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The Structure of Nickel Dimethylglyoxime#*
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Nickel dimethylglyoxime is orthorhombic, a, = 16-68, b, = 10-44, ¢, — 6-49 A, Z = 4, space
group Ibam. The molecules are required to have symmetry 2/m, and, within our limits of error,

have the higher symmetry mmm.
The expected structure
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is confirmed. The intramolecular O.H.O bonds are the shortest yet observed, 244 A. An ex-
planation is advanced to explain the difference in solubilities of copper and nickel dimethyl-
glyoximes in water, and the unusually small pleochroism.

Crystallographic data are given for the corresponding palladium compound, and for nickel

cyclohexanedionedioxime.

Introduction

It has seemed valuable to try to understand in some
detail the specificity of certain analytical reagents.
One of the most promising for study is the selective
precipitation of Ni++ and Pd++ from aqueous solution
by dimethylglyoxime and certain related compounds.

Both Nit+ and Pd++ form square, quadricovalent
complexes, and part of the specificity of dimethyl-
glyoxime can be accounted for by the relatively few
divalent ions with square covalence. Mellor (1943)
lists known square complexes of Pt++, Fet+, Cot+,
Mnt++, Cu*t and Ag*+. However, for most of these
it is easy to keep the metal in another oxidation state,
and for some the tendency to form octahedral com-
plexes is so great that square complexes are obtainable
only under special circumstances. It is not, however,
easy to account for the difference in solubility of Cut+
and Ni++ complexes of dimethylglyoxime. The work
reported here was undertaken to see if a detailed
structural study would aid in understanding this
difference.

A previous study of nickel dimethylglyoxime has
been reported by Miloné (1938) and Miloné & Tappi
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(1940). However, Miloné’s observed density, 1-49
g.cm.=3, was far greater than his X-ray density,
1-31 g.cm.=3, while both were much less than our
observed density, 1-61 g.cm.-3. We suspect that
Miloné had solvated crystals, though his method of
crystallization was similar to ours. In any case, pre-
vious data were insufficient to provide an accurate
structure.

Experimental procedure

Preparation and properties of nickel dimethylglyoxime

The molecular complex was prepared by reacting
dilute solutions of dimethylglyoxime and nickel
chloride. Recrystallization of the resulting precipitate
from nitrobenzene yielded long, red needles of very
small cross-section. Only four prismatic faces were
found by optical goniometery and the face develop-
ment at the end of the needles was not observable.
Assuming the prism planes to be (110) an axial ratio,
a:b = 1-598, was obtained, in good agreement with
that found subsequently from diffraction photographs.

In polarized light the crystals exhibit a slight
pleochroism. For maximum absorption the electric
vector was perpendicular to the needle axis (¢, axis),
while differences, if any, within the (001) plane were
too small to be observed.

Diffraction data

The X-ray diffraction data were obtained by means
of the usual single-crystal techniques. In order to
photograph a large portion of the sphere of reflection,
the following photographs were taken:
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Cu K radiation—Weissenberg—(hk0) to (hk4)

Mo K radiation—Precession—(h0l) to (k3l) and
(OkI) to (3k1).

The multiple-film technique was employed in ob-
taining Weissenberg data, while the Mo K« photo-
graphs Were taken with a General Electric XRD-3
voltage: and current-stabilized diffraction unit as a
series of timed exposures, using a factor of two be-
tween exposures in each set.

The intensities of the observed reflections were
estimated by. visual-comparison procedures and were
corrected for Lorentz and polarization factors. The
resulting F2 were correlated so that all observed data
were on the same relative intensity scale.

Nickel dimethylglyoxime is orthorhombic. The lat-
tice constants, determined from precession pictures on
which the diffraction pattern of quartz was simul-
taneously recorded, are

ap = 16-68, by = 10-44, ¢, = 6:49 A .

For Z =4, g, = 1'70 g.cm.~3 as compared with g, =
1-61 g.cm.=3,

The occurrence of systematic absences among the
observed reflections can be summarized as follows:

(hkl) present only if 2+k+1 is even,
(OkI) present only if k& and [ are even,
(ROl) present only if 2 and [ are even.

The possible space groups are, therefore, DZ-Ibam
and C%-Iba.

