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The Crystal Structure of U(SO,),4H,0

PEDER KIERKEGAARD

Institute of Inorganic and Physical Chemistry, University, Stockholm, Sweden

U(80,);4H,0 has an orthorhombie unit cell containing four formula

units and with the dimensions

a = (14.674 1 0.005) A

b = (11.093 + 0.005) A

¢ = (5.688 + 0.005) A

V = 925.8’ AB
A structure is proposed with atomic positions in the space group
No. 62 Pnma. The positions of the uranium and sulphur atoms were
determined with Fourier methods. The parameters of the oxygen
atoms were deduced from geometrical considerations, using inter-
atomic distances from previously determined structures. The crystals
are built up of layers parallel to the yz plane and formed by uranium
atoms and sulphate groups. The layers are held together by water
molecules, so that each sulphate tetrahedron has two oxygen atoms
linked with hydrogen bonds to adjacent water molecules. Every
- uranium atom is in contact with four sulphate groups and four water
molecules, 8o that the coordination of oxygen atoms around uranium
is eightfold in the shape of a square Archimedean antiprism.

Uranium(IV)sulphate-tetrahydrate was first prepared by Ebelmen! by a
photochemical reduction of UgOg in the presence of ethanol and diluted
sulphuric acid.

Meyer and Nachod 2 obtained the salt as a green crystalline precipitate
when concentrated sulphuric acid was added slowly to a uranium(IV)-solution,
keeping the temperature between 0 °C and 70 °C. The crystals formed star-
shaped needles and were according to Ebelmen ! and Kohlschiitter 2 insoluble
in ethanol and ether and were not reactive towards the water vapor and
oxygen of the air.

The crystallographic results are summarized by Groth 4 as: orthorhombic
bipyramidal, b:a:c = 0.7563:1:0.3805 (with the orientation of the axes in
agreement with the present investigation).
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600 PEDER KIERKEGAARD

PREPARATION OF THE CRYSTALS

A saturated solution of uranium(IV)sulphate in 1.0 M H,SO, was prepared. When
30 ml of this solution was sealed and heated in a thick-walled glass tube (Pyrex) to 90° C
in an oven for about a week, good crystals for X-ray work were obtained. (The method
according to Lundgren %). After cooling, the glass tube was opened and the crystals were
filtered off, washed with water and dried in air.

The crystals were dark green and most of them formed rather thin plates about 0.05—
0.2 mm in length. Some crystals of more needle-shaped form were however also obtained
and sometimes the crystals had grown together into clusters of varying appearance.

Analysis. A sample was dissoﬁed in hot nitric acid (1:1) and the uranium was preci-
pitated with 8-hydroxyquinoline according to Hecht and Donau®. The precipitate
was filtered off, washed with water, ignited and weighed as U;O. The amount of
sulphate in the filtrate was determined gravimetrically by precipitation as BaSO,.

The water was determined by Hartwig-Bendig’s ? modification of Brush ® and Pen-
field’s * method. '

The density of the crystals was determined from the loss of weight in benzene.

Calculated for Found
U(80,);4H,0
9% U0, 53.77 53.9 54.0
% SO, 31.87 32.0 31.9
% H,0 14.36 14.2 14.0
Density 3.60 3.6, * 3.59

The density is calculated for 4 formula units per cell.

UNIT CELL AND SPACE GROUP

From rotation and Weissenberg photographs (zero, first and second layer),
taken with CuK-radiation, of two small crystals of different shapes, (one needle-
rotated around the needle axis, [001], and one plate rotated around a diagonal
in the plane of the plate, [010]), it was concluded that the crystals are ortho-
rhombic azxd that the dimensions of the unit cell are about 14.5; A4, 10.9, A
and 5.6, A.

The reflections were recorded photographically with the multiple film
technique and the relative intensities were estimated visually by comparison
with an intensity scale obtained by photographing a reflection with different.
exposure times. The values of F2 were then calculated by division with the:
expression (1 4 cos® 20)/sin 26.

More accurate values for the unit cell dimensions were calculated from a.
powder photograph, taken with monochromatized CuKe-radiation in a focus-
sing camera of Guinier type, cf. Table 1.

a = (14.674 4 0.005) A
b = (11.093 + 0.005) A
¢ = (5.688 4+ 0.005) A
V = 9258, A3

The value (3.60) found for the density gives 4 formula units in the unit cell..

* This density determination was made with small amounts of substance and thus this:
value is more uncertain than the second one.
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STRUCTURE OF U(80,),4H,0 601

The reflections systematically absent are
hk0 with h = odd
0kl with k41 = odd

This is characteristic of the two space groups No. 62 Pnma and No. 33 Pn2,a.
At first only the space group of higher symmetry (Pnma) was considered and
since it was possible to find a plausible structure assuming this space group,
the low-symmetrical (Pn2,a) was not taken into account.

