
THE RICE INSTITUTE 

X-RAY DIFFRACTION STUDIES ON THE ORTHOVANADATES 
s' 

OF TRIVALENT METALS 

Lonnie ¥. Vernon 

% 

^ A THESIS 

] SUDMITTED TO THE FACUITY 

^ IN PARTIAL FUIFniMEET OF THE 
n 

*5 EEQUIREMEHTS FOE THE DEGREE OF ri 

S MASTER OF ARTS 



TABLE OP CORTEETS 

Page 

Introduction.    1 

The Isomorphous Series of Bare Earth Orthovanadates. 

Introduction.         4 

Experimental.       6 

Structure Determination   7 

Results     11 

Scandium Orthovanadate. 

Experimental      15 

Structure Determination    16 

Results....  18 

Other Orthovanadates of Trivalent Metals. 

Orthovanadates vith Zircon Structure    20 

Orthovanadates vith Rutile Structure  23 

Orthovanadates of Unknown Structure    26 

Discussion.       28 

Summary    31 

Acknowledgement    32 

References.         33 

Figures. 



MTROEDUCTIOH 



X-RAY DIEFRACTIOH STUDIES OR THE ORTHOVAHADATES 

OF TRIVAEEHT METALS 

HJTRODUCTIOR 

For a number of years investigations have been made at the 

Rice Institute to determine methods of synthesis and the crystal struc¬ 

tures of the orthovanadates of the trivalent metals. Previous to 

these investigations a limited number of orthovanadates had been ex¬ 

amined by x-ray diffraction methods. 

The mineral pucherite, bismuth orthovanadate, has been reported 

to be isomorphous vith antimony tantalate (7). However, Dihlstrom (8) 

reports that bismuth orthovanadate prepared by sintering together 

BigO^ and Yg0^ gives a powder photograph completely different from 

that of antimony tantalate. 

Broch (1) has prepared yttrium orthovanadate by heating yttrium 

oxide and ammonium metavanadate together in an electric oven for five 

hours at 800#C and for an additional four hours at 1000 - 1100° C after 

the product was pulverized. From the x-ray diffraction picture of the 

powder he found that yttrium orthovanadate was tetragonal, having a 

crystal structure of the zlrcon-xenotlme type. The structures of xeno- 

time (yttrium phosphate) and zircon (zirconium silicate) have been de¬ 

termined by Vegard by means of the Bragg ionization chamber method and 

the powder method (2,3). These two minerals are tetragonal with four 

molecules per unit cell and belong to space group DjJ^ * 14/amd. 

Strada (4) prepared yttrium phosphate by the method of Berzelius and 

found it to be identical with xenotlme. He prepared yttrium arsenate 



"by heating to 650°C the precipitate formed hy adding Y(HO ) to a so- 
^ 3 

lution of Na^HAsO^. He found that yttrium arsenate had the zircon 

type structure. 

Brandt (5) has synthesized chromium orthovanadate "by heating 

Cr 0 and V 0 together for 24 hours at 750° an electric oven. 
23 2 5 

From rotation, Weisseriberg, and powder photographs he found chromium 

orthovanadate to he orthorhombic with four molecules per unit cell and 

17 
to belong to the space group “ Cmcm. Chromium orthovanadate rep¬ 

resents a new structure type to which a number of the chromates of bi¬ 

valent metals belong (5). Brandt (6) has investigated a number of 

ABO^ compounds which might be expected to have sixfold coordination 

around A and B. He found that twelve of these compounds possessed the 

rutile structure (13). They are tetragonal with one molecule per unit 

14 . 
cell and belong to space group D - P4/mnm. In his investigation 

Brandt synthesized rhodium orthovanadate, ferric orthovanadate, and 

aluminum orthovanadate. He found that rhodium orthovanadate possessed 

the rutile type structure. Because of the similarity of the powder 

photographs he reports that aluminum orthovanadate is probably isomor- 

phous with magnesium molybdate and manganese molybdate. 

In a previous investigation (9) in this laboratory it was 

found that submicroscopically crystalline indium orthovanadate could 

be prepared by heating equimolar dry mixtures of indium hydroxide and 

ftTffmoniinn metavanadate or coprecipitated mixed oxides to temperatures 

of 850-1000*0. The x-ray diffraction pattern of indium orthovanadate 

was not indexable in either the cubic or the tetragonal crystal system. 



In a subsequent Investigation (10) the oxides or oxalates of 

several trivalent metals were mixed with Arnmnniiim metavanadate in quan¬ 

tities such that equimolar amounts of M 0„ and V 0_ were present. 
2 3 2 5 

These samples were heated for two hours at 750-1000° C. The x-ray dif¬ 

fraction patterns observed for lanthanum, thallium, indium, gallium 

and ferric orthovanadates consisted of numerous lines, not indexable 

in the cubic or the tetragonal system. The pattern obtained from scan¬ 

dium ortho vanadate consisted of relatively few lines, but its diffrac¬ 

tion lines were not indexed at that time. The orthovanadates of elev¬ 

en rare earths (Pr, Ed, Sm, Eu, Gd, Tb, Py, Er, Tm, Yb, and Lu) gave 

x-radiograms that were almost identical with the diffraction pattern 

of yttrium orthovanadate. 

