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ABSTRACT: ’
The crystal structures of VOPZSjOB, VO(P03)2, V(P03)3, (V0)2P207
and VAsO. have been determined with the help of x-rays, and are compared

5
with the known structures in the V-P-As-0 system. All the vanadium atoms

5

in the mixed oxides are octahedrally coordinated and the V+406 and v*
y*3

O
octahedra are all characterized by one short vanadyl bond. 06 groups
are nearly regular. The tetrahedral phosphorus is found in structural
elements ranging from-infinite metaphosphate chains (V(P03)3, VO(P03)2), :
to pyrophosphate groups ((V0)2P207) to isolated tetrahedra (\IAsO5 and V0P25i08).
Both structural and substitutional disordering is evident in the V-P-As-0
system, and is discussed together with a detailed model for stacking faults
in VAsOS.

Some of the phases in the V-P-As-0 system are known to catalyze
the‘oxidation of butene to maleic anhydride, and certain structural features
of the compounds are related to this catalytic activity. ‘a-VPOS can be
related to (VO)ZP207 through the formation of shears in a manner similar to
shear formation in V205, and such a mechanism is proposed as a means whereby
an a-VPO, catalyst can change into (V0)

spent catalyst.

2P207, the known composition of the

..
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CHAPTER 1

Introduction

§ 1.1 Scope and Perspective

Vanadium oxides and vanadium phosphorus oxides are known to act
as heterogeneous catalysts in certain organic reactions such as the
oxidation of butene to maleic anhydridel. Such catalysis must depend on
the crystal structures of these oxides and a study of their crystallography
is therefore essential in order to understand the mechanism of the
catalytic processes.
The crystal structures of most vanadium oxides are known2~10
and will be briefly reviewed. The crystal structures of three vanadium phosphorus
oxides, V+h0(P03)2,

compared to the known crystal structures of the two forms of VP0511’12.

+3 +4 X
Vv (P03)3 and (Vv 0)2P207, will be presented and

Many oxide catalysts are supported on silica gel and the crystal structure

of V+h

0P,Si0g, readily formed from VO(PO3)2 and $i0,, will be described
in order to determine the possible influence of a supporting medium. The
question of possible substitution of arsenic for phosphorus in some of
the phases of the V-P-0 system will be raised, and the crystal structure

of V+5

AsO5 will be presented as well as evidence for a solid solution
of the form VPxAs1_XO5 over the range O<x<1. Certain features of these
structures will be related to catalytic activity.

§ 1.2 The Vanadium Oxides

Systems containing vanadium and oxygen form a very diverse

series of compounds. Not only can the vanadium exist in different oxidation

1



states, it is also found in a variety of coordinations. Pentavalent
vanadium can be found tetrahedrally coordinated in isolated tetrahedra
(i.e. the VOh tetrahedra are not connected to other VOA groups), but
in vanadium oxides this coordination is usually found in infinite

corner-sharing metavanadate chains, (VO )m, (fig.1-1(a)) (e.q. NaVO313)

3
and in pyrovanadate groups, vzo;“, (fig.1-1(b)) consisting of two
corner-sharing tetrahedra (e.g. Zn2V20714). Both V+5 and V+h can exist
in 5-fold and octahedral coordination. These groups usually have one
V-0 bond, often called the vanadyl bond, which is shorter than the other
V-0 bonds in the group, and which distorts the idealized polyhedral
symmetry. The V-0 bond trans to the vanadyl bond is generally very
long (octahedral coordination, fig.1-1(c)), or missing (5-fold coordination,
fig. 1-1(d)). This long bond is often formed to a vanadyl oxygen
in another polyhedron. Trivalent vanadium also exists in octahedral coordi-
nation, but does not usually have the vanadyl geometry, the octahedra
being nearly regular (fig. 1-1(e)). The 5 or 6-fold coordination polyhedra
can be found isolated or condensed in 1,2, or 3 dimensions.

Dickens and Wisemanl® have reviewed the crystallography of
oxide bronzes and related mixed valence oxides, and the crystallography
of the vanadium oxides can best be described using their terminology.
VO, octahedra can'be found in corner-sharing chains (fig.1-2(a)), edge-
sharing chains (rutile chains, fig.1-2(c)), or double chains composed of
two edge-sharing octahedra sharing corners with two adjacent sets of
edge-sharing octahedra (fig.1-2(b)). Adjacent octahedra can also share

edges in a zigzag pattern to form a single ribbon as shown viewed from

three perpendicular directions in figure 1-3(a). Double ribbons can be
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Figure 1-1. Structural elements found in vanadium oxides. The unconnected

dot represents the position of the vanadium atom, and oxygen
atoms are found at the apices of the polyhedra.

(a) metavanadate chain, (b) pyrovanadate group,

(c) octahedron with short vanadyl bond, (d) 5-fold coordinate
group with vanadyl bond, (e) regular octahedron.






formed by two such single ribbons sharing edges as shown in figure 1-3(b).
If parallel adjacent single ribbons share corners they can form single
sheets as shown head-on in figure 1-4(a). In a similar fashion double
ribbons can share edges to form double sheets (Ffigure 1-4(b)) or corners
to form zig-zag sheets (fig. 1-4(c)). |

Most vanadium oxides can be considered members of the series
V.0, 41 OF Vn02n-1 with n=2,3,4,6 for the former and n=2-7 for the latter.
VO2 is one important vanadium oxide which does not fall in either of
these series but bridges the two. Most of these oxides are mixed oxidation
state compounds and, while it is often possible to assign integer oxidation
numbers to individual vanadium atoms using the bond-valence parameters
of Brownl®, some V atoms appear to have partial valences.

V205, the first member of the Vn02n+1 series, is known to exist
in two polymorphic forms. a-V2052, stable under ordinary conditions,
consists of single octahedral sheets (fig.1-4(a)) stacked so that the
vanadyl oxygens within one sheet form the long axial V-0 bonds of the
octahedra in an adjacent sheet. B-V20517, found at high pressures, consists
of zig-zag sheets (fig.1-4(c)) which are not noticeably bonded together
and thus readily slip to introduce stacking faults, giving rise to diffuse
scattering in the diffraction pattern.

V3073 contains alternating double (fig.1-2(b)) and single (fig.1-2(a))
corner-sharing chains which are linked to each other at the corners by
single ribbons (fig.1-3(a)). The single ribbons are essentially 5-fold

rather than octahedrally coordinated.

VhQ9“ contains single ribbons (fig.1-3(a)) which link to each other

and to double ribbons (fig.1-3(b)). Like V3O7, the polyhedra of the single
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Figure 1-3. (a) Single octahedral ribbons and (b) Double octahedral
ribbons as viewed from three perpendicular directions.
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ribbons are 5-fold coordinated. A second form of V,0, has been reportedl®8

9
but its structure is unknhown.
’ 5 f -
The last structure of the \InO2n+1 series, V6013 , contains alter
nating single (fig.1-4(a)) and double sheets (fig.1-4(b)) sharing corners
at the vanadyl oxygens of the double sheets.

Vanadium dioxide, V0,, exists in at least two polymorphic forms.

99
One structure consists of double sheets (fig.1-4(b)) sharing corners at

the vanadyl oxygens of one sheet®, and is thus related to the Vn02n+1 series.
The other form is a distorted rutile structure containing edge-sharing
(fig.1-2(c)) octahedral chains connected by corner-sharing’. As will be
seen, this form is related to the V0,51 series.

The V 0 18’9:10 structures contain two parts. A corundum type

2n-
structure, containing two octahedra sharing a face and each sharing an
edge with neighbouring octahedra, is joined to the next corundum part by
rutile chains. The length of the chains depends on n. When n=2, these
chains are not present®, and they increase monotonically in length as
h increases from 32,10, V027 contains only rutile chains and may be regarded
as a structure where n-w,

Vanadium bronzes are compounds which in general have formulae
MxvyoZ where M is a metal, y and z are integers and x can be non-integral.
The average oxidation state of the vanadium for particular y and z values
changes over a range of x values without changing the basic structure.
These bronzes have structural features similar to those of the vanadium
oxides. y-LixVZOS19 has a-V.0 -like octahedral sheets, §-Ag V0 20 has

2°5 2°5

the double sheets seen in VO,, and e-AlXVZOS21 has alternating single

and double sheets as in V6O13‘ B-NaXV601522 has double octahedral ribbons



sharing one corner each with two neighbouring double ribbons and being
bridged to two more double ribbons by single ribbons. LixV30823 has
alternating single and double ribbons.

§ 1.3 The Phosphorus Oxides

5

Like vanadium, phosphorus exhibits multiple valences, but the Pt
form is the most stable form and does not reduce readily. Pentavalent
phosphorus is only found tetrahedrally coordinated, but the tetrahedra
can link to produce a variety of structural elements. As is the case
for V+504 tetrahedra, P+50h groups can share corners to produce infinite
metaphosphate chains (e.g. NaP032“) and pyrophosphate groups (e.g. Zn2P20725).
Rings of corner-sharing tetrahedra are also prevalent (e.g. Na3P30926
has rings of three phosphate groups, and NahPh01227 has rings of four
phosphate groups). Substitution of vanadium for phosphorus (and vice versa)
might be expected to occur in compounds where the coordination is tetrahedral.
However, since the vanadium oxides have vanadium in 5-fold or octahedral
coordination, the phosphorus oxides, or mixed phosphorus-vanadium oxides,
are expected to have differenf structures from the corresponding vanadium
oxides.

Phosphorus pentoxide exists in three crystalline forms. The
H-Form?® is the most common and contains four phosphate tetrahedra each
of which shares a corner with each of the other three tetrahedra to form
discrete PL*O]0 groups of tetrahedral symmetry. The O-Form?2 contains
rings of ten phosphate tetrahedra linked in a three-dimensional network.

The 0'-Form30 contains sheets of linked six-membered rings.

§ 1.4 The Arsenic Oxides

Like phosphorus and vanadium, arsenic displays variable oxidation
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states, but is most commonly found in the +5 state. Pentavalent arsenic
is found tetrahedrally in structural elements similar to those of phosphorus.
Meta-arsenate chains can be found in NaAs0_ 3!, rings in K,As_ 0,32, and

3 37379

pyroarsenate groups in M92A520733. As™® is also found octahedrally
coordinated, but, unlike vanadium, the octahedra are usually quite regular
and contain no bond analogous to the vanadyl bond. The AsO6 octahedra
.are not found as highly condensed as the V06 octahedra, corner-sharing
being the prevalent mode of joining neighbouring AsO6 groups.

Although the crystal structure of hydrated arsenic pentoxide has

3% the structure of anhydrous AsZO5 has only

been known for some time
been determined very recently3>, |t consists of zig-zag chains of
corner-sharing A506 octahedra which are joined to neighbouring chains

by AsOh tetrahedra in such a way that each tetrahedron shares corners with
two octahedra in each of two chains. This intricate arrangement avoids
edge~-sharing polyhedra by having both tetrahedral and octahedral coordi-

nations present. Both kinds of polyhedra are quite regular in shape.

§ 1.5 The V-P-As-0 System

Pentavalent P, V and As can all be found tetrahedrally coordinated,
and substitution of P*> for v in NaV0336 and As™® for P in NaP0337
has been found. However, substitution of one for any other does not
often occur. Thi's can be due to the preferred octahedral and 5-fold

5

coordination of V+ , thereby preventing P substitution, and the
abundance of condensed octahedra and of vanadyl groups found for V and
not for As. Mixed oxides can usually be expected to have different

crystal structures from the single oxides of V,P and As, although to

date very little is known about them.
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In the early sixties, Nador3® investigated the VZOS-PZO5 system
and concluded that,on melting mixtures of these oxides, oxygen is liberated
and some vanadium is reduced from V+5 to oxidation states of +4 and +3.
A study of the electron spin resonances of samples with different stoichio-
metries allowed him to conclude that the V205-P205 system consisted of
a single two-component system and two three-component systems with upper
and lower boundaries as shown in figure 1-5. The boundaries established
272%7 3

about the composition of other phases.

the existence of (V0) and V(PO but no indication was given

5

Ladwig3? also noticed a reduction of all forms of V+ PO. (formed

5

from a 1:1 mixture of V205 and PZOS) at temperatures greater than 700°C,

forming a V+Ll compound. This observation was recently verified by
Bordes and Courtine“® and the reduction product was identified as (VO)2P207.

0

Bordes and Courtine"? established the presence of P207-h and vanadyl groups

is

5

contrary to the observations of Jordan and Calvoll, who report no appreciable

in this compound from IR and UV spectra. The reduction of VPO

mass loss of oc-VPO5 up to 114000, well beyond its melting point.

VPO5 itself is found in several forms and has been rather exten-
sively studied. The structures and properties of a-VP0511,39,”1, B-VP0512,39,”1
and the hydrates of»VP0539s”1 have all been reported. Since these compounds
are fundamental to the V-P-As-0 system, they will be briefly described.

The structure of a-VPOS11 consists of layers containing alternating
corner-sharing VO, octahedra and PO, tetrahedra (fig.1-6). The Vo,
octahedra contain the typical vanadyl oxygens perpendicular to the plane

of figure 1-6, which form long bonds to V06 groups in the next layer. This

is the only connection between layers. The layers may be disordered by
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Figure 1- 6. The crystal structure of a-VPO_ as projected down the
c-axis. The disordered positions of the oxygens are
at the apices of the dashed parallellogram.
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a slight rotation about the direction of the vanadyl bonds as indicated
in figure 1-6 by the dashed lines. Because of the layered structure,
crystals of a—VPO5 grow in mica-like sheets. Evidence for some vanadium
substitution at the phosphorus site has been found“2.

B-VP0512 (figure 1-7) contains chains of V0, octahedra parallel
to a arranged with the vanadyl oxygen of one group forming the long
axial V-0 bond of the next group. The psuedo L-fold axes of the VO6
groups are alternately tilted by +30° and -30° with respect to the direc-
tion of the chain. This tilting makes it possible for a phosphate group
to share an oxygen with each of two VO6 octahedra in one chain. The
other two phosphate oxygens are shared with a VO6 group in each of two
other chains.

Ladwig3® has described the production of VPO .2H20 from a

5

V205-phosphoric acid mixture and has shown that, on heating it slowly,

VPOS'HZO is formed at 60-80°C and at 150°C a-VPO5 is formed. He also

noticed an expansion of the c-axis of u-VPO5 on hydration. This led
him to conclude that the structure of the hydrates must be the layered
structure of u-VPO5 with water molecules interstitially between the

layers. No hydrates are known to form from B-VPO_., nor is there any

5’

evidence for an a>B8 transition.

A preparation for V+AO(P0 its blue colour and its insolubility

3)2’
in most solvents were reported by Ladwig"“3 in 1968. Preparations for
this compound and V(PO3)3 have also been reported recently and separately

by Lavrov, et al** and Tofield, et al*5. From IR data, Lavrov concluded that

VO(PO3)2 is a metaphosphate and Tofield interpreted the djiffuse transmission

spectrum to show the existence of vanadyl groups. Both conclude V(P03)3



3

Figure 1~7.

15

The crystal structure of 8-VPO
a-axis. The second half of thg cell can be generated from
the one shown by a centre of symmetry at (%,},%).

projected down the
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contain metaphosphate chains.

The crystal structure of VOPZSi08 was solved independently by

ourselves and Rice,et al“® but their work appeared in print prior to ours“’,

Very little is known about the crystalline vanadium arsenic

and phosphorus arsenic oxides. The existence of VAsO5 and its hydrate

has been reported“8,%%, and a powder pattern of the anhydrous material
appears to be the same as that of a-VPOS. No other vanadium arsenic

oxides are known. Crystals of the form AsxP x0 have been studied3?

5

for 1<x<2 from powder data.

2~

and were found to be isostructural with ASZO

5

§ 1.6 Reduction of Vanadium Oxides

V205 consists of single octahedral sheets, V6013 consists of
alternating single and double octahedral sheets, and VO2 consists of

double octahedral sheets. |If one sheet in the V205 structure is cooperatively

moved along a shear plane as in figure 1-8(a), then a double sheet
will be formed. By this mechanism, geometrically at least, conversion of

\1205 into V601351 (fig.1-8(b)) can be accomplished by moving every third

sheet of VZOS in such a fashion, and conversion.into VO2 can be accomplished
by moving every second sheet along the shear plane. Studies have been

done to determine if such a reduction mechanism does in fact occur.

Electron microscope studies, whereby carbon is deposited on the surface of

a crystal and is thus capable of aiding reduction by forming CO and COZ’

have failed to show VO2 production from V but have confirmed the

2%
conversion of V6013 into V0252 and a cooperative movement of octahedra

as depicted in figure 1-9 has been suggested for the mechanism of this

reduction. The reduction of V,.0- to V60 under these conditions has

275 13

been the subject of some controversy. Fiermans and Vennik>3 have noted
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and studied this transition by low energy electron diffraction, but Tilley
and Hydesl1L have found no evidence for such a shear using transmission
electron microscopy. These authors did find a reduced vanadium

oxide phase produced which was later identified as a new Vl*O9 phase by
Grymonprezlq et al.

The possibility of VZOS and V6013 reducing through the formation
of shear structures and/or vacancy formation appears likely but has not
been conclusively established. In each of the cases studied, the vanadyl
oxygen is the oxygen which is removed. This is exactly the mechanism
which is suggested for the action of a V205 catalyst in the oxidation of
hydrocarbons by Sachtler®® to account for the production of V+h in spent
catalysts. He suggested that the vanadyl oxygens exposed on the surface
of V.O were removed during the catalytic process. The vacancies so

275
created can diffuse into the bulk of the V205 catalysts. This is an
easy process since the V+l*05 groups so established can have many confi-
gurations. When the vacancies are at the appropriate oxygen sites for
a shear to occur, the V6013 configuration is formed. Although no direct
structural evidence is available, there is evidence that the vanadium is

reduced in the catalytic process and that the vanadyl oxygen is released®6,57,

§ 1.7 Vanadium Phosphate Catalysts

A great number of patents in the US, Japan, and Germany exist
for the use of vanadium phosphate catalysts in the commercial production
of maleic anhydride from butene, butane and other hydrocarbons, but very
little academic literature is available., The oxidation of butene
( either 1-butene or Z—Butehe ) over vanadium phosphates is thought to

proceed by the following steps®8,59,60,
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1-butene (or 2-butene) butadiene
H
N R 7

step 2

F{ F4 F+ furan maleic anhydride
o

crotonaldehyde
Seeboth et al.52,60 found that crotonaldehyde was often an intermediate
in étep 2 as shown above.

Ai>® found that, although the activity (i.e. the number of sites
active in catalysis) decreased from pure vanadium oxide catalysts to
vanadium phosphates, the selectivity of the butene - maleic anhydride
reaction (or the preferred production of the desired product rather than
side-products) increased with phosphorus content. This has also been
observed by several other workers9,56,59,61 A} considered each step
in the reaction and found that phosphorus addition increased the selectivity
in step 1 and step 2 and decreased it in step 3.

Ai and Suzuki®? found that the affinity of V,05 catalysts for
basic (i.e. electron donating) olefins decreases with P205 content, and
hence the acid strength of vanadium phosphate catalysts must be smaller
that that of V205. They suggest that this lower acid strength enhances

the probability of maleic acid production rather than side-products such



21

as acetic acid, acetaldehyde and carbon dioxide.

+4

VPOS, when used as a catalyst, reduces to (V O)X(V+5

L0,59,60
0)1--xpol+-x/2

with the end-product being VOPO E(V0)2P207. Bordes and Courtine"?

3.5
found that on slow heating of VPO5 to around 750°C, a metastable inter-
mediate, VP04.75, was formed which reduced on further heating to VPO#.S’
In addition, both a and B-VPO5 were found to reduce to VPOh.S’ but only
a—VPO5 was formed on re-oxidation.

Nakamura®! found that the yield of a catalyzed reaction decreased
rapidly as the average oxidation number of the vanadium became less than
L.0. He concluded that the redox cycle between V+5 and V+h is mainly
responsible for the catalysis, and that the vanadyl bond was importént
in the process. He suggested a mechanism whereby oxygen from the air
would add to the vanadium at the side opposite the vanadyl bond, thereby
forming a sixth oxygen bond which is available for oxidation of the
butene (fig.1-10). One supposes that at the surface the long V-0 bond
is missing, a not unreasonable assumption since charge conservation would
require something of this sort. This mechanism was suggested for the P:V
= 2:1 catalyst since Nakamura found it to be the most selective. Bordes

and Courtine*9 however, found that VO(PO3)2 was not catalytically active.



Figure 1-10.
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Redox mechanism occuring during catalysis using a vanadium
phosphate catalyst as suggested by Nakamura®!. The equatorial
oxygen atoms are bonded to vanadium and phosphorus atoms. The
axial atoms are only bonded to vanadium,



CHAPTER 2

The Theory of X-Ray Diffraction

§ 2.1 Scattering of X-Rays

X-rays fall in the short wavelength, high energy region of the
electromagnetic spectrum, and, like all electromagnetic radiation, can
be scattered from matter inelastically (Compton scattering) with a change
in wavelength or elastically, without a change in wavelength. It is the
elastic scattering that enables one to determine crystal structures.

Many good books have been written describing the theory of x-ray
scattering*; only the main ideas and those particularly relevant to this
thesis will be summarized here.

If we consider an incident x-ray wave of wave-vector Eo scattered
elastically from an electron at an arbitrary origin and one at a distance
r away, the amplitude of the resultant wave-vector k will be proportional
to exp(iAE;:) where Ak = EO-E: If instead the scattering occurs from an
electron distribution with electron density p(r), then the resulting
amplitude will be

A(8K) = fp(r)exp(isk-r)dv, (2-1)
where the integral is over the volume containing the charge density.

An ideal crystal has three-dimensional translational symmetry.

I f the repeating unit, i.e. the unit cell, is defined by the vectors a, b
and c, then for an ideal crystal, the electron density at a point r is

p(r) = p(r+xa+yb+zc) for all integers x,y and z. Using this relationship,

pL

"see for example books by Zachariasen®3, Cowley®“, James®5 or Warren®6.
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the amplitude in equation 2-1 now becomes, for an ideal crystal,

A(ak) = = exp(iakeR) [ p(r)exp(inker)dv, (2-2)
xyz u.c.

where R = xatyb+zc, and the integration is carried out over the volume
of the unit cell, and the sum is over the dimension of the crystal.
For a crystal containing‘Nx, Ny and N, unit cells in the x,y and z directions,

Ny N
£ exp(idk+R) = I exp(iAk-xa) ¥ exp (i ak-yb)

Xyz x=1 y=1 z

N, :
% exp(iAkezc)
=1 - -

(1-exp (iNyAk=a)) (1-exp(iNyAk+b)) (1-exp(iN,Ak:c))

(T-exp(18k+a)) ~ (T-exp(iBk-b)) ~ (I-exp(iAK-c)) (2-3)

The intensity of the scattered wave is

it

A(Ak) A* (Ak)

£ exp(idk-R) T exp(-iak:R) [ p(r)exp(isk-r}dv [ o(r)exp(-iak-r)dv,
Xyz Xyz u.c. u.c.

(2-4)
where the designation (*) implies the complex conjdgate of the expression.
Upon substitution of equation 2-3 into 2-4 and simplification of the sums,

l = [ p(r)exp(itker)dv [ p(r)exp(-isk-r)dv
u.c. u.c.

 sin’(3(8keN,a)) | sin?(3(AkeNyb)) | sin(3(8keNyc)) |y )
SR IR-3)) SRR KBTS TR (3 (ke o))

Because Nx’ Ny and NZ are very large numbers, this expression has sharp
maxima at

ak = 27H = 2n(ha” + kb + 2c) » (2-6)

where h, k and 2 are integers and f{, Ej and Sf are called reciprocal
lattice vectors and are defined as:

% bxc 9 cxa & axb
a =

a bxc
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For very large Nx’ Ny and Nz, the maxima are so sharp that the intensity
is non-zero only for k = 27H, and has a value N2 where N = NxN Nz' This
is one formulation of Bragg's law, and shows that x-ray scattering from
ideal crystals, rather than being a continuum, consists of a distinct
number of '"reflections' defined by condition 2-6.

Using Bragg's law, equation 2-2 now becomes

A(Ak) = A(H) = N f p(r)exp(2miH-r)dv

u.c.
= NF, (2-8)
where N is the number of unit cells in the crystal and F, the structure
factor, defined as equal to the integral in equation 2-8, is the Fourier
transform of the electron density distribution p(r).
In a crystal, the electron density can be considered as the sum

of electron densities of individual atoms:

i.e. p(r) = § pj(£]+£J), (2-9)

where Ej is the position vector of the centre of the th-atom and r'
is a vector within this atom. Consequently, the structure factor for
a crystal .considering the different atoms in the unit cell separately

becomes,

F (H) zfp )exp(2miH- (r ‘+rJ))dV

b fjexp(ZNiﬂ:Ij), (2-10)

where the integral is now over the volume of one atom. fj’ the atomic
scattering factor, is the Fourier transform of the electron density of

the jﬁh-atom.

= fpj(gf)exp(Zniﬁfgj)dv, (2-11)
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Atomic scattering factors have been calculated for theoretical free atoms
using various types of wave-functions such as Hartree-Fock®7 and Slater®8
functions and are tabulated in the literature,.

§ 2.2 Space Groups and Crystal Symmetry

Not only do crystals have three-dimensional translational symmetry
with respect to the unit cell distances, the atoms within an individual
unit cell can also be related by rotational and reflection symmetry. It
can be shown®3 that all possible combinations of such symmetry operations
¢an be classified in 230 space groups.

Some symmetry operations can restrict the values of h, k and &
for the vector H for which the intensity has a non-zero value. For
example, a body-centred space group has an atom at x+%, y+%, z+% for

every atom at X, y, z. The structure factor for such a space group

will be
F(H) = ¢ f.exp(2niHer,)
=T =3
J
=3 fmexp(Zﬂi(hx+ky+2z)) + fmexp(2ﬁi(hx+%h+ky+%k+zz+%2))
m
= I fmexp(2wi(hx+ky+zz))(1+exp(2ni(%h+%k+%&)), (2-12)
m

where the sum over m is over pairs of atoms related by body-centred symmetry.
The last term in the expression will be zero if h+k+% # 2n where n is
an integer. Thus if all h+k+g # 2n reflections for a particular crystal
have zero intensity, that crystal has a body-centred space group.
Sets of reflections with zero-intensity (such as the h+k+y # 2n
ones for body-centred crystals) are called systematic extinctions.
Systematic extinctions can be found for glide planes, screw axes and

centering conditions. A careful examination of the systematic extinctions



27

for a particular crystal will often yield the space group for the crystal,
or reduce the possible space groups to two or three that have the same
extinctions.

§ 2.3 Deviations from Translational Periodicity

So far, it has been assumed that crystals have perfect translational
symmetry in three dimensions. Real crystals in fact deviate from this
periodicity in several ways. Atoms vibrate about an equilibrium position
(thermal motion), and need not always be in phase with corresponding
atoms in other unit cells; certain atoms may randomly occupy one of
several possible positions in different unit cells (positional disorder),
and sometimes different kinds of atoms may occupy the same position in
different cells (substitutional disorder). |In addition,unit cells may
not be aligned exactly with respect to neighbouring cells. This mis-
alignment can occur between blocks of perfectly aligned cells (mosaic
spread), layers of cells (one-dimensional disorder or stacking faults),
or chains of cells (two-dimensional disorder). Thermal motion occurs in
all crystals. The other kinds of disorder may or may not occur to a sig-
nificant extent depending on the crystal. Disorders considered in this
thesis will be briefly discussed.

(a) Thermal motion

Atoms at any instant in time are located at r' = £ﬁ+§i where £j
is the position vector for the average position of atom j and §j is the
instantaneous displacement frqm this position. It is a function of time
and of temperature, increasing as the latter increases. The structure

factor thus becomes, formally,

F(H) = Jz Frexp(2niH. (ro+5,)), (2-13)
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and the intensity is

N? g £iF exp (2nile (ry+8)))exp(-2niH: (r;+8;))

tsJ

i

il

NZ g fjf’:exp(zmy;(_r_j—_r_i))exp(zﬂi_ﬂ_- (8;78;)). (2-14)
i,J

This is the Instantaneous intensity at any one time. Experimentally,
the time average of this value is observed. This time average is indicated
by <ese>,
<> = N2 3 £ Frexp (2nihe (r)-r,)) <exp (2nib- (5;-8,))> - (2-15)
isJ

For small displacements,

<eXP2nifl_-(_6_j-§_i)> 1+ 1<27H- (gj-gib - %<(2nﬂ-(_<‘5_j-§_i))2> - e

1 - %{zwﬂ-(gj-gi))2> |

R

exp(-n<(ﬂ:(§j‘§4))2>)

exp (~m<(H: (8;-8,)) *Jexp (~m<(h (5;-8,))>)
‘exp(21r<(_H_-§j)(ﬂ-£i)>), (2-16)

"since odd powers average to zero and large powers in the Taylor series
are negligible.

Thus the average intensity

NZ 1 fjexp(2ni(ﬂ;zj))exp(w<(ﬂ;§j)zﬂf?exp(2niQflh))eXp(n<ﬂ:§4)2>)
i)

(1 + exp(2ﬂ<(ﬂ:§j)(ﬂ:§4)>) -1)

= NZIZ f.exp(Zni(ﬂjf,))exp(-ZM.)[z + second term containing
i ) ] (exp (2m<(H- 8;) (H- 8;)>) -1)
. : 2 (2-17)
2Mj is called the Debye-Waller factor and is equal to <(ﬂ:§j) >ar.

.
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The first term in expression 2-17 has a sharp maximum intensity at the
Bragg reflection. The second term will give rise to a small diffuse
background called thermal diffuse scattering which is negligible in
intensity compared to the Bragg reflection.

Thus, when taking thermal motion into account, the structure

factor must be modified to

F(H) = L fjexp(ZﬂiQr

L Lj))exp(-ZMJ.) . (2-18)

It is customary to write

oM, = gl n? + gl K%+ e§3zz + 8 hic + B{th +elga, (2-19)
where the B are known as the anisotropic thermal coordinates and
describe the ellipsoid of vibration of atom j at the temperature considered.
(b) Positional and Substitutional Disorder

Bragg's law will no ltonger be completely valid when disordering

occurs, and equation 2-1 becomes

A(Ak)

L exp(iaksR) [ o(r)exp(iaker)dv
xyz u.c.

T exp(idk-R) = f,(Ak)exp(idk-r.)
Xyz i J

Z exp(iAk+R)F' (k) » - (2-20)
XyZz

where R, as before, is xatyb+zc, and where the F' may be different for

each unit cell. They can differ in magnitude due to a difference in fj
values (substitutional disorder) or in phase due to a difference in r

values (positional disorder) or both.

Equation 2-20 can be re-arranged as

A(2k) = xf»z(FP + an)exp(iAI_<_-_) , - (2-21)
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where the F' have been divided into a periodic part (Fp) which represents
the '"'average'' structure factor for the cells, and stays the same for all
the cells, and a non-periodic part (an) which varies from cell to cell
and represents the deviations from the average cell. The intensity
using equation 2-21 now becomes
. 2 . 2
I = |z exp(inkR)F |“ + ] exp(iak:R)F
Xyz P xXyz P

+ % exp(irkeR)F. T exp(-iAkeR)F
exp(iak-RIF T exp(-iak-RIF

Xyz Xyz

+ % exp(-1Ak-R)F_ = exp(iAE;B)Fn . (2-22)
Uxyz Xyz P

> exp(iAE:B)Fp occurs in the first and last two terms of equation 2-22,
zzz has a non-zero value only at the Bragg points defined by Ak = 2qH.
The intensity arising due to the first term is thus the Bragg intensity
associated with the average cell. The sum of the non-periodic parts
normally cancels out in the last two terms if the average cell has been
properly chosen. The second term can be non-zero for any value of ak,
its magnitude depending on the kind and extent of disorder. In general,
this term represents a diffuse background for the Bragg reflection.
(c) Stacking Faults

When a crystal consists of a layered structure in such a way that
one layer may be displaced from or be different in contents from the other
layers, a one~dimensional disorder in the direction perpendicular to the
layers is present. This disorder can be recognized in the diffraction
pattern by the existence of streaks through the Bragg peaks in the Eﬁ

direction for disorder in the c direction. The diffraction intensities

have been calculated generally for such disorders by Jagodzinski®?,
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Kakinoki and Komura’

0 and Cowley’l. The resulting expressions and their
derivations will not be reproduced here, but may readily be found in the
literature. The intensity expressions usually do not yield to conve-
nient calculations except for special cases where simplifications can
be made. One such case will be discussed in chapter 8, and the intensity
expression for it will be derived at that time. In general, the intensity
can be broken up into terms of intensity produced due to layers stacked
without faults, with one fault, with two faults, etc., and the total
intensity is the sum of all these terms.
(d) Mosaic Spread

Crystals normally consist of many small "mosaic' blocks which
contain cells in perfect alignment, but which are slightly misaligned
with respect to each other. The amount of misalignment is called the
mosaic spread of the crystal. The mosaic blocks are larger in dimension
than the coherence length of x-rays, thus each block produces a diffracted
beam independent of the others, and the total intensity of the diffracted
beams is edual to the sum of the individual beams from each block. Since
the mosaic spread is usually small compared to the reciprocal cell
dimensions, the effect of the blocks is a slight broadening of the Bragg
peak in the diffraction pattern.

When an x;ray beam is scattered from a reflecting plane, energy
is transferred to the diffracted wave, thus reducing the incident beam
intensity. When this effect occurs within one mosaic block, the integrated
intensity of that block ié lessened. This is known as primary extinction.
Secondary extinction occurs when the incident beam is attenuated between the

blocks before it reaches a particular block. The mosaic blocks are
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normally small enough, or can be made small enough, so that the effect
of primary extinction is negligible, but secondary extinction often has
an appreciable effect on the intensities and is most noticeable with
strong reflections. Zachariasen’2 has worked out the value of the
secondary extinction correction and Larson’3 has suggested it may be
used to relate the observed and calculated intensities by means of the

formula

2 2

Fo,_ =F
calc

obs (1 - g6F2, )%, | (2-23)

calc.

where F and F are the observed and calculated structure factors
obs calc

respectively, B is an effective absorption coefficient as derived by

Zachariasen’

2 and g is a measure of the amount of secondary extinction.
It 1is normally an experimentally determined parameter.

- § 2,4 Effect of Domain Size on Intensities

When disorder is present in a crystal, it becomes important to
consider the distance between each kind of unit cell. If each kind of
unit cell is grouped in a domain which has dimensions small compared to
the coherence length of the x-rays, then the total scattering amplitude
will be the sum of the amplitudes of each of the cell kinds. |If the
domain dimensions are much greater than the x~ray coherence length, the
total intensity will be the sum of the intensities of each of the cell

kinds. Thus,

Ftota] = Fa +F s (2-24)

2

or = [Fy v F " (2-25)

|total
for a domain consisting of cells of type ''a'' and one consisting of type

b cells, when the domain size is much smaller than the coherence length,
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and,

liotar = 1Pl -+ 2, (2-26)

when the domain size is much greater than the coherence length. Equations
2-25 and 2-26 may be combined to give

'total

= [F |24 [F )%+ olf Fp + FiFL D5 (2-27)
where 0<o<l1.

Coherence lengths of x-rays are of the order of one micronsu. Thus a=1

when the domain dimensions are much less than a micron and o=0 when the
domain dimensions are much greater than a micron. |t follows that, for
domains about the length of a micron, a must have a value intermediate

between 0 and 1.

