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Abstract
This thesis presents a computational quantum chemical study on a class of hydrides, the
group 13 hydrides. The hydrides of boron, aluminium and gallium are investigated using
ab initio quantum mechanical methods. In particular the molecular structures and potential
energy surfaces of tetraborane(10), tetralane(10) and tetragallane(10) and their mixed forms
have been examined. This work mainly addresses two major issues. The first issue is to
investigate appropriate theoretical methods to be used for the system in question. The second
issue is to determine the structure and energy of these systems; in particular, to understand
theoretically, the non-existence of the bis(diboranyl)- structures which are very close in
energy to the arachno- structures experimentally found in the case of tetraborane(10) and
gallatetraborane(10). The non-existence of the bis- isomer of the tetraborane structure had
been the subject of several previous investigations and the question was not answered.
To enable an objective evaluation of theoretical methods for the study of molecular energies
and structures of isomers, different high level ab initio methods in the form of model
chemistries are considered. The CBS models, which were available for only first and second
row molecules, have been extended to molecules containing third row elements Ga-K, in this
work. These are found to produce comparable results to the well-known G2 methods. The
accuracy is less than that of the new G3 method, but the CBS methods scale better and
are more economical for large molecules. The mean absolute deviation from experiments
for the highly accurate methods CBS-Q and CBS-QB3 are 1.11 kcal/mol and 1.08 kcal/
mol, respectively, both lower than for the G2 method. The mean absolute deviation from
experiment for the more affordable methods, CBS-4 and CBS-q, are 2.23 kcal/mol and 1.81
kcal/mol respectively. The methods, CBS-4(d), CBS-q(d), CBS-Q(d) and CBS-QB3(d), with
the d orbitals included in the correlation space are also investigated, giving results in poorer
agreement with experiment. Problems with the CBS extrapolation step when the d orbitals
are included in the correlation space are discussed.
Two different approaches have been taken to address the second problem. Firstly, the
influence on the structure and energy of the tetraborane isomers were examined, by
replacing boron with heavier atoms (Al and Ga). Secondly, the potential energy surfaces of
the systems were investigated to find the pathways for the interconversion of the different
isomers to the experimentally found isomers.
For the substitution of heavy atoms, aluminium and gallium separately into tetraborane (10)
and then gallium into tetraallane, the quantum chemical calculations were performed at
G2, G2(MP2), CBS-Q and CBS-QB3 levels of theory. It was found that the incremental

replacement of boron atoms by heavy atoms (Al and Ga), considerably lowers the energy
of the corresponding bis- isomers compared to the arachno isomers. In case of gallium
substitution into tetraborane, the stabilization increases gradually and in tetragallane(l0) the
bis- isomer is ∼2 kcal/mol lower in energy that the arachno- isomer. The same trend is seen
during aluminium substitution also, but the stabilization magnitude is slightly smaller, and
bis-tetralane(10) is ∼0.5 kcal/mol below arachno-tetralane(10). Regarding the replacement of
aluminium with gallium in tetralane(10), there was no marked decrease in energy difference
between the bis- and arachno forms, but the bis-structure stayed lower in energy compared
to the arachno- structure.
In the study of reaction paths for the interconversion of bis-tetraborane(10) to arachnotetraborane(10), two pathways, a concerted and a step-wise path, were found. The concerted
pathway seemed more suitable compared to the stepwise pathway. Clear pathways have
been found for the interconversion of isomers of gallatetraborane(10). The potential energy
surface of tetraborane(10) and gallaboranes(10) have numerous transition structures due to
the exchange of terminal and bridged hydrogens. New penta-coordinated isomers which
appear to be promising synthetic targets have also been predicted.
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Chapter 1
Introduction to Group 13 hydrides
1.1 Introduction
Quantum chemistry plays an important role when it is beyond the wit or technique of
experimental workers to obtain certain critical thermochemical data. Quantum Chemistry
has proved to be a powerful tool in solving problems in all disciplines of chemistry. It
numerically simulates chemical structures and reactions based on the fundamental laws
of quantum mechanics. Chemical phenomena can be studied by performing calculations
on computers. It can provide information about unobservable molecules and reactions, by
modelling not only stable molecules, but also unstable intermediates and transition states.
Group 13 hydrides as a whole have provided both experimentalists and computational
chemists with several challenges and are the best examples for the uniqueness of Group 13
elements. The electronic industry accounts for about 95% of the gallium used in the U.S.
to make thin film gallium containing semiconductors [1], and group 13 hydrides in general
possess a high industrial and material science application. They have been widely used as
molecular precursors to solid state materials. The notable characteristic of Group 13 hydrides
which make them attractive as precursor molecules is the absence of the metal-carbon bond
which reduces the amount of carbon impurities in the final material, the main consideration
in the construction of fragile electronic devices [2]. The other feature, which also makes
them attractive as precursors, is the volatility of most of these compounds. Alanes as a
class of compounds are ideal precursors to aluminium thin films due to their clean and
low temperature decomposition [2].
The difficulties faced by experimentalists in preparing the unstable, electron deficient Group
13 hydrides [3], has also been mirrored in calculations due to a need for a higher degree
of electron correlation and large basis sets to sufficiently reproduce experimental structures
and thermodynamic properties. In this thesis, a quantum chemical study of certain Group
13 hydrides has been presented.
To have a successful collaboration between experiment and calculation with larger group
13 hydrides, it is necessary to use methods that are computationally cheap and at the same
time provide accuracy usually resulting from a high degree of electron correlation and large
flexible basis sets. A variety of composite methods have been developed in an attempt
to accurately and efficiently calculate useful thermochemical calculations. These methods
1
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attempt to achieve high accuracy by combining the results of a series of calculations as
an approximation to a single, very high-level computation, which is too expensive to be
practical. Two such methods that will be considered in this study are the Gaussian-2 (G2)
methods [4] and Complete Basis Set (CBS) methods [5].

1.2 Background
The chemistry of the boron hydrides has a rich history going back to the pioneer work
of Stock in the 1930s. In the late 1940s and early 1950s, the structure of many of the
compounds prepared by Stock [6] was elucidated with surprising results. These electron
deficient compounds cannot form structures meeting the Lewis octet rule with single twoelectron bonds between atoms. They form structures with hydrogen bridges and multi-centre
bonds such as the three-centre, two-electron bonds (Figure 1.1), as discussed by LonguetHiggins [7] in 1949. Later, up to 1975 their structural and bonding systematics were well
developed by Lipscomb [8]. These structures played an important part in the resurgence
of interest in inorganic chemistry at that time. The structural feature of multicentre bonds,
especially the three-center bond, is boron hydride chemistry's most important contribution to
chemistry in general. There now exists a comprehensive chemistry of many neutral boron
hydrides (boranes) and borane anions [9].

Figure 1.1: Structures of typical boranes

As the chemistry of silicon and germanium hydrides is similar in many respects to those
of carbon, although much less extensive and rarely with double and triple bonds, it might
be expected that the chemistry of the other Group 13 hydrides, aluminium and gallium
hydrides, would show some of the features of the boron hydrides [10].
The simplest hydride of boron is B2H6, while the evidence for Al2H6 is that it is only
formed transitory. Attempts at synthesis leads to a polymeric structure, (AlH3)n, with each
aluminium atom bonded to six hydrogen atoms [11], [3]. In 1989, after many years of effort,
2
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the group of Tony Downs at Oxford synthesised Ga2H6[12], which has the same structure as
B2H6, but is stable only at low temperatures. Discrete molecules like AlH3 and GaH3 have
been studied by isolating them in solid matrices at low temperatures [13]. Though the halo-,
amino-, and methylated derivatives of the alanes and gallanes [14], [15] are well studied,
their parent hydrides have remained elusive.
There is however a more extensive chemistry of mixed hydrides of aluminium and gallium
with boron [14]. The aluminium borohydrides show structures with six-fold coordination of
aluminium with hydrogen like the polymeric pure hydride [16]. The gallium borohydrides
have structures both like and unlike the boranes. Thus HGa(BH4)2 has five-fold coordination
of hydrogen around the gallium atom, while GaBH6 and GaB3H10 have structures similar
to the boranes B2H6 and B4H10 respectively.
The Gallium Borohydride HGa(BH4)2 has been synthesised and the structure studied by
Downs and Thomas [17]. Gallaborane, GaBH6 and the arachno-2-Gallatetraborane(10),
GaB3H10 have been synthesised, and properties and structures of the gaseous molecules
determined by electron diffraction method by Pulham and co-workers [18],[19]. The
molecular structures, harmonic vibrational frequencies and infrared intensities of diborane
B2H6, dialane Al2H6, and digallane Ga2H6 have been determined using ab-initio quantum
mechanical methods by Schaefer's group [20],[21], and Duke [22]. The mixed group 13
hydrides in the form XYH6 (X,Y=B, Al, Ga & In) have also been studied by different
groups [23],[24],[10]. Theoretical characterisation of the three isomers of triborane (9) B3H9
has been preformed by Duke et al. [25],[26], and their Al and Ga substituted structures,
AlB2H9 and GaB2H9 have also been investigated [27].
The aim of this research is to systematically characterise the energies and structures and
predict the pathways for the inter-conversion of the isomers of pure and mixed Group
13 hydrides using ab initio quantum chemical methods of high accuracy such as G2 and
CBS methods.
The G2 method by Curtiss et al. [4] has been developed to preform highly accurate
calculations on molecules containing elements extending to third row. The CBS family of
methods [5], which provide equally good results compared to G2, have been developed to
perform on molecules containing only up to second row elements. Hence this study also
extends the CBS family of methods to molecules containing 3rd-row elements.

3

hdl:1780.01/6470

1.3 References
1. K.A. Grencewicz and D.W. Ball, Ab Initio Studies of the GaH3-H2O, GaF3-H2O, and GaCl3H2O Molecular Complexes. Journal of Physical Chemistry, 1996. 100(14): p. 5672–5675.
2. J.A. Jegier and W.L. Gladfelter, The use of aluminium and gallium hydrides in materials
science. Coordination Chemistry Reviews, 2000. 206–207: p. 631–650.
3. A.J. Downs, The Hydrides of Aluminium, Gallium, Indium and Thallium. Chemical Society
Reviews, 1994: p. 175–184.
4. L.A. Curtiss, M.P. McGrath, J.-P. Blaudeau, N.E. Davis, J. Robert C. Binning, and L. Radom,
Extension of Gaussian-2 theory to molecules containing third-row atoms Ga-Kr. Journal of
Chemical Physics, 1995. 103(14): p. 6104–6113.
5. J.W. Ochterski, G.A. Petersson, and J. John A. Montgomery, A complete basis set model
chemistry. V. Extensions to six or more atoms. Journal of Chemical Physics, 1996. 104(7): p.
2598–2619.
6. E.L. Muetterties, Introduction (Boron Hydride Chemistry), in Boron Hydride Chemistry, E.L.
Muetterties, Editor. 1975, Academic Press.
7. H.C. Longuet-Higgins, Journal of Chemical Physics, 1949. 46: p. 268.
8. W.N. Lipscomb, Advances in Theoretical Studies of Boron Hydrides and Carboranes, in Boron
Hydride Chemistry, E.L. Muetterties, Editor. 1975, Academic press: New York.
9. N.N. Greenwood, Taking Stock: The Astonishing Development of Boron Hydride Cluster
Chemistry. Chemical Society Reviews, 1992. 21(1): p. 49–57.
10.C.W. Bock, M. Trachtman, C. Murphy, B. Muschert, and G.J. Mains, Ab Initio Molecular
Orbital Study of Boron, Aluminium, Gallium μ-Hydrido-Bridged Hexahydrides. Journal of
Physical Chemistry, 1991. 95(6): p. 2339–2344.
11.P. Breisacher and B. Siegel, Comparative Stabilities of Gaseous Alane, Gallane, Indane.
Journal of The American Chemical Society, 1965. 87(19): p. 4255–4258.
12.C.R. Pulham, A.J. Downs, M.J. Goode, D.W.H. Rankin, and H.E. Robertson, Gallane:
Synthesis, Physical and Chemical Properties and Structure of the gaseous molecule Ga2H6
As Determined by Electron Diffraction. Journal of The American Chemical Society, 1991.
113(14): p. 5149–5162.
13.F.A. Kurth, R.A. Eberlein, H. Schnöckel, A.J. Downs, and C.R. Pulham, Molecular Aluminium
Trihydrides, AlH3: Generation in a Solid Noble Gas Matrix and Characteristics by its
Infrared Spectrum and Ab Initio Calculations. Journal of Chemical Society, Chemical
Communications., 1993(16): p. 1302–1304.
14.A.J. Downs, Chemistry of Aluminium, Gallium, Indium and Thallium. Inorganic derivatives
of the elements, ed. A.J. Downs. 1993, Glasgow: Blackie Academic & Professional.
4

hdl:1780.01/6470

15.P.L. Baxter, A.J. Downs, and D.W.H. Rankin, The Molecular Structure of TrimethylamineGallane in the Gas Phase as determined by Electron Diffraction. Journal of Chemical Society,
Dalton Transactions., 1984: p. 1755–1758.
16.F.L. Himpsl and A.C. Bond, Preparation of Aluminoborane Analogues of the Lower Boron
Hydrides. Journal of The American Chemical Society, 1981. 103: p. 1098–1102.
17.A.J. Downs and P.D.P. Thomas, Gallium Borohydrides: the Synthesis and Properties of
HGa(BH4)2. Journal of Chemical Society, Chemical Communications., 1976: p. 825–827.
18.C.R. Pulham, P. T.Brain, A.J. Downs, D.W.H. Rankin, and H.E. Robertson, Gallaborane,
H2Ga(μ-H)2BH2: Synthesis, Properties, and Structures of the Gaseous Molecule as determined
by Electron Diffraction. Journal of Chemical Society, Chemical Communications., 1990(2):
p. 177.
19.C.R. Pulham, A.J. Downs, D.W.H. Rankin, and H.E. Robertson, Arachno-2Gallatetraborane(10), H2GaB3H8: Synthesis, Properties and Structures of the Gaseous
Molecules as determined by Electron Diffraction. Journal of Chemical Society, Chemical
Communications., 1990: p. 1520–1521.
20.M. Shen and H.F. Schaefer, The known and unknown group 13 hydride molecules M2H6:
Diborane(6), diallane(6) and digallane(6). Journal of Chemical Physics, 1992. 96(4): p. 2868–
2876.
21.C. Liang, R.D. Davy, and H.F. Schaefer, Infrared Spectra of the Unknown Dialane(Al2H6) and
recently observed Digallane (Ga2H6) Molecules. Chemical Physics Letters, 1989. 159(4): p.
393–398.
22.B.J. Duke, Ab Initio Theoretical Studies of Gallium Compounds Part I. Digallane and Gallane.
Journal of Molecular Structure (Theochem), 1990. 208: p. 197–204.
23.M.J.v.d. Woerd, K. Lammertsma, B.J. Duke, and H.F. Schaefer, Simple mixed hydrides of
boron, aluminium and gallium: AlBH6, AlBH6, and BGaH6. Journal of Chemical Physics,
1991. 95(2): p. 1160–1167.
24.F.R. Bennett and J.P. Connelly, Theoretical Study of the Properties of InMH6 and MBH6 (M=B,
Al, Ga and In) μ - Hydrido-Bridged Compounds. Journal of Physical Chemistry, 1996.100(22):
p. 9308–9313.
25.B.J. Duke, C. Liang, and H.F. Schaefer, Properties of Small Group IIIA Hydrides Including
the Cyclic and Pentacoordinate Structures of Trialane (Al3H9) and Trigallane (Ga3H9): Can
Dialane Be Isolated? Journal of The American Chemical Society, 1991. 113(8): p. 2884–2890.
26.B.J. Duke, J.W. Gauld, and H.F. Schaefer, Ab Initio Characterization of a Triborane(9) Isomer
with a Pentacoordinate Central Boron Atom. Journal of The American Chemical Society,
1995. 117(29): p. 7753–7755.
5

hdl:1780.01/6470

27.B.J. Duke, J.W. Gauld, and H.F. Schaefer, The Structure of hydridogallium and
hydridoaluminium bis(tetrahydroborates). Chemical Physics Letters, 1994. 230: p. 306–312.

6

hdl:1780.01/6470

Chapter 2
Theoretical Methods
2.1 Introduction
In this chapter various theoretical methods used to study the structure, energetics and
reaction paths of the chemical systems considered are outlined. The Schrödinger equation,
which is the basis of Quantum Mechanical calculations, cannot be solved exactly for manyelectron atoms and molecules, and needs to be solved by applying certain approximations.
Various approximation theories used in this study are discussed in this chapter along with
the discussion on the determination of molecular geometries and vibrational frequencies.
This is followed by the methods used for determination of transition states and reaction
paths. Further details on most of the theoretical methodologies discussed in this chapter, can
be found in the quantum chemistry books by Hehre et al. [1] and by Jensen [2].

2.2 Concepts of Quantum Chemistry
2.2.1 The Schrödinger Equation
A molecule made up of a set of positively charged nuclei surrounded by a number of
electrons, cannot be described entirely by classical mechanics as the electrons are very light
particles and exhibit both wave and particle nature. In quantum mechanics, properties of
a molecule can be obtained by solving the non-relativistic, time-independent Schrödinger
equation,

where, E is the energy, ψ is the wavefunction corresponding to the energy level E of all
particles in the molecule and Ĥ is the Hamiltonian operator representing the total energy
of the molecule. The Hamiltonian Ĥ, consists of both the kinetic energy and potential
energy for all particles.

For a N-particle system, the kinetic energy operator is the sum of the differential operators,
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and h is Planks constant.
Hence,

where the summation is over all particles, electrons and the nuclei (i) with mass mi.
The potential energy operator is the coulomb potential given by,

where the summation is over pairs of particles (ij) whose electric charges are qi and qj
at a distance of rij apart. Finally,

2.2.2 Born-Oppenheimer approximation
Since the Hamiltonian includes operators both for nuclear and electronic motion, it is
necessary to separate them. The electrons, being lighter than the nuclei, move much faster
than the nuclei and as a consequence the electrons adjust their distribution to changing
nuclear positions. Thus as the nuclei move, the effective electronic energy Eelec(R) varies
smoothly as a function of the relative nuclear coordinates, R. This approximation of
separating electronic and nuclear motions is called the Bom-Oppenheimer approximation.
Mathematical treatment of the Born-Oppenheimer approximation to the Schrödinger equation
can be expressed as,
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Where the electronic Hamiltonian Ĥelec corresponds to the motion of the electrons (Ne) in
the field of fixed nuclei (Nn), and ψelec is the electronic wave function, which depends on
the electronic coordinates, r and nuclear coordinates R. In quantum chemical studies it is
necessary to choose the units that are appropriate for working with atoms and molecules.
The derived unit for length is bohr, from bohr radius, ao, given by

The unit for energy is the Hartree, which is the coulombic repulsion between two electrons
separated by 1 bohr, and is given as

In atomic units (bohrs and hartrees) the Hamiltonian is expressed as follows.

where i and j are the electrons and A and B are the atoms in the given system. The first
three terms are Ĥelec in equation (2.9) and the fourth term is the nuclei-nuclei repulsion
term. The final total energy is given by:

By solving the Schrödinger equation, for a range of nuclear geometries, an energy hyper
surface describing the variation of energy can be obtained which is also known as
the potential energy surface (PES). It will generally consist of several local minima or
equilibrium structures and the one with the minimum energy is known as the global
minimum. All local minima and the global minima are potential isomers of the molecule
in question.
9
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The electronic Schrödinger equation resulting from the Born-Oppenheimer approximation
neglects the relativistic effects and can be solved exactly only for H2+ and similar one
electron systems. Hence approximations that treat many-electron systems, need to be
considered.

2.2.3 Molecular Orbital Theory
To further simplify the Schrödinger equation the molecular orbital theory approach assumes
that the motion of each electron is independent and uses one electron wavefunctions or
orbitals ψ(x,y,z) to approximate the full wavefunction. In order to completely describe
the distribution of an electron the spin wavefunctions, α(ξ) and β(ξ) which represent the
alignment of the spin of the electron in positive and negative direction respectively are
considered. The complete wavefunction of a single electron is known as the spin orbital
χ(x,y,z,ξ) and is given by the product of the molecular orbital and the spin function. For
an n-electron system, a simple product of all the spin-orbitals is not enough, as it does
not account for the antisymmetry, which is the direct consequence of the Pauli principle
which states that the total wavefunction must be antisymmetric with respect to interchange
of all electrons label pairs. In practice this means that two electrons in the same molecular
orbital cannot have the same spin.
A many-electron wavefunction is well represented by a Slater Determinant, which accounts
for the antisymmetry in many cases and that also obeys the Pauli principle. Hence a
determinant wave function for a molecule with n electrons and n spin orbitals is given by:

In this determinant, the elements of the first row contain assignation of electron 1 to all
the spin orbitals χ1, χ2 … χn while the second row contains all possible assignations of
electron 2 and so forth.
Equation (2.13) can be abbreviated as,
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where only the product of all the diagonal terms of the slater determinant is taken and Â
is called the antisymmetrization operator.

2.2.4 Basis Set Expansions
In practical applications, the individual molecular orbitals are expressed as a linear
combination of a finite set of N one-electron functions known as basis functions, φμ. The
individual orbital ψi, can be written as,

where cμi are the molecular orbital expansion coefficients, which represent the contribution
from each basis function to the molecular orbitals. When atomic orbitals of constituent
atoms are used as basis functions, the treatment is described as linear combination of atomic
orbitals (LCAO) theory.
The two types of atomic basis functions that are widely used are the Slater-type atomic
orbitals (STOs) and the Gaussian-type atomic orbitals (GTOs).
The STOs are closely related to hydrogenic atomic orbitals and are labelled as 1s, 2s, 2px,
… and have the normalized form,

where the constants ζ1 and ζ2 determine the size of the orbitals. The STOs reproduce the
nuclear cusp in the wave functions and also have the correct asymptotic behaviour due
to the presence of e−r. However, the evaluation of three- and four-centred integrals over
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STO basis functions is computationally demanding due to the time consuming numerical
procedures. Unlike hydrogenic orbitals, the STOs are node-less.
The GTOs are powers of x, y, z multiplied by exp(−αr2) and have the general form:

where α is a constant determining the size or the radial extent of the function, and r
is composed of x, y, z. Even though the GTOs do not represent the atomic orbitals
satisfactorily near the nucleus due to the absence of the cusp, they have the advantage that
all integrals can be calculated extremely rapidly. The main advantage of using GTOs is
that the product of two Gaussians can be expressed as a single Gaussian, located along the
line joining the centres of the two original Gaussians. This simplifies the evaluation of the
integrals over GTOs. A linear combination of these primitive gaussians forms the actual
basis functions called the contracted gaussians, which have the form:

where dμs's are fixed constants within a given basis set.
The above constructions result in the following molecular orbitals:

The basis sets used in this work are mainly the ones developed by Pople et al. [3], which
are indicated as 6-31G, for example. This means that each core GTO is described by a
single contraction of six primitive gaussians and each valence shell GTO is formed by two
contractions, one with three primitive gaussians and the other with one primitive gaussian.
Additional polarization functions added to the basis set is written as 6-31G** or 6-3lG(d,p)
which indicates that a set of d primitives are added to atoms other than hydrogen and a
set of p primitives are added to hydrogen atoms.
Diffuse functions are indicated as 6-31+G, i.e. by a plus sign before the G. A single plus
sign signifies that s and p diffuse functions are added only to atoms other than hydrogen and
a second plus sign indicates that s diffuse function is added to hydrogen atoms.
12
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2.2.5 The Variation Principle and Hartree-Fock theory
Once the determinantal wavefunction has been constructed from the molecular orbitals,
the next problem is to solve for the set of molecular orbital expansion coefficients, cμi.
Hartree-Fock theory makes use of the variational principle, which states that for an
antisymmetric normalised function Φ, of electronic coordinates, the expectation value of
energy corresponding to Φ will always be greater than the energy of the exact wavefunction,
Ψ and is expressed as:

The energy of the exact wavefunction serves as the lower bound to any energy calculated by
other normalised antisymmetric functions. Now a basis set is selected for orbital expansion
and the coefficients cμi can be adjusted to minimise the expectation value of the energy
E(Φ).

