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The crystal structures of VOP 2Sio8, VO(Po
3

) 2 , V(P03) 3 , (V0) 2P2o7 

and VAso
5 

have been determined with the help of x-rays, and are compared 

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

+4 +5 
in the mixed oxfdes are octahedrally coordinated and the V o6 and V o6 

octahedra are all characterized by one short vanadyl bond. v+3o6 groups 

are nearly regular. The tetrahedral phosphorus is found in structural 

elements ranging from- infinite metaphosphate chains (V(P03)
3

, VO(Po
3

)2), 

to pyrophosphate groups ((Vo) 2P2o7) to isolated tetrahedra (VAso
5 

and VOP 2Si08). 

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 VAso
5

. 

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-VPo
5 

can be 

related to (VO)l2o
7 

through the formation of shears in a manner similar to 

shear formation in v2o
5

, and such a mechanism is proposed as a means whereby 

an a-VP05 catalyst can change into (V0) 2P2o
7

, the known composition of the 

spent catalyst. 
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CHAPTER 

I n trod uc t ion 

§ 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 anhydride 1. 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-lO 

and will be briefly reviewed. 

. +4 ( ) +3 ) oxrdes, V 0 P0
3 2

, V (Po
3 3 

The crystal structures of three vanadium 

and (v+4o)
2

P
2
o
7

, will be presented and 

phosphorus 

compared to the known crystal structures of the two forms of VP05
11 , 12 . 

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

of v+4oP2sio8 , readily formed from VO(Po
3
) 2 and Si02 , 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+5Aso
5 

will be presented as well as evidence for a solid solution 

of the form VPxAs 1_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 



states, it is also found in a variety of coordinations. Pentavalent 

vanadium can be found tetrahedrally coordinated in isolated tetrahedra 

(i.e. the vo4 tetrahedra are not connected to other vo4 groups)' but 

in vanadium oxides this coordination is usually found in infinite 

corner-sharing metavanadate chains, (vo
3

)"", (fig.1-1(a)) (e.g. Navo
3

13 ) 

and in pyrovanadate groups, v2o]4 , (fig. 1-l(b)) consisting of two 

h · h d ( Z V 0 14) Both v+5 and v+4 can ex1"st corner-s ar1ng tetra e ra e.g. n2 2 7 · 

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 

2 

long (octahedral coordination, fig. 1-1(c)), or missing (5-fold coordination, 

fig. 1-l(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 Wiseman 15 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. 

vo6 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 



3 

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. 



Figure 1-2. (a) Single corner-sharing octahedral chain 
(b) Double corner-sharing octahedral chain 
(c) Edge-sharing or rutile octahedral chain 

4 



5 

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 (figure 1-4(b)) or corners 

to form zig-zag sheets (fig. 1-4(c)). 

Most vanadium oxides can be considered members of the series 

vno2n+1 or vno2n-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 Brown 16, some V atoms appear to have partial valences. 

v2o5 , the first member of the vno2n+l series, is known to exist 

in two polymorphic forms. a-v 2o5
2 , 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. s-v2o
5

17 , 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. 

v
3

o
7

3 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. 

v4q9
4 contains single ribbons (fig. 1-3(a)) which link to each other 

and to double ribbons (fig.1-3(b)). Like v
3
o

7
, 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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Figure 1-4. (a) Sinqle octahedral sheet 
(b) Double octahedral sheet 
(c) Zig-zag octahedral sheet 
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ribbons are 5-fold coordinated. A second form of v4o
9 

has been reported 18 

but its structure is unknown. 

The last structure of the vno2n+ 1 series, v6o13
5 , 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, V02 , exists in at least two polymorphic forms. 

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

8 

the vanadyl oxygens of one sheet6 , and is thus related to the V o2 1 series. n n+ 

The other form is a distorted rutile structure containing edge-sharing 

(fig.1-2(c)) octahedral chains connected by corner-sharing7 . As will be 

seen, this form is related to the V 02 1 series. n n-

The V 02 1
8 , 9 • 10 structures contain two parts. A corundum type n n-

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 8 , and they increase monotonically in length as 

n increases from 39 , 10. vo2
7 contains only rutile chains and may be regarded 

as a structure where n~. 

Vanadium bronzes are compounds which in general have formulae 

M V 0 where M is a metal, y and z are integers and x can be non-integral. 
X y Z 

' 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-Lixv 2o
5

19 has a-v 2 o 5 ~like octahedral sheets, o-Agxv 2o
5

2 o has 

the double sheets seen in vo2 , and e-Alxv 2o
5

21 has alternating single 

and double sheets as in v6o13 . S-Naxv6o15
22 has double octahedral ribbons 



sharing one corner each with two neighbouring double ribbons and being 

bridged to two more double ribbons by single ribbons. 

alternating single and double ribbons. 

§ 1.3 The Phosphorus Oxides 

Li V 0 23 has 
X 3 8 

9 

Like vanadium, phosphorus exhibits multiple valences, but the P+S 

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+5o4 tetrahedra, P+5o4 groups can share corners to produce infinite 

metaphosphate chains (e.g. NaPo3
24) and pyrophosphate groups (e.g. zn2P2o7

25). 

Rings of corner-sharing tetrahedra are also prevalent (e.g. Na
3
P

3
o
9

26 

has rings of three phosphate groups, and Na4P4o12
27 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 different structures from the corresponding vanadium 

oxides. 

Phosphorus pentoxide exists in three crystalline fo~ms. The 

H-Form28 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 P4o10 groups of tetrahedral symmetry. The O-Form2 9 contains 

rings of ten phosphate tetrahedra linked in a three-dimensional network. 

The 0 1 -Form 30 contains sheets of linked six-membered rings. 

§ 1.4 The Arsenic Oxides 

Like phosphorus and vanadium, arsenic displays variable oxidation 



10 

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 NaAso
3

31, rings in K
3

As
3
o
9

32 , and 

pyroarsenate groups in Mg2As 2o7
3 3. As+5 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 vo6 octahedra, corner-sharing 

being the prevalent mode of joining neighbouring Aso6 groups. 

Although the crystal structure of hydrated arsenic pentoxide has 

been known for some time 34 , the structure of anhydrous As 2o
5 

has only 

been determined very recently 35 • It consists of zig-zag chains of 

corner-sharing Aso6 octahedra which are joined to neighbouring chains 

by Aso 4 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+5 for v+5 in NaVO 36 and As+5 for P+5 in NaPO 37 
3 3 

has been found. However, substitution of one for any other does not 

often occur. Thts can be due to the preferred octahedral and 5-fold 

coordination of v+5 , 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 8 investigated the v2o
5

-P2o
5 

system 

and concluded that,on melting mixtures of these oxides, oxygen is liberated 

d d · · d d f v+5 · d · f 4 d 3 an some vana 1um 1s re uce rom to ox1 at1on states o + an + . 

A study of the electron spin resonances of samples with different stoichio-

metries allowed him to conclude that the v2o
5

-P2o
5 

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 

the existence of (Vo) 2P2o
7 

and V(P0
3

)
3

, but no indication was given 

about the composition of other phases. 

Ladwig 39 also noticed a reduction of all forms of v+5Po
5 

(formed 

from a 1:1 mixture of v
2

o
5 

and P
2

o
5

) at temperatures greater than 700°C, 

forming a v+4 compound. This observation was recently verified by 

Bordes and Courtlne40 

Bordes and Courtine40 

and the reduction product was identified as (V0) 2P
2

o
7

. 

-4 established the presence of P2o
7 

and vanadyl groups 

in this compound from IR and UV spectra. The reduction of VP05 is 

contrary to the observations of Jordan and Calvo 11 , who report no appreciable 

mass loss of a-VPOS up to 1140°C, well beyond its melting point. 

VP0
5 

itself is found in several forms and has been rather exten-

sively studied. The structures and properties of a-VPo
5

11,39,41, S-VPo
5

12,39,41 

and the hydrates of VP0
5

39 , 41 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-VP0
5

11 consists of layers containing alternating 

corner-sharing vo6 octahedra and P04 tetrahedra (fig.l-6). The vo6 
octahedra contain the typical vanadyl oxygens perpendicular to the plane 

of figure 1-6, which form long bonds to vo6 groups in the next layer. This 

is the only connection between layers. The layers may be disordered by 
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proposed by Nador3B. 
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Figure 1- 6. The crystal structure of a-VP0
5 

as projected down the 
c-axis. The disordered positions of the oxygens are 
at the apices of the dashed parallellogram. 

13 



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-VP0
5 

grow in mica-like sheets. Evidence for some vanadium 

substitution at the phosphorus site has been found 42 • 

S-VP05
12 (figure 1-7) contains chains of vo6 octahedra parallel 

to~ arranged with the vanadyl oxygen of one group forming the long 

14 

axial V-0 bond of the next group. The psuedo 4-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. 

Ladwig39 has described the production of VP05.2H20 from a 

v2o
5

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

VP05.H 2o is formed at 60-80°C and at 150°C a-VPo5 is formed. He also 

noticed an expansion of the c-axis of a-VP0
5 

on hydration. This led 

him to conclude that the structure of the hydrates must be the layered 

structure of a-VP0
5 

with water molecules interstitially between the 

layers. No hydrates are known to form from S-VP0
5

, nor is there any 

evidence for an a+S transition. 

+4 A preparation for V O(Po
3

) 2 , its blue colour and its insolubility 

in most solvents were reported by Ladwig 43 in 1968. Preparations for 

this compound and V(Po
3
)

3 
have also been reported recently and separately 

by Lavro~ et a1~4 and Tofield,et a1~ 5 • From IR data, Lavrov concluded that 

VO(Po
3

) 2 is a metaphosphate and Tofield interpreted the diffuse transmission 

spectrum to show the existence of vanadyl groups. Both conclude V(P0
3

)
3 



15 

L 

Figure 1-7. The crystal structure of B-VPO~ projected down the 
a-axis. The second half of th~ cell can be generated from 
the bne shown by a centre of symmetry at (~.~.!). 
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contain metaphosphate chains. 

The crystal structure of VOP 2Sio8 was solved independently by 

ourselves and Rice,et a1~ 6 but their work appeared in print prior to ours 47 • 

Very little is known about the crystalline vanadium arsenic 

and phosphorus arsenic oxides. The existence of VAso
5 

and its hydrate 

has been reported4 8, 49 , and a powder pattern of the anhydrous material 

appears to be the same as that of a-VP05. No other vanadium arsenic 

oxides are known. Crystals of the form As P2 o
5 

have been studied 50 
x -x 

and were found to be isostructural with As2o
5 

for 1<x<2 from powder data. 

§ 1.6 Reduction of Vanadium Oxides 

v2o5 consists of single octahedral sheets, v6o13 consists of 

alternating single and double octahedral sheets, and vo2 consists of 

double octahedral sheets. If one sheet in the v2o
5 

structure is cooperatively 

moved along a shear plane as in figure 1-B(a), then a double sheet 

will be formed. By this mechanism, geometrically at least, conversion of 

v2o
5 

into v6o
13

51 (fig.1-8(b)) can be accomplished by moving every third 

sheet of v2o5 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 C02 , 

have failed to show V02 production from v2o
5

, but have confirmed the 

conversion of v6o
13 

into vo2
52 and a cooperative movement of octahedra 

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

reduction. The reduction of v2o
5 

to v6o
13 

under these conditions has 

been the subject of some controversy. Fiermans and Vennik53 have noted 



Figure 1-8. Schematic diagram of v 2o~ (a) forming v~o 1 ~ (b) by a 
shear in the direction indicated by the arfows. 
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Figure 1-9. Formation of \/0
2 

(c) from v6o13 (a) through the cooperative 
movement of octahedra ((a) and (b)) 
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and studied this transition by low energy electron diffraction, but Tilley 

and Hyde 54 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 v4o
9 

phase by 

Grymonprezl~ et al. 

The possibility of v2o
5 

and v6o13 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 v2o5 catalyst in the oxidation of 

hydrocarbons by Sachtler 55 to account for the production of v+4 in spent 

catalysts. He suggested that the vanadyl oxygens exposed on the surface 

of v2o
5 

were removed during the catalytic process. The vacancies so 

created can diffuse into the bulk of the v2o5 catalysts. This is an 

easy process since the v+4o
5 

groups so established can have many confi­

gurations. When the vacancies are at the appropriate oxygen sites for 

a shear to occur, the v6o13 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 released56,57. 

§ 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 2-butene ) over vanadium phosphates is thought to 

proceed by the following steps58,59,60. 



