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Among the fascinating properties of BH4" is its ability to coordinate to a metal ion

through bridging hydrogens to form a large number of ionic-covalent metal

borohydrides. The physical and chemical properties of these borohydrides have been

of interest for some times, however, no high-resolution spectra for any of these

compounds have been reported previously.

Accordingly, the utility of high resolution infrared and Raman spectroscopy has been

examined for Be(BH4)2 and A1(3114)3. Initially, calculations of the spectra were done

for proposed rigid geometries and these predicted that high resolution infrared and

Raman experiments might yield rotational constants and, for Be(BH4)2, could

distinguish between several possible symmetries. Therefore, samples of Be(BH4)2,

Al(BH4), and Al(BD4)3 were synthesized and NMR spectra of gaseous Be(BH4)2 and

FTIR and diode laser spectra of all compounds were obtained.

The H and "B NMR results for gaseous Be(BH4)2 indicated rapid interchange

between terminal and bridge hydrogens. A BH4 tumbling mechanism involving rapid

transformation from one linear configuration to another is consistent with the observed

NMR spectra. It seems likely from the observed spectra that several triangular

frameworks proposed for this molecule can be eliminated. No 'Be signal was detected,

presumably due to quadrupole broadening.
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FUR and infrared diode laser spectra were obtained for Be(BH4)2 and Al(BH4)3,

and, for room temperature samples at a few Torr pressure, did not show any

vibrational-rotational structure, even at 0.001 cm4 resolution. In an effort to reduce

the spectral congestion, a diode laser experiment was done on Al(BH4)3 cooled to 10

K in a jet expansion. Remarkably, this too showed no trace of resolved rotational

structure. The conclusion is that both compounds have unusually congested spectra,

compared to those of similar, more-rigid molecules.

Various possible contributions to the complexity of these molecular spectra were

considered. As part of this, some ab initio calculations were done to assess the

energies and likely inter-conversion paths among different structural forms. Spectral

simulations were made taking into account vibrational hot-band and conformer

contributions, however, only by including extensive additional splittings due to the BH4

torsional and tumbling motions do the simulations yield spectra that are consistent with

our observations. The absence of rotational structure at 0.001 cm' resolution suggests

that the BH4 units tumble at a rate in excess of 30 MHz.
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High Resolution Spectoscopy of Metal Borohydrides

I. Introduction: Structures and Properties of Metal Borohydrides

A. Bonding in Borohydrides

The purpose of this chapter is to give some background information on the metal

borohydrides and on some of their properties. The emphasis is on the structures of these,

in particular on the bridge-bonding arrangements and on the interconversion among these.

Later chapters will describe the two specific compounds studied, Be (BH4)2 and Al (BH4)3,

and the spectroscopic work undertaken.

The borohydride ion, B114, is the simplest known anionic boron hydride. Among the

fascinating properties of the BH4 unit is its ability to form a large number of interesting and

unusual ionic and covalent metal borohydride complexes.1'2 The mode of attachment of

the tetrahedral BH4 ligand to a metal ion in a metal borohydride compound is a

fundamental and important structural feature of the compound. As shown in figure 1,

there are four possible ways in which a BH4 group may coordinate to the central metal ion

in a mononuclear compound through bridging hydrogen atoms: Monodentate (I), bidentate

(II), tridentate (III), and ionic (IV).
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Figure 1: Possible ways in which the BH4 group coordinates to a metal ion.

The chemical and physical properties of the borohydrides have been of interest to

chemists (especially organic and organometallic chemists)2 for the last sixty years. The

unique multiple-hydrogen-bridge configurations of these molecules serve as simple models

for three-center two-electron bonds. Since BI14 and CH4 are isoelectronic, metal

borohydride compounds can be considered as model structures for intermediate complexes

in saturated hydrocarbon activation processes.' In addition, metal borohydride compounds
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have been shown to be an important class of reducing agents as well as hydrogenation and

polymerization catalysts. l'2

In homogeneous catalysis, the BH4 anion can exhibit a many-sided behavior. It may

reduce the central metal to a lower oxidation state, thus enhancing its tendency to undergo

oxidative addition reaction. BH4 may also provide a source of hydrogen in the form of

metal hydride. The B114- ligand is also able to provide a variable coordination sphere for

the metal atom by means of fluctuations of the bonding mode, which determines the

coordinative saturation of the metal. Moreover, BH4 may simply act as an activation

ligand toward other ligands bound to the same metal. It is necessary to know how the

chemical and structural properties of the hydride bridging system affect the variation in

metal, metal oxidation, and accompanying ligands.

Last but not least, some of the covalent metal borohydride compounds are among the

most volatile compounds of the metal to which they are bonded. This feature is of

considerable commercial importance for metal separation processes of metals such as Zr

and Hf.

The first metal borohydride compound was prepared in 1933 when Stock and co-

workers prepared NaBH4. 3 Subsequent work by Schlesinger and co-workers produced

Lff31144, Be(BH4)25, and A1(3114)36 in 1940. In the early stages, the preparation involved

the reaction of the methylmetal with diborane. However, in spite of the effort to improve

this procedure, it remained a tedious one and required skillful manipulation. It was not

until 1952 that Schlesinger and co-workers discovered a more efficient metathetical
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procedure (reaction in the absence of solvent)! This procedure is based on the solid-state

reaction of the metal halide with either lithium or sodium borohydride. The balanced

equation is

Mg). n YBH4 M(BH4).. n YX (1)

where X = halide, Y = lithium or sodium, and M = metal.

Since then a large number of new metal borohydride complexes have been synthesized

and characterized. By and large, most of these metal borohydride compounds have been

prepared by this simple substitution reaction.1.2 Quite often it is necessary to use an excess

of the ionic alkali borohydride to effect complete substitution.' In some cases substitution

for a halide by the borohydride ion has been accompanied by a corresponding reduction

in the oxidation state of the metal from a state of +n to +n-1.2

Those metals for which borohydride complexes exist are shown in figure 2. In this

figure, cross- hatched elements form simple borohydrides of the general formula M(BH4)

while vertically-hatched elements only form a stable borohydride when coordinated to

another ligand. Horizontally-hatched elements form borohydrides that have only been

isolated at low temperatures. A small number of elements, mainly Cu, Ag, and Au, form

highly unstable complexes that can be stabilized at room temperature only by coordination

with soft ligands like phosphines.
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Figure 2: Elements forming metal borohydride compounds.

The stability of metal borohydride compounds depends on the electronegativities of the

central metal ions. Metals like Si and P, which have electronegativies higher than that of

boron, form borohydride complexes that are unstable or do not exist. Metal ions with

electronegativities in the range 1.2-1.8 form covalent borohydrides which exhibit physical

and chemical properties differing widely from those of ionic borohydrides formed from

metal ions with electronegativities less than 1.2.1,10

B. Ionic Metal Borohydrides

The alkali metal borohydrides are characterized as ionic solids, and differ markedly

from covalent metal borohydrides. While the latter are spontaneously inflammable and very
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volatile, the former are unaffected by dry air and show no appreciable vapor pressures at

temperatures up to the melting point. Several spectroscopic studies have been done on

the ionic compounds. Early infrared studies on the solid state confirmed the tetrahedral

structure of the borohydride ion and the spectral assignments were made based on Td

symmetry. 11-13 Raman studies using liquid ammonia as a solvent have established the

fundamental vibrational bands of "free" B114 and BD4 .
1416 The tetrahedral structure of

the borohydride ion was also confirmed by nuclear magnetic resonance spectra of the

aqueous and ethereal solutions of alkali metal borohydrides.'

Although the alkali metal borohydrides are mainly ionic in the solid or solution phases,

there is some evidence of covalent bonding for the gas phase forms. Recently,

Kawashima, Yamada and Hirota observed the rotational spectra of gaseous LiBH4,

NaBH4, KBH4, NaBD4 and LiBD4, using a millimeter-wave spectrometer equipped with

a high temperature cell.' In all cases, the observed spectrum showed the pattern of a

symmetric top molecule with a C3v symmetry. The bond lengths derived from their results

indicate that all these molecules have tridentate structures with three bridging hydrogens

(figure 1,11I).

Beside these experimental studies, several theoretical calculations have been done on

NaBH4 and LiBH4.' Ab initio calculations showed that for both molecules the

tridentate structure was the most stable, followed by the bidentate form. The monodentate

was much higher in energy. Because NaBH4 and LiBH4 each have four equivalent

tridentate forms and the bidentate and the tridentate structures were close in energy, the
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ab initio calculations suggested interconversion among these structures due to B114

vibrational motions with large amplitudes. The bidentate structure was shown to

correspond to a saddle point between two tridentate forms since it was characterized by

a single imaginary frequency for LiBH4. Tunneling splittings of the vibrational states were

calculated and found to be in the range 0.01-1 cm', values which may be accessible to

experimental observation.' The calculations also showed that metal-metal distances in

molecules having three or two bridging hydrogens are shorter than direct covalent metal-

metal bonds. It was found that, upon dimerization, metal-hydrogen distances increase

slightly for bridging hydrogens but do not change significantly for terminal hydrogens.

C. Covalent Metal Borohydrides

In contrast to ionic metal borohydrides, covalent metal borohydrides are highly volatile,

have low melting points, low decomposition temperatures, and inflame in air. Some

covalent borohydrides are liquids at room temperature. 1,2,10

As mentioned earlier, a large number of covalent metal borohydrides have been

prepared and characterized since the discovery of the metathetical reaction (see figure 2).

The stability of covalent metal borohydrides is governed by several factors. Among these

factors is a thermodynamic one concerned with how readily the metal can be reduced by

the borohydride ion or how stable the complex is with respect to the metal hydride and

diborane. Another factor is a kinetic one, in which the bulky ligands may play an
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important role by saturating and immobilizing the metal coordination sphere, as has been

noticed for other types of organometallics Z.

The structural studies of metal borohydrides have been difficult because of this

reactivity and fluxional nature . Among other factors, it has often not been easy to

distinguish between bidentate and tridentate bonding configurations (see figure 1).

Different experimental methods have been employed in the structural studies of metal

borohydrides, and the following is a brief review of the most common ones.

D. Diffraction Methods

Single-crystal X-ray diffraction, commonly employed to completely determine solid

state structures, have been of limited utility. Accurate location of hydrogen atoms with

respect to the central metal ion has been extremely difficult owing to the fact that X-ray

scattering is approximately proportional to the square of the atomic number of an atom.

Gas phase electron diffraction has been useful for simple, volatile complexes. The

attraction of it is the large amount of information contained in a single radial distribution

function. However, this method requires the molecule to be volatile and to not

decompose under the conditions of volatilization. The possible presence of decomposition

products or of more than one isomer in the gas phase, as was suggested for Be (BH4)2, is

another complication.
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Single-crystal neutron diffraction is another experimental method which has been

employed in the study of metal borohydrides. Compared to X-ray diffraction, which is

determined by electron densities, neutron diffraction intensities depend mainly on the

nuclear properties of atoms. The scattering amplitude for hydrogen and deuterium are

large enough to allow accurate location of these nuclei with respect to the heavy metal

atoms. However, the large size of crystals required for the experiment and the limited

reactor facilities has limited the contribution of this experimental method.

E. Vibrational Spectroscopy

Infrared and Raman vibrational spectroscopy have provided useful information

regarding the geometry and bonding in metal borohydride compounds since these allow

distinction to be readily made among structures I-IV in figure 1. The normal mode

symmetries and spectral activities for the 12 vibrational motions of the four different

coordination forms of M...BII, are collected in Table 1.2

The assignment of the fundamental vibrations is simple if only a single structure occurs,

and a determination of the number and relative geometry of the bridging and terminal

hydrogens can be made. For covalent metal borohydrides, the studies of vibrational

spectroscopy of various complexes have shown that in the most cases the molecule is

doubly or triply hydrogen bridged."40' There is only one instance in which a

monodentate form was reported.' The structurally-diagnostic bands lie in the region
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Table 1: Normal mode symmetries and
activities of different MBH4 configurations.

Structure Normal modes Activity
1(C3,) 4A1 IR, R

4E IR, R
II (C2,) 5A1 IR, R

A2 R
3B1 IR, R
3B2 IR, R

III (C3,) 4A1 IR, R
4E IR, R

IV (Td)* Al R
E R

2T2 IR, R

* BR,' ion only

1000-2500 cm' and involve the stretching and deformation of B-H bonds and some

stretching of M-H bonds. Figures 3 and 4 show the effect of the number of bridging

hydrogens on the boron-hydrogen bridging and terminal stretching frequencies,

respectively.1"7

The most common structure, bidentate, exhibits two strong B-H, stretching modes at

2400-2600 cm'. Similar modes are also seen at 1650-2150 cm' for B-Hb stretches. M-

H stretching is usually observed at 1300-1500 cm'. The BH2 deformation mode is seen

at 1050-1150 cm-1.1.2 The frequencies of the tridentate structure differs for all these

modes. A single sharp Al band for the terminal B-H stretch is usually observed at2450-
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Figure 3: Effect of number of bridging hydrogens on the bridge stretching frequencies
(cni')

2600 cnil while a B-Hb bridging doublet appears at 2100-2200 cm-i. The bridge

deformation band appears at 1100-1200 cnii.

The above considerations have been found to be applicable to most covalent metal

borohydrides. However, several anomalies have been noticed due to different factors.

Fermi resonance, the appearance of overtones and combination bands, weakor inactive

bands, and crystal splittings have all contributed to the complication of the assignment of

fimdamentals.1'2 Moreover, in some cases, metal borohydrides have been found to have

a polymeric structure in the solid state. For example, infrared and Raman vibrational

spectra of Be(BH4)2 revealed bidentate (BeH2BHY and ionic BA' as a result of the strong
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Figure 4: Effect of the number of bridging hydrogen on the terminal stretching
frequencies (cm-1)

interactions in the helical polymeric structure of the molecule, as will be discussed in the

next chapter.

F. Nuclear Magnetic Resonance Studies

Nuclear magnetic resonance spectroscopy would be expected to be a convenient way

of finding the number of terminal and bridging hydrogen in metal borohydrides. This was

the case for diborane, which exhibits two distinct proton NMR peaks corresponding to the

bridging and terminal hydrogens.' However, nearly all the NMR studies reported on

covalent metal borohydrides showed that bridging and terminal hydrogen atoms are



13

magnetically equivalent' 1 -35 There has been only one exception to this generalization.'

This equivalence has been attributed to the rapid (on the NMR time scale) exchange of

bridging and terminal hydrogens. The rate of the process and the mechanism are yet to be

understood. In the proton NMR, metal borohydride complexes exhibit a broad quartet

with relative intensities of 1:1:1:1, since "B (81.2% abundant) has a nuclear spin of 3/2.

Sometimes, the septet due to 1°B (18.2% abundant and I = 3) is also resolved. The 111:1

spectrum shows a quintet with 1:4:6:4:1 relative intensities due to coupling with the four

equivalent 11I ( I = 1/2). The proton multiplet is usually centered at T= 7-10 (with respect

to TMS) with coupling constants of 80-90 Hz and 27-30 Hz for "B-H and 10B H,

respectively.

