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I 
S LI Objectives of Research: 

I The initial aims as outlined, were to: 

study,  the hydrides of group 13 elements containing 3 heavy 

atoms. Particular attention ... [was to be] ... given to:- 
The structures and intel-conversions of the triborane intermediates 

'1 in the pyrolysis of diborane, and 

the structe of hydridogallium bis(tetrahydroborate) and its 

I possible I ormatiori from digallane and diborane. 

• [If time allowed], other structures such as trialane(9) and 

I hydridoaluminium bis(totrahydroborate) ... [were to be] 
investigated.' [project outline]. 

• 
I Trialane(9) was never studied as a component of this research work, 

knowledge of its theoretical equilibrium geometry being restricted to that 

I already published in the literature1 . As theoretical studies on trialane(9) have 
already been completed to a reasonably high level of theory', any further 

studies would prove expensive. Before one can improve upon a calculation, one 

I must first be able to reproduce the results of the previous calculation. Hence 

• even in the initial stages of confirming results previously obtained before 

I improvements, calculations would prove expensive. 

I 
Individual h jiJi studies on the triborane(9) [hydridoboron 

bis(tetrahydroborate)]'• system with respect to its theoretically calculated 

I geometry and stability, and investigation by theoretical methods of the 

hydridogallium bis(tetraflydroborate)2-4  structure were carried out. So to enable 
a broader understanding of the behaviour and overall structure of these 

.I 
molecules, 3b .67j&O studies of the structure and stability of the 
hydridoaluminium bis(tetrah7droborate)5-7. system were also carried out. The 

I
studies of their theoretical equilibrium geometries were done mainly at a 

2 
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I Hat-tree-Fock level of thor [with a lew studies done using electron correlatcn 

methc'ds], with a variety of basis sets being employed. 
The effect of electron correlation corrections were considered by use of 

I Moller-Plesset electron correlation corrections of order two (MP2). Where 

• possible, the theoretical equilibrium geometries obtained by use of either 

method were compared to experimentally determined geometries. Pseudo- 

I 
potential methods were also employed in the calculation of theoretical 

equilibrium geometries for the systems hydridogallium bis(tetrah7droborate)2-

, and hydridoaluminium bis(tetrahydroborate)5-7.. Theoretical equilibrium 

geometries obtained by employment of these methods, were compared with 

I experimental and/or theoretical determinations of their geometry. 
• To complement this research, studies of the accuracy of the basis sets and 
I theoretical methods employed were carried out. This enables a greater 

i understanding of when and where theoretical equilibrium geometries calculated 

• by such methods and basis sets may be in error, and by how much. 

1 As research has progressed, these initial aims have broadened to include 

studies into the six hexahydrides; diborane(6)17-17-, dialane(6)Ll3l -22. 

I digallane(6)'' 3  19,20,23-25. alaborane(6)'2' 3,22,26,27. gallalane(6)1327 and 
galloborane(6)13.26-29 . The possibility of using pseudo-potential methods to 

obtain theoretical equilibrium geometries that are reasonable predictions of 

I experimental or 'best calculated equilibrium geometries was considered for all 
• these hexahydrides except diborane(). The MASSAGE utility on ?O30 

I was employed to investigate the improvement in these pseudo-potential 

calculated equilibrium geometries gained upon addition of polarization functions 
to atoms in the molecule being considered. The accuracy of harmonic vibrational 

I frequencies obtained using these basis sets was also included in the 

consideration of the overall value of doing such calculations as opposed to all-

I electron ob kitio calculations. The possibility of savings in time and thus 

.I expenditure, due to the employment of such methods as pseudo-potential 

methods, were also included in the consideration of the value in employing such 

.1 methods 

3 
I 



I 
1 1 2 Previous Experimental and Theoretical Research: 

40 

I The chemistry of the group 13 elements (B, Al, Ga, In, Ti) is rich in its 
diversity, from the halides (i.e. InC152- )16• 31- 5 to  the ring systems isoelectronic 

I with benzene [i.e. borazine, BNH6]' 6'31-35 . Unusual and uneected structures 

are quite often encountered. For example, in the organometailics, a range of 
remarkable three-iimensional cage structures have been characterized i.e. cube 

I structure of EMeAlNPr]. Several analogous gallium compounds are also known 
• i.e. [(Me2GaNHMe)2(MeGaNMe)6]. These structures are built of varying numbers 

I of fused 4-membered and 6-membered MN heterocycles [M=Al, Gal (see ref. 31 
for a more detailed description of organometallics), 

Attempts at comprehension of the reasons for this great diversity in 

I chemistry and structure have been made. Whatever the conclusion, several 

points should be noted. Group 13 elements are commonly referred to as electron 

I deficient [neutral molecules containing such elements are also often referred to 

as electron deficient]. This view is based on the bonding concept referred to as 
the Lewis Octet Rule33 . According to this theory, each atom tries to pair all 

I electrons, either as lone pairs or bonding pairs so that each nucleus is 

• surrounded by an octet of electrons so as to attain the next noble gas electron 

I configuration of a valence shell fully filled with eight electrons. Boron having 

I
only three valence electrons, can form three bonding pairs and hence is termed 

electron deficient due to its inability to form a formal octet. Neutral molecules in 
which such atoms participate are also unable to form a formal octet about each 

heavy atom and a duet about each hydrogen, hence are termed electron 

I deficient molecules. 

.I 
It should be noted that there are many other exceptions to this rule, with 

essentially only carbon, nitrogen, oxygen and fluorine always complying with the 

I octet rule in stable compounds. For example, the octet rule predicts that the 
• 4 
1 



I noble gase w11 not form bondE: due to their already filled valence s1e11 o eight 

electrons. This is not true, a number of compounds containing noble gases 

participating in formal bonding pairs have been experimentally synthesized i.e. 

I XeF6. Other hypervalent compounds are also known, such as SF6  and PC15. 

• Gallium and indium have an inner d-shell, and as a result ethibit the 

I phenomenon of d-shell contraction. This is due to ineffective shielding of the 

valence electrons from the nucleus by the d-shell electrons, causing the atom to 

have a smaller atomic radius than expected. Thallium also has an inner f-shell, 

and hence also experiences contraction due to ineffective shielding of the outer 

electrons by the 1-shell electrons, as well as the d-shell contraction. This has 

I some significant effects in that Ga is appromately the same size as Al [1.22 
• angstroms vs. 1.43 angstroms, respective atomic radii]37 , and Ti is similar in size 

to In [1.7 1 angstroms vs. 1.62 angstroms, respective atomic radii]37 . 

I The same is also true of the hydrides of group 13 elements, which have 

their own extensive chemistry in their own right. Hydrides of the group 13 

I elements were first isolated and characterized in 1912 by Stock '5.  It was not 

until 192 1, that the hydrogen bridged structure of diborane was first proposed 

I by Dilthe716 . It was not until after high resolution infra-red absorption 

'1 spectrum measurements in 1948 by Price8 , and high resolution electron 

diffraction measurements in 1951,  that the hydrogen bridged structure of 

I diborane received wide acceptance. 

• The majority of the known hydrides of the group 13 elements are those of 

I boron (B), with the number of known hydrides of aluminium (Al) and gallium 

(Ga), increasing steadily. The hydrides of indium (In) and thallium (TI) are found 

essentially only as transitory compounds under extreme conditions. The reason 

for this bias in our knowledge of the hydrides, in favour of the boron hydrides, 

is due essentially to the relative ease of synthesis of these hydrides, not 

I necessarily their thermal stabilities being greater than the hydrides of the other 

.I 
elements. The boron hydrides in general are volatile, highly reactive substances. 

It has been said that they owe their estence to the absence of a suitable 

I mechanism by which they can be converted into elemental boron and hydrogen 

'i 



I at normal temperatures.' T1 tron 1ydr1deE. were originally synthesi:ed by 

the action of acids on magnesium boride (MgB2) or the pyrolysis of diborane. 

Though derivatives39-43  of the hydrides of gallium have been known for at least 

the last 20 years, it was not until 199 177 years after the original isolation of 

• diborane], that digallane was synthesized 24 . 

I This delay in the discovery of a synthesis of digallane was not due to its 

I 
thermal stability Idigallane melts at -500C], but rather, due to the lack of a 

suitable precursor. Downs J24. found that only the use of the dimer of 

monochiorogallane [H2GaC112 yielded digallane. 

since this rvoluUonary breakthrough in the chemistry of the gallium 

I hydrides, a resurgence in the interest of the gallium hydrides has occurred. This 
• has resulted in a marked increase in the number of gallium hydrides that have 

I been experimentally synthesized and characterized. These new hydrides include 

the mixed hexahydride, galloborane29  and rn'-2 -gallatetraborane( 10) 

H2GaB3H 44-45 , which has a similar 'butterfly structure to that found in the 'most 

1 stable conformation of tetraborane( 10) 

The dimer of alane, dialane, remains to be experimentally isolated 

I [derivatives of aluminium hydrides are 1,,nown5-394346-58 1. The inability to 

isolate dialane remains an anomaly now that both diborane and digallane have 

been experimentally isolated. Theoretical studies121  have shown the binding 

I energy of dialane to be higher than that for digallane and slightly lower than 

• that for diborane. It has been suggested that, like it was for digallane, it may not 

I have successfully synthesized due to the lack of a suitable precursor being 

found. This may be true, but it should be noted that the tendency for molecules 

with an Al-H bond to associate or polymerize is widely documented5. Thus 

I dialane may polymerize at such a rate as to be experimentally unisolatable. The 

only pure aluminium hydride so far isolated, is the polymeric compound [A1H]. 

I The hydrides ethibit some interesting and unusual behaviour. One 

.I 
interesting phenomenon is that of fluxional behaviour, which a number of them 

ethibit1731.32 ,i.e. on the N.M.R. time scale, the interchange between hydrogens 

I in the terminal positions and hydrogens in the bridging positions is of such a 

• 6 

I 



I rate, that. their N.M.R. SIgnals appear the same [the hydrogen atoms migratel. 

Thus N.M.R. studies often suggest higher symmetries for these molecules than is 
known from their molecular structures or predicted from assumed molecular 

I structures [see below for a schematic representation of this mechanism for 

• diborane]. 

I 
H3 F 

U 
U TB—H ErH 6 1 

H H6 h2 H 

1 

I H3\ H6  

H H2 H1  

I 
Scheme 1.1 The commonly accepted mechanism for the internal rearrangement 

of the hydrogens in diborane. [Taken from Long 19 7 2)17. p. l'±]. 

I A feature prominent amongst hydrides is the extensive use of hydrogen 

• bridges between two heavy atoms. These bridging bonds being 3-centre-2-

I electron bonds. Their occurrence in some classes of boranes is predictable to the 

point that bonding rules have been devised, which are able to predict all 

possible stable structures for a given number of boron and hydrogen atoms. The 

I number of hydrogen bridges that will be found in the structure, being 
calculated using such information i.e, for the neutral boranes ?)pHp+q  With P BH 

I units, the styx rules apply [s in styx, denotes the number of BHE bonds]' 43•. 

• The applicability of using such simple methods to describe molecular structures, 

often fail when attempts are made to apply similar rules to transition state 

I structures. Investigation of the transition structures in reaction pathvrays often 

enables a greater understanding of the behaviour of molecules in a reaction 

being considered. Another striking feature of boron hydride chemistry, is the 
number of reactions in which conversion of one or more boranes into other 

i 



boranes Qccurs 16,.  The pyrolysis of dit.'orane is an eensive series of r eactions, 

I WhiCh iVC riSe to higher bc'rcn hydrides from diborane. A comparable series of 

reactions for the hydrides of aluminium and gallium, if they do exist, have not 

I yet been discovered. 

I 

I 
____ Exp __________________________________ 

 

• L2. 1 HGa(BH :erimental and Theoretical InvesUgations of its 

1 Structure. Evidence for Either a C2 or C7v  Symmetry. 

The structure of the hydridogallium bis(tetrahydroborate) [I-IGa(BH4)2] 

system2-4  poses an interesting problem to theoretical chemists (see fig. 1.1 

below). 

I The original experimental characterization2  of the structure by 
• measurement of the infra -red absorption spectra, determined the symmetry to 

be C2. Redetermination of the gas phase structure by electron diffraction3 , 

I determined the symmetry to be C2. Theoretical results4  obtained by 

• employment of various basis sets at Hartree-Fock level, have so far indicated the 

I symmetry of HGa(H4)2 to be C2. 

I 

I 

I 

I 8 



1 
• 

- 
H- —H 

H., 

• 
H 

B 

I 

1 H H 

I Fig. 1.1 The 
91 

("2v configuration for HGa(BH4)2 as predicted by theoretical 

I methods 

This apparent discrepancy between experimental and theoretical 

equilibrium geometries is puzzling for two reasons. Firstly, comparisons between 
I experimental and theoretically obtained geometries for other Ga containing 

compounds2-'il3 l 9.23-28A559-61., generally show that theory is able to give 
I reasonably accurate calculated geometries and correct ordering of isomer 

I stab111ties45, depending on the method and level of theory employed and basis 
• sets used in the calculation. Some Hartree-Fock calculations though have given 

I incorrect geometries, the correct geometry only being obtained when electron 

correlation effects have been taken into account, or the basis set has been 
improved upon. Secondly, calculations have already been done using 3-2 1G(*) 

and DZP basis sets at Hartree-Fock (HF) level. In previous calculations indicated 
above, both these basis sets at Hartree-Fock level have shown to give theoretical 

I geometries in good agreement with accurate, experimentally determined 

geomctries. With almost any basis set, there are molecules which ar€ €xcepUons 

to the rule, not all molecules being equally well described by a particular basis 

I set'8•. Hehre have done a comparative study on the ability of the STO-3G 
basis set at Hartree-Fock level to give reasonable theoretical equilibrium 

1 geometries. The STO-3G basis set is a minimal basis set. For the STO-3G basis set, 
their comparisons'8• indicated that, for molecules containing third- and fourth- 

•I 
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row atoms, reasonable theoretical equilibrium geometries were generally 

I
obtained. 

These comparisons did not include any Ga containing molecules. Other 

StUdjeS25 on gallane and digallane, have shown the STO-3G basis set to give poor 
• results for both equilibrium geometries and harmonic vibrational frequencies. 

These studies25  also indicated that the RHF/3-2 1G(*) calculations gave quite 

reasonable values for the equilibrium geometries. Applications4  of the 3-2 lG() 
basis set at spin-restricted Hartree-Fock (RHF or HF) level to Ha(BH4)2 have so 

far concluded that the symmetry of the molecule to be C2. This is not in 

agreement with he most recent experimental structure determination, the 
electron diffraction result of a C, symmetry. The results obtained1825 by use of 

I
an STO-3G basis set at Hartree-Fock level illustrate an important point, when 

doing such theoretical calculations, one must be sure that the basis set used 

I adequately describes the molecule being investigated. The 3-2 1G(*)  basis set 
• may not be adequate at Hartree-Fock level, to at least describe the general 

I features of the molecular wavef unction, thus leading to an incorrect geometry 
determination [if the correct symmetry is indeed C21. 

If the redetermined C2 conformation is correct, then it is necessary to 

I determine [from the theoretical chemists point of view] to what level of theory 

[i.e. Moller-Plesset electron correlation corrections of order n (MPn) or 

I Configuration Interaction (CI) methods], one must use before the theoretical 
geometry can be made to agree with the experimentally observed geometry. 

Knowledge of the type of basis set required to enable theoretical methods to give 

geometries in reasonable agreement with geometries obtained experimentally is 

• also important. Studies of this type would give some indication as to the 

importance of considering such corrections as electron correlation, to the single- 

I 
determinant wave function employed in Hartree-Fock calculations, and the 
fledbility required by the wave function, for such systems as hydridogallium 
bis(tetrahydroborate). 

If the symmetry so far determined by theoretical methods4  is indeed 

I correct; molecule has C2  symmetry [which is in agreement with the original 
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experimental2  geometry determination], then calculations at higher levels of 

I theory with basis sets that are known to give accurate results, are required. Only 

if such calculations were still in agreement with the initial results4 , would the 

I theoretical evidence be such that a tentative suggestion for an accurate 
• redetermination of the structure of the hydridogallium bis(tetrahydroborate) 

molecule could be made [Theoretical calculations carried out so far on this 

I system, can riot be said to be definitive, and the results may still be 

• questionable]. 

I 

I 1.2.2 HAl(BH4): Experimental and Theoretical Investigations of its 

Structure. 