§ 2.5 Intensity Corrections

Intensities will show the effects of absorption of some intensity
by the crystal, polarization of the reflected x-<rays, extinction, and
in addition will be affected by the geometry of the apparatus used to
diffract the x-rays from a crystal.
(a) Absorption

A certain amount of energy can be absorbed from the x-ray beam
to produce electronic excitations and to remove electrons from atoms.
Such absorption decreases the intensity of the scattered beam.

l/lo = exp(—ukt), (2-28)

where | is the transmitted intensity, Io is the incident intensity,
t the path length, and My the linear absorption coefficient of the
material for radiation of wave-length A. This absorption coefficient

can be expressed as

uy = d EI X Mo s (2-29)
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where d is the density of the material, X is the fraction of atoms of
type n in the unit cell, and " is the mass absorption coefficient of
atom n. It is listed in the International Tables for X-Ray Crystallography,
Volume 117" for all atoms. The atomic absorption coefficient increases
with wavelength, atomic masses of the atoms, and density. Corrections
for absorption become increasingly important as these effects increase
in size. |n practice, it is often useful to grind crystals into spheres
or cylinders of known radii, since for such simple geometries it is easy
to calculate the path length for various scattering angles.
(b) Polarization

An x-ray beam has an associated electric field which can be resolved
into a component parallel (E“) and a component perpendicular (Ej) to the
reflection plane. The intensity of the beam is equal to the square of the
electric field. l.e. | = E2 = Eﬁ + Ei . The parallel component of the
electric field reflects with 100% efficiency, but the perpendicular

component reflects with an efficiency of cos26:

(Ey) = (Ep)

reflected incident’

- (Ey) = (E;) cos26. | (2-30)

reflected incident

If the initial beam was unpolarized, then Eﬁ and Ei are each equal to %Ez.

and the intensity of the reflected beam is

- g2 _ 2 2
b= Ereflected - (Eﬂ)reflected + (El)reflected
~ 2 2
B (E”)incident + (ﬁL)incidentcosze
= 'incident(% + }cos20). (2-31)

If the initial beam was crystal monochromatized, then Eﬁ:Ei = l:coszzec
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where ec is the Bragyg angle for the monochromating crystal. Thus,

E% = E(1 + coszzec) and
Ef = Ecoszze (1 + c05226 ). (2-32)
c c

This gives a reflected intensity of

= 1. . ( 1 + cosZZOQcoszze ). (2_33)
incident 1+ cosZZGC

(c) Lorentz effect

Since mosaic spread introduces a finite breadth to the Bragg peak,
and since an x-ray beam is never perfectly collimated, intensities are
usually integrated over a volume large enough to include deviations from
the point at which the Bragg peak occurs. To do this integration, the
crystal is usually rotated about an axis parallel to the reflecting plane
and normal to the incident x-ray beam so that the total intensity from
the whole range of possible contributions can be measured. This total

intensity is

— 2 -
integrated = [JR"1dtdA , (2-34)

where dA is the element of area of the surface receiving the reflected
beam at a distance R from the crystal. This surface will be normal to
the reflected beam. dt is the time during which the crystal is in a
reflecting position while it is being rotated through distance dl. dl must
be perpendicular to the incident beam and in the plane of both the incident
and reflected beams.

If the angular velocity is w, then dt=wdl. dl makes an angle of
n/2-26 with the reflected beam, and thus dl = (cos (n/2-26)) Vdx = (sin2e) "'dx

where dx is an element of length along the reflected beam. We thus have
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dtdA = udldA = w(sin26) 'dxdA = w(sin28) ' dv, (2-35)
where the element of volume dV is now independent of the Bragg angle.

The integrated intensity now is

2 o=l o ooy )
= JfR%1u(sinze) v = 1 (sin2e) ", (2-36)

[integrated
Thus the total intensity depends upon (sinze)-1 for this kind of crystal
rotation. The factor (sinze)—1 is known as the Lorentz factor. For

different kinds of crystal rotations, the Lorentz factor will vary.

§ 2.6 The Phase Problem

Structure factors can be written in the form Fy = [FH[exp(aH)
where dH is called the phase angle and [FH[‘is the amplitude of the
structure factor. Since VTh = ]FH,, only the amplitude can be determined
from intensity measurements. The structure factor is the Fourier transform
of the electron density. Therefore the electron density is

D(j} = \1-'l ) FHexp(-Zniﬂjf)- (2-37)
H

This expression cannot be evaluated, and hence p cannot be calculated
unless dH is known. This is known as the ''phase problem' of crystallography.
Likely phases can be calculated by proposing models for the possible
structure of the unit cell and comparing the moduli of the structure factors

of such models with those measured experimentally.

§ 2.7 Methods of Solving the Phase Problem

(a) lsostructural Crystals

[f the reflections of a particular crystal are similar in intensity
to those of another crystal which has the same unit cell dimensions and a
similar chemical formula (e.g. NaVO3 and LiV03), then the crystals are

likely isostructural, and the coordinates for one crystal represent a

good model for the other crystal.
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(b) The Patterson Function
The general Patterson function P(E)» is defined as the convolution
o f the electron density with itself.

P(u) = e(u)*p(-u)

[>2]

= { p(R) p(R*u)dR , (2-38)

-Q0

where the convolution (%) is defined as shown.

For a crystal with translational symmetry, this becomes

P(u) =N / p(R)p(ReWdR g (2-39)
u.c.
=N [ I zF, ,exp(-2miH"-u)f exp(-2miH: (R+v)dR
T 2%y Jry/dr
u.c. ﬂ ﬂ-\'/- v
=NZIZ FH,FHexp(-Zniﬂ:E) f epowi(ﬂf+ﬂ)o5_d5_. (2-39)
2 H'H u.c.
The integral is zero unless H' = -H when it has a value equal to the volume

of the unit cell. The volume of the unit cell multiplied by the number of

unit cells is equal to the volume of the crystal. The Patterson simplifies to
-1

P(u) =v " I FHF_Hexp(-ZWiH'u)
u. ' gy
=] ﬁ ,FHIZexp(Zniﬂ:E),(since Foy = F;) (2-h0)

The vériab]e u represents the distance between two points, and when
this distance is the distance between two atoms in the unit cell, the value
for P(E) will be large. Thus, by examining a map of a Patterson function
distances between atoms may be determined, and these distances in turn may
suggest possible structural models.

(c) Other Methods
Models may also be determined by direct methods, which involve the

statistical evaluation of phases, or through the use of anomalous dispersion,
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which introduces a shift in the peaks of the Patterson function for
different radiations. This shift is related to the absorption of x-rays
by the individual atoms and thus varies with the kind of atom. These
methods were not used in this work and will not be discussed further.

§ 2.8 Crystal Structure Refinement

(a) Electron Density and Difference Maps.

An initial model of a crystal structure often includes only some
of the atoms, or includes atoms in approximate positions. From such a
model, however, structure factors may be calculated and hence phases
may be proposed for the experimental structure factors. An electron
density distribution can now be calculated, and, if the proposed phases
are close to the correct ones, this distribution will have peaks at the
atomic positions of all the atoms. These positions may now be used to
calculate new structure factors which should be closer to the experimental
ones. This procedure can be repeated until no further improvement in
the agreement is found.

Instead of an electron density map, a difference map is often
used. This is a plot of the function IAFexp(ia)exp(-2miH-r) where AF is
the difference between the amplitude o? the observed and calculated
structure factors, and o is the phase determined from the model. This
function is an electron density function which has the electron density
of the model subtracted from the total electron density, and should
show peaks which reflect positions of new atoms, or a combination of a
positive and negative peak to reflect a corrected and incorrect position

of an atom respectively.
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(b) Least Squares Refinement

Improvement of a crystal structure model by repeated evaluation of
electron density maps, or difference maps, is tedious and will not as a
rule give thermal coordinates or small variations of atomic positions.
A more convenient method of improving models is through the least
squares refinement of the fit of the experimental structure factors to
the calculated ones.

If a model for a crystal structure is described by the variables
Pi> i=1,...no. of variables (n), which may be positional, temperature or
scale parameters, then a better structure factor (i.e. one which is closer
to the experimental one) can be expanded in terms of a Taylor series

about the structure factors with parameters P;:

= L(Lile
kF kFc(pi) + (ap'

) e ? (2-41)
where k is a scale factor which brings the structure factor on the same
scale as the intensity.

This expansion is substituted into the function

(=)
It

z w(lF | - KF| )2, (2-42)

where w is a weighting function which will be discussed in the next section.
If the model is reasonably close to the 'true" structure, then second
and subsequent terms in the Taylor expansion of kFc are very small and

may be neglected. Thus,

0 = gullFl - KF (D] + 2GEe) w2, (2-43)

] i

D is now minimized with respect to all the variables.

— =0 i=1,...n . (2-4k4)
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This produces upon simplification a set of n equations in the shifts

P of the form

ai1Ap1 * aiZApz oo ainApn =V (2-45)
_ 8| kF |, 3] kF | - B} o kFg
where a; = E w —5575- —3539 5 v, = ﬁ W([Fol k,Fcl) 3

The set of these equations can be written in matrix form:

AAP =V (2-46)
where the aij are the elements of matrix A, the P elements of vector P,
and the v, elements of vector V.
Equation 2-46 can be solved:

o= A"l (2-47)

where A-1 is the inverse matrix of A. The values of Api so found can
be used as a correction to the model and the above procedure can be
repeated with the corrected variables until further corrections are
negligible.

If the elements of the inverse matrix A_1 are denoted by bij’

the standard deviation for any parameter P, is

- - 2(m-n)" N2 -
55, = by G wllr ] -IF H2mm) HE, | (2-48)
where m is the number of reflections.

The correlation between variables is measured by the correlation

coefficient

_ T %
aij = bij/biibjj R (2-49)

which can vary between -1 and +1. For values close to +1 or -1, serious
problems in refinement can result. These may be circumvented to a certain
extent by treating one correlated variable as a constant during one cycle

of refinement and the other variable as a constant during the next cycle
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of refinement. Scheringer’> discusses some of the correlation problems
in detail.
The goodness of fit of the calculated structure factors compared

to the observed structure factors is measured by the residual

.. z[ | Fol - Fl ’ (2-50)
|F

or the weighted residual
| ) 2
AR

= (2-51)
w IFOIZ

§ 2.9 Weighting Schemes

All reflections are not measured with the same accuracy and they
should be weighed in a structure refinement. These weights cannot be
determined a priori since the errors in measurement are not well defined
and, as a consequence, they present a rather controversial topic for
crystallographers. One train of thought suggests that reflections should
be weighted‘by the standard deviation of the photon count for the reflection.
This scheme does not take into account machine errors, and is likely to
give too large a weight to the very intense reflections. Cruickshank?®
suggests that a scheme of the form (a+b|F0]+ch0]2)-1 be used. He argues
that the variation of the difference between the observed and calculated
structure factors is usually quadratic with respect to the observed struc-
ture factor, and hence, the weighting scheme should reflect this form.

Too large a weight is usually given to the very weak reflections by these
kind of schemes. In this work,weights of the form (a+b!Fol+c]F0]Z+d(o/|Fol)2)—]

have been used, incorporating both of the above ideas.



CHAPTER 3

The Preparation and X-Ray Intensities Collection for the Crystals

§ 3.1 Crystal Preparation

VPO, in either the a, B, or hydrated form can be used as a

5

precursor for the growth of VO(PO v(PO.)

3)2’ 33,
crystals. The first two can be prepared from any form of VPO5 by varying

VOP,Si0g and (VO)2P207
the temperature and the amount of phosphoric acid required as illustrated
in figure 3-1, (V0)2P207 is a direct reduction product of VPOS
heated to about 8000C in an inert atmosphere. The VOPZSIO8 crystals
can be prepared from VPOS, H3P04 and quartz, although they are more

easily prepared by vapour phase transport in iodine from VO (PO and

3)2

Si0277. Also, this material is very often found as a byproduct when
V205 and P205 are mixed and heated in an evacuated quartz tube. The
vanadium invariably appears to reduce under these conditions. VAsO5 has
no direct preparative relationship to the other compounds, but its study
was undertaken to see the similarities and/or differences between the
vanadium pHosphate and vanadium arsenate compounds. Its preparation is
similar to the preparation of VPO5 from the melt. Although most of the
cry;ta]s can be grown readily, preparations often produce glasses as by-
products and in fact crystals of both VOPZSTO8 and VO(P03)2 have been
found which show some vitreous character on precession photographs.
(a) Preparation of VOP,Si0g, VO(P03)2 and V(PO3)3

A1 VZOS:PZO5 mix was heated in a sealed, evacuated quartz

tube to about 900°C. The sample was then cooled at a rate of 3°/hr. to

42
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VZOS + H3P04 (excess)

heat go
v300°C

vo(Po3)

add add
excess excess

H. PO, and H POh and

heat>to ™ 300°C heat to 500°C
VPO, (o,8 and

hyd?ated form) V(P03)3

I }

add excesp H;PO, and heat to v 500°¢C

add Si0, and
heatoto' use |, Vapour
~800°C in phase”transport
N, atmosphere in quartz tube
! v
VPO, - (=(V0),P,0.) | VOP,Si0g
Figure 3-1,

Relationship between the preparations of the various .
vanadium phosphorus oxides.
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500°C. The furnace was turned off at this point and the sample was
allowed to cool to ambient temperature. The resulting crystalline mixture

contalned crystals identified as being VOP,S10g, vo(PO and V(PO

3)2 3)3’
by comparison of their crystal parameters obtained from single crystal

1 .45 ’77 .

precession photographs to those of Tofield, et a At least one

and possibly more than one unidentified crystalline phase was also present
as indicated by the presence of lines not belonging to any of the iden-
tified crystals in a powder pattern taken of a bulk sample of the mixture.
These crystals probably have a V:P ratio greater than one since the
identified crystals are all phésphorus rich and the mixture was originally
made with V:P being 1:1. Unfortunately, none of these unidentified
crystals was - suitable for x-ray structure analysis. It is likely that
they contain reduced vanadium since no VPO5 was found in the mixture and
the colours of the crystals were all blue or green, which are the colours

3

usually associated with V+h and vt . A yellow colour is usually noted
for v, Crystals of VOP,SiO0g and V(PO3)3 from this mixture were found
to be the best available crystals of their kind and were ground to
spheres and used for structure determination.

The same preparation as described above was repeated with a
cooling rate of 15°/hr.  The resulting product consisted mostly
of a glass and small crystals of VOPZSEO8 embedded on the surface away
from the quartz container wall. Small crystals of VO(P03)2 were found
in the bottom of the tube. No other crystals were found. It was thought
that the crystals of VOP,Si0g and VO(P03)2 could be vanadium rich with

vanadium either replacing some of the silicon with V+h or replacing some

of the phosphorus with V+5, since the lattice parameters for both these
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crystals were slightly larger than found in other crystals of their
kind. An analysis of the crystals and the glass was attempted by electron
microprobe. Results (which will be discussed later) were inconclusive
in showing non-stoichiometry in the crystals, and showed the glass to
have a V:P ratio of 1:1 with at most 1% silicon.

Crystals of V(P03)3 were also prepared using the method of

Lavroy, et al.** and Tofield, et al.">, by heating a 10:1 phosphoric acid:

VZOS mixture to SOOOC overnight. The crystals which precipitated were
of unequal dimensions and could not be ground easily into good spheres.
They were not used to collect intensity measurements for solving the structure,
but were used for all other experiments.

| Crystals of VO(P03)2 were prepared following the method of
Tofield,g;_gl.“s using a 10:1 phosphoric acid:vzo5 mixture heated over-

night to 300°C. The resulting crystals were very often twinned or

compacted, Better crystals were obtained by heating VSO_ in the stoichio-

5
metric amount of phosphoric acid required to give V:P = 1:2, These
crystals were ground to spheres and used for intensity measurements.
A powder pattern of VO(PO3)2 reported by Lavrov, et al.** could not be
indexed for the cell parameters of the crystals produced above.
Details of the crystal appearance, crystal data and intensity
measurements for these crystals are listed in table 3-1.
(b) Preparation of (V0)2P207
Bordes and Courtine“0 report that (VO)2P207 can be prepared by
the reduction of VPO5 (all forms) under nitrogen atmosphere at 800°C.

VPO5 was prepared by grinding together thoroughly a 1:1, V:P mixture of

V205 and NHAHZPOA’ and heating it in a platinum crucible at a rate of



Table 3-1. Crystal Data

Crystal

Appearance

Crystal used
for Intensity
Measurements

Crystal System

Lattice Parameters
a(A)
b(R)
c(R)
g(or ) (°)

Systematic
Extinctions

Possible Space
Groups

+4 .
v 0P25108

blue rectangular
plates - max 3mm
Tong, 0.3mm thick

ground sphere
radius 0,125 mm

tetragonal

8.723(1)
8.151(1)
L

hk0, h+k#2n
ok , 2#2n
hhe , 2#2n

Ph/ncc

+4
v 0(903)2

blue rods with
diameters up to
0.2mm, lengths

up to 1.5mm

ground sphere
radius 0.1 mm

tetragonal

10.960(1)
4,2529 (k)
I

Okg ,k+2#2n
hOg , h+ #2n
00%, %#kn
h+k+L#2n

152d or
lh1md

+3
v (P03)3

green rods with
diameters up to
0.5mm, lengths

up to 3mm

ground sphere
radius 0.1 mm

monoclinic

Ok% , k#2n
h0%, 2#2n
h+k+2#2n

lc or
12/¢

+h
(v 0)2P207

green, rhombic
roughly equi-
dimensional up to
1 mm in length

ground sphere
radius 0.15 mm

orthorhombic

9.571(4h)
7.728(5)

16.568(6)

8

0k, k#2n
hOg , 2#2n

Pbcm or
Pbc2

V+5A505

vellow, mica-like
layers of indefinite

length, max.

thickness 0.05 mm

rod length 0.12 mm
width 0.05 mm

monoclinic

< O ONON

H hVe S VS R VY

ot hdul

—_ O~~~

—_ W)W

U
N

hko, h+k#2n
00% , % #2n

P2./n
(c unique)

9%



table 3-1. cont.
Crystal

Diffractometer
used

Scan rate

Maximum 26
(Mo K, radiation)

No. of symmetry
independent non-
zero reflections

u (cm-1)

Density (g/cc)
calculated
measured

(vo) VAsO

voP Si08 VO(P03)2 V(PO 2P207 5

2 3)3

Syntex P1 Syntex P21 Syntex P21 Syntex Pl Syntex P1

variable scan rate between 2 and 24°/min depending on the peak intensity. The
fastest rate is used for the strongest peaks, and the slowest for the weakest peaks

65 70 60 65 65

571 336 2467 1900 1118
24 26 12 38 134
3.05 2.92 3.03 3.34 L 1
insufficlient 2.9+0.1 3.0+0.1 insufficient 4. 0+0.1
material material

Ly
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50°C/hr. to about 500°C. After two hours, the product was removed from

the furnace, allowed to cool and ground to a fine powder. This mixture

was placed in a platinum dish and heated to 800°¢C overnight in a nitrogen
atmosphere. The temperature was then raised to 1000°C (i.e. above the
melting point of (V0)2P207), kept there for about an hour and then lowered
at a rate of 6°/hr. to 600°C. The furnace was shut off at this point and
the crystals allowed to cool to room temperature at which time the nitrogen
atmosphere was removed. The resulting product consisted of a mixture

of glass and (V0)2P207 crystals. A roughly equidimensional crystal was
ground to a sphere and used for x-ray intensity measurements.

1-x05)

Equimolar amounts of V205 and ASZO5 were weighed and ground

(c) Preparation of VAsO5 (and VAs P

together. This sample was heated to about 300°C for several hours and
then allowed to cool. The ground mixture was heated in a platinum
crucible to 900°C and then allowed to cool through the melting point of

VAsOS, estimated by comparison with VPO_. to be about 800°C, at a rate of

5
5°/hr. There was no sample in the crucible when cooled, and investigation
showed that the material volatilized before melting. A sample was prepared
the same way as before but sealed under air in a quartz tube before

heating to 900°cC. vAir was kept in the tube in an effort to prevent
possible reduction of the vanadium, as occurs for vanadium-phosphorus

oxide mixes in vacuo. The sample was cooled at a rate of 5%hr. to 300°C
after which the furnace was switched off and the sample allowed to cool

by itself to room temperature. The resulting crystals existed in thin,

mica-like sheets. It was not possible to grind a crystal to a sphere since

the sheets were too thin, so a rod was used for x-ray intensity measurements.
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Crystals of VAsxP -xOS were grown in a quartz tube under air

1

as above using samples prepared from the appropriate amounts of V20

5?
ASZOS and NHAHZPOQ' No crystals suitable for single-crystal work were
prepared but powder patterns were taken of these samples and showed
the structures to be similar to, if not the same as, that of d-VPOS.
§ 3.2 Measurement of X-Ray Diffraction Intensities

For each crystal, preliminary photographs (precession or Weissenberg)
were taken to determine the lattice parameters and possible space groups
(through the use of the International Tables Vol. 178) from the diffraction
symmetry. The crystal was then centred on anh automatic diffractometer
and accurate lattice parameters were determined by least squares fitting
to 15 reflections accurately centred at both positive and négative 20
values, with the average taken to be the diffraction angle.

The uncorrected intensity measurements were corrected for background,
Lorentz, polarization and absorption effects. Only intensities with
values greater than the background were considered. Spherical absorption
corrections (International Tables, Vol. 117%) were applied to all intensity
measurements except those for VAsOS. The latter had cylindrical’* absorp-
tion corrections applied. Standard deviations were estimated automatically
by the computer based on the counting statistics of the intensity
measurements. The intensities of three standard reflections were measured
every fifty reflections in order to make sure that the crystal was still
in its proper position and that the intensity of the x-ray source was
constant. After all corrections were applied, equivalent reflections were
averaged, and the square roots of the intensities were taken in order to

give the absolute value of the structure factors.
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§ 3.3 Solution of Crystal Structures

Refinement of atomic and thermal coordinates was carried out
using full-matrix least-squares methods for all crystals. A secondary
extinction parameter, as suggested by Zachariasen’? and Larson’3 was
refined for each crystal. Atomic scattering factors for free atoms were
obtained from Cromer and Mann®7. Unless otherwise indicated, substitutional
and positional disorder was treated by refining the parameters (co-ordinates
and occupation) for an average cell. [.e. only the first term in equation

2-22 is considered significant.



CHAPTER 4

The Crystal Structure and Substitutional Disorder of V0P25i08

§ 4.1 Solution of the Crystal Structure

Two isostructural crystals of V0P25i08 were studied. The first
had lattice parameters a=8.723(1) R, c=8.151(1) R and was found together
with other crystalline phases grown from a V205-P205 melt in an evacuated
silica tube. The second crystal, found at the surface of a V-P oxide
glass prepared in an evacuated silica tube, had lattice parameters of
a=8.733(2) R and c=8.185(2) &. Tﬁe structure was solved for crystal |, and
the final atomic and thermal co-ordinates obtained were used as starting
parameters in the least-squares refinement for crystal 1|1,

From the systematic extinctions, (hk0, h+k#2n; Ok, 2#2n; hhg,
2#2n) the space group was uniquely determined to be P4/ncc. Since
general positions in this space group are sixteen-fold, and there are
only 4,8 and 4 atoms of V, P, and Si respectively in a unit cell, these
atoms must lie on special positions of 4, 8 and 4-fold symmetry respectively.
From the Patterson function, a peak at (0.36,0.36,0) was assigned to the
distance between two phosphorus atoms at positions x,x,% and -x,-x,% with
x=0.18. A peak at (0.32,-0.18,0.10) ,determined to be the P-V vector,
placed V at %,0,0.35, and thus Si had to be at the origin as verified by
the Patterson map. The remaining oxygen atoms were found from a difference
Fourier map., All coordinates were refined using full-matrix least-
squares methods. Anisotropic thermal coordinates were refined after

the positional coordinates. stopped changing significantly.

51
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The refined coordinates for crystal |l were not much different
from those for crystal |, but the Si-0 distance was found to be slightly
larger. This suggested vanadium was substituting at the silicon site, and
the occupation number of silicon was varied in the least-squares refine-
ment of both crystals to allow for some substitution of vanadium. No
substitution was indicated for crystal |, but the refinement for crystal
Il showed 5% substitution of V for Si. The substituted vanadium is most
likely to be V+h (although this oxidation state is not normally found

5

tetrahedrally coordinated) or v¥?. The latter would require charge

+ . + .
compensation at the other sites, probably V 3 substituted at the V 4 site

5

+ +
or Si 4 substituted at the P site. None of the above substitutions could

be substantiated by refinement of the occupation of V and P, since the

3

scattering factors for Si and P and for V+h and V' are not sufficiently
different to distinguish such small amounts of substitution.
Weighting schemes for both crystal refinements were chosen so

that <wAF2> was essentially independent of <Fo>. The final R-factors

were R = 0.032 and R = 0.026 (w = (0.62-0.01751F[+0.000315]F[2+775(o/r)2)'1)

for crystal | and R = 0.048 and R = 0.038 (w = (1.26-0.034| F| +0.0007] F| 2
+800(c/F)2)_]) for crystal I, Final coordinates are listed in table 4-1
(crystal 1) and table 4-2 (crystal I1).

§ 4.2 Description of the Structure

Like oc-VPOS11 and the isostructural o-VS0.72, the structure consists

5

of chains of VO6 octahedra along four-fold axes which are bridged to
neighbouring chains by corner-sharing PO, tetrahedra (fig. L4-1 and 4-2).
The vanadium atom is displaced 0.37 R from the equatorial plane of the

L

+
V' 0, octahedron, thereby forming a short axial (vanadyl) and a long axial



Table 4-1. Positional and thermal coordinatef of VOPZSiO (crystal 1). Values for the thermal
coordinates are multiplied by 107, Standard geviations are given within parentheses.

Atom x y 2 U B 0, B u B U, B ) R
v 3 0 0.35298(7) 60(3) Uy, 92(2) 0 0 0
p 0.17901(3)  «x ; 61(3) Uy, 85(2)  h(2) 0(3) 0(3)
Si 0 0 0 80(4) Uy 68(3) 0 0 0
0(1) 3 0 0.5480(3) 134(12) U11 113(9) 0 0 0
0(2) 0.6523(2) 0.1620(2)  0.3077(2) 89(6) 74(5)  174(5) -23(L) -8(5) 46 (5)
0(3) 0.6390(2) 0.4392(2)  0.3889(2) 105(5) 126(5) . 113(5) 3(k4) 27(5) -33(5)

T The Ui' and B.. are related by Bi' = 2w2bib.Ui. where the bi are the magnitudes of the corresponding
recipr&cal lattice vectors. J 4ot

€S



Table L4-2. Positional and thermal coordinates of VOPZSIO (crystal I1). Values for the thermal
coordinates are multiplied by 10*. Standard geviations are gliven within parentheses.

Atom x y 2 U B U, (R U (B U, B U (BD) Uy, (RY)
v 3 0 0.3527(1) 65(5) Usy 110(4) 0 0 0

P . 0.1795(1) x & 62(5) Uy 87(4) 1(3) 0(3) 0(3)

Si 0 0 0 79(9) u,, 62(6) 0 0 0
0(1) 3 0 0.5464(5) 127(18) Uy, 117(14) 0 0 0
0(2) 0.6529(2) 0.1614(2) 0.3068(2) 102(10) 77(9) 178(8) -27(6) -10(7) 41(7)
0(3) 0.6395(2) 0.4386(2) 0.3886(2) 107(8) 133(9) 113(7) 3(7) 26(7) -35(7)

7s



O

L

Y

A half-cell projection of the structure of V0P25i08.
The remainder of the cell can be generated by a c glide
plane parallel to the face diagonal.

Figure k-1,
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Figure 4-2. The structure of VOPZSIOS as projected on the 110 plane.
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V-0 bond. The oxygens around V+h form an almost regular octahedron with
0-0 distances of 2.743. 2.757 and 2.871 R (equatorial-equatorial, short
axial-equatorial, long axial-equatorial distances respectively)

Linkéd POA and V06 groups lie in planes perpendicular to c.

These planes are joined by the axial vanadyl bonds as well as SiOl+
tetrahedra which join adjacent planes by corner-sharing with two phosphate
groups in eatH plane (fig.4-2). This is in contrast to VPO, where
distinct layers exist, held together only by the long and short axial
bonds.

The phosphate group has C2 symmetry with the longer bonds involving
the P-0-Si bridge and the shorter ones the P-0-V bridge. Baur's?" bond
order distance relationships and Brown's!® bond-valences predict this
trend but predict differences of 0.036 and 0.146 R respectively compared
with the actual value of 0.088 &.

The $i0, group forms an almost perfect tetrahedron with an Si-0
bond-length in the range normally reported for silicon containing minerals8V.
Compounds of this type of structure with phosphorus in the silicon
position are not expected to occur since phosphate groups are not known
to link four other phosphate groups in this fashion.

Rice, et al."® independently reported essentially the same structure
for VOPZSiOS. The}f bond lengths and angles and those of crystal | and
crystal Il.do not differ significantly (table 4-3).

§ 4.3 Substitutional Disorder

Substitutional disorder is one possible explanation for the
discrepancy in the lattice parameters shown in table 4-L. The two crystals

in this work were compared with respect to composition (from electron
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Table 4-3. Bond angles (°) and distances (R) for VOP,Si V. _ 0Og.
Estimated standard deviations are indicated in parentheses.
V06 group
crystal | crystal 1| Rice,g;_gjﬁe
x = 100(1) x = 0.95(1)
bond
v-o(1)" 1.590(3) 1.585 (4) 1.591(2)
v-0(1) ' 2.486(3) 2.508 () 2.492(1)
v-0(2)"  xh 1.974(2) 1.978(2) 1.977(1)
angle
0(1) -v-0(2)] 100.77(7) 100.97(7) 100.81(3)
0(2) T-v-0(2) 11 88.00(8) 87.93(8) 87.98(2)
0(2)"-v-0(2) 'V 158.45(7) 158.07(9) 158.37(7)
s}oq group
bond
si-0(3)"  xk 1.604(2) 1.614(2) 1.610(1)
angle
0(3)V-si-o3)V T 111.23(9) 111.17(11) 111.58(7)
0(3)V-si-0(3)V! 108.60(9) 108.63(11) 108. 43 ()
POA group
bond
P-0(2)¥Y  x2 1.483(2) 1.483(2) 1.492(1)
p-0(3)Y  x2 1.571(2) 1.572(2) 1.572(1)
angle
0(2) T-p-0(2)V 113.23(9) 113.07(12) 113.04(8)
0(2) Tepo3) T 110.52(9) 110.69(10) 110.48(5)
0(2)"T-p-0(3)" 109.47(9) 109.35(12) 109. 44 (5)
03) 11-p-0(3)" 103.17(9) 103.25(11) 103.56(8)



Table 4-3 cont.

angles at bridaing oxygens

angle
v-0(2)-P

P-0(3)-Si

Symmetry code

Crystal |
146.56(8)
142,36 (8)

Crystal I
146.40(10)

142.,50(10)

iv)  -x -y
v) X -y
vi) %-y  E-x

3ty 3-z
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Rice,et al.
146.36(6)
142.21(6)



Table 4-4,

a

8.723(1)
8.733(2)
8.697(8)

8.747(2)

Lattice parameters for VOP

c

8.151(1)

8.185(3)

8.119(8)

8.167(2)

Si v, 0
X

1-x8

Reference

This work, crystal | for
x = 1.00(1)

This work, crystal Il for
x = 0.95(1)

Tofield, et al.’7 from
powder pattern

Rice, et al."% from
single crystal

60
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microprobe analysis), lattice parameters and bond lengths. The electron
microprobe analysis gave molar ratios of V:Si:P = 1.0(1):1.0(1):2.0 for
crystal | and ratios of V:Si:P = 1.05(10):0.95(9):2.0 for crystal IlI.
The lattice parameters for the second crystal are larger as are the Si-0
bond-lengths (table 4-3). This evidence, together with the least-squares
refinement of the occupation number of the silicon for crystal Il, suggests
vanadium substitution at the silicon site. The electron microprobe
data alone are inconclusive, but the additional information available
leads one to suggest that the errors in these data may perhaps be smaller
than estimated and the differences may be significant.

Crystals of the form VOPxSiyVZOS can probably be prepared with
various values of x, vy and z. However, the solid solution behaviour of
this system remains to be investigated; the presently available data

merely suggest that substitution and/or vacancy formation is possible,



CHAPTER 5

)

Crystal Structure and Disorder in VO(PO

3°2

§ 5.1 Solution of Structure

The structure was determined for two isostructural tetragonal
crystals. Crystal | was prepared from VSO5 and H3P04 (p.45) and has cell
parameters a=10.960(1) R, c=4.253(1) R. Crystal Il, grown in a vanadium
rich atmosphere (p.l4) has cell parameters a=10.975(3) R, c=4.253(1) R.
The structure was first solved for crystal |, and the coordinates -
obtained were used as starting coordinates in the least-squares refine-
ment for crystal Il.

The space group was established as either Ihlmd or 152d from
the systematic extinctions (Ok%, k+2#2n; hOR, h+2#2n; 00%, 2#kn;
h+k+2#2n). Since there are only four vanadium atoms per unit cell, they
must necessarily lie on the hl or I axes for the respective space groups.
From the Patterson function, the phosphorus atom can be placed (%,0.16,0)
from V, and an oxygen atom (denoted 0(V)), bonded axially to V, at a
point (0,0,0.38) away. This gives the following trial models:

A: for Ihlmd, V at 0,0,0

P at 0.25,0.16,0.0

o(v) at 0,0,0.38 or 0,0,-0.38
The phosphorus position is sixteen-fold and, since there are only eight
phosphorus atoms, these atoms will have to be disordered, each position
having half occupancy.
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B: for 1had, V at 0,0,0

P at #,0.16,0

o(v) at 0,0,0.38
Again the phosphorus has to be disordered as for model A, and so does
the 0(V) atom.
C: for 1h2d, an alternative model is

V at 0,0,0.12

P at 4,0.16,-1/8

o(v) at 0,0,0.5
This alternative will require the V and 0(V) atoms to be disordered,
occupying with half-occupancy positions at 0,0,tz. The phosphorus atom
here will not be disordered since it sits on an 8-fold special position.

A1l the foregoing models were tried. The remaining oxygen

atoms were found from difference maps, and were disordered for each
model where the phosphorus positions were disordered. The completely
refined (by full-matrix least-squares) models gave R-factors of 0.23,
0.21 and 0.097 for models A, B and C respectively. Model C was therefore
assumed to be the correct one. Since the two disordered positions for
0(V) were 4R or less apart, only the isotropic thermal coordinate was
refined for this atom, and the position was determined by successively
placing the atom at z = 0.47, 0.475, 0.48, 0.485, 0.49 and 0.495, and
picking the position which yielded the lowest R-factor. Since the R-factor
for model C was still high, refinement of this model was tried in each
of the sub-groups of 1h2d (1k, Fdd2, and 1212121). The first sub-group
would require the glide-plane extinctions to be accidental, while the

last two sub-groups, which are orthorhombic, would require the equivalence
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of a and b to be accidental. None of these lower symmetry sub-groups
improved‘the agreement significantly.

A final difference map gave residual peaks at 0.16,4,-1/8 and
its symmetry related points. This, together with the quite high R-factors,
suggests further disordering. Possible models for this disordering
will be discussed later but, when they were refined, no significant
improvement was noted in the agreement. Final coordinates for crystal
| are in table 5-1, and for crystal || in table 5-2.

Since the second crystal has a larger value for a, and the P-0(2)
bond length is 0.02 R larger than that for the first crystal (tabie 5-3),
the possibility of vanadium substitution at the phosphorus site was
investigated., The occupation for the phosphorus atom in both crystals
was varied in the least-squares refinement to allow for vanadium
substitution. The refinement showed no significant change for crystal |,
and 6% substitution of V for P in crystal Il. This amount is suggestive,
but far from conclusive, of substitution of V for P in crystal II.

The occupational refinement is probably not very accurate since the
phosphate chain may be disordered, thereby making the occupation of any
individual phosphorus position less than one.

The 0,2,2 reflection had a large difference between FO and FC
and, since it was‘by far the strongest reflection, it was assumed to be
greatly affected by extinction and was given zero weight in the refine-
ment for both crystals. A weighting scheme ((19.9-0.906[F|+0.0151+[Fl2
+1000(0/F)2)_1) was used with crystal | to give final R=0.097 and
RW=0.114. The R-values for crystal |l are R=0.12 and RW=O.14 (w=(15.5

-0.15| F| +0.0162] F| 2+1000(a/F)2) 7).



Table 5-1. Positional and thermal coordinates for VO(PO )2 (crystal 1). Values for the thermal
coordinates are multiplied by 104, Estimatea Standard deviations are in parentheses.