In order to slow down the rate of bridging-terminal hydrogen interchange, obviously,

one would think of lowering the temperature of the sample. However, the temperature

dependence of the 11-I proton NMR spectrum of covalent metal borohydrides has been

confusing. In Al(BH4) proton NMR specra for example, with increasing temperature, the

spectrum changes from broad and unresolved band to a quartet consistent with "13

coupling. This is the opposite of the trend expected if interchange increases with

temperature. It has been proposed that this effect is not related to slowing down or

speeding up of the fluxional process, but rather, is due to more rapid spin-lattice

relaxation, and hence broader lines, of the 11B and 1°13 nuclei at lower temperature. Of

course, this B...H coupling could be eliminated from 11-1 NMR spectra by simultaneous

irradiation at the 1113 frequency .2 When this is done the proton spectrum collapses to a
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sharp singlet and temperature studies can be done to seek the appearance ofmore than one

resonance frequency due to different proton types. However, studies on several Zr

complexes showed only a single peak,indicating no slowing down of the interchange

process even at -85° C.2

Three more approaches to the elucidation of the nature of the fluxional process have

been pursued. The first was to study molecules that are known to be rigid from their

vibrational studies. A low temperature proton NMR study on (ri5 C5H5)2VBH4, which

vibrational studies showed to have very strong covalent metal-ligand interactions,

revealed, for the first time, slowing of the bridging-terminal hydrogen interchange process

so that bridge and terminal protons could be distinguished. The second approach was to

alter the NMR time scale by expanding the energy separation between the exchanging

sites.' Low temperature studies on several U complexes using this approach showed

slowing down of the fluxional process. The third approach was to change media by

examining solid-state samples. A broad-line NMR study was done on Hf(HB4)4, for which

accurate neutron diffraction data were available at a number of temperatures, and the data

suggest that bridging-terminal hydrogen exchange occurs. The exchange process was

found to have an activation energy of 8.4 kcal/mo1.2 Despite the limited number of reports

using this broad-line NMR method, it has considerable promise for studying fluxional

processes in the solid state.2

Since 1970 there have been few spectroscopic studies on metal borohydride

compounds. The early infrared and Raman studies were generally done at relatively low
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resolution (0.5 to 1 cm') so no vibrational-rotational structure was discerned. Since that

time the instrumental resolution has improved to 0.01 and even 0.001 cm'. This new

capability has led us to undertake some calculations of the vibrational rotational spectra

of two borohydrides, Be(BH4)2 and Al(B11,03. The objective has been to judge whether

a repeat of the infrared and Raman experiments at high resolution might be worthwhile in

giving new insight in to the structure of these unusual molecules. The results of these

initial calculations predicted that this might be the case. Accordingly, both molecules were

prepared and high resolution FTIR and diode laser spectra were obtained, as will be

discussed later. NMR spectra of gas phase Be(BH4)2 were also observed and will be

described as well.
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H. Structure and Predicted Spectra of BeB2H8

A. Introduction

As recently noted by Lipscomb, "The determination of the molecular structure of

beryllium borohydride (BeB2H8) has been one of the most persistent and intriguing

problems in structural inorganic chemistry"." This molecule was first synthesized by

Burg and Schlesinger in 194(P via the reactions

Be (CH 3)2 + B2hT6 CH 313eBH 4

CH 3BeBH + B2r16 Be ( B H 4)2 (2)

They reported a vapor pressure of about 6 mm at room temperature and a vapor

density measurement that suggested a monomeric species in the gas phase. The

monomeric nature of the gas phase was confirmed later by Nibler.37 Burg and

Schlesinger reported also that the crystalline phase might be polymeric, and this was

confirmed later by a single-crystal X-ray diffraction experiment.'

To date many unique structures have been proposed for the vapor-phase molecule,

all of which have had some kind of purported experimental verification. The first
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investigation was an infrared study carried out by Longuet-Higgins and Bell in 1943."

They proposed a structure with double hydrogen bridges and a D2s symmetry (structure
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I). A subsequent electron diffraction experiment' was said to support such a linear B-

Be-B arrangement but with two equivalent sets of triple hydrogen bridges yielding a Du

symmetry (structure III). However, a few years later the electron diffraction data were

reinterpreted and said to be consistent with the infrared double-bridged geometry if the

bridge hydrogens were allowed to have unsymmetrical Be-B-H bonds.' In most

standard inorganic texts, the D2d structure became favored and this was not questioned

for more than fifteen years.

However, in 1967 a new electron diffiacton experiment was done and, surprisingly,

found to be consistent with a C2,, structured (structure V). The radial distribution curve

was considerably different from the earlier ones and gave no indication of a long boron-

boron distance. Support for this or some other polar structure gained favor when

Nibler and Dyke observed electric deflection in a molecular beam experiment in 1972.

Dielectric measurements also suggested a dipole moment of about 2 D.' With such

evidence of polarity, the symmetrical structures Du and D3d were apparently eliminated

since the dipole moment is forbidden by symmetry for these two structures. Another

electron diffraction experiment was done in 1973 by Hedberg et al and yet another

radial distribution curve was obtained.' The data did not agree with either the 1946

or the 1967 results. A fit of the data was found to support a D3d structure or a new

structure with a C3 symmetry (structure W figure 5), which can be derived from the

Du structure by displacing one of the boron atoms toward the beryllium atom.
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About the same period, two groups published two detailed infrared studies of the

gas phase. Morgan and Cook' reported infrared spectra and assumed that some peaks

represented unresolved P-Q-R rotational contours. They interpreted the spectra in term

of a structure having C2, sprunetly. About two years later, Nibler reported infrared and

Raman studies of the gas phase and matrix isolated Be(BH4)2 and Be(BD4)2

compounds." The spectra were interpreted differently, with all so called P-Q-R peaks

treated as separate vibrational transitions.

An important result reported in Nibler's paper was evidence that the molecule in the

gas phase might have two structures. Frequencies characteristic of both triple and

double hydrogen bridges were observed in the gas phase but only those indicating a

triply-bridged structure remained in matrices. The structure of the double-hydrogen-

bridged isomer was not determined, but a D2d symmetry was suggested. However,

Nibler assigned a C3, symmetry to the triple-hydrogen-bridged isomer, which is

characterized by a double-minimum asymmetric B-Be-B stretching potential. This

latter conclusion was based on several observations. First, the matrix-isolated spectra

of the 95% deuterated triple-bridged compound contained two different Be-H-B bridge

stretch absorptions of comparable intensities at about 2200 cm-1. Since the H atom

content was low in these deuterated compounds, this suggested the existence of two

types of triple bridge protons in the D-B-D3-Be-HD2-B-D impurity. Second, the

coincidence of some infrared and Raman peaks in the gas phase and also in the matrix-

isolated spectra implied a structure that has no inversion center. The primary reason
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favoring such a C3v structure, however, was the apparent polarity indicated by the gas

phase electric deflection and dielectric studies.

Beside the experimental work summarized above, several theoretical studieswere

done. In 1973 an ab initio analysis was reported by Marynick and Lipscomb." They

investigated many different possible structures of BeB2Il8 using a minimal basis of

Slater type orbitals (STO's) at the self-consistent field level (SCF). Their calculations

predicted that D2d, D3d, and C, structures (I, DI, and II of Fig. 5) had relative energies

of 0.0, 27.2, and30.5 kl/mol, respectively. Optimization starting with a C3v structure

led directly to the Dad structure. During the same year, another theoretical study was

reported by Ahhice, who used a "Gaussian" pair approximation (TEPA). He found

that D2d structure was the lowest in energy at the SCF level. However, when he

included electron correlation, the Du structure was found to have the lowest energy.

The most recent theoretical work, which motivated this thesis study, was reported

by Stanton et al. in 1988." They investigated four possible structures of BeB2H8 (Du,

Dm, C3,, and C3). These investigators used powerful ab initio theoretical techniques

based on Many-Body Perturbation Theory (MBPT). Energies calculated at the MBPT

(4) level with a basis set of 85 contracted gaussian functions supported the two

structure hypothesis of Nibler. However, a C3v double-minimum structure was found

to be less stable than the highly symmetric Dad structure. Moreover, the calculated free

energies predicted that the D2d structure is the most stable structure, having an energy

4.6 kJ /mol less than that of the Du structure.



Table 2: Be(BH4)2 gas phase infrared and Raman spectral features observed by
Nibler37 and calculated by Stanton et al. using MBPT (2) technique.46

v (obs.) v (calc.) I (obs.) I (calc.)
cm 1 cm 1 Km/mol

Infrared
2624 2783 m 82
2550 2733 m 142
2500 2639 m 109
2225 2337 m 303
2167 2335 s 256
2071 2122 s 348
2000 2097 w 216
1548 1722 s 1028
1247 1303 w 128
1130 1152 w 26
1050 1118 vs 786
1000 1004 vs 101
287 287 w 50
Raman
2627 2782 m (p)
2550 2733 m
2490 2641 s (p)
2175 2350 s (p)
2075 2143 m (p)
1995 2097 w (p)
1150 1181 vw
535 605 s (13)
384 441 vw

assignment assignment
Ref(46) Ref(37)

v6 (III) v1 (IV)
v 14 (1)
v9 (I)
via 0:11) v io MO
v7 (III) v4 (IV)
v10 (I)
v15 (I)
v 11(I) ....
vs (III) v14 (IV)
v is OTT) v5 (IV)
v9 (III) v7 (IV)
v13 (I) ....
v is MD v is (111)

v2 (III) v2 (IV)
v14 (I)
v i (I)
v2 (III) v4 (TV)
v2 (I)
1715 (I)

v4(1) v6 (IV)
v4 (III) vs (IV)
v i (III)
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Stanton et al. also reported harmonic frequencies and infrared intensities which were

found to be consistent with the spectra observed by Nibler.37 These calculated

frequencies were used in the assignment of most of the observed features based on a
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mix of D2d and D3d structures. A comparison showing generally good agreement

between the observed and calculated spectra is given in table 2. The designation of the

fundamentals is consistent with tables III and W of reference 46 for D2d and Du

isomers, respectively, and table IV of reference 37 for the qv isomer. The isomer

number from figure 5 is given in parentheses.

From the experimental and theoretical work summarized above, it is clear that the

molecular structure of BeB2111 is one of the longest unresolved problems in structural

inorganic chemistry. Although a great deal of experimental and theoretical work has

been done, none of the proposed gas-phase structures can be considered to be

established. None of the electron diffraction experiments have been analyzed in terms

of a two-structure hypothesis. Moreover, the existence of a large dipole moment is not

supported by the theoretical calculations. While there is no dipole moment for D2d or

D3d structures because of symmetry, Stanton et al. calculated the dipole moment for the

C3,, structure constrained with two asymmetric arrangements of the heavy atom nuclei.'

The first calculation, done using r(Be-B) obtained by the electron diffraction

experiment', gave a dipole moment of 0.46 D, more than four times smaller than the

reported dipole moment of about 2 D. The second arrangement, rI(B-Be)=2A and

r2(Be-B)=1.5A, which represents their estimate of the limits of plausible beryllium-

boron distances, gave a dipole moment of 2.18 D but at a cost of more than 83.7

kJ/mol in energy.
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Table 3: Structural parameters used in the calculation of the rotational constantsof
Be(BH4)2. Bond lengths are in A. The C3v values are from reference 43, the others
are from ab initio calculations in reference 46.

D2d Dad

r (Be-B) 1.857 r (Be-B)
r (Be-Hb) 1.478 r (Be-Hb)
r (B-Hb) 1.288 r (B-Hb)
r (B-H)) 1.195 r (B-H,)
r (11,-11,) 2.076

C, C3

1.734
1.607
1.254
1.181

r (Be-B1) 1.725 r (Be-B1)
r (Be-B2) 1.875 r (Be-B2)
r (Be-Hb1) 1.659 r (B2-Ht2)
r(Be-Hb2) 1.565 r (B1-11,1)
r (Be-Hb3) 1.511 r (B2 -H,2)
r MI-HO 1.247 r (B1 -Ht l)
r (31-Hb2) 1.269 r (Be-Hb2)
r (B2 -Hb3) 1.273 r (Be-Hbl)
r (131-41) 1.182 r (Be-H,2)
r 032-42) 1.197 r (Be-H11)
r (32-43) 1.197 L (Hu-B1-Hbl)
r (Hbl -Hbl) 1.958
r (143443) 2.042
L(Be- B1 -Ht1) 175.800

(Be-B2-42) 118.400
(Be-B2-H,3) 121.300

Z(3,-Be-131) 179 500

1.844
1.744
1.162
1.162
1.247
1.363
1.549
1.772
2.906
3.006

117.650

As mentioned earlier, the availability of more sophisticated and higher resolution

equipment, compared to 25 years ago, encouraged us to consider further experiments.

We have done a number of calculations on the predicted vibrational-rotational spectra

of the four most probable conformers of the molecule to judge whether a repeat of the
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infrared and Raman experiments might give new insight into the structure of the

molecule. The details of these "feasibility" calculations are given in the M. S. thesis

of A. Al-Kahtani. Only a brief recapitulation will be given here.

B. Rotational Constants

The rotational constants were calculated for the Be(BH4)2 conformers of symmetry

D2d, Dad, C., and C3. The structural parameters used in the calculation are the

theoretical values of Stanton et al.' for the first three conformers, and those from the

electron diffraction experiment' for the C3 conformer. These parameters are collected

in table 3. The calculations were carried out using a computer program which takes the

atomic mass and the cartesian distances of each atom from an initial axis choice as

inputs and gives the moments of inertia and the corresponding rotational constants as

outputs. The calculated moments of inertia and rotational constants are collected in

tables 4. It should be mentioned that there will be three different sets of rotational

constants for each conformer. The reason is that the abundance of boron is about 80%

11B to 20%1°B. Since the molecule contains two boron atoms, there are three isotopic

forms: 11B2 (64%), "B11l3 (32%), and 11)B2 (4%). Only the results for Be(113H4)2 are

shown in the table; values for other isotopic forms can be found in the M. S. thesis

work.
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Table 4: Calculated moments of inertia and rotational constants for the four most
likely isomers of Be(11BH4)2.

Isomer Moments of Inertia Rotational constants (cnil)
(amu A 2)

D3d

D2d

C3

Cs

Ia = 7.5042
lb = 95.2194
Ic = 95.2194

Ia = 8.5343
lb = 110.4718
Ic = 110.4718

Ia = 8.1214
lb = 101.1541
Ic = 101.1541

Ia = .1169
lb = 102.8823
Ic = 102.8823

A = 2.2464
B = 0.1770
C = 0.1770

A = 1.9753
B = 0.1526
C = 0.1526

A = 2.0757
B = 0.1667
C = 0.1667

A = 2.0769
B = 0.1639
C = 0.1639

C. Nuclear Spin Statistical Weights

In order to estimate intensities in the vibration-rotation spectra, it is necessary to

calculate the nuclear spin statistical weights (g.) of the more symmetric forms. The

numerical values of g have been calculated for the conformers D2d, D3d, and C3,

following the method outlined by Weber.6 463 The final results are collected in table 5.
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Table 5: Calculated nuclear spin statistical weights for different structure of
Be031"102

Isomer gr. Reduced weights

= even 4096 1.000
K = 0

J = odd 4480 1.094
K = 4p or 4p+2 8704 2.125
K = 4p+1 7680 1.875

J = even 2944 0.958
K = 0

Dad J = odd 3200 1.042
K = 3p 6144 2.000
K = 3p±1 5120 1.667

K = 0 6144 1.000
K= 3p 12288 2.000
K= 3p+1 10240 1.667

These weights are reduced to simple relative weights in table 5. For the most prevalent

Be11B2118 isotopic form, it is seen that for the K=0 transitions, the C3v and Du cases

alternate by 8.7% for even end odd J values. A similar alternation (9.4%) is predicted

for the K = 0 lines of the D2d structure. Thus very accurate intensity measurements of

this K = 0 structure would be required to allow a structural distinction to be made.

