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abstract 

The work reported in this document is ,- continuation of 

studies on structural relations in crystalline and vitreous 

compounds containing hexacoordinating and tetracoordinating 

elements. 

Studies on the structural properties of crystalline and 

vitreous polymolybdates and polywolframates have been pei^ 

formed. Results obtained from X-ray studies on sodium dimolyb¬ 

date and diwolframate are reported and discussed. Details of 

the structural investigation of dipotassium tetrawolframate 

are given. 

The research work has also compris id some studies on 

glasses and crystalline substances on arsenate molybdate 

(wolframate) basis containing alkali or silver atoms. 

Structural data are given for the crystalline compounds 

NaZr2(P04)3 and U(P03)4. 

Studies on the structural conditions in the ternary 

oxide systems containing vanadium and molybdenum or wolfram 

have been performed. Description of the structures are given 

for the crystalline phases (liort 0 . W v n 

and n c n . °-93 °-07 5 1 4’ ^3^0.6250^ 
0.35 0.65 2.5* 

Preliminary results are given for investigations of 

copper wolfram oxides. X-ray investigations have been pex^ 

formed on the compounds CuWO and Cu,W0 . 

The preparation and properties of amorphous molybdenum 

trioxide are described. 

A summary of the types of calculations carried out by 

computer within this research project is given. 

Apparatus and measuring techniques for studies of magne 

tic susceptibility of vitreous and crystalline specimens have 

been developed. Measurements over the temperature region 

90 K - 298°K have been performed on the crystalline compounds 
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MöO^ and W203(p04)2 and glasses prepared from these phases. 
The ezystals of MoOP04 hare been found to be paraaagnstlo 
while the other compounds are diaaagnstle. 

Plans for further research within this field are out¬ 
lined. 



- 3 - 

1* INTRODUCTION and background op the research 

The research reported in this document has teen carried out during 

the third year of a research program sponsored by the U.S. Department of 

Army, through its European Research Office. The results obtained during 

the previous two years have been communicated in two annual reports and 

also described in a series of published articles and in several papers to 

be published, viz.: 

"Structural Studies on Vitreous Compounds." Contract number 

DA-91-591-EUC-3635. Pinal Technical Report (April 1966). (p. Kierkegaard, 

K. Eistrat, K. Gustafsson, K.-E. Johansson and A. Skancke) 

"Studies on Structural Relations in Crystalline and Vitreous 

Compounds." Contract number DA-91-591-EUC-3980. Pinal Technical Report 

(March 1967). (P. Kierkegaard, S. Axrup, 3. Linnros, M. Nygren, M. Sele- 

borg, K„ Eistrat and M. Sundbäck) 

"The Crystal Structure of Dipotassiura Trimolybdate." Acta Chem. 

Scand. 20 (1966) 2195-2201. (M. Seleborg) 

"A Refinement of the Crystal Structure of Disodium Dimolybdate." 

Acta Chem. Scand. 21_ (196?) 499-504. (M. Seleborg) 

"X-Ray Studies on Some Wolfram Oxide Phosphate Glasses." Arkiv 

Kemi 27 (1967) 197-212. (A. Skancke and P. Kierkegaard) 

"Tunnel Structure of Chem. Comm. (1967) 1126-1127. 

(M. Seleborg) 

"The Crystal Structure of (Mo^W^)^ of R-Nb.,0 Type and a 

Comparison with the Structures of V20 and V MoO ." Acta Chem. Scand. 21 

(1967) 2495-2502. (l. Kihlborg) 

"Tracing Phase Transitions by Mea^s of High Frequency ac Measure¬ 

ments Using a Q-meter." Arkiv Kemi 28 (1968) 2217-2221. (M. Nygren and 

A. Magnéli) 

"Th. Crystal Structure of NaMe^do^, MeIV « oe, Tl, Zr." Accep¬ 

ted for publication in Acta Chen,. Scand. (1.-0. Hagun and P. Klerk- 

gaard) 

"An X-Ray Diffractometer for Investigations of Vitreous end Li¬ 

quid Materials at Room and Elevated Temperatures." (p. Kierkegaard a d 

K.-E. Johansson) 
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"Crystal Structure of a New Copper Wolfram Oxide, Cu^WOg." 

(E. Gebert and L. Kihlborg) 

"The Crystal Structure of CuWO^." (L. Kihlborg and E. Gebert) 

"A Structural Investigation of Uranium(lV) Metaphosphate." (P. Kierke¬ 

gaard and A. Kopwlllem) 

Accounts of recent scientific activities have been submitted this 

year as the following Special and Technical Scientific Reports: 

ST & SR No. I: "Tunnel Structure of K_W.O.,." 
2 4 13 

ST & SR Ko. II: "Tracing Phase Transitions by Means of High Frequency 

as Measurements Using a Q-meter." 

ST í SR No. Ill: "The Crystal Structure of (Mo. V. _)o0_ of R-Nbo0_ 
UO 0*7 2 5 2 5 

Type and a Comparison with the Structures of and VgMoOg." 

ST 4 SR No. IV: "The Crystal Structure of NaMeJ^fPO ),. Me1V = 
—¿ ' 4 3* —“ 

Ti, Zr." 

The reports No« I, III and Tv are attached to this document as 

Appendices. 

Ge, 

(N.B.: Report No. II is not included here, as it was presented as 

Appendix IV of the Annual Report delivered in 1967.) 

Additional Appendices attached to the present document Include 

II. "Derivation of the Radial Distribution Function for Crystalline 

Materials from X-Ray Powder Data." 

V. "The Crystal Structure of a New Copper Wolfram Oxide, Cu^WOg." 

The research has been directed by Peder Kierkegaard, who is also the 

main author of this report. The members of the group have contributed to 

the research as indicated in the headings of the various sections of the 

report. 



2* EXPERIMENTAI METHODS AHD lEVSLOPMEWT work 

In tb. research reported in thin docunent eiteneiye uee has been made 

of several techniques suitable for the acquisition of information about the 

constitution of crystalline and vltreoua compounds. Tbs methods thus applisd 

have been described in the two previous annual reports (1,2) and, therefore, 

only some complementary notes are given in this report. The work has, how¬ 

ever, also required the application of some other methods which are da- 
scribed belowa 

2.1. A SMPIE DEVICE JOB PREPABATION OP A1IOHÍHOOS SDBSTAÜCES BT VAPOUB 

DEPOSITION (Lars Klhlborg) 

Most vitreous materials investigated within this program have been 

obtained by quenching from the molten state. An alternative «y of preparing 

amorphous or vltreoua substances is by deposition of a vapour on a cool sur¬ 

face. This method is of coures «stricted to materials which can be heated 

to give a comparatively high vapour pressure. This la, however, the case for 

several subatances of interest within the present program. 

Pig. 1 shows a simple device which has now been eucceeefully applied 

for the preparation of «.£. molybdenum trioxide in an I-ray amorphous state 

(of. esc. 4.2.1). The apparatus consists of an outar glaasjacket provided 

with an outlet to be connected to « evacuating pump via a cold trap. Th, 

sample is placed on a platinum atrip which can be electrically heated. The 

deposition of the vapour takes place on the nickel or silver plated closed 

end of a tub. containing the cooling agent (..* liquid air). The distance 

between the sample and the cool»eurf.ee can be varied, a. leads to the 

heating element are introduced through the Insulating ring between the 

Jacket and a metal Dewar surrounding the upper part of the cooling agent 

2.2. X-RAY DIFFRACTION TECHNIQUES 

In the research work described in this report X-ray diffraction tech¬ 

niques have been extensively applied. Thee, methods cave been applied for 

investigation, of crystalline matériels as «11 as vitreous compounds. Most 
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Legend to Figiure 1 

1» Connection tc vacuum pump« 

2. Brass rods, acting as electrical connection for 

i / the strip furnace. 

3. 0-ring sealings. 

4# Connection to cold trc.p and vacuum pump. 

5« Reservoir for cooling agent. 

6. Surface where vapour deposition takes place. 

7. Electrically heated sample holder made from a 

platinum strip. 

8. Glass tube. 



Figure 1 Device for vapour deposition experiments 
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of the work has been conducted with well known procedures and commercial 

or other instnunentation already present at this Institute and also de¬ 

scribed in the previous annual reports (1,2). 

2.2.1. Phase analysis and crystal structure studies 

Powder photographs were taken with a Quinier-Hägg focusing camera 

of 80 mm diameter using quartz (10T1 plane) crystal monochromatized Cu^ 

radiation. 

Most intensity data from single crystals have been recorded with 

cciventional multiple film technique, on Nonius Weissenberg camera (Cu or 

Mo radiation). More accurate data have been registered with a scintillation 

counter on a General Electric SPG Spectrogoniometer equipped with a full- 

circle single crystal orienter (Goniostat). This arrangement permits in¬ 

vestigation of almost the whole of the reciprocal space up to 20 140°. 

Por a technical, description of the instrument, see (3a). 

2.2.2. Studies on vitreous materials 

The use of a special diffractometer, designed and built at this 

Institute, for X-ray diffraction studies of vitreous materials has been 

described in considerable detail in Refs. (1,2). In order to meet the 

special needs for investigation of melts of alkali isopolywolfremates, 

which have been found to be somewhat aggressive towards the molybdenum 

and F^monic sample holders used so far, another version of this part of 

the high-temperature X-ray diffractometer has been constructed. In the new 

version the metal parts are replaced by a ceramic material (alumina). This 

construction is shown in the schematic drawing Pig. 2. 

The scattered intensity from various vitreous materials (cf. sect. 

4.1.2) containing molybdenum (Cu radiation) or wolfram (Mo radiation) has 

been measured using the following experimental conditions: 
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Flrure 2, Drawing of the cpccimen holder. 

1. nporimen holder r.’.dc of alunina or platinum. 

2. Bacc plate of specinen holder. 
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Cu radiation Mo radiation 

Voltage: 

Current: 

Radiation, wavelength: 

Focusing monochromator crystal: 

Recorded range (9): 1.75 

" " (s): 0.25 A 

Angular steps (A0): 

Number of counts per step: 

40 kV 

16 mA 

1.5418 k 
Si02 

0 s e s 50° 
"1¿ s * 6.24 A”1 

0.25° 

10.000 

50 kV 

16 mA 

0.7107 A 

Li? 

1,75° s 0 < 50° 

0.54 A"1« s £ 13.55 A‘ 

0.25° 

10.000 

The focusing slit system was adjusted to exclude scattering from 

the sample holder at low angles. This was accomplished by using a slit 

opening of 1/12° for 9 s 3°, I/40 for 2.75° * 0 s 10° and 1° for 0 « 9.5°. 

The resulting intensity curves were normalized in overlap regions. 

2.3. MEASUREMENT OP MAGNETIC SUSCEPTIBILITY 

The materials studied within this research program on structural 

relations in crystalline and vitreous compounds containing both hexa- 

coordinating and tetra-coordinating elements have coiqprised in the first 

place molybdenum and wolfram oxide phosphates. The vitreous materials 

contain metal atoms (molybdenum or wolfram) in an oxidation state less 

than six (see Refs. 1,2). In order to get more information about the 

electronic conditions within these materials it was found worthwhile to 

include measurements of magnetic susceptibility as an auxiliary technique. 

2.3.1. Description of apparatus and measuring techniques (Lars Kihlborg) 

An apparatus for the measurement of magnetic susceptibility on 

milligram samples according to the Faraday principle has been construc¬ 

ted. It has been equipped with a cryostat for measurements from liquid 

air temperature up to room temperature and a furnace covering the range 

from room temperature up to at least 600°C. 
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The weight of the sample as well as the force acting on it in the 

magnetic field is measured by means of a Cahn Gram Electrobalance. Mod. 

1570, enclosed in the accessory glass bottle No. 1507. Sample amounts of 

4-9 mg and the balance sensitivity range 0-10 mg are normally used. Abso¬ 

lute calibration of the balance is unnecessary since the mass susceptibi¬ 

lity is a function of the ratio of the force of the magnetic field and 

the sample weight. The sample holder used is a platinum micro stirrup- 

pan (No. 1&34) hanging on a quartz fibre. The weight of the empty pan is 

approximately compensated by counterweights. 

The electromagnet is a Varian V-4004 four-inch Laboratory Electro¬ 

magnet with a V-2300A Power Supply and V-2301A Current Regulator. The pole 

caps used are V-4084 Tapered Pole Caps the shape of which is indicated in 

Pig. 3. The pole gap currently used is 43 mm. A field of approximately 

8500 gauss of the position of the sample is produced by the maximum magnet 

current, 4 A. 

While the magnet is stationary the balance can be raised to about 

35 cm above the normal measuring position in order to facilitate change 

of sample. This is accomplished by means of a pneumatic elevator with a 

smooth movement. The measuring level can be adjusted with a stop screw 

(Pig. 3 ). The position of the balance (and the sample hanging down from 

it) in the horizontal plane can also be adjusted relative to the magnet 

by means of screws. 

The cryostat consists principally of three cylindrical shells sepa¬ 

rated by metal walls surrounding the test tube connected to the balance 

bottle (Pig. 4 ). The space between the two outer shells can be evacuated 

and acts as a metal Dewar. The middle compr-tment contains the liquid air 

(or nitrogen), and the innermost one provides possibility to vary the 

heat flow from the sample. A fine, isolated, copper wire whxch acts as a 

heating element is wound around the inner wall, which is also made of 

copper. When used in the upper temperature range (approximately above 

200 K) the space between the two inner shells iy evacuated to isolate 

the sample from the cooling agent as effectively as possible. In order 

to reach the lowest temperatures one fills it with argon which condenses 

at liquid air temperatures and gives a high heat transmission. The eryo- 
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Legend to Figure 3 

1• Stop acrewt 

2. " « 

3. " " 

4» Tube with balance pan inside the cryostat* 

3* Cold trap. 

6* Manometer for the elevator pneumatic system* 

7* Inlet for compressed gas* 

8* To vacuum pump. 

9* Inlet for argon gas* 

10* Manometer for cryostat. 

11. Liquid air level regulator. 

12. Inlet for liquid air (or nitrogen). 

13. Balance arm. 

14. Piston of the pneumatic elevator. 

15. Balance supporting arm, 

16. Adjustable cryostat support. 

17. To vacuum pump (also inlet for nitrogen). 
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Figure 3. The magnetic susceptibility balance with 

elevator and the low-temperature attach¬ 

ment mounted on its support. 
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Legend to Figure 4 

1. Inlet for liquid air. 

2< To vacuum pump and argon tube. 

3. Defrosting element. 

4. To vacuum pump. 

3. Evacuated space (Dewar vessel). 

6. Liquid air reservoir. 

7* Inner space. 

8. Heating element. 
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Figure 4. Jow-tonpcraturc attnchnent to the nacnetic 

oucceptibility batanej. 
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Legend to Figure 5 
■ 

1. Adjustable slit. 

2. Slit adjustment screw. 

3. Sealing. 

4. Inner tube. 

5. Outer tube. 

6. Connection to vacuum pump. 

t. Radiation shield (outer platinum foil). 

8. Heating element. 

9. Leads to the heating element. 

10, Thermocouple. 

11, Inner platinum foil. 

12, Pole pieces. 

I 

.H
Mf
l 



- 17 - 

Figure 5» High temperature attachment to the magnetic 

susceptiblity balance. 



f 

état is also equipped with a heating element at the top in order to keep 

the Joints and vacuum sealings there at moderate temperatures » The mini¬ 

mum temperature reached with this cryostat using liquid air as cooling me¬ 

dium is 97°K (measured by means of a copper-constantan thermo-couple in¬ 

side the test tube and close to the sample position) and with liquid nitro¬ 

gen 93 K. By variation of the current in the heatiw* element a higher tempe¬ 

rature can be arbitrarily selectedt which can be held sufficiently constant 

without the use of any regulator other than an automatic level regulator 

for the cooling liquid. In order to avoid deposition of ice on the sample 

or the fibre in the cryostat one removes all moisture from the balance 

compartment by means of a liquid air cold trap which is applied an hour or 

so before the cryostat is cooled down. 

The furnace (?ig. 5) is at present connected directly to the balance 

bottle with the test tube removed. The heating element is a platinum wire 

wound around five vertical ceramic rods, placed outside a cylindrical pla¬ 

tinum foil which serves to distribute the temperature evenly over ths 

sample region. It is also surrounded by a cylindrical platinum foil which 

acts as a radiation shield. Two adjustable slits at the top of the furnace 

tube are used to reduce the convection streams up into the balance bottle 

in cases when the system is not evacuated. 

All measurements are normally made with several different magnet 

currents corresponding to values of within the range 15-50-105 

gauss^cm . The apparatus has been tested and calibrated with CoHg(SCH) 

and (HH4)2Pe(S04)2-6H20. 4 

2.4. THERMAL ANALYSIS 

In order to obtain a qualitative view of the phase relations at ele¬ 

vated tençeratures, melting points, devitrification temperatures etc. 

differential thermal analyses have been performed. The specimen contained 

in a platinum crucible was heated in a temperature-controlled electric 

furnace at r. uniform rate (lO°/min.) and the differential temperature with 

respect to the standard substance (calcined kaolin) was recorded directly 

on an recorder. The curves thus obtained are given and discussed in the 

sect. 4.1.1. 
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5. COMPUTATIONAL METHODS EMPLOYED IN X-RAY DIFFRACTION STUDIES 

Extensive use of electronic computers has been one of the most impor¬ 

tant conditions for the research reported in this document. Some informa¬ 

tion about the computers and programs used are given below. 

3.1. COMPUTER PROGRAMS POR CRYSTAL STRUCTURE STUDIES 

Several programs written or modified by staff members of this Insti¬ 

tute (S) and of the Institute of Chemistry, University of Uppsala (u) for 

the computers mentioned in the list given below, have been employed in 

these investigations. Some of the programs are included in the second edi¬ 

tion of the World List of Crystallographic Computer Programs (3). General 

descriptions of the programs are available, on request, from the authors. 

The following abbreviations are used to indicate: 

1800 lai 1800 

3200 Control Data 3200 

3600 Control Data 3600 

Program Function Machine Author 
(name ) - - Ref. 

KUSK 

STYRE 

Calculates scale factors 1800 S. Westman (s) 
by comparison of equivalent 

reflections from different 
layers 

Performs Fourier summations 1800 R. Karlsson (s) 
with expanded data stored ~ 
on tape 

SPSXP 

TRICLIN 

Calculates structure fac- 1800 R. Karlsson (s) 
tors, expands and stores 

reflections on tape 

Calculates, for unit cells 1800 L. Kihlborg (s) 
of general shape, the di- 

rect and reciprocal cell 
parameters 

(4) 

(4) 

(4) 

(4) 

SFLS Least-squares, diagonal 

matrix, refinement of 

structural parameters 

1800 C.-I. Brándén (u) ami (3) 
S. Asbrink (s) 

and modified for 1¾ 

1800 by B. Brandt (S) (4) 
and S. Âsbrink (s) 
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Proíbam 
Tname, 

STORK 

STORA 

STORE 

STORC 
DATRE 

SORTE 

LAZY 

ADSW 

LP 

EXT 

PIRUM 

DISTAN 

DIST 

DRP 

LALS 

Function Machine -.uthor 

Tîiia program system stores 

crystallographic data on 

dink and/or tape, restores 
data from disk on tape, 

corrects cell or reflection 

data, transforms and redu¬ 

ces indices and reflections, 

sorts reflection data. The 

programs are used in combi¬ 

nation with subsequent cal¬ 

culations by means of STYRE, 
SFLS etc. 

Calculates sin20- and d- 

values with standard devia¬ 

tions from ¿(obs) and 

l/KCl ) in a Hagg- Ouinier 

camera powder photograph 

Calculates Lorentz-, pola¬ 

rization, extinction and 

absorption corrections 

Program for indexing and de¬ 

termination of accurate cell 

parameters from powder data 

by the method of least 
squares 

Distance and angle calcula¬ 

tions with standard devia¬ 
tions 

Distance calculations with 
standard deviations 

Data reduction and Fourier 
programs 

Crystallographic least- 
squares program 

1800 L.-O. Larsson and 

L.-O. Hagman (s) 

1800 A. Nord (s) 

1800 P.-E. Werner and 

M. Leijonmarck (s) 

1800 P.-E. Werner (s) 
3600 

3600 A. Zalkin 

(Berkeley, Calif.) 

1800 A. Zalkin 

(Berkeley, Calif.) 

modified by 

R. Norrestam (s) 

3600 A. Zalkin 

(Berkeley, Calif.) 

modified by 

R. Liminga and 

J.-O. Lundgren (u) 

3600 A. Zalkin 

(Berkeley, Calif.) 

modified by 

R. Liminga, 

J.-O. Lundgren and 

C.-I. Bränden (u) 

Ref. 

(4) 

(4) 

(4) 

(4) 

(3) 

(3) 

(4) 

(3) 

(3) 



- 21 - 

Ponction Machine Author Ref. 
(nameJ - 

DATAOOBR Correction and trar«forma- 3600 R. Liminga (ü) 
tion of crystallographic 

data stored on magnetic 

tape 

DATAP2 

EXTRATA 

GIP 

Absorption, Lorentz and 3600 

polarization and extinc¬ 

tion correction of crystal¬ 

lographic data 

Calculates the setting 3600 

angles for manual and 3200 

automatic 4-circle diff¬ 
ractometers 

P. Coppens, (3) 
L. Leiserowitz and 

D. Rabinovich 

(Rehovoth, Israel) 

modified by 

O. Olofsson and 
M. Elfström (u) and by 
E. Brandt and 

S. As brink (_S) 

P. Norrestam (s) (3) 

PLANE 

ORPLS 

ORPPE 

ORTEP 

SMIN 

ROM IN 

Pits a plane to a set of 3600 C.-I. Brândén (u) 

points using the method 

of least squares 

Performs least-squares 

refinement (full matrix) 

of crystal structure para¬ 

meters 

Crystallographic function 

and error program 

Program for drawing 

crystal structure illu¬ 

strations with a plotter 

3600 W.R. Busing, 

K.O. Martin and 

H.A, Levy 

(Oak Ridge, Tenn.) 

modified by 

B. Sellberg (u) 

3600 W.R. Busing and 

H.A. Levy 

(Oak Ridge, Tenn.) 

3600 C.K. Johnson 

(Oak Ridge, Tenn.) 

(3) 

(3) 

(3) 

Symmetry and high order 

minimum function programs 

3600 P.G. Simpson, (3) 
R.D. Lobrott and 

W.N. Lipscomb 

(Harvard Univ., Mass.) 

modified by R. Liminga 

(0) 
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3.2. TREATMENT OP X-RAY DIFFRACTION DATA FROM VITREOUS MATERIALS 

In order to obtain radial distribution functions from the experi¬ 

mental intensities of non-crystalline materials (glasses, melts or so¬ 

lutions) registered by means of the special diffractometer (l) the data 

require extensive computational treatment. These are perfonned by means 

of a special program which is described in the following sections. 