2.2.6 Closed-Shell Systems
The variation principle when applied to a closed shell wavefunction leads to the RoothaanHall equations, given by:

where N is the number of molecular orbitals, FμV is the Fock matrix, εi is the energy of
the molecular orbital ψi and Sμv is the overlap matrix. The Fock matrix depends on the
molecular orbital coefficients, cμi and makes the Roothaan-Hall equations [4],[5] nonlinear.
Therefore, the equations must be solved iteratively for obtaining the solution. This technique
is called self-consistent-field (SCF) theory, as the molecular orbitals are derived from their
own effective potential.
Solution to the Roothaan-Hall equation leads to a set of N molecular orbitals of which n/2
(n = number of electrons) are doubly occupied orbitals as shown in the equation below, and
the remaining are unoccupied orbitals known as virtual orbitals.
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2.2.7 Open-Shell Systems
Most ground state molecules have closed-shell singlet states, where the molecular orbitals
are doubly occupied with an α and β spin. This approach is called spin-restricted HartreeFock (RHF) theory. For open-shell systems that have unpaired electrons, an unrestricted
method known as spin-unrestricted Hartree-Fock (UHF) theory is used. In this method, α
and β electrons are assigned to different orbitals, and the two sets of molecular orbitals
formed are as follows:

The two sets of coefficients vary independently, leading to the UHF form of RoothaanHall equations:

The above equations produce two sets of orbitals. The eigenfunctions are not pure spin
states, but are contaminated by functions corresponding to states of higher spin multiplicity.
For example, doublet states are contaminated by quartet states. The total spin value <S2>
which is equal to s(s+l), should be 0.75 for doublets, if there is no spin contamination. It
is often found that in unrestricted Hartree-Fock calculations the <S2> value is greater than
0.75 indicating spin contamination.
An alternative method is spin-restricted open-shell Hartree-Fock theory (ROHF) where most
electrons are paired and only a few (one for doublets) is unpaired. ROHF is not used
in this study.

2.2.8 Electron Correlation Methods
One of the inadequacies of HF calculations is that it does not include the correlation
between motions of electrons. It only takes into account the average effect of electron
repulsion, but not the explicit electron-electron interaction. These limitations make the HF
14
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energies higher than the exact energies. The difference between the exact energy and the
Hartree-Fock energy is the correlation energy.

Some of the many ways of dealing with this problem that are used in this work are
described below.

2.2.9 Configuration Interaction
Unlike Hartree-Fock theory in which the exact wavefunction is a single-determinant, the
configuration interaction (CI) wavefunction is a multi-determinant wavefunction. In CI
methods, determinants are constructed by replacing one or more occupied orbitals within
the HF determinant with a virtual orbital. If all substituted determinants arise from only a
single virtual orbital replacing an occupied orbital, it is called a configuration interaction
single excitation (CIS) method. Similarly, when two electrons are also promoted to excited
states, it is a configuration interaction single and double excitation (CISD) method. Triple
(CISDT) and Quadruple-excitation (CISDTQ) methods are used only if very high accuracy
results are required.
In the full CI method the wavefunction ψ is formed as the linear combination of the
Hartree-Fock determinant and all possible substituted determinants as:

where, the summation is

is over all substituted determinants and ‘a’s are the set of

coefficients that can be solved by minimising the energy of the resultant wave function.
The full configuration method is the most comprehensive treatment possible within the
limitations of the basis set used. The energy difference between the Hartree-Fock energy
with a particular basis set and the full CI energy is the correlation energy within the
basis. The more complete the basis set, the result approaches the exact solution to the
non-relativistic, time-independent Schrödinger equation. Even though the full CI method is
well defined, size-consistent and variational, it is very expensive and can be applied to
only very small systems.
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2.2.10 Møller-Plesset Perturbation Theory
When correlation is added to the Hartree-Fock wavefunction as a perturbation, it is
known as Møller-Plesset Perturbation Theory. It is based on the principles of Many-Body
Perturbation Theory (MBPT), which assumes that, the correct solution to a given problem
is close to an already known solution, either approximate or exact. In this approach the
total Hamiltonian of the system is partitioned into two parts: first part which has an exact
solution and a perturbation part. This can be expressed by defining a Hamiltonian operator
(Hλ) as a sum of the Hartree-Fock Hamiltonian (H0) and a perturbation (H′).

The perturbation, λH′, is assumed to be small compared to H0 and λ is a dimension
less parameter.
The perturbed Schrödinger equation is given by,

where, ψλ and Eλ are the ground-state wave function and energy of the Hamiltonian Hλ, and
can be expanded in powers of λ according to Rayleigh-Schrödinger perturbation theory.

By setting the parameter λ=1 and truncating the series to various orders, we can now
obtain MP2 energy corrections (truncation after second order), MP3 (truncation after third
order) and so on. Truncation after the first order leads to the Hartree-Fock energy as can
be seen below:

where, zero-order energy, E(0) is just the sum of the orbital energies of the occupied orbitals.
The formula for the second-order energy correction is,
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where i and j indices for occupied molecular orbitals and a and b are indices for virtual
orbitals, εn are the one-electron energies of the molecular orbital ψn [2].
Similarly, the expressions for the third and the forth-order corrections giving MP3 and MP4
energies can be obtained.

2.2.11 Coupled Cluster Methods
Unlike perturbation methods which add all types of excited configurations (singles, doubles,
triple, etc.) to the reference wave function to a given order, Coupled Cluster (CC) methods
include all corrections to infinite order [3]. Similar to CI calculations, in the couple cluster
calculations the wave function is a linear combination of many determinants. The couple
cluster wave function is given by,

where the cluster operator T is given by,

where N is the total number of electrons in the system and exp(T) is expanded as Taylor
series,

The Ti, operator acts on the HF wave function generating all ith excited Slater determinants
(Φ) as given below.
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where the expansion coefficients, t, are called amplitudes.
From equations (2.36) and (2.37),

In the above equation the first term produces the reference HF and all the singly excited
states are represented by the second term. The doubly and triply excited states are generated
by the first parenthesis and the second parenthesis respectively.
The final second order couple cluster correlation energy is given by,

If T includes all the cluster operators up to TN, all possible determinants are generated and
the coupled cluster wave function is a full CI, which is not possible for systems other than
small ones. This leads to the truncation of the cluster operator. The truncation method that is
commonly used is the Couple Cluster Doubles (CCD) at the lowest level of approximation
where T=T2. When T=T1+T2 it is termed as Coupled cluster singles and doubles (CCSD).
Higher accuracy is obtained by including the triples (CCSDT) and quadruples (CCSDTQ).
However these are computationally very expensive but a perturbative method, known as the
CCSD(T) method which includes some of the third order terms as a perturbative correction,
gives excellent approximation to the full CI method.
Similar to the truncated couple cluster methods, Quadratic Configuration Interaction (QCI)
methods are truncations of CI methods. The most popular method is the QCISD(T)
method which has single, and double excitation calculations and the triple excitation is
included perturbatively. This method gives an optimal amount of correlation for high
accuracy calculations and uses less CPU time compared to the corresponding couple cluster
calculation.

2.2.12 Density Functional Methods
Density functional theory (DFT) has been quite popular in recent years due to its
computational efficiency compared to other methods of similar accuracy. DFT uses electron
18
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density, instead of a wave function, to determine the energy of a molecule. This
theory, which was proved by Hohenberg and Kohn [6], shows that there is a one-toone correspondence between the electron density of the system and its energy, and that
the ground-state electronic energy is determined completely by the electron density. The
practical application of this theory was formulated by Kohn and Sham [7], where the
electron density (ρ) is expressed as a linear combination of basis functions similar to HF
orbitals, called Kohn-Sham orbitals.
Kohn and Sham showed that the electronic energy [8], can be partitioned into several
terms as:

where ET[ρ(r)], is the kinetic energy term arising from the motion of the electrons, EV[ρ(r)],
includes the potential energy of the nuclear-electron attraction and the nuclear-nuclear
repulsion, EJ[ρ(r)] is the electron-electron repulsion term, and EXC[ρ(r)] is the exchangecorrelation term. The density [ρ(r)] is the sum of the square moduli of a set of oneelectron orbitals:

The term EXC[ρ(r)] not only includes the contributions due to the exchange and correlation,
but also includes all contributions not included in the first three terms. If the exact form of
this term is set up, the exact energy to the solution could be found. Since the exact form
is not known, trial functionals must be compared with experimental results to determine
their accuracy.
The functional EXC[ρ(r)] is further divided into two parts, the exchange and correlation
functionals, corresponding to same-spin and mixed-spin interactions respectively:

As we know that the correlation between electrons of opposite spin is different from that
between electrons of the same spin:
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The total density ρ=ρα+ρβ, is the sum of α and β contributions. Further the two functionals
can be obtained by various approximations.
The simplest approach where the density is treated as a uniform electron gas [3] is called
the local density approximation (LDA), or local spin density approximation (LSDA) for the
high-spin systems. The LDA calculation is often used for band structure calculations and is
not suitable for molecular calculations, as the bonds tend to be too short and too strong. The
LSDA approximation works quite well and is similar in accuracy to HF theory.
An improvement over LSDA method is made by considering the gradient of density along
with the density of the electrons. This method is known as the gradient-corrected method.
The gradient correction to the exchange functional which corrects the local spin density
approximation was proposed by Becke [9]. The most widely used correlation functional
was proposed by Lee, Yang and Parr [10], and is called LYP. Combining the Becke
gradient-exchange correction functional and the Lee-Yang-Parr correlation correction gives
the popular BLYP method.
Unlike HF theory, density functional theory incorporates correlation energy from the
beginning. However, HF theory provides an exact means of treating the exchange
contribution. An attractive option is to take a combination of the exact HF exchange term
and a DFT exchange term. These methods are known as hybrid methods. A widely used
hybrid method is the three-parameter method [9], B3LYP:

where co is the parameter which allows any admixture of HF and LDA local exchange,
ΔEXB is the Becke's gradient correction to LDA exchange scaled by the parameter cx,
ECVWN3 is the VWN3 [11] local correction with parameter cc, co, cx and cc are empirical
coefficients obtained by fitting to experimental data (first row G1 test set [12]).

2.2.13 Potential Energy Surfaces and Stationary Points
The Born-Oppenheimer approximation views the nuclei as moving on a potential energy
surface (PES), which is the solution to the electronic Schrödinger equation (equation (2.9)).
It represents the energy as a function of the location of the nuclei in a chemical system as
20
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shown in Figure PES. The important points on the PES are the maxima and the minima,
which are known as the stationary points where the forces acting on all the atoms are zero.

where i = 1,2, … 3N-6 (for non-linear molecules)
The minima (point A and C) on this surface correspond to local minima or equilibrium
structures. There can be many local minima and the lowest energy minimum (point C) is
called the global minimum. The maximum energy point B, is a transition state connecting
point A and point C and it is also know as a saddle point. The stationary structures are
classified as equilibrium structures or transition structures by no negative eigenvalues or
one negative eigenvalue respectively of the Hessian formed by the second derivatives of
the energy (E).

where i,j = 1,2, … 3N-6 and fij, are the force constants.
Computing a complete PES is extremely computationally demanding, as it requires
computing a set of x points in each dimension, resulting in x3N-6 single point computations.
As a result PES is computed for very small systems.

Figure 2.1: Schematic representation of one-dimensional Potential Energy Surface.
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2.2.14 Vibrational Frequencies and Zero-Point Energies
Diagonalization of the force constant matrix of equation (2.49), gives 3N normal-mode
vibrational frequencies (vij), where

Vibrational frequencies are calculated at stationary points. An equilibrium structure has all
real frequencies and a transition structure by definition has one imaginary frequency, as it
is the square root of a negative number (force constant).
The energy corresponding to this point will be a maximum along the direction of the
reaction path and the corresponding eigenvector will give the direction leading downhill
from the transition structure towards the reactant and the product. Following downhill on
each direction (forward or reverse) of the transition structure, and calculating the gradients
until energy minimum is reached, enables us to calculate the whole reaction path. Such a
reaction path in mass-weighted coordinates is called the Intrinsic Reaction Coordinate (IRC).
Energies calculated by geometry optimisation do not consider the zero-point vibrations of
the molecule, hence a correction needs to be applied which take into account the zeropoint vibrational energy associated with that geometry. The Zero-point vibrational energy
(EZPE) is given by,

Calculations of vibrational frequencies use harmonic oscillator approximations leading to
systematic errors, due to the neglect of anharmonic effects. Scaling factors are often added
to the frequencies not only to account for the anharmonicity but also insufficient electron
correlation and deficiencies in basis sets. Hence scaling factors for several methods and
basis sets are available [13].

2.2.15 Size consistency and Scaling
A method is said to be size-consistent when the energy obtained for two fragments held
at a significantly large distance (say 100 Å) will be equal to the sum of the energies of
the fragments computed separately. Hartree-Fock, MPn, CC and full CI methods are size22
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consistent whereas the truncated CI methods are not. However the QCISD(T) method is
size-consistent [14].
Ab initio methods often take huge amounts of CPU time. The formula Nx is used to compare
the efficiency of these methods, where N is the number of basis functions and x is a factor
that relates the basis set size to time. The HF method scales as N4 and MP2 method scales
to N5. Even though HF methods formally scales as N4 it often scales to N3 if zero integrals
are identified and not used in some algorithms. MP3, MP4 and MP5 scale to N6, N7 and
N8 respectively. Both CCSD and CISD scale as N6. Even though CCSD(T) and QCISD(T)
scale as N7, QCISD(T) is faster than CCSD(T).
A crucial factor in quantum chemistry is that the geometry optimisations are very expensive.
This is due to the fact that many calculations need to be done as the geometry is changed.
Since geometry optimisation is a lot more time consuming compared to a single-point
energy calculation, a common practice is to use different levels of theory for optimisation
and computing the final energy. An ab-initio method with moderate-sized basis set and
minimal correlation is chosen for optimisation and frequency calculations, and then a
single-point energy calculation with more correlation and larger basis set is used for the
final energy computation. For example, QCISD(T)/6-311+G(2df,p)//MP2/6-311G(d,p) means,
the geometries are optimised at the MP2/6-311G(d,p) level of theory and a single-point
energy calculation is performed at the QCISD(T)/6-311+G(2df,p) level of theory. This is a
helpful technique to save time and resources during the calculation of energy differences of
numerous isomers and this strategy is used to a higher level in model chemistries, which
will be discussed in further sections.

2.3 Thermochemistry
A variety of thermochemical properties can be calculated using quantum mechanical
methods.

2.3.1 Atomization Energies
The atomization energy (AE) of a molecule can be obtained by calculating the energy
difference between the energy of the molecule and its component atoms as:

where E(AB) is the total energy of the molecule and E(A) and E(B) are the energies of
the component atoms.
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A knowledge of the atomization energy helps in finding the bond strengths between atoms.

2.3.2 Ionization Potential
The ionization potential (IP) is calculated by the energy difference between the cation and
the neutral molecule since it is the energy required to remove an electron from the molecule.

2.3.3 Electron Affinity
The electron affinity (EA) is the energy released when an electron is added to a neutral
molecule, and is equal to the energy difference between the neutral molecule and its anion.

2.3.4 Proton Affinity
The proton affinity (PA) of a molecule is defined as the energy released when a proton is
added to a neutral molecule. It can be calculated by taking the difference in energy between
the neutral molecule and its protonated derivative.

All the above total energies need to be corrected with the zero point energy correction
and also to 298K. The corrected AEs, IPs, EAs, and PAs are then compared with the
experimental values to validate the method being used.

2.4 Model Chemistries
The most important aim of quantum chemical methods is not only reproducing the
experimental data, but also accurately predicting thermochemical data, where experimental
data are unknown. A broad range of ab initio, semi-empirical, and density functional
schemes have been developed for this purpose, which are termed as model chemistries.
These composite theoretical procedures attempt to obtain chemically accurate data using
a variety of computationally feasible methods and basis sets. Some of the most popular
methods, which have a high accuracy of ±1–3 kcal/mol, are the Gaussian-n methods of
Pople and co-workers [15],[16],[17], [18],[19], and the Complete Basis Set (CBS) methods
by Petersson and co-workers [20], [21], [22], [23],[24].
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Table 2.1 represents a hierarchy of different levels of theory and basis sets. The accuracy of
the methods increases as we move from left to right, but they correspondingly become more
computationally expensive. As we move down the table the basis set size increases, which
means that there are fewer restrictions on the electrons and the molecular orbitals are more
accurate. However the computational resources required increases with basis set size.

Table 2.1: Hierarchy of different levels of theory and basis sets.
BasisSets Level of theory
HF

B3LYP

MP2

MP3

MP4

QCISD(T) ------

Full CI

STO-3G
3-21G
6-31G(d)
6-311G(d,p)
6-311G(d,p)
6-311+G(2d,p)
6-311+G(3df,2p)

“G2
Theory”

6-311+
+G(3df,3dp)
Schrodinger
Equation
The box “G2 Theory” i.e. QCISD(T)/6-311+G(3df,2p), is the level of theory G2 theory aims to
approximate.

Model chemistries work by combining a series of pre-defined low level, and small basis set
calculations, whose results are combined in a specific manner to approximate the highest
level of theory with the biggest basis set required, to obtain accurate results.
The methods vary in computational effort as well as the accuracy obtained for a set
of experimentally known systems called test sets. A test set is a set of experimental
thermochemical data whose values are known accurately so that they can be compared with
the theoretically calculated values to test the effectiveness of the given theoretical method.
The test sets that are widely used are G2-1 [12],[25], G2-2 [26] and G2/97 [17], which
contain molecules made up of first and second row atoms. The G2-1 test set, which is
often referred to as the “G2 test set” consists of 125 entries, of which 55 are atomization
energies, 38 ionization energies, 25 electron affinities and 7 are proton affinities. The test
set which contains the third row elements is referred to as the third-row G2 test set [27]
and consists of 19 atomization energies, 15 ionization energies, 4 electron affinities and
2 proton affinities.
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These test sets have experimental results, which are well-accepted values with small errors.
They contain compounds of a range of different elements, and also molecules with unusual
electronic states. However there are certain limitations, since the molecules are small and
all types of bonds are not represented. Once the theoretical thermochemical values are
calculated for the molecules in the selected test set, the Mean Absolute Deviation, Standard
deviations and maximum positive and negative errors from the experimental values are
calculated and the relative accuracies of various model chemistries are compared.

2.4.1 Gaussian-n Theories
Gaussian-n theories (n=l,2,3) are a family of composite techniques based on ab initio
molecular orbital theory, designed to reproduce the energies of molecular systems to within
chemical accuracy. They work on the success of obtaining very accurate electron correlation
energies by the QCISD(T) method. But the direct evaluation of QCISD(T) energies with
large basis sets is not computationally feasible for molecules other than very small ones.
These theories assume a series of additivity approximations, such that the larger basis set
effects are evaluated independently with other more approximate correlation techniques.
The main members of the Gaussian-n family are the Gaussian-1 (G1), Gaussian-2 (G2)
and Gaussian-3 (G3) theories.
G1 [15] theory was the first in the series of well-defined methods that could calculate
molecular energies in a systematic manner. However its application to a wide variety of
molecules indicated a few deficiencies [28] which were improved in the G2 theory [12],
[27]. As a consequence G1 theory is now obsolete.
The G2 model has been well studied and has been applied with much success to a
variety of chemical problems [29], [30], [17], [31], [20], [32], [33]. G2 theory essentially
approximates QCISD(T) /6-311+G(3df,2p) calculations by combining a series of smaller
calculations as follows:
HF/6-31G(d) -geom/freq
MP2(FULL)/6-31G(d) geom
QCISD(T)/6-311G(d,p)
MP4/6-311+G(d,p)
MP4/6-311G(2df,p)
MP2/6-311+G(3df,2p)
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High-level correction
Equilibrium geometries are optimised at the MP2(FULL)/6-31G(d) level of theory. The
vibrational frequencies and zero-point energies (ZPE) are obtained using the HF/6-31G(d)
level of theory. The zero point energies are scaled by a factor of 0.8929.
The energy computed at MP4/6-311G(d,p) is corrected for the effect of diffuse functions
obtained at MP4/6-311+G(d,p):

The effect of higher polarization is obtained at MP4/6-31lG(2df,p):

The effect of electron correlation beyond fourth order is taken from QCISD(T)/6-311G(d,p)
calculation.

The following equation not only gives the correction for the inclusion of a third d function
on non-hydrogen atoms and a second p function on hydrogens with MP2/6-311+G(3df,2p), it
also cancels the double counting of terms already in equation (2.56) and equation (2.57):

This simplifies to:
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Higher level corrections (HLC) for the deficiencies in the wavefunction are estimated
empirically [34],[12] using the experimental atomization energies of a test set of 55
molecules, based on the number of paired and unpaired electrons as,

where nα and nβ are the number of α and β electrons, with nα ≥ nβ. A = 4.81 mHa
and B = 0.19 mHa.
The final G2 energy can be now summarized as follows:

The MP4 calculation with the larger basis set is computationally expensive. So a simplified
variant of G2 theory, termed G2(MP2) [25], uses lower-order Møller-Plesset perturbation
theory to handle larger molecules than possible by G2 theory. In G2(MP2) theory, all
calculations at MP4 level of theory are excluded, leaving a single correction term obtained
at the MP2 level as:

The total G2(MP2) energy is given as:

The high level correction used is the same as in G2 theory. The absence of
the MP4/6-311G(2df,p) calculation in G2(MP2) theory makes it computationally more
economical than G2 theory.
G2 methods have proved to be accurate and efficient methods for calculating molecular
energies for first, second and third row elements. For third-row elements Ga-Kr [27] and
K and Ca [35], the 3d orbitals are excluded from the correlation treatment. However there
are intrinsic difficulties in G2 methods for molecules in which the 3d orbitals strongly mix
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with valence orbitals, making it difficult to identify and separate the orbitals, in systems
which involve bonding between a more electropositive third-row atom to an electronegative
element [36], [37, 38]. This highlighted the importance of including the 3d orbitals in the
electron correlation treatment. Duke and Radom [31] put forward the G2 (d) theory, where
the 3d orbitals of the third-row atoms are included in the correlation space.
Although 84% of the deviations [18] from experimental values of G2 theory predictions
lie in the range −2.0 to +2.0 kcal/mol for G2-1 subset, only 74% lie in this range for
the full G2/97 test set. Hence Gaussian-3 theory (G3 theory) [18] was put forward to
improve G2 theory. G3 theory effectively approximates the QCISD(T,FULL)/G3 large level,
making assumptions about additivity and includes spin-orbit correction, core-correlation
effects and a higher level empirical correction. The G3large basis, is a modification of the
6-311+G(3df,2p) basis set used in G2 theory. It uses 3d2f polarization functions on second
and third row atoms, 2df polarization functions on first row atoms and 2p on hydrogens.
Also in G3 theory the additional terms on MP4 and QCISD(T) are added to 6-31G basis
rather than the 6-311G as in G2 theory due to certain weaknesses that have been found
in the 6-311G basis [18].
Variations of G3 theory, like G3(MP2) which uses reduced perturbation order similar to
G2(MP2), [39], G3//B3LYP [40] which uses geometries and frequencies computed at B3LYP
level of theory, and G3X [41], [42], have been proposed. G3 theory has also been extended
to molecules containing third-row elements K, Ca, Ga-Rr [43]. All these methods have
been applied to chemical systems and their effectiveness has been assessed by different
groups [44],[36],[19].