In No. 62 Pnma the following point positions are possible

4(a): 000; 030; 30%; 334; 4(b): 00%; 033; 300; }30;

4(c): £ (x}2); £ (@ +2}.3—2)

8(d): £ (zy2) £ G +2i—yi—2) £ @1 +y2); £ (G—=yi +2).
Table 1. Powder photograph of U(SO,),4H,0. CuKa-radiation. A, = 1.5418 A.

nil  |10'sin’@ 10%in@| pF? I hil  |10%in® 10%in@| pF? I
cale obs cale obs cale obs cale obs
200 110 | 110 19 m 212 894 | — 0 -
210 | 159 | 160 24 ot 511 922 | 923 | 34 w+
020 | 193 | 192 16 m 022 928 | — 0 -
101 211 | 211 2 |vvw | 122 956 | 954 | 110 | vvst |
011 232 | 231 28 | st 302 983 10
111 | 260 | 259 74 | vvst-| 141 ggaf| 984 71| VYW
201 204 | 2903 44 | vst | 600 994 | 995 | 23 w
220 | 304 | 304 18 wt | 312 1032 | 1031 | 148 | vvst
211 342 | 342 18 | w+ | 202 1038 | — 0 —
121 | 405 | 404 30 | m+ | 610 1042 | — 4 -
301 | 432 | 432 13 w 431 1060 | 1059 | 13 |vvw
200 | 442 | 442 23 | m 241 37
311 | 480 = 0 - 521 1067 | 1069 | 54 st
221 | 487 | 488 12 | vw | 402 1176 0 -
410 | 490 | 490 40 ot 322 ] - 2 -
230 | 545 | 545 9 |vvst| 60l nm| - 0 -
031 | 618 | 617 72 | vst | 620 1187 | 1186 | 45 m
46 132 1197 | 1198 | 41 m

401
g21f | 025 | 625 | 31 | vVSt | g4 | 1205 | 1206| 74 | vst

420 635 o 0 — 440 1214 | 1214 12 [vvw
131 646 64 19 vw 412 1225 0

411 | 674 - 6 - 611 1226| 1226 | g9y | Vst
231 729 729 14 w 232 1280 — 0 -
002 735 — 0 - 531 1308 | 1309 42 m
102 762 759 9 |vvw | 250 1318 | 1317 11 |[vvw
040 773 772 16 w 422 1370 — ) —
112 811 808 9 |vvw | 621 1371 — 1 —
421 819 822 20 w 051 1391 | 1391 31 m
202 845 — 0 — 441 1398 | 1398 20 | vw
331 867 — 3 — 332 1418 109

501 874 817 7 + 151 1419} 1419 39} vvst
430 876 34 m 502 1425 21

240 883 883 8 vw 630 1428 - 0 -

The powder photograph has been measured and interpreted to sin*® = (.48,
Reflections systematically absent in space group no. 62 Prnma have been omitted.
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POSITIONS OF THE URANIUM ATOMS

In order to find the four uranium positions, the Patterson functions
P(uvp) and P(upw) were calculated (Figs. 1 and 2).

The four uranium atoms in the unit cell must ocoupy one of the fourfold
positions, i. e. 4(a), 4(b) or 4(c). If they were situated in 4(a) or 4(b), P(uvp)
should have high peaks at «u =0, v =4, at ¥ =4, v =0, and at u = §,
v = }, and P (upw) should have high maxima at ¥ = 0, w = 0, and at u = },
w = 4. P(uvp) has, however, no maximum at » =0, v =} and P(upw)
has no maximum at 4 = 4, w = 4. Thus the uranium atoms are situated in
4(c).

In the point position 4(c) the U—U distances would be

+ (1,03 + 22)
+ (3 £ 22.4.3)
+ (& 22,3,22)

The Patterson projections on the uv and uw plane would thus show (be-
sides the origin ‘maxima) the following maxima

in the uv plane in the uw plane
I + 3,0) weight 4 IV. + (3,43—22) weight 2
II. + (3—22,3) weight 2 V. + (3—2x,3) weight 2
III. 4 (22,3) weight 2 VI. 4 (+ 2z, 22) weight 1

Now there are two high peaks in P(uvp) at u = 0.155, v = 4 (A in Fig. 1)
and at u = 0.34,; v = 4 (B in Fig. 1) and one peak at v = , v = 0, whose
height is about double that of the other two. (All maxima have been located
by the interpolation table given by Booth 1°). These maxima certainly ‘cor-
respond to the U—U vectors I, II, and III and if the peak A corresponds to
- the vector II above (and B to III) we get 2, = 0.17,. However, if the peak A
corresponds to the vector III (and B to II) we get xy = 0.07,. (It is sufficient
to consider the range 0 <2 < }, 0 <z <1}).

The projection P(upw) must have one high peak at w = } (corresponding
to the vector V above) and if #; = 0.17, this maximum should be at « = 0.15,
or if xy = 0.07, at « = 0.34,. Now the projection P (upw) has a pronounced
peak at u = 0.155, w = } (C in Fig. 2) and a considerably lower maximum at -
% = 0.33;, w =} (3 in Fig. 2). Of these two peaks, the first one (C) has the
correct height in comparison with the other maxima in this projection (see
below) and with the calculated weights above, and thus certainly corresponds
to the vector V above. (In fact, the lower peak (3) was found to correspond to
a U—S vector, see p. 605). Thus we conclude zy = 0.17,.

Moreover the projection P(upw) has two more peaks, one at u = %,
w = 0.25, (D in Fig. 2) and one at v = 0.34,, w = 0.25, (E in Fig. 2). If we
identify the vectors IV and V with the high maxima D and C (giving the co-
ordinates xy = 0.17;, 2y = 0.12;), the projection must have one peak at
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STRUCTURE OF U(80,),4H,0 603
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Fig. 1. The Patterson function P (uvp ) for U ( SO. ):4H ;0. Dotted lines indicate negative
values. The figures 1,1°, 2 and 2’ denote peaks due to U — S vectors (see text p. 602 ).