3*2,1’ Mathematical background of the computer program (Stig Axrup) 

The data consist of diffracted X-ray intensity measured as a func¬ 

tion of diffraction angle. The intensity is a sum of a coherent and an 

incoherent part, of which the coherent part contains information about 

the structure of the glass (melt or solution). The intensity function 

cannot be interpreted in terms of structure by direct inspection, since 

every measured intensity value contains contributions from all inter¬ 

atomic distances in the glass. In order to make use of the measurements, 

one has to transfoi® the data so that the number of contributing inter¬ 

atomic distances will be finite and preferably rather small. This end 

is accomplished by Fourier inversion of the intensity function after 

the incoherent part has been subtracted. The result is a radial distri¬ 

bution function containing contributions exclusively from the short in¬ 

teratomic distances - up to a chosen maximum distance. The function dis¬ 

plays directly the magnitudes of the contributing distances. It also 

yields an estimate of the number of distances of each magnitude present 

in the glass structure. Thus, one is furnished with data concerning the 

coordination around different kinds of atoms in the glass. The coherent¬ 

ly diffracted intensity, l(s) from a glass is given by the function: 

1(e) EEf f 
mn m n 

8in(s.R ) 
_ mn 

s»R 
mn 

1 

The proof of this equation has been given by several authors (5-7). 

The reciprocal vector, i, is related to the diffraction angle, 0. 

Its magnitude is: 8=-^-. sin 0. The atomic scattering factors (which 

are functions of s) are denoted fm and fn for atoms m and n respectively 

and the distance between those atoms will be called R . 
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I 

í 

For a glass containing several different atoms, l(s) is convenient¬ 
ly expressed in the following manner: 

0 sin(s.R ) 
lM ■ "-Pi ‘ 1 

am 

where a certain formula unit has been selected as a constituent element, 

and the irradiated sample contains N such elements. The first sum is 

taken over one formula unit, whereas the second term - the double sum - 

runs over all different pairs of separate atoms in the entire sample. 

A "weighted atomic density function” Pm(r), which expresses the 

average concentration of scattering power at distance r from atom m will 
be defined in the following manner; 

4nr Pm(r)dr = pj 2 

where the sum is taken over all atomic centers situated between two 

concentric spherical shells of radii r and r+dr around atom m. Clearly, 

the contribution to the diffracted intensity from all interatomic 

distances of magnitudes r to rtdr between atom m and after atom s is 

‘r i 

and expression ¿ will take the following appearance: 

? 

Ks) = H.^ , PB -o_ ' dr] ¿ 

where both sums, over i and m are taken over the formula unit. 

Fourier inversion of l(s) yields the radial atomic distribution 
function co 

D(r) = 4ttt2po + . s.i(s)»8in(sr) ds 6 
õ 

where ''.(s) = (l(s) - NS^f^)/N and pQ = average atomic density. 
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In order to use the experimentally determined intensities in ex¬ 

pression 6 one must correct them for polarization, absorption and Compton 

scattering. The relative intensities must then be converted ;;o an abso¬ 

lute scale. 

Division of the raw intensities by 

(1 co822er*co8220)/(l + cos2?or) 7 

yields polarization corrected intensities, assuming the monochromator, 

placed in the diffracted beam, to be an "ideally mosaic crystal", which, 

in turn diffracts the radiation through an angle of 2» (a). 
The absorption correction factor A for strongly absorbing samples 

with a plane surface is (a): 

A = - 
4 

8ln(29-A) 
sin A + sin(28-Aj 8 

where A is the angle between sample surface and incident beam direction. 

Por a Bragg-Brentano focusing arrangement (A = 0), expression 8 reduces 

to: 

A * 0 
2n i 

since, in this case, A is a constant for all 0 it may be included in the 

scale factor which transforms relative intensities to absolute. 

In the following expression: 

I = k.I - I 
coherent * corrected incoherent 10 

1 coherent is the t0 be u8ed in expression 6,, i is a scale factor 

(including absorption), and Icorrecte<i is the experimental intensity 

corrected for polarization according to 7. I, u . is calculated 

theoretically and multiplied by a semiempirlcal factor which takes into 

account the spectral distribution of the X-rays, losses at the mono¬ 

chromator crystal etc. 

The coherent intensity consists of a dominating part deriving 

from an average atomic density, and, superposed on this, a part con- 
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taining the structural information. Th« dominating part of l(s) on the 

acal® of the fonnula unit is equal to Di^fj over the different kinds of 

atoms in the structure, n^ being the number (not necessarily integral) of 

atoms with structure factor f^ in the formula unit. The superposed inten- 

8i*y, y - will henceforth be called i(s) (cf. expression 6^). 

The spurious peaks which are of necessity introduced into the ra¬ 

dial distribution function D(r) by the numerical confutation of the 

Fourier integral between finite limits are attenuated and the intensity 

contributions from different ranges of s are weighted by the introduction 

of a modification function, M(s), into D(r) which then assumes the follow¬ 
ing appearance: 

8 
' max 

D(r) = 4nr2pQ + ^ 8*i(8)»M(8).8in(sr)d8 JQi 

8min 

The modification function: 

M(s) = exp(-bs2)*Bf(s) 11 

where ef(e) is usually one of the following: 1, (z^/f^s)2 for a particular 

atom; or over the different kinds of atoms in the structure. 

3.2.2. Functioning of the program (Stig Axrup) 

A program written in FORTRAN and intended to be used mainly on an 

IEM 1800 computer installed at this Institute (cf. 4) has been developed, 

partly on the basis of an ALGOL program written by Johansson (9). 

obs values corrected 

The input data are: 

1) A table of 8 (degrees) and corresponding I 

for background 

2) Atomic scattering factor tables, each entry for any one kind of 

atom consisting of sin 0/A, tQ, Af', Af " and the theoretically calculated 
value of the atomic contribution to I 

incoherent 
3) A table of xhe semi-emplrically found multiplier for I 

as a function of sin 0/A 
incoherent 

For each measured pair of 0 and Ioba, the program calculates 

^ • sin 0 and corrects for polarization. s 
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The total Incoherent Intenaltjr and the contribution to th. cohe¬ 
rent Intenaity from an appropriate average atomic deceit? are calcula¬ 
ted for th. ein SA valu., li.ted In th. eo.tt.rln« factor tablee. Th. 
▼aluea of theee function, at th. eln9/i „lue. of th. int.neity meaeur. 
mente are found by interpolation according to »ewton'e method. 

If deeired, the reeult can be pointed out aa a table ofi 
1obe Corrected for background), the polarleation factor, e, I 

(corrected for polarleation), th. average atomic d.neity contribuye 

0 coherent’ Iinooher«nt 1 “"“ipHer and, finally, the aum of the laet 
two quantities. 

Scaling of can be effected in two different ways by the 
program. 

The 11 ret method 1. baaed on th. fact that, for large value, of 
a, th. total acattered Intenaity ie very newly .,„.1 to th. part de¬ 
rived fro. th. average atomic d.neity. Oona.qu.ntly, th. I . value, 
at high 6 angle, are .caled to match, a. newly a. po.alblê îh. entrlea 
on th. laat column of th. table d.ecrib.d above. The ...1. f.ct0r thu. 
derived is applied to all values. 

The aecond method fo/obtainlng a .cal. factor ha. been originated 
and deacribed by Borman and Krogh-Mo. (9a-9o). The two method, yield very 

newly th. aw. re.ult if th. intenaity ha. been maaaured correctly over 
the whole investigated 6 range. 

The printed output consists of 
1 ) Scale factor 

2) A table containing: a, 1(,)^ (corrected and aoal.d), 

^coherent’ and »•!(•). 
If dealred, graphe of l(.)obs (corrected end .caled), and 1(.) 

cherant can be printed. Turth.rmore, on. ha. th. option of oal.ul.tlng 
and printing the aum of negative 1(.) value, and the aum of poaltlv. 
1(.) valu... Th... two eum. muât have approximately identical abaolut. 
magnitud.., which provide, a check of th. correcta... of th. calcul.- 
tions. 

Th. Pourler lnv.r.lon. In the radial dl.trlbution function D(r) 
(expreeelon _I0) the Integral i. approximated by a a m 
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0 * 
n n 

í(b )1 n7 M(s )■ 
' n7 aln(Sn.r) * »n+1 •!(.„,)-ll(.nt>,.ln(.nt1.r)].(entl..n) 

(Jl) 

over the experiir.ental en valuee. There ie no facility on the program 

for calculating a smoothed intensity function. The limits of integra¬ 

tion can be chosen arbitrarily by the user of the program. 

The printed output consists of a table of r, D(r), 4"r2p , and 

D(r)-*rrpo. Graphs of the three functions ar*> printed simultaneously 

with the tables. 

3.3. RADIAL DISTRIBUTION FUNCTIONS FOR CRYSTALLINE MATERIALS 

A direct comparison between the radial distribution functions 

of vitreous materials and the crystal structure of substances of the 

same or approximately the same compositions implies some obvious 

difficulties. The assembly of discrete interatomic distances corre¬ 

sponding to the atomic arrangement of the crystal is not easily com¬ 

pared with the continuous curve of the radial distribution function. 

An alternative way of comparison is by deriving for the crystalline 

material a radial distribution function based on the structure factor 

values corresponding to the crystal structure. 

Appendix II presents a procedure for deriving the radial distri¬ 

bution function from X-ray powder data which has been found useful for 

studies of materials with unknown crystal structures. In the present 

work a somewhat modified procedure has been applied. The structure 

factor values corresponding to the known crystal structures are con¬ 

verted to intensities and the radial distribution function is obtained 

from the expression 

r[p(r) - Pn(r)] 
u 

K.E sin 0. 
1*1 i 

4Ttsin0. 
I(e,)-8in-r—i 

_ /0sin29¿ 

X 
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4* RESULTS AND INTERPRETATIONS 0? MATERIALS STUDIES 

4.1. STUDIES ON VITREOUS AND CRYSTALLINE MATERIALS OP COMPOSITIONS 

Na^O^nMOj (M = Mo or W) 

In tha previous annual report on thia reaearoh project (2) acme 

preliminary resulte of I-ray diffraction etudiee on potaaalum poly- 

wolframate glaaaee after different thermal treatments were described. 

It mas observed that the radial distribution functions derived from 

the I-ray recordings of such materials showed considerable differences. 

It was emphasized that any attempt to internet, the findings would 

require more extensive experimental data. 

Part of the work during the present period of research has been 

conducted with the aim to contribute to the understanding of the ob¬ 

servations thus described. In order to simplify as far as possible 

the interpretation of the radial distribution functions it was found 

suitable to concentrate the work on etudiee of sodium polywolframate 

glasses instead of the potassium compounds. The influence of the rela¬ 

tively heavy potassium atom on the appearance of the distribution 

function was thus removed. The X-ray scattering power of sodium is 

practically identical with that of oxygen and the wolfram atoms of 

the vitreous materials should thus in an admittedly very rough pic¬ 

ture be considered as distributed in a "matrix" of light atoms, all 

having about the same weight. 

¿£eP»rative_lork Including Studies on Glass Formation and 

.Devitrification (Kaija Eistrat) 

Investigations of the formation of glasses in the systems 

AgO.nfOj (A = Li, Na, K, Rb and Cs) have been described by Gelsing 

a1, (1°)* Th®y r«P°rt the glass-forming tendency for all the 

systems mentioned to be highest at compositions around AgWgO . For 

the Na20.nW03 system, glasees were obtained within the compositional 

region NagO. 1. «jWOj-NagO. 3W03. 
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The starting materials for the present preparations were 

Na2W^4*^2® ("zur Analyse", Merck), Na^MoO^^HgO (analytical rea¬ 

gent, Mallinckrodt), MoO^ (analytical reagent, Mallinckrodt) and 

W03 (puriss, KEBO). NSgWO^ and NagMoO^ were prepared from the hy¬ 

drates by melting in a platinum crucible. 

Crystalline samples of NagWgO^ and NagMOgO^ were prepared 

by the method applied by Seleborg (ll), i.e. by melting of stoichio¬ 

metric mixtures of NagMO^ and MO^ in a platinum crucible and subse¬ 

quent heating of the product for about a week at 600°J. Batches of 

about 20 g of the diwolframate and dimolybdate were thus prepared 

to serve as starting materials for the preparation of glasses. The 

X-ray powder patterns registered with CuKçVj radiation in a Guinier- 

Hägfc type focusing camera were found to be identical 'with those ob¬ 

tained by Seleborg (ll). 

Vitreous Na^WgO^ was then prepared by melting of the crystal¬ 

line phase either at 850°C (series l) or 1100°C (series II). The 

material, which was kept in a platinum crucible, was introduced in 

furnaces of the above temperatures for one or two minutes, whereupon 

the melts were rapidly quenched in an ice-water mixture. The vitreous 

character of the products was checked by visual inspection and by 

examination with a polarizing microscope and also by the appearance 

of their Guinier photographs. The weight of the samples did not 

change appreciably during the treatments. The chemical composition 

of crystals and glasses should thus be the same. 

Using these techniques it was found possible to obtain sodium 

diwolframate in a vitreous state with batches not exceeding about 

0.5 g. 

The glasses of series I and II were found to differ slightly 

in colour. The former, i^. those obtained by melting at 800°C, are 

colourless while the latter (heating temperature 1100°c) are faintly 

yellowish. 

Portions of the series I and II samples were subjected to 

further heat-treatment for the subsequent X-ray diffraction v/ork. 
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Tbie included annealin¿ at 200°C and 300°C for extended période of 

time. Por theae experimente eamplee of 1.5 g were sealed in evacua¬ 

ted silica capeulee. After heating periods of 1, 10 and 30 days res¬ 

pectively, the •sapsules were rapidly quenched in ice-water mixtures. 

The products were again studied by visual inspection, with the po¬ 

larizing microscope and by Guinier photographs. As far as these tech¬ 

niques are concerned the results for the serles I and II materials 

were the same. Thus, the heat-treatment at 200°C did not change the 

vitreous character or the colour of the material. The samples heated 

at 300°C were all found to be crystalline. The Guiaier photographs 

differed in intensity with the duration of the heat-treatment, which 

was interpreted as reflecting the progress of the reerystallization 

process. 

The results thus obtained showed that the vitreous-to-crystal 

transition of Ka2W 0? proceeds fairly rapidly at a temperature bet¬ 

ween 200°C and 300 C. In order to shed further light on this transi¬ 

tion differential thermal analyses were performed for crystalline 

and vitreous (series I and II) sodium dlwolframate. The results thus 

obtained are represented in Pig. 6. The heating rate was 10°C/min. 

Both series of vitreous materials show a sharp "exothermic" peak at 

about 360°C corresponding to a rapid crystallization process. The two 

thermograms as well as the one yielded by crystalline Nagf^ show 

sharp "endothermic" peaks at about 740°C, i^ the melting tempera¬ 

ture. This figure is close to the value 735°C reported by Gelsing 

st al. (lo). 

The glass-to-crystal transition temperature of 365°C observed 

in the DTA studies with a heating rate of 10°C/min. may be compared 

with the "stability" of Na2I207 when heated for about a month at 

200 C and the transformation of the material within periods of days 

at 300°C. Preliminary experiments have shown that with much higher 

rates of heating the transition tenperature may be increased to at 

least 450°C. 



i 

Figure 6. Differential thernal analyses. 

Schenatic dravd-n^ of the curves obtained for Na^O^. 

Glass (l) curve A; crystals curve B and class II 

curve C 
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The tendency to glass formation was found to be less with sodium 

polywolframates higher in WO^ than was observed with the diwolframate. 

Thus, applying the techniques described above Na20.1.5W0^ could only 

be obtained as a glass with batches weighing less than 0.1 g. This a- 

mount of Na20^2.310^ also resulted in a glassy product. With larger 

amounts of starting material crystalline products were invariably ob¬ 

tained, obviously due to lower cooling rates. Both of the latter samples 

have compositions within the '’glass-forming" range reported by Gelsing 

et al. (l0). The observation made by these authors that Na20«W0j does 

not form a glass was also confirmed by the present study. 

Experiments analogous to those described above with Na^O^ were 

also performed for Na2Mo20^. The melting temperature used was 800°C. 

With the experimental conditions applied, the amount of the sample could 

not exceed 75 mg without at least partial formation of crystalline mate¬ 

rial. The colour of Na2Ho20y thus prepared was a faintly brownish or 

yellow one, clearly different from the colourless appearance of the 

crystalline material. 

The synthesis experiments indicated that the glass-to-crystal 

transition occurs more rapidly with NagMOgO^ than with Na^O^. Further 

studies on this process for Na2Uo20„ were made by DTA analyses. The re¬ 

sults thus obtained when heating crystalline and vitreous sodium dimolyb- 

<fcte at a heating rate of 10°C/min are represented in Fig. 7 . The "endo¬ 

thermic" peak corresponding to the devitrification process between 200° 

and 300°C is not a very sharp one. The melting temperature at 625°C is 

close to the value (612°C) reported by Hoermann (12). 
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4«1»2, X-Rny Diffraction Studies (Barbro Linnros) 

The radial distribution function corresponding to th^ crystal 

structure of disodium dimolybdate (11»13) and calculated by the pro¬ 

cedure described above (sect. 3.3) ie illustrated in Pig. 8. This 

structure contains infinite chains formed by MoOg octahedra sharing 

corners. KoO^ tetrahedra bridge adjacent MoOg octahedra by corner 

sharing. The shortest Mo-L!o distances of the structure, viz. those 

corresponding to linking between two octahedra or a tetrahedron and 

an octahedron are very nearly the same (3.6 A). The distances between 
the Mo atoms of octahedra of parallel chains are 5.1 and 7.15 A. The 
closest approach between Mo atoms of tetrahedra in a chain is 6.5 A. 
Further important interatomic distances of the structure occur around 

3.7 A (Mo-Na distances), 2.8 A (O-O) and 1.75 A (llo-0). (The inter¬ 
atomic distances of Ha^o^ are close to tnose of which are 

listed below.)The appearance of the radial distribution function 

(Piß. 8 ) is in agreement with the interatomic distances required by 

the structure. In particular the maxima around 1.9, 2.7, 3.6 and 5.0 

A stand out as corresponding to characteristic groups of interatomic 
distances of the structure. 

Pig. 10 shows the appearance of the radial distribution func¬ 

tion for vitreous disodium dimolybdate prepared in the manner de¬ 

scribed above by quenching from 800°C. The dashed and full curves, 

which do not differ appreciably, correspond to normalization by the 

Norman method and by fitting of the intensities at high values of s 

to a background function based on theoretically calculated scattering 

amplitudes (cf. Ref. 1, p, 62). The curve of the Naglk^O^ glass shows 

considerably less detail than the one given by the crystals. The heavy 

peak at 3.7 A, however, stands out very clearly, suggesting that the 

Mo-Mo distances in the glass are nearly the same as in the crystalline 

state. The rather flat character of the curve at lower r—values might 

be due to a less distinct character of the oxygen coordination around 

molybdenum in the vitreous state. To conclude, however, it may be said 

that the glass curve shows no indications of other structural elements 
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being present in the vitreous state than in the crystals. 

A radial distribution function for crystalline disodium diwol- 

framate is reproduced in Pig. 9. The curve is in satisfactory agree¬ 

ment with the interatomic distances required by the crystal structure 

(cf. Table l). The minor differences between the present curve and 

the one given by crystalline HagMOgO^ may be attributed to the differ^ 

ent scattering pov/ers of molybdenum and wolfram. 

Radial distribution functions of vitreous have been de- 

lived on the basis of X-ray diffraction data collected for several 

samples of different thermal prehistory. Pigs. 11-13 reproduce the 

appearance of some of these curves, viz. those given by the following 

samples: 

Na2W207 glass, quenched after melting at 800OC (Pig. 1l) 

^a2^2^7 ß^a8S’ saine as preceding one with additional heat- 

treatment at 200°C for 10 days (Pig. 12) 

Na2W207 glass, quenched after melting at 1100°C and addi¬ 

tional heat-treatment at 200°C for 30 days (Pig. 13) 

It may be stated that the general chatacter of the three curves 

is the same. It thus seems rather likely that the three glasses do 

not show considerable structural differences among themselves. The 

curve representing the radial distribution function of crystalline 

^a2^2^7 *3’ on other hand, rather different in character (Pig. 9)» 

If the comparison is restricted to the r-range 1.5-4 A, the peaks pre¬ 
sent in the crystal curve at 1.9 and 2.7 A may be identified with mi¬ 
nor displacements as peaks also appearing in the glass curves. Most 

striking, hov/ever, is the presence of two dominating maxima at 3»25 

aid 3.75 A in the latter curves as compared to the single peak at 3.9 A 
in the crystal curve. The latter is rather composite in character 

corresponding not only to W-W but also to W-iia and W-0 distances. 

The two very sharp maxima present in all the glass curves are 

most likely to reflect W-W distances. If so, they indicate a marked 

structural difference to exist in crystalline and vitreous Na^O^. 
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The infinite which are the structural elementa of tha for¬ 

mer state can thus hardly be preserved in the glasses. If chain*»Wf»14 

are to be dismembered into minor species the atomic ratio of oxygon 

to wolfram of 3.5 requires that the coordination number of oxygen around 

the metal atom is reduced and/or the number of oxygen atoms common to 

polyhedra increases over one. In this connection the studies on poly¬ 

wolf ramate glasses performed by Gelsing et al. (io) by means of infra¬ 

red measurements are of considerable interest. These authors concluded 

that the coordination number of wolfram is four in the vitreous state. 

If this were the case in the diwolframate glasses these would in the 
2«. 

simplest case contain groups. Assuming normal W-0 distances and 

a W-O-W angle of 130° the W-W distance would be about 3.25 A, in good 

agreement with the position of one of the heavy peaks in the radial 

distribution function. With this model or with more complicated ones 

implying the presence of aggregates of different sizes, formed by 

W04 tetrahedra linked by corners it seems rather difficult to account 

foi the very sharp maximum at 3.75 A. The latter is the normal distance 

for WO g octahedra joined by corners and also close to the value for 
octahedra and tetrahedra linked in this way. 

The presence of the two sharp heavy maxima at 3.25 and 3.75 A 
might be accounted for by assuming a model consisting exclusively of 

*0g octahedra joined by edges and corners to compact groups of low 

oxygen to wolfram ratii similar to atomic arrangements found by Lind- 

qvist to be present in e.g. the paramclybdate ion Ko^" (12b). 

It may be said, however, that relatively small groups, bo they 

composed of small numbers of tetrahedra or octahedra, are not very 

likely to favour the formation of a glass. A vitreous state in often 

thought to be more easily adopted by substances containing Sujictural 

units of considerable extensions and likely to be readily distorted. 

