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Abstract. 

This thesis consisted of two projects. Firstly the study of the dimers Al2H6, Ga2H6, 
A1BH6, GaBH6 and GaA1H6, and XB2H9 and the series of XnB4-nH1O isomers (X=Al 
or Ga, n~1) by ab initio (DZP and 321G*)  and, for comparitive purposes, 
pseudopotential methods (where the Hays-Wadt ECP and basis set was compared 
directly to 321G*  results, as the valence basis was the same, and likewise for 
DZP/Stevens-Basch-Krauss (SBK**)  calculations) at the RHF level. The gallium 
structures have all been studied previously, but the aluminium borohydrides have 
not. It was found for aluminium borohydrides that the aluminium preferred, at this 
level of theory, to not bond directly to other heavy atoms (like Boron), the opposite 
situation to that found for gallium. If it must, in certain isomers bind to a heavy 
atom, it prefers to bind to another aluminium, rather than a boron atom. Gallium 
too appears to favour bonding to another gallium atom over boron. 

Structurally, the pseudopotential basis sets reproduced ab initio values to a high 
degree of accuracy. The bis(diboranyl) structures were better reproduced than 
arachno structures due to the lesser steric strain. Generally, the HW method yielded 
results in better agreement with its ab initio counterpart, than the SBK did with 
DZP. However, this may be attributed to the greater difference in basis set between 
SBK and DZP, since the SBK basis set assigns TZ representation to the 3d orbitals. 
The SBK method also frequently overestimated boron-associated parameters. 
Timing studies of ab initio against pseudopotential, revealed little advantage in 
using these methods, probably due to inefficient coding. A small SBK basis was also 
tested (with 3d electrons in the ECP) and found to be a little better. The I-lW method 
generally yielded results in better agreement with contracted DZP (the larger ab 
initio basis set) structures, than did the 321G*  model. This is probably due to the 
ECP underestimating nuclear charge. Frequencies were also well calculated by 
pseudopotential means, although the zero frequencies were not well reproduced. 

The second project was to parameterise the semiempirical program ZINDO, for 
elements gallium to bromine. This was done for both an sp and spd (d polarisation) 
basis set. Gallium was also tested with 3d electrons in the valence basis set, but this 
was not found to be successful. A series of reference compounds were compared, 
geometrically, with ZINDO and more sophisticated PM3 results. ZINDO was found 
to be more successful than PM3 at reproducing structures for these elements, 
particularly using the sp basis, since d polarisation tended to "unbalance" results. 
Costwise, this method was very effective, with calculations always taking under 2 
minutes for geometry optimisations. A series of aluminium-chlorine calculations 
were also performed for comparison (these being already parameterised for spectral 
calculations) and showed dreadful results, indicating that re-parameterisation for 
geometry optimisation might produce even better ZINDO results for the gallium-
bromine. 
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INTRODUCTION: 

This thesis is based on two separate projects, that are interelated in that both study 
the prediction of molecular properties by utilising various theoretical quantum 
procedures. 

The main objective of any theory of molecular structure is to provide some insight 
into the various physical laws governing the chemical constitution of molecules in 
terms of the more fundamental universal physical laws governing the motions and 
interactions of the constituent atomic nuclei and electrons. In principle such 
theories can aim at a precise quantitative description of the structure of molecules 
and their chemical properties, since the underlying physical laws are now well 
understood in terms of quantum theory based on the Schroedinger equation. 
However in practice mathematical and computional complexities make this goal 
difficult to attain, and approximate methods must be resorted to except in the 
simplest one-electron systems. 

The principle approximate methods in quantum mechanics are valence bond theory 
and molecular orbital theory. Valence bond theory was 'founded' by Heitler and 
London and developed by Pauling, and we shall not be concerned with it here. 
Molecular Orbital (MO) theory has its origins in band spectroscopy of diatomic 
molecules and has been widely used to describe many aspects of molecular structure 
and diverse molecular properties such as dipole moments, optical absorption 
spectra, and electron and nuclear magnetic resonance spectra. MO theory provides a 
good approximate solution for many-electron molecules, and only an exact solution 
for one-electron systems. 

There are a number of treatments that may be included under the heading of 
'molecular orbital theory'. The most precise of such methods are the ab initio 
(meaning 'from first principles') treatments. An ab initio treatment is an all-
electron method attempting to solve the Schroedinger equation [110] by treating the 
molecule as a collection of positive nuclei and negative electrons moving under the 
influence of coulombic potentials without using any prior knowledge about the 
molecules known chemical behaviour. Ab initio methods use only the Born-
Oppenheimer approximation [52], and any other variation between methods is due 
to the model itself, or the basis set chosen. No other approximations are applied. 

Molecular orbital theory is a precise description of molecular electronic structure, 
but the full analytical calculation, while providing accurate MOs, is often 
prohibitively time consuming. Many applications of MO theory, however, do not 
require MOs calculated to this level of accuracy: a qualitative or semi-qualitative 
knowledge may be sufficient to extract the necessary information. Thus there is 
considerable interest in the development of good approximate MO theories to serve 
this purpose. 
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Approximate MO theories are based on schemes developed within the 
mathematical framework of molecular orbital theory, but a number of 
simplifications are introduced into the computional procedure. This may be 
attacked in a number of ways. Since it is only the valence electrons that participate to 
any great extent in the "reactive" part of the molecule (ie. in bond making and bond 
breaking) a number of theories assume this to be an impenetratable core, and 
instead of including these "core" electrons explicitly in the calculation of MOs, 
represents their potential and effect on the outer electrons by means of an Effective 
Core Potential (ECP). This is at the heart of pseudopotential methods, where the 
outer electrons are included in the molecular calculation much as in an all-electron 
calculation, while the inner core electrons are represented by an ECP function. Note 
that these methods make no other approximations on these valence electrons, and 
assume no prior knowledge of the molecule. Other methods take this even further 
since even pseudopotential calculations are quite time consuming, and as well as 
not treating the core electrons explicitly, make various approximations in 
calculating the MOs composed of the valence orbitals and often experimental data 
on atoms and prototype molecular systems are used to estimate values for quantities 
entering the calculations as parameters, and for this reason the procedures are 
widely known as semiempirical methods. 

Semiempirical methods can be approached in two ways: one involves the choosing 
appropriate values for the elements of the interaction energy matrix from 
essentially empirical considerations, and is characteristic of the Huckel [108] and 
Extended Huckel [109] methods. The other approach is based explicitly on 
mathematical formalism, and involves introducing approximations for the atomic 
and molecular integrals entering the expression for the elements of the energy 
interaction matrix. This is termed approximate self-consistent field (SCF) theory 
[107]. Both Huckel theory and approximate self-consistent field theory were 
originally developed within the framework of the it electron approximation, 
treating the pi electrons of planar unsaturated organic molecules explicitly with the 
remaining sigma electrons and atomic nuclei considered as part of a non-polarizable 
core. 

The limitations derived from such a theory must be patently obvious, and so usage 
of such methods is limited. Also, I feel that any theory that does not explicitly 
include electron repulsion in the Hamiltonian operator, such as Extended Huckel 
theory is also severly limited and, as such, is not of great use. These methods, while 
being used immensely in times past, have largely been replaced by the methods of 
which I shall soon discuss. Thus, in my thesis, when I write semiempirical, I am 
referring to an all-valence approximate method that explicitly includes electron 
repulsion. 

BACKGROUND 

Ab initio [8,9,10] studies can be distinguished from semiempirical methods [8,9] 
where experimentally determined parameters are substituted in for various 
integrals in order to decrease calculation size and reduce time required for integral 
calculations. 
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Various models are available and describe properties such as the field a particular 
electron in the molcule is under and thus how it acts as well as the configurations 
that may contribute to the particular state of the molecule. There are many examples 
of such models with more common ones being Hartree-Fock (HF) theory [68], 
Moller-Plesset Perturbation theory (MPBT) and configuration interaction (CI) [11]. In 
this project only Hartree Fock theory was employed (if interested, [9,4] gives a good 
basic introduction to the other above mentioned theories). 

(1.1). HARTREE-FOCK THEORY 

HF theory is based about the 'Born-Oppenheimer' approximation [52] which 
supposes that the nuclei in a molecule, being so much heavier than the electron, 
move relatively slowly and may be treated as stationary as the electron moves 
around them. Thus, the Schrodinger equation may be solved for the electron alone 
(so it reduces to a single-particle Schrodinger equation). 

Etot = Eelect + Enuc (1.1.1) 

[Tnuc(R) + Tel(r) + Vnn(R) + Vne(R,r) +Vee(r)]P = Etot 'P 

where '-P represents the wavefunction, E, the energy, V, the potential energy and r 
represents the spatial coordinates. Interelectronic repulsion terms are averaged thus 
allowing the following equation to be implemented 

( h(i)) 'P (R,rl,...,rn) = E(R) 'P (R,rl,...,rn)  

h(i) = -1/2 (Aj)2 
 - 

Zcz/rjc 

(Lj)2  = 52'P/8x2 + 2'-P/y2  + 82P/8z2 

h(i) is the ith electron hamiltonian, E is the energy operator, Z, the charge on the 
atom cx, and and r is the distance between atom cc and electron i. This in turn leads 
to the orbital approximation which has the following form: 

'P( rl,...,rn ) ={ 01( ri ) cc( 1) 41( ri ) 3( 2) ... 41/2n( ri ) ct( n-i ) cbl/2( rn) ( n  )} 
(1.1.3) 

(cx,13 are the different spins the electrons may possess ie. +1/2 or -1/2 respectively 
and t are the orbitals). The orbital product is prefaced by an antisymmetrizer in 
order to obey the Pauli Principle. This principle states that an orbital can only hold 
two electrons and that they must have opposite spins. Thus if we are using the spin-
restricted Hartree-Fock method this principle is strictly applied. 
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The Hartree-Fock molecular wavefunction is a single determinant antisymmetrized 
wave function represented by the Slater determinant [54]: 

- Iia(1)'TiI3(1) cINa(1)4113(1) 
'Fi/JN ia(2)Ii(2) 

Jia(2N)i3(2N) Ncx(2N)JN13(2N) 

where N is the normalisation constant, 'P is the molecular wavefunction and 1ia 
is the atomic orbital function which describes an electron in the kth orbital with 
spin +1/2. 

The wavefunction produced is indeed variational (ie. is above the true energy of the 
system) and represents a relatively simple view of the system. The following 
assumptions are made: 

That if the orbitals are normalised and mutually orthogonal then the closed shell 
case of 1/2n doubly occupied orbitals is (I will not go into derivations here but Pople 
and Beveridge [551 give an excellent account) 

E = 2h + (21ij - K) (1.1.5) 
L. L7J 

with Jij (the interelectronic interactions) = .1 cb(1)D(1) 1/r12 I(2)CD(2)a 

and Kij (the exchange integral) = S cD1(1) cI(2) 1/n2 D(1)cb(2) a'r 

This leads to the Hartree-Fock equations (as energy is a minimum, subject to the 
constraint that the orbitals are mutually perpendicular): 

(F) 'l'elect = Eeiect '•l' (1.1.6) 

where F (the Fock operator) = -1/2 A - Za/ria + (JM 1/2*KM) with J and K defined as 
usual. 

Now we must know the form of the orbitals ctij to obtain an answer. This we do by 
solving iteratively ie. the wavefunctions are taken and systematically improved 
upon until the effective electrostatic field, which is (2Jj-Kj) remains unchanged 
with respect to some convergence criteria. The wave functions are now said to be 
'self-consistent' . This procedure is not possible for molecules of lower symmetry 
which must be solved numerically as was first done by Roothaan and Hall. Each 
orbital is expanded as a linear combination of basis functions: 

'PiCiq Xq (1.1.7) 

ru 



where Ciq is the basis function coefficient of the ith  orbital's qth  basis function and X 
is the basis function. Using the LCAO [56] approximation we obtain the Roothaan 
equations [69] 

(Fpv - CiSj.tv)Cvi = 0 

This is a secular equation where Siv is the overlap integral, Cvi the basis set 

coefficients, and C1 the one-electron orbital energy. A large basis set will give a more 
accurate result but the accuracy incurred in this will eventually not increase as 
much as will the time and calculations required to achieve only a slightly better 
result. The above equation has been summed into the Fock matrix to give the final 
equation (for its derivation see [55]) 

Fpq = hpq' + ErEs (Rrs (2(pq I rs) - (ps I rq))) (1.1.9) 

where R is the density matrix: 

Rrs = Ej Cjr Cjs (j is over the occupied molecular orbitals). 
(pq I rs) = JXp(1)Xq(1)[1/r12]Xr(2)Xs(2) dt12 
hpq' = fXp(1) h'(l) Xq(1) dt 

and 

F*c  = S*c*X (1.1.10) 

where the matrix S  (the overlap matrix) is used to generate an improved set of 
molecular orbital coefficients ' from c. and A. is a diagonal matrix of energy 
eigenvalues. 

The integrals to be calculated require 1/8(m4  + 2m3  + 3m2  + 2m) two electron 
integrals and 1 /2m(m + 1) one electron integrals (where m represents the number of 
basis functions). In general there are more two electron integrals than can be held in 
the Central Processing Unit (CPU) of the computer and they are computed in 
batches. 

Hartree-Fock theory is a relatively simple view but inherent errors do occur in this 
approach [9]. Due to the average field approach it is clear that little account is taken 
of electron correlation in the electrons motion (ie. electrons repel each other and so, 
in a single orbital the pair are unlikely to often approach one another). The electron 
correlation energy is equal to the difference between the actual energy and the 
energy obtained by Hartree-Fock calculation for a system. This is serious with respect 
to potential energy surfaces as correlation usually varies with geometry. The HF 
doubly occupied orbitals also don't describe dissociation properly (eg. the 
dissociation of closed shell H2 to open-shell H systems) due to the incorrect 
weighting contribution to the wavefunction from ionic species in the dissociation. 
Despite this HF theory has been shown to give reasonable results for neutral species 
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at their equilibrium geometries. Correlation is taken into account in Configuration 
Interaction (CI) methods where a ground state and various excited state 
configurations are mixed with appropriate coefficients. Many Body Perturbation 
Theory (MBPT) was proposed by Pople to overcome the CI size extensive problems 
(MBPT is indeed size consistent). 'Size extensive' means that the energy for N non-
interacting molecules should be equal to N times the energy of a single molecule, 
while 'size consistent' means that on dissociation of a molecule, AB say, the energy 
of AB should be equal to the sum of the energies of A and B as the separation 
becomes infinite. Since I have not use Moller-Plesset theory I will not describe it 
here. Suffice it to say it involves the mixing in of contributions from various excited 
states to the bound stationary state of the system. The zero and first order terms in 
the expansion represent the Hartree-Fock energy while the other terms are in effect 
correlation correction terms. While MBPT methods may be considered size 
consistent they are not variational and energies obtained by this method are 
generally higher than the true energy yet lower than energies obtained by the 
Hartree-Fock method. 

(1.2) VIBRATIONAL FREQUENCY CALCULATIONS 

The bonds connecting atoms in molecules are not rigid and vibrate continuously 
(even at absolute zero temperature). Near an equilibrium geometry the potential 
energy surface is roughly parabolic in shape, and to a reasonable approximation, the 
vibrations of a molecule with an energy in this region obey the simple harmonic 
motion equations. It is these energies that determine the wavelengths of light a 
molecule will absorb and these wavelegths tell us the frequency of vibration. These 
frequencies may be approximated by theoretical methods. 

On the potential energy surface, besides the local minima above, there may be 
'saddle points' (which are local minima in one direction and local maxima in 
another direction) which indicate an unstable geometry that may be a transition 
state the molecule converges to during a reaction. Such a state is acknowledged by 
the presence of imaginary frequencies in the output of a theoretical harmonic 
vibrational frequency calculation (while an equilibrium geometry has no imaginary 
frequencies since it is a local minimum). 

The GAMESS [12] program may calculate these frequencies in two ways: analytically 
and numerically. The analytic method is superior and is used for all electron 
calculations. Vibrational frequencies calculated using the pseudopotential basis sets 
are only able to be performed numerically (ie. the first derivatives are calculated 
analytically while the second derivatives are performed numerically). 

(1.3) PSEUDOPOTENTIAL METhODS 

These methods use effective core potentials (ECP) to replace the atomic core 
electrons in valence-only molecular structure calculations and are finding greater 
use in quantum chemistry especially in molecules containing heavy elements 
where ab initio calculations are particularly taxing. This potential is essentially 
designed to mimic the core electron effects on the valence electrons so that the 
valence electrons do not fall in towards the nucleus when the core electrons are 



removed [2] (we can do this as the core electrons have little effect on the properties 
of the molecules and as far as chemical reactivity is concerned they are effectively 
inert). The pseudopotential must mimic the effect such that if the valence electron 
configuration before the core electrons are replaced is 4s24p1  then after replacement 
by an effective core potential the valence configuration should remain as 4s24p1. 
Mathematically the Pseudo -potential method creates an electronic Hamiltonian 
operator of the following form: 

Te + Vee + Vne + Ve,pseudo (1.3.1) 

Te is the sum of the kinetic operators for the valence electrons only, 
Vee is the repulsions between the valence electrons 
Vne is the attractions between the valence electrons and the nuclei, 
Ve,pseudo is the potential that accounts for the inner-electron effects on the outer 
valence electrons. 

Ab initio effective potentials are derived from atomic all-electron calculations. The 
generation of the ECP begins with the HF equation for a valence orbital with angular 
momentum 1 

14/2*(Ar)2  - Z/r + 1(1 + 1)/2r2  + Vval + Vcore} 'P11 = Eli 'P11 (1.3.2) 

Vcore represents the Coulomb- and Exchange- operators summed over the core 
orbitals and Vval is likewise summed over the occupied valence orbitals. The 

valence orbital 'P ii is the lowest in energy only if there are no core orbitals of the 
same angular momentum. 

Using the solutions of the above HF/SCF equation the values of Tii and Eli may be 
used to construct a valence-only HF-like equation which uses an ECP to ensure the 
valence orbital is the solution with the lowest solution. Thus the above equation 
may be rewritten replacing the charge with an effective charge, the core potential 
with an effective potential and the existing orbitals with a nodeless pseudo-orbital 
derived from 'P11. The effective potential must be 1 dependent since the core 
exchange potential and the orthogonality conditions are 1 dependent. However if 
the valence orbital angular momentum exceeds the cores largest 1 value then there 
is no constraint on orthogonality and only the core exchange potential requires an 1 
dependence. Thus, in the first and second row atoms the exchange interaction with 
the core is small for valence electrons of high angular momentum and so the ECPs 
are all very similar. 
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The total effective potential may be given as 

Veff(r) = Veff + {Veff(r) - Veff(r)) Y,  I lm><lm I (1.3.3) 
1.. 

Ilm><lml = 4(r) 4*(r) 

where L is equal to the maximum 1 occuring in the core, and 4* is the conjugate of 0. 

To be useful in calculations the atomic pseudo-orbital X must be as much like the 
all-electron orbital as possible. This ensures the overlap of valence orbitals will be 
correct. Smooth and nodeless pseudo-orbitals are required to reduce the size of the 
atomic orbital basis sets. These orbitals are defined (using the method of 
Christiansen) by a match point from which value to infinity the atomic pseudo-
orbital is the same as the valence Hartree-Fock orbital. For distances less than this 
value the pseudo-orbital is defined by a polynomial expansion that goes to zero, 
smoothly. The coefficients of the polynomial expansion are determined using the 
valence orbital derivatives. The optimized match point is nearly always near the 
outermost maximum of the radial function P(r) = re(r). 

Once the atomic pseudo-orbital and eigenvalue are known the effective potential 
can be determined. The most efficient way to do this is to solve the valence-only HF 
equations using parameterised analytic forms for the potentials whose parameters 
are adjusted until the variationally determined pseudo-orbitals and eigenvalues 
match the 'exact' pseudo-orbitals and eigenvalues to within some tolerance. 
Gaussian expansions have been developed for the trial potentials. The Hays-Wadt 
ECP is defined using HF as a basis. Pseudopotential calculations may also be 
formulated using the Dirac-Fock equations and are used in the relativistic effective 
potentials [1,4] which are particularly useful for systems containing heavy elements 
with the difficulties in treatment of large numbers of electrons and subtleties of 
electron correlation and this is used in the Stevens-Basch-Krauss ECP. Due to the 
magnitudes of spin-orbit coupling and other relativistic effects in heavy atoms some 
of the Dirac-Fock formalism must be incorporated [14]. 

It is assumed the valence electron density is dominated by the large components of 
the Dirac-Fock spinors and that the small components may be neglected. The Dirac-
Fock Hamiltonian for the large components has the general form [15] 

{Ho(r) + Hm(r) + Hd(r) + Hso(r) + H(O[a4])}Pi,(r) = Ei, Pi,(r) (1.3.4) 

where H0  is the nonrelativistic Hamiltonian 
Hm the mass-velocity correction to the kinetic energy 
Hd the darwin term and H50  the spin-orbit coupling 
Pi,j is a spinor depending on the orbital and total angular 
momentum eigenvalues 1,j. 

In the ECP the DF equation for each angular momentum is replaced by 

{Hval + VREP(r)}Xi,j(r) = Ei, Xi,j(r) (1.3.5) 

r.i 
LSJ 



H' 1  is the nonrelativistic valence Fock Hamiltonian and Xi, the pseudo-spinor 
constructed from the Dirac-Fock spinor. VREP  is the relativistic ECP (as yet to be 
determined) that replaces the relativistic terms in the valence Hamiltonian and the 
core-valence interaction terms. The nonrelativistic Fock Hamiltonian is given by 

HVal = -1/2 A2  - Zeff/r + 1(1 + 1)/2r2 + Wval* (1.3.6) 

Wval* is constructed from pseudo-spinors in the valence region so that VREP  also 
contains the difference between the exact and effective term Wval*.  This difference 
is minimized by using "shape-consistent" pseudo- spinors [16]. 

After attaining the pseudo-spinors and eigenvalues the RECP may be obtained by 
inverting the valence Fock equation, generating a unique RECP for each valence 
spinor of given angular momentum. 

Vi,REP = Ei,j + Zeff/r - 1(1 + 1)/2r2  + (1/2 A2 - Wval*)X I,j (1.3.7) 

XI,j 

These j-dependent potentials may be used directly in molecular calculations [14,17], 
but it is more common practice to use averaged relativistic potentials (AREP) [14] 
which eliminate j-dependent terms due to spin-orbit coupling. 

V1AREP(r) = 1 x [1 Vi,1 1/2REP(r) + (1 + 1) Vi,1+1/2R(r)] (1.3.8) 
(21+ 1) 

The total, semi-local AREP for use on each atom in molecular calculations is 

VAREP(r) = fl. VA'(r) I lm><lm I (1.3.9) 
Ln 

the sum of which over angular momentum, 1, runs to infinity. For those orbitals 
that are orthogonal to the core orbitals of the same angular momentum, repulsive 
potentials are generated which have shapes that are unique for each angular 
momentum value. For orbitals that have angular momentum greater than the 
maximum orbital angular momentum occurring at the core, there is no 
orthogonality constraint, so that the potentials are attractive and represent the 
unshielding of the nuclear charge as the core density is penetrated. These attractive 
potentials are all found to possess similar shapes, so it is a good approximation to 
use a finite expansion for the AREP of the form [14]. 

VAREP = VLMAXAREP + 11  [V1AREP - VLMAXAREP] I lm><lm I (1.3.10) 

where LMAX is one more than the maximum orbital angular momentum in the 
core. This does not include spin-orbit coupling effects, but one can define an 
effective spin-orbit coupling operator in terms of the difference between the j=1+1/2 
and j=1-1/2 potentials, as was first proposed by Ermier et al. [18] and used by Stevens 



and Krauss [19] to calculate spin-orbit splittings for several diatomic molecules. 

The exact form of the REP is thus dependent on the pseudo-spinors that are used to 
generate the REP. Pacios, Christiansen and co-workers have recently published 
analytic fits of effective spin-orbit operators for Li-Rn [20].  The operators were 
generated from pseudo-spinors similar to the ones employed in the work of 
Stevens, Basch and Krauss. Wadt [21] has suggested an alternative method for 
obtaining molecular spin-orbit coupling constants from pseudo-wavefunctions 
without using effective operators. 

In all atoms the large components of the valence j-dependent Dirac-Hartree-Fock 
spinors have been used to construct the nodeless pseudo-spinors by a shape-
consistent procedure of Christiansen et al [16].  Shape-consistent construction is not 
necessary for DHF spinors with orbital angular momentum LMAX or greater, since 
they are already nodeless. The idea behind shape-consistency is to make the pseudo-
spinor as much like the DF spinors as possible, thus, minimizing the difference 
between the all-electron and ECP valence interaction terms and to obtain correct 
overlap behaviour in the formation of molecular bonds. The exact form is given in 
reference 11. 

For orbital angular momenta greater than zero the AREP's are obtained by 
averaging the two REPs for each 1 to eliminate the j-dependence. Here an analytical 
representation may be obtained by a least-squares fit to a suitable Gaussian function 
as was adopted by Hays and Wadt [1]. However the shape of the REPs is then 
complicated and a large number of Gaussians is then needed to obtain a reliable fit 
(usually greater than six is required). Alternatively, one may use a compact 
analytical fit as done by Stevens, Basch and Krauss (SBK) [22] rather than direct least 
squares fitting, since with these computer time will be reduced. The SBK ECP uses a 
large even-tempered basis set of Gaussian functions, in which the resulting analytic 
pseudo-orbitals are very similar to those derived by Hay and Wadt [23].  Analytic, 
relativistic compact effective potentials (RCEP) are generated that reproduce the 
"exact" pseudo-orbitals and eigenvalues as closely as possible. The analytic RCEP 
expansions are written 

r2  VIAREP(r) = Ai,i r1,k eBl,kr  
L. 

The number of terms in the expansion is no more than three. For fixed values of 
ni,, the parameters A1,k and B1,k are directly varied in atomic HF calculations until 
the variationally determined pseudo-orbitals and eigenvalues match the "exact" 
pseudo-orbitals and eigenvalues to within a certain tolerance. 

(1.4) SEMIEMPIRICAL METHODS 

While ab initio methods have provided generally good results for small molecules, 
such calculations involve large basis sets and adequate treatment of electron 
correlation. For larger molecules the results of ab initio calculations are much more 
qualitative. A rigorous description of all but the simplest systems in organic 
chemistry is out of the question. As a result of ab initio's inability to treat large 
systems quantitatively much effort has been put into deriving semiempirical 

10 



schemes which can be applied to molecules and which can be parameterised to give 
results in agreement with experiment. In ab initio methods the calculation of the 
two-electron integrals requires a large amount of computer time and storage space. 
Many of the integrals are quite small and semiempirical schemes drastically reduce 
the number of two-electron integrals calculated. 

It should be clear the that the most difficult and time consuming part of LCAO SC 
MO calculations is the evaluation and handling of a large number of electron-
repulsion integrals. It is well known that many of these integrals have values near 
zero, especially those involving the overlap distribution. Thus in developing 
approximate SCF MO schemes, a useful approach is the systematic neglect of 
electron repulsion integrals having uniformly small values. This is effected by 
means of the Zero Differential Overlap (ZDO) approximation [60] whereby electron 
repulsion integrals involving overlap distributions between Atomic Orbitals (AO) 
not on the same atom are assumed negligably small. Under the ZDO approximation 
we find that 

(pvIXcy) = (IXX)ööxy (1.4.1) 

where 81  is the Kronecker delta , and the core integrals which involve the overlap 
distribution are not neglected but may be treated in a semiempirical manner to 
accomodate possible bonding effect of the overlap. This eleminates all three- and 
four- centre integrals and a large number of the difficult two-electron integrals. If 
this approximation is used for all atomic pairs, the Roothaan equations for a closed 
shell molecule simplify to 

= ECi (1.4.2) 

with corresponding Fock matrix elements 

Fgg  = H -1/2P(tj.i I tt) + Px(ij.t I XX) (1.4.3) 
A.. 

Fpv = H1 1/2Pv(4L I vv) (1.4.4) 

It is important to study the ZDO approximation under transformations to the basis 
set to see if they remain invariant as they should, clearly intra-atomic 
transformations that mix any AOs together on the same atom will transform a 
diatomic differential overlap (DDO) into another diatomic type (see reference 55 and 
other references therein for more complete discussion). Thus if DDO is 
systematically neglected for any pair of atoms it will automatically be neglected for 
the orbitals obtained after such transformations and as such is invariant to such 
transformations. For monoatomic differential overlap involving the product of two 
different orbitals on the same atom transformation is not invariant. We shall see 
how this problem is solved later. 

11 



(a) Complete Neglect of Differential Overlap (CNDO): 

The most elementary theory maintaining the essential features of electron 
repulsion is the Complete Neglect of Differential Overlap (CNDO) model by Pople, 
Santry and Segal [59]. Only valence electrons are treated explicitly, the inner shells 
being treated as part of a rigid core so that they modify the nuclear potential in the 
one electron part of the Hamiltonian. The basic approximate is that the ZDO 
approximation is used for all products of different AOs, However since this is 
not invariant, as we've already seen, we make the additional approximation that 
the remaining two-electron integrals depend only on the nature of the atoms A and 
B to which the AOs belong and not the actual type of orbital. Thus 

(jip. I vv) = Yab, .t on A and v on B (1.4.5) 

where yab is the average electrostatic repulsion between an electron on atom A and 
any electron on B (for large interatomic distances yab is approximately equal to 
Rab 1). 

Using the above equation the Fock Hamiltonian matrix elements given in (1.4.2) 
and (1.4.4) simplify to (1.4.6) and (1.4.7). 

Fgg = H - 1/2Py + YPBBYAB (1.4.6) 

Fgv  =Hgv -  1/2P.tvAB 4i on A 4u on B (1.4.7) 

PBB is the total electron density associated with atom B, 

PBB=PA) (1.4.8) 
A- 

where the summation is over all the atomic orbitals on B. The next step is to apply a 
related series of approximations to the matrix elements of the core Hamiltonian 
operator: 

H = 1/22 VB (1.4.9) 

where -VB is the potential due to the nucleus and inner shells of the atom B. The 
diagonal elements HgR  are conveniently separated into one- and two- centre 

contributions. If jt is on atom A we write 

HgR  = U 
- 

.t I VB I p.) (1.4.10) 

where Up.j.t is the one centre term 

Uj.tj.i = j.il -1/2A2  - VA I p.) (1.4.11) 
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and is essentially an atomic property. The off-diagonal core matrix element Hgv  is 
between two different AOs on the same atom A. This may be separated into two 
parts 

Hgv  = U.tv - I VB I v) (1.4.12) 

where Ugv  is the one-electron matrix element using only the local core 
Hamiltonian. This will be zero for a non-hybrid basis. 

(p. I VB I v) and (p. I VB I p.) must be approximated in a way that is consistent with the 
treatment so far, therefore neglect of monoatomic DO causes the non-diagonal 
elements to be taken as zero, while to satisfy invariance requirements diagonal 
elements are made equal to VAB (where VAB is the interaction of any valence 
electron on A with core of B, approximately equal to Rab 1). This leads to the 
approximations 

H = U - VAB, t being on A (1.4.13) 

Hgv  = 0, 4#4, both on A (1.4.14) 

The off-diagonal core matrix elements, when the orbitals are on different atoms are 
approximated to equal a parameter Pgu,  referred to as a resonance integral, which are 
handled in a semiempirical manner. The resonance integral is a measure of the 
possible lowering of energy levels by an electron being in the electrostatic field of 
two atoms simultaneously. 

Hpv =Pgv= ABS.tv (1.4.15) 

Using all the approximations so far encountered, the matrix elements of the Fock 
Hamiltonian reduce to the following simple form, og  belonging to Atom A, and  Ou 
to B, 

Fgg  = U + (P - 1/2P)-y& + (PBB-yAB - VAB) (1.4.16) 

= fAB°S.tv - 1/2PtvyAB (1.4.17) 

The off-diagonal elements apply even if the two basis functions are on the same 
atom, when SRv  = 0 and yab replaced by yaa. This expression can easily be rearranged 
in the form 

F = U + (PAA - 1/2Pt)yA.A, + [-QB7AB + (ZByAB - VAB) (1.4.18) 
6 
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where QB  is the net charge on atom B, QB = ZB - PBB. In equation 1.4.18 the quantity 

yabZB - VAB represents a difference between the potentials due to the valence 
electrons and core of the neutral atom B. Following Goeppert-Mayer and Sklar [57] 
such a term is usually referred to as a penetration integral. The CNDO method is 
easily extended to open-shell systems if a single-determinant wavefunction is used 
with different MOs for a and 13 electrons. 

A full specification for CNDO requires values for the overlap integrals Sgv,  the core 

hamiltonian elements Ut, Vab, the electron repulsion integrals yab and the 

bonding parameters I3ab. There are two well known CNDO methods, that differ in 
the parameterisation of one-centre intergals, and handling of penetration integrals. 
In CNDO/1 [58] the basis set consists of STOs for the valence shell. The overlap 
integral is calculated explicitly [551. The electron repulsion integral, ab is calculated 
as the two-centre coulomb integrals involving valence s functions 

YAB = 55 SA2(1) (r12) 1SB2(2) dtld'r2 (1.4.19) 

The parameter Vab, representing the interaction between a valence electron on 
atom A with the core (nucleus and inner electrons) of another atom B is given by 

VAB = ZBS sA2(1) (r1B) 1  d'tl (1.4.20) 

where ZB is the core charge on atom B and r1B is the distance between the electron 1 
from the B nucleus. The Ugg are atomic matrix elements of the one-electron 

Hamiltonian, ie. kinetic energy plus core potential of the atom to which 4i.t  belongs. 
Since the overlap between any pair of orbitals on the same atom is set to zero, all 
electronic states resulting from a given configuration (2s)m(2p)fl  of an atom or ion of 
the first-row will have the same energy [61]. The energy is thus evaluated as the 
weighted mean of the experimental energies of all states arising from a particular 
configuration. Thus one utilises the ionisation potential in the equation: 

Ujj = -IA - (ZA - l)yAA (1.4.21) 

Finally the resonance integrals, in order to remain rotationally invariant should be 
characteristic of the orbitals but independent of their positions in space - Pople 
suggested 

I3AB = 1/2(I3A + IB) (1.4.22) 

where 1a and 1b are adjustable empirically determined parameters (in this case from 
ab initio calculations, but frequently in other methods from atomic spectra). 
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CNDO/2 [621 differs in how it handles penetration integrals and the one-centre 
atomic core integrals, done to correct certain evident deficiences of the earlier 
method. CNDO/1 calculations are carried out as a function of distance and predicted 
equilibrium distances much too small and corresponding dissociation energy too 
large. This is primarily due to a "penetration" effect in which the electrons in an 
orbital on one atom penetrate the shell of another leading to a net attraction. In 
CNDO/2 this is corrected by neglecting the penetration integrals. Thus the electron-
core potential integrals, VAB, are no longer evaluated separately but are related to 
the electron repulsion integrals by 

VAB = ZByAB (1.4.23) 

This appears to compensate for errors of the opposite sign introduced by the neglect 
of overlap integrals. In MO theory we wish to be able to account for the tendency of 
an AO to either gain or lose electrons so unlike CNDO/1 where only ionisation 
potentials were used now an average of ionisation and electron affinity is utilised 

Ujj = -1/2(IA + AA) - (ZA - 1/2)yAA (1.4.24) 

Extension of CNDO methods to heavier atoms presents some problems, since the 
valence electronic structure of heavier atoms is likely to require 3d AOs in the basis 
set and the corresponding atomic energy levels required to obtain electronegativities 
are mostly unavailable, but some attempt has been made to extend CNDO/2 to these 
elements [63].  It is considered to have three possible basis sets for second-row atoms 
referred to as sp, spd and spd'. The sp set consists only of 3s and 3p functions, the spd 
set also contains 5 d orbitals and the spd' has more diffuse d functions. The sp and 
spd calculations have the following new values for parameters 

I3AB = 1/2(I-A + 13B) (1.4.25) 

I3A = 13B I3(A) + U3p,3p1A, (1.4.26) 
U2s,2s(B) + U2p,2p(B) 

Others have tried to reparameterise CNDO/2 to try and give better predictions of 
ionisation energies (which appear too large) and spectroscopic transitions, but one 
defect in this method that is irremediable by any change of parameters is the 
inability of CNDO/2 to predict singlet-triplet energy differences when the unpaired 
electrons occupy different AOs on the same atom. In addition CNDO/2 does not 
give a complete picture of the spin distribution in a free radical. 

In parameterisation of the ZINDO program [70], I have largely ignored the CNDO 
method, since it is inferior, and concentrated on INDO/1 (which Zerner, the 
instigator of ZINDO, claims as the method of choice [701). INDO/2 would also be 
usable if adequate 4d electron affinities for the third row could be obtained. 
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(b) Intermediate Neglect of Differential Overlap (INDO): 

Since CNDO methods do not make adequate allowance for the different interactions 
that actually take place between two electrons with parallel or antiparallel spins, 
particular if they are localised on the same atom, the Intermediate Neglect of 
Differential Overlap (INDO) [65] method was introduced that takes care of these 
features. It is known that electrons in different AOs on the same atom will have a 
smaller average repulsion energy if they have parallel spins - mathematically this 
difference shows up as a two-electron integral of the type 

(ivI.tv) = JJø(1)ø(2) 1/r12 Ov(1)Ov(2) dt1dt2 (1.4.27) 

with Og  and 4v on the same atom. In CNDO such integrals are ignored and all 

interactions between two electrons on atom A are replaced by Taa irrespective of 
their spin. As a result CNDO is frequently unable to give an explanation of the 
separation of states arising from the same configuration. To take some account of 
exchange terms, the simplest procedure (which retains rotational invariance) is to 
retain all one-centre integrals. This procedure is utilised in INDO producing a more 
accurate method. The INDO and CNDO methods are much the same except for 
monoatomic terms. The general expresions for the open-shell matrix elements are 

F 41c = Ut + [Ptji I X) - PXacX(1.LX I py)J + (PBB - ZB)yAB, Og on atom A 

Fgva = l3AB°S.tv - P.LVcYAB i on atom A, v on atom B (1.4.28) 

F1 .cx = Ugg + [Pctv I X) - Pxc a(tX I va)] (1.4.29) 

The one-centre two-electron integrals are calculated using Slater-Condon 
parameters (two-electron one-centre terms) [66],  while the values for the 
monoatomic core integrals also involve ionisation potentials, electron affinities and 
Slater-Condon parameters. Except for the integral F°, evaluated theoretically from 
Slater atomic orbitals, semiempirical values are used for G1  and F2  chosen to give 
the best fit with atomic spectra. At this level Pople thus expresses the energy of the 
average state associated with the configuration (2s)m(2p)n as 

INDO/1: Uss = -I - (1-1)F°(s,$) - m[F°(s,p) - 1/6G2(s,p)] - 

n[F°(s,d) - 1/10 G2(s,d)] 
Upp 

= -1p - (m-1)[F°(p,p) - 2/25F2(p,p)I -l[F°(s,p) - 

1/6 G1(s,p)j - n[F°(p,d) - 1/15 G1(p,d) - 
3/70 G3(p,d)] 

Udd = -Id - (n-1)[F°(d,d) - 2/63(F2(d,d) + 0(d,d))] - 

1[F°(s,d) - 1/10 G2(s,d)] - m[F°(p,d) - 
1/15 G1(p,d) - 3/70 G3(p,d)] (1.4.30) 
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Other parameters are as for CNDO/2. 

There are two INDO methods that correspond to the two CNDO versions. The 
difference between the two is that INDO/1 refers to a technique where the one-
centre core integrals, U, are obtained from ionisation potentials only while the 
second uses both ionisation potentials and electron affinities, as for CNDO. Both use 
the nuclear attraction approximate as Vab=Zayab as used in CNDO/2. Since INDO is 
similar in all respects to CNDO (excepting the inclusion of one centre integrals) it is 
not surprising that for closed shell systems the two methods give very similar 
results. The chief motivation for INDO's development was its application to open 
shell systems, in which it performs much better than CNDO. INDO has been used 
successfully to reproduce a number of experimental trends in EPR hyperfine 
coupling constants. The ZINDO program was chosen particularly for this project 
since it was based about simple INDO theory, and had been successfully 
parameterised for the 3d electrons in the transition elements, so showing ability to 
handle d-electrons [75] (which is rare for semiempirical methods to date), and 
therefore allows the possibility of polarisation function addition. 

(1.5) Pseudopotential Calculations of Binary Hydrides of Group 13 
elements. 

The group 13 hydrides have attracted great attention ever since the early synthesis of 
the boron hydrides by Stock in 1912 [24].  Their formulae gave no hint to their 
structure and could not be determined by a simple valence-bond approach (as was 
first presented by G.N.Lewis at this time). They are very reactive compounds and 
often react explosively with dioxygen and as such must be prepared under vacuum 
(yields typically were 4 to 5%). Stock was able to prepare and characterise B2H6, 
B4H1O, B5H9, B51111, B6H10 and B6H12. It was not until 1921 that the hydrogen-
bridged structure of diborane was first proposed by Dilthey. After high resolution 
infra-red absorption spectrum measurements by Price in 1948, and electron 
diffraction measurements in 1951, the hydrogen-bridged structure of diborane was 
widely received. The boron hydrides were originally synthesised by the action of 
aqueous acids on magnesium boride or the pyrolysis of diborane. 

All the group 13 elements, and consequently their corresponding molecules are 
commonly referred to as electron deficient, based on the octet rule proposed by G. N. 
Lewis in 1916. The octet rule specifies that each atom tries to pair its electrons as 
shared bonding pairs or lone pairs so that each nucleus is surrounded by a noble gas 
electron configuration (or octet of electrons). The group 13 elements, possessing only 
three valence electrons, can only form three bonding pairs and as such are termed 
electron deficient in their neutral state. The bridging structure allows the most 
thermally stable electron distribution in such molecules and as such is frequently 
adopted. 

The electron deficient character of group 13 atoms profers a wide number of 
structures with bridging hydrogens, or vast polymeric chains, in a number of 
hydrides to compensate for the electron deficiency. Their unique properties makes 

iw 



them useful in the following areas: 

Hydro (alum/ gall)ination of unsaturated substrates. 

formation of hydride derivatives of other metal complexes, including 
silane and silicon tetrafluoride. 

electroless plating of aluminium and gallium since they tend to 
decompose at room temperature directly to the metal. 

conventional and laser-induced chemical vapour deposition technology. 

If the reader is newly introduced to the hydrides of the group 13 hydrides, it is worth 
his/her while reading the recent review article by Downs and Puiham [44], which 
deals with some general experimental considerations, syntheses and properties of 
the various hydrides, in addition to some theoretical considerations. 

At a recent estimate [45] their were over 100 binary boranes known, but only one 
binary aluminium hydride is known to be stable under normal conditions, this 
being the polymeric solid [AlH3] featuring six-coordinate aluminium atoms [46,47]. 
Gallane has also been prepared, and bears obvious affinities to borane in the vapour 
state [48],  although it is relatively short-lived under normal conditions. As yet 
synthesis of Indium and Thallium binary hydrides has been largely unsuccessful 
[44]. For aluminium, gallium, indium and thallium coordinatively saturated 
derivatives (such as MH4-  and Me3N.MH3) have been known for some time, but we 
are concerned here with the parent hydrides, [MHm]n (m = 1, 2 or 3; n = 1, 2, ...) and 
related unsaturated derivatives, such as gallium substituted tetraborane derivatives, 
which I shall soon discuss. 

Downs et al. [44] claims that modern theoretical methods are of sufficient 
sophistication that they generally accurately reproduce experimental findings, and 
sometimes even improve upon these findings. They are especially useful, since 
many of the hydrides synthesised are short-lived under reasonable conditions, and 
thus difficult to study. Theoretical modelling provides a valid means of studying 
these compounds. Also, studying the potential surface and properties of, as yet, 
unknown species may provide some idea as to how to synthesise these elusive 
hydrides or, at least, a reason for the difficulty of synthesising the particular species 
under consideration. 

The hydrides of the group 13 metals are, without exception, unusually susceptible to 
attack by air or moisture. None are thermally robust, and most decompose at 
ambient temperatures. Downs and Pulham [44] describe, in their review, various 
means for detection and specification of a group 13 metal hydride, including vapour 
studies at low pressure in which state a molecule may be studied by a number of 
methods (EMR spectra, JR spectra, MS spectra and electron-diffraction methods) and 
also trapping experiments. The hydrides give characteristic JR bands, such as Ga-Ht 
(gallium to terminal hydrogen stretching band) in the range 1720-2050 cm 1, while 
corresponding Ga-Hb bands are situated at 900-1720 cm 1. The energies, and 
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intensities of the symmetric and assymetric stretching vibrations of the M-H-M 
bridge are an indicator of M-H-M bond angle. Crystal samples have also been found 
to be ammenable to neutron diffraction studies (although the form of such 
compounds is likely to change from one phase to another). 

The group 13 metal hydrides carry bonds that are strongly polarised (Mö+ - M), 
making the hydrogen susceptible to electrophilic attack, while the metal is 
susceptible to nucleophilic attack. Downs and Pulham [44] provide a table in their 
review which features both experimentally and theoretically (ab initio) determined 
properties of a selection of group 13 molecules: Geometrical parameters were well in 
agreement (to within 0.5 pm and a few degrees in all cases except digallane and 
thallium monohydride where bond length predictions were too large by as much 
0.04 A). Heat of formation of data did not agree very well between theory and 
experiment, but this is to be expected since it has been observed frequently that ab 
initio methods do not give a good account of this property. All gaseous molecules 
are endothermic, with respect to the elements in their standard states, and 
allowance for the effects of entropy shows none of them to be stable at normal 
temperatures with respect to the decomposition reaction 

M1I -* M(s) + n/2 H2(g) 

On the other hand, an unsaturated valence shell of MH, allied to the electron-rich 
character of the hydrogen ligands, means substantial stabilisation can be found via 
the formation of M-H-M bridges. Aluminium can continue to aggregate past the 
dimer, to give the polymer, of great stability. The heats of formation of the group 13 
hydrides, when compared to the heats of formation of the hydrides formed with 
adjacent group elements, are seen to be perculiarly high-energy species. This 
position is modified somewhat when the hydrides assume their natural forms at 
room temperature. Thus, the hydrides of the alkali and alkali earth metals are 
typically exothermic compounds by virtue of the large stabilisation energies that 
accrue through hydrogen-bridging on lattice formation. The correspondong energies 
(while substantial for AlH3) are smaller for the other M}I3 species in group 13. 

It has been suggested that the elusiveness of the group 13 hydrides is due to the 
weakness of the M-H bonds, as opposed to the strengths of the M-M bonds and H-H 
bonds of the constituent elements. However, the explanation is not this simple [44]. 
The M-H bonds are weaker than the corresponding M-Cl and M-O bonds 
(accounting for their vunerability to attack by air and water), and also weaker than 
hydride bonds of adjacent p-block elements of groups 14-17. However, they are still 
stronger than metal-hydrogen bonds formed in s-block metal hydrides and also 
marginally stronger than M-C bonds (which we know form readily). The 
explanation, therefore, hinges on the capacity of the metal M and ligand X to enter 
into the formulation of M-X-M bridges. This information may be gained from 
estimated mean bond enthalpies [44], where, for X=H the bridges vary in strength as 
B > Al > Ga. Solid [AlH3]n owes its unusual thermodynamic stability to the 
propensity of aluminium to rise to six-fold coordination, while gallium tends to 
follow boron in remaining four-coordinate. 

Direct metal-metal bonding has not, as yet, been established as a significant principle 
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in the hydrides of the group 13 metals. While it may be tempting to invoke M-M 
bonding in M2H6 (M=Al, Ga) since the M...M distance is small, there is no 
theoretical evidence for such an interaction. 

Syntheses of the group 13 hydrides have generally been achieved (with varying 
degrees of success) by one of the following methods: 

addition of H2 or a hydrogen-containing molecule like HC1 to an unsaturated 
form of the metal (which, so far has been confined to the small scale of matrix-
isolation experiments but could be a viable method of synthesis on the larger scale 
for products with the thermal stability to survive at, or near room temperature). For 
example 

Al + 3/2 H2 * Al\ H + Al-H AIH3 
H H 

metathesis involving a hydride source and a halide or other derivative of the 
metal, where hydride-methyl and hydride-halide exchange is exemplified by 

1/2[H2GaCl]2 + LiGaH4 - > 1/n[GaH3]n + LiGaH3C1 

MMe3 ± B2H6 Me2M(p-H)2BH2 + 1/2[BMeH2]2 

This has been one of the principle agents of synthesis, and such reactions are 
normally carried out between neat reagents and in the absence of solvent; 

decomposition or elimination reactions, for example 

Et3Ga 1/2[Et2GaH]2 + H2C=CH2 

1/2[EtGaH2]2 +2 H2C=CH2 + 1/2 H2 

acid-base reactions, for example 

Al(BH4)3(1) + CO(g) ' 1/n[HAl(BH4)2]n(1) + H3B.CO(g). 

The fairly recent synthesis of digallane [25-291 (figure 1) and gallaborane [30,31] by 
Downs et al. has generated much interest in the heavier diborane analogues. The 
successful syntheses are based on the use of the Ga2H2Cl2 [32] dimer as precursor, 
which is reacted in vacuo at -30°C with LiGaH4 to give Ga2H6 (yield=5%), and with 
LiBH4 at -23°C to produce GaBFIo. Both theoretical geometry studies and infra-red 
characterisations also showed that these (and indeed most of the group 13 hydrides, 
mixed or otherwise) possessed the hydrogen-bridging type structure first 
characterised for diborane. 

20 



As yet no uncoordinated dialane [27,33] has been reported. Al2H6 [33] has been 
observed via mass spectrometry (as early as 1964). This makes the absence of a 
successful synthesis of dialane quite puzzling since both digallane and diborane 
have been experimentally isolated. 

Great interest has been expressed in these compounds due of their unusual 
properties associated with the hydrogen-bridged structure and their very reactive 
character, so it is no surprise that a very large number of theoretical studies have 
already been carried out on the hexahydrides, particularly with respect to the all-
electron ab-initio basis sets. I shall discuss some I feel will enable the reader to get a 
"feel" for the work involved in this thesis. 

In all cases huge basis sets (basis sets are defined in the methods section, 2.1) were 
not required to obtain results that were in reasonable agreement with experimental 
values, where available. One of the earlier studies on digallane and dialane [25] used 
a SCF basis set of almost triple-zeta plus polarization (TZP) quality, and another basis 
set for comparison was the MP2/631G*  (2nd order Moller-Plesset perturbation 
theory that adds d-type polarization functions on gallium, as computed by Stanton 
and Bartlett). They found that the experimentally determined frequencies agreed 
excellently if the predicted b2u and b3u were reversed (this was later confirmed and 
experimentally determined bands corrected). Both the predicted equilibrium 
geometries and the vibrational frequencies agreed well with experiment for 
diborane and digallane (although slightly above the frequencies expected for 
digallane) but are assumed to be less encouraging for diallane. 

Lammertsma and Leszczynski [33] studied dialane and digallane using a variety of 
all-electron basis sets, including for geometries the HF/321G*  (see basis set 
discussion) and further studies on dialane using MP2/631G**  (2nd order Moller-
Plesset perturbation theory that adds d-type polarizations on the heavy elements 
and additional p orbitals on the hydrogens). The results of the HF/321G*  basis for 
Ga2H6 agreed well with Downs et al. data obtained experimentally (with bridging 
bonds being slightly longer than expected), while for dialane (excepting the 3-21G 
basis set) the results were very like those of digallane. Both showed a higher 
tendency for ionic bonding than the corresponding borohydrides. The binding 
energy obtained for Al2H6 (31.5kca1/mol) suggests that it should be experimentally 
observable. They showed that the small all-electron basis sets gave good results at 
much less expense than the larger sets used by Schaeffer. 

Duke [26] then conducted a detailed study of digallane and gallane using small basis 
sets. Also included were the electron core potential sets LANL1MB and LANL1DZ. 
Geometry results were predicted too large for LANL1MB and HUZ-MB while split 
valence and MP2 basis sets gave good results (STO-3G was grossly underestimated). 
The minimum basis sets generally gave quite poor results and thus were avoided. 
The 321G*  basis was found to be a good compromise. The LANL1DZ set which gave 
superior results at a lesser cost than even the minimum basis set for all-electron 
calculations. Lammertsma, Schaefer, Duke and Van der Woerd [30] then reported on 
calculations for the mixed hydrides: GaBH6, A1BH6 and AlGaH6. Electron 
correlation was included in the basis sets. In all cases the MP2/631G**  gave good 
optimization results while CISD/DZP results tended to be a little larger than 
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expected. All the other MP2 basis gave results too small. All theoretical harmonic 
vibrational frequencies are 5% higher than experimentally determined frequencies 
by Downs. Both AlBH6 and GaAlH6 have not been experimentally isolated as yet but 
they follow the same trends as for gallaborane. Bond lengths also tended to be 
similar for both aluminium and gallium. 

HGa(BH4)2 (figure 3.2.3) was studied quite early [7] and was synthesised [26] by 
reacting powdered gallium chloride with lithium tetrahydroborate at -45°C in the 
absense of solvent (YIELD=40-50%). It is extremely susceptible to aerial oxidation and 
to hydrolysis and undergoes ligand-exchange with trimethyl gallium. This is 
doubtless due to the uneasy five coordinate ligation about the gallium. The original 
infra-red studies on the structure determined the symmetry to be C2v [7] (evidence 
being in favour of the pentacoordinated structure rather than the cyclic compound). 
However further studies of HGa(BH4)2 using electron diffraction determined the 
symmetry to be C2 with assymetric BH4 units [35].  The research group, however, did 
suggest that this symmetry might be intrinsically C2v, but may subject to an 
amplitude of rocking of the BH4 groups about their rest positions. All-electron ab 
initio calculations using a variety of basis sets at the Hartree-Fock level have 
generally indicated a C2v geometry [34]. This discrepancy between experimental and 
theoretical results is mysterious since calculations for other Gallium hydrides 
usually give values within reasonable agreement (especially since calculations have 
been done using the HF/321G*  and HF/DZP basis sets which have given 
geometries in previous calculations of good agreement with the experimental 
results, where available). The aforementioned basis sets both predicted a C2v basis. 
Thus calculations at higher levels of theory must be included to gain a more 
complete picture. Downs now agrees that the structure is C2v. 

AlH(BH4)2 has not as yet been experimentally isolated or observed (while Al(BH4)3 
has been isolated and studied extensively due to its stable D3h prismatic structure). 
Its synthesis has been attempted using Al(BH4)3 combination (with diborane release) 
but only the dimer [HA1(BH4)2]2 has been isolated, thus further supporting 
suggestions that aluminium hydrides are difficult to synthesise sue to their 
tendency to polymerise. The CH3Al(BH4)2 [35] molecule has a methyl group blocking 
the site where dimerisation occurs has been isolated and analysed with electron-
scattering techniques, its structure confirmed. In the dimer, N.M.R. studies display 
HAl(BH4)2 to possess a C2v geometry. The A1H(BH4)2 monomer seems to be a stable 
configuration as predicted theoretically (ie. it gives energy values lower than those 
obtained by both alaborane and borane). It should thus be able to be experimentally 
isolated (as alaborane should also be) but is not due to its tendency to polymerise by 
virtue of its polar nature. 

In this study I shall be looking at further pseudopotential studies on the GanB4-nHlo 
and AlnB4-nH1O systems. To date Downs et al. [36] have synthesised Arachno-2-
gallatetraborane (which I shall denote a-2-GaB3H1o, figure 3.3.11). As in previous 
gallium syntheses, H2GaCl2 is an important precurser for the synthesis of a-2- 

GaB3H1o. It reacts with freshly crystallised [Bu4N][B3H8] in vacuo at 243 K in the 
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absence of solvent to produce highly volatile a-2-GaB3H10 (yield 90%) 

1/2[H2GaCl]2 + [Bu"4N]1B3H8] : K 30.  H2GaB3H8 + [Bufl4N]Cl 

The product, a-2-GaB3H1o, is condensed as a colourless glassy solid which melts at 
178 K and has a vapour pressure at 210 K of 1 mmHg. In the condensed phases a-2-
GaB3H10 decomposes rapidly at temperatures >283 K to produce metallic gallium, 
hydrogen gas and tetraborane. At room temperature the vapour decomposes to 
diborane, hydrogen gas and a grey solid, GaB2. The structure was determined by 
vibrational spectral analysis, where some peaks were comparable to other species 
containing terminal GaH2 units, and points to a derivative of the well known 
tetraborane structure with gallium replacing boron at the 2-position. Mass-spectral 
and 1H NMR studies comfirmed the structure. 

An ab initio quantum mechanical study [37] followed this synthesis, which 
examined the arachno-1-gallatetraborane (a-1-Ga133H1o) conformation in addition to 
the a-2-GaB3H10 isomer. Initial geometry estimates were obtained using Huzinaga-
Dunning [38,39] double-zeta basis sets for boron and hydrogen, and the ECP method 
and double-zeta basis of Igel-Mann et al. [40]. Then polarisation was added to all 
atoms, and finally an all-electron Dunning [41] 14sllp5d/7s5p2d + polarisation basis 
was used for gallium (DZP, 132 basis functions). The 2-isomer was found to be 24-25 
kcal/mol more stable than the 1-isomer using the DZP basis. At the 321G*  level 
both structures were found to be genuine minima. In a-1-GaB3H10 the B-H-B-H-B 
side of the molecule was found to be similar to tetraborane, with the bridging atoms 
found to be closer to the bridge borons, rather than the terminal borons. The 
hydrogen atoms bridged to gallium were found to be closer to the terminal BH2 
group, unexpectedly. The energetically lower a-2-GaB3H10 isomer was much more 
similar to tetraborane, since the large gallium atom fits more easily into the 
terminal position than the central position, where the gallium has to drop well 
below the central boron atom position to fit, and results in larger Ga-B and Ga-H 
distances. This study suggested that the 1-isomer may be able to be synthesised, if 
one can block the less sterically hindered terminal position. 

A further study by McKee [42] examined the possibility of bis(diboranyl) structures 
(figures 3.3.13 to 3.3.16), in addition to the arachno structures. Geometries were 
optimised using the HF/321G*  basis set, and further single-point calculations were 
done at the MP4 level of correlation (frozen core approximation). He found that the 
a-2-GaB3H10 structure and that of tetraborane were quite similar. Thus it may be 
reasonable to suspect that the surfaces are quite similar for the two, with similar 
relative stabilities between structural isomers. All four isomers were shown to be 
minima, and the relative stability calculated between the 1- and 2-arachno isomers 
was in good agreement with Duke and Schaefer [37]. Unusual results were found in 
that the order of stability calculated at the HF level was 

2-Ga-bis(diboranyl) > a-2-GaB3H10 > 1-Ga-bis(diboranyl)> a-1-GaB3H10 
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while at the correlated level the order in the first two species was reversed. The 2-Ga-
bis(diboranyl) isomer, is suggested to be more stable than the 1-isomer due to the 
stronger Ga-B bond compared to the B-B bond (or weaker Ga-H bond relative to the 
B-H bond). At the MP2/631G*//321G  level, the relative stabilities of the arachno 
and bis(diboranyl) structures were of similar magnitude in both GaB3H10 and 
tetraborane. The lowest energy bis(diboranyl) structure was gauche structure of C2 
symmetry. The corresponding GaB3H10 was also found gauche, but with Ci 
symmetry. 

A study was then prompted, since it was noticed that the bis(diboranyl) structures 
are increasingly stabilised with further gallium substitution for boron in the 
tetraborane derivatives, with two, three or all borons substituted with gallium [43]. 
These allow the possibility of bis(diboranyl) structures with a central Ga-Ga bond. 
Thus, the isomers with three or four gallium atoms are more sensibly referred to as 
bis(digallanyl) structures. In this study the optimized geometries were obtained 
using the 321G*  basis set (with no polarisation on boron, as is usual for this basis 
set), with the two lowest energy structures being optimised using the DZP basis. 
Single point MP2 energies were then evaluated using the DZP basis at an geometries 
previously calculated. As an alternative, MP4 single point calculations were carried 
out using an 321G*  basis, enhanced with d polarisation on the boron atoms 
(denoted 321G*(B*)). 

For the bis(diboranyl) structures, two conformations were considered to arise from 
rotation about the central bond, eg. the 1,4 isomer of Ga2B2H1o, there is the C2h 
structure with the two central B atoms and outer Ga atoms in the same plane, and 
the C2 conformation, a twisted structure with the angle about the B-B-H planes 
approximately 600  (where the numbering system assumes boron as a substituent on 
tetragallane). The two lowest energy structures were found to be arachno-2,4-
digallatetraborane (denoted a-2,4-Ga2B2Hio) and 2,3-disgalla-bis(diboranyl) (denoted 
b-2,3-a-Ga2B2Hio). The arachno structure is consistent with expectations since it 
places the gallium atoms in the least sterically hindered terminal positions, while 
the bis structure gives the lowest structure where the gallium atoms occupy the 
central bond (consistent with McKee's findings [42] for the GaB3H10 molecules). 
Other structures, likewise, reflect this trend, although the two isomers with the 
central Ga-B bond show the digallane-diborane type dimer to be considerably higher 
in energy than the more symmetrical linking of the two gallaborane units. The 
other two arachno structures are the two highest in energy. Energy calculations on 
the two lowest energy structures show at the SCF level for the DZP optimised 
geometry that the b-2,3-Ga2B2Hio structure is the most stable, while at the MP2 level 
a-2,4-Ga2B2Hio becomes the stablest species. For the 321G*(B*)  optimised 
geometries, the bis structure is the most stable with or without correlation. The 
authors suggest that the two structures are so close in energy that it is difficult to 
establish the stablest species. 

The same paper also examined the Ga3BH10 molecule. Large changes in relative 
energies arose on the addition of correlation. The 1-boro-bis(digallanyl) structure, 
with the central Ga-Ga central bond appeared to lie below the arachno-1-boro-
tetragallane isomer, but this difference decreased markedly on introduction of 
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correlation at the MP2 level. The gallium atoms would appear to prefer the outer 2-
and four-positions (favouring the 1-boro-arachno structure), but different sized 
atoms in the two central positions appear to impose constraints on the bridging 
regions (favouring the 2-boro-arachno structure). The DZP optimised structures 
uphold the same trends. 

The tetragallane structure itself seemed to slightly favour the bis structure, although 
the difference is too small to allow really accurate prediction. 

Only one known tetraalane study has been done, this being an ab initio study by 
McKee [112] using HF/321G*  for geometry optimisation, and PMP4 for energy 
deterimations. He found the nonclassical arachno C2v structure to be more stable (by 
9.0 kcal/mol) than the classical bis(dialanyl) C2 structure at the MP2 level. Without 
correlation the bis-type structure was the most stable, but only once polarisation 
functions had been added. 

It is these gallium substituted tetraborane type structures that shall be studied in this 
project, using the same pseudopotential methods (and comparable ab initio basis 
sets), to provide both a complement and contrast to these ab initio results previously 
gained, as well as the hexahydrides and nonahydrides. In addition to this, the 
corresponding aluminium boro-hydrides will also be studied, to try and glean an 
explanation for their apparent instability since they have not yet been synthesised. 
This project incorporates a study of the accuracy of pseudopotential methods (and a 
characterisation of any faults therein with regard to these particular molecules, 
establishing their viability in such calculations), as well as a detailed look at the 
energetics and structure of the molecules themselves. 

2. Methods Employed in this study. 

(2.1) Basis sets employed in Pseudopotential and Ab initio calculations: 

It has already been shown how the HF [9] orbitals may be constructed as linear 
combinations of a set of basis functions. The complete set of basis functions used for 
a system is termed the basis set. 

The basis functions used in GAMESS [12], the program used for this study are 
represented by Gaussian functions and as such are termed Gaussian-type-orbitals 
(GTOs). A GTO centred on nucleus a has the form 

NeVY 

N is the normalisation constant 
Y is uniquely dependent on the orbital (ie for an s orbital Y=1 

for a p orbital Y=x,y,z (for an x,y and z p 
orbital respectively) 
for a d orbital Y=x2,y2,z2,xy,yz,xz (the 
extra orbital is an s orbital ie.x2  + y2  + z2  
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A series of these Gaussian [12,13] functions are combined linearly with varying 
coefficients to produce a contracted Gaussian which has the desired basis function 
qualities. These contracted basis functions are then approximated to fit HF atomic 
orbitals. To describe the molecular orbitals we then take a linear combination of 
atomic orbitals (LCAO). All calculations in this study are done at the HF level, 
meaning no correlations levels of theory are included. 

A split valence set is easiest explained by using an example. Take the ab initio basis 
set 3-21G as applied to an atom in a molecule. The inner core electrons the orbitals 
are taken to be a combination of three primitive Gaussians with fixed coefficients. 
For the valence shells a 'double-zeta' set is used. In this basis there exists an 'inner' 
and 'outer' orbital function for each single valence orbital. The inner orbital 
function takes a combination of two primitive Gaussians while the second outer 
orbital function is taken as a single primitive Gaussian with different orbital 
exponent to the inner functions. A double-zeta basis set is one in which every 
orbital in the molecule is described by two contracted Gaussians, not just the valence 
orbitals as for the 3-21G set. This allows a better description of the molecular orbital. 

Atomic orbitals present in molecules are never spherical since they are always 
distorted by the influence of other atoms, termed polarisation (ie the electron 
density of one atom is 'polarised' toward another due to attractive and/or repulsive 
forces). To describe this effect polarisation functions are added to the basis set thus 
allowing the distortion of the atomic orbitals as appropriate). The addition of 
polarisation functions is indicated by one or two stars after the basis set title. One star 
(*) indicates that d polarization functions have been added to heavy atoms while 
two stars (**) denotes that in addition to this p polarisation functions have also been 
added to light atoms. Note that in the 321G*  basis set polarisation is not included 
on the boron atom, while in the DZP (Double Zeta Plus, where a double zeta 
approach is adopted for all orbitals, not just the valence orbitals as is the case with 3-
21G) d-functions are included on boron also, with p-polarisation functions included 
on hydrogen atoms. 

The SBK and HW basis sets, for use with the corresponding ECP, are inbuilt in the 
GAMESS program [121. Both were used in this study: 

(1) SBK (STEVENS,BASCH and KRAUSS) [1,2] (see appendix A for basis sets 
and ECPs): 

This uses a split valence basis set for the elements Lithium 
through Lanthenum and a -31G basis set for Hydrogen. 

(2)HW (HAYS and WADT) [1] (see appendix A for basis sets and ECPs): 
This basis set uses a -21 basis for Sodium through to Neon 
and a 3-21G set for Hydrogen to Helium. Note that heavy 
polarisation in this set does not include addition of a d- 
function to the boron atom. 

Throughout this study the above ECP basis sets have been compared to the ab initio 
sets 321G*  and DZP results taken from published studies where available (the 
source of the results are indicated in the appropriate sections). The 321G*  is 
compared to the results of the HW*  method to determine the quality of results 
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obtained as they are directly related except for the fact one is an all-electron set and 
the other a pseudo-potential basis. Likewise the Stevens-Basch-Krauss set is directly 
comparable to the ab initio Double-Zeta-Polarisation basis (strictly the basis set I've 
used is slightly less the DZP for the gallium which I've not included in the table but 
is {6112211/61211/411}) ie. it has only 7 s functions and 5 p  functions (when it should 
have 8 and 6 respectively). The SBK**  is double-zeta in its valence electrons and 
directly comparable to the DZP basis except on the Gallium (where the DZP basis is 
not strictly double-zeta) and also because in the SBK set which leaves the 3s, 3p, 3d, 
4s and 4p orbital out of the ECP calculation and calculates the valence electrons as a 
double-zeta set except for the 3d electrons which are represented by a triple zeta basis 
(Stevens et al. [2] found the triple-zeta d basis set to be necessary to describe the 
orbital shape changes that accompany changes in d occupancy). Thus, this may cause 
the gallium hydride pseudopotential and ab initio basis to be less in agreement than 
might be expected for the HW*  and  321G*  sets. 

As the number of gallium atoms in a molecule reaches about three or more, the 
SBK calculations become prohibitively expensive due to apparently inefficient code 
for pseudopotential codes. Stevens-Basch-Krauss also defined in their paper [2] an 
ECP for gallium that pulled the 3d electrons into the core, therefore cutting down 
time considerably as the basis set is reduced. The default SBK method is felt by the 
authors to be the more accurate, and in the calculations for hydrides containing up 
to two gallium atoms, both the default SBK set for GAMESS, and the small SBK set 
which had to be input by hand, were used and compared. For compounds with 
more than two gallium atoms, the small SBK set only was used, as default SBK 
calculations became to expensive, particularly with respect to frequency calculations. 

The LANL1DZ basis is available in the Gaussian programs [13] and is also an ECP 
model. While it is not directly comparable to the GAMESS [12] pseudopotential basis 
it is added in for interest on comparing the quality of results with those obtained 
using the GAMESS [12] ECP basis's (LANL1DZ results being taken from Gauld [111]). 
The LANL1DZ basis set has a D95 (Dunning/Huzinaga valence double-zeta) basis 
set on the hydrogen and boron. On aluminium and gallium , there is a Los Alamos 
ECP witha. DZ basis set for the valence electrons (ie. pseudopotentials exist on the 
second and third row atoms but not on first row such as hydrogen and boron). These 
calculations have already been performed and results are taken from [111]. 

(2.2) Electron Core Potentials for HW and SBK methods: 

Appendix B displays the exponents and coefficients used in the construction of 
analytic Gaussian expansions for calculation of the ECPs of both the HW and SBK 
methods. 

(2.3) Geometry Optimisation and Frequency calculations for the 
Aluminium/Gallium Borohydrides: 

Using the aforementioned basis sets, and ECPs where applicable, the SCF 
calculations were performed using a convergence criteria of less than 10.OE-5 for any 
two successive SCF cycles. One more cycle was performed after convergence was 
reached. Initial orbital guesses were performed using an extended Huckel 
calculation which was then projected onto the desired basis set. 
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Geometry optimisations were calculated using the method of Baker [113], with a 
gradient convergence tolerance of 0.0001 Hartrees. For frequency calculations the 
frequencies were done analytically for ab initio calculations, and numerically for 
pseudopotential calculations. 

Roughly correct geometries were input into the Gaussian 92 program [13a] for ab 
initio calculations, and into GAMESS [12] for pseudopotential calculations, which 
then fine-tuned geometries using relevant basis sets and methods. Frequency 
calculations were then performed on the optimised geometries. 

(2.4) Parameterization of the ZINDO program for the elements Gallium through to 
Bromine. 

The ZINDO [70] program incorporates a number of semiempirical methods, which I 
shall describe presently. It was the creation of M. C. Zerner and a number of other 
lesser personages and he describes it as one of the most versatile SCF/CI programs. 

The program has two different semiempirical procedures at its heart: a method for 
calculating spectroscopic properties (spectroscopic gammas) and a method for 
calculating geometries (theoretical gammas). Since ZINDO is so versatile it covers 
many methods. Both Huckel theory and Pariser-Parr-Pople methods I have 
mentioned already, saying they are not really part of my project since they do not 
really fall under my definition of semiempirical methods. The most notable success 
of the ZINDO philosophy is the INDO/S method (ie., INDO theory incorporating 
spectroscopic gammas, as well as CI). 

Procedure: 

To start building in the parameters to the Zindo program, I obtained a series of 
papers by Michael Zerner and others to determine how the program has been 
parameterised for elements so far included [61,70-75]. This done, I then ordered the 
required experimental data that will enable me to parameterise for the elements 
gallium-bromine [76,77]. The package is largely in the fortran language so I have 
spent some time familiarising myself with both the language and the code structure 
and have even endeavoured to do some programming myself to enable the output 
of parameters the program has used in a run. It appears to me that the following 
areas require parameterisation to run for the above atoms: 

(1) Orbital exponents are required for these elements for the valence orbitals (4s and 
4p). All allowed for the simple basis including just 4s and 4p orbitals. The choice of 
additional valence orbitals (ie. 3d (valence) or 4d (polarisation)) was carefully 
studied; for the elements Ge-Br 4d polarisation functions were included, since the 
effect on molecular chemistry of the 3d electrons in these atoms was too small to 
warrant inclusion (the 3d electrons in these atoms being too stable and receeding 
into the core). These elements were then examined to see the effect of 4d 
polarisation inclusion (as was done for corresponding elements of the previous row 
with respect to 3d orbitals). In the gallium atom, the 3d electrons do participate more 
in the chemistry, and so gallium was tested for both 4d polarisation and 3d electron 



inclusion in the valence orbitals. A number of factors supported the decision to test 
the 3d electrons in the valence set: (1) the zinc atom, its closest neighbour included 
the 3d electrons in its valence set; (2) the pseudopotential method, SBK includes the 
3d electrons as a necessary part of the valence set for the gallium atom, so indicating 
its importance; and (3) experimental evidence signifies that the 3d electrons 
participate in the chemistry (evidenced by the exponents issued by Clementi and 
Roetti [78],  which showed the gallium 3d orbitals to be contracted to the same degree 
as zinc's). The final valence set for each element is shown in section 4.1. 

In all cases both a single-c basis set was included for these valence orbitals (taken 
from Clementi and Raimondi [79],  since these give slightly better results than 
simple Slater exponents) as well as a double-c basis set (taken from Clementi and 
Roetti as was done for the transition metals). 

The program also requires beta (bonding) parameters for these elements in order 
to evaluate the two-centre one-electron integrals. For INDO methods these are 
calculated 

1AB = 1/2(I3A + IB) S'v 

where S'ptv  is a modified overlap integral (usually calculated by treating the orbitals 
as STOs),while for CNDO they are calculated 

RAB = 1/2(LA + lB) 

The LA and 13B parameters are characteristic of each atom and were treated as free 
parameters, as was suggested by Zerner in his review [71], and adjusted and 
readjusted to give the best results for geometry and relative energies of the reference 
molecules obtainable. 

The one-centre core integrals require ionisation potential data (and electron 
affinties in the case of INDO/2 and CNDO/2) in order to be calculated, as well as 
Slater-Condon parameters for the INDO method. 

CNDO/1 Uii=-1/2(IA + AA) - (ZA - 1/2)ykA  

CNDO/2 Ujj = -IA - (ZA - l)yAA 

INDO/1: USS = -I - (1-1)F°(s,$) - m[F°(s,p) - 1/60(s,p)] - 

n[F°(s,d) - 1/10 G2(s,d)] 
Upp 

= -1p - (m-1)[F°(p,p) - 2/25F2(p,p)] -l[F°(s,p) - 

1/6 G1(s,p)] - n[F°(p,d) - 1/15 G1(p,d) - 
3/70 G3(p,d)] 
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Udd = -Id - (n-1)[F°(d,d) - 2/63(F2(d,d) + F4(d,d))] - 

l[F°(s,d) - 1/10 G2(s,d)] - m[F°(p,d) - 
1/15 G1(p,d) - 3/70 G3(p,d)] (2.31) 

lonisation potentials were obtained from Moore's atomic energy tables [77], using 
the p-electron ionisation potential as follows 

Is = 'p + E(spfll) 
Id = Ip - E(s2p' 3d) (2.32) 

For the trial when testing 3d inclusion in the gallium basis set, the tables did not 
yield sufficient data to issue an ionisation potential for the 3d-electron, so this was 
obtained from Clementi-Roetti [78]. 

The Slater-Condon parameters (see appendix C) G1(s,p) (for gallium to arsenic) and 
F2(p,p) (for germanium to selenium) were taken from Hinze and Jaffe, [76] who 
found these from experimental data. However, the atomic energy tables we had 
available were insufficient to supply the necessary experimental data for the factors 
involving 4d orbitals, and so we resorted to atomic calculations (Zerner has done 
this for his ZINDO program for the lanthenide elements and has determined a 
weighting factor of 0.6 is required to yield desired results). The program used was a 
package for Multi-configurational HF calculations, titled MCHF77 [80].  It is a typical 
SCF type program and gave reasonable values when compared to results for other 
atoms. The accuracy of results lends credence to their accuracy. The Slater-Condon 
factors were calculated for a number of excited configurations (see Results) 
involving excitation of one or two of the valence electrons, then the parameters 
were taken from the lowest energy configuration that contained them. The 
parameters were subsequently adjusted by the weighting factor suggested by Zerner 
[71]. 

The gallium atom presented some problems with convergence of some of the 
excited configurations, due to the small nuclear charge exerted on the valence 
electrons, allowing the 4d-orbitals to form a continuum for valence configurations 
4s4p4d and 4s2d. Thus the lowest energy configurations for this element could not 
always be obtained to extract particular Slater factors. This could affect results. 

(4) Finally, the two-centre two-electron coulomb integrals are taken from the 
modified Mataga-Nishimoto formula 

yv = 1.2( RAB + 2.4/(F°(mm) + FO(mm)))4 

The F°(mm) value is determined empirically from ionisation potentials and 
electron affinities in the spectroscopic version, but is calculated theoretically from 
in the non-spectroscopic version. Slater type orbitals are used for the purpose, and a 
minimum basis set (using a single exponent) appears sufficient for the purpose (this 
I have already included). 
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These parameters have been optimized using a series of reference compounds, 
which I have chosen as follows: 

Gallium: 

Ga2H6, GaBH6, GaCi, GaH, Ga20, Ga2C16, Ga2C12H4, GaF,  GaF3,  GaBr. 

Germanium: 

GeC14, GeO, GeS, Ge2H6, GeHC13, GeF, GeF2, GeH4, GeC12, Ge3H9P, GeH2, GeSe, 
GeCH6, GeC1H3, GeFH3, GeSiH6, GeH3Br, GeBr4. 

Arsenic: 

AsBr3, AsC3F9, AsC3H9, AsC13, AsF3, AsF5, AsH3, AsH9Si3 

Selenium: 

CSeF2, C4SeH4, CSe, H2Se,  SiSe, SeO, SeO2, Se03, SeOC12, SeC12, SeOF2, Se02F2, 
SeC2H6, Se2C2H6, SeF4, GeSe, SeF6, CSeS. 

Bromine: 

CH3Br, CH2Br2, SiBr4, HBr, A1Br, AsBr3, GeH3Br, GeBr4, GaBr, BrCN, BrC1, BrF, 
C2Br4, F3Br, SiH3Br, PBr3, Br2. 

For completeness, it was deemed wise to do a series of similar calculations on the 
second row atoms using the preexisting parameterisation. The second row atoms 
have very similar properties to those in third row since the third row suffer the d-
contraction. The molecules used in this study were 

Aluminium: 

AlF, A1Br, AIH, A120, A1206, AlF3, AlC13. 

Silicon: 

SiH4, SiO, SiS, Si2H6, SiH2, SiO2, SiF2, AsSi3H9, SiSe, GeBrH3, GeSiH6, SiBr4. 

Phosphorus: 

PBr3, PC3F9, PC3H9, PC13, FF3, PC15, FF5, PH3, PH9Ge3. 
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Sulfur: 

CSF2, C4SH4, CS, SiS, so, S02, CSC12, SF4, GeS, SF6, CSeS. 

Chlorine: 

CH30, CH202, CC14, HC1, GaCl, A1C13, C5C12, CC13H, BrC1, C1F, Ga2Cl6, SeOC12, 
SeC12, BeC12, PC13, PC15, C12, AsC13, GeH3Cl, GeC13H, GeCL4, GeC12,. 

Results obtained from the ZINDO method using both spd and sp basis sets were 
then compared to experiment, and also against other semiempirical methods, 
chiefly PM3 and AM1 and MNDO [114,115] results where available. The reader 
should note that the other semiempirical methods are more sophisticated, 
containing more parameters and higher levels of theory, but do not contain ZINDOs 
advantage of an spd basis, since d functions have only recently been introduced into 
semiempirical methods, as trouble was had confining them to the symmetry 
requirements the ZDO approximation demands. 