I 
• The type of structure exhibited by HGa(BH4)2 i.e. a pentacoordinated 

I structure, is not new or unique. Similar compounds with an Al4-61631 46-56.  atom 

in the central position (see below). Derivatives of the aluminium system are also 

known46 . For Al, the monomer HA1(BH4)2 has not yet been experimentally 

isolated or observed [see the following discussion]. It is interesting to note that a 
similar BeB2H8  compound62  also ests and is relatively stable, similarly the 

I polymerized form of BeB2H8  has also been observed1 (. 
• Al(BH4)348-56  is perhaps one of the more thoroughly investigated 

[experimentally] aluminium-boron hydride systems, due to its stability and 

I chemistry. It has a Dh  prismatic structure56 . 

• Each A1H2BH, group exhibits C2 symmetr756 . The methyl derivative of 

HA1(BH4)2  has also been experimentally isolated and characterized. In 

I 
CHAl(BH4)2, the bridging hydrogens in each A1H25H2 group are rotated about 

the Al---B axes by an angle of appromately 4.8 degrees47•. Thus overall the 
molecule has 02  symmetry31 47.  Both of these compounds are monomeric under 

normal conditions. 
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The HAl(fH,:2 moleculE- it-self, estE only5  as a complex. in golutio 5 or 

as 
S 

a p017me0 31 5' 
, or possibly as a highly unstable gas phase monomer5. i.e. 

the attempted synthesis of it is by the use of Al(BH4) [the combining of two 

I Al(EH4)3 molecules with  the release of dihorarie] yields only the dimer 
• [HA1(BH4)2]2. As previously noted, the tendency of molecules with an Al-H bond 

I to associate or polymerize is widely documented5, HA1(BH4)2 being no exception. 

I N.M.R. studies6  appear to suggest that in the coordinated form, as it is in the 

dimer [HAI(BH4)2]rt  system, each A1H2BH2 group of HA1(BH4)2 ethibit-s C2 

symmetry. This is suggested by the simple lack of two distinct signals for two 

distinct types of bridging hydrogens [their environments would not be ecUy 

I the same]. There may indeed be two distinct signals, but line broadening due to 

the presence of 27A1 and I  'B nuclei may be obscuring such observations. Two 

things should be noted at this point. Molecules which are coordinated do not 

I always ethibit the same conformational symmetry as the uncoordinated 

• molecule. Also, aluminium-boron hydrides often ethibit a degree of fluxionality 

I [Al(BH4)3 is itself a highly fluxional molecule31 , the dimer [HA1(BH4)2]2 is also 

f1uxiona131 ]. Thus on the NMR time scale, the signals may appear to be identical, 

suggesting the molecule to have higher symmetry than it truly has. 

I Clarification of the structure of HAl(BH4)2 is interesting from the 

theoreticians viewpoint, because of similarities to the HGa(BH4)2 s7stem2-4 . 

I 
S 

I 

I 1.2. Theoretical And Experimental Studies Of Reaction Mechanisms 

• And The Structures Of Intermediates, Involved In The Initial Steps Of 

The Pyrolysis of Diborane. 

Though new methods are now used to give greater yields of some higher 

boranes, the pyrolysis of diborane remains a major synthetic route of 

importance [with only B6H10 now being synthesized by the action of acids on 

MgB232 ]. 
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I 
The ryrolysis of diborane in particular the initial steps, has 

I been the subject of ext.en3ive investi-ations. of the mechnim5 involved, both 

experimentally and theoretically. Despite this, a degree of controversy still 

I surrounds the mechanisms involved in these initial steps. The initial steps are 

'I generally considered to consist of the following reactions'.65-67 ; 

I Step 1. E2H6  

• Step 2. EH+B2H6  - E 3H9  

1 Step 3. B3H9 
- 

H7+H2 

i 
Step 4. 2E.H9 - 3E2H6  

01 Step 5. H+FH7 - BAO 

I 
[The involvement of such intermediates as triborane(9), is assumed based 

on experimental kinetic and spectroscopic measurement-s]. 
• These are the most commonly given steps, showing the pathways involved 

in the pyrolysis of diborane, up to the formation of the first stable higher 

I hydride Etetraborane(lO)] other than diborane. 

An alternative to step 1, has been suggestedI 7. . it can be stated as follows: 

I 
Step la. 2B2H6 B3H9  + E.H3  

'I Long'7 , proposed this alternative mechanism on the basis of evidence that 

suggested that diborane does riot dissociate reversibly without a high energy 

I barrier for the reverse mechanism. Long' also suggested that once borane 
• appeared, it reacted with diborane by a mechanism that is rapid enough to 

I prevent the buildup of borane to a measurable quantity. More recent 

I
investigations64  have found triborane(9) to be less stable than diborane plus 
borane, suggesting that the mechanism proposed by Long17. is energetically 

•1 unstable. 

Experimental kinetic results indicate step 3. to be the rate determining 

I process, with the overall order of the reaction being 1.5 with respect to diborane. 
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A recent theoretical study1 2.  proposes that step 2 is the rate determining 

I process,  with step 3 proceeding with no barrier. This was only a tentative 
conclusion. Stanton ipt 11 2. were unsure if the transition state they had 

I investigated by theoretical means was indeed the most probable transition state, 

which leads to the formation of the most stable structure of triborane(9) so far 

determined by theoretical methods (see fig. 3.). Other theoretical studies6  have 

also suggested that the formation of triborane(9), may be the rate determining 

• step. At the time though, Lipscomb6'1  was not fully satisfied with the results, as 

I the experimental barrier was 27 kcal/mol while his calculations had yielded a 

I 
value of 40 kcal/mol. 

A clear, accurate description of the structure of the triborane(9) 

I intermediate is required, before some understanding of the mechanism involved 

can be made. Up till now it has been generally assumed that the triborarie(9) 

I molecule formed in step 2., has the same structure as the triborane(9) molecule 
• that participates in step 3. It has also been assumed that it has the structure of 

the most stable form, so far determined by theoretical methods [As it only ests 

I momentarily, no experimental measurements of its structure have been possible. 

• Participation of the triborane(9) moiety in the initial steps of the pyrolysis of 

I diborane, is assumed from kinetic measurements and spectroscopic studies.]. 
Original investigations6'1  centered on a D3h  configuration (see diagrams below). 

I This was estimated to be appromately 4.1 kcal/mol less stable than diborane 
plus borane. Other structures were investigated, one with a C365'  symmetry, 
and one with C12  symmetry [this is not the same one as illustrated in the 

I following discussion]. Of these, the C3\  configuration was found to be more stable 

• than other configurations, and at low temperatures, is more stable than diborane 

I plus borane. 

I 

S
I 
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Fig. 1.2 The D3h  configuration for the cyclic triborane(9) system investigated by 

I 

I 

I 
•I 

Lipscomb64  
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I Fig. 1.3 The C3  configuration for triborane(9) investigated by Stanton 2. 

which has so far been found by use of theoretical methods to be the lowest 

energy configuration for triborane (9). 

I 
In a communication with Stanton 12. Fehiner remarked that 

"the measured rate might have corresponded to the 

formation of a weak adduct of B2H6  and BH3  which may or 
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may not rearrange to the ground state of B-H9  and lead to 

further reaction." 

Duke i'• in their search for such a minimum, came up with a structure 

which showed possibilities as the triborane(9) molecule suggested by Fehiner. 

The triborane(9) system Duke et ai.'• proposed, is one in which the central boron 

atom is pentacoordinat.ed. A possible mechanism by which it could arise is 

shown below. 

This mechanism may play a role in the exchange of borane as illustrated 
51 

I 
below: 

•I - B2H6 +EH3  

I 

I 

I 

1 

H 
H 

\ / 

H 

H/J 

: 

H 

Scheme 1.2 Possible mechanism by which the C2, pentacoordinat.ed structure of 

the triborane(9) moiety [p- 3H9], may arise [structure is as proposed by Duke  tnt 

I 

I 

I 

I 

I 

00  
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Calculations on this system so far' indicate the C.2 symmetry arrangement. 

I to be a transition state of orcer I. See Duke and this rrch for 

detailed description of the geometry of this structure. 

I If this structure is actually an energy minimum [an intermediate] and riot 

a transition state [as suggested by results so far], step 2 in the given mechanism 

may be replaced by the following series of processes. 

I 
_____ • Step2a. 52H5 + BH 3 p-BH9  

I Step 2b. p-BH9 -' cyclic-E 3H9  

note: p-H9  denotes the C2 configuration of the pentacoordinated 

I triborane(9) system, cyclic-EH9  denotes the C3  configuration. 

I Theoretical studies' so far indicate the pentacoordinated triborane(9) 

system to be only slightly less stable than the cyclic triborane(9) system and 

appromately 3-4 kcal/mol [calculated using DZP CI SD] more stable than borane 
plus diborane, these results also suggest that it may be an energy minimum 

• [energy minimum meaning that the pentacoordinated triborane(9) system is an 

intermediate, and not a transition state]. Thus step 2a, should be rapid while 

I 
step 2b., involving structural rearrangement could be the slow rate determining 

step. This newly proposed mechanism'S appears to agree with experimental 

I kinetic results and recent theoretical results! 2•. This raises the possibility of the 
reaction step shown below, if the pentacoordinated triborane(9) system is found 
to be an energy minimum: 

I Step 3a. p- 3H9 H7 + H2 

Further investigation of the structure and stability of this 

I pentacoordinated triborane(9) system is warranted, particularly in view of 
promising theoretical results' obtained by studies so far. 

I 

I 
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1.2.4 The Viability in Employing simpler. Cheaper Theoretical 

Methods, in Obtainig Theoretical Geometries and Harmonic 

Vibrational Frequencies in Reasonable Agreement with Ab Zrtitio 
Results. 

The hexahydrides Eincluding the mixed hexahydridesi of the group 13 

hydrides, other than diborane i.e. dialane, digallane, alaborane, galloborane and 

gallalane, have been studied and characterized accurately'' 2.' 3.'8-29 , both 

experimentally and theoretically (see fig. 1.4 below). 

I 

I 

I 

I / 

IH 

M1 =B,4lorGa M2  =B,AlorGa 

Fig. 1.4 A. generalized diagram of the hexahydrides of Boron, Aluminium and 

Gallium, and their mixed hexahydrides. 

Derivatives such as methyl25.28 ,'i 0,4 1.43.4 6,57,58. and amine derivatives' 2. 

have also been experimentally characterized and studied. Though further 

theoretical calculations of such accuracy as already published 1.12,13.18-23-95,27,28. 

are unwarranted, these compounds provide an excellent opportunity to 

investigate the possibility of using simpler theoretical methods other than all-

electron b thiti methods in the calculation of theoretical equilibrium 

geometries and harmonic vibrational frequencies. The results of which are in 

reasonable agreement with results obtained using more accurate theoretical 

methods [Besides being extensively studied, they are also the simplest hydrides 
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I 
• experimentally known, in winch two heavy atoms partake in the molecular 

bonding [unlike the monomer5] 5imultaneouslyl. For example, consideration of 

theoretical methods in which an effective core potential is employed, explicit 

I consideration of the valence electrons only, being given in calculations [i.e. 

pseudo-potential calculations]. 

While the use of extended basis sets generally ensures theoretical 

I geometries and harmonic vibrational frequencies of reasonable accuracy 

• [theoretical harmonic vibrational frequencies are generally up to lO too high] 

I for such calculations, they are usually time consuming and expensive. When one 

wishes to investigate systems containing several heavy atoms belonging to 

second- and higher rows, the use of such basis sets and methods may be 

prohibitively expensive [cost of calculations are appromately proportional to 

m4/8, where m is the number of basis functions used in the calculation]. An 

I investigation of the possible use of alternative methods, which are less 

expensive is supported on a cost consideration basis alone. The overall V. of a 

method though, resides on its ability to give reasonably accurate theoretical 

geometries and harmonic vibrational frequencies at least. Extended basis sets 

• themselves do not always give accurate values for other molecular properties 

such as dipole moments, for some levels of theory. There is therefore no reason 

I
to expect that calculations done at a simpler level of theory, will give a more 

O 
accurate description of electron distribution and charge, and as a result more 

accurate values for various molecular properties. For example, the 

experimentally measured value for the Co dipole moment is 0.1 1D in the 

direction -CO, while near the Hartree-Fock limit, the calculated dipole moment 
• is 0.27D in the direction CO.'• Using a 6-31 1G* basis set, where the method 

I employed was configuration interaction with single and double excitations taken 

into consideration (CI SD), gives a dipole moment of 0.1 2D in the direction CO 

1 8..  Any investigation of the applicability of such a method, as pseudo-potential 

methods, would need to consider the accuracy of theoretical equilibrium 

geometries obtained and the accuracy of harmonic vibrational frequencies 

I obtained and the costs of such calculations. [Calculations of theoretical 
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vibrational frequencies are reasonably sensitive tL the accuracy of, the 

I theoretical geometry at which the calculation is carried out]. No such studies 

have as yet been done in any great detail, for such a purpose. 

I 
I 
I 
I 
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2. Methods Employed, and their 
I Implementation in Gaussian 9/Z 
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I 
I T1ir fik t,f quantum thrnitry primri1y 

at the determination of the wave functions of atoms, molecules and the 

I other classes of chemical species, and their electronic energies. 

I
At iitk theory is an area of study within the wider field of 

computational quantum chemistry. Simons6s. recently gave the following 

simple, concise definition of ti7Jtic68  
• "attempts to solve the Sclirdinger equation 

I from first principles, treating the molecule as a 

collection of positive nuclei and negative 

electrons moving under the influence of 

I Coulombic potentials and not using any prior 

knowledge about ... [the] ... species chemical 

I behaviour." 

In order to implement such a concept, approiriations must be 
I made. This is a direct result of the inability to solve the full Schrdiriger 

I equation except for relatively simple models. The appromations that are 

• made are in the form of physical concepts. Such appromations [i.e. 

I selection rules, orbitals, quantum numbers, configurations etc.], provide a 

useful means of interpretating experimental results and theoretical 

methods that enable quantitative predictions to be made68 . 

I To the electrons we apply 'models or theories which incorporate 

these appromations [these 'models or theories, determine the type of 

I appromate wavefunction used to describe the system]. The 'model 
• describes such things as the field a particular electron in the molecule 

feels, and how the field acts on the particular electron. It also describes 

I the configuration or configurations that are being taken into account, the 

ones that are considered as contributing the most to the particular state 

of the molecule in question, and so on [see above]. Such models [theories] 

are well documented 1830368-'I., some of the more common ones in use 

.1 being Hartree-Fock (HF) Theory, Moller-Plesset Perturbation Theory (MP 
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I 
• or MPPT), configuratori interaction with single and double excItations 

I taken into consideration (CISD), and coupled-cluster calculations (CC). 

These methods are also a few of the methods that are available on 

I wccLn 

I
Only Hartree-Fock theory an Moller-Plesset. theory were 

employed in this research. Brief descriptions of these methods plus 

I geometry optimisation methods employed follow. This should provide a 

• greater appreciation of the theoretical methods employed in the 

I calculations carried out as part of this research. 

The following discussions refer to calculations in which all electrons 

were explicitly considered, unless otherwise specified. 

I 
1 

2.1 Hartree-Fock Theory and Geometry Optimisation Methods. 

and Their Implementation In Gau&ian 90. 

I 
• The Hartree-Fock Method is the most simplistic of the above 

I mentioned methods, both theoretically, and computationally. Hartree-

Fock theory considers each electron in a system, to move in an average 

field generated by all the other components [electrons and nuclei] of the 

•I system. 

McWeen736  gives a very clear description of the Hartree-Fock 

I Self-Consistent-Field (SCF) method, as is employed by 7wsn 7 30. It 

may be summarized as follows36 : 

I Each electron is considered to move in an average field generated 

I
by the system [Hartree-Fock Theory]. This field is equivalent to the field 

that would be generated if each of these electrons was an actual charge 

1 cloud. 

It is now possible to approximately describe the wave function for 

.1 the particular electron. This process is carried out for all N-electrons in an 
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N-electron system. These N wave functions are then talen and 

systematically improved upon, one after the other, to obtain a set of N 

second-improved wave functions. This process is repeated until the 

change occuring in the wave functions from iteration to iteration is 

negligable. The wave functions are said to be self-consistent. i.e. if one 

takes any electron, its charge cloud is exactly that derived by solving the 

wave equation where the potential field is generated by the charge of the 

nucleus and the sum of the charge clouds of the other (N- 0 electrons in 

the N electron system being considered. 
V 

The type of Hartree-Fock method used throughout this research, is 

referred to as the spin-restricted Hartree-Fock method. This is due to the 

constraint placed on the system that an orbital can only hold two 

electrons which must have opposite spins [Pauli Exclusion Principle]37 . 

This is the view of the electronic structure of atoms and molecules 

generally held by experimentalists. 

