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(A) Structure and mobility studies of some layer compounds

T

H nar relaxation tirnes and absorption spectra have bteca
used to study structure and mobility of sroilons cnid proton-
containing ions in some oxide lattices over = range of tenperawure.
The absorption spectrum of y-AlO0OH is a doublet arising
from pairing of protons bonded to different oxy;wn atoms. h2 .or
GaCOl suggests that the I'=atom coordinates differ from the D-~ton

coordinates in GaClD.
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(A) Structurc and mobility studies of sone layer conpounds

Proton mwr relaxation time meassirements ( at a frequerncy of
16 1i{z) and absorption spectra have been used in structural ond

mobility studies of the comrounds GalCll, Y-A100:, H1 71&063,
+

100, , HH4 B-rlumina and H30+B—alumina.

Absorption cpectra have been recorded for the oxide
hydroxides GaCCll and Y~:1000 over 2 range <of teusperaiture., Line
narrowing due to ,roton motion is not observed., The cential :arenw
peolly which is absent at low tenmperstures, corresponds to lesc than
17" of the total absorption sisnazl and is ascribed %o occluded
wvater molecules.

The second mcoment of the absorption specizun for GaCll
(8.5 ¥ 0.9 G2) sussests that the hyd—ogen atom positions are
significantly 2ifferent to trne deuterium atom positions in GalDD.
"he absorption s»ectrum for Y -11CCI is a doublet and arises
from yrotion pairs with an intrr--air sevar tion of 1.69 S. ne

IR snectrsn of this compound chows that no OH, srouwns core nreseut.
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A structural model is vroposed to account for pairing of pro
bondad to different oxy-en atons.

The hrarogen nolybdonum bronzes, HyhoO are Lixed
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protonic conductivity is 2 x 10_20hm_1cm-1, which would classify

H1 71MoO as a superionic conductor, At room temperature, the

3

motion largely removes dipolar interactions and infori~tion about
the anisotropic chemical shielding tensor is available from
absorption spectra., 4t low temreratures (in the ririd lattice
region), absovrption snectra show that 8&7 of the protons are

present in pairs (OH, groups coordinated to 1o atoms) and this

2

is confirmed by the approximately Gaussian attenuaticn of
solid =cho maxima,

In HO 56MoO rmotional narrcwing occurs above 2151, the

3
motion being characterised by 7 = 11 kJ m01-1 and TZ =3 x 107

A
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The estimated room temperature ionic conductivity is 10 “ohm cm

8

0

showing this naterial to be a poor ionic conductor. Low
temperature absorption spectra zhow that 29,0 of the protons
arc precent in pairs (t»ec intra-pair scparaticn being 1.94 S)
ard the avpproxinmately Gaussian attenuetion of solid echo
moxing confirns this,
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is not the conduction mechanism. There is no evidence of H,O+
2

rotation ., A proton exchange process may be occurring,

(B) Slectronic structure of molecules

The importance of electron-electron interactions in
determining molecular shape has “een assessed using the water
molecule as a simple model system. Iolecular orbital cazlculations
have been carried out using the one-centre expansion (0C7) method
and hasis cets of Slater~-type orbitals (ST0's). The best kncwn
basis set of this kind for water was used for hizh accuracy
calculations, and a subset of this was used for calculations over
a range of bond angle. The valence shell was re-cxpressed in

terms of localised boendir; and lone pair orbitals,

0

The water molecule is regarded as a perturdation of
hypothetical spherical entity, the molecular puff, tne wave function

for which is calculated by i nethods. Jave functions calculated

oo

for the molecule by perturbation of the rolecular puff, mz

N

<ing no
allowance for changes in electron-electron interactions from those
in the spherical entity, are comparad with those calculated by SCI

. ® N .
cethods,in which these chanzes are included, and the agreement is
good in all respects. ilo miniium 1s found in vee’ the *toteal

electron-—eleotron interaciion ener.y, at the egquilibrius jeouetry.

These results sussest that electron-electron interactions do not

bear privary responsibility for mclecular shape.
7.e salient features of the VS.PR and Jalcv-lullilien scheres
are reproduced by bota SU2 and perturvation reiliod calealations.
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The charucterictic distribuation iu space of bonding ond lone o

IR
nalre

is reproduccd without allowing for differences in elcctron-clecetron
interactions from those in a spherical system. The success of
the VSEPR scheme does not imply a caucal relations’iipuith re2lity.
A simple classical model, concisting of su:ming the repilsions
between pairc of electrons ploced at the centroids of localired
orbitals, gives a ninimum close to the equilibriun _cosetry.
Neither the sum of the molecular ~rbital energsies nor
the sum of the valence chell molccular orbital energies shows a

minimum, The equilibrium molecular reometry is a result of a

delicate balance of energy teris,



STRUCTURE AND IOBILITY STUDILS OF SOME LAYER COMPOUNDS

CONTHIETS

PART A

Chapter 1
1.1

1.2

103

Chapter 2

2.5
2.6

2.7

Chapter 3
361
3.2

3.3

Introduction
Ionic diffusion in solids.
Superionic conductors.

Some hydrogen oxide bronzes and

related compounds.
@-aluminas.

The present work.

Nuclear Magnetic Resonance and Motion

in Solids
Nuclei and magnetic fields.
Transient and steady state responses.

Interactions in solids,

Linewidth, second moment and transverse

relaxation.
Lattice dynamics.
Theories of relaxation.

Solid echoes.

Complications,

Apparatus and Techniques
The spin-echo spectrometer.
Data averaging equipment.

Setting up the spectrometer.

Page

10

14

15
17
19

21
23
24
28

30

54
36
37



5.4

3.4.1
54402
54443
5.4.4

5.7

Chapter 4

4.1
4.2
4.5

Chapter 5

References

kelaxation time measurements.
D2 measurements.

T1 measurements.

T measurements.
1p

S50lid echo envelope.

Temperature control.

Statistical analysis of relaxation
data,

Broad-line measurements.

Yreparation and Characterisation

of Materials.
Uxide hydroxides.
Hlydrogen molybdenum bronzes.

p-aluminas.

Results of nmr Studies.
Oxide hydroxides.
Hydrogen molybdenum brongzes.

p—aluminas.

Interpretation and Conclusions
Oxide hydroxides. .

Hydrogen oxide bronzes.

B-aluminas.

for tart A.

58
59
41
41
42

42
43

46
47
54

68
15
84

93



PART B

ELISCTRONIC D1'RICTU G G FKOLECULES

Chapter {
Tet

T.2
Te3
1.4
T:5
Te5.1
Te542
7.6

Wave functions and iolecular Shape

flolecular wave functions and electron

densities.
The orbital approximation.
Localised orbitals.
Binding regions and forces.
Molecular shapes.
The VSEPR model.
Walsh-Mulliken diagrams.

The present work.

The One-ventre Calculations

The matrix formulation of SCF theory.
The one-centre expansion method.

The potential due to the protons.

inolecular puffs and the perturbation

method.
rlatrix element evaluation.
The virial theorem and scaling.

Orbital localisation and the dipole

moment.

wlectron density maps.

100
101
104
105
106
106
108

110

112
114
115

118
119

120

122

124



Chapter 9
9.1

9.2
9.3
9.4

Chapter 10
10.1

10.2
10.3

10.4

References

Appendix 1

Appendix 2

kesults of One-Centre talculations.
Wuality of basis sets.

The molecular puff,

SCF and perturbation calculations.

Variation of bond angle.

Discussion and Conclusions

SCF and perturbation method

calculations.
Comparison to other work.
A simple classical model.

Final discussion.

for Part B.

APPENDICES

Tabulated results of relaxation time

measurements.

Small basis set molecular orbitals

for H20.

Programs Appendix Inside

126
127
129

134

140
140
142

145

146

149

16

back cover.



PART A

STRUCTURE AND MOBILITY STUDIES OF

SO0MT LAYER COMPOUNDS




Chapter 1
INTRODUCTION

1¢1 ITonic diffusion in solids.

An atom or ion in a solid is associated with a given lattice
site. Translational motion can however occur in solids and such
diffusion processes can be studied by nuclear magnetic resonance,
tracer diffusion and other methods. In ionic compounds the
diffusion is also a mechanism for charge transport and hence
there is an associated ionic conductivity.

The self-diffusion coefficient, D, of a species is the
diffusion coefficient measured when the system under study is at
chemical equilibrium. The diffusion process can be considered
as a series of jumps from occupied to unoccupied sites in the
lattice. The random walk model (1) predicts that D is related
to the jump distance,l, and the average time between random
Jjumps, 1, by

D = f12/nt
where n is the number of possible jump paths and f a correlation
factor for successive jumps (f = 1 .or a truly random process).
The temperature dependence of D is usually assumed to have the
general form .

D =D, exp(-EA/RT)
where EA is the activation energy for the process, T the tempe~
rature and R the gas constant.

For ionic conductors, a diffusion ceofficient Dq can be

calculated from conductivity data using the Nernst-Einstein

relationship
o _xe?
D ~ kT
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where o is the conductivity, N is the number of mobile particles
per unit volume, e is the charge on a proton and k is the
Boltzmann constant, The ratio D/Dq is commonly called the
Haven ratio, HR, and has a particular value for a given mechanism
or combination of mechanisms, which makes HR of considerable
diagnostic value. In the best purely ionic conductors, where
there is a large number of sites to which an ion can move
relative to the number of ions, the difference between these
diffusion coefficients is small and, if only self-diffusion

data are available, the ionic conductivities may be estimated

by assuming HR =1,

The property of fast ion transport, where the self-
diffusion coefficient for one of the ions is anomalously high,
is well established. A recent review (2) has proposed that,
for a material to be considered to show fast ion transport, it

-1

should have E, ~ 10 kJ mol™' (~0.1 eV) and D_~ 1074 -10™% cn® s
and therefore a room temperature vwalue of D~*1O-6 cm® 9_1, with
acceptable values of these coefficients being one or two orders
of magnitude lower. The corresponding room temperature ionic

conductivity is du~10_2 ohm-1 cm_1. Materials with these

properties are called superionic conductors.

1.2 Superionic conductors.

Figure 1.1 summarises the properties of some extensively
studied superionic conductors.

The principal techniques which have been used to screen
and study materials as superionic conductors are electrical

measurements, magnetic resonance, infra-red and Raman spectro-
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Fgure 11

Ionic conductivity versud temperature data.
The dotted lines refer to conductivities
calculated from diffusion coefficients.
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scoples and tracer diffusion, The most commonly used are ac
conductivity and nuclear magnetic resonance measurements.

For superionic conductors, complicated analysis may be
necessary to convert the frequency dependent ac response into
meaningful bulk parameters. Complex plane plotting (3) allows
representation of the observed response as an R-C network, each
component of which can be linked to a particular process in the
assembly (e.g. ionic conductivity),hence eliminating interfacial
and grain boundary effects from ionic conductivity measurements.

Motional narrowing of nmr lines (4) can be studied as a
guide to possible translational motion of ions which have nuclei
with magnetic moments, but nmr relaxation time measurements (5)
provide a more powerful method to study motions, giving activa-
tion energies, self-diffusion coefficients and information about
the diffusion/motional process. The theoretical background to
these measurements is discussed in Chapter 2.

The majority of known superionic conductors are «- Agl type
salts of silver or copper (see e.g. ref.6) in which mobile cations
are randomly distributed over an excess of lattice sites and the
concentration of mobile species equals the total concentration
of mobile cations. The majority of poor ionic conductors have
only a small fraction of mobile defegts. Fast oxide ion trans-
port. has been found in doped group VI A oxides (7), the doping
stabilising the fluorite structure (e.g. ZrO2 + 12% Ca0), and

doped Bi (8), but otherwise few examples of fast anionic

2 03
conduction are known. This is not surprising as the larger
anions will be less free to move than the cations. Current

areas of interest are alkali ion conduction, solid solution
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electrodes and electrochromic materials.
Alkali ion conductors are of interest for energy storage
devices, such as solid state batteries (9). The highly electro-
positive alkali ions give large cell voltages and high energy
densities. An open framework of ions within which the alkali
ion can reside and/or an excess of available sites over the
number of mobile ions is required. McGeehin and Hooper (2) give
an extensive tabulation of known alkali ion conductors and their
measured properties. Interest has centred on sodium compounds
such as sodium (- alumina and "nagzirpsio" (Na,Zr PSi

3772 2012’

10-11). Lithium ion conductors are also being extensively studied

(12 -14).

ref.

A particular material may be required either as an electro-
lyte or as an electrode. An electrolyte must have very low
electronic conductivity to be useful. A mixed conductor is
suitable for electrode applications since it provides compati-
bility between the device and the external electronically con-
ducting circuit. Solid solution electrode materials function as
a host lattice for reversible incorporation of elements (e.g.
H,O,Cu,Li,Na) which may be employed as the electroactive species
in a variety of electrochemical devices. Steele (15) has dis-
cussed the criteria for materials to function as non-stoichio-
metric solid solution electrodes.

Applications for hydrogen ion (proton) conductors are easy
to envisage, and they would find immediate use in low temperature
H2/O2 fuel cells. High proton mobilities are found in the solid

state (16), hexagonal ice being the classic example. In ice the

mobility arises from extensive hydrogen bonded networks, directly



HU CLPO"‘ IoH’_O

-1

log (0/ohm cm’)
1
~J

-1

_Figure 12

Ionic conductivity versus temperature for some

proton conductors,
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linked throughout the crystal, along which the protons may be
transferred by cooperative processes. Glasser (17) has pro-
posed a tentative set of criteria for proton conduction:-

(i) The protons should be involved in hydrogen bonds.

(ii) There should be suitable paths for proton migration

in the form of a network of H-bonds.

(iii) The system should not be so rigid that possibilities

of molecular rotation are excessively limited.
Figure 1.2 gives measured properties of some proton conductors.
Shilton and Howe (18) have recently reported that the compound
HUO,PO, .4H,0 is a fast proton conductor, with & = 4 x 109 ohn™?
cm-1 at room temperature, and Childs and Halstead (19) have
used nmr to confirm this. This material could be suitable for
solid electrolyte applications.

An electrochromic material is one in which an optical
absorption band can be introduced, or an existing one modified,
by passage of a current through the material or by application
of an electric field. These materials are currently of interest
for display devices (20). For good room temperature electro-
chromic performance, the activation energy for the process must
be low and thus the search for good electrochromic materials
comes within that for superionic conductors and is akin to that

»

for solid solution electrodes. WO3 and related films are currently
of prime interest (21), incorporation of protons causing a white
to blue colouration resulting from hydrogen tungsten bronze
formation,

The rapidly growing literature shows that fast ion trans-

port is more often anticipated than established. The study of

superionic conductors is confused by the lack of understanding
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of their basic properties and the difficulty of performing

adequate experimental tests on a whole range of compounds.

1.3 Some hydrogen oxide bronzes and related compounds.

Oxides, oxide bronzes, oxide hydroxides and hydroxides
are often closely related in their structures, which can be
described in terms of a common structural feature, the M06
octahedron (22). These octahedra can be regular, as in ReOB,

or severely distorted, as in V There are no general rules

205.
for predicting structure, many compounds, such as aluminium
oxide hydroxide, existing in several forms.

Oxide hydroxides of some trivalent metals (23) have an
o¢~-form with a tunnel structure and a y-form with a layer
structure. The oxide frameworks for these are iliustrated in
figure 1.3. Gallium oxide hydroxide (GaOOH) and «-AlOOH
(diaspore) are isostructural, complete structure determinations
having been carried out by neutron diffraction (24,25). The
space group for diaspore is Pbnm, and the structure, for GaOCH,
is shown in figure 1.4. The hydrogen is bonded to 01 (at the
centre of the tunnel) and hydrogen bonded to 02 (the next nearest
oxygen). All the atoms in the structure lie on mirror planes.
Unpublished neutron diffraction data (26,27) for y-Al00H
(boehmite) suggest the space group bmcm, with the structure as
shown in figure 1.5. Random distribution of four hydrogens
among eight equivalent sites in the unit cell is suggested.

The distance between the two sites 11' (0.78 X) is too short
for simultaneous occupation of both. This could lead to disorder
in the zig-zag chains containing the hydrogens. Holm et al. (28)

explain the nmr second moment in terms of a zig-zag chain of
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hydroxyl groups, and the infra-red spectrum has been interpreted
in similar terms (29,30).

K and yforms of oxide hydroxides exchange protons rapidly.
Gallagher (31) has proposed a mechanism forecforms involving
hydrogen bond rupture and rotation of a defect water molecule.
Extensive studies have been made of boehmite (y-~AlOOH).
Fripiat et al. (32) give an activation energy of 65.5 kJ mol™!
and Wei et al. (33) give 53.9 kJ mol™1. & proton delocalisation
mechanism involving formation of ionic defects (H20+) has been
proposed (34). X-ray powder patterns for boehmite show broad
diffuse bands at low angle, characteristic of some disorder, and
the fit to neutron diffraction data is unsatisfactory in some
respects (35). Fripiat et al. (36) in interpreting their broad-
line nmr results propose a proton motion with the surprisingly
low activation energy of 7.5 kJ mol-1. These systems are there-
fore not totally understood and in this work further nmr studies
are made of boehmite (ay form) and GaOOH (ane<form).

Oxide brongzes, AxMon, are ternary oxide phases formally
derived from oxides MOn by insertion of an electropositive
element A. Alkali metal oxide bronzes are electronic conductors

(A; MO e;), either metallic (e.g. Na_WO;, X >0.3) or semi=-

31
conducting B- Naxvzos), chemically rather inert and show large
variations in stoichiometry. The trénsition metal, M, is usually
in a high oxidation state and has a small crystal radius, tunnel
and layer structures being found. In hydrogen oxide bronzes,
such as HXWO

and HxMoO the hydrogen is attached to oxygen

3 3’

atoms, The hydrogen tungsten bronzes are more properly formulated

as non-stoichiometric oxide hydroxides, WOB_X(OH)x (37,38), as are
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low hydrogen content molybdenum bronzes (39-41). High hydrogen
content molybdenum bronzes (x> 1.55) may contain OH, groups (41).
Hydrogen oxide bronzes are oxidized by air.

Hydrogen tunsten bronzes have a high, metal-like, con-
ductivity and have been studied by diffraction (37), nmr (42-44)
and neutron inelastic scattering (38). Some disagreement has
arisen in values for diffusion parameters as measured by di fferent
groups and this is discussed in Chapter 6., The electrical and
optical properties of electrochromic w03 amorphous films have been
extensively studied (21). When the electrolyte is a conductive
acid gel (45),wa05 production is proposed, and it has been shown
that electrocolouration takes place only in films containing
Héo (46). Displays based on insertion of other ions, such as
Li* (47), are also being studied.

The hydrogen molybdenum bron:zes, HxMOOB’ are a series of
phases in which the molybdenum oxygen framework is substantially
unaltered from that in Moo3 (48-51). Glemser et al. (48,49)
report four phases, Mo4010(0H)2 (x = 0.5), M0204(0H)2
(x = 1.0), M0507(OH)8 (x = 1.6) and MoSOS(OH)1O (x = 2.0).

Birtill has shown that the phase limits are (39)

x = 0,23 - 0.4 Blue orthorhombic

x = 0,85 - 1,04 Blue monocl?nic

x = 1.55 - 1,72 Red monoclinic

x = 2,0 (possibly a line phase) Green monoclinic.

Wilhelmi (51) suggested that the hydrogen atoms in Mo4O1O(OH)2
are located between the layers of the MoO5 structure. Complete
structure determinations by neutron diffraction (39-41) have
shown that, in this phase, the hydrogens are located within

the layers. Figure 1.6 shows the structure of MoO3 (space
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group Pbnm) and HO.54 MoO3 (space group Cmcm)., There is one
bridging oxygen per molybdenum, the hydrogen atoms being randomly
attached to 34. of these and located almost on the line between
them, the separation of these oxygens being 3.0X and the 0-D
length 1.068% (39). Hydrogen positions in the other phases are
not known.

The hydrogen molybdenum bronzes are probably metallic con-
ductors (52), show a weak temperature independent paramagnetism
and give no esr signal at room or liquid helium.temperatures
(40,52). This shows the conduction band to be highly delocalised.
Reversible electrochemical reduction of MoO5 occurs at room

temperature in aqueous acids (53)

1 yoo, + 8 + e =1 1 Moo
X X X

3 3

colourless coloured
and can provide the basis of an electrochromic system (20).

The relationship between bulk HXMoO and electrochemically

3
reduced MoO3 films has yet to be investigated.

Neutron inelastic scattering measurements have been carried
out on all four hydrogen molybdenum bronze phases (41). The
results for H MoO, are similar to those for H

0.34M005 0.4"

hydrogen being present as hydroxyl groups and the main peaks at

o5 (38), the

1251 cm-'1 and 1146 cm—1 for these compounds being assigned to
the M=O-H bending mode (c.f. 1156 cm™ ' for this mode in the
infra-red spectrum of In(OH)3). This band is absent for the
other phases, where the results are interpreted in terms of OH2
groups coordinated to molybdenum atoms. This is found in the
molybdic and tungstic acids. The latter compounds, w03.2H20
and WOB.HQO, were shown to contain OH2
(54,55) and other techniques (56)., Combined infra-red and nmr

both by broad-line nmxr

3.2H20 and

MOOB.H2O. X-ray work (58,59) suggests the structural relation-

studies (57) suggest the same is also true for MoO
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ships between MoOj, MOOB.H20 and M003.2H20 are as shown in

figure 1.7,

56MoO5 and H1 71MoO

In this work the compounds Ho are

3

studied.

1 04 B‘Aluminas.

The name p-alumina is frequently applied indiscriminately
to a group of non-stoichiometric layered materials formed in the
Na-Al-0 system. Interest in these is great as -alumina is used
for passage of ions in the sodium-sulphur battery. It has also
been used in other devices (60), such as a sodium-halogen
primary battery and a sodium heat engine.

Barly X-ray structural investigations (61) and associated
chemical analyses showed the formula to be approximately
N320.11A1203, and a number of isostructural compounds have been
isolated in which sodium has been replaced by other ions (see
e.g. ref.62)., Four structures are known and these have been
labelled B(63), B"(c4), p'"(65) and p""(66). The dominant
structural motif is sheets of cubic close packed oxygen layers,
these being four oxygens thick in Band g" and six oxygens thick
in B'" and pB"", these latter two only being found in the presence
of a small amount of divalent oxide (e,g. Mg0). The non-alkali
metal atoms are predominantly in the octahedral and tetrahedral
interstices in these layers, giving them a spinel-like structure,
and hence they are termed spinel blocks. The blocks are separated
by Al-0O-Al pillars, which provide weak links, and there is thus
facile cleavage parallel to the layers. A (' phase has been

reported (67), having an identical structure to Bbut with half
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as much sodium again between the layers. Bettman and Terner
(65) state that this is a manifestation of the non-étoichiometry
of B-alumina and Baughman and Lefever (68) suggest that it is
a particularly stable composition in a solid solution range.
In this work, the name f-alumina implies a pure B-phase.

Spinel blocks can stack in two ways, adjacent layers being
related by two fold or three fold screw axes, giving unit cells
with either two or three layers as the repeat distance in the
c-direction (perpendicular to the layers). Figure 1.8 shows the
structures of Band B" aluminas. The § phase (63) has two sheets
in the c-direction in the unit cell (¢ = 22.7 X, space group
P63/mmc) and the B"(64) has three (¢ = 33.8 &, space group R3m).
In'B—alumina the sodium containing plane is a mirror plane, as
shown in figure 1.9, whereas in f"-alumina it is not. The
available sites lor the alkali ion in the interlayexr plane are
shown in figure 1.10. In B-alumina, the oxygens above and below
the Beevers-Ross (BR) site are closer than those above and below
the anti-Beevers-Ross (aBR) sites, whereas in (B"-alumina the
corresponding sites are equivalent.

There is much confusion in the literature concerning the
phase diagram for the Na-Al-0 system, several different versions
being given (62,66,68-72). The P-phase seems to have a composi-

tion range, for Na.0.xAl.0,, of x = 5.33 = 8.25 at 1400°C, and

2 273

B" the range x = 7.0 - 8.5. " is not formed alone but inter-

grown with the B-phase, electron micrographs of crystals showing

this clearly (73). B" is however stabilised by the presence of
a small amount of MgO (64). The excess sodium above the ideal

formula (x = 11) is found in the interlayer region, but the exact

mechanism of stoichiometric variation is a matter of debate.
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Peters et al. (63) suggest a model based on defect clusters,
interaction occurring between Al5+ vacancies and sodium ions,
but the manner of the c-axis variation with stoichiometry (74)
and the mobility of the sodium ions show that this is not the
best model. Recent work (75,76) suggests that extra oxygens
are inserted in the sodium-containing planes and Roth (77)
asserts that oxygen bound in the plane by two Al3+ Frenkel
defects is the most likely charge compensation mechanism.

The sodium ion in B-alumina can be exchanged with a
number of mono and divalent ions. Yao and Kummer (78) worked
extensively with molten salts and others have used concentrated
acids (79,80). Recent work (81) has shown that exchange in
mqlten salts is not as complete as previous work had suggested
and that more than one exchange may be necessary. Lattice
constants for a number of exchanged f-aluminas have been re-
ported (62). For alkali ions, the c-axis expands when ions
larger than sodium are present. Li+ also produces an expansion
but the structure is slightly differemt, the it lying in a
potential well closer to one spinel block than the other.

Complete structure determinations give an average picture
of the disorder over the available alkali ion sites. The Beevers-
Ross position has the highest occupancy in all cases. Né+

p~alumina (63) has 59% occupancy of.the BR sites and no occu-
pation of the aBR sites, and f'ﬁ-alumina is similar, Aéfﬁ—
alumina is quite different (75), 52.8% being in BR and 34% in
aBR. Tf-B-alumina (82) and RQ-B-alumina (83) have more complex
structures with occupation of more sites unoccupied in simpler
cases. 1In ﬁ-B-alumina, the hydrogen is directly bonded to a

+
pillar oxygen at low temperatures, but resembles Na B-alumina
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at higher temperatures, this being evidence for proton con-

ductivity (84). Saalfeld (85) suggests that H,0" p-alumina

3
(3320.11A1203) is related to this, with hydrogen bonding

between the pillar hydroxyl and H,0 on another site.

2

The ionic diffusion in f-alumina occurs two dimensionally
in the interlayer plane, as has been shown elegantly by ion=-
exchange studies (62). Measured self-diffusion coefficients
for some cation substituted B-aluminas are shown in figure 1.11.
Figure 1.12 gives the variation in activation energy with ionic
radius (as defined in ref., 86). The size of the mobile ion is
important, dimensions both above and below a certain limit being
unfavourable. If the cation is too small (e.g. Li+) it sits to
one side of the slot between the spinel blocks, with three oxygen
nearest neighbours. If the cation is too large, it experiences
repulsive forces from the spinel blocks, particularly as it
translates to and through the aBR sites. This qualitative picture
is borne out by the results of studies of the effect of hydro-
static pressures on ionic conductivity (62).

Several theories have been put forward to explain the fast
ion conduction in these materials, and in superionic conductors
in general (87). Sato and Kikuchi (88) use path probability
methods for a vacancy mechanism of migration where the density
of vacancies is high. Rice (89) has put forward a free ion
model with thermal activation of localised ions. Van Gool (90)
considers migration of domain walls and Roth has proposed a
domain structure in B-aluminas to explain the stoichiometry.
Domains of between 5 and 102 width would be required, and these
would not be resolved by X-ray techniques. Wang et al. (91)

have calculated potential energy curves for various carrier ions.
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They showed the energy difference between BR and aBR sites in
stoichiometric crystals to be « 2eV (v 200kJ mol-1). In non-
stoichiometric materials, the extra carrier ions could form
interstitialcy pairs and, in this case, the energy barrier for
in phase motion of the pairs was comparable to experimental
activation energies. Vibrational (attempt) frequencies were
also in good agreement with experiment.

