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nates'®:!! the & parameter decreases slightly on going
from TmAIlO; to SmAIO;.  Starting with NdAIOQ,, the
orthoaluminates have the hexagonal perovskite-like
arrangement.’? In the cases of orthoscandates?!!' and
orthoindates!? the & parameter increases throughout the
series from Lu to La. These results seem to indicate
that when the B cation of the ABQO; perovskite-like
compounds is a larger ion such as indium or scandium,

(10) 8. Geller and V. B. Bala, Acta Cryst., 9, 1019 (1956).

(11) S. J. Schneider, R. 8. Roth, and J. L. Waring, J. Res. Nail. Bur.
Std., A65, 345 (1961).

(12) R. D. Shannon, Inorg. Chem., 6, 1474 (1967).
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the substitution of the A cation with a larger rare earth
does not have an appreciable effect on the second
nearest oxygens. Therefore, the coordination number
of the rare earth probably varies across the series
REBO; when B = Al, Ga, Fe, Cr, or V, whereas it is
almost constant when B = Scor In.

We plan to do the refinements of a number of these
perovskite-like structures.
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The crystal structure of lanthanum carbonate octahydrate, La,(COy)s-8H,0, has been dctermined from an X-ray diffrac-

tion study of a single-crystal specimen.

Four formula units are contained in the orthorhombic unit cell, space group Peen,

with lattice parameters ¢ = 8.984 == 0.004, 5 = 9.580 =& 0.004, and ¢ = 17.00 == 0.01 A (pobsa = 2.72 %= 0.02 g em™3;

Pealed = 2,732 g Cm~3)~
[(sin 8)/x < 0.50].
by alternate rows of carbonate ions and metals.

which coordination sites are occupied both by water molecules and by bidentate and unidentate carbonates.
hedra symmetry may be related to a dodecahedron with two sites occupied by bidentate carbonate ions.
the water molecules are not bound to the metal ions and are situated between the layers.

The final R factor was 0.061 for three-dimensional counter data collected with Cu Ka radiation
Las(COs); - 8H,0 crystallizes in an irregular layer type of structure in which the basic layer is formed
The structure contains two distinctive 10-coordinate metal polyhedra in

The poly-
One-fourth of
The average La—0 bond is 2.61 A;

individual La—-O distances range from 2.52 to 2.74 A. Hydrogen bonding is apparent.

Introduction

Methods of preparation, thermal decomposition, and
structural properties of lanthanon carbonates have
been the subject of numerous recent studies.!=* TUn-
fortunately, many of these results and their interpreta-
tion are contradictory. The inconsistencies are due in
part to preparatory difliculties and lack of structural
data. A popular method for the preparation of the
carbonates is homogeneous precipitation by hydrolysis
of the trichloroacetate (eq 1) described first by Salutsky
and Quill.?

2M(C2C1302>3 + (x + 3>H;O e

By use of this and related methods, normal carbonates,
My(CO;5)3-xH,0, have been prepared for all the lan-

(1) M. L. Salutsky and L. L. Quill, J. Awm. Chem. Soc., T2, 3306 (1950).

(2) R. G. Charles, J. Inorg. Nucl. Chem., 27, 1498 (1965).

(3) E. L. Head, 6th Rare Earth Research Conference, Gatlinburg, Tenn.,
May 1967,

(4) E. L. Head and C. E. Holley, Jr., “Rare Farth Research III”’
Gordon and Breach, New York, N. Y., 1964, p 51.

(6) E. L. Head and C. E. Holley, Jr., “Rare Earth Research 1V’
Gordon and Breach, New York, N. V., 1965, p 707.

(6) R. L. N, Sastry, S. R, Yoganarisimhan, P. N. Mehrota, and C. N. R.
Rao, J. Inorg. Nucl. Chem., 28, 1165 (1966).

(7) M. Clarus Strouth, Ph.D. Thesis, Michigan State University, 1962,
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(10) S. D. Ross and J. Goldsmith, Specirochim. Acta, 20, 781 (1964).

thanons.>~" Values reported for x vary from 8 for
the lighter metals to 2 or 3 for the heavier ones and also
seem dependent on the preparatory conditions. In
thermal decomposition studies of the hydrates, inter-
mediate phases have not been observed consis-
tently =468 The crystal structures of the lanthanon
carbonates are unknown, although many reported lat-
tice parameters are based on values analogous to those
obtained from a single crystal of lanthanite!! {(La,
Ce)2(COy)3+ SH,0 1.