= 0.34,, w = 0.25, (corresponding to the vector VI above), whose height
should be half that of the other two. Since the height and the position of E
correspond to these calculated values we thus conclude:

4 U in No. 62 Pnma 4(c) with z = 0.171, y = }, z = 0.128.

POSITIONS OF THE SULPHUR ATOMS

Electron density projections. For a salt like U(SO,),4H,0 the electron den-
sity projections could rather easily be calculated, since the signs of all the
F-values could be determined from the contributions given by the uranium
atoms, because of their dominant scattering factors. In this way, o(zyp) and
o(xpz) were calculated and the results are given in Figs. 3 and 4

%v A\

@@.‘@
e | f\@“’\ /\/\

e ;

12 u

Fig. 2. The Patterson function P (upw ) for U (SO, ),4H,0. Dotted lines indicate negative
values. The figures 3—6 denote peaks due to U—S vectors (see text p. 602 ).
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Fig. 3. Electron density of U (SO, ),4H,0 projected on the xy plane. Dotted lines indicate
negative values. In the uranium peak only every second contour has been marked out.

From Fig. 3 we see, that there is, besides the very high maximum at
x = 0.171, y = 0.250 giving the position of the uranium atom at this quadrant,
.a lower one at z = 0.35, y = 0.05. The electron density projected on the zz
plane (Fig. 4) also shows, apart from the uranium maximum at z = 0.171,
z = 0.121, a quite high peak at z = 0.15, 2 = 0.37. If the lower peaks in these
‘projections are real maxima and not false formed by errors, diffraction effects
or errors in the observed intensities due to absorption in the crystal 1, the only
.atoms, which could give peaks of this height, are the sulphur atoms.

In order to find out, if the lower maxima from g(zyp) and g(xzpz) really
correspond to sulphur positions in the unit cell, the uranium atoms were
subtracted from the Fourier maps in Figs. 3 and 4 and thus two new electron
density projections were calculated by the expressions

0s(xyp) = z Z Fobs(hko) - cos 2m (hx + ky)— z z FU(I-):O) . cos 2xn (hx 4 ky)
A k& L I .

0s(@pz) = 3 3 Foouon - €08 21 (ha + lz) — 3 5 Fyqy - c0s 2 (hz 4 Iz)
| I ) )

0 14 12 x

Fig. 4. Electron ity of U (SO, )s4H 0 projected on the xz plane. Dotted lines indicate
negative values. In uranium peak only every second contour has been marked out.
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STRUCTURE OF U(S0,),4H,0 605

In these new electron density projections, Foys are the observed structure
factors and Fy are the calculated uranium contributions to the structure
factors normalized by multiplication

Z | obs(hk0) I

with the constant =% _ at o (xyp) and
2 I calc U(kkO) |

z l obs(A0l) I
with the constant % at o (xpz).

> Fae v |

The effect of the temperature factor, calculated by the ordinary procedure,
was found to be negligible.

From Fig. 5, which shows p,(zyp), we see that the uranium atoms have
disappeared and that there is a rather distinct maximum at r = 0.351,
y = 0.054, which should give the position of the sulphur atom. In the unit cell
there are eight sulphur atoms and, with the parameters above, they must
occupy the point position 8(d), if they belong to the space group No. 62 Pnma
which was presumed, when g (zyp) was calculated. Since this projection really
shows distinct maxima, this assumption seems to be very probable.

If the sulphur atoms are situated in 8(d), two sulphur maxima overlap in
the xz projection of the electron density, and thus we get a ratio between the
heights of the sulphur and the uranium peaks of about twice the ratio of the
sulphur and uranium maxima obtained from the electron density projected
on the zy plane. Fig. 6 shows g,(xpz) and, as is seen, the uranium atom and
most of its diffraction effects have disappeared, but there is, however, a pro-
nounced maximum at = 0.149, z = 0.379, which could be ascribed to sulphur
atoms, and moreover this peak has the correct height corresponding to eight
sulphur atoms in No. 62 Pnma 8(d).

Thus from the electron density projections the following set of parameters
could be obtained

4 U in No. 62 Pnma 4(c) with x = 0.171, y = }, z = 0.121 .
8 S in No. 62 Pnma 8(d) with = 0.351, ¥y = 0.054, z = 0.879

Using these parameters, the U—S distances were calculated and the re-
maining maxima in the Patterson projections (Figs. 1—2) were compared with
the U—S vectors. They were found to correspond to the maxima 1,1’, 2 and
2’ in P(uvp) and to 3, 4 and 5 and 6 in P{upw) and moreover the helghts of the
peaks also corresponded to the ca]cuiated weights. The remaining maxima in
the Patterson projections may correspond to U—O vectors but, since the peaks
due to some U—S and all U—O vectors are of about the same height as the
false maxima 11, the remaining peaks were not considered. .

Acta Chem. Scand. 10 (1956) No. 4 8
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12 «x

Fig. 5. Electron density of U (SO, )y4H,0 projected on the xy plane and with the uranium
atom substracted. Dotted lines indicate negative values.

POSITIONS OF THE OXYGEN ATOMS

General remarks. The light hydrogen and oxygen atoms do not make any
appreciable contribution to the intensities of the reflections and their positions
had thus to be found from considerations of the interatomic distances. The
following assumptions were then made

1. The U—O distance was assumed to be not less than that found12-1¢
in UOQ,, i.e. 2.3, A

2. The sulphate ion was considered to be a regular tetrahedron with the
sulphur atom situated at its centre and with the bond lengths S—O0 = 1.4,

and 0—O = 2.4, A. These distances are mean values of those published 15,16
for 8—O0 and 0—O in SO%~ and also in S;02~ and SO;NH;.

3. The distance between two oxygen atoms, not belonging to the same
sulphate group, was assumed to be not less than 2.6, A.
foll With these assumptions the space free for oxygen atoms will be reduced as

ows.

