF3)2 isotopic variants of the boron trifluoride dimer have a C2h 

symmetry, and their normal modes transform as 

Based on the relative abundances of the '0B and 11 B isotopes, the 
concentration of the ( 10BF3) 2 and ( 11 BF3)2 species in any natural matrix 
isolation sample were predicted to be in the ratio 16: I 55

. Therefore, in order 
to fully interpret the matrix isolation spectrum of such a sample, it is 
necessary to predict the positions and intensities of the bands of the two 
isotopomers. The vibrational wavenumbers and intensites for the boron 
trifluoride monomers are shown in Table 4.3 and Table 4.4, respectively 
(see chapter 4, page 24 and 25) together with the approximate descriptions 
of normal modes and the experimental gas phase results for the 10BF 3 
species only. 



34 

Table 5.1.3 Calculated wavenumber together, with the intensities of the 11 BF 3 dimer of C2h symmetry structure calculated 
at the HF, MP2 and DFT levels of theory using the 6-31 G(d, p) split-valence polarized basis set and the 
experimental wavenumbers. 

Symmetry approximate HF MP2 OFT Experimental 
Species 

ag 

au 

bg 

bu 

mode description ~; -I 'Nk 1·1 u cm m mo u/cm·' 'A/km mor' ulcm -I "A/km mor' ulcm·' 

v, v(BF)(I.P.) 1542 __ b 1262 __ b 1449 b __ c --

Vz v,(BF)(l.P.) 936 __ b 753 __ b 881 __ b __ c 
VJ T(BF)(I.P.) 732 __ b 625 __ b 669 . __ b C 

V4 o(BF2)(!.P.) 509 __ b 534 __ b 481 __ b __ c 
V5 ring deformation 154 __ b 280 __ b 153 __ b __ c 
v6 ring stretch 49 __ b 214i b 54 __ b __ c --
V7 v,(BF2)(O.P.) 1599 928 1522 744 1514 724 1458 
Vg o,(BF3)(O.P.) 510 29 508 16 477 19 459 
V9 tw(BFi)(O.P.)(1.M) 42 0.01 186 0.4 41 0.01 __ c 

v,o ring pucker 16 b -- 62 b 10 b __ c 
V11 v,(BF2)(!.P) 1582 __ b 1483 __ b 1455 __ b __ c 
V12 o(BF3)(LP.) 500 __ b 395 __ b 470 __ b __ c 

V13 tw(BF2)(LP)(l.M) 43 __ b 303 __ b 42 __ b __ c 
V14 v(BF)(O.P.) 1546 976 1163 801 1455 792 1443 
V15 v,(BFi)(O.P.) 939 0.6 882 254 885 0.8 820 
VJ6 T(BF i)(O .P. )(I.M) 719 355 632 500 662 247 652 
VJ7 o(BF3)(O.P.) 506 

,, 
455 13 477 19 459 .).) 

v1s ring stretch (O.P)(I.M) 35 316 24 51 2 C --

"A- band intensity, binfrared inactive, "band not observed in this region, IP-in-phase, OP- out-of-Phase and IM
intermolecular mode 
d Ref: 130 
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Table 5.1.4 Calculated wavenumber together, with the intensities and the experimental wavenumbers of the 10BF3 dimer 
of the C211 symmetry structure calculated at the HF, MP2 and DFT levels of theory using the 6-31 G( d, p) 
split-valence polarized basis set. 

Symmetry 
Species mode 

ag V1 
V2 
VJ 
V4 
V5 
V6 

au \17 
\lg 

\19 
\110 

bg V11 
v12 
\11] 

bu V14 

V15 
VJ6 
V17 

approximate 
description 

v(BF)(I.P.) 
v,(BF)(LP.) 
T(BF)(LP.) 
li(BF2)(LP.) 

ring deformation 
ring stretch 

v,(BF2)(Q.P_) 
lia(BFi)(O.P.) 

tw(BF3)(O.P-)(I.M) 
ring pucker 

v,(BF 2)(1 .P) 
li(BFi)(LP.) 

tw(BF2)(LP)(I.M) 
v(BF)(O.P.) 

vs(BF3)(O.P.) 
T(BF3)(O.P )(IM) 

li(BF3)(Q_P.) 

VJ& ring stretch (O.P)(LM) 

HF MP2 DFT 
ulcm- 1 A'/kmmor1 ulcm- 1 A"/kmmor1 ulcm- 1 A8/lanmor 1 

1599 b 1308 b 1503 b 

936 b 757 b 882 b 

791 b 631 b 697 b 

511 b 540 b 483 b 

154 b 281 b 154 b 

50 b 220i b 55 b 

1658 1007 1579 807 1570 786 
512 29 511 16 480 19 

42 0.01 187 0.000 I 41 0.006 
16 b 62 b 10 b 

1640 b 1538 b 1554 b 

502 b 398 b 472 b 

43 b 304 b 42 b 

1603 1059 1202 887 1509 859 
939 0.8 901 311 885 0.9 
748 385 647 496 689 269 
508 33 457 12 480 21 

35 317 24 51 2 

Experimental 
u I cm -I 

C 

C 

___ c 
C 

C 

_____ c 
1505 
459 

C 

C 

C 

C 

__ c 
1484 
820 
678 
459 

C 

"A- band intensity, binfrared inactive, cband not observed in this region, IP-in-phase, OP- out-of-Phase and IM
intermolecular mode 
d Ref: 130 



•A= band intensity, binfrared inactive, c band not observed in this region, IP= in-phase, O.P= out-of-phase, 

I .M=intermolecular mode 

d Ref: 130 

36 
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The calculated/experimental wavenumber ratios of the ( 11 BF3)2 and C0
BF3)2 

dimer are shown in Table 5.1.5 and 5.1.6 respectively. Table 5.1.5 shows 
that both the HF and OFT methods overestimate the experimental data by 
ca. I 0% and ca. 3% on average, respectively, while the MP2 fit the 
experimental values. This trend is also observed for the C0BF3)2 isotopomer. 
Since the MP2 method predicts the values which are closest to the 
experimental ones, we are therefore justified to base our investigations on 
the MP2 method for further discussion. The correspondence between each 
of the dimer modes and its counterpart in the monomer in all three levels of 
theory is presented in Table 5.1.7, in which the monomer-dimer 
wavenumbers shifts are reported. This table indicates that all the BF
stretching vibrations derived from the monomer v 1 mode are red shifted, 
although only the v 15 mode of the dimer is infrared inactive. All the dimer 
modes correlating with v2 mode of the monomer are also red-shifted. At the 
(MP2) levels of theory, the antisymmetric BFrstretching vibration 
undergoes the largest changes on dimerization, splitting into a pair of bands 
(v 1 and v 14) which are shifted to the red, and one bands (v 11 ) is red-shifted. 
The infrared active modes of the dimer correlating with the degenerate BFr 
bending mode (v8 and v 17) also experience the same shifts and suffer only 
minimal displacements, while the inactive vibration v4 and v 12 modes, are 
also shifted by amount less than 90 cm· 1 in either direction. It is noted that 
the largest wavenumber shifts of the infrared active bands on dimerization 
are those associated with the BF bonds actually involved in the interaction 
(v7, v14 and v 16) as predicted by Friedrich and Persons theory of EDA 
interaction 78

. The same is true for the infrared inactive v 1 band, which is the 
v 15 of the dimer, the in-phase coupled stretching mode of the two bonded BF 
groups. The infrared spectra of the (BF3)2 are thus predicted to consist of 
two bands derived from the antisymmetric stretching mode, one displaced to 
approximately 340 cm·1 to the red and the other one to ca. 25 cm·

1 
to the 

blue relative to the monomer; two bands, v8 and v 17_ one shifted to higher 
wavenumbers and the other one to lower wavenumbers of the monomer out
of-plane bending mode by almost the same amount, two bands one 
correlating with the symmetric stretching mode of the monomer, v 15 , being 
shifted to the red and the other one correlating to the out-of-plane bending 
absorption of the monomer, v 16, being also shifted to the red by ca. 67 cm·

1
• 



Table 5.1.5 Ratios of the computed to the experimental wavenumbers 
observed in nitrogen matrices of the intramolecular modes of 
the 11 (BFi) dimer. 

"Level of theory 

Mode HF/6-31 G(d, p) MP2/6-31 G(d, p) DFT/6-31 G(d, p) 

V7 1.10 1.04 0.96 

Vg I. 11 1. 11 1.04 

V14 1.09 0.81 1.01 

V15 1.07 1.08 1.08 

V16 I. 1 5 0.97 1.02 

V17 1.06 0.99 1.04 

Mean Average 1.10 1.00 1.03 
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Table 5.1.6 Ratios of the computed to the experimental wavenumbers 
observed in nitrogen matrices of the intramolecular modes of 
the 10(BFi) dimer. 

'Levels of theory 

HF/6-31 G(d, p) MP2/6-31 G(d, p) DFF/6-31 G(d, p) 

V7 1.1 I 1.05 1.04 

Vg 1.12 I. II 1.05 

V14 1.08 0.80 1.02 

V15 I.IO 0.95 1.02 

V16 1. 11 1.00 1.05 

Mean Average 1.10 1.00 1.03 

aR • - -at10= Ucalcl V cxpl 
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The computed infrared intensities for the (10BF3) 2 and ( 11 BF3) 2 species are 
gathered in Table 5.1.8. The symmetric BFrstretching mode, v 15 , and the 
three intermolecular modes, v9, v 10 and v 18 have negligible intensities. Thus, 
only five infrared active bands of the C2h dimer would be expected to be 
observed at best. The intensity ratio of the infrared active bands of c1 1BF3) 2 

to the corresponding bands of 11 BF3 are presented in Table 5.1.9. These 
ratios are all clustered around a value of l to 5. The increase in intensity on 
dimerization are consistent with the prediction of the Friedrich and Pearson 
theory 78 while the modest values of the ratio testify to the weakness of the 
interaction. 

The Raman intensities and depolarization ratio of the ag and b~ modes of the 
(

11 BF3) 2 dimer, computed as part of the vibrational analysis 9 are listed in 
Table 5. I. I 0, and those of the monomer 80 are listed in Table 4.6. Raman 
intensities have received relatively little attention, compared with their 
infrared counterparts, as diagnostic parameters for analysis of molecular 
interactions, either experimentally or theoretically 76_ Nevertheless, it is 
instructive to compare the changes in the Raman intensities of the monomer 
band resulting to the formation of the dimer, as was done for the infrared 
bands in Table 5.1.9. The intensity ratios are found to lie in the range from 
1.7 to 2.9, exactly as was observed for the infrared intensity ratios. More
over the fact that none of the Raman intensities is increased by a substantial 
amount as a result of the dimerization process confirms to the evidence 
provided by the infrared intensity behaviour that the interaction is a weak 
one. 



Table 5.1.7 Comparison of the calculated wavenumbers of the 11 BF3 dimer with those of the corresponding 
modes of the 11 BF3 monomer calculated at the HF, MP2 and DFT levels oftheo1y. 

HF/6-3 IG(d, p) MP2/6-3 IG(d, p) DFT/6-31G(d, p) 

dimer monomer dimer monomer dimer monomer 

Mode ulcm· 1 Mode ulcm· Shifts Mode u/cm -1 Mode ulcm -I Shifts Mode ulcm- 1 Mode u/cm •I Shifts 
("SS) ("SS) !:,.'iJ/cm· 1 ('SS) ('SS) !:,. u I C/11 ·I ("SS) ("SS) 1:,.'iJ I cm -1 

v1(ag) 1542 v3( e') 1575 -33 VI (ag) 1262 v3(e') 1497 -235 v1(ag) 1449 V3( e') 1448 1 
v2(ag) 936 v1(a') 943 -7 v2(ag) 753 V1(a') 889 -136 v2(ag) 881 V1(a') 889 -8 
V3(ag) 732 vi(a") 738 -6 v3(ag) 625 v2(a") 699 -74 v3(ag) 669 v2(a") 685 -16 
v4(ag) 509 V4(e') 508 v.(,g) 534 v4(e') 481 53 V4(ag) 481 v4( e') 479 2 
V7(a,,) 1599 v3( e') 1575 24 V7(a,,) 1522 v3( e') 1497 25 V7(au) 1514 V3( e') 1448 66 
Vs(au) 510 V4( e') 508 2 vs(au) 508 V4(e') 481 27 vs(au) 477 V4(e') 479 -2 
V11(bg) 1582 v3( e') 1575 7 V11(bg) 1483 v3(e') 1497 -14 V11(bg) 1455 V3( e') 1448 7 
V12(bg) 500 V4(e') 508 -8 vl2(bg) 395 V4(e') 481 -86 vl2(bg) 470 V4(e') 479 -9 
V14(bu) 1546 V3( e') 1575 -29 v1.Cbu) 1163 v3( e') 1497 -334 v1.Cbu) 1455 v3( e') 1448 7 
V1s(bu) 939 v1(a') 943 -4 v I s(b,,) 882 v1(a') 889 -7 V15(bu) 885 V1(a') 889 -4 
V16(b,,) 717 v2(a") 738 19 V16(bu) 632 v2(a") 699 -67 V16(bu) 662 v2(a") 685 ,., " -L.J 

V17(bu) 506 v4(e') 508 -2 v17(bu) 455 V4(e') 481 -26 VI ?(bu) 477 v.(e') 479 -2 

'(SS)~ Symmetry Species 

bShifts=( u I cm •1)cti111er-( VI cm •1)111onome, 
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Table 5.1.8 Calculated intensities of the infrared active modes of the two isotopic variants of the boron trifluoride 
dimer of symmetry C2h computed at the HF, MP2 and DFT levels of theory using the 6-31 G(d, p) 
split-valence polarized basis set. 

HF/6-3 IG(d, p) MP2/6-3 IG(d, p) DFT/6-31G(d, p) 

Symmetry Mode Intensity /km mor 
species (1°BF3)2 (1 1BFih 

Intensity /km mor 
(

10
BF3)2 c1 1BFih 

Intensity /km mor 
(1°BF1h (1 1BF3)2 

a., V7 1007 928 744 807 724 786 
Vg 29 29 16 16 19 19 
V9 0.0 0.0 0.4 10·3 0.01 0.01 
VJO 0.01 0.01 0.6 0.5 10·1 ] 0·3 

b., V14 1059 976 801 887 792 859 
V15 0.8 0.6 254 311 0.8 09 
VJ6 385 355 500 496 247 269 
V11 "" "" 13 13 19 21 JJ JJ 

VJ8 0.01 0.01 24 24 2 2 



Table 5.1.9 Ratios of the intensities of the infrared active bands of the 11 BF 3 dimer to those of the corresponding 
modes of the 11 BF3 monomer atthe HF, MP2 and DFT levels of theory using the 6-3 I G(d, p) split
valence polarized basis set. 

HF/6-31 G(d, p) MP2/6-31 G(d, p) DFT/6-3 lG(d, p) 

11 (BFi)2 IIBFi 11 (BFih IIBFi 11 (BF 3)2 
11 13Fi 

Mode Intensity mode Intensity Adimcr_ Intensity mode Intensity Adirner Intensity mode Intensity Ad,mcr 

("SS) /km mor1 ("SS ) /km mor1 
Amonomer /km mor1 ("SS) /km mor 1 

Amonomer /km mor1 ("SS ) I km mo1"1 
Amonomer 

v7(au) 928 v3( e') 485 1.91 744 v3( e') 409 1.82 786 vJ(e') 352 2.81 
vg(au) 29 V4( e') 16 1.81 16 V4(e') 13 1.23 19 V 4( e') 1 1 1.73 
V14(b_,) 976 V3( e') 485 2.01 801 v3( e') 409 1.96 859 VJ( e') 382 2.25 
V15(bu) 0.6 V1(a1') 0 254 V1(a1') 0 0.9 V1(at') 0 
V16(bu) 355 v1(a"2) 149 2.38 500 V1(a"2) 101 4 .. 95 269 v1(a"2) 56 4.80 
V17(bu) " V4(e') 16 2.06 13 v4(e') 13 1.00 21 V 4( e') 11 1.90 JJ 

("SS)= symmetry species 

42 



5.1.10 Ratios of the intensities of the Raman-active bands of the ( 11 BF 3) 2 dimer to those corresponding modes of 
the 11 BF3 monomer at the HF level of theory, using the 6-31 G(d, p) split-valence polarizes basis set. 

Mode 
(Symmetry species) 

V1(ag) 
v2(ag) 
v3(ag) 
v.(ag) 
VJ ,(bg) 
vl2(bg) 

Intensity 
(102m'1kg-') 

0.1489 
2-3189 
0.0599 
0.4815 
0.1029 
0.4541 

Mode Intensity 
(symmetry species) (102m4kg-') 

V3( e') 0.0529 
V1(a1') 1.2051 

V2(a"2) 0 
V4(e') 0.2571 
v3( e') 0.0259 
v4(e') 0.2571 

A(dimer) 
A(monomer) 

2.81 
1.92 

1.87 
1.95 
1.77 

43 
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5.2 The Carbon Monoxide dimer 

In recent years the studies of molecular interactions involving boron 
trifluoride as an electron acceptor (Lewis acid), with a variety of carbon 81

• 
83

, nitrogen 84
•
86

, oxygen 8
1.

84
•
87

•
88

, sulphur 84
•
89

•
91 and some halogen electron 

donors have been carried out. For the studies mentioned above, the matrix 
isolation infrared spectroscopic technique was used to determine the effect 
on the spectrum of the interaction of boron trifluoride molecule with the 
electron donor. As early as 1913, to prepare a chemically bound (COh 
species have proven unsuccessful. Since carbon monoxide dimer, as a 
simple molecular associated species has not been the subject of the previous 
theoretical studies this prompted us to further investigate this interesting 
molecular species. 

5.2.1 The optimised geometrical parameters of the carbon monoxide 
dimer 

Figure 5.2 shows the optimized structure of the CO dimer. This is a true 
global minimum structure. The absence of a negative eigenvalue lends 
strong support to the identification of this dimer as the most preferred 
configuration. Table 5.2. l presents the values of the converged geometrical 
parameters of the carbon monoxide dimer. The numbering of atoms and the 
orientation of the axis are illustrated in fig 5.2. The CO monomer bond 
length calculated at the HF, MP2 and OFT levels of theory is (CO) equal to 
111.4, l l 5.1 and 113.8 pm respectively. Table 5.2.1 shows that the non
bonded (CO) bond length of the two carbon monoxide subunits in the dimer 
are completely unchanged from the monomer value in all the three levels of 
theory. The intermolecular bond length r(O2 CJ), is 383.7, 363.4 and 399.7 
pm for HF, MP2 and OFT methods respectively, is a value obviously 
indicative of genuine van der Waals interaction. The OC'O bond angle of the 
carbon monoxide deviates from linearity by ca.21.5 degrees for both HF and 
MP2 calculations and by more than 45 degrees for OFT. Such large 
deviations from linearity as demonstrated by the three levels of theory 
clearly indicate that the interaction is taking place through the anti-bonding 
re orbitals of the other subunit. 
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5.2.2 The dimerization energy and the BSSE 

The computed dimerization energy of the carbon monoxide dimer is given 
in Table 5.2.2. The weakness of the dimerization of carbon monoxide is also 
confirmed by the calculated value of 0.10 kJ mor1 for the HF, 2.99 kJ mor1 

for the MP2 and 2.34 kJ mol" 1 for the DFT methods after correcting the 
interaction energy for BSSE as seen in Table 5.2.2. It is also noted in this 
table that in the MP2 calculation the BSSE contribution is virtually absent. 

X 

" , 

, 

• z . 

Figure 5.2 shows the optimized structure of the carbon monoxide dimer, the 
numbering of the atoms together with the orientation of the axis. 
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Table 5.2.1 The optimized geometrical parameters of the (CO)2 calculated 
at the HF, MP2 and DFT levels of theory using the 6-31G(d, p) 
split-valence polarized basis set 

Leveloftheory 

Species Parameters HF MP2 DFT 

(C0)2 r(C102)/pm 111.4 115.1 113.8 
r(02 ... C3)/pm 383.7 363.4 399.7 
r(C304)/pm 111.4 115.1 113.8 
Ci02C1 /deg 76.8 75.0 44.7 
02C10,/deg 158.5 158.4 134.5 

Table 5.2.2 The dimerization energies and the basis set superposition errors 
of the (CO)2 calculated at the HF, MP2, and DFT levels of 
theory using the 6-3 I G( d, p) split-valence polarized basis set 

Species Point group Energy/kJ moi-1 

(CO)i C, .6.E (uncorrected) 

BSSE 

L'>E (corrected) 

Level of theory 

HF 

-1.40 
1.30 

-0.10 

MP2 

-2.99 
0.00 

-2.99 

DFT 

-3.36 
0.02 

-2.34 
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Table 5.2.3 The computed and the experimental wavenumbers of the (CO)2 

dimer calculated at the HF, MP2, and DFT levels of theory 
using the 6-3 IG(d, p) split-valence polirized basis set. 

Symmetry Approximate 
Species Mode description 

a' Vt v(CO) (E.A) 

V2 v (CO) (E.O.) 

V3 libration(in-phase) (J.M.) 

V4 inter-unit stretch (l.M) 

V5 libration (out-of-phase)(I.M) 
a" v6 out-of-phase libration (J.M.) 

"Ref: 130 

Level of theory 

2442 
2438 

68 
45 
20 
35 

MP2 
~; -t u cm 

2121 
2119 

72 

56 
16 
29 

OFT "Experimental 
~; m •t u~lcm •t U C • 

2211 __ c 
2209 2138 

I 13 __ b 

39 __ b 

15 __ b 

31 __ b 

b band not observed in this region, c overlapping bands 

Table 5.2.4 The intensities of the (CO)2 calculated at the HF, MP2 and 
DFT levels of theory using the 6-31 G(d, p) basis set 

Symmetry Approximate 
species Mode description 

a' Vt v(CO) (E.A) 

V2 v (CO) (E.O.) 

VJ libration(in-phase) (l.M.) 

V4 inter-unit stretch (l.M) 

V5 libration ( out-of-phase )(l.M) 
a" V6 out-of-phase libration (J.M.) 

Levels of theory 

HF MP2 
A/km mort A/km mort 

147 27 
131 26 
0.8 0.01 
0.1 0.03 
0.3 0.07 
0.3 0.04 

OFT 
A/km mort 

145 

0.3 
0.0 



5.2.3 Vibrational wavenumbers and band intensities of the carbon 
monoxide dimer 
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The HF, MP2 and DFT harmonic vibrational and the experimental 
wavenumbers for the carbon monoxide dimer, together with the 
approximate description of the normal modes, are given in table 5.2.3. The 
calculated/experimental wavenumber ratios indicate that the experimental 
wavenumbers are consistently overestimated by ca. I 4% and 3% for HF and 
DFT methods respectively and is underestimated by I% for MP2 level of 
computation. Our assignments confirm the interpretation of Davies and 
Hallam 92 of the infrared spectra of carbon monoxide isolated in argon 
matrices as supported by our ab initio calculations. It is also confirmed from 
Table 5.2.3 that the carbon monoxide dimer shown in fig.5.2, is a true 
global energy minimum on the potential energy surface (PES) due to the 
absence of negative frequencies in all three levels of theory. 

Table 5.2.4 shows the intensities of the carbon monoxide dimer calculated at 
the HF, MP2 and DFT levels of theory, using the 6-31 G(d, p) basis set. It is 
clearly observed in this table that the calculated intensities for the v I and v2 

modes of the dimer are almost identical at the HF and MP2 levels. However, 
the DFT theoretical results are inconsistent with the predicted trend. The 
identical trend was also noted for the calculated vibrational wavenumbers of 
these two modes (see Table 5.2.3) at all three levels of computation. This 
suggests that only one absorption band is expected to be observed due to the 
overlapping of these two bands. 

Table 5.2.5 shows the wavenumber shifts and intensity enhancements on 
dimerization of the carbon monoxide calculated at all the three levels of 
theory studied here. As indicated in Table 5.2.5 and Table 5.2.6 respectively 
only negligible wavenumber shifts and small intensity enhancements 
accompany the dimerization of carbon monoxide. Ab initio theoretical 
calculations at all the three levels of theory qualitatively predict that the 
matrix isolation infrared spectra of the carbon monoxide dimer should show 
two CO stretching absorption bands of comparable intensity to that of the 
monomer CO stretching vibration; these two bands overlapping and both 
being slightly shifted by 2cm· 1 to the blue relative to the monomer 
wavenumber position. 



Table 5.2.5 Comparison of the calculated wavenumbers of the (CO)2, with those of the corresponding modes of the 
monomer, calculated at the HF, MP2 and DFT using the 6-31 G( d, p) basis set. 