~ ~ ~ ~ 
H-C=C-C-C-H step 

1»­
, I 

H H 
1-butene (or 2-butene) 

~~~~ 
H-C=C-C=C-H 

butadiene 

~ }4 ~ ~ 
step 2 C-C step 3 C- C _ ___:. ___ .......,~ II ~ __ .,..,.. I - '\ 

""- H-e c-.H a~c c~a 
~ / "-o/ "o/ 
~ ~ ~ Jr 

H-C-C==C-C=O 
~ 

crotonaldehyde 

furan maleic anhydride 

Seeboth et a1. 59 • 60 found that crotonaldehyde was often an intermediate 

in step 2 as shown above. 

Ai 58 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 

20 

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 workers 40,SG,S 9 ,6 1 • Ai 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 62 found that the affinity of v2o5 catalysts for 

basic (i.e. electron donating) olefins decreases with P2o5 content, and 

hence the acid strength of vanadium phosphate catalysts must be smaller 

that that of v2o
5

. They suggest that this lower acid strength enhances 

the probability of maleic acid production rather than side-products such 
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as acetic acid, acetaldehyde and carbon dioxide. 

VPo
5

, when used as a catalyst, reduces to (v+4o) (v+5o) PO 40,59,60 x 1-x 4-x/2 

with the end-product being VOPo 3 . 5 ~(V0) 2 P 2 o7 . Bordes and Courtine 40 

found that on slow heating of VPOS to around 750°C, a metastable inter­

mediate, VPo4 .
75

, was formed which reduced on further heating to VPo4.
5

• 

In addition, both a and S-VP0
5 

were found to reduce to VPo4 .
5

, but only 

a-VP0
5 

was formed on re-oxidation. 

Nakamura 61 found that the yield of a catalyzed reaction decreased 

rapidly as the average oxidation number of the vanadium became less than 

4.0. He concluded that the redox cycle between v+5 and v+4 is mainly 

responsible for the catalysis, and that the vanadyl bond was important 

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 Courtine40 however, found that VO(P0
3

) 2 was not catalytically active. 
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Figure 1-10. Redox mechanism occuring during catalysis using a vanadium 
phos~hate catalyst as suggested by Nakamura61. 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 k scattered 
-o 

elastically from an electron at an arbitrary origin and one at a distance 

~away, the amplitude of the resultant wave-vector k will be proportional 

to exp(il:l~·-r) where l:l~ = k -k. If instead the scattering occurs from an -o-

electron distribution with electron density p(!), then the resulting 

amplitude will be 

A (!:I~) = J p (!) exp ( i l:l~· ~) dV, (2-1) 

where the integral is over the volume containing the charge density. 

An ideal crystal has three-dimensional translational symmetry. 

If the repeating unit, I .e. the unit cell, is defined by the vectors~' b 

and£, then for an ideal crystal, the electron density at a point~ is 

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

1' 
see for example books by Zachariasen63, Cowley64, James65 or Warren66, 
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the amplitude In equation 2-1 now becomes, for an ideal crystal, 

A( Ll!s_) = Z exp ( i Ll~:!0 f p(r) exp (iLl~·!) dV > (2-2) 
xyz u.c. 

where R = x~+y~+z~, 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 N , N and N unit cells in the x,y and z directions, 
X y Z 

Nx N~ Nz 
Z exp(iLlk•R) = l: exp(iLlk•xa) L: exp(iLlk•yb) Z exp(iLlk•zc) 

xyz -- x=1 - - y=l - - z=l 

= 
(1-exp(iNxLlk·a)) (1-exp(iNyLlk·b)) (1-exp(iNzLlk·c)) 
( 1-exp (iLl~· _0) • (1-exp (iLl£.·.§_}) • ( 1-exp (iLl£.· ~n 

The intensity of the scattered wave is 

= A ( Ll!s_) Nt: ( Ll!s_) 

(2-3) 

= Z exp ( i Ll~· ~) Z exp (- il~~: ~) f p (..!:_) exp (iLl~·.!:) dV f p (..!:_) exp (-iLl~·.!:_) dV, 
xyz xyz u.c. u.c. 

where the designation (*) implies the complex conjugate of the expression. 

Upon substitution of equation 2-3 into 2-4 and simplification of the sums, 

I = f p (..!:_) exp (iLl~·.!:.) dV J p (!_) exp (-iLl~·!) dV 
u.c. u.c. 

Because Nx, N and N are very large numbers, this expression has sharp y z 

maxima at 
..... <>;'( 

Llk = 27TH = 27r(ha" + k~ + R.£) , 

where h, k and R. are integers and a~·~, b* 
"!: 

and c 

lattice vectors and are defined as: 

a = 
bxc 

a bxc 

cxa 

a bxc 

are called reciprocal 

c = 
axb 

a bxc 

(2-6) 

(2-7) 
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For very large N , N and N , the maxima are so sharp that the intensity 
X y Z 

is non-zero only for k = 2~, and has a value N2 where N = N N N . This 
X y Z 

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 11 reflections 11 defined by condition 2-6. 

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

A(t.~ = A(!V = N f p(.!:_)exp(27ri!:!:!)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(.!:_}. 

In a crystal, the electron density can be considered as the sum 

of electron densities of individual atoms; 

i.e. = l.: p.(r•+r.), 
. J - -J 
:J 

where r. Is the position vector of the centre of the j~ atom and _r• 
-J 

is a vector within this atom. Consequently, the structure factor for 

a crystal .considering the different atoms in the unit cell separately 

becomes, 

F(!!_} = ~fpj(.':.•)exp(2Tii!:!: (.':_1+.!:))dV 
J 

= ~ f.exp(2TiiH•r.), 
J J - -J 

where the integral is now over the volume of one atom. f., the atomic 
J 

scattering factor, is the Fourier transform of the electron density of 

th . th e J- atom. 

(2-9) 

(2-10) 

(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-Fock67 and Slater68 

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 63 that all possible combinations of such symmetry operations 

Gan be classified in 230 space groups. 

Some symmetry operations can restrict the values of h, k and~ 

for the vector~ 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 

w i 11 be 

= E f.exp(2TiiH•r.) 
J - -J j 

= E f exp(2Tii(hx+ky+~z)) + f exp(2Tii(hx+~h+ky+!k+~z+~~)) m m m 

= E f exp(2Tii (hx+ky+~z)) (1+exp(2Tii(!h+!k+!~)), 
m m 

(2-12) 

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+~ ~ 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+~ ~ 2n 

ones for body-centred crystals) are called ?ystematic extinctions. 

Systematic extinctions can be found for glide planes, screw axes and 

centering conditions. A careful examination of the systematic extinctions 
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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 fa~ it has been assumed that crystals have perfect translational 

s,ymmetry 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• = r.+ 0. where r. 
- -J -J -J 

is the position vector for the average position of atom j and 0 . is the 
-J 

instantaneous displacement from this position. It is a function of time 

and of temperature, increasing as the latter increases. The structure 

factor thus becomes, formally, 

F(H) = ~ f.exp(21TiH· (r.+o.)), 
. J - -J -J 
J 

(2-13) 
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and the intensity is 

2 ·'· 
I = N l: f.f~exp(2niH·(r.+o.))exp(-2niH.(r.+o.)) 

• • J I - -j -j - -1 -1 
I ,j 

2 .... 
= N L f.f:exp(2niH·(r.-r.))exp(2~iH·(8.-o.)). 

. , J I - -J -1 - -J -1 
I , J 

(2-14) 

This is the Instantaneous intensity at any one time. Experimentally, 

the time average of this value is observed. This time average is indicated 

by <• •• >. 

For small displacements, 

<exp2~iH·(o.-o.)> = 1 + i<2nH·(o.-o.)>- t<(2nH·(o.-a.)) 2> 
- -j -1 - -J -1 - -J -1 

"" - t.hnH·(o.-8.)) 2> 
"\' - -j -1 

= exp(-n<(H.(a.- 0.)) 2>) 
- -J -1 

(2-15) 

= exp (- n< (!:!: (.£.J-.£.i)) 
2 )exp (- n< (!:!: ( 0 :i-.£.j) ) 

2 >) 

• exp ( 2 n< ( H • 8 • ) ( H • o . ) >) , 
- -J --1 

(2-16) 

since odd powers average to zero and large powers in the Taylor series 

are negligible. 

Thus the average intensity 

• (1 + exp(2n<(H·o.) (H·o.)>) -1) 
- -j --1 

= N2
jL: f.exp(2ni(H~r.))exp(-2M.)j 2 

. J - -J . J 
J 

+ second term containing 
( exp (2 ~< ( H • o.) ( H • o.) >) -1) - -J --1 

2M. is called the Debye-Waller factor and is equal to ({H·o .) 2
)'7T. (

2-ll) 
J -~ 



The first ter~ 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: f.exp(27Ti(H•r.))exp(-2M.). 
- . J - -J J 

J 

It is customary to write 

where the S are known as the anisotropic thermal coordinates and 
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(2-18) 

(2-19) 

describe the ellipsoid of vibration of atom j at the temperature considered. 

(b) Positional and Substitutional Disorder 

Bragg•s law will no longer be completely valid when disordering 

occurs, and equation 2-1 becomes 

A (L1k) = L: exp ( i l\~: ,!0 J p (.!:_) exp ( i ti~: .!:_) dV 
xyz u.c. 

= E exp(itik·R) L: f.(tik)exp(itik·r.) 
xyz - - j J - - -J 

= E exp { i ti~: ,!0 F 1 
{ ti~ , (2-20) 

xyz 

where~, as before, is xa+y~+z~, and where the F 1 may be different for 

each un i t ce 11 • They can differ in magnitude due to a difference in f. 
J 

values (substitutional disorder) or in phase due to a difference in r. 
-J 

values (positional disorder) or both. 

Equation 2-20 can be re-arranged as 

A(llk) = L: (F + F )exp(itik•R) 
P np --xyz 

(2-21) 
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where the F 1 have been divided into a periodic part (F) which represents 
p 

the 11average 11 structure factor for the cells, and stays the same for all 

the cells, and a non-periodic part (F ) which varies from cell to cell np 

and represents the deviations from the average cell. The intensity 

using equation 2-21 now becomes 

= IL: exp ( i flk· R) F I 
2 

+ I l: exp ( i flk· R) F I 
2 

xyz -- P xyz -- np 

+ l: exp(iflk•R)F l: exp(-iflk•R)F* 
-- P -- np xyz xyz 

..... 
+ · E exp(-iflk•R)Fft l: exp(iflk•R)F • 

-- P -- np xyz xyz 
(2-22) 

l: exp(iflk•R)F occurs in the first and last two terms of equation 2-22, 
xyz -- p 
and has a non-zero value only at the Bragg points defined by fl~ = 2TI~. 

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 fl~, 

!ts 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 eft 

direction for disorder in the c direction. The diffraction intensities 

have been calculated generally for such disorders by Jagodzinski 69 , 



31 

Kakinoki and Komura 7 0 and Cowley 7 1. 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 

wi~h 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 equal 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 is 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. Zacharlasen 72 has worked out the value of the 

secondary extinction correction and Larson 73 has suggested it may be 

used to relate the observed and calculated intensities by means of the 

formula 

= F2 ( 1 °F2 ) -~ calc - g~ calc. ' (2-23) 

where F b and F are the observed and calculated structure factors o s calc 

respectively, S is an effective absorption coefficient as derived by 

Zachariasen 72 and g is a measure of the amount of secondary extinction. 

It is 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 

wi 11 be the sum of the amp 1 i tudes of each of the ce 11 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, 

F total = 

or I =!Fa+ Fbi 2 total 

(2-24) 

(2-25) 

for a domain consisting of cells of type 11a11 and one consisting of type 

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

2 2 
1 total = IF al + I Fbi ' (2-26) 

when the domain size is much greater than the coherence length. Equations 

2-25 and 2-26 may be combined to give 

ltotal =I Fa! 2 +!Fbi 2 + a{FaF~ + F:Fb}' (2-27) 

where O<a< 1 . 

Coherence lengths of x-rays are of the order of one micron 64 • Thus a=l 

when the domain dimensions are much less than a micron and a=O when the 

domain dimensions are much greater than a micron. It follows that~for 

doma1ns 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. 

1/1
0 

= exp(-J.IA. t), (2-28) 

where I is the transmitted intensity, 1
0 

is the incident intensity, 

t the path length, and J.IA. the linear absorption coefficient of the 

material for radiation of wave-length A.. This absorption coefficient 

can be expressed as 

J.l ' = d l: X J.1 
1\ n n ~ 

n 
(2-29) 



where d is the density of the material, x is the fraction of atoms of 
n 

type n in the unit cell, and ~ is the mass absorption coefficient of 
n 
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atom n. It is listed in the International Tables for X-Ray Crystallography, 

Volume I 174 for all atoms. The atomic absorption coefficient increases 

with wavelength, atomic masses of the atoms, and density. Cor re c t i on s 

for absorption become increasingly important as these effects increase 

in size. In 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 11 ) and a component perpendicular (E.L) to the 

reflection plane. The intensity of the beam is equal to the square of the 

electric field. I .e. I = E2 = Eij + Ef The parallel component of the 

electric field reflects with 100% efficiency, but the perpendicular 

component reflects with an efficiency of cos2e: 

(Eu)reflected = (En) incident' 

. (E.L) reflected = (E1). 'd tcos2e . tnct en (2-30) 

If the initial beam was unpolarized, then E~ and E£ are each equal to tE2. 

and the intensity of the reflected beam is 

= E2 
reflected 

= (E )2 + (E )2 H reflected L reflected 

2 2 = (Ell). 'd t + (E,). 'd tcos2e tnct en ~ tnct en 

= I. 'd t(t + tcos2e). tnct en (2-31) 

2 2 2 If the initial beam was crystal monochromatized, then E11 :E1 = l:cos 2ec 



where 8 is the Bragg angle for the monochromating crystal. Thus, 
c 

2 
Eu = and 

This gives a reflected intensity of 

2 2 = I ( 1 + cos 28cCOS 28 ) • 
incident 1 + 2 cos 28c 

(c) Lorentz effect 

35 

(2-32) 

(2-33) 

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 

in tens i ty i s 

I. d = ffR2
JdtdA, tntegrate (2-34) 

where dA ls 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. d1 makes an angle of 

TI/2-28 with the reflected beam, and thus dl = (cos(TI/2-28))- 1dx = (sin28)-
1
dx 

where dx is an element of length along the reflected beam. We thus have 



-1 ( )-1 dtdA = wdldA = w(sin2e) dxdA = w sin28 dV, (2-35) 

where the element of volume dV is now independent of the Bragg angle. 

The integrated intensity now is 

I. d = JJR21w(sin28)- 1dV =I d(sin28)-
1
• 1ntegrate measure 

(2-36) 

Thus the total intensity depends upon (sin28)- 1 for this kind of crystal 

rotation. The factor (sin28)- 1 is known as the Lorentz factor. For 

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

§ 2. 6 The Phase P rob 1 em 

Structure factors can be written in the form FH = [FH[exp(aH) 

where aH is called the phase angle and I FH! is the amplitude of the 

structure factor. Since ffH = /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 

p(!:) = v- 1 
l: FHexp(-2ni!!_·!:) • 
H 

This expression cannot be evaluated, and hence p cannot be calculated 

(2-37) 

unless aH is known. This is known as the 11 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 

If 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. Navo
3 

and Livo
3
), 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(~), is defined as the convolution 

of the electron density with itself. 

00 

= f p(!) p(!+~) d~ ' (2-38) 
-co 

where the convolution (~~) is defined as shown. 

For a crystal with translational symmetry, this becomes 

p (~) = N f p (!) p (~+ ..!:!) d! (2-39) 

u.c. 

= N f 
u. c. 

= N L: L: FH 1 FHexp(-2'ITi_!:!:~) f exp2Tii(_li 1+_1i)•! d~. 
vz.'i•.'i u.c. 

(2- 39) 

The integral is zero unless H1 = -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 

( 2-40) 

The variable~ represents the distance between two points, and when 

this distance is the distance between two atoms in the unit cell, the value 

for P(~) 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, 



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 EAFexp(ia)exp(-2wiH•r) where AF is 
H --

the difference between the amplitude of the observed and calculated 

structure factors, and a 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.: 
I 

kF = kF (p.) + 
C C I 

!: (.ClkF C) 
I. a h.p. + . . . ' 

Pi pi I 
(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 

D = L: w (I F I - kl F cl ) 
2 

, 
H o (2-42) 

where w is a weighting function which will be discussed in the next section. 

If the model is reasonably close to the 11 true 11 structure, then second 

and subsequent terms in the Taylor expansion of kF are very small and 
c 

may be neglected. Thus, 

D = L: w(l F I - kl F (p.)l + !:(~kFc) h.p.)2. 
H 0 c I Pj' pi 1 

D is now minimized with respect to all the variables. 

ao = 0 ap. 
I 

i=l, ... n 

(2-43) 

(2-44) 



This produces upon simplification a set of n equations in the shifts 

p. of the form 
I 

ail~P1 + ai2~p2 + ··· + 

where a = l: w al kF cl • al kF cl 
ij H Clpi Clpj 

a. ~p 1n n = v. ' I 

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

Al:!.P = V 

40 

(2-45) 

(2-46) 

where the a .. are the elements of matrix A, the p. elements of vector~. 
I J I 

and the v. elements of vector V. 
I -

Equation 2-46 can be solved: 

t:;p = A -1~ , 

where A-l is the inverse matrix of A. The values of !:J.p. so found can 
I 

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-l are denoted by b .. , 
IJ 

the standard deviation for any parameter p. is 
I 

where m is the number of reflections. 

(2-47) 

(2-48) 

The correlation between variables is measured by the correlation 

coefficient 

0 .. =b . ./b~.bt. (2-49) 
I J I J I I JJ 

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. Scheringer75 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 

R = 
Ell F 0 1 -1 Fell 

IF 01 

or the weighted residual 

. El wl F I -1 F II 2 
_1 

R = ( o c r~ 
w I F I 2 

0 

§ 2.9 Weighting Schemes 

(2-50) 

(2-51) 

All reflections are not measured with the same accuracy and they 

should be weighed in a structure refinement. These weights cannot be 

determined~ 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. Cruickshank7 6 

suggests that a scheme of the form (a+biF l+cl F I 2)-1 be used. He argues 
0 0 

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+bl F I +cl F I 2+d (all F I ) 2) - 1 
0 0 0 

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 

VPOS in either the a, S, or hydrated form can be used as a 

precursor for the growth of VO(Po
3

) 2 , V(P0
3

)
3

, VOP 2Si08 and (V0) 2P2o
7 

crystals. The first two can be prepared from any form of VP0
5 

by varying 

the temperature and the amount of phosphoric acid required as illustrated 

in figure 3-1. (VO)l2o
7 

is a direct reduction product of VP0
5 

heated to about 800°C in an inert atmosphere. The VOP 2Si08 crystals 

can be prepared from VP0
5

, H
3

Po4 and quartz, although they are more 

easily prepared by vapour phase transport in iodine from VO(Po
3

) 2 and 

Si02
77

. Also, this material is very often found as a byproduct when 

v2o5 and P2o5 are mixed and heated in an evacuated quartz tube. The 

vanadium invariably appears to reduce under these conditions. VAso
5 

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 VP05 from the melt. Although most of the 

crystals can be grown readily, preparations often.produce glasses as by-

products and in fact crystals of both VOP
2
sio

8 
and VO(Po

3
)
2 

have been 

found which show some vitreous character on precession photographs. 

(a) Preparation of VOP 2Si08 , VO(Po
3
)
2 

and V(P0
3

)
3 

A 1:1 v2o5:P2o5 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 
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VPOc;(a,S and 
hydtated form) 

heat to 
rv800°C in 
N2 atmosphere 

excess 
H P04 and 

heat 3to rv 300°C 

add exces 

excess 
H P04 and 

heJt to rv 500°C 

add Sio2 and 
use 12 vapour 
phase transport 
in quartz tube 

Figure 3-1. Relationship between the preparations of the variou5 
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 

contained crystals identified as being VOP2Sio8 , VO(Po
3

) 2 and V(Po
3

)
3

, 

by comparison of their crystal parameters obtained from single crystal 

precession photographs to those of Tofield, et a1.45 ,77 • 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 phosphorus 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 VP0
5 

was found in the mixture and 

the colours of the crystals were all blue or green, which are the colours 

usually associated with v+4 and v+3. A yellow colour is usually noted 

for v+S. Crystals of VOP 2Si08 and V(Po
3
)

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 

0 cooling rate of 15 /hr. The resulting product consisted mostly 

of a glass and small crystals of VOP2Sio8 embedded on the surface away 

from the quartz container wall. Small crystals of VO(Po
3

) 2 were found 

in the bottom of the tube. No other crystals were found. It was thought 

that the crystals of VOP 2Si08 and VO(P0
3

) 2 could be vanadium rich with 

d · · th 1 · f th · 1 · · h v+4 1 · vana 1um e1 er rep ac1ng some o e s1 1con w1t or rep ac1ng some 

of the phosphorus with v+S, since the lattice parameters for both these 



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(ro
3
)

3 
were also prepared using the method of 

Lavro~ et a1. 44 and Tofield~et a1. 45 , by heating a 10:1 phosphoric acid: 

v
2
o

5 
mixture to 500°C 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(P0
3
)2 were prepared following the method of 

Tofield,et a1.45 using a 10:1 phosphoric acid:v 2o
5 

mixture heated over­

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

compacted. Better crystals were obtained by heating vso5 in the stoichio­

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(Po
3

) 2 reported by Lavro~ et a1.44 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 (Vo) 2r 2o
7 

Bordes and Courtine40 report that (V0) 2r 2o
7 

can be prepared by 

the reduction of VP05 (all forms) under nitrogen atmosphere at 800°C. 

VPo5 was prepared by grinding together thoroughly a 1:1, V:P mixture of 

V2o5 and NH 4H2Po4, and heating it in a platinum crucible at a rate of 



Table 3-1. Crystal Data 

Crystal 

Appearance 

C rys ta 1 used 
for Intensity 
Measurements 

Crystal System 

Lattice Parameters 
a(~) 
b (~) 
c (~) 
S (or y) ( 0

) 

z 

Systematic 
Extinctions 

Possible Space 
Groups 

v+40P2Si08 

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

ground sphere 
radius 0. 125 mm 

tet ragona 1 

8.723(1) 

8.151(1) 

4 

hkO, h+k#2n 
Old , R,;&2n 
hhR, , R,;&2n 

P4/ncc 

v+4o(Po3)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(4) 

4 

OkR, , kH#2n 
hOR, , h+Q. #2n 
OOR,, R,;&4n 
h+k+R,#2n 

11i2d or 
r4,md 

v+3(P03)3 

green rods with 
diameters up to 
0. 5mm, 1 engths 
up to 3mm 

ground sphere 
radius 0.1 mm 

monoclinic 

10.615(2) 
19.095 ( 4) 
9.432(1) 

S=97.94(1) 
12 

Ok~, k#2n 
hO~ , t #2n 
h+k+t;&2n 

I c or 
12/c 

(v+
4

o) l2°7 

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

ground sphere 
radius 0. 15 mm 

orthorhombic 

9.571(4) 
7.728(5) 

16.568(6) 

8 

Ok~ , k;&2n 
hO~ , ~;&2n 

Pbcm or 
Pbc2 1 

v+5As05 

yellow, mica-like 
layers of indefinite 
length, max. 
thickness 0.05 mm 

rod length 0.12 mm 
width 0.05 mm 

monoclinic 

6.35(3) 
6. 32 ( 3) 
8.256(5) 
Y"'90 (1) 

4 

hkO, h+k#Zn 
00~ , ~ ;&2n 

P2
1 
/n 

(c unique) 
..j:-
0' 



table 3-1. cont. 

Crystal 

Diffractometer 
used 

Scan rate 

Maximum 29 
(Mo Ka radiation) 

No. of symmetry 
independent non-
zero reflections 

-1 
ll (em ) 

Density (g/cc) 
calculated 
measured 

VOP 2Sto8 VO(P0
3

)2 V(P0
3
)
3 (VO) 2p 207 VAso

5 

Syntex Pl Syntex P2 1 Syntex P2 1 Syntex P1 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 4. 1 
insufficient 2. 9±0. 1 3.0±0.1 insufficient 4.0±0.1 
materia 1 material 

~ 
""-J 
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0 0 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 (Vo) 2P2o
7
), kept there for about an hour and then lowered 

0 6 0 at a rate of 6 /hr. to 00 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 (Vo) 2P2o7 crystals. A roughly equidimensional crystal was 

ground to a sphere and used for x-ray intensity measurements. 

(c) Preparation of VAso
5 

(and VAsxPl-xOS) 

Equimolar amounts of v2o
5 

and As2o5 were weighed and ground 

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 

VAso5, estimated by comparison with VPo5 to be about 800°C, at a rate of 

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°C. Air 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. 



Crystals of VAs P1 o5 were grown in a quartz tube under air 
