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Perovskite-type compounds with the idealized formula BazLnbfO’Os (Ln = La-Lu, Y, Sc) have been prepared. The syn- 
thesized materials contain Mo in various oxidation states, usually Mo“, &Io5-, and Mo6+ with the hexavalent state pre- 
ponderant. The room-temperature crystal structures are orthorhombic for the La and Ce phases, tetragonal for the Pr, 
;id, and Sm phases, and face-centered cubic for all other compounds except for BakkMoOs which is hexagonal. The ortho- 
rhombic structures have a transition temperature above 1000° t o  a more symmetric crystal system. The tetragonal phases 
become cubic above room temperature and the room-temperature cubic phases become tetragonal below room temperature. 
The transition temperature is a linear function of the rare earth ionic radius and is given by T ( ” C )  = 2 8 4 3 7 ~ ”  - 2769. The 
cubic-tetragonal transition is greater than first order and probably of the displacive type. X high-temperature single- 
crystal X-ray diffraction study on “Ba~NdMoos” has shown that  the rare earth ion and molybdenum are ordered in the 
perovskite structure. The 310-0 distance of 1.86 f i  shows that  strong covalent bonding is present in this bond, while the 
Nd-0 distance is equal to  the sum of the ionic radii. 

Introduction 
Over the past years many compounds having the 

perovskite structure have been reported in the litera- 
ture. 3--j The ideal perovskite structure for the 
stoichiometry ABXI has a primitive cubic unit cell with 
space group Pm3m containing one formula weight. 
The mineral itself, CaTi08, is slightly distorted a t  room 
temperature and is orthorhombic, but SrTiOs displays 
the ideal structure. The 12- and 6-fold coordinated 
cation sites, A and B, respectively, can be filled by 
different ions to produce a general formula AA’BB’06 
and if the octahedral cations, B and B’, order in the 
structure, then a new ideal face-centered cubic unit 
cell results which is an integral multiple of the cubic 
cell. Approximately half of the reported materials 
have the general formula AzBB’06 in which the B and 
B’ cations order in various degrees in the structure, and 
distorted supercells belonging to the tetragonal and 
orthorhombic systems have been reported for these 

The compounds selected for detailed 
study in this investigation have the general formula 
BazLn;\f006 (Ln = rare earth). The differences in 
valence and radius between the B and B’ ions should 
lead to nearly complete ordering in the structure and 
the substitution of the various rare earth elements in 
the B site should provide an excellent means to de- 
termine the effect of ionic size on the type of distortion 
produced in the perovskite structure and the relation- 
ship between ionic size and transition temperatures 
between various structures. 

Experimental Section 
The rare earth oxides as received from Lindsay Division, 

American Potash and Chemical Corp., had a reported purity of 
99.970; S C Z O ~  was obtained from the Atomergic Chemicals Co.; 
BaC08 and Moo3 were of reagent grade purity from the J. T. 
Baker Co. An X-ray diffraction powder pattern was obtained 
from the rare earth oxides prior to their use and then several 
grams of the materials was heated to  1200”, another powder 
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pattern was obtained, and the rest of the material was stored in a 
desiccator. Only in the case of La203 was there a consider- 
able weight loss and a change in the diffraction pattern. 

The equipment used for reaction of the components was a radio- 
frequency-heated furnace contained in a bell jar in which the 
atmosphere was controlled and temperatures in excess of 2000” 
could be attained. The conditions which gave the best results 
were a bell jar atmosphere of a nitrogen-12yc by volume hydro- 
gen mixture at a pressure of 600 mm. An unconsolidated, 
powdered sample mixture which contained stoichiometric 
amounts of Lng03, MoOa, and BaC03 and whose total weight 
varied between 0.5 and 3 g was heated to  700” and kept a t  that  
temperature for 15 min. The temperature was then raised in 
intervals of 200” up to  1400” with the sample being kept for 15 
min a t  each temperature. The reaction was completed by a final 
10-min treatment at 1150” and afterward the sample was per- 
mitted to  cool to  room temperature. This heating schedule and 
reaction conditions gave single-phase perovskite material in all 
cases except two. When the compounds BaL!eMoOs and BaZPr- 
Moos were formed, a more strongly reducing atmosphere was 
necessary; i . e . ,  the hydrogen content was increased from 12 to  
2074 by volume to  obtain a single-phase product. This increase 
was necessary due to  the presence of Ce4+ and Pr4+ in the initial 
reactants. The use of an oxidizing atmosphere always resulted 
in multiple phases; Bab1oO4, Moo3, and Lnz08 were usually 
detected. 

