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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF SCIENCE
CHEMISTRY

Doctor of Philosophy

THE STRUCTURE AND PROPERTIES OF
SOME INORGANIC PROTON CONDUTORS

by Robert Gladstone Bell

Studies are presented on a range of proton-containing inorganic oxides and phosphates. Of
primary concem is the structure of such materials, particularly the location of protonic species
with respect to the oxide frameworks, and the relationship between structure and the mobility
of protons which gives rise to conduction. Powder neutron diffraction (PND) was used accu-
rately to locate deuterium atoms, substituted for hydrogen in the studied materials. Com-
pounds were also characterised by powder x-ray diffraction, thermogravimetric analysis,
infrared spectroscopy (IR) and nuclear magnetic resonance (NMR). Quasielastic neutron
scattering (QENS) was used to study proton dynamics.

A fully deuterated sample of the chain-structured compound MoOzHPO 4.H20 was
prepared and its structure determined by PND. The material was found to possess an acidic
P-O-H group and a water molecule coordinated to the octahedral Mo, in contradiction to a
previous model, with the chains bound together by a network of hydrogen bonds. NMR and
IR data were consistent with this structure. A.c. techniques yielded a conductivity for this
compound of the order of 10"5 (Qcm)'1

The structure of the proton-conducting cubic polymorph of HSbO3.xH20 was determined
by the same method. The *water’ was found to be situated on two distinct sites within cavi-
ties formed by the antimonate framework, on one site as H3OJr and on the other as HZO asso-
ciated with a framework-bound proton. It is proposed that a network of hydrogen bonds and
the structural disorder of the material both contribute to proton mobility.

A preliminary study of proton diffusion in cubic HSbO,.xH O and in a series of hydrated
and ammonia-containing defect pyrochlores was performed by QENS. For HSbO xH O,
NH HTa O and NH TaWO fast dynamic processes on the timescale 10~ 105 were observed
whereas for the hydrated analogues of the last two compounds no process was observed on
this timescale. This is consistent with the more restricted rotational freedom of H,O in the
pyrochlore cavity.

HSb2P08.xH20 was prepared by ion exchange of KszPO8 and characterised. However
HSbP208.xH2O, known to be a poor bulk conductor, could not be prepared by ion exchange.
Reactions between MoOzHPO 4'H20 and a series of organic amines were studied. Charac-

terisation of the products was difficult, but it is thought that a 1:1 intercalation compound
with n-ethylamine was prepared as an impure phase.
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CHAPTER 1

INTRODUCTION

1.1 Framework Oxides and Hydroxides !

Examples of the variety of structures adopted by the oxides of high oxidation
state metals may be found among the ternary oxides AxByOZ where A is a mono- or
divalent cation and B is a transition element or metal such as antimony or lead, and

among more complex oxides containing two types of "B" atom.

For the stoichiometry ABO3 the most common structure is the perovskite where
the A and B atoms form a body-centred cubic lattice and the O atoms occupy sites
along the cell edges such that B is octahedrally coordinated, as shown in figure 1.1a
(data taken from structure of SrTiO3 by Hutton & Nelmesz). This structure is found
in compounds such as LaMnO3, BaZrO3 and SrTiO3 and in various distorted forms
as in KTaO3, BaTiO3 and others. In the ilmenite structure (named after FeTiO3) the
A and B atoms occupy similar octahedral sites in the hexagonal close-packed oxygen
array but these sites are segregated so as to give alternate layers of A and B atoms,

perpendicular to the hexagonal c-axis.

It is often convenient to describe complex structures in terms of linked MOx
polyhedra which form the structural frameworks. Thus in figure 1.1b, the perovskite
structure is shown to be made up of a regular three-dimensional framework of BO6
octahedra linked by vertex-sharing (i.e. the ReO3 structure) with the A atoms occupy-
ing the 12-coordinate interstices between the octahedra. A third ABO3 structure, the
defect pyrochlore, is shown in figure 1.2 (data from Dickens & Weller3) as a frame-
work of vertex-sharing BO6 octahedra which contains large cavities of tetrahedral

symmetry, linked by hexagonal channels. These channels contain the A cations. This
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Figure 1.2 Polyhedral representation of the defect pyrochlore structure showing the
large tetrahedral cavity.



-4-

cubic structure (space group Fd3m), exhibited by TlTaO3, TleO3, KTaWO3 and
others, is related to the "true" pyrochlore structure by the removal of an oxygen atom
from the 8b site at the centre of the cavity. The terms "pyrochlore" and "defect pyro-

chlore" are however both commonly used in reference to the latter structure.

The compound KSbO3 is known to form three different structures, dependent on
the method of preparation®. Two of these are the ilmenite and defect pyrochlore. The
third is so far unique to KSb03 and consists, as shown in figure 1.3, of pairs of
edge-sharing SbO6 octahedra with these pairs being themselves linked by vertex-
sharing into a three-dimensional Sb03_ framework. The framework defines a network
of intersecting channels which extend in three dimensions diagonally through the
cubic (Im3) unit cell. These linear tunnels, in which the K+ species are located, are

illustrated in figure 1.4.

These ABO3 framework structures are all three-dimensional. However two and
one-dimensional framework structures also exist where layers or chains of BOX oxide
are linked to each other only by the more ionic interaction with "A" cations or by
hydrogen bonding in the case of hydroxy-containing and hydrated materials. Exam-
ples of layered oxides are found among the titanates such as K2Ti2055 and
KTiNbOSG. K2Ti205 is characterised by S5-coordination of Ti in the (Ti2052_)n
layers. The distorted TiO5 trigonal bipyramids are linked by edge and vertex-sharing
into a two-dimensional framework, with the planes of three "equatorial” oxygens
lying perpendicular to the layers. The potassiums are located on 8-coordinate sites
between the layers. In figure 1.5 it can be seen that KTiNbO5 has layers made up of
pairs of edge-sharing octahedra with the pairs linked by vertex-sharing into a zig-zag

pattern. K* ions occupy the the interlayer region. Amongst oxyhydroxides many

examples of layer structure are found of which that of [.’)-UOz(OH)z7 is illustrated in
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Figure 1.4 [111] Projection of the structure of cubic KSb03 showing the linear tun-
nels, with K represented as filled circles.
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Figure 1.5 The structure of K’I‘iNbO5 viewed parallel to the layers, with potassiums
represented as filled circles.
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figure 1.6. This structure consists of buckled layers of vertex-sharing UO6 with the
shared OH groups projecting into the interlayer region towards unshared oxygens in

the adjacent layer and linking the structure by hydrogen bonding.

One-dimensional, or chain, structures are less common among oxides. An
interesting example however is that of K2Mo3010 which is thought of as containing
both MoO 4 and MoO6 groups®?. Each octahedron is linked to its neighbour by two
bridging tetrahedra which share adjacent vertices of the octahedra. However this
structure should properly be described as having 5 and 6—coordinate molybdenum
since the "tetrahedral” Mo shares an additional oxygen, forming a very distorted trig-
onal bipyramid. The Mo-O distances in this compound vary considerably with
unshared M-O lying between 1.64 and 1.71 A and shared Mo-O between 1.90 and
2.14 A. The longest distance is between octahedral Mo and the "fifth" oxygen. In
figure 1.7 it can be seen that the structure of MoOZHPO 4‘H20 is made up of double
chains of linked MoO6 octahedra and PO 4 tetrahedra thus forming a one-dimensional

"framework". This structure is discussed further in chapter 3.

1.2 Framework Phosphates

Closely related to the oxides described above are framework phosphates of the
type AxBwaOz and hydroxy-containing analogues. Although MoOzHPO 4‘H20 has
already been mentioned, phosphates are for convenience discussed here. The three-
dimensional structure of KSbZPOS, one of a series of antimonophosphates recently
synthesised by Piffard and co-workers, is built up from SbO 6 octahedra sharing edges
or vertices and PO 4 tetrahedra sharing comers with the octahedra such that there are
no unshared oxygens!®. The P-O bond distances lic between 1.51 and 1.56 A. The
framework defines a network of intersecting channels (figure 1.8) in which the potas-

sium ions are located, on sites which are not associated with a particular framework
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Figure 1.7 The framework structure of MoOZHPO 4.H20 showing two of the MoPO7
double chains.
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Figure 1.8 The framework structure of KSb2P08 showing the linear tunnels in which
the potassiums (not shown) are located.
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oxygen. The analogous compound KSSb5P2020n possesses a more complex three-
dimensional framework with SbO6 octahedra sharing edges or vertices and three
types of PO 4 tetrahedra sharing respectively four, three and two vertices with the

octahedra. The location of the last type of tetrahedron, which protrudes into the large

cavity, defines the positions of the potassium ions.

KSbP20812 possesses a two-dimensional structure consisting of infinite
(SbP2083n layers made from SbO6 octahedra sharing each of their vertices with a
PO 4 tetrahedron, with the layers lying perpendicular to the crystallographic c-axis, as
may be seen in figure 1.9. Each tetrahedron has three shared oxygens (P-O distance
1.56 &) and one unshared (P-O 1.47 &) which points into the interlayer space, with
the K" ions lying between these layers in such a way that each is octahedrally coor-
dinated to six of the unshared oxygen atoms. The other layered compound in this
family of antimonophosphates, K3Sb3P20w, has a more open structure!3, with the
polyhedra linked only by vertex-sharing. Not only is there a large interlayer region

containing the potassiums but the layers themselves contain hexagonal channels,

parallel with the c-axis, with a channel width of about 5 A.

Yet another antimonophosphate, K2SbPO6, forms a one-dimensional structurel?,
The infinite chains consist of a single string of edge-sharing SbO6 octahedra with the
PO, tetrahedra bridging the unshared vertices of adjacent octahedra, and disposed on
opposite sides of the chain in a staggered configuration. In this compound the potas-

sium ions are distinctly coordinated to one of the unshared phosphate oxygens.

Many examples of framework molybdenophosphates are also found, with all the
common oxidation states of molybdenum represented. For example the Mo(VI) com-
pound NaMoOZPO 415 possesses a three-dimensional framework of vertex-sharing

octahedra and tetrahedra with infinite chains of alternating MoO6 and PO 4 units
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along the z—direction being further linked to neighbouring chains by bonds in the xy
plane. Although phosphorus shares all four oxygens with molybdenum, the coordina-
tion tetrahedra are somewhat distorted with P-O bonds in the range 1.48 to 1.63 A.
Within the MoO6 octahedra shared Mo-O bond distances are between 1.91 and

2.17 A and unshared in the range 1.78 to 1.97 A.

The molybdenum(V) compound K 4M08P1205216 has a tunnel structure defined
by a network of vertex-sharing octahedra and tetrahedra. Half of the PO , groups in
this case are linked to each other to form P2O7 units. A tendency towards 5-
coordination is exhibited by molybdenum, which occupies an off-centre position in
the otherwise fairly regular MoO6 octahedron. Four of the Mo—O bonds are between
1.98 and 2.05 & in length. The remaining two oxygens, which lie #rans to each other

in the octahedron are situated at distances of 1.66 A (the only unshared oxygen) and

2.28 & from Mo. Potassium is found on 8-coordinate sites in the linear tunnels.

T1M02P3O12 also possesses a tunnel structurel”, with the framework made up
entirely of vertex-sharing polyhedra. In this Mo(IV) compound, however, a higher
degree of connectivity is observed with molybdenum sharing all its oxygens, five

with phosphorus (Mo-O in the range 2.02 to 2.054) and one with a neighbouring

molybdenum (Mo-O 1.85 &) such that the MoO6 octahedra are linked in pairs.

Among hydroxy-containing phosphates which fall into the present terms of
reference are the two well-studied compounds HUOZPO 4.4H20 (HUP) and
Zr(HPO 4)2.H20 (a-ZrP). In HUP!8, the layers comprise a framework of linear
U022+ groups linked to the PO 43_ tetrahedra with the water molecules themselves
forming two-dimensional networks between the layers. o-ZrP has layers containing a

fairly regular corner-sharing arrangement of ZrO 6 and PO 4 units1?,
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1.3 Ton Exchange and Hydrated Materials

A feature of many of the framework oxides and phosphates mentioned above is
that they undergo ion-exchange reactions in acidic media whereby the non-framework
cations are replaced by protons to form oxyhydroxides. For example a ternary oxide
may undergo the following:

ABO, + xH' — B0y, (O, + xA*.

Often the reaction is accompanied by hydration such that water molecules from
the acidic solution are included in the channels of the material. Usually the degree
of hydration is temperature-dependent with partial or complete dehydration occurring
on heating the exchange product, without destroying the framework structure. Com-
pounds containing potassium, thallium and to a lesser extent sodium are particularly
suited to this form of exchange due to the size and polarisability of these ions: K"
and TI" with ionic radii of 1.4A& and 1.5A& respectively are often found to be
replaced by water species on extra-framework sites. The O-O distance in H20 is
around 1.6 A. Examples of the ion exchange of materials such as KSbO3, of which
all three polymorphs are able to be ion-exchanged, and T12Ta206 are found in later
chapters of this work. Few lithium-containing compounds have been found where
hydration accompanies ion-exchange since Li*, at 0.7 & radius, usually occupies too
small a cavity in three-dimensional materials to be replaced by water. Exceptions are

found among layered materials such as the trirutile-structured LiTaWO 6‘20

Together with directly synthesised hydrates such as HUP, o-ZrP and
MoOzHPO 4.H2O, these ion-exchange products are often found to exhibit high
degrees of proton conductivity, a phenomenon which will be discussed in the next

section.
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1.4 Proton-Conducting Materials 21:22

Solid proton conductors have in recent years been investigated for potential
applications as fuel cell and battery electrolytes and in sensors, photochemical cells
and other devices. A solid proton conductor may be defined as a material in which at
least part of the ionic conductivity is ascribed to protons or to protonic species such
as oxonium, ammonium or hydroxyl ions. Among the classes of materials which fall
in this category are ion-exchanged B-aluminas and zeolites, organic polymers such as
polyethylene oxide/NH 4HSO 4 and defective oxides which conduct at high tempera-
tures such as ytterbium-doped SrCeO3. Proton conductivites of a selection of materi-

als are given in table 1.123-24:25,

Part of this work is also directed at the class of hydrated materials already
described. Channel-containing materials are of interest as model systems for proton
conduction since the channels provide a pathway for proton motion, and many tech-

niques have been used to study them.

In order for proton motion to occur two conditions must be fulfilled. First the
pathway for such motion must extend continuously throughout the material and
secondly there must exist simultaneously charge-carrying species that are free to
move and vacancies. These requirements are frequently met by systems which pos-
sess a network of hydrogen bonds between the framework and the extra-framework
species which assists the process of proton transfer from site to site along the con-

duction pathway.

In HUP, hydrogen bonds are believed, after the work of Fender, Fitch and oth-
ers?0:27 1o exist between framework oxygens and interlamellar water molecules and

between the water species themselves, with O...H distances between 1.6 A and 1.85A
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Table 1.1 Room Temperature Conductivities of Selected Proton Conductors

Compound loglo{c/(ﬂcm)"l]
1M HCl 0
Zr(HPO 4)2.3-4H20 -2
HSbO3.xH20 (pyrochlore) -2
HSbO3.xH20 (cubic) -3
HUOZPO 4.4H2O -3
H3OC10 4 -3
o-Zr(HPO 4)2.H20 -4
H2Ta206.xH20 -4
Sn02.2H20 -4
NH,"-zeolite A (11% H,0) -5
NH 4HSO 4/PEO -5
H3O+B”-alumina -6

H3O+[3-alumina -10
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and O-H...O angles in the range 162° to 175°. A similar network is thought to be
present in a-ZrP19. Amongst three-dimensional conpounds, the defect pyrochlore
H2Ta206.xH20 has been shown by powder neutron diffraction to have water
molecules situated in the centre of the pyrochlore cavity with the hydrogen of a

framework hydroxyl group pointing towards it (O...H distance 2.3 R)3.

Two principal mechanisms have been proposed for the transport of protons in
such materials. In the Grotthus mechanism?8, protons move in a correlated way
between sites in the fixed lattice i.e. sites bound to the framework or to immovable
extra-framework species. The "vehicle" mechanism involves concerted migration of
two type of polyatomic species in opposite directions. Only one type of species car-
ries the proton e.g. in hydrated materials the two species involved may be HZO and
H3O+. Any mechanism which involves the motion of polyatomic species is obviously
restricted by the minimum size of the channels. However direct evidence for the

Grotthus mechanism in inorganic compounds has not so far been obtained.

A problem with the conductivity observed in many proton-containing solids is
that, in addition to its being due to the bulk transport of protons in the material, a
contribution may also arise from water and acid molecules adhering to the particles
of the solid. This surface conduction might be expected to be particularly pronounced
in compounds prepared as polycrystalline samples, either by acid exchange or, as in
the case of HUP, directly from an acidic precursor. It is therefore important when

characterising proton conduction to distinguish between bulk and surface effects.

Taking HUP as an example, the large body of evidence built up in recent years
has shown that bulk processes form the major contribution to protonic conductivity.
In the original work of Shilton and Howe??, which found a room temperature con-

ductivity of 4x 1073 (Qcm)"l, studies were carried out where samples were
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equilibrated with solutions of phosphoric acid of varying pH. In each case the con-
ductivity was unaltered, contrary to what would be expected if surface-adsorbed acid
were responsible for conduction. Three further pieces of evidence also support a high
value for bulk conductivity in HUP. First, the results of NMR relaxation time stu-
dies30 were consistent with the bulk motion of protons, in terms both of the dynamic
process observed and the intensity of the signal. Secondly both the conductivity and
NMR measurements showed a marked discontinuity at 274K, corresponding to a
known phase transition in HUP, with the disordered high-temperature phase being the
more highly-conducting. Thirdly the conductivity of the ammonium-containing analo-
gue is some three orders of magnitude lower that that of HUP3!, and this may be
interpreted in terms of the vacant hydrogen sites, which contribute to proton transport

in HUP, being occupied in NH 4UP.

1.5 Protonic Conduction and Experiment 32,33,34,35

Tonic conductivity in solids arises from the translational motion of the ions. The
diffusion process can be considered as a series of jumps from occupied sites to unoc-
cupied sites in the lattice. The self-diffusion coefficient for this process, measured at
chemical equilibrium, can be associated with the jump distance, a, and the average
time between jumps (residence time), T, using random walk theory to give

2
p = b’
nt

where n is the possible number of jump sites and p, a correlation factor for succes-
sive jumps, is unity for a truly random process. The temperature dependence of D is
generally of the form

E

a

RT

D =D o€Xp

where Ea is the activation energy for the process.
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Bulk conductivity may be related to particle diffusion by the Nernst-Einstein
equation

D Cz?

=T

where C is the concentration of the mobile species, z is their charge number (unity
for protons) and Dc is the diffusion coefficient obtained. The ratio D/DG is com-

monly called the Haven ratio, HR’ and has a particular value for a given mechanism.

Information on the bulk transport properties on ion-conducting materials may be
obtained from conductivity measurements. To investigate the microscopic processes
which give rise to conductivity, and specifically protonic conductivity, two widely

used techniques are nuclear magnetic resonance and incoherent neutron scattering.

Pulsed proton NMR techniques can, by measurement of the charateristic relaxa-
tion times, yield information on proton dynamics. T, commonly called the spin-
lattice relaxation time, and T2, the spin-spin relaxation time, are measured in
variable-temperature experiments, enabling characteristic times for motions in the
range 107 to 107!!'s and associated activation energies to be obtained. In some cases
translational and localised motions may be distinguished by studying the temperature
dependence of the relaxation times. Although this method essentially only probes the
local environment of protons, the pulsed field gradient technique by contrast is sensi-
tive to much larger domains of space and can lead to the direct determination of

diffusion coefficients for fast translational processes.

Incoherent neutron scattering has the advantage that it can probe simultaneously
a wide range of volumes giving information on both long-range and localised
processes. In addition it is highly sensitive to the 'H nucleus. Random motion of pro-

tons gives rise to quasielastic scattering, essentially a Doppler broadening of the elas-
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tic peak. In an experiment the magnitude of this energy broadening, which may be

dependent on the reduced wavevector, Q, as well as on temperature, is determined.

For the case of translational motion a number of models have been developed to
relate the nature of the diffusional process to the observed quasielastic spectrum. In
the simplest case of continuous random diffusion of an atom in three dimensions the
halfwidth of the quasielastic component is equal to DQ%.where D is the self-diffusion
coefficient. This is a result of Fick’s law. In fact it can be shown that the energy
spectrum takes the form of a Lorentzian of halfwidth DQeZ| i.e. the incoherent scatter-

ing function is given by

_ 1 _DQ2
Sine Q@) = ;75—2);70)2
|

Chudley and Elliott3® took into account a jump mechanism to describe diffusion in a
simple ordered system. It is assumed that the time taken for the jump is negligible
compared to the mean residence time and that the jump distance is large in relation
to the amplitude of thermal vibration of the atom. The broadening then also takes the

shape of a Lorentzian and the model scattering function is given by

. _1_f@
Y QO = T 0 Pre?

The halfwidth f(Q) depends both on the residence time and on the geometry of the
lattice sites. At low Q,\i.e. where the observed volume is sufficiently large that the
o

exact mechanisms of diffusion are not revealed, f(Q) reduces to DQaz’ where

as at the beginning of this section. If the possible jump sites consitute the points of a
Bravais lattice then n=6. If the diffusion is further restricted n will be reduced, and
the situation bceomes more complex when inequivalent jump sites are considered.

However in all cases the DQj\ relation holds at sufficiently low Q.u
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If a protonic motion is localised, for example if it represents a rotation of a
water or ammonia molecule, then the quasielastic width is not dependent on Q. In
this case the quantity of interest is the ratio of the intensity of elastic scattering to the
total intensity of elastic and quasielastic scattering. This quantity is known as the
elastic incoherent structure factor (EISF) and can, by its Qe-'dcpendcncc reveal details

of a localised diffusional process.

1.6 Intercalation Chemistry 37

A well-known feature of the chemistry of layered compounds is that they may
undergo intercalation reactions whereby guest species are inserted into the host
material in such a way that the structure of its layers remains essentially unchanged.
Such reactions are generally reversible and often involve major changes in the physi-
cal properties of the material. For example graphite forms a wide range of intercala-
tion compounds3® both with electron-donating species such as alkali metals and with
electron acceptors such as halogens and halides e.g. FcC13, SbClS. The alkali metal
intercalates are characterised by their metallic properties. Large increases in the basal
spacing are commonly observed. Another area of intercalation chemistry concerns the
reaction of clays with organic compounds where many examples of chemical conver-
sion of the guest molecules are found i.e. the silicate clays act as catalysts. A simple
example is the elimination of ammonia from pairs of n—alkylamine molecules inter-

calated into montmorillonite, yielding the secondary amine3.