2.4.2 CBS Models
The next most popular model chemistry methods are the Complete Basis Set (CBS)
methods, CBS-4, CBS-q, CBS-Q and CBS-QB3, by Petersson et al. [45], [21, 46, 47],
[23], [24], [48], [22]. These methods make use of the fact that successive contributions to
total energies and the number of significant figures required for a given accuracy, generally
decreases as the order of perturbation increases. Simultaneously, the computational demands
increase with higher orders of perturbation. Hence, in CBS models these two complimentary
trends have been taken advantage of and progressively smaller basis sets are used with
higher levels of theory.
The basic idea in CBS methods is an extrapolation procedure to determine the projected
second-order (MP2) energy in the limit of a complete basis set. This extrapolation is
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performed pair-by-pair for all valence electrons and is based on the asymptotic convergence
properties of pair correlation energies for two-electron systems in a natural orbital expansion
[45]. Similar to G2 theory, the higher order contributions are calculated by a sequence of
calculations with a variety of basis sets.
The CBS theoretical procedures typically consist of a Hartree-Fock calculation with a very
large basis set, an MP2 calculation with a medium-sized basis set at which level the CBS
extrapolation is carried out and one or more high level calculations with a bigger basis set.
The steps involved in different CBS-n methods are summarized in Table 2.2.
A typical CBS method, CBS-Q [48] requires the geometry to be optimised at the MP2 level
of theory (step (i) in Table 2); the frequencies and the zero-point energies are computed
at the HF level (step (ii) in Table 2). It then uses a large basis set MP2 calculation as a
base energy, and CBS extrapolation to correct the energy through second-order (steps (iii)
& (iv) in Table 2). To approximate higher order correlation effects, two calculations, one at
MP4 (step (v) in Table 2) and the other at QCISD(T) (step (vi) in Table 2), are performed.
The 6-31G† basis is a modification of the 6-31G* basis set combining the sp functions
of 6-31G with the polarization functions of 6-311G** [23]. 6-3l+G(d(f),p) indicates a d
function on first and second rows and an f function on phosphorous, sulphur and chlorine,
to address hypervalency.
The total CBS-Q energy is calculated as:

where, ΔE (CBS) is obtained from the CBS extrapolation [21],

The empirical correction (ΔE(emp)) and the spin contamination corrections (ΔE(spin)) are
obtained as shown in Table 2.2.
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Table 2.2: CBS Model Chemistry
Step

CBS-4

CBS-q

CBS-Q

CBS-QB3

(i)

UHF/3-21G*

UHF/3-21G*

MP2(FC)/6-31G B3LYP/6-31lG†(2d,p)

Frequencies and (ii)

UHF/3-21G*

UHF/3-21G*

UHF/6-31G†

B3LYP/6-311G†(2d,p)

0.91671

0.91671

0.91844

0.99

UHF

UHF

UHF

UHF

H, He

31+G(p)

31+G(p)

311+G(2p)

311+G(2p)

Li-Ne

6-311+G(2df)

6-311+G(2df)

6-311+G(2df)

6-311+G(2df)

Na-Ar

6-311+G(3d2f)

6-311+G(3d2f) 6-311+G(3d2f)

6-311+G(3d2f)

MP2 and CBS (iv)

CBS2

CBS2

CBS2

CBS2

6-311+G

6-311+G

(3d2f,2df,2p)

(3d2f,2df,2p)

15

15

Geometry

†

Z.P.E
Scale factor
SCF

(iii)

Extrapolation

6-31+G

Nmin
MP4(SDQ)
QCISD(T)

(v)
(vi)

†

6-31+G

(d',p')

(d',p')

5

5

†

†

6-31G

6-31G

-

QCISD(T)

†

6-31+G1

(d(f),d,p)

(d(f),d,p)

QCISD(T)

CCSD(T)

6-31+G

†

6-31+G†

6-31G

6-31+G

−5.33|S|ii2 I2ii

−5.79|S|ii2 I2ii

−9.2Δ<S2>

−9.54Δ<S2>

3.92q(Na)+

3.92q(Na)+

2.83 q2(Na)

2.83 q2(Na)

Experimental

Experimental

Empirical Corrections
a. 2 electron

−5.98|S|ii2 Iii

−5.94|S|ii2 I2ii

b. 1 electron

4.55(nα+nβ)

4.03(nα+nβ)

c. Spin

2

38.43Δ<S >

-

d. Core
correlation
1st & 2nd-

Experimental

Experimental

row spin-orbit
corrections

CBS-QB3, differs from CBS-Q only by the use of a DFT method, B3LYP, for geometries
and frequencies.
CBS-4 method is the least expensive but least accurate, while CBS-QB3 is the most accurate
at the same time being most expensive. Essentially, CBS-q differs from CBS-4, by including
correlation energy correction at QCISD(T) level of theory.
These models have been assessed by applying them to different chemical systems [49], [26],
[36], [50]. The mean absolute deviations (MAD) from experimental values of Atomization
energies, Ionization energies, Electron affinities and Proton affinities for the first and second
row G2-1 test set for all methods is summarised in Table 2.3.
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Table 2.3: Summary of Mean Absolute Deviations (MAD), in kcal/mol of results
compared with experiment values.
Model Chemistries

Total first & second row AE,IE,EA,PA
MAD

CBS-4

2.16b

CBS-q

1.7ld

CBS-Q

0.98c

CBS-QB3

0.93b

G2a

1.21

G2(MP2)
G3

a

e

1.58
1.01f

G3(MP2)e

1.30f

AE = Atomization energy, IE = Ionization energy, EA = Electron affinity,
PA = Proton affinity
a

error values from ref. [31] (G2-1 test set for 1 st and 2nd row).

b

error values from ref. [24] (G2-1 test set).

c

error values from ref. [48] (G2-1 test set).

d

error values from ref. [23] (G2-1 test set).

e

error values calculated from tables in ref. [44], excluding the K and Ca systems. Note that the

published values are given to only one decimal figure, so the second decimal figure in the table
is approximate.
f

error values from ref. [40] where the larger test set of 299 systems is used. Note that the error

value for G2 with this test set is 1.48 (ref. [26]).

2.4.3 Wl and W2 methods
With the aim to compute thermochemical properties (particularly the total atomization
energy or heat of formation) of small molecules to within about 0.25 kcal/mol, Martin
et al. [51],[52], put forward two theories known as Weizmann-1 (Wl) and Weizmann-2
(W2) theories. These methods avoid any use of empirical parameters. Wl theory does
include an “empirical” parameter, which is however derived from W2 calculations rather
than experiment [52]. Even though these methods achieve the benchmark accuracy of 0.25
kcal/mol, they have a substantially high computational expense and are applied to only
small molecules.
Most of the calculations carried out in this work have been performed by GAUSSIAN 98
[53] and some early calculations by GAUSSIAN 94 [54] programs.
All the calculations performed in this work were done on PC-Linux, Compaq Alpha, and
IBM AIX RS2000 machines at the Charles Darwin University.
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Chapter 3
Extension of Complete Basis Set (CBS) model chemistries to
molecules containing third row atoms Ga-Kr.
3.1. Introduction
There has been considerable interest in recent years in composite ab initio methods,
sometimes called model chemistries, as discussed in chapter 2, which predict accurate
thermochemical data (with error less than 2 kcal/mol). The Gaussian-2 (G2) [1],[2],[3],
Gaussian-3 (G3) [4] and the Complete Basis Set (CBS) [5],[6], [7], [8], [9], [10], [11], [12],
families of methods are the most popular, where a series of computationally less demanding
calculations are combined to approximate a more rigorous level of theory.
The G2 method has been extended to molecules containing third row atoms Ga-Kr by
Curtiss et al. [2], K and Ca by Blaudeau et al. [3] and the question of including the
3d orbitals in the correlation space investigated by Duke and Radom [13], leading to the
G2(d) method. The G3 method has been extended to third row atoms by Curtiss et al.
[14]. Here the d orbitals are excluded from the frozen core. The G2 and G3 theories have
been simplified to give the G2(MP2) [15] and G3(MP2) [14], [16] methods. Here the more
expensive MP4 steps are removed from the procedure, leaving only the final MP2 energy
with the large basis set to correct the QCISD(T) energy with the smaller basis set. The
CBS theoretical procedures, such as CBS-4, CBS-q, CBS-Q and CBS-QB3, on molecules
containing first and second row atoms by Petersson and coworkers, produce accurate
thermochemical data comparable to G2 and G3 theory but with significant computational
efficiency [10], [11], but have not previously been extended to molecules containing thirdrow elements. In this chapter the extension of CBS methodologies to molecules containing
the third row atoms Ga-Kr, is discussed. The extension involves calculation of energies
using the four CBS methods i.e. CBS-4, CBS-q, CBS-Q and CBS-QB3, on the third row
G2 test set used by Curtiss et al. [2]. This work has been published in the Journal of
Chemical Physics [17].

3.2. Calculation Details
The calculations for all the CBS-n methods already available for the first and second-row
molecules and the newly proposed extension for the molecules containing third-row atoms
Ga-Kr are summarized in Table 3.1. Geometries for all the calculations are obtained from
step (i) and frequencies and zero-point energies (ZPE) from step (ii). The ZPE are scaled
by factors listed under the same step. The base SCF energy is calculated at step (iii) and
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the MP4 and QCISD(T) (or CCSD(T)) corrections are obtained from steps (v) and (vi)
respectively. MP2 and CBS corrections are obtained from step (iv). All the calculations are
carried out using the GAUSSIAN 98 program [18], [19].

Table 3.1: CBS Model Chemistry.
Step

CBS-4 & 4(d)

CBS-q & q(d) CBS-Q & Q(d) CBS-QB3 &
QB3(d)

(i)

UHF/3-21G*

UHF/3-21G*

MP2(FC)/6-31G B3LYP/6-311G†(2d,p)

Frequencies and (ii)

UHF/3-21G*

UHF/3-21G*

UHF/6-31G†

B3LYP/6-311G†

0.91671

0.91671

0.91844

0.99

UHF

UHF

UHF

UHF

H, He

31+G(p)

31+G(p)

311+G(2p)

311+G(2p)

Li-Ne

6-311+G(2df)

6-311+G(2df)

6-311+G(2df)

6-311+G(2df)

Na-Ar

6-311+G(3d2f)

6-311+G(3d2f) 6-311+G(3d2f)

Ga-Kr

6-311+G(3d3fg) 6-311+G(3d3fg) 6-311+G(3d3fg) 6-311+G(3d3fg)

MP2 and CBS (iv)

CBS2

Geometry

†

Z.P.E
Scale factor
SCF

(iii)

Extrapolation

6-31+G

CBS2
†

6-31+G

(d′,p′)
Nmin(non-d/d)
MP4(SDQ)
QCISD(T)

(d′, p′)

5
(v)
(vi)

†

5

6-31G

6-31G

-

CBS2

CBS2

6-311+G

6-311+G

(3d3fg, 3d2f,

(3d3fg, 3d2f,

2df,2p)

2df,2p)

15/10
†

QCISD(T)

6-311+G(3d2f)

6-31+G

15/10
†

6-31+G†

(d(f),d(f),d,p)

(d(f),d(f),d,p)

QCISD(T)

CCSD(T)

6-31G

6-31+G

†

6-31+G*

Empirical
Corrections
a. 2 electron

−5.98|S|ii2Iii

−5.94|S|ii2Iii

−5.33|S|ii2Iii

−5.79|S|ii2Iii

b. 1 electron

4.55(nα+nβ)

4.03(nα+nβ)

-

-

c. Spin

2

38.43 Δ<S >

-

d. Core
correlation
1st & 2nd-

2

−9.2Δ<S >

−9.54Δ<S2>

3.92q(Na)+

3.92q(Na)+

2

2.83q (Na)

2.83q2(Na)

Experimental

Experimental

Experimental

Experimental

As G2 metnod

As G2 method As G2 method

row spin-orbit
corrections
3rd-row spin-

As G2 method

orbit corrections

The basis sets used in the CBS methods are all extensions of the simple 6-31G and 6-311G
basis sets. For the third row atoms the basis sets defined by Curtiss et al. [2] as 6-31G and
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6-311G, along with their polarization and diffuse functions, are used. These basis sets are
not strictly 6-31G and 6-311G, but are referenced as such in the GAUSSIAN 98 code.
The basis sets used for the base SCF energy for first and second row elements are
6-3U+G(2df) and 6-311+G(3d2f) respectively. The CBS methods, unlike the G2 and G3
methods, use a progressively more complex basis set with more polarization functions for
the different rows of the periodic table. Here the larger basis set 6-311+G(3d3fg) is selected
for third row elements. This was done after examining the effect of different polarization
functions on the correlation energy. The basis set 6-311+G(3d3fg) was evaluated against
6-311+G(3d2f), 6-311+G(3d2fg), 6-311+G(3d2f2g), 6-311+G(3d3f), and 6-311+G(3d3f2g).
Figure 3.1, represents the effect of different basis sets on the correlation energy in
milliHartrees. It can be seen that adding a g polarization function significantly decreases the
energy, but splitting the g function to 2g does not have much effect the energy. Overall
6-311+G(3d3fg) seems to be the best basis set.

Figure 3.1: Effect of basis set (6-311+G) on correlation energy by changing the polarization functions.

Further to ascertain the suitability of this basis set CBS-Q and CBS-Q(d) (d orbitals in
correlation space) energies were calculated and tested against the experimental atomization
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energies on a sub-set of third row G2 test set. The results are tabulated in Table 3.2, where
it can be seen that the smaller basis set 6-311+G(3d2fg) gives significantly poorer results
for both CBS-Q and CBS-Q(d) methods. For example the Mean average deviation (MAD) is
2.1 kcal/mol with 6-31l+G(3d2fg) basis set and drops to 1.9 kcal/mol with 6-311+G(3d3fg)
for CBS-Q model. (It should be noted that the deviations are different from the values in
Table 3.5. This is due to the fact that these calculations were carried out in the earlier part
of the research before the entire model was optimized.)

Table 3.2: Deviation of Atomization energies (kcal/mol) from experiment indicating
the effect of basis set choice.
CBS-Q
Expt

CBS-Q(d)

3d2fg

3d3fg

3d2fg

3d3fg

GeH4

270.5

3.8

4.6

4.5

4.2

GaCl

109.9

−0.8

−0.4

0.5

0.5

KrF2

21.9

−5.8

−5.7

−9.1

−9.9

SeH2

153.2

−1.2

−0.5

−1.5

−1.0

AsH3

206

−0.4

0.4

−0.9

−0.6

HBr

86.5

−0.5

−0.1

−0.4

−0.1

1.9

2.8

2.7

MAD=(kcal/mol) 2.1

The same basis set, i.e. 6-31l+G(3d3fg) is used for CBS extrapolation of CBS-Q and CBSQB3 methods. The CBS-4 and CBS-q methods use the smaller basis set 6-31+G†, in order
to maintain computational efficiency.
The splitting of the f basis function into three functions, (αf/3, αf, 3αf), is identical to the
d splitting recommended by Curtiss et al. [2]. The polarization g functions for Ga-Kr are
obtained by first optimizing the geometries of GaH, GeH4, AsH3, SeH2, HBr and KrH+
respectively at MP2/6-3lG(d'), then optimizing the g exponent for minimum energy using
the Gaussian gauopt utility [18] with the 6-311+G(3d2fg) basis set. The exponent of the g
functions, when the d orbitals are included in the frozen core and when the d functions
are removed from the core are given in Table 3.3. These are used for the CBS-4(d), CBSq(d), CBS-Q(d) and CBS-QB3(d) calculations, which are as described above except for
the choice of g exponent and the exclusion of the d orbitals from the frozen core in all
correlated calculations.
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Table 3.3: Optimized g function exponents with d orbitals included (i) in core and
(ii) out of core
Exponents for (i) ds in core

Atoms

g function with (ii) ds out of
core

Ga

0.414

5.112

Ge

0.478

5.868

As

0.506

6.591

Se

0.563

7.336

Br

0.657

8.053

Kr

0.781

8.928

Changes to the GAUSSIAN 98 code have been made to ensure the CBS extrapolation
step uses the correlation space defined for the earlier MP2 step. These changes, and the g
exponents, have been submitted to Gaussian Inc. for inclusion in the GAUSSIAN release
code. The inclusion of the d orbital in the frozen core for the extrapolation step necessitates
changing the number of projected natural orbitals (Nmin) from 10 to 15 as described by
Ochterski et al. [10] for CBS-Q and CBS-QB3. Full results with both Nmin=10 and Nmin=15
have been obtained for analysis of this point, which has been shown in Table 3.4. The
new population localization method, called the minimum population method [12], used for
CBS-4m and CBS-QB3 is also incorporated into the CBS-q and CBS-Q methods. The name
CBS-4 indicates CBS-4m throughout.

Table 3.4: Results showing the effect of change in Nmin value on Mean Absolute
Deviations (MAD), in kcal/mol, from experimental values of Ionization Energies,
Electron Affinities, Proton Affinities and Atomization Energies
Nmin=10

Nmin=15

Third row

Third row

Total third

Third row

Third row

Total third

AE

IE,EA,PA

row

AE

IE,EA,PA

row

CBS-Q

1.54

0.85

1.18

1.46

0.87

1.15

CBS-QB3

1.46

0.81

1.12

1.45

0.83

1.12

CBS-Q(d)

1.67

1.45

1.55

1.88

1.10

1.47

CBS-QB3(d) 1.82

1.56

1.69

1.95

1.25

1.58

The MP4(SDQ) calculation for CBS-Q and CBS-QB3 for the third row molecules uses
the same basis set, 6-31+G(d(f)), as used for second row molecules f functions are added
to As, Se, Br and Kr to address hypervalency [10]. The spin orbit corrections are added
to third row molecules and atoms that have spatial and spin degeneracy in the same way
as in G2 theory for third row atoms [2]. An alternative method for calculating these
spin orbit corrections has been suggested by B.J. Duke [20], but they are not used here.
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Experimental spin orbit corrections for the first and second row atoms [11] are included
as in earlier CBS models. The energies produced by the CBS-Q and CBS-QB3 methods
include the core correlation correction for systems containing sodium. For systems including
sodium, the sodium 2s and 2p orbitals are included in the correlation space in the CBS(rf)
methods to ensure contiguous orbitals. Thus, in one sense, the core correlation energy for
sodium is estimated twice. However the basis set includes no basis functions that would
allow the calculation of a substantive part of the core correlation energy for the 2s and
2p orbitals directly. G3 theory [14] also includes the 25 and 2p orbitals in the correlation
space for systems containing sodium to ensure contiguous orbitals, but this was not done
in G2(d) theory [13].

3.3. Discussion of Results
All the eight CBS methods proposed above have been applied to the set of atoms, molecules
and ions, called the third row G2 test set, used by Curtis et al. [2]. Table 3.5 contains
the deviations in atomization energies from the experimental values, and Table 3.6 contains
the deviations in ionization energies, electron affinities and proton affinities. Results for the
mean absolute deviation (MAD) and average of the deviations (AD) are also summarized in
Table 3.8 along with the first and second row MAD for the G2-1 test set for all methods,
and similar values for the G2 and G3 methods.

Table 3.5: Experimental Atomization Energy and Deviations.
Third-

Deviation (Theory -Expt.) in kcals/mol
CBS-4 CBS-4(d)

row
G2 set

CBS-q CBS-q(d)

CBS-Q

Expt.

CBS-

CBS-

CBS-

Q(d)

QB3

QB3(d)

GeH4

270.5

5.50

9.62

5.50

9.57

4.6

5.1

4.5

5,4

AsH

64.6

−1.22

1.78

−2.15

0.85

−0.7

−1.3

−0.7

−0.8

AsH2

131.1

1.24

3.69

0.26

2.64

1.7

−0.2

1.8

0.3

AsH3

206

0.03

−2.47

−0.51

−2.48

0.4

0.0

0.7

0.7

SeH

74.3

0.95

3.98

0.41

3.37

0.4

1.0

0.6

1.2

SeH3

153.2

0.96

3.70

0.26

2.84

−0.5

−0.2

−0.1

0.3

HBr

86.5

0.75

3.67

0.04

2.82

−0.1

0.4

0.0

0.8

GaCl

109.9

1.05

6.94

−1.18

5.17

−02

2.6

−0.7

2.7

Ge0

155.2

5.21

12.60

0.32

8.34

0.6

3.6

−0.1

3.5

As2

91.3

−5.81

6.53

−5.46

6.77

−0.2

−0.2

0.0

1.1

BrC1

51.5

−2.03

6.46

−4.75

3.66

−1.3

1.3

−1.6

1.2

BrF

58.9

−3.04

4.03

−3.72

3.46

−1.7

1.0

−1.6

1.2

BrO

55.3

−9.26

−4.48

−5.57

−0.88

−1.2

1.3

−1.7

1.0

Br2

45.4

−2.00

9.03

−5.03

5.74

0.1

1.6

−0.2

1.4

43

hdl:1780.01/6470
Third-

Deviation (Theory -Expt.) in kcals/mol
CBS-4 CBS-4(d)

row
G2 set

CBS-q CBS-q(d)

CBS-Q

Expt.

CBS-

CBS-

CBS-

Q(d)

QB3

QB3(d)

BBr

103.5

−2.81

1.84

−3.70

0.72

−2.9

−1.6

−3.1

−1.6

NaBr

86.2

−0.33

1.73

−1.07

0.64

−0.9

0.4

−0.8

−1.8

CH3Br

358.2

2.21

15.77

−0.40

13.12

−1.9

1.8

−1.6

2.7

GeS2

191.7

1.84

4.33

−1.74

0.61

2.5

3.8

2.0

3.2

Krf2

21.9

−9.01

−8.57

−7.10

−6.52

−5.7

−4.3

−5.6

−3.7

−0.83

4.22

−1.87

3.18

−0.37

0.84

−0.43

0.98

2.91

5.85

2.59

4.22

1.46

1.67

1.45

1.82

AD (kcal/
mol)
MAD
(kcal/mol)

Table 3.6: Experimental Ionization Energies, Electron Affinities, Proton Affinities
and Deviations.
Third-

Deviation (Theory -Expt.) in kcals/mol
CBS-4 CBS-4(d)

row
G2 set

CBS-q CBS-q(d)

CBS-Q

Expt.

CBS-

CBS-

CBS-

Q(d)

QB3

QB3(d)

+

−1.85

−0.17

0.84

2.41

−0.88

0.70

−0.88

0.50

+

−1.75

−0.42

0.54

1.65

−1.47

0.81

−1.46

0.87

Ga→Ga +e 138.34
Ge→Ge +e 182.15
+

225.71

−0.24

1.41

0.97

2.39

−1.22

2.04

−1.19

1.97

+

224.88

0.04

−1.97

−0.21

0.73

−0.50

−0.85

−0.38

−0.06

+

272.43

0.70

2.08

−0.48

0.59

−0.17

1.24

−0.04

1.27

322.84

3.23

4.20

1.36

2.06

−0.92

1.03

−0.81

0.45

AsH→AsH +e222.32

0.06

0.78

0.41

0.87

−1.23

1.23

−1.25

1.45

1.14

1.86

0.77

1.31

−1.11

0.65

−1.21

0.61

1.70

2.93

1.85

2.82

0.52

1.81

0.63

2.08

1.91

2.85

2.19

2.89

0.14

2.19

0.21

2.31

HBr→HBr++e268.88

2.04

2.03

0.87

0.58

−0.38

0.94

−0.39

0.97

Br2→Br2++e

242.59

0.10

1.04

0.16

0.75

0.00

1.89

0.22

1.51

+

2.06

4.65

0.22

2.57

0.44

2.34

0.47

2.49

0.54

3.54

−1.48

1.31

−1.37

1.01

−0.67

1.71

5.58

7.20

4.25

5.60

4.61

5.89

4.68

6.93

28.43

0.27

1.27

1.10

1.84

−0.17

1.40

−0.16

0.91

77.60

1.82

2.43

0.09

0.47

0.47

0.47

0.41

1.37

BrO →BrO 54.424

4.66

7.43

−0.64

2.00

0.89

1.67

0.88

1.67

As→As +e
Se→Se +e
Br→Br +e
+

Kr→Kr +e
+

+

AsH2→AsH2 217.76
+e
+

SeH→SeH +e227.03
+

SeH2→SeH2 +
227.97
e

HOBr→HOBr245.31
+
e
BrF→BrF++e 271.65
+

NaBr→NaBr 191.63
+
e
Ge−→Ge
+e
Br−→Br+e
−

+e
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Third-

Deviation (Theory -Expt.) in kcals/mol
CBS-4 CBS-4(d)

row
G2 set
−

SeH →SeH

CBS-q CBS-q(d)

CBS-Q

Expt.