3. Results and Discussion of pseudopotential 
and Ab initio Calculations of Structure and Frequency 

for Aluminium/Gallium Borohydrides. 

(3.1) The Hexahydrides: 

In all molecules studied the HW and SBK basis sets were used to obtain theoretical 
equilibrium geometries. The results were then compared to the relevant all-electron 
basis sets as stated in the method. The 321G*  and DZP basis sets are comparable, 
respectively, to the HW*  and  SBK**  pseudo-potential basis!  as they possess the same 
heavy atoms and hydrogen valence basis sets. The results of these calculations are 
displayed in tables 3.1.1 to 3.1.5 

Table 3.1.1 and figure 3.1.1 displays the results for dialane and indicates the accuracy 
of the calculated results. In all bonds (and indeed the internal distance between 
aluminium atoms) the initially predicted distances on the simple unadorned basis 
sets (ie. the unpolarised HW and SBK methods) decrease slightly with the addition 
of polarisation functions as do both sets of angles, which is typical with polarisation. 
Generally a better basis set will yield contracted bonds, as is seen by comparing 3-
21G* and DZP results. The average percentage difference of the HW results versus 
the 321G*  values decreases from an average of 1.9 % to only 0.3 % on heavy atom 
polarisation. Obviously repulsions between hydrogens play little part in the 
structure determination since one would expect that as the bond distances decrease 
and the hydrogen atoms approach each other more and more closely that the angles 
would open out to compensate for this. However this is not the case since with the 
addition of polarisation functions the aluminium atom clearly becomes more ionic 
and demands a greater portion of the hydrogen!s  charge so that hydrogen repulsions 
become less and less, and this is evidenced by the merely token difference in errors 
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upon addition of the hydrogen p-polarisation functions (particularly in the HW 
case). This is also why the addition of the heavy atom polarisation functions have 
more effect than the hydrogen polarisation since aluminium being the largest atom 
is most easily polarised 

Comparing the ab initio results with the relative ECP values obtained it is clear that 
the pseudopotential methods generally overestimate the bond lengths of the 
bridging region especially that of the two aluminiums. It is also clear that the 
unpolarised basis sets overestimate all parameters, but this is largely resolved in the 
HW case for the terminal parameters upon addition of d-function polarisation. The 
SBK** results and DZP values for the bridging aluminium parameters differ only 
slightly (issuing an average error of only 0.6 %, and a small standard deviation 
which indicates a systematic error) while the HW*  and  321G*  results differ even 
less (by an average of only 0.3 %), and so clearly pseudopotential results are excellent 
(a discrepancy of less than 1% of the total bond length is hardly significant). 

Figure 3.1.1: The geometry obtained for dialane (D2h) using various basis sets (bonds 
in angstroms, angles in degrees). 
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Table 3.1.1: Displays the relative % errors of the pseudopotential results to the 
appropriate ab initio results for dialane. 

Parametersr(AI-Al) r(AI-Ht) r(AI-Hb) <AIHbAI <HtAIHt 
HW 3.9 0.3 2.0 1.8 1.6 

HW* M -0.2 0.3 -0.4 0.1 
H W * * 0.4 -0.3 0.3 0.0 

SBK 3.9 1.1 2.1 2.4 2.4 
SBK* .LQ 0.9 0.9 0.2 0.7 

SBK** 0.7 0.7 0.8 .0.1 0.5 
LANL1DZ*(a) -0.1 0.1 0.3 

1:1W HW* HW** $iç SBK SBK** LANL1DZ* 
St. Dev.(d) 1.3 0.2 0.2 1.0 0.3 0.2 0.2 
Average(d) 1.9 0.3 0.3 2.4 0.7 0.6 0.3 

LANL1DZ*  results from Gauld [111] and compared to 321G*  values 
Ht = terminal hydrogen 
Hb = bridging hydrogen 
The standard deviation and average of the errors are calculated over 
absolute errors. 

In all parameters the HW*  basis set tends to give better approximate 321G*  results 
than the SBK**  set approaches DZP values. This is most likely due to some 
inconsistency in the SBK ECP, since both valence sets treat aluminium similarly, 
although of course, the slight difference in basis sets could also cause the greater 
deviancy in the SBK set, since the valence SBK basis and DZP basis do differ a little 
as discussed in section 2.1 

The areas of maximum discrepancy are the bridging bond lengths, which are better 
approximated by the HW series, which clearly works well for electron deficient 
aluminium molecules, while the SBK method is not as successful, since it seems to 
overestimate repulsive interactions (and hence the expanded structure) to a greater 
extent than does the HW set. The unpolarised SBK and 1-11W calculations yielded 
quite large errors, with maximum errors in both cases being about 3.9 % for the 
aluminium-aluminium distance. Every parameter in the unpolarised SBK 
predictions was in error by well over 1%, but this was remedied upon polarisation, 
where the only large errors were found in bridging parameters. The HW series 
shows the expected trend in results, with a decrease in error upon heavy atom 
polarisation (as the structure is contracted), and then an increase on addition of 
hydrogen polarisation (as the parameters are decreased a little too far) since the 3-
21G* method does not include hydrogen polarisation. Likewise, with the SBK series, 
where the errors decrease steadily on approaching the fully polarised SBK** 
predictions. Once again, we see that the hydrogen polarisation has only a meagre 
effect when compared with the addition of the heavy atom polarisation. 

In all parameters the LANL1DZ basis sets gave slightly better results than the 
GAMESS (12) ECP sets as values tended to be a little lower than those obtained in 
this study thus better approximating the ab initio results. However this could just as 
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easily be a result of tighter convergence criteria as of a better basis set. However the 
D95 basis does generally give excellent results and so the LANL1DZ basis is probably 
a little better. 

The trend in results for the digallane molecule tends to be quite different to those of 
dialane. While, once again, the bond lengths and angles tend to show a decrease in 
magnitude with the application of polarisation functions for the 1-11W series (as for 
dialane) the SBK set does not, with the average error rising from 0.1 % to 0.3 % with 
polarisation. It is clear that for the SBK results, the terminal hydrogen parameters 
decrease with polarisation, while the bridging parameters increase. This is because 
the bridging parameters tend to be slighly underestimated in the unpolarised basis 
set, and as usual the addition of polarisation functions actually decreases results still 
further. Thus, it is a problem with the initial estimation. However, the change in 
parameters through the SBK series is quite small, and never do the errors rise above 
0.5 % (a great improvement on results in the dialane case). 

Figure 3.1.2: Shows the geometry predictions obtained by various basis sets for 
digallane (D2h) (bonds in Angstroms, angles in degrees). 
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Table 3.1.2: Displays relative % errors, and the average and standard deviation of 
these errors, of pseudopotential results calculated against appropriate ab initio 
values in digallane. 

Parameters r(Ga-Ga) r(Ga-Ht) r(Ga-Hb) <GaHbGa <HtGaHt 
HW 1.6 -1.3 -0.8 1.5 
HW* 0.0 -1.0 LU. 0.4 0.2 
HW** -0.3 0.3 0.0 
SBK -0.1 0.0 -0.2 0.1 
SBK* -0.1 0.1 0.1 
SBK** -0.4 -0.2 -0.4 0.2 
-SBK (e) -0.2 -0.5 -1.2 IA 0.9 
SBK*(e) JQ -0.0 -0.7 -0.3 -0.2 
SBK**( e ) 1.4 -0.3 -1.0 -0.5 -0.3 

LANL1DZ*(a) 0.6 L1..1 -0.8 0.8 0.2 

11W HW* HW** SBK SBK* SBK** 
St. Dev. 0.5 0.5 0.6 0.1 0.1 0.1 
Average 1.5 0.5 0.6 0.1 0.2 0.3 

-SBK SBK* SBK** LANL1DZ* 
St. Dev.(d) 0.5 0.4 0.5 0.3 
Average(d) 0.9 0.5 0.7 0.7 

So while the SBK method is extremely accurate in estimating gallium structures, 
this is not the case for the HW series. The values do not smoothly decrease as for 
dialane (eg. the gallium to terminal hydrogen distance increases on addition of d-
polarisation to the gallium but decreases below its initial value on the addition of 
the p-polarisation to the hydrogen). Likewise the HtGaHt angle first decreases then 
increases again on hydrogen polarisation. The unpolarised HW results frequently 
overestimate bond lengths by unacceptably large amounts, and while polarisation 
improves matters, the results never attain the accuracy exhibited in the SBK series. 

The small SBK results are not the same calibre for this molecule as the default SBK 
results. While errors are less than the HW errors, and entirely reasonable, the basis 
tends to underestimate all parameters once polarisation has been included, 
particularly in the bridging region. Thus for all-gallium hydrides (where no boron 
atoms are present) it appears that the default set is the method of choice. Of course, 
for tetragallane, where the default SBK method would also probably be best, the 
number of basis functions is too great to allow it. These results show it performs 
quite well, even though it appears to overestimate gallium attractions, probably 
because the nuclear charge is slightly underestimated. 

One can see that in this molecule the SBK and HW basis sets give results that are 
much closer than those obtained in the dialane system. Unpolarised basis sets give 
very different values for the gallium to gallium distance (differing by 1.6 % for the 
HW calculation which is still very slight) but less than 1 % for the other values. The 
heavy atom polarisation is quite clearly a very important consideration since with 



its addition the errors halve in the HW*  values. Thus while the two methods 
obviously make a difference (the SBK giving vastly better results for the unpolarised 
basis set due to the better DZ basis on its heavy atom) with the addition of heavy 
atom polarisation these considerations cease to possess any significant weight. 

Once again the results of the pseudo-potential basis set LANL1DZ is quite a good 
deal closer to the ab initio results than the GAMESS [12] results and so it would 
seem to be a slightly better basis set. This could be because the MASSAGE utility in 
the GAUSSIAN [13] program allows better application of polarisation functions but 
is most likely to be caused by the better D95 basis since its unpolarised results are also 
more accurate. 
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Figure 3.1.3: Shows geometry of gallaalane using various basis sets (angles in 
degrees, bonds in Angstroms). 
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Table 3.1.3: Displays relative % errors for various pseudopotential basis sets against 
appropriate ab initio values for gallaalane. 

Parameters r(Ga-Al) r(Ga-Ht) r(AI-Ht) r(Ga-Hb) r(AI-Hb) <GaHbAI <HtGaHt <HtAIHt 

HW 2.4 -1.2 -0.4 -0.8 1.4 2.9 1.0 1.9 
HW* 0.0. -0.8 -1.2 -0.2 -0.3 0.4 
HW** -0.3 -1.2 -1.0 -0.2 0.7 -0.5 0.2 
SBK 1.5 -0.1 1.1 -0.3 1.7 1.1 0.3 2.1 
SBK* 0.2 0.0 0.9 -0.1 0.7 -0.1 0.2 Q9 
SBK** -0.1 -0.5 0.7 -0.4 0.6 -0.3 0.1  0.7 

-SBK (e) 1.7 -0.5 1.0 -1.1 1.6 2.0 0.7 2 
SBK*(e ) -0.1 0.0 0.8 -0.8 0.6 0.0 -0.4  110 

SBK**(e) -0.5 -0.4 0.6 0.5 -0.2 -0.5 0.8 
LANL1DZ*(a)0.3 -1.0 -1.0 - 0.3 -0.1 0.6 

11W HW* HW** SBK SBK* SBK** 

St. Dev.(d) 0.9 0.4 0.5 0.9 0.4 0.2 
Average(d) 1.5 0.6 0.7 1.1 0.4 0.4 

-SBK SBK* SBK**LANL1DZ* 

St. Dev.(d) 0.7 0.4 0.2 0.4 
Average(d) 1.4 0.5 0.6 0.6 

LANL1DZ*  results from Gauld [111] and compared to 321G*  values 
Ht = terminal hydrogen 
Hb = bridging hydrogen 
The standard deviation and average of the errors are calculated over 
absolute errors. 
-SBK = the small SBK results (ECP removes 28 electrons from gallium) 

Table 3.1.3 displays the results for gallaalane which present very similar trends to 
those in dialane. There is a steady decrease in all parameter magnitudes with 
polarisation due to the better orbital overlap this allows, as well as the decreased 
repulsion on the hydrogen atoms because of the increasing ionic character of 
gallium and aluminium with the addition of the polarisation functions. 

Once again we see that the HW and SBK basis sets give very similar results (the 
maximum difference between a pair being 0.05 A for bond lengths and 0.2° for 
angles in the doubly polarised sets). Even the nonpolarised sets showed little 
discrepancy having maximum difference 0.025 A for the gallium-aluminium 
distance. The SBK method has proved to be the better of the two for this molecule, 
so allowing us to assumethat the gallium atoms plays the dominant role in this 
molecule. The HW series shows the expected trend in average values, while the 
SBK set gives a slightly larger average percentage error for the doubly polarised 
results than it does for the SBK*  values, in accordance with the Ga2H6 results. 
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The gallium-aluminium distances showed maximum errors for the unpolarised 
basis sets and the bridging angles were fairly erroneous. The HW and HW values 
showed quite large errors in the terminal parameters, since the value was first 
overestimated but on double polarisation became quite underestimated. The 
gallium-terminal hydrogen distance exhibited quite large errors for all basis sets, due 
to the short distance of this parameter, which allows subtle variations in repulsive 
interactions to take over. 

The unpolarised basis sets tended to overestimate all parameters against the ab 
initio values, with the exception of the terminal hydrogen distance bonds in the 
HW calculations. After this, the SBK basis series displayed a tendency to 
overestimate all except the bridging hydrogen-gallium bond length, while the HW 
series took to underestimating bridging parameters. Thus the SBK set favours a 
more expanded structure. It is also seen that the 321G*  parameters are greater than 
those for the DZP, and so the I-lW values actually represent the DZP results better 
than they do the 321G*.  It seems, then, that the 321G*  set is actually less likely in 
this case to be accurate than the other predicted geometries. 

Once again the small SBK method is not quite so successful, and suffers from 
underestimation of gallium parameters and, as usual, aluminium parameters are 
overestimated. Still, it does better than the HW method. As for the default case, the 
largest errors are in terminal hydrogen angles about aluminium, with the exception 
of the SBK**  results, where the largest error is in the gallium-bridging hydrogen 
distance. It is curious how in both the digallane and gallaalane molecules the SBK* 
results are a little more accurate than the SBK**  results. It appears that the 
underestimated distances with polarisation, are decreased even further with p-
polarisation, and this brings tham into slightly larger disagreement with DZP 
results. Still, the difference is very small so hydrogen polarisation makes very little 
difference. The heavy atom interaction was handled very well by this method. 

Once again the GAUSSIAN [13] basis set LANL1DZ does give slightly better results 
as expected based on previous results (but these results are not as good as on 
previous occasions since in three parameters the GAMESS [12] results are actually 
better). These parameters are the Ga-Ht distance, <GaHbAl and <HtGaHt (once again 
the parameters associated with the gallium). It would thus seem that the GAMESS 
[12] ECP basis sets are better for the heavy atoms than the Gaussian sets. 

The optimised geometry results are remarkably similar for all three molecules due 
to their similarity in structure and the fact that the aluminiums small size and 
galliums poorly shielding d electrons endow these two atoms with remarkably 
similar properties. The mean (for the doubly polarised sets) of the heavy atom to 
heavy atom distance bears this statement out: 

Al-Al = 2.633 A 
Ga-Ga = 2.643 A 
Ga-Al = 2.634 A 
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It would appear from these results that the aluminium atom has a greater effect on 
the structure than does the gallium due to its small size and polarised character. All 
the other parameters show a similar trend to that above and indeed for 
optimisations the input data geometry for any one of these molecules can be 
submitted for the other two and give excellent results. 

Table 3.1.4 displays the data obtained for the alaborane molecule and it can 
immediately be recognised that results for the pseudopotential calculations are 
indeed excellent. The unpolarised basis sets both display quite large average errors, 
but this is remedied on polarisation, particularly in the HW series, where the 
average error drops from 1.3 % to only 0.2 % in the HW*  values. Of the I-lW series, 
the unpolarised calculations were the only ones to yield errors greater than 1%, and 
this occurred in all aluminium containing parameters (and we have seen on 
previous occasions that the unpolarised I-PN results tend to grossly overestimate the 
largness of the structures, but this is remedied on polarisation addition, more 
particularly in the aluminium case due to its highly ionic state). It should also be 
noticed that the boron parameters remain almost static through the series, because 
no polarisation functions are added to it in this method. After polarisation the 
angular framework is well reproduced, and the boron parameters maintain the 
larger errors. 

The SBK series is more complicated, and not as accurate (as expected) since the 
aluminium parameters are not well reproduced. The maximum error in the 
unpolarised basis set occurs in the angle the terminal hydrogen atoms make about 
the aluminium atom (3.3 %). The SBK series carries its tendency to overestimate 
parameters through the entire series, although it becomes less with polarisation. 
After the polarisation addition, the only problematic parameters remain in the 
boron distance parameters (which we will see is a feature of this method, since the 
SBK series overestimates the boron parameters quite significantly, a fuunction, no 
doubt, of the pseudopotential function used to approximate it). Surprisingly, the 
aluminium-boron bond was well reproduced in the polarised set, probably due to a 
fortuitous cancelation of errors. The SBK series maintains its overestimation of 
parameters through all stages of polarisation. 

There is little difference in the LANL1DZ results and the GAMESS [12] 
pseudopotential basis set results. This is due probably to the inclusion of the boron 
atom in the calculations which the GAMESS [12] sets seem to calculate particularly 
well and so 'catch up' to the GAUSSIAN [13] set ie. we can conclude from this that 
the relativistic effects are better incorporated in the LANL1DZ basis but since this is 
hardly relevant in the boron atom the results closely approach one another. 
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Figure 3.1.4: The geometry predictions of various basis sets for alaborane (bonds in 
Angstroms and angles in degrees). 
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Table 3.1.4: Shows the relative % errors, and their standard deviations and average 
errors, for the pseudopotential results against the appropriate ab initio results in 
alaborane. 

Parameters r(AI-B) r(AI-Ht) r(B-Ht) r(Al-Hb) r(B-Hb) <AIHbB <HtAIHt <HtBHt 
HW 0.3 0.2 2.3 0.5 1.8 1.5 0.7 
HW* 0..4 -0.2 0.3 0.1 0.0 0.3 -0.1 -0.1 
HW** 0.0 0.1 -0.2 0.1 0.1 
SBK 2.4 1.0 1.4 2.0 1.2 2.2 3.3 0.4 
SBK* 0.4 0.8 1.5 0.8 1.2 0.6 1.4 0.6 
SBK** 0.0 0.7 1.5 0.6 1.1 0.3 1.0 0.6 
LANL1DZ *(a)Q 0.4 -0.1 2.3 - 0.4 1.3 0.7 

HW HW* HW** SBK SBK* SBK**LANLIDZ* 
St. Dev.(d) 1.0 0.1 0.1 0.9 0.4 0.5 1.1 
Average(d) 1.3 0.2 0.2 1.7 0.9 0.7 1.2 

LANL1DZ*  results from Gauld [111] and compared to 321G*  values 
Ht = terminal hydrogen 
Hb = bridging hydrogen 
The standard deviation and average of the errors are calculated over 
absolute errors. 

Finally, tables 3.1.5 and 3.1.6 shows the values obtained for the optimised parameters 
of galloborane. The results for the two pseudopotential basis sets implemented in 
the GAMESS [12] program are not overly close as for the earlier examples due no 
doubt to the very different methods of calculating the ECP values in each case. The 
biggest discrepancies occur with the parameters involving the boron atom where B-
Ht distance differs by 0.02 A and B-Hb differs by 0.03 A. The angles in all cases remain 
quite accurate especially in the doubly polarised basis sets. The differences in the 
boron parameters is strongest due to the very different treatment this atom recieves 
in the two basis sets. In the SBK set the boron is calculated using the ECP method 
while in HW it is done by ab initio methods. Likewise for variances occuring in the 
gallium parameters it is the different number of core electrons removed that is the 
cause (10 core electrons are removed in the SBK set while 28 are removed in the 
HW set). 
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Table 3.1.5: Displays geometry parameters calculated using various basis sets (bonds 
in Angstroms, angles in degrees) for gallaborane. 

Basis Set Parameters 
r(Ga-B) r(Ga-Ht) r(B-Ht) r(Ga-Hb) r(B-Hb) <GaI-IB <HtGaHt <HtBHt 

SBK 2.263 1.556 1.210 1.787 1.326 92.1 130.2 121.6 
HW 2.263 1.554 1.192 1.790 1.299 92.9 131.1 121.8 
SBK* 2.255 1.559 1.211 1.787 1.325 91.6 129.9 122.0 
HW* 2.240 1.560 1.193 1.782 1.297 92.0 129.4 121.0 
SBK** 2.245 1.551 1.211 1.781 1.324 91.4 129.6 121.9 
HW** 2.231 1.555 1.192 1.776 1.293 91.8 129.0 121.2 
LANL1DZ (a) 2.267 1.556 1.188 1.793 92.4 130.5 121.6 
LANL1DZ* (a) 2.228 1.557 1.189 1.785 90.7 129.1 121.5 
LANL1DZ** (a) 2.229 1.553 1.192 1.777 91.3 128.5 121.3 
DZP 2.236 1.558 1.192 1.785 1.308 91.2 129.2 121.3 
321G* 2.256 1.574 1.189 1.810 1.298 91.6 130.2 121.2 
3-21G 2.263 1.563 1.188 1.804 1.293 92.4 129.2 122.0 
321G*(d) 2.251 1.574 1.193 1.804 1.301 91.5 129.9 121.3 
321G* 2.259 1.574 1.190 1.811 1.300 91.6 130.2 121.1 
321G**(d) 2.242 1.502 1.195 1.793 1.305 91.4 129.9 121.3 
321G** 2.247 1.550 1.190 1.798 1.297 91.7 130.0 121.3 
-SBK (e) 2.247 1.549 1.209 1.763 1.322 91.4 130.9 121.6 
SBK* (e) 2.233 1.557 1.210 1.770 1.322 91.3 129.2 122.0 
SBK** (e) 2.223 1.552 1.210 1.764 1.321 91.0 128.8 121.9 

LANL1DZ results from Gauld [111] 
Ht = terminal hydrogen 
Hb = bridging hydrogen 
321G*,  or  321G**  with boron polarisation included. 
-SBK = the small SBK results (ECP removes 28 electrons from gallium) 
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Table 3.1.6: Displays relative % errors in various pseudopotential basis sets against 
appropriate ab initio values for gallaborane. 

Parameters r(Ga-B) r(Ga-Ht) r(B-Ht) r(Ga-Hb) r(B-Hb) <GaHbB <HtGaHt <HtBHt 
HW 0.3 -1.2 0.2 -1.1 0.1 1.4 0.7 0.5 
HW* -0.7 -0.9 0.3 L.L -0.1 0.5 -0.6 -0.1 
HW** -1.1 -1.2 0.3 -0.4 0.3 -1.0 0.0 
SBK 1.2 -0.1 1.5 0.1 1.4 0.9 0.8 0.2 
SBK* 0.8 0.0 1.6 0.1 1.3 0.5 0.5 0.6 
SBK** 0.4 -0.5 LL -0.2 1.2 0.2 0.3 0.5 
-SBK (e) -0.4 -1.6 1.7 - 2.6 1.8 -0.3 0.5 0.4 
.SBK* (e) -1.0 -1.1 1.8 2.2 1.9 -0.4 -0.8 0.7 
SBK** (e) -1.5 -1.4 1.8 -2.5 1.8 -0.6 -1.1 0.6 

LANL1DZ* (a)-1.2 -1.1 0.0 14 - -1.0 -0.8 0.2 

HW HW* HW** SBK SBK* SBK** 
St. Dev. (d) 0.5 0.5 0.6 0.6 0.5 0.5 
Average (d) 0.7 0.6 0.8 0.8 0.7 0.6 

-SBK SBK* SBK**LANL1DZ* 
St. Dev. (ci) 0.9 0.7 0.6 0.5 
Average (d) 1.2 1.2 1.4 0.8 

LANL1DZ*  results from Gauld [111] and compared to 321G*  values 
Ht = terminal hydrogen 
Hb = bridging hydrogen 
The standard deviation and average of the errors are calculated over 
absolute errors. 
-SBK denotes the small SBK results (ECP removes 28 electrons from 
gallium). 

Following previous trends on comparing the pseudopotential basis' with ab initio 
results we see the I-lW set yielded slightly better results than the SBK calculations, 
but in this molecule there is little difference between the two, and errors are not 
especially low (or high for that matter). Clearly, after studying the error analysis, it is 
the gallium in the HW method that affects the results (as we've discovered in 
previous cases). In the case the hydogen polarisation seems to severely affect results, 
sending the average error up to a maximum of 0.8 %. This induces large errors in 
the gallium bridging parameters, of an underestimated nature (bringing results into 
even closer agreement with DZP values, since the hydrogen polarisation allows 
better overlap with the gallium and boron atoms, and thus contraction in the bridge 
region. 

The default SBK calculations yield large errors in all the boron containing 
parameters, as expected from previous experience, but this is offset by the gallium 
parameters low errors. Throughout the polarisation sequence, the errors in the 
boron parameters change little, but the gallium results become better, so yielding an 
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overall lowering of the error (although all except the hydrogen-gallium distances 
were overestimated, even in the SBK**  calculations). No such luck with the small 
SBK results, which show similar errors in boron parameters, but the initially 
underestimated gallium parameters, with polarisation become even more 
underestimated, hence the larger error in the SBK**  results than in the SBK* 
values. 

As with the allaborane molecule we find again that the LANL1DZ basis set gives 
less accurate results than both SBK and HW basis sets due once again to its apparent 
lack of accurate representation of the boron atom (for in the non boron containing 
molecules it definitely issued the more outstanding results). However even its 
maximum deviation was only 0.02A and as such is really quite insignificant. 

It may be noticed that in table 3.1.5 I have also included a series of values for the 
unpolarised, singly polarised and doubly polarised 3-21G basis where (d) on the end 
of the title indicates that I've used a basis set where polarisation is added to the 
boron atom (unlike for the default 3-21G and HW sets where polarsation is not 
included on the boron). As one can see this inclusion quite clearly affects results 
obtained. The main area affected is the Ga-B bond length, which displays that the 
non-boron polarised ab initio basis set best approaches the corresponding HW value. 
The contraction in distances enables the 321G**  results to closely approach DZP 
values, while the angles change little from their unpolarised values. 

The HW*/HW** values, as expected most closely approach the non-boron polarised 
321G*/321G** results, with the main difference between the boron and non-boron 
polarised basis sets is the lesser magnitude of the gallium-boron distance in the 3-
21G*(d) results, and gallium-bridging hydrogen distance. That the angles are so little 
affected seems to be perculiar, since distances are affected, but the angles are little 
different between the DZP and 321G*  results anyway. 

These results clearly display that the addition of boron polarisation into the set has 
quite an effect on the ring parameters (but not so much on the terminal values) 
particularly with respect to the boron parameters (where the non-boron polarised set 
was always closest to the HW values), while on the gallium parameters it made less 
difference (with the 3-21G boron polarised parameters being favoured). Since in all 
cases the boron polarised results better approached the SBK values, we may assume 
that the I-lW values would be likewise closer if this was included. Thus the boron d-
polarisation addition is an element of contention between the two sets, and is a 
valid reason for the not so close results in SBK and HW sets (and this effect would 
be much more significant in the less stable molecules I discuss later). 

As far as the difference between the GAUSSIAN [13] and GAMESS [12] 
pseudopotential basis sets go the LANL1DZ is the better of the two as even though it 
lacks in the light atom department this is made up for in the heavy atoms where it 
outshines the GAMESS [12] results and where it is most important since the heavy 
atoms are the most usefully constructed under ECPs timewise. However the 
GAMESS [12] results were excellent, the only real deviations occuring for digallane 
which also proved an anomaly which was due to the different ways in which the 
two ECP calculations handled the heavy atom. Unsurprisingly, the SBK**/DZP 
results were not as close as the 321G*/IlW*  predictions, but this is not surprising, 
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since the SBK**  and DZP basis sets are not exact matches as the HW*/321G*  are (see 
section 2.1). The small SBK ECP does not do quite as well as the default SBK method 
but results are still entirely adequate. The small SBK method appears to 
underestimate gallium nuclear charges and overestimates polarisation. 

One can also see from the hexahydrides studied that the gallium to various atoms 
distances were very close in value to that of the aluminium. As an example of this 
take the heavy atom to bridging hydrogen distance mean in each of the molecules 
studied (in the doubly polarised basis): 

in dialane r(Al-Ht) = 1.575(±0.001) A 
in digallane r(Ga-Ht) = 1.556(±0.002) A 
in gallalane r(Ga-Ht) = 1.555(±0.003) A 

r(Al-Ht) = 1.576(±0.002) A 
in alaborane r(Al-Ht) = 1.572(±0.003) A 

r(B-Ht) = 1.191(±0.005) A 

Thus it is clear that the gallium and aluminium produce very similar results while 
the boron is quite different. The small size of the aluminium d-contraction on the 
gallium atom make the effects of these two atoms quite similar. The Ga-Ht distance 
is a little shorter than the Al-Ht distance since it is larger and thus more readily 
polarisable allowing better orbital overlap. The boron is very much smaller and 
more highly charged so producing distances of smaller magnitude due to its 
attractive forces. It may also be observed from the above results that the error for 
the boron parameter is largest due to the different methods employed in its 
calculation in the two basis sets: ie. ECP for the SBK basis and ab initio for the HW 
set causing a difference due to lack of consistency. 
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Table 3.2.1: Energies (Hartrees) predicted for the nonahydrides (1 Hartree = 27.211 
eV) 

AIB 

Method SBK HW SBK* HW* SBK** HW** 321G* DZP 

5 coord-C2v-12.40969 -56.11801-12.47847-56.16878-12.49529-56.19384-294.88984 -296.47493 
5 coord-C2-12.40969 -56.11800 -12.47847-56.16878-12.49258-56.19384 

GaBij 

Method SBK HW SBK* HW* SBK** HW** 321G* DZP 
5 coord-C2v267.65282-56. 16838-267.68041-56.19347-267.69461-56.21957-1968.22897-1977.67425 

5 coord-C2-267.65282-56.16838-267.68040-56.19347-267.69460-56.21957 

Method -SBK SBK* SBK** 

5 coord-C2v-12.50582-12.54906-12.56355 
p. 5 coord-C2-12.50582 -12.54905 -12.56355 
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(3.2) The Nonahydrides: 

(a) Hydridoaluminium bis(tetrahydroborate) - A1B2LJ 

Figure 3.2.1: The optimised geometry of the C2v isomer of A1B2H9 using various 
basis sets (angles in degrees, bonds in Angstroms). 
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Figure 3.2.2: Displays the optimised geometry of the C2 A1B2H9 isomer for the HW* 
and SBK**  basis sets (bonds in Angstroms, angles in degrees). 
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Table 3.2.2: Displays the relative % errors in pseudopoential results calculated 
against the appropriate ab initio results for the C2v isomer of AlB2H9. 

Parameter HW HW* HW** SBK SBK* SBK** LANL1DZ (a) 
r(AI-Ht) 0.3 -0.1 -0.2 0.7 0.7 0.5 0.4 
r(AI-Hb) 2.3 0.2 0.3 1.9 0.7 0.6 2.5 
r(B-Ht1) 0.2 0.3 0.3 1.3 1.5 IA -0.2 
r(B-Ht2) 0.2 0.4 0.3 1.3 1.4 IA -0.2 
r(AI-B) 2.8 0.4 0.1 3.0 1.2 0.9  2.9 

<HtAIHb 0.6 0.1 0.0 0.1 0.1 0.0 -0.2 
<HtAIB 0.9 0..5 0.4 0.1 -0.2 -0.3 -0.2 
<HbAIHb -2.6 -0.4 -0.3 -2.0 0.0 0.2 -1.4 
<HtBHt 1.2 -0.1 0.1 0.7 0.6 0.6 1.1 
r(B-Hb) 0.6 0.1 -0.1 1.3 1.2 1.1 1.8 

St. Dev.(d) 1.0 0.2 0.1 0.9 0.5 0.5 1.0 
Average (d) 1.2 0.2 0.2 1.2 0.8 0.7 1.1 

LANL1DZ*  results from Gauld [111] and compared to 321G*  values 
Ht = terminal hydrogen 
Hb = bridging hydrogen 
The standard deviation and average of the errors are calculated over 
absolute errors. 

Figure 3.2.1 displays the optimised geometries of the C2v structure for the 
Hydridoaluminium bis(tetrahydroborate) molecule, using the various methods 
outlined in the introduction and methods sections. The ab initio results, obtained by 
Gauld [111] were in very close agreement to the pseudopotential results. 

If the reader examines table 3.2.1 it can be seen that the the C2 structure is 
converging to the C2v structure and this is in agreement with previous studies [111] 
where correlation yields even closer results. This is entirely reasonable if one 
considers that all studies on the corresponding gallium compound (mentioned in 
my introduction) yield similar results. Even the unpolarised energy results agreed to 
six decimal places, and so it is clear that this would become the same structure on 
polarisation. Since nature tends to favour symmetry in its products this results 
seems all too likely. Also Gauld's [111] ab initio basis calculations gave identical 
geometries if no symmetry restrictions were applied. 

The DZP structure tends to be more contracted, in parameters about aluminium, 
and slightly more expanded in the boron bridging region, although bond lengths 
never differ by more than 0.02 A, as was found for aluminium-terminal hydrogen 
distance. This contraction of bond lengths is typical on the application of better basis 
sets to calculations. 

When examining the C2v geometry predictions by the pseudopotential basis sets it is 
immediately clear that the ECP calculations do an excellent job reproducing ab initio 
results. Both the unpolarised basis sets give average errors in excess of 1 %, with the 
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SBK method producing the greatest errors, as usual, but polarisation soon clamps 
down on the error magnitude. In the HW*  "ab/pseudo" (I shall use ab/pseudo to 
denote the comparison of pseudopotential results against the corresponding ab 
initio basis set results ie. 321G*/HW*  and  DZP/SBK**)  comparison, the average 
error has dropped to only 0.2 %, a very small error, and no parameters are in error 
by more than 1 % The largest errors all occur in parameters about the boron atom. it 
is immediately clear that the majority of parameters are overestimated, so that the 
slight decrease on hydrogen polarisation brings results into very close agreement 
with 321G*  (Av. Error. 0.2 %). However, it is immediately clear that hydrogen 
polarisation really affords very little difference. 

The I-lW basis set gave much larger errors displaying the necessessity of polarisation 
on the aluminium atom. The aluminium bridging parameters were all 
overestimated by over 2 %, with the largest error being in the aluminium-boron 
distance at 2.8 %. All parameters were overestimated, with the exception of the 
angle the bridging hydrogens make about aluminium. With polarisation the 
aluminium-terminal hydrogen bond decreasing below the 321G*  value, although 
the results are still in better agreement with the 3_21G*  results than the DZP results. 
The hydrogen polarisation further reduces the parameter values, so that the 
bridging region about boron also becomes underestimated. 

The SBK**  results do not agree so well with the DZP results as the FP1J*/321G* 
results agree, yielding an average error of 0.7 %. This is to be expected since by now it 
must be clear that the SBK method has a tendency to overestimate boron-hydrogen 
distances by about 1 %, because the boron ECP applied must overestimate nuclear 
charge slightly, causing repulsive effects. Strangley the aluminium-boron distance is 
well estimated, being only slightly overestimated, which indicates the aluminium 
polarisation triumphs over this (since the SBK results show a relatively large 
overestimation of 3 % in this parameter). Aluminium polarisation allows the 
aluminium atom to interact more attractively with boron, by allowing non-
spherical orbitals (which you will agree are necessary for accurate bonding 
description, which is why I feel they are also necessary on the boron atom in the 
HW*/321G* results, which do not apply them, and therefore lacks consistency. Still 
they yield excellent results as exhibited here). The SBK method also repeatedly 
underestimates bridging angles about aluminium slightly. 

The LANL1DZ basis set possesses an ECP that is much like that of the HW method, 
but the basis set is not -21G for the valence electrons, nor is it DZP, so it does not 
directly comparable to either ab initio basis set, being just a DZ basis as it is. It treats 
boron with an all-electron basis set, this being a D95 (Dunning/Huzinaga valence 
double-zeta). Since no polarisation functions are present, the LANL1DZ basis set had 
a tendency to overestimate all bond lengths, although angularly it was better than 
the unpolarised HW and SBK methods. Like the unpolarised HW method, it 
underestimated the boron-bridging hydrogen distance, so we see the basis set more 
closely reproduces 321G*  results. When an error analysis was conducted against the 
321G* results for this molecule, the average error was 1.1 %, which is a little lower 
than the I-lW and SBK errors. The error features are very much a reproduction of 
the HW method, and there is really very little difference between the results of the 
two. 
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In the results for the C2v and the C2 molecules one can see that the values for the C2 
symmetry approach those of the C2v values. Even in the unpolarised basis set the 
bond lengths generally only differ in the fourth decimal place while the aluminium 
to boron distance is exactly the same for the two corresponding basis sets of the two 
different geometries. The main differences occur for the bridging hydrogen 
parameters but even these never exceed the third decimal place. The bridging region 
would be the expected area of contention since this is the main region of difference 
between the two geometries (the C2v having equal distances between the two heavy 
atoms and the bridging hydrogens while the C2 geometry has somewhat different 
distances between the heavy atoms and the bridges). However with the addition of 
polarisation functions, particularly the second polarisation function these results 
more closely approach (and would probably become equal under tighter 
convergence criteria). The values for the doubly polarised functions between the 
two basis sets do not generally differ by greater than the third decimal place. The 
values of the HW basis in the C2v geometry generally are slightly larger than those 
of the C2 basis (while in the unpolarised set they tended to be on the smaller side). It 
is this fluctuation that tends to suggest that the difference is one of a convergence 
nature rather than a function of basis set difference within the two geomertries ( as 
indeed the two basis sets are the same for both molecules). 

From the results of this data we can conclude that as far as pseudopotential 
calculations are concerned it is the C2v geometry that it converges to and that there 
is really no difference between the two structures. 

(b) Hydridogallium bis(tetrahydroborate) - GaBi 

Figure 3.2.3: Displays the geometry C2v isomer of GaB2H9, using various basis sets 
(bonds in Angstroms, angles in degrees) 
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Figure 3.2.4: Displays the geometry C2 isomer of GaB2H9, using HW*  and  SBK** 
basis sets (bonds in Angstroms, angles in degrees) 
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Table 3.2.3: Shows relative errors of pseudopotential versus appropriate ab initio 
results for the C2v isomer of Ga132H9. 

Parameters 11W HW* HW** SBK SBK SBK** LANLDZ 
r(Ga-Ht) -1.2 -0.8 -1.2 0.9 1.0 0.6 -1.0 
r(Ga-Hb) -1.4 -1.5 -1.9 1.1 1.1 0.8 -0.9 
r(B-Hb) -0.1 -0.2 -0.5 2.6 2.4 2.3 1.1 
r(B-Ht1) -0.6 -0.5 -0.6 1.4 1.5 1.5 -0.9 
r(B-Ht2) -0.6 -0.5 -0.6 1.6 1.7 1.6 -1.0 
r(Ga-B) 1.2 0.5 0.1 
<HtGaHb 0.2 -0.2 -0.3 -0.5 -0.4 -0.5 -0.6 
<I-ttGaB 1.5 0.6 0.5 1.3 1.3 1.2 0.1 

-bGa1-lb J.. -0.9 -0.8 -0.5 -0.1 0.1 -0.8 
<Ht1BHt2 0.5 -0.2 -0.1 -0.2 0.1 0.0 0.4 

St. Dev. 0.6 0.4 0.5 0.9 0.9 0.8 0.4 
Average 0.9 0.6 0.6 1.3 1.2 1.1 0.8 

Parameters SBK -SBK SBK* SBK* SBK** SBK** 

r(Ga-Ht) 0.9 0.2 1.0 0.7 0.6 0.3 
r(Ga-Hb) 1.1 -0.2 1.1 0.2 0.8 -0.2 
r(B-Hb) 2.6 2.2 2.4 
r(B-Ht1) 1.4 1.3 1.5 1.5 1.5 1.5 
r(B-Ht2) 1.6 1.3 1.7 1.5 1.6 1.5 
r(Ga-B) 3.2 2.4 2.7 1.8 1.4 
<HtGaHb -0.5 -1.0 -0.4 -0.8 -0.5 -0.8 
<HtGaB 1.3 0.1 1.3 0.2 1.2 0.2 
<HbGaHb -0.5 0.0 -0.1 0.6 0.1 1.0 
<Ht1BHt2 -0.2 0.0 0.1 0.1 0.0 0.0 

St. Dev. 0.9 0.9 0.9 0.8 0.8 0.7 
Average 1.3 0.9 1.2 1.0 1.1 0.9 

LANL1DZ*  results from Gauld [111] and compared to 321G*  values 
Ht = terminal hydrogen 
Hb = bridging hydrogen 
The standard deviation and average of the errors are calculated over 
absolute errors. 
-SBK denotes the small SBK results (ECP removes 28 electrons from 
gallium). 

The features of the C2v calculation in hydridogallium bis(tetrahydro-borate) were 
much the same as those for the corresponding aluminium isomer. The HW*  results 
show greater tendency to underestimate bond distances to hydrogen and also angles 
when judged against 321G*  results, in better agreement with the DZP method. The 
errors in the gallium results average to larger values than those in the aluminium 
isomer, showing the HW methods lesser ability to handle the more complex effects 
in large atoms. The greatest error was in the gallium-bridging hydrogen bond, which 
was underestimated by 1.5 O,/•  Angularly the molecule was well estimated by the 
HW* method. With hydrogen polarisation we see a greater difference than was 
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exhibited in the aluminium isomer, since results grow further away from 321G* 
results, as would be expected based on the different amounts of polarisation for 
HW** and  321G*. 

The SBK**  results less closely approach the DZP results, than the HW*/321G* 
values agreed, as per usual. All the large errors were in boron bonds, which were 
overestimated, by 2.3 %. The small SBK set (which has a core of 28) yielded very 
much more accurate results, since it seemed to suffer less from gallium 
overestimation of parameters. This then, had a positive effect on boron parameters 
so that they too were a little less overestimated. The default SBK method also 
tended to overestimate the Ht-Ga-B angle by about 1.3 %, which was not an issue in 
the small SBK**  set. Thus, the small SBK set tends to handle gallium-boron 
interaction a little better than the default set, which has a positive effect over the 
whole molecule. 

Figure 3.2.4 displays the predicted values for the C2 structure of GaB2H9. If one 
examines table 3.2.1 which shows the energies obtained for the different molecules 
in their various basis sets it is clear that in both the gallium and the aluminium 
molecules that the C2 structure approaches the C2v structure more and more closely 
with the addition of polarisation functions. For the aluminium structure and 
indeed the gallium molecule the energies in every basis set are to all intents and 
purposes exactly the same to at least five decimal places, despite that each symmetry 
group was started from a different geometry. It's already been ascertained that the 
most variable distance is the X-B (X being Al or Ga) distance so the similarity of 
results might most convincingly be compared using this parameter (in angstroms): 

GaB2H9 
C2v(HW*) = 2.223 A 
C2v(SBK**) 2.231 A 
C2(IIW**) = 2.223 A 
C2(SBK**)= 2.231 A 

If one closely compares the results it is clear that the bond lengths never differ by 
more than the third decimal place even in the unpolarised basis sets and angles 
always differ by less than one degree. Thus the structures are clearly the same and 
the C2 structure definately converges in all cases to the C2v structure. Where the 
bond lengths and angles do differ slightly they are longer in the C2 case every time. 
Thus the the more accurate structure is the more 'compact' one. I think that in this 
case any differences would be erradicated by a tighter convergence tolerance (the 
GAMESS program has default tolerance at 1E10 4). 

As for the hexahydrides, we see the aluminium and gallium structures share a very 
similar geometry, for all basis sets. The polarised basis sets for the ECPs yield the 
most similar results, since without polarisation the aluminium and gallium atoms 
behave more differently, having very different cores, which is particularly 
prominant in such a molecule, where the aluminium/gallium atom acts as a pivot 
about which the whole structure grows. The aluminium molecule tends to possess 
the longer bonds to hydrogen , while the gallium molecule shows the longest heavy 
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atom bond directly to boron, but only for the polarised basis sets, since unpolarised 
basis sets allow aluminium's greater repulsive nature to become prominant, and 
issue longer bonds to boron. 
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(3.3) The mono aluminiumlgallium substituted Tetraboranes: 

Table 3.3.1: Relative energies to the arachno-1 structure (in kcal/mol) for the 
(Al/Ga)B3H10 isomers using various basis sets. 

321G* 
a-2-AIB3H1 0 -28.01979720 -30.09943486 -23.71 749913 -23.1 1835244 
b-i -AIB3H1O -25.75657705 -28.02852586 -22.76255419 -21.25063123 
b-2-A1B31-I10 -25.36070286 -27.44367009 -23.88598561 -23.13542072 
a-i-AIB3H1O 0 0 0 0 
b-2-GaB3H10 -37.45832734 -24.57037328 -21.23855680 -20.34122470 
a-2-GaB3H10 -36.43047826 -23.80856968 -20.23453222 -20.16616819 
b-1-GaB3Hi0 -33.51314593 -22.18363215 -19.52357985 -18.51860289 
a-1-GaB3H10 0 0 0 0 

HW* SBK* H W * * SBK** 
a-2-A183H1 0 -28.46034635 -28.64918913 -27.51 550431 -28.80848898 

b-1-AIB3H1 0 -28.02667408 -26.25904074 -28.34971 631 -26.1 5612908 
b-2-AIB3H1O -26.62356139 -25.80120934 -28.60856424 -25.62054916 
a-i-AIB3H1O 0 0 0 0 
b-2-GaB3H10 -23.39162847 -22.46830984 -26.08934317 -22.77013212 
a-2-GaB3Hi0 -23.41429639 -22.26577755 -23.34001400 -23.04460506 
b-1-GaB3H10 -15.93885984 -20.33841489 -24.41251055 -20.90586222 

a-i-GaB3Hi0 0 0 0 0 

b-2-GaB3H 10 
a-2-GaB3H 10 
b-1-GaB3H10 

a-i-GaB3H10 

-SBK (a) 
-21.16867840 
-19.75433328 

-17.98594692 

0 

SBK* (a) 

-23.83070196 
-23.73739120 

-21.68612327 
0 

SBK** (a) 
-23.99015229 
-24.36879192 

-22.05472274 

0 

(a) -SBK indicates the small SBK results (ECP removes 28 electrons). 

(a) Aluminium Tetraborane - AlBjjj 

Neither theoretical studies, nor successful experimental syntheses, have, as yet, been 
reported for aluminium substituted tetraboranes. Thus, this study may provide 
some insight for future directions of such a project. 

The A1B3H10 species themselves, provided some curious results, particularly with 
regards to the pseudopotential predictions. Both the ab initio basis sets utilised (3-
21G* and DZP), provided the following order of stability in aluminium species at 
the HF level (from most stable to least, as seen in table 3.3.1) 

a-2-AlB3H1o> b-1-A1B3H10> b-2-A1B3H10 > a-1-A1B3H10 

(where notation is described in the introduction). The stability ordering is quite 
significantly different to that for the corresponding gallium species, which appears 
to be due to a preference in the aluminium atom to avoid direct bonding to other 
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heavy atoms. Clearly the arachno structure is quite significantly favoured, unlike 
the corresponding gallium species at the HF level, which in line with the above 
suggestion would be the only structure to ensure no direct heavy atom interactions 
with an aluminium atom placed in the terminal position. Likewise for the favoured 
bis diboranyl isomer, where b-1-A1B3H10 provides aluminium the opportunity of 
only one aluminium-boron bond compared to two when aluminium is placed in 
the middle position (unlike for the gallium case, where the strength of the Ga-B 
bond ensures that b-2-GaB3H10 is the lower in energy of the two bis(diboranyl)-type 
structures). The two bis(diboranyl) structures, are predicted very close in energy, 
probably due to the very similar bonding situation surrounding the heavy atoms in 
the two isomers. 

This trend in stabilities was not reflected in the pseudopotential calculations, which 
proved to give a number of different orderings in the energy, with no apparent 
trends, or for that matter, explainations. The unpolarised I-lW basis and ECP gave b-
2-A1B3H10 as the stablest species, and the rest of the species also in ordering in 
agreement with corresponding ab initio results for gallium tetraboranes. The b-2-
AlB3H10 and a-2-A1B3H10 species were predicted extremely close in energy, with the 
a-1-AlB3H10 being quite significantly lower in energy than the other isomers. Thus, 
before polarisation is added, the same factors seem to decide the stability order as in 
the gallium case ie. the strength of the aluminium-boron interaction is 
overestimated (one will note that in the gallium case this ordering is changed with 
the addition of correlation). 

The HW*  basis predicts ordering in perfect accord with the 321G*  basis set 
predictions, as would be expected. The subsequent addition of p-polarisation 
functions on the hydrogen atoms gave a strange energy order, where the b-2-
A1B3H10 isomer was predicted most stable, followed by the b-1-AlB3H1o, a-2-A1B3H10 
and a-1-A1B3H10 isomers, in that order. The p-polarisation on the hydrogens thus 
seems to "push" the charge back onto the aluminium, allowing greater interaction 
with the electron deficient boron atom, and polarisation of the aluminium atom 
towards it. This is probably more to do with the lack of polarisation on the boron 
atoms, which is ludicrous since these small polarising atoms have the most 
influence on these structures, and therefore inadequate representation will severly 
affect results. 

The SBK basis presents strange results too, and differs more substantially from the 
DZP basis, than does the HW*  from the 321G*  basis set. This is to be expected, to 
some extent, since the HW*  and  321G*  basis' represent a more exact match than do 
the SBK**  and DZP. The unpolarised SBK energy predictions agree with the HW set, 
so it would appear that for both the pseudopotentials used that the unpolarised basis 
sets overestimate aluminium-boron attraction. Both the SBK*  and  SBK** 
calculations present stability ordering in agreement with the ab initio results, and 
unlike in HW**,  the p-polarisation addition does not seem to unbalance the 
structure. 



The predicted harmonic frequencies display that in this series all the isomers are 
local minima on the potential states, and not transition states, since no imaginary 
frequencies were obtained. While the results for frequencies issued by 
pseudopotential calculations were by no means of superior quality, they were 
sufficient, in that for comparitive pseudopotential and ab initio basis sets results 
were closer than those of the two ab initio basis sets. 

The geometries predicted by the pseudopotential calculations for the various 
AlB3H10 species, were most accurate for the bis(diboranyl) structures. One would 
expect this, since that area of contention, the boron atom, has markedly less 
influence over the entire structure, than it does in the less flexible, rigid arachno 
structures. In the arachno structure, where the central position atoms have an 
immense effect over results, any small inaccuracy in these atoms is bound to exert 
an exaggerated effect over the entire structure. 

Both the arachno structures were well represented, particularly by the HW*  basis 
when compared to the 321G*  parameter values (see tables 3.3.2 and 3.3.3). The 
average of the percentage error in geometrical parameters of the a-2-A1B3H10 
conformer for the HW*  set compared to the 321G*  predictions was only 0.3 % (St. 
Dev. 0.3), against 0.8 % (St. Dev. 1.0) for HW and 0.6 % (St. Dev. 0.7) for HW. The a-
1-A1B3H10 isomer presented a slightly larger error in the HW* basis set of 0.4 %. This 
seems reasonable since the aluminium-boron interaction, which I have mentioned 
as unfavourable is less accurately represented than the more favourable aluminium 
situation in the a-2-A1B3H10 isomer. 

Figure 3.3.1: 321G*/HW*  geometry predictions for a-1-A1B31-110 (bonds in 
Angstroms, angles in degrees). 
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Figure 3.3.2: DZP/SBK** geometry predictions for a-1-A1B3H10 (bonds in Angstroms, 
angles in degrees). 
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Table 3.3.2: Displays relative % errors for the pseudopotential basis sets against 
appropriate ab initio results for a-1-A1B3H10. 

Parameters HW HW* H W SBK SBK* SBK** 
B3-AI1 1.7 0.3 0.1 1.5 1.0 0.9 
B3-H4 0.3 0.4 0.3 1.2 1.3 1.2 
B3-H7 -1.0 -0.3 -1.0 1.0 1.6 1.5 
B3-B4 4.4 0.1 7.6 2.6 1.6 
AI1-H3 0.2 -0.1 .0.4 0.6 0.5 0.3 
AI1-H5 0.0 -0.4 5.3 1.0 0.7 
AI1-B9 6.5 0.7 -0.8 7.6 1.9 1.2 
B4-H5 -1.1 0.1 0.2 -0.6 0.6 0.7 
B4-H7 1.9 -0.2 -0.6 1.8 0.0 0.0 
B4-H11 0.2 0.3 0.3 1.1 1.2 1.2 
B4-H13 0.2 0.2 0.2 1.3 1.4 1.3 
B3-AI1-H3 5.4 0.4 0.0 5.9 1.4 1.1 
AI1-63-H4 -2.5 -0.7 -1.5 0.3 2.4  2.1 

H5-AI1-H6 -1.4 1.5 1.7 -1.5 -1.3 -1.2 
H7-B3-H8 4.3 1.3 0.3 4.8 0.3 -0.4 
AI1-H5-B4 4.2 1.0 -0.9 6.6 1.5 0.6 
B3-H7-B4 6.4 0.6 -1.9 9.4 2.6 1.3 
H5-AI1-H3 -3.1 -0.5 0.1 -4.2 -1.0 -0.8 
H7-B3-H4 1.1 -0.2 -0.2 0.6 -0.3 -0.3 
H11-B4-H13 1.2 0.1 -0.3 1.8 0.8 0.5 
H5-B4-H13 0.4 -0.2 -0.1 0.3 0.0 0.1 

St. Dev.(a) 2.2 0.4 0.6 2.9 0.8 0.5 
Average (a) 2.6 0.4 0.6 3.1 1.2 0.9 

(a) The standard deviation and average of the errors are calculated over 
absolute errors. 

Figure 3.3.3: 321G*/HW*  geometry predictions for a-2-A1B3H10 (bonds in 
Angstroms, angles in degrees). 
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Figure 3.3.4: DZP/SBK** geometry predictions for a-2-A1B3H10 (bonds in Angstroms, 
angles in degrees). H13  
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Table 3.3.3: Displays relative % errors for the pseudopotential basis sets against 
appropriate ab initio results for a-2-A1B3H10. 

Parameters 1:1W HW* H W * * SBK SBK* SBK** 
Al2-B3 3.5 0.7 -0.1 2.5 1.6 1.1 
Al2-B4 2.3 1.0 0.8 3.7 0.8 0.6 
Al2-H5 2.5 0.0 0.7 2.6 0.3 0.5 
Al2-H11 0.3 -0.1 -0.3 0.8 0.7 0.6 
Al2-H13 0.3 -0.2 -0.3 0.8 0.7 0.6 
B3-B3 0.3 -0.1 -0.2 1.0 1.4 1.2 
B3-H5 0.6 0.3 0.0 0.9 1.1 1.1 
B3-H9 0.4 0.4 0.3 1.2 1.4 1.2 
B3-H7 0.1 0.2 0.2 1.4 0.7 0.8 
B4-H7 -0.1 -0.5 -2.3 1.6 2.3 1.4 
B4-H12 0.4 0.4 0.3 1.2 1.3 1.3 
B4-H14 0.3 0.3 0.2 1.3 1.4 LA 
63-B4 -0.3 0.3 1.0 2.3 0.5 0.8 
H5-B3-H7 0.5 0.4 0.1 0.4 0.0 -0.3 
H7-B3-H9 -0.1 -0.1 -0.1 0.1 0.3 0.3 
B1-B3-H9 -0.1 0.2 0.9 -0.5 -0.8 -0.4 
Al2-H5-B3 2.3 0.8 -0.8 0.7 1.3 0.6 
B4-H7-B3 -0.4 0.6 2..9 1.1 -1.3 -0.5 
H11-Al2-H13 1.7 0.1 -0.2 3.8 1.6 1.3 
H12-B4-H14 -0.2 -0.1 0.0 0.8 0.9 0.8 
H13-Al2-H5 -0.3 0.1 0.2 -0.4 -0.7 -0.6 
H14-B4-H7 -0.1 0.4 0.6 0.3 -0.2 0.1 

St. Dev. (a) 1.0 0.3 0.7 1.0 0.5 0.4 
Average (a) 0.8 0.3 0.6 1.3 1.0 0.8 

(a) The standard deviation and average of the errors are calculated over 
absolute errors. 
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The largest error in the HW*  set was about the aluminium-boron bond length as 
was found previously. The heavy atom to hydrogen distances were not similarly 
affected since the hydrogens are treated by ab initio methods and so are likely to 
more closely represent 321G*  results. The results that cause the HW*  set to be 
superior, when judged against the 321G*  set results, would seem to be largely in the 
various angles (which were greatly improved with the addition of polarisation, 
precisely because the d-function allows the aluminium more flexibility and so 
immitate more exactly its true nature). The largest error in the HW*  set was for the 
distance between the two terminal heavy atoms, while all other errors remain at 
less than half this amount. Bridging hydrogens also seem to be slightly less 
accurately represented than the terminal counterparts more particularly in the a-1-
AlB3H10 isomer, due to their more unusual structural behaviour, since the three-
centre bond is less accurately characterised than the terminal bond. The bridging 
region was nevertheless quite accurately reproduced by this basis set for both 
isomers, although the a-1-AlB3H10 isomer clearly suffered the unfavourable boron-
aluminium interaction in giving slightly less accurate results. 

The HW**  set does show clear improvement in the % error for the Al-B distances, 
which agree almost exactly with the 321G*  results. In all cases the I-lW basis had a 
slight tendency to overestimate Al-B distances. This was not in agreement with DZP 
results which tended to be more contracted about the bridge region due to the better 
representation of the boron atom. In both cases the HW basis set significantly 
overestimated bond lengths, and this was greatly exaggerated in the a-1-AlB3H10 
isomer, where the average of the precentage error was 2.6 %, and the bridge 
parameters were frequently in error by over 6 % This would be because the boron 
atom, without polarisation would grasp too much charge causing repulsive effects 
with bridging hydrogens, since the boron-aluminium interaction is badly 
represented. This, of course, does not affect the a-2-A1B31-110, and so the average 
error is only 0.8 %• 

On examining the parameters obtained, it can be seen that larger differences were 
obtained for the terminal parameters, than for the bridging parameters, where the 
HW basis had a tendency to overestimate slightly. Other problem areas were 
bridging hydrogen angles, between borons, and terminal hydrogens from the 1- and 
3- positions. 

The vibrational frequency calculations confirm the greater difference of the HW** 
and HW basis sets in comparison to the 321G*  method, than the HW*  method, 
which showed a low average error of only 10 cm-1 and a maximum error of only 56 
cm-1, in the a-1-AlB3H10 isomer (which was the more deviant of the two arachno 
structures). This is less than half as large as that for the HW**  and HW sets. The 
majority of the frequencies were well estimated, with most of the problems being 
located between vibrations 30 and 40, which the HW*  basis set tended to 
underestimate, while other frequencies are well estimated. The major areas of 
contention when comparing the "ab/pseudo" frequencies were in the stretching 
region, which tended to be overestimated. This indicates that while the HW method 
differs a little in its estimate of bonding distances (in which it tends to favour the 
more accurate DZP basis set) its angular predictions agree well with those of the ECP. 
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The ab initio basis sets when compared to each other (denoted in future "ab/ab") did 
not differ substantially in any parameters, save the heavy atom - heavy atom 
distances (particularly in the a-1-A1B3H10 isomer) and the aluminium to terminal 
hydrogen angles, in which the DZP basis tended to predict smaller values. However, 
they did differ quite substantially in the frequency calculations, with average error of 
22 cm-' in a-2-A1133H1O, which is due to the difference in polarisation as well as the 
difference in basis set. It must be noted that the area of widest deviation amongst the 
two basis sets is the boron atom, where polarisation functions are added only in the 
DZP basis set. Since boron atoms are important in these structures, this difference is 
bound to show, and this is clearly the case in the ab initio basis sets. The DZP 
vibrations were usually smaller, although a scattering of larger values did exist and 
once again the greatest dissension occurred in the stretching region. This large error 
indicates that for two "ab/pseudo" sets (these being 321G*/}IW*  and  DZP/SBK**) 
the pseudopotentials reproduce the ab initio results extremely well. 

As for comparisons between the SBK and DZP basis, the SBK**  calculations do not 
approach DZP values as closely as HW*  approaches  321G*,  although the difference 
is not much greater. There was little difference in accuracy between the SBK**  (Av. 
Error. 0.9 % for a-2-AlB3H1o) and SBK*  (Av. Error. 1.2 %) sets, with the SBK** 
predictions being only slightly superior. The largest % error for both molecules was 
in the terminal boron to bridging hydrogen distance (which was overestimated), 
although this error was almost halved with the addition of hydrogen polarisation 
functions. Thus it would seem that the d-polarisation addition to boron caused an 
incorrect charge distribution, that caused repulsive interaction between the boron 
bridging hydrogens and terminal hydrogens so overestimating both parameters 
substantially, since errors were large in both. The frequency calculations were much 
improved with the addition of polarisation, and thus the geometry was well 
estimated. It is interesting to note that the SBK**  frequencies better approach the 
DZP values than the HW*  do the 321G*  despite that the SBK**  basis generally 
produces larger average errors in geometrical parameters. This suggests that the 
error in the SBK results is systematic and thus might easily be corrected. That the 
SBK method also generally produces lower standard deviations in geometry 
parameters further suggests the problem is systematic. The HW method, while 
issuing lesser average errors in geometry, produces greater standard deviations, 
indicating a more random nature to its predictions, a less desirable situation than 
the more easily corrected systematic errors the SBK method produces. 

The unpolarised SBK results are frequently different to DZP by over 1 %, reaching as 
high as 4 % for the aluminium/terminal hydrogen angle in a-2-AlB3H10 and 9 % in 
a-1-A1B3H10 for angles about bridging and terminal hydrogen atoms. The heavy 
atom to heavy atom distances were predicted too large by over 2 % in all cases, and 
these values were much more in accordance with 321G*  results than DZP values. 
The SBK ECP and basis had a tendency to overestimate all parameters slightly 
(which was largely righted with the addition of polarisation). This was reflected in 
the energy predictions, where the largeness of parameters predicted by the SBK set 
overcame the aluminium atoms avoidance of heavy atom interaction and yielded a-
2-AlB3H10 isomer as the most stable. This was righted with the addition of heavy 
atom polarisation, so giving agreement with the ab initio basis sets. The vibrational 
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frequency calculations gave a large error for this method, with an average of 22 cm-1. 
The maximum error was 104 cm-1  and the SBK frequencies were generally too large. 
Obviously the lack of polarisation does not allow for adequate charge dispersal and 
flexibility, and this is much more pronounced in the a-1-AlB3H1O isomer. 

Since it was concluded for the arachno structures that the sterically strained 
geometry (particularly where aluminium-boron interaction was strong), results 
should be more accurate for the bis(diboranyl) structures where such factors do not 
play as strong a part. This is indeed observed for the two bis(diboranyl) structures as 
shown in tables 3.3.4 and 3.3.5. Also, as would be expected the b-1-AlB3H10 
conformer exhibited slightly lower errors since it does not have the problem the b-2-
A1B3H10 isomer does of reproducing direct aluminium-boron bonds. 

Figure 3.3.5: 321G*/HW*  gedmetry predictions for b-1-A1B3H10 (bonds in 
Angstroms, angles in degrees). 
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Figure 3.3.6: DZP/SBK**  geometry predictions for b-1-AlB3H10 (bonds in Angstroms, 
angles in degrees). 
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Table 3.3.4: Displays relative % errors for the pseudopotential basis sets against 
appropriate ab initio results for b-1-A1B3H10. 

Parameters 11W HW* H W * * SBK SBK* SBK** 

B3-B2 0.1 0.2 0.5 0.6 1.2 1.2 
B3-H5 0.3 0.3 0.3 1.0 1.1 1.1 
B2-H6 0.3 0.3 0.3 1.3 1.3 1.3 
B1-B4 0.0 0.0 -0.7 Li 1.5 
B3-H7 -0.2 -0.2 -0.9 2.0 1.1 1.0 
B3-H8 -0.1 -0.3 -0.9 2.0 1.3 1.2 
B2-AI1 3.2 0.4 0.0 3.4 1.2 0.9 
B2-H11 0.6 0.1 -0.3 1.2 1.1 1.0 
B2-H12 0.4 0.1 -0.3 1.3 1.4 1.3 
B4-H7 -0.2 -0.2 -0.5 1.5 1.3 1.3 
B4-H8 -0.3 -0.1 -0.5 1.5 1.3 1.3 
B4-H9 0.3 0.3 0.3 1.2 1.4 1.4 
B4-H10 0.3 0.3 0.2 1.4 1.6 
AI1-H11 2.3 0.1 0.1 2.0 0.8 0.6 
AI1-H12 2.7 0.2 0.0 2.0 0.5 0.4 
AI1-H13 0.3 -0.1 -0.3 0.9 0.8 0.6 
AI1-H14 0.3 -0.2 -0.3 1.0 0.8 0.6 
B3-B2-H6 0.6 -0.2 -0.4 0.6 1.1 1.0 
B2-B3-H5 -0.2 -0.3 -0.5 1.0 1.0 0.9 
B2-B3-B4 0.7 0.6 0.6 -1.1 -1.1 -1.1 
B3-B2-AI1 -0.1 0.4 1.0 -0.8 -0.6 -0.5 
B3-H8-B4 0.3 0.2 -0.1 2.0 0.5 0.3 
B3-H7-B4 0.3 0.3 -0.1 2.0 0.6 0.3 
H9-B4-H10 -0.1 -0.1 0.0 0.3 0.3 0.2 
B3-B4-H9 0.1 0.1 -0.1 -0.4 -0.4 -0.4 
B3-B4-H10 -0.1 0.0 0.2 0.1 0.1 0.1 
B2-H11-AI1 2.0 0.4 0.0 2.3 0.5 0.2 
B2-H12-AI1 1.7 0.4 0.1 2.2 0.6 0.3 
H13-AI1-H14 1.5 0.1 -0.3 3.4 1.3 0.9 
B2-AI1-H13 -0.7 -0.1 0.3 -1.9 -0.8 -0.6 
B2-AI1-H14 -0.9 0.0 0.0 -1.7 -0.6 -0.4 

St. Dev. (a) 0.8 0.1 0.3 0.8 0.4 0.4 
Average (a) 0.7 0.2 0.3 1.5 0.9 0.8 

(a) The standard deviation and average of the errors are calculated over 
absolute errors. 
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Figure 3.3.7: 321G*/HW* geometry predictions for b-2-A1B3H10 (bonds in 
Angstroms, angles in degrees). 
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Figure 3.3.8: DZP/SBK**  geometry predictions for b-2-A1B3H10 (bonds in Angstroms, 
angles in degrees). 
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Table 3.3.5: Displays relative % errors for the pseudopotential basis sets against 
appropriate ab initio results for b-2-A1B3H10. 

Parameters HW HW* HW** SBK SBK SBK** 
B3-Al2 0.9 0.4 0.5 0.1 0.7 0.7 
B3-B4 -0.3 0.1 -0.6 3.2 1..9 1.7 
Al2-B1 3.2 0.4 0.1 3.4 1.3 0.9 
B3-H5 0.2 0.3 0.2 1.0 1.2 1.1 
B3-H7 -0.6 -0.1 -0.7 1.4 1.3 1.2 
B3-H8 -0.5 0.0 -0.6 1.4 1.3 1.2 
Al2-H6 0.4 -0.1 -0.2 0.8 0.6 0.5 
Al2-H11 2.7 0.2 0.1 2.1 0.6 0.5 
Al2-H12 2.7 0.2 0.2 2.3 0.8 0.7 
B4-H8 0.0 -0.3 -0.6 2.0 1.1 1.1 
B4-H7 0.1 -0.3 -0.6 1.8 1.1 1.1 
B4-H9 0.2 0.3 0.3 1.1 1.3 1.4 
B4-H10 0.3 0.3 0.3 1.3 1.4 1.4 
B1-H11 0.3 0.0 -0.2 1.2 1.2 1.1 
B1-H12 0.4 0.0 -0.2 1.1 1.1 1.0 
B1-H13 0.3 0.3 0.3 1.4 1.5 1.5 
B1-H14 0.3 0.3 0.3 1.5 1.5 1.5 
B3-Al2-H6 2.3 0.1 -0.1 2.6 0.8 0.6 
Al2B3H5 -1.4 -0.5 0.2 1.8 1.7 
B3-Al2-B1 -1.1 -0.2 0.0 -0.2 0.2 0.4 
Al2-B3-B4 0.5 0.6 0.7 -0.9 -1.8 L1.9 
Al2-H11-B1 1.8 0.3 0.1 2.2 0.6 0.3 
Al2-H12-B1 1.8 0.3 0.1 2.0 0.5 0.1 
H13-B1-H14 0.5 -0.1 0.0 0.3 0.6 0.5 
B3-H7-B4 -0.1 0.3 0.0 1.9 0.9 0.6 
B3-H8-B4 -0.1 0.3 0.0 1.8 0.8 0.6 
H9-B4-H10 0.2 0.0 0.0 0.8 0.5 0.4 

St. Dev. (a) 0.9 0.1 0.3 0.9 0.4 0.5 
Average (a) 0.9 0.2 0.3 1.5 1.1 1.0 

(a) The standard deviation and average of the errors are calculated over 
absolute errors. 

The standard deviation of the percentage error between the 321G*  and  HW* 
predicted values was quite low, at only 0.1, and the average error for b-1-A1B3H10 
was only 0.2 %. Indeed, no percentage error was greater than 0.6 % for either 
molecule, which was exhibited for the heavy atom angle, which is a parameter 
most dependent on representation of the heavy atoms by the various methods, 
especially boron in the b-2-A1B3H10 conformer. The parameters that displayed the 
larger of the errors present tended to be for the central bridge bonds, which were 
predicted too large, albeit only slightly. As in previous cases, all parameters, except 
for terminal hydrogen containing parameters, were overestimated. The frequency 
errors for b-2-A11331-l10 were quite high, considering the small errors obtained for 
geometrical parameters. The average frequency error for this basis set was 22 cm 1, 
with a high standard deviation and maximum errors of 123 and 113 cm-1. As usual 



the stretching frequencies were overestimated. The b-1-AlB3H10 isomer, on the 
other hand, presented an average error in frequencies of only 12 %, a great 
improvement. This supports the observation made that the boron-aluminium bond 
causes difficulties, being overestimated. 

Both bis(diboranyl) structures bore few parameters with errors in the HW basis 
(against the 321G*  basis, as usual) larger than 1 % (Av. Error. 0.9 % in b-2-A1B3H10). 
All the large errors were for aluminium containing parameters, which were 
generally overestimated, due presumably (as previously) to too great concentration 
of charge around the aluminium atom, and consequent repulsive interactions with 
other atoms, which was relieved by addition of d-polarisation functions. This 
overestimation of the aluminium geometrical parameters, led to a related decrease 
in the boron parameters, associated with neighbouring positions to the aluminium. 

Frequency calculation yielded large average errors of 22 cm 1  for these results. 

The addition of hydrogen polarisation tended to show greater effect in the 
bis(diboranyl) case than in previous cases, presumably because of the lesser 
participation of the heavy atoms, which allows greater participation of the hydrogen-
bridge atoms. While the % difference from the 321G*  set was only a little greater 
than for HW*,  the predictions were largely of a conflicting nature, since the HW 
set reduced bridging parameters quite significantly, and gave results that were 
frequently of smaller magnitude than the 321G*  basis, in agreement with DZP 
results. Largest errors were mostly in the bridge region, and more pronounced in the 
region about the two boron atoms. Even so, the difference it quite insignificant and 
displays how little the hydrogen polarisation is needed in such structures. The 
frequency errors are not so significantly reduced with polarisation, yielding an 
average of 14 cm-1  for the HW*  errors, and 18 % in the HW set in the b-2-AlB3H10 
isomer. The HW*  results are only problematic in the latter stretching frequencies, 
and similarly for the HW' set. Clearly the addition of hydrogen polarisation has no 
such great effect in the I-TIN series for this isomer, as it did in the arachno structures. 
Many more of the frequencies are overestimated in the HW*  and  HW**  results, 
although it is not so strongly apparent in the HW results. 

The SBK**  and DZP basis sets also compared well, although as usual the boron 
parameters were overestimated. However, examination of the results shows that 
the addition of p-polarisation barely makes any difference. The effect the p-
polarisation has had, in the majority of parameters, is to simply alter results by an 
almost insignificant 0.001-0.002 A, and thus bring SBK**  geometrical variables into 
slightly better agreement with the DZP basis than the SBK*.  The frequencies are also 
quite similar in trend to the SBK*  frequency results, as one would expect, and an 

average error of only 10 cm4  was witnessed, much lower than the HW*  error in its 
corresponding "ab/pseudo" comparison, as was found for the arachno structures. 

SBK results, against the DZP predictions are also quite adequate, with problem areas 
being the same as for the HW basis, in particular aluminium to bridging hydrogen 
distances and angles, which were quite overestimated since without polarisation 
delocalised charge is inadequately reproduced, and this is important in 
bis(diboranyl) structures where there are many three-centre bonds about bridging 
hydrogens. The standard deviation of the % difference from the DZP basis set 
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predicted values, was actually of slightly smaller magnitude, than that calculated for 
the HW "ab/pseudo" comparison. The unpolarised frequency calculations were 
quite awful, reflecting the geometrical average error of 1.5 % in b-2-AlB3H1o. The 

average frequency error was 26 cm-i, with greatest problems being about the latter 
frequencies which were overestimated. 

The DZP and 321G*  results agreed excellently for these molecules, with bonds being 
smaller for the 321G*  case by no more than 0.02 A. The area of strongest difference 
was for the terminal boron bonds, due to the lack of polarisation. The closeness of 
these results denies any real importance of p-polarisation in this molecule, as would 
be expected from HW' results. The frequency errors are quite substantial in this 
comparison, with an average of 21 cm-1, and unacceptable differences in all but the 
first 15 vibrations, so that it appears to be the stretching vibrations that are once 
again indicating that bond distances are the main area of deviancy of results. 

(b) Gallium Tetraborane - GaB3H1o: 

The order of the energies predicted for the mono-gallium-tetraborane species by the 
ab initio basis sets was in agreement with previous results [42], and the reasons 
behind this stability sequence were discussed in the introduction, and shall not be 
further discussed here. 

The ordering of the energies for the various isomers predicted by the 
pseudopotential basis sets was certainly unexpected. For the HW and HW' results, 
the ordering was in agreement with the 321G*  and DZP basis sets. However, the 
ordering of the stablest two isomers was reversed in the HW*  set. This is in 
agreement with correlated results [42], so could this mean that the HW*  set actually 
yields better results than the ab initio results ? I think not, since the HW**  set would 
then be expected to show a similar pattern (even despite the unbalancing displayed 
in the HW**  results for the A1B3H10 molecules). The fortuitous predictions issued 
by the HW*  are more likely to be due to the "unbalanced" effect created by adding 
polarisation to the gallium atom only, and not the influential boron atom. At all 
levels, the HW ECP and basis set predicts the b-2-GaB3H10 and a-2-GaB3H10 isomers 
to be very close in energy, with the difference being the least for the HW* 
predictions. Thus it is easy to see how a very small inconsistency would allow a 
reversal in order of these two isomers. 

The SBK set does not suffer this inconsistency, since no unbalancing is experienced 
as all borons are treated with polarisation, in addition to the gallium atom. Thus, 
the stability order predicted by the SBK basis sets are correct. Surprisingly, the 
difference in the two most stable species was greater in the SBK predictions than the 
corresponding I-lW results, in contrast to the ab initio values, where the DZP basis 
set yields the closest values. As in the HW case, the two isomers approach one 
another more closely in energy as further polarisation is included in the basis set. 
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Figure 3.3.9: 321G*/HW*  geometry predictions for a-1-GaB3H10 (bonds in 
Angstroms, angles in degrees). 
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Figure 3.3.10: DZP/SBK**  geometry predictions for a-1-GaB3H10 (bonds in 
Angstroms, angles in degrees). 
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Table 3.3.6: Displays relative % errors for the pseudopotential basis sets against 
appropriate ab initio results for a-1-GaB3H1o. 

(a) SBK and HW analysis for a-1-GaB3H1o. 

Parameters HW HW* HW** SBK SBK* SBK** 
B3-GA1 0.3 -0.3 -0.6 0.3 0.1 0.0 

B3-H6 0.4 0.4 0.3 1.2 1.3 1.1 
B3-H9 -0.4 0.5 0.4 0.4 0.6 0.8 
B3-B4 1.5 -1.4 -4.0 4.5 1.9 0.7 

GA1-H5 -1.1 -0.8 -1.4 0.0 0.0 -0.6 
GA1-H7 2.3 4..j. 2.1 2.1 1.0 
GA1-B4 IJQ -0.8 -2.9 3.9 L.Z 0.6 

B4-H8 -0.3 0.7 0.9 0.1 0.3 0.6 
B4-H10 0.6 -2.1 -3.4 2.2 1.1 0.4 
B4-H12 0.3 0.4 0.4 1.1 1.1 1.1 
B4-H14 0.3 0.2 0.2 1.5 1.6  1.6 

B3-GA1-H5 0.9 -1.6 -2.6 2.0 1.7 1.1 
GA1-B3-H6 -1.4 1.4 1.4 -0.7 -0.5 0.0 
H7-GA1-H8 -0.2 2.3 2.5 0.2 -1.7 -1.1 
H9-B3-H10 1.0 -1.1 -2.8 3.4 1.1 -0.1 
GA1-H8-B4 2.4 1.5 -0.7 3.8 0.1 -0.5 
B3-H10-B4 2.3 -0.8 -3.7 5.1 1.6 0.2 
H7-GA1-H5 0.2 1.7 2.5 -2.4 -1.4 -1.0 

H9-B3-H6 0.3 -1.0 -1.5 0.8 0.7 0.2 
H12-B4-H14 0.3 -0.1 -0.5 0.9 0.4 0.1 

H8-B4-H12 -0.1 -0.9 -0.9 0.1 0.1 0.0 

St. Dev.(c) 0.9 0.7 1.3 1.6 1.8 0.5 
Average(c) 0.9 1.1 1.8 1.7 1.3 0.6 
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(b) SBK and -SBK analysis for a-1-GaB3H1o. 

Parameters SBK -SBK (b) SBK* SBK* (b)  SBK** SBK** (b) 
B3-GA1 0.3 0.0 0.1 -0.2 0.0 -0.3 

B3-H6 1.2 1.2 1.3 1.3 1.1 1.2 
B3-H9 0.4 0.3 0.6 1.0 0.8 1.1 
B3-B4 4.5 4.3 1.9 0.9 0.7 -0.2 

GA1-H5 0.0 -0.5 0.0 0.0 -0.6 -0.5 
GA1-H7 2.1 -0.2 2.1 1.0 
GA1-B4 3.9 2.8 -0.6 0.6 -1.6 

B4-H8 0.1 0.3 0.3 1.0 0.6 1.2 
B4-H10 2.2 2.6 1.1 0.5 0.4 0.1 
B4-H12 1.1 1.1 1.1 1.2 1.1 1.2 
B4-H14 1.5 1.4 1.6 1.5 1.6 1.5 

B3-GA1-H5 2.0 1.3 1.7 -0.6 1.1 -1.3 
GA1-B3-H6 -0.7 -1.0 -0.5 0.9 0.0 1.2 
H7-GA1-H8 0.2 1.6 -1.7 0.2 -1.1 0.8 
H9-B3-H10 3.4 3.9 1.1 0.3 -0.1 -0.7 
GA1-H8-B4 3.8 LA 0.1 0.3 -0.5 -0.4 
B3-H10-B4 5.1 4.4 1.6 0.2 0.2 -1.2 
H7-GA1-H5 -2.4 -2.4 -1.4 -0.3 -1.0 0.2 

H9-B3-H6 0.8 1.1 0.7 0.4 0.2 0.1 
H12-B4-H14 0.9 1.2 0.4 0.5 0.1 0.3 

H8-B4-H12 0.1 -0.2 0.1 -0.3 0.0 -0.5 

St. Dev.(a) 1.6 1.5 1.8 0.5 0.5 0.6 
Average(a) 1.7 1.7 1.3 0.7 0.6 0.9 

The standard deviation and average of the errors are calculated over 
absolute errors. 
-SBK indicates small SBK method is used (ECP removes 28 electrons 
from gallium) 
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Figure 3.3.11: 321G*/HW*  geometry predictions for a-2-GaB3H10 (bonds in 
Angstroms, angles in degrees). 
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Figure 3.3.12: DZP/SBK**  geometry predictions for a-2-GaB3H10 (bonds in 
Angstroms, angles in degrees). 
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Table 3.3.7: Displays relative % errors for the pseudopotential basis sets against 
appropriate ab initio results for a-2-GaB3H1o. 