The stoichiometry of the final product was checked by ob- 
serving the weight loss due to formation of Cot  and oxygen 
which occurred in the sample during reaction. The observed 
weight loss was usually within lY0 of the calculated weight loss 
on the assumption that  the reaction was 

4BaC03 + 2M003 + LniOs + 2Ba2LnMoOa + 4C02 + 0.502 

Table I compares the values for the observed loss and the theoreti- 

TABLE I 
OBSERVED W E I G H T  LOSS I N  THE PREPARATION OF “BazLnMoOs” 

%--- 7-- %--- 
Lna+ Calcd Obsd Lna+ Calcd Obsd 
Y3+ 14.73 15.44 Ho3- 13.20 13.75 
Ce3+ 14.63 16.02 Er3+ 13.15 14.33 
Pr3+-  14.29 15.22 Tm3+ 13.11 13.98 
S d 3 +  13.58 14.86 Yb3T 13.05 13.57 
Gd3+ 13.33 13.71 Lu3+ 13.01 14.06 

___- 

cal values for several preparations. All observed losses are larger 
than the theoretical values indicating that  some volatilization of 
Moo3 occurred. 

The compounds as prepared by this procedure are black, 
have a metallic luster, and are quite crystalline. X-Ray powder 
patterns showed the diffraction lines of the cubic perovskite sub- 
cell in addition to  the very weak (lll),  (311), and (331) super- 
structure lines due to  the ordering of the rare earth and molyb- 
denum ions. 
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To determine the extent of reduction of molybdenum in a 
series of perovskites, samples of known weight were heated in 
air a t  600’ t o  constant weight and the weight gain was measured 
using a Cahn Electrobalance with a sensitivity of i ~ 0 . 0 2  mg. 
Sample weights were about 22 mg; ;.e.,  weight changes of 
greater than 0.1% could be detected. A summary of the results 
for a set of preparatibns is shown in Table 11. A weight gain 

TABLE I1 
WEIGHT CHANGES DURING OXIDATION OF PEROVSKITES WITH 

PRESUMED COMPOSITION “BazLnMovOa” 
% Color after % Color after 

Lna+ gain oxidn Ln8+ gain oxidn 
Nda’ 0.20 Lightblue Tbs+ 0.32 Red-brown 
EuS+ 0.81 Yellow Tm8+ 0.65 Green-blue 
Gds+ 2.43 Yellow Lust 0.56 Green-blue 

of about 1.3y0 can be expected on the basis of the idealized 
formula BazLnMovOe for the initial product so that  all compounds 
prepared, except the Gd phase, contained most of the molyb- 
denum in the hexavaletlt state and the Gd material had primarily 
tetravalent Mo. On the assumption that  the oxidized product 
contained only Moo+ and that  the oxygen framework is retained 
intact-interstitial oxygen is unlikely-cation vacancies must be 
present. If the catiotls are equally exsolved, the final com- 
position can be postulated to have the idealized formula Baza/,,- 
Lniz/,,Movliz/,,O~ and the color of the product is most likely due 
to  the color of exsolved rare earth oxide. 

From these results i t  is evident that  the black material con- 
tains several molybdenum oxidation states, the most probable 
being 4+, 5+,  and 6+, and that  i t  will be extremely difficult t o  
predict the composition of a given preparation on the basis of the 
experimental conditions only. No chafiges in lattice constants 
as a function of stoichiometry were observed during this work. 
The X-ray powder patterns of the oxidized materials are identi- 
cal with those of the reduced materials except that  the diffraction 
lines of the former were broader and lines in the back-reflection 
region were qu&e diffuse. 