CBS-

CBS-

CBS-

Q(d)

QB3

QB3(d)

51.03

2.80

10.12

2.42

9.68

0.37

0.79

0.39

0.82

H++Br−→HBr322.61

1.08

3.39

1.78

4.18

−0.67

−0.10

−0.43

−0.64

−0.24

−3.86

0.49

−3.03

−0.69

−1.32

−0.66

−2.19

1.22

2.51

0.83

2.08

−0.16

1.23

−0.08

1.29

1.61

3.12

1.10

2.37

0.87

1.45

0.83

1.56

+e
+

+

H +CH3Br→CH
157.27
4Br
AD (kcal/
mol)
MAD
(kcal/mol)

3.3.1. CBS-4, CBS-q, CBS-Q and CBS-QB3.
The method that shows best performance for the calculation of atomization energies is found
to be CBS-QB3 with a MAD of 1.45 kcal/mol. Out of the 19 cases there are only 4 cases
with an absolute deviation more than 2.0 kcal/mol. CBS-Q deviations are very similar to
CBS-QB3 and have a MAD of 1.46 kcal/mol. The CBS-q and CBS-4 methods have MADs
of 2.59 kcal/mol and 2.91 kcal/mol respectively. All four methods have a negative average
deviation, which become less negative if spin orbit terms are not included on first and
second row atoms. As a result the non-inclusion of the spin orbit term on the first and
second row atoms gives a smaller MAD for all the methods, except for CBS-4 which stays
the same. The results are shown in Table 3.7. The spin orbit term has no effect on ionization
energies, electron affinities and proton affinities, since it is the same for the reactant and
the product, and cancels out.

Table 3.7: Results showing the effect of adding Spin-orbit correction to 1&2 row
atoms on Mean Absolute Deviations (MAD) and Average Deviations (AD), in kcal/
mol, from experimental values of Atomization Energies of third-row G2-test set
With Spin-orbit correction on 1-2 row Without Spin-orbit correction on 1-2
atoms

row atoms

MAD

AD

MAD

AD

CBS-4

2.91

−0.83

2.91

−0.59

CBS-1q

2.59

−1.87

2.37

−1.64

CBS-Q

1.46

−0.37

1.42

−0.11

CBS-QB3

1.45

−0.43

1.37

−0.20

The calculation of ionization energies, electron affinities and proton affinities give excellent
results for all the CBS-n methods (Table 3.6), starting with a MAD of 1.61 kcal/mol for
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CBS-4, 1.10 kcal/mol for CBS-q, 0.87 kcal/mol for CBS-Q and 0.83 kcal/mol for CBSQB3. The only case, which has a consistently high error, is the ionization energy of NaBr.
The core correction term for systems including sodium, increases the error, i.e. if the core
correction term is not included, the deviation in ionization energy decreases from 4.61 kcal/
mol to 3.65 kcal/mol for CBS-Q and decrease from 4.68 kcal/mol to 3.71 kcal/mol for
CBS-QB3. However, deviation in atomization energy increases if the core correction is not
included on Na in NaBr, from −0.9 kcal/mol and −0.8 kcal/mol to 1.54 kcal/mol and 1.61
kcal/mol for CBS-Q and CBS-QB3 methods respectively.
The atomization energy results are poorer than both G2 and G3 theory, but the CBS
methods are often more economic. The ionization energy, electron affinity and proton
affinity results for CBS-Q and CBS-QB3 are better than G2 theory and only slightly worse
than G3 theory. The cheaper methods, CBS-4 and CBS-q give better results than G2(MP2)
and G3(MP2). Overall, the MADs for CBS-Q and CBS-QB3 are lower than those for G2
theory but not as low as for G3 theory. These CBS methods are thus a useful alternative
to G2 and G3 theory (Table 3.8).

Table 3.8: Summary of Average Deviations (AD) and Mean Absolute Deviations
(MAD), in kcal/mol of results compared with experiment values
Third row AE

Third row IE.EA.PA

Total

Total first &

third row

second row

MAD

AD

MAD

AD

MAD

MAD

CBS-4

2.91

−0.83

1.61

1.22

2.23

2.16b

CBS-4(d)

5.85

4.22

3.12

2.51

4.42

CBS-q

2.59

−1.87

1.10

0.83

1.81

CBS-q(d)

4.22

3.18

2.37

2.08

3.25

CBS-Q

1.46

−0.37

0.87

−0.16

1.15

CBS-Q(d)

1.67

0.84

1.45

1.23

1.55

CBS-QB3

1.45

−0.43

0.83

−0.08

1.12

1.71d
0.98c
0.93b

AE=Atomization energy, IE=Ionization energy, EA=Electron affinity, PA = Proton affinity
a

error values from ref. [13] (G2-1 test set for 1st and 2nd row).

b

error values from ref. [12] (G2-1 test set).

c

error values from ref. [11] (G2-1 test set).

d

error values from ref. [10] (G2-1 test set).

e

error values calculated from tables in ref. [26], excluding the K and Ca systems. Note that the

published values are given to only one decimal figure, so the second decimal figure in the table
is approximate.
f

error values from ref. [27] where the larger test set of 299 systems is used. Note that the error

value for G2 with this test set is 1.48 (ref. [28]).
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Third row AE

Third row IE.EA.PA

Total

Total first &

third row

second row
MAD

MAD

AD

MAD

AD

MAD

CBS-QB3(d)

1.82

0.98

1.56

1.29

1.69

G22

1.23

−0.05

1.51

−1.01

1.38

1.81

1.22

0.87

−0.17

1.31

1.55

0.08

2.36

−1.76

1.97

1.76

1.39

1.57

−0.89

1.66

0.89

−0.50

0.77

−0.31

0.83

1.01f

1.40

−0.60

0.95

−0.35

1.16

1.30f

a

G2(d)

G2(MP2)

a

G2(MP2)(d)
G3

a

e

G3(MP2)e

1.21
1.58

AE=Atomization energy, IE=Ionization energy, EA=Electron affinity, PA = Proton affinity
a

error values from ref. [13] (G2-1 test set for 1st and 2nd row).

b

error values from ref. [12] (G2-1 test set).

c

error values from ref. [11] (G2-1 test set).

d

error values from ref. [10] (G2-1 test set).

e

error values calculated from tables in ref. [26], excluding the K and Ca systems. Note that the

published values are given to only one decimal figure, so the second decimal figure in the table
is approximate.
f

error values from ref. [27] where the larger test set of 299 systems is used. Note that the error

value for G2 with this test set is 1.48 (ref. [28]).

The results described above for CBS-Q and CBS-QB3 are for Nmin=15. If Nmin=10 is
used, the MADs from experiment for the atomization energies rise from 1.46 and 1.45
kcal/mol respectively for CBS-Q and CBS-QB3 to 1.54 and 1.46 kcal/mol (Table 3.4). For
the ionization energies, electron affinities and proton affinities the MADs from experiment
decrease from 0.87 and 0.83 kcal/mol to 0.85 amd 0.81 kcal/mol respectively going from
Nmin=15 to Nmin=10. The combined MADs for Nmin=15 (1.15 and 1.12 kcal/mol for CBS-Q
and CBS-QB3 respectively) are slightly lower than for Nmin=10 (1.18 and 1.12 kcal/mol for
CBS-Q and CBS-QB3 respectively). The choice of Nmin does not appear to be crucial.

3.3.2. CBS-4(d), CBS-q(d), CBS-Q(d) and CBS-QB3(d).
These methods raise a particular problem of the CBS extrapolation step that has been largely
ignored in previous calculations, although it is reported by the CBS original authors [21].
This step uses a grid for numerical integration. Where the occupied orbitals are degenerate
this leads to the results being different on different operating systems, as they depend on the
arbitrary choice of the particular pair of orbitals selected. Actually the differences arise from
the final converged molecular orbitals and these depend on the starting orbitals. Thus if the
starting orbitals are copied from the previous step of the CBS process, the results will be
different from a stand-alone CBS extrapolation step using default starting orbitals. For CBS
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methods involving only first and second row atoms, the differences are very small and are
often not even noticed in the CBS extrapolation energy printed to only 6 decimal places in
Hartrees. For the third row atoms, with the d orbitals in the core, the differences are only
slightly higher, leading to differences of 0.02 kcal/mol in the total CBS energies.
However, when the d orbitals are removed from the core, all the terms included in the total
energy from the CBS extrapolation step are larger and the differences between different final
molecular orbitals are larger. The largest differences are for atoms and atomic ions with a
half-filled p shell with the largest error for As, with observed differences over three different
systems of 2 kcal/mol. This leads to large differences in the evaluation of atomization
energies and electron affinities of many atoms in the G2 set. This is clearly a serious
problem and it remains unsolved. Increasing the size of the grid for numerical integration
rapidly removes the small differences found for first and second row atoms and for third
row atoms with the d orbitals in the core, but it has little influence here. Small changes in
the individual CBS extrapolation energies are observed, but the differences between different
systems remains constant. Furthermore, increasing the grid size rapidly increases the time
taken for the calculation and the total memory required. Our exploration of this problem
with increased grids soon reached the physical memory limits of the systems used.
However the problem in practice may not be so serious and is mitigated by the following
points:i. Most systems of interest do not contain degenerate orbitals and the problem does not
arise. Such systems are over-represented in the G2 set, containing, as it does, largely
atoms and diatomic molecules.
ii. Inclusion of d orbitals in the correlation space is not generally required. It increases the
expense of the calculation, with little or no improvement in accuracy. This applies not
only to the CBS methods but to the G2 and G2(d) methods. However inclusion of the d
orbitals in the correlation space is sometimes essential. This occurs where the d orbitals
on one atom and the valence orbitals on another atom are either thoroughly mixed or
inverted. Such systems are restricted to molecules containing the Ga-0 [22], [23], [24],
[25], Ga-F [23], [24], [25], and Ge-F [25] pairs of atoms. The problem is less severe for
Ga and Ge than, for example, As. For As through to Kr, the d orbitals lie well below
the valence orbitals and no problem arises.
These methods, where the d orbitals are explicitly included, are only recommended for cases
where exclusion of the d orbitals from the correlation space is not possible due to mixing or
inversion. A full study of the orbitals, however, is always strongly recommended.
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For these methods with the d orbitals in the correlation space, the recommended value of
Nmin is 10, but results for Nmin=15 have also been obtained (Table 3.4).
For atomization energies (Table 3.5), the MADs are significantly higher than for the
methods with the d orbitals included in the core, being 5.85, 4.22, 1.67 and 1.82 kcal/mol
for CBS-4(d), CBS-q(d), CBS-Q(d) and CBS-QB3(d) respectively.
The MADs for ionization energies, electron affinities and proton affinities (Table 3.6) for
these methods are 3.12, 2.37, 1.45 and 1.56 kcal/mol respectively. These results differ from
G2 theory, where G2(d) gives improved results for ionization energies, electron affinities and
proton affinities, and poorer results for atomization energies.
As shown in Table 3.4, changing Nmin=10 to Nmin=15 increases the MADs from experiment
for CBS-Q and CBS-QB3 from 1.67 and 1.82 kcal/mol respectively to 1.88 and 1.95
kcal/mol for atomization energies but reduces the MADs for ionization energies, electron
affinities and proton affinities from 1.45 and 1.56 kcal/mol to 1.10 and 1.25 kcal/mol
respectively. The combined MADs are slightly lower for Nmin=15 (1.47 and 1.58 kcal/mol
for CBS-Q(d) and CBS-QB3(rf) respectively) than for Nmin=10 (1.55 and 1.69 kcal/mol for
CBS-Q(d) and CBS-QB3(d) respectively), which is an unexpected result.
If the d orbitals have to be included in the correlation space, for atomization energies CBSQ(d) or CBS-QB3(d) have errors that are similar to those given by G2(d), but higher then
those with G3 theory (Table 3.8). For ionization energies, electron affinities and proton
affinities, it is recommended that G2(d) or G3 be used, as the errors are lower than those
for the CBS(d) methods. If a cheaper method is necessary, G2(MP2)(d) [13] gives better
results than either CBS-4(d) or CBS-q(d).
The results discussed here are for one system only [PC running Linux, with the
extrapolation step reading the calculated molecular orbitals from the previous step.]. Results
for other systems give different individual values but do not give significantly different
overall MADs. (The results obtained in different machines are given in table A.I and A.2
in the appendix)

3.3.3. General
Both the inclusion of spin orbit terms for the first and second row atoms, and the empirical
core correction terms for systems containing sodium worsen the agreement with experiment,
but they need to be included for consistency with the methods used for first and second
row atoms. Inclusion of the G2 theoretical spin orbit correction terms for all third-row
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systems with spin and special degeneracy, as with G2 theory, significantly improves the
agreement with experiment.
Table 3.9 gives a comparison of total CPU time required to calculate the total energies, on
a PC Linux machine, of a few compounds for all the CBS methods, G2 theory and G3
theory. CBr4 is added to a selection of molecules from the test set to illustrate the behavior
for larger third row molecules. For the CBS methods, CBS-4 followed by CBS-q are the
fastest methods, though less accurate. CBS-QB3 is the slowest of all methods and the most
accurate. CBS-QB3 is slower than CBS-Q because of the frequency evaluation step. This
step is significantly slower for third row systems than for first and second row systems due
to the larger size of the integration grid. For third row systems, G2 theory is faster than
CBS-Q and CBS-QB3 because of the larger basis set used for the MP2 CBS extrapolation
step. G3 theory becomes slower than CBS-Q and CBS-QB3 for larger systems because of
the time taken in G3 theory for the final MP2 step with all electrons correlated.

Table 3.9: Comparison of CPU times in minutes.
F2

Cl2

Br2

As2

CH3Br

BrO

KrF2

GeS2

CBr4

CBS-4

1

2

17

18

11

9

10

25

59

CBS-4(d)

-

-

15

18

10

15

11

23

62

CBS-q

1

2

17

20

10

15

11

24

65

CBS-q(d)

-

-

16

18

10

14

12

24

81

CBS-Q

2

4

25

29

17

32

21

44

270

CBS-Q(d)

-

-

29

31

21

34

23

41

773

CBS-QB3

2

5

34

37

29

38

26

49

306

CBS-

-

-

35

39

38

39

29

52

787

G2

3

5

16

15

21

20

21

27

523

G2(MP2)

2

3

10

10

12

13

13

16

192

G2(d)

-

-

25

24

42

26

28

35

3631

G2(MP2)

-

-

13

13

19

15

15

19

1140

G3

2

6

28

31

31

29

27

53

1722

G3(MP2)

1

3

14

15

12

13

12

20

383

QB3(d)

(d)

For much larger systems the situation is different. CBS-Q and CBS-QB3 for CBr4 have
timings totally dominated by the final MP2 CBS extrapolation step, but this step scales
better with increasing size than the QCISD(T) and MP4 steps in G2 and G3 theory. The
final MP2 step in G3 theory is the second slowest step while the final MP2 step in G2
theory is significantly faster than the QCISD(T) step and the two MP4 steps. This makes G3
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theory less competitive than G2 theory. This feature has already appeared for GeS2 where
G3 is the slowest method. For the time-consuming correlation steps G2 theory uses a larger
basis set than G3 theory. G2 theory is faster than G3 theory because the latter has the d
orbitals in the correlation space. G2(d) theory however has the same correlation space as the
G3 theory and is significantly slower for the large systems.
Adding the d functions to the correlation space leads to only a modest increase in the
CPU time for the CBS methods, while the increase is larger for G2 theory, particularly
for large molecules.

3.4. Conclusion
We have proposed the extension of all the CBS-n methods for the calculation of molecular
energies of molecules containing the third row atoms Ga-Kr. The total mean absolute
deviation for all the 40 test cases (atomization energies, ionization energies, electron
affinities and proton affinities), is found to be 1.15 kcal/mol and 1.12 kcal/mol for CBSQ and CBS-QB3, as compared to 1.38 kcal/mol for the G2 method, and 0.83 kcal/mol
for the G3 method. They are also close to the CBS-Q and CBS-QB3 calculations for the
first and second row molecules, which have the MAD of 0.98 kcal/mol and 0.93 kcal/
mol respectively (Table 3.8). The CBS-q method which is less accurate compared to the
G2(MP2) method for first and second row molecules, is more accurate in this case with
a MAD of 1.81 kcal/mol as compared to 1.97 kcal/mol for G2(MP2). G3(MP2) is more
accurate than all the other cheaper methods. The CBS-4 method is not far behind with a
total MAD of 2.23 kcal/mol. CBS-Q and CBS-QB3 give reasonable accuracy. While they
are less efficient than both G2 and G3 theory for small molecules, they scale better for
larger molecules. CBS-QB3 is slightly less efficient than CBS-Q due to the frequency step,
but is also slightly more accurate. If d orbitals have to be added to the correlation step,
CBS-Q and CBS-QB3 are particularly attractive for larger systems as they are more efficient
than the G3 theory and particularly, the G2(d) theory. Inclusion of the d orbitals in the
correlation space for CBS methods is not recommended unless it is required due to mixing
or inversion of the molecular orbitals. The CBS methods can be recommended as a useful
alternative to other composite methods and, with or without the d orbitals in the correlation
space, are particularly attractive for large molecules.
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Chapter 4
Gallium derivatives of tetraborane(10)
4.1 Introduction
Tetraborane(10), B4H10, is a typical borane which reflects the properties of simple and small
boranes like diborane (B2H6) to larger boranes like hexaborane (B6H14). It belongs to the
group of boranes with open polyhedral structures, commonly known as arachno (web in
Greek) structures. All these compounds are electron deficient. They have the “three-center
bonds“, where an electron pair is delocalised over a proton and two boron nuclei. The
arachno- tetraborane(10) (Fig 4.1 (a)), has been known and its structure been established
unambiguously for a long time. One of the puzzles of borane chemistry for many years has
been the absence of the bis(diboranyl) isomer (Fig 4.1(b)) of tetraborane(10). This puzzle
was highlighted when ah initio Hartree-Fock calculations showed the bis(diboranyl) isomer
to be lower in energy than the arachno isomer [1],[2]. However, later calculations including
electron correlation raised the relative energy of the bis(diboranyl) structure above that of
the known arachno structure, although the energy difference is still small [3].

Figure 4.1: Geometry of tetraboranes(10) at MP2(FULL)/6-31G(d). (a) arachno-B4H10, (b) bis-B4H10

Synthesis of GaB3H10 [4] prompted calculations, first on the archno-2 and arachno-1
structures by Duke and Schaefer[5] and second, on the bis(diboranyl) structures (referred
to as bis-tetraborane below) by McKee [6]. The archno-2-gallatetraborane(10) structure is
lowest in energy and is the structure synthesized by Downs and coworkers.[4],[7]. The bis-2
structure with Ga atom at a central position is only 7.2 kcal/mol higher in energy than the
arachno-2 structure with Ga atom at a terminal position. The bis-2 structure with Ga at a
central position is 5.0 kcal/mol lower in energy than the bis-1 structure where the Ga atom
is at a terminal position. This raises the question whether the bis- structure can be stabilized
by Ga atoms at the central positions and has prompted this study of all gallium substituted
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tetraborane(10) structures. The arachno-tetragallane(10) isomer has also been investigated by
quantum chemical methods by Shen et al. [8].
These structures other than tetragallane(10) will be referred to as gallium substituted
tetraborane structures, e.g. trigallatetraborane(10) for Ga3BH10.

4.2 Theoretical methods
Most ab initio molecular calculations are performed using the G2, CBS-Q and
CBS-QB3 methods. As detailed in chapter 2, G2 theory extended to third-row
atoms[9],[10], approximates the QCISD(T)/6-311+G(3df,2p)//MP2(FULL)/6-31G(d) level of
theory corrected with zero-point vibrational energy at HF/6-31G(d) and higher-level
correction terms. The less expensive G2(MP2) [11],[12] method is also performed.
The CBS-Q model extended to compounds containing third-row atoms [13], optimizes
geometries at MP2(FC)/6-31G† level and the CBS extrapolation is based on a
MP2/6-311+G(3d3fg,3d2f,2df,2p) calculation. This means that the calculations are done at
MP2/6-311+G level, with 3d3fg polarization functions on Gallium atoms, 2df polarization
functions on Boron atoms and 2p polarization functions on hydrogen atoms. Higher
order contributions are estimated with MP4(SDQ)/6-31+G†(d,p) and QCISD(T)/6-31+G†(d,p)
levels. Corrections for zero-point energy, spin contamination and higher order effects are
added as discussed in chapter 3. The CBS-QB3 method differs from CBS-Q, by optimizing
the geometries at B3LYP/ 6-311G†(2d,p) level of theory and using CCSD(T) energies
instead of QCISD(T) energies for higher order correlation effects. The models CBS-4 and
CBS-q methods were considered but rejected since they use geometries optimized at the HF
level of theory and the weakness of this theory in predicting the energies of the systems
studied here has been proved elsewhere [6].
Geometries are also optimized at the SCF method using the DZP basis set as in earlier work
on GaB3H10[5]. Single point CCSD(T)/DZP energies are then evaluated and corrected with
zero-point energies at HF/DZP, scaled by the same factor as with G2 theory. Vibrational
frequencies have been calculated for the optimized geometries to characterize the nature of
the stationary points and IRC calculations[14] have been performed on certain transition
structures, but a detailed study on the transition structures is reported in chapters 7 and 8.
Some of the early calculations were performed using Gaussian 94 [15], but most of the
calculations were done using the Gaussian 98 program [16].
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4.3 Results and Discussions
The total energies of tetraborane and all the gallium substituted tetraborane(10) molecules
are given in Table 4.1. The well established structure and geometry of the known arachnotetraborane [17] and the unknown bis-tetraborane at MP2(FULL)/6-31G(d) are given in
Figure 4.1. Relative energies of the two isomers at different levels of theory are given in
Table 4.2. The bis structure is 6.8 kcal/mol higher in energy than the arachno structure
at G2 and G2MP2 levels of theory and 7.4 kcal/mol and 6.9 kcal/mol at CBS-Q and
CBS-QB3 levels.

