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to perform an experimental study of the melilite system
with the introduction of increasing amounts of fluorine.
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The Crystal Structure of Pb;UQs
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The structure of Pb;UOs has been determined from single-crystal data, by analysis of the three-dimen-
sional Patterson distribution, Fourier and de syntheses and subsequent block-diagonal least-squares
refinement to a final R value of 0-068. The unit cell is orthorhombic, space group Pram, with a= 13-71,
b=12-36, c=8-21 A and Z=8. The uranium atoms are octahedrally coordinated to six oxygen atoms
and the slightly distorted octahedra, by sharing apices, form infinite staggered chains in the z direction,
the lead atoms and the remaining oxygen atoms being distributed in a rather irregular array between

the chains.

Introduction

In the course of a systematic study of mixed oxides
of uranium(VI) and lead(Il), four discrete compounds,
PbJUOG, Pb11U5026, PbU04 and Pb5U19062 were pre-
pared by solid-state reactions of oxide mixtures and
characterized by chemical and X-ray powder phase
analysis. Of these, only the monouranate PbUO, has
been described in the literature (Frondel & Barnes,
1958; Kovba, Polunina, Simanov & Ippolitova, 1961)
and the conclusion of Frondel & Barnes that it is iso-
structural with BaUQ,, the structure of which has been
determined by Samson & Sillén (1947), was confirmed
by means of X-ray powder data. The new uranate
Pb;UO¢ could have been expected to be similar in
structure to the known uranates Ba;UQg, Sr;UQOg and
Ca;UOQg, all of which have the same distorted cryolite
type structure (Riidorff & Pfitzer, 1954; Sleight &
Ward, 1962; Rietveld, 1966) but a preliminary X-ray
investigation of the polycrystalline material indicated
a completely different type of structure, previously not
encountered in any uranate. Therefore, when single-
crystal fragments were isolated from preparations of
this phase, a complete structure determination was
undertaken, the results of which are described here.
A general survey of the system Pb-U-O and X-ray
work on the other lead uranates will be published sep-
arately.

Experimental

Single-phase material Pb;UOs was prepared in poly-
crystalline form by heating pelleted stoichiometric mix-
tures of PbUO, (or U;05) and PbO at 600-650°C.
Heating at higher temperatures, to achieve sintering
and possibly an increase in the crystallite size, resulted
in decomposition of Pb;UQg to Pb,;UsO,6 and PbO,
Only by heating Pb;UOg in an excess of PbO (Pb:U
~20:1) at 800°C could sintered dark red Pb;UQOg be
obtained, in a matrix of pale yellow PbO. The latter
could not be leached out selectively, since any solvent
for PbO also dissolves the uranate. The two phases
had therefore to be separated by hand-picking the
crushed mass under the microscope, and after careful
examination for phase purity fragments suitable for
single-crystal work were selected. The crystal frag-
ments were usually lath-shaped, with no morphological
faces, the longest dimension being mainly along the
¢ axis and the shortest along the b axis.

Unit-cell dimensions were determined from oscilla-
tion and Weissenberg photographs and also from
Guinier powder patterns of the polycrystalline mater-
ial, calibrated internally with potassium chloride. The
unit cell is orthorhombic;

a=13-71+001, b»=12-36+001, c=82140-005 A,
U=1391 A3, F.W. 955-6.
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With the pycnometrically determined Dy, =9:01 g.cm3,
Z=8.

Owing to the very irregular shape of the crystal
fragments, reliable absorption corrections could not be
applied and attempts to shape the crystals by grinding
failed because of cleavage across the b axis. It was
therefore sought to minimize absorption errors by the
use of very small crystal fragments, aiming at an over-
all value of ur~1. Approximate dimensions of the
selected crystals were 0-02 x 0-015x 0-08 mm for Mo
Ko radiation (umo=990 cm~1) and 0-02 x 0-01 x 0-05
mm for Cu Ka radiation (ucy=2082 cm™1).

Data for six layers around the ¢ axis (hkL with L=0
to 5) were collected from multiple film equi-inclination
Weissenberg photographs using initially Mo Ka radia-
tion. Intensities were estimated visually against a scale
of timed exposures of a reflexion from the same crystal,
averaging over equivalent reflexions and correcting for
spot area. With exposure times of the order of 200
hours for each layer, about 700 independent reflexions
could be recorded, representing, tecause of the small
size of the crystal, only ca. 50%; of the possible number.