Prom this point of view it would seem rather likely that Na^W^ glass 

does not contain just wolfram-oxygen aggregates of one kind but rather 

a mixture of groups showing structural characteristics of the various 

kinds outlined above. 
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Figure 14. Part of the infinite chain ion (il = Uo or ’.v) 
of the rsodiu-Ti dinolybdatc (div/olfranate ). Idealized 

with regular polyhedra. (The figure fron Ref. 12b.) 
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The ideas put forward on the structure of vitreous 

pre not applicable to the data found for in the glassy 

s täte. It has been suggested above that the atomic arrangement of 

the latter preserves considerable similarities with the one pre¬ 

sent in crystalline Ila^'o^O^. If one considers that the dimolyb¬ 

date and diwolframate of sodium are isomorphous the marked differ¬ 

ence between the structural arrangements in the vitreous state is 

a rather surprising and interesting result of the research. 

Table 1. The most important distances (average values) in the 

crystal structure of Ha2W,)0,^ and their weight factors. 

Type of 
distance 

-1 
W - W 

I 
i 

W - Na 

W - 0 

! 
i 

t 

! 
) 

Na - Na ! 
I 

Na - 0 ! 

0-0 

Number of 
distances 

5 
3 
3 
5 
4 
9 
7 

20 
6 

16 

Length in Â 

3.58 

4.99 
5.62 

6.C9 
6.50 
7.19 
7.60 

3.71 
5.21 
6.27 

10 
4 
9 

12 
21 
17 
16 
7 

1.72 
2.26 
3.46 
4.00 
4.43 

t 4.84 
I 5.16 

5.43 

6 3.60 

19 i 2.45 

32 2.76 

11 3.24 
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4.2. STUDIES ON AMORPHOUS MOLYBDENUM TRIOXIDE (Lars Kihlborg) 

The device described above (sect. 2.1) for deposition of metal 

exile vapours on a cool surface has been found very useful for the 

preparation of Mo03 in an amorphous state. During the course of this 

work the preparation of amorphous Mo03 by a different method has 

been reported by Sarjent and Roy (14). The samples thus obtained, 

however, also contained crystalline material. 

4*2.1. Preparative work 

In the present study samples of 10-50 mg of MoO were placed 

on the platinum strip. The system was evacuated whereupon the element 

was heated to temperatures roughly in the region 600-900°C for peri¬ 

ods of time ranging from 2 to 15 min. The cooling agent was either 

liquid air or a dry ice-alcohol mixture. The deposit thus obtained 

on the cool surface could easily be removed after the experiment. 

Considerable ai s of a very slightly greenish material were thus 

collected. 

4'2,2, iTPPerties and recrystallization of the amorphous material 

The character of the deposit was studied by the taking of X-ray 

photographs and by infrared spectroscopy. The appearance of the X-ray 

pictures was clearly that of an amorphous material. The IR spectra 

obtained are represented in Pig. I5, which also gives the correspond¬ 

ing curve for crystalline ko07. 

The two curves show very striking differences. Thus, the trans- 

nussion minimum at 990 cm"1 ascribed to a Mo=0 stretching band and 

the less sharp minima at lower frequencies characteristic of the 

crystalline material are absent in the curve of the amorphous sub¬ 

stance which shows far less detail within this range of frequency. 

At higher frequencies, however, amorphous MoOj shows transmission 

minima not given by the crystals, viz. at I400 and 1600 cm"1 and in 

the 3000-3500 cm" region. Such minima are encountered in materials 

containing hydroxide groups and it seems rather likely that in the 



Figure 15. IR spectra of nolybdenum trioxide treated in 
various ways. 

1. Original crystalline sample (resublimed). 

2. Sample A, obtained by vapour deposition on a surface 

cooled by liquid air. 

3. Sample A after being kept for one day in air. 
» 

4. Sample A heated a few seconds in air. Dark blue-green sample. 

5. Sample A heated a few minutes in air. Yellow greenish sample. 
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present case they indicate a hygroscopic character of amorphous MoO^ 

not exhibited in the normal crystalline state. This is also supported 

by the marked increase of the absorption at those frequences when the 

sample is exposed to the laboratory atmosphere over night. (Pig. 15, 

curve 3). Experiments to test this hypothesis are now being made using 

dry-box techniques in order to prevent any exposure of the amorphous 

material to moisture. The general idea so far arrived at is that if 

the interpretation of the observations advanced above holds true the 

water absorption power of amorphous KoO^ is a very strong one. 

Some preliminary experiments on the recrystallization of amor¬ 

phous MoO^ may also be mentioned here. Gradual heating of the samples 

m air was found to change the colour from almost white to deep blue- 

green. Upon further heating a gradual ‘change into the normal yellowish 

white of crystalline KoO^ was found to take place. The latter product 

was characterized as crystalline Uo03 by its X-ray powder pattern. 

The IR curve of the intermediary materials showed a gradual transition 

towards the spectrum of the crystalline material. The features in the 

high frequency range was thus successively disappearing while the 

990 cm peak which is characteristic for the crystals appeared 

(Pig. 15 curve 4 and 5). 

4.3. STUDIES ON THE SYSTEMS A, WO,-WO., (a =.- K or Rb) 

4.3.1. Studies on the system KJffO^-WC-. 

Attempts have previously been made to synthesize K2W3°10 which, 

when heated above the melting point (718°c) decomposes into K0W 0,, 
2 4 • 3 

and KgO. By use of a very slow cooling rate it has been possible to 

obtain the triwolframate. 

To the stoichiometric composition K2W04 + 2 WO^ an excess of 

K2W04 was added to increase the probability of obtaining a product of 

the desired composition. Mixtures with 0, 1, 5 and 10 (weight) per 

cent excess ^WO^ kept in unsealed silica tubes were heatet to 750°C 

and allowed to cool to 600°C at a rate of 2°C an hour. Guinier powder 

photographs were taken which showed the pattern of K2W30io aB given 



» 

- 48 - 

by Gelsing et al. (15). The mixture with 10 per cent excess K„W0 
2 4 

gives a phase consisting of yellow needle-shaped crystals contrary 

to the three other compositions which gave colourless crystals. This 

phase produced a powder pattern which differs slightly from the 

others but is in accordance with the powder photograph of RbgW^O^ 

and mixed products such as and k?MoW2°io* 

A preliminary single crystal investigation of the yllow tri¬ 

wolf ramate has been made. The symmetry is hexagonal as is also the 

case with ^2^4^13» structure of which is given in this report. 

Prom the Weissenberg photographs it seems probable that there are 

mirror planes perpendicular to and also parallel to the ç axis. The 

£ axis, 3.86 Â, is of the same length as in K2W4013 (3»05 It is 

also interesting to compare the length of the a axes of K2f30io 

which are about 7.7 A to the length of the a axes in i.e. 

15*53 A. These values make the volume of the unit cell of KgW 

one quarter of the volume of the tetrawolframate cell which con¬ 

tains three formula units. Accordingly, the cell content of the 

triwolframate would be one formula unit. 

Listed devalues calculated from powder photographs have been 

given by Gelsing (15) and Caillet (16) for the di-, tri-, and tetra- 

wolframates. The two authors give different sets of á values for 

^2*2°7* Purthermore, our values do not agree with either listing. 

The ji values of K2W301o, as determined by both authors, are in accor¬ 

dance with our data. In the case of the two authors' sets of 

d-values differ. Our values show agreement with those of Gelsing 
et al. (15). 

4.3.2. The crystal structure of dipotassium tetrawnihamata 

(Madeleine Seleborg) 

Investigations of the structures of some alkali isopolymolyb- 

dates have previously been carried out at this Institute (il, I7). 

As the corresponding alkali isopolywolframates should be expected 

to display analogous crystallographic features it was thought worth- 

while to extend the investigations to include some of the phases in 
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tbe system WO^-A^O^ where A stands for alkali metal. The system 

ffC3“K2W04 was firat studies extensively by Hoermann (12) who estab¬ 

lished the presence of intermediary phases of the composition 

K2W3°10 and K2W4°13* More recently, this system has been investigated 
by Gelsing et al. (15) who observed a range of glass foimation. Cry¬ 

stal studies of the intermediary phases should therefore prove valú¬ 

ale to elucidate the structural conditions of wolfram in the vitreous 
state as well. 

a. Experimental 

Dipotassium tetrawolframate was formed when an intimate mixture 

of potassium wolframate (British Drug Houses Ltd) and wolfram trioxide 

( Baker s Analyzed”, J.T. Baker Chemical Co., USA) was heated at 750°C 

in a platinum crucible. The Guinier powder photograph of the product 

obtained agrees well with the list of ¿-values given for by 

Gelsing et al. The crystals were of a faintly green colour and had the 

shape of very long thin needles adhering very strongly to each other, 

which condition made it difficult to locate a single crystal. The one 

finally found was of an awkward shape being very long and thin but was, 

however, mounted in the needle direction for recording of Weissenberg 

data of the layer lines hk0-hk2. CuK radiation and multiple film tech- 

lique were used. The intensities of the 434 independent reflections were 

measured visually by comparison with an intensity scale obtained by 

photographing a reflection from this crystal with different periods of 
exposure. 

All calculations were performed on a CD 3600 computer. The atomic 

scattering factors used were those of unionized W, K and 0 with the 

real part of the dispersion correction applied to the scattering factors 
of W and K. 

b. Derivation of the structure 

The Weissenberg photographs showed hexagonal symmetry. The unit 

cell dimensions were determined by the method of least squares from a 

powder pattern recorded in a Guinier focusing camera using CuK ^ radia¬ 

tion and with potassium chloride as an internal standard. The cell pa¬ 

rameters thus obtained were a = 15.530 + 0.003 A and c = 3.8502 + 
+ 0.0007 A, _z = 3. 
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On account of the strong resemblance in intensity distribution 

between the hkO, hkl and hk2 layer lines it was assumed that the hea¬ 

vy atoms were all situated in one plane perpendicular to the c-axis 

(or nearly so). No systematic absences were observed. As the only ele¬ 

ment of symmetry which could be postulated would then be a mirror plane 

perpendicular to the £ axis, the space group initially tried was P6/m. 

The location of the wolfram atoms could be treated as a two-dimensional 

problem. Approximate positions were obtained from a Patterson projec¬ 

tion along £oolj . The twelve wolfram atoms were found to be situated 

in two six-fold positions with the _z parameter ^0. A least squares 

refinement of the heavy atom parameters alone resulted in a value of 

0.243 of the discrepancy index: 

sÏ4Qaa.)I -14(1*1)1! 
~ £'4(hïl)| 

Although this was not quite as good an agreement as one might expect 

with heavy atoms, a difference Fourier synthesis was calculated on 

the basis of the structure factor signs thus obtained. The difference 

synthesis clearly showed that the two sets of wolfram atoms should be 

separated in the ¿ direction. Accordingly, the non-centrosymmetric 

space group £6 was settled upon. A subsequent least squares refinement 

yielded an ^-factor value of 0.146, a significantly lower value than 

gave the previous calculation. 

Another three-dimensional difference Fourier synthesis was com¬ 

puted at points spaced 0.30 Â apart along the a axes and 0.38 Â apart 

along the £ axis. This synthesis showed potassium to be located in a 

six-fold position at £ approximately 0.50. 

The positions of those oxygen atoms which were situated around 

wolfram in roughly the same plane (^z ~o) were easily located. Three 

sixfold positions and one three-fold position were displayed on the 

Fourier maps. Mainly on spatial grounds the remaining oxygens were 

assuemd to reside in three six-fold positions. The electron density 

in these regions was about half the value of the average height of 

the other oxygen peaks. 

i 
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Table 2. Comparieon between calculated and observed 

etructure factors for 

h k 1 p 
■Hjbe •^calc 

h k 1 •^obs 
p 
—calc 

1 1 0 
2 1 0 
3 1 0 
4 1 0 
5 1 0 
6 1 0 
7 1 0 
8 1 0 
9 1 0 

11 1 0 
12 1 0 
13 1 0 
14 1 0 
15 1 0 

1 2 0 
3 2 0 
5 2 0 
6 2 0 
8 2 0 

10 2 0 
14 2 0 
15 2 0 
0 3 0 
1 3 0 
2 3 0 
3 3 0 
4 3 0 
5 3 0 
6 3 0 
7 3 0 
8 3 0 
9 3 0 

10 3 0 
12 3 0 
13 3 0 
14 3 0 
0 4 0 
1 4 0 
2 4 0 
3 4 0 
5 4 0 
6 4 0 
8 4 0 

177 
202 
303 
248 

33 
161 
222 
102 
157 
65 
67 

153 
120 
144 
67 

647 
175 
112 
142 
105 
265 

51 
79 

222 
87 

107 
63 

139 
386 
312 

48 
63 

167 
134 
72 
43 

125 
144 
100 
60 
84 

245 
120 

203 
214 
286 
227 

38 
142 
228 
102 
147 
63 
59 

147 
107 
128 

56 
635 
188 
121 
141 
94 

265 
42 

119 
234 
101 
118 
67 

128 
395 
311 

46 
48 

167 
120 
63 
45 

137 
141 
114 

53 
87 

252 
113 

10 4 0 192 163 
12 4 0 76 78 
13 4 0 60 55 
0 5 0 118 128 
1 5 0 98 116 
3 5 0 145 151 
4 5 0 163 153 
5 5 0 62 66 
6 5 0 138 124 
7 5 0 108 95 
8 5 0 43 54 
9 5 0 277 264 

10 5 0 183 174 
11 5 0 53 47 
12 5 0 47 43 
13 5 0 52 49 
0 6 0 70 69 
1 6 0 136 115 
2 6 0 443 461 
3 6 0 50 52 
4 6 0 147 ISO 
5 6 0 146 137 
7 6 0 109 111 
8 6 0 112 111 

11 6 0 106 107 
12 6 0 40 32 
13 6 0 168 205 
0 7 0 137 155 
1 7 0 376 378 
2 7 0 116 115 
3 7 0 189 198 
4 7 0 134 146 
5 7 0 106 104 
9 7 0 98 84 

10 7 0 74 70 
II70 85 79 
12 7 0 105 111 
0 8 0 72 73 
18 0 117 127 
2 8 0 57 43 
3 8 0 69 66 
4 8 0 167 160 
5 8 0 345 356 
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h k 1 P . 
—tibe —oalc h k 1 P . 

-obs 
? 
-calc 

8 8 0 
9 8 0 

10 8 0 
11 8 0 
0 9 0 
1 9 0 
3 9 0 
4 9 0 
6 9 0 
7 9 0 
8 9 0 
9 9 0 

10 9 0 
2 10 0 
3 10 0 
4 10 0 
5 10 0 
6 10 0 
7 10 0 
8 10 0 
9 10 0 
0 110 
1 11 0 
2 110 
3 110 
4 110 
5 110 
6 110 
0 12 0 
1 12 0 
2 12 0 
3 12 0 
4 12 0 
5 12 0 
6 12 0 
7 12 0 
1 13 0 
3 13 0 
6 13 0 
1 14 0 
0 15 0 
1 15 0 
2 15 0 
0 1 1 
1 1 1 
2 1 1 

97 
45 
89 
52 
59 

148 
139 

58 
97 
99 

214 
60 
42 
70 
52 

111 
76 
42 

110 
203 

42 
398 

54 
54 
62 
80 
79 

103 
113 
78 

143 
106 
111 
47 
69 

100 
64 

264 
62 

120 
103 
43 
53 
92 

188 
232 

101 
38 
85 
41 
35 

145 
137 

45 
99 

100 
206 

42 
41 
64 
40 

116 
76 
38 

101 
205 

50 
416 

38 
38 
69 
85 
86 
97 
97 
80 

141 
92 

108 
38 
65 

105 
52 

264 
73 

115 
89 
58 
47 
95 

184 
254 

3 1 1 
4 1 1 
5 1 1 
6 1 1 
7 1 1 
8 1 1 
9 1 1 

10 1 1 
11 1 1 
12 1 1 
13 1 1 
14 1 1 
15 1 1 
0 2 1 
1 2 1 
3 2 1 
4 2 1 
5 2 1 
6 2 1 
8 2 1 
9 2 1 

10 2 1 
11 2 1 
12 2 1 
13 2 1 
14 2 1 
15 2 1 
0 3 1 
1 3 1 
2 3 1 
3 3 1 
4 3 1 
5 3 1 
6 3 1 
7 3 1 
8 3 1 
9 3 1 

10 3 1 
11 3 1 
12 3 1 
13 3 1 
H 3 1 
0 4 1 
1 4 1 
2 4 1 
3 4 1 

264 
186 
29 

126 
209 

77 
100 

52 
56 
75 

131 
88 

134 
98 

135 
334 

74 
171 
106 
118 
72 

102 
54 
75 
49 

246 
47 

107 
244 

76 
106 

51 
180 
364 
258 
68 
74 

153 
60 
98 
68 

45 
132 
95 
97 
52 

297 
210 

20 
161 
190 
74 

100 
26 
51 
71 

129 
84 

134 
81 

133 
358 

76 
148 

76 
99 
43 
90 
40 
73 
47 

245 
48 
72 

239 
55 
75 
65 

191 
384 
267 

17 
73 

131 
46 

100 
55 
46 

134 
127 
84 
49 
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h k 1 ? . F , 
— — “OD8 —calc h k 1 F . 

-obs ■^calc 

4 4 1 
5 4 1 
6 4 1 
7 4 1 
8 4 1 

10 4 1 
11 4 1 
12 4 1 
13 4 1 
0 5 1 
1 5 1 
2 5 1 
3 5 1 
4 5 1 
5 5 1 
6 5 1 
7 5 1 
8 5 1 
9 5 1 

10 5 1 
11 5 1 
12 5 1 
13 5 1 
0 6 1 
1 6 1 
2 6 1 
3 6 1 
4 6 1 
5 6 1 
6 6 1 
7 6 1 
8 6 1 
9 6 1 

10 6 1 
11 6 1 
12 6 1 
13 6 1 
0 7 1 
1 7 1 
2 7 1 
3 7 1 
4 7 1 
5 7 1 
6 7 1 
8 7 1 
9 7 1 

70 
93 

180 
89 
81 

170 
44 
66 
82 

129 
82 

139 
117 
166 
72 

109 
139 
96 

238 
163 
64 
46 
60 

149 
141 
387 

45 
98 

145 
67 
84 
98 
43 
37 
96 
36 

155 
114 
222 

57 
150 
93 
83 
60 
47 
65 

76 
48 

168 
87 
92 

166 
29 
85 
70 
80 
56 

127 
104 
157 
47 
96 

138 
89 

244 
159 

39 
46 
37 

148 
151 
431 

42 
128 
96 
73 
84 
85 
36 
25 
87 
28 

201 
108 
245 

74 
138 
103 
93 
49 
46 
59 

10 7 1 
11 7 1 
12 7 1 
0 8 1 
1 8 1 
2 8 1 
3 8 1 
4 8 1 
5 8 1 
6 8 1 
8 8 1 
9 8 1 

10 8 1 
118 1 
0 9 1 
1 9 1 
2 9 1 
3 9 1 
6 9 1 
7 9 1 
8 9 1 
9 9 1 

10 9 1 
0 10 1 
1 10 1 
2 10 1 
3 10 1 
4 10 1 
5 10 1 
6 10 1 
7 10 1 
8 10 1 
9 10 1 
0 11 1 
1 11 1 
2 11 1 
3 11 1 
4 11 1 
5 11 1 
6 11 1 
8 11 1 
0 12 1 
1 12 1 
2 12 1 
3 12 1 
4 12 1 

96 
87 
81 
86 

119 
85 

125 
144 
314 

60 
109 
50 
82 
47 
68 

136 
72 

130 
75 
91 

198 
48 
48 
79 
43 
52 
55 
99 
93 
64 
73 

191 
50 

369 
57 
60 
82 
87 
87 
92 
29 
68 
59 

103 
77 
91 

100 
81 
95 
33 

120 
89 

110 
155 
337 

30 
80 
64 
77 
31 
63 

143 
61 

117 
70 
87 

197 
49 
49 
63 
35 
54 
58 
99 

113 
56 
83 

195 
48 

390 
71 
31 
52 
91 
71 
84 
21 
75 
56 

113 
86 
90 
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h k 1 h k 1 
■^îbs ^calc 

5 12 1 
6 1? 1 
7 12 1 
0 13 1 
1 13 1 
3 13 1 
4 13 1 
5 13 1 
6 13 1 
0 H 1 
1 14 1 
3 14 1 
0 15 1 
1 15 1 
2 15 1 
0 16 1 
1 16 1 
0 1 2 
1 1 2 
2 1 2 
3 1 2 
4 1 2 
5 1 2 
6 1 2 
7 1 2 
8 1 2 
9 1 2 

10 1 2 
11 1 2 
12 1 2 
13 1 2 
14 1 2 
15 1 2 
0 2 2 
1 2 2 
3 2 2 
4 2 2 
5 2 2 
6 2 2 
7 2 2 
8 2 2 
9 2 2 

33 
62 
76 
49 
60 

243 
39 
60 
57 
50 

130 
45 
80 
64 
53 
69 
41 

125 
129 
150 
164 
177 

56 
154 
173 
137 
96 
69 
73 
55 

134 
76 
81 

161 
160 
345 
126 
150 
112 
58 

151 
96 

24 
75 
89 
35 
62 

254 
44 
50 
65 
37 

113 
43 
>8 
79 
43 
56 
32 

118 
137 
122 
192 
187 
34 

205 
14t' 
152 
100 

56 
71 
47 

105 
78 

105 
118 
156 
422 
112 
114 
83 
72 

107 
70 

10 2 2 
11 2 2 
12 2 2 
13 2 2 
H 2 2 
0 3 2 
1 3 2 
2 3 2 
3 3 2 
4 3 2 
5 3 2 
6 3 2 
7 3 2 
8 3 2 
9 3 2 

10 3 2 
11 3 2 
12 3 2 
13 3 2 
H 3 2 
0 4 2 
1 4 2 
2 4 2 
3 4 2 
4 4 2 
5 4 2 
6 4 2 
7 4 2 
8 4 2 
9 4 2 

10 4 2 
11 4 2 
12 4 2 
13 4 2 
0 5 2 
1 5 2 
2 5 2 
3 5 2 
4 5 2 
5 5 2 
6 5 2 
7 5 2 

66 
74 

115 
39 

162 
HO 
153 
112 
136 
81 

153 
247 
203 
104 
109 
168 
87 
91 
71 
61 

101 
149 
116 
103 
102 
119 
178 
64 
76 
28 

108 
74 
90 
60 

193 
Q7 

141 
147 
111 
79 

120 
154 

65 
61 
98 
39 

191 
90 

147 
105 
93 
93 
85 

281 
217 

34 
117 
119 
24 
91 
60 
60 
97 

201 
102 
100 
105 
89 

177 
76 
99 
47 

126 
50 

109 
51 

113 
92 

102 
107 
100 
49 

105 
135 
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h k 1 
íob# ¿oalo k k 1 

¿ob« ¿calc 

8 5 2 
9 5 2 

10 5 2 
11 5 2 
12 5 2 
0 6 2 
1 6 2 
2 6 2 
3 6 2 
4 6 2 
5 6 2 
7 6 2 
8 6 2 
9 6 2 

11 6 2 
0 7 2 
1 7 2 
2 7 2 
3 7 2 
4 7 2 
5 7 2 
6 7 2 
7 7 2 
8 7 2 
9 7 2 

10 7 2 
11 7 2 
0 8 2 
1 8 2 
2 8 2 
3 8 2 
4 8 2 
5 8 2 
6 8 2 
7 8 2 

10 8 2 
0 9 2 
1 9 2 
2 9 2 
3 9 2 

88 
173 
128 
93 
51 

134 
99 

281 
43 

138 
168 
88 

124 
68 

100 
98 

212 
75 

151 
86 
91 
96 
36 
71 
69 

101 
47 

121 
122 
109 
110 
113 
251 

96 
143 
70 

125 
99 

114 
121 

45 
197 
139 
42 
42 
79 

109 
315 

72 
199 
95 
81 
86 
64 
75 

118 
248 
105 
126 
102 
79 
73 
59 
82 
58 

114 
59 
40 
97 
89 
61 

118 
265 

61 
77 
65 
96 
99 
91 

MO 

4 9 2 
5 9 2 
6 9 2 
7 9 2 
8 9 2 
9 9 2 
0 10 2 
1 10 2 
2 10 0 
3 10 2 
4 10 2 
5 10 2 
6 10 2 
7 10 2 
8 10 2 
0 11 2 
1 11 2 
2 11 2 
3 11 2 
4 11 2 
5 11 2 
6 11 2 
7 11 2 
0 12 2 
1 12 2 
2 12 2 
3 12 2 
4 12 2 
5 12 2 
0 13 2 
1 13 2 
3 13 2 
4 13 2 
0 14 2 
1 14 2 
2 14 2 
3 H 2 
0 15 2 
1 15 2 

40 
37 
67 
98 

132 
4( 
90 
65 
57 
78 
68 

109 
62 
65 

104 
255 

44 
93 

123 
84 

110 
92 
28 
91 
79 

111 
68 
98 
33 
82 

103 
160 
50 
91 
76 
35 
46 
81 
53 

76 
54 
67 
84 

147 
63 
40 
52 
62 
75 
85 

128 
46 
75 

148 
294 
80 
68 
60 
64 
61 
71 
42 
98 
73 

105 
73 
92 
24 
46 

105 
199 
59 
40 
82 
45 
48 
70 
95 



Tht final leaat squares refinement with a full matrix program 

and individual isotropic temperature factors gave an H-faotcr of 

0.134. Hughes' weighting function w = 1 A2| ? mini 2 for I? I < h|P min! 
• 12 ifi T —o '—o' -»i--® 1 

and w ■ 1/| PqI for | J^j •* | min| was used with the parameter U given 

value 4. A comparison between calculated and observed P vaines is 

given in Table 2. 