x -x 

as above using samples prepared from the appropriate amounts of v2o
5

, 

As2o5 and NH4H2Po4. 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 cx-VP0
5

. 

§ 3.2 Measurement of X-Ray Diffraction Intensities 
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For each crysta\ preliminary photographs (precession or Weissenberg) 

were taken to determine the lattice parameters and possible space groups 

(through the use of the International Table~ Vol. 17 8) from the diffraction 

symmetry. The crystal was then centred on an automatic diffractometer 

and accurate lattice parameters were determined by least squares fitting 

to 15 reflections accurately centred at both positive and negative 28 

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. 11 74 ) were applied to all intensity 

measurements except those for VAso
5

. The latter had cylindrical 74 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. 



§ 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 parameteG as suggested by Zachariasen 72 and Larson~3 was 
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refined for each crystal. Atomic scattering factors for free atoms were 

obtained from Cromer and Mann 67 • Unless otherwise indicated, substitutional 

and positional disorder was treated by refining the parameters (co-ordinates 

and occupation) for an average cell. I.e. only the first term in equation 

2-22 is considered significant. 



CHAPTER 4 

The Crystal Structure and Substitutional Disorder of VOP 2Sio8 

§ 4.1 Solution of the Crystal Structure 

Two isostructural crystals of VOP 2Si08 were studied. The first 

had lattice parameters a=8.723(1) ~. c=8.151(1) ~and was found together 

with other crystalline phases grown from a v2o
5

-P2o
5 

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) ~and c=8.185(2) ~. The structure was solved for ~rystal I, and 

the final atomic and thermal co-ordinates obtained were used as starting 

parameters in the least-squares refinement for crystal I I. 

From the systematic extinctions, (hkO, h+k#2n; Ok~, ~#2n; hh~, 

~#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 functio~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. 
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The refined coordinates for crystal II v..ere not much different 

from those for crystal I, 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 I, but the refinement for crystal 

I I showed 5% substitution of V for Si. The substituted vanadium is most 

likely to be v+4 (although this oxidation state is not normally found 

tetrahedrally coordinated) or v+5 . The latter would require charge 

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

or Si+4 substituted at the P+5 site. None of the above substitutions could 

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

scattering factors for Si and P and for v+4 and v+3 are not sufficiently 

different to distinguish such small amounts of substitution. 

Weighting schemes for both crystal refinements were chosen so 

that <w~F2 > was essentially independent of <F >. The final R-factors 
0 

were R = 0.032 and Rw = 0.026 ( w = (0.62-0.0175/F/+0.000315/ F/ 2+775(cr/F) 2)- 1) 

for crysta.l I and R = 0.048 and Rw = 0.038 (w = (1.26-0.0341 Fl +0.00071 Fl 2 

2 -1 
+800(a/F) ) ) for crystal II. Final coordinates are 1 isted in table 4-1 

(crystal I) and table 4-2 (crystal II). 

§ 4.2 Description of the Structure 

Like a-VP05
11 and the isostructural a-vso

5
79, the structure consists 

of chains of vo6 octahedra along four-fold axes which are bridged to 

neighbouring chains by corner-sharing P04 tetrahedra {fig. 4-1 and 4-2). 

The vanadium atom is displaced 0.37 ~from the equatorial plane of the 

v+
4
o6 octahedron, thereby forming a short axial (vanadyl) and a long axial 



Table 4-1. 

Atom 

v 

p 

s i 

0 ( 1) 

0 (2) 

0 (3) 

Positional and thermal coordinates of VOP2SiOR (crystal 1). Values for the thermal 
coordinates are multiplied by 104• Standard aeviations are given within parentheses. 

X y z t u (.8.2) 
11 u22(.8.2) u33 (.8.2) u12(.8.2) u 13 (.8.2) 

.1. 0 0.35298(7) 60 (3) u 11 92(2) 0 0 2 

0. 17901 (9) X ~ 61 (3) u 11 85(2) 4(2) 0 (3) 

0 0 0 80 ( 4) u11 68(3) 0 0 

.1. 0 0.5480(3) 134(12) u 11 113(9) 0 0 2 

0.6523(2) 0.1620(2) 0.3077(2) 89(6) 74 (5) 174(5) -23 ( 4) -8(5) 

0.6390(2) 0. 4392 (2) 0. 3889 (2) 105(5) 126(5) 113(5) 3(4) 27(5) 

t The U .. and e .. are related by e .. = 2TI2 b.b.U .. where the b. are the magnitudes of the corresponding 
reciptdcal laHice vectors. IJ 

1 
J IJ 

1 

u23 (.8.2) 

0 

0 (3) 

0 

0 

46 (5) 

-33(5) 

\J1 
w 



Table 4-2. 

Atom 

v 

p 

s i 

0 ( 1) 

0 (2) 

0 (3) 

Positional and thermal coordinates of VOP2SiOR (crystal I I). Values for the thermal 
coordinates are multiplied by 104. Standard aeviations are given within parentheses. 

X y z u11(~2 ) u22 (~2) u33(~2) u 12 0~.2) u13(~2) 

1 0 0.3527(1) 65(5) u 11 110(4) 0 0 

0. 1795 ( 1) X t; 62 (5) u 11 87(4) 1 ( 3) 0 (3) 

0 0 0 79(9) u 11 62 (6) 0 0 

1 0 0.5464(5) 127(18) u 11 117(14) 0 0 

0.6529(2) 0.1614(2) 0.3068(2) 1 02 ( 10) 77 (9) 178(8) -27(6) -10 (7) 

0.6395(2) 0.4386(2) 0.3886(2) 107(8) 133(9) 113(7) 3 (7) 26 (7) 

u23 (~2) 

0 

0 (3) 

0 

0 

41 ( 7) 

-35 ( 7) 

V1 
..e-



b 
a 

Figure 4-1. A half-cell projection of the structure of VOP 2Sio8. 
The remainder of the cell can be generated by a~ glide 
plane parallel to the face diagonal. 
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c 
110 

/' 

, , , 

Figure 4-2. The structure of VOP2Sio8 as projected on the 1l0 plane. 
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V-0 bond. The oxygens around v+4 form an almost regular octahedron with 

0-0 distances of 2.743. 2.757 and 2.871 /?.(equatorial-equatorial, short 

axial-equatorial, long axial-equatorial distances respectively) 

Lfnked P0 4 and vo6 groups lie in planes perpendicular to c. 
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These planes are joined by the axial vanadyl bonds as well as Sio4 

tetrahedra which join adjacent planes by corner-sharing with two phosphate 

groups in each plane (fig.4-2). This is in contrast to o:-VP0
5 

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•s94 .bond 

order distance relationships and Brown•s16 bond-valences predict this 

trend but predict differences of 0.036 and 0.146 ~respectively compared 

with the actual value of 0.088 ~. 

The Sio4 group forms an almost perfect tetrahedron with an Si-0 

bond-length in the range normally reported for silicon containing mineralssu. 

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 a1. 46 independently reported essentially the same structure 

for VOP 2Sio8. Their bond lengths and angles and those of crystal 1 and 

crystal ll.do not differ significantly (table 4-3). 

§ 4.3 Substitutional Disorder 

Substitutional disorder is ·one possible explanation for the 

discrepancy in the lattice parameters SQown in table 4-4. The two crystals 

in this work were compared with respect to composition (from electron 
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Table 4-3. Bond angles ( 0
) and distances (E) for VOP 2SixVl-xo8 . 

Estimated standard deviations are indicated in parentheses. 

vo6 group 

crysta 1 I crystal II R. 146 1ce,et a . 
X = 1.00 ( 1) X= 0.95(1) 

bond 

V-0(1) i 1 .590(3) 1 .585(4) 1.591(2) 

v -0 ( 1) i i 2.486(3) 2.508(4) 2. 492 ( 1) 

v -0 (2) i x4 1.974(2) 1.978(2) 1.977(1) 

angle 

0(1}i-V-0(2)i 100.77(7} 100.97(7} 100.81 (3) 

0(2)i-V-0(2)iii 88.00(8) 87.93(8) 87.98(2) 

0(2} i-V-0(2) iv 158.45(7) 158.07(9) 158.37(7) 

Si04 group 

bond 

Si-0(3)v x4 1.604(2) 1.614(2) 1.610(1) 

angle 

0(3)v-Si-0(3)vi i 111.23(9) 111.17(11) 111.58(7) 

0(3)v-Si-0(3)vi 108.60(9) 108.63(11) 108.43(4) 

Po4 group 

bond 

P-0(2)v x2 1.483(2) 1.483(2) 1 . 492 ( 1) 

P-0(3)v x2 1.571 (2) 1.572(2) 1 . 572 ( 1) 

angle 

0(2) i i i-P-0(2)v 113.23(9) 113.07(12) 113.04(8) 

o( 2) i i i-P-0( 3) iii 110.52(9) 110.69(10) 110.48(5) 

0(2)iii_P-0(3)v 109.47(9) 109.35(12) 109.44(5) 

0(3)iii_P-0(3)v 103.17(9) 103.25(11) 103.56(8) 
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Table 4-3 cont. 

angles at bridging oxygens 

angle Crysta 1 Crystal II Rice~ et a 1. 

V-0(2)-P 146.56(8) 146.40 ( 1 0) 14 6. 36 (6) 

P-o (3) -s i 142.36(8) 142.50 ( 1 0) 142.21 (6) 

Symmetry code 

i ) X y z i v) -x -y z 

i i ) -x y -!-+z v) -!-+x t-y -!--z 

i i i ) -!--y -!-+x z vi) t-y t-x t+z 

vi i) -!--x -!-+y t-z 
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a c Reference 

8.723(1) 8.151(1) This work, crystal for 
X = 1. 00 ( 1) 

8.733(2) 8.185(3) This work, crystal II for 
X= 0.95(1) 

8.697(8) 8.119(8) To f i e 1 d , e t a 1 . 77 f rom 
powder pattern 

8.747(2) 8.167(2) Rice, et aJ. 46 from 
single crystal 
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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 I and ratios of V:Si:P = 1.05(10):0.95(9):2.0 for crystal II. 

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 II, 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 signifj~ant. 

Crystals of the form VOP Si V o8 can probably be prepared with 
X y Z 

various values of x, y 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 I was prepared from vso
5 

and H
3

Po 4 (p.45) and has cell 

parameters a=10.960(1) ~. c=4.253(1) ~. Crystal II, grown in a vanadium 

rich atmosphere (p.44) has cell parameters a=l0.975(3) ~. c=4.253(1) ~. 

The structure was first solved for crystal I, and the coordinates 

obtained were used as starting coordinates in the least-squares refine-

ment for crystal II. 

The space group was established as either 141md or lq2d from 

the systematic extinctions (Okt, k+t~2n; hOt, h+t~2n; OOt, t~4n; 

h+k+t~2n). Since there are only four vanadium atoms per unit cell, they 

must necessarily lie on the 41 or 4 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 O(V)), bonded axially to V, at a 

point (0,0,0.38) away. This gives the following trial models: 

V at 0,0,0 

Pat 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 142d, V at 0,0,0 

P at -1;,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 O(V) atom. 

C: for 142d, an alternative model is 

Vat 0,0,0.12 

P at -1;,0. 16,-1/8 

O(V) at 0,0,0.5 
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This alternative will require the V and O(V) atoms to be disordered, 

occupying with half-occupancy positions at O,O,±z. The phosphorus atom 

here will not be disordered since it sits on an 8-fold special position. 

All 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 

O(V) were .J;E 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 142d (14, Fdd2, and 12 12121). 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,t,-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 

I are in table 5-1, and for crystal II in table 5-2. 

Since the second crystal has a larger value for~· and the P-0(2) 

bond length is 0.02 ~ larger than that for the first crystal (table 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 I, 

and 6% substitution of V for P in crystal I I. This amount is suggestive, 

but far from conclusive, of substitution of V for P in crystal I I. 

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 F and F 
0 c 

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/+0.0154/ Fj 2 

+1000(cr/F) 2)-1) was used with crystal I to give final R=0.097 and 

R =0.114. The R-values for crystal I I are R=O. 12 and R =0. 14 (w=(15.5 w w 

-0.15/ Fj +0.0162/ Fj 2+1000(cr/F) 2) - 1). 



Table 5-1. 

Atom 

v 

p 

0 ( 1) 

0(2) 

O(V) 

t 

Positional and thermal coordinates for VO(PO ) 2 (crystal 1). Values for the thermal 
coordinates are multiplied by 104• Estimated standard deviations are in parentheses. 

X y z u 11 (~2) u22(~2) u33 (~2) u12(~2) u13(~2) 

0 0 0.0960(20) 130(20) 110(20) 130(20) 20(20) 0 

1/4 0.1614(3) -1/8 100(20) 70(20) 120(20) 0 40 (20) 

0.1901(9) 1/4 5/8 110 ( 40) 150(40) 160(40) 0 0 

0.1486(7) 0.0934(7) 0.0300(20) 170(30) 170(30) 250(40) -80(30) -60(30) 

0 0 0.4750(50) 140 (3o)t 

Isotropic thermal coordinate 

u23(~2) 

0 

0 

10(40) 

10 ( 30) 

(j'\ 

V1 



Table 5-2. 

Atom 

v 
p 

0 ( 1) 

0(2) 

O(V) 

Positional and thermal coordinates for VO(P0~) 2 (crystal I I). Values for the thermal 
coordinates are multiplied by 103. Estimate~ standard deviations are in parentheses. 

X y z u11{]1.2} u22(~2) u33(~2) u12(~2) u 13 (~2) 

0 0 0.089(2) 17 (3) 11 (3) 12 (2) 7(2) 0 

1/4 0.161(1) -1/8 11 (2) 9 (2) 13 (2) 0 7(2) 

0.190(1) 1/4 5/8 11 ( 6) 20 (5) 30 (7) 0 0 

0. 149 ( 1) 0.093 (1) 0.039(3) 22(5) 20(5) 22 (5) -4 (4) -7(4) 

0 0 0.475(5) 18(5)t 

t Isotropic thermal coordinate 

u23(~2) 

0 

0 

16 ( 7) 

6 ( 4) 

(j'\ 
(j'\ 
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Table 5-3. Bond angles (0
) and distances (~) for the two crystals 

~f VO(P0
1

) 2. Estimated standard deviations are indicated 
1n parentheses. 

vo6 group 

bond 

V -0 (V) 

V -0 (V) i 

crystal 

1 0 62 ( 1 ) 

2.63(1) 

V-0(2) x2 1.944(8) 

V-0(2) i x2 1.997(8) 

Po4 group 

crystal II angle 

1 . 64 ( 1 ) 0 (V) -V -0 (V) i 

2.61 (1) O(V)-V-0(2) 

1 0 94 ( 1) 

2.00(1) 

O(V)-V-0(2) i 

0(2)-V-0(2) i 

crys ta 1 I 

180 

98.3(3) 

105.6(3) 

87.8(3) 

0(2)-V-0(2)ii 163.5(5) 

0(2)i-V-0(2)iii 148.8(5) 

bond crystal I crystal II angle crystal I 

P-0(1) x2 1.582(5) 1.584(6) o(l)-P-0(2) x2 107.1(5) 

P-0 (2) x2 1 . 492 (9) 

bridging angles 

angle crystal 

V-0(2)-P 162.0(4) 

V-0(2)vi_pvi 138.2(4) 

P-0(1)-P 131.0{4) 

Symmetry operations 

i) x -y -z 

i i) -x -y z 

iii)-x y -z 

1.510(12) 0(1)-P-0(2)iv x2 108.6(4) 

0(1)-P-0(1)v 104.4(3) 

crysta 1 II 

158.9(6) 

136.8(6) 

130 0 9 (5) 

0(2)-P-0(2) iv 

iv) t-x y 3/4-z 

v) t-x -!-y -!+z 

vi) -y x -z 

120.0(5) 

crys ta 1 II 

180 

96.4(4) 

105.7(4) 

88.3(5) 

167.2(7) 

148.5(6) 

crys ta 1 II 

107.5(6) 

108.0(7) 

104.2(4) 

120.5(7) 



§ 5.2 Description of the Structure 

Like VOP 2Si08 and a-VP0
5

, the vanadium atom has one long and 

one short axial bond directed along a 4-fold axis. These bonds join 

adjacent vo
6 

groups to form chains in the c direction. The v+4 atom is 

displaced by about 0.4 ~along the ~ axis from the centre of the vo6 

octahedron. Unlike VOP 2Si08 and a-VP05, the equatorial oxygen atoms do 

not lie in a plane. ~symmetry places two diagonally opposite oxygen 

atoms about 1/8 E above the z=O plane, and the other two about 1/8 ~ 
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below this plane. Neighbouring vo6 chains are parallel, but corresponding 

octahedra are displaced by+~~ or -~~from neighbouring groups. 

The vo6 chains are corner-shared with phosphate tetrahedra which 

are linked together to make up infinite (Po 3 )~ metaphosphate chains. 

Each of the metaphosphate chains links four vo6 chains (figs. 5-1 and 

5-2). The phosphate groups within a chain are related by a 21 axis in 

the (001) direction at (~,~,z). The chains are related to their four 

neighbouring chains by a~ axis at the origin parallel to~· 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 16 

0 94 
(0. 146 A) and Baur (0.065 E). 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 SiP2o7
81 , 82 , 83 even though stoichiometrically the two 

structures are similar (VO(Po
3

)2 could be written as VP2o
7
). All the 

polymorphs of SiP2o7 consist of P2o
7 

groups joined by Sio6 octahedra. Each 

octahedron shares corners with six P2o
7 

groups. Structures of the form 

MP2o7 (isostructural to a cubic polymorph of SiP2o7 according to powder 
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Figure 5-1. 
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a 

The crystal structure of VO(P0
3

) projected down the£ axis. 
The vanadium atoms are disorderea being located approximately 
±0.096 above and below the z-values indicated on the diaqram. 
The positions of residual density are indicated by (x). -



Figure 5-2. The crystal structure of VO(Pn 1)2 projected along the 
The two possible positions of the vanadium atom are 
indicated as V and Vd within one of the octahedra. 
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b-axis 



patterns) also exist forM= Sial, Ge84, snss, Zr86 , Pb, Ti, Hf, 

Ce and U87 •88. It is likely that the difference in structures arises 

from the characteristic vanadyl and long axial V-0 bonds which occur 

· 11 k • · v+4 b k f f 1n a nown structures conta1n1ng , ut are un nown or most o 

the other cations. The short V-0 bond has a bond valence of 1.6, and 

it would be difficult for a P04 group to share such an oxygen atom. 

§ 5.3 Substitutional Disorder 

Bordes and Courtine40 have reported the preparation of powders 
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all having the same powder pattern and having the composition VO(PxVl-xo3)2 

over the range 1~x<0.9. It is reasonable to assume that such crystals 

are substitutionally disordered with v+S 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 I and x=0.9(1) for crystal I I. 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 

d i so rde ring. 

§ 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-£· Such disordering would produce diffuse lines through 
.J. ..~ 

the Bragg reflections parallel to a" and b" Two-week-long exposures of 
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the hO~ and Okt 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 O(V) being of negligible magnitude. The 

diffuse streaks appear to be of uniform intensity indicating the disorder 

is perfectly random. Thu~ any one vo6 chain can have the vanadyl bonds 

point in the +cor -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 110 plane. This would introduce 

additional disordered vanadium atoms at the points O,t,3/4±0.096 

and t,0,!±0.096. 

B. The structure is rotated about (±!,±!,z). This would introduce 

vanadium atoms displaced by-! in z from the original positions. 

C. The metaphosphate chains undergo a 41 rotation at (±!,±!,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 hO~ projection 

of VO(Po
3
) 2 showing the diffuse streaks going 

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 
2 2 ~ ~ 

a and the occupation, x, in lobs= I F1! +I xF 21 + a(xF{; + xF;'F 2) 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 F., 
I I 

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

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

O.::_a.::_1 which is the range possible for a(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~· 

Such a model would produce streaks along~,·: 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 4 operation. This would 

keep the geometry of the vo6 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 
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lower temperatures. hk£ reflections were compared at room temperature 

0 and at -150 C. No significant changes in intensities were observed. 



CHAPTER 6 

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

3 

§ 6.1 Solution of the Crystal Structure 

The structure determination was begun by Dr. F.C. Hawthorne 

with a unit cell of a=10.615~, b=6.365~, c=9.432~; S=~7.9° and space group 

is lc or 12/c. He solved the structure in 12/c and refined 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
3

)
3 

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

the possible space groups remain the same. Only k=3n reflections have 

strong intensities. The structure must consist of three of Hawthorne 1s 

cells, with small structural variations from one to the next. This is 

only possible in the non-centrosymmetric space group lc. Tofieldjet al. 45 

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~ priori reason 

for assuming any direction for the shifts from the average cell, the 

possibility of a false minimum in the least squares fit exlsts .. A ~9 

synthesis, which is a Fourier sum of terms of the form(! FJ 
2!/ Fe/ )exp(i~c)' 

where F
0 

is the observed structure factor, Fe the calculated structure 

factor, and ~c 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 F
0

/Fc to the structure factors. If 

F >>F , at least some of the atomic co-ordinates which contribute signifi­c 0 

cantly to the value for Fe must be wrong. The weight, F /F , will be 
0 c 

small, and hence peaks which would result from incorrectly placed atoms 

will be depressed. If Fc<<F
0

, unknown atomic positions must contribute 

significantly to F . The weight for such a structure factor will be large c 

and peaks indicating unknown atom positions will therefore be enhanced. 

No solutions different from the one refined were found from the B map. 

Recently, the structure of Al(Po
3

)
3 

has been determined90 . It is 

isostructural with the model of V(Po
3

)
3 

proposed here, suggesting that 

this structure is correct. 

The final R and R were 0.091 and 0.065 respectively (w=(46-0.5~ F/ w 

+0.0023/ F/ 
2
+1000(cr/F) 2)- 1). The agreement for only the k#3n reflections 

was R=0.134 and Rw=0.094. The larger values are not unreasonable since 
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Table 6-1. Positional and thermal coordinates for V(PO ) . 
Estimated standard deviations are indicated fn 3parentheses. 

Atom X y :z: u (~2) 

V (a) t. 0.0798(2) t. 0.0057(5) 

v (b) 0.2529(5) 0.4115(2) 0.2479(6) 0.0049(5) 

V (c) 0.2308(3) 0. 7549 (2) 0.2631(4) 0.0056(6) 

p ( 1) 0.9756(6) 0.1442(3) 0.7657(7) 0.0059(8) 

P(2) 0.0156(5) 0.4803(2) 0.7409(6) 0.0063(8) 

p (3) 0.0027(5) 0.8142(2) 0.7476(6) 0.0043(7) 

p (4) 0.1026(5) 0.3018(2) 0.4404(6) 0.0051(8) 

p (5) 0.0967(5) 0.6370(2) 0.4420(6) 0.0050(8) 

P(6) 0.1168(6) 0.9681(3) 0.4363(7) 0.0073(9) 

P(7) 0. 8791 (6) 0.6965(2) 0.5748(7) 0.0056(9) 

p (8) 0.8809(6) 0.3629(2) 0.5710(6) 0.0036(8) 

P(9) 0.8961 (5) 0.0267(3) 0.5561(6) 0.0056(8) 

O(a,2) 0.9033(10) 0.5190(6) 0.7784(13) 0.0106(21) 

O(a,3) 0.0884(10) 0.1321(5) 0.2112(12) 0.0062(19) 

O(a,6) 0.1501 (12) 0.9981(6) 0.2994(14) 0.0068(22) 

O(a• ,6•) 0. 2262 ( 13) 0.0544(7) 0.0417(16) 0.0120(26) 

O(a,7) 0.8502(11) 0.6635(6) 0.7091(13) 0.0092(20) 

O(a,8) 0.7808(10) 0.6097(6) 0.9585(13) 0.0051(20) 

O(b,2) 0.1211(11) 0.4803(7) 0.1862(13) 0.0114(22) 

0 (b '3) 0.8865(12) 0.8371(7) 0.8006(15) 0.0145(24) 

0 (b ,4) 0. 1266(12) 0. 3577 (6) 0.3473(15) 0.0159(24) 
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table 6-1 cont. 

Atom X y z u (~2) 

O(b,5) 0.2044(11) 0.3651(6) 0.0631(13) 0.0085(20) 

O(b,9) 0.8769(11) 0.9686(6) 0. 6562 ( 13) 0.0049(19) 

O(b• ,9 1 ) 0. 8011 ( 11) 0.9652(6) 0.9295(13) 0.0045(20) 

O(c, 1) 0. 0930 ( 13) 0. 8251 ( 7) 0.2191 (15) 0.0112(24) 

O(c 1 ,1 1
) 0.8775(11) 0.1913(6) 0.8121(13) 0.0057(21) 

0 (c ,4) 0.2022(12) 0.7099(7) 0.0734(15) 0.0130(24) 

O(c,5) 0.1070(10) 0.6876(5) 0.3255(12) 0. 0086 ( 19) 

O(c,7) 0.7683(11) 0.2840(6) 0. 9689 ( 14) 0.0083(21) 

o(c,8) 0. 8414 ( 1 0) 0.3298(6) 0.6975(13) 0.0106(21) 

0(4,3) 0.0835(10) 0.2294(6) 0.3723(12) 0.0068 ( 19) 

0(4,8) 0. 9695 ( 10) 0.6892(6) 0.0056(13) 0.0091 (20) 

0(5,2) 0.0776(10) 0.5603(5) 0.3814(11) 0.0058(18) 

0(5,7) 0. 9679 ( 11) 0.3545(6) 0.0103(14) 0.0136(22) 

o(6,1) 0.0125(13) 0. 9079 (7) 0. 3906 ( 16) 0.0091 (25) 

0(6,9) 0.0360(11) 0.9765(6) 0.0181 (13) 0.0062(21) 

0 (7 ,3) 0.9673(11) 0.7633(6) 0.6137(13) 0.0095(21) 

0(8,2) 0. 9770 ( 12) 0.4235(7) 0.6178(15) 0.0139(24) 

0 (9 '1) 0.9072(12) 0.0973(7) 0.6453(15) 0.0115(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 (P0
3

)oo chains which zig-zag in the£ direction. 

vo6 octahedral are found between these chains and are bridged to 

neighbouring vo6 groups in the a direction by a phosphate tetrahedron in 

each of two chains, and in the c direction by two phosphate groups in 

each of two chains. The structure differs from VPO~, and .vo(Po3)2 

in the lack of vanadyl bonds, and vo6 chains. 

As can be seen from figure 6-2, the major differences between 

each third of the cell along~ 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 

ce 11 ( tab 1 e 6-2) . 

The different types of bonds and 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 Baur94(o.o8~) and Brownl6(0.15~). The (V-)-0-P-0(-P) angle 

is consistently the largest angle in all the P04 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 vo6 octahedra are close to being regular since the 