The Hartree-Fock molecular wave function is a single determinant, 

antisymmetrized wave function. In textbooks69-71  this is often depicted 

as 

= NIøicøi 02a. NN1 

for a 2N electron system. 

N is a normalization constant, 
•,J) is the molecular wave function, 

I 

I 

I 

I 

•1 

1 

I 

•1 

1 

I 
I 
I 

0 iøiø. 0N0N1 is the common abbreviation used to 

represent the sle  .er determinant 

01,(1)010(1) 

0i (2)0i (2) 

Ola (2N)01 ( 2N)  

0Nc( 1)S2)11 ( 1) 

O(2 ) 0(2) 

øNc (2N) ø1(2N) 

I 

F1 

I 
I 
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I is an atomi(: orbital turict.ion in which both the spatiai an 

I spin components are described as indicated by the subscripts., i.e. ka 

indicates an electron in the kth  atomic orbital with spin +1/2 (an Or  spin 

I electron). 

While the Hartree-Fock method is variational [i.e. the energy 

obtained always represents an upper bound to the true total energy of 

I the system], this is a relatively simple view of a particular system. One 

• can see that there will be inherent errors arising due to the approach 

I taken. One problem arising from single determinant approach is that the 
wrong dissociation limit is approached [a classic emp1e used by 

quantum chemists is the dissociation of the closed-shell diatomic system 

I H2, to two open-shell (H) systems], due to the erroneous weighting of the 

contribution to the wave function from ionic species in the dissociation. 

I Another main source of error is from taking an average field approach. 

It is obvious from the above that littie correlation of the motion of the 

electrons is made by the Hartree-Fock theory. Despite this though, the 

I Hartree-Fock method has been shown to give quite reasonable results 

• generally (for a more detailed comparison of Hartree-Fock methods with 

I other more accurate theoretical methods and experimental methods see 

I 
ref. 18.). 

There are various geometry optimisation procedures available to 

the theoretical chemist investigating theoretical structures, several of 
which are incorporated into uscLw 90 30.  In theoretical geometry 

I optimisation methods, we attampt to calculate the equilibrium geometry 
• of the molecule. The equilibrium geometry of a particular molecule 
I corresponds to the nuclear configuration for which the electronic energy 

i plus the nuclear repulsions are a minimum70 . This minimization is 
achieved by obtaining the analytically determined first derivatives of the 

1 molecular energy function, and by estimation and analytic determination 

of the second derivatives of the molecular energy function. Convergence 

I of the geometry optimization is determined by the satisfying of such 
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I 
criteria as the lowering of forces an step si:e to less than redet.ermined 

I utQff viu [th i thit thffrnc btwn the most rcnt point 

(geometry) and the next point to be calculated]. 

1 There are theories that, while still giving appromate wavefunctions, are 

riot as severe as Hart.ree-Fock theory in their appromations i.e. are not 

I single-determinant., and take into account electron correlation. One such 

• method employed in this research, is the Moller-Plesset Perturbation 

I Theory (MP). 

I 
2.2 Moller-Plesset Perturbation Theory. and Its ImD1ementation 

1 in Gaussiaff 90 • 
Moller and Plesset published their peturbation theory in 1 934. 

I Moller-Plesset perturbation theory (MP), as it is referred to, is essentially 

• an electron correlation correction procedure, and is multi -determinant in 

I its approach. It is a standard electron correlation correction method 

available on usn 730. I Perhaps an easy way to gain an appreciation of what Moller-

Plesset perturbation theory is attempting to achieve, and how, is to view 

some of the theory behind the calculations invo1ved70• [to simplify these 

I equations further, we will only consider the time-independent 
• Schrôdinger Equation]. 

Suppose that one is unable to solve the Schrödinger equation 

I Equation 1. 

=  EjjTn 

•1 
for the wavefunctions and energies of the bound stationary states 

of the system. 
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I 
Perturbation theory takeE the following approach: o 

I Suppose that the Hamiltonian H differs only marginally from the 

I 
Hamiltonian HO  of a particular system for which the Schr'dinger equation 

is solvable, 

I Equation 2 
4cw (o) (o) 
ii in - .i_i i  

I 
• The system with the Hamiltonian H°  is designated as the 
I unperturbed system. 

I The system with the Hamiltonian H is designated as the perturbed 

• system. 

I The difference between these two Hamiltonians is the perturbation 
H'.  

I One now wants to relate the unknown wavefunctions and energies 

of the perturbed system to the known ones of the unperturbed system. 

To aid us, we consider the perturbation to be applied in small steps, thus 

I enabling a continuous change from the unperturbed to the perturbed 

• system. 

I This yields the following relationship 

I Equation 3. • 
I HH°+xH' 

I [ultimately one sets x= 1. This eliminates it from the equations in 
the calculations]. We are now left to deal with the following problem 

Equation 4. 

i (H° + xH')f = Erin  

I This is the general approach of perturbation theory. Mollet-Pesset 
perturbation theory takes H°  to be a single sum of one electron operators 

• for which the molecular orbitals are the eigenfunctions and the orbital 
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I 
S 

I 

energies are the eigenvalues (see equation 2.). 
To e'o1, w' txpand '+' and En  ao Thylor S''r'e in t.erme of 

giving rise to the following equations 

Equation 5. 
= 

(o) + 
X Tn  

Equation 6. 

E= E(0)+  xE 1 + x2E 2 + 

[The value in () refers to the order of the correction to the wave 

function or energy, which occurs during the calcuations prior to the 

attainment of the above equat.ions]. These are then substituted back into 

equation 4. and solved. 

Moller-Plesset electron correlation corrections of order n, only 

consider those terms in equation 4. where x is to the nth  power or less. In 

Moller-Plesset perturbation theory, the Hartree-Fock energyis the sum of 

the zero- and first-order terms in equation 5. Thus the second-order 

energy correction in the perturbative expansion of the correlation 

energy69  is the first significant correction term to he taken into account, 

and is generally the most dominant correction term in the expansion. 

One can obtain from the above, some idea of how the multi-

determinental approach of perturbation theory arises. 

"The effect of perturbation on the wave 
function Tn  is to mix in' contribut.ons from 

other states 

(Levine70  P. lgg) 

This also has the effect of correlating the motions of electrons i.e. in 

a simple case such as He, if one electron is on one side of the nucleus, we 

now allow for the fact that the other electron is more likely to be on the 

opposite side of the nucleus 

In 90 30. and the literature, Moller-Plesset electron 
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I 
correlation correction of order 2 is denoted by the acronym MP. in 

I accordance with the use of the acronym MP2 by 2 30 and 

others, it has been employed throughout the results and discussion to 

I denote calculations carried out at Moller-Plesset electron correlation 

corrections of order 2 level of theory. 

The same optimization method options as are available with 

I Hartree-Fock calculations are available with MP2. No further discussion of 

• optimization procedures is thus warranted. 

I While Moller-Plesset perturbation theory is size-consistent, it is not 

variational. Thus energies obtained, while being size-consistent., do not 

represent rigorous upper bounds to the true energy' •. Theories [models] 

are said to be size-consistent if they have the property that, the 

calculated energies vary linearly with the number of particles as the size 

I of the system increases71 . It is generally found that energies obtained 

using Moller-Plesset perturbation theory are usually higher than true 
I energy values but lower than energies obtained using Hartree-Fock 

I theory. 

I While a more detailed discussion and comparison of the accuracy 

and adequacy of the above two methods [Hartree-Fock and Moller-Plesset 

Perturbation theory] will be given at a more appropriate time, several 

I points should be noted at this time to enable a greater appreciation why 

these two particular methods were chosen, particularly for those not 

I completely familiar with methods and techniques of theoretical quantum 
• chemistry. 

I Hartree-Fock theory is a simple, computationally inexpensive 

I method (generally) which gives reasonable results (generally) ' 2.. 

Hartree-Fock theory was employed basically for these very reasons, and 

I because theoretical equilibrium geometries obtained usually are a 

reasonable starting point for theoretical geometry optimisations at higher 

01 
levels of theory. 
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I 
• As one improves the theory employed, calculated equilibrium 

I gt!!Omoetrie5 generally come into closer agreement with the experimentally 

I
measured equilibrium geometries. Taking into account electron 

correlation corrections, gives some of the largest corrections to the 

energies and wavefunctions for any type of correction. Moller-Plesset 

perturbation theory is the most economical18  of all the electron 

I correlation correction methods available. 
• As mentioned in Chapter 1., calculations known as pseudo -potential 

calculations were also carried out. A brief description of this method 

I follows. 

I 
2.3 Pseudo-Potential Methods and 6auss/1qn i2O Options 

Employed In Calculations. 

In pseudo -potential calculations, we expliciuy concern ourselves 

• only with the valence electrons. The core and its effect on the valence 

I electrons is approximated by the implementation of an effective core 

I
potential (ECP). This potential is essentially there to mimic the core 

electrons effects on the valence electrons etc., so that the valence • 
I electrons do not fall in towards the nucleus when the core electrons are 

removed. The pseudo -potential must also mimic the core electrons effects 

I on the valence electrons, such that if the valence configuration before the 

core electrons were replaced is 

4s24p' 

I after the core electrons are replaced, the valence configuration should 

remain as 

'I 4s24p' 

A more mathematical interpretation of this, can be summarized as 

follows: 
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I 
In the Schrödinger Equation 

I 
H= E 

I 
the Hamiltonlan is essentially composed of operators. The pseudo-

potential method has an electronic Hamiltoniari [i.e. that part of the 

I Hamiltonian concerned with electrons], of the following form70 : 

I Te + Vee + YNe + Y e  pseudo 

Te is the sum of the kinetic energy operators for the valence 

I electrons only, 
V is the repulsions between the valence electrons, 

I VNe is the attractions between the nuclei and the valence 

electrons, 
U Ve,pseudo is the term that takes into consideration the influence 

of inner-shell electrons on the valence electrons. 

• In 6ur.w 7 30.,  the effective core potential operators 

I [V,,pseudo are the sums of products of polynomial radial functions, 

Gaussian radial functions and angular momentum projection operators. By 

doing this, we are able to replace the core electrons by a potential that is 

able to mimic the core electrons effect on the valence to the extent 

previously described. 

The valence electrons can then be treated as electrons in all- 
• electron M ii7itio calculations. 

I All pseudo-potential calculations were carried out at spin-

restricted Hartree -Pock level [throughout this entire work HF is 

equivalent to RHF, unless otherwise specified]. This is the same method as 

described previously, except it is now only applied to the valence 
I electrons. 

I "1 1 



I 
• As the potential is only an appromation to the core electrons an,,,  

I th±r fft, thie method it not uully em eccurate em 5ome 1l-elect -on 

thjtjj9 calculations. The MAAGE utility available in sthn was 
I employed. This utility allows addition of specific functions to specific • 

atoms after the basis set has been generated. The employment of this 

method was necessary, as while ssin 230.  is able to add polarization 

functions to all-electron basis sets stored internally, automatically, this is 
• not possible for pseudo-potential basis sets. Any additions must be 

I eliciUy specified. This shall be discussed further in the description of 

i basis sets employed. 

2.4 Basis Sets Employed in Calculations. 

I In 1951, Roothaan first proposed that the Hartree-Fock orbitals 
* may be represented as linear combinations of a complete set of lnown 

functions, termed basis functions 0 . The basis set3069-81 , is the complete 

I set of basis functions used. These basis functions (as used by 2 

• 30.) are termed Gaussiani-Type-Orbitals. 

I A Gaussian -type -orbital centred on nucleus a, is of the following 

I 
S 

I Nea2Y 

I N is a normalization constant, 
• Y varies depending on the orbital in question 

i.e. for an s orbital Y= 1 

I for a p orbital Y=x, y,  z (for an x, y, and z p orbital 

respectively 

I for a d orbital Y=x2, 72, 22, Xy . , yz (inclusion of the 6 d 

functions produces an extra s function from (x2+72+22)e"a2  

.1 which gives r2e"a2, an s function. 
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I 
• e- 1 is the radial component of the Gaussian function. 

I 
There are several types of basis sets. In this research, only split 

valence (CV) and Double-zeta (DZ) basis sets were employed for all-

I electron calculations, so only these basis sets will be described here. 

First it is important to know what a primitive Gaussian and a 

I contracted Gaussian are, and what the difference is. 
• A contracted Gaussian is of the form 

liaifi  

I where the functions f j  are Gaussian functions [primitive Gaussians], 

as described above. The contraction coefficients (a1) along with the 

I eonents (;) are chosen prior to the calculation, so as to obtain basis 

functions with desired qualities. The contracted basis functions may be 

chosen to be appromate fits of Hartree-Fock atomic orbitals, Slater 

I functions (another type of function sometimes used in calculations) etc.71 . 
• A contraction may be considered as similar to the Linear Combination of 

I Atomic Orbitals (LCAO) appromaUon. With the LCAO method we take a 

linear combination of atomic orbitals to describe the molecular orbitals. 

In a contraction, we take a linear combination of Gaussian functions 

I [primitives] to obtain a basis function. These basis functions are then 

ultimately used to describe atomic and/or molecular orbitals, generally. 

I It is perhaps easier to understand the concept of a split-valence 

basis set by use of an emple. Consider the application of a -3 lG basis 

set to an atom (i.e. ) in a molecule. 

I Each inner shell (i.e. Is atomic orbital) is taken to be a linear 

combination of six primitive Gaussians with coefficients fixed. For the 

valence-shells (i.e. 2s and 2p atomic orbitals), a double-zeta (see below) 

approach is taken. One 2s (or 2p) atomic orbital function is taken as a 

fixed linear combination of three primitive Gaussians, while a second 2s 
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I 
• (or 2p) atomic orbital function is taken as a single primitive Gaussian 

I with an c'rbt1 ptnnt that diff tv.ra from th tn pi-t vf thlt  

I 
linear combination 01 the three primitive Gaussians70 . 

A double-zeta basis set is one in which each atomic orbital is 

described by the use of two contracted Gaussians riot just one, as is the 

case with a -3 1G outer-shell description. A double-zeta basis set offers 

I substantial improvement over a split-valence basis set as all atomic 
• orbitais are described by use of two contracted Gaussians, which enables 

a more accurate representation of an atomic orbital i.e. for Boron, the 6-

3 1G basis set gives the following orbitals 

is, 2s', 2s, 2p', 2p",  2p)T , 27', 2p, 2p". 

I The DZ basis set for Boron gives; 
1 1&' )& )& )r. or'. i .. ,- I I ' I I ' X-y I • I LpZ 

• When an atom partakes in molecular bonding, its atomic orbitais 

.I lose their spherical distribution and become distorted. This phenomenon 

is often termed polarization. To enable a basis set to describe this 

I phenomenon to some extent, polarization functions are added to the basis 

• set. These polarization functions have I quantum numbers that are higher 

I than the mamurn 1 quantum number in the free atom. The effect of the 

introduction of polarization functions is to introduce some distortion of 

the atomic orbitals in the formation of molecular orbitals. 

I A double-zeta plus polarization (DZP) basis set is one in which d 

polarization functions have been placed on all heavy (non-hydrogen) 

I atoms, and p polarization functions have been placed on all hydrogens. 

In cin 7 30., the addition of polarization functions to most 

basis sets is indicated by putting one * or two * after the basis set title. 

I For example, a 6-3 1G basis set with d polarization functions added to 

heavy atoms is denoted 6-3 1G*.  A 6-3 lG basis set with d polarization 

functions on heavy atoms and p polarization functions on hydrogen is 

denoted 6-3 lG**.  This nomenclature is standard throughout 2wn 90 

• 
30. and literature on research in which 90 3•  has been 
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I 
• employed, and has been used throughout this research. 

I 
2.4.1 Basis Sets Used in All-Electron Ab Laitio Calculations. 

The following basis sets that. were employed, are stored internally 

within wscAn 7 30 for the  three atoms hydrogen, boron and 

I aluminium: 

• 3-2 1G 

I 32lG* 

I 
6-3 1G 

6-3 1G* 

I 63lG** 

D95 [Dunning/Huzinaga full double zeta] 

I A calculation on the pentacoordinated tribc'rane(9) system where a 

6-3 1G*  basis set with a p polarization added to the bridging hydrogens 

only was carried out by entering the basis set as a general basis set. The 

I exponent and coefficient of the p polarization functions were taken from 

• the 6-3 lG**  basis set available on 61uci.n 7 30. This calculation was 

I only run as a fi11-in', thus the basis set need not be discussed further. 