In addition to small spurious maxima in the electron density 

maps - easily dismissed as they laad to abnormal interatomic distances - 

there were iwo lower ones situated on the six-fold axis. The interpreta¬ 

tion of either one of these as being a potassium site with the remaining 

five potassium atoms statistically distributed over the six-fold posi¬ 

tion could not be oonclusively ruled out. 

o* Description and discussion of the structure 

A list of the structural parameters is given in Table 3. The tempe¬ 

rature factors of the oxygens are somewhat anomalous which may be due to 

the difficulty in getting first class data from a crystal of unsuitable 

shape. No real physical significance can be attached to the temp enture 

factors as the data have not been corrected for absorption. 

Table 3. The crystal structure of K-W.O.,,. 

Space group P6 (No. 168 of the International Tables) 

Cell content 3^1^0^ 

12 W, 6 K and 36 0 in 6(d)t x,2,¿j ¿»£“£»£1 £-£»£»£» 

£-£>£>£• 

3 0 in 3(c): 1,0,8* 0,i,sj 

Atom 

W(1) 
1(2) 
0(1) 
0(2) 

0(3) 

0(4) 

0(5) 

0(6) 
0(7) 

K 

.1780+.0003 

•089$+*0003 

•352 +.004 

•029 +.006 

.156 +.004 

.636 +.008 

.066 +.010 

0 

.161 +.013 

.497 +.002 

.2665+.0003 

.4523+.0003 

.036 +.004 

.186 +.006 

.378 +.004 

.196 +.008 

.433 +.C10 

1/2 

.257 +.013 

.182 +.002 

£ + ff (s) 
•O08+.OO3 

0 

.97 +.03 

.19 +.03 

.05 +.03 

.Î8 +.04 

.56 +.07 

•02 +.06 

.57 +.099 

.51 +.02 

B 

1.04+.10 

•90 +.10 

Average value 3.0 

3.4 +0.6 
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The structure is built of WOg octahedra which are connected by 

shared corners to form six-membered rings in the jgr plane* As a con- 

»quenoe of the short c, axis, all octahedra also share corners in the 

z direction* A projection along 001 is giren in Pig. 16 since the 

JB parameter values of the top oxygens of the W0g octahedra obtained 

in different least squares refinements varied, the positions of these 

atoms were difficult to settle accurately. This effect may be the re¬ 

sult if the wolfram atoms are in fact subject to "rattling" within 

the octahedra especially along the z direction. 

Through the centres of the six-membered rings of octahedra are 

fonned tunnels of infinite extension running in the direction of the 

short axis. This is a structural feature which several wolfram com¬ 

pounds have in common. The hexagonal wolfram bronses (18) which are 

represented by a potassium bronse and also by rubidium and caesium 

bronses have tunnel structures. In these compounds, the tunnels en¬ 

close the statistically distributed alkali ions. The pseudo-hexagonal 

wolfram trioxide (19), which has a superlattice due to the substitu¬ 

tion of one molybdenum for every twelfth wolfram, contains six-edged 

empty channels running parallel to the c-axis which in this case has 

a length of 3.834 A. Empty tunnels of infinite extension are also 
found in the wolfram oxide (20). 

In the tetrawolframate, the six potassium ions are probably 

located in a six-fold position, thus occupying interstices of a some¬ 

what complicated shape. The one-fold position OOjb would also be a 

plausible site in analogy with the conditions in wolfram bronses. 

That this may in fact be the case is indicated by the difference 

Fourier syntheses and consequently by least-squares refinements based 

on that assumption. The potassium atoms may, thus, be distributed over 

a six-fold and one or two one-fold positions. That the two types of 

tunnel interstices arise in the tetrawolframate, only one of which is 

present in the structurally similar wolfram bronses is due to the 

different manner of coupling of the WOg octahedra in the two struc¬ 

tures. Whereas, in the latter structure the six-membered rings ars 



_ 

Fleure 16. The structure of projected along the ¿-axis. 

The extent of one unit cell ie indicated. The six¬ 

fold position of potassiun is synbolized by cirtsles. 
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sharing octahedra with adjacent rings, in the tetrawolframate the 

rings have no octahedra in common. They are more loosely connected 

sideways via a link of two cornea-sharing octahedra. Additional 

tunnels of a more irregular shape are thus also formed in the struc¬ 

ture (cf. Fig. 16). 

4.3.3. Studies of the system Rb^WO^-WCL 

A thermal analysis of the system RbgWO^-WOj has been made by 

Spitsyn and Kuleshov (21). The existence of di-, tri-, and hexawol- 

fremates was demonstrated. These phases melt incongruently at approxi¬ 

mately 681°, 858° and 1045°C. 

As the complexity of the isopolymolybdate and isopoly*». .ramate 

anions studied so far seems to depend to a large extent on the nature 

of the alkali cation present, a comparison of the crystal structures 

of rubidium polywolframates to those of the potassium or sodium com¬ 

pounds may prove to be of interest. The presence of rubidum, which is 

one of the largest and least "polarizing" of the cations, would pro¬ 

bably be conductive to the build-up of complex wolframate chains or 

a net-work with a high oxygen coordination number around wolfram. An 

analogous investigation of caesium polywolframates has not as yet 

been considered since one might anticipate that the presence of a 

heavy cation together with wolfram would tend to render the positions 

of the oxygen atoms as determined from X-ray investigations rather in¬ 

accurate • 

Prepatations have been made using and VO^ as starting 

materials and heating appropriate mixtures of the components in pla¬ 

tinum crucibles at temperatures slightly below the melting points of 

the desired products. 

RbgWgO? was prepared at 660°C. A lightly salmon-coloured cry¬ 

stalline product was obtained. The crystals are, however, poorly 

developed. The (Juinier powder photograph does not indicate structural 

similarity with NagWgO^, the only diwolframate the structure of nhich 

has as yet been determined. Efforts are now being made to obtain larger 

crystals of Rb2W20^. 
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Rb2W3°10 ,va8 PrePared by heating of the reaction mixture to 

840 L. A two phase system was obtained: a salmon-coloured phase 

identical with the one mentioned above which was interspersed with 

green prismatic crystals. The Guinier powder photograph of the latter 

was almost identical with a diffraction pattern of one of the prepa¬ 

rations of K2W5010 (mentioned below) as well as with that of mixed 

compounds like e.g. K^MoW^O^q. This implies that the green crystals 

are in fact of the composition RbgW^O^Q# As the green prisms are easi¬ 

ly separated from the mixture, attempts will be made to select a single 

crystal for data recording and subsequent structure determination. 

Stoichiometric RbgW^O^ was heated to 1040°C and gave a dark 

green substance which under the microscope revealed the presence of 

prismatic crystals. The Guinier powder photograph consisted mainly 

of diffraction lines identical with those obtained from pure WO^ pre¬ 

viously heated to 800 C. A few extra lines appeared, however, and no¬ 

ticeable among these were two diffraction lines at low 0 angles. 

Additional lines of similar character were also present on the powder 

photograph obtained from a LigO + 4 WO^ mixture heated to 800°C. The 

product was suspected to contain what Hoormann (12) calls an octo- 

wolframate, a strongly acidic compound like RbgWgO^. 

4.4. GLASSES A.*TD CRYSTALLINE MATERIALS ON ARSENATE MOLYBDATE 

(WOLFRAMATE) BASIS 

As described in previous reports (l,2) investigations have been 

performed within this research project on glasses prepared from the 

crystalline phases AMo02P04 (A = Na, Ag) (22,23) and NaW02P04 (22). 

The structural analogies often displayed by phosphorus(v) and arse¬ 
nic (v) made it of interest to find out whether corresponding crystal¬ 

line phases and a similar tendency to glass formation exist in the 

systems AgO-MO^-ASgOg (A = Li, Na, K, Rt>, Cs or Ag* U » Mo or w). "he 

results so far obtained are somewhat preliminary in character. 



. pared by melting of alkali or silver carbonate (Baker Analysed), ar¬ 

senic pentoxide (l/tathecon, Coleman and Bell, Reagent) and molybdenum 

trioxide or wolfram trioxide (Mallinckrodt, analytical reagent) in a 

platinum crucible for two or three minutes at a temperature of about 

•1050°C. After rapid quenching, the character of the products was tes¬ 

ted by visual inspection and microscopically, and also by means of 

X-ray powder techniques. The compositions were checked by weighing of 

the samples before and after the heat-treatment. Vitreous products 

were thus obtained for all the samples except Lio0*2W0_«Asr>0c.. Addi- 

ttonal heat-treatment of the vitreous materials at 500°C for periods 

up to 7 days resulted in devitrification of all the samples contain- 

-ing molybdenum and also of the preparations A„0»2W0,»A8„0_ (A = Na, 

K and Ag). Further data concerning the results of the preparative 

., studies are summarized in Table 4. 

Table 4. Data for preparations of general composition A20^21^0^ ^82 

(A s Li, Na, K, Rb, Cs or Ag; M s Mo pr w). 

Atom 

A 

Character* and colour**of the product after: 

quenching a melt from 1050°C heat-treatm. 500°C 7 days 
M a Mo M M = Mo M = W 

Li 

Na 

K 

Rb 

Cs 

Ag 

G, green 

G, green 

G, brown 

G, brown 

G, brown 

C, white 

G, yellow 

G, yellow 

G, yellow 

C, white 

C, white 

C, white 

C, white w, w, jrc.Lj.un u, nux be u, 
I 

G, brown G, light yellow C, white C, 

G, dark brown G, green-yellow C, light yellow C, 

C, white 

C, white 

C, white 

C, white 

C, white 

white 

G = glasses or C » crystalline material. 

Given for the materials as powders. 
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Th« a true toral study undertaken for the phase LigO* 21100^ «ASgO^ 

(of* below) aade it of Interest to inTestigate the range of glass 

foraation and also the phase conditions of the lithium molybdate **tv— 

senate system in some more details By rarying of the proportions of 

the constituents and treating of the mixtures in the way described 

abowe it was found that glasses of rather different compositions 

oould be easily obtained in this system. The oolour of these materialst 

the rltreoua character of which was Yerlfied by X-ray techniquesy ya— 

ried from brownish to greenish. Upon further heat-treatment at 500°0 

for a week, crystallisation was found to hawe taken plaoe in all the 

samples investigated with the exoeption of a green preparation of the 

approximate composition Li20.21lo<y2As205 which still retained its 

Yitreous character. The powder patterns of the d«Yitrifled samples, 

which represented lloCyASgO^ ratios ranging from 1*4 to 2s 1 and also 

different oontents of LigO, showed the presence of a considerable 

number of tei?nary phases. Purther studies on this matter are in pro¬ 

gress. 

A structural study is now being performed on the erystalline 

phase obtained by deYitrifieatlon of the glass of eaaposltion 

Li20.21Io0j»As205. The oomposition of the odourless crystals is 

likely to be the same as that of the glass, i.e. LlMeOgAsO^ The 

eymmetry is orthorhombic or pseudoorthorhomblo. (farther work is in 

progress• 

4.5. STUDIES OH PHOSPHATES OP ZIRCONIUM AND URANIUM 

One of the alms of the present research has been to study the 

linking of MOg ootahedra and M'O^ tetrahedra and their role as 

structural units in glasses and crystals. Most of this work ha»; 

as far as the M atoms are concerned, dealt with Mo and T compounds 

while in addition to P and As, as jJ' atoms hawe also been included, 

transition elements sueh as Mo, V and V. A group of substanees of 

interest from the point of Ylew of further varying the oharaoter of 

the M atom includes the so-called Peyronel phases, i.e. MPgO^ 

(M ■ tetravalent atoms ranging from 81 to U and Th). Reeent studies 
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on this interesting family of compounds have shown that the structure 

originally reported by Peyronol and eoworlcers (24,25) does not cover 

all the details of the atomic arrangement but represents a substruc¬ 

ture. The ZrT^Oj phase, whloh is now being investigated at this Insti¬ 

tute, actually has a unit cell 27 times larger than the one previously 

reported. The symmetry is lower than eubio. It is probably orthorhombic. 

The very complicated superstructures thus found for the Peyronel 

phases has made it seem desirable to undertake studies on some related 

phases with less complex structures. The work in this area has so far 

compxised NaZr2(PO^)j and U(POj)^. 

4.5.1. The structure of NaZr^CPO^)^ (Lars-Ove Hagman) 

Within the present study the compounds NaZr2(P0^)^, NaTi2(PO^)j 

and NaOe2(PO^)^ have been synthesised and found to be isomorphous. 

According to data reported by Sljukid et al. (26) further compounds 

of this stoichiometry, vis. sirconium and hafnium phosphates of all 

the alkali metals, should also belong in this structural family. The 

sodium sirconium phosphate was chosen for a single-crystal X-ray 

study of this extensive isomorphous series. UOg octahedra and PO^ tetra- 

hedra, linked by corners to form a threedimensional network were thus 

found to represent the structural principle of these compounds. A de¬ 

tailed account of the investigation have been submitted as a Special 

Technical and Scientific Report, which is also enclosed eus Appendix 

IV of this report. 

4.5.2. The structure of ü(POj)^ (Ann Kopwillem) 

a. Experimental 

U(POj)^ was prepared by heating U^Og with excess (NH^)2HP0^ to 

1000°C. The crystedline powder thus obtained which was somewhat hete¬ 

rogeneous was further heated with cone, orthophosphoric acid at 600°C. 

In this way green single crystals of U(POj)^ were obtained which could 

be easily separated from the residue. Analyses, density measurements 

and other methods of preparation are described by Colani (27), Burdese 

and Borlera (28), Douglas (29) and Baskin (30). 

m 
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The powder pattern was easily interpreted assuming an ortho¬ 

rhombic unit cell* Values for the cell dimensions were calculated 

from a photograph taken with strictly monochromatised CuK 1 radia¬ 

tion in a Guinier-Hägg type focusing camera. Potassium chloride was 

used as an internal standard (see Table 5). The unit cell dimensions 

are (25°C): 

a = 6.9106 + 0.0009 (A) 

b ^ 14.9399 + 0.0003 (A) 

ç = Ö.9868 + 0.0007 (A) 

V = 927.8 (A3) 

Prom rotation and Weissenberg photographs (hkO-hkjj, 0kl-4kl) 

<£ a eingli crystal with the dimensions 0.032 mm (in the direction 

of the a axis) x 0.018 mm (b) x 0.021 mm (c) - taken with CuK radia¬ 

tion, it was concluded that the crystals have the Laue symmetry mmm. 

The reflections systematically absent are Okl with k = odd, h0¿ with 

_1 = odd and hkO with h+k = odd, which is characteristic of the space 

group Pbcn. 

The reflections were recorded photographically with multiple 

film technique. The relative intensities ^cre estimated visually by 

comparison with an intensity scale obtained by photographing a re¬ 

flection with different exposure times. A total of 321 independent re¬ 

flections were assigned an intensity. 

Practically all the computational work involved in this study, 

including refinement of the lattice constants (Program No. 6018), 

absorption correction (No. 6019)« Lorentz polarization correction 

(No. 6024), Pourier summations (No. 6015)» least-squares refinement 

(No. 6023) and calculation of interstomic distances (No. 6016) were 

performed on the electronic computers PACIT EDB and TRASK. The num^ 

bers refer to the list of crystallographic computer programs (3). 
2 

When determining the P values, the linear absorption coeffi¬ 

cient, 670.8 cm“1, was derived from atomic absorption coeffi¬ 

cients given by Victoreen (31). 
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Table 5. X-ray powder data observed 

CuKO^ radiation. 

for U(P03)4. 

1.54050 A. 

h k 1 105sin29 
obs 

105ein29 
calo 

I 

3 3 4 
1 7 4 
1 5 5 
4 4 2. 
0 6 5(. 
1 1 6J 

1511 
1799 
2247 
2949 
3047 
3640 
4005 
4189 
4374 
4453 
6585 
6772 
7197 
7690 
7921 
8129 
8628 
9239 

10298 

10867 

12186 

12661 
13288 
14531 
15289 
15411 

16201 

16534 
16739 
17233 
17503 
18591 
19451 

19919 

21004 

23546 
24449 
24940 
25353 
26075 
26306 
27132 

27999 

1511 
1801 
2247 
2943 
3045 
3641 
4009 
4188 
4377 
4454 
6584 
6779 
7204 
7688 
79*1 
8133 
8637 
9238 

10317 
10321 
10844 
10883 
12181 
12202 
12665 
13284 
14523 
15299 
15414 
16196 
16208 
16540 
16751 
17234 
17506 
18592 
19461 
19907 
19911 
20976 
21011 
23547 
24439 
24962 
25370 
26064 
26097 
27114 
27981 
28001 

8 
8 
8 

V8 

m 
m 
m 
V8 

m 
8 

V8 

8 

m 
œ 
IU 

m 

m 

w 
w 
8 

W 

8 

W 

w 
w 
8 

vw 
w 
w 

m 

w 

w 

t 
t
i
i
t
t
t
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b. Instigation of the «tructm» 

The etruotural cmalyeie performed on the baale of the data 

mentioned above included investigations of the Patterson and elec¬ 

tron density functions and least-squares refinement of the stomie 

arrangement thus obtained* In this way result given in Table 6 was 

arrived atf corresponding to an B-value of 13 %• 

Table 6, The substructure of U(POj)^. 

Spaoe group: No* 60 Pbon* 

Unit oell dimensions: a ■ 6*9106 ± 0*0009 A 

b - 14.9399 + 0.0003 A 

£ - 8.9868 + 0.0007 A 

Cell content: 4 U(P0^)^ 

4 U and 4 06 in 4(c): ±(0,yfJ)| (¿.J+y.J) 

8 P^y 8 P2, 8 0^ y 8 02, 8 Oy 8 0^, 8 and 4 0^ in 8(d): 

+(x,i,s), ±(2-î»ri»2+f)» ±(î*z»rï) 

▲tom 5 i+d(l) P +^(1) A2 

0 

r1 

P2 

°2 

°3 

°4 

°5 

°6 

' °7 

0 

0.346 + 0.003 

0.287 + 0.003 

0.231 + 0.008 

0.915 + 0.009 

0.211 + 0.011 

0.737 + 0.011 

0.338 + 0.014 

0 

0.014 + 0,022 

0.1379+ 0.0002 

0.314 + 0.001 

0.017 + 0.001 

0.246 + 0.003 

0.264 + 0.004 

0.399 + 0.005 

0.056 + 0.004 

0.549 + 0.005 

0.855 + 0.004 

0.519 + 0,005 

1/4 

0.139 + 0.005 

0.520 + 0.004 

0.195 + 0.007 

0.998 + 0.009 

0.157 + 0.014 

0.139 + 0.013 

0.071 + 0.015 

1/4 

0.027 + 0.017 

1.17 + 0.05 

1.53 + 0.38 

1.54 + 0.46 

Average 2.19 
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An inspection of the positional and "thonnal" parameters as ob¬ 

tained in the course of the refinement suggests that the structure 

is essentially correct but casts some doubt on the arrangement of 

the atoms. The high "thermal" parameter value of this atom indicated 

the presence of either a disorder or a superstructure. The former al¬ 

ternative was considered less probable as it was likely to effect 

some disorder in the arrangement of neighbouring 0 atoms. The possi¬ 

bility of a superstructure was thus carefully tested by close inspec¬ 

tion of single-crystal photographs registered with very ample exposure, 

viz. for periods ten times the normal ones. In this way very faint re¬ 

flections were disclosed which required a doubling of the a axis. This 

observation actually confirms the unit cell size reported by Baskin 

(30). 

So far a refinement of the structural details of the superstruc¬ 

ture cannot be undertaken due to the unfavourable proportion between 

the number of observed independent reflections and the number of atomic 

parameters. 