In order to detect weak reflexions not recorded in
this set, avoiding prohibitive exposure times, a corre-
sponding set of six-layer data was recorded with Cu
Ko radiation, using the rotating anode high-power
X-ray generator (200 mA, 30 kV) at the C.S.I.LR.O.
Division of Chemical Physics, Melbourne. This second
set of data, with average exposures of 20 hours, gave
about 200 additional reflexions and also allowed the
systematic absences to be established definitively.

After interlayer scaling of both sets of derived F?
values (using 0/ data) and their correlation, the values
were brought to an approximately absolute scale by
means of a Wilson plot. Owing to scatter of the experi-
mental points, no reliable value of the temperature
factor could be deduced from the plot at this stage.

A total of 814 out of 1212 possible terms in the Cu
radiation sphere were used in the subsequent analysis,
the small number of reflexions outside this sphere
being omitted.

N(2)%

70
601
50
40
30
20
10

0 01 02 03 04,05 06 07 08 09 10

Fig.1. Comparison of the experimental distribution of inten-
sities with theoretical distribution curves for the centric (1),
acentric (II) and hypercentric (III) cases. k! data: circles;
hkO data: triangles.
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Powder patterns of Pb;UOg were also recorded with
a Philips PW1051 counter diffractometer at a scanning
speed of 1 ° per minute, with Cu Ko radiation. In order
to minimize possible preferred orientation, the speci-
men powder, prepared by prolonged grinding of the
polycrystalline PbyUQg, was sieved through a 400 mesh
screen and exposed in a rotating sample holder, the
thickness of the specimen being approximately 0-5 mm.
Intensities of powder reflexions recorded from several
samples were found to differ by no more than 3%;. The
intensities of non-overlapping reflexions were estimated
from peak areas and the derived F, values used in the
later stages of the analysis to check the single-crystal
data and to assess qualitatively the influence of absorp-
tion and extinction effects.

Examination of the full set of data revealed the fol-
lowing systematic absences: A0/ with # odd and Ok/
with k+/ odd, indicating as possible space groups
Pna2, (no. 33) and Pnam (non-standard aéb setting of
no. 62). A statistical analysis of the three-dimensional
data, using the N(z) test of Howells, Phillips & Rogers
(1950), gave a distribution coinciding almost exactly
with the theoretical curve for ‘hypercentric symmetry’
(Fig.1), indicating an atomic arrangement of higher
symmetry than required by the space group (Lipson &
Woolfson, 1952). Although not conclusive, this test
seemed to favour the centrosymmetric space group,
which was therefore chosen to initiate the analysis, and
later results did not contradict this choice.

Location of metal atoms

The structure analysis was initiated with a three-di-
mensional Patterson distribution, calculated on an
IBM 7044 computer at Melbourne University, using
Dr J.C.B. White’s Fourier program MU-FRI. Because
of the presence of 32 heavy atoms in the unit cell, with
nearly equal scattering powers, it was naturally not
possible to isolate and identify individual U-U, Pb-Pb
and U-Pb vectors. Approximate positions of the metal
atoms could be deduced only by determining regions
of possible atom concentrations from a careful exami-
nation of the peak distribution on all Harker lines and
sections of the space group, and their correlation with
interaction vector peaks in the general distribution.

All significant peaks in the three-dimensional vector
distribution are concentrated in, or very near, sections
P(u,v,0), P(u,v,%) and P(u,0,%4) (Fig.2) and within
these sections near lines v=0,%,, indicating that the
metal atoms are situated on or near planes perpendicu-
lar to the b and ¢ axes, spaced }b and ¢ respectively
apart, with a more general distribution along a. From
the distribution on Harker lines P (%,v,0) and P(0,0,w),
these planes could be placed at y~0,% and £,% and at
z~0,1. To explain the vector peaks at w~}, atoms
must be assumed also on levels z=1,3, in special posi-
tions on the mirror planes. This concentration of the
metal atoms near the intersection lines of the two sets
of planes was also confirmed quite convincingly by the
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Harker section P(3,v,w), which shows dense areas only
near the corners, at u,w=0,0; 0,%; 1,0; 1,1. All Harker
peaks must therefore lie near the zero and half-axis
lines of the three Harker sections. By examination of
the shapes and positions of the peaks and by correla-
tion with other sections, the deviations of correspond-
ing atoms from the intersection lines and also their
approximate x coordinates could be deduced. In this
way, it was possible to place the 32 metal atoms of the
unit cell in two eightfold general positions and four
fourfold special positions on the mirror planes.