The results of the previous investigations in this laboratory 

and the work of Brandt suggest the desirability of continuing the study 

of the orthovanadates. The investigations contained in this thesis 

will be divided into three sections. 

I. Calculation of the intensities of neodymium and ytterbium 

orthovanadates in order to verify the structure of the isamorphous 

series and to determine the atomic positions in the unit cell. 

II. A more thorough investigation of scandium orthovanadate, 

whose relatively simple x-radiogram suggests that its structure might 

be determined from x-ray diffraction powder data. 

HI. Application of x-ray diffraction methods to the study of 

other possible orthovanadates of trivalent metals. 



THE 3SCMGKPH00S SERIES OF RAKE EARTH ORTHOVAKARATES 



I* THE ISCMORPHOtJS SERIES OF RARE EARTH GRTHOVAHADATES 

A. IRTROnjCTIOH 

la an x-ray diffraction study on heavy metal or thovamdat es, 

Milligan and covorkers (10) found that the orthovanadates of yttrium 

and eleven rare earths (Pr, H&, Sm, Eu, Gd, Tb, Dy, Er, Tm, Yb, and 

Lu) formed an isomorphous series* The x-ray diffraction lines of 

these orthovanadates were indexed in the tetragonal system* The unit 

cell dimensions (adjusted to absolute A) of these orthovanadates are 

given In table I. The indices and Intensities agree in a general way 

with those reported by Broch (1) for yttrium orthovanadate; however, 

there are some minor differences* Broch does not report the presence 

of the (101) reflection nor does he calculate Its Intensity. In this 

Investigation it was found that reflection (101) was stronger than 

many of the lines observed by Broch. la order to verify the structure 

of these orthovanadates and to determine the positions of the atoms in 

-the unit cells, it was decided to calculate the intensities of the dif¬ 

fraction lines of neodymium orthovanadate* The intensities of the 

x-ray diffraction lines of ytterbium orthovanadate were calculated in 

order to detect any significant difference in the atomic positions in 

these two crystals. 



Datole X Unit Cell Dimensions 

Compound 
O 

a , A 
O 

c , A a/o 

ScY0h 6* 78 6.12 0.90 

7.01 6.19 0.88 

rmok 7.0k 6.23 O.89 

•mo^ 7.00 6.20 O.89 

*ErVO^ 7.07 6.25 0.88 

HoYOj^ 7.06 6.25 0.89 

XYO^ 7.10 6.27 0.88 

7.10 6.27 0.88 

,moh 7.15 6.31 0.88 

GdYO^ 7*19 6.33 0.88 

BuYO^ 7.20 6.35 0.88 

mo^ 7.2k 6.36 0.88 

HflYO^ '7.33 6.43 0.88 

RYO^ 7.30 6M 0.88 

CeYO^ 7.3k 6M 0.88 

*25# yttrium 



B. EXPERIMENTAL 

The samples of neodymium orthovanadate and. ytterbium ortho¬ 

vanadate were prepared, by the method previously reported by Milligan 

and covorkers (10). The oxide of the metal was mixed with ammonium 

metavanadate and the mixture was heated in an electric oven for two 

hours at 750°C. The powder was ground in a hand mortar and placed on 

a slide for examination by the Norelco x-ray spectrometer. 

The intensities were obtained by measuring the area under the 

peaks on the x-radiograms, which were produced by the Geiger-counter 

and Brown recorder of the Norelco x-ray spectrometer. The scanning 

speed of the spectrometer was one degree (2 6) per minute. The copper 

radiation was filtered through a nickel foil to obtain the copper 

radiation. The x-radiograms of neodymium orthovanadate and ytterbium 

ortho vanadate are reproduced in figure I. The experimental intensi¬ 

ties obtained from these x-radiograms are given in table H. 
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C. STRUCTURE DETERMinATION 

Space Group 

The approach used in determining the structure of neodymium 

orthovanadate is "based on the similarity of the power photographs of 

yttrium orthovanadate and neodymium orthovanadate and the structure of 

yttrium orthovanadate reported "by Broch. 

In table "V" the miller indices of the diffracting planes of 

cerous orthovanadate, which is typical of the rare earth orthovanadates, 

are given. It will "be noted that the lattice is "body centered since 

h i k + 1 = 2B for all reflections. Also it is observed that the fol¬ 

lowing reflections are absent: (110), (130), (002), (330), (114), (222) 

and (150). The absence of these reflections suggest the presence of a 

fourfold screw axis, an a-plane perpendicular to this axis, and a 

d-plane parallel to the screw axis. These symetry elements lead to 

the following extinctions. Reflections (hkl) occur only with 

h + krl = 2nj (hko) only with h - 2n and k = 2n; (hhl) only with 

1 = 2n and 2h + 1 = 4n. These are the characteristic extinctions of 

space group 3>jJ^ - l4/amd. 

