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large gap around z=0 and z=¢/2 explains cleavage, the
flakes being parallel to the (001) plane. The crossed
packing of the molecules, apparent from the projection
in Fig. 2, explains the positive optical sign of dibenzo-
furan. The bond angles in the five-membered rings vary
from 104-4 to 112-9° with an average of 108-5° and those
in the six-membered rings in the range 115-3 to 123-9°
with an average of 119:6°. The individual six and five-
membered rings are strictly planar but the whole mol-
ecule is not in a plane. In fact the molecule appears to
have taken a slight ‘boat’ configuration, the benzene
rings showing a dihedral angle of 1-2° with the furan
ring. It is interesting that this result is similar to those
observed in the cases of carbazole and dibenzoseleno-
phene, molecules of nearly identical size and shape.

Table 9. Some intermolecular distances

C(1), 1-C(3), I1 3-99 A o(7), I-0(1), IV 3-83 A
C(), 1-C@4), I1 3-76 C(), 1I-v(D), V 3-88
o(7), I-C@4), 11, VIIT 3-80 C(3), I-C(2), V1 396
C(2), 1-C(2), 111 3-98 C(4), 1-C(2), VI 3-94
C(3), I-C(2), 111 3-89 C(@3), I-C(3), VI 3-98
o), 1I-C@4), IV, V 396 C4), I-C(4), VII 385
Oo(7), 1-C(5), 1V, V 3-65 C(5), I-C(4), Vi 377
o(7), 1I-C(6), IV, V. 342 C(6), I-C(4), VII  3-74
Positions:

I X, ¥, z \Y Y4+x, 13—y, z
1 x, 1+, z VI t—x, I—, z
III —-x, 1=y, 1—z A0 t+x, 11—y, z
v P+x, 14—y, -2 VIII x, 14y 3-2

Acta Cryst. (1973). B29, 2074

THE CRYSTAL AND MOLECULAR STRUCTURE OF DIBENZOFURAN

The author expresses his deep sense of gratitude to
Professor B. S. Basak for his able guidance and for
providing all facilities. He is also thankful to the U.G.C.
for financial assistance and the Tata Institute of
Fundamental Research, Bombay for providing the
CDC 3600 Computer facility.

References

BANERJEE, A. (1971). Proc. Indian Sci. Cong. 42 (111), 72,

BANERIEE, A. (1972). Indian J. Phys. 46, 481-483.

Burns, D. M. & IBALL, J. (1960). Proc. Roy. Soc. A257,
491.

Busing, W. R., MArTIN, K. O. & Levy, H. A. (1962).
ORFLS. Report ORNL-TM-305, Oak Ridge National
Laboratory, Oak Ridge, Tennessee.

CAMERMAN, A. &. TROTTER, J. (1964). Proc. Roy. Soc.
A279, 129.

CouLsoN, C. A. & GoLeBIEWSKI, A, (1961). Proc. Phys.
Soc. 78, 1310.

DEWAR, M. J. S. HARGET. A.J., TRINAJSTIC, N. & WORLEY,
S. D. (1970). Tetrahedron. 26, 4505-4516.

Hore, H., KNoBLER, C. & McCuLLouGH, J. D. (1970).
Acta Cryst. B26, 628.

Kay, M. 1, OkAYa, Y. & Cox, O. E. (1971). Acta Cryst.
B27, 26.

KurAHASHI, M., Fukuyo, M., SHIMADA, A., FURUSAKI, A.,
NiTTA, 1. (1968). Bull. Chem. Soc. Japan, 42, 2174-2179.

Lauiri, B. N. (1968). Z. Kristallogr. 127, 456.

NisHiMoTO, K. & FORSTER, S. L. (1966). Theor. Chim. Acta.
4, 155-165.