Perhaps more distinctive is the alternation predicted for different K lines. For the

D2d structure, alternating intensities of 1 : 1.13 are predicted for odd : even K values
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whereas the threefold symmetry of the Dad and C3v structures predicts a repeating

alternation of 1 : 1 : 1.20 as K varies from 1 : 2 : 3 and so on. Such an alternation may

be helpful, as will be discussed later.

D. Predicted Spectra and Discussion

a) Energy levels

The main reason for the preceding calculations was to obtain parameters to predict

the resolved vibrational rotational band spectra of different isomers of Be(BH4)2. From

such spectra one might hope to draw a conclusion regarding the symmetry of the

molecule. We note that the four isomers considered are exact (D3d, D2d, C3,) or nearly-

exact (C,) symmetric tops. The total energy of vibration and rotation ofa symmetric

top molecule in a non-degenerate vibrational state is given, approximately, by

T.G.F, (J,K) (3)

where G is the vibrational term and Fv (J,K) the rotational term, given by

F v(J,K) - B vJ(.1.1) . (A v-B v)K 2 - D I/ 2(.41)2 - D irl(J.1)K 2 - D IX 4 (4)

13, and Av are the average values of the rotational constants for a vibrational level and
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the D's are (small) centrifugal distortion constants. The infrared and Raman spectra

then consist of the transitions among these levels that are allowed by the appropriate

selection rules.

b) Intensity factors

The major factor in determining the relative intensity of the rotational fine-structure

lines is the relative population of the rotational levels. The population can be described

using the Boltzmann distribution law. The fraction of the population of the level with

rotational quantum numbers J and K is

EA
Njr g.,(2J.1)e kf

N Qtad
(5)

where the centrifugal distortion terms can be neglected in evaluating Enc. Q, the

partition function, is given by

KJ .,Ez..
Q . E E g.(2.7.1)e kr

.1.0 K-J

It can further be shown that Q is given to a good approximation by

I
-24±. k3T3 )1Q -

a TI3B 2A

(6)

(7)
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where a is the symmetry number of the molecule (2 for Du, 3 for D3d and C3, and 1

for Cs). In addition, there will be IR and Raman line strength factors which differ only

slightly for different J K transitions. These were ignored in the preliminary calculations

discussed here but were included in later IR simulations in chapter VI.

c) Lineshapes

The prediction of the line shape is also important in calculating the convolved

spectra of the different isomers. For a molecule in the gas phase, the dominant

contribution to the width of a spectral line comes from the Doppler effect and

intermolecular collisions. The Doppler effect occurs when a molecule is moving so that

has a non zero component of velocity parallel to the direction of propagation of the

radiation field with which it interacts. Averaging over the velocity distribution then

gives a full-width at half maximum of

or

A
/24 2k71n2 (8)

v(Hz) (9)

v dop
C

AvDop - 7.2X10''1

m

I

where M is the molecular weight and v is the vibrational transition. At room
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temperature and for a vibrational transition of 2000 cm'', yap is equal to about 0.004

cm-1 for BeB2Hs.

The fill-width at half maximum caused by uncertainty broadening due to

intermolecular collisions is given by'

Avg
T

2

where T is the mean time between collisions which, from gas kinetic theory, is

1

p2uN

(10)

Here p is the collision diameter, N is the concentration, and u is the average velocity

given by

(8kT)i-u
m

(12)

The choice of p is uncertain but we estimate from geometrical parameters that it would

be about 10 A. For a vapor pressure of 8 Tore' at room temperature A vc.a would then

be about 0.0016 cm'.

Combining the two effects, each transition line is expected to have a fill-width at

half maximum of about 0.005 cm4 at room temperature. Further broadening will come

from any instrumental limitation in resolution.
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d) Pure Rotational Spectra

We now discuss possible kinds of spectral study that might be performed to

distinguish between the different structural isomers of BeB2Hg. We consider first a

pure rotational spectrum which might be obtained by microwave spectroscopy or in a

Raman study using the high resolution CARS apparatus available at OSU.

We note that a microwave spectrum is not possible for any nonpolar structure such

as the Du or Dad configurations and, further, that some (unpublished) attempts to

obtain a microwave spectrum were not successful. This may have been due to the

instability of the compound, particularly with metal surfaces present, as is usually the

case in microwave spectroscopy. More promising would be the use of high resolution

Coherent Raman Spectroscopy, where the sensitivity has now improved to the point

that gases at a few Ton pressure can be studied.

The frequencies of the pure rotational Raman transitions in a totally symmetric state

such as the ground vibrational state are obtained by imposing the selection rules AJ =

1, 12, AK = 0, and T-i-Jr" s2. The spectrum then consists of only an R branch and an

S branch whose frequencies are given by

S(J,K) . (4B - 6.D., - 4D jiK2XJ22) - 8.13 j(J22)3 (13)

R(J,K) 2(B - DaK 2XJ*1) - 4D.(J .1)3 (14)
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Figure 6: Predicted pure rotational spectra for the D2d isomer (a) and the Du
isomer (b) at room 300 K.
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However, since Id/Ib is small for all conformers considered here, it is known that the

intensity of the R branch would be much less than that of the S branch.66 Therefore,

we will consider here only the latter. If we neglect the centrifugal distortion constants

for the moment, the S branch will consist of a series of lines separated by 4B.

Calculated stick spectra of this type for the D2d and Du are shown in figure 6.

Looking at the spectra of figure 6 and back to the results of the rotational constants

calculations we see that this predicts a spacing of 0.6104, 0.7080, 0.6556, and 0.6668

cm-1 for Be11B2118 conformers of D2d, Du, cii, and C3, respectively. This would

perhaps suggest that the structures might be distinguished on the basis of these line

spacings but, of course, these spacings are determined by the initial choice of structural

parameters. We have examined the effect of small bond length and angles changes on

the rotational constants and feel that the problem is indeterminant. For example, a

simple, and not unreasonable, 8% decrease in the Be-B bond length of the Du structure

would yield the same B value as for the D3d geometry. This illustrates the fact that it

will be difficult to distinguish between the different isomers by just considering the

difference in their rotational constants.

We next consider the possibility of distinguishing between the different isomers from

the intensity alternation among the different K values within a J transition line. This

intensity alternation is governed by the nuclear spin statistical weight (g,) calculated

above. As mentioned earlier, the go, values reported in table 5 suggest that it may be

possible to distinguish between a three-fold symmetry axis (D3d, or C3,,) and
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Figure 7: Simulated spectra for S(24) line of the D2d isomer (a) and of the Du
isomer (b) at 300 K.
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a two-fold symmetry axis (Du), if different K lines can be resolved. The spacing

between different K values within each J transition is given by the AKK2 term in

equation 13. Dix is unknown, however, a simulation of the expected spectrum was

done assuming centrifugal distortion constants of a molecule similar to BeB2118 (Allene

with DI = 1.1x104, and Dmc = 4.6x10 cm-1). In figure 7 we show the simulation of

S(24), the strongest line in the stick spectra of figure 6, for both the D2d and Dm

conformers. In the simulation process, the positions of the different K lines within the

S(24) transition were first calculated and represented by sticks, where we can see the

intensity alternation for different K's for both isomers. It is clear from the stick spectra

that it is possible to distinguish between the two isomers. A convolution over all K

lines was done using the broadening effects discussed earlier. The result, presented by

the broad bands in figure 7, shows that the different K lines are not likely to be resolved

unless our estimate of Dm( is much too low. We conclude then that a pure rotational

Raman study of the molecule is unlikely to be of much help in establishing the

molecular structure.

e) Vibrational-Rotational Spectra

Consider now a vibrational infrared study where we have an infrared parallel (I)

band. For such a band, only levels of the same K value combine with one another, i.e.

only AK=0 transitions occur. For each particular value of K there is a sub-band with
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three branches P, Q, and R. If the interaction between vibration and rotation and the

centrifugal terms are neglected, that is, if B'=B", A'=A", and D/,...etc = 0, all the sub-

bands for different K values coincide. In this case we obtain a band with a strong

narrow Q branch, a P branch, and an R branch. The spacing of the lines in the P and R

branches is 2B. If we assume centrifugal distortion terms as we did in the pure

rotational case and also assume that they are equal for the ground state and the excited

state, we would have a spectrum similar to that of the pure rotational case for the R

branch. An advantage of an infrared study is that the resolution can be very high and

the sensitivity is also good enough that jet spectra of cold samples might be possible.

High resolution IR studies of parallel bands could thus be helpful.

Consider next an infrared perpendicular (±) band for which the selection rule is AK

= ±1. Here the band also consists of a number of K sub-bands but, even if the

interaction of rotation and vibration is neglected, the sub-bands do not coincide.

Ignoring (small) coriolis effects, the band origin of each sub-band is given by

v - v (A '-B ') + 2(A '-B ')K [(A '-B ') - (A "-B '')1K2 (15)

where the + sign applies to the AK=+1 branch and the - sign applies to the AK=-1

branch. If the vibrational rotational interaction is neglected, the lines of the Q branches

in each sub-band coincide at v, and the different Q branches form a series of lines with

a spacing of 2(A-B). P and R branches accompany each of these Q
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Figure 8: Spectra of a 1 IR band for the Du isomer (a) and the Dm isomer (b).
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"lines" to form a usually unresolved background with a very low intensity compared to

the Q branches. This is especially true when A >> B", as is the case for all conformers

considered here. Figure 8 shows the stick spectra of the D2d and D3d isomers for the

lines RQ0 to RQ9 where it can be seen that it may be possible to distinguish between

them from the alternation in the intensity of different K values. Similar results might

be obtained by performing a Raman study of non-totally symmetric nondegenerate

Raman band. Here, the selection rule is AK=±2 and the spectrum is similar to that of

a i infrared band except that the spacing is now equal to 4(A-B).

In the Raman spectrum of a parallel transition between two totally symmetric

vibrational states only AKO occurs. There will be one series of sub-bands of the same

type as for an infrared q band except that there will be the additional 0 and S branches

with a spacing of 4B. Most importantly, the Q branches are much more intense than

the 0, P, R, or S branches, and, in fact, the Q branch is usually the only part of the

band that can be easily observed in Raman spectroscopy.' Here, it is possible to study

the Q branch using a high resolution apparatus such as the CARS apparatus available

in our lab.

For the Q branch (AI = 0 and AK = 0) the Raman shifts are given by

QK(J) = v.+ (B'-B")J(J+1) + [(A'431)-(A"-B"))10

ON-D1"g2a+02 035K'-ronc")7(J +1)K 2- (DKLDK")K4 (16)
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Figure 9: Simulated spectra of a Raman Q branch for the D2d (a) and the D3d (b)
structures at a sample temperature of 100 K.



40

Assuming rotational constant differences of the same order of that of ethane, recently

studied in our labor, spectra are simulated for the D2d and D3d structures and shown in

figure 9. Looking at the K =1, 2 , and 3 features, we can see that relative intensity

patterns of the Du and Du conformers is noticeably different. Therefore, it might be

possible to distinguish between these forms from such spectra.

It should be noticed that the actual spectra will differ somewhat from the above

simulations due to a variety of factors. For perpendicular bands, perturbations will

occur due to vibration-rotation interactions and coriolis effects. Contributions from hot

bands of low frequency bending modes may be a severe problem since three vibrations

fall below 500 cm' (see table 2). Moreover, our calculations assume isotopically pure

"B, and,to the extent that 1°B is present, the spectra will be more complex.

Our conclusion then was that the most useful study of BeB2H8 would be to examine

K splitting patterns of II and i bands by high resolution FTIR spectroscopy. A similar

study by CARS is also possible but likely to be more difficult due to the inherently low

Raman intensities, especially of i nonsymmetric transitions. Accordingly, the molecule

was synthesized, and high resolution vibratinal-rotational IR and NMR studies were

done, as discussed in subsequent sections.
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III. Synthesis and Spectroscopy of Be(BH4)2

A. Experimental Aspects

a) Synthesis

Be(BH4)2 was prepared via the solid-state metathetic reaction of beryllium

dichloride and lithium borohydride, following the method of Schlesinger et al.r° The

reaction is

BeC72 . 2LiBI-14 -. Be(BH4)21 . 2LiC11. (17)

Because of the poisonous and flammable nature of the molecule, certain precautions

were observed in its preparation. The preparation was carried out in a hood and in an

air and water-free vacuum system depicted in figure 10. The reactantswere mixed in

a dry bag filled with nitrogen and added to the reaction tube. Before opening the

reaction tube and mixing the reactants, the bag was dried well using phosphorus

pentoxide powder as a desiccator agent. In figure 10, A is a hot plate, B is an oil bath,

C is the reaction tube containing glass beads for increased surface for reaction., D and

E are traps, and F is a sample storage tube. All valves were greaseless high vacuum

stopcocks and all connections were made with Cajon ultra-torr fittings.



To vacuum
(---------\

F

Figure 10: System used for the preparation of Be(BH)2 and Al(BH4)3.

A
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In this reaction the glassware was first cleaned and dried in an oven for several hours.

After cooling, it was connected to the vacuum system and evacuated to about 20 mTorr

while heating with a heat gun, to ensure the evaporation of surface water. Then the

reaction tube was closed off and transferred to the dry bag containing nitrogen gas. One

gram of anhydrous BeC12 (99.5% CERAC Inc.) and 4 grams of anhydrous lithium

borohydride ( 95% Alfa) were mixed in a weighing bottle, then added into the reaction

tube. Next, the reaction tube was attached to the vacuum line and the nitrogen gas was

slowly pumped off While pumping on the reaction mixture, liquid nitrogen was added

to the cold trap D and the oil bath was brought slowly to 140°C. Progress of the

reaction was monitored by closing the stopcock to the pump and observing any

subsequent pressure increase using pressure gauges connected to the manifold. After

about eight hours the reaction ceased. The liquid nitrogen in trap D was replaced with

a dry ice-acetone mixture, allowing the more volatile diborane, also a reaction product,

to be collected in a gas storage bulb cooled by liquid nitrogen.. The remaining white

crystals (beryllium borohydride) were then distilled from trap D into the storage tube

(F) connected to the manifold. The sample was stored at low temperature in a

refrigerator for later use.
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b) Instruments

Gas phase '11 and "B NMR spectra of Be(BH4)2 were recorded at Oregon State

University using a Bruker AM-400 NMR spectrometer operating at 128.372 and

400.13 MHz for "B and 11, respectively. The chemical shifts were referenced to those

of diborane, recorded using the same instrument right before the Be(BH4)2 signal was

obtained.

Infrared spectra were recorded at Oregon State University using a Mattson Galaxy

7020 FTIR spectrometer, which has a resolution of 0.125 cm"' and wave number

accuracy of 0.01 cm-1. Higher resolution infrared spectra were recorded at Pacific

Northwest Laboratories using a Bruker IFS 120 HR FTIR spectrometer. This

spectrometer has a resolution of better than 0.002 cnil, a resolving power of 106, and

a wave number accuracy of 0.001.