maximum difference between V-0 bonds in any one group is 0.07(2) ~. and 

the axial and equatorial angles at the vanadium atoms are close to 180° 

and 90° t' 1 respec 1ve y. 

Table 6-4 gives the distances between corresponding atoms in 





Figure 6-2. 

® 

@) 

The environments about the vanadium atoms near x,z = ~.~ 
for the three ranges (a) 0 <y <1/3, (b) 1/3 ~y ~2/3 
(c) 2/3 <y ~1. - -

82 



Table 6-2. Bond Geometry in V(PO ) 3. The oxygen atoms are listed 
sequentially counterc~ockwise as they appear in diagram 5-2. 
They are labelled according to the atoms they bridge. 
Estimated standard deviations are in parentheses. 

vo6 groups - bonds are of the type V(x)-O(x,y) 

distances (E) for V (a) o6 distances (~) for V (b) o6 distances ()X) for V (c)o6 

X y distance X y distance X y distance 

a 2 1 . 99 ( 1) b 3 2.02(1) c• 1 I 1 .98(1) 

a 7 1. 99 ( 1) b• 91 2.00(1) c 8 2.00(1) 

a• 6• 2.01(2) b 5 1.96(2) c 4 1.97(2) 

a 3 1.98(1) b 2 1.95(1) c 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 O(x,y)-V(x)-O(x,z) 

angles (0) for V (a) o6 angles (0) for V (b) o6 angles (0) for V(c)o6 
X y z angle X y z angle X y z angle 

a 2 7 92.6(5) b 3 91 90.5(5) c ,. 8 92.0(5) 

a 2 6• 88.9 (6) b 3 5 89.4(7) c 1 I 't 87.8(6) 

a 2 3 172.6(6) b 3 2 176.5(9) c 1 I 175.4(6) 

a 2 6 87.9 (5) b 3 4 90.9(5) c 1 I 5 93.7(5) 

a 2 8 90.8(6) b 3 9 93.6(7) c 1 I 7 84.2(6) 

a 7 6• 90.1 (6) b 01 5 88.3(6) c 8 4 93.1 (6) -' 

a 7 3 91. 1 (5) b 91 2 89.5(5) c 8 8lt. 3 (5) 

a 7 6 177.5(6) b 91 4 177.2(6) c 8 5 174.3(5) 

a 7 8 86.8(6) b 91 9 89. 1 ( 5) c 8 7 93.2(6) 

a 6• 3 84.6(6) b 5 2 87.1(7) c 4 95.1(7) 

a 6• I' 92.3(6) b 5 4 94.2(6) c 4 5 87.8(6) 0 

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



84 

table 6-2 cont. 

angles ( 0) for V (a) o6 angles ( 0) for V (b) o6 angles ( 0) for V (c) o6 

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

a 3 6 88.7(5) b 2 4 89.3(5) c 5 90.0(5) 

a 3 8 95.8(5) b 2 9 89.9(6) c 7 93.3(7) 

a 6 8 90.8(6) b 4 9 88.4(6) c 5 7 86.8(6) 

P04 groups - bonds are of the type P(x)-O(y,x) 

distances {.l\) for P (2) o
4 distances (~) for P (3) o4 distances (~) for P(l)o4 

X y distance X y distance X y distance 

2 a 1 . 49 ( 1) 3 b 1 . 46 ( 1) c' 1. 49 ( 1) 

2 5 1.60(2) 3 4 1.59(2) 6 1.55(2) 

2 b 1 . 49 ( 1) 3 a 1. 48 ( 1) c 1 . 50 ( 1) 

2 8 1.60(2) 3 7 1.60(2) 9 1.55(2) 

angles are of the type O(x,y)-P(y)-O(z,y) 

angles (0) for P(2)o4 angles (0) for P(3)04 angles (0) for P(1)o4 

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

a 2 5 107.2(8) b 3 4 107.3(9) c' 6 106.1(9) 

a 2 b 119.6(7) b 3 a 118.5(7) c' c 119.6(7) 

a 2 8 112.1(9) b 3 7 109.6(9) c' 9 106.8(9) 

5 2 b 106.7(8) 4 3 a 106.9(8) 6 c 110.0(9) 

5 2 8 108.0(8) 4 3 7 108.1(7) 6 9 103.3(9) 

b 2 8 102.6(8) a 3 7 106.0 (8) c 9 109.7(9) 

distances (.l\) for P(6)o
4 distances (.1\) for P(5)o 4 distances (.1\) for P(4)o4 

X y distance X y distance X y distance 

6 a' 1. 48 (2) 5 b 1.50(2) 4 c 1.48(2) 

6 a 1.50(2) 5 c 1. 48 ( 1) 4 b 1.48(2) 



table 6-2 cont. 

distances(~) for ?(6)o
4 

x y distance 

6 

6 9 

1.61 (2) 

1. 62 ( 1) 

x y z angle 

a• 6 a 

a• 6 

a 1 6 9 

a 6 

a 6 9 

6 9 

115.6(8) 

114.7(9) 

106.6 ( 10) 

106. 1 ( 10) 

111.3(7) 

101.8(6) 

distances (R) for P(8)o4 

X 

8 

8 

8 

8 

y 

a 

c 

2 

4 

distance 

1.49(2) 

1.46(2) 

1.57(2) 

1.55(1) 

angles (~) for P(8)o
4 

X y Z 

a 8 c 

a 8 2 

a 

c 8 2 

c 8 '~ 

2 8 4 

angle 

118.4(7) 

108.3(8) 

110.7(9) 

109.8 ( 1 0) 

107.7(7) 

100.3(6) 

distances (~) for P(5)0h 

x y distance 

5 2 1.58(1) 

5 7 

angles 

1 . 60 ( 1) 

(
0

) for P(S)o
4 

X y z angle 

b 5 c 

b 5 2 

b 5 7 

c 5 2 

c 5 7 

2 5 7 

117.2(7) 

107.4(9) 

107.3(7) 

110.9(9) 

113.0(7) 

99.1)(6) 

distances (R) for P(9)04 
X y 

9 b• 

9 b 

9 

9 6 

X y Z 

b I 9 b 

b I 9 

b I q _, 

b 9 

b 9 

9 

6 

6 

6 

distance 

1.46(2) 

1. 49 ( 1) 

1.59(2) 

1. 58 ( 1 ) 

angle 

117.2(8) 

109.7(8) 

112.6(9) 

107.7(9) 

109.3(7) 

98.7(7) 
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distances (R) for P(4)o4 

X 

4 

4 

y 

3 

8 

distance 

1. 56 ( 1) 

1. 59 ( 1) 

angles (0
) for P(4)o4 

x y z angle 

c 4 b 

c 4 3 

c 4 8 

b 4 3 

b 4 8 

3 4 8 

117.9(9) 

109.0(9) 

105.4(8) 

110.9(9) 

112.4(7) 

100.8(6) 

distances (R) for P(7)o
4 

X 

7 

7 

7 

7 

y 

c 

a 

3 

5 

X y Z 

c 7 a 

c 7 3 

c 7 .5 

a 7 3 

a 7 5 

3 7 5 

distance 

1. 48 (2) 

1. 49 (2) 

1 . 60 ( 1) 

1 . 54 ( 1) 

angle 

116.3(7) 

109.9(8) 

111.4(10) 

109. 1 ( 10) 

HJ6.1(8) 

103.1 (6) 
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Table 6-3. Average bond geometry in V(P0
3

)
3 

Length(~) 

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 - o ( -v) 1. 50 ( 1) 1 . 46 ( 1) 1.48 

Angle( 0
) 

Angle Maximum Minimum Average 

0-V-O(axial) 177.5(5) 170.0(5) 175.2 

0-V-0 95.8(5) 84.2(5) 90.0 

(P-)O-P--0(-P) 108.1(6) 98.7(7) 102.6 

(P-) O-P-0 ( -V) 111L7(8) 102.6(8) 108.8 

(V-)0-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 
those in 6-2(b) are translated by -b/3 and those in 6-2(c) 
are translated 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 c from distance distance distance 
diag. 6-2(a) diag. 6-2(b) diag. 6-2(c) between between between 

a and b a and c b and c 

V (a) \1 (b) V (c) 0.05 0.30 0.35 

P(2) p (3) p ( 1) 0. 16 0.52 0.36 

O(a,2) O(b,3) O(c:1') 0.41 0.116 0.43 

0(5,2) o(If,3) 0 (6 '1) 0. 12 0.76 0.83 

O(b,2) 0 (a, 3) O(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 

O(a:6') 0 (b ,5) O(c,4) 0.54 0.47 0.24 

O(a,6) O(c,5) O(b,4) 0.70 0.74 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 

O(a,8) O(b!9') O(c,7) 0.62 0.20 0.61 

O(c,8) O(b,9) O(a,7) 0.79 0. 13 c.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 



figure 6-2 when those in 6-2(b) and 6-2(c) are translated by -~3 and 

-2b/3 respectively. As can be seen, two of the vanadium atoms nearly 

superimpose, and the third, Vc, is displaced only by about 1/3 ~- The 
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phosphorus atoms, similarly, are quite close to superposition, the biggest 

difference being about~~ between P(l) and P(3). The largest displace-

ment of the oxygen atoms from superposition is 1.2 ~.the average is 

0.6 ~- This is quite a substantial difference when we consider that 

a P-O bond has an average value of 1.53 ~. The angles subtended at the 

oxygen atoms by the cations to which they bond 0 0 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. 

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

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

distortions. The occupations for v+5 at the tetrahedral site were not 

significantly different from zero when varied in the least-squares analysis. 

§ 6.3 Thermal Behaviour of V(Po3) 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 

0 0 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 tem~erature for (a) 25 strongest reflections 
with k # 3n and (b) 5 strong reflections with k = }n. 



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, et al~ 4 found no evidence 

for a phase transition between room temperature and 1000°C by DTA; a 
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result which was confirmed by us. However, second order phase transitions 

Will not show up in DTA experiments. 

Cr(Po
3

)
3 

is known to exist in six polymorphic forms 91 , 92 , one of 

which has a powder pattern like V(Po
3

)
3

. No evidence has been found 

that V(Po
3

)
3 

can exist in or change to any other polymorphic form. 

Trimetaphosphates for the trivalent metal ions of Al, Ti, Fe and Mo92,93,95,96 

have also been reported to be structurally the same (from powder patterns) 

as V(P0
3
)

3
. None of these show the extensive polymorphism of Cr(Po

3
)
3

. 

The crystal structure and thermal behaviour of V(Po
3

)
3 

has 

been published in the Canadian Journal of Chemistry97 . 



CHAPTER 7 

Crystal Structure of (V0) 2P2o7 

§ ]. 1 Solution of the Structure 

From the systematic extinctions (hO~, ~#2n and Ok~, k#2n), the 

space group was determined to be centrosymmetric Pbcm, or non-centrosymmetric 

Pbc2 1. The latter is an unconventional setting of Pca2 1 chosen to make 

conversion from the centrosymmetric space group easier. Precession 

photographs showed reflections with (h+t~)#2n and with k#2n to be weak, 

indicating a pseudo-translational symmetry oft~+~£ and a similarity of 

structure at y=t and y=O 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 0.4~ indicateq that the phosphorus atoms are contained in P2o7 
groups with the P-P vectors parallel to~·· This placed two more 

phosphorus atoms at a distance of about 0.4~ from the previous phosphorus 

positions. Each of the two distinct P2o
7 

groups can be either above or 

below the plane at y=O. 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 ~' and R-factors ranging from 0.52 to 

0.48. Refining the same partial models in Pbc2 1 eliminated the problem 

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=O 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=O to the phosphorus 

positions. Placing the phosphate oxygen atoms in their most probable 

positions failed to give acceptable geometries on refinement. 

Bordes and Courtine40 found antiphase boundaries prevalent in 

(V0) 2P2o
7 

electron micrographs. Such boundaries could explain the phosphorus 

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, P2o7, 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 P2o7 
group positions were refined 

by rigid group least-squares refinement. The P-0 bond lengths in the 

phosphate tetrahedra were predicted using Baur•s 9 4 and Brown•s 16 models 

(table 7-1). Since the actual bond lengths for the phosphate groups 
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Table 7-1. Predicted bond lengths in the phosphate tetrahedra of (V0) 2P2o
7

. 
Ob is the oxygen atom bridging the two tetrahedra in the P2o7 group, o1 is the oxygen atom which is bonded to the two 
vanadium ~toms, and 02 and o

3 
are the oxygen atoms bonded to 

one vanad1um atom eacn. 

Predicted value Predicted value Average 
Bond based on Brown•sl6 based on Baur•s94 predicted 

model (~) model (~) va 1 ue (~) 

P-0 b 1.62 1.595 1.61 

P-01 1.55 1.60 1.575 

P-02 1. 50 1.53 1. 515 

P-03 1.50 1.53 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 (V0) 2P2o
7 

structure were the ones used in the rigid group 

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

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 1of 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 I - For each pyrophosphate group, a second group, related by a 

mirror plane at y=O 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 I I -For each P2o
7 

group, a second group related by a mirror plane 

at x=O 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 and Model I I 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 weights since the models were not accurate enough 

to determine a weighting scheme based on Cruickshank coefficients. The 



Table 7-2. Positional and Isotropic Thermal coordinates for (Vo) 2P2o7 Estimated standard deviations are in parentheses. 

Atom X y z U (A2) 

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) 

V4 -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) 

P4 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(4) 0.011(10) 

03 0.151(7) -0.068(9) 0.079(5) 0.014(10) 

04 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(4) 0.006(12) 

08 0.141(6) 0. 004 ( 1 0) 0.253(4) 0. 004 (11) 

09 0.356(7) -0.002(10) 0.177(4) 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) 
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Table 7-2 cont. 

Atom X y z U (A2) 

013 0.366(7) 0.495(10) 0.323(4) 0. 006 ( 11) 

014 0.361 (8) 0.589(10) 0.185(5) 0.017(12) 

OVl 0.517(4) 0.248(7) 0.093(3) 0.024(8) 

OV2 0.536(3) -0.228(4) -0.090(2) 0.005(7) 

OV3 0.009(6) 0.263(7) 0.341 (3) 0.020(9) 

OV4 0.021 (3) 0.250(5) -0.339(2) 0.005(7) 
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Table 7-3. Bond Geometries for (Vo) 2P
2

o
7

. Estimated standard deviations 
~re indicated in parentheses, and all values are in ~ngstroms, 
or degrees. 

Bond Lengths 

Bond Length Bond Length Bond Length Bond Length 

V1-01 2.15(8) V2-01 1.94(7) V3-08 2.04(7) v4-o8 2. 14(7) 

V1-05 1.96(8) V2-05 2.30{8) V3-012 2.02(7) V4-012 2.14(7) 

V1-09 2.05(7) V2-010 1.96(7) V3-02 1.95(7) V4-03 1 .93(8) 

V1-014 1.94(8) V2-013 1 . 92 (7) V3-07 1 .94 (7) v4-o6 1.88(7) 

V1-0V1 1.64(5) V2-0V2 1.47 (5) V3-0V3 1. 71 (6) v4-ov4 1.56(4) 

V1-0V1 2.24(5) V2-0V2 2.47(5) V3-0V3 2.16(6) v4-ov4 2.33(4) 

P1-01 1.64(7) P2-05 1.46(8) P3-08 1 .43(7) P4-012 1.61(7) 

Pl-02 1.59(8) P2-06 1.47(8) P3-09 1 . 57 (7) P4-013 1.47(8) 

P1-03 1.56(8) P2-07 1.48(8) P3-010 1.48(7) P4-o14 1.34(8) 

Pl-04 1.60(7) P2-04 1.53(7) P3-011 1.58(7) P4-011 1.56(7) 

P1-P2 3.02(3) P3-P4 3.05(3) 

Bond Angles 

Bonds Angles Bonds Angles 

OV 1-V 1-01 95 (3) OV2-V2-01 108(3) 

OV1-V1-05 105 ( 3) OV2-V2-05 81 (3) 

OV1-V1-09 100(3) OV2-V2-010 75(3) 

OV1-V1-014 79 (3) OV2-V2-013 113(3) 

01-Vl-05 81 (3) 01-V2-05 78 (3) 

01-V1-09 92(3) 01-V2-010 174 (3) 

01-V1-014 173(3) 01-V2-013 96 (3) 

05-V 1-09 154 ( 3) 05-V2-010 97 (3) 
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Table 7-3 cont. 

Bonds Angles Bonds Angles 

05-V1-014 101 (3) 05-V2-013 167 (3) 

09-V1-014 89 (3) 010-V2-013 89(3) 

OV3-V3-08 95 (3) OV4-V4-08 104(3) 

OV3-V3-012 89 (3) OV4-V4-012 103(3) 

OV3-V3-02 89 (3) ov4-v4-03 94 (3) 

OV3-V3-07 100 (3) OV4-V4-06 95(3) 

o8-v3-o12 80 (3) 08-V4-012 75(3) 

o8-v3-02 170(3) 08-V4-03 93 (3) 

o8-v3-07 93 (3) 08-V4-06 160 (3) 

0 12-V 3-02 91 (3) 012-V4-03 161 (3) 

012-V3-07 170(3) 012-V4-06 93(3) 

02-V 3-07 95(3) 03-V4-06 95 (3) 

01-P1-02 103(4) 05-P2-06 103(4) 

01-P1-03 109(4) 05-P2-07 113(4) 

01-P1-04 109(4) 05-P2-04 116(4) 

02-P1-03 110(4) o6-P2-07 115(4) 

02-P1-04 106(4) 06-PZ-04 108(4) 

03-P1-04 118(4) 07-P2-04 103(5) 

08-P3-09 107 (4) 012-P4-013 115(4) 

o8-P3-0lo 115(5) 012-P4-014 118 (5) 

o8-p3-011 103(4) 012-P4-011 98{4) 

09-P3-010 109 ( 4) 013-P4-014 119(5) 

09-P3-011 108(4) 013-P4-011 102(4) 

010-P3-011 114(4) 014-p4-011 101(4) 



final R and R were both 0. 18. w 
§ 7.2 Description of the Structure (figure 7-1) 
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(Vo) 2P2o
7 

contains chains parallel to b consisting of two edge­

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 98 . 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 P2o
7 

groups are 

very symmetric, containing two pseudo-mirror planes, one perpendicular 

to~ through the two phosphorus atoms, and one perpendicular to~ 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 equatoria~ V-0 bond lengths 

for the two and three-coordinated oxygens are 1.95(3} and 2.09(3) 
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Figure 7-1. The crystal structure of (110) 2P
2
n
7 

as projected down the b-axis. 
Only half the structure is shown. The remainino part of 
the cell may be oenerated by a ~-glide. 
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They compare favourably with the predicted values based on Brown•s 16 

(1.95 and 2.11) and Baur•s 94 model (1.94 and 2.08). 

bond length of 1.60(3) is also in the range of those 

The average vanadyl 

+4 found for V o6 

octahedra. The 0-V-0 angles between the vanadyl oxygen and the 

equatorial oxygen atoms should all be greater than 90° since the vanadyl 

bond is by far the strongest bond in the octahedron. The fact that some 

0 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 VP0
5 

to (Vo) 2P2o
7

. In addition, Bordes and Courtine40 have confirmed 

the presence of r 2o7 
groups. Thus, it is unlikely that the topology is 

in error. It is possible that one of the P2o
7 

groups is actually reflected 

in a mirror plane perpendicular to~. but such a reversal would likely 

introduce more angles less than 90° in the vo6 octahedra. Antiphase 

boundaries possibly exist perpendicular to~. but they introduce the 

necessity of three joined ro4 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 VAso
5 

has a= 6.35(3)ft, b=6.32(3)ft, c=8.256(5)ft, 

y ~ 90(1) 0
, Z = 4, space group P2 1/n (c-axis unique). The unconventional 

setting of the space group was chosen to enable direct comparison with 

The diffraction pattern of VAso
5 

shows streaks through the Bragg 

spots parallel to~~, and, in addition, shows some diffraction spots 

slightly displaced along~· 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 ma~ based on the 

least squares refined positions of these two atoms, shovJed peaks with maxima 

up to~ E in diameter for the oxygen positions. More exact positions for 

the oxygen atoms within the volume from the difference map were calculated 

0 
assuming approximate V-0-(As) and As-0 bond lengths of 1.90 and 1.68 A 

respectively. The vanadyl oxygen bond was assumed to be 1.6 E. 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 indicated 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 ••norma1 11 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 R = 0.198. Unit weights were used since w 

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 1 ike those of a-VP05 containing 

vo6 octahedra sharing equatorial oxygens with four different Aso4 tetrahedr~ 

all of which share corners with four vo6 groups (figure 8-2). The 

structure differs substantially from that of a-VP05 in the stacking of 

such layers (figure 8-3). In a-VP0
5

, the layers are only displaced from 

each other along the £-axis, being connected at the vanadyl oxygens. In 

VAso
5

, the layers are displaced horizontally as well as along £• thereby 

forming double layers in which two vo6 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 Ok~ diffraction pattern of VAs0 5 , showing the diffuse 
streaks due to stacking faults along the c* direction and 
displacement of some spots from the Bragg-points (e.g. the 
021 and 02l spots) 

b''' 
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Table 8-1. Positional and Thermal coordinates for VAsO . 
Estimated standard deviations are indicated ?n parentheses. 

Atom X y z u{J\2) 

As 0. 1582 (3) 0.4619(3) 0.2480(3) 0.0028(5) 

v 0.1575(6) 0.9646(6) 0.3288(4) 0. 0030 (7) 

0 ( 1) 0.218(3) 0.259(3) 0.364(2) 0.004(3) 

0(2) 0.109(3) 0.671(3) 0.369(2) 0.010(3) 

0 (3) 0.863(3) 0.008(3) 0.378(2) 0.002(3) 

0(4) 0.446(3) 0.899(3) 0.364(2) 0.004(3) 

0 (V) 0.141 (3) 0.949(3) 0.137(3) 0.014(4) 
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I 
I 

' I I 
.......... ~/ 

/ 
I 

/ 

_j 

106 

The structure of VAs0 5 as projected alonq the£ axis, The 
dotted polyhedra are related to the others by a centre of 
inversion Clt the origin. 
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Figure 8-3. The structures of a-VPOS (a) and VAsn~ (b) as projected 
on the ac plane, showinq the difference in the stackino of 
the layers. The \/Asnr; lavers can be produced frorn the 
a-VPOS layers by a tr~nslation of a laver peroendicular 
to ana slightly down along~· 
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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 

laye~ the vo6 groups alternately share edges with groups in the layer 

above and below. The formation of these edge-shared groups accounts for 

the VAs0
5 

c-axis being slightly less than twice the a-VP0
5 

£-axis (8.256 ~ 

c. f. 8.868 ~). 

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-VP0
5

. 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
5

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

in vo6 . 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 16 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 

from stacking faults 69 ' 70 , the treatment given by Cowley 71 lends itself 

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 VAso5. 

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

unit cells perpendicular to c will be called a sheet, to differentiate it 



Table 8-2. Bond lengths and angles in VAsO~ with standard deviations 
in parentheses. The corresponding bond lengths for a-VP0

5 have been listed for comparison. 

Bond Distance (Jl.) corresponding Bond Distance(~) 
a-VP0

5 
distance 

V-0 ( 1) 1. 874 ( 17) 1.858(7) As -0 ( 1) 1.690(16) 

V-0(2) 1.905(19) 1.858(7) As-0(2) 1.690(19) 

V-0(3) 1. 929 ( 16) 1.858(7) As-0(3) 1.685(15) 

v-o (4) 1 . 896 ( 16) 1.858(7) As-0(4) 1. 680 ( 17) 

V-0 (V) 1.592(21) 1.580(11) 
.t. 

V-0(3)x" 2.431(16) 2.853(11) 
.... 
"o(3)x refers to 0(3) when it forms a 1 ong V -0 bond 

Bonds Angle(0
) 

corresponding 
Bonds Ang 1 e (0 ) a-VPo

5 
angle 

0(1)-V-0(2) 160. 7(8) 156. 7(4) 0(1)-As-0(2) 109.9(9) 

o(l)-V-0(3) 91.6(7) 87.7(4) 0(1)-As-0(3) 108.4(8) 

o ( 1) -v -o ( 4) 89.4(7) 87. 7(4) 0(1)-As-0(4) 107.9 (8) 

0(2) -V-0(3) 87.1(7) 87.7(4) 0(2)-As-0(3) 111.5(8) 

0(2)-V-0(4) 84.9(8) 87.7(4) 0(2)-As-0(4) 111.7(9) 

0(3)-V-0(4) 158.5(7) 156.7(4) 0(3) -As-0(4) 108.2(8) 

0(3)x-V-0(1) 77.6(6) 78.4(2) o (v) -v -o ( 1) 103.3(9) 

0(3)x-V-0(2) 83.5(7) 78.4(2) O(V)-V-0(2) 95.9(9) 

0(3)x-V-0(3) 74.4(6) 78.4(2) O(V)-V-0(3) 99.0(9) 

0 (3) x-V -0 (4) 84.9(6) 78.4(2) o (v) -v -o ( 4) 101.7(9) 

0(3)x-V-O(V) 173.3(9) 180 (exact) 
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,corresponding 
a-VPO? distance 

1.541(8) 

1.541 (8) 

1.541 (8) 

1.541(8) 

corresponding 
a-VP0

5 
angle 

1 09. 1 ( 4) 

109. 7 ( 4) 

109.7 ( 4) 

109.7 ( 4) 

109.7(4) 

109.7(4) 

101.6(2) 

101.6(2) 

101 .6(2) 

101.6(2) 
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from the structural layer as described in section 8-2. Thus, for VAso
5

, 

two layers make up a sheet, and the sheet is the repeating unit in the 

c direction. 

When no faults occur, sheets stack along£ with corresponding 

points in adjacent sheets related by the vector c. If a fault of type 

occurs, these points in the layer immediately before and immediately after 

the fault will be related by £+~1 , or by £+~2 for a fault of type 2, 

where ~1 and ~2 are the displacement vectors of the faults. The electron 

density distribution of the two kinds of faults will be denoted by ~ 1 and 

~2 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. 

~/hen a fault of type 1 or 2 occurs, the crystal wi 11 have the environment 

shown in figure 8-4. If 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 Cowley71 for this specific 

th case, the zero-- component of the generalized Patterson function involves 

only the intra-sheet vectors and is, 

P
0
(0 = N { Ap(:!_)•'<ph_0 + a(p(_0 + ~ 1 (:!_))•':(p(-:!_) + ~ 1 (-:!_)) 

+ a(p(,0 + ~2 (,0)•'<((p(-~) + ~2 (-~)) }, (8-1) 

where N is the number of sheets and u is a real space vector. 

Th F . f f h. . . h th . . t e our1er trans orm o t 1s expression g1ves t e zero-- 1ntens1ty componen : 

(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 ~1 or ~2 or unfaulted, the possible 
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Figure 8-4. The arrangement of layers with two different 
kinds of stacking faults. The stacking fault 
with displacement vector ~l adds electron density 
to the normal sheet, and tne one with displacement 
vector~? subtracts electron density from the 
normal sfieet. 
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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. If 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 a.2 , two unfaulted ones is A2, and a faulted one with an 

unfaulted one is Aa.. The first component of the Patterson function thus 

becomes 

P l (_0 = N { 8 (~-_0 A 2p (::) '''P ( -~) + 8 (~-_0 Aa.p (~) ·~ ( p ( -~) +l1 1 ( -~)) 

+ 8 (::-~)Aa.p(_0•',( p (-_0+ l12 (-_0) + 8 (~-(c+~1 ))a.A( p (;0+ l1 1 (~)) •~p (-_0 

+ 8 (::-(~+~1))a.2 (p(_0+l11 <::))•'' ( p (-~)+l1 1 (-_0) 

+ 8 (~- (~+~,)) ().2 (p (_0 +l11 (~)) -~ (p ( -~) +l12 ( -.0) 
+ 8 (~- (~+~2)) a.A (p (_0 +l12 (::)) ,., (p (-~)) 

+ 8 <::- (~+~2)) ().2 (p (_0 +l12 (~)) ,., (p ( -~) +l11 ( -~)) 

+ 8 (~- (~+~2)) ().2 (p (~)+l1 2 (_0) ,., (p ( -~)+l12 ( -~)) } (8-3) 

which Fourier transforms to give 

1
1 

= N { exp(2 Ti i!:!:~){A2 ! Fi 2 + a.AF'''(F+G 1) + a.AF'~(F+G 2 )} 
~ ~ 

+ exp(2 1T i~_- (~+~1 )){ a.A(F+G 1 )"F + a.2! F+G 1! 2 + a.2 (F+G 1)"(F+G2)} 
.. t.. .. t. 

+ exp(21Ti~_- (~+~2 )){a.A(F+G 2 ) " F + a.2 (F+G2)"(F+G 1) + a.2! F+G2 12} } , 