HF/6-31G(d, p) 

dimer monomer 

mode u I cm -I mode u I cm -I Shifts 
(·ss) (·ss) b /:, U / cm -I 

V1(a') 2442 
vz(a') 2438 

v(o) 2439 
v(o) 2439 

(•ss) is the symmetry species 

b /j, iJ = iJ dim er - Umonomer 

3 
-1 

dimer 

mode 
("SS) 

MP2/6-31G(d, p) DFT/6-31G(d, p) 

monomer dimer monomer 

ulcm-1 mode 
(•ss) 

u I cm -I Shifts mode i7 I cm -I mode u I cm -I Shifts 

2121 
2119 

v(o) 
v(o) 

2119 
2119 

b!:,u/cm-1 (•ss) ("SS) b!:,u/cm- 1 

2 
0 

v1(a') 2211 v(o) 
v2(a') 2209 v(o) 

2209 
2209 

2 
0 



... 

Table 5.2.6 Comparison of the calculated band intensities of the (CO)2, with those of the corresponding modes of 
the monomer, calculated at the HF, MP2 and DFT levels of theory using the 6-31G(d, p) basis set 

HF/6-31G(d, p) 

dimer monomer 

mode A/km 
("SS) mor' 

mode Nkm A6/A' 
(·ss) moJ" 1 

147 v(o) 
13 I v(o) 

138 
138 

1.06 
0.95 

MP2/6-31G(d, p) 

dimer 

mode Nkm 
(3SS) mor' 

v,(a') 
v2(a') 

27 
26 

monomer 

mode 
("SS) 

v(o) 
v(o) 

Nkm 
I• I mo 

26 
26 

1.04 
1.00 

dimer 

mode 
(·ss) 

DFT/6-31G(d, p) 

monomer 

Nkm mode NK.m 
mor1 (3SS) mor' 

v1(a') 0.0 
v2(a') 145 

v(o) 
v(o) 

70 
70 

0.0 
2.07 
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5.3 The Carbon dioxide dimer 

Most experimental studies of the carbon dioxide dimer including those by 
matrix isolation IR in noble gases 93 and deuterium 94 matrices, high 
resolution gas-phase IR 95 and molecular beam (MB) spectroscopy 96

-
99

, 

have concluded that the structure is best represented as a slipped parallel 
dimer of C2h symmetry, stabilized by weak quadrupole-quadrapole 
interactions. A variety of theoretical predictions 100

-
109 concur with the 

experimental evidence that the true structure has an offset parallel geometry, 
with the T-shaped structure more representing a transition state connecting 
two equivalent slipped parallel dimers through a synchronized inter
conversion mechanism occurring in the plane of the complex. However, one 
author proposed a structure midway between the C2h and C2v models 110

, but 
this conclusion has not found any additional support. For the purpose of this 
investigation two isomers would be considered, one of C2h symmetry and 
the other one of C2v symmetry, at the three different levels of computation. 

5.3.1 The optimized geometrical parameters 

The geometry optimizations of the dimers of carbon dioxide structures of 
the C2h and the perpendicular C 1 ... 0 2 bonded species belonging to the C2v 

point group are illustrated in fig 5.3; and they were performed at the HF, 
MP2 and OFT levels of computation. The optimized geometrical parameters 
of the CO2 dimers are shown in Table 5 .3. I. The computed bond length of 
the carbon dioxide monomer is equal to 114.3 (for HF), 118.0 (MP2) and 
116.9 pm (OFT). For both structures, and at all levels of theory, the free CO 
bond shortens marginally on dimerization, while the bonded CO bond 
length increases slightly, or remains unchanged at the perpendicular C2v 

symmetry. The linearity of the interacting monomer is not affected. The 
carbon dioxide remains unchanged on dimerization at all levels, at both 
structures. At the T-shaped structure the intermolecular bond length, 
r(C 1 .... 0 2) is equal to 3 I 1.5, 294.9 and 302.0 pm for HF, MP2 and OFT 
methods respectively. Similarly, for the slipped parallel the intermolecular 
bond length r(C2 ... 0 4) is 329.4 (for HF), 347.2 (MP2) and 354.6 pm (OFT) 
and these values are slightly high indicating some type of van der Waals 
interaction. 
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and these values are slightly high indicating some type of van der Waals 
interaction. 

5.3.2 The dimerization energies 

The computed dimerization energies of the two carbon dioxide dimers are 
given in Table 5.3.2. In fact, various calculations and emperical schemes for 
estimating dissociation energies for the carbon dioxide dimer predict a value 
of 4-8 kJ mor1

, yielding the staggered side-by-side structure (C2h) to be 
more stable than the T-shaped structure (C2v) 100

•
111

•
112

. These results from 
Table 5.3.2 also shows that, at all levels, before correcting for BSSE, the 
staggered structure (C2h) is more stable than the T-shaped structure (C2v), 

fi • h fi d' f h • • f • d' 101 102 103 104 109 con 1rmmg t e m mgs o t e maJonty o vanous stu 1es • • • • . 
Correction for BSSE has the effect of virtually equalizing the interaction of 
both dimers at all levels. BSSE represents a large contribution to the 
uncorrected interaction energies as was also observed by Bone and Handy 
104

• The vibrational analyses, based on these predictions, confirm the T
shaped to be the transition state. 

I II 

Figure 5.3 shows the optimized structure of the carbon dioxide dimer of the 
C2h (I) and C2v (II) symmetry together with the numbering of the 
atoms 
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Table 5.3.1 The optimized geometrical parameters of the (CO2) 2 calculated 
at the HF, MP2 and DFT levels of theory using the 6-31 G( d, p) 
split-valence polarized basis set. 

Level of theory 

Species Parameters HF MP2/ OFT 

(CO2)2 C2h r(C1O2)/pm 114.3 117.9 116.9 
r(O3C1)/pm 114.5 118.0 117.0 
r(O2 ... C4)/pm 329.4 347.2 354.6 

O,c;,o, /deg 180.0 180.0 180.0 

O,C.,O,/deg 180.0 180.0 180.0 

(CO2)2 C2v r(C1 ... O2)/pm 311.5 294.9 302.0 
r(C1O3)/pm 114.3 117.9 116.9 
r(C5O1)/pm 114.2 117.9 116.8 

O1C1O,/deg 179.2 179.4 179.2 

O2C'sO, /deg 180.0 180.0 180.0 

O,C'tO,/deg 90.0 90.0 90.0 

Table 5.3.2 The dimerization energies and the basis set superposition errors 
of the (CO2) 2 calculated at the HF, MP2, and DFT levels of 
theory using the 6-31G(d, p) split-valence polarized basis set. 

Level of theory 

Species Point group Energy/kl mo1" 1 HF MP2 OFT 

(CO2)2 C211 ~E (uncorrec(cd) -4.93 -7.93 -6.75 
BSSE 2.37 5 68 4.42 

L'>E (corrccied) -2.56 -2.25 -2.33 

(CO2)2 C2v ~E (uncorrected) -3. 71 -5.98 -1.94 
BSSE 1.33 3.55 1.93 

L'>E (corrected) -2.38 -2.35 -0.01 
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5.3.3.Vibrational wavenumbers and band intensities 

The computed wavenumbers together with the experimental wavenumbers 
of the intramolecular modes of the (CO2) 2 observed in nitrogen matrices and 
the intensities of the slipped parallel (C2h) and T-shaped (C2v) dimer 
structures are reported in Tables 5.3.3 and 5.3.4 respectively. The normal 
modes of the slipped parallel dimer transform as 

and those ofT-shaped structure as 

In the case of the slipped parallel dimer the monomer modes couple to 
produce a combination of antisymmetric stretches (in-phase, v 1, and out-of
phase, v9) symmetric stretches (in-phase, v2, and out-of-phase, v10) and 
bends (in-plane) out-of-phase, v3, in plane, out-of-plane, v 11 , out-of-plane, 
out-of-phase, v6), with equal contributions from each monomer unit. The 
intermolecular modes, v4, v5, v7 and v 12 , may be identified with the coupled 
in-plane libration (Ry (con)), the inter-monomer stretching (T,.), the 
lib ration (R, ( con)) and the out-phase in-plane libration (Ry (anti)), 
respectively. 

Due to the non-equivalence of the two monomer units in the T-shaped 
dimer, the intramolecular normal modes of the dimer are more conveniently 
described as the uncoupled antisymmetric stretches of the ED, v 1, and the 
EA, v9, the in-plane bends of the EA, v4, and the ED, v 10 , the out-of plane 
bends of the EA, v6, and the ED, v7. The symmetric stretching modes of the 
two monomer units are coupled to a certain extent, however, and v2 and v3 

are described as the in-phase and out-of-phase combination of those motions 
respectively. The intermolecular modes are inter-monomer stretching, v5 

(T2), the out-of-plane libration, v8 (R, (anti)), and out-of-phase, v 12 , (Ry 
(anti)) in-plane libration. The v9 mode are predicted to have a negative 
eigenvalue at all the levels of theory. This confirms that the T-shaped 
structure is a transition state. 
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Table 5.3.3 The computed and the experimental wavenumbers of the (CO2)2 

dimer calculated at the HF, MP2, and DFT levels of theory 
using the 6-3 lG(d, p) split-valence polarized basis set. 

Symmetry 
Dimer Species Mode 

Approximate !-IF 
description v /cm-1 

Slii;rned (!arallel structure {C2h}_;_ 

(CO2)2 ag V1 Va (CO2) (IP) 2583 
V2 v, (CO2) (IP) 1518 
VJ 8 (CO2) (OP) 748 
V4 Ry (con) 101 

V5 Tz 39 
a., V6 y(OCO)(OP) 750 

V7 R, (con) 27 

bg Vg y(OCO)(IP) 743 
b., V9 V ,,(CO2) (OP) 2585 

V10 v,(CO2)(OP) 1518 
V11 8(OCO)(OP) 744 
V]2 Ry (anti) 22 

T-sha(!ed structure {C2vL 
(CO2)2 a1 V1 va(CO2) (E.D) 2588 

Vz v, (CO2) (IP) 1520 
VJ v, (CO2) (OP) 1518 
V4 8(OCO)(EA) 744 
V5 Tz 48 

b1 V6 y(OCO)(EA) 2585 
V7 y(OCO)(ED) 744 
Vg R,(anti) 62 

b2 V9 Va(CO2) (EA) -15 
V10 8(OCO)(ED) 749 
V11 Ry(con) 744 
V12 Ry (anti) 13 

•Ref: 130 
b band not observed in this region 

Level of theory 

MP2 
v/crn- 1 

2453 
1337 
642 
109 
48 

644 
27 

641 
2455 
1337 
640 
32 

2450 
1336 
1335 
634 

65 
2448 
634 

58 
- I 6 
638 
635 

7 

OFT "Expt 
v /cm- 1 v /cn,- 1 

2445 b -
1335 b -
633 b -
I I 3 _b 

49 _b 

635 664 
38 b -

631 b -
2448 2340 
1336 1442 
632 657 
27 h -

2440 
1375 
1373 
638 

51 
2438 

638 
48 

-15 
642 

639 
10 
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IP is the in-phase, OP is the out-of-phase, ED is the electron donor, EA is 
the electron acceptor 

Table 5.3.4 Ratios of the computed to the experimental wavenumbers 
observed in nitrogen matrices of the intramolecular modes of 
the carbon dioxide dimer (C2h)-

"Levels of theory 

Mode HF MP2 OFT 

V6 1.12 0.97 0.98 
V9 1.10 1.05 1.05 
V10 1.05 0.93 0.98 
V11 I. 15 1.98 0.98 

Mean Average I. 11 0.99 1.00 

aR • - -ah o= Veale I u exp I 
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Table 5.3.4 shows the calculated/experimental wavenumber ratios of the 
carbon dioxide dimer of the slipped parallel configuration. This table shows 
that the HF level overestimates the experimental values by ca. 11 % on 
average, while the MP2 is underestimated by ca. 1 % on average and DFT 
levels of computation ideally fit the experimental values. Since the DFT 
method is more reliable than the other two methods, then we are going to 
focus our investigation on the DFT method. Table 5.3.5 shows the 
wavenumbers of the selected bands of the staggered parallel dimer and those 
of the corresponding monomer from which they were derived. This table 
indicates that the antisymmetric COrstretching vibration undergoes the 
changes on dimerization, splitting into a pair of bands (v 1 and v9), where the 
v 1 mode is red shifted while the v9 mode remains unperturbed. The infrared 
active mode v2 of the monomer correlates with the degenerate CO2-bending 
modes (v2, v6, v8 and v 11 ) of the dimer and shifted by amounts less than 
5cm· 1 on either direction. The symmetric CO2-stretching of the monomer 
undergoes smallest changes on dimerization, splitting into a pair of bands 
(v2 and v 10), where the v2 mode is blue shifted and v9 mode remains 
unchanged. 

The intensity of the v9 mode of the staggered side-by-side carbon dioxide 
dimer structure ofC2h symmetry is higher than that of the parent monomer at 
the DFT, while that of the v10 mode of the dimer has as its counterpart in the 
monomer the infrared inactive v 1 mode (Table 5.3.7). The intensity of the 
bending mode of the dimer, v6 and v 11 , are both about twice as higher as the 
monomer bending intensity. These calculated trends are also consistent with 
the type of interaction involved on dimerization of carbon dioxide being 
very weak. Table 5.3. 7 shows that the intensity ratios are ranging from 0.98 
to 2.90 at all the levels of theory, which emphasise the fact that the 
interaction is a weak one. 

Finally, from the quantitative point of view, the spectrum of the carbon 
dioxide dimer of C2h symmetry should show only one band close to the 
monomer antisymmetric stretching vibration, and two bending bands of 
relative moderate intensity and the other one which is close to the monomer 
symmetric stretching vibration will be weakly observed since the inactivity 
is uplifted. Unfortunately the intermolecular modes will be impossible to 
observe in this work, since they are below the available range of observation 
of most commercial instruments. 



Table 5.3.5 Comparison of the calculated wavenumber of the (CO2) 2, with those of the corresponding modes of 
the monomer, • calculated at the HF, MP2 and DFT levels of theory using the 6-31 G( d, p) basis set 

HF/6-3IG(d, p) 

Dimer 

mode u I cm -I 

('SS) 

Monomer 

mode u I cm -I Shifts 
('SS) flu I cm -I 

Slipped parallel structure (C2h}_;_ 

V1(ag) 2585 V3(L-u) 2585 -2 
v2(,g) 1518 V1(L-g) 1519 -1 
v3(,g) 748 V2(ITu) 746 2 
v6(au) 750 v2(ITu) 746 4 
vs(bg) 743 V2(ITu) 746 -3 
V9(bu) 2585 V3(L-u) 2585 0 
V1o(bu) 1518 v 1(Lg) 1519 -1 
VJ 1(bu) 744 vi(ITu) 746 -2 

MP2/6-3IG(d, p) 

Dimer Monomer 

mode u I cm -I mode u I cm -I Shifts 
('SS) ('SS) flu I cm- 1 

VJ (ag) 2453 V3(L-u) 2455 -2 
v2(,g) 1337 v1(L-g) 1337 0 
vJ(,g) 642 V2(ITu) 742 0 
v6(au) 644 V2(ITu) 742 2 
Vs(bg) 641 v2(ITu) 742 -1 
V9(bu) 2455 v3(L-u) 2455 0 

V1o(bu) 1337 V1(Lg) 1337 0 
VJ J(bu) 640 V2(ITu) 742 -2 

DFT/6-31G(d, p) 

Dimer Monomer 

mode u I cm -I mode u I cm -I Shifts 
( 'SS) ('SS) flu I cm-1 

VJ (ag) 2445 V3(L-u) 2448 -3 
V2(ag) 1335 V1(L-g) 1336 -1 
v3(,g) 633 V2(ITu) 633 0 
v6(au) 635 v2(ITu) 633 2 
vs(bg) 631 V2(ITu) 633 -2 
V9(bu) 2448 VJ(L-u) 2448 0 

V1o(bu) 1336 V 1(Lg) 1336 0 
VJ I (bu) 632 V2(ITu) 633 -1 



Table 5.3.6 Comparison of the calculated intensities of the (CO2) 2 with those of the corresponding modes of the 
monomer, calculated at the HF, MP2 and DFT levels of theory using the 6-31 G( d, p) basis set 

HF/6-31G(d, p) 

Dimer Monomer 

mode Nian mode A/km Ab/Ac 
(·ss) mor' (•ss) mor' 

Slipped parallel structure (C1h1i 

v6(au) 134 V2(Ilu) 69 1.94 
V9(bu) 967 vJ(Z:"u) 985 0.98 
V1o(bu) 0.3 v,(Z:g) 0 
V11 (bu) 155 v2(Ilu) 64 2.42 

mode 
(•ss) 

V6(au) 
V9(bu) 

v,o(bu) 
V11 (bu) 

MP2/6-31G(d, p) 

Dimer Monomer 

Nian mode Nian Ab/A' 
mor' (·ss) mor' 

49 v2(Ilu) 26 1.88 
887 V3(L"u) 453 1.96 
0.5 v,(Z:g) 0 
66 v2(Ilu) 26 2.54 

mode 
("SS) 

v6(au) 
V9(bu) 
v,o(bu) 
V11 (bu) 

Dimer 

Nian 
mor' 

67 
923 
0.2 
87 

DFT/6-31G(d, p) 

Monomer 

mode Nian A6/A' 
(·ss) mor' 

v2(Ilu) 30 2.23 
v3(L.u) 576 1.60 
v,(Z:g) 0 

V2(Ilu) 30 2.90 

•ss- symmetric species, Ab is the band intensity of the dimer and A' is the band intensity of the monomer 
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Table 5.3.7 The intensities of the CO2 dimer calculated at the HF, MP2 and 
DFT levels of theory using the 6-3 1 G( d, p) basis set 

Symmetry Approximate 
Dimer species Mode description 

(CO2h C2h a., v6 y(OCO)(OP) 
bu V9 v.(CO2) (OP) 

VJQ va(CO2)(OP) 
VJJ 8(OCO)(OP) 
V[2 Ry (anti) 

(COz)2 C2v a1 V[ v,(CO2) (E.D) 
Vz Vs (CO2) (IP) 
V3 Vs (CO2) (OP) 
V4 8(OCO)(EA) 
V; Tz 

b1 v6 y(OCO)(EA) 
V7 y(OCO)(ED) 
Vg R,(anti) 

b2 V9 vs(CO2) (EA) 
V10 8(OCO)(ED) 
V[[ Ry(con) 
V12 Ry(anti) 

Level of theory 

HF 
km mor1 

134 
967 
0.3 
155 
0.2 

1055 
0.2 

0.04 
93 

0.1 
963 
65 

0.03 
0.002 

122 
14 

0.001 

MP2 OFT 
km mor 1 km mor 1 

49 67 
887 923 
0.5 0.2 
66 87 
0.2 0.1 

492 592 
0.1 0.1 

0.002 0.002 
41 46 

0.1 0.1 
442 530 
24 29 

0.03 0.03 
0.003 0.002 

27 43 
23 17 

0.0003 0.001 

ED is the electron donor, EA is the electron acceptor, OP is the out-of
phase, IP is the in-phase 
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5.4. The Water dimer 

The water dimer is probably the most important van der Waals dimer and 
d. ] h · d h · ] I 13-115 d h • I I 16 117 I I 8 accor mg y as receive muc expenmenta an t eoret1ca • • • 

119 120-P3 . Th 1. . . I • • • • • - attention. e ear 1est matnx 1so at1on experiment m mtrogen 
matrices 114 suggested a cyclic dimer configuration since the authors 
observed only two bands in the OH stretching and one in the HOH bending 
regions. Further matrix studies by Fredin et al 124 at higher resolution 
located more dimer bands in the monomer stretching region, suggesting a 
linear bonded dimer configuration. This result was also consistent with the 

• i 13 i Is i 25 A 11 h • I I I • h d. argon matnx spectrum • • . t eoret1ca ca cu at10ns on t e 1mer 
116• 118• 119• 126• 122-128 determined the linear bonded structure to be most stable 
at the HF level of theory. Recent studies by Maguet et al 

129 found the 
bifurcated dimer to be a local minimum at the self-consistent field (SCF) 

PS level of theory; however, Marsden and co-workers - could not reproduce 
their findings at the same level of theory and with the same basis function, 
hence concluded that the bifurcated structure is not a minimum energy 
structure. The recent studies by Nxumalo et al 130 also confirmed that the 
linear dimer is the true global minimum structure at the HF level using the 
6-31 G(d, p) basis set. In this work we report the results of our ab initio 
studies of the water dimer at the HF, MP2 and OFT levels, using the 6-
31 G(d, p) split-valence polarized basis set. 

5.4.l The optimized geometrical parameters of the water dimer 

The optimized geometrical parameters of the linear water dimer including 
those of the monomer, calculated using the 6-3 I G(d, p) split-valence 
polarized basis set 77. 

134• 135• 136 are collected in Table 4.1 (see chapter 4, 
page 22) and 5.4.1 at all the levels of theory, respectively. The results show 
that the non-bonded OH bond length of the linear dimer is virtually 
unchanged relative to the monomer, but the bonded OH bond length 
undergoes a substantial increase. The two HOH bond angles of the dimer 
suffer very little change at all the levels of computation. The hydrogen 
bonded H2 ... 0 1 distance is 203.9, 196.6 and I 93.1 pm for HF, MP2 and OFT 
methods respectively. The O,H, ... O, bond angle deviates from linearity by 8, 
15 and 17 degrees for HF, MP2 and OFT methods respectively. The 
calculated 0-0 distance obtained at this levels of theory are in excellent 
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accord with the experimental value of 299 pm obtained by Dyke et al 203 

with the exception of the :MP2 method, where the theoretical value is less 
than the experimental value by an incremenet of not more than 10 pm. 

5.4.2 The dimerization energies and BSSEs 

The dimerization energies calculated at the HF, :MP2 and DFT levels of 
theory, before and after correction for basis set superposition error (BSSE), 
is given in Table 5.4.2. From this table one can see that there is a slight 
difference between the uncorrected dimerization energies on either method. 
However, BSSE accounts for about 36% of the hydrogen bond energy of the 
linear dimer at the HF and 23% at the DFT and 34% at the :MP2 methods. 
After correction for BSSE, this dimer is predicted to have the higher 
association energy, confirming the findings of the majority of various 
• • • 1 d. N 1 Y d F d t 13° 131 mvest1gators me u mg xuma o, eo an or et a ' . 

Figure 5.4 shows the optimized structure of the water dimer together with 
the numbering of the atoms 
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Table 5.4.1 The optimized geometrical parameters of the (H2O)i calculated 
at the HF, MP2 and DFT levels of theory using the 6-31G(d, p) 
split-valence polarized basis set 

Level of theory 

Species Parameters HF MP2 OFT 

(H2O)2 r(OiH2)/pm 94.8 96.7 97.3 
r(O3H4)/pm 94.2 96.0 96.4 
r(O1Hs)/pm 94.4 96.3 96.7 

r(Hz ... O1)/pm 203.9 196.6 193.1 

H,0,H, ldeg 105.9 104.1 104.1 

H,01H,ldeg I 06.3 104.1 I 04.1 
0,H 2 ... 01 /deg 172.2 165.5 163.0 

H ,01. .. H, /deg 107.5 98.5 96.0 

H ,01. .. H, /deg 107.5 98.5 96.0 

Table 5.4.2 The dimerization energies and the basis set superposition errors 
of the (H2O)2 dimer calculated at the HF, MP2, and DFT levels 
of theory using the 6-31G(d, p) basis set 

Species Point group Energy/kl mar 

BSSE 

6E (corrected) 

I-IF 

-36.33 
12.99 

-23.34 

Level of theory 

MP2 

-29.81 
10.20 

-19.6 I 

OFT 

-3 1.80 
7.4 I 

-24.39 
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5.4.3 The vibrational wavenumbers and band Intensities 

The computed wavenumber, together with the experimental wavenumbers 
and the band intensities of the linear water dimer, at all the levels of 
computation, are shown in Table 5.4.3 and 5.4.4 respectively. It is noted that 
one of the bending modes of the DFT method, v 12, is calculated to have an 
imaginary frequency. 

The ratios of the computed to the experimental wavenumbers of the 
intramolecular modes of the water dimer observed in nitrogen matrices are 
presented in Table 5.4.5. This table shows that the HF method overestimates 
the experimental wavenumbers by ca. 13% on average while the MP2 and 
DFT levels of computation also overestimate the experimental 
wavenumbers by ca. 7% and 5% on average, respectively. From Table 5.4.5 
it has been observed that the results of the DFT method are close to the 
experimental results and, therefore we are going to focus our predictions on 
the MP2 method. The correlation between the dimer and the monomer 
modes are listed in Table 5.4.6. The OH stretching mode of the dimer (v1) of 
electron acceptor (E.A.) is red shifted, while the bonded OH-stretching 
counterpart, (v3), suffer a red shifts (74 cm-1

). The bending mode of the 
dimer (v4) is blue shifted. The HOH bending mode (v5) of the dimer is also 
red shifted but only slightly from the monomer value at this method. This is 
typical behaviour for a hydrogen bonded interaction 2

• 
131

. The OHr 
stretching mode of the dimer v2 of the electron donor (E.D.) is red shifted 
(15cm-1

) while the v9 mode of the dimer is also slightly shifted to the red by 
ca. 23 cm-1

. 