Fig. 6. Electron density of U (S0, )4H,0 projected on the xz plane and with the uranium.
atom subtracted. Dotted lines indicate negative values.

Acta Chem. Scand. 10 (1956) Neo. 4



STRUCTURE OF U(80,),4H,0 607

There are two symmetry planes in the unit cell at y = + }. If an oxygen
atom is not situated exactly in a symmetry plane, it must be at a distance of
at least 1.3, A from it. Accordingly, the y coordinates of the atoms should be
either y = } and y = } or within the limits: —0.13; <y < 0.13;, 0.36, <
y < 0.635. Moreover there are eight symmetry centres per unit cell (the point
positions 4(a) and 4(b)). If an oxygen centre does not coincide with a sym-
metry centre, it must be situated outside a_sphere of radius 1.3, A around it.
For the same reason spheres, of radii 2.6, A around each oxygen atom which
has been located and of radii 2.3, A around each uranium atom, enclose
domains forbidden for the centres of other oxygen atoms.

Positions of the sulphate oxygen atoms. For the sulphate oxygen atoms it
seems probable that they are strongly attracted by the highly charged uranium
ions. With the assumptions made above, the distance U—S should be < 3.8, A,
if a sulphate oxygen atom is in contact with a uranium atom. Now, in the
structure found above, the uranium atoms are surrounded by four sulphur
atoms at a distance of 3.6, A, and each of the sulphur atoms has two uranium
atoms at the same distance (Fig. 7). The angle, U—S—TU, between the sulphur
and the two neighbouring uranium atoms is 128°. Thus it is possible for at most
two sulphate oxygen atoms, belonging to the same sulphate group, to be in
contact with two different uranium atoms. Assuming this, which seems to be
very probable, and regarding the sulphur positions as definite, we obtain an
approximate position of the sulphate tetrahedron according to the following:

Ay

10

L 5

L 0

Fig. 7. Contacts (via oxygen atoms, which have not been indicated ) between the uranium

and the sulphate ions. a) Projection on the xy plane. The figures denote the height of the

atoms in percentages of c. b ) Projection on the yz plane showing the contact in the U (SO, ),-

layers. Only ome layer has been indicated, ¢.e. uranium and sulphur atoms with x
parameters between 0 and 3.

Acta Chem. Scand. 10 (1956) No. 4
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8 O, in 8(d) in contact with uranium; ¢. e. the oxygen centre should be
situated on a circle with radius 0.5, A and with the centre at z = 0.28,,
y = 0.12, and z = 0.96,.

8 O, in 8 (d) in contact with uranium; 1. e. the oxygen centre situated on a
cirole with radius 0.5, A and with the centre at x = 0.34,, y = 0.94,, z = 0.78,.

8 Oy and 8 O, in 8(d).

However, there are 16 more oxygen atoms in the unit cell and to determine
the positions of the sulphate groups more exactly, it seemed necessary at this
state of the investigation to determine the positions of these non-sulphate
oxygen atoms using the sulphate group position concluded above.

Positions of the non-sulphate oxygen atoms. For the non-sulphate oxygen
we note, as before for the sulphate oxygen atoms, that they must be strongly
attracted by the tetravalent uranium ions and consequently should be situated
as close to them as possible.

Now, we have found contacts U—4O0, <. e. four sulphate oxygen atoms in
contact with each uranium, and if all of the non-sulphate oxygen atoms are in
contact with uranium, we obtain the coordination U—80. Now, in UQ,,
which has CaF, structure !’ every uranium is surrounded by eight oxygen
atoms and this is also to be expected for ions of this radius ratio 18. It seems
thus reasonable that the coordination U—80 also occurs in U(S0,),4H,0 and
hence we investigate the possibility that all of the non-sulphate oxygen atoms
in the unit cell are in contact with uranium. This will eliminate the point
positions 4(a) and 4(b) for the non-sulphate oxygen atoms and a careful survey
shows that the only possibility of obtaining contact between uranium and all
of the non-sulphate oxygen atoms is with

4 Oy in 4(c)
4 Og in 4(c)
8 0, in 8(d).

Now we have to find the position of O,. It is situated in an eightfold posi-
tion and, with the assumptions made (see p. 606), reasonable interatomic
distances were only obtained assuming: :

8 O, in 8(d); x = 0.08;, y = 0.12,, z = 0.87,,.

In order to determine the x and z coordinates of O; and O4 the section
y = 1 in the unit cell was drawn and domains forbidden for oxygen atoms
were marked out (Fig. 8). From the figure we see that there are only two small

arcs of the U—O circles, left free for the centres of O; and Og. The coordinates
of these oxygen atoms would then be

4 Og in 4(c); = 0.04y, y = }, 2z = 0.36,.

4 Og in 4(c); z = 0.830y, y = }, 2 = 0.364.

Acta Chem. Scand. 10 (1956) No. 4



STRUCTURE OF U(80,);4H,0 609

[ SR ST W T | (]

0 5 0 A

Fig. 8. Section at y = } through the unit cell showing the areas forbidden for the non-
sulphate oxygen atoms (Og and O, ) in this plane. Thick circles indicate U—O contacts and
thin circles enclose domains forbidden around the sulphate oxygen atoms and the oxygen
atoms O,. The arrows point out the onlg(/) arczd of Othe U —O circles left free for the centres of
a .
+ = centre of wranium .O = centre of oxygen

