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ABSTRACT 

Part 1 

A study has been made of three mixed oxide systems containing titanium, 

namely the NiO-Ti02, NiSb206  and CuO-Cu20-Ti02  systems. 

In the NiSb206-Ti02  system, the compound NiSb206  has been shown to be 

non-stoichiometric at 1080°C. in oxygen, and the extent of solid solution in 

titanium dioxide has been studied. No intermediate compounds are formed. 

In the CuO-Cu20-Ti02 system, the existence above 1015
°C. of two new 

phases has been shown. One of the phases is rhombohedral, with a probable 

composition Cu2TiO3. 

Part 2  

A new modification of antimony tetroxide has been found and called 

./-Sb204. It is stable up to 933°C. in air, and 1006°C. in oxygen. 

p-Sb204  is monoclinic, with a = 12.0602, b 	5.3832, 

(3= 104°35', U = 303.7123, m = 6.735, Z = 4, D
C  = 6.725, and space group 

C2/c (No. 15). 

The structure ofil-Sb
2
0
4 
has been determined in some detail from single 

crystals by both two- and three-dimensional methods. Values of the discrep- 

ancy index (R) down to 0.069 were obtained. 

Pentavalent antimony is coordinated to six oxygen atoms forming a some-

what distorted octahedron, and trivalent antimony has four strong Sb-O bonds 

on one side, and four weak ones on the other. There are two types of oxygen 

atoms present with different coordinations. 

The X-ray powder pattern of)I-Sb204  has been indexed in considerable 

detail. 

Some preliminary studieq have been made of orthorhombictg-Sb204. 
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PART 1 

SOME NIXED OXIDE SYSTEMS CONTAINING TITANIUM 

CHAPTER 1 

INTRODUCTION 

3 
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The initial purpose cif these investigations was the study of some 

mixed oxide systems containing titanium. The first systems studied were 

chosen to gain some insight into the nature of the pigment Titanium 

Nickel Yellow. This pigment is produced commercially from titanium 

dioxide, nickel oxide and antimony trioxide. It is made by calcining 

a mixture of the constituent oxides at a high temperature. A typical 

composition is Ni0 5, Sb20
3 
15% and the balance TiO2 

(Dickenson, 1956). 

In connection with this, two systems, NiO-Ti02  and NiSb206-Ti02, were 

studied. 

The NiO-Ti0
2 
 System  

The system NiO-Ti02  was first studied by Taylor (1930), who found 

only one compound between the two oxides, namely NiTiO3. It was found 

to be rhombohedral, with a = 5.448A and oiL. 55°0'. The structure of 

NiTiO
3 
was determined by Barth and Posnjak (1934), who found it to be 

of the ilmenite type. 

The ilmenite structure is a superstructure of them-Al203 
(corundum) 

structure. The oxygen atoms show hexagonal close-packing. The two metal 

ions, distributed in a regular manner, occupy t- of the octahedral holes. 

The metal ions are surrounded by six oxygen ions, and the oxygen ions by 

four metal ions. 

A neutron-diffraction study of antiferromagnetic NiTiO
3 
has been 

carried out by Shirane et al. (1959). 

The physical properties of NiTiO
3 
have been studied by Cox (1958), 
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by Yoshikazu Ishikawa and Shozo Sawada (1956), and by Eremenko and 

Beinish (1956). 

Nickel and titanium do not form a spinel of the formula Ni2TiO4, 

although studies of the Ni0-ZnO-Ti02  system have shown that some Ni
2+  

can be substituted for Zn2+ in the Zn
2
TiO
4 
lattice. The extent of the 

substitution is nOt certain, but it is considerable. Datta and Roy (1961) 

report that, as the temperature is increased, more and more nickel enters 

tetrahedral sites in the Zn2TiO4  lattice, until "nearly pure Ni2TiO4" 

can be prepared with a normal spinel structure. Birnbaum and Scott (1950) 

found that Ni0 substitutes for ZnO in Zn
2
TiO

4 
to a limit of slightly 

more than 45 mole %. The Ni0-ZnO-Ti02  system has also been studied by 

Takahashi and Otsuka (1959), and Korinth (1952), rather more from the 

viewpoint of producing pigments. 

The only other definite oxide of nickel and titanium has the ideal 

composition Ni
3
Ti
3
O. The oxide is isomorphous with the high-speed steel 

carbide Fe37,/
3
C. In this structure, the metal atoms show hexagonal 

close-packing, with oxygen in octahedral holes (Karlsson, 1951 a). The 

oxide is cubic, and for the formula Ni
3
Ti
3
0, a . 11.18A. The upper limit 

of titanium content corresponds to a formula Ni2Ti40, with a = 11.37A. 

Rostoker (1951, 1952 and 1955) reports the compound Ni2Ti40, with 

a = 11.30A, again with variable composition. Compounds of this type 

have metallic properties, and are very hard (Hagg, 1953). 

ShBnberg (1954) reports some rather ill-defined ternary oxides of 

this type, which are black and impure, and have a fluorite lattice, with 
0 	0 

a between 5.09A and 5.13A. 
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The NiSb2  06  -TiO2  System 

Two oxides of nickel and antimony are known, namely NiSb
2
0
4 

and 

NiSb206
. 

NiSb204  is tetragonal, and is isostructural with ZnSb204, MgSb204, 

MhSb
2
0
4' 

FeSb0
4 
and CoSb

2
0
4 (Stahl, 1943). The structure is very 

similar to that of 
Pb304 

(Straumanis, 1942; Gross, 1941 and Bystrom and 

Westgren, 1943), with Sb replacing Pbtm, and Zn, PbI7. The antimony has 

three oxygen neighbours, and zinc is octahedrally surrounded by oxygen. 

NiSb2
0
6 

is also tetragonal, with a trirutile structure. In this 

structure, the unit cell consists of three unit cells of rutile, with 

the Ti4+ positions occupied in a regular manner by Ni2+ and Sb5+ 

(Bystr8m et al., 1941). Compounds which are isostructural with NiSb206 

are of two types: MSb206, where M = Mg, Zn, Fe and Co, and MTa206, 

where M = Fe (tapiolite), Co, Ni and Mg. 

The system NiSb206-Ti02  has not been studied before. 

No oxides of antimony and titanium are known. Roth (1956) reported 

that 
Sb203 and TiO2 

did not form a compound. 

The Cup-Cu20-TiO
2  System 

Copper has two well-defined oxides. These are cupric oxide (Cu0), 

which is monoclinic, and cuprous oxide (Cu20), which is cubic. Their 

properties and the relation between them have been extensively studied. 

The only known oxide of copper and titanium has the ideal formula 

Cu
3
Ti
3
0 (Karlsson, 1951 a, b). The lattice constant of the cubic oxide 
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varies with composition between a . 11.24A at Cu
3
Ti
3
0 and a = 11.44A 

at Cu
2
Ti
4
O. 

There are no reports of studies on the CuO-Cu20-Ti02 system. It 

seemed unusual that no conventional mixed oxides of copper and titanium 

should exist, and it was decided to study the system. 



CHAPTER 2 

EXPERIMENTAL METHODS  

8 
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Materials  

The following materials were used in the experimental work. 

Titanium dioxide 	Laporte Titanium Ltd. 

Nickel oxide 	Hopkin and Williams, pure. 

Antimony trioxide 	Hopkin and Williams, pure. 

Cupric oxide 	"Analar", B.D.H. 

Cuprous oxide was prepared by the standard method of mixing solutions 

of copper sulphate and of potassium sodium tartrate and sodium hydroxide, 

heating to boiling, and adding glucose solution. The red cuprous oxide 

was filtered off, and washed with boiling water, alcohol and finally ether. 

A 9 cm. X-ray powder photograph showed lines of cuprous oxide only. The 

oxide was stored in a desiccator over silica gel. 

The moisture contents of the oxides were determined, and allowed 

for in preparing the mixtures. In the case of titanium dioxide and nickel 

oxide, a sample was heated in a platinum crucible over a strong Meker 

flame until constant in weight. Two different samples of titanium 

dioxide contained 0.372% and 0.375% of volatile material. Nickel oxide 

contained 0.331% of volatile material. 

The moisture content of antimony trioxide was determined by heating 

a sample in an alumina crucible at 225°C. in a muffle furnace. It was 

found to be 0.071%. A higher temperature was not used because of 

possible oxidation of antimony trioxide to tetroxide. The moisture con-

tent of cupric oxide was determined in a similar way at 810°C., to be 

1.093%, and that of cuprous oxide at 400°C., to be 0.942%. 
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Preparation of Oxide Mixtures  

The oxide mixtures were prepared by grinding the constituent oxides, 

in correct proportions, in an agate mortar. Grinding was as thorough 

as possible to ensure good mixing and small particle size. The mixtures 

were pressed into pellets oft,  or t diameter, using a Hillen mounting 

press. The pressures used were 3700 p.s.i. for& pellets, and 6000 p.s.i. 

fart pellets. No binder was used. Some of the small pellets used in 

the study of the NiSb206-Ti02  system were pressed by hand using a vice, 

as a suitable hydraulic press was no longer available. During pressing, 

a very thin layer of steel was invariably rubbed off onto the pellets 

from the inside of the die. To remove this source of impurity, the 

sides of the pellets were scraped with a spatula. 

The use of pressure and small particle size helps to increase reaction 

rates between normally rather unreactive oxides. To ensure complete 

reactions, the mixtures were usually heated three times, with a thorough 

regrinding between each firing. In the study of the Cu20-CuO-Ti02  system, 

whenever melts were obtained, regrinding was not considered necessary. 

Furnace Equipment  

In the study of the NiO-Ti02 
system, a large muffle furnace, heated 

electrically by means of "Crusilite" silicon carbide elements, was used. 

The pellets were heated in alumina crucibles. 

For the preparation of NiSb206, and the study of the NiSb206-Ti02 

system, furnaces of two types were used. 
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The "Nichrome" furnaces were suitable for firing up to about 11000C., 

if care was exercised. For heating in air, a small "Nichrome" muffle 

furnace was used. A platinum wound furnace, suitable for firing up to 

1500°C. was also used extensively. When an atmosphere of oxygen was 

required, the gas was dried by passing through concentrated sulphuric 

acid. The working tube, of alumina or mullite, was fitted with radiation 

stoppers. The specimens were heated in alumina crucibles or boats, or 

in small boats made from 1" platinum squares. 

For the study of the CuO-Cu
2
0-Ti0

2 
system, a revolving "Nichrome" 

furnace was used in a vertical position. The working tube was of alumina. 

The pellets were placed in platinum crucibles, suspended from a large 

hanging radiation stopper. Considerable difficulty was experienced owing 

to the tendency of the melts to flow over the sides of the crucibles. 

The temperature of the furnace was controlled by a thermoregulator con-

trolled by a platinum and platinum-rhodium thermojunction. 

In a few experiments, where an oxygen-free atmosphere was required, 

a large platinum wound furnace fitted with two co-axial alumina tubes 

was used. Oxygen-free nitrogen, after passing over heated copper turnings, 

was passed successively through the inner and then the outer tubes. The 

arrangement is described by Morgan (1963). 

In all cases the working temperature was measured by means of a 

Pt - Pt, 13% Rh thermocouple, connected to a suitable meter. The temper-

atures quoted are probably accurate to + 10°C. 
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Methods of X-ray Powder Photography 

For ordinary X-ray powder photographs, a 9 cm. camera, employing 

the van Arkel method of film mounting, was used. Where greater accuracy 

was required, use was made of a 19 cm. camera, with a Bradley-Bragg 

method of film mounting. Both cameras were made by Unlearn Ltd. The 

finely ground specimen was coated on a thin glass fibre, although 

occasionally, Lindemann capillary tubes were used. Ilford "Industrial G" 

film was used throughout. 

Where necessary, use was made of a Guinier focussing camera. This 

employs copper radiation monochromatized by means of a bent quartz 

plate. The specimen was coated on adhesive tape, which was supported 

on a brass disc. The exposure times were. about 6 hours. The Guinier 

camera was calibrated against a normal 19 cm. powder camera. 

The main advantage of a focussing camera is that the low-angle lines 

can be recorded accurately, and the lines are more sharply resolved. 

This is particularly useful where a specimen contains many phases. 

Because of the low general background intensity, even small quantities 

of impurities can be detected. 

The phases were characterized by their "d" spacings. Indexing was 

by standard methods, and a comparison between the observed and calcul-

ated values of sin
2 
 eegave an indication of the accuracy of unit-cell 

dimensions. The A.S.T.M. Card Index of Diffraction Data was used ex-

tensively. 

The source of radiation was a Metropolitan-Vickers continuously 



13 

pumped "Raymax" unit, with a demountable target. Copper radiation, 

filtered through nickel foil, was used throughout this work. 

Hydrothermal Methods  

Heatings were carried out in a stainless steel autoclave of 14 m 

capacity, and a maximum working pressure of 450 atm. The top of the 

autoclave was fitted with a silver washer to ensure a good seal. Before 

closing the autoclave, the threads were smeared with a molybdenum 

disulphide anti-scuffing paste, so that they would not seize up at high 

temperatures. The autoclave was placed in the furnace inside a steel 

shell filled with sand, to help maintain an even temperature throughout 

the length of the autoclave. The firing temperature used was 425°C. 



CHAPTER 3 

EXPERIMENTAL RESULTS  

14 
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Section 1. The NiO-Ti02  System 

The system was investigated by heating mixtures of nickel oxide and 

titanium dioxide in air at 1200°C. The pellets were heated for three 

periods of 15, 16 and 16 hours, with a thorough regrinding between each 

firing. 

X-Ray powder photographs were taken with a 19 cm. camera, using 

copper radiation. The only compound formed is NiTiO
3 
(Taylor, 1930; 

Barth and Posnjak, 1934). There does not appear to be any significant 

solid-solution formation. Although slight differences in lattice con-

stants were noted, these were within the limits of error (See Table 1). 

The lattice constants of nickel oxide were obtained with greater 

ccp
2_ 

accuracy by plotting the lattice constant (a) against 2k 	
2,„ \ li

sin e„ 	e., cos0  , 

and extrapolating to&= 90°  (Nelson and Riley, 1945). This gives a 

linear plot, and has some theoretical justification (Taylor and Sinclair, 

1945). A typical extrapolation plot is shown in Fig. 1. The lattice 

constant for nickel oxide was found to be a = 4.1762A. For very high 

purity nickel oxide, Swanson and Tatge (1950) and Brown (1963), found 

a = 4.17691. 

The lattice constants for pure NiTiO3, which is rhombohedral, are 

a = 5.4361, DC= 55°07', (hexagonal unit cell : a . 5.0301, c = 13.7861). 

This is in very good agreement with the lattice constants obtained by 

Cox (1958); a = 5.4371, o'= 55°08', (hexagonal unit cell : a = 5.0311 
o, 

= 13.787A). A considerably greater number of weak powder lines have 

been measured and indexed than hitherto. The full X-ray powder data 

for NiTiO
3 

are given in Table 2. 
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Table 1. 	The NiO-Ti02  System (1200°C.) 

Original composition 

of mixture** 

(Cation %) 

0 
Lattice constants in A 

Ni0 NiTiO
3
* TiO2 

Ni0 	TiO2  a+0.001Z a+0.002R c+0. 05A a+0.002R c+0.002R 

100 	- 4.1762 - 	- - 	- 

90 	10 4.1768 Present - 	- 	. 

80 	20 4.1767 5.030 	13.788 - 	- 

70 	30 4.1767 5.030 	13.786 - 	- 

6o 	40 Present 5.030 	13.785 - 	- 

5o 	5o - 5.030 	13.786 - 	- 

40 	60 - 5.031 	13.788 Present 

30 	70 - 5.030 	13.788 4.594 	2.960 

20 	80 - 5.031 	13.791 4.594 	2.96o 

lo 	90 - 5.031 	13.788 4.594 	2.959 

- 	loo - 	• - 	- 4.592 	2.959 

* Hexagonal lattice constants. 

** Composition accurate to one part in a thousand. 

Titanium dioxide, when first heated by itself, became grey, with 

specks of yellow throughout the pellet. On further heating, the colour 

became uniformly yellowish white. The grey colour is due to a slight 

deficit of oxygen. Fully stoichiometric titanium dioxide is yellowish 
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white (Straumanis et al. 1961, 1960). 

The colours of the mixtures ranged from olive green for nickel 

oxide, through dull yellow for NiTiO
3
, to yellowish white for titanium 

dioxide. 
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Table 2 X-ray Powder Data for NiTiO
3 

CuKa radiation 

I 	d (R) 	h k 1 (Hex.) 	Sin24;Yobs 	
Sin2eIcalc '  

4 

10 

8 

4.613 

3.692 

2.7102 

2.5179 

o o 3 

0 1 2 

1 0 4 

1 1 

1 2.3310 o 1 5 

1 
2 2.2998 0 o 6 

3 2.2097 1 1 3 

1 
2 2.1538 0 2 1 

1 2.0776 2 0 2 

5 1.8430 0 2 4 

8 1.6978 1 1 6 

2 1.6023 0 1 8 (a) 

1 2 2 (b) 

4 1.4868 2 1 4 

4 1.4521 030 

1.3501 2 0 8 

3 x1 
lox 2  

1.3142 1010 

2N 1 

lx2 

lx, 

1.2569 

1.2271 

2 2 0 

0 3 6 

1x2   
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I d a) h k 1 (Hex.) Sin
2

bs 
Sin

2
VCale 

3°<1 
0.9597 3 2 4 (a) 0.6439 0.6440 (a) 

0 1 14 (b) 0.6431 (b) 

1L,( 2  0.6470 0.6472 (a) 

0.6463 (b) 

2X
1  

0.9506 1 4 0 0.6565 0.6566 

iD< 
2 

0.6602 0.6598 

J-oo 1  2  0.9306 1 4 3 0.6850 0.6847 

1 
.."( 2 0.6884 0.6881 

2,x 1 0.9208 0 4 8 0.7001 0.7000 

1 
2' 2 0.7040 0.7035 

3)<1 
0.9087 1 3 10 0.7189 0.7186 

1c)(2  0.7226 0.7222 

1,x
1  

0.9006 3 0 12 0.7310 0.7309 

2
(x1 

0.8970 2 0 14 0.7373 0.7369 

1o<
2 

0.7411 0.7406 

3')(1 
0.8782 1 4 6 0.7692 0.7690 

ix
2  

0.7731 0.7728 

2x 1  x 0.8641 5 0 2 (a) 0.7940 0.7941 (a) 

2 3 8 (b) 0.7938 (b) 

2').(1 
0.8630 1 1 15 0.7960 0.7962 

1-tx 2  2  0.8002 0.8001 

2X 
1 0.8545 4 0 10 0.8124 0.8124 

1«_ < 2  0.8166 0.8164 
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d (I) 	h k 1 (Hex.) 
2. 

Sin  obs 	
Sin2ecalc 

1 1.2133 2 2 3 0.4028 0.4032 

1 
-0)< 2 

0.4046 0.4052 

2,v i  1.1902 3 1 2 (a) 0.4188 0.4189 (a) 

1 2 8 (b) 0.4186 (b) 

1‹ 
2 

0.4207 0.4210 (a) 

0.4207 (b) 

2(>e 
1 

1.1644 0 2 10 0.4375 0.4372 

2 
0.4390 0.4394 

2 :x 1  1.1399 1 3 4 0.4567 0.4564 

10‘2  0.4587 0.4587 

3c 1.1024 2 2 6 0.4878 0.4876 

1,;‹2 
0.4900 0.4900 

1_0e
1  1.0767 0 4 2 0.5120 0.5127 

Lx  3 	1 
1.0564 2 1 10 0.5313 0.5310 

1cx 
2 

0.5335 0.5336 

1o 1  1.0380 4 0 4 0.5507 0.5502 

1,,x
2 

0.5531 0.5529 

1o<
1 

0.9892 3 1 8 (a) 0.6062 0.6062 (a) 

2 3 2 (b) 0.6065 (b) 

-2--ew 2 
0.6095 0.6092 (a) 

0.6095 (b) 

1.3e,1 
0.9719 2 2 9 0.6284 0.6280 

7.3(  2 0.6314 0.6312 
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I a (A) h k 1 (Hex.) Sin
2  

obs 
Sin2

bale 

3'5' 1 0.8449 1 2 14 (a) 0.8310 0.8307 (a) 

0 5 4 (b) 0.8316 (b) 

Li 2  0.8353 0.8348 (a) 

0.8357 (b) 

'1 
0.8382 3 3 0 0.8444 0.8442 

1,x
2 

0.8486 0.8483 

1 
0.8171 4 2 2 0.8881 0.8879 

30(1  
0.8092 3 2 10 0.9063 0.9062 

loK 
2 

0.9108 0.9107 

3 o< 1 
0.8008 2 4 4 0.9254 0.9254 

20K 
2 

0.9299 0.9300 

10( 
1 

0.7875 3 3 6 0.9566 0.9566 

0.9614 0.9613 

-041 0.7774 5 0 8 0.9814 0.9814 

CRYSTAL SYSTEM : RHOMBOHEDRAL 
0 

HEXAGONAL UNIT CELL : a = 5.030 + 0.002A, o 13.786 + 0.0053. 

RHOMBOHEDRAL UNIT CELL : a . 5.436A, ot. 55°07' 

0 
RHOMBOHEDRAL UNIT-CELL VOLUME : 100.70A

3 
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Section 2. The NiSb206-Ti02  System  

At first, a numbei of mixtures of titanium dioxide, nickel oxide 

and antimony trioxide (Ni Sb = 1 : 2) were heated in air at 1200°C. 

Because of the volatility of antimony oxides, the products showed ex-

tensive departures from their initial composition, and contained NiTiO3. 

It was decided to obtain a pure specimen of NiSb206, and then study 

mixtures with titanium dioxide at a temperature where both components 

were stable. 

Preparation of NiSb
206 

The main difficulty in preparing NiSb206  is that below about 950°C., 

the formation reaction is very slow, and above that temperature antimony 

is lost through volatilisation. In an atmosphere of oxygen, volatilisation 

is less rapid. 

One attempted preparation produced unexpected results. A pellet of 

nickel oxide and antimony trioxide was heated overnight in air at 940°C., 

and was found,to be covered with white crystals, which were later shown 

to be a new modification of antimony -Otroxide. Studies on this sub-

stance form the basis of Part 2 of this Thesis. 

A method was tried of heating a mixture of nickel oxide and antimony 

trioxide in an evacuated silica capsule to produce NiSb204, which might 

then b© oxidised to NiSb20
6' 

The mixture was heated at 720°C. overnight, 

and the product consisted of NiSb2O4, a little nickel oxide, and a glassy 

solid which was probably antimony trioxide. This approach did not 
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therefore look promising. NiSb
2  04 

 is tetragonal, with a = 8.381A, and 

0 
c 	5.912A. Stahl (1943) found a = 8.37A, and c = 5.92A. 

The pure trirutile phase was prepared by heating nickel oxide with 

an excess of antimony trioxide, in an alumina boat, in oxygen at 1080°C. 

Four specimens Were prepared ea(;11 preparation yielding about four 

grams of "NiSb206". The mixtures were heated for periods of 14 to 20 

hours, for a total of about 140 hours. As the antimony was lost through 

volatilisation, more antimony trioxide was added. Throughout these 

firings, a careful check was kept on the weights added, and weight losses, 

taking into account the oxidation of antimony to the pentavalent state, 

and the loss of moisture. 