The high number of protons per carrier cation in the com-
pounds ammonium §-alumina (NHZ B-alumina) and hydroxonium

p-alumina (H o* B-alumina) increases the sensitivity of nmr

3
measurements and makes them particularly suitable for study
using this technique. The only literature report of diffusion

measurements are those by dielectric loss on NHZ B -alumina (92).

In this work, the author studied these compounds using pulsed nmr.

1.5 The present work.

The nuclear magnetic resonance sensitivity of the proton
(the hydrogen nucleus) is the highest known for any stable nucleus.
In this work, the mobility of protons and proton-containing ions
is studied, in compounds of the types discussed in sections 1.3
and 1.4, by recording nmr relaxation times and absorption spectra
over a range of temperature. The theorxetical background to these
measurements is discussed in Chapter 2.

The specific compounds studied are GaQOH, y-AlO0OH,

Hy 7qM005, Hy 5gM00,, NHZ B-alumina and }130+ B-alumina.

107 003
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Chapter 2

Nuclear Magnetic Resonance and Motion in Solids

2.1 Nuclei and magnetic fields.

A nucleus has a magnetic moment y given by
B =vy8L

where Yy is the gyromagnetic ratio for the nucleus, I its spin
angular momentum and fi Dirac's constant. The nucleus has
(2I+1) distinct eigenstates, where I is its spin quantum number,
which are degenerate in the absence of a magnetic field. In a
static field, go, the degeneracy is lifted and, for a given
spin-%4 nucleus (e.g. a proton), there are two states with
components uz =+ Hhy/2 and M, = ~fiy/2 and with corresponding
energies

U, = -'hyBo/Z U_=+hy 50/2
where z is the field direction. The magnetic resonance ex-
periment matches the energy gap using radiofrequency (RF) energy
of angular frequency W, where ‘

w, = |VB, ]|

This is the resonance condition of nmr. The resultant magneti-
sation, M , of a macroscopic sample is the vector sum of the
individual nuclear moments. At equilibrium the populations of
"he different energy levels are determined by a Boltzmann
distribution, and there is a resultant magnetisation in the 2z
direction.

The equation of motion for a magnetic moment in a static

field is

28 - yuxB
dt
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in a laboratory coordinate frame. In a frame rotating with

angular velocity w, the equation of motion is
d ,
d_k: =V Hx(B, + w/y)

and hence the effective field in the rotating frame is
(QO + Q/Y ). Ifw = -'ygo, the moment is static in the rotating
frame. The precession frequency for the moment in the laboratory
frame is thus w (= |yBo|), the Larmor frequency.
An oscillating field, Bx(t) = 2B1cos(uﬂ), can be con-

gidered as the sum of two components, each of amplitude B1,
rotating with angular velocities w and - w. One of these com-
ponents will be stationary in the rotating frame of angular
velocity w, and hence can be represented by a static vector,

length B,, in that frame. In treatments of resonance, the

1

counter-rotating component may be ignored (93).
A static field in the z-direction and an oscillating field
perpendicular to it correspond, in a rotating frame, to an

effective field geff, given by

B f=(B°-0)/Y)lc_+B

=ef =

1
If the resonance condition is fulfilled (0J=(»o), Bogp 18
1
directed along the x -axis of the rotating frame and the moment
[ |
precesses in the y z plane, periodicdlly aligned opposed to

If B, is switched on only for a short time (a pulse), the

B, I B

moment precesses through an angle Y given by

J = yB,t radians
Chosing t such that 9= @/3 would turn the moment from the
z'-direction into the y'-direction (a 90° pulse) and ¥=m

would invert the moment (a 160° pulse).
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Arbitrary orientation of the moment is not in conflict
with a quantum mechanical description, the wave function for
the spin-state being a linear combination of eigenstates.

The resultant magnetisation, J}, of macroscopic samples
is described by the same equations as those for motion of H
except that relaxation terms have to be included when there is
interaction between the spins themselves and between the spins

and the lattice.

2,2 Transient and steady state responses.

Nuclear magnetic resonance phenomena can be studied either

by continuous wave (C4) or pulse methods. Saturation is the
eéuilisation of the populations of occupied energy levels.
In CW measurements, low power levels have to be used to avoid
loss of signal strength due to this saturation. In pulse
techniques, a single 900 pulse is sometimes termed a saturation
pulse as, after such a pulse, Mz = 0 and hence the populations
of occupied levels must be equal. Phenomenological equations
describing nmr responses have been given by Bloch (94).

At equilibrium a sample has magnetisation ﬂo (M =M

2 Oy
M_ =M_=0). After a 90o pulse, the magnetisation is in, say,

X y

the y'—direction in the rotating frame and the system is no longer
at equilibrium. Bloch assumed that components of M decay ex-
ponentially to theequilibrium values, the decay constants for
components perpendicular to and parallel to Mo being T2 and ‘I‘1

such that

d_M_z = (M0 - M )/T,
at 2
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' '

dM ' aM '
X = -M/T Yy = - M /T
e x/ 2 31 y/ 2

The approach to equilibrium is termed relaxation. Relaxation
along the field direction alters the energy of the spin system,
and hence involves energy flow to or from the other degrees of
freedom (termed the lattice), whereas relaxation perpendicular to
the field does not. T1 and T2 may therefore differ. T

spin-lattice (or longitudinal) relaxation time and T

1 is the

o the spin-
spin (or transverse) relaxation time. T1p, the spin-~lattice
relaxation time in the rotating frame, is the time constant for
decay along §1.

The transient response after a 90o pulse (called the free
induction decay) and the steady state response (from CW methods)
are related by Fourier transformation (93). If m(t ) is the
transient response, the complex susceptibility,X , is given by

X = [m(1)e ar
The absorption signal is proportional to the imaginary suscepti-
bility, X , and is thus given by

X" = 'Com('t) sin(wt) dt
For work on solids, CW instruments are operated in the absorption
mode and signals proportional to the first derivative of X" are
detected and displayed. This technique is termed broad-line nmr.
Following the trend set by widespread use of high resolution
pulse Fourier transform spectroscopy, transformation of transient

signals obtained by pulse methods is becoming increasingly common

for solids (95).
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2.3 Interactions in solids.

The Hamiltonian operators for the important interactions
between nuclei in solids for a system of like spins can be written
(in frequency units) as

Zeeman: i = -yvh Y B .1
VA 1 =0 =1

Dipolar: ﬁD = (Y2ﬁ2uo/4rt). iZ_ %3 (A+B+C+D+E+F)
<j i,j
- 24y % I
where A = (1-3 cos“y) L ,- Ijz
o ~ 2 ~ ~ A ~
B _;(1 3 cosY) (Ii+IJ._ + Ii_Ij+) ,
R R * 7 T 5 -1
C = ~%sinycosd (Ii+Ijz+ Iisz+)e
*
D=2¢C
E=-2sin91, I. ~2if
4 i+7J+
F =E

and (rij,ﬁ', #) denotes the vector between spins i and j.
The terms A to I control the selection rules for transitions
associated with the dipolar Hamiltonian.

The terms involving A and B correspond to AIz = 0 and
together are called the secular Hamiltonian. As this corresponds
to zero energy change for the spin system, the secular Hamiltonian
is associated with T2. Experiments where the secular Hamiltonian
is averaged to zero give line narrowing, as the dipolar contri-

bution to line broadening is removed (96). In liquids the mole-

cules are in random motion and the time averaged secular Hamiltonian
L

is zero (as cos’y = % ). This fact allows the very useful high
resolution absorption spectra of liquids. Much work is being
devoted to line narrowing experiments in solids (96). Mechanical
sample spinning at cos-1(1/ V3) (the "magic" angle) to the static

field (97) can be used, but, for the widest lines, rotation
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frequencies required are too high for mechanical integrity of

the spinner. Multiple pulse sequences, such as the well-known
WAHUHA sequence (98), rotate the spin coordinates such that the
time average of the secular Hamiltonian is zero,

The terms C to F are associated with AIz = ¢1, i2. They
thus involve changes in the energy of the spin system and are
asgociated with T1.

Molecular motion imparts a time dependence to the co-
ordinates (rij,0,¢). The total Hamiltonian can then be re-
presented as the sum of a time dependent and a time independent
part.

H=0°+ ﬁ1(t)
where ﬁo includes the applied field and the time independent
parts of ﬁD' The shape and structure of the absorption lineshape
is determined by f° and the relaxation behaviour depends on
§1(t). If the applied field, Bapp’ is very much larger than
the local fields, By, then ﬁ1(t) can be treated as a small
perturbation. However, when Bapg‘ BL this approach fails. The
approach of Slichter and Ailion (99) is to calculate the change
in dipolar energy due to Jjumping. This is then communicated to
the sample magnetisation via the Zeeman Hamiltonian by establish-
ment of a common spin temperature for éipolar and Zeeman heat
reservoirs, this taking time T (thermal mixing time). It is
assumed that this is achieved between jumps and hence Tx>Tm.
The related temperature region is called the "strong" collision
or low temperature region. As the applied field increases, Tm

becomes very lons because of the very different spacings of the

Zeeman and dipolar energy levels and the concept of a common
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spin temperature breaks down (t<<Tm). The related region is
called the "weak" collision, the motionally narrowed, or the

high temperature region, and is treated using perturbation

methods.

2.4 Linewidth, second moment and transversgerelaxation.

The linewidth and second moment of a broad-line nmr
gpectrum for a solid and the associated transverse relaxation
behaviour are determined by the secular Hamiltonian.

A continuous wave instrument usually gives the derivative
of the absorption spectrum and a convenient definition of line-
width, AB, is the separation (in gauss) of the points of maxi-
mum and minimum slope. When the absorption spectrum itself is
observed, a definition of linewidth, AB%, as the half-width
at half intensity is convenient. The ratio of these two line-
widths will depend on the actual lineshape. The second moment,
for a normalised resonance absorption lineshape g(B) centred at
Bo’ is defined by

= 2

M, = '[M(B—Bo) g(B) dB.

If nuclei are in relative motion, the local field experienced
fluctuates with time and the time average may be much less than
the static value, The time average f}eldnﬂABv‘Mz% and, assuming
fluctuations can be characterised by a comelation time Tor 2

criterion for line narrowing and a reduction in the observed
second moment is

(Y2M2)%tc<<1 .

When this condition is not fulfilled (e.g. at lower temperatures),
the linewidth is constant with temperature and the lattice is

said to be rigid.
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The steady state lineshape arising from solution of the

Bloch equations is a Lorentzian, and for this lineshape (100)
=1 (. 3l.4
AB% = Vi, (= T, us G for protons).
In solids at low temperatures, the lineshape often apprnoximates

to a Gaussian . For this lineshape with a system of one

magnetic nuclear type (100)
M, 'E"( % )2 (= 2.20 x 103(l )2 pszc2 for protons)
2 T2

Y 1
and AB = 2(M2)E ; AB = 1.695 ABy

Figure 2,1 illustrates the definitions of linewidth for a
Gaussian lineshape.

In a rigid dipolar lattice, an exact solution for the nmr
lineshape is not obtainable. However, the moments of the re-
sonance absorption are exactly calculable, as shown by van Vleck

(101). It can be shown that

2 : A 2,2
yM, = ="Tr( [H__ ,I]°)

Tr [Ii ]

Evaluation of these traces leads to van Vleck's expressions for
M2 in terms of the microscopic coordinates of magnetic nuclei,

A, non-resonant nuclei, B, and a probe resonant nucleus i. M2

is given by (for a Fowler)
2 ,Ho,2 -6
3 a0 N GO° L

s &= EMP T vl

For a system where the only magnetic nuclei are protons, M2 for

the resonance is
_ y -6 6 2
= 358.1 % ], g .

Thus M, is given by the crystal structure.
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2.5 lattice dynamics.

Thermal vibrations are of higher frequency than Wy and
do not affect the spin system. The types of motion of interest
in nmr of solids are molecular rotation, tumbling and trans-
lational diffusion. The atom or molecule is considered to be
a vehicle that carries the nucleus from point to point.

The range of frequencies and amplitudes is treated
theoretically by using the spectral density, J(w). The mean
square of the time variation of a random (position) function f(t)
is given by ?T?T?(?T*. Transitions occur at definite frequencies
and Fourier transformation for a positional variation over time
-T to +7 gives_E

flw) = Jf(t)eiwt dt.

f(w) is anothé; random function and averages to zero, but the
mean square, f(w)f(w)*, has a definite value and gives the
amplitude at frequency w from -1 to +t . As time becomes infinite,
so does the integral above, and the spectral density is

() = lin g7 r(w) o)’
which is the mean square amplitude per unit time.

Fluctuation problems are treated by introduction of a
correlation function K(T) where

K(t) = £{8) £(t+1) :

The function has a maximum at T=0 and goes to zero at 1 =00.
For a time less than a critical time,rc, called the corrdation
time, the motion is considered small, while for times greater
than T, the comelation is weak. The spectral density and the

coxrdation function are related by Fourier transformation.

J(w) = J”K(T)eiwt dt
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The choice of correlation function depends on the physical basis
of the motion. It can be difficult to solve the mathematical
problem.

The integral of the spectral density is a constant, the
shape of the curve varying with t.. It is often assumed that the
fluctuations can be described by an exponential correlation
function

k(1) = £(0) e~'TV/7,
which corresponds to a field jumping randomly between two values
(99). The corresponding spectral density is

J(w) = k(0) 2Ic/(1+w21:§).

The variation of J(w) with tc for this case is shown in figure 2.2.

The position functions in the dipolar Hamiltonian

(section 2.3) are denoted

FO(t) = (1-3c0s%9) 17}
F1(t) = sin@cosﬁ-rzg e—i¢
Fz(t) = sinza ) e-2i¢

1J
and the corresponding spectral densities are JO,J1;J2.

2.6 Theories of relaxation.

The temperature dependence of nmr relaxation times can
provide a quantitative measure of the probability per unit time
(1/'%) of motional jumps over a wide rance of values.

Relaxation in the laboratory frame is usually studied in
fields of 10kG or more, and the weak collision case then always
applies. This has been treated by many workers, classic papers
being by Bloembergen, Purcell and Pound (the BPP theory, see
reference 102) and Kubo and Tomita (103). Redfield (104)
expresses this in density matrix formalism (105). The magnetic
nucleus is treated as taking part in random translational and/or

rotational Brownian motion. The formulae deduced for relaxation
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times for a system of like spins are

1 4,2 1 2
T, = %‘V B7I(I+1) [J () + 3°(2w)]
1 _ 4.2 2 15 1 o
T, = YHRI(I+1) [%J (2u%) + Zi J (wb) + %J (0)]
For an exponential correlation function (section 2.5) it follows
that
T
l=gY20M( < + L2 Le
T1 3 2 1ﬂu2T2 144 2_2
oc Wolec

where C is the fraction of the second moment removed by the
motion. A minimum in T, is predicted when w T = 0.616 and its

value is
(T,)

which for protons and an instrument frequency of 16MHz (as used

= 3u/(2.8401,7%)

min

in this work) corresponds to

_ 148 2
(T )pin = CM,, msG .
. . -1
When wotc>>1, this predicts T1o<rc, and, when W, T 541, T1°<IC .
If tc conforms to a relationship

o]
T, =T, exp(EA/RT)

this theory predicts that, for a plot of log T, versus 1/T,

1

the limiting slope on either side of a T, minimum gives the

1
activation energy, EA, for the motional process. This can also
be deduced from a similar plot for T2 in a line narrowing region.
Torrey (106-108) and Resing and Torrey (109) extended the
theory to a more quantitative study of relaxation using random
walk theory. In evaluating spectral densities, time averages
are replaced by ensemble averages by construction of probability
functions for random walks to nearest sites, the probability per

unit time for a jump being 1/Tr. Tn is twice the BPPE:, since

the dipolar interaction between a randomly migrating pair of



-26~

spins changes whenever either of the two spins jump . Functions

G(k!y) have been tabulated for cubic close packed and body centred

cubic lattices

o0
G(kyy) = J J§/2(kx) 1=(sinx/x) dx

(1-(sinx/x))2+y°% x
Q
where k is a factor depending on lattice type and y = wtr/z. Also

1 8T nt
J (w) = e aml G(k,y)
15 3,3

43N (W), °(w) = 63" (w),

and J2(u0

where n is the number of nuclear spins per unit cell and 1 is
the jump distance. The general behaviour of T1 and T, is as

in BPP theory but
w

(T1) - ——

min O.874CM2Y2

= éﬁg msG2 for protons at 16 MHz
2

As temperature decreases, ubtc becomes longer than unity

for a particular type of motion. Thus T1 becomes long and

perhaps awkward to measure. In these circumstances, T1P
measurements are very useful. These sample local fields fluctua-
ting at low frequencies QAyB1) as well as those near the Larmor
frequency. Normally in such an experiment, yBo >>yB1 >y Blocal’
s80 that at resonance the effective field in the rotating frame
is 21. This weak collision case has been treated by a number
of workers (110-112), Blicharsk having given a recent com-
prehensive treatment similar in form to BPP theory and giving

1

T1P

¥or an exponential correlation function this predicts similar

= 2 v4Pr(re) [ 207 (w) + %J2(2u5) + %JO(Z“H)]

behaviour to T1 with

2
(T1P) =2uH/CM2Y

min
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The ratio of (T1)min to (T1P) is given for protons by

(r,)

T .
1p min

min
min

w
w, ( Torrey's theory: 0.26 5? )

At temperatures above the T1 minumum, the combined theories

predict

An idealised behaviour for T1,T2and T1p for a translational process
is shown in figure 2.3.
Wolf and Jung (113) have developed a comprehensive

perturbation formalism, valid for T from which both the

10°
strong and weak collision formulae age obtained as special cases.
In the low field transitional region between these two approaches
(i.e. when a low field T1P minimum is observed), relaxation is
not governed by internal motions alone but internal equilibration
within the spin system is also important. The Slichter-Ailion
formula for random walk processes in the strong collision limit
is (99) 5

2(1-p) 2

where p is a geometrical factor depending on the type of motion
]

and the structure of the material, and BL is the local field in

the rotating frame given by (113)

v 1/2
B, = (;Mz) .



2.7 Solid echoes.

In rigid solids, the instrument dead-time (time to recover
from the saturating effect of the pulse,v~4“s) is a significant
part of the free induction decay (w10-40ps) and simple obser-
vation of the free induction decay will result in loss of the
initial part of the decay. Effective zero time resolution is
obtained by the two pulse solid echo technique (114).

Mansfield (115) has shown that the response of a rigid
dipolar coupled nuclear spin system to the RF pulse sequence,
9080 -T- 90;00 (the second pulse T/2 out of phase with the
first ), is given by

2 1\2 "4
m(t') =1~ M2(t"t ) + Y4m4(t-t ) eeeset ErTOT terms
2! 41
where MZ,M4.....are the van Vleck moments of the absorption

]
lineshape, t is the time since the second pulse (i.e. t+T)

and the error terms, discussed below, give the attenuation of
the echo maximum, which occurs at t =T (t=21), and are a measure
of the irreversibility of the transverse relaxation. The echo
arises from homogeneous dipolar interactions and is different
from spin echoes in liquids (see Chapter 3 and ref 116) and
quadrupolar echoes in solids (117) which depend on refocussing
the spin dephasing caused by static inhomogeneities. Powles
and Strange (114) have shown that, in'the limit t»0, the echo
is identical to the FID (free induction decay) for solids con-
taining single identical interacting spin-3 nuclei. The pulse
sequence and response are shown in figure 2.4.

Errors in the tails of absorption spectra have large effects
on M, values and the same is true for errors at short time in

2

FID's. M2 values can be obtained to a predictable accuracy,
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comparable to that of steady state measurements, by curve
fitting to solid echo decay shapes (115).

The attenuating error terms have been found to depend
on the structure. For systems containing spin-% pairs (e.g.
CaSO4.2H20) the maximum echo amplitude E(T) has a Gaussian

dependence on<T and has been fitted (118,119) to

2 2 4
B(1) = 1- Y "ogt Y4M4EI
21 7

the Gaussian decay showing M4E= 3M§E"""" and the dependence
to be
2 2
E(t) = E(0)exp(~2YM, 7).
The Gaussian shape is characteristic of a local field dis-
tribution due to a system of interacting species which are
more or less uniformly distributed in space. Boden et al.

(118,119) have shown that

16 . VV .
Mg = 78 Mo (inter)

where Mgv (inter) is the va Vleck intergroup second moment.
For a plot of 1lnE versus T2 this corresponds to

Mv;(inter) =—3.14x105 slope 2 usz.
This behaviour contrasts with that predicted (115) and observed
(120) for solids containing single identical spins, where the
effect of the error terms is to give the maximum at t <27

and attenuation principally by a fourth moment like term M4

Et4’
the attenuation then being distinctly non-Gaussian.
The measurement of M;v(inter) is a result of practical

importance as this information is not usually determinable in an

unambiguous way from either steady state lineshapes or FID's.



2.8 Complications.

For a rigid lattice ((y2M2)%1%:>1), the free induction
decay is non-exponential and hence T2 cannot be defined in a
Bloch-like manner. The decay often approximates to a Gaussian

g(t) = g(0) exp (-%Y2M2t2)
where M2 is the second moment of the absorption lineshape, which
is also a Gaussian. T, is defined conventionally (114,121) as
the time for decay to 1/e of the initial amplitude.

A non-exponential correlation function will alter the
spin-lattice relaxation behaviour. Hunt and Powles (122) have
used such a function, derived from a defect diffusion model,
to explain the relaxation in supercooled liquids and glasses.
Wolf (123) has proposed a correlation function for random walk
and point defect mechanism of gelf-diffusion which consists of
an exponential part multiplied by a power series in t/Tc,
the leading term being the simple exponential corxdlation function.
He argues that this form is crucial for applicability in the
strong collision region (113).

There may be more than one correlation time when different
motions are present or when there are different environments in
the sample (124). The effect of the latter is to broaden and
flatten the minima observed. .

Rotation can be important in solids. Ammonium salts show
minima due to this (e.g. 125). When two different sites are
present, two minima in the spin-lattice relaxation behaviour may
be observed (126), the total behaviour then being the sum of
that for the two different environments, Thus Na2ReH9, with

one site, shows a single T, minimum, while K2ReH9, with two

i
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sites, has two, both due to rotation of Reﬂ;' (127).

Non-exponential spin-lattice relaxation can arise in
a number of ways. One possibility is the superposition of decay
processes in a multi-phase system. Another is that it might
arise from correlated motion of more than two nuclei in re-
orienting groups (such as a methyl group or an ammonium ion).
In solids where this is an important relaxation mechanism, the
relaxation may be the sum of a number of exponentials, none of
which dominates the other. This has been explained by Hilt
and Hubbard (128) as resulting from cross-correlation terms due
to interaction of one dipole-dipole interaction with another.
Intergroup interactions have negligible cross~correlations
and hence produce no non-exponential character. Most practical
cases fall somewhere between the extremes of relaxation totally
determined by intra-group relaxation and relaxation unaffected
by cross-correlation.

The semi-classical theory of magnetic resonance dis-
cussed here is inappropriate at very low temperatures for
simple molecular rotors, such as ammonium ions and methyl
groups, where symmetry of rotor states and quantum mechanical
effects become important. Studies have been made of both line-
shapes and spin-lattice relaxation in.such cases (124), dut
interpretations vary from author to author. Clough (129) has
explained observed non-exponentiality in T1 behaviour and
Morimoto has explained non-exponentiality in T1P behaviour (150).
NMR can be used to study the effects involved (e.g. quantum

mechanical tunnelling (131)).
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Relaxation may result from dipolar interactions between
unlike spins e.;. between 1d and 19@ or between 1H and para-
magnetic centres. Relaxation by unlike spins has been treated
theoretically by a number of workers (149-152). In many compounds
at low temperature tie dominant relaxation mechanism is inter-
action with paramagnetic (impurity) centres. In the presence of
such centres, the correlation time, T, for the local field

fluctuations at a nucleus is given by (149,150)

1'1 - t£1 + (T?)—1
where T? is the relaxation time of the paramagnetic centre and

Fi is the time between diffusional jumps. When'fd> T?, relaxation
is not governed by diffusion but by relaxation of the parama_netic
cénure. Id may be less than tne experimental T1 and many Jjumps
occur in a sincle relaxation time giving an average, exponential,
relaxation behaviour. The temperature-dependence of T1 will then
be that of T?, which is much weaker than that of Td' If 3, the
time taken for a nucleus to difiuse between p ramagnetic centres
(typically “~100T, if those are impurities), becomes long com-
pared with T1 vi.,e. 2t very low temperatures), the spatial
averaging of relaxation oehaviour is no lon: er perrormed and

this results in a distribution of relaxation rates. The non-
exponential relaxation benaviour may then be represented
arbitrarily as the sum of two exponentials (e.g. ref.151).
further, as relaxation via dipolar interaction with paramagnetic
centres is only effective over a limited distance, at these low
temperatures some relaxation must be taking place by spin

diffusion (energy exchange tnrough the bonds) to the paramagnetic

sinks. The occurrence of weakly temperature-dependent non-
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motionally determined T, values at low temperatures can limit

the use of T1 measurements for studying motions. Measurements

of the relaxation times T1p and T1D (the spin-lattice relaxation

time in the local dipolar field, see refs.153—154) can extend

the temperature range over which information about motions i:

obtainable.
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Chapter 5

Apparatus and Techniques

5.1 The spin-echo spectrometer.,

A block diagram of the modified Polaron spin-echo
spectrometer and accompanying systems is given in figure 3.1.

Two magnets were available to supply the static magnetic
field, Bo. The first, an AEI RS2, was current controlled and
kept at a constant temperature using a heat exchanger and
recirculatory water system. The second, a Varian Associates
Fiedial, was field controlled and cooled by filtered mains
water (flow rate> 2.5 dm’ min_1).

The probe was of a crossed coil configuration, the coils
being wound on PTFE formers as shown in figure 3.2. The
transmitter coil was 4% turns of PTFE insulated multi-strand
wire wound in the Helmholtz manner and the receiver coil a
ten turn solenoid with diameter 14mm. The probe carriage
allowed movement both vertically and horizontally in the magnet
pole gap and the probe could thus be positioned in the region
of maximum field homogeneity.

The radiofrequency field, B1, was derived from a crystal
controlled continuous wave 16 MHz oscillator. After low power
amplification, the oscillator fed two independently adjustable
channels, The output from these channels fed a high power
transmitter supplied by a variable stabilized power supply.
The pulses were then fed through a matching circuit to the

transmitter coil of the probe which formed part of a tuned circuit.

The hard-wired pulse programmer was synchronized by a
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FIGURE 3.2 The components of the Nn.M.r probe

AB.C Together made up the probe

AB a crossection through the probe
with C removed

C is the receiver

B is the transmitter coil

T is the thermocouple

B, is the top view of B
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1 MHz clock and the following pulse sequences could be selected
(1) Channel 1
(2) Channel 2
(3) Channel 1 -t - Channel 1
(4) <‘nannel 2 -1 - Channel 1
(5) Channel 1 then the sequence (Channel 1-t-Channel 2-
t-Channel 1) after T and every successive 2t .

(6) Channel 1 - {- Channel 2

(7) Channel 1 then, after Tand then after every 2T ,
Channel 2.

(8) Channel 1 - t - Channel 2, The length of the second
pulse is T.

(9) Channel 1 followed at T and then every 21 by Channel 1-
t - Channel 2.

(10) Channel 1 - t = Channel 2 -1 - Channel 2.

1 was set digitally and t continuously (using a triplet delay
unit). The length of multi-cycle sequences was controllable,
as was the time between sequences.