Intercalation has been studied in acid phosphates of the type described in the
previous sections. In particular o-ZrP has been widely investigated by the groups of
Constantino, Clearfield and others. Since o-ZrP is a Broénsted acid, organic
amines intercalate particularly well as do to a lesser extent alcohols, glycols and

esters. The reactions may be thought of as acid-base interactions where each
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function of the intercalate liberates a proton from the acid framework.

A wide range of n-alkylamines and diamines has been intercalated into o-ZrP.
In the case of monoamines, high intercalant content (up to one molecule per phos-
phate group) results in the formation of bilayers of amine molecules between the
layers of a~ZrP, with the carbon chains aligned at around 60° to the plane of the
layers*041, Similarly for a,w—alkyl diamines, "tilted" layers of single molecules are
observed in intercalates*2. Amine intercalation has also been found to have an effect
on the proton conductivity of the material with, for example, conductivity increased
by an order of magnitude on intercalation of hydrazine‘“. n—Alkanols and glycols
intercalate in a very similar way*3 with, as also in the case of the amines, a linear
increase in interlayer spacing with respect to carbon chain length being observed. For
smaller alcohol molecules, intercalation is easily reversible by heating. This does not
occur with the more strongly-bound amine intercalates, where thermal decomposition

of the phosphate occurs before all the intercalant is expelled.

The intercalation chemistry of HUP has also been investigated. In a recent
study*4, crystalline intercalates were found with hydrazine and with the cyclic amines
piperidine, pyridine and pyrazine. X-ray diffraction showed that the structure of the
layers was unchanged, but the increase in the interlayer spacing indicated that the
aromatic intercalates were oriented with their planes parallel to the host layers.
Dimethylaminomethyl ferrocene was also intercalated, with a 10 A increase in the
basal spacing being consistent with a bilayer of the molecule forming in the inter-
lamellar region. Infrared spectroscopy highlighted the acid-base nature of the interca-
lation reactions with characteristic ionic vibration bands for the intercalants indicating

proton transfer from the host.
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CHAPTER 2

EXPERIMENTAL TECHNIQUES

2.1 Powder X-Ray Diffraction

Powder x-ray diffraction, used routinely for the characterisation of solid samples
and for the determination of unit cell parameters, was carried out using an INEL
position sensitive detector system. The X-ray source in this system made use of Cu K
radiation which passed through a single quartz crystal monochromator to exclude all
but the Cu Kal line (A=1.54056 &) and was collimated to ensure minimum beam
divergence at the sample surface. The angle of incidence of the beam onto the plane
surface of the sample, ordinarily contained in a recessed aluminium holder, was typi-
cally 85°. Data collection times were of the order of 30 min. The curved INEL CPS-
120 detector covered a 20 range of approximately 120°, and data was collected into a
Silena Cato multichannel analyser with 8192 channels. This gave a resolution of
0.015°. The spectra collected by the multichannel analyser were transferred to an
IBM PC-AT and there analysed by a Gaussian peakshape program which identified
the Bragg peaks and minimised for each, using a x2 method, the difference between
observed integrated intensity and that calculated for a Gaussian. This has the effect of
giving accurate peak positions and intensities and of deconvoluting overlapping
peaks. The system was periodically calibrated using a—alumina as a standard, with
the channels corresponding to approximately 20 of the accurately-known Bragg peaks

of the calibrant being identified and related by a sixth-order polynomial. The calibra-

tion data was then stored for future reference on the IBM PC.

Earlier work was carried out using a Philips moving-arm diffractometer. On

this instrument data were ordinarily collected up to a 20 value of 80° since the low
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signal to noise ratio above this angle precluded any meaningful analysis of the data.

Unit cell parameters were refined using the program CELL which minimises the

expression

M =Y w; (sin®0 5 —sin20£o)?
i

where i is a single reflection hkl, using an iterative least squares method. In addition,
powder patterns for a given unit cell and its contents could be simulated using the
program LAZY-PULVERIX!, and attempts at indexing the patterns of unknown
phases could be performed using an autoindexing program due to Visser2. These

three programs were available on an IBM3090 computer at Southampton.

2.2 Infrared Spectroscopy

Infrared absorption spectra were recorded using a Perkin Elmer 1710 Fourier-
transform instrument (range 4000-400 cm’™), a Perkin Elmer 580B (4000-200cm™) or
a Perkin Elmer 599 (4000-200 cm'l). Samples were normally in the form of a pressed
Csl disc produced by intimately grinding together pure sample with an excess
(between 20 and 50 times by volume) of dried CsI (BDH,SpectrosoL) and pressing
the 15mm diameter disc under 10 tonnes. Occasionally spectra were recorded of

samples as Nujol mulls, held between Csl plates

2.3 Thermogravimetric Analysis (TGA)

TGA was carried out using a Stanton Redcroft TG1000 thermobalance. Sam-
ples in the weight range 15-20 mg were used, enabling high resolution to be obtained
on the balance’s most sensitive scale (precision 0.5pug). Samples were contained in a
platinum crucible and were able to be heated up to 1000°C. A temperature program
unit allowed a number of temperature ramp and isotherm steps to be pre-programmed

as required. The data was presented graphically via a chart recorder and for each
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sample this included a plot of the differential of weight loss against time (DTG).

2.4 Elemental Analysis

(a) Quantitative Methods

Various titrimetric and gravimetric methods have been used. These are described

in the later sections of this work to which they are relevant.

(b) Semi-Quantitative Methods

Scanning Electron Microscopy/X-Ray Analysis

One of the well-known effects of bombarding a chemical sample with high
energy electrons is the generation of x-rays. The energy spectrum of these x-rays is a
characteristic solely of the elements present in the sample. Therefore if the x-rays
emitted from a sample in an electron microscope are analysed and a suitable calibra-
tion technique employed, it is possible to determine the elemental composition of the
sample. The technique is however usually only appropriate to elements heavier than

and including fiuorine.

In this work a Cambridge Stereoscan 150 scanning electron microscope was
used in conjunction with an EDAX energy-dispersive x-ray analysis unit. Samples
were mounted on an aluminium stub using a conductive paste and a thin layer of
gold sputtered onto the surface using an Agar Aids PS3 coating unit. The microscope
had a resolution of the order of 100 nm enabling particles of a polycrystalline sample
to be identified and the x-rays emitted from an approximately circular surface area of
2-4 pm in diameter to be collected and analysed. The data were presented in the form
of a ratio by percentage mass of the various elements which are analysed. The accu-
racy in elemental analysis is usually taken to be no better than 2-3% of the total. The

cumulative efffect in analysing for several elements therefore means that small per-
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centages should be taken as an approximate figure only.

Flame Photometry

A Comning 300 flame photometer was used to determine the amount of alkali
metals present in an aqueous solution. The solution to be analysed was diluted so that
the content of the desired element fell in the region 20-100 ppm. Prior to each
analysis the instrument was calibrated using a range of standard solutions of between

0 and 100 ppm concentration. The precision of results was found to be +2 ppm.

2.5 Nuclear Magnetic Resonance

Magic Angle Spinning Solid-State-NMR spectra were recorded on the S.E.R.C.
national facility Varian VXR300 spectrometer at Durham. Approximately 0.5g of
material was used and rotator speeds of 5000rev ! were sufficient to give good

resolution spectra but with reasonably low intensity spinning side bands.

2.6 A.C. Conductivity 3+

The ionic conductivity of a solid is related to the activation energy for ionic

motion by the following equation

6= Aoxp|-—2
TP\ RT
where A is a constant factor and Ea is the activation energy.

It follows that by measuring the temperature dependence of conductivity, the
activation energy may be determined by plotting In(cT) against T L. The gradient of

the straight line is given by -Ea/R.

In a.c. methods conductivity is determined by a complex impedance technique.
The frequency dependence of the impedance, z, is analysed by plots of z’ (real part

of impedance) against z”” (complex part) where



-28 -
z=z"+2z"
The intercept of the plot on the z” axis is taken as the resistance of the sample.
In this work proton conductivity was determined using a Solartron 1250 fre-
quency analyser and a Solartron 1286 electrochemical interface in conjunction with a
specially designed cell. The sample was in the form of a pressed pellet of known

dimensions whose opposite faces were ground smooth and coated with gold to a

depth of about 200 A.

In the simplest representative circuit, a sample whose conductivity is solely due
to protons is assumed to act as a capacitor, Cl, in parallel with a resistor R and a
second capacitor, C2. Capacitance C1 represents the bulk capacitance of the sample,
C2 is the interfacial double layer capacitance and R is the resistance associated with

the bulk protonic conductivity.

2.7 Theory of Diffraction 56

The contribution of a given stationary atom to the structure factor is determined
by multiplying its scattering amplitude by an appropriate phase factor, giving an
expression of the form

F =fjexp[iocj]
where fj is the scattering amplitude and ocj the phase factor of the jth atom. When the

phase factor is evaluated, the structure factor for the reflection 4kl becomes
Fhkl = Z fjexp{Zm (I'ij+kyj+lzj )}
J

where xj,yj,zj are the coordinates of the jth atom and Ak, are the Miller indices
denoting the plane from which scattering occurs. It can be shown that the intensity of

the reflection is proportional to the square of the structure amplitude thk) 2
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It should be noted that the above equations relate only to perfectly ordered cry-
stals in which the atoms are static. Thermal motion and crystal disorder however
cause reality to depart from the ideal. At any finite temperature thermal motions
cause time-dependent displacement of atoms about their mean positions. In addition,
lattice defects and substitutional disorders will occur, particularly in non-
stoichiometric compounds. In this case the defects will tend to cluster leading to lat-
tice relaxation. The net result of these effects is that the average unit cell contents

will differ from those of a true unit cell.

The degree of thermal motion is determined in terms of temperature factors for
the individual atoms in the unit cell. The temperature factor, B, is a function of the
mean square displacement of an atom from its mean position and, if this is assumed
to be isotropic, is usually expressed as part of the coefficient

)
S th,
Thkl = &Xp -B —-):'2'—
where, for a single atom,
— @ulir
B iz 8w uj
ﬁj is the mean-square displacement of the scattering atom from the plane hkl. Taking

into account also the effect of crystal defects, the structure factor becomes
i 2
SOy .
Fhkl = anfjexp —BJT expy 2mi (hxj+kyj+lzj)
J
where o, is the average occupation number of the jth atom (i.e. n, is unity for a
defect-free, stoichiometric structure). If the treatment is extended to take into account
anisotropic motion it can be shown that the exponential correction factor may be
written as
T = exp—(B1ih +Bogk *+Ba3l +B1ohk +Boskl +B3, k)

where the coefficients B are the six independent components of a symmetric second-
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order tensor, although they may be constrained by unit cell and site symmetry. The
anisotropic temperature factors are often taken to define an ellipsoid representing the

mean square motion of an atom.

2.8 Powder Neutron Diffraction ’

Neutron diffraction has two major advantages over x-ray methods which are of
interest in conventional structure determination. First, atomic scattering amplitude
does not increase with atomic number but varies in a more random fashion, enabling
in certain cases atoms of similar atomic number to be distinguished and also very
light atoms to be determined in the presence of heavier ones. In particular, the use of
deuterium substitution allows detailed structures to be determined for hydrogen-
containing materials since the scattering amplitude (i.e. coherent scattering length) of
deuterium is of the same order of magnitude as, for example, of antimony or
molybdenum. Secondly, since neutrons are scattered by atomic nuclei, and not by
electrons, intensity of scattering does not fall off with 20, thus enabling accurate data
to be collected at high angles. This last advantage enables polycrystalline samples to
be used in detailed structural studies, although it should be pointed out that until very
recently powder methods have only been used for the refinement of structures which

have been partially solved already by other techniques.

2.8.1 Instrumentation 8

Powder neutron diffraction profiles were collected on the instrument D2B at the
Institut Laue-Langevin (LL.L.), Grenoble, France. This diffractometer has been
designed to permit investigation of samples with unit cell volumes of up to 2000 &3
and up to 250 structural parameters. Owing to its situation close to the reactor core,

the instrument is able to make use of a high flux of neutrons thus shortening collec-
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tion times. Other special features include a large monochromator take-off angle of
135° to obtain good resolution at high angles, a wide choice of wavelengths between
1A and 64 and a bank of 64 high-efficiency 3He counters at intervals of 2.5°. This
last feature permits a maximum of eight profiles to be collected simultaneously and
summed, with each profile representing a pass of the detector bank of 2.5° and thus
producing improved statistics. The instrument can operate in two modes: a high flux
mode where scan times are of the order of 4 to 6h and a high resolution mode
invelving a more highly collimated neutron beam where collection times are gen-
erally beteen 15 and 20 h. The collection and initial treatment of data were controlled
by a PDF 11/24 computer. Samples were contained in thin-walled vanadium cans
and sealed with an indium wire gasket, allowing them to be cooled as far as liquid
helium temperatures in an LL.L. "Orange" cryostat. In this work the neutron
wavelength used was 1.595A and samples were between 5 and 10g in mass. A

diagram of the instrument is shown in figure 2.1.

2.8.2 Profile Refinement

The use of polycrystalline samples presents two principal disadvantages over
single crystal methods. First the random orientation of crystallites results in an inevit-
able loss of information since each reflection is only described by one 26 value and
secondly finite peakwidths, caused by imperfect monochromatisation of the neutron
beam, lead in practice to overlap between closely separated reflections for all but

highly symmetric structures, making the accurate determination of intensities difficult.

This latter problem is being alleviated in part by the use of very high resolution
instruments such as HRPD at the Rutherford-Appleton Laboratory and D2B at the
LL.L.. In addition, structural refinement is commonly carried out by a profile method,

first developed by Rietveld?, whereby it is assumed that each individual diffraction
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peak corresponds almost exactly to a Gaussian in shape. This approximation is only

valid for single wavelength techniques.

After manual subtraction of a background, the observed counts, yiObS, are com-
pared with those for a trial structure, yicalc, for each point in the profile (in the case
of D2B at every 0.025° of 20). The parameters yicalc are then adjusted to minimise

M = Yw; (yfP5—cygakey?
i

obs

where W, is a weighting factor given by 1y, and c is the overall scale factor. The

contribution of a Gaussian peak of integrated intensity I to the count y, at 2()i is

yi =1 exP{‘bk (20;-26; )2}

where 2(9i is the Bragg angle of the peak, and

given by

41n2
be=—7%
Hy

The halfwidth, Hk’ of a peak varies with scattering angle Ok empirically, but accu-
rately, as
H? = Utan®6+V tan6+W

U, V and W depend on the instrumental geometry and are refinable parameters.

At very low scattering angles the peaks show a distinct asymmetry due to the
use of finite slit widths and sample heights. This effect causes the maximum of a
peak to shift to a lower angle but leaving its integrated intensity unchanged. A semi-
empirical correction factor may be introduced into the refinement to account for this.
In addition since the tails of a Gaussian diminish rapidly it is assumed that the contri-

bution from a particular peak extends no further than 1.5Hk either side of 26k.

The parameters defining a trial structure thus consist first of those which deter-
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mine peak position and shape, including the unit cell parameters, the three halfwidth
parameters, the asymmetry factor and a counter zero point, and secondly those
defining the unit cell contents i.e. for each atom its scattering amplitude (scattering
length in the case of neutrons), coordinates, occupation number and thermal factors,

and finally the profile scale factor.

The diff #rence between the observed and calculated profiles is then minimised
by an iterative least squares method and involving some or all of the above parame-

ters.

The degree of agreement between the observed and calculated profiles after a
refinement may be expressed quantitatively by a residual or R-factor. The profile R-

factor is given by

%
Z(y iobs__ c -1 yicaIC)Z
i

R, =10
p Z(y iobs)z
i

The more commonly quoted weighted profile R-factor is given by

%
ZW;' (y iobs___ c 1 yicaIC)2
i

R,, = 10
’ 2w 07
i

This may be compared with a theoretical R-factor defined as

100N

R =
expected ZWi ( obs)
i

where N is the number of degrees of freedom. A fourth R-factor, RI’ based on the

difference between observed and calculated intensities and analogous to that produced

by least squares intensity methods is given by

_ Z |Iabs —Icalc |
Zlobs

R;
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Deviations from the ideal peakshape and errors in angular calibration invariably
cause pr to increase relative to R1 However refinements which produce a large

difference between the two should be treated with caution.

2.8.3 Fourier Synthesis

A further technique which is appropriate to this type of structural work is the
use of Fourier synthesis to obtain maps of nuclear density distribution. The nuclear

density at the point in real space x,y,z is given by an expression of the form

Prye = %ZEZ F g €xp 12 (e +hy +z)
h k1l

where V is the unit cell volume. It follows that since the structure factor Fhkl is
involved, the phase factors for each reflection should be known before this technique
can be applied. In practice this means that a substantial part of the structure should

have already have been solved in order to obtain meaningful results.

In a simple Fourier summation the expression is evaluated by taking the
observed magnitudes of Fhkl together with the estimated phase factors. A Fourier
difference map may also be obtained for a trial structure in which the differences in
magnitude between observed and calculated structures are employed. This is of par-

ticular use in locating weakly scattering centres.

It should be noted however that for neutron scattering the accuracy of Fourier
techniques is limited. Since scattering amplitude does not include a term dependent
on 20, the limits of data collection inevitably introduce a termination error into the

summation,

2.9 Quasielastic Neutron Scattering 8,10

Inelastic neutron scattering data were recorded on the spectrometer IN6 at the

LLL., Grenoble. This is a time-focussing time-of-flight spectrometer capable of
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operating over a range of wavelengths between 4.1 A and 5.9 A. As can be seen in
figure 5.2, the neutron beam was extracted from the beam guide by means of three
monochromators, each consisting of crystals of pyrolytic graphite. The monochroma-
tors were aligned such that the neutron beam was directed onto the sample by
reflection from the 002 plane of graphite. After passing through a cooled beryllium
filter to remove the second order graphite reflection, the beam was collimated and
then pulsed by a Fermi chopper capable of rotating at between 2000 and
20000 rev min~'. An additional chopper prevented frame overlap at high speeds of
rotation by turning in phase with the Fermi chopper at a lower speed. The sample
area consisted of an evacuated chamber which may contain a cryostat or furnace. In
order to minimise the effects of absorption and self-shielding a solid sample is ordi-
narily contained in a thin-walled aluminium can (aluminium having a very low ratio
of absorption to scattering) such that the sample has a thickness of 1 mm. The sample
is aligned at an angle of 135° to the incident beam. The curved detector bank con-
sisted of 337 “He detectors covering a range of 10° to 115° 20 and a vertical angle
of £15° out of the plane of scattering. The distance from sample to detectors was
2.466m and the volume between the two filled with helium in order to minimise
background scattering. A low-efficiency monitor placed in the path of the beam
between the choppers and the sample permitted the number of neutrons incident on
the sample during the course of an experiment to be evaluated. A second monitor
situated in the line of the beam after the sample area allowed the transmission of a
sample to be measured. For this purpose the sample was aligned at 90° to the
incident beam. Data collection and control of the instrument were carried out by a
PDP 11/34 computer. At 5.1A the elastic peak resolution of the instrument was of

the order of 80 eV (full width at half maximum).
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CHAPTER 3

STRUCTURE AND PROPERTIES OF MoOZHPO 4’H20

3.1 Introduction

A compound of the composition 2M002.P205.3H20 was first reported by
Schulz in 19551, It was described as forming rod-shaped crystals and as being
slightly soluble in cold water but dissolving in hot water to form a strongly acidic
yellow solution which lost its colour on cooling. Its properties led Schulz to describe
it as an orthophosphate and since it decomposed as 300 °C to form a pyrophosphate
she concluded that at least one of the three HZO units must exist as part of P-O-H

groups and suggested the formula MoOZHPO 4'H20'

Kierkegaard? shortly afterwards studied this material by single crystal x-ray
diffraction and found that its structure consisted of double chains of linked MoO6
octahedra and PO 4 tetrahedra running parallel to each other and to the y-axis of the
monoclinic unit cell (figure 1.7). The refinement was unable to locate hydrogen atom
positions and there was some uncertainty in the oxygen atom positions. Nevertheless
Kierkegaard thought it most likely that the three H atoms were bound to the three
unshared oxygens in the MoO6 octahedron giving a fairly regular octahedral coordi-
nation for molydenum, linked by O-POZ-O units. He therefore described the com-

pound as Mo(OH)3PO n

The infrared spectrum of the compound however shows a very strong absorption
at 1620cm™" indicating the presence of discrete water molecules in the structure’ (the

symmetric bend, Vs, of HZO occurs at ca. 1600 cm_l).

The structure of MoOZHPO -H,0 is similar in some respects to those of other

acid salts of highly charged metals. In these types of compound high values of proton
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mobility have often been found. In particular the well-studied compounds hydrogen

uranyl phosphate (HUP), HUOZPO 4.‘-{-120 and the zirconium phosphates e.g.
o—Zr(HPO 4)2.H20, as described in c:lapter 1, have been found to have room-
temperature conductivities of the order of 10~ and 107 (Qcm)_1 respectively. Both
these materials contain metal atoms bound to oxygen and linked into two-dimensional
networks by phosphate groups. The interlayer region is occupied by water molecules
hydrogen-bonded to the phosphate layers. Proton mobility is thought to occur in these

compounds by a Grotthus-type mechanism in which the acidic proton normally coor-

dinated to the layer phosphate group is transported along the interlayer region.

Although strictly a one-dimensional rather than lamellar structure,
MoOzHPO 4‘H20 contains molybdenyl groups linked by phosphate, analogous to the
linear uranyl groups in HUP, and contains acidic protons. It is thus reasonable to
speculate that protonic conductivity is possible in this material.

In this work the structure of MoOZHPO 4'H20 has been determined by powder
neutron diffraction using a fully deuterated sample. The deuterium positions obtained
in the refinement resolve unambiguously the previous uncertainty concerning the
structure of this compound. In addition, a study of the proton conductivity of

MoOZHPO 4’H20 has been performed using an a.c. impedance method.