When a stoichiometry of NiSb206  was reached, X-ray powder photo-

graphs were taken with a Guinier camera. These showed, in addition to 

the trirutile phase, the presence of the new modification of antimony 

tetroxide. The specimens were heated further, the loss in weight being 

noted, until all the antimony tetroxide had volatilised. Guinier 

photographs of intermediate samples showed the gradual disappearance of 

its powder lines. Further prolonged heating did not produce any loss in 

weight. The formulae of the products, assuming that the nickel is 

divalent, and the antimony pentavalent, are shown in Table 3 
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Table  3 

Specimen No. %Ni Formula 

35060 15.68 NiSb1.854
0
5.635 

35061 15.69 NiSb1.85205.630 

35062 15.59 NiSb1.86605.665 

35063 15.58 NiSb1.86705.668 

Mean 15.63 NiSb1.86
0
5.65 

Analysis  

In order to confirm the apparent non-stoichiometry of the compound, 

an analysis was attempted. 

An analysis to determine Sb54., using Bunsen's apparatus was tried 

first (Vogel, 1961). When the compound was heated with concentrated 

hydrochloric acid and potassium iodide, iodine was liberated, but so 

slowly that even after 11 hours of heating, the reaction was not complete. 

The method was therefore considered unsuitable. 

X-Ray fluorescence analysis seemed to be a suitable technique to 

use, as it did not require the compound to be dissolved. Standard mix-

tures with known Sb e Ni ratios were prepared by grinding together 

nickel oxide and antimony trioxide. One-minute counts were taken for 

SbKocat 8.10°  (background at 9.00°), and NiKocat 28.73°  (background at 

2950°). The four unknown samples were analysed, and the Sb Ni ratios 

determined. Unfortunately, the results were not reproducible. Tests 

were done on the machine as the stability was at first suspected. It 
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was found that for the first hour after switching on, slight changes 

occurred, but afterwards counts were steady. The likely cause of the 

trouble is in the diffring consistency of the powders. Antimony 

trioxide is a very fine powder, with a tendency to cling to everything, 

unlike nickel oxide and "NiSb206". since in X-ray fluorescence analysis, 

only a very thin layer of material adjacent to the "window" is analysed, 

such considerations could be critical. 

Four samples of "NiSb206" (specimens 55060-5), were sent to 

Laporte Titanium Ltd. to be analysed by the X-ray fluorescence method, 

after fusion with potassium hydrogen sulphate. This was to make the 

specimens homogeneous, and so overcome the difficulty mentioned in the 

previous paragraph. 

The percentages of nickel found in the analyses were too low. Even 

if one assumes that the substance is fully stoichiometric, 6-7% of some 

impurity would still be required to bring the totals to 100%. This is 

highly unlikely. It is possible that the samples, as analysed, were 

inhomogeneous, as great difficulty was experienced in fusing the specimens. 

In view of this, a further analysis was carried out by the author. 

Fusion with potassium hydrogen sulphate was found to be unsuitable, as 

it was very difficult to dissolve the substance completely. Finally a 

mixture of equal proportions of borax and fusion mixture was used. 

Even then, two to three hours of heating over a strong Bunsen flame were 

required. 

About 0.3g. of "NiSb206" were fused with about 20g. of the mixture, 
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until a clear melt was obtained. The fused mass was dissolved in dilute 

sulphuric acid, and hydrogen sulphide was bubbled through to remove the 

antimony. The solution was filtered, and nickel was determined by the 

standard method as nickel dimethylglyoxine. The results of three 

analyses on specimen 35063 were: 15.31, 15.50 and 15.38% of Ni (mean: 

15.40% of Ni). This is consistent with a non-stoichiometric composition 

(NiSb206  requires 14.74% Ni9 NiS -111.86°5.65 requires 15.63% Ni). 

Difficulty was found in dealing quantitatively with the precipitated 

antimony sulphides, and no analysis for antimony was attempted. 

Density  

The density of "NiSb206" was determined with a specific gravity 

bottle, using about 5g. of the substance. Two determinations gave a 

density of 6.21 and 6.25g./cc. (means 6.23g./cc.). The crystallographically 

calculated density for NiSb206  is 6.66g./cc., and that for NiSb
1.86

05.65 

is 6.28g./cc. The density therefore confirms a non-stoichiometric 

composition. 

Solid Solution in TiO2 

Pellets of Ti02, "NiSb206", and twelve mixtures between them, were 

heated in oxygen at 1080°C., for three periods of 18, 22 and 24 hours. 

X-Ray powder photographs of all specimens were taken with a 19 cm. camera. 

The photographs showed: (a) that no intermediate compound is formed, 

(b) that solid solution occurs in 
TiO2' and (c) that the heating time 
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was insufDitent, as the lattice constants of TiO2  were still changing 

in the presence of lines of "NiSb206". The specimens were therefore 

heated under the same conditions for two further periods of 56 and 61 

hours, giving a total of 181 hours. Losses in weight on heating were 

very small, and were consistent with the known moisture content. 

19 cm. X-ray powder photographs were again taken, and the results 

are shown in Table 4. In the case of TiO
2 

the change in the c dimension 

is much larger than in the a dimension. As the amount of "NiSb206" is 

increased, the powder lines of TiO2  become broader and more diffuse. 

The accuracy of the lattice constants is therefore not as good as for 

pure Ti02. Vegard's law (Vegard, 1921) is not obeyed (see Fig. 2). 

The unit-cell dimensions of "NiSb206 remain constant within the 

limits of error. The pure compound is tetragonal, with a = 4.640A, and 

c = 9.220 . Bystr6m et al. (1941) found a = 4.64A, and c = 9.201. The 

full X-ray powder data for "NiSb206" are given in Table 5. 

An X-ray powder photograph of a sample of commercial Nickel 

Titanium Yellow was also taken. The film shows lines of TiO2' with 
0 	0 

a = 4.603A, and c = 2.980A, and one very weak line which corresponds to 

the strongest line of NiTiO3. 

The colours of the mixtures range from cream for TiO
2
, through 

bright yellow, to pale green for "NiSb206". Even loo of "NiSb206" 

imparts a strong yellow colour to Ti02. 
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Table 4. 	The NiSb206-Ti02  System (1080°C.) 

Specimen No. 

Original Composition 

of Mixture* 

Molt % 

TiO2 	"NiSb2  06  " 

0 
Lattice Constants in A 

TiO2 

	

0 	0 

	

a+0.004A 	c+0.003A 

"NiSb206u 
o 

a+0.002A 	0+0.004 

35129 100 	- 4.593 	2.958 - 	- 

3513o 99 	1 4.594 	2.960 - 	- 

35131 97 	3 4.598 	2.967 - 	- 

35132 94 	6 4.606 	2.981 - 	- 

35119 90 	10 4.612 	2.996 Present 

35120 80 	20 4.613 	2.997 4.641 	9.224 

35121 70 	30 4.614 	2.996 4.640 	9.222 

35122 6o 	40 4.614 	2.998 4.642 	9.222 

35123 50 	50 4.612 	2.997 4.641 	9.219 

35124 40 	6o 4.615 	2.995 4.642 	9.221 

35125 30 	70 Present 4.640 	9.221 

35126 20 	80 Present 4.639 	9.220 

35127 10 	90 Present 4.641 	9.222 

35128 - 	100 - 	- 4.640 	9.220 

* Composition accurate to one part in five hundred 
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Table 5. X-ray Powder Data for NiSb206  

CuXcw radiation 

I 

1 
2 

0 
d (A) 

4.63 

h k 1 

1 0 0 

2 Sin eobs 

0.0278 

2 Sin 0- calo 

0.0276 

1 4.16 1 0 1 0.0343 0.0345 

5 3.278 1 1 0 (a) 0.0552 0.0551 (a) 

1 0 2 (b) 0.0555 (b) 

1 2.676 1 1 2 0.0830 0.0831 

7 2.561 1 0 3 0.0906 0.0905 

2 2.319 2 0 0 0.1105 0.1102 

1 2.240 1 1 3 0.1183 0.1181 

1 2.073 2 0 2 (a) 0.1384 0.1382 (a) 

2 10 (b) 0.1378 (b) 

1 2.024 2 1 1 0.1450 0.1448 

fr 1.885 1 1 4 0.1672 0.1670 

10 1.720 2 1 3 0.2009 0.2007 

3 1.641 2 2 0 0.2208 0.2205 

2 1.543 2 1 4 0.2498 0.2497 

2 1.536 0 0 6 0.2519 0.2517 

3 1.467 3 0 2 (a) 0.2760 0.2760 (a) 

3 1 0 (b) 0.2756 (b) 

2 1.392 1 1 6 0.3069 0.3068 

4 1.381 3 0 3 0.3116 0.3110 
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0 
d (A) h k 1 Sin

2
obs 

Sin
2
R 
calc 

1.337 2 2 4 0.3328 0.3323 

1.280 2 0 6 0.3620 0.3615 

1.236 2 1 6 0.3885 0.3890 

1.186 3 2 3 0.4216 0.4210 

0.4232 0.4231 

1.160 4 0 0 0.4407 0.4409 

0.4426 0.4430 

1.1209 2 2 6 0.4722 0.4717 

0.4746 0.4740 

1.0932 3 3 0 (a) 0.4962 0.4960 (a) 

4 1 2 (b) 0.4964 (b) 

0.4985 0.4984 (a) 

0.4988 (b) 

1.0606 3 1 6 0.5271 0.5268 

1.0561 4 1 3 0.5317 0.5313 

0.5346 0.5339 

1.0372 4 2 0 0.5513 0.5511 

0.5544 0.5538 

1.0120 4 2 2 (a) 0.5793 0.5790 (a) 

4. 1 4 (b) 0.5801 (b) 

1.0002 1 0 9 0.5935 0.5929 

0.5965 0.5958 

1 
2-2  

3,'1  

1N
2 

2)4.
1  

3c,41  

4,--1  

22  

2,-41  

12  
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d (L) h k 1 Sin
2
't-
obs 

2 
Sin e-

calc 

2'1 4 0.9459 2 4 0.6635 0.6628 

0.9431 2 2 8 0.6673 0.6671 

0.9257 4 0 6 0.6924 0.6921 

0.6960 0.6955 

0.9183 2 1 9 0.7038 0.7031 

0.7072 0.7066 

0.9101 5 1 0 (a) 0.7165 0.7164 (a) 

5 0 2 (b) 0.7168 (b) 

0.7202 0.7200 (a) 

0.7203 (b) 

0.9065 31 8 0.7217 0.7222 

0.8909 3 3 6 o.7473  0.7478 

0.8883 5 0 3 0.7518 

0.7557 00:77555: 

0.8598 4 2 6 0.8024 
 

0.8023 

0.8064 0.8063 

0.8539 3 0 9 0.8139 0.8133 

0.8178 0.8173 

0.8468 5 1 4 (a) 0.8279 0.8281 (a) 

5 2 2 (b) 0.8270 (b) 

0.8297 5 2 3 0.8619 0.8619 

0.8663 0.8661 

0.8248 1 0 11 0.8722 0.8721 
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I 
0 

d (A) h k 1 Sin20bs 
Sin

2
alc 

2 0.8203 4 4 0 0.8818 0.8817 

1,2 
0.8861 0.8861 

0.8079 4 4 2 0.9096 0.9097 
2  1 

6A 0.8014 3 2 9 0.9236 0.9236 

3,k 0.9282 0.9281 

32,‹1  0.7958 5 3 0 0.9368 0.9368 

2',4
2 

0.9413 0.9415 

21,,y 0.7840 5 3 2 0.9646 0.9648 
1 

100,1  0.7830 5 1 6 0.9673 0.9677 

52 0.9723 0.9724 

2 1 0.7771 2 1 11 0.9823 0.9823 

1042  0.9868 0.9871 

CRYSTAL SYSTEM : TETRAGONAL 

0 
UNIT CELL a = 4.640 + 0.002A, c = 9.220 + 0.004 

0 
UNIT-CELL VOLUME : 198.52A' 
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Section 3. The CuO-Cu20-Ti02  System  

A few preliminary experiments were carried out by heating cupric 

oxide, and 50% CuO-540 TiO2  mixtures in air. The results, summarised 

in Table 6, showed that at 1000°C. and below, no reaction takes place 

between cupric oxide and titanium dioxide. 

Table 6  

Specimen 

No. 

Original Composition 

of Mixture* 

Mole % 

Atmosphere Temoerature 

°C. 

Heating 

Time 

(hours) 

Product 

CuO 	TiO
2  

35069 100 	- Air 965 14 CuO 

35070 100 	- Air 1100 14 Cu20+CuO 

35072 50 	50 Air 980 60 CuO+Ti02
(rutile 

35073 50 	50 Air 1000 96 CuO+Ti02
(rutile 

*Compositions quoted in Tables 6,7,8, and 9 are accurate to 1 part in 500. 

Further heatings were done on a series of mixtures between cupric 

oxide and titanium dioxide, at 1110°C. in oxygen. The pellets were heated 

for 14 hours in small platinum crucibles. In every case, apart from pure 

titanium dioxide, melting occurred. This was expected, as cupric oxide 

forms a eutectic with cuprous oxide at 1075°C. (Pgcher and Vogel, 1929; 

Gadalla, 1962). In some cases difficulty was experienced owing to the 

tendency of the melt to flow up and over the sides of the crucibles. 
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Table 7. 	The CuO-Cu20-Ti02 System at 1110°C.  

Specimen 

No. 

Original Composition 

of Mixture 

Mole 

CuO 	TiO
2 

Phases present in the product 

(in an approximate order of abundance) 

35090 100 - Cu20+CuO 

35089 90 10 Cu
20+CuO+Cu2TiO3

+"Phase 2" 

35088 80 20 Cu2TiO3+"Phase 2"+CuO+Cu20 

35087 70 30 Cu2TiO3+"Phase 2"+CuO+Ti02 (trace) 

35082 60 40 Cu2TiO3+"Phase 2"+Ti02+CuO (trace) 

35081 50 50 "Phase 2"+Ti02+Cu2TiO3+CuO (trace) 

35080 40 60 Ti02+Cu2TiO3+"Phase 2" 

35079 30 70 Ti02+"Phase 2"+Cu2
TiO

3 

35078 20 80 Ti02+Cu2TiO3+"Phase 2" 

35077 10 90 Ti02+Cu2
TiO

3 
(trace) 

• 
35076 - 100 TiO2 

Four of the experiments were repeated using a larger crucible to counter-

act this. The specimens were lifted straight out of the furnace, but 

without quenching. Nevertheless, the cooling rate was fast. 

X-Ray powder photographs of all products were taken with a 9 cm. 

camera. These showed that the products were complex mixtures containing 

several phases, some of which were easily identified as cupric oxide, 

cuprous oxide and titanium dioxide (see Table 7). A considerable number 
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of other powder lines were also present. Attempts to identify the phase 

responsible were unsuccessful until it was noticed that the intensities 

of these lines varied as if two phases were present rather than one. On 

this basis, the lines were separated into two groups. One group of lines 

was found to show a striking resemblance to the powder pattern of 

rhombohedral CuFe0
2 
(Pabst, 1946). 

The powder pattern was indexed on the basis of a rhombohedral unit 

cell with a = 5.995A, and oc= 29°21' (hexagonal unit cell: a = 3.0372. 

and c = 17.1913.). The X-ray powder data are given in Table 10. The 

composition CuTiO2  is unlikely, and the most probable formula of the 

compound is Cu2TiO3  (see Chapter 4). Table 7 shows that the new phases 

are formed rather more in the copper-rich end of the system, suggesting 

that the compounds contain more copper than titanium. The other group 

of lines could not be indexed satisfactorily, and the phase could not be 

identified. It will be referred to as "Phase 2". The X-ray powder data 

for this phase are given in Table 11. 

All samples containing copper showed weight losses on heating, mainly 

due to the loss of oxygen. However, because of the complexity of the 

mixtures obtained, and the difficulties due to the mobility of the melts, 

no useful conclusions could be drawn from them. For the same reasons, no 

analyses of the products were attempted. 

A further series of experiments was carried out to see whether the 

reaction between cupric oxide and titanium dioxide did not occur at 1000°C. 

and below because of kinetic reasons, or because the new phases were 
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unstable at those temperatures. Selected products from heatings at 1110°C., 

containing Cu2TiO3 and "Phase 2", were heated at 840
°C., 1000°C., 1015°C. 

and 1045°C. (see Table 8). At 1015°C. and below, X-ray powder photographs 

showed only cupric oxide and titanium dioxide, indicating that both the 

new phases were unstable at those temperatures. .Powder photographs of 

specimens heated at 1045°C., showed that "Phase 2" had disappeared, but 

Cu
2
TiO

3 
was still present. This was very useful in confirming which 

powder lines belonged to the rhombohedral 
Cu2.)  

TiO_ pattern. A small gain 

in weight was noted in all these heatings. 

Table 8 

Specimen 

No. 

Starting 

Material 

Specimen 

No. 

Atmosphere Temperature 
o
C. 

Heating 

Time 

(hours) 

Product 

35092 35081 0
2 840 22 Cu0+Ti02 

35094 35088 02 840 22 CuO+Ti02 

35095 35079 Air 1000 15 CuO+Ti02 

35096 35082 Air 1000 15 CuO+Ti02 

35099 35079 0
2 

1000 16 CuO+Ti02 

35100 35079 02 
1000 16 CuO+Ti02 

35101 35081 02 1015 66 CuO+Ti02 

35097 35079 02 1045 17 Ti02+Cu2
TiO

3
+CuO (trace) 

35098 35082 0
2 1045 17 Cu

2
TiO

3
+CuO+T102 
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Six heatings were carried out using an atmosphere of oxygen-free 

nitrogen (see Table 9). Powder photographs of the products were taken 

with a Guinier camera. The results were disappointing, as the new phases 

were obtained in only two cases, and again not pure. Two heatings of 

mixtures of cupric oxide and titanium dioxide at 1035°C., with slow 

cooling, produced mixtures of cuprous oxide and titanium dioxide. 

Table 9 

Specimen 

No. 

Original . 

Composition 

Atmos- 

phere 

Temper- 

ature 

Heating 

Time 

(hours) 

Product 

35104 Cu20+2TiO2 N2 
1120 16 Ti02+Cu20 

35105 Cu
2
0+Ti0

2 N2 1120 16 Ti02+0u20 

35106 2Cu0+Cu20+4TiO2 N2 
1100 20 Cu20+Ti02+Cu2TiO3+"Phase 2" 

35107 2CuO+Cu20+2Ti02  N2  1100 20 Cu
2
0+Ti02+"Phase 2"+Cu2TiO3 

35109* CuO+Ti02 N2 1035 20 Cu20+Ti02 

35110* 2CuO+Ti0
2 N2 

1035 20 Cu20+Ti02 

* Slow cooling 

A Guinier powder photograph was taken of a specimen labelled "Copper 

Titanate", supplied by Laporte Titanium Ltd. This showed the presence 

of cupric oxide and titanium dioxide, and of four very weak unidentified 

lines. This was surprising as the colour of the sample is light grey. 
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Hydrothermal Experiments 

Compounds of the type XY02, such as AgFe02, can often be prepared 

by wet methods (Evans, 1960). Since experiments at high temperatures 

did not produce the new phases in a pure state, a hydrothermal preparation 

was attempted. 

Titanium dioxide was fused with potassium hydrogen sulphate, until 

a clear melt was obtained. The fused mass was dissolved in dilute 

hydrochloric acid. An equimolecular proportion of cupric oxide was also 

dissolved in the solution. Cupric hydroxide and hydrated titanium dioxide 

were precipitated with sodium hydroxide. The solution was filtered, and 

the mixture was washed with water and transferred to the autoclave. A 

drop of sodium hydroxide solution was added to the water in the autoclave, 

and the mixture was heated at 425°C. for 20 hours. A Guinier powder 

photograph of the product showed it to consist of a mixture of titanium 

dioxide (anatase), and metallic copper. 

In view of this, a second experiment was carried out as before, but 

using 100 vol. hydrogen peroxide in the autoclave instead of water. A 

Guinier powder photograph of the product showed the presence of titanium 

dioxide (anatase) and cupric oxide. 

In both experiments, the solution from the autoclave was yellow 

after heating. It was thought that this could be due to an attack on 

the walls of the autoclave. Standard tests, however, showed the absence of 

iron in the solutions. Then the solutions were evaporated, a small quantity 

of orange crystals was obtained, but these were not investigated further. 
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Table 10. X-Ray Powder Data for Cu2TiO3  

Data for CuFe02  

CuK radiation 	 a=5.97A, oi.29°26' 
(Pabst, 1946) 

I 	d 	h k 1(Hex.) 	Sin20obs 	Sin2
9
calc 	

I 	d (R) 

5.78 003 0.0179 0.0181 

4 2.863 0 0 6 0.0724 0.0723 35 2.85 

2 2.599 1 0 1 0.0876 0.0879 

10 2.515 0 1 2 0.0939 0.0939 100 2.51 

5 2.244 1 0 4 0.1180 0.1180 39 2.23 

2.087 0 1 5 0.1364 0.1361 

3 1.664 0 1 8 0.2143 0.2145 35 1.67 

5 1.518 1 1 0 0.2576 0.2577 30 1.51 

2 1.440 1 0 10 0.2868 0.2868 3 1.44 

2 1.434 0 0 12 0.2893 0.2893 

3 1.342 1 1 6 0.3301 0.3300 22 1.34 

CRYSTAL SYSTKI P.1101030}EDRAL 
0 	 0 

HEXAGONAL UNIT CELL : a = 3.037 4- 0.004E, c = 17.19 0.01A 

RHOMBOHEDRAL UNIT CELL ; a = 5.995A, 	29°21' 
03  

RHOIDOHEDRAL UNIT-CELL VOLUME ; 45.77A 
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Table 11. 	X-Ra:‘L Powder Data for "Phase  2" 

C-uK a radiation 

I 
0 

d (A) Sin2(obs 

3 2.868 0.0721 * 

1 2.820 0.0743  

1 2.606 0.0875 * 

7 2.567 0.0902 

10 2.391 0.1040 *  

1 2.169 0.1263 

1 1.939 0.1580 * 

1 1.912 0.1625 * 

3 1.730 0.1987 

4 1.548 0.2489 * 

3 1.520 0.2572 * 

2 1.389 0.3080 * 

2 1.304 0.3496 

2 1.282 0.3616 * 

* These lines can be indexed using the hexagonal unit cell of 

rhombohedral Cu2TiO3, but not necessarily restricting the indices to the 

rhomhobedral ones (-h+k+1 = 3n). These lines definitely do not belong to 

the rhombohedral-Cu
2
TiO

3 
powder pattern as they all disappear when 

"Phase 2" is heated at 1045°C., and also behave as a single pattern from 

one film to another. 
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The NiO-Ti02  System 

When this system was investigated at 1200°C., the only compound formed 

was NiTiO3. This is in agreement with Taylor (1930). No significant solid-

solution formation was noted. Although the ionic radii are not too dissim- 

ilar 
	o, 

(Ni2+  about 0.75A, Ti'
A+ 
 about 0.64A), the normal ionisation states for 

nickel and titanium are considerably different, and this is not conducive 

to solid-solution formation. Because a very stable oxide exists between 

nickel and titanium, any nickel oxide or titanium dioxide will form NiTiO
3 

rather than enter into a solid solution with the other oxide. 