The ratios of the intensities of the water dimer to the corresponding bands of 
the H2O monomer are presented in Table 5.4. 7. This table shows that the 
symmetric OHrstretching intensities of the electron acceptor (EA), v3, 

mode show intensity enhancement. The increase in intensity on dimerization 
is consistent with the prediction of the Friedrich and Person theory 78

. This 
behaviour is also predictable for hydrogen bonding situations 13

1.
132

. 
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Qualitatively, the matrix isolation infrared spectrum of the linear hydrogen 
bonded water dimer, in the monomer fundamental regions, should consist of 
two fairly strong bands to the OH-stretching being shifted to the red and two 
bands one of relative high intensity at the significantly lower position than 
the monomer v 1, one bending absorption band close to the monomer v2 and 
the second, being shifted to higher wavenumbers and both having similar 
intensity. 
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Table 5.4.3 The computed and the experimental wavenumbers of the (H2O)2 

calculated at the HF, MP2, and DFT levels of theory using the 
6-3 lG(d, p) split-valence polirized basis set. 

Symmetry Approximate 
Dimers Species Mode description 

(H2O)2 a' V] v(OH) (free)(EA) 

V2 v, (OH2) (ED) 

V3 v, (OH) (bonded)(EA) 

V4 8(HOH)(EA) 

V5 8(HOH)(ED) 

V5 8(OH ... O)(1.M) 

V7 v(H ... O) (I.M) 
Vg w(OH2)(E.D)(l.M) 

a" V9 v,(OH2) (ED) 

V10 t(OH ... O) (1.M) 

V11 tw(OH2) (ED) (1.M) 

V12 t(OH) (EA) (1.M) 

"Ref: 130 

b bands not observed in this region 

HF 
ulcm- 1 

4238 
4142 
4099 
1797 
1768 
377 
180 
138 

4238 
612 
143 
119 

Level of theory 

MP2 
ulcm- 1 

4000 
3877 
3818 
1714 
1680 
427 
204 
139 

4007 
660 
158 

79 

OFT •Expt 
ulcm- 1 ulcm-l 

3880 3699 
3793 3627 
3687 3549 
1693 1619 
1661 1601 
449 b 

222 b 

137 _b 

3900 3725 
672 b -
171 b -
-34 _b 

Table 5.4.4 The band intensities of the (H2O)2 calculated at the HF, MP2 
and DFT levels of theory using the 6-31 G( d, p) split-valence 
polarized basis set. 

Symmetry Approximate 
Dimers Species Mode description 

a' v 1 v(OH) (free)(EA) 

V2 v, (OH2) (ED) 
v3 v, (OH) (bonded)(EA) 

Leveloftheory 

HF 
km mor 1 

105 
27 

181 

MP2 
km mor 1 

78 
13 

202 

DFT 
km moi- 1 

45 
9 

253 
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Table 5.4.4 Continued 

V4 8(HOH)(EA) 99 76 72 

V5 8(HOH)(ED) 112 76 64 
V6 ci(OH ... O)(1.M) 89 00 25 00 

VJ v(H ... O) (LM) 126 155 160 

Vs w(OH2)(E.D)(LM) 249 262 257 
a" V9 v,(OH2) (ED) 89 60 47 

VJO ,(OH. .. O) (LM) 203 139 113 

VJJ tw(OH2) (ED) (IM) 1 18 166 187 

VJ2 ,(OH) (EA) (J.M) 95 58 29 

EA= electron acceptor, ED= electron donor and IM= intermolecular mode 

Table 5.4.5 Ratios of the computed to the experimental wavenumbers of the 

intramolecular modes of the water dimer observed in nitrogen 

matrices. 

"Levels of theory 

Mode HF/6-31 G(d, p) MP2/6-3 l G(d, p) DFT/6-31 G(d, p) 

VJ 1.15 1.08 1.05 

Y2 1.14 1.07 1.05 

V3 1.15 1.08 1.04 

V4 1.11 1.06 1.05 

V5 I.IO 1.05 1.04 

V9 1.13 1.08 1.05 

Mean Average 1.13 1.07 1.05 

'l . ,..._, ,.._, 
'Ratio= Vcul IV,_,,,, 



Table 5.4.6 Comparison of the calculated wavenumbers of the (H2O)2 with those of the corresponding modes of 
the monomer, calculated at the HF, MP2 and DFT levels of theory using the 6-31 G( d, p) basis set. 

HF/6-31G{d, p) 

Dimer Monomer 

mode v I cm •1 mode v I cm ·I Shifts 
("SS) {'SS) b/1u/cm·1 

v1(a') 4238 V3(b) 4249 1 1 
v2(a') 4142 v1(a1) 4102 40 
v3(a') 4099 v1(a1) 4102 ' -J 

V4(a') 1797 v2(a2) 1743 44 
vs(a') 1768 v2(a2) 1743 15 
v9(a") 4255 V3(b) 4249 6 

("SS) stands for symmetric species 

bA -c~, -1) c~1 -1) LlV- U cm dimer- V cm monomer 

MP2/6-31G{d, p) 

Dimer Monomer 

mode 
("SS) 

vlcm·1 mode 
("SS) 

v1(a') 4000 V3(b) 
v2(a') 3877 v1(a1) 
v3(a') 3818 v1(a1) 
V4(a') 1714 V2(a2) 
vs(a') 1680 v2(a2) 
V9(a") 4007 v3(b) 

v I cm •1 Shifts 
bl1ulcm·1 

4030 -30 
3892 -15 
3892 -74 
1682 32 
1682 -2 
4030 -23 

DFT/6-31G{d, p) 

Dimer Monomer 

mode v I cm •1 mode iJ I cm •1 Shifts 
("SS) ("SS) b 6 v I cm -I 

v1(a') 3880 V3(b) 3912 -32 
vi(a') 3793 v1(a1) 3786 7 
V3(a') 3818 v1(a1) 3892 -74 
V4(a') 1714 v2(a2) 1682 32 
vs(a') 1680 v2(a2) 1682 -2 
v9(a") 4007 V3(b) 4030 -2 



Table 5.4.7 Comparison of the calculated intensities of the (H2O)2 with those of the corresponding modes of the 
monomer, calculated at the HF, MP2 and DFT levels of theory using the 6-31 G( d, p) basis set 

HF/6-31G(d, p) MP2/6-31G(d, p) DFT/6-3IG(d, p) 

Dimer Monomer Dimer Monomer Dimer Monomer 

mode A/km mode bA/km bA/cA mode bA/km mode bA/km bA/cA mode 6A!km mode bA/km bA/cA 

("SS) mor' ("SS) mor' ("SS) mor' ("SS) mor' ( "SS) mor' ("SS) mo 1-1 

v1(a') 105 v3(b) 15 7.00 v 1(a') 78 vJ(b) 34 2.29 v,(a') 45 vJ(b) 20 2.25 
v2(a') 27 v 1(a1) 94 0.29 v2(a') 13 v 1(a,) 4 3.25 v2(a') 9 v 1(a1) 2 4.50 
vJ(a') 181 v1(a1) 94 1.93 vJ(a') 202 v1(a,) 4 50.5 vJ(a') 253 v1(a1) 2 126.5 
v4(a') 99 V2(a2) 73 1.36 v4(a') 76 v2(a2) 78 0.97 v4(a') 72 v2(a2) 70 1.03 
vs(a') 112 V2(a2) 73 1.53 vs(a') 76 v2(a2) 78 0.97 v5(a') 64 v2(a2) 70 0.91 
v9(a") 89 vJ(b) 15 5.93 V9(a") 155 V3(b) 34 4.56 V9(a") 47 V3(b) 20 2.35 

("SS) stands for symmetric species 

bA is the intensity of the dimer and cA is the intensity of the monomer 
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5.5 The nitrous oxide dimer 

The structure of the nitrous oxide dimer has not enjoyed such thorough 
examination. Early gas phase vibrational predissociation 133 and molecular 
beam (MB) experiments 134

•
135 were unable to resolve the true structure. 

More recent high-resolution gas-phase measurements, however, have shown 
the slipped-parallel geometry of C2h symmetry with the molecule dipoles 
aligned anti parallel to one another to be preferred 136

-
139

. Some evidence 
also has been presented based on gas-phase IR band shape measurements 

140 

in favour of a C, configuration T-shaped structure bonded through the 
nitrogen of the electron donor (ED) molecule. Some very detailed spectra of 
the variables isotopic forms of nitrous oxide trapped in argon matrices have 
been presented, and the authors have assigned a number of bands to the 
dimer. Calculations of the vibrational predissociation lifetimes proved to be 
- I - 141 142 141 I h h b • - - -mconc us1ve • • a t oug a m1t10 computations appear to support a 
centrosymmetric slipped parallel geometry 109

• 
144

• 
145

. The recent studies by 
Nxumalo et a/ 109 also emphasized that the C21, isomer is the true global 
minimum structure. For the purpose of this investigation two isomers would 
be considered, one of C2h symmetry and the other one of C, symmetry, at the 
three different levels of computation. 

5.5.1 Optimized geomtrical parameters of the nitrous oxide dimer 

The geometrical parameters of the nitrous oxide dimers of the staggered 
parallel (C2h) and perpendicular T-shaped (Cs) structures have been fully 
optimized by the energy gradient method 146 commonly known as BERNY 
optimization method 79 without setting any constraint of the bond length and 
bond angle. The structures are shown in figure 5.4. The optimized 
geometrical parameters of these molecular species calculated at the three 
levels of computation are shown in Table 5.5.1. The computed bond length 
of the nitrous oxide monomer is r(ON) equal to 117.8 pm (for HF), 119.3 
pm (MP2) and 119.2 pm (DFT); r(NN) equal to 109.2 pm (for HF), 117.2 
(MP2) and 113.4 pm (DFT) which are slightly changed on dimerization. The 
intermolecular bond length, r(N 1 ... 0 6), is 353.5, 297.7 and 310.8 pm for HF, 
MP2 and DFT respectively, which is a value obviously indicative of 
genuine van der Waals interaction. The nitrous oxide monomer bond angles 
calculated at all the levels is equal to 180 degree and remain unchanged on 
dimerization. 
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Similarly, for the T-shaped nitrous oxide dimer both the bond distances 
r(ON) and r(NN) remain virtually unchanged at the three levels of 
computation on dimerization. The intermolecular bond length, r(N1 ... N2) is 
327.1, 295.7 and 313.2 pm for the HF, MP2 and DFT respectively, which 
again confirm to the dominance of van der Waals interaction. 

5.5.2 The dimerization Energy and the BSSE 

The dimerization energies for the slipped parallel and T-shaped nitrous 
oxide dimers, calculated at the HF, MP2 and DFT levels of computation; 
before and after correcting for BSSEs, are presented in Table 5.5.2. It is 
shown in Table 5.32 that the slipped parallel structure is more stable than 
the perpendicular T-shaped structure before and after correction for BSSEs. 
One of the interesting features to be noted is that the BSSE for the T-shaped 
conformer accounts for about 50% of the dimerization energy at all levels 
but with the exception of the DFT method. In the view of this trend this 
renders the staggered parallel structure to be more stable than the T-shaped 
conformation. This aggrees with the findings of Huang and Miller 147 who 
established that the nitrous oxide dimer has a slipped parallel geometry 
which possesses the centre of symmetry. 

I N, II 

Ns 

0-0-0 
o, 

N, _______________ .J.._ _______________ _ 

Figure 5.4 shows the optimized structure of the nitrous oxide dimer of the 
C2h (I) and C, (II) symmetry together with the numbering of 
atoms. 
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Table 5.5.1 The optimized geometrical parameters of the (N2O)2 calculated 
at the HF, MP2 and DPT levels of theory using the 6-3 I G( d, p) 
split-valence polarized basis set 

Levels of theory 

Species Parameters HF MP2 DFT 

(N2Oh C2h r(N 1N4)/pm 109.2 117.2 113.3 
r(N,O3)/pm 117.8 119.1 119.4 
r(N 1 ... O6)/pm 353.5 297.7 310.8 

O,N,N,ldeg 180.0 180.0 180.0 

O,N,N,ldeg 180.0 180.0 180.0 

CN2Oh Cs r(N, ... N2)/pm 327.1 295.7 313.2 
r(N1N4)/pm 109.2 117.2 113.4 
r(N,Oi)/pm 117.8 119.3 119.2 
r(N2N5)/pm 109.2 117.2 113.4 
r(NsO6)/pm 117.7 119.2 119.2 

O,N,N,ldeg 180.0 180.0 180.0 

N,N,O,ldeg 180.0 180.0 180.0 

Table 5.5.2 The dimerization energies and the basis set superposition errors 
of the (N2O)2 calculated at the HF, MP2, and DPT levels of 
theory using the 6-31 G(d, p) split-valence polarized basis set 

Level of theory 

Species Point group Energies/kl mor1 HF MP2 DFT 

(N2Oh C2h ~E (uncorrected) -6.93 -6.86 -5.49 
BSSE 3.02 4.71 1.26 
~E (corrected) -3.91 -2.80 -4.23 

(N2Oh Cs ~E (uncorrected) -1.79 -7. 19 -4.23 
BSSE 1.32 4.39 1.90 

~E (corrected) -0.47 -2.80 -2.33 
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5.5.3 Vibrational wavenumbers and band intensities of the dimer 

The vibrational wavenumbers for the nitrous oxide dimer of the slipped 
parallel structure, together with the approximate description of the normal 
modes, is given in Table 5.5.3. In the case of this dimer, the normal modes 
distribute among the symmetry species according to 

Due to the equivalence of both monomer units in each case the 
intramolecular modes are completely coupled, as was found in the carbon 
dioxide dimer, with VJ and v9 being the NN-stretching, v2 and VJo the NO
stretching, v3 and VJ J the in-plane-bending and v6 and Vs the out-of-plane 
bending librations, v5 is the inter-monomer stretching and v7 is the out-of 
plane libration combinations. The weakness of the coupling, however, is 
indicated by the separations of the in-phase and out-of phase components of 
each pair, none of those separations, at either levels of theory exceeds 27cm· 
J 

The calculated/experimental wavenumber ratios for the IR active dimer 
bands are listed in Table 5.5.5. This table shows that both the HF and OFT 
levels overestimate the experimental wavenumbers by ca. 15% and 4% 
respectively, while the MP2 method underestimates the experimental 
wavenumbers by ca. I%. Since the results of the OFT approach are closed to 
the experimenatal ones, then we are going to base our predictions upon the 
OFT method. The correspondence between each of the dimer modes and its 
counterpart in the monomer in all the levels of theory is presented in Table 
5.5.6, in which monomer-dimer wavenumber shifts are reported. The 
stretching mode wavenumber shifts for nitrous oxide dimer, in which the 
interaction is between the NN bonds, are smaller. The NO-stretching mode 
undergoes smaller changes on dimerization on either side, splitting into a 
pair of bands (v2 and VJo), except that the NO-stretching (v2) is considerable 
blue shifted (27cm.J) at this method. The NNO-bending (v3, v6, Vs and VJo) 
modes of the N20 fragment are all shifted by small amounts on either 
direction. The observed wavenumber shifts from the infrared active modes 
are not more than 6cm·J, but those of infrared inactive are slightly high. The 
corresponding modes of the in-phase and the out-of-phase are shifted in the 
range of less than 27cm•J thus confirming that the dimer is weakly bound. 
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In the perpendicular T-shaped nitrous oxide dimer, the normal modes 
transform as 

The intermolecular modes (v
1

-v
6

, v
10 

and v
11 

) are fully uncoupled, and then 
are consequently localized as either the ED or the EA (see Table 5.5.3). This 
is again an analogous situation to that for the corresponding carbon dioxide 
dimer of the C2v symmetry, except that in the latter case the symmetric CO2-

stretches are described as in-phase or out -of-phase; since in the nitrous 
oxide dimers there are no symmetric stretching vibrations, this description is 
inappropriate here. The vibrational wavenumbers of the nitrous oxide dimer 
of the T-shaped (C,) structure together with the approximate description of 
the normal modes, are given in Table 5.5.3. It is noted that one of the 
infrared active modes calculated by the DFT method, v

12

, is found to have 
an imaginary frequency. This is indicative of the T-shaped structure 
representing a transition state 148

. The correspondence between each of the 
dimer modes and its counterpart in the monomer in all the levels of theory is 
presented in Table 5.5.6, in which the monomer-dimer wavenumber shifts 
are repotted. The shifts of the intermolecular vibration of the perpendicular 
dimer of the T-shaped structure are all predicted to be positive, except for 
that of v6 at all levels of computation. At the HF method, the v6 mode on 
dimerization remain unpe1turbed, while at the MP2 and DFT methods are 
shifted to the opposite direction by 3cm·1 and 1cm·1 respectively. Moreover, 
the shifts are larger for the electron donor (ED) molecule than for the 
electron acceptor (EA). Again, none of the wavenumber shifts exceed I 0 
cm· 1

, thus emphasizing that the dimer is also weakly bound. 

The ratio of the intensities of the infrared active bands of (N20)2 dimer to 
the corresponding bands ofN20 is presented in Table 5.5.7. These ratios are 
all cluttered around a value of 3.0 at all the levels of computation, while v9 

and V1o modes undergo intensity increases on dimerization. Table 5.5.6 
shows that at all levels of computation close to the NN stretching mode (v 1) 

of the monomer band is expected to be observed; another band is expected 
to be observed next to the NO stretching mode (v2). Finally two bands are 
expected next NNO bending mode (v3). Thus, all in all, only four infrared 
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active bands of the C2h dimer would be expected to be observed at best at all 
the levels of theory. 

The spectrum of the T-shaped dimer should contain two NN-stretching and 
two NO-stretching bands, all very close to the monomer absorption. In a 
similar fashion, there should be four NNO-bending modes, also very close 
to the monomer vibration and having intensities not quite different from 
those of the monomer. All four of the intermolecular modes which are 
infrared active, are expected to be either weakly observed or not observed at 
all due to their negligible intensities. 
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Table 5.5.3 The computed and the experimental wavenumbers of the (N20)2 

calculated at the HF, MP2, and OFT levels of theory using the 
6-31 G(d, p) split-valence polarized basis set 

Levels of theory 

Symmetry Approximate 
Dimers Species Mode description 

MP2 OFT 'Expt 
ulcm•J ulcm•J ulcm•J 

Slipped parallel structure (C2hl...;_ 

CN20h ag VJ v(NN) (IP) 2636 2234 2373 __ h 

V2 v(NO) (IP) 1397 1289 1341 h --

V3 o(NNO) (OP) 690 570 603 b 

V4 Ry(con) 47 11 1 99 h 

V5 T2(NNO) (IP) 13 54 43 h 

au V6 ,(NNO) (IP) 691 575 604 591 
V7 Rz(anti) 11 26 25 b --

bg Vg ,(NNO)(OP) 690 574 603 b --

bu V9 v(NN) (OP) 2630 2240 2376 2240 
VJO v(NO) (0.P) 1395 1288 1338 1286 
VJJ o(NNO) (IP) 689 572 603 584 

V12 Ry(anti) 27 47 36 __ b 

T-shaped structure (C2vL 

CN20h a' VJ v(NN) (ED) 2635 2257 2378 
V2 v(NN) (EA) 2634 2251 2374 
V3 v(NO) (ED) 1400 1293 1348 
V4 v(NO) (EA) 1395 1291 1346 
V5 o(NNO) (ED) 690 576 605 
V6 o(NNO) (EA) 689 572 603 
V7 Tz 60 76 65 
Vg Ry (con) 42 74 51 
V9 Ry (anti) 12 8 27 

a" VJO y(NNO) (ED) 694 582 609 
VJJ y(NNO) (EA) 690 576 605 

VJ2 Ry(anti) 26 00 -8 .).) 

Ref: 130, b band not observed in this region 



Table 5.5.4 The band intensities of the (N2O)2 calculated at the HF, MP2 
and DFT levels of theory using the 6-3 I G(d, p) basis set 

Levels of theory 

HF MP2 OFT 
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Symmetry Approximate 
Dimers Species Mode description Nkm mor1 A/km mor1 Nkm mor1 

Slipped parallel structure (C2hL 

(N2O)2 au V6 ,(NNO) (IP) 39 9 17 

V7 Rz (anti) 0.04 0.1 

bu V9 v(NN) (OP) 1042 497 589 
VIQ v(NO) (O.P) 341 24 113 

V11 li(NNO) (IP) 40 13 28 

T-shaped structure (C§L 

CN2O)2 a' V1 v(NN) (ED) 527 275 329 

Vz v(NN) (EA) 477 253 302 

V3 v(NO) (ED) 170 8 51 

V4 v(NO) (EA) 162 9 51 

V5 li(NNO) (ED) 19 5 10 

v6 li(NNO) (EA) 26 8 12 

VJ Tz 0.9 0.03 0.1 

Vs Ry(con) 0.04 0.03 0.03 

V9 Ry (anti) 0.6 0.02 0.1 

a" V10 y(NNO) (ED) 25 5 11 

V11 y(NNO) (EA) 14 4 8 

V12 Ry (anti) 0.5 0.02 0.005 

EA is the electron acceptor and ED is an electron donor 



Table 5.5.5 Ratios of the computed to the experimental wavenumber 
observed in nitrogen matrices of the intramolecular modes of 
the nitrous oxide dimer (C21,). 

'Level of theory 

Mode HF MP2 OFT 

v6 1.1 7 0.97 1.02 
V9 I. I 7 1.00 1.06 

V10 1.08 1.00 1.04 

V11 1.18 0.98 1.03 

Mean Average I. 15 0.99 1.04 

a . ,..._, ,._, 
Rat10= Vca1/U,,r, 
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Table 5.5.6 Comparison of the calculated wavenumbers of the (N2O)2 with those of the corresponding modes of 
the monomer, calculated at the HF, MP2 and DFT levels of theory using the 6-31 G( d, p) basis set. 