Table 4.1: Total Energies (in Hartrees)
Isomer

Symm

HF

MP2/FULL G2(MP2)

6-31G(d)

6-31G(d)

G2

CBS-Q

CBS-QB3

B4H10
ar-

C2v

−104.45702 −104.86402 −105.04875 −105.05088 −105.04435 −105.04318

bis-

C2

−104.47019 −104.84683 −105.03795 −105.04001 −105.03254 −105.03223

ar-1-

Cs

−2000.98033−2001.37044 −2003.51422−2003.51663 −2003.50850−2003.50848

ar-1a-

C1

−2000.98920−2001.37972 −2003.52748−2003.53001 −2003.52071−2003.51993

ar-1b-

C1

−2000.99872−2001.38149 −2003.52997−2003.53259 −2003.52289−2003.52185

ar-2-

Cs

−2001.01564−2001.41309 −2003.55666−2003.55930 −2003.55073−2003.55107

bis-1-

C1

−2001.01085−2001.38322 −2003.54060−2003.54319 −2003.53395−2003.53343

bis-2-

C1

−2001.02195−2001.39545 −2003.54298−2003.54553 −2003.53626−2003.53597

ar-1,2-

C1

−3897.55371−3897.93966 −3092.03606−3092.03926 −3902.03666−3902.03417

ar-1,3-

C2v

−3897.56711−3897.94195 −3092.04088−3092.04391 −3902.03569−3902.03728

ar-2,4-

C2v

−3897.57125−3897.95893 −3092.06218−3092.06534 −3902.05964−3902.06135

bis-1,2-

C1

−3897.56709−3897.93239 −3092.04027−3092.04341 −3902.03672−3902.03654

bis-1,3-

C1

−3897.56979−3897.94155 −3092.05071−3092.05378 −3902.04772−3902.04819

bis-1,4-

C2

−3897.55078−3897.91897 −3092.04141−3092.04456 −3902.03810−3902.03769

bis-2,3-

C2

−3897.59189−3897.96114 −3092.06066−3092.06381 −3902.05648−3902.05875

ar-1,2,3-

C5

−5794.12816−5794.49425 −5800.54973−5800.55328 −5800.54825−5800.54945

ar-1,2,4-

Cs

−5794.11606−5794.49885 −5800.55309−5800.55682 −5800.55380−5800.55533

bis-1,2,3-

C1

−5794.13865−5794.50022 −5800.55941−5800.56315 −5800.55361−5800.56079

bis-U,4-

C1

−5794.11432−5794.47801 −5800.54751−5800.55117 −5800.54791−5800.54803

ar-

C2v

−7690.68897−7691.04687 −7699.04314−7699.05824 −7699.05725−7699.06042

bis-

C2

−7690.68602−7691.04010 −7699.04734−7699.06230 −7699.05746−7699.06273

GaB3H10

Ga2B2H10

Ga3BH10

Ga4H10
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Table 4.2: B4H10: Relative Energies, (kcal/mol)
Isomer

Symmetry HF

MP2/

6-31G(d) FULL

MP4

G2(MP2) G2

CBS-Q

CBS-QB3

6-311G

6-31G(d) (2df,p)
ar-

C2v

0.0

0.0

0.0

0.0

0.0

0.0

0.0

bis-

C2

−8.3

10.8

6.9

6.8

6.8

7.4

6.9

Optimized geometries at MP2(FULL)/6-31G(d) of the isomers of GaB3H10, are shown in
Figure 4.2. The geometries of arachno-2-GaB3H10 at different levels of theory are compared
in Table 4.3. The equilibrium geometries at MP2(FULL)/6-31G(d), MP2(FC)/6-31G†(d) and
B3LYP/6-311+G(2d,p), correspond to G2, CBS-Q and CBS-QB3 optimized geometries. In
addition, to check the effect of adding polarization functions on hydrogen atoms, geometry
optimized at MP2/6-31G(d,p) is also listed followed by the experimental geometries as
characterized by A.J. Downs’ group [7].

58

hdl:1780.01/6470

Figure 4.2: Optimized geometries of Gallatetraboranes(10) at MP2(FULL)/6-31G(d) in Å and degrees. (a)
arachno-1-GaB3H10(Cs), (b) arachno-1a-GaB3H10(C1), (c) arachno-1b-GaB3H10(C1), (d) arachno-2-GaB3H10 (C1),
(e) bis-1-GaB3H10 (C1), (f) bis-2-GaB3H10 (C1). (in Å and degrees)

Table 4.3: Optimized geometry of arachno-2-GaB3H10 at different levels of theory
along with experimentally determined geometry in Å and degrees
Geometric

HF 6-31G(d) MP2(FULL) MP2(FC)

Parameters

†

B3LYP

MP2

Experimental

6-31G(d)

6-31G (d)

6-311G(2d,p) 6-31G(d,p)

Values

R(3,2)

1.796

1.773

1.791

1.772

1.775

1.800(0.13)

R(5,2)

1.243

1.241

1.248

1.252

1.241

1.243(0.11)

R(7,2)

1.257

1.257

1.266

1.254

1.247

1.252(0.11)

R(8,4)

1.385

1.387

1.406

1.412

1.399

1.433(0.18)

Experimental standard devations are given in parentheses [7] R = bond distance (in Å), A =
Angle (in °), D = Dihedral angle (in °).
*

MADs calculated for bond distances only.

59

hdl:1780.01/6470
Geometric

HF 6-31G(d) MP2(FULL) MP2(FC)

Parameters

†

B3LYP

MP2

Experimental

6-31G(d)

6-31G (d)

6-311G(2d,p) 6-31G(d,p)

Values

R(9,2)

1.185

1.189

1.195

1.185

1.182

1.182(0.08)

R(12,4)

1.188

1.196

1.202

1.191

1.190

1.190(0.08)

R(14,4)

1.187

1.194

1.200

1.189

1.188

1.190(0.08)

R(2,4)

1.919

1.843

1.859

1.845

1.836

1.841(0.13)

R(5,1)

1.882

1.883

1.890

1.843

1.831

1.810(0.04)

R(11,1)

1.555

1.562

1.567

1.549

1.565

1.507(0.14)

R(13,1)

1.555

1.561

1.566

1.548

1.563

1.505(0.14)

R(l,2)

2.276

2.237

2.257

2.322

2.271

2.310(0.02)

A(5,l,6)

111.01

111.96

112.28

108.24

110.07

A(5,2,7)

95.11

92.92

92.97

94.60

93.75

A(5,2,9)

110.48

110.73

110.45

109.93

111.22

A(7,2,9)

106.95

106.84

107.46

107.82

107.79

A(5,1,H)

100.35

99.07

99.56

99.98

99.44

A(8,4,12)

101.59

100.78

100.24

99.36

99.90

A(5,l,13)

107.50

108.37

107.96

107.64

108.27

A(l 1,1,13)

129.45

129.36

129.05

131.67

130.22

A(8,4,14)

99.53

98.04

98.32

99.40

98.72

A(12,4,14)

H9.63

117.83

118.52

118.38

118.30

D(6,3,2,7)

115.64

116.04

115.47

117.53

116.10

0.029

0.030

0.030

0.017

0.021

*

MAD =

117.1(0.07)

Experimental standard devations are given in parentheses [7] R = bond distance (in Å), A =
Angle (in °), D = Dihedral angle (in °).
*

MADs calculated for bond distances only.

It can be seen that the bond distances at different levels of theory are not very different from
each other and are quite close to the experimental values. The bond distances on the B-BB side of the compound are in fact, in excellent agreement with the experimental values.
The MAD (Mean Average Deviation) from experiment is found to be 0.012 Å, 0.014 Å,
0.009 Å and 0.009 Å at MP2(FULL)/6-31G(d), MP2(FC)/6-31G†(d), B3LYP/6-311+G(2d,p)
and MP2/6-31G(d,p) levels respectively, for the distances in the -B3H8 end. The bond
distances at the -GaH4 end, have slightly larger deviations and the MADs increase to
0.030 A, 0.030 A, 0.017 A and 0.021 A at MP2(FULL)/6-31G(d), MP2(FC)/6-31G†(d),
B3LYP/6-311+G(d,p) and MP2/6-31G(d,p) levels respectively. Still these estimations are
good owing to the fact that the experimental values themselves have a standard deviations
ranging from 0.02 to 0.14 Å and our results at all levels of theory are consistently within
the error bar and on the lower side. The MAD for bond distances at the HF/ 6-31G(d)
level of theory is 0.029 Å for all bond distances considered. The highest MAD for the B3H8 end is 0.018 Å.
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Overall, although there is a slight improvement going from non-correlated methods to
correlated methods and from no polarization functions to polarizations functions on
hydrogen atoms, the deviation from experimental geometry is not significantly different for
the systems under consideration. However, it should be noticed here that the level of theory
used is quite important for energy ordering between different isomers as mentioned earlier in
this chapter; hence the usage of high levels of theory, like G2, CBS-Q and CBS-QB3.
The

geometries

of

all

isomers

of

gallatetraborane(10)

optimized

at

MP2(FULL)/6-31G(d)level of theory, are shown in Figure 4.2. Table 4.4 consists of energies
relative to the arachno-2-gallatetraborane(10) of all the four GaB3H10 structures. The
calculations show that the experimentally observed arachno-2-gallatetraborane(10) (Figure
4.2(c)) has the lowest energy followed by the bis-2-gallatetraborane(10) (Figure 4.2(e)), in
all levels of theory, except at HF level. A large energy difference between the arachno-1and arachno-2- isomers is in good agreement with the earlier studies. This indicates that the
wing tip position of the “butterfly“ wings is more favorable compared to the bridged, folded
position for the bulky gallium atom in the arachno isomer. In the bis isomer the gallium
seems to prefer the central position energetically consistent with the conclusion of McKee.

Table 4.4: GaB3H10: Relative Energies, (kcal/mol)
Isomer Symmetry

HF

MP2/

MP4

G2(MP2)

G2

6-31G(d) FULL 6-31G(d)

CCSD(T) CBS-Q
DZP

CBSQB3

6-311G(d) (2df,p)
ar-1-

Cs

22.2

26.8

28.1

26.6

26.8

26.8

26.5

26.7

ar-1a-

C1

16.6

20.9

20.1

18.3

18.4

19.4

18.8

19.5

ar-1b-

C1

10.6

19.8

18.7

16.8

16.8

-

17.5

18.3

ar-2-

Cs

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

bis-1-

C1

3.0

18.7

11.4

10.1

10.1

10.2

10.5

11.1

bis-2-

C1

−4.0

11.1

9.2

8.6

8.6

8.8

9.1

9.5

The lowest energy bis structure (bis-2-) is 8.6 kcal/mol above the lowest energy arachno
structure (arachno-2-) with G2 and G2(MP2) methods. This difference which will be referred
to as ΔE(b-a) (equation 4.1) is 9.1 kcal/mol and 9.5 kcal/mol at CBS-Q and CBS-QB3 level
of theory respectively. The average value of ΔE(b-a) for all the 4 methods is 9.0 kcal/mol
for the gallatetraborane system.
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The Cs symmetry arachno-1-gallatetraborane structure is a minimum at the HF level of
theory, but a transition state at MP2(FULL)/6-31G(d) level with a imaginary frequency of
286.1i cm−1. It appears that the arachno structures with a gallium and a boron atom in
the folded position are sterically restricted, which favors distortion. There are two isomers
formed due to this distortion. One, with a hydrogen bridge between the boron and boron
broken as shown in Figure 4.2(b), referred as arachno-1a-GaB3H10 and the other with
a broken bridge between the gallium and boron as shown in Figure 4.2(c) referred as
arachno-1b-GaB3H10.
The IRC calculations reveal that the Cs structure (Figure 4.2(a)) is a transition structure
between the two C1 structures of arachno-1a-GaB3H10 where the hydrogen bridge between
the central and different wing tip borons breaks.
In Table 4.5, energies relative to the arachno-2,4-digallatetraborane(10) are shown
for all Ga2B2H10 structures considered. The geometries of all isomers optimized at
MP2(FULL)/6-31G(d) are shown in Figure 4.3. The two lowest structures are arachno-2,4digallatetraborane(10) (Figure 4.3(c)) and bis-2,3-digallatetraborane(10) (Figure 4.3(g)). The
arachno- structure has the gallium atoms at the wing tip positions of the “butterfly“ wings,
consistent with the lowest energy arachno- structure of the gallatetraborane (10). The bisstructure has the gallium atoms in the central bond, again as in gallatetraborane (10), gallium
atoms in the central bond stabilize the bis- structures. For the two structures with a Ga-B
central bond, the structure where a diborane unit is linked to a digallane unit is significantly
higher in energy than the structure with two linked gallaboranes and is similar in energy
to the structure with a central B-B bond. The arachno- structure with the Ga-Ga central
bond also has a similar energy to the bis- structure with the B-B central bond. The arachnostructure with the Ga-B central bond is found to have the highest energy.
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Figure 4.3: Optimized structures of digallatetraborane(10) at MP2(FULL)/6-31G(d) in Å and degrees. (a)
arachno-1,2-Ga2B2H10, (b) arachno-1,3-Ga2B2H10, (c) arachno-2,4-Ga2B2H10, (d) bis-1,2-Ga2B2H10, (e) bis-1,3Ga2B2H10, (f) bis-1,4-Ga2B2H10, (g) bis-2,3-Ga2B2H10.

Table 4.5: Ga2B2H10: Relative Energies (kcal/mol)
Isomer Symmetry

HF

MP2/

6-31G(d) FULL

MP4

G2MP2

G2

6-311G

CCSD(T) CBS-Q
DZP

CBSQB3

6-31G(d) (2df,p)
ar-1,2-

C1

11.0

12.1

17.2

16.4

16.4

18.3

14.4

17.1

ar-1,3-

C2v

2.6

10.7

14.3

13.4

13.5

16.1

15.0

15.1
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Isomer Symmetry

HF

MP2/

6-31G(d) FULL

MP4

G2MP2

G2

6-311G

CCSD(T) CBS-Q
DZP

CBSQB3

6-31G(d) (2df,p)
ar-2,4-

C2v

0.0

0.0

0.0.

0.0

0.0

0.0

0.0

0.0

bis-1,2-

C1

2.6

16.6

14.7

13.8

13.8

14.5

14.4

15.6

bis-1,3-

C1

0.9

10.9

8.4

7.2

7.3

8.4

7.5

8.3

bis-1,4-

C2

12.8

25.1

14.8

13.0

13.0

14.3

13.5

14.8

bis-2,3-

C2

−13.0

−1.4

0.7

1.0

1.0

1.9

2.0

1.6

The lowest energy bis isomer (bis-2,3-Ga2B2H10) is 1.0 kcal/mol above the lowest energy
arachno isomer (arachno-2,4-Ga2B2H10) at G2 and G2(MP2) levels, and 2.0 kcal/mol and
1.6 kcal/mol at CBS-Q and CBS-QB3, levels of theory respectively. The average ΔE(b
−a)

for the digallatetraborane system is 1.4 kcal/mol. It should be noted here that this

energy difference in the digallatetraboranes has reduced by 7.6 kcal/mol compared to the
gallatetraboranes. In other words, introducing a gallium atom in the central position of
a Ga2B2H10 stabilizes the bis isomer by ∼7.6 kcal/mol compared to the corresponding
GaB3H10 isomer.
Optimized geometries at MP2(FULL)/6-31G(d) of the isomers of trigallatetraborane(10)
(Ga3BH10), are shown in Figures 4.4. Table 4.6 gives energies for Ga3BH10 relative to
arachno-1,2,4-trigallatetraborane(10) for all structures. The arachno-1,2,4-trigallatetraborane
structure (Figure 4.4(b)) in Cs symmetry is a transition state (imaginary frequency of 86.3i
cm−1) at the HF level, with the minimum in C1 symmetry only 0.31 kcal mol−1 lower
in energy. At the MP2 level, the arachno-1,2,4- isomer in Cs symmetry is found to be a
minimum and significantly stabilized relative to the other trigallatetraborane isomers (though
still 4.0 kcal mol−1 higher in energy than bis-1,2,3- isomer at G2, Table 4.6).
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Figure 4.4: Optimized structures of digallatetraboranes(10) at MP2(FULL)/6-31G(d) in Å and degrees. (a)
arachno-1,2,3-Ga3BH10, (b) arachno-1,2,4-Ga3BH10, (c) bis-1,2,3-Ga3BH10, (d) bis-1,2,4-Ga3BH10.

Table 4.6: Ga3BH10: Relative Energies (kcal/mol)
Isomer Symmetry

HF

MP2/

6-31G(d) FULL

MP4

G2(MP2)

G2

CCSD(T) CBS-Q

6-311G

DZP

CBSQB3

6-31G(d) (2df,p)
ar-1,2,3-

Cs

−7.6

2.9

2.7

2.1

2.2

3.2

3.4

3.7

ar-1,2,4-

Cs

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

bis-1,2,3-

Cl

−14.2

−0.9

−4.4

−4.0

−4.0

−4.4

0.1

−3.4

bis-1,2,4-

Cl

1.1

13.1

4.5

3.5

3.5

3.5

3.7

4.6

The bis-1,2,3-trigallatetraborane(10) structure (Figure 4.4(c)) with a Ga - Ga central bond
is more stable than the arachno- structure with the boron atom in a central position. The
closeness of the values here may lie in the instability of the arachno- forms. In the arachnostructures, gallium atoms seem to prefer the outer 2-and 4- positions, but different sized
atoms in the two central positions appear to impose constraints on the bridge regions.
The former factor favors the arachno-1,2,4-trigallatetraborane(10) structure, while the latter
factor favors the arachno- l,2,3-trigallatetraborane(10) structure. The fact that arachno-1,2,4trigallatetraborane(10) structure is lower in energy, strengthens the theory of steric hindrance
proposed in the earlier work on arachno-GaB3H10 [5].
Here again, we can see that the addition of a gallium atom in the central position stabilizes
the bis structure, so much so that it is 4.0 kcal/mol lower in energy than the lowest energy
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arachno structure at G2 and G2(MP2) levels of theory. The average value of ΔE(b−a) for
the trigallatetraborane system is −3.8 kcal/mol. Hence the substitution of a third gallium
atom to the central position stabilizes the bis structure by a factor of 5.2 kcal/mol to the
corresponding digallatetraborane system.
Figures 4.5 gives the optimized geometries at MP2(FULL)/6-31G(d) of the isomers of
Ga4H10. Table 4.7 gives results for the arachno- and bis- structures of tetragallane(10).
Although the difference in energy is very small, it is clearly seen that the introduction of
correlation stabilizes the bis- structure relative to the arachno-structure.

Figure 4.5: Optimized structures of tetragallane(10) at MP2(FULL)/6-31G(d) in Å and degrees. (a) arachno-Ga4H10,
(b) bis-Ga4H10.

Table 4.7: Ga4H10: Relative Energies (kcal/mol)
Isomer

SymmetryHF

MP2/

6-31G(d) FULL

MP4

G2(MP2) G2

6-311G

CCSD(T) CBS-Q

CBS-

DZP

QB3

6-31G(d) (2df,p)
ar-

C2v

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

bis-

C2

1.9

4.2

−3.2

−2.6

−2.5

−1.8

−0.1

−1.4

The ΔE(b−a) for the tetragallane sysytem is −2.6 kcal/mol, −2.5 kcal/mol, −0.1 kcal/mol and
−1.4 kcal/mol at G2, G2(MP2), CBS-Q and CBS-QB3 levels respectively, which are smaller
than the trigallatetraborane system. The average ΔE(b−a) is −1.7 kcal/mol. A higher value
of the ΔE(b−a) in trigallatetraboranes could be due to the instability of the gallium-boron
central bridge in the arachno isomer. However, the hypothesis that the addition of gallium
atoms stabilizes the bis structure still holds.
During the search for transition structures and stable isomers on the potential energy
surface of gallatetraborane, two new isomers were found. Both the isomers found have
a central penta-coordinated gallium atom. The geometry of these isomers optimized at
MP2(FULL)/6-31G(d) level of theory is given in Figure 4.6. The energy of these isomers
with respect to arachno-2-gallatetraborane at different levels of theory is shown in Table 4.8.
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Figure 4.6: Optimized structures of penta-coordinated gallatetraborane (10) at MP2(FULL)/6-31G(d) in Å and
degrees. (a) I6-GaB3H10, (b) I7-GaB3H10.

Table 4.8: GaB3H10: Relative Energies, (kcal/mol)
Isomer

Symmetry

HF

MP2/FULL G2(MP2)

6-31G(d)

6-31G(d)

G2

CBS-Q

CBS-QB3

ar-2-

Cs

0.0

0.0

0.0

0.0

0.0

0.0

I6-

C2

−3.0

5.7

4.5

4.6

4.6

5.0

I7-

C1

−3.5

6.0

5.4

5.4

5.8

5.9

It can be seen from the geometry that both the isomers have a penta-coordinated gallium,
which is the center point connecting two rings, one with a boron atom, two bridged
hydrogens between the boron and the central gallium and two terminal hydrogens at the
boron, a gallaboranyl- type of ring. The other ring has two boron atoms, bonded directly to
the central gallium, with only one bridged hydrogen between the borons and two terminal
hydrogens at each boron, resembling a gallatriborane(7) structure. The difference in the
geometry of the two isomers is the way in which the two rings are attached at the central
gallium. In isomer I6-GaB3H10 (Figure 4.6 (a)) the two rings are attached to the gallium
atom facing each other flat, where the two borons and the two hydrogens form the base
of the rectangular pyramid and the terminal hydrogen attached to the gallium sitting at
the apex of the pyramid.
In the isomer I7-GaB3H10 (Figure 4.6 (b)) the plane of the rings are at an angle of less
than 90° to each other, or can also be said to exist in a gauche form to each other. Here
arrangement of the five bonds around the central gallium is a distorted bipyramidal, where
the apex hydrogen and one of the borons are in the axial positions. A structure where the
rings are exactly at right angles to each other was also identified but it was found to be
a transition state between two different forms of the 17- isomer, where the rings relax to
an angle less than 90° on either side.
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The energy of these two isomers are very close to each other and only approximately
5 kcal/mol higher than the arachno-2-gallatetraborane which is the lowest energy arachno
isomer. At G2, G2MP2 and CBS-QB3 levels of theory 16-GaB3H10 is 0.9 kcal/mol lower
than the I7-GaB3H10 isomer and 1.2 kcal/mol lower at CBS-Q level. These structures are
similar to the gallium substituted gallatriborane(9) (GaB2H9), studied by Duke et al. [18]
and synthesized [19], with structure determined by electron diffraction, by A.J. Downs’
group[20].

4.4 Conclusion
Bis(digallanyl) is likely to be the most promising target for synthesis of a bis(diboranyl)like structure as it is lower in energy than the arachno- structure and the absence of boron
atoms may simplify the synthesis.
For the reaction,

the energy is −7.7 kcal mol1 for M = Ga (bis- structure) while for M = B (arachnostructure) it is only −1.4 kcal mol−1. This gives further encouragement to the synthetic
chemist for the bis(digallanyl) synthesis.
The reliability of the G2 and G2(MP2) results is generally confirmed by their similarity to
each other and to MP2 and MP4 results with both G2 basis sets and the DZP basis sets. The
CBS energies, even though not as close as the G2 and G2(MP2) methods to each other, are
also in good agreement with the other methods in general.
Gallium atoms in the central bond of the bis(diboranyl) structures stabilizes these structures
relative to the arachno- structures. It may be possible to synthesize these bis(diboranyl)
like structures for Ga3BH10 and Ga4H10. We presented this challenge to our experimental
colleagues in the literature [21].
The newly predicted penta-coordinate structures should also be probable synthetic targets, as
they are very similar to the gallatriborane (9) synthesized by A.J. Downs et al. [22].
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Chapter 5
Structures of Alatetraborane(10) and Gallatetralane(10) isomers
5.1 Introduction
Even though there has been comprehensive studies of the structure and properties of
boranes, theoretically and experimentally, work on the other group 13 hydrides has been
sparse. Several groups have carried out studies on simple hydrides of aluminium and
gallium. While theoretical studies on the structures of the unknown dialane and the known
digallane (Al2H6 and Ga2H6), were done by Schaefer's group, [1],[2], and predictions on
mixed group 13 hydrides were done by Bock's group [3],[4] and Woerd et al. [5]. Properties
of these mixed hydrides were also theoretically studied by Bennett et al. [6] using DFT
methods. Duke et al. [7] theoretically investigated the isomers of trialane(9) (Al3H9) and
trigallane(9) (Ga3H9), and aluminium and gallium substituted triborane(9) [8]. Some larger
aluminium hydrides, like Al5H9, Al5H10 and Al6H10, were studied by McKee [9] using
ab initio methods. Ab initio theoretical predictions of gallium substituted tetraborane(10)
isomers have been reported in chapter 4 and also published [10].
In chapter 4 the results predicted that the introduction of Ga atoms in the central positions
stabilized the isomers, whereas the bulky Ga atom preferred the wing tip positions in the
arachno isomers of the gallatetraboranes. This chapter aims to study the effect of substituting
boron atoms by aluminium in tetraborane(10) and also replacing the aluminium atoms
by gallium in tetraalane(10). It presents a systematic study of the structure and energies
of aluminium substituted tetraborane(10) (B4H10) and gallium substituted tetraalane(10)
(Al4H10) isomers.

