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The Crystal Structure Analysis of Zirconium Sulphate Tetrahydrate*

By JosepH SINGERT AND DoN T. CROMER
University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico, U.S.A.

(Received 2 April 1959)

Zirconium sulphate tetrahydrate is orthorhombic, space group Fddd, with

a=2592, b=1162, ¢=50532A4A,

and has eight formula units per unit cell. The structure has been determined by X-ray Fourier
methods, and refined by least-squares, using data obtained from spherical crystals with a Geiger
counter. The structure consists of layers of composition Zr(S0,),.4 H,0 normal to the a axis. These
layers are probably held together by hydrogen bonds. The hydrate oxygen and one of the sulphate
oxygens form an antiprism about the zirconium atom at an average Zr-O distance of 2-180 A. The
sulphate group has a small but significant departure from tetrahedral symmetry, the two non-
equivalent S—-O bonds being 1-443 and 1-486 A, both +0-014 A. The relationship between this struc-
ture and that of uranium (IV) sulphate tetrahydrate is discussed.

Introduction

Work on the crystal structure of zirconium sulphate
tetrahydrate was initiated during the course of a Los
Alamos program of measuring the magnetic suscep-
tibilities of ‘oxygen dilute’ compounds of the 5f
elements, particularly compounds of plutonium. We
have often found it expedient in this laboratory to
study in detail substances isomorphous with plutonium
compounds rather than the plutonium compounds
themselves. In this manner the health hazard is
eliminated and, usually, the scattering power of the
substituted atom is significantly smaller than pluto-
nium, thus permitting more accurate location of light
atoms.

Cerium and plutonium sulphate tetrahydrates each
have two polymorphic forms, one in space group Fddd
and one in space group Pnma. The analogous zirconium
and uranium compounds have only one form, and are
isomorphous with the Fddd and Pnma forms respec-
tively. Crystallographic data for those compounds
having the Pnma form have been summarized by
Staritzky & Truitt (1954) and the structure of the
uranium salt has recently been determined by Kierke-
gaard (1956). Crystallographic data for the zirconium
salt have been reported by Staritzky & Singer (1956).

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

+ Present address: Physics Division, Research Labs.,
Sylvania Electric Products, Bayside, N.Y.

The lattice constant and space group data for these
compounds are collected in Table 1.

Experimental

Data for the initial Fourier analysis were obtained
from multiple film Weissenberg photographs with
Mo Ko radiation. Small, plate-like, single crystal frag-
ments were rotated about the b and ¢ axes. Intensities
were estimated visually with the aid of an intensity
scale made by timed oscillations through a strong
reflection on multiple films. About 1200 independent
reflections were observed. No absorption corrections
were applied to these data.

Intensity data for final refinement of the structure
were obtained from spherical crystals by means of a
Geiger counter attachment on a Weissenberg camera
(Evans, 1953). Cu K« radiation was used. Data from
a ¢ axis mounting for [=0 through 3 were obtained
from a crystal 0-35 mm. in diameter. A spherical
crystal 0-32 mm. in diameter was used for b axis data
for k=0 through 7 and also for the zero level on the
(011) axis. The last mounting was necessary for the
correlation of the even and odd numbered layers to a
common scale factor because of the nature of the
systematic extinctions for a face-centered lattice. The
calculated linear absorption coefficient is 169 cm.™!
and absorption corrections for spherical crystals from
the tables of Evans & Ekstein (1952) were applied.
Of the 393 possible reflections, 376 were observed.