In order to determine the structural interrelation-
ships in the lanthanon carbonates and to resolve some
of the contradictory reports of their properties, a single-
crystal X-ray diffraction study of the inherent struc-
tures has been initiated. The structure of Lay(COs);-
8H,0 is described below.

Experimental Section

Crystals of lanthanum carbonate octahydrate, Lax(COj);-
8H;0, prepared by slow hydrolysis of lanthanum trichloro-
acetate, were obtained from Dr. L. L. Quill of this department.
Composition was determined from carbon and hydrogen analyses
(Spang Microanalytical Laboratory, Ann Arbor, Mich.) and
from metal analyses by ignition to the oxide. Anal. Caled
for Lay(CO;);-8H.0: La, 46.15; C, 5.98; H, 2.69. Found:

(11) D. Palache, H. Berman, and C, Frondel, “Dana’s Systems of Miner-
ology,” Vol. II, 7th ed, John Wiley and Sous, Inc., New York, N. Y., 1944,
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La, 46.32; C, 6.04; H, 2.70. Analysis of samples dried in air
for a period of weeks indicated a small loss of water corresponding
to less then 0.3 mol per formula. Single crystals used in the
structure analysis were coated with Canada balsam to minimize
loss of water during data collection. The colorless, clear crystals
cleaved micaceously parallel to (001).

The orthorhombic symmetry and unit cell were established
from Weissenberg and precession photographs using Cu K«
radiation (A, 1.5418 A). Systematic absences occurred for
700, 00, and 00! when %, k, or I = 2n + 1, for Okl and A0/
when ! = 2» + 1, and for 220 when % + & = 2n + 1. Therefore,
Pcen is a possible space group. In addition, %kl reflections,
where I = 2n + 1, were very weak or absent. The lattice
parameters obtained by least-squares refinement of powder
diffractometric data were: @ = 8.984 == 0.004 4, b = 9.580 ==
0.004 A, and ¢ = 17.00 =% 0.01 A. The density (2.732 g cm™?)
calculated for four formula units agreed with the density observed
pycnometrically (2.72 £ 0.01 g cm~3at 26°). For folir formula
units, the metal atoms and at least four oxygen and carbon atoms
must be on the twofold axes or at the symmetry centers and on
the twofold axes.

A preliminary set of intensity data was collected from equi-
inclination Weissenberg photographs taken of the A0l to A6l
levels using the multiple-film technique. A crystal of the ap-
proximate dimensions 0.16 X 0.15 X 0.05 mm was exposed 60
hr per level with Cu Ko radiation. The relative intensities
of the 705 observed reflections were estimated visually by com-
parison with a calibrated intensity strip. The reduced data set,
uncorrected for absorption effects, was used to determine the
metal positions and part of the light-atom structure. Intensities
used in the final refinement were obtained with a General Electric
XRD-5 scintillation counter equipped goniostat at 26° using a
tabular crystal (0.16 X 0.15 X 0.11 mm) oriented with its b axis
parallel to the instrument ¢ axis. Copper Ka radiation was used

" in the sphere [(sin 8)/X < 0.5]; the take-off angle was 4°, and the
counter aperture size, 10°. Mosaicity of the crystal was checked
by narrow-source, open-counter scans {or which the average half-
width was approximately 0.2°. Intensities of 749 reflections,
measured with the stationary-crystal, stationary-counter tech-
nique, were recorded as the difference in 10-sec counts with
balanced Ni and Co filters to measure total and background
intensities, respectively. Intensities of 116 reflections were
recorded as zero. Of these 108 had / = 2# 4 1 as did 94 of the
125 reflections with intensities less than 2 cps. The intensity
of several standard reflections measured repeatedly during the
experiment did not change. The data were corrected for Lorentz
and polarization effects.