3.2 Synthesis

MoOZHPO 4‘H20 was prepared according to the method of Kierkegaard. 10 g of
dried MoO3 (Hopkin and Williams, AnalaR) was dissolved in 30 cm’ H3PO 4 (Inter-
chem, 88% w/v) by refluxing a mixture at 180°C for three hours. The pale green
viscous solution was then cooled and diluted with 270cm> HNO3 (May & Baker,

70% w/v). The mixture was then refluxed for a further six hours. On cooling again to
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room temperature fine white crystals of MoOZHPO 4‘H20 separated out slowly. The
compound dissolves slightly in cold water and so, after filtering, it was washed with

either acetone or dry ether. Approximately 15 g of product was usually obtained.

For powder neutron diffraction a fully deuterated sample was prepared using
D,PO, (Aldrich, 85% w/v, >99% D) and DNO, (Koch-Light, 50% w/v, >98.5% D).
All manipulation of the reactants was carried out in a glove box under an atmosphere
of dry nitrogen, and the reaction itself took place in a three-necked round-bottomed
flask through which a current of dry nitrogen was maintained. The scale of the reac-
tion was chosen so as to produce about 5g of solid product which was washed with

sodium-dried ether, thereby minimising any proton-deuteron exchange.

Both protonated and deuterated samples were characterised by powder x-ray
diffraction, infrared spectroscopy and thermogravimetric analysis. A solid state NMR

spectrum of MoOZHPO 4'H20 was also recorded.

3.3 Powder X-Ray Diffraction

The diffraction pattern of MoOZHPO 4'H20 showed a pure crystalline phase. All
the reflections could be indexed on a monoclinic unit cell of similar dimensions to
those reported by Kierkegaard, and in the space group P21/m:

a=6.774(2), b=6.369(2), c=7.073(2) A and $=110.09(2)°
(literature: a=6.731(5), b=6.319(5), c=7.034(5) A and B=110.16(5)°).
Observed and calculated diffraction peak positions are tabulated in table 3.1. Simi-

larly, the pattern for MoOzDPO 4.D20 showed no evidence of crystalline impurity

and could be completely indexed using the monoclinic cell parameters

a=6.723(4), b=6.326(2), c=7.038(4) A and B=110.12(3)°.
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Table 3.1 Observed and Calculated Powder Diffraction Data for M002HP0 4.H20

h k1 20(obs) 20(calc) h k1 206(obs) 20(calc)
10-1 15.66 15.62 2 04 52.65 52.65
011 19.32 19.29 114 53.94 53.97
110 19.72 19.71 4 0-1 54.49 54.47
11-1 20.96 20.96 2 1-4 54.73 54.73
101 22.42 22.41 4 1-1 56.45 56.50
1 0-2 25.60 25.62 4 1-2 56.75 56.74
111 26.52 26.46 014 57.31 57.29
2 0-1 " 26.57 400 57.91 57.93
002 26.82 26.82 1 3-3 58.51 58.45
020 28.02 28.00 4 0-3 " 58.64
2 1-1 30.13 30.10 314 59.45 59.46
012 30.33 30.33 140 59.81 59.82
210 31.41 3141 1 4-1 60.38 60.33
2 0-2 31.53 31.53 033 " 60.35
1 2-1 32.21 32.21 2 3-3 " 60.45
102 34.53 34.46 312 61.10 61.08
2 1-1 " 35.61 330 61.78 61.78
121 36.14 36.14 104 62.39 62.41
112 37.30 37.32 232 64.27 64.24
211 37.99 38.00 114 " 64.29
2 2-1 38.98 38.98 2 4-1 64.80 64.76
022 39.17 39.16 420 65.59 65.55
220 40.01 40.03 133 66.00 65.97
003 40.72 40.72 2 0-5 66.22 66.22
30-2 41.87 41.90 411 66.64 66.57
31-1 42.44 42.45 322 " 66.69
300 4261 42.60 2 1-5 68.06 68.04
013 43.19 43.22 11-5 68.59 68.56
310 4506 45.02 50-2 69.37 69.37
1 3-1 45.67 45.59 2 34 69.92 69.91
202 " 45.74 31-5 71.01 71.10
30-3 48.05 48.11 034 72.24 72.16
3 2-1 49.42 49.45 2 4-3 73.27 73.24
032 50.14 50.14 334 7412 74.09
322 51.10 51.15 500 7453 74.51
104 51.85 51.87 52-2 7640 76.39
A=1.5406 A

a=6.774(2) &, b=6.369(2) &, c=7.073(2) &, B=110.09(2)°
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3.4 Powder Neutron Diffraction

The powder neutron diffraction spectrum of the 5g sample was recorded on the
instrument D2B at the I.L.L., Grenoble. The sample was contained in a thin-walled
vanadium can and cooled to 5K at atmospheric pressure. The diffractometer was
operating in high-flux mode at a wavelength of 1.595 A and the profile was obtained
in 20 steps of 0.025° between 0 and 160°. All the peaks in the profile with the
exception of seven widely spaced reflections could be indexed using the lattice
parameters obtained from powder x-ray diffraction in the space group P21/m. The
additional peaks were found to be the result of diffraction by the aluminium cryostat
tail. These peaks were displaced slightly from the expected 20 positions owing to the
off-centre nature of the diffraction. The data were fitted using a version of the Riet-
veld refinement program described in chapter 2. The background was determined
between peaks wherever possible at low angles and estimated at 5° intervals at higher
20 values. Sections of the profile containing the aluminium diffraction peaks were

placed in excluded regions. The atomic scattering lengths were taken as
Mo 0.695, O 0.581, D 0.667 and P 0.513 (all 1071 m).

Initial refinements were performed on a restricted section of the profile, starting
at low 26, and were based on the structure determined by Kierkegaard but with no
deuterium positions included. The parameters varied were the scale factor, halfwidth
parameters, cell constants and zero point. This produced pr in excess of 30%. The
Mo, P and O positional parameters were then refined, reducing pr to around 25%.
At this stage a Fourier difference map was calculated. A deuterium position was
located in proximity to the oxygen, O(3), which is bound to P. Of the other possible
sites two were approximately 1A distant from O(6), an unshared oxygen in the

MoO6 octahedron. Deuterium atoms were introduced into the refinement on these
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sites, yielding pr of 12% and producing chemically reasonable D-atom positions.
Lastly anisotropic temperature factors were introduced. The final refinement thus
included a total of 69 atomic parameters, the scale factor, the three halfwidth parame-
ters, four cell constants and the zeropoint. The profile used was between 30° and
140° of 20, containing 516 reflections. R, was 4.49% pr 9.20% and Rexp 3.56%. A
full list of observed and calculated intensities is given in appendix 1, and a plot of
the observed and calculated diffraction profiles may be seen in figure 3.1. The final
atomic parameters are given in table 3.2. All the atoms except O(1) lie on 2e sites in
the y=0.25 plane. Attempts to refine the structure in the lower symmetry space group
P21, which allows the atoms to move out of this plane, produced no stable refinement

and no improvement in R-factors.

3.5 Discussion of the Structure

A thermal ellipsoid plot of the structure is shown in figure 3.2 and bond dis-
tances and angles are given in table 3.3. The planes containing most of the atoms are
linked together by the O1 oxygens, and each plane is related to its nearest neighbour
in the y-direction by the twofold axis. The oxygen atom positions determined here in
some cases differ significantly from those obtained by Kierkegaard. The molybenum
environment consists of two short bonds (ca.1.7 &) to O(4) and O(6) typical of a bent
molbydenyl group, three normal Mo-O bonds of around 2.0 linking to phosphate
groups and a weakly bound DZO molecule with a Mo-O distance of 2.71 A. The
geometry of the MoO6 unit is somewhat distorted from that of a regular octahedron,
with angles between neighbouring oxygens varying from 79° to 97°. This environ-
ment is similar in some respects to that found in molecular Mo[(CH)ZNCHO]ZOZCI2
where a bent molybdenyl group (Mo-O=1.68 &) is coordinated to the ligand oxygen

(Mo-0=2.20 &) and to chlorine in an approximately octahedral coordination sphere®.
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Table 3.2 Structure of MoOZDPO 4.:D'ZO

(e.s.d.’s in parentheses)

Space Group P21/m (No. 11 International Tables).

Unit Cell Dimensions: a=6.7104(2) &, b=6.3437(2) &, c=6.9864(2) A
o=y=90°, B=109.892(1)°

Atom  Position X y z TBeq/AZ
Mo 2e 0.27699(43) 0.25 0.17815(53) 2.12(13)
P 2e 0.66761(46) 0.25 0.66691(48) 1.88(14)
o) 4f 0.67911(39) 0.43443(34) 0.81103(29) 1.52(10)
0@2) 2e 0.46572(44) 0.25 0.48227(41) 2.65(17)
0@B3) 2e 0.84126(55) 0.25 0.56977(53) 0.92(13)
0®) 2e 0.20143(48) 0.25 0.91289(41) 1.25(14)
o) 2e 0.60644(56) 0.25 0.15486(87) 2.77(18)
0(6) 2e 0.04725(54) 0.25 0.22267(46) 2.25(17)
D(1) 2e 0.98517(48) 0.25 0.68544(40) 2.05(17)
D(2) 2e 0.73357(58) 0.25 0.28638(59) 2.66(17)
D(3) 2e 0.65392(71) 0.25 0.03969(67) 4.16(23)
Anisotropic Thermal Parameters
Atom By, By Bss By By Bas
Mo 0.0080(8) 0.01379) 0.0202(9) 0.0 0.0195(8) 0.0
P 0.0084(8) 0.0207(15)  0.0063(7) 0.0 0.0010(6) 0.0
o) 0.0074(7) 0.0134(7) 0.0038(4) 0.0110(5) -0.0053(3) 0.0010(5)
0@®2) 0.0008(8) 0.0368(24)  0.0085(5) 0.0 -0.0035(4) 0.0
0@B3) 0.0102(10)  0.0040(9) 0.0033(7) 0.0 0.0056(7) 0.0
o) 0.0127(10)  0.0019(9) 0.0015(7) 0.0 -0.0135(6) 0.0
063 0.0038(9) 0.0193(17) 0.0258(13) 0.0 0.0080(9) 0.0
0(6) 0.0074(9) 0.0285(17)  0.0044(8) 0.0 0.0003(7) 0.0
D(1) 0.0030(9) 0.0308(14)  0.0019(7) 0.0 -0.0046(7) 0.0
D(2) 0.0133(11) 0.0070(10) 0.0205(10) 0.0 -0.0073(8) 0.0
D(3) 0.0247(13)  0.0435(23) 0.0108(10) 0.0 0.0171(10) 0.0
RI=4'49%’ pr=9.20%, Rexp=3°56%'

TBeq = %[aZBI1+b2B22+c2[533+ab(cosy)B12+ac(cosB)B13+bc(cosa)B23]
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0,

2
Table 3.3 Interatomic Distances and Angles in M(}DPO +D,0

(e.s.d.’s in parentheses)

Mo-O(1)
Mo-0(2)
Mo-0®4)
Mo-O(5)
Mo-0O(6)

D(1)...0(4)
D(2)...0(3)

0(4)-Mo-0O(6)
0(6)-Mo-0O(2)
0O(4)-Mo-0O(5)
0O(2)-Mo-0O(5)
O(1)-Mo-0(2)
O(1)-Mo-0O(4)
O(1)-Mo-0O(5)
O(1)-Mo-0(6)

2.021(4)
2.071(4)
1.747(3)
2.271(6)
1.673(3)

1.750(4)
1.862(4)

104.1°
95.2°
82.1°
78.6°
86.1°
91.5°
82.5°
97.2°

P-O(1)
P-0(2)
P-0(3)

0(3)-D(1)
0(5)-D2)
O(5)-D(3)
D(2)..D(3)

D(2)-0(5)-D(3)
P-O(3)-D(1)
0(3)-D(1)...0(4)
0(5)-D(2)...0(3)
0(1)-P-0(2)
O(1)-P-0(3)
0(2)-P-0(3)

1.528(3)
1.520(4)
1.535(4)

1.027(4)
1.019(6)
0.961(6)
1.621(4)

109.9°
107.7°
169.1°
149.5°
112.9°
114.6°
102.5°

All distances are given in Angstroms
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The presence of the D20 moiety accounts for the strong absorption at 1620 em™!

in the infrared spectrum of MoOZHPO 4‘H20 and its geometry is typical of that of
water in hydrated inorganic compounds. It is held in the y=0.25 plane by a weak
hydrogen bond between D2 and O3. The distance between D1 and O4 in the neigh-
bouring chain also suggests the presence of a hydrogen bond which thus links

together the infinite chains in one direction perpendicular to the b-axis.

3.6 Thermogravimetric Analysis

Approximately 19 mg of sample was analysed by heating from 20 to 500°C in
airr The TGA and DTG plots for MoOZDPO 4.D20, using a heating rate of
8°C min_l, are shown in figure 3.3. The plots for the protonated material were essen-
tially identical. It can be seen that weight loss occurs in three stages. In the first
stage, starting at ca. 60 °C interparticular water is lost, leaving pure MoOzDPO 4‘D20‘
Taking this to be the case, then the second stage, starting at ca. 150°C, and the third,
starting at ca. 260 °C, correspond almost exactly to the loss of half a mole and one
mole of water respectively. i.e. the following process occurs:

l/2[2MoO3.P205.3H20]
1 150°C
1/2[2M003.P205.2H20]
1 260°C
l/2[2M003.P205].

Considering the structure of the compound at 5K, it might be expected that the
mole of water corresponding to the HZO group is more easily lost than the other half
mole, since this requires breaking only one Mo—O bond. At higher temperatures how-

ever migration of protons may make the loss of water from the phosphate group

more favourable.
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3.7 Nuclear Magnetic Resonance

The 3'p magic angle spinning solid state NMR spectrum of MoOZHPO 4.H2O,
recorded at 121.4MHz, is shown in figure 3.4. A single peak is observed with a
chemical shift of —6.26 ppm (referenced to 6=0 for H3PO 4). Typical values observed
for phosphate groups in the solid state lie in the range 0 to —30 ppm. Recent work by
Clayden® on the 31p MAS-NMR of zirconium hydrogen phosphates has suggested
that for P(OM) 4_n(OH)n groups, there is a relationship between n and the chemical
shift value. For instance P(OZr) 4 has a resonance at -29 ppm whereas P(OZr)?‘(OH)2
moieties have chemical shifts of the order of -10ppm. The value of -6.26 for
MoOzHPO 4.H20 would suggest that on this basis that the phosphorus tetrahedron is
of the form P(OM0)2(OH)2 or P(OM0)3(OH), as determined by powder neutron

diffraction, rather than the OP(OMo)3 suggested by Kierkegaard.

3.8 Infrared Spectroscopy

The infrared spectrum of MoOzHPO 4‘H20 is shown in figure 3.5. Between
3000 and 3600 cm“l, three absorption bands due to O-H stretching are observed. A
strong, sharp absorption at 1620 cm™! is due to the symmetric bend of water, as dis-
cussed previously, and below 1300 cm™! a series of bands due to P—O modes may be
observed. Mo-O stretching modes are of no higher energy than 700 cm Using a
one-dimensional potential for the hydrogen bond, Lippincott and Schroeder® have
produced a model which relates O...0 distances of hydrogen bonds to the associated
O-H stretching frequencies, and which corresponds well with experimental data. Of
the three O-H stretching bands in the spectrum of MoOZHPO 4'H20’ the broad
absorption of lowest energy is centred at 3190 em L. According to Lippincott and
Schroeder, this corresponds to an O...0 distance of 2.76 A. From the neutron

diffraction study the distance O(3)...0(4) is 2.765A and the angle O(3)-D(1)...0(4)
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d/ppm

Figure 3.4 Solid State °'P NMR spectrum of MoO,HPO,H O (frequency
121.4 MHz, referenced to =0 for H3PO 4).
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169.1°. This therefore fits well with the assignment of the O(3)-D(1) stretch to this
absorption. The other two bands are therefore presumably the symmetric and
antisymmetric stretching modes, at 3535 and 3480 cm™ respectively, of the HZO
species in the structure. Since a single isolated O-H group is not involved, the model
of Lippincott and Schroeder is invalid, and in fact would predict an O...O distance
greater then the 1.788 & found for O(5)...0(3). In addition the angle O(5)-D(2)...0(3)
is, at 149.5°, somewhat lower than that typically found for hydrogen bonding in inor-

ganic compounds.

The spectrum of the deuterated compound, shown in figure 3.6, is essentially
identical with that of MoOzHPO 4‘H20 below 1200cm . At higher frequency, two
sharp O-D stretching bands appear at 2642 and 2555 cm™’. These are assigned to the
symmetric and antisymmetric stretching modes of DZO’ with the broad absorption at
ca. 2380cm™ corresponding to the phosphate O-D stretch. It also seems likely that
the symmetric bend of D2O occurs at around 1190 cm_l, although this is partially
masked by a broad P—O stretching band. It can be seen that a certain amount of HZO
adsorption and proton-deuteron exchange has occurred during the preparation of the
infrared sample, with absorption in the region 3100-3600 cm_l, at 1610 cm_1 and at

1420cm™ (probably the bending mode of HDO).

3.9 Proton Conductivity

A.c. conductivity measurements, as described in chapter 2, were performed on
samples of MoOZHPO 4.H20. The samples were pelletised and thin gold films sput-
tered onto opposite sides. The pellets were then installed in the cell between gold foil
electrodes. The sample temperature was controlled using a water bath. Three samples
were examined of which two were derived from a single preparation of

MoOZHPO 4‘H20 and had been washed with acetone, and the third of which was
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from a second preparation and washed finally with diethyl ether. Measurements were

taken in the region 0 to 50 °C, with low temperature data being recorded initially.

Conductivity data for the three samples are shown in figure 3.7. The data
represented by squares and circles are from the two acetone-washed samples, whereas
the diamonds refer to the ether-washed preparation. Typical room temperature con-
ductivities were of the order of 1.5x10™ (Qcm)"l. This lies towards the lower end of
the range typical for hydrated inorganic conductors (see section 1.4), being lower
than the values for HUP or o—ZrP but an order of magnitude higher than that found
in H3O+|3"—a1umina. In the plots, a linear Arrhenius-type behaviour is observed
below 25°C and a least squares fit to these data yielded an activation energy for the
conduction process of 37.5(x4)kJ mol L. Above 30°C the conductivity begins to fall

markedly.

The origin of ionic conductivity cannot be determined by this type of a.c. exper-
iment. It has been suggested that the high conductivities observed are due to phos-
phoric acid adhering to the crystallites. It is possible that such a mechanism is operat-
ing in the case of MoOZHPO 4.H20. However the material was washed thorougly
with organic solvents, and in addition the high activation energy observed, compared
with 20kT mol " for HUP’, would seem to preclude a mechanism based on interpar-
ticular acid. If proton conductivity is a true bulk property of the material, one possi-
ble mechanism could involve a Grotthus-type migration of protons along the
hydrogen-bonded network, perpendicular to the crystallographic c-axis (see figure
3.2). The absence of free water molecules, which are thought to make an important
contribution to bulk proton conduction in HUP and o-ZrP, would account for the
higher activation energy in this case, with all the protons in effect bound to the

framework.
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Figure 3.7 Conductivity data for pellets of MoOzHPO4.H20. The three samples
comprise two prepared in the same batch and washed with acetone (data represented
by squares and circles) and one washed with dried ether (diamonds).
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CHAPTER 4

STRUCTURE OF CUBIC HSbO,.xH,0

4.1 Introduction

As described in chapter 1, three types of hydrated antimonate HSbO3.xH20 are
known, whose structures are based respectively on the ilmenite, pyrochlore and cubic
(Im3) polymorphs of KSbO3. Chowdhry and co-workers! have carried out a study of
these three types using thermogravimetric analysis, infrared spectroscopy, NMR and
proton conductivity techniques and showed that each has a room temperature conduc-
tivity of the order of 1073 (Qcm)"1 and which is strongly dependent on water content.
This suggests that a model for proton mobility based on the Grotthus mechanism is

applicable for these hydrates.

Of particular interest is the cubic polymorph of HSbO3.xH20 since two distinct
sites for cavity water have been identified. The unique framework structure of cubic
KSbO3 (space group Im3) is retained on ion exchange to form the hydrated oxide
and consists of a network of pairs of edge-sharing SbO6 octahedra themselves linked
by corner-sharing. Tunnel-like cavities extend in three dimensions throughout the
structure in the <111> direction, intersecting at the origin and body-centre positions.
Three corner-sharing oxygens, situated on 24g sites about the three-fold [111] axis,

define the narrowest part of the tunnels where they have a diameter of about 2.5 A.

Watelet et al.2 carried out a single crystal x-ray diffraction study on hydrated
and partially dehydrated phases of this polymorph and found "H3O" species in the
cavities situated on two partially occupied 16f sites, that is on (x,x,x), one close to
the plane formed by the three 24g oxygens and the other closer to the crystallo-

graphic origin along the [111] axis. The ratio of the occupancy of the former site
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over that of the latter was found to decrease with decreasing water content. From this
x-ray work it was impossible to locate the hydrogen positions and it was conse-
quently unclear as to whether the water is present as hydronium ions, as separate
water molecules and framework-bound protons or as a combination of both. The pro-
ton NMR data of Chowdhry et al. supported the existence of hydronium ions, in con-
trast to other hydrated oxides such as H2Ta206.xH2O3 and HZOHTaWO64 where low
temperature powder neutron diffraction and NMR studies have shown the existence

of distinct H20 and OH groupings.

In order to resolve these possible forms, a powder neutron study was undertaken
on fully deuterated samples of cubic DSbO3.xD20. A preliminary study of proton

motion in HSbO3.xH2O by quasielastic neutron scattering is described in chapter 5.

4.2 Synthesis

HSbO3.xH20 was prepared by ion exchange of KSbO3 in aqueous sulphuric
acid. Cubic KSbO3 was prepared as described by Chowdhry et al.l: a mixture con-
taining an approximately 1:1 weight ratio of KF (BDH, AnalaR) and KSb(OH)6 was
intimately comminuted and then heated in a platinum crucible at 1000 °C in air for
12h. The white product was then reground, washed thoroughly with distilled water
and dried by heating at 150°C for 24 h. The ion exchange was effected by reaction
of the KSbO3 with a 3M solution of H2SO 4 (May & Baker, Lab. Reag.), about
250cm’ being used for 5g of KSbO3. The reaction mixture was stirred at ca. 50°C
for 3 days and the exchanged product then filtered off and washed thoroughly. A
similar procedure was adopted for the preparation of deuterated samples: the KSbO3
was exchanged in an approximately 3M solution of D2SO 4 made from D2SO 4
(BDH, >99% D) and D2O (BDH, >99.96% D), 100 cm3 of solution being used for

5g of KSbOs. All operations were carried out in H2O-free conditions under an
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atmosphere of dry nitrogen, with sample handling taking place in a glove box and the
ion exchange being effected in stoppered flasks. The white deuterated samples were
washed with DZO. Two samples were prepared of which one was simply stored in a
doubly sealed bottle over CaCl2 while the other was first dried by heating at ca.

