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Summary

For the lizardite variety of serpentine from Kennack
Cove, Cornwall, X-ray diffraction single-crystal me-
thods confirm the basic serpentine structure and show
that the crystals are disordered in three different ways.
(1) Non-Bragg diffraction maxima and the intensities
of other reflexions show that individual serpentine layers
may be rotated by +60° or 180°; these layers are most
probably stacked in domains some of which are in one-
layer sequences in either orientation, and others in alter-
natingsequences with a two-layer repeat. Thelatter exhi-
bit sequences containing mistakes, the probability of
which varies from one crystal to another, and possibly
also from one domain to another within a single crystal.
(2) Reflexions with k s 3m, which are streaked parallel
to ¢*, show that layers may be displaced by + /3, and
the probability of a stacking mistake is approximately
0-4. (3) Reflexions are spread along powder arcs in-
dicating considerable curvature of the crystal on a
macroscopic scale, so that its habit approximates to
a spherical cap.

The ‘average’ structure (i.e. layer shifts and rotations
averaged over the whole crystal) has trigonal symmetry,
but the ortho-hexagonal cell with b=a})/3 is used for
its description.

In view of the above results, it may be conjectured
that different lizardite specimens may exhibit trans-
lational and rotational disorder to varying degrees, and
also that multi-layered regular sequences additional
to those already described for serpentine structures
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(e.g. 6-layered, Zussman & Brindley,1957; Gillery,1959;
Lapham 1961) may occur. The Kennack specimen is
exceptional in that other lizardites are too fine-grained
for single-crystal X-ray work. In powder patterns of
the fine lizardites, non-Bragg maxima and other diffuse
reflexions may be too weak to be observed, but the
relative intensities of the main reflexions might be ex-
pected to show some variations. Such effects, however,
would be reduced in powder patterns because of the
coincidence of hk/ and hk/ reflexions owing to the di-
mensional symmetry of the crystal lattice.

One of us (J.C.R.) wishes to express his appreciation
to the Education Committee of the City of Carlisle
for financial support during part of this work.
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The Crystal Structure of Bisnitratodiaquodioxouranium(VI)
Tetrahydrate (Uranyl Nitrate Hexahydrate)

By D.HaALL, A.D.RAE AND T.N. WATERS
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(Received T December 1964)

The crystal structure of uranyl nitrate hexahydrate has been refined in three dimensions. The uranium
atom is 8-coordinate, with the two nitrate ions (as bidentate ligands) and the two water molecules
coordinated in the plane perpendicular to the urany! group. The molecule is involved with the water
of crystallization in an extensive hydrogen-bonding system, which apparently causes some distortion

from the ideal molecular shape.

The structure determination of the hexahydrate of
uranyl nitrate by Fleming & Lynton (1960) has shown
the compound to be correctly formulated [UO,(NO3),
(H,0),]4H,0, with the nitrate ions acting as bidentate
chelating groups. The structure was studied in projec-
tion, and only in one such projection was satisfactory
refinement possible. The reported parameters are then
at best of low precision, and many apparently inter-
esting features of the molecule, e.g. the non-linear
uranyl ion, must be treated with some reserve. We have
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redetermined this structure, and have refined the
parameters using three-dimensional procedures.

Experimental

Suitable crystals were available from a commercial
sample without recrystallization. The dimensions of
the orthorhombic unit cell were obtained from Weissen-
berg photographs by the method of Main & Woolfson
(1963) as a=13-18+0:01, 5=8-00+0-02, c=1147+
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0-01 A, where the errors quoted are standard deviat-
ions. These results agree well with those given by
Pauling & Dickenson (1924), viz. a=13-15, b=28-02,
c=11-42 A. The observed density (Pauling & Dicken-
son) was 2:72 g.cm~3, which may be compared with
2:770 calculated (from our cell parameters) for 4 molec-
ules per unit cell.

Reflexions were systematically absent for Akl with
h+k odd, and additionally for A0/ with / odd, whence
the possible space groups are Cmcm, Cmc2, and C2cm.
Sasvari (1957) has observed the crystals to be pyro-
electric and deduced the space group as Cmc2;. The
structure analysis has confirmed this result.

Intensity data were collected by visual estimation
from Weissenberg photographs about all three principal
axes (nkl, n=0—6; hnl, n=0-5; hkn,n=0-3). Crys-
tals were photographed in narrow-walled glass cap-
illaries to prevent the decomposition which otherwise
occurred under X-radiation.