Infrared laser-diode spectra were also collected at Pacific Northwest Laboratories

using their unique spectrometer which takes advantage of the fast tuning ability of

diode lasers." This spectrometer consists of a Laser Photonics stock diode laser system

modified by removing the closed-cycle cold head from the supplied enclosure and

mounting it to the optics table. After collimating the laser radiation, it is directed into

a 1/2 meter monochromator, the output of which is intercepted by a rotating gold-coated

aluminum sector. The sector mirror is mounted on a stepper motor and, depending on

the angular position of the sector, light will either pass through or be reflected. The
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sector intercepts and directs the laser light 1/3 of the time to a reference cell, 1/3 of the

time to a 0.25 meter confocal etalon, and the rest of the time into the vacuum chamber

where it intercepts the effluent of a pulsed, slit nozzle. Light from the jet, reference,

and etalon are all brought back to a single infrared detector. Laser light entering the

vacuum chamber is multi-passed up to 32 times through the supersonic jet using a

White cell optical configuration. Two BaF2 windows are mounted on a common flange

and used to couple the laser light into and out of the expansion chamber. Data is

collected by digitizing the output of the infrared detector, which is fed into three

parallel digitizers. All three digitizers sample 4096 points at 200 ns intervals and are

interfaced through a CAMAC crate to a 386 microprocessor. The pulsed valve and the

three digitizers are synchronized with the angular position of the rotating mirror sector

using a microprocessor. Finally, signal averaging is done by the real-time, co-addition

of individual spectra over many gas pulses.
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B: NMR Spectral Study

The purpose of the NMR studies was to

a) characterize the purity and thermal stability of Be(BH4)2,

b) seek evidence of more than one form of the compound, and

c) seek limitation on the possible structures from the observed coupling patterns.

a) B2W,Spectra

Before recording NMR spectra of Be(BH4)2, NMR spectra of diborane were

recorded for several reasons. First, we wanted to know whether the instrumental

sensitivity of our instrument was high enough for vapor phase studies. Second, we

wished to see if distinction could be made between bridge and terminal hydrogens using

the instrument. Finally, the diborane spectrum could serve to calibrate the chemical

shifts in any Be(BH4)2 spectra obtained. Accordingly, about 400 Torr of diborane,

collected during the preparation of Be(BH4)2, was transferred into a 15-mm NMR

tube. Proton and 11B signals were recorded for B2H6, as shown in figure 11.

The NMR spectra of diborane has been reported before.2' The proton spectrum

of the dominant 11B2H6isotopic form, in a first order analysis, is expected to consist of

a quartet of equal lines intensity for the terminal protons and a septet of quintets for the

bridge protons. The four lines in the terminal proton region arise from coupling
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Figure 11: Diborane NMR spectra: (a) proton, (b) "13 and (c) "B with proton
decoupling. Peaks marked with (*) are impurities. The proton shifts are with
respect to TMS while the boron shift is with respect to BF30(C2H5)2

between these protons and the directly-bonded "B nucleus (1=3/2). The septet pattern

of the bridge-proton resonance arise from spin coupling to two 1113 nuclei. Further

coupling of the bridge and four terminal protons would produce added further splitting

of each member of the septet into quintets. The proton results in Figure 11 (a) show

clearly the two types of protons in B2H6. The expected quartet in the terminal region

centered at -3.95 ppm is reasonably resolved. The bridge region at +0.65 ppm is

however a single broad line of the unresolved septet of quintets.
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The "B spectrum is expected to exhibit a triplet of triplets. One triplet arises from

coupling with the two terminally-bonded hydrogens and the secondtriplet, with smaller

coupling constant, is due to bridge protons. Although not well resolved, the expected

triplet of triplets pattern for 11B resonance can also be seen in figure 11 (b). Although

some line-narrowing and improved resolution might have been achieved by changing

the sample pressure, this was not done. As expected, the proton-decoupled "B

spectrum consists of a single line (figure 11 (c)). In general,the signal-to-noise ratio

was shown to be excellent, offering encouragement that gas phase data could be

obtained for Be(BH4)2 even at the low 8 Torr pressure at room temperature.

b) Be(BH4)2 Spectra

To get these NMR spectra, a small amount of sample was carefully sublimed from

the storage tube into a 15-mm NMR tube, with only a trace of solid localized at the

bottom of the tube. H and "B NMR traces for the saturated vapor are shown in figure

12. The proton spectrum (figure 12 a) shows clearly the presence of a single proton

type and is identical to that reported in an earlier gas-phase study. The proton

spectrum is a 1:1:1:1 quartet, indicating that all four protons about the "B nucleus are

equivalent on the NMR time scale. The quartet is centered at 0.4 ppm (relative to
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(c)

Figure 12: NMR spectra of Be(BH4)2. (a) proton, (b) 11B and (c) proton decoupled
11B. Peaks marked with (*) are diborane impurity. Proton shift is relative to TMS
while the boron shift is the literature value.

TMS) and the coupling constant is JuH=86 Hz. Also there is evidence of a weak

contribution due to coupling with 113 in the sample, which should result in a weaker,

overlapping septet. The proton spectrum shows the presence of small amount of

diborane (indicated with an *), produced as a result of the slow decomposition of

Be(BH4)2 over time. This served to calibrate the proton chemical shifts.

The "13 spectrum consists of a 1:4:6:4:1: quintet as a result of the presence of two

equivalent boron nuclei, each coupled to four equivalent protons (JBH=86 Hz). The "B

spectrum did not show appreciable diborane impurity and the chemical shift of "B is

less certain. However, the proton chemical shift and the coupling constants are the
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330

Figure 13: Proton NMR spectrum of Be(BH4)2 at different
temperatures. Peaks marked with (*) are diborane impurity.

same as those of the previous NMR study and we assume that the boron chemical shift

to be the value of+36.2 ppm (BF3.OEt2 = 0) reported by Gaines et al.'

The possible presence of two distinct forms of Be(BH4)2, which has been proposed

based on an infrared and Raman study", might be revealed by changing the sample

temperature. On heating, the equilibrium between the two forms will be altered and

such a change might apparent in the NMR spectra. Accordingly, the proton NMR

spectrum was recorded at three different temperatures, as shown in figure 13. It is

clear that there is no change in the spectrum at these three different temperatures, other

than the improvement of signal-to-noise ratio as a result of increasing the sample vapor

pressure as the temperature increases. Thus, if two structures exist at comparable

concentrations, they are magnetically equivalenton the NMR time scale.
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Figure 14: (a) 9B NMR spectra of gas phase Be(BH4)2. (b) 9 B NMR spectrum of
BeC12 desolved in sulphuric acid.

It is interesting that, for both proton and 1113 spectra, there is no indication of

coupling with Be,9 which has a nuclear spin of 3/2. This absence of Be coupling has

also been noted for alkyl beryllium hydrides where it is attributed to quadrupolar

broadening.69 An attempt was made to record the 9Be NMR spectrum at 56.226 MHz,

but this resulted in the straight line shown in figure 14 (a). The lower trace of figure

14 shows the 9Be NMR spectrum obtained for a sample of BeC12 dissolved in sulphuric

acid. The weakness of this 9Be resonance, even in concentrated solutions, is consistent

with not seeing it for Be(BH4)2.

Based on these NMR results, our conclusion is that the NMR spectra are

disappointingly uninformative regarding the possible Be(BH4)2 structure(s). The

spectra indicate magnetically-equivalent borohydride groups so that, within each
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borohydride group, rapid (on the NMR time scale) internal hydrogen exchange must

be taking place. No distinction can be seen between bridge and terminal protons, nor

between borons in possible asymmetric polar structures such as II, IV, and VI in figure

5. If these structures exist, the NMR results would require rapid tunneling motion of

the heavy Be nuclei, in addition to H motion. Any mechanism involving rapid

transformation from one linear configuration to another (i. e. tridentate to bidentate

etc.) is consistent with the observed NMR spectra so that the possible existence of two

structural forms can not be excluded.

It perhaps could be argued that the spectra are not consistent with the triangular C2

structure (figure 5, V) since the terminal BeH2 protons should be quite different from

those attached to B. They would also not couple as effectively to '1B so that V, and

other triangular geometries, are unlikely. However, no further structural conclusions

are warranted by the NMR results and we turn to the infrared spectra for further

insight.
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C. High Resolution IR Study of Be(BH4)2

In the infrared study of Be(BH4)2, the choice of the gas cell windows proved

important. Initially, KBr salt windows were used, but the spectrum obtained was found

to be significantly different from the previously reported gas phase infrared spectrum.'

Keeping the sample in the cell for several days caused a clouding of the KBr windows

and the spectra indicated the growth of some intense, broad, new peaks. This clearly

indicated reaction of Be(BH4)2 with salt windows. In early reports ", several infrared

windows (IR-Tran2, LiF, BaF2, and CsI) had been used and also found to react slightly

with Be(BH4)2. The reaction products were found to persist upon pumping out the gas

cell, which made it easy to identify the infrared absorptions of these products formed on

the surface of the salt windows. Presumably, the salt window catalyzes the

decomposition, yielding an uncharacterized polymer material on the window.

To avoid this complication, most of the IR spectra collected in this thesis work were

obtained using cells fitted with sapphire windows, which are transparent to the infrared

radiation in the spectral range 1500-5000 cnil. Leaving the sample in the cell for a long

time did not change the appearance of Be(BH4)2 spectrum, indicating that there was no

reaction with sapphire windows. Only trace of diborane absorption lines got stronger,

as a result of the natural slow decomposition of Be(BH4)2 over time.

Because of the low vapor pressure of Be(BH4)2, a long infrared cell was desirable to

increase the infrared path for larger absorption signal. However, the length of the cell

was constrained by the instrument's sample compartment to about 20 cm.
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Figure 15 is a spectrum representative of many spectra that were collected at Oregon

State University using the Mattson FTIR spectrometer at its highest resolution of 0.125

cm'. As can be seen, the spectrum shows no signs of resolved P, Q, or R rotational

lines, a disappointment since the preliminary calculations in chapter II suggested that it

should be possible to resolve some rotational structure for Be(BH4)2.

That rotational structure can be resolved was demonstrated by examining the

molecule allene ( C3H4), which has about the same size of Be(BH4)2. Allene has

rotational constants of 0.296 cm' and 4.810 cm' for B and A, respectively, reasonably

close to values of 0.152 and 1.975 for D2d Be(BH4)2 and to 0.177 and 2.246 for Du

Be(BH4)2. Figure 16 shows the B-H (terminal) stretch region of Be(BH4)2 in (a), and the

C-H stretch, the parallel Alb u5 mode, of allene in (b). It can be easily seen from figure

16(b) that allene reveals the expected P, Q, and R branches and the individual J lines of

the P and R banches can also be distinguished. Allene belongs to the D2d symmetry

group and the alternation in J levels due to nuclear spin weighting can even be seen.

Althouth the geometry and constants of Be(B114)2 and allene are similar, the former

shows no trace of resolved structure at 0.125 cm' resolution.

Why should this be ? One possible reason would be the nonrigidity of Be(BH4)2.

Another complication is the presence of three isotopic forms of Be(BH4)2: BenB2118

(64%), Be"B10BH8 (32%), and Bel°B2Hg (4%), which will add to the spectral

congestion. In addition, thermal population of low-lying vibrational
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Figure 15: IR spectrum of Be(BH4)2 obtained at OSU at a resolution of 0.125 cm-I. Etalon fringes produced by the
sapphire windows cause the regular oscillations in the spectra.
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Figure 16: Comparison of the spectra of Be(BH4)2 and allene. (a) the B-H terminal
stretch region of Be(BH4)2. (B) the C-H stretch region of C3H4. Both spectra was
recorded OSU at a resolution of 0.125 cm1.
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levels will also blur out the rotational sequences. Finally, it might be that the molecule

executes an internal motion, such as torsion or tunneling of the B114 units, causing each

energy level to split into several levels. These reasons will be fully discussed in a later

chapter.

It became clear that even higher resolution would be usful in probing the spectra of

Be(BH4)2. This led us to arrange use of the Pacific Northwest Laboratories (PNL)

Bruker FTIR instrument mentioned earlier in the experimental section. Accordingly, a

new sample was synthesized and and carried to PNL in three infrared cells. One cell was

a standard 20-cm lR cell fitted with IR-Tran2 windows. The second cell was 20 cm

long and 2.5 cm wide and was fitted with sapphire windows. The third cell was also a

20-cm IR cell and was fitted with MgF2 windows. In addition, two 10-cm reference gas

cells were prepared for calibration purposes. One cell contained B2H6, the other a

mixture of HC1, DC1, HBr, and DBr.

The spectrum shown in figure 17 is the spectrum of Be(BH4)2 contained in the

20-cm cell with sapphire windows. The other two cells, which did not have sapphire

windows, showed much stronger diborane absorption indicating that these windows

reacted slightly with Be(BH4)2, as mentioned earlier. The spectrum shown in figure 17

was obtained at a resolution of 0.0015 cm-1. Surprisingly enough, the Be(BH4)2 bands

show the same unresolved vibrational-rotational contours as do the spectra collected at

OSU at a resolution of 0.125 cm-I. In figure 17, a small portion of the spectrum ( 2255-

2280 cm-1) has been expanded to show that there is no indication of resolved rotational
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Figure 17: An FTIR scan of Be(BH4)2 obtained at PNL using Bruker FTIR instrument. The spectrum was collected at a
resolution of 0.0015 cm'.
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Figure 18: Q branch of diborane at a resolution of 0.0015 cm 1. Diborane was in
Be(BH4)2 sample as a result of the sample decomposition.

lines. That the instrument was functioning properly is indicated by the high resolution

spectra seen for the diborane contaminant in the Be(BH4)2 sample. The Q branch of

diborane at 2519 cm-1 is expanded and shown in figure 18, and it clearly shows that each

J, K energy level is nicely resolved.

While at PNL, we also recorded spectra with the high resolution infrared diode laser

spectrometer described earlier in the experimental section. Because it has even higher

resolution (better than 0.001 cm-1) than Bruker FTIR instrument, and the beam can be

multi-passed through the sample, several spectra were recorded for the BH terminal

stretching region. Figure 19 shows several diode traces obtained using this instrument.

Trace (a) is a reference etalon to provide a clibration scale. Figure 19 (b) shows the
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Figure 19: Diode laser spectra: (a) etalon, FSR.00981 cm 1, (b) spectrum of Be(BH4)2
in a 20 cm cell at room temperature, and (c) spectrum of -12 Torr B2H6 in a 10 cm cell.



61

spectrum of -8 Torr Be(BH4)2 in a cell at room temperature and, as can be seen, there

are some resolved features. However, knowing that the Be(BH4)2 sample was

contaminated with diborane, the same region was scanned for diborane. The diborane

spectrum is shown in figure 19 (c) where it is easily seen that the diborane lines coincide

with sharp lines in the Be(BH4)2 spectrum (b). Trace b thus consist of a broad

unresolved background due to Be(BH4)2 plus the sharp features due to B2H6 impurity.

From these studies, it was clear that no rotational structure could be resolved for

Be(BH4)2 at room temperature, even at 0.001 cm-1 resolution. In part, this extreme

spectral congestion could be caused by the presence of many low-lying vibrational states

that are populated at room temperature. Lowering the sample temperature by expanding

it in a jet would force the molecule to reside in a fewer low energy states, and would also

reduce the doppler and collisional broadening so that resolution of rotational structure

might be possible.

However, as mentioned earlier, Be(BH4)2 is poisonous, flammable, and has very low

vapor pressure, characteristics not too favorable for jet experiments. This led us to

consider Al(BH4)3 as a better candidate for doing an initial "test" jet experiment since the

complication of isotopes, hot bands, and BH4 motion are also present in this molecule.

In its favor, the vapor pressure is much higher (-400 mm at 300 K), the stability is better,

and, most importantly, it is not toxic. Moreover, although not as controversial as in the

case of Be(BH4)2, the structure of Al(BH4)3 has one subtle uncertainty. This uncertainty

does not lie in the number of terminal and bridging hydrogens, but rather in whether the
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molecule is prismatic, with D3h symmetry, or twisted, with a D3 symmetry. In the next

chapter, a review of the structural studies of Al(BH4)3 is given and our results on this

molecule and on Al(13D4)3 will be discussed.