50°C under vacuum.

4.3 Characterisation

Powder X-Ray Diffraction

The KSbO3 used in this work was found to be a pure, highly crystalline cubic
phase of lattice parameter 9.615(3) &, which compares with a value of 9.56 & given
in the original work of Spiegelberg>. All reflections could be indexed on the basis of
a body-centred unit cell, and are given in table 4.1. Similarly, samples of
HSbO3.xH20 gave diffraction patterns which could be indexed using a body-centred
unit cell. A typical lattice parameter was 9.526 A (see table 5.1). The undried deu-
terated sample used for powder neutron diffraction showed itself to be a pure
material with no diffraction peak arising from impurity. The pattern was indexed in

the space group Im3 and the lattice parameter refined as 9.549(4) A.

Flame Photometry

The concentration of potassium in the acidic supernatant after the ion-exchanged
product had been filtered off was determined by flame photometry. The instrument
was calibrated with standard solutions as described in chapter 2. For the undried sam-
ple, the result corresponded to 97(35)% of the potassium content of the parent com-

pound, assuming that this was a pure phase of KSbO3.

Thermogravimetric Analysis

TGA was carried out using a Stanton thermobalance. About 1.0 g of the undried
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Table 4.1 Observed and Calculated Powder Diffraction Data for KSbO3.

hkl 20(obs)  26(calc)
110 13.00 13.01
200 18.44 18.44
211 22.64 22.63
220 26.20 26.19
310/130 29.36 29.35
222 32.25 32.22
3217231 34.89 34.89
400 37.39 37.38
411/330 39.73 39.74
420240 41.98 41.99
422 46.18 46.22
510/150/431/341 48.20 48.22
521251 52.02 52.05
530/350/433 55.67 55.70
600/422 57.47 57.46
611/532/352 59.27 59.19
620260 60.90 60.89
541/451 63.53 63.56
6317361 65.81 65.83
444 67.43 67.43
710/170/550/543/453 68.99 69.01
640/460 70.57 70.58
721271/633/552 72.08 72.13
A=1.5406 A

a=9.615(3) &
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deuterated sample was heated to 700°C. A DTG curve was derived which was simi-
lar to the one reported by Chowdhry et al.l except for the presence of a larger
amount of interparticular water, whose loss in the region 40-80°C partially masked
that of the cavity water. However it was possible to determine the composition of the
dried sample as DSbO3.0.8(iO.1)D20. In the structure refinement described below,
the composition of best agreement emerges as DSbO3.0.81(’|_'0.03)D2O. For conveni-

ence the compound is referred to in this work from now on as DSbO3.O.81D20.

Electron Microscopy/EDAX

Using the technique described in chapter 2, the relative proportions of the
heavier elements present, in this case potassium and antimony, were determined by
analysis of certain x-rays (KK and SbL) emitted whilst the samples were mounted in
a scanning electron microscope. As stated previously, the errors inherent in this
method are difficult to estimate, but were of the order of 2-3%. The samples
analysed were high purity KSb(OH) 6 (used in the synthesis of KSbO3), KSbO3 and

DSbO3.0.81D20. The results were (in percentage ratio by weight):

KSb(OH) 6 Sb77.8, K222 (theoretical: 75.7, 24.3)
KSbO3 Sb785, K215 ( " 75.7, 24.3)
DSbO3.0.81D20 Sb979, K 21 ( " 100.0, 0.0)

Infrared Spectroscopy ©

Infrared spectra were recorded of KSbO3, HSbO3.xH20 and DSbO3.0.81D20 as
pressed Csl discs, and are shown in figure 4.1. The spectrum of KSbO3 is essentially
featureless above 800cm™’. At lower frequency vibrations of the SbO3— framework
are observed with strong features at 645, 554 and 373 cm™L. These features are also

observed in the other two spectra, although less well-resolved.
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recorded as pressed Csl discs.
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For the protonated compound several broad absorptions are observed at higher
frequency with those at ca. 3530 and 1680 em™! corresponding respectively to O-H
stretching and to bending modes of H20 and H3O+. The broad band at ca. 1140 em™!
may also be ascribed to a bending mode of H3O+. Assignment of the other broad
features is more difficult since they possibly represent combination bands. However
the breadth of all the higher frequency bands indicates the presence of hydrogen
bonding and of thermal disorder of the cavity species, as might be expected in this
proton-conducting material.

Ths spectrum of DSbO3.0.81D20 is very similar to that of HSbO3.xH20
demonstrating that substantial proton-deuteron exchange must have occurred during
the preparation of the sample disc. However the greater intensity of absorption
between 1100 and 1200 cm ™! may be assigned to bending modes of the residual deu-

terated species.

4.4 Powder Neutron Diffraction

Powder neutron diffraction data were collected at room temperature on the D2B
diffractometer at the I.L.L, Grenoble. As described previously for MoOzDPO 4.D20,
the samples, of approximately 5g mass, were contained in a thin-walled vanadium
can sealed with an indium wire gasket. The diffractometer was again operating at a
wavelength of 1.595 A and the profile was collected in 20 steps of 0.025° between 0°
and 180°. The instrument was operating in high resolution mode.

The spectrum obtained for DSbO3.0.81D20 is shown in figure 4.2 and is of high
quality. All the diffraction peaks could again be indexed on the basis of a cubic unit
cell of space group Im3 whose cell parameter, obtained from the profile refinement,

was 9.5505(5) A. Some diffuse scattering was observed at low angles, and data below
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30° were accounted for by fitting the background to this "hump".

The data were fitted using the Rietveld refinement program previously described.
The background was determined manually at as many points as possible between
diffraction peaks by averaging over a short range of data points. The atomic scatter-

ing lengths were taken as
Sb 0.564, O 0.580, D 0.667 (all x10_14m)

The refinement was carried out in the space group Im3 with the origin taken at m3.
The antimony atoms were first placed on the 12e sites and the framework oxygen
atoms on 12d and 24g sites, following the work of Watelet et al. The scale factor,
halfwidth parameters, cell parameter and zeropoint were then refined and none pro-
duced an unusual value. Atomic positions and temperature factors were then refined
and an intensity R factor of about 34% achieved. At this stage a Fourier summation
was computed on sections through the asymmetric one eighth of the unit cell (figure
4.3) and from this the two extra-framework oxygen positions were easily identified
on 16f sites (x,x,x) close to those found in the previously reported structure (x=0.16
and x=0.10). In addition a strong peak at approximately (0.23, 0.10, 0.24) and
equivalent positions could be assigned to deuterium atoms D(1) since they lay at a
distance of approximately 1A from the cavity oxygen O(3) at (0.16, 0.16, 0.16).
These atoms were incorporated into the refinement and all atomic positions and iso-
tropic temperature factors then refined together with the occupancies for the cavity
atoms. The best fit was achieved with the occupancy of D(1) having refined to close
to three times of that O(3), that is with a symmetrical D3O species, each D being on
an equivalent site related to the other two by rotation about the [111] axis. The
occupation factors for O(3) and D(1) were subsequently constrained to be in the ratio

1:3. At this stage RI fell to 14%. In order to determine the positions of the



Z=0.10

Z=0.18

2=0.22

Z=0.24

00 X— v 05
y 04 ©
1
o "
0,
0.5 Yz
OO X —> 05
y O3 %
! @
0
I\ N VN 2
0 X —> 0-5
0
Y 02
l D > D @
1 = 1
-
05
02) X = 05
’ 0
Dy D @
>
e >
05

Figure 4.3 Fourier summation maps calculated for xy sections of the asymmetric unit
of DSbO3.0.8lD20. (N.b. the diagrams are distorted due to x and y not being on the

same scale.)
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deuteriums associated with the other cavity species, Fourier difference maps were
then calculated for the same region as before. In the relevant area (figure 4.4), around
the [111] axis at x=0.10, new peaks were observed which were however weaker and
less well defined than those in the initial Fourier summation, probably due to thermal
motion of, or disorder in, this cavity species at room temperature. However it was
possible to determine reasonable positions for additional deuterium atoms, D(2) and
D(@3), at a distance of approximately 1A form O(4) on unrelated sites forming a DZO
species with O(4) and another, D(4), bound to the framework oxygen O(1) forming a
deuteroxyl group and also at a reasonable hydrogen-bonding distance to O(4). An
attempt to fit a second deuteronium ion as an alternative to this model was unsuc-
cessful. Full refinement of this model led to a very close fit to the data, as shown in
figure 4.5, and RI fell to 3.6%. Observed and calculated intensities for the 150

reflections are tabulated in appendix 2.

The final structure, including isotropic atomic temperature factors and occupan-
cies, is given in table 4.2 and bond lengths and interatomic angles are tabulated in
table 4.3. As can be seen, the accuracy in position of the deuteriums associated with
O(4) is lower than for D(1) and the DZO bond lengths and angle less well defined
but not unreasonable. It should be borne in mind that the interaction of the DZO
species with the lattice is obviously very weak and at room temperature considerable
freedom of this species and the hydrogen-bonded D(4) is apparent. It should also be
noted that in a non-stoichiometric disordered structure the refined positions represent

the average contents of the unit cell.

However an unambiguous definition of the nature of the cavity species has been
established together with an accurate framework structure and further improvement

would be possible by carrying out neutron diffraction studies at lower temperature.
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Table 4.2 Structure of DSbO3.0.81D20
(e.s.d.’s in parentheses)

Space Group Im3, Origin at m3 (No. 204 International Tables).
Unit Cell Dimensions: a=b=c=9.5505(1)&, a=B=y=90°.

Unit Cell Content

12 Sb 12¢ (x,0,%%)
12 0O1) 12d (x,0,0)
24 0(Q2) 24g (0y.2)
530 O(3) 16f (x,x,x)
1591 D(1) 48h (x,y,2)
44 04 16f (x,x,x)
44 D2) 48h (x,y,2)
44 D@3) 48h (xy,2)
6.70 D(4) 24g (0,y,2)
Atom X y z B/AZ n
Sb 0.8400(3) 0.0 0.5 0.57(4) 1.0
0Q) 0.3665(3) 0.0 0.0 1.06(6) 1.0
0Q2) 0.0 0.3428(3) 0.2912(2) 0.65(3) 2.0
0@3) 0.1671(6) 0.1671(6) 0.1671(6) 0.77(14) 0.442(9)
D(1) 0.2366(5) 0.2244(4) 0.1052(5) 1.89(11) 1.326(26)
04 0.1055(11) 0.1055(11) 0.1055(11) 4.82(46) 0.374(18)
D(2) 0.1919(32) 0.0674(29) 0.111037) 4.71(58) 0.374(18)
D(@3) 0.0868(19) 0.2016(22) 0.1617(23) 2.60(42) 0.374(18)
D4) 0.0 0.0480(12) 0.2711(15) 5.62(38) 0.558(9)

RI=3.60%,R =12.78%, R __=5.88%.
wp exp
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Table 4.3 Interatomic Distances and Angles in DSb03.0.81D20

(e.s.d.’s in parentheses)

(a) Framework Atoms

Sb-0(2) x2 1.956(4)
Sb-O(1) x2 1.990(4)
Sb-0(2) x2 1.994(2)
O(1)-0(1) x1 2.550(6)
0(1)-0(2) x2 2.790(3)
0(1)-0(2) x4 2.803(4)
0(2)-0(2) x4 2.805(1)
0(2)-0(2) x1 3.003(5)
Sb-Sb 3.056(6)

O(1)-Sb-O(1) x1 79.69(3)°
O(1)-Sb-O(1) x4 89.43(2)°
O(1)-Sb-O(1) x2 89.99(11)°
0(2)-Sb-O(1) x4 90.49(14)°
0(2)-Sb-0O(1) x1 100.28(5)°

(b) Cavity Species

0(3)-D(1) 1.044(11)
0@3)...0(2) 2.601(6)

0(3)D(1)...0(2) 1.564(10)
D(1)-0(3)-D(1)  100.82(11)°

04)-D(2) 0.90(5)
04)-D(3) 1.08(4)
O(1)-D@4) 1.02(2)
0(1)...0(4) 0.90(5)

O(1)D4)...0(4) 1.954(15)
D(2)-0(4)-D(3)  118.0(9)°

All distances are given in Angstréms



-72 -

The sample which had been dried under vacuum gave a very different neutron
diffraction profile to that of DSbO3.0.81D20, as is shown in figure 4.6. On inspec-
tion of the peak positions it was apparent that the greater number of reflections could
be accounted for by the formation of a supercell with cell dimensions approximately
double those of DSbO3.O.8 1D20. Attempts to index the pattern on tetragonal cells
with only one or two parameters doubled left too many peaks unindexed. However
using a primitive cubic cell of lattice parameter 18.982(1) A all but two of the peaks
could be accounted for. The data is tabulated in table 4.4.

Unfortunately initial attempts at structure refinement showed that the number of
unique atoms required was too large for the profile refinement software at Southamp-

ton, and therefore no further structural analysis was carried out.

4.5 Discussion of the Structure

As can be seen from table 4.3, the Sb03_ framework consists of a network of
distorted SbO, octahedra in which the angle formed by the two edge-sharing oxy-
gens, O(1), and the central antimony is compressed by about 10° from the ideal 90°.
This is complemented by a widening of the corresponding angle involving the two

corner-sharing oxygens which lie in the same plane.

The cavity species consist partly as D3O+ and partly as D,0 associated with
deuterium bound to the lattice. Figure 4.7 shows a portion of the structure viewed
approximately perpendicularly to the [111] threefold axis (shown as a broken line).
The positions of the deuteronium ion and of the DZO and associated OD grouping
are shown respectively in (a) and (b) in relation to the positions of framework oxy-
gens which lie perpendicular to the axis. It can be seen that the symmetry of the O(3)

site and the proximity of the three equivalent framework oxygens O(2) form an ideal
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Table 4.4 Observed and Calculated Powder Neutron Diffraction Data for
DSbOs.xl-IzO (vacuum-dried sample)

(For clarity only one reflection is given for each observed peak)

h k1 206(obs) 20(calc) h k1 206(obs) 20(calc)

220 13.64 13.68 10 8 6 7293 72.94
311 15.96 16.05 12 8 0 74.60 74.62
400 19.31 19.38 1010 4 76.30 76.30
331 20.96 21.14 11 8 6 7733 71.33
4 21 2241 22.23 12 4 4 78.00 77.96
4 22 23.88 23.79 1460 79.60 79.61
430 24.33 24.29 1111 1 81.93 81.86
333 25.20 25.25 1210 2 82.93 82.88
4 32 26.29 26.19 1010 8 86.13 86.13
440 27.46 27.53 1010 9 89.47 89.57
530 28.25 28.39 1212 0 91.00 90.99
620 30.84 30.85 14 8 6 92.57 92.61
6 31 33.08 33.14 1212 4 9422 94.23
4 4 4 33.94 33.88 16 6 6 99.15 99.12
551 3491 34.95 121010 102.40 102.41
6 4 2 36.74 36.68 1212 8 104.13 104.08
722 37.10 37.02 1410 8 105.75 105.75
800 39.34 39.31 1412 8 109.10 109.14
6 53 41.24 41.19 16 8 8 110.88 110.86
6 60 41.80 41.80 1414 0 112,60 112.60
555 42.58 42.71 20 0 0 11435 114.37
6 6 2 42.99 43.00 1414 4 116.20 116.16
840 44.15 44.18 1612 4 11797 117.97
6 6 4 46.51 46.46 18 8 6 119.80 119.82
8 4 4 48.65 48.65 12 1212 121.70 121.70
8 6 2 50.78 50.77 141210 123.65 123.63
10 4 2 54.85 54.84 1414 8 127.63 127.61
866 58.73 58.71 1612 8  129.68 129.68
12 0 0 60.60 60.58 20 8 4 134.02 134.02
12 2 2 62.45 62.43 1614 6 136.38 136.31
12 4 0 64.25 64.24 1615 4  138.80 139.01
10 8 2 66.05 66.02 151311  144.80 144.92
12 4 4 67.78 67.78 1814 0  146.80 146.72
9771 68.45 68.44 1616 4  149.80 149.80
12 6 2 69.47 69.52 14 1412 153.25 153.18
8 88 71.25 71.24 16 16 12 157.07 157.02

A=1.595 A
a=18.982(1) &
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Figure 4.7 A portion of the structure of DSb03.0.81D20, viewed approximately per-
pendicularly to <111> and showing the positions of the (a) D30 and (b) D20+OD
species relative to the framework‘ oxygens O(1) and O(2).
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environment for the D30+ ion, with the D(1)-O(2) distance of 1.56 & indicating the
presence of hydrogen bonding. The occupancies of the two oxygen sites O(3) and
O(4) are in reasonable agreement with the single crystal work of Watelet et al., who
found occupancies of 0.45 and 0.30 respectively for the O(3) and O(4) sites in
HSbO3.O.75H20. This work also showed that partial dehydration of the material
resulted in preferential loss of water from the O(3) site. It is likely that the fully
dehydrated material DSbO3 would consist of a similar SbO3 framework with deu-

teroxyl groups at O(1).

Bond length/ bond strength calculations following the work of Brown and Wu’
suggest that O(1) is the preferred site of an OD group. According to the model a
cation-oxygen bond distance, R, may be related to its bond valence, S, by the equa-
tion

S=®R/R)™
where RO and N are emprically derived parameters. For Sb(V) RO is 19114 and N
6.0. In the case of O(2) the sum of the "valences" of the two inequivalent Sb-O
bonds is 1.645, whereas two Sb—O(1) bonds contribute 1.586. The inference is that
any protons bound to the framework would be more likely to be associated with
O(1), especially considering the strong O(2)-D(1) hydrogen bonding. In fact if the
relative occupancies of O(1) and D(4) and the bond distance between them are taken
into account then the average "valence" of an O(1) atom becomes 1.96, close to the

ideal value of 2.

Partial hydration of HSbO3 would thus involve the occupancy of the O(4) site
with the formation of a hydrogen bond similar to the arrangement found for example

in H2Ta206.xH20. However the relative positions of O(3) and O(4) suggest that as
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the level of hydration is increased, the O(3) site would also increasingly be occupied
in order to minimise the effect of oxygen-oxygen repulsion: the distance from O(4) to
the next nearest O(3) site (obviously neighbouring O(3) and O(4) sites cannot be
occupied) is 3.76 &, compared with 3.49 & between neighbouring O(4) sites. Occupa-
tion of O(3) is thus predicted to occur once there are more than four water molecules
in the unit cell, which is in good agreement with the refined occupancy of O(4). This
is accompanied by migration of protons to form a hydronium ion, strongly bound to
the lattice. The presence of H3O+ in fully hydrated samples agrees with the NMR

work on these materials!.

At low levels of hydration there must exist a greater number of protons bound
to the framework than in DSbO3.0.81D20. On the basis of the arguments presented
above this could be expected to result in a distortion of the framework to accommo-
date the longer Sb—O bonds, one possible effect of which might be the creation of a

doubled cell parameter as observed for the vacuum-dried sample.
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CHAPTER 5
QUASIELASTIC NEUTRON SCATTERING STUDY

OF SOME PROTONIC MATERIALS

5.1 Introduction 1,2

Neutron scattering can be either coherent or incoherent. Incoherent scattering is
caused by random effects such as lattice defects or stochastic motion in solids and
liquids whereas coherent scattering is a direct result of the periodicity of the struc-
ture. Coherent scattering subdivides into two further categories dependent on whether
a transfer of energy takes place between the neutron and the scatterer: coherent elas-
tic scattering corresponds to Bragg scattering and is discussed elsewhere in this work;
coherent inelastic scattering occurs, for example, when a fundamental vibrational
mode is excited during the scattering process. Indeed inelastic neutron scattering is

widely used to study the vibrational spectra of solids.

The technique has two principle advantages over optical methods. First, the
selection rules pertaining to infrared and Raman spectroscopy do not apply in the
case of neutron scattering. Secondly, in addition to energy, momentum is also
transferred during the scattering process. The momentum transfer is described in
terms of the reduced wavevector Q as follows

hQ = (mv-mv)
where m is the mass of the neutron and v and v, are the velocities of the scattered

and incident neutrons respectively. Q is itself defined as the difference between the

wavevectors of the incident and scattered neutrons

Q =k¢k
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Experimentally the momentum range of scattered neutrons is determined by
scanning their angular distribution. For example in the case of elastic scattering the
magnitude of the incident and scattered wavevectors is equal and therefore

Q0 = 1Ql = 2ksind
an
A

sin@

where A is the neutron wavelength and 0 is the scattering angle analogous to the

Bragg angle 20.

Thus using a time-of-flight spectrometer, simultaneous energy spectra may be
recorded over a range of scattering angles to give the full scattering law S(Q,) for

the scattering system.

In the case of vibrational spectroscopy the availability of a range of Q enables
for example phonon dispersion curves to be obtained whereas optical methods only
give the energy of modes at Q=0. The neutron scattering spectrum of an ideal cry-
stalline solid at a given Q consists of a strong elastic peak at AE=0 corresponding to
scattering from fixed nuclei in the sample and whose width is dependent solely on
the instrumental resolution. Flanking this peak are others corresponding to inelastic
scattering by phonons of energy AE=lw, with each peak on the energy loss side

being "mirrored” by one on the energy gain side (assuming AE<<KT).

Quasielastic scattering is said to occur when the energy transfer is sufficiently
small in magnitude that it is not observed as a discrete peak but instead as a broaden-
ing of the elastic peak. The energy transfers giving rise to quasielastic scattering are
no greater than the order of 1 meV (in terms of optical spectroscopy 1 meV=8 cm_l).
Quasielastic scattering is in fact the result of random translations and rotations in the

scatterer and is incoherent. Information about translational and rotational diffusion in
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a system may therefore be obtained if the quasielastic part of the scattering is able to

be deconvoluted from the elastic component.