The crystals used were bounded by faces normal to
the principal axes and were of the following dimensions:
for rotation about a, 0:065x0-130x0-130 mm; for
rotation about b, 0:091 x0-156 x 0-143 mm; for rota-
tion about ¢, 0:130 x 0-:191 x 0-130 mm. The g-axis data
were corrected for absorption by approximating to a
sphere and using the corrections given by Bond (1959).
The remaining data were corrected following the pro-
cedure of Busing & Levy (1957), using a program
written by B. M. Craven (unpublished) for the IBM
1620 computer.

The data were correlated by minimizing the function
X whijd?hi; where Apij=log kiFp; —log kjFp; and Fp; is
hij
the value of Fjg; in the ith data zone. The method of
setting up and solving the least-squares equations will
be described separately. It was assumed that a constant
percentage error exists in measured intensities except
for those less than some limit /;, which in this case was
taken as the highest intensity that could be accurately
measured from the top film of the multi-pack. A con-
stant error was assumed for intensities between /; and
I, taken as the region of the top film for which a second
measurement may be obtained from the second film.
The error was assumed to increase by a factor ([,/I)?
where the intensity was less than I, to allow for the
difficulty in assessment of these values. The variance
in I* was then proportional to ml, where m=1 for
I>1, m=1JI where I,>I>1, and m=11*1-3?2
where I, > 1. As the corrections to the intensity for the
absorption, Lorentz and polarization factors are multi-
plicative, ¢2(F) is similarly proportional to mF2. The
weighting factor, Wp;, was then taken as 1/(mp; + may),
the mean value of Fyy; after application of the scale
factors as 2 my;! Frs/Zmj;!, and the variance in Frg; as

2 myt FE[(Zmi;1)2 An assessment of the success of the
i

correlation is given by the value of 0-092 for the func-
tion Z||Fui| — | Fujl|/3Z|| Fral + 1 F |-
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Determination of the structure

It was obvious from the distribution of intensities that
the uranium atoms do not occupy positions (@) or (b)
of the space group Cmcm, or {(a) of C2cm, and the
possible locations are then (c¢) of Cmcm, (a) of Cmc2,,
and (&) of C2em. The coordinates 0, y, 1 describe all
of these positions. It was noted that reflexions for
which A+ 2/=4n were very intense, and those for which
h+2/=4n+2 generally weak (222 being a notable ex-
ception), whence the uranium atom was placed at
0, £, 4. Structure factors were calculated on the basis
of this atom alone, using the scattering curve of Tho-
mas, Umeda & King (1958) with a real dispersion
correction of —6:8 (Roof, 1961), and an initial reliabi-
lity index of 0-137 was obtained for those terms to
which the uranium contributed. The R index was not
then very sensitive to the details of the light atom ar-
rangement, and it was found that the value of Zw(4F)2,
relative to the value from this uranium-only calculation,
was a more useful criterion of the progress of refine-
ment. This ratio will be referred to as R’.

A subsequent difference Fourier synthesis had of
necessity symmetry Cmcm, but it was readily apparent
that the mirror plane at z=1 was false, i.e. that the
correct space group was Cmc2;, and that the structure
of the complex molecule was essentially as described
by Fleming & Lynton (1960). The ambiguity in the
z parameter of the two uncoordinated water molecules
was resolved by virtue of the markedly better agree-
ment obtained in one situation for those structure am-
plitudes to which the uranium atom makes no contri-
bution. Three least-squares cycles, in which the uran-
ium atom was permitted anisotropic thermal param-
eters and the light atoms isotropic parameters, reduced
R’ to 0-40. The weighting factors were obtained from
the variance in F, estimated as above. Further refine-
ment cycles gave no improvement, but large oscillating
positional shifts, in excess of the standard deviations,
were still being predicted for the light atoms. The z
coordinate for the non-coordinated water oxygen
atoms were interchanged, to test the alternative
arrangement again, but R’ increased to 0-60, and the
agreement for the reflexions for which 2+/=4n+2 was
obviously much worse.