Table 1. Lattice constants and space groups for M(SO4)2.4 H2O compounds

M a (A) b (A)

Zr 2592 +0-02 11-62 +0-02
Ce 26-59 +0-04 11-93 +0-04
Pu 26-49 +0-04 11-99 +0-04
Pu 14-57 +0-04 11-01 +0-04
U 14-674 +0-005 11-093 + 0-005

AC12

c (4) Space group Reference
5-532 +0-005 Fddd Swanson et al. (1957)
573 +0-02 Fddd
570 +0-02 Fddd
5-66 +0-02 Pnma Singer (1951)

5-688 +0-005 Prnma Kierkegaard (1956)
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Reflections which had been measured either two or
three times were compared according to the method
suggested by Ibers (1956) and the average error in F2
was found to be 11-29,

The lattice constants for zirconium sulphate tetra-
hydrate determined by Swanson et al. (1957), and
shown in Table 1, are probably more reliable than
those reported by Staritzky & Singer (1956) and will
be used in this paper. The calculated density of the
compound having eight formula units per unit cell is
2:83 g.cm.=3, and the measured density is 2-80 g.cm, 3
(Staritzky & Singer, 1956).

Determination of the approximate structure
The Patterson projection on 001 and the Harker sec-

Fig. 1. Fourier projection hk0 made on X-RAC
with the original visual Mo K« data.
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tions on the d glide planes were computed on X-RAC
with the visual intensity data. These vector diagrams
were found to be compatible with zirconium in the
position 8(a) and with sulphur atoms in 16(e) with
2 ~ 031, the origin being taken at 222. The contribu-
tions of these atoms were sufficient to establish the
signs of most of the structure factors, and a three-
dimensional Fourier and a Fourier projection on 001
were computed, again on X-RAC. Fig. 1 is an X-RAC
view of this projection. The oxygen atoms were located
from these Fourier series and their parameters and
the improved sulphur parameter are given in Table 2.

Table 2. Parameters from the several stages
of refinement

Fourier with
Cu Kx data

Fourier with
Mo Kx data

Final least-squares
with Cu Kx data

B(Zr) 1:00 _— 0-453 +0-034
B(S) =50 — 0-881 +0-078
B(O,) 2-00 — 1-46  +0-19
B(0O,) 2:00 —_— 1:63  +0-19
R(0,) 2-00 — 174 +0-19
x(8) 0-3065 0-3061 0-3065 + 0-0001
x(0,) 0-0887 00859 0-0874 + 00003
xz(0,) 0:0220 0:0215 0-0223 + 0-0003
x(0y) 00645 0-0634 0-0659 + 0-0003
y(0y) 0-2350 0-2332 0-2292 4+ 0-0007
#(0,) 0-1460 0-1498 0-1486 4+ 0-0007
¥(0,) 0-0620 0-0536 0-:0551 + 0-0007
z(0,) 0-5430 0-5409 0-5375+ 0-0015
z(0,) 0-7620 0-7875 0-7847 + 0-0015
2(0y) 0-2390 0-2211 0-2170+ 0:0015

Although the parameters obtained with the visual
intensity data seemed quite reasonable, the structure
factor agreement was not particularly satisfactory.
In addition, the oxygen atom contours were rather
asymmetric. It is probable that these difficulties arose
from errors in placing reflections having all odd indices
on the same scale as those having all even indices.
For further refinement it was decided to collect new
intensity data using spherical crystals and a Geiger
counter.

Refinement of the structure

A least-squares refinement was made with the Geiger
counter data, using as initial values the parameters
derived above. The scale factor, an isotropic tempera-
ture factor for each atom, and the atomie coordinates
were simultaneously refined. Off diagonal terms were
omitted. All reflections were weighted equally and the
unobserved reflections were omitted. Reflections 800
and 220 were also omitted from the refinement because
their intensities had been erroneously recorded during
the Geiger counter measurements, as was evidenced
by inspection of Weissenberg films. The form factors
for zirconium and sulphur were taken from the Interna-
tionale T'abellen (1935), and for oxygen, McWeeney's
(1951) form factor was used. Most of the caleulations
were done on Maniac I, but the last few cycles were
calculated on the IBM 704. The final least-squares
parameters are given in Table 2. The standard devia-
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Table 3. R values for the parameters of the
least-squares refinement

hkt R Number of reflections
All 0-071 376
Okl 0-063 10
ROl 0-068 23
hkO 0-084 47
h4+k+l=4n+2 0-177 53

tions listed in Table 2 were calculated from the usual
diagonal approximation. The final set of observed and
calculated structure factors is given in Table 4. The
reliability indices for various classes of reflections are
shown in Table 3. The class in which A+k+I=4n+2
has no zirconium or sulphur contribution. R for this
class is high because most of these reflections were very
weak and hence the error is likely to be larger than
for the other reflections.
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Fourier sections through the oxygen atoms and the
sulphur atom were computed on Maniac I with the
counter data. The contours in these sections were all
quite round. The peak positions from these Fourier
sections are also recorded in Table 2. No series termina-
tion corrections were applied to these last parameters.