63

IV: High Resolution Spectroscopy of Al(BH4)3 and Al(BD4)3

A. Introduction

Aluminum borohydride was one of the first metal borohydride molecules synthesized

by Schelesinger and coworkers in 1940. 6 The same year, an electron diffraction study

of the compound was published." In this study, it was demonstrated that the

aluminum atom was bonded to all three boron atoms and that all B-Al-B angles were

close to 1200. The position of the hydrogen atoms remained unclear. The first infrared

spectrum was reported in 19497' and, because of the great similarity to the spectrum

of diborane, it was interpreted in favor of the molecular structure shown in figure 20.

H H

Bi
H:1=1

V
Al_

H
-1-1,,:\ H

.B

H
H

Figure 20: The molecular structure of aluminum
borohydride, (A1B31112).
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Each boron atom is bonded to four hydrogen atoms located at roughly the corners of

a tetrahedron and is connected to the aluminum atom through two hydrogen bridge

bonds. The infrared study was consistent with a proposed prismatic D3h structure in

which the terminal hydrogen atoms lie in the plane of AIB3 and the line joining the

bridge hydrogen atoms is perpendicular to the plane. The same conclusion was also

reached in a Raman study in 1960" on Al(11BH4)3 Al('BH4)3 , Al(11BD4)3 , and

Al(10BD4)3. In this study, a partial vibrational assignment was made based on D3h

stucture.

In 1968 another electron diffraction investigation of gaseous Al(BH4)3 was

reported.' This study also showed that the aluminum and boron atoms are coplanar,

with each BH4 group double-bridged to the aluminum atom. However, the authors

could not state conclusively the overall symmetry of the molecule. It was hypothesized

that the molecule could be of D3h symmetry or of D3 symmetry (obtained from D3h by

conrotation of the three BH2 bridging planes). To fit the data to the last case, the

rotation angle was found to be close to 17°.

The most recent vibrational study was reported in 1973' when Coe and Nibler

published detailed infrared and Raman results on gaseous, solid, and matrix isolated

Al(BH4)3 and Al(BD4)3. In contrast with Be(BH4)2, it was found that there was no

evidence for any significant structural change going from the gas to solid to matrix

states. Based on symmetry /selection rules, the data were found to be consistent with

a D3h prismatic structure and the 23 optically-allowed fundamental transitions were
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assigned for each molecular isotope. The assignments were found to be in a

satisfactory agreement with the Product Rule and a number of modifications were made

of the previous partial fundamental assignment.

The first NMR results on liquid A1(3H4)3 were published in 1955.75 In liquid samples

at room temperature, it was concluded that all the protons were equivalent, i. e, the

exchange between bridging and terminal hydrogen is fast (on the NMR time scale), as

has been the case for all metal borohydrides.

Although perhaps not relevant to the gas phase structural problem, it is interesting

to note that the spectra of the liquid change when the sample was heated to

temperatures above 40°C. It was suggested that a dimerization equilibrium might exist:

2A1(BH4)3 A/2/341/11 B2H6 (17)

It was stated that the dimerized form predominated at the higher temperatures, as

evidenced by a sharp quartet spectrum, compared to the normal broad peak spectrum

attributed to Al(BH4)3. However,in a later study, Maybury et aP6 reported that they

were not able to detect any appreciable amount of the diborane expected in the

dimerization reaction. They suggested the possible existence of two inter-converting

structures at high temperatures but could not specify any geometrical details. A later

report of correlated NMR-Raman spectra obtained over the temperature range -60 to

+80°C suggested that the change may be due to traces of decomposition products,

which act in a catalytic manner to alter the NMR spectra of liquid Al(BH4)3.'
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Beside the experimental work summarized above, two ab initio calculations have

been done on Al(BH4)3. In one study by Bock et ar , the two D3h and D3 structures

proposed previously were considered. A frequency analysis was performed on the

regular prismatic structure to determine if it was indeed a local potential minimum.

The appearance of a single imaginary frequency showed this was a first-order transition

state. Reducing the imposed symmetry to D3, by allowing the upper and lower faces

of the prism to rotate relative to each other, lowered the energy by about 5.9 kJ mot'.

A subsequent frequency analysis at the same level showed the rotated structure to be

a stable configuration (i. e. all vibrational frequencies were real). It was suggested that

the rotation lowered the energy by reducing the coulombic repulsion between hydridic

hydrogens in the upper and lower planes.

Another recent ab initio calculation was done by Volatron et al taking into account

correlation energy.' In this study, the rotational barrier associated with the conrotation

of the three BH4" groups around the Al-B bond was found to be exceptionally low, 0.8

ILT moll for the bidentate structure of Al(BH4)3. An interpretation was given based on

molecular orbital analysis. It was found also that changing the coordination mode of

one borohydride group from bidentate to tridentate leads to a structure which is the

transition state of the hydrogen exchange mechanism. This BH4 "tumbling" process

was found to have a low energy (9.2 kJ mot), a result consistent with the lack of

distinction between bridge and terminal hydrogen in the proton NMR spectrum.

Another change, in which one of the borohydride groups was changed from bidentate
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to monodentate, leads to a structure which is the transition state of the dissociation

mechanism

A1(BH4)3 AiH(BH4)2 BH3 (18)

This was found to be a high energy process (103.8 kJ mold).

Both ab initio calculations gave basically the same geometrical parameters for the

optimized D3 structure of Al(BH4)3. These parameters, along with the electron

diffraction results' for comparison, are collected in table 6.

It is clear from the experimental and theoretical work summarized above that the

structure of Al(BH4)3 is not rigid with respect to torsion of the BH4 units. The electron

diffraction result, which is strongly supported by the theoretical calculations, suggests

a shallow potential minimum for an antiprismatic structure with a D3 symmetry.

Rotation to a D3h form is facile so that it is not surprising thet the infrared and Raman

studies can be interpreted in terms of a prismatic structure of a D3h symmetry. In

principle, rotationally-resolved spectra might reveal more details about this torsional

mode, especially for cold molecules probed in a jet at high resolution. For this reason,

along with the other reasons mentioned in the end of the last chapter, Al(BH4)3 was an

appealing choice for an infrared study using the apparatus at Pacific Northwest

Laboratories (PNL).
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Table 6: Geometrical parmeters of Al(BH4)3, in A
and degrees.

Geometrical experimental Theoretical
parameter

Al-B 2.1430 2.1770
B-Hb 1.2830 1.2846
B-H, 1.1960 1.1893

Hp-B-Hp 114.00 106.30
116.20 121.60
17.20 23.20

We started first by calculating the rotational constants for both D3h and D3 structures

of Al(BH4)3, to estimate what resolution would be needed to resolve any rotational

structure. The calculation was done following the same procedure described in chapter

II, B. The theoretical geometrical parameters (column 3 of table 6) were used in the

calculation. The only difference between the D3h structure and the D3 one is the angle

0, which was used as given in table 6 for D3 and changed to zero for D3h. The resulting

rotational constants are given in table 7. It should be mentioned here that the numbers

given in table 7 are for Al(11BH4)3, which forms only 51% of the overall Al(BH4)3. The

other forms are Al(11SH4)2(10BH4) 38%, Al (1°}3114)2("B114) 10%, and Al(1°BH4)3 1%.

It is apparent from table 7 that the rotational constants are essentially the same for

both D3h and D3 structures. It is unlikely that the usual studies of isotopic forms would

permit a distinction between these structures. It is possible that some distinction

between them could be made based on subtle alternations in the resolved K
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Table 7: Calculated moment of inertia and rotational constants
for the D3 and D3h isomer of Al(BH4)3.

Isotope

D3

D3h

Moment of Inertia
(amu A2)

Rotational
constant (cm 1)

Ia = 116.8904
lb = 116.8904
Ic = 220.9618

A = 0.1442
B = 0.1442
C = 0.0763

la = 116.8805
lb = 116.8805
Ic = 220.9816

A = 0.1442
B = 0.1442
C = 0.0763

substructure of the rotational lines, although whether this could be seen was

problematic. Perhaps more promising was the possibility of resolving torsional splitting

using the high resolution jet system available at PNL. Such torsional splittings have

been observed for other molecules and give information about the torsional potential.

In any event, the B rotational constant value of 0.1442 cm4 indicated that the 2B

spacing of P and R lines should be resolvable even with the OSU resolution of 0.125

cm-1. Accordingly, fresh samples of Al(BH4)3 and Al(BD4)3 were synthesized and

infrared spectra were collected at OSU and PNL. This work included some very high

resolution infrared diode laser studies of Al(BH4)3 cooled in a jet. In the next section,

the preparation of the samples will be described, and the results of the infrared and

diode laser spectroscopy will be discussed in section C.
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B. Synthesis

The system used in the synthesis of Al(BH4)3 and Al(BD4)3 is the same as that used

in the preparation of Be(BH4)2 described in chapter II, B and shown in figure 10. The

preparation of Al(13H4)3 and Al(BD4)3 was the same except for use of NaBD4 reactant

in the later case. In the preparation of Al(BD4)3, an NMR tube containing D20 was

also connected to the system in order to flush the system with D20 several times after

each opening to convert any residual adsorbed H2O to 1)20 in the system. This

improves substantially the D purity of the product. The following text will refer only

to Al(BH4)3.

Al(BH4)3 was prepared via the solid-state metathetic reaction of aluminum

trichloride and the corresponding sodium borohydride, following the method of

Schlesinger et ar. The balanced equation for the reaction is

A1C13 3NaBH4 4. Al(BH4)3 3NaC1. (19)

Due to the extreme reactivity of Al(BH4)3, certain precautions were observed in its

preparation. As was done in the preparation of Be(BH4)2, the reaction was carried out

in a hood and in a glass high-vacuum system. A dry bag filled with nitrogen gas was

used to prepare and mix the reactants.

About one gram of sodium borohydride (98% Mallinckrodt Specialty Chemical Co.)

or sodium borodeuteride (D, 98% Cambridge Isotope Laboratories) was mixed with
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four grams of anhydrous powdered aluminum trichloride (lab grade Mallinckrodt

Specialty Chemical Co.) in a dry bag. Then, the reaction tube was transferred to the

vacuum system, liquid nitrogen was added to trap D, and the nitrogen gas, introduced

by the reactants from the dry bag, was pumped off. After the pressure inside the system

reached about 20 mTorr, the oil bath was brought slowly to 130°C. Progress of the

reaction was monitored by closing the stopcock to the pump and observing any

subsequent pressure increase. The reaction ceased after approximately two hours. The

liquid nitrogen in trap D was then replaced with a dry ice-acetone mixture, allowing

diborane to be collected in a gas storage bulb cooled with liquid nitrogen. Any

remaining non-condensibles were pumped off. The remaining colorless liquid in trap

D, Al(BH4)3, was then vacuum distilled into a storage tube (F) similar to that shown in

figure 10 and was kept in a refrigerator for later use.

The instruments used in collecting the spectra of Al(BH4)3 and Al(BD4)3 are the

same infrared ki Ilit and infrared diode laser spectrometers used for Be(BH4)2 and have

been described previously in chapter II, B.
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C. High Resolution Infrared and Diode Laser Study of Al(BH4)3 and Al(BD4)3

a) FTIR Study

Unlike the case of Be(B114)2, there have been no reports of Al(BH4)3 reacting with

salt windows, nor did we notice any change in the infrared spectrum after keeping the

sample in a cell with salt windows for a period of time. All spectra were collected for

both Al(BH4)3 and Al(BD4)3 using a standard ten-cm Pyrex infrared gas cell fitted with

KBr windows. Several spectra of Al(BH4)3 were first collected at OSU using the

Mattson FTIR spectrometer. A representative survey scan of about 6 Torr of

Al(BH4)3 is shown in figure 21. The spectrum is not different from that reported in the

lierature,74 despite the improved resolution (0.125 cnii vs 1 cm l. It is clear that there

is no indication of resolved rotational structure in any absorption region.

Several preliminary spectra were also collected for Al(BD4)3 at OSU using the same

instrument, and a representative scan is shown in figure 22. This spectrum was also

collected at the highest resolution allowed by the instrument (0.125 cm-1) at a pressure

of about 7 Ton. Again, there is no evidence of resolved rotational structure. Despite

this, we were optimistic that going to higher resolution would show resolved rotational
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Figure 21: An FTIR spectrum of 6 Torr of Al(BH4)3 recorded at Oregon State University at a resolution of 125 cm-1.
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Figure 22: An FTIR spectrum of 7 Torr of Al(BD4)3 recorded at Oregon State University at a resolution of 0.125 cm'.
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lines, especially for Al(BD4)3. The argument here is that, if the complication of the

spectrum is attributed to some kind of hydrogen exchange, this mechanism would be

slower if one changed the protons to deuterons.

Therefore, fresh samples of both Al(BH4)3 and Al(BD4)3 were prepared and taken

to PNL and high resolution FTIR spectra were recorded using the Bruker FTIR

instrument. The spectrum shown in figure 23 was collected at a resolution of 0.005 cm

1 for 6 Ton of Al(BH4)3. The strong band at about 2000 cm4 has been expanded at

the maximum and is shown as an inset in figure 23. It is clear that, even at this high

resolution, no hint of rotational structure is seen.

Figure 24 shows an r fa scan collected for 7 Ton of Al(BD4)3, also at a resolution

of 0.005 cm'. Again, there is no evidence of resolved rotational structure in Al(BD4)3,

as can be clearly seen from the expanded portion of the spectrum at the maximum of

the strong absorption band at about 1050 cm 1. This is in contrast to the very sharp

vibrational-rotational lines seen for water and carbon dioxide in this spectrum, as well

as in other spectra collected at the PNL. We note that the CO2 and H2O are in the

spectrometer, not in the sample cell. The intensity of these background lines depends

on how well the spectrometer is evacuated before collecting each spectrum. For all the

FTIR spectra collected at the PNL, there were no background scans subtracted from

the sample scans, so the apparent amount of CO2 and H2O is large.
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Figure 23: An FTIR spectrum of 6 Torr of Al(BH4)3 obtained at PNL at a resolution of 0.005 cm-1.
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Figure 24: An FTIR spectrum of Al(BH4)3 obtained at PNL at a resolution of 0.005 cm'.
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b) Infrared Diode Laser Study

The results of the high resolution lilt study described above showed the necessity

of cooling the sample as well as the need for even higher resolution measurements. The

PNL diode laser instrument described in chapter II, B, which has a resolution of better

than 0.001 cm-1, was used for the jet expansion work described below.

In this experiment, a 1% mixture of Al(BH4)3 in argon was made by flowing 500

Torr of argon through a sample of liquid Al(B114)3. The pressure of Al(BH4)3 was held

at 5 Torr by fixing the sample temperature at about -53° C using a liquid nitrogen-

propanol slush. The vibrational band located around 2000 cnil. was selected for this

diode study because it has a strong absorption in region of the diode emission and has

no neighboring bands that might complicate the spectrum. From reference 74, it is

believed to consist of a parallel A2" bridge stretch at about 2030 cm-1 and a

perpendicular E' stretch at 2059 cnil.