Structural investigation

The (007) reflections were the most intense in the
entire reciprocal lattice, suggesting a layer structure.
Moreover, for a given %2 and k, structure factors
depended upon whether ! was even or odd, but appeared
to be otherwise independent, of I. (For (20l) and (0kl)
data, I was observable to ! = 8 for this relatively short
axis, and good comparisons were effectively limited to
I = 6.) This suggests an absence of z parameters, and
completely planar molecules. In this case the nickel
positions are 4(c) of Ibam; all light atoms, aside from
hydrogens, lie in mirror planes, and the minimum
molecular symmetry is 2/m. The alternative is that
the nickels lie in 4(a) of Iba, the molecule is only
pseudoplanar, and the minimum molecular symmetry
is C,. As noted, the molecules are planar within the
limits detectable by the X-ray data. The liquid-air test
of the crystals was negative, which is also consistent
with a centrosymmetric structure, and consequently
the higher space group was assumed.

The Patterson projection onto (001) (Fig. 1) is very
similar to a Fourier projection, since nickel atoms at
0,0,0; 0,0, } (and body-centering) make nearly all
signs of (hk0) reflections positive. The five-membered
rings of the complex are quite apparent, confirming
the structure of Brady & Muers (1930), based on five-
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membered rings as originally proposed by Pfeiffer &
Richarz (1928) and by Hieber & Leutert (1929).
Molecules centered at 0,0, 0 and 0, 0, 3 must, how-
ever, be rotated 90° with respect to each other, so
that ring carbons from one molecule overlap, approxi-

Fig. 1. Patterson projection onto (001).

mately, the oxygen atoms from the other. Nitrogen
atoms from the two also overlap. There is no reason
for the nitrogen atoms to lie precisely on the axes as
they appear to do in the Patterson. The apparent
special positions are due to superposition. The Fourier
projection, o(z, y), does nothing to resolve these super-
imposed peaks. Hence only rough parameters could
be obtained from two-dimensioned work.

Refinement of coordinates

In order to resolve the super-imposed peaks, the
three-dimensional Fourier section, g(z, ¥, 0), was cal-
culated. The determination of the signs of the F’s
consisted of several steps which are summarized in
Table 1. The progress of the structure-factor calcula-
tions was followed by calculating the value of the
reliability index,

R(hkl) =£1IFOI—IFA[+£IF0I

for at least the (hkl) data.

In trial 1 the structure factors were computed with
parameters from the two-dimensional Fourier. The
atom form factors were determined from a graph
made with the data of James & Brindley (Internationale
Tabellen, 1935). An isotropic temperature factor,
exp (— B sin? §/4%), was used, where B was found to
have the value 6-46 A2 The reliability index for odd
layer-line data, to which nickel atoms make no con-
tribution, was quite large at this stage.

In trial 2 the nitrogen atoms were arbitrarily dis-
placed 0-15 A away from the axes. Trial-and-error
methods showed that they must be displaced in such
a manner as to decrease the N-Ni-N angles in the
carbon ring. Such a displacement made a very notable
improvement in R for the odd layer lines (Table 1,
trial 2).

The next stage of refinement involved the applica-
tion of Booth’s (1949) method of steepest descents,
as modified by Vand (1951). In order to simplify the
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calculations, it was assumed that the molecule ex-
hibited D,, symmetry. The parameters used were
chosen from those of trial 2, and the value of ¢,
+231-7, was calculated from the (hkl) data of that
step. Apain a very significant decrease in R for odd
layer lines was obtained. Parameters obtained by one
steepest-descents refinement are listed as trial 3 of
Table 1.

In the final parameter refinement no assumptions
were made about the symmetry of the molecule.
Signs of F”’s were derived from the parameters obtained
from the steepest-descents refinement, except that it
was assumed that the even layer lines, where the
parameterless nickel set is most important, had signs
as previously determined from trial 2. A Fourier

Fig. 2. Fourier section, g(z, y, 0).
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section, o(x, y, 0), was prepared (Fig.2). Since the
molecules lie on planes at z = 0, }, this one section
is all that is required to determine the structure.