Discussion of the structure

The important interatomic distances and bond angles
are listed in Table 5. Fig. 2 is a view of the essential
features of the structure as projected on 001. The
slightly distorted Archimedean antiprism surrounding
the zirconium atom consists of half of the sulphate
oxygens, namely Os, and the hydrate oxygen, Oas.
The average distance of 2-180 A compares favorably
with the value of 2-21 A found recently in Zr(IOs)4

Table 4. Observed and calculated structure factors for Zr(S0,),.4 H,O

The origin for these structure factor calculations is at the center of symmetry
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(Larson & Cromer, 1959) where an antiprism coor-
dination also occurs. Another zirconium compound
with an antiprism coordination is ZrOCls.8 Ho0O
(Clearfield & Vaughan, 1956), in which the Zr-O
distance is reported to be 2:24 A.

Table 5. Interatomic distances and bond angles

The standard deviation of Zr-O and S-O distances is
0-014 and of O-O distances 0-020 A

‘Within Within
the antiprism the sulphate group
Zr-0, 2-176 A 8-0, 1443 A
Zr-0; 2-183 S-0, 1-486
0,-0, 2-365
0,-0, 2-623 square 0,-0, 2400
0,-0; 2-531 faces 0,-0, 2:365
0;-0, 2-719 . /. 0,-8-0, 112°32'+48’
0,-0, 2-859 } triangular 7 0,-5-0, 106° 56'% 48"
0,-0, 2:648 £ 0,-8-0, 107°41’'+48’

Possible hydrogen bonds
0,-0, 2623 A
0,-0;, 2-685

Fig. 2. A portion of the structure projected on 001. The large
circles are oxygen atorns, the medium circles are the zirco-
nium atoms and the small circles are the sulphur atoms.
The O, atoms are unshaded, the O, atoms are shaded with
vertical lines and the O, atoms are shaded with diagonal
lines. The letter H indicates possible hydrogen bonds.
The z coordinate is given in the center of each atom.

The sulphate group shows a small but significant
departure from the ideal tetrahedral symmetry. The
two S—O bonds differ by 0-043 A, which is three times
the standard deviation of the bond lengths. Also, the
0,-8-0, angle is significantly different from the
tetrahedral angle. The shorter of the S-O bonds in-
volves the oxygen atom that is not shared with a
zirconium atom.

The structure is made up of layers of Zr(SO4)2.4 H:0
normal to the a axis. The hydrate oxygen atom has
three close oxygen neighbors, which is suggestive of
hydrogen bonds. Two of these neighbors are O: atoms

THE CRYSTAL STRUCTURE ANALYSIS OF Zr(S0,),.4 H,0

on the square face of the antiprism and the third is an
O: atom of a neighboring sulphate group. The O3-0;
contact, at 2:685 A, is very likely a hydrogen bond
because this would serve to hold the layers together.
If there is a second hydrogen bond in the structure it is
most likely from Oz to O, at 2-623 A, as shown in
Fig. 2. The apparent H-O-H angle is then about 95°.
The other Os-O: distance of 2:531 A is rather short
for a hydrogen bond, although hydrogen bonds this
short have been observed. A more important reason
for ruling out the last case is that a nearly linear
water molecule would result if one accepts the 0s-0,
contact as a hydrogen bond.

Within the layers, each zirconium atom is in contact
with four sulphate groups, and each sulphate group is
in contact with two zirconium atoms. Also, each
zirconium atom is in contact with four water molecules,
and each water molecule is in contact with one zirco-
nium atom. The sulphate oxygen atoms that are not
in contact with zirconium atoms are linked to water
molecules via hydrogen bonds. A view of one of these
layers, as seen along the a axis, is shown in Fig. 3.