Unit Cell 

Prom the consideration of the density of neodymium ortho¬ 

vanadate it is found that the unit cell contains four molecules of 

19 
NdVO^. Space group - 14/amd contains two positions with four 

equivalent points and three positions with sixteen equivalent points 

(11). 



The special positions (a), (b), (f), and (g) of the Inter¬ 

nationale Tahellen have additional extinctions. Because of these 

additional extinctions the presence of reflections (202) and (134), 

■which were observed on the x-ray powder photograph of neodymium ortho¬ 

vanadate, eliminates the possibility of the oxygen atoms being in 

position (f) or (g). The oxygen atoms must be in position (h). The 

atomic positions are: 

Four neodymium atoms in (a): 

000; 1/2 1/2 1/2; 0 l/2 l/4; l/2 0 3A 

Four vanadium atoms in (b): 

00 1/2; 1/2 1/2 0; 0 l/2 3/4; l/2 0 lA 

Sixteen oxygen atoms in (h): (000; l/2 l/2 l/2) + 

0,x,z; 0,-x,z; x,0,-z; -x,0,-z; 0,l/2+x,lA"zJ 

0,l/2-x,l/4-z; x,l/2,lA*zj - x,l/2,l/4t-z. 

Calculation of Intensities 

The relative intensities were calculated by means of the fol¬ 

lowing equation: 

I = k* j* (f) (sin ©) F2 

k is a proportionality constant. 

j is the number of cooperating planes. 

<$ (sin © ) = 1 + cosg2 Q , this function includes the 
p 

sin © cos 0 

polarization factor and the Lorentz factor. 

F = 2Z. f 2?ri(liXj + ky^ + LZj), the structure factor. 

f 
5 

is the atom form factor and is a function of sin © 

A 



The -values of (p (sin ©) were obtained from a plot of the -val¬ 

ues given in the "Internationale Tabellen zur Bestimmung von Kristall- 

strukturen." The atom form factors are also taken from the Interna¬ 

tionale Tabellen* The atom form factor for oxygen was calculated by 

the Hartree method. The values of the atom form factors for the heav¬ 

ier elements were obtained by the method of Thomas Fermi. 

After substituting the atomic positions given above and simpli¬ 

fying, the following structure factor is obtained for reflections with 

h + k + L = 2n: 

FhkL 
= 2[1 * eXp 77 i(k + L/2)HfNd + exp 77 iLJ + hf0 

£[exp(277'iLz)cos27rkx + exp(-2 77’iLz)cos277hx] 

+ exp7Ti(k + L/2) [exp (2 77 iLz) cos2 TThx. 

+ exp(-27riLz)cos27ria:]2 . 

From examination of this structure factor it is seen that for 

reflections with k + L/2 = 2n + 1 the oxygen atoms are the only ones 

diffracting the x-rays. It will also be noted that when L is odd the 

phase of the waves diffracted by the neodyaium atoms differs by 180 de¬ 

grees from the phase of the x-rays diffracted by the vanadium atoms. 

Reflections with lc + L/2 = 2n + 1 should be very wealcj lines with L 

odd should be weak and lines with L even should be strong. 

Only values of x between zero and a half need be considered 

since for an oxygen atom at (oxz) there is an equivalent atom at (oxz). 

Values of z between zero and a half are the only ones that need be con¬ 

sidered since larger values would give the same results with the a and 

b axes interchanged. 



She reflection (220) is relatively freak although L is even. 

From consideration of the structure factor it is seen that this means 

that cos 4TTX must have a large negative value* She structure factor 

for the (220) plane does have a large negative value vhen x - l/k. 

Although the (202) reflection is caused by the oaygen atoms only, it 

is relatively strong* Shis fact means that sin 477 s(l + cos 477x) 

must he a large nuzaher* She function above does have large value vhen 

x - lA and % 0 l/8 or 3/8* If z is equal to 1/8, the interatomic dis¬ 

tances in the crystal are ahnozmal. She values of the parameters are 

probably close to lA and 3/8* 

She final values of the parameters were determined by the meth¬ 

od of trial and error* She values of the parameters were varied until 

a good general agreement between the calculated intensities and the 

experimentally determined intensities was obtained* 



D. RESUUTS 

The calculated and experimental Intensities of the x-ray dif¬ 

fraction lines of neodymium ortho-vanadate are given In table n for 

the parameters x = 0,19 *md a ** 0.35• It was decided not to attempt 

to refine the parameters further at this time because of some doubt as 

to the accuracy of the experimental Intensities. However, for the 

parameter values given above there Is good general agreement between 

the calculated Intensities and the Intensities measured V means of 

the Geiger-counter, she intensities of the diffraction maxima of 

ytterbium, orthovanadate ware calculated also (table U). It was found 

that no significant change In the parameters was necessary In order to 

give good general agreement between the calculated and observed Inten¬ 

sities of ytterbium orthovanadate. 