(a) I-lW and SBK analysis for a-2-GaB3H1o. 

Parameters HW HW* HW** SBK SBK* SBK** 
Ga2-B3 1.3 0.3 -0.6 0.4 1.5 0.8 
Ga2-B4 0.7 0.2 -0.1 1.5 0.0 -0.2 
Ga2-H5 -0.8 -1.8 -1.2 0.3 -0.8 -0.6 
Ga2-H11 -1.3 -0.9 -1.3 -0.1 -0.1 -0.5 
Ga2-H13 -1.3 -0.9 -1.3 -0.2 -0.1 -0.5 
B1-B3 0.0 -0.1 -0.2 0.1 1.1 0.7 
B3-H5 0.2 0.2 -0.2 0.9 1.3 1.1 
B3-H9 0.4 0.3 0.3 1.1 1.3 1.1 
B3-H7 0.0 0.0 0.0 1.8 0.5 0.8 
B4-H7 0.1 0.2 -1.8 0.8 
B4-H12 0.3 0.3 0.2 1.2 1.3 1.3 
B4-H14 0.3 0.3 0.2 1.2 1.3 1.2 
B3-B4 -0.3 -0.2 0.6 3.0 0.0 0.5 
H5-B3-H7 1.2 0.9 0.6 0.4 0.0 -0.4 
H5-B3-H9 0.2 0.1 0.2 -0.3 0.0 0.0 
B1-B3-H9 0.2 0.4 1.1 0.5 -0.5 0.1 
GA2-H5-B3 2.6 2.1 0.4 -0.1 2.2 1.2 
B4-H7-B3 -0.5 -0.4 2.1 2.2 -2.3 -1.0 
H11-GA2-H13 1.1 -0.2 -0.6 0.9 0.8 0.6 
H12-B4-H14 -0.2 -0.2 -0.1 0.8 0.9 0.8 
H13-GA2-H5 -0.2 0.1 0.3 -0.3 -0.7 -0.6 
H14-B4-H7 -0.4 -0.1 0.2 0.5 -0.3 0.0 

St. Dev.(c) 0.6 0.5 0.8 0.7 0.8 0.4 
Average(c) 0.6 0.5 0.6 0.8 0.9 0.7 
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(b) SBK and -SBK analysis for a-2-GaB3H1o. 

Parameters SBK -SBK SBK* SBK* SBK** SBK** 

Ga2-B3 0.4 -0.9 1.5 0.2 0.8 -0.4 
Ga2-B4 1.5 1.4 0.0 -0.3 -0.2 -0.5 
Ga2-H5 0.3 -0.6 -0.8 -1.7 -0.6 Li 
Ga2-H11 -0.1 -0.7 -0.1 -0.1 -0.5 -0.5 
Ga2-H13 -0.2 -0.8 -0.1 -0.2 -0.5 -0.5 
B1-B3 0.1 0.3 1.1 1.2 0.7 0.9 
B3-H5 0.9 0.6 1.3 1.1 1.1 1.0 
B3-H9 1.1 1.1 1.3 1.3 1.1 1.2 
B3-H7 1.8 1.7 0.5 0.6 0.8 0.8 
B4-H7 0.8 0.8 Li 
B4-H12 1.2 1.2 1.3 1.2 1.3 1.2 
B4-H14 1.2 1.2 1.3 1.4 1.2 1.4 
B3-B4 3.0 3.2 0.0 0.3 0.5 0.6 
H5-B3-H7 0.4 0.6 0.0 0.1 -0.4 -0.2 
H5-B3-H9 -0.3 -0.1 0.0 0.2 0.0 0.1 
B1-B3-H9 0.5 0.3 -0.5 -0.6 0.1 0.0 
GA2-H5-B3 -0.1 -1.0 2.2 1.4 1.2 0.6 
B4-H7-B3 2.2 2.5 -2.3 -1.9 -1.0 -0.8 
H11-GA2-H13 0.9 1.2 0.8 -0.1 0.6 -0.2 
H12-B4-H14 0.8 1.0 0.9 1.0 0.8 0.9 
H13-GA2-H5 -0.3 -0.3 -0.7 -0.5 -0.6 -0.5 
H14-B4-H7 0.5 0.7 -0.3 -0.2 0.0 0.1 

St. Dev.(c) 0.7 0.7 0.8 0.7 0.4 0.5 
Average (c) 0.8 1.0 0.9 0.8 0.7 0.7 

Ht = terminal hydrogen 
Hb = bridging hydrogen 
The standard deviation and average of the errors are calculated over 
absolute errors. 
-SBK indicates small SBK method is used (ECP removes 28 electrons 
from gallium) 

Turning now to the geometry predictions, the a-2-GaB3H10 and especially the a-1-
GaB3H10 isomer was found to have slightly lesser errors in the pseudopotential basis 
predictions than the corresponding aluminium results, so indicating that the ECP 
and valence basis set representing gallium is more accurate than that for 
aluminium (or more particularly, since the a-1-GaB3H10 basis shows such dramatic 
improvement over the aluminium results that the gallium-boron interaction is 
more favoured and better reproduced). However, with polarisation, the aluminium 
predictions become the more accurate, indicating gallium might require a more 
refined polarisation exponent than that the GAMESS program assigns by default [12] 
(taken from Pople's ab initio studies). That the errors are equivalent in both arachno 
isomers seems to indicate that the problems are more with respect to the gallium 
atom than the boron atom, particularly since improvement is not so great as 
expected with polarisation. 
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The HW*  basis yields only a slight improvement with average of percentage errors 
being 0.5 % (in a-2-GaB3H10 results) over the J-PN results illustrating the above point 
- once again this is most likely due to the lack of adequate representation for the 
boron atom in this basis set. Errors in gallium parameters have been a little reduced, 
while boron errors have remained much the same, due to the lack of polarisation 
on these atoms. Unlike the aluminium isomers where the improvement witnessed 
on addition of polarisation was very significant, the gallium isomers do not exhibit 
a great improvement. This might be due to several factors - inaccurate 
representation of d polarisation for gallium, greater structural influence by 
aluminium that make its molecules more susceptible to small changes, aluminium 
possessing lesser senstitivity to accurate polarisation distributions, etc (the last I feel 
to be the most likely since the aluminium, being less polarisable would be less 
sensitive to polarisation function accuracy). The parameters most influenced by 
polarisation effects were those that resulted in a reduction in heavy atom to heavy 
atom distances, from their HW values in more close agreement with 321G*  results, 
bringing them now into better agreement with DZP results. In the a-1-GaB3H10 
isomer the terminal hydrogen atom errors were larger in the HW*  results than they 
were in the unpolarised basis set, indicating again that reproduction of gallium-
boron interaction is not quite as accurate as the boron-boron interaction. The 
average error in frequencies were quite low being only 12 cm-1, with the largest error 
being 31 cm-1  for a-2-GaB3H1o. When you consider that the average difference 
between the two ab initio frequency predictions is 25 cm-1, the pseudopotential 
results are good indeed. As in the aluminium case we see the deviancy of the 
pseudopotential results is usually due to overestimation of latter frequencies. 

For the HW set, the largest error was in the angle around the bridging hydrogen 
between the gallium atom and boron bridge. For a-2-GaB3H10 the majority of errors 
(with respect to the 3_21G*  results) were about the gallium atom, particularly the 
terminal hydrogen region. Unlike for a-2-AlB3H1O, the HW basis tended to 
underestimate bond lengths, particularly around the gallium atom, and 
overestimated angles to compensate. Still, results were quite close, and the average 
of percentage errors at 0.6 % (St. Dev. 0.6), which is less than the 0.8% witnessed for 
the corresponding a-2-AlB3H10 case. Thus, it would seem that the HW set more 
accurately represents the gallium atom than it does the aluminium atom. The a-1-
GaB3H10 conformer shows slightly larger errors, as expected, with the largest error 
being in the gallium-boron distance. The frequency errors are also correspondingly 
less than they were in the aluminium case, with an average error of only 13 % for 
a-2-GaB3H1o, and little deviation. The largest error was 41 cm-1, in the stretching 
region. The bending frequencies were largely underestimated, although later 
frequencies tend more to overestimation. The accuracy of the frequencies displays 
the closeness of the 321G*  and I-lW geometries. 

The hydrogen polarisation function addition had very little effect over the overall 
molecule structure in a-2-GaB3H1o, tending to contract distances in agreement with 
DZP results. However, the effect of hydrogen polarisation in the a-1-GaB3H1 
structure was to contract the structure, and produce a large average deviation from 
the 321G*  results of 1.8 %, particularly with the gallium-bridging hydrogen 



distances. That it should have greater effect in the a-1-GaB3H10 isomer is reasonable 
since the gallium-boron interaction is not well represented and the polarisation of 
hydrogen atoms clearly offsets this. 

The SBK**  method in both arachno structures produced dramatic improvements 
over unpolarised results, reducing the average of the percentage errors in the SBK* 
set from 0.8 to 0.4 % in a-2-Ga133H1o. This is better than the "ab/pseudo" error for 
HW* in the arachno structure. The better representation of boron-gallium and 
boron-boron interaction clearly by the SBK method over the HW model, clearly 
makes itself most felt in the rigid arachno structures. The SBK**  method had the 
effect of decreasing the geometrical parameters from the SBK*  values in better 
agreement with the DZP results, most notably about bridging regions. The a-1-
GaB3H10 isomer shows this most effectively where the inaccurate gallium 
polarisation seems to offer little improvement, possessing errors in excess of 8.7 % 
for the SBK*  set. In the SBK**  results for this isomer only the terminal hydrogen 
distances remain in error by any significant amount. 

The cheaper SBK**  basis (ECP takes 28 electron on the gallium atom into the core) 
results were reduced to much the same value as was found in the default case. Only 
the terminal boron parameters were any trouble (overestimated as usual). The 
frequency calculations in both cases also agreed better with DZP results, surpassing 
the HW results, unlike in the aluminium molecules. Many of the frequencies had 
been decreased in magnitude to allow better agreement with the ab initio basis set, 
in association with the much improved geometry results and as usual the problem 
areas are about the stretching frequencies. The small SBK method as usual produces 
larger errors in the frequency results, due to slightly less accurate geometry 
predictions, and the greater standard deviations witnessed in the small SBK** 
results. 

The SBK and DZP results agreed quite well (although not as well as the HW and 3-
21G* set, as we've come to expect) and showed improvement over the aluminium 
agreement, once again indicating that the ECP more accurately represents the 
gallium atom. The error, as expected is much greater in the a-1-GaB3H10 isomer, 
where errors in bridging hydrogen atoms between boron atoms reach as high as 
5.1 %. Unlike the HW results, the SBK set exhibits its main problems in the boron 
associated parameters, particularly the boron-terminal area. This may be a problem 
because the ECP used to represent the boron atom may not be too good (and this 
would not crop up in the Hays-Wadt case since the boron there is represented by an 
ab initio basis set, hence the good agreement with the 3-21 G*  basis set results). 

The cheaper SBK pseudopotential was also examined for the gallium case where the 
3d electrons were taken into the core. Clearly this does not detract from its efficiency 
since the average error was actually lower than that for the default SBK basis set 
(0.7 % compared to 0.8 % for a-2-Ga133H1o). However, the standard deviation of these 
percentage errors for this method was quite high, pointing to more randomness, 
and less systematicity than the default set, a not necessarily desirable result. The 
maximum error was found in the bridging hydrogen angle between boron atoms 
and gallium distance parameters (notably more so in the a-i-Ga133H10 isomer) and 
all errors of greater than 1 % were in the framework parameters, not in distance 
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parameters, as in the default case. All distance errors were well below 0.1 % in a-2-
GaB3H1o. Most of these angles were overestimated, as were the boron parameters, 
while gallium paramters tended to the opposite direction. The frequency results did 
not quite live up to the default case although the difference was barely significant 
(compare an average of 10.9 cm 1  in the default SBK results, and 11.1 cm 1  for the 
smaller basis set) and error regions were of a similar position. Like the default case 
the frequencies are mainly overestimated. 

Strangely, the default SBK*  basis set is less accurate (when compared to the DZP 
basis set) than the SBK set in the a-2-GaB3H10 isomer, and produces little change in 
the a-1-GaB3H10 isomer. The SBK*  set still possesses the same problem areas as the 
SBK values, but the d-polarisation addition serves only to aggravate this in the a-2-
GaB3H10 isomer (and overestimates bond lengths even more). The gallium results 
tended to improve slightly, so the polarisation addition was necessary for this atom, 
although the dramatic improvement seen on polarisation addition for aluminium 
containing molecules was not witnessed here. The puzzling aspect of these results 
was the actual worsening of the boron related parameters with polarisation on the 
boron being incorporated, and might indeed be due to too great a polarisation 
exponent on boron. This was not witnessed in the aluminium results, perhaps 
because the less polarisable aluminium atom (when compared against gallium) 
tended to keep boron in order, and stop it being "over polarising". While the 
distances worsened, angles tended to improve a little, and so the polarisation did 
not completely disrupt accuracy. The frequency calculations also showed an 
associated slight drop in accuracy in a-2-GaB3H10, to an average of 13 cm-1, and a 
large increase in standard deviation which is based particularly about some of the 
central frequency positions. However, the results are still a good deal more accurate 
in I-PvV results. The a-1-Ga133H10 conformer, tended to show a very slight contraction 
about heavier atoms, but since this was not large the frequency calculations do not 
improve significantly for this method. 

With the addition of polarisation to the SBK set in which the 3d electrons are part of 
the pseudopotential the trends become very much a mirror of the default SBK* 
results in a-2-GaB3H1o, and so we see the power the heavy atom polarisation has 
over structure. This set has a little more trouble with boron parameters, but less in 
the angular predictions. Thus the polarisation function, which tends to kick the 
excellent angle results of the unpolarised default SBK set out of phase, has the 
desired effect on the small SBK results where it pulls them into phase. This sets 
parameters tend to be a little less overestimated than the default values, and hence 
the lesser error. Once again the frequencies are less accurate for this set, but only 
slightly, due to problems in the earlier parameters with overestimation of some 
values. Later frequencies are also more overestimated than in the default case. 
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Figure 3.3.13: 321G*/HW*  geometry predictions for b-1-GaB3H1O (bonds in 
Angstroms, angles in degrees). 
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Figure 3.3.14: DZP/SBK**  geometry predictions for b-1-GaB3H10 (bonds in 
Angstroms, angles in degrees). 
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Table 3.3.8: Displays relative % errors for the pseudopotential basis sets against 
appropriate ab initio results for b-1-Ga133H10. 

(a) SBK and HW analysis for b-1-GaB3H1o. 

Parameters 11W HW* HW** SBK SBK* SBK** 
B3-B2 0.0 0.2 0.5 0.7 1.1 1.1 
B3-H5 -0.5 0.3 0.3 1.0 1.1 1.1 
B2-H6 0.2 0.3 0.2 1.1 1.1 1.1 
B3-B4 0.0 0.0 -0.8 3.3 1.7 1.4 
B3-H7 -0.3 -0.2 -1.0 1.8 1.0 1.0 
B4-H8 -0.2 -0.3 -1.0 1.9 1.3 1.2 
B2-GA1 0.4 -0.7 -1.3 1.4 0.9 0.4 
B2-H11 0.1 0.0 -0.5 1.2 1.0 0.9 
B2-H12 0.0 -0.1 -0.5 1.5 1.4 1.3 
B4-H7 -0.1 -0.2 -0.5 1.6 1.4 1.4 
B4-H8 -0.2 -0.1 -0.4 1.5 1.2 1.2 
B4-H9 0.3 0.3 0.3 1.2 1.4 1.4 
B4-H10 0.3 0.3 0.2 1.4 1.6 1.6 
GA1-H11 -1.2 -1.6 -1.9 0.2 0.3 -0.1 
GA1-H12 -0.9 -1.6 0.0 -0.2 -0.5 
GA1-H13 -1.3 -0.9 -1.2 -0.2 0.0 -0.5 
GA1-H14 -1.2 -0.9 -1.2 -0.2 0.0 -0.5 
B3-B2-H6 0.6 0.0 -0.2 0.7 1.3 1.2 
B2-B3-H5 -0.2 -0.3 -0.5 1.0 1.2 1.0 
B2-B3-B4 0.5 0.4 0.6 -1.1 -1.3 -1.4 
B3-B2-GA1 -0.5 -0.2 0.5 -2.4 .2 
B3-H8-B4 0.2 0.2 -0.1 1.9 0.5 0.3 
B3-H7-B4 -0.8 0.2 -0.1 2.0 0.6 0.3 
H9-B4-H10 0.0 0.0 0.0 0.3 0.3 0.2 
B3-B4-H9 0.1 0.0 -0.1 -0.4 -0.4 -0.5 
B3-B4-H10 0.0 0.0 0.1 0.0 0.1 0.3 
B2-H11-GA1 1.5 3.8 0.2 1.0 0.4 0.2 
B2-H12-GA1 1.4 0.5 0.3 1.2 0.7 0.4 
H13-GA1-H14 0.9 -0.4 -0.8 0.9 0.7 0.5 
B2-GA1-H13 -0.5 0.1 0.4 -1.6 -1.5 -1.4 
B2-GA1-H14 -0.4 0.4 0.4 0.7 0.7 0.8 

St. 0ev. (C) 0.4 0.7 0.5 0.7 0.6 0.6 
Average (c) 0.5 0.5 0.6 1.1 0.9 0.9 



(a) SBK and -SBK analysis for b-1-GaB3H1o. 

Parameters SBK -SBK SBK* SBK* SBK** SBK** 
B3-B2 0.7 0.6 1.1 1.1 1.1 1.1 
B3-H5 1.0 1.0 1.1 1.1 1.1 1.1 
B2-H6 1.1 1.2 1.1 1.3 1.1 1.2 
B3-B4 1.7 jj 1.4 1.5 
B3-F-17 1.8 1.9 1.0 1.1 1.0 1.0 
B4-H8 1.9 1.9 1.3 1.2 1.2 1.2 
B2-GA1 1.4 0.6 0.9 -0.1 0.4 -0.6 
B2-H1 1 1.2 1.0 1.0 0.9 0.9 0.8 
B2-H12 1.5 1.2 1.4 1.3 1.3 1.2 
B4-H7 1.6 1.6 1.4 1.4 1.4 1.4 
B4-H8 1.5 1.6 1.2 1.3 1.2 1.4 
B4-H9 1.2 1.2 1.4 1.4 1.4 1.4 
B4-H1O 1.4 1.4 1.6 1.5 1.6 .L. 
GA1-Hi1 0.2 -1.1 0.3 -0.7 -0.1 -1.1 
GA1-H12 0.0 -1.4 -0.2 -1.2 -0.5 -1.6 
GA1-H13 -0.2 -0.7 0.0 -0.1 -0.5 -0.4 
GA1-H14 -0.2 -0.6 0.0 -0.1 -0.5 -0.5 
B3-B2-H6 0.7 0.6 1.3 1.0 1.2 0.9 
B2-B3-H5 1.0 0.9 1.2 1.0 1.0 0.8 
B2-B3-B4 -1.1 -1.1 -1.3 -1.2 -1.4 -1.2 
B3-B2-GA1 -2.4 -0.7 -0.7 -0.7 
B3-H8-B4 1.9 2.0 0.5 0.5 0.3 0.3 
B3-H7-B4 2.0 1.9 0.6 0.6 0.3 0.5 
H9-B4-H10 0.3 0.4 0.3 0.3 0.2 0.3 
B3-B4-H9 -0.4 -0.5 -0.4 -0.4 -0.5 -0.4 
B3-B4-H1O 0.0 0.1 0.1 0.1 0.3 0.1 
B2-H11-GA1 1.0 1.2 0.4 0.0 0.2 -0.3 
B2-H12-GA1 1.2 1.4 0.7 0.3 0.4 0.0 
H13-GA1-H14 0.9 1.4 0.7 0.0 0.5 -0.3 
B2-GA1-H13 -1.6 -1.0 -1.5 -0.2 -1.4 0.0 
B2-GA1-H14 0.7 -0.6 0.7 0.2 0.8 0.3 

St. Dev. (c) 0.7 0.6 0.6 0.5 0.6 0.5 
Average (C) 1.1 1.2 0.9 0.8 0.9 0.8 

Ht = terminal hydrogen 
Hb = bridging hydrogen 
The standard deviation and average of the errors are calculated over 
absolute errors. 
-SBK indicates small SBK method is used (ECP removes 28 electrons 
from gallium) 
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Figure 3.3.15: 321G*/HW* geometry predictions for b-2-GaB3H10 (bonds in 
Angstroms, angles in degrees). 

H1 
120.4 .192 
120.4 1.195 

H14  1.294 
B1, 1.190 .291 92.1 1.194 

V / H12.5 
1.295 

1293% \ 1.828 
278  1.799 H5  H1 22.25  115.6 1.186 

922 
116.0 1217 A 1 21 :1  1.190 

92.5 1.824 
1.797  2.10 Ga2 -r 7 B 

I I 123.5\.. ' 
85.9 

' S 1.3 i-161 
132.8 124.3 

1.580 321G* 1.3793  1I6 326 
1.567 HW* % 1.329 S  

85.7 H8 
1.181 

1.329 3 )ipq1 185 

- 122.50 

1.182 Fig  122.5 
1.186 

Figure 3.3.16: DZP/SBK** geometry predictions for b-2-GaB3H10 (bonds in 
Angstroms, angles in degrees). 
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Table 3.3.9: Displays relative % errors for the pseudopotential basis sets against 
appropriate ab mitio results for b-2-GaB3H1o. 

(a) HW and SBK analysis for b-2-GaB3H10. 

Parameters 11W HW* HW** SBK SBK* SBK** 

B3-GA2 0.4 0.4 0.5 -0.5 -0.1 0.0 
B3-B4 -0.1 0.2 -0.5 3.4 1.8 1.5 
GA2-B1 0.3 -0.8 -1.3 1.3 1.0 0.5 
B3-H5 0.3 0.4 0.3 1.0 1.0 1.0 
B3-H7 -0.4 0.0 .0.6 1.8 1.2 1.1 
B3-H8 -0.3 0.0 -0.6 1.7 1.2 1.2 
GA2-H6 -1.2 -0.8 -1.2 -0.2 0.0 -0.5 
GA2-H11 -1.0 0.1 0.1 -0.3 
GA2-H12 -1.0 -1.5 0.2 0.2 -0.1 
B4-H8 0.1 -0.1 -0.6 1.9 1.3 1.4 
B4-H7 0.0 0.2 -0.6 1.7 1.3 1.3 
B4-H9 0.3 0.3 0.3 1.1 1.3 1.3 
B4-H10 0.3 0.3 0.3 1.3 1.4 1.4 
Bi-Hil -0.1 -0.2 -0.4 1.3 1.3 1.2 
B1-H12 -0.1 -0.2 -0.5 1.3 1.2 1.1 
B1-H13 0.2 0.3 0.2 1.5 1.6 1.6 
B1-H14 0.2 0.3 0.2 1.5 1.5 1.5 
B3-GA2-H6 0.7 -1.0 -1.3 0.9 0.8 0.6 
GA2-B3-H5 -1.0 -0.5 -0.7 1.5 1.8 1.7 
B3-GA2-B1 -0.8 0.4 0.5 0.1 0.0 0.1 
GA2-B3-B4 0.7 0.6 0.7 -1.5 . 

GA2-H11-B1 1.3 0.4 0.2 1.1 0.6 0.3 
GA2-H12-B1 1.3 0.3 0.2 1.1 0.6 0.2 
H13-B1-H14 0.4 0.0 0.1 0.2 0.5 0.4 
B3-H7-B4 0.1 0.3 0.1 2.1 0.6 0.4 
B3-H8-B4 0.1 0.3 0.1 2.0 0.6 0.3 
H9-B4-H10 0.0 0.0 -0.1 0.7 0.6 0.5 

St. Dev. (C) 0.4 0.4 0.5 0.8 0.6 0.6 
Average (c) 0.5 0.4 0.6 1.2 1.0 0.9 



(a) SBK and -SBK analysis for b-2-GaB3H1o. 

Parameters SBK -SBK SBK* SBK* SBK** SBK** 
83-GA2 -0.5 -1.1 -0.1 -0.2 0.0 -0.2 
B3-B4 3.4 3.3 1.8 1.8 1.5  1.6 

GA2-B1 1.3 0.6 1.0 -0.1 0.5 -0.5 
B3-H5 1.0 1.1 1.0 1.2 1.0 1.2 
B3-H7 1.8 1.6 1.2 1.2 1.1 1.2 
B3-H8 1.7 1.5 1.2 1.2 1.2 1.1 
GA2-H6 -0.2 -0.7 0.0 -0.1 -0.5 -0.5 
GA2-H11 0.1 -1.2 0.1 -0.9 -0.3 -1.3 
GA2-H12 0.2 -1.0 0.2 -0.8 -0.1 -1.2 
B4-H8 1.9 2.1 1.3 1.3 1.4 1.3 

B4-H7 1.7 1.8 1.3 1.2 1.3 1.2 

B4-H9 1.1 1.1 1.3 1.3 1.3 1.3 

B4-H10 1.3 1.3 1.4 1.5 1.4 1.5 
Bi-Hil 1.3 1.0 1.3 1.1 1.2 1.0 
B1-H12 1.3 1.0 1.2 1.1 1.1 1.0 

B1-H13 1.5 1.3 1.6 1.5 1.6 1.5 

B1-H14 1.5 1.4 1.5 1.5 1.5 1.4 

B3-GA2-H6 0.9 0.7 0.8 -0.2 0.6 -0.4 

GA2-B3-H5 1.5 0.3 1.8 1.3 1.7 1.3 

B3-GA2-B1 0.1 0.7 0.0 0.6 0.1 0.8 
GA2B3B4 -1.5 0.5 1.4 

GA2-H11-B1 1.1 1.4 0.6 0.2 0.3 -0.8 

GA2-H12-B1 1.1 1.2 0.6 0.1 0.2 -0.6 
H13-B1-H14 0.2 0.2 0.5 0.5 0.4 0.4 

B3-H7-B4 2.1 2.0 0.6 0.8 0.4 0.5 
B3-H8-B4 2.0 1.9 0.6 0.7 0.3 0.3 
H9-B4-H1O 0.7 0.8 0.6 0.6 0.5 0.4 

St. Dev. (c) 0.8 6.0 0.6 0.5 0.6 0.4 
Average (c) 1.2 1.2 1.0 0.9 0.9 1.0 

Ht = terminal hydrogen 
Hb = bridging hydrogen 
The standard deviation and average of the errors are calculated over 
absolute errors. 
-SBK indicates small SBK method is used (ECP removes 28 electrons 
from gallium) 

The bis(diboranyl) results reflected the stability of these species and the lesser 
influence troublesome boron has, as they were reasonably accurate for the HW 
series, although the SBK series of calculations showed no such improvement over 
the arachno structures. Results are further improved with the addition of d-
polarisation on the gallium atom, although this causes little difference, really, in 
results (the average percentage error drops to 0.4 % in b-2-GaB3H1o). The main 
problem areas still remain about the gallium atom but it must be remembered that 
the boron atom has significant influence over the gallium atom, particularly in the 
b-2-GaB3H10 structure and, thus it may be the boron atom that is the problem, rather 
than the gallium atom as it first appears. The d-polarisation generally caused a slight 
increase in parameter magnitude, although the parameters did decrease for the 



heavy atom to heavy atom interactions. The frequency analysis was good, although 
most of the latter frequencies are overestimated. 

The errors only increased a little on hydrogen polarisation, so showing the lack of 
effect the hydrogens actual introduce into the structure. The main effect of the 
hydrogen polarisation was decrease parameter distances again, and so it is clear that 
the gallium d polarisation slightly overestimates repulsive interactions, and that 
this is righted by better distribution of hydrogen charge. The greater geometrical 
differences of this set was displayed in the frequency calculation, which severely 
overestimated stretching frequencies. Hydrogen polarisation brought results into 
slightly better agreement with DZP values. 

Even the unpolarised HW basis set presented few problems, with most parameters 
differing from those predicted by the 321G*  basis by less than 1 %. All larger errors 
existed around the gallium atom, as in the HW*  results. The HW basis does not 
continue in the same style as for the arachno structures, since the majority of 
parameters tend to be slightly underestimated, excepting those involving heavy 
atom to heavy atom interactions, and terminal hydrogen distances. Therefore, in 
this case, the basis induces largely attractive interactions. For an unpolarised basis 
set, the frequency calculations were not too bad, although they were not particularly 
exceptional either, with an average error of 18 cm-1. Very few of the errors were 
about the smaller frequencies, with most being about the large frequencies, which 
were overestimated by as much as 54 cm-1 for b-2-GaB3H1o. 

Finally, the p-polarisation functions had very little effect on the molecular structure 
as one would expect from the HW**  results, resulting in an almost insignificant 
improvement. The SBK**  basis decreased magnitudes of values slightly from those 
obtained in the SBK*  case (often only by a digit in the fourth decimal place), and 
possessed very little real difference from the SBK*  values, and the most noticable 
improvement was in the terminal hydrogen parameters which tended to be 
overestimated in less polarised results. 

The SBK*  basis set predictions (Av. Error. 1.0 % for b-2-GaB3H1o), but trends remain 
much the same as in the SBK basis set. The error in the bridging boron distance has 
been effectively halved, thus the d-polarisation is necessary for adequate 
characterisation of boron. Likewise, errors in the terminal boron parameters (which 
were overestimated in the unpolarised basis set) have largely decreased, so that the 
largest error is now found in the backbone angle of the molecule, probably due to 
the different way in which boron is represented in the SBK**  basis, with an ECP, 
from the ab initio results. To cause this slight improvement of results the SBK* 
basis decreases some bridging hydrogen parameters from the SBK values, and 
increases the Ga-B distances, while decreasing the B-B distances. The d-polarisation 
function had little effect on terminal hydrogen parameters. This better geometry 
representation has the effect of reducing the average frequency error to 9 cm-1  from 
15 cm-1  in the unpolarised basis set, which greatly improves stretching frequencies, 
and the main problem becomes located about the central frequencies. The d-
polarisation in the alternative SBK*  calculations yields roughly similar results (of a 
slightly superior nature with respect to geometry) and the improvement can mainly 
be attributed to better gallium representation and terminal boron parameters. 

FPA 



The SBK basis set predicted results in error by a slightly larger amount than the 
corresponding I-lW set. The standard deviation of the % errors was 0.8, and results 
were frequently in error by over 1 %, reaching as high as 3.4 % for estimation of the 
153-134 distance (Av. Error. 1.2%) in b-2-GaB3H1o. Errors in the b-1-GaB3H10 molecule 
were a little less, because the gallium-boron interactions does not play such a great 
part in this molecule. The main errors were in the boron parameters (this would 
not occur in the HW set since the HW basis is an ab initio basis set for the boron 
atom). Gallium parameters were quite well predicted. The worst results tended to be 
for parameters involving the bridging and terminal hydrogens, and the bridging 
hydrogens between them. The SBK set tended to overestimate all parameters, but 
particularly those just mentioned. Thus, it would seem to slightly overestimate 
repulsive interactions. Very few of the errors appeared to be in angular parameters, 
and this is borne out by the frequency calculations, which showed all the major 
problems to be in the large frequencies. Since the average error in frequencies is a 
great deal less than that of the HW results, we can again conclude that the larger 
errors in the geometrical results tend to be systematic when compared to the HW 
method. Unlike previous cases where the estimated frequencies tended to run in 
trends of overestimation and underestimation, the dispersal seemed completely 
random here. 

The small SBK results were very slightly better, with an average error in precentage 
of 1.2 also. Most of the errors were very much the same as in the default case, 
although largely of lesser magnitude, most noticeably in the terminal boron 
parameters and angles. The bridging gallium parameters are a little worse than in 
the default case being underestimated (where the default case overestimated these). 
Thus the less accurate treatment of the gallium atom in this method allows the 
boron atoms to be better represented and yielding a slightly more accurate result. 
This sort of reasoning, which relies on fortuitous error cancelation is reflected in the 
less accurate frequency calculations when compared against the default results. 
Problem areas are reflected exactly as above, but generally the error is of a slightly 
larger magnitude. 

If one compares corresponding geometric variable results from the gallium and 
aluminium results it is immediately clear that they give very similar results, as 
we? ve  come to expect from the smaller molecules studied, despite the apparent 
energy differences. For example if one compares the arachno tetraboranes with the 
gallium/aluminium atom substituted in the 2-position (see table 3.3.10 for the 
percentage error analysis of the aluminium conformer versus the gallium 
conformer) we see that the average deviation of the percentage difference of the two 
conformers is less than 0.9 for all basis sets. The DZP, and SBK**  basis sets represent 
the greatest difference of the two, with largest differences of over 2% for the heavy 
atom parameters. For the aluminium case all distances tended to be slightly smaller 
than in the gallium case, while the angles were a little more open, with the 
exception of the aluminium to terminal hydrogen distances. The errors in the 3-
21G* basis were similar in trend, but generally smaller in magnitude, although the 
X-H5 parameter was in error by 3.5 %, showing that the two conformers possess their 
main differences about the gallium bridging region, which were more lengthy in the 
gallium case. 
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The pseudopotential basis sets gave much lesser differences (as one would expect 
since they rely only on valence electrons for explicit characterisation) with the 
smallest difference being in the SBK set, with the average of 0.4, and the largest 
average error is for the SBK**  set at 0.9. It is clear that while the polarisation 
function obviously makes a difference in the SBK geomteries, it makes little 
difference in the HW sets, which all tend to retain difference deviations of about 
0.6 %. All the pseudopotential basis sets for gallium differ most noticably from their 
aluminium counterpartsin the heavy atom to terminal hydrogen distance which is 
about 1.57 A in the aluminium case and 1.55 A for gallium. Another related 
parameter that differs quite significantly is the terminal hydrogen atom around the 
heavy atom. The unpolarised basis sets tended to possess the smallest differences, 
since the valence basis sets are quite similar. The polarised basis sets all showed 
deviations in the heavy atom to bridging hydrogen atom distance, not seen in the 
unpolarised basis', in common with the ab initio basis sets. However, the trends in 
the pseudopotential basis sets tended to differ from those exhibited in the ab initio 
basis sets, since the gallium distance parameters were not always the larger of the 
two cases, as was the trend for the ab initio basis sets. As we've already seen, the 
aluminium to terminal hydrogen parameters were predicted larger than the like 
gallium parameters, and comparing to values yielded by the ab initio basis sets, it is 
the a-2-GaB3H10 isomer that was in error here. 

The unpolarised basis sets all displayed terminal boron to heavy atom distances to 
be larger in the unpolarised case, which quickly reversed on addition of polarisation. 
The SBK series also exhibited an overestimation of the bridging boron to hydrogen 
parmeters in the aluminium case. All the pseudopotential basis sets also showed a 
too great value for the bridging to terminal boron distance in the aluminium case, 
but more especially the SBK set. The briging boron to bridging hydrogen angles were 
larger in the aluminium case than in the gallium case, but this was only slight and 
the error tended to be more on the gallium side. 

The unstable 1-arachno isomer exhibited much larger geometrical differences, but 
this is not a problem since the heavy atom is in a much more influential position in 
this case. Once again the ab initio basis sets displayed the largest differences, most 
particularly in the 321G*  basis where the average difference was 3.6 %, compared to 
2.6 % for the DZP basis, so it seems that maximum difference is attained when basis 
sets are singly polarised. As per a-2-GaB3H10 the unpolarised basis sets wield the 
most similar structures, presenting only minor differences in the bridging regions to 
the ab initio results large differences. The SBK method tends to present larger 
differences than the HW method, which is unexpected based on ab initio results, 
and probably due to the inaccurate boron representation. In all cases the gallium 
molecule tended to have the more expanded structure, due to the steric influence 
the gallium atom in the central position. The only deviations from this are seen in 
the boron parameters, where bridging distances amongst them, and correspondingly 
terminal hydrogen angles which are larger in the aluminium isomer. Increasing 
polarisation tends to reverse the trend in the smaller basis sets, so that the 
aluminium isomers tends to be larger in every parameter except those about 
aluminium.  



Both bis(diboranyl) isomers show the gallium isomer to have the most expanded 
strucure, particularly the 1-b-XB3H10 isomer. As usual, the ab initio basis sets show 
the greatest deviations when going from the gallium to aluminium isomer, as one 
would expect based on the fact that the pseudopotentials rely on valence 
considerations more heavily, and these are the same in each case for the HW 
method, and thus we see a smaller error in the HW method than the SBK which 
also includes 3d electrons in the gallium calculations. In both these molecules the 
largest deviations occur in aluminium/gallium parameters, and once again the 
singly polarised basis sets maintain the largest errors. The b-2-XB3H10 conformer 
tends to exhibit smaller values for boron parameters in the gallium isomer, while 
the opposite is seen in the b-1-XB3H10 isomer. This is probably because the more 
polarisable gallium atom exerts greater influence in the b-2-XB3H10 isomer and 
hence contracts the structure, resulting in this phenomena. 

Table 3.3.10: Displays the percentage difference of the a-1-A1B3H10 isomer relative to 
the a-1-GaB3H10 isomer for various basis sets. 

Parameters321G* DZP HW SBK HW* SBK* HW** SBK** 
B3-X1 -0.7 -0.3 0.7 1.0 -0.1 0.5 0.1 0.7 
B3-H6 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.1 
B3-H9 2.1 0.5 1.4 1.2 1.2 1.6 0.6 1.2 
B3-B4 -5.5 -4.2 -2.7 -1.4 -4.0 -3.6 -3.6 -3.4 
X1-H5 0.0 0.6 1.3 1.2 0.7 1.1 1.0 1.5 
X1-H7 -9.9 -7.9 -6.1 -4.9 -7.2 -8.8 -6.4 -8.1 
X1-B4 -6.4 -5.2 -3.2 -1.8 -5.0 5.9 -4.4 -4.6 
B4-H8 2.2 1.8 1.4 1.0 1.6 2.1 1.5 1.9 
B4-H10 -4.1 -1.2 -2.9 -1.5 -2.2 -2.2 -1.4 -1.6 
B4-H12 0.1 0.0 0.0 0.0 0.1 0.1 0.1 0.1 
B4-H14 0.0 0.1 0.0 -0.1 0.0 -0.2 0.0 -0.2 
B3-X1-H5 -8.1 -6.8 -4.0 -3.3 -6.2 -7.1 -5.6 -6.8 
X1-B3-H6 5.1 2.1 3.9 3.1 3.0 5.1 2.1 4.2 
H7-X1-H8 5.1 5.3 3.8 3.5 4.3 5.7 4.3 5.2 
H9-B3-H10 -5.9 -3.4 -2.8 -2.1 -3.6 -4.2 -3.0 -3.8 
X1-H8-B4 -1.0 -0.9 0.8 1.7 -1.5 0.5 -1.2 0.2 
B3-H10-B4 -6.8 -5.8 -3.1 -1.9 -5.6 -4.9 -5.1 -4.7 
H7-X1-H5 7.2 5.2 3.7 3.2 4.8 5.6 4.6 5.4 
H9-B3-H6 -2.4 -1.0 -1.6 -1.2 -1.6 -2.0 -1.1 -1.5 
H12-B4-H14 -1.0 -0.7 -0.1 0.2 -0.9 -0.3 -0.8 -0.4 
H8-B4-}-I14 -1.8 -1.4 -1.3 -1.2 -1.1 -1.5 -1.0 -1.4 

St. Dev. (c) 2.0 2.5 1.7 1.3 2.2 2.6 2.0 2.4 
Average (c) 3.6 2.6 2.1 1.7 2.6 3.0 2.3 2.7 

Ht = terminal hydrogen 
Hb = bridging hydrogen 
The standard deviation and average of the errors are calculated over 
absolute errors. 
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Table 3.3.11: Displays the percentage difference of the a-2-A1B3H10 isomer relative to 
the a-2-GaB3H10 isomer for various basis sets. 

Basis set 321G* DZP HW SBK HW* SBK* HW** SBK** 
X2-B3 -2.1 -2.7 -0.1 -0.6 -1.8 -2.6 -1.7 -2.4 
X2-B4 -1.0 -1.5 0.6 0.7 -0.1 -0.7 -0.1 -0.6 
X2-H5 -3.5 -2.7 -0.3 -0.5 -1.7 -1.7 -1.7 -1.7 
X2-H13 0.1 0.4 1.7 1.4 0.9 1.2 1.1 1.5 
X2-H15 0.1 0.4 1.7 1.4 0.8 1.2 1.1 1.5 
B1-B3 -0.3 -0.6 0.0 0.3 -0.3 -0.3 -0.2 -0.1 
B3-H5 -0.5 -0.4 -0.1 -0.4 -0.4 -0.5 -0.3 -0.4 
B2-H9 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.1 
B3-H7 -0.1 0.2 0.0 -0.2 0.1 0.3 0.1 0.3 
B4-H7 0.2 -0.7 0.0 0.1 -0.5 -1.2 -0.3 -0.8 
B4-H12 -0.1 -0.1 0.0 -0.1 -0.1 -0.1 0.0 -0.1 
B4-H14 0.0 -0.1 0.0 0.1 0.0 0.1 -0.1 0.1 
B3-B4 0.1 0.8 0.2 0.2 0.5 1.3 0.5 1.1 
H5-B3-H7 1.1 0.6 0.3 0.6 0.5 0.6 0.6 0.7 
H5-B3-H9 0.3 0.0 -0.1 0.3 0.1 0.2 0.0 0.2 
B1-B3-H9 0.6 0.9 0.3 -0.2 0.4 0.6 0.4 0.4 
X2-H5-B3 0.5 -1.0 0.2 -0.2 -0.8 -1.9 -0.7 -1.6 
B4-H7-B3 0.0 1.4 0.2 0.3 1.0 2.4 0.8 1.9 
H11-X2-H13 -2.0 -2.9 -1.4 -0.1 -1.7 -2.1 -1.6 -2.2 
H12-B4-H14 0.2 0.3 0.1 0.2 0.2 0.3 0.3 0.3 
H15-X2-H7 0.7 0.7 0.7 0.5 0.7 0.7 0.6 0.7 
H14-B4-H7 -0.2 -0.1 0.1 -0.3 0.3 0.0 0.2 -0.1 

St. Dev. (C) 0.9 0.9 0.5 0.4 0.6 0.8 0.5 0.8 
Average (c) 0.6 0.8 0.4 0.4 0.6 0.9 0.6 0.9 

Ht = terminal hydrogen 
Hb = bridging hydrogen 
The standard deviation and average of the errors are calculated over 
absolute errors. 
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Table 3.3.12: Displays the percentage difference of the b-1-A1B3H10 isomer relative to 
the b-1-GaB3H10 isomer using various basis sets. 

Pprpmeters321G* DZP 1:1W SBK HW* SBK* HW** SBK** 
B3-B2 0.0 0.0 0.0 -0.1 0.0 0.1 0.0 0.1 
B3-H5 0.0 0.0 8.2 0.0 0.0 0.0 0.0 0.0 
B2-H6 0.0 0.0 0.1 0.2 0.1 0.2 0.1 0.2 
B1-B4 -0.1 -0.1 0.0 0.0 -0.1 0.0 -0.1 0.0 
B3-H7 -0.1 -0.1 0.0 0.1 -0.1 0.0 -0.1 -0.1 
B3-H8 -0.2 -0.2 -0.1 -0.1 -0.1 -0.2 -0.1 -0.2 
B2-AI1 -2.6 -2.1 0.1 -0.1 -1.5 -1.8 -1.3 -1.7 
B2-H11 -0.7 -0.6 -0.3 -0.6 -0.6 -0.5 -0.5 -0.5 
B2-H12 -0.6 -0.5 -0.2 -0.6 -0.5 -0.5 -0.4 -0.5 
B4-H7 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.1 
B4-H8 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.2 
B4-H9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
64-H10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
AI1-H11 -3.4 -2.5 0.0 -0.8 -1.8 -2.1 -1.5 -1.8 
AI1-H12 -3.7 -2.8 -0.2 -0.8 -2.0 -2.2 -1.7 -1.9 
AI1-H13 0.0 0.3 1.6 1.4 0.7 1.1 0.9 1.5 
AI1-H14 0.0 0.3 1.6 1.5 0.7 1.1 0.9 1.5 

B3-B2-H6 -0.5 -0.3 -0.5 -0.4 -0.8 -0.5 -0.7 -0.6 
B2-B3-H5 -0.1 -0.1 -0.1 -0.1 -0.1 -0.3 -0.1 -0.3 
B2-B3-B4 -0.2 -0.2 0.0 -0.1 0.0 0.0 -0.1 0.1 
B3-B2-AI1 0.5 1.0 0.9 2.7 1.1 3.1 1.0 3.2 
B3-H8-B4 -0.1 -0.1 0.0 0.0 -0.1 -0.1 0.0 0.0 
B3-H7-B4 -0.1 -0.1 1.0 -0.1 0.0 -0.1 0.0 0.0 

H9-B4-H10 0.1 0.1 0.0 0.0 0.0 0.1 0.0 0.1 
B3-B4-H9 -0.1 -0.1 0.0 -0.2 0.0 -0.1 -0.1 0.0 

B3-B4-H10 0.0 0.0 0.0 0.1 0.0 0.0 0.0 -0.1 
B2-H11-AI1 -0.1 -0.4 0.4 0.8 -3.4 -0.4 -0.3 -0.4 
B2-H12-AI1 0.1 -0.2 0.5 0.9 0.0 -0.3 -0.1 -0.3 

H13-AI1-H14 -1.9 -2.4 -1.3 0.0 -1.4 -1.8 -1.5 -2.0 
B2-AI1-H13 1.0 1.4 0.8 1.0 0.8 2.1 0.8 2.1 
B2-AI1-H14 1.2 1.3 0.7 -1.0 0.8 0.0 0.8 0.1 

St. Dev. (C) 1.0 0.8 1.5 0.6 0.8 0.8 0.5 0.9 
Average (C) 0.6 0.6 0.6 0.5 0.5 0.6 0.4 0.6 

Ht = terminal hydrogen 
Hb = bridging hydrogen 
The standard deviation and average of the errors are calculated over 
absolute errors. 
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Table 3.3.13: Displays the percentage difference of the b-2-A1B3H10 isomer relative to 
the b-2-GaB3H10 isomer using various basis sets. 

P arameters321G* DZP HW S13K HW* SBK* HW** SBK** 
B3-X2 0.9 0.5 1.4 1.1 0.9 1.3 0.8 1.3 
B3-B4 0.3 0.2 0.1 0.0 0.3 0.4 0.2 0.4 
X2-B1 -2.9 -2.2 0.0 -0.2 -1.7 -1.9 -1.5 -1.8 
B3-H5 0.3 0.3 0.1 0.2 0.2 0.4 0.2 0.4 
B3-H7 0.4 0.2 0.2 -0.1 0.4 0.3 0.3 0.3 
B3-H8 0.4 0.2 0.3 -0.2 0.5 0.3 0.4 0.2 
X2-H6 0.0 0.3 1.6 1.3 0.7 0.9 0.9 1.3 

X2-H11 -3.9 -2.9 -0.4 -1.0 -2.2 -2.4 -1.9 -2.2 
X2-H12 -3.8 -2.8 -0.2 -0.7 -2.1 -2.2 -1.8 -2.0 
B4-H8 -0.2 -0.1 -0.2 0.1 -0.4 -0.3 -0.2 -0.3 
B4-H7 -0.1 0.0 -0.1 0.0 -0.6 -0.3 -0.1 -0.3 
B4-H9 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1 

B4-H10 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.0 
B1-H11 -0.5 -0.4 -0.1 -0.5 -0.4 -0.4 -0.3 -0.5 
B1-H12 -0.6 -0.4 -0.2 -0.6 -0.4 -0.5 -0.3 -0.5 
BI-H13 -0.1 -0.1 0.0 -0.2 0.0 -0.2 0.0 -0.2 
B1-H14 -0.1 -0.1 0.0 -0.1 0.0 -0.1 0.0 -0.1 

B3-X2-H6 -3.2 -2.9 -1.7 -1.3 -2.2 -3.0 -2.0 -3.0 
X2-B3-H5 -0.1 0.1 -0.5 -1.1 -0.1 0.1 -0.2 0.1 
B3-X2-B1 1.6 1.7 1.3 1.4 1.0 1.9 1.0 1.9 
X2-B3-B4 1.4 1.0 1.3 1.7 1.4 1.5 1.4 1.5 

X2-H11-B1 -0.1 -0.2 0.4 0.9 -0.2 -0.2 -0.2 -0.3 
X2-H12-B1 -0.2 -0.3 0.3 0.7 -0.2 -0.4 -0.3 -0.4 

H13-B1-H14 -0.2 -0.1 -0.1 0.0 -0.3 0.0 -0.3 0.0 
B3-H7-B4 0.2 0.2 0.1 0.1 0.2 0.4 0.2 0.5 
B3-H8-B4 0.3 0.2 0.1 0.1 0.3 0.5 0.2 0.5 

H9-B4-H10 -0.4 -0.3 -0.2 -0.2 -0.3 -0.4 -0.3 -0.4 

St. Dev. (C) 1.2 0.9 0.5 0.5 0.7 0.8 0.6 0.8 
Average (C) 0.8 0.7 0.4 0.5 0.6 0.8 0.6 0.8 

Ht = terminal hydrogen 
Hb = bridging hydrogen 
The standard deviation and average of the errors are calculated over 
absolute errors. 



(3.4) The digallium/aluminium tetraboranes: 

(a) Dialatetraborane - Alj 

Table 3.4.1: The relative energies (in kcal/mol) for the A12132H10 isomers using 
various basis sets. 

Molecule 321G* DZP SBK 11W 
a-24-Al2B2H10 -26.67353567 -31.07940868 -13.34201602 -15.81902887 
b-23-Al2B2H10 (C2) -21.96880656 -24.48851019 -16.96542717 -18.34739277 
b-23-Al2B2H1O (C2h) -21.81142619 -24.34870657 -16.96536442 -18.34739277 
b-13-Al2B2H10 (Cl) -18.95365668 -23.99970362 -9.554281291 -11.90493431 
b-13-Al2B2H1O (Cs) -18.51894902 -23.39372397 -9.008410211 -11.52365915 
b-14-Al2B2H10 (C2h) -15.96967398 -21.48698042 -3.788969037 -6.606803365 
b-14-Al2B2H10 (C2) -15.55943671 -20.90230976 -3.276293244 -5.670181715 
b-12-Al2B2H1O (Cl) -8.900036071 -16.92738123 -4.303966617 -5.570909610 
b-12-Al2B2H10 (Cs) -8.801642479 -16.79561225 -4.175201534 -5.400101347 
a-12-Al2B2H10 -4.252572908 -7.216637809 5.4593383050 4.3209721419 
a-13-AI2B2H10 0 0 0 0 

Molecule SBK* l•lW SBK** HW** 
a-24-Al2B2H10 -28.18763044 -25.60354364 -26.56865425 -27.05001729 
b-23-Al2B2H1O (C2) -24.75151036 -21.97684873 -25.76437449 -22.55710736 
b-23-Al2B2H10 (C2h) -24.75132210 -21.97672322 -25.76424899 -22.55698186 
b-13-Al2B2H10 (Cl) -21.49115587 -17.60285198 -21.75985572 -18.40493545 
b-13-Al2B2H10 (Cs) -20.98795548 -17.34569832 -21.24103032 -18.12111261 
b-14-Al2B2H10 (C2h) -19.07009621 -15.56495001 -17.67181534 -16.44892356 
b-14-Al2B2H1O (C2) -18.85511123 -14.87073553 -17.46116018 -15.76650627 
b-12-Al2B2H1O (Cl) -11.46793624 -11.29085288 -12.69998967 -11.89765520 
b-12-Al2B2H10 (Cs) -11.31915716 -11.04455515 -12.52591836 -11.63203015 
a-12-Al2B2H1O -4.712977733 -2.933107943 -4.226280860 -3.590801331 
a-13-AI2B2H1O 0 0 0 0 

Table 3.4.1 displays the energy predictions for the various A12132H1O isomers, as 
given by the ab initio 321G*  and DZP calculations and the corresponding ECP 
calculations. It is immmediately obvious that the energy stability ordering for the 
Al2B2H10 conformers is quite similar for the stabler species to that published [43] for 
the corresponding Ga2B2H10 structures. 

The stablest species was predicted, in all cases except the unpolarised ECP basis' sets, 
to be a-2,4-Al2B2H10, just as the gallium species was when correlation was included. 
The unpolarised basis sets predicted the stablest species to be the C2 b-2,3-Al2B2H10 
species, followed by the C2h counterpart then the a-2,4-Al2B2H10 isomer. The other 
basis sets all yielded the opposite order to this, and agreed perfectly in ordering. Thus 
already it can be seen that the aluminium atom is favouring an order, as expected, 
whereby the number of heavy atom interactions are minimised, most notably boron-
aluminium interaction. The stability of the b-2,3-species indicates that aluminium- 



aluminium interaction is to be preferred over boron-boron interaction, otherwise it 
would be expected that the b-1,4-Al2B2H10 isomers would be more favourable than it 
is. Like the results for the AlB3H10 molecule, we see in all, except the unpolarised 
basis sets, the arachno structure is predicted most stable, with aluminium in the 
terminal positions, as in the gallium case when correlation at the MP2 level is 
included. Such a treatment is not as necessary in the aluminium molecule since 
correlation effects play a lesser part in the smaller atom, and hence we see similar 
results achieved by the simple addition of polarisation functions. 

The next stable species was the b-1,3-Al2B2H10 pair, in complete agreement once 
again with those results obtained for gallium. Clearly this species, in which the 
seeming requirement that their be an aluminium atom in the central bridging bond, 
would be favoured over the more sterically hindered b-1,2-A12132H10 isomer, which 
comes in as the least favoured of the bis(diboranyl) structures, unlike the gallium 
case where the b-1,4 isomer takes that position. Thus we have some support for 
previous ideas in which it was suggested that the Ga-Ga interaction was a strong 
deciding factor in the stability of various species, while for aluminium it is not as 
important. It might also be noticed that the more stable b-1,4-Al2B2H10 species was 
that with the C2h twist, whereas all other other bis(diboranyl) structures showed the 
opposite ordering, with the least symetrical counterpart as the stablest of the pairs. 

Like all other results, the arachno structure with the heavy atoms in the central 
position are quite unstable, since aluminium is placed in such close spatial 
proximity to other heavy atoms and the sterically strained a-1,3-A121321110 structure 
proved the most unstable in this case, showing that the steric considerations of 
placing two aluminium atoms this close to one another overides the abhorence 
aluminium possesses for aluminium-boron bonding. The gallium molecule gave 
contrary results predicting the a-1,2-Ga2B2H10 isomer as the least stable. Thus, we see 
yet again the greater prevalence given to direct heavy atom interaction in the 
gallium atom even so far as overcoming obvious steric effects. 

Only the b-2,3-Al2B2H10 (C2h) isomer was predicted to be a transition structure 
according to ab initio results, mimicked well by pseudopotential results. The b-1,3-
A12132H10 pair of enantiomers showed the singly polarised pseudopotential basis sets 
trying to issue transition structure status to these molecules, but since this does not 
likewise occur in the ab initio results, we can safely discard this as being a peculiarity 
of the numerical frequencies. 



Figure 3.4.1: Displays the geometry of the a-1,2-Al2B21-l10 isomer optimised using 3-
21G*/HW* methods (bonds in Angstroms, angles in degrees). 
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Figure 3.4.2: Displays the geometry of the a-1,2-Al2B2H10 isomer optimised using 
DZP/SBK** methods (bonds in Angstroms, angles in degrees). 
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Table 3.4.2: Displays the relative % errors of pseudopotential values of the a-1,2-
Al2B2H10 isomer against appropriate ab initio results. 

Parameters 11W HW* H W * * SBK SBK* SBK** 
B1-Al2 1.0 0.4 0.3 0.9 1.5 1.3 
B1-H4 0.2 0.3 0.2 1.1 1.3 1.2 
B1-H7 0.6 0.7 0.5 1.4 1.2 1.2 
B1-H8 -0.5 -0.7 -1.3 1.0 1.4 1.1 
B1-A19 6.0 0.8 0.7 5.6 1.1 1.0 
B1-B12 3.2 1.2 -1.6 6.1 2.2 1.1 
Al2-H3 0.2 -0.1 -0.3 0.6 0.6 0.4 
Al2-H5 -1.7 -3.7 -3.7 2.3 0.5 0.5 
Al2-H6 6.7 3.6 3.7 2.2 0.3 0.3 
A19-H5 0.2 0.4 0.7 0.5 2.0 LZ 
A19-H7 1.1 -3.1 -3.1 1.6 1.7 1.1 
A19-H10 0.2 -0.1 -0.3 0.8 0.7 0.5 
A19-H1 1 0.0 -0.3 -0.4 0.6 0.8 0.6 
B12-H6 -0.1 0.2 0.0 0.5 1.0 1.0 
B12-H8 1.0 0.5 0.0 1.7 0.3 0.3 
B12-H13 0.3 0.3 0.2 1.4 1.4 1.4 
B12-H14 0.2 0.3 0.3 1.2 1.2 1.2 
BI-Al2-H3 3.3 0.3 0.3 3.4 -0.8 -0.6 
Al2-B1-H4 4.5 3.3 2.8 4.0 -0.2 0.1 
B1-H7-A19 Lj 4.3 4.3 5.7 -0.6 -0.1 
B1-H8-B12 4.8 2.0 -1.6 LA 2.1 0.6 
Al2-H5-A19 4.5 1.2 1.0 3.8 -1.0 -0.9 
Al2-H6-B12 4.3 2.2 -0.4 6.1 1.7 0.5 
H5-Al2-H6 -6.0 -3.5 -1.2 -6.8 -0.5 -0.2 
H7-B1-H8 -1.0 -0.7 0.1 -0.8 0.3 0.3 
H10-A19-H11 2.9 0.6 0.1 4.5 1.2 0.9 
H11-A19-H7 -1.6 0.0 0.5 -1.9 0.0 -0.1 
H14-B12-H13 1.6 0.8 0.1 1.9 0.7 0.4 
H8-B12-H13 -4.3 -3.3 -0.8 -5.2 -0.3 0.2 

St. Dev. (a) 2.3 1.4 1.2 2.2 0.6 0.4 
Average (a) 2.4 1.3 1.0 2.8 1.0 0.7 

(a) The standard deviation and average of the errors are calculated over 
absolute errors. 
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Figure 3.4.3: Displays the geometry of the a-1,3-Al2B2H10 isomer optimised using 3- 
21G*/IIW* methods (bonds in Angstroms, angles in degrees). H11 
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Figure 3.4.4: Displays the geometry of the a-1,3-Al2B2H10 isomer optimised using 
DZP/SBK** methods (bonds in Angstroms, angles in degrees). 
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Table 3.4.3: Displays the relative % errors of pseudopotential values of the a-1,3-
Al2B2H10 isomer against appropriate ab initio results. 

Parameters 11W HW* HW** SBK SBK* SBK** 
B2-B4 3.1 0.3 0.2 3.4 1.2 0.7 
B2-A13 4.0 0.6 0.2 4.3 0.9 0.2 
A13-AI1 1.7 0.4 0.1 2.1 0.5 0.2 
B2-H9 0.6 0.1 0.1 1.5 1.0 0.9 
B2-H1 1 0.3 0.4 0.4 1.2 1.3 1.2 
B2-H13 0.3 0.2 0.1 1.5 .L 
A13-H9 1.8 -0.1 0.0 1.0 0.2 0.3 
A19-H6 0.3 -0.1 0.2 0.6 0.6 0.4 
H7-B2-H9 1.6 0.5 0.9 1.6 0.4 0.0 
H11-B2-H13 0.8 0.0 0.1 1.2 0.7 0.4 
B2-H9-A13 4.7 1.1 0.3 5.2 0.6 0.5 
H9-B3-H13 1.2 0.1 0.5 1.6 0.6 0.3 
H6-A13-AI1 0.1 0.1 0.3 0.1 0.1 0.0 
H6-A13-H9 0.5 -0.2 0.5 0.2 0.1 0.2 
H9-A13-H10 2.7 .1.2 0.6 3.2 1.0 0.5 

St. Dev. (a) 1.4 0.4 0.2 1.5 0.4 0.4 
Average (a) 1.6 0.4 0.3 1.9 0.7 0.5 

(a) The standard deviation and average of the errors are calculated over 
absolute errors. 

Figure 3.4.5: Displays the geometry of the a-2,4-Al2B2H10 isomer optimised using 3-
21G*/HW* methods (bonds in Angstroms, angles in degrees). 



Figure 3.4.6: Displays the geometry of the a-2,4-Al2B2H10 isomer optimised using 
DZP/SBK** methods (bonds in Angstroms, angles in degrees). 
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Table 3.4.4: Displays the relative % errors of pseudopotential values of the a-2,4-
Al2B2H10 isomer against appropriate ab initio results. 

Parameters HW HW* HW** SBK SBK* SBK** 
B3-B1 0.7 -0.2 0.3 1.0 1.1 1.1 
B3-H13 0.4 0.4 0.3 1.3 IA  1.3 
B3-H5 0.6 0.3 0.0 1.1 1.1 1.1 
Al2-H5 2.5 0.1 0.2 2.0 0.7 0.5 
Al2-H9 0.3 -0.2 -0.3 0.9 0.7 0.6 
Al2-H11 0.3 -0.2 -0.3 0.9 0.8 0.6 
B3-Al2 3.0 0.7 0.4 2.4 0.9 0.7 
Al2-A14 3.9 1.7 1.3 3.2 -0.3 -0.6 
B1-B3-H13 0.2 0.6 0.4 -0.8 -0.8 -0.6 
H5-B3-H6 -0.4 0.2 -0.1 0.7 0.4 0.3 
H13-B3-H5 0.2 0.0 0.0 0.3 0.4 0.4 
B3-H5 -Al2 1.6 0.8 0.4 1.0 0.2 0.0 
H9-Al2-H11 1.4 0.2 -0.1 2.6 IA 1.1 
H 5-Al2-H11 -2.4 LJ. -0.5 -1.1 -1.0 

St. 0ev. (a) 1.2 0.6 0.6 0.9 0.4 0.4 
Average (a) 1.3 0.5 0.4 1.3 0.8 0.7 

(a) The standard deviation and average of the errors are calculated over 
absolute errors. 

The stablest conformer was extremely well represented, with respect to geometry, as 
was the a-1,3-Al2B2H10 isomer. It was only the a-1,2-Al2B2H10 species, with the 
closely situated aluminium-boron central bond that yields really terrible results. The 
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largest difference was given, as usual, by the SBK series in a-2,4- and a-1,3- A12132H1O, 
although the standard deviations were less. We can expect the SBK values to differ 
more than the HW values from the corresponding ab initio basis sets since the basis 
set in utilised in the SBK**  calculations less exactly represents the DZP basis set than 
does the HW*  the  321G*.  However, the fact that the standard deviation is quite 
constant and smaller than the that for the more widespread I-lW values, suggests 
that this is a systematic error (since all the parameters tend to be overestimated) that 
might be fixed by a correcting factor. This is also supported by the frequency 
calculations, where the frequencies are more agreeable in the SBK series than the 
H\'V series. 

On the contrary, the results for the a-1,2-Al2B2H10 species shows that for the first 
time lower errors for the corresponding "ab/pseudo" pairs is shown in the SBK** 
results, not the HW*  results. While this might at first appear puzzling in view of 
what was discussed in the previous paragraph, casting back to previous sections it 
was suggested that the SBK method provides more accurate representation of 
aluminium-boron interaction in situations such as this, than does the HW method, 
which appears to have its greatest problems in adequately reproducing aluminium-
boron interactions. 

The singly polarised HW*  basis set represents a great improvement over the 
unpolarised set, with average difference 0.5 % (less than half the unpolarised value) 
in a-2,4-Al2B2H1o, and is even less for the a-1,3-A12132H10 conformer, displaying 
clearly that aluminium-aluminium interaction is better reproduced than boron-
boron interaction (as is expected considering the lack of polarisation on the boron 
which could cause structural predictions to vary more significantly). The only error 
over 2% occurs for the angle around the aluminium, between the bridging and 
terminal hydrogens in a-2,4-Al2B2H10. The angle about the central aluminium atom 
between bridging and terminal hydrogens is the only error above 1 % in the a-1,3-
Al2B2H10 isomer. The largest error in distance estimations is between the two 
aluminium atoms, and also about boron, which as I've mentioned tends to be a 
little "flakey". The vibrational analysis confirms the large improvement in results, 
where the error has dropped to only 10 cm-' with all error besides a few about 
positions 30-35 being well reproduced. Frequencies still retain their tendency to be 
underestimated. 

The a-1,2-Al2B2H10 isomer issues results that are less than half as good as those of 
the above arachno structures, producing an average error of 1.3 % in HW* 
calculations. Since this is more than twice as good as the unpolarised I-lW error, this 
might be seen still as quite an achievement. All the largest errors for this structure 
tend to be located in the angular framework of the molecule, where bridging angles 
are frequently overestimated, as are most of the bond distances with the exception of 
a few located about the terminal aluminium position. This trend is in direct 
contradiction to DZP results, which tends to have more contracted bridge distances 
and longer terminal distances. However, since a similar trend is exhibited in the 
other arachno structures where it seems only some of the terminal parameters tend 
to be underestimated by the HW*  method, in contradiction to DZP results, it can 
only be concluded that the HW method tends to overestimated aluminium-boron 
repulsion. The lesser accuracy was reflected in the frequency results, giving an 
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average error of 18 cm-1, and possessing large errors in both stretching and bending 
regions. Most of these larger errors result from underestimation of pseudopotential 
frequencies. 

It is obvious that in the I-PN set the errors in angles tend to be greater than those for 
distances. This trend is reversed to some extent in the HW*  set (most noticably in 
the a-2,4-Al2B2H10 species), which is desirable since the angles are, argueably, more 
structure determining than distances. Also in this set we see that the parameters 
about the central bond seem to be more erroneous than the corresponding terminal 
parameters. The polarisation function has resulted in a decrease in most parameters, 
but they are still mostly a little larger than those of the 321G*  basis set. The 
aluminium-terminal hydrogen distances have decreased to slightly below the 3-
21G* predictions. The frequencies here are on average lower than the 321G*  results 
by 9 cm-1, and the excellent geometry predictions about this molecule are clearly 
reflected in this low error in the vibrational analysis. None of the errors is greater 
than 30 cm-1, which is a great deal lower than corresponding ab initio comparisons. 

Of the HW results for a-2,4-A121321-110 the average error was 1.3 % (more than twice 
as large as that for the HW* results). The largest difference at 3.9 % was found, as 
expected, in the aluminium to aluminium distance (these two being the most 
influential atoms so that errors in the region tend to be magnified), which the HW 
basis considerably overestimated. Thus the lack of polarisation affects charges in 
such a way that it allows a too great net repulsion (which is sensible since inability of 
an atom to undergo polarisation type responses leads to loss of attractive 
interactions of electron clouds). Other problematic regions are, of course, 
aluminium to bridging hydrogens and aluminium to boron parameters. All 
distance parameters are quite distinctly overestimated in the HW calculations, as 
has been found for previous molecules, while to compensate, the angles about 
terminal hydrogens are slightly opened up. The a-1,3-Al2B2H10 species displays the 
greatest errors are to be found in the bridging region, where there is a 4.7 % error in 
the bridging angle between boron and aluminium, which is overestimated like 
many of the other parameters. This to be expected since the aluminium-boron 
distances are the least accurately reproduced, and so parameters between them 
cannot be expected to be accurately reproduced. The frequencies for this basis set did 
not agree brilliantly, the average error from the 321G*  set being 40 cm-1 for the a-2,4- 
Al2B2H10 molecule and the largest error of 114 cm-1 in the stretching region. All 
frequencies are underestimated. 

For the a-1,2-Al2B2H10 isomer the largest error of 7.1 % occurred in the bridging 
hydrogen positioned between the boron and aluminium atoms. All other errors 
above 4 % were located about the central bridge parameters, particularly the boron 
atom. The central aluminium-bridging hydrogen distances were in error by more 
than 6 %, and the average error for this molecule was 2.4 %. Thus the addition of 
polarisation clearly offers great improvement to this central to have reduced errors 
by half, as it has. 
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The HW**  basis set maintains the same trends as the HW*  results, with similar 
parameters exhibiting the same problems. The decrease in the average error is slight 
(0.4 % for the a-2,4-Al2B2H10 species) and is a little better than that for the HW*  basis 
due to chance (a slight tidying effect). A similar effect is seen in both of the other 
arachno structures, and it must be because the boron parameters in the 321G* 
results still remain a little overestimated in the HW*  results, and so the p-
polarisation, which normally has the effect of reducing the bond distances further 
below the 321G*  results than what the HW*  results already are, and that these are 
usually below the 321G*  results also, normally causes the HW results to possess a 
slightly greater error due to more extreme underestimation. However, in this case 
where boron parameters tend to be a little overestimated in the HW*  set, the p-
polarisation instead brings them closer to the 321G*  instead of reducing them into 
closer to the agreement with the DZP basis. Since similar effects have not been 
witnessed in previous arachno structures, it can only be assumed that the maximal 
hindrance offered by having twice the boron-aluminium opportunity for 
interaction affects replusive interactions a little too much. However, the effect of the 
p-polarisation was so small that there was little difference in results. 

With its double polarisation, the SBK**  basis only improved results marginally 
above those witnessed in the SBK*  set (for a-2,4-Al2B2H10 compare 0.8 % for SBK* 
results to 0.7 % for SBK**  results). The problems were as usual about the boron 
parameters, most particularly their association with terminal hydrogens, and with 
bridging atoms, if the boron atom was in a central position. These distances tended 
to be overestimated, while the terminal hydrogen angle about aluminium atoms 
was underestimated. However, since even these problem regions yielded errors 
between 1 and 1.5 %, the SBK**  gives quite good results given the difficulty in 
structure. As usual the SBK**  set produces the lowest error in frequency 
calculations, giving for all arachno structures errors less than 15 cm 1. The larger 
errors are generally underestimated and in the stretching region. 

As in many previously examined cases, the SBK basis set has proved to be less like 
its ab initio counterpart in this isomer than the HW basis set, but only slightly 
larger, perhaps due to a balancing effect and fortunate cancellation of errors, with 
the exception as I've already mentioned of a-1,2-Al2B2H10 where the SBK method 
performs better than the HW method. The greatest error was found in the terminal 
aluminium atoms for a-2,4-Al2B2H10, followed by the angle about the aluminium 
through the terminal hydrogens. In the other isomers the bridging angles between 
boron and aluminium atoms produce the highest errors. The average error in the a-
1,2-Al2B2H10 isomer was the largest of the three arachno structures, as expected, at 
2.8 %. All parameters are overestimated, particularly those involving direct heavy 
atom interaction. The SBK frequencies showed large errors (Av. Error. 42 cm-1  for 
a-1,2-Al2B2H10) with the same problems we see in the unpolarised I-lW calculations, 
although to not quite the same magnitude. The largest error is again in the region of 
stretching frequencies and are underestimated by the SBK method. 

The SBK*  set improves greatly on the unpolarised estimates. The standard 
deviation of the error against the DZP set reduces to 0.4 which is encouraging the 
systematic error idea, and that this is reduced with polarisation. The boron 
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parameters, with the exception of the central-bond distances actual increase slightly, 
bringing them less into agreement with the DZP calculations than the SBK basis set. 
However the angular frame and aluminium parameters, as well as the direct heavy 
atom interactions were quite significantly improved. The hydrogen polarisation in 
the has very little effect other to improve bridging hydrogen distances slightly. We 
see a similar improvement in frequencies. 

The two ab initio basis sets are very similar for these molecules, with the 321G* 
basis set possessing the larger parameters only in aluminium to hydrogen distances 
and DZP possessing the larger parameters in all other cases. The better 
representation of the boron atom in the DZP case tends to issue a greater repulsive 
effect (obviously, since such a small atom is not going to be particularly ammenable 
to attractive polarisation interaction) and so a slightly more expanded structure. The 
frequencies confirm this excellent agreement, since the difference between the two 
methods averages to only 15 cm-1  for the a-2,4-Al2B2H10 isomer, with the greatest 
differences being witnessed in the stretching regions. The DZP set generally presents 
the smaller frequencies in the stretching region, and clearly displays the stability 
ordering yielding errors of 15, 16 and 23 cm-1 for the a-2,4-, a-1,3- and a-1,2-Al2B2H10 
geometries respectively. 

Figure 3.4.7: Displays the geometry of the b-1,2-Al2B2Hio (Cl) isomer optimised 
using 321G*/HW*  methods (bonds in Angstroms, angles in degrees). 
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Figure 3.4.8: Displays the geometry of the b-1,2-Al2B2Hio (Cl) isomer optimised 
using DZP/SBK** methods (bonds in Angstroms, angles in degrees). 
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Table 3.4.5: Displays the relative % errors of pseudopotential values of the b-1,2-
Al2B2H10 (Cl) isomer against appropriate ab initio results. 

Parameters HW HW* H W - SBK SBK* SBK** 

Al2-B3 0.9 0.4 0.4 0.1 0.6 0.6 
Al2-H5 0.3 -0.2 -0.3 0.9 0.7 0.5 
Al2-H11 2.4 0.4 0.4 2.2 0.8 0.7 
Al2-H12 2.3 0.4 0.4 2.4 1.0 0.9 
B3-H6 0.2 0.3 0.2 1.1 1.2 1.2 
B3-H7 -0.5 0.0 -0.7 1.6 1.4 1.3 
B3-H8 -0.4 0.0 -0.7 1.6 1.4 1.3 
Al2-AI1 4...0 0.7 0.5 4..0 1.0 0.7 
B3-B4 -0.3 0.1 -0.6 3.2 
B4-H7 0.0 -0.3 -0.6 1.7 1.0 1.0 
B4-H8 0.0 -0.3 -0.6 1.7 1.0 1.0 
B4-H9 0.2 0.3 0.3 1.2 1.4 1.4 
B4-H10 0.3 0.3 0.3 1.3 1.5 1.5 
AI1-H11 1.8 0.4 0.3 2.1 1.0 1.0 
AI1-H12 1.9 0.4 0.3 2.0 0.9 0.8 
AI1-H13 0.3 -0.2 -0.3 1.1 0.8 0.7 
AI1-H14 0.3 -0.2 -0.3 1.1 0.8 0.7 
Al2-B3-H6 -1.4 -0.7 jQ 0.3 1.7 1.5 
B3-Al2-H5 2.1 0.1 0.0 2.5 0.6 0.5 
Al2-B3-B4 0.7 0.8 0.9 -0.7 -1.5 
B3-Al2-AI1 -0.3 0.4 0.5 -0.8 -0.2 -0.1 
Al2-H12-AI1 2.6 0.4 0.1 2.3 0.1 -0.2 
Al2-H11-AI1 2.6 0.4 0.2 2.5 0.2 -0.2 
H13-AI1-H14 1.4 0.2 0.0 2.0 0.6 0.4 
Al2-AI1-H13 -0.4 0.3 0.3 -0.8 -0.2 0.0 
Al2-Al1-H14 -1.1 -0.5 -0.2 -1.4 -0.5 -0.4 
B3-H7-B4 0.0 0.3 0.0 1.9 0.8 0.5 
B3-H8-B4 0.0 0.3 0.0 1.9 0.8 0.6 
H9-B4-H10 0.2 0.0 0.0 0.2 -0.1 -0.2 
B3-B4-H9 0.1 0.1 0.1 -0.3 -0.3 -0.3 
B3-B4-H10 -0.2 -0.1 -0.1 -0.4 0.0 0.1 

St. Dev. (a) 1.0 0.2 0.3 0.9 0.5 0.5 
Average (a) 0.9 0.3 0.3 1.5 0.8 0.8 

(a) The standard deviation and average of the errors are calculated over 
absolute errors. 
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Figure 3.4.9: Displays the geometry of the b-1,2-Al2B2H10 (Cs) isomer optimised using 
321G*/HW* methods (bonds in Angstroms, angles in degrees). 
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Figure 3.4.10: Displays the geometry of the b-1,2-Al2B2H10 (Cs) isomer optimised 
using DZP/SBK**  methods (bonds in Angstroms, angles in degrees). 
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Table 3.4.6: Displays the relative % errors of pseudopotential values of the b-1,2-
Al2B2H10 (Cs) isomer against appropriate ab initio results. 

Parameters HW HW* HW** SBK SBK* SBK** 
Al2-B3 0.9 0.4 0.4 0.1 0.6 0.6 
Al2-H5 0.4 -0.1 -0.3 0.8 0.6 0.5 
Al2-H11 2.2 0.4 0.4 2.3 0.9 0.8 
B3-H6 0.2 0.3 0.2 1.1 1.2 1.2 
B3-H7 .0.4 0.1 .0.7 1.7 1.5 1.4 
Al2-AI1 CO 0.7 0.5 4.0 1.0 0.6 
B3-B4 -0.2 0.1 -0.6 3.2 L.9 1.7 
B4-H7 -0.1 -0.3 -0.6 1.6 1.0 1.0 
B4-H9 0.2 0.3 0.2 1.2 1.4 1.4 
B4-H10 0.3 0.3 0.3 1.3 1.4 1.4 
AI1-H11 1.9 0.4 0.3 2.1 0.9 0.8 
AI1-H13 0.3 -0.2 -0.3 1.1 0.8 0.6 
AI1-H14 0.3 -0.2 -0.3 1.1 0.8 0.6 
Al2-B3-H6 -1.4 -0.7 -0.1 1.6 1.7 
B3-Al2-H5 2.1 0.5 0.4 2.2 0.0 -0.2 
Al2-B3-B4 0.7 0.8 0.8 -0.6 -1.7 
B3-Al2-AI1 -0.7 -0.2 -0.1 -0.8 -0.3 0.1 
Al2-H12-AI1 2.6 0.4 0.2 2.4 0.2 -0.2 
H13-AI1-H14 1.5 0.1 -0.1 2.2 0.7 0.5 
Al2-AI1-H13 -0.8 0.1 0.2 -1.1 -0.8 -0.6 
Al2-AI1-H14 -0.8 -0.2 -0.1 -1.2 0.1 0.0 
B3-H7-B4 0.0 0.3 0.0 1.9 0.8 0.6 
H9-B4-H10 0.1 0.0 -0.1 0.6 0.3 0.3 
B3-B4-H9 0.0 0.1 0.1 -0.3 -0.6 -0.8 
B3-B4-H10 -0.1 -0.1 -0.1 -0.2 0.2 0.5 

St. Dev. (a) 1.0 0.2 0.2 1.0 0.5 0.6 
Average (a) 0.9 0.3 0.3 1.4 0.9 0.8 

(a) The standard deviation and average of the errors are calculated over 
absolute errors. 