Proton-containing materials lend themselves uniquely well to study by such neu-
tron scattering techniques since H has by far the largest neutron scattering cross-
section (0) of any nucleus and of this the dominant component is the incoherent

- -28 2 — 28 2 .
(Gmt— 81.5x10 " m"~, Cinc™ 79.7x107“° m“) Amomg the first areas to be studied by
quasielastic neutron scattering (QENS) was the behaviour of hydrogen in metals, dis-
cussed in a review of Springer3. Metals have the advantage that their structures are
relatively simple and, for example, in the case of Pde, diffusional motion may be

accurately represented by the Chudley-Elliot4 model.

Studies of water-containing complex oxides present a higher order of complex-
ity. Often more than one type of motion is present and studies may be carried out
under different experimental conditions to obtain the maximum information. For
instance using thermal neutrons with a relatively long wavelength of about 12 & will
result in high angular resolution but only allow a low range of Q (<1 A'l) to be stu-
died, giving information on long-range diffusion, whereas higher values of Q (2 &L
4.&'1) are needed to probe the microscopic detail of protonic motion. Similarly high
energy resolution is not only obtained at the expense of neutron intensity but in addi-
tion the element of time probed is inversely proportional to this resolution. Time-of-
flight instruments with energy resolutions in the range 10peV -200ueV give infor-
mation on events in the timescale 1010 -1072 s while higher resolutions allow access
to longer time domains; for example 1 eV, resolution obtainable on a spin-echo

9
spectrometer, corresponds to the order of 10 s.

An early study using the technique was carried out by Roth and co-workers on

H3O+B”-alumina5. The observed quasielastic broadening was fitted to a single
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Lorentzian. It was not possible unambiguously to identify translational motion, since
at low Q the halfwidth did increase as DQ2 and at high temperature even decreased
with Q. However a diffusion coefficient of 1.5x10_13 m2 s_1 was estimated at room
temperature. Recent work on hydrated inorganic materials using QENS include an
investigation of HUOZPO 4.4H20 (HUP) by Poinsignon, Fitch and Fender® using a
range of instruments at the I.L.L., including the time-of-flight spectrometers INS and
IN6 and the high energy-resolution spectrometer IN10. Three separate types of
motion were identified: a rapid H_,’O+ rotation with a residence time of 4x10712 s, a
slower reorientation of H20 with residence time 5.6x10'11 s and energy of
20kJmol ! and translational motion of protons. Work on the analogous compound
NaUOZPO 4.4H20 (NaUP)’ also revealed a reorientation of HZO (residence time
210712 s) and a translational motion, involving all the protons and with residence
time 2.2x107s. Diffusion coefficients for both materials were of the order of
107 m?s7L. Similarly the technique has been used by Pressman and Slade® to study
the tungstophosphoric acid H3PW120 40.6H20. Using the spectrometer IN13 at the
IL.L. (Q range 1.2 to 5.0 A—l, elastic peak resolution of the order of full width at
half height (fwhm)=8 peV), a twofold reorientation of HZO groups was identified

analogous to the H20 motion in HUP and with an activation energy of 14kJ mol!

and residence time of 6x10'13 S.

In this work a preliminary study has been made of protonic motion in the
proton-conducting material HSbO3.xH2O ("cubic" KSbO3 structure), and in the
defect pyrochlores H20H2Ta206, NH 4TaWO6 and NH 4HTa206. HZOHTaWO6 was
prepared but not studied by QENS.

As described in chapter 4, cubic HSbO3.xH20 has been studied by Watelet et

al.?, who carried out a structural study, and by Chowdhry and co-workers10 who
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measured the conductivity of the material, which was found to be of the order of
107 (Qcm)"1 at room temperature. The conductivity exhibited an Arrhenius-like tem-
perature dependence below 350K and the activation energy was found to be
38.1(x0.4)kJ mol"l. These last workers also carried out a pulsed proton NMR study
of the material which suggested that protonic motion at low temperatures is mainly
due to an anisotropic reorientation of H3O+ whereas above room temperature all pro-
tons participate in exchange. An activation energy for this (short range) motion was

calculated to be approximately 12kJ mol .

The defect pyrochlore-structured compounds have been studied by a number of
workers, and due to the ease by which they may be ion-exchanged have aroused

interest as possible proton-conducting materials.

The group of Raveau and co-workers first reported the synthesis of T12Ta20611
and KTaW0612 and their acidic ion exchange to form H20H2Ta206 and
HZOHTaWO6, as well as the preparation of NH 4TaWO613. All these materials crys-
tallise in the space group Fd3m. The structures of H20H2Ta20 6 and H20HTaWO6
have been determined respectively by Dickens and Weller!# and by Groult and co-
workers!3, both using powder neutron diffraction. In each case the water molecule
was found to be located in the large pyrochlore cavity with the water oxygen on, or
close to, the 8b site at the centre of the cavity. This contrasts with the monovalent
cations which are believed to exist on 16d sites in the bottleneck between cavities!,
The extra proton is attached to a framework oxygen. The water molecule is aligned
such that its oxygen points towards the individual proton, with a hydrogen-bonding
distance of 2.27 & in H,OH,Ta,0; distances of 2.32 & were also found between

water proton and framework oxygen in H20HTaWO 6
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Proton NMR studies of HZOHTaWO6 were carried out by Butler and Biefeld!’
in order to characterise the protonic motion in this material. They concluded that
between 200K and 300K protonic motion is dominated by the reorientation of the
water molecule and that significant translational motion was in evidence above 300K.
It was determined that this motion was solely due to individual protons and that no
translation of the water molecule occurs (but presumably only up to 360K when the
material begins to dehydrate). An activation energy for the proton motion of approxi-
mately 24kJ mol ™' was estimated from relaxation data. The use of an incorrect struc-
tural model detracted from their analysis of the results, however similar work by

Dickens and Weller!# on (H2O)0 42H2Ta206 gave an activation energy of 20kJ mol !

for proton motion and an estimated diffusion coefficient of 103 m?s7.

A powder neutron diffraction study by Kuntz and co-workers!8 of NH 4TaWO6
found that NH 4+ is also situated at the centre of the pyrochlore cavity. Up to 523K
there was no evidence for translational motion of NH 4+ and they suggested that the
observed protonic conductivity of the material (for which they cited a dissertation by
Brunner) was due to a Grotthus-type mechanism. The minimum hopping distance
between hydrogens of neighbouring ammonium ions is 2.28 A at 300K. NMR work
by Butler and Biefeld!?, conducted between room temperature and 580K, also sug-
gested that only protons participate in translational motion. They estimated an activa-
tion energy of ca. 25kJ mol ! and attempt frequency of 1x10'%57! for the process. It
is also worth noting that this compound is thermally stable up to 600K whereas the

hydrated pyrochlores begin to lose water at about 360 K.
In these compounds the types of protonic motion which thus would be expected

to occur below the temperature range of decomposition fall into two categories. First

long-range diffusion of protons is expected, most probably involving a hopping
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mechanism from site to site and without translation of NH 4+ or H3O+. Secondly
localised motions will occur involving rotation of the protonic cavity species, €.g. for
H,O a two-fold reorientation or "flipping" about the C,, axis. The aim of the present
work was an initial characterisation of protonic motion in the materials. It was hoped
first to identify any temperature-dependent broadening of the elastic peak and then, if
possible, fit the data to a simple Q-dependent diffusional model. The resolution of

IN6 enables processes to be observed on a relatively short timescale of the order of

107 10 10713,

5.2 Synthesis and Characterisation

Cubic HSbO 3xH20 : Synthesis

Cubic HSbO3.xH20 was prepared as described in chapter 4 by ion exchange of
cubic KSbO3, itself prepared by heating a mixture of KSb(OH), and KF. The ion
exchange was carried out on this occasion using 3M HNO3 (May and Baker, Lab.
reag.). 400 cm’ of the aqueous acid was used for approximately 6 g of solid and the
mixture stirred in a conical flask for 3 days at 50 °C. The liquid was then filtered off,
replaced with fresh acid and the reaction allowed to continue for a further 48 h. After
this time the solid was again filtered off, washed thouroughly with distilled water and
placed in a desiccator over CaC12. At the LL.L. the compound was further dried in

air at 70°C for several hours to remove any remaining surface water.

Cubic HSb03.xH20 : Characterisation

HSbO3.xH20 and the parent compound KSbO3 were characterised by powder
x-ray diffraction and infrared spectroscopy. The infrared spectra were closely similar
to those discussed in chapter 4, as was the x-ray powder pattern of KSbO3: a cubic

cell parameter of 9.615A& was determined. The diffraction pattern of HSbO3.xH20
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could be entirely indexed on the basis of a cubic unit cell, and in the space group
Im3. The cell parameter was 9.5255(5) & and the observed and calculated peak pos-
tions are given in table 5.1. In addition the extent of ion exchange was determined by
flame photometry of the reaction solution, as described previously. The amount of K"
found in the solution was equivalent to 96(34)% of the potassium content of the

parent compound, assumed to be a pure phase of KSbO3.

No direct method of determining the water content of the exchanged material
was available. It was therefore arbitarily assigned the composition HSbO3.O.75H20.
There is good deal of agreement among previous work, including the study described
here in chapter 4, that for samples prepared under ambient conditions using dilute
acid, and not dried under extreme conditions, the amount of water taken up is

between 0.7 and 0.8 molecules per SbO3 unit®-10,

Pyrochlores : Synthesis

H20H2Ta20 s Was prepared by ion exchange of T12Ta206. T12Ta206 was syn-
thesised according to the method of Deschanvres et al.ll; T12CO3 (ﬁuka, >99%) and
Ta205 (BDH, >99.9%) were intimately ground together in equimolar proportions and
then heated in an alumina boat at 600°C for 16h under a blanket of dry nitrogen.

13* which will not

The nitrogen was necessary to prevent the oxidation of TNt T
exchange with acids. The mixture was heated up to the reaction temperature at the
slow rate of 2°Cmin”" in order to minimise crepitation of the sample due to the evo-
lution of C02, and at the completion of the reaction cooled at a similar rate to ensure

maximum crystallinity of the sample. The quantity of reactants was chosen so as to

give about 12 g of product.

The ion exchange was effected by reaction of the brown T12Ta206 with 3M
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Table 5.1 Observed and Calculated Powder Diffraction Data for HSbOS.tzo

hkl 20(obs)  20(calc)
110 13.14 13.14
200 18.64 18.62
211 22.84 22.85
310/130 29.62 29.63
222 32.54 32.54
321231 35.22 35.22
400 37.76 37.75
411330 40.12 40.13
420240 42.41 42.40
332 44.65 44.58
422 46.73 46.67
510/150/431/341 48.74 48.70
521251 52.60 52.58
530350433 56.29 56.27
600/422 58.06 58.05
611/532/352 59.80 59.80
620260 61.52 61.52
541/451 63.19 63.21
631/361 66.54 66.52
444 68.08 68.15
710/170/550/543/453 69.79 69.75
640/460 71.40 71.34
7212271/633/552 72.94 72.92
730370 76.04 76.03
732/372/651/561 79.10 79.10
800 80.66 80.62
811/741/471/544 82.09 82.14
653/563 85.20 85.15
660/822 86.65 86.66
752/572 88.13 88.16
662 89.59 89.66
910/190/833 94.16 94.16
842/482 95.66 95.63
921291/761/671/655 97.19 97.17
664 98.68 98.68
930/390/851/581/754/574 100.18 100.20
932/392/763/673 103.23 103.26
844 104.84 104.81
941/491/853/583/770 106.42 106.36
860/680/1000 108.10 107.93
943/493/950/590 112.73 112.73
666/1022 114.29 114.36
952/592/1031/3101/765/675 116.02 116.02

A=1.5406 A
a=9.5255(5) A
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HNO3 (May and Baker). Approximately 400 cm’ was used for 12 g of 'Il2Ta206.
Although its colour changed from brown to white within a few minutes, the mixture
was stirred for 3 days with the acid being filtered off and changed every 24 h. At the
completion of the reaction the white product was filtered off, washed with distilled
water and placed in a desiccator over CaC12. Prior to the final washing a small por-
tion of fresh acid was washed through the sample under suction and tested with KI
solution to ensure that there was no TI" remaining in the sample ('Il+ gives a yellow

precipitate of TII).

NH 4HTa20 5 Was prepared by an adaptation of the method of Hervieu et al.13
HZOHTa206, obtained as above, was stirred in a 3M solution of NH 4Cl (Biolab,
>99%) in 0.880 ammonia (BDH, Lab. reag.). About 400 cm> was used for 10g of
the solid. After 24 h the solution was filtered off and replaced, and the reaction con-
tinued for a further 24 h. At the completion of the reaction the product was filtered
off under suction, washed first with 0.880 ammmonia, then sparingly with water and
finally further pumped on under the pressure of a water pump for several hours until
it had the appearance of a dry white powder. This had the effect of causing any

ammonia which may have been adhering to the surface of the particles to evaporate.

The product was stored in a sealed bottle in a desiccator.

HZOHTaWO s was prepared by ion exchange of KTaWO6. KTaWO6 was
prepared by the reaction of K2CO3 (BDH, >99.9%), Ta205 and WO3 (fluka, 99.9%).
The reactants were intimately ground together in the molar ratio of 1:1:2 respectively
and heated in an alumina boat at 800°C for 48 h. As for T12Ta206, and for the same

reasons, the mixture was both heated and cooled at a slow rate. About 12 g of white

crystalline product was produced in a single preparation.
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To prepare H2OHTaWO6, The KTaWO6 was stirred in 3M HNO3 for 48 h.
About 400 cm3 of the acid, which was changed after 24 h, was used for 12 g of solid.
At the end of this period, the white product was filtered off, washed thoroughly with

distilled water under suction and stored in a desiccator.

NH ,TaWO ¢ Was prepared in similar manner to NH 4HTa2O6, described above.
HZOHTaWO6 was stirred in a 3M solution of NH 4Cl in 0.880 ammonia for 48 h with
the solution (about 400 cm® for 10g of solid) being changed once after 24h. The

white product was then isolated, washed and dried as for NH 4HTa2O6.

Pyrochlores : Characterisation

Each of the unexchanged and exchanged samples was characterised by powder
x-ray diffraction and infrared spectroscopy. In addition, after each of the acid
exchanges, the amount of exchanged ion in the supernatant was determined; in the
case of TI' by gravimetry and for K* by flame photometry. The ammonium content
of the ammonium-containing materials was determined titrimetrically. At the time
that this work was carried out, thermogravimetric analysis was not available as a

characterisation technique.
Powder X-Ray Diffraction

For each of the six pyrochlore materials synthesised, including the unexchanged
oxides, powder x-ray diffraction showed pure phases which could be indexed in the
space group Fd3m. In addition, all the lattice parameters obtained were in very close
agreement with previously reported values, where available. These results are given
in table 5.2. For the individual phases, observed and calculated peak positions are

given in tables 5.3 to 5.8.
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Table 5.2 Observed Cubic Lattice Parameters for Pyrochlore-Structured Materials

alA(this work) a/A(literature) reference
T12Ta20 6 10.631(4) 10.61 11
H20H2Ta20 6 10.577(4) 10.580(5) 13
NH,HTa,0, 10.608(3) : -
KTawO 6 10.484(2) 10.469(2) 12
H,OHTaWO,_ 10.402(1) 10.401(7) 17

NH 4TaWO6 10.361(4) 10.362(6) 19
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Table 5.3 Observed and Calculated Powder Diffraction Data for T12Ta206

hkl 20(obs)  20(calc)

222 2906  29.07
400 3373 3370
331 3685  36.82
422 4157 4158
440 4840 4839

531333 5076 5077
442 5154 5154
622 5745 5745
444 6026  60.26
800 7085  70.85

A=1.5406 &

a=10.631(4) A
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Table 5.4 Observed and Calculated Powder Diffraction Data for H20H2T3206

hkl 20(obs)  20(calc)

111 14.50 14.49
311 27.95 27.95
222 29.22 29.22
400 33.88 33.87
331 37.02 37.02
511333 44.49 44.47
440 48.67 48.66
531 51.03 51.04
533 57.03 57.05
622 57.78 57.78
444 60.59 60.60

5517711 62.66 62.67
553/731 68.02 68.03
800 71.27 71.27

A=1.5406 &
a=10.577(4) A
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Table 5.5 Observed and Calculated Powder Diffraction Data for NH 4HT3206

hkl 20(obs)  20(calc)

111 14.44 14.45
311 27.85 27.87
222 29.12 29.14
400 33.79 33.77
331 36.89 36.90
422 41.67 41.68
5117333 44.34 44.33
440 48.52 48.50
531 50.88 50.88
533 56.88 56.87
622 57.60 57.59
444 60.41 60.41

551711 62.48 62.47
553/731 67.80 67.80
800 71.01 71.02

A=1.5406 &
a=10.608(3) A
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Table 5.6 Observed and Calculated Powder Diffraction Data for KTaWO6

hkl 20(obs)  20(calc)

111 14.61 14.62
311 28.20 28.21
222 29.48 29.49
400 34.18 34.18
331 37.37 37.36
422 42.19 42.20
511/333 44.89 44.89
440 49.10 49.12
531 51.54 51.53
533 57.61 57.61
622 58.33 58.34
444 61.20 61.20

5517711 63.30 63.30
553/731 68.73 68.72

800 71.99 72.00
733 73.95 73.95
A=1.5406 &

a=10.484(2) A
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Table 5.7 Observed and Calculated Powder Diffraction Data for HZOHTaWO6

hkl 20(obs)  26(calc)

111 14.74 14.74
311 28.44 28.44
222 29.73 29.73
400 34.46 34.46
331 37.66 37.66
422 42.54 42.54
511333 45.27 45.26
440 49.53 49.53
531 5197 51.97
533 58.10 58.10
622 58.84 58.84
444 - 6173 61.73

5517711 63.85 63.85
553/731 69.33 69.33
800 72.65 72.66
733 74.62 74.62
751/555 79.78 79.78

A=1.5406 A
a=10.402(1) A
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Table 5.8 Observed and Calculated Powder Diffraction Data for NH 4TaWO6

hkl 20(obs)  20(calc)

111 14.79 14.80
311 28.54 28.55
222 29.84 29.85
400 34.63 34.60
331 37.82 37.82
511/333 45.45 45.45
440 49.75 49.74
531 52.18 52.18
533 58.36 58.35
622 59.08 59.09
444 61.99 62.00

551/711 64.11 64.13
553/731 69.62 69.65

A=1.5406 &
a=10.361(4) A
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Infrared Spectroscopy

Infrared absorption spectra were recorded of the six materials as Csl discs. The
spectra for ’I‘12Ta206 and its derivatives are shown in figure 5.1. It can be seen that
the spectrum of T12Ta206 is characterised by four broad bands centred at 1650, 1400,
570 and 350 cm™! with weaker features at 1170 and 830cm . The broad feature at
ca. 3200cm ! and the 1650cm™! band may be due to some adsorption of water dur-

ing preparation of the finely powdered sample.

The spectrum of H20H2Ta206 retains a number of the features of the parent
compound, although somewhat altered in postion and relative intensity; in particular a
strong band is observed at 1060 cm .. However the main features of interest are
sharp bands at 3608 and 1605 cm‘l, corresponding respectively to the stretching
mode of the (non hydrogen-bonded) framework O-H group and the symmetric bend,
v, of the water molecule at the centre of the pyrochlore cavity. Tﬁe broad band cen-
tred at ca. 3260 cm_l, with a shoulder on the high frequency side, is due to the O-H
stretching modes of the HZO molecule with the breadth of the absorption indicative
of the hydrogen bonding believed to exist between HZO and the framework-bound

proton.

For NH 4HTa2O6 the framework absorptions are largely unchanged from the
spectrum of H20Ta206, with the exception of the band now at 1156 em . Strong
bands due to the NH 4+ group are observed at 1442 em™} (asymmetric bend, v 4) and
in the N-H stretching region, where a broad band has three features resolved at 3160,
3030 and 2850cm ™. According to the model of Kuntz et al. for NH,TaWO,, the
NH 4+ species is situated on a site of tetrahedral symmetry, with each hydrogen

aligned towards equivalent framework oxygens. Therefore we would expect only one

N-H stretching mode, the asymmetric stretch Vs in the infrared spectrum. However
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Figure 5.1 Infrared spectra of (a) Tl Ta206, (b) H20H2Ta206 and (c) NH 4HTa206,
recorded as pressed Csl discs.
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thermal disorder of the NH 4+ group will result in a lifting of the three-fold degen-
eracy of this mode, in addition to making the symmetric stretch, v,, infrared as well
as Raman active, accounting for the multiplet observed here. The broadness of the
absorption in this region may be due to hydrogen bonding between NH 4+ and the

framework oxygens.

The spectrum of KTaWO6, shown together with those of its derivatives in figure
5.2, is less well resolved than that of T12Ta206. It displays broad features at ca. 390
and ca. 650cm™! as well as a weak band at 1350 cm‘l, and two absorptions at 1630

and ca. 3450cm™! which may be due to surface-adsorbed water.

HZOHTaWO6 shows a stronger band at 1612 cm™! due to the bending mode of
water in the pyrochlore cavity. There is a "hump" at ca. 3550 cm™! corresponding to
the O-H stretching region, but no evidence of a sharp framework O-H stretch, as
observed for H20H2Ta206. This is accounted for by the fact that in this material
every framework-bound proton is involved in hydrogen bonding with the cavity water

molecule, whereas in H20H2Ta206 only half are so involved.

For NH 4TaWO6 the features of KTaWO6 are preserved in the spectrum. In
addition, a strong band arising from the asymmetric bend of NH 4+ is observed at
1420 cm_l, and there is absorption in the N-H stretching region between 2700 and

3400cm™! although the multiplet is poorly resolved.

Analysis

After the acid exchange of KTaWO6, the reactant solution was analysed for K*
by flame photometry, The approximately 1500 cm’ of solution was diluted so that its
K" content fell between 0 and 100ppm, and the instrument calibrated with standard

solutions containing 0, 25, 50, 75 and 100ppm K'. The measured amount of
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Figure 5.2 Infrared spectra of (a) KTaWO6, b) H20HTaWO6 and (¢) NH 4TaWO6,
recorded as pressed Csl discs.
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exchanged K* represented 95(£6)% of the potassium content of the starting material,

assumed for this purpose to be a pure phase of KTaWO,.