The nmr signal induced in the receiver coil passed to a
low noise pre-amplifier protected from the saturating effect of
the transmitter pulse by crossed diodes. The signal was further
amplified and phase sensitively detected, the reference signal
being derived from the oscillator.

A1l signals were stored in a transient recorder (see next

section) and could be monitored continuously on an oscilloscope.
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2.2 Data averaging equipment.

It is advantageous to accumulate several, perhaps hundreds,
of similar signals, the technique being known as signal averaging.
For a Gaussian noise distribution, the signal to noise ratio is
improved by fN, where N is the number of accumulations. The
spectrometer at York was equipped with a Datalab DL905 transient
recorder interfaced with a Datalab DL102 200 point averager.

This combination is capable of real time averaging with sampling
rates of up to 5MHz,.

The DL905 is a digital instrument and the controls and
operation are similar to those of an oscilloscope. Signals are
sampled at discrete points and the first 1000 points in the
memory are reconstructed as a series of analogue values and
displayed on an oscilloscope. In signal averaging, the analogue
signal is transferred at a fixed rate to the averager. Starting
the averager arms the DLY05 which, triggered by the programmer,
executes a sweep according to the settings of its controls.

The recorder then triggers the averager and data transfer occurs,
200 words being synchronously transferred to the averager.

These can be the first 200 or every fifth word depending on the
averager control settings. The averager then arms the recorder
and this process continues until the ayerager reaches its preset
sweep count. The result is then se¢aled and can be read off a
display oscilloscope. An analogue output from the averager can
also be fed to a pen-recorder. The resolution in amplitude of
the averaged signal can be altered to a maximum of 7 bits (1 in

128) using the averager "scale control" switch.
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343 Setting up the spectrometer.

Samples were loaded in glass ampoules (<1cm5) which were
sealed wunder vacuum,

Cross—talk between the transmitter and receiver coils
was minimised by rotation of the receiver within the probe,
which affects the deviation from orthogonality. A high frequency
signal generator was used and the cross~talk monitored on an
oscilloscope. This procedure helps to minimise the machine
dead time which was typically -10 us.

Prior to measurements, the pulses were optimised for
shape and power and the magnet was set "on field" for resonance.
Transmitter pulses were monitored with a loop situated close to
the tuning capacitors and displayed on the HP170 monitor os-
cilloscope. They were optimised by tuning the low power amp-
lifier, transmitter and matching unit to give the maximum pulse
height consistent with a short rise and fall time for the pulse.
The magnet was set '"on field" by observing the free induction
decay (FID) of a sample witn a large signal, long Té and short

T Suitable samples were water,doped with a paramagnetic salt

1*
(e.s. Mn(NO5)2),or an ammonium salt (e.g. (NH4)4Fe(CN)6.3H20).

If the magnet was off resonance for protons, a damped oscillation
was superimposed on the FID (due to inﬁgrference as Mx and the
reference signal came in and out of phase). The magnet settings
were adjusted to give the decay with the longest characteristic
decay time. The height of the FID was optimised by tuning the
pre-amplifier and the phase shifter for the channel, the resultant
FID signal being in phase with the reference signal.

A 902 pulse could be set on Channel 1 using sequence 3

(1 -1~ 1) with T=10T, and T«T The pulse length was varied

1-
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so that no decay was observed after the second pulse.
o

A 90O pulse could be set on Channel 2 by first setting one
on “hannel 1 and then using sequence 4 (2 =1 - 1) with T~10T,,
and't<<T1. The length of the pulse on Channel 2 was adjusted
so that no decay was observed after the second pulse.

o}
A 180o pulse could be set on either channel by first
. o}
setting up a 90o pulse and then increasing the pulse length

until no FID was observed.

A channel could be set 90o out of phase by setting up a
decay and adjusting the phase shifter, and if necessary Bo’ 80
that no FID was observed for any length of pulse.

Typical 90° pulse lengths (t9o) with the high power supply
aj 3.5 kV were 7-8 pus. This corresponds (see section 2.1) to

an RF field strength, B1, of 8.4-7.3G.

3.4 Relaxation time measurements.

All the samples studied gave weak signals and hence use

of data averaging equipment was essential.

34.4.1 T_.measurements,

After a 902 pulse (e.g. using sequence 1) the resultant
magnetisation precesses in the laboratory frame and this is
detected by the receiver coil. The signal decays with character-

istic time T2 as the spins dephase from one another. The signal

is the free induction decay (FID).

When T2 > 200 us, the shape of the FID is not determined

solely by T but also by static field inhomogeneities. Several

2)

pulse sequences have been used to find true T2's. Hahn's spin

echo method (116) is a two pulse sequence but is again limited
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Different spins precess at slightly different frequencies
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by molecular diffusion. Carr and Purcell (132) showed that a
simple multiple pulse modification of Hahn's method reduced

the effect of diffusion, and Meiboom and Gill (133) modified
this to eliminate cumulative errors due to errors in pulse
lengths. The CPMG (Carr-Purcell-Meiboom-Gill) method can be
used to measure very long Tz's, and sequence 7 of the pro-
grammer was suitable for this. A 902 pulse was set on Channel 1
and a 180;0 pulse, M/2 out of phase with Channel 1, was set on
Channel 2. Figure 3.3 illustrates the pulse sequence and its
effects. The envelope of the echo maxima gives T2 directly.

In rigid solids, the FID can be very short (v 10ps), with
the result that the early part of the decay is lost in the in-
strument dead time, and is typically non-exponential. The solid
echo technique (ref.114, section 2.7) was uged to give effective
zero time resolution. In such cases T2 was defined (as is done
conventionally (114,151)% as the time for decay to 1/e of the
initial signal height, in this case the echo maximum. Sequence

6 of the programmer was used, Channel 1 having a 902 pulse and

[¢]

Channel 2 having a 909

0 pulse.

3.4.2 T, measurements.

Method A .

T, can be measured by the 907 -1~ 902 method (134), and
sequence 3 was suitable for this. The height of the FID after
the first pulse is proportional to Mo’ the equilibrium magneti-
sation in the static field direction. The second pulse, after
time T, gives an FID with height proportional to MZ(T), the

magnetisation in the z-direction after timet1 . Thus (Mo - ME(I))

is proportional to the difference in heights of the FID's at



(2) (3)

Measurement of T1 by the 900-1- 90° method

The second pulse gives an FID with height proportional
to Mz(‘t).

R=R= 90: pulse
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t =0and t =t . The decay of this quantity with T has the
characteristic time T, (see section 2.2). The sequence is
illustrated in figure 3.4.

Method B

Normally, when making T1, T2 or T1p measurements, the
repeat time between successive sequences is set at a value
>»6T1 to prevent saturation effects. However, with very weak
signals, hundreds of sequences might need to be accumulated
and considerable time saving in measuring long T1's is possible
by exploiting these saturation effects.

The "progressive saturation" technique has been used in
various forms by several workers (135—137), though generally
not with pulse spectrometers. For a train of accurately 902
pulses, the magnetisation, Mz, and hence the FID, reaches a
constant value which varies with pulse separation Tg according
to (135)

My (%) =M (1 - e s/ ),

Sequence 1 could be used for this, by varying the seﬁuence re-
peat time, or alternatively sequence 9, where Vs was twice the
digitally set tvalue and the length of the pulse train was cont-
rolled by the sequence length control. Channel 2 had no pulse
in this case. .

Solid echo read pulses

For samples where the FID was very short (rigid evlids),
sequence 9 could be used to give a chain of solid echoes, and

the decay of the echo height with T used to give T This pre-

1.
vented loss of the main part of the decay and thus reduced the

o}

90

averaging necessary. The 90 pulse can be regarded as a "read

pulse”.
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Measurement of T1p by llartmann and Haln's method

The decay of the height of the FID after the spin-locking

pulse with T gives T1p°

P= 90° pulse P,= spin-locking pulse
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3ede?3 T1p measurement.

The spin-lattice relaxation time in the rotating frame,

T can be measured by the method of HartmannandHahn (138).

1p’
Sequence 8 of the programmer was used, Channel 1 giving a 902
pulse and Channel 2 being 1/2 out of phase with Channel 1. The
pulse sequence and effect are illustrated in figure 3.5. The
first pulse rotates the sample magnetisation onto the X‘—axis,
and the second is applied along this direction and is termed
"spin-locking". The magnetisation (viewed in the rotating frame)
relaxes towards a very small value along B1 while it is spin
locked and, after time 1, the B1 field ceases and the FID then
observed gives the remaining magnetisation in the X'—direction.
The decay of the initial height of this FID with T has the
characterigtic time T1p.

If the pulses are correctly set up exactly on resonance,
for 'nzT1p the initial FID amplitude after the second, spin-
locking, pulse should be the same as that from the first pulse
on its own, and for'U>T1P the amplitude should be zero. This
provides an alternative method for setting the static field
exactly on resonance (139), but, because the recovery of the

pre-amplifier is impaired by long spin-locking pulses, this

method was difficult to use. .

3.,4.4 So0lid echo envelope.

The variation of E(T), the echo amplitude (see section 2.7),
with T for solid echo measurements could be followed using sequence
6 of the programmer. For other measurements involving solid
echoes, T was chosen to be twice the instrument dead-time
(i.e. T~ 24us) so as to both see an echo maximum and have its

amplitude the maximum possible (114).
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5.5 Temperature control,

Sample temperatures were controlled to *1K using a pro-
portional temperature controller. A diagram of the probe
assembly is given in figure 3.6, The 50W cartridge heater and
sensing thermocouple were close together in the copper block.
The sample temperature was measured using another thermocouple
taped (with PTFE) to the sample. Both thermocouples were
copper-constantan with reference junctions at OOC. The whole
probe assembly was surrounded by a Dewar vessel,

Sample temperatures from room temperature down to liquid
nitrogen temperature (77K) were obtained using the cartidge
heater and a gas/liquid nitrogen spray produced from a liquid
nitrogen "kettle" (a 24 litre Dewar with a 24W heater) and
passed through an insulated pipe to the probe. Temperatures
above room temperature were produced using the heater alone.
The highest temperature which could be attained was limited by
the thermal stability of the PTFE probe (i.e. about S00K). At
each temperature the sample was equilibrated for at least 30
minutes to eliminate thermal gradients before relaxation

measurements were made.

3,6 Statistical analysis of relaxation data.

Relaxation time and so0lid echo data were analysed using
computer programs written by the author.

Relaxation time data at a given temperature were analysed
using the program RELAXO listed on microfiche in the programs
appendix. Readings were weighted for equal instrumental un-
certainties (140). When the decay appeared non-exponential, an

jterative least squares fit to two exponentials (using standard
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techniques (140)) was carried out, requiring, as data, estimated
values  the relaxation times and the mole fraction for each
decay. Output from RHELAXO gives, in the simple case, the re-
laxation time and its standard deviation. For the two ex-
ponential case, the calculated time to decay to 1/e of the
initial signal height is given, together with relaxation para-
meters, standard deviations and mole fractions of the decays.
Second moment (Mz) values were estimated by fitting the
top of the solid echo (points from before the maximum until
50% of the decay has occurred) for a given compound to a
Gaussian using the program GAUSS which performed an iterative
least squares refinement. Estimated values of the height of the

echo, the position of the maximum and of M, were required as

2

data. M2 values obtained in this manner were in close agreement
with values obtained by continuous-wave methods.
The program MINFIT performed an iterative least squares

fit to BPP theory (102) for an observed T, minimum. Estimated

values of (T1) Tg and E, were required as data. The program

min’
gave calculated values and standard deviations for these para-

meters.

3.7 Broad-~line measurements.

Continuous-wave broad-line spectra were recorded in
Oxford by the author on a Jeol JMN-4H-100 100MHz high resolution
nmr instrument equipped with a broad-line attachment. The probe
was of the single coil type and a low frequency modulation
(30Hz) was used to obtain the derivative of the absorption signal
which was displayed on a pen-recorder. Modulation widths were

kept to less than 1/6 of the resonance linewidth to avoid
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modulation broadening effects (125).

A temperature range of 160 to 470K was available using a
Jeol temperature controller, with a nitrogen "kettle" for
temperatures below room temperature, a hot air blasting
arrangement for high temperatures,and a combination of both for
intermediate temperatures. Samples were contained in 10 mm nmr
tubes, sealed under vacuum and egquilibrated for at least 30
minutes at each temperature to remove temperature gradients.

Additional continuous-wave broad-line spectra were re-
corded for the author. Bruker-Physik AG recorded spectra using
a 30 MHz instrument at their French laboratory. Dr.B.G. Silbernagel
of the Exxon Research and Engineering Company (Linden, New Jersey)
recorded spectra on a Varian WL-112 spectrometer operating at
15 MHz.

A Fourier transform spectrometer was used, with the author
as observer and adviser, to give broad-line absorption spectra.
The instrument used was a Bruker CXP spectrometer at the
applications laboratory of Bruker-Physik AG in Karlsruhe. The
CXP is designed for multinuclear work on both liquids and solids
and has an operating frequency of 90 MHz for protons. The
spectrometer is controlled by a digital microprocessor, which
is accessed by the operator using an el?ctronic keyboard. The
operator issues commands as to pulse sequences, lengths, delays,
etc. and RF phases and probe assemblies are adjusted externally.
Fourier transformation of accumulated data is accomplished by
igssuing a command (FT) on the keyboard and adjusting a few
external controls.

Continuous-wave instruments give the derivative of an

absorption spectrum, whereas Fourier iransform spectrometers
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give absorption signals. The meaning of the term "linewidth"
in these two cases is discussed in section 2.4. Second moment
(M2) values were calculated from these spectra using computer

programs written by the author and involving numerical inte~

gration using Simpson's rule.
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Chapter 4

Preparation and Characterisation of Materials

Samples of gallium oxide hydroxide (GaOOH), boehmite
(Y ~A100H) and hydrogen molybdenum bronzes, HXMOO3 (x = 1.71,
0.36), were prepared by the author. Samples of the cation

substituted B-aluminas, NHZ f-alumina and H o* f-alumina,

3
were supplied by Dr. P. McGeehin of the AERE Harwell.

4.1 Oxide hydroxides.

The compounds GaOOH and Y-AlO0OH were prepared by
hydrothermal treatment of parent oxides. The equipment used
for this was an autoclave with a stainless steel lining, giving
temperatures up to 40000 and pressures up to 350 atmosphereg,
Temperature was controlled to ¥ SOC and, for safety, a metal
diaphragm, perforating at pressures in excess of 350 atmospheres,
was included. Samples were contained in a platinum tube with
a platinum 1id to prevent contamination by the autoélave, and
the apparatus was filled with sufficient water to ensure the
presence of liquid water at all stages of the reaction. Products
were vacuum dried overnight in a vacuum desiccator.

§-Ga.0, was prepared from Ga(NO

273 323
laboratories) by heating overnight at 250°C. The X-ray powder

-9H,0 (Koch Light

pattern for this phase was as reported by Roy et al.(141). This
oxide was reacted with water in the autoclave at 250°C and 32
atmospheres pressure for 4 days to produce GaOOH. The X-ray
powder pattern for the product was consistent with those pre-
viously reported for GaOOH (27,142,143) and corresponded to a

pure phase with orthorhombic lattice parameters a = 4.516(4)%,
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b = 9.745%, ¢ = 2.964(2)R. Lattice parameter refinement was
carried out using a least squares refinement program (27) and
the numbers in brackets are the standard deviations of the last
figure. The pattern is given in table 4.1. The composition
of the product was verified by vacuum decomposition on a micro-
balance, the observed weight loss being 9.0% and that predicted
8.8%.

& -A1203 was prepared by heating ammonium aluminium sulphate
(BDH"Analar") to 1000°C under a stream of nitrogen (to remove
gaseous products). This was converted to v -A100H by reaction
with water in the autoclave at 35003 and 175 atmospheres for 5
days. The X-ray powéer pattern, given in table 4.2, was con-
sistent with those previously reported for vy -A100H (26,27,144,
145) and corresponds to a pure phase with orthorhombic lattice
parameters a = 2.868(1)%, b = 12.205(9)% and ¢ = 5.693(2)R.
Diffuse haloes at low angle, observed by other workers (34),
suggested some disorder. The product composition was verified
by vacuum decomposition on a microbalance, the observed weight-

loss being 14.7% and the theoretical 15.0%.

4,2 Hydrogen molybdenum brongzes.

The phases HxMoo3 are oxidized in.air by a stepwise
process with the next lowest hydrogen-~content phase being formed
and then finally MoO3 (48,49). The rate of oxidation is pro-
portional to the hydrogen content. Compounds HxMoO3 were there-

fore always handled in an Oz-free atmosphere {glove box or bag).

The hydrogen content of HXMOO was determined by thermo-

3

gravimetric dehydration and/or oxidation and by determination

of the reducing power of the material,



Table 4.1
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X-Ray Powder Pattern for GaQOOH

(Debye-Scherrer Camera, CuK radiation)

0

Intensity 29/ d(p/8 d(ca1d/R h k1
W 17.85 4.887 4.860 0 2 0
S 21.70 4.095 4.089 1 1 0
W 27.10 3,290 3.290 1 2 0]
M 34.00 2.637 2.633 1 3 0
M 35.53 2.527 2.529 0 2 1
F 36.33 2.473 2.475 1 0] 1
VW 36.85 2.439 2.4%3 0 4 0
M 37.53 2.397 2.399 1 1 1
VW 40,05 2.251 2.256 2 0 0
VW 41.13 2.195 2.206 1 2 1
) 42.353 2.135 2.141 1 4 0
VW 45,85 1.979 1.968 1 3 1
F 48,45 1.879 1.880 0 4 1
MW 51.80 1.765 1.765 2 1 1
VF 52.55 1.741 1.736 1 4 1
M 54.43 1.686 1.684 2 2 1
W 55.50 1.656 1.655 2 4 0]
F 56.75 1.622 1.623 0] 6 0
W 58.83 1.570 1.571 2 3 1
MW 60.53 1.530 1.531 1 5 1
VW 62.75 1.481 1.481 0 0 2

W = Weak M = Medium S = Strong V = Very F = Faint

The refined orthorhombic lattice parameters are

a = 4.516(4)% b = 9.745(6)8 c = 2.964(2)R%



Intensity

Table 4.2

X-Ray Powder Pattern for y-A1l0OOH

(Stoe Guinier Camera, CuK_ radiation)

(o}

23/

MS

S

< g R 2= OE 0=

£ X E X

F

14.50
28.26
29.51
38.46
49.03
49.40
51.74
55.36
64.20
65.05
67.07
67.77
72.08
72.35
85.76
87.66

dlobs R

dgcalc[ (R h k
6.109 6.102 0 2
3.157 3.154 0 2
3,027 3,051 0 4
2.341 2,343 1 3
1.858 1.859 1 5
1.845 1.846 0 0
1.767 1.767 0 2
1.660 1.660 1 5
1.451 1.450 1 3
1.434 1.434 2 0
1.395 1.396 2 2
1.3%83% 1.382 1 7
1.310 1.310 1 5
1.306 1.306 2 2
1.133 1,132 2 0
1.113 1.113 2 -2

The refined orthorhombic lattice parameters are

a

2.868(1)%

b

12.205(9)%

c = 3.693(2)2

P U S S~ S SR S R R i o I« B o B o
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Thermogravimetric analyses were carried out on a micro-

balance connected to a vacuum,gas line. The reactions used

were (48)
= X ;
H MoO; = MoOB_x/2 +35 80 (in vacue)
x
MoOB_x/2 + 2 02 = MOOB.

The dehydration is very slow and the method used was slow heating
up to 400°C over a period of several hours, followed by several
more hours at that temperature until a constant weight was
neached. The largest weight changes are the dehydration and
subsequent oxidation of the reduced oxide, and these were used
to give the most accurate values for x.

The reducing power of samples was determined by the
method of Choain and HMarion (146), in which Mo(VI-x) reduces
the tetrathiocyanoargentate (I) complex ion im alkaline solution
to give a silver metal precipitate.

Mo(VI-x) + xAg(1) = Mo(VI) + xag(0).
This method is particularly suitable for these compounds as they
dissolve rapidly in the oxidising alkaline medium. Determinations
by this method were carried out by Mr. Gascoigne of the
Inorganic Chemistry laboratory. About 100 mg of sample were

dissolved (in an O,-free glove box) in a solution made by

2
mixing A (40 g am™> AgSCN, 300 g dm'B.KSCN) and B (200 g dn~ KOH,
20 g d.m_3 KCN) in the ratio 2:1. The mixture was magnetically
stirred for 45 minutes to coagulate the silver precipitate.
The silver metal was recovered and dissolved in 6M nitric acid,
where it was determined bytitration against 0.05M KSCN with
ferric ammonium sulphate as indicator.

A sample of red monoclinic phase HxMoO5 was prepared by
reduction of MoO3 (A/R grade) with zinc and hydrochloric acid

(49). The MoO, was mixed with hydrochloric acid (Analar)

3
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and distilled water (50% oy volume). Granulated zinc (A/R grade)
was gradually added to the magnetically stirred reaction mixture
and the temperature kept below 5OOC. The MoO3 eventually turned
green, after passing through the colours appropriate to the lower
hydrogen-content HXMOO3 phases. The product was washed several
times with 02-free distilled water under a nitrogen atmosphere.
The green phase is known to decompose to the red by hydrogen
evolution above 90°C (49). The red phase was prepared from the
green by dehydrogenation at 110°C in vacuo for about 12 hours.
The X-ray powder pattern (given in table 4.3) confirmed
the presence of a single phase, all lines being indexable in
terms of a monoclinic unit cell, and is consistent with that
obtained by Birtill (39). Two separate redox analyses gave
x = 1.70, thermogravimetric dehydration gave x = 1.74 and
oxidation of the reduced oxide gave x = 1.71. The composition

+

of the red monoclinic phase was thus H MoO3 (x = 1,713 = 0.016).

1.71

A sample of blue orthorhombic phase HXMOO was prepared

3
from MoOB, Mo metal and water. Glemser (49) reported this
reaction to be,

Mo(s) + 11 Mooj(s) + 3H20(1) = 3Mo401O(OH)2(s) (x = 0.5).
Molybdenum (4/R grade) and MoO3 (A/R grade) powders were ground
together in the stoichiometric proport%ons for the reaction
above, and then mixed with distilled water (30% by volume) in a
silica tube, which was then cooled in liquid nitrogen, evacuated
and sealed. The tube was heated in an oven at 110°C for a month,
with regular shaking. Three such preparations were attempted,
only one giving a pure orthorhombic phase, the X-ray powder

pattern of which is given in table 4.4. The pattern is con-

sistent with those obtained by Kihlborg (50) and Birtill (39)



Lable 4.3

X~Ray Powder Pattern for H

1.711903

(Debye—Scherrer Camera, CuK,s radiation)

Intensity

S

2 o R oE x W 2 W E O

29/° d(opd /R d(ca19/8

12.85
22.03
24.48
26.28
30,68
32.70
33.353
35.50
37.30
3935
40,63
44.83
45.33
47.05
47.70
48.23
50.18
50.70
51.30
52.15
52.50
53.23
54.88
55.80
56.60
58.63

6.889
4.036
3.637
3.392
2.914
2.738
2.689
2.529
2.411
2,290
2,221
2.022
2.001
1.931
1.907
1.887
1.818
1.801
1.781
1.754
1.743
1.721
1.673
1.647
1.627
1.575

6.881
4.040
3,639
3,377
2.914
2,730
2.678
2.529
2.418
2,294
2.224
2.020
2.000
1.935
1.901
1.887
1.820
1.800
1.781
1,752
1.743
1.721
1.671
1.647
1.627
1.575

ol v mle N o spslv o ocuwlow vuls - Spw v s 0N E
O - NN O = » 2 ONNOO®=SO =0 =0 = =2 =20 = 0 Ol

The refined monoclinic lattice parameters are

a

13.798(8)R%

b

3.774(2)R
94.202(1)

(0]

c = 4.051(2)%
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Intensity

MS
MW

VF
‘23
VF

MS

i:éi:i:iii%i

=

Table 4.4

X~Ray Powder Pattern for H

6MoO

0.3 b)

(Debye-Scherrer Camera, CuK, radiation)

d(o'oﬁ/ﬁ

2:20
12.60
23.73
25.28
27.00
29.83
33.88
35.03
38443

39.53
45.73
46.73
48.80
50.60
51.20
51.95
53.88
54.85

55.63
57.23
58.05

59.60
61.98
63.75
64.23
64.48
66.40
67.45
69.93
73.25

75.57

7.067
3.750
3.520
3.305
2.996
2.646
2.558
2.340

2.288
1.988
1.944
1.867
1.806
1,789
1.759
1.70%
1.674

1.651
1.612
1.589

1.546
1.499
1.463
14453
1.447
1.408
1.389
1.347
1.292

1.258

d(ca1d/8

7.042
3.749
3.521
3.302
3,000
2.647
2.563
§2.347
2.338
2.282
1.988
1.947
1.869
1.807
1.787
1,760
1.703
(1.676
(1.673
1.651
1.612
(1-593
(1.586
1.550
1,498
1.462
1.452
1.446
1.408
1.390
1.348
(1.241
(1.292
1.259

=2
1=

N2 WO 220NN =20 =202 NNO 00N+ 020==00=0 |
AN 00O OUOVUANAANABWONIA 2ANBEONINOOAVIAWE @WND =N

The refined orthorhombic lattice parameters are

a = 3.891(1)R

b

14.084(4)R

¢ = 3.738(1)R.
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for this phase. The products were vacuum dried overnight.

Thermogravimetric dehydration of the pure blue orthor-
hombic sample gave x = 0,36 for the product. However analysis
by reducing power gave x = 0.5, as would be expected from
Glemser's reaction (49). Birtill (39) has suggested that this
discrepancy, which is always observed with this preparative
method, is due to the actual reaction being

X

S H,0(1) + Z ko(s) + (1-%) 100, = (1-2) HyMoOB(s) +3 Mo0,(s)

where y = 2x/(j~§), and the MoO, tormed is too amorphous and

2
too small in quantity for detection by powder X-ray techniques.
For a mixture made to give x = 0.5, the product would then be
HO.564M003 and a small amount of MoOQ. This being the case, the
proton magnetic relaxation behaviour will be characteristic of
the pure phase HO.j6M005'

4.3 B ~aluminas.

Powder samples of ammonium g—alumina (NHZ p—alumina)
and hydroxonium f3-alumina (H30+ p-alumina) were supplied Dby
Dr. P. McGeehin of the ABRE harwell, and characterised by the
author.

NHZ ﬁ-alumina was prepared by exchange in a large excess

(v~103 times) of NH NO3 melt at 190°C for 24 hours, followed

4

by decantation of the melt and washing with water.

. = (NH,).0.xA1,.0, + 2NaNO,.
2NH NO, + Na,0 x4l 05 (i 4)2 203 aNo;

4773 2
Kummer (62) implies »98jc exchange by this metuod, but recent
work with single crystals (81) shows that this is not the case

andmore than one exchange may be necessary. The powder supplied

had been prepared by a single exchange but was more likely to be
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completely exchanged. Analysis for residual sodium by the AERE

gave 0.42% by weight, corresponding to 92% exchange for a

p-alumina with x = 8,

+
4

indexed by the author as that of a puref phase and is given in

The powder X-ray pattern recorded for NH ﬁ—alumina was
table 4.5. The refined hexagonal lattice parameters were
a = 5.613(1) and ¢ = 22.845(4)%. Kummer (62) quotes a = 5.5968
and ¢ = 22,8888 for this compound.

Fully hydrogen exchanged (B-alumina (H+B—a1umina) was
prepared by first exchanging the sodium for silver and then
reducing the product with hydrogen. Néfﬁ—alumina was immersed

in excess molten AgNO_, at 220°C for 24 hours and then the melt

3
was decanted and the product, Ag-p—alumina, washed with water.
2AgNO3 + Na20.xA1203 = Ag20.xA1205 + 2NaN03.