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 n~ Patterson component which Fourier transforms to give the 

n~ 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 UF 1UU and UUF 1U 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. th The full n-- 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 -oo to +oo since crystals 

are usually large enough to neglect termination effects of the series. 

th 
The -n-- component of the intensity is mainly the complex conjugate of 

th 
then-- component, and can thus readily be evaluated. 

Upon summing all the components of intensity, factoring the sums 

and performing subsequent simplifications, the final intensity 

becomes 

where D = 

= 
n=-oo 

= TID + X 

+ A2 + 2a2 - 2Acos(2TI.b_·c) - 2acos(2TI.b_· (£+.?..1)) 

- 2acos(2Tih· (c+S 2)) + 2aAcos(2TI.b_·.?_1) + 2aAcos(2TI.b_·.?_2) 

2 + 2a cos(2TI.b_·(.?_1-.?_2)) 

(8-5) 

(8-6) 



Table 8-3. 

exponential 

exp (27T i ~.: n~) 

II 

II 

Terms in the generalized expression for then~ intensity component when considering 
two kinds of stacking faults. 

probability structure factor 

An IFI 2 

a.An-1 F'·~ (F +G 
1

) 

a.An-1 F 7~(F+G2 ) 

explanation 

no faults in any sheets 

faults of type lt~n the 
last (i.e. (n+1)-) sheet 

faults of type 2 in the 
last sheet 

exp(27Ti~·(n£+x~1 )) (n-1) !axAn-x 
(n-x-l)!xl 

I F[2 x faults of type 1 in the 
inner (i.e. 2~ to n~) 
sheets x<n 

II 

II 

II 

II 

II 

(n-l)!a.x+lAn-x-1 
(n-x-1)! x! 

(n-1) !ax+1An-x-1 
(n-x-1) !xl 

(n-1) !axAn-x 
(n-x)! (x-1) I 

(n-x)! a x+1 An-x-1 
(n-x)! (x-1) 1 

(n-x) !ax+1An-x+1 
(n-x)! (x-1) I 

F;~(F+G ) 
1 

('~ (F+G
2

) 

(F +G ) :~F 
1 

IF+G,I2 

(F+G
1

) 7:(F+G2) 

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) faults 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 

-1:-



Table 8-3 cont. 

exponential 

exp(2ni~· (n(~+~1 )) 

II 

II 

exp(2ni~· (n~+x~1 +y~2 ) 

(x+y)<n 

II 

II 

II 

II 

probability structure factor 

anA (F+G
1 
)'':F 

an+1 IF+G112 

an+1 (F+G
1

)*(F+G
2

) 

(n-1)!ax+yAn-x-y I Fl 2 
(n-x-y-1) !xly! 

x+y+1 n-x-y-1 F*(F+G ) 
~n-1)!a A 1 
n-x-y-1) !x!y! 

( ) 1 x+y+lAn-x-y-1 F*(F+G) n-1 .a 2 
(n-x-y-1) !x!y! 

(n-1)!ax+yAn-x-y (F+G
1

)*F 
(n-x-y)! (x-1) lyl 

(n-1) !ax+y+1An-x-y-1 I F+G112 
(n-x-y) l (x-1} !yl 

explanation 

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 1 ayers 

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

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

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

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

..... 
V1 



Table 8-3 cont. 

exponential 

exp(2ni~·(n~+x~1 +y~2 )) 
(x+y) <n 

II 

II 

II 

exp(2ni~· (n~+x~1 +(n-x)~2)) 

II 

II 

probability 

(n-1)!ax+y+1An-x-y-1 
( n-X --yJT(X-=-Tn y ! 

(n-1)!ax+yAn-x-y 
(n-x-y)! (y-1) lx! 

(n- 1)!ax+y+1An-x-y-1 
{n-x-y)! (y-1 Hx! 

(n-1)!ax+y+1An-x-y-1 
rn-.:: x-YJT(y-=l}TX-r 

(n-l)!anA 
cn-=x-T)Txl 

(n-l)lanA 
Cri-=X} 1\x- Hl 

(n-1) !an+1 
(n-x)! (x-1 n 

structure factor 

( F +G 
1 
) ,·~ ( F +G 

2
) 

(F+G2 )'~F 

( F +G 2) '~ ( F +G 
1 

) 

I F+G 21 2 

(F+G )'~F 
2 

(F+G )''~F 
1 

I F+G112 

explanation 

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 
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 
1 ayers 

a-



Table 8-3 cont. 

exponential 

exp(2Tii~· (n£+x~1 +(n-x)~2 )) 

II 

II 

exp(2ni~· (n~+y~2 )) 

y<n 

exp(2ni~·(n(£+~2 )) 

probability 

(n-1)!an+1 
{n-x)! (x-1)! 

(n-1) !an+l 
(n-x-1) !xl 

(n-l)an+l 
(n-x-1) !xi 

structure factor 

(F+G 
1
) ~·: (F+G

2
) 

( F +G 
2

) ~·: ( F +G 
1 
) 

IF+G21 2 

explanation 

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

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

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

same as for exp (2n i ~· (n£+x~1 )) but with 
subscripts .1 and 2 reversed and y instead of x 

same as for exp (2rr i ~· (n (£+~1 )) but with 
subscripts 1 and 2 reversed 

'-.! 
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T = 2Re{exp(2~i~·£){1-Aexp(-2~i~·~-aexp(-2~i~· (£+~1 ))-aexp(Z~i~· (c+~))} 
• {F+aG 

1 
+aG 2 }{ AF ~··+a (F~·· +G ~') exp (2~ i ~· ~l )+a (F ~'+G~) exp ( 2~ i _b: ~2 ) } } 

(8-7) 

and (8-8) 

§ 8.4 Stacking Faults of VAs0
5 

Two possible models for stacking faults were considered. Since 

expression VI I 1-5 has the greatest value at points where D Is a minimum, 

D was calculated for both models to see if the minima forD fell at points 

where the intensity was a maximum in the diffraction pattern. 

Model I: 

VAs0
5 

and a-VP0
5 

appear to form solid solutions over the full 

composition range (see section 8-5) and hence it would seem possible 

tha~ once in a whil~ a stacking arrangement as in a-VP0
5 

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 Ok~ 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. 

Mode 1 II: 

The vo6 octahedra in VAso
5 

alternately share one of two edges. 

The difference map in the final stages of refinement showed residual 

electron density in places whrch suggest that, once in a while,a 11mistake 11 

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



~- ~-
'' \ 1

1 
I ' ' \ / I ' 

' t ; I ', ', \ / I ', 

-,~ ··w. 
~ ·•··. ~--··· ' ' I, I ' ' .• , ; I ... , ,, ;,, ',,,,,' £<v'·\/w 
•' .. -~ 

, I '' ' , I ,' ' ', ' , , 

~/~/ 

Figure 8-5. Four possible stacking faults for 11As0 , Model I. 
The VOF octahedra are idealized with t~e lono oxyoen 
bonds ~hown by the dotted lines. For clarit~ 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 

layers 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 ~1 and ~2 to have the same origin with respect to the 

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

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 ~1 and ~2 now have a common 

origin with£ components of +t and -t and~ 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 Okt points. 

The best fit appeared to fall at about a=0.23. Smaller values of a 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 denominator and the 

value of the intensities. The full intensity was calculated for 02£ points 

over the range -4.1~£~4. 1 for a=0.23 and various~ 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 ~1 of (-0.43,0.5) and (0.43,-0.5} for ~2 . 

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 
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Figure 8-6. Hodel II stacking faults for IJAsnc,. 
possible fault vectors, and (b) a~d 
appearance of each of the faults. 

(a) shows the two 
(c) shmv the 
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Figure 8-7. Observed (. .... ) and calculated (--) intensities for the 
02£ line. 0bserved intensities have been corrected for Lorentz 
and polarization effects. 
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polarization effects. The background was estimated from optical density 

measurements immediately adjacent to the 02~ line 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 G1 and G2 both equal to zero (i.e. making no 

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 a when 

fitting F+aG 1+aG2 to the observed structure factor is likely to under­

estimate its value. This is in agreement with the results (a=O. 1 from 

least-squares and 0.23 from the intensity profile calculation}. Cowley 99 

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)o
5 

Bordes and Courtine40 have found that a-VP0
5 

and VAso
5 

form a 

solid solution of the form VAs 1_xPxOS over the whole range of O~x~l. This 

result has been confirmed by us. Samples of composition x=O.l, 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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data. The results are shown in figure 8-8. The parameters for a-VP0
5 

were obtained from Jordan, et al~ 1 and the VAso
5 

parameters are those 

determined from single crystal diffraction, with the c-axis divided by 
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two to correspond to the layer length rather than the actual axis length 

in order to make comparisons with a-VP0
5 

possible. The~ parameters 

fall nicely on a straight line reflecting the change in size of the 

tetrahedral cation. The£ parameters do not fit as well on a straight 

line, although the trend is suggestive of a gradual change from VAso
5
-like 

stacking to a-VPo
5
-like stacking as x increases. Perhaps this could 

be accomplished by stacking faults as in model I section ~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 VAso5 
A DTA analysis of VAs0

5 
shows a strong endotherm at about 560°C 

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
5 

are gradually heated, the diffraction pattern does not 

change significantly until about 560°C, when the crystal invariably 

crumbles. The nature of the structure of VAso
5 

remains to be determined 

above 560°C, although it seems evident that a structural phase transition 

takes place at this temperature. Materials such as the H-form of P 0 28 
2 5 

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 VAso
5 

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 M o2 1 with 
n n+ 

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

The n=2 compound, VAso
5

, with M2=VAs, is structurally related to 

other M2o5 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
5 

and s-v 2o
5

I 7 ) 

and sometimes forms a long V-0 bond to another vo6 group (a-v 2o
5
2, a and 

S-VP0
5

11 , 12 ). Some of the compounds form layers (a-VPo
5

11, VAso
5

, a and 

S-v 2o5
2 , 17), which, except for S-V 2o5, (see p.5) are held together by long 

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

such disorder has been found for all except a-v 2o
5

. a-VP0
5 

and VAso
5 

vary 

only in the stacking arrangement of the layers. A solid solution of the 

form VAsxPl-xOS exists over the full range O~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 P2o
5

28 is composed of molecular groups and the other 

forms of P2o5
29 , 30 and As2o5

35 are network crystals which readily rearrange to 

yield molecular units when volatilizing at increased temperatures. The 

high temperature form of VAs05, as well as the above phosphorus and arsenic 

oxides, readily volatilizes. Thus the high temperature VAso
5 

is probably 

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

127 
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All the M2o
5 

compounds with M a combination of any of V, As and 

P should have M in the +5 oxidation state. Valences, calculated from 

Brown's 16 bond-valence parameters and experimental bond-lengths, and 

corresponding coordinations are given in table 9-1. The errors on 

-N these experimental valences are large since the valence is (~~) , 

where N and R are tabulated parameters and r is the experimental bond 

length, and (dr/dR) is large. 

VO(Po
3

) 2 is an n=3 compound with M3=vP2 . 

• 1 h • f h · v+4o6 h d s1ng e c a1ns o corner-s ar1ng octa e ra. 

Like v3o7
3 , it contains 

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 v
3
o7. 

The 5 coordinate groups in the single ribbons in v
3
o
7

3 are 

similar to the metaphosphate chains in VO(Po
3

) 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+4o6 chains in v3o7 do not have a 

counterpart in VO(P03) 2• 

Table 9-2 lists the structural features and oxidation states 

of vanadium and phosphorus in the two M
3
o7 compounds. The agreement of 

the valences with the expected integral values is as good as for the M2o
5 

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

elements are likely to have non-integral valences. 
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Table 9-1. Coordinations and Experimental Valences for M20~ compounds 
in the V-P-As-0 System. Valences were calculat d using 
the bond-valence parameters of Brownl6 ., 

Compound M Coordination Valence of M 
of M 

a-V 2o
5 

v octahedral 5. 11 

s-v o v octahedral accurate bond 
2 5 lengths not ava i 1 ab 1 e 

a-VP0
5 

v octahedral 5.34 

a-VPo
5 

p tetrahedral 4.98 

S-VP0
5 

v octahedral 5.26 

S-VP0
5 

p tetrahedral 5.16 

VAs0
5 

v octahedral 4.99 

VAs0
5 

As tetrahedral 4.94 

As 2o
5 

As octahedral 4.78 

As 2o
5 

As tetrahedral 5.02 

H-P2o
5 

p tetrahedra 1 4.89 

O-P2o
5 

p tetrahedral 5.20 

0-P2o
5 

p tetrahedra 1 5.24 



Figure 9-1. Relationship between a 5 coordinate ribbon (a) 
and a meta- chain (b) 
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Table 9-2. Structural Elements and Valences for M 0 compounds in 
the V-P-0 System. Valences were calcufated using the bond 
valence parameters of Brown16 . 

Compound Structural element Valence of M 

V307 v single octahedral 4.17 
chain 

VO(P0
3

) 2 v single octahedral 3.99 
chain 

V307 v single 5-fold coord. 4.96 
ribbon 

II II II 5.17 

II II II 5.16 

VO(P0
3

) 2 
p meta-phosphate chain 5.08 

V307 v double octahedral 4.24 
chain 

131 
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The compounds VOP 2Si08 , (Vo) 2P2o
7 

and V(P0
3

)
3 

all are of the type 

M
4
o

9 
with M4=VP2Si, v2P2 and VP

3 
respectively. Although they are all 

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

related to each other and v4o
9

4 as are the groups with n=2 and 3. 

VOP2Sio8 contains v+4o6 corner-sharing chains, (V0) 2P2o
7 

contains v+4o6 

double chains, and v4o
9 

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, v4o
9 

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 

based on B rown ' s 16 bond-valence parameters +4 also for group for V and 

v+5. These values, when applied to the graph in figure 9-2, gave the 

approximate percentage of v+5 +4 
and V , 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 with the typical vanadyl bond. 

This bond is not present in the regular isolated v+3o6 octahedra of 

V(P0
3

)
3

. 

P+5o4 tetrahedra are isolated in VOP 2Sio8 (each connecting to 

two vo6 and two Sio4 groups), exist as pyrophosphate groups in (V0) 2P2o
7 

and as metaphosphate chains in V(Po
3

)
3
• VOP 2Sio8 also contains isolated 

Si0 4 tetrahedra. The single ribbons of v4o
9 

are similar to the meta­

phosphate chains in V(Po
3

)
3

, but do not have much resemblance to the 
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100% v+ 4 100% V+ 5 

Figure 9-2. . +4 +5 Valence for mrxtures of V and V · ~hen calcul~Sed 
using bond-valence parameters for v+ (a) and v (b). 
The values were calculated assuminq octahedral coordination. 
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other tetrahedral groups in M4o
9 

compounds. Valences and structural 

elements for these compounds are summarized in table 9-3. Bond lengths 

for (V0) 2P2o
7 

and V(Po
3

)
3 

are numerous and not very accurate, and the 

valences for the same structural elements in each of these compounds 

were averaged before inclusion in the table. 

v6o
13

5 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 VP0
5 

Like the v2o
5
+v 6o13+V02 transition described in chapter 1, the 

reduction of VPo
5 

(both a and S forms) to (V0)
2

P
2

o7 can readily be 

accomplished by the formation of shear planes. These shear planes 

th can form in every second, every third, ... or every n-- layer, thereby 

producing a variety of structures intermediate in composition between 

VP0
5 

and VPo4.
5

• 

Figure 9-3 shows how a-VP0
5 

can form shear planes leading 

eventually to the (Vo) 2P2o7 structure by a cooperative movement of 

vo6 octahedra along the llO 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 Po4 group in the layer above or below. 

This requires that the corresponding phosphate tetrahedra in adjacent 

a-VP0
5 

layers must rotate in opposite directions in order to be able to 

Since the VP0
5 

layers are all identical, there Is 

no a priori reason why one phosphate should rotate differently from any 



Table 9-3. 

Compound 

II 

II 

II 

II 

(V0) 2P2o7 

V(Po
3

)
3 

II 

... 
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Valences and structural elements of M4o compounds in the 
V-P-Si-0 system. Valences \"'ere calcuTaied using Brown's 16 

valence-bond parameters and average valences were estimated 
from calculated ones using figure 9-2. 

M Structural Element Vale!j!~e based 
on V parameters 

Valen~e based Average 
on v+j parameters valence 

v 

v 

II 

II 

II 

p 

s i 

p 

p 

v 

octahedral chains 

double octahedral 
chains 

double octahedral 
ribbons 

II 

single 5 coord. 
ribbon 

II 

isolated tetrahedra 

isolated tetrahedra 

pyrophosphate groups 

metaphosphate chains 

isolated regular 
octahedra 

4.20 

4 
... 

.0" 4. a~~ 

4.37 4.66 4.5 

4.86 

4.43 4.70 4.5 

4.02 

5.24 

4.20 

~-5.20" 

"value based on the average for structural units of the same kind. 
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Table 9-4. Valences and structural elements of v6o13 . 

Structural Element Val!Fijce based on Val~gce based on Average 
V parameters V parameters valence 

single octahedral 4.06 
ribbons 

double octahedral 4.82 
ribbons 

double octahedral 4.30 4.56 4.5 
ribbons 



Figuce 9-3. Reduction of a-VPO~ (a) to (Vn) 2 P~07 (b) through the cooperative 
movement of octahedra along the-direction indicated by the 
arrows. Phosphate tetrahedra twist to form pyrophosphate groups 
in the directions shown in (b). (o) indicate possible vacancy 
sites. Only t of these need be formed for the layer to shift. 
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other, and, hence, it is reasonable to expect that the P2o
7 

groups can 

be found either above or below the~ plane of (V0) 2P2o7. 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-VP0
5

. This is likely a result of the rotation of the 

phosphate groups which now have three corners essentially in the ac 

plane of (V0) 2P2o
7

. 

The proposed transition of S-VP0
5 

to (V0) 2P2o7 
is shown in 

figure 9-4. As for the case above, a cooperative 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 0 and the other at an a coordinate 

near t. The phosphate groups rotate to form pyrophosphate groups 

with phosphate groups above (or below). In S-VP0
5 

the phosphate groups 

share two corners with two octahedra in one chain, and it is one of 

these corners that most likely shifts to form the P2o
7 

group. The polyhedra 

in S-VP0
5 

are all linked in a plane perpendicular to~' but because 

of the likely shi.ft explained above (and shown in diagram 9-4), the shear 

will form at a 45° angle to this plane. 

The production of (V0) 2P2o
7 

can occur in stages starting with 

the formation of vacancies, and following with the gradual collapse or 

shearing of planes. The intermediate compositions VPO , 4.5<x<5, will 
X --

have partially a VP0
5 

structure and partially a (V0)
2
P
2
o
7 

structure. 

The cell dimensions of the two end members of the composit~on 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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Figure 9-4. Reduction of ~-VPO to (VO) P 0 . (a) and (b) show the 
cooperative moveme~ts of octa~e8ra required in two halves 
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a~o 

I a t'#-- z 

a~ 1 

a -v_l. - z 

a~o 

I 

a=! z 

of the unit cells. The end product is as in figure 9-3(b). 
(o) indicates possible vacancy formation during catalysis. 
Only! of these vacancies must be formed for the layers to 
shift. Although all polyhedra are connected in the be plane, 
part of layers at different levels along a have been!Shown 
to facilitate illustrating the octahedral-shifts. 
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shear structures, and models for these structures have been proposed by 

comparing the electron microscope images to theoretically calculated 

oneslOO,lOl,l02. This technique is still in its infancy, but could 

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

P
2

o
7

. 

The structure of the intermediate VPo 4.
75 

found by Bordes and Courtine 40 

at high temperature (about 750-800°C) during the incomplete reduction 

of both forms of VP0
5

, can readily be predicted by joining every other 

two rows of octahedra in either form of VP0
5

. The structures produced 

from a and S-VP0
5 

respectively are shown in figures 9-5 and 9-6. Note 

that of necessity, this model requires polymorphism of VPo4.
75

. 

§ 9.3 Vanadium Phosphate Catalysts 

When VP0
5 

is used as a catalyst in the oxidation of butene to 

maleic anhydride, (V0)
2

P
2
o

7 
is known to be produced40,59,60. The catalyst 

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) 2P
2
o

7
. 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 VAso
5

, 

cannot readily undergo a similar rearrangement. V(Po
3

)
3 

has vanadium in 

the +3 oxidation state and reduction is thus not likely. In addition, 



Figure 9-5. 
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Proposed structure of VPOL 7 ~ derived from the incomplete 
reduction of a-VPO . The 1setond layer is the same as this 
one with the direc~ion of the phosphate groups forming P2o7 groups reversed. 
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Figure 9-6. Proposed structure of VP0 4 75 derived from the incomplete 
reduction of S-VPO~. The §econd layer consists of the 
second layer of S-VPo5 joininq rows of essentially 
(V0) 2P2o7-like qroups. 



) 
···-0 --v --0-··· 

/0 / 
···-o v--0-··· 
~; 

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 2Si08 and VO(Po
3

) 2 contain 

octahedral vo6 chains connected by Po 4-sio4-ro4- ... 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 vo 6 

groups, since neighbouring connective chains are too far away, and edge-

sharing of tetrahedra is unlikely. Bordes and Courtine40 report that 

VO(Po
3

)2 is catalytically inactive and it seems likely (although not 

confirmed) that VOP 2Sio8 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 

VOP2Si08 . VAso
5 

can undergo a reduction with a mechanism like that of 

a-vro
5 

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

not known if VAso
5 

is catalytically active. 

Nakamura 6 1 found that a V:P=1:2 catalyst was most selective and 

proposed the mechanism shown in figure 1-8. If his catalyst was in fact 

VO(Po
3
) 2 (in contradiction to the results of Bordes and Courtine 40 ) 

his mechanism seems plausible in view of the structure for VO(Po
3

)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 



involves shears at the vanadyl oxygens since the latter do not change 

significantly in environment from v2o
5 

to VP05. 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 
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an oxygen atom bonded to one V and one P atom than an oxygen bonded to 

two vanadium atoms. If 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 11easier11 (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 crystal! ine 

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

146 



147 

A.l VOP 2sio
8 

Crystal I 
All values are multiplied by 10. 

H K ~ol IFcl H k IFol IFcl H K IFol IFcl H I< IFol IFcl 
L=O 9 5 36 39 9 4 263 255 11 z ~~ 22. 

9 6 46 l.t4 9 5 432 4 29 ll 3 30 
1 1 11~ 93 9 7 J7 46 9 6 177 175 l1 4 SJ 53 
2 D 764 775 9 8 115 125 9 1 59 57 11 5 61 1t9 
2 2 1741 1742 10 1 3 31 325 9 8 Z6't Z7J 11 6 56 52 
3 1 E>ta 644 10 2 66 68 9 9 94 71 12 1 2 98 292 
3 3 772 74 3 10 3 126 12 8 10 0 ~72 175 12 2. 48 55 
It 0 86 137 10 4 42 49 ~0 1 214 2 09 12 3 37 37 
It 2 11&0 1168 !0 5 235 2.38 10 2 131 131 12. It 76 6't 
It It 1212. 1216 10 6 37 7 10 3 430 461 
5 1 '+30 40& 10 ., 280 273 10 4 58 56 L =4 
5 3 660 670 10 8 32 10 10 5 zoo 195 
5 5 132. 12 9 11 1 42 47 10 6 160 1 ~j 0 0 33 zz 
6 0 1goe. 190 0 11 2. L30 130 10 7 41 1 0 91{, sao 
6 2 '+70 '+81 11 3 u 24 10 8 149 l 48 1 1 4 61 491 
6 l.t Slt8 53'+ ll 4 46 65 ll 0 175 167 z 0 7 2& 731t 
6 6 1210 1225 11 5 79 71. ll 1 .JO 9 2 1 231 2'+1 
7 1 38 6 38 2 1l 6 38 35 !1 2 171 163 2 2. 272 25 2 
7 3 268 278 11 7 50 22. 11 .3 538 535 3 0 70 25 
7 5 2 97 2<;16 :.2 ' 141 136 11 It :.78 174 3 ' 625 630 2 . 
7 7 542 51.t7 12 32 39 11 5 99 9~ 3 2 656 &61 
8 0 189 18 3 12 3 133 13! 11 6 263 266 3 3 !321 1351 
8 It 856 87 3 1Z " 103 .96 .... 7 170 :.59 It 0 't6 It& 
8 6 76 86 :.z 5 .9.9 101 12 0 205 198 It 1 109 119 
8 8 596 590 !3 1 25 1 12 1 302 300 It 2 19& 161 
9 1 316 301 13 2. 170 174 12 2 2'+ 1 2 47 " .3 606 &1'+ 
9 3 7 23 lZ 3 148 151 5 0 'tltZ to29 
9 5 35 .. 3i.t8 L= 2. l2 4 196 199 5 l 906 921 