Atom X v 2 v, R U, (R U33(RZ) u,,(R%) UIB(RZ) UZB(RZ)
v 0 0 0.0960(20) 130(20) 110(20)  130(20) 20(20) 0 0

P 1/4 0.1614(3) -1/8 100(20) 70(20)  120(20) 0 Lo (20) 0
0(1) 0.1901(9) 1/4 5/8 110 (40) 150(40)  160(40) 0 0 10(L0)
0(2) 0.1486(7) 0.0934(7) 0.0300(20) 170(30) 170(30) 250(40) -80(30)  -60(30) 10(30)
o(v) 0 0 0.4750(50)  140(30)*

-I.

Isotropic thermal coordinate

99



Table 5-2. Positional and thermal coordinates for VO(PO )2 (crystal 11). Values for the thermal
coordinates are multiplied by 103. Estimateé Standard deviations are in parentheses.

Atom x y z U B U, B U (B v, (R v B, (RY
v 0 0 0.089(2) 17(3) 11(3) 12(2) 7(2) 0 0

P 1/ 0.161(1) -1/8 11(2) 9(2) 13(2) 0 7(2) 0
o(1) 0.190(1) 174 5/8 11(6) 20(5) 30(7) 0 0 16(7)
0(2) 0.149(1)  0.093(1)  0.039(3) 22(5) 20(5)  22(5) =4 (L) -7(4) 6 (k)
o(v) 0 0 0.475(5) 18(5)1

t .
Isotropic thermal coordinate

99



Table 5-3.

V06 group

bond

V-0 (V)
v-o(v)'
V-0(2) x2

v-0(2)1 x2

POh group
bond

P-0(1) x2

P-0(2) x2

Bond angles (°) and distances (R) for the two crystals
Estimated standard deviations are indicated

of VO(PO,)

in paren%heses

crystal |
1.62(1)
2.63(1)
1.944(8)
1.997(8)

crystal |
1.582(5)
1.492(9)

bridging angles

angle
v-0(2)-P
v-0(2)Vi-pVi

p-0(1)-p

crystal |

162.0(4)
138.2(&)
131.0(4)

Symmetry operations

i) x -y
ii) -x -y
Pii)-x y

crystal |1
1.64(1)
2.61(1)
1.94(1)
2.00(1)

crystal 11
1.584(6)

1.510(12)

angle
0(V)-v-0(v)
0(v)-v-0(2)
0(v)-v-0(2)

0(2)-v-0(2)"
0(2)-v-0(2) '
0(2)  -v-o(2) '
angle

0(1)-p-0(2) x2
0(1)-P-0(2)'V x2
o(1)-p-0(1)V

0(2)-p-0(2) 1V

crystal Il

158.9(6)
136.8(6)

130.9(5)

iv)

crystal |
180

98.3(3)
105.6(3)
87.8(3)
163.5(5)
148.8(5)

crystal |
107.1(5)
108.6(4)
104.4(3)

120.0(5)
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crystal |1
180
96.4(4)
105.7(4)
88.3(5)
167.2(7)
148.5(6)

crystal |1
107.5(6)
108.0(7)
104.2(4)
120.5(7)
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§ 5.2 Description of the Structure

Like VOPZSiO8 and a-VPO_, the vanadium atom has one long and

5
one short axial bond directed along a 4-fold axis. These bonds join
adjacent VO6 groups to form chains in the ¢ direction. The V+l+ atom is
displaced by about 0.4 R along the L axis from the centre of the V06
octahedron. Unlike V0P25i08 and a-VPOS, the equatorial oxygen atoms do
not lie in a plane. L symmetry places two diagonally opposite oxygen
atoms about 1/8 R above the z=0 plane, and the other two about 1/8 R
below this plane. Neighbouring VO6 chains are parallel, but corresponding
octahedra are displaced by +i¢c or -ic from neighbouring groups.

The VO6 chains are corner-shared with phosphate tetrahedra which
are linked together to make up infinite (POB)O° metéphosphate chains.
Each of the metaphosphate chains 1links four V06 chaihs (figs. 5-1 and

5-2). The phosphate groups within a chain are related by a 2I axis in

the (001) direction at (4,%,z). The chains are related to their four
neighbouring chains by a I axis at the origin parallel to c. The two
distinct P-0(-V) and P-0(-P) bond lengths of 1.492(9) and 1.582(5) have
a difference of 0.090 & falling between the values predicted by Brown 8
(0.146 R) and Bau?q(0.0GS R). A complete table of bond-lengths and angles
is given in table 5-3.

This structure is different from that of any of the three known
polymorphs of SiP20781’82’83 even though stoichiometrically the two

structures are similar (VO(P03)2 could be written as VP,0 A1l the

7).
polymorphs of SiP,0 consist of P,0- groups joined by Si0; octahedra. Each

octahedron shares corners with six P,0, groups. Structures of the form

277
MP207 (isostructural to a cubic polymorph of SiP207 according to powder



69

Figure 5-1. The crystal structure of VO(PO3) projected down the c axis.
The vanadium atoms are disordere% being located approximately
+0.096 above and below the z-values indicated on the diagram.
The positions of residual density are indicated by (x).



Figure 5-2.

Sl
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™
N

The crystal structure of VO(PD )2 projected along the b-axis
The two possible positions of %he vanadium atom are
indicated as V and Vd within one of the octahedra.
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patterns) also exist for M = Si8l, Ge84, sn85, Zr86, Pb, Ti, Hf,

Ce and UB7°88_ |t is likely that the difference in structures arises
from the characteristic vanadyl and long axial V-0 bonds which occur
in all known structures containing V+h, but are unknown for most of
the other cations. The short V-0 bond has a bond valence of 1.6, and
it would be difficult for a POh group to share such an oxygen atom.

§ 5.3 Substitutional Disorder

Bordes and Courtine“? have reported the preparation of powders
all having the same powder pattern and having the composition Vo(val-x03)
over the range 1<x<0.9. It is reasonable to assume that such crystals
are substitutionally disordered with V+5 at the phosphorus site. The
crystals studied in this thesis fall within the range found by Bordes
and Courtine according to the least-squares refinement of occupations.
Other evidence for either crystal being substitutionally disordered is
not very good. Electron microprobe analysis gave a value of x=1.0(1) for
crystal | and x=0.9(1) for crystal Il. The differences in bond lengths,
as shown in table 5-3, are also within the standard error. It is
possible that the errors in both structures are over-estimated, but no
real conclusion can be drawn as to the extent of substitutional

disordering.

§ 5.4 Positional Disorder

The vanadium atoms with their corresponding vanadyl oxygens
can exist in one of two positions as determined from the refinement.
The VO6 chains can consequently have the vanadyl bonds pointing either
along ¢ or -c. Such disordering would produce diffuse lines through

the Bragg reflections parallel to Ef and E?. Two-week-long exposures of
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the hO% and Ok& photographs showed such diffuse lines as illustrated
schematically in figure 5-3. They are very weak since only a change in
the vanadium atom position contributes significantly to the disordering;
the change of position for 0(V) being of negligible magnitude. The
diffuse streaks appear to be of uniform intensity indicating the disorder
is perfectly random. Thus, any one V06 chain can have the vanadyl bonds
point in the +c or -c direction, and its neighbouring chains all have an
equal probability of being oriented in either direction.
The residual peaks found in the final difference map suggest
that additional disorder may be present. Three possible models for such
disordering were considered.
A. The structure is reflected in the 170 plane. This would introduce
additional disordered vanadium atoms at the points o,%,3/h¢o,096
and %,0,4:0.096.
B. The structure is rotated about (+#,t%,z). This would introduce
vanadium atoms displaced by -4 in z from the original positions.
C. The metaphosphate chains undergo a-41 rotation at (x%,t%,z). This
would require no further disordering of the vanadium positions.
All three of these models were tested as follows. The atoms were assumed
to partially occupy the positions in the basic structure and partially
the positions in the disordered structure in such a way that the total
occupation is equal to the number of atoms in the chemical formula. A
least-squares refinement of the occupations (keeping the total occupation
constant) using observed and calculated structure factors was then
carried out. All such refinements invariably increased the R-factor.

It was then felt that perhaps the domain size was large enough to make
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Figure 5-3. A schematic representation of the h02 projection

of VO(PO showing the diffuse streaks going

3)2
through the Bragg diffraction spots. The intensity

of the streaks has been greatly exaggerated.
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the structure factors of the basic and disordered structures no longer
additive. A least-squares refinement was then carried out on the parameter

ot
w

. . - 2 2 *
a and the occupation, x, in Iobs = |F1| + lezl + oc(xF1F2 + xF]Fz) where

F1 is the structure factor for the basic structure, F2 is the structure
factor for the disordered positions, F? is the complex conjugate of Fi’

and I0 is the observed intensity. The absolute values of F1 and F2 are

bs

nearly the same, but their phases differ. No convergence was found for

0<o<1 which is the range possible for o(see p.32). The domain size, therefore,

does not seem to be a factor preventing a suitable solution of the disordering.
One of the problems with the foregoing models is that a reorien-

tation of the VO6 groups is required, which is large enough to introduce

considerable strain. Such strain could be avoided if the disorder represents

a cooperative reorientation within a complete plane perpendicular to c.

Such a model would produce streaks along Ef which were not observed.

Another means of minimizing such a strain is the introduction of an average

VO6 orientation at the boundaries between two structural positions. E.g.

if for one structure the bridging V-0-P oxygen is located at (0.15,0.09,0.03)

and for the disordered structure it is located at (0.09,0.15,0.03) as in

model C, then the boundary bridging oxygens could be located at (0.12,0.12,0.03)

and the corresponding points determined by the L operation. This would

keep the geometry of the V06 group reasonable and would introduce some

strain in the metaphosphate chain which can be easily compensated for

by a slight rotation. If the domains are small enough, boundary effects

can be considerable, and the models tested will not work unless all

these effects have been considered.

An attempt was made to see if the disordering would disappear at



lower temperatures. hkt reflections were compared at room temperature

and at -150°C. No significant changes in intensities were observed.
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CHAPTER 6

The Crystal Structure and Thermal Behaviour of V(P03)3

§ 6.1 Solution of the Crystal Structure

The structure determination was begun by Dr. F.C. Hawthorne
with a unit cell of a=10.6158, b=6.365R, c=9.432R; 8=97.9° and space group
is lc or 12/c. He solved the structure in (2/c and refinea it to an
R-factor of about 20% from the Patterson function. Some of the bond-
lengths and angles in his solution were unsatisfactory.

Subsequently, | took a week-long-exposure precession photograph

of V(PO which showed that the b-axis is triple that of Hawthorne, but

3)3
the possible space groups remain the same. Only k=3n reflections have
strong intensities. - The structure must consist of three of Hawthorne's
cells, with small structural variations from one to the next. This is

only possible in the non-centrosymmetric space group lc. Tofield,g;_gj.”s
also selected lc as the space group on the basis of second harmonic
generation, and found the lattice parameters of the tripled cell.

A difference map from the k=3n reflections based on the atomic
positions in the large cell (supercell) that correspond to those of
Hawthorne's cell (subcell) failed to yield any structural variations
from the substructure. The heavy atoms were displaced from the substructure
positions by 0.01 in different directions, one at a time, and a least-
squares refinement was carried out varying only the coordinates in the
third of the cell containing the atom for which the initial displacement

was made. |If the R-factor decreased, this displacement was allowed: if
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it increased, another displacement was tried. This process was continued
in conjunction with a lowering R-factor until all the positions were
simultaneously varied, at which point the isotropic thermal coordinates
were also included in the least squares refinement. Computer limitations
prevented anisotropic thermal coordinates from being refined. Final
coordinates -are listed in table 6-1. Since there was no a priori reason
for assuming any direction for the shifts from the average cell, the
possibility of a false minimum in the least squares fit exists.. A g3
synthesis, which is a Fourier sum of terms of the form (/F ] z/ch’)eXp(i¢c),
where Fo is the observed structure factor, Fc the calculated structure
factor, and ¢ the calculated phase angle, was calculated based on the
vanadium and phosphorus atom positions. This synthesis is an electron
density map which applies the weight FO/FC to the structure factors. If
-Fc>>FO, at least some of the atomic co-ordinates which contributé signifi-
cantly to the value for F_ must be wrong. The weight, Fo/Fc’ will be
small, and hence peaks which would result from incorrectly placed atoms
will be depressed. If Fc<<Fo’ unknown atomic positions must contribute
significantly to Fc' The weight for such a structure factor will be large
and peaks indicating unknown atom positions will therefore be enhanced.
No solutions different from the one refined were found from the B8 map.
Recently, the structure of AI(PO3)3 has been determined®® . It is
isostructural with the model of V(P03)3 proposed here, suggesting that
this structure is correct,

The final R and R were 0.091 and 0.065 respectively (w=(46-0.53 F|
+0.0023]F[2+1000(0/F)2)_1). The agreement for only the k#3n reflections

was R=0.134 and RW=0.O94. The larger values are not unreasonable since
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Table 6-1. Positional and thermal coordinates for V(P0,);.
Estimated standard deviations are indicated Tn”parentheses.

Atom x y z u(R?)
v(a) i .0798(2) % .0057(5)
v(b) 0.2529(5) 4115(2) .2479(6) .0049(5)
v(c) 0.2308(3) .7549(2) .2631(4) .0056(6)
P(1) 0.9756(6) . 1h42(3) .7657(7) .0059(8)
P(2) 0.0156(5) .4803(2) .7409(6) .0063(8)
P(3) 0.0027(5) .8142(2) .7476(6) .0043(7)
P(4) 0.1026(5) .3018(2) 44ok (6) .0051(8)
P(5) 0.0967(5) .6370(2) .5420(6) .0050(8)
P(6) 0.1168(6) .9681(3) 4363(7) .0073(9)
P(7) 0.8791(6) .6965(2) 748(7) .0056(9)
P(8) 0.8809(6) .3629(2) .5710(6) .0036(8)
P(9) 0.8961(5) .0267(3) .5561(6) .0056(8)
0(a,2) 0.9033(10) .5190(6) .7784(13) .0106(21)
0(a,3) 0.0884(10) .1321(5) .2112(12) .0062(19)
0(a,6) 0.1501(12) .9981(6) .2994(14) .0068(22)
0(a',6') 0.2262(13) .0544(7) .0417(16) .0120(26)
0(a,7) 0.8502(11) .6635(6) .7091(13) .0092(20)
0(a,8) 0.7808(10) .6097(6) .9585(13) .0051(20)
0(b,2) 0.1211(11) .4803(7) .1862(13) .0114(22)
0(b,3) 0.8865(12) .8371(7) .8006(15) .0145(24)
0(b,4) 0.1266(12) .3577(6) .3473(15) .0159(24)



table 6-1 cont.
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Atom X y z u(R2)

0(b,5) 0.2044(11) .3651(6) .0631(13) .0085 (20)
0(b,9) 0.8769(11) .9686 (6) .6562(13) .0049(19)
0(b',9") 0.8011(11) .9652(6) .9295(13) .0045(20)
o(c,1) 0.0930(13) .8251(7) .2191(15) .0112(24)
0(c',1') 0.8775(11) .1913(6) .8121(13) .0057(21)
0(c,b) 0.2022(12) .7099(7) .0734(15) .0130(24)
0(c,5) 0.1070(10) .6876(5) .3255(12) .0086(19)
0(c,7) 0.7683(11) .2840(6) .9689(14) .0083(21)
0(c,8) 0.8414(10) .3298(6) .6975(13) .0106(21)
o(k,3) 0.0835(10) .2294(6) .3723(12) .0068(19)
0(k,8) 0.9695(10) .6892(6) .0056(13) .0091(20)
0(5,2) 0.0776(10) .5603(5) .3814(11) .0058(18)
0(5,7) 0.9679(11) .3545(6) .0103(14) .0136(22)
0(6,1) 0.0125(13) .9079(7) .3906(16) .0091(25)
0(6,9) 0.0360(11) .9765(6) .0181(13) .0062(21)
0(7,3) 0.9673(11) .7633(6) .6137(13) .0095(21)
0(8,2) 0.9770(12) 4235(7) .6178(15) .0139(24)
0(9,1) 0.9072(12) .0973(7) .6453(15) .0115(25)
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these are the weaker reflections and have a smaller relative accuracy.

§ 6,2 Description of the Structure

The structure of the average cell is shown in figure 6-1. It
consists of tetrahedral (P03)°o chains which zig-zag in the ¢ direction.
V06 octahedral are found between these chains and are bridged to
neighbouring V06 groups in the a direction by a phosphate tetrahedron in
each of two chains, and in the ¢ direction byvtwo phosphate groups in
each of two chains. The structure differs from VP05, and VO(POB)2
in the lack of vanadyl bonds, and VO, chains.

As can be seen from figure 6-2, the major differences between
each third of the cell along b lie in the orientations of the polyhedra.
There do not appear to be large differences between the corresponding
bond lengths and angles for the polyhedra in the three parts of the
cell (table 6-2).

The different types of bonds énd angles are summarized in table 6-3.
The P-0(-P) bond lengths are consistently larger than the P-0(-V) bond
lengths, the average difference of 0.10 falling between the values
predicted by Baur®%(0.08R) and Brownl6(0,158). The (V-)-0-P-0(-P) angle
is consistently the largest angle in all the POA tetrahedra, and the angle
(P-)0-P-0(-P) is consistently the smallest, although the (P-)0-P-0(-V)
angle of one phosphate group is sometimes smaller than the (P-)0-P-0(-P)
angle in another. The V06 octahedra are close to being regular since the
maximum difference between V-0 bonds in any one group is 0.07(2) R, and
the axial and equatorial angles at the vanadium atoms are close to 180°
and 90° respectively.

Table 6-4 gives the distances between corresponding atoms in
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Table 6-2. Bond Geometry in V(PO )3. The oxygen atoms are listed
sequentially counteréﬁockwise as they appear in diagram 5-2.
They are labelled according to the atoms they bridge.
Estimated standard deviations are in parentheses.

VOg groups - bonds are of the type V(x)-0(x,y)

distances (R) for V(a)o, distances (R) for v(b)o, distances (R) for V(c)o,
x y distance X oy distance x y distance
a 2 1.99(1) b 3 2.02(1) ct 1 1.98(1)
a 7 1.99(1) b' 9! 2.00(1) c 8 2.00(1)
a' 6! 2.01(2) b 5 1.96(2) c A 1.97(2)
a 3 1.98(1) b 2 1.95(1) c 1 1.98(1)
a 6 1.98(1) b &4 2.02(1) c 5 1.99(1)
a 8 2.03(2) b 9 2.00(2) c 7 2.01(2)

angles are of the type 0(x,y)-V(x)-0(x,z)

angles (°) for V(a)o, angles (°) for V(b)o, angles (°) for V(c)o,
X y z angle X y z angle X vy oz angle

a 2 7  92.6(5) b3 9' 99.5(5) c 1' 8 92.0(5)
a 2 6' 88.9(6) b 3 5  89.4(7) c 1' h  87.8(6)
a 2 3 172.6(6) b 3 2 176.5(9) c 1' 1 175.4(6)
a 2 6  87.9(5) b 3 4  90.9(5) c 1" 5  93.7(5)
a 2 8 90.8(6) b 3 9 93.6(7) c 1" 7 84.2(5)
a 7 6' 90.1(6) b ¢' 5  88.3(6) c 8 4 93.1(6)
a 7 3 91.1(5) b 9' 2 89.5(5) c 8 1 84.3(5)
a 7 6 177.5(6) b 9" & 177.2(6) c 8 5 174.3(5)
a 7 8 86.8(6) b 9' 9 89.1(5) c 8 7 93.2(6)
a 6' 3 84.6(6) b 5 2  87.1(7) c A4 1 95.1(7)
a 6' 6 92.3(6) b 5 4 9L .2(6) c L4 5 87.8(5)

a 6' 8 176.9(5) b 5 9 176.0(6) c 4 7 170.0(6)



84

table 6-2 cont.

angles (°) for V(a)06 angles (°) for V(b)06 angles (°) for V{c)o,
X vy z angle X vy z angle X y z angle

a 3 6  88.7(5) b 2 4  89.3(5) c 1 5  90.0(5)
a 3 8 95.8(5) b2 9  89.9(6) c 1 7 93.3(7)
a 6 8  90.8(6) b 4 9  88.4(6) c 5 7  86.8(8)

PO, groups - bonds are of the type P(x)-0(y,x)

distances (R) for P(2)04 distances (R) for P(3)04 distances (R) for P(1)0h
X v distance X y distance X Y distance
2 a 1.49(1) 3 b 1.46(1) 1 c' 1.49(1)
2 5 1.60(2) 304 1.59(2) 16 1.55(2)
2 b 1.49(1) 3 a 1.48(1) 1 c 1.50(1)

2 8 1.60(2) 37 1.60(2) 1 9 1.55(2)
angles are of the type 0(x,y)-P(y)-0(z,y)

angles (°) for P(Z)Oh angles (°) for P(3)04 angles (°) for P(1)0,

X y z angle X y z angle X y z angle

a 2 5 107.2(8) b 3 4 107.3(9) ct 1 6 106.1(9)

a 2 b 119.6(7) b 3 a  118.5(7) ¢ 1 ¢ 119.6(7)

a 2 8 112.1(9) b 3 7 109.6(9) et 1 9 106.8(9)

5 2 b 106.7(8) L 3 a 106.9(8) 6 1 ¢ 110.0(9)

5 2 8 108.0(8) L3 7 108.1(7) 6 1 9 103.3(9)

b 2 8  102.6(8) a 3 7 106.0(8) c 1 9 109.7(9)
distances (R) for P(6)0, distances (R) for P(5)0, distances (R) for P(h)og
X y distance X % distance X y distance

f a' 1.48(2) 5 b 1.50(2) L c 1.48(2)

6 a 1.50(2) 5 c 1.48(1) 4 b 1.48(2)



table 6-2 cont.

distances (R) for 9(6)04

X y distance
6 1 1.61(2)
6 9 1.62(1)

angles °) for P(6)04

X vy oz angle

a' 6 a  115.6(8)
a' 6 1 114.7(9)
a' 6 9 106.6(10)
a 6 1 106.1(10)
a 6 9  111.3(7)
1 6 9 101.8(6)

distances (R) for P(8)0h

X y distance
8 a 1.49(2)
8 c 1.46(2)
8 2 1.57(2)

4 1.55(1)

angles (°) for P(8)Oh

X vy z angle

a 8 ¢ 118.4(7)
a & 2 108.3(8)
a 8 & 110.7(9)
c 8 2 109.8(10)
c 8 4 107.7(7)
2 8 4 100.3(6)

distances (R) for P(S)Oh

X % distance
5 2 1.58(1)
5 7 1.60(1)

angles (°) for P(S)Oh

X vy z angle

b 5 ¢ 117.2(7)
b 5 2 107.4(9)
b 5 7 107.3(7)
c 5 2  110.9(9)

c 5 7 113.0(7)
2 5 7 99.6(6)
distances (R) for P(9)Ob

X oy distance
9 b 1.46(2)
9 b 1.49(1)
9 1 1.59(2)
9 6 1.58(1)

angles (°) for P(9)04

X oy z angle

b' 9 b 117.2(8)
b' 9 1 109.7(8)
b' 9 6 112.6(9)
b 9 1 107.7(9)
b 9 6 109.3(7)
T 9 6 98.7(7)
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distances (R) for P(h)Ob

X y distance
L 3 1.56(1)
L8 1.59(1)

angles (%) for P(h)oh

X vy z angle

c 4 b 117.9(9)
c & 3 109.0(9)
c L4 8 105.4(8)
b 4 3 110.9(9)
b 4 8  112.4(7)
3 4 38 100.8(6)

distances (R) for P(7)04

x y distance
7 c 1.48(2)
7 a 1.49(2)
7 3 1.60(1)
7 5 1.54(1)

angles (°) for P(7)04

X vy z angle

c 7 a 116.3(7)

c 7 3 109.9(8)

c 7 5 111.4(10)
a 7 3 109.1(10)
a 7 5 106.1(8)

3 7 | 5 103.1(6)



Table 6-3. Average bond geometry in V(P03)3
Length(8)
Bond Maximum Minimum Average
V-0 2.03(1) 1.95(1) 1.99
P - 0(-P) 1.62(1) 1.54(1) 1.58
P - 0(-v) 1.50(1) 1.46(1) 1.48
Angle(o)
Angle Maximum Minimum Average
0-vV-0(axial) 177.5(5) 170.0(5) 175.2
0-V-0 95.8(5) 84.2(5) 90.0
(P=)0-P-0(-P)  108.1(6) 98.7(7) 102.6
(P-)o-P-0(-v) 114.7(8) 102.6(8) 108.8
(V-)o-P-0(-v) 119.6(7) 115.6(8) 117.7
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Table 6-4.

Distances between corresponding atoms in figure 6-2 when

87

those in 6-2(b) are translated by -b/3 and those in 6-2(c)

are trenslated by -2b/3.

Oxygen atoms for each polyhedron

are listed sequentially starting at the oxygen bridging the

P and V atoms and going counterclockwise.

Values are in

¢

Atom a from Atom b from Atom ¢ from distance distance distance
diag. 6-2(a) diag. 6-2(b) diag. 6-2(c) between between between
a and b a and ¢ b and ¢

v(a) V (b) V(c) 0.05 0.30 0.35
P(2) P(3) P(1) 0.16 0.52 0.36
c(a,2) 0(b,3) 0(ct1Y) 0.1 0.46 0.43
0(5,2) 0(4,3) 0(6,1) 0.12 0.75 0.83
0(b,2) 0(a,3) 0(c,1) 0.49 0.51 0.53
0(8,2) 0(7,3) 0(9,1) 0.16 0.83 0.74
p(6) P(5) P(4) 0.23 0.21 0.10
0(als') 0(b,5) 0(c,bk) 0.54 0.47 0.24
0(a,6) 0(c,5) 0(b,k) 0.70 0.7k 0.28
0(6,1) 0(5,2) 0(4,3) 0.76 0.83 0.12
0(6,9) 0(5,7) 0(4,8) 1.12 1.12 0.06
P(8) P(9) P(7) 0.23 0.04 0.28
0(a,8) 0(b!9") 0(c,7) 0.62 0.20 0.61
0(c,8) ¢(b,9) 0(a,7) 0.79 0.13 .81
0(8,2) 0(9,1) 0(7,3) 0.83 0.16 0.74
0(4,8) 0(6,9) 0(5,7) 1.12 0.06 1.12
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figure 6-2 when those in 6-2(b) and 6-2(c) are translated by -b/3 and
-2b/3 respectively. As can be seen, two of the vanadium atoms nearly
superimpose, and the third, V_, is displaced only by about 1/3 R. The
phosphorus atoms, similarly, are quite close to superposition, the biggest
difference being about % R between P(1) and P(3). The largest displace-
ment of the oxygen atoms from superposition is 1,2 R, the average is

0.6 8. This is quite a substantial difference when we consider that

a P-0 bond has an average value of 1.53 R. The angles subtended at the
oxygen atoms by the cations to which they bond range from 135° to 151°
(9 values) when both cations are phosphorus and from 133° to 158° (18
values) otherwise. No strong correlation exists between these angles

and the distortions of the polyhedra.

5 5

. . + . +5 .
It is conceivable that some V could substitute for P in

the phosphate groups, and this could be the source of some of the polyhedral

5

+
distortions. The occupations for V at the tetrahedral site were not
significantly different from zero when varied in the least-squares analysis.

§ 6.3 Thermal Behaviour of V(P03)3

In an effort to determine if the differences between the sub and
super cells increase or decrease with temperature, the intensities of
five strong k=3n reflections and the 25 strongest k#3n reflections were
measured at room temperature, 300°C and 500°C. These intensities were
normalized to the room temperature ones. The results, shown in figure 6-3,
indicate that, although the errors are large, the k#3n reflection intensities
become substantially weaker with increasing'temperature while those for
k=3n only weaken slightly. Error bars represent the standard deviations

of the intensity ratios.
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Figure 6-3. The ratio of the intensity at various temperatures
compared to room temperature for (a) 25 strongest reflections
with k # 3n and (b) 5 strong reflections with k = 3n.
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The relative decrease in intensity of the k#3n reflections
indicates a breakdown of the superstructure. Each third of the cell
will more closely resemble the other two thirds as the temperature
increases. |In fact, one might predict that, at about 650°C (by extra-
polating the graph in figure 6-3), each third of the supercell will
have the same structure, which is likely to be different from the room
temperature substructure since the latter has some unlikely bond
lengths and angles.

A second order phase transition to the subcell structure is
predicted to occur around 650°C. Lavrov, gE_glf” found no evidence
for a phase transition between room temperature and 1000°¢C by DTA; a
result which was confirmed by us. However, second order phase transitions
Will not show up in DTA experiments.

91,92, one of

Cr(PO3)3 is known to exist in six polymorphic forms
which has a powder pattern like V(PO3)3. No evidence has been found
that V(P03)3 can exist in or change to any other polymorphic form,
Trimetaphosphates for the trivalent metal ions of Al, Ti, Fe and Mo%2,93,95,96
have also been reported to be structurally the same (from powder patterns)
as V(PO3)3. None of these show the extensive polymorphism of Cr(P03)3.

The crystal structure and thermal behaviour of V(P03)3 has

been published in the Canadian Journal of Chemistry?7.



CHAPTER 7

Crystal Structure of (V0)2P207

§ 7.1 Solution of the Structure

From the systematic extinctions (hO2, 2#2n and Ok, k#2n), the
space group was determined to be centrosymmetric Pbcm, or non-centrosymmetric
Pbc21. The latter is an unconventional setting of Pca21 chosen to make
conversion from the centrosymmetric space group easier. Precession
photographs showed reflections with (h+i%)#2n and with k#2n to be weak,
indicating a pseudo-translational symmetry of }at+ic and a similarity of
structure at y=% and y=0 respectively. Examination of the Patterson
function corroborated these conclusions, and suggested the vanadium
positions of (0.5,0.0,0.1) and (0.0,0.0,0.35) for the centrosymmetric
space group, as well as the phosphorus positions of (0.2,0.05,0.0) (or
(0.2,-0.05,0.0)) and (0.3,0.05,0.25) (or (0.3,-0.05,0.0)). A Patterson
peak at O.QE_indicated that the phosphorus atoms are contained in P207
groups with the P-P vectors parallel to b.. This placed two more
phosphorus atoms at a distance of about 0.4b from the previous phosphorus
positions. Each of the two distinct’P207 groups can be either above or
below the plane at y=0. All of the four possible combinations of these
placements were tried as models and the one with the lowest R-factor
was chosen. In the centrosymmetric space group, these models refined to
give P-P distances of about 3.6 R, and R-factors ranging from 0.52 to

0.48. Refining the same partial models in Pbc2, eliminated the problem

1

of the long P-P distances as well as giving substantially better R-factors

91
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(0.35 for the best model). All further refinements were carried out in
the non-centrosymmetric space group. The vanadyl oxygen positions were
readily identified from a difference Fourier map based on the phosphorus
and vanadium positions, but three oxygen atoms for each phosphate
tetrahedron were indicated on this map at positions in the y=0 plane which
gave P-0 distances that were too short. |In addition, residual peaks
were found at positions related by a mirror plane at y=0 to the phosphorus
positions. Placing the phosphate oxygen atoms in their most probable
positions failed to give acceptable geometries on refinement.

Bordes and Courtine®? found antiphase boundaries prevalent in

(vo) 0, electron micrographs. Such boundaries could explain the phosphorus

2P2 7
mirror peaks and would give an average of two possible positions for

each phosphate oxygen atom related by the symmetry of the antiphase bound-
ary, If these positions are close to each other and the antiphase boundaries
are plentiful. Possible antiphase boundaries will be discussed later.

In addition to the psuedo-symmetry already mentioned, the pyro-
phosphate, P207, groups have two pseudo-mirror planes: one in the P-0-P
plane and one perpendicular to this through the bridging oxygen. The
large amount of pseudo-symmetry makes the correlation coefficients between
positional coordinates large (values as high as 0.9 were found) and
tends to prevent least-squares convergence to the actual atomic coordinates.
In an effort to obtain the most accurate starting positions for the
refinement of the oxygen coordinates, the P207 group positions were refined
by rigid group least-squares refinement. The P-0 bond lengths in the

16

phosphate tetrahedra were predicted using Baur's®* and Brown's!® models

(table 7-1). Since the actual bond lengths for the phosphate groups



Table 7-1.

Bond

P-0
P-01
P-02

P-03

Predicted bond lengths in the phosphate tetrahedra of (VO)_P

93

9 207.

0, is the oxygen atom bridging the two tetrahedra in the P,0

gFroup, 01 is the oxygen atom which is bonded to the two
vanadium atoms, and 0, and 03
one vanadium atom eac%.

Predicted value
based on Brown's!®
model (R)

1.62
1.55
1.50
1.50

Predicted value

based on Baur's?"

model (R)

1.595
1.60
1.53
1.53

277

are the oxygen atoms bonded to

Average
predicted
value (R)

1.61

1.575
1.515
1.515
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considered in the previous chapters were mid-way between the predicted
values based on Brown's and Baur's models, the averages of these predicted
values for the (VO)2P207

refinement. |In addition, it was assumed that the four oxygen atoms

structure were the ones used in the rigid group

were at the corners of a regular tetrahedron with the phosphorus atom
placed to give the calculated bond lengths. The position and orientation
of each 'of the tetrahedra were refined until shifts per error ceased to
be significant. The R-factor was 0.26 at this point. The resulting
coordinates, when used as initial parameters in the least-squares
refinement of the individual atomic positions, still failed to converge
to values which yielded satisfactory geometries.

Two models for antiphase boundaries were then tried as follows:
Model | - For each pyrophosphate group, a second group, related by a
mirror plane at y=0 to the first, was added to the model, and the
occupation of the groups was refined so that the total occupancy remained
1.0. Convergence was obtained at an occupancy of 0.5 for each group.
The positional and isotropic thermal coordinates were then refined.
Model |l - For each P207 group, a second. group related by a mirror plane
at x=0 to the first, was added to the model, and the occupation of the
groups. and the coordinates were then refined as for model I.
Both Model 1| and Model || gave the same structure (within the standard
errors), but the estimated standard deviations of the coordinates were
very large. Positional and thermal coordinates are given in table 7-2
and bond geometries in table 7-3. The standard deviations of the inten-
sities were used as weightsvsince the models were not accurate enough

to determine a weighting scheme based on Cruickshank coefficients. The
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Table 7-2. Positional and lsotropic Thermal coordinates for (V0)2P207
Estimated standard deviations are in parentheses.

Atom X y z U (A%)

V1 0.5150(9) 0.035(1) 0.963 0.013(1)

V2 0.4991(8) -0.044(1) -0.0938(8) 0.006(1)
V3 0.0043(9) 0.042(1) 0.3457(8) 0.009(1)
vk -0.0006(8) 0.0501(8) -0.3437(7) 0.005(1)
P1 0.205(2) 0.030(3) 0.002(2) 0.005(3)

P2 0.203(2) 0.422(3) 0.003(2) 0.007(3)

P3 0.287(2) -0.031(3) 0.262(2) 0.004(3)

Pk 0.295(2) 0.576(3) 0.254(2) 0.006(3)

01 0.375(6) 0.008(10) ~0.005(5) 0.008(10)
02 0.150(7) -0.060(9) -0.078 (k) 0.011(10)
03 0.151(7) -0.068(9) 0.079(5) 0.014(10)
0k 0.166(6) 0.230(8) -0.006 (4) 0.008(11)
05 0.350(8) 0.461(9) 0.014(5) 0.012(11)
06 0.139(6) 0.484(10) 0.078(4) 0.007(11)
07 0.145(7) 0.499(10) -0.072 (%) 0.006(12)
08 0.141(6) 0.004(10) 0.253(h) 0.004(11)
09 0.356(7) -0.002(10) 0.177(L) 0.004(11)
010 0.360(7) 0.078(9) 0.322(4) 0.010(10)
011 0.290(6) -0.221(8) 0.291(4) 0.009(10)

012 0.129(7) 0.544(8) 0.252(5) 0.006(10)



Table 7-2 cont.