When the structure was essentially solved, an absorption correc-
tion was computed with a FORTRAN program DATAP2, written
by Coppens, Leiserowitz, and Rabinovich.!? The absorption
coefficient, u, was 444 cm™! and the effects of absorption were
severe. For this computation the crystal was defined by eight
boundary planes and the correction was calculated using a 12 X
12 X 10 grid. Correction factors varied from 12 to 64. Their
validity was checked by a comparison of experimentally deter-
mined and calculated absorption effects on (0k0) reflections mea-
sured at x = 90°. Over a 90° range in ¢, absorption decreased
the intensity of the (040) and (080) reflections by factors of 0.51
and 0.47, respectively. The calculated factors were 0.47 and
0.45.

Calculations were made on CDC 3600 and 6600 computers
using full-matrix least-squares, Fourier, and distance and angle
programs written by A. Zalkin. Stereo drawings were made using
a program written by A, C. Larson. In the least-squares treat-
ment the function Ew(]Fo[ - ]Fc‘)2 was minimized. Unit or
zero weights, w, were assigned as indicated in the following
section.

Scattering factors used were: La*® and C, as given by Cromer
and Waber;1? O2-, as reported by Tokonami.!'* The corrections

(12) P. Coppens, L. Leiserowitz, and D. Rabinovich, Acta Crysi., 18,
1035 (1965).
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Aff = —2.1 and Af” = 8.9 for lanthanum® were included in
the calculations.

Solution of the Structure

The locations of the eight lanthanum atoms were
deduced from a three-dimensional Patterson function.
Metals are located in two fourfold sets: 4c¢, %= (1/y, /4,
2), (Y4 Vs Yo+ 2); 4d, (Y4 ¥y 30, (s ¥
/s + 3’). The Patterson synthesis yields two non-
equivalent solutions for the z parameters: solution 1,
z = 0.000, 2’ = 0.033; solution 2, z = 0.250, 2’ = 0.283.
The first solution, found subsequently to be incorrect,
was chosen in the initial search for light-atom positions.
The z parameters, over-all scale factor, and isotropic
thermal parameters of the metal atoms were refined
by the least-squares technique with all of the observed
reflections assigned unit weights (R = EHFO — [Fc /
E‘ Fo} = (0.26). The resulting thermal parameters were
nonpositive definite since the data were uncorrected
for absorption.

An electron density difference function which ex-
hibited duplicate images because of the Pmmn sym-
metry was calculated with structure factors based on
the refined metal parameters and I = 2# intensity data.
The structure was solved by selecting various peaks in
the difference function for trial atoms and testing the
behavior of the isotropic thermal parameters by least-
squares calculations. In subsequent cycles the param-
eters of the acceptable light atoms were included in
the structure factor calculation and all data were used
in the difference syntheses. After a fourfold carbonate
ion and three eightfold water molecules had been lo-
cated (R = 0.21), it became apparent that the symmetry
of the carbonate ions required the shift of all atoms
+0.250 along s (solution 2 for the metals). Subse-
quently, the remaining eightfold carbonate ion and
eightfold water molecule were placed correctly. When
absorption-corrected goniostat data were used, the iso-
tropic thermal parameters became positive definite, and
R was reduced to 0.08.

In the final least-squares refinement the 125 ob-
served reflections with intensities less than 2 cps and
10 reflections with intensities less than background
were given zero weight to remove the effect of such a
large body of low reliability data. Zero weighting
was also given to eight strong reflections for which the
observed structure factors were significantly lower
than the calculated values, perhaps because of extinec-
tion. No other attempt was made to eliminate ex-
tinction effects. These changes altered positional
parameters only slightly but did affect some of the
thermal parameters significantly. Thermal parameters
were allowed to refine anisotropically using factors of
the form exp(—@Buh? — Bunk? — Bul® — 2Bkt —
2B13hl — 2Bxkl), where B;; = 48,;/a;*a;*. Since some
of the anisotropic thermal parameters of carbonate
atoms became negative, only the metal and water oxy-

(13) D. T. Cromer and J. T. Waber, sbid., 18, 104 (1965).

(14) M. Tokonami, tbid., 19, 486 (1985),

(15) D.T. Cromer, ibid., 18, 17 (1965).