I 
90 30.  has no split-valence or double-zeta  basis sets 

stored internally for the gallium atom. All basis sets for molecules 

containing gallium must, as a result be entered as a general basis set 

using the GEN command for basis set specification available on usw 

I 
• In the results and discussion, references are made to calculations 

I on the HGa(H4)2 system using a 3-2 1G(*)  basis set. This basis set, is a 3-

2 1G type of basis set with d polarization functions added to the Ga atom 

only. This basis set was taken from previously published basis sets 

01 (Dobbs 178.) [see Appendix A.]. 

The DZP basis sets used for systems containing hydrogen, boron, 

.1 aluminium or gallium atoms, were similar to a near TZP basis set used 

I 
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I 
• t Liang J20. [see Appendi: B.]. 

All calculations were carried out with a d basis of the 6 d functions 

i 
d x2, d72, dz2, dxv,  d2,  d, where d polarization functions were a part of 

I the basis set used or considered, 
S 

I 
2.42 Basis Sets Used In Pseudo-Potential Calculations. 

I 
• There are several pseudo-potential basis sets that are stored 

internally  in ssin 9030.. 

In this research, the LANL lDZ pseudo-potential basis set was 

• employed as the basis set upon which other pseudo-potential basis sets 

I were built. 

In 7usthn 90 30.,  the LANL 1DZ basis set has a D95V 

I (Dunning/Huzinaga valence double-zeta) basis set on hydrogen and 
5 boron, On aluminium and gallium, there is a Los Alamos ECP with a DZ 

basis set for the valence electrons i.e. the LANL lDZ basis has pseudo-

I
potis on second-, third-, and fourth-row atoms, such as aluminium 

• and gallium, but not on hydrogen or first-row atoms such as boron [A D95 

I basis set has been employed for some calculations, this basis set being a 

Dunning /Huzinaga full double -zeta basis set]. 

As previously mentioned, the MASSAGE utility available on 

I
7cçj 90 30.  was used to add polarization functions to the LANL 1DZ 

basis set. This was necessary as polarization functions can not be added to 

I pseudo-potential basis sets automatically in iccw 90 30.•  The 
• LANL lDZ*  basis set is a LANL 1DZ basis set with d polarization functions 

on the heavy atoms. The LANL lDZ**  basis set is a LANL 1DZ basis set with 

d polarization functions on the heavy atoms and p polarization functions 

on the hydrogens. 

1 The functions massaged on, and their exponents and coefficients 

are given in Appendix C. 

.1 These parameter values were all taken from Duke et V 1 . Other 
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I 
• variations of the LANL 1D7  basis set were tried. These are not importi.nt 

and will be discussed as the need arises. Parameter values for these other 

I 
basis sets were the same as above, so offer nothing new to this section. 

All calculations were carried out with a d basis of, the 6 d functions 
d12, dv2, d22, d, dvz,  dXZ'  where d polarization functions were a part of 

the basis set used or considered. 

I • 
I 

I 2.5 Methods and Programs Employed In the Calculation of 

Theoretical Harmonic Vibrational Frequencies. 

I 
Molecular bond lengths and bond angles are not rigid. Atoms in a 

I molecule vibrate continuously, even at the absolute zero of temperature. 

To a reasonable appromation, the potential energy curve of a 

molecule is parabolic near the equilibrium geometry. Hence to a 

reasonable appromaUon, the vibrations of a molecule with an energy in 

• this region obey the equations of simple harmonic motion [these 

I vibrations are termed harmonic vibrations]. While it may appear that 

these vibrations can occur at any energy, it has been found that only 

certain vibrations are allowed [the fundamental vibrations] these • 
vibrations occuring with a specific energy82 . it is these energies which 

determine the wavelengths of light the molecule will absorb [just as with 

excitations of an atom, only lower in energy], these wavelengths then tell 

us the frequency of the vibration. Such frequencies may be calculated by 

theoretical means, which is what a harmonic vibrational calculation 

attempts to do. 

The employment of different methods places different constraints 

on the calculation of harmonic vibrational frequencies. 

All, all-electron Hartree-Fock frequency calculations, were carried 

out on 90 30.,  the second derivatives of the energy being 
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I 
• calculated analytically. 

All Hrtree-Fock p5eudo-pot.enti.l frequency calculations were also 

carried out on cn ,2230. Unlike above, the option Freq=numer, was 
U used. This results in the second derivatives of the energy being calculated 

numerically using analytically calculated first derivatives. Frequency 

calculations with a pseudo-potential basis set can not be done analytically 

U on 2ww 9230..  Harmonic vibrational frequency calculations at Moller- 
• Plesset Perturbation theory were carried out using The Cambridge 
I Analytic Derivatives Package (CADPAC) Issue 4083.,  available on 

or 

the VP- 100 at The Australian National University. The reason f o r using 

CADPAC83  and not 97 30., was due to time and expense. 

I 90 30. harmonic vibrational frequency calculations at Moller-

Plesset perturbation level of theory are done numerically. CADPAC83 , as 

I the full name suggests, does such calculations analytically, thus reducing 

time and expense. [whether a calculation is numerical or analytic refers to 

whether the second derivatives of the energy are estimated numerically 

or calculated analytically]. 

•I 
I • 
I 
I 

I 

I 
I 
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I 3. Results and Discussion. of Investigations 
1 into the Structures of The Analagous 
• Systems HGa(BH412 and HA1(BH412 
I 

I 
S.  

I 

I 

I 

I 

I 

I 

I 

I 
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I 

The l- ydridaluniinum .5tCIL 

both to investigate its structure and stability, and as a comparison to the 
analogous system HGa(BH4). As a consequence, the results, and 

discussions of both these systems have been included in the same chapter 

to enable a greater ease of comparison of results, when analogies between 

the systems are drawn [if any] 

3.1 Results' and Discussion for Hydridogallium 

bis(tetrahydroborate): HGa(BH4)2 

The various values displayed in Figure 3.1. and Table 3.1 (see 

below), illustrate the optimized theoretical geometries of the 

pentacoordinated HGa(BH4)7 syst.em having C7\  symmetry,, and their 

theoretical energies. These are compared to energies of other possible 

configurations of Ga57H9. 

Table 3. 1 Total Energies On au) for Possible Configurations of GaB2H9  

Obtained By Various Basis Sets and Methods. 

-2 lG(*) t)zp 

Methods C,a cvclic-C?vb Csc c2v 
HF -1%$22$97 -196S.211It5 _19f.$2114$a _1977674?5d 

MP2 -196$ 4777 -197$ 37549 

a c2  represents the pentacoordinated HGa(BH4)2 system with C2 

symmetry. 
b C7\  represents a possible cyclic structure, the structure being essentially 

the cyclic p-53H9  system with Dh  symmetry, where one of the boron 

atoms has been replaced by a gallium atom (see Fig 2.). 

C C.  represents a possible cyclic structure, the structure being essentially 
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Ui sc-u tur th , .tEm with 5V1riiLtV, \iE 

of the boron atoms has been re1aced by a gallium atom (see Fig 3.). 

d Value from unpublished results of t)uke & a! •. 

I 
• The MP2/DZP energy given in table 3.1, is riot the minimum energy 

I for a completely optimized energy [i.e. convergence criteria not satisfied], 

• but rather is the energy of the system with a geometry which is almost 

converged [converged, being defined as, the default convergence criteria 

I for ausciw 2 30. having been satisfied). The predicted change in 

energy given as'part of the calculation when using the azs 30. 

I package, suggests that only the last figure in the value given in table 3. 1 

would change upon completing the geometry optimization. The geometry 

optimization was not completed due to the time taken, and the expense of 

I such calculations on such a system. 

• Energy,  values in table 3,1 agree with experimental results, in that, 

I the peritacoordiriat.ed form IHGa(BH4)2], is the most stable configuration. 

I 
This is as indicated by the fact that only the pentacoordinated form 

[HGa(BH4),], is observed. At Hartree-Fock (HF) level of theory with a 3- 

2 lG(w)  basis set, the C2- pentacoordinated HGa(H4), system is 

appromately 0.0 1749 au lower in energy than the cyclic: C-GaE,Hq  

I system and appromately 0.01792 au lower in energy than the cyclic 
• C7-Ga,H9 system. These are quite reasonable decreases in energy, the 

I above values being equivalent to decreases of 45.9 kj/mol and 47.0 

I kJ/mol in energy respectively. For the HF/DZP method, we note that there 

is a marked decrease in the calculated energy for the C2 

I pentacoordinated HGa(BH4), system, this is a standard occurrence when 

an improvement in the basis set used at the Hartree-Fock level of theory, 

I is made. Upon partial consideration of the effects of electron correlation, 

I
by use of Moller-Plesset perturbation theory of order 2, a decrease in the 

calculated energy of 0.70124 au is noted. This is the magnitude of the 

I electron correlation correction one would normally expect for such a 

I 
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I 
0I Fig. 3. 1 meoreUcal structures of Ui C2  configuration of HGa(BH4)2 

obtained at various levels of theory with various basis sets. 

I H. 

•1 

____ ___ 

- 

I H 
H1 1 H1  

Methods Employed 

Georne Lri cal 

I Parametera HF/LANL1DZ HF/3-2JG( MP2'3-21G() HF/DZPh 

r(Ga1-H2) 1.544 1.560 1.566 1.547 1.532 

1.800 1.816 1.613 1.795 1.777 

0 r(B-H3) 1.304 1.291 1.290 1.296 1.282 

I r(B7-H9) 1.166 1.190 1.199 1.192 1.192 

r(B-H11) 1.166 1.166 1.198 1.191 1.190 

r(Ga1-B7) 2.248 2.239 2.212 2.223 2.180 

<H2Ga1H 3 114.9 1 15.6 1 15.6 115.2 115.5 
<H,GalB7 120.7 120.6 120.5 12 0. 6 119.9 

I <H3GaiH 70.6 70.4 71.3 71.4 71.9 

122.5 121.8 121.8 122.0 122.7 

a Bond lengths are in arigstrorns, angles in degrees. 
b Values for geometrical parameters taken from unpublished results of 

01 

Duke 

I 
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These cor1u.si:ns are su.pc.ted tv the results of harmonic 

vibrational frequency calculatioflE; On the cyClic-C and CyOliC:-Cç  
I structures as part of this work and investigations by others'•. It has been 

I found that the cyclic -C2.  structure is calculated to be a transition state of 

• order 3 [calculated imaginary frequencies are 1 60i, 1 oôi, Oil while the 

I cyclic-Cs  structure is calculated to be a transition state of order 1 

I [calculated imaginary frequency is 68i). The calculated harmonic 

vibrational frequencies of the C?v  HGa(BH4)2 system obtained using a 

HF/3-2 1G(*)  method are given in table 3.2 (see following page). No 

imaginary frequencies were obtained, indicating that the optimized 

I geometry for the HF/3-2 1G(*)  method, is predicted to be a true energy 
• minimum i.e. not a transition state. 

All geometry optimizations for the pentacoordinated HGa(BH4)2 

I system were carried out with the symmetry constrained to both a 07 \T and 

• 02 symmetry. In all cases, the C2 symmetry geometry optimizations 

I converged to a geometry where the symmetry was almost C- i.e. 

changes in the molecular symmetry were being predicted by the 

I calculations. For the geometry optimization carried out using the 

1-4P2/DZP method, the 

I 
• Table 3.2 Harmonic Vibrational Frequencies (cm-  I ) and IR Intensities (km 

I mol-1) for HGa(BH4)7 with C2y  Symmetry Obtained from the HF/3-2 1G(w) 

Method. 

WI 
Frequency Intensity Symmetry 

I 2797 150 A1 

I

2795 33 B2 

2701 12 A1 

.1 2699 106 B2 

I 
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Frequency Intensity ymmetry 

2114 37 B2 

2080 227 A1 

1 2072 220 B1 

• 2050 628 B2 

I 1927 -0- A2 

I 1635 96 A1 

1558 661 B2 

1 1469 39 B1 

1445 -0- A2 

1 1276 1 

1 
1266 -0- A2 

1239 39 A1 

1 1221 238 

• 1081 16 A1 

I 1075 5 B2 

i B 
I 659 124 

651 -0- An 

541 32 A1 

1 496 143 B2 

• 492 23 A1 

432 13 A1 

I 249 4 B2 

• 239 16 B1 

I 130 -0- A2 

109 10 A1 

I 
I

ca1cu1aton was halted before the geometry optimization had c:onverged )  

due to the time and expense of such calculations. Pegard1ess, the results 

I that were obtained from this calculation suggested that the C, geometry 
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oJ.t.1rIii:.tlon w3E. .I.- .7rr1rr1etry The 1C:7est eflei,1e 

obtained for this incomplete geometxy optimization were 'in au: 

I E(RHF) = -1977.67148 

• EUMP2 = -1978.37399 

I 
Both these energies are approximately 0.003 au higher than the 

1 respective C, energies. One must remember that the C2y MP2/DZP 

I geometry optimization was unfinished, hence the C, structures energy 

would be expectd to be ever± lower than is given in table 3.2. 

I As mentioned previously, this appears to be in disagreement with 

more recent experimental characterizations of the geometry by electron 

diffraction3 , but in agreement with the original experimental 

I characterizations of the geometry by infra-red and microwave 

• (rotational) spectroscopy2. Consideration of the geometrical parameters 

and their calculated values, sometimes lends itself to an explanation of 

I 
occasions wtiere discrepancies between theory and experiment occurs. 

This is often in the form of uncharacteristic changes in values for a given • 
I geometrical parameter upon improving the basis set or the theory used. 

This includes such things as the occurrence of larger than usual 

I alterations, or alterations in the opposite direction [i.e. bond shortening 

• when usually lengthened upon employment of a particular method]. 

I The geometry of HGa(BH4)2 may be considered as composed of two 

I different groups of parameters; the bridging region parameters and the 

terminal region parameters. In Fig. 3. 1, the terminal parameters are 

I rGa1-H,, r(B7-H9), r(B7-H11) and <H957H1 1. In general, in such types of 

bonds, electron correlation tends to lengthen such bonds. With the 3-
I 2 1G(*) basis setS, this is indeed the case on progressing from HF 

calculations to MP2 calculations [increases in length of 0.006-0.01 

angstroms occuring] , there being essentially no change in the value of 

I <H9B7H11. In the case of calculations using the HF/DZP and MP2/DZP 

I 



methods, this does not. appea: tc be the case. in bonds nvo1ving terminal 

riydrc'geris bonded to boron, there is essentially little or no change in the 

bond lengths upon inclusion of electron correlation effects. In the case of 

I the terminal hydrogen bond to the gallium atom r(Ga1-H2), there  appears 

• to be a reasonable degree of shortening of the bond (0.0 15 angstroms). 

1 Changes in bond lengths are due to mixing of excited-state wave-

I functions into the Hartree-Fock ground state electronic description'8 . 

This 'mixing is due to the multi-determinant approach of Moller -Plesset 

I perturbation theory. It would appear that in this case, these excited-state 

wavefunctions live considerable bonding character, thus shortening this 

I bond. This is not the case for this bond where the basis set employed was 
• the 3-2 lG() basis set. it should be noted that the 3-2 lG(*)  basis set is riot 

the ideal basis set for electron correlation correction calculations. 

I 'It has been found's. that d-type polarization functions are 

• necessary for the proper description of electron correlation involving 

electrons in P-type atomic orbitals. As mentioned ifl Chapter 2., for the 3- 

I 
2 1*)  basis set, d-type polarization functions are only placed on the 

gallium atom, not on the boron atoms. The DZP basis set has d-type 

'i polarization functions on the gallium and boron atoms, p-type 

polarization functions also being placed on the hydrogens. It may be that 

I inclusion of such functions causes the excited -state wavefunctAons that 

• are 'mixed in' to be more bonding in nature, not slightly anti-bonding as 

I appears to be the case tfl the MP2/3-2 lG() method. The DZP basis set 

I also better describes the wavefunctions of a particular system than the 3-

2 lG(*)  basis set, thus such a discrepancy as observed is most likely due to 

the use of a better basis set, not any unusual behaviour of the molecule. 

It is interesting to note that while lengthening of such bonds 

I discussed above is the usual case in gallohorane, the opposite has been 

SI found in similar calculations as carried out here28  [bond shortening 

occurring on going from HF/6-3 lG**  to MP2/-3 lG methodsi. Thus the 

I above results for the DZP basis set are not unusual, and are not 
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significant. 

All other parameters listed in Fig. 3. 1 are bridging region 

parameters. It is most commonly found'8  that such regions tend to 

contract upon inclusion of electron correlation corrections. This has also 

been found in other similar theoretical studies of galloborarie28 . As is 

obvious from the values given in Fig. 3. 1, this contraction of bond lengths 

and the overall bridging region occurs on inclusion of electron correlation 

corrections by use of both the MP2/3-2 lG(*)  and 14P2/DZP methods. As is 

the case of the Hh-Ga-Hb  angles28 , increased on going from HF/6-3 lGt to 

MP2/-3 lG*,  <1Ga1H5  increases upon inclusion of electron correlation 

corrections for both the 3-2 IG(*)  basis set and DZP basis set [increases are 

0.9 and 0.5 degrees respectively]. 