WILsON, A. J. C. (1949). Acta Cryst. 2, 318-321,

Crystal Structure of La>(Mo0Qy)s3, a New Ordered Defect Scheelite Type
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La,(MoOy); crystallizes with monoclinic symmetry, space group C2/c, and lattice constants a=
17-006 (4), b=11-952 (2), c=16-093 (3), f= 10844 (3)°. Its crystal structure has been determined from
single-crystal counter data and refined to a conventional R value of 0-055 for the 2031 structure factors
greater than three standard deviations. The structure is related to the scheelite (CaWO,) structure from
which it can be derived through vacancy ordering of { of the Ca sites. It comprises 9 scheelite subcells.
There are 12 formula units per unit cell. Nearest-neighbor environments of the cations resemble
those of scheelite: La is in eightfold and Mo in slightly distorted tetrahedral oxygen coordination. One
third of the oxygen atoms are coordinated by one Mo and two La atoms, the other two thirds are coor-
dinated by one Mo and one La atom. Interatomic distances reflect the differences in coordination. The
structure is discussed and compared to the other known defect scheelite structures, Eu(WO,); and

Bi(M0O,);.

Introduction

The discovery of ferroelectricity (Borchardt & Bier-
stedt, 1966) and ferroelasticity (Aizu, 1969) in

* Contribution No. 2007.

Gd,(MoO,); has stimulated extensive work in many
laboratories and has led to thorough investigations of
the rare-earth molybdates and tungstates with compo-
sitions L,(MoQ,); and L,(WO,);, where L is a rare
earth element. These compounds belong to at least five
structural types: the Euy(WOQ,); structure (Templeton
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& Zalkin, 1963); the Sc,(WO,); structure (Abrahams
& Bernstein, 1966a); the prototypic and ferroic
Gd,(Mo0O,); structures (Abrahams & Bernstein, 19665
Jeitschko, 1970; Keve, Abrahams & Bernstein, 1971;
Jeitschko, 1972) which collapse under high pressure
forming an amorphous (z) modification (Brixner,
1972); and the structure determined in the present
paper. The occurrence of these types for L,(MoQ,);
compositions is summarized in Fig. 1. The structures
of some phases occurring at high temperatures with
some of the smaller rare earth metals are still not
known (Nassau & Shiever, 1972; Brixner, 1972).

Both the Eu,(WO,); and the La,(MoO,), structures
are derived from the CaWO, (scheelite) structure (Sil-
lén & Nylander, 1943; Zalkin & Templeton, 1964;
Kay, Frazer & Almodovar, 1964; Burbank, 1965).
They can be represented by formulas Eu,;0;,3;WO,
and La,;;0,,3;M00, where [J indicates vacant sites. The
ordered arrangement of the vacancies gives rise to su-
perstructures.

The present paper reports the crystal structure of
La)y(MoO,); which is also found for Ce,(Mo0QO,),,
o-Pr,(MoO,);, and «-Nd,(MoO,); (Brixner, Sleight &
Licis, 1972). A refinement of the scheelite-subcell of
a-Nd,(M0O,); has been published by Jamieson, Abra-
hams & Bernstein (1969). The unit cell for the full
structure reported in that account was, however, not
confirmed by Brixner, Sleight & Licis (1972) who gave
cell dimensions for the four above-mentioned defect
scheelites. The results reported by the latter authors
are substantiated by the present structure determina-
tion.

Experimental

Single crystals of La,(MoQ,); can be grown by the
Czochralski technique and presumably have a dis-
ordered defect-scheelite structure at high temperatures.
Slow cooling through 848 °C fractures the boule.

D" DISORDERED  necpcy SCHEELITE

ORDERED

7 ~N
(Lﬂg (o04f; TYPE EuyW0,), TYPE Jl Scq (WOQ)y TYPE ]

PARAELASTIC- PARAELECTRIC
______ Gdp (MoOy)y

-
FERROELASTIC ~FERROELECTRIC

——_———
! AMORPHOUS HIGH PRESSURE (¥) PHASE _‘:

N

l_J
Le Ce Pr N Pm Sm Eu Gd Tb Dy Ho Er Tm Yo L

Fig.1. Crystal structures of L,(Mo0O,); phases. Data for this
figure were obtained through critical evaluation of the fol-
lowing reports: Nassau, Levinstein & Loiacono (1965);
Abrahams & Bernstein (1966a); Borchardt & Bierstedt
(1967); Jamieson, Abrahams & Bernstein (1969); Drobyshev
Ponomarev, Folkina & Belov (1970); Nassau, Shiever &
Keve (1971); Brixner, Bierstedt, Sleight & Licis (1971,
1972); Brixner, Sleight & Licis (1972); Nassau & Shiever
(1972); Brixner (1972).
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However, crystals large enough for X-ray work can
be separated from the product and were kindly pro-
vided by L. H. Brixner. They are monoclinic, Laue
symmetry 2/m, and possible space groups Cc or C2/c
of which Cc can be ruled out on the basis of the second-
harmonic-generation test, as already reported by Brix-
ner, Sleight & Licis (1972). These authors have also re-
fined lattice constants for Lay(M0Q,);: a=17-006 (4),
b=11952 (3), c=16093 (4) A, f=10844 (2)°, V=
3102-8 (1-3) A3 Calculated and pycnometrically meas-
ured densities are 4-865 and 4-75 g cm ™3 respectively.

Crystals of the ordered La,(MoQ,); structure are
highly twinned. Single crystals can be found with po-
larized light. The crystal used for the structure deter-
mination was close in shape to a parallelepiped with
dimensions 105 x 76 x 15um. For the collection of the
X-ray intensity data, an automated Picker single-
crystal diffractometer was used with graphite mono-
chromatized Mo K« radiation, scintillation counter,
and pulse-height discriminator. Scans were along 20
with a speed of 1:2° 26/min and a scan angle of 2:2° 20.
Background was counted for 20 sec at beginning and
end of the scans. All reflections within the asymmetric
quadrant of reciprocal space up to (sin 8)/1=0-62 were
recorded and corrected with the monochromator-mo-
dified Lorentz-polarization factor (Jeitschko, 1972).
Absorption was accounted for according to Wuensch
& Prewitt (1965), with the aid of a program written by
Prewitt (1967). Transmission values varied between 32
and 85%.

Structure determination and refinement

The resemblance of the Lay,(Mo00Q,); powder pattern
(Table 1) to that of scheelite was already recognized by
Nassau, Levinstein & Loiacono (1965). The tetragonal
scheelite subcell is also prominent on precession photo-
graphs. The relation of the tetragonal scheelite cell to
that of La,(M0O,); is shown in Fig. 2. It can be seen
that the La,(MoQ,); cell comprises nine scheelite sub-
cells. 1t was expected that the superstructure arises
through the ordered arrangement of vacancies and La
atoms on the Ca sites of the scheelite subcell. There are
four such possibilities consistent with the space group
C2/c of the La,(Mo0O,); superstructure. Intensity cal-
culations for these arrangements (Yvon, Jeitschko &
Parthé, 1969) readily revealed the ordered arrangement
of the metal atoms. After least-squares refinement of
the metal positions, oxygen positions were obtained
from difference-Fourier syntheses calculated with a
computer program by Fritchie & Guggenberger (1967).

The structure was refined with a full-matrix least-
squares program by Finger (1969). Scattering factors
for neutral atoms of Cromer & Mann (1968) were used,
corrected for anomalous scattering (Cromer & Liber-
mann, 1970). The function >w|KF,—|F||* was mini-
mized where K is a scale factor and w the weight based
on counting statistics. Reflections where F, was less
than three standard deviations were given zero weight
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and are marked with an asterisk in the list of observed
and calculated structure factors (Table 2). To account
for secondary extinction, the relation o= lyncore/(1 —
clyncorr) Was used (Zachariasen, 1963), where ¢ was
0-4 x 10~8. The final refinements of the structure were
done with anisotropic thermal parameteis for the metal
atoms and isotropic thermal parameters for oxygen
atoms. The final conventional R value is 0-:092 for a
total of 3048 structure factors. For the 2031 structure
factors greater than three standard deviations R is