However, the picture given by the analysis of the substructure 

provides some essentials about the structure principles of u(P0^)^ 

(of. Pig. 17). Thus the oxygen arrangement around uranium is eight¬ 

fold in a somewhat distorted square antiprism. Metaphosphate chains 

form spirals with a repeat unit of 8 PO.-tetrahedra. 
4 

4.6. STUDIES ON TERNARY OXIDE SYSTEMS CONTAINING VANADIUM AND MOLYB- 

DENUM OR WOLPRAM 

Recent studies conducted at this Institute and elsewhere have 

given ample evidence that the coordination numbers in oxide compounds 

of vanadium, molybdenum, wolfram and also some other transition ele¬ 

ments may differ quite a lot dependent on the structural character of 

the particular oxide. All of these metals may occur in MO^ tet-^Kdrp 

or MOg octahedra but such polyhedra often deviate considerably from 

regularity. Arrangements of atoms better described as intermediates 

between tetrahedra and octahedra are frequently met with. In the pohoe- 

phates of transition elements investigated within this program the P 
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atomfl invariably occui in a tetrahedral environment. The present 

investigations of the ternary oxide systems with vanadium and mo¬ 

lybdenum or wolfram have been undertaken in order to find out how 

variatioas in composition and oxidation number affeat the coordina¬ 

tion conditions of these transition elements. It is thus to be 

looked upon as an extension of the research described above on alka¬ 

li polymolybdates and polywolframates. 

4.6.1. The molybdenum vanadium oxide system (Lars Kihlborg) 

The results of an extensive phase analysis investigation of 

the Mo-V-0 system at 600°C are summarized in Pig. 18. Starting from 

reagent grade MoO^ and VgOçj, batches of MoO^ and respectively 

were prepared by reduction with hydrogen. Appropirate mixtures of 

the various oxides were heated for periods of several days in sealed 

evacuated silica or platinum capsules at 600°C. 

Upon quenching, the ternary oxide products were investigated by 

X-ray powder techniques. The ternary phases thus found to exist are 

listed in Table 7 which also presents some crystallographic charac¬ 

teristics. 

The binary border-line systems Mo-0 and V-0 have been studied 

in considerable detail by members of this and associated groups and 

were consequently not included in the present investigation. 

The crystal structures of the phases VOMoO and V0Kr were 

determined some time ago by Eick and the present author (32, 33). 

The structure of (^0.3^0.7^2^5 w^ic^ b® considered as the end 

member of a structurally related series of compounds, extending from 

the binary composition VgO^ has also been solved. The results of 

this study are described in Appendix III of this report and in a re¬ 

cent article (34). A discussion of the structural relations existing 

between VgO^, (MOq^and VgMoOg is also given in this article. 

The phase (MoQ^g^has been found to be isostructural 

with MOgO^ (35) but with somewhat different unit cell parameters. 

The binary Mo^O^ phase hat¡ never been obtained at temperatures ex- 
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Table 7. 

Designa¬ 
tion in 

Fig. 

1 

2 

3 

4 

5 

6 

7 

6 

Intermediate phases in the Mo-V-0 system forming at about COO C. 

Composition Synmetry 
Unit cell 
dimensions 

Remarks 

(Mo V, )o0r Orthorhombic See Fig. 19 
' X 1-x/2 5 

O * X < ~ 0.17 

(lio V ) Oc Konoclinic 
' X l-x'2 5 

^ 0.23 < X <0.30 

See Fig. 19 

KoVgOg Monuclinic a 
b 
c 
e 

19.40 A 
7.258 A 
4.H7 A 
90.34° 

VOMoO, Tetragonal a 
c 

6.6078 A 
4.2646 A 

:VO.O7Ito0.93)5OH Tetrason,l 

(Mo V, )0o Konoclinic 
v X 1—X/ 2 

a 
c 

a 
b 
c 
9 

22.85 A 
3.990 A 

7.751 A 
4.526 A 
5.383 A 
122.6° 

(lioxV^ Tetragonal See Fig. 20 

~CoQ3 < x*< 0.55 

(Lio V, )0o Orthcrhombic a = 6.69 A 
x 1_x 2 b = 6.62 A 

0.55 < x 0.60 c = 2.84 A 

VgOçstructure. The 
upper limit of x 
is approximate. The 
powder patterns of 
samples around Xx20 
are complex and may 
possibly indicate 
the presence of a 
phase with a more 
complicated struct. 

Structure related 
to that of V2O5 (341 
Lower limit of x is 
approximate, cee 
above. 

Structure related 
to those of V20cand 

(idOQ tvo#7)2°5 (33). 
Llay nave a narrov 
homogeneity range. 

Structure see (32). 
May have a narrow 
homogeneity range. 

110,-0.. structure 
5 14 

(35). 

.uow-vOg structure 
(distorted rutile). 
The upper limit of 
x is uncertain but 
not greater than 
0.02 

Rutile-type struct. 

Slightly distorted 
rutile structure. 
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Change 

* 

:« 

a 

Mono- 
clinic 

0 « 90.5* 

X 

I-«-1---I---1— 
0 .10 . 20 . 30 X 

Pigura 19. The change of the unit cell parameters compared to 

those of V205 plotted versus composition for phases 
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Fleure 20, The variation of the unit cell paraneters with 

composition for rutile-type phases (lîoxV1 x)°2* 
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ceeding 520°C. The ternary compound prepared at 600°C seems to have 

a very narrow compositional range of stability. 

The present studies on the Ilo-V-0 system have given further 

evidence of the variability of the coordination numbers or vanadium 

and molybdenum. The structural elements present in the family com¬ 

prising VgO^, (LIOq^Vq^^O^ and VgMoOg and which also includes 

R-NbgO^ (36) and Nb^O^P (37)> may be described as MOg octahedra show¬ 

ing a more or less marked distortion. The ternary oxide of Mo,-0. . 
5 14 

type likewise contains distorted MOg octahedra and also HO^ pentago¬ 

nal bipyramids. The structure of VOMoO^ is of a particular interest^ 

being isomorphous with the molybdenum oxide phosphate MoOPO.. Thus, 

the former contains distorted VOg octahedra and fairly regular MoO^ 

tetrahedra, 

4.6.2. The wolfram vanadium oxide system (Mats Israelsson and 

Lars Kihlborg) 

The present study of the phase relations in the W-V'-O system 

have essentially been restricted to the regions which according to 

studies by Freundlich et al. (38/ contain ternary phases. The pre¬ 

parative work was made in a way analogous to the one described above 

for the Lîo-V-0 system. Temperatures within the range 700-1100°C were 

used when preparing the samples. 

The existence of two ternary phases has been demonstrated 

within the present work. The compositions found are fairly close 

to Wq 375V0 625°2 5 (te®P®rature of formation 800-100C°C) and 

V0.35Vo.6502.5 ^ 800°C). These compositions deviate only slightly 

from those reported by Freundlich et al. (38). The crystal structures 

of the two phases have been determined from three-dimensional X-ray 

data. 

The structure of W0 375Vq 525^2 5’ ^as 80 t** ^e®n refined 

to an R-value of 0.07, may be described as belonging in the VgO^- 

type family (cf. Fig. 21 ). Thus, the structural elements are distorted 
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MOg octahedra joined by edges and corners to fonn layers, the latt«r 

being linked together by additional sharing of corners. The atomic 

positional parejneters are fairly close to those found in (Me. ^)rt0r 
(cf. Appendix III) but a partially ordered distribution of the W and V 

atoms givas rise to a superstructure which manifests itself in a doub¬ 

ling of both the a and h axes. 

The tetragonal stiucture of W. ,_VA ¿.O. c is illustrated in 

Pig. 22'. The structure contains MOg octahedra, some of which, however, 

are considerably distorted in such a way that the shape approaches that 

of a MO^ tetrahedral polyhedron. The MOg octahedra are joined by cor¬ 

ners to form blocke of infinite extension along the tetragonal axis 

and having a cross section of 4x4 polyhedra. The blocks are mutually 

linked by octahedra sharing edges. The structure hns been refined to 

an R-value of 0.062. This has been achieved under the assumption of 

different W/V ratios on the three crystallographically different metal 

atom positions. The atomic distribution thus arrived at corresponds to 

the least divergence of the B values ("thermal parameters") of the 

various metal atom positions. 

4.7. STUDIES ON COPPER WOLFRAM OXIDES (Lars Kihlborg) 

The studies on copper wolfram oxides described below have been 

conducted in parallel with the present research project but essential¬ 

ly as part of other research, performed by the present author in co¬ 

operation with E. Gebert. As the results obtained, however, have been 

found to be of considerable interest and to give further illustrations 

of the structural behaviour of wolfram in oxide compounds it has been 

thought worth-while to report briefly on this work here. 

Considerable effort has been devoted to phase analysis studies 

on the Cu-W-0 system. Experiment ¿I difficulties, however, not yet over¬ 

come have so far prevented the attaining of a complete picture of the 

phase conditions of this system. The work has instead been concentrated 

on structural studies on the two ternary phases observed, vi*. CuWO 



Figure 22, The crystal structure of the tetragonal wolfraiL 

vanadium oxide, V/ TCV c, viewed along the tetragonal 

axis* The structure is regarded as built up of HOg octahedra 

as two levels (light and dark, respectively), joined by coro¬ 

ners to identical octahedra above and below. The extension 

of the unit cell is indicated by broken lines. 
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and Cu^WO^. The structures 1-iave been solved and refined on the basis 

of accurate three-dimensional single-crystal data registered by means 

of a diffractometer. The final R-values are 0.038 for CuW°4_x and 

0.065 for CuWOg. 

CuWO. has been found to be of a distorted wolframite type of 
• £ 

structure. *1116 triclinic unit cell dimensions are 

a = 4.703 A, b = 5.839 A, o = 4.878 A 
»=91.68°, 0=92.47°, V = 82.81° 

The divergence from the normal monoclinic wolframite-type of 

structure lies mainly in the deviation of the angle Y from 90 • The 

WOg octahedra are distorted in an irregular way, which is reflected 

in the W-O distance of 1.76, 1.81, 1.84, 1.98, 2.03 and 2.20 A. The 
environment of copper is also an octahedral one but of a marked 4+2 

character, the former distances ranging from 1.96 to 2.00 A and the 
two latter being about 2.4 A. The B-values of the oxygens all have 
similar but rather high values (2.5 +, 0.1, A2) which may indicate some 
connection with the deficiency in oxygen of this compound as compared 

with the stoichiometry required by an ideal structure oí this type. 

The structure of Cu^WOg is of a new type. The cubic unit cell 

(a = 9.799 A) contains eight formula units. The arrangement of oxy¬ 
gens around wolfram represents a 3+3 type distortion of an octahedron. 

There is no mutual linking between the WOg groups. The coordination 

around copper is of a rather rare type, vis. a triangular bipyramid. 

Further details on this structure are given in Appendix V of this 

report 
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4.8. MAGNETIC PROPERTIES OP MOLYBDENUM AND WOLPRA'J OXIDE PHOSPHATES 

(Gunilla Barvling and Lars Kihlborg) 

The apparatus for magnetic measurements described above (sect. 

2.3) has recently been taken into use for investigations of the mag¬ 

netic properties of various substances studied within this program. 

So far this work has been mainly concerned with vitreous and crystal¬ 

line oxide phosphates of molybdenum and wolfram. Measurements havef 

however, also been performed on samples of disodium diwolframate. The 

very plausible diamagnetic character of this compound has been confirmed 

for the crystalline material as well as for glasses of different thej>- 

mal treatment. values obtained are in the region -0.800-6 to 

-1.200-6 cgs units. 

The data obtained for some molybdenum and wolfram oxide phos¬ 

phates are summarized in Table 8. 

Table 8« Magnetic data for molybdenum and wolfram oxide phosphates 

M°2 x*yP2°5 (M = Mo or ff) 

Compound 
Composition 

i 1 

Magnetic 

character 
/ „ cgs units 

O 

MoOPO^, cryst. 

- " - , glass 

W20j(P04)2, cryst, 

- " - , glass 

1/2 

0,23 

0 

0.01 

1/2 

0.44 

1/2 

0.49 

Paramagnetic 

Diamagnetic 

- 11 - 

_ !! _ 

r2»10-6 (298°K) 
V8«10"6 (100°K) 

~-0.5*10“6 

-0.8‘10-6 

-1.2°10"6 

The diamagnetic character of the crystalline and vitreous wolfram 

oxide phosphates is in concordance with the fully or very nearly fully 

oxidized state of wolfram in these substances. 

The values given above for crystalline Mo0P04 are not very accu¬ 

rate as the amount of substance available was an extremely small one. 
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The paramagnetic character of this material is, however, secured by 

the measurements. This is in full accordance with the evidence given 

by the structural investigation previously reported (39)» The arrange¬ 

ment of the molybdenum atoms in the structure are all crystallographic 

ally equivalent and corresponds to the description of the compound as 

a molybdenum(v) oxide phosphate. Prom this point of view the diamagne¬ 

tism observed for a molybdenum oxide phosphate glass, obtained by heat 

treatment of crystalline MoOPO^ at 950°C is quite interesting. The oxi 

/ dation state of molybdenum in the glass is higher than in the crystal¬ 

line starting material, but still considerably below the maximum oxi¬ 

dation stote of the metal. An interpretation of this observation in 

terms of structure seems premature. Further work is contemplated in 

order to shed light on this problem. 
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5. SOME GENERAL ASPECTS AM) PLANS POR FURTHER RESEABflff 

The studies on structural relations in crystalline and vitreous 

compounds which have been conducted at this Institute for a three- 

year period and are described above and also in two previous 

reportsi have turned out to hit on a very interesting and profitable 

field of research. It is felt that the results arrived at have contri¬ 

buted to the understanding of the structural relations which have for¬ 

med the goal of the research. The work has also raised un interest in 

several new problems relevant to this field of research. In some cases 

supplementary experimental and theoretical work will be required to 

make it possible to extract full information from the material and 

results now available. This would also provide an improved basis for 

a general comprehensive discussion of the complex of problems included 

within the wide range of the present research. 

The present research program has comprised studies on the struc¬ 

tural relations in the crystalline and vitreous states for various 

groups of compounds. An extension of this research) which now presents 

itself as an urgent one is to include also the molten state. Compara— 

investigations, using X-ray diffraction techniques and also other 

méthode, of the atomic arrangements present in crystals, melts and 

glasses of suitable compounds are likely to be a very profitable field 

of research. Such studies should include investigations of melts and 

glasses over series of temperatures. Due consideration should also be 

given to the premelting region of the crystalline materials. The mate¬ 

rials to be studied should be selected very carefully to meet the re¬ 

quirements to suit the experimental tec! niques and also to possess such 

a moderate structural complexity as to allow atomic rearrangements in 

the various states of aggregation. 

Be s ear oh along the lines described above are iiow being contempla¬ 

ted at this Institute. 
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Stockholm, Sweden 

The existence of a phase was pointed out by Hoennann^ 

and later confirmed by Gelsing et al.^ For the present Investigation 

this compound was prepared by heating an intimate mixture of wolfram 

trioxide and a surplus of potassium wolframate at 750°C in a platinum 

crucible. The crystals obtained were of a faintly greenish tinge and 

in the shape of long, extremely thin needles adhering very strongly to 

each other. The Guinier powder photograph agrees well with powder data 

0f K2W4°13 08 S17-®11 by Gelsing et al.2 

The present structure was derived from three-dimensional Weissen- 

berg data using CuKor radiation. The 434 independent reflections were 

estimated visually. No attempt to correct for absorption effects has 

been made as yet. The results are as follows: 

hexa«ona1» a = 15.530 + 0.003, £ = 3.8502 + 0.0007 A, 
z = 3. 

Space-group: P6 (No., 168). 

The structure was derived from a Patterson synthesis and refined 

by least squares techniques to a present R-factor of 0.134. Only 

observed intensities were included in the refinement. 

The structure is built up by WOg octahedra which by shared 

corners form six-membered rings. Through the centres of these rings 

are formed tunnels of infinite extension running in the direction of 

the short axis. This is a structural feature which several wolfram 

compounds have in common. The hexagonal wolfram bronzes3, which are 

represented by a potassium bronze and also by rubidium and caesium 

bronzes have tunnel structures. In these compounds the tunnels enclose 
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the statistically distributed alkali ions. The pseudohexagonal wolfram 
4 

trioxide , which has a superlattice due to the substitution of one 

molybdenum for every twelfth wolfram, contains six-edged empty channels 

running parallel to tne _c-axi8 which in this case is 3.834 Â. Empty 

tunnels of infinite extension are also found in tho wolfram oxide 

*18°49 5- 
In the tetrawolframate the six potassium ions are probably 

placed in a six-fold position, thus occupying interstices of a some- 

what complicated shape. The one-fold position OOz would also be a 

plausible site in analogy to the conditions in the wolfram bronzes* 

That this in fact may be the case is indicated by the difference 

Fourier syntheses and consequently by least squares refinements based 

on that assumption. The five remaining potassium ions would then be 

statistically distributed over the six-fold position. That the two 

types of tunnel interstices arise in the tetrawolframate, only one of 

which is present in the structurally similar wolfram bronzes is due 

to the coupling of the WOg octahedra in the two structures. While in 

the latter structure the sixmembered rings are sharing octahedra with 

adjacent rings, in the tetrawolframate the rings which here may be 

regarded as "double", have no octahedra in common. They are more 

loosely connected sideways through shared corners, thus forming 

additional tunnels of a more irregular shape in between them. 

The author wishes to thank Professor Arne Magnéli for his en¬ 

couraging interest in this investigation which was started at his 

suggestion. 

It has been sponsored in part by the Swedish Natural Science 

Research Council, and in part by the European Research Office. 

United States Army, Frankfurt am Main, Germany. 
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Dérivation of the Radial Distribution Function for Crystalline Materials 

from X-Ray Powder Data 

PER-ERIK WERNER 

In order to show the approxlaations and discuas the reliability of 

the radial dictribution function applied to crystal powder data, this 

function is derived here and discussed in somewhat greater detail than 

is usual in the literature. 

Consider a crystal powder containing Nq atoms, having every possible 

orientation, scattering monochromatic X-rays. Assume there is only one 

kind of atom. Later the equations will be extended to cover the more 

general case. 

According to Debye the coherent radiation 

(1) 
where k = 

f is the atomic scattering factor and rpq is the magnitude of the 

vector separating the atoms p and q. 

is the X-ray intensity from a Thomson electron if Iq is the intensity of 

the unpolarized primary beam. R is the distance between the electron and 

the observation point (the camera radius). It is presupposed that r and 

X are of the same order of magnitude and are both small compared to R. 

^ Introduce a spherically symmetrical function g(r), such that 

4rrr g(r)dr atoms lie in a spherical shell at distances between r and 

rfdr from the centre of an arbitrary atom. 

(p=q) 

(2) 
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In order to achieve converßence it is assumed that at large r 

2 2 
4nr g(r) - 4nr g (r) 

o 

where 80(r) is the averar'1 atom density. 

Expression (2) c:ru* he transformed to 

(3) I » Vf' *N0[1 + /4TTr‘,Cg(r)-go(r)'>~^dr +/4nr2gQ(r 
o o 

'i 

Hie second integral gives the radiation from the sample if the atoms 

were randomly spread out. Por every k, big enough to be measuredy this Integral 

may be neglected. Therefore eq(3) may be rewritten. 

(4) - 1 

I H f 
e o 

OP 

= /4nr[g(r) - g (r)]sin(kr)dr J 
o 

Die Fourier Integral theorem written in general form 

f(x) = oin(xy)dyt/*f(t)sin(yt)dt 

may be used in the following way. Put x = t * r and y = k, then 

1/. f(r) -j; J sin(kr)dk J f (r)sin(kr)dr 

o o 

Introduce h(k) = J i(r)sin(kr)dr 

o 
Oi 

f(r) = ^y^hikjsinikrjdr 

l.e. 

Put h(k) = k - l] and f 

I N f 
Leo 

(r) = 4nr[g(r)-go(r)] 
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EqU) can now be transformed to 

’(si 

or 

4nr[g(r) - g0(r)] * 
0 

- 1 

w e 0 

8in(kr)dk 

(6) 
w 

4TTr2[g(r) - g (r)] = I 
2 

I » 
f 0 

r - 1 8in(]cr)dk 

The intensity I is composed of two parts 

I = I + I 
P t 

’ where ■ the peak intensity 

and I. . I N f 
t e 0 

-Bk 
2I 

1 + e is the diffuse temperature scattering» 

Therefore eq (6) can be written as 

IcX 
(?) 4nr2[g(r) - gQ(r)] = ^ sin(kr)dk - ~/k e”®1 sin(kr)dk 

o I N f e 0 

second integral may be solved in the following way 

m 

f sin(kr) • k e -Bk r 
V '= 
u' 0 

sin(kr) e~^ 
-2B 

u 

0 

. r 
J -2B 
0 <- 

r “»(-2 a, , i / ^ isiÜzÄ 
u 

-V 
y 

dk - 

r 
® Tt? I ® 

ir \2 r_ 
4B 

4B ^ 
0 

d(/Fk - 27§t 

rs 
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CD 

♦Tb/ 
-(^¾ + ^t|)2 - d(^ -^g) 

7f 

ir\ 

2 B 
3/2 

• e 
" 4B ^ e"X dx r/rT 

”372 *e 

r 
4B 

VÈ' 
2 

4B 

(Ch.-J. de La Vallée Poussin, Cours d'Analyse Infinitésimale, I. p. 239, 

Ouathier-Villars, Paris 1954.) 

As can be seen this value decreases strongly with increasing r. Por not 

too small r-values the second integral in eq (?) may be neglected. I.e. 

(8) rCg(r) - g0(r)3 = / l 8in^kr^dk 3 
e 0 

The total intensity P in a powder diffraction line is Ip»AA where AA 

ie the area of the complete reflecting circle. 

K ¿(té) 

Ksif'C16') 

The reflecting circle 

The circumference = 2ttR sin(2Q) 
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From this follows 

.(9r) P = Ip-AA = Ij•2nH sin(2ö)*H A (20) 

dk = -- -C?S-9- d^2Q^ kdk « sin (20) d(20) 

which, introduced into eq (9), gives 

(10) R2X2 
Pal —. IcAlr 

P 2n 

. Eq (8) can now be written 

(11) 

CD 

r[6(r)-go(r).]=i^^iSÍ^ 
Õ I N e 0 

If more than one kind of atom is present it is possible to introduce an 

approximation for the atomic scattering factors. Put 

(12) f = K • f ra m e 

where fm is the atomic scattering factor for the m:th atom, is the number 

effective electrons in the atom and f is the electronic scattering factor © 

for a Thomson electron. Eq (ll) may then be transformed to 

(13) rtp(r)-p 
° VI H i R 2*2 

where p(r) is the electron distribution function analogous to the function g(r). 

(See above.) 

For a powder ring 

JL _ [1 + C032(2e)> p" . F 
I 0 2 4 sin 0 0 8:n c 

(U) 
2 



f 

■ / 

(15) 
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(int. Tab. Vol. II, 314) and for an electron 

i® e4 h ->■ co82(29)3 

^ = rVc4 2 

(Int. Tab. Vol. II, 23?) 