Figure 3.4.11: Displays the geometry of the b-1,3-Al2B2H10 (Cl) isomer optimised 
using 321G*/HW* methods (bonds in Angstroms, angles in degrees). 
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Figure 3.4.12: Displays the geometry of the b-1,3-Al2B21410 (Cl) isomer optimised 
using DZP/SBK** methods (bonds in Angstroms, angles in degrees). 
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Table 3.4.7: Displays the relative % errors of pseudopotential values of the b-1,3-
Al2B2H10 (Cl) isomer against appropriate ab initio results. 

Parameters HW HW* H W - SBK SBK* SBK** 
A13-B2 0.7 0.5 0.5 0.3 0.9 0.9 
A13-H5 0.4 -0.1 -0.2 1.0 0.7 0.6 
A13-H11 3.0 0.2 0.2 2.4 0.7 0.6 
A13-H12 2.9 0.2 0.1 2.5 0.8 0.6 
B2-H6 0.1 0.3 0.2 1.1 1.2 1.2 
B2-H7 0.1 0.3 -0.1 1.0 1.3 1.3 
B2-H8 0.0 0.3 -0.1 1.1 1.4 1.4 
A13-64 3.4 0.4 0.1 3.5 1.3 0.9 
B2-AI1 3.4 0.7 0.2 3.6 1.4 1.1 
AI1-H7 3.1 -0.1 -0.1 2.5 0.7 0.5 
AI1-H8 3.6 0.0 0.0 2.8 0.6 0.5 
AI1-H9 0.2 -0.2 -0.3 0.9 0.8 0.7 
AL1-H10 0.2 -0.1 -0.3 1.0 0.8 0.7 
B4-H11 0.3 0.0 -0.2 1.0 1.2 1.1 
B4-H12 0.3 0.0 -0.2 0.9 1.1 1.0 
B4-H1 3 0.3 0.4 0.3 1.5 1.5 1.5 
B4-H14 0.3 0.3 0.3 1.5 1.5 1.5 
A13-B2-H6 -0.2 -0.2 -0.4 -0.2 L.9 
B2-A13-H5 2.5 0.2 0.0 2.8 0.9 0.6 
A13-B2-AI1 -1.1 -0 .8  -1.7 -1.3 -1.4 
B2-A13-B4 -1.1 -0.3 -0.3 -0.1 0.0 0.2 
A13-H12-B4 1.9 0.3 0.1 2.1 0.5 0.1 
A13-H11-B4 1.9 0.3 0.0 2.1 0.5 0.2 
H13-B4-H14 0.4 -0.2 -0.1 0.1 0.5 0.5 
A13-B4-H13 -0.1 -0.2 -0.3 0.8 0.5 0.4 
A13-B4-H14 -0.3 0.4 0.3 -1.0 -0.9 -0.9 
B2-H7-AI1 1.7 0.8 0.4 2.2 0.6 0.4 
B2-H8-AL1 1.3 0.8 0.4 1.9 0.7 0.4 
H9-AI1-H10 2.2 0.4 0.1 3.7 1.3 0.9 
B2-AI1-H9 -1.2 -0.4 -0.3 -2.0 -0.4 -0.2 
B2-AI1-H10 -1.1 0.1 0.4 -2.0 -0.9 -0.8 

St. Dev. (a) 1.2 0.2 0.1 1.0 0.4 0.4 
Average (a) 1.3 0.3 0.2 1.7 0.9 0.8 

(a) The standard deviation and average of the errors are calculated over 
absolute errors. 
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Figure 3.4.13: Displays the geometry of the b-1,3-Al2B2H10 (Cs) isomer optimised 
using 321G*/HW*  methods (bonds in Angstroms, angles in degrees). 
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Figure 3.4.14: Displays the geometry of the b-1,3-Al2B2H1O (Cs) isomer optimised 

using DZP/SBK**  methods (bonds in Angstroms, angles in degrees). 
H9  

1.566 
125.1 1.576 
126.2 119.8 

H10  119.41.773 

1.562 A 
1.781 

1.573 I  

115.2 2.174 - S 
114.4 ' 2.198 

- 1.284 DZP I 1.574 
89.2'.. - 1.300 SBK** t 1.582 
89.6 .. I 

S • 137.7 128.7 I 
135.0 128.6 

I 1.752 
S 

A 13 
1.762 

2.131 I 
S 

118.3 S 
118.8 

120.6 120.0 
S 2.208 

- 1.297 
%'2.227 

1.198 91.6'S 
- 1.311 

1.212 91.7 • 120.0 
118.3 

S 1.193 

11 B4 1.211 

119.5 H14  
120.6 120.5 

1.193 121.1 
1.211 H13  

111 



Table 3.4.8: Displays the relative % errors of pseudopotential values of the b-1,3-
Al2B2H10 (Cs) isomer against appropriate ab initio results. 

Parameters HW HW* H W * * SBK SBK SBK** 
Ga3-B2 0.1 0.3 0.4 -0.4 0.0 0.0 
Ga3-H5 -1.2 -0.9 -1.3 -0.1 0.1 -0.4 
Ga3-H11 -1.0 1.9 0.2 0.2 -0.2 
B2-H6 0.2 0.4 0.3 1.3 1.1 1.1 
B2-H7 0.0 0.1 -0.2 115 1.3 1.2 
Ga3-B4 0.2 -0.7 -1.2 1.3 0.9 0.4 
B2-Ga1 0.6 -0.5 -1.0 1.4 1.0 0.6 
Ga1-H7 -0.7 -1.8 0.0 -0.1 -0.4 
Ga1-H9 -1.3 -0.9 -1.3 -0.1 0.0 -0.5 
Ga1-H10 -1.2 -0.8 -1.2 -0.2 0.0 -0.5 
B4-H11 -0.1 -0.1 -0.4 1.3 1.3 1.2 
B4-H13 0.2 0.3 0.2 .1.5 1.6 1.6 
B4-H14 0.2 0.3 0.2 1.5 1.6 1.5 
Ga3-B2-H6 -0.6 -0.7 -0.8 0.4 1.5 1.4 
B2-Ga3-H5 0.7 -0.2 -0.5 1.1 0.8 0.6 
Ga3-B2-Ga1 0.2 1.4 1.5 -1.4 -2.7 -2.7 
B2-Ga3-B4 -1.2 -0.7 -0.6 -0.9 -0.7 -0.6 
Ga3-H12-B4 1.3 0.4 0.2 0.9 0.5 0.2 
H13-B4-H14 0.7 0.3 0.4 0.1 0.4 0.4 
Ga3-B4-H13 0.9 1.2 1.2 -0.4 -1.1 -1.0 
Ga3-B4-H14 -1.4 -1.5 0.3 0.7 0.6 
B2-H7-Ga1 1.4 0.6 0.3 1.2 0.8 0.6 
H9-Ga1-H1O 0.8 -0.7 -1.0 1.1 0.8 0.6 
B2-Ga1-H9 -1.2 0.5 0.6 -0.9 -1.0 -0.8 
B2-Ga1-H10 0.3 0.3 0.6 -0.3 0.1 0.1 

St. Dev. (a) 0.5 0.4 0.5 0.5 0.5 0.6 
Average (a) 0.7 0.7 0.8 0.8 0.8 0.8 

(c) The standard deviation and average of the errors are calculated over 
absolute errors. 
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Figure 3.4.15: Displays the geometry of the b-1,4-Al2B2H10 (C2) isomer optimised 
using 321G*/HW*  methods (bonds in Angstroms, angles in degrees). 
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Figure 3.4.16: Displays the geometry of the b-1,4-Al2B2H10 (C2) isomer optimised 
using DZP/SBK**  methods (bonds in Angstroms, angles in degrees). 
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Table 3.4.9: Displays the relative % errors of pseudopotential values of the b-1,4-
Al2B2H10 (C2) isomer against appropriate ab initio results. 

Parameters 11W HW* HW** SBK SBK* SBK** 
132-133 -0.1 0.3 0.5 0.7 
132-1-15 0.2 0.3 0.2 1.3 1.3  1.3 

132-1-111 0.6 0.1 -0.3 1.5 1.1 1.0 
82-1-112 0.6 0.0 -0.4 1.5 1.3 1.2 
132-AI1 3.1 0.4 -0.1 3.4 1.2 0.9 
All -I-Ill 2.3 0.2 0.1 1.9 0.7 0.6 
AI1-1-112 2.3 0.2 0.1 1.8 0.6 0.6 
All-1-113 0.3 -0,2 -0.3 1.0 0.8 0.7 
All-1-114 0.3 -0.2 -0.3 1.0 0.8 0.6 
132-133-1-16 0.9 -0.4 -0.5 0.8 1.0 0.9 
B2-B3-A14 -0.4 1.0 1.0 -0.7 -0.5 -0.4 
62-1-11 1-All 2.1 0.5 0.2 2.3 0.5 0.2 
132-1-112-All 1.9 0.4 0.0 2.3 0.5 0.2 
H13-AI1-H14 1.3 0.0 -0.2 2.9 1.2 0.9 
132-AI1-1-113 -0.6 0.2 0.3 -1.6 -0.8 -0.6 
132-AI1-1-114 -0.8 -0.3 -0.1 -1.5 -0.5 -0.4 

St. Dev. (c) 0.9 0.2 0.2 0.8 0.3 0.4 
Average (c) 1.1 0.3 0.3 1.6 0.9 0.7 

(a) The standard deviation and average of the errors are calculated over 
absolute errors. 

Figure 3.4.17: Displays the geometry of the b-1,4-Al2B2H10 (C2h) isomer optimised 
using 321G*/HW*  methods (bonds in Angstroms, angles in degrees). 
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Figure 3.4.18: Displays the geometry of the b-1,4-Al2B2H10 (C2h) isomer optimised 
using DZP/SBK**  methods (bonds in Angstroms, angles in degrees). 
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Table 3.4.10: Displays the relative % errors of pseudopotential values of the b-1,4- 
Al2B2H10 (C2h) isomer against appropriate ab initio results. 

Parameters HW HW* HW** SBK SBK* SBK** 
132-133 -0.1 0.4 0.6 1.1 1.2 
132-1-15 0.3 0.4 0.2 1.3 L. 2 .2 
B2-H11 0.6 0.1 -0.3 1.4 1.2 1.1 
132-AI1 3.2 0.4 0.0 3L. a LZ 0.9 
AI1-Hil 2.4 0.1 0.1 1.8 0.7 0.6 
AI1-1-113 0.3 -0.1 -0.3 1.0 0.8 0.6 
AI1-1-114 0.3 -0.2 -0.3 1.0 0.8 0.6 
132-133-1-16 0.9 0.1 0.0 0.9 0.8 0.7 
132-83-A14 -0.7 0.1 0.2 -1.1 -0.7 -0.7 
B2-H11-AI1 1.9 0.5 0.1 2.2 0.5 0.2 
H13-AI1-H14 1.2 0.1 -0.2 2.9 1.2 0.8 
132-AI1-1-113 -0.6 0.1 0.2 -1.3 -0.4 -0.2 
82-AI1-1-114 -0.8 -0.2 0.0 -1.9 -0.9 -0.7 

St. Dev. (a) 0.9 0.1 0.2 0.8 0.3 0.3 
Average (a) 1.0 0.2 0.2 1.6 0.9 0.7 

(a) The standard deviation and average of the errors are calculated over 
absolute errors. 
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Figure 3.4.19: Displays the geometry of the b-2,3-Al2B2H10 (C2) isomer optimised 
using 321G*/HW*  methods (bonds in Angstroms, angles in degrees). 
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Figure 3.4.20: Displays the geometry of the b-2,3-Al2B2H10 (C2) isomer optimised 
using DZP/SBK**  methods (bonds in Angstroms, angles in degrees). 
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Table 3.4.11: Displays the relative % errors of pseudopotential values of the b-2,3-
Al2B2H1O (C2) isomer against appropriate ab initio results. 

Parameters fiW HW* H W - SBK SBK* SBK** 

Al2-A13 0.3 0.8 0.9 0.8 0.7 0.8 
Al2-H5 0.2 -0.2 -0.3 0.7 0.6 0.5 
Al2-H1 1 2.4 0.2 0.1 2.2 0.8 0.7 
Al2-H12 2.2 0.0 0.0 2.1 0.8 0.7 
Al2-B1 gj 0.4 0.1 3.5 1.5 1.1 
B1-H11 0.5 0.1 -0.2 1.4 1.2 1.1 
B1-H12 0.6 0.2 -0.1 1.4 1.2 1.2 
B1-H13 0.2 0.3 0.2 1.2 1.4 1.3 
B1-H14 0.3 0.4 0.3 1.4 1.5 1.5 
Al2-A13-H6 1.7 0.0 -0.3 1.8 0.1 -0.2 
Al2-A13-B4 -0.9 0.7 0.8 0.6 1.8 2.0 
Al2-H11-B1 1.9 0.5 0.2 2.2 0.7 0.3 
Al2-H12-B1 1.8 0.4 0.1 2.1 0.7 0.3 
H13-B1-H14 0.7 0.0 0.1 0.7 0.7 0.7 
Al2-B1-H13 1.2 1.2 1.1 2.1 1.9 1.9 
Al2-B1-H14 -1.8 -1.1 Li. -2.6 

St. Dev. (a) 0.9 0.4 0.4 0.8 0.6 0.7 
Average (a) 1.2 0.4 0.4 1.7 1.1 1.1 

(a) The standard deviation and average of the errors are calculated over 
absolute errors. 

Figure 3.4.21: Displays the geometry of the b-2,3-Al2B2H10 (C2h) isomer optimised 
using 321G*/HW*  methods (bonds in Angstroms, angles in degrees). 
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Figure 3.4.22: Displays the geometry of the b-2,3-Al2B2H10 (C2h) isomeroptimised 
using DZP/SBK**  methods (bonds in Angstroms, angles in degrees). 
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Table 3.4.12: Displays the relative % errors of pseudopotential values of the b-2,3-
Al2B2H10 (C2h) isomer against appropriate ab initio results. 

Parameters HW HW* HW** SBK SBK* SBK** 
Al2-A13 0.2 9.7 0.8 0.7 0.6 0.7 
Al2-H5 0.3 -0.1 -0.3 0.8 0.6 0.5 
Al2-H11 2.3 0.1 0.1 2.2 0.9 0.8 
Al2-B1 0.4 0.0 3.4 1.4 1.0 
Bi-Hil 0.5 0.0 -0.2 1.3 1.1 1.1 
B1-H13 0.2 0.3 0.3 1.3 1.4 1.4 
B1-H14 0.4 0.3 0.3 1.4 1.5 1.5 
Al2-A13.H6 1.6 -0.1 -0.4 1.9 0.1 -0.1 
Al2-A13-B4 -1.0 0.5 0.7 0.3 1.5 1.6 
Al2-H12-B1 1.8 0.3 0.1 2.0 0.6 0.2 
H13-B1-H14 0.6 -0.1 0.0 0.6 0.6 0.6 
Al2-B1-H13 0.6 0.6 0.5 1.5 1.4 1.4 
Al2-B1-H14 1.2 -0.4 -0.5 -2.1 L1.9 1.9 

St. Dev. (a) 0.9 0.2 0.2 0.8 0.5 0.6 
Average (a) 1.1 0.3 0.3 1.5 1.1 1.0 

(a) The standard deviation and average of the errors are calculated over 
absolute errors. 

118 



The bis(diboranyl) structures tend to yield much more accurate pseudopotential 
geometry predictions, and the best results were given by isomers where aluminium 
interaction with other heavy atoms, particularly boron was at a minimum. In all 
cases the less symmetrical isomer of each pair of bis(diboranyl) structures produced 
errors of slightly greater magnitude than those of the lower symmetry, although the 
geometry predictions, and trends seen in the pair are very similar. The higher 
symmetry structure produces lower errors for two possible reasons, these being that 
the more rigid symmetry restraints tend to enforce less flexbility in the optimisation 
of the structure, and hence less variation in structure, and the second reason is that 
in the more symmetrical structures the number of differentiable bridging distances 
and angles is reduced, and since these are the regions of greatest error, their neglect 
would reduce errors. 

The HW*  improves results somewhat in all bis(diboranyl) structures over the HW 
values, so that they drop down to a standard deviation of only 0.2, and a average 
error of 0.3 % (a reduction to about one third the unpolarised value) for the b-2,3-
A12132H10 (C2h) isomer. None of the parameters possesses errors greater 0.7%, with 
the largest error being for the aluminium - aluminium distance in this molecule. 
The boron parameters are especially well improved over HW results. This 
improvement resulted from a decrease in almost all parameter sizes. Some 
parameters involving terminal hydrogen atoms are slightly less than their 
corresponding 321G*  values, since the greatest structurally influential area (in the 
bridging region) has decreased in size, in better agreement with DZP results. The 
average error in the frequencies also drops to an excellent value, and it remains only 
for the large frequencies to have problems. 

For the b-1,3-Al2B21-110 (Cl) isomer, HW*  induces a massive improvement over 
HW results, in which the average error is reduced from 1.3 % to 0.3 %. There are no 
errors over 1%, with the largest error being 0.8 % for the angle about the bridging 
hydrogen between All and B2. The only other areas where the errors are obviously a 
little larger than the norm are for boron to aluminium distances and the backbone 
angle All-132-A13, which is a little underestimated by the HW*  basis set (but not to 
the same extent it was in the HW set). In these calculations the parameters that 
involve direct heavy atom interaction, and also those between heavy atoms and 
terminal hydrogens are a little overestimated, while bonds including the bridging 
hydrogens are underestimated. The angles act to compensate for this behaviour in 
exactly the opposite manner. This massive improvement is also exhibited in the 
frequencies, where the average error has dropped to the lowest yet seen (7 cm-i). 

A similar improvement was exhibited in the b-1,4-Al2B2H10 isomers, with all errors 
now being under 0.5 % (average error 0.2 %), the lowest error seen in the 
bis(diboranyl) structures. This can be attributed to complete lack of direct 
aluminium-heavy atom interaction. The smallest error in the HW*  set belonged to 
the bridging hydrogen angle about the boron and aluminium atoms as usual, 
followed, as expected, by all boron parameters since this atom is not as well able to 
"cover up" as the aluminium atom, since no polarisation is added for boron. The 
aluminium polarisation functions have the effect of reducing bridging parameters 
quite significantly, and the boron atoms, to adjust also improve a little. The 
backbone angles have increased a little from their HW values, to bring them into 
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better agreement with the 321G*  results, while all other variables have decreased 
slightly. They are still generally larger than the 321G*  values, except for the 
aluminium to terminal hydrogen distances which were reduced to less than the ab 
initio value. The error for these results are lower than those for the SBK**  results 
which, as are all sets with the exception of the b-1,2-Al2B2H10 (C2h) isomer, which 
displays that the HW*  is much better than the SBK**  results for this molecule. This 
fits with geometry predictions results, unlike the A1B3H10 case, where the SBK 
systematic errors in the boron atom tended to allow better frequency predictions. 

The b-1,2-Al2B2H10 isomers show similar errors to the above molecules despite the 
aluminium-boron bond, with an average of 0.3 %. All errors have been brought 
down to less than 1 % with the largest error being 0.8% for the backbone angle 
involving the two boron atoms. The other areas of largest deviancy are also for 
boron parameters. The d-function has its main effect in decreasing the magnitude of 
the aluminium dimer section. The Cl and Cs isomers very closely resemble one 
another, with the more symmetrical of the two species being more expanded about 
the terminal parameters. The greatest frequency errors were issued for this 

geometry, as expected with an average error of 16 cm 1. As usual all problems were 
located about underestimation of stretching frequencies. 

In the b-2,3-Al2B2H10 (C2h) isomer the trend for the bis(diboranyl) structures to be 
more in agreement with the ab initio basis sets is only exhibited in the HW results. 
Clearly, the SBK set has some trouble estimating central interacting positions. The 
average error in the HW basis set is 1.1 %, with the largest error being for the 
distance between the aluminium and boron atoms, followed by "backbone" angles. 
All other differences are reasonable, with the boron parameters tending to be 
slightly more overestimated than those for aluminium (perhaps due to the lesser 
geometrical constraints in this position). The HW set overestimates all parameters 
slightly, except those involving boron and terminal hydrogens. All methods, for 
this isomer show an imaginary frequency between 2 and 16 cm-1, thus it is 
surprising the geometry is so well reproduced for such an unstable conformer. The 
agreement between the HW and 321G*  frequencies is not so good (Av. Error. 35 
cm-i) which is probably because we are dealing with a transition structure. Thus its 
position in the stability series must be enough to offset any uncertainty surrounding 
transition structures. Many of the erroneous frequencies are central to the list, 
although there is also a small section about 2000 cm-i which shows very large errors 
(up to 114 cm-i). For all bis (diboranyl) structures using the HW basis frequencies 
were underestimated. 

The b-1,3-Al2B2H10 molecules also produced large errors in the unpolarised basis 
sets, with the largest error in the HW calculation being 3.6 % for the aluminium to 
bridging hydrogen distance which was grossly overestimated. Likewise, the 
aluminium to boron distances were in error by more than 3%, also quite severely 
overestimated. As usual, all parameters tended to be overestimated except for the 
backbone angles (doubtless, to combat the looseness of the rest of the structure) and 
some boron to terminal hydrogen angles. The boron in the bridging position is 
particularly well represented. 
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The HW results for b-1,2-Al2B2H10 produce a quite reasonable geometry predictions, 
with the largest error being 4.0 % for the aluminium-aluminium distance, which 
was overestimated by over 0.1 A, indicating that the aluminium polarisation is 
necessary for accurate structure determination. Most other parameters experience 
errors of less than 1 %, except for those involving the central aluminium atom 
(which are frequently found to be above 2 %). Most parameters are overestimated 
except those involving boron-bridging hydrogen distances and terminal aluminium 
angles. 

Finally, the HW**  basis gives results in even greater agreement with the 321G* 
results, with a mean of 0.3 % for b-2,3-Al2B2H1O (C2). Thus, it is quite clear that the 
hydrogen polarisation has little effect on geometry beyond improving terminal 
hydrogen representation slightly, and so is not important. 

Errors in frequencies still followed trends set in the HW*  results for this basis, 
although errors doubled, bringing frequencies more into agreement with 
underestimated DZP frequencies. 

Using the SBK**  basis set, results were generally reasonable issuing values that were 
not in such good agreement as the HW*/321G*  results, due to the greater difference 
in basis set, particularly with regards to boron. The SBK**  results showed an almost 
insignificant improvement over SBK*  results, such as in the b-2,3-Al2B2H10 (C2) 
molecule where the error remained static at 0.8 %. The errors for the various 
molecules range between 0.7 % and 1.1 %. The largest error of 1.1 % was issued for 
the b-2,3-Al2B2H10 (C2) isomer, which indicates that the SBK**  basis does not as 
accurately represent aluminium-aluminium interaction as it does aluminium-
boron. This is in accordance with arachno results, and it is not the aluminium-
aluminium distances that present the greatest errors (although these distances are a 
little overestimated) but the aluminium-boron distance which is overestimated 
from the DZP value by about 1.1 %. Thus the terminal boron position appears to 
present some problem for boron representation. Since we know that the boron atom 
is not well estimated by the SBK method, this is not surprising. 

The SBK**  method showed almost all parameters to be in error by less than 1 %, 

with the exception, of course of the boron-hydrogen distances which were as usual 
overestimated. Also backbone angles tended to show large errors, being 
underestimated by about 1 %, especially is a boron atom is the pivot about which the 
angle is located. The b-1,3-Al2B21410 isomers show the greatest errors about the 
bridging regions, since it involves maximum interaction of aluminium and boron 
in all directions. The b-1,4-Al2B2H10 results for the SBK**  set tend to overestimate 
the central boron-boron distance (by 1.3 % for the C2 enantiomer). This is to be 
expected since the SBK method does not well approximate boron. Strangely, the 
unpolarised SBK results estimate the distance well and the HW' basis set actually 
better approximates the DZP boron-boron distance than does the SBK**  set. Clearly, 
the polarisation function on boron is not advantageous when two boron atoms are 
interacting (allowing overgreat repulsion), while being needed for aluminium-
boron interaction. 

121 



For the SBK basis set we see the trend we are familiar with in that the SBK is 
decidedly less accurate in representing the DZP basis than the HW set is in 
representing the 321G*  basis and errors are larger than similar errors shown for the 
a-2,4-Al2B2H10 isomer. However, the errors in this molecule for the SBK series, 
while being larger, are still entirely acceptable. As in the HW set, the largest 
percentage difference from the DZP calculations, in the SBK values, was for the 
aluminium-boron distance, followed by angles where aluminium interaction with 
heavy atoms is quite significant. As per usual the ECP set overestimates the 
distances, and so we can assume, by now, that for this class of molecules, the ECP 
does not calculate a core with too strong a charge for attractive interaction, or else 
the ab initio basis sets slightly overestimate repulsive interactions. The fault is more 
likely, but not certainly, to be found in the ECP. The frequency error analysis shows a 
lower average error (32 cm-1 for b-2,3-A121321-110 (C2)) than did the corresponding HW 
set, and so it seems once again that a systematic error is being indicated. The sections 
where the frequencies are badly underestimated are mainly in the stretching 
regions, so it seems the structural framework suffers less. 

The unpolarised SBK for b-1,3-Al2B2H10 (Cl) results gave a mean error of 1.7 %, and 
the largest error value (of 3.7 %) was in the terminal aluminium atom angle about 
the terminal hydrogens. Several other errors of this magnitude also occurred, 
especially in the direct aluminium to boron distances in the two dimer type groups, 
although the bond joining these two sections was well represented. The terminal 
aluminium to bridging hydrogen atoms also caused some problems as did the 
terminal boron atom. All bond distances were overestimated, and to compensate 
many of the angles were underestimated. The frequency calculation yields an 
analysis much like that in previous unpolarised SBK cases, with a large average 
error of 32 cm-1, and with particularly large errors around about 1500 cm-1, due to 
underestimation by the SBK set. 

The SBK results for b-1,4-Al2B2H10 are also better than they have been in previous 
molecules, with the average error being 1.6 %• The largest error is 3.3 % for the 
boron to aluminium distance. The other large errors are in the boron parameters, 
and the bridging geometric variables. 

The errors for b-1,2-Al2B2H10 are not too high, but are not as low as previous 
examples. It is interesting to note that the SBK values more closely approach the 3-
21G* values than do the HW parameters, for boron parameters (probably due to 
their more accurate representation in the SBK set, and also the exageratedly large 
aluminium parameters which would consequently reduce the boron parameters), 
for which the SBK set would naturally be smaller due to the smallness of the DZP 
geometry here, compared to the 321G*  geometry. The largest errors were in the 
aluminium-aluminium distance, at 4 %, and all bridging parameters were 
unacceptably large, particularly about the central aluminium atom, which is affected 
by the neighbouring boron atom. 

Adding polarisation here, improves the results, but not to nearly the same extent it 
did in the HW series. The d-polarisation function addition transfers the problem 
areas to the boron atom, with errors up to 1.9 % about this atom for the b-2,3- 
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Al2B2H10 molecule. The d-polarisation causes an overall contraction of the 
structure, particularly about the Al-B bond. However this contraction really needs to 
be taken a bit further since the geometry is still not as small as in the DZP basis. 
Molecules with bridging boron atoms showed greater average errors, such as the b-
1,3-Al2B2H10 at 0.9 %. D-polarisation generally decreased SBK errors from the 
unpolarised values by about half, but errors were still larger than those in the 
corresponding HW*!321G*  comparisons. The polarisation yielded excellent results 
about the aluminium atom, but was still not adequate on the boron atom. Most 
distances were still slightly overestimated. 

The DZP basis set itself, presents smaller parameter values than the 321G*  basis set 
in the aluminium related parameters and larger values in the boron related 
parameters, and thus the HW method shows some success in emulating this, since 
it tends to underestimate parameters when compared to the 321G*  method. The 
difference in frequencies between the two predicted ab initio geometries averages to 
an absolute value of 17 cm-1  for b-2,3-A121321110 (C2h), a not especially accurate value 
compared to the differences exhibited by the pseudopotential results, even when the 
different polarisations are taken into account. The 321G*  frequencies tended to 
possess the greater values, and the main differences were in values of greater than 
1000 cm-1. Without fail the ab initio differences in the frequency comaprisons is 
greater than those witnessed for best "ab/pseudo" comparisons. It can be noted, 
however, that the difference between the "ab/ab" and "ab/pseudo" results is not as 
great as that witnessed in the A13BH10 molecules, which is only too natural 
considering that the ab initio basis sets differ most substantially with how they treat 
the boron atom, and since we have less boron atoms in the Al2B2H10 molecules, the 
difference between ab initio basis sets is reduced. 

When compairing a pair of isomers, structurally the same, differing only in 
symmetry, the 321G*  basis in the less symmetrical isomer of a pair tends to be a 
little longer around the bridging parameters, and more "open" due to the greater 
repulsion experienced by the groups since they are much closer in this conformer. 
The parameters incorporating terminal hydrogens tend to be a little shorter in the 
less symmetrical isomer, and longer in the bridging parameters, and this is seen for 
all the basis sets examined, and the direct heavy atom interactions are longer in this 
isomer, due to its twist angles and the shorter bridging hydrogen distances. The 
pseudopotential basis set geometries tend to approach one another for the separate 
enantiomers more closely than do the ab initio basis sets. It seems the me that 
pseudopotential basis sets are allowing the C2 isomer to converge to the C2h 
geometry, although it never actually quite reaches it at this level of theory. 

For "ab/ab" comparisons, we find in the general way that parametes tend to be 
greater in the 321G*  basis set, with a few notable exceptions - the DZP basis is more 
likely to bear larger boron-hydrogen distances (particularly terminal hydrogens) in 
accordance with SBK**  results (although the SBK**  method exaggerates this trait far 
too much). Also, as is exhibited with the SBK**  method, the DZP basis produces the 
larger backbone angle if the angle is pivoted about a boron atom. Angles through 
terminal hydrogen atoms tend to be greater in the in molecules for terminating 
aluminium atoms, but not so for terminal boron atoms. The central boron-boron 

123 



distance in b-1,4-Al2B2H 10 is longer in the DZP values, since the more accurate 
charge distribution with hydrogen polarisation tends to increase the boron charge, 
resulting in the greater distances, rather than decrease it as it does when the boron is 
in a terminal position. Likewise, we see a similar situation about the aluminium-
aluminium distance in b-2,3-Al2132H10. All these differences are in accordance with 
SBK** results when compared to HW*  results, it is only that the SBK method tends 
to exagerate such results by assigning the boron atom greater charge (perhaps due to 
an ECP that does not correctly exert core effects on the valence electrons) than it 
should otherwise have. 
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(b) Digallatetraborane - GaBHjj 

Table 3.4.13: The relative energies (in kcal/mol) for the Ga2B2H10 isomers using 

various basis sets. 

Isomer 321G* DZP SBK 11W 
b-2,3-Ga2b2Hi0 (C2) -23.54615 -23.54295 -22.14948 -24.38636 
b-2,3-Ga2B2H10 (C2h) -23.28199 -23.21183 -21.85881 -24.40895 
a-2,4-Ga2B2H10 -14.98620 -17.06236 -17.43681 -16.75145 
b-1,3-Ga2B2Hi0 (Cl) -11.97978 -14.57738 -14.67031 -15.03640 
b-1,3-Ga2B2Hi0 (Cs) -11.35020 -13.92188 -13.79205 -14.29757 
a-1,3-Ga2B2H10 -7.89266 -4.06177 -4.12983 -8.04637 
b-1,2-Ga2B2H10 (Cl) -4.59176 -10.47557 -8.74379 -10.36785 
b-1,2-Ga2B2Hi0 (Cs) -4.36047 -10.31153 -8.35279 -10.30121 

b-1,4-Ga2B2H10 (C2h) -3.72653 -8.72141 -9.39050 -8.38316 
b-1,4-Ga2B2 H10 (C2) -2.89979 -7.99108 -8.41014 -7.76569 
a-1,2-Ga2B2H10 0.00000 0.00000 0.00000 0.00000 

Isomer SBK* HW* SBK** H W * * 
b-2,3-Ga2b2H10 (C2) -22.78069 -24.13730 -22.56608 -25.57681 
b-2,3-Ga2B2H10 (C2h) -22.46593 -23.99931 -22.22685 -25.41171 

a-2,4-Ga2B2H10 -16.69792 -18.79801 -17.12118 -18.17867 
b-1,3-Ga2B2H10 (Cl) -14.02015 -16.13184 -14.15136 -25.41171 

b-1,3-Ga2B2H10 (Cs) -13.17100 -15.50471 -13.34432 -16.45539 

a-1 ,3-Ga2B2H10 -5.64602 -4.60517 -4.74755 -4.74968 

b-1,2-Ga2B2H10 (Cl) -10.84388 -8.11521 -10.94955 -10.17884 
b-1,2-Ga2B2Hi0 (Cs) -10.34520 -8.05867 -10.45903 -10.08490 
b-1,4-Ga2B2H10 (C2h) -8.79079 -11.27134 -9.33930 -11.02780 
b-1,4-Ga2B2 H10 (C2) -5.42514 -10.89860 -8.34588 -10.63937 
a-1 ,2-Ga2B2H10 0.00000 0.00000 0.00000 0.00000 

Isomer -SBK SBK* SBK** 
b-23-Ga2b2H10 (C2) -15.49398 -23.42771 -23.29493 
b-2,3-Ga2B2Hi0 (C2h) -23.70664 -23.28929 -23.13768 
a-2,4-Ga2B2H10 -18.16567 -18.90588 -19.28276 
b-1,3-Ga2B2H10 (Cl) -16.10530 -15.10103 -15.22333 
b-1,3-Ga2B2Hi0 (Cs) -15.49398 -14.38718 -14.73770 
a-1 ,3-Ga2B2Hi0 -5.31896 -5.02221 -4.22892 
b-1,2-Ga2B2H10 (Cl) -10.20564 -10.99881 -10.92169 
b-1,2-Ga2B2H10 (Cs) -10.00496 -10.71386 -10.64320 
b-1,4-Ga2B2Hi0 (C2h) -9.47427 -10.06137 -10.56131 
b-1,4-Ga2B2 H10 (C2) -8.42784 -9.14038 -9.62186 
a-1 ,2-Ga2B2H1 0 0.00000 0.00000 0.00000 

Table 3.4.13 displays the energies obtained for the Ga2B2H10 via the various basis 
sets employed in this study. The ab initio basis sets predict a stability order in 
complete agreement with that calculated by Duke et al. [43]. The b-2,3-Ga2B2H10 
isomer, being the most stable species shows the greater eminence the direct gallium 
interaction possesses over steric considerations (where if it were singly considered 
would favour a structure with the gallium atoms placed as far apart as possible). The 
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stability order would also suggest that the borons do not favour bonding directly to 
one another, being so small and consequently not very polarisable. This suggestion 
might appear to be refuted by the a-2,4-Ga2B2H10 isomer being the third most stable 
of this series of 11 isomers, but I believe this is not the case, since obviously in a 
molecule with such a rigid structure, steric considerations would rise to the fore, 
and bury the tendency of the boron atoms to avoid direct interaction. 

The b-1,3-Ga2B2H10 structure appears to be the next most stable species, and this also 
supports the above proposal, since the aversion the boron atoms possess to direct 
interaction, evens seems to outweight the apparent predilection the gallium atoms 
have for one another. Also, as is usually the case (in all isomers except the b-1,4-
Ga2B2H10 pair) the least symmetrical of the pair of geometrical isomers tends to be 
the lowest in energy. Clearly, the lower symmetry structure allows greater freedom 
in avoiding structures that increase repulsive liaisons. 

The 321G*  basis set yields the a-1,3-Ga2B2H10 geometry to be the next in the stability 
series, and so displays the attraction of the gallium atoms that favours Gallium-
Gallium bonds and overcomes such strong steric factors that would exist in the 
arachno structure. This is not the case in the DZP predictions where the a-1,3-
Ga2B2H10 molecule is predicted the second least stable. Clearly, when boron 
polarisation is also included in the calculation, the effect is to increase the repulsive 
effects that such a structure must possess, so that they outweigh the gallium 
attractions. 

The b-1,2-Ga2B2H10 structure is the next stablest, and shows yet again that direct 
gallium interaction is favoured over and above expected steric considerations, for 
how else could this geometry be more favoured than the b-1,4-Ga2B2H10 structure? 
The gallium-boron interaction is clearly very favoured in the bis(diboranyl) 
structures. Finally, the most unstable of the series (as it also was in the aluminium 
case) is the a-1,2-Ga2B2H10 isomer which combines a sterically strained, rigid 
structure with no direct gallium interactions to achieve this result. The ordering in 
the arachno structures indicates that the gallium-gallium bond is favoured over the 
gallium-boron bond. 

The unpolarised SBK set places the a-1,3-Ga2B2H10 isomer as the second least stable 
structure, and indicates that the ECP favours gallium-gallium interaction over 
gallium-boron interaction, and so this ordering might be responsive to the basis set 
itself rather than polarisation. Perhaps, too, the lack of polarisation on the boron 
atom in 321G*  calculations allows greater stability of the gallium-gallium bond 
relative to the gallium-boron bond and hence the observed stability ordering. 
Another anomaly the SBK set produces is the prediction of the b-1,4-Ga2B2H10 
structures as more stable than the b-1,2-Ga2B2H10 isomers. This would suggest that 
the lack of polarisation disfavours boron-boron bonds, which is understandable 
since it has been established that boron polarisation is important in such situations. 
In truth, the two are so close in energy predicted that is is not as disconcerting as it at 
first seems, and it is quickly righted via the addition of polarisation functions to the 
heavy atoms. 
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The unpolarised HW set also predicts some unusual results, in that the pair of b-2,3-
Ga2B2H10 isomer stabilities are predicted back-to-front. However, the difference is so 
small I don't think this result is significant. Like the SBK set it also predicts the a-1,3-
Ga2B2H10 isomer as the second least stable showing that the HW ECP also 
overestimates repulsive interactions as does the SBK. The addition of polarisation 
functions produces some spurious results, since the b-1,4-Ga2B2Hio isomers are 
predicted lower in energy than are the b-1,2-isomers (once again because lack of 
boron polarisation "unbalances" results). It would seem that the polarisation 
addition increases some of this repulsive interaction between heavy atoms so that 
the least sterically hindered structure of the two, b-1,4-Ga2B2H10 is favoured, and 
this overcomes the natural tendency of the boron atoms to avoid bonding directly. 

The frequency calculations indicate that only the b-2,3-Ga2B2H10 (C2h) is predicted by 
all methods to be a transition state. The numerical methods, as usual, make some 
blunders, and the HW method for the b-1,3-Ga2B2H10 (Cs) methods predicts a 
transition state, while the SBK method similarly predicts a transition state for the b-
2,3-Ga2B2Hio (C2) isomer. That the numerically calculated frequencies are bound to 
be less accurate than the ab initio analytic frequencies, we can safely disregard these 
predictions of the pseudopotentials. 

Figure 3.4.23: Displays the geometry of the b-1,2-Ga2B2H10 (Cl) isomer optimised 
using 321G*/HW*  methods (bonds in Angstroms, angles in degrees). 
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Figure 3.4.24: Displays the geometry of the b-1,2-Ga2B2H10 (Cl) isomer optimised 
using DZP/SBK** methods (bonds in Angstroms, angles in degrees). 
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Table 3.4.14: Displays the relative % errors of pseudopotential values of the b-1,2-
Ga2B2Hio (Cl) isomer against appropriate ab initio results. 

(a) HW and SBK analysis of the b-1,2-Ga2B2H10 (Cl) isomer 

Parameters HW HW* HW** SBK SBK* SBK** 
Ga2-B3 0.4 0.4 0.5 -0.5 -0.2 -0.2 
Ga2-H5 -1.2 -0.8 -1.2 -0.1 0.0 -0.5 
Ga2-H11 -0.6 -1.2 J.A -0.2 0.1 -0.3 
Ga2-H12 -0.9 -1.2 1.4 0.0 0.3 0.0 
B3-H6 0.3 0.4 0.3 1.1 1.1 1.0 
B3-H7 -0.3 0.0 -0.7 1.9 1.2 1.2 
B3-H8 -0.3 0.0 -0.6 2.0 1.4 1.3 
Ga2-Ga1 1.6 0.0 -0.3 0.1 0.1 -0.3 
B3-B4 -0.1 0.1 -0.6 3.4 1.7 1.4 
B4-H7 0.0 -0.2 -0.5 1.7 1.3 1.3 
B4-H8 0.0 -0.1 -0.5 1.6 1.2 1.2 
B4-H9 0.3 0.3 0.3 1.2 1.3 1.3 
B4-H10 0.3 0.3 0.3 1.3 1.4 1.4 
Ga1-H11 -0.9 -1.1 -1.3 0.0 0.2 -0.1 
Ga1-H12 -0.7 -1.1 -1.2 -0.3 -0.1 -0.4 
Ga1-H13 -1.3 -0.9 -1.3 -0.1 0.0 -0.5 
Ga1-H14 -1.3 -0.9 -1.3 -0.1 0.0 -0.5 
Ga2-B3-H6 -1.3 -0.8 -1.1 1.3 1.6 1.5 
B3-Ga2-H5 1.1 -0.4 -0.6 0.9 1.0 0.8 
Ga2-B3-B4 1.3 1.0 1.1 -1.4 LJ. 
B3-Ga2-Ga1 -0.2 0.5 0.6 -0.3 -0.3 -0.2 
Ga2-H12-Ga1 3.3 1.5 .1.4 0.4 -0.1 -0.2 
Ga2-H11-Ga1 3.2 1.5 1..4 0.4 -0.1 -0.2 
H13-Ga1-H14 1.5 0.2 0.0 0.5 0.3 0.3 
Ga2-Ga1-H13 -0.4 0.0 0.1 -0.1 0.0 0.0 
Ga2-Ga1-H14 -1.3 -0.3 -0.1 -0.4 -0.4 -0.3 
B3-H7-B4 0.1 0.3 0.0 2.0 0.5 0.3 
B3-H8-B4 0.1 0.3 0.0 2.0 0.5 0.3 
H9-B4-H10 0.0 0.0 0.0 0.6 0.5 0.4 
B3-B4-H9 -0.1 0.0 -0.1 -0.5 -0.6 -0.6 
B3-B4-H10 0.1 0.0 0.1 -0.1 0.1 0.3 

St. Dev. (a) 0.8 0.5 0.5 0.8 0.6 0.5 
Average (a) 0.8 0.5 0.7 0.9 0.6 0.7 
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(b) SBK and -SBK analysis of the b-1,2-Ga2B2Hio (Cl) isomer 

Parameters M -SBK (b) SBK* .SBK* (b)  SBK** SBK** (b) 
Ga2-B3 -0.5 -1.1 -0.2 -0.2 -0.2 -0.2 
Ga2-H5 -0.1 -0.6 0.0 0.0 -0.5 -0.5 
Ga2-H11 -0.2 -1.3 0.1 -0.9 -0.3 -1.2 
Ga2-H12 0.0 -1.0 0.3 -0.6 0.0 -0.9 
B3-H6 1.1 1.2 1.1 1.2 1.0 1.2 
B3-H7 1.9 1.7 1.2 1.3 1.2 1.2 
B3-H8 2.0 1.7 1.4 1.3 1.3 1.2 
Ga2-Ga1 0.1 0.0 0.1 -0.9 -0.3 -1.2 
B3-B4 3.4 2.3 1.7 1.4 
B4-H7 1.7 1.7 1.3 1.2 1.3 1.1 
B4-H8 1.6 1.8 1.2 1.2 1.2 1.2 
B4-H9 1.2 1.2 1.3 1.3 1.3 1.3 
B4-H10 1.3 1.3 1.4 1.5 1.4  1.5 

Gal-Hil 0.0 -1.1 0.2 -0.5 -0.1 -0.8 
Ga1-H12 -0.3 -1.3 -0.1 -0.8 -0.4 -1.0 
Ga1-H13 -0.1 -0.6 0.0 0.0 -0.5 -0.4 
Ga1-H14 -0.1 -0.6 0.0 0.0 -0.5 -0.4 
Ga2-B3-H6 1.3 0.4 1.6 1.3 1.5 1.1 
B3-Ga2-H5 0.9 1.1 1.0 0.0 0.8 -0.1 
Ga2-B3-B4 -1.4 -0.5 -2.0 -1.2 -2.1 -1.3 
B3-Ga2-Ga1 -0.3 -0.2 -0.3 0.2 -0.2 0.3 
Ga2-H12-Ga1 0.4 1.5 -0.1 -0.2 -0.2 -0.4 
Ga2-H11-Ga1 0.4 1.6 -0.1 -0.2 -0.2 -0.3 
H13-Ga1-H14 0.5 1.0 0.3 0.0 0.3 -0.2 
Ga2-Ga1-H13 -0.1 -0.5 0.0 0.0 0.0 0.1 
Ga2-Ga1-H14 -0.4 -0.6 -0.4 0.0 -0.3 0.1 
B3-H7-84 2.0 2.0 0.5 0.7 0.3 0.4 
B3-H8-B4 2.0 1.9 0.5 0.7 0.3 0.4 
H9-B4-H10 0.6 0.6 0.5 0.4 0.4 0.3 
B3-B4-H9 -0.5 -0.4 -0.6 -0.3 -0.6 -0.3 
B3-B4-H10 -0.1 -0.2 0.1 -0.1 0.3 -0.1 

St. Dev. (a) 0.8 0.7 0.6 0.5 0.5 0.5 
Average (a) 0.9 1.1 0.6 0.7 0.7 0.7 

The standard deviation and average of the errors are calculated over 
absolute errors. 
-SBK denotes the small SBK results (ECP removes 28 core electrons from 
gallium) 
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Figure 3.4.25: Displays the geometry of the b-1,2-Ga2B2H10 (Cs) isomer optimised 
using 321G*/HW*  methods (bonds in Angstroms, angles in degrees). 
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Figure 3.4.26: Displays the geometry of the b-1,2-Ga2B2H10 (Cs) isomer optimised 
using DZP/SBK**  methods (bonds in Angstroms, angles in degrees). 
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Table 3.4.15: Displays the relative % errors of pseudopotential values of the b-1,2-
Ga2B2H10 (Cs) isomer against appropriate ab initio results. 

(a) I-lW and SBK analysis of the b-1,2-Ga2B2H10 (Cs) isomer 

Parameters HW HW* H W * * SBK SBK* SBK** 

Ga2-B3 0.4 0.3 0.4 -0.6 -0.2 -0.1 
Ga2-H5 -1.2 -0.9 -1.2 -0.1 0.0 -0.5 
Ga2-H11 -0.9 -1.1 :1..4 -0.2 0.2 -0.2 
B3-H6 0.3 0.3 0.3 1.1 1.1 1.0 
B3-H7 -0.2 0.0 -0.6 2.0 1.4 1.4 
Ga2-Ga1 1.5 0.0 -0.3 0.1 0.1 -0.3 
B3-B4 -0.1 0.1 -0.6 3.5 1.8 1.6 
B4-H7 -0.1 -0.2 -0.6 1.6 1.2 1.3 
B4-H9 0.3 0.3 0.3 1.2 1.4 1.4 
B4-H10 0.3 0.3 0.3 1.3 1.5 1.5 
Ga1-H11 -0.8 -1.1 -1.3 -0.2 0.1 -0.3 
Ga1-H13 -1.3 -1.0 -1.3 -0.1 0.0 -0.5 
Ga1-H14 -1.3 -0.9 -1.3 -0.1 0.0 -0.5 
Ga2-B3-H6 -1.2 -0.7 -0.9 1.4 1.8 1.8 
B3-Ga2-H5 1.0 0.1 -0.1 0.0 0.1 0.0 
Ga2-B3-B4 1.0 0.9 0.8 -1.7 
B3-Ga2-Ga1 -0.2 0.0 0.0 0.1 0.1 0.3 
Ga2-H11-Ga1 3..2 1.5 1.4 0.4 -0.1 -0.2 
H13-Ga1-H14 1.6 0.3 0.1 0.5 0.3 0.3 
Ga2-Ga1-H13 -0.3 0.3 0.3 -0.5 -0.2 -0.3 
Ga2-Ga1-H14 -1.4 -0.6 -0.5 -0.1 -0.1 0.0 
B3-H7-B4 0.1 0.3 0.0 2.1 0.6 0.3 
H9-B4-H10 -0.1 -0.1 -0.1 0.5 0.4 0.3 
B3-B4-H9 -0.3 0.1 -0.1 -0.6 -0.8 -0.7 
B3-B4-H10 0.4 0.0 0.3 0.1 0.4 0.4 

St. Dev. (a) 0.7 0.4 0.5 0.9 0.7 0.7 
Average (a) 0.8 0.5 0.6 0.8 0.7 0.7 
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(b) SBK and -SBK analysis of the b-1,2-Ga2B2H10 (Cs) isomer 

Parameters SBK -SBK (b) SBK -  SBK* (b) SBK** SBK** (b) 
Ga2-83 -0.6 -1.1 -0.2 -0.2 -0.1 -0.2 
Ga2-H5 -0.1 -0.7 0.0 -0.1 -0.5 -0.5 
Ga2-H11 -0.2 -1.1 0.2 -0.7 -0.2 -1.0 
B3-H6 1.1 1.2 1.1 1.2 1.0 1.2 
B3-H7 2.0 1.8 1.4 1.4 1.4 1.3 
Ga2-Ga1 0.1 0.0 0.1 -0.8 -0.3 -1.2 
B3-B4 1.5 IA 1.8 1..9 1.6 1.6 
B4-H7 1.6 1.6 1.2 1.2 1.3 1.2 
B4-H9 1.2 1.2 1.4 1.4 1.4 1.4 
B4-H10 1.3 1.3 1.5 1.4 1.5 1.4 
Ga1-H11 -0.2 -1.1 0.1 -0.7 -0.3 -0.9 
Ga1-H13 -0.1 -0.6 0.0 0.0 -0.5 -0.4 
Ga1-H14 -0.1 -0.6 0.0 0.0 -0.5 -0.4 
Ga2-B3-H6 1.4 0.6 1.8 1.5 1.8 1.5 
B3-Ga2-H5 0.0 0.7 0.1 -0.5 0.0 -0.6 
Ga2-B3-B4 -1.7 -1.3 -1.8 119 
B3-Ga2-Ga1 0.1 0.2 0.1 0.5 0.3 0.5 
Ga2-H11-Ga1 0.4 1.5 -0.1 -0.2 -0.2 -0.4 
H13-Ga1-H14 0.5 1.0 0.3 -0.2 0.3 -0.1 
Ga2-Ga1-H13 -0.5 -0.3 -0.2 -0.1 -0.3 0.0 
Ga2-Ga1-H14 -0.1 -0.8 -0.1 0.3 0.0 0.2 
B3-H7-B4 2.1 2.0 0.6 0.8 0.3 0.5 
H9-B4-H10 0.5 0.6 0.4 0.4 0.3 0.3 
B3-B4-H9 -0.6 -0.8 -0.8 -0.7 -0.7 -0.7 
B3-B4-H1O 0.1 0.2 0.4 0.3 0.4 0.4 

St. Dev. (a) 0.9 0.7 0.7 0.6 0.7 0.5 
Average (a) 0.8 1.0 0.7 0.7 0.7 0.8 

The standard deviation and average of the errors are calculated over 
absolute errors. 
-SBK denotes the small SBK results (ECP removes 28 core electrons from 
gallium) 
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Figure 3.4.27: Displays the geometry of the b-1,3-Ga2B2Hio (Cl) isomer optimised 
using 321G*/HW*  methods (bonds in Angstroms, angles in degrees). 
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Figure 3.4.28: Displays the geometry of the b-1,3-Ga2B2H10 (Cl) isomer optimised 
using DZP/SBK**  methods (bonds in Angstroms, angles in degrees). 
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Table 3.4.16: Displays the relative % errors of pseudopotential values of the b-1,3-
Ga2B2Hio (Cl) isomer against appropriate ab initio results. 

(a) HW and SBK analysis of the b-1,3-Ga2B2H10 (Cl) isomer 

Parameters HW HW* HW** SBK SBK* SBK** 
Ga3-B2 0.0 0.3 0.3 -0.4 0.0 0.0 
Ga3-H5 -1.2 -0.9 -1.2 -0.2 0.0 -0.5 
Ga3-H11 -0.8 -2.0 0.3 0.2 -0.1 
Ga3-H12 -1.0 0.4 0.3 -0.1 
B2-H6 0.2 0.4 0.3 1.2 1.0 1.0 
B2-H7 -0.1 0.1 -0.3 1.4 1.1 1.1 
B2-H8 0.0 0.1 -0.2 1.4 1.2 1.2 
Ga3-B4 0.3 -0.9 -1.4 1.4 1.0 0.5 
B2-GA1 0.5 -0.6 -1.2 1.6 1.0 0.6 
Ga1-H7 -0.6 -1.5 -1.8 0.0 0.2 -0.2 
Ga1-H8 -0.4 -1.4 -1.8 0.1 0.0 -0.3 
Ga1-H9 -1.3 -0.9 -1.2 -0.3 -0.1 -0.6 
Ga1-H10 -1.2 -0.8 -1.2 -0.2 0.0 -0.5 
B4-H11 -0.1 -0.2 -0.4 1.3 1.2 1.2 
B4-H12 0.0 -0.1 -0.3 1.2 1.2 1.1 
B4-H13 0.2 0.2 0.2 1.6 1.7 1.6 
B4-H14 0.2 0.2 0.2 1.5 1.5 1.5 
Ga3-B2-H6 -0.2 -0.5 -0.7 1.2 1.8 1.6 
B2-Ga3-H5 0.7 -1.1 -1.5 1.4 1.3 0.9 
Ga3-B2-Ga1 0.5 .L fi 1.7 
B2-Ga3-B4 -0.6 0.4 0.5 -0.9 -1.0 -0.8 
Ga3-H12-B4 LA 0.3 0.1 1.0 0.5 0.2 
Ga3-H11-B4 1.2 0.3 0.1 1.0 0.5 0.2 
H13-B4-H14 0.4 0.0 0.1 0.0 0.4 0.4 
Ga3-B4-H13 0.2 -0.4 -0.3 -0.3 -0.9 -0.9 
Ga3-B4-H14 -0.5 0.3 0.2 0.2 0.5 0.5 
B2-H7-Ga1 1.3 0.4 0.2 1.5 0.7 0.5 
B2-H8-Ga1 1.1 0.4 0.2 1.4 0.8 0.6 
H9-Ga1-H10 1.0 -0.5 -0.8 1.1 0.8 0.7 
B2-Ga1-H9 -0.7 0.5 0.5 -1.2 -0.6 -0.5 
B2-Ga1-H10 -0.5 0.1 0.4 -0.1 -0.3 -0.3 

St. Dev. (a) 0.4 0.5 0.6 0.7 0.6 0.6 
Average (a) 0.6 0.6 0.7 0.9 0.8 0.7 
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(b) SBK and -SBK analysis of the b-1,3-Ga2B2H10 (Cl) isomer 

Parameters SBK -SBK (b) SBK* SBK* (b)  SBK** SBK** (b) 
Ga3-B2 -0.4 -1.0 0.0 -0.1 0.0 0.0 
Ga3-H5 -0.2 -0.6 0.0 -0.1 -0.5 -0.5 
Ga3-H11 0.3 -1.0 0.2 -0.9 -0.1 -1.3 
Ga3-H12 0.4 -0.9 0.3 -0.9 -0.1 -1.2 
B2-H6 1.2 1.2 1.0 1.2 1.0 1.2 
B2-H7 1.4 1.1 1.1 1.2 1.1 1.1 
B2-H8 1.4 1.2 1.2 1.3 1.2 1.2 
Ga3-B4 1.4 0.6 1.0 -0.1 0.5 -0.7 
B2-GA1 1.6 0.7 1.0 -0.1 0.6 -0.5 
Ga1-H7 0.0 -1.1 0.2 -1.0 -0.2 -1.4 
Ga1-H8 0.1 -1.0 0.0 -1.2 -0.3 -1.5 
Ga1-H9 -0.3 -0.8 -0.1 -0.1 -0.6 -0.5 
Ga1-H1O -0.2 -0.6 0.0 -0.1 -0.5 -0.4 
B4-H11 1.3 1.0 1.2 1.1 1.2 1.0 
B4-H12 1.2 0.8 1.2 1.0 1.1 0.9 
B4-H13 1.6 1.4 1.7 1.5 1.6 1.5 
B4-H14 1.5 1.4 1.5 1.5 1.5 1.4 
Ga3-B2-H6 1.2 0.3 1.8 1.6 1.6 1.4 
B2-Ga3-H5 1.4 1.0 1.3 0.0 0.9 -0.4 
Ga3-B2-Ga1 -2.7 -1.4 -2.5 -1.6 -2.6 -1.6 
B2-Ga3-B4 -0.9 0.4 -1.0 0.3 -0.8 0.5 
Ga3-H12-B4 1.0 1.2 0.5 0.1 0.2 -0.2 
Ga3-H11-B4 1.0 1.3 0.5 0.1 0.2 -0.2 
H13-B4-H14 0.0 0.1 0.4 0.5 0.4 0.5 
Ga3-B4-H13 -0.3 0.5 -0.9 -0.2 -0.9 -0.2 
Ga3-B4-H14 0.2 -0.6 0.5 -0.3 0.5 -0.3 
B2-H7-Ga1 1.5 1.4 0.7 0.2 0.5 0.1 
B2-H8-Ga1 1.4 1.3 0.8 0.4 0.6 0.2 
H9-Ga1-H10 1.1 1.6 0.8 0.0 0.7 -0.2 
B2-Ga1-H9 -1.2 -1.0 -0.6 0.1 -0.5 0.2 
B2-Ga1-H10 -0.1 -0.7 -0.3 -0.1 -0.3 0.1 

St. Dev. (a) 0.7 0.4 0.6 0.6 0.6 0.5 
Average (a) 0.9 0.9 0.8 0.6 0.7 0.7 

The standard deviation and average of the errors are calculated over 
absolute errors. 
-SBK denotes the small SBK results (ECP removes 28 core electrons from 
gallium) 
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Figure 3.4.29: Displays the geometry of the b-1,3-Ga2B2H10 (Cs) isomer optimised 
using 321G*/IIW* methods (bonds in Angstroms, angles in degrees). 
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Figure 3.4.30: Displays the geometry of the b-1,3-Ga2B2H10 (Cs) isomer optimised 
using DZP/SBK**  methods (bonds in Angstroms, angles in degrees). 
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Table 3.4.17: Displays the relative % errors of pseudopotential values of the b-1,3-
Ga2B2H10 (Cs) isomer against appropriate ab initio results. 

(a) FIW and SBK analysis of the b-1,3-Ga2B2H10 (Cs) isomer 

Parameters 11W HW* H W - SBK SBK* SBK** 
Ga3-B2 0.1 0.3 0.4 -0.4 0.0 0.0 
Ga3-H5 -1.2 -0.9 -1.3 -0.1 0.1 -0.4 
Ga3-H11 -1.0 0.2 0.2 -0.2 
B2-H6 0.2 0.4 0.3 1.3 1.1 1.1 
B2-H7 0.0 0.1 -0.2 1,5 1.3 1.2 
Ga3-B4 0.2 -0.7 .1.2 1.3 0.9 0.4 
B2-Ga1 0.6 -0.5 -1.0 1.4 1.0 0.6 
Ga1-H7 -0.7 -1.8 0.0 -0.1 -0.4 
Gal-Hg -1.3 -0.9 -1.3 -0.1 0.0 -0.5 
Ga1-H10 -1.2 -0.8 -1.2 -0.2 0.0 -0.5 
B4-Hl1 -0.1 -0.1 -0.4 1.3 1.3 1.2 
B4-H13 0.2 0.3 0.2 1.5 1.6 1.6 
B4-H14 0.2 0.3 0.2 1.5 1.6 1.5 
Ga3-B2-H6 -0.6 -0.7 -0.8 0.4 1.5 1.4 
B2-Ga3-H5 0.7 -0.2 -0.5 1.1 0.8 0.6 
Ga3-B2-Ga1 0.2 1.4 1.5 -1.4 Z..i 21 
B2-Ga3-B4 -1.2 -0.7 -0.6 -0.9 -0.7 -0.6 
Ga3-H12-B4 1.3 0.4 0.2 0.9 0.5 0.2 
H13-B4-H14 0.7 0.3 0.4 0.1 0.4 0.4 
Ga3-B4-H13 0.9 1.2 1.2 -0.4 -1.1 -1.0 
Ga3-B4-H14 -1.4 -1.5 0.3 0.7 0.6 
B2-H7-Ga1 1.4 0.6 0.3 1.2 0.8 0.6 
H9-Ga1-H10 0.8 -0.7 -1.0 1.1 0.8 0.6 
B2-Ga1-H9 -1.2 0.5 0.6 -0.9 -1.0 -0.8 
B2-Gal-H1O 0.3 0.3 0.6 -0.3 0.1 0.1 

St. Dev. (a) 0.5 0.4 0.5 0.5 0.5 0.6 
Average (a) 0.7 0.7 0.8 0.8 0.8 0.8 
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(b) SBK and -SBK analysis of the b-1,3-Ga2B2H10 (Cs) isomer 

Parameters SBK -SBK (b) SBK* SBK* (b) SBK** SBK** (b) 
Ga3-B2 -0.4 -1.0 0.0 -0.1 0.0 -0.1 
Ga3-H5 -0.1 -0.6 0.1 -0.1 -0.4 -0.5 
Ga3-H11 0.2 -1.0 0.2 -0.9 -0.2 -1.2 
B2-H6 1.3 1.3 1.1 1.3 1.1 1.2 
B2-H7 1.5 1.2 1.3 1.3 1.2 1.2 
Ga3-B4 1.3 0.5 0.9 -0.2 0.4 -0.6 
B2-Ga1 1.4 0.6 1.0 -0.1 0.6 -0.5 
Ga1-H7 0.0 -1.2 -0.1 -1.2 -0.4 -1.7 
Ga1-H9 -0.1 -0.7 0.0 -0.1 -0.5 -0.5 
Ga1-H10 -0.2 -0.6 0.0 -0.1 -0.5 -0.5 
B4-H11 1.3 0.9 1.3 1.1 1.2 1.0 
B4-H13 1.5 1.4 1.6 1.5 1.6 1.4 
B4-H14 .1.5 1.4 1.6 1.5 1.5 1.5 
Ga3-B2-H6 0.4 0.1 1.5 1.4 1.4 1.3 
B2-Ga3-H5 1.1 0.8 0.8 -0.3 0.6 -0.3 
Ga3-B2-Ga1 -1.4 -1.4 2.J 
B2-Ga3-B4 -0.9 0.4 -0.7 0.5 -0.6 0.4 
Ga3-H12-B4 0.9 1.2 0.5 0.1 0.2 -0.2 
H13-B4-H14 0.1 0.1 0.4 0.5 0.4 0.5 
Ga3-B4-H13 -0.4 0.4 -1.1 -0.1 -1.0 0.0 
Ga3-B4-H14 0.3 -0.5 0.7 -0.5 0.6 -0.4 
B2-H7-Ga1 1.2 1.4 0.8 0.3 0.6 0.3 
H9-Ga1-H10 1.1 1.5 0.8 0.0 0.6 -0.3 
B2-Ga1-H9 -0.9 -1.2 -1.0 -0.1 -0.8 -0.2 
B2-Ga1-H1O -0.3 -0.5 0.1 0.1 0.1 0.6 

St. Dev. (a) 0.5 0.4 0.6 0.6 0.6 0.6 
Average (a) 0.8 0.9 0.8 0.6 0.8 0.7 

The standard deviation and average of the errors are calculated over 
absolute errors. 
-SBK denotes the small SBK results (ECP removes 28 core electrons from 
gallium) 
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Figure 3.4.31: Displays the geometry of the b-1,4-Ga2B2H10 (C2) isomer optimised 
using 321G*/IIW* methods (bonds in Angstroms, angles in degrees). 
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Figure 3.4.32: Displays the geometry of the b-1,4-Ga2B2H10 (C2) isomer optimised 
using DZP/SBK** methods (bonds in Angstroms, angles in degrees). 
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Table 3.4.18: Displays the relative % errors of pseudopotential values of the b-1,4-
Ga2B2H10 (C2) isomer against appropriate ab initio results. 

(a) I-lW and SBK analysis of the b-1.4-Ga2B2H10 (C2) isomer 

Parameters HW HW* HW** SBK SBK* SBK** 
B2-B3 -0.1 0.2 0.5 0.8 1.0 1.1 
B2-H5 0.2 0.3 0.2 1.2 0.9 1.1 
B2-H11 0.0 -0.1 -0.6 1.3 0.7 0.8 
B2-H12 0.0 -0.2 -0.7 1.5 1.0 LL 
B2-Ga1 0.4 -0.7 -1.3 1.3 0.7 0.4 
Ga4-H7 -1.0 :i 19 0.2 0.0 0.0 
Ga4-H8 -1.2 -1.5 -1.8 0.0 -0.3 -0.4 
Ga4-H9 -1.3 -0.9 -1.3 -0.1 -0.6 -0.5 
Ga4-H1O -1.2 -0.9 -1.2 -0.2 -0.6 -0.5 
B2-B3-H6 0.8 -1.1 -0.1 0.6 0.5 1.0 
B2-B3-Ga4 -0.5 1.4 1.6 0.3 
B2-H12-Ga1 1.4 0.4 0.3 0.8 0.4 0.0 
B2-H11-Ga1 1.5 0.4 0.2 1.2 0.8 0.5 
H13-Ga1-H14 0.9 -0.6 0.7 0.5 0.5 
B1-Ga1-H13 -0.5 1.1 0.1 -1.3 -1.3 -1.1 
B1-Ga1-H14 -0.5 0.7 0.6 0.5 0.7 0.5 

St. Dev. (a) 0.5 0.5 0.6 0.6 0.4 0.4 
Average (a) 0.7 0.8 0.8 0.9 0.7 0.6 

(a) SBK and -SBK analysis of the b-1.4-Ga2B2H10 (C2) isomer 

Parameters SBK -SBK (b) SBK* SBK* (b) SBK**-SBK** (b) 
B2-B3 0.8 0.7 1.0 1.2 1.1 1.2 
B2-H5 1.2 1.2 0.9 1.3 1.1  1.2 

B2-H1 1 1.3 1.2 0.7 0.9 0.8 0.8 
B2-H12 1.5 1.3 1.0 Li. 1.0 
B2-Ga1 1.3 0.6 0.7 -0.1 0.4 -0.6 
Ga4-H7 0.2 -1.1 0.0 -0.7 0.0 -1.1 
Ga4-H8 0.0 -1.3 -0.3 -0.9 -0.4 
Ga4-H9 -0.1 -0.6 -0.6 -0.1 -0.5 -0.4 
Ga4-H10 -0.2 -0.6 -0.6 -0.1 -0.5 -0.5 
B2-B3-H6 0.6 0.5 0.5 0.9 1.0 0.8 
B2-B3-Ga4 -1.9 -0.7 -0.6 0.3 -0.6 
B2-H12-Ga1 0.8 1.1 0.4 0.1 0.0 -0.4 
B2-H11-Ga1 1.2 1.5 0.8 0.0 0.5 0.0 
H13-Ga1-H14 0.7 1.2 0.5 0.0 0.5 -0.2 
B2-Ga1-H13 -1.3 -0.8 -1.3 -0.2 -1.1 0.0 
B2-Ga1-H14 0.5 -0.5 0.7 0.1 0.5 0.2 

St. Dev. (a) 0.6 0.3 0.4 0.5 0.4 0.4 
Average (a) 0.9 0.9 0.7 0.5 0.6 0.6 

The standard deviation and average of the errors are calculated over 
absolute errors. 
-SBK denotes the small SBK results (ECP removes 28 core electrons from 
gallium) 

141 



Figure 3.4.33: Displays the geometry of the b-1,4-Ga2B2H10 (C2h) isomer optimised 
using 321G*/HW*  methods (bonds in Angstroms, angles in degrees). 
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Figure 3.4.34: Displays the geometry of the b-1,4-Ga2B2H10 (C2h) isomer optimised 
using DZP/SBK**  methods (bonds in Angstroms, angles in degrees). 
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Table 3.4.19: Displays the relative % errors of pseudopotential values of the b-1,4-
Ga2B2H10 (C2h) isomer against appropriate ab initio results. 

I-lW and SBK analysis of the b-1,4-Ga2B2H10 (C2h) isomer 

Parameters 11W HW* H W * * 53K SBK* SBK** 
B2-B3 -0.1 0.3 0.5 0.6 1.0 1.0 
B2-H5 0.2 0.3 0.2 1.1 Li Li 
B2-H11 0.1 -0.1 -0.6 L a Li 0.9 
B2-Ga1 0.5 -0.5 -1.1 1.2 0.7 0.3 
Gal-Hil -1.1 0.1 0.2 -0.1 
Ga1-H13 -1.2 -0.9 -1.2 -0.2 0.0 -0.5 
Ga1-H14 -1.2 -0.9 -1.2 -0.2 0.0 -0.5 
B2-B3-H6 1.0 0.5 0.4 0.3 0.5 0.5 
B3-B2-Ga1 -1.3 -1.1 -0.8 -0.7 
B2-H12-Ga1 1.6 0.7 0.4 0.9 0.3 0.1 
H13-Ga1-H14 0.8 -0.3 -0.6 0.7 0.5 0.4 
B2-Ga1-H13 0.2 0.8 0.9 0.2 0.0 -0.1 
B2-Ga1-H14 -1.0 -0.4 -0.1 -1.0 -0.6 -0.4 

St. Dev.(a) 0.6 0.4 0.5 0.5 0.4 0.3 
Average (a) 0.8 0.7 0.8 0.7 0.5 0.5 

SBK and -SBK analysis of the b-1,4-Ga2B2H10 (C2h) isomer 

Parameters SBK -SBK (b) SBK* SBK* (b)  SBK** SBK** (b) 
B2-B3 0.6 0.6 1.0 1.1 1.0 1.1 
B2 - H 5 1.1 1.2 Id L1.2. Li  1.2 

B2-H11 1 1.2 Li 1.1 0.9 0.9 
B2-Ga1 1.2 0.5 0.7 -0.1 0.3 -0.6 
Ga1-H11 0.1 -1.2 0.2 -0.9 -0.1 -1.2 
Ga1-H13 -0.2 -0.6 0.0 -0.1 -0.5 -0.5 
Ga1-H14 -0.2 -0.7 0.0 -0.1 -0.5 -0.4 
B2-B3-H6 0.3 0.7 0.5 0.8 0.5 0.7 
B3-B2-Ga1 -1.3 -0.8 -0.3 -0.7 -0.2 
B2-H12-Ga1 0.9 1.2 0.3 0.1 0.1 -0.2 
H13-Ga1-H14 0.7 1.2 0.5 0.0 0.4 -0.2 
B2-Ga1-H13 0.2 -0.2 0.0 0.3 -0.1 0.3 
B2-Ga1-H14 -1.0 -1.1 -0.6 -0.3 -0.4 -0.1 

St. Dev. (a) 0.5 0.4 0.4 0.4 0.3 0.4 
Average (a) 0.7 0.9 0.5 0.5 0.5 0.6 

The standard deviation and average of the errors are calculated over 
absolute errors. 
-SBK denotes the small SBK results (ECP removes 28 core electrons from 
gallium) 
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Figure 3.4.35: Displays the geometry of the b-2,3-Ga2B2H10 (C2) isomer optimised 
using 321G*/HW*  methods (bonds in Angstroms, angles in degrees). 
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Figure 3.4.36: Displays the geometry of the b-2,3-Ga2B2H10 (C2) isomer optimised 
using DZP/SBK**  methods (bonds in Angstroms, angles in degrees). 
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Table 3.4.20: Displays the relative % errors of pseudopotential values of the b-2,3-
Ga2B2H10 (C2) isomer against appropriate ab initio results. 

I-lW and SBK analysis of the b-2,3-Ga2B2H10 (C2) isomer 

Parameters HW HW* H W * * SBK SBK* SBK** 
Ga2-Ga3 0.9 1.6 1.7 -0.9 -0.8 -0.7 
Ga2-H5 -1.2 -0.8 -1.1 -0.2 0.0 -0.5 
Ga2-H11 -1.4 :..L 1.9 0.0 0.1 -0.3 
Ga2-H12 -1.2 -1.5 -1.9 0.2 0.1 -0.2 
Ga2-B1 0.2 -0.8 -1.2 1.2 0.8 0.3 
B1-H11 0.0 -0.2 -0.5 1.3 1.3 1.2 
B1-H12 -1.6 -0.2 -0.5 1.3 1.2 1.1 
B1-H13 0.2 0.3 0.2 
B1-H14 0.2 0.3 0.2 1.4 1.5 1.5 
Ga2-Ga3-H6 -0.4 -0.9 -1.3 0.6 0.4 0.3 
Ga2-Ga3-B4 0.5 0.9 1.0 -0.5 -0.4 -0.4 
Ga2-H11-B1 1.5  0.3 1.0 0.4 0.1 
Ga2-H12-B1 1.3 0.5 0.3 0.9 0.4 0.1 
H13-B1-H14 0.5 -0.1 0.0 0.2 0.5 0.5 
Ga2-B1-H13 0.3 0.3 0.2 -0.2 -0.9 -0.7 
Ga2-B1-H14 -0.8 -0.2 -0.2 -0.1 0.3 0.3 

St. Dev. (a) 0.5 0.5 0.7 0.5 0.5 0.5 
Average (a) 0.8 0.7 0.8 0.7 0.7 0.6 

SBK and -SBK analysis of the b-2,3-Ga2B2H10 (C2) isomer 

Parameters SBK -SBK (b) SBK* SBK* (b)  SBK** SBK** (b) 
Ga2-Ga3 -0.9 -1.3 -0.8 -0.6 -0.7 -0.6 
Ga2-H5 -0.2 -0.7 0.0 -0.1 -0.5 -0.5 

Ga2-H11 0.0 -1.2 0.1 -0.8 -0.3 -1.2 

Ga2-H12 0.2 -1.2 0.1 -0.9 -0.2 -1.3 

Ga2-B1 1.2 0.5 0.8 -0.1 0.3 -0.6 

B1-H11 1.3 1.1 1.3 1.1 1.2 1.0 

B1-H12 1.3 1.1 1.2 1.1 1.1 1.0 

B1-H13 1.5 1.3 1.6 1.4 1.6 1.4 

B1-l-114 1.4 1.4 1.5 1.5 1.5  1.5 

Ga2-Ga3-H6 0.6 0.3 0.4 -0.4 0.3 -0.6 

Ga2-Ga3-B4 -0.5 0.9 -0.4 1.1 -0.4 1.2 

Ga2-H11-B1 1.0 1.2 0.4 0.1 0.1 -0.2 

Ga2-H12-B1 0.9 1.2 0.4 0.1 0.1 -0.1 

H13-B1-H14 0.2 0.4 0.5 0.6 0.5 0.5 

Ga2-B1-H13 -0.2 1.1 -0.9 0.6 -0.7 0.7 

Ga2-B1-H14 -0.1 0.3 -1.2 0.3 -1.2 

St. Dev. (a) 0.5 0.4 0.5 0.5 0.5 0.4 
Average (a) 0.7 1.0 0.7 0.7 0.6 0.9 

The standard deviation and average of the errors are calculated over 
absolute errors. 
-SBK denotes the small SBK results (ECP removes 28 core electrons from 
gallium) 
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Figure 3.4.37: Displays the geometry of the b-2,3-Ga2B2H10 (C2h) isomer optimised 
using 321G*/HW*  methods (bonds in Angstroms, angles in degrees). 
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Figure 3.4.38: Displays the geometry of the b-2,3-Ga2B2H10 (C2h) isomer optimised 
using DZP/SBK**  methods (bonds in Angstroms, angles in degrees). 
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Table 3.4.21: Displays the relative % errors of pseudopotential values of the b-2,3-
Ga2B2H10 (C2h) isomer against appropriate ab initio results. 

I-lW and SBK analysis of the b-2,3-Ga2B2H10 (C2h) isomer 

Parameters HW HW* HW** SBK SBK* SBK** 

Ga2-Ga3 0.8 1.5 1.6 -0.9 -0.8 -0.7 
Ga2-H5 1.2 0.8 1.1 0.2 0.0 0.5 
Ga2-H11 1.2 1.6 19 0.1 0.1 0.2 
Ga2-B1 0.2 0.8 1.2 1.3 0.8 0.3 
B1-H11 0.0 0.2 0.5 1.3 1.2 1.1 
B1-H13 0.2 0.3 0.2 1.5 1.6 L& 
B1-H14 0.2 0.3 0.2 1.4 1.5 1.5 
Ga2-Ga3-H6 0.0 0.9 1.3 0.6 0.5 0.3 
Ga2-Ga3-B4 0.3 0.5 0.8 0.4 0.8 0.6 
Ga2-H12-B1 1.4 0.4 0.2 1.0 0.4 0.1 
H13-B1-H14 0.4 0.1 0.0 0.2 0.5 0.5 
Ga2-B1-H13 0.1 0.2 0.3 0.0 1.3 1.1 
Ga2-B1-H14 0.3 0.3 0.3 0.2 0.7 0.6 

St. Dev. (a) 0.5 0.5 0.6 0.6 0.5 0.5 
Average (a) 0.5 0.6 0.7 0.7 0.8 0.7 

SBK and -SBK analysis of the b-2,3-Ga2B2H10 (C2h) isomer 

Parameters SBK -SBK (b) SBK* SBK* (b)  SBK** SBK** (b) 
Ga2-Ga3 -0.9 zJ..A -0.8 -0.8 -0.7 -0.7 
Ga2-H5 -0.2 -0.8 0.0 -0.2 -0.5 -0.5 
Ga2-H11 0.1 -1.1 0.1 -0.8 -0.2 -1.2 
Ga2-B1 1.3 0.5 0.8 -0.1 0.3 -0.6 
Bi-Hil 1.3 1.1 1.2 1.1 1.1 0.9 
B1-H13 1.5 1.3 1.6 1.4 1.6 1.4 
B1-H14 1.4 14 1.5 j 1.5  1.5 

Ga2-Ga3-H6 0.6 0.7 0.5 -0.2 0.3 -0.5 
Ga2-Ga3-B4 -0.4 0.0 -0.8 0.6 -0.6 0.7 
Ga2-H12-B1 1.0 1.2 0.4 0.1 0.1 -0.2 
H13-B1-H14 0.2 0.4 0.5 0.6 0.5 0.6 
Ga2-B1-H13 0.0 0.6 -1.3 0.3 -1.1 0.4 
Ga2-B1-H14 -0.2 -1.0 0.7 -0.8 0.6 -1.0 

St. Dev. (a) 0.6 0.4 0.5 0.5 0.5 0.4 
Average (a) 0.7 0.9 0.8 0.6 0.7 0.8 

The standard deviation and average of the errors are calculated over 
absolute errors. 
-SBK denotes the small SBK results (ECP removes 28 core electrons from 
gallium) 
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Now, we will examine the geometry predictions, and we see immediately the the 
stablest isomer, b-2,3-Ga2B2H10 in C2 symmetry, results are quite disappointing with 
respect to accuracy, considering this is the stablest isomer and so would be expected 
to be quite well predicted by the pseudopotential basis sets. I can only surmise that 
the pseudopotential calculations handle gallium-gallium interaction a little 
differently than do the ab initio basis sets, particularly since the SBK set conducts 
itself better than the I-lW set, despite being more different in basis set structure from 
its ab initio counterpart, probably because of its greater ab initio nature (it only places 
10 core electrons per gallium into the ECP compared to the 28 electrons the HW set 
removes). The terminal gallium-boron distances also might be quite difficult, and 
cause problems, since it is about these are the regions greatest deviancy. 