X-Ray Powder Work 
Two distortions of the ideal cubic perovskite struc- 

ture were observed a t  room temperature. For the 
La and Ce compounds, the powder pattern showed 
splitting of the ideal perovskite lines into triplets which 
could be indexed on an orthorbombic cell with a,  b, and 
t approximately equal to 8.6 A. The Pr, Nd, and Sm 
compounds gave powder patterris which showed the 
basic perovskite lines being split into either a doublet 
or a triplet. All lines in the pattern could be indexed 
on a tetragonal cell with a and c approximately 8.5 A. 
The remaining compounds of Eu through Lu and in- 
cluding ET gave the basic cubic perovskite pattern with 
no observable line splitting. The Sc compound, how- 
ever, did not have the perovskite structure but rather 
the powder pattern was typical of the hexagonal Ba- 
Ti08 structure. The room-temperature lattice pa- 
rameters for the materials as they are initially prepared 
are given in Table 111. These parameters were de- 
termined from Debye-Scherrer films obtained with 
Cu K a  radiation, X 1.5405 A, and using a least-squares 
refinement of all diffraction lines with 28 angles greater 
than 90’. The constants for “RaZLaMo06)) could not 
be obtained because the diffraction lines were broad 
and the poorly resolved lines did not permit such a 
refinement. No single crystals of this material were 
ever obtained. 

An X-ray powder diffractometer in which the sample 
temperature could be varied from 100 to 1400°K was 
used to study phase changes in these materials. The 
data from diffraction lines between 34’ 28 and 90” 28, 
Cu K a  radiation, were used in a least-squares refine- 
ment to obtain the lattice parameters a t  various 
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TABLE I11 
LATTICE PARAMETERS, SPMMETRY, AND TRANSITION 

TEMPERATURES FOR “BazLnMoOi’ MATERIALS@ 

Material 
BazLaMoO6 
BazCeMoOeO 

BazPrMoO6 

BalNdMoO6 

BazSmMoOe 

BazEuMoO6 

BazGdMoO6 

BaaTbMoOe 

BazDyMoOe 
BatYMoOe 
BazHoMoO6 
BazErMoO6 
BazTmMoOe 
BaaYhMoOe 
BazLuMoOo 
BatSCMoOeC 

Symmetry 
Orthorhombic 
Orthorhombic 

Tetragonal 

Tetragonal 

Tetragonal 

Cubic 

Cubic 

Cubic 

Cubic 
Cubic 
Cubic 
Cubic 
Cubic 
Cubic 
Cubic 
Hexagonal 

Lattice 
constants? A 

a = 8.52 
b = 8.74 
c = 907 
a = 8.495 (3) 
c = 8.597 (2) 
a = 8.491 (4) 
c = 8.556 (4) 
a = 8.472 (3) 
c = 8.500 (3) 
a = 8.466 (2) 

a - 8.454 (1) 
a = 8.425 (2) 

a = 8.409 (1) 
a = 8.391 (1) 
o = 8.387 (1) 
a = 8.369 (2) 
a = 8.356 (2) 
a = 8.331 (2) 
a = 8.321 (1) 
a = 5.90 
c = 14.32 

Transition 
temp, O 4 2  

> 1000 and <1550 

252 
(tetragonal + cubic) 

176 
(tetragonal - cubic) 

87 
(tetragonal - cubic) 

10 
(cubic + tetragonal) 

- 16 
(cubic + tetragonal) 

-117 
(cubic + tetragonal) 

- 153d 

- 192d 

a The numbers in parentheses are the standard deviations of the 
last digits. Room temperature. Lattice constants obtained 
from precession films. d These values obtained from eq 1. 

temperatures. The resolution of the instrument placed 
a lower limit on the observed c/a ratio of about 1.002. 
Because of this limitation, powder patterns were run 
a t  several different temperatures below the transition 
temperature. From these patterns, the c/a ratio was 
obtained for each material. A linear least-squares fit 
of the c/a ratio as a function of temperature, Figure 1, 

l .mp. . . lu ,*  (‘Io 

Figure 1.-c/a ratio vs. temperature for tetragonal compounds. 

was then performed. This curve was extrapolated to 
c/a = 1.0000 to obtain the transition temperatures 
which are shown in Table 111. It is estimated that the 
transition temperatures are accurate to f 10’ based 
on the error of the observed c/a ratio. 