Overall, the same types of trends in calculations on the HGa(BH4)2 

system where the DZP basis set is employed are seen in other theoretical 

studies on the galloborarie s7stem 28  where the basis set employed was a 

lG basis set or a DZP basis set. These trends include shortening of all 

bonds on going from HF/-3 1G**  to MP2/6-3 IG**  levels of theory, arid 

increases in the calculated bond angles, in most cases. While calculations 

on the HGa(BH4)2 system using a 3-2 1G(*)  basis set may show some 

trends which are in part due to an inherent inadequacy of the 3-2 1G(*) 

basis set for highly accurate electron correlation calculations, calculations 

on the HGa(BH4), system using a DZP basis set do riot appear to show any 

unusual or uncharacterisitic trends when compared to similar calculations 

on the galloborane28  system. 

Calculated geometries28  of the galloborane system using HF/6- 

3 lG, HF/DZP, MP2/-3 1G**  methods are in quite reasonable agreement 

with the experimentally determined geometr728.29 , thus would suggest 

that one can expect calculations on the HGa(BH4)2 system using similar 

basis sets and methods would also be in reasonable agreement with 

experiment [particularly if employment of these methods ethibits no 

significant discrepancies from what is normally observed], and so far no 
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I caicul.tKris t any level o the.ry h3vE indicated c .u,ested it tc have 

a theoretical equilibrium geometry with C, symmetry. All these 

calculations agree with the original characterization of the structure2 , 

I with the symmetry being C,. Calculations of this nature are usually in 

S quite reasonable agreement with experiment. It should be noted that 

even though Barlow t V.  3 ,  concluded the symmetry to be C,  they also 

suggested that the symmetry may indeed be intrinsically C,, but may be 
• subject. to a large amplitude of rocking of the 5H4  groups about their rest 

positions. They concluded that the symmetry was C,, as the concept of it 

being C, suggested that the Ga-H bond would change by as much as 0.02 

angstroms in the course of its motion, a change they  concluded to be 
• improbable. Perhaps this is indeed the case. 

The calculated harmonic vibrational frequencies using the HF/3- 

2 lG() method are listed in table 3.2. such calculations give some 

• indication of the adequacy and accuracy of the basis set and level of 

theory employed. Calculated harmonic vibrational frequencies are 

generally up to 10 too high' •. Unfortunately, a complete listing of the 

I harmonic vibrational frequencies for the HGa(BH4)2 system that had been 
S 

I
measured experimentally, could not be obtained. Thus a full and true 

comparison of the accuracy of the HF/3-2 1G(*)  calculated harmonic 

vibrational frequencies can not be made. 

• The pseudo-potential basis set, LANL 1DZ was also employed for 

I geometry optimizations. Overall it appears to in  give quite a reasonable 

prediction of the theoretical equilibrium geometry. such calculations are 

discussed in greater detail in Chapter 5, which discusses such calculations. 

The MP2/DZP calculated C?v  symmetry of the HGa(BH4)2 system is 

illustrated in Fig. 3.2. In order to enable a clearer picture of the 

I arrangement of the hydrogens about the gallium atom, the gallium has 

I
been reduced in size slightly. The symmetric arrangement of the bridging 

hydrogens about the gallium atom is clearly visible. These diagrams were 

I obtained using MacMolecule Version 1.5. 

SI 
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I 
Fig. 3.2 Illustration of the C2., Symmetry for HG(BH4)2  obtained using 

I the MP2/DZP method 

I 

0I 
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2 t  t:  U I Lt. and Piciison for iydridoa1uminiurn 

Ii k.y4roDora),: JiA1(H 

I As previously mentioned in chapter 1., the monomer HAl(H4),h 

• not been isolated by experimental means' -631 51  or observed. It has 

I been found to east only5  as a complex in soluUon -6., or as a 

polymer5.3 I .51. 

Table 3.3 Total Energies (in au) for the C2  Symmetry Geometry of 

HA1(BH4)7 Obtathed f;y Employment of Various basis Sets at Various 

Levels of Theory. 

Method 3-2IG()8 6-3IG 6-3I Gf 6-31Gm D955 DZP 

HF 29.8895' 296.35i51 2 9 6.,i 6 2 77 29 6.117125 296.39059 296.'7908 

• MP2 296.732 

a Absolute value of energy taken i.e. true value is negative of given value 

A tabulation of theoretical energies calculated using various basis 

I sets at various levels of tfleory is given in table 3.3. From these values23 , 
the monomer HA1(BH4)7, appears to be stable, theoretically at least. A 

I comparison to the theoretical energy values25  for alaborane and borane 

obtained using equivalent basis sets at the same levels of theory, 

indicates that, HA1(BH4), is stable with respect to borane plus alaborane 

by appromately 0.02 997 au at HF/DZP level [this energy decrease being 

• equivalent to appmomnately 78.7 kJ/mol}. It should also be noted that 

I alaborane is itself predicted to be stable, according to theoretical 

predictions28 , though it is still riot or  served experimentally. 

•. 
I 
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Tat1E- .4 Oaku.1atEd Harmonic Vibrati.na1 Freu.erie crn and IF. 

'1 Intensities (km mol- 1)  for HA1(BH4 , with C:2 ymrnetry Obtained frm 
I the HF/DZP Method. 

I 
• Freg. mt. gym. 

I 109 10 A1 

• 134 -0- 
I 195 4 

1 291 22 B1 

431 21 

1 550 Al 

S. 
• 

569 82 

610 46 B2 

I 705 308 B2 

• -0- A2 

I 874 9 f1 

1096 

.1  1106 24 A1 

I 1200 126 B2 

1213 20 A1 

1 1220 -0- A2 

• 1231 <1 B1 

I 1500 -0- A2 

1534 32 B1 

• 1652 846 B2 

1 1722 134 A1 

1975 -0- A 

I 2101 625 B2 

SI 2103 218 A1 

2137 471 B1 

2167 A1 

1 2 



I F:ec Irt..  

I 1'9 
I 2677 25 A1 

1 2769 43 

• 2771 15 A1 

I 
Harmonic vibrational frequencies calculated using a HF/DZP 

method are given in table 3.4. The harmonic vibrational frequencies were 

I calculated for all basis sets listed in table 3.3, at Hartree-Fock 1CVC1. In all 

cases, no imaginthy harmonic vibrational frequencies were obtained. This 

I lack of a calculated imaginary harmonic vibrational frequency, indicates 

that the molecule in question is predicted by the method employed, to be 

global energy minimum. These results give support to results in table 3.3, 

in that, theoretically at least, the monomer HAl(BH4)7 is predicted to be 

• experimentally isolatable. 

Reasons for its difficulty of isolation, as an uncomplexed, relatively 

I 
stable molecule, can probably be found in discussions and explanations of 

similar phenomena in alane, dialane, and alaborane [i.e. experimentally 

I unisolated, but predicted to be stable by theoretical methods]. Molecules 

with Al bonds display a tendency to associate or polymerize, and has 

I been widely documented5 6 . Van der Woerd et 28. suggested that the 
• highly polar nature of the aluminium may enhance the competitive 

I formation of dimers, timers, e. These results do not offer any new, or 

i
support any current theories as to why this is so, but simply provide 

another illustration of a common phenomenon amongst compounds with 

I Al-H bonds. 

The geometry of the HAl(BH4)7 monomer (see Fig. 3.3), was 

I optimized with it constrained to both a 02 and 02v  symmetry, using a 

• variety of methods. In all cases, the 02 geometry optimizations converged 

to the optimized geometry of the HA1(BH4)7 monomer with 02v  symmetry, 

I with respect to both the geometry and energy [ci. HA1(BH4), system]. The 

i 



results cf the HF,'ANL 1D calculatic:'n, is included for completion, and 

will be discussed fully in a later chapter (chapter 5). 

As there are no experimental characterizations of the geometry of 

I HA1(BH4)2, the accuracy of the various calculations [given in Fig. 3.3] can 

• riot be assessed properly. Regardless, the effects of using different basis 

I sets and different levels of theory are illustrated quite well. Disregardini 

the MP2/6-3 1G*  method and its results for the time-being, one can see 

the differences in predicted geometries between methods which employ 

I basis sets with polarization functions and those that do not. 

Methods which employ simple split-valence (SV) basis sets, 

I generally give, for bridging region bonds, values that are higher than 

those obtained using similar methods but with split-valence with 

polarization (SV*  or  SV**) basis sets. This is most noticeable when one 

I compares the values for HF/D95 and HF/DZP where the average 

• difference in bonds for the bridging region is 0.0 16 angstroms for the 3 

I parameters listed. The methods which employ SV basis sets generally 

underestimate angles in the bridging region by on average appromately 

I 1.0 degree, compared to SV basis sets with polarization functions and the • 
DZP basis set. Similar effects are noted for the terminal hydrogens bonded 

to the aluminium, in general [average difference between SV and SV*, 

I 5T.7** or DZP results is 0.007 angstroms, though it should be noted that no 
• significant change in the bond length is noted on comparing the D95 and 

I DZP results]. bonds between terminal hydrogens and boron show the 

i reverse, with lengths being on average appromately 0.004 angstroms 

shorter for results of methods employing SV basis sets than those 

I methods employing SV* or  SV**/DZP basis sets. The reverse trend is also 

noted for the angles, with SV methods giving angles that are 

I approdmate17 0.5 degrees larger than methods employing SV*  basis sets 

or SV/DZP basis sets. As these values suggest, there is little change in 

the angles upon changing the basis set and method employed. The most 

I sensitive angle to the method used, appears to be [from values given in 

i 
54 



I Fig. 3.3] the H3-A11 -H angle. C.acu1ations which employed a :v basis set 

give values for this parameter which are as much as 1.3 degrees lower 

than values obtained for SV*  or  SV**/DZP  basis sets. It should be noted 

I that this is still not of major significance. Differences between theoretical 

• and experimental results of 1 degree are not considered significant, nor 

I for such comparisons as are being made here. 

The effects of electron correlation were only considered where the 

basis set employed was a standard 6-3 1G*  basis set, as stored internally 

in isj.w 27 30. Most terminal hydrogen bonds were lengthened upon 

inclusion of e1etron correlation effects, as is a standard feature of 

I electron correlation corrections for such bonds. It is interesting to note 
• that as in the analogous HGa(BH4)2 system, electron correlation [basis set 

I employed being the 6-3 1G*  basis set] reduces the length of the A11-H2 

I bond [though the change is only 0.003 angstroms]. In the case of the 

• bridge region, while the A11-H bond increased in length, overall the 

I bridge region was contracted upon consideration of electron correlation 

effects [as indicated by the decrease in the E7-H3  and Al1-7 distances. 

I This once again, is a usual characteristic of electron correlation effects 

upon calculations on such systems. 

From this it appears that the symmetry of the monomeric 

I HAl (H4)2 system is indeed most probably O,. From investigation of the 

• results obtained for the wide variety of basis sets and theories employed, 

1 it appears that one should not expect to get major changes in the 

structure and symmetry of the theoretically stable configuration of the 

HA1(BH4)2 system upon the employment of 'better overall methods [i.e. 

I 

I 

•1 
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Fig. 3. Cittimized Geon tries Of t11E  

Obtained at Various Levels of Theory with Various Basis Sets. 
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HF/ HF/ HF/ MP2/ HF/ HF/D95 HF/ 

3- 6-31G 63lG* 631G* 6- (C) DZP 

2lG() 31G 

Geometry I HF/ 

Parametera LANL- 

1DZb 

r(iLj-H2) 1.570 1.563  1.571 

r(AL1-H) 1 1.793 1.749 1 1.795 

r(B7-R3) 1.304 1.281 1.286 

r(B7-Hg) 1.187 1.189 1.186 

r(B7-H11) 1.186 1.188 1.185 

r(AL1-B7) 1 2.252 2.188 2.244 

<H2AL1H3  114.3 1  114.5 114.7 

:HAL1B7 119.9 120.2 121.0 

LH3AL1H5 1  70.7 71.7 69.9 

H9B7H1 1 122.2 120.9 121.6 

Bond lengths in Angstroms, angles in degrees, 

hGeometry was optimized at C7 configuration, the final geometry being essentially 

C2, dihedral angles H2Al1 B7H11  and 1-H2A11 B7H1 I  and their symmetry equivalents 

being less than 0.2 degrees from the plane B7A11 B8. Bond lengths and angles for the 

bridging regions were taken as the average, this was found to be a reasonable 

approximation to the final geometry in other such experiments. 
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4. Results and Discussion, 
of Investigations into the Stability and 
Structure of The Possible Triborane(9) 

Intermediate In the Pyrolysis of Diborane: 
HB(BH4)2 



I 
The main oblectives of the investigations into the peritacoordinated 

I HB(BH4)2 [p-BH91 structure proposed by Duke t al. 1,  was to determine 

if it was a true energy minimum [an intermediate] or a transition state. 

• such results would enable us to determine. whether or not the ossihle 

I mechanism (given in chapter 1., and given below) may he involved in the 

pyrolysis of diborarie. 

tep2a f2H6 +H3 p-LH9  

step 2b. p-BH9 cyclic-5H9  

I 
• note: p-B3H9  denotes the C7 configuration of the pentacocirdiniated 

triborane(9) system, cyclic-B H9  denotes the C3  configuration. 

I 
• Unfortunately, a calculation of the harmonic vlbrationai 

I frequencies using an MP2 /DZP method, which would clearly indicate 

whether or not the P-D~Hq  structure was indeed a true energy minimum 

I at this level of theory c:onsidered, has proved difficult to obtain. Despite 

this, some quite interesting results on this system were obtained, and 

should be regarded as results to complement those already published'. 

I 
• A number of methods, employing a variety of basis sets, were used 

I to investigate the structure of the p-BH9  system, as illustrated in Fig. 4.1, 

i These results can he used to investigate basis set effects as well as effects 

• of electron correlation. 

I 
The 3-2 1G and 6-3 1G basis sets, are both simple split-valence [no 

I polarization functions] basis sets. The main difference between the two is 

1 the description of the core electrons; the 6-3 1G basis set uses 6 Gaussian 

primitives per basis function for the core electrons, the 3-2 1G basis set 

uses only 3 Gaussian primitives per basis function for the core electrons. 

5ci 
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Th€ .- 113 basis set, also gives a sligriuy better description of the valence 

shell electrons by use of an extra Gaussian primitive in the description of 

the valence shell electrons, than used in the  3-2 1G basis set. 

I 

I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
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I 
Fig. 4. 1 Theoretical structures of the C.7 configuration of p-B-1-i C):'tairi ,d 

At Various Levels of Theory with Various Basis Sets. 

I 

I 

I 

•I 

I 
H17  

Geometrical HF/ 

Parametera I 3-21G 

I r(Bj-H2 ) 1.170 

r(B1 '-H3 ) 1.245 

r(B! -HS) 1.718 

r(B7-H) 1.410 1.444 1.340 1.333 1.333 1,353 1.276 

r-(B-H5) 1.232 1.225 1.237 1 1.239 1.240 1.248 1.264 

r(B-H9 ) 1.184 1.183 1.187 1.186 1.187 1.189 1.188 

r(B7-H11 ) 1 1.184 1.163 1.187 1.187 11 1.187 1.190 1.187 

r(B1 -B7 ) 1.962 1.999 1.876 1.868 1 1.867 1.885 1.811 

<H2B1 H3 120.9 120.4 119.0 118.6 118.5 119.0 108.7 

<H2B1 H5 98.6 97.9 98.8 99.0 99.0 9 6 1 103.7 

<H,B I B7  116.1 114.5 116.0 116.1 116, 1 115.8 1 116.7 

<H  IB I HS 84.1 63.3 86.4 86.6 86.6 1 86.9 88.2 

<H9B7H111 122.8 122.1 122.5 1 122.4 122.4 1 122.8 124.6 

<H2B1 BH9 33.6 35.4 26.8 25.6 25.5 26.5 6.0 

<FLB 1 B7H 1  -174.3 -175.4 -173.1 -173.2 -173.2 -172.9 -177.5 

a Bond lengths in angstroms, angles in degrees. 

hThe 6_31G*(Hb**) basis set is the 6_31G*  basis with a p polarization function on 
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HF/ 

6-1G 

HF/ 

6-1G 

HF/ 

6_1G** 

HF/ 

6_31G* 

(Hb**)b  

HF/DZP MP2/DZP 

1.169 1.176 1.176 1.176 1.179 1 1.186 

1.236  1.280 1.287 1.288 1.293 1.380 

1.751 1.589 1.579 1.579 1.596 1.433 

I 

I 

I 

I 

•I 

I 

•I 
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Lht b -idginz hvdrogens 

[In all discussions on Hartree-Fock calculations, the HF/DZP method 

I results have been considered as the most accuratej. 