Atom X y z U (A2)
013 0.366(7) 0.495(10) 0.323(h4) .006(11)
014 0.361(8) 0.589(10) 0.185(5) .017(12)
ov1 0.517(4) 0.248(7) 0.093(3) .024(8)
ov2 0.536(3) -0.228 (k) -0.090(2) .005(7)
ov3 0.009(6) 0.263(7) 0.341(3) .020(9)
ovh 0.021(3) 0.250(5) ~0.339(2) .005(7)



Table 7-3.

Bond Geometries for (VO).P.0..

97

Estimated standard dgviations

are indicated in parenthésés), and all values are in angstroms,
or degrees,

Bond Lengths

Bond Length Bond
vi-01  2.15(8) V2-01
V1-05  1.96(8) V2-05
V1-09  2.05(7)  Vv2-010
V1-014 1.94(8) V2-013
V1-0V1  1.64(5) V2-0v2
Vi-ovi  2.24(5) V2-0V2
P1-01  1.6L4(7) P2-05
P1-02  1.59(8) P2-06
P1-03  1.56(8) P2-07
P1-0k  1.60(7) P2-0k4
P1-P2  3.02(3)

Bond Angles

Bonds Angles
ovV1-V1-01 95(3)
0V1-V1-05 105(3)
0vV1-v1-09 100(3)
ov1-v1-01k 79(3)
01-V1-05 81(3)
01-V1-09 92(3)
01-V1-014 173(3)
05-V1-09 154 (3)

Length

1

2.

1

94 (7)

30(8)

.96 (7)
.92(7)
47(5)
.47 (5)

.46 (8)
.47(8)
.48 (8)
.53(7)

~ Bond Length
V3-08  2.04(7)
V3-012 2.02(7)
V3-02  1.95(7)
V3-07  1.94(7)
V3-0v3 1.71(6)
V3-0V3 2.16(6)
P3-08  1.43(7)
P3-09  1.57(7)
P3-010 1.48(7)
P3-011 1.58(7)
P3-P4  3.05(3)
Bonds
0V2-V2-01
0V2-v2-05
0V2-V2-010
0V2-v2-013
01-v2-05
01-V2-010
01-vV2-013
05-V2-010

Bond
vhi-08
Vh-012
v4-03
Vi-06
Vi-ovh

vhi-ovh

PL-012
PL-013
PL-014

PL-011

Angles
108(3)
81(3)
75(3)
113(3)
78(3)
174(3)
96 (3)
97(3)

Length

2

2

1

J14(7)
14(7)
.93(8)
.88(7)
.56 (k)
.33(4)

.61(7)
.47(8)
.34(8)
.56(7)
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~ Bonds
05-V1-014

09-V1-014

0vV3-v3-08
0V3-v3-012
0vV3-v3-02
0vV3-v3-07
08-v3-012
08-v3-02
08-v3-07
012-v3-02
012-v3-07

02-V3-07

01-P1-02
01-P1-03
01-P1-0k4
02-P1-03
02-P1-0k4

03-P1-04

08-P3-09
08-P3-010
08-P3-011
09-P3-010
09-P3-011
010-P3-011

Angles
101(3)
89(3)

95(3)
89(3)
89(3)
100(3)
80(3)
170(3)
93(3)
91(3)
170(3)
95(3)

103 (k)
109 (4)
109 (4)
110(4)
106 (4)
118 (k)

107 (4)
115(5)
103(4)
109 (4)
108 (L)
114 (4)

Bonds

05-vV2-013

010-V2-013

OV4-vh-08
ovhi-vi-012
ovh-vi-03
ovhi-vh-06
08-v4-012
08-v4-03
08-v4-06
012-v4-03
012-V4-06

03-vk-06

05-P2-06
05-P2-07
05-P2-04
06-P2-07
06-P2-04

07-P2-0k

012-P4-013
012-Ph-014
012-P4-011
013-P4-014
013-P4-011
014-P4-011

. Angles
167(3)

89(3)

104(3)
103(3)
94 (3)
95 (3)
75(3)
93(3)
160(3)
161(3)
93(3)
95(3)

103(4)
113(4)
116 (4)
115(4)
108 (L)
103(5)

115(4)
118(5)
98 (L)
119(5)
102 (4)
101(}4)

98
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final R and RW were both 0.18.

§ 7.2 Description of the Structure (figure 7-1)

(vo) contains chains parallel to b consisting of two edge-

2P207
sharing VO6 octahedra, corner-sharing axial oxygens to two more octahedra
above and below. The axial oxygens form the typical vanadyl bond to one
vanadium and long bond to the other vanadium. The two edge-sharing
octahedra have vanadyl bonds which point in opposite directions along

the b axis. Pyrophosphate groups are found parallel to these chains with
each half of these groups sharing an edge-shared oxygen of one double
chain and an unshared equatorial oxygen of each of two other double
chains.

Both pyrophosphate groups are in eclipsed configuration with
equal P-0-P angles of 150°. These angles are larger than the normal
bridging angle range of 127-138° for eclipsed configurations’®. This
could be due to the lack of any additional long range bonding to the
bridging oxygen atom which is often found for the eclipsed configuration,
or due to the 0-0 spacing in the double VO6 chains. The P207 groups are
very symmetric, containing two pseudo-mirror planes, one perpendicular
to ¢ through the two phosphorus atoms, and one perpendicular to b through
the bridging oxygen.

The standard deviations for the bond lengths and angles are too
large to allow meaningful comparisons. However, the average P-0 bonds
for the bridging, two-coordinate and three-coordinate oxygens respectively
are 1.57(4), 1.50(3) and 1.54(4)  they equal within the errors the
predicted values in table 7-1. The average equatorial V-0 bond lengths

for the two and three-coordinated oxygens are 1.95(3) and 2.09(3)
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They compare favourably with the predicted values based on Brown's!®

(1.95 and 2.11) and Baur's®" model (1.94 and 2.08). The average vanady]
bond length of 1.60(3) is also in the range of those found for V+L|06
octahedra. The 0-V-0 angles between the vanadyl oxygen and the
equatorial oxygen atoms should all be greater than 90° since the vanady
bond is by far the strongest bond in the octahedron. The fact that some
of these bond angles are substantially smaller than 90° probably reflects

inaccuracies in the structure determination.

§ 7-3 Validity of the Structure

Since the R-factors and standard deviations of the positional
coordinates are very large, some of these coordinates may be wrong.
The general topology of the crystal structure contains no undesirable
features, and, as will be seen in chapter 9, accounts for the conversion
of VPO, to (V0)2P207. In addition, Bordes and Courtine*® have confirmed
the presence of P207 groups. Thus, it is unlikely that the topology is

in error. It is possible that one of the P groups is actually reflected

207
in a mirror plane perpendicular to b, but such a reversal would likely
introduce more angles less than 90° in the VO6 octahedra. Antiphase
boundaries possibly exist perpendicular to b, but they introduce the
necessity of three joined POI1l tetrahedra at the boundaries. Antiphase

boundaries perpendicular to a are more likely since they do not require

such a feature.



CHAPTER .8

Crystal Structure and Disorder for VAsO

5

§ 8.1 Solution of the Structure

The unit cell for VAsO5 has a = 6.35(3)&, b=6.32(3)R, c=8.256(5)3,

y = 90(1)°, z = 4, space group P2, /n (c-axis unique). The unconventional
setting of the space group was chosen to enable direct comparison with
5°

The diffraction pattern of VAsO5 shows streaks through the Bragg

a-VPO

spots parallel to c*, and, in addition, shows some diffraction spots
slightly displaced along c* from the Bragg positions (figure 8-1). These
features introduce errors in the measured intensities. Thus the structure
refinement was not expected to give a low R-factor although the intensities
were accurate enough to provide the basic structure. Intensities for
displaced reflections were assigned to the nearest Bragg point in the
structure determination.

The positions of the arsenic and vanadium atoms were readily
determined from the Patterson function. A difference map, based on the
least squares refined positions of these two atoms, showed peaks with maxima
up to % R in diameter for the oxygen positions. More exact positions for
the oxygen atoms within the volume from the difference map were calculated
assuming approximate V-0-{As) and As-0 bond lengths of 1.90 and 1.68 R
respectively. The vanadyl oxygen bond was assumed to be 1.6 R. Atomic
positions so derived and isotropic temperature factors refined readily to

an R-factor of 0.23. Anisotropic temperature coordinates refinement was

102
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attempted but was unsuccessful,

A difference map at this point showed some residual peaks.
Since the diffraction pattern ihdicated one dimensional disorder and
the structure is layered, it was assumed that these peaks were due to
stacking faults. A model for such faults will be described in section 8-4.
Introduction of these faults into the least squares refinement, by placing
atoms in positions defined by the displacement vectors of the faults
relative to their '"normal' positions, was attempted. The occupation
number of these atoms was refined in such a way that the total occupation
of any atom in the cell remained at 1. The refinement indicated that
each of two stacking faults occurred 10(1) % of the time. The R-factor
at this point was R =0.192, and RW = 0.198. Unit weights were used since
it was felt that the systematic errors due to the stacking faults were
much larger than the random errors and thus nothing would be gained by
any other weighting scheme.

Final co-ordinates are given in table 8-1.

- § 8.2 The Basic Structure of VAsO

5
Crystalline VAsO5 contains layers like those of a-VPO5 containing

VO6 octahedra sharing equatorial oxygens with four different Asoh tetrahedra,
all of which share corners with four VO6 groups (figure 8-2). The

structure differs substantially from that of a-VPO_ in the stacking of

5
such layers (figure 8-3). In u-VPOS, the layers are only displaced from
each other along the c-axis, being connected at the vanadyl oxygens. In
VAsOS, the layers are displaced horizontally as well as along ¢, thereby

forming double layers in which two V06 groups share an edge in such a way

that an equatorial and a long-bonded axial oxygen of one group form a



Figure 8-1.
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The Okt diffraction pattern of VAsO., showing the diffuse
streaks due to stacking faults along the E% direction and
displacement of some spots from the Bragg points (e.g. the
021 and 021 spots)
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T B imated standard deviscions are.indicated Tn parentheses.
Atom X y z Uu(R?)
As .1582(3) 0.4619(3) 0.2480(3) 0.0028(5)
v .1575(6) 0.9646(6) 0.3288(L) 0.0030(7)
0(1) .218(3) 0.259(3) 0.364(2) 0.004(3)
0(2) .109(3) 0.671(3) 0.369(2) 0.010(3)
0(3) .863(3) 0.008(3) 0.378(2) 0.002(3)
0(k) k6 (3) 0.899(3) 0.364(2) 0.004(3)
o(v) 141(3) 0.949(3) 0.137(3) 0.014(4)
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Figure 8-2. The structure of VAsO. as projected along the c axis, The
dotted polyhedra are Felated to the others by a centre of
inversion at the origin.
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o

Figure 8-3. The structures of a-VP0_ (a) and YAsn_ (b) as projected
on the ac plane, showing the diFferenée in the stackinag of
the layers. The VAs0_. lavers can he produced from the
a-VPO_ layers by a translation of a laver perpendicular

to ang slightly down along c.

107
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long-bonded axial and equatorial oxygen respectively of the other group..
The vanadyl bonds of these two edge-sharing groups point in opposite
directions, and the vanadyl oxygens are uni-coordinated, Within one
layer, the VO6 groups alternately share edges with groups in the layer
above and below. The formation of these edge-shared groups accounts for

the VAsO. c-axis being slightly less than twice the o-VPO_. c-axis (8.256 R

5
c.f. 8.868 R).

5

As can be seen from table 8-2, the bond distances for the
equatorial V-0 bonds are slightly larger than the corresponding ones for
a-VPOS. This is compensated for by a shorter '"'long' V-0 bond. 0-V-0

and 0-As-0 angles do not differ greatly from the corresponding ones in

a-VPO_., the greatest difference of 6° existing for axial-equatorial angles

5?
in V06. These differences are undoubtedly due to the different stacking

of the layers. It is surprising that the As-0(3) bond is no longer than

the other As-0 bonds as would be predicted by bond valence calculations.
However, the total As valence using Brown's!® bond-valence parameters is 4.94
and that for Vanadium is 4.99; both in good agreement with the expected

value.

§ 8.3 Theory of Diffraction from Stacking Faults

Although several authors have treated the topic of diffraction

69,70 71 lends itself

from stacking faults , the treatment given by Cowley
most readily to computations. It will be briefly reviewed here for the
case of two possible stacking faults with equal probability, which, as will
be seen in section 8-4, applies to VAsO..

For convenience, and to prevent confusion later on, a layer of

unit cells perpendicular to ¢ will be called a sheet, to differentiate it
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Table 8-2. Bond lengths and angles in VAsO. with standard deviations

in parenthe§es. The corresPond?ng bond lengths for a-VPO5

have been listed for comparison.
Bond Distance (R) gfgggngf;j;ggce Bond Distance () &fgggzsgt;gg;:ge
v-0(1) 1.874(17) 1.858(7) As-0(1) 1.690(16) 1.541(8)
v-0(2) 1.905(19) 1.858(7) As-0(2) 1.690(19) 1.541(8)
v-0(3) 1.929(16) 1.858(7) As-0(3) 1.685(15) = 1.541(8)
v-0(L) 1.896(16) 1.858(7) As-0 (L) 1.680(17) 1.541(8)
v-0(v) 1.592(21) 1.580(11)
v-003)x"  2.431(16) 2.853(11)
*0(3)x refers to 0(3) when it forms a long V-0 bond
onds dgle(®) STSPRONT pones mate(t) respondlne
0(1)-v-0(2) 160.7(8) 156.7(4) 0(1)-As-0(2)  109.9(9)  109.1(L)
0(1)-v-0(3) 91.6(7) 87.7(k) 0(1)-As-0(3) 108.4(8)  109.7(L)
0(1)-v-0(4)  89.4(7) 87.7(k) 0(1)-As-0(4)  107.9(8)  109.7(k)
0(2)-v-0(3) 87.1(7) 87.7(4) 0(2)-As-0(3) 111.5(8) 109.7(4)
0(2)-v-0(Lk)  84.9(8) 87.7(kL) 0(2)-As-0(4) 111.7(9) 109.7(4)
0(3)-v-0(4) 158.5(7) 156.7 (L) 0(3)-As-0(4)  108.2(8) 109.7(L)
0(3)x-v-0(1) 77.6(6) 78.4(2) 0(v)-v-0(1) 103.3(9)  101.6(2)
0(3)x-v-0(2) 83.5(7) 78.4(2) 0(v)-v-0(2) 95.9(9)  101.6(2)
0(3)x-v-0(3) 74.L(6) 78.4(2) 0(v)-v-0(3) 99.0(9) 101.6(2)
0(3)x-v-0(4) 84.9(6) 78.4(2) 0(v)-v-0(k) 101.7(9)  101.6(2)
0(3)x-v-0(V) 173.3(9) 180 (exact)
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from the structural layer as described in section 8-2. Thus, for VAsOS,
two layers make up a sheet, and the sheet is the repeating unit in the
¢ direction.

When no faults occur, sheets stack along ¢ with corresponding
points in adjacent sheets related by the vector c. If a fault of type 1
occurs, these points in the layer immediately before and immediately after

the fault will be related by ET§4’ or by c+S, for a fault of type 2,

2

where §4 and §2 are the displacement vectors of the faults. The electron

density distribution of the two kinds of faults will be denoted by Al and

A2 and will have Fourier transforms denoted by G1 and G2' The electron
density of the sheet and its Fourier transform will be p and F respectively.
When a fault of type 1 or 2 occurs, the crystal will have the environment
shown in figure 8-L. 1If the probability of either type of fault
occurring is a (i.e. both faults have equal probability, a), then the
probability of no fault occurring after any layer is 1-2a (=A).
Following the general calculations by Cowley’l for this specific
case, the zeroEE component of the generalized Patterson function involves
only the intra-sheet vectors and is,
P (W =N { Ao (o (-u) + alp(u) + 4, (u))*(p(-u) + a,(-u))
+alo(u) + 8, () *((p(-u) + a)(-w) }, (8-1)
where N is the number of sheets and u is a real space vector.
The Fourier transform of this expression gives the Zerth-intensity component:
I, = N {A[F[2 + o F+G,| 2 + o F+G,| 2 }. (8-2)
The first component of the Patterson function involves vectors between nearest

neighbour sheets. Since the first sheet can be faulted by _§_1 or §2 or unfaulted,

and its neighbour can also be faulted by §4 or §2 or unfaulted, the possible



. - l..u..-.....--'-..... 4 it s ae s nanse m twas ma e

0]

Figure 8-14,

The arrangement of layers with two different

kinds of stacking faults. The stacking fault
with displacement vector S, adds electron density
to the normal sheet, and the one with displacement
vector S, subtracts electron density from the

normal sheet.
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combinations of two sheets is unfaulted-unfaulted, unfaulted-faulted(1),
unfaulted-faulted(2), faulted(1)-unfaulted, faulted(1)-faulted(1),
faulted(1)-faulted(2), faulted(2)-unfaulted, faulted(2)-faulted(1), and
faulted(2)-faulted(2), where the number in brackets indicates the kind of
fault. |f the probability of finding a faulted layer is a and an unfaulted
one is A, then the probability of finding a faulted one followed by
a faulted one is Gz, two unfaulted ones is Az, and a faulted one with an
unfaulted one is Ao. The first component of the Patterson function thus
becomes
P (u) =N { §(u-c)A%p(u)*p(-u) + 8(u-c)Aap(u)*(p(-u)+a,(-u))

+ 8(u-c)Aap (u)* (o (-u)+4, (-u)) + 8(u-(c+s,)) aAlp(w)+a, (w)) %o (-u)

$ 5(5—(_C_+§1))a2(o(9_)+/31(g))*(p(-g)ﬂl(-y_))

+ 8 (u-(e+s;))o? (o (w)+a, (u))*(p (-u) +4, (-u))

+ 8 (u-(c+s,)) eAlp (u)+4, (u) ) * (o (-u))

+ 8(u-(c+s,)) o (p () +a, (u)) *(p (~u)+4, (-u)

+ 8(u-(c+s,))a® (p (u)+8, (u) ) * (p (-u) +4, (-u)) } (8-3)

which Fourier transforms to give
I, = N { exp(2mihec) {A%| F| 2 + aAF*(F+G]) + aAF*(F+GZ)}
+ exp(2mih- (E_+§_1)){aA(F+G])*F + of| F+Gy| 2 + az(F+Gl)*(F+G2)}
+ exp(2mih (5+§_2)){aA(F+GZ)*F + a2(F+Gz)*(F+G1) + a2 F+G, |2} },
where h is a reciprocal space vector which need not be integral. (8-4)
In general, the interaction of sheets, n sheets apart, will give
rise to the nEE-Patterson component which Fourier transforms to give the
nEb-intensity component. When considering sheets, n sheets apart, there

are a total of n+1 sheets, and the probability of various faulted and

unfaulted arrangements must be calculated. Since the interaction is only
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between the first and last sheet, there are several arrangements which
will give rise to the same term in the Intensity. For instance, the
arrangement UFTUU and UUF1U where U stands for unfaulted and F1 stands
for a faulted sheet of type 1 will give rise to identical terms in the
intensity expression. The different kinds of terms have been summarized
in table 8-3.. The probability part contains not only the probability
of finding the particular type of layers but also takes into account
the number of arrangements possible giving the same term as described
above. The full nEE-component of the intensity can thus be found by
multiplying the exponential, probability and structure factor parts for
each term and then summing the terms.

The total intensity is the sum of all the intensities for both
positive and negative n. |In practice n runs from -« to +* since crystals
are usually large enough to neglect termination effects of the series.
The -nEE-component of the intensity is mainly the complex conjugate of
the nzh-component, and can thus readily be evaluated.

Upon summing all the combonents of intensity, factoring the sums

and performing subsequent simplifications, the final intensity

becomes
| = T |n
nes~co
= T/D 4+ ¥ (8-5)
where D=1+a+ 2a2 - 2Acos(2rh-c) - 2acos(2wb:(gf§4))

- 2acos(2nh-(c+52)) + 2aAcos(2wb;§4) + 2aAcos(2nﬁ:§2)

+ 20’cos (21he (5,-5,)) (8-6)



Table 8-3. Terms In the generalized expression for the nEh intensity component when considering
two kinds of stacking faults.

exponential

probability

structure factor

explanation

exp(2nihenc)

exp(2wib:(ngfx§4))

X<n

An

-1
A"

aAn-?

(h=1) 1a" A" ™%

(h-x-1) IxI

(n_1)!ax+1An-x-1

(h-x-1) I'x!

X+1 n-x-1

(n-1)1a" A

(n-x-1)Ix!

(n‘1)!axAn-x

(h-x)!(x-1)1

X+1 h=-x-1

(n-x)1q" A

(h=x)1({x-1)1

(n_x)!ax+1An-x+1

(h=x) T{x-1)1

[F]2

F*(F+6,)
F*(F+G2)
EE

F*(F+6,)
F*(F+6,)
(F+6,)*F

[Fet, |2

(F+G1)*(F+G2)

no faults in any sheets

faults of type 1_in the
last (i.e. (n+1)=—) sheet

faults of type 2 in the
last sheet

x faults of type 1 in the
inner (i.e. 2M9d to nth)
sheets

x faults of type 1 in the
inner sheets and one in the
last sheet

x faults of type 1 in the
inner sheets and one of type 2
in the last sheet

(x-1) faults of type 1 in the
inner sheets and one in the
first sheet

(x-1) Ffaults of type 1 in the
inner sheets and one each in the
first and last sheets

(x-1) faults of type 1 in the
inner sheets, one of type 1 in
the first sheet and one of type 2
in the last sheet

—d
So—
4=



Table 8-3 cont.

exponential

probability

structure factor

explanation

exp(2wih;(n(gj§4))

exp(2nib:(n5fx§4+y§2)

(x+y) <n

(n-1) 1FYA"TX7Y
(n-x-y-1) Ixly!

x+y+1,n-x-y-1

(n-1)'a A

(n=x-y-1)Ix!y!

(n_l)!ax+y+1An-x—y-1

(n=-x-y-1) IxTyl

(n-1) 1oXTYANX7Y
(h=x=-y) T(x=1) 1yl

(n_1)!ax+y+1An-x-y—1

(n=x-y) T (x-1)Ty!

(F+G,)*F

| F+6,] 2
(F+6,) " (F+G,)
| F[ 2

F*(F+G])

F™ (F+G,)

(F+G1)*F

| F+G,[ 2

a fault of type 1 in each
layer except the last one

a fault of type 1 in all
layers

a fault of type 2 in the
last layer and of type 1
in all the others

x faults of type 1 and y
faults of type 2 in the
inner layers

a fault of type 1 in the
last layer and x of type 1
y of type 2 in the inner layers

a fault of type 2 in the
last layer and x of type 1
y of type 2 in the inner layers

a fault of type 1 in the
first layer and x-1 of type 1
y of type 2 in the inner layers

Faults of type 1 in the first
and last layers and x-1 of type 1
y of type 2 in the inner layers

qt1
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exponential

probability

structure factor

explanation

exp(2nih- (nc+xS,+yS,))

(x+y)<n

exp(Zﬂib:(ngfx§4+(n-x)§2))

(n_1)!ux+y+1An-x—y-1

(n=-x-y) I'(x-1) Ty!

(n=1) 1gXFYAN XY

(n=x-y) I {y-1)Ix!

(n_1) !ax+y+1An-x-y-1

(n-x=y) 1 (y-1) Ix!

(n_1)!ax+y+1An-x-y-1

(h=x-y) I (y=-1) Ix!

(h-1)1a"A
{(h-x-1) Ix!

(n-T)!unA
(n-x) 1 ({x-1)1

(n-1) !ocn-'-1

(h=x)T(x-1)!

(F+G,) * (F+G

1 2)

(F+6,)F

(F+G,)™ (F+6,)

2
| F+G,)]
(F+6,)"F
(F+G,)"F

| F+6,]2

faults of type 1 in the
first and type 2 in the
last layers. x-1 fault of
type 1 and y of type 2 In
the inner layers

a fault of type 2 in the
first layer and x of type 1
y-1 of type 2 in the inner layers

a fault of type 2 in the

first and type 1 in the last
layers. x faults of type 1 and
y-1 of type 2 in the inner layers

faults of type 2 in the first
and last layers and x of type 1
y-1 of type 2 in the inner layers

fault of type 2 in the first
layer and x of type 1 and n-x-1
of type 2 in the inner layers

fault of type 1 in the first
layer and x-1 of type 1 and n-x
of type 2 in the inner layers

faults of type 1 in the first
and last layers and x-1 of type
1, n-x of type 2 in the inner
layers

911



Table 8-3 cont.

exponential probability structure factor explanation
exp(2nib;(nEfx§4+(n-x)§Q)) (n-1)!ozn+1 (F+G1)*(F+G2) x-1 faults of type 1 and
(n-x)!(x-1)! n-x of type 2 in the inner

exp(2nih: (netyS,))

y<n

exp(2mih: (n(c+s,))

layers, and a fault of type 1
in the first and type 2 in
the last layers

(n-1)!ozn+1 (F+G2)*(F+G1) x faults of type 1 and n-x-1

(n-x-1)tx! of type 2 in the inner layers,

and a fault of type 2 in the
first and type 1 in the last

layers
(n-l)ocn+1 [F+G2[2 faults of type 2 in the first
(h-x-T) Tx1 and last layers and x of type
n-x-1 of type 2 in the inner
layers

same as for exp(2wih- (nc+xS1)) but with
subscripts .1 and 2 reversed and y instead of x

same as for exp(2rih- (n(c+S )) but with
subscripts 1 and 2 reversed

1

L1l
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T = 2Re{exp(Zwihjg){l-Aexp(—Zﬂib:E)-aexp(—2wib:(Efil))-aexp(Zﬂib:(Ef§2))}
-{F+uG]+aG2}{AF*+a(F*+GT)exp(Zﬂib;§4)+a(F*+G§)exp(2nib:§2)}}
(8-7)
and X =|F|2+ zuReF*G1 + 2aReF*G2 + al6y[2 + a|6,| 2 (8-8)

§ 8.4 Stacking Faults of VAsO5

Two possible models for stacking faults were considered. Since

expression VI11-5 has the greatest value at points where D is a minimum,
D was calculated for both models to see if the minima for D fell at points
where the intensity was a maximum in the diffraction pattern.
Model |:

VAsO5 and u-VPO5 appear to form solid solutions over the full
composition range (see section 8-5) and hence it would seem possible
that, once in a while, a stacking arrangement as in oc-VPO5 can be found
rather than the edge-sharing arrangement. There are four possible arrange~
ments of such faults (figure 8-5). Figure 8-5(a) and (c) and also (b) and
(d) are mirror images of each other, and these faults would thus be
expected to occur with the same probability. The denominator for an expression
like equation 8-5 was found for the case of four faults with two each of
equal probability, and this denominator was evaluated for 0kf points.
The minima of the denominator did not fall at k and & values for which the
intensity was a maximum, and hence this model was discarded.
Model |1:

The V06 octahedra in VAsO5 alternately share one of two edges.
The difference map in the final stages of refinement showed residual
electron density in places which suggest that, once in a while, a ''mistake"

is made and octahedra in two subsequent layers share edges in the same



AN ’\
* s s ) P I AN P SN P
\\ \t ) N Ny 7 l‘ N I, ¢ \\ 1 ’ ) \\ \ ’
Ny o2 [N N s 8 AN 4 ! WV oz ! \ 4
Ny ! > N} s ! ., [} W\ 7
W W g
SN 7 L0N 2N N 4 ;
. ’ S N Y S 4y . ~ V2 N, ‘4
N A NN T B A LA iy BN S B RAVIRN
] ] P H N ’ . H N
K W j\-\_v Ny W‘ Z il N,
'A , A K
AN\ . RN ; e I ' , P \ s
s N Y, A N S St N Y s A B | ’
! N P sy U ’/ 'l « s+ s

; 70N ; 4 : i :§
\ A e\ \\ 1Y

’e \
N 7/ Pl | g N\
/’ L} /’ PR \\ ' ” \\ ‘v 4 N \ L} Ny
) ) R A I AT N LT N
s js;\ﬁ\ \\/:&; \,:E;\
Y A 13 > ’ t 4 A
) \ vV LA KN N ' ~ A (A Y
20N N VARt R N e P DN PR IANER ”’
s, NS v S, SN 2 VAR Y TP A NN
. F N i : L L’ N “\ Ny L
A\ . N L ;'\
1 ] 71 -
\\ (A AN Ny ,
\\ 7/ N\, ’ N
Ay N 7’ ~

Figure 8-5. Four possible stacking faults for VAsO., Model I.
The V0, octahedra are idealized with tﬁe tona oxyaen
bonds shown by the dotted lines. For clarity the
phosphate tetrahedra have been omitted.
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direction. Two possible faults can be formed as shown in figure 8-6.
These faults can be formed geometrically by the removal of an A layer

( figure 8-6(b)) or a B layer (figure 8-6(c)) and a shift of the following
iayers which will give the fault structures indicated. Since the two
possible faults are mirror images of each other, and since there is no

a priori reason to assume one more probable than the other, each fault

is considered to have equal probability. The expressions in the preceding
section consider S

1

unit cell, and hence it is more convenient to consider the fault in fig.8-6(b)

and §2 to have the same origin with respect to the

to be formed by the addition of a B layer (rather than removal of an A
layer). The net result is the same, and vectors §4 and §2 now have a common
origin with ¢ components of +} and -} and b components of about -0.45 and

+ 0.45 respectively. This model gave shifted positions from the Bragg

peaks of about the right size and in the right direction for 0k¢ points.

The best fit appeared to fall at about 0=0.23. Smaller values of o gave too
small a deviation from the Bragg position and much larger values gave
deviations that were too large. Small changes in the coordinates of the
fault vectors changed the size of the minima in the denominafor and . the
value of the intensities. The full intensity was calculated for 02¢ points
over the range -4.1<2<4.1 for a=0.23 and various b and ¢ components of

the fault vectors ranging in absolute value from 0.42-0.48 and 0.48-0.52
respectively. The best fit for the intensity for the 02¢ points was found
at the b and ¢ components for S, of (-0.43,0.5) and (0.43)-0.5) for S,.
Experimental and calculated values are shown in figure 8-7. The experi-
mental intensities were obtained from a 02 precession photograph (fig.8-1)

using an optical microdensitometer and were corrected for Lorentz and



Figure 8-6. Model Il stacking faults for VASOR. (a) shows the two
d (c

possible fault vectors, and (b) a ) show the

appearance of each of the faults.
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polarization effects. The background was estimated from optical density
measurements immediately adjacent to the 022 1line and this background was
subtracted from the measured intensities. The fit, though far from
perfect, seems good enough to indicate that this model must represent

the major stacking faults that occur. When the intensities were calculated

using formula 8-5 with G, and G2 both equal to zero (i.e. making no

1
correction for the density modification at the faults) the intensity profile
differed by at most and usually considerably less than 10% from that for

the model containing the G-values. This shows that the modification of

the electron density at the faults does not significantly affect the
intensity profile, and hence a least-squares refinement of o when

fitting F+aG +aG2 to the observed structure factor is likely to under-

1
estimate its value. This is in agreement with the results (0=0.1 from
least-squares and 0,23 from the intensity profile calculation). Cowley99
observed this effect as well for stacking faults in magnesium fluorogermanate.
The probability of a stacking fault occurring is very high (there is only

a 54% probability of no fault occurring) and it is surprising that the

refinement of the basic structure yielded an R-value as low as 0.2.

§ 8.5 The Solid Solution V(As,P)0,
o

Bordes and Courtine“? have found that a-—VPO5 and VAsO5 form a

solid solution of the form VAS]-xPxOS over the whole range of 0<x<1. This
result has been confirmed by us. Samples of composition x=0.1, 0.5 and
0.75 were prepared by the procedure outlined in chapter 3. All of the
crystals were yellow, mica-like sheets similar to those of the end

members of the solution range. Single crystals suitable for x-ray analysis

were not found, but a and ¢ parameters were determined from powder diffraction
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Figure 8-8. Cell parameters for _AsxP1_x_5
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data. The results are shown in figure 8-8. The parameters for a-VPO5
were obtained from Jordan, Eﬁ_il}l and the VAsO5 parameters are those
determined from single crystal diffraction, with the c-axis divided by
two to correspond to the layer length rather than the actual axis length

in order to make comparisons with o-VPO_. possible. The a parameters

5
fall nicely on a straight line reflecting the change in size of the
tetrahedral cation. The c parameters do not fit as well on a straight
line, although the trend is suggestive of a gradual change from VAsOS—like

stacking to a-VP0O_.~like stacking as x increases. Perhaps this could

5
be accomplished by stacking faults as in model | section 4 of increasing
frequency as x increases. Single crystal intensities will have to be

considered in order to determine the actual change in structure over the

whole range of x.

§ 8.6 Thermal Behaviour of VAsO_
=4

A DTA analysis of VAsO_ shows a strong endotherm at about 560°¢C

5

on heating, following which the speciman gradually volatilizes until all
is gone before the melting point estimated at about 800°C. When single

crystals of VAsO_ are gradually heated, the diffraction pattern does not

5
change significantly until about 560°C, when the crystal invariably
crumbles. The nature of the structure of VAsO5 remains to be determined
above 5600C, although it seems evident that a structural phase transition
takes place at this temperature. Materials such as the H-form of P20528
which volatilize readily often contain discrete molecular units in the
crystalline phase. The molecular units are held together by forces which

are weaker than those in extended bonded networks. The energy required

to remove molecules from molecular crystals is therefore smaller than
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that required for network crystals. The molecular crystals can, therefore,
be expected to volatilize more readily. Since VAsO5 in the high temperature

form does readily volatilize, it might contain molecular units rather

than consisting of a network of bonds like the low temperature form.



CHAPTER 9

Discussion and Conclusion

§9.1 The V-P-As-0 System

The crystals in this study are all of the type MnO2n+1 with

n=2,3, or 4, and M a combination of any of V, P, As or Si.

The n=2 compound, VAsOS, with M2=VAs, is structurally related to

other M205 compounds in the V-P-As-0 system. Vanadium is always found
octahedrally coordinated with one long V-0 bond trans to a short vanadyl

bond. The vanadyl oxygen is sometimes uni-coordinated (VAsO_. and 8—V20517)

5

and sometimes forms a long V-0 bond to another VO, group (a-V2052, a and

B-VP0511,12). Some of the compounds form layers (a-VP0511, VAsO5

52»17), which, except for B-VZOS, (see p.5) are held together by long

, a and
B-VZO
V-0 bonds. These layers form stacking faults easily, and evidence for

such disorder has been found for all except a-V a-VP0,. and VAsO_. vary

2%- 5 5

only in the stacking arrangement of the layers. A solid solution of the
form VAsxP1_xO5 exists over the full range 0<x<1, and crystals throughout
this range have the same layer structure as the end members but, presumably,
the stacking arrangement changes with composition.

The H form of P20528 Is composed of molecular groups and the other
forms of P20529»30 and A520535 are network crystals which readily rearrange to
yield molecular units when volatilizing at increased temperatures. The
high temperature form of VAsOS, as well as the above phosphorus and arsenic

oxides, readily volatilizes. Thus the high temperature VAsO,. is probably

5

more closely related in structure to these oxides than to the layered oxides.

127
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All the MZOS compounds with M a combination of any of V, As and
P should have M in the +5 oxidation state. Valences, caicu]ated from
Brown's1® bond-valence parameters and experimental bond-lengths, and
corresponding coordinations are given in table 9-1. The errors on
these experimental valences are large since the valence is (:/5)_N,
where N and R are tabulated parameters and r is the experimental bond
length, and (dr/dR) is large.

VO(P03)2 is an n=3 compound with M3=VP,. Like V3073, it contains
single chains of corner-sharing V+406 octahedra. These octahedra each
have the vanadyl oxygen forming a long V-0 bond to the next octahedron
in the chain, VO(PO3)2 shows disorder in the position of the vanadium
atom and the corresponding direction of the vanadyl bond, but no such
disorder is known for V307.