The result of this study is shown in figure 25. Trace (a) shows the FTIR trace of the

selected absorption band collected at OSU at a resolution of 0.125 cm'. Shown on this

trace are several points corresponding to the absorbance measured using the diode laser

spectrometer. These are essentially beam-on, beam-off absorption measurements taken

at different fixed frequencies across the band. Although only a few points were
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Figure 25: High resolution diode laser spectra of Al(BH4)3. (a) an FTIR scan at a
resolution of 0.125 cm 1. Scan at 0.005 cm-1 look the same. The points are a measure
of the diode laser absorption at different points across the FTIR absorption band (see
text for detail). (b) 0.5 cnil diode laser scan of a 1% Al(BH4)3 in Ar jet sample at a
resolution better than 0.001 cm-1. Scan is unnormalized for laser power. Absorption
is about 70%. (c) the diode laser etalon pattern.
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measured due to limited sample amount and time, the agreement with traces (a) can be

seen and the expected narrowing of the band in the cold jet is also apparent.

Trace (b) represents a 0.5 cm -1 diode laser scan near the maximum of the absorption

band of 1% Al(BH4)3 in argon expanded in the jet. This curve is uncorrected for

variation in the diode laser output in the frequency. Trace (c) shows the calibration

etalon pattern of the diode laser, with fringes spaced by 0.0098 cnil. As can be seen,

there is no indication of any sharp rotational structure. This result was very surprising

since the temperature of the sample was estimated at - 10K, based on similar

experiments with this apparatus. Several 0.5 cnil intervals were carefully scanned

across the band and in no case was any suggestion of vibrational-rotational structure

seen. As a check on the apparatus, a jet of N20 in argon was also examined and very

sharp, intense absorption were easly observed.

Based on the high resolution study results described above, our conclusion is that,

like Be(BI-14)2, Al(BH4)3has an extremely congested spectrum and neither can be viewed

as a simple rigid-rotor molecule of well-defined structure. A number of factor can

contribute to the spectral complexity of these unusual compounds and some of these

are cosidered in detail in the next chapter.
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V. Discussion and Ab Initio calculations

Despite the experimental efforts in this thesis work, the spectral details necessary

to precisely define the structures of Al(BH4)3 and Be(BH4)2 proved unaccessible. For

example, the NMR. study of gaseous Be(BH4)2 did not distinguish between terminal and

bridge hydrogens, a result which is consistent with an earlier similar study. Any

mechanism involving rapid transformation from one linear heavy-atom configuration

to another is consistent with the observed NMR spectra. However, it seems likely from

the NMR spectra that all triangular frameworks proposed for this molecule can be

eliminated.

The observed high resolution FTIR and infrared diode laser spectra did not show

any indication of resolved vibrational-rotational structure in either Be(BH4)2 or

Al(BH4)3. Especially surprising is the fact that cooling the sample of Al(BH4)3 ina jet

showed no trace of rotational structure for these molecules.

Below, we first consider possible contributions to the complexity of these molecular

spectra. Then described are ab initio calculations done to assess the energies of

different forms and inter-conversion paths. Finally, in the last chapter, we present

spectral simulations that take some of these factors into account and that yield spectra

consistent with our observations. Also there, we consider some possible extensions of

this thesis work which might add to our understanding of the structures of metal

borohydrides.



82

A. Natural Abundance of "B and "B

The occurrence of two isotopes of boron obviously contributes to the spectral

complexity of the spectra of both Al(BH4)3 and Be(BH4)2. Given that the abundance of

boron is about 81.2% "B to 18.8 %10B, there are two dominant isotopic forms for

Be(BH4)2.. "B2 (64 %), and 1310B (32%). The third species, "B2 (4%), is expected to

contribute little to the spectrum and can be ignored. However the 11B10B form, with

a slight vibrational frequency increase, would have a spectrum of reasonably high

intensity that would overlap that of the "B2 species. The calculated B rotational

constant for the "B10B form is also about 0.006 cm' larger than that of the heavier

"B2 species, which means a slight expansion of the rotational P and R branches of the

former.

In the Al(BH4)3 case, there are three boron atoms and hence four isotopic

combinations: 11B3(51%), "B293 (38%), 11B1.11.'s-L12(10%), and "B3 (1%). It is clear that

the 11133 and 11132113 forms will dominate the spectra. The rotational constants for each

will be different and a complicated, overlapping spectrum is again expected, as for

Be(BH4)2. For both compounds, the 1113 to "B isotopic frequency shifts will depend

on the particular mode and will be in the range from 0 to a maximum of 5%.

The solution to reducing this contribution to spectral richness is obvious, the

synthesis of isotopically enriched samples of the molecules. Unfortunately, there is no

commercial source of Li"BH4 or Na113H4. Liutat is available but at a cost of
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Figure 26: Population of the ground state and low-lying vibrational states at room
temperature for the D2d structure of Be(BH4)2. Frequencies are from ref. 46.

-160$/gm so, although not done in this study, synthesis ofpure Be(1013H4)2 could be

considered in future work.

B. Vibrational Hot Bands

In both Al(13H4)3 and Be(BH4)2 (D2d or Du) cases, there are several vibrational

levels lying below 800 cm'. Figures 26, 27, and 28 show the calculated percentage of

molecules at room temperature in the ground state and in low-lying levels for
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Figure 27: Population of the ground state and low-lying vibrational states of theDad
structure of Be(BH4)2 at room temperature. Energies are from ref. 46.
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fundamental vibrational modes and combinations of these for D2d (Be(BH4)2), Dad

(Be(BH4)2), and Dm (Al(BH4)3), respectively. The frequencies for Be(BH4)2 are taken

from reference 46 while these for Al(BH4)3 are taken from reference 74. It is clear from

these figures that, in all cases, less than 30% of the molecules are in the ground

vibrational state while the rest are distributed among these low-lying fundamental and

combination band levels.

In the D2d Be(BH4)2 case (figure 26), the v=1 level of the degenerate E type mode

(u20), expected at 119 cnil, actually contains more molecules than the ground state
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Figure 28: Population of the ground state and low-lying vibrational states of the D3h
structure of Al(BH4)3 at room temperature. Frequencies are from ref. 74.

level. Transitions from excited levels of this mode, along with combinations with other

low-lying modes, are expected to be easily seen in the infrared spectrum, depending on

the selection rules. One can expect a complicated spectrum due to overlapping P-Q-R

branches, caused by small (-0-10 cm-1) vibrational shifts for each hot-band transition.

For Dad Be(BH4)2 (figure 27), levels involving the torsion A type mode (u5),

expected at 199 cm 1, and the E type mode (u18), expected at 238 cm', will be
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Figure 29: Population of the ground state as a function of the temperature for Du
and Du structures of Be(BH4)2 and the D3h structure of Al(BH4)3.

populated at room temperature. These modes and their combination with other low-

lying modes will also be very significant in the infrared spectrum if Be(BH4)2 has this

form.

In the case of Al(BH4)3 of D3h symmetry, the A type mode (u14) at 229 cnil, the

E type mode (v23) at 255 cnil, and the E type mode (1)22) at 325 cnil, are each

appreciably excited at room temperature. The contribution of these modes and their
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combinations with other low frequency modes in complicating the room temperature

infrared spectrum of Al(BH4)3 is thus expected.

To eliminate the contribution of these hot band transitions, one should lower the

sample temperature, thereby forcing molecules to the ground state. Figure 28 shows

the effect of lowering the temperature on the population of the ground state for the

three structures discussed above. While the temperature has to be lowered to about 20

K to get essentially 100% population of the ground state for the D2d form of Be(BH4)2,

an equivalent population will be achieved at 80 K for the ground states of Be(BH4)2-

Dad and A1(BH4)3-D3h. Of course the equilibrium vapor pressure of samples is

negligible at these temperatures. However, gases at these temperatures can be prepared

under the non-equilibrium conditions of free jet expansions.

No jet studies were done on Be(BH4)2 because of its inherently low vapor pressure

and troublesome chemical properties. Al(BH4)3 was examined however. Surprisingly,

cooling a sample of Al(BH4)3 in a jet in the infrared diode laser experiment discussed

in chapter III did not yield simple, resolved spectrum, despite the fact that the estimated

temperature of the jet sample was 10 K. Figure 29 shows that all Al(BH4)3 molecules

should be in the ground vibrational state at this temperature and yet we saw no

simplification of the spectrum. This might suggest that effective cooling of the low

frequency vibrational modes was not achieved. However, our earlier studies of ethane

in a jet showed that similar hot bands disappeared on cooling the sample in a jet.'

Many other studies support the idea that vibrational cooling of low frequency modes
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is very effective in jet expansions 7980, thus we are led to consider other possible source

of spectral congestion in these unusual borohydride molecules.

C. Possible Existence of More than one Isomer for Be(BH4)2

The two most recent theoretical studies on Be(13H4)2 suggested that the D2d and Du

forms are the most stable isomers of the molecule, with the D2d being more stable than

D3d.(44.46) These two papers will be referred to as Marynick and Stanton, respectively

in the remainder of this section. Both papers supported the idea of coexistence of the

two structures in the gas phase at room temperature. The calculations of Marynick

were done using the Hartree-Fock approximation with a 6-311G* basis set of 114

Gaussian functions. The SCF energy calculation results suggested that the Du form

was 2553 cnil (30.5 k I mot') more stable than the Du form. Calculations of Stanton,

on the other hand, were done using a many-body perturbation theory (MBPT) using a

basis set of 85 contracted Gaussian functions. The energy results of this technique also

suggested that D2d form is lower in energy. However, the difference in energy between

the two isomers was reduced to only 385 cm"' (4.6 k I moll).

It was clear from these two studies that the accounting for electron correlation

obtained using the perturbation method gave a significantly smaller energy difference

between the two isomers. Combination of such a perturbation method with a larger

basis set might be expected to give improved energy values, thus providing a clearer
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indication of the possible presence of two isomers. Since computing capabilities have

grown appreciably in recent years, we decided to repeat the earlier (1973 and 1988) ab

initio calculations using the resources available at Oregon State University.

The calculations were done using Gaussian 92' available on the university's main

frame computer. Computations were carried out on both structures (D2d and D3d) of

Be(BH4)2 at different levels of theory. In table 8, the optimized energies and structural

parameters for both isomers are given and compared with the previous ab initio results

of Marynick and Stanton. The results shown in Table 8 were obtained using both SCF

and second-order Moller-Plesset perturbation theory (MP2), with an expanded basis

set of 114 gaussian functions (6-311G**). The SCF energies are in good agreement

with the values of Marynick, given that we used a different basis set. More significant,

however, are the MP2 energies, which suggest that the D3d form is 258 cnil (2.93 k

moll more stable than the D2d structure. In his perturbation calculations, Stanton did

not report absolute energies for these structures, but found the D3d structure to be 385

cm-1 (4.6 k I mot') higher in energy than the D2d form. Our optimized structural

parameters for both forms are very consistent with these of Stanton.

Although they differ in the predicted low energy form, both ab initio results

involving electron correlation fully support the idea of appreciable amounts of both

isomers in the gas phase. Our calculated 258 cnii energy difference between these

would imply that about 30% of Be(BH4)2 molecules have a D2d structure and about
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Table 8: Results of ab initio calculations using 6-311G** basis set. Energies are in
Hartrees, bond lengths are in A, and the energy differences (AE) are in k I moll.

Isomer Parameter

This work

SCF MP2

Ref. 44

SCF

Ref. 46

MBPT

E -68.6568 -68.9566 -68.6548

Be-B 1.85 1.92 1.86

Du B e-Hb 1.47 1.49 1.47

B-Hb 1.28 1.32 1.28

B-11, 1.19 1.19 1.19

E -68.6486 -68.9578 -68.6431

Be-B 1.73 1.74 1.73

D3d Be-Hb 1.65 1.68 1.65

B-11b 1.25 1.26 1.25

B-lit 1.18 1.18 1.18

AE D2d-D3d 21.8 -2.93 30.5 4.6

70% have a D3d structure at room temperature. The existence of both molecules will

surely complicate the infrared spectrum of the molecule at room temperature. Cooling

the sample would of course reduce the amount of the high energy form. It is worth

recalling that the matrix isolation studies37 gave evidence for this and that they favored

a tri-dentate structure for the low energy form, as we find in our calculations. It would

of course be useful to confirm this by rotational analysis of a jet-cooled sample but,
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again, the low vapor pressure and toxic nature of Be(BH4)2 make this a very difficult

experiment. Moreover, there may be reason to worry that even jet cooled spectra will

be congested due to rotational motion of the BH4 units, as considered below.

D. Torsional Splittings

From the ab initio results, interconversion between D2d and D3d structures of

Be(BH4) is expected to be facile and, from the NMR results, extensive motion of the

BH4 units to achieve proton equivalence must occur. In this thesis work we also did

ab initio calculations of the energetics for this internal BH4 rotation using Gaussian 92.

The method of calculation was the same as that used for the calculation of the

optimized energies and structural parameters mentioned above. It is convenient to

consider separately BH4 torsional motions, involving simple rotation around Be...B or

Al...B axis, from BH4 "tumbling" motion, in which bridge protons and terminal protons

exchange positions via rotation of a BH4 unit. We examine first the torsional motion.

a) Dzi Torsional Barrier

Knowledge of the barrier heights for the torsional motion of both D2d and D3d

structures is essential in assessing the contribution of such an internal motion to the

observed congested spectra. Figure 30 shows the MP2 calculated energy of the D2d
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Figure 30: Torsional barrier of Du structure of Be(BH4)2 from MP2 calculations
with a 6-311G** basis set.

form as a function of the BI-14 torsion angle. As can be seen, there are two equivalent

minima separated by barrier height of 3135 cm-1 (-39.7 kJ moll. This value is

relatively large so that tunneling splitting of the levels will be small. Accordingly, we

expect any spectral splittings in the vibrational-rotational transitions to be too small to

be resolved even with the high resolution spectrometers available. For comparison,

we note that ethane has a torsional barrier of about 1000 cm-1, and in this case our high

resolution pure rotational Coherent Anti Stokes Raman (CARS) study did not show

any torsional splittings even at 0.005 cte resolution.(67) If the low energy form of

Be(BH4)2 were D2d, the molecule would thus be relatively rigid to torsion, so that
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spectral congestion due to this factor would be small. Accordingly, the observed

congestion can be said to argue against the D2d structure, as does the lower ab initio

energy we obtained for the D3d form considered next.

b) Du Torsional Barrier

Figure 31 shows an energy scan of the D3d structure as a function of the torsion

angle. The potential has three minima at the three distinct equilibrium conformations,

as expected for an ethane-like molecule. The low barrier of 636 cm' (-7.1 kJ moll

suggests that the molecule would be easy to twist and that torsional splittings are likely

to be observed and to complicate the infrared and Raman spectra. In this case the

conventional point group will no longer be sufficient to totally classify the energy levels

and interpret the spectra of the molecule. In the next chapter, we discuss this symmetry

aspect and further review the effect of the torsional barrier on ethane spectra, as we try

to simulate the observed spectra of Be(BH4)2 and Al(BH4)3.

Finally, we mention that, although we did not do ab initio calculations of Al(BH4)3,

a recent computation by Volatron et al." showed that the rotational barrier associated

with the conrotation (gear-like motion) of the three BH4 groups around the Al-B bond

was only 70 cm-1(0.8 kJ mon.' This very low energy suggests that torsional splittings

are very likely to be substantial and to contribute to the complex spectrum of Al(BH4)3.
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These workers also found that this BH4 tumbling motion for interchange of bridge and

terminal hydrogens had a low energy barrier of 770 cnil (9.2 kJ mot1). This energy

is also low so that level splittings due to this motion may contribute to the complex

spectra found for Al(BH4)3. We explore this aspect next for LiBH4 and Be(BH4)2.