In b-2,3-Ga2B2H10 (C2) in the best 'tab/pseudo" comparison for the HW*  method, the 
d-polarisation function reduces the average percentage error to 0.7 % from 0.8 % in 
the HW set, a not significant change, and the standard deviation of the errors 
decreases by an almost imperceptible amount. The HW*  calculation yields the 
largest error in the Ga-Ga bond length, at 1.6 %. The largest errors are all now in the 
gallium parameters (and tend to be in bond lengths involving bridging hydrogens, 
which is good since the angles all have small errors, and they are more important 
with respect to framework). The boron parameters are not similarly in error since 
the basis set for the boron is the same for both the ab initio and pseudopotential 
basis sets. The HW*  method overestimates the gallium-gallium interaction, and 
underestimates gallium-hydrogen distances, in very good agreement with the DZP 
basis. However, the angles tend to be a little closer the 321G*  values being only 
slightly underestimated. The average error for this geometry, in frequencies is 
13 cm 1, which is one of the largest errors seen in the frequency calculations, and is 
larger than the difference in ab initio basis sets, which is 15 cm 1. As per previous 
cases the errors result mainly from underestimation of stretching frequencies by the 
HW* method. 

The C2h structure produced values that were in error by lesser amounts than those 
of the C2 structure (reflected in the frequency results which issue an average error of 

12 cm 1), which is because this structure possesses a lesser number of different 
parameters to include in the error analysis, and also a more rigid structure with less 
room for variation. It is indeed unusual that the HW set in this series of 
calculations is predicted to have a lower error than either the HW*  or HW' values. 
However, if one considers that this structure is predicted the most stable by the HW 
calculations only, it is not so bewildering since the stability confered may indeed 
yield a less varying geometry. This accuracy is not reflected in the frequencies and so 
may be fortuitous. Surprisingly, the error trends also tend to differ from those of the 
C2 enantiomer. The largest errors are again in the gallium parameters, particularly 
about the bridging hydrogen, and trends continue this way for the duration of 
addition of polarisation functions. However it is clear that the errors actually grow 
in the gallium/boron to bridging hydrogen distances, although all angles (except the 
gallium-gallium-terminal hydrogen angles) actually improve, but not enough to 
counteract the decrease of accuracy in the other parameters. The comparison of the 
parameters issued by the HW calculation to those of the 321G*  was much as it was 
for the C2 molecule. The gallium-gallium distance was overestimated, while 
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gallium-bridging hydrogen distance was underestimated, as was the boron-bridging 
hydrogen distance. However, this was not righted with polarisation but rather, the 
gallium-gallium distance increases, as gallium to boron and hydrogen atoms was 
unfortunately increased, particularly in the HW**  set. The boron associated 
parameters were changed little through the series of calculations, as one might 
expect, since the basis set for them is not altered in any way by polarisation, except 
via the influence gallium projects. 

On examining the b4,3-Ga2B2H10 (Cl) geometry, we see immediately that the same 
strange phenomena as was exhibited in the b-2,3-Ga2B2H10 (C2h) geometry study, 
was again displayed, whereby the average error and standard deviation increases 
across the HW series. The unpolarised HW results possess an average percentage 
error of only 0.6 %, and a very low standard deviation. The largest error, of 1.4 % 
was exhibited in the angle about the bridging hydrogen between the bridgehead 
gallium atom and the terminal boron. All large errors are in the gallium associated 
parameters, particular gallium 3. Clearly the HW calculations do not allow the 
gallium to exert too great an influence over the whole structure, else the boron 
parameters would show greater errors. The d-polarisation addition only decreases 
the average error slightly, by altering angles, but overall results remain much the 
same. The angles tend to be overestimated about the gallium atom and 
underestimated about the boron atom. This is no doubt to compensate for the 
extreme shortening of gallium bond distances (particularly in gallium-bridging 
hydrogen distances), which brings these results into better agreement with DZP 
results. Thus relative to the 321G*  results, the HW*  method appears to 
underestimate gallium charges (hence repulsions too are underestimated), giving 
better agreement with DZP results. Cs results show identical trends, and, unusually a 
slightly larger average error of 0.7 %. Again frequency results maintain a low 
average error of only 11 cm-i,  which is less than that for the ab initio basis. The error 
trends mimic those of the DZP results relative to the HW*,  and so show how well 
the HW*  results approach those of the DZP compared to the 3_21G*  results. 

Trends in the b-1,4-Ga2B2H1O and b-1,2-Ga2B2H10 isomers also exhibited similar 
phenomena, showing a large decrease in gallium bond distances, and a slight 
increase in angles, that, while causing an increase in error with respect to 321G* 
results, caused results to more accurately reproduce the better DZP values. The 
boron parameters were little affected due to the lack of polarisation. The b-1,2-
Ga2B2H10 isomers tended to show some improvement in the transition from HW to 
HW*, because the gallium dimer structure, where bridging angles were 
overestimated a little in the HW method, were greatly improved (and since these 
angles do not exist in any other isomer this is not witnessed in other basis sets). 
Clearly the HW*  method deals better with the gallium-boron interactions than does 
the 321G*  set, seeming to result from greater polarisation interaction. The 
frequency results for the b-1,2-Ga2B2H10 molecules show large errors in the central 
and latter stretching regions, generally resulting from ubderestimation by HW*,  and 
indicate the lesser accuracy of results for this molecule. 



In all bis(diboranyl) structures the unpolarised HW calculations produced an 
average percentage error of about 0.8 % which is quite low. The largest error is in the 
boron-bridging hydrogen distance. It should be noted that all errors over 1 % are in 
geometric variables pertaining to heavy atom-bridging hydrogen interactions. 
Surprisingly, the heavy atom-heavy atom bonds are not too bad, although gallium-
gallium bond errors approach 1 %. Just from these initial results we can see (as 
before) that the gallium atom is better represented in the pseudopotential 
calculations than is the aluminium atom. The heavy atom interactions tend to be 
overestimated as we would expect from the GaB31110 calculations, but unlike the 
Al2B2H10 cases, we see not all parameters are overestimated. The bridging hydrogen 
-heavy atom distances tend to be underestimated in the HW set (since excess 
repulsive interaction is seen between the heavy atoms, excess attractive interaction 
is directed toward the hydrogen atoms to compensate) and consequently the angles 
about the bridging hydrogens are slightly overestimated. In b-1,4-Ga2B2H10 the 
largest error was in the backbone angle. Most of the gallium parameters were 
problematic, since the HW basis set has a tendency, as we know, to underestimate 
values associated with the gallium atoms. There is little difference between the 
boron parameters predicted by the two methods, and this phenomena is retained 
throughout the series. The frequency errors are all large for the HW method, with 
the largest average error being 23 cm 1  for the b-2,3-Ga2B2H10 molecule of lowest 
symmetry, as expected based on geometry results. 

The addition of hydrogen polarisation yields results in greater error than the 
original unpolarised results with an average error of 0.8 %, and the greatest errors 
being in the gallium parameters and backbone angles. The problem with the 
gallium parameters is that the gallium-gallium distance has again increased in 
magnitude so bringing it further out of agreement with the 321G*  result, and the 
gallium-hydrogen distances have been reduced below the unpolarised HW values, 
so agreement is at its worst so far (but even better with regard to DZP results). Thus, 
when the hydrogens are able to polarise they take added attractive interaction from 
the gallium atoms causing greater repulsion between them, and so increasing the 
bond distance. The boron parameters have decreased slightly from their HW* 
values, so they actually agree a little better with the 321G*  results. To compensate 
the angles are generally generally increased for bridging atoms and so are again in 
worse agreement. Frequency results reflect these trends. 

The errors in SBK**  results (calculated against DZP values) tend to be at least as 
good as the equivalent HW*  errors. This indicates that the SBK method has more 
affinity for gallium-heavy atom interaction, an area where the HW method might 
appear weak, given the large errors, but is actually quite good given that the results 
approach DZP results better than they do 321G*  results. In all the bis(diboranyl) 
structures, the errors were between 0.5 and 0.8 %, with the largest errors being for 
the b-1,2-Ga2B2H10 and b-1,3-Ga2B2H10 isomers, indicating that gallium-boron 
interaction is not as well represented by the SBK method, as is gallium-gallium 
interaction and boron-boron bonds. It is also interesting to note that the less 
symmetrical isomer, in all but the b-1,4-Ga2B2H10 case, produced the lowest average 
errors in geometry. Thus it seems that in the case the extra parameters included in 
the less symmetrical isomers have low errors, and hence lower the overall error. 
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The SBK**  method yields extremely low frequency errors, in all cases less than 
10 cm-1. The lowest error was issued for the b-1,2-Ga2B2H10 (Cs) geometry, which 
seems to contradict geometry analyses, and is probably fortuitous. Results reflect 
exagerations on DZP trends, being underestimated for large errors, generally located 
in the latter frequencies. The b-1,2-Ga2B2111O geometry does show considerable error 
in the early frequencies also. 

As has been found always for the SBK**  method, the boron-hydrogen bonds tend to 
be overestimated particularly when the boron in question is in a terminal position. 
The errors in such parameters range between 1.0 % and 1.5 %. The bonds between 
heavy atoms also tended to be overestimated but only slightly. The gallium-
hydrogen bonds were generally slightly underestimated, indicating the gallium and 
hydrogen polarisation effects in this basis set were stronger than those in DZP 
calculations. The larger errors in the more symmetrical isomers tended to stem 
from a more exaggerated boron effect, so that parameters were even slightly more 
overestimated than they were in the less symmetrical results. However, as I said this 
effect was slight. 

In the b-1,3-Ga2B2H10 molecules, the angle Ga-B-Ga angle yielded an error of 2.7 %, 
resulting from overestimation, and this was only a little less in the Cs  enantiomer. 
A similar sized error was also witnessed in the b-1,4-Ga2B2H10 isomers, and would 
be due to the boron atoms poor representation by the SBK method, and this is 
exagerated by the boron atoms central position. Other angles were all excellently 
reproduced, tending to be overestimated by the SBK**  method, with the exception 
of angles involving terminal hydrogen atoms. 

In all cases small SBK**  basis is a little less accurate than the default SBK**  results, 
although the difference in average error is barely significant, such as in the b-2,3-
Ga2B2H10 (C2) isomer where the difference in average error is the largest seen and is 
0.9 % for the small SBK**  method, and 0.6 % for the default SBK**  results. The 
small SBK**  method possesses more severely underestimated gallium-bridging 
hydrogen distances than does the default SBK**  method, but to offset this the boron 
parameters are generally better estimated, and although boron-hydrogen distances 
are still overestimated by about 1.0 %, it is frequently the case that the errors are 
slightly less than those of the default set. In the b-2,3-Ga2B2H10 isomer the angles 
also tend to be more erroneous, particularly the backbone angle which was 
overestimated by about 2 %. Thus, while the small SBK**  set is not so accurate with 
respect to gallium, the differences are still relatively low, and the boron 
representation is improved slightly by this error. The frequency results reflect this 
lesser accuracy with errors in the small SBK**  frequencies being larger in every case. 
However, the difference is only a matter 2-4 cm 1, and results are still less in error 
than those for HW*  or "ab/ab" comparisons. This indicates, as in the SBK**  case 
that the small SBK**  results are actually, systematically speaking, more accurate 
approximations to the corresponding ab initio basis set than the HW*  results, 
despite the greater average error. 
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Unlike in previous cases where the more symmetrical isomers tend to possess the 
more erroneous results, the largest errors are in parameters that are cut down these 
isomers, and hence the error is slightly lower. The b-1,4-Ga2B2H10 and b-1,3-
Ga2B2H10 isomers show better angular estimates for the small SBK**  results than 
the default results, although the difference is relatively small. In all cases the small 
SBK** method estimates heavy atom interactions well, but underestimates gallium-
hydrogen distances. 

The SBK basis set yields geometric bond distance values that are generally 
overestimated for boron containing parameters and gallium-bridging hydrogen 
distances, but underestimated for gallium to terminal atom distances. Likewise for 
the angles, where those about bridging hydrogens are overestimated, while for 
terminal atoms the opposite is true. The average error for this is set was quite low 
for b-2,3-Ga2B2Hio, being below the HW error at only 0.7 %. This is a situation in 
direct contrast to that witnessed for aluminium, where the SBK representation was 
not as good. The largest error was exhibited in the boron parameters, and this is to be 
expected from results seen in the dimer structures, for reasons I have already 
expounded upon. The SBK basis set therefore seems to largely underestimate 
repulsive interactions in the molecule. These methods tend to overestimate heavy 
atom bonds, and this is more exagerated in the gallium-boron bonds. Thus we see 
that boron polarisation is indeed important. Angles tend to be well calculated in all 
instances with the exception of backbone angles. 

In the b-1,3-Ga2B2Hio (Cl) isomer, SBK calculations no longer yield a lesser error 
than do the I-lW results, since they are no longer performing on a molecule with 
direct gallium-gallium interaction, where they perform better than do the HW 
calculations. 

The small SBK results show similar trends to those exhibited for the default SBK 
results, although tending more strongly to overestimation of results, and hence 
larger errors. The gallium parameters are, as usual, worse in the small method than 
they are in default basis set, but boron bonds and angles are significantly better in the 
default case. With the exception of the transition state b-2,3-Ga2B2H10 isomer, the 
frequencies tend to decrease in accuracy with lesser polarisation, although clearly the 
hydrogen polarisation has less effect than the d-polarisation since the difference is 
less for this transition. 

The d-polarisation addition reduces the error only a little. The trend in errors is 
again as it was for the unpolarised basis set. The underestimated parameters in the 
unpolarised basis set increased a little bringing them into better agreement with the 
DZP results, while the bridging parameters decreased to better agree. However the 
boron-terminal hydrogen distances consequently increased and agreement was 
worsened for these so that the maximum error for this set was greater than that in 
the unpolarised set. 

As a whole the results of these basis sets has been quite good, with no errors 
exceeding 2 %, although the agglomeration of errors did not yield exceptional 
results. The DZP and 321G*  results themselves were very similar, with the larger 
differences being in the boron parameters followed by the gallium parameters. DZP 
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exhibited a more substantial gallium-gallium bond, although the bridging 
parameters about the gallium atoms were shorter, and so consequently the boron 
bridging parameters were a little longer. Thus the hydrogen polarisation seems to 
affect the structure by contracting it towards the gallium atoms, and disfavouring 
gallium-gallium interaction to a small extent. 

Figure 3.4.39: Displays the geometry of the a-1,2-Ga2B2H10 isomer optimised using 3-
21G*/HW* methods (bonds in Angstroms, angles in degrees). 
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Figure 3.4.40: Displays the geometry of the a-1,2-Ga2B2H10 isomer optimised using 
DZP/SBK** methods (bonds in Angstroms, angles in degrees). 
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Table 3.4.22: Displays the relative % errors of pseudopotential values of the a-1,2-
Ga2B2H10 isomer against appropriate ab initio results. 

(a) HW and SBK analysis of the a-1.2-Ga2B2H10 isomer 

Parameters 11W HW* HW** SBK SBK* SBK** 
B3-Ga1 2.8 1.8 1.9 0.1 0.8 0.8 
B3-H6 0.1 0.2 0.1 1.1 1.1 1.0 
B3-H9 1.6 1.3 1.2 1.3 1.2 1.3 
B3-H10 -1.6 -0.9 -1.1 0.5 0.6 0.7 
B3-Ga2 -3.2 -3.4 -3.6 -0.1 0.0 -0.2 
B3-B4 1.2 -0.6 -3.2 3.7 1.6 0.4 
Ga1-H5 -0.8 -0.4 -0.8 -0.1 0.0 -0.4 
Ga1-H7 -4.7 -3.7 -4.2 -0.5 -0.3 -0.8 
Ga1-H8 1.8 -0.5 -0.9 1.2 0.8 0.4 
Ga2-H7 2.6 -4.9 -3.5 3.5 3.6 42 
Ga2-H9 -7.3 -6.2 -7.0 -1.2 -0.8 -1.4 
Ga2-H11 -1.2 -0.9 -1.3 -0.1 0.0 -0.5 
Ga2-H12 -1.3 -0.9 -1.3 -0.2 0.0 -0.5 
B4-H8 -1.3 -0.6 -0.6 0.3 0.6 0.7 
B4-H10 2.5 0.5 -0.6 2.3 1.2 0.8 
B4-H13 0.3 0.3 0.2 1.5 1.4 1.4 
B4-H14 0.2 0.3 0.3 1.0 1.1 1.0 
B3-Ga1-H5 -1.3 1.3 0.7 -1.5 -2.0 -2.2 
Ga1-B3-H6 -1.4 -0.5 -0.6 0.2 -0.1 0.2 
B3-H9-Ga2 3.8 1.7 2.4 0.7 0.4 0.8 
B3-H10-B4 1.2 -0.8 -4.0 3.7 1.1 -0.6 
Ga1-H7-Ga2 -10.1 -6.7 -7.3 -2.8 -3.7 
Ga1-H8-B4 4.8 2.3 0.0 2.9 1.1 0.0 
H7-Ga1-H8 0.0 1.3 2.5 -1.5 -0.5 -0.3 
H9-B3-H10 -0.6 -0.4 -0.6 0.7 0.5 0.1 
H11-Ga2-H12 0.1 -0.8 -1.0 0.4 0.1 0.1 
H12-Ga2-H9 1.9 1.9 2.4 -0.3 -0.4 -0.4 
H14-B4-H13 0.5 -0.1 -0.7 0.6 0.4 0.0 
H10-B4-H13 -1.8 0.2 2.0 -2.2 -0.5 0.3 

St. Dev. 4.3 3.0 3.7 1.1 0.9 1.0 
Average 2.8 1.9 2.5 1.2 0.9 0.9 
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(b) SBK and -SBK analysis of the a-1,2-Ga2B2H10 isomer 

Parameters SBK -SBK (b) SBK* .SBK* (b)  SBK** SBK** (b) 
B3-Ga1 0.1 -0.6 0.8 -0.1 0.8 -0.3 
B3-H6 1.1 1.1 1.1 1.3 1.0 1.2 
B3-H9 1.3 1.3 1.2 1.1 1.3 1.1 
B3-H10 0.5 0.2 0.6 0.9 0.7 1.0 
B3-Ga2 -0.1 -1.0 0.0 -0.5 -0.2 -0.5 
B3-B4 3.7 3.5 1.6 0.9 0.4 -0.3 
Ga1-H5 -0.1 -0.6 0.0 -0.1 -0.4 -0.6 
Ga1-H7 -0.5 -1.0 -0.3 0.1 -0.8 -0.3 
Ga1-H8 1.2 -1.1 0.8 -1.7 0.4 -2.1 
Ga2-H7 3.5 3.7 -2.8 
Ga2-H9 -1.2 -3.3 -0.8 -0.8 -1.4 -1.2 
Ga2-H11 -0.1 -0.6 0.0 -0.1 -0.5 -0.6 
Ga2-H12 -0.2 -0.7 0.0 -0.1 -0.5 -0.5 
B4-H8 0.3 0.2 0.6 1.0 0.7 1.2 
B4-H10 2.3 2.5 1.2 0.8 0.8 0.4 
B4-H13 1.5 1.5 1.4 1.4 1.4 1.4 
B4-H14 1.0 1.1 1.1 1.2 1.0 1.1 
B3-Ga1-H5 -1.5 -1.5 -2.0 0.1 -2.2 -0.2 
Ga1-B3-H6 0.2 1.1 -0.1 0.4 0.2 0.7 
B3-H9-Ga2 0.7 1.5 0.4 -0.3 0.8 0.1 
B3-H10-B4 3.7 3.4 1.1 0.2 -0.6 -1.8 
Ga1-H7-Ga2 -2.8 -2.5 0.0 -3.7 -0.5 
Ga1-H8-B4 2.9 3.9 1.1 0.5 0.0 -0.7 
H7-Ga1-H8 -1.5 -1.9 -0.5 0.2 -0.3 0.7 
H9-B3-H10 0.7 0.3 0.5 0.6 0.1 0.2 
H11-Ga2-H12 0.4 1.1 0.1 -0.1 0.1 0.2 
H12-Ga2-H9 -0.3 -0.5 -0.4 -0.2 -0.4 -0.2 
H14-B4-H13 0.6 1.0 0.4 0.5 0.0 0.4 
H10-B4-H13 -2.2 -2.7 -0.5 -0.2 0.3 1.0 

St. Dev. (a) 1.1 1.1 0.9 0.5 1.0 0.6 
Average (a) 1.2 1.6 0.9 0.6 0.9 0.8 

The standard deviation and average of the errors are calculated over 
absolute errors. 
-SBK denotes the small SBK results (ECP removes 28 core electrons from 
gallium) 
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Figure 3.4.41: Displays the geometry of the a-1,3-Ga2B2H10 isomer optimised using 3-
21G*/HW* methods (bonds in Angstroms, angles in degrees). 
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Figure 3.4.42: Displays the geometry of the a-1,3-Ga2B2H10 isomer optimised using 
DZP/SBK** methods (bonds in Angstroms, angles in degrees). 
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Table 3.4.23: Displays the relative % errors of pseudopotential values of the a-1,3-
Ga2B2H10 isomer against appropriate ab initio results. 

HW and SBK analysis of the a-1,3-Ga2B2H10 isomer 

Parameters HW HW* HW** SBK SBK SBK** 
B2-B4 1.4 -0.1 -0.5 1.3 1.5 0.9 
B2-Ga3 2.7 0.7 -0.1 1.1 0.4 -0.1 
Ga3-Ga1 1.5 1.0 0.8 -0.3 -0.3 -0.5 
B2-H9 0.6 0.2 0.0 0.9 0.9 0.8 
B2-H11 0.2 0.3 0.3 1.1 1.1 1.0 
B2-H13 0.1 0.1 0.0 1.5 
Ga3-H9 -1.3 -1.6 -0.5 0.2 0.1 
Ga9-H6 -1.0 -0.5 -1.0 -0.1 -0.1 -0.6 
H7-B2-H9 -1.6 -0.2 0.1 -0.7 -1.1 -0.6 
H11-B2-H13 1.0 0.4 0.3 0.1 0.3 0.1 
B2-H9-Ga3 2.8 1.5 jJ -0.1 -0.6 
H9-B3-H13 -1.4 -0.4 0.0 -0.7 -0.7 -0.4 
H6-Ga3-Ga1 -1.1 -0.5 -0.4 -0.6 -0.3 -0.2 
H6-Ga3-H9 1.7 0.9 0.7 0.3 0.1 -0.1 
H9-Ga3-H10 2.7 1.4 0.9 1.7 1.0 0.5 

St. Dev. (a) 1.3 0.7 0.5 0.5 0.5 0.4 
Average (a) 1.6 0.7 0.5 0.8 0.6 0.5 

SBK and -SBK analysis of the a-1,3-Ga2B2H10 isomer 

Parameters SBK -SBK (b) SBK* SBK* (b)  SBK** SBK** (b) 
B2-B4 1.3 0.9 1.5 0.5 0.9 -0.1 
B2-Ga3 1.1 0.9 0.4 -0.6 -0.1 -1.2 
Ga3-Ga1 -0.3 -0.5 -0.3 -0.9 -0.5 -1.0 
B2-H9 0.9 1.2 0.9 0.9 0.8 0.8 
B2-H11 1.1 1.0 1.1 1.2 1.0 1.1 
B2-H13 1.5 1.4 1.4 
Ga3-H9 -0.5 -2.5 0.2 -1.4 0.1 
Ga9-H6 -0.1 -0.7 -0.1 -0.1 -0.6 -0.6 
H7-B2-H9 -0.7 -1.2 -1.1 -0.9 -0.6 -0.4 
H11-B2-H13 0.1 0.8 0.3 0.5 0.1 0.3 
B2-H9-Ga3 jj -0.1 -0.2 -0.6 -0.9 
H9-B3-H13 -0.7 -1.2 -0.7 -0.6 -0.4 -0.3 
H6-Ga3-Ga1 -0.6 -0.8 -0.3 -0.6 -0.2 -0.6 
H6-Ga3-H9 0.3 0.5 0.1 0.3 -0.1 0.1 
H9-Ga3-H10 1.7 3.0 1.0 0.2 0.5 0.7 

St. Dev. (a) 0.5 0.9 0.5 0.4 0.4 0.4 
Average (a) 0.8 1.3 0.6 0.7 0.5 0.7 

The standard deviation and average of the errors are calculated over 
absolute errors. 
-SBK denotes the small SBK results (ECP removes 28 core electrons from 
gallium) 
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Figure 3.4.43: Displays the geometry of the a-2,4-Ga2B2H10 isomer optimised using 3-
21G*/HW* methods (bonds in Angstroms, angles in degrees). 
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Figure 3.4.44: Displays the geometry of the a-2,4-Ga2B2H10 isomer optimised using 
DZPISBK** methods (bonds in Angstroms, angles in degrees). 
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Table 3.4.24: Displays the relative % errors of pseudopotential values of the a-2,4-
Ga2B2H10 isomer against appropriate ab initio results. 

HW and SBK analysis of the a-2,4-Ga2B2H10 isomer 

Parameters 11W HW* HW** SBK SBK SBK** 
B3-B1 -0.2 -0.8 -0.4 -0.3 0.3 0.1 
B3-H13 0.3 0.3 0.2 1.2 1.3 1.2 
B3-H5 0.1 0.1 -0.2 1.2 1.1 1.1 
Ga2-H5 -0.8 -1.5 -1.5 -0.1 0.0 -0.2 
Ga2-H9 -1.3 -1.0 -1.3 -0.1 0.0 -0.5 
Ga2-H11 -1.3 -0.9 -1.3 -0.2 -0.1 -0.6 
B3-Ga2 0.8 0.1 -0.3 0.9 0.6 0.4 
Ga2-Ga4 1.5 0.7 0.3 1.0 0.3 0.0 
B1-B3-H13 1.1 1.3 1.3 0.8 0.3 0.6 
H 5 -B3- H 6 Lii. Lii. 
H13-B3-H5 0.3 0.1 0.2 -0.2 0.2 0.2 
B3-H5 -Ga2 1.9 1.5 1.2 0.8 0.2 0.2 
H9-Ga2-H11 1.1 -0.1 -0.4 0.8 0.6 0.4 
H 5-Ga2-H11 0.1 0.4 0.6 0.1 -0.1 0.0 

St. Dev. (a) 0.8 0.8 0.8 0.7 0.6 0.6 
Average (a) 1.0 0.9 0.8 0.7 0.5 0.6 

SBK and -SBK analysis of the a-2,4-Ga2B2H10 isomer 

Parameters SBK -SBK (b) SBK* SBK* (b)  SBK*-SBK**  (b) 
B3-B1 -0.3 0.2 0.3 0.5 0.1 0.3 
B3-H13 1.2 1.2 1.3 1.3 1.2 1.3 
B3-H5 1.2 0.8 1.1 1.0 1.1 0.9 
Ga2-H5 -0.1 -1.1 0.0 -0.9 -0.2 -1.2 
Ga2-H9 -0.1 -0.7 0.0 -0.1 -0.5 -0.5 
Ga2-H11 -0.2 -0.7 -0.1 -0.1 -0.6 -0.5 
B3-Ga2 0.9 -0.3 0.6 -0.4 0.4 -0.6 
Ga2-Ga4 1.0 0.6 0.3 -0.9 0.0 -1.2 
B1-B3-H13 0.8 0.2 0.3 0.1 0.6 0.4 
H5-B3-H6 -2.5 -2.7 -2.1 -2.3 -2.2 -2.4 
H13-B3-H5 -0.2 0.3 0.2 0.4 0.2 0.4 
B3-H5 -Ga2 0.8 0.2 0.2 -0.2 0.2 -0.2 
H9-Ga2-H11 0.8 1.2 0.6 0.0 0.4 -0.3 
H 5-Ga2-H11 0.1 -0.2 -0.1 -0.2 0.0 -0.2 

St. Dev. (a) 0.7 0.7 0.6 0.6 0.6 0.6 
Average (a) 0.7 0.7 0.5 0.6 0.6 0.7 

The standard deviation and average of the errors are calculated over 
absolute errors. 
-SBK denotes the small SBK results (ECP removes 28 core electrons from 
gallium) 
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The arachno molecules are also well predicted, and though the HW method does 
not present results to the accuracy displayed in the bis(diboranyl) structures (we 
already know from experience that the strained arachno structures are predicted less 
accurately by the pseudopotential calculations), the SBK results are at least as 
accurate, demonstrating the SBK method's suitability to close-range interactions 
where the HW method is not as successful. 

The heavy atom polarisation function in the HW method reduces the average error 
in all the arachno structures, most noticably in the a-1,2-Ga2B2H10 isomer, where the 
HW average error of 3.1 % is reduced to 2.2 % in the HW*  method. While the 
unpolarised HW method produced average errors in accordance with the stability 
ordering, this is not the case in the HW*  results. The a-2,4-Ga2B2H10 isomer barely 
shows any improvement with heavy atom polarisation because the most influential 
atoms, the borons, are not polarised. However, in the a-1,3-Ga2B2H10 isomer, the 
error is the lowest for this basis set at only 0.7 %, clearly because with two gallium 
atoms in the central position of influence, and improvement in their representation 
will have an effect on the entire structure. Frequency errors were much the same, 
magnitude wise, as those for the bis(diboranyl) structures for "ab/pseudo" 
comparisons, although the "ab/ab" differences were greater than in previous cases. 
The a-1,2-Ga2B2H10 isomer showed an average "ab/ab" difference of 34 cm 1, 
generally resulting from smaller stretching frequencies in the DZP results. This large 
difference would be expected since the boron influence mainfest itself most strongly 
here, and the boron atom is the greatest difference between these two basis sets. 
Clearly the "ab/pseudo" comparisons would not be so large since the 
pseudopotential mimics the corresponding ab initio basis set with respect to boron. 

In a-2,4-Ga2B2H10 we find the errors exhibited in the boron parameters have actually 
increased due to a decrease in magnitude of the bond distances, brought about by an 
increase in gallium distances, to bring results into better agreement with the 321G* 
basis set. This shows that boron polarisation is very necessary in the strained 
arachno structures. 

In a-1,3-Ga2B2H10 d-polarisation functions reduce the average error and standard 
deviation to less than half the value issued with the HW set. The largest error exists 
in the angle about the bridging hydrogen atom between boron and gallium, but the 
magnitude is halved. Most of the errors in gallium parameters have also been 
reduced to less than 1%, with the exception of some of the parameters involving 
bridging hydrogens. More importantly the errors in the angular framework have 
been improved beyond expectations. Most of the bond distances have been reduced 
below the HW values, so that agreement with the 321G*  predictions is increased. 
The p-polarisation functions added to the hydrogen atoms improve results still 
further, by decreasing bridging parameters still further, and the bridging angle is no 
longer the site of largest error, which then falls to the gallium-bridging hydrogen 
distance. The average frequency error is only 16 cm 1, and exhibits large values in 
both the bending and stretching regions, so showing problems in both the angular 
and distance parameters. 

160 



The 1-11W calculations present an average percentage difference from the 321G*  basis 
of 1.0 % for a-2,4-Ga2B2H1o, and a high standard deviation of 0.8, showing the error 

is not systematic. In every calculated geometry by both the SBK and 1-11W series, the 
largest error occurs in the angle about the boron atom, between the bridging 
hydrogens, which was underestimated by all by about 2°. The other errors in the 
HW calculations were found in the gallium-terminal hydrogen distances 
(underestimated), the gallium-gallium distance, and angles through bridging 
hydrogens (overestimated). Note, that besides the largest error, all other errors 
remain below 2 %. To compensate for the enlarged gallium-gallium distance, the 
gallium-hydrogen bonds tend to be underestimated as do the boron bonds. All 
angles, bar the one I discussed above are overestimated. Thus in this rigid molecule, 
the HW ECP seems to allow a more potent attractive interaction for the heavy 

atoms than is warranted. The errors here were 19 cm 1, a great deal larger than those 
for the HW*  results but trends remained the same. 

In a-1,3-Ga2B2H10 the unpolarised 1-lW results were not at all good, with an average 

error of 1.6 % and a high standard deviation. The largest error was in the angle 
about the bridging hydrogen atom between the gallium and boron atoms. Other 
errors were generally found in parameters that included a gallium atom, although 
all angles in this rigid molecule were badly reproduced. The bond lengths were all 
overestimated by the HW calculations, although the angles varied (but were 
generally underestimated in the ring region, with the exception of the angle I 
mentioned previously). 

The hydrogen polarisation reduces the average error by an almost negligible 
amount, but does much to reduce the standard deviation. The boron parameter 
errors have decreased a little (since the values have increased) but the gallium 
parameter errors have been driven up by a decrease in magnitude, causing greater 
error in this area. Thus the hydrogen polarisation augments the attractive force the 
gallium atom exerts, and so increases the contraction in this region, in opposition to 
the ab initio basis set. Note that this is not a function of polarisation, since the DZP 
basis set does not exhibit these trends. 

In a-2,4-Ga2B2H10 the SBK**  method issued some unusual results, in that it yielded 
a slightly greater error (0.6 %) than did the SBK*  method (0.5 %). However, the 
change was so small as to be barely worth noting, and came about via a decrease in 
magnitude of all bridging bond lengths, which was better for boron parameters, but 
not for gallium parameters. Thus, we found that for this molecule, the hydrogen 
polarisation had negligible effect. The only really excessive large error was in the 
bridging hydrogen angle about boron, which was underestimated by 2.2 %. Gallium 
parameters were also underestimated, but only slightly. Clearly the smaller angle 
about boron compensates for the enlarged distances. The a-1,3-Ga2B2H10 molecule 

issued similar errors, but showed a greater tendency for the largest errors to be 
located about boron-terminal hydrogen bonds. In this molecule none of the errors 
was in excess of 1.5 %, and the average error improves slightly on the SBK*  error, 
giving an average of 0.5 %. Gallium distances were well reproduced. It is clear from 
these results that the hydrogen polarisation makes little difference to results. As in 
previous cases the SBK**  frequency errors were very low, with errors averaging 
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below 8 cm-1  except for the a-1,2-Ga2B2H10 results which gave an average error of 
17 cm-1  which shows some extremely large errors in the stretching frequencies. 
These arachno structures also show, in conjunction with the geometry results, 
lower errors for the SBK*  frequencies than in the SBK**  frequencies, the difference 
mainly being in non-central areas. 

The small SBK**  basis set also produced results that were in greater error than the 
small SBK*  method, and as we expect the average error for a-2,4-Ga2B2141o, being 0.7 
% was slightly larger than that of the default method. This basis set yielded better 
results for the boron bridging region, being less underestimated, but the gallium-
hydrogen distances were again underestimated. The bridging angle about boron was 
not good, being in error by 2.4 % (which is 0.2 % larger than the error in the small 
SBK* results). The small SBK**  results showed larger frequency errors than the 
default set as would be expected. 

The a-1,2-Ga2B2H10 isomer also displays only a slight improvement in the SBK** 
results over those of the SBK*  method, issuing the largest average error for this 
group, as expected, at 0.9 %. The terminal gallium atom shows large errors (4.2 %) 
about the bridging hydrogen distance. The Ga-Hb-Ga angle also exhibited a large 
error of 3.7 %. Both these errors had decreased in accuracy from the SBK*  values 
which were 3.6 % and 3.6 % respectively. The SBK**  method seems to severely 
overestimate the distance, and to compensate, underestimates the angle. Other 
gallium and boron parameters are well estimated, particularly in boron parameters, 
but errors remain much as they were in the SBK*  set. Thus steric hindrance of the 
two closely placed gallium atoms without the benefit of direct interaction is 
troublesome for the SBK method. 

The small SBK**  results were better for the a-1,2-Ga2B2H10 molecule than default 
values, since the boron atom was better represented. The gallium-bridging hydrogen 
error of greatest magnitude in the default case (4.2 %) was only (2.1 %) in the small 
SBK** results. Thus while it seems to be less accurate for thos methods where heavy 
atoms of the same identity are interacting, gallium-boron interaction is 
excpetionally well represented. There were large errors in the gallium-terminal 
hydrogen parameters, however. 

The SBK series yields a much lower error analysis than does the HW series, both 
with respect to standard deviation and average error, although this too is not as 
good as in non-arachno structures. The average error for the SBK calculations is 
only 0.7 % for a-2,4-Ga2B2H1o, with the largest error being 2.5% in the bridging 
hydrogen-boron angle as I already discussed. The only other errors in magnitude by 
greater than 1 %, are the boron-hydrogen distances and the gallium-gallium bond. 
All the other gallium parameters and framework angles are well predicted. The SBK 
calculations underestimated all hydrogen-heavy atom bond lengths, but this caused 
contraction of the direct heavy atom-heavy atom bonds. All angles were slightly 
overestimated, to compensate for the contracted ring structure, except for the angle 
that possesses the largest error. 
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The SBK*  basis set reduces the average error to only for all the arachno structures, 
but the trends in errors remain the same. Improvements seem to be particularly 
centred about improving the angular framework, increasing bridging angles and 
decreasing terminal hydrogen angles bringing results into closer agreement with the 
DZP predicted values. The boron parameters tended to increase in magnitude, so 
bringing them more out of phase with the ab initio values, but this was adequately 
parried by the increase in the gallium parameters, which brought them into better 
agreement with the DZP values. 

The DZP and 321G*  parameters compared quite well, with the bridging hydrogen 
bond lengths being larger in the DZP case (which was not the case we found in the 
pseudopotentials on going from d- to d,p-polarisation, so must be a function of basis 
set), and corresponding angles being larger in the 321G*  to compensate for the 
contracted distances. The heavy stom distances tend to be smaller in the DZP results. 

Once again, the geometries issued by the corresponding Ga2B2H10 and Al2B2H10 

isomers tend to be quite similar. Only the a-1,2-(Al/Ga)2B2H10 geometry bears any 

remarkable difference between the two different elements. 

I shall not go into great detail, since this is quite tedious, but shall instead take a 
quick look a differences that are prominant. The arachno structures portray a greater 
difference than do the bis(diboranyl) structures, due to their rigidity, and the greater 
difference a small interelectronic change will bring about in such a structure. In the 
a-1,3-X2B2H1O isomers, the gallium structure is more expanded about all parameters, 

as one would expect, although the bridging angles in the aluminium substituted 
structure are more expanded. The difference is less for the HW series (but grows 
greater with polarisation) because we have seen that the I-lW basis in the arachno 
structure seriously overestimates the parameter magnitudes in both sets. It will also 
be clear that they both possess very similar angular frameworks, since none of the 
basis sets, excluding the 321G*  basis set, possesses an angular difference of more 
than 1 %. The I-lW set tends to be more similar in this respect than does the SBK 
series. Thus it is mainly in bond lengths that the major difference is experienced, as 
we would expect. All the basis sets, besides the unpolarised I-lW and SBK results, 
possess a large difference in the boron-boron distance. Thus it shows us that in these 
structures heavy atom polarisation is extremely important in order to properly 
distinguish structures, and allow the true influence of the heavy atoms to really 
exert their force. This born out by studying the difference the two molecules present 
in their heavy atom to bridging hydrogen distances. 

Strangely the difference in the Ga/Al-Ga/Al distance actually decreases with the 
addition of polarisation in both the HW and SBK sets, probably because the 
polarisation function allows more of the bonding nature of the electron clouds of 
the atoms to function, and somewhat cancels the overwhelming nuclear force the 
unpolarised atoms possess, that would cause the gallium-gallium interaction to be 
so much more strongly repulsive than the aluminium-aluminium interaction. So, 
it is only the heavy atom interactions that are very different between the two 
molecules, and the bridging hydrogen-heavy atom distances. Thus it seems that the 
heavy atoms of most influence over the entire structure are the small, more highly 
polarising boron atoms, and the heavy atoms have less influence and repsond to the 
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boron atoms demands. 

In the a-2,4-X2B2H10 pair of molecules we see a somewhat different result. The 
errors are of much the same magnitude, but the boron atoms have more power, 
drawing the bridging hydrogen atoms closer in the aluminium conformer, so that 
the ring bridging hydrogens are more contracted than in the gallium isomer. This, 
in turn results in a longer heavy atom-heavy atom distance in the aluminium 
molecule, and longer heavy atom - terminal hydrogen distances. However, it is only 
the pseudopotential calculations that allows a much greater heavy atom repulsion 
in the aluminium molecule, since the ab initio basis sets have all bond length 
parameters being smaller in the aluminium isomer. The SBK series shows the effect 
more prominantly and so has greater average differences than does the HW set. 

All angles, but the angle the terminal hydrogens make about the Al/Ga atom, are 
larger in the aluminium molecule, and this is shown to be most exaggerated in the 
angle about the boron atom and bridging hydrogens, which have frequently 
differences of up to 5 %, as seen in the HW series. The ab initio basis sets are 
displayed to have average precentage differences as great as the pseudopotential 
calculations. Other regions of great difference are between the heavy atom and 
bridging hydrogen, where the gallium molecule possesses the greater bond 
distances. Overall, we see that the a-2,4-A121321-110 structure possesses a more 
expanded structure, probably because none of the heavy atoms in the structure are 
very polarisable and so attractive interaction is minimised (and this wasn't the case 
for the a-1,3-X2B2H10 structure where the gallium atoms, which are the large atoms, 
were placed so close that had no choice but to repel one another). This structure is 
more free, and so more subject to subtler interactions, like polarisation interactions. 

The bis(diboranyl) structures being less rigid should be less subject to large influence 
by a particular atom, and we see the average precentage differences do indeed reduce 
in the b-1,2-X2B2HiO (Cs) where all the average differences are well below 1 %. In 
these calculations the main difference arises in the parameters involving 
aluminium/gallium atoms. The angles agree well for all basis sets, with the 
exception of the bridging hydrogen between the two heavy atoms, which was in all 
cases larger in the aluminium molecule. As far as bond lengths went, the ab initio 
basis sets seemed to be only significantly different in the bridging parameters 
between the heavy atoms, while the pseudopotential calculations also seemed to 
disagree on the heavy atom to terminal hydrogen distances. The boron portion of 
the molecule agreed well in all cases, and was generally larger in the bridging region 
for the aluminium molecule, but smaller in terminal parameters. All the basis sets 
seemed to allow the aluminium molecule the more expanded geometry, but this is 
more emphasised in the pseudopotential calculations, although this effect was 
decreased with increasing polarisation. 

The less symmetrical b-1,3-X2B2H1O (Cl) structure, being less constrained by 
geometry restrictions showed greater differences than its Cs partner. All the average 
percentage differences were above 1 %, with the exception of the unpolarised HW 
set, which tended not to differ greatly in bridging bond length estimations, as did the 
other basis set predictions, and also appeared to have similar terminal angles about 
the gallium atom that the other basis sets did not share. The HW' basis set also 
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showed little difference as the angular difference was so much lower than in other 
basis sets. The SBK series yielded high errors it also differentiated between the two 
molecules in terminal hydrogen parameters (which seems sensible to me) more 
than the other basis sets. All the boron associated parameters were similar between 
the two molecules, although the backbone angles caused some discrepancies. 

In these molecules we see the influence of the heavy atoms coming to the fore, since 
the gallium molecule is largely more expanded than in the aluminium conformer. 
The aluminium molecule has the longer bond lengths only for the terminal 
hydrogen-heavy atom distances, excluding the terminal boron atom (and the 
pseudopotential basis sets tend to produce greater differences than do the ab initio 
calculations). The aluminium molecule has a trend for larger angles about these 
terminal parameters, and also a larger backbone angle involving the two boron 
atoms, which is understandable as the boron atoms would be situated closer in this 
molecule and so experience greater repulsions). It is from these examples that we 
can confirm that the gallium atom favours direct interaction with another gallium 
atom (for it is these that tend to be more contracted, as evidenced by the b-1,2-
X 2B 2H10 and a-i ,3-X2B 2H10 molecules suggesting stronger attractive interaction, 

particularly with the pseudopotential basis sets), and the aluminium atom does not, 
as evidenced by the more contracted structures predicted for the aluminium 
counterpart of the a-2,4-X2B2H10 and b-1,3-X2132H10. 

The b-1,3-X2B2H10 (Cs) pair of molecules displays less magnitudiness differences for 
reasons I have already suggested, most particularly for the unpolarised basis sets, 
obviously because without polarisation the two atoms would behave very similarly 
(since they have the same valence features), and is only with polarisation that the 
two really differentiate. Once again, the HW set displays smaller differences, 
aithopugh these do increase on polarisation, which would becasuse the ECP treats 
gallium and aluminium very similarly, while we already know that the SBK treats 
them rather differently. Other features are as in the previous case. 

The aluminium isomer tends to possess the most expanded structure, due to 
repulsive interactions, and it is only in the bridging parameters between boron 
atoms that this effect is least felt. Once again we see the atom identity has more effect 
on bond length than on structural framework considerations. 
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(3.5) The mono boron tetra(al/gall)anes: 

(a) Borotetragallane - 

Table 3.5.1: Displays the relative energies (in kcal/mol) for Ga3BH10 isomers using 
various basis sets. 

Isomer 321G* H.W HW* H W * * 
b-1-Ga3BH10 (Cl) -13.739554 -11.602286 -9.775855 -10.183988 
b-1-Ga3BH10 (Cs) -13.615339 -11.877951 -9.824675 -10.215300 

a-2-Ga3BH10 -5.585826 -3.413592 1.461157 2271 5.769852 
a-1-Ga3BH10 -3.282236 1.913529 2.302648 2.760166 

b-2-Ga3BH10 (Cl) -0.304706 -0.312186 -0.277987 -0.283509 
b-2-Ga3BH10 (Cs) 0 0 0 0 

Isomer DZP SBK SBK* SBK** 

b-1-Ga3BH10 (Cl) -10.605769 -9.987640 -9.971952 -9.651357 
b-1-Ga3BH10 (Cs) -10.509452 -10.077939 -9.996864 -9.675077 

a-2-Ga3BH10 0.923344 -0.144265 0.246988 1.232744 
a-1-Ga3BH10 2.422145 3.605924 2.333145 2.271775 

b-2-Ga3BH10 (Cl) -0.256470 -0.430974 -0.306225 -0.282693 
b-2-Ga3BH10 (Cs) 0 0 0 0 

The energies predicted by the ab initio basis sets for the Ga3BH10 series were as 
would be expected from previous results. We now swap to a different naming 
scheme, whereby we indicate the boron position in the tetragallane type molecules, 
so that b-1-Ga3BH10 denotes the bis(digallanyl) structure with the boron atom in 
position one along the gallium chain. 

Referring to Table 3.5.1, we see that, as usual, the bis(digallanyl) structure is the most 
stable; the isomer that is favoured is that in which each gallium achieves maximum 
heavy atom interaction with the other heavy atoms present. We have seen this 
phenomena being the major influence on stability throughout the GanB4-nH10 
series, and this further provides evidence for galliums preference for other gallium 
atoms over boron. 

The a-2-Ga3BH10 isomer is a little less stable that the b-1-Ga3BH10 isomer, and we 
once more see the partiality of the arachno structure to place gallium atoms in the 
terminal positions, obviously for steric reasons, since a central position in the 
conformer, must by necessity be crowded. The a-1-Ga3BH10 structure is exceptionally 
similar in energy to the a-2-Ga3BH1o, because any strain is relieved by the direct 
gallium-gallium bond in central positions. 

The b-2-Ga3BH10 isomer was predicted least stable by the 3_21G*  basis set, not so by 
DZP where it was predicted more stable than the arachno structures. All three 
structures were so very close, however, it is not even tentatively that I will assign an 
absolute order to these molecules, as there are too many factors coming into play. 
Based on previous experience on the instability of arachno structures (which 
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becomes more pronounced with the addition of gallium due to crowding) it is 
tempting to favour the stability of the bis(digallanyl) structures over the arachno 
structures, and within these two groups the ordering is as expected. This seems 
likely to be the case, since all the pseudopotential calculations conform the DZP 
stability ordering rather than the 321G*,  with the exception of the unpolarised FPN 
results. Another factor backing up the likely greater stability of the bis(digallanyl) 
structures is the greater interaction between gallium atoms (due to direct bonding) 
than in the arachno structures, particularly since we also know of gallium's 
predilection for boron (as seen in the GaB3H 10 series). In all cases the 
pseudopotentials also predicted the b-1-Ga3BH10 Ci and Cs isomers in reverse order 
to that of the ab initio results. The energies for these two isomers are so close in all 
cases that this is barely significant, and it is also understandable if you consider in 
the b-1,4-Ga2B21410 case that the most symmetrical isomer was predicted most stable, 
and that this was also a molecule with a central boron-boron bond. I fell this must be 
significant and explains the pseudopotential stability obtained here. The b-2-
Ga3BH10 isomers are predicted in correct order, with the least symmetrical isomer 
being most stable as would be expected based on previous results. 

None of the ab initio basis sets yielded frequencies indicating that any of these 
isomers were transitions states, except for the DZP basis in b-1-Ga3BH10 (Cs) isomer 
(which was imitated for this molecule only by the HW*  basis). I feel this to be most 
peculiar that the 321G*  results did not also indicate this, and one can only assume 
that this molecule's position on the potential surface is a very shallow parabola, that 
might easily become a saddle point with small changes. It might be thought that the 
lack of boron polarisation in the basis set could excuse the 321G*  difference, but 
does not explain why the SBK results do not mimic the DZP in this respect. This 
molecule, I feel, requires further study, which was not possible here due to time 
constraints. 

Despite the lack of transition state predictions in the ab initio methods (with the 
exception of the above results), all the numerical frequencies obtained in the 
calculation of frequencies for the b-1-Ga3BH10 structures (with the exception of the 
HW* basis) showed transition states by isssuing a single imaginary frequency. This 
prediction appears to me to be faulty, since the stablest structure would be unlikely 
to be a transition state (the stablest structure would most likely be that the molecule 
is found in, and this then cannot be a fleeting transition structure). Of course, 
correlation might actually reorganise the stability ordering, and might even present 
the b-1-Ga3BH10 isomer as a transition state. However, this is not the case for these 
RHF calculations, and the frequency calculations should reflect this. From previous 
results we concluded that numerical frequencies have proved inacurate in this 
respect, and this situation provides unequivocal evidence. The HW*  method also 
predicted a transition state in the a-1-Ga3BH10 molecule (more in line with what is 
expected of a transition structure, given its uncertain stability and structure as I shall 
soon discuss) but this was an isolated case (not even reflected in the rather extreme 
results of the unpolarised HW method, and may thus be ignored. 
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For this series of molecules we see that the average errors in geometrical parameters 
follow expected trends. The four bis(digallanyl) structures show the least 
magnitudiness errors, most noticable in the b-2-Ga3BH10 structure, since it lacks the 

troublesome central gallium-gallium bond (compare the average error in the HW* 
method for b-2-Ga3BH10 which is 0.8 % and the b-1-Ga3BH10 isomer which issues an 

average error of 0.9 %). The Cs structures, as usual, produced the lowest errors due to 
the decreased flexibility possible with the higher symmetry constraints (0.6 % and 0.7 
% respectively). It is clear that the errors are less than in previously examined 
molecules, due to less boron participation. 

The b-1-Ga3BH10 geometry is extremely well reproduced despite the fact that it is 

more erroneous than the b-2-Ga3BH10 isomer, since it is the stablest isomer in all 
sets, and no uncertainty exists with its position in the stability series as in the b-2-
Ga3BH10 case (this is reflected in the frequency calculations which issue smaller 
errors for the b-1-Ga3BH10 isomer, on average, than for the b-2-Ga3BH10 isomer). 

The errors in the b-1-Ga3BH10 series are quite miniscule (with the exception of the 
Ga-Hb-Ga angles which showed errors in the unpolarised HW basis of about 3.3 % 
overestimation bringing it into better agreement with DZP - this error was reduced 
to only 1.6 % with polarisation), and we see evidence again to support my previous 
suggestions that the HW ECP has some fundamental superiority over the 321G* 
that places even the unpolarised FPN results in good agreement with the DZP basis 
for parameters directly between two gallium atoms. This shows up as a large 
percentage error from the 321G*  results, so may not at first appear an advantage, but 
when one considers the DZP basis is more likely to issue accurate results than is the 
321G* basis set, it is a definite boon that the HW*  method reproduces its trends 
with respect to gallium interactions. All other problems for the two bis(digallanyl) 
structures HW geometry predictions centre about parameters involving gallium 
atoms and attached bridging hydrogens, where bond lengths are underestimated as 
per previous molecules, and angles Ga-Hb-Ga are overestimated. As usual, the trend 
for excellent representation of boron parameters (due to their being treated in an all-
electron fashion as in the 321G*  case) continues. As per previous molecules, the 
largest errors in frequencies occur in the stretching regions rather than the bending 

regions. Most of the frequencies are underestimated (by up to 92 cm 1) but this 

corrected by polarisation, so the average error drops down to an acceptable 12 cm4. 
Hydrogen polarisation made little difference to the frequency predictions, beyond 
increasing the magnitude a little. 
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Figure 3.5.1: Displays the geometry of the b-1-Ga3BH10 (Cl) isomer optimised using 3-
21G*/HW* methods (bonds in Angstroms, angles in degrees). 
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Figure 3.5.2: Displays the geometry of the b-1-Ga3BH10 (Cl) isomer optimised using 
DZP/SBK** methods (bonds in Angstroms, angles in degrees). 
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Table 3.5.2: Displays the relative % errors of pseudopotential values of the b-1-
Ga3BH10 (Cl) isomer against appropriate ab initio results. 

Parameters 11W HW* H W * * SBK* (b) SBK** (b) 
Ga2-Ga3 1.0 1.6 1.7 -1.4 -0.7 -0.6 
Ga3-H5 -1.1 -0.7 -1.1 -0.6 -0.1 -0.5 
Ga2-H6 -1.1 -0.8 -1.1 -0.7 -0.1 -0.5 
Ga3-H7 -1.2 -1.3 -1.5 -1.3 -0.6 -0.9 
Ga3-H8 -1.1 -1.2 -1.4 -1.2 -0.7 -1.0 
Ga3-Ga4 1.5 0.0 0.9 0.0 -0.9 -1.3 
Ga4-H7 -0.7 -1.1 -1.3 -1.1 -0.7 -1.0 
Ga4-H8 -0.6 -1.2 -1.3 -0.9 -0.7 -1.0 
Ga4-H9 -1.4 -1.0 -1.3 -0.6 -0.1 -0.4 
Ga4-H10 -1.3 -0.9 -1.2 -0.6 0.0 -0.4 
Ga2-B1 0.2 -0.8 -1.3 0.5 -0.1 -0.6 
Ga2-H11 -1.3 -1.6 -2.0 -1.1 -0.9 -1.2 
Ga2-H12 -1.2 -1.6 -1.9 -1.2 -0.9 -1.2 
Bi-Hil 0.0 -0.2 -0.5 1.0 1.1 1.0 
B1-H12 0.0 -0.2 -0.4 1.1 1.1 1.0 
B1-H13 0.2 0.3 0.2 1.3 1.4 1.4 
B1-H14 0.2 0.3 0.2 1.4 
Ga3-Ga2-B1 1.3 1.5 1.6 0.7 0.9 1.0 
Ga2-Ga3-Ga4 2.5 2.7 2 8 0.1 0.1 0.1 
Ga3-Ga2-H6 -0.9 -1.5 -1.8 0.6 -0.3 -0.6 
Ga2-Ga3-H5 -0.6 -0.9 -1.2 0.5 -0.1 -0.2 
Ga3-H7-Ga4 3.4 1.7 1.5 j.& -0.2 -0.4 
Ga3-H8-Ga4 3.2 1.6 1.5 1.4 -0.2 -0.4 
H9-Ga4-H10 1.7 0.2 0.0 1.3 0.0 -0.1 
Ga3-Ga4-H9 0.6 1.3 1.4 -0.4 0.1 0.2 
Ga3-Ga4-H10 -2.4 -1.4 -1.4 -1.0 0.0 0.0 
Ga2-H11-B1 1.4 0.4 0.3 1.2 0.1 -0.2 
Ga2-H12-B1 1.3 0.4 0.2 1.2 0.1 -0.2 
H13-B1-H14 0.4 -0.1 0.1 0.3 0.6 0.6 
Ga2-B1-H13 0.2 0.3 0.1 1.0 0.4 0.5 
Ga2-B1-H14 -0.6 -0.2 -0.2 -1.3 -0.9 -1.0 

St. 0ev. (a) 0.9 0.7 0.7 0.4 0.4 0.4 
Average (a) 1.1 0.9 1.1 0.9 0.5 0.7 

The standard deviation and average of the errors are calculated over 
absolute errors. 
SBK denotes the small SBK set (ECP removes 28 core electrons from gallium) 
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Figure 3.5.3: Displays the geometry of the b-1-Ga3BH10 (Cs) isomer optimised using 3-
21G*/HW* methods (bonds in Angstroms, angles in degrees). 
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Figure 3.5.4: Displays the geometry of the b-1-Ga3BH10 (Cs) isomer optimised using 
DZP/SBK** methods (bonds in Angstroms, angles in degrees). 
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Table 3.5.3: Displays the relative % errors of pseudopotential values of the b-1-
Ga3BH10 (Cs) isomer against appropriate ab initio results. 

Parameters HW HW* HW** SBK(b) SBK* (b)  SBK** (b) 
Ga2-Ga3 0.8 1.5 1.6 -1.4 -0.7 -0.7 
Ga3-H5 -1.2 -0.8 -1.1 -0.7 -0.1 -0.6 
Ga2-H6 -1.2 -0.8 -1.1 -0.7 -0.2 -0.5 
Ga3-H7 -1.0 -1.2 -1.4 -1.2 -0.6 -0.9 
Ga3-Ga4 1.5 0.0 -0.3 -0.1 -0.8 -1.3 
Ga4-H7 -0.8 -1.2 -1.3 -1.1 -0.7 -1.0 
Ga4-H9 -1.3 -1.0 -1.3 -0.6 -0.1 -0.4 
Ga4-H10 -1.3 -0.9 -1.2 -0.6 0.0 -0.4 
Ga2-B1 0.3 -0.8 -1.3 0.6 -0.1 -0.6 
Ga2-H11 -1.1 1..9 -1.1 -0.8 -1.2 
B1-H11 0.0 -0.2 -0.4 1.1 1.0 1.0 
B1-H13 0.2 0.3 0.2 1.3 L. 5 IA 
B1-H14 0.2 0.3 0.2 1.4 L5 IA 
Ga3-Ga2-B1 0.0 0.6 0.7 -0.1 0.4 0.7 
Ga2-Ga3-Ga4 0.2 1.0 1.1 -0.2 0.1 -0.9 
Ga3-Ga2-H6 0.0 -1.0 -1.3 0.8 -0.2 -0.7 
Ga2-Ga3-H5 0.6 -0.3 -0.6 0.6 -0.1 0.1 
Ga3-H7-Ga4 3.3 1.6 1.4 .L -0.2 -0.4 
H9-Ga4-H10 1.6 0.2 0.0 1.2 -0.1 -0.2 
Ga3-Ga4-H9 -0.2 0.4 0.6 -0.5 0.2 -0.3 
Ga3-Ga4-H10 -1.6 -0.6 -0.6 -0.9 -0.1 0.5 
Ga2-H11-B1 1.4 0.4 0.2 1.2 0.1 -0.2 
H13-B1-H14 0.4 0.0 0.1 0.3 0.5 0.5 
Ga2-B1-H13 -0.2 -0.1 -0.1 0.4 0.0 -0.1 
Ga2-B1-H14 -0.3 0.1 0.0 -0.7 -0.5 -0.4 

St. Dev. (a) 0.8 0.5 0.6 0.4 0.4 0.4 
Average (a) 0.8 0.7 0.8 0.8 0.4 0.7 

The standard deviation and average of the errors are calculated over 
absolute errors. 
SBK denotes the small SBK set (ECP removes 28 core electrons from gallium) 
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Figure 3.5.5: Displays the geometry of the b-2-Ga3BH10 (Cl) isomer optimised using 3-
21G*/HW* methods (bonds in Angstroms, angles in degrees). 
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Figure 3.5.6: Displays the geometry of the b-2-Ga3BH10 (Ci) isomer optimised using 
DZP/SBK** methods (bonds in Angstroms, angles in degrees). 
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Table 3.5.4: Displays the relative % errors of pseudopotential values of the b-2-
Ga3BH10 (Cl) isomer against appropriate ab initio results. 

Parameters 11W HW* H W * * SBK(b) SBK* (b)  SBK**  (b) 
B2-Ga3 0.0 0.3 0.3 -1.0 -0.1 -0.1 
Ga3-H5 -1.2 -0.9 -1.2 -0.6 -0.1 -0.5 
Ga3-H7 -0.4 -1.3 -1.5 -1.0 -0.9 -1.2 
Ga3-H8 -0.8 -1.3 -1.6 -1.0 -0.8 -1.1 
Ga3-Ga4 1.7 0.0 -0.4 0.0 -0.8 -1.3 
B2-H6 0.3 0.4 0.3 1.3 1.3 1.2 
B2-H11 -0.1 0.1 -0.3 1.2 1.3 1.2 
B2-H12 0.0 0.1 -0.3 1.2 1.3 1.2 
B2-Ga1 0.5 -0.6 -1.1 0.7 -0.1 -0.5 
Ga4-H7 -1.0 -1.1 -1.2 -1.2 -0.6 -0.8 
Ga4-H8 -0.8 -1.0 -1.1 -1.3 -0.7 -0.9 
Ga4-H9 -1.3 -1.0 -1.3 -0.5 0.0 -0.4 
Ga4-H1O -1.3 -0.9 -1.3 -0.5 0.0 -0.4 
Ga1-H11 -0.6 -1.4 -1.7 -1.2 -1.1 -1.5 
Ga1-H12 -0.4 -1.3 -1.6 -1.2 -1.1 -1.5 
Ga1-H13 -1.3 -0.9 -1.3 -0.7 -0.1 -0.5 
Ga1-H14 -1.2 -0.8 -1.2 -0.6 -0.1 -0.4 
Gal -B2-Ga3 1.8 LZ 
B2-Ga3-Ga4 0.2 1.1 1.1 0.1 0.3 0.4 
Ga3-B2-H6 -0.5 -0.8 -1.0 0.3 1.5 1.3 
B2-Ga3-H5 0.9 -0.8 -1.1 1.1 0.0 -0.2 
Ga3-H7-Ga4 3.2 1.6 1.4 1.6 -0.2 -0.3 
Ga3-H8-Ga4 1.5 1.3 1.6 -0.2 -0.4 
H9-Ga4-H1O 1.4 0.3 0.2 0.8 0.0 -0.1 
Ga3-Ga4-H9 -0.1 0.3 0.3 -0.3 0.0 0.1 
Ga3-Ga4-H10 -1.3 -0.6 -0.6 -0.6 0.0 0.0 
B2-H11-Ga1 1.2 0.4 0.1 1.5 0.3 0.1 
B2-H12-Gal 1.0 0.3 0.1 1.4 0.3 0.1 
H13-Gal-H14 1.0 -0.4 -0.7 1.5 0.0 -0.2 
B2-Ga1-H13 -0.6 0.5 0.6 -1.2 -0.2 -0.1 
B2-Gal-H14 -0.6 -0.1 0.2 -0.4 0.2 0.3 

St. Dev. (a) 0.8 0.5 0.6 0.5 0.5 0.5 
Average (a) 1.0 0.8 0.9 0.9 0.5 0.6 

The standard deviation and average of the errors are calculated over 
absolute errors. 
SBK denotes the small SBK set (ECP removes 28 core electrons from gallium) 
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Figure 3.5.7: Displays the geometry of the b-2-Ga3BH10 (Cs) isomer optimised using 3-
21G*/HW* methods (bonds in Angstroms, angles in degrees). 
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Figure 3.5.8: Displays the geometry of the b-2-Ga3BH10 (Cs) isomer optimised using 
DZP/SBK** methods (bonds in Angstroms, angles in degrees). 
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Table 3.5.5: Displays the relative % errors of pseudopotential values of the b-2-
Ga3BH10 (Cs) isomer against appropriate ab initio results. 

Parameters HW HW* HW** SBK(b) SBK* (b)  SBK** (b) 
B2-Ga3 0.1 0.3 0.4 -1.0 -0.1 -0.1 
Ga3-H5 -1.2 -0.9 -1.3 -0.6 -0.1 -0.5 
Ga3-H7 -0.7 -1.2 -1.4 -1.0 -0.8 -1.1 
Ga3-Ga4 1.6 0.0 -0.3 0.0 -0.9 -1.2 
B2-H6 0.2 0.4 0.3 1.3 j.. 1.2 
B2-H11 0.1 0.1 -0.2 1.3 1.3 1.2 
82-Gal 0.6 -0.4 -0.9 0.7 -0.1 -0.5 
Ga4-H7 -0.9 -1.1 -1.2 -1.3 -0.7 -0.9 
Ga4-H9 -1.3 -1.0 -1.3 -0.5 0.0 -0.4 
Ga4-H1O -1.3 -0.9 -1.3 -0.5 0.0 -0.4 
Ga1-H11 -0.8 j.. 19 -1.3 -1.2 -1.6 
Gal-H13 -1.3 -1.0 -1.3 -0.7 -0.1 -0.4 
Ga1-H14 -1.2 -0.9 -1.2 -0.6 -0.1 -0.5 
Ga1-B2-Ga3 0.2 0.6 0.7 -1.3 J. -2.0 
B2-Ga3-Ga4 -0.4 0.0 0.1 -0.7 -0.4  2.3 

Ga3-82-H6 -0.5 -0.4 -0.6 -0.1 1.3 1.3 
B2-Ga3-H5 0.9 -0.1 -0.3 1.3 -0.1 -0.1 
Ga3-H7-Ga4 3.2 1.5 1.4 1..6 -0.2 -0.3 
H9-Ga4-H10 1.3 0.3 0.1 0.7 0.0 -0.1 
Ga3-Ga4-H9 -0.4 0.1 0.3 -0.6 -0.4 -0.2 
Ga3-Ga4-H10 -1.0 -0.5 -0.4 -0.1 0.4 -0.1 
B2-H11-Ga1 1.5 0.8 0.5 1.5 0.3 0.2 
H13..AI1-H14 1.0 -0.3 -0.6 1.5 0.0 -0.3 
B2-Ga1-H13 -1.2 0.0 0.1 -1.2 -0.1 -0.2 
B2-Ga1-H14 0.1 0.4 0.6 -0.4 0.1 0.5 

St. Dev. (a) 0.7 0.5 0.5 0.5 0.5 0.6 
Average (a) 0.9 0.6 0.8 0.9 0.5 0.7 

The standard deviation and average of the errors are calculated over 
absolute errors. 
SBK denotes the small SBK set (ECP removes 28 core electrons from gallium) 

If one compares the two bis(digallanyl) structures with respect to the HW series, it is 
immediately clear that the problem for the HW set is not gallium-gallium 
interaction about the bridging region in each dimer (since the I-lW series show no 
large errors in the b-2-Ga3BH10 isomer), but about the gallium interaction where one 
would place the terminal hydrogen atom in the dimer structure. The accuracy of the 
HW series for digallane also suggests the real problem is about the gallium-gallium 
interaction within dimer structures. We know that in the dimer structure, the 
gallium atoms are not actually really directly bonded, but that the electrons are 
delocalised over the three-centre bond about the bridging hydrogen. Thus it is a 
direct gallium-gallium bond that 1-11W does not handle in a manner like the 321G* 
set, but more like the DZP set. 

In both isomers, the central bond between the two dimers tends to lengthen with 
polarisation, while the dimer areas of the structures decrease. This is more in 
accordance with DZP results than with the 321G*  geometry. Thus, we witness the 
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superiority of the HW method over the 321G*  method for gallium containing 
molecules. This observation extends to both angular and distance parameters, 
although the two ab initio basis sets differ little in framework. 

As for the molecules studied in the previous sections, we again see the SBK set 
overestimates the boron associated parameters, and that the unpolarised SBK basis 
overestimates all bridging distances to some small extent in the bis(digallanyl) 
structures and that this is reduced with polarisation. The large errors in the Ga-Hb-
Ga seen in the HW results was not exhibited here. Because the SBK set better 
represents direct gallium-gallium bonds the the HW set, errors are a great deal 
smaller for the SBK**  results than for the HW*  results, as for the b-2-Ga3BH10 
isomer where the average error is only 0.5 %. Since, in the b-1-Ga3BH10 isomer the 
boron atom possesses much less influence, this effect is not so pronounced as in the 
b-2-Ga3BH10 isomer. The frequency errors are a little less for this method, and drop 
down to 19 cm-1  for the SBK*  basis in b-2-Ga3BH10 isomer. Results were more 
accurate in the b-1-Ga3131-110 case, with overestimation of frequencies between 
positions 15 and 30 being common to both isomers. 

In all bis(digallanyl) isomers the SBK**  set shows greater errors than the SBK* 
results, due to exaggeratedly underestimated central gallium-hydrogen distances. 
Angles actually improve with hydrogen polarisation, but we see as has always been 
the case for these bis-type structures that the hydrogen polarisation makes very little 
difference. 

Figure 3.5.9: Displays the geometry of the a-1-Ga3BH10 isomer optimised using 3-
21G*/HW* methods (bonds in Angstroms, angles in degrees). 
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Figure 3.5.10: Displays the geometry of the a-1-Ga3BH10 isomer optimised using 
DZP/SBK** methods (bonds in Angstroms, angles in degrees). 
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Table 3.5.6: Displays the relative % errors of pseudopotential values of the a-1-
Ga3BH10 isomer against appropriate ab initio results. 

Parameters HW HW* H W * * SBK (b) SBK*  (b)  SBK** (b) 
B1-Ga3 -2.6 -0.7 -0.4 -2.9 -0.3 -0.2 
B1-H6 0.3 0.4 0.2 1.2 1.3 1.2 
B1-H7 1.1 0.6 0.3 1.6 1.1 1.1 
B1-Ga2 5.7 0.8 0.3 2.5 -0.6 -1.1 
Ga3-H5 -1.0 -0.7 -1.1 -0.7 -0.1 -0.6 
Ga3-H9 1.8 -0.9 -1.3 0.8 -0.7 -1.1 
Ga2-Ga3 4.9 1.4 1.1 1.7 -0.9 -1.2 
Ga2-H9 -4.5 -1.8 -1.6 -4.0 -1.0 -1.0 
Ga2-H7 -1.3 -1.8 -2.0 -2.5 -1.4 
Ga2-H11 -1.3 -1.0 -1.3 -0.6 -0.1 -0.5 
Ga2-H13 -1.4 -1.0 -1.3 -0.7 -0.1 -0.5 
Ga3-B1-H6 J.Q 3.9 6.7 0.8 1.0 
B1-Ga3-H5 9.6 2.5 1.7 6.9 -0.1 -0.4 
B1-H7-Ga2 9.7 2.8 0.6 5.5 -0.1 -0.5 
Ga2-H9-Ga3 9.1 3.8 3.5 4.7 -0.1 -0.2 
H6-B1-H7 -0.9 -0.6 -0.5 -0.6 0.4 0.3 
H5-Ga3-H9 -2.6 0.0 0.3 -2.4 0.0 0.2 
H13-Ga2-H11 1.8 0.3 0.1 1.3 -0.1 -0.2 
H7-Ga2-H13 1.4 1.4 1.5 0.5 0.1 0.3 
H7-Ga2-H11 -1.9 -0.2 -0.1 -1.5 -0.2 -0.1 

St. Dev. (a) 3.4 1.1 1.0 2.0 0.5 0.5 
Average (a) 3.7 1.3 1.1 2.5 0.5 0.7 

The standard deviation and average of the errors are calculated over 
absolute errors. 
SBK denotes the small SBK set (ECP removes 28 core electrons from gallium) 
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Figure 3.5.11: Displays the geometry of the a-2-Ga3BH10 isomer optimised using 3-
21G*/HW* methods (bonds in Angstroms, angles in degrees). 
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Figure 3.5.12: Displays the geometry of the a-2-Ga3BH10 isomer optimised using 
DZP/SBK** methods (bonds in Angstroms, angles in degrees). 
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Table 3.5.7: Displays the relative % errors of pseudopotential values of the a-2-
Ga3BH10 isomer against appropriate ab initio results. 

Parameters HW HW* H W * K (b) SBK*  (b)  SBK** (b) 
Ga1-Ga3 1.5 1.1 1.0 -0.6 -0.9 -1.0 
B2-Ga3 3.1 0.9 0.0 1.1 -0.7 -1.4 
Ga1-H5 -1.0 -0.6 -1.0 -0.7 -0.1 -0.6 
Ga1-H8 -0.9 -0.8 -0.8 -1.7 -1.0 -1.1 
Ga1-H7 -0.3 -1.0 -1.0 -2.1 -1.5 :J 
B2-H7 0.5 0.1 -0.1 1.1 0.9 0.8 
B2-H11 0.2 0.3 0.3 1.1 1.1 1.1 
B2-H13 0.2 0.1 0.0 1.4 1.4 1.4 
Ga4-H8 -0.3 -0.7 -0.7 -1.6 -1.3 -1.3 
Ga4-H12 -1.4 -1.0 -1.3 -0.6 0.0 -0.5 
Ga4-H14 -1.4 -1.1 -1.4 -0.5 0.0 -0.4 
Ga1-Ga3-H6 -0.1 0.3 0.1 0.0 -0.1 -0.2 
Ga3-Ga1-H7 -1.0 -0.6 -0.6 0.3 0.4 0.5 
Ga3-Ga1-H8 -3.5 -1.9 -1.5 -1.9 -0.4 0.0 
Ga1-H7-B2 6.0 3.1 1.7 3.4 -0.3 -1.2 
Ga1-H8-Ga4 Z.. 0.3 -0.8 
H5-Ga1-H7 1.0 0.3 0.3 -0.1 -0.1 -0.2 
H8-Ga1-H5 0.4 1.1 1.0 1.2 0.3 0.1 
H11-B2-H13 1.0 0.5 0.4 0.7 0.5 0.3 
H7-B2-H11 0.5 0.4 -0.1 1.5 0.7 0.4 
H7-B2-H13 -0.5 -0.5 -0.1 -1.2 -0.7 -0.2 
H12-Ga4-H14 0.9 0.1 -0.1 0.8 -0.3 -0.4 
H8-Ga4-H12 0.8 1.0 0.7 1.1 0.3 0.0 
H8-Ga4-H14 -0.4 -0.1 0.1 -0.4 0.1 0.2 

St. 0ev. (a) 1.8 0.9 0.7 0.9 0.5 0.5 
Average (a) 1.4 0.9 0.7 1.2 0.6 0.6 

The standard deviation and average of the errors are calculated over 
absolute errors. 
SBK denotes the small SBK set (ECP removes 28 core electrons from gallium) 

The arachno structures again display less accurate results than are exhibited in the 
bis(digallanyl) structures in agreement with prior results. The more stable a-2-
Ga3BH10 isomer definately shows much less in the way of errors for both the SBK 
and HW series. This is as we expect since the direct gallium-boron interaction in the 
central bond of the a-1-Ga3BH10 isomer has quite influential effects in both the HW 
and SBK sets. Although we would expect, based on previous experience, that the 
HW method would perform better for the a-1-Ga3BH10 isomer (since it has no 
gallium-gallium bond), this is obviously not the case. It seems to me that in the a-2-
Ga3BH10 structure that the two gallium atoms in some way cancel each others usual 
behaviour observed in the bis(digallanyl) structures, in a way that is not possible in 
the bis(digallanyl) structures, perhaps by some sort of delocalisation effect, not so 
easily attainable in the arachno structures due to the lesser number of heavy atom 
bonds. This is supported by comparing the Mulliken charges for an arachno 
structure against a bis(digallanyl) structure: 
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a-2-Ga3BH10 (HW*) Gal = 0.313758 
B2 = -0.331459 

Ga3 = 0.313758 
Ga4= 0.265186 

b-l-Ga3BH10 (HW*) Bi = -0.248606 
Ga2 = 0.250411 
Ga3= 0.222909 
Ga4 = 0.209124 

Clearly the central gallium atoms in the arachno structure has less influence in 
polarising charge on the atoms, than is the case in the bis(digallanyl) structure. The 
three-centre bridging bonds in the bis(digallanyl) structure might also aid this 
process. Thus it would seem that polarisation of a chain of gallium atoms is not 
overly well represented. As in previous cases, the HW method seems a trifle closer 
to DZP values than it does to 321G*  parameters, particularly with respect to gallium 
parameters. It is no surprise this is the case since we have established that I-lW 
method is appropriate here since the lesser demand on polarisation (particularly on 
the boron atom). Large errors were found in the unpolarised I-lW predictions about 
the heavy atom parameters, especially about the gallium-boron distance (too large 
3.2 %) but these were reduced to less than 1 % when polarisation was included, 
confirming the boron atoms unimportance in structure determination since no 
polarisation was added to it. 

These conclusions do not appear to be supported so well by the frequency 
calculations, where the results are much better for the HW series in the a-1-Ga3BH10 
conformer, than in the a-2-Ga3BH10 isomer. The HW*  basis yields an average error 

of only 12 cm-1, compared to 14 cm-1  for the a-2-Ga3BH10 isomer. As in the 
bis(digallanyl) molecules, the largest differences with the ab initio 321G* 
frequencies is between position 20 and 30, but more large errors are also spread in 
the bending frequency range, in accordance with the bad results predicted for some 
of the angles about heavy atoms for these molecules. In both molecules the large 
errors generally result from overestimation in the 1-11W frequencies. The accuracy of 
the frequency calculations (much more accurate than the direct difference between 
the two all-electron calculations, which averaged errors at about 22 cm-1  in the a-i- 
Ga3BH10 isomer, and 16 cm-1  for the a-2-Ga3BH10 isomer) was surprising, and may 
result from the fact that although the geometries resulted in an accurate structure 
that was in error only by a dilation factor, and not by random errors, since the HW 
method tended to overestimate all parameters indiscriminately. 

In the a-1-Ga3BH10 isomer the situation was evidently different, and would appear 
to be based about more than just the lesser stability (which might give rise to more 
varying structures) of the conformer. Inspection indicated large errors in parameters 
for the whole HW series, but most particularly in the unpolarised set where the 
average error reached as high as 3.7 %, and several parameters reached to about 10 
%: Ga3-B1-H6 (10.5 %), B1-Ga3-H5 (9.6 0/)  and B1-H7-Ga2 (9.7 %) while the B1-Ga2 
distance overeached itself by 5.7 %. The central boron-gallium distance is 
underestimated, and this all amounts, to my mind, to be due to inadequate 
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representation of the boron atom in a position where polarisation is of such prime 
importance. The small size of the boron atom in such close proximity to the gallium 
atom, of much more polarisable character, tends to produce a somewhat distorted 
structure. With polarisation on the gallium atom, the results improve, so that all 
differences with the 321G*  results are lowered to less than 4 %, yet remain still too 
large to be acceptable. Once again we see the HW results are quite significantly closer 
to DZP results, which tends to a less expanded structure than the 321G*  predictions 
(although direct interaction of heavy atoms is less strong in the DZP results, also in 
agreement with the HW*  results). Even so, the parameters are still overestimated 
even compared to DZP results, and this is why we see such a great discrepancy with 
the 321G*  results. As for the unpolarised case the largest errors remain in 
parameters that are between the gallium and boron atoms. Hydrogen polarisation 
reduces errors are little, but the problem areas remain much the same. 

The SBK method handles the close-range interaction of heavy atoms in these 
molecules extremely well, with most problems being, as usual, about boron atoms. 
This, of course manifests itself in the a-1-Ga3BH10 structure, due to the important 
influential position occupied by the boron atom in this structure. Bridging hydrogen 
- gallium parameters also present a problem with being underestimated in both the 
arachno structures, but this is corrected well with polarisation. The SBK frequencies 
were well predicted, with low average errors and deviations when compared against 
the DZP results. Unlike in other cases where the HW results were usually the less 
accurate, this was not the case here, but these results have already been discussed. 
The SBK frequencies were utterly reasonable and indicate a good geometry 
estimation. 