The 5 coordinate groups in the single ribbons in V3073 are
similar to the metaphosphate chains in VO(P03)2. If the 5 coordinate
groups are changed to tetrahedra in such a way that the removed bond is
one which was formed to an edge-sharing oxygen, a metavanadate chain
results (fig.9-1). The oxidation state of P in the metaphosphate chain
and V in the single ribbon is +5.

Only the double octahedral V+h06 chains in V307 do not have a
counterpart in VO(PO3)2.

Table 9-2 lists the structural features and oxidation states
of vanadium and phosphorus in the two M 07 compounds. The agreement of

3

the valences with the expected integral values is as good as for the M205

groups, and hence there is no reason to expect that any structural

elements are likely to have non-integral valences.



Table 9-1. Coordinations and Experimental Valences for M
in the V-P-As-0 System. Valences were calculat
the bond-valence parameters of Brownl6 .,

Compound M Coordination Valence of M

of M
oc-VZO5 v octahedral 5.11
B—VZO5 v octahedral accurate bond
oc-VPO5 v octahedral 5.34

oc-VPO5 P tetrahedral L 98

B-VPO5 v octahedral 5.26

B—VPO5 P tetrahedral 5.16

VAsO5 v octahedral k.99

VAsO5 As tetrahedral L. ok

Aszo5 As octahedral L.78

AsZO5 As tetrahedral 5.02

H-PZO5 P tetrahedral .89

0-P205 P tetrahedral 5.20

0-P.0 P tetrahedral 5.24

275

lengths not available

129

compounds



130

Figure 9-1. Relationship between a 5 coordinate ribbon (a)
and a meta- chain (b)



Table 9-2. Structural Elements and Valences for M_0. compounds in
the V-P-0 System. Valences were calcu%aZed using the bond

valence parameters of Brownl®.

Compound M Structural element Valence of M
V307 v single octahedral L.17
chain
VO(PO3)2 v single octahedral 3.99
chain
V307 v single 5-fold coord. L 96
ribbon
H H it 5.17
1t " 11 5.16
VO(P03)2 P meta-phosphate chain 5.08
V3O7 v double octahedral L. 24

chain

131



132

The compounds VoP,Si0g, (vo).,P and V(P03) all are of the type

2 2 7 3

409 with Mh VPZSI, V2P2 and \IP3 respectively. Although they are all

three-dimensional network crystals, they are not as closely structurally

related to each other and V,0." as are the groups with n=2 and 3.

479
+4 . +4
VOP,Si0g contains vt 0¢ corner-sharing chains, (VO)2 ,0; contains VU0,
double chains, and VL}O9 contains double octahedral ribbons in which

one of the two distinct vanadium atoms has an approximate valence of +5
and the other an average valence of +4.5. In addition, V,_'09 contains
single 5 coordinate ribbons in which two distinct atoms also have average
valences of +5 and +4.5 respectively. These valences were estimated
through the use of figure 9-2. Bond valences were calculated for each
group based on Brown's1® bond-valence parameters for V+l1t and also for

vt

These values, when applied to the graph in figure 9-2, gave the
approximate percentage of V+5 and V+h, thereby making the evaluation of

an average valence possible. Since the valences calculated for n=2 and

n=3 compounds were only accurate to within about 0.2 valence units,

values that deviated from +4 or +5 by less than this amount were considered
to be essentially integral, as were values for P and Si. The structural
elements above all contain vanadium wi th the typical vanadyl bond.

+3

This bond is not present in the regular isolated V O6 octahedra of

\I(PO3)3

P+504 tetrahedra are isolated in VOP SiO8 (each connecting to

two VO, and two Si0, groups), exist as pyrophosphate groups in (VO)2 207

and as metaphosphate chains in V(P0,),. VOP 5308 also contains isolated

3°3 2
SiOh tetrahedra. The single ribbons of V409 are similar to the meta-

phosphate chains in V(PO3)3, but do not have much resemblance to the
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5.0~

valence

4.0

100% V*+* 100% '+

Figure 9-2. Valence for mixtures of V+h and V+5+ghen ca]cu]iged
using bond-valence parameters for V'~ (a) and V' ' (b).
The values were calculated assuming octahedral coordination.
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other tetrahedral groups in ML}O9 compounds. Valences and structural
elements for these compounds are summarized in table 9-3. Bond lengths

for (v0) and V(P03)3 are numerous and not very accurate, and the

2P207
valences for the same structural elements in each of these compounds
were averaged before inclusion in the table,

V60135 is the only n=6 compound known in the V-P-As-0 system.
It contains single ribbons with V+4 and double ribbons with the two
distinct vanadium atoms having average valences of +5 and +4.5. The

valences and structural elements are summarized in table 9-4,

§ 9.2 Reduction of VPO,
2

Like the V205+V60]3+V02 transition described in chapter 1, the

reduction of VPO5 (both o and 8 forms) to (VO) can readily be

2297
accomplished by the formation of shear planes. These shear planes
can form in every second, every third, ... or every nEﬁ layer, thereby

producing a variety of structures intermediate in composition between

VPO5 and VPOM.S'

Figure 9-3 shows how a-VPO. can form shear planes leading

5

eventually to the (V0)2P207 structure by a cooperative movement of

\IO6 octahedra along the 170 direction. During this shift, the phosphate
tetrahedra rotate in such a way that the corner, previously shared with
one of the octahedra which are to be joined together, points up or

down to share an oxygen with a Poh group in the layer above or below.
This requires that the corresponding phosphate tetrahedra in adjacent
a-VPO_ layers must rotate in opposite directions in order to be able to

5
form P207 groups. Since the VPO_ layers are all identical, there is

5

no a priori reason why one phosphate should rotate differently from any
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Table 9-3, Valences and structural elements of M;0, compounds in the
V-P-S$i-0 system. Valences were calcu?a%ed using Brown'sl®
valence-bond parameters and average valences were estimated
from calculated ones using figure 9-2.

Compound M Structural Element Valenge based Va]egge based Average
on V parameters on V parameters valence
\IOPZSiO8 Vv octahedral chains k.20
(V0),P.O, V  double octahedral 4.0% 4, 0%
2277 .
chains
V)0 Vv double octahedral L, 37 L, 66 4.5
9 X
ribbons
[X] 1 11 4.86
" " single 5 coord. L. 43 k.70 k.5
ribbon
1t 1 " h.oz
VOPZSiO8 P isolated tetrahedra 5.24
" Si isolated tetrahedra k.20
(VO)2P207 P pyrophosphate groups 5.20°
V(P03)3 P metaphosphate chains 5.20"
' v isolated regular 3.18%
octahedra

Y

“value based on the average for structural units of the same kind.



Table 9-4, Valences and structural elements of V6013'

136

Structural Element Valence based on Valigce based on Average
V' parameters V'~ parameters valence
single octahedral L. 06
ribbons
double octahedral L. 82
ribbons
double octahedral .30 b.56 4.5

ribbons
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other, and, hence, it is reasonable to expect that the P207 groups can
be found either above or below the ac plane of (V0)2P207. Such dis-
order has, in fact, been found (chapter 7). The direction of the
vanadyl bond in every second row of double octahedra is reversed

from that in a-VPOS. This is likely a result of the rotation of the
phosphate groups which now have three corners essentially in the ac
plane of (V0)2P207.

The proposed transition of 8-VPO_. to (VO is shown in

5 12P2%
figure 9-4. As for the case above, a ;ooperative movement of octahedra
is required, this time in the 111 direction. The shift involves the
joining of two octahedra that are not connected by phosphate groups,
one being at an a coordinate near O and the other at an a coordinate
near 3. The phosphate groups rotate to form pyrophosphate groups

with phosphate groups above (or below). In 8-VPO,. the phosphate groups

5
share two corners with two octahedra in one chain, and it is one of
these corners that most likely shifts to form the P207 group. The polyhedra
in B-—VPO5 are all linked in a plane perpendich]ar to a, but because
of the likely shift explained above (and shown in diagram 9-4), the shear
will form at a 45° angle to this plane.

The production of (V0)2P207 can occur in stages starting with
the formation of vacancies, and following with the gradual collapse or
shearing of planes. The intermediate compositions VPOX ,» B.5<x<5, will
have partially a VPO

structure and partially a (V0) structure.

5 2"2%7
The cell dimensions of the two end members of the composition range are
sufficiently commensurate that these kinds of domains can readily be

formed. Titanium, niobium and tungsten oxides are known to form similar
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shear structures, and models for these structures have been proposed by
comparing the electron microscope images to theoretically calculated
ones100,101,102  This technique is still in its infancy, but could

be useful in determining the exact defect structure of (V0)2P207.

The structure of the intermediate VPOh 75 found by Bordes and Courtine'?

at high temperature (about 750-800°C) during the incomplete reduction
of both forms of VPOS, can readily be predicted by joining every other

two rows of octahedra in either form of VPO_. The structures produced

5

from o and B-VPO_ respectively are shown in figures 9-5 and 9-6. Note

5

that of necessity, this model requires polymorphism of VPOA 75

§ 9.3 Vanadium Phosphate Catalysts

When VPO_. is used as a catalyst in the oxidation of butene to

5 .
maleic anhydride, (VO),P.0_ is known to be produced“0:59,60  The catalyst

2 277

reduction could produce vacancies at the surface which can then migrate
into the bulk of the material, and, when they become sufficiently con-
centrated and are situated at the appropriate places (such as those marked
on diagrams 9-3 and 9-4), the movement of octahedra can occur to produce
(V0)2P207. One scheme for the diffusion of vacancies through the double
octahedral vanadate chains is shown in figure 9~7. A vanadyl oxygen
is removed during catalysis, and this is replaced by an equatorial oxygen
which is replaced by a vanadyl oxygen and so on, until sufficient
vacancies are created at the equatorial oxygens for collapse of the
structure. This mechanism can produce intermediate stoichiometries as well.

Other structures in this study, with the exception of VAsOS,
cannot readily undergo a similar rearrangement. V(P03)3 has vanadium in

the +3 oxidation state and reduction is thus not likely. In addition,
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Figure 9-6.

Proposed structure of VPO
reduction of B8-VPO_..

second layer of B—éPO
(V0)2P207-like qroups

derived from the incomplete
The second layer consists of the

Y
5 joining rows of essentially
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..__.C) \/ ().___.“

removed at
surface

Figure 9-7. Suggested mechanism for the diffusion of oxygen vacancies
during catalysis. Only the vanadate chain is shown, and
only two oxygen atoms in the equatorial positions are
shown. The mechanism only involves the two equatorial
oxygen atoms as indicated on figure 9-3.
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the vanadate octahedra are too far apart to make their condensation and
the diffusion of vacancies possible. Both VOP,Si0g and V0(P03)2 contain
octahedral VO6 chains connected by POA-SiOh-POA-... tetrahedral chains
in the former and meta-phosphate chains in the latter. Neither of these
connective chains can readily condense to allow the edge-sharing of VO6
groups, since neighbouring connective chains are too far away, and edge-

sharing of tetrahedra is unlikely. Bordes and Courtine't?

report that
VO(PO3)2 is catalytically inactive and it seems likely (although not
confirmed) that V0P25i08 is also inactive. |If this is in fact the case,
care must be taken when supporting vanadium phosphate catalysts on silica,
that no reaction occurs between the silica and the catalyst to produce
VOPZSi08. VAsO5 can undergo a reduction with a mechanism like that of

u-VPO5 in principle, although a shifting of layers is required., It is

not known if VAsO5 is catalytically active.
Nakamura®l found that a V:P=1:2 catalyst was most selective and
proposed the mechanism shown in figure 1-8. |f his catalyst was in fact

VO(PO3) (in contradiction to the results of Bordes and Courtine“0)

2
his mechanism seems plausible in view of the structure for VO(P03)2.

The VO6 chains are disordered in the vanadium and vanadyl bond positions
and oxygen can thus be readily added to (or removed from) one of these
chains at the surface, thereby reversing the vanadyl bond direction.
This would of necessity be a surface reaction only, since migration into
the bulk is unlikely.

The increase in selectivity with phosphorus concentration

suggests a catalytic mechanism involving equatorial oxygens in the VO6

groups which are bonded to phosphate groups rather than a mechanism which
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involves shears at the vanadyl oxygens since the latter do not change
significantly in environment from V205 to VPOS. Since the V-0 bonds
are longer than P-0 bonds, one might logically expect the P-0 bond
energy to be greater, and more energy is involved in the removal of

an oxygen atom bonded to one V and one P atom than an oxygen bonded to
two vanadium atoms. |f the activation energy of the main reaction

in the catalytic process is smaller than that of the side reactions,
it follows that the vanadium phosphate catalysts will catalyze fewer
side reactions. The decrease in activity of the vanadium phosphate
catalysts compared to the vanadium oxide catalysts could be due to the
migration of vacancies being "easier" (i.e. energetically more favourable)
in the vanadium oxides.

§ 9.4 Conclusions

The structures in the V-P-As-0 system are difficult to determine
since vanadium can exist in a variety of condensations, coordinations
and oxidation states, and can readily change from one of these to any
other. It is therefore not surprising that most of the crystalline
phases of this system exhibit structural disorders and many exhibit
polymorphism. Also, the ready formation of glasses (an extreme structural

disorder of the crystal) is to be expected.



APPENDIX

Observed (FO) and calculated (FC) structure factor amplitudes.

146



147

o
—
>
0
o
Q
o
4+~
3
—~ E
@
+ O
»n o
>
[
O n
[
03
o —
— @
wv >
o~
o, —
o —
> <L
—
<

H k IFOI |Fc|

leol rel

K

H

lFol lrcl

k

H

ol el

H

aomanlcun i
MmN PN o
~N

TN O OO MD
MMD SR NI MON
N

NN TNO A

P R R L I L' )
A vl rd ed s dod vdvi ot

N DA AN D+ L ADNTMIOM O AT FOND OM A I
WNNIGNSS OO OUNTO WMk INOOTINMG «i0

N~ N

MANAQTINTHOONDO AN O DVNMOUYN OO MM
WOMNNWAHNHMONOVIINMAMA AOMNID T TR 0
AT U et D) e

NNy Ny

FWONRDDO AW T INWMOQ M TN VMO ANM IO

NN NOOOCDOOCODO Herdvd vl vt i NI NI M)
vdvdrdydvd sdodrtogodrdrtrded v dvded i rdetodvdvd

OOV ORON MM INLNNOD DAL
MIINUNOBNIN NI UONMNMMIMDOO A

L=b

O T

ANO A P AN O e O D w4 T N i O O NNOQNVOM IO OO GO OVNLC MO MDD MM MNUMNNN D <N D OM DO NM

NORMINAUMON L AB AN AM I PO LION D ~FMIMOMM MM O QO DO R F NOPRWDN ANMOMDNGM DN D NS

MIR-UN DO AMADIOM AN INT CMUNITIEHMAITMUN FOUAN NN MEAINM 4 P eded Mede van N eitn
Lal

D 4D SOOI D DD QOO0 D H H I N T I D AN DA TS M D 2 MM NDLN LA LD LD O UITILD w4 D W) ¥ N0 ON
M D NUMASANINNIONOTONNUNIONIT IO M TOMAMOMMONSIONRNSLIMBMNMOVN TANNOMND TOMMONNOON
-“NAN

CVIEA NN OO B ITOM AR TS (NS L P M et P OLN T N M etet

e

A MNP P rted

DD ADAHNNO AN MO AN A M N O UMW O AN P UHOND UM 2NV Q2 UM N OO0 UM FINWMO 12N

Qe HANNNMMIIN D 2 2 FNNY BNV DR IDOWOA MR AAN MM O D OO OO OVRANNANONNARNOOODDOO OO 4w vt ot ot
vdedrdrdedotododedrivt i

AL IO 0 WD O 2 UO UMD B0 D N AA IO MO TN O IR NN O NOND O R OUNM
MO NN AW T DD 1DV O PDMONTNNPOPMON DY) DHINROO LW OMrium
N IO D - - M I Nt o e A e ~M ”n

et T N WM N I N

LLUION 19N NI D) 1) D0 ot A L0 O PN DO O TN Tt A tO LN I 1) O O MO DI LN ~ N OMOND
1k15315&1367118765HGZQBSB?666552967026695h32
m

NrtyMI N sd 4NN MY N LNV At D ] F Nt et N - e (4]

1A AN MM 2 1O 2DV INM T UNO AN TIDN O FINOA ©O NN PO N O~

NMM T T L2THNNNDOWQOONNMNNANANDDDROORAPHNNNNADIOIOOO
ot gt bl gt

WOOMA ML 4TI NODI I ITONATIMUIMNO IS O NMM MR- M N A0 1)
MNGAHOUNMOMI A OF VU -2 T ITNTORUNNUMIN A NDDOOMN I DM D OW L) DO IA 4D
NN O I I I 0N MmO NI NI

Sr 2 I N D DO M AN DD MM NN I T AN~ AN O DI 4 O e 43 D)

~ e Ny - o QNN M-I MO M
- vl
QWU AOPONNNOIVNOAUNONOQ NI DN
MM D OAN T MMM I MONIAMNIN-T IO NN
~M) o NN —4 L] - o

LYOM O =AM T DWW MO M-TNDA vt 310

ONNNCOOODTOOD vt rivi vl il d NI NININIMM

2 DA NOYO NI OIF -2 OINT MM ODANUMPO QD D AN RN ) OISO ~D
AN WM A NHAENAN QMM -INS I IMN A MKMLY N M acinNm
H Lol -l

SO D HAIMN O HANMJQ UM T DO NI KO ~NIO N TN O O 1NN T DM DO ~ UM

O AHANNNMMIMMN L F T2 TNHINNNQ WD OWOW DA NN N MDD D OODDOONN G

rhdurdrivivdvivdetrisdetodrivdsivtivtivdviod ot

MNIMN DWODS N - FNNDWMMMIO O AM OO MNMA DL T DN T D

DL 2O AN NDOM NON T+ ON DBNON 2302 SDOLONMAN <AL

MROM AN IO ADIHNMNOANRILN D DM M NIRNMM A vty
4 ivd -4 4

T HBNOONOONDONOVON NOHODWWON L NAIMDNNODN M MO MOY

A2 et DO AMOMON FHATPOONTDONNNAH NOOUNHONIDMMAMNNAL

WANMOA HUITOAOIOHNNUND O M Med DDMIM AN N NN
- wdod Lol Lal

HANAHMIONIHMUNONMTONMINMN OI VD MU ANON IOV HMNN ON T

“AIUMM T L INDWDBOVOONANN QOVOVONRANNNHOIOOCQ el rtuAIIM
dodedrtrdvdoded vl et et 4

SO HONAVAMPODNIMMNNA-TDNSVLY Y PYONOA
NINPYUMONTAU A AAADBNUDINN AL OO M ~D IO
DNAATMIUNNNANN AN 1D 1) w0y N NS

M3 ON O ADNMM =IO O ) HBDDNWON SAD W NN N
COUN T T WM NN AH 1IN AOMPOINTUM TNDWYDMNDOMION
DNDAHIMHNUNMINAMN N W) W) iy N N

O U I G AN I U M T IO 0N F D O A OIN) P

UMMT 22NN O OWODWOMNMANANMN OO DOVODVNRN N0



148

ol Irc]

k

H

H kol lrdl

Fd el

H

Fd

ol

N ADU .2 i ot = O OO M O PN CID MMDO H{NOINA KO T NI MU O DN OO NN T NDOMN F OO MM O I OONO0V
DINDIMEAN D 7131:4 WNNAQUMMMOMNN A OUAMNOLIMededO LMD L] 553“25 IV
A - NN - 3 HNy O Nt YRR I - M N - - Nt 4NM
-

VOANAONHDPNO OO -T2 DO OUNFONNNONOMIDN QOOVDDNNNNIMPDD L DO D NDONMNDOMO WL IO
6“26;«5«*03233“71335 O ONVOMNSNANITI HOIT VNOMA T OTIODIVUAIMAGANTNAMA « MNONNMING NV NIOMNALON
AN ol - oy D I e T VR ) O 4 g N Ny et M) NGO e ean - - N M

" - "

] -4 -
NMIT+NM TN AN INOHNM T OO HOHNQHANMO NP -TO NN FINO NN PO ~NMN N SO ) Uy OO HO N
IO OOV DON NSRS ODODD St ANNAUMMIMM 2 32 TNNIBNNNOODOONNNNO YU T RICE JUIT IV, ) Q ~ Ny an
OMUNODNMD T DO N N HAMM OOVNOMMD O S WAUNOM IV FODNODONNM 2OV P-TIWVAQNMONO-T O oI -0
N DN WS NIMBN AANONWODOWNDONMM MNOLNU M OMONMIMN ONMUDNNN T QW T IC)OM 7554270
- o~ ~ ANIAAT IUNONANAANNANNINM INANMN et Nl NS i At Ty Mot
MonTFoADNOLONS M ORNNOAQO @O DM A’ PNDAONN 00D DT ~LHUNOUD NG e 1N T O F TN A DD T O ON~OONN
DM AN I T tod N NIADO A A ANINANOONAD #IF ITM O NIMONDMAT VO TN L MOWNDM O M- M ONO
- o~ ” O PUTANTTIVURNOAAN AANVINCUINNUMINANNMIN et Nederd T A A AT i~ O N Med

" "

- -~

DO ANMITNO ANM

DVOONHNNANHPHOOOD
vt ot -t

QO HOHNOANMOANAMM IO NNMINONIM IO HAIM TN ANUMIUOANAIMNTO

CAFNNUINMMMMIIIIINNNNWNINOOOWOUNNMANMAANDOODODDPRDHDOD
it

AN AN

NI

N DM AN ONIMP IO TWDWMIMOOMAMID MDA Mo o Co-tNalfio o OO IANTMBRNNID IO ODTOMN O MDD
VOB D DI HND =1 DI AP N w42 14 O DN OW L OMB DI UN D NN OrtMM AONNAM M I D M. MO 2
NN DMAINM M N B ANND A T A AT D) NI AN ey ) D e e NES M) e
NTOS TP NI ANDPDN OO DD Hi AN 2 M AIMIND VDN D P O B MOWOA FPWNHNY ITOMODBDAM TV et TN
WA VNN GDNND 1O N AN DN DT N 4O N T NO DA N = O NN N MMM MO NDNAM IOOM ~OONPEM =D InT
MU A (M aINMm M Ny MNArdNNAD S Tl 1M UMIT MO AAHSO A P M " -t NN M M) et
"
]
UM FTNO AN T INW O M T WHEOMODAIMI IBOA DN ANM TINWOA’ O M FUNO ) O N AN P A A T TN N
OO B BBO OO MMM A AN A OO DODD O DVNDNARNARNPNNODAD OO ried ot AN FF 2NN WO WO RO AN D0
PR L R R e R L ]
uoNNg ONNON OMNONOIT N H YO FDNPOMIFO DAL O HNDHM FONMODNN LT MO OM VO NIMO N oM VYN C
NN PODOOCOONITAOIM PO AHNMIO 13%55071290792 Wwawn 73&2 0oy MOMAN OOV DOMOOYHOOA
A0 -t M0 UM m ™M e ettt M~ V] HMALD T 2P A OIDOW U N
WL A 2OOM I NORNOINWINOA NN MO .? OUDT N0 OONTINHM BN +DOM DO DO W) O OW O NWD NN T 4 DD v DO
PV 2.V 5&980986361&52531%5%ikbb5051690792363963726bb55h MHHMON DO DWNA N2 NSNW
TR ) MANNN HuNUMNM NN Lo o BN AVE o ] v et ¥e] HMAULMIMAQBIWNN N0
] "
- -4
oM HWANTHOAIM AN T SOIM I N HIM PN O AN FNWOM AU INONO~SAUIMINONNIM I - DO HOMNDANM O NPT O we

[a¥1a¥LaVaV]
Ardvded

NMMIITIONNLLOWOWVBANNSANNCDDOVDODNNHDMAONNADOOCO vty
Hertedridededridri et vt

OHANNAMMMM2II S L TOW



149

L
Itiplied by 10.

8 Crystal
des are mu

281
val

A.2 VOP
All

K |Fo| |Fc|

H

lec)

kol

k

el

kol

H

Irol el
]

K

H

SOOI M

852512960351873“651657&5939653185235“19517955#137“%916325523&396576
NN OO L ONMINDNUDONND M .POOIMIND A M MO SIMNONOAOM OB AN DM ORI NN MO DO OO

M A AT D

Mt PT LY RRTTT, |

NI ITDRIMA
~N DOIMNN OON e FTOMANUANNT NN TT oM ASTIMNINAEN AN DDA A
-
AU OO O NDONNNON AMAUIMAMPOMOONNAIONANIND P NN LT P INHNIOMONONDONAN DM Q)T DNV OMNON
(VL IO IR Y e T TV ) NI AMMINAIO NN N =M A O T 0 ) I ) P ) ol i D M) i A IO T YD €0 4 (DD M N D DB U T v NN T O MN QOO D i M) D
LY ﬂ DFONM OUEN WD FOMANUANINE NUPIIAEMAEIMNIA A AN MAUNM et
Lol
-
M ITNHO NI S COHNOHNOANMDANMIDHAIM IINA~HNUM TBOVONUIM FNDNOAOHNNMIDNEON DO —NM FINMOOTAHNUM INON DM P
el 1NN QO HHNNUMMMIM T I I I IHONNDNVOBIWYVWVWITOANMANNANAANCDDODDODTNRNNNNONOVODCOTAD rdvicdricird

Ard et dtedd

WMEOHMMBHMDINSNOMND AU PDMHTOANDBHL D
DAUNNDDON O INPDOBTOW ANMA NP OoNNTO O
NTH N AT e S NeAA NN AN My

MO NMTNA CHOND SO NHOVNONOIMMM INWODOLMO
DWNOMN ODUN OMIN PO ITDOMUN INDTODNIINNHAD
MO Tod O AT ] A Ned e OIS et DB M N DA 1M D ot

MIHOUNONOANMIVOVOSHNNMIWNWOND {HAMINE

AN NNV OOV OT Hedrirtrt d HNNNNNNM Y
dedodrd pded rdod ot vivdvdod ed vded vt rd ol vl ol d b ot

AN HNIDONMN I NI A DU MO NOMMANOO.Y
OMIINAUNNITIM AN IUNDAD AN - ©
K4 -M o+ NN Lo “ o

MM —4OMIANDHO DN D WODNDO DM T —NILNLH 4
CUNO W ~#NOM I MM TN TN T o oHtn
m -moH NN - - rlrted

FINOND AN F IO QN IT NN <MD T NS

DONNNOOODVDOO rirlrdrded rt (IR M
el rdvivierivirtrdvirmtrirtvi vt rd vt vt vdod

Attt vtrdodrdrdod rdrt bt

HMOAHD DI M ONNNDNADONUMA NN EDIDODM QPMMAUM DN IS J OOON
MINUAHNDNNAEMMONOMNDANMOMMOINLD NANOG OMO AN MM
N EIANNAAM D M T Nt v ot ot NN e N ~M

DUMNLNIOMT U AROOWT AT ONQN O TP DHONTO AN AN ONMM T
242&326323792987?7%6%2126632776559&02%70136%
T Nt A HH N AHH M Lalat]

AN AN HOAUIM P UM I N UM PO A UM PN O ANM FNE DO M TN A0 N

NMMIIINHUNNVOOOONNMMANDOOODOOVNNNNNNDOOOOOTID ted
et At Attt el

FONHO TNV DOV OONOIMBUSAFNDOMOMINMIIMININTINODOD B ~OOMNOOM
FODDDMMA NO NN Y N N T FTOMO NN TLRON AN NN DN O A O
OM=UNNG DM N N BAMAN OMMAHN S TO M MM M T SO
] -

T2 OVIOA DDVDN AV ONNOBDDMNN w =HOIA- O U O L =t T DL T N DO L NM B O
HONOOMMINNNNDNNWIN SWOMNVNANNNNNNDN I SONMOMORONITBONITOND
OMNONY OMIPANE M AMAN OMOAIIIOIM MMHOMO M S ANy
-t -4

QOO AHNODdNMO NN TOIM TN AN I INOO NP WONO AMINONDO NN

OHENNAIMMMNS 2 S 2 ITNNINNINDS W WO WONMANMMAANN D OO VOO D0 NN

MY HOITMODOMOLVNNIOGHODNONON ODNDVONHM AON AN D HNIND

OIMUANMONNTOVLNNNIMBVVWOODBAM DD OO O AND A4S

MAOONHARAMIOAN I AN HO®D ON ™M LN OMM =D A
-t et Lo Ll -«

WO rHAO N AR HNOOLOHNUMMNOOMOOM NS FTUNNOOD MM MO

OMAMONOSOMI T IONONDONDWON CAOUNMON N DDA T MO OMU W

MOONNEANSIOAHAIBAMUMD O VM M D OMM D N NN
- LRy -t Lol -

L=

HONFEMONIT-MINONI W rHiMUNMNONIODHMOANDNIOVOAMNNON S w

-“ UM 2 F ITONNOOOONNAMNDODDDNNNNNOOOIO Heivi NI UM
elodedrd il rdrd ot vd =l vt od 4

NNOMONEBMIA A ITDOFOMOLINOOMMOMM AL NAOD
MUNMNO MU TAMOUODA BNMHN oifmonToa
DA IMOUCINA AN et I ) N LY I NP

NANAUMOYWINNUI A O AL O DN ON MDA
SOV IOV N HNON O M WINT TN AP LNONM D)
NN IMAUNNNANNESNN 1N N N - N

HHNHAUM HANUM P UM PN OIM TN HNOIMZ NN UM

NMMILINNNNOOOOOMNNANANODDOOOHNNN



150

o] Irc]

Kk Irol el

H

IFo] Irel

H

ol el

HAAOMANMWKO MM O VHNO .Y
HADIM T N HNID OM ™
Ot e - NN -

OUANMINANAODDWMOND
NHOMNND N O AM N DMIUNINLD
Nt - ~N L2V} -t

T ANM I AT UM

N OOVOVNMMNN D O ODD )

NOMIFOMINOM
QHON N
oo ”m

) <M T O o
F AT O IO
- N Lot ] «®

O I DO AN

AN T
ke ke

NOODOMNUN TSV T~ ONINNODANANONAHOOWVINM MmN
WDOOUN OO AN NHONM HNAH AN OO T O OMNMIN AN I M AN 4
Mt edNIAHD A 2 4 ) ONONT AN A 4N

MY O NNNM M N

LU MUN 20 A OD DDA AN OR 2O DO ON ONN DO L NDOOO A FA OO
BAHDPOIOU FTASWM MO PDNMN DT FOODMONDIVNITOO ANANOVO~M
MNAANAIMNO A PN 1M ML O N

ol I IMNNM M N

TN UM INLCOANNUM TN ONOSAIM I INOMNODANNIMMT INOMNTD~AUMSL NO M

WNOGOWOWWOONMNNMANMNOQOTRDVODVOONNENNNNCODOOD i virird

L=10

VNN O DO ONPDOINT OOWMINFOWM TOONO VIMN -
TNNONL A#IMO H#rild 2 DN NOND PN
- 2 &N o Cleded (LYY« I VT,V - ~m W0

DNNO DA DO =D E NNV BADOMBDIONNTONON O D
NMOMN P ITMMONQONANIWDANMNIDM I N TN
o P O D N [ VI V< B N T.V) ”m N

OO HODHAUDHNUM O rINMFO UM IIND AN T INO ~ N

O HedlNUMMMIM T 2.3 2 TONNNNOVOWOWORNRNNA

L=7

rirdrivririvicivire

L=11

VT et AAANT AN

MONPUDArivd 2 IOV
SEOrMMS I AD l3303“58:«64“66253l

n AM NOM) e -

QOONNPOLL T
M oM O
v - -

DN M OO N
Ao WINTI IO

- - - -

A N N

NIM 2T IHND

HMINOMMOINNMONMNSOMAMDOVONOMANHNCVLININONA DO ~N) T PON T 00 NT
DI HONOMITVADAMDOMANNNLTO TN AT IONHMNWOT ATV T MDY MM IN OO

MO vt A2 T NDON AN v d H O OININIM T O AU A0 oot bt N )4 drded T N

WDAONDONMMNO ITNHNDIFONOONO DOINDVUOMINOMDIM O M 0O DMMAMNNNOOMO
NNNOOMOMN LB ~-TRONMNIMMAIN ADIMOMOVNEPOIMD.TWMMMOEONOMMOW
MAT O 2T AON AN AN GO AININM T O AN AP et (W

OQHAD AND ANUMNO AT O UM IIBOANMINOVORNMIINOMAO (NM I NWYWO{INMIO

D AN NUIM MMM TT T NNLLNNOEOWOVOONANANNANAANDDODODDDNINNPOO
v d

- O

(4]
[}
)

N N

AN OMO
WM O NN M
Netod O

DONMNONDMN
NP aOM NN D
Nvdd  ~0IM

L=12

OO0 ~O VO

O oAl

fale il Sl 1N
OV M MO OWNIM
o~ Mt rtedrd

TN~ NMIY
SO TND T
o~ Mt Aedet

RS T NESY N, RT.NT 5

MM T 220N

CONWA DY MDD DON BMOMTOND.IMN QN
O HdNMNONMNM’MMOMID © O MNIS tu-—t
W M) i eq N

M e -t

MANA APO DM A O

A AN AR T AN I N AN TINY AT NON

NMM 2.2 2ONNWDOWDOONNNANADOQOD D

MM O
QmH4MM
N

HMI I
—omnIo
et ed

Wworitum

LAV IaVE VAN
A eted vdod

FOHIONIUNONNMMIOL N A0SO H=HNOMO DA 4 HPO—HEM AN NN IS
2 2HUNONNDMOAMMPP et A0 AMFIAVOINOMNODDVM YNTNCEMM 4 2 OW
M0 HOo NNy M N - o et M - ~

HAANMOOMNMNOD NI NI NN NN O S NN AN D SWI NN 2 N A INAIO O MU
NIONOOMONWDHMM I =N H U T DN T O HO O MT MDD I NMNN NN
MU - O M MmN e - Neded Med o

AN A NN AT A O F N I F O A NUM I DDA UM T INO N O MDD M T L) v

NMMITIVDDNQOOVOOANNNNMNODDOOODONDNNOANNNOOOOO rvirivi ity
et v el el rd ot

AN NDOND ADNL DOV OMN ()T
) HOM OV O AT O OO O DN
M LN T I MDD AN )

HOWDNAMNNO INOONODN
FOLOIOANDNONNF OO N DD
HMA LU S I M AN N ) N i)