Table 1. Evaluation of the first lines of a Guinier
pattern of La,(M00Q,);, Mo K« radiation

hk¢e hk & dg d, I. I, hxi®hkt d¢ 4 I, I,
11 0 9.6036 - 1 - .6888 0.6885 19 s
11-1 8.9213 8.9251 9w ©.6822 2.6816 19 s
20 0 8,066 - - -a -
00 2 7.6334 7.6398 5 ww - a1 -
111 7.5161 - Lo - 1 -
20-2 6.7030 - 2 - - 1 -
11-2 6.6129 6.610% 1> m - -
020 5.9760 - <1 - - 1 -
02 1 5.5649 5.5629 18 s - -
11 2 5.4930 1 - - a -
31-1 5.2188 5.1065 L vw .1 -

231 0 4.90%1 - [ -

015903 s.8gu0 - - a
22-1 4.849% - 1 - -1 -
20 2 4.8334 ©.8226 7 W -
31-2 %.8040 - 2 - - 1 -
2 0 4,8018 - <1 - N <1 -
02 24,7055 - - »
22-2 ~-u,6<>>; - \-i - 5405 v
221 4.3520 5.3539 3 vu -
311 4.3203 4.3181 8 w - -
31-3 4.1857 - <1 - - 1 -
11 3 4.1826 -1 - - b
10-2 B.1491 5.1479 3 vw - A
40 04,0332 - .1 - - a -
20-k 3.9694 - 1 - - 1 -
22-3 3.8757 - 1 - sury 1
023 3.8745 - <1 - SAATL e
130 }.36;8 - < - - a1 -
13-1 3.8189 _ 1 - 1 -
00 4 3.8167 28198 Ly a -
11-4 3.8010 3.7986 6 w a1 -
22 2 3.7581 - a1 - - 1 -
131 3.683 - 1 - - < -
31 2 3,6723 - Q- 3819 1 vvw
13-2 3.5608 3.5590 2 vvw - 1 -
31-4 3.5487 - 1 - - 1 -
42-1 3.4608 - 1 - - 1 -
42-2 3,4082 - - - 1 -
40-4 3.3515 3.3511 3 wvw T1e3 13576 1
13 2 3.3493 - 1 - 513 2.3557 2.3850 1 ww
42 0 3.3431 N 7 E1-8 2.3540 1.

11 4 3.3377 1 - 211< 15-1 2.353% - 1 -
22-4 3.3064 - 1 - 0% & 2.3528 - 1 -
33-1 3.2587 3.2603 Z vvw 11 6 2.3%2% - 1 -
51-1 3.2530 -1 - Yo bEe3 2.3487 . 2
512 3.2525 - - <3 plnugg <38 o
02 4 3.2125 -1 - 71-1 2.3468 - a1 -
42-3 3.2068 _ _ _ 100 42-6 2,322 - <1 -
L2253 32043 002059 99}‘”5 02 62.3%11 - .1 -
L33 0 3.2012 - 1 - 15 1 2.3205 - <1 -

105353 5u1984 - 1 - 62 1 2.3186 2.3183 1 vvw
40 2 3.1752 - 1 - 60 2 2.3168 - a1 -
33-2 3.1729 - 1 - 135 231288 - .1 -
510 3.1151 - <1 - 315 2.3102 - 1 -
51-3 3.1137 - <1 - 44 1 2.3061 - -
31 33,1112 - 1 - 15-2 2.2889 1
4213.1005 - Q1 - 71-t 2.2822 2891 fvww
20 4 3.0925 - 1 - 710 2.2630 - 1 -
1-53.0822 - <1 - 62-5 2.2557 - 1 -
33 1 3.0209 3.0207 3 vw 33 42,2527 - <1 -
31-5 3.0108 - <1 - 31-7 2.2480 - 1 -