As can be seen from Figure 1, the slope of each of the 
lines is approximately the same. This fact was used 
to determine the transition temperature for BazTb- 
MOOG. For this compound, line splitting (indicating 
a phase change) was seen only a t  the lowest possible 
temperature which could be obtained, 100°K. Using 
the average of the slopes of the previously determined 
compounds, a transition temperature of 156°K was 
calculated from the one datum point. 

Examination of the X-ray powder patterns indicated 
that the change from cubic to tetragonal symmetry 
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occurred with no abrupt change in the lattice pa- 
rameters, but rather the parameters were a smooth, 
continuous function of temperature. Figure 2 gives 

C U B I C  

100 100  300 400 500 LOO 700 800 9 0 0  

r lmpera tur .  ( O K )  

Figure 2.-Lattice constants for BalNdMoOe vs.  temperature. 
ac is the cubic value and UT and CT are the tetragonal values. 

the lattice constants for BazNdMo06 as a function of 
temperature and this behavior is representative for the 
entire series. Figure 3 shows the volume V S .  tempera- 

590 
100 200 300 400 500 600 700 000 900 

T t m p e r o i u r e ( ' u )  

Figure 3.--Unit cell volume us. temperature for tetragonal com- 
pounds. 

ture curves for each of the compounds in which phase 
changes were detected. Within experimental error 
the curves are linear for each phase; however, the slope 
of the curve is different for the tetragonal and cubic 
phases. Except for the compound BazPrMoO6, the 
slopes of the curves for the various materials are the 
same in both the cubic and the tetragonal regions. 

The results indicate that the phase transition is 
higher than first order. To check this hypothesis 
further, dta runs were made using samples of Baz- 
PrMo06 and BazNdMo06. In both cases, no evidence 
of a phase change appeared in the dta charts indicating 
that the phase transition is higher than first order. 
Thus it was concluded that (1) the phase change ob- 
served in these materials is of the displacive type which 
results in a gradual displacement of the ions from the 
high-symmetry position (cubic) and ( 2 )  the phase 
change is higher than first order; i . e . ,  it  has no discon- 
tinuities in volume, etc., associated with it. 

Figure 4 shows the observed transition temperature 
as a function of the rare earth ionic radius. Within 

experimental error this curve is linear over the range of 
materials covered. The expression for the transition 
temperature as a function of the ionic rare earth radius 
was obtained by a linear least-squares fit of the data 
and is given by 

T = 2843r~, - 2769 (1) 

where T is the transition temperature ("C) and yLn is 
the rare earth ionic radius (Ahren's). This curve was 
then used to predict transition temperatures for other 
cubic members of the series. These values are also 
shown in Table 111. 

Single-Crystal Studies 
In order to study the structures of the various phases 

and their transitions in greater detail we undertook a 
single-crystal X-ray diffraction investigation of several 
materials. Weissenberg and precession photograph 
patterns were clearly due to twinned crystals. When 
a high-temperature cubic material transforms to a low- 
temperature tetragonal phase, the a and c dimensions 
of which are nearly the same, any one of the original 
cubic axes can become the new c axis and three possible 
orientations of the new reciprocal lattices are obtained. 
Reflections of the types hOO, Ok0, and 001 (pseudocubic) 
will appear as doublets and those of the types h01, Okl,  
and hkO will appear as clusters of three. The patterns 
observed for Ba2PrMo06, BazNdMoOa, and BazSm- 
Moo6 at  room temperature were of this nature. 

To examine the phase transition in greater detail a 
high-temperature attachment for the Weissenberg 
camera was constructed. The photographs showed a 
gradual merging of the diffraction spots as the tempera- 
ture was increased and above the transition tempera- 
ture no splitting of the spots was observed. Upon cool- 
ing through the transition temperature, splitting of the 
various diffraction spots was again observed. Cycling 
through the transition temperature always resulted in 
the identical twin patterns. Twinning due to phase 
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transitions is a fairly common phenomenon and has 
been observed in several rare earth aluminates.' 