(16) R. C. Srivistava and E. C. Lingafelter, bid., 20, 918 (1966).
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TABLE I
FinaL AtoMic COORDINATES AND THERMAL PARAMETERS®
Desig
in
Atom fig. x
La(l) 250
La(2) 250

b b

25 u,e A
093
087

¥
250
750

250
282.9 (1)

Aq(l) 310 (2) 385 (2) 117 (1) 122
Aq(2) 113 (2) 323 (2) 380 (1) 159
Aq(3) 121 (2) 649 (3) 409 (1) 172
Aq4) 382 (4) 393 (4) 492 (2) 291
C1) 250 750 110 (3) 173
O(1) 320 (2) 660 (2) 148 (1) L1256
0(2) 250 750 34 (3) 273

.072
.138

C2)
0O(3)

456 (3

Y 497 (3)
19 (2)
)

384 (2)
0(4) 19 (2 618 (2)
0(5) 317 (2) 492 (2) 296 (1) 118
@ The standard deviation of the last digit is indicated in

parentheses. * Values multiplied by 10% ¢# is the average

root-mean-square displacement in A.

282 (2)
208 (1)
240 (1) .150

oY OoUdEoHES <=t

gen atoms were refined anisotropically. The final R
factor including all atoms except hydrogen was 0.061.
When all observed reflections were included, it was
0.076. The shift of any parameter in the last cycle of
refinement was less than 0.19} of the associated stan-
dard deviation. Final parameters are listed in Table I,
and observed and calculated structure factors, in Table
II. Water molecules are designated by Aq, the fourfold
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were identified as probable hydrogen peaks. These
hydrogen atom parameters could not be refined by the
method of least squares.

Description of the Structure

Stereoscopic illustrations of the complete and partial
structure, which may be viewed in 3-D with a standard
stereoscope, are shown in Figures 1-3. The letter
designations for the atoms used in the illustrations are
given in Table I. The layer structure of Lay(COj);-
S8H,O can be seen in Figures 1 and 2. The principal
components of the layers are alternating rows of metals
and eightfold carbonate ions parallel to the x axis.
The carbonate ions (designated C, N, O, and P) are
situated so that each oxygen atom is bonded to two
metal ions. Every carbonate unit occupies a total of
six coordination sites on the four neighboring metal
ions in the layer. Similarly, each metal is bonded to
four carbonate ions to produce an irregular La-CO;
layer. The carbonate groups are tilted 17° out of the
xy plane with one bond, C-~P, nearly parallel to the
x axis. In alternate rows of carbonate ions the C-P
bonds have opposite orientations. One oxygen-oxygen
distance, O(3)-0(4), between adjacent carbonate units
is smaller (2.72 A) than that normal for nonbonded
oxygens. However these two oxygens form an edge
common to two metal coordination polyhedra, and the

TaBLE 11
OBSERVED AND CALCULATED STRUCTURE FAcTORs (X2.0)
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Lt1 28 l@e 0110 165 17T 72 o zi4 232

* QENOTES ZERO YEIGHT CATA

carbonate ion by C(1)-O(1-2) and the eightfold car-
bonate ion by C(2)~0(3-5). In a difference function
calculated from the refined parameters, the largest
residual peaks, approximately 2 e—/A3 were as-
sociated with metal positions. Several smaller residues

bonds are expected to be shortened to counteract the
effect of cation—cation repulsion. The four remaining
coordination sites of the tenfold coordinate metals are
occupied by the fourfold carbonate ions which act as
bidentate ligands and six of the eight water molecules.
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tion of Laz(CO;)s-8H:0O half-cell.

ﬁ%"

@

Figure 3.—Stereoscopic illustration of lanthanum coordination.

These molecules and ions project out from the primary
layer described above. The metals and coordinated
ligands form a series of widely spaced layers. A hydro-
gen bond apparently exists between the terminal oxygen
of the fourfold carbonate ion and the water molecules
in the next layer. The remaining water molecules (X
in the illustrations) which are situated between the
layers furnish additional hydrogen bonding. The
facile cleavage observed along (001) supports this con-
jecture. The lanthanum atoms are situated in two
somewhat different environments. La(l) is coordi-
nated by four water molecules and two unidentate and
two bidentate carbonate groups; in La(2) the fourfold
carbonate ions acting as bidentates replace two water
molecules. Bond distances of less than 3.2 A are pre-

sented in Table III, and selected bond angles in Table
IV. The average lanthanum to oxygen distances are
2.61 and 2.60 A for La(l) and La(2), respectively.
The longest La-O bond for each metal involves an
oxygen of a bidentate carbonate ion. The average
La~O(Aq) distance, 2.63 A, is consistent with reported
La-O(Aq) distances for 9-coordinate metal, which
range from 2.58 A in KLaZ 8H,0," where Z is the
ethylenediaminetetraacetate ion, to 2.74 A in La,-
(80,)5-9H,0.® The La~O(carboxylate) distances
reported for KLaZ-8H,0 and HLaZ-7H:0,!? where the