E. Rotation of BH4 Groups

The results of the Be(BH4)2 NMR study discussed in chapter II, as well as NMR

studies on other metal borohydride molecules, interpreted in terms of fast (on the



95

NMR time scale) interchange of bridge and terminal hydrogens. However, little is

known about the effect of this process on the infrared and Raman spectra of these

molecules.

The alkali metal borohydrides represent the simplest case where such motion might

be expected. In the microwave study of the ground state of these mentioned in chapter

I, the observed rotational lines showed the simple pattern of a rigid C3 symmetric top

molecule." There was no indication of splittings as a result of the rotation (tumbling)

of BH4 group. To explore this further, in this thesis work, ab initio calculations were

done on both LiBH4 and Be(BH4)2 to determine the energy path as the molecules go

from tridentate to bidentate (i. e. along the tumbling path which interchanges terminal

and bridge hydrogens).

Accordingly, a Linear Synchronous Transit (LST) calculation was done using

Gaussian 9281 and the M2 method with a 6-311G" basis set. The LST procedure

locates a maximum along a path connecting two structures and thus provides an

estimate of the transition structure connecting them. This is not quite a proper

transition state in which all the structural parameters are allowed to vary, but it should

be close in energy to this state. For the LST calculation, two molecular structures of

the molecule (e. g. C3v and C2,, forms of figure 32) are read as an input file. The

maximum energy point is sought on the linear synchronous transit path, for which all

atomic coordinates are scanned in constant increments from one structure to the other.

This maximum point is expressed in term of a Z-matrix which is in turn used as an input
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file for optimization of the molecular structure and energy at that point, thus giving the

lower energy of the transition state.

Figure 32 shows the result of LST calculations on LiBH4. The motion is one which

twists the B114 unit about an axis perpendicular to the Li...B axis so as to move the

bridge atom 4 to a terminal position in the C2,, conformation. It is clear that the C2,

bidentate structure of LiBH4 is not a stable isomeric form but is a transition state that

connects two C3v tridentate structures of the molecule. Figure 32 shows that the barrier

height for the interchange process is 1957 cm-1 ( 23.4 kJ moll. This high barrier is
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expected to result in a very small splittings, a prediction consistent with the absence of

these in the microwave spectra of the ground state.

Figure 33 shows the results of analogous LST calculations on Be(BH4)2, with both

BH4 units undergoing simultaneous tumbling. The figure shows that both D3d and Du

are minima on the potential well of the terminal-bridge hydrogen exchange process,

again, suggesting coexistence of both structures for Be(BH4)2 at room temperature.

The barrier height of the exchange process is calculated to be 1382 cm 1 (-16.7 kJ mor

1), a moderately high value. The splittings of the energy levels would thus be small in

the ground state, but will increase for higher states of the vibrational mode most similar
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to the tumbling motion. This will be the eg twisting mode of the Du form, which is

estimated at -1400 cm 1. As is the case for the torsional problem, the use of a higher

order symmetry group is required to completely characterize the spectra, as will be

discussed briefly in the next chapter.
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VI. Spectral Simulations and Conclusions

A. Line Positions and Intensities

In this chapter, simulations of the infrared vibrational-rotational spectra of Be(B114)2

(D3d form) and Al(BH4)3 (D3h form) will be carried out, taking into account the

complexity factors discussed in the previous chapter. For this simulation process, the

transitions were calculated for the P, Q, and R branches of a parallel band, i. e. for a

vibrational mode with the dipole change along the symmetry axis. For a prolate

symmetric top such as Be(BH4)2, the P and R transitions are given by

v (P ,R) = v + (B '+B ")m + (B '-B "-D JCD ;)m 2 2(D.;+D.7)M 3

- (Dji-Dji)M 4 + [(A '-B ') (A "-B ") - (D Jr' +I ) )m - (D jx.' -D jrll )m2]K2

- (1);-D x")K 4 (20)

where m = Jr + 1 for R branch and m = -J for P branch, 7 being the rotational quantum

number for the lower state. The Q branch transitions are given by

v (Q) = v + (B '-B ")J (J +1) + [(A '-B 1) (A "-B "AK 2 - (I 3 ..;-D Al2(J+1)2

- (I).',z-D :,r)J (J +1)K 2 - (D;- Dr)K 4 (21)
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For an oblate top such as Al(BH4)3, where the unique axis is C rather than A, the same

expressions apply but with A replaced by C.

The A, B, and C rotational constant values for the lower state have been calculated

in chapters II and IV for Be(BH4)2 and Al(BH4)3, respectively, for various geometries

using ab initio or electron diffraction structural parameters. However, the upper state

rotational constants needed in the above two equations are not known, nor are the

(small) centrifugal distortion constants D1, DJK, and DK for both molecules. Therefore,

these were estimated from the rotational constants of molecules of similar shape and

for similar vibrational modes.

In the Be(BH4)2 case, the parallel band of the antisymmetric terminal B-H stretch

around 2624 cm-1 was chosen for simulation since the diode spectra were collected in

that region. Allene was chosen as a model compound because it has about the same

size and shape as Be(BH4)2 and the parallel v5 C-H stretch band of allene is similar to

the Be(BH4)2mode. Accordingly, the A"-A-,13"-Ir, and centrifugal distortion constants

reported for allene " were used directly for Be(BH4)2. All of these are relatively small

corrections so that the choice of these in our simulations is not critical.

For Al(BH4)3, the B-H bridge stretching parallel band around 2030 cm' was chosen

because this region was also carefully explored in the diode laser study. To model the

rotational constants, a somewhat similar out-of-phase asymmetric CH stretching mode

(v6)' of cyclopropane was employed. Here, because B and C constants of Al(BH4)3

are smaller than those of cyclopropane by a factor of about 4, scaling was done by
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Table 9: Rotational constants used in the spectral simulations of Be(BH4)2 and
Al(BH4)3. All constants are in cm'.

Parameter Be(BH4)2 A1(13144)3

A, C 2.2464 0.0763

B 0.177 0.1442

Ds" x 108 97 2.2

Disc" x 106 5.3 -0.3

DK" X 104 1.12 0

A' - A" , C' - C" -0.0236 -0.00024

B' -B" -0.00061 -0.0005

Ds' - Ds" x108 2.7 0

Dmc' -Dm" x 106 5.3 0

DK' -DK" X 104 1.12 0

reducing the B"-13- and C"-C" values of cyclopropane by this factor. The centrifugal

distortion constants of the lower state were similarly reduced but the differences (Di-

Dr, etc.) were set to zero since they were not found to be significant for

cyclopropane." A summary of all constants used is given in table 9.

The calculated transition intensities were obtained using the line intensity equation

-EJz

I(JK) . g,,2(2.1.1)Ane "

where AsK is a line strength factor given by66

(22)



for an R transition,

for a P transition, and

A jr
(J.1X2J.1)
(7.1)2-K 2

Ajr
J(2J.1)
J 2-K 2

Air K2
J(J.1)
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(23)

(24)

(25)

for a Q transition. The nuclear spin statistical weight (g.,) are those listed in table 5 for

the Ad structure of Be(BH4)2. For the DTh structure of Al(BH4)3, these were calculated

using the same procedure mentioned in chapter II and found to be 265344 for K=0,

J=even, 259200 for K=0, J=odd, 524544 for K=3p, and 524160 for K=3p±1. This

intensity alternation for different K transitions is clearly too small to confirm the

threefold symmetry axis of Al(BH4)3 but, as noted in chapter II, it is larger for Be(BH4)2

and in principle could be used to distinguish between D2d and Dad forms of this

molecule.

In the simulation process, the various line broadening contributions were added

sequentially. The overall FTIR line width of diborane contaminant was found

experimentally to be 0.008 cnil at room temperature and the same net width was

assumed to apply for Be(BH4)2. To obtain this, the calculated transitions were first

given a Lorentzian line shape, to account for collisional broadening, and a full width at
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half maximum (FWHM) of 0.003 cm-1 was estimated. Then, a Gaussian function was

convoluted over the Lorentzian line shape to account, in a combined way, for the

Doppler effect and the instrumental resolution function. A choice of about 0.005 cnii

for the Gaussian FWHM yielded the desired overall width of 0.008 aril for each line.

B. Isotopic Contribution

The simulated spectrum of the parallel band at 2624 all' of the single isotopic form

BerBH4).2 at room temperature is shown in figure 34. For the 50 cm' range displayed,

the P-Q-R contours are apparent and the individual lines are densely spaced. That these

are well separated is more apparent in Fig. 35, which is a 1 cie region where the diode

laser spectra were collected. As can be seen, this simulation would suggest there

should be no problem in resolving the different J K lines using the high resolution

available in this work.

Next, the contribution of the second isotopic form Be(1°BH4)(11BH4) (32%), was

added. Spectra were calculated using the appropriate B- and A- rotational constants

for this isotopic form (B-=0.1829 and K=2.2464 cm') but using the same values for

the other constants as assumed for Be(11BH4)2. A "BH to 113H vibrational shift of +5

cm', equivalent to that of a similar mode in diborane, was assumed. The spectra of the

region of Fig. 35 were simulated for both isotopic forms, added, and the result is shown
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Figure 34: Simulated spectrum of the parallel band at 2624 cm-1 of Be("BH)2 at room temperature.
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Figure 35: Simulated spectrum of 1 cm' of the P branch of the parallel band of
Be(1113H4)2 at room temperature.

in Fig. 36. Examination of the spectrum suggests that resolution of the rotational lines

is still easy.

C. Hot-band Contribution

In the next step, the role of hot bands was considered. As mentioned in the previous

chapter a number of low-lying vibrational bands are expected to contribute at room
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Figure 36: Simulated spectrum of 1 cnil region of the P branch of the parallel band
of naturally occurring Be(11BH4)2 (64 %) plus Be(1113H4)(1°BH4) (32%).
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Figure 37: Simulated spectrum of 1 cm' region of the P branch of Be(BH4)2 taking
into account the contribution of two hot bands.
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temperature. The band origin (Q0 center) of each of these will be shifted a small

amount (0 to 10 cm"' ) due to anharmonicity. As an approximation, we assumed here

that only two hot bands, with vibrational shifts of -2 and -4 cm' respectively, contribute

to the spectrum. The rotational constants and intensity factors of the ground states of

both isotopes were assumed. The result of the simulation is shown in figure 37. Again,

even though the spectrum is increasing in complexity, structure is still quite obvious.

Even doubling the number of lines, by adding three more hot bands, would not change

this conclusion.

D. Conformation Contribution

One might, of course, effectively double the number of lines again if an appreciable

amount of a D2d form of Be(BH4)2 is present. This form would be a prolate top with

similar rotational constants but the normal modes would be different. From the ab

initio calculations of Stanton et al.' , the terminal BH2 stretching frequency is 144 cm'

lower than that of the asymmetric BH stretch of the D3d form. Thus overlap of the

bands should not occur, especially in the high frequency R-branch region. In addition,

the Boltzmann intensity factor for the higher energy form Du (-0.30 from our ab initio

calculations) would reduce its contribution. As a " worst case" however, simulations

of the effect of additional hot bands and a D2d conformer were done by splitting all
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Figure 38: Spectrum of 0.6 crn4 of the P branch region by splitting each line of figure
37 by ± B/2 and ± B/4 to simulate the effects of additional hot bands and D2d
contribution.

lines by ±B/2 and ±B/4 wavenumbers, amounts chosen to provide maximum overlap

of lines. Well-resolved features were still quite apparent as seen in figure 38.

It seemed clear at this point that the view of Be(BH4)2 as a rigid structure with BH4

units locked in place did not apply and that BH4 torsional-tumbling motion must

contribute significantly to the spectral complexity. Therefore, we review next the

effect of such internal motions on molecular spectra.



109

E. Torsional Contribution

Consider first the torsional problem ofBe(BH4)2. In its Dad configuration, Be(BH4)2

has the symmetry of an ethane-like molecule. The ethane torsional problem has been

the subject of investigation for many years and a high resolution CARS study of the C-

C stretch was done as part of my MS thesis work here at OSU.67 Several papers which

deal with the symmetry aspects of the problem have been published. It was shown by

Longuet-I-Eggins in 1963w) that ordinary molecular point groups can not be used to

completely classify the states of nonrigid molecules. Instead it is necessary to use

groups whose elements consist of permutations of identical nuclei in the molecule with,

and without, inversion of all particle positions through the center of mass. These

operations have to be feasible in the sense that the permutation path cannot be too high

in energy. For example, the CH3 groups in ethane can twist, but end-to-end exchange

of the H's is not possible. For the M...BH4 case, rotation to exchange H positions is

feasible but the relative orientation of the bonds in the BH4 unit is fixed.

The symmetry group for an ethane-like molecule can be used to classify any wave

function that describes the overall state of the molecule, regardless of the height of the

torsional barrier. This group consists of 36 elements, and is named G36. However, the

rotational, torsional, and vibrational wave functions are double valued since the

Eulerian angles that describe the rotation of the two CH3 units in the molecule are

double valued. In this case, Hougen showed that the double group of G36 can be used
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to classify the wave functions and to determine infrared and Raman selection rules. The

double group, called Gm+, consists of 72 elements. The character tables of both

groups are given in reference 84 (tables A-19 and A-25 for G36 and Gm+, respectively).

The Gm+ group was necessary to properly account for the ethane spectra analyzed as

part of my MS thesis work.'

The normal coordinates and harmonic oscillator vibrational functions written in

terms of D3d symmetries serve as basis functions for a G36+ treatment of the vibrational-

rotational problem of the ethane molecule. Such an analysis leads to prediction of the

symmetries of torsional levels and to selection rules for transitions between levels. To

do this, first the torsional degree of freedom is removed from the vibrational problem.

This is justified since the torsion is of much lower frequency than other vibrational

modes and, in both ethane and the D3d form of Be(BH4)2, it is symmetry forbidden to

mix with other vibrations ( e. g. in the Dad structure of Be(13H4)2, the torsional mode

(05) is the only vibration of Al symmetry). Second, the symmetry designations of all

other Du vibrational coordinates are replaced by the corresponding G36+ labels. The

symmetry of the vibrational problem for the Dad form of Be(BH4)2 is essentially the

same as that of ethane3) or dimethylacetylene. (85) For each case, the vibrational

coordinates of species Alg, A2u, F, and Eg in D3d correspond to vibrational coordinates

of species A1, Ass, Eid, and E2d in Gm+, respectively. From this, the 27 normal

coordinates for Be(BH4)2 belong to the symmetry species 4A1, + 4A4, + 4E2d + 5Eid,

with the torsion being of Aid symmetry.
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The symmetries of the rotational functions of the Dad form of Be(BH4)2 will be the

same as those of ethane) or dimethylacetylene.(") For levels with K=1-6, the species

of the rotational wave functions are E2d, Ely (A3d + A4d), E2d, and (Au +Au),

respectively." For K=0, the species are Al, and Au for I even and I odd, respectively.

The nuclear spin symmetries and rotational levels degeneracies of ethane were worked

out in my MS thesis and are also given in Ref. 67.

In the torsional problem, it has been shown(83) that motion in the sixfold potential

well gives rise to "clusters" of six torsional states that are degenerate for a high barrier.

For low barriers, level splitting occurs and these states consist of two doubly

degenerate levels (Eu + E3d) and two nondegenerate levels (Ai, + A3d) or (Aid + Au).