Comparison of all possible calculated metal atom
interaction vectors with the observed three-dimensional
vector distribution showed reasonable agreement, no
vector end points falling on negative or low density
areas, and all higher peaks being accounted for. The
calculated vector end points are marked as crosses in
the sections of Fig.2, although in some cases the end
points are slightly above or below the section plane,
usually in areas of higher density.

The derived coordinates of the six metal atoms in
one cell octant (a/2,b,c/4) are given in Table | and a
diagram of the metal atom positions in the whole cell
in Fig.3.

Table 1. Fractional coordinates of metal atoms
derived from the Patterson distribution

Number of
Atom positions x y z

1 4(c) 0-033 0-017 0-250
2 4(0) 0 0-508 0-250
3 4(c) 0-350 0-736 0-250
4 4(c) 0-183 0-264 0-250
5 8(d) 0-267 0-008 0-033
6 8(d) 0417 0-264 0

Differentiation of U and Pb atoms
and location of oxygen atoms

The identification of the U, Pb and O atoms was at-
tempted by conventional Fourier synthesis, although
it was to be expected that the analysis would not be
straightforward because of the small difference in scat-
tering powers of U and Pb, the very small contribution
of the O atoms and the uncertainty in the scattering
curves of the metal atoms, especially uranium. In pre-
vious structure analyses of uranates and other com-
pounds of six-valent uranium, structure factors based
on U° (e.g. Roof, Cromer & Larson, 1964) as well as
on Ust (Allpress, 1965) have been used, and the pub-
lished values of the anomalous dispersion corrections
for uranium vary over a wide range (Dauben &
Templeton, 1955; Roof, 1961).

The F contributions of the metal atoms derived from
the Patterson distribution were initially calculated with
the use of an ‘average’ scattering curve [f(U6+)+
3f(Pb2+)]/4 based on the form factors listed in Inter-
national Tables for X-ray Crystallography (1962), with
f(Pb?*) extrapolated from f(Pb3+) and f(Pb?). Correc-
tions for anomalous dispersion were not applied and,

THE CRYSTAL STRUCTURE OF Pb3UOg¢
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Fig.2. Sections through the three-dimensional Patterson
distribution. (@) P(«,v,0), (b) P(u,v,%), (¢) P(u,v,3).
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with B=0, this set of structure factors gave an agree-
ment of R=0-38.

The first Fourier synthesis, using for the calculation
F, terms with the signs of the metal atom structure
factors and omitting terms with F¢ < F,/3, showed small
shifts in the metal atom positions, all peak heights
being approximately equal, but, owing to pronounced
series termination ripples, gave no indication of the
oxygen positions. A difference synthesis with recalcu-
lated F, values for the metal atoms (R=0-33) was
therefore carried out simultaneously with a second g,
synthesis. The 4dg distribution gave negative peaks in
the metal positions, indicating either an incorrect scat-
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Fig.3. Positions of metal atoms deduced from the Patterson

distribution.
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Fig.4. Plots of In(F./F.) against sin2 0 for classes of reflexions
with /=2n (circles) and /=2n+1 (triangles), the former
indicating influence of extinction and/or absorption on low
order reflexions. (F. and F, represent the mean values in
five ranges of sin2 8.)
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tering curve or the influence of appreciable extinction
errors in the strong low-angle F, terms. However, in
the eightfold position of atom 6 (Table 1), the negative
excursion was much less than in the other positions
(—30e.A-3 compared with ca. —70 e.A-3), The peak
heights in the g, distribution did not vary appreciably
(all ca. 300 e.A-3, but electron counts of peak volumes
gave 89 e for position 6 and 77-81 e for the other peaks.
Furthermore, the 4o distribution revealed some dis-
tinct small peaks of height 15-20 e.A-3 in the vicinity
of position 6, which could be correlated with less dis-
tinct positive regions in the g, distribution. Four of
these peaks were in general positions and two in special
positions, surrounding atom 6 octahedrally at distances
of 1:9-2-2 A. This corroborative evidence seemed toindi-
cate definitively that position 6 is occupied by uranium,
which is coordinated to six oxygen atoms at the corners
of an octahedron. Thus, 40 oxygen atoms out of 48
in the unit cell could be accounted for. Two further
small peaks, situated in special positions on the mirror
planes and not forming part of the octahedra, could
be identified in both distributions and were assumed
as the remaining oxygen atoms, completing the provi-
sional placement of all atoms in the unit cell.
Structure factors based on coordinates of all atoms
were calculated with individual scattering factors of
Us+, Pb2+ and O2-, using Suzuki’s (1960) values for
the latter, and with an overall temperature factor, B=
0-5, deduced from a provisional In(F¢(metal)/F,) versus
sin20 plot. The resulting R value was 0-21, the drop
by 12%; indicating that the analysis was proceeding in
the right direction and that the structure was probably
sufficiently defined for least-squares refinement.