S If one compares the results for the two calculations involving only 

I simple split-valence basis sets., one can notice that every terminal B-H 

I
bond shortens, on improving the basis set at Hartree-Fock level from 3- 

2 1G to 6-31G. The average decrease in lengths of the terminal B-H bonds 

is 0.001 angstroms. This is in direct contrast to the increases in terminal 

B-H bonds upoin7 using a DZP basis set, the average increase in bond 

I lengths being approximately 0.007 angstroms. For the bridge region 

'i bonds, while the 6-3 1G basis set shortens some bonds while lengthening 
U others, in all cases, the changes occur in the opposite direction to changes 

I observed upon employing a DZP basis set. The mean absolute change for 

• the 6-3 lG basis set is approximately 0.024 angstroms, while for the DZP 

I basis set the change is approximately 0.064 angstroms. 

A similar situation is observed when the calculated values of the 

angles are compared. Though it should be noted that the 6-3 1G basis set 

I does in some instances, correctly describe the general behaviour 

observed on employing the DZP basis set. The 6-3 1G basis set correctly 

I describes the shift observed for the DZP basis set for the 3 angles; 

<H1B1 H3, <H2B1 115, <H2B1 B7. The average shift in these values is 
I approximately 0.9 degrees, not a significant figure in light of the fact that 

I the DZP shifts these values by approximately 6 degrees. The Hartree-

Fock calculations using simple split-valence basis sets are riot of great 

I interest, as it is often 8 that these basis sets are inadequate for 

I 
such bonding situations as being discussed here. 

The split-valence basis sets with polarization functions on some 

(SV*) or all (SV**)  the constituent atoms, apart from being improved 

basis sets, are often found to give reasonable predictions'8  of the 

1 geometries of molecules. As opposed to the results of the 3-2 lG and 6- 

'1 
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lC basis sets, the results of Hart e-Foc.i: calculations using and 

:v basis sets show quits reasonable agreement with the HF/DZP results. 

For the terminal B-H bonds, the HF/63lG*, HF/63lG*, and HF/6- 

1 3 lG(Ht) calculations give essentially the same result, the mean 

S absolute error compared to the HF/DZP results is appromatsly 0.003 

I angstroms. In the bridge region, upon inclusion of polarization functions, 

I
though some bonds lengthen, overall their is a contraction of the bridge 

• region. This is ecUy the same trend as observed for the HF/tZP method. 

I There is little change in the bond lengths amongst the HF/6-3 iG*,  HF/6-

3 lG and HF/6-3 lG(Hh**) results, the largest change being only 0.012 

1 angstroms. Overall the 6-3 lG, 6-3 lG*  and 6-3 1G*(Hb**) results for the 

bridge region bond lengths differ by on average only appromately 

0.014 angstroms. Again the results obtained for the bond angles reflect 

I the greater accuracy obtained by use of basis sets with polarization 

• functions, in that in the majority of cases, the HF/6-3 IG*,  HF/6-3 1G and 

I HF/6-3 1G*(Hh ) results are in quits reasonable agreement with the 

HF/DZP results, the largest single error being only I degree. 

The effects of electron correlation were investigated at an MP2 

•I level with the basis set employed being a DZP basis set. The obvious 

feature of the MP2/DZP results is that there is significant electron 

I correlation effects on the value of many geometrical parameters. The 
• triborarie(9) moiety has been found in previous investigations' 2,465,E7. 

to be sensitive to the effects of electron correlation, this again appears to 

I be the case. In the terminal B-H bond lengths, there is little change in the 

• lengths of B--H,)  and B7-H11, though they appear to shorten slightly 

I [0.00 1-0.003 angstroms], riot lengthen as would normally be expected (ci. 

results of HA1(BH4 )2, chapter 3.). It is interesting to note though, that the 

I length of the B1 -H, bond is lengthened to the point that it is of 

1 comparable length to the B7-H9  and B7-H11  bonds and lies within the 

usual range of terminal B-H lengths found [note that in the theoretically 

I stable and experimentally stable HA1(BH4), and HGa(BH4)2 systems, the 

i 
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reverse \.\raE, cerve] 

It is in the bridging region, that the most significant changes are 
I observed. Overall, the bridging region once again is contracted as is 

I observed with other systems (ci. HA1(BH4)7 and HGa(BI-I4), systems). It is 

• the size of the contraction that is significant. All B-H bonds in the bridge 

I region [other than the B7-H5  bond which actually increases by 0.0 16 

angstroms, and the B1-H bond which increases by 0.07 angstroms, upon 
I inclusion of electron correlation] are reduced in length upon inclusion of 

I electron correlation [mean decrease is 0.104 angstroms]. The angle H-B1-

H5  increases on1Ts1ighUy  by 1.3 degrees. In the case of the H2-B1-H and 

I H2-51-H5  angles, the H7-51-H5  angle increases in magnitude by 5.2 
• degrees while the H2-B1-H 3  angle decreases in magnitude by 10.3 
I degrees. This results in a significant decrease in their difference from 

1 20.5 degrees at HF/DZP level to just 5.0 degrees at MP2/DZP level, a 

decrease of almost 76. In the value of the H2-B1 -B7 angle parameter, a 

quite normal change of appromate17 0.9 degrees is observed upon 

inclusion of electron correlation effects. Similar observations are made for 

I the <HB7H11  parameter., a change of 1. degrees being observed. This can 

I
riot be said of the values of the dihedral angles H2-B1-B7-H9  and H2-51- 

B7-H11, where changes of appromately 20.5 degrees is observed for the 

I H2-B1 -B7-H9  angle, and 4.6 degrees for the H2-B1 -B7-H11  angle. 

• The results given in table 4.1, support the observation that the 

I structure is reasonably sensitive to the type of basis set employed at 

Hartree-Fock level, Quite large changes in the frequency and intensity of 

the imaginary harmonic vibrational frequency are obvious. It is 

I interesting to note that the imaginary frequency reduces in magnitude as 

the basis set is improved. Perhaps the most interesting and important 

I trend in table 4. 1, is that all the imaginary harmonic vibrational 

01 

frequencies have the same symmetry. In all cases, consideration of the 

coordinates of the vibration suggest that they  correspond to the 

1 movement of H5  in towards B while H6  moves out from B1. 
S 64 
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Table 1 The imaginary :i H -mni V1brticTna1 Frequency cm ) and 

its Calculated IR Intensity :m mol-1) for p-BH9  with C2  Symmetry 

Obtained By Employment of Various Basis Sets at Hartree-Fock Level of 

I
Theory. 

I Basis Set Frequency Intensity Symmetry 

3-2 IG 686 572 B .0  6-3lG 672 509 

1 63lG* 550 694 B 

6-3 1G** 495 654 B 

I 6-3 1G*(Hh**)a 492 657 B 

DZP 477 679 B 
a Basis set is as described for Fig. 3.1  

I 
• Another interesting feature of the results tabulated in table 4.1 is 

I that, for the HF/6-3 1G*(Hh**) and HF/6-3 1G** harmonic vibrational 

frequency calculations, the imaginary harmonic vibration has essentially 

the same frequency and intensity. This also suggests that this imaginary 

I
frequency is most probably due mostly to the vibrations of the bridging 

hydrogens., the two basis sets involved in these calculations have the 

I same basis sets on the bridging hydrogens. These results clearly illustrate 
• the fact that at Hartree-Fock level of the theory, it appears that the p-

BH9  system will always be predicted to be a transition state. 

I
The effects of electron correlation on theoretical harmonic 

vibrational frequencies have been investigated8 , though these 

I calculations concentrated on calculations on chemical systems involving a 

6-3 lG*  basis set. Significant effects were found, with shirts in the 

I calculated harmonic vibrational frequencies of 200-400 cm-1  being quite 

1 common. In light of the observations made with regards to the effect of 

electron correlation on the structure of the p-B3H9, one may expect that 

I similar or even larger changes in the harmonic vibrational frequencies . 65 
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I calculated by the HF/DZP method upon calculating them at a 

level. Thus it is quite possible that no imaginary harmonic vibrational 

frequency will be calculated at an MP2/D7P level. It is also quite possible 

I that one still obtains at least one imaginary harmonic vibrational 

• frequency at MP2/DZP level. One must remember that calculated 

I harmonic vibrational frequencies are reasonably sensitive to the 

geometry at which they are calculated. All of this though is still 

I conjecture, no firm conclusions can be drai from these results. • 
I Overall, one can see that electron correlation eflects cause the 

geometry to be valtered from a heavily distorted C2 configuration to a 

I more C2v configuration, though it is still distinctly C2 in its configuration. 

S This dramatic change is clearly illustrated in Fig. 4.2 and Fig. 4.3, obtained 

I using MacMolecule Version 1.5. Note in particular, the position of the 

I bridging hydrogens. As the MP2/DZP harmonic vibrational frequency 

calculation by use of CADPAC83• was not obtained, the exact meaning of 

I what such significant electron correlation effects mean in terms of its 

theoretically predicted stability, can not be unambiguously concluded. 

I The p-E 3H9  structure may always indeed be a transition state 

corresponding to a transition state occurring in the transition between 
I two energy minima. These energy minima may correspond to the 

I structures where the ?1-H5  bond is long while the B1-H6  bond remains 

• relatively short, and the other possibility where the B1-H6  bond is long 

I while the E 1 -H5  bond remains relatively short., or where E I  and H6  are not 

I 
bonded. Investigation of such possibilities may also enable some insight 

into the true nature of the P-BH9 moiety to be made. 

The energies obtained using the various methods are given in table 

4.2. No new observations are made which have not already been 

mentioned in the literature' . that the p-B3H9  structure is slightly higher 

1 
in energy than the cyclic-?H structure with 03v symmetry, mentioned 

and illustrated in chapter 1 Ihigher by appromately 0.00634 aul. One 

I interesting point is that the HF/6-3 IG**  energy is slightly lower than the 
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energy obt.aned from HFE: ni'tnod The significance of the effects 

of electron correlation are also indicated by the quite reasonable decrease 

in the calculated energy observed on going from the HF/DZP method t 

the MP2/DZP method [appromate1y 0.37819 au (cI. energy decrease 

between the HF/DZP and MP2iDZP methods recorded for the much larger 

system [over twice as many electrons] HGa(BH4),, of appromately 

0.70 124 au)}. 

Table 4.2 Total Energies (in au) of p-BH9 with C2 Symmetry Obtained By 

Employment of anious Basis Sets at Various Levels of Theory. 

Basis Set HF MP 2 

3-2 1G -78.70596 

6-31G -79.12211 

631G* -79.17868 
6.31G** -79.19077 

6-3 1G*(Hh)a Q 18605 

DZP -79.18895 

a Basis set is as descnibeci at Fig 3. 1 
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3-D Depiction of the Optimized Geometry of the p-B3H9  
obtaiiied using the HF/DZP method 
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I 
• In the investigations into tfle usefulri'-ss an relative expense of 

pseudo-potential methods for the calculation of theoretical equilibrium 

I geometries and harmonic vibrational frequencies for large systems 

• containing second- and third-row atoms, the two heavy-atom 

I hexahydrides [excluding diborane] were used as the systems upon which 

calculations were made and results compared. The l'iexahydrides were 

I used for reasons stated elsewhere (chapter 1.), and so need not be stated 

i
again. 

Two areas, along with the relative expense of such calculations 

I were considered, These areas were: 

I 1. The applicability of pseudo-potential methods in calculating 

theoretical equilibrium geometries in reasonable agreement with more 

accurate all-electron calculations. The relative expense of such 

1  calculations as compared to the expense of all-electron calculations. 

I 2. The applicability of pseudo-potential methods in calculating 

harmonic vibrational frequencies in reasonable agreement with more 
I accurate all-electron calculations. The relative expense of such 

I calculations as compared to the expense of all-electron calculations. 

Interesting results were obtained for both these areas that were 

•
1 

investigated. 

I 

I 

I 
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I 
5. 1 Theoretical Equilibrium Geometries Obtained Fy 

ployment of Pseudo-Potential Methods: Results and 

I
Discussion. 

I For all hehydride systems considered, the LANL 1DZ basis set, 

and variations of this basis set, at Hartree-Fock level, were used to obtain 
I theoretical equilibrium geometries. These results were then compared to 

results of comparable all-electron calculated theoretical equilibrium 

geometries [comparable meaning that, the basis set employed on the 

I hydrogens is essentially the same, the heavy atoms having the same sort 
• of polarization functions etc. on them for the two methods being 

I compared. The level of theory i.e. Hartree-Fock theory, is the same or 

I
C quite  similar]. The results  of these calculations are given in tables 

. 

l 
 

for the specified heahydnide. 

I As can be seen from tables 5. 1-5.5, the HF/LANL 1DZ method 

generally gives reasonable results [reasonable in that they are generally 

within reasonable error margins of results of all -electron calculations 

using comparable basis sets ]. 

From table 5.1, one can see some interesting trends for calculations 

on the dialane system. When one compares the tabulated HF/LANL 1DZ 

• results with the tabulated HF/6-3 1G results, one finds that there is good 

I agreement between calculated values of parameters involving the 

terminal hydrogens (i.e. r(Al-H) and <HtAlH). it is also notable that the 

HF/LANL 1DZ method overestimates the bond lengths and angles of the 

I
bridging region, in particular the distance between the two heavy-atoms. 

In the digallane, galloborane, alaborane and gallalane systems, though 

I complete results of calculations using HF/6-3 1G and HF/6-3 1G*  results 

I 
could not be obtained, one can see that the HF/LANL 1DZ method tends to 

give larger values than anticipated for bridging region parameters. At the 

same time, it gives values for terminal, hydrogen-heavy atom bonds that 
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I fail Withifi C1 fl.1 thE flE 13C' nma1ly c tned by Ui 

calculations: 
I Ga-Hi 1.5-1.7angstroms 

I A1-H 1 5-1.8 arigstroms 

• B-Hi 11-1.2 angstroms 

I 

I 
The exception to this is digallane, where one can see that the 

HF/DP and HF/LANL 1DZ results are in quite good agreement with each • 
I other. This is most likely to be of a more fortuitous result than anything 

else, as similar degrees of accuracy for the HF/LANL 1DZ method for 

1 other hehydride systems considered are not found. The basis sets are 
• not comparable i.e. the LANL IN basis set does not have polarization 

functions on all constituent atoms. 

I In addition to these calculations, calculations on the C2 

• pentacoordinated HGa(EH4), and HA1(E.H4)2 systems were also carried out 

as a check. These were essentially to ensure that calculations carried out 

using a HF/LANL 1DZ method and other such methods on the 

I riexahydrides would indeed show similar trends and errors, and thus 

were indeed applicable to larger systems. 

In the case of the HGa(BH4)2 system, no calculations were done 

I using a HF/-3 1G method, so comparisons between the HF/LANL 1DZ 

• method and a comparable all-electron method can not be accurately 

I made. Despite this though, one can see that the HF/LANL 1DZ method 

i gives values which appear to follow similar trends as ethibitod for the 
U hexahydrides, in particular galloborarie i.e. slightly large values for the 

1 bridge region parameters. 

In the case of the HAl(H4)2 system, calculations were done using a 

I HF/6-3 lG method. As found for the riexahydrides, the HF/LANL 1DZ 

I 

method tends to overestimate the bond lengths and angles of the bridging 

regions, while giving results within quite reasonable error margins of the 

I HF/6-31G method for all other listed parameters [mean absolute 

73 

I 



1 difference trom. for the terminal M-i on ia. .: mateiy COO I , 

mean absolute difference for the bridge region bonds is appromately 

0.009 angstroms}. Thus it would appear that the trends and conclusions 

I observed and made for the  heahydrides will indeed be applicable to the 

• larger systems. 

I For the hexaliydrides, calculationE; in which a LANL 1D basis set 

with p-type polarization functions massaged onto the hydrogens, at 
I Hartree-Fock level, were also carried out. The results of these calculations 

1 indicated that there was overall, an improvement in the calculated values 

of some of tle geometrical parameters listed for the various 

I hehydrides. Calculations employing a HF/LANL lDZ*  (see methods, 

• chapter 2) method, gave similar improvements in the calculated values, 

I and also gave a larger decrease in the calculated theoretical energy of the 

system. This phenomenon, of d functions on heavy atoms giving a lower 

energy than the placing of p-type polarization functions on the 

I hydrogens, is widely documented, and is part of the reason as to why 

wscjn 9.2 30. adds d polarization functions to the heavy atoms before 

I p-type polarization functions [i.e. note the standard progression of 

/O°• basis sets: 6-3 IG, 6-3 lG*, lG]. In keeping with this 

standard progression, the results of the HF/LANL 1DZ(H*)  method, while 

1 interesting, are not necessary and will not be discussed further. 