Barth and Posnjak (1934) found one or two superlattice lines of the 

type hdfil (1 . 2n-1-1) for NiTi031  FeTi034  and CoTiO3. Cox (1958) did not 

observe any such lines for NiTiO
3' 

The X-ray powder pattern of NiTiO
3 
has 

been indexed in considerable detail, and although many more powder lines 

have been measured than hitherto, all could be indexed satisfactorily on 

the basis of a simple rhombohedral unit cell with a = 5.4362, and 

04= 55007t.  

The NiSb2  06  -TiO2  System  

Pure specimens of "NiSb206" were prepared at 1080°C. in oxygen. A 

number of experiments strongly suggest that the compound is non-stoichiometric 

at this temperature. 

Weight losses during preparation, the analysis for nickel content, and 

the density all indicate a non-stoichiometric composition. If it is assumed 

that all the nickel is divalent, and the antimony is pentavalent, the most 
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likely composition is NiSb1.8605.65  . Although an analysis figure for 

antimony was not obtained, there is no positive evidence that the compound 

is stoichiometric. 

The non-stoichiometry of this compound is not surprising. The tem-

perature of 1080°C. is a very high one for a compound containing antimony 

in the pentavqlent state. For instance, (3-3b204, which contains equal 

proportions of trivalent and pentavalent antimony, is stable up to 1006°C. 

in oxygen and 933°C. in air (see Part 2, Chapter 2, Section 1). It seems 

that to stabilise the pentavalent antimony, a deficit of antimony and 

oxygen is necessary in the trirutile structure. 

The stoichiometry of "NiSb206" was investigated.under only one set of 

oonditions. At different"temperatures, and in a different atmosphere, the 

stable composition would not be the same. 

NiSb1.8605.65 is a material very resistant to chemical attack, as can 

be seen from the difficulty experienced in getting it into solution. 

In the study of the system "NiSb206"-Ti02  at 1080°C. in oxygen, no 

intermediate compound was found, and 19 cm. powder photographs did not show 

any sign of the formation of NiTiO
3
. Solid solution in titanium dioxide 

occurs to an appreciable extent. The two graphs in Fig. 2 suggest that the 

limit is approximately 8 mole % of "NiSb206". Both the unit-cell constants 

of titanium dioxide increase. The a-dimension changes from 4.593A to 4.613A 

(1-0.44%) and the c-dimension from 2.95813. to 2.997A  (+1.320). 

The departure from Vegardts law is quite considerable. This is not 

surprising, since it is usually only obeyed in the simplest cases)  where the 

interchanging ions are in the same valency state. In this case, Ti4+, Ni2+ 
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and Sb5+ are present in the initial specimens, and it is possible that other 

valency states are present in the solid solution as well. It is difficult 

to say which ions enter into the rutile lattice, but it is very likely that 

some valency changes occur so that electrical neutrality is maintained. 

For instance, antimony could be present in both the Sb5+ amd Sb3+ states. 

It is often found that where an element exists in two different valency 

states in a compound, strong colours are produced. The bright yellow colour, 

which even a small amount of "NiSb
206" 

imparts to titanium dioxide is prob.-

ably due to these differences in valency states. 

A powder photograph of a sample of commercial Nickel Titanium Yellow 

shows that it is a solid solution in titanium dioxide. The small amount of 

NiTiO
3 

found to be present is almost certainly due to the fact that an apprec-

iable amount of antimony had volatilised during the manufacturing process. 

This is probably because the starting materials include some free antimony 

trioxide, rather than "NiSb206". In the study of the "NiSb206"-Ti02  

system, the weight losses on heating were quite negligible, and very little, 

if any, antimony was lost. 

The CuO-Cu 0-TiO2  System 

In the study of this system, the existence of two new phases had been 

shown. 

One of the phases is rhombohedral, with a = 5.99A and 0‹. 29°21' (hex- 

0 	 o, 
agonal unit cell : a = 3.037A and c 17.19A). This unit cell is very sim- 

ilar to that of CuFe0
2 
(Pabst, 1946), and the two powder patterns show a 

striking similarity. The structure of CuFe02  was determined by Soller and 
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Thompson (1935) and Pabst (1938), and the compound is isomorphous with 

CuA102, CuGa02  (Delorme, 1956), CuA102  (Hahn and Lorent, 1955), CuCr02  

(Dannhauser and Vaughan, 1955; Stroupe, 1949),CuCo02  (Bertaut and Delorme, 

1954), AgCr02  (Hahn and Lorent, 1957), AgGa02  and AgA102  (Evans, 1960). 

All these compounds belong to the space group R3m (No. 166), and the 

rhombohedral unit cell contains only one XY02  unit. If one assumes that 

this new copper-titanium oxide is isomorphous with CuFe02, which seems reas-

onable in view of the close similarity of powder patterns, then the most 

obvious formula would be CuTi02. This however implies cation valencies of 

Cu1+Ti 02' and it is unlikely that trivalent titanium would be sufficiently 

stable to form such a compound. 

Studies by Evans (1960) have shown that the compound Li2
TiO

3 
is rhombo-

hedral (hexagonal unit cell g a 2.93k and c 14.40A), and has a powder 

pattern very similar to that of LiCr02. 
Its density shows that the unit 

cell contains § of a molecule of Li2TiO3. The unit cell must therefore 

contain Li... 33T10.6702. The structure is partially disordered, with 

lithium ions in one set of positions, and Li1+  and 3  Ti4+  in another set 

of positions. LiCr02  and Li2TiO3  are not isomorphous with CuFe02, as 

Li2
TiO

3 
is almost cubic, and had in fact been considered to be cubic by Bar--

blan et al. (1944). However, by analogy, a similar relationship seems poss-

ible between CuFe02 
and this rhombohedral copper-titanium oxide. The formula 

would then be Cu2TiO5' with one rhombohedral unit cell containing 

Cu1+ T4+ 0giving a partially disordered structure. 
1.33 0.67 2' 

The copper is probably monovalent and not divalent, since this allows 

the titanium to be in a tetravalent state. Delorme and Bertaut (1953) have 
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shown that in DaFe0
2 

the cation valency distribution Cu
1+ 

 Fe
3+ 

 0
2 
 is the most 

likely one for stereochemical and energetic reasons. 

It should be emphasised however, that the rhombohedral Cu2TiO
3 
phase 

was not obtained pure, and no analyses were made. There is some indic-

ation from the results shown in Table 7, that the compounds are formed more 

in the copper-rich end of the system, suggesting that a ratio of copper to 

titanium of 2 : 1 is more likely than one of 1 : 1. 

"Phase 2" could be a compound with a completely different stoichiometry 

from 0u2TiO3, it could be a second modification of Ou2TiO3, but with a com-

pletely different structure, or it could be a modification which is a 

superstructure of rhombohedral Ou2TiO3. 

Of the 14 powder lines of "Phase 2" observed, 9 can be indexed very 

0 	 0 
satisfactorily by using a hexagonal unit cell with a = 3.037A and c = 17.19A. 

This is in fact the hexagonal cell of rhombohedral Ou2TiO3. If all the 

powder lines could be indexed using this cell, the obvious conclusion would 

be that this is a superstructure of rhombohedral Cu2TiO3, produced by the 

ordering of the Cul+  and Ti4+  ions. Of the five remaining lines, one is 

the second strongest in the powder pattern. It is unlikely that these lines 

belong to a third phase, since the powder pattern always behaves as a single 

pattern on all photographs. The pattern bears some resemblance to that 

of "CuCr
2
0
4
" published by Stroupe (1949). However, as this is not indexed, 

and the formula of the compound is uncertain, this is of little help. 

Prince (1957) has shown that Car204  is a tetragonally distorted normal 

spinel, but the powder pattern of "Phase 2" could not be indexed using a 

similar unit cell. 



49 

It is more likely that "Phase 2" is in some way connected with rhombo- 

hedral Ca2TiO3, possibly by partial or complete ordering of the cations. 

It is unlikely to be a coincidence that so many of the powder lines of 

"Phase 2" could be indexed with the hexagonal unit cell. 

Rhombohedral Cu2
TiO

3 
has been shown to be unstable in oxygen at 

1015°C. and below, and "Phase 2" at 1045°C. and below. This partly explains 

why complex mixtures were always obtained when the melts were cooled. It 

is possible that these phases have an incongruent melting point. 

The hydrothermal experiments did not produce any new compounds, and 

do not seem to be a promising method of attacking the problem of producing 

the new phases in a pure state. 

The CuO-Cu2
0-Ti02 

system is a complex one, and the present investig-

ations are by no means complete. It is hoped that further studies on this 

system will be undertaken to elucidate the nature and structures of the 

two new phases found. 
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Antimony is a member of the -713. subgroup of elements, and has two 

common valency states, namely trivalent and pentavalent. 

Three definite oxides of antimony are known at present: the trioxide 

(Sb203), the tetroxide (Sb204) and the pentoxide (Sb205). 

The trioxide exists in two polymorphic modifications, one form being 

cubic, the other orthorhombic. The cubic form exists in nature as the 

mineral senarmontite (see Dana, 1946, Vol.1, p.544). Senarmontite has a 

o, 
large unit cell, with a = 11.152A (Swanson and Fuyat, 1953). The structure 

has been determined by Bozorth (1923) and Almin and Westgren (1942). The 

unit cell contains eight discrete Sb406  units, and the space group is 

Fd3m-07 (No. 227). The discrete molecules of Sb406 have the symmetry 

43m, and are similar to those which exist in the vapour state below about 

15000C. As406  and P406  have similar structures based on the diamond 

structure. Each antimony is bonded to three oxygens, and each oxygen to 

0 
two antimonys. The three Sb-0 bonds inside the molecule are 2.0 + 0.1A 

long, and the Sb-0 intermolecular contacts are 2.90 + 0.15A (Almin and 

Westgren, 1942). 

The second form of antimony trioxide is orthorhombic, and exists 

in nature as the mineral valentinito (see Dana, 1946 Vol.1, p.547). The 

structure has been determined by Buerger and Hendricks (1937 a,b). The 

0 	 0 	 0 
unit cell is a = 4.92A, b = 12.46A and c = 5.42A, and contains four 

Sb203 
units. The space group is Pccn-D

10 (No. 56). The structure can 
2h 

best be described as consisting of infinite double molecular chains 

extending parallel to the c-axis, 9..s shown below. 
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Each antimony is bonded to three oxygens at a distance of 2.00 to 
0 

2.02A, and each oxygen to two antimonys. The oxygen bond angles within 

the single chain are 116°, and the bond angles for oxygen connecting 

the single chains to form the double one are about 132°. The chains are 

held together by van der Waal's forces. 

Antimony trioxide is a white powder, and can be prepared by heating 

antimony metal in oxygen. The cubic form has been shown to be stable 

below 570°., and the orthorhombic form to be stable above 570°C. (Roberts 

and Fenwick, 1928), although Wells (1962) refers to senarmontite as the 

"high-temperature form", and valentinite as the "low-temperature form". 

Both forms exist at room temperature, since the change from one form to 

the other involves a complete disruption of the bonding. 

The tetroxide can be prepared by heating the trioxide in air or 

oxygen above 300°C. Above 500°C., the oxidation is rapid. The structure 

of antimony tetroxide was determined by Dihlstrft (1938). As single 

crystals were not available, the structure was determined from the fact 

that antimony tetroxide is isomorphous with the mineral stibiotantalite, 
0 	 0 

Sb1/304. The unit cell is orthorhombic with a = 4.804A, b = 5.424A and 
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c = 11.76k, and contains four Sb204  units. The space group was found to 

be Pbn2
1 
 -C (No. 33). The tetroxide contains both trivalent and pen-

tavalent antimony. The pentavalent antimony is surrounded by six oxygens, 

and the trivalent antimony has four close oxygens lying on one side of 

the antimony. atoms. The Sb and 0 atoms form puckered chains parallel 

to the b-axis. 

This structure has been criticised by Wells (1962) and this prompted 

some further investigations (see Chapter 2, Section 9). 

The tetroxide exists in nature as the mineral cervantite (see Dana, 

1946, vol.i., p.595). The existence of this mineral has for some time 

been doubtful (Vitaliano and Mason, 1952; Mason and Vitaliano, 1953). 

This is not surprising as there seem to be many specimens labelled "cer-

vantite" which are in fact other antimony minerals (see Chapter 2, 

Section 9). However, a recent paper by GrUnder et al. (1962) quite def-

initely shows that the mineral cervantite is identical with synthetic 

orthorhombic antimony tetroxide. 

Antimony tetroxide is a white powder, which is yellow when hot. When 

heated strongly it decomposes, but the temperature at which this happens 

is uncertain. Temperatures ranging from 7750. to 930°C. are quoted in 

the literature. 

Antimony pentoxide cannot be prepared by heating the metal. It is 

usually obtained as a yellow powder by gently heating the solid produced 

by repeated evaporation of antimony metal with concentrated nitric acid. 

It is cubic with a = 10.243, but little is known of its structure. On 
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mild heating the pentoxide decomposes. 

The existence of another oxide of antimony, Sb6013, was reported by 

Simon (1927) and Simon and Thaler (1927), who obtained it by heating 

antimony pentoxide at 430°C. It is said to be similar to stibiconite, 

Sb306(OH), which is cubic, with a = 10.28A (Dihlstrom and Westgren, 1937). 

Very little is known about Sb6013. 

The discovery of a new modification of antimony tetroxide (see page 

23) was unexpected. Since, unlike orthorhombic antimony tetroxide, it was 

obtained in the form of well-shaped crystals, it seemed very suitable for 

single-crystal structural studies. It was considered that a precise det-

ermination of its structure and of its relationship to orthorhombic an-

timony tetroxide would form a distinct contribution to the knowledge of 

antimony oxides. 
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When a pellet consisting of equal proportions of antimony trioxide 

and nickel oxide was heated for 14 hours in a muffle furnace at 940 + 10°C., 

the surface of the pellet was found to be covered with white crystals 

(see Part 1, Chapter 3, Section 2). The crystals were examined micro-

scopically, and an X-ray powder photograph was taken. The powder pattern 

was quite different from that of orthorhombic antimony tetroxide, and a 

search through the A.S.T.M. Index did not help to identify the substance. 

As the crystals were not coloured, it seemed likely that the substance 

was an antimony oxide. This was confirmed by a scan on the Phillips X-ray 

fluorescence unit, which showed antimony to be present, with only minor 

impurities. 

Preparation 

It was decided to prepare the substance in greater quantity, and 

under more controlled conditions. The starting material was Hopkin and 

Williams antimony trioxide (B.P.C.,3v99% pure). This was heated in an 

alumina boat in a furnace, first at 550°C. to convert the trioxide to the 

tetroxide, and then at 1045°C. An atmosphere of oxygen, dried by passing 

through concentrated sulphuric acid, was used. The tetroxide volatilised 

slowly, and colourless crystals were deposited on a thermocouple sheath 

held a few centimetres downstream of the alumina boat. The preparation 

was very slow, and in three days, about one gram of the crystals was 

produced. 



6o 

At a later stage, the substance was prepared from spectrographically 

standardised antimony metal supplied by Johnson, Matthey& Co. Ltd. This 

was to reduce the possibility of producing an impurity-stabilised phase. 

The finely-powdered metal was heated at 500°C. in an alumina boat in a 

stream of dry oxygen, to convert it to antimony tetroxide. This was a slow 

process, and, when most of the metal had been oxidised, the mixture was 

heated at 800°C. overnight to complete the oxidation. The tetroxide was 

then heated at 1130°C., and fine crystals were collected on the thermo-

couple sheath. (see Fig. 3). 

The well-formed crystals are colourless, but yellow when hot. The 

substance appears to be insoluble in water, dilute or concentrated hydro-

chloric, sulphuric and nitric acids, or in aqua regia. It is also in-

soluble in strong aqueous sodium hydroxide solution. 

Analysis  

About 0.1 g. of the finely-ground substance was fused in a silica crucible 

with 10 g. of potassium hydrogen sulphate until a clear melt was obtained. 

Antimony was determined by oxidation from the trivalent to the pentavalent 

state with potassium permanganate (Hillebrand et al., 1953). 

The fused mass was dissolved in 60 ml. of 15N sulphuric acid, and 

water was added such that the acid concentration was 33,,,'; by volume. 

Sulphur dioxide was bubbled through the solution for 30 minutes to reduce 

all the antimony to the trivalent state. The excess of sulphur dioxide 

was expelled by boiling gently for 30 minutes. The solution was diluted 

with water, and 20 ml. of concentrated hydrochloric acid were added, such 
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that the final solution contained 10% by volume of hydrochloric acid, and 

1p% by volume of sulphuric acid. The solution was cooled to 5°C., and 

titrated with standard potassium permanganate solution, until a faint 

pink colour persisted for 5 seconds. 

The substance was shown to be antimony tetroxide, (Found: Sb,79.2%, 

Sb20
4 
requires Sb,79.2%). 

Because the preparation was carried out using alumina boats and 

thermocouple sheaths, the possibility of aluminium being an impurity was 

considered. Since the presence of aluminium and magnesium cannot be det-

ected from an X-ray fluorescence scan, standard spot tests were carried 

out (Feigl, 1958), but no indications of these possible impurities could 

be found. 

Nomenclature  

At present, no mineral corresponding to this modification of antimony 

tetroxide is known. It is proposed to call the orthorhombic formo(-Sb
2
0
4' 

and this new formil-Sb204. 

Stability in Air and Oxygen 

Using the apparatus shown in Fig. 3, experiments were carried out to 

determine the upper limit of stability of/I-Sb204  in both air and oxygen. 

The temperature gradient along the thermocouple sheath was found by moving 

the thermocouple to various positions inside the sheath. The upper limit 

of stability was found by noting the position on the sheath where the 

crystals began to be deposited. This boundary was quite sharp, and the 

temperatures quoted are probably accurate to within 10°C. In air,A-Sb204  

is stable up to 933°C., and in oxygen up to 1006°C. 
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Optical Examination 

/3-Sb204 crystals were prepared under three sets of conditions: 

a) at 940°C. in air from an impure source, b) at 1045°C. in oxygen, and 

c) 'at 1130°C. in oxygen from a very pure starting material. 

By far the most common shape of the crystals is that of an elongated 

prism. The crystals are birefringent, having very high refractive indices. 

Under crossed Nicols, the extinction directions are parallel and perp-

endicular to the long edges of the crystals. A few crystals show slight 

pleochroism, but this is very rare. Although many features are common, 

some differences were found between the three specimens. 

a) The crystals have a somewhat irregular shape, and the surface 

shows very pronounced "crazing" (see Plate 1). They are elongated along 

the b-axis (see Section 4). Using a quartz wedge, this direction was 

found to be fast. 

b) The crystals are well-formed, the (100) face being especially 

prominent (see Plate 2). They are elongated along the c-axis (see Section 4). 

This direction was found to be slow. 

c) The crystals are very clear and regular. The (100) face is most 

prominent, but the morphology is somewhat different from that of crystals 

described in b) (see Plate 3). The crystals are elongated along the 

c-axis (see Section 6). This direction was found to be slow. 



PLATE 1. Crystals of p-Slo 70 4  prepared at 940°C. 

PLATE 2. Crystals of p-sb2o4  prepared at 1045°C. 

PLATE 3. Crystals of rA-Sb204  prepared at 1130°C. 
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Section 2. X-Ray Structural Studies - Experimental Methods  

Apparatus  

Initially, Weissenberg cameras made by Undo= Ltd., were used for 

both oscillation and Weissenberg photographs. 

At a later stage, a Nonius integrating Weissenberg camera became 

available, and was used for photographs taken with molybdenum radiation. 

Photographs taken with this camera had a general background intensity 

much lower than those taken with the Unicam instruments. The integrating 

mechanism was not used, as the exposure times would have been too long. 

A Stubbens camera, made by Unicam Ltd., was also sometimes used for 

initial oscillation photographs, and for measuring the angles between 

faces on crystals. 

The source of radiation was a Solus-Scholl high-voltage generator 

Type No. 49921 using two Phillips/Mdller sealed X-ray tubes. Radiations 

of two types were used: copper radiation filtered through nickel foil, 

and molybdenum radiation filtered through zirconium foil. 

Methods of Single-Crystal PhotographE 

After a suitable crystal had been selected, it was mounted on a 

thin glass fibre. Quick-drying adhesives such as "Durofix" or shellac 

were found to be difficUlt to use for this purpose because of the small 

size of the crystals. Vaseline or vacuum grease were the easiest to use, 

and no difficulty was experienced due to sagging, again because the 

crystals were very small. The glass fibre was fixed to the goniometer 

head with plasticine. 
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Oscillation photographs were taken, and the method of Davies (1950) 

was used for setting the crystals. Photographs were then taken using 

the multiple-film equi-inclination Weissenberg technique. 

With coiner radiation, a pack of four Ilford "Industrial G" films 

was used. For intensity measurements, a single zero-layer Weissenberg 

photograph was taken with an exposure of 17'- hours. 

Because molybdenum radiation is much more penetrating, packs of 

four Ilford "Industrial G" films could not be used, as there would be 

insufficient difference between the top and bottom films. A method of 

putting sheets of brass foil (0.025 mm. thickness) between the films 

was tried, but not used, as the photographs showed undesirable stains 

and shadows. The method adopted was to use packs comprised of Ilford 

"Industrial G", "Industrial B" and "Industrial C" films. The "C" film 

is slowest, and was placed at the bottom of the pack. The ratio between 

intensities on "G" and "B" films was about 3.5, and was quite satis-

factory. The ratio found between intensities on "B" and "C" films was 

about 4.7. This is higher than one would like, and could be a source of 

error in estimating the intensities of the strongest reflections. 

With molybdenum radiation, one pack was exposed for 80 hours, and 

another pack for 20 hours, to bring the strongest reflections within 

the measurable range. Because such a small crystal was used (approximate 

size g 0.0108 x 0.0029 x 0.0014 cm.), the 80 hour-exposure period was 

less than optimum, but to gain substantially more information, one would 

have had at least to double the exposure period. This was not thought 

to be justified. 
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The intensity films were developed and fixed for five-minute periods 

in total darkness. Although the five-minute periods were used throughout, 

they were not strictly necessary, since photographs exposed for equal 

periods of time often showed substantial differences in intensity. This 

was partly due to slight fluctuations in the anode current, but the major 

cause was again the small size of the crystal. The intensity of the 

X-ray beam emerging from the collimator is not the same over the whole 

of its cross section. Because the crystal occupied only a very small 

fraction of the area of the cross section of the collimator, the actual 

position of the crystal in the beam became important in determining the 

intensities obtained. It was found that a sideways movement of the crystal 

of 0.1 mm. could cut down the intensities by as much as a half. 

Neasurement of Intensities 

In the case of photographs obtained with copper radiation, a micro-

densitometer, made by Joyce, Loebl and Co. Ltd., was used for the estim-

ation of intensities. This is a non-integrating instrument used mainly 

for measuring the intensities of powder lines. A trace was recorded on 

paper of every spot on the four films in the pack, and of the immediate 

lackground on either side of the spots. The traces of the peaks, after 

subtracting the background, were cut out and weighed. The serious draw-

backs of using this instrument will be discussed in Section 4. 
For photographs taken with molybdenum radiation, it had been hoped 

to use a prototype model of an integrating microdensitometer made by 

Joyce Loebl and Co. Ltd., to obtain greater accuracy than from visual 
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estimation. The instrument in its original form proved to be unstable 

even over short periods, and could not be used satisfactorily. These 

initial shortcomings are now believed to have been overcome. Since a 

microdensitometer could not be used, a visual method of intensity 

estimation had to be employed. 