{(17) J. L. Hoard, B, Lee, and M. D. Lind, J. Am. Chem. Soc., 87, 1612
(1965),

(18) E. B. Hunt, Jr., R. E. Rundle, and A, J. Stosick, Acta Cryst.,
(1954).
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TasLE III
INTERATOMIC DISTANCES UNCORRECTED FOR THERMAL MOTION®

Dist, Dist,

Atom 1-Atom(s) 2 At Atom l-atom(s) 2 At
A. Coordination Sphere La(1)

La(1)-20(5) 2.52 (4) 0(3)-Aq(1) 3.04 (6)
La(1)-20(3) 2.54 (4) 0(3)-Aq(1) 3.38(6)
La(1)-2Aq(2) 2.62 (4) 0(3)~Aq(2) 3.09 (6)
La(l)-2Aq(1) 2.66 (4) 0(3)—0(4) 2.72 (6)
La(1)-20(4) 2,73 (4) )-0(5) 3.24 (6)
Aq(l)-Aq(1) 2.81(8) O(4)~Aq(1) 3.07 (6)
Aq(2)-Aq(2) 2.82 (8) 0(4)-Aq(2) 3.06 (6)
0(5)-Aq(1) 3.22(6) 0(4)-0(5) 2.18 (6)
0(3)-Aq(2) 2.82 (6)

B. Coordination Sphere La(2)
La(2)-20(1) 2.53 (4) 0(4)-Aq(3) 3.04 (6)
La(2)-20(4) 2.55 (4) 0(4)-0(1) 3.01(6)
La(2)-20(5) 2.56 (4) 0(4)-0(1) 3.15 (6)
La(2)-2Aq(3) 2.62 (4) 0(4)-0(3) 2.72(6)
La(2)-20(3) 2.74 (4) 0(4)-0(5) 3.09 (6)
Aq(3)-Aq(3) 3.02 (9) 0()-Aq(3) 3.00 (6)
0(1)-0(1) 2.14 (8) 0O(5)-0(1) 3.00(6)
O(3)-Aq(3) 3.26 (6) 0(5)-0(3) 2.17(8)
0(3)-0(1) 3.05(6)
C. Carbonates
C(1)-20(1) 1.25(8) 0(1)>-0(1) 2,14 (8)
C(1)-0(2) 1.3 (1) 0(1)-0(2) 2.21(8)
C(2)-0(3) 1.29 (8) 0(3)-0(4) 2.30(6)
C(2)-0(4) 1.28 (8) 0O(3)-0(5) 2.17 (6)
C(2)-0(3) 1.28(6) 0(4)-0(3) 2,18 (6)
D. Aqueous O-O

Aq(1)-0(1) 2.68 (6) Aq(2)-0(1) 2.68 (6)
Aq(1)-Ag(4) 2,74 (8) Aq(2)-0(5) 2.82 (6)
Aq(1)-Aq(l) 2.81 (8) Aq(2)-Aq(4) 2.82 (8)
Aq(l)-Aq(3) 2.85(6) Aq(2)-Aq(2) 2.82(8)
Aq(3)—0(2) 2.61 (8) Aq(4)-Aq(l) 2.74 (8)

Aq(3)-Aq(1) 2.85 (6) Aq(4)-Aq(2) 2.82 (8)
%q(3) 0(5) 3.00(6) Aq(4)-Aq4) 3.0(1)
Aq(3)~-Aq(2) 3.16 (8) Aq(4)-Aq(2) 3.16 (8)

o Two times the standard deviation of the last digit is indi-
cated in parentheses.

latter is 10-coordinate, are 2.507 and 2.537 A respec-
tively, and seem shorter than the observed average
La-O(COs) distance, 2.60 A. However, when the two
longer bonds are excluded, the average La-O(COs)
distance is 2.54 A.