Therefore eq (13) can be written 

(16) r[p(r) - P0(r)] . Î 
uf k 

where N ia the number of unit cells per unit volume, p" is the multi¬ 

plicity factor, and u ia the number of atoms per unit cell. 

Por a Guinier camera 

(17) PLG 
1 + co82(2cr) cob(28)_ 

[1 + co82(2cr)] sin 0 sin (30) 

if the angle between the Guinier camera and the primary beam is 30 . 

P = the polarization factor 

L = the Lorentz factor 

G = the geometrical factor 

or = 13^41 for a quartz monochromator 

(K. pagel, Tabellen zur Röntgenanalyse (1958) 78-79) 

If the observed relative intensity in a powder line is denoted l(0) 

and if the absorption factor A(0) is equal to or negligible, and a con¬ 

vergence factor e ~^eln2e.i2 is introduced, it is possible to approximate 
\2 

eq (16) as 

n [ 1+cos2 (2or) ]sin0. [ 3-4sin20. ] 
(18) r[p(r)-po(r)] = ‘ 

1+co82(2or)[1-28in20i] 

_(Sstrf^)_I(0ij.slnj‘4TOlne1 . r] 
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where K is an arbitrary scale factor. The radial distribution function is 

placed on an arbitrary scale. 

For other camera techniques the PLG factors and therefore eq (18) 

must be changed. The PLG factors needed are easily found in Tabellen zur 

Röntgenanalyse (l958), K. Sagel. 

The termination-of-series errors in the summation process may be 

illustrated with two periodic waves. The upper limit gives a wave of a 

short wavelength which can seriously effect the positions of the 

if the intensities for high 0-values are not negligible. Therefore it is 

sometimes favourable to replace the Guinier ceunera by another camera. 

The radiation used should be of as short wavelength as possible. 

The lower limit introduced does not seem to be very serious. It 

may be discussed as a long periodic wave which affects the amplitudes 

more than the positions of the maxima in the distribution function. 

Programs for the radial distribution function eq (18) has been 

made for the computers CLC 3200 and IEM 1800. 
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The crystal structure of (Mon^Vn^)00K of R-Nb^O^ type and a 

Comparison with the Structures of and V^MoOg 

LARS KIHLBORG 

Institute of Inorganic and Physical Chemistry, University of Stockholm 

Stockholm, Sweden 

ABSTRACT 

(Moa _Vn -)-0^ represents the molybdenum rich limit (at 650°C) of 

a range of solid solution extending from along the line 

(M°xV1 x)2°5 in the Mo-V-0 system. There are, however, discontinuities 

withtin this range associated with symmetry changes. This phase has 

been studied by single crystal diffraction methods. The dimensions of 

the monoclinic unit cell are a = 11.809 _b = 3.652 Â, _£ - 4.174 A, 
90.57°, and the space group is Ç2. 

The structure is of the same type as that of R-Nb^O^ and can be 

considered as composed of MO^ octahedra coupled in the same way as in 

V20^, although the distortion of the metal atoms within the octahedra 

follows a different pattern. This distortion, as reflected in the con¬ 

siderable divergence of the M - 0 bond lengths, is intermediate in 

magnitude between that in V20^ and MoO^. Molybdenum and vanadium atoms 

are randomly distributed over the metal atom positions. 

The structure is also closely related to that of V^MoOg. 

In the course of an investigation of the phases formed in the 

system V-Mo-0 1 it has been observed that molybdenum may replace vana¬ 

dium in Vo0c. This replacement gives rise to a range of solid solu- 

tion, (MoxV1 extending at 650°C to the composition (MOq^Vq^)^ 

approximately. To a first approximation the unit cell dimensions vary 

gradually within this internal but a closer examination of the powder 
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pfc'tterm: and comparison with single crystal photographs revealed that 

the symmetry has changed from orthorhombic for to monoclinic for 

(Mo ,Vn 7)o0k According to preliminary results, this transition occurs 

at a composition of about x = 0.20 and is probably associated with the 

occurrence at this comoosition of a phase giving a more complex powder 

pattern. Further studies of these problems are in progress. 

This article presents a structure determination of a crystal with 

a composition close to the molybdenum-rich limit. A short communication 

of the investigations reported below was given at the Seventh Interna- 
2 

tional Congress of Crystallography . 

I 
1 

EXPERIMENTAL 

The crystal studied was selected from a sample prepared by heat¬ 

ing a mixture of M0O3, and V20.j of gross composition 

Mort ,Vn _0_ _ in a sealed silica tube at 650°C for 2 days. The powder 

pattern of this sample showed the lines (Table 1) of a phase which 

could be indexed on the basis of a monoclinic unit cell with the dimen¬ 

sions given in Table 2. A few additional weak lines could be assigned 

to VOMoO^ ^ and it seems therefore probable that the monoclinic phase 

contained slightly less molybdenum than indicated by the gross compo¬ 

sition and that its formula should be approximately (Moq 2QV0 72^54 

The crystal was shaped like a somewhat truncated parallelepiped 

with the dimensions 0.0204 mm (along ai), 0.0636 mm (along J>), and 

0.0053 mm (along ç). Integrated Weissenberg photographs were recorded 

of the hOl, hU and h21 layer lines using CuKa radiation and multiple 

film technique. The relative intensities of the reflections were 

measured by means of a densitometer. These values were corrected for 

the effect of absorption (crystal assumed to be bounded by 7 planes| 

p = 496 cm-^) and the usual Lp-correction was applied. These calcula^ 

tions as well as the subsequent structure factor calculations, least 

squares refinement and calculations of interatomic distances were per¬ 

formed on a computer of type FACIT EDB by means of the programs No. 
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6015» 6016, 6019, 6023 and 6030 ^ (the Lp-program written by B. Lund¬ 

berg is not listed in Ref. 4). The atomic scattering factors listed 

in International Tables5 were used, namely, for neutral oxygen and 

vanadium the values given in Table 3.3.1 A and for molybdenum those 

given in Table 3.3.1 B. The real part of the dispersion correction5 

was applied to these values. 

DETERMINATION AND HEFINÍMENT OF THE STRUCTURE 

Systematic extinction was observed for all reflections hlrl 

with h+k = 2n+1. Together with the observed Laue symmetry 2/m this 

led to the three possible space groups £2/m (No. 12), £2 (No. 5) and 

Cm (No. 8). 

The fact that the crystal under investigation represented one 

end of a range of solid solution (cf. above) the other limit of 

which is V20ç suggested a close relationship between the crystal 

structures. The space group of is Pmnm (No. 59)6’7 or possibly 

(No. 3l)7 which, on the other hand, implies a basic difference 

between the two structures. 

A model was tried in which the arrangement of Mu^ octahedra 

was the same as in but in which the distortion of the metal 

atoms from the centres of these octahedra was different to account 

for the different symmetry. Structure factor calculations and least 

squares refinement proved this model to be correct. The structure 

is shown in Fig. 1 together with that of V^. Completely random 

distribution of molybdenum and vanadium atoms over the metal atom 

positions had to be assumed since these positions were crystallo- 

graphically equivalent and no indication of a superstructure had 

been observed on the X-ray photographs. Because the uncertainty 

in the exact composition of the crystal (cf. above) three different 

-MoîV ratios were tested, viz. M - (0.33 Mo + 0.67 V), (0.30 Mo + 

+ 0.70 V), and (0.27 Mo + 0.73 "V). The results, obtained by least 

squares refinement, differed only insignificantly however. 
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The space group Cm was not consistent with the structure model but 

the remaining two, C2/m and £2, were both possible. Least squares refine¬ 

ment was carried out for both alternatives, namely (l) 1 M and 2 0 in 
3 

positions 4£, and 1 0 in 2a of space group £2/m and (il) 1 M and 2 0 in 

4c and 1 0 in 2a of space group £2. The final R-values (based on obser¬ 

ved reflections only) were about the same for both alternatives, viz. 

0.071 and 0.070, respectively, but the final £ coordinates of 0(1) and 

0(2) in alternative II differed by 7«4cj and 5.1 CJ, respectively (a = the 

corresponding standard deviation) from the values 0 and à at which they 

are fixed by symmetry in alternative I. The temperature factors obtained 

were also less divergent in alt. II than in alt. I and, particularly, 

they were much lower for atoms 0(l) and 0(2) in alt. II. It was thus evi¬ 

dent that the structure is best described in the non-centrosymmetric 

space group £2 and the final parameters for this case are given in 

Table 2. 

Weights in the least sauares procedure were calculated according 

to Cruiokshank's formula, w = 1/(A + 1^+ £^ 2), where the following 

values were chosen for the parameters, A = 18, £ = 0.012. The final 

weight analysis is given in Table 3. The observed and calculated struc- 

tire factors are listed in Table 4. 

DISCUSSION 

The structure of (Moo.3Vo,7^2°5 1:111,118 out 1:0 be isotypic with 

that recently suggested by Gruehn for R-Nb205 on the basis of powder 

diffraction data . The unit cell dimensions given for R-Nb^O are 

(the a and £ axes interchanged here), a = 12.7_ Â, b = 3.82- Â, 

0 A 0 ^ ^ ^ 
£ = 3.98j A, P= 90*7^ . The space group was assumed to be (A2/m =) 

£2/m and the following atomic coordinates were reported (the numbering 

of the atoms changed here to become analogous with that in Table 2). 

Nb 

0(1) 
0(2) 
0(3) 

X 

0.146 

0.16 

0.18 

0 

1 

0 

0 

0.5 

0 

£ 

0.07 

0.5 

0 

0 
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A conçariaon with Table 2 emohaaizee the aimilarity between the two 

structurée. The discuesion below, therefore, applies aleo to R-NbgO . 

The coordination of oxygen atoms around vanadium in may 

be described either as five- or sixfold since the sixth V-0 bond is 

considerably longer than the other five7»8. If the coordination is 

regarded as six-fold the structure may be described ss built up of 

octahedra sharing edges and corners as visualized in Pig. lb. 

Comparison with Pig. la indicates that the coupling of the octahedra 

is the same in (Mo0#3V0#7)205* The structures can thus be described 

as built of edge sharing octahedra which form zig-zag rimina that run 

in the b direction. These chains are mutually connected by comer 

sharing between octahedra in adjacent chains. Alternatively, they may 

be regarded as consisting of slabs of ReCytype, two octahedra thick, 

which extend infinitely in the be plane) these, in turn, are inter¬ 

connected by edge-sharing between component octahedra. The latter is 

a description in terms of a shear structure9 introduced by Magndli10 

and later developed by Andersson11. 

The difference between the two structures becomes significant 

when the distortions of the metal atoms from the centres of the octa¬ 

hedra are considered. These displacements occur predominantly along 
the direction of the _c axis. It is seen in Pig. 1 that in Yall 

metal atoms within an ReO?~type slab are displaced in the same direc¬ 

tion while in (Mo0.3Vo.7^205 they ^ sifted pairwise in opposite 
directions. The reason for this interesting difference between the 

two structures is not understood and is being further investigated. 

In both structures the metal atoms in a pair of notRhodr» 

edges are displaced in opposite directions which, of course, is 

energetically most favourable from a purely electrostatic point of 
view. 

It is^interesting to compare these two structures with that 

of V^Oq shown in Pig. 2. Here the slabs of ReO^ type have a 

thickness of three octahedra instead of two but the interconnection 
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of the slabs remains the same. Homologous series of structures is a term 

introduced by Magn<ill for this type of structural relationship10. Consi¬ 

dering the off-center displacements of the metal atoms V^oOg forms an 

intermediate between the aboye mentioned structures since the displace¬ 

ment within the middle octahedra of each slab goes in both directions^ 

it alternates between +z and -z when going in the direction of the b 

axis which is therefore doubled (çf. Pig. 2). Both types of relative dis¬ 

placement within neighbouring octahedra are thus present simu1 taneously 

in this structure. 

The M—0 distances which are given in Table 5 can be grouped to¬ 

gether in three short, two intermediate and one long bond. There is thy» 

a marked tendency towards five-fold coordination although not as pro¬ 

nounced an in range of the M-0 distances is seen to be inters 

mediate between those in V20^ and MoO^. All close 0-0 distances have 

normal values ranging from 2.48 (+ 6) Ã (along the shared edge) to 

2.97 (+ 2) 1. The Nb—0 distances in R-NbgO^ as given by Gruehn^ range 

from 1.7 to 2.3 Â which indicates a slightly smaller distortion in that 

structure than in the isostructural (Mon ,Vrt „)«0C. 
vJ.5 U.Í 2 3 

* * 
# 

The work reported in this article forms a part of a research 

program sponsored in part by the Swedish Natural Science Research 

Council and in part by the European Research Office. United States 

Army. Frankfurt am Main, Germany. Grants for the use of computers 

were received from the Computer Division of the National Swedish Ra¬ 

tionalization Agency (Kungl. Statskontoret). 

I am indebted to Professor A. Magn^li for valuable comments on 

the manuscript. 
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Table_2. X-ray powder diffraction data for (Mo0 ^ rj)20^ 

CuKa radiation. (\ = 1.54051 l) 

I 
2 

sin 9 

X 10 

obe htl (>11,îeob.-,ln29<aLLc) 

5 x105 

W 5.894 1708 

w+ 4 169 34U 

st 3.487 4878 

w 3.419 5074 

w 3.392 5157 

w+ 2.952 6810 

st 2.678 8270 

vw 2.420 10131 

vw 2.087 13621 

w 1.9685 I53II 

vw 1.9638 15384 

m 1.8270 I7775 

w 1.7980 18353 

w 1.7944 18426 

vw 1.7458 19466 

vw I.7II7 20250 

w 1.6738 21178 

w 1.6086 22927 

w+ 1.5533 24589 

m 1.. 5316 25293 

vw 1.4583 27898 

w 1.4583 28461 

vw I.44I5 28551 

+ 6 

+ 9 

+ 5 

+14 

+ 2 

+ 3 

+32 

- 7 

-16 

+13 

0 

- 6 

-34 

-15 

-17 

-20 

-26 

+12 

-17 

-18 

- 9 

- 2 

-10 

- 7 

+17 
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Table 1, cont. 

m 

w 
vw 

vw 

vw 

vw 

vw 

vw 

vw 

1.3386 

1.2722 

1.2541 

1.2488 

1.2109 

1.1809 

1.1633 

1.1235 

1.1214 

1.1197 

33110 

36659 

37724 

38046 

40460 

42545 

43841 

47000 

47175 

47325 

{! 

{! 

620 

621 

403 

422 

802 
.130 

911 
10,0,0 

T31 
330 

622 

331 

331 

+ 3 

+ 4 

-15 

+17 

-11 
+ 6 

+17 
- 1 

+ 6 
-16 

-13 

-16 

- 9 
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Table 2. The crystal structure of (Mo.. -V_ ■ uo Ua Í ¿ P 

Space group: Ç2 (No. 5) 

Unit cell dimensions *: a = 11.809 (+ 2) Â 

b = 3.652 (+ 1) Â 

ç = 4.174 (+ 1) Â 

fi = 90.57 (+ 2) 0 

Unit cell content: 2 M2°5» M = ^Mo0.28V0.72^ 

Mo/V ratio approximative (see text). 

Atom Position £ + a^ç) 1± CT(¿) B + a(B) 

M 4£ 

0(1) 4c 

0(2) 4c 

0(3) 2a 

.14392+ .00025 

.1446 + .0015 

.1792 + .0013 

0 

0 

.0651 + .0088 

.5518 + .0102 

.002 + .034 

.10034+ .00076 

.4934 + .0042 

.9953 + .0037 

0 

0.441 + .038 

1.09 + .32 

0.51 + .26 

1.73 + .47 

* XCCuKo^] = 1.54051 Â, a[KCl, 25°C) = 6.29228 A 13. 
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Tabled. Weight analysis obtained in the last cycle of refinement. 

A = ^ ^obe ^ " ^alc^’ - = weighting factor. 
The \yA^ values have been normalized. 
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Table /,. Observed .•r.d c^lculvteu '•tricture -mplituder -.yid calcula ter 

phase angles (expressed as a fr-iotior of one cycle). A = ||robr| ' j','cnic 

The values of A A- hove bo< n .r.o -v. lise . 

‘ 4 A l!ml 1^1 4/- “ o 

2 
6 
2 
6 

10 
12 

% 
1* 
10 
0 
« 
8 
% 
2 
% 
8 
0 
2 
6 
8 

12 
12 
12 
10 

8 
6 
2 
0 
2 
t 
6 
8 

10 
1« 

2 
* 
6 
8 

» 10 
1« 

2 
« 
8 

12 
1* 
6 
8 

10 
12 
0 
9 - 

5 : 
1 - 

) - 
1 - 
1 - 
1 - 
1 - 
1 - 
1 - 
1 - 
> - 
3 - 
3 - 
3 - 
3 - 
5 - 

0 3 
0 3 
0 « 
0 4 
0 3 
0 3 
0 ■> 
0 2 
0 « 
0 5 
0 5 
0 « 
0 4 
0 3 
0 3 
0 3 
0 2 
0 2 
0 2 
0 2 
0 2 
0 3 
0 1 
0 1 
0 1 
0 1 
0 1 
0 1 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0-1 
0-1 
0-1 
0-1 
0-1 
0-1 
0-2 
0-2 
0-2 
0-2 
0-2 
0-3 
0 - 3 
0 - 3 
0-3 
0-1 
1 3 
1 3 
1 3 
1 3 
1 « 
1 « 
1 5 
1 3 
1 2 
1 1 
1 2 
1 3 
1 « 
X 5 
X 3 
X * 
X 3 
X 2 
X X 
X X 

0.2* 0.00000 
0.19 0.50000 
0.35 0.00000 
0.38 0.50000 
1.2* 0.00000 
0.15 0.50000 
0.83 0.00000 
0.60 0.00000 
1.31 0.00000 
O.OS 0.50000 
1.08 0.00000 
0.09 0.50000 
0.31 0.00000 
0.38 0.50000 
1.3 * 0.00000 
0.25 0.50000 
0.83 0.00000 
1.30 0.50000 
1.11 0.00000 
1.10 0.50000 
1.18 0.00000 
0.9* 0.00000 
1.¾ 0.00000 
0.86 0.50000 
1.08 0.50000 
0.*> 0.00000 
1.52 0.50000 
0.65 0.00000 
0.2? 0.50000 
1.20 0.50000 
0.5* 0.00000 
0.6* 0.00000 
0.*5 0.50000 
1.35 0.00000 
1.35 0.00000 
0.08 0.50000 
1.29 0.00000 
1.76 0.00000 
1.1* 0.50000 
1.0* 0.00000 
1.01 0.00000 
0.27 0.50000 
1.38 0.00000 
1.10 0.50000 
1.3* 0.00000 
0.96 0.50000 
0.79 0.00000 
1.2* 0.00000 
0.18 0.50000 
0.56 0.00000 
0.06 0.991*0 
0. *3 0.*9258 
0.50 0.98005 
0.8* 0.018** 
1.66 0.*8810 
1.09 0.00068 
2.15 0.98709 
0.11 0.*9053 
1.05 0.99676 
0.16 0.39697 
0.00 0.5091* 
1.35 0.*8776 
0.69 0.50287 
0.** 0.*8**3 
3.02 0.98771 
0.25 0.998*8 
1.67 0.95108 
1.52 0. *9923 
1.37 0.56 * 29 
0.03 0.01121 

5 

? 
9 
9 
9 

11 
13 
13 
13 
11 

7 
3 
1 

? 
11 
11 

9 
7 
5 
1 
3 
5 
9 

lift 
8 
6 
2 
2 
6 
0 
0 

2 
2 
* 
* 
* 
* 
6 
6 
6 
8 
8 
8 

10 
10 
12 
12 
12 
10 
8 
6 
* 
2 

10 
8 
6 
* 
2 
0 
2 
* 
8 

12 
8 
6 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 
? 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

2 
3 
1 
* 
2 
1 
3 
2 
1 
0 
0 
0 
0 
1 
1 
1 
1 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
3 
* 
* 
* 
2 
1 
1 
2 
3 
* 
3 
2 
1 
1 
2 
3 
3 
2 
1 
1 
3 
2 
1 
0 
0 
0 
0 
0 
0 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
3 
3 

0.00 0.01328 
0.67 0.00*06 
0.*1 0.0229* 
0.57 0.99811 
1. *3 O.5065I 
0.26 0.51621 
0.90 0.00038 
1. *8 0.98893 
0.72 0.00210 
0.88 0.99055 
1.55 0.*8016 
0.59 0.989?8 
0. *2 0.*-<732 
0.62 0.01759 
0.*2 0.*8853 
0.78 0.01352 
0.88 0.*991* 
2.00 0. *8582 
2.03 0.99632 
0.85 0.98*82 
0.67 0. *9066 
0.73 0.99676 
0.27 0.98005 
0.19 0.*9258 
0.3* 0.991*0 
1.82 0 . 96353 
1.23 0.03*37 
0.75 0.30190 
0.23 0.00519 
0.60 0.02536 
0.66 0.53376 
I.05 0.561*2 
1.38 0.9*10? 
0.7* 0.00283 
0.39 0.*9021 
0.03 0. *857* 
0.20 0. *909* 
1.60 0.02218 
0.50 0.98658 
1.87 0.097*3 
1.20 0.59228 
0.71 0.99637 
0.38 0.97*22 
0.79 0.98750 
0.*5 0.*7776 
0.*i 0. *9*96 
1.00 0.*3355 
0.52 0.53116 
0.0* 0.95923 
0.92 0.99307 
0.28 0.986*2 
I.99 0.97680 
0.38 0.*8789 
1.18 0.01520 
0.8* 0.97OÓ5 
0.7* 0.*7196 
0.83 0. ***6l 
0.*9 0.538*5 
0.2* 0.03629 
2.63 0.99*17 
1.02 0.5202* 
1.20 0.01912 
0.78 0.00283 
0.*8 0.02631 
0.18 0. *7616 
0.37 0.00730 
0.79 0.5119* 
0.35 0.03*37 
0.69 0.50190 
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Table 5» Metal oxygen distances. 

Atoms 

M - 

- 0(1) 

- 0(2) 

- 0(3) 

- 0(2) 

- 0(2) 

- 0(1) 

(Mo0#3^0.7^2°5 

Coordinates Distance 
(in Â) 

V>5 (8) 
Distance 
(in Â) 

MoO. 
(14) 

Distance 
(in k) 

H9 0 .100 

H5 . 065 . 493 

179 -.448 -.005 

0 .002 0 

321 .052 .005 

179 .552 -.005 

145 .065 '-.507 

1.659 + 18 

1.733 + 36 

1.804 + 3 

2.081 + 16 

2.094 + 36 

2.544 + 18 

1.585 

1.780 

1.878 

1.878 

2.021 

2.785 

1.671 

1.734 

1.948 

1.948 

2.251 

2.332 
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The Crystal Structure of Halle 

LARS-OVE HAMAN and PEDER KIERKEGAARD 

Institute of Inorganic and Physical Chemistry. University of Sto^Vhol«. 