Consideration was then given to the effect of the
anomalous dispersion term, 4f"'=16-0 (Roof, 1961).
The structure factors may be written Frpi=Ay+Ar+1
(Bu+ Br), the subscripts U and L referring to the
uranium and light atoms respectively. As the uranium
atoms are centrically related By=Av (4f"'/f). Where
F’ is the calculated structure factor neglecting ano-
malous dispersion, |Fpxi|2=|F'|2+B%+2ByBL and
Fnii|?=|F’|?+ B}, —2ByBy. No attempt had been made
to differentiate reflections Ak/ and hkl, and it was as-
sumed that the effect of the ByBy, term had been aver-
aged out in the data collection. The correction was
made to the observed amplitude, i.e. |F,| =({Fo|?— B%)?,
giving terms that are more correctly those that would
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Table 1. Observed and calculated structure factors
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D. HALL, A. D. RAE

have been observed had there been no anomalous dis-
persion. A difference synthesis was then calculated,
with coefficients (Fops exp 27ioc — Fy), where a is the
phase angle calculated for all atoms, and Fy is the
contribution of the uranium atom only to the structure
factor. The light atoms appeared with peak heights
between 7-5 and 11-0 e.A-3, and no significant detail
was apparent. The coordinates thus obtained gave bond
lengths which agreed much better with expected values
than had those from the least-squares refinement.

Adjustments to the scale factor and uranium tem-
perature parameters were required, and the least-
squares refinement then converged satisfactorily. Only
in the case of one atom did the final values differ by
more than the standard deviation from those obtained
from the difference Fourier synthesis. The R index
(Z|4F|/Z|F,|) was 0-101, R’ was 0-32, and the param-
eters thus obtained were considered final. The observed
and calculated structure factors are listed in Table 1.
Atomic coordinates and temperature factors, together
with their standard deviations, are listed in Table 2.
The average standard deviation for bond lengths in-
volving the uranium atom is 0-06 A, and for bond
lengths between light atoms 0-09 A, although the agree-
ment between independent values which on chemical
grounds may be assumed equivalent is considerably
better than these figures might suggest.

Discussion

The two nitrate ions are coordinated to the uranium
atom as bidentate ligands. Two of the water molecules
are also coordinated (Fig. 1) and the molecule is thus
described as bisnitratodiaquodioxouranium(VI). The
coordinated water molecules, the uncoordinated oxy-
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gen of the nitrate group and the molecules of water of
crystallization are involved in a three-dimensional net-
work of hydrogen bonds, as depicted in Figs. 2-4.

The two U-O bonds of the uranyl group make an
angle of 177-3° (6 =2-5°) with one another, and angles
ranging from 85-8° to 96-2° with the other coordinating
bonds. The configuration is thus at least a close approxi-
mation to that commonly observed, i.e. a linear uranyl
group with six atoms coordinated in the plane perpen-
dicular, but it is likely (see below) that some of the ap-
parent deviations from the ideal structure do have
meaning.

The uranyl U-O bond lengths are 1-85 and 1-87 A,
somewhat longer than has been predicted from the
infrared spectrum (Hoekstra, 1963) although the dif-
ference need not be significant. The angles subtended
at the uranium atom by the oxygen atoms of the nitrate
group, 49:0° and 48-6°, are considerably smaller than
is commonly observed between adjacent ligand atoms
in coordination compounds, and the ability of uranium
to tolerate this small angle is presumably the factor
which stabilizes this relatively unusual molecule. The
standard deviations do not justify detailed discussion
of the nitrate groups, but it may be noted (i) that the
deviations from coplanarity (evidenced in Fig. 2) are
unlikely to be significant and (ii) that certain features,
viz. the shorter N-O bond to the non-coordinated
oxygen and the smaller angle subtended by the coordin-
ated oxygen atoms at the nitrogen, parallel those pre-
viously observed for a bidentate carbonate ion (Bar-
clay & Hoskins, 1962).

The disposition of uranium atoms is necessarily cen-
tric, and the immediate environment of each uranium is
also very nearly centric. This may be seen from the
coordinates in Table 2, it being noted that there exists

