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symmetrical interactions at 95 °K than at 300 °K,
a feature which will be of interest in relation to the
crystal structures of the aromatic hydrocarbons
(Mason, 1961). It also affords an explanation of the
temperature dependence of the crystal susceptibilities;
the calculated molecular susceptibilities are found,
as could be intuitively expected, to be temperature
independent (Leela, 1962).
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The Crystal Structure of UF,*

By ALLEN C. Larson, R. B. Roor, Jr. AND Dox T. CROMER
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The crystal structure of UF, has been determined from single-crystal X-ray data. The monoclinic
unit cell has the dimensions a=1273, b=10-75, ¢ =843 A and B=126° 20’; space group C2/c.
It contains twelve formula units per unit cell. These cell dimensions are identical with those of
Shankar, Khubchandani & Padmanabhan (1957). In the least-squares refinement of the structure
a secondary extinction parameter and the real and imaginary portions of the anomalous dispersion
corrections were used. Normal interatomic distances were observed. Uranium atoms have as
neighbors eight fluorine atoms arranged in a slightly distorted antiprism configuration.

Introduction

Two items have renewed our interest in the structure
of UFy; first, the determination of the crystal struc-
ture of ZrF; by Burbank & Bensey (1956) in which
fluorine atom positions are given and, second, a single
crystal fragment of UFy given to us by W. P. Ellis of
this Laboratory for structure analysis. The fragment
selected for structure analysis yielded the best optical

* Work performed under the auspices of the United States
Atomic Energy Commission.

extinction figure of several score examined and there-
fore was the most strain-free sample available.

Crystallographic data

The crystal structure of UF; was first described by
Zachariasen (1949). A monoclinic unit cell containing
twelve formula units, isostructural with ZrF; and
H{F,, was proposed. Only the uranium atom positions
were given and these only approximately (see Table 1).
Shankar, Khubchandani & Padmanabhan (1957) used
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Table 1. Uranium atom positions in UF4

Position

Atom set Zachariasen Present work

U(l) e z = 0-000 z = 0-0000
y = 0-200 y = 0-2126 +0-0002
z = 0-250 z = 0-2500

U(2) f z = 0-208 z = 0:2042 + 0:0002
y = 0-437 y = 0-4281 +0-0002
2~ —0:17 z = 0-8307 +0-0003

more accurate measurements and found for UFy:
monoclinic,

a=1213, b=10-75, c=843 &; f=126°20",

Z =12, density 6-72 g.cm~3 and space group No. 15,
02/c. Neither of these references propose any posi-
tional parameters for the fluorine atoms.

Experimental

Intensity measurements for reflections with § < 20.0°
were made with a single-crystal orienter on an XRD 5
apparatus, Mo K« radiation and balanced filters
being used. The entire hemisphere of the reciprocal
lattice was investigated so that most reflections were
measured twice. Lorentz-polarization corrections were
made in the usual manner. The intensities were also
corrected for the effects of absorption. A program to
calculate these corrections, which had been written by
Burnham (1962) for Weissenberg geometry, was modi-
fied for single-crystal orienter geometry and incor-
porated into our data processing programs. After cor-
rection for absorption, equivalent reflections were
averaged. An R index formed by comparing individual
values of equivalent reflections with their mean values
was 3:09% based on F and 5-9% based on F2. There
were 362 non-equivalent reflections observed out of a
possible 435.

Determination of the structure

The initial structure was obtained by combining the
uranium atom positions of Zachariasen (1949) with the
fluorine atom positions of Burbank & Bensey (1956).
This structure refined readily by the least-squares
technique. Atomic form factors were used in the func-
tional form given by Forsyth & Wells (1959). In all

least-squares calculations, the function minimized
was Zw(A4F)? and unit weights were used.

In addition to the usual positional and thermal
parameters, a secondary extinction correction was
included (Cromer, Larson & Roof, 1964). The least-
squares program was further altered so that Af”, the
imaginary portion of the anomalous dispersion correc-
tion, could be included in the calculated structure
factors.