For T12Ta206, the amount of TI™ which had entered into solution during the
reaction with HNO3 was determined gravimetrically by precipitation as T12Cr0 4
using the method described by Vogelzoz 50.00 cm® of the acid solution, containing
about 0.15 g TI*, was diluted by the addition of 50cm> of 1.5M ammonia, such that
it had a pH of 9. The solution was then heated in a beaker to 80°C and approxi-
mately 20 cm® of a 10% solution of K2Cr0 4 (fluka, purum) added slowly with stir-
ring. The solution was then allowed to cool to room temperature and left standing for
24h. After this period the yellow precipitate of TL,CrO, was filtered through a sin-
tered glass crucible, which had previously been washed and dried to constant weight,
washed with 1% K 4CrO 4 solution and then sparingly with 50% ethanol. The pro-
cedure was carried out in duplicate and the crucibles dried at 120°C to constant
weight. The amount of TI* determined in this way corresponded to 98(4)% of the
theoretical value, assuming complete exchange and that the starting material was a

pure phase of T12Ta206.

The amount of ammonia in the ammonium-exchanged samples was determined
titrimetrically using the Kjeldahl method, described in Vogelzo. About 0.8g of
NH 4HTa206 was "back exchanged" by stirring in 200 cm® of HNO3 solution for
241, in a sealed flask. The solid was then filtered off and washed thoroughly with
distilled water. The ammonia-containing solution was then made up to a volume of

410.0cm’ and a 200.0 cm’ aliquot of this transferred to a round-bottomed flask.

The remainder of the pyrex apparatus comprised a separating funnel, containing
a 10M solution of NaOH (BDH), which was connected into the top of the flask such

that a portion of the NaOH solution could be introduced without opening the system
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to air. The funnel was connected to the flask by means of a T-piece, of which the
side arm led, via a spray trap, to a condenser. The end of the condenser dipped into a
receiver containing a solution of 20.00 cm® 0.100M HCI (East Anglia Chemicals,

AnalaR), made up to 150 cm3.

100 cm” of the 10M NaOH was let into the flask and the mixture then boiled for
45min using an electric isomantle. It was found that a gentle flow of dry nitrogen
through the apparatus (using a three-necked flask with one side neck stoppered and
N2 introduced through the other) aided the flow of liberated ammonia through to the
condenser. After the apparatus had cooled, the contents of the condenser and other
glassware "downstream" from the spray trap (which prevented any of the alkaline
reaction mixture splashing over into the condenser) was washed into the receiver.
The contents of the receiver were then titrated against a 0.0996M solution of NaOH
(BDH, AnalaR), previously standardised with the AnalaR HCI, using methyl red as
indicator. The amount of ammonia liberated in the reaction was thus obtained by sub-
tracting the amount of HCl determined from that which had originally been in the
receiver. The procedure was carried out in duplicate for both ammonium-containing

compounds.

A trial of the method using 0.5g NH4C1 gave a result corresponding to
96.5(10.4)% of the actual ammonia content of the reaction solution. However for
NH 4HTa206 and NH 4TaWO6 the figures were 79(x5)% and 82(£3)% respectively,
assuming that the materials had those exact stoichiometries. The large errors are due
to the fact that for neither compound did the duplicate determinations agree with the
first. It is surmised that in each case some ammonia was lost to the atmosphere dur-
ing the reaction and therefore that the true ammonia content of the materials was

higher than determined here.
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Composition of the Exchanged Materials

Despite the result of the ammonia determination given above, and although no
direct measurement of the composition of the exchanged pyrochlores was made, they
were all assumed to be completely stoichiometric i.e. one mole of (T a./W)2O6 frame-
work always contains one mole of HZO or NH3. There are two observations to justify
this. First, the cell parameters of the exchanged materials are identical, within calcu-
lated errors, to previously reported values. Secondly, previous workers have shown
that stoichiometric exchange occurs with relative ease in these compounds, and there-

fore it is reasonable to assume that the same was achieved in this work

5.3 Experimental: Neutron Scattering

Inelastic neutron scattering spectra of the five samples were recorded on the
spectrometer IN6 at the LL.L., Grenoble, described in chapter 2. Each sample was
contained in a thin-walled disc-shaped aluminium can such that it formed a slab of
thickness 1 mm and diameter approximately 65 mm. The angle between the sample
and the incident neutron beam was 135°, and it was found that the proportion of the
incident beam scattered by each sample was approximately 10%. Initially spectra of
all samples were recorded using a wavelength of 5.1 &, giving an elastic energy reso-
lution (fwhm) of the order of 70jeV, at a range of temperatures between 80 and
400K. Temperature was able to be controlled to 1 K by means of a liquid nitrogen
cryostat with a thermostatted tip heater. The data acquisition time at a given tempera-
ture was typically 50min. Spectra were also recorded under the same conditions of
an empty aluminium can over a similar range of temperatures and of a sheet of vana-

dium of the same dimensions as the sample slabs, at room temperature.

In order to improve counting statistics and to reduce the amount of collected
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data to manageable proportions the detectors at 5.1 A were grouped into 37 blocks
covering an elastic Q range 0.255SQels2.054 A'l, thus giving 37 time-of-flight spec-

tra over the approximate energy range -2<AE<700 meV.

HSb03.0.75H20 was also studied at 5.9A& at the temperatures 300, 350 and
400K. Again spectra were recorded of an empty aluminium can at these temperatures
and of vanadium at 300K. The detectors were grouped into 33 blocks in the range
0.192SQ°1S1.776 &L The time-of-flight spectra covered a similar energy range as for
5.1 & and the elastic energy resolution was found to be of the order of 40peV. Due
to the lower flux of neutrons at this wavelength and the greater angular dispersion,

data acquisition times were longer, typically 3.5h.

For each material the total counts, irrespective of time-of-flight, were summed at
each collection angle to ensure that no Bragg peaks were contributing to the scatter-
ing data.

For an initial inspection at each temperature the raw data were viewed graphi-
cally in the form of a time-of-flight spectrum summed over the lowest 11 collection
angles. This was also able to be plotted using a Tektronix thermal plotter.

5.4 Correction and Fitting of Data

To obtain the scattering function S(Q,w) from an experimental spectrum, a
number of corrections must applied to the data and they must be put on a scale of
absolute cross-section by comparison with a sample of accurately-known cross-
section and whose spectrum was recorded under the same experimental conditions.
The usual material employed for this purpose is vanadium which scatters almost

—28 2

entirely incoherently (o, = 4.79x107°m’, o = 0.019x10~2 m? at 293 K), giving

an isotropic distribution. Vanadium is also used for determining the instrumental
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resolution function. These procedures were carried out using the programs PRIME

and CROSSX running on a DEC-10 computer at the LL.L.

First the vanadium data were used to calibrate the spectra, and to determine the
position and shape of the elastic peak. At this stage the sample time-of-flight spectra
were truncated such that they covered the range -2<AE<7 meV, and for each spec-

trum a flat background and also the appropriate empty can data were subtracted.

Next, corrections were applied for absorption: the scattering and absorption
cross-sections for each sample were calculated assuming the compositions discussed
previously. The ratio of total scattering to scattering and absorption, csto[/(ctot-rcabs)
was obtained and used in the calculation together with the measured transmission of

the sample. The absorption of the aluminium can was also taken into account.

Multiple scattering was assumed to be isotropic, and no correction was made for
it. The efficiency of the detectors at values other than that of the incident energy was

represented by a simple exponential function.
The spectra thus corrected were then normalised by comparison with the vana-
dium data. The normalised cross-section of the sample at a given scattering angle

and over the time-of-flight interval AT, representing one channel, is given by

g 16 1 Nyoy, (V) &,
Iel(V) At Nsotot(s) €

where I(s) is the corrected intensity of scattering from the sample over AT, Iel(V) is
the corrected integrated intensity of the vanadium elastic peak, Ns and NV the
number of scattering atoms per unit area of sample and vanadium respectively and
€ and € respectively the efficiency of the detectors at incident energy and at the

0

energy represented by the time-of-flight t. The ratio chmt(\’ )/NSO'tot(s) was cal-

cluated by taking the mass and dimensions of the sample and its previously evaluated
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scattering cross-section, together with the known density and cross-section of vana-

dium.

Corrected data were fitted to a theoretical model using the program WLI21, run-
ning in a DEC-10 computer at the LL.L. A simple diffusional model was chosen
where the quasielastic part of the scattering was represented by a single Lorentzian
component. The elastic scattering was represented by a 8-function whose intensity
was distributed between the two time-of-flight channels closest to the determined

peak position. The model scattering function at a given Q was thus

1 (T'72)
T (T/2)%+(w—0p)?

S(Q.m) =Axd(w) + AL

where A0 and A, are the respective integrated intensities of the &-function and
Lorentzian, I" the width and ho)o the energy position of the Lorentzian. The parame-
ters varied in the fitting were AO’ AL and T". In practice @, Was not allowed to vary
independently of the elastic peak position. In the program both components were
convoluted with the instrumental resolution function, obtained from the vanadium
spectra, and the difference between the model and experimental spectra minimised by

a least squares method.
5.5 Results
H20H2Ta20 6

Data were collected for H20H2Ta206 at seven temperatures between 83K and
370K. No broadening of the elastic peak was observed over this range. This can be
seen from figure 5.3 which shows the raw time-of-flight spectra, summed over the
lowest 11 angles of collection, at 83K and 370K together with the difference of the

two. It was decided following this result not to study HZOHTaWO6 but to use the

available instrument time on the other materials.
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Figure 5.3 Raw inelastic neutron scattering data for H20H2Ta206, showing summed

time-of-flight spectra at (a) 83K and (b) 370K, with (c) (not on same intensity scale)
the difference of the two.
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HSbO 3.0.75H20

Spectra of this compound were similarly run using the wavelength 5.1 & at five
temperatures in the range 80K to 370K. In this case a substantial broadening of the
elastic peak was observed which increased with temperature up to ca. 300K. Again
this is illustrated by a plot of the raw data showing the difference between the 320K
and 80K spectra (figure 5.4). It was decided to study the material further at a higher
resolution with neutrons of wavelength 5.9 A. Spectra were collected at 300, 350 and
400K since no broadening was observed between 320K and 370K at 5.1 A. How-
ever in this case only a very low intensity broadening was observed between 300K

and 400K (figure 5.5) which, given the quality of the data, was not analysed.

In order to determine whether the observed broadening was due to long-range
diffusion or to localised rotations, the Q-dependence of the broadening was investi-
gated by correcting the data and fitting the quasielastic part to a single Lorentzian
component as described previously. Due to pressure of time at the LL.L., the spectra
were only fitted at the temperatures 80K and 300K (the latter using the 5.9 A data)
and over a selected range of Q values. At both temperatures a strong Q-dependence
of the broadening was apparent. This is illustrated for the 80K data in figure 5.6,

where the fitted components are shown graphically for Q=0.309 and Q=1.954 &L

Plots of the halfwidth of the fitted Lorentzian against Q2 are shown in figures
5.7 and 5.8 respectively for 80K and 300K. It can be seen that the broadenings fall
in the order of magnitude of 1meV, indicating a relatively fast diffusive process
(I meV corresponds directly to 4x10712 s). The data do not vary linearly with Q2, SO
to obtain an approximate Fick’s law diffusion coefficient a linear least squares fit was
carried out on data in the range Q<1 A"l, i.e. taking in each case four points, includ-

ing one representing zero broadening at Q=0. The values obtained were
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Figure 5.4 Raw inelastic neutron scattering data for HSb03.0.75H20: summed 320K
time-of-flight spectrum with 80K spectrum subtracted.
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Figure 5.5 Raw inelastic neutron scattering data for HSbO3.O.75H20 recorded at
5.9A, showing summed time-of-flight spectra at (a) 300K and (b) 400K, with (c)
(not on same intensity scale) the difference of the two.
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Figure 5.6 Fitted QENS spectra for HSbO,.0.75H,0 at 80K and for Q=0.309 ]!
and 1.95447%. Both plots show expenmental data (pomts), fitted quasielastic com-

ponent (lower continuous line) and total fitted spectrum (upper line).
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Figure 5.7 Variation of the halfwidth of the fitted quasielastic component with Q2 for
HSbO3.O.75H20 at 80K (error bars represent 1 e.s.d). The linear least squares fit to
points below Q=1 &7 is shown as a broken line.
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Figure 5.8 Variation of the halfwidth of the fitted quasielastic component with Q2 for
HSbO3.0.75H20 at 300K (error bars represent *1 e.s.d). The linear least squares fit
to points below Q=1 &1 is shown as a broken line.
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at 80K D =2.60.6)x10"° m?s™!

at 300K D =5.1(30.6)x10 " m?s ™"

NH 4HTa20 5 and NH 4TaWO 5

Both these materials exhibited substantial temperature-dependent broadening of
the elastic peak. For NH 4TaWO6 this was observed over eight temperatures in the
range 80K to 340K and is illustrated in figure 5.9. Again raw data are shown for

80K and 340K together with the difference between the two.

A similar broadening was observed for NH 4HTa206 over the same temperature
range. For both compounds the raw data indicated that the broadening increased con-
tinuously over the whole temperature range i.e. there was no discernible "levelling

off" at any particular temperature.

In the time available it was only possible to fit the data for NH 4HTa206 at
340K. The plot of Lorentzian halfwidth against Q2 is shown in figure 5.10. It can be
seen that, as for HSb03.0.75H20, the broadenings are of the order of magnitude of
I meV and that there is a sharp increase in the broadening with Q2 up to Q2=1.5 A2
The single data point at higher Q indicates that the breadth of the quasielastic com-
ponent then remains roughly constant, although intermediate points would be needed
to confirm this effect. Again a straight line was fitted by a least squares method to
points below Q=1 &7, The calculated self-diffusion coefficient was

D = 2.2(30.2)x10 7 m?s™!

5.6 Discussion

It is apparent that in cubic HSbO3.O.75H20 and in the ammonium-containing
pyrochlores rapid protonic motion occurs, giving rise to a large quasielastic broaden-

ing. Due to the Q-dependence of the broadening it is inferred that translational
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Figure 5.9 Raw inelastic neutron scattering data for NH 4TaWO6, showing summed

time-of-flight spectra at (a) 80K and (b) 340K, with (c) (on expanded intensity scale)
the difference of the two.
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Figure 5.10 Variation of the halfwidth of the fitted quasielastic component with Q2

for NH 4HTaZO6 at 340K (error bars represent 1 e.s.d). The linear least squares fit
to points below Q=1 &7 is shown as a broken line.
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motion of protons contributes at least a part of this motion. In fact a smooth, but
non-linear, increase of I" with Q2 is consistent with translational diffusion in a spa-
tially restricted environment such as the interconnected cavities of the HSbO3 and
pyrochlore frameworks. The diffusion coefficients obtained for both compounds are
larger than for the other hydrated compounds mentioned previously, being two orders
of magnitude greater than in HUP and four orders of magnitude greater than in

H3O+[3”—alumina, these compounds ostensibly having similar conductivities to

HSbO3.xH20.

Normally localised rotations are found to occur on a faster timescale than trans-
lational motion. However it is possible that molecular reorientation is in some way
correlated to translational motion. Indeed Kuntz et al.!8 proposed that in NH ,TaWO,
a proton is transferred with each rotation of NH 4+. If this is the case then in the
present QENS experiment rotational and translational motion are being observed

simultaneously in NH 4HTa206.

A simple analysis of the diffusion coefficient for this material may be performed
using a jump model. It is assumed that proton hopping occurs only between
equivalent sites on neighbouring ammonium ions and that the distance for this is
234, as for NH 4TaW06. If each jump is accompanied by a random reorientation of
NH 4+ the number of possible equivalent jump sites is 4. Although somewhat ideal-
ised, this model yields a residence time of 1x1071%5 i.e. the same timescale observed

by Butler and Biefeld!® for proton motion in NH 4TaWO 6 using NMR.

In the case of HSbO3.0.75H20 the situation is complicated by the presence of
inequivalent cavity sites. As described in chapter 4, the intercavity water is distri-
buted over two partially occupied sites, on one as H3O+ and on the other as H20,

associated by hydrogen bonding to a framework-bound proton. Proton diffusion is
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most likely to be facilitated by the high number of unoccupied proton sites.

With such a complex structure, a quantitative model to account for the observed
QENS spectra is inappropriate. However a possible pathway to account for rapid
translational of protons is here presented. Transfer of the framework-bound proton,
D(4), to the water molecule (O(4) site) involves a distance of 1.2A& to the nearest
unoccupied D(2) proton site and will result in a reorientation of the water molecule.
Proton transfer to the nearest possible occupied H3O+ site then involves a jump dis-
tance of 2.8 A. The final step involves migration of a proton from H3O+ to the
nearest D(4) site. It is expected that reorientation of both H3O+ and HZO are rela-
tively rapid processes. In the case of H3O+, rotation about its threefold axis involves
no redistribution of hydrogen bonds and should have a low activation energy. For
H20 the rotational disorder of the molecule means that there are three closely-
situated equivalent sites for each water proton and rotation about the C3 axis should

be similarly favoured.

Assuming that these processes present no barrier to long-range diffusion, then
rapid translational motion is expected if there is a high probability of a proton jump

with each molecular reorientation.

The final observation to be accounted for is the lack of evidence for proton
motion in H20H2Ta206. Unlike NH 4+, which is thought to rotate easily due to its
tetrahedral symmetry and to the weaker hydrogen bonding to the framework, the
more polar HZO will experience strong hydrogen bonding. Moreover the hydrogen
bonds will have the effect of constraining the water within the plane of its atoms and
therefore increase the activation energy of the C2 rotation. In contrast to
HSbO3.xH20, where the water is situated on the sides of a large cavity, it is here in

the centre of the pyrochlore cavity with a larger distance between water molecules of
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4.6 A. All this is consistent with proton diffusion being on a longer timescale than in
the other compounds studied, and therefore not observed in the present QENS experi-

ment.

In conclusion, the present experiments have provided a useful indication of the
timescale of protonic motion in the materials studied. However further, and more
accurate, work is required to characterise this property more fully. For HSbO3.xH20,
resolving the motions of the various protonic species will probably require measure-
ments at a range of resolutions and access to a higher range of Q than in the present
study. For the hydrated pyrochlores higher resolution is certainly required to access
the expected longer timescale of the motions. The ammonium-containing pyrochlores
are particularly interesting as potential proton conductors, due both to the rapid pro-
ton motion observed and to their higher thermal stability, and merit more detailed
study than has been accorded to them hitherto. In addition to further neutron scatter-

ing work, a conductivity study would be worthwhile.



- 119 -

CHAPTER 6

MISCELLANEOUS ION-EXCHANGE AND INTERCALATION REACTIONS

PART A: Ion Exchange of Antimonophosphates

6.1 Introduction

As described in chapter 1, a series of phosphates containing potassium and
antimony(V) has been synthesised by the group of Piffard. It had been found that
some of these compounds were able to be ion-exchanged in acidic media to form
hydrated antimonophosphates. In particular the layered material K3Sb3P201 4 may be

ion-exchanged to form H3Sb3P201 4.xH201. The amount of water that may be
accommodated in the structure is high, with 0<x<10. For x=10 the interlayer spacing
is more than 5 A greater than in the dehydrated compound. The highly acidic nature
of the material gave rise to speculation that this and other protonated antimonophos-
phates might exhibit a high degree of protonic conductivity. The analogous

antimonic acid H,Sb,0 .nHZO, prepared by ion exchange of K,Sb 4O was found

4711 1’

to possess room temperature conductivities of 10~ and 107 (Qcm)_1 for n=3 and
n=2 respectivelyz. The compound HSbP208 was first prepared, directly from SbCl5
and H,PO,, by Winkler and Thilo in 19663. Although the exact structure of this lay-
ered acid was not known at the time, the authors demonstrated that two moles of
water could be intercalated, giving rise to a 2 A increase in the ¢ lattice parameter.
They also showed that it was strongly acidic, with protons being able to be replaced

by alkali cations.

In the present work the three-dimensional channel-containing compound
KSb2P08 has been ion exchanged and characterised, and a more limited study has

been carried out on the layered material KSbP208. The framework structures of both
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these compounds are described in chapter 1.

6.2 Synthesis and Characterisation of KSb2P08 and HSb2P08.xH20

Synthesis

The parent compound was synthesised according to the method of Piffard et al4
NH4H2PO 4 (Aldrich, 99.999%), KNO3 (BDH, AnalaR) and Sb203 (Aldrich, >99%)
were ground together intimately in equimolar proportions. The white mixture was
then transferred to an alumina boat and heated in air for 4h at 200 °C to decompose
the ammonium compound. The temperature was then raised to 900 °C. After a further
24h at this temperature, the product was allowed to cool at the slow rate of
1°Cmin”! in order to obtain maximum crystallinity. KSb2P08 appeared as a fine

white crystalline powder. Typically about 8 g was produced in a single preparation.

HSb2P08.xH20 was prepared by the reaction of KSb2P08 with 3M HNO3 May
& Baker, Lab. Reag.), about 120 cm® of the dilute acid being used with 5g of solid.
The mixture was stirred in a pyrex flask at 80 °C for 24 h, after which period the acid
was changed and the reaction allowed to continue for a further 24 h. The product was

then filtered off, washed with distilled water and stored in a desiccator over CaClZ.

KSb2P08 and HSb2P08.xH20 were characterised by powder x-ray diffraction
and infrared spectroscopy. In addition, KSb2PO8 was studied by solid state NMR and

flame photometry was used to gauge the extent of the ion-exchange reaction.

Flame Photometry

The total amount of potassium in the acidic solutions, after the ion-exchange
product had been separated, was determined by flame photometry. The instrument
was calibrated as described previously, and the determined potassium content

corresponded to 99(23)% of that of the starting material, assuming that this was a
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pure phase of KSb2P08. In the absence of any direct measure of the degree of hydra-

tion the exchanged material is here referred to as HSb2P08.xH20.

X-Ray Powder Diffraction

The x-ray powder pattern of KSb2PO8 indicated a pure crystalline phase. All the
diffraction peaks could be indexed on the basis of a monoclinic unit cell of space
group Cc with closely similar cell parameters to those reported by Piffard et al4

These parameters were refined to be
a=12.299(2) &, b=7.081(1) &, c=15.010(2) A, P=95.85(1)°
(Literature: a=12.306(4) &, b=7.086(2) &, c=15.037(5) &, B=95.82(3)°).
The diffraction pattern of the exchanged material could also be indexed in the
space group Cc with the lattice parameters
a=12.310(3) &, b=7.088(2) &, c=15.011(3) &, P=95.92(2)°.