Since the Intensities of most of the Interference maxima are 

not very sensitive to changes in the values of the parameters, It Is 

difficult to estimate the accuracy of parameters* However, the maxi¬ 

mum error Is probably less than 0*01. A qualitative examination of 

the x-radlograms of all of the ortho-vanadates of this isamorphotts se¬ 

ries reveals no significant difference In the relative Intensities of 

the various members of the series. Since the parameters x - O.19 and 

« = O.35 give satisfactory agreement between the calculated and exper¬ 

imental intensities for both neodymium ortho-vanadate and ytterbium 

orthovanadate, it is believed that the parameters (x = 0.19 + 0.01, 

2 = O.35 + 0.01) will give satisfactory results for each member of the 

laomorphous series of rare earth ortho-vanadates. The values of the 

parameters reported by Broch (l) for yttrium orthovanadate are 
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x - 0.19 and s = O.355. 

The structure of the orthovanadates of this ieomorphous aeries 

is the sir con type structure. There ere four oxygens around each va¬ 

nadium foxming an almost regular tetrahedron* There is a loose tet¬ 

rahedral arrangement of oxygen lone around each metal ion. The vana¬ 

dium tetrahedra have no elements in common; however, the four corners 

are shared with four of the metal tetrahedra. The tetrahedral arrange¬ 

ment of oxygen ions around the metal ion is so loose that four other 

oxygen ions nearly touch the metal ion. The coordination around the 

metal ion in this structure is said to he 4 + k* 

This structure approximately satisfies Pauling's electroneu¬ 

trality principle (12). There are four oxygen ions around eaoh vana¬ 

dium ion and there are four oxygen ions touching each metal ion* The 

electrostatic valency strengths of the V-0 and MrO bonds are 5A *nd 

$A respectively. Since each oxygen ion is hound to one vanadium ion 

and one metal ion, the total strength of the valency bonds reaching 

eaoh oxygen ion is eq.ual to the charge on the oxygen ion. If the va¬ 

nadium-oxygen bond Is about 40$ ionic in character and the metal-oxygen 

bond is about 65# ionic, then the charge on each ion in the atructure 

is approximately neutralised. 

The Interatomic distances calculated for neodymium orthovan¬ 

adate and ytterbium orthovanadate are given in the table XU. Table 

HI also includes the interatomic distances which Broch has reported 

for yttrium orthovanadate (1). 



Table XI Keiative Intensities of HffiTO^ ana YWO^ 

hia JJOTO^ rm\ 
Caieni&fteA Observed Calenl&ted Observed 

301 3.2 2.9 4.6 3.2 
200 10.0 10.0 30.0 10.0 
211 1.4 1.5 2.1 1.7 
112 7*9 7.6 8.3 7.8 
220 2.1 2.4 2.3 2.7 
202 0.5 0.6 0.4 0.9 
301 1.4 2.0 1.5 2.1 
103 0.8 1.1 0.9 1.2 
231 1.3 2.0 1.6 1.9 
132 5.8 6.1 6.0 6.8 
400 1.7 2.4 1.6 2.2 
12$ 0.6 0.7 0.8 0.9 
4n 0.4 0.6 0.5 0.5 
240 1.4 1.2 2.0 1*9 
004 0.3] 0.8 0.3 ) 0.7 
303 0.2 J 0.2 J 
402 0.02 m 0.02 m 

332 1.9 _ 1.7 1.6 2.0 
204 1.1 1 ! 1.4 1.2 1 1*7 
233 0.1 J 0.2 J 
242 0.02 ■m 0*02 m 

341 0.5 * 0.5 0.6 ) 0.8 
501 0.08. 1 0.1 J 
224 1.2 * 1.4 1.2 *1 1*9 
343 0.3 J 0.4 J 
134 0.01 ** 0.01 - 
251 0.1 v. ir. 0.2 v.v* 
152 1.9 1.6 1.6 1*7 

not observed 



Table HI Interatomic distances in N<3V0^, YbVO^, & YVO^ , A 

WdYO^ YbVO^ #yvo^ 

v-o 1.69 1.63 1.64 

H
 

#*■*% 
O

 t o
 2.78 2.68 2.70 

<o-o)z 2.76 2.66 2.67 

M-0 2.36 2.27 2.30 

M-0 2.65 2.56 2.73 

■“Reported by Brocb (l) 



SCANDIUM OBTHOVANADATE 



II. SCAHDIOM OKCHOVMAIATE 

A. EXIERIMEHTAL 

A sample of submicroscopically crystalling scandium ortho- 

•vanadate •was prepared by heating 0*0988 grams of scandium oxide and 

0.1671 grams of ammonium metavanadate together In an electric oven 

for four hours at 750*0. X-ray diffraction photographs of the powder 

were tafcen, using chromium K ^ and copper K radiation* 

She sample was also examined hy means of the Horelco spectrom¬ 

eter using copper K radiation. She Intensities of the Interference 

maxima were obtained from the x-radiogram produced by the Geiger- 

counter and the Brown recorder. She x-radlogram of scandium ortho¬ 

vanadate Is reproduced In figure X. She Intensities obtained from 

this x-radlogram are given In table X7* 

Because of the limited angular range of the Horelco spectrom¬ 

eter an attempt was made to obtain quantitative Intensity measurements 

from the powder photograph using a Moll microphotometer and a "Photo¬ 

pen" recorder* She Intensity of the Interference maxima was assumed 

to be proportional to the Integrated density* However, the Intensi¬ 

ties determined in this manner did not agree satisfactorily with the 

Geiger-counter Intensities nor with the calculated Intensities* She 

reasons for this disagreement are being Investigated further. 