5.2 Calculation details
All ab initio molecular orbital calculations are performed using the same methods as were
employed in chapter 4, i.e.G2, G2(MP2), CBS-Q and CBS-QB3. Briefly, G2 theory [11],[12]
approximates the QCISD(T)/6-311+G(3df,2p)//MP2(FULL)/6-31G(d) level of theory, where
the geometries are optimized at MP2(FULL)/6-31G(d), level of theory. In the CBS methods,
the CBS extrapolation is based on a MP2/6-311+G(3d3fg,3d2f,2df,2p) calculation [10] and
the geometries are optimized at MP2(FC)/6-31G† level and at B3LYP/ 6-31G†(2d,p) level
for CBS-Q and CBS-QB3 methods respectively. All the calculations are performed using
the Gaussian 98 program [13].
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5.3 Results and Discussions
In the first part of this section the different isomers of aluminium substituted tetraborane
(10) (B4H10) will be discussed followed by the various isomers of gallium substituted
tetralane(10) (Al4H10).

5.3.1 Aluminium substituted Tetraborane
Total energies of all aluminium substituted tetraboranes, in Hartrees, are given in Table
5.1. Optimized geometries at MP2(FULL)/6-31G(d), level of theory are shown in Figures
5.1, 5.2, 5.3 and 5.4, for various isomers of alatetraboranes AlB3H10, Al2B2H10, Al3BH10
and Al4H10 respectively. Table 5.2 consists of relative energies of all isomers of
alatetraborane(10).

Table 5.1: Total Energies (in Hartrees)
Isomer

Symm

HF
6-31G(d)

MP2/FULL G2(MP2)

G2

CBS-Q

CBS-QB3

6-31G(d)

AlB3H10
ar-1-

Cs

−321.65732 −321.65058 −322.24693 −322.25004 −322.24323 −322.24414

ar-2-

Cs

−321.70346 −322.08069 −322.28732 −322.29075 −322.28344 −322.28264

bis-1-

C1

−321.70238 −322.05623 −322.26891 −322.27228 −322.26465 −322.26409

bis-2-

C1

−321.70294 −322.05606 −322.26816 −322.27124 −322.26342 −322.26292

ar-1,2-

C1

−538.91253 −539.25974 −539.49259 −539.49744 −539.48972 −539.48852

ar-1,3-

C2v

−538.90896 −539.24536 −539.48040 −539.48040 −539.47662 −539.47636

ar-2,4-

C2v

−538.95121 −539.29480 −539.52395 −539.52872 −539.52094 −539.52004

bis-1,2-

C1

−538.93228 −539.25531 −539.48848 −539.49326 −539.48450 −539.48408

bis-1,3-

C1

−538.94068 −539.27248 −539.50546 −539.50990 −539.50173 −539.50139

bis-1,4-

C2

−538.93447 −539.26422 −539.49880 −539.50350 −539.49580 −539.49480

bis-2,3-

C2

−538.94997 −539.27624 −539.50718 −539.51198 −539.50236 −539.50207

ar-1,2,3-

Cs

−756.15720 −756.46247 −756.71648 −756.72297 −756.71347 −756.71301

ar-1,2,4-

Cs

−756.16855 −756.48320 −756.73568 −756.74207 −756.73319 −756.73265

bis-1,2,3-

C1

−756.18061 −756.47704 −756.72859 −756.73511 −756.72477 −756.72459

bis-1,2,4-

C1

−756.16980 −756.47148 −756.72546 −756.73161 −756.72257 −756.72230

ar-

C2v

−973.48609 −973.81322 −973.94868 −973.95710 −973.94632 −973.94622

bis-

C2

−973.49608 −973.81704 −973.95006 −973.95831 −973.94684 −973.94664

Al2B2H10

Al3BHl0

Al4H10
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Table 5.2: AlB3H10: Relative Energies, (kcal/mol)
Isomer

Symmetry

HF

MP2/FULL G2(MP2)

6-31G(d)

G2

CBS-Q

CBS-QB3

6-31G(d)

ar-1-

Cs

29.0

28.3

25.3

25.5

25.2

24.2

ar-2-

Cs

0.0

0.0

0.0

0.0

0.0

0.0

bis-1-

C1

0.7

15.3

11.6

11.6

11.8

11.6

bis-2-

C1

0.3

15.5

12.0

12.2

12.6

12.4

Figure 5.1: Optimized geometries of Alatetraboranes(10) at MP2(FULL)/6-31 G(d) in Å and degrees. (a) arachno-1AlB3H10 (Cs), (b) arachno-1-AlB3H10(C1), (c) arachno-2-AlB3H10, (d) bis-1-AlB3H10, (e) bis-2-AlB3H10.
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Figure 5.2: Optimized structures of dialatetraborane(10) at MP2(FULL)/6-31 G(d) in Å and degrees. (a) arachno-1,2Al2B2H10, (b) arachno-1,3-Al2B2H10, (c) arachno-2,4-Al2B2H10, (d) bis-1,2-Al2B2H10, (e) bis-1,3-Al2B2H10, (f)
bis-1,4-Al2B2H10, (g)bis-2,3-Al2B2H10.
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Figure 5.3: Optimized structures of dialatetraboranes(10) at MP2(FULL)/6-31G(d) in Å and degrees. (a)
arachno-1,2,3-Al3BH10, (b) arachno-1,2,4-Al3BH10, (c) bis-1,2,3-Al3BH10, (d)bis-1,2,4-Al3BH10.

Figure 5.4: Optimized structures of tetralane(10) at MP2(FULL)/6-31G(d) in Å and degrees. (a) arachno-Al4H10, (b)
bis-Al4H10.

Analogous to the gallatetraborane system arachno-2-alaborane is the lowest energy
isomer and the arachno-1-alaborane with Cs symmetry is a transition structure. At
MP2(FULL)/6-31G(d) and B3LYP/6-311G(2d,p) levels of theory the imaginary frequencies
are −407.3 i cm−1 and −457.2 i cm−1, respectively. The local minimum (Figure 5.1(b)) is
a structure with d symmetry, where one of the bridging hydrogens between the wingtip
boron and the central boron is broken, and converted to a terminal boron. The Cs symmetry
arachno-1 isomer (Figure 5.1(a)) is indeed the transition structure between two such C1
isomers. The Cs transition structure is less than 1 kcal/mol above the C1 local minimum.
As discussed in chapter 4 for gallaborane(10) (GaB3H10) systems, even though the
bulky aluminium atom in the wing tip position is preferred in arachno isomers of
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alatetraboranes(10) (AlB3H10), the results do not follow the analogy for bis isomers. The
two bis isomers, bis-1-AlB3H10 (Figure 5.1(d)) and bis-2-AlB3H10 (Figure 5.1 (e)) are very
close in energy, with the isomer bis-1-AlB3H10 in which the aluminium atom is in the
terminal position is lower in energy than the bis-2-AlB3H10, by only 0.6 kcal/mol at G2
level, 0.4 kcal/mol, at G2(MP2) level and 0.8 kcal/mol at CBS-Q and CBS-QB3 levels
of theory.
The ΔE(b−a) value introduced in chapter 4, which is the energy difference between the
lowest energy arachno isomer and the lowest energy bis isomer, has an average value
of 11.65 kcal/mol for the alatetraborane(10) system. The average is taken over the four
methods, namely G2, G2(MP2), CBS-Q and CBS-QB3. The ΔE(b−a) value for the GaB3H10
system is 9.0 kcal/mol.
Table 5.3 contains the energies relative to the arachno-2,4-dialatetraborane (10). As can
be seen in Table 5.3, the ar-2,4-Al2B2H10 (Figure 5.2(c)) is the lowest energy isomer of
dialatetraboranes (10) in all levels of theory studied i.e. G2, G2MP2, CBS-Q and CBSQB3. It has two aluminium atoms in the wing tip positions of the butterfly wings. The
ar-1,3-Al2B2H10 (Figure 5.2(b)) is the highest energy isomer where the aluminiums are in
the central folded region of the wings. Similar to the digallaborane system, the bis isomer
with the two aluminium atoms in the central positions, bis-2,3-Al2B2H10 (Figure 5.2(g)) is
the most stable of all bis isomers. The average ΔE(b−a) for the dialatetraboranes is 11.0 kcal/
mol. It should be noted that this value is only 0.65 kcal/mol lower than the ΔE(b−a) value
for the AlB3H10 isomers, indicating that the addition of an aluminium atom to the central
position of a bis isomer stabilizes the bis structure by only 0.65 kcal/mol compared to 7.6
kcal/mol in a digallatetraborane(10) system. The corresponding average ΔE(b−a) value for the
Ga2B2H10 system is a very small 1.4 kcal/mol.

Table 5.3: Al2B2H10: Relative Energies (kcal/mol)
Isomer

Symmetry

HF

MP2/FULL G2(MP2)

6-31G(d)

G2

CBS-Q

CBS-QB3

6-31G(d)

ar-1,2-

C1

24.3

22.0

19.7

19.6

19.6

19.8

ar-1,3-

C2v

26.5

31.0

27.3

30.3

27.8

27.4

ar-2,4-

C2v

0.0

0.0

0.0

0.0

0.0

0.0

bis-1,2-

C1

11.9

24.8

22.3

22.3

22.9

22.6

bis-1,3-

C1

6.6

14.0

11.6

11.8

12.1

11.7

bis-1,4-

C2

10.5

19.2

15.8

15.8

15.8

15.8

bis-2,3-

C2

0.8

11.6

10.5

10.5

11.7

11.3
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The relative energies of trialatetraboranes(10) are given in Table 5.4. All isomers are
equilibrium structures with no imaginary frequencies at all levels computed in this study.
The lowest energy isomer is arachno-1,2,4-Al3BH10 (Figure 5.3(b)) followed by the bis
isomer bis-1,2,3-Al3BH10 (Figure 5.3(c)). The bis isomer is still higher in energy than
the lowest energy arachno isomer. However, there is a substantial stabilization of the bis
structure, as it can be seen that the average ΔE(b−a) value, which has decreased to 4.8
kcal/mol from 11.0 kcal/mol for the Al2B2H10 system. But clearly the arachno- isomer
is still lower than the bis- isomer. At this point in the Ga3BH10 system, the bis isomer
was undoubtedly lower in energy that the arachno isomer, with an average ΔE(b−a) value
of −3.8 kcal/mol.

Table 5.4: Al3BH10: Relative Energies (kcal/mol)
Isomer

Symmetry

HF MP2/FULL
6-31G(d)

6-31G(d)

G2(MP2)

G2

CBS-Q

CBS-QB3

ar-1,2,3-

Cs

7.1

13.0

12.1

12.0

12.4

12.3

ar-1,2,4-

Cs

0.0

0.0

0.0

0.0

0.0

0.0

bis-1,2,3-

C1

−76

3.9

45

44

53

5.1

bis-1,2,4-

C1

−0.8

7.4

6.4

6.6

6.7

6.5

From Table 5.5, which contains the relative energies of the tetralanes, it can be seen that
the bis- isomer is lower in energy than the arachno isomer even though by a very small
amount. It is only 0.8 kcal/mol and 0.9 kcal/mol lower in energy than the arachno isomer
at G2 and G2(MP2) levels, respectively and 0.3 kcal/mol lower with both CBS-Q and CBSQB3 levels of theory, making the average ΔE(b−a) value −0.6kcal/mol. The corresponding
value for Ga4H10 system is −1.7 kcal/mol.

Table 5.5: Al4H10: Relative Energies (kcal/mol)
Isomer

Symmetry

HF MP2/FULL
6-31G(d)

6-31G(d)

G2(MP2)

G2

CBS-Q

CBS-QB3

ar-

C2v

0.0

0.0

0.0

0.0

0.0

0.0

bis-

C2

−4.8

−1.6

−0.9

−0.8

−0.3

−0.3

Comparing

the

ΔE(b−a)

values

of

the

allatetraborane(10)

systems

with

the

gallatetraborane(10) systems, it can be observed that the bis forms in allatetraborane(10)
isomers are not as stabilized as the gallatetraborane(10) isomers with the incremental
substitution of the heavy atoms to the system.
The overall geometries of the all the aluminium substituted tetraborane(10) isomers are very
close to the gallium substituted tetraborane(10) isomers. This does not come as a surprise
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since aluminium and gallium have similar covalent radii (around 1.25 Å, different literature
give varied values). However, there are certain differences in bond lengths of all isomers
that need to be noticed. Firstly, the central Al-B distances are slightly (about 0.03 to 0.05 Å)
longer than the Ga-B distances. Secondly the Al-Ht (terminal hydrogen) distances are longer
than the Ga-Ht distances, even though by only 0.01 to 0.02 Å. Thirdly, the Al-Al central
bond distances are longer than the Ga-Ga bond distances, about 0.02 to 0.16 Å. Lastly, the
Al-Hb (bridged hydrogen) distances are shorter than the Ga-Hb distances by 0.01 to 0.07 Å.
While the first three points can be attributed to the inefficient shielding of the gallium
nuclear charge by the 3d orbitals (often termed as “3d contraction“) and hence the
shortening of the bond distances, the situation in the last point i.e. in the bridging hydrogen
region is different. Even though the 3d10 electrons are inefficient in screening the protons,
they do occupy space and contribute to electron repulsion. The bridging bonds, or the threecentered two-electron bonds, are the result of dual dative bonds between Lewis acids gallane
(or alane) and borane or between gallane (or alane) and gallane (or alane), as the situation
might be. Similar to the situation in digallane (or dialane) [4], gallane is not as strong
a Lewis acid as alane, regardless of their covalent similarity, leading to longer bridged
hydrogen distances in gallium compared to aluminium.

5.3.2 Gallium substituted Tetraalane
Optimized geometries of various isomers of gallatetralanes GaAl3H10, Ga2Al2H10, and
Ga3AlH10 at MP2(FULL)/6-31G(d), level of theory are shown in Figures 5.5, 5.6, and 5.7,
respectively. The total energies of all the gallium substituted tetralanes(10) in hartrees are
given in Table 5.6.

Table 5.6: Total Energies (in Hartrees)
Isomer

Symm

HF
6-31G(d)

MP2(FULL) G2(MP2)

G2

CBS-Q

CBS-QB3

6-31G(d)

GaAl3H10
ar-1-

Cs

−2652.73566−2653.02698−2655.23087−2655.23804−2655.22573−2655.22577

ar-2-

Cs

−2652.71677−2653.00741−2655.22229−2655.22960−2655.21594−2655.21643

bis-1-

C1

−2652.72188−2653.00847−2655.22472−2655.23203−2655.21923−2655.21861

bis-2-

C1

−2652.73615−2653.02477−2655.23121−2655.23829−2655.22641−2655.22601

ar-1,2-

C1

−4332.04725−4332.36014−4336.50437−4336.51046−4336.49886−4336.50273

ar-1,3-

C2v

−4332.02771−4332.33915−4336.49594−4336.50214−4336.50437−4336.50847

ar-2,4-

C2v

−4332.06488−4332.37763−4336.50759−4336.51544−4336.48953−4336.49304

bis-1,2-

C1

−4332.04808−4332.35763−4336.50559−4336.51170−4336.50319−4336.50396

Ga2Al2H10
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Isomer

Symm

HF
6-31G(d)

MP2(FULL) G2(MP2)

G2

CBS-Q

CBS-QB3

6-31G(d)

bis-1,3-

C1

−4332.04646−4332.35573−4336.50529−4336.51142−4336.50169−4336.50341

bis-1,4-

C2

−4332.06103−4332.37289−4336.50977−4336.51638−4336.49215−4336.49647

bis-2,3-

C2

−4332.03222−4332.33956−4336.49891−4336.50528−4336.50522−4336.50916

ar-1,2,3-

Cs

−6011.37669−6011.71169−6017.78208−6017.78715−6017.77896−6017.78455

ar-1,2,4-

Cs

−6011.35913−6011.69343−6017.77563−6017.78066−6017.77344−6017.77839

bis-1,2,3-

C1

−6011.37347−6011.70637−6017.78400−6017.78929−6017.77955−6017.78584

bis-1,2,4-

C1

−6011.35850−6011.68930−6017.77966−6017.78485−6017.78101−6017.78067

ar-

C2v

−7690.68897−7691.04687−7699.04314−7699.05824−7699.05725−7699.06042

bis-

C2

−7690.68602−7691.04010−7699.04734−7699.06230−7699.05746−7699.06273

Ga3AlH10

Ga4H10

Figure 5.5: Optimized structures of gallatetralanes(10) at MP2(FULL)/6-31G(d) in Å and degrees. (a) arachno-1GaAl3H10, (b) arachno-2-GaAl3H10, (c) bis-1-GaAl3H10, (d) bis-2-GaAl3H10.
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Figure 5.6: Optimized structures of dialatetraborane(10) at MP2(FULL)/6-31G(d) in Å and degrees. (a) arachno-1,2Ga2Al2H10, (b) arachno-1,3-Ga2Al2H10, (c) arachno-2,4-Ga2Al2H10, (d) bis-1,2-Ga2Al2H10, (e) bis-1,3-Ga2Al2H10,
(f) bis-1,4-Ga2Al2H10, (g) bis-2,3-Ga2Al2H10.
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Figure 5.7: Optimized structures of dialatetraboranes(10) at MP2(FULL)/6-31G(d) in A and degrees. (a)
arachno-1,2,3-Ga3AlH10, (b) arachno-1,2,4-Ga3AlH10, (c) bis-1,2,3-Ga3AlH10, (d)bis-1,2,4-Ga3AlH10.

The effects on the relative energies of replacing an aluminium atom with gallium in
tetralane(10) i.e. the energetics of gallatetralane(10) (GaAl3H10) isomers, are summarized in
Table 5.7. All the isomers are stable structures with no imaginary frequencies at all levels
of theory computed. Concomitant to the tetralane(10) system, the lowest energy arachno
isomer, arachno-1-GaAl3H10 (Figure 5.5 (a)) is almost isoenergetic to the lowest energy bis
isomer, bis-2-GaAl3H10 (Figure 5.5 (b)). This is found at all levels of theory studied, except
for MP2(FULL)/6-31G(d) where the arachno- isomer is 1.4 kcal/mol lower than the bis
isomer. The average ΔE(b−a) value is only −0.25 kcal/mol. It appears that the gallium atom
prefers the central position in both the arachno- and bis- forms.

Table 5.7: GaAl3H10: Relative Energies; (kcal/mol)
Isomer

Symmetry

HF

MP2/FULL G2(MP2)

6-31G(d)

6-31G(d)

G2

CBS-Q

CBS-QB3

ar-1-

Cs

0.0

0.0

0.0

0.0

0.0

0.0

ar-2-

Cs

11.9

12.3

5.4

5.3

6.1

5.9

bis-1-

C1

8.6

11.6

3.9

3.8

4.1

4.5

bis-2-

C1

−0.3

1.4

−0.2

−0.2

−0.4

−0.2

As seen in Table 5.8, the arachno isomer, arachno-1,3-Ga2Al2H10 (Figure 5.6(b)) with
the two gallium atoms in the central position is the lowest arachno form and is only
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1.4, 0.6, 0.5 and 0.4 kcal/mol higher in energy than the lowest bis structure bis-2,3Ga2Al2H10, (Figure 5.6(g)), at G2, G2(MP2), CBS-Q and CBS-QB3 levels of theory
respectively. Interestingly, the lowest energy bis- isomer also has the two gallium atoms in
the central positions. The average ΔE(b−a) value is −0.73 kcal/mol over the four methods,
G2, G2(MP2), CBS-Q and CBS-QB3.

Table 5.8: Ga2Al2H10: Relative Energies (kcal/mol)
Isomer

Symmetry

HF

MP2/FULL G2(MP2)

6-31G(d)

6-31G(d)

G2

CBS-Q

CBS-QB3

ar-1,2-

C1

11.1

11.0

2.0

3.1

3.5

3.6

ar-1,3-

C2v

0.0

0.0

0.0

0.0

0.0

0.0

ar-2,4-

C2v

23.3

24.1

7.3

8.3

9.3

9.7

bis-1,2-

C1

10.5

12.6

1.3

2.3

0.7

2.8

bis-1,3-

C1

11.6

13.7

1.4

2.5

1.7

3.2

bis-1,4-

C2

20.5

23.9

5.4

6.4

7.7

7.5

bis-2,3-

C2

2.4

3.0

−1.4

−0.6

−0.5

−0.4

Moving on to the next system, the trigallatetralane(10), whose relative energies are shown in
Table 5.9, the bis isomer, bis-1,2,3-Ga3AlH10 (Figure 5.7(c)) is the lowest energy isomer of
the system followed by the arachno-1,2,3-Ga3AlH10 isomer (Figure 5.7(a)). The bis isomer,
bis-1,2,4-Ga3AlH10 (Figure 5.7(d)) is also not far behind in energy. It is only 1.5, 1.4,
−1.3 and 2.4 kcal/mol higher than the arachno 1,2,3- isomer, at G2, G2(MP2), CBS-Q
and CBS-QB3 levels of theory respectively. The arachno-1,2,4-Ga3AlH10 at HF level is
a transition state with an imaginary frequency of −103.3i cm−1, but changes to a stable
structure at MP2 level.

Table 5.9: Ga3AlH10: Relative Energies (kcal/mol)
Isomer

Symmetry

HF MP2/FULL
6-31G(d)

6-31G(d)

G2(MP2)

G2

CBS-Q

CBS-QB3

ar-1,2,3-

Cs

0.0

0.0

0.0

0.0

0.0

0.0

ar-1,2,4-

Cs

11.0

11.5

4.0

4.1

3.5

3.9

bis-1,2,3-

C1

2.0

3.3

−1.2

−1.3

−0.4

−0.8

bis-1,2,4-

C1

11.4

14.0

1.5

1.4

−1.3

2.4

The average ΔE(b−a) value is −0.92 kcal/mol. The pattern seen in the gallatetralane and
digallatetralane system, where the gallium atoms have a preference to the central positions
continues. Looking at all the three systems i.e. the gallium substituted tetralanes, in a
different perspective, it can also be said that the aluminium atoms prefer the wing tip
positions in the arachno forms and terminal positions in the bis forms.
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Further, the central bond (Metal-Metal) distances at MP2(FULL)/6-31G(d) level of theory, in
different isomers going from tetralane(10) to tetragallane(10) are summarized in Table 5.10.
It can be observed that bond distances systematically decrease in the order Al-Al > Al-Ga>
Ga-Ga for both the arachno and the bis forms. Considering the fact that both the metals
have comparable covalent bond distances, the bond shortening could be the consequence of
bond strengthening, which is reflected in the energies, by the stabilization of the molecules
with Ga-Ga central bond.

Table 5.10: Central Metal – Metal bond distances in arachno- and bis- forms of
substituted gallalanes(10)
Isomer

Metal-Metal Bond

Bond length arachno-

(in Å) bis-

Al4H10

Al-Al

2.526

2.562

1-GaAl3H10

2.524

2.560

2,4-Ga2Al2H10

2.523

1,4-Ga2Al2H10
2-GaAl3H10

2.558
Al-Ga

l,2-Ga2Al2H10

2.461

2.471

2.457

2.466

1,3-Ga2Al2H10

2.467

1,2,4-Ga3AlH10
1,3-Ga2Al2HI0

2.446
Ga-Ga

2.462

2.413

2,3-Ga2Al2H10

2.410

1,2,3-Ga3AlH10

2.408

2.405

Ga4H10

2.403

2.399

To compare and contrast the effect of addition of heavy atoms to tetraborane systems,
the average ΔE(b−a) value for all the systems, are summarized in Table 5.11. It can be
seen that even though there is some stabilization of the bis- structure by the addition of
aluminium atoms to tetraborane(10), the effect is not as strong as adding gallium atoms to
tetraborane(10) systems. Addition of gallium atoms to tetralane shows a much lesser effect
on the bis- structure stabilization.