It can be seen that the unit cell has essentially the same dimensions as that of
KSb2P08, although the powder pattern of HSbZPOS.tzo showed a broadening of
the diffraction peaks, indicating a degree of inhomogeneity in the crystalline phase
and also preventing the identification of weaker reflections. It is therefore evident that
the (Sb2PO8)" framework structure remains fundamentally unaltered during the ion-
exchange proceess. The powder diffraction data for KSb2P08 and HSb2P08.xH20

are given in tables 6.1 and 6.2 respectively.

Infrared Spectroscopy

The infrared spectra of KSb2PO8 and HSb2P08.xH20, recorded as pressed Csl
discs, are shown in figure 6.1. It can be seen that below 1300 cm_l, the spectrum of
KSb2PO8 is highly complex due to the low symmetry of the unit cell, although at

higher frequencies there is only a weak band at ca. 3460 cm™! due to the presence of
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Table 6.1 Observed and Calculated Powder Diffraction Data for KszPO8

h k1 20(obs) 20(calc) h k I 206(obs) 206(calc)
002 11.85 11.84 4 23 41.73 41.71
110 14.48 14.44 514 43.99 43.99
200 " 14.48 4 0-6 44.51 44.50
1 1-1 15.34 15.33 117 45.71 45.71
111 15.89 15.90 134 46.46 46.48
2 0-2 17.78 17.77 6 02 47.35 47.36
112 19.20 19.18 4 2-5 47.78 47.78
2 02 19.69 19.66 6 04 48.61 48.61
11-3 22.40 22.41 406 49.49 49.48
004 23.81 23.82 027 49.89 49.87
310 25.19 25.18 1 1-8 50.33 50.33
31-1 25.39 25.36 227 50.85 50.85
021 25.85 25.84 6 2-1 51.51 51.50
2 0-4 26.64 26.66 040 51.60 51.58
114 27.32 27.31 4 25 51.77 51.76
114 28.61 28.60 6 21 52.67 52.65
312 28.84 28.87 1 3-6 53.46 53.46
204 29.24 29.24 7 1-1 53.71 53.71
2 2-1 29.44 29.43 240 53.88 53.87
31-3 29.66 29.66 711 55.04 55.02
221 30.02 30.04 2 42 55.75 55.73
222 30.98 30.97 335 " 55.76
313 32.32 32.31 4 2-7 56.31 56.31
4 02 32.73 3272 119 56.70 56.69
314 33.32 33.31 6 2-5 58.24 58.22
223 33.53 33.52 2 44 59.01 59.00
115 34.02 34.03 8 0-2 60.49 60.49
223 35.12 35.14 029 61.73 61.69
4 04 36.02 3599 0 010 62.13 62.11
006 " 36.06 4 4 2 62.47 62.44
314 36.48 36.49 2 0-10 " 62.46
2 0-6 37.59 37.57 6 25 63.46 63.44
11-6 38.31 38.30 6 0-8 64.05 64.05
4 2-1 38.88 38.88 4 44 64.56 64.50
131 39.42 39.43 046 " 64.55
025 " 39.44 229 65.25 65.25
51-2 39.65 39.64 2 010 65.81 65.82
116 39.73 39.75 4 0-10 66.80 66.80
4 0 4 39.95 39.93 246 67.55 67.54
511 " 39.99 8 21 " 67.54
206 40.47 40.47 8 2-5 71.45 71.47
315 41.24 41.23 6 42 72.59 72.61
A=1.5406 A

a=12.299(2) &, b=7.081(1) &, c=15.010(2) &, B=95.85(1)°
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Table 6.2 Observed and Calculated Powder Diffraction Data for HszPOs.xHZO

h k1 206(obs) 20(calc) h k1 206(obs) 206(calc)
002 11.83 11.84 330 44.34 44.26
200 14.46 14.46 400 " 44.35
1 1-1 15.31 15.32 423 " 44.36
111 15.88 15.89 117 45.72 45.71
2 0-2 17.74 17.75 134 46.46 46.45
112 19.20 19.18 6 02 47.37 47.34
202 19.64 19.66 333 48.98 48.99
11-3 22.40 22.34 2 2-7 50.84 50.82
004 23.80 23.82 4 25 51.76 51.76
310 25.17 25.16 7 1-1 53.76 53.66
2 0-4 26.63 26.63 53-1 " 53.78
312 28.85 28.86 240 " 53.81
2 2-1 29.45 29.40 4 0-8 54.83 54.86
31-3 " 29.62 2 42 55.69 55.68
221 29.98 30.02 4 2-7 56.26 56.25
023 30.96 30.95 8 0-2 60.42 60.42
313 32.30 32.31 029 61.68 61.68
4 02 32.69 32.72 6 25 63.41 63.43
314 33.30 33.28 046 64.48 64.50
223 35.14 35.12 229 65.25 65.25
4 04 36.03 35.94 4 0-10 66.81 66.76
006 " 36.06 7 1-7 " 66.84
4 2-1 38.84 38.84 8§ 2-3 67.48 67.47
512 39.58 39.59 1 5-2 " 67.48
206 40.48 40.48 8 21 " 67.49

246 " 67.50

139 68.87 68.88

A=1.5406 A

a=12.310(3) &, b=7.088(2) &, c=15.011(3) 4, B=95.92(2)°
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Figure 6.1 Infrared spectra of (a) KSbP208 and (b) HSbPZOS.xHZO, recorded as
pressed Csl discs.
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some absorbed water. Since this work was carried out, an analysis of the vibrational
spectra of various antimonophosphates, including the present material, has been pub-
lished by Husson et al.> For KSb2PO8 285 infrared-active modes are predicted.

Based on these authors’ work, the observed absorption bands are assigned as follows:

Between 920 and 1240cm™' P-O stretching modes are found, with the group of
bands in the region 1160-1240 em™! assigned to antisymmetric stretching of the
PO 43_ tetrahedron and the multiplet between 920 and 1050 em™! to symmetric modes
of PO 43—. Between 670 and 840cm™ Sb-O stretching occurs, with that due to
Sb—O(edge-sharing) being at higher frequencies than that due to Sb-O...Sb(corner-
sharing). Below 650 em™! assignment is more complex owing to the presence of cou-
pled O-Sb-O and O-P-O bending modes and Sb-O...P stretching.

Below 1300 cm_l, the spectrum of HSb2P08.xH20 is essentially identical to that
of the parent compound, although less well resolved. However strong, broad absorp-
tions at ca. 1680 (1le bending) and ca. 3560 cm™! (O-H stretching) indicate a sub-

stantial degree of hydration as well as the presence of hydrogen bonding.

Solid State NMR

The magic angle spinning solid state 31p NMR spectrum of KSbZPOS, recorded
at 121.4 MHz, is shown in figure 6.2. A single line is observed at —25.1 ppm (refer-
enced to =0 for H3PO 4) with two weak spinning side bands. Recently published
work by Taulelle et al.% includes an almost identical spectrum for KSb2P08 together
with an interpretation of the 31p NMR spectra of this and other antimonophosphates.
A correlation was found between the number of bridging oxygens in the PO 43_ group
and the observed chemical shift. In the case of KszPO8 all the phosphate oxygens

fall into this category, i.e. none are "terminal" oxygens, and therefore the observed
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Figure 6.2 Solid State 31p NMR spectrum of: KSb2P08 (frequency 121.4 MHz, refer-
enced to 3=0 for H,PO,).
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chemical shift is among the largest found in this class of compound. Although in the
true symmetry of the unit cell there are two distinct P sites, the structure represents
only a small deviation from the space group C2/c which includes a centre of inver-
sion. The two P sites therefore have essentially the same chemical environment, evi-

denced by the single NMR peak.

6.3 Ion Exchange of KSbP208

KSbP20'8 was prepared, according to the method of Piffard et al.”, from the
same starting materials as KSb2P08. NH 4H2PO 4 KNO3 and Sb203 were intimately
ground together in the respective molar ratio 4:2:1. The mixture was heated in air for
4h at 200°C to decompose the ammonium compound, and then at 900°C for a
1

further 24h, as previously. The product was cooled at the rate of 1°Cmin .

KSbP208 appeared as a fine white crystalline powder.

KSbP208 was characterised by powder x-ray diffraction and solid state NMR.
The powder diffraction pattern could be indexed in the rhombohedral space group
R3, with the exception of eight peaks at low angle whose intensities were of the
order of 1% of that of the most intense KSbP208 peak. Most of these could be
ascribed to the presence of K P.O.. The refined cell parameters of KSbP208 were

42T

similar to those reported by Piffard et al.:
a=b=4.764(1) A, c=25.426(6) &, a=p=90°, y=120°
(literature: a=b=4.7623(4) &, c= 25.409(4) &, 0=p=90°, y=120°).
Observed and calculated peak positions are given in table 6.3.

The solid state >'P NMR spectrum of KSbP208 is shown in figure 6.3. Consid-
ering there is only one distinct P site in this material, the spectrum is quite complex,

with the most intense peak at -18.8 ppm being surrounded by an uneven "comb" of
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Table 6.3 Observed and Calculated Powder Diffraction Data for KSbP208

bl
-~

p—
NH%\NQU:JOOO\I\OUIANHO\UJ

p—
\IQUI-PH
p—

p—t
(938

NP OOONHONFRFONROORRPR,ROOROROOO
(-]

1-3

1-6

26(obs)

10.50
21.04
21.87
22.69
25.72
27.79
31.63
32.80
35.61
37.74
39.25
41.69
42.61
43.53
43.93
44.41
44.90
46.21
47.50
50.00
50.85
51.63
52.84
54.05
55.24
57.51

-12 58.26

59.36
60.11
61.17
62.23
62.62
65.05

20(calc) h k1
10.43 0213
20.95 0018
21.81 128
22.64 1 115/
25.72 300
27.82 2 014
31.64 30 30
32.82 2 110/1
35.63 30 6/0
37.74 1 21172
39.26 1 019
41.69 0216
42.64 3090
43.55 1 118/1
44.00 220
44.46 1 214/2
4491 3 012/0
46.23 2 2 6/2
47.53 13173
50.05 3121
50.86 1 3 473
51.68 0219
52.87 2 116/1
54.06 2 2 92
55.22 1373
57.48 2 020
58.23 318/
59.33 0 024
60.07 1 31073
61.14 2 2122
62.22 042
62.59 311173
65.04 4 0 4
A=1.5406 A

1-15

1-11

20(obs)

65.73
66.12
66.80
67.82
68.07
68.82
69.11
70.80
72.07
73.09
74.46
75.40
77.05
78.68
80.50
81.25
83.81
84.40
84.75
85.05
86.32
86.65
87.59
89.22
89.77
90.74
91.35
93.25
95.21
95.88
97.00
97.48
98.40

a=b=4.764(1) &, c=25.426(6) &, a=p=90°, y=120°

20(calc)

65.74
66.09
66.77
67.80
68.13
68.82
69.14
70.83
72.15
73.15
74.48
75.45
77.06
78.69
80.59
81.25
83.79
84.41
84.73
85.05
86.31
86.65
87.59
89.16
89.78
90.75
91.36
93.29
95.16
95.79
97.05
97.38
98.33
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Figure 6.3 Solid State 31p NMR spectrum ofi KSbP2O8 (frequency 121.4 MHz, refer-
enced to 6=0 for H3PO 4).
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five other lines. Within these principal peaks finer structure is observed. Taulelle et
al.% only observed a peak at -18.8 ppm with two spinning side bands, -18.8 being in
the range expected where the PO 43— tetrahedron contains three bridging and one ter-
minal oxygen. However they also observed that hydration of the phosphates results in
shifts of the 3P resonances, often to higher field. The spectrum in figure 6.3 is thus

explained by the presence of partially hydrated KSbP,O

» with one or more spectra

3’
superimposed on that of the pure phase.

The attempt was made to ion-exchange KSbP208 in 3M HNO3. About 5 g was
stirred in 120cm’ of dilute acid at 80°C for 48 h, with the acid being changed once
after 24 h. The reaction was carried out a number of times with different samples of
KSbP208. After each attempt the solid was filtered off from the solution, which was
then analysed by flame photometry in order to determine the potassium content. The
best figure that was obtained corresponded to 36(£3)% of the assumed K content of
the KSbP208. Attempts to improve the degree of ion exchange by using 6M HNO3
and by allowing the reaction to continue for several days longer produced no

improvement on this result.

6.4 Discussion

Very recent work by the group of Piffard® has shown that HSbP208.xH20 may
be prepared by reaction of KSbP208 with O9M HNO3 at 50°C. X-ray diffraction and
conductivity studies were carried out on this material and on H3Sb3P201 4.tzO and
HSSb5P2020‘XH20’ together with measurements of water adsorption as a function of
relative humidity. For HSbPZOS.tzO it was found that the water content, X,
increased to a value of 10 at 100% relative humidity. However it was evident from

the measured increase in the interlayer spacing that not all the water could have been

accommodated within the structure and part of it was therefore surface-adsorbed. The
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material exhibited a conductivity of 102 (Qcm)_1 at maximum water content and
room temperature. This was ascribed to interparticle water; the value for bulk con-

ductivity was estimated to be at least three orders of magnitude smaller.

The other two compounds however exhibited conductivities which could be
ascribed to bulk processes. In the case of H3Sb3P20l 4.xH20, there was a close corre-
lation between water content, interlayer spacing and conductivity, which increased to
a value of 1072 (Qcm)_l for x=12. For HSSbSPZOZO'XHZO’ a bulk room temperature
conductivity of 107 (Qcm)™! was determined (x=5).

In the present work, complete ion exchange of KSbP208 was not achieved.
However the relative difficulty with which ion exchange occurs is consistent with the
acid exchange product being a poor bulk proton conductor. On the other hand
HSb2P08.xH20, which has not yet been reported in the literature, is prepared easily
by ion exchange of the potassium analogue. The material may thus be a better bulk
conductor, as is the similarly three-dimensional HSSb5P2020°XH20’ and conductivity

studies should be a priority in any further characterisation of the compound.

PART B: Intercalation Reactions of MoOZHPO 4.H20

6.5 Introduction

As described in chapter 1, many low-dimensional inorganic compounds are able
to undergo intercalation reactions whereby guest species are inserted into the host,
which retains its framework structure. In particular acidic framework oxides may
react with organic bases such as alcohols and amines to form intercalates, as in the

case of Zr(HPO 4)2.H20 (a—ZrP) where high values of proton conductivity have been
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found with some organic intercalants. In chapter 3 the structure of MoO,HPO,.H,0
is presented. This proton-conducting chain-structured material is similar to a~ZrP in
that it possesses an acidic P-O-H group and also a coordinated water molecule,

whose protons may also participate in the conduction mechanism.

In this chapter a preliminary investigation is reported of reactions between
MoO2HPO 4‘H20 and the primary alyklamines ethylamine (EtNHZ), n—propylamine

(PrNHZ) and rn-butylamine (BuNHz).

6.6 Experimental

MoO,HPO 4-H,0 was prepared from MoO3 and H3PO 4 in HNO3, as described

in chapter 3.

As an initial experiment, the direct reaction between approximately 0.5g of
MoO2HPO 4‘H20 and pure EtNH2 (BDH, >99.5%) was carried out by mixing the two
components and leaving them in a sealed flask for 24h, with occasional stirring.
Because of the volatility of EtNH2 the flask was placed in an ice bath. Although the
product of this reaction was found to be stable in air and able to be characterised, the
product of a similar reaction with BuNH, had a paste-like appearance and on remo-
val from the liquid amine appeared to become more fluid, presumably due to the loss
of BuNH,,. Subsequent reactions were carried out using solutions of the amines in
toluene. This solvent was chosen due to its inertness: approximately 0.5g of
MoO2HPO 4.H20 was stirred in 100 cm3 of toluene (May & Baker, Lab. Reag.) for
241 and then filtered off. The powder x-ray diffraction spectrum of the white powder
so obtained was identical with that of the starting material. By contrast
MoO,HPO 4-H,0 takes up water readily, even by prolonged contact with the air,

eventually becoming an amorphous white paste.
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Solutions of 0.050 and 0.102M PrNH, (BDH, >98%) and 0.051, 0.101, 0.202
and 0.417M BuNH2 (BDH, >98%) in toluene were made up. Their concentrations
were determined by titration against a solution of perchloric acid (BDH, AnalaR) in
glacial acetic acid (May & Baker, Lab. Reag.) using crystal violet indicator, as
described in Vogel®. The 0.1015M HCIO 4 solution was itself first standardised

against a solution of potassium hydrogen phthalate (Aldrich, >99.95%).

The intercalation reactions were effected by continuous stirring of approximately
0.5g of dry, finely ground MoOZHPO 4.H20 with 100cm® of amine solution in a
sealed flask at room temperature. At first reactions were allowed to continue for 24h
but subsequently the period was extended to 5 days. The products were filtered off,
pumped on briefly under the suction of a water pump and then weighed. They took

the form of white powders.

The intercalates were characterised by powder x-ray diffraction and infrared
spectroscopy. To obtain approximate values for the amounts of intercalant taken up,
measurement of the weight increase of the samples yielded fairly consistent results,
although it was not possible to distinguish between the weight increase due to true
intercalation and that which may have been due to physisorption. Attempts to deter-
mine by titration the amount of unreacted amine left in the solution gave results
much lower than expected, presumably due to evaporation of amine during the filter-

ing process, and this method was discontinued at an early stage of the study.

6.7 Results & Discussion

Uptake of Intercalant

Weight increase was assumed to be entirely due to intercalation or adsorption of

pure amine, and the starting material was assumed to be a pure phase of
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MoOZHPO 4.H20. For each reaction, a figure could thus be obtained corresponding

to the number of moles of amine taken up for each mole of MoO,HPO,.H,0.

For the direct reaction with EtNHZ, it was found using molar excesses of inter-
calant in the range 6:1 to 60:1, that between 2.7 and 3.2 moles were taken up, with
no relation between the proportion of the reactants and uptake. For PrNH2 and
BuNH,, the molar uptakes for the various strengths of solution are tabulated in table
6.4. It is evident from the relative values that a correlation exists between the
strength of solution and the amount of intercalant taken up. The results also give an
indication of the timescale of intercalation, since after 24 h the reactions appear not to

have progressed as far as at 5 days.

Infrared Spectroscopy

The infrared spectrum of an EtNH2 reaction product is shown in figure 6.4. It
can be seen that a a number of features of the the parent compound (see chapter 3)
are retained, in particular the framework P-O bands at 1105, 1046, 995 and
901 cm™. Strong features are also observed at ca. 680 and ca. 550 em L. At higher
frequency, absorptions due to the intercalant are observed, with a series of lines
between 1580 and 1450 cm™ and two sharp bands at 1398 and 1262 cm™" assigned to
C-H deformations, although the 1262 em™! band may instead be C-N stretching
mode. N-H stretching bands are observed at 3308 and 3225 em ™! and C-H at 2925
and 2850cm™\. It is apparent that HZO is still present in the product, with a strong
band at ca. 1625cm™! and a very broad feature in the O-H stretching region between
2800 and 3400cm ! indicating substantial hydrogen bonding. The sharp O-H

stretches observed in MoOzHPO 4’H20 are not resolved here.
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Table 6.4 Measured Uptake of Intercalant in Reactions Between
MoO,HPO 4.H20 and Various Solutions of Amine in Toluene

(in mol/mol MoOZHPO 4‘H20)

Intercalant & Solution  Reaction Time
Strength /mol.dm> 24 h 5 days

PrNH,, 0.05 - 2.6
0.10 - 29
BuNH,, 0.05 - 2.1
0.10 1.9 24
0.20 - 2.7

0.42 2.5 -
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X-Ray Diffraction

The powder x-ray data for all the reaction products were highly complex. The
large numbers of diffraction peaks observed, greater than 100 in some cases, indi-
cated either that the products had very large unit cells or that they consisted of a
mixture of crystalline phases. Among intercalates of the same amine there was how-
ever a good deal of consistency between the patterns. In particular for the PrNH,
intercalates, a strong reflection was always observed at approximately 13.95° (d spac-
ing 6.34 &), which corresponds to the repeat distance along the molybdenyl phos-
phate chains. It should be noted that for MoOZHPO 4'H20 itself this reflection is not
observed since the 2, screw axis along y causes the extinction of OkO reflections
where k& is odd. This element of symmetry is therefore lost in the PrNH2 intercalates.
The BuNH2 compounds also did not exhibit this feature, but instead all had a strong
peak at ca. 22.9° (d spacing 3.88 &). If this is taken to correspond with half the
repeat distance along the framework chains, then some considerable distortion must
take place on intercalation of BuNH2 since it represents an increase of some 0.7 A

over the corresponding distance in pure MoOZHPO 4.H20.

Attempts were made to index the patterns, both manually and using the Visser
autoindexing program. It became apparent that none could be totally indexed on the
basis of a single crystalline phase and that in each case a mixture of phases was
present. For the EtNH2 intercalate the best fit was obtained with a monoclinic cell of

dimensions
a=23.895(6) &, b=12.002(3) &, ¢=6.623(2) A and B=110.69(1)°.

44 of the observed 84 peaks in the chosen diffraction pattern could be indexed using

this cell, as shown in table 6.5. It can be seen that the ¢ parameter is some 0.25A
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Table 6.5 Observed and Calculated Powder Diffraction Data for MoOZHPO 4‘H20'XC2H5NH2

h k1 20(obs) 20(calc) h k1 20(obs) 20(calc)

10-1 13.36 13.40 2 5-1 40.06 40.03
2 0-1 13.63 13.66 100 0  40.33 40.31
001 14.28 14.28 731 42.56 42.59
0290 14.75 14.75 7 0-3 4291 42.90
011 16.09 16.08 113 46.14 46.13
111 17.76 17.74 741 47.27 47.27
50-1 19.94 19.95 100 -3 48.24 48.24
51-1 21.31 21.29 9 4-2 48.59 48.61
121 21.90 21.92 8 3-3 50.13 50.13
230 23.57 23.60 110-3 50.62 50.64
610 24.98 25.00 8 02 51.13 51.13
321 26.32 26.28 7 43 53.07 53.07
50-2 28.67 28.65 851 55.76 55.76
530 29.98 29.95 134 -2 59.96 59.96
6 0-2 30.33 30.29 1051 62.30 62.28
340 32.13 32.13 13-4 63.05 63.05
5 2-2 32.40 32.37 7 6-3 64.15 64.15
7 3-1 34.82 34.82 162 -2 64.58 64.58
6 21 35.48 35.48 970 66.18 66.17
402 37.83 37.82 104 2 67.28 67.29
9 1-2 38.31 38.30 17-3 70.49 70.49
7 3-2 39.57 39.59 553 68.54 68.55
A=1.5406 A

a=23.895(6) &, b=12.002(3) &, c=6.623(2) &, B=110.69(1)°
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greater than the b parameter for pure MoOZHPO 4.H2O, and may represent the repeat
distance of the framework chain, which has therefore become "stretched" in the inter-

calation compound.