004 —04 0 2.9880 2,9874 29 s 42 4 2.2404 - a -
33-3 2.9738 - <A - 60-6 2.2343 - 1 -
13 3 2.9726 - <1 - 20 6 2.2324 - a -
ol 1 2.9324 - a - 44-4 2,2303 - 3 -
42-4 2.9232 - A - 15 2 2.2297 - a -
51 1 2.8845 2.8842 1 vvw 53 2 2.2255 - 1 -
51-4 2,8828 - <1 - 53-5 2,2244 - 1 -
60-2 2.232} - 1 - 11-7 2.2190 - 71 -
22-5 2.8290 2 33-0 2.2043 - <1 -
13-4 2.8260 2+8270 1} 13-6 2.2038 - a4 -
28-1 2,8113 - - 35-1 2.2023 - 1 -
42 2 2.8040 - a - 24-5 2.1876 - 1 -
24 0 2.8019 - a - 1 35 0 2.1843 - a0 -
oh 22782 - 1 - 5<i55308u . O -
33 2 2.7718 - <1 - 43 2 2.1760 - 1 -
11 5 2.763% - Q- 35-2 2.1753 - 1 -
22 4 2,7465 - <1 - 71-5 2,1686 - -
242 2,7291 - <1 - 62 2 2.1602 - 1 -
02 52,7190 - <1 - 24 42,1488 2"
33-4 2.7175 - <1 - 711 2,1440 2.2464 <1» v
24 12,7037 - <A - 22-7 2.1435 2,

*Indices of scheelite-like subcell
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0-055. Since this value depends mainly on the agree-
ment of the scheelite-subcell reflections, it cannot be
taken as an indicator for the accuracy of the whole
structure. However, the value R=0-038 for the 162
strongest subcell reflections is similar to the R value of
0-035 for the 916 superstructure reflections of the same
intensity range. This indicates that the higher overall
R value reported above is due to poor agreement in the
large number of weak reflections because of poor
counting statistics only. With the final parameters
listed in Table 3 a difference-Fourier synthesis was cal-
culated. None of the peaks in that synthesis was higher
than one third the height of the oxygen peaks observed
in previous syntheses for locating oxygen atoms.
These residual peaks are all close to the positions of the
metal atoms and probably result from small errors in
absorption correction which were only in part com-
pensated for by variations of anisotropic thermal-mo-
tion parameters. The positions of the metal vacancies
corresponding to the voids in the scheelite subcell have
also residual peaks of about one third the electron den-
sity of an oxygen atom. They do not necessarily indi-
cate (slight) disorder, since an error in extinction cor-
rection in combination with an error in scale factor can
account for them (these peaks were higher in previous
difference-Fourier syntheses where some oxygen atoms
had been placed incorrectly).

Discussion

Comparison of three defect scheelite structures

The La,(M0QO,); structure is best described as a
defect scheelite structure. The formula may be re-
written as La,;;0,,3M00, where O stands for the va-
cant sites. Ordered defect scheelite structures have been
reported previously for Eu,(WO,); (Templeton & Zal-
kin, 1963) and Bi,(M0Q,); (Cesari, Perego, Zazzetta,

Fig.2. Relation of the tetragonal scheelite subcell, space
group I4,/a, to that of the monoclinic La,(MoOy); super-
structure cell, space group C2/c.
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Table 2. Observed and calculated structure factors of Lay(Mo0O,);

The columns contain the values A, k, F,, F.. Structure factors not included in the final least-squares refinement are marked with
an asterisk.
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CRYSTAL STRUCTURE OF La,(MoOy);

Table 3. Positional and thermal parameters of La,(M0O,),

Vibrational parameters (X 10°) of La and Mo are defined through T=exp (— 2 > hih;B.). Isotrop{c therm.a[ parameters B of
oxygen atoms are given in A2 Numbers in parentheses are e.s.d.’s in the least significant digits.

C2lc x y z

La(l)  8(f) 0-00680 (5) 0-62464 (8)  0-08908 (6)

La(2) 8(f) 0-16545(6) 012766 (7)  0-30250 (6)

La(3) 8(f) 0-16552 (6) 0-87816 (7) 0-47751 (6)

Mo(l)  8(f)  0-00723 (8)  0-12871 (13) 042092 (9)

Mo(2) 8(f)  0-16659 (10) 063204 (12) 0-30928 (10)

Mo(3) 8(f) 0-17144(9)  0-37590 (11) 0-13722 (10)

Mo(4)  8(f) 016166 (10) 0-38554 (11) 0-46572 (10)