Table 5.11: Average ΔE(b−a) values in kcal/mol, taken over G2, G2(MP2), CBS-Q
and CBS-QB3 methods
System

Average ΔE(b−a)

B4H10

7.0

GaB3H10

9.0

Ga2B2H10

1.4

Ga3BH10

−3.8
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System

Average ΔE(b−a)

Ga4H10

−1.7

AlB3H10

11.7

Al2B2H10

11.0

Al3BH10

4.8

Al4H10

−0.6

GaAl3H10

−0.3

Ga2Al2H10

−0.7

Ga3AlH10

−0.9

5.4 Conclusion
Quantum chemical calculations in this chapter predict that the substitution of aluminium
atoms into the tetraborane (10) system progressively lowers the energy of the bis- isomers
relative to the arachno- isomers. The effect is not as strong as in the substitution of gallium
atoms into tetraborane. The analogy that the bulky atom substituted into tetraborane(10)
prefers the butterfly wingtip positions due to ring strain in the arachno- form, whereas in the
bis- form the central positions are preferred, holds in aluminium systems too. Concurrently,
the bis- isomers of tetralane with the gallium atoms substituted in the central positions are
found to be slightly more stable than the arachno- isomers. However, in arachno- isomers
of gallium substituted tetralanes, the gallium is also predicted to prefer the central position.
This is attributed to the fact that the Ga-Ga, central bonds are stronger than the Al-Ga
or the Al-Al central bond.
Thus, bis- forms of tetralane(10) (Al4H10), gallatetralane(10) (GaAl3H10), digallatetralane(10)
(Ga2Al2H10)

and

trigallatetraallane(10)

(Ga3AlH10),

have

equal

chances

of

being

experimentally observable. However, since they are very close in energy to their arachnocounterparts, synthesis of the above mentioned systems could lead to a mixture of both
arachno- and bis- isomers.
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Chapter 6
Inter-conversion of bis-B4H10 to arachno-B4H10
6.1 Introduction
It has been a puzzle for some years that the bis (diboranyl) isomer of tetraborane (10)
(bis-B4H10, Figure 6.1 (a)) has not been found even though its energy is very close to
that of the known arachno- isomer (arachno-B4H10 Figure 6.1(b)) [1]. The two methods of
synthesis of tetraborane, one by the mercury-sensitized photolysis of diborane [2], and the
other by the Wurtz-type coupling of B2H5I in the presence of sodium amalgam [3], indicate
the possibility of the initial production of the bis(diboranyl) isomer. In 1991 experimental
evidence was found by Binder et al [4] that when B4H10 is reacted with bifunctional thiols,
transannularly bridged H2(μ2)2S2RBH(B2H5) (Figure 6.2 (a)) similar to the bis- isomer is
formed, which on cooling rearranges to H2B(μ2)2S2RB3H6 (Figure 6.2 (b)) analogous to
arachno-isomer.

Figure 6.1: Structures of B4H10 isomers
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Figure 6.2: Structures of transannularly bridged di-μ2-thiotetraborane (10) isomers [4]

The purpose of this chapter is to present the results of a theoretical study of the possible
reaction pathways for the interconversion of the bis (diboranyl) isomer of tetraborane (10),
to the known arachno- isomer.
Earlier theoretical investigations have shown that the HF level of theory has serious
disadvantages in predicting the energies of these isomers effectively. The bis structure is
found to have lower energy than the arachno isomer at HF level and only when correlation
is added does the bis structure rise above the arachno structure in energy. For example,
at HF level of theory the energy of the bis- isomer is lower than arachno- isomer by 6.9
kcal with the 6-31G basis set and raises 5.8 kcal above the arachno- at the MP2 level
of theory. Very similar results are obtained with other basis sets. In particular, at the HF
level, the bis- isomer is always lower in energy than the arachno, and at all correlated
levels the arachno- structure is lowest.
A new local minimum with a penta-coordinated central boron (I4-B4H10, Figure 6.1(c)),
similar to the penta-coordinated gallaborane, GaB3H10, discussed in chapter 4 is predicted to
have a energy of only 13.6 kcal above the arachno- isomer. In this chapter, the path for the
conversion of I4 to arachno- B4H10 is also examined.
In 1986, M. L. McKee[5], proposed three possible paths for the conversion of bis- B4H10
to Arachno- B4H10.
• Path A, which preserves the C2 symmetry common to both bis- and arachno structures, was
found unfavourable since the stationary structure had 4 imaginary frequencies and was not a
true transition structure.
• Path B was eliminated by McKee, owing to the fact that the geometry of the transition structure
in this path was constrained and the energy of the transition structure along this path was very
high.
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• Path C involved a donation-back-donation step where the bis structure first dissociates to B3H7
and BH3 with the back donation of the BH3 moiety to a different B3H7 isomer as a second step.
The path for the interconversion of B3H7 isomers [6] was not found.
• The geometries were optimised only at HF level of theory with the 3-21G basis set and
polarization and correlation effects were applied as additivity approximations from single point
energies.
This chapter presents a detailed higher level, ab initio quantum chemical study of the
transition structures with no constraints on the geometry, connecting the observed arachnoisomers with their unknown bis- isomers.

6.2 Calculation Details
The three major factors that were considered in the selection of the level of theory and
basis sets were:
i. The bridging hydrogens in boranes are involved in the three-centred two-electron bonding
are different from the traditional two-centred two-electron bonding in terminal B-H bonds
and in C-H bonds in organic compounds. A number of previous calculations on these
electron deficient boranes have shown that electron correlations methods are essential
to predict energies [7],[8],[9] and geometries [10],[11] in close agreement with the
experimental values.
ii. Although it has been shown [12],[11] that polarisation functions on the hydrogens provide
an improved description of bridging hydrogen atoms in carboranes, it does not have
much effect on the energy or geometry of boranes, we have included the p- and d-type
polarization functions on hydrogens and borons respectively. This is because some of
the transition structures that had very close energies but different geometries on the PES
could not be distinguished without the polarization functions on hydrogen.
iii. Also, due to the large number of calculation that needs to be done to scan the potential
energy surface for all the transition structures and isomers, a reasonably good but
economical method and basis set needs to be chosen.
The geometry optimisation and molecular energy calculations of all the species have been
carried out using second-order Møller-Plesset perturbation theory with 6-31G(d,p) basis
set. Analytic normal-mode frequencies were also obtained at the same level of theory to
characterize the stationary points. The energies are then corrected by including the zero-point
correction at the same MP2/6-31G(d,p) level.
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Intrinsic Reaction Coordinate (IRC) calculations have been performed on all the reported
transition states to verify the minima connecting the transition states. This basis set is
large enough to give reasonably accurate results while being sufficiently economic to allow
a large number of calculations. In certain cases geometry optimisations and frequency
calculations have been performed at MP2/6-311G(2d,p) and B3LYP/6-311G(2d,p) levels of
theory to assess the validity of the MP2/6-31G(d,p) level. Also, single point CCSD(T)
energies have been calculated to give better estimates of energies.
The ab initio molecular orbital calculations have been performed using the GAUSSIAN
98 [13] program

6.3 Results and Discussions
A number of different transition structures have been found in an effort to elucidate the
mechanism of conversion of the bis- isomer to the arachno- isomer. The potential energy
surface for the system is very complicated with numerous transition structures. Some of
the transition structures found are involved in the conversion of the bis- structure to the
arachno- structure, while a large number of them are for the interchange of the terminal
hydrogens with bridged hydrogens.
The structures and geometric parameters (in Å and degrees) computed at MP2/6-31G(d,p)
level of theory are shown in Figure 6.3. Table 6.1 consists of total energies along with
relative zero-point corrected energies of all the stable isomers and transition structures of
tetraborane(10).
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Figure 6.3: Optimised geometry of stable and transition structures of Tetraboranes(10) at MP2/6-31G(d,p) in Å and
degrees
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Table 6.1: Total energies, ZPE correction and relative energies of stable isomers and
transition structures.
Molecule

Symmetry

MP2/6-31G(d,p)
ZPE corr (Eh) Total E (Eh) ΔE (Eh)

ΔE (kcal/mol)

(Eh)
Ar-B4H10

C2v

−104.91970370.115277

−104.804427 0.0

0.0

Bis-B4H10

C2

−104.90454600.114854

−104.789692 0.01473

9.2

3-B4H10

C2V

−104.85209660.110903

−104.741194 0.06323

39.7

4-B4Hl0

C2

−104.89795570.114461

−104.783495 0.02093

13.1

TS1

C1

−104.85409180.111432

−104.742660 0.06177

38.8

a-B3H7+BH4 C1

−104.83882510.105185

−104.733640 0.07079

44.4

TS2+BH3

C1

−104.83398510.103926

−104.730059 0.07437

46.7

b-B3H7+BH3 C1

−104.85394520.106203

−104.747742 0.05668

35.6

TS3

C1

−104.84791990.109151

−104.738769 0.06566

41.2

TS4

C1

−104.85753270.110719

−104.746814 0.05761

36.2

TS5

C1

−104.84846200.111487

−104.736975 0.06745

42.3

TS6

C1

−104.85149150.110049

−104.741443 0.06298

39.5

TS8

C1

−104.84537930.111616

−104.733763 0.07066

44.3

TS9

C1

−104.85755330.111970

−104.745583 0.05884

36.9

TS10

C1

−104.89847130.114242

−104.784229 0.02020

12.7

I4-B4H10

C1

−104.89795570.114461

−104.783495 0.02093

13.1

I5-B4H10

C1

−104.89920900.114723

−104.784486 0.01994

12.5

Two pathways between bis(diboranyl) and the arachno structure, have been found. The first
(Path 1) is similar to the dissociative pathway to B3H7 and BH3 proposed by McKee. The
second (Path 2) is a concerted pathway over two transition states separated by a local
minimum and is different from the pathways suggested by McKee (Path C). The stable
isomers and transition structures of B3H7 are shown in Figure 6.4.
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Figure 6.4: Optimised geometry of stable and transition structures of Triboranes(7) (B3H7) at MP2/6-31 G(d,p) in Å
and degrees

6.3.1 Path 1
A schematic representation of the stepwise pathway for the interconversion has been shown
in Figure 6.5.
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Figure 6.5: Schematic representation of Path1 pathway of interconversion of isomers of B4H10.

The first step along the pathway is the dissociation of the bis- isomer into B3H7 and BH3.
The product of the dissociation is a-B3H7 (Figure 6.4 (a)), which then converts to b-B3H7
(Figure 6.4 (b)), via transition structure TS2 (Figure 6.4(c)), for the B3H7 system. One of the
hydrogens in the terminal BH2 moiety of a-B3H7 forms a bridge with the boron in the other
end resulting in the transition structure TS2, with three bridged hydrogens. Simultaneously
one of the bridged hydrogens moves away from the boron atom and turns into a terminal
hydrogen forming b-B3H7. The reaction coordinate has a barrier height of 2.2 kcal/mol for
the forward reaction from the isomer a-B3H7 and a barrier height of 11.0 kcal for the reverse
reaction from the isomer b-B3H7.
The BH3 moiety, then inserts back to b-B3H7 via the transition structure TS3. The boron
of the BH3 attaches to one of the bridged hydrogens and a hydrogen atom attaches to
the apex boron forming the transition structure TS3. This insertion transition state has a
barrier of 41.2 kcal/mol going to arachno-B4H10, where a bond is formed between the
two central borons.
The dissociation of B4H10 to B3H7 and BH3 involves the breaking of one B2H5 unit and is
thus similar to the breaking of B2H6 to give two BH3 molecules. The recombination of two
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BH3 molecules to form B2H6 appears to occur without a barrier [14] or with a barrier no
higher than 1 kcal/mol [8]. It is difficult to identify the transition structure. The dissociation
of B4H10 is similar; no transition structure has been identified. The dissociation energy of
B4H10 is 35.2 kcal/mol, very close to the dissociation energy of diborane, which is 34.9
kcal/mol at the same level of theory. Both these energies are close to the experimental
dissociation energy of B2H6 to two BH3 moieties, which is 36±3 kcal/mol [15].

6.3.2 Path 2
A schematic representation of the concerted pathway for the interconversion has been shown
in Figure 6.6.

Figure 6.6: Schematic representation of Path 2, pathway of interconversion of isomers of B4H10.

The concerted pathway involves the breaking of a hydrogen bridge in one of the boronyl
ends of the bis- isomer (Figure 6.3(b)) and the formation of a third hydrogen bridge at
the other boronyl end. This results in the reaction intermediate I3-B4H10 (Figure 6.3(c)),
through the transition structure TS5 (Figure 6.3(f)). The barrier height for the forward
reaction is 33.1 kcal/mol at MP2/6-31G(d,p) level and that for the reverse reaction is 2.6
kcal/mol. A second transition state TS6 (Figure 6.3(g)), connects I3-B4H10 to the arachnoisomer (Figure 6.3(a)), with an energy barrier of −0.2 kcal/mol, for the forward reaction
and 39.5 kcal/mol for the reverse reaction. (The barrier height for the forward reaction is
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positive on the PES and becomes negative only on the inclusion of the zero point energy
correction). Here the terminal boron with a single hydrogen bridge moves closer to the
other central boron forming a new hydrogen bridge, with simultaneously, one of the two
original hydrogen bridges breaking.
The geometries of these three structures (TS5, I3-B4H10 and TS6), even though they look
similar, are significantly different at the bridge breaking and forming positions. To confirm
the existence of these three structures, which are almost iso-cnergetic, optimisations with
different basis sets and theory was carried out. Relative energies of the two transition
structures (TS5 and TS6) with respect to I3-B4H10 are given in Table 6.2.

Table 6.2: Energies of the transition structures relative to I3-B4H10 in kcal/mol
Level of Theory

TS5

TS6

MP26-3lG(d.p)

2.65

−0.16

CCSD(T)/6-31G(d,p)/

1.46

−0.22

MP2/6-311G(2d,p)

3.04

0.18

COSD(T)6-311G(2d,p)/

1.64

−0.01

B3LYP/6-311G(2d,p)

1.75

−0.33

CCSD(T)/6-311G(2d,p)/

1.68

−0.08

MP2/6-31G(d,p)

MP2/6-311G(2d,p)

B3LYP/6-311G(2d,p)

The geometries of TS5, I3-B4H10 and TS6 are almost identical at MP2/6-31G(d,p),
MP2/6-311G(2d,p) and B3LYP/6-311G(2d,p) levels of theory. For example the distance
between the boron and the hydrogen in TSS, represented by a dotted line in Figure 6.3 (0,
where the new bridge is forming, is 1.547 Å, 1.547 Å and 1,543 Å at MP2/6-31G(d,p),
MP2/6-311G(2d,p) and B3LYP/6-311G(2d,p) levels respectively. Similarly, the bond distance
between the boron and the hydrogen in TS6, represented by a dotted line in the Figure
6.3(g), where the existing bridge is breaking is 1.539 Å, 1.544 Å and 1.521 Å, at
MP2/6-31G(d,p), MP2/6-311G(2d,p) and B3LYP/6-31 lG(2d,p) levels respectively.
The intermediate I3-B4H10, has no imaginary frequencies at all the above mentioned levels
of theory, proving that it is not an artefact of theory or basis set. The almost nonexistent barrier of −0.2 kcal/mol (adding the ZPE correction makes it negative) from this
intermediate to TS6, at MP2/6-31G(d,p) level, continues to be flat at other levels of theory
as can be seen in Table 6.2.
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6.3.3 Other Transition Structures on the PES
Among the numerous transition structures found on the PES of B4H10, the geometry and
structural parameter of some important ones are shown in Figure 6.7. Transition structure
TS4 (Figure 6.7(a)) of B4H10 is a transition structure for the conversion of the two central
borons to terminal borons in the arachno isomer. The two wing tip borons come closer
to form a bond, simultaneously the bond length between the two central borons increase,
forming the transition structure TS4. This transition structure has an energy 36.2 kcal/mol
above arachno-B4H10. A similar transition structure for AlB3H10 and GaB3H10 will be more
significant in the interconversion of different arachno isomers of other group-13 hydrides
such as AlB3H10 and GaB3H10, which will be discussed in chapter 7. TS1 (Figure 6.7(b))
is a transition structure for the conversion of a bridged hydrogen to a terminal hydrogen in
the bis- isomer, with a barrier height of 35.51 kcal/mol.

Figure 6.7: Optimised geometry of some transition structures of Tetraboranes(10) at MP2/6-31G(d,p) in Å and
degrees

Analogous to the three penta-coordinated structures identified for the gallatetraborane
systems in chapter 4, three structures, with a central penta-coordinated boron atom, are
found in the tetraborane system. Structures of these three penta-coordinate structures are
shown in Figure 6.8.
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Figure 6.8: Optimized structures of stable and transition structures of penta-coordinated tetraborane(10) (B4H10) at
MP2/6-31 G(d,p) in Å and degrees

I4-B4H10 (Figure 6.8(a)) is a stable isomer where the two hydrogens and the two borons
attached to the central penta-coordinated boron are positioned at the base of a rectangular
pyramid and the terminal hydrogen attached to the central boron in at the apex of the
pyramid. It has Cs symmetry, cutting along the plane consisting of the terminal boron,
central boron and the bridged hydrogen.
The second structure is I5-B4H10 (Figure 6.8(b)) has no element of symmetry. It is a stable
isomer, and differs from I4-B4H10 by the orientation of the two rings to each other, and also
by the way the five bonds around the central boron are oriented. Unlike I4-B4H10, in I5B4H10, two hydrogens and a boron occupy the triangular equatorial positions of a distorted
trigonal pyramid. The terminal hydrogen attached to the central boron occupies one of the
apex positions and a boron atom occupies the other apex position.
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The third structure TS10 (Figure 6.8(c)) is a transition structure, geometrically very similar
to I5-B4H10, but the plane of the two rings are exactly at right angles to each other,
whereas in I5-B4H10 the rings are in a “gauche” position, neither flat nor at right angles
to each other. TS10 has a Cs plane of symmetry consisting the three-membered ring (BB-B) and the two terminal hydrogens in the diborane end. TS10 is in fact the transition
structure where the rings flip to a gauche form on either side of the right angle over a
barrier of 0.2 kcal/mol.
TS9 (Figure 6.7(d)) is the transition structure for the interconversion of the penta-coordinate
isomer I4-B4H10, to the bis- isomer. A bond between the central boron and one of the
borons on the single bridge side of the I4-B4H10, breaks and a terminal hydrogen moves
in, to form a hydrogen bridge between the two borons forming a bis- structure. The barrier
for the forward reaction is 23.8 kcal/mol and for the backward reaction is 27.7 kcal/mol.
TS8 (Figure 6.7(c)) is a transition structure between the bis- isomer and the 15 isomer, with
the mechanism similar to above, with a forward activation of 31.8 kcal/mol and backward
activation of 35.1 kcal/mol.
The possibility of finding experimental evidence for a penta-coordinate boron atom is
intriguing. These tetraborane structures may be more likely candidates for experimental
verification than the penta-coordinated boron isomer of triborane(9) predicted by Duke et
al. [16].

6.4 Conclusion
For the conversion of the bis-B4H10 to the arachno-B4H10, the concerted pathway (Path 2)
seems the more likely pathway compared to the stepwise pathway (Path 1). Firstly, it has
a smaller activation energy. Secondly, the presence of the dissociated intermediates in low
concentration will inevitably reduce the rate of this reaction and they also open up the
possibility of a range of alternative pathways. For example, the BH3 and B3H7 formed in
Path 1 may combine with B4H10, giving rise to many other boranes similar to the pyrolysis
of diborane [17]. This leads to likely low concentrations of the intermediates, which will
result in a very slow recombination of BH3 and B3H7.
Even though Path 2 is favorable compared to path 1, with a barrier height of 33.1 kcal/mol,
it is still a high activation energy meaning that the conversion of the bis- structure to the
arachno structure would be a slow process. Therefore we cannot completely rule out the fact
that the bis- structure could be found. The activation energy would have to be much smaller
for the immediate disappearance or conversion of the bis- structure to arachno structure.
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Further more the experiment by Binder et al [4] with B4H10 and bifunctional thiols forming
transannularly bridged H2(μ2)2S2RBH(B2H5) similar to the bis- isomer (Figure 6.2 (a)) and
its rearrangement into H2B(μ2)2S2RB3H6 analogous to arachno-isomer (Figure 6.2 (b)) on
cooling indicates that the bis- isomer of tetraborane (10) could be found if experiments
were conducted at suitable conditions.
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Chapter 7
Isomerization of Gallatetraborane(10)
7.1 Introduction
Gallium hydrides containing bridging hydrogen atoms have been found in many cases to
be isostructural to boron hydride analogues. This deduction was strengthened when Pulham
et al. [1] synthesized a gallatetraborane(10) (arachno-2-GaB3H10) and characterized the
structure by electron diffraction methods and found that to be isostructural to arachnoB4H10. Ab initio calculations on arachno-1-GaB3H10 and arachno-2-GaB3H10 isomers were
carried out by Duke and Schaefer [2], and further calculations on bis- and arachno- isomers
were done by McKee [3]. While Duke and Schaefer predicted that it may be possible to
synthesize the arachno-1-GaB3H10 isomer, McKee showed that the two bis isomers were
lower in energy than the arachno-1 isomer and were between the two arachno isomers
energetically. This is confirmed by our study [4] on the gallaboranes systems. It is also
noted that using correlation methods to calculate the vibrational frequencies revealed, the
arachno-1- isomer with C2 symmetry is a transition structure due to steric hindrance, and
the structure with C1 symmetry where one of the hydrogen bridges between the central
gallium atom and the terminal boron atom is broken, is the stable isomer. In chapter 4
it has been shown that the bis-2-GaB3H10 structures is only 8.6, 9.1 and 9.5 kcal/mol
higher in energy than the arachno-2- isomer, at G2, CBS-Q and CBS-QB3 levels of theory
respectively, followed by bis-1-GaB3H10 structure which is 10.1, 10.5 and 11.1 kcal/mol
higher at the same levels.
This chapter presents the results of a theoretical study of the possible reaction pathways
for the interconversion of the bis isomers of gallatetraborane (10), to the known arachno-2isomer. Even though the arachno-1-GaB3H10 with Ci symmetry is found to be 18.4, 18.8
and 19.5 kcal/mol higher than the arachno-2- isomer at G2, CBS-Q and CBS-QB3 levels
of theory respectively, earlier researcher's [2] predicted that the arachno-1- isomer might
exist. Since it has not been found to date, the path for its conversion to the lowest energy
isomer arachno-2- GaB3H10 is investigated.
For the sake of completeness, reaction pathways for the new penta coordinated central
gallium containing gallatetraboranes (I′6-GaB3H10 and I7-GaB3H10, Figure 7.6(a) and Figure
7.6(b)), discussed in chapter 4 are also examined.
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This chapter presents a detailed higher level, ab initio quantum chemical study of the
transition structures with no constraints on the geometry, connecting the known arachnoisomer with their unknown arachno- and bis- isomers.

7.2 Calculation Details
Parallel to the three major factors that is considered in chapter 6 for the prediction of
pathways for tetraborane (B4H10) system, the following level of theory and basis sets
were chosen.
The geometry optimisation and molecular energy calculations of all the species have been
carried out using second-order M0ller-Plesset perturbation theory with 6-31G(d,p) basis
set. Analytic normal-mode frequencies are also obtained at the same level of theory to
characterize the stationary points. The energies are then corrected by including the zeropoint correction at the same MP2/6-31G(d,p) level. Intrinsic Reaction Coordinate (IRC)
calculations have been performed on all the reported transition states to verify the minima
connecting the transition states.
The ab initio molecular orbital calculations have been performed using the GAUSSIAN
98 [5] program

7.3 Results and Discussions
Numerous transition structures and new stable isomers have been found in an effort to
elucidate the mechanism of conversion of all the energetically low-lying isomers to the
arachno-2-gallatetraborane(10). A schematic representation of energy differences in kcal/mol
at MP2/6-31G(d,p) level of theory, between the stable isomers, is shown in Figure 7.1.
The potential energy surface for the system is highly complex with numerous transition
structures. While some of the transition structures are involved in the conversion of the
bis- isomers to the arachno- isomers, others are routes to interconversion between the two
bis forms or the arachno forms and yet others are paths for interchange of the terminal
hydrogens to bridged hydrogens.
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Figure 7.1: Schematic representation showing energy differences of different isomers of GaB3H10 w.r.t arachno-2gallatetraborane(10)

The structures and geometric parameters of stable isomers computed at MP2/6-31G(d,p)
level of theory are shown in Figure 7.2, and the structures and geometric parameters of
transition states are given in Figure 7.3. All transition states for the gallatetraborane system
in this chapter are represented by TS', to avoid confusion with the naming of tetraborane
transition structures from chapter 6. A schematic MP2/6-31G(d,p) potential energy surface,
of all possible pathways of stable isomers of gallatetraborane(10) converting to arachno-2gallatetraborane(10), is given in Figure 7.4.
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Figure 7.2: Optimised geometry of stable structures of Gallatetraboranes(10) (GaB3H10) at MP2/6-31G(d,p) in Å and
degrees
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Figure 7.3: Optimised geometry of transition structures of Gallatetraboranes(10) (GaB3H10) at MP2/6-31G(d,p) in Å
and degrees
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Figure 7.4: Schematic representation showing pathways of all isomers of GaB3H10 going to arachno-2-GaB3H10.