Since the rotational functions with even K and odd K values are of symmetry s or d,

respectively, all even-K rotational levels belonging to a vibrational state of given s or

d character must be associated with one pair of torsional functions ( + either Ai, or

A31), and all odd-K rotational levels must be associated with the E3d + either Aid or Aid

functions. This result then leads to the expectation that the effect of the torsion will be

to split each rotational level into two levels, thereby, doubling the number of lines in the

spectrum.

There remains the question of the magnitude of the splitting of levels, a quantity

governed not by symmetry but by the height of the torsional barrier. In the case of

ethane, with a torsional barrier of about 1011 cnil, the spacing between these sublevels
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is quite small (- < 0.001 cm 1 ) in the ground state. However, this can increase rapidly

for higher torsional states, as was found for ethane.'

The magnitude of the torsional splittings for excited states of modes not involving

torsion is of course much smaller than the splitting of the torsional mode levels

themselves. This is because the former depends on the anharmonic potential terms that

couple the torsion with these modes. For example, one high resolution infrared study

of the IR active u3 CH3 rocking mode of ethane at 822 cnil showed that the torsional

splitting in the upper state was only of the order of 0.05 cm-1." This splitting could be

larger for Be(BH4)2 since the molecule is less rigid than ethane, i. e. our ab initio

calculation indicate a lower torsional barrier of 636 cm'. Arguing against this is the

fact that even higher-order anharmonicity terms in the potential would be needed to

couple high torsional levels with the BH stretching modes above 2000 cnil. Since the

torsional mode (us) is expected to be only 199 cni146, for a mode at about 2000 cm',

the interaction would be with the tenth overtone level of us. The sublevels of these

states can interact via coriolis and Fermi-type resonances but, due to the high order, the

splittings are expected to be very small and, moreover, they are difficult to estimate.

Accordingly, in the spectral simulation, the effect of the fundamental torsional mode

was modeled by simply splitting each line into two lines, as occurs in ethane. A

splitting value of B/8 (0.022 cnil) was chosen and, adding this effect to the previously

considered effects, the simulated spectrum is shown in figure 39. The simulation now

takes an a blurred appearance similar to that seen in the experimental spectrum but,
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Figure 39: Simulated spectrum of 0.6 cm' of the P branch of Be(BH4)2 taking into
account the effect of torsional splitting.

again, the existence of some residual rotational structure is predicted. This offers trong

evidence that the B114 tumbling motion must play a role in adding to the complexity of

the spectrum.
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2

3

Figure 40: Four equivalent configurations of Li(BH4). Hydrogen
atoms are represented as 1, 2, 3, and 4.

F. BH4 Tumbling Motion

a) LiBH4 - a high barrier case

As a model to predict the splitting that might be introduced by tumbling motion, we

start with a consideration of tumbling in LiBH4. As shown in Fig. 40, there are four

equivalent configurations so that, at most one would expect a splitting of all levels into

four. In fact, because of the C3 rotational symmetry, it is clear that the linear

combination of the four forms can be made that have symmetries 2A + E, so that a

maximum of three sublevels would result.
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Of course, whether splittings due to nondegeneracy of these levels can be observed

in the spectrum depends upon tumbling barrier height. Our ab initio calculations on

this molecule show a large energy change of 1957 cnil in going from the minimum C3,,

geometry to the doubly bridged C2v form. As noted by Endo and Ohshima, if the

potential is expanded in spherical harmonics, the lowest order anisotropic term is

V=V3[Y34 (0,x) - Y3,2 (6,x)] sin26 cosh sin2x where 0 describes the angle between

the Li...B axis and a BH2 bisector while x is the angle of rotation about the bisector.

This potential is plotted in figure 41 and shows four maxima, corresponding to Li-H-B

monodentate bonding, and four minima, corresponding to the observed tridentate

bonding. These occur at potential values of plus and minus 10 V3/3 respectively, with

the C2,, bidentate form defining a potential of zero.

For all of the alkali metal borohydrides, pure rotational microwave spectra of

Kawashima et a show no evidence of any splitting.' This is consistent with the high

tumbling barrier (V3 = 3.1957/10 = 1857 cm 1) deduced from our ab initio

calculations. These molecules can thus be viewed as rigid rotors with well defined

structures and no appreciable tumbling motion. Further details of the unusual potential

surface of these compounds would be given by rotational-vibrational spectra but no

such data have been reported to date.
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b) CH4...HC1. a low barrier case

As an example of a case where V3 would be expected to be small, one might

consider a van der Waals complex of methane, weakly bonded to another atom or

molecule. No study of CH4 complexed with Ar or other inert gas atoms has been

reported but a recent study by Ohshima and Endo on the methane-HC1 complex"

serves to illustrate the added splitting of rotational levels produced by tumbling. These

workers modeled the system by considering the coupling of the internal rotation of CH4

with overall rotation using the Hamiltonian

H - b.12 + B 12 . V3 (ea ) (26)

In this equation b and B are CH4 and complex rotational constants, respectively, and

j and 1 are the internal CH4 and external complex angular momenta. By expanding the

wavefunctions in terms of symmetric top functions

ij k J K M) - IJ K M) lj k K) (27)

and diagnalizing the resultant matrix they obtain an energy level pattern reproduced in

figure 42. Seen here is the correlation, as V3 increases, of the CH4 spherical top levels,

on the left, to the rigid symmetric rotor levels, on the right. It can be noted that, for a

high tumbling barrier, the KO states are fourfold degenerate and the doubly degenerate

states with Kz 1 are overall eightfold degenerate. This correspond to the fact that the
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complex has four equivalent equilibrium configurations. As the bather decreases in

energy, the degeneracy of these levels is reduced and splittings in the levels occur. In

a study of the CH4...H20 complex, Suenram et al.' found a bather of 69.4 cnil and

concluded that the CH4 units are nearly freely rotating. In the CH4...HC1 complex, a

bather of the order of 100-200 cm -1 was deduced, and the level splittings range from

0-3 cm1. These splittings will decrease rapidly as V3 increases and, eventually, the

rotational motion of the CH4 unit correlates to rocking vibrations of this unit in the

"rigid" complex.

c) Be(BH4)2 Tumbling

In the Be(BH4)2 case we have two methane-like groups which can undergo

independent tumbling. For a low barrier, the angular momentum of each BH4 can

couple to the overall angular momentum and the Hamiltonian model of Endo at al. can

be extended by simply adding bj2 + V3 (02,X2) terms. Such a calculations might be

considered in future work, if the experiment suggested later for Be(BH4)2 reveals

resolved rotational structure. For the purpose of our simulation however, we content

ourselves with a consideration of the number of sublevels that might result from

tumbling motion.

There are two approaches that one can use in this task. The first makes use of the

full permutation-inversion group that would be appropriate to Be(BH4)2. As discussed
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by Bunker", the complete nuclear permutation-inversion group for CH4 (or BH4)

contains 2 x 4! = 48 elements and is designated G48. For Be(BH4)2, the number of

elements would be (48)2 times a factor of 4 for the permutation-inversion elements

describing the two equivalent B nuclei. The total group size would thus be 9216 and

the group would be designated Gn. A complete classification of all vibrational-

rotational levels, statistical weights, and allowed transitions in terms of this very large

group was judged to be too onerous, given the limited insight it would likely give.

Accordingly, we confined ourselves to an approximate estimate of the maximum

number of sublevels and their symmetries in the overall rotation subgroup. In the case

of the Dad form of Be(BH4)2, as can be seen in figure 40, each BH4 group has four

equivalent structures, which can be combined to give species 2A + E under C3 rotation.

When combining the two BH4 groups, sixteen equivalent structures are produced which

have symmetries of (2A+E)2 or 6A + 5E. This structural equivalency would thus give

rise to a maximum of 11 energy sub-levels. In the spectral simulation of Be(BH4)2, this

splitting can be modeled in a "worst case" way by introducing further divisions of each

line by B/16, B/32,...etc. This procedure could be repeated until the maximum number

of splittings is accounted for. However, as seen in figure 43, splitting the spectrum just

twice, by B/16 and then B/32, blurred out the spectrum to the point that only hints of

rotational structure remain.
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Figure 43: Simulated spectrum of 0.6 cnil of the P branch region of Be(BH4)2 after
splitting each line of figure 39 by B/16 and then B/32 to account for the tumbling
motion of the BH4 units.

One can also estimate the number of levels if tumbling occurs in a Du form of

Be(BH4)2. Here, leaving out the BH4 motion which correspond to torsions, one can

draw 6 unique arrangements of a BH4 unit. These transform as (3A + 3B) for the C2

rotation subgroup. Considering both units, Be(BH4)2 would have 36 equivalent

structures of symmetry (3A + 3B)2 or 18A + 18B for the C2 group. In fact because of

the Du symmetry of the molecule, some of the A and B combinations will be

degenerate and will be of E symmetry, so that a maximum of 24 sub-levels (12A + 12E)
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is predicted. This structure too then could yield extremely congested spectra, as

modeled for the D3d form in the previous figures.

G. Simulation for Al(BH4)3

From the above consideration, it is clear that spectra of a bidentate molecule, such

as Al(BH4)3, could also be complex, due to the torsional-tumbling motion of the BH4

units. Similar simulations of Al(BH4)3 spectra were done taking into account the

different contributions considered for Be(BH4)2. However, we present here only

simulations done for 10 K, the estimated temperature for the jet experiment. At this

low temperature, we expect that hot bands contributions will be completely eliminated.

Also, because the assumed value for AC is small and all centrifugal terms (ADJ,...etc.)

are set equal to zero, there is no resolution of K sub-structures within each I line. The

resultant "rigid rotor" spectrum for the parallel BH bridge stretching mode is shown in

figure 44. As can be seen from the figure, the high energy R branch is due to "1321QB

while the low energy P branch is due to pure 11B3 species. This suggests that careful

probing at one of these regions should show well resolved structure. However, as

mentioned earlier, this was done over the whole band and no rotational lines were

discerned. This shows clearly that line splittings resulting from the internal motion of

the BH4 units must be responsible for the spectral congestion at this very low

temperature.



123

I

2025 2030 2035 2040
Wavenumbers

Figure 44: Simulated spectrum of the parallel band at 2030 cm4 of Al(BH4)3 at 10
K

If one does not distinguish torsional motion from tumblings, each BH4 unit can be

arranged in 4 x 3 = 12 ways. Since there are three units, a maximum of123 or 1728

equivalent configurations can result. These can be combined to form A and E

symmetries under the C3 rotation group, yielding (probably) 576A + 576E

combinations. Some further reduction in number of sublevels may result if the torsions

and tumblings are considered separately (as for the Dad form of Be(BH4)2). However,

in any event it is clear that this large number of levels will certainly produce a large
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Figure 45: Simulated spectrum of A1(13114)3 at 10 K: (a) no splittings, (b) each line
is slitted to sixteen lines, and (c) each line is split to 64 lines.

number of spectral splittings that will blur the spectrum, even in the absence of

congestion caused by other isotopic forms and hot bands. To illustrate this, a portion

of the purellB3P branch region of Fig. 44 has been simulated by adding line splittings

of B/2, B/4...etc. in a process similar to that used for Be(BH4)2. The result is shown

in figure 45, in which trace (a) shows the spectrum without splittings, trace (b) shows

the spectrum after splitting each line four times into a total of sixteen lines, and (c)

shows the spectrum after splitting each initial line into a total of sixty four lines. In the



125

latter case, the residual structure can be blurred by slight adjustments in the splitting

amounts and an essintial continuum of absorption is seen, as observed in the jet spectra

of Al(BH4)3. Thus it can be concluded that extensive tumbling must be occurring in

Al(BH4)3, as in Be(BH4)2. Since our spectral resolution in the diode laser scans was

about 0.001 cm-1 or 30 MHz, this suggests that the tumbling frequency is at least of this

order.

H. Conclusions

In summary, all the experimental and theoretical results indicate that neither

Be(BH4)2 nor Al(BH4)3 can be viewed as having a well-defined rigid structure. Our

NMR spectra for gaseous Be(BH4)2 and the literature NMR results for Al(BH4)3

showed no distinction between terminal and bridge hydrogens, as is consistent with the

idea of facile tumbling motion. Our high resolution FTIR and diode laser vibrational

studies of both compounds did not show even a trace of resolved rotational structure.

Especially surprising was the fact that a sample of Al(BH4)3 cooled to -10 K in a jet

expansion experiment showed continuous, unresolved spectra like those collected at

room temperature. Of course, because of the limited time we had at PNL, only one

region of the spectrum was examined using the jet-diode system. In future work,

repeating the experiment in other regions of the spectrum might be worthwhile to

confirm that congestion remains in other bands at these low temperatures. It might also
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be useful to go to higher driving gas pressures to try to cool the Al(BH4)3 even further.

The ab initio calculations indicate that the bonding in LiBH4 (and presumably in the

other alkali metal borohydrides) is tridentate, with a relatively high tumbling barrier of

about 2000 cm-1. Because of their low vapor pressures (-0.1 Torr) at temperatures at

which they do not decompose, jet experiments are not likely to be successful.

However, multi-pass diode laser experiments on these compounds in a high

temperature cell are probably feasible and could give useful information about the

importance of BH4 tumbling as one goes to high vibrational levels.

Finally, we consider the possible value of a jet experiment on Be(BH4)2. Although

this experiment was not successful for Al(BH4)3, the relatively large number of line

splittings necessary to simulate the observed "continuum" spectrum suggests that a cold

Be(BH4)2 sample may well show resolved rotational structure. In particular, the

molecule has only two BH4 units with possibly higher internal motion barriers than in

Al(BH4)3. In addition, the rotational constant (B) of Be(BH4)2 is larger than that of

Al(BH4)3 so that the spacing between adjacent lines in the spectrum will be even larger.

Also, in the cold sample, hot band contributions will negligible.

A simulation of the terminal BH stretching spectrum of Be(BH4)2 at 10 K is shown

in figure 46. As is the case of Al(BH4)3, the P-branch of the spectrum at the low energy

side is essentially due to pure Be(11BH4)2. A one cnil portion of this region is simulated

at 10 K and shown in figure 47. In this figure, trace (a) is the spectrum without any

splittings and the upper trace (b) is the spectrum after splitting each line in (a) into
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Figure 46: Simulated spectrum of the terminal BH stretching of Be(BH4)2 at 10 K.
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Figure 47: Simulated spectrum of a one cm-1 portion of the P branch region of
Be(11BH4)2. (a) the spectrum with no splittings.(b) trace a after splitting each line
into sixteen lines.

sixteen lines. It is clear from the spectrum that, even at this very unfavorable splitting

case, resolution of rotational structure should be quite possible. Indead, this single

experiment seems to be the only one likely to confirm our ab initio prediction that the

D3d structure of this molecule is the lowest energy form. Accordingly, any future work

of Be(BH4)2 should focus on this experiment.

With regard to a future jet experiments, it is note worthy that our Al(BH4)3 jet

spectra were obtained for a sample pressure of 5 Ton in 500 Ton of Argon. This
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means that the detection sensitivity of the jet-diode laser system at PNL is sufficient

that the -8 Tom room temperature vapor pressure of Be(BH4)2 would be adequate for

the experiment. Hence no heating of the sample and nozzle, which would increase the

rate of decomposition of Be(BH4)2, would be necessary. Thus the work done in this

thesis has served to demonstrate the feasibility of this experiment and, through the

simulation of our observed unresolved spectra to establish that a novel tumbling motion

of the BH4 units must occur in Al(BH4)3 and Be(BH4)2. It is hoped that future work

will further clarify the nature of the potential surface for these unusual molecules.
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