Thus for the non-sulphate oxygen atoms we conclude

4 Og in No. 62 Pnma 4(c) with x = 0.04,, y =}, 2 = 0.364

4 Oy in No. 62 »  4(c) with = 0.30,, y = }, 2 = 0.36,
80,» » 62 » 8(d) with x = 0.083, ¥y = 0.12,, z = 0.87,.

FINAL POSITIONS OF THE LIGHT ATOMS

Now, when the positions of the atoms O;—O, had been determined, the
parameters of the sulphate oxygen atoms could be obtained from space con-
siderations. It was concluded above that two of the four oxygen atoms in a -
sulphate group are in contact with uranium. We had also found that the cen-
tres of these two oxygen atoms (O, and O,) should be situated on two circles
with radii and centres given above. In fact, we can get their position still more
exactly, if we notice that the distance 0;—O, shall be 2.4, A and that the y
coordinates of each of the sulphate oxygen atoms shall be within the limits
—0.13; < y < 0.13; or 0.36, <y < 0.63;. Since the parameters of the non-
sulphate oxygen atoms (O;, O and O,) are known, it is easy to determine
the orientations of the regular sulphate tetrahedra so that all 0—O distances
(oxygen atoms not belonging to the same sulphate group) are > 2.6, A and so
that U—O0, = U—O0, = 2.3; A. In this way the coordinates of the oxygen
atoms O, and O, were obtained. Finally the positions of the remaining sulphate
oxygen atoms in SO, tetrahedra follow immediately from the parameters for
S, 0, and O,. Thus we obtain

8 O, in No. 62 Pnma 8(d) with: z = 0.26; y = 0.12, z = 0.89
80,» » 62 » 8(d) with: 2 =10.33, y = 0.92, z = 0.88
80;» » 62 » 8(d) with: = 0.40, y = 0.08, z = 0.09
80,» » 62 » 8(d) with: z=0.40, y = 0.08, z = 0.66

Acta Chem. Scand. 10 (1956) No. 4
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The oxygen positions are not free from assumptions. Thus we have assumed
that the oxygen atoms belong to the space group No. 62 Pnma, but since the
uranium and sulphur atoms really belong to this group, it seems plausible to
assume the same for the oxygen atoms. Moreover, the positions of the uranium
and sulphur atoms cannot be far from the truth and this will make the deter-
mination of the positions of the sulphate groups rather probable. The re-
maining non-sulphate oxygen atoms were concluded to be in contact with
uranium and the positions were obtained from space considerations. This
will give a coordination figure, the square Archimedean antiprism, which is
found in previously determined crystal structures of uranium salts19-2%
(see below, p. 611).

Now, there are in the unit cell four uranium atoms, eight sulphur atoms
and forty-eight oxygen atoms. The signs of the structure factors were deter-
mined from the uranium contributions, but of course, the magnitudes will be
influenced by the sulphur and oxygen contributions. Table 2 shows some
reflections, where this influence is more pronounced and it will appear that the
sulphur and the oxygen contributions lead to better agreement between obser-
ved and calculated structure factors and this is noticeable with most of the
reflections, when the scattering power of these atoms was taken into account.

Table 2. Comparison between calculated and observed structure factors of some reflections
from Weissenberg photographs of U(S0,),4H,0 OuK-radiation.

Acta Chem. Sceand. 10 (1956) No. 4

Wkl Fy Fs Py + Fg Fqo F F
cale cale cale cale cale obs
600 +176 +17 +93 —25 +68 67
1400 —43 +12 =31 -9 —40 43
210 —74 + 7 —67 +18 —49 49
4290 +33 —15 +18 —17 + 1 -
430 —-171 —11 —82 +24 + 68 60
040 +79 + 4 +83 —26 + 57 57
240 —43 -1 —44 +16 —29 33
260 -—61 +19 —42 + 9 —33 33
4560 + 64 —11 +83 +11 +64 62
060 -=70 — 8 -—78 —36 —113 124
460 +27 + 7 +34 +11 + 45 43
480 —24 +12 —-12 +11 -1 —
680 +58 —-11 +47 — 8 +39 34
290 —49 + 1 —48 +19 —29 35
490 +83 -1 +52 —-21 431 34
102 —69 +18 —51 +21 —30 30
702 —64 + 4 —60 +17 —43 42
403 +47 + 8 +55 +13 +68 74
004 —64 —16 —80 —35 —115 116
6.11: —51 + 4 —47. —15 —62 61
711 —49 -1 — 560 +14 —36 34
321 +58 +12 +70 +11 +81 71
421 —49 + 7 —42 +10 —32 28
031 +55 +14 +69 +16 +85 86
131 +51 —11 +40 — 9 +31 27
161 —24 + 3 -21 + 7 —14 12
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Thus it seems probable that the sulphur and oxygen coordinates concluded
above are correct.

In the unit cell there are also thirty-two hydrogen atoms, which must be
situated at the oxygen atoms Oy, O, and O,, . e. H,O molecules. The structure
would otherwise be built up of UO; or U(OH), groups and neutral H,SO,
molecules (or HSO, -ions), which does not seem very probable. The hydrogen
atoms may then form hydrogen bonds with the neighbouring sulphate oxygen
atoms. However, it is not possible to determine the parameters of the hydrogen
atoms.