HF/6-31G(d, p) MP2/6-31G(d, p) DFT/6-31G(d, p) 

Dimer Monomer Dimer Monomer Dimer Monomer 

mode;; /cm -I mode ;; I cm_, Shifts mode u /cm -1 mode u /cm -1 Shifts mode u I cm -I mode u I cm_, Shifts 
(•ss) (•ss) b1:,.~/ -I u cm ('SS) (·ss) bt,.~/ -I u cm ('SS) c•ss) bt,.~/ -I u cm 

Slipped parallel structure (C2hLl 

v1(ag) 2636 v1(2:+) 2633 3 v1(ag) 2234 v,Ctl 2247 3 v1(ag) 2374 v,(:E+) 2371 3 
v2(ag) 1397 v2(:E+) 1393 4 v2(ag) 1289 v2(:E+) 1289 0 v2(ag) 1371 v2(:E+) 1344 27 
vJ(ag) 690 V3(Tiu) 689 1 V3(ag) 570 V3(Tiu) 575 -5 v3(ag) 603 V3(Tiu) 604 -1 
v6(au) 691 V3(Tiu) 689 2 Y6(au) 575 v3(Tiu) 575 0 v6(au) 604 v3(Tiu) 604 0 
vs(bg) 690 vJ(Tiu) 689 2 vs(bg) 574 V3(Tiu) 575 -1 Vg(bg) 603 v3(Tiu) 604 -1 
V9(bu) 2630 v,(:E+) 2633 -3 V9(bu) 2240 v,(:E+) 2247 -7 v9(bu) 2376 v,(:E+) 2371 5 
v,o(bu) 1395 v2(:E+) 1393 2 v,o(bu) 1288 v2(:E+) 1289 -1 v,o(bu) 1338 V2(L+) 1344 -6 
v, ,(bu) 689 v2(TI) 689 0 V11(bu) 572 v2(TI) 575 -3 V 11 (bu) 603 vz(TI) 604 -1 

T-shaped structure (Cs): 

v1(a') 2635 VI (L+) 2633 2 v 1(a') 2257 VI (L+) 2247 10 v 1(a') 2378 VI (L+) 2371 7 
v2(a') 2634 VI (L+) 2633 v2(a') 2251 v 1 (:E+) 2247 4 vz(a') 2374 v,(:E+) 2371 3 
v3(a') 1400 v2(:E+) 1393 7 V3(a') 1293 v2(:E+) 1289 4 v3(a') 1348 v2(:E+) 1344 -4 
V4(a') 1395 v,(:E+) 1393 2 V4(a') 1291 v,(:E+) 1289 2 V4(a') 1346 VI (L+) 1344 2 
v5(a') 690 v3(TI) 689 v5(a') 576 vi(TI) 575 V5(a') 605 V3(TI) 604 



Table 5.5.6 continue 

HF/6-31G(d, p) 

Dimer Monomer 

mode u I cm -I mode u I cm -I Shifts 
(aSS) (aSS) b ti u I cm -I 

v6(a') 689 V3(ll} 689 0 
v1o(a") 694 V3(ll} 689 5 
V11(a") 689 v3(ll) 689 

c•ss) stands for symmetry species 

bt:,.~ ~ ~ V = U dim er - Umonomer 

MP2/6-31G(d, p} 

Dimer 

mode ulcm-1 

("SS) 

v6(a') 572 
V1o(a") 582 
V11(a") 576 

Monomer 

mode 
c·ss) 

V3(ll) 

v3(ll) 

V3(ll) 

u I cm -I Shifts 
btiu f cm -I 

575 -3 
575 5 
575 

DFT/6-31G(d, p) 

Dimer Monomer 

mode u I cm -I mode u I cm -I Shifts 
("SS) c·ss) b /i U f cm -I 

v6(a') 603 V3(ll) 604 -1 
v1o(a") 609 v3(ll) 604 -5 
VJ 1(a") 605 V3(ll) 604 



Table 5.5.7 Comparison of the calculated band intensities of the (N2O)2 with those of the corresponding modes of 
the monomer, calculated at the HF, MP2 and DFT levels of theory using the 6-3 lG(d, p) basis set 

HF/6-31G(d, p) 

Dimer 

mode 6A!km 
("SS) mo1·1 

Monomer 

mode 6A/km 
("SS) mo! •1 

Slipped parallel structure (C2h}_;_ 

Y6(au) 39 V3(TTu) 20 1.95 
v9(bu) 1042 V1(I:+) 490 2.13 
V1o(bu) 341 V2(I:+) 165 2.07 
V11(bu) 40 v2(TT) 20 2.00 

T-shaped structure (C2vl...;_ 

v1(a') 527 v1(I:+) 490 1.08 
v2(a') 477 V1(L+) 490 0.97 
V3(a') 170 v,(I:+) 164 1.04 
V4(a') 162 V1(L+) 164 0.99 
vs(a') 19 V3(TT) 20 0.95 

MP2/6-31G(d, p) 

Dimer Monomer 

mode 6 A/km mode 
("SS) mo1·1 ("SS) 

Y6(au) 9 V3(TTu) 
v9(bu) 497 v1(I:+) 

V1o(bu) 24 v2(I:+) 

V11(bu) 13 v2(TT) 

V1(a') 275 V1(I:+) 
v2(a') 253 V1(I:+) 
V3(a') 8 Vz(L+) 
v.(a') 9 V1 (I:+) 
vs(a') 5 V3(TT) 

5 
263 

8 
5 

263 
263 

8 
8 
5 

1.80 
1.89 
3.00 
2.60 

I.OS 
0.96 
1.00 
1.13 
1.00 

DFT/6-31G(d, p) 

Dimer Monomer 

mode 6 A/km mode 
('SS) mo I •1 ("SS) 

Y6(a_) 17 V3(TTu) 
V9(bu) 589 V1 (I:+) 

V1o(bu) 113 vz(I:+) 

V11(bu) 28 vz(TT) 

v1(a') 329 v1(I:+) 
v2(a') 302 V1(I:+) 
vi(a') 51 v2(I:+) 
V4(a') 51 v1(I:+) 
vs(a') 10 V3(TT) 

bA/km 
1-1 mo 

9 
310 
49 

9 

310 
310 
49 
49 

9 

1.89 
1.90 
2.31 
3.11 

1.06 
0.97 
1.04 
1.04 
I. 11 



Table 5.5.7 Continue 

HF/6-3IG(d, p) MP2/6-31G(d, p) DFT/6-31G(d, p) 

Dimer Monomer Dimer Monomer Dimer Monomer 

mode bNkm mode 6Nkm 6AfA mode bNkm mode 6Afkm 6AfA mode 6Afkm mode 6Afkm 6AfA 
('SS) mo1·1 ('SS) 1-1 ('SS) mo1·1 ('SS) mo1·1 ( 'SS) mo1·1 ('SS) 1-1 mo mo 

Y6(a') 26 V3(I1) 20 1.30 v6(a') 8 v3(I1) 5 1.60 v6(a') 12 V3(il) 9 1.33 
v1o(a") 25 V3(IT) 20 1.25 v1o(a") 5 v3(IT) 5 1.00 v1o(a") 11 V3(IT) 9 1.22 
V11(a") 14 v3(IT) 20 0.70 V11(a") 4 V3(IT) 5 0.80 V11(a") 8 v3(IT) 9 0.89 

("SS) stands for symmetric species, bA is the intensity of the dimer and cA is the intensity of the monomer 



Table 5.5.7 Continue 

HF/6-31G(d, p) MP2/6-31G(d, p) DFT/6-31G(d, p) 

Dimer Monomer Dimer Monomer Dimer Monomer 

mode 6Nkm mode 6Nkm 6MA mode 6Nkm mode 6N!Gn 6MA mode 6Nkm mode 6A/km 6MA 
("SS) 11101-I ('SS) 11101-l ('SS) mo 1-1 ("SS) 11101-1 ( 'SS) mo 1-1 ('SS) mo 1-1 

v6(a') 26 V3(f1) 20 1.30 v6(a') 8 v3(I1) 5 1.60 v6(a') 12 V3(f1) 9 1.33 
v1o(a") 25 V3(f1) 20 1.25 V1o(a") 5 V3(f1) 5 1.00 v1o(a") 11 V3(f1) 9 1.22 
V11(a") 14 v3(I1) 20 0.70 VJ 1(a") 4 V3(f1) 5 0.80 V11(a") 8 V3(f1) 9 0.89 

('SS) stands for sy1runetric species, bAis the intensity of the dimer and cAis the intensity of the monomer 
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5.6. The Sulphur dioxide dimer 

Mainly as a result of the current interest in sulphur dioxide as a major 
pollutant in emissions from factory and power plants stacks and from motor 
car exhausts and its consequent role is introduced for the remote detection 
and monitoring of these gases. Many of these methods involve the 
observation of the infrared and ultraviolet absorption and emission spectra 
of sulphur dioxide 149

. In attempts to a better understanding of the infrared 
spectrum, this substance has been studied by a number of authors in 

• • 150-154 M d. h ,. d h f h cryogenet1c matnces . ost stu 1es ave ,ocusse on t e spectra o t e 
• • • • N 1 155 M 156 T I b vanous 1sotop1c monomer species. e son , atrumura , a e -

Bendiab 157 and their co-workers have described the radiofrequency and 
microwave spectra of a number of isotopic variants of SO2 dimer in the gas 
phase. They concluded that the equilibrium structure of the dimer has a 
plane of symmetry with the two monomer units being non-equivalent, and 
that the dimer undergoes a high barrier tunnelling motion with a period of 
14~ts 155

, similar to that proposed for H2O dimer by Coudert and Hougen 158
. 

In our ab initio calculations we considered a linear structure of the sulphur 
dioxide dimer. 

5.6.1 The geometrical parameters of sulphur dioxide dimer 

The ab initio calculations 159 of the nature of the 1: 1 SO2 dimer indicate that 
the most probable structure possesses the C, symmetry configuration (see 
fig 5.6). Table 5.6.1 presents the values of the converged geometrical 
parameters of the sulphur dioxide dimer. The sulphur dioxide monomer 
bond length calculated at all the levels of theory studied here is equal to 
141.4 (for HF), 147.8 (MP2) and 146.3 pm (DFT). Table 5.6.1 shows that 
the bond length of the sulphur dioxide in the subunit in the dimer is slightly 
changed at the both the HF and MP2 approaches and remains unchanged at 
the DFT method. The OSO bond angles shorten slightly on dimerization. 
The intermolecular bond length r(S ... O) is 372.1, 344.6 and 359.6 pm for 
HF, MP2 and DFT levels of computation, respectively. 

5.6.2 The dimerization energies 

The dimerization energies for the SO2 dimer of Cs symmetry, before and 
after correcting for BSSEs by the full counterpoise method 77 are listed in 
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Table 5 .6.2. In the HF level of theory, the dimerization energy of SO2 dimer, 
after BSSE correction are virtually indistinguishable. The same order is 
reproduced in the MP2 and DFT levels of computation. The BSSE 
contributions to the uncorrected energies about 29% at the HF, this 
contribution increases to about 64% and 66% at both the DFT and MP2 
levels of computation, respectively. 

o, 
I o, 

X 

o_, 

Figure 5.6 shows the structure of the linear sulphur dioxide dimer of Cs 
symmetry 

z 
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Table 5.6.1 The optimized geometrical parameters of the (S02)2 calculated 
at the HF, MP2 and DFT levels of theory using the 6-3 I G( d, p) 

split-valence polarized basis set 

Level of theory 

Species Parameters HF MP2 OFT 

(S02)2 r(S 1 ... 0;)/pm 372.1 344.6 356.9 
r(S40s)/pm 141.5 147.9 146.3 
r(S102)/pm 141.7 147.9 146.3 
r(S406)/pm 141.5 147.9 146.3 
r(S10i)/pm 141.7 147.9 146.3 
O,S,,0,/deg 118. 1 119. I 118.4 

02S10J/deg 118.1 I I 9.1 118.4 

Table 5.6.2 The dimerization energies and the basis set superposition en-ors 
of the (S02) 2 calculated at the HF, MP2, and DFT levels of 
theory using the 6-31 G(d, p) split-valence polarized basis set 

Species Point group Energy/kJ moi- 1 

(S02)2 C, LlE {uncorrected) 

BSSE 

L'.E (corrcclcd) 

Level of theory 

HF 

-13 .3 5 
3.86 

-9.49 

MP2 

-14.41 
9.48 

-4.93 

DFT 

- I I. I 5 
7.51 

-3.64 



87 

5.6.3 The vibrational wavenumbers and the band intensities 

The vibrational wavenumbers for the sulphur dioxide dimer, together with 
the approximate description of normal modes, are given in Table 5.6.3. This 
table shows that at all the three levels of theory one imaginary frequency 
was calculated at the v 12 mode of the electron donor. In the SO2 dimer, the 
normal modes distributions transform as 

r vib=Sa' +4a" 

Table 5.6.4 shows the intensities of the sulphur dioxide dimer. It is noted at 
this table that the v 12 mode of the electron donor showed a very negligible 
intensity at the OFT level. The intermolecular dimer intensities are all 
predicted to be below about 50 km mol" 1

, in a region which is not readily 
accessible to most commercial infrared spectrometers. The ratios of the 
computed to the experimental wavenumbers of the intramolecular modes of 
the SO2 dimer observed in nitrogen matrices are presented in Table 5.6.5. 
This table shows that the HF level of theory overestimates the experimental 
infrared wavenumber by ca. 16% on average while both the MP2 and OFT 
methods underestimate the experimental wavenumbers by ca. 5% and ca. 
2% on average, respectively. Since the OFT approach results are close to the 
experimental ones as it gives a slight underestimation, therefore we are 
going to base our predictions upon this method. The confirmation of the 
reliability of the assignment of the intramolecular dimer modes is provided 
in Table 5.6.6, in which the wavenumber shifts between the sulphur dioxide 
monomer and the sulphur dioxide dimer are reported. The theoretical 
predictions are that on dimerization, the antisymmetric SO stretching 
undergoes smallest changes, splitting into a pair of bands of the electron 
acceptor v1 mode and electron donor v9 mode, which are all red shifted. The 
symmetric SO stretching mode of the monomer correlates with the v2 and v3 

modes of the dimer and is shifted to the blue at both modes. The v4 mode of 
the dimer correlates with the out-of-phase combination of the bending mode 
of the monomer units and displaced by 8 cm-1 to the blue of the monomer 
position. The v5 mode is the corresponding in-phase combination that is red 
shifted by lcm- 1 from the monomer band. The fact that none of the 
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theoretical shifts exceed 11 cm- 1
, confirms to the extreme weakness of the 

interaction in the SO2 dimer. The magnitudes of the shifts also show close 
agreement with the experimental values, this evidence taken alongside the 
consistency in the values of the calculated/experimental wavenumber ratios 
(see Table 5.6.5), provides a convincing argument that the experimental 
infrared spectrum of the sulphur dioxide dimer observed in nitrogen 
matrices agrees closely with that predicted by ab initio 159

. This also 
confirms that the structure of the dimer deduced from the gas phase 

155-151 • l h .- d • • microwave spectrum 1s a so t e pre,erre structure m cryogenic 
matrices. 

The comparison of the calculated intensities of the sulphur dioxide dimer 
with those of the corresponding modes of the monomer, calculated at the 
HF, MP2 and DFT using the 6-31G(p, d) is shown in Table 5.6.7. This table 
shows that the range of these ratios is from 0.36 to 1.4 7 at all the levels of 
computation. The relatively small intensity changes of the monomer modes 
on dimerization are also indicative of a very weak interaction. The 
intermolecular dimer intensities are all predicted to be below about 50 km 
moi- 1

, in a region which is not readily accessible to most commercial 
infrared spectrometers. Therefore these intensities data are not expected to 
be of any value in assisting with the assignments of the experimental 
spectra. 

The spectrum of the open bonded SO2 dimer should contain six SO
stretching bands, two very modest in intensity and another two having 
significantly weaker intensities; two of these will appear slightly below the 
monomer symmetric SOrstretching vibration. Likewise, there should be 
two SO-bending modes, one shifted very little from the parent monomer 
band and the other one noticeably blue shifted, both having intensities not 
remarkable different from those of the monomer. All six intramolecular 
modes will be infrared active. All in all, the six bands of the S02 dimer 
would be expected to be observed at best 
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Table 5.6.3 The computed and the experimental wavenumbers of the (SO2) 2 

calculated at the HF, MP2 and DFT, using the 6-31 G(d, p) 
split-valence polarized basis set 

Symmetry 
Species Mode 

a' VJ 
V2 
V3 
V4 
V5 
V6 
V7 
Vg 

a" V9 
VJ0 
VJ\ 
V12 

"Ref: 130 

approximate 
description 

va(SO2) (ED) 
v,(SO2) (EA) 
v(SO2) (ED) 
o(SO2) (OP) 
o(SO2) (JP) 
w(SO2) (EA) 
v(O ... S) 
,( SO2) (ED) 
Va(SO2) (EA) 
t__.(SO2) (EA) 
,(SO2) (EA) 
,(SO2) (ED) 

b band no observed in this region 

1558 
1360 
1355 

602 
591 
116 

71 
32 

1559 
97 
29 

-13 

Levels of theory 

MP2 
~;c •1 u -m 

1301 
1081 
1080 
494 
485 

97 
67 
51 

1304 
73 
41 

-11 

OFT •Experimental 
ulcm·1 ulcm· 1 

1329 1349 
1142 1156 
1140 1154 
510 527 
501 524 

91 _b 

58 _b 

39 _b 

1331 1346 
71 __ b 

31 b 

-14 __ b 

Table 5.6.4 The band intensities of the (SO2) 2 calculated at the HF, MP2 
and DFT levels of theory using the 6-3 l G( d, p) basis set 

Symmetry 
Dimers Species 

a' 

Approximate 
Mode description 

v1 va(SO2) (ED) 
V2 v,(SO2) (EA) 
v3 v( SO2) (ED) 

"• o( SO2) OP) 

Levels of theory 

HF MP2 OFT 
A/ km mor1 A/km mor1 A/km mor1 

370 
103 
23 
91 

99 
18 
13 
31 

192 
38 
21 
39 



Table 5.6.4 continue 

V5 8( S02) (IP) 31 42 35 
V6 w(S02) (EA) 17 8 6 
V7 v(O ... S) 13 5 6 
Vg ,(S02) (ED) 16 10 16 

a" V9 v.(S02) (EA) 315 79 160 
V\O tw(S02) (EA) 4 0.03 
V11 1:(S02) (EA) 22 11 15 

V\2 1:(S02) (ED) 0.4 4 0.0002 

Table 5.6.5 Ratios of the computed to the experimental wavenumbers 
observed in of the nitrogen matrices of the intramolecular 
modes of the sulphur dioxide dimer. 

• Level of theory 

Mode I-IF MP2 OFT 

V1 I. 15 0.97 0.99 

V2 1.18 0.93 0.99 

V3 I. I 7 0.94 0.99 

V4 1.14 0.94 0.97 

V5 I. I 3 0.93 0.96 

V9 1.16 0.97 0.99 

Mean Average I. 16 0.95 0.98 

'l • ,..._, ,..._, 
'Ratio= Vea,! V ,.,p, 
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Table 5.6.6 Comparison of the calculated band intensities of the (SO2) 2 with those of the corresponding modes of 
the monomer, calculated at the HF, MP2 and DFT levels using the 6-3 lG(d, p) basis set 

HF/6-31G(d, p) 

Dimer Monomer 

mode v/cm-1 mode u I cm -I Shifts 
("SS) (aSS) b /; U /cm-I 

v1(a') 1558 V3(b) 1569 -11 
v2(a') 1360 v1(a1) 1359 1 
V3(a') 1355 v1(a1) 1359 -4 
V4(a') 602 v2(a1) 592 10 
V5(a') 591 v2(a1) 592 -1 
v9(a") 1559 V3(b) 1569 -10 

("SS) stand for symmetry species 

b ~ ~ ~ f1 V = V dim er - Umonomer 

MP2/6-31G(d, p) 

Dimer Monomer 

mode 
c·ss) 

V1(a') 
v2(a') 

vJ(a') 

V4(a') 

vs(a') 

V9(a") 

ulcm-1 mode 
(·ss) 

1301 V3(b) 
1081 v1(a1) 
1080 V1(a1) 
494 vi(a1) 

485 v2(a1) 
1304 V3(b) 

u I cm -I Shifts 
b, ~ / -1 
LlV cm 

1305 -4 
1077 4 
1077 3 
486 8 
486 -1 

1305 -1 

DFT/6-31G(d, p) 

Dimer Monomer 

mode 
c ·ss) 

V1(a') 
vi(a') 
vJ(a') 

v4(a') 

vs(a') 

V9(a") 

u I cm -1mode u I cm -I Shifts 
(aSS) b /; U / cm -I 

1329 vJ(b) 1336 -7 
1142 v1(a1) 1139 3 
1139 V1(a1) 1139 0 
510 vi(a1) 502 8 
501 vi(a1) 502 -1 

1331 V3(b) 1336 -5 



Table 5.6.7 Comparison of the calculated wavenumbers of the (SO2) 2 with those of the corresponding modes of 
the monomer, calculated at the HF, MP2 and DFT levels of theory using the 6-31 G( d, p) basis set 

HF/6-31G(d, p) 

Dimer Monomer 

mode Nkm mode Nkm 
(3SS) mor1 ("SS) mol"1 

v1(a') 370 v3(b) 322 
v2(a') 103 v1(a1) 64 
V3(a') 23 v 1(a1) 64 
V4(a') 91 v2(a1) 62 
v5(a') 31 v2(a1) 62 
v9(a") 3 I 5 V3(b) 322 

1.15 
1.61 
0.36 
1.47 
0.50 
0.98 

MP2/6-31G(d, p) 

Dimer 

mode 
(·ss) 

v1(a') 
V2(a') 
V3(a') 
V4(a') 
V5(a') 
v9(a") 

Nkm 
1-1 mo 

99 
18 
15 
31 
42 
79 

Monomer 

mode 
(

3SS) 

v3(b) 79 
v1(a1) 13 
v1(a1) 13 
v2(a1) 32 
v2(a1) 32 
V3(b) 79 

1.25 
1.38 
1.15 
0.97 
1.31 
1.00 

DFT/6-31G(d, p) 

Dimer Monomer 

mode 
( 'SS) 

v,(a') 
v2(a') 
V3(a') 
V4(a') 
V5(a') 

v9(a") 

Nkm mode Nkm 
mor' ('SS) mor1 

192 V3(b) 165 
38 v1(a1) 28 
21 v1(a1) 28 
39 V2(a1) 34 
35 v2(a1) 34 

160 V3(b) 165 

c•ss) stands for symmetry species bA is the intensity of the dimer and 'A is the intensity of the monomer 

1.16 
1.36 
0.75 
1.15 
1.03 
0.97 
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CHAPTER SIX 

Theoretical predictions of the geometries, energies and the vibrational 
spectra of the hetero-dimers. 

6.1 The boron trifluoride-carbon monoxide molecular complex 

In the past few years, high-resolution infrared spectroscopic studies of 
gaseous, binary van der Waals complexes have contributed a wealth of 
important information on the structures of the complexes and on the nature 
of the molecular interactions responsible for their existance. 160

-
164 Most of 

these studies have involved the excitation, usually by means of a suitable 
laser, of an intramolecular vibrational mode associated with one of the 
monomer components of the complex. The resulting vibration-rotation 
spectra yield the relative orientations of the interacting monomer species, 
the changes in their internal geometries resulting from complex formation, 
and the wavenumber shifts of those modes rising from association. 
Molecular complexes containing boron trifluoride, as the electron acceptor 
has been known from early X-ray 165

•
167 and solid-state infrared and Raman 

168
-
170 studies of aggregates of BF3 with the nitrogen donors. Resulting from 

advances in experimental techniques, there have been reports in the 
literature of the characterization of a number of such complexes containing 
boron trifluoride in the gas phase. Those of interest to us include the 
complexes of BF3 with CO 171

'
172

, CO2, H20
173

' 
174

, N20 175
, 0 2

130
, 0 3 and 

so
2

116. 1n_ 

6.1.1 The optimized geometrical parameters 

Fig 6.1 shows the structure of the boron trifluoride-carbon monoxide 
complex of C3v symmetry with the orientation of the axis and the numbering 
of atoms. The structure was drawn from the standard orientation of the 
optimized structure using the Oak Ridge Thermal Ellipsoidal Programme 
(ORTEP) 34

. The optimized structural parameters of the BF3.CO complex 
are presented in Table 6.1.1. The computed bond lengths of the boron 
trifluoride and carbon monoxide monomer are presented in Table 4.1 (see 
chapter 4, page 22). The carbon monoxide monomer bond length calculated 
at the HF, MP2 and DFT levels is r(CO) equal to 111 .4, 115.1 and 113.8 pm 
respectively. It is noted from Table 4.1 that the OC bond length of the 
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not significantly changed on complexation. The boron trifluoride monomer 
bond angle calculated at all the levels of theory is FBF equal to 120 degrees 
and remains unchanged on complexation. The intermolecular bond length 
r(B ... O), is 279.0, 268.9 and 274.2 pm for the HF, MP2 and DFT methods 
respectively and this high value implies a weak interaction. 

6.1.2 The complexation energy 

The interaction energy of the BF3.CO complex before and after correcting 
for the BSSEs by the full counterpoise methods 77 is listed in Table 6.1.2. 
The BSSEs account for about 41 % of the interaction energy of the complex 
at the HF method, while at the MP2 and DFT methods, the BSSE accounts 
for about 79% and 64 %, respectively. The interaction found in all the three 
levels of computation is weak and is also confirmed by the high value of the 
interaction distance (see table 6.1.1 ). 

F3 

2 
X 

• 

o, c, 
:\ 

~ 0-0 
F6 

Fs 

~----------•· z 

Figure 6.1 shows the optimized structure of the boron trifluoride-carbon 
monoxide molecular complex together with the numbering of 
atoms. 
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Table 6.1.1 The optimized geometrical parameters of the BF3.CO complex 
calculated at the HF, MP2 and DFT levels of theory using the 
6-31 G(d, p) split-valence polarized basis set. 

Level of theory 

Parameters l-lF/6-31G(d, p) MP2/6-31G(d, p) DFT/6-31 G(d, p) 

r(B 1 ... 02)/pm 279.0 268.9 274.2 
r(B1F3) =r(B1Fs)/pm 130.2 132.4 131.8 
r(02C6)pm 111 . 5 1 l 5. l 113.9 
B1 .. 02C6/deg 180.0 180.0 180.0 
O, ... B,F, = o, .... B,F, /deg 90.6 90.5 90.5 
F,B,F,ldeg 120.0 120.0 118.8 

Table 6.1.2 Interaction energy and basis set superposition error of the boron 
trifluoride-carbon monoxide complex calculated at the HF, 
MP2 and DFT levels of theory using the 6-31 G(d, p) basis set. 

Energy/kl mor 

!J.E(uncorrected) 

BSSE 

l'i E(corrcclcd) 

Level of theory 

HF/6-31 G(d, p) MP2/6-31 G(d, p) DFT/6-31 G(d, p) 

-6.96 -12.78 -7.18 
2.84 10.07 4.61 

-4.12 -2.71 -2.57 
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6.1.3 The vibrational wavenumbers and band intensities 

The HF, MP2 and DFT harmonic vibrational analyses for the boron 
trifluoride-carbon monoxide complex, together with the approximate 
description of the normal modes and the experimental wavenumbers are 
given Table 6.1.3. The computed intensities of the BF 3.CO complex are also 
shown in Table 6.1.4. The intermolecular intensities are all predicted to be 
below 20 km mol" 1

, in a region which is not readily accessible to the most 
commercial infrared spectrometers. The ratios of the calculated to the 
experimental wavenumbers of the intramolecular modes of the complex are 
shown in Table 6.1.5. This table shows that the HF, MP2 and DFT levels of 
computation overestimate the experimental wavenumber by ca. 9, l and 2% 
on average, respectively. Since the results of the MP2 approach are close to 
the experimental ones, then we are going to focus our predictions upon the 
MP2 method. Comparison of the complex wavenumbers with those of the 
isolated monomers is given in Table 6.1.6. This table shows that the 
wavenumber shifts of the modes of the boron trifluoride fragment on 
complexation are small ( except perhaps for the counterpart of the out-of
plane BF3 bending mode) and are all red shifted with the exception of the v1 

mode of the complex which is blue shifted. On the other hand, the carbon 
monoxide stretching mode is predicted to be shifted to the blue by I cm· 1

. 