In the case of most lamellar intercalates it is relatively easy to relate the
increase in a single lattice parameter to the size and orientation of the intercalant
molecules, particularly for linear chain organic compounds. In the present case the
problem is more complex since effectively only one dimension is invariant. A simple
approach is to consider the increase in volume due to intercalation. In the work of
Jacobson et al.l0 intercalation of a series of n—alkylamines into the perovskite-like
HCa2Nb3010 is reported. From the full lattice parameters and stoichiometries given
for these intercalates, it is possible to derive effective volumes for the various amine
molecules. On this basis the volume of an EtNH2 molecule is 83 A>. The volume of
the unit cell given above is 1777 A3, and that of a formula unit of MoOZHPO 4.H20
(half the unit cell of the pure phase) 143 &3 A possible interpretation of this is to
assume that there are eight formula units in the unit cell of the intercalate. The
increase in volume then becomes 79 &> per MoOZHPO 4'H20 unit, i.e. very close to
one EtNH2 molecule. It could thus well be that the phase identified by x-ray
diffraction has a stoichiometry close to MoOZHPO 4'H20‘C2H5NH2’ and that the
observed weight increase was caused either by surface-adsorption or by the formation

of other, more amine-rich phases.

Unfortunately it was not possible to index the patterns for the PrNH2 and
BuNH2 intercalates, due to the probable presence of more than one phase and the
likelihood that primitive unit cells even larger than than observed for the EtNH2

compound are present.
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6.8 Conclusion

Very recent work by Gilson and Weller!l reports the intercalation into
MoOzHPO 4.H20 of a range of small organic species including methanol, ethanol and
isopropanol. The reactions were carried out by equilibration of the solid with the
vapour above the liquid intercalant. 1:1 stoichiometries were found for the isopro-
panol and methanol intercalates, the latter after further equilibration with the air. X-
ray diffraction showed single-phase products, and in the case of the methanol inter-

calate enabled a structure to be proposed.

In the present work the greater success in characterising the ethylamine inter-
calate suggests that larger molecules present too complex a problem in studying inter-
calation into a chain-structured compound. It may in fact be that replacement of H,0,
rather than true intercalation, was taking place. Further work by Gilson and Weller!2
on the reaction of MoOzHPO 4.H20 with dimethyl sulphoxide showed that replace-
ment of water had taken place, thus altering the framework structure and making
characterisation of the product difficult. In this work the x-ray diffraction results and
infrared spectrum, in which many features of MoOZHPO 4.H20 were retained, suggest

however that this has not taken place in the case of the EtNH, compound.

The method of intercalation by using a solution in toluene has not yet been pro-
ven to be successful. However it may be that much longer reaction times are needed
to produce homogeneous products, as in the case of the isopropanol intercalate
reported by Gilson and Weller!! which was equilibrated for three months. Further
work on intercalation with the alkylamines would include longer reaction times, both
in solution and, in the case of the lighter intercalates, by equlibration with vapour.
Both thermogravimetric and elemental analysis should be available to study the inter-

calates, in order to determine the true stoichiometries of the phases.
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APPENDIX 1

Observed and Calculated Neutron Diffraction Intensities for MoOZDPO 4‘D20

k1l 20 (cal) Ihkl (calc) Ihkl (obs) h k1 20 (calc) Ihkl (calc) Ihkl (obs)
1-2 30.66 24 33 30-3 50.57 118 133
1-1 31.48 26914 27130 131 50.72 174 283
12 31.75 14442 14861 301 51.66 1075 1137
21 32.44 301 539 32-1 51.75 2508 2579
20 32.70 384 441 113 52.52 13098 13330
10 32.81 14456 14607 023 52.54 638 652
0-2 33.10 362 326 1 32 52.60 148 153
2-1 33.60 2578 2254 2 2-3 52.72 706 730
02 36.07 624 0 31-3 52.88 540 541
1-2 36.28 5634 4168 2 3-1 53.13 9840 9812
01 36.79 2365 0 032 53.30 11294 11487
21 37.71 1090 1039 322 53.60 11798 11785
12 39.04 1665 1482 311 53.94 3096 3224
11 39.71 6800 7138 230 54.01 62 65
2-2 40.06 25123 24622 320 54.13 638 682
0-3 40.06 365 357 104 54.55 11200 11516
2-1 40.71 437 468 2 04 5541 1563 2362
2 2 40.92 62 30 2 32 56.41 112 67
20 41.78 211 215 114 56.75 133 142
0-1 41.79 3410 3539 222 57.02 1501 1461
03 42.72 2953 3215 4 0-1 57.12 3486 3425
1-3 42.80 0 0 4 0-2 57.46 284 269
0-3 4293 1993 1962 214 57.59 1496 1374
0-2 43.96 25899 25803 004 58.10 374 450
1-1 44 44 5537 5382 132 58.41 1116 1217
00 44,57 9824 9448 231 58.91 47 64
2-2 44.66 368 352 123 59.09 237 302
13 45.33 3514 2104 4 1-1 59.25 475 510
1-3 45.53 727 370 32-3 59.42 3987 3944
1-2 46.51 7211 7288 412 59.58 8 8
31 46.69 8278 8505 014 60.21 2030 2003
30 46.88 31 33 040 60.38 18008 18225
2 2 47.01 310 335 321 60.40 288 292
10 47.10 565 611 304 60.56 1539 1572
3-1 47.55 15670 15503 400 60.74 318 339
21 47.59 7939 7873 203 61.21 40 44
02 47.88 1543 1734 133 61.25 3524 3744
03 50.20 5600 5896 4 0-3 61.70 1868 1859
12 50.27 204 210 302 62.01 3370 3618
2-3 50.29 422 434 041 62.31 1 1
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h k1 20 (calc) Ihkl (calc) lhkl (obs) h k1 20 (calc) Ihkl (calc) Ihkl (obs)
140 62.47 130 131 30-5 73.21 5146 5591
3 3-1 62.54 10758 10782 124 73.35 601 899
314 62.62 8299 8367 234 73.55 145 651
410 62.79 1734 1774 50-1 73.96 13 228
14-1 63.02 89 91 005 74.74 7 0
124 63.03 2273 2309 51-2 74.89 1 0
033 63.24 6000 6025 14-3 74.94 100 53
213 63.25 3173 3185 303 74.97 461 302
2 3-3 63.40 0 0 4 3-1 75.02 55 46
4 1-3 63.73 1463 1496 31-5 75.09 6268 6171
2 2-4 63.82 225 230 4 3-2 75.31 233 277
312 64.05 1850 1890 4 21 75.55 1460 1734
332 64.19 7112 7237 50-3 75.56 278 329
330 64.66 709 588 51-1 75.84 105 105
4 2-1 65.39 310 274 034 75.88 7642 7371
104 65.61 5564 4667 34-1 76.12 216 158
141 65.67 19 15 204 76.49 380 246
4 22 65.70 741 577 015 76.61 1186 929
024 66.30 198 243 043 76.76 27 26
232 67.27 2 3 313 76.84 2104 2238
142 67.28 2558 2992 2 4-3 76.90 45 50
114 67.58 1251 1131 4 24 77.00 2601 2990
2 4-1 67.74 4 4 2 2-5 77.42 818 878
042 67.89 677 633 51-3 7742 1534 1645
401 67.92 7622 7190 342 77.63 8047 8104
240 68.50 1862 2060 12-5 7792 89 86
324 68.59 883 968 334 78.05 13796 13767
420 68.75 922 964 340 78.06 468 469
133 69.16 12344 11811 430 78.20 340 347
223 69.19 754 723 4 02 78.23 3606 3687
4 0-4 69.43 29 30 214 78.34 3669 3729
333 69.47 273 282 500 78.38 73 73
4 2-3 69.65 840 888 233 78.62 9541 9482
411 69.86 561 561 4 33 79.06 5311 5301
2 0-5 69.87 6 6 332 79.34 4354 4254
322 69.95 1164 1124 051 79.61 29 30
331 70.37 170 203 150 79.75 1917 2008
10-5 70.39 1097 1342 412 80.07 1340 1362
2 4-2 70.60 92 151 510 80.22 7837 7865
414 71.35 2821 2926 4 0-5 80.23 5608 5626
2 1-5 71.78 666 703 15-1 80.25 1478 1480
11-5 72.30 1 1 522 80.45 2643 2625
142 72.38 160 144 2 42 80.49 17 17
134 72.81 368 383 32-5 80.65 770 778
2 41 72.83 1760 1836 52-1 81.38 2092 1982
50-2 73.01 2371 2457 50-4 81.52 317 348
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h k1l 20 (cal) Ihkl (calc) Ihkl (obs) h k1 20 (calc) Ihkl (calc) Ihkl (obs)
4 1-5 82.06 3024 3192 50-5 90.76 158 158
025 82.13 4140 4246 344 90.81 1657 1627
143 82.27 193 193 440 90.96 972 915
323 82.36 8585 8678 6 0-2 90.99 906 848
34-3 82.56 737 778 035 91.21 0 0
134 82.61 3 3 2 43 91.37 0 0
151 82.67 451 481 15-3 9141 297 287
105 82.71 535 569 333 91.43 896 865
52-3 82.94 1035 1047 403 91.54 935 896
51-4 83.35 566 622 4 43 91.80 618 577
341 83.41 2 3 533 92.01 310 308
224 83.84 6897 7045 342 92.08 605 623
152 84.16 355 345 6 0-3 92.25 30 33
115 84.53 877 824 314 92.36 1551 1682
2 5-1 84.58 1359 1273 3 5-1 92.54 350 360
052 84.72 215 200 51-5 92.57 4273 4348
4 31 84.75 369 342 6 1-2 92.80 458 445
250 85.29 1559 1677 2 34 9291 198 193
422 85.55 1587 1629 6 0-1 93.10 1318 1306
520 85.70 1381 1367 053 93.17 1539 1532
144 85.73 2406 2361 2 5-3 93.31 959 955
501 86.13 413 388 413 93.35 1509 1499
4 34 86.16 865 819 521 93.37 328 325
2 44 86.44 156 158 006 93.49 1643 1605
2 0-6 86.45 2 2 2 2-6 93.70 3355 3221
2 3-5 86.57 5155 5196 352 94.02 757 768
13-5 87.06 1009 949 4 0-6 94.06 1754 1794
252 87.26 2365 2283 6 1-3 94.07 699 716
4 2-5 87.52 4295 4348 2 05 94.20 2504 2612
4 4-1 87.86 1668 1793 350 94.45 29 30
511 87.94 504 549 4 32 94.61 4798 4831
1 0-6 88.14 489 541 530 94.76 1210 1201
4 4-2 88.14 51 56 6 1-1 94.92 8179 8042
2 1-6 88.26 161 175 016 95.30 184 177
30-6 88.43 1232 1274 144 95.31 2092 2017
044 88.69 2 2 12-6 95.39 2550 2454
524 88.79 2196 2183 32-6 95.68 596 583
152 88.95 1174 1193 4 1-6 95.88 628 639
251 89.37 1652 1562 215 96.02 1447 1517
532 89.55 1396 1297 4 3-5 96.58 5183 5121
335 89.74 2536 2405 252 96.85 8 8
11-6 89.95 4102 4063 6 04 96.91 1598 1652
125 89.97 1001 995 502 97.19 12 14
31-6 90.24 2130 2271 4 41 97.45 1027 1029
53-1 90.46 497 543 324 97.81 338 333
304 90.54 802 863 534 97.87 197 198
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20 (calc)

97.91
98.03
98.26
98.62
98.62
98.74
98.81
98.87
98.91
99.02
99.06
99.28
99.54
99.62
99.76
99.76
99.78
100.26
100.40
100.45
100.79
101.37
101.51
102.12
102.31
102.51
102.52
102.59
102.70
102.84
102.85
103.25
103.47
104.02
104.22
104.25
104.28
104.30
104.45
104.57
104.59
104.59
104.66
104.80
104.84
104.88

Ihkl (calc)

7888
21
10

1022

1764

304
17
612
242
840
963
197
825
82
4
665
21
2
1576
501

515
30

3764
1189
3397
4304
426
270
30
596
86
797

1486
760
784
884

3578

30
620
476

1026
219

4099
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I Rkl (obs)

8058
23
12

1168

2014

324
17
624
246
878
1025
241
1096
109
6
875
28

2
1543
478

245
24

7285
1050
2998
3810
374
237
26
550
88
884

1493
759
779
873

3543

30
614
472

1008
214
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20 (calc)

105.08
105.16
105.34
105.39
105.77
106.03
106.22
106.96
107.03
107.09
107.31
107.36
107.44
107.52
107.55
107.55
107.70
107.73
107.95
108.11
108.13
108.40
108.45
108.70
108.88
108.93
109.22
109.24
109.62
109.64
109.67
109.71
109.78
110.14
110.19
110.37
110.80
110.95
110.98
111.06
111.17
111.64
111.73
111.84
112.13
112.14

Ihkl (calc)

91

5
372
2190
2977
139
619
2699
1198
513
627
1605
88
956
3576
699
g
33
351
198
5139
91
1094
86
2321
100
329
3482
1718
4713
13
79
1528
228
2505
1651
135
77
1597
750
61
1384

79
512
566

Ihkl(obs)
87
5
350
2057
2722
136
657
2734
1206
514
616
1569
86
922
3443
673
68
32
349
204
5301
98
1179
88
2226
95
308
327
1745
4794
14
81
1556
238
2632
1746
126
70
1458
687
57
1473

84
490
540
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h k1l 20 (calc) Ihkl (calc) Ihkl (obs) h k1l 20 (cal) Ihkl (caic) Ihkl (obs)
145 112.24 542 500 36-3 120.15 43 46
6 2-5 112.74 498 496 523 120.21 45 49
7 0-2 112.99 499 518 50-7 120.77 1725 1658
7 0-3 113.07 989 1031 55-1 120.90 80 76
3 6-1 113.07 430 448 344 120.99 1130 1062
4 1-7 113.69 892 930 722 121.13 2608 2461
063 113.75 560 581 361 121.14 7 7
6 34 113.87 310 317 5 3-6 121.15 259 245
2 6-3 113.91 466 475 6 02 121.20 756 717
2 2-7 113.93 56 57 72-3 121.21 447 424
513 114.10 4000 3947 54-5 121.25 706 673
532 114.17 440 429 6 4-2 121.51 251 247
4 51 114.45 0 0 055 121.77 33 34
36-2 114.68 4953 4648 353 122.04 1736 1731
327 114.79 106 100 4 4 3 122.16 3 3
712 114.97 191 180 553 122.71 341 325
71-3 115.05 1746 1649 51-7 122.90 36 35
360 115.15 736 700 6 3-5 122.99 1829 1823
6 21 115.52 2433 2411 6 4-3 123.01 608 608
6 30 115.73 548 559 6 12 123.35 1 2
541 115.97 55 58 254 123.79 1689 1769
4 54 116.00 660 696 1 64 123.88 3377 3383
206 116.04 1083 1147 6 4-1 124.02 3031 2912
4 2 4 116.29 748 810 2 3-7 124.30 863 839
2 4-6 116.33 319 347 700 124.40 100 98
007 116.34 1158 1260 226 124.42 1277 1250
2 5-5 116.46 199 218 046 124.49 5 5
7 0-1 116.63 2803 2992 2 64 124.73 5 5
704 116.86 743 779 027 124.76 72 71
15-5 117.01 276 288 70-5 124.81 1 1
127 117.13 84 88 7 2-1 125.07 862 830
6 0-6 117.32 0 0 4 4-6 125.19 1395 1324
325 117.62 2486 2519 337 125.25 471 449
262 117.82 1063 1084 071 125.29 269 252
216 118.07 456 471 724 125.33 1 1
1 4-6 118.23 562 575 245 125.36 77 72
017 118.38 35 35 170 125.47 19 18
3 4-6 118.55 710 684 6 2-6 125.82 69 66
7 1-1 118.68 2 2 4 52 125.86 40 39
714 118.91 1551 1464 550 126.04 2119 2063
6 1-6 119.38 8772 8600 1 7-1 126.07 2505 2439
4 2 -7 119.78 1761 1816 6 31 126.07 1003 977
163 119.82 585 608 4 6-1 126.48 1890 1820
55-2 119.84 158 165 710 126.62 27 26
35-5 120.06 1420 1528 4 6-2 126.82 622 630
136 120.15 1156 1252 4 3 4 126.92 45 47
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h k1l 20 (cal) Ihkl (calc) Ihkl (obs) h k1l 20 (calc) Ihkl (calc) Ly (obs)
71-5 127.05 1490 1647 72-5 134.20 76 75
06 4 127.51 45 66 31-8 134.72 137 141
13-7 127.87 27 44 2 7-2 135.26 190 197
4 5-5 128.32 259 343 2 1-8 135.31 2606 2695
335 128.43 116 143 6 0-7 135.78 3231 3266
107 128.44 740 904 514 135.96 615 621
6 4-4 128.73 1559 1650 551 136.23 4 4
171 129.09 690 694 236 136.32 1409 1407
542 129.09 903 907 146 136.33 1275 1273
52-7 129.63 3055 3135 306 136.37 6349 6324
554 129.96 239 243 164 136.41 4150 4120
6 22 130.12 2677 2690 2 5-6 136.70 35 34
3 6-4 130.23 1102 1093 037 136.72 3082 2991
460 130.43 6 6 4 0-8 136.77 236 228
117 130.79 6619 6370 7 3-1 137.10 399 387
4 3-7 130.89 288 280 7 3-4 137.40 668 661
640 130.94 98 96 54-6 137.59 75 75
263 130.97 1 1 172 137.71 24 24
172 131.02 34 33 701 137.77 7526 7551
533 131.38 46 48 6 3-6 138.01 12787 12853
155 131.51 1441 1531 271 138.35 26 27
4 6-3 131.54 2 2 127 138.42 176 179
2 7-1 131.58 1781 1900 6 1-7 138.44 926 943
405 131.68 156 166 7 0-6 138.48 11 11
072 131.77 402 428 10-8 138.63 896 919
362 131.91 2100 2214 316 139.06 1007 1028
30-8 132.23 6379 6464 15-6 139.22 3202 3258
7 3-2 132.44 1415 1396 4 1-8 139.48 697 715
270 132.53 127 124 461 139.59 1848 1912
7 3-3 132.54 3902 3809 35-6 139.66 18 19
2 0-8 132.79 6112 5780 6 4-5 139.96 13 14
504 133.41 664 571 711 140.53 675 791
720 133.73 61 55 7 1-6 141.29 650 831
415 134.16 8928 8813 11-8 141.45 1737 2281
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APPENDIX II

Observed and Calculated Neutron Diffraction Intensities for DSb03.0.81D20
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20 (calc)

30.58
30.58
33.58
36.36
36.36
38.98
4145
4145
43.81
43.81
46.07
48.24
50.35
50.35
50.35
50.35
54.38
54.38
56.32
58.22
5822
58.22
60.08
60.08
61.91
6191
6191
63.70
63.70
6547
65.47
67.21
68.93
68.93
70.63
72.32
72.32
72.32
72.32
72.32

Ihkl

4494
141
5
242
11
2346
1509
20553
1415
1777
22
3453
1
2482
2909
969
24
678
426
1405
438
137
2751
343
1059
1416
458
790
409
148
215
360
303
74
5436
2871
3556
31
298
1292

(calc)

1 il (obs)

4567
143
0
307
14
2429
1537
20932
1419
1782
0
3340
0
2485
2912
970
23
661
296
1323
413
129
2534
316
1130
1512
489
804
417
157
228
120
350
85
5471
2864
3548
31
298
1289
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20 (calc)

73.99
73.99
75.64
75.64
75.64
75.64
77.28
77.28
78.92
78.92
82.16
82.16
82.16
82.16
83.77
85.37
85.37
85.37
85.37
86.97
86.97
86.97
88.57
88.57
90.17
90.17
91.76
91.76
91.76
91.76
91.76
91.76
93.36
94.96
94.96
96.57
96.57
98.18
98.18
98.18

Ihkl (calc)

24
1420
2590

7

0
2716
1234
299

2183
329
1436
496
14
1513
1929

1522
53
81

709
36
5122
117

1190
971
319
305

20
146
41
38
563

662
1330
460

Ihld (obs)

22
1269
2654

7

0
2784
1286
311

2027
316
1379
477
13
1389
1859

1467
51

728
37
4942
112

1225
1005
328
314
20
160
70
66
559

650
1305
451
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20 (calc)

99.80

99.80
101.42
101.42
101.42
101.42
101.42
103.06
104.70
104.70
104.70
104.70
104.70
104.70
108.03
108.03
108.08
108.03
109.72
111.43
111.43
111.43
111.43
111.43
113.16
113.16
113.16
114.91
114.90
116.68
116.68
116.68
116.68
118.48
118.48

Ihkl (calc)

16
44
25

1082

204
239
4
260
40
136
427
197
371
260
672

13
935
236
660
321

10
816
446
628

13
548

86
114
315

1277
349
808
774
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Ihld (obs)

19
52
26
1138
214
251

238

38
128
403
186
350
245
781

15
988
262
731
356

11
905
419
590

12
616

97
118
327

1324
361
798
765
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20 (calc)

118.48
118.48
120.32
120.32
122.19
122.19
122.19
122.19
122.19
122.19
126.05
126.05
126.05
126.05
128.05
128.05
128.05
128.05
130.11
130.11
130.11
132.23
132.23
134.43
13443
134.43
134.43
13443
134.43
139.10
139.10
139.10
139.10
139.10
139.10

Ihkl (calc)

2
1490
8
495
40
1488
1447
1169
295
625
4241
4
115
524
597
82
176
68
1017
4779
83
2327
3029
791
1965
113
595
44

1
120
234
377
178
32
210

Ihkl (obs)

2
1472
10
576
42
1533
1491
1205
304
644
4410
4
120
544
601
83
177
69
1033
4855
84
2452
3191
808
2007
115
608
45

117
226
365
172

31
204