Stockholm, Sweden 

The crystal structure of NaZr^PO^, a representative of an ex¬ 

tensive group of isomorphous mixed phosphates containing alkali metals 

and germanium, titanium, zirconium or hafnium, has been determined from 

three-dimensional X-ray data. The space group is RVc and the dimensions 

of the hexagonal unit cell for the three members of the series studied 

by the present authors are 

NaZr2(P04)5 a = 8.8043 + 2 Â £ = 22.7585 + 9 A 
NaTi2(P04)5 a = 8.4924 + 5 A £ = 21.7788 + 15 A 
NaGe2(P04)5 a = 8.1123 £ 4 A £ « 21.5133 + 11 A 

The crystals are built up of Me0^. octahedra and PO^ tetrahedra 

which are linked by corners to form a three-dimensional netwprk. The 

sodium atoms are octahedrally surrounded by oxygen atoms. A discussion 

of the structure is given. 

Studies on metal phosphates and in particular on transition metal 

phosphates have been coniuclea at this Institute for several years1. 

In connection with an investigation now in progress of the detailed 

superstructure of ZrP20? 2 it was found of interest to analyze the 

atomic arrangement of zirconium phosphates less complex in structure. 

The mixed phosphate NaZr^PO^ was selected for such an investigation. 

Within the present study the compounds NaZr2(P04)^, NaTi (PC ) 

and NaGe2(P04)3 have been synthesized and found to be isomorphous.4 3 

SIJuki6 et al. have prepared mixed zirconium and hafnium phosphates o/ 

all the alkali metals Alfe^ÍPO^ 5. The X-ray data reported by these 

authors suggest that all these compounds are isostructural. 
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EXPERIMENTAL 

Preparations of tho crystals. A mixture of sodium metaphosphate 

(12.5 g, British Drug Mouses, p.a.) and metal dioxide (1.2 g ZiQ^, 

Schering-Kahlbaum, p.a., 1.0 g Ge02, Fairmont, p.a. or 0.75 g 

Merck, p.a.) was heated in a platinum crucible for 24 hours at 1200°0,^ 

The products thus obtained were crystalline and gave good X-ray powder 

patterns but did not contain single crystals well suited for collecting 

extensive X-ray data. Good crystals could, however, be obtained after 

tempering in platinum crucible for several weeks at 1100°C, or according 
5 

to a method given by Matkovié et al. by crystallization from a melt 

of boric acid. The crystals thus obtained were found to consist of 

colourless, rectangular prisms. 

Chemical analysis. A sample of the zirconium compound was fused 

with sodium potassium carbonate in a platinum crucible. After leaching 

with boiling water the amount of phosphorus in the solution was deter¬ 

mined gravimetrically as Mg^O^ . The residue, insoluble in water, was 

in tuxu fused with sodium hydrogen sulphate in a platinum crucible. After 

dissolving in hot water the amount of zirconium was determined gravi¬ 

metrically as Z1O2 The following data were obtained: 

Calc, for 

NaZr2(P04)3 

Zr02 50.26 

P205 43.43 

Na20 6.31 

Obs. 

48.5 weight % 

45.1 

6.4 (residue) 

X-ray data collecting and treatment. The powder patterns of the 

three mixed sodium-transition metal phosphates prepared within this 

study could all be interpreted assuming a hexagonal (rhombohedral) unit 

cell. Accurate values of the cell dimensions were calculated from Guinier- 

Hägg powder photographs taken with strictly monochromatic CuKcr radiation 

(A = 1.54056 A) with potassium chloride (a = 6.29228 Â)' added to, the 
specimens as an internal standard. The hexagonal unit cell dimensions 

refined by the method of least-squares are (25^): 
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SaZr2(P04)2 ay = 8.8043 + 2 A 

Cjj * 22.7585 + 9 A 

NaTi2(P04)2 ajj = 8.4924 + 5 A 

c-j = 21.7 788 + 15 A 

ríaG«2(P04)3 ay - 8.1123 +4 A 

^ = 21.5133 + H A 

The value of 3.20 g/cn5 for the density of NaZr2(P04)3, found 

from the apparent loss of v/eight in benzene, corresponds to six formula 

units in the unit cell (Pcaic = 3.13 g/cn ). 
Crystals of all the three compounds were studied by taking rota¬ 

tion «nri Weissenberg photographs v/hich confirmed the presence of strict 

isomorphism. Complete three-dimensional data were collected for 

!.’aZro(P0.), using CuK radiation. The crystal used was a rectangular 

prism measuring 1.07 x 10“ ramJ. ’Multiple film technique was used for 

tha ffeisoenberg photographs. The relative intensities were estimated 

visually by comparison with an intensity scale obtained by photographing 

a reflection with different exposure times. A correction for absorption 

was included in the computation of the P. values. (The linear absorption 

coefficient p- = 234.1 cm .) 

In the first stages of this structural study the computational 

work v?ac performed using the computers Facit EDB and TRASK. The limited 

capacity of these machines made it necessary to conduct the structural 

refinement with the unit cell described as monoclinic {C2/ç), All the 

final calculations, however, made use of the computer CD 3600. This allowed 

the final structurel refinement to be performed with the hexagonal de¬ 

scription of the structure. 

STRUCTURE DETERMINATION 

The 'ffeissenberg data, which confiroed the hexagonal (rhombçhedral) 

syranetry of the crystal, showed the Laue symmetry to be 3m. The Reflec¬ 

tions systematically absent are hkll with -h+k+l_ ¿ 3n and hKoi with 

1 2n. This is characteristic of the space groups r3¿ (No. 167) and 5¾ 

(lidf. 161). A test for piezoelectricity gave no effect. Tie structural in¬ 

vestigation was thus undertaken assuming the atomic arrangement to be in 

accordance with the higher symmetry r3c. 
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In the space group R3c (hexagonal axes) the following point posi¬ 

tions exist: 
1 2 2 2 1 1 \ 

(000} yyyi yyyh 

6(a) (0,0,^1 0,0,|) 

6(b) (0,0,0} 0,0,5) 

!2(c) +(0,0,z} 0,0,5+^) 

18(d) (5,0,0} 0,5,0} 5,0,5} 0,5,5} 5*5*3^ 

18(e) +(x»0,J} 0,x,J} x,x,^) 

36(f) +(x,jr,z} ¿,x-£,z} £-x,x.z} 2,5,5+5} 5,5-2,5+5} 2"ï»Z»2+ï^ 

Prom calculations of the Patterson projection P(pvw) and section 

P(Ovw) and subsequent calculations of the electron density distributions 

in p(pyz) and p(Oyz) the positions of the twelve zirconium, the eighteen 

phosphorus and the six sodium atoms - found to be situated in 12(0,), 

18(e) and 6(b) - in the unit cell could easily be determined with moderate 

accuracy. Starting from these data it was possible to make three-dimen¬ 

sional electron density calculations and find the positions of the 72 

oxygen atoms situated in 2x36(f) point positions. At the electron density 

calculations and subsequent refinement atomic scattering curves for un¬ 

ionized atoms were used. Ihe real part of the anomalous dispersion corre0- 
q 

tion was applied to the scattering curves. 

A refinement of the coordinates so obtained was then performed by 

means of the least-squares method. The starting values of the individual 

isotropic temperature factors used in the program, were zero for all of 

the atoms. Initially all 296 of the independent reflections measured were 

included in the calculations, but after a few cycles, eight strong, low- 

angle reflections were omitted as suffering from extinction. The refine¬ 

ment was considered as complete when the parameter shifts were less than 

5 £ of the standard deviations, at which stage the discrepancy index R 

was 0.089. Hughes' weighting function w = 1/h mini for 

lîoJ * := for I^J > «loi with 

h a 4.0 was used in the refinement. A weight analysis obtained in the 

final cycle is given in Table 4. 
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A list of the observed and calculated structure factors is given 

in Table 5» A three-dimensional difference synthesis calculated over the 

unique part of the unit cell at points 0,2 k apart showed very small 

maxima and minima. The largest maximum in this synthesis has a magni¬ 

tude of about 20 % of the heights of the oxygen peaks in the electron 

density functions. Thus, from this calculation as well as from a computa* 

tion of the interatomic distances (cf. Table 6), which were found to be 

within the normal range, further evidence was obtained that the atomic 

parameters arrived at in the final cycle of refinement and listed in 

Table 7 should present an adequate description of the structure. Also 

an attempt to improve the structure by lowering the symmetry to R3c was 
unsuccessful. 

DESCRIPTION AND DISCUSSION OP THE STRUCTURE 

The crystal structure of NaZr^PO^ thus derived may be described 
in terms of PO^ tetrahedra and ZrO^ octahedra which are linked by 

comers to a three-dimensional network (cf. Pig. l). Every oxygen atom 

thus belongs simultaneously within a PO^ group and a ZrOg group. The 

sites of the sodium atoms are in the strongly distorted octahedra 

formed by the triangular faces of two ZrOg octahedra stacked on top of 

each other as illustrated in Pig. 2. The groups OTZrO,NaO,ZrO, thus 

formed may be considered as major structural units of the atomic arrange¬ 

ment. Such groups are mutually linked in the £ direction by PO^ tetra¬ 

hedra in such a way that empty trigonal prisms of oxygen atoms are formed. 

The endless columns resulting from this linking are also connected normal 
to the £ direction by the PO^ tetrahedra (cf. Pig. l). 

All the interatomic distances are of normal lengths (cf Table 6). 
The PO^ tetrahedra are nearly regular. The P-0 distances are comparable 

to those found by Purberg10 in H,PO. and also by Cruichshank11 and 
12 54 Kierkegaard in several phosphate structures. 
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Rather few zirconium oxygen compounds have been found to contain 

ZrOg octahedra, more frequent coordination numbers of oxygen around thi« 

metal being seven (e.£. in ZrO-, monoclinic12, and Zr4(0H)6(Cr04)5.2H20 14) 
or eight (e.£. in ZrO , cubic1^, Zr(S0.)9.4H-0 16, ZrUo,), 17 and 

ZrOClg^SHgO ). The Zr-0 distances of the somewhat distorted octahedra 

(Pig. 3b) of NaZr?(PO.)_ (2.048 and 2.064 A) are somewhat shorter than 

the value 2.097 A reported for BaZrO^ of perovskite type structure. 

The six-fold coordination of oxygen around sodium (Pig. 3c) repre¬ 

sents a heavily distorted octahedron with O-Na-Q angles of 66.0° and 

114.0°. 
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Table 

h k 

O 1 
1 O 
1 1 
1 1 
O 2 
1 1 
2 1 
O 1 
2 1 
3 O 
2 O 
1 1 
2 2 
2 1 
3 O 
2 2 
3 1 
1 2 
O 2 
O O 
2 2 
O 4 
2 1 
1 3 
3 2 
3 1 
3 2 
4 1 
2 3 
O 1 
O 4 
1 3 
3 O 
2 3 
3 1 
4 O 
O 5 
1 1 
3 3 
1 2 
3 2 
2 4 
5 1 
3 1 
2 1 
O O 
6 O 

1_. X-Ray Powder Data of NaGegCPO^)^» radiation. 

(\CuKo = 1.54056) 

1 Obs. Gale. Delta D . 
obs 

I 
-o 

2 
4 
O 
3 
4 
6 
1 
8 
4 
O 
3 
9 
O 
7 
6 
3 
2 
8 

10 
12 

6 
2 

10 
7 
1 
8 
4 
O 
5 

14 
8 

10 
12 
8 

11 

4 
14 
16 
13 

O 

1697 
3237 
3601 
4752 
6835 
8201 
8537 
9391 

10450 
10801 
13009 
13971 
14434 
14694 
15429 
15569 
16145 
16613 
17617 
13469 
19041 
19744 
21229 
21883 
22969 
23828 
24892 
25250 
26059 
26323 
27416 
28450 
29272 
30989 
31134 

32065 

32446 

33550 

35684 

39350 
40767 
41235 
41550 
43270 

1715 
3253 
3606 
4760 
6860 
8221 
8543 
9407 

10466 
10819 
13013 
13990 
14425 
14696 
15434 
15579 
15140 
16619 
17628 
18461 
19040 
19747 
21235 
21909 
22968 
23832 
24891 
25244 
26045 
26329 
27438 
28447 
29280 
31040 
31139 

32054 

32451 

33542 

35660 

39317 
40754 
41254 
41536 
43270 

-18 5.91 s 
-16 4.28 vo 
-5 4.06 va 
-8 3.53 vs 

-25 2.95 vs 
-20 2.69 vs 
-6 2.64 s 

-16 2.5I m 
-16 2.38 s 
-18 2.34 vs 
-4 2.14 m 

-19 2.06 m 
9 2.03 m 

-2 2.01 w 
-5 1.96 m 

-10 1.95 w 
5 1.92 m 

-6 1.89 s 
-11 1.84 s 

8 1.79 m 
1 1.77 s 

-3 1.73 s 
-6 1,67 vs 

-26 1,65 m 
1 1.61 w 

-4 1.58 s 
1 1.54 a 
6 1.53 8 

14 1,51 vw 
-6 I.50 m 

-22 1.47 m 
3 1.44 3 

-8 1.42 w 
-51 1.38 w 
-5 1.38 vw 

11 1.36 e 

-5 1.35 8 

16 1.33 m 

24 1.29 m 

33 1.23 m 
13 1.21 w 

1 1.20 vw 
14 1.19 V. 

0 1,17 m 



Table 

h k 

0 1 
1 0 
1 1 
1 1 
2 0 
0 2 
1 1 
2 1 
2 1 
3 0 
2 0 
1 1 
2 1 
2 2 
3 0 
1 3 
1 2 
1 3 
0 2 
2 2 
2 1 
1 3 
3 1 
3 2 
4 1 
4 1 
0 4 
0 1 
1 3 
4 1 
3 0 
5 0 
2 0 
3 1 
0 5 
1 2 
3 3 
5 1 
1 5 
4 2 
3 1 
6 0 
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2. X-Ray Powder Data of NaT¿2(PO^)j. CuKe^ radiation. 

(XCuKq'1 = 1.54056) 

1 Obs. Calc. Delta D I 
C .-8 -O 

2 
4 
0 

0 

1606 
3099 
3295 
4420 
4895 
6388 

7803 

9700 
9883 

12383 
13403 
13810 
14276 

14364 

15665 
16256 
16908 
17684 
20184 
20401 
22278 
22838 
23027 
24175 

25582 

26793 
27587 
27898 

28914 

29443 

32188 

34163 

37106 

38764 

39497 

1597 9 6.08 
3098 1 4.38 
3291 4 4.24 
4417 3 3.66 
4888 7 3.48 
6389 -1 3.05 

7804 -1 2.76 

9680 20 2.47 
9872 11 2.45 

12394 -11 2.19 
13423 -20 2.10 
13808 2 2.07 
14289 -13 2.04 

14376 -12 2.03 

15684 -19 1.95 
16262 -6 1.91 
16897 11 1.87 
17666 18 1.83 
20188 -4 1.71 
20390 11 1.71 
22266 12 1.63 
22843 -5 1.61 
23035 -8 1.61 
24161 14 1.57 

25557 25 1.52 

26769 24 1.49 
27539 48 1.47 
27886 12 1.46 

28906 8 1.43 

29425 18 1.42 

32196 -8 1.36 

34130 33 1.32 

37132 -26 1.26 

38778 -14 1.24 

39489 8 1.23 
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0 1 2 
1 0 4 
1 1 O 
1 1 3 
0 2 4 
1 1 6 
2 1 1 
O 1 8 
2 1 4 
3 0 0 
2 0 8 
2 2 0 
1 1 g 
1 0 10 
2 1 7 
3 0 6 
3 1 2 
1 2 8 
1 3 4 
0 2 10 
3 1 5 
2 2 6 
0 0 12 
0 4 2 
4 0 4 
2 1 10 
1 3 7 
3 2 1 
3 1 8 
3 2 4 
4 1 0 
2 2 9 
2 3 5 
4 1 3 
0 1 14 
0 4 8 
1 3 10 
3 2 7 
4 1 6 
3 0 12 
2 0 14 
2 3 8 

X-3ay Powder Ltta of NaZr^PO^. CuKcy radiation. 

(XCuKo = 1.54056) 

Obs. Cale. Delta 
obs ¿0 
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7194 
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h k 1 Obs. Calc. Delta D . I 
ODS “O 

3 1 11 
0 5 4 
3 3 0 
4 0 10 
3 3 3 
1 1 15 
1 2 14 
1 0 16 
4 1 9 
3 2 10 
3 3 6 
5 1 1 
1 3 13 
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Table 4. Weight analyeee obtained In the final cycle of the 

least-squares refinement of NaZrgCPO^)^ 

Interval 

sin 9 
independent 

reflections 

w A 
Interval 

4>b. 

ivumror ox 

independent 

reflections 

0.0000-0.4642 

0.4642-0.5848 

0.5848-0.6694 

0.6694-0.7368 

0.7368-0.7937 

0.7937-0.8434 

0.8434-0.8879 

0.8879-0.9283 

0.9283-0.9655 

0.9655-1.0000 

30 

36 

30 

35 

27 

22 

36 

23 

30 

19 

1.36 

0.98 

0.58 

0.80 

1.02 

0.47 

0.85 

1.13 

0.97 

1.84 

0.0- 23.1 

23.1- 31.3 

31.3- 52.2 

52.2- 63.4 

63.4- 82.5 

82.5- 99.6 

99.6- 115.5 

115.5-143.3 

143.3-192.1 

192.1-345.3 

28 

29 

29 

29 

29 

29 

28 

30 

28 

29 

0.14 

0.47 

1.22 

1.06 

1.61 

1.28 

1.H 

1.18 

0.61 

1.29 
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Tabl« 5. Obearved and calculated structure factors. The 5 columns within each 

group contain the values h, k, I_, and kl | • The reflections delated from 

the final cycles in the least-squares refinement are marked with an *» 
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Table 6. Interatomic distances and estimated standard deviations 

(+ a) in A. 

Zr - 0 Zr - 3 01 

Zr - 3 02 

2.048 + 13 

2.084 + 12 

P - 0 P - 2 01 

P - 2 02 

1.516 + 13 

1.546 + 13 

Na - 0 Na - 6 02 

Ha - 6 01 

2.538 + 12 

3.689 + 13 

0-0 0, - 4 02 

(02 - 4 02) 

2.48 + 2 ; 

2.94 + 2 ; 

2.50 + 2 i 

3.21 + 2 

2.52 + 2 f 

2.52 + 2 

3.01 + 2 

2 X 2.96 + 2 

2 X 2.761 + 2 

Additional distances 

Zr - Na(Na-2Zr) - 3.315 + 2 

Zr - 3 P(P-2ZrJ « 3.444 + 3 

Zr - 3 P(P-2Zr) ■ 3.493 + 5 

P - 2 Na(Na-6P) » 3.667 + 3 
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Table 7. The structure of NaZr2(PO^)j. 

Space group: RVç. 

Unit cell dimensions: a - 8.8043 1. 2 A 

c = 22.7585 + 9 A 

V = 1527.7 A3 

Cell content: 6 NaZr2(P0^)^ 

6 Ma in 6(b): (0,0,0} 0,0,5) 

12 Zr in 12(0,): +,(0,0,¿} 0,0,2+¿) 

18 P in 18(e): 

36 Oj and 36 02 

in 2x36(f): 

—(5,0,5» °»;»5» 

i(xty,z} y»x-y,z; l'î'Ÿ-* 

Atomic parameters and isotropic temperature factors with estimated 

standard deviations (+ a). 



. Flit. 1. Schematic drawing showing the structure of NaZr2(PO^. 

The structure viewed along [001] showing the contaots 

between PO^ tetrahedra, ZrOg octahedra and NaOg octahedra. 

Only one third of the structure has been indicated 

(i.e. atomu with z parameters within the limits 

0.00 < z < 0.33). 
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O 0 
0 Mq 

• Zf 
0 

0 

2. Schematic drawing showing the sites of the sodium atoms 

between ZrOg octahedra in the structure of NaZr2(PO^)j. 
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© P-201 1516A 
P-2021546Â 

tor 92° 

Fix. 3a. Dm PO^ tetrahedron In the structure of NaZr2(P0^)j. 
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^ Zr - 3012048 A © Zr-3022084Â 

3b. The ZrOg octahedron in the structure of NaZro(P0 ) . 
2 4 3 
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Na-602 2.53d A 

*ÍK' 3c. The Na06 octahedron in the structure of MaZr^PO^j. 
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^e^rjgt«^Struçturi^£^jïaf^og£e£jlol£ram^xlde^3UjfOg 

ELIZABETH GEBERT* and LARS KIHLBORG 

Inatltute of Inorganic and Physical Chemietry. Unlvarslty of Stockholm. 

Stockholm Vat Sweden 

The crystal structure of the previously unknown phase Cu,I0£ has 
J 0 

been determined and refined from X-ray, single crystal diffractometer 

data. The symnetry is cubic, space group Pa3 - T^ and the unit cell pa¬ 

rameter is a - 9.797 (+3) X. 
The structure can be described as built up of distorted WO. octa- 

o 
hedra and CuO^ triangular blpyramlda, which share corners and edges in 

a rather complicated way. Each octahedron is linked to 6 bipyramids 

and each blpyramld to 4 octahedra and 6 other CuO^ bipyramids. 

Six CuO^ bipyramids sharing edges form a staggered ring with 

3 symmetry and one W0g group on either side of the ring closes the hole 

in the centre. 

Interatomic distances and angles are given. 

# » • 

While many ternary oxide systems involving transition metals have 

been extensively studied especially in recent years, rather little has 

been reporte a abort the copper-wolf ram-oxygen system. This is somewhat 

remarkable since the coordination chemistry of both these metals has 

drawn considerable attention and since there are inherent possibilities 

for interesting bonding features and physical properties in this system. 

There are a few papers in recent years reporting on "CuWO,"1»2, 

3 4 4 
Cu^WOj and Cu^WO^ but we have not found evidence in the litera¬ 

ture for the existence of other intermediate phases in this system. 

We have undertaken an investigation of this system by X-ray 

methods and in the course of this we have observed two phases, both 

prepared at about 800°C. A preliminary note about one of these, which 

we prefer to designate by the formula CuWO^_x, but which is probably 

Identical with the phases (phase) mentioned above, has recently been 

* On leave from Argonne National Laboratory, Argonne, Ill., USA. 
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***** 10 thl* •»»«“ «» th. •«ooM phut 1. r.p.rt.4 
in this article. 

PFPTHTAL 

lUxtun. of OK) «d iDj of oool^tiool (rtí. wr. pi.^d m pUtl. 