Decacoordination is somewhat unusual. The few
examples structurally established include the EDTA
complex of lanthanum, YbSh,,? and tetrakis(acetato)-
uranium(IV).2! In the latter case the oxygen atoms
are arrayed at the corners of a bicapped square anti-
prism.  YbSb, is related to the square antiprism and
the lanthanum complex to the dodecahedron. The
ground-state configuration for decacoordination of
unidentate ligands is unknown. Muetterties and
Wright?? suggest that either a bicapped square anti-
prism or a bicapped dodecahedron is the proper symi-
metry for a sp3d®f hybrid model. In the present case,

(19) M. D. Lind, B. Lee, and J. L. Hoard, J. Am. Chem. Soc., 87, 1611
(1963).

(20) R. Wang, R. Bodnar, and H. Steinfink, Inorg. Chem., 5, 1468 (1966).

(21) 1. Jelenié, D. Grdeni¢, and A. Bezjak, Acte Cryst., 17, 758 (1964).

(22) E. L. Muetterties and C. M. Wright, Quarf. Rev. (London), 21, 109
(1967).

TaABLE IV
SELECTED BOND ANGLES
Angle,?
Atom 1 Atom 2 Atom 3 deg
A. Coordination Sphere La(1)
Aq(l) La(l) Aq(l) 63.9(0.9)
Aq(l) La(l) 0(3) 71.6(0.7)
Aq(l) La(l) 0(4) 69.4 (0.6)
Aq(l) La(l) 0(3) 76.7(0.7)
Aq(2) La(l) Aq(2) 65.3(1.0)
Aq(2) La(l) 0(3) 73.5(0.7)
Aq(2) La(l) 0(4) 69.8 (0.7)
Aq(2) La(l) 0(3) 66.5(0.7)
0(3) La(l) 0O(4) 62.0(0.7)
0(3) La(l) 0(3) 79.5(0.7)
0(3) La(l) 0(3) 147.6 (1.0)
04) La(l) 0(5) 48.9(0.6)
B. Coordination Sphere La(2)
Aq(3) La(2) Aq(3) 70.3 (1.0)
Aq(3) La(2) 0®i) 72.0(0.7)
Aq(3) La(2) 0(3) 70.8 (0.7)
o) La(2) O(1) 50.0(0.9)
o) La(2) 0(3) 70.6 (0.7)
o) La(2) 04) 76.9(0.7)
0Q1) La(2) 0®4) 72.7(0.7)
o) La(2) 0(5) 72.2(0.7)
0(3) La(2) 04) 61.9(0.7)
0(3) La(2) QO(5) 48.3(0.6)
04) La(2) O(5) 74.7(0.7)
O4) La(2) 04) 146.9 (1.0)
C. Carbonates

o) C(1) 02) 121.0(2.0)
o) Cc) O(1) 118.0(4.0)
O(3) C(2) 04) 127.2(2.5)
O(3) C(2) O(5) 115.7 (2.86)
O4) C(2) 0(5) 117.1(2.7)

@ Standard deviation in parentheses.

suggested models are useless since the coordination
polyhedron has only C,; symmetry and no ligands are on
C;. A somewhat more appropriate model may be de-
rived from the dodecahedron. Using the numbering
rules suggested by Muetterties and Wright (Figure 4a),
sites 5 and 6 are occupied by bidentate carbonates which
split each site, Figure 4b. Splitting the sites alone
lowers the model symmetry to Csy. The symmetry of
the polyhedron is actually lower since the orientation of
the carbonates as well as that of the other ligands pro-
hibits the presence of mirror planes and reduces the
symmetry to C.. An ideal dodecahedron may be
visualized as two interpenetrating orthogonal trape-
zoids. In the present case the trapezoids are neither
quite planar nor orthogonal. The best least-squares
planes, given by the equation Ax 4 By 4 Cz = D,
were calculated through the two trapezoids about each
metal. The appropriate coordinates of C(2) were used
as the positions of substituted bidentates and coordi-
nate errors were not included. The mean deviations
from the least-squares planes are 0.03 and 0.26 A for
the La(1) and 0.13 and 0.02 A for the La(2) case. The
angles between the planes are 86 and 87°, respectively,
for the La(l) and La(2) coordinations. Normally a
dodecahedron is described by two angles, 84 and #g,
as indicated in Figure 4a. The predicted values of
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a) DZd

b) Cz or sz

Figure 4.—Illustration of the relationship between dodecahedral
symmetry (a) and the suggested polyhedron model (b) for lan-
thanum carbonate octahydrate.

