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Crystal Chemical Studies of the 5f-Series of Elements. XXV.
The Crystal Structure of Sodium Uranyl Acetate*

By W. H. ZACHARIASEN AND H. A. PLETTINGER

Argonne National Laboratory and Department of Physics, University of Chicago, Chicago, Illinois, U.S. A.

(Received 16 January 1959)

Sodium Uranyl acetate, NaUOQ,(0,CCH,),, is cubic with space group P2,3 and a = 10-6884.0-002 A.
The positions of all atoms were deduced from precisely measured X-ray diffraction intensities. In
the collinear uranyl group U-O = 1-714-0-04 A. Normal to the uranyl axis are six secondary bonds
from uranium to acetate oxygens with U-O = 2-494+0-02 A, Sodium is bonded to six acetate oxygens
with Na—~O = 2:37+0:04 A. The bond lengths within the acetate group are C-C = 1:524-0-05 A,
C-O = 1-2640-05 A and 1-284-0-04 A, and 121° is found for the carboxyl bond angle. A revised
bond length versus bond strength curve for UVI-O bonds is presented.

Introduction

Earlier crystal structure studies of uranyl salts have
given some information about the crystal chemistry
of these compounds. It has been shown that the ura-
nium atom, in addition to the two strong uranyl bonds,
forms four, five or six secondary bonds to oxygen or
fluorine atoms. The positions of the light atoms have
been determined with precision only for a small
number of structures; but it was found that the
lengths of the primary as well as of the secondary
bonds varied considerably from compound to com-
pound. This variation has been correlated with corre-
sponding variation in the bond strengths (Zachariasen,
1954a). However, the published empirical bond length
versus bond strength curve was based upon a small
number of observations, and the present investigation
was undertaken in the hope of obtaining further
reliable experimental results.

The crystal structure of sodium uranyl acetate,
NaUO,(0OOCCHj3);, was first studied by I.Fankuchen
(1935). He reported the space group P2,3 and four
molecules in a unit cube with @ = 10-670+0-001 kX.
Fankuchen described a complete structure; but only
the uranium sodium and uranyl oxygen positions
were deduced from the observed intensities. However,
this early work gave the important result that the
uranyl radical, by space group symmetry, had to be
collinear.

The isostructural neptunium and plutonium com-
pounds were identified during the war (Zachariasen,
1949). A unit cube of a = 10-659+0-002 kX. was
reported for the neptunium and of @ = 10-6434-0-002
kX. for the plutonium compound. The analogous
americium compound has since been added to the iso-
structural series (Ellinger, 1956).

* Work done under the auspices of the Atomic Energy
Commission.

Experimental procedure

The structure analysis of MgUO,0, (Zachariasen,
1954b) and of K,UO,F, (Zachariasen, 1954¢) demon-
strated that it is possible by X-ray diffraction methods
to locate the positions of light atoms in the presence
of uranium to an accuracy of 0-03 A. In order to reach
this precision it is necessary to measure intensities
with an accuracy attainable only with counters and
to correct accurately for absorption and extinction
effects.

Crystals were prepared by slow evaporation from
a solution of uranyl nitrate and sodium acetate in
molar proportions. Most of the crystals so obtained
were found unsuitable for intensity measurements, as
the X-ray showed a seemingly single crystal to consist
of two or more individuals in slight misalignment.
However, two excellent specimens were eventually
found, and these were made into nearly perfect
spheres in the Bond Sphere Grinder. The radii of the
two spheres were 0-0116+0-0002 cm. and 0-0122+
0:0003 cm., where the limits of error denote the ex-
treme variation.

The intensity measurements were carried out with
a General Electric XRD Spectrometer rebuilt for
single crystal work, using filtered Cu K radiation and
a proportional counter. The intensities of all possible
HKQO reflections were measured. Because of the very
high absorption (¢ = 470 em.™?) very small departures
from perfect spherical shape give rise to large intensity
differences for equivalent reflections. In extreme cases
it was found that the intensity could vary by as much
as thirty per cent from one equivalent plane to an-
other, while intensity measurements for a given plane
were reproducible to two per cent. In order to minimize
this source of error measurements were made for all
planes of the same crystallographic form and the
average taken. As a means of further reducing the
experimental errors complete HK(O data were ob-
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tained for both erystal spheres described above. When
the intensities were reduced to structure factors, there
was nearly perfect agreement between the two sets of
complete data.