She observed intensities which are reported In parentheses In 

table X7 are the ones obtained from the powder photograph by means of 

the microphotometer. 



B. STRUCTURE BETEEMIgATIOB 

The x-ray diffraction lines on the povder photographs of scan¬ 

dium ortho-vanadate can he Indexed in the tetragonal crystal system* 
• • 

The unit cell dimensions are a = 6.76 A and c = 6*12 A* Calculation 

of tt* denolty the unit celi *l*m> aM four »lecuJ** of ^ 

per unit cell gives a value of 3*54 gnn/oc. The density of scandium 

orthovanadate was determined experimentally hy the pycnometer method 

and a value of 3.6 gn./cc* vas obtained* 

Indexing the reflections of scandium orthovanadate in the a- 

hove manner gives a large number of extinctions (see table H). Re¬ 

flections (101), (110), (002), (130), (222), (231), (4ll), (330), 

(303), (402), (114), (150), (242), (341), (501), (143), (134), (105), 

(125), (343), (161) and all lines with h + k+ l«fia + 1 are miss¬ 

ing. Close examination of the above absences reveals that scandium 

orthovanadate has the same systematic extinctions as neodymium ortho¬ 

vanadate* In addition to these systematic extinctions, scandium 

orthovanadate has a new hind of extinction; many reflections with L 

odd are missing. 

If scandium orthovanadate has the same structure as neodymium 

orthovanadate, all of the missing reflections can be explained* The 

space group - l4/amd requires that reflections (hkl) occur only 
*rh 

-when h + k + L » 2n; reflections (hko) occur only when h = 2n and 

k » 2n; reflections (hhL) occur only When L * 2n and 2h + L « 4n. 

Reflections with k + L/2 = 2n + 1 are caused by the oxygen atoms only 

and seme of them may be too weak to be observed* Examination of the 
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structure factor for neodymium orthovanadate shows that when L Is odd. 

the wave scattered "by the metal ion is completely out of phase with 

the wave diffracted by the vanadium ion* Therefore, When L is odd the 

intensity of the Interference maxima of scandium orthovanadate will 

+5 +3 
be weak since the scattering power of V and Sc are approximately 

the same* X-ray diffraction by planes with odd L is caused almost en¬ 

tirely by the oxygen atoms and in some cases the intensity will be too 

weak to be observed. 

The intensities of the diffraction lines of scandium ortho¬ 

vanadate were calculated by the method outlined In the section on the 

rare earth orthovanadates. The parameters were evaluated by the meth¬ 

od of trial and error. The values of the parameters were varied un¬ 

til the best possible agreement between experimental and calculated 

intensities was obtained. 



C. HESJIffS 

The experimentally detexmlned Intensities of the diffraction 

lines of scandium orthovanadate and. the calculated Intensities for the 

parameters at - 0.20 and a = 0.32 are given in table JX. It vlll he 

noticed that the calculated intensities of the reflections that sere 

not observed experimentally ere leas than one per cent of the inten¬ 

sity of the strongest line. There Is also good general agreement be¬ 

tween the calculated Intensities and the Intensities measured by the 

Gelger-counter of the Bbrelco spectrometer. 

The Interatomic distances In crystalline scandium orthovan* 

aaate were calculated using the parameters given above. The oxygen- 

oxygen distances In the distorted tetrahedron around vanadium are 
g ft 4 * 

2»70 A and 2*<& A and the vanadium-oxygen distance is 1.74 A. Each 

scandium Ion is surrounded by four oxygen ions at a distance of 2.07 A 

and by four other oxygen ions at a distance of 2.36 A. 

The structure of scandium orthovanadate differs sll&tly from 

that of neodymium orthovanadate. The tetrahedron of oxygen Ions a- 

round the vanadium ion Is elongated In the direction of the c-axis in 

scandium ortho vanadate. 