An intensity strip was made by selecting a suitable spot, whose 

shape was reasonably representative, and oscillating the crystal over 

a short angular range, such that this reflection was recorded. A strip 

was made by varying the number of oscillations from 2 to 52 in steps of 

two, and then in steps of four on to 100 oscillations. At the lower 

and upper ends of this scale, intensity was much more difficult to assess, 

and the greatest weight was given to intensities measured in the middle 

of the range. For non-zero layer photographs, the estimation was done 

on the "contracted" side of the film. Because of twinning, many reflec-

tions were measured more than once on each film. The intensities of 

reflections from all films in the pack were scaled up to those on the top 

film. No systematic spot-shape correction was applied, although every 

effort was made to compensate subjectively for this factor when measuring 

the intensities by eye. 
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Section 3. Crystallographic Rinctions and their Computation 

The intensity of a reflection (Iobs.) can be expressed by the following 

relation: 

Iobs.4›cF2LpAT 

where F is the structure factor, L is the Lorentz factor, p is the polar-

isation factor, A is the absorption factor, and T is the temperature factor. 

Lorentz-polarisation Correction  

Both the Lorentz and polarisation factors are functions of Q (the Bragg 

angle), and are generally calculated together. 

Polarisation which occurs on reflection causes the intensities to 

decrease down to a minimum at e . 45°. The expression for the polarisation 
factor is: 

p = (1 + cos220 

The Lorentz factor expresses the length of time any crystal plane 

spends in the reflecting position. This factor depends on the mode of 

photography. For equi-inclination Weissenberg photographs, the combined 

Lorentz-polarisation factor is: 

(Lp)-1=  IlL222a2_ 
1 cos 29 

where 	the radial cylindrical coordinate of the reciprocal lattice point. 

For the OLIKot data (see Section 4), the combined Lorentz-polarisation 

correction was applied by hand using the method of Cochran (1940. 

When MoK,Jk radiation was used (see Sections 6 and 7), the data were 

processed using the data-reduction program DRO4 written by Dr. C.K. Prout 
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for the MERCURY computer. This program applies the Lorentz-polarisation 

correction and scale factors. 

Absorption Correction  

All crystals absorb X-rays)  and the extent of absorption depends on the 

atoms present, the radiation used and the size of the crystal. The absorp-

tion factor (A) is expressed as follows: 

A = VJv  exp(-",(x) dv 

where/0 is the linear absorption coefficient for the radiation used, V is 

the volume of the crystal and x is the path length in the crystal. 

The methodsof calculating absorption factors can be classed broadly 

into three groups. The first method, which is effective and simple where 

absorption is low, is to take a number of sampling points in the crystal, 

and calculate the absorption factor by averaging. These methods are based 

on that of Albrecht (1939). On the other extreme there are purely analytical 

methods where the absorption is calculated precisely. Unfortunately these 

methods can only be used where the crystal is very regular and has few faces. 

A number of methods exist which may be called semi-graphical, and which can 

often be used for cases where absorption is high (Hendershot, 1937; Howells, 

1950; and Evans, 1952). 

The linear absorption coefficient forp-Sb204  using copper radiation 

is extremely high (,a. 1534). For calculating the absorption factors in 

this case, the method of Howells (1950) was used. The cross-section of the 

crystal was not quite regular, although it remained constant along the 
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length of the crystal (see Fig. 4a). In order to make the problem slightly 

simpler, the cross-section shown in Fig. 4b, obtained by averaging equi-

valent faces, was used for the calculations. In view of the very high value 

ofla, this could be a source of error. 

The cross-section of the crystal was divided into a number of sections, 

such that in each section, all the incident beam enters through one face, 

and the reflected beam leaves through another single, though not necessarily 

different, face. Fig. 6 shows a typical case. The absorption factors for 

each section were calculated separately, and then these were combined to 

give the total absorption factor. The observed intensities are divided by 

this factor to give the corrected intensity. From the absorption factors 

shown in Table 13, it can be seen that with copper radiation, only a very 

thin layer near the surface of the crystal contributes significantly to the 

intensities. 

The calculations for the 42 observed reflections in the zero-layer 

were rather laborious and required several weeks work. In view of this, it 

was impracticable to calculate the absorption factors by this method for 

a larger number of reflections. A number of computer programs are available 

for calculating absorption factors for three-dimensional crystals. Use 

was made of two of these programs. One was written by Dr. P.E. Werner of 

the University of Stockholm for use on a BESK computer, and the other by 

Dr. M. Wells for use on the University of Cambridge EDSAC II computer. 

The absorption factors were recalculated using Dr. P.E. Werner's program, 

both to check the accuracy of the calculations by hand, and the accuracy of 
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the program under difficult conditions. Table 13 shows that the agreement 

is very good. For the few reflections where there are discrepancies, the 

absorption factors were considered least reliable by both the author and 

Dr. P.E. Werner independently. 

Previous to the calculations by Howells' method, a modification of 

Albrecht's method due to Rogers and Moffett (1956) was tried. This is a 

graphical method, and relies on sampling the cross-section of the crystal, 

to give absorption directly from the path lengths of the incident and ref-

lected beams. Because of the high /A, the number of sampling points which 

could be used proved inadequate. Table 12 shows how the absorption factor 

improved with an approximately fourfold increase in the number of sampling 

points, compared with values obtained by Howells' method. 

Table 12  

h k 1 N1 
A N2 

A A(Howells' Method) 

2 0 0 43 0.0089 173 0.0115 0.0090 

4 0 0 80 0.0081 321 0.0185 0.0178 

6 0 0 117 0.0253 468 0.0260 0.0270 

8 0 0 142 0.0246 568 0.0426 0.0357 

10 0 0 154 0.0320 616 0.0508 0.0446 

12 0 0 160 0.0674 641 0.0530 0.0536 

As a further increase in the number of sampling points would have been 

impracticable, this method was not used. 
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For molybdenum radiation,/t = 178.3. The crystal was about 0.0108 x 

0.0029 x 0.0014 cm3, and had a regular cross-section (see Fig. 5). The 

cross-section was constant for about 85% of the length, and then the 

crystal tapered to a triangular tip. Calculations were done by Dr. P.E. 

Werner to see what effect this would have on the absorption factor. The 

effect was found to be negligible and was ignored. The absorption correc—

tions calculated at Stockholm were quite small. The minimum and maximum 

values of A were 0.6915 and 0.8160. Only the values for the hk0 layer could 

be calculated (see Section 7). The cross-section was divided into 9 x 9 

area elements, with thode near the surface of the crystal being smaller than 

the others. 

A second program used was that of Dr. M. Wells (Wells, 1960; Busing and 

Levy, 1957), written originally for absorption corrections for work on 

proteins. The results for both the copper and molybdenum data were quite 

improbable, the values of A being larger than they should be. The cause of 

this is not immediately apparent, and is being investigated at Cambridge. 
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h k 1 A(by hand) 

TABLE 13 

h k 1 A(by hand) A(computer) A(computer) 

2 0 0 0.0090 0.0070* 1 3 0 0.0183 0.0159 

4 0 0 0.0178 0.0174 3 3 0 0.0184 0.0183 

6 0 0 0.0270 0.0265 5 3 0 0.0195 0.0191 

8 0 0 0.0357 0.0355 7 3 0 0.0196 0.0199 

10 0 0 0.0446 0.0441 9 3 0 0.0368 0.0370 

12 0 0 0.0536 0.0530 11 3 0 0.0546 0.0553 

14 0 0 0.0614 0.0612 13 3 0 0.0689 0.0702 

1 1 0 0.0098 0.0060* 0 4 0 0.0256 0.0258 

3 1 0 0.0098 0.0085 2 4 0 0.0242 0.0242  

5 1 0 0.0093 0.0087 4 4 0 0.0238 0.0242 

7 1 0 0.0235 0.0233 6 4 0 0.0249 0.0254 

9 1 0 0.0374 0.070 8 4 0 0.0382 0.0345 

11 1 0 0.0478 0.0475 10 4 0 0.0557 0.0558 

13 1 0 0.0599 0.0570 1 5 0 0.0340 0.0348 

0 2 0 0.0079 0.0084 3 5 0 0.0355 0.0349 

2 2 0 - 0.0122 5 5 0 0.0347 0.0349 

4 2 0 0.0130 0.0106 7 5 0 0.0442 0.0465 

6 2 0 0.0122 0.0104 9 5 0 0.0666 0.0685 

8 2 0 0.0226 0.0216 0 6 0 0.0431 0.0432 

10 2 0 0.0410 0.0399 2 6 0 0.0427 0.0430  

12 2 0 0.0576 0.0567 4 6 0 0.0526 0.0541 

14 2 0 0.0702 0.0711 

* These values considered by Dr. P.E. Werner to be least accurate. 
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Fourier and Patterson Synthesis  

The general expression for the electron density at any point X, Y, 

in the unit cell can be expressed as: 

OXYZ) . 1 f ffF(hkl)expri:217i(hX + kY + 
V 	k.-.o 

where V is the volume of the unit cell, and F(hk1) is the structure factor. 

The expression for this is: 

F(hk1) Z1r(hkl)exp:,..2Tri(hxr  + kyr  + lzr)j 

wherel. r  is the atomic scattering factor for the r th atom for the given hkl, j  

X,yr  and zr 
are the coordinates of the r th atom, and R is the number of 

atoms in the unit cell. 

The exponential terms of the expressions for the electron density and 

the structure factor always have the opposite sign, since one is the 

Fourier transform of the other. The units of electron density are electrons 
03 

per A and those for F(hk1) are electrons per unit cell. 

For all space groups other than Pl, these expressions can be greatly 

simplified, especially if the space group is centrosymmetric. If the centre 

of symmetry is at the origin they become entirely real. The appropiiate 

expressions for each space group and plane group are given in the Inter-

national Tables for X-ray Crystallography, Vol. 1, (1952). 

For calculation of electron density maps, a program written by Dr. O.S. 

Mills for the MERCURY computer was used. Both two- and three-dimensional 

Fourier maps were obtained. 

In order to be able to produce an electron-density map, the signs or 

phases of the reflections must be known. To know this, the positions of 
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at least some atoms must be found. To do this, a method known as Patterson 

synthesis (Patterson, 1934, 1935), is often employed. The function computed 

for a three-dimensional synthesis is: 

P(UVW) = -3/1t 	! 11F(hwl 2  cos21r(hu kV +1W) 
1.:= 

It will be seen that this is a real quantity, as F(hk1)2  -rather than 

F(hkl) is used. Since IF(hk1) 2  is always positive, there is no ambiguity 

about the phases of reflections. From the synthesis, the interatomic vectors 

can be deduced, especially where the structure is not too complex. 

Where the number of terms is not too large, such as in a two-dimensional 

synthesis, the computation can be done by hand using Beevers-Lipson strips 

(Beevers and Lipson, 1934, 1936; Lipson and Beevers, 1936). These strips 

were in fact used to calculate the first [0011 Patterson. The Fourier 

program written by Dr. 0.S. Mills was also used. 

Least-Squares Refinement  

If pi  is the residual between iFobs i and Fcalc.1 and 
 wi is its 

 

weight, then the least-squares procedure tries to minimise the function 

w./\
2 

As a rough guide to the agreement, the function 

R =Y.1 	 I  
iFo! 

is widely used. However, the really significant criterion of how the ref- 

inement is progressing is?_w112.   

Three least-squares refinement programs were used during this work. 
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The copper data was refined on the Stantec ZEBRA computer using program 

ZK22, written by Dr. J.C. Schoone. This program uses only the diagonal 

terms of the matrix, and is therefore less reliable, especially where the 

amount of data is small. The weighting scheme used is 
- 

w 	P + (Fo - Q)L! 

where P and Q are integers. With this program, anisotropic thermal motions 

can only be approximated by the use of half or other fractional atoms. For 

space groups C2/c and Cc, the structure factors are calculated at of their 

absolute values. 

The great bulk of least-squares refinement was done on the University of 

London MERCURY computer, using the program written by Dr. J.S. Rollett. The 

program uses a block diagonal matrix (3 x 3 matrix for atomic positions, 

6 x 6 matrix for atomic vibrations, and a 2 x 2 matrix for the scale and 

temperature factors). A choice of three weighting schemes is available 

(see Section 6). For the space group C2/c the structure factors are cal-

culated at of their absolute values, and for Cc at half the absolute value. 

Individual temperature factors are of the form 

T= e-Bsin
2
0 

and anisotropic temperature factors are of the form 

T = 2-(Bilh2+B22k2+B33
12+B23k1+B13h1q-B12hk)  

but have been converted to the more usual base of e for the tables in 

Section 6. 

After the end of refinement, it was usual to do an agreement analpie 

using a program written by Dr. G.A. Mair, which calculates the variation of 
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agreement with intensity, sin2  e, h, k and 1. 

It had been hoped to use a full-matrix least-squares program written by 

Dr. A.R. Curtis (1959), 'this  program will only do two-dimensional ref-

inement. The scattering factors are input in the form of analytical ex-

pressions (Forsyth and Wells, 1959; Vand et al., 1957). La no correction 

for anomalous dispersion has been applied to these figures, this partly 

offsets any extra accuracy gained by using a full-matrix program. In use, 

the program was found to be rather temperamental, probably due to sub-

sequent changes in NERCURY Autocode, and its use was discontinued. 

Scattering Factors  

The atomic scattering factors (0 used in the least-squares refinement 

of copper data were as follows. Data for Sb3+  were taken from Thomas and 

Umeda (1957), and data for Sb5+ were obtained by extrapolation of figures 

given by these authors for Sb, Sb
1+, Sb2+, Sb

3+ and Sb4+. Scattering 

factors for oxygen ions (0
2-) were obtained by extrapolation of data for 

0
1- (Freeman, 1959), and comparison with data of James and Brindley (1931) 

for 0
2-. 

For least-squares refinement of the molybdenum data, new sets of atomic 

scattering factors were used. The use of scattering factors for Sb5+ Sb3+ 

and 0
2- presupposes a fully ionic structure, and those for Sb and 0 a 

fully covalent one. It is very unlikely that the actual structure is either 

one or the other. A compromise was therefore made, and for Sbv, scattering 

factors for Sb3+ were used. For Sb, scattering factors for Sbl+, and 
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for oxygen, those for 0
1- were used. In this way electrical neutrality 

is maintained.. Admittedly this is an arbitrary choice, but it is probably 

more justified than using scattering factors for the fully ionic alternative 

Any errors due to this would anyway be very slight, and confined to the low-

angle reflections. For the antimony ions, data was taken from Thomas and 

Umeda (1957), and for oxygen, from Freeman (1959). 

Correction for Anomalous Dispersion  

In the neighbourhood of an absorption edge the scattering power of a 

bound electron is usually different from that of a free electron, and also 

the phase of the scattered wave may not be the same. The atomic scattering 

factor can then be represented as a complex number. 

f = fo  +iNf' + i6f" 

where f is the uncorrected scattering factor, and /1f 1  and Lf" are the 

real and imaginary dispersion corrections. 

The dispersion corrections change only slightly with 6, and so their 

effect is relatively greatest at high angles. The values of the correction 

were obtained from the International Tables for X-ray Crystallography, 

Vol. 3, (1962), and are based on the work of Dauben and Templeton (1955), 

Bergluis et al. (1955) and Veenendaal et al. (1959). 

No corrections for anomalous dispersion were made when dealing with the 

copper data. 

For the least-squares refinement of molybdenum data, corrections were 

made where necessary. The corrections for oxygen are negligible, while 
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those for antimony are quite appreciable. The real part of the correction 

was applied from a graph of6 f' against sineb\ . No allowance could be 

made for the change of phase due to the imaginary correction, as no least-

squares program is available which would use scattering factors in this form. 

The only correction for al*" was made by calculating the value of £ from 

f2 	(fo + bf1 )2 + (iNf")2 

This correction is quite small, and varied between 7 - 10% of the Lxf' 

correction, but with opposite sign. The nett corrections (iNf*) were 

therefore approximately 90% of A f', and are given in Table 14. The correc-

ted atomic scattering factors for the two types of antimony are shown in 

Fig. 7. 

Table 14  

Sine II f* Sine af* Sine ts,f* 
i\ ;\ l• 

0 -0.56 ' 0.5 -0.64 1.0 -0.74 

0.1 -0.57 0.6 -0.66 1.1 -0.77 

0.2 -0.59 0.7 -0.68 1.2 -0.80 

0.3 -0.61 0.8 -0.70 1.3 -0.83 

_ 0.4 -0.63 0.9 -0.72 1.4 -0.86 

Two computer programs were employed to generate scattering factors in 

a form suitable for use in least-squares refinement. For use with ZK22, the 

program ZK23, written by Dr. D.W. Smits was used, and for use with 

Dr. J.S. Rollett's program, one written by Mr. N. Bailey was used. 
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Molecular Geometry  

Three programs were used to calculate details of the molecular geometry 

of the structure of/3-Sb204. 

A distance-angles program written by Dr. R. Sparks generates the length 

of all crystallographically unique vectors between atoms, below a specified 

maximum. All angles between such vectors are also calculated. 

A second program used was written by Dr. G.A. Mair, and calculates 

distances and angles as for the previous program. In addition the standard 

deviations are calculated using variances obtained from the output of 

Dr. J.S. Rollett's program. Formulae to calculate the standard deviations 

are given by Ahmed and Cruickshank (1953), and by Darlow (1960). 

A molecular axes program written by Dr. R. Sparks calculates the best 

plane through a given set of positions. It was used to obtain orthogon-

alised coordinates for the final atomic positions in the structure of/3-Sb204. 

A number of other computer programs were used during this work; they 

are mentioned in the appropriate sections. 
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Section 4.  A Two-dimensional Determination of the Structure of 
/2=p204  from CuKv. Data  

The first crystals examined by taking oscillation and Weissenberg 

photographs were those prepared at 940°C. (see Section 1). Weissenberg 

photographs showed very serious streaking, and multiple spots indicative 

of gross disorder and complex twinning. They also showed the presence 

of ingrowths of some other substance, probably of-Sb204 as this was noted 

as an impurity in Guinier powder photographs. It was possible to deduce 

that /q-Sb
2
04 was monoclinic. 

FUrther studies were carried out using crystals prepared at 1045°C. 

Photographs were taken with rotation around the needle axis, which'was 

found to be the c-axis. There was a small amount of streaking, but this 

was considered acceptable. The zero-layer Weissenberg showed no twinning, 

but non-zero layer photographs showed that twinning occurred. The unit 

cell was found to be face-centred monoclinic, with a = 12.060Z, b = 4.8348 

c = 5.3831, and /3= 104°35' (from powder data, see Section 5). The twinning, 

which is believed to be polysynthetic, was on the 10(3 as the composition 

plane, with a* and. b* in common. The absences found were hkl s h+k/2n, 

and hOl : 1/2n, which gives Cc (No. 9) and C2/c (No. 15) as the possible 

space groups. Of these, C2/c was considered to be more likely. The 

density was found to be 6.735 g. cm 3. This means that there are four 

Sb
2
04 

units in the unit cell (Dcalc. = 6.725 g. cm 3). 

Because of the shape of the crystals, very high absorption, and poly-

synthetic twinning, intensity photographs could only be taken around the 
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c-axis. On the zero-layer Weissenberg all the spots for both sets of 

twins are common, and, of the 43 reflections possible, 42 were observed 

and their intensities measured as described in Section 2. The crystal 

used was about 0.02 x 0.0085 x 0.0048 cm3 (see Fig. 4a). The absorption 

corrections for all reflections were calculated first by hand, and later 

checked by computer (see Section 3). 

The positions available in space group C2/c are: 

(0, 0, 0; 	-I-, 0) 
— — 

8 	f 	x, y, z; x, y, z; x, y, i-z; x, y, 

4. 

-1, 0. 
1 

4. 9 "2" 

1  14 
29 2' 

0, 4-7. 

The 16 oxygen atoms are most likely to go into the general position 

as two independent sets, and, on chemical grounds, the antimonys will 

probably go into two independent sets of four. 

Patterson Synthesis 

The C001] projection has cmm symmetry. A 11001) Patterson was 

computed by hand using Beevers-Lipson strips. This was later checked by 

calculations on the TERGURY computer using the program of Dr. 0.S. Mills 

(see Section 3). All subsequent Fouriers were also calculated using this 
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computer program. The Patterson showed that there were two sets of 

antimony atoms at approximately x = 0, y 	and x = 4 and y 	A 

slight elongation of some peaks suggested that Sip, was not exactly at 

x = 0, y';'T;, but should be moved slightly towards the origin, giving a 

position x = 0, y .-, less than_. Because of the diffraction effects due 

to series-termination errors caused by the low temperature factors, no 

attempt was made to find the oxygen positions from the Patterson. The 

1001'. Patterson is shown in Fig. 8. 

Fourier Synthesis and Structure-Factor Calculations 

Using the information obtained from the Patterson synthesis, structure 

factors were calculated by hand from the antimony positions, and for a 

number of low-angle reflections, signs could be given unambiguously. 

The first 10011 Fourier did not give the oxygen positions, because of 

the presence of a diffraction 	Further structure-factor calcul-

ations were done, moving Sbi  along the b-axis. The best agreement was 

found with y = 0.21. Subsequent Fouriers using more reflections showed 

the positions of the oxygens. More structure-factor calculations were 

done until the R factor was reduced to 14.1'/. At this stage it was 

decided to start least-squares refinement. 

The final Fourier obtained from all the copper data is shown in 

Fig. 9. At an earlier stage, when there was some ambiguity over the 

oxygen positions, a Fourier was calculated based on F
(obse ryed ) 

F(Sb calculated).  This is shown in Fig. 10, and quite clearly established 
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the oxygen positions. In all these Fouriers the F(000) term was not 

included. 

Because the antimony so dominates the intensities, and the number 

of reflections is small, there was no necessity for doing a Wilson plot 

(Wilson, 1942) to get an approximate scale. In the initial structure-

factor calculations, no temperature factor was used. 

Least-Squares Refinement  

Least-squares refinement was carried out on the ZEBRA computer at 

Woolwich Polytechnic. The program used was ZK22 written by Dr. J.C. 

Schoone (see Section 3). The least-squares cycles were very short, and 

in every case refinement was continued until the shifts were quite neg-

ligible. It was found that the temperature factor very quickly became 

zero. Since t1e program is not designed to give negative temperature 

factors, an artificial temperature factor with B = 2 was applied to the 

data, which was refined with isotropic temperature factors. The final 

observed and calculated structure factors at R = 10.24 are shown in 

Table 15, and the coordinates and temperature factors in Table 17. 

In this program, anisotropic thermal movements can only be approx-

imated by using half or other fractional atoms by the method of Kartha 

and Ahmed (1960), and Vos and Smits (1961). The antimony atoms were 

split in halves, and refinement was attempted. Although a slight im-

provement in R was noted, the final positions of the half atoms seemed 

unsatisfactory, almost certainly not representing true anisotropy. In 
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view of the large number of parameters compared with the number of 

reflections, this is not surprising. 

Several attempts to refine the atomic positions using space group 

Cc were in every case disappointing. At first the R factor would im-

prove slightlr, and then the shifts became increasingly large until 

refinement was stopped. 