The location of maxima in the projection was
accomplished with Booth’s method (1948). This pro-
cess yielded the trial-4 parameters with which the F’s
were recalculated. The R factors indicated good agree-
ment between the observed and calculated structure
factors. A linear absorption coefficient was also con-
sidered at this step, but this proved to be small
enough to ignore.

The trial-4 coordinates were further improved by
using the back-shift method of Booth (1946). On the
synthetic Fourier the maximum correction due to
non-convergence was 0-04 A, and the average was
0-02 A.

Application of the back-shift corrections yielded the
trial-5 parameters with which the F’s were recalculated.
The R factors for the last step of refinement indicated
satisfactory agreement between F, and F.. Since no
sign changes occurred in the last set of caleculations,
the trial-6 parameters were considered to be the best
which could be obtained from the data.

The observed and final calculated structure am-
plitudes are listed in Table 2.

Determination of errors

The errors in the final coordinates were estimated
by varying Cruickshank’s procedure (1949). In order

Table 1. Summary of refinement process for nickel dimethylglyoxime

Trial number

1 2
N1 x 0-117 0-121
y 0-000 0-986
N1 z 0-000 0-991
Yy 0-183 0-192
Or z 0-163 0-155
Yy 0-105 0-092
O11 x 0-066 0-057
y 0-261 0-247
Cr x 0-072 0-081
y 0-779 0-765
Crr z 0-139 0-146
y 0-883 0-868
Cirr x 0-095 0-104
Y 0-635 0-624
Crv x 0-228 0-236
y 0-850 0-829
R(hk0) 0-21 0-23
R(hk1) 0-52 0-38
R(hk2) 018 0-21
R(hk3) 0-47 0-33
R(hk4) — —
R(hkl) — —

3 4 5
0-121 0-113 0-114
0-988 0-989 0-986
0-993 0-990 0-988
0-192 0-181 0-178
0-159 0-158 0-158
0-091 0-098 0-098
0-058 0-053 ‘0-053
0-253 0-260 0-260
0-076 0-081 0-082
0-768 0-775 0-778
0-146 0-148 0-146
0-879 0-883 0-883
0-101 0-101 0-102
0-627 0-640 0636
0-235 0-232 0-232
0-839 0-856 0-854

— 0-15 0-14
0-28 0-21 0-18

— 0-12 0-12

— 0-22 0-20

— 0-16 0-15

— —_ 0-14

. Parameters from two dimensional Fourier.
2. Parameters from trial-and-error procedure with nitrogen atoms off axes.

. Parameters from three-dimensional Fourier.

1
2
3. Parameters from steepest-descents method.
4
5

. Parameters from back-shift method.
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Table 2. Observed and calculated structure factors

The three columns comprising each section are, from left right, the A index, the observed and the calculated structure
factors respectively. Unless noted otherwise the signs of the calculated factors are positive.

100 15 12 10 6 8 4
4 21 26 17 9 9 8 3 3
6 39 58
8 83 76 760 R1l
10 24 24 0 36 36 2 33 30
12 43 37 2 41 39 4 3 2
14 22 21 4 45 49 6 21 —23
16 8 7 6 30 25 8 32 —37
18 13 13 8 58 49 10 15 17
20 6 7 10 47 39 12 8 13
12 12 12 14 13 16
710 14 6 6 16 6 7
3 12 21 16 9 8
5 81 87 18 5 ] h21
7 109 102 1 10 1
9 55 49 ) h70 3 34 —920
11 26 23 1 30 30 5 45 43
13 34 33 3 30 29 7 9 4
15 11 10 5 32 32 9 18 15
17 13 11 7 27 22 11 6 5
19 7 6 9 28 20 13 4 —5
11 < 6 2
720 13 7 8 731
0 16 32 15 8 7 2 14 11
2 7 14 17 9 7 4 37 35
4 7 12 6 11 13
6 85 87 786 8 1 -7
8 11 80 10 16 15
10 46 44 (2) gg ;g 12 4 —4
12 22 19 1 <6 5 14 12 —12
14 9 11 6 6 5
16 10 10 8 16 14 ral
18 8 8 10 < 6 6 1 25 —24
20 3 4 12 6 6 3 8 -5
14 6 4 5 11 —14
730 16 3 3 7 20 —18
‘1 61 65 9 3 -1
3 47 54 790 11 6 8
5 9 -1 1 22 20 13 4 —4
7 30 36 3 6 1
9 37 43 5 Z 6 6 h51
11 30 30 7 16 15 2 26 —22
13 4 -3 9 12 7 4 7 —11
15 9 11 11 9 8 6 15 —19
17 10 11 13 8 7 8 6 —1
19 7 8 10 6 -9
£,10,0 12 5 6
h40 0 15 13
0 36 51 2 12 11 6l
2 120 118 4 4 4 1 9 10
4 58 62 6 18 16 3 31 31
6 4 11 8 13 12 5 9 4
8 8 14 10 9 6 7 <5 _2
10 42 31 12 8 6 9 i -9
12 9 7
14 6 10 2,11,0 Bl
16 16 17 1 17 14 2 11 13
18 7 6 3 10 8 4 6 6
5 8 7 6 12 9
150 7 14 9 8 13 9
1 76 67 9 5 5
3 81 82 11 6 4 181
5 17 25 1 5 8
7 20 23 2,12,0 3 11 —11
9 61 56 0 12 8 5 9 8
11 40 35 2 10 7 7 <5 1
13 8 7 4 9 7 9 6 8
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Table 2 (cont.)