Table 2. Variation in sum of residuals squared
as a function of Af’

Af’ z

- 50 4210 x 103
—10-0 4-187 x 103
-150 4-191 x 108
—200 4-286 x 103

A value of Af”’ = +13-0 electrons (Roof, 1961), was
used throughout the least-squares analysis. As a func-
tion of Af’ the sum of residuals squared varies as
shown in Table 2, indicating that the ‘best’ solu-
tion would occur at approximately Af'=—12-5.
Positive thermal parameters occur in the range
Af'=—10 to —20. Negative thermal parameters oc-
cur outside this range. The very shallow minimum
in X as given in Table 2, and the wide range in Af’
in which positive thermal parameters occur indicates
that this structure is not sensitive to the value of Af".

The final least-squares parameters for Af'= —15-0
are given in Table 3. The final changes as fractions of
their standard deviations were <1 x 10-2 for position
parameters, <1:5x10-3 for temperature factors and
<1-5x10-2 for g. Observed and calculated structure
factors, for which R=6-69%, are given in Table 4.

Discussion of the structure

A view of the structure of UF4 down the positive b
axis is given in Fig. 1. The interatomic distances are
listed in Table 5. The standard deviations given in
this table have been computed with all correlation
terms obtained from the least-squares matrix included.
According to the definition of neighbor given by
Cromer, Larson and Roof (1964), each atom with its
neighbors forms a polyhedron as described in Table 6.

Table 3. Final least-squares parameters for UF,

The uranium atoms are corrected for the effects of anomalous dispersion with Af’= —15-0 and A" = +13-0.
The secondary extinction coefficient g=(2:6340-07) x 107

Position
Atom set x Y z B
u() e 0-0000 0-2126 + 0-0002 0-2500 0-33+0-08 A2
U(2) f 0-2042 + 0-0002 0-4281 £ 0-0002 0-8307 £ 0-:0003 0-30+0-07
F(1) 4 0-2500 0-2500 0-0000 2:414+0-78
F(2) e 0-0000 0-5921 + 0-:0032 0-2500 1-52 +0-68
F(3) f 0-8843 + 0-0026 0-2973 + 0-0027 0-9309 + 0-0039 2-92 4+ 0-59
F(4) f 0-8786 + 0-0023 0-0525 + 0-0024 0-0459 + 0-0034 1-98+0-51
F(5) f 0-7894 1 0-0023 0-5298 4 0-0022 0-8940 1 0-0034 1-91+0-51
F(6) f 0-6192 + 0-0024 0-1178 + 0-0023 0-7834 1 0-0037 2:30+0-54
F(7) f 0-6287 £ 0-0022 0-3491 + 0-0023 0-6633 +0-0033 1:68 + 0-49
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Table 5. Interatomic distances in UFy

Table 4. Observed and calculated structure factors

(4)

(A)

for UF,
If |F,| is negative the minus sign means ‘less than’.
The terms 4 and B are as defined in Cromer, Larson & Roof
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Fig. 1. The structure of UF, viewed down the positive b axis. Large circles are uranium atoms, small circles are fluorine atoms.
Numbers represent the positional parameter y as a fraction of the unit-cell edge. The slightly distorted antiprisms about

U(l) (y=0-21) and about U(2) (y=0-43) are also shown.

four atoms forming a rhomb-shaped base and the
fifth comprising the apex of the pyramid. On approx-
imately each edge of this pyramid there is a fluorine
atom. Also, the eight fluorine atoms which are neigh-
bors to U(1) (and the eight fluorine atoms which are
neighbors to U(2)) are arranged in a slightly distorted
antiprism configuration.

There is no significant difference between the struc-
ture of UF, refined in this paper and the structure of
ZrF, given by Burbank & Bensey; this leads to the
conclusion that these materials are isostructural.

References

BurBaxK, R. D. & BENsEY, F. N. Jr. (1956). USAEC
Report K-1280.

BurneAM, C. W, (1962). 1.U.Cr. World List of Crystallo-
graphic Computer Programs. Program 338.

CroMER, D. T., Larson, A. C. & Roor, Jr., R. B. (1964).
Acta Cryst. In the press.

ForsyTH, J. B. & WELLs, M. (1959). Acta cryst. 12, 412,

Roor, R. B. Jr. (1961). Acta Cryst. 14, 934.

SHANKAR, J., KEUBCHANDANI, P. G. & PADMANABHAN,
V. M. (1957). Anal. Chem. 29, 1374.

ZACHARIASEN, W, H. (1949). Acta Cryst. 2, 388.