• A complete set of results of an all-electron calculation which 

I employs a basis set comparable to the LANL 1DZ*  basis set, was only 

I
obtained for dialane (see table 5.1) by use of a HF/63lG*  method.  As 

can be seen from table 5. 1, the agreement between the HF/LANL 1DZ*  and 

HF/6-3 1G*  results is quite good, with all bond lengths within 0.01 

angstroms of their respective comparitive value. Similarly for the angles, 

I where the mamum difference is reduced to 0.4 degrees. This is an 

I 

encouraging result. For all other hehydrides, their is an obvious 

decrease in the difference between all-electron calculated values and 

HF/LANL1DZ* values. It must be noted that the HF/631G*  method is 
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I perhaps the most commonly used method that is directly rriparahle 

i with the HF/LANL 1DZ*  method, so no firm conclusions can be drawn, 
I though these results are again, encouraging. 

I The pseudo-potential method that was employed, that is of most 

• interest and importance, is the HF/LANL lDZ*  method. This is because it 

is directly comparable with two quite extensive, and usually accurate, all-

electron methods designated as HF/63lG**  and HF/DZP. For all systems 

except digallane, both HF/6-3 lG**  results and HF/DZP results are 

I tabulated for comparison. Upon perusal and comparison of the 

HF/LANL lDZ*,  i-IF/6-3 1G**  and HF/DZP results, quite a remarkable 

I feature is noticeable. 

For all hexahydrides considered [except digallane, due to lack of 

sufficient data], the HF/LANL 1DZ**  values fall between the bounds of the 

HF/6-3 1G**  and HF/DZP results [mean absolute deviation of bond lengths 

for HF/LANL1DZ*  results from HF/6-3 lG*  results is less than 0.004 

angstroms, the difference upon comparison to the HF/DZP results is only 

0.005 angstroms. Similarly for angles, the mean absolute deviations are 

appromately 0.3 degrees and 0.2 degrees respectively]. There are only 

3 exceptions to this. 

One exception is in gallalarie (table 5.5), where the HF/LANL 1DZ** 

result for the parameter <GaHbAl is 0. 1 degrees larger than the HF/DZP 

result, and differs by 0.2 degrees from the HF/6-3 lG*  result. This is not 

a significant discrepancy, and the HF/LANL lDZ result may indeed fall 

between the HF/6-3 lG**  and HF/DZP results upon doing a geometry 

optimization with tighter convergence criteria. The other two exceptions 

are for the (HtGaHt  parameter in galloborarie (table 5.3) and the <HGaH 

parameter in gallalane (table 5.5). In both cases, the HF/LANL 1DZ result 

is 0.7 degrees less than the HF/DZP result. While this is slightly more 

significant than the 0. 1 degree discrepancy, it is notable that a similar 

discrepancy between the HF/LANL 1DZ**  and HF/DZP results of 0.6 

degrees for the same parameter in digallane (table 5.2) is obtained. Thus 
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I it may be that t1,11Z is syEt .tir and m te c rected for fi 

geometry is converged. Regardless, a 0.7 discrepancy is hardly considered 

significant for any geometry optimization carried out, and does not 

I represent a severe problem in these geometry optimizations either. From 

• the comparative errors given above, the HF/LANL 1DZ**  results appear to, 

I on average, fall about halfway between the HF/6-3 11a** and HF,/DZP 

results. Thus it would seem that perhaps the HF/LANL 1DZ**  method 

offers a suitable compromise for geometry optimizations between the two 

I all-electron methods. 

From this jone can see that the basis set designated as LANL 1DZ** 

I appears to be more than adequate at Hartree-Fock level for the purpose 
• of calculating theoretical equilibrium geometries of systems containing 

second- and third-row atoms, aluminium and gallium. 

I Relative timings for a single optimization iteration on galloborarie 

are given in table 5.6. The values of most interest, again, are those given 

I for the HF/LANL lDZ method and the HF/DZP calculations. One can 

clearly see the dramatic reduction in time taken and hence expense of 

I calculations upon using the pseudo-potential HF/LANL 1DZ**  method as 

opposed to the all-electron HF/DZP method. The ratio between relative 

timings of the HF/DZP and HF/LANL 1DZ**  methods being approdmately 

I 2.5. This only makes the use of the HF/LANL lDZ*  method a more 

• favourable possibility, as the results discussed above so far indicate that 

I the HF/LANL 1D7,**  method gives results in good agreement with HF/6- 

I 3 and HF/DZP results at a much reduced cost. It shoifld also be noted 

that the greater the number of second- and third-row atoms that are in 

I the system, the greater the savings will be. This is because the DZP basis 

set adds appromately 40 basis functions per gallium atom to the 

I number of basis functions for the rest of the molecule. In the case of the 

SI 
LANL 1DZ**  basis set, only about 14 basis functions per gallium atom are 

added to the number of basis functions for the rest of the molecule. Thus 

I the more gallium and aluminium atoms added, the greater the saving 
• 

1 
76 



Jt(2 [reniernter the n /5 :u : tin i1 iver ii 

'i ctiapter 1.1. 

I 
•I 
I 

S 

I 
I 

S 

I 
I 
I 
I 

SI 
I 

S 

I 
I 

S 

I 
I 

•1 
I 

77 



Table . I Pr(-thcted Gecmetry of dialane(6) By Various Basis Sets at 

Hartree-Fock Level (1)2h  Symmetry Assumed). 

Basis Set Paramet.era 

r (Al-Al) r (Al -Ht ) r(AI-Hh ) <AIHbAl <HA1H1  

LANL1DZ 2.715 1.565 1.771 100.1 129.5 
LAISIL1DZ*b 2.632 1.569 1.736 96.4 127.6 

LANL1DZ**C 2,625 1.570 1.742 97.6 127.4 

6-31G 2.639 1.566 1.747 96.1 129.6 

631G* 2.639 1575 1.746 96.0 127.7 

631G** 2.632 1.573 1.747 97.8 127.5 

DZP1  2.616 1.566 1.732 98.1 127.1 

a Bond lengths in angstroms, angles in degrees. 

b d polarization functions added to Al atoms (see methods) only. 

d polarization functions added to the Al atoms,, p polarization functions 

added to all the riydrogens (see methods). 
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1.793 

i. 785 

1 777 

1.770 

1.785 

92.4 

90.7 
Ol 

91.5 

91.2 

130.5 

129.1 

128.5 

129.6 

129.2 

121.6 
1 1 

121.3 

121.2 

121. 

I 
Table 5.2 Predicted Geometry of digallane(6) By Various Basis Sets at. 

Hartree-Fock Level (D2h  Symmetry  Assumed), 

Basis Set Parametera 

r (Ga -Ga) r(Ga-H) r(Ga-Hh ) <GaHhGa <HGaH 

LANL1DZ 2.670 1.559 1.779 98.7 130.5 
LANL1DZ*b 2.666 1.561 1.776 97.3 128.9 
LANL1DZ**C 2.652 1.556 1.769 97.1 128.5 

DZP'• 2.654 1.560 1.774 96.8 129.1 
a Bond lengths in angstroms, angles in degrees. 
b d polarization functions added to Ga atoms (see methods) only. 

d polarization functions added to the Ga atoms p polarization functions 

added to all the hydrogens (see methods). 

Table 5.3 Predicted Geometry of gallohorane(6) By Various Basis Sets at 

Hartree-Fock Level (C2 Symmetry Assumed). 

Par am eter a 

r(Ga-B) r(Ga-H) r(B - H) r(Ga-Hk) <GaHbB <HGaH 

I 
SI 
I 

•I 
I 
I 
I 
I 
I 

Basis Set 

LANL1DZ 2.267 1.556 1.188 
• LANL1DZ*h 2.228 1.557 1.189 
ILANL  1DZ**C 2.229 1 .553 1.192 

6-3 IG** 2sl 2.223 1.551 1.190 

DZP 2 .236  1.558 1.192 

a Bond lengths in angstroms, angles in degrees. 
b d polarization functions added to B. and Ga atoms (see methods). 

d polarization functions added to the B and Ga atoms, p polarization 

functions added to all the hydrogens (see methods). 
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I Tat.1 4 recictc c&c'metr oi a1aorarie6' E'y \ rious Basis et.s at 

Hartree-Fock Level (C2 7 Symmetry Assumed). 

Basis Set Parameter a 

r (Al -B) r(A1-I-L) r(B-H) r(AI-I-Ih) <AlHhE <HA1H <HBH 

I LANL1DZ 2.266 1.581 1.188 1.787 92.1 129.1 121.4 

LANL1DZ 2.202 1.566 1.189 1.740 91.6 127.1 121.2 

LANL1DZ**C 2.198 1.567  1.192 1.745 91.7 126.6 121.0 

631G 2S 2.197 1.570 1.190 1.746 91.3 127.0 120.8 

- 
DZP 25  2.211 ' 1.563 1.192 1.738 91.0 126.0 12 1.0 

• a Bond lengths in angstroms, angles in degrees, 

b d polarization functions added to B and Al atoms (see methods). 

d polarization functions added to the B and Al atoms, p polarization 

I functions added to all the hydrogens (see methods). 

I Ta1e 5.5 Predicted Geometry of gallalane(6) By Various Basis Sets at 

Hartree-Fock Level (C2v  Symmetry Assumed). 

Basis Set Parametera 

r(Ga-Al) r(Ga-H) r(A1-H) r(Ga-Hb) <GaHbAl <H tGaHt  <H tA1Ht  

ILANL DZ 2.705 1.558 1.585 1.774 99.4 130.6 129.3 

LANL1DZh 2.650 1.561 1.570 1.770 96.8 129,3 127.5 

LANL1DZ**C 2.637 1.556 1.571 1.765 97.4 128.9 127.0 

631G 28. 2.634 1554 1.574 1.759 97.2 129.8 127.4 

• DZP28. 2.637 1.560 1.567 1.769 97.3 129.6 126.4 
- 

a Bond lengths in in degrees. angstroms, angles 

I
b d polarization functions added to Ga and Al atoms (see methods). 

d polarization functions added to the Ga and Al atoms, p polarization 

functions added to all the hydrogens (see methods). 
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Table Reliv- Tm1iig. fo:' A ngle Optirin:aUor Iteration C'r 

Gallohorane, Us1ng variouE. Pseudo-Potential and .t .t2Jti BaslE; Sets, At. 

Hartxee-Fock Level. 

Basis sets used at Hartree-Focl'. level. 

LANLIDZ LANL 1DZ LANL 1DZ**b DZPC 

3.c 7.5 16.4 
a d polarization functions added to Ga atoms (see methods). 

'S 

d polarization functions added to the Ga atoms, p polarization functions 

added to all the Aydrogens (see methods), 

for description of basis set used, refer to the methods section. 

51 Harmonic Vibrational Frequencies Obtained By Employment 

of Pseudo-Potential Methods: Results and Discussion. 

The calculated harmonic vibrational frequencies of the 

hexallydrides are given in tables 5.7-5. 13. For each he.hydride [except 

digallane], a listing of calculated harmonic vibrational frequencies and 

their symmetries are also given for HF/'-3 IG**  or HF/DZP methods. The 

HF/LANL lDZ**  calculated harmonic vibrational frequencies can be 

direcuy compared to the these results. 

A notable feature of the tabulated results is that, for some pseudo-

potential harmonic vibrational frequency calculations,, the wrong 

symmetries appear to be assigned to some of the vibrations [frequency 

values that are asterisked. This appears to be due to the optimized 

geometry not being too tightly optimized [i.e. convergence criteria 

satisfied, though values toward upper bounds of default .usc'j 2 30. 

convergence criteria], and inherent inaccuracies in the method of 

calculation [i.e. numerically estimated second derivatives] of the harmonic 
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vibrational frequencies, rather Uiar iust Uie inherent ma uroi in th 

basis set employed, though it should be noted that basis sets do 

sometimes assign wrong symmetries of vibrations. This is suggested by 

the fact that in all cases where erroneous vibrational symmetry assigning 

occurs, it occurs in pairs [i.e. two consecutive vibrations], and their 

• symmetries are the same symmetries for the equivalent vibrations in the 

I
HF/6-3 1G** or HF/DZP results tabulated [i.e. two vibrations of Big  and B 2  g  

• smmetry are not assigned A. A,  or B3,  etc. symmetry, but rather 

I assigned B2g  and Big symmetry]. This is also supported by the fact that in 

all cases where 'such errors occur, one of the six zero frequencies [i.e. 

I supposed to have frequency of 0.0 cm- '], is actually in error by as much 

as 20 cm - ' [absolute magnitude]. 

These six zero frequencies are due to the 3N-6 - Number of 

I Vibrations Rule, which is a result of their being 3 perpendicular 

• directions [i.e. x, y, z axes] in which distinguishable rotations and 

I translations can occur for a non-linear molecule. Thus it would seem that 

a 'tightening of the optimized geometry would most likely result in a 

reordering of these erroneous vibrations. Thus they do not pose any 

I
major problems and should not alter any final conclusions on such 

pseudo-potential harmonic vibrational frequency calculations. 

I With these symmetry reorderings taken into consideration where 

necessary, one can see (refer tables 5.7-5.11) that the HF/LANL lDZ** 
I harmonic vibrational frequencies are in general, in quite good agreement 

I
with the harmonic vibrational frequencies obtained using HF/6-3 lG**  or 

• HF/DZP methods. While there are some cases of quite sizeable differences 

I between the pseudo-potential and all-electron values calculated [i.e. 4 

I 
cm- ' for one tabulated harmonic vibration of gallalane], overall the total 

mean absolute deviation is only about 10 cm- '. When one takes into 

account that numerical harmonic vibrational frequency calculations are 

themselves less accurate than the alternative analytic techniques 

.1 employed by HF/6-3 lG and HF/DZP for such calculations and other such 
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previously meflt( iC 2OU. :11- error, tins te.ncabso1ute 

deviation of 10 cm- ' is quite reasonable and is quite encouraging as a 

possible method of obtaining harmonic vibrational frequencies. An 

I important point with regards to this mean absolute deviation of 10 cm-1, 

• is that it also represents a good appromation of the mean absolute 

I deviation found for each individual hehydride studied i.e. the mean 

deviation for a particular hexahydride is not 30 or 40 cm-1  while the 

others have low mean deviations [for dialane, the mean absolute 

I deviation is appromate1y 10 cm-1, for galloborane it is apprcmate17 

12 cm-1, for alabrarie it is appromately 7 cm', for gallalane the mean 

I absolute deviation is appromately 12 cm-1]. This is important because, 

it indicates that the HF/LANL 1D7** method for calculation of harmonic 
U vibrational frequencies performs equally well, regardless of the type of 

I
heavy atoms involved. This is riot always the case for other methods, 

• which perform reasonably well for first- or second-row atoms, but are 

I unsatisfactory for third-row atoms, though this is most commonly 

observed in calculations involving less i1eb1e basis sets such as the 

minimal basis set often denoted as STO-3G'8 . 

I
Several relative timings for various methods are given in tables 

5.12 and 5.13. These results reflect the major drawback to using the 

I HF/LANL 1DZ** method to obtain harmonic vibrational frequencies. An 

encouraging sign though, is the significant reduction in time of 

HF/LANL 1DZ**  harmonic vibrational frequency calculations relative to 

I
the time taken for similar calculations using a HF/DZP method [ratio being 

• appromately 4.41. This as opposed to the large ratio value obtained 

I when one compares relative times for HF/LANL lDZ harmonic 

vibrational frequency calculations against amount of time taken for HF/S-

3 1G harmonic vibrational frequency calculations. 