The weighting scheme used in all these refinement cycles was such 

as to give all reflections equal weight. This of course, together with 

the small number of reflections, makes the accuracy of the final pos-

itions a little dubious. It should however be remembered that these 

calculations were meant only to provide the broad outline of the 

structure, on which to base further, more precise work. 
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TABLE15. FINAL OBSERVED AND CALCULATED STRUCTURE FACTORS AFTER 

ISOTROPIC TWO-DIMENSIONAL LEAST-SQUARES REFINEMENT 

CuKaradiation. 

h k 1 	
iFlobs 

Data corrected for absorption. 

F
calc 	

h k 1 

F calc 

i  n obs 

_ F absolute 

Fcalc 

2 0 0 8.2 - 6.5 1 3 0 22.6 -24.4 

4 0 0 63.9 +71.4 3 3 0 18.1 -15.8 

6 0 o 	, 6.4 - 3.0 5 3 0 21.8 -18.6 

8 0 0 45.8 +47.3 7 3 0 15.9 -13.0 

10 0 0 9.5 + 8.3 9 3 0 13.5 -11.7 

12 0 0 31.2 +29.8 11 3 0 11.9 -12.2 

14 0 0 3.5 - 4.3 13 3 0 6.4 - 4.0 

1 1 0 17.5 +16.4 0 4 0 38.2 +34.5 

3 1 0 20.0 +18.5 2 4 0 13.6 -14.0 

5 1 0 14.8 - 8.3 4 4 0 35.1 +36.1 

7 1 0 11.3 + 9.5 6 4 0 7.1 - 5.8 

9 1 0 10.9 + 8.9 8 4 0 21.9 +22.4 

11 1 0 8.4 + 4.2 10 4 0 7.5 - 8.0 

13 1 0 6.6 + 5.3 1 5 0 14.9 +14.2 

0 2 0 66.9 -59.2 3 5 0 15.1 +18.2 

2 2 0 - 0.8 5 5 0 16.2 +17.5 

4 2 0 60.0 -63.2 7 5 0 13.4 +14.8 

6 2 0 8.5 + 5.5 9 5 0 7.4 + 7.8 

8 2 0 47.6 -46
.5 0 6 0 16.5 -17.6 

10 2 0 8.9 + 7.6 2 6 0 9.4 +12.8 

12 2 0 26.4 -26.0 4 6 0 11.0 -11.7 

14 2 0 1.0 + 0.9 
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Construction of a Model of the Structure  

Although the positions of the atoms in the two dimensions studied 

were now reasonably well known, it was not possible to examine other 

projections. In view of this it was decided to make a model to see if 

it would not be possible to derive the structure from it. 
0 

A scale of 5 cm. to the Angstrom was adopted, and the framework 

corresponding to one unit cell was made from welding rod, with a and b 

parallel to the base. Two sheets of Perspex were cut to represent the 

ab plane, and holes were drilled in the positions corresponding to the 

atomic positions at the end of least-squares refinement. These sheets 

were placed on top and bottom of the unit cell, and equivalent positions 

were joined with elastic string. The atoms were at first made of 

sponge, and could be moved along the string in the c direction (see Plate 4) 

To help to visualise the structure an extended (0011 projection of the 

structure was obtained using a Nonius Photosommateur. 

The assumptions made were that the Sb-O distance should be about 

2A, and that oxygens should not be closer together than about 2.6A. 

There were two alternative ways of placing the Sb2  atoms, either at 

(a) x = 0.25, y = 0.25, z = 0 and (b) at x = 0.25, y = 0.25, z = 0.5. 

Sb
1 

atoms were placed at x = 0, y = 0.21, z = .25. It was found that 

in both these positions the distance the oxygens could be moved was 

very limited, as the packing was quite tight. If one placed Sb2  at 

x = 0.25, y = 0.25, z = 0, the structure seemed less strained than for 

the other alternative. 



1.0 

PLATE 4. A MODEL OF THE STRUCTURE OF fl-Sb20
4 
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To decide the issue, structure factors were calculated for the two 

alternatives, and compared with the intensities of some low-angle 

poWder lines whose indices were unambiguously known. This was a decis-

ive test (see Table 16), and showed quite clearly that the Sb
2 atoms are 

at x = 0.25, y = 0.25, z = 0, and equivalent positions. 

Table 16  

h k 1 

2 0 0 

1 1 o 

Ipowder 

1  7 

1 

'F'a  

6.3 

16.6 

Fib 

6.3 

16.7 

T 1 1 u 6.4 49.3 

1 1 1 lo 84.1 

3 1 0 1 18.6 18.7 

4 0 0 6 75.6 76.0 

l 1 7 78.4 3.7 

The positions of the antimony atoms. were now known with certainty. 

The positions of the oxygens were estimated from the model, and are 

shown in Table 17. There was still some uncertainty about the z para-

meters of half the oxygens, but this could only be resolved when a 

three-dimensional Fourier had been computed. 
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Table 17  

Atom x y z B 

Sbl  
0 0.2096 0.25 -0.64 

Sb2 0.25 0.25 0 -0.71 

0l  0.0988 0.0966 0.956 -1.32 

02 0.4522 0.1931 0.671 -1.40 

"Negative Temperature Factors" 

Under normal circumstances, if a structure after least-squares 

refinement shows negative temperature factors for all atoms, it is 

cause for grave disquiet. 

For an inorganic compound which is quite tightly packed, thermal 

motions will be small anyway, and this is true in this case (see 

Sections 6 and 7). There are two valid reasons why negative temperature 

factors were obtained. 

With copper radiation, absorption is extremely high, with ,1„:„. 1534. 

In such a case, the effect will simulate a negative temperature factor, 

as can be seen from Weissenberg photographs. If the size of the crystal 

was slightly underestimated, the correction for absorption would be too 

small, and a low temperature will result. However, it is thought that 

this effect is not likely to have been serious. 

A far more serious cause of error is associated with the use of a. 

non-integrating microdensitometer (see Section 2). At low angles, the 
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strong spots are very sharp, and cover only a small area. As the angle 

increases, they become spread out until separation into al  andc0.2  

doublets occurs. The microdensitometer probably deals quite effectively 

with the more diffuse and weaker reflection, but greatly underestimates 

the strong sharp spots at low angles. This is a systematic error, and 

will quite effectively simulate a negative temperature factor. 
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Section 5. Interpretation of the X-ray Powder Data for/7-Sb
2
0
4 

Powder photographs obtained from the newly-discovered49-Sb
2
0
4 

were 

of good quality, with lines measurable up to a 8 of almost 900. This 

indicated a greater crystallinity than is usually obtained with ortho- 

rhombic Sb204. 

Attempts to index the pattern on the basis of tetragonal or hex-

agonal unit cells by the method of Hesse (1948) were unsuccessful. The 

method for indexing orthorhombic patterns was tried next (Lipson, 1949; 

Hesse, 1948). 

The differences between observed values of q (sin20) were examined 

systematically. A histogram was prepared of the frequency with which 

various values of qm-qn  occurred, and many possible unit cells were 

tried. Finally it was found possible to index reasonably well the first 
0 	0 

forty lines on the basis of a unit cell with a=9.65A, b=12.20A and 

0 
c=10.37A. However, this unit cell was regarded with suspicion because 

the number of lines present seemed much smaller than would be expected 

for such a large unit cell. In fact, by halving the a and c edges, one 

obtains a unit cell of very similar size to the real cell ofp-Sb204. 

The method of Ito (1949, 1950), which is completely general, and 

can be used for monoclinic and triclinic systems, was not tried, as 

there were doubts whether even the Guinier low-angle data would be suf- 

ficiently accurate to use it successfully. No further attempts to 

index the pattern were made until it became possible to examine e-Sb204  

by single-crystal methods. 
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Oscillation and Weissenberg photographs showed the unit cell to be 

monoclinic, although this was not immediately obvious because of twinning, 

(see Section 4). 

At the same time, attempts were made to find the unit cell by using 

the ZEBRA program ZK51, written by Dr. A.A. Koene. This is a program 

for detecting zones in powder patterns, based on the method of de Wolff 

(1958). The results obtained were too ambiguous to be of use, even 

though the computation was repeated by Dr. Koene at the Hague. The 

program has however been used successfully to index other powder patterns 

(de Wolff, 1962). 

The calculations connected with indexing the powder pattern were 

performed mainly on the ZEBRA computer at Woolwich Polytechnic, and some 

on the University of London MERCURY computer. 

Using approximate unit-cell constants obtained from single-crystal 

photographs, it was possible to index some low-angle lines. The higher-

angle lines could not be indexed until the structure was known, and 

structure factors could be calculated for all possible reflections. 

The tactics used for completely indexing the powder pattern were 

as follows. Using the current best unit-cell constants, the d and 4sin
2P' 

values of all possible reflections, having d greater than a specified 

limit, were calculated using the ZEBRA program ZK50, written by 

Dr. B.W. Delf. The structure factors for all relevant reflections were 

calculated using program ZK22, and the low-angle lines were unambiguously 

indexed. Of these, suitable lines were chosen to be used in a least-

squares program to give more accurate unit-cell dimensions. 
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This cycle was repeated to index the middle-angle lines, and 

finally the high-angle lines. Here the indexing for some lines cannot 

be entirely unambiguous owing to the presence of a large number of.x2  

lines. The final unit-cell dimensions were obtained from 22,x1 
andp(

2 

lines with 9 in the range 74-86°. The full X-ray powder data for 

P-Sb
2
0
4 
is given in Table 18. 

Two least-squares programs were used to obtain the best unit-cell 

dimensions. The program for ZEBRA was written by Dr. D. Rogers, and 

that for MERCURY by Dr. R. Diamand. Both programs incorporate an ex-

trapolation function of the Nelson-Riley type (Nelson and Riley, 1945; 

Taylor and Sinclair, 1945). 

Each line was assigned an individual weight, ranging between one 

and ten. The following factors were taken into account in assigning 

the weight. Whether the line consists of a single reflection, or a 

strong and a weak reflection close together, and secondly whether it was 

easy to measure accurately, i.e. a subjective estimate based on sharpness 

and intensity. Here very strong and very weak reflections were weighted 

down. 

The MERCURY program also incorporated two optional systematic 

weighting schemes which could be used in addition to the subjective 

weights. In this case the effect of these different weighting schemes 

was very slight, and the differences between unit-cell constants obtained 
0 

using each of the three schemes were less than 0.001A. 
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Table 18 X-ray Powder Data forfl-Sb20
4 

CuKce radiation 

An approximate indication of the calculated intensity of the 

reflections is given as a guide in cases where a line can be indexed 

on the basis of more than one reflection. 

The symbols used are: vw (very weak), w (weak), m (medium), 

ms (medium strong), s (strong), vs (very strong) and d (diffuse). 

Iobs Icalc 	d (A) 	h k 1 

.1. 

	

2 	VW 	 5.86 	2 0 0 

	

1 	w 	4.47 	1 1 0 

1 

	

-g 	vw 	3.567 	1 1 1 

	

10 	vs 	3.234 	1 1 1 

	

1 	w 	3.029 	3 1 0 

	

6 	vs 	2.912 	4 0 0 

	

7 	vs 	2.873 	7 1 1 

	

3 	s 	2.637 	2 0 2 

	

3 	s 	2.415 	0 2 0 

1 

	

T 	w 	2.244 	70 2 

1 

	

2 	w 	 2.193 	0 2 1 

w 	 3 1 2 

	

3 	s 	2.181 	2 0 2 

	

1 	m 	1.983 	2 2 1 

	

5 	vs 	1.860 	4 2 0 

Sin26bs 
Sin 0

Calc 

0.0173 0.0175 

0.0298 0.0298 

0.0467 0.0468 

0.0567 0.0566 

0.0647 0.0647 

0.0700 0.0698 

0.0719 0.0718 

0.0854 0.0854 

0.1018 0.1017 

0.1180 0.1180 

0.1236 0.1236 

0.1228 

0.1249 0.1247 

0.1511 0.1509 

0.1716 0.1715 
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Sin2
alc 

5 vs 1.811 5 1 1 0.1812 0.1810 

3 1 2 0.1816 

2 vs 1.788 7 0 2 0.1858 0.1856 

5 vs 1.782 2 2 2 0.1873 0.1871 

4 vs 1.673 1 1 3 0.2123 0.2121 

w 4 2 1 0.2131 

6 vs 1.619 7 1 1 0.2267 0.2267  

s 2 2 2 0.2264  

1 2 M 1.596 1 3 0 0.2335 0.2333 

1 
2 w 1.538 7 2 1 0.2512 0.2512 

3 s 1.519 5 1 3 0.2578 0.2578 

w 7 1 2 0.2579 

3 s 1.511 1 3 1 0.2604 0.2601 

3 s 1.469 3 3 1 0.2755 0.2753 

2 s 1.459 8 0 0 0.2793 0.2792 

3 s 1.438 6 2 2 0.2876 0.2873 

w 7 2 3 0.2867 

1 
-0 w 0 2 3 1.411 0.2988 0,2985 

3 vs 1.398 6 0 2 0.3043 0.3037 

w 3 3 1 0.3048  

3 s 1.394 3 1 3 0.3061 0.3060 

2 w 1.384 6 2 1 0.3105 0.3102 

w T. 3 2 0.3110 
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o 
Iobs 	Icalc 	d (A) 	h k 1 	Sin29'ohs 	Sin20calc 

1 s 1.319 4 0 4 0.3415 0.3414 

1 s 1.302 0 0 4 0.3506 0.3503 

3 s 1.250 8 2 0 0.3805 0.3809 

From this point onwards, the Lobs'  zin 2-ilk  obs and sin29Calc values  

refer to theo(1 
 lines only. For the sake of clarity and brevity, details 

of the 510c2  lines observed have not been included in this table. 

1.243 2 	s 	5 3 1 	0.3838 	0.3838 

	

3 3 2 	0.3846 w  

2d 	ms 	1.209 	0 4 0 	0.4057 	

04 ms 	6 2 2 	0.4047  

vw 	2 0 4 	0.4065 

0.4047 vw 	5 1 3 

0.4149 0.4154 1 	ms 	1.195 	T 3 3 

1 	s 	1.181 	10 0 2 	0.4253 	0.4247 

1 	ms 	1.175 	7 3 1 	0.4298 	0.4294  

vw 	 2 2 4 	0.4294  

2 
1 	m 	1.166 	2 4 1 	0.4363 0.4357  

3 	s 	1.157 	4 2 4 	0.4427 	0.4424 

s 	9 1 3 	0.442 

w 	7 3 0 0.4419 

3 	s 	1.155 	9 1 1 	0: 0.4449  

0.44JJ 

vw 	8 0 2 	0.444 

vw 	1 3 3 
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lobs 	d (1  'cal° 	
Sin

t 49Obs 0 	h k 1 	Sin
24
e'
calc 

	

0 2 4 	0.4517 	0.4513 

	

7 1 4 	0.4510 

	

53 3 	0.4608 	0.4604 

	

7 3 2 	0.4606 

	

7 0 4 	0.4718 	0.4713 

	

4 4 0 	0.4763 	0.4759 

	

2 4 2 	0.4916 	0.4914 

	

7 3 1 	0.4986 	0.4982 

	

3 3 3 	0.5090 	0.5087 

	

10 2 1 	0.5098 

	

2 2 4 	0.5080 

	

11 1 1 	0.5207 	0.5202 

	

10 2 2 	0.5268 	0.5263 

	

2 4 2 	0.5308 	0.5307 

	

11 1 2 	0.5317 

	

7 1 3 	0.5383 	0.5387 

	

3 1 5 	0.5374 

	

7 2 4 	0.5732 	0.5728 

	

7 4 2 	0.5917 	0.5915 

	

7 4 3 	0.5909 

	

1 1 5 	0.6004 	0.6008 

	

4 2 4 	0.5996 

1 s 

vw 

1,146 

2 s 

w 

1.1348 

1 s 1.1214 

1 ms 1.1160 

1 ms 1,0983 

1 
-ff vw 1.0907 

2 ms 

w 

1.0799 

VW 

2 s 1.0674 

1 ms 1.0610 

1 ms 

vw 

1.0570 

2d s 

ms 

1.0498 

1 MB 1.0171 

1 ms 

w 

1.0014 

3d s 

s 

0.9938 



2 	s 

w 

W 

1 	ms 

2 	ms 

vw 

1 	ms 

2 	ms 

vw 

1 	m 

1 
2 	 m 

1 	m 

2 	ms 

vw 

1TW 

1 	MS 

vw 

3 	ms 

ms 

2 	ms 

w 

1 	m 

w 

h k 1 

7 1 5 

6 4 1 

7 4 3 

10 0 2 

12 0 0 

111 1 

7 3 3 

9 3 1 

o 2 5 

1 5 1 

3 5 0 

7 5 1 

8 4 0 

1114 

3 1 5 

6 4 2 

3 5 1 

1. 3 1 

10 2 2 

12 2 0 

82 5 

4 4 3 

3 5 2 

0 
I
obs

I
cal° 	

d (A) 

0.9831 

0.9770 

0.9721 

0.9581 

0.9569 

0.9441 

0.9381 

0.9330 

0.9304 

0.9147 

0.9052 

0.9019 

0.8999 
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Sin
2
F,. 

	

SiJ9
obs 	calo 

0.6140 	0.6134 

0.6143 

0.6137 

0.6218 	0.621z 

0.6279 	0.6271 

0.6283 

0.6459 	0.6454 

0.6479 	0.6474 

0.6481 

0.6659 	0.6659 

0.6744 	0.6739 

0.6815 	0.6811 

0.6852 	0.6850 

0.6860 

0.6848 

0.7097 	0.7094 

0.7105 

0.7234 	0.7233 

0.7228 

0.7292 	0.7287 

0.7302 

	

0.7322 	0.7316 

0.7319 



I
obs 	

Icalc 

MS 

MS 

MS 

w 

ms 

ms 

ms 

w 

ms 

ms 

w 

ms 

w 

VW 

VW 

w 

ms 

ms 

ms 

Ms 

w 

3 

2 

3 

2 

1 
2 

1 

1 

1 

2 

3 

0.8947 

0.8920 

0.8914 

0.8858 

0.8794 

0.8707 

0.8687 

0.8659 

0.8591 

0.8522 
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h k 1 	Sin2gObs Sin219Ca1g 

	

12 0 4 	0.7413 	0.7411 

	

7 3 3 	0.7418 

	

7 3 5 	0.7405 

	

3 5 1 	0.7409 

0.7458 

	

0 6 	0.7454  

	

4 4 4 	0.7467 	0.7471 

	

8 4 1 	0.7461 

	

0 4 4 	0.7563 	0.7560 

	

11 3 0 	0.7555 

	

0 6 	0.7671 	0.7669 

	

13 1 3 	0.7666 

	

3 5 2 	0.7823 	0.7819 

	

8 0 4 	0.7862 	0.7857 

	

5 3 4 	 0.7855 

	

1 1 6 	 0.7872 

	

0 0 6 	0.7869 

	

5 5 1 	0.7905 	0.7900 

	

3 5 2 	0.7908 

	

11 3 3 	0.7901 

	

1 3 5 	0.8039 	0.8039 

	

5 1 5 	0.803 

	

7 0 2 	 0.8035 

	

7 3 5 0.8169 	0.8165 

	

4 2 5 	0.8160 
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Iobs
I
calc 	

d (A) 	h k 1 

2 	ms 	0,8500 	7 5 3 

1 	ms 	0.8459 	11 1 5 

	

vw 	 7 0 6 

1 	ms 	0.8448 	10 4 2 

	

vw 	1131 

1 	ms 	0.8427 	7 5 1 
1 	ms 	0.8390 	17 2 4 

3 	ms 	0.8369 	13 1 1 

	

ms 	 7 2 6 

	

m 	7 5 o 

	

w 	6 4 3 

1 	ms 	0.8288 	2 o 6 

1 	m 	0.8273 	3 5 3 

	

w 	 7 5 2 
1 	ms 	0.8263 	7 2 6 

1 	m 	0.8221 	7 4 4 

2 	ms 	0.8175 	8 2 4 

VW 	 3 3 5 

vw 	o 2 6 

3 	ms 	0.8098 	14 2 2 

	

m 	4 4 4 

	

w 	7 5 1 

Vi77 	 9 1 4 

	

Sin
2
0
robs 	

Sin
21
3- calc 

0.8215 	0.8211 

0.8292 	0.8287 

0.8299 

0.8314 	0.8309 

0.8314 

0.8357 	0.8356 

0.8431 	0.8427 

0.8473 	0.8471 

0.8470 

0.8481 

0.8482 

0.8637 	0.8633 

0.8669 	0.8667 

0.8668 

0.8687 	0.8685 

	

0.8778 	0.8775 

0.8877 	0.8872 

0.8879 

0.8885 

	

0.9050 	0.9051 

0.9043 

0.9044 

0.9048 
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0 
d (A.) 

0.8069 

0.8054 

0.8011 

0.7998 

0.7960 

0.7887 

0.7849 

0.7840 

0.7820 

0.7767 

0.7757 

0.7755 

h k 1 	Sin
2

- 	Sin2O 
obs 	calc I

obs 	
I
calc 

2 	ms 

w 

 

m 

w 

w 

1 	ms 

vw 

1 

3 	ms 

w 

w 

w 

3 	ms 

w 

w 

m 

 

w 

 

2 

w 

	

11 1 3 	0.9115 	0.9112 

	

9 3 3 	0.9107 

	

3 5 3 	0.9148 	0.9149 

O 6 0 	0.9140 

	

4 4 5 	0.9243 	0.9242 

	

13 3 2 	0.9242 

	

10 0 6 	0.9280 	0.9277 

	

14 0 4 	0.923)  

O 6 1 	0.9362 	0.9359 

	

1511 	0.9537 	0.9555 

O 4 5 	0.9527 

	

2 6 1 	0.9626 	0.96L 

	

6 4 5 	0.9621 

	

2 2 6 	0,9648 	0.9649 

	

3 5 4 	0.9647 

	

9 5 1 	0.9651 

	

1330 	0.96'5 

	

77 3 3 	0.9699 	0.969( 

	

1 5 4 	0.9692 

	

4 6 0 	0.9835 	0.9857 

	

6 1 	0.9859 	0.9859 

	

9 5 2 	0.9866 	0.9K5 

2 

2 

1 
2 
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CRYSTAL SYSTEM : MONOCLINIC 

UNIT CELL : a = 12.060 + 0.003A, b = 4.834 + 0.002A, 

= 5.383 + 0.002A, /.;= 3.04°35' + 2' 

UNIT-CELL VOLUME : 303.71A' 

The table shows good agreement between observed and calculated sin!) 

values for low-angle and high-angle lines. In the middle-angle range, 

the calculated sin29values are consistently lower than the observed 

values. There are several possible explanations for this disparity. 

Firstly, for a specimen containing heavy atoms, absorption is con-

siderable, and this causes a systematic drift in the observed values. 

Secondly, wherecK
1 

andcK
2 
lines are just beginning to separate, the 

author found a tendency to measure them as if they were closer together. 

This causes the observed sin2e-value for them1 
line to be higher, and 

that for thelx
2 
line to be lower than calculated. As both the least-

squares programs incorporate a Nelson-Riley extrapolation, the final 

unit-cell constants should not be affected by this. Finally, the value 

of sin2erchanges most rapidly in this region. One would therefore expect 

the agreement, as indicated by6sin29', to be worse than at low and high 

angles. 