Determination of the structure

In agreement with Fankuchen’s early work it was
found that a = 10-688-£0:002 A with four molecules
per unit cell and space group P2,3. The positions of
this space group are:

da (z,7,2); (4+2,4-2,7) O;
120 (%,9,2) O; 3+2,3-9.2) O;
(3+y.4-2,%) O; (}+2,4-2,9) O.

The uranium atoms must be in positions 4a. The
single parameter for uranium is readily determined
from chance absences and from measured structure
factor ratios |Fy uol/|F ypel for H+K odd and large.
As a preliminary value subject to further refinement
one finds easily o = 0-42910-001,

Since the uranium scattering predominates, and
since there are inversion centers in the X ¥ projection,
the positions of the light atoms were found directly

ol

from Fourier syntheses of the type \ odz. Difficulties
Jo

due to partial superposition of non-equivalent atoms

were eliminated by the use of difference syntheses.
wl

The first synthesis to be carried out, \ (0—p,)dz,
v

gave approximate coordinates for sodium and oxygen

atoms. These atoms were then removed in the second
difference synthesis, and preliminary positions for the
carbon atoms were obtained. Further refinements were
carried out with the aid of difference syntheses in
which the effect of all but one set of atoms at a time
was removed. Four such successive refinements were
made. The final set of parameters so obtained is
shown in Table 1. The atoms U, Na, O; and O are
in the special positions 46 and all other atoms in
general positions 12b. Actual X-RAC photographs for

Table 1. Atomic coordinales

Fankuchen (1935) This study

U xr 0-428 4 0-:002 0:4292 4 0:0003
Na =z 0-81 -+ 0:03 0-8289 4 00006
O = 0:31 +0-02 0-336 4+ 0-002
O = 0:55 +0-02 0-521 +0-002
(J”] x 0-382 +0-002
Y - 0291 -+ 0-001
z - 0:608 +0-001
Oy 0-551 + 0-001
Yy " 0241 + 0001
z - 0:500 + 0002
Cy & - 0-482 + 0001
y - 0-229 4+ 0-002
z - 0-398 -+ 0001
Cy = - 0-509 -+ 0-002
y — 0118 +0-002
2 - 0-683 +0-001

two of the difference syntheses are shown in Fig.
L(a) and (b).

Fig. 1. (a) shows the X-RAC photograph of a Fourier difference
synthesis in which all but the uranyl oxygens have been
removed. The two lowest contour lines have been deleted.
(b) is an X-RAC photograph of a Fourier difference synthesis
with all but acetate oxygen atoms removed. The large peak
at z =14, y
atoms,

= 4 18 due to the superposition of two Opy

In the refinement process it was assumed that the
heat motion could be represented adequately by two
isotropic temperature factors, one for uranium and
the other common to all light atoms. The effective
scattering power of uranium was taken to be f—5-0+
114-0, where f is the normal f-curve without anomalous
dispersion (Dauben & Templeton, 1955). The imagi-
nary term in the anomalous dispersion was taken into
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account by applying a correction to the experimental
structure factors. This correction is

Fcorr.'= (]Fobs.lz—IF’Uiz)é (l)

where F is the structure factor for the uranium atoms
resulting from the imaginary dispersion term alone.
This correction is small, but not constant, and hence
it could not be incorporated in the scale factor.

In the course of the refinement, it was found that
extinction effects were small, but not negligible. For
small extinction the intensity correction is

Icorr. = Iobs./(l —2gIobs.)

where 29I s <1 for the strongest reflection. Hence,
extinction correction can be applied to the experimen-
tal structure factors as follows

Fcorr. ~ Fobs.(l+hobs.) (2)

where % is a constant.