Table IV X-ray Diffraction Data of ScYO^ 

Mcl 
« 

Interplanar epacings , A Belative intensity 

Calculated Observed Calculated Observed 

101 4*50 m' 0.00 «*' 
200 3.38 3,38 10.0 10.0 
211 2.71 2,71 1*4 1.4 
112 2*57 2.58 6.2 6.1 
220 2.39 2.39 0.7 1.1 
202 2*27 2,27 1*3 1.8 
301 2.12 2,12 0.5 0.9 
103 1.950 1*950 0.3 0.6 
231 1*793 m o.o4 «r 
132 1*755 1.760 5.9 n 6,2 
too 1,693 1.690 2.1 ] 2*5 
123 1.695 m 0.2 J 
411 1.588 m o,o4 m 

oo4 1.525 1*530 0,3 0*5 
2to 1.513 1.510 1.0 7 1,1 
303 1,524 m 0.01 J 
402 1,485 m 0.03 m 

332 1.415 1.420 1.9 2.1 
204 1.390 1.395 1.0 1.2 
233 1.382 1.380 0.3 0.3 
242 1.360 - 0.1 m 

341 1.322 - m 

501 1,322 m 
X ■ * o.o4 «e 

224 I.285 1.290 0,9 1.0 
i4s 1.280 4ft 0.03 - 
134 1.243 •ft 0.1 - 
251 I.231 1.230 0,2 0.2 
152 1.220 1.220 0.9. 0.9 
440 1.200 1,200 0.4 7 0.4 
105 1*201 - 0.07J 
X25 1.130 m 0.01 - 

1.133 1.135 0.5 0,5 
343 1.128 «• 0.01 - 
600 1.128 1,127 0.5 0.5 
161 1.0S7 • 0.01 •ft 
352 1.086 1.086 0.? (1.0) 
260 1.075 I.075 0.4 (0,6) 
116 0*997 0.998 0.6 (0.6) 
136 0.921 0.921 0,7 (0.8) 
712 0.914 0.913 1.0 (0.7) 
624 0.878 O.878 1.0 (0.9) 
336 0.857 0.854 0.3 (0*5) 



OCHER QRTHOVAMDATES OF TRIVALEHT METALS 



HI. OTHER GHEHOTMADATES OF TRIMMEST METALS 

A* ORTHOVAHAHATES WITH ZIRCOI SmCTORE 

Suhaicroscopically crystalline holmium orthovanadate was pre¬ 

pared by heating 5*9 mg* of holmium oxalate and 2.4 mg. of ammonium 

metavanadate together In an eleotrlo oven for two hours at 750* C. 

The powder was ground In a hand mortar and placed in a thin wall 

Mark H glass tube for examination by x-ray diffraction. Powder pho¬ 

tographs were taken using copper and chromium K<* radiation. 

Cerous orthovanadate was prepared by two different methods: 

(1) JUmonlum mota-vamlate ns mixed «th Cea(S0^)j'8^ 0 la 

quantities such that equimolar amounts of Ce^O^ and were 

present* This mixture was heated for periods of 2 to 4 hours 

at 750-1400*0 In a nitrogen atmosphere. 

(2) Ammonium metavanadate was dissolved In a dilute sulfuric 

acid solution. Sulfur dioxide gas was bubbled through this 

solution to reduce the vanadium to the tetravalent state. 

After the excess sulfur dioxide was removed, a quantity of 

Ce (HSOjj)^ was added to give equimolar amounts of CeOg and 

VOg. The solution was neutralised with ammonium hydroxide 

and the precipitate obtained was dried In a nitrogen atmos¬ 

phere for approximately six hours. The sample was then heated 

In a nitrogen atmosphere for 18 hours at 750*0. 

Powder photographs of the two samples, which were prepared by 

the methods described above, were taken using chromium K <* radiation* 

These two samples gave identical x-ray diffraction patterns. 



The x-radiograms of both holmium orthovanadate and cerous ortho 

vanadate are practically Identical vith the x-radiograms of the other 

rare earth orthovanadates. Since only a very email amount of holmium 

ortho vanadate was available for examination by x-ray diffraction, the 

intensities of the diffracted lines were west and It was impossible 

to measure accurately all of lines* The dimensions of the unit cell, 

which were calculated from the measurements of the stronger lines, 

are a - 7*06 A and b = 6.2? A. The interplanar spacing in cerous 

orthovonadate are given In table V. Table Y also includes the miller 

indices and the experimentally observed intensities of the x-ray dif¬ 

fraction lines of cerous orthovanadate. 
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Table V X-ray Diffraction Data for CeVO^ 

hkl laterplamr epaolags , A 

Calculated Observed 

Intensity (obs.) 

101 4.84 4.81 2.3 

200 3.67 3.66 10.0 

211 2.93 2.93 1.1 

112 2.74 2.73 7.0 

220 2.59 2.59 2.7 

202 2.42 2.42 0.6 

301 2.29 2.29 2.2 

103 2.06 2.0 6 1.3 

231 1.942 1.943 2.0 

132 1.885 1.885 7.3 

4oo 1.835 1.839 2.9 

123 1.798 1.799 0.8 

4n 1.716 1.717 0.9 

240 1.641 1.642 1.8 

004 1.616 1.61B 1.1 

332 1.524 1.926 2.5 

204 1.477 1.477 1.9 

3bl 1.432 1.434 0.8 

224 1.370 1.371 1.8 

132 1.319 1.316 1.9 



B. QRTHOVMADATES TOE THE BDTH2S STHDCTOBB 

Bhodlum orthovanadate vac prepared by the method reported by 

Brandt (6). Bhodlum chloride (40$ rhodium) and ammonium metavanadate 

Here mixed in equimolar amounts and heated for two days in an elec* 

trie oven at 750*C. Antimony orthovanadate was synthesised by mix¬ 

ing antimony trioxide and ammonium metavanadate in a ratio of two 

moles to one. This mixture was heated in an electric oven for two 

hours at 750*0* 

Titanium orthovanadate was prepared by the method given below. 