Although the room-temperature phase could not be 
analyzed because of this twinning phenomenon, the 
high-temperature cubic phase could be investigated by 
single-crystal X-ray diffraction techniques in order to 
determine the degree of order that  exists in the struc- 
ture, ensure that it is indeed a perovskite type, and de- 
termine the value of the oxygen parameter. 

Various flux methods were tried to grow single crys- 
tals of BazNdMoOs but none were successful and finally 
the material was melted under a reducing atmosphere 
in an iridium crucible in the radiofrequency furnace and 
from the crushed melt a suitable fragment for single- 
crystal X-ray analysis was obtained. 

The crystal was mounted on an automatic equiincli- 
nation diffractometer, which was fitted with a device 
that permitted the heating of the crystal past the transi- 
tion temperature of 176". Three-dimensional data to 
(sin O ) / k  = 0.66 were collected a t  200' using crystal- 
monochromatized Mo Ka! radiation. The integrated 
intensity was measured using an w scan of 1 ","in over 
a 2.2" scanning range with a counter aperture of 3'. 
The range was gradually increased to 2.8" for upper 
levels. A minimum number of counts (2000) was se- 
lected to provide the same statistical accuracy for weak 
reflections as obtained from strong reflections. This 
procedure required scanning the weak reflections twice. 
Background was counted for 100 sec on both sides of 
the peak. Thirteen levels of data were collected (hk0- 
hk12) giving a total of 979 reflections. The basis for 
accepting a reflection as statistically nonzero was a 
value of A I / I  5 0.lS where AI/I = (T + tzB)'/2/T - 
tB (T is the total counts in time tT for the w scan; B is 
the total background counts; t = t T / ( t l  + t z ) ,  tl and t 2  

are the background counting times). The empirical 
equationg 

F 2  [T + B + O.O009(T - B ) 2 ]  
B )  a2(F)  = 4(T - 

was used to estimate the variance for each structure 
factor where Tis  the total count, B is the average back- 
ground count, and the additive term T - B allows for 
errors proportional to the net count, such as variation 
in the beam intensity and absorption errors. The data 
were corrected for Lorentz and polarization effects and 
for absorption. For the absorption correction the crys- 
tal, wedge shaped with approximate dimensions 0.096 X 
0.024 X 0.103 mm, was described by six planes. The 
linear absorption coefficient, p ,  is 227 cm-' which re- 
sulted in transmission factors from about 0.2 to about 
0.5. Equivalent reflections were averaged using the 
standard deviation for the reflection as a weighting 
function and 115 independent reflections were finally 
obtained. 

High-temperature photographs had shown that re- 
flections were present only when hkl were either all even 
or all odd and that the diffraction symmetry was m3mF 
and the space group of the crystal was therefore as- 
sumed to be Fm3m. For the initial structure factor 
calculation a perovskite model was assumed with com- 
plete order of the neodymium and molybdenum atoms 
and the oxygen parameter was assumed to have the 

(7) S. Geller and V. B. Bala, Aclo Cryslallogr., 9, 1019 (1966). 
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(9)  W. R. Busing and H. A. Levy, J .  Chem. Phys. ,  26, 683 (1957). 
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ideal value of ( l / d ,  0, 0). Several cycles of least-squares 
refinement showed that the oxygen parameter shifted 
from the 1/4a0 position. Subsequent least-squares re- 
finements based on isotropic tFmperature factors re- 
sulted in a discrepancy value R = 0.046 for all reflec- 
tions used in the refinement and weighted R = 0.052 
(R = Zl/Fo/ - IFoll/Z/Fol andwR = {Z[w(/Fo/ - 1Fcl)21/ 
Z [wlF,12] The standard deviation for a reflec- 
tion of unit weight was 3.62. The structure fac- 
tors were weighted as l/u2 and the quantity Zw(F, - 
F J z  was minimized with the summation taken over all 
independent reflections. Atomic scattering factors as 
listed in ref 10 uncorrected for dispersion effects were 
used. Table IV lists the observed and calculated struc- 

TABLE I V  
OBSERVED AND CALCULATED STRUCTURE 

FACTORS FOR BazNdMoOa 
K i  
0.0 !. 