Refinement

Least-squares calculations were carried out on an IBM
1620 computer with Dr G.A.Mair’s block-diagonal
approximation program SFLS, which minimizes
Z w(|F,| — | Fcl)?. Weighting schemes of Mills & Rollett
(1961) were used, initially as }/w=1 for k|F,| < F* and
Vw=F*[k|F,| for k|Fo| > F*, with F*=600 (the highest
values of F, being about 1500) and in the final stages
as Jw=1/[1+ (k| Fo| — b)*/a?]* with a=560 and b=350.

The first least-squares cycle was calculated with scat-
tering factors of U6+, Pb2t and O2-, the f values of the
metals being adjusted for anomalous dispersion, using
Dauben & Templeton’s (1955) values of 4f” and 4f".
Positional parameters and individual isotropic tem-
perature factors of only the metal atoms were varied,
with an initial value of B=0-5 for all atoms. The agree-
ment improved to R=0-137; the shifts of the metal
atoms did not exceed 0-02 A and the resulting values
of Bpp were reasonable, varying from 0-30 to 0-44.
However, the temperature factor for uranium was
negative (By = —0-18), a situation which has also been
encountered in structure analyses of other uranium
compounds (¢f. Cromer, Larson & Roof, 1964). In the
present case, the cause of the anomaly could be either
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an incorrect scattering curve for uranium or absorp-
tion and/or extinction errors in the strong low-angle
terms. That the latter are not negligible can be seen
from a comparison of separate plots of In(F,/F,) versus
sin?6 for layers with /=2n, which contain all the strong
low-angle reflexions, and those with /=2n+1 (Fig.4).
Whilst the second plot is normal and corresponds to
B~0-5, the first shows a marked decrease at low
angles, simulating a negative temperature factor.

To test the effect of variation in the uranium scatter-
ing curve, the next two least-squares cycles were cal-
culated with scattering factors of neutral atoms. The
values of f(U?), f(Pb%) and f(O° were those given in
International Tables for X-ray Crystallography (1962),
with the metal f curves adjusted for anomalous dis-
persion. All positional and individual isotropic thermal
parameters were varied, with input values of By=0-5,
Bpp=0'5, Bo=10. The agreement improved to R=
0-096, with metal atom shifts all less than 0-003 A and
oxygen shifts up to 0-06 A, but the uranium tempera-
ture factor was still negative (By= —0-12).

In order to reduce the influence of extinction and
possible absorption errors, 29 low-angle terms with
large values of F;—F, were omitted from subsequent
cycles. This resulted in an initial decrease of R to 0-078,
no negative temperature factors were encountered and
the refinement converged quite satisfactorily to R=
0-068. In the last cycle, the shifts in positional param-
eters were less than 0-001 A for the metal atoms, less
than 0-005 A for the oxygen atoms and the changes
in thermal parameters were less than 0-05. The final
value of By was 0-12, average Bpp~0-62 (0-50-0-75)
and average Bo~0-9 (0-4-1-5).

As an independent check, F, values of non-overlap-
ping powder reflexions were evaluated from slow-scan

Table 2. Comparison of structure factors

Jfrom powder and single-crystal data
F

o
KF, (single
hkl sin 6/ F. (powder)  crystal)
111 0-0812 169 140 200
210 0-0828 103 90 150
211 0-1022 99 90 110
121 0-1072 106 95 110
221 0-1244 155 150 170
130 0-1263 260 240 260
131 0-1403 307 300 310
212 0-1470 1026 1010 840
410 0-1508 879 850 800
231 0-1537 139 140 150
040 01614 2079 2120 1490
222 0-1630 1438 1400 1070
420 01662 1413 1360 1130
312 0-1683 209 230 240
232 0-1862 733 800 670
430 0-1893 809 870 710
601 0-2265 588 610 570

I sin2fcos 8
Folpowder) = [F 1+ cos228

I

I =peak area
p =multiplicity of powder reflexions
K=2X F¢|X F, (powder).

diffractometer traces. Since extinction is negligible for
a polycrystalline powder and absorption in a flat pow-
der specimen is independent of 6 (Klug & Alexander,
1954), the F, values for strong low-angle powder re-
flexions could be expected to show better agreement
with calculated structure factors than those evaluated
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Fig.5. Final atomic positions in the unit cell of Pb3UO.