The a-2-Ga3BH10 isomer presents excellent angular results, which all drop to less 
than 1 % with the addition of heavy atom polarisation, with the exception of 
bridging hydrogen angles in the HW*  errors, at about 3.4 %. For this molecule, only 
the gallium-bridging hydrogen distances and the boron-terminal hydrogen 
parameters yield errors of greater than 1 % (but less than 2 %), the former being 
underestimated and the latter overestimated. Thus the SBK set presents closely 
matched results in this case. The a-1-Ga3BH10 isomer on the other hand, feeling 
inadequancies in boron representation much more keenly, shows much greater 
errors, although not of similar magnitude to the HW set. The problems are in 
exactly the same regions as the HW method. Addition of polarisation improves 
results, since it allows better repulsive interaction between gallium and boron, that 
was not properly exhibited in the unpolarised set. Because the boron atom is also 
issued polarisation functions with this basis set, we see a great improvement over 
the HW method, and the importance of boron polarisation, so unwisely neglected 
in the 321G*  and  HW*  methods. 
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(b) Borotetraalane - A13ii1j 

Table 3.5.8: Displays the relative energies (in kcal/mol) for A13BH10 isomers using 

various basis sets. 

Isomer 3.21G* HW HW* HW** 

b-1-A13BH10 (Cl) -11.768974 -8.011171 22626.362834 -14.894706 
b-1-A13BH10 (Cs) -11.714246 -8.311874 -3.981426 .14.898534 

a-1-A13BH10 -9.505404 2.201996 0.456200 -9.247429 

b-2-A13BH10 (Cl) -7.693858 0.858810 0.380648 -9.828127 

b-2-A13BH10 (Cs) -7.504694 -8.311874 22626.362834 22626.362834 

a-2-AI3BH10 0 0 0 0 

Isomer PZf SBK SBK* SBK** 

b-1-A13BH10 (Cl) -14.321328 -7.637426 -11.501947 -12.161586 

b-1-A13BH10 (Cs) -14.305424 -7.692270 -11.435180 -12.082645 

a-1-A13BH10 -10.018925 3.319717 -5.888681 -6.626382 
b-2-A13BH1O (Cl) -12.951817 0.513492 -6.112953 -7.000880 
b-2-A13BH10 (Cs) -12.657227 0.906501 -5.883535 -6.742283 
a-2-AI3BH10 0 0 0 0 

The stability ordering for this set of molecules was certainly odd, being very 
inconsistent across the various methods. The 321G*  method predicted a stability 
ordering much like that in the gallium case. The stablest isomer was predicted to be 
b-1-A13BH10, with the Cs isomer being less stable than the Ci isomer as is typical of 
these molecules. The bis(dialanyl)-type structure would be expected to be the most 
stable isomer considering it is so for gallium, and must be due to overcrowding in 
the arachno conformer, since both gallium and aluminium are of a similar size. We 
have established previously that the aluminium atom does not like binding to 
other heavy atoms, but for this series of molecules such a situation is unavoidable. 
The stability ordering thus confirms suspicions gleaned from the A12132Hio series of 
molecules, most particularly that aluminium would prefer to bond across the 
central direct bond between the two dimer type hydrides with another aluminium, 
than it would with boron. That aluminium and boron clearly work to avoid one 
another's company may be because they are both not polarisable, but rather 
polarising, and hence tend to greater repulsion than is witnessed for gallium 
molecules, where polarisation in gallium is great, and therefore destabilises the 
structure. The fact that aluminium is a little more polarisable than the smaller 
boron atom would thus give it preferential bonding priorities with an existing 
aluminium atom. 

Next stablest is the a-1-A13BHio isomer, a clear favourite over the a-2-Al3BH10 

isomer (predicted least stable for the 321G*  basis set) for what seem to be purely 
steric reasons, for boron will fit into the central position better than will an 
aluminium atom, and without the favouring of heavy atom-heavy atom 
interaction, as is the case in the gallium molecules, it is clear why this is so (as 
although the aluminium atom prefers to bond with itself over boron, it prefers in 
such structures to remain single). 

The a-2-A13BH10 isomer was predicted least stable for this basis set, for reasons I've 
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already expounded upon, since this arachno structure forces greater participation of 
aluminium in heavy atom bonds than did the a-1-A13BH10 structure. With the 
additional accuracy of the hydrogen polarisation in the DZP basis set, however, we 
see this structure rise above the b-2-Al3BH10 isomer since the additional polarisation 
added to the boron atom in the DZP method (not present in the 321G*)  further 
discourages aluminium-boron interaction so that the bis(dialanyl) structure with 
two boron-aluminium bonds becomes even more unstable. 

The pseudopotential methods present a mish-mash of energy orderings, that seem 
constant only in yielding the b-1-Al3BH1O isomer as the stablest isomer, but 
unpolarised SBK and HW methods present the Cs isomer as more stable, although 
this trend is destroyed with polarisation and may safely be ignored. All the HW ECP 
basis sets tend to present the a-1-A13BH10 structure as the lowest energy isomer, but 
since both the HW and SBK set do not well represent boron (both overestimating 
it's polarising ability) we might assume that the witnessed lowering of energy to this 
extent is extreme. Likewise, the a-2-Al3BH10 isomer is raised above the stability of 
the b-2-A13131110 isomer, probably because these sets overestimate aluminium-
aluminium interaction (giving it a more gallium-like nature). Of course, as we do 
not know the nature of the aluminium hydrides, their having not yet been 
synthesised, it could be that the pseudopotential basis sets deal better with it than do 
the ab initio methods. However, the fact that the pseudopotential basis sets tend to 
more closely emulate the gallium hydrides than do the all-electron methods, and 
that the aluminium hydrides evidently behave differently from gallium hydrides 
since they have not yet been synthesised, it appears likely that the all-electron basis 
sets are more appropriate for these compounds. 

It is more encouraging to see that the SBK method, with polarisation agrees with the 
DZP predictions, and we already know that the SBK method deals better with 
aluminium than does the HW method. 
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Figure 3.5.13: Displays the geometry of the b-1-Al3BHio (Cl) isomer optimised using 
321G*/HW* methods (bonds in Angstroms, angles in degrees). 
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Figure 3.5.14: Displays the geometry of the b-1-A13BH10 (Cl) isomer optimised using 
DZP/SBK** methods (bonds in Angstroms, angles in degrees). 
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Table 3.5.9: Displays the relative % errors of pseudopotential values of the b-1-
A13BH10 (Cl) isomer against appropriate ab initio results. 

Parameters 11W HW* H W * * SBK SBK* SBK** 
Al2-A13 0.2 0.7 0.7 0.6 0.6 0.7 
A13-H5 0.3 -0.2 -0.3 0.9 0.8 0.6 
Al2-H6 0.4 -0.1 -0.2 0.9 0.7 0.6 
A13-H7 1.6 0.3 0.3 1.9 1.0 0.9 
A13-H8 %8 0.3 0.3 2.1 1.1 1.0 
A13-A14 M 0.7 0.5 1.1 0.8 
A14-H7 2.1 0.4 0.3 2.3 0.9 0.8 
A14-H8 2.3 0.4 0.4 2.5 1.0 0.9 
A14-H9 0.2 -0.2 -0.3 1.0 0.8 0.6 
A14-H10 0.3 -0.2 -0.3 1.0 0.8 0.7 
B1-Al2 3.0 0.4 0.0 3.4 1.4 1.0 
Al2-H11 2.4 0.2 0.1 2.3 0.9 0.7 
Al2-H12 2.4 0.2 0.1 2.3 1.0 0.8 
B1-H11 0.5 0.0 -0.2 1.2 1.1 1.1 
B1-H12 0.5 0.0 -0.2 1.3 1.1 1.1 
B1-H13 0.2 0.3 0.3 1.3 1.5 1.5 
B1-H14 0.3 0.3 0.3 1.5 1.5 1.5 
A13-Al2-B1 -0.1 0.7 0.8 1.2 ..t.. 
Al2-A13-A14 0.3 Id 1.2 0.4 1.0 1.1 
A13-Al2-H6 1.1 -0.4 -0.6 1.5 -0.1 -0.4 
Al2-A13-H5 0.8 -0.2 -0.3 0.9 -0.3 -0.4 
A13-H7-A14 2.6 0.4 0.2 2.5 0.2 0.2 
A13-H8-A14 2.4 0.5 0.2 2.2 0.1 -0.3 
H9-A14-H10 2.0 0.2 0.0 2.6 0.6 0.4 
A13-A14-H9 0.1 0.7 0.8 -0.7 0.0 0.1 
A13-A14-H10 -2.2 -0.9 -0.8 -2.1 -0.7 -0.5 
Al2-H11-B1 1.8 0.3 0.1 2.0 0.6 0.2 
AL2-H12-B1 1.7 0.3 0.1 2.0 0.5 0.2 
H13-B1-H14 0.6 -0.1 0.0 0.5 0.6 0.6 
Al2-B1-H13 0.8 0.5 0.5 1.8 1.2 1.2 
Al2-B1-H14 -1.4 -0.4 -0.4 -2.3 -1.8 -1.7 

St. Dev. (a) 1.0 0.3 0.3 0.8 0.5 0.5 
Average (a) 1.3 0.4 0.4 1.7 0.9 0.8 

(a) The standard deviation and average of the errors are calculated over 
absolute errors. 
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Figure 3.5.15: Displays the geometry of the b-1-A13BH10 (Cs) isomer optimised using 
321G*IHW* methods (bonds in Angstroms, angles in degrees). 

H13  
1.191 

120.3 1.195 
120.2 118.1 

H14 118.9 1.289 
1.289 

1.189 B1. ' I Hi 
1.193 

S 

121.7 
5 2.220 

120.9 92.s2.227 - H5  
92.6 

1.756 321I3* 
1.584  

- S 1.759 HW* 1.581 
S 

H11 116.9 129.7 
117.8 130.0 1.746 

S 

A 12 A I3• 1.752' 
2.594 I H8 

S 
130.3 - 

117.4 
129.9 2.629 

118.1 '.647 - 1.740 

1.582  97.9s 
1.747 

1.580 98.4 %  118.1 
117.2 

S 1.579 

A 1.576 
114.8 H10  
115.5 127.1 

1.581 127.4 
1.578 H9  

Figure 3.5.16: Displays the geometry of the b-1-A13BH10 (Cs) isomer optimised using 

DZP/SBK** methods (bonds in Angstroms, angles in degrees). 
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Table 3.5.10: Displays the relative % errors of pseudopotential values of the b-1-
A13BH10 (Cs) isomer against appropriate ab initio results. 

Parameters HW HW* HW** SBK SBK* SBK** 
Al2-A13 0.2 0.7 0.7 0.6 0.6 0.7 
A13-H5 0.3 -0.2 -0.3 0.9 0.7 0.5 
Al2-H6 0.4 -0.1 -0.2 0.8 0.7 0.5 
A13-H7 1.8 0.4 0.4 2.1 1.1 1.0 
A13-A14 3.9 0.7 0.5 4.0 1.2 0.8 
A14-H7 2.1 0.4 0.4 2.3 1.0 0.9 
A14-H9 0.3 -0.2 -0.3 1.0 0.8 0.6 
A14-H10 0.3 -0.2 -0.3 1.0 0.8 0.7 
Al2-B1 3.0 0.4 0.1 3.5 1.4 1.0 
Al2-H11 2.4 0.2 0.1 2.3 0.9 0.8 
Bi-Hil 0.4 0.0 -0.2 1.2 1.1 1.0 
B1-H13 0.3 0.3 0.3 1.4 .t. 
B1-H14 0.3 0.3 0.3 1.4 .L 
A13-Al2-B1 -0.5 0.8 0.9 0.5 1.4 
Al2-A13-A14 -0.9 0.5 0.7 -0.1 0.5 0.6 
A13-Al2-H6 1.5 -0.3 -0.5 1.9 -0.1 -0.3 
Al2-A13-H5 1.7 0.2 0.0 1.3 0.2 0.0 
A13-H7-A14 2.5 0.5 1.0 2.3 0.2 -0.2 
H9-A14-H10 1.8 0.2 0.0 2.5 0.6 0.4 
A13-A14-H9 -0.3 0.6 0.7 -0.8 0.1 0.2 
A13-A14-H1O -1.7 -0.6 -1.9 -0.7 -0.6 
Al2-H11-B1 1.8 0.3 0.1 2.1 0.5 0.2 
H13-B1-H14 0.6 -0.1 0.0 0.5 0.5 0.5 
Al2-B1-H13 0.6 0.7 0.6 1.3 0.5 0.6 
Al2-B1-H14 -1.1 -0.6 -0.6 -1.8 -1.0 -1.1 

St. Dev. (a) 1.0 0.2 0.3 0.9 0.4 0.4 
Average (a) 1.2 0.4 0.4 1.6 0.8 0.7 

(a) The standard deviation and average of the errors are calculated over 
absolute errors. 

im 



Figure 3.5.17: Displays the geometry of the b-2-Al3BHio (Cl) isomer optimised using 

321G*/HW* methods (bonds in Angstroms, angles in degrees). 
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Figure 3.5.18: Displays the geometry of the b-2-Al3BH10 (Cl) isomer optimised using 

DZP/SBK** methods (bonds in Angstroms, angles in degrees). 
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Table 3.5.11: Displays the relative % errors of pseudopotential values of the b-2-
A13BH10 (Cl) isomer against appropriate ab initio results. 

Parameters 11W HW H W * * SBK SBK* SBK** 
B2-A13 0.7 0.5 0.5 0.4 0.9 0.9 
A13-1-15 0.4 -0.1 -0.3 1.0 0.7 0.6 
A13-1-17 2.8 0.4 0.4 2.7 0.9 0.8 
A13-1-18 2.6 0.4 0.4 2.8 1.0 0.9 
A13-A14 Li. 01 Li.. 1.0 0.7 
132-1-16 0.1 0.3 0.2 1.2 1.2 1.2 
B2-H11 0.1 0.2 -0.2 1.1 IA 1.3 
132-1-112 0.1 0.3 -0.2 1.2 IA IA 
AI1-132 3.3 0.6 0.2 3.6 1.3 1.0 
A14-1-17 1.6 0.3 0.3 1.8 0.9 0.8 
A14-H8 1.7 0.4 0.4 1.7 0.9 0.8 
A14-H9 0.4 -0.2 -0.3 1.2 0.9 0.7 
A14-H10 0.4 -0.2 -0.3 1.2 0.8 0.7 
AI1-Hil 3.1 0.0 0.0 2.4 0.6 0.5 
AI1-1-112 3.4 0.0 0.0 2.5 0.5 0.5 
AI1-1-113 0.2 -0.2 -0.3 0.9 0.8 0.7 
AI1-1-114 0.3 -0.2 -0.3 1.1 0.9 0.7 
AI1-132-A13 -0.8 -0.5 -0.3 -2.0 
B2-A13-A14 -0.3 0.4 0.4 -0.5 -0.3 -0.2 
A13-B2-H6 -0.2 -0.3 0.1 1.9 1.7 
B2-A13-H5 2.3 0.1 -0.1 2.7 0.7 0.4 
A13-H7-A14 3.3 0.4 0.2 2.4 0.2 -0.2 
A13-1-18-A14 2.7 0.3 0.2 2.4 0.2 -0.2 
H9-A14-H10 1.1 0.1 0.0 1.6 0.6 0.5 
A13-A14-H9 -0.1 0.2 0.2 -0.6 -0.3 -0.3 
A13-A14-H10 -1.0 -0.3 -0.2 -1.1 -0.3 -0.2 
B2-H11-AI1 1.6 0.4 2.2 0.6 0.4 
132-1-112-AI1 1.4 0.7 0.4 2.1 0.7 0.4 
H13-AI1-H14 1.9 0.2 0.0 3.5 1.2 0.9 
132-AI1-1-113 -1.0 -0.3 -0.3 -1.8 -0.5 -0.2 
132-AI1-1-114 -1.1 0.1 0.3 -1.9 -0.8 -0.7 

St. Dev. (a) 1.2 0.2 0.1 1.0 0.4 0.4 
Average (a) 1.4 0.3 0.3 1.8 0.8 0.7 

(a) The standard deviation and average of the errors are calculated over 
absolute errors. 

191 



Figure 3.5.19: Displays the geometry of the b-2-A13BH1O (Cs) isomer optimised using 
321G*/JIW* methods (bonds in Angstroms, angles in degrees). 
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Figure 3.5.20: Displays the geometry of the b-2-A13BH10 (Cs) isomer optimised using 
DZP/SBK** methods (bonds in Angstroms, angles in degrees). 
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Table 3.4.12: Displays the relative % errors of pseudopotential values of the b-2-
A13BH10 (Cs) isomer against appropriate ab initio results. 

Parameters 11W HW* HW** SBK SBK* SBK** 
132-A13 0.7 0.5 0.5 0.4 0.8 0.9 
A13-1-15 0.4 -0.2 -0.3 1.0 0.7 0.5 
A13-1-17 2.5 0.4 0.4 2.5 0.9 0.8 
A13-A14 4.1. Q.J M 4Q 1.1 0.7 
132-1-16 0.1 0.4 0.2 1.2 1.3 1.2 
132-H11 0.2 0.2 -0.2 1.2 1.4 1.3 
132-AI1 3.3 0.6 0.2 3.7 1.3 1.1 
A14-1-17 1.7 0.4 0.4 1.8 0.9 0.8 
A14-1-19 0.4 -0.2 -0.3 1.1 0.8 0.6 
A14-H10 0.4 -0.2 -0.3 1.1 0.8 0.7 
AI1-Hil 3.2 0.0 0.1 2.3 0.5 0.5 
AI1-1-113 0.2 -0.2 -0.3 0.9 0.8 0.7 
AI1-1-114 0.2 -0.1 -0.3 1.0 0.8 0.7 
AI1-132-A13 -0.7 -0.1 0.0 -2.3 -1.7 -1.6 
B2-A13-A14 -0.4 0.3 0.4 -0.5 0.3 0.5 
A13-132-1-16 -0.5 -0.3 -0.4 0.1 L.Q  Ia 
B2-A13-H5 1.9 0.3 0.2 2.2 .0.1 -0.3 
A13-H7-A14 2.6 0.4 0.2 2.4 0.3 -0.1 
H9-A14-H10 1.1 0.1 -0.1 1.8 0.6 0.4 
A13-A14-H9 -0.6 0.4 0.4 -0.9 -0.2 -0.1 
A13-A14-1-110 -0.6 -0.5 -0.3 -1.0 -0.5 -0.3 
132-1-111-AI1 1.5 0.7 0.3 2.2 0.7 0.4 
H13-AI1-H14 1.8 0.2 -0.1 3.6 1.2 0.8 
132-AI1-1-113 -1.2 -0.1 0.0 -2.1 -0.5 -0.2 
132-AI1-1-114 -0.8 -0.2 0.1 -1.7 -0.8 -0.7 

St. Dev. (a) 1.1 0.2 0.1 1.0 0.5 0.4 
Average (a) 1.3 0.3 0.3 1.7 0.8 0.7 

(a) The standard deviation and average of the errors are calculated over 
absolute errors. 

The bis(dialanyl) structures were quite accurately reproduced once polarisation was 
included. Frequency calculations confirm this, with the corresponding ab initio and 
pseudopotential basis sets agreeing extremely well. Only the b-1-A13BH10 (Cl) isomer 
was predicted as a transition state, and this only in the pseudopotential basis sets, 
not the ab initio basis sets. Once again the glaringly obvious inadequancies of 
numerical frequencies are displayed, since this isomer was predicted most stable by 
all the methods, and therefore is unlikely to be a transition state. 

Both the b-1-A13BH10 and b-2-A13BH10 isomers overestimated parameters involving 
the direct overlap of heavy atoms, and aluminium-bridging hydrogen bonds (by up 
to 4 % in the b-2-Al3BHiO molecule) but this was remedied better than would be 
expected based on previous results. As usual the more symmetrical isomers (Cs) 
were slightly more accurately portrayed (although the difference between the two is 
negligable) this being more pronounced in the SBK method. While errors of 4 % 
were frequent for Al-Al distances and angles about the aluminium bridging regions 
were overestimated, yielding an average error of 1.4 % for the HW and 1.8 % for the 
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SBK set in the b-2-A13BH10 isomer, and 1.3 % and 1.7 % for the HW and SBK results, 
respectively in the b-1-A13BH10 isomer, these were reduced to only 0.3 and 0.8 % 

(HW and SBK, b-2-A13BH10) and 0.4 and 0.9 % (HW and SBK, b-1-Al3BHiO) with 

polarisation. The polarised I-lW calculations yielded errors all less than 1 % in the b-
2-A13BH10 (Cs and Ci), and almost as little in the b-1-A13BH10 isomers. The only 
error of greater magnitude than this was in the Ci b-1-A13BH10 molecule, being 1.1 

% in the aluminium backbone angle. Despite this apparent accuracy, the frequency 
predictions of the unpolarised results were quite inaccurate, with errors being 

around 42 cm-1, on average, and the errors in the b-2-A13BH10 molecule tended to be 

the greater. These large errors result from underestimation of stretching vibrations 

between 1000 and 2300 cm-1. Knowing of the HW method inability to accurately 
represent the aluminium-aluminium interaction in previous studies, it is not 
surprising that these parameters should provide the largest area of contention, but it 
is really surprising to see that this group of molecules should be better reproduced 
than like gallium molecules, given that in previous cases the opposite has always 
been true and more particularly since the stability positioning seemes so uncertain. 
However, as this positioning so tentatively suggested, aluminium-boron bonds are 
quite distinctly disliked, and so it may be that it was aluminium-boron interaction 
that was problematic, and here, where boron influence is much less, this factor 
ceases to be so dramatic. Like geometrical parameters, frequencies improve out of 
sight with polarisation. 

As in the I-lW series, the SBK results improve greatly on polarisation, although, of 
course, errors greater than 1 % remain in both isomers due to overestimation of the 
boron associated parameters. Indeed, this inconsistency becomes more noticeable 
with polarisation. It may have been this very factor (overestimating boron's 
polarisability) the allowed the SBK to reproduce the earlier aluminium/boron 
hydride conformers better than the 1-11W method. Also, in such structures as we are 
now dealing with it is likely that the repulsion between the greater crowd of 
aluminium atoms would cause the boron distance to naturally increase, and so this 
tendency for both the SBK, and more markedly the HW method, to overestimate 
the aluminium and boron distances is actually a boon in this case. As per previous 
sections, all the distances tend to overestimation by the pseudopotential basis sets, 
but not so excessively as was the case in the lower ratio aluminium borohydride 
conformers. 

Unlike previous cases, where the SBK frequencies have generally been more 
accurate than the HW frequencies, we see that this is not the case here, and this 
most likely due to the lack of troublesome interactions that FPN typically encounters 
in the previous aluminium borahydride molecules. Also in these results we see 
extremely close frequency results for the two ab initio methods, which is atypical of 
previous results. This would indicate that the factors that have affected the 
pseudopotential basis sets in other molecules, have also affected the ab initio basis 
sets (most noticeably perhaps, the lack of boron polarisation in the 321G*  basis set), 
and like the pseudopotential basis sets, have ceased to be a problem here. The trends 
are similar in ab initio results, since the DZP method also tends to smaller 
frequencies than the 321G*  method. This indicates that the pseudopotential 
frequencies all mimic the DZP results to a greater extent than they do the 321G* 
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predictions, a desirable result. 

The above observations are brilliantly substantiated by the arachno structures. It is 
clear that the aluminium-boron bond is behind structural uncertainty with regards 
to the aluminium borohydrides, since the average error in the HW*  method, at 0.6 
% in a-1-A13BH10 isomer, where this is a central Al-B bond is lowered to only 0.3 % 
in the a-2-A13BH10 isomer. It is informative to look at Mulliken charges with respect 
to these isomers, and I have chosen to portray results from the SBK model, since in 
the past it has been shown to more accurately reproduce aluminium-boron 
interactions than does the HW method. 

a-1-A13BH10 (SBK*) Bi = -0.195785 
Al2,4 = 0.333684 

A13 = 0.325682 

a-2-A13BH10 (SBK*) A11,3 = 0.267763 
B2 = -0.106879 

A14 = 0.484476 

Clearly, the positioning of the boron atom is important, and in the central position 
of the a-1-A13BH10 isomer, the boron removes a great deal of the attached 
aluminium atom's charge than is expected from the a-2-A13BH10 structure. Thus it 
seems it is this aspect (whereby the HW method underestimates this effect) that 
causes problems in earlier structures. 

The a-2-A13BH10 isomer, lacking this problem is well estimated by both basis sets. 
Both the unpolarised basis sets initially present excessive overestimation of the 
aluminium-boron distance, but since boron polarisation is not overly important 
here, this is easily corrected on polarisation, even in the HW series. Indeed, in the 
HW series, these errors are almost all reduced to less than 1 % with polarisation, 
and the p-polarisation of the hydrogen atoms hardly affects this close relationship 
between HW*  and  321G*.  As usual, the HW method slightly overestimates 
parameters about the aluminium atoms. The unpolarised SBK method displays 
large errors about the boron atom, but the aluminium parameters are better 
estimated than in the HW case. Polarisation improves the SBK results a little, 
although problems still remain with the boron-hydrogen parameters. 

The accuracy in structure is not evident in the a-1-A13BH10 isomer. The HW 
method displays an average error of 2.3 %, and some parameters exist with errors of 
more than 6 %, and these are all between the central aluminium and boron atoms. 
To some extent the SBK basis yields similar results, and so while it accurately 
portrays aluminium-aluminium bonds it is not so successful with the boron 
interaction (to be expected since boron has not exactly been performing well for this 
basis). However, since the errors are actually a little better in this method than with 
the HW method, it seems the property that causes its lesser performance in other 
cases is actually a small boon in this case. 
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It must be patently obvious by now that the aluminium and gallium isomers 
present very similar geometries, and this case is no different. I have already 
expounded at some length on differences between isomers in previous sections, and 
since further discussion with regards to this situation offers nothing new, I shall just 
confine myself to saying that the features remain the same. 

The results are greatly improved with polarisation, but errors in these areas still 
remain above 1 % in the HW method, while, as usual in the SBK method, the 
boron-hydrogen parameters remain overestimated. 

Figure 3.5.21: Displays the geometry of the a-1-A13BH10 isomer optimised using 3-
21G*/HW* methods (bonds in Angstroms, angles in degrees). 
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Figure 3.5.22: Displays the geometry of the a-1-A13BH10 isomer optimised using 
DZP/SBK** methods (bonds in Angstroms, angles in degrees). 
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Table 3.4.13: Displays the relative % errors of pseudopotential values of the a-1-
A13BH10 isomer against appropriate ab initio results. 

Parameters HW HW* HW** SBK SBK SBK** 
B1-A13 -0.1 -0.4 -0.5 -0.1 1.4 
B1-H6 -0.2 -0.3 -0.2 -1.2 1.4 
B1-H7 -0.9 -0.5 -0.2 -1.8 -1.3 -1.3 
B1-Al2 -6.4 -1.2 -0.9 -5.9 -1.0 -0.8 
A13-H5 -0.3 0.1 0.3 -0.8 -0.7 -0.4 
A13-H9 -2.7 -0.3 -0.2 -2.7 -0.6 -0.5 
Al2-A13 -4.4 -0.9 -0.7 -4.1 -0.5 -0.3 
Al2-H9 -0.4 -0.3 -0.4 -0.2 -0.9 -0.9 
Al2-H7 -2.5 0.1 0.0 -1.6 -0.7 -0.6 
Al2-H1 1 -0.3 0.0 0.3 -0.9 -0.8 -0.6 
Al2-H13 -0.2 -0.2 0.3 -0.9 -0.8 -0.6 
A13-B1-H6 -6.2 -5.4 0.4 0.2 
B1-A13-H5 -4.3 -0.6 -0.4 -4.6 0.6 0.6 
B1-H7-Al2 -1.6 -1.2 -0.2 0.0 
A13-H7-Al2 -4.1 -0.9 -0.6 -3.8 0.4 0.6 
H6-B1-H7 -0.1 -0.1 -0.1 -0.2 -0.9 -0.9 
H5-A13-H9 1.5 0.2 0.3 1.4 -0.2 -0.1 
H13-Al2-H11 -2.1 -0.3 -0.1 -3.2 -1.0 -0.7 
H7-Al2-H13 -1.1 -0.9 -0.9 -0.4 0.6 0.5 
H7-Al2-H11 2.0 0.7 0.6 1.9 0.2 0.1 

St. Dev. (a) 2.2 0.5 0.4 2.0 0.4 0.4 
Average (a) 2.3 0.6 0.5 2.4 0.7 0.6 

(a) The standard deviation and average of the errors are calculated over 
absolute errors. 
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Figure 3.5.23: Displays the geometry of the a-2-A13BH10 isomer optimised using 3-
21G*/HW* methods (bonds in Angstroms, angles in degrees). 
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Figure 3.5.24: Displays the geometry of the a-2-A13BH10 isomer optimised using 
DZP/SBK** methods (bonds in Angstroms, angles in degrees). 
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Table 3.5.14: Displays the relative % errors of pseudopotential values of the a-2-
A13BH10 isomer against appropriate ab initio results. 

Parameters ffW HW* HW** SBK SBK* SBK** 

AI1-A13 1.5 0.4 0.2 1.5 0.2 0.1 
B2-A13 4.9 1.1 0.0 5.4 1.2 0.4 
AI1-H5 0.4 -0.1 -0.3 0.8 0.6 0.4 
AI1-H8 1.9 0.3 0.4 1.1 0.5 0.6 
AI1-H7 2.1 -0.1 0.0 1.3 0.2 0.2 
B2-H7 0.6 0.2 0.0 1.6 1.1 1.0 
B2-H11 0.4 0.4 0.4 1.2 1.3 1.2 
B2-H13 0.2 0.1 0.0 1.3 1.4 1.4 
A14-H8 2.0 0.4 0.5 1.1 0.2 0.2 
A14-H12 0.3 -0.1 -0.2 1.1 0.9 0.7 
A14-H14 0.4 -0.2 -0.3 1.2 1.0 0.8 
A13-AI1-H6 0.5 0.1 0.0 1.1 0.3 0.3 
A13-AI1-H7 -0.7 0.0 0.1 -0.3 0.3 0.4 
A13-AI1-H8 -2.6 0.1 0.5 -2.1 0.4 0.8 
AI1-H7-B2 5.7 jJ 0.1 6.7 1.1 -0.1 
AI1-H8-A14 -0.9 4.3 2..0 
H5-AI1-H7 0.3 -0.2 -0.3 -0.3 -0.3 -0.5 
H8-AI1-H5 1.1 -0.2 -0.4 0.0 -0.8 -1.1 
H11-B2-H13 1.0 0.2 0.1 1.4 0.9 0.6 
H7-B2-H11 1.7 -0.3 -0.9 1.9 0.5 0.1 
H7-B2-H13 -1.5 0.0 0.4 -1.9 -0.8 -0.4 
H12-A14-H14 1.2 0.1 -0.2 1.6 0.3 0.1 
H8-A14-H12 2.0 -0.3 -0.6 0.3 -0.5 -0.9 
H8-A14-H14 -0.4 0.1 0.3 -0.7 0.0 0.2 

St. Dev. (a) 1.7 0.4 0.3 1.6 0.5 0.7 
Average (a) 1.7 0.3 0.3 1.7 0.7 0.7 

(a) The standard deviation and average of the errors are calculated over 
absolute errors. 
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(3.6) The Tetra(gall/al)anes: 

Table 3.6.1: Displays relative energies (in kcal/mol) for tetra(gall/al)ane using 
various basis sets (note, SBK denotes the small SBK emthod for gallium, which 
removes 28 core electrons). 

Isomer 321G* 11W HW* HW** 
b-A141-I10 (C2) -3.527833 -0.269578 -4.948106 -5.351846 

b-A14H10 (C2h) -3.493293 -0.529242 -4.940450 -5.327687 
a-AI4H10 0 0 0 0 

b-Ga4H10 (C2) -1.511126 -32.268517 3.366592 -4.654808 

b-Ga4H10 (C2h) -1.360862 -32.530503 3.295244 -4.716241 

a-Ga4H10 0 0 0 0 

Isomer DZP SBK SBK* SBK** 

b-A14H10 (C2) -6.399226 2.560869 -2.237513 -3.123244 
b-A14H1O (C2h) -6.276100 2.359877 .2.154305 -3.037086 

a-A14H10 0 0 0 0 
b-Ga4H10 (C2) -4.489942 -6.611321 -2.967370 -3.701557 
b-Ga4H10 (C2h) -4.476406 -6.376005 -3.012802 -3.753891 

a-Ga4H10 0 0 0 0 

(a) Tetraalane - A14ijJ 

The energy predictions are as one would expect, based on the A13BH10 structures, 
with the exception of the unpolarised pseudopotential basis sets. The b-A14H10 (C2) 
isomer is predicted most stable, followed by the C2h isomer, and the arachno 
structure is least favoured, due to crowding. The lack of any aluminium-boron 
interaction dispels any problems with aluminium bonding preferences, and so the 
ordering of the isomers reduces to purely steric considerations. 

The unpolarised HW methods predicted a reverse order for the bis(dialanyl) 
isomers, so the more rigid C2h isomer becomes the more favoured, but with 
polarisation the more relaxed C2 isomers is reinstated in this position. This is typical 
behaviour of the unpolarised basis sets, in ascribing the more symmetrical isomer to 
the first position, since it overestimates repulsion between the atoms, and thus 
produces incorrect ordering. 

The unpolarised SBK set actually manages to place the arachno structure as the 
stablest isomer, a quite remarkable feat. This might be the case because the 
unpolarised SBK basis set clearly overestimates aluminium repulsions to such an 
extent (as seen by the large distance errors between these atoms for this group of 
molecules) that the conformer with the least number of such interactions becomes 
favoured, this obviously being the arachno isomer. As expected, this phenomena is 
corrected with polarisation. The SBK and SBK*  methods also predict the 
bis(dialanyl) (C2) structure as a transition state, however, since the ab initio basis 
sets, and the HW method predict it as a minima, and since it is the stablest isomer, 
this is quite patently false. Fortunately this situation is remedied in the SBK** 
results. 
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Figure 3.6.1: Displays the 321G*/HW*  geometries for a-A14H10 (bonds in 
Angstroms, angles in degrees) H11  
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Figure 3.6.2: Displays the DZP/SBK**  geometries for a-A14H10 (bonds in Angstroms, 
angles in degrees) 
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Table 3.6.2: Displays pseudopotential % errors for a-A14H10 against the relative ab 
initio basis set. 

Parameters 11W HW* H W * * SBK SBK SBK** 

Al2-AI1 5.7 -0.2 -0.5 3.7 -0.7 -1.2 
Al2-H7 1.9 0.4 0.5 1.0 0.3 0.3 
Al2-H11 0.4 -0.1 -0.3 1.1 0.9 0.7 
Al2-H13 0.4 -0.2 -0.3 1.1 1.0 0.7 
All-H7 2.2 0.4 0.4 1.5 0.6 0.5 
AI1-H5 0.4 -0.1 -0.3 0.9 0.7 0.5 
All-A13 1.1 0.3 0.3 0.9 0.0 0.0 
AI2A14 2.0 1.5 1.3 -0.2 0.9 0.4 
All - H 7-A 12 6.8 -1.1 
H11-Al2-H13 1.0 0.1 .0.1 1.2 0.3 0.1 
H11-Al2-H7 1.8 -0.3 -0.6 0.5 -0.7 -1.1 
H13-Al2-H7 -0.1 0.2 0.3 0.0 0.0 0.1 
A13-AI1-H5 0.8 -0.2 -0.2 1.5 0.2 0.0 
H7-AI1-H11 0.9 -0.1 -0.2 -0.3 -0.7 -0.9 

St. Dev. (a) 2.0 0.4 0.4 1.3 0.5 0.7 
Average (a) 1.8 0.4 0.5 1.3 0.6 0.7 

(a) Average and Standard Deviation calculated over absolute percentage 
errors 

Figure 3.6.3: Displays the 321G*/HW*  geometries for b-A14H10 (C2) (bonds in 
Angstroms, angles in degrees) 
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Figure 3.6.4: Displays the DZP/SBK**  geometries for b-A14H10 (C2) (bonds in 
Angstroms, angles in degrees) 
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Table 3.6.3: Displays pseudopotential % errors for b-A14H10 (C2) against the relative 
ab initio basis set. 

Parameters 11W HW* H W * * SBK SBK* SBK** 

Al2-H5 0.3 -0.1 -0.3 1.0 0.8 0.6 
Al2-A13 0.1 0.7 0.7 0.5 0.5 0.6 
Al2-AI1 3.8 0.7 0.5 4..0 0.8 
Al2-H1 1 1.9 0.3 0.3 2.3 L2  1.0 

Al2-H12 1.8 0.4 0.4 2.2 1.1  1.0 

AI1-H11 2.2 0.4 0.4 2.3 0.9 0.8 
AI1-H12 2.0 0.4 0.3 2.2 0.9 0.8 
AI1-H13 0.3 -0.2 -0.3 1.0 0.8 0.7 
AI1-H14 0.3 -0.2 -0.3 1.1 0.9 0.7 
A13-Al2-H5 0.7 -0.4 -0.5 1.3 0.1 -0.1 
AI3-A2-AI 0.7 1.3 1.3 0.5 1.0  1.0 

Al2-H11-AI1 2.4 0.4 0.2 2.3 0.2 -0.1 
Al2-H12-AI1 2.6 0.4 0.2 2.5 0.2 -0.1 
H5-Al2-H11 -0.2 -0.2 -0.2 -0.7 -0.4 -0.4 
H13-AI1-H14 1.7 0.2 0.0 2.2 0.5 0.3 
Al2-AI1-H13 0.2 0.6 0.7 -0.3 0.3 0.4 
Al2-Al1-H14 -2.1 -0.8 -0.7 -2.1 -0.8 -0.7 

St. Dev. (a) 1.1 0.3 0.3 1.0 0.4 0.3 
Average (a) 1.4 0.5 0.4 1.7 0.7 0.6 

(a) Average and Standard Deviation calculated over absolute percentage 
errors 
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Figure 3.6.5: Displays the 321G*/HW*  geometries for b-A14H1O (C2h) (bonds in 
Angstroms, angles in degrees) 
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Figure 3.6.6: Displays the DZP/SBK**  geometries for b-A14H10 (C2h) (bonds in 
Angstroms, angles in degrees) 
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Table 3.6.4: Displays pseudopotential % errors for b-A14H10 (Cm) against the relative 
ab initio basis set. 

Parameters 11W HW* HW** SBK SBK* SBK** 

Al2-H5 0.3 -0.1 -0.3 0.9 0.7 0.6 
Al2-A13 0.0 0.7 0.7 0.5 0.6 0.7 
Al2-AI1 3.9 0.7 0.5 4.0 L. 2 0.8 
Al2-H11 2.0 0.4 0.4 2.3 1.1 LQ 
Al2-H12 2.0 0.4 0.4 2.2 0.9 0.8 
AI1-H11 0.3 -0.2 -0.3 1.0 0.8 0.6 
AI1-H12 0.3 -0.2 -0.3 1.1 0.9 0.7 
AI1-H13 1.6 0.1 -0.1 1.4 -0.1 -0.2 
AI1-H14 -0.6 0.8 0.8 0.1 LZ 0.8 
A13-Al2-H5 2.5 0.4 0.2 2.3 0.2 -0.2 
A13-Al2-AI1 -0.2 -0.2 -0.2 -0.7 -0.5 -0.3 
Al2-H11-AI1 1.7 0.2 0.0 2.1 0.6 0.4 
Al2-H12-A15 -0.3 0.5 0.7 -0.6 0.4 0.1 
H5-Al2-H11 -1.5 .0.7 -0.6 -1.7 -1.0 -0.5 

St. Dev. (a) 1.1 0.2 0.2 1.0 0.4 0.3 
Average (a) 1.2 0.4 0.4 1.5 0.7 0.5 

(a) Average and Standard Deviation calculated over absolute percentage 
errors 

As for geometry predictions, again it is clear that with the boron atoms removed 
from consideration, the HW method deals well with the aluminium atom. Also, as 
in previous cases, the errors are extremely small. Both the b-A14H10 structures, in 
the unpolarised HW results overestimate the aluminium-bridging hydrogen 
distances, A11-Al2 bond, and the terminal hydrogen angle about the terminal 
aluminium atoms. This is due to lack of polarisation in the aluminium atoms, 
which causes the hydrogens to be repelled too much. With polarisation addition, 
this situation is changed and results become excellent. All errors are below 1 %, and 
this remains the case with the addition of hydrogen polarisation, since it makes 
little difference in these molecules. The more symmetrical rigid isomer tends to be 
the more accurately estimated (but only very slightly), and this can be attributed to 
the greater rigidity of its structure, which allows less flexibility, and therefore 
variation than its C2 counterpart. In the polarised basis sets, the bridging parameters 
tend to be slightly overestimated when compared to the 321G*  parameters, while 
the terminal parameters are overestimated, and this tends to be in better agreement 
with the 321G*  set than the DZP set, which further reduces bridging regions. Thus 
the HW set for aluminium, which better imitates the 321G*  results than the DZP 
results, is not as good as its gallium parameterisation, which tends to be more like 
the better DZP results. 

As in the case of pseudopotential results, the ab initio basis sets differ most in the 
representation of the boron atom. Thus, as we remove these their results also 
become closer. The frequency calculations mark this fact to excellent effect, since the 
difference between the frequencies predicted by both all-electron basis sets becomes 
smaller with decreasing boron influence, so that for these molecules there is very 
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little difference at all, a factor the pseudopotential results find it difficult to emulate. 
For the arachno structure the difference between the ab initio frequencies averages 

to 12 cm-1, with all differences below 32 cm 1. In the main, the DZP basis set tends to 
predict larger frequencies in the angular range, while the 3_21G*  has greater 
stretching frequencies. The unpolarised pseudopotential results are largely 

underestimated by as much as 150 cm 1  in the stretching region for the HW results, 

however polarisation lowers the average difference to only 19 cm. The SBK set 
manages better in this molecule to represent the DZP frequencies, in accordance 
with geometrical results. 

For the bis(dialanyl) structures the frequencies are less erroneous, and once again 
the pseudopotential basis sets do not achieve the agreement of the ab initio basis 
sets, probably simply because they were calculated numerically, while both the ab 
initio basis sets were calculated analytically, since the geometries by the 
pseudopotential basis sets were closer to their respective ab initio basis set results, 
than the ab initio results were to each other. All the numerical frequencies tended to 
be underestimated, by quite large amounts in the stretching regions, and generally 
the results of the C2h isomer were just a little more accurate than those of the C2 
enantiomer, as would be expected based on geometry observations. 

The SBK results are erroneous in the same respect as the HW results were to a 
slightly greater extent. This confirms that the SBK methods previous success with 
the aluminium borohydrides lay not in its accurate representation of the 
aluminium atom, but in its excellent reproduction of aluminium-boron interaction. 
Polarisation reduces many of the problems, but the region about the central 
aluminium atom remains a little too overestimated, and thus in better agreement 
with 321G*  results. We would expect that the SBK method would differ more 
greatly from the DZP results than the HW pseudopoential results would from the 3-
21G* values, and this is indeed the case. As we would also expect, the more 
symmetrical isomer is slightly better reproduced. 

The arachno structure presented greater problems due to its lower stability, and 
more crowded geometry. The All-A13 bond was overestimated by 1.1 % in the HW 
basis set, but the All-Al2 distance was more severe, being too large by 5.7 %, and the 
bridging hydrogen angle between aluminium atoms was 6.8 % too large. All the 
great errors in the HW set were about the aluminium-bridging hydrogen distances 
which were overestimated, due to too great repulsion. With polarisation this fault is 
corrected, and the average error becomes only 0.4 %. Unusually, for an arachno 
structure hydrogen polarisation has very little effect, which is not entirely 
unexpected since the aluminium atom has much greater power over structure than 
does the more polarisable gallium atom, and so the hydrogen polarisation can do 
little under such situations to alter structure. Again, the HW method more closely 
imitates the 321G*  results than it does the 321G*  results. 

For this structure, the SBK method does a little better than the HW method, due to 
its accuracy in representing aluminium interactions in such structural conditions. 
The problems remain the same as in the HW method, and polarisation reduces 
errors to less than 1 % for all parameters. 
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(b) Tetragallane - GaHj 

Figure 3.6.7: Displays the 321G*/HW*  geometries for a-Ga4H10 (bonds in 
Angstroms, angles in degrees) 
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Figure 3.6.8: Displays the DZP/SBK**  geometries for a-Ga4H10 (bonds in Angstroms, 
angles in degrees) 
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Table 3.6.5: Displays pseudopotential % errors for a-Ga4H10 against the relative ab 
initio basis set. 

Parameters 11W HW* HW** -SBK SBK* .SBK** 

Ga1-Ga2 3.6 1.3 0.9 0.7 -0.9 
Ga2-H7 -0.6 -0.9 -0.8 -1.7 j.. -1.3 
Ga2-H11 -1.3 -0.9 -1.3 -0.6 -0.1 -0.5 
Ga2-H12 -1.3 -1.0 -1.4 -0.6 0.0 -0.4 
Ga1-H7 -0.4 -0.5 -0.6 -1.5 -1.1 -1.3 
Ga1-H5 -1.0 -0.6 -1.1 -0.6 -0.1 -0.6 
Ga1-Ga3 1.6 1.4 1.3 -0.7 -0.9 -0.9 
Ga2-Ga4 1.7 1.1 0.7 -1.5 -0.8 -1.4 
Ga1-H7-Ga2 4.1 0.5 -0.3 
H11-Ga2-H12 1.1 0.0 -0.1 0.7 -0.2 -0.3 
H11-Ga2-H7 2.4 1.3 1.0 1.1 0.3 0.0 
H13-Ga2-H7 -0.5 0.0 0.0 -0.3 0.1 0.0 
Ga3-Ga1-H5 0.8 1.1 0.8 0.5 0.1 0.0 
H7-Ga1-H5 2.1 0.7 0.7 0.9 0.1 0.0 

St. Dev. (a) 1.8 0.8 0.6 1.0 0.4 0.6 

Average (a) 1.8 1.0 1.0 1.1 0.5 0.6 

Average and Standard Deviation calculated over absolute percentage 
errors 
SBK basis is small (ECP removes 28 electrons from gallium) 

Figure 3.6.9: Displays the 321G*/HW*  geometries for b-Ga4H10 (C2) (bonds in 
Angstroms, angles in degrees) 
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Figure 3.6.10: Displays the DZP/SBK** geometries for b-Ga4H10 (C2) (bonds in 
Angstroms, angles in degrees) 
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Table 3.6.5: Displays pseudopotential % errors for b-Ga4H10 (C2) against the relative 
ab initio basis set. 

Parameters fIW HW* H W * * SBK SBK* SBK** 
Ga2-H5 - 1 . 1 -0.7 - 1 . 1 -0.6 -0.1 -0.5 
Ga2-Ga3 1.0 1.7 1.7 -1.4 -0.7 -0.6 
Ga2-Ga1 1.5 0.0 -0.3 -0.1 
Ga2-H11 -1.2 -1.4 -1.6 -1.2 -0.6 -1.0 
Ga2-H12 -1.1 -1.2 -1.4 -1.3 -0.7 -1.0 
Gal-Hil -0.4 -0.9 - 1 . 1 -1.0 -0.7 -0.9 
Ga1-H12 -0.9 -1.2 -1.3 -1.2 -0.7 -1.0 
Ga1-H13 -1.4 -1.0 -1.3 -0.6 -0.1 -0.4 
Ga1-H14 -1.3 -0.9 -1.3 -0.6 0.0 -0.4 
Ga3-Ga2-H5 -0.8 -1.2 -1.5 0.4 0.0 -0.3 
Ga3-Ga2-GaI 3.1 3.3 3.3 0.2 0.2 0.2 
Ga2-H11-Ga1 3.1 1.6 1.4 1.4 -0.2 -0.4 
Ga2-H12-Ga1 3.4 1.7 1.5 L. -0.2 -0.3 
H5-Ga2-H11 -0.1 -0.2 0.0 -0.2 0.0 0.0 
H13-Ga1-H14 1.6 0.3 0.1 1.1 0.0 -0.1 
Ga2-Ga1-H13 1.0 1.5 1.6 -0.4 0.1 0.1 
Ga2-Ga1-H14 -2.8 -1.8 -1.7 -0.8 -0.1 0.0 

St. Dev. (a) 1.0 0.8 0.7 0.5 0.3 0.4 
Average (a) 1.5 1.2 1.3 0.8 0.3 0.5 

Average and Standard Deviation calculated over absolute percentage 
errors 
SBK basis is small (ECP removes 28 electrons from gallium) 
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Figure 3.6.11: Displays the 321G*/HW*  geometries for b-Ga4H10 (C2h) (bonds in 
Angstroms, angles in degrees) 
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Figure 3.6.12: Displays the DZP/SBK**  geometries for b-Ga4H10 (C2h) (bonds in 
Angstroms, angles in degrees) 
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Table 3.6.6: Displays pseudopotential % errors for b-Ga4H10 (C2h) against the relative 
ab initio basis set. 

Parameters 11W HW* H W * * SBK SBK* SBK** 
Ga2-H5 -1.2 -0.8 -1.1 -0.6 -0.1 -0.5 
Ga2-Ga3 0.8 1.5 1.7 -1.4 -0.7 -0.6 
Ga2-Ga1 1.6 0.0 -0.3 0.0 
Ga2-H12 -0.9 -1.2 -1.4 -1.1 -0.6 -0.9 
Gal-Hil -0.8 -1.1 -1.3 -1.1 -0.7 -0.9 
Ga1-H13 -1.3 -1.0 -1.3 -0.6 0.0 -0.4 
Ga1-H14 -1.3 -0.9 -1.2 -0.6 0.0 -0.4 
Ga3-Ga2-H5 0.4 -0.6 -0.8 0.7 0.0 -0.2 
Ga3-Ga2-GaI 0.7 1.4 1.5 -0.1 -0.2 -0.2 
Ga2-H11-Ga1 3.3 1.6 1.4 1.5 -0.3 -0.4 
H5-Ga2-H11 0.0 0.0 0.1 -0.2 0.0 0.2 
H13-Ga1-H14 1.5 0.2 0.0 1.1 0.0 -0.1 
Ga2-Ga1-H13 -0.1 0.6 0.7 -0.4 -0.3 -0.1 
Ga2-Ga1-H14 -1.6 -0.8 -0.7 -0.8 0.3 0.2 

St. Dev. (a) 0.8 0.5 0.5 0.5 0.3 0.4 
Average (a) 1.1 0.8 1.0 0.7 0.3 0.5 

Average and Standard Deviation calculated over absolute percentage errors 
SBK basis is small (ECP removes 28 electrons from gallium) 

The ordering for energies of the Ga4H1O molecules for the ab initio basis sets mirrors 
that defined in the aluminium case, although we can assume that this is more than 
just for steric reasons, since gallium tends to favour bonding to itself, and the 
bis(digallanyl) structure maximises such interaction without too great steric strain. 
The arachno structure is very crowded in this case, creating a great deal of strain, and 
hence it is predicted much less stable, although in previous cases the interaction of 
the gallium molecules in this structure has proved favourable, hence yielding 
energies only a little lower than that exhibited by the bis(digallanyl) structures. It 
also worth noting that the two bis(digallanyl) structures possess energies that are 
extremely close, and that the two structures appear to be converging, as is borne out 
readily by the extremely similar geometries - the most variable geometrical distance 
parameter would be the central gallium-gallium bond (judging from past 
experience) 
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321G* DZP HW* SBK** 

b-Ga4H10 (C2) 

Ga2-Ga3 2.484 2.506 2.525 2.491 
Ga1-Ga2-Ga3 115.3 117.8 119.1 119.1 

b-Ga4H10 (C2h) 

Ga2-Ga3 2.485 2.506 2.523 2.490 
Ga1-Ga2-Ga3 116.7 117.7 118.4 117.5 

Clearly the two structures are very similar. For this reason, it is not too unacceptable 
that the ab initio basis sets all yield reverse ordering, stability wise, for these two 
isomers from what is expected based on previous results, particularly since they 
predict the two energies extremely close. The pseudopotential basis sets thus appear 
to underestimate repulsions a little between gallium atoms (as witnessed by the 
geometrical parameters), drawing the structure in and hence causing that structure 
which allows least interaction of the more closely placed gallium atoms to be 
predicted most stable (ergo the C2h isomer being stablest). In the ab initio basis sets, 
the greater interaction of the slightly more distant terminal gallium atoms causes 
the C2 enantiomer to be favoured. 

As I've already mentioned the pseudopotential basis sets tend to underestimate 
geometrical parameters, resulting in a somewhat contracted structure. This is more 
particularly evident in the unpolarised SBK basis and hence the greater errors, and 
is centred about the bridging gallium atom. The unpolarised HW method yields 
excellent results in the more stable C2h isomer (Av. Error. 1.5 %), but the less 
symmetrical C2 b-Ga4H10 isomer has problems about the backbone angles around 
the central gallium-gallium bonds (overestimated by 3.1 %), which is necessary to 
offset the underestimation of distance parameters. The SBK set does not produce 
any errors of this magnitude, but errors of about 1 % are frequent in the bridging 
parameters. 

The HW results improve only a little with polarisation (Av. Error. 1.2 %) and it 
appears that the trends set in the unpolarised basis set are to be carried through the 
entire polarisation scheme. The parameters remain underestimated, and clearly in 
this well balanced structure, the polarisation of atoms tends to be offset by equal 
polarisation amongst others, so leaving the overall effect as minute. The results are 
actually less accurate than those seen for the corresponding aluminium molecules, 
and we can conclude this may not have been the case previously because while the 
gallium-boron interactions was well reproduced, the aluminium-boron interaction 
was not. 

Fortunately the SBK results improved greatly with polarisation, by expansion of the 
structure about the gallium atoms. All the errors are reduced to less than 1 %, and 
the suggestions I have made previously that the SBK method better handles the 
gallium atom than does the HW method (despite the previously poorer 
performance of this method) seem to be justified. Thus it must be the boron atom, 
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likewise, that provides difficulties for these molecules. 

The arachno structure produces errors as expected, with larger errors about the 
unpolarised HW results, which are fortunately somewhat reduced when 
polarisation is included, since such considerations are bound to be more important 
in this more rigid structure where gallium atoms are placed in much closer 
proximity. The HW method largely overestimated the heavy atom bonds, while 
underestimating distances involving hydrogen. Angularly the structure is dilated. 
The unpolarised basis set yielded a 7.4 % error for the Ga-Hb-Ga angle which was 
reduced to only 3.5 % with polarisation. It is this error which causes the HW*  basis 
to give such a large average error. 

As expected the SBK method suffers less from such problems, and produces 
excellent geometries with polarisation. As for the HW pseudopotential the SBK 
tends to understimate parameters (too great polarisation interaction is allowed, and 
not enough nuclear repulsion) but the effect is slight, and becomes negligable with 
polarisation. 

Unlike the aluminium case, the two ab initio basis sets do not produce such well 
agreeing frequencies, particularly in the arachno isomer (as one would expect since 
this isomer presents the most varying geometry), and usually the agreement 
between polarised pseudopotential results and ab initio results is closer than the two 
ab initio basis sets agree. Thus, we see that in the gallium case, where factors like 
outer heavy atom bonding interactions are more important than in aluminium, 
that valence representation is more important than the underlying model, which 
distinguishes on this basis (ie. aluminium is more sensitive to core representation, 
and less sensitive to valence considerations than is gallium). Also, unlike in the 
aluminium results, the pseudopotentials tend to overestimate frequencies, 
although the accuracy order of frequencies for the two sets of corresponding 
molecules is the same. This overestimation of the frequencies in the HW method is 
good since it tends to bring frequencies into closer agreement with DZP frequencies. 
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(3.7) Frequency Calculations: 

For testing various aspects of the numerical pseudopotential frequency calculations, 
Al2H6 has been elected for ease of calculation. The calculation of the Hessian using 
numerical methods, in every case looked at has issued the six zero frequencies 
(corresponding to 3N-6 vibrations where the six zero frequency are those six 
redundant translations of the molecule) at values greater than 10 cm-1. This is 
entirely unacceptable, since the analytical Hessian calculation used for calculating ab 
initio frequencies generally gives these frequencies to be values less than one. The 
discrepancy in pseudopotential frequencies might be due to the numerical method 
used, or it could be due to the code used in GAMESS [12], since the ab initio 
frequencies were calculated using Gaussian 92 [13a]. 

In all cases for Al2H6 the ab initio sets do not agree particularly well (differing by as 
much as 100 wavenumbers) with their corresponding pseudopotential sets in the 
last 8 vibrations while the other vibrations tend to agree quite well. This might be 
expected since the methods used to calculate the ab initio and pseudopotential 
geometries are different and then on top of this the hessian is calculated differently 
for the two methods. 

Thus it may be seen that the ECP calculations are not at fault but rather that the 
inaccuracy obtained is a function of the program. We might also find that the ab 
initio frequencies and the pseudopotential values might better agree if they were 
calculated by the same hessian method (ie. either all analytically or numerically). 
With this in mind I designed table 3.7.2 again showing calculations on the Al2H6 
molecule (since here the additional uncertainty of different numbers of core 
electrons being removed from the heavy atom in the two different pseudopotential 
basis sets is not an added uncertainty), and all have been calculated using GAMESS 
[12], so Gaussian 92 [13a] differences might not come into play. It is not a function of 
the GAMESS [12] program that the pseudopotential frequencies be calculated 
analytically so the ab initio results were done numerically for comparison purposes. 

The first three columns show HW results and the 3-21G frequency predictions 
calculated both analytically and numerically. The HW and the analytical ab initio 
basis sets do not compare well as we've already seen. The last six vibrations do not 
give values within the expected ranges with the problematic vibrations being up to 
60cm 1  larger in the 3-21G set, while the other vibrations tend to have values fairly 
evenly distributed between the two as far as largest magnitude is concerned. After 
calculating the same set numerically we see that this makes very little difference as 
the deviation between the analytic and numeric results always differs by less than 6 
wavenumbers and thus is almost exactly the same in each case. Generally the 
problematic values have gone up slightly in magnitude when calculated 
numerically and as such differ even more greatly from the pseudopotential 
frequencies than do the analytical results. The analytical calculation does give better 
zero frequencies than the numeric values - five zero frequencies are acceptable for 
the analytical calculation while only one is acceptable for the numeric calculation. 
Straight away we witness the Gaussian 92 [13] results to be better, since as I've 
already mentioned, this method gives six zero frequencies without fail. Therefore it 
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would appear to be partly the code. Other than this however the values are very 
similar between the two. However, the numerical results are obviously a great deal 
worse than the analytically calculated hessian for the zero frequencies. Other than 
this the numeric calculations agree very well with analytic results. Of course this 
might be deceptive since if the ab initio geometry converged extremely well both 
methods would likely give equally good results. 

Since Gaussian 92 [13a] uses slightly tighter geometry convergence, it was worth 
testing the GAMESS [12] frequencies with similar convergence criteria. Closer 
geometry convergence (down to 5*106  instead of the default 0.0001) gives results for 
both the numerical and analytical ab initio basis sets very much like those of the 
default geometry within no values being outside the range of one another. However 
while the analytical set converged to much the same value as it did for the default 
geometry (no value differs by more than 1 wavenumber) the numerical set did 
indeed change a little more drastically. The changes were not huge but in the last 
five vibrations the values decreased by up to twenty wavenumbers and such a 
change might also occur in the pseudopotential set (however I was not able to test 
this since in the time available I could not get the I-lW set to converge to such a low 
tolerance). Thus the closer geometry convergence ,while not affecting the analytical 
hessian greatly does indeed look promising in the numerical results and could 
possibly be the key to better results in the ECP frequency calculations. 

Finally, I found that in GAMESS [12] frequency calculations, the default vibrational 
displacement for each Cartesian coordinate was only in the positive direction. 
Gaussian 92 [13a] uses both positive and negative displacements, and so I performed 
GAMESS calculations to mimic this, as this might be the reason behind the awful 
zero frequencies. This makes the calculation much lengthier, and since GAMESS 
[12] code for frequencies is not very efficient, this is why the default setting is 
positive displacements only. Table 3.7.3 shows that it is this factor that makes all the 
difference, with every pseudopotential basis set now yielding adequate results. This 
made very little difference to the higher frequencies when compared to the default 
results (table 3.7.1) (less than 10 cm 1  for every frequency), so that previous frequency 
analyses are likely to be little affected since the zero freqeuencies were excluded from 
the analysis anyway. Thus it seems to me to be a choice between time and accuracy 
of the zero frequencies (which matter little anyway) that decides the method of 
frequency calculations. 
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TABLE 3.7.1: displays the predicted harmonic frequencies for the Al2H6 molecule in 
all unpolarised, heavy atom polarised and both light and heavy atom polarised for 
the FIW, SBK, 3-21G and DZ basis sets. 

Basis Set SBK HW SBK* HW* SBK** HW** 

Vibration No. 
1 13 13 21 14 21 14 
2 9 9 4 10 4 10 
3 7 9 4 5 4 9 
4 2 3 16 2 13 0 
5 18 17 20 18 20 18 
6 40 39 46 40 46 39 
7 252 256 242 239 243 240 
8 375 366 387 378 390 379 
9 444 443 435 439 438 443 

10 456 445 493 495 498 499 
11 485 482 500 496 505 501 
12 669 670 681 683 683 685 
13 694 712 752 763 756 767 
14 755 767 804 812 807 815 
15 845 834 821 821 819 822 
16 975 973 956 956 953 954 
17 1210 1200 1295 1315 1302 1312 
18 1353 1328 1442 1442 1443 1438 
19 1483 1463 1555 1553 1551 1544 
20 1518 1523 1581 1599 1586 1596 
21 1989 1880 2021 2043 2012 2025 
22 1999 1988 2031 2051 2019 2033 
23 2000 1998 2031 2058 2021 2038 
24 2008 2005 2038 2063 2027 2043 
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TABLE 3.7.1 CONTINUED: 

Basis Set 
Vibration No. 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

3-21G 321G*321G** PZ P.Z 

25 2 0 5 2 0 
9 0 0 4 0 0 
6 0 0 0 0 0 
0 0 0 0 0 1 
0 1 1 0 0 1 
0 13 12 3 7 9 

241 229 227 254 239 239 
370 387 389 352 385 387 
441 438 440 449 444 446 
475 489 492 454 494 498 
478 511 520 490 501 505 
672 681 683 679 686 687 
703 763 763 737 763 765 
759 811 811 792 813 814 
842 823 821 868 840 834 
981 955 950 1032 984 974 

1234 1353 1379 1196 1334 1325 
1389 1477 1504 1360 1461 1452 
1523 1586 1608 1509 1582 1566 
1566 1628 1645 1567 1646 1630 
2010 2061 2015 2024 2073 2049 
2017 2070 2022 2031 2081 2056 
2026 2073 2023 2034 2081 2057 
2033 2079 2029 2042 2088 2063 
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TABLE 3.7.2: shows the predicted harmonic frequencies (in cm-1) for the Al2H6 
molecule at the default geometry optimization tolerance (1*104)  and geometry at a 
tighter convergence (1*106) (labelled reopt) for the HW basis (default second 
derivatives calculated numerically) compared with 3-21G basis set (default analytic 
calculation but also calculated numerically for comparison). 

opt  reopt 
Basis Set l-ftN 3-21G analytic 3-21G numeric 3-21G analytic 3-21G numeric 
Vibration No. 

1 13 25 25 3 20 
2 9 9 14 1 4 
3 9 6 11 0 1 
4 3 0 5 0 4 
5 17 0 17 0 19 
6 39 0 40 1 46 
7 256 241 245 242 252 
8 366 370 369 370 371 
9 443 441 441 442 442 

10 445 475 478 476 479 
11 482 478 478 478 481 
12 670 672 672 672 672 
13 712 703 704 703 707 
14 767 759 760 759 763 
15 834 842 842 842 842 
16 973 981 981 981 981 
17 1200 1234 1232 1234 1235 
18 1328 1389 1389 1389 1389 
19 1463 1523 1523 1522 1522 
20 1523 1566 1564 1566 1569 
21 1980 2010 2016 2009 2001 
22 1988 2017 2024 2016 2009 
23 1998 2026 2032 2025 2018 
24 2005 2033 2039 2032 2024 
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Table 3.7.3: Displays the Al2H6 frequencies obtained using cartesian displacements 
for each coordinate in both the positive and negative directions (cm-1) (Table 3.7.1 
shows similar results for displacements in the positive direction only). 

Basis Set SBK HW SBK* HW* SBK** HW** 
Vibration No. 

1 7 8 0 4 1 9 
2 0 0 0 0 0 0 
3 0 0 0 0 0 0 
4 0 0 1 0 0 0 
5 4 4 4 4 3 3 
6 4 5 16 4 1 4 
7 248 252 231 236 232 237 
8 377 367 386 379 388 380 
9 444 444 435 439 438 443 

10 456 445 488 494 493 498 
11 482 480 500 495 504 499 
12 669 670 681 683 683 685 
13 693 711 748 763 752 766 
14 754 767 800 812 803 815 
15 845 834 821 822 819 822 
16 974 973 956 956 953 954 
17 1211 1202 1293 1317 1300 1314 
18 1353 1328 1442 1442 1443 1438 
19 1483 1463 1555 1554 1551 1544 
20 1521 1526 1578 1602 1583 1599 
21 1982 1973 2029 2036 2019 2018 
22 1993 1982 2038 2045 2027 2027 
23 1994 1992 2038 2052 2028 2032 
24 2003 1999 2046 2057 2034 2037 
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(3.7) Timing of Pseudopotential Calculations: 

Table 3.8.1: Displays the time (in seconds) each step an optimisation calculations 
took, or the total freqeuency calculation, for various molecules, using a number of 
different basis sets 

Geometry 
Molecule UP 11W HW* H W * * BAK 

a-2-GaB3H10 4594 (L) 278 (V) 349 (V) 1126 (V) 947 (V) 
b-2,3Ga21321-110 (C2) 2953 (A) 124 (A) 200 (A) 533 (A) 904 (A) 
b-1,4-Al21321-110 (C2) 894 (A) 108 (A) 172 (A) 532 (A) 108 (A) 
b-1-Ga3BH10 (Cs) 5240 (A) 162 (A) 334 (A) 805 (A) - 

Frequency 
b-2,3-Ga2B2H10 (C2) 19170 (A) 3890 (A) 6385 (A) 31193 (A) 55455 (A) 
a-1-A183H10 1655.4 (L) 16892 (L) 13548 (L) 12516 (V) 427856 (V) 
b-1-Ga3131-110 24062 (A) 6442 (A) 12630 (A) 31552 (A) - 

Molecule SBK* SBK** -SBK SBK* SBK** 

Geometry 
2_agab3 1833 (V) 3920 (V) 287 (V) 725 (V) 1881 (V) 

b23Ga2 (C2) 1485 (A) 2672 (A) 136 (A) 317 (A) 
b14Al2 (C2) 658 (V) 1789 (V) 

b-1-Ga3BH10 (Cs) - - 182 (A) 444 (A) 906 (A) 

Frequency 
b-2,3-Ga21321-110 (C2) 46830 (Ag) 3887 (A) 2814 (A) 10134 (A) 25750 (A) 

a-1-AIB3H1O 31405 (L) 45028 (V) 68617 (V) 
b-1-Ga3Bl-110 6852 (A) 16853 (A) 31553 (A) 

L=LACEBARK (RSK6) 
A=ACACIA (RSK6) 
V=LJNCL04 (VAX) 
Ag = AGILE (DEC) 
-SBK denotes the small SBK ECP (ECP removes 28 core electrons from gallium) 

It was very difficult to obtain any idea of relative timings for calculations of 
pseudopotentials versus ab initio, since the calculations were frequently done on 
different machines that weren't comparable. Here it may be noted the the time 
taken on the VAX and Lacebark for the same calculation is roughly equivalent. 
What I shown above is roughly comparable results across a molecule calculation 
using different basis sets. Unfortunately 321G*  timings were not available since for 
this basis set I used an option in Gaussian 92 [13a] that both optimises a molecule 
and calculates it's freqeuency in the same calculation, and so these results were not 
separable. 
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Straight away it is clear that there is little benefit to be found using pseudopotential 
methods. In a-2-GaB3H10 the SBK**  basis set takes 3920 secs to DZP's 4549 secs for a 
step in geometry optimisation, which isn't much of a saving. This must be due to 
inefficient coding since the basis set in this molecule for the DZP (146 basis 
functions) is so much larger than that for SBK**  (128 basis functions). As the 
number of gallium atoms increases this becomes even worse. However, it wasn't 
the timings that caused problems in high gallium borahydrides, it was the default 
memory setting (which was not changeable) the wouldn't allow calculations of 
more the 158 basis functions. If the alternative SBK basis set is used, than the timing 
is reduced to only 1881 secs, quite a good time saving considering the accuracy of 
results. 

The "ab/pseudo" comparisons for freqeuency calculations display the inefficiency of 
the code used for GAMESS [12] freqeuencies since the small HW**  calculations (96 
basis functions for a-2-GaB3H1o) take longer than the DZP calculations, despite the 
default positive displacement only in pseudopotential calculations which is clearly 
ridiculous. Thus, my overall feeling is that pseudopotential calculations offer no 
benefit, cost wise over ab initio calculations. 
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(4.0) ZINDO - Parameterisation for elements Gallium to Bromine: 

Table 4.1: Displays the parameters obtained in the ZINDO program for gallium-
bromine (Slater-Condon parameters, with * are from Hinze and Jaffe [76], the 
remainder were calculated as per methods section) 

Parameter Gallium GermaniumArsenic Selenium Bromine Gallium 

Beta - spd Bs -4 -15 -13 -11 -10 -4 
Bp -2 -1 -4 -6 -8 -2 
Bd -5 -7 -9 -6 -4 -15 

- sp Bs - -5 -5 -12 -11 -4 
Bp - -20 -15 -18 -12 -2 

Slater-Condon G1(s,p) 28899 * -2862 * 8946 * 37186 40684 28899 * 

Factors F2(pp) 18103 17200 * 20750 * 35825 * 29240 18103 
G2(s,d) 635 694 743 785 825 4972 
G1(p,d) 7416 1732 1712 1698 1690 2289 
F2(p,d) 8104 2990 2930 2861 2791 6917 
G3(p,d) 4433 1013 997 984 978 1899 
F2(d,d) 9051 9290 9752 10198 10648 71996 
F4(d,d) 5809 5924 6169 6403 6641 44846 

lonisation Is -11.87 -14.27 -18.98 -20.33 -23.94 -11.87 
Potentials Ip -6.00 -7.88 -9.81 -9.75 -11.84 -6 

Id -1.69 -1.88 -2.03 -1.89 -2.05 -33.33 

Exponents Slater (s) 1.7667 2.0109 2.236 2.4394 2.6382 1.7667 
DZ (s) 2.45796 2.69865 2.92135 3.1387 3.36095 2.45796 

1.40096 1.5753 1.40781 1.88996 2.04437 1.40096 
Slater (p) 1.5554 1.6951 1.8623 2.0718 2.257 1.5554 

DZ (p) 2.05958 2.28865 2.49741 2.71504 2.91993 2.05958 
1.07094 1.2516 1.40781 1.5114 1.62414 1.07094 

d * 1.6391 1.8589 2.0551 2.2341 2.3998 5.0311 
DZ (d) - for 7.89432 

Ga(3d) 3.50951 

Coefficients Slater (s) 1 1 1 1 1 1 
DZ (s) 0.53552 0.56895 0.59342 0.61625 0.631 0.5552 

0.57761 0.54799 0.52913 0.51289 0.50501 0.57761 
Slater (p) 1 1 1 1 1 1 

DZ (p) 0.40615 0.46689 0.51559 0.55089 0.58215 0.40615 
0.70547 0.64373 0.59597 0.57215 0.54721 0.70547 

d* 1 1 1 1 1 1 
DZ (d) - for 0.41899 

Ga(3d) 0.69966 
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Table 4.2: Displays the pre-existing parameters for the second row atoms for 
comparison. 

Parameter Aluminium Silicon Phosphorus Sulfur Chlorine 

Beta - spd Bs -7 -9 -10 -11.5 -11 
Bp -7 -9 -10 -11.5 -11 
Bd -1 -1 -1 -1 -1 

- sp Bs -7 -9 -10 -11.5 -11 
Bp -7 -9 -10 -11.5 -11 

Slater-Condon G1(s,p) 27093 38814 8451 24807 71000 
Factors F2(p,p) 12925 18250 23775 36600 52000 

G2(s,d) 1426 14496 19081 25972 17131 

G1(p,d) 1896 2506 25334 34486 2274 

F2(p,d) 3461 19675 23176 29173 5102 

G3(p,d) 1130 11828 15124 20587 1358 

F2(d,d) 7477 19438 23925 28411 12860 
F4(d,d) 4876 12677 15603 18529 8387 

lonisatlon Is -11.42 -14.79 -18.23 -21.73 -25.29 
Potentials Ip -6.29 -8.1 -9.98 -11.92 -13.93 

Id -1.94 -2.06 -2.11 -2.09 -2.01 

Exponents Slater (s) 1.37 1.52 1.73 1.925 2.13 
Slater (p) 1.37 1.52 1.73 1.925 2.13 

d-polarisation 1.6391 1.8589 2.0551 2.2341 2.3998 
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Table 4.3: Displays the Slater-Condon Factors for various configurations. The factors 
from the lowest energy configurations were chosen for parameterisation (n 
symbolises the number of valence electrons). 

Element Gallium GermaniumArsenic Selenium Bromine 
S-C Factor 
s2p(n-2) G1(s,p) 24564.45 29350.28 33452.83 37185.96 40683.67 

F2(p,p) - 21063.71 23999.43 26697.04 29239.81 

Energy -1923.2610-2075.3404-2234.1722 -2399.8432 -2572.4413 

sp(n-1) G1(s,p) 24240.18 29747.91 33723.03 37384.61 40850.38 
F2(p,p) 18103.13 21397.37 24216.01 26842.94 30174.69 

Energy -1923.0647 -2075.0678 -2233.8187 -2399.4041 -2571.9115 

p(n) F2(p,p) 21764.26 27033.46 

Energy -2074.7162 -2398.8733 

s2p(n-3)dG1(s,p) - 32843.04 36503.88 39945.65 43233.85 
F2(p,p) - - 26643.10 29135.86 31527.02 
G2(s,d) 635.18 694.20 742.86 785.38 825.16 
G1(p,d) - 1731.94 1712.19 1697.62 1690.02 
F2(p,d) - 2989.93 2929.50 2861.07 2791.30 
G3(p,d) - 1013.13 996.51 984.59 977.62 

Energy -1923.1164 -2075.1445 -2233.9227 -2399.5373 -2572.0761 

s2p(n-4)d2 G1(s,p) - 38400.53 41642.20 44767.23 
F2(p,p) - - 30572.32 32837.15 
G2(s,d) 3108.73 3718.91 4404.35 5181.07 
G1(p,d) - 7147.12 8084.88 9147.92 
F2(p,d) - 8128.84 8893.46 9739.78 
G3(p,d) - 4242.38 4786.45 5406.54 
F2(d,d) 9289.70 9751.56 10197.50 10648.05 
F4(d,d) 5924.49 6168.52 6402.82 6640.63 

Energy -2074.8342 -2233.5472 -2399.0942 -2571.5629 

sp(n-2)d G1(s,p) 33001.52 36617.65 40030.69 43298.58 
F2(p,p) 24124.62 26712.83 29172.61 31539.99 
G2(s,d) 866.29 941.41 1011.07 1079.94 
G1(p,d) 2177.82 2177.06 2185.53 2206.32 
F2(p,d) 3401.99 3364.63 3321.48 3280.28 
G3(p,d) 1272.74 1266.70 1267.71 1277.07 

Energy -2074.8721 -2233.5716 -2399.1024 -2571.5522 
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Element Gallium GermaniumArsenic Selenium Bromine 
S-C Factor 
sp(n-3)d2G1(s,p) - 35000.04 38375.64 41600.85 44711.88 

F2(p,p) - - 28173.39 30493.30 32739.49 
G2(s,d) 2872.21 3513.12 4220.74 5014.09 5909.81 
G1(p,d) - 72336.22 8186.95 9260.09 10474.47 
F2(p,d) - 8097.79 8889.25 9753.86 10711.35 
G3(p,d) - 4306.55 4857.39 5481.26 6190.87 
F2(d,d) 9050.70 9590.43 10100.38 10605.80 11128.71 
F4(d,d) 5809.01 6102.03 6376.49 6648.71 6932.97 

Energy 

p(n-1)d F2(p,p) 
G1(p,d) 
G3(p,d) 

Energy 

-1922.6771 -2074.5719 -2233.2091 -2398.6752 -2571.0578 

24269.32 26801.71 29223.24 31583.07 
2851.60 2890.76 2947.94 3029.43 
1666.32 1682.76 1711.65 1756.33 

-2074.5189 -2233.1332 -2398.5739 -2570.9275 

p(n-2)d2 F2(p,p) - 25744.10 28155.71 30418.29 32642.77 
G1(p,d) 7415.94 8390.96 9479.45 10703.08 12082.82 
F2(p,d) 8104.25 8931.13 9821.10 10795.65 11872.65 
G3(p,d) 4432.89 4993.26 5623.49 6336.18 7143.75 
F2(d,d) 9408.36 9995.93 10567.20 11147.89 11761.51 
F4(d,d) 6023.74 6347.70 6661.87 6983.07 7326.75 

Energy -1922.4098 -2074.2276 -2232.7829 -2398.1620 -2570.4528 

Slater-Condon factors are one-centre two electron interactions, which compose part 
of the energy expression for the one-centre terms, and help make INDO more 
accurate than CNDO (see introduction). 

The ionisation potentials were determined from Moore's atomic energy tables using 
the limit Ip for the p electron, and calculating the other Ip's about this. They exhibit 
expected trends - The s orbital steadily becoming larger, the As p and d being more 
stable than that for Se. 

The Slater coefficients were taken from Clementi-Raimondi, while the DZ 
coefficients and exponents were from Clementi-Roetti. The d-exponents are taken 
from values from the second row elements, Al-Cl, which I feel is justified since the 
exponent is for a polarisation function, not an integral part of the orbital 
construction (ie. it is imaginary, therefore exact values are unobtainable). Also the d-
contraction of the 3rd row renders the elements Ga-Br extremely similar with 
respect to size and properties to those of the second row. 

The beta parameters for gallium to bromine, like the others for this program, were 
manually computed to reproduce good results. Unlike others used in the program, 
we designed these to yield geometries, not UV spectra. The results are unexpected 
since the d beta's tend to be lower (read more stable) than the those of the p's, and 
this may be to compensate for inadequate representation of the d-orbitals for other 
parameters. The s-beta's are all low in value, as expected, but with the exception of 
gallium (which may be different since the Slater-Condon parameters were not exact 
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for it) increase across the table, perhaps to bring them into phase with the p-orbitals 
for hybridisation type interaction, which is important for large atoms. The d-beta's 
rise to a peak of stability in arsenic, which may be to help house the lone pairs of 
electrons, a factor not so prevalent in other atoms, where the linear type geomteries 
in bromine allow excellent occupation of any p  and s electrons. Thus the d's are 
integral in bonding arsenic compounds. The p-parameters act as one expects. 

If one examines the beta's for just an (s,p) basis set (for which nothing suitable was 
found for gallium), one sees that the p's appear more stable than the s orbitals. This 
may be due to an active role of the s-orbitals in hybridisation (where it may take the 
place of the d's in the above basis set). The s parameters act roughly as expected in 
trend across the table. The p's do not follow any trends, rising high in both As and 
Br, perhaps due to harbouring of lone pairs prevalent in these compounds. 
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Table 4.4: Shows results for gallium using the ZINDO sp and spd basis (PM3 results 
from [1141) with both polarised and 3d spd basis included. 