2 h  
? I  
2 I "  
2 1 2  
2 I A  
i b  
1 t  
P I  
L. I / I  

b I2 
b 6  
B *  
b I '  
6 I2 R P  

I I" 
I I ?  

I O  12 
I2 I2 

1 0  i o  

... i 

rUHS FCPL 
a n ... 

25 121 
718 1 1 3  

10 -9. 
* 5 1  $ 6 7  

2 1 3  217 
42 - 3 3  

10 -16. 
4 8 6  '$9 
22 - 1 8  

3 2 1  316 
3 3  - l e  

I F 7  2 1 1  
519 5 8 5  
23 -21 

4 1 1  3V2 
35 - J I  

25% 257  
4 0 1  '"4 

3 0  -35 

4 2  - 3 b  
305 290 

4 2  - 3 5  
210 i l 0  
21b 218 
45 - 3 4  
159 13b . I ... 
71 1 0  
35 71 
5R 5 8  
2 1  I 0  
39 .I 
28 3 3 .  

3 0  -2n 

6 7 3  tn2 

296 2 8 7  

K L  
1 3  
3 5  
J l  3 9  

3 I 1  

5 I  

3 1; 

5 9  
5 11 
5 I 3  
I ,  
7 1  
7 1 1  
7 13 
9 9  
9 I 1  
9 I 3  

I 1  I 1  ?". * 
2 2  
2 4  
2 b  

2 I O  
2 I2 

2 4  

* .  
4 0  

F O R 5  F C I L  
Y O  48 
6 7  bb 
hb 62 
39 42 
L 3  '2 
27 3rr 
2 7  ? V  
&b b b  
311 36 
3n 3b 
26 31. 
52 50 
39 39 
39 37 
27 31. 
3 3  32' 
3% 3; 

2v 29. 
39 27. 

9 ... 
lb3 - 1 4 3  
5 3 1  55,  

b i  

4 1 3  b o 3  
ZI - b 3  

2 4 0  ?bO 
19 - 3 0  

a51 6 6 0  
7 8  - 3 9  

301 308 
36 - 3 8  
13 -49. 

335 329 
2 7  -39 

225 229 
3 1  - b O  
243 ?*b 

K L  
n 17 

I O  I n  
I O  I ?  I2 12 

3 1  
3 5  
3 1  
3 9  
3 I 1  
3 I 3  
5 5  
5 1  
5 P  
5 1 1  

5 I ?  1 7  

7 9  
7 1 1  
? 13 
e 9  
9 I I  

1.1 M 

i!..lA 
L b  
4 h  
4 1  
'4 in 
b 17 
b h  
b R  
6 1 n  
b I ?  
n s  
b I n  
n 12 

10 I O  

FOPS FCPL 
4 3  - 3 1  
39 - 3 6  

I 3 ... 
9 3  96 
5n 5 7  
58 b5 
4 7  ,. 
b b  4 2  
? I  3* 
15 39 
51 ,v 
33 30 
38 37 
?6 3 1 .  
53 51 
19 b o  
3b  3b 
3b 30. 
37 33. 
34 31 
27 29. 

= 4 ... 
5 0 7  499 
27 - 3 0  

3 7 3  155 
19 - 1 3  

241 239 
37. 365 

1 4  -37 
2hb 266 

b o  - 3 6  
2 7 0  > 7 h  
42 -35 

20b 204 
201 191 

K L F O R 5  F C A L  
1 0  12 45 - 3 *  ... H i 5 .I .  

5 5 25 29 
5 7 3'1 60 
5 9 3. 31 

7 1 ;  :: :: 
1 9 37 3b 
7 I 1  3 3  3 3  
9 9 37 3 0 .  

I I  I 1  2Q 27. 

b 0 I 9  - * I *  
6 8 20; 283 
b I O  3 6  - 3 1  
b 12 201 202 
8 8 4 1  - 3 7  
8 I O  211 216 
8 12 bR -35 

1 0  I O  3" - 3 4  
I O  12 I b n  160 ... I ( ;  ,... 

9 1 1  24 29. 