9 7 102 10 0 ~2 5 2iJ3 202 s z. 31& 317 
9 9 92 93 0 0 11'+0 1136 13 0 313 313 5 3 127 136 

l(j c 253 245 1 0 817 B 20 13 1 281 2 81 5 It 246 Zit 7 
10 2 516 suB l 1 593 587 5 5 781 790 
10 4 692. 687 2 0 1274 :.277 L=3 6 0 491 l.t89 
10 6 359 365 2 1 693 6.93 6 l 5't<;l 559 
10 8 369 365 2 2 7J 6'< 2. 1 216 237 6 2 It lt2 ltlo& 
11 1 138 121o 3 0 622. 551 3 1 l.t5 35 6 3 ItS 58 
11 3 537 531 3 1 301 334 3 2 518 It 9ft 6 4 255 27 2 
11 5 173 172 3 ' lt66 480 It 1 752 736 6 5 28'+ 276 
11 7 131 126 3 j 159 138 .. z 233 221 6 6 '+03 l.t03 
12 0 7 23 715 l.t 0 796 774 It 3 115 117 7 0 411o 417 
12 2 226 22ft 4 1 613 607 5 1 165 156 7 1 433 '<:!2 
12 It 273 272 4 2 43 40 5 2 342 3 40 7 2. 11ft 130 
13 1 259 259 4 3 1e1 1ae 5 3 116 11'+ 7 3 302 367 

4 4 45 54 5 to 536 5 39 7 It 138 13& 
L= 1 5 0 517 517 6 1 163 1 65 7 5 '+25 430 

5 1 148 :44 6 2 73 82 7 ~ H7 397 
2 1 993 99 0 5 ~ 299 310 6 J 18 !3 7 532 538 
3 1 15'+ 148 5 3 7 22 719 6 .. ~11 1 OS 8 0 '+.32 '+3& 
3 2 1'+8 127 5 " litO 2'+7 6 5 87 88 6 l 2.91 285 
It 1 lolt7 lo61 5 s 43 ,1~ 7 

2 76 89 6 2 123 109 
It 2 .368 35 0 6 0 639 7 366 3 75 8 3 200 20& .. 3 251 235 6 1 3~3 342 .., 3 57 62 6 4 66 61 
5 1 270 260 6 2 709 703 7 4 ltlo5 1t37 8 s 131 198 
5 2 257 25 6 6 3 18Z 180 7 5 66 67 8 6 251o l53 
5 3 253 247 6 It 511f 52ft 7 6 228 229 a 7 173 170 
5 .. 123 123 6 5 lo25 '+27 8 1 146 litO 8 8 31.t3 342 
6 1 211 218 6 6 '<2 .. loZZ. 8 2 39 23 9 0 35 26 
6 2 213 210 7 1 '<35 toJ3 8 3 132 125 9 1 365 31:5 
6 3 113 119 7 2 361 359 8 4 69 6'+ 9 2 235 295 
6 It 120 11'1 7 0 903 9 11 6 5 171 165 9 3 592 532 
6 s 259 263 7 3 109 90 8 7 11.t7 138 9 " 365 355 
7 1 83 83 7 4 81 80 9 1 66 

zf~ 9 5 125 121 
7 2 531 529 7 5 313 .302 9 2 265 9 6 lt1 13 
7 3 65 62 7 6 .381 .385 9 3 57 9 7 l.tZS lo27 
7 It 556 557 7 7 293 291 9 .. 153 !57 9 8 120 132 
7 s '+9 Slo 8 0 632 6i.t6 9 5 20 2 10 0 165 :.67 
7 6 125 1~8 & ' 95 ~~ 9 6 193 195 10 1 79 75 
8 1 236 229 8 2 9Z 9 7 60 59 :.o 2 65 &2 
8 2 to7 so & 3 376 383 9 8 73 82 10 3 3r.1 329 
6 3 20 6 8 4 99 87 10 1 302 300 10 It 108 111 

" It 89 86 6 5 353 357 10 z 29 z 10 5 135 132 
6 5 60 66 6 6 It 51 If 53 10 3 63 66 10 6 34 26 
8 6 36 .36 8 7 ~96 :92 10 4 65 60 10 7 

1n 
&8 

8 7 221 zt~ ~ 8 l7J !88 10 5 91 88 :l 0 173 
9 1 89 0 251 2'+ ~0 6 52 31 1 1 ' 538 598 
9 2 235 2~0 9 1 2 8~ 272. 10 7 318 316 ! l 2 206 Z1 0 
9 3 106 l 7 9 2 314 3'. 10 8 33 25 :.1 4 166 17 2 .. 
9 It 399 401 9 3 89 3Z. 11 1 Zf, 33 11 5 497 503 
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H K rol hi H k IF~ hi H k hi I rei ~ I< lrol IFcl 
12 0 1'75 18 2 5 2 289 289 6 5 59 36 5 z 166 162 
:..2 1 2 25 220 5 3 37't 367 8 6 30 23 5 3 1ft9 1lt1 
12 2 145 15 2 5 4 286 288 B 7 119 115 5 It Z.Z1 220 
12 3 27 J9 5 5 2.90 303 9 1 2~ 6 6 1 167 165 

6 0 19'+ 19 5 9 2 90 85 6 2 1 ft1 144 
L=S Ei 1 77 71 9 3 47 12 6 3 so 31 

& 2 6 01 595 .9 4 255 253 6 It 4.9 lol 
2 1 354 3'<9 6 3 504 513 9 5 lt2 29 6 5 108 111 
3 1 149 15 t 6 4 352 357 9 6 19 4 7 1 36 26 
3 2 !90 18 5 6 5 251 260 10 l 315 319 7 2 222 218 
4 1 563 560 6 6 207 212 10 2 16 26 7 3 36 26 
4 2 20ft 20 5 7 0 3:8 312 10 3 82 72 7 ,. 280 283 ,. 3 99 67 7 l 66 93 10 It 20 8 7 5 ltD B 
5 1 180 18 0 7 2 395 3&6 6 0 71t 77 5 2 268 27b 7 3 18 lit L=6 a 1 11'- 112 
5 J <'35 24 7 It 270 276 B z. JD 32 
5 lt 369 37 2 7 5 39 37 0 0 757 755 6 3 38 16 
6 1 212 20 s 7 6 96 79 1 0 248 241 6 .. 57 47 
6 2 246 244 7 7 51 14 1 1 .. 19 433 
6 3 55 32 8 0 737 745 2 0 195 193 L=lO 
6 4 28 '+1 8 1 111 115 2 1 202 198 
6 5 57 61 8 2 112 113 2 2 '-18 Lt 18 D 0 180 169 
7 1 39 16 8 3 289 28J 3 0 uz 412 1 a 25 23 
7 2 315 316 8 4 2"5 250 3 1 250 2 so 1 1 lt69 It 56 
7 3 43 24 e 5 254 260 3 2 27 0 2 63 2 0 7lt 71 
7 It 360 388 8 6 s:3 6 23 3 J 651 653 z 1 116 10 2 
7 5 ltl 9 8 7 183 187 lt 0 276 2 69 z 2 279 269 
7 6 211t 216 8 8 72 83 It 1 16 6 186 3 a 52 32 a 1 litO 138 9 9 '+43 455 4 2 209 205 J 1 649 637 
8 2 45 '+3 9 1 1.95 187 lt 3 153 1 51 J 2 16 30 
8 3 1t9 53 9 2 160 161 It Lt 172 180 3 3 27 66 
6 4 56 58 9 3 '+C1 ~ 12. 5 0 207 2 06 4 0 2 c.o 234 
8 5 104 10 d 9 4 28 45 5 1 21~ 222 It 1 127 125 
8 6 !11 79 9 5 176 16~ 5 2 24 237 4 2 185 179 
8 7 117 113 9 6 325 33 5 J 245 236 ,. 3 J7 13 
9 1 1t6 25 9 7 56 S3 5 4 236 23J 4 4 78 73 
9 2 190 191 10 0 218 220 5 5 317 324 5 0 lt8 5 
9 3 100 10 8 10 1 J 01 298 6 0 ItO? 4 OS 5 1 266 260 
9 lt 177 171 10 2 411 416 6 l 258 255 5 2 40 25 
9 5 99 95 10 3 tJB 149 6 2 156 152 5 3 688 678 
9 6 129 125 10 4 326 327 6 3 221 21Lt 5 4 ItS 39 
9 7 33 J 10 5 2 23 225 6 4 336 336 s 5 2 22 220 
9 a 69 64 11 0 173 182. 6 6 29'+ 289 6 0 279 28 0 

10 1 332 326 11 1 1 20 11.9 7 0 Z.1 30 6 1 ltlt '+2 
10 2 141 145 11 2 1 26 1 20 7 1 185 186 6 2. 33 32 
10 3 62 53 11 3 237 229 7 2 17 2 177 6 J 116 111 
10 4 36 6 7 3 49 35 6 4 118 11ft 
10 5 173 17 2 L=7 7 4 269 273 7 0 9u 65 
10 6 28 32 7 5 10 6 101 7 1 Jlt4 346 
11 1 41 '+1 z 1 t,~~ 500 ~ 6 15 5 154 7 2 91 86 
11 2 40 25 3 1 18 7 39 36 7 3 53!1 533 
11 3 46 4 J 2 126 134 8 1 l47 258 8 z 1070 1062 
11 4 55 53 t 1 339 337 8 2 It 55 456 
11 5 59 62 2. 39 19 8 3 l51o lSit L=11 
12 1 2'+3 248 4 3 106 lOit 8 4 320 314 

5 1 Zit 23 B 5 14lt 11f5 2 1 130 13ft 
l=6 5 2 180 17 e, B 6 7& 87 3 1 39 1 

5 3 2.3 37 g 0 165 168 3 z 158 156 
0 0 32 1~~ 5 4 110 u.s 9 1 151 1 '<9 4 1 308 309 
1 0 156 6 1 238 237 9 2 191 183 4 2 29 36 
1 1 330 332 6 2. 61 ItS 9 3 439 Lt't6 4 J 59 43 
2 0 786 176 6 3 97 94 9 4 lp 193 5 1 38 23 
2 1 578 585 6 't 3Lt 7 10 0 2 4 2 86 5 2 157 151 
2 2 392 40 0 7 1 16 7 10 l 176 174 s 3 lt6 6 
3 0 466 '+6 2 6 5 285 290 
3 1 382 383 7 z 3 00 298 L=9 L=12 
3 2 162 160 7 3 27 lit 
3 3 624 635 7 4 366 370 2 1 270 2.70 0 0 256 254 
4 0 571 588 7 5 31 7 3 1 72 69 1 0 144 145 ,. 1 599 607 7 6 1 111 130 3 2 71 J~i 1 . 161t 158 
4 2 s~o6 51t6 8 ' 16" 161 It 1 340 z. a 70 &9 
4 3 191 19 6 B 2. 8 13 4 2 129 124 z 1 171 159 
4 " 5v5 50 2 8 J 52. 46 4 3 79 77 2. z 209 210 
5 0 256 265 B If 42 5 5 1 107 108 3 0 379 380 
5 1 168 1'7 0 
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A.2 VOP2Si08 Crystal I I 
All values are multiplied by 10. 

H k IFol IFcl H k lt=ol IFcl H k rol IFcl H k IFol IFcl 
L=O 9 4 393 40 2 .9 3 103 96 11 3 27 27 

9 5 53 37 9 ... 260 2 53 11 ,. 82 '<6 
1 1 66 63 9 6 61 49 9 5 429 429 11 5 51 52 
2 0 736 71t6 9 7 58 41 9 6 169 173 11 6 50 49 
2 2 1571 1531 9 s 113 122 9 7 74 53 12 1 298 299 
3 1 609 620 10 1 324 328 9 B 26 2 2 66 12 2 35 45 
3 3 778 714 10 2 87 70 9 87 65 12 3 22 33 
4 0 105 153 10 3 135 127 10 0 159 173 12 4 53 77 .. 2 11'+1 1130 10 4 48 44 10 1 206 2 09 
4 4 1208 1166 10 5 231 236 10 2 132 145 L =to 
5 1 431 393 10 6 JO 2 10 3 ft75 470 
5 3 o49 650 10 7 275 273 10 4 64 65 0 0 56 58 
5 5 140 146 10 8 52 11 10 5 18 5 168 1 0 699 875 
6 0 1740 1762 11 1 48 48 10 6 140 163 1 1 440 lo8 2 
6 2 lt88 46 !1 11 2. 136 125 10 a 169 162 2 0 686 706 
6 .. 550 544 11 3 1+8 21 11 0 16 6 159 2 1 235 241 
6 6 11!11 1190 11 " 59 57 11 1 32 lit 2 2 3 32 282 
7 1 392 378 11 5 78 76 11 2 158 159 3 0 52 29 
7 3 283 296 11 6 40 33 11 3 542 5 35 3 1 6 20 636 
7 5 303 29 a 11 7 50 19 11 4 178 175 3 2 r,67 650 
7 7 528 539 12 1 153 150 11 5 90 94 3 3 1291 1283 
8 0 166 18 0 12 2 lt4 33 11 6 249 259 4 0 23 25 a 2 1063 1069 12 3 111 133 11 7 183 163 4 1 119 121 
8 4 850 860 12 " 102 92 12 0 193 161 4 2 222 198 
8 6 80 87 12 5 105 110 12 1 292 294 4 J 613 607 
8 8 603 sao 13 1 55 a 12 2 245 2 50 4 It 59 28 
9 1 301 268 13 2 151 164 12 3 146 1 ltl 5 0 433 421t 
9 3 52 19 12 " 178 202 5 1 87& 901t 
9 5 334 336 L=2 12 5 196 195 5 ~ 308 315 
9 7 84 80 13 0 313 305 5 j 113 131 
9 9 75 89 0 a 10 14 1044 13 1 299 2 89 5 4 2 ltD 246 

10 0 272 263 1 0 739 786 s 5 790 786 
10 2 516 501 1 1 621t 589 L=3 6 0 519 507 
10 4 oo8 680 2 0 1206 1201 6 1 539 554 
10 6 Jea 379 2 1 682 686 2 1 220 2 31 6 2 422 435 
1a 8 379 361 z 2 75 54 3 1 45 43 6 3 74 59 
11 1 143 111 3 a 637 535 3 2 523 1t92 6 4 230 253 
11 3 523 522 3 1 328 33 8 4 1 746 726 6 5 2 75 271t 
11 5 1o5 18 2 3 z 458 475 It 2 232 218 6 6 432 lt18 
11 7 108 119 J J 196 158 4 3 124 12.4 7 0 415 lt16 
12 0 739 711 It 0 782 768 5 1 160 153 7 1 folD lt23 
12 2 253 232 4 1 591 596 5 2 333 328 7 2 131 131 
12 4 280 275 It 2 50 56 5 3 124 119 7 3 364 378 
13 1 261 249 It 3 766 772 5 4 531 532 7 4 132 135 

4 " 50 69 6 1 175 179 7 5 lt19 lt22 
L= 1 5 0 509 519 6 2 91 89 1 0 317 393 

5 ! 169 152 6 3 28 11 7 7 521t 53ft 
2 1 915 935 5 300 310 6 4 96 98 8 0 ItO It 421t 
3 1 162 152 5 3 739 722 6 5 86 76 8 1 27ft 281 
3 2 152 130 s " 229 244 7 1 74 82 8 2 1 ltli 129 
4 1 453 lt63 5 5 59 45 7 2 371 373 8 3 195 205 
It 2 3o8 346 6 0 617 60 6 7 3 74 57 8 " 61 71 
It 3 246 232 6 1 321 333 7 4 446 It 39 8 5 164 197 
5 1 264 256 6 z 691 706 1 5 &8 62 8 6 219 239 
5 2 252 253 6 3 192 183 1 6 21t8 231 & 1 163 16& 
5 3 255 247 6 4 lt97 525 6 1 127 131 6 8 360 355 
5 4 115 121 6 5 426 423 a 2 16 29 9 0 32 24 
6 1 224 234 6 6 421 1t07 8 3 124 126 9 1 358 371 
6 2 207 20 8 7 a 8S5 89ft 8 4 68 60 9 2 299 293 
6 3 128 121t 7 J. It 52 lt43 8 5 16G 159 9 3 568 577 
6 .. 111 10 6 7 2 31t6 351t 8 6 38 3 9 .. 352 354 
6 5 261t 269 7 3 105 82 8 7 121 1 Z8 9 5 140 12'< 
7 1 75 71i 7 4 65 7'< 9 1 70 78 9 7 417 429 
1 2 512 516 7 5 3Z1 312 9 2 272 2 73 9 8 125 131 
7 3 55 55 7 6 371t 379 9 3 60 63 10 0 173 18 0 
7 It 548 550 7 7 309 297 9 It 156 162 10 1 75 73 
7 5 41 50 8 0 635 656 9 5 51 3 10 2 29 52 
7 6 138 133 8 1 8:0 90 9 6 192 199 10 3 3ft4 326 
8 1 221 'l13 8 2. .95 10 9 8 45 75 10 4 100 96 
8 2 75 56 8 3 36'i 380 10 1 JOG 296 10 5 132 132 
8 3 lit 3 6 It 76 96 10 2 21 4 10 6 20 13 
8 4 76 83 8 5 345 351 10 3 47 70 10 7 8Z 81t 
8 s 47 51 e 6 451 r.Go 10 4 70 55 lJ. 0 165 173 
8 6 52 34 8 7 185 188 10 5 105 84 11 1 586 559 
8 7 193 .?0 1 8 8 179 177 10 I 313 3 1 () 11 2 213 ~0 6 
9 1 75 67 9 0 21t3 240 10 33 19 11 3 37 15 
9 2 233 2 ftO 9 1 286 27 0 11 1 61 36 11 4 166 1o7 
9 3 97 10 6 9 2 298 303 11 z. "" 32. 11 5 502 50 It 
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H I< ~ol l~cl H k !Fol IFcl H K lrol ~cl H K IF"ol I rei 
11 6 119 103 5 4 2.64 282 9 1 '+3 5 5 4 2 20 211 
12 D 183 183 5 5 292 300 9 2 lll l 00 6 1 165 167 
12 1 234 218 6 0 157 200 3 3 49 13 6 z. 137 14 0 
12 2 144 136 6 1 67 58 9 4 264 2 61t 6 3 57 33 
12 3 68 38 6 2 592 603 9 5 17 28 6 4 55 42 

6 3 497 512 9 6 16 7 6 5 122 113 
L=S 6 4 354 362 10 1 315 315 7 l 87 25 

6 5 2't5 254 10 2 46 26 7 2 217 219 
2 1 351 3'+4 6 6 201 219 10 3 62. 73 7 3 38 23 
3 1 147 149 7 0 306 30 7 7 4 ?8~ 283 
3 2 ZOJ 19 4 7 1 69 78 L=B 7 5 36 9 
4 1 550 558 7 2 379 390 8 1 106 108 
It 2 209 .?09 7 ~ 35 13 0 0 725 761 8 z 33 35 
4 3 107 1~~ 7 4 263 26 8 1 0 2.2.9 22.3 8 3 50 15 
6 1 177 7 5 91 20 1 1 ~20 4 44 8 4 57 48 
5 2 268 269 7 6 61 72 2 a 205 195 9 1 50 34 
5 3 227 ~36 7 7 25 18 2 1 198 190 
5 4 364 367 8 0 730 751 2 2 435 4 2.3 L=10 
6 1 212 212 8 1 127 111 3 0 407 407 
6 2. 235 233 8 2 114 117 3 1 237 2 36 0 a 159 1Ct5 
6 3 34 .33 8 3 280 278 3 2 256 245 1 0 32 29 
6 4 42 44 8 4 2'<7 259 3 3 644 655 L 1 462 452 
6 s 59 60 8 5 247 254 4 0 289 273 2 0 70 89 
1 1 17 14 6 6 608 625 4 1 182. 160 2 1 111 90 
7 2 311 "315 8 7 180 182 4 z 219 207 2 2 265 21t8 
7 3 25 21 8 8 68 80 It 3 144 135 3 0 47 10 
7- 4 392 388 9 0 '+37 41o8 ,. 4 200 184 3 1 638 630 
7 6 216 218 9 1 186 187 5 0 1B9 188 3 2 31 37 
8 1 116 130 9 2 152 ;.52 s 1 228 233 l 3 106 66 
8 2 54 i46 9 3 387 .388 5 2 230 2 27 4 0 2.26 219 
8 :3 19 55 9 4 49 39 5 3 232 2 23 4 1 102 112 
6 4 49 61 9 5 166 171 5 It 236 226 4 z 162 154 
s 5 93 10 1 9 6 324 330 5 5 33 8 3 40 4 3 55 8 
8 6 71 72 9 7 49 50 6 0 412 406 4 4 78 48 
II 7 115 106 10 0 2 06 215 6 1 242. 2 40 5 0 57 3 
9 1 ltl 33 10 1 306 295 6 2 158 157 5 1 265 255 
9 2 206 199 10 2 419 '+23 6 3 212 210 5 2 73 1ft 
9 3 110 10 9 10 3 121 1'-1 6 4 359 343 5 3 676 676 
9 4 186 16 0 10 4 ~27 333 6 5 133 147 5 It 36 26 
9 5 84 85 10 s 04 211 6 6 305 285 5 5 2 29 213 
9 6 147 13:. 11 0 167 17 2 7 0 38 21 6 0 269 254 
9 7 32 1 11 1 108 112 7 1 187 195 6 1 38 50 
9 8 49 6ft 11 2 115 115 7 2 168 170 6 2 48 48 

10 1 334 320 11 3 235 238 7 3 54 56 6 3 99 95 
1G 2 139 141 7 4 267 265 6 4 70 100 
10 3 57 58 L=7 7 5 106 105 6 5 47 28 
10 5 11)1 11)3 7 6 141 1 40 7 0 91 8Ct 
10 6 46 33 2 1 503 sao 7 7 37 42 7 1 350 343 
11 1 25 37 3 1 60 18 8 0 66 77 7 2 96 77 
11 2 32 13 3 2 119 129 8 1 248 246 7 J 526 521 
11 3 20 2 4 1 336 336 8 2 lt61 lo60 
11 4 so 42 4 2 35 22. 8 3 136 141 L=11 
11 5 73 62 4 3 101 108 8 c. 333 313 
12 1 255 250 5 1 41 26 e 5 133 

1 ~~ 2 1 1111 130 
5 z 171 173 e 6 87 3 1 55 0 

L=6 5 3 6to .38 9 0 167 167 J 2 158 15 & 
5 4 114 10 6 9 1 121 131t 4 1 303 309 

1 0 141 151 6 1 234 236 9 2 165 171 4 2. 60 32 
1 1 308 317 6 2 38 '-6 9 3 438 448 ,. 3 ~9 46 
2 0 766 789 6 3 106 97 9 4 179 176 5 1 19 
2 1 568 579 6 4 30 8 10 0 303 292 5 z 149 145 
2 2 402 407 6 5 281 263 10 1 166 164 5 3 48 5 
3 (j 457 460 7 1 53 8 

L=9 
6 1 108 91( 

3 1 393 381 7 2. 289 297 
3 2 155 150 7 3 c.z lit L=1Z. 
3 3 597 615 7 4 367 368 2 1 Z71t 271 
4 c 570 5§4 7 5 41 5 3 1 72. 69 0 0 228 251 
c. 1 594 5 s 7 6 1lt6 136 3 2 68 55 1 0 !26 137 
lo 2 542 552 8 1 160 154 4 1 341 339 . 1 172 165 
4 3 teO 1/38 8 3 66 '+3 " 2 127 127 i 0 83 57 
It 4 50 0 507 8 4 Z9 7 4 .3 82 81 2 1 172 158 
5 0 257 261 8 5 sr. 26 5 . 1~3 109 2. 2 2ZG 220 
5 1 150 162 8 6 37 23 5 z :.53 1 55 3 a 359 363 
s 2 2&0 294 8 7 118 111 s 3 143 :.39 3 1 67 30 
5 3 3B9 3 1 
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H k IFC:j IFq H l< jFq IFcj H t< IFol IFcl H K IFol IFcl 
L ::: 0 1 'Z 53 51 2 .:.o 3 6 5 10 21 19 

1 4 28 21 2 12 12 14 5 12 lit 8 
0 2 10 9 1 6 17 12 2 14 6 6 s 14 20 17 
0 4 51 55 1 8 3•) 31 2 16 16 13 6 7 tu 2 
0 6 <;1 57 1 10 23 24 3 3 46 46 6 9 22 19 
0 8 71 75 1 12 25 25 J 5 56 57 6 11 lll 3 a 10 J 2 1 1'+ 15 16 3 7 3'+ 32 6 13 11 9 
il 12 79 81 1 1E> 15 10 3 9 23 18 7 8 29 29 
0 lit 9 7 2 3 72 00 3 11 2'+ 22 7 10 20 18 u 16 15 20 2 5 36 35 3 13 15 11 7 12 18 18 
1 3 53 52 2 T 16 15 3 15 21 21 7 14 11 12 
1 5 12 16 2 9 53 55 '+ 6 11 13 8 9 Zit 21 
1 9 17 17 2 11 30 30 4 10 15 17 8 11 19 18 
1 11 4 7 2 13 15 .:.s It 12 25 27 8 13 21t 21 
1 13 3 10 2 15 28 27 .. 14 .:.5 16 9 10 25 25 
1 15 17 19 2 17 17 15 4 16 G J 9 12 10 6 
1 17 22 25 3 4 66 61 5 5 lt7 47 10 11 18 lit 
2 It 60 &1 3 & 49 51 5 7 29 26 
2 6 £>2 63 3 8 ItO 41 5 9 2& 24 L ::: 4 
z 8 46 5J 3 10 27 28 5 11 20 21 z 10 53 56 3 12 14 15 5 13 13 7 0 0 55 58 z 12 0 2 3 14 27 25 5 15 23 22 0 z 27 27 
2 14 lt2 '+4 3 16 8 3 6 8 17 18 0 4 45 44 
2 1o 22 22 4 5 51 51 6 10 30 32 0 6 14 14 
J c; 46 .. , 4 7 42 lt3 6 12 32 35 0 6 24 25 
J 7 14 1& .. 9 26 29 6 14 15 16 0 10 12 15 
3 9 39 1tll It 11 20 21 7 7 23 21 0 12 34 33 
3 11 38 41 4 13 28 27 7 9 26 2ft 0 lit 10 9 
3 13 7 7 It 15 20 21 7 11 26 25 1 3 6 13 
3 15 lit lit .. 17 18 16 7 13 13 9 1 5 '34 31t 
3 17 12 1'3 5 6 15 13 7 15 16 15 . 1 24 25 .. .. .. 66 &5 5 8 30 32 8 4 6 3 .. 9 10 7 .. 6 107 96 5 10 23 22 8 10 19 20 1 11 9 13 .. 8 10 11 5 12 13 11 8 12 18 19 1 13 9 4 
It 10 36 ItO 5 14 9 8 8 14 12 12 2 2 49 51 .. 12 28 31 5 to 14 11 9 9 25 26 2 .. 20 16 .. 11t 27 29 6 7 2'+ 26 9 ll 28 28 2 6 11 5 
It 16 12 15 6 9 39 39 9 13 17 15 2 8 12 11 
5 7 6 2 6 11 24 21 11 11 28 28 2 10 33 32 
s 9 ItO lt4 6 13 11 16 2 12 6 9 
s 11 35 40 6 15 21 1& L ::: 3 2 1ft 20 17 
5 13 9 1'i 7 8 33 34 3 5 6 8 s 15 8 1 7 10 17 18 0 1 23 6 3 7 6 It 
s 17 It 2 7 12 27 25 0 3 20 4 3 g 6 8 
G 6 43 '+4 7 14 10 10 0 5 30 27 3 11 14 15 
6 8 74 75 7 15 18 15 0 7 33 Jlo 3 13 11 11 
6 10 38 ,.0 8 9 20 21 0 9 16 13 It It 20 16 
6 12 37 37 8 11 17 14 0 11 12 3 .. 6 43 loS 
6 lit 6 s 8 13 25 24 0 13 20 19 4 8 10 9 
6 16 39 40 8 15 18 1(1 0 15 12 3 '+ 10 15 12 
7 9 16 17 9 10 25 24 1 2 28 22 4 12 19 Ho 
7 11 20 Z4 9 12 9 9 1 4 Sit 53 5 7 11 12 
7 13 15 18 9 1'+ 25 24 1 f) 19 8 5 9 16 16 
7 15 5 4 10 11 13 13 1 6 35 3'+ 5 11 2S 2& 
8 8 15 16 10 13 11 12 1 10 16 15 5 13 18 19 
6 10 35 36 11 12 7 5 1 12 lit 13 6 6 15 1& 
6 12 3G 31 1 1ft 11 7 6 8 lt2 39 
6 lit 22 25 L = 2 2 3 ltlt ItS 6 10 10 6 
9 11 10 13 2 5 ItS '+2 6 12 13 11 
9 13 It It 0 2 17 16 z 7 34 32 7 9 16 16 
9 15 21 21 0 .. 60 61 2 9 29 30 7 11 21 22 

10 10 26 29 0 6 76 77 2 11 19 17 8 6 12 9 
111 lit 34 36 0 

lg 
41 45 2 13 23 21 & 10 13 9 

11 :.3 8 5 0 10 8 2 15 23 '24 6 12 15 14 
12 10 .9 1 0 12 6 10 3 It 29 25 9 .. 7 4 ... 
12 12 lt4 '+6 0 14 18 1 8 3 6 26 26 10 10 30 25 

0 16 22 22 3 6 20 14 
l = 1 1 1 73 62 3 ;.o 26 26 L ::: 5 

1 3 28 ;.7 3 12 10 .. 
0 1 87 65 1 5 28 ;.& 3 lit 20 19 0 1 20 23 
0 3 38 35 ;. 7 Jlt 32 .. 5 21 18 0 3 15 13 
0 5 15 .. 1 9 35 33 4 7 34 32 0 5 17 1& 
0 1 50 53 1 11 37 37 It 9 25 25 0 7 20 22 
0 9 14 11 1 13 27 26 It 11 26 24 0 9 6 6 
0 11 lit 9 1 15 13 9 4 13 27 27 0 ll 12 16 
0 13 39 37 2 .. 4ft 45 .. 15 16 13 . 2 21 26 

"' 0 15 9 11 z 6 j~ 52 s 6 2? 19 
"' 

,. 32 32 
0 17 6 J z 8 ltl 5 a zo 17 1 6 14 14 
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H t< jF~ IFcl H I< IFOI IFcl H I< lrol I rei H k IFq !Fcl 
1 8 25 27 3 10 27 2 8 8 9 6 6 1 7 13 12 
1 10 12 11 ,. 5 23 25 2 l.t 1& 17 
1 12 11.t 14 4 7 33 35 L = 6 2 6 18 20 
2 3 32 34 4 9 LO 9 2 8 9 12 
2 s 23 24 ~ 11 16 15 0 2 10 11 3 3 1'+ 1'+ 
2 7 20 20 5 6 13 14 0 .. 22 21 3 5 11o 15 
2 9 26 29 5 8 20 21 0 6 16 zo 3 7 14 14 z 11 19 16 5 10 15 16 0 8 18 zo 4 6 11 11 
3 4 13 15 6 7 10 9 1 1 22 23 5 5 23 23 
3 6 20 21 6 9 21 20 1 3 14 17 5 7 22 21 
3 6 6 9 7 8 26 25 1 5 16 15 
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A.4 VO(Po
3

)2 Crystal I I 

H I< jFGj JFcj li k jFoJ JFcl H k jFoi IFcl H l< !Fol IFcl 
L = Q 1 2 51 43 2 10 6 5 5 8 21 14 

1 It 2d 30 2 12 11 10 5 10 20 15 
(I 2 f) 10 1 8 20 10 z lit 6 8 5 12 15 8 
0 4 47 Lt-3 1 29 32 2 16 12 11 5 lit 18 1B 
0 f) lt8 S1 1 10 22 25 3 3 46 Lt6 6 7 16 6 
0 e 65 66 1 12 24 25 3 5 Sb 55 6 9 22 19 
0 10 2 2 1 lit 15 14 :3 7 36 33 6 ll lit It 
0 12 73 72 1 16 13 12 3 9 25 19 6 13 14 9 
0 14 7 () 2 3 64 59 3 l1 2& 2.3 7 8 28 25 
0 1& 18 19 ~ 5 35 35 3 tJ 18 12 7 10 21 21 
1 3 47 to& 2 7 20 1& 3 1.5 22 lS 7 12 18 15 
1 5 11 17 2 9 '+6 51 4 6 11 9 7 14 13 6 
1 7 3 s 2 11 27 30 It 8 3 3 8 9 23 27 
1 9 13 17 2 13 14 12 It 10 lit 16 & 11 2u 1& 
1 11 5 8 2 15 25 n It 12 21 26 6 13 22 17 
1 13 5 8 2 17 16 14 It 1'+ lJ 18 9 10 24 20 
1 15 16 ~0 J 4 59 55 It 16 It 3 9 1l 12 5 
1 17 20 Zit 3 6 46 51 5 5 45 46 10 ll 18 14 
2 It Sit 5ft 3 8 35 39 5 7 31 27 
2 0 55 56 3 10 26 2 6 s 9 28 25 L = 4 
2 e lt2 49 3 12 15 12. 5 11 24 19 
2 10 lt8 54 3 1Lt 24 26 5 13 t'7 7 0 0 47 Sl 
2 12 .. 1 J 16 9 5 s 15 24 24 0 2 23 27 
2 14 37 40 4 5 46 Lt9 6 B 15 17 0 4 41 .35 
2 16 18 20 .. 7 39 41 f) 10 26 31 0 6 17 11 
3 5 39 44 It .9 24 28 6 12 29 .34 0 8 24 21t 
3 7 12 16 It 11 ZJ 21 6 lit 15 14 0 10 13 16 
3 9 33 38 It 13 2'i 28 7 7 25 20 0 12 31 31 
J 11 32 38 It 15 19 19 7 9 27 2J 0 14 9 .9 
3 13 5 7 It 17 17 15 7 11 25 25 1 3 10 11t 
3 15 1J 13 5 6 18 12. 7 13 17 9 1 5 28 33 
3 17 10 13 5 8 29 30 7 15 16 12 1 7 21 26 
It It 59 57 5 10 21 22 e 10 16 20 1 9 9 5 
It 6 95 80 5 12 13 12 8 12 16 16 1 11 10 11 
It 8 11 10 5 lit 11 q 8 14 9 11 1 13 0 3 
It 10 J3 37 5 16 15 13 9 9 27 29 2 2 lt4 44 
It 12 21t 23 6 7 23 23 9 11 27 2Lt 2 4 18 lit 
It 14 25 27 5 9 J5 38 9 13 19 16 2 ~ 12 7 
It 16 14 12 6 11 22 23 10 12 4 3 2 1ft 10 
5 7 3 1 6 13 13 14 11 11 29 31 2 10 31 29 
5 9 35 42 6 15 19 21 

.., 
12 10 11 .. 

5 11 32 18 7 8 30 33 L = J 2 14 18 H: 
5 13 11 15 7 10 18 16 3 5 5 10 
5 15 7 7 7 12 24 27 (j 1 26 5 3 7 It 5 
5 17 2 J 7 14 1J 9 0 3 26 0 3 9 5 8 
r, 6 35 42 7 1& 18 ~li 0 5 31 26 3 11 12 15 
6 8 6.3 67 a 9 19 <.1 a 7 33 26 3 13 11 9 
6 10 34 37 a 11 15 lit 0 3 HI 13 It It 17 16 
6 12 31 34 6 13 2Lt 2& 0 11 15 1Q It 6 39 41 
6 14 .. It 8 .1.5 16 16 0 13 'Zl 19 ,. 8 10 10 
f) 16 36 3& 9 10 22 25 0 15 11 9 4 10 16 10 ., q 14 18 9 12 !1 8 1 2 31 18 It 12 18 15 
7 11 16 2to 9 14 Zit 25 1 It Lt9 Lt7 5 7 10 10 
7 :.3 14 17 10 11 14 12 1 0 22 11 5 9 15 18 
7 15 .. J 10 13 12 10 1 6 3Lt 32 5 11 23 26 
6 6 13 14 11 12 10 8 1 10 19 14 5 13 lb te 
8 10 30 33 1 12 17 11 6 6 lit 20 
8 12 27 29 L = 2 1 lit 14 9 6 8 38 lit 
6 lit 2.3 23 2 3 41 42 6 10 10 5 
g 11 11 13 0 2 lit 14 2 5 lt3 41 6 12 11o 11 
9 13 3 It 0 It 51 56 2 7 H 29 7 9 1ft lit 
9 15 1/i 19 0 6 66 71) 2 9 29 25 7 ll. 20 21 

10 10 25 29 0 a 36 lt3 2 11 21 15 8 8 11 14 
tu lit 31 32 0 10 8 5 2 13 23 23 8 10 12 7 
11 13 It s D 12 8 11 2 15 22 21 8 12 15 11 
12 12 ItO 41 0 lit Ui 17 3 " :l1 27 9 11 3 4 

0 16 19 21 3 6 28 23 10 10 27 23 
L = 1 1 1 6S sa 3 8 20 15 

1 J JJ 2ft 3 10 27 23 L = 5 
0 1 70 sz 1 5 33 21 3 1l 14 7 
(] :! .16 32 1 7 35 32 3 llo 2.1) 18 0 1 17 2Lt 
0 5 19 3 1 c; 35 33 4 5 23 16 0 3 13 12 
0 7 Lt6 52 l 11 34 37 4 7 33 29 0 5 15 1'< 
D 9 15 12 1 13 21 25 " g 24 2'+ 0 7 19 zr. 
0 11 14 11 1 15 15 .9 4 l1 25 23 0 9 7 J 
0 13 33 35 2 4 l~ 4'2 4 !3 26 20 0 11 14 19 
0 1'> 9 8 2 6 '+9 4 15 15 16 2 21 2Lt 
0 17 b z 2 a 3Lt 33 5 6 23 16 4 .. 23 30 
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H I< jFq IFCI H I< jFoj jFcl H I< IFol IFci H I< jFol IFCI 
1 0 13 1ft 3 8 8 11 7 8 21t Zit 1 5 17 16 
1 e 22 25 3 10 25 26 8 9 0 5 1 7 lit 15 
1 10 10 11 It 5 20 27 2 .. 15 15 
1 12 11t 13 .. 7 30 31 l = 6 2 6 11 16 
2 3 29 33 .. 9 10 10 2 a 11 10 
2 5 20 21 .. 11 13 1J 0 2 10 111 3 3 15 16 
2 7 19 19 5 Et 13 10 0 It 19 20 3 5 15 17 
2 9 25 29 5 a 18 21 0 0 17 18 3 7 11t 16 

i 11 17 17 5 10 15 16 0 8 18 17 It 6 10 10 .. 11 12 0 7 10 10 1 1 22 25 5 5 22 26 
3 6 16 23 0 9 17 16 1 3 16 17 s 7 21 20 
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.. L /Fcj ~cl H L /Fa! kcl H L /Fo/ /Fe/ H L /Fa/ )Fe/ 
K=O K:: 1 6 11 17 26 -3 11 27 31 

7 0 2~ 24 -2 r, 18 12 
-~ 10 142 141 -te 11 45 ""' 7 2 31 H -2 ~ ,. .. lol 
•8 12 13 31t -~ 9 <;5 57 7 -2 120 127 -z tu 110 101t 
-r, 8 58 &1 -8 11 78 76 7 It 42 lt2 -2 12 35 25 _, 10 lt2 C.9 _., 

" 32 ltJ 7 
_,. 31', 39 -1 3 26 35 _, 12 115 115 -7 tc ltlt 35 7 , 15 30 -1 5 18 9 -c. 6 120 1~7 

_., 12 Itt ItS 7 -6 1'5 ~ 15? -1 7 5 29 -c. e 2!'3 28 9 -c; c 22 1't 7 8 23 23 -1 9 32 loO 
-It 10 33 29 _, 1i 11 13 1 10 '5 20 0 ,) 25 3 
-It 12 132 139 -5 e 71) !'7 ~ 1 50 .. 5 41 2 35 21 
-2 It 269 279 _., • 12 27 ~ -1 96 97 0 It 66 &7 
-2 F, 77 70 -5 1t ltlt 52 e 3 61t S1 c f> loZ 52 
-2 10 11t1 150 -5 12 J7 55 e -3 114 126 0 ~ 65 76 -z 12 r,s t:;7 _,. 5 &6 64 6 5 39 37 0 1J 65 71 

'l 2 1er. 1H ... 7 <;I) 51o 8 -5 87 c:;o 1 3 ;!1 3fo 
0 It 279 21) c; _,. c 65 80 8 7 37 17 1 5 21 • a 6 284 293 •It 1i 1011 11!: e -7 10ft 1C5 1 7 35 29 
J 11! 1C!9 197 _,. 

13 .. I) H 9 0 Sit EO 1 11 J2 29 
Q 12 f"(j 75 -l .. 21 u 9 2 103 104 2 -2 25 29 
? 0 3P. 16 -3 6 n 78 9 -2 110 112 2 .. 23 26 
2 2 2!'9 31)3 -3 e 27 29 9 It 47 r.5 2 6 15 11 
2 -z 17!' 17E -3 1 J 115 122 9 

_,. 33 23 2 1J loO 32 
2 It to<; <;2 -J 12 20 1t:J 9 c; 19 1.J 2 12 25 25 
2 6 9!! 11'5 -2 "' 81 85 9 -& 31o 37 3 1 ltlo lo7 
2 ll 3'? lo7 _, 7 n 35 9 8 10 5 3 -1 59 66 
2 1G 17 11o _:; 11 foil 33 9 -e H 91 3 -3 GQ 62 
? 12 123 1~2 -2 u H 22 10 1 8 23 3 9 .!1 3!' ;; c 27 22 -1 2 11; H 10 -1 36 .. 8 .. ~ 15 28 
It 2 33 lo6 -1 .. &6 66 10 7 12 20 It -z 52 39 
c. -2 2'35 313 -1 E 15 10 10 -7 51 1,6 It .. 30 32 
It It loO~ lt21o -1 e 79 78 11 0 31 loy It 

_,. 9 13 
It ... 65 70 -1 10 liJ 2F. 11 2 94 97 " 8 1ft 32 
It E 163 16ft •J 1 27 20 11 -2 3ol :!3 It 10 lo7 Itt 

" 8 364 373 0 3 25 3ft 11 4 26 27 5 -1 90 9ft .. 10 113 116 u 5 38 38 11 -4 c;e c;r; 5 J ~ .. ItO .. 12 7C 81 ] 7 61 1;3 11 6 48 33 5 -3 57 56 
E 0 220 216 0 9 57 55 11 •G 42 35 5 5 27 25 
6 2 130 128 0 11 I) t6 11 -e ItO :!1 5 -5 26 26 
6 -2 1'37 194 0 1:! 26 lit 11 •10 41 lo8 5 7 1ft 15 
6 " 21tlt 21t0 1 0 23 1 12 1 67 62 G u 30 t7 
r, _,. 133 110 1 2 25 9 12 -1 51 57 6 2 17 H 
f) 6 .. ., 43 t .. 78 77 12 3 61o e3 6 -2 129 121o 
r, -6 231 233 1 E 32 ze 12 -3 73 7ft 6 ... loG Itt 
6 ~ 27 tl 1 • 72 7t 12 5 52 Ita f) -6 128 131 
t; tO 17'3 111 1 10 31 36 12 -5 73 78 G a 34 32 
'3 0 347 318 1 1~ 1t:J 2'5 12 -7 H 76 6 1J 26 2t .., 2 163 11i3 2 •1 22 20 12 -9 76 74 7 1 39 39 
8 -2 121 t22 2 .. lo3 It! 13 0 39 lo2 7 -1 66 &It 
8 .. 71 76 2 7 31 35 13 2 17 22 1 3 23 32 
8 ... 225 21() 2 9 27 35 13 -2 loS lo2 7 -3 n 97 • fi 1!!~ 1'tlt .. 11 33 2E 13 .. 22 9 7 5 62 
8 -r, t56 1c;e 3 c 1',1 64 13 ... 66 68 7 -5 38 33 
5 e 2~ 21 3 2 2ft 22 13 -6 26 27 7 7 26 19 
e -~ c;o 50 3 -2 15 1ft 13 -e 5J 38 7 -7 38 31 
~ 10 11C 113 3 .. 22 31 1lo -1 25 14 7 c; 26 20 

10 0 111 1:J 9 3 6 19 tit 14 -3 47 43 8 Q 177 175 
10 2 171 1119 J 8 ~G 21 ci 2 29 29 
1'l -2 71 75 l 12 J5 39 K=2 e ·2 ee 86 
10 ... 139 117 " 1 B 9 e " 35 35 
10 _, 1'3 H .. -1 Rl 86 -9 11 t8 31 6 ... t26 130 
10 !! 13~ 135 4 3 21 30 -e 10 73 73 e •6 76 85 
11l _,. 1Cit 111 " -3 G·l 57 -e 12 lo3 25 e 8 27 26 
1" -H 17 J1 .. r; 19 14 -7 9 35 38 8 -'3 38 30 
12 0 Zit zz It g 19 20 