hO4 2 12 12 164
0 131 130 4 11 11 0 18 17
2 45 50 6 29 33 2 18 17
4 14 16 8 25 31
6 27 24 10 16 19
8 32 30 12 12 9 n4
10 16 12 1 14 13
12 20 18 h34 3 12 13
14 14 11 1 18 26
16 < 5 3 3 18 23
18 8 6 5 <5 5 h84
7 12 16 0 24 22
hl4 9 15 18 2 13 9
1 47 56 11 12 14
3 12 14
5 28 32 hdd h94
7 37 38 1 ° 10
9 22 20 v 0 21 21 ‘
11 12 10 2 35 43
13 17 16 7,104
h54 0 10 6
h24 1 27 27 2 14 5
0 16 17 3 27 33

to compute the quantities, ¥, and, therefore, the values
of o(4;) and o(4,), it was necessary  -to apply a
temperature factor to the #,. The resulting values of
o(4;) and o(4,) were 0652 e.A—* and 1-07 e.A-*
respectively. The values of p for each of the atoms
were obtained from the peaks in the p(z, y, 0) map
calculated with the ¥, and the signs from trial 5.
The errors, together with the standard deviations in
the radial coordinates, are listed in Table 3.

Discussion

The final structure for the nickel dimethylglyoxime
molecule, including bond lengths and bond angles, is
shown in Fig. 3. The important intramolecular and

CHj

¥ 118°% 3\4 )
\ N N X /127
/
c® \1 D 12%&12@
o«
l Ni_80° s
7. 113 210
c / S\g1ze_xC |
S
N 1220 N5 0 26%
CH y 7 ¢
s T2 Hy

Fig. 3. Molecular structure of nickel dimethylglyoxime.

intermolecular distances, with the calculated standard
errors, g, and the bond angles, are also listed in Table 4.

The molecule is planar and contains four five-
membered rings. The molecule is required by the space
group to have the symmetry C,,. There is no obvious
reason why it should not have the higher symmetry,

D,,, but discrepancies as large as 0-05 A in the
observed distances for the N-C and C-CH; bonds
suggest the lower symmetry. Application of the
significance test suggested by Cruickshank (1949),
however, indicates that these deviations are not
significant. The molecular symmetry, then, may be
as high as D,,.

The bond distances (Table 4) suggest that the prin-

‘cipal electronic form contributing to the ground state

is one in which all except C-N bonds are essentially
single bonds, while these are essentially double bonds.
All bonds are, however, somewhat short for this
interpretation, indicating conjugation with other
structures which give some double-bond character to
the bonds. Since methyl carbons are located with a
relatively poor accuracy, the apparent shortening of
the C—CH; bonds may be exaggerated. The length of
the Ni-N bond in nickel phthalocyanine (Robertson
& Woodward, 1937) is 1-83 A, considerably shorter
than we find, 1-87-1:90 A. The difference appears to
be larger than the experimental error of the two
determinations. A likely explanation is the com-
pression of the Ni-N bonds by the six-membered ring
framework of the phthalocyanine, and a slight tension
on the Ni-N bonds due to the larger requirements of
the five-membered rings in the case of dimethyl-
glyoxime.