H . 6 

1 7 3 l  

9 9 36 10. 
9 I 1  27 20. 

n n 2 1 b  223 
8 I O  b ?  - 3 4  

? 9 bI t: 
7 I 1  1 1  32 

1.. n .  R . . .  

(1 I2 lb6 105 
I O  I O  16'. I 7 0  ... II i 9 1.. 

9 9 31 27. 

ture factors, and final parameters and bond distances for 
BazNdMoOe are shown in Table V. Using the final 

TABLE V 
FINAL PARAMETERS FOR CUBIC BazNdMoOe, uo = 8.518 (1) A 

Atom Position X Y e B, A2 

Ba sc '/4 '/4 '/4 0.443 (2) 
Mo 4b '/z '/z '/z 1.08 (5) 
Nd 4a 0 0 0 0 .61  (3) 
0 24e 0.282 (2) 0 0 4 . 1  (4) 

Bond Distances (A) for BazNdMoOs 
Nd- 0 2.40 (2) 
Mo- 0 1 .86(2 )  
Ba-0  3.02 ( 2 )  

parameters, a difference map was calculated. Peaks 
no greater than 0.4 e-/A3 were observed and these oc- 
curred a t  the heavy-atom positions Ba and Nd. 

The determination should provide information re- 
garding the structure type, oxygen parameter, and the 
degree of order between Nd and Mo. The reflections 
most sensitive to the last two effects are those with all 
indices odd, ;.e., the superstructure lines. The assump- 
tion of complete ordering of Nd and Mo and oxygen in 
the proper position led' to an overall R = 0.046. For 
the superstructure reflections only, R was 0.061. When 
only the cations were iiicluded in the calculation, R was 
0.082, and with oxygen included but fixed a t  the 1/4, 

0, 0 position, R was 0.069 and a very large temperature 
(10) "International Tables for X-Ray Crystallography," Vol. 111, Ky- 

noch Press, Birmingham, England, 1962. 
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factor was obtained for oxygen. The assumption of 
90% order in the perovskite structure yielded R = 
0.066. Thus a significantly lower discrepancy index 
was obtained for the complete ordering of the B and B’ 
ions in the perovskite structure. 

Because the high-temperature structure is cubic, 
there is no distortion of the oxygen octahedra. How- 
ever, the oxygen octahedra around the rare earth ion 
and the molybdenum ion are quit? different in size. 
In the former the edge, 0-0, is 3.39 A while in the latter 
it is 2.63 8. The oxygen-rare earth bond distance, 
2.40 A,  is equal to the sum of tbe ionic radii of oxygen 
(1.40 8) and neodymium (1.00 A) whereas the oxygen- 
molybdenum bond distance, 1.86 8, is about 0.2 A less 
than the ionic bond distance, 2.03 8.11 Such a short 
distance would indicate strong covalent bonding be- 
tween the molybdenum and oxygen atoms and therefore 
large overlap of the oxygen orbitals and the 4d orbitals 
of molybdenum. The distance found here corresponds 
to one of the Mo-0 distances observed in MoO[(S2C- 
OC2H5)2]2012 and a bond order of about 1.6 can be as- 
signed to it.13 

(11) R D. Shannon and C. D. Prewitt, Acta Cvyslallogv , Sect. B, 25, 925 
(1969) 

(12) A. B Blake, F. A. C!otton, and J. S Woad, J .  Amev. Chem. Soc., 86,  
3024 (1964). 

(13) F. A. Cot tonand R. M. Wing, Inorg. Chem., 4, 867 (1965). 

The molybdenum radius determined in this coni- 
pound is 0.46 A ( 0 2  radius 1.40 A),  and since the exact 
oxidation state is unknown, this is an average value for 
a mixture of the tetra-, penta-, and hexavalent ions. 
The b406+ radius in BazcaMoO~, can be calculated from 
the lattice constant a = S.355 8 1 4  and is 0.38 8. The 
Mo6+ value is expected to be smaller although it is 
usually listed as 0.60 In hTaMoF6l5 the radius de- 
rived for Mo5+, on :he basis of the reported lattice con- 
stant,oa = 8.194 A, r(Na+) = 1.02 8, and r(F-) = 
1.33 A, is 0.42 A in closer agreement with the value 
found here. Perhaps the only conclusion that can be 
reached is that there is considerable uncertainty regard- 
ing the values for Mo radii which can be used, a priori, 
for predicting lattice constants of compounds contain- 
ing this element. 