This material was then reduced with hydrogen at SSOOC.

g-ﬁ—alumina absorbs water, on exposure to air, to give H3O+
f-alumina. The completion of this reaction was ensured when

the sample/silver mixture was boiled in nitric acid to remove

the silver.

The X-ray powder pattern for H3O+ f-alumina was of poorer
quality than that for NHZ p-alumina, the lines being more diffuse.
This is a consequence of the reduction stage, silver diffusing
into the grain boundaries and causing grumbling, and hence re-
duction in particle size. The X-ray powder patterns for Band
pB" phases differ very little (67), most of the lines coinciding.
The pattern for a two phase mixture is thus difficult to inter-
pret. All but 3 of the observed lines for the H50+ f-alumina

sample could be assigned to a f phase with a = 5.605(2)8 and

c = 22.811(19)2. The additional 3 lines show the presence of
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Table 4. 2

X~Ray Powder Pattern for NHZ f-alumina

(stoe Guinier Camera, CuK_ radiation)

Intensity 239/° d(obg /8 d(cald /R h k 1
S 7.68 11.509 11.422 0 0 2
MS 15.53 5.707 5.711 0 0 4
1) 18.70 4,745 4.754 0 1 1
MS 19.85 4.473 4.473 0 1 2
M 21.70 4.096 4.097 0 1 3
VP 24.00 3,708 3,702 0 1 4
VF 29.82 2.996 2.997 0 1 6
WM 31.3%2 2.856 2.856 0 0 8
MS 31.87 2.808 2.806 1 ] 0
M 33,04 2.711 2.709 1 0 7
S 35.64 2.519 2.519 1 1 4
VW 36,46 2.464 2.462 0 1 8
VW 36.99 2.430 2.430 0 2 0
MS 37.19 2.418 2.417 0 2 1
M 37.84 2.378 2.377 0 2 2
W 38.91 2.314 2.315 0 2 3
W 39.41 2.286 2.284 0 0 10
M 39,89 2,260 2.259 1 1 6
W 40,01 2.253 2.250 1 0 9
W 40.%4 2.236 2.236 0 2 4
M 42.11 2.146 2.146 0 2 5
W 43.76 2.069 2.068 0 1 10
MS 44.21 2.049 2.049 0 2 6
MS 46,58 1.950 1.944 0 2 7
M 49.2% 1.851 1,851 0 2 8
VF 49.63 1.837 1,837 12 0
F 49.83% 1.830 1.831 1 2 1
VF 51.13 1.787 1.786 2 1 3
F 51.61 1.771 (1.773 0 1 12

(1.772 1 1 10

VF 52.06 1.757 1.755 0 2 9
VF 52433 1.748 1.749 1 2 4
W 55.18 1.665 1.665 0 2 10
W 55.60 1.653 &1.655 1 2 6
1.653 0 1 13

w 56435 1.633% 1.632 0 0 14
W 56.83 1.620 1.620 3 0 0
MS 57-55 1.601 1.601 1 2 7
M 58.45 1.579 1.579 0 2 M
MW 59,28 1.559 1.559 0 3 4
W 59.85 1.545 €1.547 0 1 14
1.545 1 2 8



Table 4.5 (cont'd)
Intensity 2.9/° d(obd/R d(cald/R

MW 62,30 1.490 E1.491
1.488

W 65.15 1.432 1,432

M 65.55 1.424 1.424

S 66.65 1.403 1.401

WM 67.22 1.393 1.393
WM 68.92 1.363 1.362

M 69.37 1.355 1.355

The refined hexagonal lattice parameters are

a = 5.613(1)R

b =

22.845(4)K.

[=2

ONMMNO =0

I~
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some B" phase, the lines being the strongest 3 non~coincident
with those of a 3 phase. The comparative weakness of these
lines suggests that material is predominantly B phase. This
interpretation of the powder pattern is given in table 4.6.
Saalfeld (147) gives a = 5.600 (1) & and ¢ = 22.702 (1) £ for
a 3-phase single crystal.

Two forms of hydroxonium 3-alumina exist over the temperature
range 20-550°C (155). These may be represented as n,H 0.1141,0

AT2
The low

3

(for the low temperature form) and n H,0.1141,0

273°

temperature form has a stoichiometry corresponding to replacement

+
of every Nat ion in Na 3-alumina by an H 0% ion and is designated

3
H30+ B-alumina. The high temperature form contains one water

molecule for every two protons in the conducting plane and is

termed HY- H50+ B -alumina. Above about 7OOOC dehydration is

complete and c<’.—A1205 is obtained on prolonged heating.
n,H,0.1141,0, —— n.H,0.11A1,0 —> x-A1,0, + H,0
A2 273 ZOO-BOOOC B2 273 >700°C 273 2

Ammonium 3-alumina is transformed on heating in air above

SOOOC into a stoichiometric H,0V -alumina (156), the necessary

3
oxygen atoms coming from the environment (atmosphere, absorbed

water, interstitial oxygens). This phase decomposes completely

above 850°C and prolonged heating gives «x-A1,0

273"
(NH,),0.x 41,0, — 5 3H,0.11A1,0, ——» o¢-A1,0
472 2°3 >5OOOC 2 2°3 >850oC 273

Thermal decomposition (by heating to 1000°C on a micro-
balance) of two samples of H30+ B-alumina gave weight losses of
7.6% and 7.91{. This corresponds to (HBO)ZO.X A12o3 with
X = 6,24t0.11. Similarly samples of NHZ B-alumina gave weight

losses of 6.01% and 6.28% corresponding to (NH4)2O.xA1203

with x = 8.09i0.19. The X-ray powder patterns of the



A~Ray Powder Pattern for H.jO+ p—alumina

Table 4.6

(stoe Guinier Camera, Cug; radiation)

Lines assignable to B-phase.

Intensity

S
]
M
Mw
MS
MW
W

VW

VW
" F
W
VW
W
VW
VW

The refined hexagonal lattice parameters are

a = 5.605(2)%

2ﬁ/o d(oba/x d(cala/g
T.721 11.451 11.405
15.50 5.717 5.703
31.91 2.805 2.80%
3,.13 2.704 2.706
35.67 2.517 2.515
37.14 2.421 2,427
37.89 2.375 2.574
38.94 2.313 2.312
39.39 2.288 2.281
39.91 2.259 2.256
42.18 2.142 1.143
44.217 2,046 2.046
46.69 1.945 1.947
49.5%1 1.848 1.848
56.86 1.619 1.618
57 .21 1.610 1.614
57.69 1.598 1.599
58.21 1.585 1.9583
59.33 1.558 1.557
62.32 1.490 1.489
65.71 1.421 1.422

!

¢ = 22.811(19)%

Lines assignable to B'—phase.
Intensity 23/° a(o03/%
W 34,10 2.629
W ,8.56 2.335
M 45.74 1,983

The refined

a = 5.603(2)%

hexagonal lattice parameters are

d@ald(g

2.630
2.335
1.983

c = 34.423(25)R.

[=3

CO0O00O—-00000O0OL,0000=0-=>00

j=3
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decomposition products of H3O+ and NHZ|3-a1uminas were identical.
The pattern was that of «-alumina (148) with a few non-
assignable lines at low angle. This confirmed the absence of
NS'B-alumina, stable at the decomposition temperature, for

both materials and also the absence of AQ'B—alumina or Ag

metal in the H_0' B-alumina,

3



Chapter 5

rResults of nmr Studies

Tables referred to in this Chapter can be found in
Appendix 1,

5.1 Oxide hydroxides.

Broad-line absorption spectra of gallium oxide hydroxide
(GaOOH) in the temperature range -100°¢C to +150°C were recorded
on the continuous-wave Jeol instrument in Oxford (see Chapter 3).
The instrument was calibrated with a sample of finely ground

vacuum-dried ammonium chloride (NH,Cl) by comparing the line-

4
width obtained with the literature value (125) of 4.8G at room
temperature.

The spectra at temperatures below —60°C differed from
those at higher temperatures, the latter showing a narrow
central peak superimposed on the low temperature broad signal.
The narrow peak diminished in intensity with reduction in
temperature. The linewidth for the broad signal was constant
over the entire temperature range, its value being 8.16 ¥ 0.43G.
A value of 8.3 ¥ O.9G2 was calculated for M2 from the low
temperature spectra. Recorded spectra at three different
temperatures are shown in figure 5.1.

Additional room temperature continuous-wave broad-line
spectra were run for the author by Bruker-Physik AG on an
instrument operating at 30 MHz. The linewidth for NH4Cl was
4.6G. The GaOOH spectrum was similar to that observed in
Oxford, with AB = 8.08G and M, (for the line less central peak)
equal to 7. 7G2. The spectrum of boehmite ( Yy~AlQOH) is shown

in figure 5.2. The width of the wide line is 10.9G and M2



T=423K

T 273K

T 173K

CW Spectra for GaOOH

(Scale 4G ¢ m")

Figure 51
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(for the line less the central peak) is 17:5G2.

A Fourier transform spectrometer was also used to produce
absorption spectra. The instrument used was a Bruker CXP at the
applications laboratory of Bruker-Physik AG at Karlsruhe, as
discussed in Chapter 3. In Fourier transformation it is
important that the time zero be correct if a true absorption
spectrum is to be obtained by Fourier transformation of an FID.
The initial part of the FID is lost in the instrument dead-time
and the time zero has to be placed at the end of this. In
work on liquids a negligible part of the total decay is lost
and Fourier transformation is widely used. In work on solids,
the dead-time (4 ps for the CXP) is an appreciable part of the
total decay (10-40 pus) and the distortion of spectra obtained
by Fourier transformation will therefore be greater. Use of
the solid echo technique (114) to give a time zero outside the
dead-time is attractive, but the echo decay has only been
shown to be equivalent to the FID in a simple case (see section
2.7).

Fourier transformation of the off-resonance FID (with time

zero at the end of the dead-time) for NH,Cl gave, at room

4
temperature, an approximately Gaussian lineshape with AB% = 2.89G.
Assuming an accurately Gaussian lineshape, ,this corresponds to

AB = 4.90G, in fair agreement with continuous-wave results.

The corresponding room temperature spectra for GaOOH and

Y-A100H are shown in figure 5.5. For GaOOH the apparent sepa-
ration of the two peaks of the poorly resolved doublet was

4.79G and for y-A1l00OH the doublet separation was 8.22G. The

integrated intensities of the central spikes correspond to less

than 1% of the total absorption signal. Spectra recorded at



- ALOCH
(scale 2Gcm)

GaOO0H
(scale 2Gcm™)

Absorption spectra (FT)at room temperature

Figure 5.3



Signal height

t/us

(a) yv-ALOOH

Signal height

t/us

(b) GaOOH

Figure 5.4  Some solid echoes
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120K showed no central spike, M2 values calculated from these
lineshapes were 11.6G2 and 21.1G2 for GaOOH and y~AlO00H res-—
rectively. These values are larger than the true values
(measured on CW instruments) as a result of the distortions
discussed above. However, use of transformation to obtain

M2 values is not necessary as they are asvailable from solid
echo experiments (see section 2.7). The shapes of the ab-
sorption spectra are essentially correct, except that for
GaOOH there was no evidence in the CW spectrum of the poorly
resolved doublet.

Parallel experiments to those above were carried out
using solid echoes for transformation (with time zero at the
echo maximum). The spectrum of NH401 was as before, as was
that for Y-AlOO0H witn peak separation now 7.93G. The spectrum
of GaOOH was similar in width to that obtained from the FID,
but the shallow dip giving the apparent doublet structure had
flattened to give shoulders around the central spike, which is
consistent with the CW spectra. The solid echo transformation
does, therefore, appear to give a truer lineshape.

On resonance room temperature solid echoes for GaOOH and
Y -A100H were recorded by the author on the Polaron at York and
on the CXP at Karlsruhe. The decays were similar on both in-
struments and are illustrated in figure 5%5.4. T2 (defined as
in section 2.8) was 15 pus and 9.3 ys for GaOOH and y-Al00H
respectively. PFitting the top of the echo (as discussed in
section 3.6) gave M, values of 8.16% for GaOOH and 18.1G° for

Y -A100H, in close agreement with the (W results,
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5.2 .aydrogen molybdenum bronzes.

Measurements of the relaxation times T2,'I‘1 and T were

Yo
carried out on the compounds H_.56M005 and H1.71M005 using
the Polaron instrument at York, as discussed in Chapter 3,

The signal to noise ratio for observed decays for the
compound HO.56M005 was very poor and averaging was necessary
to see any decay at all. Spin-spin relaxation was exponential
in the line-narrowing region. The solid echo decay shape at
lower tempcratures is shown in figure 5.5. T1 was measured by
the progressive saturation method. Spin-lattice relaxation
was non-exponential both for T1 and T1pmeasurements, and the
decays were analysed to give the time to decay to 1/e of the
initial signal height and a least squares fit to two ex-
ponentials, as discussed in section 53.6. Tables 5.1-=5.5
summarise the relaxation data for this compound.

The results of measurements on H1.71M005 are given in
tables 5.6-5.9. Spin-spin relaxation was exponential in the
line~narrowing region and figure 5.6 illustrates the solid
echo decay shape at lower temperatures. 'I‘1 was measured by the
90°—t --90o method, checks by the progressive saturation method
giving similar results. At temperatures below 160K, spin-
lattice relaxation was non-exponential and was analysed as for

H MoO,,

0.36 3

Figures 5.7-.10 illustrate the data in tables 5.1-5.9
and are preceded by an explanatory key.
using the Jeol

Room temperature measurements on H 6MoO

0.3 3
CW instrument gave a linewidth, AB, for the asymmetric line
observed, of 0.4G. The signal to noise ratio for these measure-
ments was very poor. Attempts to record spectra at lower

temperatures were unsuccessful due to the signal disappearing

under instrument noise.
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Key to ™1 ires 5.7=5.10

Figure 5.7 Relaxation times for H1 711\1003 over a range

of temperature, (Data from tahles 5.6,5.7,5.9)

Ticure 5.8 Relaxation times for & MoQ, over a range

1.71 3
of temisroture, (Data from tables 5.6-5,9)

Non-exponential spin-lattice relaxation is

fitted by two exponentials,

Picmre 5,0 Relrxation times for Y 1700, cvecr a range

0.36 3

of temperature. (Data from tables 5.1,5.2,5.4)

Picure 5,10 Helaxation times for HO z6}(00, ever a range
. p
of temuerature. (Data fro- tables 5.1,5.5)

Hon—exponertial spin-T2ttice relarxztion is

fitted by two exponentials.
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marther CW spectra on I g
P compounds il I’loO3 and H1.68H°O3

0.34
(prepared by J.J. Birtill (39)) were run at 100K and 15 MHz by
B.G. Silbernagel of Lxxon Research and Engineering Co., Linden,
New Jersey. Typical derivative and integral spectra are given
in figures 5.11 and 5.12. The signal to noise ratio is again
very poor but it is possible to estimate M2 values (corrected
for modulation broadening) of 5G2 and 25G2 for Ho.54MoO3 and
H1.68M°O3 respectively. The smallest modulation width used
was 0.63G. The derivative signals for both compounds show two
components, a narrow signal and a broader one. For HO.34M003

the linewidth for the wider component is 6.8G and for H1 68M°03

it is 10.8G.

' Absorption spectra produced by Fourier transformation of
the FID's (time zero at the end of the dead-time), using the
Bruker UXP at 90MHz, are shown in figures 5.13 and 5.14. The

room temperature lineshape for H0 36MoO is asymmetric, as

3
observed on the Jeol instrument., The low temperature lineshape
issimilar to the CW spectrum, the structure being smoothed out
by modulation in the latter case. The separation of the two
smaller peaks is 4.1G. The room temperature lineshape for
H1.71M003 is extremely narrow with shape characteristic of

an axially symmetric chemical shielding tensor (95). The FID
in this case is so long that distortions; due to loss of signal
in the dead-time, are negligible. The low temperature lineshape
for H1.71M003 is similar to that for HO.36M°03 but considerably
wider, the peak separation for the side peaks being about 11G.
The lack of structure in the CW spectra is again presumably

due to noise and modulation effects.

Second moment (Mz) values were estimated from the low
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temperature solid echoes (as discussed in section 3.6). For

1.71M005 M2 had

2
the value 23G°. These are in close agreement with the CW

HO.}GMOOB’ M2 had the value 5.7G2 and for H

estimates of Silbernagel.

The decay of the solid echo decay height, E(t), as a
function of pulse separationt (see section 2.7) was followed
for these compounds. The results are given in figures 5.15
and 5.16. The behaviour for both compounds is approximafely
Gaussian with values of M;V(inter) of 1,712,032 and 2.44%.06G2

obtained by least squares fitting for HO 36MoO and H1 MoO

3 77773

respectively.

5.3 [ -aluminas.

1,T2 and T1p for the materials NHZ B -

alumina and HBO+ f-alumina were made using the Polaron in-

Measurements of T

strument at York. Some T1 measurements on NHZ f-alumina were
carried out by Miss P. Fridd as part of her third-year under-
graduate project at York. Confirmatory measurements were made
by the author. T1 measurements by the 900-—1—90o and progressive
gsaturation methods gave similar results.

NHX f-alumina showed exponential spin-spin relaxation in
the line~narrowing region. Below 250K spin-~lattice relaxation
was non-exponential, data then being anélysed both in terms of
the time for decay to 1/e of the initial signal height and
also in terms of two exponentials (as discussed in section 3.6).
The results are summarised in tables 5.10-5,14.

The H,0" B-alumina decsys had a much poorer signal to

3

noise ratio. T2 behaviour in the line-narrowing region was

exponential, but spin-lattice relaxation appeared non-exponential



Key to Figures 5,17-5.20

S . . + .
ficare 5.17 Relaxation times for ¥ f}-clumina over a

!

rarge of temperature. (Data from tables

5.10,5.11,5.14) -

. , . ot
Figure 5.18 Relaxation times for il

4

range of temperature. (Data from tables

[3-+lumina over a

5.10,5.12).  lon-exponential spin-latiice

relaxation is fitted by two exponentials.

AR

. . . - At .
Mi,ure 5,19 Relaxation times for 5,0 [J-zlunina cver 2
2

range of temperature. (Data from tables

5.15,5.16,5.13)

s . : _— .
Dignre 5.20 Relaxation times for .0 ([J-alunina over a
7

range of temperature. (Jata from tables
5.15,5.17). llon~exponential srin-lattice

relaxa*ion is fitted oy two exnponentials,
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throughout the temperature range studied, the data then being
analysed as for NHZ f~alumina. ''he results are summarised
in tables 5.16-5.19,

Figures 5.17-5.20 illustrate the relaxation data in
tables 5.,10-5.19 and are preceded by an explanatory key.

The low temperature solid echo decay shapes for these
compounds are illustrated.in figure 5.21, Fitting the echo

2 2

maxima (see section 3.6) gave M_ values of 1,20G° and 15.2G

2
for NHZ B-alumina and H50+ B-alumina respectively. The decay
of the echo amplitude, E(t), with pulse separation T (see

section 2.7) was followed and the results are shown in figures

5.22 and 5.23, Neither compound showed Gaussian behaviour, but

both showed an approximately exponential decay of BE(T) with T.
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Chapter 6

Interpretation and Conclusions

6.1 Oxide hydroxides.

The observation of absorption spectra consisting of a
narrow central peak superimposed on a wide line is common for
oxide hydroxides and hydroxides (157). The assignment of the
central peak is a matter of debate. Glemser (158) assigned it
to hydration water. Fraisard and Tmelik (159) assigned it to
surface water., In their studies of boehmite (y-AlO0H), Fripiat
and Touillaux (36) found the intensity of the peak to be
independent of surface area and that it remained, even after
outgassing under high vacuum at 160°C for several days. They
concluded that there were constitutional protons in fast motion
in boehmite and proposed that a number of protons were not in a
zig-zag chain of hydroxyl groups but formed water molecules
(OH2 groups coordinated to aluminiums) capable of relatively
free rotation. However, the rotation would be 180° flips of
the water molecule about its 02 axis and it is well known (160)
that the Pake splitting for water (161) survives unchanged for
this motion, no matter what the rate of flipping, provided that
negligible time elapses during the flipping process. This would
therefore not give the central peak observed.

In this work, the central peak has been shown (from the
Fourier transform absorption spectra) to be <1% of the total
absorption at room temperature. The central peak could be due
to non-constitutional water molecules, trapped in the lattice
during its formation and mobile at room temperature. Lowering

the temperature will broaden this line towards that for the
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static molecule and the central peak will eventually disappear
under the main signal. This explains the decrease in intensity
with temperature, as observed in the continuous-wave spectra,
and the absence of the peak at lower temperatures. That the
amount of occluded water is small is shown by its not being
detected in the analyses. The amount will not depend on the
surface area, but rather on the conditions of preparation.

The linewidth for GaOOH was constant over the entire
temperature range and it follows (from the line-narrowing
criterion (YZMQ)%16<1) that T, >107%s at 200°c. In his ex-
change studies on the isostructural compound «-FeQQ0H, Gallagher
(31) gives B, = 34.3 kJ mo1™' and D_ = 6.5 x 107 Jen®s™ .

It follows (see section 1.1) that Tzfv10-4s and hence, at
200°C, T _~1s. :ssuming T, at 200°C for GaOOH is similar to
that in «-FeOOH, no line narrowing is expected, in agreement
with the experimental results.

A value of M2 for GaOOH of 6.54G2 was calculated from the
structure of GaOOD, as given by Pye, Birtill and Dickens (25).
The experimental value obtained on the Jeol instrument was
8.3% O.9G2 and the other values obtained (7.7G2 Bruker broad-
line, 8.1G2 from the solid echo) were within these error limits.
The heavy atom coordinates (Ga,0) are likely to be the same in
GaOOH and GaOOD and it therefore seem; that the hydrogen atom
coordinates in GaOOH differ from the deuterium atom coordinates
in Ga0OOD. An O-H bond is typically 0.9-1.1% in length and in
general, for hydrogen bonds, the links O-H and H...0 are not
colinear, the angle between them commonly deviating from 160°
by 10-20° and sometimes by as much as 40° or 50° (162). The

author carried out calculations of M2 for a range of r (the

0-H bond length) and ¥ (see figure 6.1) values. The results are
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summarised in figure 6.1. 1In GaOOD, r = 0.996% and § = 12.50.
M2 for GaOOH is seen to vary only slightly with r but to rise

more steeply with §. The experimental M, value shows that 9

2
is greater in GaOOH than Ga0OD. Taking the O-H and 0-D bond
lengths to be the same, J(GaOOH) is 18°. This difference between
GaOOH and GaOOD is significant, but not understood.

The absorption spectrum of boetmite (y-AlOOH) is a Pake

doublet, very like that observed for gypsum (cas0,.2d,0 , see

4772

ref 161), This is shown most clearly by the spectra obtained by
Fourier transformation. The doublet shows that there are pairs
of protons in the structure and is also evident in the spectra
given by other workers (e.g. 36) who, lhowever, have not commented
upon it.

Previous nmor (2&,56) and infra-red studies (29,30) of
boehmite have been interpreted in terms of a zig-zag chain of
hydroxyl groups. The infra-red spectrum (dry KBr pellet)
recorded by the author using an SP1025 spectrometer is shown in
figure 6.2. The doublet at hi.h frequency (3280,3080 cm_1) is
due to tne O-H stretching mode, that at low frequency ( 116Q,

1080 cm_1) is due to the 0-i vena:ng mode and the weak doublet
(1970,2090 cm—1) is presumably an overtone of this. Systems
containing OH2 groups, such as ice and the molybdic acids, have
an intense absorption band at 1600 cm_q, which is absent from
the bochmite spectrum. The nmr doublet for boehmite therefore
cannot be due to OH2 ~roups, but must arise from pairing of
hydrogens bonded to different oxygen atoms.

The oceurrence of Pake doublets can be understoocd as follows.

A pair of spir-! nuclei gives an nmr spectrum which is a sharp

doublet separated by a field §3 where
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6B =—2c&(300s20 -1)

and  « = lyH (2%‘?) £, (6.1)

r is the distance between the spins and ¥ the angle between the
inter-spin line and the static field direction. 1In real crystals,
the presence of other magnetic nuclei leads to broadening of
these doublet lines, the broadening usually being assumed to
be Gaussian. The broadening is, however, generally asymretric
and Holcomb and Pedersen (163,164) have shown that the separation
of the centres of gravity of the left and right hand sides of
the absorption spectrum gives the most reliable information
about r. This approach is, however, only valid if the intra-
pair interaction (giving §3) is much greater than the inter-pair
interaction (giving the broadening), which is not true for all ¥
values. The method is therefore not extendable to powders, where
all values of Yoccur. iake (161) fitted doublet lineshapes for
powders assuming a Gaussian broadening function S{b) where

S(b) = (BT )" exp(-b°/2p%).
This broadening is independent of ¥, which is strictly incorrect.

M2 is then, after fitting, given by
M, = %ot2 +’£32
Gabuda et al.(165) give a method for extracting r to high
accuracy using characteristic features of the absorption
spectrum for powders. From the separation of points of maximum
curvature, AB, and the doublet splitting, bB, K(Bﬁx) is calculated
where
K(BA<) = (AB - 38)/(AB +33).
B/e<can then be read off a known graph of K(B/x) versus B/a

and so L(B/<) can be read off another known graph where

L(B/=) = 20¢/(AB + 3B).
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e and B are therefore known and

r’ = Tyn(ke) e
and so for proton pairs

r = 21.16/% 7.

The boehmite derivative absorption spectrum (see figure 5.2)
has AB = 10.93G and OB = 5.67G. Using Gabuda's method, these
figures givee= 4.40u and B= 1,67G. M, calculated from these
fitting parameters is 18.5G2, 1n good agreement with the ex-~
perimental value (17.5G2). r, for a pair in behmite is there-
fore 1.698. The effect of motions, such as vibrations, on
line shape is a complex problem. For crystal hydrates, the
vibrations and librations of the water m:lecule have been shown
(160) to cause r measured as above to be bigger than T, (the
equilibrium interproton distance) according to

x> = 0,839 r7>

e -
for boehmite the effects are not obvious, vibrations in the
plane of the hydroxyl chain perhaps shortening r and vibrations
out of the plane increasing r. The effects could therefore be
self~-compensating.

Some model structures for the hydroxyl chain in boehmite
are shown in figure 6.3. Model 1 is that predicted using the
unpublished neutron diffraction work of Pye and Wiseman (26,27)
on Y-Al100D., ©EZach proton is equidistant.from two others in this
chain and hence there are no distinct pairs. Model 2 shows
possible hydrogen positions that might be observed by neutron
diffraction if the hydrogens lay on either side of the 0-0 line.
There are twice as many hydrogen sites as given by Pye and

Wiseman, but the space group is still Cmem, which gives the

best fit to the neutron diffraction data. Only one site per
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0-0 line can be occupied. :odel 3 has a hydroxyl chain
(derived from Model 2) which contains distinct pairs. The
nmr doublet shows that most of tue protons are in pairs. The
average unit cell is the result of disorders in the arrangements
in different chains, in different layers and possibly domains
in a given chain, domain boundaries consisting of a short
stretch with the arrangement of lodel 1.