L
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Fig.6. Superimposed sections of the three-dimensicnal electron
density distribution, taken through atomic centres parallel
to (001). Contours are at intervals of 50e.A-3 for the
metal atoms and 10 e.A-3 for oxygen atoms; overlapping
pairs of atoms are indicated by heavier contour lines.
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from single-crystal data. This was proved quite con-
vincingly by the values listed in Table 2, the R value
for the 17 powder reflexions which could be measured
accurately being 0-042, compared with R=0-20 for the
same terms of the single-crystal data.

Re-inclusion of the 29 omitted terms, corrected em-
pirically from the powder data, did not impair the
agreement; indeed, a slightly better overall value of
R=0-067 was obtained in the final calculation of struc-
ture factors. (With unobserved terms included, taking
F, at half the minimum observable value, R=0-106.)

In view of the reasonably good agreement of F, and
F, values and the very small shifts in the last least-
squares calculations, the atomic positions, especially
of the metal atoms, were regarded as sufficiently cer-
tain to define the essential features of the structure of
Pb;UOg, which was the main purpose of the investiga-
tion.

Fig.5 shows the distribution of atoms in the unit
cell viewed down the ¢ axis, and a composite electron
density map of a quarter-cell is reproduced in Fig.6.
The final atomic coordinates and their mean standard
deviations are listed in Table 3, the corresponding
interatomic distances in Table 4, and values of F, and
F, in Table 5.

Table 3. Atomic parameters
as fractions of unit-cell parameters

Number of

Atom positions x y z

U 8(d) 0-414 0-260 0-002
Pb(1) 4(c) 0-032 0-026 0-250
Pb(2) 4(c) 0-004 0-515 0-250
Pb(3) 4(c) 0-353 0-729 0-250
Pb(4) 4(c) 0-183 0-263 0-250
Pb(5) 8(d) 0-269 0-003 0-031
o(1) 4(c) 0-373 0-291 0-250
0O(2) 4(c) 0-041 0-731 0-250
0(3) 4(c) 0-208 0-089 0-250
04) 4(c) 0-348 0916 0-250
O(5) 8(d) 0-232 0-735 0-032
O(6) 8(d) 0-433 0-098 0-043
o 8(d) 0-112 0-920 0-043
0o(8) 8(d) 0-045 0-206 0-054

6(x)u=0004 &; 6(x)pp=0-004 A; a(x) 0=0-09 A
[Calculated according to Cruickshank’s (1960) formula.]

Table 4. Shortest interatomic distances
(Possible error +0-1 A)

U-0(1) 2154 Pb(2)-0(6")  2-76 A
U-0(2) 219 Pb(3)-0(4) 231
U-0(5) 203 Pb(3)-0(5) 2:45
U-0(6) 205 Pb(3)-0(2) 2:62
U-0(7) 204 Pb(3)-0(8) 2:88
U-0(8) 1-90 Pb(4)-0(3) 218
Pb(1)-0(7) 2:41 Pb(4)-O(8) 2:57
Pb(1)-0(3) 2:53 Pb(4)-0(5) 262
Pb(1)-0(8) 275 Pb(4)-O(1) 264
Pb(1)-0(1) 314 Pb(5)-0(3) 224
Pb(1)-0(7) 318 Pb(5)-0(4) 236
Pb(1)-O(8)  3-90 Pb(5)-O(7) 2:38
Pb(2)-0(4) 2:30 Pb(5)-0(6) 2:54
Pb(2)-0(6) 2:40 Pb(5)-0(5) 291
Pb(2)-0(2) 272 Pb(5)-0(5)’  3-35
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Description and discussion of the structure