I
When using the MASSAGE utility of usv.v 9 0 , the symmetry 

of the molecule is not taken into consideration in geometry optimizations 

or harmonic vibrational frequency calculations. If the symmetry of the 

I
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I rn1eui were to e be taln nt.o consideration, one cart e*ct the rtic f 

relative times for harmonic vibrational frequency calculations of 
HF/LANL1DZ* to  HF/53lG**  to be reduced from 10.4 to at most 4, due 

I to the reduction in the number of integrals needed to be solved. Similarly 

• in the case of HF/LANL 1DZ to HF/DZP frequency calculation methods, 

I the ratio would be reduced from 4.4 to approximately 2.5 due to a 

reduction in the number of integrals needed to be solved. In both cases, 

I significant reductions in the ratio are noted. The result for the HF/DZP • 
I frequency calculation method is particularly encouraging, as this is 

approximately equivalent to the relative saving in time obtained in 

I geometry optimizations (see section 5.1), when one compares the 
• HF/LANL1DZ** and HF/DZP methods. It should also be noted that 

I reductions in the relative time taken by each geometry optimization 

iteration for the HF/LANL lDZ  method would also be obtained on 

consideration of the molecular geometry in the calculations. Thus even 

I greater savings in time would be attained. A further reduction in the 

amount of time taken by the HF/LANL lDZ harmonic vibrational 

I frequency calculation method would be rioted if such calculations were to 

be done analytically, with symmetry taken into consideration. If this 

were made possible, the HF/LANL 1DZ** method for harmonic vibrational 

I frequency calculations may in fact become a viable, cheaper alternative 

• to doing harmonic vibrational frequency calculations using a HF/DZP 

I method, 

Thus while the HF/LANL 1D2*  geometry optimization method gives 

results of comparable accuracy to the HF/DZP geometry optimization 

I method at a reduced cost, it appears that changes to the way in which 

7usin 2O• implements the MASSAGE utility are required. Once such 

I alterations are made, the HF/LANL 1DZ**  method may indeed be a viable 

• method for the calculation of harmonic vibrational frequencies, the 

accuracy of such pseudo-potential methods for such calculations being 

1 already clearly illustrated. 
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Table .7 Harmonic Vibrati'nal Frequencies ccn -  anc :miiietn€s ic'r 

Dialane(6) [D2h  Molecular Symmetry Assumed], Calculated At Hartree-

Fock Level of Theory for Various Basis Sets. 

I 
• Freauencv Symmetry 

I LANL1DZ LANL1DZ*a LANL1DZ**b 61G 

I 251 240 252 234 

• 374 384 373 382 Ag  

I 445 442 445 439 Au 

466* ' 493 503* 
493 Bi g  

I 483* 506 49 1* 496 52g  

677 690 688 680 

707 762 763 760  BnU  

1 765 814 814 809 Ag  

• 844 837 827 817 53g  

I 988 984 973 949 52 

1226 1329 1298 1321 

1362 1457 1404 1426 E'2 g  

1 1497 1576 1525 1539 

1555 1623 1602 1601 Ag  

I 1989 2053 2033 2040 

I 
1997 2061 2041 2049 Ag  

2008 2064 2046 2050 Bi g  

1 2014 2070 2052 2056 B2u 

• a Basis set as described previously. 

b Basis set as described previously. 
* See discussion. 

1 
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Ta4e r1azTr!Cr1 i-ial Frequn.oi& cIn an IrImtT fr 

Dig.a11ane(€) [Dzh  Molecular Symmetry Assumed], Calculated At Hartree- 

Fock Level of Theory for Various Basis Sets. 

I 
• Freauericv Z, mrnetry 

I iDZ**h  LANL 1DZ LAN 1. 1D7 LANL LANL 

1 235 232 236  Ag  

• 252 235 239 B2u  

I 365 374 382 B2g 
470 470 473 

I 88 501 506 Big  

691 o99 Biu 
U 716 740 753 lu 

1 780 798 813 Ag  

• 850 825 62 6 139  

I 934 885 890 

I 

1177 1202 1226 Bi 

1299 129 1315 52 

I 14 

1535 1513 1543 Ag  

1 2031 2019 2029 Big 
2035* 2023 2034 
2033* 2024 2039 

I 2039 2032 2047 Ag  

• a Basis set as described previously. 
b Basis set as described previously. 

- 
* See discussion. 



Table Harmcnic Vibrational Frequencies (cm arid Symmetr o  y fr 

SI Gall0borane(6) [C:2V  Molecular Symmetry Assumed], Calculated At 

Hartree-Fock Level of Theory for Various Basis Sets. 

I 
S 

- 
Frequency - Symmetry 

- 

LANL 1D2 LANL 1D*a  LANL  1D2**b DZP DZP 

268 231 237 246  52 

474 479 485 466  

493 496 495 493 A2 

520 551 557 547 51 

591 605 606 598 52 

767 792 805 788 Al 

826 835 838 838 B1  

1095 1092 1073 1064 B2 

1208*  1213* 1187 1182 A, 

1183* 1207* 1206 1209 A1 

1415 1450 1455 1469 B1 

1563 1591 1600 1606 A1 

1877 1945 1934 1922 51 

2005 2032 2029 2025 A1 

2050 2040 2047 2096 52 

2054 2065 2066 2105 Al 

2682 2701 2671 2666 Al  

2793 2800 2766 2761 52 

a Basis set as described previously 
b Basis set. as described previously 
* See Discussion 
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I I Hairiic. 1brat1(?11J F quIici. 

Alaborane(6) [O2 Moleulcar ymm&try Assumedl, Calculated At Ha tree- 

Fock Level of Theory for Various Basis Sets, 

1 
• 

- 
Freu.ency Symmetry 

- 

I LANL 1DZC  LANL  1DZ*a,c. LANL  1DZ**b 

1 256 237  234 226 B7 

468 466 468 474 A 

I 540 56 570 577 A1  

559 ' 599 603 B7 

I 587 605 609 611 B1 

750 806 811 820 Al 

834 885 879 886 B1  

I 1114 1126 1103 1108 B2 

• 1179 1217 1200 1204 A2 

I 1215 1223 1212 1211 A1 

i 
I 

1437 1543 1 52 9 1543 51 

1588 1702 1682 1698 A1  

I 1888 1984 1972 1980 F. 

1998 2062 2042 2054 A l  

I 2030 2085 2062 2075  52 

1 
2032 2099 2078 2089 A1 

2689 2705 2673 2675 A1  

I 2797 2801 2766 2769 52 

a Basis set as described previously. 

Basis set as described previously. 

No symmetry determinations were possible, due to problems with 

I
C 

obtaining complete printouts. Problem unrelated to abilities of 

calculations 

SI 
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T.'Lie Ii Harinoni. ibratnai1 Frquenoie::. (crri and Symmetry for 

Gallalarie(6) IC7\. Molecular Symmetv Assumed], Calculated At. Hartree-

Fock Level of Theory for Various Basis Sets. 

Frequency Symmetry 

LANL IDZ LANL lDZ• LANL 1DZ**b DZP 28  DZP2S. 

250 233 235 239 B2 

310 310 315 317 A l  

419 442 450 449 B1  

456 456 458 461 

486 500 504 503 B, 

664 690 694 692 51 

714 753 763 756 A1 

771 606 614 614 A1  

647 626 625 630 A, 

961 926 924 924 12 

1197 1249 1266 1295  11 

1336 1361 1387 1390 A1  

1456 1469 1474 145 A1  

1543 1571 1563 1597 A l  

1992 2020 2034* 2050 

2010 2026 2031* 2055 B2 

2036 2055 2045* 2066 5, 

2040 2065 2045* 2091 A1  

Basis set as described previously. 

h Basis set as described previously. 

C No symmetry determinations were possible, due to problems with obtaining 

complete printouts. Problem unrelated to abilities of calculations. 

* See Discussion. 
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Taib1 Aro:mate Relatjv Timin For Harmonic Vit:raticnai 

Frequency Calculations of Dialane(6) [D2h  Symmetry Assumed) Using 

Various All-Electron Basis Sets and Pseudo-Potential Basis sets At 

I Hartree-Fock Level, 

I Basis Sets Used At Hartree-Fock Level 

I LANL 1DZ LANL lDZ LANL 1DZ**b 

4.9 10.4 1 

a Basis Set described previously. 
b Basis Set described previously. 

Table 5.13 Appromate Relative Timings For Harmonic Vibrational 

Frequency Calculations of Galloborane(6) [C2 Symmetry Assumed) Using 

Various All-Electron Basis Sets and Pseudo-Potential Basis sets At 

Hartree -Fock Level 

Basis Sets Used At Hartree-Fock Level 

LANL 1DZ**a DZPb 

4.4 1 

a Basis Set described previously. 

b Basis Set described previously. 
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I T. u:rIi 

Upon completion of this i-esearch project, theoretical studies of the 

structure of the pentacoordinated hydridogallium bis(tetrahydroborate), o  

• and other conformations of GaE,H9, had been carried out.. As well as this, 

I theoretical investigations of the structure a n d stability of 

hydridoaluminium bis(tetrahydroborate), had also been carried out. 

In both cases, they were predicted to be stable compounds, with 

I
the geometry of both the pentacc'ordinated systems having C2-

symmetry. In th case of the hydridogallium bis(tetrahydroborate), this 

I conclusion has some significant implications. The MP2 /DZP method 
• employed, except for highly unusual exceptions, gives theoretical 

equilibrium geometries that are accurate descriptions of the 

I
experimentally observed geometries of the particular molecule. In 

• pa.tiular, the symmetry of the system is almost always accurately 

I predicted. The system was found to ethibit no uncharacteristic changes in 

the geometry upon improvement of the basis set used , or the theory [i.e. 

• Hartree-Fock, or Moller-Plesset perturbation] employed. These results 

• lend their full support to the conclusions of the original geometry 

characterization of the HGa(BH4)2 system; the equilibrium geometry of 

I HGa(BH4)2 in the gas phase has C2 symmetry. It would appear that a 

• more detailed, high accuracy experimental determination of the 

I geometry, may be in order. 

For the analogous HA1(BH4)2 system, reasons for its experimentally 

unisolatable nature could not be found. Reasons for this phenomenon, are 

suggested in the discussion. 

Studies of the p-BH9  system were not carried out to the level of 

I theory that was originally intended. Results that were obtained, again 

SI 
illustrated that electron correlation effects on the p-?H9  system are quite 

significant, as mentioned in the 1.• The significance of these 

I
effects suggest that p-BH9  may indeed be a true energy minimum [i.e. an 

I 
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lntermdlatEd an nt. a tiansitii stte as lc.wer i€-vl caic.ulatcns t1ot 

it to he. No conclusive results were obtained [as previously mentioned], 

tflus no firm conclusions can be made. 

The investigations into the viability of using pseudo-potential 

methods to obtain cheap, yet accurate predictions of, theoretical 

equilibrium geometries, and harmonic vibrational frequencies, gave 

highly promising results. 

It was found that massaging on d-type polarization functions onto 

the heavy atoms and p-type polarization functions onto the hydrogens, 

gave results thatwere in excellent agreement with results obtained using 

HF/6-3 1G**  OR HF/DZP methods. These pseudo-potential results 

mentioned above , were obtained with reductions in time and expense of 

appromately compared to the time taken and expense of HF/DZP 

calculations. 

Using, the pseudc-poteritial method described above, the harmonic 

vibrational frequencies in good agreement with those obtained by use of 

a HF/6-3 1G**  or HF/DZP method. It was found though, that such pseudo- 

potential calculations as currentiy implemented by usci 2 30, are 

4.4 to 10.4 times more expensive than such calculations using a HF/DZP or 

HF/-3 lG method. Possible ways to make these pseudo-potential 

harmonic vibrational frequency calculation methods more viable, are 

noted. 
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I 
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I 
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I 
I 
I 
I 
I 
1 
I 
I 

I 
I . 
I 
I 
I 
I 
I 

I 
I 
I 
I 

SI 

Si 

I 

&pjii4ixA 

3-2 1G(*) Basis Set For Ga B and H. Employed In Calculations.78 - 

Gallium 
17 

4751.8979 0.0626396 

718.92054 0.3736112 

157.44592 0.6643626 

P 31.0 

209.5834 -0.1115162 0.1442656 

45.69171 0.09269636 05731775 

14.13297 0.9622870 0,4490858 
r) 

14.59954 0.2910292 0.02656166 

4.860842 -0.3231876 0. 4633137  

1.549111 -0.6643910 0.5924304 

1.267943 -0.2851306  0.03018346 

0.1883995 1.128022 0.9864658 

0.05723676 1.0 1.0 

D 31.0 

21.292530 0.1619895 

5.393 1662 0.5116739 

1.3336626 0.5898732 

D 11.0 

0.207 1.0 

95 

SP 2 1.0 

P 1 1. 0 



I 
I 
I 
I 
I 

•
1 
I 
I 
I 
I 

•1 

Boron 
5 31.00 

SP 21.00 

SP 11.00 

lydrogen 

5 2 1.00 

5 11.00 

0.11434D+03 0.629605D-01 

0.174314D+02 0.33304D+00 

0.36,0 16D+0 1 0.6 725D+00  

0.2217D+01 -0.3662D+00 

0.45240+00 0,119944D+01 

012432&)+00 1.0 

C.5447 17D+0 1 0. 1562 Ô5D+00 

0.2454724D+01 0.904691D+00 

0.1831915D+00 1.0 

0.23 1 152D+00  

0566764D+00 

1.0 

I 

I 
I 
I 
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I 
I 
I 
I 
I 
I 
I 

I 
1 
I 

I 
I 
I 
I 

I 
I 
II 

II 

I 

Appendix B 

DZP Basis Set, For Ga. Al, B. and H Employed In Calculations 45 - 

Gallium 

S 6 1.0 

457600.0 5.5407506D-4 

68470.0 4.3227838D-3 

15590.0 2.2342702D-2  

4450.0 8.9535534D-2  
1472.0 0.284525 

541.3 0.6842028 

S 11.0 

214.0 1.00 

511.0 

88.81 1.0 

S21.0 

27.18 ('.4358362 

11.54 0.596143 

S21.0 

3.303 0.4429284 

1.334  0,5928084 

S 11.0 

0.1947  

S 1 1.0 

7.158D-2 1.00 

97 



I 
I 
I 
I 
I 

S 

I 
I 

•I 
I 
I 
I 

0 

I 
I 
I 
I 

SI 

I 
SI 
SI 
I 

P 1  

3274.0 1.€682D-3 

765.4 1.3791037D-2 

2416 7.097372D-2 

89.39 35 0.23165

36-36 
.. / 

15.6 0.3972863 

P 11.0 

6.472 1.00 

P2 1.0 

2.746 0.665992 

1.09 0.391707 

P 11.0 

0.2202 1.0 

P 11.0 

6.1D-2 1.0 

D 4 1.0 

59.66 3.6070443D-2 

17.1 0.1946615 

6.03 0.4378619 

2.17 0.5443839 

D 11.0 

0.6644 1.0 

D 11.0 

0.207 1.0 
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Aluminium 

S 51.0 

23490.0 0.250900D-02 

3548.00 0.189860t:'-01 

823.50  0.929140D-01 

237.70 0 .335935 

78.60 0.647391 

31.0 

78.60 0.111937 

29.05 0.655976 

11.62 0.283340 

S 11.0 

1.0 

Si iC. 

1.233 1.0 

511.0 

0.2018 1.0 

S 11.0 

0.7805D-01 1.0 

P 4 1.0 

141.50 0.178820D-01 

0. .LL.V,) ( 

10.39 0.411580 

3.593 0.595353 

P21.0 
ii 
i ( 

1.242 0 .8377 95 

P 11.0 

0.304 1.0 
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U 

I 

I 

I 

I 

I 

•I 

I 

I 

I 

I 

I 

I 

I 

I 

•I 

I 

P 11.0 

0.7629D-C1 IC 

D 11.0 

0.40 1.0 

Boron 

S 6 1.0 

276.41 2.1220007D-3 

419.039 1.6171006D-2 

0.4683 7.8356027D-2  

28.0694 0.2632501 

9.376 0.5967292 

1.3057 0.2303971 

511.0 

3.4062 1.0 

51 1.0 

0.32 4  1.0 

511.0 

0.1022 1.0 

P 4 1.0 

11.3413 Cl. 17986998D-1 

2.436 0.110339 

0.6836 0.383111  

0.2134 0.6478599 

P 11.0 

7.01D-2 1.00 

D 11.0 

0.7 1.0 
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I 
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I 
I 
0 

I 
I 
0 

I 
I 
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Hydrogen  

S 31.00 

112406 3.22077D-2 

2992 0.23 120 5 

0.0172199 

S 11.00 

0.1776 1.0 

p i 1.0 

0.73 1.0 
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4pjndIxC:. 

Polarization functions massaged onto the pseudo-potential 

basis sets, as described in Chapter 2 

Hy4gn 

p polarization function 

exponent = 0.75 ¼ 

coefficient = 1.0 

Boron 

d polarization function 

exponent = 0.70 

coefficient = 1.0 

Aluminium 

d polarization function 

exponent = 0.40 

coefficient = 1.0 

Gallium 

polarization function 

exconent= 0.16 

coefficient = 1.0 

•1 
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