FINAL STRUCTURE PROPOSITION

The following structure is thus proposed for U(SO,),4H,0. Space group:
No. 62 Prnma. 4 formula units per unit cell.

x Y z
4U in 4(c) 0.171 + 0.003 } 0.121 + 0.003
8 S in 8(d) 0.351 + 0.005  0.054 + 0.005  0.879 + 0.005
8 0, in 8(d) 0.27 0.12 0.89
8 0, in 8(d) 0.33 0.92 0.88
8 O, in 8(d) 0.40 0.08 0.09
8 0, in 8(d) 0.40 0.08 0.66
4 O (H,0) in 4(c) 0.04 3 0.37
4 0, (H,0) in 4(c) 0.30 } 0.37
8 0, (H,0) in 8(d) 0.08 0.12 0.88

4(6): :1: (zr isz); :*: (% + z, %7% ——Z)
S(d) :t (x»?l:z); :i: (% + xs%_y’%_z); :i: (55 a% + yﬁ ); :‘: (%—Z,:l-/ ,%—-2)

The accuracy of the oxygen parameters is estimated to be about 4-0.01,
the z parameters being perhaps a little more uncertain. Using these para-
meters the structure factors for 2%0, hk1 and %0l were calculated and compared
with the observed structure factors from the corresponding Weissenberg photo-
graphs (Table 3). Taking into account that, in spite of the choice of two cry-
stals with different longitudinal directions, there is an absorption effect !
in the reflections, the agreement between observed and calculated intensities
is rather good.

DESCRIPTION OF THE STRUCTURE

In the structure of U(SO,);4H,0 the uranium atoms are surrounded by
eight oxygen atoms, a coordination, which is to be expected for ions of this
radius ratio !*. The coordination figure is a somewhat distorted square
Archimedean antiprism, which according to Pauling 18 gives a more satis-
factory ionic coordination than the cube. The same configuration around
uranium is also found in U(OH),S80, ** and U,0,(0H),(S0,)s 2° and further
around thorium in Th(OH),CrO,H,0 #* and Th(OH),S0, 22 and around cerium
in CeOSO,H,0 2.

"~ In the crystals of U(SO,);4H;0 every uranium ion is in contact with four
sulphate ions and every sulphate ions with two uranium ions, 7. e. the crystals
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Table 3. Comparison between calculated and observed structure factors from Weissenberg
photographs of U(SO,)s¢H,0. Cu-K radiation.

F F F F F F
bkl | e obs hkl | cale obs || PR | cale obs
200 | —62 34 250 | —33 33 2110 | +36 34
400 | —68 49 450 | +64 62 4110 | —49 40
600 | +68 67 650 | —29 15 6110 | +17 —
800 | —47 47 850 | —46 38 8110 | +39 34
1000 | —22 33 1050 | +52 48
1200 | +74 90 1250 | —24 41 10110 | —42 43
1400 | —40 43 1450 | —25 31
1600 | —24 18 1650 | -+65 76 0120 | +50 48
1800 | +39 36 2120 | —32 24
060 | —113 124 4120 | —22 15
210 —49 49 260 +39 39 6120 +47 42
410 +63 50 460 +45 43 8120 —39 31
610]| —20 25 660 | —65 67 10120 | + 2 —
810 | —67 78 860 | +44 33
1010 +70 90 10 6 0 +11 — 2130 —36 48
1210 —921 31 1260 —57 72 4130 +63 43
1410 —30 41 14 6 0 +4§ 51 6130 -3 -
10 | +51 59 1660 | +1 -
}8 1 8 i27 34 0140 | —44 38
270 | +65 57 2140 | +25 17
020 | —&7 08 470 | —58 52 4140 | +13 -
220 | +42 44 $70| T 54 101 14 17
420 +1 — + +
620 | e o4 1070 | —58 54 2 01| —66 70
820 | 41 08 1270] + 6 — 3 01| —36 34
w20 | 17 08 1470 | -+33 42 4 01| +68 76
1220 | 4o 53 1670 | —39 32 5 01| 426 30
1420 | +49 63 080 55 55 soil *% -
1620 — 7 - + - -
1820 | _a2 “ 280 | —32 22 8 01| —54 62
480 | — 1 — 9 01| —38 33
680! 439 34 10 01 | +36 3
230 +9 67 880 | —44 34 |11 01 +45 46
430, —68 | 60 1080 | — 5 — 1201 —1 -
630/ -5 = |- 1280 | +42 52 13 01| — 4 —
830 | +47 56 1480 | —43 46 14 01| —32 36
10 3 0 —45 50 . 15 01 —95 31
1230 | +10 L 290 | —29 35 16 01 | +39 42
1430 | +45 68 490 | 431 3¢ 17 01| 431 37
163 0 —49 56 690 _ 3 _ 18 01 -9 —
1830 + 6 - 890 | —29 24
: - 1090 | +50 | 43 002| + 5 —
040 | +57 57 1290 | —23 20 1 02| —30 30
240 | —29 33 1490 | —32 27 2 02| — 4 —
440 | —34 22 3 02| —31 30
640 | +76 80 0100 | —69 60 4 02| —1 -
840 | —60 40 2100 | +35 34 5 02| +46 43
1040 | —17 — 4100 | 430 22 6 02| + 4 —
1240 | +48 49 6100 | —66 52 7 02| —43 42
1440 | —32 52 8100 | +33 32 8 02| — 1 —
1640 | — 4 - 10100 | +27 18 9 02| +34 33
1840 | +33 22 12100 | —42 . 50 10 02| — 3 -
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Table 3.
{cont.)
F F v F F F
hkl cale obs hkl cale obs hkl cale obs
11 02 +17 17 10 05 —27 33 9 21 +61 87
12 02 + 4 —_ 11 05 —34 31 10 21 —36 46
13 02 —61 67 12 05 + b - 11 21 =31 37
14 02 — 1 — 13 05 + 3 — 12 21 +18 22
156 02 +31 48 13 21 —15 -
16 02 -1 - 0 06 —10 — 14 21 +18 22
17 02 429 31 1 06 +23 31 16 21 +33 41
18 02 + 2 — 2 06 + 6 — 16 21 —39 50
3 06 - 17 — 17 21 —22 23
1 03 —20 24 4 06 + 3 — 18 21 +20 21
2 03 —52 54 5 06 —30 29
3 03 433 48 6 06 — 8 — 0 31 +85 86
4 03 +68 74 706 +38 33 1 31 +31 27
5 03 —14 12 8 06 + 3 — 2 31 —26 27
6 03 — 6 — 9 06 —20 12 3 31 —13 —
703 + 4 - 10 06 + 7 - 4 31 —25 26
8 03 —57 68 11 06 —18 12 5 31 —46 36
9 03 + 26 24 6 31 +43 36
10 03 +35 33 1 07 +12 12 7 31 + 52 38
11 03 —42 42 2 07 +37 24 8 31 —27 26
12 03 + 3 — 3 017 —21 20 9 31 —17 13
13 03 + 3 —_ 4 07 —48 - 36 10 31 —17 15
14. 03 —29 33 5 07 +10 12 11 31 —24 16
156 03 +26 38 6 07 + b — 12 31 436 49
16 03 +39 38 13 31 +43 54
17 03 —26 26 0 11 —53 49 14 31 -21 21
111 —61 587 16 31 —25 36
0 04 | —-115 116 211 +30 31 16 31 —10 —
1 04 + 9 — 3 11 + 2 — 17 31 —19 21
2 04 +42 43 4 11 +17 — 18 31 +22 21
3 04 0 - 511 +41 36
4 04 +47 44 6 11 — 82 61 1 41 +19 19
5 04 + 4 — 711 —36 34 2 41 —43 44
6 04 —61 53 8 11 +40 51 3 41 —61 50
7 04 — 8 - 9 11 + 9 — 4 41 +32 .37
8 04 +37 38 10 11 + 8 — 5 41 +42 36
9 04 4+ 3 —_ 11 11 +37 42 6 41 + 2 —_
10 04 +23 28 12 11 —32 36 7 41 +13 10
11 04 + 2 — 13 11 —40 50 8 41 —38 39
12 04 —59 60 14 11 +34 44 9 41 —38 40
13 04 — 4 — 16 11 + 8 — 10 41 +41 47
14 04 +32 29 16 11 0 — 11 41 +30 31
16 04 + 3 — 17 11 +18 17 12 41 —11 -
18 11 —31 31 13 41 + b -
1 056 -9 — 14 41 —22 30
2 06 +43 38 1 21 —39 43 15 41 —36 39
3 056 +29 17 2 21 +24 31 16 41 +-28 30
4 05 —36 38 3 21 +81 71 17 41 435 33
5 05 -—27 29 4 21 —32 28 18 41 —12 -
6 056 -1 — 5 21 —36 31
705 — 4 —_ 6 21 + 8 14 0 561 —56 87
8 056 +32 39 7T 21 —26 23 1 51 —44 52
9 05 +36 31 8 21 +28 31 2 651 +27 31
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Table 3.
(cont.)