Preferred Orientation 

There are two reasons why intensities obtained from powder photo-

graphs might have proved useful in the determination of the structure 

of 'el-Sb
2
0
4' 
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Intensities of strong low-angle reflections on Weissenberg photo-

graphs are often affected by secondary extinction. As the intensities 

of lines from fine powders are not affected by this, a comparison 

between them could be used to apply an empirical correction. 

Because of crystal shape, mode of twinning and high absorption, 

useful Weissenberg photographs ofj'-Sb20
4 

can only be obtained by 

rotating the crystal around the c-axis. Even then, non-zero layers 

cannot be brought to a common scale due to absorption errors which cannot 

be corrected because of twinning (see Section 7). It had been hoped 

that this could be done by using the intensities of a sufficient number 

of powder lines, which can be corrected for absorption. 

When, however, 19 cm and Guinier photographs were compared, marked 

differences were observed in the intensities of some lines. The following 

lines were relatively weaker on the Guinier photographs: 400,511,800,820 

and (222 + 711). This is quite consistent with the tendency of the 

crystals to lie, almost invariably, on the most well-developed, i.e. 100 

face. In the case of the last-mentioned powder line the difference is 

mainly due to the 711 reflection. One would expect the differences due 

to preferred orientation in the powder to be more serious in the case of 

a Guinier photograph. As the 19 cm. photographs were not suitable for 

intensity measurements, no attempt was made to obtain information from 

the intensities of the powder lines. 
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Section 6. A Two-dimensional Refinement of the Structure of 

/1-Sb
2  04 

 from MoRx Data 
—  

In order to avoid the difficulties caused by absorption, it was 

decided to do further structural work using molybdenum radiation 

(,A,  178.3), which had become available. 

Zero-layer Weissenberg photographs were taken of a very small 

crystal ofi3-Sb
2
04 (0.0108 x 0.0029 x 0.0014 cm3), rotating it around 

the c-axis. Of the 186 reflections possible, 159 were observed and 

their intensities measured. The data was processed as described in 

Section 3. 

At first no absorption corrections were available, but it was 

decided to go ahead with the least-squares refinement, as this would be 

a very useful guide to what errors in atomic parameters were being 

caused by absorption. 

Least-Squares Refinement of Data not corrected for Absorption  

Least-squares refinement was done on the MERCURY computer, using 

the program written by Dr. J.S. Rollett (see Section 3). Final positions 

from Table 17 were used as the starting point, and a temperature factor 

of 0.7 was given to all atoms. 

(a) Isotropic Temperature Factors  

Nine cycles were done altogether. The weighting scheme used was 

Fo 
w-  = w if Fi9jFO, and — if N<Fo. The initial value of F9i-  was changed Fo 

slightly after five cycles so that wA
2 was as constant as possible 
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throughout the intensity range. It was noticed that one reflection, the 

400, was showing rather bad agreement. As this is a strong low-angle 

reflection, the probable cause is extinction. It was removed from all 

further least-squares refinement. 

The R factor changed as follows: 0.398, 0.193, 0.166, 0.084, 0.075, 

0.076, 0.078,0.078 and 0.078, whilerw4S2  continued to fall throughout 

the refinement. The slight rise in the R factor is due to the working 

of the weighting scheme. Refinement was stopped when shifts became quite 

negligible. The final position parameters and temperature factors are 

shown in Table 19. 

Table 19 

Atom x y z 	B(X2) 

Sb1 0 0.2155 0.345 

Sb2 0.25 0.25 0.191 

01  0.0939 0.0852 0.418 

0
2 0.1916 0.4495 .. 	0.627 

(b) Anisotropic Temperature Factors  

Starting at the position obtained at the end of the fifth cycle of 

isotropic refinement, anisotropic temperature factors were used for the 

next six cycles. The value of R changed as follows: 0.075, 0.072, 0.072, 

0.072, 0.072, 0.072 withEwiS2  decreasing with each cycle. The final 

positional parameters are given in Table 20. 
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Table 20 

Atom z 

Sb1  0 0.2152 

Sb2 0.25 0.25 

01  0.0940 0.0853 

02 0.1918 0.4486 

The anisotropic temperature factors are expressed by the function: 

Fe -(B11 h
2+B22  k

2+B33  1
2+B23  kl+B13  hl+B12  hk) 

The B coefficients are quoted in Table 21. 

Table 21  

Atom B11 B22 B
33 

B23 B13 B12 

Sb1 
0.00076 0.00279 0.00290 0 0.00065 0 

Sb2 0.00037 0.00171 0.00150 0 0.00034 -0.00002 

01  0.00059 0.00517 0.00313 0 0.00070 -0.00020 

02 0.00163 0.00559 0.00542 0 0.00122 -0.00283 

Least-Squares Refinement Of Data corrected for Absorption  

When the absorption corrections, computed by Dr. P.E. Werner at 

Stockholm, using his own program (see Section 3), became available, the 

data was corrected, and refinement was continued. The corrections were 

quite small, in most cases being a few percent relative to one another. 

The value of F* in the weighting scheme was adjusted to the changed data. 
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(a) Isotropic Temperature Factors  

Eight cycles were done with R changing as follows: 0.112, 0.087, 

0.074, 0.076, 0.075, 0.075, 0.075 and 0.075, with/D442  decreasing with 

each cycle. The final positional parameters and temperature factors are 

given in Table 22. 

Table 22  

Atom 	x 	y 	z 	B(A2) 

Sb1  0 0.2155 - 	0.344 

Sb2 0.25 0.25 	- 0.188 

01 0.0942 0.0860 0.431 

02 0.1920 0.4487 - 	0.560 

(b) Anisotropic Temperature Factors  

Eight cycles were done with R changing as follows: 0.112, 0.092, 0.071, 

0.070, 0.069, 0.069 and 0.069. The final positional parameters, and shifts 

are shown in Table 23. 

Table 23  

	

Atom 	x 	x shift 	y 	y shift 

	

Sb1 	0 	0.2152 	-0.00002 

	

Sb2 	0.25 	0.25 

01  0.0942 0 0.0860 0.00001 

02 0.1921 0 0.4476 -0.00002 



The B coefficients of the anisotropic temperature factors are quoted 

in Table 24. 

Table 24  

Atom 1311 322 B
33 

B23 B13 B12 

Sb1 0.00077 0.00270 0.00317 0 0.00071 0 

Sb
2  

0.00037 0.00161 0.00173 0 0.00039 0.00001 

01  0.00064 0.00531 0.00397 0 0.00089 -0.00010 

02 0.00128 0.00562 0.00516 0 0.00116 -0.00276 

An agreement analysis was done after the last cycle using a program 

written by Dr. G.C. Mair. A section of the agreement, namely the varia-

tion of R with intensity, and sin26 are quoted in Table 25. 

Table 25  

abs.)  
Fobs.'-  4 

R (%) 2 Sin -e (%) 

5.0 14.43 0.1 11.05 

10.0 5.21 0.2 7.67 

15.0 5.75 0.3 3.09 

20.0 4.53 0.4 4.12 

25.o 5.61 0.5 5.6o 

30.0 3.86 0.6 7.73 

40.o 5.26 0.7 6.86 

50.o 9.87 0.8 5.50 

60.0 16.11 0.9 4.88 

70.0 16.32 1.0 13.04 
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The final observed and calculated structure factors are quoted 

in Table 26. 
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TABLE 26. FINAL OBSERVED AND CALCULATED STRUCTURE FACTORS AFTEH 

ANISOTROPIC TWO-DIMENSIONAL UhST-SUARES  REFINEMENT  

MbKotradiation. Data corrected for absorption. 

Structure factors are * of their absolute values. 

* This reflection is thought to suffer from extinction, and 

was removed from least-squares refinement. 

h k 1 
	

Fobs 
	F

calc 
	h k 1 

	
IF obs 
	Fcalc 

2 0 0 5.79 - 4.64 7 1 o 7.74 7.47 

400 56.08 +76.02* 9 1 o 9.90 9.68 

600 4.37 - 4.01 1110 5.89 + 6.11 

8 0 0 50.55 +57.32 1310 8.34 + 8.27 

10 0 0 7.76 + 8.06 1910 3.62 + 4.63 

12 0 0 42.61 +49.65 0 2 0 51.40 -62.21 

14 0 0 4.82 - 4.19 4 2 0 61.17 -71.15 

16 0 0 35.91 +36.15 6 2 0 4.55 3.93 

18 0 0 4.51 - 4.96 8 2 0 52.17 -59.42 

2000 32.29 +30.96 10 2 0 8.56 + 8.35 

2400 22.64 +20.51 12 2 0 38.59 -43.02 

2800 16.75 +14.89 14 2 0 2.49 + 1.88 

3200 12.16 +13.99 16 2 0 35.73 -33.27 

1 1 0 16.63 +15.92 2020 25.70 -24.66 

3 1 o 18.72 +17.86 2220 3.86 + 4.46 

5 1 o 10.27 - 9.16 2420 22.77 -21.04 
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h k 1 	IFI
obs 
	F

calc 
	h k 1 	

1F  lobs 	F
calc 

28 2 0 17.25 -16.32 12 4 0 31.03 +31.24 

32 2 0 9.35 -10.93 14 4 0 7.75 - 7.57 

1 3 o 24.15 -22.20 16 4 0 28.60 +28.03 

3 3 o 16.83 -16.19 18 4 0 6.15 - 6.60 

5 3 o 20.80 -21.12 20 4 0 21.11 +19.84 

7 3 o 14.13 -15.21 22 4 0 6.68 - 6.36 

9 3 0 13.51 -14.57 24 4 0 16.90 +15.96 

11 3 0 13.68 -15.08 28 4 0 13.34 +13.25 

13 3 0 10.14 -10.24 30 4 0 4.07 - 4.82 

15 3 o 11.16 -11.02 1 5 o 17.32 +18.66 

1730 9.40 - 9.05 3 5 0 21.03 +21.53 

19 3 o 7.19 - 7.09 5 5 0 21.88 +23.63 

21 3 0 8.35 - 7.81 1 5 0 18.50 +20.06 

23 3 o 3.84 - 5.40 9 5 0 16.01 +16.13 

25 3 o 3.66 - 5.06 11 5 0 13.71 +13.27 

27 3 o 4.25 - 4.62 13 5 0 13.92 +13.73 

29 3 o 3.55 - 3.26 15 5 0 14.90 +14.92 

0 4 0 42.62 +45.68 17 5 0 12.83 +12.47 

2 4 0 12.85 -12.51 19 5 0 10.54 + 9.78 

4 4 0 44.01 +46.67 21 5 0 8.04 + 7.19 

6 4 o 6.53 - 6.82 23 5 0 6.38 + 6.62 

8 4 0 35.75 +37.96 25 5 0 8.22 + 7.75 

10 4 0 9.68 - 9.97 27 5 0 6.41 + 6.55 



hk 1 
obs F

calc h k 1 

120 

F
cal° 

29 5 0 5.19 + 5.10 15 7 0 10.34 - 9.27 

0 6 0 33:07 -31.21 17 7 0 10.08 - 9.82 

2 6 0 15.91 +15.97 19 7 0 11.37 - 9.88 

4 6 0 25.69 -24.21 21 7 0 9.63 - 8.75 

6 6 0 17.45 +17.43 23.7 0 9.02 - 8.51 

8 6 0 23.51 -22.79 25 7 0 5.61 - 5.34 

10 6 0 10.37 +10.53 27 7 0 4.09 - 4.75 

12 6 0 22.22 -21.45 0 8 0 11.26 +10.96 

14 6 0 13.98 +12.70 2 8 0 18.71 -17.87 

16 6 0 16.71 -15.69 4 8 0 14.64 +13.65 

18 6 0 12.16 +11.43 6 8 0 18.45 -18.26 

20 6 0 17.48 -16.13 8 8 0 15.53 +14.07 

22 6 o 7.3o + 7.45 10 8 0 18.70 -18.61 

24 6 0 12.17 -11.38 12 8 0 12.12 +11.53 

26 6 o 8.46 + 7.92 14 8 o 14.43 -13.91 

28 6 o 7.49 - 8.17 16 8 0 10.87 + 9.54 

1 7 o 19.35 -18.90 18 8 0 11.98 -11.09 

3 7 0 19.67 -18.44 20 8 0 8.07 4- 7.41 

5 7 0 14.23 -13.34 22 8 0 11.22 -10.70 

7 7 0 16.85 -16.08 24 8 0 8.00 + 7.73 

9 7 0 16.31 -16.05 1 9 0 13.89 +12.94 

11 7 0 15.64 -14.82 3 9 0 10.57 +10.32 

13 7 0 14.85 -14.30 5 9 0 13.33 +13.01 
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h k 1 
	

IFI obs 
	F

calc 
	h k 1 

	

IFlobs 
	F

calc 

7 	9 o 10.96 +10.00 18 10 0 12.96 +13.58 

9 	90 11.67 +10.57 20 10 0 4.53 4.54 

11 	9 o 11.63 +11.20 1 11 0 4.71 - 5.03 

13 	9 0 7.63 + 7.87 3110 7.54 - 7.67 

15 	9 o 9.97 + 9.22 5110 5.84 - 6.42 

17 	9 0 7.20 + 7.31 7110 7.55 - 7.17 

1990 6.00 + 6.38 9110 4.77 - 5.39 

21 	9 0 7.66 + 7.27 11 11 o 3.2o 3.53 

23 	9 o 4.71 + 4.81 13 11 0 4.85 - 5.85 

0100 6.30 - 6.57 15 11 0 5.07 5.03 

2 10 0 21.81 +20.50 17 11 0 4.21 - 4.97 

4 10 0 6.66 - 6.84 0 12 0 3.15 + 2.84 

6 10 0 17.41 +16.46 2120 15.97 -15.91 

8 10 0 3.79 - 4.40 6 12 0 16.84 -17.68 

10 10 0 17.43 +16.46 10 12 0 13.98 -14.63 

12 10 0 4.64 - 4.48 12 12 0 2.67 + 3.12 

14 10 0 14.95 +15.07 14 12 0 11.24 -13.42 

16 10 0 6.51 - 6.75 
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FOOf Fourier  

After putting back the 400 reflection, and including the F(000) 

term, a two-dimensional Fourier was computed (see Fig. 11). The main 

features are that the antimony peaks are extremely compact and very high 

/ 	. 
(about 300 e/A

2 
 ). This is caused by the very small temperature factors 

observed. The heights of the peaks in such a case have very little 

meaning. Due to these high peaks, there is a very pronounced diffraction 

ripple. The appearance of the Fourier, as shown, at first suggested 

that something was wrong with the input data. This was checked and 

found to be correct. The ridged appearance is more apparent than real, 

owing to the selection of 8 e/A2 as the first contour level. Near the 

oxygens, the diffraction ripple becomes more prominent, while elsewhere 

it is below the 8 0
2 

level, hence the appearance of the Fourier. 

)0O1. Difference Fourier  

A difference Fourier, based on Fobs.-Fcalc. was computed after the 

final least-squares cycle with R = 6.91%, and is shown in Fig. 12. The 

main features are the shallow negative troughs under the antimony atoms 

with a minimum at about -8 0. A possible reason is that the temp-

erature factors of antimony are slightly too low. It is also possible 

that the f-curves may not be quite suitable, and secondly the correction 

for anomalous dispersion has only been partial. It is difficult to say 

what effect this will have on a difference Fourier. Otherwise there 

are no disturbing features. 
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Section 7. 	A Three-dimensional Refinement of the Structure of 

(3-Sb
2
0
4 

from Mbapc.Data  

The same crystal as was mentioned in the previous section was used to 

photograph the non-zero layers about the c-axis, using MoKcAradiation. It 

was decided that there were a sufficient number of reflections in the copper 

sphere for an accurate determination, and so only six non-zero layers were 

photographed. Outside the zero-layer, the spots due to the two sets of 

twins are separate. Previously, structure factors had been calculated for 

all the reflections in the copper sphere (see Section 5). This was a great 

help in indexing the non-zero layer photographs, as it was seen that the 

calculated and observed intensities matched very well. The intensities were 

estimated visually as described in Section 2. Table 27 shows the number of 

reflections observed and their percentage of the total number possible. 

Layer 

Table 27 

N (possible) %  observed N (observed) 

hk0 159 186 85.5 

hkl* 63 67 94.0  

hk2* 65 74 87.8 

hk3* 5o 54 92.6 

hk4* 47 56 83.9 

hk5* 27 32 84.4 

hk6* 20 24 83.3 

Total 431 493 87.4 

* Copper sphere only 
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Two spots due to the strong reflections 202 and 206 were so grossly 

distorted, that no attempt was made to measure their intensities, and they 

were not included in least-squares refinement. The 400 reflection, which 

is thought to suffer from extinction was also excluded (see Section 6). 

The photographs showed a very small amount of streaking in the a 

direction (see Plate 5). This indicates that the amount of disorder is 

very small; it is possibly caused by stacking faults between the twins 

rather than actual disorder within the twins. 

Absorption Correction 

Because of the polysynthetic twinning, it is impossible to calculate 

the absorption corrections for the non-zero layers. The only way this could 

be done would be to assume that the twins are randomly distributed, so 

that half the twins are in one orientation, and half in the other. This is 

plainly not so in this case as the ratio of the twins in this crystal 

was found to be 69.4 : 30.6 from intensity measurements. For the sake 

of consistency, no corrections for absorption were applied to the zero-layer 

intensities used in three-dimensional refinement. 

Inter-layer Scaling 

The simplest method of bringing intensities from the layers to a 

common scale is to take a cross-layer photograph, and to estimate the 

scaling factors from common reflections. In this case it was thought 

inndvisable to use this method. Because of the shape of the crystals, 
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PLATE 5. 	The hk2 Weissenberg photograph of til-St2C4 
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rotation about any but the c-axis would introduce appreciable errors due to 

absorption. A number of oscillation photographs about the c-axis were taken 

in the hope that scaling could be achieved in this manner, however it was 

found that variation in spot-size between the layers was quite appreciable, 

and this again would be a cause of error. 

As by now there was considerable confidence that the structure was 

correct, the method of scaling was as follows. The data were processed as 

described in Section 3. One cycle of least-squares refinement was done 

using Dr. J.S. Rollett's program, and an agreement analysis was carried out 

on the output using Dr. G.A. Mair's program. From the ratios of yt 'Fcalc.1 
to:':IFobs.1 for the seven values of 1, it was possible to calculate the con-

version factors necessary to bring the non-zero layers to the same scale 

as the zero-layer. The results were very satisfactory, and the scaling was 

probably accurate to 1 - 2%. The conversion factors relative to the zero-

layer are: 

hkO, xl; hkl, x1.354; hk2, x1.328; hk3, x1.655; 

hk4, x1.915; hk5, x1.951; hk6, x1.315. 

Least-squares Refinement  

Because of increasing absorption errors for the higher layers, it 

was decided that refinement with anisotropic temperature factors was prob-

ably not justified. Isotropic temperature factors were used throughout. 

The weighting scheme used was as described in Section 6. Space group 

C2/c was assumed. 
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Eight cycles of refinement were done, with R changing as follows: 

0.085, 0.087, 0.082, 0.083, 0.082, 0.082, 0.082 and 0.0818, with 5" 14L.\2  

decreasing with each cycle. Table 28 shows the final positional parameters 

and temperature factors. 

Table 28  

Atom x y z B(2.2) 

Sb1  0 0.2145 0.25 0.360 

Sb2 
0.25 0.25 0 0.174 

01  0.0946 0.0867 0.9624 0.343 

02 
0.1928 0.4502 0.6703 0.400 

Afterthe.final cycle, an agreement analysis was. done using Dr. G.A. 

Mairls program. Table .29 shows the variation agreement with intensity, 

sin28 and 1. 

The final observed and calculated structure factors are listed in 

Table 30, and the calculated structure factors for the 62 unobserved ref-

lections are listed in Table 31. In this table values are also listed 

of what the structure factor should be' so that the reflection would have 

an intensity equal to that of the weakest, barely visible, spot on the 

intensity strip. 



Table 29 

p 	(_Fabs.\  R 	(cdr;)  Sin249 R W) Layer R W) obs.' 	4 	' 

5.0 22.71 0.1 9.21 hk0 8.21 

10.0 10.23 0.2 7.78  hkl 5.53 

15.0 6.88 0.3 8.06 hk2 8.26 

20.0 5.77 0.4 4.61 hk3 7.96 

25.o 6.08 0.5 7.65 hk4 10.67 

30.0 7.02 0.6 8.39 hk5 8.91 

40.0 7.29 0.7 9.49 hk6 12.26 

50.0 9.05 0.8 6.04 

60.0 14.02 0.9 4.49 

70.0 7.41 1.0 16.76 

80.0 1.43 

90.0 1.18 

129 
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TABLE 30. FINAL OBSERVED 'AND CALCULATED STRUCTURE FACTORS AFTER  

ISOTROPIC THREE-DIMENSIONAL TAE  ST-SQUARES REFINEMENT  

MoKocradiation. Data not corrected for absorption. 

Structure factors are of their absolute values. 

N.M. = Not measured due to gross distortion of spot. 