Thus, observation of the spectrum of the complex in the CO stretching 
region should yield an unambiguous assignment of the most probable 
structure of the complex formed between boron trifluoride and carbon 
monoxide. 

A comparison of the band intensities of the modes of the complex with 
those of the parent monomer is also presented in Table 6.1.6. Here, we 
represent the intensity changes on complexation as intensity ratios (in 
contrast to the wavenumber changes, which are quoted as differences) 
because infrared intensities, even with the same molecular species, may 
span several orders of magnitude, and arithmetic differences for weak 
modes, which may be small in absolute terms, may represent changes by 
factor of perhaps 2 or 3 when expressed as ratios. Table 6.1.6 shows that no 
intensity ratios resulting from complexation lie outside the range of 0.91-
2.44 in all the levels of computations, hence no complex mode intensities 
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differ from their parent monomer mode intensities by factors greater than 3, 
which is typical of weakly bound aggregates. 

In qualitative terms, the ab initio calculation predicts that the matrix 
isolation infrared spectra of the BF3.CO complex should yield two BF
stretching bands in the monomer fundamental BF-stretching region. Both 
vibrations will be slightly red shifted, with the symmetric BF-stretching 
mode being weakly observed, the antisymmetric BF-stretching vibration 
being of similar intensity as the monomer v3 bands. Two BF-bending bands 
should be observed at a lower wavenumber than the monomer. 
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Table 6.1.3 The computed and the experimental wavenumbers of the 
BF3.CO complex calculated at the HF, MP2, and DFT levels of 
theory using the 6-31 G(d, p) split-valence polarized basis set. 

Symmetry Approximate HF 
Species Mode description u I cm -I 

V1 v(CO) 2427 
V2 v,(BFJ) 940 
VJ li,(BFJ) 726 
V4 v(B ... 0) 80 

e V5 v.(BFJ) 1571 
V6 li.(BFJ) 508 
V7 /(CO) 72 
Vg /(BFJ) 28 

a Ref: 130 

h band not observed in this region 

Level of theory 

MP2 
ulcm· 1 

2120 
886 
686 
88 

1494 
482 

78 
34 

2202 
888 
672 
74 

1488 
479 
68 
31 

'Experimental 
~; -1 u cm 

2151 
1434 
678 

_b 

1490 
650 
474 
471 

Table 6.1.4 The computed band intensities of the BF3.CO complex 
calculated at the HF,MP2, and DFT levels of theory using the 
6-31 G( d, p) split-valence polirized basis set. 

Level of theory 

Symmetry Approximate HF MP2 OFT 
Species Mode description A/km mo 1 •1 A/km mol" 1 A/km 11101·

1 

a1 V1 v(CO) 173 42 94 
V2 v,(BFJ) 0.5 0.3 0.4 
VJ li,(BFJ) 203 156 136 
V4 v(B ... 0) 1 0.5 0.5 

e V5 va(BFJ) 467 393 368 
V6 lia(BF3) 16 12 10 
VJ /(CO) 0.1 0.1 0.03 
Vs /(8F3) 0.3 0.05 10·4 



Table 6.1.5 Ratios of the computed to the experimental wavenumber 
observed in nitrogen matrices of the intramolecular modes of 
the boron trifluoride carbon monoxide complex. 

"Levels of theory 

Mode HF MP2 OFT 

V1 1.13 0.99 1.02 

V2 1.10 1.04 1.04 

V3 1.04 0.98 0.96 

V5 1.10 1.04 1.04 

v6 I.OS 1.02 1.02 

Mean Average 1.09 1.01 1.02 

"R • - ;~ at10= Ucalc V cxp1 
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Table 6.1.6 Comparison of the predicted wavenumbers and band intensities of the boron trifluoride-carbon monoxide 
complex and of those of the individual parent monomer at the HF, MP2 and DFT Levels of theory using the 
6-3 I G ( d, p) split-valence polarized basis set. 

BF3.CO BF3 co 
Levels of mode mode mode 
Theory (symmetry ~; -l Nkm 1-1 u cm mo (symmetry ~; -1 Nkm 1-1 u cm mo (symmetry ~; -1 Nkm 1-I u cm mo al',,-/ -1 A V cm complex 

species) species) species) Amonomer 

HF/6-31G(d, p) V1(a1) 2427 173 v(OO) 2439 138 -12 1.25 
v2(a1) 940 0.5 V1(a'1) 943 -3 
V3(a1) 726 203 v2(a" 2) 738 149 -12 1.36 
v5(e) 1571 67 vJ(e') 1575 485 -4 0.96 
v6(e) 508 16 V4(e') 738 16 0 1.00 

MP2/6-31G(d, p) v1(a1) 2120 42 v(OO) 2119 26 1 1.62 
v2(a1) 886 0.3 V1(a'1) 889 -3 
v3(a1) 686 156 V2(a" 2) 699 10 I -13 1.54 
vs(e) 1494 393 v3( e') 1497 409 " 0.96 -~ 
v6(e) 482 12 V4(e') 481 13 1 0.92 

DFT/6-31G(d, p) v1(a1) 2220 94 v(OO) 2209 70 -7 1.34 
v2(a1) 888 0.4 V1(a'1) 889 -1 
V 3(a I) 672 136 V2(a"2) 685 -13 2.43 
V5(e) 1488 368 V3( e') 1448 40 0.96 
v6(e) 479 10 V4(e') 479 0 0.91 
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6.2. The boron trifluoride-carbon dioxide molecular complex 

The ab initio studies of some binary Lewis acid-base complexes of boron 
'fl 'd • h 11s.119. • 180 181 I h 119 fl . 182 tn uon e wit some oxygen rntrogen • , su p ur , uonne 

and carbon 130 bases has been observed that these complexes display a wide 
range of structural, electronic, energetic and vibrational properties. In 
particular, the ways in which the vibrational spectrum of the boron 
trifluoride is perturbed as a result of complexation with such bases may be 
corrected with the physical properties of the bases. Carbon dioxide is known 
to form molecular complexes in the gas phase, which may be of several 
types. The structure ofBF3.CO2 in the gas phase has been reported briefly in 

1r a study of BF3.NCCN among other complexes by Leopold et al ', who 
concluded that the BF3.CO2 was an asymmetric rotor, consistent with a non
linear B ... OCO arrangement, as suggested by a lone pair-directed 
interaction, according to the structural rules applying to hydrogen-bonded 
complexes proposed by Legon and Millen 183

. In this work we report the 
results of our ab initio studies on B ... O bonded conformer of the 1:1 
BF3.CO2 complex, using the HF, MP2 and DFT methods. 

6.2.1 The optimized geometrical parameters of the BF3.CO2 complex 

The ab initio calculations of the nature of the 1 : 1 BF 3.CO2 complex indicate 
that the most probable structure possesses a C, symmetry, with the OCO 
fragment eclipsing one of the BF bonds. This optimized structure is in good 
agreement with that determined using the gas phase, and is shown in fig 6.2. 
The normal modes of vibration of such an aggregate transform as 

under the C, symmetry. Table 6.2.1 present the values of the converged 
geometrical parameters of the boron trifluoride-carbon dioxide complex of 
C, symmetry structure. The carbon dioxide monomer bond length calculated 
at the HF, MP2 and DFT levels of theory is r(CO) equal to 114.3, 118.0 and 
116.9 pm, respectively. Table 6.2.1 shows that the bond length of the carbon 
dioxide subunit in the molecular complex is slightly changed from the 
monomer value, with a factor of not more than 0.3 pm in all the levels of 
theory. The O,C,Os bond angle of the carbon dioxide deviates from linearity 
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theory. The O,C,O, bond angle of the carbon dioxide deviates from linearity 
by small amount, while the FBF bond angle of the monomer is not affected 
at all on complexation. The intermolecular bond length r(B ... O) is 271.4, 
262.3 and 272.3 for the HF, MP2 and DFT methods respectively, which is a 
value indicative of a weakly bound complex (van der Waals interaction). 

6.2.2 The complexation energy and the BSSEs 

The binding energy of the complex studied here has been determined as 
uncorrected and corrected interaction energies, with their association BSSEs 
and are shown in Table 6.2.2. After correction for the BSSE this complex is 
predicted to have lower association energy. The interaction found in all the 
three levels of computation is weakly bound. 

O; X 

~----------►,Z 

F, 

Figure 6.2. Optimized structure of the boron trifluoride-carbon dioxide 
complex and the numbering of the atoms. 



104 

Table 6.2.1 The optimized geometrical parameters of the BF3.CO2 complex 
calculated at the HF, MP2 and DFT levels of theory using the 
6-3 IG(d, p) split-valence polarized basis set 

Levels of theory 

Parameters I-IF MP2 OFT 

r(B 1 ... O2)/pm 27 l .4 262.3 272.6 

r(B1F3)/pm 130.5 133.0 l 32.3 

r(O2 ... O4)/pm l 14.6 l l 8.3 117.2 

r(C4O;)/pm l 14.0 l 17.6 116.6 

r(B1 F6)=r(B1F1)/pm 130.1 132.3 l 31. 7 

02 ... B1F1/deg 85.4 85.4 82.1 

O,C,O,!deg l 79.6 l 79.5 l 79.4 . . 
O, ... B,F" = O, ... B,F, /deg 93.6 93.7 95. l 

B, ... O,C, !deg 130.8 l l 4.3 l 14.0 

F6B,F, /deg 120.0 120.0 120.0 

Table 6.2.2 Interaction energy and basis set superposition error of the boron 
trifluoride carbon monoxide complex calculated at the HF, MP2 
and DFT using the 6-3 IG(<l, p) split-valence polarized basis set. 

Energy/kJ mor1 

/1E(uncorrec1ed) 

BSSE 

i'i.E(corrcctcd) 

HF 

-9.73 
3.12 

-6.61 

Level of theory 

MP2 

-15.40 
I 0.85 
-4.55 

DFT 

-11.30 
7.35 

-3.95 
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6.2.3 The vibrational wavenumbers and the band intensities of the 
complex 

The computed and the experimental wavenumbers of the boron trifluoride
carbon dioxide complex are listed in Table 6.2.3, along with the 
approximate description of the modes of vibration. The computed intensities 
of the boron trifluoride-carbon dioxide complex are shown in Table 6.2.4. 
This table shows that all the intermolecular mode intensities are very low. 
The ratios of the calculated to the experimental wavenumbers of 
intramolecular modes of the boron trifluoride-carbon dioxide observed in 
nitrogen matrices are presented in Table 6.2.5. This table shows that the HF 
and DFT methods overestimate the experimental wavenumbers by 1 0 and 
1 % on average respectively while the MP2 approach ideally fit the 
experimental values. Since the MP2 approach is more reliable than the other 
two methods, then we are going to focus our predictions on the MP2 
method. The correlation between each of the modes of the molecular 
complex and its counterparts in the monomer are presented in Table 6.2.6, 
in which the monomer-complex wavenumbers shifts are reported. None of 
these shifts exceeds 51 cm· 1 in either direction. The antisymmetric CO2 

stretching mode of the complex (v1) is red shifted at this method (MP2). 
Both components of the degenerate bending vibration (v6 and V12) are red 
shifted. For the antsymmetric (v2 and v11 ) modes, both modes are shifted to 
the blue of the monomer. The bending (v7 and v 13 ) modes of the BF3 

fragment are unperturbed, while for the corresponding symmetric bending 
mode of BF 3, the wavenumber is pe11urbated to substantially higher values. 
Nevertheless, for such fairly weakly bonded complexes such as the 
BF3.CO2, the theoretical computed wavenumber shifts resulting from 
complexation are not always found to have the same signs with those 
observed experimentally 130

. However, all the shifts observed are red shifted 
with the exception of v7 and v 13 modes of the complex. 

Table 6.2.6 also shows the ratio of the intensities of the infrared active 
bands of the BF3.CO2 to the corresponding bands of the BF3 and CO2 

monomers. These ratios are all around a factor of 2.0 at all the levels of 
theory. This table also shows that the symmetric BFrstretching mode (v1) is 
expected to be weakly observed at all the levels of computation. 
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Our calculations qualitatively predict that the spectrum of the BF 3.C02 

complex should yield two BF-stretching bands, one appearing close to the 
monomer antisymmetric BF-stretching band and the other one will be 
weakly observed near the symmetric BFi-vibration. In the same manner they 
should be three BF-bending vibration for the B ... 0 bonded species; two 
virtually unshifted from the parent monomer bands and one noticeable red 
shifted; the latter band should be the most intense absorption in the 
spectrum. 
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Table 6.2.3 The computed and the experimental wavenumbers of the 
BF3.CO2 complex calculated at the HF, MP2, and DFT levels of 
theory using the 6-31 G(d, p) split-valence polarized basis set. 

Levels of theory 

Symmetry Approximate HF MP2 OFT "Experimental 
Species Mode description ulcm -1 ulcm· 1 ulcm -1 ulcm -1 

a' V1 Va(CO2) 2587 2447 2436 2352 
Vz va(BF3) 1561 1477 1471 1436 
VJ v,(CO2) 1587 1334 1372 1424 
V4 v,(BFi) 938 883 885 852 
V5 8,(BF3) 748 673 665 681 
V6 8(CO2) 719 640 643 653 
V7 8a(BFi) 508 481 480 476 
Vg /(8F3) 123 140 180 _b 

V9 v(B ... 0) 66 78 51 b -
V10 /(BFi) 19 43 39 b 

a" V11 Va(BFi) 1577 1502 1495 1454 
V12 y(BFi) 743 600 

J_) 638 655 
V13 8a(BFi) 508 481 478 476 
V14 /(BF i) 71 73 49 b -
V15 /(CO2) 17 21 19 b -

"Ref: 130, b band not observed in this region 

Table 6.2.4 The computed band intensities of the BF3.CO2 complex 
calculated at the HF, MP2, and DFT levels of theory using the 
6-3 IG(d, p) split-valence polarized basis set 

Symmetry Approximate 
Species Mode description 

a' V1 
V2 
VJ 

Va(CO2) 
v,(BFi) 
v,(CO2) 

Levels of theory 

HF MP2 
A/kmmol"1 A/kmmo\· 1 

1069 
463 

1 

1069 
379 

2 

DFT 
A/km mo1· 1 

592 
366 
0.9 



Table 6.2.4 Continued 

Symmetry Approximate 
Species Mode description 

V4 v,(BF3) 

V5 8,(BF3) 
V6 8(CO2) 

V7 8,(BFi) 
Vg /(BF3) 

V9 v(B ... 0) 

VJ0 /(BFi) 
a" VJJ v,(BF3) 

V12 y(BFi) 

VJ3 8a(BF3) 

V14 /(BFi) 

V15 /(CO2) 

Levels of theory 

HF MP2 
A/km mo1" 1 A/km mo1" 1 

0.7 
67 171 

225 30 
15 12 

0.4 0.8 
0.6 0.9 
0.1 0.3 

467 391 
66 24 
15 I I 

0.02 0.1 
0.0002 2x 10·3 

DFT 
A/kmmol· 1 

0.5 
138 
38 
10 

OJ 
0.4 
0.7 
367 
29 
10 

0.001 
0.0 
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Table 6.2.5 Ratios of the computed to the experimental wavenumber of the 
intramolecular modes of the boron trifluoride carbon dioxide 
complex observed in nitrogen matrices. 

Mode 

V1 

V2 

V3 

V4 

V5 

v6 

V7 

V11 

V12 

V13 

Mean Average 

aR • - -at1o=vw1cl u cxp1 

HF 

1.10 
1.09 
1. 11 
1.10 
1.10 
1.10 
1.07 
1.08 
1.13 
1.07 

1. I 0 

•Levels of theory 

MP2 OFT 

1.04 1.04 
1.02 1.02 
0.94 0.96 
1.04 1.04 
0.99 0.98 
0.98 0.98 
1.01 1.01 
1.03 1.03 
0.97 0.97 
1.01 1.00 

1.00 1.01 



Table 6.1.6 Comparison of the predicted wavenumbers and the band intensities of the boron trifluoride-carbon dioxide 
complex and of those of the individual parent monomer at the HF, MP2 and DFT Levels of theory using the 
6-31 G ( d, p) split-valence polarized basis set. 

Levels of 
Theory 

HF/6-31G(d, p) 

mode 
(symmetry u I cm_, A/km mor' 
species) 

v1(a') 2587 1069 
vz(a') 1561 463 
V3(a') 1519 1 
v4(a') 938 1 
vs(a') 748 67 
v6(a') 719 225 
V7(a') 508 15 

V11(a") 1577 467 
V12(a") 743 66 
V13(a") 508 15 

MP2/6-31G(d, p) v1(a') 2447 1069 
v2(a') 1447 379 
V3(a') 1334 2 
V4(a') 883 1 
v5(a') 673 171 

mode 
(symmetry u I cm_, A/km mor' 
species) 

vJ(e') 1575 485 

v,(a' 1) 943 0 
v2(a" 2) 699 149 

V4(e') 508 16 
v3( e') 1575 485 

V4(e') 738 16 

v3( e') 1528 409 

v,(a'1) 889 0 
v2(a"2) 699 101 

mode 
(symmetry ulcm·' A/kmmor' ""1ulcm·' Acomplex 

species) Amonomer 

v3(I;u) 2585 985 2 1.09 
-14 0.95 

v,(I:g) 1519 0 0 
-5 
49 0.45 

v2(ITu) 746 69 -25 3.26 
0 0.94 
2 0.96 

v2(ITu) 746 69 -3 0.96 
0 0.94 

v3(I;u) 2455 453 -8 2.36 
-51 0.93 

v,(I:g) 1337 0 -7 
-6 

-26 1.69 



Table 6.1.6 Comparison of the predicted wavenumbers and the band intensities of the boron trifluoride-carbon dioxide 
complex and of those of the individual parent monomer at the HF, MP2 and DFT Levels of theory using the 
6-31 G ( d, p) split-valence polarized basis set. 

Levels of 
Theory 

HF/6-31G(d, p) 

mode 
(symmetry u I cm •1 A/km mor1 

species) 

v1(a') 2587 1069 
v2(a') 1561 463 
V3(a') 1519 1 
v4(a') 938 1 
V5(a') 748 67 
v6(a') 719 225 
V7(a') 508 15 

V11(a") 1577 467 
V12(a") 743 66 
vlJ(a") 508 15 

MP2/6-31G(d, p) v1(a') 2447 1069 
v2(a') 1447 379 
v3(a') 1334 2 
V4(a') 883 
v5(a') 673 171 

mode 
(symmetry u I cm •1 A/km mor1 

species) 

V3(e') 1575 485 

v1(a' 1) 943 0 
v2(a" 2) 699 149 

V4( e') 508 16 
v3(e') 1575 485 

V4(e') 738 16 

v3(e') 1528 409 

v1(a' 1) 889 0 
V2(a"2) 699 101 

mode 
(symmetry u I cm •1 A/km mol"1 •D.u I cm •1 

Acomolex 

species) Amonomer 

vJ(Eu) 2585 985 2 1.09 
-14 0.95 

v1(Eg) 1519 0 0 
-5 
49 0.45 

v2(ITu) 746 69 -25 3.26 
0 0.94 
2 0.96 

v2(ITu) 746 69 -3 0.96 
0 0.94 

v3(Lu) 2455 453 -8 2.36 
-51 0.93 

v1(Eg) 1337 0 -7 
-6 

-26 1.69 



Table 6.1.6 continue 

Y6(a') 640 30 v2(ITu) 642 26 -2 I.IS 

V7(a') 481 12 V4(e') 481 13 0 0.92 
V11(a") 1502 391 V3(e') 1528 409 -26 0.96 
vl2(a") 633 24 v2(ITu) 642 26 -9 0.92 
V13(a") 481 11 V4(e') 481 13 0 0.85 

DFT/6-31G(d, p) v 1(a') 2436 592 v3(Z:u) 2448 576 -12 1.03 
vi(a') 1471 366 v3(e') 1448 382 23 0.96 
v3(a') 1372 I v1(Z:g) 1336 0 36 
V4(a') 885 v1(a'1) 889 0 -4 
vs(a') 665 138 vi(a" 2) 685 56 -20 2.49 
Y6(a') 643 38 vi(ITu) 633 30 10 1.27 
V7(a') 480 10 V4(e') 479 11 I 0.91 

V11(a") 1495 367 v3(e') 1448 382 47 1.04 
V12(a") 638 29 v2(ITu) 633 30 5 0.97 
v13(a") 478 10 V4(e') 479 11 -1 0.91 

a,~ (~/ -1) (~/ -1) 
Ll U = U cm complex~ V cm monomer 
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6.3 The boron trrifluoride-water complex 

Understanding the nature of interaction between electron donors and 
acceptors forming complexes has been a subject of considerable interest 184

• 
188

. Addition compounds formed by BF3 with electron donors such as 
H20

178
• 

189 have been observed in the gas phase by the combined use of 
electron energy-loss spectroscopy (E.E.L.S) and u.v. photoelectron 
spectroscopy (U.P.S.) and the structures and molecular-orbital energies have 
been determined by means of ab initio molecular-orbital calculations 130

• 
178

• 
189

. In another recent investigation by Evans et al. 178 characterized the 
BF3.H20 complex through its matrix-isolation infrared spectrum. They 
confirmed the assignment of their bands by a series of ab initio molecular
orbital calculations of the infrared spectrum of this complex using the 4-
3 I G-basis set. In this study we present the theoretical investigation of the 
structure of the BF3.H20 hetero-dimer by the use of ab initio MO 
calculations at the Hartree-Fock, second order M0ller Plasset and Density 
Functional Theory methods, using the 6-3 1 G( d, p) split-valence polarized 
basis set. 190 

6.3.1 Optimized geometrical parameters of the boron trifluoride-water 
complex 

Table 6.3. I presents the value of the geometrical parameters of the boron 
trifluoride-water complex of the C, symmetry structure. Figure 6.3 shows 
the structure of the BF3.H20 complex. The boron trifluoride monomer bond 
length calculated at the HF, MP2 and DFT methods is r(BF) equal to 130.1, 
132.2 and 131.8 pm respectively. Table 6.3.1 shows that the BF bond length 
of the boron trifluoride subunit in the complex is significantly changed from 
the monomer value on complexation in all the three levels of computation. 
The water monomer calculated at the HF, MP2 and DFT method is r(OH) 
equal to 94.0, 96.1 and 96.5 pm respectively. It is also observed that the OH 
bond length of the H20 is not significantly changed from the monomer 
value, while the HOH bond angle undergoes small changes in the complex 
at all the levels of computation. The intermolecular bond length r(B 1 ... 0 2), is 
193.4, I 80.3 and 184.2 pm for the HF, MP2 and DFT methods, respectively. 
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6.3.2 The energies of the boron trifluoride-water complex 

The interaction energy of the complex was determined from the energy of 
the adduct and of the separate monomer units, and was corrected for the 
basis set superposition error (BSSE) by the full counterpoise method 77

. The 
interaction energy of the complex as uncorrected and corrected interaction 
energy with the associated BSSEs is shown in Table 6.3.2. It should be 
noted that the BSSE account for more than half of the binding energy at the 
HF approach; similarly, at both the MP2 and DFT method the BSSE 
contribute 60% and 62% of the binding energy respectively. 

X 

o, 

Bi 

Fs u 

Figure 6.3 shows the opimized structure of the BF3 ... H20 complex 
together with the numbering of atoms and the orientation of 
the axis. 
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Table 6.3.1 The optimized geometrical parameters of the BF3.H2O complex 
calculated at the HF, MP2 and DFT levels of computation using 
the 6-3 lG(d, p) split-valence polarized basis set. 

Level of theory 

Parameters HF MP2 OFT 

r(B 1 ... 02)/pm 193.4 180.3 184.2 
r(B1F3)/pm 131.8 134.7 133.8 
r(B 1 F 4)=r(B 1 F ;)/pm 132.7 136.2 135.3 
r(02H6)=r(OH 7)/pm 94.6 96.8 96.9 
F ,B1. . .02 !deg 100.2 102.6 102.3 
O, ... B,F,, = 02 ... B1F; /deg 97.2 98.9 98.4 
F,B,Fs = FiB,F,ldeg 118.1 117.2 117.5 
F,,B,Fsldeg 117.8 116.5 116.7 

. -
B,O,J-/, = B,02H, I deg 111.9 105.9 105.0 
H ,O, H, /deg 108.4 106.7 106.8 

Table 6.3.2 Interaction energies and basis set superposition error of the 
boron trifluoride-water complex calculated at the HF, MP2 and 
DFT levels of theory using the 6-3 IG(d, p) basis set. 

