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The crystal structure of g-zirconium trichloride has been determined by the powder method. The hexagonal cell constants

are: o = 6.382 == 0.005 and ¢ = 6.135 = 0.007 A. with two molecules in the unit cell.

The structure is based on a dis-

torted hexagonal close packing of chlorine atoms, with one-third of the available octahedral holes occupied by zirconium

atoms, to give infinite linear chains of ZrCls octahedra sharing opposite faces parallel to the ¢ axis.

distance is 2.55 A.

Introduction

A recent publication on the crystal structure of
ZrCl; by Swaroop and Flengas! differs greatly from the
data reported almost simultaneously by Dahl, Chiang,
Seabaugh, and Larsen.? An X-ray structural analysis
in these laboratories of ZrCl; prepared by a method
differing from both these groups of workers was vir-
tually complete when these publications appeared.
The results substantiate the structure reported by Dahl,
and it is concluded that the structure given by Swaroop
and Flengas was obtained from a particular form of
zirconium trichloride exhibiting layer disorder.

Experimental Section

ZrCl; was prepared by atomic hydrogen reduction of low-
hafnium ZrCly.? The sample of 999, purity used for the struc-
tural analysis was heated to 300° in a sealed glass ampoule for
several weeks to increase the particle size, as the trichloride
formed from the hydrogen reduction was very finely divided and,
in most cases, gave very poor diffraction patterns. Because
zirconium trihalides are extremely sensitive to molisture and
oxygen, a special type of holder was designed for use with a
Guinier-type focusing camera.* Milligram samples of ZrCl;
could be safely left in it up to 24 hr. without hydrolysis.

All transfers and manipulations for the preparation of the
samples were carried out in a vacuum drybox containing less than
100 p.p.m. of H,O through which oxygen-free dried argon was
continuously circulating. High purity KCl previously dried at
600° and 5 X 1078 mm. pressure was used as an internal standard
for measuring the lattice constants. The resulting X-ray dif-
fraction data (Table I) could be indexed with a hexagonal cell of
a = 6.382 = 0.005 A. and ¢ = 6.135 = 0.007 A. Two molecules
per unit cell gave a calculated density of 3.033 g./cc., in agree-
ment with a measured density in a helium densitometer of 2.97 &
0.05 g./cc. Intensity data were collected on multiple films with
a 11.45-cm. Debye—Scherrer camera with samples sealed in 0.3-
mm. Lindemann capillary tubes. The integrated intensities
were measured on a Joyce microdensiometer, and after a scaling
factor had been applied, these were compared with structure
factors calculated from the relationship®

Fte« J/JLpAOT

An over-all isotropic temperature factor 0.7, obtained by plot-
ting In (F./F.) vs. sin? /A%, was used to bring the data into
agreement over the whole range of the film.
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The zirconium-—chlorine

Determination of the Structure

Systematic absences, limited to the A0l reflections
where [ is odd, indicated possible space groups as being
P6;mem, P6sem, or P6e2. A comparison with the dif-
fraction data of 8-TiCl; for which the space group is
P6ymem® indicated that these two compounds were
probably isostructural, and this assumption was subse-
quently justified by agreement between the observed
and calculated structure factors. This requires the
zirconium and chlorine atoms to be in positions (2b)
and (6g) with only one variable position «x, in the latter
to be determined. The agreement between the ob-
served and calculated structure factors was reached by
plotting » from 0.290 to 0.340 at intervals of 0.005
against the R factor where

R = 2|F,| — 2|F|/2|F)|

This resulted in a minimum value R of 0.17 at x = 0.320.
Table I compares the calculated and observed data ob-
tained. Dahl, Chiang, Seabaugh, and Larsen? using a
similar method gave x = 0.319.

The basic structure of zirconium trichloride consists
of chains of octahedra sharing opposite faces, parallel
to the ¢ axis. These columns of octahedra are held to-
gether only by van der Waals forces and hence zir-
conium trichloride should appear as fibrous needles
when well-crystallized. The same type of structure
has been reported from a single crystal investigation?
of MoBr;, which forms black needle-like hexagonal
crystals. Furthermore, in ZrCl;, there is also a dis-
tortion of the octahedra along the direction of the ¢ axis.
Thus, in the shared faces, the C1-Cl distance is 3.53 =
0.01 A. and the Cl-Zr-Cl angle is 87.6 = 0.1°, while,
in the remaining faces, the Cl-Cl distances are 3.68 =
0.01 A. and the Cl-Zr-Cl angles are 92.0 = 0.10°,
The average Zr-Cl distance is 2.55 = 0.01 A. The
Zr—Zr distance is 3.07 = 0.01 A., one-half the ¢ axis.
This distance between the Zr atoms in metallic zir-
conium is 8.19 A., suggesting that the distortions of the
octahedra are probably caused by metal-metal bonding
between zirconium atoms. Dahl, Chiang, Seabaugh,
and Larsen? have given a qualitative molecular orbital
explanation of this metal-metal interaction ocecurring
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TaBLE I
CALCULATED AND OBSERVED X-Rav Dara
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through the overlap of metal orbitals which point along
the direction of the ¢ axis. In addition, Lewis, Machin,
Newnham, and Nyholm® postulated that the weak
magnetic moment or diamagnetism observed for ZrCl;
was due to antiferromagnetic interaction resulting
from metal-metal bonding which is consistent with
this theory and justified on the proposed structure.