A hydrochloric acid solution of titanium trichloride was neutralised 

with ammonium hydroxide. A quantity of ammonium, metavanadate was 

to the solution to site •*«-» .mounts of and T^. 

The solution was evaporated to dryness in a nitrogen atmosphere and 

the residue was heated in an electric oven with a nitrogen atmosphere 

for two days at 750*0. 

Powder photographs of the three suhmlcroscoplcally crystalline 

samples were taken using copper and chromium £4 radiation. The 

x-ray diffraction patterns of rhodium orthovanadate* antimony ortho¬ 

vanadate* and titanium orthovanadate are very similar. The x-radio- 

grams (produced by the Borelco x-ray spectrometer) of these three 

orthovanadates are reproduced in figure H. The x-ray diffraction 

lines can be indexed in the tetragonal crystal system. The inter- 

planar spacings of rhodium orthovanadate* antimony orthovanadate* and 

titanium orthovanadate are given in table VI; the indices agree with 

-those reported by Brandt (6) for rhodium orthovanadate. Table VII 



&k 

gives the dimensions of the unit cells of rhodium orthovanadate, anti¬ 

mony orthovanadate, and titanium orthovanadate* 
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Table VI Interplanar spacings , A 

Mcl BhVO^ SbVO^ TiVO^ 

obs. calc. obs. Bajialj%aBs obs. calc. 

no 3.22 3.22 3.24 3.24 3.24 3.24 

101 2.45 2.45 2.55 2.54 2.48 2.48 

200 2.28 2.28 2,29 2.29 2.29 2.29 

111 2.16 2.16 2.22 2.22 2.19 2,18 

210 2.03 2.03 2.05 2.05 2.05 2.05 

211 1.667 I.667 1.701 1.701 1.682 1.682 

220 1.605 1.609 1.617 1.618 1.6l6 1.618 

002 1.453 1.455 1.529 1.530 1.473 .1.475 

310 1.437 1.437 1.446 1.447 1.443 1.445 

301 1.342 1.343 1.366 1.365 1.354 1.354 

112 1.325 1.326 1.384 1.383 1.340 1.343 

202 1.227 1.227 1.274 1.272 

Table VII tfait cell dimensions , % 

BhVfy SbVO^ TTSTO^ 

a 4.55 4.58 4.58 

c 2.91 3.06 2.95 

a/c 0.640 0.668 0.644 



c. GEimmmmms OF BHEUOWK SMJCTDKEC 

In previous investigations (5,10) the orthovanadates of alu¬ 

minum., iron, gallium, and lanthanum vere synthesized hut their struc¬ 

tures are still unknown. la this Investigation Indium orthovanadate 

and thallium orthovanadate vere synthesized as desorlhed belov. 

Metallic Indium vas dissolved In an excess of nitric acid; 

ammonium orthovanadate vas added In a quantity such that equimolar 

amounts of IngO^ and vere present. She solution was evaporated 

to dryness and the residue vas heated for three hours at 750*0. 'Thal¬ 

lium orthovanadate vas prepared from equimolar amounts of thallous 

acetate and ammonium metavanadate. The thallous acetate vas dissolved 

In ammonium hydroxide and oxidized vith hydrogen peroxide. The ammo¬ 

nium metavanadate vas added and the solution vas evaporated to dryness. 

The residue vas heated for one hour In an electric oven at 600“c. 

Povder photographs of Indium orthovanadate and thallium ortho- 

vanadate vere taken using copper K and chromium K* radiation. The 

x-ray diffraction patterns consisted of numerous lines not indexable 

in either the cubic or tetragonal crystal systems. This result agrees 

vith the report of Milligan and covorkers (10)« Although attempts to 

grov single crystals of Indium orthovanadate and thallium orthovana¬ 

date In a pressure bomb have not yet yielded crystals large enough 

for single crystal experiments, microscopically visible crystals of 

thallium orthovanadate have been grown. The melting point of thallium 

orthovanadate vas observed to be much lover than the melting points 

of the other orthovanadates. 
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Attempts to synthesise bismuth orthovanadate and arsenic ortho- 