Pye and Wiseman's (26,27) ovygen and aluminium coordinates,
obtained by neutron diffraction, are likely to be more accurate
than those from X-ray results (144,145) and the author used

these for M2 calculations. The van Vleck formula for boehmite is

i=H Al Al-H

‘The author calculated these sums upto a radius of 48, further

M, = 358.1 ¥ r.‘6 + 126.1 & r'6 260.2.
H

terms being negligibly small. Estimation of the contribution
due to interactions between different chains (2.86X apart) is
awkward as there may be disorder in the polarities of neigh-
bouring chains. This contribution was taken to be 0.562.
Model 1 (with no pairs) gave M2 = 15.6G2. In calculations for
Model 3, the 0-H bond was taken to be 1% andthe anglev, of
the protons off the 0-0 line was taken to be the same for both
proton sites. The calculated variation of r, for the pairs,
with 9is shown in figure 6.4. A value of J= 10° corresponds
tor = 1.692, as found experimentally, and calculation assuming
this angle gave M, = 19.9G2 (M2 being the mean for the non-
equivalent hydrogens). As discussed earlier, the O=H...O
linkage is commonly not linear.

Holm, Adams and Ibers (28) obtained an experimental,

2

temperature independent, M2 value for boehmite of 18%1G y» which

is in agreement witn the values obtained in tnis work (see
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section 5.1). wmodel 1 might be consistent with this, with the
hydrogen atom coordinates differin; from the deuterium coordi-
nates in y-Al00D, but does not give an nmr doublet. Il.odel 3

is consistent both with the experimental M2 value .nd with the

nmr doublet. Iurther diffraction work would be necessary to

confirm that Model 3 is the correct structure.



-75=~

6.2 Hydrogen oxide bronzes,

Previous nmr studies of hydrogen oxide bronzes have been
concerned with the hydrogen tungsten bronzes, wa03, and there
has been some disagreement in the interpretation of the results.

Vannice, Boudart and Fripiat (43) report the protons to be highly

~12 1

mobile with TZ = 3.7 x 107'“s and B = 5.4 kJ mol™'. Their

conclusions are based on a poorly defined T1 minimum (70Qms at

100K) in a temperature range where they find T. constant (in the

2
range 16-32 us). The lack of motional narrowing and the
inconsistency of the value of the T1 "minimum" with the rigid
lattice T2 value cast doubt on their interpretation, Dickens,
Murphy and Halstead (42) measured relaxation times and linewidths
and found line narrowing above 250K. A single motional process,
with tg =7 x 10~8% and E,= 16 kJ mol'1, accounted for all the
results and the low temperature M2 value was consistent with

the known structure of wao3 (37). The results of neutron
elastic scattering studies (38) are consistent with the nmr
interpretation of Dickens et al., but not with that of Vannice

et al.. Nishimura (44) has studied proton mobility by following
nmr linewidth as a function of temperature. He finds EA= 13 kJ
mol-1, in fair agreement with Dickens et al., and

tg = 1.1 x 10-105. The different tg valge could result from

different sample preparation techniques. Dickens et al.

worked with reduced WO, crystals, whereas Nishimura worked

3
with reduced WO3 powder, which could contain some H20 as
electrochromic films do (see section 1.3)., His data give
a diffusion coefficient comparable to that deduced form

bleaching current measurements on electrochromic films,
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1 3 . >
-ne positions for hy ‘ro.cn atoms in H Ino0, are

1.71 3
un<aown. Inelastic neutron scattering (41) indicates the

presence of Oiz groups in the cocrdination sphere of moly-
bdenum atens. Tae }Ioo5 fravework is illustrated in fisure 6.5.

0 ‘6”005 the intra-layer sites shown in fisure 6,5 are occupiled.

.

The rresence of one hydrogen per 0-0 line witnin the layer wculd

Jive tino stoichiometry 31 OMOO co additional sites must be

5’
cccunied in H1 71I-EOOB. It is unlikely tnat the 032 Jroups

involve the bridzing oxy;eas within the layers, as the layers
might then be expected to cleave (by analogy with the structaral

relationship between (.00, and tne molybdic acids, shown in

fisure 1,7). The 04 sroips are probably derived from the

termninal oxygens at the top and bottom of the 100, layers.

3

These can nyirogen oond o the next layer, possibly to bridging

oxygens. That these sites are not occupied in HO 76ﬁ002 could be
22 B

due tu multinle bond ciaracter in the o-0 terminal linkage,
which ig by fur the shortest bond (1.678) in 1o, (39). #illing
211 roszsible terminzl sites with OH2 Lroups would give the

stoichiometry = o0 which is that of the most reduced

“2.,0""V3?

srenne phzse owvtainable.

The nar abocorption spectrum for H ¥Mo0, at low temperatures

1,713

is net counzistent vith co.1 the hydrogen atoms bein> present as

0V, ~roups, 25 a Pake doublet (discussed in the previouc section)

Ul

N

7sould then Do expected. The separation of the side peaks is
Jifficult &5 estimale, there bein a large flat portion (see
£imve 5.i4), but is about 114, similar to that in gypsun
(ca:0,.2:,0;. liese side pearss are therefore attrivutable to
ter.-inal Ol omoxps. The central veak may tnerefore arise from
the rvemainine nydrosens, preseat as hydroxyl groups. Tstimation

P

of tie arezs ‘ader tne avsorition curve duc to these ? typec of



Figure 6.5
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hydrogen environment suggests that 89 of the protons are
present in OH2 croups. 'The position of the hydroxyl groups in
the structure is uncertain. Yhey could be in the intra-layer
positions occupied in HO.BGMOOB’ could be rotated from this to
point towards a terminal oxygen on a neighbouring layer or could
be in the terminal positions. Any of these models could fit the

experimental M, value.

2
The shape of the room temperature absorption spectruan for
H1.71M003 is characteristic of the powder pattern resulting
from axially symmetrical anisotropic chemical shielding (95).
The anisotropy (91 = 0, ) is 22 ppm (2 kHz at 9OMHz). This
shows that the strong dipolar interaction between protons has
been wiped out by diffusion of the hydrogens but that anisotropic
chemical shielding has survived. Motion restricted to a plane
(e.g. the interlayer region) within a crystallite would have
this effect. Thus for a given crystallite, after averaging over
a plane of sites, the average principal components of the
shielding tensor would be <ﬁ;X = <G§y £ Qﬁ;z.
For H1.71M003 motional narrcowing occurs at temperatures
>150K. The measured T, levels off at high temperatures (where

2
T2 2 10ms) showing that some residual interaction has not been
removed by both the Carr-Purcell-lieiboom-Gill (CPMG) pulse
sequence and the diffusional motion. Cﬁemical shielding, magnetic
field innomogeneity and interactions between unlike spins all
transform under rotation im a rotating frame for a spin I in the
same way as the operator fz (95). Tre CP-C pulse sequence toggles
iz(t) between + iz and - fz and hence the time average of all
these interactions vanishes leaving only those between like spins.

The limit for the measured T, in this compound is evidence that

the diffusion of protons is not completely isotropic and hence
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does not totally remove the dipolar interactions. This could
be due to lack of diffusion between different interlayer
regions or because diffusion does not occur over a long range
within a given interlayer region. As T2°<(M2)-% (see section
2.4) and the limiting T2 value is 105 the rigid lattice value,
the residual interaction is 10"6 times as strong as the dipolar
interactions in the rigid lattice.

Measurement of T2 from free induction decays (FID's) in a
high homogeneity (high resolution) magnetic field would not have
removed chemical shielding effects, the FID's then being the
Fourier transform of the powder absorption lineshape. Thus, at
sufficiently high temperatures, the relaxation time measured from

the CPMG sequence, Tgp, will be greater than that from the
LS
2 L]
linewidth is 22 ppm, which corresponds (for measurements using

a 16 MHz instrument) to Tgs = 0.%5nms.

absorption lineshape \or FID's), T The high temperature

T MoO, at

1? 1.71 3

room temperature, confirming that there is rapid diffusion of

('\
TEP and T1p are all very similar for H

hydrogen. The T2 data in the line narrowing region give

+ -
B, = 21.9-0.3kJ mol " and an estinate of T (from the line

1
narrowing criterion (Y2M2)§Tc = 1) of 2.9 x 10""3s.  The T1o

data give g& = 21.8 ¥ 1,4kJ mol” " and least squares fitting
of the T, minimum to BPP theory gives é' = 22.0 ¥ 1.4kJ mol_1

1 A
and tz = (0.9 ¥ 0.65) x 10145, The very close agreement of

these values shows that they can all be interpreted in terms

of one diffusive hydrogen motion.

1 13

The values E, = 20kJmol ' and IZ«~10- 8 are common for

A

several different classes of materials showing fast hydrogen

diffusion. This is true, for instance, of the compounds

H -4H,0 (19) and LaNicHg (166).

1Mo05 (this work), HUO,PO,,

1.7
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Molecular/bond vibration frequencies are typically 1000-3000 cm_1

. 1
(i.ee™0 3Hz). tz, and hence the diffusion itself, may therefore

arise from a bond vibration.

The T1 minimum for H1.71M003 predicted from the low tempe-
rature M, value (23G2) is 6.4 ms (BPP theory) or 7.0 ms (Torrey
theory). The experimental minimum (from the least-squares fit)
is 10.1 ¥ 0.6 ms and is thus higher than predicted by either of
these models, reflecting their inadequacy for describinglthe

motion.

A minimum in T1p for H1.71M005 occurs at about 110 ps,
measurements then being currently difficult due to loss of most

of the decay in the instrument dead time. In the weak collision
case, and for the magnetic fields used in this work, the expected
ratio (T1)min/(T1P)min is 250 (BPP theory) or 125 (Torrey theory).
The experimental ratio is 90. The local field in the rotating
frame, B£ (given by B£ = (%MQ)%, see section 2.6) is 2.8G for
H1_71M003 and this is not small compared with the B1 field (8G).
The T1p minimum is therefore not a weak collision (perturbation
treatment) case.

At low temperatures (velow 160K),T1 for H1.71M003 deviates
from the values predicted if motional modulation of the dipolar
interproton interactions were the only relaxation mechanism.

The temperature dependence of T1 is then-very slight and the
relaxation non-exponential. This could be due to relaxation
involving paramagnetic (impurity) centres then being more efficient
(see section 2.8). This being the case, it follows that T,
(the relaxation time of the paramagnetic centres) is< 10-63.

The structure of the compound HO 36M003 is known from

neutron diffraction and is discussed in section 1.3. The hydrogen
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atoms are situated on sites within the layers and in a zig-zag
chain of oxygen atoms, akin to tnat discussed for boehmite
(section 6.1). The two sites on a given 0-0 line are too close
for simultaneous occupation and neutron inelastic scattering
(41) shows there are no OH, groups. The stoichiometry HO.56M003
corresponds to an average occupancy of 0.18 for the available
hydrogen sites.

The experimental HZ value for HO 56MoO is 5.7G2. Con-

3
tributions to M2 from interactions with molybdenumatoms (which
have only 25/ natural abundance of magnetic isotopes) and

between protons in different chains (which are 5.8872 apart)

are small. The possible hydrogen sites around a given hydroxyl
group are shown in figure 6.6(b}. The distances of the sites
from the hydroxyl h. drogen are 1.9122 for type 1, 2.5822 for

type 2, 3.076X for type 3 and 3,7368 for type 4, these distances
being calculated from Birtill's neutron diffraction results {(39).
M2 is the mean of the M2 values for the possible hydrogen dis-
tributions weighted according to the probability of each dis-
tribution. The contribution to M2 of a proton is 6.68(}2 for type
1 sites, 1.21G2 for type 2, 0.423G° for type 3 and 0.132G° for

type 4. To explain the experimental M, value, most (about 85:)

2
of the hydrogens must have a neighbouring type 1 site occupied.
"his does not correspond to a random distribution but suggests
that most of the hydrogens are in pairs, the chance of three
hydrogens getting close together being small.

The absorption spectrum of HO.56MOO3 has a wide doublet
component with a doublet splitting, BB, of 4.1G. To a first
approximation 3B = 20¢(see equation 6.1) and this corresponds

to a separation of 2.188 for a pair of protons. This separation

is close to that of nearest neighbour occupiable sites (1.94%)
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and the side peaks may therefore arise from those protons
present in pairs. The central peak may arise from those protons
not in pairs. Estimation of the areas under the absorption
curves due to each type of hydrogen suggests that 88% of the
hydrogen atoms are in pairs, in good agreement with the
argument of the previous paragraph.

Line narrowing for HO.56M°03 commences at 215K, as shown
by the T2 data. The signal to noise ratio was extremely poor
for all measurements on this compound, this being due to the
low hydrogen content and to RF skin effects, which arise from
the high electronic conductivity of the material. Schoellhorn
et al, (53) report a narrow line (1.1G wide) at room temperature,
showing line narrowing, for their poorly characterised "30.5Moog
and Schroeder and Weitzel (40) report difficulty in obtaining
absorption spectra for their H MoO,.

0.31 5

The T2 relaxation data for HO 36Moo3 in the line narrowing
+

region gives EA= 11.2 = 0,9 kJ mol-1 and an estimate of'tg (from
-8
the line narrowing criterion (Y2M2)%IC= 1) of 3 x 10" s. The

-1
corresponding figures for H 6WO are EA= 16 kJ mol and

0.46" 73
tz =7 x 10~% (42). The results are therefore very similar for
these two compounds. IZ is rather long and perhaps corresponds
to a soft lattice mode.

The extremely poor signal to noise ratio for measurements

on HO 56MoO together with the non-exponentiality of the spin-

3’

lattice relaxation {(which was arbitrarily analysed as two

exponentials), leads to a very large scatter in T1 and T data,

10
the very slight temperature dependence of which shows that
motional modulation of dipolar interactions is not the most

efficient relaxation process. The behaviour is like that for
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H1.71M003 at low temperatures, the interpretation being that
relaxation is occurring via paramagnetic (impurity) centres
(see section 2.8). In order to derive motional information
from '1‘1 and T1pmeasurements on HO.56M°O3’it would be necessary
to greatly reduce the paramagnetic impurity concentration,
However, high purity starting materials were used and a
preparation starting from, say, ultra-high purity Mo metal
would have to be attempted.

In both HO.36M003 and H1.71M003 most of the protons are
present in pairs and it is therefore not surprising that the
decay of the solid echo amplitude, E(T), with pulse separation,
1y 1s approximately Gaussian (see section 2.7). For both
compounds there is a slight curvature at short T, this presumably
being due to those protons not present in pairs. M;v(luter) is
larger for H

MoO, than for H 6MoO s which is expected as

1.71 3 0.3 3
the distance between pairs is smaller in the former compound.
As these systems are more complex than the model systems
considered theoretically, where all the protons are in pairs,
the interpretation of the Mgv(inter) values is not obvious,.
1.7114003

can be estimated (see section 1.1). A possible

Self-diffusion coefficients for the protons in H

and HO.%MOO3

model for diffusion in H1 71MoO3 is hopping along an 0=0 line,

perhaps from a bridging oxygen to a terminal oxygen on a

neighbouring layer (or vice-versa). The jump distance would

3 2 =1

be about 1X and hence DOAJ1O- cm s and at room temperature

Dau10-7cm2s-1, which would classify H1 71MoO3 as a superionic

conductor, For HO 36“003’ a possible model is hopping the
zig-zag chain of bridging oxygens, the jump distance again

- 2 -1
being about 13. For this model DOA/S x 10 9cm s and at
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room temperature D~3 x 10-11cm2s—1, showing this material to

have only a poor ionic conductivity., The corresponding
room temperature ionic conductivities are o2 x 10-'2ohm-1cm-1

. -6 -1 -1 ,
for H 1IJoO5 and 0~ 10 “ohm cm for HO.;6M°O

1.7 5
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6.3 B-aluminas

Previous nmr studies of ionic motion in p-aluminas have been
concerned with Na¥ ion motion in Na”¥ B -alumina,

Examination of the results of these studies gives information
about motions in B-aluminas in general. Information has been
obtained about site occupation and ordcring, motional processes
and activation barrier height distributions.

Absorption lineshape studies have given information about Na+
site occupation in ua” @-alumina, Kline et al, (167) found that,
in stndies of powder samples, a number of different sites had to
be occupied to account for spectra below 170K and Bailey et al. (168)
found clear evidence in single crystals at 77K and 103K for
occupation of a number of independent lla sites. This is in agreement
with structure determinations by ditfraction techniques (see section
1.4). Above 110K motional narrowing occurs due to Jjumping
between these sites. Boilot et al., (169) studied single crystals
at 300K, 100K and 4.2K and found a tendency for Nat to cluster in
equilateral triangles at low temperatures (~100K). X-ray diffuse
scattering studies (170) show that changes in ionic conductivity
with temperature correlate with the dugree of order among the
conducting ions, a higher degree of order corresponding to a
lower conductivitye. .

Information about Na¥ motion in Wa¥ f~alumina has come from
both linewidth and relaxation time studies, The dominant relaxation
mechanism is quadrupolar interaction between the 23Na (I = 3/2)
nucleus and electric field gradients. Kline et al. (167) found
sudden line narrowing in powder absorption spectra above 170K
and deduced an activation energy ~10 xJ mol-1. Jerome and Boilot

(171) also found EAc-1O rJ mol-1 from T1 measurements in the same
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temperature range., Chung et al. (172) studied linewidths for
single crystals and deduced EA = 16 kJ mol_1, in good agreement
with the results of tracer diffusion and conductivity measurements.
Bailey et al., (168) extended these measurements to include the
dependence of linewidth on crystal orientation and obtained
E, = 10 kJ mo1”™" and tz & 7.5 x 107 's. Walstedt et al. (173)
studied ‘I‘1 for single crystals prepared in different ways. They
fitted T1 data allowing for local variations in barrier heights
at different sites and attributed diiferent results from different
samples to variations in the structure and/or charge defects.
Evidence for a barrier height distribution also comes from
conductivity dispersion measurements on single crystals-(174).
Bjorkstam and Wei (175) established the comparability of results
from nmr and other studies. They identified two separate line
narrowing mechanisms in the range 100K< T < 500K . 1In the range
110K <T< 150K , the line narrows with EA‘Q 5 kJ mol-] but at
higher temperatures a seccond mechanism is evident and, above 300K,
EA = 16 kJ mol-1. The low temperature line narrowing is assigned
to rapid local motion between mid-oxyren (mO) sites and
Beevers-Ross (BR) sites (sce section 1.4) and the additional
narrowing at T >150K to long range sodium diifusion in the
conduction .lane over distances long compared to the correlation
length of microdomains formed by spatially drdered Na+ ions (sce
section 1.4).

The compounds NHZ f-alumina and H5O+ f-alumina are said to
be being studied for possible use as electrolytes in fuel qells,
batteries and as constituents of hydrogen monitors.(176). Until
very recently, litcrature reports of investigations on these
compounds have been very few in number.

Bxtensive studies of HMZ B-alumina by electron and X-ray



diflcaction, IR and Raman spectroscopy and some conductivit,

by Coloxban et al, (158),

/

o

neasirnents have roeently been reporte
Q - B ‘~"‘J ] 3 *+ :

The strictore of 2y (-21luninn reremnbles that of Ti B--Jurina (177),
wiich is not sursrising in view o the similarity of the ionic

dii ( .‘l+_ 50 ? ‘”,'f' . . - . .
radii 'l = 1.50 &y <1y is effectively 1,20 X). The sitc occu..ancies

./ Y et . s N , .
are 72,5 BR, 2190 m0Q, 7 ali and tie extra oxyosens avove the ideal
taichiaiet s . . 5 . 3-«}- s
suvolchjoretry 1s in mO sites bound by two Al Frenxel defects
(see section 1.4). ‘hough f-vay diffraction does not Sive thne
positions of the hydrog:n atoms, IR vibrational bands cl.aractoristic
ENE T . .

of the uj4 ion are observed. The ammonium ion can form upto. four
hydrogen bonds in both the BR and n0 sites, two with pillar oxygens
and iwo with oxygens in the spinel blocks. “onductivity
neasarc-ents are siven for ithe rance /400K « T« 520X, these ternperaturcs
veing generally higher than those for the nr measurensats in this

. . . . \ . . - -1
woril, ‘The activation energy for conduction is 45 kJ mol ', the
same as that obtained from dielectric loss weacurements (92),

. .. =N -5 L =1 -1 e . .
and at 4C0H o= 5 x 10 ohm cm LA B-alumina is therefore
4
. . L+ .
a poorer iounic conductor than Ua f-alumina. Colomban et al. state
et

that the conlucting species is the Ay ion and it is difficult to

envisage an alternative lon; range charge transport mechanism,

: . I . . . .
rxe et al, (172) have studied JJ4 B-aluaina using inelastic
neutron scatterinz. They d2duce tant the correlaticn tine for
L]
. 4 g -11
translational jumns of the REY ion must be >6 x 10 s at

temneratures less than 473K. They interpret the results in terms

+ . . . .
of rapid jump reorientation of IV lons with correlation time

Sy
«40—125 at room temperature. The results suizest that

E = 3,5 i 0.5 kJ mol"1 and T; = 2.3 X 10—13 s for the reorientation

The relaxation behaviour found for i, B-zlumina in this work

® Is

t

ure rans
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temperature (above 250K) line narrowing occurs and spin-lattice
relaxation is exponential, minima being obscrved in ’I'1 and T1p'
Below 250K, T2 is constant and spin-lattice relaxation is
non-exponential,

Non-exponential spin-lattice relaxation can arise from a
number of causes (see section 2,8). One cause, guantum mechanical
tunnelling, is important in HHZ compounds at very low temperatures
(see e.g. ref 181). The barrier to NHZ reorientation in NHZ B~

alumina is apparently low (178) and hence tunaelling splittings

for restricted rotational energy levels could be large (180).
However, it appears not to be necessary to postulate that tunnelling
is an important relaxation mechanism in this work, in which the
temperatures are higher than those usually involved in tunnelling

. . - S .
studies., There are a number of possible different Nn4 ion sites

in the conduction plane (see section 1.4), the reorientation rates

m iffer, When the time T

for which, and hence the aporopriate *1's, diffe

u

d

N

< . . + .
between translational juwps of the NH4 icn is grcater than the
relaxation time, non-exponential relaxation can result, but, when

'% is much less than th:e relaxation time, an average exponential

relaxation is observed., Analysis of non-exponential relaxation

in terms of two exponentials is arbitrary and no lielp in explainiag
L]

the results., T1 at the lowest temperatures measured (see figuxe
5.17) appears to be decreasing to a low teaperature minimum, which

. T s -
could be due *o reorientztion of the nn4 ion., This minicum will Lo

broad because of the different reorientation rates for ithe various

The motional parameciers deduced from .xe et al.'s worl

sites.
(178) suggest a T1 minimua at 41¥, assuming 3PP theory apprlies at
that temperature, T1p cnuld also be decreasing at tie lowesti

temperstures towzrd a minimun tue to reorientat
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The low temperature M2 value (estimated to be 1.2 62 from seclid

echoes) is not the rigid lattice value for an ammonium compound
. 2 . .

(for which about 50 G° is typical (179)). This is due to random

reorientation of the ZHZ ion renoving the entire intru-ionic

X, contribution. An estimate of the residusl, inter-ionic, i

2 2

contribution can be made Ly assuming a model structure of
toichio: ; gt N et P -

stoichionetric Il 4 B-alumina with the Il i ions in 3Beevers-Foss

(B?) sites, which are 5,uh arart, "nd the protons placed =t their
average positions over the reorientation i.e. at the centre of the

. . . . . e 2
ions. This model zives an inter-icnic A2 of 0.3 G~ The

compound has a larger inter-ionic ;: this being Jue to the
vt s . C o n s s . ]
presence of more uH4 ions than in the stoichiznetric model and
occuvpation of further sites, which lead to the .4, ions being
closer togetiher on average,
At temperatures greater than 250K line nzrrowing occurs, and
above 4574 T1 = T2 = T1p , wnich is strong evidence for a

. o N . . . !~
iffmsion mzeiianicm.  The observed ”1 LI \ 2. DINS

-

iational

[9AY
[&]
~

&8

trans

at 320 corresponds to modulation of a second morent (”2, of
2 - . vxpa s . .

57 G- Translational diffusion night be expected to mofulate

'only the residual inter-ionic T2,?nd hence 2 minimum at about

,

12275 might be expected (see section 2,6). The low temperature

Jo

M2 and *ne position of the T1 mininin therdfore appears to ve a

) vt . \ . .
paraiox, However, 154 ions coning very close together in the
tranclationzl rocess could correspond to a strong interaction,
absent at low temperaturc, which translation could modulate, aing

et al. (91) showed, in their caleirlations, that the ions mignt

R - . aqeeT .
move in pzirs, and this could Ue conratible with X, icas coming

sp0
close together,

The auth-r analysed 22 in the line narrowing reci~n and T1

the T. minimum in terms »f the BPP thenry (cee section ~.6),

una , ,
aro 1
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The equations for T1 and T2 ¢nn be re—expressed in terms of the

T1 minirum : =

min = 0-702(010( 1 + 4 )
T 1+22 1 2.2
1 wT, thw T,
(L1):fn = O.551(DTC( 3 o+ 5 . + . )
2.2 2 .2
T <
5 1 +w Tc 1 4+4w Tc

The author evaluated T, at different temperatures from the T2 and

L}
T1 data. The results are siown in figures 6.7 and 6.8, The T2
data are characterised by Z, = 25.1 + 1.2 kJ rnol_1 ard

2y +
o] -11 . . . -1
Tc = 1,8 x 10 s, and the T1 data by LA = 24.1 £ 1.5 2J mol

and Iz = 1.4 x 107, The atterrt freguency (1/12) is therefore

. [ PR
of the came order as that for translaticn of lia ions in 1z

3-a1umina (168,173) and precurnbly arises from tie same procecs.
- . . . - ot . -1
Y, 1is ccnsiderably higher than for Ta fi-nlumina (16 kJ mol )
A .

but is lower than that observed in conductivity and dieleciric

loss weanurceTonts (46 %7 mol” ),  The agrcement cctucen 3, for
. . - “ s bt . N + .
diffusion and E, for dielectric loss is not good for K f--luminez
I3y

and Rb" f-alumina (92) and +his could also be the case for

PR RN

V*Z B-~lurina. The temperature range of conductivity rmeasurcments
(156) was  ACQDU < T< 620K whereas the the “emnerature ran-~e siving

motiona! inforwzetion in *his wvor: is 250K <7< 570K and this

rould be the crizin of the discremarey of the =, valuss, <ttt 4777

’

T ~107 "¢, which is consistent with Ax

-11 A ~
trat, for translatiom, T >6 x 10 s at btcaperatures below 473K,
N c

0]

et al.'s crn-lusion {178

. . . -

The dif’urion mechanisn for L, ions in hn4 Beclumin i

3

vninown but could involve a Jurp .ircceily Irom oa R site 10 aa

o) ) . . , . .
. . R T v ar e e t i e ad A L
sin site (Cump distance T.220) or via an intervening m0 eite (Jump
la) P PR - .
distance 1.61f). tasuning the latier to re the cace, the dilfuzica
. “r 2
coerficient D is estimsted (z2¢ seetinn T.1) to e 5 = 10 7c.7s
1 i (OIS S 4 - - -
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at 39CK (the temperature of the T1 minimum) and the correspording

s ; ‘o . -1 -1 -1 - :
lonic conductivity is 10 "ohm ‘em ', which is close %o the

-1

experimental value (5 b'd 10'50hm_1cm at 400X, reference 156).

T1p for NHZ B-alumina has a minimum (0.66ms) at 225i%. The
ratio (T1)min/(T1p)min is 4, far less than predicted by weak

collision (BPP or Torrey) theories. dowever, assuming the minimumn

arises from the s~me process as the T1 minimuam, the local field

1
in the rotating frame ((§H2)2) is 4.4 G, which is not srall

comnpared to the 81 field (8 G} and this is therefore not a weak

collision case,

BT f-alumina has been the subject of three recent studies.