Diffuse reflectance spectra of ZrCl; reported by
Clark® show an intense band at 17,300 cm. ! which was
interpreted as a ligand field band *E, — T, transition
for Zr(III) octahedrally coordinated to chloride ions.
This is again consistent with the suggested structure.
Spectra of our ZrCly, prepared as outlined, gave similar
bands at 16,700 and 26,300 cm. 1.
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Inorganic Chemistry
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Discussion

A detailed comparison of all the published X-ray
powder patterns of ZrCl, is shown in Table II, and data
characterizing the samples are shown in Table III.

The data of Holze!! were calculated from his reported
unit cell and are roughly in agreement with our data,
except for the 001 reflection. In addition, this critical
001 line has not been observed in any of the other three
powder patterns, and Dahl, from intensity calcula-
tions, has shown that the 001 reflection is very weak
and would not account for the strong reflection observed
by Holze.

In contrast to these, the powder patterns of Swaroop
and Flengas! differ almost completely, and they have
proposed a Bil; layer structure for ZrCls based upon a
subcell with a space group P3ml. Their true unit cell
(Table IIT) has metal atoms occupying any one pair of
the positions

A 0,0,0; %5 Y 0
B 0,0,0; Y5 2/5 0

C Vs %5, 0; %5 1/5 0
and all the chlorines in the positions
0, Ys 25 %/s ¥ 25 1/, 0, 3
1/3; 1/3v Z;‘ Or 2/3: 2; 2/3: O: Z
with 2 = 0.25. This z parameter and the x parameter
of 0.320 determined from our structure both reflect the
(10) H. L. Schlafer and H. W. Wille, Z. anorg. allgem. Chem., 327, 253

(1964).
(11) E. Holze, Ph.D, Thesis, Universitdt Munster, Germany, 1957,
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TaBLE III
CHARACTERIZATION OF ZtCly
—————Unit cell dimensions, A.————
Ref. Method of prepn. Purity, % Density a ¢
a Present study ZrCl, + H 20-25° (3—4 mm..) 99 2.97 6.382 &= 0.005 6.315 & 0.007
1 ZrCly + Zr 600-800° (1 atm.) 99 2.281 = 0.075 5.961 &= 0.005 9.669 £ 0.005
2 ZrCly 4+ Zr 500° (15-20 atm.) 61 2.95 +=0.05 6.36 +=0.01 6.14 = 0.01
(899, Zr)
10 ZrCly 4+ Zr 500° (60 atm.) 99 2.63 x=0.10 s ce
11 ZrCly + Zr 54 6.41 6.25
(46% Zr)

e This work.

hexagonal close packing of the chloride ions, the ideal
cases giving z = 0.25 and ¥ = !/;. Thus, the main
differences between the two structures are due to the
positions of the metal atoms. In our structure, the
zirconium atoms are completely ordered, forming layers
regularly spaced along the ¢ axis at 0, 0, 0 and 0, 0, /.
Swaroop and Flengas place them in layers A, B, or C,
which are built up in one or other of the orders ABAB,
BCBC, or CACA at random, implying a partial dis-
order of the zirconium atoms. The unindexed dif-
fraction pattern of Schlafer and Wille'® does not corre-
spond to any of the previously discussed sets of data,
except that some of the lines also appear in Swaroop
and Flengas’ pattern.

Since most of the analytical results give chemical
formulas approaching ZrCl;, the differing densities and
X-ray patterns which have been reported in Table III
suggest that the differences in structure and com-
position are due to the methods of preparation.

The extensive investigation of the structure of TiCl;
by Natta, Corrandini, and Allegra!? has suggested
that it can adopt several possible types of structure.
Furthermore, Reed!? has shown from a single crystal
investigation of the « form of TiCl;, prepared from
TiCl; and hydrogen at 800 to 900°, that it has a struc-
ture identical with that proposed by Swaroop and Flen-
gas for their ZrCl;. In addition, Reed noted diffuse
reflections on his Weissenberg photographs arising from
the disorder of the titanium atom layers, and this was

(12) G. Natta, P. Corrandini, and G. Allegra, J. Polymer Sci., 51, 399
(1961).
(13) J. W. Reed, Ph.D, Thesis, The Ohio State University, 1956.

confirmed by Natta in his independent study of «-
TiCl;. This supports the implied metal layer disorder
suggested by Swaroop and Flengas, and, hence, their
structure of ZrCls is entirely analogous to the « form of
titanium trichloride. This would further be confirmed
by magnetic susceptibility measurements, which should
indicate that this « form of ZrCl; is paramagnetic,
similar to a-TiCl;, which has a magnetic moment of 1.31
B.M.? at 265°K. The 8 form of TiCls;, which is iso-
structural with our zirconium trichloride, is likewise
weakly paramagnetic with a magnetic moment of 0.7
B.M.® This form can also be prepared at low tem-
peratures by atomic hydrogen reduction of TiCli* in
the same way as ZrCl;. Furthermore, it may be sug-
gested that there are other phases of ZrCl; similar in
structure to the 4 and & forms of TiCl;. These differ
mainly in the mode of packing of the chlorine atoms.
The v form® has cubic close-packed chlorines, whereas
the 6 form?!® made from prolonged grinding of either «
or v has a mixture of cubic and hexagonal close-packed
chlorines in disordered titanium layers.

From the foregoing discussion, it has been shown
that there are two forms of zirconium trichloride: the 8
form, as outlined in this study, prepared under moderate
or low temperatures, and the « form reported by
Swaroop and Flengas, which is probably formed at
higher temperatures.
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