_, 
11 41 'ilo 8 10 19 18 

12 2 '37 '}It .. 11 39 47 -6 il 69 78 9 1 27 36 
12 -2 zn 212 r; 2 It() 41 -6 10 ItO <:2 9 •1 27 20 
12 .. 221 214 r; -2 151 152 -6 12 67 60 Q 3 F;9 72 
12 -c. 79 '36 s .. 2S til -r; 7 27 31 9 -3 77 71! 
12 6 ljfi <;6 5 _,. 17 11t -5 9 &9 69 9 7 13 19 
10 6 3!' 33 5 6 59 64 -'5 11 55 68 9 -7 35 36 
12 -6 6:! 66 <; 8 34 2€ 

_,. 6 c;g 1 !15 9 r; 25 ItO 
12 -8 '+6 53 I; 1 31 25 -4 8 128 1:!2 9 ·5 47 51 
lit 0 129 1~S f) -1 17 29 

_,. 
10 ltD !6 9 9 13 6 

llo 2 21 22 I) 5 15 21J 
_,. 

12 92 e9 9 -9 32 28 
11t -4 56 lt2 6 -s 27 29 -3 5 19 14 tu J 52 sg 
lit -6 95 115 I; 1 1' 6 -3 7 45 lor, 1il 2 70 72 

r, 9 13 21 -3 9 62 61 1C -2 .. ., so 
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H L I I'd l~cl H L l~'ol !Fcl H L IFoj jFC I H L l~'ol !Fe! 
1l 4 1'5 ?It 1 0 2~7 272 13 -4 3~ !& ~ I] It& 5& 
10 

_, 
32 J2 1 2 2~7 291 llo 1 lo2 3& 0 2 19 17 

1'l f> 21 9 3 -z 1'1 17& lit -1 47 r,g ,. -2 33 23 
l'l -r, 23 35 3 " 4& 45 14 -3 115 116 8 .. 23 21t 
1\1 -fl 77 IJQ 3 1: 327 32~ lit -'i z~ :!2 f: -4 9& 97 
10 -10 4'? lt7 3 • 17 ZE e _, 

50 53 
11 1 60 'il ] 1 c 37 3! l(:fo e 8 3& 31t 
11 -1 2" l6 3 12 110 1()2 6 -8 &Z 63 
11 3 43 'iC: " 1 153 162 -7 9 61 E5 9 1 ~3 66 
11 -3 51t r.u .. -1 12'+ 121t -7 11 36 18 9 3 32 13 
11 5 24 

<;3 
.. 3 98 9J -6 e 120 126 9 -3 15 21o 

11 -5 lt5 .. -3 '38 7f, -& lil 107 111o <3 -5 28 16 
11 7 1S 17 .. 5 190 192 -6 12 1',8 69 Q 7 12 6 
11 .a ., .. 53 4 7 50 lt5 -5 7 56 5<; 9 9 10 9 
1? li 22 15 .. 9 71) 75 -5 9 39 29 9 -9 

1H 
zz 

12 2 Itt' lt4 .. 11 11t2 133 -5 11 55 lt2 10 J 113 
12 -2 8'? 89 5 ~ 1J3 10" ... fj 21 34 1i. 2 ItS 50 
12 4 99 ~6 5 c 11t2 13~ ... II 80 !!2 10 -2 65 68 
12 ... Zit 12 r; -2 112 109 -4 12 zg zz 1U 4 1!l1 102 
12 6 34 11', 5 It 27 36 -3 5 52 54 10 ... 113 113 
12 -f. 51 5E 5 -4 27 H -3 7 19 31 1L 6 36 lt2 
12 -e 94 93 r; E H' 90 -3 11 1e 27 10 -e 1 ?5 135 
13 1 55 5Q c; 8 25 21 -3 u 62 63 1C ':! 13 11 
13 -1 4'i 11 5 1J 151 151t -z .. 42 38 1C -s 57 lo9 
13 --- 21 ?8 (, 1 telt 1~8 -z 6 68 74 111 -10 65 67 
u -s f.3 55 r, -1 tr,1 15& -2 8 72 78 11 1 lt1 37 
11 -7 12 ~s 6 3 1~5 187 -2 10 lt5 56 11 -1 78 90 
1'+ 0 52 <;t r, -3 242 242 -2 12 61 f.O 11 3 27 23 
lit 2 21 ?6 6 5 147 1'+7 -1 3 74 77 11 -3 lo5 50 
11t -2 3t' 45 r, -c; 112 10; -1 5 13 17 11 •5 30 27 
lit -4 49 57 I) 7 176 183 -1 9 66 66 11 -7 o:;o 51 
1'+ -6 80 ,7 ~ c 81 et -1 11 39 3!! 11 -9 fjQ 57 

r, 1i c;o:; <;<; 0 4 3! 3& 12 0 47 ItS 
K=3 7 0 37 31o 0 6 41 34 12 z Zit 10 

7 2 1B 136 0 8 50 50 12 -2 27 31 
-CJ 10 67 ?4 7 -2 11t6 11t7 0 1u 23 4 12 It o:;s 53 
-8 9 51t ItO 1 " 1 1;,3 1&3 0 12 16 19 12 -4 85 71 
-8 11 .. ,. 48 7 _., 62 57 1 1 30 21 12 6 24 28 
-7 10 12 ItT 1 £: 35 31t 1 -1 B 13 12 -& 14 19 
-7 12 71 r,g 7 -e 11t9 l'ilt 1 3 zo:; 23 12 -a 36 31 _, 7 &1 70 7 e lt3 lt7 1 5 66 66 13 1 Zit 8 
-6 9 113 112 7 10 12" 131) 1 7 32 38 13 -1 31 3«3 _, 

11 39 29 8 1 23 H 1 9 "" lo9 13 3 17 12 
-5 6 zoo:; 2l3 ~ -1 186 192 1 11 21t 20 13 -3 ItO lt1 
-5 fl c;z 1;4 ~ 1 191) 193 2 0 72 70 13 -5 ItT lt7 
-o:; 10 Sf> 93 ' -3 121t 125 2 -z 95 96 14 a 3ft ItO 
-5 12 lo1 43 'J 5 21 12 2 6 lt2 4ft 1ft 2 93 95 
-It c; 276 2'10 6 -5 22 Zit 2 8 lt5 r.z 14 -2 89 86 ... 7 33 45 s 7 37 32 2 10 57 60 1ft -4 66 63 _,. 

9 56 r,o; ! -1 10'i 103 2 12 31 31 _,. 
11 10~ 1'l3 s " 11t0 133 3 1 17 19 l(a5 

-3 .. 10& 10 7 9 c 'i3 55 3 -1 31t 37 
-3 6 62 5e 9 2 213 211 3 3 33 32 -9 10 !It 32 
-3 fl 71 ,~ 9 -z 139 11tlt 3 -3 ltZ 37 •8 9 51 56 
-1 10 15fl 155 9 .. 82 86 3 5 27 27 

_ .. 
11 loO 21 

-3 12 62 ?6 9 
_., lt7 56 3 9 21 19 -7 ! r,r 61o 

-~ 3 63 ">7 Cj 6 27 zc: It (j 31 34 -7 1\1 17 1E 
-2 Cj 168 1&9 9 -e 51 ft9 ft 2 78 75 -7 12 3ft 20 
-z 7 240 243 9 " 136 127 It -z 36 24 •6 7 81 87 
-z 9 73 ~0 Cj -e 91t 95 It It 15 25 -6 9 101 101 
-z 11 117 12il 1) 1 71) 72 4 _,. 211 27 -6 11 57 52 
-z 13 lt7 57 1a -1 H'i 169 " 6 25 27 -5 6 91 101 
-1 2 210 213 1'J 3 89 84 It 12 27 26 -c; 3 51t lt6 
-1 It ZE 19 1J •3 23 23 5 1 35 27 -5 10 21 1E 
-1 " 'i6 <;9 10 c: 11o! 1'i0 5 -1 62 55 -5 12 30 19 
-1 e 121t 128 10 -5 71 73 5 -3 lt2 ltlt _,. 5 35 !5 
-1 10 31 ltlo 10 7 Itt lt7 5 5 31 38 •It 7 36 20 

0 1 13t' 1J6 10 -7 1Je 113 5 -5 9 15 •ft 9 5 8 
I] 3 267 2H 1!l .c lt2 33 5 7 23 27 _,. 

11 50 55 
0 5 129 129 11 li ItT 51t 5 9 17 11t -3 " 15 Zit 
0 7 Z<? ItO 11 2 123 123 5 11 36 17 -3 6 21 31 
') 9 87 H 11 

_, 
21t 30 6 0 1)1 E1 -3 ~ 1)3 62 

0 11 ltG J6 11 -~ '36 62 6 2 lt7 tou -3 1J 30 31 
0 13 9f. 'Jit 11 f; 1)8 'i9 6 -z 95 97 -3 1Z 11t 32 
1 0 10 3 1H 11 -c: 70 8,) 6 It lt3 lt3 -z 3 37 32 
1 2 ItO&, ltH 11 -e c;~o 52 I) 

_,. 15ft 1 57 -z 5 105 10~ 
1 It 14'i 1J8 11 •1C 23 10 6 (, 12 27 -z 1 7tl 72 
1 6 14<;1 147 12 1 96 97 6 

_,., 29 18 -z 9 60 5r, 
1 e 178 179 12 3 71 1)8 6 8 35 ItO -z 11 93 ~~ 1 1C 'if 6.1 12 -3 59 'i3 6 10 21 11 -2 13 63 
1 12 4• lt7 12 c: c;1 o:;~ 7 1 53 10'2 -1 2 u 31) 
2 1 1S2 15ft 12 -~ 119 11':! 7 -1 10 17 -1 " 25 ze 
2 -1 4'i" lt30 12 -7 25 11 7 -3 27 27 -1 10 33 Zit z 3 !!1 ~9 12 -c: 31 3'= 1 5 15 17 -1 12 20 8 
z c; 2!!0 2d8 13 () 9J 91 7 -c; 11'i 12() 0 J 67 1)7 
2 7 5e F,7 1J 2 2& 25 7 7 21', 20 u 7 17 19 
2 9 192 1H 13 

_, 
'lit 85 7 -7 26 39 0 9 24 11o 

2 11 o:;z ?0 13 It I) 27 7 9 32 39 (i 11 19 29 
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~ L IFol Fcl ~ L l~ol l~cl H L IFcl Ire I H L IFol IFc I 
1 0 20 18 7 5 61 EO G 5 sc; 5! 
1 2 c;q 62 !(: r, 7 -5 n E:3 0 7 lt8 57 
1 It 71 71o 7 7 lZ 20 c c; 62 66 
1 • C)6 <i7 -9 11 1!3 8ft 7 -7 13C 125 (j 11 59 lt9 
1 10 8 " •13 1C 3l 11 7 9 111 111 1 'l 36 37 z -1 11!! 116 _, c; <j~ ItS 8 (j 21 10 1 2 25 19 
2 1 13 1@ •7 11 3ft 27 e z 53 53 1 " 13 22 
2 3 1e 1 •6 - 122 12ft e -z 8! 79 1 '! 3ft 20 
2 c; 8C H -r, 10 82 90 e It 153 1 ':1 1 ~ 12 z 
2 9 ftC 41) _, 

1C 3C) 32 e _,. ItS ItO z 1 Zit 28 z 11 te 29 -c; 7 33 31 e 6 ltlt lt8 z -1 1 lt9 137 
3 c Cl 6 -c; c C) It c;s e •6 '59 62 z J lt2 40 
3 2 13i 127 -c; ti ?9 ,, 8 a 107 109 2 '5 46 3'5 
3 -z 61! r,e _,. 

E 10~ 112 8 ·8 61t fZ 2 7 lt3 '50 
3 6 17 11 ... e Jlo 20 ~ 1 <;It 57 2 11 H 31 
3 10 23 9 •It 1C 97 98 -1 za Zit 3 (j 66 
3 12 23 27 _,. 

12 19 17 9 3 129 1 ~1 3 z 36 ItO 
4 1 43 4'E •3 c; 201 198 9 -3 51 C:lt 3 -z 16 21 .. -1 14 16 •3 7 60 C)7 9 '5 62 60 3 " 49 53 
It •3 61t ,., •3 Cl 101 92 9 -c; ~2 ez 3 6 e 2C .. 9 2C: 19 •3 ti lit 3C) 9 7 lt9 lt9 3 12 1C3 19 
It 11 1"' 1 -z It ?56 248 9 -7 13 19 4 •1 1 'E4 lltZ 
<j 2 37 J<J .::> F 221 2H <j -9 27 32 4 l 17 '5 
c; -2 3t' H _:; e 111 107 10 0 146 

1 "" 
.. -3 1 '53 litE 

<j ... se Cjft -2 10 77 76 10 2 68 72 .. c; 15 10 c; 6 1!' ?4 .::> 12 1Z7 133 10 -z 9!! c:e .. 7 17 lit 
I) 1 81 7<J -i ~ 287 289 10 4 154 1 C:7 .. 11 20 10 
r, -1 86 '!C) -1 7 ItO 36 10 ... 6'5 73 r; ' 85 83 
6 3 73 70 -1 c; 1!!6 187 10 6 126 128 5 2 lt6 r.z 
6 -3 97 )7 -1 11 '33 11! tw -6 129 126 c; ·2 73 66 
r, c; 23 40 IJ 0 113 12ft 10 8 71 78 5 .. lt9 51 
6 -c; 99 1Jit l c ?6 63 10 •10 c;c; 66 'i ... 83 82 
6 7 zc; 30 :1 .. loZ 3E 11 1 10ft 1t4 5 e 6 " 6 9 27 Z'l 0 e 137 90 11 -1 7'3 77 5 lil 22 12 
7 2 H 32 iJ e 1!H 186 11 -3 e'! S1 6 1 i8 91 
7 -2 37 ft1 0 10 50 c;c; 11 c; 68 6& 6 •1 c;g f;lo 
7 .. 3" It!! il H 26 31 11 -5 37 toO 6 3 21 zc; 
7 -4 2t: 38 1 1 2:!9 230 11 7 152 11o9 I) 5 16 te 
1 6 27 17 1 -1 H7 llt<j 11 -7 c;2 Sit 6 •5 e3 85 , -6 113 12 3 1 3 63 61 11 -9 80 I! It 6 7 21 Zit 
7 I! 32 l1 1 'E 167 169 12 0 as c;o 6 s 12 10 
7 10 21 19 1 1 235 Zltll 12 -z :H ,., 7 0 11 1G , 1 72 73 1 9 25 13 12 It 31 Zit 1 z 39 39 
8 -1 .. ,. lt<J 1 11 1J 21 12 -It ec; '!3 7 -z '57 51 • 3 17 ?2 2 a '!67 272 12 -6 31 30 7 " 33 20 e -3 31 29 ::> 2 191 18ft 12 -~ 66 ~5 7 •It 37 lt2 
e -c; 37 H 2 -2 232 235 13 1 42 37 7 6 a ze 
I! -7 6ft 2 .. 373 HC: 13 3 69 71 7 -6 71 81 
9 !! 17 19 ::> e 106 10ft 13 -3 63 61 7 10 8 16 
9 2 4C. !tit 2 e 1'50 153 u -s 1)1 '58 6 1 'i1 52 
9 -z 33 ItO ::> 10 190 193 13 _, 

61 1.:4 8 -1 lol 39 
Q It 27 3ft 2 12 ~8 80 11t -2 72 H 8 3 28 21o 
9 _,. <j@ 'i2 3 1 er, 97 14 -It lt1 lt2 6 -3 e 23 
<J -6 2Z 21 3 -1 13il ll<J II c; 69 69 
9 e zc 17 3 ~ e5 &3 1(:7 5 •5 11ft 11ft 
9 

_, lt7 'i2 3 -~ 1?9 15) e 7 25 1'5 
10 1 56 'i1 l ~ 77 2~ -9 10 52 ~Q e -7 28 29 
11J -1 127 110 3 1 l~lt 161 -6 '3 97 <;9 8 9 zz 5 
10 3 ItO H 3 c 77 77 -e 11 75 13 Cl ll 62 59 
10 -3 ?2 52 3 1i 65 73 -7 e 62 58 9 2 80 ec 
10 5 71 71 " 0 "JZCj HE -7 10 27 11 9 -2 6ft 61; 
1!J -c; 91 11) It 2 '11 8Z -1 12 ~ 28 Q .. 46 ItS 
1\1 7 1<? 21 It -2 222 205 -6 7 113 112 9 ... 23 1'5 
10 -7 10f' 113 ,. 

" 22 2il -6 9 23 26 g 6 28 19 
10 .a 3? '+3 4 _,. 11t'3 lit~ -6 11 77 61) 9 -6 61 62 
11 c '56 <;4 It "' 118 11~ -5 6 107 11J 9 s 56 60 
11 2 36 43 It e 513 55 -s 13 21 22 c; -8 lt1 Itt 
11 .. 31 11 c; 1 l'l7 10 f -s 10 Slo 50 10 1 51 5? 
11 

_,. 32 21.! r; •1 21:1 199 -5 12 22 31 1Q •1 c;e 51 
11 (, ItS ftC: c; ~ 66 71 -It 7 3Z 25 11) 3 ~1 2E 
11 -6 47 lt9 c; -3 167 170 _,. 

9 6il 1.:2 10 -3 '16 I.!Z 
11 -e 21' J9 <; c; 273 273 ... 11 19 36 tu c; 23 Zit 
12 1 Zit 32 c; -s 21ft 21)6 -3 It 40 37 lC -c; 29 31 
12 -1 27 29 5 7 lt7 lo1 -3 8 26 16 10 7 ItO 61 
12 3 3f. lit 5 11 11'i 111] -3 1il lit 30 10 -7 54 <;5 
12 -'3 29 16 6 a 1'3() 177 -3 12 33 lo9 1C -q I'll er. 
12 5 31 21 r, 2 276 27.1 -z 3 87 !!3 11 .J ~1 39 
12 -c; Itt J3 6 -2 126 12€ -z 5 22 19 11 z r,5 65 
12 -7 16 23 6 It 119 121 -z 1 25 17 11 -z 33 29 
13 0 25 lit r, _,. 217 222 -2 9 ft7 lo& 11 

_,. Z8 31 
13 2 21 ~.! 6 E 127 12E -1 2 lt1 lo3 11 e lt6 Itt. 
13 -2 Z1 19 r, _, 79 92 -1 4 62 51 11 -3 lo1 28 
u 4 26 .,c , a 169 171 -1 , 51 c;c; 12 1 e 2!! 
13 -6 42 J7 r, tii 72 7<; -1 e c;2 '51 12 ·1 82 8~ 
1ft 1 71 F)t; 7 1 1)9 10~ -1 lJ 66 69 12 3 ItO ItS 
1ft -1 '52 '>7 7 -1 177 171 -1 12 p loZ 12 -3 71 70 
1!t 

_ .. 
132 1H 7 ~ 237 242 0 1 25 1? 12 ": 1ft zc, 

lit -c; 37 ltl 7 -3 1" 1 ~ 0 3 6) 55 12 -c; 30 39 
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... L IFol !Fe! ... L IFol IFcl H 1. !Fa I l~c I H L l~o I IFcl 
12 -7 9:! 33 7 g 1? 21 1 ~ 32 1U 13 2 23 17 
13 '.l 1)5 lt7 '3 0 26 "" 1 10 7J 71 1:! -2 26 ItO u 2 2? 23 '3 2 .!9 !til 1 12 15 2'- 13 -It 15 19 
13 -4 "" r.o; 8 -2 <;] ?It 2 1 2'- 7 2 c;o; lit -1 96 gr. 
u -E f>1 'JO ~ -r. 29 33 2 -1 f>9 72 11o -J Itt 3E 
lit 1 r.c Itt ~ 6 47 It!': 2 3 33 29 
lit -1 ~1 75 8 •E <;7 c;e 2 <; "" "'1 K=1J 
lit -3 ?7 ')6 il A 22 11 2 7 <:71 2 76 

3 -~ "" 65 2 9 r,e 109 -~ 10 Itt 51 
I<=!! q 1 45 47 2 11 32 35 -7 9 23 27 

9 -1 <;7 52 3 a 33 zu -7 11 "'" 56 
-8 10 7C 'J4 9 3 46 45 3 2 16 J 154 -6 1J 26 43 
-7 q It'> 43 :j -· 48 52 3 -z 1(jiJ 98 -5 7 16 27 
-7 11 -39 10 9 -s 5 6 3 It 134 135 -5 9 c;e 52 _., 

!! r.& 39 9 7 78 72 3 6 4J 41 -5 11 50 53 
-6 10 3'3 4S 3 -7' ?1 6:) 3 !! c;o 52 -4 , 102 101 
-6 1? ltC lt'i 3 .c 43 51 3 lli 31 21) •4 0 71o 81 _., 7 54 I'll til 6 3& 31 .. 1 257 2 r,g •It 10 76 eo 
-5 q 23 lit 10 ' 19 23 4 -1 222 212 -4 12 65 53 
-c; 11 "'~ 70 1J -.: 62 l)lo It 3 397 3'34 -3 5 91 gc; 
-4 6 7lt H 1') -4 "~ 42 4 •3 .S95 392 •3 7 33 3!! 
-It !! 37 It:) 1 J E 35 1<! It 5 32 23 -3 9 22 35 
-It 10 58 'i7 10 •E Jq 4& 4 7 112 112 -2 4 9 25 
-4 12 2f> 24 u •A 29 36 4 9 217 21& -2 ~ 41 39 
-1 s 10~ 36 1 J -tO 25 20 4 11 20 27 •2 10 25 6 
-3 7 50 l)i) 11 1 51 ,. .. 5 0 B 30 -1 :! 90 91 
-3 11 42 J3 11 -1 37 3& 5 2 25 25 -1 7 26 31 -z ,. 32 22 11 1 29 19 5 ·2 42 38 -1 3 36 31 
·2 6 JC 19 11 .i 70 71 5 4 58 <;7 -1 11 16 2<; 
-2 12 2f> .?3 11 i3 zr; 24 5 -It 1)5 62 0 J 21 11 
-1 3 1<;4 11t'5 11 -c: ltl 36 5 6 7 11 0 ,. 26 27 
-1 <; 4S "" 11 .c q3 97 5 8 '1 15 Ci 6 24 24 
-1 7 35 31 1~ d 60 59 5 10 61 56 c ' 52 62 
-1 g 64 r,z 12 2 r;r. lt6 6 1 79 77 G 1J ~0 22 

i) 4 24 19 12 -2 75 79 6 -1 2J9 207 0 12 72 74 
IJ 6 16 15 12 4 20 31 6 3 21 16 1 1 11 12 
0 8 3e 51 12 -4 75 74 6 -3 117 112 1 -1 82 78 
~ 11! 47 ltE 12 ·E ~1 83 6 5 136 U4 1 3 54 5~ 
0 12 It f. <;:J 12 -e ~I) &5 f: -5 12 3 121 1 5 33 29 
1 1 43 14 13 1 ">.J 52 6 7 68 67 1 7 60 66 
1 -1 10:! ~5 13 -1 71) 70 6 9 51t lt9 1 9 17 27 
1 3 zc 16 13 -'5 1Cil 98 7 u 25 21 1 11 lt5 lt2 
1 r; <;9 <;3 14 g 21 20 7 2 49 <;1 2 J 19 1ft 
1 7 12 12 11t ., 20 11 7 -z 37 43 2 2 18 23 
1 9 4C ltZ 11t •4 ~7 ze 7 It 36 28 2 -2 23 26 
1 11 51 lt6 7 _,. lt1 32 2 .. 33 35 
2 c r;z <;2 K-= 9 7 6 35 33 2 5 34 31; 
2 2 24 2~ 7 -6 33 2'3 3 1 U5 100 
2 -z 9!0 13 -9 10 27 .. 7 8 58 f:Z 3 -1 Zit 32 
2 .. 2C 9 -'! g c;<; 67 a 1 294 ZC:3 3 3 39 45 
2 f: r;c lt6 -'1 11 95 98 8 -1 5 22 3 -3 f:lt 64 
::> 8 1<3 24 -7 13 lt5 l9 8 3 1'3 20 3 5 75 73 
2 1C 52 51 -7 10 61 54 6 -3 !H et 3 7 32 10 
3 1 Q 5 -s 7 123 12E 8 c; 241 2 40 3 ' 42 43 
3 -1 <32 a8 

_., c 29 1f 8 •5 223 2 2~ 3 11 21 1'5 
3 3 22 :?6 

_., 1i 92 8'1 a 7 zoo ZCu .. D 39 34 
3 -3 1C 34 -5 E 38 <;:) e -7 23 Zit It .. 25 24 
3 <; 25 18 -<; e 47 45 8 9 52 '50 4 -It 139 11t4 
3 7 6C 57 -c; 10 24 8 9 0 89 ec; 4 I) 37 33 
3 q 23 10 •5 12 H 43 9 2 3~ 21) 4 a 32 29 
3 11 33 JS -It " 15 ZtJ 9 -z 25 2u 5 1 1;9 6'? 
4 0 6? lit _,. 7 ZH 210 9 4 46 <;3 5 -1 30 19 

" 2 "" 38 -4 c 95 101 9 6 41t 42 5 l 3 7 
4 -2 10C )7 •It ti I)Q ltlt 9 -6 22 17 5 -3 r;z 59 
4 •It 41 45 -3 It lj6 52 9 e H 16 5 -5 9 23 
4 F 13 11 -J E 1)1 62 9 -e 56 62 6 a 22 r; 
4 II 15 15 -3 e lit 1~ H 1 o6 ~c; 6 2 31 21 
It tc 4 8 -3 1G 14 1': H. -1 Zll 12 6 -z 32 31o 
r; 1 161 156 •2 3 1'i4 193 l(j 3 SJ c;r; 6 -4 62 64 
c; -1 19 41 .? '5 42 ]lj 10 -3 14~ 11t7 6 -& lt9 lt7 
r; 3 ze 42 -2 7 111 111! 10 5 66 -;r; 6 a 25 z• 
r; -~ H 23 _, c; 1 f.S 167 liJ -5 2~ e 7 1 27 14 
c; -5 12'? 126 -2 11 ItO 37 10 7 127 127 7 -1 ~a 83 
c; 11 t<; 12 -1 2 7<; 7] 10 -9 123 119 7 3 <;1 53 
1\ I! 2C r; -1 .. c;e 64 11 G 20 11 7 -5 18 30 
I) 2 22 19 •1 E lit 9 11 2 54 <;Q 7 7 26 12 
I) -2 31 27 •1 ~ 26 ZE 11 -2 46 49 7 -7 60 59 
6 4 53 c;c, -1 1~ 27 ZJ 11 It 31 !7 7 9 33 39 
F, 6 F, 1g a 1 1 <;9 17l 11 

_,. lt2 45 !! J 135 131 
F, -f. 33 ~I) l 3 119 111 11 & 27 25 (' 2 76 77 
7 1 Zlo ze ~ s Hit !8 J 11 -r:. 31 31 ~ -z 72 6e 
7 -1 '?1 96 ~ 7 U1 134 12 1 11 17 i' .. 38 .... 
7 3 47 Jg J c 115 112 12 -1 129 133 p •It 66 7t; -, •3 15 7 l 1; 2~<: 2illo 12 3 14 2 1 43 e 6 ItO ft(j 
7 c; 22 2'1 1 u lit 12 12 -3 6~ f.3 ~ 

_, 68 er. 
7 -<; 52 r;8 1 2 141 134 12 5 81 79 e 6 25 17 
7 7 24 17 1 4 111 1Jf; 12 -7 114 117 • -~ glt se 
7 -7 107 113 1 E 121t 125 13 0 .. ,. lou 9 1 51 ltC: 
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~ L /Fe I rc I H L 1~')1 /Fr./ H L IFCI hi H L !For hi 
9 -1 ltC H <; ~ 12 2S 1 <; 1 () ~ 1C1 13 -3 3~ 23 
9 3 <; :?~ 'i -It 14 22 1 7 13G 1 2i!l 
9 -:! ltfl ltE 'i f: 17 2e 1 g g 46 I( =13 
q <; lt3 ltlt 'i e ?3 20 1 11 32 "!9 
q -5 2e 32 r, 1 41 ItO 2 0 1'lJ 1~4 -e 9 e zc 
q 7 H 17 6 -1 19 2~ z 2 12'5 121 -7 • f>S GO) 
9 -7 ItS «.e r, ~ 22 19 2 -z 213 za9 -7 d <;6 f)<J 
9 -1 32 27 r, -3 6 10 2 ,. 21t3 2 36 

_, 
7 lt3 ,., 

10 2 ,. 2 f) -c; 31 It~ 2 f) <;7 ?1 
_, 

~ 76 e3 
10 -2 ~'5 21 r, 7 31 26 2 6 82 ~<; -5 r, 21 3~ 
1 J _q 22 29 .., c 1'7 11 z 1u 111 111 -5 € 31 2S 
11 i <;2 ltf: 7 c 101 137 3 1 2il9 2 C5 -r. 5 5 lg 
11 -1 31 19 7 2 72 69 3 -1 49 ,., -r. 7 10 te 
11 3 36 36 7 " '51 <;~ 3 3 j') .!lo -r. 9 61t 62 
11 --- 6C ?2 7 -4 32 35 3 -3 H'3 1:.4 

_,. 
11 36 3~ 

11 ;; 1~ e 7 F 25 l<l 3 5 34 45 -3 4 29 23 
11 -s 67 75 7 -~ 5~ <;<; 3 7 101 102 -3 ~ ~6 63 
11 -7 24 13 ' 1 U6 113 3 9 1S :!0 -3 ~ 55 57 
12 c •6 H ; -1 21o n 3 11 l.J? 1 !7 -3 lC ~1 19 
12 2 34 p 3 3 r:;c; 51t It 0 20 2 1'=6 -z 3 71 72 
12 -2 F,( ')ll ~ -3 3'5 29 " 2 10 ~ 1Cit -2 5 91 95 
12 " 51 'il 8 <; 34 3ft ,. -z 11 ~ -z 7 lt7 5G 
12 

_,. 
70 77 ' -c; 95 93 " .. 6 26 -2 9 53 53 

12 -f) <;7 7C q -7 21 20 .. . .. 112 lilt -2 11 22 ltl 
13 1 SG r,~ g 2 ltl 31; It f) 217 220 -1 2 !1 35 
13 -1 lt7 lt2 -3 -~ 45 ~5 " 8 '51t 49 -1 .. 9 6 
13 -3 21o 13 q It 25 22 It 10 94 C:5 -1 IS 18 2E n -5 .,,. r,g ~ 

_,. 27 2E ~ 1 131 1 Zit -1 3 ~1 31 
q 

"' 
lt3 lol! ~ -1 210 203 -1 10 33 3!1 

1(: 11 9 -1' 3J 30 ~ 3 87 ~3 0 1 ~5 61 
9 -e r,Q I; I} 5 -3 l:ll c:a G 1 51 lt8 

-e g c;c ,. 10 1 27 22 5 5 16.! HZ Q 5 55 '53 
-7 !' Zlo 2! 1J -1 1'3 47 5 -5 17.! 1eJ u 7 Zit lt1 
-6 7 loft 47 10 .! 17 22 <; 7 21 17 0 11 3'5 39 
-6 9 1'i IC 1'l -! 77 7~ 5 9 31 29 ! 0 fi& &5 
-f) 11 71o 71 1,j -c; It~ 3E 6 ,; 1~ 21 z 79 ee 
-<; 6 5! fJ7 1~ -7 lol H 6 2 231 2 27 1 4 67 6c; 
-<; ~ 11' 1J 1J .c <;1 52 6 -z 32 33 1 E 29 3:! 
-~ 10 zc 15 11 c 25 39 6 

_,. 
2U 211 1 1w 70 63 _,. 

5 62 1)3 11 -2 H 21 6 f) 121 115 2 1 59 57 
-It 7 e3 l3 11 I, 20 1C: 6 -6 17 5 z -1 1;6 69 _,. 

9 5Cl 'ii!l 11 -r. .. ~ "" 6 8 117 11& z • 31t 30 
-3 " 12e 1?<l 11 -f.. 4ft 39 7 1 3'! 40 2 s 17 H 
-3 6 71 72 11 -· 42 45 7 -1 157 1 ~3 2 ., 56 55 
-3 " ftF. lt7 12 i 42 3ft 7 3 t«.e 145 2 11 45 29 
-3 10 lt7 lt3 1? -1 72 73 7 -3 61 Eft :J j 27 23 
-1 12 25 29 1? 3 !8 39 7 c; 86 !!IS .. 2 17 27 
-z .. 6C "" 12 -! C?l 92 7 -5 54 lo8 ~ -2 5'i ltC: 
-2 c; 7 H 12 -':: '!0 30 7 7 12 2ft j " 70 71 
-2 11 "" 31 12 -7 uo 101 7 -7 42 C:2 3 E 1;7 69 
-1 2 3c; ltf: 13 Q 47 33 7 9 13fl 129 3 • 12 1; 
-1 " 42 41.1 13 .: 26 13 6 () 51 51 3 10 22 g 
-1 r, 13 17 13 -~ 35 32 e 2 96 P.7 .. 1 2'5 17 
-1 ~ te 16 13 -r. 31) 43 I! -z 17 5 178 It -1 42 lt3 
-1 10 19 12 e It 106 1C3 .. j 75 75 
-1 12 lF. n 1(: 12 e _,. 61; F:7 .. -3 22 27 

0 1 7C 1)5 8 f) 43 32 r. 7 21 30 
0 3 79 ~0 -'I 10 30 1 ~ 8 -6 72 "2 It 9 6 11; 
0 <; zr:; H 

_., c: 22 "~ e e 83 ~9 5 2 6 1':: 
0 7 31 ~~ -r, ,; 111 112 e -e 127 12J <; -2 21 12 
i) Q <;It 45 -r, tc Dd 83 9 1 31 3& 5 .. 13 6 
0 ti !!6 8'i 

_., 
7 52 54 9 -1 51 50 5 _,. 21 7 

1 c 17 H -5 c: ~7 2S 9 3 1'54 149 5 I) Jlo 3" 
1 " 24 -s 1i ~g e~ 9 -3 120 12<; 5 ~ 41 lt2 
1 I) 17 27 -It "' '1'< 91 9 5 51 '52 6 1 89 90 
1 10 31'; ?7 •It A 21 33 9 -5 .. ,. 38 6 .. 39 33 
2 1 31 27 •It 1t 129 130 9 7 1~'3 110 6 -3 ~~ It C. 
z 3 13 2 -3 c; 2 21 22e 0 -7 37 42 6 5 37 
2 '5 Jf.. 24 -1 7 1;5 63 9 -9 35 !'7 6 

_., 79 !32 ., 7 c;f,. '57 -I c: f.l2 75 10 0 11tf> 1 e.g & 9 23 23 
2 9 37 ?It -3 1i 17 Zit u; z 11 17 7 Q Elt 59 
2 11 ZA 37 -z " 36 r.z u. -2 47 53 7 2 52 5"! 
~ c 31 ~2 -~ f: 121 121 10 .. 94 c:z 7 -z I,Q lt3 
3 2 c;e r.g -2 ~ f,J "'~ 10 

_,. lt7 lo9 7 " 38 17 
3 -z til 1C -1 .. 2'55 ~51 1C 6 73 79 7 ... !!1 e5 
1 " 17 22 -1 ~ 93 qr, 10 

_, 
110 11C 7 I) 11 6 

3 e 41 1,1 -1 7 H 42 1u -e 2~ 23 7 -6 33 zo 

" 1 113 JG -1 c 1H 121 11 1 45 c;a 7 ~ 22 23 

" -1 61 r,r, -1 1i ?1 24 11 -1 33 ~~ e 1 lit 27 

" 1 lo6 Itt J 0 fo7 l7 11 -3 35 lof> !' -1 53 51 

" -" 13! 112 J , 
3~5 !:Jl 11 <; 37 42 e 3 It& lt3 

" 
i: ZF. "' u ~ 121 121 11 -5 1':5 53 e -3 70 7! 

It 
.., 

1" " J E 3~ ltJ 11 
_, 

'3d c;7 ~ 5 Zit 19 

" c; 21 g J e 1'34 :CJl 12 ~ lll 113 e -5 27 27 ,. 1! zc; 1F: !) 10 ?9 12 12 2 73 72 e 7 38 23 
<; ol tC 1 ~ 1 1 r.g lo6 12 -2 26 23 c; \1 19 2! 
c; z 11 ?5 1 -1 6ft c;~ 12 

_,. r,q 76 0 ., lo2 loZ 
<; -2 ~c; 19 1 ~ 11;il 1'55 l3 1 en ez ~ -2 50 J'i 
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~ L I Fe! IFcl "i L IFol ]Fcl ~ L jFol IFcl H L IFol !Fe! 
q -4 7 5 E> € 12 lJ 4 7 70 70 2 10 11) 1, 
g 6 7 9 7 1 3'i 2E 5 0 143 1H 3 1 20 1~ q -E 22 ?d 7 -1 7~ 73 r; 2 73 71 3 -1 23 4 q -~ ~1 H 7 3 r:;~ 1)5 ') -2 E>2 &1 3 3 24 n 

1) i 74 '>'! 7 -3 55 &1 ') 4 54 '5& ! - J 23 0 
1'1 -1 114 11'l 7 " 23 37 5 •4 67 72 3 5 34 2<i 
11 .. 10 .. 7 7 23 1f 5 r, 61 59 3 7 'OJ Sit 
10 -~ ~ 35 7 •7 22 20 5 e 34 42 3 -3 35 35 
1'1 <; q 53 ~ c 3'l 42 E> 1 235 2 2., 4 2 2& 32 
1 J -c; 98 n e 2 48 39 6 -1 H <::1 4 4 2'5 Jl) 
1'1 -7 79 8ft 'I -2 r:;r, 56 F) 3 13~ 1 32 4 •It 13 10 
11 c 3~ loG ~ ~ 23 17 E> -3 2Li6 2or, 4 f) 25 9 
11 -2 f>e 59 'I -e 48 3E E> 5 111t 1 zr, 4 d 28 29 
11 4 47 53 9 1 21 25 E> -5 5d c;~ 5 1 88 52 
11 -4 3• 4! 9 -1 39 3~ 6 7 19\l H'l) 5 -1 41t ... 
11 -F, F)3 r,,. 9 3 7 20 7 Q 42 46 5 3 67 68 
12 1 21'. 26 g _ .. 

45 39 7 2 'i3 f:C 5 •3 59 61 
12 -1 24 2'3 9 ~ 32 22 7 -2 172 1 71 5 r:; 61 63 
12 ~ 1C: 17 9 -5 21 39 7 4 124 129 ') -r:; 26 25 
12 -3 33 37 9 .c H 34 7 -4 72 f::7 5 7 3& 32 
12 -'5 ,.,. 54 1J 6 88 91t 7 6 62 E& 5 9 22 29 
ll -2 59 51 1J 2 36 44 7 

_., 
1il4 H9 E. .; 29 31 

1~ -2 57 ~~ 7 e 52 33 f, z 23 20 
1(: lit 1J 4 'i1 8 1 21 26 f, -z 45 ft7 

B 
_,. 48 r;r:; 8 -1 75 f:& 6 .. 39 44 

-7 9 31' Zit 1J •E e3 80 8 3 62 f1 6 -4 35 3e 
-r, ~ 115 113 1J .Q 41 48 8 -3 65 'i7 6 "' 57 5~ 
-r, 10 4e 45 11 i 23 21 e r; 32 24 6 -& 1!2 &5 
-r; c 1F. 29 11 -1 21 2J 8 -5 35 38 6 e Zit 27 _,. 

~ 22 7 11 3 B H e 7 30 2"> 7 1 29 34 
-It 10 43 38 11 ... 2'i 21 e -7 <;J 41t 7 -1 33 24 
-3 5 64 &4 11 -" r,r:; ">Z 9 0 14 3 1lo1 7 -J 26 39 
-3 7 22 37 11 -7 33 18 CJ 2 5:! 5& 7 5 13 22 
-3 q 75 77 12 2 39 1'i 9 -2 ltlt 4& 7 7 lit 2e 
-.3 11 41 49 12 -2 50 58 9 -4 21 19 7 -7 18 1't -z 4 21 29 12 -r. I)Q sa 9 6 67 E7 5 J H 8ft 
-z f, 77 '12 CJ -6 n 7& ,. -z 17 20 -z ~ 56 <;7 1(: 15 9 -8 57 Sit & It 29 17 
-2 10 2~ 23 10 1 111 lCZ • _,. 78 77 
-1 .. 3 10 •j c 3? 31 1Q -1 8'i E1 e -6 2& zq 
-1 ~ 71 71 -1 e 11 22 10 3 lt4 !9 e -~ 15 25 
-1 7 31 Ei ·f) 7 % 9ft 10 -3 83 7J 9 1 .. 1 ttl 
-1 Q 2'> ss -<; c "2 91 10 5 144 147 CJ -1 43 37 

Q 6 21 7 -s i, 58 1',7 10 -s se &2 9 3 39 ze 
0 2 31t H -c; e 112 107 10 -7 &2 72 9 •3 78 70 
] 4 5C: 'i6 .r:; 1C 26 2 7 11 2 11? 111 9 <; 12 19 
) e zc H •It <; ~7 de 11 -2 !tit ~9 9 -5 1',0 lt9 
I] 10 44 ft3 •It 7 20 9 11 •4 9Q 9& c; -7 6& 5~ 
1 1 31: 41 

_,. <; 'i3 Sit 11 -6 43 43 u Q 25 24 
1 -1 ~" 8'i -3 4 1!t2 143 12 1 "" 1'8 11i 2 r,g 5~ 
1 .. r,~ <;7 -1 E 42 '52 12 -1 11) .. 10 •2 67 &1 
1 ~ 27 J& -1 e 17 32 12 -3 lt9 26 10 " 26 33 
1 1 zc 32 -1 u 1&0 lit~ 10 -It 1!2 87 
1 c; g 21 •2 3 17& 171', K=16 1[j -~ 30 41 
1 11 zc 11 ·2 c: 1H 127 11 -1 18 29 
2 0 4'i ft2 -:> j 2u5 207 -7 9 2'i 8 11 •J 22 Zit 
2 2 31' 26 _; c; 79 1e -e. e 2'! 3(1 11 -s 41) 26 
2 -2 1t2 ft2 -2 11 "' 99 -<; 7 c;a E1 12 -:! 41o lo9 
2 It jQ 43 -1 2 71 F)7 -<; CJ 32 3& 
2 !' 21 21 -1 .. 137 139 _,. 6 22 19 K=17 
2 10 29 n -1 E ~7 84 •4 8 &'3 f:3 
3 1 23 1f) •1 p 79 77 -4 10 zr:; 2'3 -6 s 30 311 
~ •1 3 .. 26 •1 tc 24 ze -3 r:; 33 :!8 -5 lj 'S8 9~ 
1 -! 6'i &J 0 1 155 &S -3 9 Zi 2~ -5 ~ 35 22 
! r; "' ?8 0 :! 152 146 -z It 61 f:7 

_,. 5 22 tit 
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3 6 21 1CJ It _, 

il4 8'5 I) -1 21 18 1<=:?1 
J -2 13 21 4 E 27 2ft f) -3 32 24 
3 4 F,4 1)'5 4 ~ '?~7 19 2 6 <j 17 13 -6 7 16 27 ., E 40 'tO c; 1 B 12 f, -<; 21) 21 .r:; I) '32 91 
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9 19 25 11 . 7 70 80 5 4 12 11 9 15 27 20 . 

~0 0 19 16 1 8 ~3 5 5 6 231t 23:? 9 16 3 12 
10 • 12 t8 1 9 58 62 5 7 53 57 9 17 26 20 
10 2 29 17 1 10 : 29 131 5 8 :2 1Z 9 t8 43 46 
10 3 ?2 32 1 11 19 20 5 3 44 46 9 19 40 26 
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11 15 18 36 2 11 26 21 6 13 53 53 1! 13 Z6 32 
11 16 12 7 z 12 32 Z7 6 15 27 zc 11 14 15 21 
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0 18 24 19 " 9 5J 57 e 20 ~8 a3 1 15 60 Z9 
0 19 44 fo2 4 10 6 1 9 0 19 3 1 !6 16 9 
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3 12 16 12 8 0 4 6 0 14 24 !6 4 11 27 25 
3 13 '+1 28 8 1 66 41 0 15 11 35 4 12 13 29 
J 14 11 7 8 2 9 11 0 16 28 43 4 1.3 74 76 
3 !5 49 19 a 3 25 13 0 17 51 lj7 4 15 34 r.o 
J 15 16 11 8 4 16 8 a 18 7 20 4 16 100 a a 
3 17 2'+ 16 a 5 53 16 0 19 6.3 56 ,. 18 32 11 
3 19 51 19 8 6 11 21 (j 20 56 r.s 4 19 60 60 
3 20 1'+ 9 8 7 52 32 0 21 20 10 4 20 43 ,.,. 
3 21 26 5 e 8 24 15 0 22 5 19 4 21 10 Ei 
3 22 11 5 8 9 ze 9 0 23 48 4& 4 22 22 6 
l 23 23 16 8 10 l1 11 1 0 30 9 5 0 25 5 

" 1 r.7 29 a 11 '+2 15 1 1 81 ar. 5 1 71 63 

" 2 12 23 8 12 .. a 1 2 so &3 s 2 2& 17 
4 3 49 25 8 13 63 J9 1 3 124 133 5 3 97 1/J" 
4 4 19 l1 8 14 5 10 1 4 9 14 5 4 13 11 
4 5 r.2 35 a 15 23 7 1 5 17 13 5 5 12 20 ,. 6 7 23 a 17 48 31 1 6 73 99 5 6 152 150 
4 7 59 39 8 16 21 9 1 7 102 102 5 7 81 84 
4 e 11 & 8 19 30 22 1 & 12 6 5 6 14 ~~ .. 9 57 28 9 1 lf5 3'1 1 9 ez 67 5 9 69 
4 10 18 20 9 2 20 12 1 10 122 1!5 5 10 41 51 .. 11 44 14 9 3 37 26 1 11 16 Z9 5 11 1& 25 
4 12 11 10 9 ,. 9 17 1 12 18 8 ~ 12 13 24 
4 13 62 32 9 5 28 27 1 13 so .91 13 76 76 .. 14 10 10 9 7 38 23 1 11f 44 lt1 5 14 '+7 r.2 
4 15 J3 7 9 8 8 11 1 15 31 36 5 15 25 29 
4 16 6 7 9 9 32 18 1 16 14 13 5 17 44 38 .. 17 34 25 9 10 12 10 1 17 48 44 5 18 '+7 38 .. 18 22 .9 9 11 l1 26 1 1(1 20 u 5 19 56 52 
4 15 25 17 9 12 23 17 1 t9 !j 60 s 20 18 13 
4 20 1& 7 9 13 32. 32 1 21 11 5 21 4 11 
4 21 44 24 9 14 11 10 1 22 61 6 0 148 136 .. 23 24 & .9 15 30 20 1 23 53 49 6 1 75 78 
5 1 16 16 9 17 2.5 11 2 0 81 99 6 2 6 1'+ 
5 2. 12 5 10 0 12 10 2 1 68 73 6 3 68 95 
5 3 52 ft6 10 1 16 13 2 z. 9 14 6 4 50 53 
5 .. 9 16 10 2. 25 12 2 3 121 1 29 6 5 2ft 14 
5 5 36 21 10 3 33 Z7 2 4 149 151 6 6 11 10 
s 6 19 6 10 f4 21 11 2 5 23 zr. & 7 7r. 69 
5 7 J4 Z6 10 9 38 24 ., 6 14 17 6 8 2.1 12 
5 6 3 16 10 11 22 9 2 7 98 105 6 9 63 65 
5 9 30 213 10 12 17 11 2 8 32 42 6 10 7 9 
5 10 18 11 10 15 22 19 2 9 76 St 6 11 15 13 
s 11 10 15 10 17 7 10 2 10 24 19 6 12 82 7'+ 
5 12 11 1J 11 1 31 11 2 11 35 26 6 13 &8 81 
s 13 5 lit 11 z 17 12 z 12 40 4? 6 1 .. 4 3 