3

Xato and Saalfeld (147) carried out an X-ray structure determination

anc ound oxygen atoms in the RR sites. They suggzested that, as

in g5’ B-alumina (84), a hydrogen is bonded to a pillar oxygen

and this is bonded to a water molecule on a BR gite. Colomban et

al. (183) found, by IR and Raman studies, that H 0" ions are

3

present together with some higher species such as HSO; and H7O;.

Unpublished conductivity studies (134) show that single crystal

H.o" B~alumina hLas tJ'r\/1O"11ohm-'1cm-1 at 293K and this increases

3
until 473X with &, = 77 kJ mol-1. H30+ f-alunina is thus only
a poor ionic conductor, the conductivity at 473K being similar to
that for hydrogen bonded crystals {see secdion 1.2). The conduction
mechanism is not known and the magnitude of EA is not understood.

There is possibly extensive hydrogen bonding between the conducting
species and structural oxygens. There i1s no clear evidence for
proton migration through the lattice independent of H30+ motion,
but exchange between conducting species may occur, perhaps via
structural oxygens, at the unit cell level,

‘leagurements on small single crystals of I ot pr-alumina {183)

) $ e SUveaa = HMda ta Yapears Al
chow +the ccnductivity ~~10 “chm ‘cm a nis is larger than

.. . ] o s ,
for H5O+ g-alumina and this is attributable to differences in the
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structure of the conduction plane (see section 1.4). it B"-2lumina

N

nas similarly been found to have a hi her conductivity than

xt f-alumnina (&2),

Hotions of the 1,07 ion have been s+udied by nar (186,187)

3

for hydroxonium perchlorate (H50+CIOZ). The ion is 2 shallow
pyramid with the 1-0-i anzle 118.5° and the 0-! distance 1.012.

. . 2 .
Below 130K, M2 iz 31 G, corresponding %to a static H O+ ion. 1In

3

the range 160K< T< 2437 , tha observed K2 is reduced to 10 G

by hindered rotation of ihe 530+ about its 05 axis, At higher

temperatures, rapid isotropic reorientation removes the eatire
intra-ionic H2 contributicn and HZ is 2.2 Gg.

Interpretation of the relaxation resulis for H30+ B-~lumina
in this wor': is complicated iy the sample being a mixture of B
and Q" phoses (see section 4.5). Treatment of non-exponential
spin-lattice relaration in terms of two exponentials ni it be

N

exrected to separate the relarztion varameters for the two pizses,
but the situation does not appear to be that sinple, the ratio
of the amplitudes of the exponentiels no! being constant., This

could be due to their being a nusber of proion-containing cpeci

~
o

[}

llotioanl narrowing is secn in the T, data abnve 27041, the

ing 5 3
- -1 . 0 =10
data giving T, = 27,7 + J.4 wJ mol =na tCrv1O S (3st1mzzea
- - 1
von the rarrouing crisorion [y LZ)‘rﬁ = 1), The proion noiion
(&

ig evidentlv not the conduction .ecchanism, which occurs far faster

in the @' »hase then in the (rhase ond wvould lead to non-cwponenticl
snine-rpin relavation, T2 v:zlues fox the tuo rhzscie boing 4. Sferent.

4

The relazation in cuporential, cnoving the oroczes to be ecually

. . . C ot A S Lo o DT e ] ~ 3
fost in both rhoses, The iomic condncetiviiy at 20300 calculoted
: At samonart 1 tho contucition meecha - ~n ] IS - o
assuninz e ITEMEnNrT LS T CeniATU10 mCorEenls ong (R . Nz
|
~
=7 I R,
PPN i 1. - - S ~ -~ r - A -~y
oracwred in ~10 ‘ohm o s scveral orderz ol nooniiide sroater



-92-

than observed experimentally for the B phace, shovins the sosunpticon

to be wrong., The process co11d be proton exc..angse involvin: the
species in the cond .ction plane and possibly the stuctural
oxygens. In chloroauric acid tetrahydrate » proton houping

. C oy T .
rmechanisn (within an uns ymmetrical 1.0, ion) occurs vith 7. = 24 kJ

572 . - A

-1 . . ..
mol (182), which is cimilar to Ek for this conpound, 92 is
e

observed to increase by e factor of 20 fron the low temneraiire

A
value and, cs T20<(Mq) “, protons which a:e initinlly close

et

togetner are taken far apart by the exchan:c process,
- . ; - ot ,
“he low temperature i, value observed for .U B-~lumina
< B
(e tinated to be 15 G~ from 30lid echoes) does noi correspond to
, ) I P " .
that observed for =,0 Cl0, in any temperature range. The spin-

3 4

lattice relaxation data show no sisn of a low temperature T1

ct

9)

o oAt .
ninimun due to retation of i, 0 ion, The levelling off of T1
2

low temnerriures could bte due to relaxation via parzma-neti

O

impurities then beinz irportant. If the exchange process moduilatec

. . . ot Lot
the entire sos & T1 mini-num at about 10rs i: expecied (sce section
2.6). T1 at thce highest temperatures studied is of this ma nitude,

and reascvre. 2ats at hicsner temperatures mizht show the yproesence of

this nininiz, “The H2 velve su-jests that a lars> fractiion c¢f

the rrotons are not present in 720 molecules or nroton-zontaining

ions, but arc in bhydroxyl Zroups. Tiis is"the case in onlliunm

sulvnate nmononvirate ( (1 /3a5(03)6(304)2 ), Tor wilch the observeld
“r

’
]
H

mhe dec v of the solid echo znplitude, nit), with pulse

F

i ] ¢ I T e Cluriita o 1 - STt -
sen-ration, T, is nov Gouszsin 10T U5b L~ lunira om Sy p--lurin-,
‘higs ig »mo% surpricing, &S r.oltrer compound contrins nroto

. P
(see section 2.7 ).
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Chapter Z

wave PFunctions and lFolecular Shape

7«1 @Molecular wave functions and electron densities,

The electronic wave function, Y, for a molecule with a
fixed nuclear framework is a solution of the time independent
ochroedinger equation for that molecule.

By =BY (7.1)
fi is the Hamiltonian operator for the system and E is the
electronic energy corresponding to the stationary state with
electronic wave function, Y. ﬁ contains terms corresponding
to the electronic kinetic energy and the electronic potential
energy, which arises from electron-electron and electron-nucleus
interactions. psorn and Oppenheimer (1) showed that treatment of
a total molecular wave function as a product of nuclear and
electronic wave functions is a good approximation because of the
large ratio between electronic and nuclear masses. The solutions
of (7.1) depend on nuclear positions and a separate calculation
must be performed for each assumed molecular geometry. The
equilibrium geometry for any electronic state is that with the
lowest total (nuclear + electronic) energy.

The electronic wave function for an»N-electron molecule,
U’(1,2....N), has the followin: interpretation. The probability

of finding electron 1 in dv1 (with spatial coordinates between

r, + dr,, and spin variable petween s, and s, + ds1), electron
2 in dv2.........etc. is given by
*
W(1,2...8) W (1,2...8) dv dv,...dv (7.2)

for a normalised wave function. The probability of finding

electron 1 in dv1 and electrons 2 to N anywhere is obtained by
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summing tone probabilitivs (7.2), keepin: the coordinates of
electron 1 fixed. The indistinguishability of electrons ensures

that all electrons have the same probability of being in dv1 i

P,lvy) dv, = u(.[w(1,2...m)*\v(1,2...u) VoAV e dv ) dv,.

3

The probability of finding an electron in dr., irrespective of

1
spin is thus

Py(xy) dz; = (qu(u) ds;) iz, (7-3)
p1 is the electron density function measured by crystallographers.
This function has only three spatial coordinates, whereas the
electronic wave function is a function of 3. spatial coordinates
and N spin coordinates. A x«nowledge of the electron density is
essential in understanding the chemical behaviour of a molecule.

inany of the equations of quantum mechanics are considerably
simplified if expressed inatomicunits (see e.zg. ref 2). Atomic

units are used tiroughout this work.

7.2 The orbital approximation,

In the absence of electron repulsion terms, the Schroedinger
equation for an N-electron system could be solved by writing tle
N-electron wave function as a product of one-electron functions.

W(1,2...8) = X5(1) Xb(z) .....Xk(N) (7.4)

The Schroedinger equation would then be éeparable into a set of
equations, each involving the coordinateé of only one electron
and the solutions being the functions X. The electron repulsion
terms in the :lamiltonian prevent this separation of variables

and make it impossible to obtain an exact solution to the

schroedinger equation.
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An orbital is simply a useful one-electron wave function for
constructing approximate many-electron wave functions. It is

an eigenfunction of a one-electron operator, which is not directly
related to the complete Hamiltonian except through some approxi-
mation involving averaging of the electron-electron interactions.
The spin orbitals, X, are combined space functiong,{, and spin
functions, M, permissible forms of the latter being onlyeo<or f3

(as m, = Y1 for electrons). The rauli principle requires the
many-electron wave function to be antisymmetric with respect to

interchange of electrons. functionseo the type (7.4) are thus

unsatisfactory, but on writing ¥(1,2...N) as a Slater determinant

of spin-orbitals a satisfactory function is obtained.

X ()X (1).. X (1)

Lol

W(t,2...8) = (n)™F | = Ix xox b aes)

X X
X (X ()X, (1)
The electron density P1(£1) at I, as given in (7.3), can be
shown, for a closed shell electronic configuration, to be the
sum of the electron densities in the molecular orbitals.

. 3 2

l.€, p.](l-‘_) =i nlq)l(z)

where n. is the number of electrons in the'orbitaldﬁ(i.e. having
l L
the spatial wave function(%).
The electronic Hamiltonian for a molecule may be written

a ccy., s 1
i = zih(l)"iqrij

where h (i) is the so-called core Hamiltonian consisting of the
c

kinetic energy operator and electron-nucleus interaction terms.

Operationon the Slater determinant of orthonormal spin-orbitals

(7.5) gives the electronic energy E_, where
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I C,
) - Z 4 Z . - .
h'61 r=a hrr + pairs\Jrs ‘rs) (7°°)

c ) .
where h J and £ are matrix elements of t:
rr, T s 1 e core

IS

Hamiltonian, Coulomb and exchange operators respectively and

are given by

K = J‘X* ﬁC Xp at
rr r r

J = X (1) X ()" 1 i j
rs J r rij Xr(l) XS(J) at i d-tj
e L(1) (3) rist(l) Xr(J) dt; dt g

Application of the variation theorem to the determinantal wave
function defines orbitals known as nartree-tock self-consistent
field (s.) orbitals. ForWYto be the best wave function of its
type, the spin orbitals Xmust be eigenfunctions of the rock
operator ﬁ where

A

k
c " lad -—AC p
+ I (J-4)=h" +6 (7.7)

A A

F =h
A ~
Js and KS are tue Coulomb anu exchange operators respectively.
The operator F is stran-e in that it depends on its own
eigenfunctions.

The eigenvalues ot " are called orbital energies,Sr.

).

It follows that t e molecular electronic ener_ y, jel’ is given by

ir

K
€ =p =h"_+ NG

r rr rr rs

wooo=o € o T (I ~-K_).
el r=a I pairs® rs rs

sor a function ol the type (7.5) the total molecular enerygy is

thus not just the sum of orbital energies plus nuclear repulsion

energy. ine potential coverning the SUP orvitals consists ol a

core potential amd Couloiib and euchunge potentials for each

electron. Since these latter two depend on the orbitals them-

selves, an iteration procedure has to be adopted in calculating

<. F orbitals.
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Removal of an electron from a spin-orbital X , leavin
a

the wave functions for the other orbitals unchanged, gives a

positive ion of electronic energy EY where

k

t* = I pe X

B r=b hrr + pairs(Jrs— Krs)
r#a,sfa

and it follows that
k
+ c
= B - - 1 - = -

B h‘el haa s=a (Jas Kas) =B €a
Thus -~ Ea can be equated to the ionization potential (E+ - Eel)’
measured experimentally by photoelectron spectroscopy, providing
the ionization process is adequately represented without change

in the wave functions of the other electrons or the nuclear

positions. This is known as Keopmans' theorem.

7.3 Localised orbitals.

Information about chemical bonding in terms of traditional
concepts (bonds, lone pairs etc.) is masked by the delocalised
multicentre nature of molecular orbitals., Although a delocalised
description is very useful for some purposes (g;g. classification
of symmetry species, discussion of electronic transitions), an
alternative localised description can be achieved by a unitary
transformation of the orbitals (3). The individual orbitals are
then concentrated in different regions of the molecule. The
total electronic wave function (a Slater.determinant) is invariant
to such a transformation and hence so are the total electron
density and molecular energy. Thus a closed shell atomic con-
figuration of sand three p orbitals, whose total electron density
is spherical, can be transformed into an equivalent description
in terms of four tetrahedral hybrids of the type sps. The

freedom to transform to a localised description is a consequence



(a) Total electron density
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molecule,

(b) One-electron density
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orbital.
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Figure 7.1 Some calculated clectron density maps for water,

(¢) One-electrondensity for the
bonding orbital.
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of the Pauli principle, which requires the total electronic
wave function to be a determinant rather than a simple product.

Several criteria have been proposed for the localisation
of molecular orbitals (4=) and all give rather similar localised
orbitals. A consequence of the conveutional expansion of
molecular orbitals in terms of orbitals centred on the various
atomic centres (the LCAO method) is that transformation of
molecular orbitals will not result in orbitals that are com-
pletely localised (4,9), as the orthogonality of the localised
orbitals then requires that they have contributions from all
the atomic centres. One criterion (5) for the localisation
of electrons in pairs is the maxggation of the total self-energy,

D, where

and the sum is over the localised space orbitals. Figure 7.1
illustrates the results of Liang (10) and Taylor (11) who used

this criterion for their calculations on the water molecule.

7.4 Binding regions and forces.

A modern emphasis is on the molecular charge distribution
and chemical binding (12-14). The Hellmann-reynman theorenm
(15,16) states that tie force on any nucleus in a molecule is
the sum of the electrostatic forces due to tne other nuclei and
to the electronic charge distribution treated as a continuous
charge density by classical methods. Berlin (17) divided the
space in a molecule into bindin_ and anti-binding regions.
Electron density placed in a binding region binds the nuclei

together whereas electron density in an anti-binding region

tends to separate them. It follows that there must be a
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concentration of electronic chiirge between the nuclei (i.e. in
the binding region) for electrostatic equilibrium,

It is a consequence of the Pauli principle that no two
electrons can occupy the same spin-orbital, as two columns of
the total determinantal wave function would then be equal and
the wave function would vanish. Were this not true, all the
electrons in a molecule would crowd into the orbital of lowest
energy and would thus concentrate in the binding region. The
Pauli principle can thus be considered to force electrons into

regions of space where they are remote from some of the nuclei.

7.5 rliolecular shapes,

The two most important qualitative molecular shape models
are the valence shell electron-pair repulsion (VS_PR) scheme
and the use of Walsh-iulliken diagrams. These continue to
provide the conceptual framework for understanding molecular
shape, even though far more rigorous quantum mechanical solutions
are available for many molecules.

7.5.1 The VSEPR model.

Sidgwick and Powell (18) were the first to relate the
angular arrangement of electrons around a central atom to the
number of electrons in its valence shell: They put the number
of electron pairs in a one-to-one correspondence with molecular
shape: two pairs linear, three pairs a planar triangzle, four
pairs tetrahedral, five pairs a trigonal bipyramid and six an
octahedron. These same results are given by the simpler model
of point charges on a spherical surface interacting with the
force law (1/r)n whatever the value of n (19). The simplicity

of the charges on a sphere model has led to the impression that
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electrostatic repulsion between electron pairs is the basic
origin of inorganic stereochemistry.

Gillespie and Nyholm (20) recognized a distinction between
bonding and lone pairs. The latter are closer to the central
nucleus than the former and this leads to the rule for electro-
static interactions: lone pair - lone pair >lone pair - bond pair >
bond pair - bond pair. Thus the angle between the bond pairs
in ammonia will be less than the tetrahedral angle due to dis-
tortion of the tetrahedron in accordance with this rule. The
tetrahedral angle is 109.50 and the bond angle in ammonia, 1070,
is smaller as predicted. By oringing together existing experi-
mental data and further refining the model, Gillespie has
systematised a large body ot structural knowledge (21-23),

The total energy of a molecule, E can be partitioned

tot’

into the following components:-

E =T+ V
n

.8
tot + Vne + v (7 )

n ece

where T is tne total kinetic energy, Vnn is tne nucleus-nucleus
repulsion energy, Vne the nucleus-electron attraction energy

and Vee the electron-electron repulsion energy. The equilibrium
configuration is said (24) largely to depend on Voo this
apparently providing the theoretical basis for the VSEPR scheme.
This interaction can be visualised classically, in a localised
orbital description, in terms of inter;ctions among bond pairs
and lone pairs. However Vee is mostly due to repulsions between
electrons in the same orbital, repulsions between different
orbitals being small in comparison, and it would be surprising

if these latter small energy terms were responsible for molecular

shape (as determined by tne uinimum in E, ).
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Naleway and Schwartz (25) have considered the JVSKFR model
for water, using localised orbitals derived from LCAO-SUF molecular
orbitals, and find some agreement with the physical ideas of VSEPR
theory, though, significantly, no minimum is found in Vee between
90o and 180°, Their localised orbitals were not completely
localised however, for the reasons discussed in section 7.3,
Lennard-Jones (26) and, in his later writings (23),
Gillespie have urged that the effects of the Pauli principle

are much more powerful than electrostatic forces in determining

the shapes and properties of molecules.

T.5.2 Walsh~lulliken diagrams.

A molecular orbital description of molecular shape is
embodied in a set of principles known as Walsh's rules (27,28).
The basis of the model igs the correlation diagram, which is a
plot of valence "orbital energies™ as a function of a geometrical
variable (e.g. bond angle). The assumption is made that the
same diagram is applicable to all systems within a given class
(e.5g. AH, molecules). Walsh (27) and Mulliken (28) worked out
these diagrams using empirical data and simple assumptions
concerning mixing and weighting of atomic orbitals. The diagrams
are used to predict molecular shape by filling up the orbitals
with pairs of electrons and finding the bond angle giving the
smallest sum of "orbital energies".

The precise nature of Walsh's "orbital energies" is a
matter of debate. Coulson and Neilson (29) suggested they were
npartitioned energies" whose sum ' including the core electrons)
equalled the total electronic energy. Bingel (30) used the

one—electron energies of his united atom Hamiltonian. Schmidtke

and Preuss (31) used the eigenvalues of a one-electron Hamiltonian
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where the electron-electron interactions are replaced by an
effective central field. However, correlation diagrams based

on these approaches are in qualitative agreement with Walsh's
only for AH, and AH3 molecules. Coulson and Deb (32) have
interpreted Walsh's rules in terms of the Hellman-Feynman theorem
and have constructed Walsh-type diagrams using calculations of
force in terms of valence angle, keeping the central atom fixed.
They conclude that the force formulation provides a satisfactory
pictorial basis for understanding molecular geometry, but, in
the absence of highly ac :urate electron densities, the approach
is unsuitable for quantitative predictions. Peyerimhoff et al.
(33) proposed the use of the nartree-rock energies, Ei, as the
"orbital energies". The sum of the valence shell Hartree-lock

[

energies, E;;l, is grossly different from the total molecular

A

energy, Etot’ ~owever, E::l could be a criterion for molecular
geometry provided )Ei{’il/éfr and BEtotA& maintain similar
signs as the valence angle 9varies. Unfortunately this is not
always true (54), especially for polar molecules. Ruedenberg
(35) has shown that, at the molecular equilibrium configuration,

a simple approximate relationship exists between Etot and the

energies Ei’ this relationship being

, _ 2 X €
Biot =2 T " 7i

where the sum is over all the occupied orbitals and ni is the
number of electrons in orbital i. Use of the same summation to
discuss molecular geometry is not satisfactory, Anno and Sakai

(36) having shown that there may be no minimum at the equilibrium

configuration.
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Allen (37) has attempted to link together the VS&:iR scheme
and Walsh-llulliken diagrams by pointing out that the same single
determinant wave function giving the ilartree-Fock Ei values can

be transformed to give a localised description which can be

discussed in terms of the VSR scheme.

7.6 The present work.

Electron-~electron repulsions are commonly believed to be
important in determining the electron distributions, and hence
the molecular geometry, for small molecules. In this work, the
importance of these interactions, and other effects discussed
in section 7.5, is assessed using the water molecule as a
simple model system.

T:.e hydride molecules of the elements of the first short
period can be regarded as derived from the neon atom by removal
of the appropriate number of protons from the central nucleus
and placing them at the appropriate coordinates for the in-
dividual molecules. This could be regarded as a two stage process.
The first stage is production of a spherical electronic charge
cloud by smearing the proton charges over a thin spherical shell
of radius the A-H distance for the molecule (where A is the
central atom) and the second being the localisation of the protons.
The hypothetical spherical entity producéd by the first stage is

termed a molecular puff.

Single determinant electronic wave functions for molecules
and molecular puffs can be obtained by SCF methods, which give
the best (lowest energy) wave functions of this type.
Perturbation of a molecular puff by localisation of the protons,

making no allowance for changes in electron-electron interactions,
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E1Ves an approximntion to the o vroitals. Comparison of the
two wave functions (in terms or energies, electron distributions

etc.) for the molecule shows tuc efiect of the terms neglected

in the perturbation an., nence their role in determinin_ molecular
ceometry.

The one-centre expansion {"0) met.od L 2%, 59), where the
nolecular orbitals are expressed in terms of functions centrod
on a single origin, is useg throughout this work. “ae molecular
puff is itself a single centr. system and t.e (UE method has been
applied (53, to rirst row nydrides, with the origin at the nucleus
of tne central atom. tert.roation of a molecular pufr to give
a hydride molecule is a.:in to tne treatments used in liganu field
tueory, where attention is focussed on the efiect of the perturbing
charges on the orbitals ol tie central atom. An advantage of the
OJE .uethod is that tr 1y localised orbitals can be obtained,
orthosonality bein; satisfied without contributions from around
all tue nuclel present (s-e section 7.3).

All calculations in this work were carried out on the
¢xford University Computing Laboratory I_>L 1'0tA computer using
programs written by the author. GSome oI these programs are

listed on microficle in tne vro ram: appendix.
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Chapter 8

The One-Centre Jalculations

8.1 The matrix formulation of SUF theory.

Molecular orbitals are commonly represented as linear
combinations of known one-electron functions. Ffrom a basis
set of m linearly independent functions, @, m linearly inde-

pendent orbitals, ¢, can be constructed.

MB

by = % 55 95
The electronic energy (equation 7.6) for an N-electron system
is then a function of the expansion coef:iicients, cij’ of the

N/2 occupied orbitals, and variational minimisation gives m

equations of the form

)

here F = < lﬁl > and S, , = 14> . These equations are
where 5 . = <1 §ig; R AL a

m
g1 (Fyy mesiy) eg = 0
known as Roothaan's equations (40,41) and can be written in
matrix form as

FC = €5C
where F and S are mxm matrices, with elements F&j and Sij’ and
C is a column vector with elements<%r Solution of the matrix
equation

(F -€es)c =0
gives m approximate SCF orbitals and corr;sponding orbital energies.
The (mn - N/2) solutions in addition to the N/2 occupied orbitals
are termed virtual orbitals and describe the states of a test
electron moving in the field of the whole neutral molecule.
Increasing the number of basis functions leads to better

approximations to a larger number of orbitals.

The Fock operator (equation 7.7) may be written as
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and hence

F=H+¢G
where H and G are matrices with elementsHi'j (<¢ilﬁc|¢j>) and
Gij (<¢i|8|¢j>) respectively. A matrix T containing the column
vectors of the occupied orbitals can be written

T = (cAchl......)
and a matrix R is related to this by
R = 71"
where T+ is the transpose of T. The molecular electronic
energy is given by

E,y = 2 tr (RH) + tr (RG) (8.1)
where tr denotes the trace (sum of the diagonal elements) of
a matrix.

In the matrix formulation, F is a function of the expansion
coefficients cij and the eigenvalue equation has to be solved
iteratively. An initial Fock matrix, FO, is calculated from
a suitably chosen initial coefficient matrix, To, and the new
coefficient matrix, T1, is calculated from F°. This iterative
cycle is continued until the solutions converge in accord with
some criterion. Commonly used criteria (2,24,42) are the matrices
T or R or the eigenvalues € veing the same,. to a required

accuracy, on successive cycles. In this work, a simple linear

extrapolation procedure was used where

n+1 _ _calc 5 cale _ M
Fiy = Fiy O 5/
and F?%lc is that calculated using Tn+1 and § is an extrapolation
i

parameterxr (taken to be 1/3). This extrapolation procedure
ensured more rapid convergence than uncongrained iteration.

The criterion for self-consistency was taken as the convergence
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of Eel’ as given by
By = 2tr B ) + e (87PN

to within 10_6 hartrees on successive cycles. This generally

occurred before the twentieth cycle.

8.2 The one-centre expansion method.

The one-centre expansion (OCE) method (38,39) uses, as
a basis set for the expansion of a wave function, functions
centred on a common origin, usually a nuclear position., The
principal advantage of the method is that, though many more
basis functions are needed than in conventional methods, the
difficult task of evaluating multi-centre integrals is avoided.
The basis set of orbitals may have no natural association with
the problem itself but the resulting molecular orbitals can be
transformed to truly localised orbitals.

A one-centre wave function is most in error close to
off-centre nuclei, where cusp conditions are difficult to fulfil.
Cohen and Coulson (43) have considered the HZ molecule ion and
find OCE functions good except at the hydrogen nuclei, where
no cusps are produced. Electron density maps of Saturno and
Parr's (44,45) one-centre function for methane show no maxima
at the hydrogen nuclei. The errors are least when the off-centre
nuclei have small charges and it is for®this reason that the
hydrides AHn are the most suitable for one-centre (the heavy
atom nucleus) calculations.

Moccia (46) used one-centre basis sets for extensive
calculations on hydride molecules. Not only were equilibrium

internuclear distances and bond angles computed very well, but

also the dipole moments. The functions used were Slater-type
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orbitals (STO's; of s,p,d and f type centred on the heavy atom.

STO's have the functional form

g

where N is a normalisin:' constant given by

N = (20)™2/((2n) )2,

= NPT m
n,1,m = VT exp(-Ur) Yy

U is the orbital exponent and Y? is a spherical harmonic

normalised to unity.

In this work, Moccia's basis set for water (46) is taken
as the best of its type and used for molecular puff and per-
turbation calculations. TPurther SCF molecular and molecular puff
and perturbation calculations were carried out using a subset of
Moccia's basis set, the functions chosen being the principal
contributors to Moccia's molecular orbitals for water. Table
8.1 gives the basis functions used in each case. Moccia's
notation is used and requires that the dependence on the angular
coordinate @ be sin(my) when m is negative and cos(m@) when g

is positive.

8.3 The potential due to the protons.

The potential, V, due to the hydrogen nuclei in hydride
molecules can be expanded as a series of spherical harmonies
centred on the central atom (47,48). It is convenient to work

in polar coordinates and express V as *

_ qQ .k m
vV = E % a, R (r) ¥, (9,0).

ae s k, . .
a,> are expansion coefficients, R (r) are radial functions and

q
k

Y? are spherical harmonigs in their complex form, normalised

q
k
to unity. The spherical harmonigs used in this work had the

"natural" choice of phase (49,50).

icee YNB) = (<) ¥T(9.0).
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An effective termination of the series can be imposed by
symmetry. In evaluating matrix elements of V, terms of the form
<A1IY%|A2> arise, where A denotes the angular part of a basis
function. 1If any of these integrals vanish identically, there
is no point in knowing the associated radial functions or
expansion coefricients. The angular parts of the basis functions
in ?his work (£TO's) are spherical harmonics. The integrals
<Y?,] YE IYT> vanish unless a vector triangle can be constructed
from the suffices 1,1',k. In this work the maximum value of 1
used is 3 and hence only terms with k upto and including 6 need

be considered.