Of special interest is the very short O-H-O bond,
244 A, shorter than any O-H-O bond, heretofore
reported.* It is noteworthy that the O-H stretching

* Prof. E. G. Cox has called to our attention the short
0-H-O bond, 2:48 A, reported for boehmite (Reichert &
Yost, 1946), but the accuracy of this powder determination
was only 0-07 A, so its significance is questionable. Shahat
(1951) has reported an intramolecular hydrogen bond in maleic
acid of 246 A. Three-dimensional refinement is still to be
reported.
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Table 3. Standard deviations of final parameters

Atom P (&%) 8, —o
N1 4-38 —101
N1z 3-90 —175-8
01 4-68 —136
Orx 4-58 —129
Ct 4-50 —92-3
Cnt 4-57 —96-4
Cox 3-20 —39-6
Ciy 3-34 —43-7

o(z) (4) o(y) (A) a(r) (4)
0-006 0-011 0-013
0-009 0-014 0-017
0-005 0-008 0-009
0-005 0-008 0-009
0-007 0-012 0014
0-007 0-011 0-013
0-016 0-027 0-031
0-015 0-025 0-029

Table 4. Intramolecular and intermolecular distances and bond angles in nickel dimethylglyoxime

Atoms* Distance Standard error, o Angles
Ni-Nt 190 A 0-01 A N1—-Ni-N1 80°
Ni-Nyr 1-87 0-02 Npp—Ni-Ni 100
N1-O1 1-38 0-02 Ni-N1-Crr 121
N-Onx 1-37 0-03 Ni-Ny—Cy 117
N1-Crx 1-20 0-03 N-Cr-Cr 109
No—-Cr 1-25 0-03 N—C1—Crt 113
Cr-Cnx 1-53 0-03 Cr—Cr—Cmy 121
Cp—-Crvy 1-46 0-04 C1-Co—-Cry 124
Cr-Cox 1-51 0-04 Ni-N1-Og 118
01-O11 2-44 0-02 Ni-Np-Oyr 122
O1-Cry 325 0-04 N1-O1-Onx 102
On-Civ 3-72 0-04 N11-On-01 98
On—Crr 401 0-04

Cmr—Cry 4-04 0-06

On—Cf’ 3:31 0-02

O1-C¢ 327 0-02

Ni-Ni” 3-25 0-005

Civ—Ciy 3-99 0-06

Cuo-Cty 4-27 0-06

Crv—Cfit 4-27 0-06

* Unprimed symbols refer to the molecule at the origin of the unit cell. Those with one prime refer to molecules in the (z, ¥, 0)
plane. Symbols with two primes refer to the molecule directly above the one at the origin.

frequency for this hydrogen bond is only 1800 cm.-1,
about half. the normal 3500 cm.~!, and that spec-
troscopic arguments have been presented indicating
that the hydrogen lies symmetrically between the two
oxygens in this case (Rundle & Parasol, 1952).

The short hydrogen bond is in keeping with chemical
observations that these hydrogens are very difficult
to replace. It seems possible that the short hydrogen
bond is in part responsible for the Tow solubility of
nickel dimethylglyoxime in water. The hydrogen
appears to be held so tightly that the O-H group
does not interact appreciably with water, and hence
loses its usual solubilizing power.

Contrary to some of our earlier speculations,
spectroscopic study of crystalline copper dimethyl-
glyoxime indicates that it also has a short and prob-
ably symmetrical hydrogen bond. It seems unlikely
that the difference in solubility of copper and nickel
compounds can be due to any difference in this feature.
However, a difference in packing and the pleochroism
deserve comment.

Nickel dimethylglyoxime molecules are planar with
all molecules exactly parallel to (001) planes, and
stacked with nickel atoms directly above each other
separated by 3c, = 3-245 A. The methyl groups form
the thickest portion of the molecule, so that alternate
molecules are rotated 90° about c,; the packing along

¢, resembles interlocking blocks. The copper compound
has a more complex type of packing, not yet fully
known, but there are no chains of copper atoms as
there are in the nickel compound.