7.3.1 Pathways for interconversion of low energy isomers
There are four stable isomers of gallatetraborane(10) which are energetically not far away
from arachno-2-GaB3H10 (Figure 7.2(d)). The one highest in energy is arachno-1-GaB3H10
(Figure 7.2(c)), which is 19.6 kcal/mol higher in energy than the arachno-2 isomer, with
Ci symmetry, which has one of the hydrogen bridges, between the central gallium and
terminal boron, broken due to ring strain. There also exists another form of arachno-1GaB3H10 (Figure 7.2(b)), in which the hydrogen bridge between the central boron and wing
tip boron is broken which is only 1.4 kcal/mol higher than the other form. The former
isomer, in which the hydrogen bridge between the Ga and B is broken, will be referred
to here as arachno-1-GaB3H10.
The arachno-1-GaB3H10 converts to the arachno-2 form via the transition state TS′l with an
imaginary frequency −326.6i cm−1 at the MP2/6-31G(d,p) level of theory. In this path, the
central fold Ga-B distance in the arachno-1 isomer (Figure 7.3(c)) increases, breaking the
hydrogen bridge between the central boron and the wing tip boron. The resulting transition
structure TS′l, has only two hydrogen bridges and each heavy atom (B and Ga) has two
terminal hydrogens bonded to them. Next, the distance between the two wing tip borons
decrease forming a bond while the Ga-B distance further increases. Two terminal hydrogens
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from opposite ends move in, to form two new hydrogen bridges resulting in the arachno-2isomer. The forward barrier along the reaction coordinate for this conversion is 15.4 kcal/
mol and the backward barrier is 36.4 kcal/mol.

Table 7.1: Total energies, ZPE correction and relative energies of stable isomers and
transition structures at MP2/6-31G(d,p).
Molecule

Symmetry

MP2/6-31G(d,p)
ZPE corr (Eh) Total E (Eh) AE (Eh)

AE (kcal/mol)

(Eh)
a1-GaB3H10 C1

−2001.41673 0.10396

−2001.3128

0.031365

19.7

a2-GaB3H10 Cs

−2001.45026 0.10613

−2001.3441

0.000000

0.0

b1-GaB3H10 C1

−2001.42498 0.10473

−2001.3202

0.023880

15.0

b2-GaB3H10 C1

−2001.43258 0.10588

−2001.3267

0.017431

10.9

a1-

Cs

−2001.40487 0.10275

−2001.3021

0.042009

26.4

TS′l

C1

−2001.38795 0.10178

−2001.2862

0.057950

36.4

TS′2

C1

−2001.37213 0.10118

−2001.2709

0.073185

45.9

TS′3

C1

−2001.36871 0.10087

−2001.2678

0.076290

47.9

TS′4

C1

−2001.36956 0.09994

−2001.2696

0.074514

46.8

TS′5

C1

−2001.37946 0.09968

−2001.2798

0.064346

40.4

TS′6

C1

−2001.38197 0.10302

−2001.2789

0.065184

40.9

TS′7

C1

−2001.39439 0.10260

−2001.2918

0.052336

32.8

TS′8

Cs

−2001.39830 0.10081

−2001.2975

0.046643

29.3

TS′9

Cs

−2001.43759 0.10445

−2001.3331

0.010988

6.9

TS′10

C1

−2001.41065 0.10434

−2001.3063

0.037813

23.7

TS′ll

C1

−2001.40018 0.10395

−2001.2962

0.047906

30.1

I′4

C1

−2001.38047 0.10062

−2001.2799

0.064271

40.3

I′5

C1

−2001.37724 0.10140

−2001.2758

0.068296

42.9

I′6

Cs

−2001.43904 0.10452

−2001.3345

0.009613

6.0

I′7

C1

−2001.43823 0.10471

−2001.3335

0.010609

6.7

I′8

Cs

−2001.40309 0.10207

−2001.3010

0.043106

27.0

GaB3H10(TS)

For the interconversion of bis isomers to arachno isomers, due to the positioning of
the gallium atoms, the b1-GaB3H10 directly goes to the arachno-2-isomer through a
concerted pathway. Similarly b2-GaB3H10 isomer converts to archno-1-isomer first, which
then translates to a2-GaB3H10.
The conversion of bis-1- form to arachno-2- form has two very similar, possible pathways
as shown in Figure 7.4. In Path 1 b1-GaB3H10 converts to a2-GaB3H10 via the transition
structures TS′2, proceeding to isomer I′5 and then to TS′3. A hydrogen in the bridge in
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the diboranyl- end of the bis- isomer moves out changing to a terminal hydrogen and, at
the same time, one of the terminal hydrogens on the gallaboranyl- end moves in to form a
bridge with the central boron on the diboranyl end forming the transition state TS′2 (Figure
7.3(b)). The barrier height for this process is 30.9 kcal/mol. TS′2 proceeds to I′5 (Figure
7.2(h)) where the newly formed bridge stabilizes by the bridge distance shrinking closer to
the normal B-H-Ga bridge distance. From I′5, the transition structure TS′3 (Figure 7.3(c)) is
formed by the formation of another hydrogen bridge between the terminal hydrogen, now in
the -BH3 end and the central boron. Concurrently, the hydrogen bridge between Ga and B
lengthens (shown by a dotted line in Figure 7.3(c)). Isomer I′5 lies only 3.0 kcal/mol and
5.0 kcal/mol below the TS′2 and TS′3 structures respectively. The barrier height for the TS
′3 structure, to proceed to arachno-2-GaB3H10 by the bridge stabilization on one end and
bridge cleavage on the other is 47.9 kcal/mol along the backward reaction.
Path 2, in a very similar way to Path1, proceeds from bis-1- → TS′4 → I′4 → TS′5 →
arachno-2- isomer. A pictorial depiction of the two paths, which clearly shows the difference
between them, is given in Figure 7.5. It can be seen that the difference in the two paths,
is in the initial cleavage of the bridge between the atoms. In this path, the bridge in the
gallaboranyl- end splits and a new bridge is formed in the diboranyl- end forming the
isomer I′4 (Figure 7.2(g)) via the transition state TS′4 (Figure 7.3(d)). The barrier along the
reaction coordinate going to TS′4 is 31.8 kcal/mol and the barrier is 6.5 kcal/mol towards I
′4. Next, the isomer I′4 converts to arachno-2- isomer passing through TS′5 (Figure 7.3(e))
where a new bridge is formed and stabilized between the wing tip Ga and central B atoms,
while a bridge B-H-B breaks (shown by dotted lines in Figure 7.3(e)). The barrier height
between F4 and TS′5 is a negligible 0.1 kcal/mol. The energy difference between arachno-2and TS′5 is 40.0 kcal/mol.
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Figure 7.5: Pictorial depiction of Path1 and Path 2, for the interconverstion of bis-1- to arachno-2 isomor of.

Summarizing the barriers of both paths, Path 1 has a forward barrier of 30.9 kcal/mol and
reverse barrier of 47.9 kcal/mol along the reaction coordinate, while Path 2's forward barrier
height is 31.8 kcal/mol and reverse barrier is 40.4 kcal/mol. Although Path 1 looks like a
favourable option for the interconversion, with a smaller forward barrier to overcome, in
Path 2 the reaction intermediate 1′4, is lower in energy than the intermediate 1′5 in Path 1,
by 1.6 kcal/mol, and has a negligible barrier of 0.1 kcal/mol to overcome, compared to 5.0
kcal/mol in Path 1. Hence Path 2 seems a more plausible pathway for the interconversion of
the bis-1-gallatetraborane(10) to arachno-2-gallatetraborane(10).
As mentioned before, due to the positioning of the gallium atom in the bisand arachno- forms, it appears that the bis-2-gallatetraborane(10) converts to the
arachno-1-gallatetraborane(10), before proceeding to the lower energy isomer arachno-2gallatetraborane(10). The b2-GaB3H10 converts to the a1-GaB3H10 isomer via the transition
structure TS′6 by bridge breaking and forming, in a similar manner to b1-GaB3H10
converting to a1-GaB3H10. One would expect the formation of a reaction intermediate like
I′4 or I′5 during this conversion too, but surprisingly the TS′6 state appears to proceed
directly to the arachno-1- form without the formation of any reaction intermediate. Here, the
forward barrier is larger than the reverse barrier. The forward barrier for this pathway is 30.0
kcal/mol and the reverse barrier is 21.3 kcal/mol. Further, as discussed earlier, a1-GaB3H10
proceeds to a2-GaB3H10 through the transition structure TS′1.
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The penta-coordinate isomer I′6 (Figure7.6(a)), is only 6.0 kcal/mol above the arachno-2gallatetraborane(10) at the MP2/6-31G(d,p) level of theory (It is the penta-coordinate isomer
16 discussed in chapter 4). Structurally it is closer to the bis- form than the arachnoform due to the presence of the gallaboranyl- like ring including the central gallium atom.
Isomer I′6 converts to bis-2-gallatetraborane (10) via the transition structure TS′7 (Figure
7.7(a)). The interconversion of I′6 to b2-GaB3H10 is a very facile reaction where, one of
the Ga-B bond breaks and a terminal hydrogen moves in, to form a bridge between two
boron atoms resulting in the formation of the diboranyl- end of b2-GaB3H10- The forward
barrier is 26.8 kcal/mol and the reverse barrier is 21.9 kcal/mol. A direct pathway for its
conversion to arachno-2- isomer has not been found. This conversion would involve quite a
few bridge breaking and forming processes. This might need the formation of a few reaction
intermediates before it converts to the arachno- form.

Figure 7.6: Optimised geometry of some more stable structures of Gallatetraboranes(10) (GaB3H10) at
MP2/6-31G(d,p) in Å and degrees
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Figure 7.7: Optimised geometry of some more transition structures of gallatetraborane(10) (GaB3H10) at
MP2/6-31G(d,p) in Å and degrees

7.3.2 Other Transition Structures on the PES
Along with the number of transition structures found on the potential energy surface of the
gallatetraborane(10) system some energetically low-lying stable structures were also found.
Figure 7.6, gives the optimised geometry of some stable structures and Figure 7.7 shows the
optimised geometry of some transition structures at the MP2/6-31G(d,p) level of theory.
Isomer I′7 is the isomer 17 discussed in chapter 4, with the gallatriborane ring in a
gauche orientation to the gallaboranyl- ring. At MP2/6-31G(d,p) level it is only 0.7 kcal/
mol higher in energy than the I′6 isomer. The other stable penta-coordinate isomer found
on the GaB3H10 PES is the isomer I′8 (Figure7.6(c)). It is geometrically similar to the
gallatriborane(9,)shown in Figure 7.8, synthesised by Downs’[6, 7], with a penta-coordinate
central gallium atom, and it differs only by the presence of a −BH2 group replacing a
terminal hydrogen.
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Figure 7.8: Structure of the experimentally found gallatriborane(9) (GaB2H9)

I′8 readily isomerises to 17 via the transition structure TS′8 (Figure 7.7(b)), where the BH2
moiety with a vacant/? orbital bends over to form a Ga-B bond, while two bridges break
and a new hydrogen bridge forms between the two end borons. The forward barrier for this
reaction is only 2.3 kcal/mol and the backward barrier is 22.6 kcal/mol.
TS′9 (Figure7.7(c)) is a transition structure in which the two rings are exactly at right angles
to each other. It is a transition structure between the two forms of 17, where the rings relax
to a gauche form on either side of the right angle with a barrier of only 0.2 kcal/mol on
both sides. TS′10 (Figure7.7(d)), is the transition structure for the conversion of the terminal
borons to bridge borons and vice versa.

7.4 Conclusion
Looking

at

the

potential

energy

surface

associated

with

the

isomerization

of

gallatetraborane(10), it can be seen that there are a number of pathways for the
interconversion of the different isomers. Isomers, a1-GaB3H10 and b1-GaB3H10 have
concerted and energetically favourable pathways for the conversion to a2-GaB3H10. On
the other hand the pathways for the conversion of b2-GaB3H10 and the isomer I′6 to a2GaB3H10 are step wise, and seem to favour the backward reaction. This indicates that the
chances of experimentally finding the bis isomer in the form of b2-GaB3H10 and the pentacoordinate isomer I′6 are quite high, if suitably prepared.
Since it was shown in the case of tetraboranes that the dissociative pathways are highly
unlikely paths for the conversion of the bis- to arachno- forms, no dissociative pathways
have been studied for this system.
The penta-coordinated isomers I′6 and 17 are also very promising experimental targets. This
is due to the fact that the isomer I′8 is very close to the experimentally found pentacoordinated gallatriborane(9) with only a −BH2 group substituted at the terminal hydrogen
position, which will readily convert to I′7.
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Chapter 8
Conclusion
The theoretical predictions made in this study mainly used ab initio quantum mechanical
methods. Systems where molecular energy differences between isomers were crucial, and
higher level of theory needed, model chemistries like G2 and CBS family of methods
were applied. The CBS family of methods were extended to molecules containing third-row
atoms Ga - Kr. The total mean absolute deviation from experimentall values for all the 40
test cases (atomization energies, ionization energies, electron affinities and proton affinities),
were found to be 1.15 kcal/mol and 1.12 kcal/mol for CBS-Q and CBS-QB3, as compared
to 1.38 kcal/mol for the G2 method, and 0.83 kcal/mol for the G3 method. The CBS-q
method which was less accurate compared to the G2(MP2) method for first and second row
molecules, was more accurate in this case with a MAD of 1.81 kcal/mol as compared to
1.97 kcal/mol for G2(MP2). The CBS-4 method is not far behind with a total MAD of
2.23 kcal/mol. CBS-QB3 is slightly less efficient than CBS-Q due to the frequency step,
but is also slightly more accurate. If d orbitals have to be added to the correlation step,
CBS-Q and CBS-QB3 are particularly attractive for larger systems as they are more efficient
than the G3 theory. The CBS methods are found to be useful alternative to other composite
methods, with or without the d orbitals in the correlation space. Inclusion of the d orbitals in
the correlation space for CBS methods is not necessary unless it is required due to mixing
or inversion of the molecular orbitals.
In the study of the structures of gallium and aluminium substituted tetraboranes, the heavy
atoms appear to prefer the wingtip positions in the arachno-isomers and the central position
in case of bis- isomers. Though there is experimental evidence for the gallium atoms
preferring the wing tip position as in the case of GaB3H10, experimental evidence for the
preferences of the bis- form is absent. However, theoretical investigations suggest that the
increase in the number of heavy atoms (Ga or Al) in the molecule, particularly in the
centre positions, favour the bis- form and hence, it can be predicted with confidence that
the synthesis of tetragallane(10) (Ga4H10) or tetralane(10) (Al4H10) could lead to finding
the bis- form of the molecules.
The calculations on gallium substituted tetralane(10) isomers showed that the gallium atom
preferred the central position in both the arachno- and bis- forms. In conjunction with the
Ga-Ga central bond being shorter than the Al-Al bond, the energetics also indicated that
the isomers with a Ga-Ga central bond were more stable compared to the ones with GaAl or Al-Al central bonds. The bis-and arachno forms are very close in energy to each
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other in these systems indicating that synthesis of these molecules might lead to a mixed
yield of arachno- and bis- structures. The CBS-Q and CBS-QB3 methods along with G2 and
G2(MP2) give parallel results for all the systems considered.
While studying the pathways for the inter-conversion of the isomers, model chemistries
were not used, due to their computationally expensive nature and also the large number of
structures that needed to be examined. The MP2/6-31G(d,p) level of theory used to study
the potential energy surface (PES) for the elucidation of the pathways, proved to be a good
compromise and gave good estimations of energy differences for the conversions.
The investigation of the PES of the tetraborane(10) (B4H10) system, gave an insight into
mechanism for the conversion of the unknown bis-B4H10 isomer to the known arachnoB4H10 isomer. This work is the first time that a pathway for this inter-conversion has
been found without the need to imposed geometry constraints on transition structures and
intermediates. This is also the first time that this system has been studied at an appropriate
high level.
Knowledge of the tetraborane(10) pathways, transition structures and intermediates facilitated
the search for pathways in the gallatetraborane(10) (GaB3H10) system, but a large number of
transition structures and intermediates were found. In the case of B4H10 a concerted pathway
was found to be the suitable pathway, and for the GaB3H10 system, both concerted and stepwise pathways were predicted for conversion of different isomers. Isomers a1-GaB3H10 and
b1-GaB3H10 translate to a2-GaB3H10, the experimentally found and lowest energy isomer, by
concerted pathways. Calculated energy barriers for these reactions indicate that the pathways
predicted are favourable. Isomer b2-GaB3H10 and the penta-coordinated isomer I6-GaB3H10
convert to a2-GaB3H10 by step-wise pathways where both have to pass through a1-GaB3H10
before going to the a2-GaB3H10 isomer. The barrier heights along the reaction coordinate
indicate that the pathways are energetically unfavourable for the conversion to a2-GaB3H10.
From this it is envisaged that there are possibilities of finding the isomers b2-GaB3H10 and
I6-GaB3H10, along with I7-GaB3H10 experimentally.
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Appendix A. Appendix
Table A.1: Experimental Atomization Energies and Deviations for calculations done
on different machines as referred to in chapter 3.
Deviation (Theory -Expt.) in kcals/mol
Third-

PC Linux
Expt.

row G2

CBS-Q

CBS-

Compaq Unix

PC Linux

CBS-Q

CBS-

CBS-

CBS-

CBS-

CBS-

QB3

Q(d)

QB3(d)

Q(d)

QB3(d)

QB3

set

Compaq Unix

GeH4

270.5

4.6

4.5

4.8

4.5

5.1

5.4

4.9

5.3

AsH

64.6

−0.7

−0.7

−0.7

−0.7

−1.3

−0.8

−1.8

−1.6

AsH2

131.1

1.7

1.8

1.7

1.8

−0.2

0.3

−0.4

−0.2

AsH3

206

0.4

0.7

0.4

0.7

0.0

0.7

−0.3

0.2

SeH

74.3

0.4

0.6

0.4

0.6

1.0

1.2

0.9

1.2

SeH2

153.2

−0.5

−0.1

−0.5

−0.1

−0.2

0.3

−0.3

0.2

HBr

86.5

−0.1

0.0

−0.1

0.1

0.4

0.8

0.6

0.7

GaCl

109.9

−0.2

−0.7

−0.2

−0.7

2.6

2.7

2.5

2.6

GeO

155.2

0.6

−0.1

0.6

−0.1

3.6

3.5

3.7

3.5

As2

91.3

−0.2

0.0

−0.2

0.0

−0.2

1.1

−0.6

0.2

BrCl

51.5

−1.3

−1.6

−1.3

−1.6

1.3

1.2

1.4

1.2

BrF

58.9

−1.7

−1.6

−1.6

−1.6

1.0

1.2

1.1

1.1

BrO

55.3

−1.2

−1.7

−1.2

−1.7

1.3

1.0

1.4

1.0

Br2

45.4

0.1

−0.2

0.2

−0.1

1.6

1.4

1.8

1.3

BBr

103.5

−2.9

−3.1

−2.9

−3.0

−1.6

−1.6

−1.4

−1.7

NaBr

86.2

−0.9

−0.8

−0.9

−1.1

0.4

−1.8

0.5

−1.9

CH3Br

358.2

−1.9

−1.6

−1.8

−1.6

1.8

2.7

2.2

2.7

GeS2

191.7

2.5

2.0

2.5

2.0

3.8

3.2

3.8

3.3

KrF2

21.9

−5.7

−5.6

−5.7

−5.7

−4.3

−3.7

−4.3

−4.4

−0.37

−0.43

−0.35

−0.44

0.84

0.98

0.84

0.77

1.46

1.45

1.46

1.46

1.67

1.82

1.79

1.80

AD (kcal/
mol)
MAD
(kcal/mol)

Table A.2: Experimental Ionization Energies, Electron Affinities, Proton Affinities
and Deviations for calculations done on different machines as referred to in chapter 3
Deviation (Theory -Expt.) in kcals/mol
Third

PC Linux
Expt.

row G2

CBS-Q

CBS-

Compaq Unix

PC Linux

CBS-Q

CBS-

CBS-

CBS-

CBS-

CBS-

QB3

Q(d)

QB3(d)

Q(d)

QB3(d)

QB3

set

Compaq Unix

+

−0.88

−0.88

−0.88

−0.88

0.70

0.50

1.19

1.18

+

−1.47

−1.46

−1.47

−1.46

0.81

0.87

0.74

0.76

Ga→Ga +e 138.34
Ge→Ge +e 182.15
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Deviation (Theory -Expt.) in kcals/mol
Third

PC Linux
Expt.

row G2

CBS-Q

CBS-

Compaq Unix

PC Linux

CBS-Q

CBS-

CBS-

CBS-

CBS-

CBS-

QB3

Q(d)

QB3(d)

Q(d)

QB3(d)

QB3

set

Compaq Unix

+

225.71

−1.22

−1.19

−1.23

−1.20

2.04

1.97

2.59

2.61

+

224.88

−0.50

−0.38

−0.50

−0.38

−0.85

−0.06

0.15

0.28

+

272.43

−0.17

−0.04

−0.18

−0.06

1.24

1.27

1.06

1.20

322.84

−0.92

−0.81

−0.93

−0.79

1.03

0.45

0.96

1.11

AsH→AsH +e222.32

−1.23

−1.25

−1.23

−1.25

1.23

1.45

1.10

1.07

−1.11

−1.21

−1.12

−1.21

0.65

0.61

0.65

0.58

SeH→SeH +e227.03

0.52

0.63

0.52

0.59

1.81

2.08

1.87

2.25

SeH2→SeH2e+e
227.97

0.14

0.21

0.14

0.21

2.19

2.31

2.19

2.31

−0.38

−0.39

−0.21

−0.39

0.94

0.97

0.94

0.97

242.59

0.00

0.22

0.00

0.23

1.89

1.51

1.34

1.55

+

0.44

0.47

0.44

0.47

2.34

2.49

2.52

2.49

−1.37

−0.67

−1.37

−0.67

1.01

1.71

1.01

1.71

4.61

4.68

4.65

4.50

5.89

6.93

5.89

6.93

28.43

−0.17

−0.16

−0.17

−0.16

1.40

0.91

1.16

1.18

77.60

0.47

0.41

0.48

0.42

0.47

1.37

2.20

2.30

54.42

0.89

0.88

0.89

0.88

1.67

1.67

1.67

1.67

51.03

0.37

0.39

0.36

0.39

0.79

0.82

0.79

0.82

H++Br−→HBr322.61

−0.67

−0.43

−0.66

−0.43

−0.10

−0.64

−1.71

−1.64

H +CH3Br→CH
157.27
4Br

−0.69

−0.66

−0.74

−0.66

−1.32

−2.19

−1.58

−2.19

AD (kcal/

−0.16

−0.08

−0.15

−0.09

1.23

1.29

1.27

1.39

0.87

0.83

0.87

0.82

1.45

1.56

1.59

1.75

As→As +e
Se→Se +e
Br→Br +e
+

Kr→Kr +e
+

+

AsH2→AsH2 217.76
+e
+

+

HBr→HBr +e268.88
Br2→Br2++e

HOBr→HOBr245.31
+e
+

BrF→Brr +e 271.65
+

NaBr→NaBr 191.63
+e
−

Ge →Ge
+e
Br−→Br
+e
BrO−→BrO
+e
SeH−→SeH
+e
+

+

mol)
MAD
(kcal/mol)
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