The expansion coefficients, ai, are given by
ay = é'kn_n 5 Yﬁ*(ﬁi”éi)
where the sum is over the n hydrogen nuclei. The radial functions,
Rk(r), are defined by
Rk(r) = rk/ak+1 for r<a
ak/rk+1 for r >a
where a is the O-H bond length. Evaluation of the radial part
of a matrix element of V has thus to be done in two parts.
The first term, Vo’ in the expansion of V has a particularly

simple interpretation

v
o

"

0.0 (o]
n4ny R (r)y o

2 for r<a and 2 for r>a.

a T

This is simply the potential due to a thin spherical shell of
radius a and total charge n. V for the water molecule can thus
be written as the sum of two terms.

V=V +7V (8.2)
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VC is the potential due to the further terms in the expansion,
2v

which impart C symmetry to the molecule,

2v

8.4 Molecular puffs and the perturbation method.

The orbitals calculated by SCF methods are eigenfunctions
of the Fock operator appropriate to the molecule or molecular

puff. For a hydride molecule this operator is given by

A hc Ea)
Fo1l = hmol + Gmol
- _ige _ 2 B
= -3V =2 -V + G
where 6m01 is found interatively, r is the distance of the

electron from the central nucleus and Z the charge on this
nucleus. V for water can be written (equation 8.2) as Vo + VC .

2v
The Fock operator for the corresponding molecular puff (see

section 7.6) is

" c -~

Foure = ﬁpuff + Gourst
- iyl _ 2 A
= =3V - r -V Gpuff

where épuff is found iteratively and will differ from émol as
the electron-electron interactions in a molecular puff and a
molecule differ.

The perturbation method used in this work consists in
saying that the molecular orbitals of the molecule are eigen-

A
functions of the one-electron operator P where

i’:F’: + V )
C
puff o
=hc + G

mol puff

This can be regarded as an approximation to the true molecular
Fock operator with the electron-electron interactions taken to

be the same in the spherical molecular puff and the C2v water

~ ~

molecule (i.e. Gpuff = Gmol)' Fpuff depends on the expansion
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coefficients of the orbitals for the molecular puff and is found
by SCF methods. The molecular orbitals are then calculated by
solving the matrix equation

(P -€es)c =0
As ﬁ is known exactly, no iteration is necessary. The molecular
electronic energy, Eel’ corresponding to a wave function built-
up from molecular orbitals calculated by this perturbation
method is calculated using equation 8.1

E,, = 2tr(RH) + tr(&G).
R is calculated from the molecular orbital coefficients, Hij =
<¢ilﬁ;oll¢j> and Gij are calculated using the calculated molecular
orbital coefficients, Gij values differ from those for the molecular
puff or the SCF molecule.

Comparison of molecular wave functions calculated by the
SCF and perturbation methods allows an assessment of the im-
portance of the differences in 6puff and 6mol in determining
molecular geometry and hence also of the role of electron-

electron interactions in this.

8,5 Matrix element evaluation,

Matrix elements were evaluated using exact analytical
formulae. The author's computer programs, including these
calculations, are listed on microfiche in the programs appendix.

The matrix element Fij can be written as (51)

Fij

<g.IFIg> =H ., +6G,,
¢iIF ¢J mid ij

m
= r 2
= Mgy + 2 2 13

where <ablgled> = [[ @ (1)g5(2) %12 #,(1)8,(2) ax, ar,.

Rkl(2 <iklqljl> = <ik lg1j> )

The integrals <ablglicd> can be shown (49) to be given by

o

k k
<ab|q led> = 5(ma+mb,mc+md) k=zlml c (lamalcmc) ¢ (ldmdlbmb)

k
R (nalanblb’nclcndld) (8.3)



~120~

where ni’li’mi are determined by the basis functions and
lmj=m - m =mg- m.
Gaunt (52) has given general formulae for the coefficients
k LI
¢ (lm1 m ). Computer routines for evaluation of these

coefficients were given by D.F. Mayers of the Oxford University

Computing Service. The radial inteﬁrals are given by
T

_%41 Ra(1)Rb(2)Rc(1)Rd(2) dr,dr,

where R, is the radial part of the basis function ¢i’

k,
R Qnalanblb,nclcndld) =
r, is the
1 1)
lesser of r, and z, and z, the greater of the two. For ck(lml m )

to be non-zero the conditions
kK+141 = 2g (g integral)
1 -1lsks1+1

must be satisfied, this limiting the necessary range of the

summation in equation 8.3.

The elements H. . can be written as
1

B =<4 2y -2 v p,>
=<g, | V° -%l¢j> -V,
where V, =<p I VIg> = <RY; I % Zq chp(r)Yg[ RY>
= % Yacg <R, | RP(7)! R> <Y; IY;- Iy >

The angular integral is simply related to a Caunt coefficient by
q = - 2pt1 P
<Y, IYp |Yj> = 6(q,mi mj). ATt © (limi’ljmj)'
The radial integral has to be evaluated in two parts, as discussed

in section 8.3.

8.6 The virial theorem and scaling.

Phe virial theorem for a stationary state of a system of

electrons and nuclei interacting only through electrostatic

forces is

2¢<T> + <V> = 0
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where <T> and <V> are the expectation values of the total

kinetic and potential energies. The total energy is

Etot

and hence

<> + <>

E

tot -<T> .

]

In the Born-Oppenheimer approximation these equations are
strictly only valid for the equilibrium configuration of a
molecule or for separate atoms. The theorem is satisfied by
exact eigenfunctions of the molecular Hamiltonian, and by
certain classes of approximate wave functions, including accurate
Hartree-Fock functions.

An approximate wave function can be made to satisfy the
virial theorem by a scalin; procedure, which is commonly used
(53,54). A scale factor, A, is defined by

A= —-<V> /2 <T>

and a new wave function can be defined with total energy,
1

Etot’ where

Eiot = Ao<T> 4+ N <>,
The new scaled electronic wave function W'(E) is related to
the unscaled wave function W(r) by
o'z =2 vop)
and satisfies tne virial theorem. W'(g)“is a wave function
applicable to a system where the interniclear distances ;re
A\ those used to calculate the unscaled wave functions.
In this work, the variation of terms included in Etot
ig followed as a function of the bond angle for the water
molecule using a basis set of only 9 one-centre functions (STO'S)

to give an approximate electronic wave function. The energy

terms considered are those in equation 7.8 ana are scaled to
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satisfy the virial theorem. ialeway and Schwartz (25) also
scaled the various energy terms in their work. 1In this work

7\2 <T> + A<V>

Biot =
L 1
=<T> +<V> + <V > '+ <y> '
nn ne ee
]
= - <T>
]
where <T> = 22 tr (1a) (& =<¢i"‘5‘v2‘¢3>)
ij
L
<y> =2\t =<g. |2 _
= Mir (mB) (B j o= <gl - - vigP)
L
Vx>, = A tr (Rg)
' 6
<Vﬁh = %—l + iL— for the molecule = 17A for the puff.
o-H Hed To-H

8.7 Orbital localisation and the dipole moment.

A number of different localisation criteria have been
proposed (see section 7.3). 7“he two most commonly used are the
maximum total self-energy criterion of Edmiston and Ruedenberg
(5) and the maximum electron distance method of Boys (55,56).

The former maximises the sum Z‘<l.l.|i— [1,1.> over the occupied
i ititr,, "i7d

orbitals, li, and involves calculation of two-electron integrals,
m4 of them for a basis set of m functions. Boys' method maximises
the term % <li|£ |1i>.‘<li\£ 11>, needing the calculation of
only m2 one -electron integrals, and has the additional advantage
that the centroids of the localised orbitals are calculated as
part of the localisation procedure. Boyé'-method was therefore
used in this work. :

The point group for the water molecule is C2v and the

molecule is placed in the YZ plane. The valence shell molecular

orbitals are 2a1,ja1,1b2 and 1b1. The localised orbitals, li’

can be written

1 g o+ d. ¥+ di}“ﬁb + di4qﬁb2

i = %417%2a, i2'3a, 1
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and these equations are summarised in tne matrix equation
L=D¢

where{ is the column vector of molecular orbitals. 1If 11 and

12 are bonding orbitals and 15 and l4 are lone pair orbitals,

it follows from the symmetry and orthormality of the localised

orbitals that

d =d =d, = =
13 = dp3 = dgp =dy, =0
d =d =d =d — /
14 = 92q = d53 7 445 = 12
d,, =d,, = (3 -a2 )% = (3 - a2 )2
12 22 2 11 B 21
S _ % S 4y
12 45 ds, dyq

Fixing a value for d11 determines all the other unknown coefficients.
As ¢ = T8 (see section 8.1), the localised orbitals are related
to the basis functions by the equation
L=Drg=%K¢
where kij are the expansion coefficients of the localised orbitals.

Boys' localisation meniimises I where

2

= >

I =3 <lalg r12lla1a
a
2 2
= =27y Ha + 2 Z<lal r111a>
a a
2 _ . R .
and Ea = <1£ r| l;> and Ra = Ea'ﬁa' l?e second term is invariant

mie
to all unitary transformations and minisation of I therefore

~

corresponds to maximisation of 3 where

S = Z<la|£, 1>.<l ]z 12
a

(as discussed sreviously). S can be expanded in terms of the
expectation values of the components of the dipole moment operator

for the localised orbitals.
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2 2 2
=3 < > > < >
S E 11 xl 1> + <1 ylla +<1| zlla
- 2 2 2
=3 <x>a + <y>a + <Z>a

a

The coordinates of the centroids of the localised orbitals are
(<x>a,<y>a,<z>a), and Boys' criterion therefore involves maxi-
misation of the sum of the squares of the distances between
localised orbital centroids. It is easily shown that

2
<x> =32 k. x,. +2 XY k .k .x..
a ; el Tii i<j ai aj ij
where xij = <¢i|x|¢j>, and there are similar formulae for <Y>,

and <z> .
a

In this work, S was calculated over a range of 4 values,

11
The maximum S was then found by cubical curve fitting to four
points around the maximum, the value of d11 there giving orbitals
localised according to 3oys' criterion.

The electronic dipole moment, ue’ for a molecule is

He = = 21 <z

i
where the sum is over all the occupied orbitals. Calculation
of ue is therefore akin to the localisation procedure. ue is a
molecular property and is invariant to unitary transformations
of the orbitals. It can therefore be evaluated with the valence

shell in either a localised or a molecular orbital description,

this providing an internal check of the author's computer programs.

8.8 Electron density maps.

The concepts involved in discussion of electron density
are best presented visually. An electron density map for any
plane in a molecule can be produced. Streitweiser and Owens
(57) have compiled a book of computer drawn molecular orbital

contour diagrams for small molecules.,
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For a molecule witu a closed shell configuration, the

electron density at r is given by
%
P z) = 2L 4 (z) Y, ()

where the sum is over the i occupied orbitals. ulectron densities
for orbitals (molecular or localised) and filled valence shells
can also be considered, the former considering only one term in
the sum and the latter only terms involving the valence shell.
In this work, electron density maps for various molecular
planes and functions (molecular/valence/orbital) were produced
by the author using the calcomp-GPCP (58) contouring package at
the Oxford University computin; laboratory. Difference maps,
showing changes in electron density in going from molecular
puff to molecule, were also calculated. Data points were
generated (by the author's programs) over a square grid of 625
points and the contouring package then produced smooth contours

using a 20 point interpolation procedure.
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Chapter 9

Results of one-centre calculations

9.1 Quality of basis sets.

Moccia's single determinant one-centre SCF calculations on
the water molecule (46) give a molecular energy of =75.,9225,
very close to the estimated Hartree-Fock‘limit of -76.088,

The more complicated one-centre configuration interaction
calculations of Bishop and Randic (59), using 19 determinants,
give a molecular energy of -75.8611, not as good as Moccia's
value. Moccia's basis set is thus very good for calculations

on water, the best of its kind. Single determinant LCAO cal-
culations, with extended basis sets on all the nuclear centres,
can get closer to the nartree-Fock limit (e.g. -~76.0631, ref.60).

In this work, loccia's basis set was used for high accuracy
calculations involving the water molecular puff and perturbation
of this to give a wave function for the water molecule. In
addition, a subset of this was used in calculations at a variety
of bond angles by both perturbation and SCF methods. The functions
chosen for this were of the types 1s,2s,2p and 3d and were the
principal contributors to the molecular orbitals in Moccia's
SCF calculations (see section 8.2). Inclusion of functions of
d symmetry was essential if the final efectron density was not
to be spherical, as it was in some of Bishop's calculations (61).
Use of the smaller basis set results in less accurate energies
than calculations using roccia's full basis set. In all cal-
culations, the O-H bond length, and hence the radius of the
molecular puff also, was taken to be 1.814, koccia's value for

tie equilibrium pond length.
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9.2 The molecular puff.

Table 9.1 summarises the molecular orbitals and energies
calculated for the water molecular puff using Moccia's basis
set., The orbitals obtained using the smaller basis set are
given in Appendix 2.

Calculations involvin; molecular puffs have veen carried
out by a number of workers (61-03). sishop (61) has calculated
wave functions for water which give a spherical electron density.
The name "molecular puff", for the system of a central nucleus
and a thin spherical shell of positive charge was first used
by Hauk, Parr and nameka (62), who used a molecular puff as a
first stage in their one-centre calculation of mclecular energies.

The molecular electronic energy for the molecular puff was
calculated to be -84.8289 using Moccia's basis set and -84.4658
using the smaller basis set. The molecular puff is a spherical
problem, best treated by one-centre methods, and thus, in view
of the quality of Moccia's basis set, the former value is likely
to be close to the Hartree-Ffock limit.

Pigures 9.1 and 9.2 illustrate electron densities calculated,
using Moccia's basis set, for the molecular puff. Figure 9.1
shows the electron density for the valence shell, the dashed
line being equal in length to the radius of the thin spherical
shell. Figure 9.2 shows the electron wénsity for a pair of

3

electrons in an sp” hybrid orbital.
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Table 9.1
The H20 molecular puff
Function 1s 2s 2p 2py 2px
1 0.05169 0.02009
2 0.94639 ~0.26516
3 -0.01739 0.79780
4 0.02550 0.10821
5 0.00498 0.15997
6 0.81838
7 0.02045
8 0.24524
15 0.81838
16 0.02045
17 0.24524
22 0.81838
23 0.02045
24 0.24524
Eigenvalues -20.4537 -1.2527 -0.53504 -0.5304 -0.5304
Etot = =75.457326 Eel = =84.828881
Von = 9.371555 T = 7T5.910904
vne = =198,973621 Vee = 38.23383%6
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9.3 SCF and perturbation calculations.,

The perturbation metliod used in this work is similar to
those of Hauk, Parr and Hameka (62) and Kim and Parr (63).

In these methods, the molecular wave function is calculated,
numerically rather than analytically as in this work, assuming
each molecular puff orbital is independently perturbed by the
one-electron perturbing (nuclear localisation) potential (see
section 8.,4). The enersy increment, on -0ing from the molecular
puff to the molecule, is then calculated using integral
Hellmann-Feynman theorem (64).

Table 9.2 summarises the molecular orbitals calculated
in this work for a bond angle of 106.540 (lioccia's equilibrium
bond angle) using the perturbation method.

Table 9.2 summarises the energy terms, calculated using
the author's computer programs, for the molecular wave function,
the results for both Foccia's S7F calculation and the
perturbation method being iven, DMoccia does not give values
for Vne’ Vee or T« The energy terms calculated in this work
differ only very slightly from those he ‘ives (e.g. in tue
fourth figure after the decimal point for Etot)’ the differences
being due to different rounding errors in phe computer
programs used.

Table 9.4 gives details of the calculated centroids of the
localised orbitals; r is the distance of the centroid from the
oxygen nucleus and 2 the an-le subtended at it by equivalent
centroids (e.g. by two bonding nairs). The centroid of an

sp3 hybrid for the molecular puff is also given.
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Function 131 :a1 ja1 1b2 1b1
1 0.05169 0.01757 -0.00980
2 0.94638 -0.24655 0.09785
3 U 01T41 0.76063 -0.29907
4 0.02552  0.08633  ~1.06023
5 0,00498 0.16956 0.05598
6 0,00110 0.22450 0.81639
T -0.00231  0.05%93 -0.033%77
3 .00365 0,037 0.24712
9 -0.,00002 0,01120 0.08162
10 0.00002 0.00750 0.01104
1M1 0.00019 <0.01854 -0.0493%1
12 -0.00029 =0.01413% 0.01250
13 -2,00001 =0,02030 -0.,00589
14 -L,00002 <U.04804 -, 04797
15 0.86941
16 -0.047 51
17 0.25378
18 0.19725
19 -0.00096
20 0.05805
21 -0.05596
29 0.75052
23 0.03924
24 0.25268
25 0.07312
% 0.51129
0.01284
5; ~0.02694
sigenvalues -20.5836 -1.3332 -0.5762 -0.6991 -0.4999
lfoccia SCF - o
gValues -20.5249% =1.5261 -0.5%01 -0.6814  -0.454)
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Energy term occia SCF Perturbation
Eyot ~75.922809 ~75.904903
Eel -55.087009 -85.069103
Vnn 3.,164200 9,164200
L ~198.943172 -198.320599
Vee 37.917404 37.685117
T 75.938699 75.566396

rable :.4
lLocalised orbitals for H, O
System Orbital r 3 /°
puff Valence sp5 0.6355 109.47
bond pair 0.9492 101.4
3CF molecule

(d11= 0.5741) lone pair 0.5570 123.4

pond pair 0.8758 98.8

Perturbation

molecule

lone pair 0.5528 127.3

(d,4= 0.6103)
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The electronic energy of tie molecular puff is 99.70,; that
of the SCF molecule. I'he perturbation .ethod gives orbitals for
the molecule which have very similar eigenvalues to the SCF
molecular orbitals and a total molecular electronic energy which
is 99.98. that obtained by tie ..C¥ method. The perturbation
method thus gives Y5, of tne total chan,e in going from the
molecular puff to the S r molecule. Tne numerical results of the
SCF and perturbation method calculations are similar in all
respects.

T'ne effect on the total electron density of going from the
molecular puff to tne molecule can be discussed in terms of the
centroids of the localised orbitals of the valence shell. 1In
the molecule, the angle between lone pairs is considerably
wider than, and the the angle between the bonding pairs consider-

5 hybrids

ably less than, the tetrahedral angle between the sp
of the molecular puff. The lone pair is more tightly bound
(closer) to the oxygen nucleus than the puff sp'5 hyorid, and the
ponding orbitals are drawn out towards the hydrogen nuclei. The
bonding pair centroids are inside tne bond angle, which is
expected as charge is thus concentrated in the bindin, region
(see section 7.4,. The effect of the chan_jes in electron-
electron interactions between molecular puff and the molecule,
which arc neglected in the perturbation method, is to move the
bonding orbital centroids nearer to the hydrogen nuclei.

It is worth noting that the order for 1/rij, where i1 and
j are centroids of localised orbitals, is

lone pair - lone pairs lone pair - bond pair >bond pair -

bond pair

which is the order postulated for repulsion energies in the

VSEPR scheme.
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The calculated electronic dipole moments, Ho» are -1.3493
for the UCF molecule and -1.2942 for the perturbation method

molecule, which correspond to molecular noments, | of 0.8204

mol’

and 0.8755 respectively. ''he experimental value of “Jol is
0.725 and the calculated valucs are larger because of the
inability of a one-centre vasis set to give a high electron
density far from the expansion centre.

All the main features of the electron distribution for
water, as calculated by [.onccia, are also present in that cal-
culated by the perturbation metnod. Trnis is seen most clearly
in electron density maps.

rigures v.5-,.6 suow the electron densities for doubly
occupied valence snell molecular orbitals, as calculated from
Moccia's functions. 1Trney are very similar to those given else-
where (e.g. ref. 2). w~otted lines in these diagrams join oxygen
and hydrogen nuclei,

rigures 9.7 and 9.8 show the valence shell electron density
calculated from koccia's functions and are very nearly identical
to figures 9.9 and 9.10, the corresponding diagrams for the results
of the perturbation method calculations. Figures 9.11-9.14 show

the same to be true for lone pair and bonding orbitals calculated

by the two methods.

Firgure %.15 is a difference density map showing the difference
in valence shell electron density on going from the molecular
puff to the molecule (SC: functions being used). Solid lines
denote positive difference density and short-dashed lines denocte
negative difference density There is a build-up of density
around the hydro,en nuclei, as might be expected, and there is

also a small build-up of charge oehind the oxy_:en nucleus
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Pigure 9,5 The 1b2 orbital for water

FPigure 9.6 The 1b1 orbital for water




Figure 9.7 Valence shell for the water molecule (SCF) (Yz plane)

Figure 9.8 Valence shell for the water molecule (SCF) (XZ plane)




Pigure 9.9 Valence shell for water (perturbation method) (YZ plane)

Figure 9.10 Valence shell for water (perturbation method ) (XZ plane)
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Pigure 9.11 Bondin: pair [or water (SCPR)

Figure 9,12 Lon. pnir for water (ScUR)
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Figure 9,13 Bonding pair for water (perturbation method)

Figure 9,14 Lone pair for water (perturbation method)
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i.e. outside the binding region (see scetion 7.4). This has also
been noted in difference maps showing total molecular electron
density less the sum of tle individual atomic densities. Bader,
Henneker and Cade (14), for instance, noted this latter effect
for the L12 and N2 molecular. This is a manifestation of the

Pauli exclusion principle, not all the electrons being able to

crowd into the binding region (see section T.4).

9.4 Variation of bond angle.

Calculations were carried out over a wide range of bond
angle,o<, using the small basis set. The calculated wave
functions are given in Appendix 2. Tables 9.5-9.9 summarise
the results of these calculations.

The results of SCF and perturbation method calculations are
very similar at each molecular geometry. The effects discussed in
section 9.3, for the more accurate wave functions, are reproduced
at each molecular geometry by the less accurate wave functions
of this section,

The total molecular ener:y, has a minimum at 101.50,

Ptot!
close to the experimental bond angle (104.50). wone of the energy
terms V. , V., V has a minimum, this showing that none of tunese
nn ne ee
terms is solely responsible for the equilibrium molecular geometry,
which is the result of a delicate balance of energy terms. I'i,ure
9,16 shows the angular minimum in Etot' The solid line denotes the
SCF calculations and the dotted line the perturbation method
calculations.
dJigure ).17 is a wWalsh-type correlation diagram for the

valence shell molecular orbitals. It compares very well in form

with those fros far more accurate calculations .e.g. ref, 54).
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scaled encrpy terms for H2Q
o [0l (P -
</ ‘(__btot> ‘el vnn _Vne vee

purf T4.6546 £1.4658  9,8112 194.1404 35,0200
SCF method

90 75,0717 84.7%95 9,6677 194.8151 35,0039
95 75.0756  54.7269 9,6514 194.8081 35,0056
100 715.0772 84.7140 9.6369 194.7984 35,0072
104.5 75.07¢8  34.7020  9.6252 194.7876 35.0088
106.54 75.0761 04.6964 29,6203 194.7422  355.0096
109.46 15.0746 . 6883 3.6157 194.7737 355.0108
140 75.0330  84.5911 9.5662 194.6639 55.0518
170 74.9912 244537 405475 194.5:52 35.0554
Perturbation
method

90 75.Go41 34,7312 4. 6671 194.8107 3%5.0154
95 75.0677 31.7184 9.6507 194.8068 35,0206
100 75.0691 84,7054 '1,6363 194.8000 35,0255
104.5 75.0637 8.].0935 9,6246 194.7917  55.0297
106.54 75.06..1 84.6878  9.6147 194.7874 55,0315
109.46 75.0666  84.6797 9.6131 194.7804 35.0341
140 75.0271 ~4.5426  9.5655 194.6771 35,0573
170 T4.2888  84.5354  9.5466 194.5939  55.0697
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Orbital energy as a function of bond angle
(signs omitted)
o< /° 1 2 3
/ a1 a1 )a1 1b2 1b1

Puff 21.6704 1.643%1 0.63%1 0.6351 0.6331
SCF method

90 21.7065 1.6947 0.6855 0.7556 0.5411
95 21.0751 1.6908 0.6711 0.7700 0.5400
100 21.7056 1.6873 0.6570 0.7854 0.5390
104.5 21.7022 1.6845 0.6447 0.7945 0.5380
106.54 21.7015 1.683%3 0.6393 0.7992 0.5575
109.46 21.7006 1.,6817 0.6316 0.8056 0.5369
140 21.6902 1.6704 0.56,7 0.8476 0.5301
170 21,6830 1.6660 0.5278 0.8577 0.5255
Perturbation
method

90 21.7075 1.6852 0.6927 0.7512 U.5385

95 21.7052 1.6400 V.6T772 0.7653 0.5374
100 21,7024 1.6772 0.6621 0.7784 U.5363
104.5 21.7007 1.6750 0.6489 0.7893 0.5553
106,54 21.6998 1.6741 0.5431 0.7959 0.5348
109.46 21.6964 1.6729 0.6348 0.8003 0.5341
140 21.6655 1.6658 0.5632 U.8434 0.5281
170 21.6789 1.0643 0.5270 0.8559 0.5247




Orbital energy sums as a function of angle

Table 2.[
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/0 HE 3

ot “Eval 2 E npo&
Puff 17,0848 75.6344
SCF method

90 7.35348 76.1502

95 T.5438 76,1310
100 T.3354 76.1109
104.5 7.3234 76.0917
106.54 7.3186 76.0824
109.46 7.3116 76.0692
140 7.223%6 75.7060
170 T.1540 75.7800
Perturvation
method

90 7-3312 76.1193

95 7.3198 76.0953
100 7.3080 76.0707
104.5 7.2970 76.0476
106.54 7.2918 76.0371
109,46 7.2842 75,9945
140 7.2010 75.8580
170 7.1438 715.7524




tTable 4,6

Centroids of localised orbitals for H.O

2
e</o Bonding o Lone pair
T 3/ r 3/0

Puff 0.628 109.17 0.628 109.47
SCF method

90 0.570 91.4 0.59 130.0

95 0.873 93.6 U.597 128.4
100 0.875 95.8 U.596 126.8
104.5 0.875 977 0.594 125.4
106.54 0.875 98.6 0.59% 124.8
109.46 0.2874 99,8 0.592 123.9
140 0.839 112.4 0.573 115.0
170 0.760 123.4 0.538 106.4
Perturbation
metiod

90 0,841 88.0 0.571 137-53

95 0.841 9C.0 0.570 135.5
100 0.341 92,0 0.569 133.7
104.5 0.840 935.8 0.577 132.0
106.54 0.839 24,6 0.567 131.2
109,46 0.837 95.3 0.566 130.2
140 0.800 103.1 0.557 118.9
170 0.733 119.8 0.548 108.1

fable 9.9
Dipole moments for H2g
SCF method Perturbation method
o}

o</ He Mol . He Mol
90 -1.417 1.148 -1.586 0.979
95 -1.551 1.100 -1.516 0.955
100 -1.280 1.052 -1.442 0.830
104.5 -1.215 1.008 -1.371 0.350
106.54 -1,1853 V187 -1.339 .83
109.46 -1.137 0. 48 -1.291 . 804
140 -.695 0, 606 -0.745 0.496

170 ~0.155% 1165 -0.185 0.131
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The orbitals 1b1 and 5a1

are derived from the molecular puff 2px and 2pZ functions and

o
become equivalent at o = 180°. They

then lie in the plane perpendicular to the linear molecular
axis. 1b2 is derived from the puff 2py and is lower in energy

at o< = 180° as it then "points" directly at the hydrogen nuclei.

delther of the orbital energy sums 4''. or < ¥ n.e. (discussed
val 2 ; 11
in section 7.5.2) shows a minimum. 3oth do, however, decrease

as & decreases from 1800, correctly indicating that water is a

bent, rather tihan a linear, molecule.
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chapter 10

Liscussion and conclusions

10,1 SCF and perturbation method calculations.