As noted above, nickel dimethylglyoxime is pleo-
chroic; light with its electric vector in the plane of the
molecule is absorbed more than light with its electric
vector normal to the molecular plane. The pleochroism
is, however, very slight, which is quite surprising for
a large molecule containing conjugated double bonds.
This suggests rather important intermolecular inter-
actions along the ¢, axis.

It is to be noted that the bonding to nickel is square,
which should mean that nickel uses dsp? orbitals, and
possesses a vacant 4p-orbital. We suggest that the first
excited state consists essentially of the electronic
configuration derived from promoting a non-bonding
3d-electron to the 4p-level and forming Ni-Ni bonds.
This configuration would be octahedral, using the
well-known d2sp® octahedral orbitals. If some of this
configuration contributes to the ground state, with
some of the ground configuration mixed into the first
excited state, then there will be a small but important
Ni-Ni contribution to the ground state, stabilizing
the particular packing noted in the crystal. This
proposal will also account for the unusual pleochroism.
On the other hand, the extra electron of copper would



494

THE STRUCTURE OF NICKEL DIMETHYLGLYOXIME

Table 5. Crystallographic data of metal-dioxime complexes

Lattice constants (A)

Compound* Crystal class Space group a, b [N
Ni(HD), Orthorhombic Ibam 16-68 10-44 6-50
Pd(HD), Orthorhombic Ibam 16-9 10-6 6-50
Ni(HC), Orthorhombic Iba 20-3 10-2 6-41

* HD refers to the dimethylglyoxime derivative.
HC refers to the cyclohexanedionedioxime derivative.

prevent this type of interaction, and would, in part,
explain the choice of a different packing arrangement
for the copper compound.

The long Ni-Ni distance, 3-245 A, implies that the
Ni-Ni bonds contribute only slightly to the ground
state. On the other hand, even a few Kcal. can play
an important role in determining solubility.

It seems quite likely that the type of metal-metal
interaction proposed here is fairly general. In a large
number of nickel, palladium and platinum square
complexes the metal atoms form chains. In several
of these, abnormal pleochroic effects have been ob-
served, e.g. in magnus green salts [Pt(NH,); *(PtCl,)]—
(Cox, Pinkard, Wardlaw & Preston, 1932) light with
its electric vector parallel to the Pt-Pt chains, and
normal to the plane of the ions, is absorbed more
readily than light with its electric vector in the
planes of the ions. Furthermore, a cursory survey of
square copper complexes reveals different types of
packings, with little or no tendency to form copper
chains.*

The proposal made here is consistent with Mulliken’s
(1951) acid-base theory of intermolecular complexes.
It is to be noted that he has suggested that the packing
of aromatic molecules is influenced by the small
contribution to the ground state of intermolecular
bonded structures not unlike that proposed here.

Related compounds

Crystallographic data have been obtained for palladium
dimethylglyoxime and for nickel cyclohexanedione-
dioxime (Table 5). The unit cells and symmetry are
closely related in these compounds. Odd layer lines
of the palladium compound, to which there is no
palladium scattering, are so nearly identical with
those of the nickel compound that it is clear that the
molecular shape and type of packing is nearly iden-

tical. Though it shows the same absences, the cyclo-
hexane ring can hardly be planar, so the space group
for nickel cyclohexanedionedioxime is undoubtedly
Iba rather than Ibam. In all cases OH and NO fre-
quencies suggest short and symmetrical hydrogen

* Note added in proof, 24 April 1953.—The study of
dichroism of planar complexes of the type MPt(CN), - XH,0
by Yamada (1951) provides excellent support for the above
proposal. Yamada also concluded that a direct interaction
between planar molecules was necessary to account for the
dichroism.

bonding. We have not examined these crystals further.

A preliminary account of the structure of copper
dimethylglyoxime has now been given (Bezzi, Bua &
Schiavinato, 1951). The packing in this monoclinic
crystal is entirely different. In particular, the coppers
are at very great distances from each other, and with
the organic part of the molecules interposed, so that
no copper—copper bonding is possible. Fouriers seem
to suggest a molecular structure identical with that
of the nickel compound. If this is true, the intramole-
cular distances can differ by only a few hundredths of
an Angstrém unit from those in nickel dimethyl-
glyoxime. In spite of the close correspondence of the
molecular sizes and shapes, dimethylglyoxime will
precipitate Ni+t quantitatively without carrying
down Cut*t with it! We consider this to be excellent
evidence that weak nickel-nickel binding, such as
suggested here, is a fundamental feature of the nickel
dimethylglyoxime crystal.