““ tUb" ’“'“b — h»t^ for 5-5 ,t eoo°o. r:/;:ici*M t?* pnfmi * <v> o, *. ^ 
port of th. ooppor(Il) or »lfr«(Tl) .Udo, r.^otlT.1^ 

Tho ooopleo «oro .Mln.d «loroocopiortLlx oad by uku* Una 

r; hitt 111 * foc“*^ —» ««», «utioo 
J«? “O^iord (.[KOI, 25°C] . 6.29228 

. ) Th. doooity oo. dotonlud pyoiuaotrtooUy on on. m ^tM_ 
cate nina. p 

Singlo orjotol photojroph. otro rooordod In o *.t...nbort —nr. 
»tn, Cul rodiotlon. O.to for th. oitouI .tnwtur. d.t.nln.tlon 

oon.«.d «,h o 0.0.,.1 Kl.otrio -»»1 .lr*. crT.^1 o«««., 

1th . oolntlllotlon oount.r «d nrtn, pnl.. hol*t dt.ort1n.tion. Mot 
rodi.tlon filt.rod throu^ « lobt,» fon »ad th. • - 21 .cu, ~ 
"M uaed ln thle case. 4 

Dlffrocto«t.r ..«tlop «a. for nrl,cUo„ ^ 

M.1 » o «d oto 6 * 0.20 It oft.r ^.olo« of «h. P.1 intrantty 

“* "fl,0tt0" "" "J»«o< «I »«U «55 rar. ..traUy raraurad 
Th. oo« tntorral ra. oloul.t.d Dy th. forma. 4(2.) . ,.65 ♦ 1.0 x trad 

(dogrra.), th. oran ralootty « 0.4 °/ln ln 2« rad th. boolmround «ra 
oonntl on. lout. ,t th. b.«lnntn. rad .nd of rara .ran Inurrat. A,t.r 

»rarMln, th. -raurl ralu.. for .¡».«ry .^ralrat «fl.«t,„ th«. 

raralrad • nt of 234 non.„ulTl«t tnt«.ity dota raich nr. urad in 
the eubcequent calculations. 
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IDENTIFICATION AND CHARACTERIZATION OF CUjiOg 

Tht powder patterns of samples with gross compositions around 

CUjWOg indicated the presence of a new phase as a major component. 

The diffraction lines belonging to this phase could be indexed on the 

basis of a cubic unit cell with a * 9*79 A, approximately. It has not 

yet been possible to prepare it in a completely pure state but all 

samples made in this composition region, including those of stoichio¬ 

metric composition, contained at least traces of CuO and/or CuWO^ ^ as 

demonstrated by their powder patterns. The cell constant a calculated 

from the powder patterns of different samples by least squares refine¬ 

ment falls within the range 9.7936(+,2) - 9.8005(+2) A (the errors giren 

within parentheses are single signa values for each individual pattern). 

Although no obvious relation between the sample composition and the 

cell parameter has been found it cannot be excluded that these differ¬ 

ences indicate the existence of a narrow homogeneity range for Cu-WO,. 
j o 

A sample prepared from a mixture of 4 CuO and WO^ showed faint 

lines of CuO in addition to those of the new phase. The density of this 

sample was found to be P^g ■ 6.62(+10) g cm The value calculated 

for COjWOg using the observed cell parameter and assuming eight formula 

units per cell is = 6.65 g cm-^. Since the density of CUO is 

approximately 6.4 g cm~3 a small amount of this compound as an impurity 

could not seriously affect the measured density value. It was therefore 

assumed that the unit cell content is ^24^8^48 which ^18 provad to be 

correct by the subsequent structure analysis. 

The Cu^WOg phase was fozmed as black, octahedrally shaped 

crystals and one of these was selected from a sample of stoichiometric 

composition for use in the single crystal studies. The powder pattern 

is listed in Table 1. 

IE TERMINATION AND REFINEMENT OF THE STRUCTURE 

The Laue symmetry m3 was evident in the Veissenberg photographs 

and from the observation of systematic absences of reflections the 

space group could be uniquely determined to be Pa3 - T^ (No. 205). 

The presence of both 8- and 24-fold positions in this ¥pace group wat' 

in accordance with the assumed composition and unit cell content. 
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A three-dimensional Patterson synthesis aas calculated froa the 

, diffractometer data. Assuming the W atoms to occupy the 8-fold position 

a positional parameter could easily be found which gars rise to 

W-W vectors that could explain all the strong in this synthesis. 

The W position thus derived was used in a difference Fourier synthesis 

from which plausible locations of the copper atoms on one 24-fold posi¬ 

tion were obtained. After a least squares refinement of the W and Cu 

positions a second difference synthesis was calculated in which 

corresponding to oxygen atoms were found. Least squares refinement of 

these atomic parameters could be successfully performed and the re¬ 

sulting final parameters are given in Table 2. 

DETAILS OF THE CALCULATIONS 

Computen of the types CD 3200, CD 3600, IBI 360/50 and IM 1800 

were used for tbs calculations. Among the programs used on these ma¬ 

chines the following more important ones may be mentioned| PIHDM for 

indexing of powder pattens and refinement of cell constants (written 

by P.-E. Werner, Stockholm), GIP for calculation of diffractometer 

settings (R. Honestam, Stockholm), IBI for data reduction and Fourier 

summations (A. Zalkin, Berkeley, Calif., USA, modified by R. T.iming, 

and J.-O. lundgren, Uppsala), LAL8 for full matrix least squares refine¬ 

ment ( Gant sel-Sparks-True blood, Univ. of Calif., modified by A. Zalkin, 

J.-O. lundgren, R. Llmlnga and C.-I. BrKnddn), DISTAN for calculation 

of interatomic distances, angles and standard deviations thereof 

(A. Zalkin, modified by J.-O. Lundgren and R. Llmlnga), and ORTEP for 

making stereo drawings (C.I. Johnson, Oak Ridge, Term., USA). 

The crystal selected for the data collection was relatively 

large but its extension var^i only between 0.0107 cm and 0.0115 cm 

in all directions. Its shape/therefore be approximated by a sphere in 

the absorption correction of the intensities. A linear absorption 

coefficient U - 397.5 cm-1 was used in these calculations. 

The atomic scattering factors used were those given for un¬ 

ionised Cu and W in Ref. 7 and for 0 in Ref. 8. The complex anomalous 

dispersion parameters given by Cromer9 were applied on the scattering 

factors of Cu and W. 
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Weights in the least squares re finement were calculated according to 

the formula « - 1/(7000 + Ip^I - O.jIp^J2 + 0.451^13). The weight 

analysis obtained in the last oycle is giren in Table 3. 

It became evident during the refinement that the strongest reflec¬ 

tions suffered from extinction since the observed structure amplitudes 

for these were throu£iout smaller than the calculated values* The average 

of the quotient l^>bsl/l2oalel 0.80 for the 30 strongest reflections 

and these were given sero weight in the last few cycles of refinement. 

The final values of H - E| 1 - ^01 l/r,ioJ 0.065 (the 30 

strongest reflections omitted) and 0.120 (including the strong reflections). 

The observed and calculated structure amplitudes are listed in 

Table 4. 

DESCRIPTION AND DISCUSSION OP THE S TROC TORE 

The structure of CUjWOg, illustrated in Pig. 1, is of a type which 

to our knowledge has not been reported previously. It is quite different 

from the cubic or pseudocublc alkaline earth wolframates of the same 

stoichiometry which have been known since long.^ It can be considered 

as coaçosed of distorted 10g octahedra and CuO^ "trigonal” bipyramids 

(the trigonal symmetry is lost by distortion, çf. below). These polyhedra 

are Joined by shared corners or edges in a rather intricate way. Each WO, 
0 

octahedron le coupled to six Cu05 groups, to three of these by corner- 

sharing and to the other three by edge-sharing. The WOg groups have no 

oxygen atoms in common although they occur pairwise in the structure with 

a separation of 3.97 1 between the wolfram atoms along the trigonal axes. 

Each CuOj bipyramid, on the other hand, shares one of the non-equatorlal 

edges (la-1c, Pig. 2) with a WOg octahedron and the three remaining cor¬ 

ners with three other octahedra (Pig. 3a). It is also coupled to two 

other Cu05 bipyramida by edge-sharing (lb-2a, 1c-2b) and to four additio¬ 

nal bipyramids by corner-sharing (Pig. 3b). 

Six mutually edge-sharing CuOg bipyramids form a ring with the 

point group symmetry 3 (Pig. 4) and such rings are centered on the equi¬ 

valent positions 4« of this space group (0,0,0* £,£,0* 0,£,£* £,0,½). 

The two WOg octahedra which form a "pair" (çf. above) both share three 



corners with the same bipyramid ring and are situated on opposite sides 

of the plane (approximate, see below) of the ring on the trigonal axis. 

The three edges of each octahedron connecting the corners which are not 

shared with the ring are shared with three other edges In three other bi¬ 

pyramid rings and the WO g polyhedra may therefore be considered, formally, 

to act as a glue for the bipyramld rings. 

Interatomic distances and bond angles are listed In Table 3« As was 

mentioned above, the octahedral coordination around wolfram is not re¬ 

gular but distorted so that only one of the threefold axes remains -'the 

point group symmetry elements. This gives rise to three short and s e 

long W-0 bonds and may be looked upon as resulting from a displacement 

of the metal atom from the centre towards one of the octahedral faces. 

This 3+3 type coordination seems not to have been reported previously 

for any wolf non-oxygen confound In which the W-0 distances have been de¬ 

termined with sufficient accuracy. Hexavalent wolfram is often tetra- 

hedrally coordinated by oxygen but distorted octahedral coordination is 

also rather comnon. It occurs for exaaçle in WO^ and in ternary oxides 

of the wolframite type (for instance HiWO^ CdWO^ ^ and Cu*0^_x 

In these latter cases the distortion gives rise to a group of four 

shorter and two longer bonds and can be regarded ae reflecting a ten¬ 

dency towards four-coordination. 

There is no doubt concerning the coordination number for copper 

in Cu-WO,. The distances to the five nearest oxygen atoms are within 
5 6 

2.25 A while the sixth oxygen is 3.10 A remote. The details of the co¬ 

ordination figure should be evident from Table 5 and Fig. 2. It is seen 

that the deviation from regularity is predominantly a relaxation of the 

trigonal symmetry giving rise to one short azul two long edges in the 

equatorial plane. 

The moat common coordination around bivalent copper seems to be 

the four-fold, square planar arrangement with or without two more 

distant ligands completing a distorted octahedron. Five-fold coordina¬ 

tion Ha« also been observed in a number of structures, especially of 

metal-organic confounds. In most of these latter cases the coordina¬ 

tion figure is best described as a square pyramid but in a few struc- 



tur*B, including the present one, it Bust be regarded as a triangular «.py¬ 

ramid. These are Oi2(OH)AsO. (olirenite)13 and the isomorpheue Cu2(oh)P04 

(libethenite)1^, CUgOfSO^) (dolerophanite)15, [arÍHHj)^] Cua516 and 

ji^-oxohexa-M^chlorotetrakisCtriphenylphosphine oxide) copper(ll) In the 
first three only one half of the copper atoas are five-coordinated, the 
other half of than have 4+2 neighbours. 

The shortest distance between copper atom is that between the 

atoas situated in two bipyramids that share an edge, i.±. the distance 

between adjacent copper atoas in the rings. This distance, 2.990 (+3) 1, 

may be conçared with the closest approach of metal atoms in CuO, where the 

three shortest distances are 2.9005 (£5), 3.0830 (+j) and 3.1734 (+4) A 

according to a recent refinement18. The present value, which occur twice 
for each copper atom, is seen to be almost exactly the mean of the two 

hortest distances in CuO. Corresponding distances in CuWO are 
2.982 (+4) A and 3.152 (+4) A.19 ^ 

The oxygen^oxygen distances are quite normal throughout. A shorten- 
ing of the 0-0 distances along edges which are comnon to two polyhedra is 

a generally observed phenomenon in structures «diere there is no appreci¬ 

able aetal-metal interaction across these edges. This effect is noticeable 

also in this structure as the shortest edges within each polyhedron are 

those shared with other polyhedra. It is less pronounced for edges shared 

between two CuO,. bipyramids than for those shared between a bipyramid and 

a 10g octahedron in accordance with the rules developed by Pauling from 
simple electrostatic arguments. 

The "oxygen volume", is 19.57 A3 which indicates that the 

oxygen lattice is a fairly open one. Corresponding values for structures 

with saall cations in a close packed o^rgen framework usually lie within 

the range 16.0 - 16.5 A3. The same thing is evident from the fact that 

the oxygen atoms have only nine oxygen near neighbours, lying within a 

distance of 3.10 and 2.92 A, whereas the next nearest neighbours are not 

closer than 3.93 and 3.77 A for 0(1) and 0(2), respectively. 

This coBçouo1, which has crystallographically equivalent copper 

atoms in a somewhat unusual coordination with oxygen, should be studied 

by other methods, and investigations of its electric and magnetic pro- 
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pertiea hare been started at this institute. In this connection a closer 

exeaination of possible non-stoichiometry will also be made. Preliminary 

measurements indicate that Cu,WOc exhibits temperature independent para- 

magnetism over the temperature range 120-290 K with the value 

X mt 4.5 X 10"6 cgs unite. 
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Table 1. X-ray powder pattern of Cu^WOg. The values for the inten¬ 

sity of the lines have been obtained from rough visual estimtion 

putting vexy strong » 10 and very faint * 1. X = 1.54051 A. 

A = 8in2eobs “ 8ln2®eftic* Sln20Caic ^864 on 8 = 9.7989(+ 2) A 
calculated by least squares refineaent. 

1 

9 

4 

10 

6 

4 

4 

6 

10 

10 
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6 

6 
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6 

3 

2 

6 

10 

5 

6 

1 

8 

6 

6 

9 

3 

4 

5 

6 

8 

9 

11 

13 

14 

16 

17 

18 

20 

21 

22 

25 

26 

27 

29 

30 

32 

33 

35 

36 

37 

38 

^o bs 

5.660 

4.898 

4.385 

3.998 

3.455 

3.265 

2.954 

2.7199 

2.6206 

2.4496 

2.3766 

2.3096 

2.1906 

2.1384 

2.0900 

1.9595 

1.9208 

1.8850 

1.8194 

1.7888 

1.7317 

1.7057 

1.6562 

1.6323 

1.6105 

1.5895 

X 105 

1852 

2473 

308Ó 

3711 

4971 

5566 

6798 

8020 

8639 

9887 

10504 

11122 

12363 

12975 

13582 

15451 

16081 

16697 

17924 

18542 

19784 

20391 

21630 

22267 

22874 

23482 

-1 

1 

-3 

3 

27 
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-12 

-11 
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0 

0 
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0 
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3 
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2 2 2 
¿+k+l¿ ■^obs 

•in2e 

X 105 
oba 

X 10- 

4 

8 

4 

9 

9 

2 

5 

5 

5 

5 

9 

4 

4 

5 

5 

5 

3 

1 

2 

• 1 

2 

5 

5 

3 

3 

3 

8 

4 

40 

41 

42 

45 

46 

48 

49 

51 

52 

53 

54 

56 

57 

59 

61 

62 

64 

65 

66 

67 

68 

69 

70 

73 

74 

75 

77 

78 

1.5494 24713 -2 

1.5307 25320 -13 

1.5119 25954 2 

1.4614 27780 -25 

1.4454 28399 -24 

1.4140 29672 12 

1.3998 30274 -2 

1.3725 31494 -18 

1.3590 32124 -6 

1.3462 32739 -9 

1.3337 33352 -14 

1.3098 34585 -17 

1.2964 35193 -27 

1.2756 36460 4 

1.2546 37693 1 

1.2444 38313 3 

1.2248 39546 0 

1.2149 40196 32 

1.2062 40780 -1 

1.1967 41426 26 

1.1880 42037 20 

1.1795 42644 9 

1.1710 43263 10 

1.1468 45110 3 

1.1389 45739 H 

1.13H 46344 1 

1.1169 47556 -22 

1.1098 48169 -26 
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Ta bit 2. ni# cryatal atructurt of Ou^WOg, 

Spact-group : PaJ - 

Unit call parameter: a « 9.797 (+ 3) A 

Unit call content i 8 ^ijWOg 

Atoa Posi¬ 
tion £ £ 

w 8£ 0.11703 (+8) 0.11703 (+8) 0.11703 (+8) 0.19 (+6) 

Cu 24d 0.40443 (+28) 0.24368 (+26) 0.13762 (+24) 0.69 (+6) 

0(1) 246 0.2193 (+13) 0.3016 (+12) 0.0091 (+12) -0.13 (+19) 

0(2) 246 0.4446 (+15) 0.4636 (+16) 0.1953 (+16) 0.63 (+24) 

Tht trrort giran art the calculated tingla ai*» raluaa. 
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T»bl« 3» analysis obtained in tbs last oyels of refineasnt. 

Hiob.' - lZoalpII» W ■ weighting factor. lbs wd^ raluss bars 
been normalised. 

Interval 
sin 0 

Humber of —x 

independent 
reflections 

Interval 

l2ob.l 
Humber of —- 

independent wAZ 
reflections 

0.000 - 0.209 

0.209 - 0.263 

0.263 - 0.301 

0.301 - 0.332 

0.332 - 0.357 

0.357 - 0.379 

0.379 - 0.400 

0.400 - 0.418 

0.418 - 0.434 

0.434 - 0.450 

24 1.411 

22 0.502 

22 0.732 

24 1.160 

20 1.213 

24 1.044 

20 1.290 

13 0.661 

21 1.216 

13 0.769 

0.0 - 57.2 

57.2 - 72.7 

72.7 - 89.1 

89.1 - 102.1 

102.1 - 119.2 

119.2 - 135.7 

135.7 - 154.4 

154.4 - 178.8 

178.8 - 205.1 

205.1 - 260.2 

20 1.707 

20 0.943 

21 1.167 

20 0.638 

21 0.926 

20 0.409 

20 0.738 

21 1.079 

20 0.944 

21 1.449 
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Table 4. Observed and calculated structure amplitudes for Cu^WOg. The 

strong reflections which were considered to suffer considerably from 

extinction and therefore were given zero weight are marked by an 

asterisk. 
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Tabl« 5. Interatomic distances and angles in 

Within octahedra 

W - 0(2) (3x) 1.791 (+16) k 
- 0(1) (3x) 2.085 (+12) 

0(l)-f-0(l) (3x) 76.1 (+2)‘ 

0(1)-1-0(2) (3x) 88.6 (+6) 

0(1)-1^0(2) (3x) 89.3 (+6) 

0(2)-1-0(2) (3x) 102.7 (+6) 

0(1)-1-0(2) (3x) 161.0 (+6) 

within blpyramids 

Cu - 0(lb) 1.921 (+12) k 
- 0(lc) 1.953 (+13) 

- 0(1») 2.002 (+12) 

- 0(2b) 2.060 (+15) 

- 0(2a) 2.243 (+16) 

0(lc)-Cu-0(la) 81.1 (+7)0 

0(lc)-Cu-0(2b) 87.7 (+6) 

0(lc)-Cu-0(2a) 87.5 (+^) 

0(lb)-Cu-0(la) 104.3 (+?) 

0(lb)-Cu-0(2b) 93.3 (+6) 

0(lb)-0u-0(2a) 83.4 (+^) 

0(la)-Cu-0(2a) 135.8 (+6) 

0(la)-Cu-0(2b) 136.3 (+6) 

0(2a)-Cu-0(2b) 85.1 (+8) 

0(lb)-Cu-0(lc) 170.8 (+^) 

Between polyhedra 

W - W 

- Cu (3x) 

- Cu (3x) 

- Cu (3x) 

- Cu (3x) 

Cu - W 
- w 
- w 
- w 
- Cu (2x) 

- Cu (2x) 

- Cu (fcx) 

3.970 (+1) k 
3.090 (+?) 

3.420 (t?) 

3.516 (+;>) 

3.648 (+?) 

3.090 (+?) 

3.420 (+?) 

3.516 (+?) 
3.648 (+3) 

2.990 (+3) 

3.219 (+4) 

3.529 (+3) 

0(1) - Cu 1.921 (+12) À 

- Cu 1.953 (+13) 

- CU 2.002 (+12) 

- W 2.085 (+12) 

0(2) - W 1.791 (+16) 

- Cu 2.060 (+15) 

- Cu 2.243 (+16) 

Distance between 
the oxygen atome 

’ 2.57 (+2) k 
2.72 (+2) 

2.73 (+2) 

2.80 (+2) 

3.82 (+2) 

2.57 (+2) k 
2.78 (+2) 

2.91 (+2) 

3.10 (+2) 

2.90 (+2) 
2.78 (¿2) 

3.93 (+2) 

3.77 (+2) 

2.91 (+2) 

3.86 (+2) 
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Figure 1 « A stereo pair shotring the Cu^Y/Og structure* The metal 

atoms within one unit cell volume and their coordinating oxygen 

atoms are shown. The origin 0,0,0 is at the centre of the cube but 

is hidden behind ar. ixygen atom. The positive directions of the 

axes from this point are indicated forming a right-handed coordi¬ 

nate system with jb vertical. Small spheres ^ ïï, medium spheres = Cu, 

large spheres s 0 atoms. 
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Figure 3 a» The arrangenent of V/G^. octahedra around one CuO^ 

triangular bipyramid. 

Figure 3 b. The arranccnent of CuO^ bipyramids around the same 

CuOjj group ao in Figure 3a. The tv/o bipyranids which belong to 

the name bipyranid ring ao the central one are also indicated 

by heavy lines. 
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-— .- - wivir. i.j ^av.nj.ixm; mm viurenua noi’/Tnoxyuun — 

tes and polywolf ramener, heve been per^onneo. Results obtained ^ron X-ray studies on 

sodiun dimolybdnte and dlwolfrwr.ate nre reported end discussed. Details of the struc¬ 

tural investitfavion of dinotussium tetrawolframate are /»iven. The research work has 

also comprised some studies on riñeses and crystalline substances on arsenate nolvb- 

date (volframate) basis containing alkali or silver atoms. Structural data are aiven 
for the crystalline compounds IJaZr^POi,)3 and U(P03)|,. Studies on the structural 

conditions in the ternary oxide systems containinr vanadium and molybdenum or v/ol^ran 

have been performed, Descrintion of the structures are riven for the crystalline 

phoses (11oo.93v0.07^5°ll»» W0.375V0.6?5°2.5 nnd W0.35()0,(;50p,5* Preliminary results 

are Riven for investigations of copper wolfram oxides.' X-rav investirations have been 

performed on the compounds CuW0)|_x and CujWO^. The preparation and properties of 

amorphous molybdenum trioxide nre described. A summary of the types of calculations 

carried out by computer within this research project is riven. Apparatus and mcar.ur- 

inr techniques for studies or magnetic susceptibility of vitreous and crystalline 

specimens have been developed. Measurements over the temperature rerion 90o;C-?98°K 

have been performed on the crystalline compounds MoOPOjj and Wo0^(P0| ),, and rlasses 

prepared from these phuoeo. The crystals of MoOPO, have been* ^fouild'* to be para- 
marnetic while the other compounds nre diamarnetic,* 
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