The uranium atoms on planes z~0 and z~1 are sur-
rounded in a nearly regular square array by four oxy-
gen atoms O(5), O(6), O(7) and O(8), two below and
two above the planes z=0 or z=4, and by oxygen
atoms O(1) and O(2) on planes z=} and z=%. These
six oxygen atoms thus form a somewhat distorted
octahedron around the uranium, with the apex oxygen
atoms O(1) and O(2) at a slightly greater distance from
the central uranium than the other four. The diagonal
between the apices is tilted out of the z direction by
about 18° in a direction nearly parallel to the diagonals
of the ab plane and is approximately normal to the
plane defined by the other four oxygens. The apex
oxygen atoms are shared by two octahedra with oppo-
site tilts, resulting in puckered chains of composition
(UOs)w along the ¢ axis. The occurrence of UOs chains
in Pb;UQO¢ means that only five of the six oxygen atoms
in the formula unit (40 in the unit cell) are included in
the coordination polyhedra of uranium. The remaining
eight oxygen atoms in the unit cell are distributed be-
tween the lead atoms, well outside the coordination
range of uranium. A projection of the disposition of
atoms down the c axis, with outlines of the octahedra
dotted and Pb-O distances of less than 3 A indicated
by full lines, is reproduced in Fig.7.

Lead atoms at z=% and z=4$, situated between the
chains of octahedra are coordinated primarily to four
oxygen atoms at the corners of four separate octahedra
from two neighbouring chains. However, owing to the
different disposition and tilt of these octahedra, the
oxygen environment is different for each of the four
lead atoms Pb(1-4). Pb(2) is situated between two
chains of octahedra with corners opposing across the
screw axis at x=0, y=1 and, because of the tilt of the
octahedra, the four corner oxygen atoms O(6) do not
form a square but a ‘trapezoidal’ array, with the lead
atom nearer to the longer side. The tilt also brings O(2)
into the coordination range of Pb(2), resulting in a
nearly regular pentagonal arrangement, with O(4) com-
pleting a distorted pentagonal pyramid. The disposi-
tion of oxygen around Pb(3) and Pb(4) is similar, the
lead atoms again being coordinated to corner oxygen
atoms O(5) and O(8) of four octahedra, with O(1) and
0O(3) or O(2) and O(4) completing the pentagonal
pyramids. Atoms Pb(1) are situated between two chains
of octahedra with edges opposing across the screw
axes at x=0,y=0, and x=1,y=1% and having tilts in
the same direction. The two pairs of oxygen atoms O(7)
and O(8) from the two chains form a nearly rectangular
array on one side of the respective Pb(1) atom, drawing
it away from the screw axis, and O(3) on the same z
level completes an irregular fivefold coordination unit.
The five Pb-O distances are between 2-4 and 2-8 A
(Table 4), but there are three additional oxygen atoms,
O(1) and two O(7), at distances 3-1 and 3-2 A. If these
are regarded as still coordinated to Pb(1), the result is
an irregular eightfold coordination, with the five nearer
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Table 5. Observed and calculated structure factors
An asterisk indicates reflexions suspected of suffering from extinction, which were excluded from the final least-squares cycles.
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oxygen atoms all on one side of the lead atom and the
remaining three on the other.

The remaining eight lead atoms Pb(5) lie in channels
between four chains of octahedra at approximately the
same z level as the nearest oxygen atoms in the octa-
hedra, O(6) and O(7), which together with O(3) and
O(4) form a rather odd double fourfold coordination
unit, O(3) and O(4) being shared between two lead
atoms.

The structure derived for Pb;UQg is thus rather ir-
regular, especially in regard to the oxygen environment
of lead and the distribution of oxygen atoms outside
the UOs chains. There is little structural information
about the oxygen coordination of lead in more com-
plex ternary compounds, but some of the published
work, notably the structure analysis of linarite,
PbCuSO4(OH),, by Bachmann & Zemann (1961), also
indicates an unusual oxygen environment (three- to
eight-fold) of lead(II).

The U-O and Pb-O distances listed in Table 4, al-
though probably reliable to only +0-1 A, owing to
possible errors in the oxygen positions, are within the
accepted limits cited in the literature.

Uranium(VI)-oxygen distances from 1-8 to 2:3 A,
depending on the number and nature of the other
bonds formed by the oxygen atom, have been reported
for uranate structures.