Energy/kl moi- 1 

L', E(uncorrcc!cd) 

BSSE 

L',E(corrcctcd) 

HF 

-37.32 
19.71 

-15.91 

Level of theory 

MP2 

-39.93 
24.03 

-15.90 

DFT 

-38.12 
23.68 

-14.42 
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6.3.3 The wavenumbers and the band intensities of the complex 

Table 6.3.3 shows the computed and the experimental wavenumbers 
together with the approximate description of the normal modes of the 
complex. The computed band intensities of the BF3.H2O complex calculated 
at the HF, MP2 and DFT methods are shown in Table 6.3.4. This table 
shows that the intermolecular intensities are all low. The ratio of the 
computed to the experimental wavenumber of the intramolecular modes of 
the boron trifluoride-water complex observed in nitrogen matrices are 
shown in Table 6.3.5. This table shows that the HF, MP2 and DFT methods 
overestimate the experimental wavenumbers by ca. 11, 9 and 6 % on 
average respectively. Since the results of the DFT approach are close to the 
experimental ones, we are going to focus our predictions upon the DFT 
method. 

Table 6.3.6 shows the wavenumbers of the selected band of the complex and 
of those of the individual monomer bands from which they were derived. 
Correlation in the case of the H20 moiety is straightforward, since local C2v 

symmetry is unchanged on complexation. The BF3 fragment in the complex, 
however, has C, symmetry. The correlation of its normal modes with those 
of the D3h monomer may be made through a hypothetical planar C2v 

monomer. Table 6.3.6 shows that, while the modes of the H2O sub-unit in 
the complex show small wavenumber increases from 19 to 3 7 cm· 1 on either 
direction relative to the monomer, those of the BF3 fragment shows much 
larger wavenumber shifts, and mostly in the opposite direction. The 
perturbation of the BF3 group by the H20 fragment is quite significant, 
however, as the calculated red shifts for v3, v4, v5, v6 and v 11 shows. The 
shifts for v12 and v 13 are much smaller, indicating a closer corresponding 
monomer vibration. The predictions made on the basis of the theory of 
Friedrich and Person 78 concerning the shifts of the BF3 stretching 
wavenumbers, which hold for the experimental results, is also borne out by 
the calculation wavenumbers. The symmetric stretching mode of the BF3 

monomer correlate with the v4 mode of the complex and suffer a small red 
shift compared with the gas phase 191

. The v 13 mode of the complex 
correlates with the monomer v 4 and a small shift is observed to the blue 
(5cm·1). 
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The calculated intensities are less useful than the wavenumbers for 
comparison purposes, since no experimental intensities are available. 
Moreover, the precision with which the intensities may be calculated is 
intrinsically lower, typically within a factor of two of the experimental 
values 70

. The main features of the complex intensities collected in Table 
6.3.6, compared with those of the water monomer, are the reversal of the 
relative intensities of bending and antisymmetric stretching modes and the 
enormous enhancement of the symmetric stretching mode intensity. The 
infrared-inactive symmetric stretching mode acquires considerable intensity 
as it becomes the complex v4 mode, as a result of the distortion from 
planarity. Both the v7 and v10 modes undergo intensity increases on 
complexation, while the enhancement factor for v4 mode of the complex is 
indeterminate since the corresponding mode in the monomer, v 1, is infrared 
inactive. Hence, Friedrich and Person predict increases in the BF-stretching 
band intensities on complex formation, the increase being in proportion to 
the extent of interaction 78_ These calculated intensity data, along with those 
on the wavenumber shifts, are entirely consistent with the formation of a 
weak BF3 ... H20 charge transfer complex, and provide valuable 
corroborative information for the experimental results. 

Our calculations qualitatively predicted that the spectrum of the BF3.H20 
complex should yield three BF-stretching bands, two appearing close to the 
monomer antisymmetric BF-stretching band and the other one will be 
weakly observed near the symmetric BFrvibration. In the same manner they 
should be four BF-bending vibration for the B ... 0 bonded species. 
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Table 6.3.3 The computed and the experimental wavenumbers of the 
BF3.H20 complex calculated at the HF, MP2, and DFT levels of 
theory using the 6-3 IG(d, p) split-valence polarized basis set. 

Levels of theory 

Symmetry Approximate HF MP2 DFT "Experimental 
Species Mode description u I cm -I ulcm -1 ulcm .J ulcm -I 

a' VJ v,(OH2) 4118 3821 3763 3590 
V2 o(OH2) 1755 1656 1629 1725 
V3 v(BF) 1489 1396 1396 1225 
V4 V5(BFi) 907 856 854 863 
V5 o,(BFi) 635 657 632 625 
v6 w(OH2) 522 614 597 460 
V7 y(FBO) 460 482 456 385 
Vg Ry 251 462 254 _b 

V9 Ty 88 273 234 b -
a" VJ0 v,(OH2) 4234 3950 3873 3660 

VJJ va(BF2) 1475 1359 1353 1240 
V12 r(OH2) 668 735 687 818 
V13 R,. 485 460 455 b 

VJ4 T 244 267 246 b 

V15 T,. 66 113 121 b 

"Ref: 130, b band not observed in this region 

Table 6.3.4 The computed band intensities of the BF3. H20 calculated at the 
HF, MP2, and DFT levels of theory using the 6-31G(d, p) split
valence polarized basis set. 

Symmetry Approximate 
Species Mode description 

a' v,(OH2) 
8(OH2) 

v(BF) 

Level of theory 

HF MP2 
A/km mor 1 A/km mo1· 1 

78 
126 
483 

63 
99 

407 

DFT 
A/km mo1 •1 

47 
89 

383 



Table 6.3.4 continue 

Symmetry Approximate 
Species Mode description 

V4 v,(BFi) 
V; ◊a(BFi) 

v6 w(Ol·h) 
V7 T(FBO) 
Vs Ry 

V9 Ty 
a" VJ0 Ya(OH2) 

VJ] v,(BF2) 
V12 r(OH2) 
VJJ Rz 
VJ4 y 
V15 Tz 

Level of theory 

HF MP2 
A/km mol" 1 A/km mol" 1 

53 366 
223 97 
236 125 
156 383 
22 37 
79 71 

174 151 
453 366 
12 0 

5 8 
8 4 

58 70 

DFT 
A/km mo1· 1 

76 
33 

438 
48 
16 
64 

126 
343 

0.05 
6 
2 

68 

118 
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Table 6.3.5 Ratios of the computed to the experimental wavenumbers 
observed in nitrogen matrices of the intramolecular modes of the 
boron trifluoride water complex. 

"Levels of theory 

Mode I-IF MP2 OFT 

VJ 1.12 1.06 1.05 
V2 I. 1 0 0.96 0.94 
V3 1.05 1.13 1.14 
V4 I. 15 0.99 0.99 
V5 1.14 1.05 1.01 
v6 1.13 1.33 1.29 
V7 I. I 6 1.25 1.18 
V10 1. 11 1.08 1.06 
V11 1.10 1.10 1.09 
V12 1.13 0.90 0.83 

Mean Average 1.11 1.09 1.06 

"R t· ~ ;~ a tQ= Uwlc U exp1 



Table 6.3.6 Comparison of the predicted wavenumbers and intensities of the Boron trifluoride-water Complex and of 
those of the individual parent monomer at the HF, MP2 and DFT Levels of theory using the 6-31 G ( d, p) 
split-valence polarized basis set. 

Levels of 
Theory 

HF/6-31G{cl, L!l 

mode 

(symmetry u I cm •1 A/km mol"1 

species) 

v1(a') 4118 78 
v2(a') 1755 126 
v3(a') 1489 483 
V4(a') 907 53 
vs(a') 635 223 
Y6(a') 522 236 
V7(a') 460 156 

v1o(a") 4234 174 
V11(a") 1475 453 
V12(a") 668 12 
vlJ(a') 460 5 

MP2/6-31G(d, L!l v1(a') 3821 63 
Vz(a') 1656 99 
v3(a') 1396 407 
v4(a') 856 366 
V5(a') 657 97 

•t,--(-/ -1) - -I 
V - V cm complex-( V I cm )monomer 

mode 
(symmetry u I cm •1 Nkm mo1" 1 

species) 

v3(e') 1575 485 
V1(a'1) 943 0 

v2(a"2) 738 149 
V4(e') 508 16 
V4(e') 508 16 

v3( e') 1575 485 
v2(a"2) 738 149 

V4(e') 508 16 

v3(e') 1497 409 
v1(a' 1) 889 0 

v2(a"2) 699 101 

--- -~---~-

mode 

(symmetry u/cm•I A/km moJ" 1 •t,u/cm·I Acompex 

species) Amonomer 

v1(a') 4102 94 16 0.83 
v2(a1) 1753 73 2 1.73 

-86 1.00 
-36 

-I 03 1.50 
14 1.58 

-48 9.75 
v3(b) 4249 15 -15 11.60 

-100 0.93 
-73 0.08 
-48 9.75 

V1(a1) 3892 4 -71 15.75 
v2(a1) 1682 78 -26 1.27 

-IO I 1.00 
-33 
-42 1.50 



Table 6.3.6 Continue 

mode Levels of 
Theory (symmetry iJ I cm_, A/km mor' 

species) 

v6(a') 614 125 
V7(a') 460 156 

v 1o(a") 4234 174 
V11(a") 1475 453 
V12(a") 735 12 
v 13(a') 460 5 

DFT/6-31G(d, Q} v 1(a') 3763 63 
v2(a') 1629 99 
V3(a') 1396 407 
V4(a') 854 366 
vs(a') 632 97 
v6(a') 657 125 
V7(a') 460 156 

v 1o(a") 3893 174 
v 11 (a") 1353 453 
V12(a") 687 12 
VIJ(a") 485 5 

mode 
(symmetry iJ I cm- 1 A/km mor' 
species) 

V4(e') 481 13 
v4(e') 481 13 

V3(e') 1197 409 
vi(a"2) 699 101 

V4(e') 485 13 

V3( e') 1448 382 
v 1(a' 1) 889 0 

v2(a"2) 685 56 
v4(e') 480 I I 
V4(e') 480 I I 

vi( e') 1448 382 
v2(a"2) 685 56 

V4(e') 480 I I 

mode 
(symmetry iJ I cm -I A/km mor' "!!.u I cm_, Acomoex 

species) Amonomer 

133 1.58 
1 9.75 

v3(b) 4030 34 -80 11.60 
-138 0.93 

36 0.08 
-25 9.75 

v 1(a1) 3786 2 -23 15.75 
v2(a1) 1666 48 -37 1.27 

-52 1.00 
-35 
-53 1.50 
117 1.58 
-23 9.75 

V3(b) 3912 20 -19 11.60 
-95 0.93 

2 0.08 
5 9.75 
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6.4. The Boron trifluoride-nitrous oxide complex 

The complex formed in the gas phase between boron trifluoride and nitrous 
oxide has been observed experimentally by Leopold et al., 175 by means of 
rotational spectroscopy using the molecular beam electric resonance 
technique 175

. The authors deduced that the structure of the BF3.N2O 
complex, like that of the analogous BF3.CO2 adduct, is an asymmetric rotor. 
A matrix isolation fourier transform infrared spectroscopic study of the 
BF3.CO2 complex in nitrogen and argon matrices has been recorded 192

, our 
results confirmed the finding of Leopold et al. 175 that the structure of this 
species was indeed non-axial. In this work we focus our investigation on the 
O-bonded structure of the BF3.N2O complex using the three different 
methods, that is HF, MP2 and DFT levels of computation. The experimental 
wavenumbers values used in this case were observed in nitrogen matrices. 

6.4.1 Optimized geometrical parameters of the boron trifluoride-nitrous 
oxide complex 

Fig 6.4 shows the true global minimum structure of the BF 3.N2O since there 
was no negative eigenvalue observed in all the levels of theory, and this 
structure possesses C, symmetry. The Oxygen atom is bonded to the boron, 
with the ONN molecule eclipsing the BF bond lying in the symmetry plane 
(see fig 6.4). Table 4.1 (see chapter 4, page 22) shows the computed 
geometrical parameters of the nitrous oxide monomer. The nitrous oxide 
bond length calculated at the HF, MP2 and DFT level of theory is r (ON) 
equal to 117.8, 119.3 and 119.2 pm respectively. Table 6.4.1 shows that the 
bond length of the nitrous oxide in the subunit in the molecular complex is 
slightly changed from the monomer value in all the levels of theory. The 
nitrous oxide bond length calculated at the HF, MP2 and OFT method is 
r(NN) equal to I 09.2, 117.2 and 113.4 pm respectively, when compared 
with the bond length of the nitrous oxide in the subunit in the complex is 
also slightly changed from the monomer value in all the levels of theory. 
Table 6.4.1 shows that NNO bond angle of the boron trifluoride subunits in 
the molecular complex is completely unchanged from the monomer value at 
all the levels of theory. The intermolecular bond length r (B ... O), is 263 .8, 
261.9 and 267.4 pm for the HF, MP2 and DFT levels of theory, respectively, 
and this high value implies a weak interactions (van der Waals interaction). 
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6.4.2 The complexation energy and the BSSE 

The energy for the BF3.N2O complex of C, symmetry before and after 
correction for BSSE by the full counterpoise method 77 is shown in Table 
6.4.2. This table shows that the BSSE accounts for about two thirds of the 
binding energy, while both the MP2 and DFT method accounts 77 and 71 % 
of the binding energy respectively. 

N, 

F, 

0 
F, 

Figure 6.4 shows the optimized structure of the boron trifluoide-nitrous 
oxide complex together with the numbering of the atoms and the 
orientation of the axis. 
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Table 6.4.1 The optimized geometrical parameters of the BF3.N2O complex 
calculated at the HF, MP2 and DFT levels of theory using the 
6-3 I G( d, p) split-valence polarized basis set 

Levels of theory 

Parameters HF MP2 OFT 

r(B ... 0)/pm 263.8 261.9 267.4 
r(BF3)/pm 130.7 132.9 131.3 
r(BF6=r(BF7)/pm 130.1 I 32.3 131. 7 
r(N4N5)/pm 108.9 116.9 113.2 
r(ON4)/pm I 18.9 119.7 119.7 

F,B .. .0,/deg 85.2 85.4 83.6 

O ... BF• = O ... iJF, !deg 119. 7 93.7 94.6 

F•BF,ldeg 120.4 120.4 120.3 

B ... ONs!deg I 14.6 108. 7 110.0 

N,N,Oldeg 180.0 180.0 180.0 

Table 6.4.2 Interaction energy and basis set superposition error of the boron 
trifluoride-nitrous oxide complex calculated at the HF, MP2 
and DFT using the 6-31 G( d, p) spit-valence polarized basis set. 

Energy/kl mor 1 

LlE(uncorrected) 

BSSE 

b.E(correctcd) 

HF 

-12.4 
4.7 

-7.3 

Levels of theory 

MP2 

- I 4. 73 
11.34 
-3.49 

DFT 

-14.42 
10.26 
-4. I 6 
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Table 4.6 and 4.7 (see chapter 4, page 27) lists the computed wavenumbers 
together with the experimental wavenumbers and infrared band intensities 
of the BF3 and N2O monomers. Table 6.4.3 shows the calculated and the 
experimental wavenumbers of the eclipsed BF3.N2O molecular complex, 
along with the approximate descriptions of the normal modes, based on the 
correlation of the vibrations of the complex with those of the parent 
monomer. The intermolecular modes are described as the stretching of the 
B ... O bond and the librations of the BF3 and the N2O units, either symmetric 
or antisymmetric with respect to symmetry plane, although substantial 
mixing of these modes occur. The normal modes of the complex structure 
transform as 

rvib=l 0a'+5a" 

The intensities of the boron trifluoride-nitrous oxide complex are shown in 
Table 6.4.4. This table shows that the intermolecular modes are all predicted 
to have low intensities and to be observed in the region of the spectrum 
below about 30cm· 1 and are in any case weak, which is an instrumentally an 
notoriously difficult region in which to work. The calculated/experimental 
wavenumber ratios are shown in Table 6.4.5. This table shows that the HF 
and DFT levels of computation overestimate the experimental wavenumbers 
by ca. I I and 3% on average, respectively, while the MP2 approach predict 
the correct values. This implies that, since the results of the MP2 approachs 
are close to the experimental ones, therefore, we are going to base our 
prediction upon the MP2 method. 

The wavenumbers of the complex when compared with those of the 
vibrations of the monomers show only modest changes on complexation, as 
indicated by the complex-monomer shifts reported in Table 6.4.6. Most 
monomer modes undergo red shifts on complexation, largest perturbations 
being those of the BF 3 symmetric bending of BF 3, the NN stretching modes 
of N2O and one components of each of the antisymmetric stretching 
vibration of BF3 at this method (MP2). The BF3.N2O molecular complex 
(structure) should show 15 fundamental vibrational bands (see Table 6.4.4). 
The N2O-stretching mode of the complex (v 1) is blue shifted. The bending 
(v7 and v

13

) modes of the BF3 remain unpertubed. Both the (v

6 

and v1

2

) 

modes of the N2O fragment are blue shifted by the same margin (lcm" 1
). 
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At the MP2 method the BF3 fragment are observed to have high values of 
wavenumber shifts as compared to the wavenumber shifts caused by the 
impact of the N20 fragment. 

The ratio of the intensities of the molecular complex are also gathered in 

Table 6.4.6. This table show that for the symmetric BF3 stretching of v1 

mode at all the levels of theory are expected to be weakly observed. The 
antisymmetric bending mode of BF3 is remarkably insensitive to the 
complexation and the same is true for the NO-stretching vibration of N20. 
While the symmetric BF3 bending mode and the two N20 stretching modes 
increase in intensity relative to the monomer intensities, and the remaining 
mode of the BF3 fragment decrease in intensity, these changes are not 
dramatic and, taken in conjunction with the relatively small wavenumber 
shifts, this emphasize that the interaction is a weak one. The NN stretching, 
the symmetric BF3 bending and the antisymmetric BF3 stretching vibration 
are all predicted to have high intensities, leading to the relatively high 
probabilities that they might be observed in the spectra in cryogenic matrix 
175 

Two BF-stretching bands should be observed, one appearing close to the 
monomer antisymmetric BF-stretching band and the other one will be 
weakly observed near the symmetric BF3-vibration. In the same manner 
there should be three BF-bending vibration for the B ... 0 bonded species; 
two remain unshifted from the parent monomer bands and one noticeably 
blue shifted; the latter band should be the most intense absorption in the 
spectrum. 
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Table 6.4.3 The computed and the experimental wavenumbers of the 
BF3.N2O complex calculated at the HF, MP2, and DFT using 
the 6-3 lG(d, p) split-valence polarized basis set. 

Levels of theory 

Symmetry Approximate HF MP2 DFT "Experimental 

Species Mode description iJ /cm 
.J iJ /cm -1 iJ /cm -1 ~; -1 u cm 

a VJ v(NN) 2653 2224 2377 2246 
V2 v,(BF3) 1554 1479 1472 1401 
VJ v(N0) 1363 1288 1331 1284 
V4 v,(BFi) 936 883 884 865 
V5 8,(BFi) 709 671 658 651 
Y6 8(NN0) 686 576 600 597 
V7 8a(BF1) 508 481 480 478 
Vs l(BFi) 152 141 135 _b 

V9 v(B ... 0) 76 78 60 _b 

VJO /(NN0) 50 56 50 _b 

a" VJJ va(BF3) 1577 1500 1493 1436 
V12 y(NN0) 678 566 597 600 
VJ] 8a(BFi) 507 481 478 467 
V14 /(BFi) 83 70 53 b 

V15 /(NN0) 22 22 22 h -

a Ref: 130, bband not observed in this region 

Table 6.4.4 The computed band intensities of the BF3. N20 complex 
calculated at the HF, MP2, and DFT levels of theory using the 

6-3 IG(d, p) split-valence polarized basis set. 

Symmetry Approximate 
Species Mode description 

a' v(NN) 
va(BF3) 
v(N0) 

Levels of theory 

HF MP2 
A/km mol" 1 A/km mo1· 1 

448 
449 
179 

298 
298 

19 

DFT 
A/km mol" 1 

312 
352 

68 



Table 6.4.4 continued 

Symmetry Approximate 
Species Mode description 

V4 v,(BFi) 
V; 8,(BFi) 
V6 8(NNO) 
V7 8,(BFi) 
Vs /(BFi) 
V9 v(B ... O) 
VJO /(NNO) 

a" V11 v,(BFi) 
V12 y(NNO) 
V]J 8,(BFi) 
VJ4 /(BFi) 
V15 /(NNO) 

Levels of theory 

HF MP2 
A/km mo1· 1 A/km mo1· 1 

2 0.8 
223 175 

31 6 
15 12 
2 0.9 
2 0.9 

0.6 0.2 
465 390 

18 5 
15 12 
0.1 0.01 
0.4 0.002 

DFT 
A/kmmo1" 1 

152 
10 
10 

0.7 
0.6 
0.8 

366 
8 
10 

0.002 
0.007 

128 
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Table 6.4.5 Ratios of the computed to the experimental wavenumbers 
observed in nitrogen matrix of the intramolecular modes of the 
boron trifluoride-nitrous oxide complex. 

"Levels of theory 

Mode HF MP2 DFT 

Y1 I. 18 0.99 1.06 

V2 I. 11 1.06 1.05 

V3 1.06 1.03 1.04 

V4 1.09 1.02 1.02 

V5 1.15 1.03 1.01 

Y6 1.06 0.96 1.01 

V7 I.IO 1.01 1.01 

V11 1.13 0.94 1.04 

V12 1.09 0.94 1.00 

V13 1.11 1.03 1.02 

Mean Average I. 11 1.00 1.03 

"R • - -attO=Ucolc/ LJ cxp1 



Table 6.4.6 Comparison of the predicted wavenumbers and band intensities of the Boron trifluoride-nitrous oxide 
Complex and of those of the individual parent monomer at the HF, MP2 and DFT Levels of theory using the 
6-31 G ( d, p) split-valence polarized basis set. 

Levels of 
Theory 

mode 
(symmetry 
species) 

iJ I cm •1 A/km mor1 

HF/6-31G(d, 11) v1(a') 2653 448 
v2(a') 1554 449 
vi(a') 1363 179 
V4(a') 936 2 
V5(a') 709 223 
Y6(a') 686 31 
V7(a') 508 15 

V11(a") 1577 465 
V12(a") 678 18 
V13(a") 508 15 

MP2/6-3IG(d, 11) v1(a') 2224 298 
v2(a') 1479 298 
v3(a') 1288 19 
V4(a') 886 
V5(a') 671 175 
v6(a') 576 6 

mode 
(symmetry 
species) 

V3(e') 

v1(a' 1) 
v2(a"2) 

v4(e') 

VJ( e') 

V4(e') 

v3( e') 

v1(a' 1) 

v2(a'2) 

mode 
iJ I cm •1 A/km mor1 (symmetry 

species) 

v1(Ig) 
1575 485 

v2(Ig) 
943 
738 149 

vi(ITu) 
508 16 

1575 485 
v3(ITu) 

508 16 

V1(Ig) 
1497 409 

v2(Ig) 
889 
699 101 

v3(ITu) 

U~/cm ·I Nkm 1·1 3 A ~; -I A mo u U Cm _complex 

Amonomer 

2633 490 20 0.91 
-21 0.93 

1393 165 -30 1.08 
-7 

-29 1.50 
689 20 -3 1.55 

0 0.94 
2 0.96 

689 20 -11 0.90 
0 0.94 

2247 263 -23 1.13 
-18 0.73 

1289 8 -I 2.38 
-6 

-28 1.73 
575 5 1.20 



Table 6.4.6 continue 

Levels of 
Theory 

mode 
(symmetry 
species) 

Y7(a') 
MP2/6-31G(d, Ill v11(a") 

V12(a") 
V13(a") 

~1 -I Afkm 1-I v cm mo 

481 12 
1500 390 

566 5 
481 12 

DFT/6-31G(d, n)v 1(a') 2377 312 
Y2(a') 1472 352 
Y3(a') 1331 68 
Y4(a') 884 1 
Y5(a') 658 152 
Y6(a') 600 10 
Y7(a') 480 10 

V11(a") 1493 366 
vl2(a") 597 8 
V13(a") 478 10 

•ti u =( u I cm •1)complex-(U I cm "1) 
monomer 

mode 
(symmetry 
species) 

Y4(e') 
Y3(e') 

Y4(e') 

v3(e') 

v1(a' 1) 

v2(a'2) 

V4(e') 

Y3(e') 

v4(e') 

~1 -1 A/km 1·1 v cm mo 

481 13 
1497 409 

481 13 

1448 382 

889 
685 56 

479 11 
1448 352 

479 11 

mode 
(symmetry 
species) 

v3(llu) 

v1(Ig) 

v2(Ig) 

v3(11u) 

v3(llu) 

ulcm"1 Afkmmo1"1 •tiulcm·1 
Acomplex 

Amonomcr 

0 0.92 
3 0.95 

575 5 1 1.00 
0 0.92 

2371 310 6 1.01 
24 0.92 

1344 49 -13 1.39 
-5 

-27 2.71 
604 9 -4 1.11 

1 0.91 
45 0.96 

604 9 -7 0.89 
-1 0.91 
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6.5. The boron trifluoride-oxygen molecular complex 

A number of van der Waals complexes containing BF 3 have been studied to 
date 58

• 
167

• l72. 
175

• 
193

• 
194

• 
195

-
196.In each case the boron atom acts as the binding 

site in the acidity of boron trifluoride. The BF3 molecule is relatively 
complicated in terms of classical valence structure. The elementary picture 
of simple sp2 hybridization, single BF bonds, and vacant P z orbital fails to 
account quantitatively for many of its properties. 172 There are a similarities 
between the diatomic BF and the BF bonds in BF3. The bond lengths are 
126.6pm for diatomic BF 197 and 131.0. pm for BF3 

198
. Bonding in diatomic 

BF is well studied theoretically and shows considerable similarity to its 
isoelectronic partners, CO and N2 in which multiple bonding is present 199 

as has frequently been stated 200
• 

20
1. 