Table 2. Atomic coordinates and temperature parameters

Coordinates and their standard deviations are expressed as fr

actions of the cell edge, and thermal parameters and standard

deviations in A2
Atom x(0z) (oY) 2(0z) B(os)
U 0000(—) 1284(0003) 2500(0018) —
Uranyl oxygen atoms
o(1) 0000(—) 0606(0078) 0962(0068) 4-47(1-47)
0oQ2) 0000(—) 2078(0061) 4035(0054) 3:40(0-72)
Nitrate atoms
0@3) 0768(0031) 3864(0064) 1783(0040) 4-00(0-53)
N(1) 0000(—) 4737(0078) 1591(0058) 3-01(0-95)
O4) 0000(—) 6033(0082) 1230(0066) 4-87(1-72)
o(5) 0781(0032) —1322(0056) 3304(0041) 4-05(0-55)
N(2) 0000(—) —2270(0071) 3478(0052) 2:54(0-85)
0O(6) 0000(—) —3494(0063) 3960(0059) 3-98(1-12)
Water oxygen atoms
o(7) 1800(0025) 1287(0042) 2613(0051) 4-25(0-36)
O(8) 2937(0035) 0297(0051) 4270(0052) 4-86(0-88)
0(9) 2930(0030) 2544(0051) 0642(0048) 4-33(0-65)
Values of the uranium temperature parameters in the directions of the principal axes of the vibrational ellipsoid
Axis B (A2) direction cosines relative to the abc axes
1 3-518 0-0000 0-8349 0-5504
2 2495 1-0000 0-0000 0-0000
3 1-175 0-0000 —0-5504 0-8349
Bi; values (x 105)
Bu B2z B23 B33 (Bi2=p13=0)
359 1003 527 400
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Table 3. Environment of the water molecules

Atom O(8) Atom O(9)

Bond lengths 0(8)-0(9)a 2:60 A 0(9)-0(8)d 2:60 A
0(8)-0(9)b 2:77 0(9)-0(8)e 277
0O(8)-0(7) 2:55 0(9)-0(7) 2-89
0O(8)-0(6)c 2:91 0(9)-04)f 306

Bond angles O(N-0(8)-0(9)a  89-2° O(7)-0(9)-0(8)d 118-6°
O(7)-0(8)-0(9)b 1327 0(7)-0(9)-0(8)e 99-3
0(6)-0(8)-0(9)a 1053 0(8)-0(9)-0(8)e 101-7
O(7)-0(8)-0(6)¢ 110-8 0(7)-0(9)-04) f 98-6
0(6)-0(8)-0(9)b 110-3 0(4) f-0(9)-0(8)e 783
0(9)a-0(8)-0(9)b  101-5 0(4)f-0(9)-0(8)d  142-0

Equivalent positions: a=3—x, ¥ —y, ¥+2z; b=x, j, 4 +z;c=4+x, }+y, z;d=%—x, 1—y, —3+z; e=x, , —%+z; f=1+x,
—t+y,zi8=x,1-p, }+z; h=x, —1+y, z
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Fig. 1. The coordination about the uranyl group.
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Fig. 2. Projection of the structure on to (100). Fig. 3. Projection of the structure on to (010).
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a mirror plane in the structure at x=0. The y coordin-
ates of water oxygen atoms O(8) and O(9) differ by
0-0273 from centric equivalence about the uranium,
but this is the only such difference which is clearly
significant. The coordinated water O(7) differs in z
from the uranium by 0:0113, i.e. by 20, with the result
that the angle O(7)-U-O(7)" is 173-7°. Both of the
water molecules O(8) and O(9) are involved in hydrogen
bonding with O(7), and the result of the above deviat-
ions from centricity is that the bond O(8) - - - O(7)
(2:55 A) is considerably shorter than O(9) - O(7)
(2-89 A). The details of coordination about O(8) and
O(9) are listed in Table 3, and the differences in their
environment illustrated in Figs. 2-4. The reason for
these minor deviations from a symmetric distribution
about the uranium lies presumably in the extra stability

a =

3/4 \

O:Hz00:U #=N +:0

Fig. 4. Projection of the structure on to (001).

arising from the formation of one strong hydrogen
bond (vis-a-vis two weaker bonds), as there is no other
structural cause apparent. The observation of pyro-
electricity (Sasvari, 1957) supports the reality of the
deviations, as a centric asymmetric unit would not
contribute to a pyroelectric vector. The packing of
these units is, however, such that the structure as a
whole is by no means near-centric, and ferroelectric
reversal of the distortion is not at all likely.

It has been concluded from conductivity measure-
ments (Jezowska-Trzebiatowska & Chmielowska,
1961) that the predominant species present in solutions
of uranyl nitrate hexahydrate in various organic sol-
vents is the undissociated nitrate associated with four
molecules of water, whence it would appear that the
preference of the coordinated water molecules for the
formation of one strong extramolecular hydrogen bond
may not be restricted to the crystalline state.

We are indebted to Dr D. Van der Helm and Dr A.
L. Patterson, of the Institute for Cancer Research,
Philadelphia, for making their IBM 1620 programs
available to us, to Professor D. R. Llewellyn for his
interest in this research, and to the Research Committee
of the New Zealand Universities Grants Committee for
financial support.
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