@ Pbatz~03

ou
Qo

O Pbatz=13

Fig.7. c-Axis projection of the structure, showing the disposi-
tion of chains of uranium-oxygen octahedra (viewed down
the chain direction). Full lines indicate the shortest Pb—-O
approach distances (<3 A).
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In Pb;UQg, the distances U-O(1) and U-O(2) appear
to be significantly longer than the other four, which
is to be expected, since these oxygen atoms are shared
between two uranium atoms. The U-O distances of
the four ‘unshared’ oxygens are, on the other hand,
somewhat longer than the accepted uranyl bond length
(ca. 1-8 A); this is also understandable, since there are
four such oxygen atoms compared with two in the
linear uranyl group O-U-O.

The short U-O(8) distance of 1:90 A, which causes
an irregular distortion of the octahedra, may be the
result of an error in the position of O(8). However,
it is interesting to note that, whereas the shortest
approach distances of O(5), O(6) and O(7) to lead
atoms are of the order of 2-4 A, O(8) has its nearest
lead neighbour at ca. 2-6 A. As a consequence of this,
one could probably expect a stronger and hence shorter
bond between O(8) and uranium. A detailed balancing
of U-O bond lengths and bond strengths as proposed
by Zachariasen (1954) was not possible since all oxygen
atoms in the UOg4 octahedra are also bonded to some
lead atoms, at widely varying distances.

Judging from the results of the analysis, there seems
to be little doubt about the correctness of the metal
atom positions and also about the octahedral oxygen
environment of uranium, but the positions of the re-
maining oxygen atoms O(3) and O(4) are less certain.
Thus, the rather short distance Pb(4)-O(3) of 2:18 A
is probably due to an error in the oxygen parameter,
although similar lead(II)-oxygen distances have been
found for one of the bivalent lead ions in Pb;0, (2:15A)
by Bystrom & Westgren (1943) and for yellow PbO
(221 A) independently by Kay (1961) and by Lecieje-
wicz (1961) from neutron diffraction data.

The structure of Pb;UQ differs radically from those
of the other known uranates M;UQO¢ (M =Ca, Sr, Ba,
Cd), all of which contain isolated UOs octahedra, with
the M atoms in more or less symmetrical twelve- and
six-fold coordination to oxygen. Because of the layer
structure of PbO and the known asymmetric disposi-
tion of oxygen around lead in PbO and a number of
other compounds, the symmetrical cryolite type struc-
ture is probably less favourable for Pb;UOg than for
uranates of the alkaline earths and cadmium, the oxides
of which have sodium chloride structures with the re-
quired symmetrical sixfold coordination.

A more detailed investigation of the structure would
require data reliably corrected for absorption and ex-
tinction, as well as a better knowledge of the true
scattering curves of the metal atoms.

The writer is indebted to Dr A. McL. Mathieson and
Dr A.D.Wadsley for helpful discussions and for per-
mission to use some of their experimental facilities, to
Mr J.Fridrichsons for a great deal of valuable advice,
to Dr B.R.Penfold for making available a number of
IBM 1620 programs, and to Dr J.C.B.White for the
use of his IBM 7044 programs and for help and advice
concerning the computational work.
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The Crystal and Molecular Structure of meso-3,3’-Di-( p-bromophenyl)bi-3-phthalidyl

By V. KALYANI, H. MANOHAR* AND N.V. MANIT

Department of Physics, Indian Institute of Science, Bangalore 12, India

(Received 26 October 1966)

The crystal structure of the title compound has been determined by the heavy-atom method and Fourier
techniques using visually estimated photographic data. It crystallizes in the space group PT with cell
dimensions a=7-98, b=808, c=9-66 A, a=85°23’, #=98°24’ and y=104°41’. The parameters have
been refined by three-dimensional least-squares procedures with anisotropic thermal vibrations for all
the atoms. The final R index for 932 observed reflexions is 0-096. It has been established that the stereo-
isomer taken up for investigation is the meso form existing in a staggered configuration. Two character-
istics of the lactone group, viz., the inequality of the C-O bonds and the planarity of the group are

also confirmed in the present study.

Introduction

A variety of reducing agents convert o-benzoylbenzoic
acids (I) and their acid chlorides (II) to 3,3'-diarylbi-
phthalidyls (IIT). Two isomers, viz. the racemic (pL) [IV
and V, one being the dextro (D) and the other the laevo
(1) form] and the meso form (VI) having structure (III)
are theoretically possible. However, no attempt has so
far been made to define their stereochemistry. This in-
formation would be of considerable value in under-
standing the steric factors involved in their formation,
particularly because the two stereoisomers are formed
in unequal proportions. In view of this, the more
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