Chemical Geometric  spd % sp %  % spd (3d) 

Molecule Name Variable Expt. (-4-2-5) Error (-4,-2) Error MNDO-PM3 Error (-4,-2,-15) Error 

GaBr (82) Gallium Bromide Ga-Br 2.352 2.408 2.4 
- 

 2.394 1.8  

GaCI (82) Gallium Chloride Ga-Cl 2.202 2.291 4.1 2508 13.9 2.307 4.8 2.284 3.7 

Ga2Cl2H4j Ga2Cl2H4 Ga-Ga 3.241 3.076 -5.1 3.496 7.9 3.824 18.0  

 Ga-Cl 2.349 2389 1.7 2.676 13.9 2.407 2.5  

Ga-Ht 1.559 .629 
- 

4.5 1.657 6.3 1.598 2.5  

Ga2CI6 Ga2Cl6 Ga-Clb 2.300 2.379 3.4 2.603 13.2 2.360 2.6  

  Ga-CIt 2.100 2.270 8.1 2500 19.0 1.889 .100  

GaF (82) Gallium Fluoride Ga-F 1.774 1.732 -2.4 2.025 14.2 1.783 0.5 1.797 1.3 

GaF3 (85)1 Gallium Trifluoride Ga-F 1.725 1.730 0.3 2.022 17.2 1.713 -0.7 1.815 5.2 

GaH (82) Gallium Hydride Ga-H 1.663 1.669 0.3 1.726 3.8 1.648 -0.9 1.686 1.4 

Ga20 Gallium(1) Oxide Ga-O 1.824 1.787 -2.0 2.028 11.2 1.796 -1.5  

(86) <Ga-O-Ga 142.9 159.4 11.5 162.2 13.5 180.0 26.0  

Ga2H6 Digallane Ga-Ga 2.652 2.629 -08 2.843 7.2 1.709 -35.5 2.63 -0.8 

(44) Ga-Hb 1.772 1.781 0.5 1.894 6.9 1.689 -4.7 1.825 3.0 

Ga-Ht 1.559 1.632 4.7 1.666 6.8 1.607 3.0 1.659 6.4 

<Hb-Ga-Hb 96.9 95.1 -1.8 97.3 0.4 92.7 -4.3 92.2 -4.9 

<Ga-Hb-Ga 83.1 84.9 2.1 82.7 -0.5 60.8 -26.8 87.8 5.7 

<Ht-Ga-Ht 129.5 128.4 -0.8 132.6 2.4  137.3 6.0 

GaBH6 Gallium Borohydride Ga-B 2.236 1.933 -13.6 2.207 -1.3  2.166 -3.1 

(44)  Ga-Ht 1.558 1.637 5.0 1.672 7.3  1.663 6.7 

B-Ht 1.192 1.178 -1.2 1.177 -1.3  1.175 -1.4 

Ga-Hb 1.785 1.789 0.2 1.974 10.6  1.907 6.8 

B-Hb 1.313 1.247 -5.1 1.235 -6.0  1.249 -4.9 

<Ht-Ga-Ht 129.3 118.4 -8.4 127.5 -1.4  130.7 1.1 

<Ht-B-Ht 121.3 108.8 -103 110.3 -9.1  111.5 -8.1 

<Ga-Hb-B 91.2 76.8 -15.8  

Average  45  8.1  8.6  4.1 

St. Dev.  4.  5.5  11.0  2.4 

(i Values in brackest indicate parameterisation on attached atom (ie. second or 
third row atoms) 
tk. Average and Standard deviation calculated over absolute errors 
1 Bonds in Angstroms, angles in Degrees 



N) 
N) 
OD 

Table 4.5: Displays results for aluminium using pre-existing parameterisation 
(PM3,AM1 and MNDO results from [1151) 

Chemical Geometric  spd % sp % % MNDO AM1 

Molecule Name Variable Expt.  Error Error MNDO-PM3 
- 

Error % Error % Error 

A120 
 1 

Aluminium(1) oxide Al-0 
<Al-O-Al 

1.770 
78.2 

1.682 
135.9 

-5.0 
73.8 

1.843 
103.4 

4.1 1.677 
32.3  

-5.3  

AIH (97) 
AlC13 (97 

Aluminium Hydride 
Aluminium Trichloride 

Al-H 
Al-Cl 

1.648 
2.060 

1.493 
2.181 (2.187) 

-9.4 
5.9 (6.2) 

1.511 
2.277 

1 -8.3 
10.5 

1.663 
1.966 

0.9 
-4.6 

-13.5 
0.2 

-10.9 
-3.1 

A1F3 (97 
AlBr (97) 

Aluminium Trilluoride 
Aluminium Bromide 

Al-F 
Al-Br 

1.630 
2.295 

1.547 
2.219 (2.316) 

-5.1 
-3.3 (0.9) 

1.872 
2.294 

14.8 
0.0 

1.644 
2.292 

0.9 
-0.1 

-2.3 
-4.1 

-0.9 
-8.8 

A1206 Hexachiorodialane Al-CIb 2.314 (2.214) (0.0) 2.397 3.6 
Al-CIt 2.105 (2.194) (4.2) 2.289 8.8  

<CIt-Al-Cit 89.4 (122.7) 37.3 129.4 44.8  

<CIb-Al-CIb 90.6 (78.5) (13.3) 86.2 1 -4.8   

AIF (97) Aluminium Fluoride Al-F 1.654 1.630 -1.4 1.839 11.2 1.652 -0.1 -5.7 -4.7 

Average  14.8 (14.2) 13.0 2.0 5.2 5.7 

St. Dev. 1 26.1 (22.3) 13.5 2.3 5.1 1 4.1 

{1 Values in brackest indicate parameterisation on attached atom (ie. second or 
third row atoms) 
j Average and Standard deviation calculated over absolute error. 
íç} Bonds in Angstroms, angles in Degrees 



Chemical Geometric  spd % 

Molecule Name Variable Expt. (-15,-1,-7) Error 

GeCH6 Methylgermane Ge-C 1.945 1.791 -7.9 

(87)  Ge-H 1.529 1.533 0.2 
C-H 1.083 1.101 1.6 

GeH3Cl Chlorogermane Ge-H 1.537 1.524 (1.524) -0.8 (0.8) 

(87)  Ge-Cl 2.150 2.223 (2.213) 3.7 (2.9) 
<H-Ge-H 111.0 112.9 (112.7) 1.7 (1.5) 

GeC12 Germanium Dichlonde Ge-Cl 2.186 2.216 (2.208) 1.4 (1.0) 

(85)  <Cl-Ge-Cl 100.4 99.3 (99.5) -1.1 (0.9) 

GeHC13 (88) Tnchlorogermane Ge-Cl 2.114 2.193 (2.184) 3.4 (3.3) 

GeC14 (89) Germanium Tetrachioride Ge-Cl 2.113 2.185 (2.171) 3.8 (2.7) 

GeE (90) Germanium Fluoride Ge-F 1.749 1.573 -10.1 

GeH3F (86) Fluorogerrnane Ge-F 1.734 1.662 -4.1 
Ge-H 1.523 1.523 0.0 
<H-Ge-F 106.0 109.1 3.0 

GeF2 Germanium Difluoride Ge-F 1.732 1.672 -3.5 

(85) <F-Ge-F 97.2 106.5 9.6 

GeH4 (91) Germane Ge-H 1.527 1.529 0.1 

GeSiH6 Germylsilane Ge-Si 2.357 2.283 (2.279) -3.1 (3.3) 

(88) Ge-H 1.529 1.532 (1.531) 0.2 (0.2) 
Si-H 1.483 1.459 (1.451) -1.6 (2.2) 

GeO (82) Germanium Oxide Ge-O 1.625 1.621 -0.3 
GeS (92) Germanium Sulfide Ge-S 2.012 2.024 (2.017) 0.6 (0.2) 
Ge2H6 Digermane Ge-Ge 2.403 2.362 -1.7 

(87)  Ge-H 1.541 1.532 -0.6 
<H-Ge-H 106.4 109.8 3.2 

PGe3H9 Tngermylphosphine P-Ge 1 2.306 2.265 (2.254) -1.8 (-2.2) 

(86)  Ge-P-Ge 95.7 66.6 (66.8) -30.4 (-30.2) 
Ge-H 1.490 1.553 (1.552) 4.2 (4.2) 
<P-Ge-H 110.3 109.3 (109.3) -0.9 (-0.9) 

GeBr4 (92) Germanium Tetrabromide Ge-Br 2.272 2.271 0.0 (1.9) 

GeH313r Bromogermane Ge-Br 2.297 2.256 -1.8 (2.1) 

(86)  Ge-H 1.527 1.528 0.1 (-0.6) 
<Br-Ge-H 106.3 106.3 106.3 

GeSe (88) Germanium Selenide Ge-Se 2.135 1.949 -8.7 (2.0) 

Average  3.4 (3.3) 
St.Dev.  5.5 (5.3) 

Table 4.6: Displays results for Germanium 
(PM3, AM1 and MNDO results from [114]) 

{1 Values in brackest indicate parameterisation on attached atom (ie. second or 
third row atoms) 
1121 Average and Standard deviation calculated over absolute error. 
Id Bonds in Angstroms, angles in Degrees 
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Chemical Geometric sp %  % 
Name Variable (-5,-20) Error MNDO-PM3 Error 

Methylgemiane Ge-C 1.906 -2.0 1.955 0.5 
Ge-H 1.522 -0.4 1.505 -1.6 
C-H 1.096 1.2 1.090 0.6 

Chlorogermane Ge-H 1.516 (1.516) -1.4 (1.4) 1.504 -2.1 
Ge-Cl 2.237 (2.223) 4.4 (3.4) 2.197 2.2 
<H-Ge-H 112.3 (112.1) 1.2 (1.0) 110.1 -0.8 

Germanium Dichlonde Ge-Cl 2.147 (2.142) -1.8 (2.0) 1.981 -9.4 
<Cl-Ge-Cl 101.4 (101.3) 0.97 (0.9) 179.6 78.9 

Tnchlorogermane Ge-Cl 2.209 (2.200) 4.5 (4.1) 2.153 1.8 
Germanium Tetrachloride Ge-Cl 1.895 (2.193) -10.3 (3.8) 2.149 1.7 
Germanium Fluoride Ge-F 1.677 -4.1 1.711 -2.2 
Fluorogermane Ge-F 1.799 3.7 1.738 0.2 

Ge-H 1.518 -0.4 1.513 -0.7 
<H-Ge-F 110.6 4.4 109.6 3.4 

Germanium Difluoride Ge-F 1.831 5.7 1.695 -2.1 
<F-Ge-F 93.8 -3.5 112.0 15.2 

Germane Ge-H 1.512 -1.0 1.506 -1.4 
Germylsilane Ge-Si 1 2.286 (2.252) -3.0 (4.5) 2.404 2.0 

Ge-H 1.518 (1.518) -0.7 (0.7) 1.497 -2.1 
Si-H 1.461 (1.452) -1.5 (2.1) 1.488 0.3 

Germanium Oxide Ge-O 1.684 3.6 1.637 0.7 
Germanium Sulfide Ge-S 1.949 (1.949) -3.1 (3.5) 1.973 -1.9 
Digermane Ge-Ge 2.270 -5.5 2.393 -0.4 

Ge-H 1.519 -1.4 1.502 -2.5 
<H-Ge-H 106.0 -0.4 110.3 3.7 

Tngermylphosphine P-Ge 2.336 (2.307) 1.3 (0.0) 2.235 -3.1 
Ge-P-Ge 65.5 (66.8) -30.2 (-31.6) 109.0 13.9 
Ge-H 1.525 (1.532) 2.8 (2.4) 1.506 1.1 
<P-Ge-H 113.4 (113.4) 2.8 (2.8) 116.0 5.2 

Germanium Tetrabromide Ge-Br 2.310 1.7 (2.1) 2.315 1.9 
Bromogermane Ge-Br 2.335 1.7 (1.9) 2.333 1.6 

Ge-H 1.519 -0.5 (0.1) 1.503 -1.6 
<Br-Ge-H 106.3 106.3 106.3 106.3 

Germanium Selenide Ge-Se 2.077 -2.7 (-5.9) 1.927 -9.7 

Average  3.3 (3.4)  
St.Dev.  5.2 (5.2)  
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Chemical Geometric MNDO AM1 
Name Variable % Error % Error 

Methylgermane Ge-C -0.9 2.2 
Ge-H -3.0 1.0 
C-H 2.2 2.0 

Chiorogermane Ge-H -3.9 0.7 
Ge-Cl 4.6 -0.8 
<H-Ge-H 0.7 0.9 

Germanium Dichloride Ge-Cl 1.3 -4.1 
<Cl-Ge-Cl 4.4 13.7 

Trichiorogermane Ge-Cl 7.3 0.7 
Germanium Tetrachloride Ge-Cl 7.5 1.1 
Germanium Fluoride Ge-F -0.9 -5.3 
Fluorogermane Ge-F 1.4 -1.1 

Ge-H 0.2 1.1 
<H-Ge-F 2.3 2.3 

Germanium Difluoride Ge-F -1.0 -3.6 
<F-Ge-F -2.1 -1.9 

Germane Ge-H -0.1 1.2 
Germylsilane Ge-Si -0.7 0.0 

Ge-H -3.1 1.3 
Si-H -7.0 -1.8 

Germanium Oxide Ge-O -2.0 -0.2 
Germanium Sulfide Ge-S -2.4 1.0 
Digermane Ge-Ge 93.3 -1.5 

Ge-H 102.1 0.5 
<H-Ge-H -14.8 1.7 

Tngermylphosphine P-Ge -4.6 -8.8 
Ge-P-Ge 25.2 26.5 
Ge-H 2.3 2.3 
<P-Ge-H -2.7 -3.7 

Germanium Tetrabromide Ge-Br 5.7 -0.1 
Bromogermane Ge-Br 3.0 -1.7 

Ge-H 3.3 1.7 
<Br-Ge-H 0.7 3.0 

Germanium Selenide Ge-Se 

Average 9.6 3.0 
St.Dev. 23.3 5.0 

Table 4.6 ctd: 
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Table 4.7: Displays results for Silicon using pre-existirig parameters (PM3,AM1 and 
MNDO from [1151) 

Chemical Geometric  spd %  sp %   % MNDO AMI 

Molecule Name Variable Expt.  Error  Error MNDO-PM3 Error % Error % Error 

SiH4 (97) Silane Si-H 1.481 1.422 -4.0 1.429 -3.5 1.488 0.5 -7.1 -1.4 

Si0 (100) Silicon Oxide Si-O 1.509 1.558 3.3 1.660 10.0  

SIS (101) Silicon Sulfide Si-S 1.930 2.010 4.1 1.963 1.7 

SiH2 Hydrogen Suicide Si-H 1.519 1.458 -4.0 1.472 -3.1 1.513 -0.4 -9.2 -4.1 

  <H-Si-H 92.1 91.8 -0.4 97.2 5.5 94.9 3.0 5.6 9.7 

SiO2 Silicon Dioxide Si-0 1.488 1.750 17.6 1.942 30.5  

  <0-51-0 56.9 41.7 -26.7 35.7 -37.2  

Si2H6 Disilane Si-Si 2.331 2.280 -2.2 2.320 -0.5 1 2.396 2.8 -6.8 3.7 

 SI-H 1.492 1.454 -2.5 1.464 -1.9 1 1.487 -0.3 1 -7.6 -1.7 

<H-Si-SI 110.3 110.2 -0.1 109.8 • -0.4 109.7 -0.5 0.8 -0.6 

<H-Si-H 108.8 108.7 -0.1 109.1 0.3  

SiF2 Silicon Difluoride Si-F 1.591 1.622 1.9 1.800 13.1 1.575 -1.0 -0.8 1.3 

(97)  <F-Si-F 101.0 104.9 3.9 94.0 -6.9 95.3 -5.6 -4.1 -3.9 

SiH3Br Bromosilane Si-Br 2.210 2.297 (345) 3.9 (6.1) 2.348 62 1.901 -14.0 0.8 1.4 

  Si-H 1.481 1.455 (1.454) -1.8 (-1.8) 1.463 -1.2 1.491 0.7 -7.6 -1.1 

<H-Si-Br 107.9 107.9 (106.1) 0.0 (-1.7) 106.9 -0.9 108.3 0.4 -0.9 22 

SiBr4 (971 Silicon Tetrabromide Si-Br 2.150 2.276 (2.318) 5.9 (7.8) 2.321 8.0 1.796 -16.5 1.9 4.3 

SiSe(88) Silicon Selenide Se-Si 2.135 1.949 (2.177) -8.7 (2.0) 2.077 -2.7 1.974 -7.5  

AsSi3H9 Trisilylarsine As-Si 2.353 2.320 (2.347) -1.4 (-0.3) 2.355 0.1 2.371 0.8  

(84)  Si-H 1.470 1.456 (1.455) -0.9 (-1.0) 1.464 -0.4 1.494 1.6  

<Si-As-Si 94.1 87.7 (81.2) -6.8 (-13.7) 95.6 1.6 90.6 -3.7  

GeSiH6 Germylsilane Ge-Si 2.357 2.252 (2.279) 4.5 (-3.3) 2.286 -3.0 2.404 2.0 -0.7 0.0 

  Ge-H 1.529 1.518 (1.531) -0.7 (0.2) 1.518 -0.7 1.497 -2.1 -3.1 1.3 

Si-H 1.483 1.452 (1.451) -2.1 (-2.2) 1.461 -1.5 1.488 0.3 -7.0 -1.8 

Average  4.5 (4.6)  5.9  3.4 4.3 2.6 

St.Dev.  6.0 (6.3)  9.3  4.6 1 3.1 2.4 

I1 Values in brackest indicate parameterisation on attached atom (ie. second or 
third row atoms) 
JW Average and Standard deviation calculated over absolute error. 
Jd Bonds in Angstroms, angles in Degrees 
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Table 4.8: Displays results for arsenic (PM3 from [114]) 

Chemical Geometric  spd % sp %  % 
Molecule Name Variable Expt. (-13-4,-9) Error (-5-15) Error MNDO-PM3 Error 

AsC13 Arsenic Trichioride As-Cl 2.161 2.187 (2.163) 1.2 (0.1) 2.213 (2.205) 2.4 (2.0) 2.163 0.1 
(84) <Cl-As-Cl 98.7 98.0 (99.8) -0.7 (1.1) 97.4 (97.6) -1.3 (-1.2) 99.8 1.1 
AsBr3 Arsenic Tribromide As-Br 2.323 2.278 (2.338) -1.9 (0.6) 2.441 (2.341) 5.1 (0.8) 2.315 -0.3 

  <Br-As-By 99.8 101.6 (99.6) 1.8 (-0.2) 97.7 (99.7) -2.1 (-0.1) 100.3 0.5 
AsF3 Arsenic Tritluoride As-F 1.706 1.631 -4.4 1.844 8.1 1.706 0.0 
(84)  <F-As-F 96.2 103.0 7.1 94.2 -2.0 95.9 -0.3 
AsF5 Arsenic Pentafluoride As-F(ax) 1.711 1.658 -3.1 1.868 9.2 1.685 -1.5 

 As-F(eq) 1.656 1.642 -0.8 11,855 12.0 1.661 0.3 
AsH3 Arsine As-H 1.513 1.512 -0.1 1.516 0.2 1.520 0.5 
(93)  <H-As-H 92.1 90.7 -1.5 91.0 -1.2 94.2 2.3 
AsC3H9 Tnmethylarsine As-C 1.960 1.812 -7.5 1.950 -0.5 1.976 0.8 
(84)  <C-As-C 96.0 108.0 12.5 99.9 4.0 99.7 3.9 
AsC3F9 Triperfluoro- As-C 2.053 1.842 -10.3 1.971 -4.0 2.081 1.4 
(84) methylarsine <C-As-C 100.0 105.3 5.3 98.0 -2.0 99.5 -0.5 
AsSiH9 Trisylilarsine As-Si 2.353 2.354 (2.347) 0.0 (-0.3) 2.355 (2.32) 0.1 (1.4) 2.371 0.8 
(86)  <SiAsSi 94.1 98.8 (81.2) 5.0 (-13.7) 96.6 (87.7) 2.6 (-6.8) 90.6 3.7 

Si-H 1.470 1.462 (1.455) -0.6 (-1.0) 1.464 (1.456) -0.4 (-0.9) 1.494 1.6 

Average  3.8 (4.1)  3.4 (3.3)  1.2 
St. Dev.  3.7 (4.6)  3.4 (3.6)  1.2 

W Values in brackest indicate parameterisation on attached atom (ie. second or 
third row atoms) 
(k) Average and Standard deviation calculated over absolute error. 
Id Bonds in Angstroms, angles in Degrees 
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Table 4.9: Displays results for phosphorus using 
pre-existing parameters (PM3, AM1 and MNDO from 11151) 

Chemical Geometric  spd % sp %   % MNOO AM1 

Molecule Name Variable Expt.  Error  Error MNDO-PM3 Error % Error % Error 

PH3 Phosphine P-H 1.420 1.398 -1.6 1.405 -1.0 1.324 -6.8 -5.6 -3.8 

(97)  <H-P-H 93.3 94.0 0.8 96.9 3.9 97.1 4.1 2.5 3.0 

PC13 Phosphorus Ttichloride P-Cl 2.043 2.096 (2.106) 2.6 (3.1) 2.134 4.5 2.064 1.0 -2.4 1 -4.9 

(97) <Cl-P-Cl 100.1 98.1 (97.9) -20 (-2.2) 97.3 -2.8 99.7 -0.4 4.9 4.4 

PC15 Phosphorus Pentachloride P-Cl (ax) 2.120 2.139 (2.150) 0.9 (1.4) 2.206 4.1 2.093 -1.3 -3.7 -4.8 

(97)  P-Cl (eq) 2.020 2.108 (2.119) 44 (4.9) 2.174 7.6 2.052 1.6 -0.3 -2.7 

PC3H9 Trimethylphosphine P-C 1.844 1192 -2.8 1.841 -0.2 1.872 1.5 -4.4 4.3 

(97)  <C-P-C 98.8 99.8 1.0 100.9 22 100.6 1.8 8.0 2.2 

<P-C-H 111.4 109.1 -2.0 110.6 -0.7  

PC3F9 Tnperlluoro- P-C 1.904 1.816 -4.6 1.661 -2.3  

(87) methylphosphine C-F 1.340 1.335 -0.4 1.333 -0.5  

<C-P-C 97.2 97.2 0.0 96.4 -0.8  

<P-C-F 107.5 107.4 -0.1 107.4 -0.1  

PF3 Tntluorophosphine P-F 1.535 1.564 1.9 1.713 11.6 1.558 1.5  

(97)  <F-P-F 100.0 1009 0.9 96.2 
- 

-3.8 95.8 -4.2  

PF5 Phosphorus Pentafluoride P-F (ax) 1.577 1.748 10.8 1.608 1.9 1.553 -1.5 1.6 2.8 

(97) P-F (eq) 1.534 1.727 12.6 1.596 4.0 1.528 -0.4 2.5 4.6 

PBr3 Phosphorus Tribromide P-Br 2.220 2.221 (2.252) 0.0 (1.5) 2.252 1.4 2.150 -3.2 -5.9 -6.0 

(87)  <Br-P-Br 101.0 99.7 (98.7) -1.3 (-2.3) 99.1 -1.8 101.3 0.3 4.7 6.1 

PGeH9 Tngermylphosphine P-Ge 2.306 2.307 (2.254) 0.0 (-2.3) 2.434 5.6 2235 -3.1 -4.6 -8.8 

(86) <Ge-P-Ge 95.7 66.8 (66.8) -30.2 (-30.2) 65.5 -31.6 109.0 13.9 25.2 26.5 

Ge-H 1.490 1.5 (1.5) 2.0 (3.1) 1.546 3.7 1.506 1.1 2.3 2.3 

<P-Ge-H 110.3 103.4 (113.8) -6.3 (3.2) 109.2 -1.0 116.0 5.2 -2.7 -3.7 

Average 
________ ______________ 

3.9 (4.1)  42  2.9 5.1 5.7 

St. 0ev.  6.6 (6.5)  6.5  3.3 5.7 5.8 

La). Values in brackest indicate parameterisation on attached atom (ie. second or 
third row atoms) 
(ki Average and Standard deviation calculated over absolute error. 
ic). Bonds in Angstroms, angles in Degrees 
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Table 4.10: Displays results for Selenium (PM3 results from [1141) 

Chemical Geometric  spd % sp %  % MNDO AM1 

Molecule Name Variable Expt.  Error  Error MNDO-PM3 Error % Error % Error 

SeOC12 
 

Selenyl Chloride Se=O 
 Se-Cl 

1.614 
2.205 

1.711 (1.558) 
2.146 (2.177) 

6.0 (-3.5) 
-2.7 (-1.3) 

1.702 
2.164 

5.4 
-1.9 

1.634 
2.201 

1.2  

-0.2  

<O=Se-Cl 106.0 104.1 (111.8) -1.8 (5,5) 105.8 -0,1 103.0 -2.8  

<Cl-Se-Cl 96.9 96.3 (95.4) -0.6 (-1.6) 99.6 2.8 98.2 1.3  

SeC12 Selenium Dichloride Se-Cl 2.157 2.119 (2.177) -1.8 (0.9) 2.137 -0.9 2.164 0.3  

(86)  <Cl-Se-Cl 99.6 100.5 (98.9) 0.9 (-0.7) 100.0 0.4 99.7 0.1  

AsC13 Arsenic Trichioride As-Cl 2.161 2.205 (2.177) 2.0 (0.8) 2.213 2.4 2.163 0.1  

(84)  <Cl-As-Cl 98.7 97.6 (98.2) -1.2 (-0.5) 97.4 -1.3 99.8 1.1  

GeH3Cl Chlorogermane Ge-H 1.537 1.516 (1.5244) -1.4 (-0.8) 1.516 -1.4 1.504 -2.1 6.4 -1.2 

(87)  Ge-Cl 2.150 2.223 (2.213) 3.4 (2.9) 2.237 4.1 2.197 2.2 -2.8 0.5 
<H-Ge-H 111.0 112.1 (112.7) 1.0 (1.5) 11?.3 1.2 110.1 -0.8 0.7 0.9 

GeHC13 (88 Trichlorogemiane Ge-Cl 2.114 2.200 (2.184) 4.1 (3.3) 2.209 4.5 2.153 1.8 7.3 0.7 

GeC14 (89) Germanium Tetrachloride Ge-Cl 2.113 2.193 (2.171) 3.8 (2.7) 1.895 -10.3 2.149 1.7 7.5 1.1 

GeC12 Germanium Dichloride Ge-Cl 2.186 2.142 (2.208) -2.0 (1.0) 2.147 -1.8 1.981 -9.4 1.3 1 -4.1 

 <Cl-Ge-Cl 100.4 101.3 (99.5) 0.9 (-0.9) 101.4 1.0 179.6 78.9 4.4 13.7 

GaCl (82) Gallium Chlonde Ga-Cl 2.202 2.288 3.9 2.291 4.1 2.307 4.8 

Ga2Cl6 Ga2Cl6 Ga-CIb 2.300  2.379 3.4 2.360 2.6  

(84) Ga-CIt 2.100  2.270 8.1 1.889 -10.0  

CIF (97) I Chlorine Fluoride Cl-F 1.628  1.568 .3.7 1.582 -2.8 1.4 1.2 

Average  2.6 (2.4)  3.5  4.2 2.6 2.5 
St. Dev.  2.0 (2.0)  3.7  12.8 2.6 2.8 

1 Values in brackest indicate parameterisation on attached atom (ie. second or 
third row atoms) 
[ki Average and Standard deviation calculated over absolute error. 
l Bonds in Angstroms, angles in Degrees 
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Table 4.10 ctd: 

Molecule 
Chemical 
Name 

Geometric 
Variable Expt. 

 spd 
(-11,-6,-6) 

% 
Error 

sp 
(-12,-18) 

% 
Error MNDO-PM 

 % 
Error 

SeF4 
(84) 

Selenium Tetrafluoride•• SeF 
<F-Se-F 

1.770 
169.2 

1.618 
174.3 

-8.6 
3.0 

1.783 
148.9 

0.7 
-12.0 

1.736 
140.3 

-1.9 
-17.1 

Se-F 1.680 1.614 -3.9 1.765 5.1 1.708 1.7 

<F-Se-F 100.6 98.6 -2.0 114.8 14.1 111.9 11.2 

GeSe (88) Germanium Selenide Ge-Se 2.135 2.008 (2.177) -5.9 (2.0) 2.077 (1.949) -2.7 (-8.7) 1.927 -9.7 

SeF6 (95) Selenium Hexafluoride Se-F 1.685 1.625 -3.6 1.765 4.7 1.690 0.3 

SeH2 (84 Hydrogen Selenide Se-H 1.460 1.506 3.2 1.444 -1.1 1.470 0.7 

<H-Se-H 91.0 88.0 -3.3 93.3 2.5 93.6 2.9 

SeSi (88) Silicon Selenide Se-Si 2.058 2.133 (2.136) 3.6 (3.8) 1.993 (1.953) -3.2 (-5.1) 1.974 -4.1 

CSeS 
(88) 

Carbon Sulfide Selenide C-S 
C-Se 

1.533 
1.695 

1.606 (1.566) 
1.670 (1.758) 

4.8(2.2) 
-1.5 (3.7) 

1.628 (1.604) 
1.632 (1.637) 

6.2 (4.6) 
-3.7 (-3.4) 

1.452 
1.587 

-5.3 
-6.4 

SeO2 Selenium Dioxide Se-O 1.608 1.559 -3.0 1.711 6.4 1.606 -0.1 

(82) <O-Se-O 113.8 140.9 23.8 102.1 -10.3 106.6 -6.3 

Se03 (86' Selenium Trioxide Se-O 1.688 1.567 -7.2 1.734 2.7 1.538 -8.9 

Se02F2 Iselenoyl Fluoride Se-F 1.685 1.599 -5.1 1.758 4.3 1.705 1.2 

(86)  <F-Se-F 94.1 99.2 5.4 95.8 1.8 95.0 1.0 

Se-O 1.575 1.570 -0.3 1.776 12.8 1.558 -1.1 

<O-Se-O 126.2 120.6 -4.5 126.0 -0.2 129.9 2.9 

Se2C2H6 Me-Se-Se-Me C-Se 1.950  1.966 0.8 1.948 -0.1 

(84)  Se-Se 2.330  2.575 10.5 2.370 1.7 

<Se-Se-C 99.0  95.3 -3.8 100.2 1.2 

Average  4.0 (3.8)  3.7 (3.9)  2.8 

St. Dev.  4.0 (4.1)  3.8 (3.8)  3.5 
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Table 4.11: Displays results for Sulfur using pre-existing parameterisation (PM3, 
AM1 and MNDO results from [1151) 

Chemical Geometric  spd % sp %  % MNDO AMI 

Molecule Name Variable Expt.  Error  Error MNDO-PM3 Error % Error %Err 

SF6 (97) Sulfur Hexafluonde S-F 1.550 1.537 -0.8 1.677 8.2 1.560 0.6 5.9 7.1 

F2CS Sulfatocarbonyl Difluoride C=S 1.589 1.635 2.9 1.661 4.5 1.600 0.7 -0.9 -1.9 

(87) C-F 1315 1.302 -1.0 1.300 -1.2 1.338 1.7 0.5 2.1 

<F-C=S 126.5 125.6 -0.6 125.4 -0.8 128.9 1.9 -0.4 0.9 

C12CS Sulfatocarbonyl Dichloride C=S 1.602 1.590 (1.596) -0.8 (-0.4) 1.614 0.8  

 C-Cl 1.728 1.720 (1.695) -0.5 (-1.9) 1.716 -0.7  

<Cl-C=S 124.4 125.6 (125.6) 0.9 (0.9) 125.8 1.1  

SO (100) Sulfur Oxide S-O 1.493 1.511 1.2 1.583 6.0 
CS (100) Sulfur Carbide C-S 1.535 1.541 0.4 1.560 1.6 1.534 -0.1 -3.3 -4.2 

SiS (101) Silicon Sulfide Si-S 1.930 1.963 1.7 2.010 4.1  

CSeS Carbon Sulfide Selenide C-S 1.533 1.604 (1.583) 4.6 (3.3) 1.628 6.2 1.452 -5.3  

 C-Se 1.695 1.637 (1.672) -3.4 (-1.4) 1.632 -3.7 1.587 -6.4  

GeS (82) 1 Germanium Sulfide Ge-S 2.012 1.941 (2.017) -3.5 (0.2) 1.949 -3.1 1.973 -1.9 -2.4 1.0 

SC4H4 IThiophene S-C2 1.714 1.734 1.1 1.773 3.4 1.725 0.6 -2.0 -2.2 

(105) C2-C3 1.347 1.347 0.0 1.342 -0.4 1.366 1.4 0.3 -0.2 

C3-C4 1.437 1.446 0.6 1.449 0.8  

<C5-S-C2 92.1 91.6 -0.5 89.3 -3.1  

<S-C2-H2 121.1 115.8 -4.4 114.1 -5.8  

<S-C2-C3 111.9 111.5 -0.4 112.5 0.5 914 -18.3 1.3 1.8 
<C4-C3-H3 122.6 122.9 0.2 122.9 0.2  

<C2-C3-C4 112.4 112.9 0.5 112.9 0.4 112.1 -0.3 04 -0.4 

SF4 Sulfur Tetrafluonde S-F 1.545 1.529 -1.0 1.672 8.2 1.633 5.7 3.9 7.2 

(97) <F-S-F 101.6 177.8 75.0 135.9 33.8 81.0 -20.3 -12.8 -18.3 

S-F' 1.646 1.524 -7.4 1.674 1.7 1.591 -3.3 -0.3 1.3 
<F-S-F' 87.8 103.5 17.9 135.7 54.6 81.0 -7.7 1.0 -5.5 

S02 Sulfur Dioxide S-O 1.430 1.419 -0.8 1.620 13.3 1 1.442 0.8 3.1 6.6 

<O-S-O 119.5 121.9 2.0 104.1 -12.9 106.1 -11.2 -10.6 -13.9 

Average  5.0 (4.8)  6.7  4.9 6.1 4.7 
St. Dev.  14.5 (14.5)  11.7  6.0 3.7 5.1 

Lal Values in brackest indicate parameterisation on attached atom (ie. second or 
third row atoms) 
Iki Average and Standard deviation calculated over absolute error. 
{cl Bonds in Angstroms, angles in Degrees 



Chemical Geometric  spd % 

Molecule Name Variable Expt. (-10,-8,-4) Error 

Br2 (97) Bromine Br-Br 2.283 2.319 1.6 

HBr (82) Hydrogen Bromide H-Br 1.415 1.478 4.5 

CH2Br2 Dibromomethane C-H 1.079 1.097 1.7 

(82)  C-Br 1.927 1.843 -4.4 
<H-C-H 113.6 110.6 -2.6 
<H-C-Br 106.5 109.1 2.4 

CH3Br Bromomethane C-Br 1.933 1.847 -4.4 

(87)  C-H 1.086 1.095 0.8 
<H-C-Br 1 107.7 108.7 0.9 

GeBr4 (92 Germanium Tetrabromide Ge-Br 2.272 2.316 (2.320) 1.9 (2.1) 

GeH3Br Bromogermane Ge-Br 2.297 2.345 (2.341) 2.1 (1.9) 

  Ge-H 1.527 1.518 (1.528) -0.6 (0.1) 
<H-Ge-Br 106.3 108.6 (109.4) 2.2 (2.9) 

FBr (97) Bromine Fluoride Br-F 1 1.755 1.591 -9.3 

BrCN (97) Bromine Cyanide Br-C 1.789 1.793 0.2 
C-N 1.158 1.191 2.8 

BrCl (97) Bromine Chloride Br-Cl 2.136 2.169 1.5 (1.5) 

C2Br4 Tetrabromoethylene C-C 1.362 1.314 -3.5 

  C-Br 1.881 1.830 -2.7 
<C-C-Br 122.4 123.1 0.6 

AlBr (97) Aluminium Bromide Al-Br 2.295 2.363 (2.315) 3.0 (0.9) 

BrF3 Bromine Trifluoride Br-F 1.721 1.590 -7.6 

(97)  Br-F 1.806 1.585 -12.2 
<F-Br-F' 86.2 94.0 9.1 

SiH3Br Bromosilane Si-Br 2.210 2.381 (2.347) 7.7 (6.2) 

(87)  Si-H 1.481 1.462 (1.454) -1.3 (-1.8) 
<H-Si-Br 107.9 104.7 (106.1) -2.9 (-1.7) 

SiBr4 (97) Silicon Tetrabromide Si-Br 2.150 2.344 (2.318) 9.0 (7.2) 

PBr3 (87) Phosphorus Tribromide P-Br 2.220 2.270 (2.252) 2.3 (1.4) 
<Br-P-Br 101.0 98.4 (98.7) -2.6 (-2.3) 

AsBr3 Arsenic Tribromide As-Br 2.323 2.341 (2.338) 0.8 (0.6) 

(86)  <Br-As-Br 99.8 99.7 (99.6) -0.1 (-0.2) 

GaBr (82) Gallium Bromide Ga-Br 2.352 2.408 2.4 

Average  3.4 (3.2) 
St. Dev.  3.1 (3.0) 

Table 4.12: Displays the results for Bromine (PM3, AM1 and MNDO from [1151) 

iI Values in brackest indicate parameterisation on attached atom (ie. second or 
third row atoms) 
.(M Average and Standard deviation calculated over absolute error. 
i Bonds in Angstroms, angles in Degrees 

238 



Chemical Geometnc sp %  % 
Name Variable (-4,-2) Error MNDO-PM3 Error 

Bromine Br-Br 2.302 0.8 2.443 7.0 
Hydrogen Bromide H-Br 1.464 3.5 1.471 4.0 
Dibromomethane C-H 1.096 1.6 1.095 1.5 

C-Br 1.879 -2.5 1.912 -0.8 
<H-C-H 110.2 -3.0 111.4 -1.9 
<H-C-Br 108.8 2.2 112.5 5.6 

Bromomethane C-Br 1.885 -2.5 1.951 0.9 
C-H 1.095 0.8 1.090 0.4 
<H-C-Br 109.0 1.2 108.4 0.6 

Germanium Tetrabromide Ge-Br 2.310 (2.271) 1.7 (0.0) 2.315 1.9 
Bromogermane Ge-Br 2.335 (2.256) 1.7 (-1.8) 2.333 1.6 

Ge-H 1.519 (1.528) -0.5 (0.1) 1.503 -1.6 
<H-Ge-Br 110.2 (111.7) 3.7 (5.1) 108.1 1.7 

Bromine Fluoride Br-F 1.734 -1.2 1.774 1.1 
Bromine Cyanide Br-C 1.817 1.6 1.796 0.4 

C-N 1.190 2.8 1.155 -0.3 
Bromine Chloride Br-Cl 2.168 1.5 2.176 1.9 
Tetrabromoethylene C-C 1.316 -3.4 1.450 6.5 

C-Br 1.867 -0.7 1.865 -0.9 
<C-C-Br 123.2 0.6 111.9 -8.6 

Aluminium Bromide Al-Br 2.294 (2.219) 0.0 (-3.3) 2.292 -0.1 
Bromine Trifluonde Br-F 1.770 2.8 1.786 3.8 

Br-F 1.790 -0.9 1.786 -1.1 
<F-Br-F 79.2 -8.1 120.2 39.4 

Bromosilane Si-Br 2.348 (2.297) 6.2 (3.9) 1.901 -14.0 
Si-H 1.463 (1.455) -1.2 (-1.8) 1.491 0.7 
<H-Si-Br 106.9 (107.9) -0.9 (0.0) 108.3 0.4 

Silicon Tetrabromide Si-Br 2.321 (2.276) 8.0 (5.9) 1.796 -16.5 
Phosphorus Tribromide P-Br 2.252 (2.?21) 1.4 (0.0) 2.150 -3.2 

<Br-P-Br 99.1 (99.7) -1.8 (-1.2) 101.3 0.3 
Arsenic Tnbromide As-Br 2.441 (2.278) 5.1 (-1.9) 2.315 -0.3 

<Br-As-Br 97.9 (101.6) -1.9 (1.8) 100.3 0.5 
Gallium Bromide Ga-Br 2.304 -2.0 2.394 1.8 

Average  2.4 (2.1)  4.0 
St. Dev.  2.0 (1.8)  7.4 

Table 4.12 ctd: 
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Chemical Geometric MNDO AM1 
Name Variable % Error % Error 

Bromine Br-Br -5.0 -4.3 
Hydrogen Bromide H-Br 1.8 0.4 
Dibromomethane C-H 2.1 2.9 

C-Br -3.1 -1.3 
<H-C-H -2.4 -2.9 
<H-C-Br 1.9 1.6 

Bromomethane C-Br -2.8 -1.4 
C-H 1.5 2.2 
<H-C-Br 0.7 1.0 

Germanium Tetrabromide Ge-Br 5.7 -0.1 
Bromogermane Ge-Br 2.2 -2.4 

Ge-H -0.4 3.7 
<H-Ge-Br 0.6 4.0 

Bromine Fluoride Br-F -1.7 1.3 
Bromine Cyanide Br-C -2.6 -1.6 

C-N 0.3 0.5 
Bromine Chloride Br-Cl -2.6 -3.4 
Tetrabromoethylene C-C -1.5 -1.3 

C-Br 3.2 -1.3 
<C-C-Br 1.1 0.0 

Aluminium Bromide Al-Br -4.1 -8.8 
Bromine Trifluoride Br-F 2.1 5.1 

Br-F -2.7 0.6 
<F-Br-F 39.2 -5.6 

Bromosilane Si-Br 0.8 1.4 
Si-H -7.6 -1.1 
<H-Si-Br -0.9 2.2 

Silicon Tetrabromide Si-Br 1.9 43.3 
Phosphorus Tribromide P-Br -5.9 -6.0 

<Br-P-Br 4.7 6.1 
Arsenic Tnbromide As-Br  

<Br-As-Br  

Gallium Bromide Ga-Br 

Average 3.8 3.9 
St. Dev. 6.9 7.7 

Table 4.12 ctd: 
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Tables 4.13: Displays the results for Chlorine using pre-existing parameters (PM3, 
AM1 and MNDO from [1151) 

Molecule 
Chemical 
Name 

Geometric 
Variable Expt. 

 spd % 
 Error 

sp % 
 Error MNDO-PM3 

 % 
Error 

MNDO 
% Error 

AM1 
% Error 

BrCI (97) Bromine Chloride Br-Cl 2.136 2.153 (2.157) 0.8 (1.0) 2.168 1.5 2.176 1.9 -2.6 -3.4 

CH2Cl2 Dichloromethane C-Cl 1.772 1.725 -2.7 1.748 1 -1.4 1.758 -0.8 0.8 1 -1.7 

(106) C-H 1.068 1.095 2.5 1.094 2.4 1.102 3.2 0.0 0.9 

<Cl-C-Cl 111.8 107.4 -4.0 107.0 -4.3 107.9 -3.5 -0.5 0.0 
<H-C-H 112.0 115.6 3.2 117.0 4.5  

CH3CI Chloromethane C-Cl 1.778 1.734 -2.5 1.761 -0.9 1.764 -0.8 0.8 -2.2 

(97) C-H 
<H-C-Cl 

1.086 
108.2 

1.094 
106.6 

0.8 
-1.5 

1.094 
105.9 

0.7 
-2.1 

1.094 
109.9 

0.7 
1.6 

0.6 
-2.6 

1.5 
-2.4 

CHC13 Chloroform C-H 1.100 1.096 -0.4 1.095 -0.5  

(106) C-Cl 1.758 1.717 -2.3 1.738 -1.1 1.753 -0.3 0.0 -1.9 

<Cl-C-H 107.6 110.7 2.9 110.9 3.1 110.4 2.6 1.0 0.2 

CC14 (106) Carbon Tetrachlonde C-Cl 1.760 1.713 -2.7 1.731 -1.7 1.747 -0.7 1.2 0.0 

HCl (97) Hydrogen Chloride 
- 

H-Cl 1.275 1.347 5.6 1.030 -19.2 1.268 -0.5 5.7 0.7 

C12 (97) Chlorine Cl-Cl 1.988 1.998 0.5 2.028 2.0 2.035 2.4 0.5 -3.4 

BeC12 (107 Beryllium Chloride Be-Cl 1.770 1.963 10.9 1.972 11.4 1.744 -1.5 8.1  

PC13 Phosphorus Trichioride * P-Cl 2.043 2.106 3.1 2.134 4.5 2.064 1.0 -2.4 -4.9 

(97)  <Cl-P-Cl 100.1 97.9 -2.2 97.3 -2.8 99.7 -0.4 4.9 4.4 

PC15 
(97) 

Phosphorus Pentachloride P-Cl (ax) 
 P-Cl (eq) 

2.120 
2.020 

2.139 
2.108 

0.9 
4.4 

2.206 
2.174 

4.1 
7.6 

2.093 
2.052 

-1.3 
1.6 

-3.7 
-0.3 

-4.8 
-2.7 

AlC13 (97) Aluminium Trichloride * Al-Cl 2.077 2.187 5.3 2,277 1 9.6 1.966 -5.3 0.2 -3.1 

C12CS Sulfatocarbonyl Dichloride C=S 1.602 1.590 (1.596) -0.8 (-0.4) 1.614 0.8  

(87)  C-Cl 1.728 1.695 -1.9 1.716 -0.7  

<Cl-C=S 124.4 125.6 (125.5) 0.7 (0.9) 125.8 1.1  

tal Values in brackest indicate parameterisation on attached atom (ie. second or 
third row atoms) 
ffl Average and Standard deviation calculated over absolute error. 
fcl  Bonds in Angstroms, angles in Degrees 



N) 

N) 

Table 4.13 ctd: 

Chemical Geometric  spd %
- 

sp %  % 

Molecule Name Variable Expt. (-11,-6,-6) Error (-12,-18) Error MNDO-PM Error 

CSeF2 
(86) 

Selenocarbonyl Difluoride C=Se 
C-F 

1.743 
1.314 

1.752 
1.307 

0.5 
-0.5 

1.719 
1.315 

-1.4 
0.1 

1.745 
1.320 

0.1 
0.5 

<F-C-F 107.5 107.7 0.2 104.4 -2.9 105.3 -2.0 

CSe (82) Selenium Carbide C-Se 1.676 1.636 -2.4 1.608 -4.1 1.592 -5.0 

SeQ (94) Selenium Oxide Se-O 1.663 1.593 -4.2 1.686 1.4 1.602 -3.7 

SeOC12 
(94) 

Selenyl Chloride Se=O 
Se-Cl 

1.614 
2.205 

1.558 (1.558) 
2.187 (2.177) 

-3.5 (-3.5) 
-0.8 (-1.3) 

1.702 (1.711) 
2.164 (2.146) 

5.5 (6.0) 
-1.9 (-2.7) 

1.634 
2.201 

- 
1.2 
-0.2 

<O=Se-Cl 106.0 112.3 (111.8) 6.0 (5.5) 105.8 (104.1) -0.1 (-1.8) 103.0 -2.8 

<Cl-Se-Cl 96.9 95.8 (98.4) -1.1 (-1.6) 99.6 (96.3) 2.8 (-0.6) 98.2 1.3 

SeC12 
 

Selenium Dichioride Se-Cl 
<Cl-Se-Cl 

2.157 
99.6 

2.215 (2.177) 
97.9 (98.9) 

2.7 (0.9) 
-1.7 (-0.7) 

2.137 (2.119) 
100.0 (100.5) 

-0.9 (-1.8) 
0.4 (0.9) 

2.164 
99.7 

0.3 
0.1 

SeOF2 Selenyl Fluoride Se=O 1.576 1.563 -0.8 1.759 11.6 1.624 3.0 

 Se-F 1.730 1.604 -7.3 1.762 1.8 1.724 -0.3 

<O=Se-F 104.8 114.8 9.5 102.0 -2.7 101.5 -3.1 

<F-Se-F 92.2  98.5 6.8 94.3 2.3 94,6 2.6 

SeC4H4 Selenophene Se-C2 1.855 1.810 -2.4 1.832 -1.2 1.887 1.7 

  <02-Se-Cf 
C2-C3 

87.8 
1.369 

93.1 
1.357 

6.1 
-0.9 

86.7 
1.364 

-1.2 
-0.4 

88.0 
1.344 

0.2 
-1.8 

<Se-C2-C 
C2-H 
Se-C2-H2 

- 
111.6 
1.070 
121.7 

107.4 
1.089 
122.7 

-3.8 
1.8 
0.8 

113.3 
1.092 
121.0 

1.6 
2.1 
-0.6 

110.1 
1.084 
121.2 

-1.3 
1.3 
-0.4 



(a) Gallium/Aluminium results: 

Gallium results were not good (due to inadequate Slater parameters?). The Slater 
parameters were not all gleaned from the lowest energy configuration possible for 
that particular parameter, due to the difficulties whereby a single 4d-electron 
function in the excited configurations formed a continuum that I found impossible 
to rectify. As such, the existing parameters might be inadequate. Also its lack of 
stability compared to other elements in the row, and its electron deficiency issue it 
with unusual properties that make it difficult to deal with well. 

Aluminium results were also not successfully reproduced by the preexisting 
parameterisation in the ZINDO program [70]. The average error for the spd basis was 
14.8 %, which was little relieved by polarisation on secondary elements with respect 
to chlorine, although polarisation of bromine reduced the error in AlBr from -3.3 % 
to 0.9 %. The majority of parameters were overestimated by ZINDO [70] for 
aluminium, and some of these quite severely. The sp basis set presented a slightly 
lower average error (13 %), and an abundantly smaller standard deviation (reduced 
from 26.1 in the spd basis to 13.5). The A1206 experimental results were actually 
theoretically obtained values from an RHF calculation by Horn and Ahlrichs [99], 
and thus the awful terminal chloride angles obtained by ZINDO [70] might actually 
be better than these theoretical results in agreement with true experimental results 
(if they were available). Since experimental results were not available, we will have 
to assume that ZINDO [70] does not accurately portray this molecule, when 
compared with more sophisticated ab initio results. However, the angle does seem a 
little unusual based on angles obtained in other aluminium dimer calculations (see 
pseudopotential calculations). 

The geometric parameters predicted in the gallium results were largely 
overestimated with the exception of the fluorides, and those compounds containing 
direct gallium-gallium or gallium-boron interaction in the electron deficient dimer 
hydride structures. Even so, the results for the spd basis are superior to those 
predicted by the PM3 [114] method. 

The Ga-O-Ga angle in Ga20, a very unusual structure, involving unpaired electrons 
in a three-centre bond, was badly predicted by the the ZINDO [70] calculation (too 
large by 16°) yet the PM3 [114] set overestimates it by 38°, predicting a linear 
structure. PM3 [114] is a more sophisticated method (although we have the 
advantage of d orbitals) and thus this superiority is noteworthy. The A120 
compound was also fraught with troubles, and the small angle of 78° required 
experimentally was overestimated by 73.8 % in the spd basis, and by 32.3 % using the 
sp method. Unfortunately, the angle of this molecule was not available in published 
PM3 [115] results, and so a comparable result was not available for other methods. 
However, it seems peculiar that Stewart [115] issued only a bond length for this 
particular molecule in his results, and I feel that we may be safe in assuming from 
this that such a results clearly was not well reproduced by either the PM3, AM1 or 
MNDO [115] methods. Clearly ZINDO [70] results in both cases (but much more 
significantly in the aluminium results) overestimate aluminium/gallium 
repulsion, and that polarisation increases this phenomena by pulling the 
aluminium/gallium atoms closer to the oxygen. This would suggest that this 
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problem is inherent in the one-centre integrals, and this leaves doubt to either the 
ionisation potential or Slater parameter data. 

In both the spd and sp calculations about gallium, the standard deviation is of a 
lesser value than the PM3 [1141, which indicates the overestimation is systematic 
and rectifiable by reparameterisation. It seems to be that most parameters were 
overestimated, with the exception of the hydrides in the spd basis, and to an even 
greater extent in the sp basis set, so with this aim in mind a more accurate 
parameterisation is possible. Of course, it is mainly the dimer hydrides that issue the 
large errors, and a parameterisation that betters other molecule represent-ations 
would likely worsen these results, but maybe a specific parameterisation could be 
considered for gallium borohydrides. This would not be defeating the purpose of a 
general purpose method like ZINDO [70] completely since these hydrides are 
notoriously difficult to represent well and this is exhibited in the PM3 [114] method. 
The aluminium results show no such trend, since the errors are so varied in the 
ZINDO [701  results. It must be noted, of course, that the PM3 [114] method for 
aluminium does not present results for any of the notoriously difficult molecules 
that were calculated in the ZINDO [70] case, such as the angle in A120 and A1206. 

Gallium-terminal hydrogen parameters in dimers were consistently overestimated 
to account better for heavy atom interactions, by almost 0.1 A. This was unavoidable 
in order to approximate heavy atom parameters well, but might be rectifiable on 
Slater-Condon factor reparameterisation. This was also reflected in the bridged 
gallium chloride dimer, yielding an Ga-Cit distance too large by 8.1 %. This effect is 
seen in the PM3 method, and so might be a fundamental problem to using 
semiempirical since the empirical parameters might not adequately replace integral 
equations. While it was not possible to test the aluminium hydrides, since they 
have not as yet been synthesised, Al2Cl6 shows distance parameters to be less a 
problem than angles, which were overestimated. This points to inaccurate 
representation of chlorine rather than of aluminium. 

In the gallium case, adequate parameters were not found for use the sp basis set due 
to a huge variation amongst molecules about which beta parameters were best able 
to reproduce the molecules geometry, and results were largely overestimated. This 
was particularly prevalent in the halide compounds. This was not the case in the 
other atoms of this row, and might be based around galliumts unusual properties, 
that have very different effects in different miolecuies, but is more likely to be due 
to difficulties with parameterisation. 

Digallane was well reproduced by the spd basis, which provides hope to its eventual 
use of predicting crude structures for large gallium borohydrides. However, the 
gallium borohydride structure was not at all well predicted by ZINDO [70]. This may 
due to inadequate boron parameterisation. The inclusion of the d orbital, has the 
effect of closing the terminal angle about the gallium, an unusual effect which may 
be due the closeness of the boron group in this structure forcing them closed by 
repulsive interactions. Indeed for gallium borahydride, the sp basis does a far better 
job, and it seems that somehow the polarisation on the gallium, without 
polarisation on the boron also to provide a counter effect of sorts, unbalances it. 
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The fluorides are all problematic (and this is continued throughout all the cases 
studied), and are continually underestimated. This is probably easily fixed by 
reparameterising the fluorine. Indeed superior results would doubtless be obtained 
by complete reparameterisation for geometry purposes of all the earlier elements. 

In the aluminium case it was interesting to note that the sp basis performed a little 
better than did the spd basis, and this is frequently the case. I have found no 
reference as to where Zerner obtained his polarisation parameters for the second 
row, but feel that, since they would be relatively difficult to obtain experimentally 
they are probably obtained computationally, just as I obtained them for the third 
row. Thus, the fact that the second row parameterisation is so hopelessly inadequate 
compared to that I achieved with the third row, indicates that the problem might be 
lessened with readjustment of the beta parameters with respect to geometry. This 
should not overly affect spectroscopic results, since these result mainly from one-
centre terms, not the two-centre-one-electron integrals the beta parameters are 
designed to represent, which affect geometry quite strongly. The 3d parameters 
(most particularly the Slater factors) for the aluminium, being computationally 
determined (if indeed thay are) seem to effect geometry results in much the same 
way we see 4d polarisation affect third row results, having a seeming unbalancing 
effect, due to overgreat participation in bonding. The d exponents appear entirely 
reasonable, so the problem must lie with the Slater-Condon parameters (a smaller 
weighting factor than the 0.6 Zerner suggested [71] for the lanthanides would be 
advisable, since the d-electrons would have to possess greater influence in atoms in 
the lanthanide row, than in the second/third row) or in the method itself. 

Although Fve chosen to discuss the spd gallium results, with spd parameters where 
d indicates a 4d polarisation function, I also tested and included some results where 
the d function is in the core (3d), since ZINDO allows this option. The optimised 
beta paremeters remain the same as those for the 4d polarised basis set, although the 
3d beta parameter becomes -15, clearly because the 3d electrons have little effect on 
geometry and bonding in these molecules. The average error for this basis set is 
actually a little less than that for the 4d results, but this could be because the 
problem molecules, like gallium (1) oxide would not converge with this basis set. 
For most other molecules results were usually in error by greater amounts than 4d 
results (albeit only slightly), although it performed better for gallium borahydride 
than did the 4d basis. However, since convergence was a problem for several of the 
molecules, this set will not be used further, since clearly a method that has trouble 
converging is not terribly useful. 

Since the sp and spd(4d) basis sets both had considerable trouble with gallium 
borahydride, I thought to study diborane more closely to see if results could be 
improved. The default beta parameters for boron is -17.0 for both s and p  valence 
orbitals. This gave results as follows for diborane 

Expt. ZINDO(default) ZINDO(reparameterised) 
B-B 1.77 1.59 1.74 
B-Ht 1.19 1.18 1.23 
B-Hb 1.32 1.31 1.35 
Ht-B-Ht 121.8 110.7 120.1 
Hb-B-Hb 96.5 105.2 100.2 
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which are clearly not very accurate. Hence boron needs reparameterising. I found 
that the beta parameters -6 for the s orbital and -16 for p orbitals worked best giving 
much improved results, particularly with respect to angles (which is where the 
gallium borahydride results slipped up), while still giving reasonable bond lengths, 
and a far better bond distance for the boron-boron bond. If this is applied to gallium 
borahydride results are shown below (where * indicates that the new boron 
parameters have been applied) 

Expt. Wd spd(*) ap  sp(*) 
Ga-B 2.236 1.933 2.05 2.207 2.33 
Ga-Ht 1.558 1.637 1.636 1.672 1.669 
B-Ht 1.192 1.178 1.224 1.177 1.224 
Ga-Hb 1.785 1.789 1.784 1.974 1.967 
B-Hb 1.313 1.247 1.304 1.235 1.294 
Ga-Hb-B 91.2 76.8 81.6 - - 

Ht-Ga-Ht 129.3 118.4 119.0 127.5 129.9 
Ht-B-Ht 121.3 108.8 123.8 110.3 120.3 

The boron reparametrisation helped results to small extent, but not to that hoped. 
The boron angles have most particularly improved, and the gallium-boron bond 
has also improved slightly. Still, as soon as d-polarisation in included on the 
gallium atom, the terminal hydrogen angle about it is pushed closed, while their 
bond length is significantly lengthened. It is clear that the boron group is brought 
much closer in the d-polarised results and it may be that this, by repulsive forces, 
forces the angle closed. Alternatively, the sp basis outputs parameters in such a way 
that it is clear the optimised geometry involves a GaH2 group is bonded to a BH4 
group and that there are no bridging hydrogens. This is not as silly as might first be 
thought, since it is in agreement with sentiments expressed by some theoreticians 
that the alaborane molecule would be ionic, A1H2BH4-, rather than covalent with 
hydrogen bridges, and that it is only symmetry restrictions placed during 
calculations that force the bridged structure to be issued. 

Clearly, while boron reparameterisation improves results somewhat, a special 
parameterisation for gallium hydrides is necessary for accurate reproduction of 
gallium borahydrides. Unfortunately, due to time constraints I could not afford to 
explore this eventuality. The improvement in results also suggests that 
reparameterisation of the ZINDO [70] beta parameters for geometry calculations for 
second and first row parameters would significantly improve results. 

(b) Germanium/Silicon: 

Germanium results are a little better, and again improve on PM3 [114] results. This 
set also shows better results for the sp basis set, than for the spd basis set, suggesting 
that strange unbalancing mentioned previously. This effect is repeated consistently 
throughout these calculations, which suggests an inadequacy in our d-
parameterisation (that they can change geometries to such an extent suggests too 
great an involvement). The sp basis set gives slightly better results than the AM1 
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calculations and is a great improvement on the MNDO [114] results. 

Silicon results display greater errors, and again show a lower average error for the 
spd basis than in the sp basis, thus differing from the trends in the germanium. The 
PM3 [115] and AM1 results are a great deal improved compared against that ZINDO 
[70] results, and the spd basis is only a little better than the MNDO results. 

The polarisation of second row atoms improves on the spd results for germanium 
(but unbalances the sp basis set calculation, so it may be a problem with the entire 
program, not localised in the parameterisation - a weighting factor for d-orbital 
calculations within the program may be in order for better results). Polarisation of 
the second row improves results in most cases, although the silicon and 
phosphorus compounds show a worsening of results (not so much in the spd case 
but more extremely in the sp set). 

Polarisation of associated heavy atoms for silicon molecules does not improve 
results, by significantly degenerating results in Trisylilarsine and bromoarsine. 
Germylsilane was, in fact the only compound to improve with polarisation in the 
silicon results. I believe, judging from other silicon compounds that it is silicon that 
is the problem here, not the other atoms, as it is invariably silicon compounds in 
other groups of results (see bromine and arsenic tables) that causes large errors. 
Reparameterisation should improve results for silicon, since it is not a difficult 
atom to represent, as illustrated by the excellent PM3 and AM1 [115] results. 

Most parameters for germanium were overestimated as for gallium, with 
exception of fluorides, Ge-Si, Ge-Se, and Ge-Br bonds. The most noticable error in 
the spd basis set was for the Ge-P-Ge angle in Trigermyl phosphine, which was 
underestimated by about 30°. This was not rectified by ignoring the d-polarisation, so 
it seems this molecule is a victim of the ZINDO [70] program's tendency to form 
rings, by joining the germanium atoms in a ring, and this consequently decreases 
the angle. The other methods also show large errors for this compound (although 
not to quite the excessive extent witnessed in the ZINDO [70] values) with errors in 
the angle of 13.9 %, 25.2 % and 26.5 % for PM3, MNDO and AM1 [114] respectively. 

The similar Trisylilarsine compound in the silicon results also fairly large errors, 
but not anywhere near the amount seen in the germainium results. One of the 
greatest problems witnessed in the silicon table for ZINDO [70] is the Silicon Dioxide 
molecule, which again forms a ring and underestimated the angle about silicon by 
26.7 %. The reason this does not likewise occur for trisylilarsine is probably because 
the arsenic is too large to allow ring formation as occurred in the PGe3H9 or SiO2 
case. This ring forming tends to point to overly large orbitals on atoms, that may 
more easily overlap, and thus a weighting factor might be in order to accurately 
represent orbitals. 

The only other unreasonably large results occured in the Germainium Selenide 
molecule for the spd and sp sets. The sp basis caused the majority of predictions to be 
underestimated, although chloride compounds tended more towards 
overestimation and decreased in accuracy from the spd results. Strangely the other 
phosphorus parameters also decreased in accuracy. Germanium difluoride noticably 
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improved with changing from the spd basis to the sp basis, and was a great deal 
better in this are than the PM3 [1141 results. 

The silicon table shows large errors in the oxides, sulfides, bromides and 
germylsilane, which tended to be largely overestimated for the spd basis, and the sp 
basis had trouble with all molecules except disilane, trigermylarsine and 
germylsilane, underestimating the majority of parameters. PM3 [115] yielded 
excellent results with the exception of bromine compounds, while AM1 and MNDO 
showed greatest problems with underestimating silicon hydrides. Clearly the 
ZINDO 170] silicon method needs some rectifying, and due to the similarity between 
the elements silicon and germainium, a similar standard should be attainable. It 
must be noticed, too that the other semiempirical methods do not deal with the 
compounds of greatest difficulty in the ZINDO [70] method, such as SiO2. 

One of the ZINDO [70] methods greatest triumphs with respect to the germanium 
atom is the dichioride molecule. The other methods all gaive large errors for this 
molecule with respect to the angle, but none more so than the PM3 [1141 method, 
which overestimated this angle by 78.9 %. ZINDO [70] reproduced this angle to 
within less than 1 %. To a lesser extent this was also exhibited in the germanium 
difluoride molecule. It is from here that the largeness of PM3's average error 
springs. Most distances were underestimated by the PM3 set, although the sulfides, 
oxides and phophorus containing molecules were overestimated. The PM3 [115] 
method did not show similar errors in the silicon results, where such angles tended 
to be slightly underestimated, as in SiF2 where the angle was underestimated by 
5.6 %. ZINDO [70] also dealt reasonably well with this molecule. 

For germanium the MNDO [114] set performed excellently in most respects, with the 
exception of the digermane molecule. Errors were extremely high in the digermane 
molecule, up to 100 % (Could this have been a publishing error ?). Thus while the 
germanium-germainium interaction may not have been well reproduced, other 
structures quite excellent, mainly being underestimated. I feel this deficiency, dealt 
with so adequately in other methods proves a severe hindrance because it is the 
organic type structures that will be of especial interest with respect to germanium. 
Chlorides also tend to be a little too erroneous. 

The silicon results using MNDO [115] were quite good, issuing an average error of 
only 4.3 %. Large errors all occurred in silicon hydrides, where bond distances were 
overestimated and angles underestimated. These errors were about 7 %. SiBr4 
presented an error of only 1.9 %, a much smaller error than that issued in all other 
methods - 5.9 % was obtained for the ZINDO [70] spd basis, while PM3 [115] was 
overestimating by 8 %. 

Germanium calculations using AM1 [114] gave good results (although not to a 
standard issued by the sp basis set for ZINDO [70]), and possessed problems in 
common with the other bases with the dichioride angle (overestimating repulsion, 
although this was well dealt with in the MNDO case). The phosphorus angle was 
once again a problem, but all other parameters were adequate. The AM1 set largely 
overestimated results. 
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The AM1 [115] method was also extremely successful for the silicon molecule, 
displaying the lowest average error for this molecule of any of the methods (2.6 %), 
The largest error was in hydrogen silicide which was overestimated. Other problem 
areas were the Si-Si distance in disilane and the angle in silicon difluoride. 

It is encouraging to think, that the excellent results seen might actually be improved 
upon by reparameterising the second and first row atoms for geometries. 

(c) Arsenic/Silicon results: 

The PM3 [114] results were about double the accuracy of the ZINDO results for this 
arsenic. Polarisation of second row atoms had little effect in this case, and actually 
had a slightly negative effect on results in the spd case by badly underestimating the 
angle in Trisylilarsine by 13.7 % compared to the 5 % error obtained for the silicon 
atoms left unpolarised. This same effect was also seen in the germanium results for 
trigermylphosphine, where the germanium atoms were forced into a ring structure, 
and clearly we are seeing the same effect here. It was noticable in the sp basis also, to 
a lesser degree, but was compensated for by the great improvement in the arsenic 
tribromide and trichloride molecules (an effect not reflected in the spd calculations). 

For phosphorus ZINDO [70] and PM3 [115] results were much the same as they were 
for arsenic. The PM3 method displays an error of only 2.9 %, with the largest error 
being in the P-Ge-P angle (14 %) in trigermylphosphine. Phosphine shows 
underestimation of the P-H bond by 6.8 % and underestimation of the 
corresponding angle by 4.1 %. 

In the arsenic results, the spd basis set shows quite large errors for the trisylilarsine 
molecule as I've already mentioned, but even more so in trimethylarsine, where 
the C-As-C angle is overestimated by 12.5 %, and the As-C distance is 
underestimated by 7.5 %. That these are the same problem molecules as is seen in 
the PM3 [114] results indicates that the organic type groups either require 
reparameterisation or that they behave extremely unusually in these molecules. As 
usual the fluorides presented a small problem, where As-F distances were 
underestimated, and angles overestimated. Arsine was extremely well dealt with 
here and represents a small victory over the PM3 [114] results. 

The spd basis, when applied to phosphorus, showed an average error of the same 
magnitude, although the standard deviation was double the arsenic value. The 
ZINDO [70] results for phosphorus, with the exception of the trigermylphosphine, 
which I discussed in the germanium section. If it wasn't for this result the average 
error would be less than that for the PM3 method. The only other problems were a 
slight overestimation of P-Cl bonds (by about 2 %), and more severe overestimation 
of fluoride bonds in phosphorus pentafluoride. This error was not exhibited in the 
trifluoride, nor in the arsenic pentafluoride results, and must be due to some 
difficulty phophorus has in utilising the outer d orbitals. 

The PM3 calculations on arsenic compounds overestimated results, but % errors 
were less than 1 % in most cases with the exception of angles in the pentafluoride, 
and trimethyl- and trisylil- arsine. These last two molecules exhibited the largest 
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errors in this method at a 3.9 % overestimation of the trimethylarsine C-As-C angle, 
and underestimation by 3.7 % for trisylilarsine. The arsine molecule shows an error 
of 2.3 % and thus the problem appears to be in those molecules where hydrogen is 
present. The errors are not overly large, but that they tend to be in molecules where 
there are organic-type groups attached is a bit worrying, since this indicates that 
organic molecules do not make adequate allowance for other more electronegative 
groups than hydrogen. Perhaps our results would also be this accurate with 
reparameterisation of the second and first row elements. 

The PM3 [115] method for phosphorus also exhibited greater errors in phosphorus 
trifluoride, but in the opposite direction to those seen in the ZINDO [70] arsenic 
results, which shows that the two methods treat fluorine quite differently, most 
likely in parameterisation. The pentafluoride molecule was much more accurate. 

Once again, in arsenic results, we see the sp basis is better than the spd. The largest 
errors occurred in the fluoride molecules which grossly overestimated the As-F 
distance (even more so than in the spd results), although the angle was well 
reproduced. As in the spd basis trisylil- and trimethyl- arsine were problems, 
although the errors were much reduced here. A problem not witnessed in other 
basis sets was overestimation of the As-Br distance in arsenic tribromide. Thus, 
extremely polarised bonds are a problem for this basis, as we would expect with the 
lack of polarisation functions. Once polarisation functions are added to bromine this 
error is remarkably improved. Unlike, in the spd basis set, polarisation on attached 
atoms, where applicable, does lower the error very slightly, although the 
trisylilarsine results do worsen with this action. It is strange how d functions always 
have an adverse effect on these pyramidal structures, and it must be something to 
do with lone pair distribution. 

The sp basis gives results were just slightly less accurate than the spd basis for the 
phophorus compounds. As we expect there is the problem with the 
trigermylphosphine molecule, and errors in the phophorus pentafluoride molecule 
have been reduced from their spd errors, which is curious considering it should be 
important to have polarisation functions in such a molecule. Perhaps the d 
functions are overenthusiastic in their participation, and hence the large error. The 
trifluoride molecule shows a large error in the P-F distance, which was 
overestimated. It seems that one cannot accurately reproduce the trifluoride and 
pentafluoride together with such a small parameter set as is used in ZINDO [70].  The 
larger parameter sets in PM3, MNDO and AM1 [115] deal more accurately with these 
molecules. 

The MNDO and AM1 [115] results for the phosphorus molecule were significantly 
more in error than either the PM3 or ZINDO results. Both models do not reproduce 
any parameters to really great accuracy, the main problem being in the Ge-P-Ge, 
which both overestimate (contrary to underestimation by ZINDO [701) by over 25 %. 
In the chlorides and hydrides both methods underestimate bond lengths and 
overestimate angles, while presenting the opposite trends in bromine and fluorine 
containing molecules. The AM1 results were the least accurate, but the trends and 
magnitude in errors for particular parameters generally mimics MNDO. 
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In arsenic the parameters in the unpolarised basis sets were largely underestimated, 
although the second row polarisation functions tended to reverse this effect, 
yielding better results (particularly for the trihalide compounds), although this was 
clearly not the case for the silicon containing molecule. 

(d) Selenium/Sulfur results: 

Selenium again provided better results in the PM3 [114] method than for ZINDO 
[70]. As in previous cases the spd basis does not yield the better results. Polarisation 
in this case tends to help improve results considerably, for both the first and second 
rows. 

The PM3 [114] method performs well for selenium compounds, yielding an average 
error of only 2.8 %. Most of the errors are under 1 %, except for the molecules 
containing elements carbon, oxygen and fluorine. The largest errors were found in 
the sawhorse structure for selenium tetrafluoride, where the repulsion between the 
two inner fluorine atoms was underestimated, and overestimated the repulsion 
(giving an angle in error by 17.1 %) between outer fluorines. Thus, the structure 
appears to be hovering between the sawhorse and square-pyramidal structures. 
Despite this, the distances in this molecule were handled well. The spd basis set 
handles this molecule much better, giving realisitic angles, although distances are a 
little less accurate. GeSe was also quite underestimated by the PM3 [114] set (by 9.7 
%), and was again better handled by ZINDO [70].  Like ZINDO results the oxides 
presented a problem, being underestimated, and were better handled by PM3. 

For sulfur, the PM3 [115] set performs better than INDO/1, but the average error is a 
great deal larger being 4.9 %. This mainly results from large errors in sulfur 
tetrafluoride as is expected, where PM3 method appears to be attempting a square-
pyramidal structure, predicting both inner and outer angles to be 81°, causing the 
outer angle to be underestimated by 20.3 %. The bond lengths for the two different 
fluorine atoms in the molecule differ slightly, and are predicted back to front with 
respect to larger and smaller bonds in experimetal data. Clearly some polarisation 
function is needed to accurately reproduce experiment. A large error was also 
exhibited in the thiophene S-C-C angle (underestimated by 18.3 %). The angle in 
sulfur dioxide and bond lengths in carbon sulfide selenide were also problematic for 
this method. Other chlorides and fluorides were well predicted, tending to 
overestimation. 

The spd basis also shows errors in the selenium tetrafluoride molecule, and more 
particularly in the oxides, where the angle in selenium dioxide is overestimated by 
about 28°. Many of the parameters have errors of about 3 % and so the average error 
is quite high (4.0 %). Polarisation of attached atoms tends to reduce errors in the 
chloride containing compounds and in germanium selenide, but once again silicon 
polarisation is seen to be less accurate, as the error in SeSi actually increases. 
Selenophene was well reproduced with the exception of the angle about the 
selenium atom, which was overestimated by 6.1 %. The selenyl fluoride molecule 
tended to underestimae bond lengths, and overestimated the O=Se-F angle by 9.5 % 
Chlorides were largely well dealt with. Addition of polarisation on attached atoms 
improved overall results slightly, and was particularly successful for germanium 
selenide. 
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The spd basis in the sulfur gave results for sulfur tetrafluoride that mimicked the 
selenium results. This creates a huge error, since the angles in sulfur tetrafluoride 
are a great deal smaller than those of the corresponding selenium compound (the 
outer fluorine angle is overestimated by 76°) so perhaps sulfur requires 
reparameterisation. With the exception of this error, the spd basis performs a lot 
better than the PM3 [115] method, and hence the only slightly larger error of 5 %. 
With the addition of polarisation on attached atoms the results are actually better 
than PM3 results, because of the significant improvement of carbon sulfur selenide 
results. 

The sp basis set shows even larger errors for many of these molecules, although the 
chlorides are more accurately treated, as are the oxides (yielding an average error of 
3.7 %). The sawhorse selenium tetrafluoride shows a larger error in angle between 
the inner fluorines of 15° than the spd basis, and a large error in the outer fluorine 
angle also. Polarisation of attached atoms does not improve results as it tends to 
unbalance the halide compounds. Oxide bond lengths are all overestimated by this 
basis, while corresponding angles are underestimated, and the halides tend in the 
opposite direction. The angle error in selenium dioxide, of 23.8 % has been reduced 
in this basis set to only 10.3 %, and thus the selenium-oxygen interactions are better 
handled without the "aid" of polarisation. 

The sp results for sulfur show the immense errors for sulfur tetrafluoride also, 
although the angle is almost the same for inner and outer fluorine atoms. However, 
since it is too big results show immense errors, yielding an average error for this 
basis set of 4.9 %. The hexafluoride is also overestimated for this basis, errors in 
thiophene, CSeS, and sulfatocarbonyl difluoride, while not huge, being quite 
considerably inaccurate. This tends to indicate that polarisation is necessary in 
accurate description of sulfur compounds. 

MNDO [115] shows a large error of 6.1 %, mostly due to inaccurate sulfur 
tetrafluoride results, and underestimation of the angle in sulfur dioxide. AM1 [115] 
displays the most accurate results yet seen, with the errors being in the same 
molecules as in MNDO, and all other molecules showing extremely low errors. 

Since the results using ZINDO [70] for selenium were relatively good and spd sulfur 
results were more accurate than other methods if the sulfur tetrafluoride molecule 
were excluded (I don't believe this molecule could be well reproduced by ZINDO 
based on results for the other methods) I feel we have successfully handled these 
notoriously difficult elements. 

(e) Bromine/Chlorine results: 

The bromine sp basis shows an average error of less magnitude (2.1 % with 
polarisation on attached atoms) than either PM3 [115] (4.0 %) or AM1 [115] (3.8 %) 
and MNDO [115] (3.9 %). Indeed, so too does the less accurate spd basis set (3.2 % 
with polarisation). This is encouraging when one considers that the other methods 
are much more complicated and require many more parameters. 

Errors in chlorine containing compounds were also a great deal less for ZINDO [701 
results than those yielded by other methods, particularly in the polarised spd results. 
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For the spd basis set in bromine calculations we see that organic carbon-bromine 
bonds are usually overestimated by about 4 %. Errors are much smaller in the 
corresponding germanium compounds, particularly when germanium polarisation 
is added. Bromosilane shows a large error in Si-Br distance estimation, 
overestimating it by 7.7 %, as we have come to expect, due to overestimation of 
repulsive interactions with bromine, which correspondingly causes decreases in the 
Si-H distances and angles. Unlike in previous results the silicon polarisation 
function addition does not worsen matters, and overall adding polarisation where 
possible actually decreases the average error fairly significantly. The majority of 
parameters are overestimated. Bromine trifluoride shows underestimation of the 
central Br-F bond by 12.2 %, and overestimation of the corresponding angle by 9.1 %. 
Since bromine fluoride shows similar underestimation of the Br-F bond, it would 
appear that the fault lies with fluorine, and that reparameterisation would fix this. 
Likewise, reparameterisation of the carbon atom should improve organo-bromine 
results. 

For chlorine, the spd basis gave an average error of 2.6 %, which was lowered to 2.4 
% with polarisation of attached second and third row atoms. Here organo-chlorine 
bonds were anderestimated on average by 2 % or more, so ZINDO [70] handles C-Cl 
bonds better than C-Br bonds. Smaller bimolecular chlorine compounds tended to 
show overestimation in bond lengths, and as usual compounds containing oxygen 
had large errors in bonds. Beryllium chloride showed one of the largest errors, as 
would be expected, since it is doubtful ZINDO [70] would have been accurately 
parameterised for beryllium, since so few of its compounds are known. Germanium-
chloride bonds are also overestimated, by about 3-4 %. The sp basis yielded very 
similar results to the spd basis, showing an increase in organic errors, and 
germanium errors. The HC1 molecule was particularly badly estimated 

The sp basis shows an overall decrease in error, with lesser errors in fluorine 
containing bromine compounds. The errors in arsenic tribromide increase, but this 
is offset by the lower errors in other molecules, noticably the fluorides and organic 
bromine compounds. Polarisation improves errors in the arsenic compound and so 
the sp basis set really does a better job in every parameter. The trends otherwise 
remain as they did for the spd basis. Polarisation on attached atoms, where 
applicable improved results on arsenic, germanium and selenium compounds. 

PM3 [115] predictions were also quite accurate, but huge errors were exhibited in the 
bromine trifluoride molecule (where the angle was overestimated by 39 %), and 
silicon tetrabromide (16.5 % error). Organic bromides were not well reproduced 
angularly. This is a shame since organic bromines are a field of interest to many 
organic chemists that will be frequently studied. The parameters are largely 
overestimated, with a few underestimations occurring particularly for angles. Small 
bimolecular molecules were also frequently overestimated by PM3. 