* This reflection is thought to suffer from extinction, and was 

removed from least-squares refinement. 

h k 1 h k 1 I FI obs 	Fcalc 	IF' obs 	Fcalc 

2 0 0 

4 0 0 

6 0 0 

8 0 0 

10 0 0 

12 0 040.92 

14 0 0 

16 0 034.96 

18 0 0 

20 0 0 

24 0 0 

28 0 0 

32 0 0 

1 1 0 

3 1 0 

5.44 

52.73 

4.13 

48.00 

7.41 

4.65 

4.42 

31.83 

22.67 

16.97 

1243 

16.88 

18.44 

- 4.82 

+76.53* 

- 3.97 

+57.59 

+ 8.60 

+49.79 

- 3.99 

+37.04 

- 4.98 

+32.22 

+21.06 

+15.44 

+15.01 

+16.11 

+17.99 

5 1 0 

7 1 o 

9 1 0 

11 1 0 

13 1 0 

19 1 0 

0 2 0 

4 2 0 

6 2 0 

8 2 0 

10 2 0 

12 2 0 

2 0 

16 2 0 

20 2 0 

9.91 

7.42 

9.47 

5.66 

8.05 

3.57 

52.42 

61.08 

4.48 

50.82 

8.30 

37.32 

2.42 

4 325.8638 

1.944 

9.23 

+ 8.05 

+ 9.71 

+6.21 

+ 8.64  

+ 4.94 

-61.68 

-70.63 

+ 4  

-59.55

85 8.75 

:43 69  

-33.55 

-24.04 
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h k 1 

22 2 0 

2420 

2820 

32 2 0 

obs 

3.83 

22.75 

17.47 

9.56 

F
calc 

4.07 

-21.91 

-17.44 

-11.64 

h k 1 

8 4 0 

1040 

12 4 0 

1440 

obs 

35.5o 

9.54 

30.43 

7.58 

F
calc 

+37.21 

-10.05 

+30.50 

- 7.44 

1 3 o 24.59 -22.48 16 4 0 27.99 +28.10 

3 3 o 17.05 -16.11 18 4 0 6.04 - 7.11 

5 3 o 20.84 -21.54 2040 20.83 +20.35 

7 3 o 14.00 -14.96 22 4 0 6.63 - 6.83 

9 3 0 13.27 -15.14 2440 16.88 +16.43 

11 3 0 13.36 -15.37 2840 13.49 +13.35 

1330 9.88 _10.24 3o 4 0 4.14 - 4.69 

1530 10.89 -11.72 1 5 o 17.59 +18.08 

17 3 0 9.21 - 8.98 3 5 o 21.29 +21.43 

19 3 0 7.07 - 7.59 5 5 0 22.04 +23.18 

2130 8.26 - 8.40 7 5 0 18.49 +20.27 

2330 3.83 - 5.39 9 5 o 15.89 +15.50 

25 3 0 3.66 - 5.75 1150 13.52 +13.19 

27 3 0 4.28 - 4.84 1350 13.68 +13.96 

2930 3.6o - 3.5o 1550 14.60 +14.76 

0 4 o 43.38 +45.02 17 5 0 12.59 +13.06 

2 4 o 13.06 -13.43 1950 10.38 + 9.63 

4 4 0 44.45 +46.32 2150 7.96 + 7.30 

6 4 0 6.53 - 7.26 2350 6.35 + 7.22 
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h k 1 
	

IF' obs 
	F

calc 
	h k 1 

	

Mobs 
	F

calc 

25 50 8.23 + 7.84 1170 15.45 -14.22 

27 5 0 6.47 + 7.21 13 7 0 14.62 -13.76 

29 5 0 5.27 + 5.30 15 7 0 10.15 - 9.02 

0 6 0 33.50 -30.23 1770 9.90 - 9.24 

2 6 0 16.11 +16.18 1970 11.20 -10.05 

4 6 0 25.91 -23.01 2170 9.53 - 8.63 

6 6 0 17.50 +17.94 2370 8.99 - 8.46 

8 6 0 23.44 -22.21 2570 5.62 - 5.49 

10 6 0 10.29 +10.86 2770 4.13 - 4.63 

12 6 0 21.91 -21.32 0 8 0 11.33 +10.38 

14 6 0 13.75 +13.49 2 8 0 18.80 -17.88 

16 6 0 16.39 -15.33 4 8 0 14.67 +13.14 

18 6 0 11.96 +11.57 6 8 0 18.41 -18.35 

2060 17.26 -15.78 8 8 0 15.44 +13.61 

2260 7.24 + 7.36 10 8 0 18.50 -18.64 

2460 12.05 -11.07 12 8 0 11.94 +11.00 

26 6 0 8.50 + 8.28 14 8 0 14.18 -13.86 

2860 7.58 -8.43 16 8 0 10.66 + 9.07 

1 7 0 19.55 -18.07 18 8 0 11.79 -11.21 

3 7 0 19.83 -17.44 2080 7.98 + 7.23 

5 7 0 14.29 -12.51 2280 11.14 -11.06 

770 16.82 -15.08 2480 7.98 + 7.80 

970 16.20 -15.65 1 9 0 13.89 +11.85 
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h k 1 	IFl
obs F 	h k 1 calc 	IFlobs F

calc 

3 	9 0 10.55 + 8.98 3 11 0 7.41 - 6.84 

5 	9 0 13.26 +11.81 5 11 0 5.72 - 5.35 

7 	9 0 10.87 + 8.80 7 11 0 7.39 - 6.56 

9 	9 0 11.53 + 9.63 9 11 0 4.66 - 4.08 

11 	9 0 11.45 +10.52 11 11 0 3.12 - 2.37 

13 	9 0 7.49 + 6.91 13 11 0 4.72 - 5.25 

15 	9 0 9.77 + 8.56 15 11 0 4.95 - 4.23 

17 	9 0 7.07 + 6.63 17 11 0 4.13 - 4.74 

19 	90 5.92 + 5.90 0 12 0 3.06 + 3.34 

21 	9 0 7.59 + 7.10 2 12 0 15.52 -14.27 

23 	9 0 4.70+ 4.42 6 12 0 16.33 -16.71 

0 10 0 6.25 - 6.51 10 12 0 13.54  -13.67 

2 10 0 21.62 +20.05. 12 12 0 2.58 + 3.97 

4 10 0 6.6o - 7.08 10.93 14 12 0 -12.89 

6 10 0 17.20 +15.55 1 	1 1 85.65 -84.64 

8 10 0 3.73 - 4.16 3 	1 1 - 8.04 

10 10 0 17.11 +15.93 5 	1 1 65.048  -70.20 

12 10 0 4.54 - 4.13 7 	1 1 3.48 + 3.62 

14 10 0 14.62 +14.50 9 	1 1 49.12  -52.90 

16 10 0 6.38 - 6.99 13 	1 1 45.32  -44.95 

18 10 0 12.75 +13.55 I 	1 1 7.17 + 5.33 

20 10 0 4.48 - 4.54 3 	1 1 77.75 -78.86 

1 11 0 4.63 - 3.58 .-5- 	1 	1 5.41 + 4.07 
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h k 1 
obs 	F

calp 	k 1 	IFI 
obs 	F

calc 

7 1 1 
1111 

1311 

1511 

0 2 1 

2 2 1 

4 2 1 

6 2 1 

8 2 1 

1021 

3 3 

	

67.22 	-72.44  

	

42.46 	-50.13 	5 3 

	

2.97 	+ 2.78 	7 3 

	

-38.62 	9 3 34.82 

21.64 

	

-19.69 	11 3 

	

21.61 	-20.69 	13 3 

	

19.50 	-18.85 	0 4 

	

15.42 	-15.41 	2 4 

	

4.69 	- 4.43 	4 4 

	

9.88 	- 9.75 	6 4 

	

-11.15 	8 4 

10 4 

	

-18.31 	2 4 

	

-15.08 	4 4 

6 4 

- 5.05 	8 4 

- 6.74 	10 4 

+60.00 	12 4 

-18.89 	1 5 

+52.92 	3 5 

- 3.7o 	5 5 

7 5 +44.86 

- 3.22 	T. 5 

1 61.14 +60.40 

1 2.82 - 2.91 

1 40.60 

1 8.14 

1417::: 

1 +43.84 

1 

433::: 

- 4.69 

1 18.50 +18.14  

1 19.46 +19.22 

1 18.41 +18.37 

1 16.58 +15.85 

1 22.86 +23.51 

-14.48 +15.25 1 15.32

1  1 +30.16 

1 20.35 +19.91 

-14.29 +16.87 1 16.35 

1 17.19 +17.52 

1 11.59 +12.89 

1 18.42 +19.40 

133.24 -32.13 

1 8.35 + 8.58 

1 28.41 -30.20 

1 12.04 +13.21 

1 14.19 +14.82 

1221 11.15 

7 2 1 14.35 

6 21 18.68 

T 2 1 14.88 

1021 13.79 

1221 2.92 

14 2 1 5.10 

1 3 1 62.25 

3 3 1 19.59 

5 3 1 51.37 

7 3 1 2.61 

9 3 1 38.78 

3 1 3.63 
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h k 1 	IFl obs 	Fcalc 	h k 1 
	

'lobs 
	F

calc 

3 5 1 34.62 -34.88 9 1 2 8.49 - 8.63 

3 5 1 16.40 +17.07 1312 6.74 - 4.39 

7 5 1 38.99 -35.84 I 1 2 11.03 -10.46 

7 5 1 12.34 +12.74 7 1 2 16.95 -14.86 

0 6 1 25.04 -21.89 5 1 2 9.19 9.14 

2 6 1 20.17 -17.54 7 1 2 14.62 -14.32 

7 6 1 19.21 -16.60 11 1 2 5.64 - 3.53 

4 6 1  22.78 -20.61 1312 8.00 - 7.82 

o o 2 3.42  + 4.38 1512 3.85 - 4.27 

2 0 2 54.82 -70.79 0 2 2 5.29 - 4.29 

4 o 2 1.70 + 4.31 2 2 2 66.75 +65.86 

6 o 2 63.69 -75.05 6 2 2 47.00 +47.39 

10 0 2 48.41 -46.46 10 2 2 43.98 +44.66 

7 0 2 N.M. -71.49 7 2 2 69.72 +73.53 

7 0 2 19.22 -19.34 7 2 2 14.47 -13.13 

6 0 2 57.58 -72.74 6 2 2 58.03 +60.44 

70 2 5.65 + 5.94 10 2 2 44.79 +48.59 

10 0 2 48.27 -55.22 14 2 2 38.54 +36.70 

12 0 2 6.20 + 6.27 

14 0 2 44.79 -48.97 1 3 2 23.48 +21.71 

1 1 2 11.78 + 9.75 3 3 2 14.65 +14.78 

3 1 2 14.89 -13.0o 5 3 2 18.56 +17.68 

5 1 2 9.46 - 9.58 732 16.24 +16.17 

7 1 2 8.13 - 8.37 932 12.05 +11.65 
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T. 3 2 
7 3 2 
7 3 2 

7 3 2 

932 

11 3 2 

13 3 2 

0 4 2 

2 4 2 

4 4 2 

6 4 2 

8 4 2 

7 4 2 
7 4 2 

7 4 2 

7 4 2 
10 4 2 

1 5 2 

3 5 2 

5 5 2 

5 2 

3 5 2 

13.70 

19.26 

19.90 

22.36 

14.24 

15.95 

12.41 

11.43 

7.76 

46.53 

11.37 

36.96 

11.07 

43.28 

12.41 

38.39 

8.35 

42.64 

25.97 

21.72 

17.26 

23.94 

18.76 

	

+13.68 
	3 5 2 

	

+16.52 
	7 5 2 

	

+18.68 
	

7 5 2 

	

+20.55 
	1 1 3 

	

+13.77 
	3 1 3 

	

+16.94 
	

5 1 3 

	

+13.17 
	

7 1 3 

	

+11.43 
	

1113 

	

4- 7.46 
	

1 1 3 

	

-44.68 
	

3 1 3 

	

+11.87 
	7 1 3 

	

-36.91 
	7 1 3 

+lo.69 1313 

-41.96 0 2 3 

+11.79 2 2 3 

-39.67 4 2 3 

+ 8.93 6 2 3 

-38.34 8 2 3 

-23.32 10 2 3 

-20.12 7 2 3 

-15.79 7 2 3 

-21.83 6-  2 3 

-17.79 "6 2 3 
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h k 1 	
obs 	Fcalc 	h k 1 	IFI obs 	F

calc 

17.50 -16.20 

19.66 -18.17 

20.91 -19.80 

4.90 - 3.27 

53.41 +59.48 

3.16 - 3.40 

43.54 +50.68 

42.47 +40.94 

69.45 +73.89 

54.44 +61,92 

2.31 3.05 

42.64 +52.42 

42.57 +45.93 

18.56 +17.32 

13.25 +12.44 

5.3o + 4.30 

12.08 +12.00 

11.72 +11.77 

9.72 +10.63 

18.01 +16.35 

19.14 +17.19 

6.23 + 5.22 

8.68 + 8.93 
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h k 1 	IF' 
obs 	Fcalc 	h k 1 

10 4 3 

1 5 3 

3 5 3 

5 3 

7 5 3 
3 5 3 
7 5 3 

0 0 4 

2 0 4 

0 4 

4 0 4 

8 0 4 

rt 0 4 

o 4 

"g 

r2-  0 4 
1 1 4 

3 1 4 

5 1 4 

9 1 4 

T 1 4 
3 1 4 
3 1 4 
7 1 4 

10 2 3 

12 2 3 

14 2 3 

1 3 3 

3 3 3 

5 3 3 

7 3 3 

9 3 3 

1 33 

7 3 3 

3 3 3 

7 3 3 

7 3 3 

11 33 

13 3 3 

0 4 3 

243 

4 4 3 

6 4 3 

7 4 3 

7 4 3 
7 4 3 

7 4 3 

13.05 

10.83 

10.36 

+13.13 

+10.78 

+11.24 

3.31 3-4o 

47.22 -49.32 

4.94 + 3.62 

40.92 -41.88 

12.35 +11.61 

39.96 -41.48 

10.66 + 8.21 

49.16 -52.45 

5.52 + 5.07 

43.11 -47.03 

10.52 +10.72 

37.18 -33.31 

17.19 -16.30 

18.49 -17.43 

22.99 -23.81 

13.99 -14.17 

20.35 -18.45 

15.21 -14.61 

23.54 -23.76 

20.42 -18.48 

iFI obs Fcalc 

12.78 -13.21 

16.96 -16.01 

34.20 +30.69 

38.21 +36.18 

13.36 -13.69 

30.93 +29.28 

11.33 -11.09 

47.59  +60.66 

10.05 + 9.32 

+49.34 

+42.13 

+59.27 

4443364:  86:.9089355604 

- 7.32 

48.16 +61.39 

+42.23 

7.95 + 7.04 

10.52 + 8.94 

6.35 + 6.29 

6.42 + 6.20 

13.94  +12.05 

2.49 - 2.56 

3.38 + 4.02 

10.70 + 9.93 
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h k 1 

7 1 4 

1114 

0 2 4 
2 2 4 

4 2 4 

6 2 4 
8 2 4 
7 2 4 

2 4 

10 2 4 

12 2 4 

1 3 4 
3 3 4 
5 3 4 
7 3 4 
I 3• 4 
7 3 4 
5 3• 4 

7 3 4 
7 3 4 

11 3• 4 
0 4 4 
2 4 4 

1Flobs 

4.82 

9.92 

51.31 

10.77 

46.17 

4.44 

40.55 

50.00 

41.69 

7.86 

41.11 

19.45 

15.35 

13.08 

14.56 

14,21 

18.89 

16.75 

13.84 

16.11 

12.09 

38.54 

10.88  

	

F
ca1c 
	h k 1 

+ 5.44 

44  

+ 9.61 

-52.58 

+ 9.07 

-50.08 

.. 4  4  4444 4444 

	

145E4 	

11

a.  5 4 

7 5 4 

	

-44.09 	1 1 5  

4 	

515    

	

11E4 	
I 1 5 
3 1 5 

-14.31 	7 1 5 

	

-11.96 	7 1 5 
-13.88 	TT 1 5 

-12.88 	0 2 5 

	

-17.26 	2 2 5 

-14.40 	4 2 5 

	

-13.44 	6 2 5 

-15.85 	2 2 5 

-10.84 	4 2 5 

	

+35.26 	6 2• 5 

-10.22 	8 2• 5 

iF  obs cab 

34.37 +32.87 

9.98 - 8.69 

42.64 +40.21 

12.02 - 9.97 

34.31 +33.61 

10.86 -10.08 

18.10 +17.30 

23.55 +20.07 

43.35 -47.32 

42.94 -46.16 

4.04 + 2.81 

44.80 -49.31 

42.83 -50.23 

3.76 + 3.05 

36.96 -42.03 

5.22 - 4.95 

13.75 -11.88 

11.03 -10.62 

11.69 -10.45 

9.20 - 8.29 

15.06 -12.93 

12.71 -11.41 

14.03 -12.75 
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h k 1 

10 2 5 

12 2 5 

1 3 5 

3 3 5 

I 3 5 

3 3 5 
3 3 5 
7 3 5 
0 4 5 

7 4 5 

7 4 5 

6-  4 5 
006 

2 0 6 

4 0 6 

7 o 6 

fFlobs calc 

6.16 - 5.76 

5.62 - 5.38 

42.95 +42.03 

7.43 - 6.53 

0.65 - 4.85 

44.01 +44.33 

12.34 -11.03 

36.55 +36.2o 

20.24 +19.99 

17.46 +16.65 

13.77 +12.91 

16.87 +15.26 

6.14 + 5.35 

37.23 -41.92 

5.03 + 4.11 

N.M. -51.00 

h k 1 

606 

o 6 

1 1 6 

3 1 6 

T 1 6 

1 6 

3 1 6 
7 1 6 
2 2 6 

7 2 6 

7 2 6 

626 

7 2 6 

3 6 

3 3 6 

3 3 6 

Fcalc 

30.27 -41.51 

39.76 -36.88 

2.89 + 3.33 

3.09 + 0.66 

7.60 - 7.64 

4.63 - 4.77 

8.37 - 8.94 

5.37 - 1.27 

35.6o +37.73 

37.86 +37.67 

6.23 - 4.67 

41.03 +42.53 

5.00 - 4.43 

10.38 +11.13 

14.10 +13.92 

10.59 +10.32 
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TABLE 31. STRUCTURE FACTORS FOR UNOBSERVED REFLECTIONS  

The values of IFLw  correspond to those of a reflection of intensity 

equal to that of the weakest spot on the wedge. The Lorentz-polarisation 

correction has been applied. 

* These high-angle reflections were just off the edge of the film. 

** These reflections were cut off by the backstop. 

	

h k 1 	in 	h k 1 	111,a  

	

vi 	Fcalc 	 Fcalc 

	

22 0 0 	3.06 	0.14 	26 4 0 	2.70 	- 3.89 

	

26 0 0 	2.92 	- 2.31 	26 8 0 	1.96 	- 9.18* 

	

30 0 0 	2.20 	1.3622 10 0 	

2.49 	

1.10 	+11.37* 

	

15 1 0 	0.39 	19 11 0 	0.98 	- 3.52* 

	

17 1 0 	2.72 	+ 2.28 	4 12 0 	2.42 	+ 1.93 

	

21 1 0 	3.11 	+ 2.75 	8 12 0 	2.22 	+ 3.96 

	

23 1 0 	3.13 	+ 4.77 	1 13 0 	2.49 	+ 2.30 

	

25 1 0 	2.96 	+ 0.41 	3 13 0 	2.45 	+ 0.65 

	

27 1 0 	2.67 	+ 0.15 	5 13 0 	2.38 	

+ 1:514 

	

29 1 0 	2.18 	+ 2.50 	7 13 0 	2.15 0  

	

31 1 0 	1.44 	+ 1.25 	9 13 0 	1.28 	+ 1.66 

	

2 2 0 	1.32 	0.38 	11 1 1 	

+ 1.04 	2 2.3813 	

+ 2.90 

	

18 2 0 	2.85 	... 1 1 	+ 0.27 

	

26 2 0 	2.88 	+ 3.56 	2 2 1 	1.71 	1.76 

	

30 2 0 	2.08 	+ 3.43 	11 3 1 	3.11 	3.33 

	

31 3 0 	1.20 	4.18* 	8 0 2 	2.36 	+ 2.46 
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h k 1 	1Pc F 	h k 1 	IFlw  calc 	
F
calc 

12 0 2 2.98 +2.71 10 0 4 3.20 

11 1 2 2.86 +1.60 14 0 4 4.12 

9 1 2 2.22 +2.18 7 1 4 3.61 

4 2 2 2.03 -0.76 13 1 4 3.95 

8 2 2 2.55 -1.73 2 2 4 2.47 

12 2 2 3.12 -3.48 6 2 4 2.79 

8 2 2 2.24 -1.00 3 1 5 2.98 

12 2 2 2.79 -0.01 7 1 5 3.91 

9 1 3 3.33 +1.32 5 1 5 2.10 

3 1 3 1.56 -0.14 13 1 5 3.98 

11 1 3 3.08 +0.94 9 3 5 3.77 

15 1 3 3.84 -2.97 7 0 6 0.62 

6 0 4 3.30 -2.60 8 0 6 1.75 

10 0 4 3.86 -3.01 7 1 6 1.70 

2 0 4 0.55 -5.77** 0 2 6 1.99 

+2.47 

-1.55 

-1.75 

+0.97 

+1.07 

-0.71 

+1.16 

+2.63 

-1.14 

526  1331:.794**  +1.49 

-0.82 

-0.58 
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Refinement with Space Group Cc  

An attempt was made to refine the three-dimensional data using a non-

centrosymmetric space group to see if a decision could be reached as to 

whether the real space group was C2/c or Cc. When atomic positions are very 

close to the centrosymmetric ones, such refinement presents some problems. 

To start with, the antimony atoms were moved off their centrosymmetric pos-

itions, and during the refinement, first, 4  and later, 2  shifts were applied, 

to ensure that the refinement converged. Isotropic temperature factors were 

used. 

Twelve cycles were done, with R changing as follows: 0.127, 0.148, 0.094, 

0.084, 0.080, 0.078, 0.078, 0.077, 0.077, 0.077, 0.078 and 0.078, with 

r- wa
2 decreasing with each cycle. This refinement was not as satisfactory 

as the centrosymmetric ones, and even after twelve cycles, the oxygen shifts 

and temperature factor shifts were still quite large. Table 32 shows the 

positional parameters and temperature factors after twelve cycles, and 

Table 33 shows the final shifts. 

Table 32 

Atom x y z B (A2) 

Sb1 0.0004 0.2144 0.2475 0.360 

Sb
2 0.2500 0.2544 0.0012 0.168 

01  0.0963 0.0885 0.9791 0.409 

02 0.4072 0.4140 0.0529 0.243 

03  0.1982 0.4439 0.6833 0.390 

0
4 0.3124 0.0463 0.3391 0.269 
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Table 33  

Atom 	x shift 	y shift 	z shift 	B shift 

Sb1  0.00003 0 0.00003 0.00226 

Sb
2 0.00002 0.00005 -0.00017 0.00154 

01  -0.00030 0.00034 0.00213 -0.00656 

02 -0.00028 0.00019 0.00087 -0.04663 

0
3 

0.00003 -0.00049 0.00329 0.03965 

0
4 

-0.00005 -0.00050 0.00114 -0.05112 

The main features of Table 33 are that the z parameters of the oxygens 

are still rising, and temperature factor changes are still large. The tem-

perature factors of previously equivalent oxygens have now diverged con-

siderably. 

The difference in the R factor compared with a similar refinement using 

space group C2/c is small (0.082 to 0.078). As the number of parameters 

being refined in the C2/c case was 12, and in this case 25, the fall in the 

value of R is rather less than expected. 

The following points should be noted. If one assumes that the atomic 

positions are in reality perfectly centrosymmetric, refinement with a non-

centrosymmetric space group will always give an improved R factor, since the 

data will always contain some inaccuracies, and the number of parameters 

being refined is larger. A further point is that in this case there is 

appreciable anomalous dispersion, which has only been partially corrected, 

taking no account of the change in phase. This means that again, with the 
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antimony atoms exactly on the centrosymmetric position, the observed data 

will simulate a slightly non-centrosymmetric structure. From this it follows 

that small movements off the centrosymmetric positions are to be expected, 

and cannot be regarded as significant. 

There seems little reason why an inorganic oxide of this type should 

adopt a non-centrosymmetric space group, and it seems reasonable to assume 

that the real space group is C2/c. In view of the good agreement obtained, 

departures from centrosymmetric positions, if any, must be very small. 

Three-dimensional Fourier Synthesis  

The F(000) term, and the reflections 400, 202 and 206 were added to the 

data at their calculated values, and a three-dimensional Fourier was com-

puted using the program written by Dr. 0.S. Mills. The computation was in 

sixteen sections up the c-axis, covering the whole height of the unit cell. 

The Fourier maps are shown in Fig. 13. As expected, the diffraction ripple 

is very much less prominent than in Fig. 11. All the atoms are clearly 

seen, and confirm the structure deduced from the model described in 

Section 4. The antimony peaks reach a height of about 220e/A
3 
 , and the 

oxygen peaks about 2643. 

Three-dinensional Difference Fourier Synthesis  

A three-dimensional difference Fourier was computed after the last 

cycle of least-squares refinement, with R = 8.10. Sixteen sections up 

the c-axis covering the whole height of the unit cell were calculated. 
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On the antimony positions there were shallow negative troughs similar 

to those shown in Fig. 12, and discussed in Section 6. Apart from these, 

there were no unusual features. 



Fig. 13. A THREE-DIMENSIONAL FOURIER OF i6-Sb
2
0
4 

0 Sixteen sections perpendicular to C*, z /,16 to 1546  

Contours for antimony atoms are at 20e/A3  intervals starting at 

20e/A3.  