When the investigation was undertaken there was
neither hope nor expectation that the hydrogen atoms
would show up in the Fourier projections in the
presence of the heavy uranium atoms. However, in
several of the difference syntheses small and diffuse
secondary maxima and irregularities in the lowest
contour lines about oxygen and carbon peaks were
observed. A difference synthesis with all but hydrogen
atoms was therefore carried out. Only terms for which
sin 8/4 < 0-3 were included. The resulting X-RAC
summation showed small peaks at the uranium posi-
tions (indicating that the scale factor was too small
by a fraction of one per cent) and peaks corresponding
to three sets of atoms in general positions 12b. The
coordinates of these maxima were not consistent to
better than 0-03 because of diffuseness and super-
position, and there was also considerable variation in
the heights of the peaks. These concentrations of
residual scattering matter were at distances of 0-8-
15 A from the Cp atoms and are probably to be
identified as the hydrogen atoms. In Table 2 are

Table 2. Hydrogen coordinates

Experimental values Idealized
H =2 0-43 0-46 0-43
Yy 0-06 0-08 0-06
z 0-67 0-69 0-67
Hyi =z 0-56 0-57 0-52
y 0-17 0-20 0-15
z 0-77 0-81 077
Hpr 2 0-58 0-59 0-58
y 0-04 0-06 0-07
z 0-66 0-67 0-65

shown the crude hydrogen coordinates as obtained
directly from the X-RAC photographs as well as a
set of idealized coordinates. The latter set was de-
duced from the experimental values by adjustments
within experimental error so as to yield more reason-
able C-H bond lengths and bond angles.
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Table 3. Observed and calculated structure factors*

HKO F, F, HKO F, F.
110 450 —456 660 303 31-1
200 54-2 55-1 830 108 —10-1
210 267 27-1 380 1.8 —2-1
120 51-3 50-2 750 33 5-1
220 233 24-2 570 256 25-9
310 45-1 —46-1 840 8-0 6-9
130 13-3 14-1 480 95 9-8
320 2-1 0-9 910 22.2 20-4
230 405 434 190 9-4 10-4
400 7-8 —7-7 920 142 —13-6
410 27-1 28:3 290 21-1  —194
140 48-7 48-1 760 156 —15-5
330 64 —4-2 670 0 1-1
420 8-4 7-2 850 77 —8-8
240 2-8 1-6 580 54 7-3
430  60-9 59-9 930 4-2 3-6
340 91 9-4 390  23-0 20-5
510 425 —42-2 940 22:6 —20-7
150 8-2 9-6 450 224 —22:2
520 423 —440 770 0 —0-7
250  34-9 358 10,0,0 6-1 —35
440 9-3 10-1 860 21-2 20-6
530 189 —18:9 680 18-6 18-1
350 24-5 25-7 10,1,0 7-5 —8-0
600 376 —380 1,100 252 —246
610 3-7 3-2 10,2,0 2-8 —2:9
160 16-0 16-5 2,10,0 8-2 —7-4
620 312 —30-2 950 134 —12.7
260 324 —359 590 97 7-9
540 264 29-2 10,3,0 25-1 —24-1
450  32-0 34-2 3,10,0 8-2 —8-4
630 26-3 26-2 870 0 —04
360 0 —0-5 780 82 8-6
710 0 —04 10,4,0 0 0
170 173 19-1 4,100 0 0-7
550 256 26-6 960 7-5 —57
640 5-3 39 690 7-1 —6-3
460 32 15 11,1,0 235 21-4
720 351 —34'5 1,110 4-3 —4-2
270 44 6-1 11,2,0 1.7 1-1
730 74 7-8 2,11,0 162 —157
370 43-8 44-7 10,50 163 —151
650 150 15-3 5,10,0 9-6 94
560 139 —143 880 180 16-7
800 332 —299 11,3,0 52 5-6
810 7-1 —74 3,11,0 14 —19
180 155 —155 970 162 —16-4
740 41-3 —40-2 790 32 2-5
470 4-4 4-6 10,6,0 4-3 4-1
820 176 —17-6 6,10,0 2-1 1-8
280 205 —207

* Values are given per stoichiometric molecule. When H is
odd, the structure factor is purely imaginary.