PM3 [115] was not as accurate for the chlorine atom as would be expected. The angles 
in organo-chioride molecules were not well estimated, although bonds were more 
accurately reproduced than ZINDO [70] results. In fact, the PM3 method performed 
well for almost all molecules, with the noticable exception of germanium 
compounds, which I have already discussed. If one excludes such results, the PM3 
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results are better than the ZINDO values. 

The MNDO [115] method yielded more accurate results than did the AM1 for 
bromine, although it too showed massive errors in angles for the bromine 
trifluoride molecule. Unlike the PM3 parameterisation, silicon tetrabromide was 
well done, and it was mainly in germanium bromine compounds that the larger 
errors occurred. Underestimation of C-Br organic bonds was also a problem. 

The AM1 [115] geometry predictions were almost as erroneous as the PM3 results. 
The largest error was in the silicon tetrabromide molecule (43 %) and also in organic 
and germanium bromine compounds. Heavy atom bond interactions tended to be 
overestimated, while other parameters were underestimated. 
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Table 4.14: Displays summaries of the average and standard deviation of absolute 
percentage errors for gallium-bromine using various basis sets. 

Element No. Compounds. % Error INDO/1 (spd) INDO/1 (sp) PM3 MNDO AM1 
Gaflium 10 Av. 4.5 8.1 8.6 - - 

St. Dev. 4.3 5.5 11.0 - - 

Germanium 17 Av. 3.4 (3.3) 3.3 (3.4) 5.2 
- 

9.6 3.0 
- 

St. Dev. 5.5 (5.3) 5.2 (5.2) 13.5 
- 

23.3 5.0 
Arsenic 8 Av. 3.8 (4.1) 3.4 (3.3) 1.2 - - 

St. Dev. 3.7 (4,6) 3.4 (3.6) 1.2 - - 

Selenium 18 Av. 4.0 (3.8) 3.7 (3.9) 2.8 - - 

St. Dev. 4.0 (4.1) 3.8 (3.8) 3. - - 

Bromine 17 Av. 3.4 (3.2) (2.1) _2.4 4.0 3.8 3.9 
St. Dev. 3.1 (3.0) 2.0 (1.8) 7.4 6.9 7.7 

TOTAL 70 Av. 3.8 (3.8) 42 (4.2) 4.4 6.7 3.5 
Av. St. Dev. 4.1 (4.3) 4.0 (4.0) 1 7.3 1 15.1 1 4.9 

(a) brackets denote polarisation functions on attached atoms 



1') Cr; 
0') 

Table 4.15: Displays summaries of the average and standard deviation of absolute 
percentage errors for aluminium-chlorine using various basis sets. 

Element No. Compounds. % Error INDO/1 (spd) INDO/1 (sp) PM3 MNDO AM1 
Aluminium 7 Av. 14.8 (14.2) 13.0 2.0 5.2 5.7 

St. Dev. 26.1 (22.3) 13.5 2.3 5.1 4.1 
Silicon 12 Av. 4.5 (4.6) 5.9 3.4 4.3 5.2 

St. Dev. 6.0 (6.3) 9.3 4.6 3.1 10.8 
Phosphorus 9 Av. 3.9 (4.1) 4.4 2.9 5.1 5.7 

St. Dev. 6.6 (6.5) 8.5 3.3 5.7 5.8 
Sulfur 11 Av. 5.0 (4.8) 6.7 4.9 6.1 4.7 

St. Dev. 14.5 (14.5) 11.7 69 3.7 5.1 
Chlorine 22 Av. 2.6 (2.4) 2.7 4.2 2.6 2.5 

St. Dev. 2.0 (2.0) 9.8 12.8 2.6 2.8 
TOTAL 61 Av. 6.2 (6.0) 6.5 3.5 4.7 4.8 

Av. St. Dev. 1 11.0 (10.3) 1 10.6 1 5.8 4.0 5.7 

brackets denote polarisation functions on attached atoms 
pre-existing parameters are used for ZINDO calculations 



Tables 4.14 and 4.15 show summaries of the average absolute % errors, and standard 
deviations of percentage errors for each method. As can be seen, for the third row 
atoms, the sp and spd results are slightly better than the other methods (we can 
exclude the AM1 results since no parameterisaton of the difficult molecules like 
gallium have been attempted, and thus results mean very little). The average 
standard deviation of % errors for PM3 is also a lot larger than that for spd and sp 
ZINDO [70] basis'. Although the spd results appear a little better than those for the sp 
basis set, this really only occurs in the gallium atom, where adequate 
parameterisation has not been found for gallium. For the other elements it would 
better not to include polarisation, which indicates a problem in other 4d parameters, 
most likely because a better weighting factor is needed for Slater-Condon factors 
obtained computationally (as I discussed previously). Perhaps, too a larger exponent 
is need for the d-functions to give them a more desirable delocalised character. It 
seems to me that the d-polarisation functions are participating too much in 
geometry determination. ZINDO [70] results might be significantly improved even 
further by reparameterising other elements for geometry calculations, particularly 
thos difficult elements like fluorine, oxygen and silicon. 

The second row summary shows what happens when elements are not 
parameterised for geometry, and the difference in accuracy against the third row 
results for ZINDO [70] is very noticable. All the other methods, perform better, 
overall, especially the PM3 method. Both the ZINDO basis sets show similar errors, 
and large standard deviations. While the results for ZINDO are better for chlorine 
atoms, the results in other second row elements can't compete, being particularly 
bad for aluminium and sulfur compounds. 
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(5.0) Summary: 

(a) Pseudopotential Calculations for gallium/aluminium borohydrides: 

* Bis(diboranyl) type structures were generally better predicted (geometrically and 
energetically) than arachno structures with respect to ab initio calculations. 

* Gallium was stabilised by interaction with other heavy atoms in the borohydrides 
(particularly with another gallium atom), while aluminium appeared to prefer not 
to interact with other heavy atoms (most notably boron). 

* The unpolarised ECP calculations badly predicted the distances between heavy 
atoms (underestimated in Al borohydrides and overestimated for Ga borohydrides). 
This was corrected in the polarised sets. 

* For aluminium molecules the HW series underestimated bond lengths and so 
better approximated the more contracted DZP structure. In gallium molecules the 
opposite is true. 

* Bridging regions were the least accurately reproduced by the ECP sets. 

* The SBK set consistently overestimated boron associated geometrical parameters. 

* P-polarisation functions on hydrogen atoms generally made little difference (their 
effect was strongest in the arachno structures). 

* The unpolarised SBK method overestimated repulsive interactions between 
heavy atoms, but this was corrected in the polarised calculations. 

* Standard deviations for the H1iV series tended to be greater than in the SBK case, 
although the average of the errors was almost always larger in the SBK series. 

* Both the ECP methods had trouble with Al-B and Ga-B interaction predictions, 
particularly the SBK set. 

* Frequency calculations were better reproduced by the SBK set than by the HW set. 
Both methods tended to overestimate stretching frequencies in the unpolarised 
basist. This indicates the SBK method might suffer from systematic errors in 
geometry predictions which are easily corrected. 

* The SBK method performed better for gallium distances and angles then does the 
1-lW set. 

* The alternative SBK ECP (core = 28 electrons, the default SBK ECP leaves the d-
electrons in the valence set) predicted better geometries than the default case for the 
unpolarised basis set, but they became very similar with polarisation. The 
alternative SBK set did not predict frequencies as well as the default case. 
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* The SBK series predicted Ga-Ga and Al-Al parameters better than the H\'V set. B-B 
interaction was not favoured in gallium structures or aluminium structures. 

* Both ECP methods found it difficult to accurately reproduce terminal hydrogen 
angles about aluminium atoms. 

* The more symmetrical isomers were better reproduced. 

* Corresponding aluminium and gallium molecules were very similar, with 
arachno structures being the most different, where the aluminium structures tend 
to be the more expanded. Most differences occur in the distance parameters, as the 
frameworks for each tend to be very similar. 

* It was also found that the GAUSSIAN LANL1DZ [13b] basis gave better results on 
the heavy atoms but was less accurate on the lighter boron atoms. 

* The A1B2H9 and GaB21-19 molecules also showed the same trends as the 
hexahydrides in their C2v  and C2 symmetries and the major variation in bond 
length occurred around bridging regions once again. The C2 structure was found to 
converge to the C2v  structure upon the addition of polarisation for both the SBK 
and 1-11W sets. 

* Corresponding Aluminium and Gallium Borohydrides were predicted to have the 
same stability ordering for unpolarised basis sets. This was corrected with 
polarisation. 

* Pseudopotential frequencies were accurate if the zero freqeuencies were ignored 
with default settings. If positive and negative displacements about cartesian 
coordinates were included, the zero frequencies were also well estimated. The ECP 
methods had a tendency to issue transition states incorrectly. 

* Timing studies showed that little advantage was to be found for pseudopotential 
calculations over ab initio calculations 

Conclusion: The pseudopotential calculations, while giving accurate results were 
almost as costly as the ab initio methods, and therefore offer little advantage to users 
for these types of molecules. Perhaps with higher atoms, where relativistic effects 
are more an issue they would be be more efficient. I believe the coding of the 
GAMESS [12] program had much to do with their inefficiency, and so a reworking of 
the code for this program might give much more favourable results. Despite this, 
the HW ECP tended to give results more in accord with DZP results than the 321G* 
results were. This indicates that the HW ECP slightly underestimated repulsive 
interactions giving more contracted structures. Thus there might be some advantage 
in using HW methods over 321G*  calculations. 
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(b) ZINDO parameterisation of gallium-bromine: 

* With few exceptions the newly parameterised third row results were better in 
ZINDO [70] using INDO/1, than more sophisiticated methods like PM3, AM1 and 
MNDO [114,115], which require a lot more parameterisation. 

* Atoms with valence configurations s2p gave worst results for both second and 
third rows. 

* the pre-exisiting parameterisation in ZINDO [70] for second row atoms (designed 
for spectral calculations) issued worse results (with the exception of chlorine) than 
did the PM3, AM1 and MNDO [115] results (see summary table). This indicates that 
if the rest of the table were reparameterised for geometry calculations (which 
involves changing beta parameters only) that third results might be improved even 
further. 

* It was the first row atoms that caused the most difficulty, with oxides and fluorides 
frequently showing considerable error. Silicon compounds were also troublesome. 

* Both 3d and d-polarisation basis sets were tested for spd gallium calculations (the 
other elements in the row used d-polarisation), and while 3d calculations yielded a 
lower average error this was only because many of the difficult molecule 
optimisations would not converge in this method. The d-polarisation basis set was 
decided upon as the best. 

* ZINDO [70] calculations take less than 2 seconds for all the molecules tested, so are 
very advantageous timewise. 

* ZINDO [70] calculations frequently triumphed over PM3 results by predicting bent 
molecules (like gallium (1) oxide) fairly well while PM3 had a tendency to linearise 
these molecules. 

* The sp basis in ZINDO [70] gave better results for all third row atoms, except 
gallium, where an adequate beta parameterisation for sp could not be found. This 
was not the case for second row atoms. 

Conclusion: The ZINDO [70] results for the newly parameterised third row atoms 
gallium-bromine, with respect to geometry calculations were reasonably accurate, 
being better, with the exception of arsenic and selenium than PM3 results. The two 
possible basis sets, sp and spd gave quite similar results (except for gallium sp results 
where a suitable parameterisation was not found), although the sp tended be a little 
more accurate, since the d-polarisation tended to !?unba1ance  results (see 
discussion). The inaccuracy of second row results indicates that reparameterisation 
of the rest of the elements for geometry would yield even better results in the third 
row calculations (and certainly better results in the second row calculations). While I 
feel this method will never yield exceptionally accurate results, the very little time 
required for calculations, and simplicity of the method, definately make it a viable 
way of predicting crude structures for input to more accurate calculations (a sort of 
ab initio front end if you like) and doing rough studies of the potential surface 
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which are very time consuming. 

APPENDIX A: Basis Sets for Gallium, Aluminium, Boron and Hydrogen used in 
Hydride Calculations 

(a) 321G* 

Gallium 

S31.0 
4571.8979 
718.92054 
157.44592 

SF31.0 
209.5834 
45.69171 
14.13297 

SF31.0 
14.59954 
4.860842 
1.549111 

SP2 1.0 
1.267943 
0.1883995 

SF 11.0 
0.05723676 

D31.0 
21.292530 
5.3931662 
1.3338828 

D 11.0 
0.207 

Boron  

0.628396 
0.3736112 
0.6843626 

-0.1115162 0.1442658 
0.0926964 0.5731775 
0.9622870 0.4490858 

0.2910292 0.02656186 
-0.3231876 0.4833137 
-0.8643910 0.5924304 

-0.2851306 0.03018346 
1.128022 0.9884658 

1.0 1.0 

0.1619895 
0.5116739 
0.5898732 

1.0 

S3 1.0 
0.116434D+03 
0.174314D+02 
0.368016D+01 

SF21.0 
0.228187D+01 
0.465248D+00 

SF 11.0 
0.124328D+00  

0.629605D-01 
0.363304D+00 
0.697255D+00 

-0.368662D+00 0.231152D+00 
0.119944D+01 0.866764D+00 

1.0 1.0 
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Hydrogen 

S21.0 
0.5447178D+01 0.156285D+00 
0.82454724D+01 0.904691D+00 

S11.0  
0.18319158D+00 1.0 

(b) DZP: 

Gallium 

S61.0 
457600.0 
68470.0 
15590.0 
4450.0 
1472.0 
541.3 

S11.0  
214.0 

S11.0  
88.81 

S21.0 
27.18 
11.54 

S21.0 
3.303 
1.334 

S11.0  
0.1947 

S11.0  
7.158D-2 

P6 1.0 
3274.0 
765.4 
241.6 
89.39 
36.36 
15.6 

P 11.0 
6.472 

P2 1.0 
2.748 
1.09 

P 11.0 
0.2202 

P 11.0 
6.13D-2 

5.5407506D4 
4.3227838D-3 
2.2342702D-2 
8.9535534D-2 
0.284525 
0.6842028 

1.0 

1.0 

0.4358362 
0.596143 

0.4429284 
0.5928084 

1.0 

1.0 

1.5964682D-3 
1.3791037D-2 
7.097372D-2 
0.2316535 
0.4443383 
0.3972863 

1.0 

0.665992 
0.391707 

1.0 

1.0 
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D41.0 
59.66 3.8070443D-2 
17.1 0.1948815 
6.03 0.4378619 
2.17 0.5443839 

D 11.0 
0.6844 1.0 

D11.0 
0.207 1.0 

Aluminium 

S51.0 
23490.0 0.250900D-2 
3548.0 0.189860D-1 
823.5 0.929140D-1 
237.7 0.335935 
78.6 0.647391 

S31.0 
78.6 0.111937 
29.05 0.655976 
11.62 0.283340 

S11.0  
3.465 1.0 

S11.0  
1.233 1.0 

S11.0  
0.2018 1.0 

S11.0  
0.7805D-1 1.0 

P41.0 
141.5 0.17882D-1 
33.22 0.120375 
10.39 0.411580 
3.593 0.595353 

P2 1.0 
3.593 0.211758 
1.242 0.837795 

P11.0 
0.304 1.0 

P 11.0 
0.7629D-1 1.0 

D 11.0 
0.40 1.0 
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1 
1 
2 
2 
3 
4 
* 

5 

Boron 

S61.0 
2788.41 2.1220007D-3 
419.039 1.6171006D-2 
96.4683 7.8356027D-2 
28.0694 0.2632501 
9.376 0.5967292 
1.3057 0.2303971 

S 11.0 
3.4062 1.0 

S 11.0 
0.3245 1.0 

S 11.0 
0.1022 1.0 

P4 1.0 
11.3413 0.17986998D-1 
2.436 0.110339 
0.6836 0.383111 
0.2134 0.6478599 

P 11.0 
7.01D-2 1.0 

D 11.0 
0.7 1.0 

Hydrogen 

S3 1.0 
19.2406 3.2828077D-2 
2.8992 0.2312085 
06534 0.8172399 

S11.0  
0.1776 1.0 

P 11.0 
0.75 1.0 

(c) HW: 

Gallium 

S 0.830600 -0.413794 
S 0.339200 0.490770 
P 1.675000 -0.040802 
P 0.203000 0.487411 
S 0.918000 0.812250 
P 0.057900 0.626444 

D 0.207000 1.000000 
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Aluminium 

1 S 0.961500 -0.248407 
1 S 0.181900 0.610564 
2 P 1.9628000 -0.033757 
2 P 0.201300 0.481447 
3 S 0.0.65700 0.544390 
* 

5 D 0.325000 1.000000 

Boron 

1 S 116.434000 0.062961 
1 S 17.4314000 0.363304 
1 S 3.68016 0.697255 
2 L 2.281870 -0.368662 0.231152 
2 L 0.465248 1.99440 0.866764 
3 L 0.124328 1.00000 1.000000 

Hydrogen 

1 5 4.501800 0.156285 
1 S 0.681444 0.905691 
2 S 0.151398 1.000000 
* 

3 P 1.100000 1.000000 

SBK 

Gallium (CORE =10 

1 L 113.9 -0.001711 
1 L 9.155 -0.823036 
1 L 6.633 0.458618 
1 L 2.278 1.161817 
2 L 0.8818 1.0 
3 L 2.123 -0.145506 
3 L 0.1939 1.051147 
4 L 0.07461 1.0 
5 D 70.43 0.028877 
5 D 21.05 0.166253 
5 D 7.401 0.427776 
5 D 2.572 0.570410 
6 D 1.026 1.0 
7 D 0.3907 1.0 

-0.008046 
-0.35432 
0.663794 
0.713619 
1.0 
-0.096261 
1.017573 
1.0 
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Gallium (CORE =28 

1 L 1.634 0.831592 -0.188607 
1 L 1.473 -1.161286 0.140880 
1 L 0.2607 0.237640 0.348597 
1 L 0.1461 0.912666 0.682579 
2 L 0.05274 1.0 1.0 

Aluminium 

1 L 0.9011 -0.30377 -0.07929 
1 L 0.4495 0.13382 0.16540 
'1 L 0.1405 0.76037 0.53015 
2 L 0.04874 0.032232 0.47724 

Boron 

1 L 2.710 -0.14987 0.09474 
1 L 0.6552 0.08442 0.30807 
1 L 0.2248 0.69751 0.46876 
2 L 0.07584 0.32842 0.35025 

Hydrogen 

1 S 13.007734 0.033495 
1 S 1.962079 0.234727 
1 S 0.444529 0.813757 
2 S 0.121949 0.147077 

APPENDIX B: ECPs for Gallium, Aluminium and Boron used in Hydride 
Calculations 

HW: 

Aluminium 

n A d 

d potential 

1 304.7291926 -10.0 
2 61.5299768 -63.8079837 
2 13.925006 -22.8972174 
2 4.1463626 -8.0063232 
2 1.3715443 -0.8829345 
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s-d potential 

0 467.8437756 3.0 
1 79.3992216 50.9705682 
2 25.4035967 143.871646 
2 6.9954696 48.0055753 
2 1.7860129 14.0114180 

p-d potential 

0 776.271719 5.0 
1 118.4992254 93.0595424 
2 34.4107276 266.7686329 
2 8.7859563 70.0725805 
2 2.3406228 17.2290839 
2 0.7398386 0.7105331 

Gallium 

n A d 

f potential 

1 260.9051184 -28.0 
2 50.4244564 -161.6248634 
2 10.7195520 -49.2659751 
2 3.1563995 -16.9305942 
2 0.9502385 -1 .5149893 

s-f potential 

0 339.0575995 3.0 
1 95.9625227 93.8597449 
2 30.0989360 308.6495485 
2 7.8907039 94.7290607 
2 2.1154234 27.0931066 

p-f potential 

0 30.1202708 5.0 
1 14.6143825 22.8495315 
2 12.4639433 43.3974907 
2 5.1039219 48.6203923 
2 1.6566033 14.7365483 
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d-f potential 

0 32.2704306 3.0 
1 10.9444004 24.2994834 
2 4.5111791 35.4415813 
2 1.5561710 9.1055575 
2 0.5550926 0.9601121 

SBK 

Gallium (CORE = 10) 

PotA n d 

d -3.87363 1 26.74302 
s-d 4.12472 0 3.46530 

260.73263 2 9.11130 
-223.96003 2 7.89329 

p-d 4.20033 0 79.99353 
127.99139 2 17.39114 

Gallium (CORE = 28) 

PotA n d 

f -3.54799 1 1.04513 
s-f 7.24162 0 0.62166 

-1.8300 2 0.58728 
p-f 4.95321 0 0.45235 

-0.84809 2 0.41215 
d-f 2.20160 0 1.62891 

3.75397 2 0.78381 

Aluminium 

PotA n d 

d -3.03055 1 1.95559 
s-d 6.04650 0 7.78858 

18.87509 2 1.99025 
p-d 3.29465 0 2.83146 

6.87029 2 1.38479 

Boron 

PotA n d 

p -0.88355 1 5.64622 
s-p 1.89572 0 1.92061 

10.97543 2 5.55177 



APPENDIX C: Displays changes made in the ZINDO [70] program in order to allow 
third row calculations, and also output of parameters. 

The output following the summary indicates files in the ZINDO [70] program which 
have been altered, and those that remain the same when compared to the original 
program. The alterations are indicated by a > on the left hand side, where the 
original lines, before the change are indicated by a <. Line numbers for these 
alterations are clear, showing first the original line numbers, then those they have 
subsequently been replaced by. Below is a summary, which explains the major 
changes. 

Summary of Changes: (Note, all parameters are input in order of atomic number) 

File - blockl.f: The Orbital Exponents 

lines 94-96: input of Al-Cl d-polarisation exponents. 
lines 98-102: input of Ga-Br d-polarisation exponents (where the line commented 
out allows gallium calculations with a valence basis with 3d electrons, rather than 
the 4d-polarisation exponent). 
line 154: Clementi-Raimondi single-c s orbital exponents for the Ga-Br atoms. 
lines 174,185: Clementi-Roetti double-c s orbital exponents for Ga-Br. 
line 194: Clementi-Raimondi single-c p orbital exponents for the Ga-Br atoms. 
lines 211,223: Clementi-Roetti double-c p  orbital exponents for Ga-Br. 
line 236: d-polarisation Slater Exponents for Al-Cl. 
lines 242-243: input of Ga-Br d-polarisation Slater exponents (where the line 
commented out allows gallium calculations with a valence basis with 3d electrons, 
rather than the 4d-polarisation exponent - lines 262 and 276 give the 3d double-c d 
exponents). 
lines 329,331: Double-c s orbital coefficients for Ga-Br 
lines 334,336: Double-c p orbital coefficients for Ga-Br 
line 334: D-polarisation function coefficients for Ga-Br (commented line allows the 
3d orbital double-c coefficents to be implemented). 

File gsndo.f: The output of various parameters 

lines 250-254: Output of various parameters used in the calculations. 
lines 1457-1460: Determination of the number of core electrons and type of basis set 
for calculation of elements Ga-Br (an spd(n-1) basis set has been parameterised for 
gallium and may be selected by uncommenting lines mentioned in this summary, 
and by entering the variable NTYP=3 in the input stream. The default basis is spd(n), 
where NTYP is assigned the value 4). 
lines 490-557: Output of various parameters used in the calculations. 

File param.f: The lonisation Potentials (eV) 

lines 53,132: S-orbital ionisation potentials for Ga-Br (there are two to allow 
different ionisation potentials to be used for different configurations. This is to 
allow flexibility in transition metal calculations, and has been ignored here where 
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the ionisation potentials for different confi,urations" have been set equal). 
lines 76,155: P-orbital ionisation potential for Ga-Br (there are two for reasons as 
above). 
lines 96,175: D-orbital ionisation potentials for Ga-Br (there sre tow for reasons as 
above). 
lines 97,177: D-orbital ionisation potential that allow for a 3d valence basis set in 
Gallium (activated by uncommenting, and commenting lines 96,175). 
line 224: S-orbital 1/2(Ie + Ea) used in INDO/2 calculations for Ga-As 
line 274: P-orbital 1 /2(Ie + Ea) used in INDO/2 calculations for Ga-Br 

File paramb.f: The Beta Parameters (Note that while I've included some in the 
program, it is easier to enter these through the input stream for optimising 
purposes, which is what was done here, and so the actual parameters chosen for Ga-
Br (Table 4.1) might differ to those witnessed here - table 4.1 contains the final 
parameters). 

line 38: Redimsioned arrays to allow input of Pp parameters (since Zerner used the 

same value for 3s and 13p  parameters for previously parameterised elements. The 

new arrays allow input of 3 1s parameters, 2 fp parameters, a I3d parameter and a  Pf 
parameter). 
lines 81-86: Ps values for Ga-Br. 
lines 100-104: 1s values for Ga-Br. 
lines 115-118: Pp values for Ga-Se. 
lines 130-135: Pd values for Ga-Br. 
lines 218-221: 13d  values for Ga-Se. 
lines 244-247: 3d values for Ga-Se. 
lines 286-334: Reading in the beta parameters and assigning to appropriate variables, 
as was mentioned above. 
lines 376-390: Ouput of assigned beta parameters. 

File rrrr.f: The Slater-Condon Factors (Note, Slater-Condon factors are in the order 
G1(s,p), F2(p,p), G2(s,d), G1(p,d), F2(p,d), G3(p,d), F2(d,d), F4(d,d) and in the units cm4) 

lines 85-86: Gallium Slater-Condon factors where the valence basis consists of 3d 
electrons (activated by uncommenting, then commenting lines 87-88). 
lines 87-88: Gallium Slater-Condon factors (4d). 
lines 89-90: Germanium Slater-Condon factors. 
lines 91-92: Arsenic Slater-Condon factors. 
lines 93-94: Selenium Slater-Condon factors. 
lines 95-96: Bromine Slater-Condon factors. 
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Files zindo/abcphf.f and zindonew/abcphf.f are identical 
Files zindo/addctv.f and zindonew/addctv.f are identical 
Files zindo/addfin.f and zindonew/addfin.f are identical 
Files zindo/addrs.cmn and zindonew/addrs.cmn are identical 
Files zindo/allgf.crnn and zindonew/allgf.cmn are identical 
Files zindo/amp.f and zindonew/amp.f are identical 
Files zindo/anihyf.cmn and zindonew/anihyf.cmn are identical 
Files zindo/annih.f and zindonew/annih.f are identical 
Files zindo/asgn.cmn and zindonew/asgn.cmn are identical 
Files zindo/assel.cmn and zindonew/assel.cmn are identical 
Files zindo/assign.f and zindonew/assign.f are identical 
Files zindo/atoms.cmn and zindonew/atorns.cmn are identical 
Files zindo/aughes.f and zindonew/aughes.f are identical 
Files zindo/augscl.f and zindonew/augscl.f are identical 
Files zindo/aux.f and zindonew/aux.f are identical 
Files zindo/auxc.f and zindonew/auxc.f are identical 
Files zindo/backtr.f and zindonew/backtr.f are identical 
Files zindo/backup.f and zindonew/backup.f are identical 
Files zindo/bastab.cmn and zindonew/bastab.cmn are identical 
Files zindo/betp.f and zindonew/betp.f are identical 
Files zindo/bfgs.f and zindonew/bfgs.f are identical 
Only in zindo: bin 
Files zindo/binc.cmn and zindonew/binc.cmn are identical 
Files zindo/bitcnt.f and zindonew/bitcnt.f are identical 
diff -s zindo/blocki. f zindonew/blocki . f 
94, 95c94, 96 

0.ODO,0.831D0,0.831D0,l.7305D0,1.731D0,1.73J.DO,l.731D0, 
l.731D0,2.252D0,l.180D0,l.6097D0,l.6102D0,l.71Ol6D0, 

0.ODO,0.831D0,0.831D0,1.6394D0,1.8589D0,2.0551D0,2.2341D0, 
2.3998D0,2.252D0,l.180D0,l.5097D0,l.6102D0,l.7l0l6D0, 

> CGKP . 0. ODD, 0. 83lD0, 0. 83lD0, 1. 7305D0, 1.731,1.73101. 731D0, 
97c98, 102 

2.31682D0,2.41805D0,2.51974D0,62*0.ODO/ 

> CGKP - 3d . 2.3l682DO,2.4l8O5D0,2.5l974DO,5.O3llD0,1.8589D0,2.055 
2.31682D0,2.41805D0,2.5l974D0,l.6394D0,l.8589D0,2.0551D0, 

> . 2.2341D0,2.3998D0,57*0.ODO/ 
> CGKP . 2.31682D0,2.41805D0,2.51974D0,62*0.ODO/ 
> 
139a145,146 
> CGKP FOR GA-BR USED CLEMENTI-RAIMONDI VALUES FOR THE SINGLE-ZETA VALUES 
> CGKP AND CLEMENTI-ROETTI FOR THE DOUBLE-ZETA EXPONENTS. 
147c154 

X 0. 0000DO, 0. 000DO, 2. 236D0, 2. 439D0, 2. 638D0, 0 . 000DO, 0. 000DO, 

X 1.7667D0,2.0109D0,2.236D0,2.4394D0,2.6382D0, 0.000DO,0.000DO, 
148a166, 169 
> CGKP X 0.0000DO, 0.000DO,2.236D0,2.439D0,2.638D0,0.000DO,o.000DO, 
> C The values I've entered are slater exps. The rest of this row 
> C are also slater exps, but some of the earlier values deviate 
> C from these values. 
163, 164c174, 176 

X 0. 0000DO, 0. 000Db, 2. 921D0,2.43 9D0, 2. 638D0, 0. 000DO, 0. 000Db, 
0.000D0,1.275D0,1.337D0, 

X 2 . 45796D0, 2. 69865D0, 2. 92135D0,3. 1387D0,3 . 36095D0, 0. 000DO, 
0. 000DO, 0 . 000DO, 1. 275D0, 1. 337D0, 

> CGKP X 0. bOObOO, 0. 000DO, 2.92100,2. 439D0, 2. 638Db, 0. 000DO, 0. 000DO, 
173c185, 186 

X 32*0.ODO,1.7361DO,19*0.ODO,2.04555D0,39*0.ODO/ 

> X 30*0.ODO,1.40096D0,1.5753D0,1.73605D0,1.8899600,2.04437Db, 
17*0.ODO,2.04555D0,39*0.ODO/ 
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181c194 
X 0. 0000DO, 0. 000DO, 1. 862D0, 2. 072D0, 2. 257D0, 0. 000DO, 0. 000DO, 

> X 1.5554D0,1.6951D0,1.8623D0,2.0718D0,2.257D0,0.000DO,0.000DO, 
182a196 

CGKP X 0. 0000DO, 0. 000DO, 1. 862D0, 2. 072D0, 2. 257D0, 0. 000DO, 0. 000DO, 
197, 198c211,214 

X 0. 0000Db, 0. 000DO,2. 497D0, 2. 072Db, 2. 257Db, 0. 000Db, 0. 000Db, 
0 . 000Db, 1. 275Db, 1. 337Db, 

X 2.05958D0,2.28865D0,2.49741D0,2.71504D0,2.91993D0,O.000DO, 
0.000Db, 0. 000DO, 1. 275D0, 1. 337D0, 

> CGKP x 0.0000D0,O.000DO,2.497D0,2.072D0,2.257D0,0.000D0,0.000DO, 
> C As differs again 
207c223 ,225 

X 32*0. 0Db, 1. 4078D0, 19*0.  ODO, 1. 67111Db, 39*0.  ODO/ 

X 30*0.ODO,1.b7094D0,1.2516D0,1.40781D0,1.5114D0,1.62414D0, 
17*0. ODO, 1. 67111D0, 39*0. 0Db/ 

> Cvalue for As in both 3rd configs of s and p. 
218c236 

X 0 :8310Db, 0. 831D0, 1. 731Db, 1. 731D0, 1. 731D0, 1. 731D0 , 1. 731D0, 

X 0.8310D0,0.831D0,1.6394D0, 1.8589D0,2.0551D0,2.2341D0,2.3998D0, 
219a238 
> CGKP X 0. 8310Db, 0. 831D0, 1. 731D0, 1. 731D0, 1. 731D0, 1. 731D0, 1. 731Db, 
222c241, 243 

X 0. 0000DO, 0. 000DO, 0. 000DO, 0. 000D0, 0. 000DO, 0. 000DO, 0. 000Db, 

• CGKP X 0.0000DO,0.000DO,0.000DO,0.000D0,0.000D0,0.000DO,0.000D0, 
> CGKP - 3d x 5.0311D0,1.8589D0,2.0551D0,2.2341D0,2.3998D0,0.0000DO,0.ODC 

X 1.6394D0,1.8589D0,2 .0551D0,2 .2341D0,2 .3998Db,b .0000D0, 0 .0130, 
234c255 

X 0.8310Db, O.831D0,1.731D0,1.731D0,1.731D0, 1.731Db,1.731D0, 

X 0.8310D0,0.831D0,1.6394D0,1.8589D0,2.0551D0,2.2341D0,2.3998D0, 
235a257 

CGKP X 0.8310Db, 0.831Db, 1.731Db, 1.731Db, 1.731Db, 1.731Db, 1.731Db, 
238, 239c260,263 

X 0.0000Db, 0.000Db, 0.000Db, 0.000,0.0000,0.000Db, 0.000Db, 
0.000DO,3.837D0,3.639D0, 

X 1.6394D0,1.8589D0,2.0551Db,2.2341D0,2.3998D0,0.bD0, 
> CGKP X 0.0000Db, 0.000Db, 0.000Db, 0.000Db, 0.000Db, 0.000Db, 0.000Db, 
> CGKP - 3d x 7.89432D0,1.8589D0,2.0551D0,2.2341D0,2.3998Db,0.bD0, 
> . 0.000Db, 0.000Db, 3.837Db, 3.639Db, 
242c266 

X 0.0000Db / 0.000Db, 2. 671D0, 0.000Db, 0.000Db, 1. 111D0, 2. 987D0, 

X 0.0000Db, 0.000Db, 2.671130,0.000130,0.000Db, 1.111Db, 2.987Db, 
251, 252c275, 277 

X 0.0000Db, 0.000Db, 0. 000DO, 0.000Db, 0.000Db, 0.000Db, 0.000Db, 
0.000DO,1.739D0,1.804D0, 

X 0.ODO,0.ODO,0.ODO,0.0DO,0.ODO,0.0D0, 
>CGKP - 3d X3.50951D0,0.ODO,0.ODO,b.bD0,0.ODO,b.ODO, 

0.000Db, 0.000Db, 1.739Db, 1.804Db, 
304, 305c329,332 

X 32*1.ODO,0.566645D0,19*1.ODO,0.618030D0,39*1.ODO, 
X 32*0.ODO,0.5b5256D0,19*0.ODO,0.458166Db,39*0.ODO/ 

X 30*1.bD0,0.53552Db,0.56895D0,0.59342D0,0.61625130, 
0 . 631Db , 17*1. 0Db, 0. 61803 0Db, 3 9*1.  0Db, 

X 30*0.bD0,0.57761Db,0.54799D0,0.52913D0,0.51289Db, 
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NOR 

> 
307, 308c334 ,337 

x 
x 

> x 
> 
> x 
> 
315c344 ,345 

X 5*1  

0. 50501D0, 17*0. ODO, 0 . 458166D0, 39*Q . ODO/ 

32*1. ODO,0. 515590D0,19*1. ODO, 0. 59l824D0,39*1. ODO, 32*0. ODO, 0. 595970D0, 19*0. ODO, 0. 506777D0, 39*Q  ODO/ 

30*1. ODO,0. 406l5D0, 0. 46689D0, 0. 515590D0, 0. 55089D0, 0. 582l5D0,17*1. ODO, 0. 591824D0,39*1. ODO, 
30*0. ODO, 0. 70547D0, 0. 64373D0, 0. 595970D0, 0. 57215D0, 0. 54721D0,17*0. ODO, 0. 506777D0 , 39*0. ODO/ 

> X 1.0D0,1.0D0,1.0D0,1.0D0,1.0D0, >CGKP - 3d XO.41899D0,l.ODO,1.ODO,1.ODO,1.ODO, 328c358 ,359 
X 5*00D0, 

> X 0.ODO,0.ODO,0.ODO,0.0DO,0.ODO, 
>CGKP - 3d XO.69956D0,0.ODO,0.ODO,0.ODO,0.ODO, Files zindo/bmint.f and zindonew/bmint.f are identical Files zindo/bondor.f and zindonew/bondor.f are identical Files zindo/boys.f and zindonew/boys.f are identical Files zjndo/c2set.f and zindonew/c2set.f are identical Files zindo/cf.cmn and zindonew/cf.cmn are identical Files zindo/cfunct.f and zindonew/cfunct.f are identical Files zindo/cfundl.f and zindonew/cfundl.f are identical Files zindo/cfund2.f and zindonew/cfund2.f are identical Files zindo/checkb.f and zindcnew/checkb.f are identical Files zindo/chi.cmn and zindonew/chi.cmn are identical Files zindo/chop.f and zindonew/chop.f are identical Files zindo/cichk2.f and zindonew/cichk2.f are identical Files zindo/cichk4.f and zindonew/cichk4.f are identical Files zindo/cicof.crnn and zindonew/cicof.cmn are identical diff -s zindo/cidoub.f zindonew/cidoub.f 
340c340 
< 750 FORMAT(1H-, 25HCONFIGTJRATION INTERACTION//5X, 8HDOtJBLETS//) 
> 750 FORMAT(1H-,25HCONFIGURATION INTERACTION, //, 5X, 8HDOTJBLETS//) 350c350 
< 798 FORMAT(' 1' ,25HCONFIGURATION INTERACTION//SX, 8HQtJARTETS//) 
> 798 FORMAT(' 1', 25HCONFIGtJRATIOIt INTERACTION//, 5X, 8HQtJARTETS//) 352c352 
< 12020 FORMAT  

> 12020 FORMAT  Files zindo/codet.f and zindonew/codet.f are identical Files zindo/cofexp.cmn and zindonew/cofexp.cmn are identical Files zindo/compile.csh and zindonew/compile.csh are identical Files zindo/concrt.f and zindonew/concrt.f are identical Files zindo/confin.f and zindonew/confin.f are identical Files zindo/convrg.cmn and zindonew/convrg.cmn are identical Files zindo/coord.f and zindcnew/coord.f are identical Files zindo/core.cmn and zindonew/ccre.cmn are identical Files zindo/corone.f and zindonew/corone.f are identical Files zindo/correl.f and zindonew/correl.f are identical Files zindo/coul.f and zindonew/coul.f are identical Files zindo/coulb.f and zindonew/coulb.f are identical diff -s zindo/coulok.f zindonew/coulok.f 
llcll,12 

DIMENSION W0(92),W1(92),W2(92),FACT(1) 

COMMON/GRETEL/WO (92) ,W1 (92) ,W2 (92) 
> DIMENSION FACT(1) 
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Files zindo/coulp.f and zindonew/coulp.f are identical 
Files zindo/cpden.f and zindonew/cpden.f are identical 
Files zindo/cphfd.crnn and zindonew/cphfd.cmn are identical 
Files zindo/cprint.f and zindonew/cprint.f are identical 
Files zindo/cull.f and zindonew/cull.f are identical 
Files zindo/d2coul.f and zindonew/d2coul.f are identical 
Files zindo/d2georn.f and zindonew/d2geom.f are identical 
Files zindo/d2s0v1.f and zindonew/d2sov1.f are identical 
Files zindo/darcos.f and zindonew/darcos.f are identical 
Files zindo/dasize.cmn and zindonew/dasize.cmn are identical 
Files zindo/dasum.f and zindonew/dasum.f are identical 
Files zindo/daxpy.f and zindonew/daxpy.f are identical 
Files zindo/dbdb.f and zindonew/dbdb.f are identical 
Files zindo/dblex.f and zindonew/dblex.f are identical 
Files zindo/dblist.cmn and zindonew/dblist.cmn are identical 
Files zindo/dcopy.f and zindonew/dcopy.f are identical 
Files zindo/dcoul.f and zindonew/dcoul.f are identical 
Files zindo/dcoulb.f and zindonew/dcoulb.f are identical 
Files zindo/dcoulp.f and zindonew/dcoulp.f are identical 
Files zindo/dd2gam.f and zindonew/dd2gam.f are identical 
Files zindo/ddcopy.f and zindonew/ddcopy.f are identical 
Files zindo/ddot.f and zindonew/ddot.f are identical 
Files zindo/ddpenf and zindonew/ddpen.f are identical 
Files zindo/delen.f and zindonew/delen.f are identical 
Files z±ndo/delenl.f and zindonew/delenl.f are identical 
Files zindo/de1en2.f and zindonew/de1en2.f are identical 
Files zindo/dena.f and zindonew/dena.f are identical 
Files zindo/denb.f and zindonew/denb.f are identical 
Files zindo/densjt.f and zindonew/densit.f are identical 
Files zindo/detchk.f and zindonew/detchk.f are identical 
Files zindo/detfrrn.f and zindonew/detfrm.f are identical 
Files zindo/detgen.f and zindonew/detgen.f are identical 
Files zindo/dfp.f and zindonew/dfp.f are identical 
Files zindo/dgeco.f and zindonew/dgeco.f are identical 
Files zindo/dgefa.f and zindonew/dgefa.f are identical 
Files zindo/dgeom.f and zindonew/dgeom.f are identical 
Files zindo/dgesl.f and zindonew/dgesl.f are identical 
Files zindo/dhdiag.f and zindonew/dhdiag.f are identical 
Files zindo/dhdqre.f and zindonew/dhdqre.f are identical 
Files zindo/dhtran.f and zindonew/dhtran.f are identical 
Files zindo/diag.f and zindonew/diagf are identical 
Files zindo/difovl.f and zindonew/difovl.f are identical 
Files zindo/difpen.f and zindonew/difpen.f are identical 
Files zindo/dipgrn.cmn and zindonew/dipgrn.cmn are identical 
Files zindo/dipole.f and zindonew/dipole.f are identical 
Files zindo/dotpr.f and zindonew/dotpr.f are identical 
Files zindo/dprog.f and zindonew/dprog.f are identical 
Files zindo/drtdat.f and zindonew/drtdat.f are identical 
Files zindo/dscal.f and zindonew/dscal.f are identical 
Files zindo/dscale.f and zindonew/dscale.f are identical 
Files zindo/dspdi.f and zindonew/dspdi.f are identical 
Files zindo/dspfa.f and zindonew/dspfa.f are identical 
Files zindo/dspsl.f and zindonew/dspsl.f are identical 
Files zindo/dswap.f and zindonew/dswap.f are identical 
Files zindo/dtime.c and zindonew/dtime.c are identical 
Files zindo/duplex.f and zindonew/duplex.f are identical 
Files zindo/dzero.f and zindonew/dzero.f are identical 
Files zindo/e2quad.f and zindonew/e2quad.f are identical 
Files zindo/efgrad.f and zindonew/efgrad.f are identical 
Files zindo/eigen.f and zindonew/eigen.f are identical 
Files zindo/ele.f and zindonew/ele.f are identical 
Files zindo/elel.f and zindonew/elel.f are identical 
Files zindo/elec.cmn and zindonew/elec.crnn are identical 
Files zindo/enmod.f and zindonew/enmod.f are identical 
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Files zindo/ennuc.crnn and zindonew/ennuc.cmn are identical Files zindo/enuc.f and zindonew/enuc.f are identical Files zindo/epv.f and zindonew/epv.f are identical 
Files zindo/escrf.f and zindonew/escrf.f are identical Files zindo/esrpgm.f and zindonew/esrpgm.f are identical Files zindo/ev.crnn and zindonew/ev.cmn are identical Files zindo/excsts.f and zindonew/excsts.f are identical Files zindo/exhuck.f and zindonew/exhuck.f are identical Files zindo/exout.f and zindonew/exout.f are identical Files zindo/expand.f and zindonew/expand.f are identical Files zindo/extra.cmn and zindonew/extra.cmn are identical Files zindo/fOflag.crnn and zindonew/fOflag.cmn are identical Files zindo/f2in.f and zindonew/f2in.f are identical Files zindo/f2out.f and zindonew/f2out.f are identical Files zindo/factor.cmn and zindonew/factor.cmn are identical Files zindo/fckdiis.f and zindonew/fckdiis.f are identical Files zindo/fct.crnn and zindonew/fct.cmn are identical Files zindo/fele.f and zindonew/fele.f are identical 
Files zirido/feled.f and zindonew/feled.f are identical Files zindo/felef.f and zindonew/felef.f are identical 
Files z±ndo/ferrni.f and zindonew/fermi.f are identical Files zindo/fetch.f and zindonew/fetch.,f are identical Files zindo/figure.f and zindonew/figure.f are identical Files zindo/fileop.f and zindonew/fileop.f are identical Files zindo/fillex.f and zindonew/fillex.f are identical Files zindo/fillf.f and zindonew/fillf.f are identical Files zindo/fillfr.f and zindonew/fillfr.f are identical Files zindo/fillfu.f and zindonew/fillfu.f are identical Files zindo/find.f and zindonew/find.f are identical Files zindo/findp.f and zindonew/findp.f are identical Files zindo/fixcor.f and zindonew/fixcor.f are identical Files zindo/fmo.f and zindonew/fmo.f are identical Files zindo/fock.f and zindonew/fock.f are identical Files zindo/focker.f and zindonew/focker.f are identical Files zindo/focictr.f and zindonew/focktr.f are identical Files zindo/force2.f and zindonew/force2.f are identical Files zindo/forces.f and zindonew/forces.f are identical Files zindo/formcl.f and zindonew/formcl.f are identical Files zindo/fcrmc2.f and zindonew/formc2.f are identical Files zindo/freel.f and zindonew/freel.f are identical Files zindo/freelg.f and zindonew/freeig.f are identical Files zindo/free2.f and zindonew/free2.f are identical Files zindo/frganl.f and zindonew/frganl.f are identical Files zindo/frgorb.f and zindonew/frgorb.f are identical Files zindo/ftch.cmn and zindonew/ftch.cmn are identical Files zindo/genci.cmn and zindonew/genci.cmn are identical Files zindo/gendns.f and zindonew/gendns.f are identical Files zindo/genful.f and zindonew/genful.f are identical Files zindo/geom.f and zindonew/geom.f are identical Files zindo/geop.cmn and zindonew/geop.cmn are identical Files zindo/getit.f and zindonew/getit.f are identical Files zindo/gexpanf and zindonew/gexpan.f are identical Files zindo/gform.f and zindonew/gform.f are identical Files zindo/gforma.f and zindonew/gforma.f are identical Files zindo/gformb.f and zindonew/gformb.f are identical Files zindo/gformc.f and zindonew/gformc.f are identical Files zindo/gformd.f and zindonew/gformd.f are identical Files zindo/gforme.f and zindonew/gforme.f are identical Files zindo/givens.f and zindonew/givens.f are identical Files zindo/grdper.f and zindonew/grdper.f are identical Files zindo/green.f and zindonew/green.f are identical Files zindo/grndip.f and zindonew/grndip.f are identical diff -s zindo/gsndo. f zindonew/gsndo. f 

249a250,254 
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DO 1005 I=1,NAT 
1004 WRITE(6,1003) KAN(I),Z12(I),NTYP(I) 
1003 FORMAT (lx, 'ATOM .NO ', 15,' NO. VALENCE ELECTRONS ', F1O .6, 

$ 'NTYP ',I5) 
1005 CONTINUE 

1166c1171 
ALP=(DFLOAT(KA)-10.0-15.3-2.45)/3.7D0 

135 ALP=(DFLOAT(KA)-10.0-15.3-2.45)/3.7D0 
1451a1457, 1460 

IF (KA.NE.31) GO TO 2000 
IF (NT.LT.3) GO TO 2000 
DR = DFLOAT(KA - 18) 
NTYPE=4 

diff -s zindo/gsndoi. f zindonew/gsndol.f 
36a37 

INCLUDE 'radii.cmn' 
37a39, 40 

COMMON /GRETEL/ WO (92) ,Wi(92) ,W2 (92) 
COMMON /GRETEL2/ SCR(20,100) 

39a43 
> 
485a490 ,557 
> CGKP NEW MATERIAL FOLLOWS. 

IF (ISWi.EQ.1 .OR. ISW1.EQ.3) WRITE (6,93040) 
> 93040 FORMAT(' THESE ARE THE IONISATION POTENTIALS USED FOR INDO/l', 
> $/,' AND CNDO/i. THEY RESULT FROM THE MIXING OF THE THREE D', 

$' CONFIGS',/, 
> $' ATOM AT. NO. S P D 

IF (ISW1.EQ.2 .OR. ISW1.EQ.4) WRITE(6,93000) 
> 93000 FORNAT(' THESE ARE AVERAGE OF Ip AND EA FOR CNDO/2 AND INDO/21 ,/, 
> $' RESULTING FROM THE MIXING OF THE THREE D CONFIGS.',/, 

$' ATOM AT. NO. S P D  
93041 FORMAT(1X,A2,I5,3F10.4) 

DO 92500 I=1,NA 
> K=KAN(I) 

IF (ISW1.EQ.1 .OR. ISW1.EQ.3) WRITE(6,93041) ATOM(K),K,EIS(K), 
> $EIP(K),EID(K) 
> 

IF (ISW1.EQ.2 .OR. ISW1.EQ.4) WRITE(6,93041) ATOM(K),K,EIS(K), 
$EIP (K) , EID (K) 

92500 CONTINUE 
WRITE(6, 93050) 

> 93050 FORNAT(' AT. NO. BETA 1 2 31 ) 
DO 92501 I=1,NA 

> K=KAN(I) 
WRITE (6,93060) ATOM(K),K,BETA(K,1),BETA(K,2),BETA(K,3) 

> 93060 FOP.MAT(1X,A2,I5,3F10.4) 
> 92501 CONTINUE 
> WRITE(6,96000) 
> 96000 FORMAT(1X,'THESE ARE THE BASIS SET COEFFICIENTS FROM VARIOUS', 

$' PLACES' ,//, 'ATOM AT.NO. DEXPS1 2 SLATER Si 2 3  

$' P1 2 3 Dl 2 3 ') 
DO 92601 I=1,NA 

K=KAN(I) 
> WRITE (6,93070) ATOM(K),R,AM(K),CM(K), 

$AS(K,i) ,AS(K,2) ,AS(R,3) , AP(K,1) ,AP(K,2) ,AP(K,3) ,AD(K,i) 
> $AD(K,2),AD(K,3) 
>93070 FORMAT(1X,A2,I5,10F10.4) 
> 92601 CONTINUE 
> WRITE(6,94500) 
> 94500 FORNAT(' THE FOLLOWING ARE ORBITAL EXPONENTS AND MIXING COEFFS',/, 

$'FROM VARIOUS SOURCES. THE FIRST ARE D PARAMETERS, THE NEXT ',/, 
$ 'ARE GAMIvIA PARAMETERS THEN SLATER-CONDON INTS AND EXPONENTS' I, 
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$'FROM SUBROUTINE CORBAS AND 2 MIXING COEFFS FOR D ORBS.',/, 
$' AT. NO. DEXP GSS GDD GSD S-C INTS EXPS 1 2', 
$' MIX COEFF1 21 ) 
DO 92502 I=1,NA 

> K=KAN(I) 
WRITE (6,94020) K,COVRAD(K) ,WO(K) ,W1(K) ,W2(K) $ ALPHA(K,1),COFSQ2(K,1),COFSQ2(K,2) 

>94020 FORMAT(1X,I5,7F10.5) 
92502 CONTINUE 

>C IF (ISPEC.EQ.0.OR.IPEC.EQ.2) THEN 
WRITE(6,97500) 

> 97500 FORMAT (1X,' THIS IS THE CALCULATED GAMMA VALUE.') 
DO 97000 I=1,NA 

K=KAN(I) 
WRITE(6,97050) ATOM(K),K,GAMMA(I) 

>97050 FORMAT(1X,A2,I5,1F10.5) 
> 97000 CONTINUE 
> 98000 WRITE (6,98020) 
98020 FORMAT(1X,'SLLATER CONDOM PARAI1ETERS. ') 

DO 99000 I=1,NA 
K=KAN(I) 
WRITE(6,99020) SCR(1,K),SCR(2,K),SCR(3,K),SCR(4,K),SCR(5,K), $SCR(6,K) ,SCR(7,K) ,SCR(8,K) 

99020 FORMAT(1X,8F10.2) 
99000 CONTINUE 

> 
C ENDIF 

diff -s zindo/gsndo2 . f zindonew/gsndo2 . f 
39a40, 46 
> INCLUDE 'cofexp.cmn' 
> INCLUDE 'radii.cmn' 
> CGKP INCLUDE 'cofexp.cmn' 
> CGKP INCLUDE 'radii.cmn' 

-' -' > LUCOMMON /iKIL/ WU ) ,WJ) ,W4 ) 
> CGKP COMMON /GRETEL/ W0(92),W1(92),W2(92) 
> COMMON /GRETEL2/ SCR(20,100) 
117a125 
>C 
801a810, 870 
> CGKP NEW MATERIAL FOLLOWS. 

IF (ISW1.EQ.1 .OR. ISW1.EQ.3) WRITE (6,93040) 
> 93040 FORMAT(' THESE ARE THE IONrSATION POTENTIALS USED FOR INDO/11 , 
> $/,' AND CNDO/1. THEY RESULT FROM THE MIXING OF THE THREE D', 

$' CONFIGS',/, 
> $' ATOM AT. NO. S P D ' 1/) IF (ISW1.EQ.2 .OR. ISW1.EQ.4) WRITE(6,93000) 
> 93000 FORMAT(' THESE ARE AVERAGE OF Ip AND EA FOR CNDO/2 AND INDO/2',/, 
> $' RESULTING FROM THE MIXING OF THE THREE D CONFIGS.',/, 
> $' ATOM AT. NO. S P D >93041 FORMAT(1X,A2,I5,3F10.4) 
> DO 92500 I=1,NA 
> K=KAN(I) 
> IF (ISW1.EQ.1 .OR. ISW1.EQ.3) WRITE(6,93041) ATOM(K),K,BB(K), $BB(92+K) ,BB(184+K) 
> 
> IF (ISW1.EQ.2 .OR ISW1.EQ.4) WRITE(6,93041) ATOM(K),K,BE(K), > $BB(92+K) ,BB(184+K) 
> 92500 CONTINUE 
> WRITE(6, 93050) 
> 93050 FORMAT(' AT. NO. BETA EXP''S 1 2 51 S2 
> $'S3 P1 P2 P3 Dl D2 D3 ') 
> DO 92501 I=1,NA 
> K=KAN(I) 
> WRITE (6,93060) ATOM(K),K,BB(400+K),AM(K),CM(K), 
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$AS(K,1),AS(K,2),AS(K,3), AP(K,1),AP(K,2),AP(K,3),AD(K,1), 
sAD (K, 2) , AD (K, 3) 

93060 FORMAT(1X,A2,I5,11F10.4) 
92501 CONTINUE 

WRITE(61 94500) 
> 94500 FORMAT(' THE FOLLOWING ARE ORBITAL EXPONENTS AND MIXING COEFFS',/, 

$'FROM VARIOUS SOURCES. THE FIRST ARE D PARAMETERS, THE NEXT ',/, 
$'ARE GAMMA PARAMETERS THEN SLATER-CONDON INTS AND EXPONENTS',/, 
$'FROM SUBROUTINE CORBAS AND 2 MIXING COEFFS FORD ORBS.',/, 
$' AT. NO. DEXP GSS GDD GSD S-C INTS EXPS 1 2', 
$' MIX COEFF1 2') 
DO 92502 I=1,NA 

> K=KAN(I) 
WRITE (6,94020) K,COVRAD(K),W0(K),W1(K),W2(K), 

$ ALPHA(K,1),COFSQ2(K,1),COFSQ2(K,2) 
94020 FORMAT(1X,I5,7F10.5) 
92502 CONTINUE 

> C IF (ISPEC.EQ.0.OR.IPEC.EQ.2) THEN 
96000 WRITE(6,96500) 

> 96500 FORMAT(1X,' THIS IS THE CALCULATED GAMMA VALUE.') 
DO 97000 I=1,NA 

> K=KAN(I) 
WRITE(6,97050) ATOM(K),K,GAMMA(I) 

97050 FORMAT(1X,A2,I5,1F10.5) 
97000 CONTINUE 

WRITE(6,97500) 
> 97500 FORMAT (1X,' HERE FOLLOWS THE SLkTER-CONDON PARAMETERS, IN THE  

$'ORDER Glsp, F2pp, G2sd, Glpd, F2pd, G3pd, F2dd, F4dd '1/) 

DO 98000 I=1,NA 
K=KAN(I) 

WRITE(6,98200) SCR(1,K) ,SCR(2,K) ,SCR(3,K) ,SCR(4,K) ,SCR(5,K) 
$SCR(6,K) ,SCR(7,K) ,SCR(8,K) 

98200 FORMAT(1X,8F10.2) 
> 98100 CONTINUE 
98000 CONTINUE 

> C ENDIF 
Files zindo/gsndoc.cmn and zindonew/gsndoc.cmn are identical 
Files zindo/hdiag.f and zindonew/hdiag.f are identical 
Files zindo/hesfor.f and zindonew/hesfor.f are identical 
Files zindo/hesgrd.f and zindonew/hesgrd.f are identical 
Files zindo/hesprj.f and zindonew/hésprj.f are identical 
Files zindo/hlftrn.f and zindonew/hlftrn.f are identical 
Files zindo/hpenet.f and zindonew/hpenet.f are identical 
Files zindo/hscrf.f and zindonew/hscrf.f are identical 
Files zindo/hset.f and zindonew/hset.f are identical 
Files zindo/hst.f and zindonew/hst.f are identical 
Files zindo/hst2.f and zindonew/h5t2.f are identical 
Files zindo/htrn.f and zindonew/htrn.f are identical 
Files zindo/hyani.f and zindonew/hyani.f are identical 
Files zindo/hyfcon.cmn and zindonew/hyfcon.crnn are identical 
Files zindo/hyfpol.cmn and zindonew/hyfpol.cmn are identical 
Files zindo/hyfprs.cmn and zindonew/hyfprs.cmn are identical 
Files zindo/hyiso.f and zindonew/hyiso.f are identical 
Files zindo/hypsc.f and zindonew/hypsc.f are identical 
Files zindo/ibmmat.f and zindonew/ibmmat.f are identical 
Files zindo/ibmzclock.f and zindonew/ibmzclock.f are identical 
Files zindo/idamax.f and zindonew/idarnax.f are identical 
Files zindo/impruv. f and zindonew/irnpruv. f are identical 
Files zindo/imtqlv.f and zindonew/imtqlv.f are identical 
Files zindo/inb.f and zindonew/inb.f are identical 
Files zindo/indens.f and zindonew/indens.f are identical 
Files zindo/initp.f and zindonew/initp.f are identical 
Files zindo/initz.f and zindonew/initz.f are identical 
Files zindo/invert.f and zindonew/invert.f are identical 
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Files zindo/iounts.cmn and zindonew/iounts.cmn are identical Files zindo/irrep.cmn and zindonew/irrep.cmn are identical Files zindo/isohyf.cmn and zindonew/isohyf.cmn are identical Files zindo/jdhfix.cmn and zindonew/jdhfix.cmn are identical Files zindo/kinegy.f and zindonew/kinegy.f are identical Files zindo/kinet.f and zindonew/kinet.f are identical Files zindo/lnorml.f and zindonew/lnorml.f are identical Files zindo/local.f and zindonew/local.f are identical Files zindo/lodcof.f and zindonew/lodcof.f are identical Files zindo/lparam.cmn and zindonew/lparam.cmn are identical Files zindo/mainl.f and zindonew/mainl.f are identical Files zindo/niajnsb.f and zindonew/mainsb.f are identical Only in zindonew: make 
Only in zindonew: makefile 
Files zjndo/markl.cmn and zindonew/marki.cmn are identical Files zindo/mark2.cmn and zindonew/mark2.cnin are identical Files zindo/mark3.cmn and zindonew/mark3.crriri are identical Files zindo/mark4.cmn and zindonew/mark4.cmn are identical Files zindo/mark5.cmn and zindonew/mark5.cmn are identical Files zindo/mark6.crnn and zindonew/mark6.cmn are identical Files zindo/mass.crnn and zindonew/mass.cmn are identical Files z±ndo/maswgt.f and zindonew/maswgt.f are identical Files zindo/matmlO.f and zindonew/matmlO.f are identical Files zindo/matm9.f and zindonew/matm9.f are identical Files zindo/matprd.f and zindonew/matprd.f are identical 
Files zindo/matrix.f and zindonew/matrix.f are identical Files zindo/rnbllbd.crnn and zindonew/mbllbd.cmn are identical Files zindo/minv.f and zindonew/minv.f are identical Files zindo/mm.f and zindonew/mm.f are identical 
Files zindo/modchg.f and zindonew/modchg.f are identical Files zindo/modisp.f and zindonew/modisp.f are identical Files zindo/molecue.cmn and zindonew/molecue.cmn are identical Files zindo/molpab.f and zindonew/molpab.f are identical Files zindo/molpdi.f and zindonew/molpdl.f are identical Files z±ndo/m01pd2.f and zindonew/m01pd2.f are identical Files zindo/moltrn.f and zindonew/moltrn.f are identical Files zindo/moment..f and zindonew/moment.f are identical Files zindo/rnoout.f and zindonew/moout.f are identical Files zindo/moprnt.f and zindonew/moprnt.f are identical Files zindo/moscon.cmn and zindonew/moscon.cmn are identical Files zindo/mppt.f and zindonew/inppt.f are identical 
Files zindo/mulpop.f and zindonew/mulpop.f are identical Files zindo/multip.cmn and zindonew/multip.cmn are identical Files zindo/multp.f and zindonew/multp.f are identical Files zindo/mursar.f and zindonew/mursar.f are identical Files zindo/rnxovlp.f and zindonew/rnxovlp.f are identical Files zindo/myread.f and zindonew/myread.f are identical Files zindo/nabor.f and zindonew/nabor.f are identical Files zindo/names.cmri and zindonew/names.cmn are identical Files zindo/nermal.f and zindonew/nermal.f are identical Files zindo/new-pnt.f and zindonew/newpnt.f are identical Files z±ndo/newpos.f and zindonew/newpos.f are identical Files zindo/newton.f and zindonew/newton.f are identical Files zindo/njlar.cmn and zindonew/nilar.cmn are identical Files zindo/nind.cmn and zindonew/nind.cmn are identical Files zindo/ninnun.f and zindonew/ninnun.f are identical Files zindo/nmrapx.f and zindonew/nmrapx.f are identical Files zindo/nucrep.f and zindonew/nucrep.f are identical Files zindo/odor.f and zindonew/odor.f are identical 
Files zindo/oei.cmn and zindonew/oei.cmn are identical Files zindo/omover.f and zindonew/omover.f are identical Files zindo/oneint.f and zindonew/oneint.f are identical Files zindo/oneop.f and zindonew/oneop.f are identical Files zindo/optsum.f and zindonew/optsum.f are identical 
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Files zindo/order.f and zindonew/order.f are identical 
Files zindo/orthl.f and zindonew/orthl.f are identical 
Files zindo/orthog.f and zindonew/orthog.f are identical 
Files zindo/out.f and zindonew/out.f are identical 
Files zindo/output.f and zindonew/output.f are identical 
Files zindo/overlp.f and zindonew/overlp.f are identical 
Files zindo/ovlap.f and zindonew/ovlap.f are identical 
Files zindo/param.cmn and zindonew/pararn.cmn are identical 
diff -s zindo/param. f zindonew/param. f 
52c52,53 

P -100.ODO,-100.OIJO,--18.18D0,-20.95D0,-23.941J0,-100.ODO, 

> CGKP p -ioo. ODO,-100. ODO,-18. 18Db, -20. 95D0,-23. 94D0,-100. 0Db, 
P -11.87D0,-14.27D0,-18.98D0,-20.33D0,-23.94D0,-100.ODO, 

6 9d6 9 
< CB p -8. 24D0, -10. 70D0,-13. 25D0,-17. 38D0,-18. 61Db, 0. ODO, 
75c75, 76 

P -loo.ODO,-100.ODO,-9.19D0,-10.37D0,-12.44D0,-100.ODO, 

> CGKP p -ioo. ODO, -100. ODO, -9. 19D0, -10. 37D0, -12. 44D0, -100. aDO, 
P -6.00DO,-7.88D0,-9.81D0,-9.75D0,-11.84D0,-100.ODO, 

95c96,98 
P -100.ODO,-100.ODO,-2.170D0,-2.10DO,-2.05D0,-100.ODO, 

P -1.688D0,-1.875D0,-2.030D0,-1.89D0,-2.05D0,-100.ODO, 
> CGKP - 3d p -33.33D0,-1.875D0,-2.030D0,-1.89D0,-2.05D0,-100.ODC 
> CGKP p -100. 0Db, -100. ODO, -2. 170]JO, -2. 1ODO, -2. 05D0,-100. ODO, 
123 d12 5 
< CBP. p -14. OODO, -19. 42D0, -25. 58D0, -29. 49D0, -40. 14D0, 0. 0Db, 
129c131, 132 

P -100.ODO,-100.ODO,-18.18D0,-20.95D0,-23.94D0,-100.ODO, 

> CGKP p -100. ODO,-100. aDO, -18. l8D0, -20. 95D0, -23. 94D0, -100. ODO, 
> P -11.87D0,-14.27D0,-18.98D0,-20.32D0,-23.94D0,-100.ODO, 
146d148 
< CBR p -8. 24Db, -10. 70D0, -13. 25D0, -17. 38Db, -18. 61D0, 0. aDO, 
152c154, 155 

P -100.ODO,-100.ODO,-9.19D0,-10.37D0,-12.44D0,-100.ODO, 

> CGKP P -100.ODO, -100.ODO, -9.19D0, -10.37D0, -12.44D0, -100.ODO, 
P -6.00D0,-7.88D0,-981D0,-9.75D0,-11.84D0,-100.0D0, 

172c175, 177 
P -100.ODO,-100.ODO,-2.17D0,-2.10DO,-2.05D0,-100.ODO, 

> CGKP P -100.ODO,-100.ODO,-2.17D0,-2.10D0,-2.05D0,-100.ODO, 
P -1.688D0,-1.875D0,-2.03DO,-1.89D0,-2.05D0,-100.ODO, 

• CGKP - 3d P -33.33D0,-1.875D0,-2.03D0,-1.89Db,-2.05D0,-100.ODO, 
219c224 

P 6*_100.ODO, 

P -8.4389D0,-11.1903D0,-13.3272D0,0.ODO,0.ODO,-100.ODO, 
232c237 

P 6*_100.ODO, 

> P -3.15D0,-4.5565D0,-5.31D0,-5.8853D0,-7.6025D0,-100.ODO, 
256c261 

P 6*_100.ODO, 

P -8.1616D0,-9.9573D0,-12.5172,-15.432D0,-17.984D0,-100.ODO, 
269c274 

P 6*_100.ODO, 

P -2.85D0,-4.5565Db,-5.31D0,-5.8853D0,-7.6025D0,-100.ODO, 
diff -s zindo/paramb. f zindonew/paramb. f 
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38c38 
DIMENSION L(5) ,BET(5) 

DIMENSION L(7) ,BET(7) 
80a81, 86 

BETA ( 31, 1) ODO 
BETA(32,1)=-15.0D0 
BETA ( 33 , 1) =-5 ODO 
BETA(34,1)=-11.ODO 
BETA(35,1)=-19.4D0 

C I put this in BETA(31,1)=-8.ODO - GKP 
93a100, 104 

BETA ( 31, 1) =-4 ODO 
BETA (32,1)=-15.ODO 

> BETA(33,1)=-13.D0 
BETA(34,1)=-11.0D0 
BETA(35,1)=-19.4DO 

98c109 
BETA ( 33 , 1) =-10 ODO 

> C BETA(33,1)=-10.ODO 
100a112, 118' 

> C BETA P VALUES AS SET BY GKP 
>C 

BETA (31, 2) =-2 ODO 
BETA (32 , 2) =-1. 0Db 
BETA (33 , 2) =-4 ODO 
BETA ( 34 , 2) =-6. ODO 

111a130, 135 
> BETA(31,3)=-5.ODO 

BETA (32 , 3) =-7. ODO 
BETA ( 33 , 3) =-9. ODO 

> BETA(34,3)=-6.ODO 
BETA ( 35 , 3) =-3 811J0 

>C 
193a218 ,222 

BETA (31. 3) =-5. ODO 
> EETA(32,3)=-7.ODO 
> BETA(33,3)=-9.ODO 
> BETA(34,3)=-6.ODO 
> CGKP - 3d BETA(31,3)=-15.ODO 
198c227 

BETA (33 , 3) =-35 ODO *TEMPF 

> C BETA(33,3)=35.0D0*TEMPF 
214a244,247 

BETA (31, 3) =-15 ODO *TEMPF 
BETA(32,3)=7.0D0*TEMPF 

> BETA(33,3)=9.0D0*TEMPF 
BETA ( 34 , 3) =-6. ODO *TEMPF 

253c286 
READ(5,10000) (L(I) ,BET(I),I=1,5) 

> READ(5,10000) (L(I) ,BET(I),I=1,7) 
255c288 

DO 1001 I = 1, 5 

DO 1001 I = 1, 7 
268c301, 302 

J=L(4) 

DO 2000 1=4,5 
J=L(I) 
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270c304 
BETA(J,3) = BET(4) 

BETA(J,2) = BET(I) 
272c306, 307 

J=L(5) 

> 2000 CONTINUE 
> J=L(6) 
274c309 

BETA(J,4) = BET(5) 

BETA(J,3) = 13ET(6) 
275a311, 314 
> J=L(7) 

IF(J .NE. 0) THEN 
BETA(J,4) = BET(7) 

ENDIF 
292, 295c331, 334 

DO 900 1=1,10 
< 900 BETA(I,3)=-ONE 

LLLL=L(1) +L(4) +L(5) 
IF (LLLL.GT.0) WRITE (6,20000) (L(I),BET(I),I=1,5) 

> C DO 900 1=1,10 
> C 900 BETA(I,3)=-ONE 

LLLL=L(1)+L(4)-i-L(5)+L(6) 
IF (LLLJL.GT.0) WRITE (6,20000) (L(I),BET(I),I=1,6) 

336a376, 377 
WRITE (6, *) 'BETAS - ',BETA(KK, 1),' I BETAP - ', BETA(KK, 2), 

$' 1 BETAD - ',BETA(KK,3) 
348c389, 390 

I5,F8.4),' DBETA',I5,F10.6,' FBETA',I5,F10.6//) 

> I5,F8.4),2(' PBETA',I5,F10.6),/,' DBETA',I5,F10.6,' FEETA', 
I5,F1O.6//) 

Files zindo/paramc.f and zindonew/paramc.f are identical 
Files zindo/pe.cmn and zindonew/pe.cmn are identical 
Files zindo/penet.f and zindonew/penet.f are identical 
Files zindo/pick.f and zindonew/pick.f are identical 
Files zindo/pointp.f and zindonew/pQintp.f are identical 
Files zindo/poliz.f and zindonew/poliz.f are identical 
Files zindo/pptt.cmn and zindonew/pptt.cmn are identical 
Files zindo/prd.f and zindonew/prd.f are identical 
Files zindo/prnt.f and zindonew/prnt.f are identical 
Files zindo/projbw.f and zindonew/projbw.f are identical 
Files zindo/projen.f and zindonew/projen.f are identical 
Files zindo/prop.f and zindonew/prop.f are identical 
Files zindo/prord.f and zindonew/prord.f are identical 
Files zindo/ptchg.f and zindonew/ptchg.f are identical 
diff -s zindo/purvis . f zindonew/purvis. f 
112a113 
> CGKp IF(KA.LT.31) GO TO 1100 
113 ailS 

IF(KA.EQ.31.AND.NT.GE.3) GO TO 1100 
232c234 

GO TO 3300 

> GO TO 3100 
Files zindo/putit.f and zindonew/putit.f are identical 
Files zindo/putout.f and zindonew/putout.f are identical 
Files zindo/qdens.f and zindonew/qdens.f are identical 
Files zindo/quadsp.f and zindonew/quadsp.f are identical 
Files zindo/radial.cmn and zindonew/radial.cmn are identical 
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Files zindo/radii.cmn and zindonew/radii.cmn are identical Files zindo/readhb.f and zindonew/readhb.f are identical Files zindo/readml.f and zindonew/readml.f are identical Files zindo/rear.f and zindonew/rear.f are identical Files zindo/recall.f and zindonew/recall.f are identical Files zindo/recovr.f and zindonew/recovr.f are identical Files zindo/reordr.f and zindonew/reordr.f are identical Files zindo/rfield.cmn and zindonew/rfield.cmn are identical Files zindo/rfinp.f and zindonew/rfinp.f are identical Files zindo/rhf.cmn and zindonew/rhf.ctrtn are identical Files zindo/rhfst.f and zindonew/rhfst.f are identical di f f -s zindo/rrrr.f zindonew/rrrr.f 16a17 
> COMMON/GRETEL2/SCR(20, 100) 
19c20 

DIMENSION SPK(2000),SCR(20,100),FACT(l),IN1JEX(2,6,4,4) 

DIMENSION SPK(2000),FACT(l),INDEX(2,6,4,4) 56c57 
DATA (SCR(I,16) ,I=l,20)/24807.DO,36600.DO,25972.DO,34486.DO, 

> $ (SCR(I,16),I=1,20)/24807.DO,36600.DO,25972.DO,34486.DO, 76c77 
DATA (SCR(I,27),I=1,20)/22700.DO,8000.DO,6340.D0,3170.DO, 

$ (SCR(I,27),I=1,20)/22700.DO,8000.DO,6340.D0,3170.DO, 84c85, 99 
$ ((SCR(I,M),I=1,20),M=31,43)/260*0.DO/ 

> CGKP - 3d $ (SCR(I,31),I=1,20)/28899.DO,18103.DO,4972.DO,2289.DC • CGKP - 3d $ 6917.DO,1899.DO,71996.DO,44846.DO,12*0.DO/ $ (SCR(I,31),I=1,20)/28899.DO,18103.DO,635.DO,7416.DO, $ 8104.DO,4433.DO,9051.D0,5809.DO,12*0.DO/, $ (SCR(I,32),I=1,20)/-2862.DO,17200.DO,694.DO,1732.DO, $ 2990.DO,1013.DO,9290.DO,5924.DO,12*0.DO/, $ (SCR(I,33),I=1,20)/8946.ODO,20750.DO,743.D0,1712.DO, $ 2930.DO,997.DO,9752.DO,6169.DO,12*0.D0/, $ (SCR(I,34),I=1,20)/37186.DO,35825.DO,785.DO,1698.DO, $ 2861.DO,984.DO,10197.DO,6403.DO,12*0.DO/, $ (SCR(I,35) ,I=l,20)/40684.DO,29240.DO,825.DO,1690.D0, $ 2791.DO,978.DO,10648.DO,6641.D0,12*0.0D0/, > CGKP THE GALLIUM VALUES ARE CURRENTLY FOR THE 3D IN THE BASIS SET $ ((SCR(I,M),I=1,20),M=36,43)/160*0.DO/, CGKP ((SCR(I,M),I=1,20),M=31,43)/260*0.DO/ Files zindo/rumrci.cmn and zindonew/rumrci.cmn are identical Files zindo/saddle.f and zindonew/saddle.f are identical Files zindo/save.f and zindonew/save.f are identical Files zindo/sbfval.cmn and zindonew/sbfval.cmn are identical Files zindo/scfchk.f and zindonew/scfchk.f are identical Files zindo/scfit.f and zindonew/scfit.f are identical Files zindo/scfout.f and zindonew/scfout.f are identical Files zindo/sclafn.f and zindonew/sclafn.f are identical Files zindo/sclass.f and zindonew/sclass.f are identical Files zindo/scons.f and zindonew/scons.f are identical Files zindo/scrfci.f and zindonew/scrfci.f are identical Files zindo/search.f and zindonew/search.f are identical Files zindo/semiem.cmn and zindonew/semiern.cmn are identical Files zindo/setdot.f and zindonew/setdot.f are identical Files zindo/setop.f and zindonew/setop.f are identical Files zindo/sgrpor.f and zindonew/sgrpor.f are identical Files zindo/shell.cmn and zindcnew/shell.cmn are identical Files zindo/sing.f and zindonew/sing.f are identical Files zindo/sl.cmn and zindonew/sl.cmn are identical Files zindo/slatfn.f and zindonew/slatfn.f are identical 
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Files zindo/slite.f and zindonew/slite.f are identical 
Files zindo/slitet.f and zindonew/sljtet.f are identical 
Files zindo/solvl.f and zindonew/solvl.f are identical 
Files zindo/solveb.f and zindonew/solveb.f are identical 
Files zindo/spec2.f and zindonew/spec2.f are identical 
Files zindo/spectr.f and zindonew/spectr.f are identical 
Files zindo/spen.f and zindonew/spen.f are identical 
Files zindo/sphere.f and zindonew/sphere.f are identical 
Files zindo/sscale.f and zindonew/sscale.f are identical 
Files zindo/step.f and zindonew/step.f are identical 
Files zindo/storhb.cmn and zindonew/storhb.cmn are identical 
Files zindo/stpsgn.f and zindonew/stpsgn.f are identical 
Files zindo/stpsiz.f and zindonew/stpsiz.f are identical 
Files zindo/strsym.f and zindonew/strsym.f are identical 
Files zindo/sumry.f and zindonew/sumry.f are identical 
Files zindo/switch.cmn and zindonew/switch.crnn are identical 
Files zindo/sym.cmn and zindonew/sym.crrin are identical 
Files zindo/symass.f and zindonew/symass.f are identical 
Files zindo/symck.f and zindonew/syrnck.f are identical 
Files zindo/symorb.f and zindonew/symorb.f are identical 
Files zindo/symprt.f and zindonew/symprt.f are identical 
Files zindo/tjnvjt.f and zindonew/tinvit.f are identical 
Files zindo/trbak3.f and zindonew/trbak3.f are identical 
Files zindo/tred3.f and zindonew/tred3.f are identical 
Files zindo/triary.crnn and zindonew/triary.cmn are identical 
Files zindo/trnden.f and zindonew/trnden.f are identical 
Files zindo/trnmom.f and zindonew/trnmom.f are identical 
Files zindo/twoint.f and zindonew/twoint.f are identical 
Files zindo/uforrn.f and zindonew/uform.f are identical 
Files zindo/uncull.f and zindonew/uncull.f are identical 
Files zindo/update.f and zindonew/update.f are identical 
Files zindo/uprime.f and zindonew/uprime.f are identical 
Files zindo/util.cmn and zindonew/util.cmn are identical 
Files zindo/varfin.f and zindonew/varfin.f are identical 
Files zindo/vbino.f and zindonew/vbino.f are identical 
Files zindo/vecmov.f and zindonew/vecmov.f are identical 
Files zindo/writhb.f and zindonew/writhb.f are identical 
Files zindo/writml.f and zindonew/writml.f are identical 
Files zindo/wrtprp.f and zindonew/wrtprp.f are identical 
Files zindo/xalloc.c and zindonew/xalloc.c are identical 
Files zindo/xprd.f and zindonew/xprd.f are identical 
Files zindo/y.cmn and zindonew/y.cmn are identical 
Files zindo/z.cmn and zindonew/z.cmn are identical 
Files zindo/zclock.f and zindonew/zclock.f are identical 
Files zindo/zdotrn.f and zindonew/zdotrn.f are identical 
Only in zindonew: zindo 
Files zindo/zindo.f and zindonew/zindo.f are identical 
Only in zindonew: zindo.tmphst 
Files zindo/zio.f and zindonew/zio.f are identical 
Files zindo/zioset.f and zindonew/zioset.f are identical 
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