Mo(5)  4(e) 0 0-87311 (16) P

Table 3 (cont.)
C2fc X y z B

o(l) 8(f) 00719(7) 0-0509 (9) 0-0547(7) 1-31(19)
0O(2) 8(f) 04086 (6) 0-5484 (8) 0-0968 (6) 079 (17)
0O3) 8(f) 00444 (7) O0-1977(9) 0-1774(7) 115 (19)
04  8(f) 04538 (6) 0-7225(8) 0-9941 (7) 1-09 (18)
O(5) 8(f) 0-0872(6) 0-5535(9) 03293(7) 1:28(19)
O(6) 8(f) 02441 (7) 0-5554 (8) 0-2835(7) 111 (18)
o7)  8(f) O0-1155(7) 0-7108 (9) 02163 (7) 149 (20)
O(8) 8(f) 02171 (7) 0-7162(8) 04056 (7) 1-15(18)
0 8(f) 02068 (7) 0-2842(8) 0-2245(7) 1-20 (18)
O(10) 8(f) 0-1186 (7) 0-3030(8) 0-0360 (7) 1-01 (18)
O(11) 8(f) 02575(6) 0-4511(8) 0-1240(6) 081 (17)
O(12) 8(f) 0-0999 (7) 0-4676 (9) O0-1581(7) 1-34 (19)
O(13) 8(f) 02132(7) 06813 (9) 0:0652(7) 1:66 (20)
O(14) 8(f) 0-1296 (7) 0-2878 (9) 0-3801 (7) 1-22(19)
O(15) 8(f) 0-2347 (7Y 04794 (9) 0-4470 (7) 1-43 (19)
O(16) 8(f) 00746 (6) 04571 (8) 0-4840(6) 0-94 (18)
O(17) 8(f) 0-0482 (6) 0-7968 (8) 0-3507 (6) 0-52 (16)
O(18) 8(f) 00758 (7) 09609 (9) 0-2331(7) 1-29 (19)

Manara & Notari, 1971). They are shown together with
the La,(Mo0O,); structure in Fig. 3. The main differ-
ences between the structures are in the relative arrange-
ments of the vacancies. There are of course many pos-
sible ordering schemes and it is not clear why for in-
stance the unit cell adopted for La,(MoOy); is so large.

One way of analyzing differences among the three
structures is by comparing distances between vacant
sites. The shortest possible distances are the ones re-
lated by one 4, operation in the scheelite subcell. In the
projections of Fig. 3 these sites are separated by one
half translation period of the subcell. The separation in
the projection direction is one quarter of the cell edge.
Such sites are never both vacant in La,(MoQO,); or
Eu,(WO,);. Adjacent vacancies of that type do however
occur in Bi,(M0Q,),.* As a consequence some of the
oxygen atoms in Bi,(MoO,); have lost both of thei‘r A
neighbors (as compared to a normal ABO, scheelite).
They are bonded only to one Mo atom at a distance
of 1-65 A, corresponding to a double bond (Cotton &
Wing, 1965). Another type of interconnection of va-
cancies occurs whenever cations are missing on neigh-
boring A sites with the same z coordinate. The distance

* The Bi,(M00Q,); structure has been described in a short com-
munication (Cesari et al., 1971) and atomic positions have not
been published. The present discussion is based on the draw-
ing and the description given in that communication.

ﬂll ﬂZZ ﬁ33 BIZ BL‘Q ﬁZJ
127(4) 138(8) 102(4) 10(3) 63 (3) —10(4)
136 (4) 124(6) 944 4(4) 62(3) — 2(4)
127(4) 109(7) 98(4) 5(4) 58(3) 10(4)
128 (7) 188 (13) 121(7) — 7(6) 76 (6) —32 (6)
118(6) 256 (10) 98(6) — 7(7) 53 (5) —20(7)
113(6) 169 (10) 95(6) 12(6) 45(5) 19(6)
130 (6) 164 (9) 117(6) 30(7) 61 (5) —15(6)
114(8) 125(14) 83(9 0 32(6) 0