202
. The current study was initiated in 

order to investigate the nature and strength of the bonding and structural 
characterization in BF 3 when the bonding partner is 02. 

6.5.1 The optimized geometrical parameters of the complex 

Figure 6.5 shows the structure of the boron trifluoride-oxygen complex and 
this structure posses Cs symmetry, with oxygen bonded to the boron. Table 
4.1 (see chapter 4, page 22) shows the· computed geometrical parameters of 
the 0 2 monomer. The 0 2 monomer bond length calculated at the HF, MP2 
and OFT levels of computation is r(OO) equal to 116.8, 124.7 and 121.4 pm 
respectively. Table 6.5.1 shows that the bond length of the oxygen in the 
sub-unit in the molecular complex is slightly changed from the monomer 
value in all the levels of computation. The FBF angle remains unchanged at 
all the levels in the complex. The intermolecular bond length r(B ... O) is 
272.5, 250.2 and 251.6 pm for the HF, MP2 and OFT methods respectively. 

6.5.2 The energy of the boron trifluoride-oxygen molecular complex 

The interaction energy of the BF3.02 complex before and after correction for 
BSSE is shown in Table 6.5.2. The interaction found at all the three levels is 
weak. The BSSE account for about half of the interaction energy of the 
complex at the HF method, while for both the MP2 and OFT methods it 
accounts 61 and 60% of the interaction energy respectively. 



X 

F, 

Figure 6.5 shows the optimized structure of the boron trifluoride-oxygen 
complex together with the numbering of the atoms and the 
orientation of the axis. 

\ '" jj 
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Table 6.5.1 The optimized geometrical parameters of the BF 3.02 complex 
calculated at the HF, MP2 and DFT levels of theory using the 
6-3 lG(d, p) split-valence polarized basis set 

Levels of theory 

Parameters HF MP2 DFT 

r(B ... O2)/pm 272.5 250.2 251.6 
r(O2O3)/pm 116.5 127.5 121.4 
r(B1F4)/pm 130.2 132.6 132. l 

B ... O,O,ldeg 109.6 l 03.4 110.8 

F,B .. .O, /deg 92.8 92.5 91.7 

FsB ... O, = F,B .. .01/deg 89.8 91.0 91.5 

FBF/deg 120.0 120.0 120.0 

Table 6.5.2 Interaction energy and basis set superposition error of the boron 
trifluoride-oxygen complex calculated at the HF, MP2 and DFT 
levels of theory using the 6-3 lG(d, p) basis set. 

Energy/kJ mor' 

~E(uncorrcctcd) 

BSSE 

LiE(corrcctcd) 

HF 

-10.93 
5.92 

-5.01 

Levels of theory 

MP2 

-18.24 
11.19 
-7.05 

DFT 

-13 .42 
8.00 
-5.42 
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6.5.3 The vibrational wavenumbers and the band intensities of the 
complex 

The computed wavenumbers for the boron trifluoride-oxygen complex 
together with the approximate description of the normal modes are given in 
Table 6.5.3. The normal modes distribute among the symmetry species 
according to 

f vib=8a' +4a" 

The computed intensities of the complex is shown in Table 6.5.4. This table 
shows that the intensities of the intermolecular modes are small at all the 
levels of computation. Table 6.5.5 shows that, while the modes of the 0 2 

sub-unit in the complex show small wavenumber increases relative to the 
monomer, those of the BF3 fragment show large wavenumber shifts, and in 
either direction. The 0 2 stretching mode of the molecular complex (v 1) are 
blue shifted for both the HF and MP2 methods while the DFT method 
showed red shift. The antisymmetric stretching (v2 and v9) modes are blue 
shifted at both the HF and DFT methods, while in the MP2 is red shifted 
with v2 mode being shifted by quite a substantial amount (294 cm-1

). The 
symmetric stretching v3 mode showed small wavenumber shifts in the 
opposite direction on complexation at all the levels of computation. The 
symmetric BF3 bending mode of the complex v4 mode is red shifted at all 
the levels of computation. The BF3 antisymmetric bending mode of the 
complex (v5 and v 10) showed very small wavenumber shifts in either 
direction, in all cases, which are not more than 2cm· 1

. 

The ratio of the intensities of the boron trifluoride-oxygen complex to the 
corresponding bands of BF3 and 0 2 are presented in Table 6.5.5. This table 
shows that all the intensities ratios are cluttered around the value of 2.0. The 
relatively small intensity changes of the monomer modes on the 
complexation are also indicative of a very weak interaction. Table 6.5.5 
shows that for the symmetric BF3 stretching of the v3 mode and the 0 2 

stretching of v I mode are expected to be weakly observed in all the levels of 
theory. The antisymmetric BF3 bending vibration is predicted to have high 
intensities at all the levels of computation. Two bands are expected to be 
observed close to the BF3 antisymmetric stretching mode of the monomer 
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and another two bands are expected next to the BF3 antisymmetric bending, 
finally one band is expected next to the symmetric bending at all the levels 
of computation. 
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Table 6.5.3 The computed wavenumbers of the BF3.O2 molecular complex 
calculated at the HF, MP2, and DFT levels of theory using the 
6-31 G(d, p) split-valence polarized basis set 

Symmetry Approximate 
Species Mode description 

a' VJ V5(00) 
Vz V (BF) 

VJ v,(BF2) 
V4 lis(BFi) 
V5 8,(BF3) 

v6 li(B .. 00) 
V7 r(B ... 0) 
Vg T y 

a" V9 v,(BF2) 

VJO lia (BFi) 

VJJ R, 
VJ2 Ry 

Levels of theory 

HF 
u /cm .J 

1999 
1628 

939 
748 
510 
132 

71 
43 

1622 
509 
72 
18 

MP2 
~/ .J u cm 

1486 
1203 

880 
662 
481 
157 
106 
73 

1479 
479 

98 
11 
JJ 

DFT 
u I cm .J 

1644 
1470 
879 
643 
479 
166 
91 
56 

1470 
475 

81 
12 

Table 6.5.4 The computed band intensities of the BF 3.02 calculated at the 
HF, MP2, and DFT levels of theory using the 6-31 G(d, p) split
valence polarized basis set. 

Symmetry Approximate 
Species Mode description 

a' VJ V5(00) 
Vz V (BF) 

V3 v,(BF2) 
V4 8,(BFi) 
V5 lia(BFi) 

Levels of theory 

HF MP2 
A/km mo1" 1 A/km mo1" 1 

0.2 385 
451 

2 
199 169 

15 11 

DFT 
A/km mo1· 1 

0.08 
370 

2 
170 

9 



Table 6.6.4 Continued 

Symmetry Approximate 
Species Mode description 

V6 o (B .. OO) 
V7 r(B ... 0) 
Vg Ty 

a" V9 V ,(BF2) 
VJO oa(BF3) 
YJI R, 
V12 Ry 

Levels of theory 

HF MP2 
A/km mo1· 1 A/km mo1· 1 

2 
0.3 I 

0 0.0 I 
471 398 

16 12 
0 0.02 
0 0.03 

DFT 
A/km mo1· 1 

2 
19 

0.01 
370 

IO 
0.01 
0.02 

138 



Table 6.5.5 Comparison of the predicted wavenumbers and band intensities of the Boron trifluoride-oxygen Complex and 
of those of the individual parent monomer at the HF, MP2 and DFT Levels of theory using the 6-3 lG (d, p) 

Levels of 
Theory 

HF/6-31G(d, 12) 

mode 
(symmetry vlcm·1Nkmmol" 1 

species) 

V1(a') 1999 0.2 
v2(a') 1628 451 
V3(a') 939 1 
V4(a') 748 199 
vs(a') 510 15 

V9(a") 1622 471 
v1o(a") 509 16 

MP2/6-31G(d, 12) v1(a') 1486 385 
v2(a') 1203 1 
V3(a') 880 2 
V4(a') 662 169 
vs(a') 481 11 
v9(a") 1479 398 
v1o(a") 479 12 

mode 
(symmetry v I cm •1 Nkm mol"1 

species) 

V3(e') 1575 485 
V1(a'1) 943 
v2(a"2) 738 149 

V4(e') 508 16 
v3(e') 1575 485 
V4(e') 508 16 

V3( e') 1497 409 
v1(a'1) 889 
V2(a" 2) 699 101 

v4(e') 481 13 
vJ(e') 1497 409 
V4(e') 481 13 

mode 
(symmetry VI cm-\ Nkm mor1 ·t.v I cm.\ Acomplex 

species) Amonomer 

v(OO) 1998 1 
53 0.93 
-4 

-10 1.34 
2 0.94 

47 0.97 
1 1.00 

v(OO) 1409 77 
-294 0.001 

-9 
-37 1.67 

0 0.85 
-18 0.97 
-2 0.92 



Table 6.5.6 continue 

mode Levels of 
Theory (symmetry u I cm •1Nkm mor1 

species) 

DFT/6-31G(d, 11) V1(a') 1644 0.1 
v2(a') 1470 370 
v3(a') 879 2 
V4(a') 643 170 
V5(a') 479 9 

v9(a") 1470 370 
v1o(a") 479 10 

,, --c-1 -1) c~1 -1) 
LJ. V - V cm complex- U cm monomer 

mode 
(symmetry u I cm •1 Nkm mor1 

species) 

vJ(e') 1448 382 
V1(a' 1) 889 

v2(a" 2) 685 56 
V4(e') 481 11 
vJ(e') 1448 382 
V4(e') 481 11 

mode 
(symmetry u I cm •1 Nkm mor 1 

species) 

v(OO) 1660 

a,~; -1 A 
u V cm _complex 

Amonomer 

-16 
22 0.97 
-10 
-42 3.04 
-2 0.82 
22 0.97 
-2 0.91 
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6.6 The boron trifluoride-ozone molecular complex 

The boron trifluoride-ozone complex has been studied far less than the other 
complexes reported in this work. Understanding the nature of interaction 
between electron donors and electron acceptors forming a complex has been 
a subject of considerable interest in addition compounds formed by BF3 

with the electron donor such as ozone. This complex has not been observed 
experimentally up to date as to compare with the other complexes and 
dimers studied in this work. In this work we repo1i about the results of the 
I: I BF3.O3 complex calculated at the three different levels. 

6.6.1 The optimized geometrical parameters of the boron trifluoride
ozone complex 

Figure 6.6.1 shows the true global minimum structure of the boron 
trifluoride ozone complex and this structure possesses C, symmetry. Table 
6.6.1 present the value of the geometrical parameters of the boron 
trifluoride-ozone complex. The ozone monomer bond length calculated at 
the HF, MP2 and OFT levels of computation is r(OO) equal to 126.4, 130.0 
and 126.4 pm respectively. It is observed that the r(OO) bond length of the 
ozone is significantly changed on complexation. The ozone monomer bond 
angle calculated at the HF, MP2 and OFT levels of computation is r(OOO) 
equal to 117.9, 116.3 and 117.9 deg respectively. The 000 bond angle is 
slightly changed from the monomer value. It is observed from Table 6.6.1 
that the HF method tends to predict higher bond lengths and shorter bond 
angles as to compared with other two methods of computation. 

6.6.2 The energies of the complex 

The energies of the BF3.O3 complex of C, symmetry before and after 
correction for BSSE by the full counterpoise method 77 are listed in Table 
6.6.1. At the HF method the BSSE account for about two thirds of the 
interaction energy, while at both the MP2 and OFT methods the BSSEs 
account for about 71 % and 91 % of the interaction energy respectively. 
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Figure 6.6 shows the optimized structure of the boron trifluoride-ozone 
complex together with the numbering of atoms and the 
orientation of the axis. 
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Table 6.5.1 The optimized geometrical parameters of the BF3.O3 complex 
calculated at the HF, MP2 and DFT levels of theory using the 
6-31 G(d, p) split-valence polarized basis set. 

Levels of theory 

Parameters HF MP2 OFT 

r(B ... 0)/pm 271.0 259.0 251.4 
r(0204)/pm 121.1 127.0 129.5 
r(040;)/pm 119. 7 125.0 130.6 
r(BF4)/pm 130.3 132.0 132.7 

B ... 0,0,ldeg 119.4 116.3 115.8 
' ' 

F6B .. .O, = F,B .. .O, /deg 92.7 93.8 93.6 

O,O,O, /deg 119.0 118.0 116.4 

F1B ... O,ldeg 87.6 86.8 87.5 

F,BF, 120.0 120.0 120.0 

Table 6.6.2 Interaction energy and basis set superposition error of the boron 
trifluoride-ozone complex calculated at the HF, MP2 and DFT 
using the 6-31 G(d, p) split-valence polarized basis set. 

Energy/kl moi- 1 

L1E(uncorrected) 

BSSE 

LiE(corrected) 

HF 

-12.00 
8.38 

-3.62 

Levels of theory 

MP2 

-19.14 
13.65 
-5.49 

DFT 

-16.16 
14.63 
-4.53 
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6.6.3 The vibrational wavenumbers and the band intensities 

The vibrational harmonic wavenumbers together with the approximate 
descriptions of the normal modes are shown in Table 6.6.3. Table 6.6.4 
shows that the computed intensities of the intermolecular modes of the 
boron trifluoride-ozone complex calculated at all the three levels are 
negligible. The correspondence between each of the complex modes and its 
counterpart in the monomer are presented in Table 6.6.5, in which the 
monomer-complex wavenumber shifts are reported. This table indicates that 
all the shifts derived from the BF3 monomer are considerably shifted on 
either direction. The theoretical prediction is that on complexation, the 
symmetric BFrstretching vibration mode correlating with the v4 mode of 
the complex and shifted to the opposite direction at all the levels of 
computation. All the complex modes correlating with bending v2 mode of 
the monomer are blue shifted. The antisymmetric BF3 bending mode 
undergoes the smallest changes on complexation, splitting into a pair of 
bands (v7 and v 12) shifted to the opposite direction, with the exception of v12 

mode of the complex at both the HF and DFT methods, which remain 
unperturbed. The antisymmetric BFrstretching vibration undergoes largest 
changes on complexation in either direction at all the levels of computation. 
All the shifts caused by the impact of the ozone monomer to the complex 
are red shifted with the exception of the v3 mode of the complex at the HF 
method. 

The complex/monomer intensities ratios are shown in Table 6.6.5. This 
table shows that all the ratios are cluttered around the value of 2.0. The 
increases in intensity on complexation are consistent with the prediction of 
Friedrich and Person 78

, while the modest values of the ratios testify to the 
weakness of the interaction as noted in Table 6.6.2. 

Our calculations qualitatively predict that the spectrum of the BF3.03 

complex should yield two BF-stretching bands, two appearing close to the 
monomer antisymmetric BF-stretching band and the other one will be 
weakly observed near the symmetric BFrvibration. In the same manner they 
should be three BF-bending vibration for the B ... 0 bonded species. 



145 

Table 6.6.3 The computed wavenumbers of the BF3.O3 complex calculated 
at the HF, MP2, and DFT using the 6-3 IG(d, p) basis set. 

Symmetry Approximate 
Species Mode description 

a' VJ v(BF) 

Vz v(OO)(nonbonded) 

V3 v(OO)(bonded) 

V4 v,(BF3) 
V; r(BF3) 
V6 o(OO) 
V7 o.(BF3) 
Vg R, 
V9 T, 
VJ0 Ry 

a" VJJ va(BFi) 
V12 oa(BF3) 
VJ) Ty 
V14 R, 

V15 T, 

Levels of theory 

1567 
1540 
1420 
905 
856 
929 
504 
100 
89 
59 

1493 
508 
160 
90 

57 

MP2 
~1c -I u -m 

2404 
1450 
1169 
879 
738 
658 
479 
117 
111 
80 

1486 
481 
188 
53 
32 

DFT 
-/ -1 u cm 

1477 
1276 
1225 

881 
746 
647 
477 

97 
92 
65 

1480 
478 
164 
38 
28 

Table 6.6.4 The computed intensities of the BF3. 0 3 complex calculated at 
the HF, MP2, and DFT levels of theory using the 6-31G(d, p) 
split-valence polarized basis set 

Symmetry Approximate 
Species Mode description 

a' v1 v(BF) 
v2 v(OO)(nobonded) 
v3 v(OO)(bonded) 

Levels of theory 

HF MP2 
A/km mo i- 1 A/km mo 1-1 

346 
292 
518 

1473 
331 

5 

DFT 
A/km mol- 1 

337 
28 

112 



Table 6.6.4 Continued 

Symmetry Approximate 
Species Mode description 

V4 v,(BF3) 
V5 T(BF3) 
V6 8(000) 
V7 8.(B ... 0) 
Vg R, 

V9 Tz(BF2) 
V10 Ry 

a" V11 Va(BF3) 

V12 oa(BF3) 

V13 Ty 
V14 Rz 
V15 T, 

Levels of theory 

HF MP2 
A/km moi- 1 A/km mo1· 1 

1 2 
10 6 

222 184 
9 10 

OJ 

0.2 
463 385 

14 10 
2 0.2 
3 0.001 

0.04 0.2 

DFT 
A/km mo1· 1 

2 
6 

165 
7 

0.04 
2 

0.3 
362 

10 
1 

0.1 
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Table 6.6.5 Comparison of the predicted wavenumbers and intensities of the Boron trifluoride-ozone Complex and of 
those of the individual parent monomer at the HF, MP2 and DFT Levels of theory using the 6-3 lG (d, p) split
valence polarized basis set. 

mode Levels of 

Theory (symmetry u I cm •1 Nk.m mol"1 

species) 

HF/6-31G(d, 11} v1(a') 1567 346 
v2(a') 1546 392 
V3(a') 1420 518 
V4(a') 905 1 
vs(a') 856 10 
v6(a') 729 222 
V7(a') 504 9 

V11(a") 1493 463 
V12(a") 508 14 

MP2/6-31G(d, 11} v1(a') 2404 1473 
V2(a') 1480 331 
V3(a') 1169 5 
V4(a') 879 2 
vs(a') 738 6 
v6(a') 658 184 
V7( a') 479 10 

mode 
(symmetry u I cm •1 Nk.m mol"1 

species) 

vJ(e') 1575 485 
V3(e') 1575 485 

V1(a' 1) 943 

V4(e') 568 16 
V3(e') 1575 485 
V4(e') 508 16 

V3(e') 1497 409 

v1(a' 1) 889 

v2(a"2) 699 I 01 
V4(e') 481 13 

mode 
( -1 -I Nk.m ,-1 ,, -1 -1 A symmetry u cm mo u u cm _complex 

species) Amonomer 

-8 0.71 
-29 0.81 

v1(a) 1256 849 164 0.61 
-38 

v3(b) 849 9 7 1.11 
v2(a2) -54 1.49 

-4 0.56 
82 0.95 
0 0.88 

v3(b) 2381 1489 23 0.99 
-17 0.8 I 

V1(a1) 1173 2 -4 2.50 
-10 

v2(a2) 727 8 1 1 0.75 
-69 1.82 
-2 077 



Table 6.6.7 Continued 

mode Levels of 
Theory (symmetry u I cm •1 A/km mo1" 1 

species) 

V11(a") 1456 385 
V12(a") 481 

DFT/6-31G{d, Q) V1(a') 1477 337 
vi(a') 1276 28 
V3(a') 1225 112 
V4(a') 881 2 
vs(a') 746 6 
Y6(a') 647 165 
V7(a') 477 7 

V11(a") 1480 362 
vl2(a") 478 10 

•A~ c~1 •1) c~1 •1) u U = U Cm complexw U cm monomer 

mode 
(symmetry u I cm •1 A/km mo1" 1 

species) 

V3( e') 1497 409 
V4(e') 481 

V3(e') 1448 382 
V3( e') 1448 382 

V1(a') 889 
v2(a" 2) 685 56 

V4(e') 479 11 
v3( e') 1448 382 
V4(e') 479 11 

mode 
(symmetry u I cm •1 A/km mor1 

species) 

v1(a1) 1266 166 

v2(a2) 735 

•A~; • I A 
Ll V cm _complex 

Amonomer 

-41 0.94 
0 0.77 

29 0.88 
-172 0.10 

-41 0.67 
-8 
61 0.75 

-88 2.95 
-2 0.64 
32 0.95 
-1 0.91 
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6.7 The boron trifluoride-sulphur dioxide complex 

A number of sulphur dioxide complexes have been studied by high
resolution spectroscopic techniques. Many complexes can be classified into 
three categories depending upon whether the interaction partner is a 
nitrogen or oxygen Lewis donor base. The number of example involving 
interaction of S02 with a strong Lewis acid such as another S02 or CO2 

130 

is much smaller. The boron halides are among the prototype Lewis acid 
systems and the detailed structures of their complexes in the gas phase has 
recently been the subject of increasing attention. In this work we report the 
results of our ab initio studies on B ... 0 bonded of the I: I BF3.S02 complex. 
Then the ab initio results were compared with the experimental data 
available. 

6.7.1 The optimized geometrical parameters of the complex 

The optimized structural parameters of the boron trifluoride-sulphur dioxide 
molecular complex are presented in Table 6. 7. I. The computed bond length 
and bond angles of both the boron trifluoride and sulphur dioxide monomers 
are collected in Table 4.1 (see chapter 4, page 22). The sulphur dioxide 
monomer bond length calculated at the HF, MP2 and OFT levels of theory 
is r(SO) equal to 141.4, 147.8 and 146.4 pm respectively. It is observed 
from Table 4.1 that the SO bond length of the S02 monomer is significantly 
changed on complexation. The boron trifluoride monomer bond angle FBF 
remain unchanged on complexation at all the levels of computation. The 
OSO bond angle of the monomer undergoes small changes in the complex in 
all the levels of theory, while the high value of interaction is observed at all 
the three levels of computation. 

6.7.2 The energy of the complex 

The binding energy of the complex studied here has been determined as 
uncorrected and corrected interaction energies, with the associated BSSEs 
and are shown in Table 6.7.2. This table shows that the BF3. S02 complex is 
strongly interacting before and after correcting for the interaction energy, 
although it must be stressed that the interaction found in all the three levels 
of theory is weak. 



Figure 6. 7 shows the optimized structure of the boron trifluoride-sulphur 
dioxide complex together with the numbering of atoms and the 
orientation of the axis. 
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Table 7.6.1 The optimized geometrical parameters of the BF 3.S02 complex 
calculated at the HF, MP2 and OFT levels of theory using the 
6-31 G( d, p) split-valence polarized basis set. 

Levels of theory 

Parameters HF MP2 OFT 

r(B1 ... O2)/pm 257.7 259.0 251.4 

r(B IF 3)/pm 130.3 132.0 132.7 

r(B1F6)= r(B1F1)/pm 130.4 132.0 132.7 

r(S4O2)/pm 141.9 127.0 129.5 

r(S4Os)/pm 141.1 125.0 130.6 

B1 .. .0,S, /deg 134.6 116.3 115.8 

O,S,Osldeg 118.4 118.0 116.4 

F1B1. .. 02 Fi/deg 92.0 86.8 87.5 

F,B1F1 /deg 120.0 120.0 120.0 

Table 6. 7.2 Interaction energy and basis set superposition error of the boron 
trifluoride sulphur dioxide complex calculated at the HF, MP2 
and OFT using the 6-31 G(d, p) split-valence polarized basis set. 