Table 3 shows the observed and calculated structure
factors. The observed values have been corrected for
extinction (equation (2)) and for the imaginary part
of the anomalous dispersion in uranium (equation (1)).
The f-curve of Thomas—Fermi as given in Internationale
Tabellen was used for uranium, of McWeeny (1951)
for hydrogen, and of Berghuis et al. (1955) for the
other atoms. The following temperature factors were
obtained: B = 29 A2 for uranium, and B = 3-6 A2
for the light atoms. The agreement between ex-
perimental and calculated structure factors corre-
sponds to

R = X||Fo|—|Fc||+2Z|F.| = 0-055 .
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Bond lengths

The lengths of the bonds formed by the various atoms
in the structure are:

U-10; = 1724004 A 01-1U = 1744004 A
1057 = 1-704£0-04 A
-3 Opr = 2474002 A On-1U = 1-7040-04 A
-30ry = 2-514+0-02 A
O-1U = 2474002 A
Na-3 Orp = 2:3940-04 A —1Na = 2-39+0-03 A
-30ry = 2:364+0-04 A ~1C; = 1:26+005 A
Cr-1Cpp = 1524005 A Ov-1U = 2514002 A
~10p1 = 1:264+0-05 A -1 Na = 2-364-0-04 A
-101y = 1-284-0-04 A -1C; = 1-2840-04 A

O11-Cr-O1v &~ 121°

Cn-1Cr = 1524005 A
-1H; =11(08) A
-1Hy =10 (1-5) A
-1Hg = 10 (1-1) A

The bond lengths given in parentheses for the Cp—H
bonds correspond to the crude experimental values
for the hydrogen coordinates.

\. Hy(-0-8)

Hx(+l'0)

Fig. 2 shows the configuration about a uranium atom and
within the acetate group, as seen along a three fold axis.
The uranium atom lies in the projection plane. Numbers
in parentheses give the height in A above this plane.

The configuration about a uranium atom is shown
in Fig. 2. As Fankuchen first pointed out, the space
group requires the uranyl group to be collinear. It is
seen that the two uranyl bonds, U-O; and U-O,
are equal within experimental error, and so are the
secondary bond lengths, U-Oxz and U-Ory. The sec-
ondary bonds are very nearly at right angles (89°)
to the uranyl axis. Every other edge of the hexagon
formed by the O and Oy atoms is an edge of a
carboxyl group. In this manner the hexagon can be
planar without causing unreasonably small oxygen—
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oxygen separations. The same configuration of oxygen
atoms about the heavy atom as observed in this
structure has previously been found in RbUO,(NO,),
(Hoard & Stroupe, 1949), KPuO,CO; (Ellinger &
Zachariasen, 1954) and UO,CO,; (Christ, Clark &
Evans, 1955; Cromer & Harper, 1955). In other
structures with six secondary bonds where the hexagon
does not share edges with radicals such as nitrate,
carbonate or carboxyl, the hexagon becomes puckered
so as to yield larger O-O or F-F separations. Such
puckered hexagons have been found in CalUO,0,
(Zachariasen, 1948u), UO,F, (Zachariasen, 1948b),
KAmO,F, (Asprey, Ellinger & Zachariasen, 1954).
When uranium forms five or four secondary bonds to
fluorine or oxygen atoms as in K;UO,F; and MgUO,0,,
there is no steric problem and the polygons are found
to be planar. In other words, whenever sterically
possible the secondary bonds lie in the plane normal
to the X0, axis.

Since the O; and O atoms are bonded only to
uranium, detailed valence balance requires that a
bond strength of s = 2-00 be assigned to each uranyl
bond and of s = { to each secondary bond. The bond
length versus bond strength curve previously published
predicts U-O; = U-Oy = 1:60 A and U-Op; = U-Ogy
= 26 A, as against the observed values of 1-71+0-04
A and 2:49+0-02 A. There is a similar discrepancy
between predicted and observed values in the U0,CO,
structure where the bond strengths are the same as
in the present case. In that structure the values are
1-67£009 A and 2-49+005 A for the two bond
lengths.

These observations show that the bond length
versus bond strength curve needs revision. The revised
curve is shown in Fig. 3, and in analytical form in
Table 4.

2:50

200

Bond Length

150 ! ] |
o] 050 00 50

Bond Strength, s

2:00

Fig. 3 shows the variation of bond length with bond strength.
The experimental points shown are the results obtained
from the structural studies of K ;UO,F;, MgU0,0, and
NaUO0,(0,CCH,),.

The six Oy and Oy atoms about sodium form a
slightly distorted octahedron, and the observed bond
lengths are close to the usual value for six coordina-
tion.