between the neighboring vacant sites corresponds to
the length of the subcell g axis. As can be gathered by
studying Fig. 3 three vacancies are connected in this
manner in La,(M00O,);. Such connections do not occur
in Euy,(WO,); or Bi,(M0Q,);. With respect to the cata-
lytic activity of Bi,(Mo0O,); (Adams & Jennings, 1963;
Cesari et al., 1971) it may be of interest, that neither
one of these structures has vacancies connected con-
tinuously and therefore no obvious diffusion path is
created through interconnection of vacant sites. How-
ever, the rapid transition of La,(Mo00Q,); at 848 °C from
a disordered to an ordered defect scheelite structure
indicates that the La atoms are extremely mobile at the
transition temperature and probably also at lower
temperatures. The same may be assumed for Bi in
Bi,(MoO,);. The catalytic activity of Bi,(MoO,); may
also have to do with the Mo=0O double bond men-
tioned above, which makes that oxygen suited as
acceptor for radicals.

Atomic positions in La,(MoO,); deviate only little
from those in scheelite. Considerable distortions from
an ideal scheelite arrangement occur in both,
Bi,(MoO,); and Eu,WO,);. The distortions in
Bi,(M0O,); may be attributed to the lone-pair effect of
Bi**. In Eu,(WO,), the deviations from an ideal defect
scheelite arrangement are due to the instability of the
WO, group: one of the two different W atoms in
Eu,(WO,); has, besides four oxygen atoms at distances
1:72 to 1-81 A, a fifth oxygen atom at 2:19 A. For com-
positions which occur for both, molybdates and tung-
states, it is sometimes observed that W is in octahedral
and Mo in tetrahedral coordination. Examples are
ZnMoO, (Abrahams, 1967) and ZnWO, (Sleight,
1972), CdMoO, (Chichagov, Dem’yanets, Ilyukhin &
Belov, 1967) and CdWO, (Chichagov, Ilyukhin & Be-
lov, 1966), CuMoO, (Abrahams, Bernstein & Jamie-
son, 1968) and CuWO, (Kihlborg & Gebert, 1970).
Similarly W in Eu,(WO,); is compromising between
tetrahedral and octahedral coordination while Mo in
La,(MoQ,); is stable in nearly perfect tetrahedral co-
ordination.

Interatomic distances and angles

The La,(MoO,); structure has three independent
La, five independent Mo, and eighteen independent
oxygen atoms. Their near-neighbor environments are
shown in Fig. 4 which was drawn with the aid of John-



WOLFGANG

son’s (1965) ORTEP program. Interatomic distances
are listed in Table 4. The La atoms are eight-coordi-
nated to oxygen as is also the case for the large cations
in scheelite and the other defect scheelite structures.
Although the lengths of the La—O distances generally
reflect the differences in the coordination of the respec-
tive oxygen atoms, the average La-O distances are
practically the same: 2:5198, 2:5202, and 2-5201 A for
La(l), La(2), and La(3) respectively. This is somewhat
surprising since the ratio of two- and three-coordinated
oxygen atoms is different for the three La atoms: La(3)
has two, La(1) four, and La(2) six two-coordinated oxy-
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gen atoms; the balance is always made up by three-
coordinated oxygens.

Average oxygen distances from the two cation va-
cancies O of the defect scheelite La,;;0,,;M00, were
also computed. They are, like the La atoms, in eight-
fold oxygen ‘coordination” with average distances 2-711
and 2:729 A respectively. These distances are about
0-2 A greater than the average La-O distances and are
of course due to the electrostatic repulsion of the nega-
tively charged oxygen atoms which are not counter-
balanced by the missing La atom.

The oxygen environment of the five different Mo

(o)

Fig.3. Crystal structures of (a) La,(Mo0O,)s, (b) Eux(WO,);, and (c) Bi(MoO,);. Projections are along the ¢ axis of the scheelite
subcell, which is outlined in the upper left-hand corner of the La)(Mo0O,); structure. Black dots and dotted circles represent
La atoms above and below the MoOQ, tetrahedra. The Mo atoms within the tetrahedra are not shown.
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atoms in La,(MoQO,); is almost perfectly tetrahedral
with distances between 173 and 1-82 A; the averages
for each Mo atom vary between 1-771 and 1-781 A.
No other second-nearest oxygen is closer than 2:8 A,
Interatomic angles O-Mo-O are in between 104-0 and
116-5°.