The authors are indebted to Dr Roger C. Voter for
the preparation of the crystalline complexes, and to
Prof. Charles V. Banks and Harry Diehl, as well as
to Dr Voter, for helpful discussion. Mr R. Fitzwater
helped obtain some of the lattice constants listed in
Table 5.
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Structures of the ReO;-type with Recurrent Dislocations of Atoms:
‘Homologous Series’ of Molybdenum and Tungsten Oxides*

By ArRNE MAGNELI

Institute of Chemistry, University of Uppsala, Uppsala, Sweden

(Received 24 January 1953)

The geometrical properties of structures of the ReO;-type showing recurrent dislocations of atoms,
analogous to those present in MogOy,, M0yOy and Wy Oy, are discussed. Two of the hypothetical
atomic arrangements thus derived have been found to correspond to recently prepared molybdenum
tungsten oxides (Mo,W);i0, and (Mo,W);;03,. These compounds and the aforementioned molyb-
denum oxides are members of a ‘homologous series’, Me,Og,_;, based on a common structural
principle. There is almost complete agreement between the experimentally derived structures of
these homologues and the corresponding ideal structures. The same is also true for W,,O;4, the only
hitherto known representative of the series Me,Osy,_,.

Introduction

Investigations of molybdenum and tungsten oxides
with an average valency of the metal atoms slightly
less than six, namely MogOyy, M0gOyg and W, Oy, have
shown that the crystal structures of these compounds
are mutually closely related and based on structures of
the ReO,-type (Strukturbericht, 1937) containing dis-
locations of the atoms, suddenly occurring after long
periods (Magnéli, 1948, 1950a, b). A geometrical dis-
cussion of hypothetical structures analogous to those
derived for these oxides has proved to be valuable
when investigating a number of double oxides of
molybdenum and tungsten (Magnéli, 1952; Blomberg,
Kihlborg & Magnéli, 1953) and will be described here.
A comparison will be given between the crystal struc-
tures of the known oxides of this type and the corre-
sponding hypothetical structures.

Structural principles of MogQO3;3, M0gO2¢ and
20058

The crystal structures of these oxides may be described
as built up of metal-oxygen octahedra joined by
corners to form blocks of the ReO;-type, which extend
infinitely through the crystals in two dimensions and
have a finite, characteristic width in a third direction.
The blocks are mutually joined along folded planes by

* A survey of this investigation was presented at the meeting
of the American Crystallographic Association in Camp Tami-
ment, Pa., June 1952.

octahedra having edges in common. These planes
correspond to the recurrent dislocations of atoms
occurring in the ReO,-type structure.

The structures of MogO,; and MoyO,, differ only in
respect of the finite width of the ReO,-type blocks,
which extend through eight and nine MoO; octahedra
respectively. The appearance of the planes joining the
blocks is the same in both oxides and is characterized
by the recurrent occurrence of groups of four MoOj
octahedra joined by sharing edges (Figs. 1(d), 4(a), (b)).
There is a regular, alternating displacement of the
metal atoms in the octahedra, parallel to the b axes
of the monoclinic unit cells (normal to the plane of the
figures). The metal atoms thus form puckered layers
parallel to the ac plane. There is a marked lengthening
of the MoOg octahedra perpendicularly to this plane.
The molybdenum atoms of the quadruplets of octa-
hedra sharing edges are situated in planes charac-
teristically tilted. The considerable distortion of the
MoOg octahedra may suggest that the molybdenum
atoms can be considered as co-ordinating five oxygen
atoms in a square-pyramidal arrangement. For the
following discussion, however, the simplified picture
of distorted MoO, octahedra is more convenient.

The dislocation planes occurring in W,,0,, are of a
somewhat different appearance from those present in
the molybdenum oxides, in showing groups of six
metal-oxygen octahedra joined by sharing edges
(Fig. 1(e)). The finite extension of the ReO,-type
blocks in this structure amounts to twenty octahedra.
The metal atom layers are not puckered.