In the acetate group the carbon and oxygen atoms
are coplanar within experimental error, and this plane
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Table 4. U-O bond lengths as function of bond strengths

Uranyl bond

Six secondary bonds

Four secondary bonds

s Bond length s
200 1-70 A 0-33
1-75 1-74 0-42
1-50 1-83 0-50
1-25 195 0-58
1-00 2:08 0-67

is nearly normal (86°) to the associated uranyl axis.
The distances and bond angles within the group agree
well with those observed in other acetates.

The crude experimental determination of the hy-
drogen coordinates places the Hyr atom in the same
plane as the carbon and oxygen atoms, and this
feature was retained in modifying the experimental
coordinates for the hydrogen atoms so as to give more
reasonable C-H distances and bond angles. H-O dis-
tances outside a given acetate group are all greater
than 2-7 A, showing that there is no real bonding.

The Or—Orv distances are 2:21+0:05 A within and
276£0-05 A between acetate groups. These are alter-
nating edges of the nearly plane hexagon of oxygen
atoms about the uranium atom shown in Fig. 2.

The Fourier syntheses were carried out on X-RAC,
while all other calculations were made by hand. The
authors are deeply grateful to Prof. Raymond Pepin-
sky for the generous and hospitable manner in which
he made X-RAC available to us, and to the X-RAC
personnel for their valuable help.
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Bond length 8 Bond length
2:49 A 0-50 2:38 A
243 0-63 2-30
2-38 075 2-23
2-33 0-88 2-15
2-28 —_ —

References

AsPrREY, L. B., ELLINGER, F. H. & ZACHARIASEN, W. H.
(1954). J. Amer. Chem. Soc. 76, 5235.

BerGHUIS, J., HaaNaPPEL, IJ. M., PoTTERS, M., LOoOP-
STRA, B. O., MACGILLAVRY, C. H. & VEENENDAAL, A.L.
(1955). Acta Cryst. 8, 478.

Carist, C. L., CLaRrg, J. R. & Evans, H. T. (1955).
Science, 121, 472.

CroMER, Don T. & HarrER, PaUL E. (1955). Acta Cryst.
8, 847.

Dausen, C. H. & TempLETON, D. H. (1955). Acta Cryst.
8, 841.

ELLINGER, F. H. (1956). Private communication.

ELLINGER, F. H. & ZacHARIASEN, W. H. (1954). J. Phys.
Chem. 58, 405.

FanguchEN, 1. (1935). Z. Kristallogr. 91, 473.

Hoarp, J. L. & STROUPE, J. D. (1949). National Nuclear
Energy Series, Division III, vol. 2, chap. 2, p. 15.

McWEeNY, R. (1951). Acta Cryst. 4, 513.

ZAcHARIASEN, W. H. (1948a). Acta Cryst. 1, 281.
ZACHARIASEN, W. H. (1948b). Acta Cryst. 1, 2717.
ZACHARIASEN, W. H. (1949). Acta Cryst. 2, 388.
ZACHARIASEN, W. H. (1954a). Acta Cryst. 7, 795.
ZacuARIASEN, W. H. (1954b). Acta Cryst. 7, 188.
ZAacHARIASEN, W. H. (1954c). Acta Cryst. 7, 783.

An Account of some Computing Experiences
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Experience is summarized in the use of fractional shifts of scale, temperature and distance para-
meters, values of 7 = Zw(|F,|2—|F|?)%/Zw|F,\*, the behavior of temperature factors and a three-
dimensional Patterson superposition program in the determination of a number of structures.

The increasing availability of high-speed digital com-
puters in crystallography makes it desirable that
general accounts of procedures and experience be
available. Certain changes and developments in known
methods, especially greater emphasis on three-dimen-
sional methods, as well as the development of new
methods, are taking place in a number of different
laboratories. The variety of computers now available
renders an account of programs for some particular
computer of only special interest, but we feel that a

more general statement of computer experience and
techniques is of interest to crystallographers.

The Remington Rand 1103 UNIVAC SCIENTIFIC
high-speed digital computer, in use for crystallographic
computations in this laboratory for over three years,
has a larger memory than computers for which similar
computations have been described (Bennet & Ken-
drew, 1952; Ahmed & Cruickshank, 1953; Mayer &
Trueblood, 1953; Thompson, Caminer, Fantl, Wright
& King, 1954; Cochran & Douglas, 1955; Friedlander,