Fig. 3. The layer centered at x=0 as viewed along the a axis.
The designation of the atoms is the same as in Fig. 2.

This structure is closely related to the structure of
U(SO4)2.4 H20 in space group Pnma (Kierkegaard,
1956) as one might expect from the similarity of the
lattice constants. The Pnma structure can be derived
from the Fddd structure by the following operations.
The asymmetric units of the structure, as outlined by
the dotted line in Fig. 2, are alternately rotated about
the twofold screw axes by +221° and —221° within
each layer. Then, alternate layers are shifted by 1b.
These operations halve the unit cell and result in the
somewhat puckered layers of the Pnma form. The
O: atoms become Kierkegaard’s Os and Q4 atoms,
the Oz and Oz atoms of the lower square faces of the
antiprisms become his Oz, Os and O atoms, and the
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O: and O3 atoms of the upper square faces of the anti-
prisms become his O; and O- atoms.

We wish to express our thanks to A. C. Larson who
made the Geiger counter measurements, the late
E. Staritzky who prepared the crystals, Lois C.
Leurgans and P. E. Harper who assisted with struc-
ture factor and Fourier calculations in the earlier
phases of the work and R. Pepinsky who made X-RAC
available to us.
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The Crystal Structure of MoCl,*

By Doxarp E. SANDS AND ALLAN ZALKIN
Lawrence Radiation Laboratory, University of California, Livermore, California, U.S. 4.

(Received 20 April 1959)

MoCl; has the NbCl; type structure. The crystal system is monoclinic with
a=17-31, b=17-81, ¢=6-079 A, £=95"7°,

The space group is C2/m, and there are 12 MoCl; units in the unit cell. The structure consists of
dimers (Mo,Cl,,) with the chlorine atoms forming two octahedra which share a common edge.
The molybdenum atoms occupy the centers of the octahedra and are joined by two chlorine bridge
bonds. The Mo—Cl bridge bond length is 2:53 A; the Mo—Cl non-bridge bond length is 2-24 A.

Introduction

The structural unit of MoCls in the vapor phase,
determined by electron diffraction (Ewens & Lister,
1938), is the trigonal bipyramid. The trigonal bi-
pyramid unit is also present in gaseous NbCls (Skinner
& Sutton, 1940); however, solid NbCls; consists of
NbeClio dimers (Zalkin & Sands, 1958). Measurements
of the Trouton constants of the niobium and tantalum
pentahalides (Fairbrother & Frith, 1951), and of the
electrical conductivities of NbFs; and TaF; (Fair-
brother, Frith & Woolf, 1954) suggest dimerization in
these compounds in the liquid state.

Vapor density measurements by Debray (Remy,
1956) at 350 °C. support the molecular formula MoCls
in the gaseous state. Mesnage (1939) found two spectra
for MoCls, 4 occurring between 100 and 200 °C., and
B above 300 °C.; the transition from A4 to B is attrib-
uted to depolymerization.

* This work was performed under the auspices of the U.S.
Atomic Energy Commission.

Experimental

The molybdenum pentachloride was obtained from
the Climax Molybdenum Company. Samples of the
extremely hygroscopic, bluish-black powder were
transferred in an argon-filled dry box to 0-3 mm.
quartz capillaries. Crystals suitable for diffraction
studies were grown by heating the capillaries to about
230 °C. and cooling over a period of several hours to
room temperature.

X.-ray measurements revealed that single crystals of
at least three phases were obtained by this technique.
The MoCls was identified by color, density, melting
point, and the similarity of the X.ray patterns to
NbCls; a specimen of this material was selected for the
structural investigation. The other materials present
were believed to be oxychlorides.

Oscillation, Weissenberg, and precession photo-
graphs, using Cu K« radiation (A=1-5418 A) show a
monoclinic unit cell with:

a=17-3140-01, b=17-81+0-01, ¢=6-079+0-005 A;
B=95-7+0-1°.