From the studies of the stoichiometry of these ma- 
terials it is likely that the single crystal contained Mo5+ 
and Mo6+, and cation vacancies are most likely present 
in the unit cell. The rather high value of the oxygen 
temperature factor might be indicative of some disorder 
in the B sites and provides additional supportive evi- 
dence for the postulated nonstoichiometry of these ma- 
terials. 

(14) E G. Steward and  H. P. Rooksby, Acta Crystallogr , 4, 503 (1951). 
(15) A. J. Edwards and E. F. Peacock, J .  Chem. Soc., 4253 (1961) 
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The binding energies of the “2p” electrons’ of phosphorus in 17 compounds were measured by means of X-ray photoelectron 
spectroscopy. In addition, where appropriate, the binding energies of the “1s” electrons of oxygen, the “2p” electrons of 
sulfur, and the “3p” electrons of selenium are also reported. The main part of this study involved comparison of the series of 
compounds having the structure RIPM, where M stands for (a) the electron pair, (b)  oxygen, (c)  sulfur, and (d)  selenium, with 
R being the phenyl group and, for structures b through d,  the phenoxy1 group. In  the case of the first series (R = phenyl), 
data were also obtained on complexes with mercuric iodide. When goifig from oxygen to sulfur to selenium, there is essen- 
tially no change in the “2p”-binding energy and this is attributed to charge equalization through a-bond feedback. Several 
theoretical calculations, as well as an interpretation of 31P nuclear magnetic resonance chemical shifts, are given t o  support 
this contention. 

The phenomenon of pT-d, bonding has long been a 
subject of interest and dispute in the chemistry of phos- 
phorus and other second-row elements. X-Ray photo- 
electron spec t ro~copy~-~ of electrons in inner-shell or- 
bitals seems to be a useful t ~ o l ~ , ~  for estimating the varia- 

( I )  The designation of the atomic orbital for which a binding energy is 
measured is put  in quotation marks, e&, “Zp,” since the inner orbitals of 
molecules are somewhat delocalized and bepce are not identical with the 
corresponding atomic inner orbitals. 

(2) To  whom requests for reprints should be addressed. 
(3) K. Siegbahn, C. Nordling, A. Fahlman, R. Nordberg, K. Hamrin, 

J. Hedman, G. Johansson, T. Bergmark, S:-E. Karlsson, I. Lindgren, and 
B. Lindberg, Nova Acta Regiae SOC. Sci. Upsol.,  [41 $30, 1 (1967). 

(4) R.  G. Albridge in “Physical Methods of Chemistry,” Vol. 11, A. 
Weissberger and B. W. Rossiter, Ed., Interscience, New York, N. Y., in 
press. 

(5) J. h.1. Hollander and  W. L. Jolly, Accounts Chem. Res. ,  8 ,  193 (1970). 
(6) R. Nordberg, H. Brecht, R. G. Albridge, A. Fahlman, and J. R. Van 

Wazer, Inoug. Chem., 9, 2469 (1970). 

tion in the “charge” of an atom from one molecule to 
another and hence ought to be appropriate for evaluat- 
ing pT-dT bonding. In this work, we shall assume that 
the inner-electron binding energies obtained from excit- 
ing a mass of molecular crystals are a t  least qualitatively 
interpretable in terms of the electronic structure of the 
isolated molecule. 

Experimental Section 
The photoelectron spectrometer used in this work is a scaled- 

up version (35-cm radius) of a unit previously described7 and the 
operation of the instrument, which is kept in an  iron-free room, 
is controlled by a small computer.* This spectrometer has been 

(7) R. Nordberg, J. Hedman, P. F. Heden, C. Nordling, and K. Siegbahn, 

(8) A. Fahlman, R.  G. Albridge, R. Nordberg, and W. M. LaCasse, Rev. 
Auk. F y s . ,  87, 489 (1968). 

Sci. Instvum., 41, 696 (1970). 