vanadate V heating equimolar amounts of the metal trioxide and vana¬ 

dium pentoxlde for two hours at 750*C gave suhmicroecopically crystal¬ 

line powders, whose x-ray1 diffraction patterns were not indexable in 

either the cubic or tetragonal crystal systems* 



DISCUSSION 



DISCUSSIOB 

The Ionic radii of the trivalent elements are given in table 

VXXX* It will be noted that the metals with ionic radii between 

0*83 % and 1.18 A form ortho-vanadates that have a zircon type struc¬ 

ture* In all of these structures (with the possible exception of 

scandium ortho-vanadate) the vanadium ion is surrounded by an almost 

regular tetrahedron of oxygen ions* In scandium orthovanadate the 

tetrahedron appears to be elongated in the direction of the c-axis* 

m this structure the scandium-oxygen distance was found to be 2,07 A> 

which is somewhat less than the sum of the ionic radii* A graph of 

the unit cell dimensions (a plotted against c) of the orthovanadates 

of this isomorphous series is given in figure XXX* This graph indi¬ 

cates that the arrangement of the atoms In scandium orthovanadate may 

differ slightly from the arrangement in the other orthovanadates of 

this IsamorphouB series* 

Consideration of the size of the trivalent Ions of indium 

(ionic radius O.95 A) and thallium (ionic radius 0,95 A to I.05 A) 

suggest that the orthovanadates of these two metals should have the 

same structure as the rare earth orthovanadates. It is possible that 

the ions of indium and thallium have polarising powers suffloient to 

deform the oxygen ions so that they will not fit in the above struc¬ 

ture. Evans (15) has reported that cations which do not have an inert 

gis extranuclear structure have a particularly great polarizing power. 

The fact that indium orthovanadate and thallium orthovanadate do not 

have the zircon structure my also be explained as follows* Indium 

and thallium are more electronegative than the rare earths and have 



a greater tendency to form homopolar 'bonds with oxygen (16), Shore* 

fore, the crystal structure of the orthovanadates of these two metals 

is likely to he different from the structure of the rare earth ortho¬ 

vanadates* 

In a previous investigation (10) it was found that the dimen¬ 

sions of the unit cell of neodymium orthovanadate were greater than 

those of praseodymium orthovanadate. This discrepancy was explained 

hy the possibility of praseodymium dioxide dissolving in the prase¬ 

odymium orthovanadate and altering the lattice constants. Shis possi¬ 

bility was confirmed In this investigation. One of the samples of 

cerous orthovanadate contained an excess of cerium. She x-ray dif¬ 

fraction pattern of this sample contained some of the lines of cerium 

dioxide. However, after the sample was heated for an additional three 

hoars at 1000*C the cerium dioxide lines disappeared and the lines of 

cerium orthovanadate were shifted, indicating a solid solution* 

Brandt (6) has reported that rhodium orthovanadate possesses 

the rutile (Si^O^) structure with the rhodium and vanadium ions sta¬ 

tistically distributed throughout the lattice. In this investigation 

it was found that antimony orthovanadate and titanium orthovan&fiate 

are isomorphous with rhodium orthovanadate. These "defect” struc¬ 

tures are being investigated further. A more thorough study of the 

TiOg - V0g system is planned. 



Table VIII Ionic radii of trivalent cations 

Atomic No. Element 
A 

Ionic Eadii 
B C 

13 A1 0.57 0.55 (0.50) 
21 Sc O.83 0.83 (0.81) 
22 Ti 0.62 0.70 
24 Cr 0.64 0.70 
26 Fe 0.67 O.67 
31 Ga 0.62 O.65 (0.62) 
33 As O.69 0.69 
39 Y 1.06 0.95 (0.93) 
45 Eh 0.68 0.75 
49 In 0.92 0.95 (0.81) 
51 Sb 0.90 0.90 
57 la 1.22 1.15 (1.15) 
58 Ce 1.18 1.10 
59 Pr 1.16 1.09 
60 Nd 1.15 1.07 
62 Sm 1.13 
63 Eu 1.13 
64 Gd 1.11 
65 Tb I.09 
66 By I.07 
67 Ho I.05 
68 Er 1.04 
69 Tm 1.04 
70 Yb 1.00 
71 Lu 0.99 
81 Tl 1.05 (0.95) 
83 Bi 1.20 

A, Evans (15) 

B and C, Wyckoff (14) 

(Computed values in 
parentheses) 



SUMMAHT 



SUMMAET 

The following is a brief summary of the results of this In¬ 

vestigation: 

(1) The orthovanadates of Ce, Pr, U&, Em, Eu, Gd, Tb, Dy, Ho, 

Er, Tm, Yb, Lu, Y, and So are lsomorphous with air con. The 

oxygen parameters for fourteen of these ortho-vanadates are 

x = 0.19 + 0.01 and % - 0*35 + 0.01. In scandium, orthovan- 

adate the parameters are x ® 0.20 + 0.01 and s ® O.32 + 0.01. 

(2) The oxygen tetrahedra in scandium orthovanadate are elon¬ 

gated In the direction of the c-axls* The scandium-oxygen 

distance is somewhat smaller than the sum of the ionic radii. 

(3) Antimony orthovanadate and titanium orthovanadate are 

isomorphous with rhodium orthovanadate. 

(k) Attempts to synthesise the ortho vanadates of In, Tl, Bi, 

and As gave crystalline powders whose x-ray diffraction pat¬ 

terns were not indexable in either the cubic or tetragonal 

crystal systems. 
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Fig. IH Orthovanadates with the Zircon Structure 

a o r X 