5 1ft 11 11 11 3 66 45 2 13 89 67 6 15 29 32 
5 1S 27 27 11 5 36 24 2 lit 2l Zl 6 16 49 42 
5 17 30 13 11 6 16 9 2 15 40 39 6 17 37 40 
5 !8 6 9 11 7 .36 21 2 16 93 87 6 20 41 13 
5 19 1 l 10 11 9 52 29 z 17 "" lo4 7 0 36 21 
5 22 ll lC 11 10 a 10 2 19 59 60 7 1 52 51 
6 0 31 1<3 1:. 11 lo3 1a 2 20 r,3 39 7 2 65 69 
6 1 72 51 1 ~ 12 6 11 2 Z3 <;6 '+8 7 3 69 83 
6 " 8 H !1 ~3 25 11o l 0 28 H 7 4 1ft 15 
G :! 65 11 14 14 12 3 1 fit 62 7 5 12. 23 
G 5 75 36 11 15 61 39 3 2 97 81 7 6 32 6 
& 6 16 23 12. 1 2.7 29 3 3 127 l3Z. 7 7 69 73 
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~ L l~'"rl l""r:l '1 L 

'""')' 
l~'"r:l "' L I FiJI l"r:l :.. l""ol IFr:j 

7 • 12 tJ l 3 7 B 30: ::.; r; 32 ~1 12 11 c ., 0 ~ .. <,7 5 F; 12 12 u• 2~ 
7 1c 1C1 H I( :: ., 5 ., 2? !'i 1 7 12 <; ., 11 2" ~ .. 5 g 1'1 o; 1.! 1 '10 314 ., 12 10 1~ 1 ., 14 &:j 1G 13 24 1! 2 .. 22 1 1"i t>C: 21 1 07 64 5 11 ~· 2~ 
7 10: 21 1! 1 , 

13 13 5 lc; ~g 2~ ( :: 'l 
7 17 4.! n 1 7 ~1 r;c: r:; 1A 1'i ,., 
7 p 2.! 14 1 4 7 1 r:; 19 4 -~ c ) c:o IJt 7 19 SA :;3 1 :; 12) 8.0 I) .. 3~ :!1 1 1)3 73 
d r:: 04 'JC: 1 I) 13 l ~ r, l 1!~ ~g w ' .. 1C: 
'! 1 ~~~ 49 ! 7 1~~ 'll I) 7 1)7 4~ 

~ 
j 1 ~0 12A 

A 2 17 7 1 A 'l • 6 14 2) .!1 14 18 4 
~ 3 '" d7 i g Sil 3~ I) 5 7') c;g r r; 7 24 
A 4 ""' S2 1 l:l l'l ~ 6 I) 11 12 ;: !9 31 
8 <; ltl !1 1 11 q~ 7,! b 7 Je '1 ; ? 39 91 
'I 0: 10 c: 1 12 14 11 I) A 12 21 ") • ~1 3": 
'I 1 1',3 ;;;f 1 13 ~'l 214 'l g 71) t:O 6 g •& 64 ., e 1P u 1 14 1'l • 

"' 11 59 0:3 (; 1J 21 14 
"! c; c;c r;;: l 15 S'l 4! f, u 71 <:7 c 11 17 t>C • 1C 22 12 1 1'1 u • & 15 27 21 g 12 ~r; 37 8 11 ~p 17 1 17 <;7 3~ I) 1'1 11 19 1! ~7 ~": 
~ 12 r,c; ::;1 . u 11 9 I) 17 IJ2 sc .. 15 !6 3g . ., 1~ 1}1 :;~ 1 1g f,3 44 6 19 21 12 c 1E ?It H 
'I 15 ~c:: p 1 2 'J ?:l 7 'l 2J 12 5 17 "i7 5'! • 10: 41 p 1 21 ~4 21 7 c 2 3 ~ " 15 1e 15 .. 
6 17 31 :..-; 1 22 13 F; 7 1 3 !1 10 1)2 &3 ., p .. g ., 1 31 2'i 7 3 35 23 j ZJ ?Q 3! 
'l 1g 47 47 :; ., 1c; 1! 7 4 4 17 ·- 21 -e 14 
9 • ~1 ~'5 :; 3 F;lo "i') 7 5 ?J ~c 1 J 17 2.! 
9 2 23 15 2 .. I) 21 7 F; 12 25 1 1 1)5 65 
9 ! er .,., 2 &:j 2'1 9 7 7 41 19 1 ., 15 32 
9 .. 1C: 22 2 7 2S 32 7 g 2? 11 1 ~ 117 11'> 
9 <; 14 ?!I ., • 7 19 7 1.2 5 11 1 .. & • 
9 "' ">3 :;g ; 9 .,,., f;J 7 114 22 B ! 5 13 2e 
9 j 1;0: '>E , 1C ,. e 7 lr:; 39 ?1 . "' og 74 
9 " 17 1'i 2 11 .!l 2~ 7 17 ?A u 1 7 ~9 96 
9 0 F-1 "9 2 t2 .. 0 7 1~ j7 14 1 ~ 12 1C 
q 10 4C ,.~ 

., 
1.! ?'l tz 7 19 C7 1) 1 g 75 81 

q 11 22 l! ; 1'- 17 ,. A 0 12 :?8 1 11 27 30 
9 13 54 49 :; 15 B c e 1 .. ., 43 1 12 15 te 
9 tit ?6 t7 ? t'! 9 7 e 2 lit 2'< 1 u '!4 . ., 
9 15 32 J2 ., tS 2~ 29 1: ~ 40 2~ 1 tit ?5 23 
q 1r, 23 7 ; 21 45 2g ~ .. 11 25 1 15 40 3'3 
q 17 31. :!13 3 c ,. 2 b 5 ~2 4~ 1 17 lot 43 

l'l () 31 4~ 3 1 ">9 H • 7 .... !4 1 u '!6 35 
1'! 1 ~3 ,..:; ~ 2 1 J te ~ • ~ '1 1 19 ;o 1)2 
1:1 2 u c ~ 1 71 47 e s 2~ ?5 1 2J 11 10 
11 , 

"'~ "' J .. 7 11 ~ 1(1 " !2 t 21 ' 13 
tJ i; ?C :?It • r:; 4~ 3? a 1:. 1~ 22 2 l 71! n 
1'1 c; t'! t2 j I; 1'1 2; I! • 7 ?~ ~I) 2 2 17 1C ·~ 1'] "' 3( :.l J ., 45 21 8 15 B 19 ., J 1'l5 111 
11 7 5C <;7 3 • 11 H • 1'> 12 1:; ; 4 72 &7 
111 • 24 u ~ 0 4) 27 ii 17 5') ~7 2 " 21 22 
1'1 Q lt7 p 3 tO 13 " 9 1 57 .!~ ? '3 & H 
10 11 17 14 3 11 52 20: g 2 1? :'3 ; 7 9t 91 
tO t2 0 t7 ~ t2 22 11 9 3 57 42 2 • lo3 41 
1C 1.! c;~ 53 l u "!l 25 0 4 u 12 ., ~ I) I! 71 
10 tit 14 10: ~ 1r:; 43 29 9 r:; ~I) ::9 2 10 14 24 
1'1 1<; 20 JC: l H B 3 9 ') lit 44 2 11 24 2.! 
1:1 1"> 42 41 ~ 17 2J 17 9 7 31) 1& z 1! gz e6 
11 Q 1~ 1~ 3 19 C.1 21 9 g B 21! ., t<: .. ,., 42 
11 1 4:' 12 ! ?C g g 9 ll 5~ 21 ? 10: 18 JC? 
11 2 1C: 16 l ?1 23 10 9 1! n '!2 ::> 17 'it .. ~ 
11 3 51 :;1 J 22 12 7 Q 15 4? .,~ 2 13 ~0 5 
11 &:j 2:> '>C ,. ~ 27 39 d 1 27 ~;; ? 19 59 ">1 
11 "' 7'~ ~j 4 1 '>3 79 10 2 1::; 2C ; J lll 24 
t1 7 f,~ '>2 !t 2 11 1~ 1'.l 7 H 15 ! 1 1)1 64 
11 • zr ') ,. ~ . ~ '54 !C s 34 1 7 ~ ::> 71t , .. 
11 c c;r 4": .. 4 11) • c 1C ') 11) r:; '7 3 1i2 1cg 
11 1c 31 19 '• <; !C: ~2 tu Q It? :22 3 .. 11 24 
11 1'! (..! ~g It ": 12 Q 1G d 21o 7 3 5 23 24 
12 ,. tr • c. 7 72 ,.~ 1C 14 15 !2 3 ~ 33 2e 
12 i 4': ~t8 .. . - 19 11 ~ 27 7 • 7 '?3 92 .., 
1 2 2 1.! E 4 9 rr, 54 11 1 17 25 • ~ Zit t"-
12 .! r:;c r,r:; 4 1\. 3 r, 11 2 7 ?7 7 q 11t •t 
12 .. 54 lo7 .. 11 .,, 21 u. l l":>l 44 .. 1: .,,. 1',7 
12 r:; 21 1 l ,. 12 17 2~ 11 5 52 ~2 ! .. 2() 33 
12 ., 3" l&; ~ u ... Jq 11 "' 11) 13 ~ iz 20 p 
12 " 21 :.; It 1S c.r; 25 11 7 <;~ '>7 • u 7~ 74 
1 2 il ,. 

~ q 4 1"> 1? 4 11 9 ., . 2~ . 14 20 24 
1 2 !C 21 1 z ,. 17 'i4 "SF: 11 1u -.s !? , 

1'i !7 3~ 

12 11 <; 1'1 ,. p ~1 22 11 11 34 .,.,. 
3 17 ltf, to:> 

1 ~ 1 ?7 2~ .. 2, !S 1! 11 12 3 D . u 29 zc; 
1 ~ ., F 1.4 ,. 21 41o ?a 12 1 5~ ;:g 7 2J ?3 " 1 3 3 <,C ') 1 'j 1 7) 7 12 .. u '1 ,. J 101 ~J 

1 ~ r; 11 18 <; ., 1 ~ 32 12 ; 13 g .. l t;9 I;~ 

1 3 ~ ~. 1 • 'i C.1 p; 12 .., 2 ~ ~ 4 ~ 3 
,.. 
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I< L I• rl l•q 4 L l-11 /•:/ f" L 1":[ 1•:1 4 :.. l•ol l•c-1 
c. .. tc• 1 J It 3 1 ~ 19 tr. " <; ~ .. ~7 12 E;<, t,7 
4 " 24 ~a 1 ·: () 53 4<; ,. 7 33 ~1 ~ 1! S2 52 
4 c: p ') 1J 1 H 3• ,. ~ 5 '~ ~ 1ft 12 ~ ·" " ~ F 1'> 1 ~ ' ~- 12 4 'l Jlo lS c 15 41 v: 1 

,., ,. 7 77 70 1J ~7 ')7 4 11 •7 :?<. c 11; 12 2! 
4 • 22 ~g 1J 4 ~c. 1 ~ 4 12 ~t; 1 7 .. 17 so 3~ 
4 '? 7'? 74 1 j ., ~ 7 4 u 43 27 ~ u 29 12 
It 10 F. 1'> 1J 7 <;') <;1 " !4 23 <, 1 j 16 t• 
4 11 27 ~It 10 Q .. 5 1 ~ 4 1S 13 13 1 1 H !'? c. ! ? c;c ,.g 10 Q <;] 57 " 11' 1S 1 1 2 21 2f 
4 13 7'? 7<; 10 1~ 2"> 1~ 4 17 24 ?" . ~ 7.3 72 -4 4 

" 14 .. 12 1) 11 21 1~ 4 1~ l:l 1 4 11 1 ·1 ,. t<; ~7 J9 1-J 12 4) !4 c; 1 12 !'> 1 5 2C 1" 4 16 2s ') 11 iJ n .,n 5 
., 21 !lo . ') ')5 c;g 

4 17 <;~ <.'3 11 1 ·~ 32 5 3 32 2'> 1 7 <;7 c;• 
4 19 <;~ 'lO 11 2 22 9 5 ,. 1'> 17 . ~ 17 7 
4 ~~ 2~ 1'+ 11 3 .. ~ ft4 5 5 ~ j :'3 1 g "6 r.• <; ~ c ~J 11 t; ~ 21 <; 7 2') ?1 1 11 11) 34 
5 1 <;') ~ 1 11 7 ')It <;<; <; c; 11 l!o 1 11 17 p .,_ 
5 2 23 28 11 • 13 ') 5 11 19 2 1 u 50 5~ 
<; 3 1C 5 n 11 Q "" Col 5 u 19 2'3 1 1!o 49 !It <; 4 17 ~1 11 16 11 lit c; l"i 15 !~ 1 t<; 29 27 c; c; 17 1'3 12 1 <;~ 42 5 17 2'< zz 1 H ~ 11 c; ') 'i4 'il 12 2 17 7 c; 16 <; e 1 17 37 2e c; 7 r,c; 74 12 3 c;c:, <;~ ') 1 &4 ~'"7 1 te 23 21 <; ~ 20 2 12 4 22 lit F; 2 1! It 2 J 17 27 <; Q 7C r,g 6 1 51 ld 2 1 50 4'< 
<; 1 i 2'i ?<; I< = 7 r, 5 <;] ,.~ 2 ! 1;5 6 .. 
c; 13 7F 75 6 6 21 15 ? " •3 6"i 
<; 14 H ~') 1 ~ u 4 6 7 H H :; c: e 17 
c; 17 4• p 1 ' It~ 41 6 9 It) '<1 2 ~ 9 11 <; te 2'? ?E 1 2 13 ') F. 10 17 1 3 ? 7 1)7 'i4 
<; 1'? 51 :;c; 1 3 3(: 41 ') 11 "~ 4~ 2 2 4C 31o 
') c 12 ?2 1 5 73 ')t; 6 12 17 12 2 c 35 4~ 
r, 1 ~Q 1}4 1 6 21 <; ') l3 4 ~ 41o :? 1z :?6 1l 
') 3 119 ~s ! 7 57 <;1 6 1<; 24 ~4 ? 1! ')6 5'i 
') 4 g 11 1 ~ 2'l 11 r, 17 .,,. lo9 2 1'0 27 22 
') c; 1'0 1 q 1Cj .. 1 1 ! 22 12 2 !.~ 76 1)2 
r, ~ 2Q 2'l 1 llj 14 g 7 ,. 1') !~ 2 17 ?2 3~ 
') 7 1e I}~ 1 11 58 lt9 7 e 7 3 ~ iJ 32 10 
r, g f,1 ')~ 1 12 19 4 7 3 21 ~1 .. 1 4& 31' 
') 10 '! g 1 u 2? 32 7 11 ') <; j 2 70 ,. .. 
li 11 2C 13 1 14 ~ <; 7 12 17 11 :! 3 1':3 59 
') 12 1'! .?4 1 1'i 3'1 34 e G 13 12 3 4 18 12 
') 15 27 ~0 1 1? 7 ,. 8 1 <;7 41) 3 5 19 13 
') 1"- 12 tlj 1 17 41 37 ~ ? 21J 11 ~ 7 ')0 52 
li 17 ~9 4il 1 19 42 H '! 3 u 22 .. ~ 39 4" 
I) 1" 1'! 9 1 2C I) g ~ 5 3~ ?9 3 1·) •9 7C 
7 1 lt7 47 2 1 ""' 3lt 13 1 41 29 '! 12 111 12 
7 2 29 ~5 ? 2 17 12 8 13 0 ~j '! u 1)3 54 
7 ! 73' 73 

, 
~ 32 28 ~ g 23 21 ! 14 2& 15 

7 5 22 20 ? ,. 21 1 ~ e 1Q 14 17 3 1'0 8 H 
7 r, 22 ::>2 2 5 2C 5 .. 11 3<; •g ~ 16 ?3 1C 
7 7 77 7:1 2 7 20 2! ~ ~3 'i2 !7 ~ 17 22 !'I 
7 Q 24 til ? .. 1J 10 ,., 14 11 2 4 J '!8 78 
7 Q f,2 r, 'J ., 9 ~j !1 g J 17 1'> ,. 1 'H 44 
7 tt 2F-. ?13 ; u 11 13 9 1 21 H 4 ! c:,q &I', 
7 11 19 19 2 11 .. ., .~It <; J 19 .. 2 4 " <!2 32 
7 12 12 11 ? 12 19 1() q <; 21 14 4 <; 15 1ft 
7 13 7? 1)5 ' 1! 24 5 9 7 22 9 4 ') 35 19 
7 14 2C 1'0 ; 14 7 13 g 1J 11 a 4 7 41o 45 
7 15 1C 22 ; 11) 27 13 9 12 lo 11 4 • 55 !1 
7 !n 21 19 

, 
17 12 4 1~ J 19 1f, 4 g 55 52 

7 17 It:! p; ; 1~ 1~ 1 !) 1 8 q ,. 11 8 7 
I! 0 ~e ~c 

;; 19 12 21 1a 2 ') 13 4 12 f3 51o 
8 1 ~~ 40 3 lj 11 u 1G 3 2? 15 4 13 51 49 ., ... •1 7F. ~ 1 ?'l 21 1!l " 17 17 4 lit 3 c; 
8 4 "i1 lt1 ~ ? 'l g 1~ 5 7 ~ 4 15 ?li 22 
'! 5 1'; u .. 3 zr, 1'l 1~ 9 :>7 11t 4 16 25 17 
8 ') 1C: 1"-' ~ 4 f) 7 11 iJ lQ 2/o r; ) 2G 1! 
'! 7 1',1 'i4 3 <; 29 u 11 1 21 ~J 'i 1 27 u 
'I ~ 2~ ?7 .. 7 ?'i 1lo 11 l <;? ?0 r; .? ~3 21 
'! c; 54 49 't .. 12 ') 11 It I} 10 r, ! r,• 'il' 

" 1C c; 17 ! 9 11 19 11 c; B ?1 c; to 15 1" 
II 11 2C 19 3 t: !5 z c: ::, ?5 &? 
'! 12 24 ?J 5 11 :?5 1 <; I( = e 5 7 '!2 c;;: 
~ 1"' C:7 lilt 1 1 ~ .?) 2"i <; ~ ') .. 
'I t<; 27 fit 3 1" 

,., 12 il 97 ~,. 5 : 5S c.e 
II 1"- ]? l <; 3 1t; 27 21 c 1 B "2 c; 11 2& 21 
q 1 !lo ~s ~ 11) 1 ., ~ :! n <.Q c; !2 9 1 'I 
g ? 27 11 .. 17 29 14 :J ,. . , 15 <; lJ :;1 ""' q ~ 77 1'1 3 1G 12 1J Q <; i~ !1 '5 14 ')<; 'i2 
q 4 zc:; 1 ~ 3 tt; F 1 I ., f, t• 1c:i <; 1'> 35 p 
q f., tC 2 J .. G :?1 22 c 7 '>l '>4 <; lf:> :? .. te 
9 7 sr Sit ,. 1 

,., 
2E ' • <;; !9 F. sc 42 ~ ci 9 q <;'! ) 1 lo ? 1 • :; <;7 .... " 1 .. 3 3" 

q 11 19 ~~ '+ ~ ~., ;>g 0 1~ g ?3 ., , 4 Q 

" q !3 "ilo loC:: If ,. 3 7 " 11 31 24 r, 't c;r. <;7 
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~ l l•cl l"cl ~ L l>ol l~'"cl t" L '"'~ i"cl ... lr:ol IFd 
~ 4 zo ~c; 1 c; 39 1<; F, 11 ~? 23 ~ 

"' '01 <;1 
~ c; 1~ ~ 1 "' 1' 4 7 ~ 1'3 1i.i ~ 7 loi) 2~ 
r, r, 1~ ~ 1 

., 43 3 ~ 7 1 2~ :.1 3 ~ 13 <; 
(:, 7 c;z 44 1 I' 7 11 7 1l 24 Z3 ' 0 22 3ft , CJ 4t; $1', 1 Q u 11 • 2 • 11 3 1i 132 0~ 
r, •• 10 1~ 1 1: .. ~ 3 ~ zt 23 :: 11 16 i<? , 12 ZP ~~ 1 11 1'3 22 ~ .. ! 3 1? 4 J 1 ~g 1U .., 13 <;P <;Q 1 13 u 11 e <; zg ! 7 4 • 'u 2'3 
6 lS 2" ~~ 1 1S ?J 12 e F, c; 12 4 3 B :u 
1 c :'(f. 7 ~ 1 :; 23 • 7 1~ 1<; lo 4 lolo r,c 
7 1 4C ?r, ., 2 g 11 ~ ~ 27 12 ,. r, 2'+ 21 
7 2 <;7 52 2 c; 3 <; 

"' 
1 CJ 2 lo 41 21o 

7 3 c;c S4 ., ~ 1, 7 4 g 2'+ 17 7 4 1 1 3 2 7 'i u I( = 1) 4 lJ 7 12 
1 c: 2~ ~ 1 ., • 1"> .. 4 11 23 4 
7 7 'i'! q .; g 20 1 ~ c ~ 19"> 113 r; l 2C 11 7 " ~ c ; 11 17 21 c 1 1S :''+ r; , 24 21 
7 0 3~ .• 2 ; 12 1<; • r. z 10:: .. r:; ! .... 21 
1 1Q 1'1 . r ; u '- 6 c 3 '+1 4::i c; 4 1'- 12 "). .., 

16 7 12 2" 6 2 14 19 0 .. 2~ loS 5 <; 19 11 
1 1"! St 43 , 

1? 17 1! c 5 21 3 r:; ') 145 '11 
~ c 21 ZJ 1 1lo 1 J 6 31 3 r:; 7 26 27 
'I 1 lor. 32 ~ i 21 4 c 7 1C 25 r:; '? "0 24 

" 2 20 1 ~ s ., l'l g a .. ~ !7 ~. J '35 ez 
~ 3 52 '>2 3 ~ 12 14 c g 23 1'3 r, , 9 (, 
II 4 77 'i4 3 4 ZJ • .. :.~ 2~ 12 6 i; 101 54 
II c; 25 r:; ~ c; '4 1i J '' 1'+ ~ r, r, H 17 .. 
s 'i 1c c; s "' 21 11o . 12 1!~ "4 r, 7 5 1" ' II 7 loS p 3 .. 14 10 1 lj 24 ?5 .. J 25 2f: 

" • lo? zr, 3 1j • 1 g 1 1 1'3 !S 7 2 73 S4 

" 0 42 J2 3 12 i2 4 1 z 19 •• 
' 1& 12 14 ~ 1S .. - ~ 1 3 1'i !CI < = 11 _., , 11 1C 7 .. J i1 1~ 1 lo 1'l 3 
9 1 ?r 17 :. ., 

' 14 1 c; l'l 1:; 1 :l 11 " q 2 p 17 4 s :n lit 1 "' 113 1~2 1 1 27 2~ 
q .. ll2 4~ 4 7 21o 9 1 7 2"> •::> 1 , 1,., 7 
q 4 1' E :. • 11l A 1 -1 1" :?5 1 3 19 2~ 
q c; 1t; u lo ~ 17 2J 1 lG 74 7"> 1 4 0 I) 
q r, 7'5 &>C 4 14 a 1~ 1 :.1 '} 13 1 s 1~ • 
q 7 41 ~.! <; 2 t2 11 , J 47 7'!1 :. ~ 1Z • 
q " 7 11 ' 

.. 13 14 2 1 21 2S 1 7 22 17 
0 0 .... .. , 5 <; u 2€ , 2 24 ~ 2 1 H 3• 

10 c qp .,7 <; 

"' 
?::> 1 ~ 2 4 133 S1 2 ::> 14 0 

11) 1 24 3~ ? 7 ig H 2 'j 1 1 s 2 ~ 15 21 
10 ~ r:;z !tE s • 23 1ft ., 7 z~ Z2 2 7 27 lit 
1'1 ~ 'H 2'1 c; c 1'1 u 2 " 44 :?:. 3 l 15 1 

1'1 <j 2~- s <; 12 tS 11 2 lC 1. 18 .. 1 21 24 
') 1 '•.; 44 2 11 2·: '} • 2 20 <; 

I( = q '} 2 13 p 2 12 ?~ S1 • '! 2Z 1~ 

" 4 12 H 3 c 1"> • .. c; 11 1~ 
1 0 11J r, <o <; u 1~ 3 ' 21 d 4 ' e Q 
1 1 12 22 <, I; 17 lo 3 2 10 4 S2 lo :> te 2 
1 2 11 7 

"' 
• til 1f • 1 c; '1 4 ~ 22 21 

1 ~ 2~ 17 r, 16 14 7 3 5 27 14 
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H K iF OJ !FCj H K !Fa; !Fe! H >( IFoj l~cl H < IFol IFcl 
L = 0 J 1 6J 4e -e 5 12 11 -2 2 75 81 

1 1 1'> 27 c 6 111) <;7 3 2 6 10 z 0 39 56 -1 1 35 42 1 I) 27 2<+ -3 2 4 5 
4 0 62 96 2 1 2 1 -1 6 17 .. 4 .? 1J6 9~ 
6 0 102 94 -) 1 4 8 2 6 '>1 4il -4 ? 16 17 
8 0 13 1 1 1 10 .. -2 6 17 2u 5 ? 2~ 2!! 
1 1 6 19 4 1 1J 12 3 6 3 7 !1 2 5(; 46 

-1 1 8 6 -4 1 1f> 1) -3 6 13 .. -6 2 90 64 
.3 1 31 38 c; 1 64 5 e 4 6 46 45 7 2 10 e 

-J 1 53 41t -c; 1 27 24 -4 6 .32 51 -7 2 34 29 
5 1 8 6 I) 1 7 4 5 !1 25 21 e z 25 H -s 1 18 9 -'> 1 3'l 30 -5 (, 7 5 -E 2 25 25 
7 1 1C. 7 7 1 1c; 12 6 6 67 74 '? 2 4 7 

-7 1 13 5 -7 1 13 8 -6 6 59 r:.u -Q 2 9 3 
9 1 13 15 -~ 1 11 5 7 6 11 13 c 3 57 38 
0 2 81 166 g 1 16 11 (l 7 12 .. 1 3 r,o 51 
2 z 2 6 -9 1 1~ 2 1 7 14 3 -1 3 12 6 

-2 2 62 81 J 2 ~4 1;3 -1 7 5 4 2 5 38 41 
4 2 177 16:J -1 2 

"' 
1 2 7 1~ 19 -2 5 9 12 

-4 2 26 27 ? 2 1q 130 -2 7 17 23 3 3 29 27 
6 2 66 62 -2 2 4~ 6~ 3 7 32 27 -3 3 .34 ItO 

-6 2 124 119 1 2 14 1f -3 7 21 18 4 1 ' 8 
6 2 27 25 - J 2 11) 19 4 7 11 12 5 5 13 15 

-8 2 28 29 .. 2 35 2~ 
_,. 7 12 2 -5 5 33 36 

1 3 51 lt1 -4 2 117 110 5 7 4 4 r, 3 5 8 
-1 3 3 7 5 2 7 3 -5 7 l:J 5 -6 3 11 5 

3 .. 16 3 6 2 1)5 &J & 7 12 3 7 3 40 36 
5 3 12 5 -o;, 2 11 7 -& 7 g 2 -7 5 5 3 

-5 3 38 41 7 2 3& 2~ 0 6 5.:1 on ~ j 23 1~ 
7 3 11 11 -7 2 9 r, 1 8 15 6 9 3 10 6 

-7 3 5 5 8 2 €1 76 -1 0 8 7 -Q 3 29 25 
-9 3 20 13 -a 2 <;3 57 2 8 13 1 {. 4 ru 50 

0 4 5.3 75 3 2 11 9 -2 ~ 40 48 1 .. 8 1 
2 4 40 41t -g 2 21 15 3 6 11 7 -1 .. 14 24 

-2 4 1e7 17 0 J 3 47 34 .. l:l 57 46 2 4 39 37 
4 4 144 121 -1 3 31 43 -4 0 26 21 -2 4 115 10 E 

-It 4 15 16 ? 3 9 4 5 0 7 12 3 4 11 2 
6 4 21i H 

_:; 3 19 1'5 -5 6 12 1& -3 4 37 \38 
-6 4 76 -3 3 10 ~ a q 14 & 4 4 105 90 

8 4 59 52 4 .3 55 44 1 9 16 17' -4 4 1.3 lit 
-a 4 49 46 -4 3 6 2 -1 9 17 2 5 4 13 10 

1 5 26 Zit 5 3 11> 21 2 g 26 16 -5 4 6 5 
-1 5 27 31 -5 3 ZJ 1'5 3 9 21 11 6 4 17 13 

3 5 1.3 5 & 3 l:J 10 -3 9 6 21 -f) 4 sa 55 
5 5 8 9 

_., 
.3 13 1.! 7 4 11 3 

-5 5 14 16 7 3 9 1 L = 2 -7 4 18 20 
-7 5 12 5 -7 .. 27 2~ 0 4 38 37 

0 6 1f 9 ' 3 5 6 0 " 171 175 -E 4 45 41+ 
2 6 96 8"7 9 3 H 25 1 " 42 5'> f. 5 8 3 

-z 6 64 HIS u 4 141 112 2 0 31 39 1 5 , .. lt9 
4 6 eq 62 1 4 1+5 H J ~ 3 1 -1 5 25 24 

-4 6 27 27 2 It 511 95 4 ~ 'i4 &0 2 5 7 9 
6 6 16 6 -2 4 26 1l 5 0 ll 2 -2 5 7 2 

-6 6 34 29 3 4 6 7 I) .:J l:lu 7S 3 <; lit f) 

1 7 12 J -J 4 20 25 7 I) 2J 12 -3 'i 13 15 
-1 ., 12 12 4 It 11 1 ~ u 1 :; 11 4 5 17 7 

.3 ., 10 10 -4 4 1J1 112 1 1 3& 45 _,. 
5 7 u 

-3 ., 2 1 5 4 12 1 -1 1 9 1& 5 5 31 27 
'i .., 7 10 -5 4 1'l 14 2 1 43 37 •'i 5 3& 37 
0 e 19 10 6 4 7& 1)4 •2 1 14 16 £, 5 1.3 13 
2 e 9C 78 _.., 4 4u 45 3 1 53 55 -r, 5 29 2e-

-2 8 33 59 7 4 11 ~ -3 1 55 5 .. 7 :; 26 2'> 
4 8 31 21 d 4 3& H 4 1 11 11 -e 5 1& 2 

•It & 5& 61 -~ 4 2'> Zit -4 1 5J 51 c f> 17 6 
-1 9 21 Z2 iJ 5 4 r, 5 1 3 l 1 r, 10 1.3 

3 9 23 13 1 5 1u 1 -5 1 11 17 -1 6 6 9 
-l 9 11 14 -1 5 24 H & 1 g 2 2 ., 71 1>2 

2 c; ~ 5 -f) 1 9 3 -2 6 73 60 
L = 1 .? 5 1& 17 7 1 37 32 3 I) 21 21 

3 5 57 4 € -7 1 H 17 -3 ., 13 10 
1 " 9 17 ·3 <; :.7 1~ e 1 23 2J 4 0 "'" 56 
2 0 120 162 .. <; 17 1 1 -8 1 13 11) •4 6 31 34 
3 0 54 lt9 -4 5 12 2 9 1 25 19 5 r, 18 13 
4 0 87 93 5 5 12 lit •9 1 3 .. 27 fi ') 17 7 
5 0 1C 3 ~, c; '3 & 0 2 14'> 111> -& & 12 2~ 
I) c ze 24 _., 

'i 14 13 1 2 10 11 -7 0 7 ~ 

7 0 It 11 -7 c; 1'1 lit -1 2 56 4.1 ~ 7 32 2~ 
8 0 76 66 ':1 c; u 1~ 2 2 6 I) :. 7 32 25 
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H I( !Fq IFCI H I( IFOj IFC:1 H I( IFq l~cl H < IFCl IFcj 
-1 1 31 J1 1 It 7iJ 57 -5 1 31 !~ -2 7 a 9 

2 7 1"' 11 -1 It 1oJ 2 & 1 15 lit 3 7 1& 1 
-2 7 16 18 z " 73 70 -& 1 1C 3 -3 7 11 0 

3 1 1& 8 -2 It 12 11 1 1 1& !)9 4 7 23 15 
-3 7 e u J It lit 12 -1 1 It~ ltlt -4 7 10 15 

It 7 15 12 -J It 2& 34 8 1 jlt n 5 7 &7 &1 
5 7 35 lO It c. 10 1 -a 1 2"' 25 -5 7 47 57 

-5 7 1e Z& -c. .. 1)1 &It Cj 1 32 zo i:. d 18 1'> 
& 1 19 13 <; It ' r, -9 1 5J 49 1 s 13 12 

-& 7 25 !3 _., 
It H 27 c. 2 49 4S -1 :) 10 s 

0 e 7 1At r, " 74 &.; 1 z u 19 2 0 34 34 
1 e 13 10 -.; " 17 H -1 2 31o 33 -z ~ 1At 13 
2 6 79 &3 7 It 21 19 -z 2 59 r,1 3 ; 17 19 -z e 2& .. z -7 It It z 3 2 12 1~ -3 d 18 22 

-3 6 17 Z2 d 4 12 21 -3 2 lo " 4 d 19 11o 
It e 23 19 -o lo 29 te It 2 23 19 -lo 8 2& 25 _ .. 

e 52 511 J 5 13 10 
_,. 

2 9 5 u 9 21 20 
-5 8 11 15 1 5 9 1~ 5 2 Jl 32 1 ;, 19 12 

0 9 1C 9 -1 5 H H -s 2 13 19 -1 9 41 lo7 
1 q 10 7 -z 5 loO 37 0 2 zz 22 

-1 g 3t 29 3 5 51o 47 -& 2 3S 30 L. = 5 
2 q 11 .. -3 5 54 54 -7 2 24 22 -z g 13 13 4 5 34 3J 6 2 1w 4 1 ~ 1lo 7 

-c. 5 0 3 -e 2 13 15 2 u 26 28 
L = 3 <; c; 23 21 0 3 3& 28 3 I) 13 11 

-:; c; lEi 1 1 3 1&d 146 4 0 13 13 
1 0 Zt 23 -& 5 25 23 -1 3 4 ~ 5 iJ 11 .. 
2 (] 155 '!5 7 5 21 11 2 3 52 47 Ei ll 9 3 
3 0 72 &9 -7 5 ltlt lo4 -z 3 18 17 7 II 11 • 
4 c "" 46 J !) 75 6e 3 3 62 57 e II 32 33 
5 a 11 7 1 6 4& 3, -3 3 1il2 9J c 1 21 30 , 0 15 13 -1 r, 15 3 

_,. 
3 lo1 35 . 1 o3 72 .. 

7 a 19 20 ., 
& 29 zs 5 3 31 27 -1 1 114 117 

8 0 61) '>9 3 r, 3 7 -5 3 38 4() 2 1 g 5 
0 1 71t 74 It & 19 16 6 3 24 23 -z 1 17 H 
1 1 41 47 

_,. 
& 31 45 -& 3 7 5 3 1 31 31j 

-1 1 79 ,,. 5 r, 34 33 7 3 79 12 4 1 22 22 z 1 12 5 -5 & 16 16 -7 3 21 11 -4 1 1 7 
-z 1 16 19 6 & 51 lo7 6 3 21 21 5 1 ez 7& 

3 1 23 Zit -& 6 4oJ 3fl -6 3 23 15 -5 1 87 61 
-3 1 6 8 7 6 1& 22 (j .. 15 16 r, 1 23 23 .. 1 25 27 -7 6 111 1 1 .. 12 6 -& 1 15 H: 
-4 1 Zt 17 0 7 3 It -1 .. 35 3 .. 7 1 lit 1e 

5 1 5& 51 1 7 4~ 36 z .. 21 21o -1 1 fl1 63 
-5 1 58 <;& -1 7 13 1E -z 4 24 22 e 1 9 1 

6 1 14 1& z 7 lo() 34 3 It Zit 22 0 2 13 8 
-& 1 53 50 -z 7 31 3~ -3 It zz 2£i 1 z 27 24 

7 1 12 13 3 7 55 "" It It ""' lo1 -1 2 s 0 
-7 1 39 45 -3 7 53 5& •4 .. l1 1 z 2 61 59 

8 1 e 1 lo 7 22 21 5 It 22 20 -2 ., 23 23 
-8 1 8 1C 

_,. 7 1& 11 -5 It 11o 9 3 2 lit 11t 
9 1 13 18 -5 7 11 15 6 It 6 11 -3 2 18 21 

-9 1 11o " 
_, 

7 12 It -& It 1r, 1l 4 2 8 6 
0 2 31! JO J s 6u 53 7 4 3 .. -to 2 lol lo1 
1 z 22 25 1 d 17 14 -7 It 26 23 5 z 5 It 

-1 z 3 3 -1 8 1r, H 8 .. 23 13 -r; 2 11 15 z z 131 117 2 8 25 5 -6 It 26 !2 6 z 13 13 
-z z lt9 5& -z 8 21 18 0 5 B 28 7 z 9 4 

3 z 25 29 3 d 11 5 1 5 1117 e7 e 2 13 10 
-3 z 33 30 -3 !! 13 1 -1 5 2r, 23 -e 2 21 1& 

4 2 22 19 lo 8 43 39 2 5 c1 24 (: J 13 12 
-It 2 gc. 82 J 9 9 2 -2 5 !! 4 1 .! "J& Zit 

s z 0 2 1 9 31 35 3 5 9 !l -1 3 135 112 , 2 3e 37 -1 9 lit It -3 5 31t 33 2 3 9 8 
-& z 11 6 2 9 31 311 

_,. 
5 25 2d -2 3 34 21 

7 z lt5 4ft -z 9 7 13 5 5 sa 53 .. "J 82 79 
8 2 ~"' 35 -s 5 72 13 -3 j ltZ lt6 

•II 2 42 39 L. = It 6 5 23 28 It j 12 12 
9 z 1e 15 -& 5 2J 1o -4 3 13 2 

-9 2 26 29 :. 0 Zit 22 7 5 53 lod 5 3 ez ec 
0 3 61 4/l 1 ll B 41o -1 5 12 12 -<; 3 39 35 
1 3 25 11o 2 u 13 1E u 0 12 3 6 3 11 1 

-1 3 95 78 s (j 5 5 1 6 1d 1 -6 3 19 21 
2 3 r, 1 It 3 1& • c -1 r, 23 17 1 3 12 6 .. --z 3 4C J5 5 (,j Jj 2] 2 lj 21 21o -7 3 62 63 
3 3 57 57 r, .. .. 1 ,.r, -2 & 2, 37 e 3 8 r, 

- J 3 32 S5 , I) 1) 7 3 & 27 27 -e. l 15 1!! .. 3 75 && ~ 0 11; !! -3 6 22 2C c It 1l 13 _,. 
3 11 1 .) 1 l.l ' 4 & 11o 17 1 .. 11 12 

5 3 S7 5S 1 1 e2 n _,. r, H 34 -1 4 5 7 
-<; 3 20 22 -1 1 31 2 7 5 & 1'> 11 2 .. Zit 31 

6 3 & 17 z 1 ,.:; 1t2 -5 0 lit 3 3 .. 12 & 
-f) 3 ze 28 -2 1 43 1tC 6 & 1f> 7 -3 .. 1l 5 

7 3 13 4 3 1 fit 8'i -6 6 1-i r, It .. 13 .. 
-7 3 43 44 -3 1 1, .. 156 0 7 sz .!Z •'+ It 19 2s 

8 3 14 10 .. 1 22 1 ~ 1 7 85 5a -s lo lit lit 
-a 3 0 4 -'+ 1 :..z 3~ -1 7 .;c. r,c .; It 38 39 

0 .. 6' lt7 5 1 13 J 2 7 1& 12 -6 It 15 c; 
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H K IF~ /Fe/ .... I( IF~ !Fcl H ( ld l•cl H ( I •ol /Fe/ 
7 4 lit 15 -1 3 11 12 -~ 2 1'- ? 2 12 11: 
0 s 16 7 2 3 1'3 lit & 2 1'> 1C -3 2 14 3 
1 ~ 12 17 -2 3 11 7 -& 2 3 , It 2 ItS 45 

-1 s 0~ ?:l 3 3 Stl 51 7 2 22 2'> -It 2 14 7 
2 5 2C .!1 -3 j 9J 82 -7 2 2J 4 5 2 24 27 

-2 s 25 Z7 -It 3 28 3l c, 3 '> ~ -5 2 17 16 
3 5 73 1>8 5 3 21 2'i 1 3 17 ?3 F, 2 21 H 

-3 5 71 72 -~ 3 5& 57 -1 3 1J7 1~'> -6 2 32 3& 
It 5 1e 19 & 3 24 18 2 3 "J 5 7 2 10 3 

-It 5 12 10 -'> 3 lU 3 -z 3 12 1 •7 2 27 22 
5 5 42 33 7 3 75 73 3 3 se ?d c 3 13 1'< 
f) 5 12 2 •7 3 12 8 •3 3 3u 32 1 3 '02 52 

-& s 19 8 u It 14 11 It j 21 22 •1 3 13 8 
7 s 27 27 1 4 12 1 •It 3 6 2 2 3 21 20 

-7 s 65 &6 2 It 16 lit 5 3 &3 69 ·2 3 13 e 
(j 0 31 lJ -2 It 17 2l •5 3 33 39 3 3 31 32 
1 0 9 9 3 4 B 19 0 3 15 5 ·3 3 lt4 50 

-1 ., 19 17 -3 4 B 13 -r, j 2.J 1 4 3 8 4 
2 0 9 8 It 4 24 Zr. 7 3 It 1 5 3 14 16 

•J 0 7 3 -It It s J -7 3 &7 67 -s j 52 58 
-4 0 25 21o 5 It 11 9 0 4 23 25 IS 3 12 9 s 0 1e 4 -5 It 11 It 1 4 24 25 -6 j 17 0 
-5 6 15 20 6 It 1~ 5 -1 It r, 1 (j " 19 19 

6 6 17 18 -r, 4 12 9 2 It 11 14 1 It 10 5 
-& 0 f 16 7 It 9 1 -2 It 1J 2 -1 It 27 27 

I) 7 11 4 -7 4 12 4 3 It 1.j 4 2 It 18 11 
1 7 49 47 a 5 31 26 •3 4 13 1S -z It 50 50 

-1 7 3S 28 1 5 1G1 92 4 It 5 6 3 It 23 17 
2 7 1S 14 -1 5 41 35 •It It 21 23 -3 .. 25 19 
3 7 72 '>6 2 5 !I) 17 s 4 9 2 4 4 35 34 

-J 7 86 78 3 5 15 9 -5 It 9 11 -4 It 14 r, ,. 7 9 9 -1 5 lit lit 0 5 8 1 5 4 5 16 -· 7 19 17 It 5 11 1 1 5 1':1 7 -5 It 12 e 
5 7 25 3 ... s 25 1~ -1 5 87 72 & 4 11 1 

-5 7 13 17 5 5 52 53 2 5 17 11 -6 4 25 2E 
0 e Jt 27 _., 

5 7& 1e ·2 5 10 2 5 9 8 
1 e 17 7 & s 12 1~ 3 5 90 84 1 5 &5 67 

-1 II 14 1'> -'> 5 1~ 7 -3 5 61 5& -1 5 30 3e 
2 e 1t 1 u Fl 9 3 

_,. 
~ 9 4 2 5 e 11 

-2 e 13 5 1 6 15 5 5 5 3<; 36 -2 5 9 5 
3 e e 10 -1 & 111 s -5 5 B 9 3 5 16 11 

-3 6 0 2 2 I) 21 1S -& 5 12 7 -3 5 29 23 
-2 r, 15 1~ c & 23 2J 4 <; 12 4 

l = r, 3 6 7 6 1 f> B B -It 5 7 12 
4 & !& 12 -1 6 9 4 5 <; 40 35 

0 0 18 17 5 IS :.2 3 2 '> 12 4 -s 5 52 54 
1 0 5 3 3 7 9 9 -z & 8 1il (j & 7 0 
2 0 13 9 1 7 67 5& 3 r, 11 5 1 6 8 8 
l 0 1C 2 -1 7 <;3 62 -J & 1() 1 -1 , 14 14 
4 0 12 15 -2 7 17 6 5 & 24 20 2 & 28 28 
5 c 19 Zl -3 7 8 0 -5 ~ 21 3 -2 6 Zlo 28 
& 0 20 .?4 4 7 1J , il 7 r, 3 3 6 29 24 
7 0 4 1 -4 7 10 ~ 1 7 32 2& -3 & 5 17 
6 0 ~ 1 J 6 13 7 •1 7 33 27 4 6 20 26 
0 1 e 1 z 8 14 1E -2 7 z.; 13 -4 ~ & 4 
1 1 &4 70 ·2 8 17 5 3 7 72 &9 " 7 14 1& 

-1 1 2(; 2& -l 7 I'>J ~l 1 7 29 33 
2 1 &2 59 L. : 7 -1 7 37 lo1 -z 1 22 20 L. = e 2 7 9 ·H 
l 1 8e 34 . il 3 5 -2 7 4 5 

-3 1 12e 12J z D 26 25 (j a 7?. 76 
4 1 e 9 3 0 27 Zt 1 Q ">7 31 ... = 9 -· 1 H 2 4 Q 13 ld 2 (j it 12 
r; 1 11 1 5 (I 12 4 3 u 5 .. 1 il 13 11 

-5 1 33 J2 6 (j 7 2 4 u ze 27 2 J 42 47 
-& 1 11+ 5 u 1 10 9 5 .. 21 20 3 u 2& 29 

7 1 7C <;8 1 1 52 67 & 0 22 24 4 J 27 35 
-7 1 39 38 -1 1 97 10 ~ 7 I) 3 J.1 5 &i 18 7 

8 1 it. 13 z 1 9 J 0 1 7 z 0 "' 
13 10 

-8 1 14 14 J 1 30 2 t 1 1 44 <;3 c 1 21 20 
0 2 21 28 -3 1 7 2 -1 1 15 19 1 l. 19 35 

-1 2 48 49 4 1 7 3 2 1 1J 8 -1 1 51 60 z 2 12 1 ... 1 11 1 ·2 1 9 16 z 1 7 3 
-2 2 23 Z7 5 1 Hl 97 3 1 Ed 7~ -z 1 5 9 

3 z e & _., 1 &3 73 -3 1 51o <;7 3 1 17 13 
-3 2 7 1 ~ 1 7 8 4 1 5 ~ 4 1 1lt 1ft .. 2 20 19 -& 1 B 1 ~ -4 1 21 1'1 -4 1 & 5 
-4 2 I; 4 7 1 21 21 5 1 9 j ~ 1 ~9 &I! 

5 2 19 5 -7 1 3& 42 -5 1 2J 22 -5 1 32 41 
-5 2 19 16 0 2 9 11 ., 1 12 7 6 l. 13 H 

& 2 14 13 -1 2 9 Q -6 1 7 3 c 2 18 20 
-r, 2 13 18 ' 2 17 2J 7 :. 43 lo2 1 z 21J 2e 

7 2 & 4 -2 2 1.) 7 -7 J. 13 ., . 
2 2 35 31> '""' -7 2 11 5 j 2 1J 7 (j 2 27 :!<; -2 2 11 20 

" 2 1o 4 -3 :> 9 11 1 2 8 13 -3 z 28 31 
-8 2 12 7 .. 2 9 '> -1 2 17 2~ 4 2 14 9 

0 3 H 1 _,. z 11 21 2 z 10 2 -4 2 3& 35 
1 3 125 114 5 2 15 3 -2 2 l~ 16 <; .? 11 4 
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H K I FOI IFcl ... K jFol jFcl H K IFol IFcl H I( IFq IFcl 
-5 2 2C. 18 1 I) lit 23 2 3 27 23 _,. 

1 12 6 
6 2 H .?to -1 I) 2J 21 -2 3 ~ 1u t 2 9 22 

-& 2 9 1 ' I) zz 1~ 3 3 7 2& 1 ' 1& 27 
I) 3 9 10 -2 & 7 1J -3 3 17 2~ -1 z 7 ,. 
1 3 1'5 9 3 & 1..1 2 ,. 3 7 1 2 2 59 1)9 

-1 3 57 f>3 -3 6 lto It -to 3 27 31o -2 z 23 36 -z 3 7 16 -5 3 2~ 29 3 2 Zit 22 
3 3 27 2e L = lil 0 .. 19 22 -3 2 25 27 

-3 3 11 16 1 ,. .. 3 ,. 2 10 lit ,. 3 13 13 il r. I)!) 73 -1 It 28 3'5 •It 2 51 5~ 
-It 3 9 z 1 j 13 2~ z It B 16 (j 3 lit 7 

5 3 JS Hl 2 0 17 u -z .. ,.~ S7 -1 ~ 15 22 
-5 3 16 23 ,. 'l 25 27 3 .. lit 37 z ~ 10 6 

& 3 1lt 7 5 0 3to ltlt -3 It 15 b •2 3 6 1to 
-6 3 H. 16 J 1 6 3 It It lt1 46 3 3 10 13 

0 to lt1 '+1 1 1 21 31 ... It 16 11 -3 3 31 lll 
1 .. 21 29 ., 1 42 lt5 0 5 27 29 ti .. 38 lo1 

-1 .. 17 9 -2 1 17 22 1 5 33 3f> 1 .. 20 19 
2 It 3C J1 3 1 30 41 -1 5 u 20 z 4 lt3 52 

-2 .. 12 7 to 1 14 12 2 5 Zol 21 -z .. 8 12 
3 .. 13 9 5 1 12 0 3 5 zz 8 -.~ .. lf> 15 -s 1 23 11 -3 5 11 1l l = 12 
It It 10 e :1 2 H lt5 _,. .. Itt lt1 1 2 11! 1E L = 11 0 0 42 lt9 
5 It lit 13 -1 2 57 58 1 0 l 6 

-5 .. 16 ~& 
., 2 15 .. 1 ij 13 13 0 1 13 1 

0 5 9 .. -z 2 18 31 2 0 loT r,o 1 1 11 11 
1 c; 17 3 3 2 13 11 3 0 17 18 2 1 13 12 

-1 c; 3f> 46 -3 2 lit 6 It 0 33 39 -z 1 7 0 z c; 18 13 It 2 to9 52 0 1 16 12 0 2 toO 53 
-2 c; 2(. 21 _,. z 8 & -1 1 8 zz 1 z 6 ,. 

3 5 53 59 5 2 32 33 -z 1 6 11 -1 2 28 25 
-l 5 37 12 •5 2 20 30 -3 1 lJ 5 2 2 8 3 

0 6 33 lit 1 3 31) 30 It 1 s 15 -2 z 31 .. , 
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