Tle very close agreement between calculations by SCF and
perturbation methods in this work is evidence that the most
important terms in changing the electron density from that in
the spherical molecular puff to that in the molecule, and hence
in determining molecular geometry, are included by the perturbation
approach. The perturbation method allows no change in the electron-
electron interaction operator from that in the molecular puff in
computing the molecular wave finction and hence these interactions

do not bear primary responsibility for molecular shape.

10.2 Comparison to other work.

The results in this work can be compared to the work of
Frost (65), Kaleway and Scnwartz (25), Bader (13) and Maclagan
and Schnuelle (66).

Frost (65) described the electronic structure of an N-electron
molecule in a closed-shell state by N/2 doubly occupied orbitals,
each of which was represented by a single normalised spherical
Gaussian orbital (see e.g. ref. 2). The valence shell orbitals
were lone pair and bonding pair orbitals, their radii and positions
being determined by variational minimisation of the molecular

energy, E The orbitals were not orthogonal. The extreme

tot®
simplicity of the basis set results in molecular energies (for
water Etot = -64.288, only 85/ of the .artree-rock limit) which
are very poor compared to those calculated in this work (98.o.

of the limit using the small basis set). Frost's calculated

equilibrium bond angle (88.4°) is rather small, but the bond
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length (1.666) is reasonable. The angle, 9, subtended at the
oxygen nucleus by the orbital centroids is 81.80 for the bond
pairs and 204.8° for the lone pairs. The angles ¥ therefore
differ from the tetrahedral and bond angles in the same sense
as in this work, but that for the lone pairs is much too large,
reflecting the non-orthogonality of the orbitals. The distances,
r, of the centroids from the oxygen nucleus are 0,56 for bonding
orbitals and 0.10 for the lone pair, the same distances being
0.87 and 0.59 in this work. Frost's model thus correctly predict..
that the lone pair is more tightly bound than the bonding pair,
but the electron density is poor.

Naleway and Schwartz (25) considered the VSEPR model by
a localised molecular orbital study of water, similar to some
of the calculations in this work, using the maximum total self-
energy criterion (5) for localisation of the resulting LCAO-S..
molecular orbitals. The molecular energy was calculated, using
extended basis sets, to a nigh accuracy (-76.03122 at the
equilibrium angle « = 104.520). The orbitals were not, however,
truly localised two-centre orbitals (see section 7.3). They
calculated interaction energies and energy terms for their
localised orbitals, finding good agreement between their results
and the predictions of the VSt schgme; and examined the
behaviour of various energy sums as a function of bond angle.
Significantly, most of the sums showing a minimum included
Vnn' the total nucleus-nucleus interaction energy, but no
minimum was found in Vee’ the total electron-electron interaction
nor % I n g (see

i
i
section 7.5.2) showed a minimum, despite the high accuracy of

energy, Just as in this work. Neither Etil

tne calculations, in coumon with this work. Other high
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accuracy calculations have however found a minimum in the latter
term (34).

A necessary requirement for electrostatic equilibrium is
that charge be concentrated in the binding region (see section
7.4). Bader (13) argsues that, for a molecular wave function
ouilt-up using both oruvitals centred on the oxygen and orbitals
centred on the hydrogens, an acceptable electron density dis-
tribution must have oxygen lone pair orbitals which are close to
sp nydrids and the oxyyen orbitals overlapping the hydrogen
orbitals must be close to pure ?p orbitals. Thne angle between
these latter bonding hybrids on tlie cxygen will therefore be
considerably less than the bond angle (i.e. the bonds will be
bent). aclagan and Schnuelle (66) found this to be true in
minimal STO (Slat.r-type orbital) basis set valence-bond
calculations for water. Tne angle between the bonding hybrids
remained ccnstant (95i 10) wiiile tae bond angle varied over 30°,
In this work, the centroids of the bonding orbitals are con-
sistently inside tue bond angle, concentrating charge in the
binding region. The angle between the bonding orbitals does,
however, alter as the bond angle is varied, this being a con-
sequence of the one-centre inethod in which there are no functions

centred on the hyurogen nucleil. .

10.3 A simple classical model.

A simple classical model of the electron-pair repulsions
in the valence shell, as suggested oy the VSUWFR scheme, is as
follows. Two electrons (a pair) are placed at each of the
localised orbital centroids. As remarked in section 9.3, the

Gillespie=Nyholm order of repulsion energies applies. The



Klectron-pair repulsion model calculations

Table 10,1

(o}

=</ E.
Puff 2345991
SCF method
90 20,3133
95 20.2431
100 20.2025
104.5 20,1908
106.54 20,1932
109.46 20.2050
140 2U.9355
170 22,9030
Perturbation
me thod
90 21,3015
95 21,2439
100 21.2094
104.5 21.1983%
106.54 21.199%4
109.46 21,2077
140 21,7674
170 23.1074
Results of Section ‘.3
puff 23.2005
SCF 19.7417
Perturbation 20.8329
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"total repulsion energy", B, is given by

E = Y <
. . I, .
icj i

where rij is the distance between cen.roids i and j.

Table 10.1 gives the results of calculations using this
model and figure 10,1 illustrates the variation in Er with
bond angle, <%, E . is smaller for the molecule than for the
molecular puff and is also smaller from SCF calculations than
from perturbation method calculations. Neglect of changes in
electron-electron interactions between the molecular puff and
the molecule causes the bonding orbital centroids to be too
close together.

A minimum in Er occurs close to the quilibrium geometry.
This does not mean that Er’ arising from an unrealistic
classical model, can be said to determine molecular geometry.
Rather, this shows tuat tne effects responsible for molecular
geometry produce an electron distribution that fits the VStrk
scheme and thus appears to be due to electron-electron inter-
actions.

Naleway and Schwartz (25) note that there is a maximum
in the sum of distancesbetween their localised orbital centroids.

Their results also fit tie simple classical model presented nere.



~145~

10.4 inal discussion.

The salient features of tiie VSWPR and Walsh-flulliken
schemes have been reproduced in this work using one-centre
calculations by both 5.# and perturbation methods.

There is no minimum in the molecular electron repulsion
energy, Vee’ at the equilibrium geometry, though this is
widely assumed in qualitative discussions (e.g. ref, 24).
Further it has been demonstrated in this work that electron-~
electron interactions cannot be primarily responsible for
molecular shape, which is the result of a delicate balance
of energy terms.

The success of the VSirn scheme is due to a correlation
between its predictions and the consequences of the effects
which actually determine molec:lar shape. This correlation

does not imply a causal relationship,.
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Appendix 1

Tabulated results of relaxation time measurements




71

99
123
142
147
151
184
191
198
205
207
214
216
219
225
232
243
261
266
281
288
295
311
319
336
350
435
455

SE
FID

woaon

Table 5.1
T2 Measurements on HO.36M003
107K /T IQZEE log10122/us)
12.99 20 1.501
10.10 19 1.279
8.13 21 1.322
7.04 1y 1.279
6.80 22 1.342
6.62 17-5 1.243
5.43 18 1.255
5.24 15 1.176
5.05 22 1.342
4.88 21.1 1-324
4.83 20.7 1.317
4.67 211 1.324
4.63% 31.2 1.494
4.57 31.2 1.494
4.44 29.2 1.465
4.31 56.5 1.752
4.12 36.9 1.567
3.83 55.6 1.745
3.76 51.3 1.710
3.56 53.9 1.732
3.47 88.4 1.946
339 141 2.148
3.22 165 2,218
3.13 142 2.152
2.98 157 To2.195
2.86 168 2,225
2.30 267 2.427
2.20 651 2.814
Solid echo

Free induction decay

Non-exponential.
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Table 5.2
T1 Measurements on HO.)6MOOj
(decay to 1/e of initial signal)

/K 10%K /T L,/ns Log, (T, /ms)
17 12.99 370 2.568
7 12.9 412 2.614

104 9.62 525 2.512

114 8.77 390 2.591

115 8.70 478 2.680

131 7.63 137 2.137

148 6.76 177 2.247

155 6.45 281 2.448

162 6.17 154 2.188

174 5.75 182 2.259

174 5.75 208 2.317

179 559 158 2.148

180 5.56 216 2,335

180 5.56 272 2.434

191 5.24 192 2.283

198 5.05 107.4 2.031

201 4.96 292 2.466

207 4.83 148 2.170

212 4.72 386 2.587

218 4.59 257 2.410

234 4,27 126 2,100

2453 4,12 324 2.511

253 3495 587 2.587

261 5.83 184 2.264

298 3,36 82.0 1.919

298 3.%6 80,1 1.904

300 3453 153 2,183



Table 5¢3

T, easurements for H

1 0.36%°03

(fit to two exponentials)

! 102K /1 T./ms A/A+B
Decay A ! Decay B
17 12.99 12.3 609 0.28
77 12.99 23,6 614 0.33
104 9.02 10.1 435 0.34
114 8.77 20.7 656 0.34
115 S Tv 35.4 735 0.30
1351 7.6% 7.0% 146 0.26
148 6.76 8,83 298 0.34
155 v.45 16.8 390 0.25
162 6.17 13.4 281 0.38
174 5.75 14.2 384 Q.41
174 5.75 1.5 353 0.33
179 5.59 8.85 260 0.34
180 5.56 6.92 375 0.35
180 5.56 6.91 375 0.35
191 5.24 10.6 329 0.34
198 5.05 9.54 365 0.51
201 4.98 8.38 486 0.37
207 4.83 4.83 516 0.51
212 4.72 8.63 790 0.40
218 4.59 5.49 580 0.43
234 4.27 377 404 0.60
243 4.12 4.46 600 0.50
253 3.95 6.11 643 0.33
261 5.83 5433 425 0.44
298 3.36 4.39 190 0.43%
298 5.36 2.55 188 0.50

300 3.33 3.62 315 0.41



T/K
102
109
144
159
176
218
244
255

1/

102
109
144
159
176
218
244
255

Table 5.4
TED lieasurements on HO.§6M°9§
(decay to 1/e of initial signal)
10%k/7 Ty, [s
9.80 432
9.17 1730
6.94 49
6.29 1810
5.68 974
4.59 315
4.10 847
3492 584
Table 5.5
?E tieasurements on HO.56MOO3

(fit to two exponentials)

105K T

9.80
9.17
6.94
6.29
5.68
4.59
4.10
3492

T, /Us

Decay A P Decay B
3742 6140
42,8 9870
59.9 2320
120 5790
773 1520
63.0 604
246 1240
65.3 907

152

lgg10-(-319&5)
2.635
34239
2.691
3.257
2.989
2.498
2.928
2.767

0.76
0.65
0.70

0.3%0

0.29



77

92
106
126
139
171
181
193
218
249
260
293
331
342

SE
FID

Cp

*
i

153

Table 5.6
T, deasurements on H, ., MoO,
107K/ Tplus Log, o(T)/ue) Hode
12.99 7.8 0.892 SE*
10.87 7.7 0.886 SE*
9.43 8.4 0.924 SE*
T-94 T.75 0.889 So¥
T7.19 T.4 0.869 SE*
5.85 42.7 1.630 FID
5.52 74.8 1.874 PID
5.18 177 2.248 FID
4.59 625 2.796 CP
4,02 2210 3.344 CP
3.85 3540 3.549 cp
3.41 9280 3.968 CP
3,02 11300 4.053 CP
2.92 9270 3.967 CP
Solid echo

Free induction decay

Carr-Purcell-~Meiboom=-Gill

Non-exponential.
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Table 5.7
T1 Measurements on H1.71M09i

/K 1071/T 1. /ns log, o(T /ms)
77 12.99 1440 3,158  *
140 7.14 600 2,778 %
148 6.76 354 2.549 ¥
160 6.25 437 2.640 %
169 5.92 203 2.507

175 5.71 298 2.474

177 5.65 263 2.420

180 556 84.2 1.925

185 5.41 158 2.199

187 5¢35 69.0 1.839

188 5432 171 2.234

196 5.10 42.1 1.624
200 5.00 30,8 1.489

203 4,93 28.8 1.459

205 4.88 28.8 1.459

207 4.83 23,8 1,377

212 4472 29.0 1.462

219 4457 12,2 1.086

225 4.44 1.9 1.076

231 4.33 10.8 1.033

240 4.17 10.6 1.025

249 4.02 16.0 1.204

249 4.02 10.2 1.009

260 3.85 9.75 0.989

263 3,80 14.2 1.152

266 3.76 15.0 1.176

275 3.64 35.6 1.551

285 5451 32.5 1.512

292 3442 49.0 1.690

293 3.41 40.4 1.606

308 3425 102 2.009

320 3.13 151 2.179

328 3,05 133 2.124

330 3.03% 131 2.117

3453 2.92 151 2.179

* Non exponential (fitted value givef for decay to 1/e).
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Lable 5.8
‘I‘1 fieasurements on H1.11M00j
(fit to two exponentials)
T/K 10%K/T T ms A/A+B
Decay A Decay B
17 12.99 90.8 2160 0.28
140 T.14 134 1300 0.42
148 6.76 76.4 692 0.40
160 6.25 40,8 847 0.39
Table 5.9
’I‘,Ip Irleasurements on H1.711‘q005

/K 10%/1 Ty, [us Log; (T, /uis)
155 6.45 34 2.483
162 6.17 233 2.367
173 5.78 111 2.045
174 5.75 117 2.068
181 5.52 206 2.314
188 5.2 171 2.233
193 5.18 252 2.401
195 5.13 268 2.428
199 5.03 243 2.386
204 4.90 212 2.326
209 4.78 750 2.875
221 4.52 1240 3.093
249 4,02 3230 5.509
264 3,79 5010 >+700
277 3.61 7840 3.894
287 3.48 15300 4,124
293 3.41 14400 4.157
331 3.02 19500 4.290

343 2.92 20900 4.319
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Table 5.10
T, leasurements on NHZ B-alumina

T/K 107K /7 I,/ks log, (0 /us) Mode

17 12.99 44 1.643 SE*
101 9.90 43 1.633 Sk*
133 7.52 42 1.623 S
134 7.46 47 1.672 SE*
157 6.37 40 1.602 SE*
165 6.06 43 1.633 S*
171 5.85 40 1.602 Lk#
177 5.65 46 1.663 S
189 5.29 40 1,602 S .*
194 5.16 42 1.623 SE*
197 5.08 39 1.591 SE*
202 4.95 3545 1.550 SE*
216 4.63 35 1.544 SE*
217 4.61 35 1.544 SE*
256 5.86 68.6 1.836 FID
264 3.79 69.7 1.843 FID
275 3.64 111 2.046 FID
294 3.46 280 2.448 I'ID
298 3.36 158 2.199 +ID
305 3.28 370 2.508 CP
315 3.17 401 2.603 CP
329 3.04 539 2.731 CP
335 2.99 691 2.840 CP
344 2.91 531 2.725 CP
345 2.90 776 2.890 CP
369 2.71 812 2.960 CP
381 2.62 1030 3.014 CP
398 2.51 1010 5,008 Cp
456 2.19 2190 34339 CP
500 2.00 2267 34356 CP
SE = Solid echo

FID = Pree induction decay

CP = Carr~Purcell-Meiboom-Gill

*
i

Non-exponential.
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Table 5.11
T1 Measurements on NHZ ~alumina
(decay to 1/e of initinl signal)

T/K 1025 /T 1. /ms Log, (T, /ms)
17 12.99 25.6 1.373

17 12.99 26.0 1.415

93 10.75 26.6 1.425 *
105 9.52 56,2 1.559 *
125 3,00 93.1 1.969 *
133 T.52 227 2.356 %
141 7.09 163 2.212  »
153 6.54 151 2,179 *
157 6.37 167 2.223
182 5.49 190 2.279 *
189 5.29 65.7 1.817 *
200 5.00 43.5 1.638

218 4.59 37.6 1.598 *
230 4.35 27-9 1.446  *
263 5.80 11.3 1.053%

291 5.44 15.4 1.187 =
321 5.12 4.80 0.681

337 3.01 3.80 0.580

342 2.92 550 0.544

358 2.79 3.06 0.486

386 2.59 2.58 0.412

396 2.53 2.58 0.412

435 2.30 2.62 0.418

456 2.19 4.26 0.629

456 2.19 5.13 0.495

500 2.00 4.70 0.672

500 2.00 6.17 0.790

* pon-exponential,
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Table H.12

21 Measurements on NHZAQ-alumina

(fit to two exponentials)

/X 103K T T1[ms A/A+B
Decay A Decay B

93 10.75 19.2 282 0.86
105 9.52 21.9 321 0.77
125 8.00 24.0 107 0.13
133 7-52 21.6 333 0.31
141 7.09 29.9 254 0.31
153 6.54 232 0.30
157 6.37 42.7 303 0.38
182 5449 60.7 769 0.56
218 4.59 23.8 153 0.77
230 4435 4.76 453 0.65
291 3.44 6.47 488 0.69

Table 5.1

I,, _lieasurements on NHT B-alumina
P 4

3. /

EAE 19_312 Decay A Tk)[ms Decay B AL
17 12.99 3.46 22.7 0.51
77 12.99 1.29 13,6 0.32
90 11.11 3.04 33.4 0.41

105 9.42 2.77 35.8 0.27

160 6.25 0.968 5.14 0.45

185 5.41 0.601 3.58 0.40

195 513 0.307 2.24 0.41

201 4.98 0.650 T.43 0.70

213 4.69 0.549 2.37 0.45

249 4.02 1.150 17.4 0.88



3=alumina

Table 5,14
21P IMeasurements on NHZ

/K 107K/T gmm

77 12499 9.07
71 12.99 8.40

90 11,11 16.3
105 9.52 24.5
128 7.81 7.20
146 6.85 4.58
160 675 2.02
185 5.41 1.95
195 5.13 1.12
213 4.69 1.28
249 4.02 1.41
251 3.98 1.47
270 3.70 0.846
272 3.68 1.59
294 5.40 0.722
298 3.50 C.758
305 3.28 0.688
315 3.17 0.710
329 3.04 0.668
330 3,03 0.668
347 2.88 0.752
351 2.85 0.771
381 2.62 0.780
401 2.49 1.143
456 2.19 2.185
500 2.00 4.02
500 2,00 4.08

* Non-exponential.

159
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Table 5.15
T2 Irjeasurements on H30+ f-alumina

I/x 10°K/T I,/us log, (T, /us) Yode

11 12.99 12 1.079 SE*
114 8.77 12 1.079 Sk*
128 7.81 12 1.079 SE*
148 6.76 13 1.114 SE*
161 6.21 14 1.146 SE*
183 5.46 14 1.146 SE*
216 4.63 16 1.204 Sp*
217 4.61 15 1.176 SE*
239 4.18 14 1.146 S¥
276 3.62 27 1.431 SE
328 5.05 47.3 1.626 FID
351 2.85 78.3 1.894 FID
375 2.67 115 2.058 FID
407 2.46 144 2.157 FID
436 2.29 357 2.553 CP
FID = PFree induction decay
* = Non-exponential.
SE = Solid echo
CP = Carr-Purcell

Table 5,16
T1 Measurements for gjo+ B -alumina
(decay to 1/e of initial signal height)

/K 1020 /1 T,/ns log, (T /ms)

77 12.99 365 2.563

114 8,77 237 2.375

128 7.81 259 2.414

148 6.76 198 2.296

161 6.2% 161 2,208

182 5.49 116 2.066

195 5.13 113 2,052

219 4.65 109 2.036
217 4.61 83.0 . 1.919
235 4,26 66.7 1.824

240 4.17 72.5 1.860
276 3.62 43.9 1.642
298 3,36 34.3 1.536
328 3.05 27.1 1.434
353 2.83 14.7 1.168
376 2.66 9.08 0.958

399 2.57 14,6 1,164



17
114
128
148
161
182
195
215
217
235
240
276
298
328
353
376
399

Table 0.17

21 Measurements on H10+ B-alumina
J

1O3K T

12.99
8.77
7.81
6.76
6.21
5.49
5.13
4.65
4.61
4.26
4.7
3.62
5.34
5.05
2.83
2.66
2,51

T1[ms

Decay A Decay B
58.6 413
2342 241
(8.73) 274
53.4 272
(4.97) 178
14,0 142
11.6 131
14.9 141
2.92 96.1
6.68 75.0
14.0 96.6
1.70 50.9
5.16 50.4
14.9 58,2
11.6
6431 55.0
10.8

161

0.11
0.11
0.06
0.26
0.09
0.17
0.13
0.21
0.13
0.1
0.23
0.14
0.27
0.56
0.88
0.76
0.86
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Tavle 5.18

T, Measurements on H20+ B3-alumina

i 7
(decay to 1/e of initial signal height)

/K 1%/ T, [us 208 (T, fus)

79 12,66 5280 3.722
82 12.20 7900 3.897
118 8.47 2660 3,426
119 8.40 4970 3.696
139 7.19 4340 3.637
157 6.37 5480 3.739
183 5.46 5051 3.703
204 4.90 845 2.927
222 4.50 908 2.958
228 4.39 4010 3,603
238 4.20 954 2.980
251 3.98 1660 3.221
256 3.91 1830 3.262
295 5.39 448 2.651
299 3434 614 2.788
323 3.10 1000 5.001
355 2.32 198 2.902
373 2.68 670 2.826

379 2.64 643 2.808



79

82
118
119
139
157
183
204
222
228
238
251
256
295
299
323
355
373
379

Table 5,1

P

1O3hgT

12.66
12.20
8.47
8.40
7.19
6.37
5.46
4.90
4.50
4.39
4.20
3.98
5491
5439
3.34
3,10
2.82
2.6 8
2.64

+ .
L iMeasurements on H O B-alumina
J

(fit to two exponentials)

T ./ms
Lecay A Decay B
1030 10500
1110 14400
52.4 6380
42.4 14800
32.6 5800
39.9 6050
3%.1 7590
40.6 5030
685.3 3110
146 7180
47 .1 2090
72.5 5500
95.6 4410
71.8 1250
103 1670
212 4910
238 5320
248 4720
217 4230

0.36
0.36
0.44
0.49
0.42
0.42
0.43
0.51
0.51
0.35
0.42
0.44
0.44
0.48
0.47
U.56
0.60
0.63
0.61
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Appendix 2

Small basis set molecular orbitals for Hzg




~-164-

This appendix details the molecular orbitals discussed

in section 9.2, o< is the bond an.le.

The basis functions are

as in Table 8,1, d11is discussed in section 8.6 and defines

localised orbitals obtained by Boys' method.

(1) The molecular puff

Function 1s 2s 2p 2p 2p
D.4 Y Z.
S, 1.0006  =0.2574
5, -0.0026 1.0284
P, 1.0000
.0000
Py 1.00
Pz 1.0000
(2) SCF calculations
Function 1a1 2a1 ja1 1b2 1b1
o< = 90°
S1 1.0006 =-0.2%51 0.0440
S2 -0.0026 1.0097 -=0.1918
P, 0.0003 0.1815  0.5744
d22 0.0000 0.03%3:4 J. 1122
4,2 0.0000 =0.0445 =u.0561 |
py . 0.9714
d U.2373
vz
0.4970
Py 97
d 0.0778
Xz
d, = 0.562
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X = 95
1.0006  -0.2555  0.0415
~-0.0026 1.0116 -0.1807
0.0003 0.1713  0.9776
0.0000 0.0252  0,0991
0.0000  -0.0484 -0.0597
0.9717
0.23%63%
0.9972
0.0741
4, = 0.561
< = 100°
1.0006  -0.2339  0.0390
-0.0026 1.0133 ~0.1701
0.000% 0.1614  0.9804
0.0000 0.0173  0.0866
0.0000 -0,0521 -0.0829
0.9724
0.2335
0.9975
0.0704
%1 = 0.560
< = 104.50
1.0006  -0.2342 0.0569
-0.0026 1.0147 -0,1608
0.0002 0.1525  0.9826
0.0000 0.0105  0.0758
0.0000 -0.0554 -0,0654°
0. 9733
0.2293
0.9978
0.0670

(% = 0,500



100

< = 106,54°

1.0006  -0.2343  0.0%59
-0.0026 1.0152  -0.1566
0.0002 0.1485 01,9855
0.0000 0.0075  0.0711
0.0000  -0.0569 -0.0664

U.9739
0.2270
0.9979
0.0655
d,,= 0.560
o< = 109,46°
1.0006  -0.2345 0.0346
-0.0026 1.0160 -u.1508
0.0002 0.1428  0.9848
0.0000  0.0033  0.0646
0.0000  -0.0591 =-0.0676
0.9748
0.2231
0.9980
0.063%
d, ;= 0.560
< = 140°
1.0006  -0.2557  0.0208
-0.0026 1.0209 -0.0908
0.0002 0.0536  0.9959
0.0000 -0.0334  0.0143
0.0000 -0.07496 -0.0641
0.9886
0.1506
0.9993
0.0386
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o< = 170°
1.0006  -0,2360  0.0056
-0.0026 1.0224 -0.0243
0.0000 0.0216  0.9995
0,0000  -0,0520 -0.0002
0.0000  -0.0915 -0.0210

0.9992
0.0405
0.9999
0.0102
d11= 0.560
(3) Perturbation method calculations
Function 1a1 2a1 5a1 1b2 1b1
o = 90°
S1 1.00006 -0.2291 0.0618
52 -0.0025 0.9918 =0,2702
P, 0.0006 0.2582 0.9541
d22 0.0000 0.0410 0.1402
dx2_y2 0.0000 -0.0387 =0,0321
b, 0.9759
dyz 0.2183
b, 0.9936
<z 0.1127
dyq= 0.588
o< = 95°
1.0006 ~0.2300 0.05853,
-0,0025 0.9957 -0.2551
0.0006 0.2444 0.9594
0.0000 0.0328 0.1296
0.0000 -0U.0417 -0,0338
0.9765
0.2153
0.9942
0.1074
d,,= 0.586

11
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< = 100°
1.0006 -0.2508  0.0549
-0.0025  0.9993 -(.2401
0.0006  0.2305  0.9644
0.0000  0.0249  0.1190
0.0000 -0.0447 -0.0354
0.9775
0.2109
0.9948
0.1019
4, = £.583
o< = 104.5°
1.0006 -0.2315 0.0518
-0.0025  1,0023 -0.2265
0.0005  0.2179  0.9686
0.0000  0.0181  0,1097
0.0000 -0.0474 -0.0365
0.9786
0.2058
0.9953
0.0968
g, = 0.581
o< = 106.54°
1.0006 =0.2518  0.0504
-0.0025 1.0036 -0.2204
0.0005  0.2121  0.4703
0.0000  0.0150  0,1055 °
0.0000 =0.0486 =0.03%49
0.9792
0.2031
0.9955
0.0944
0.580
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X = 109,46°
1.0006  -0.2522  0.0484
-0.0025 1.0054 =0.2117
0.0005 0.2059  0.9728
0.0000 0.0108  0,0996
0.0000  -0.0503 -0,0573

0.9800
0.1988
0.9958
0.0910
dyq= 0.579
o< = 140°
1.0006  -0,2352  0.,0276
~0,0026 1.0188 -0.1210
0.0003 0.1166  0,9914
0.0000 -0.0250 0.0458
0.00000 -0.,0662 -0.0350
0.9915
0.1302
0.9986
0.0531
d,4= 0.566
X = 170°
1.0006  -0.2364 0.0070
-0,0026 1.,0241 =0.0306
0.0001 0.0293  0.9995
0.0000  -0.0424  0.0097
0.0000  ~0.0748 -0.0102 °
0.9994
0.0344
0.9999
0.0154