64 and 0y for a hard-sphere dodecahedral model are
about 37 and 70°, respectively. On the basis of energy
considerations, Hoard and Silverton??® calculated values
of 35.2 and 73.5°. The corresponding angles in the
present work compare favorably with these values if
only the angles involving unidentate ligands are con-
sidered. In the La(2) polyhedra 84 is 35.2° and 6p is
73.2°. For the La(l) polyhedra the corresponding
angles are 32.7 or 32.0 and 73.8°. Thus the polyhedra
in question, although distorted from C,, symmetry, ap-
proximate that of the suggested dodecahedral deriva-
tive model.

All C-O distances in both carbonate groups are of
equal length within experimental error and agree with
reported values.?*=%0  The uncoordinated oxygen atom

(23) J. L. Hoard and J. V., Silverton, Inorg. Chem., 3, 235 (1963).
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of the fourfold carbonate ion has a large thermal param-
eter. An analogous situation was observed with the
terminal oxygen of the nitrate ions of Ce,Mgy(NO;)ps-
24H,0% and Th(NO;)s-5H,0.% Significant deviation
from ideal shape occurs in the carbonate group around
the C(2) atom. The distances O-O are shorter if both
oxygen atoms are coordinated to the same metal; i.e.,
they form an edge shared by the carbonate group and
the metal coordination polyhedron.

Many of the observed OO distances involving water
molecules are short—an observation which suggests
strongly the presence of hydrogen bonds. In the final
electron density difference map several residual peaks
appeared to be located in positions appropriate for
hydrogen bonding. Since attempts to refine these
parameters met with only limited success, the hydrogen-
bonding scheme must be deduced from stereochemical
considerations.
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The high-temperature form of calcium pyrophosphate, a-CasP:07, crystallizes in the monoclinic space group P2;/n with
lattice parameters ¢ = 12.66 (1) A, b = 8.542 (8) &, ¢ = 5.315 (5) A, and 8 = 90.3 (1)°. There are four molecules per
unit cell yielding a calculated density of 2.95 g/cm?® compared to a measured value of 2.947 g/cm?®.  This structure is closely
related to that of a-Sr:P:0s, although the latter has orthorhombic symmetry. Both cations show coordination numbers
of eight with average cation-oxygen atom bond lengths of 2.54 and 2.51 A for the individual cation sites. The two ends of
the anion deviate by 13° from the eclipsed configuration with a P-O-P angle of 130°. The P-O(-P) bond lengths average
1.60 A while the terminal ones average to 1.51 A. The individual P-O bond lengths range from 1.49 to 1.62 A and have
estimated standard deviations of the order of 0.01 A. The structure was refined by a full-matrix least-squares procedure
using 1416 reflections whose intensities were estimated visually. The final value for the conventional R value is 0.098.
The diffraction pattern shows a marked orthorhombic character suggesting a high-temperature phase with Pbnm sym-
metry.

Introduction
The structures of several divalent metal ion pyro-

156° (in CuyPyO7%). These structures seem to divide
between those having the terminal ends of the anionin a

phosphates, M,P;O;, have been determined recently. (1) K. Lukasewicz, Bull. Acad. Polon. Sci., Ser. Sci. Chim., 18, 47 (1967).
All of these show either a bent P-O-P group in the (2) C.Calvo, Acta Cryst., 33, 280 (1967).
o g : (3) N. Webb, ibid., 31, 942 (1966).
anion'~* or considerable disorder at the central oxygen (4) B. E. Robertson and C. Calvo, #bid., 33, 665 (1967).
atom of the anion.»® The value of the P-O-P angle (8) C. Calvo, Can. J. Chem., 43, 1147 (1965).
o . . (8) C. Calvo, ibid., 48, 1139 (1965).
has been found to range from 132° (in Cd.P,O7") to (7) C. Calvoand P. K. L. Au, submitted for publicatios.