F F F F F F
hkl cale obs hkl cale obs hkl calc obs
3 51| — 2 — 1171 —24 22 6101 | — 2 -
4 51| +86 - 12 71| +30. 37 7101 — 3 —
5 51| +57 56 13 71| +39 39 8101 | +36 29
6 51| —35 37 14 71| —23 18 9101 | +29 27
7 51| —44 39 15 71| —16 15 10101 | —30 31
8 51| +38 40 16 71| — 6 — 11101 | —33 28
951 +1 — 12101 | + 1 —

{10 81| + 1 — 1 81| +32 41 13101 | + 1 —
g gi +33 44 2 81| —17 29

—35 54 3 81 —59 56 0111
13 51 —32 52 4 81 +33 21 1111 igi gz
14 51 +36 53 5 81 +22 16 2111 —920 16
156 51 + 4 - 6 81 —10 12 3111 0 —
16 51 - 3 — 7 81 +21 | 12 4111 —~ 9 —
17 51 | +21 20 8 81 —2:3 |16 5111 | —37 29

9 81 —4 45 1 9
1 61| —14 12 10 81 | +27 21 3{}1 132 %8
2 61 +49 54 11 81 +31 20 8111 —928 15
3 61 +41 36 12 81 -15 19 9111 — 4 —
4 61 —44 48 13 81 +14 12 10111 —_ 4 -
5 61 —30 32 14 81 —16 15 11111 —924 17
91 gi - ; — 15 81 | —28 19
8 61| +40 | 42 | o091| —36 | 38 | 2121 *B | o
9 61| +34 38 | 1 91| —42 38 3121 | —41 32
10 61 | —39 39 | 291 +18 22 $121 | 23 -
11 61| —30 31 391| +5 - 5121 25 18
12 61| + 9 - 4 91| +14 - o121 | T%
13 61 | — 1 — | 591 | +34 31 7121 | <16 I
14 61| +26 27 | 6 91| —37 31 8121 | Tos 25
15 61 | +26 29 791 —36 31 9121 | _31 23
16 61| —35 31 8 91| +25 16 -