O HO N @ MO NN T O

HelNUMMMPME L2 2 TU NN



151

[8] 9872939988218156& 87&&55393&573#16512978“85165926266969616299&“5 nMmONOVWwNT
w - N vdrd A OSHNIN o NS ANEM M o N M - drded ? wrled iyt =iV etedilN NetedN wOuUM et
O wHLOONIHNOOHIOFINODO BNNIINIOBLILONNNIHNMDOBDOL LTHOIMNOUNPWONONNOMDANMINAD ON DO N
U NN AN AN AU AN P DN Mt M LONeted N ARV T Nt A Nt AT im0 reded D N NN I
" "
M ONINO-MIBONTIAANMONA 02“6802“3579132“6802b57913%660279136502918024.0 - AN HN-TO
-t Aot ettt A et T B R ] -
T VNV UBONANNDOONNIO 00000000111111222222233333““%hhSSSSGSGGT?bSOSM ODOOODedvivd
]
QO QIOMOANDONAHAMMNMOMAOL ANANNONIND 2N ONMONNIWDOL O OINLTMOMNOIMAUM D FIDNMADNUINOMNSNINOV I OLINONNIAMNN
[ H HITUM AN HN O TN NAMM NN W NN UMt vl QI Medodt P IMM AN AN A et M OIOIO b b d
O ONYVLDDIM IV EHD VN HOOMMASUNMED LM WNDNINDON OB MOOMONOND2NNDLFAIVLINNMMNHVOVODINOMONS
w  HIUMNAUAN A AN PN ANAMM AN N et ANt 1NN M NAUMM A AN AN A D PPN AN NN M AN N NN
"
X ONTOMNHMANAMNLONTODBMNIAMNOBNINN-AMN IO IR AM  J AMDAD-MINNLIOCOQONIMINANAMN FOOON SN DAMNY D
i Herded 4 drdvd vdodvd drded et A Nt et ted 4 edvdwed -t ed ol
I NNNAUMMMMMIMM I I ST IHNLLNNOOYOOAAAANDDDONNDN CODVOOVDOHHAAH A HUNNNNNNUMMIMMMIM 22 23T 2NN
b
T =t 2000 0NN ™D ot et A DU M M O P OM A 400 O DO DO 2 OOVt T 2 NL ) PMILY Vi NDORV NP MmO MmN~
L WA NNASDOM AP N ADWD T AN ) INNNNAAMNI A AN A M I AN A AN N WO T AANO I TS
T MOAOMNNNNIIDOMOINONONON PAOVHNOODODNOMMMN T I NL A MM AODANINDNMUIM ~pe MOV AHODBAIM VD -PIHA N M. OD
W UM eAMAUN A A" A M A M AN A O3 TN N ITNNNNAAMN A ANMAUANM AN NN AN N et N AVANT A VAN NMPM OIS T
]
M NIPDONTOMNNMDA FODONITONNAHMIUNIMODONILCA PIMINOONIUNAMUDONIHMN 1 NL2UVDONITOAMIDMAER MWD . T
it drdet et it ety .ttt Heded Hrtrd el A At et
o— T ArdedA A rd el AN UNUMIMMIMIMIMIMIITII T2 2NNLLNNOWLOOONNMNNAQOOONNINOD QOODODOD Aed r{osdri v i BIIN
it
©
i}
n
>
-
(& ] o DUAVANANONDANIPN AMMONINADOAHAIMDD NOANNNIONANINOMNNON T O FOW ANMI AN U O WD LM AN M
w WINN O QN A ANOUVINN FANLPAP L A ONALMAUIA T Pt SAIM TN AN A I > ©M e M
o~ —_—
~~
o
o o) AHAAMONUIMAUN IMANGNOMONNOIOON FNONOVONMNNOSNNOIM TONOAVOLNININONO .S ~Hd SO ANONO TN
o e 0 wHWIWN N wilneded “NODIN INITMM) Al OD MO 2 SN Mo MO NNm T o OM L) et
SN - -
o H "
> X 4 NITOOANIOMUNOHEMUNAIODONIOBNCHMINNITODONIOMNDEMNADDINIONHMNOONI AMINOIMON o «EMOAND~MUN
ettt elrd et et it it irteted trdeded Hrdvded wlirded el A vded el
™M
< x OO DO ed e H AN NNUMMIMIMMIMIM P2 2 2222 ITNHNNNOOOOOONNNANC VDD NTOm NN (= 1= 7- Y- T Y- T-T-¥-9

vdodvdriet



152

k |rd |rc|

H

lFol  Ifcl

K

H

|Fel

K IFd

H

[Fd  |c]

K

NN ONINT e
i O e NN

MODOYL T LS
Hedrd vl NS
~ T YOMA O
NN S DN
[¥+) weloOOMAL)
AN NS 4
w oNQONTO

O NN A et

N J NTOOEM

© QOO A

D6 NN T O O OU
NEIM et e A

MMM OUMONO Y
LN R RSP T VR PN, V]

ONM M HODVON D
-l -4 Ll

M7 22 IWOWNINPOWON

AT TIONON AN
O 4 AN AN RS

NNIUMODOIMOP
O M IO w4 O

DONUMNNNHIVD
et -

NN MMM



153
k Jed |l

H

Irel

kK |Fol

H

kK Jro ||

H

[Fel

AL VO(P03)2 Crystal |1
]Fc|

H

FNNDONT NN NON OM OINT MANHIOANITMONHMIINDOAVSNONINDHOOVNODLVO I AT TN HI M TNIIMOITO
- v (Y1, VE TR VR OT VR NINM AN MO v Tt O vt - AP A AANANM e NS M

HADUNW WAL 3 O ADOMM DN F DO AMEA M ANV ANCOOVIONFHOOU SNNHAPODODOUMO I ODLIOHNIDMA [T VoY o AT 2 Te )
NN At AN AN A AN NN N il T FTUT AN O W St i HHAAM Rl A AN A A N et N N Al RS

VONIENHMQONI N~ —~ 02%680243579132k6802k57913u6802791368023180210 - HOBAD N
-4

Lakall dvd vdrdet Al A Lala kel -l et ot

Aed v dedrid

NNV OCDVONANAN ODONND OO V0AODO it N ANNNNNINMMIMMM T 232 T DNEINO QYO ONNDDOND ODODOO ried
- —

N ODHONMINIMNROMWBWIOMLEN DO IA AT TOMNONOG AN IO WNOQOMONCODVA 1AL AN AN UM A MDMA DO N ITMHOOY
i AN AN et AN TN CIARMIMACINN SR AN - ) Nl 1P ridM)rtrd T IO AN e d NI g

WHONOLOONDTBNAM F AN I AN TATHOOW NN &669779“9 WD AM DN HAANNIOMNIAM AN AN O L OMMIDNONM
" AT AN AN SN A NI 2 Nedododrd NI M AN AN AN TN el 2 TN I IR SO NIM CIN Ny N

AT UMW NHMIDNDOONTL OVARFNMNOONIANAMNONLTNMMNA I AMIHANDAMNN I OOON IMNA N ~MN L WRONTVM DMWY

ke Ra RS ] vt At dedrd it Ardrderledt e ettt ded et

vl od it et

NOUNAIMMIMMIMMMNIT IITI2IHONLNBBOOOONNNAN OVOTNNNO SOOOAQAT il AN NNNNNNMIMIMIMIMOMIT S 2.2 210
-ted

MOONUMIN TN AN T1) PNV N D 1D ADNGANEM MM T 4D (B P POV oD
“3132211531531’&1553212 FLONIONNNY A AN A NIM A EIM HOY OO el

HOOMAN FINMINOUATNOVOLOHRVNINDONL I OANOFPAMHIDMDNMDOB +OONNIONASF IS
WINNONINN A DML AN AN I PIN 40 M IO ol et 4 OO v v 4 IO 4 AN ot O vl bt A S AN e 40 b et

N FOOONIOMDAD-MNN T OQON I OUNMAGI-MINMOMONTONDEMNOONT OR-AMNON T =M
el A Hed et et et Hedet rdviet vledvdelrd el el

At A A HANINNANNUM MM MMM TP ST 2T I HNMNDNOOOOWONNNNNGODONNNOO
irdod

h603517169123753299
AN S 1 H1ND MM M

& OO POONDINMIMNT AN S
—“nHwm AR OMMMI MM AT

NP ODON IO PINDN P —MIIUDT VO
Hededt Lokl ]

CODVOODA drdedri = A AN

OPNAONNOOONNNDVODILONIAOO LS ODONMMANOONDANANDINAMAUNA T FOOIAM TMOMM 2RO I UN OO
—“ANY N AP A CINIAUN PN 2P AN A AN DA NN P TOMM MANA AN W 2 M NHdem

COCANDNNMN O =MD O OITNINOINDAMMNNMOPO N M TINI MU NEANNM I SIS OIT OTIMOIONN MO 2O SLUNCNI MO
(=} IO N I - WS T MMM A IO MM MOMM e SN UM P v AM AT i

NP LCVONTOMONT MDA TOVONFONANAMINN TCDONIONDAMNANODIN IO HMNGONI AMNDIMN o AN QM A

Ardrd e Lahalakal LalaRalsl Lalalalol Lalalal) Ardeded Hedodod el Ardvrivirdelvtrivi el Aeleivd

OO0 OAFH e it H(NNNNNNNMMMIMIMMIMI IS IIIIINNLINLNCECCOCANNNDDOOPROCOD N onoooooan

drdded



154

|Fol |Fc|

K

leo] Irc|

K

[Fo| |Fc]

K

el

|Fd

VNN OOWMOOWE
Hrtel edrd i rd =l +I NN

NI ANNSION
it A e NN

NN T OOMINM OB

~“He N NMM M TN

<N =TT Y 7,1
(3] - rd e

EL) oMM OND
~ O ity

O J NIFOoOoAM

N© OO0

O™ HOMO O oD
THOINIM el A O v

WINOOOMMONLOM
UMY e ed b ol et v vt

QOUNM DO OONN
- - -

MMTTITILNNOD

2N HIM DO M
IO el A MO L ed N R )

MNOINOOUNA O
O A OIN AN i

DVOINMUND IO
et -

et N M)



155

A.5 v(f>03)3

lFol Jrel

lrol el

L

H

L Irol ]rcl

L !Fc] Ircl

HWNHI VDO OOM AN AL QOO PO HVNNA DN PNMNELOONON R T St ARSI VANM O -HON OOV NV OO WONLOV O O NG
MAPIONM B OIBANAM 2222132.‘66323313.!9“5221112““32363963132’28336231327713“5 NN
Lol - -’ v

AN OLONVOINNINNDO NN B HAEININMNDINS OOHINNOPSIANOTIAADIONNDOIFOMOMPMNO YOO’ PONODOMONRAANNMNNAMANS N
AT AMAI e MHAUIMO SO ORI UMM HI T DM NN w2 LD AN w0 T MDD N D M MO A RN QA M ed IRIE N eI N AU N 3
- - - -t -

A LOBNUMNA N INT OUIMINA NI OON A MO P IO AMIMININADINNT OO HriMMBBAAMACPONAVINET T OOO O =M MA ANV
- vt L] -t oted 0 LI I ] [ 2 LI BN I B I A LI B N I D R e ] [}

MANNAVNHAH A S OIQ00UOHHHHNNANAMMIMM $ 3 333 2NNV OIS OLOOANA AAAAAA O DD O WOVO OO TR 0R.20
L2 I I I B B B O vdod 4

WIMANOOSUOMOBNASOAOANOINUNNMMANHM DOV INMAULEMIAA{DAUNM .S OO0 LNNURNON OISM wWMIND S DNOANDINNNL L L ot
NI MIMBNNIOUNMIOHOWO T M NI NTL OMNMMMESCINONIANATINST DM~ MNUMINA BOMWOOM M U O
- - - - e et

A OTHONOCUNOMNOOVITIONN T IMOAMNTONDONSA FI OO =T MM OLOOANNOOOWN A MM - N AN DD DO N
1232“3352 59613530501“31315 MEUBMOMUN I T ITITONOMAMNAMSINONOND HWANITM I OIONONNNT T O
-t -t e ~ -
"
x
1022““668011335577022““56551177022““66501133557902251.16813 102916027916802579
1] L B ] ] [ ] [ ] ] 1] 1 ] [ ] ] L} LI R o B ' 108 1] 190004 drdel e
(]

ONAMAAMNMAMNN OO WD DDDRONOCTNRCRNOODO AN vl r i =W AUNNANNNIMM MMM 2 P CWOAA DOONNINT IT ITMMM
Hrivtedriri et cdvt ot e d ot vl v vl et Hed et Hvd e i vl o4 LI I I IO IO IO B IO IO BN BN R B B B |

WA OPUNOTMANAUINS ZOUWOORUCINMAUVOOOWS TOMINWIA AT HOUWOMUNINW 20T . ~“OMOON FTOM (DT IUWNT OO
TN DT A A NN DU 0 M N QNN AR D MM N IO N NN O 4 NOANMAMUAMIMMAOONAEM AN @MU NI SN DN N
- - -

NN OUT N AP A DO QI O R N OO O OINN O NO A O OMINONNA VUM A M (P NN O OM I OO O NP A NN O
FUEAMILA AN ATV O GO IOUN N ANNOMIM O i AN O AU I M T MO (OO 4 O VI o @ OO o4 740D F U S 4 LD MM ord ot O 4 et
-t -t - -

191:.62916:.&257c.lSké&JZE?112.1680135791302&6: OV P EININT O O N MM OV HON T T OO H NN O
" et e -t L 22 ied il et ey Aol [} - - [}

2
-
)

HTPHOWNA OO OIOA =HUMANOMWOUCMINAZNNOME QMO 00 TOONMMN =@M OO OO O =M TNOMUN A ML vl o4 00 F OO OO MO M OV
PO HNMNQOUMAAINCTPATNPAMN ORI P OIS AN OA O OIS MM MOAA MO LD O DA MVMM M AP el d DU MO P AN P ™
- HedO w0 eI Mt - -t T (Mot Npdeifiod O Myt Cvied et v ey - -

MO OMMNOAADS 0 TOVUOVPNRVIAMAMEPLINMIMOOOMNIMOEANAM HEC W ON, OOt N0 T N T MM e O WM DN O N
SHNIANOUMMONSTLON QOEUMIUNIOMENNMOOOODHANMOIMEIMMNA FONM NN S AHAAM MO N 536&2259

[~ | e} N et NN [\ V2 - MY WMot NededNid N vdMer Nt leded wé  edet (V] V)

ONOONMOODONICONNI VEONONMNNIVAONONNISOOENONNSIIVOVLOONNIICVWOOONNICRULONNIIOOODON 2O
el wied it et et [] et ] ] e ] LI B ] ] L [ teyr g ' ] " "
]

L RoVoatal it J 3 4 XL NTNTNT_ N Y Yo T TNT NI NT NI VL NT NI P g U JC . g g8 8 . JYATVAIValVolValVulValVelVol o1 oF 7 oF o 3F T'.Y ¥ STV -1 T_¥_.T_ Y- Y_3X .NT.NT NT.VT.NT VF_Y NT VI 3 3
L2020 I IO I O I I I B D B Pl et vl v ol v od 0t 94 o d oyt VS ol v el



156

lrcl

|Fol

lro| e

L

¢ ol e

H

ol kel

L

OAMEINMEMUEM L OOTNMODNM I ATNAOMOM HMNADEMA OO HOO N O OM N vl WO N O\ v OW N DO 2 A A NS NO VONE R JON DT
D= NPV M OO N - NN DOATITM AL OMPNVNNAUNNT SMUN AN M S L L0 352612005051132 523633307595322 L ey
- -l
WOMMO OO AUMNNONO NN =M DUNMMNN HOA N OOOA I AN S 2O L O SMOD B AHONA L Al o T HO N DNO N M D NN DBOMMMUINMO N A S O
T AN TPU IO M) O e N4 3O D e M QD O A QI o MLD 0T AN O N MNP T W) RO N PO AM OSSN NIM N MY 51263!3”769632326121
- el - w -t
"
14
DUNL T LROUMMNATNIVNNL L OWOD A ~MM DA DEONN L PO O Dt MmN OIS 09180279165025791“65323579132“023791
] ‘e [ ] e [} ] ] [ ] e 189 [] ] " ] (I} " - v - el ied Lol -
[}

Eb88688599999990&00000350111111122222222333335%““ 9857776665555“kkk3333322222211110006
Wrdvdvriri it et A el A v v vt et et vl L O O B R I I 2O I A 2 B RO I B I B B DN BB B BB R AN

WonenN NOOFNU NS HAMOL DOONNOOLCLIOLIONEHMIMPDNOODPNOANPARNAMANINPLNANONINSOUNN I INOANDOWNNNANN OO
LELAT & 1) WrANSHOINNIMUNINMOMWOMIANNL A (OMMIOIMD SN ANOMEPNANDS TOM MMM NHMIA NN UINEZ MU L T O IR NN D AN oM
- et -l -t
O INS L OA DL IUNMONN VAN O NN e MOV HOMOO O ONIIOINNUNDA A TMAUMN O ON O NANDNMA TMA DA MINTNWMOA DU OO
MEFIHN LCMHNODUMINNVNONNAHOION TOMAFHOMIMMIINNEM ANOMITINANZ IIEM MM FUNNMAMEAUNAMD TN 2136“9“5123251211223

bal - Lol
"
b 4
L Sabalells 91!{027916!.2571!;“66023591!‘680211357910260021133_.79022““6211355791022““65601135—5779
] 140 ~“ wied (] (] e ] [ I N N ] ] - ] LI I I ) ]
mMEITIY AR VO ONIMNS S MMM M NAINN A s O OO OO vt v et e N NN MM N MMM T 322 T ZINUN NN NN O W O OO OO OON M AN AN
Ladalalolol L2 T I I OO I I N IO OO B R R B B AN NN

NSO WHAIN T OO OV ORI OONANATM SR OMMA PR ORVAIMNNINMMIN (P OOV NN IMOMAMMIMONODINONOM I W HIN NN
AONINUMOONOANOIAMOMOM(NNINN NI LSOO MMI O MINIM AN M OMIN T O N L N L ONINA I MLD M OW O Ao N 113 O
NN et ™M vt e -t Hrivted Hederd i et el eted - ol vt et Ot -t - -t w4 Lo

771677703“58000232277751-‘1527261):)7!5325935360“1275033927716““5935115»(73“650“36191951\06“6
aga PMNAMCNNVNOCRNNTAOT AN NNNOCRITIIOADUEMMIOOMIINVNNOCONNAUMOIV AdMOSINNEMOA LN ONIATIAOITIUNNOCATE NOMDYT Mmoo
[N VR o o] Lalale) - edodedod vl rietet et v o et vt - Lol -l - -4 -«

CUNIWERONSNANIMNN T HOINNT T YOO S emMMDE AP HOMN S F OWRIS et MM LN NS A VO AT I O W OO e MIMULIN A S UGS NINT L GO SMM UG AU O NWNLY
] Lol o B N | Aol LI «“ 5 - 1. ¢ 1 = 3 0 LN I B I e e i "1t = ¢t ]
]

MIMIMNNMN T P S.L PSS IINNNMNINNRLENCOONOOOEONAMAAAMARAA OO NODNONT NPT RO OO IO OO v v v + i v et S I NI IO M W M v
4 94 7 0 7 T 0 v T T 400 v T el v ot o e vl v Ty

FOUCUNOASNOUDITEM MNIOOVNE WM OM DR eCINNA FOWVAO'TINOMIMMOUUNMA QEOUNS A MDA MO O L O PN S HOOMOVIN FTOP O WO
LYL N LY. JC dToL UV TR U T R R . Yo ol ol ol Tl o ANV oL o J U Vol VI LI ST X 6%“56712]69“556005T5666kﬂZS1192“332Q33317§Q76“5355635
-t ~ -t - - o N - it T vl el ot > &
NNEMNJOIMIIOVSINCO 02T INUL MNNNHROO NIIVNHAMOUENLTTOMOMONAHONMOOMAMNOWO ITHONC OMAOULMIU WG e «o ey
“MOAUNA ZONSNNT SN NI ONMINUN T A N UM T 65“17613958573500675666#71&1292338228k900hk75k5€88595
Led o~ o~ e « o et - e LR T ) -3y o
h
FTILCOWOHEMMPINN 0'ONANE TOL WA MDA 0910279169025791568023579132“680135791302“68C21135791
] [ IR B ] 1) 1 1 ] ] e LI ] [ | Lol alh ol ol ' -l
]

309000111111117.222222233333:*“5%“ 988776665555“.&5“333.53?.2227.?_11111000030011111112?_2222?_
vt vivtod vt vl et vt rd pd vl vtoded vt vlod vl rlot rl vl ed vt vi v o i vt O BN NN ENEYEYIEERYEYEY YD



157

[Fol  |rc|

L

v el Jecl

H

L frol [ecl

H

lFol [l

L

O OWO'N CNONOM OO O DM NN WO F OMAID N TN AT P O I ODOEONUHE NS MOEF NN L NE N O N sl T - itN T O N F DU N O F O
Lalal S el L 2”%3536#25216 S A ADTOND AP LNHONH MDA FNO AN N AD Al N @D S et O O F U N NS NUMID N DO MWD AN F NI OO T MM
- o -

L ONPOUNM L NS ONDOM I O W0 O LA MIA R DD M 0N O N DT =DM =N v VN M A IR €0 74 +440 0 TV 2 N O NN F DM D oD st 4 O+ OM P D2 LM OO MDD i I D
NIONMUMMANTIIIMAMAS SNt NOT A FT AUPO M AOMNAS MR MIMIUA DTN DN ND W T NN N FN MO FINOM EMA ST ©F A ™
-l - - -t

WA PHONTNE Al A ADNN TN MM SO N P F © D =M IR NN P F OO O v M MDD AR TV IS F OO D D =M MUNN A A T D AIALT W M el et MM LY
- LI L A N Y R IR Y B R Y ) ¢ 1t 0 L I A I D e e B L I B R B |

POV HHAAAHNNNNAUNAUMMMMMM PP TS 32U DN D INNOWO OO GO NN AR AN WO QWO COO Q0G0 PRI L DO DI CID vl vl vl o = I IO
et ol vl vt od vl d Tl o ol 0 o el ol

OMODHOMPHIDUPNUIA S UL ONTOVUNINDOAMOL OO IN WO ONSIOAIMOUN wiph O IO DO DD NLOIM D L DA DT OO M S DAL
WWNNMINA BT FOORMINNMUND QT +M PN U U QA OGO UN o TINEU N M GMIN WU S YOV LD w00 4 O 0 v UL ) QI NI ) e MY ST QD v 4T T DU U O T vl
- = e - - - - -t - Al -
M N A -1 N T A F SO AT OV A D 0 10 F U DUV LD F S O A TUIS T 0 LS O DTV w4 o0 o4 UM BN MM A «LF UASTOOSMIACINA RN Do NS
DA MM AANOLIN S FIN O DN NVIN O @ P NS O MO NN N R OOMINLE © 0 MMO MO TOOO DN S BN DN N D NINAMO I N HM O NS J O O MY
et - -t - = ] - - ~ - -
"
x
WA A VNN L S OO DO rHeAMM NN A A PSS S OO DD HAMNUN AR C O NS D@ ~MMINA N T OPADOUN N AD OGN P P DDINUM NN OO DN i)
[ ) [ N N I N DR N B R T Y B R A NN L I B D e L R IR L et
[] .

777776883888059999999990000000001111111122222233333&6 9587776665555“““3333222211111100
L R R B e R L B R L R L e e e L e L R L e e R ] [N I I N I I I N DO I IO T I I RN I B B B B I}

SN IONMINNNOO™ ONMNNMNOOMNODMOWMA OITMWESPOINO O NDOM e WV EFMMON OO - A MW AN O OLNW N O v OO A M W O W (UL i &
O HLAUNT MU AN AP P MR MOMON AWOMNOINMM IO L HUIN OMA ORI SOV NOMA OO S ANODA AN O vt N NN A T
Lol -t -l NN Y o -4 Nt Ny NNV vt i Lo I B ] M N v el NN SN A e ey

MO IO MI PO IMA NAOH L O A A O POMMONA SO ONMAINROA =IO COODLINOR PANIN ANMUTDCON IO MMNEA N IO VO M NI A M
CMPEMNOMMIININOMO MO LVO ~HN N A VO S UM SO AUIM POCOMAOOMA O N a UM WN AN A WO NN Z AN v HO DN ¢4 oF w40 AN A OUA (O OV P
- -l N e BN N - Nl w0 Ot et i - el LaB AU Do B [ VIR VT VIR S Lo LV E 2R o L VE - B I T N

LI BRI OIWNA OV L I NN A OV T W DI NMA N OWMT W RO N v MU M NI NN W R ON et MO MU A U 1D 0NV Ty S et v ) PN D A @4 O N VT P (L A vy ) )
el et et v el et e el - el ) Lo B B t 1 - L I B B T )

[0, 0 J N VRV IVIT T TANT S G K 4 LT ol o Lo TANTNT VT VTV BT RS R Pl M P T I T 2B o Do Lol o Do o Do LAVEANTGNT VEGVI T NIt Lol ol el Laloal ol (o I X ST T JC U QN JToNY N ToNToIT T XV A YT XV oIV IV IV U IV IV IV IV L NF Y '
(N0 I B O B B B B B B B B BN BB B B R R B R RN BN N BN ]

DO NFA OO AL OO A O HOV UNDOA OV OA 2 FOUNOM OT OUL N MO OMRMEHOMONON MO T O TN A N HOA NHD MM IM AU YO TVT L =HMIM T PP LA O v
ORI Ml DN Nl RISt MMIARIR N 36”32!“.!.)1.&!17:4?.2361'4143_.12155“157921:45QiZklﬂ.Sl.leZ,)Zi)_lz.S.h:...)k
- -l \ad -

QOHCOUMALOO WO HWOAMMMIIOUNALDVE IEMAMOUNN A G OAMNAINIA SN IAIMANOGNOMACAONHHO Y LW WHOINN G oF Al O e O U0 v A O 0 v U UM
NSNS e OR 361228162133510879292233322“327513361&3252265&k57o.1035333kk222323h122?2h7533
-’ - - -t

N T WO e U O +HE A NID I N o =) T N T D 1 MM PR PN S TO VR QMM R © NI F WO R HHIMN AN 01 €I 0 T &AL @ et MM LA L A O IO T A0 vt eV 0
-t L 2N BT Y B TR R Y R B B L2 R B o B N B e D DR D R N ] [ A N N I N e T B I I |

A HHAHANAIR ANAM MMM 2 8 -T2 LI NN OO OCOOVWOOMRAARAMAA OO0 00O OOOOOIOOOH M e AN AN MMV T 3 T
111111110‘11111111111111111111111



158

kol Jrc|

L

lFol |

L

IFo] lec]

L

lre| frc]

L

NOOI W HNCMAN UM AAOME ODINOO At SN SNV INOOOONNIMONCONNIMOMNIIIMONONNOMUE RIS IA T ITMMONNDO A VIO TP
P O NN AUINNO DO QNOMMAN  OMMAEHNND NAFAINMO UL H#NAUMMOM FIOA I (MAUTIMAUOr NN MO LN WOUBMANMMANOIN SO NN
- - - -
MO M ITOOOOINSONEMAUNNRHINDOIODHROLTANONENTMOMNCOMMINSINIINNNNANINOANNOOMNON NN RINN DrHOOOMUNGONOODOWN S
NUNADT O FUENEPNOANDOOMAN PPN AN FIA M DR MO T " UMMM ORA M FAUMUMMMEN I MO IUNG L OO MMA A M O.2 0N
- - - -l -
"
%4
[NLVE 210 091J7916602579“9037310%6502113579102256113357510&b6511335022“661135?79322%%66551
L ] - et - it - Lo Lo I ] - ’ ] [] - ] t e 100 [} [] [] ] ] [} ]
el ol £ g WA MO NNT T3 TIMM AN At D ORI H e Hed Wl SN NI MM MM S T3 TFDNUNND OO OCOOAANMNAN 0@ 6@ WV aIgy
it LI L I I T N I I O I I I N I B Y |

DHLNNOHONNIDILONANLINIVUMNUNON ONOANAHNOM MDA T A P MONM MM AO DD IONDOMNA OV NN A NN O HONANN WA MMM O D
WAL A N SLUPHNN M I N NS SO NS UM UMD O NN O et e MO NN T UMM D FVONBD NN T 0 0T L NS e T IOUMAIM I WA S
o o~ LR ) NOUMM N N i [\Y) ooy - ivd Lalal -

NOWNACMI O IMM OIS A NNANNUADOINNONA GO AN NHA OMO IR D ARINMO TN M OMNOMIND IO DL I ODCIA O L HNUA eI v T
37166367 LCMMOOMILE MU DM AN N OMNDINAMNNONNIMIMIMMING vl NONNN DMOT TOMN 529“622225“3“2312“681“
Ladalal AIAVL b o I o [yV] N ~N wN i -y Lol

5324‘13—5791022“'DerU1133:}791022““68011335579022““66611335577 9022566e811335579622““6511’3570
Lala B | -t ] ] L [} 1] ] 1] 1) ] [} ] ] 1 ] ] 1 ’ ] [] L] ’ ) L] ) .

HHHNNAUNNNUMMMIMMMIM $ IS ITIIIOLNNNVINN CWOOOOWOONNAMAAANMA O DO OO0 VO VOTROCORNIVNTOCOODHH i Ity NN M
it vttt il et vt el rd vt et e bt

HTIOLIMN VDO AINANNNDONO A M TNV WO I OO AT A NO N IM NN O DO —© SN OOT WO DM OO NIALIUM OO f M OW OO I 0T N IO
NTIUMILADIVIN ACUMAICTNIMNIMARUMPONIAMAQONA VNN 69352165“ FTNHOINLCAG@TMAOMA LY NN HOM DM OIN
et - it ) et 0 it
LOOMOAANINADODNOD-MOONNINT O HACOR MO FUNON DD OO wON AIPBINOMONON ITHINDINOO SIS FTUHNO ORI ON VOV T P VL ol S
EWOAUMP NI NNO TN TT AL TIMANOOIMMAINMINMAUA M OO ANA GO O 259“62293“23109566119“16..-7:.,122:,18.31:1&12
- o N i el S d et O it

1t

b4
[EY=TVEVIE SVOTVOTIUYRERST L ATV S EIY = PINTIVEC SYIVER. IS Pl T Y JTVATTALOIY TANTVEE QU JVR PR o RUTTRTS TAVIK 4 DOHED DA VW RO A OV T WD OM U O v 0T W QI eI M U OV v D (U T W

11 ] [} ! 1 " [ ] L 20 o B B | t ] LI I L | t - - - -t it -t - - - -
]
NODDONDDNTOOPROMIOAIDIONOOT ettt AN NN M .23 COOA A DNDDINULINNSI IS IMMMMAINCICIO] rd vt vl rd HO NI b v f vt
L2 O B I B IO DO N B D B OO R DO BN B RO R N RN BN R BN I I BB O |

Tledrdet rivivt et vt etvtod vt Tt vt vl vt vl v T4t g{ vl vt ot

IO H IO ORI ODOMNTMBVP NN HWOIINOMNNONDMIOOVSI NN OOTOMOIOON N N O W (VIO NN OA JOD OO A R ONM

37350156
[aaB® L oVJC Vo N of CIMMIPIL AR O PO AEC T IMP AVINIUEMN AR AP I AN DO AR AMNOMOS e DN P PAIM el AL AR (N et
-4 i Ll 1

OO LIMUINOCMONNLYIINNIICOMNUMMOCNOENIVOLWENG NNOWOMMNEOAMINT HO'O L O IR ONMEM L A D NS

MDD N (17
NI L Tld KIMmIMmInaOn 35205“3325%36213“&#0251&55292515 ONHNONMPIOI N OMNENENNME MG S NN
Lol L] -4 -t Lol
-9
v.n
N EONI WM OO HOONAD: 16802571&62357 OFLODNHAMDA P HLNNVE OO MM N OO T L KO v MM 0 e €300 F DI H ML DA
] [ I ] ot e -t - Ll ol | - ' - 1 1 - e Lo I I ] [ I TR T R}
[¥Toe Lol oL g€ JC X 4 DORAMCODINAL F 22 FMMMAUNN H A A H B OO OB e HH NN UMM MMM MMM P S T2 TS TN R PIECCCOCEN R NN AN AR
R NN N

rivivsdei el



159

IFol el

3s

K=13

lecl el

L

leal el

el kel

L

23

CERIMNNM AOMNENNTIIADIWNNIN MM OIS

-3

-t -t -’ -t -t - - ] -

13

QL OAMAUNT QN MMA RN OM SNOW A AOM A WY MOMNODSUINTMA D OOTA MDA S OO NSM OGN UMOIM M N NOOMA (MM MM
NOLLOMAUASOMNUONAANOUNNIM UMM O TN S M LCOOMDINOM AN IS A O v vt T UM oo e

MIOMIMONMNNT eay NNVNUNT A NS

WN DM D vt L €33 O NN véord +IN- M A 4 PV O +4W) U\ A PN DO VOO I MDA AL ON NAHA AN A o DD M = F SO DO TM F N QD M IMO DI L ND
MEM O v Wty e 3 VR PV R AT VYV VY

NIV T OMMIOIA WU T M ) N e T P CINIM o T

PEIOA PN WA DI LD OMEBN N T OO PN A MO T W I drtMN Nt IO WL e d e MM WIALP P OO0 -V MIUNIS VONTNIS Z OOV MMt N A D0IN
-

O LONNDS T T ITMMIMMAINNNICE A H A AN OO DO A HUN NNV MMM 3 223 IO VDINMMAO O OO O ONA M ANMMANAN WL QLG U QOO
LI I I N I N IO R RN BN RO IO B BN B B R IO I B AN

ADOPLP AL, AL S I UNNON DI OVLONBLI MM ONOAN NAHAM AN O OOMINS DOPNOHAOMA NN IO ON NOONM RAMNROOMO DM MM ON
CQONTIFOINOMNR AT R I FTAOMMONLD N TONIOWPW R AN et I IT ORI NN A OUME GONMWNDITIOUM 4T M T SN U T ST T 2 OO N O

Lokl Lakalavizy) -y - v el -y ey it

N Nl 4 et - Lo lal

- et - - (ol -

PIOPNDIUEMMNA NP O NS AN NN HONA F P OA MMM A ASAMEAAN SN DA OINUCHODOCM MR Nt DI ON DNC O A MO R MUE AN DM OO
OM MONETINOADIIMOMOAMOO™ SN OM OO M UMMMt A e dMN T O DN N T MU N OO I ONMINIENINT OMM P NI TR AT OMMLE DA NS O
Lol -4

it Lal g [3VIaY) L1z - LalavE ] hali'] Lol rd 4

N Nt e - et

wd ~ed i -t

UNOHONNTILWIHHMIMOA RHONMI ICDAORAMMINI A P INUIILCLDAMMLIONA N OIS P OO VDV etMMININAN RFONNT SO ND M N D N ONNT
Lo -

' - 0 ' ) [} - 1] ] e ] " ] [ ] ] ]

HAHHUNNNNAUNMIMMIMMMI MM SIS ISIILINNENDBENOOCOOOONAANAAAARAMNDVRDODOVORORC PRI NCIIIODOIririricd ittty

WAVOOROOOD A OO ™MMIOIMOOINAILCOONM VLR N AN IONTIMONO HWMYMIM
NNV L A TN AL N Mt SN AMONMIN NI MENIAAMM M AIMIONMOIMOM 0
- L) -

PR OO A SO NUNIN O I N F O HAININA MOORA OA MA@ AN OO D IO NSO DR DO
HATHO T O MM ORI MO NN MM ONI IO I MO AN T LD IS IO IM M
- Lol -

RCIC TV TR oL ST o TVaY AESITE T VIR o SVOINOR S Do T oL o TTRYTAY S VTLVEL SU ZVGIVEL- SRR T 2L RITAN R FITM ToVEL L JVAT VR oL o1 o LATVRY Y = (AVIEVIN 4
] ' " ] ] ] 1 " ] ] t [} [ I ] ] 109 ] to0 U ]

PP COCOCCEANA AR A OO TNONCOOODOCH IO veled red AN A IR TP M A~
T T T T T ol v vt v v v e v e Yy

WOWI AN DANHONOOONVNDONM AN @ A IO NIMOY

M INAIO AT MO A WO DIR AN PN
Lol

QUECMULPI NN AOUG NS OFOANONONS T
$ TINHIM MU MOEONEMTA NN S NN

vdedegdrdorddodvtrivivd A v dod vt it

VIEONM P U M OOMU FAIH LU e OO T A ed d DI ONL OON
AT HADOUL OO MOAUIC A NI ORI OO (SN
-4 -« L o B AY] -4 ~) e 4 Lol

DNHDOUIA TS A0 HLUE A Ll O DA DA NP OO T Y
LelaV ol B UaTAVTART QAT AV VI NEVaRVe X T o LAVEVaIT ol o JL ol o [ VRN J AT VE o Yo T VIX JVoIV o]
-t -ty - N -l N oed Lol vt

OUROANSNYU DINMNOIOVAMUND HOMT WO I rien)
-l -l -l -4 Lol Lol - )

AU NN TP IMMMMOUATC S v ot vl vt e d T 3 MYV of 0t vt
LI U I I I B I B I B I I R B B B N ]

TR ODANODONTMDONIAMNI®RHOUDIA DN OINNUE AOA MM NI N T A NI WAL 00T JOLW P LM
ARIVA L AANETECIA PIOUCMME P Al ML OMM IO A RIRIA AL CIMM S Ay Mg e
-t

et

WIINEIFRONMOAUHNL AMPUNIUNMOQOL OO AN IOMATIA O MU UANG AT A O vt S v 4 F U O v

" ONIANLANOVRONNUAT IO ITMIHAMA R UM O AN SN M0 M UMD ot F o8 T P IR et ™
- - -
s
GEMIRLE ISR NN T A HMI AR A QRIS FC 1IN TR CHO ORI LR QNN NI C NN 0 HOI OO M I O I T @ etV IOU b O et 0ty
[ R R B R R N N A Lol haba TN - Lo L Y B -
O OO O DO T OOt vt vttt 4 ol UICI VIS I WY P 8786645:.,h:.4..w333.ﬂ3222111111000000111122222213333hkkkkhhbcp::.
sy I R N R A N N ]

vttt vttt rivd vt et i vivd vt rd vl od



160

Irol  Ire]

L

[rc|

[Fol

[fal  Jrcl

L

lre| rcl

L

NQIMOIN SISO NGO dMUBNOHONIUUINN T IONVNO I LOMACINWADO00 AT 8 =N NS L O
el N NNMM M NOPODOONMUMNS SMNONMNMNIN O N SANNLMOUA S IR OM O T NN S

COMIMIMPOEMNODOIARHOONIMINONANTIOMOMPOMN OODINAMNRNODOINONDONDION DS
HOIRINNIM UM I N AN O O N O NN NI MOMO N NM O v D S A N TN OO OO G M NP P

OHAHMIMINA TR I P LD HNAMIMIN LN IS FOORVAMAMINA A DI T FOR MM NN SNVT P U MU
- [} 1] . ] ] ] ’ ] " L] ’ 100 ] L] U ] ] t e

NMMMPOMMIME SIS INBNNNBERROCCOOOVOONAMAMNAD DO LRV GO TN IVDDO 0 I i
Hritvrivted et it

k=17

WMNT OSSOV NN IOV HENAHAODONITOOITIM
MON =M INMO AT INS SO DNM O MM

QOUNNA HIN OO A OMN O MO N T O NN
MOMN AL M NN LML T DU N OMUEE M) P vt

MO P W IR A AT O IMUE A DNT O T
Lo -4 -

ONN S S I MMM AU AN Ao v D IO vrd vl b i o
L2 0 I IO IO IO IO N B B B B B B B )

DO rHALNOVND HAIL DO DD HON DO IMOL N FPOLIFAOLON DO LNNNOMA NN S OM O SO O LOMT DO NHDOOANNODNOIAONAO O IO D
MNPACHDNRITINUMOUEOT OMNOWOMMNOWENMIVIIINIHNOMDOWLWMA IO MG MWMASLDONINMNNWMIO T DA W ANMDUDTNIN IO T MDY

-l N N Lalal - - - -t -

-t

OMIMMUIAHNINMOOS DONMNIINANITI AN OM MM P b MA U M T e NS OMI OO VAN MM DD O NA M T NOOMMOM MM OMO T oy

MNIACNDODOMIMAMDANOIUENNMNOODUNNACOMMOMINIININOANSNMOIOTIN DO HNTINOT D S
Lol ~N - wd vl vt Lol Lol -t -4 -t

K=16

NAUWMUONNMAIONNN S AM Cod™MMUPBUENMMON.S My
-

AONNT ITOOAATIMIMININACONNTIIOLRLNESMMINNA A SN PO YDA MIMIID DA N PO e COMNNVOIU T OVOMIUINA INIFILOO NN ONN LSOO
Ral

-t Lo I ] L}

TNV INN O OOO OO ONMAAAMAANO OO VOO ONOOTOTOO0OO0 vrturticng AOBINSIIIMMOAUNMNNNAHHO 20000 et rd I NN NN
L2 2 R I I I B D B D B B B O]

el el g oi vt d ot it

OUWMN A VYONOUON WINOOONONT I JF N OO NOUN DT HUF AN ANV TIMAINVIORANMOTOA TN VDN ONONON AR CPNUMAN N FUL TR ™ .y
MO DM 0T MN A MNIMUM MM U LN T NIM O e LN MNOC'CONDT NIINMMIANOATDCMOMANDDS I IO COOE OMM th DN M I

-t - ety

-

Lol -y AN edrdrt e pietg

U ORI UM OAPMN N UMD DA HOM S NS OO INHAONDNECNOMAUINA D OMUPNEO S A A IO N IO NI OOAAMAS TP OND

=M NN IEOIINN IO OMNT SO TN OROMMIING
- - -l Oy

X=15

Lol

MHT OISO I IPANNMOMNTCAMONNODIN T I OCIY U N A Ma e DG I 2.