Because of the vacancy formation, two thirds of the
oxygen atoms are in only twofold coordination to
cations as compared to the threefold coordination in
scheelite. As expected (Shannon & Prewitt, 1969),
these oxygen atoms are slightly closer to the cations
than the three-coordinated ones. The differences in the

CRYSTAL STRUCTURE OF La,(Mo0oO,)s

oxygen coordinations are also evident in thermal pa-
rameters: the average thermal parameter B (Table 3)
for the twelve two-coordinated oxygen atoms is 1-30,
while it is 0-87 for the six three-coordinated oxygen
atoms. Interatomic metal-oxygen-metal angles for the
twelve independent two-coordinated oxygen atoms
vary from 124-6 to 148-1°. For the six oxygen atoms
coordinated by three cations, Mo-O-La angles vary
between 115-8 and 132-0° and La-O-La angles vary
between 105-7 and 109-6°. These oxygen atoms are es-
sentially coplanar with their three metal ligands. Never-
theless even their small deviations from the plane can

Table 4. Interatomic distances (A) in the structure of Lay(M00,),

All La-O distances shorter than 3-5 A and all Mo-O distances shorter than 2-8 A are listed. There are no O-O distances shoiter
than 275 A. Standard deviations are all less than 0-013 A.

La(l) O@4) 2479 Mo(l) O@)  1-730
0o(12) 2:479 0(3) 1754
o(7)  2-505 o 1778
0(16)  2:506 o(2) 1820
o(5)  2-516
o(16)  2:525 Mo(2) O(7)  1-748
o(17) 2574 o) 1757
o(10) 2:575 o) 1760
o@8) 1819
La2) O(l4) 2465
009) 2475 Mo(3) 0O@©9)  1-733
0(3) 2524 o(12) 1748
o) 2524 o(l1) 1786
0(2) 2530 o(10) 1814
o(13) 2:534
0(18) 2542 Mo(4) O(l4) 1756
o(l1) 2568 o(13) 1756
o(15) 1768
La(3) O(15) 2439 o(6)  1-812
o) 246l
02) 2491 Mo(5) O(18)  1-749 (2x)
0(8) 2534 o(17) 1814 (2x)
o(l11) 2-548
0o(8) 2549 o(l) Mo(l) 1778
o(17) 2552 La(3) 2461
0(10) 2587
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Fig. 4. Stereodiagram of near-neighbor environments in the La,(MoQy); structure. The asymmetric unit (¥ of the unit cell) in a
view down the y axis is outlined.
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be interpreted. If the plane is defined by the three metal
ligands the central oxygen atom deviates from this
plane by 0-:098 A for O(2), 0-268 A for O(8), 0096 A
for O(10), 0-043 A for O(11), 0-066 A for O(16) and
0-176 A for O(17). The deviations occur always
towards the second-nearest Mo atoms which are at
distances of 292 to 3-23 A. It is remarkable that the
largest deviations of 0-268 and 0176 A occur for those
oxygen atoms which have the closest Mo second-
nearest neighbors at 2:92 and 3-04 A respectively. The
remaining four oxygen—Mo second-nearest neighbor
distances range between 3-19 and 3-23 A.

Isostructural compounds

As pointed out above, Brixner, Sleight & Licis (1972)
have found the defect-scheelite molybdates of Ce, Pr,
and Nd to be isostructural with La,(Mo0Q,);. Weigel &
Scherrer (1970) have reported Pm,(MoQ,); to be iso-
structural with Nd,(MoO,); which they tentatively but
erroneously indexed with a cell similar to Eu,(WO,)s.
The powder pattern reported by them for Pm(MoQO,);
contains essentially only subcell reflections and it is
therefore not possible to assign the correct superstruc-
ture — La,(MoO,); or Euy(WO,); — to Pmy(MoO,);.

I am indebted to Dr L. H. Brixner for the well crys-
tallized sample of La,(M0Q,);. Mr D. M. Graham gave
competent experimental help.
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