991 + 38 -
0 71| +52 46 [ 1091 | + 5 - 0131 | —46 36
1 71| +36 32 11 91| +31 27 11311 —19 11
2 71| —217 19 12 91 | —24 24 2131 | +22 11
371 — 6 - 13 91| —37 29 3131 | + 6 =
4 71| —23 20 14 91 | 27 22 4131 | +17 10
5 71 —~29 15 5131 +22 19
6 71| +56 47 1101 | —12 - 6131 37 29
771 +30 31 2101 | +37 22 7131 —29 26
8 71| —28 22 3101 | +33 22
9 71| —14 15 | 4101 | —36 31 1141 | —17 10
10 71| —17 22 | 5101, —26 22 2141 | +24 -

are built up of U(SO,),-layers parallel with the yz plane (Fig. 7 b). Between
these layers there is water of crystallization, so that every uranium atom
is in contact with four water molecules and each of them is in contact with
one uranium atom. The two sulphate oxygen atoms (O3 and O,4), which are
not bound to uranium, are in contact with the water oxygen atoms (O;, O
and O,). These 0—O distances vary between 2.7 and 2.9 A, and are similar to

Acta Chem. Scand. 10 (1956) No. 4



STRUCTURE OF U(80,),4H,0 615

e ‘a'tllmmwc
LA gtu“lmm
o MK

QMQ

a8l Cs

I!‘“

"M\I‘l!

° . )L )
Gaummuucgv ea"uml

i &Yl
C ) 'i%e

Fig. 9. Projection on the xy plane of the structure of U( SO, ),4H,0.

{nln;.=
I

il

“!\
O

those found in several hydrates of oxy-salts containing O—H-—O-bonds 2.
It seems therefore very probable that the layers, mentioned above, are joined
by hydrogen bonds between the water oxygen atoms and the sulphate oxygen
atoms Oy and O,.

The xy projection of the structure is shown in Fig. 9.

The distances U—O0, S—O and O—O (within a sulphate group) were assu-
med to be 2.3; A, 1.4, A and 2.4, A. The distances between the oxygen
-atoms, not belongmg to the same sulpha.te group, will be (in A)

0,-0, =28 0,—0y; 0;—20, = 2.7,

L]
0,—20,; 0,—20, =2 x 3.1;; 2 x 3.2 0,—O0¢ O¢—20, = 2.8,
0,—204; O¢—40, =3 x 3.1;; 3 x 3.3, 0,—0;; 0,—-0, =27,
01 01 01""01 = 2.61 04—0.; O.—204 = 2.9.
0’ 05 O;"'20g = 2.77 O‘—O-]; 01—“204 =2 X 2.7'
0. O.—203 = 2, 7, 0, 407; 07—205 =3 X 3.1'; 3 x 3.2g
O’ 201 01—203 = 2 X 3 l| 2 X 3 l; 01 01 = 2.7.
l03—0‘ bl 3 23

The O—O distances are all within the normal range, showing that the lat-

tice is also supported by O—O contacts. However, they may be in error by a
few tenths of an Angstrom unit.

The author wishes to thank Professor Arne (Olander for his kind interest and Docent

Bengt Aurivillius and Fil. lic. Karin Aurivillius for their helpful interest and for valuable
-discussions.
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Thanks are also due to Dr, Arne Magnéli and Fil. lic. Georg Lundgren for the
ery great interest they have shown in this work and for the many valuable discussions,
whwh the author had with them.

REFERENCES

. Ebelmen, Ann. 43 (1842) 310; Ann. Chim. Phys. (3) 5 (1842) 214.
Meyer, R. J. and Na.chod, H. Ann. 440 (1924) 191. :
Kohlschiitter, V. Ber. 34 (1901) 3629.
Groth, P. Chemische Krystallographie, Leipzig 1906—19, Vol. 2, p. 477.
Lundgren, G. Private communication.
Hecht, F. and Donau, J. Anorganische Mikrogewichtsanalyse, Wien 1940, p. 205.
. HartVIg-Bendxg, M. Z. angew. Mineral. 3 (1941) 195.
Brush, G. J. Am. J. Sci. 460 (1868) 240.
. Penfield, 8. L. Am. J. Sci. (3) 48 (1894) 30.
. B;osth A. D Fourier Technique in X-Ray Organic Structure Armlym, Cambridge
194
. Wells pA F. Z. Krist. 96 (1937) 451.
. Zachanasen, W. H. Phys. Rev. 73 Ser. IT1 (1948) 1104.
. Rundle, R. E., Baenziger, N. C., Wilson, A. 8. and McDonald, R. A. J. Am. Chem.
Soc. 70 (1948) 99. .
. Magnéli, A. and Kihlborg, L. Acta Chem.- Scand. 5 (1951) 578.
Brown, C. J. and Cox, E. G. J. Chem. Soc. 1940 1.
. Wells, A. F. J. Chem. Soc. 1848 55.
17. Goldsechmidt, V. M. and Thomassen, L. Videnskapselskapets Skrifter Mat. Naturv.
Kl. Kristiania 1923 No. 2; Strukturbericht 1 212.
18. Pauling, L. The Nature of the Chemical Bond, 2 ed. New York 1940, p. 381.
19. Lundgren, G. Arkiv Kem:i 4 (1952) 421,
20. Lundgren, G. Arkiv Kemi 5 (1963) 349,
21. Lundgren, G. and Sillén, L. G. Arkiv Kemi 1 (1949) 277; Naturwiss. 36 (1949) 345.
22, Lundgren, G. Arkw Kemz 2 (1950) 535.
23. Lundgren, G. Arkiv Kem: 6 (1954) 59.
24. Wells, A. F. Structural Inorganic Chemistry, Oxford 1945, p. 262, 368.

Received January 17, 1956.

bt et ok o bt
SORE SR- SPXISHAWN-

Acta Chem. Scand. 10 (1956) No. 4