Ll -ty O v dododod Attt

PR R L AL STTRE S R YIVT \VIVAR- TR RS LT JTTaRVAY AT~ JAVIRVIR g QVER-FE Dot g1 TVRY AR IAVEK g AL S1 A LIV ULS TTAY AT IR SVEL Pl b o J VAL SN LAY S LaVES SVEL VT ST L2 RTal Y5 TAVEVER. ST B R o1 JTVRT A, JTS TINTAVIR. JVRTSY J R 2R S IVEY
-l -4

[} [} | ] 1 ' ] " ' [ I ] ' [ " -

- - 9 ) -

67777777ﬂ,ﬂvn)an)999?99903300)1111111229_ .376555:’“'H.H-)-)t:..)?:}:/.?;.11111003]1111127.2222333333-}““b
vttt vt ety v vt vt il ed LIS O B B O B IO RO B D RN OO B BN A BN BN BN

PONOANCOIUMIMIPOOMMITOMM NS
PP MINMOF NN IO
el

AN NSO wobha MO IoMmL o
DM A et L OAMEIMONN M TN
Lol

T OWOH MM RN O NT T Ao
’ e 1) L} " [} "e 1 [

foalealoato T at ot - TaTo TR o R o b o TaVE NI NI VA g
Nttt vl vl vl vt vd

K=14

TN DINANCOTUAMQHMOUNA = COM = MO N v OO NI MM D@ OO N W HOT A WOM NN O vt 2 P O™
Bt FOl MEOMA IO NEN M MNP SO MA AT AP PN ANIDE (FRIMTMAAIV ANV MR P01 PO i P
- -

VWL AUMINN AR DM HAN WP OV TS K NO LA NGAOTMIV NI O A T ONO I INITONG I wa ar
MeHIHNIOUNIOUANN AMNAUMINNIME O NI MIMAAINIMOA ML 0N vt 802 OO (U v W) @0 O s Ou M
] -

'RV OOUNNOHICOOMINNTONIXOHNAMUE NP HOMNNIOOHEMP M OCONNIO L ~Na"MMINE AN ONMNT U
- - - - - -l ' “w 9 ' . 0 [

MBI IMPME A AN A A HO DM OO Nt Nl A SN MM P TP 2T PN R U PN CEOCO S
[T IO I I O I I I I O O B



161

leo]  ec]

L

[=c]

]

leo] e

L

leo]  ec]

L

LN Nt A A DD MR M MU A v O TRNN IO TGO T PN WA MV i) (UMLT RIFIN 1N D T A DU MO S S VIVT VTT.Y VIV VoY - TS TTAVE 35 % 1 Vol T, T, V)

& NN 295%&22339917622756523793663&3k066h3631912k03231866650117 MO MDA NN - PN
-t o et - el Hed
—etnn WNUENOOIFINOMOPNN MMMV NSO I I OM A" HOD.2 DN OMNMOO N IO PN T O N N AOOINODANAMMOIONOO T S S vt
TFIdS v MO T NNMOCONDOM WA NN AUIMA OM A M E T T 0O I MIVRRMOUOM 2 Ol SO NN &) MIENMA N ANRINSN) & T CMMN S
o1 - wdold et et -t ledet i -t -l - et N
" )
x P 4
\D vty 7557h:.J:.72k313702Q6511357022%61135]2“&6112335122&&61335\!( W™ FOMUNA T D ed MU A ININT
] " 1 1 1 ’ ] ] ] L A ) [N ] , L 1]
oY ealeato ] WIS I MM A OO et et NN MMM T3 P F DD OWN OOV OC AN ANMAN N WD @ 00 T MO 4 v e O Dl b et et OUTIOIONY
[ R R 2 B B R A} [ R I N ]
HAOROODIM AN ADMA NN DO AN IN I DTN T D COOCNONCNMDORONCDODIILCAUNNEMOR FOMOINOSCOLIMUIMNEMINNMONTDLEN
MM T N NIMWEN M O (UN T T a-M T I FTANTHNAMIM I TN AL T OUNNMNNNIL NN ST M P MM N INT MM NN U T MW M) T OIS U et )

-t

NI AMNMEIVITIO IO =TI At Mt DM NN RN O NN MO M MOA A =S A A AN NN I ROV O ™M PN DT VO U
UMMM EAIME NG NN wWINMO I P OMERNIMN O (NOM AN NI OUISHNIMOMNNNEY A M O ITMNIIMIMHOAUM (NI AN NN MM P i M SO
~ -
[[]
L4
NIV AMPN IS S OO AMMIDU MO NIN DA™ 75:.7“535732“..b51135722565113!57nh22““611-)3575511355:-702““
1 L) ¢ ] 1) ] 1 ) [} LN} [ I ] ' L) ' ) ] ] LI ] " [} ] te .
MBI OLCOOLARNANMANANODOOW DO oo WIMMIAUNH A ADIOOQue v NN MM P I T2 TR LNNNOONAMASAN AN GO
Lakal LIS I I I IO B O B |
O WD O T AN DU MO ONRHA TS OM UM N O 0 T MM G D VO QO g S U OO UM AW A T T edM UL T U C WD AN MOV OU el
“27“652915962259“3“1’2155“9.77801111219.“253198 NSV UEMBONNM AN I TOIMMISINDT NAIMM L PN MO IS
RalaVE o - et - ied Ll
PO HACHAIAN DCPANNIA LPIANNDIA M etMO AN OIS OMN O AN M e v OOCMAMIN O M AN OMOMAIINAMNON MO OM TN RTINS M ancy
MO TOONOAITIPOOMA 0 TTIMNAHAAT TN il ettt Nl edO M IO IO Y MEPNINMUENNMMIMOM TN SR FOAINCMN ST el M IM e L NVl I I AN A
s o - Lol el -t - i .
¥
ULV S VPP SO BT T ST TaY Y = VIV g VSV R Do LATTATOOY - IVEAVIE g JVeR R LELSTTALE DNVIAVIL £ o) AWSIEN MW IT WM AR QUN T W R MU MU T @ vt ONINIL G vt M vy A Oy
' ) L ] [} ' ) ] ) 1 1] ' ‘s ) " [ I ] [} ] 1] ]
Lol gl 3 JURE. S ST AT NV TNV NI TN TARV RV IV RV IVAIVA IV oF N NY N NG ¥ oF. o2 ok- a1 a¥0 Yo f¥0 Yo Xo aloe T= Lot RO CURR I T IMMMAIANMN A St IO O NS ARG IRMM AN 3.2 F T 90
et et vt [0 I I I I IO IO I IO I B B B B )

WO HUD OO AN M NHAN AT PN AN ed NMNO O T OO ITMALWND OO TN "
KR L NPT R T NIV Lo TE ol VR Lal Vol ML VIToL o JWIC L ST MRS LR TS L a R LR S L gl RSB SR aXVolokY: o R S JE JUoL oB S VY o
Lol

TNHO M IOIVNULOOMNAENOIANAYOL NI It WwOCtMmEINOCRIINNOI OO
MAIMNMONUAEEIMOUUEMUEIMNOMNI I HIEIMO AN AMAUNNAUM I W IMMONE NN NN N~
-

HHMN OO NIWLHEMN ONI IOV HAN MEP T RONIILCOHAEMDNANONNTI IWLMUr O3
L] ' L] [ | 1 ! ' LI S | e L L I | 1

LT NT STNT VLT oY T AT oI 25 0 G JIAIVATTAYT AR TATV aRVAIVaRY Vol VoRVollol UL o N8 S AT S ol S AT el ple ols Alealoals ghod o o] o
et

K=18

AN O NN I K MO O AN N M T MO SO0 U A RO e DO
3,.37314756-\.’1“6:.)31_.1“ (Ll al¥ ol (AVe BRI T NE Lol ol N ¥ N}
o LalR 2T ] - e -

WNITRXOL HeAM NN O NIV HOL I TOIUAME MY el
- FLOMDUIIMNNICUNOMNOAIMNANEMA NS NN HOOM S O
(3] -l M e - e -t

QML OTCUMUENGOMNTIY e MUE N CONNI L aweMIwe
[} ’ [} [}

UL TEMMPMANNMrH A AN OO O eidrd et ri = N A R I NIMN V  wny
[J00 D I N I O B BN O IO IO B B O ]



162

L lrol lec]

H

[Fe| el

L

H

Fol Jrc]

Fel el

L

N ONYOL

WO RO PRI NNATMIN NG rIA N

TNNNOMNOD IMNHM T O™ UMPB M MI® N
e
AP NNOMA P NONON UMD SV U DN
NAANOAINOE® U MM AN MO CAEM PN NS
- - o
[}
b4
o R e la e X TV V] AT AMI OO T M ORI M D N
1] ] ] [ ] ] [} L}
FIRBC L OO Nt It NOUMMN 2 3T NN
[N }
"N O TS RNADOMNNONOICODINDNL O
NNMB W WO DM ITONND FOUW L NN R D IV N
et wdedvd
N Y YR g NINC OO N IHIT NI ON A NINM Ty
NIV F COOVOIMUMOIONNANNIOITMMMN
(oY ] ot edoetid
"
1%
MM N IMNONLAHNMIE DML A MO NN
re [ ] [ I ] '
WOONN MO AFNOIDHH AN AMM M 33

AT UMD OMINA daMUNOYOTIMA A WU PN S I Da
WMLM M ENINE MIN N T IM PO W ) NN

PO AP A TINOA DM H O TOMN DT eded vt od
AMOMFEMMOMIINN I IM LS TP OIS NI

WIUNITWAMNITIW AR MM ONNT SN PO S I
L] [} [} 1] ] ]

B dal gl Dol alali BoRoRolo NI SINIa ool gl ot g L QL J 1o Y Ul Ual Fag Ty}
LI I I B I )

WA Dot edh TN I OAMMOUD TN it N D
A P OOAIMB IR Al M I MUE A MR AR NV AL

HEF RS SO OO OO HL PN NNVONHI OO0 0 Mo
NN ONNHEN N NG IO M NN MO m

CreriMMPLONT IOVAEMIM N ONNT IOrmMNON

[T o Lalol ol o B S8 & g 2L Vol UagVal VaTT o TRV oJV oIV eV ol VoIV ol S S A N o7 ]



163

A.6 (V0)2P207

L Jrol g

H

{rel

IFc| H jrol

lr ol

L

IFel

JFal

-t

WOOANDVIDVNUNHONN T AN NOWMUNN TAUNMO AV VUM AU INM O AN T A MDD AW NONT VDM NI’ T OON MO O NI 1 OO
NN et AN e MDA N M M i O M At D OIOI OI v4P) OLO v4 ol o e v A O O O 04 O e O vbvr] ot 74t o O e d UMY et O i) o ot O od T vt vt

MP.FOOINNVQOINOND YT NMIMEABONHOAMIMO DD OB SN UOANADLC OO D IS AIO NN DD L OO ADMOM I DM IPEM AINOW
TN AN vt N SN OM AN TN e D w“wUIT im0y N NI T v NN NN e eitnts (NN N

DN ~NM PO DVD ~NMD i AM T D WN DO N MIND AN A FINON DN N T INA DO M I NOMDOION I N ONANM T O MmO i)
ettt v et e NN N e R R ol o 2o [N I4V) vdetedviedvied Hrdetvded it vt

LN OBV LLYWVEWLOOWWVEWDWOWWWDANMNMNNNMNNN NSRS AN G0 W 0 0O 00 © D0 00K DOORAPIOANANNANO D

MANO ONI M ITMINGD TN DD MANONT A NO NN NN OA N 2 2 P OO M= DM Y MM AT LN DO NOMDNNNIFNNTONT A ONWHT
Moeird NN NN e vilNeted w4 o O NN O e eI 10T vt HOIMONN T adod v} Avivd N NN vy

61980“5422267&153#3666997&03&5776521125919808253386060600526033162257062627194
Wit N [AVES 15V 4T T iy AN OIS T vl et M it I il et F UL [~ J 2 AN I N M) T et -\

MORNO MU OAN DD riMT HAUIM I INONONO AN S NP AT —#IMI LD OA DD ANM TN LIO UM 2N DONS AN M ONM O NS IO
e R R R LR XY NI VI iV} viotedvd i vt IO HeledriemiONN ctedatodvtvdvdvd - OUN

ettt et S et e SO NN N NN AN NN NN MM M MMM MMHIIMIMIIPMI T P I I I I T I T IILS II T LI 0NOWNNNNDIANAL

.

MIND YOI DM DM O~ I7 DD HNAMM OB NP 3 O P D NHOININANINO O TUNIT LM N OM WD ) NN W 2 O Oyt W 3o
me DD l«8151%?_226737a.732112123717 MNOUNT e MOAOMINMI I T DNNNTNYUMNN N NN et
Lol 4 - Lol -t Ll -t -4 Lol

DD OQM) v FTOUMINT PO DOAN LN e AN P O O DS M ~ M) P= DM D N O N L O NNV OM T DNOIM OO W M T — N2 N
22116!01/«715152?_36726 ONNv1 Nt uMAND A DONO T v 1v MDD OONIM TN NN - TOUUANNUND AN NON)
- ~y - o -4 - - - - -

FOOONIWNONIVODON L OOVANIVOOITPDOSN FTWOONNILI VDO NITIDDONS 68026502&0“660202&680 Qal M NP TOD
rleded it ed it eted i vt vt edd trivt el ot ivd ot

YOO POOOOPYMAMMARNANOOODLDOVOVOAOANANANNTNONNOCOOOOOODDO rivi v virii v NOINININMMM MMM . e e R kel
Hrdvriri vt rictrdri vl vt Firdt et s vl vt Tt ol vt

M OQHNUAUMMNMN HIMIDNIND A D W N OO OUS MDD I MIN UL NN THT WO OW O-F NO W ~ A NENON N N O N M VT FIAM OMO ) OO N
13%2&9332&26 61325231511151631353k2k261333&7&33320272819282623 262136%522352
- M NN - - - m ™ [ - x ~

MAONDMONMAMANONYO HODINI OO HAAHONVOINO O INL MIMINWANINWOIMM VI .2 O DM DO OROO ~ AJO NN INND B D peet BN N
(=) 23“1“623252725132&1213122&19203“362515182235212“202%271617251322617353&22221
- ™M -t NN - e M e o~ NN - e et -t By

¥ NIODONIWOONIONIVOONIOOONTIONS PRON.T VDONIONIVOONTOPONICNIVOONIPWOOIONTWVOON.TDONON
LR a R DR T NI VT, ¥} et N O rirdrl vt O elvdeiituN Ny etvieivi IOy et IR

COCOROOTGOOOD HH il rivtriviv e W NNV N NN NN MMM MMM M P2 3 23 3.2 27T 9 3 2N NN NN DWW



164

H

Irol  Ircl

L

H

Ire]

¥ ol

[Fol |rc|

L

P ONOVOWINNDNMANT OGN DD T VNDOIT MNC I NOM UM T LB N T ABD DD ONNOMNOM 125519&557%75299603658633

UMM AN T VONM A AMANAM N M NI A MO HAMN e AN A N MM it (vl M DM M WY NN e N o M s
Lal Lol [l Lol

MODVDAMPMOOIDIMNNOOMNIITNOIMNIONDOAT SN OUNIA~OHNNONDON 2MOA0OIN.IANFLODOML N @LVRHNIN OO NUNOMLSOONN T Dty

~MODN NI ITONM w2 OUOM A NN T N MDD 2112223213&21223?_1%11354 WNw M i T Ot 0D =T DOM N lNM
-« it -l -

M TNONONQ M T INM DN UM T UNOMND HOUIMUNDMND O = MN-T INO i Q5769023135578900 HWUMT X Qi NM TIND N0 4 N )T INWD o OO0 e« NNT 4N
vldeded vfrdetvd v vd b vdvd el kol o2 et Ardrdedvted mt vt N NN

OO NNNOODOOOOOOONOD ririvirtrdrivirivi el e 4ot H NN NN NN MMM MMM 32 T3 T.T AP rted mdod rd vl emivd vt el el v b rdv i vt md P NI O
vivtvrl vl vdrivtrivtrd il vt rdrd v vl et vt vl sl el et sl el vt v drdvt vl A vt A et vl b s d et ol ot vl 0l

QDN O AN OINAOMODINIM IMACONONOMOC OV INMUA W DLANMANOONINWNAMAIALL N2 WM AN WY N WOWIDMNDO .2 LTI OAINAMMIYNN~AANGQWIN N
FMM A T rted DI NUMONNAUI@ IO vNINT i OUNNINEGFT Mot vriD. T vt T N T HyiOAMINNDO MMM DM NN N N AN i
~ Lal - - [l Lal - 4

AIONINN.? ONDWOIN I N MO ONORNICUNDAONTADNMA NAONOAT A AOMONING 2 AL « 1I0TMGUIC +40OW O A O D ODP O DON-T L QO OHM wIN TN O M-
b36135<.:~11 51212&2229“591251“2 952122521315116&1904.2&12227151591333 +HDM CINM MMM T DU
- -t -

HOUM IO ONO NN J D ION OO NIM D =M 2 NOMONO HNUIMIN P OO N QO HAIM 2 NOMONO (NIM 2INDM 50013:46789012365675300123567590
vivdried piotad NNy rtrdrtrird ol OOy Hododrdviotod dedtd P ke R B R R R PR 14 )

W NN BN LN LA LA TN DD N NN IOV WO WDWD WO W QDWW WBWO R WOOONMNMMMARAMA AN RN N ©00 9 0060 00 0D N D OB 0OVOONNNR00NND0

568052..0310%3720083199103568?19917899127556172680297122&911:.5123876353361:«11771119h41705
N 632 WOIN NetTed \OM MOweNN MO QUUNE MM MmN 0091197.. 63215221323532252591 WA MNcuoMmMon
it (2] vl .4

MIOOMOONOr I DM INDNM At T O QMUY T MNOAOM O OANIUNONUN HONDINOUNNINANDONONNPDONMDONINMIAOINN M O NALND .2 MM OWNM PO AN
i Myl YO 3..3....7312519711555123513533&33361“19 HYIN AN P NS DTN TANDD DN AW NI Na N
vl - o -l )

FUOM OO UM TNV DTNOrINMTOHNMI NOMNON O HNM INOROONONM IS INM SO DO ANUM IO OMNM TOHAM 2 INEOMORONM-FNY~TO M
Tlrdvdgdvdvivdemd ed ORI RIGNY viedrded i vied vt H HNICIO O vloded ripd el vi i wd o N OIS rlodetvigdwivie iyl

ot v ot et o et vt ot 7 vd e e d vl v e e NN QN VNN VAN NN N NN A NP MMM MMM MMM MMM I I3 T T3 I TP ITITI TS T

AW O O M NN W MW MAUA OO BN T T A T OO NWOA N A MO DO DT O 0 M ONNNIOVNMI O WO .T DA OV I MAUNOWD D TNV O N OO NP WO

- At iAM) AN N i et AN AN N M Meied o NN - N e U e 1610212756 3622331:-0122&2630
n i

OMIUNOANNNVMMOOUNI— «OADOMNOOI N IONOIVIL MONQOOIMPMT NIMONOMMND OGN COMNM I OW MLONINW M 00 M NS 3 ODOS M eDININNN

et QU et U R vt v VS O 40U o AN Vet MM Nl vded et Nrded MU ORI Nttty P A R o aT VE SR o % 3T ) h61?32?k1123s [Y-Ta¥Ys,]
K e

TOUONO v NN FNWM DO MM I N O ANNIMUNHOMOOONM IO NI OM 8913023&7690123550 WM @HNMINOMNONONMINWOUMNONOAENMIO—NM
rivivded rivigietivivd vt vivivd Lalal viededvi vty i i NI OIN

OO NOCODVCO0ODODOOODNOHFHrrrrirt it rH H (NN AUMMINIMM MMM I 2.7 32T COROOOOODOOONOODOOCOOOOR OO vieviviwt
edetrdvivdoivd vl odod vl et od vl gt vl od ot od edod vl vd st vt vt vl vded vt vttt el vl d vt ot rd T rd vt v e H it



165

L Jrol IFc]

H

L |ral IFcl

H

L FOl  IFC)

H

iFel

IFd

COOINNDAHI ITANOOMNOMN DUMOMNONIAMANNNPOXVHOT BWINMAT =HOOITOND N FWN MDD DD I UIMTONN AN T 1M ANOM et DN N
13&028932713163523%7611”119 A~ NS OO OHEQ AN QA OINA FAUMMUN A A (DN H A ANO  wh® MIITMNNNOQAN N~
-l Lol Ll Lol -4

NWBODL T A MAIRN® I DR DD NTANCI N

OMOANHO FTONOMRNROOIAHN FOMN FOA VPGNOMMITONGMONN HBORMNINHIDAROMON NN O BT
N Nt IN ONHNAUY Ol MTMIMDOQ MO
-t

HADRAANDOMNA HI AL ITWAT N FTONHAAHNNUDNUN NAMNON PP AN PO N OO T Hids
- - -l L)

LNPFRDDO UM TN WO DDOUM D 40N FUIOM OND NN O DN O N NN T INO OO M PN OO O~ NMIT INOMDNO AHNVM I WNON OO NN TINOA
stvdvdodod vdudod e d A OIOUTL vttt rd N vt v vt A O sdortvdvri vt ejoivity

MMM MMM IITIIIITIIIINITIII LSS I ST I NNWUNUNLLLENALALIG U LAWNLA L IVNIA N N D (DD AD W WDADW WD DWW O DWW AN~

NIPOONOINONS 2O FOIAHANIHDIN MM I T MANOUMA QOO NONITMM I ORNOANND = HIDMN MO iNMM I DNHIA NN AONOA NN A 2 OO O NI
D e N Ll Rl JR INMHTINNNRATAMNINGIMITOAUNI 11T OB etANO Ol AIN T ADADT AP UN U HO F DT ONIDIT DM T 1 DOM
2 - - - - - ] - -
A O N PO OO 3 D DO A ANN DO MM TS “ P MPOOLN I D TOSMNINNAIDOD I N PODMONMM A DN AN 2 ONIG TINON DM -TOM D Ot N
NN ADEIMPMM AN P ADHE NS OMOUNONNMMN OB ITFMOUNN (RO HON HetUI Mt IOD SDOW NINHOIMANUM I ONT AT TN ON
™ -t - - - - ted -
"
MNITDODNHINUNDAHD X QNN IIBONDONO-NIM 2 NOMN OO NMNO AN Z DDA DM AN TINPM OO O =AM PN MDD A NI NOMAON O M)
vt rdodt tvivted OO e R LR R Y SRR NI VTN drdvietrivdeded i)
NNNNMOM MMM N Y T QOO0 OOONOOROOOCOOILCAD O rrtrtrdvrigiet ricied v vd et v ot od vt ot ot d T d = YOI NI IO N OGO N CSIICI NI OU TN IO O D)

vivdvrdrdvivdvd vt rded et vl b

WA NO DN ) OHNWVNTITHONINO TN M DAPD AN W SN NN VIO HOUINVWON N eOOUMNOCROMUAMIMAEONC AN TOUNOV I
TN N T CUOT OO od 4 O L O ot ) Tt MM Hed Mrt M) M AN AN N S A A N e v o0 B el 2 O N Ui vt At M) O

MM MG NI WML AT D AN IO R =M 2 LO DN M 0T DO TN D OGN ON 0) 0 €0 O NN w4 1) O =t O LD VDD MY 460 O A O P o P k0 O D AD N 0O PO 0N I w4 por
T DA D et TN N A NN et rdotert et v¢ N 0 NeiDANNINNNT O NTAMTIUM NP eV AR MO s DI NI A] e MeOMHMn T NN

AV HAUMNADTD O-ONMINY+DDOHMT QOO UM 3 WIPADDHOHAUIMINNDNHNUMNINAOND = NMINA OANNM FO I < WMINID S NO UMD .T 1D o4
B R R R R R R IV V] Hrded vt o AN o o e el et ot Ml el et el ot Hedeivt et e b ot

VOB PVDOVOVOOD DORNPENSSNNNSSSSSNSASS OO0 @ ) B 0 D0V X B0 VAVDHNADHBHANDDNANNONNOOOVOOCODOD i rirtrdrivivivt sd vivirt d
Tivirieivdvdvrivigigi vt rivtodvied vicdod efrd et vt o

RO D PN DO DM T O M OO DM DN~ © DD N DR 0V o) BOUH NDDMMN A M N OO I OO M N NNM T VDLW ~OW G VN T et e D DO OV D O 1)
2 NANT N o N NN NN N el AN AN NN Ny A v N o PN NANAd AN A I MO

I IONHDUVPOMOAMANOININNONNY T HANDO ANV I A IO MU ONVARAK DI +iINOMOININD I IWNNDNONIMODO N A O VN v NN NO
W N Y Iy NAUMENATHM AT AMNI AT AN I AT AN NI T P S NI AD M MOUUIHTI NN HY Mt Medrtrd UM e A WM~

MINC AN NURNDOD HOIMO UM T NOMNDNOHAUMINON DO HAUMAHAUMINDOA DO UM I INON D OIOM HAIM I INOM OO M I O0IN © UM i) ©
it e i I RIS wiririvririvivri i N Lalalalal ol ol ool R o laViVIA el e e tiCy

NUAINRAIN A RN AN RN MMM MMM MMM MMM MDPMMMIMI SIS I IZIIIIIIIIIIIIIZIIIUNLINWLLLL LB LWLV G WOWOWY OO



166

L

[Fol

[eel

tFal

f= ]

lecl

Oy Tou MO A I TH AL ITOMNOLMUNMMIVMNNGG WIPOOHOUL MUEMINNOMM Qe IA MWW NI MO0 T NI I 30T TN (NN I ITIME N MO
N Moy WA e NIMOMO N OAUIMEOM HNHOM SO M 4 N NA DM A NM IM O AN M A ONHOSPARMNOIME SO CONNMO e S UM I N O
Lol -t - -
—waNOo . OMIOON OCRHOANANARN DO IAOUNTONNINAMOMACNDANI NS (OO ANOMINNAD 1M P INCDFOTNOHLINAMMIN I 2T IO O CTMAMM
et AL W Nt MR a N e MO 00 AN 0 AR N AT ML A OAN I OHAUOTIMUNM T M ON WM NN R A IV 2 ool
- -4 - wt -

LNGATEES Y YRR " Ko RaVE A% SVARVAL NN A¥o s R TAVL ZTTARY RN A o ¥ o T R0 Lo DT VT o8 JVARVAL S ST AR T NL G BX VAT AT ARan RO DO Y G VE o BE JVARNSY L AT T~ R LA TTRIVAL AN To AL RO TN Lol SYSTVEL U RN ALA TR LAV AR SV AN N Ale To- X7 100 §
et vtrtod Vvl et NN Lol R PR RS RETO R 2 JAVI4V ] Heded vl et d -t d et vt ot ol od ot i)

WLNLALAY.3) SIS IR YC ' TO T Y o T oI5 FIrTa DR TS YUY E o T S T e R R R L D e R R R RV R SRS L RO L S Ko [aVE ST NT SToVY NT VY VT SISV AT INT NT S S NTN T ST LAY S LA A RAT AT ALSY B A AL FL AL AU AL LI AL Rt . o
edod v od ot

WU HID 2O I et D AN A OO PO OIIAN MR OIN P DN M 2 O M I NN D NN TP DM P OOM MG OWINA AN NN RN TP O oW
LARS L L IR AVIAVEQVE SRR S AVERN. g FIVal o RIAVIVARVEL TN FR S TVAR o) ERIAVE S L VRN R PR TANR PR RS TN 24V ST\ VIR L AL BEVERTAVE SRS R LA LAY JJIK RN R LT AVIAVE BT SV S IR N Y S VI SR S AR ) B VL R Y AV A L

NDHOIECMOOE FOUWK OO s OO MA A SN ASOIMMNIN F DI AAIINN OO ARRO S ONI I CE MO NMO IO IMOINIC O SOATIUON A NMAIDOMP M mee
M NHAMI M et MO O M AR O A O N e D NP0 MBI T e TP HA@ T N N WP SN AR M AN PRI MM I NN SN AU M IRt
Ll

[TaRVAL S TSR TT I B B R0 1 N JTARVAT A ST R L ATURV ol Mo AT TARLY L W T TV N, (T VIR SVON A ET Yoo PRT VT P STV N ATS B DT S TaRY ol AL o T VL o JE JToRVol B AR LA STaR S TAVE ARV oRVals ML g B S Ko TN ol UaRVey M e pl Ko Lot o L S EpRN of
vdvivdvied HArdrdvriviet) ittt vrd et vyt vd vt rtvded *lod Laka Rl

[FTVaYTaN VR TR TAY Vo N VaN VoVl ValValVelVo R ValValVe Vol VallVul Vo lVarVo IV XV of MY Y Y SN SN Y N LAY N Y N MY R ST VRVSL AT AL ¢ X ol ¢ 1 31 o X §1 ¥ ATSaT sTodTo 10 AT0 aTo X0 Ao Yol AT ST S AR LRLS TR oR oL A0 o Dol o R ol o Ra R a LAV TNV L)V ]
et vrtodrd rd rigdvt Al rdvied vt ed vt vi i vd et vl d ot

LIV AV AHATU TN A T OO FA LU O AL OO NI O VIO AN NI WA C W N M (PO OOV IO M I LW O Ul a A o

w

~ Wil ©t0 M Arlf) 3 M 3 N NAHEN M N O M P AU AN AN O wd P R I MO MOt

s CINMARA M TPREOE T ILOLON (M OIM el FONDAL IMOI ON OOOIN T O th Man D MM MR VTVOUA M ORI RHNE M EIN OUN NS S IO W oy

Mo vt (U] 10 AT ™V ol Al ORIV edM et (U N P Cledted CUT L vl Tt T AT NI I NS Mot u SO A eI C 1T I vl P e 3N ol T
]

-

~ W It PO OO AN TR O TN 4 OM IR d POANIM PN OM AN JUON 810 O OAUIMUTT WM RO HENC RN QAN OO N e sdeit, ™
LR R L R R R L e o e LS YL viordededrd it O Rl Le R R R R LT N1V i e A ety

vy po vy pe sy prpe prany pope e SRR EIL R ET VTS TYTVENT NI NTYLYTNTVEET YL ST STV oLl AL abaaldl alool ol ol e Toe Lol alil ol ol oL AT ol o Bt JE SN U L SN . U L JK L K E .5 2525 a X ST YT Tyl

PR 1T U A AR F MU A VO WA OV R LA BN A OO TS ™I A IR @I UNWT TR A TR MU @ DO O NNC O O R WIS A M D BN DN P et e
HLOPIA M NIt DINF] DAL AL IO S FAARNMANN O AL P Frdm 1P P LR AR AN AR AP TN PRI I P I8N S M M v e O vl e et

MNP U O UMM Ja e Y00 ML Nl Wt HSMOOIMUASWONIOANMIA MLLO MU IARNT G IO U MO e UM O YN IG O 0T L v4a U N @ et
FEPRY STV PP T VI L NTOY N LR 2T STaR PV S IVaT VL a¥ Vol Vol o0 4 gl M NOHAT O AL FOUNRMAUMM A NER MNNSR0S SN OA RO MY I I DMUMo
—

00U HNIUN @ OL UM IU LA OO UM PN OviMIU WA 0O M3 OV UME THAUMIT CO™NUMEU ARG O UMGIHNMIE N @O O et CM 1
A edrivivieird i i et rtvtvivd etvivd Hrted iy et ted

ARAAARARARMARNTIIT @ OCCCOONECCT OO0 0T C OO OOOOMOOOC v v v vlvd vt ol et vt H 1 U AR N O TS O W= e 0
ot rdvirl vt ettt vt vl st e v v v vl ol v ot ad ol v o bl vt ed vt ol o o o 4 vl v d vt ot o



167

Fol  er]

-

3]

el

O ]

-

el el

L

AOUF OMONEOWNOR O R AT TACIN AL eihIN A T IS AL NN UMM E QNS D@ EIC T OMNTOUL UM TR AR ME @ T O OIN OO CNa wNa O~
T MOUMEHAEMAUN SN M AN MDA AN E OO HHIEMS SHINNEM MMII N AN S A 1R A A "M A T OM e IMIN DT AN NN OW SN TN et M WD