Energy/kJ mol" 1 

LiE(uncorrec1cd) 

BSSE 

~E(corrcc1ed) 

HF 

-15.62 
4.31 

- I 1.3 I 

Levels of theory 

MP2 

-23.84 
9.70 

-14.14 

OFT 

-16.48 
4.63 

-11.85 
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6.7.3 The vibrational wavenumbers and the band intensities 

The HF, MP2 and DFT harmonic vibrational analysis for the boron 
trifluoride-sulphur dioxide, together with the approximate description of 
normal modes and the experimental wavenumbers, are given in Table 6. 7 .3. 
The boron trifluoride-sulphur dioxide molecular complex has C, symmetry, 
and their normal modes transform as 

rvib=I 0a'+5a" 

The computed intensity of the BF3.SO2 species is listed in Table 6.7.4, along 
with the approximate descriptions of the modes for all the levels of theory. 
This table shows that the intensities of the intermolecular modes are low. 
The calculated/experimental wavenumber ratios of the BF3.SO2 complex are 
shown in Table 6.7.5. This table shows that both the HF and DFT levels of 
computation overestimate the experimental wavenumbers by ca. 11 and ca. 
I% on average respectively, while the MP2 method predict the correct 
values. Since the MP2 approach results are close to the experimental ones, 
we are going to base our predictions on this method. The corresponce 
between each of the molecular complex modes and its counterpart in the 
monomer at all the levels of theory are presented in Table 6.7.6, in which 
the monomer-complex wavenumber shifts are reported. Table 6.7.6 shows 
that, while the modes of the SO2 moiety in the complex shows small 
wavenumber increases relative to the monomer, those of the BF3 fragment 
show much larger wavenumber shifts in either direction. The symmetric 
BF rstretching mode of the monomer correlate with the v I and v9 modes of 
the complex and experience a red shifts at both the modes. The symmetric 
SOrstretching mode of the complex (vi) is red shifted at this method 
(MP2). The symmetric BFrbending mode of the monomer goes over into v5 

mode of the complex and is shifted to the opposite direction. The 
antisymmetric bending v7 mode show very small wavenumbers shifts in 
opposite direction while the antisymmetric bending v 12 modes remain 
unpertubed. All the components of the degeneracy symmetric SO-stretching 
and bending vibration (v3 and v7) modes are blue shifted. 
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The intensities of the boron trifluoride-sulphur dioxide are presented in 
Table 6.7.4 Since the infrared intensities in the spectrum of a given 
molecule typically span several orders of magnitude, a more approximate 
way of indicating changes in those intensities on complexation is by 
determining the ratios of the intensities rather than the differences. The 
complex/monomer intensities ratios are given in Table 6.7.6. This table 
indicates that, apart from the SO symmetric stretching mode, with very 
exceptions the ratio lie in the range from 0.8 to 1.5. The exception include 
the modes derived from the antisymmetric SO2 at the HF method, which is 
0.06 on complexation, and symmetric BF3 stretching mode of the BF3 which 
is virtually zero in the monomer at all the levels of computation. The modes 
of the complex which correlates with those of the monomer vibrations are 
all computed to be very weak. 

The spectrum of the BF3.SO2 molecular complex should contain two 
antisymmetric BF3-bending, one symmetric BF3-stretching and another one 
from the bending BF3 vibration. 
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Table 6.7.3 The computed and the experimental wavenumbers of the 
BF3.SO2 complex calculated at the HF, MP2, and OFT using the 
6-31G(d, p) split-valence polarized basis set. 

Levels of theory 

Symmetry Approximate HF MP2 OFT "Experimental 
Species Mode description u/cm . I ulcm . I ulcm .\ ulcm .\ 

a' VJ v(BF) 1570 1487 1482 1433 
V2 v(SO)(nonbonded) 1557 1301 133 I 1346 
V3 v(SO)(bonded) 1358 1080 1140 1154 
V4 v,(BFi) 934 880 882 864 
V5 T(BF3) 704 652 645 637 
V6 o(SO2) 597 495 507 524 
V7 o.(BFi) 507 478 478 474 
Vs R, 118 124 99 b -
V9 Tz 88 106 79 b -
VJ0 Ry 37 28 28 b -

a" VJ\ v,(BFi) 1561 1482 1477 1421 
V12 oa(BFi) 508 481 479 474 
VJ] Ty 142 149 128 _b 

VJ4 Rz 37 40 29 _b 

V15 T, 21 13 8 _b 

•Ref: 130, b band not observed in this region 

Table 6.7.4 The computed band intensities of the BF3. SO2 complex 
calculated at the HF, MP2, and OFT levels of theory using the 
6-31 G( d, p) split-valence polarized basis set. 

Levels of theory 

Symmetry Approximate HF MP2 
Species Mode description A/km mo1· 1 A/km mo1· 1 

a' v(BF) 720 
v(SO)(nonbonded) 18 
v(SO)(bonded) 81 

366 
89 
19 

DFT 
A/km mo1· 1 

356 
163 
39 



Table 6.7.4 continue 

Symmetry Approximate 
Species Mode description 

V4 v,(BF3) 

V5 r(BF3) 
V6 o(S02) 
VJ 8,(BF 3) 
Vg R, 
V9 T,. 
V]O Ry 
VJJ v,(BFi) 

a" V12 8,(BF3) 

V13 Ty 
V14 R,. 
V15 T, 

Levels of theory 

HF MP2 
A/km mo1" 1 A/km mo1· 1 

4 4 
229 219 

91 41 
13 14 

1 
1 
I 

454 382 
16 12 
6 4 

14 7 

0 0.001 

DFT 
A/km mo1· 1 

3 
185 
49 
9 

1 
358 

10 
5 
7 

0.2 
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Table 6.7.5 Ratios of the computed to the experimental wavenumbers 
observed in nitrogen matrices of the intramolecular modes of 
the boron trifluoride-sulphur dioxide complex. 

Levels of theory 

Mode HF MP2 OFT 

VJ I.IO 1.04 1.03 

Vz 1.16 0.97 0.99 

V3 1.18 0.94 0.99 

V4 1.08 1.02 1.02 

V5 1.11 1.02 1.01 

V6 1.14 0.94 1.01 

V7 1.07 1.01 1.01 

V11 I.IO 1.04 1.04 

V12 1.07 1.0 I 1.01 

Mean Average I. 11 1.00 1.01 

"R t· ~ 1~ a 1o=vcafc Vexpl 

Ref. 130 



Table 6.7.6 Comparison of the predicted wavenumbers and the band intensities of the boron trifluoride-sulphur dioxide 
Complex and of those of the individual parent monomer at the HF, MP2 and DFT Levels of theory using the 
6-31 G ( d, p) split-valence basis set. 

Levels of 
Theory 

mode 
(symmetry 
species) 

HF/6-31G(d, ~) V1(a') 
v2(a') 
V3(a') 
V4(a') 
V5(a') 
Y6(a') 
V7(a') 

VJ 1(a") 
V12(a") 

MP2/6-31G(cl, ~) v1(a') 
V2(a') 
v3(a') 
V4(a') 
V5(a') 
v6(a') 

v I cm •1 A/km mol"1 

1570 720 
1557 18 
1358 81 
934 4 
704 229 
597 91 
507 13 

1561 454 
508 16 

1487 366 
1301 89 
1080 19 
880 4 
652 219 
495 41 

mode 
(symmetry v I cm •1 A/km mor 1 

species) 

v3( e') 1575 485 

V1(a"1) 943 
v2(a'2) 738 149 

V4(e') 508 16 
V3( e') 1575 485 
V4(e') 508 16 

V3( e') 1497 409 

V1(a' 1) 889 
v2(a' 2) 699 101 

mode 
(symmetry 
species) 

v3(a2) 
v1(a1) 

v2(a1) 

v3(a2) 
V1(a1) 

v2(a1) 

~1 -I A/km 1·1 •A ~1 -1 A U cm mo u V cm _compex 

Amonomer 

-5 1.48 
1569 322 -8 0.06 
1359 64 -1 1.23 

-8 
-34 1.54 

592 62 5 1.48 
-I 0.81 

-14 0.94 
0 1.00 

-I 0 0.89 
1305 79 -4 1.13 
1077 13 3 1.46 

-9 
-47 2.17 

486 32 9 1.28 



Table 6.7.6 continue 

BF3. S02 BF3 S02 

Levels of mode mode mode 
Theory (symmetry ~; -1 A/km t•I v cm mo (symmetry ~; -I Nkm 1·1 v cm mo (symmetry U /cm-I A/km mor1 •t;u/cm -1 

Acompex 
species) species) species) Amonome1 

MP2/6-31G{d, I!} V7(a') 478 14 V4(e') 481 13 -3 1.08 
V11(a") 1482 382 v3(e') 1497 409 -15 0.93 
V12(a") 481 12 V4(e') 481 13 0 0.92 

DFT/6-31G{d, 1!} v1(a') 1482 356 v3(e') 1448 382 34 0.93 
v2(a') 1331 163 V3(a2) 1336 165 -5 0.99 
V3(a') 1140 39 V1(a1) 1139 28 3 1.39 
V4(a') 882 3 V1(a' 1) 889 -7 
vs(a') 645 185 v2(a' 2) 685 56 -40 3.30 
v6(a') 507 49 V2(a1) 502 34 7 1.44 
V7(a') 478 9 v4(e') 479 1 1 -1 0.81 

V11(a") 1482 358 v3( e') 1448 382 29 0.94 
V12(a") 479 10 V4(e') 479 I 1 0 0.91 

a ~ c~; -1) c~; -1) /j, U = V cm complex- U cm monomer 
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CHAPTER SEVEN 

7. Summary 

This chapter summarises the results obtained by (theoretically) ab initio molecular 
orbital calculations as compared with the results obtained experimentally from the 
literature. The good correlation that exists between the results obtained emphasises 
the strength of using the matrix isolation technique together with ab initio 
calculations for studying molecular interactions. The structures, interaction energies 
and the infrared spectra of both the dimeric isomers and the molecular complexes 
investigated in this work have been predicted by means of ab initio MO calculations 
at the HF, MP2 and OFT levels of theory with the standard 6-31 G(d, p) split
valence polarized basis set. The computed infrared spectra obtained in this project 
have been analysed and used as guides in the assignment and interpretation of the 
matrix isolation infrared spectra obtained from the literature, where available. Table 
7.1 shows the summary of the dimers and the complexes studied in this project 
where X represents the dimers and Z represents the complexes. 

Table 7.1 The summary of the dimers and the complexes studied in this project. 

BF3 co CO2 H20 N20 02 03 S02 

BF3 X 

co z X 

CO2 z X 

I-I20 z X 

N20 z X 

02 z 

03 z 

S02 z X 
7.1.1 The monomers 
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Chapter four reports ·the results of the monomers calculated at the HF, MP2 and 
DFT levels of computation using the 6-31 G(d, p) basis set. As it has been stated 
earlier in the previous chapters, the monomers have enjoyed a lot of investigations 
in the past years, and hence in this work they are not discussed in great detail. These 
results show that the geometrical parameters obtained by ab initio methods are 
substantially overestimated to those obtained by microwave, electron diffraction 
and infrared spectroscopic techniques at all the levels of theory, even though at 
some stage the HF method turns out to substantially overestimate the experimental 
results. The monomers values were used to correlate the wavenumber shifts of both 
the dimers and the complexes as well as for the changes in the geometrical 
parameters accompyanying complex formation. 

7.1.2 The Homodimers 

The results of the homodimers are reported in chapter five. The intermolecular 
modes of both the (C02) 2 of the T-shaped structure and (S02) 2 are calculated to 
have one negative eigenvalue at all the levels of computation; suprisingly, the water 
linear dimer is calculated to have a negative eigenvalue at the MP2 level. The 
results of the homodimers, particularly the CO2 and N20 dimers, showed some 
interesting features. As both the CO2 and N20 species are iso-electronic, their 
dimers happen to yield two types of isomers, namely; the T-shaped and the slipped 
parallel conformers. The T-shaped isomer for the N20 species belongs to the C, 
symmetry point group whereas for the CO2 species it belongs to the C2v point group. 
The slipped-parallel or edge-on parallel isomer for both the CO2 and N20 dimeric 
species belongs to the C2h symmetry point group. The results obtained in this work 
confirm the earliest studies by Nxumalo and his co-workers 109

• 
130 that the C2h 

structure is more stable than the T-shaped structure for both the CO2 and N20 
dimers. Table 7.2 summarises the r(O ... B) bond length, bond angles and corrected 
interaction energies for the homodimers where O stands for the oxygen donor 
ligand and BX represents electron acceptor . The H20 dimer has much shorter 
0 ... B separation, probably resulting from the vibrational averaging effects of the 
dimer during the proton-donor acceptor interchange and also indicating the stregth 
of the interaction. The linearity of the AO ... B bond angle, where A donates the 
fragment of the oxygen donor ligand is slightly affected with the exception of both 
the N20 and CO2 dimers. The r(O ... B) bond length is increasing with the decreasing 
corrected interaction energies. The following trend in terms of the energies is 
followed: 
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Table 7.3 summarises the changes in the AO in-plane bending wavenumber shifts 
and the intensity ratio. This table shows that most of the bending modes are shifted 
to the blue and are also small. Table 7.4 summarises the changes in the AO bond 
length wavenumber shifts and the intensity ratios. The dimer with the greatest 
change in the AO bond distance also undergoes the largest wavenumber shifts, with 
the SO2 dimer being the least. The high wavenumbers shifts also resulted to high 
Ai Am ratios but most of the intensities ratio lie within a factor of 2, which is in 
good accord with the Friedrich and Persons Theory 78

. Overall the interaction found 
in all the dimers studied in this work is very weak (van der Waals interaction and/ 
or electron donor-acceptor type). 

7.1.3 The Heterodimers 

Chapter six reports the results of the molecular complexes (heterodimers). All of the 
seven complexes reported in this work feature the B ... 0 electron donor-accepter 
interaction. The geometrical parameters obtained by the ab initio methods for the 
sub-unit of the monomer in the molecular complex are close to or the same as those 
calculated for the individual monomer. It has been observed that while the bond 
length increases, the bond angle decreases at the HF method, when compared with 
the other two methods. By correlating the calculated wavenumbers of the complex 
together with those of the parent monomers, we have established that the degree of 
the magnitudes of the in-plane bending mode and the antisymmetric stretching 
mode vibration wavenumber shifts of the electron acceptor moiety in the complex 
can be employed as dopes for determining the strength of the binding energy as well 
as the nature of the intermolecular interaction. The small wavenumber shifts 
expressed in terms of the in-plane bending and antisymmetric stretching modes of 
the electron acceptor (boron trifluoride in this case) signify very weak 
intermolecular interactions accompanied by a high intermolecular interaction 
distances and low interaction energies, after the latter has been corrected for basis 
set superposition error (BSSE). 

Table 7.5 presents the summary of the bond lengths, bond angles and corrected 
interaction energies for the heterodimers. The BF3.H2O complex has a much shorter 
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B ... 0 separation, probably resulting from the vibrational averaging effects of the 
complex during the proton-donor acceptor interchange. The B ... OA bond angle for 
the BF3.CO, BF3.C02 and BF3.N20 are close to linearity, while other complexes 
showed diffent cases in terms of structural changes. The complex with the shorter 
intermolecular bond distance showed high interaction energy. 

Table 7.6 shows the summary of the changes in the AO in-plane bending 
wavenumber shifts and intensity ratios. Table 7.7 shows the summary of the 
changes in the AO bond length, wavenumber shifts and intensity ratios. The 
complex with the greates change in the. AO bond distance also undergoes the largest 
wavenumber shifts. The BF3.H20 complex experiences a greater change in the AO 
bond length. Since intensity measurement is in reality a semi-quantitative 
parameter, we have established that the degree of the strength of the intensity is 
usually expressed in terms of the complex/monomer intensity ratio which is always 
either above or below a factor of 2 and weaker intensities are easily identified when 
the complex/monomer ratio is below a factor of 2. This trend was also observed for 
more complex 1: 1 molecular species. The predicted wavenumbers on the other hand 
lie within approximately I 1 % deviation at the HF method with respect to the 
experimental results obtained from the literature in nitrogen matrices, while both the 
MP2 and DFT methods turn out to either overestimate or underestimate the 
experimental values by only small amounts. This corroborated the accuracy of both 
the MP2 and DFT methods since the two levels include electron correlation effects. 
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Table 7.2 The summary of the changes in the AO bond length, AO stretching wavenumber shifts and the dimer to 
monomer intensity ratios. 

HF/6-31G(d, p) MP2/6-31G(d, p) DFT/6-31G(d, p) 

Dimers ~r"(AO) -Liv(AO) Act/Am ~r"(AO) -~v(AO) Act! Am ~r"(AO) -~v(AO) ActfAm 

(BF3)2 0 29 2.01 15.1 334 1.96 1.6 -7 2.25 

(CO)2 0 -3 1.06 0 -2 1.04 1.00 -2 0.0 

(CO2)2 0.2 0 0.98 0.1 0 1.96 0.9 0 1.60 

(H2O)2 0.4 -6 5.93 0.6 23 4.56 1.5 2 2.35 

(N2O)2 0 3 2.13 0.2 7 1.89 0.4 -5 1.90 

(SO2)2 0.1 10 0.98 0.1 1 1.00 0.1 5 0.97 

"A is electron acceptor and O is oxygen donor ligand, ~r=rcomplex-rmonomer, ~v=Vcomplex-Ymonomer. 
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Table 7.3: The summary of the changes in the AO bending wavenumber shifts and the dimer to the monomer 
intensity ratios. 

HF/6-31G(d, p) MP2/6-31G(d, p) DFT/6-31G(d, p) 

Dimers -D.◊• (AO) AiAm -D.'6a (AO) Ad/Am -6◊• (AO) AiAm 

(BF3)2 1 0.95 0 1.00 0 2.07 

(CO)2 -24 1.91 -25 1.82 -66 2.81 

(CO2)2 -4 1.94 -2 1.88 -2 2.23 

(H2O)2 -42 1.36 -32 0.97 -32 1.03 

-10 
CN2O)2 1.47 -8 0.97 -8 1.15 

(SO2)2 -2 1.95 0 1.80 0 1.89 

aA is electron acceptor and O is oxygen donor ligand , D.'6='6complex-'6monomer,• 



165 

Table 7.4: The summary of the geometrical parameters and the corrected interaction energies for the homodimers. 

HF/6-31G(d, p) MP2/6-31G(d, p) DFT/6-31G(d, p) 

Dimers r"(A ... B) AO ... B LiE/kJ r"(A ... B) AO ... B LiE/kJ r"(A ... B) AO ... B LiE/kJ 
mo 1-1 mo 1-1 

1110 1-1 

-

(BF3)i 337.6 108.2 -4.20 230.4 117.9 -1.97 323.9 108.0 -6.25 

(CO)2 383.7 158.5 -0. 10 263.4 158.4 -2.99 399.7 134.5 -2.34 

(CO2)2 239.4 180.0 -2.56 347.2 180.0 -2.25 354.6 180.0 -2.33 

(H2O)2 203.9 180.0 -23.34 196.6 165.5 -19.61 193.1 163.0 I 
i -24.39 
I 
i 

(N2O)2 353.5 172.2 -3.93 297.7 180.0 -2 80 310.8 180.0 i -4.23 

(SO2)2 372.1 118.1 -9.49 344.6 119. l -4.93 356.9 118.4 -3.64 

"A is electron acceptor and B is electron donor 
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Table 7.5: The summary of the changes in the AO bond length, AO stretching wavenumber shifts and the dimer to 
monomer intensity ratios. 

HF/6-31G(d, p) MP2/6-31G(d, p) DFT/6-31G(d, p) 

Complexes L'.ra(AO) -L'>v(AO) A/Am Lir"(AO) -Liv(AO) A/Am L'.ra(AO) -Liv(AO) A/Am 

BF3. CO 0.1 4 0.96 0 3 0.96 1.1 -40 0.96 

BF3.CO2 0.3 -2 0.96 0.4 26 0.96 0.3 -47 1.04 

BF3.H2O 0.6 100 0.93 0.7 138 1.11 1.1 95 1.19 

BF3.N2O 0.4 -2 0.96 0.4 -3 0.95 0.5 -45 0.96 

BF3.O2 0.3 -47 0.97 2.8 18 0.97 0 -22 0.97 

BF3.O3 0.3 -82 0.95 3.0 41 0.94 3.1 -32 0.95 

BF3.SO2 0.5 14 0.94 20.0 15 0.93 16.9 -29 0.94 

aA is electron acceptor and O is oxygen donor ligand, L'.r=rdime,-rmonomer, L'.v=Vcomplex-Vmonomer. 
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Table 7.6: The summary of the changes in the AO bending wavenumber shifts and the complex to the monomer intensity 
ratios. 

HF/6-31G(d, p) MP2/6-31G(d, p) DFT/6-31G(d, p) 

Complexes -L'l8.(AO) AcfAm -L'l8.(AO) AcfAm -L'l8.(AO) AcfAm 

BF3.CO 0 1.00 -1 0.92 0 0.91 

BF3.CO2 0 0.94 0 0.92 -1 0.91 

BF3.H2O 103 1.50 42 1.50 53 1.50 

BF3.N2O 0 0.94 0 0.92 -1 0.91 

BF3.O2 -2 0.94 0 0.85 2 0.82 

BF3.O3 4 0.56 2 0.77 2 0.64 

BF3.SO2 1 0.81 3 1.08 1 0.81 

•A is electron acceptor and O is oxygen donor ligand, L'l8=8dime,-8monomer• 
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Table 7. 7: The summary of the geometrical parameters and the corrected interaction energies for the heterodimers. 

HF/6-31G(d, p) MP2/6-31G(d, p) DFT/6-31G(d, p) 
Complexes r"(A ... B) AO ... B LiE/kJ r"(A ... B) AO ... B LiE/kJ r"(A ... B) AO. .. B LiE/kJ 

mot~ 1 
JTI01"

1 mol"1 

BF3. CO 279.0 180.0 - 4.12 268.9 180.0 -2.71 274.2 180.0 -2.57 

BF3_CO2 271.4 179.6 -6.61 262.3 179.5 -4.55 272.6 179.4 -3.95 

BF3.I-I2O 193.4 108.4 -15.91 180.3 106.7 -] 5.90 184.2 106.8 -14.43 

BF3.N2O 263.8 180.0 -7.30 261.9 180.0 -3.49 267.4 180.0 -4.16 

BF3.O2 272.5 109.6 -5.01 250.2 103.4 -7.05 251.4 110.8 -5.42 
, 

BF3.O3 271.0 119.0 -3.62 259.0 118.0 -5.49 251.4 116.4 -4.53 

BF3.SO2 257.7 118.4 -11.3 I 259.0 118.0 -14.14 251.4 116.4 -11.85 

• A is electron acceptor and B is electron donor 
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CHAPTER EIGHT 

Conclusion and recommendation 

The quantum-mechanical methods of the conventional ab initio approach at the HF, 
MP2 and DFT levels of theory with .the standard 6-31 G(d, p) split-valence polarized 
basis set provide very useful information on the molecular parameters (structural 
geometries and energies) and in the interpretation of the infrared spectra. Since the 
DFT calculations are less time-consuming or require less time than the MP2 
technique, the DFT is highly recommended for the prediction of the equilibrium 
structures and vibrational spectra of a variety of electron donor-acceptor molecular 
complexes and similar systems. The calculations of the infrared spectra carried out 
at the HF, MP2 and DFT levels of theory provide data for reliable interpretation of 
the absorption spectra of isolated molecular complexes studied under cryogenic 
conditions obtained from the literature, where available (nitrogen matrices). 

Based on this work we may conclude that the infrared spectra obtained using the 
MP2 and the OFT methods reproduce the experimental spectra better than that 
obtained by the HF approach since the latter lacks electron correlation effects. Due 
to the harmonic approximation applied in the calculations, the spectra of the 
molecular modes are not reproduced precisely. Analysis of the OFT results for the 
predictions of the interaction energies shows that the OFT approach might not be a 
good tool for this purpose. 62 % of the calculated/experimental wavenumbers 
showed that the results of the MP2 method are substantially overestmated to the 
experimental when compared with the 32 % of the calculated/experimental 
wavenumbers of the DFT level. When comparing the two post Hartree-Fock 
methods the MP2 method is more reliable than the DFT approach in the prediction 
of the experimental results. The MP2 and OFT are both virtually always an 
improvement on Hartree-Fock method. 

In the past chemistry has been tradditionally an experimental science, this implied 
that no molecule or complexes could be investigated unless is found in nature. That 
was all that was possible at the time and now has been eliminated by the advent of 
computers. As stated at the beginning, with the advancement of computer speeds 
and capabilities, this area of chemistry is changing very quickly. However, this new 
approach is not infallible and the continuous checking of the theoretical results 
against the experimental ones is usually required. Ab initio calculations offer 
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valuable insight into the physical properties of the molecules and as such are a very 
valuable tool in the chemical world of today. As a result of our investigations we 
found that in most cases MP2 calculations can be used for investigations in future 
research work as it is procedure superior than to the DFT method and it is also 
virtually always be an improvement on the Hartree-Fock. 
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