Contours for oxygen atoms and other peaks are at 80/A3  intervals 

starting at 8e/A3. 

In section z = 846, there are no peaks above 8e/A . 
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Section 8. 	The Structure oft5-Sb204  

Under normal circumstances, parameters obtained from a three-dimensional 

refinement are much more reliable than those obtained from a two-dimensional 

one, as the number of reflections used is much greater, and there is less 

chance of errors due to overlapping of atoms. In this case, however, the 

ratio of reflection used in the three- and two-dimensional refinements is less 

than three to one, and the two-dimensional data has been corrected for absorp-

tion. It was therefore decided to take the final atomic positions as the 

average of the two sets of positions shown in Tables 28 and 23. Table 34 

shows the final positional parameters and temperature factors. The isotropic 

temperature factors are an average of those in Tables 28, 22 and 19. 

Table 34 

Atom x 	y z B(2.2) 

Sb
1  0 0.2148 0.25 0.35 

Sb2 
(`.25 0.25 0 0.18 

01  0.0944 0.0864 0.9624 0.39 

0
2 0.1925 0.4489 0.6704 0.53 

0 
Table 35 shows the final orthogonalised coordinates in A, and also their 

0 
distance in A from the two sets of positions from which they were obtained 

by averaging. The x and y axes are parallel to a and b, and the z axis is 

parallel to C*. 
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Table 35 

Atom 	x (1c.)1.) + A 
o 

y ((1) +  A z (.2)+ A 
o 

- 

- 

- 

From the positions quoted in Table 34, the details of the molecular 

geometry were calculated using the programs of Dr. R. Sparks and Dr. G.A. Mair 

(see Section 3). Table 36 shows the interatomic distances and their standard 

deviations, and Table 37 shows the angles and their standard deviations. The 

key to the numbering in Tables 36 and 37 is Fig. 14. 

The structure of3-Sb
2
04 can best be looked upon as being made up of 

infinite puckered sheets lying in the be plane, and consisting of slightly 

distorted octahedra sharing four corners. The pentavalent antimony is surrou- 
0 

nded by six oxygens, at distances ranging between 1.939 and 1.999A, forming 

a somewhat distorted octahedron (see Fig. 15a). The difference between the 

two bonds at 1.999A and the two at 1.984A, is probably not significant, but 

0 
the other two bonds at 1.939A are significantly shorter. The angular dis- 

tortion is also significant (see Table 37). 

The trivalent antimony lies between the sheets, linking them together. 

The coordination around the trivalent atom is unusual (see Fig. 15b), in 

having four short Sb-0 bonds all on one side of the atom, and four oxygens 
0 

at much longer distances on the other. There are two bonds of 2.017A and 

Sb
1  -0.3388 0 1.0384 +0.0017 1.3024 

Sb2 3.0150 0 1.2085 0 0 

0
1 

-0.1655 +0.0024 0.4175 +0.0017 5.0139 

0
2 

1.4128 +0.0040 _ 2.1699 +0.0062 3.4923 



• Sb.3 (-25) 

0.4 (+-04) • 	 • 0.3(+•46)  
41.0-11(-17) 	O.SIN.a/2  

0 	 • O. 10(433) 
O. 5 (-1-54)• 	 •0.2(--o4) 

Sb;  16-25) •  
Sb.I (-75) • Sb.2 (o) 

• 0.9(-47) 

  

0.6 (-33) 
•0!6 (I-6 7) 

• O. 7 (4-a) 

• Sb.41-.5) 

•0.1(i-o4) 
b, 

 

• 0. 8(+-33) 

   

 

• Sb. 5 (-15) 

 

Z PARAMETER IN C ) 

FIG.14. KEY TO TABLES 36 AND 37 



158 

Table 36 

Bond Bond Length (.(11) 0-01) Bond Bond Length (A) 	4) 

Sb1-03 2.017 0.009 Sb2-07 1.939 0.009 

Sb1-04 2.017 0.009 Sb2-011 1.939 0.009 

Sb1-02 2.228 0.008 s102-06  1.984 0.010 

Sb1-05 2.228 0.008 Sb2-010 1.984 0.010 

Sb1-07 2.952 0.008 Sb2-01 1.999 0.008 

Sb1-08 2.952 0.008 Sb2-02 1.999 0.008 

Sb16 -01 3.024 0.010 

Sb1-09 0.010 06-Sb4 
1.939 0.009 

06-Sb2 1.984 0.008 

02-Sb1 2.228 0.008 06- b5  2.952 0.008 

02-Sb2 1.999 0.008 0 	-SID I' 6 3.024 0.010 

02-Sb3 2.017 0.009 

Sb1-Sb3 3.400 0.001 

( Oxygen-oxygen contacts vary between 2.552 (0.011) and 2.913 (0.011)A). 

0 
two of 2.228A. The other four oxygens are at distances of 2.952 and 3.0249  

and presumably these "bonds" are very weak in comparison with the other four. 

This side of the antimony atoms forms the least populated region of the 

structure. The trivalent antimony atoms, linked through oxygens, can be 

looked upon as forming infinite chains in the 0-direction. 
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Table 37 

Angle ° 
0 Angle ° 

02-Sb1-03 83.0 0.3 0
2
-Sb

2
-0

11 95.4 0.4 

0
2
-Sb

1
-0
4 73.7 0.3 02-Sb2-07 84.6 0.4 

0
2
-sb

1
-0
5 

147.6 0.3 0
6
-Sb

2
-0
7 

88.5 0.4 

-s 03 	bl  04  87.6 0.3 06
-Sb

2
-0

11 
91.5 0.4 

0
2
-Sb

1
-0
7 59.6 0.3 -S 02 	bl- 06  89.6 0.4 

0
2
-Sb

1-08 144.3 0.3 0
2
-Sb

1
-010 90.4 0.4 

0
2
-Sb

1
-0

9 90.9 0.3 
0
3
-Sb

1
-0
7 97.3 0.3 Sb1-02-Sb3 

106.3 0.3 
0
3
-Sb

1
-0
8 131.9 0.3 Sb1-02-Sb2 

116.8 0.4 

0
3
-Sb

1
-0

9 
155.8 0.3 Sb

3
-0
2
-Sb

2 136.4 0.4 

0
4
-Sb

1
-0
9 

68.2 0.3 
0
5
-sb

1
-0

9 
101.2 0.3 Sb

2
-0
6
-Sb

4 134.5 0.5 
0
7
-Sb

1
-0
8 

113.2 0.3 Sb
1
-0
6
-Sb

5 
80.3 0.2 

0 -Sb -0 
7 	1 	9 99.7 0.3 Sb

1
-0
6
-Sb

2 
121.2 0.4 

0
8
-Sb

1
-0
9 54.5 0.3 s 	- 	-S la, 06 	b4  103.0 0.4 

Sb
5
-0
6
-Sb

4 
92.5 0.4 

Sb
5
-0
6
-Sb

2 104.4 0.3 
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There are two types of oxygen atoms in the structure, with different 

coordinations. One set of oxygens is coordinated to two trivalent and one 
0 

pentavalent antimony atoms, at distances of 2.017, 2.228 and 1.999A respec-

tively. The angles are not equal, but the coordination is =early planar 

(see Fig. 16a). The other set of oxygens is coordinated to two pentavalent 
0 

antimony atoms at 1.939 and 1.984A, and two rather distant trivalent antimony 

atoms at 2.952 and 3.024A (see Fig. 16b). 

0 
The nearest approach of the oxygens to each other is at 2.552A, which 

must be very close to the minimum distance possible for such contacts. The 

nearest approach of the antimony atoms to each other occurs between trivalent 
0 

antimony atoms in the infinite chains, at a distance of 3.40A. In view of 

this, it is unlikely that any metal-metal interaction occurs. 

Figures 17, 18 and 19 show the F003; , E100) and [0161 projections of 

the structure ofiq-Sb204. 
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Section  9. A Preliminary Structural Study of&-Sb204  

In view of the apparent uncertainty about the structure ofoc-Sb2
0
4 

(Wells, 1962), it was decided to investigate the structure further, if• 

possible by single-crystal methods. 

Specimens offx-Sb204, prepared by heating antimony trioxide in 

oxygen at 66000., were examined under a microscope to find single 

crystals. The samples were fine powders, and the particles were far too 

small to be of use. 

The mineral form ofm-Sb
2
04' cervantite, had for some time been 

discredited (see Chapter 1). The appearance in 1962 of the paper by 

GrUnder et al., raised the hope that single crystals of naturally occurrfag 

cc-Sb
2
0
4 

could be obtained. A specimen of cervantite from Brasina, 

Yugoslavia, was kindly sent by Professor H. Strunz, of the Technical 

University of Berlin. 

The specimen consisted mainly of stibnite, Sb2S3, with brownish-

yellow outcrops of cervantite. Crystals of sulphur were also present. 

An X-ray powder photograph was taken with an 11.48 cm. camera, after the 

sample had been treated with carbon disulphide to remove the sulphur. 

The powder pattern was almost identical to that of synthetic oc-Sb204. 

few extra weak lines were due to impurities. A microscopic examination 

revealed that the main bulk of the substance consisted of a microorys-

talline powder (soe Plato 6). A few crystals were found, which appeared 

to be suitable, and one was examined by taking oscillation and Weissenberg 
0 

photographs. The substance was found to be trigonal, with a = 4.93A and 
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0 	 0 	0 
c = 5.42A. It was identified as(Y.-quartz (a = 4.913A, c = 5.404A). This 

was confirmed by comparison with published precession photographs. As 

(x,-quartz is a very common mineral, its presence as an impurity was not 

surprising. No crystals of o(.-5b
2
0
4 

of sufficient size were found in the 

specimen. 

A number of specimens were also obtained from the Geological Museum. 

Some of these had been labelled "cervantite". X-Ray powder photographs 

showed that lame of them contained cervantite, and were in fact valen-

tinite, stibiconite or other antimony minerals. To confirm thatcx-5b204  

is isomorphous with SbTa0
4 

a specimen of stibiotantalite from Varutrask, 

Northern Sweden, was obtained, and a Guinier X-ray powder photograph was 

taken. This showed stibiotantalite to be a major phase, and its unit 
0 	 0 	 0 

cell was a = 5.544A, b = 11.812A and c = 4.926A. The powder data was 

closely similar to that of Dihlstrft (1938). 

Since mineral specimens did not produce an adequate crystal of 

c(-Sb204, a sample ofo4-Sb204  was prepared from pure antimony metal, and 

was then heated for four weeks at 860°C. in the hope that larger crystals 

would be obtained. Under a microscope, a slight improvement in crystal-

linity was noticed, although the particle size was still very small 

(set-Ple4e--7). The largest crystal found was approximately 0.0025 cm. 

long, and 0.0004 cm. wide, and was too small to be used. 

As single-crystals ofcx-Sb204  could not be obtained, attention was 

turned to its X-ray powder data. 

The structure ofoc-Sb
2
0
4 

was determined by Dihlstrt3m in 1938. This 
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0 	 0 
oxide was found to be orthorhombic with a = 4.804A, b = 5.424A and 

0 
c 	11.76A. As no single crystals were available, he determined its 

structure by analogy with that of SbTa04, replacing the Ta by Sb7. The 

space group found was Pbn21-C2v  (No. 33). However, inspection of his 

structure shows a higher symmetry, that of space group Pbnn-D2
6  
h  (No. 52). 

In the single-crystal data for SbTa041  one weak reflection does not con-

form to space group Pbnn, namely the 320 reflection. The calculated 

intensity for this reflection is necessarily zero. Details of the powder 

data forx-Sb
2
0
4 

are not published in this paper, but are to be found in 

the A.S.T.M. Index. 

An X-ray powder photograph of,:x-Sb204  was taken with a Guinier 

camera. This showed that the crystallinity was less than that of19-Sb204. 

The powder pattern was examined carefully to see if any information could 

be obtained about the space group. As the setting used by Dihlstrom is 

not standard, the axes were transformed as follows: a' = b, b' = c, and 

c' . a. The space group Pbnn now becomes Pnna, and Pbn21  becomes Pna21. 

The absences imposed by the spacegroups are: Oki : k+1 2n, hOl h 2n 

for Pna21, and Okl : 	2n, hOl : l+h 14 2n, hk0 : h 2n for Pnna. 

The powder pattern was indexed satisfactorily on the basis of space 

group Pnna, and reflection 203 (Dihlstrbm's 320) was absent. More lines 

have been indexed than hitherto, and minor differences in indexing were 

noted compared with Grtinder et al. (1962) and Dihistrlim (in A.S.T.M. Index). 

To obtain more accurate unit-cell dimensions, 27 lines which are due to 

single reflections were selected, and use was made of a least-squares 
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program written by Dr. R.D. Diamand for the MERCURY computer. The unit 
0 	 0 	 0 

cell is a = 5.443A, b = 11.787A and c = 4.807A. The X-ray powder data 

for cF-Sb
2
0
4 

are given in Table 38. 

There is no evidence from the powder data that the space group is not 

Pnna, but, until confirmation of this can be obtained by single-crystal 

methods, there can be no certainty that this is the correct space group. 

In particular, Dihlstrom's single-crystal observation of the 320 reflec-

tion may well be authentic, but it has not been possible to corroborate 

it. One should also bear in mind that the crystal of SbTa0
4 
used by 

Dihlstrdm was from a mineral. Stibiotantalite almost invariably contains 

some niobium in place of tantalum. In such a case it is quite possible to 

get reflections which would be forbidden by the symmetry of the pure  

compound. 

Although most of the powder lines observed are due to single reflec-

tions, no attempt was made to calculate the atomic positions from their 

intensities. This is because differences in intensities of some lines 

were noticed between Guinier, 19 cm. and 11.48 cm. photographs, although 

these were not so marked as those observed for /- 4;..Sb2
0
4 

and discussed in 

Section 5. A possible cause of these differences is again preferred 

orientation. 
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Table 38. X-ray Powder Data forcv-Sb
2
0
4 

CuKo( radiation 

d = diffuse 

I d (A) h k 1 Sin
2

obs 
Six149Cale 

1 5.90 0 2 0 0.0170 0.0171 

3 4.45 0 1 1 0.0298 0.0300 

1 3.60 1 0 1 0.0458 0.0458 

7 3.450 1 1 1 0.0499 0.0501 

10 3.079 1 2 1 0.0626 0.0629 

2 3.039 0 3 1 0.0643 0.0642 

6 2.948 0 4 0 0.0684 0.0684 

2 2.721 2 0 0 0.0803 0.0802 

6 2.653 2 1 0 0.0844 0.0845 

1 3 1 0.0843 

3 2.473 2 2 0 0.0973 0.0973 

3 2.406 0 0 2 0.1026 0.1029 

2 2.324 2 1 1 0.1101 0.1102 

2 2.283 1 4 1 0.1139 0.1142 

2 2.238 2 3 0 0.1186 0.1187 

2 2.198 2 2 1 0.1229 0.1231 

2 2.162 1 1 2 0.1272 0.1272 

1 2.118 0 5 1 0.1326 0.1327 

1 2.059 1 2 2 0.1402 0.1400 

1 2.029 2 3 1 0.1443 0.1445 



2 
Sin e-obs 	Sin

2e- 
calc 

0.1487 

0.1527 

0.1611 

0.1712 

0.1832 

0.1871 

0.2001 

0.2061 

0.2104 

0.2126 

0.2216 

0.2295 

0.2345 

0.2446 

0.2516 

0.2556 

0.2685 

0.1487 

0.1527 

0.1614 

0.1713 

0.1831 

0.1872 

0.1874 

0.2002 

0.1998 

0.2063 

0.2105 

0.2129 

0.2216 

0.2299 

0.2342 

0.2353 

0.2448 

0.2516 

0.2515 

0.2558 

0.2554 

0.2686 
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d (1).) 	h k 1 

3 	1.999 	2 4 0 

3 	1.973 	1 5 1 

2 	1.921 	1 3 2 

5 	1.864 	0 4 2 

2 	1.802 	2 0 2 

5 	1.783 	2 5 o 

2 1 2 

1.724 2 2 2 

1 6 1 

1.698 3 o 1 

1.681 3 1 1 

1.671 2 5 1 

1.638 2 3 2 

1.609 1 5 2 

1.592 2 6 o 

o 7 1 

1.559 3 3 1 

1.537 2 4 2 

1 0 3 

1.525 1 1 3 

1 7 1 

1.488 1 2 3 

6 

3 

2 

i 

3 

1 

3d 

2 

2 

2 

4 
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I ci (A) hk 1 Sin2o
Obs 

Sin2y
calc 

4 1.471 3 4 1 0.2748 0.2747 

1 1.437 3 1 2 0.2879 0.2875 

4 1.432 2 5 2 0.2901 0.2901 

1 3 3 0.2900 

2 7 0 0.2898 

- 2 0 3 - 0.3117 

2 1.378 3 5 1 0.3132 0.3132 

2 1.371 2 1 3 0.3163 0.3160 

3 1.326 4 2 0 0.3379 0.3381 

0 3 5 0.3384 

1 1.303 2 3 3 0.3502 0.3502 

CRYSTAL SYSTEM : ORTHORHOMBIC 

0 	 0 
UNIT CELL : a = 5.443 + 0.002A, b = 11.787 + 0.005A, 

0 
c = 4.807 + 0.002A 

03 
UNIT-CELL VOLUME : 308.39A . 
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Relationship between y.- and/3-Sb
2
0
4 

The relationship between the two forms of antimony tetroxide is best 

shown below 

	

300°C. 	, 	 eii.„00°C.(+02), 	2Sbo 	2x-Sb ?9
-
30
2 	, 
°C.(?),  sbA 6 0 	/1-Sb204 2 3 	 +02 	24 	0 	7,9300c.(-02) 

(solid) 	(solid) 	(vapour) 	(solid) 

In oxygen,p-Sb204  is stable up to 1006°C. When ,8-Sb204  volatilises 

it must do so by dissociating into Sb406  vapour and oxygen, since the 

existence of 
Sb204 

in the vapour phase is highly unlikely. In view of 

this it would be expected that a greater pressure of oxygen would help to 

increase the stability of the substance at high temperatures. 

. 	The temperature at which o4-Sb204  dissociates is by no means certain 

from the literature. Grinder et al. (1962) showed that cervantite began 

to dissociate slowly at about 800°C., but as this was a mineral specimen, 

the apparent loss in weight might have been due to impurities. A precise 

apparatus would study of this point with differential thermal analysis 

certainly be worthwhile. 

Although no experiments to obtain thermodynamic data for the two 

forms of antimony tetroxide were done, it seems likely that at high tem-

peratures at least,p-Sb204  is the stable phase, ands(-Sb204  the meta-

stable phase. All attempts to reconvert the f3-form to the oc.-form, such as 

prolonged heating at 850°C., were unsuccessful. oe-Sb
2
0
4 

is formed by 

infiltration of oxygen into an existing lattice of antimony trioxide, and 

it is possible that the structure achieved is not the most stable one. 
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0-Sb
2
0
4 

is formed from the vapour phase, and shows much greater crysta14:. 

linity than04-Sb204. 4-Sb204  is slightly denser than the y,-form. 

The Structure of6-Sb
2
0
4 

The structure of-Sh
2
0
4 

has been determined with some precision. The 

question of the space group has been discussed in Section 7, and C2/c has 

been adopted as the most reasonable one. It is intended to carry out some 

further refinement using different scattering factors to see if the appear-

ance of the difference Fourier maps can be improved (see Sections 6 and 7), 

although it is doubtful if any valid conclusions of chemical interest could 

be drawn from any improvement. 

The distinction as to which is the trivalent and which is the penta-

valent antimony, was made on chemical grounds alone, as it was impossible 

to decide from electron density maps. The temperature factors observed 

are in every case very small. The Sb7, which is in the infinite sheets, 

as expected shows least thermal motion. Although the temperature factors 

are low, they are by no means exceptional. For instance, Templeton and 

Zalkin (1963), using counter data, found temperature factors of 0.1 - 0.3 

for metal ions, and 0.3 - 1.2 for oxygen ions in Eu2(W04)3. 

The details of the structure have been described in Section 8.. The 

most striking aspect of it is the coordination around the SbIll, with four 

short Sb-0 bonds on one side. Orgel (1959, 1958) suggests that in this 

type of coordination the "empty" space on the other side is used to 

accommodate the inert pair of two 5s electrons. Similar coordination is 
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N4 found in PbO, SnO, Sb
8
0
8
(OH)

4
+  (Edstrand, 1955) and BiSb0

4 
(Aurivillius, 

1951). The last mentioned compound is of greatest interest, sincer4Sb204  

appears to be isomorphous with it. 

BiSb0
4 

has a body-centred monoclinic unit cell, with a = 5.464A, 

b 	4.087A, c 	111.81A and A= 101.0°. The space group is I2/c - C26  h  (No. 15) 

which is the same space group as for /3-Sb
2
0
4 

but with a different setting. 

If one assumes a face-centred cell for BiSb0
4
, the dimensions are very 

similar to those of1S-Sb204. Although the oxygen positions in BiSb04  were 

derived from steroochemical considerations, there seems little doubt that 

the two structures are the same, with Biri and Sbm  interchangeable. A 

structural re-examination of BiSb04  is now being carried out to determine 

the oxygen positions more precisely (Aurivillius, 1963). 

The structures of/3-S1204  and BiSb04  show a close relationship with 

that of orthorhombic ,A-Sb
2
0
4 
(Dihlstrbm, 1938). Broadly speaking the coord- 

ination around the metal atoms is similar. 

Bond lengths of 1.94 - 2.00A for Sbv- 0 are quite expected, and similar 

to those found in other antimony compounds. Of the four short bonds about 
0 	 0 

Sb 	, two at 2.23A are as expected, whereas the two at 2.02A seem unusually 

0 
short in view of the usually accepted ionic radius of Sb3+ of about 0.9A. 

It is in the infinite chains containing 	that some of the oxygen- 

0 
oxygen distances are smallest at 2.55A. From this value, the ionic radius 

0 
of oxygen would appear to be just under 1.3A. 

All specimens ofia.Sb
204 examined show varying amounts of disorder, 

depending on the mode of preparation. In some cases this is very slight 
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(see Section 7) and quite acceptable for a structure determination. The 

nature of the disorder has not been studied, but two possibilities occur. 

Firstly the disorder could be due to stacking faults between the twins, and 

secondly it is possible that the position of the Sbi±M  atoms is slightly 

precarious, and some disorder occurs there. The discrepancies in the pos- 

itions of Sb 	from different refinements are not as small as would be 

expected from the discrepancies in oxygen positions, although this could 

also be due to errors caused by the anomalous dispersion of the antimony 

atoms. 

cx.rSb
2
0
4 
Because of the lack of single crystals of orthorhombic Y.-Sb204, the 

question of the space group and structure cannot be finally settled. 

The criticism of the structure by Wells (1962) on the grounds that gbimi  

has four oxygens on one side is probably not valid as similar coordinations 

are found in (3-Sb204  and BiSb04. The Sb121- 0 distance of 2.5A does however 

seem a little large. Although the positions of oxygens in thec\-Sb
2
0
4 

structure could no doubt be improved, the structure n.s postulated by 

Dihlstr3m is probably essentially correct. 

Although no evidence was found from the powder data that the space 

group is not Pnna (see Section 9), a final resolution of this problem 

must await single-crystal studies. It is intended to pursue these inves- 

tigations further. 
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