CNNANONOM M =ONA N OCA OO TCNMAOUM LN OB OOMCNNOOMOIOPROMPOMNONCNNNIBINOMAMER ON Ma VNN O NS oMy 2
WA v 4T vl Ot MU A OO I s I D PO PN S e WIMMOANOM IN WrehOMg w00 OINTM O M PN W NNV IR NN (R eir e e

NP INLCR M OI0IN PO OO TU WA O e U @ VUMW N D dfIM ZUNA MM FUNWDA O M F WA O OVHAIM PO d O IM TN I BRI P LU O et v
vedvdviviedvrd il vt vdwd vt drdeded ot wdvivivioded vé rtedod rbot vt HArdetriei

LI R A LR sk o R e R R R R R R Lo R o R AR LT SRS R S VAL NTNTNTANT TN VIVT ST NTVEAVE AT JL o T BT LR e Tl SV STSTALAT AT AT ARE X JC JC R K JE S ST S S T ST JU S STt o ol Vol Vol VT TN VoY VaR VoY Vol Fal U Toy VIRV Vel Vol

AL IAA L MRS TS OAMNAIOGMONOMA ITM T D AN OIS 3 PO M il AN AN OIS A OO L O LT MU 0 S 2 D CIDM LNTINAS LTI
CR etV Cealu vt O wavtQUeH P Gl ueity U T ItV T i T A I T riel vi et T OIANCINI N M el M el weded UM (VO ATVERC DA RS T Tal 2 JE & NN 2N}

FOMINETMIOE FOAOC NSO MIE TR I HMAAA NI SA NI IUNCACCAN MR O Aa MI NN AP et 2 T OCOAN A N O AR T MO T A 4N (Dt
MO R ;PO A N iU M e d PO et Y VAN NMI AT AIUON A N S NS UM et BN e Nt Qledttuy. @ MMA rdie i e Lot

UNag O PN T ACIM IR DA™ A W IMNOA DO wUMIRAN 2 RONHNIOHNOIMP A QNS M T oMU A I UM TN M U ~ Cre M) UL 0O Cr v
vivdedvdvdgd vd vt A vdoed i irdvded L akal réededvrd it el

TIIIIIIIII TN NUNNE L NMNECNVCCOLOCOOL COCLUENAAAAANDDVOCT X ODORTNCOORCTRTUIOCUC OO e e DLUECCIOINDIOO I
ylvtedrdvd ododrd i b ivd

SO NG (UM T FONNTTANCATIA OT FrUL N A A O NIV T IANN IS INMO AH DT ONOMI O W ONOA VI OO AU NS I I Wae O
HIM Nt Mg M PO AT N 2 I e T MM M A P e - Nl M el vl (O NN o
M et 0N T OOV AN IO ITMO SO DN M OM AN N PO N DO SN OO NA OOV AL NI AN NSNS OE N NN O AN AN N OO

- e [Tl STl VNP N o 2F N7 4 LTl AN N ST ASMANNOM 1D w0 M I3 W MO oM 40 Rt 8 VR4 IR &) R e ~

IO I AN OOIHAENDRUMUE N e GOSN Y OeiMEOR O O I IO ORI IR T RO ANOAUMI AN T OMI TR g e = T I Ch g Ot Y
- vl vt v - Hrdvdvrd el i rdvi ety virtvd sttt pt ot ot vt ed v vt et

MY S IO I vl Al g TN et et et A e et Al H HANTICINININIDI R R I IR ICINAIRIC M NI A MR MIA T MV > 3 3 * 3
ettt vdvdvrivt et i trd vl rdrivdrd i rd ot et i et

FOCLO I CIMUIENOWLQOIOMNOM AN TUOUNCALCTENIUV I COTIM IDUORAUNMOMUNODCON UL DO L a0 T AR PO .F UV Y ™I e O
AL HA PRI HOI I A A S N ARHA NI DA CRIRNOIMAARI O AN AN OL AVt P IVMARIOA AR A Ll QI ed MBI A P rd et N O P A R IL VA A A 40N IR
-

a N ANNOUNG OMNALMAMUOMDA A ITEoORuL e 0N aiNa QM OMANT ONO'MNNUN I N OHUN. O eMag vl I wa JUOIANPN STOOAE O MO
QU MANK  NINA MO LN USSR CRMANA M I D OO L NN (S OIM NN NN e MRSV a N v OO NN I M OGN (N O
- -

N IU ERMaOOENMINOMN OO ANAMIY UM HMIN VO rMINY A TOHRMNY A SUMINEAN R0 QM ILNCN OV IO @O e N L RN I O e M
vt ed vt v ot o R Hetrivtviet ivivdvtviet ot el edriviytewiod v v et

I T IIIIIIIIIII I TIN NN LR IR CECCOCCCCOOCEMRA AARANAANAA A AARM A A CO R OT O T rCC CTONTCTOOT OCINCT O



168

[co] |Frl

-

L lrol eg

o

el =gl

L

AU IUOMUBDAMNOHNIANT (et th SCINa Ly CCRN WG aha 0TV IO 0N
WA MO NOAOONIN v NN A 1O WD et v itr NN - Nt N et o
-

i OOCE NNH2IINAMNHON SO LN
LAl L B o R VLR R T VE SV BT VI T,V ]

WOMUNNOONDINIIAIAMLL LT ONOONNNM
W MNP I TR CIORN s TN ™ O N
- et -

11

DR OV i etMI UG MDA ORIMTLE OR MAIMTUA™IN Y OB IUG A AFOIM A S RO

-t -
LAl AT L AT SLARE J0€ 35 (5. I 36 ST JX. NV Y TaTTaR TaR VoYVl o TAVARVeRVARVRVAL N N led v oyt ot e 4TI OICJOIRIMINININ 3 P T
MO AM A N AU O LT B U Uak aTe (ot o (TN SRR JTXTaNC R LAt VAl VEVITolVall ol SV SR S TESN JVER D eXVal o LAl TV E K. 4
vt e d Divd (M et we v vt o -t I3 QUM edot U RIedMIN AL MDA oA B O Yl ied i NN
- -

IICAIVAL Sl AT S T T R AT o T KO L REC &y Yo ARV oRC oIUaN S XV o N VoY R BL ol ANTORE S AN T, JVal o 2 VoY 8
[ R RS I A VT VT o¥ T NI VE R 2L PR Lol A PIR XV o L N S STAVL X STV B o T VT SRR T Ve I 1N
-t - - — -

n

oOma Fatam it aN o
M) Dot vt

1]

A UM SR A W NN I IR ONA N NOEOIM I WON (PO DN FION & OO eI N
- - cledod ded rod et

UAAMAMNa Mo OO T O WIOOUIO OO0 I it el rted vd A e d = OIS CJOT I NI N Iy vy 0y

LIV AU UM AN A RV Al M N e TN TN TOPN T OU'T T A MOV T T W I TQWULT WA
Mt NN -ty Lalel - vl vleded Nrdod it et vivdort T odeird ot

OO MATESIMIIDINCOMNOCTOMNUINOA OO AHIMAIINA V(NN OBIMMOAIMM O IR A O
Mt T vl el  eiR et drd A et O et O Plededvd Ciwt DUCIeirdt vt v d v iR v d Ol et d F ol vivivd vt o

[TaRVel N SFs AR T T VaR ST o NETaRVAT . o AR ToNT AN JVAVINE 1T ot NVARVAL Sl T VN VaLp AV VAR Y- RV AR oV 1 QN TulV ol JNF- IT4 RV RUT NI J TRVl S0 1
Herloded dededvied vévd et -t i -4

P e el e ke UL LN LYLNT U R YL STNY SENT L o ol oL aT AL a1 oF oY gl o2 I N JE K JX N F TN T Vo NT N Lol (Vo T (R YV IV VARV oIV o U

WO T LU OOM OIS MMM OVNG OMOMOINITUE DAON PARM A QWO OM eltUA g aruy WA N
~ DPMAANILCT AN R AR PN FOIM NN MAUM vt Hed? AW P HRIA MY [aE I )
O viiUo aaa u™wh UMUMEY U O ONME AN INOCR (Ve U Dl d'a 20w WO,

Nl I NN Y N MOUNEMNINEN NSNS T L el el G Q200U MN O ety

QU CROHNMEPQEIMIU AL NMOSNIMIC TN O iUl SN UM a 0 PN X Qetum
ledotvt it wivd

CESOECCEOOAMANRAAAARAMNMAANTIOA T OCT OO0 N0 OO OO Lalalol o)
Heledwiet



169

A.7 VAsO5

fec

[Fol

x Jrol Iec)

IFel H

IFo,

K

IF ¢l

|F o

H

HAONAARPILVOVNAMDHOHUANOSINDDINOMO VU OMINLVNOOTOURMEMONIMOIRNCIANMAAMLINNOMRNSHOLIMAOONN
Dt PHNITO Ny M TND M o NN MO O N M s - MmN - LONHNMed N Ny
-t

NOITOLNOADIHANFONDNOTRITEMMNASUMONIOTRN A NMIMONCI - DOW O FUIRA TMA A FHOM WY OM DO M <M I ONIN NN
~ IBAa NI ale Ak L ety V] INO AN UM M At AN M A MO SN O Heled "M AN A AN AHOM Hied O
- -t -

NANMRIMINN NMINNIN MM MMM M MM MMM P IIIIIIIIIIILI SIS IO NRNDND R EBIININOBLINMAIR O OO O E DO R OO DA &

NFMIINCONAOONCQHHNNMM I OONALCOTIANNMMI LD OCAN DWW =NIMM 2 PN WD OA W 4 H#NAIM DS TN C O o4
' ) L ) ] ] ] ' t L} ] L [} ] 1 L} ] [} (] ) L} L} [ ] L] L} [ ] L} [ ] L L} L} [ ] ] "

HA XTI I PN AN T OMIEIMEITMA ONN PINMOAND OM AN O AN D ON O vl IR PN ON DN O O S et 4 OIMNIA DO DA O MO
Lo XSATSVEREES 23V [ AT Al I Vol ] oIy Ny I I0Hed o ey AR O Aol T MDD M Nt iy v T
- -t
NECARN AP ONWNA A OMASINRA N HAdN TOND N OM O N ON N SON O O WA AN T 3DINMODPMIMDADM AN OCMMID AN OO
HANHUE . A0 DN AN vl DN 2NN eIy N AIM LI DN M TN M AN AT T i
- L Aol

VOLCOLOOOOOL L OENAANMNMAMANMNNNMANOOODDNOO OVOCRRNRT J OO I I0DVrlrdrdrirrdrdrd it s NN

DVWOAANNMM P IO OORDAANNNAUMM I INNOOSANNNMI IR AN QANMINUENDAANNMM I INNOONA VOO HAN
t [} ) ' 1 ] L} 1 [} 1 ] ) ' ] ) [} ] ) ] ' ] ] [ ] ' [ ] ] ] ] ]

WANHOINNMV LS IONONHAUMMOUTWRUVIOM ANV OCAROWRIMIN GOSN ARNOMMU O AARWAMBDA I 2N O AT O AN YOI™ N2 O T O
B AV 4 NN M L MOHEANHE N AN WM e N ) AN Nded SO ey M AT o e

- - Lol Lol

CUANNIODIO ITANOIEMADILONLE LI COANIAMNMOP AN AR M ORONOLCOIOMPANNM AN DD OO AMNLODAHNOUN AT ONNNNINNM Sa ™
O e A0 MAH AT T I A dM e LM W ANIM ArdlD ANt N M2 TON NA DI AN T MO A8 AN v ded vt il
- - ] 2

Attt rdrdodrd rd A A v el A A AN NN NN NN AN N NNMMMIMEMM MMM PP T P23 I STIIITIT 2220 NN OB WL

PDHAAMNMN S TR C NN OO HEMNUMNM PP INEOA A DO I AU S FIMDOCAANONOANNAIMM P FNINO O DO DA ANRINM ¢ 28 OO o
1 ] t ' ' [ ] L] ] ) ] [) 1 ' 1] L J "e L] ’ 1] ] ] L} ' ] ] ] ] ] J t [N ]

WO I APODFONMNNDO O AONAUDN DA N A =N PO S ONMN O F AN NHCH N NNVAN DO RMNO 4O OO NA—ANM .S MM S O
A «~ M2 A\ QU ey nP Pt tp I N O PN -t DOON N vied A WNANDR A w“woLrn NNHY
- -t - e - -
NNVNAIMPOD AMODD I MM - NNNAMODO TN D - MONOHNOMBNINTOVRNCOONAMO ITNLWDIPONWY FTNNONA NI d) ) - NoINOLWLWIL
o Moo« MU wrretdd ONNWDANNL)  weitMed NNTDL NOUMN TN At A TIND NI v M vl o @OIMMWONN v NP @A A
= - - -l -

o OO0 HHHA AR HAN AN NNNANNNNAUNMMOM MNP SIS IIITIIOHONNNNVECYOOOVOBONAMAODDDODNNT J VODOOVOO

NIWDHAMMNDBA NNV TP CODOHEMUDNANNOANNS FTOVVQHEAMUIINMNONNL POVHHAMMIPONN S F M “HAUM SN ON®©
(I T T | L2 I T B | [ LI T B T | [} [ B I | [ I I T |



170

IFel

lFd

l=d

¥

[ro] Irq

X

x {rfrd [Fd|

H

A OWVNHAL NP IMONNIT N O NN MOAMIMOUMNONNSNWDNA LM OOM DT OOM I HO ATUIM PTOONINOCA RO OIS SO ODMANN O T
HHEOWN vt Mt N Nt P Nvdvd MM M NON D N INNedN P et 1112“ AL DM NP e ™ N
-
DOHMOMNAMOMODOIIN OO QOMM AR ENAM FOAHAIRNAM AL SO MA N M I DO AFUN AM M MO NN MO S ONNAN aGUNM ot N F UMM OV E cOLN
AN AD T ot Mt e et N T 1N cilivtrded WML ™ N UON L W OV F il (A MOT el OIM Al D wlerded Nttt
- -

ANNMAMANMNMN DD NDDIDOOONNN ) IO D DO Drd vt vl o d vd v v ef vt od = T A TN BININI NI NI NN M NMM MMMV MMM P2 T T 2T 2T 3T

UMM I TN D RHANNMIM T Pt WM INOAWATHHNUM 2 FNNCONNLDARNNIM I IINDOA DL IHHN MM T IR OONN LD S ANMMT T U OO0
[] [ ) 1) ] ) ] ] . ] ) (] ] [ ] [} ] L} (] L} 1 ] ] (] [ ] ] ] ) . ] L} ’ [N} )

OIMAIONDADNOMARINRNNONONINDOONANINANOMNAN HHINDOWY T TNNIDANORNEMIMMADAM I FOM DMMOOTNMAA SANON S IMA CADON
Mt CINNNIIAMC A o MM W NT ST HNOMNIN ANl et MUNNNE N W MmN MANN N T AN OO M) IO
-t

HAOLOLTONIMDIONITMANMMIAUYD S IPODVDINONNAADLIAN DA edMINNIN HS PAUO NS OOMOMOD AN L AHONMT INONMOMANOM At O F 0 P I PO
MeAriN INAUME F AN vd N DrAINIMNAHEAMID INHDOOEMMA NAUNN AWML AN o NN O M NN NN A NI N AN v e O Ot
L] - Lo

el T A A HAININ N NN N NN AN MMM MMM MMM IS ITITIIIIITLI IS 2NN NINLLINONNRN N OO OO OO OO OOOONNAN

NOOANDONRIHHdNIMM 2 2 NN DDA DD HANNMM PN OONANA DDA ANNMMIINNOONNDOOANANNMIM SN OOMN IHANNINMIM P PN DO Nt
] ] ) . (] e . ] 1) (3 ] ] [ ] L} L ) ] ] ] [} ] ' ’ ] [} ] ] ] ' [} L) ) [} ’ ] t [} ' ] [} ’

MAOAN LSO ORONTDLOUVOAN IMM i 2 VoMU DOINMONON AR FOW PV IO -t IM IV N oo iin s oM NPWINULS O MO O V'V

BN Nrde™m O N0t Nt MM I N NI OM N HIM MmN MMM IV Neted WNvtvd M M M- NLdt Y NP PO
-

AN IO I NI TIIONONALIBDINTPMOA POEDOOMONOANEMAUID ANDA N MM DT A FTOMN O IATNDINAINMN S TOIN N

AN HeHd A E A A M g MIOUBM NN IN S AN MM NP e A1 IMBNNARAN SO AN NS M I MMt M P H A DM T LAY
Lol

FTIT T2 LI ANLNLNNNNCNPODNOOCOLCOOVCOOOOOANNMAMNMNANAAODVOQODOODRTCRRTN ) ODI00D IO drtvivicdririedd

AHNNIMM P SN ONN DDA ANIMM L SR INONAN DAl CIMP I INORANOHRNAMM I SN OO ANNMIM PN IO FINPD M AN P 3N
(] ] 1) ' [} ] ] [] LN ] [] 1] [N ] 1] [] [] ] L [} ’ ] ] 10 ] ] ] ] ] ] [} ] []
A ADDINSGOMM LOMNNURDIHNONOI™M MINPOANMONLIA FNNTOAN A OOOMIN =IO L OLMAONONNNVNA D T ORI DDA N O AN DT TSN
" oed et M A LAl L PA U LV ] NOOL HOBA ST (A NN N S ed O u52316 M IMM AP AN MM NNy P P
O OODBDRVONARMOOAMN OO M QPN IO OL AONOMONOOD TN LDOM T LM A TUNM I U LD ON L NN O IR NI b DO @M M POV

Medvdrd M A it AN NANN e el M NOMN T HON T A e DR LN ey ubzszg MeA PRI HNONT JUMA W Nedd ™ O
MAANNMAMNMANLURLROOORLVOOCOCCOTO o COOLOOOO e et vririvi viod vi et v ol st v = NI N NN N VNN NN IR I I M MM N VD e M NN 8 DM $

WANAMM PNNOUNENNNM PP IO N HOAUM PO DDA ANAMM Z LB DDA DO EHNAMM P I OANDC T ROHANNMMN S SN OCAN ©DDOD
(] ] ] ] [} LI ] " ] ] ' |} , . ’ ] ' ] ¢ 1 . ] ] (] ] ] ] ' L ] [} 1 ] [}



171

lrol e

<

frd  lecl

<

lFel

lFd

lFc|

¥ ol

WMIOAN COOMUTVDOUNOITROPONNA AON BP0 O R WO M QS M) P OIN D0 T OO LN D O™ v N
- F Nl Neld N MIN n o NetiNed =M N OM N N HONNNHN M Py

NINIFINANOAMAUM AM NI DINAUANON OOMUNN I N SN OOROONAONA® IS DL ONDO LAY
Al T AN A AN AN VUM P D Al Al RGN HR UM e iy O™ - Oied SN AN N dtyM

NN AINNNNMI MM MMM MITIAM P 32 $.22 232702 FNANWRNIMAMMAE MO O OO OO OONANAN

MMPIDNDONAUOAANNMIM DN OIS NI P IO OOIHANNMM S PNN D HANNINMM F F D et N
1 ] [} ] ] ] L] ] 1] [} ] . [} ] ’ [} [ ] [ ] ] ] ] [ ] [ ] [] ] (] (]

35666935516222995117551“265632117212:46“697Jﬁkk.05103367393
[\TES ] My Omn [YoRoV L, VNN 2 ) N N~ Ot M Nt - ~N NN DO G
-

L LMUOIOAA FNOUDWEOMMIN A IAM PO A IMUE A RPO PAA D HPONNIM PR DHO 2 =DM I D
et NN 1Y WM OM AN O ettt N HOHHMOD MededNe o AW MMNINY ©
2
"

LVINLVINVENE ol ol glel oloeloloclel o loTshoelo T o T S 5 K L QX J5 5 N Q¥ J AT YV YUY TAXVATTARVoRT R VAT AN XV oAV oLV TV IV o IV oR Ve RVTVOY L NN 0 Y S |

56677 0112233““5566770112233““550112233“556011223355 2 Rali Lol g
] ) ] ] ] ' t [} ' ] 1] 1] [} ] [ ] e ] ' : 1] L] ]

2“7121:;7533811“)93“391‘591“52579“1C.3|¢.€-7355:;(.6239626065765 wn
vt NOMNN A v NNy N ™M NN Nl - -t

WA AODNaMEMINAHNWOROD-HOU S
“HFONM IO et OE2ANNNMOM ™

MNONDOM AN AN S ONNMO DN HO TOA
M HTOUN AN D et LM A NN A O M

d IS I DAt A Al el i HANRININI RN O 1A

HWNMI DO IEHNAM S T NO I AN 0
[} [ ) [ ]

VAN IAO L HNIMODOU A NMAUIAM A NUNM N
MMt NN W AN N AR LR TAVENR 2]

NI et VAN M PN PN AMDDIAUIN MMAL DO M O
[SANE ROV T V1, ¥] P O N N Ty ededd

OO I IV Dt it el it it i rdrd AN U

DANMINONOHANNANMM T TUMND WA I iy
] [} L} ] ] 1) 1 ) )

NRD PN DIVANIM A MO QA AD OIN N D AN
NN N WA N - N

HPADIOND L INCIFVUNOANOFPDOPADAUNA A A S DONL ANNIONEPND ANNONOAMNOOOM SN
AN DN NS A sl vt vd vl el vl D bl HMUD FAIAM BN A i o NS od

-t

ded P wririded N

vo o
-

MONMOAUIN ONMA P OMA et PN MDA SO
NN A AP ™ "o eum it Lakal
-

MMMV 22 P T IIIITIIIIIINNDLONNNNRINDIININE OO LOOOONMANANMANOO®R ) OOOQ IO rivivivd rdedvrd vdedod i ol A AU NI I IO Ny

AINIMM PN O OAN AR D HAINIMM S FINDOONADH NI F TN OO DINASAIAM I N UM T 2 0N

DAND AN ONTDOMNVONOMNAOM T IOOOIAD FTOORNMARANLWINDN
- OO St [P IV-L o B o) N Nedrd PO e AN Lol

QLONUDEM A VNN OA D SO OO N BVINA W RO NN RO MIN FOMUY
A O NAUAMN T ANNOM Nrdriod wWIMAMND N riM vt

SN NN L DNV IR OO VO WO OO O A A NANAA AN OO R 0O 0

ANOMANAUMMIINOONANOHARAMINNL YO HHUMM S IBINDwHNNMM
* [} ' ' ’ 1) [} 1 ' ' ] ] ] ] ' ] ]

HANIM I IOL D = IMM F FINRO O N O N Y 3 210
LI ] ] [} ] ’ (] ] ' ] [} ' t

MMANIIMIAANHOOIOITNONANINDOM FONAHNOHNDP IR OCMO PN LA P
-t Lo latiaY A AannNImeay M M A - Lalal, ] -
Lo -t

OPMONI'SIUDIT ONNWVL D IrM IO T =D UM U DO O S MO O N
- et N 626282 ) AV o O P O N vt AWty
-4

OVOVOUWORO v rivirivi v v vl Hrt el H 1NN NN N N N NN NN D

UM PINDON QD HANAMM I PN NOANNDDOANNMIM L TN ONA O OO o
] ] ] ] LN ] ] ] ] ] ] ] t ] ) )



172

Ire|

IFd

lre]

IFOI

IFo] lec]

K

[l

k |Fol

WAL OLCAUN TONND ITMOONN W weNOMIUMA
NN 0NN D NV e T il L 4 et BN N 2

23313'06561

NOWVA M PN O LU O VI D OM ©
T R L L I

- e (AN N Y

12

"
HOARINNINNNNMM VMM P 22T § O ~NNINN

FOAANNMM T I DI NN QHADANNO N
] ] ' t ) (] ] ] ’ ] L] ]
MISPATONMINLCAN DO AL OM MO DN NN
NEHNNNN MAUN Mt ™ P AN - HOrHM Nt

MAAMD OO DD

7977'799“595“516733.021
ATt -~

o NN NATM P UM NN e

11

"
MMMMIMINIIIIIIITIIVNNNNNE ) D000 elrivt

NOUIMM P I N0 HAHNINUMMN P PO i "WML O RNMS
[} 1] " ] ] ] 4 [} ] L ]
MUty T MWWA MDA HNW O L AH™ONOMOO
NN gt ANNHEHANS MINT Wl M N M)

CMIANFPONNADINMPUNNOMNSOONOMD

OIS
WrArdOIM AL AM At M Ul SHrded T MO

HONOY i

14

"
VOO OD o OI0O0OHA SNl NN NN NN

L ko iVt e L] AN LN ANNAM I NN DA AWM S 2100
LI . | ] ] [

WG AOPMDOOMOUNOMA DTN AN PO MO IMOM AN S
WAL ot Ol M Ny ™ - Pt F ARIUN

QDUOCUWMAAN HMPONE TN AHNANONM OO IO L OIMNM
[\\2 2] i Ured Ml PN M A T e SN M

NNNMMMMMMOMMMMIMIMNI I I IS TIIISIOER L NNY

NOVOAHHNAMM IIENOOOHNANNMM S P I ONMMG
] (] e [ I ] ] ] [} ] ] ] ‘ ] ]



173

REFERENCES

1. A. Escardino, C. Sol4, and F. Ruiz. An. Quim. 69, 385 (1973).

N
.

H. G. Bachman, F. R. Ahmed, and W. H. Barnes. Zeit. Krist. 115, 110 (1961).
3. K. Waltersson, B. Forslund, and K-A. Wilhelmi. Acta Cryst. B30, 2644 (1974).
4. K-A. Wilhelmi and K. Waltersson. Acta Chem. Scand. 24, 3409 (1970).
5. K-A. Wilhelmi, K. Waltersson, and L. Kihlborg. Acta Chem. Scand. 25,
2675 (1971).
6. F. Théobald, R. Cabala, and J. Bernard. J. Solid State Chem. 17, 431 (1976).
7. (a) G. Andersson. Acta Chem. Scand. 10, 623 (1956).
(b) J. M. Longo and P. Kierkegaard. Acta Chem. Séand. 24, 420 (1970).
8. W. R, Robinson. Acta Cryst. B31, 1153 (1975).
9. H. Horiuchi, M. Tokonami, N. Morimoto, and K. Nagasawa. Acta Cryst.
B28, 1404 (1972).
10. H. Horiuchi, N. Morimoto, and M. Tokonami. J. Solid State Chem. 17, 407 (1976)
11. B. Jordan and C. Calvo. Can. J. Chem. 51, 2621 (1973).
12. R. Gopal and C. Calvo. J. Solid State Chem. 5, 432 (1972).
13. F. Marumo, M. Isobe, and S. Iwai. Acta Cryst. B30, 1628 (1974).
14. R. Gopal and C. Calvo. Can. J. Chem. 51, 1004 (1973).

15. P. G. Dickens and P. J. Wiseman. International Review of Sciences 10.

Series 2. Butterworth Press. p. 211 (1975).

16. -(a) 1. D. Brown and R. D. Shannon. Acta Cryst. A29, 266 (1973).
(b) 1. D. Brown. Acta Cryst. B33, 1305 (1977).

17. C. Calvo. wunpublished results.

18. G. Grymonprez, L. Fiermans and J. Vennik. Acta Cryst. A33, 834 (1977).



19.

20.

21.

22,
23.
2k,
25.
26.
27.
28.
29.
30.

31.
32.
33.
34,
35.
36.

37.
38.
39.
ho.

174

J. Galy, J. Darriet, and P. Hagenmuller. Rev. Chim. Minerale 8,

509 (1971).

S. Andersson. Acta Chem. Scand. 19, 1371 (1965).

J. Galy, M. Pouchard, A. Casaiot, and P. Hagenmuller. Bull. Soc.

Fr. Min. 90, 544 (1967).

A. D. Wadsley. Acta Cryst. 8, 695 (1955).

A. D. Wadsley. Acta Cryst. 10, 261 (1957).

K. H. Jost. Acta Cryst. 14, 844 (1961).

B. E. Robertson and C. Calvo. J. Solid State Chem. 1, 120 (1970).

H. M. Ondik. Acta Cryst. 18, 226 (1965).

H. M. Ondik. Acta Cryst. 17, 1139 (196L4).

H. C. J. de Decker and C. H. MacGillavry. Rec. Trav. Chim. 60, 153 (1941).
H. C. J. de Decker. Rec. Trav. Chim. 60, 413 (1941).

C. H. MacGillavry, H. C. J. de Decker, and L. M. Nyland. Nature 164,

448 (1949).

K. Dornberger-Schiff, F. Liebau, and E. Thilo. Acta Cryst. 8, 752 (1955).
E. Thilo. Rev. Chim. Min. 5, 179 (1968).

C. Calvo and K. Neelakantan. Can. J. Chem. 48, 890 (1970).

K-H. Jost, H. Worzala, and E. Thilo. Acta Cryst. 21, 808 (1966).

M. Jansen. presented at the European Crystallographic Meeting, Oxford, Aug.197
K. L. Idler, C. Calvo, and H. N. Ng. accepted for publication in

J. Solid State Chem.

K-H. Jost, H. Worzala, and E. Thilo. Z. Anorg. Allgem. Chem. 325, 98 (1963).
B. Nédor. Acta Chim. Hung. 40, 1 (1964).

G. Ladwig. Z. Anorg. Allg. Chem. 338, 266 (1965).

E. Bordes and P. Courtine. accepted for publication in J. Catal.



M,
L2,
43,
4,

5.

h6.
h7.
48.
h9.
50.
51.
52.

53.

54,

55.

56.

57.

58.

59.
60.

175

m

. Bordes, P. Courtine, and G. Pannetier. Ann. Chim. 8, 105 (1973).
B. D. Jordan and C. Calvo. Acta Cryst. B32, 2899 (1976).

G. Ladwig. Z. Chem. 8, 307 (1968).

A. V. Lavrov, L. S. Guzeeva, and P. M. Fedorov. 1zv. Akad. Nauk
SSSR, Neorgan. Mat. 10, 2180 (1974).

B. C. Tofield, G. R. Crane, G. A, Pasteur, and R. C. Sherwood,

J. C. S. Dalton, 1806 (1975).

C. E. Rice, W. R. Robinson, and B. C. Tofield. Inorg. Chem. 15, 345 (1976).

N. Middlemiss and C. Calvo. Acta Cryst. B32, 2896 (1976).
G. Ladwig and E. Thilo. Z. Chem. 4, 350 (1964).
E. Bordes and P. Courtine. private communication
A. Winkler and E. Thilo. Z. Anorg. Allg. Chem. 339, 71 (1965).
J. S. Anderson and B. G. Hyde. J. Phys. Chem. Solids. 28, 1393 (1967).
S. Horiuchi, M. Saeki, Y. Matsui, and F. Nagata. Acta Cryst. A31,
660 (1975).
L. Fiermans and J. Vennik. Surface Science 9, 187 (1968)
and  Surface Science 18, 317 (1969).
R. J. D. Tilley and B. G. Hyde. J. Phys. Chem. Solids. 31, 1613 (1970).
W. M. H. Sachtler. Cat. Rev. 4, 27 (1970).
K. Tamara, S. Teranishi, S. Yoshida, %nd N. Tamura. Proc. 3£g-lnt.
Congr. Cat. 1, 282 (1965).
D. J. Cole, C. F. Cullis, and D. J. Hucknall. J.C.S. London Far.l!.
2185 (1972).

M. Ai. Bull. Chem. Soc. Japan. 43, 3490 (1970).

H. Seeboth, B. Kubias, H. Wolf, and B. Licke. Chem. Techn. 28, 730 (1976).

H. Seeboth, G. Ladwig, B. Kubias, G. Wolf, B. Licke. Ukr. Khim. Zh.

93, 842 (1977).



61.
62.
63.

6k.

65.

66.

67.

68.

69.
70.

71.
72.
73.

74.

75.
76.

77.

78.

176

M. Nakamura, K. Kawai, and Y. Fujiwara. J. Catal 34, 345 (1974).
M. Ai and S. Suzuki. Bull. Chem. Soc. Japan. 47, 3074 (1974).

W. H. Zachariasen. Theory of X-Ray Diffraction in Crystals, Dover

Press, New York, 1967.

J. M. Cowley. Diffraction Physics, North-Holland Publishing Co.,

New York, 1975.

R. W. James. The Optical Principles of the Diffraction of X-Rays,

North-Holland Publishing Co., Amsterdam, 1062.

B. E. Warren. X-Ray Diffraction, Addison-Wesley Publishing Co.,

Reading, Mass., 1969.
D. T. Cromer and J. B. Mann. Acta Cryst. B2k, 321 (1968).
D. T. Cromer and J. T. Waber. Acta Cryst. 18, 104 (1965).

H. Jagodzinski and K. Haefner. Z. Krist. 125, 188 (1967).

—

. Kakinoki and Y. Komura. J. Phys. Soc. Japan 9, 169 (1954)

and J. Phys. Soc. Japan 9, 177 (1954).

[

. M. Cowley. Acta Cryst. A32, 83 (1976).
W. H. Zachariasen. Acta Cryst 16, 1139 (1963).
A. C. Larson. Acta Cryst 23, 664 (1967).

International Tables for X-Ray Crystallography. Vol. |l, Kynoch

Press, Birmingham, 1963.
C. Scheringer. Acta Cryst. 19, 504 (1965).

D. W. J. Cruickshank and D. E. Dilling. Computing Methods and the

Phase Problem in X-Ray Crystal Analysis, Pergamon Press, 1961.

B. C. Tofield, G. R. Crane, P. M. Bridenbaugh, and R. C. Sherwood.
Nature 253, 722 (1975).

International Tables for X-Ray Crystallography. Vol. |, Kynoch Press,

Birmingham, 1963.



177

79. J. M. Longo and R. J. Arnott. J. Solid State Chem. 1, 394 (1970).
80. VY. Takeuchi and W. Joswig. Mineral. J. 5, 98 (1967).
81. E. Tillmanns, W. Gevert, and W. H. Baur. J. Solid State Chem.

7, 69 (1973).
82. F. Liebau and K-F. Hesse. Z. Krist. 133, 213 (1971).
83. G. Bissert and F. Liebau. Acta Cryst. B26, 233 (1970).
84. H. V8llenkle, A. Wittmann, and H. Nowotny. Monatsh. Chem. 94, 956 (1963).
85. C-H. Huang, 0. Knop, and D. A. Othen. Can. J. Chem. 53, 79 (1975).
86. L-0. Hagman and P. Kierkegaard. Acta Chem. Scand. 23, 327 (1968).
87. G. R. Levi and G. Peyronel. Z. Krist. 92, 190 (1935).
88. R. Hubin and P. Tarte. Spectrochim. Acta. 23A, 1815 (1967).

89. G. N. Ramachandran and R. Srinivasan. Fourier Methods in Crystallography,

Wiley-lnterscience, New York, 1970.
90. H. van der Meer. Acta Cryst. B32, 2423 (1976).
91. P. Remy and A. Bouille. Bull. Soc. Chim. Fr. 6, 2213 (1972).
92. P. Remy and A. Bouille. C. R. Acad. Sci. Paris, 258, 927 (1964).
93. F. d'Yvoire. Bull. Soc. Chim. Fr. 1224 (1962).
94. W. H. Baur. Trans. Am. Crystallogr. Assoc. 6, 129 (1970).
95. R. M. Douglass and E. Staritzky. Anal. Chem. 28, 984 (1957).
96. F. Liebau and H. P. Williams. Angew. Chem. 3, 315 (196L4).
97. N. Middlemiss, F. Hawthorne, and C. Calvo. Can. J. Chem. 55, 1673 (1977).
98. H. N. Ng and C. Calvo. Can. J. Chem. 51, 2613 (1973).

99. J. M. Cowley. Acta Cryst. A32, 88 (1976).

700, S. lijima. J. Appl. Phys. 42, 5891 (1971).
101. S: lijima and J. G. Allpress. Acta Cryst. A30, 22 & 29 (1974).

102. A. J. Skarnulis, S. lijima, and J. M. Cowley. Acta Cryst. A32, 799 (1976) .





