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ABSTRACT

Octammine/&-amido/M—peroxo dicobalt tetranitrate,
(o}
P
[geel e >eo om), 109,

forms green-black plate-like crystals with space group P2l/c

and unit cell dimensions
2 = 8.451, b = 13.196, ¢ = 17.304 &, A= 103.90°

There are four molecules per unit cell. The crystal structure
was determined and refined using three dimensional Fourier and
least-squares technigues.

The coordinating ligands form nearly regular octahedra
about the cobalt atoms with Co-N and Co-0 distances of 1.96
and 1.87 R. The five-membered ring formed by the two cobalt
atoms and the peroxo and amido bridges is very nearly planar.
The Co-Co distance is 3.24 R, the 0-0 distance is 1l.32 K, and
the Co-=N-Co and Co-0-0 angles awre 115O and 120O respectively.
The extensive system of hydrogen bonds in the crystal appears
to involve nearly all of the ammine hydrogens and all of the
oxygen acceptors with the exception of the oxygen atoms in the
preroxo bridge. The present value of the residual R index is

0.053 for all 2078 observed reflections.
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INTRODUCTION

Dinuclear cobalt complexes have been known for some time;
the major analytical, preparative and constitutional work was
done by Alfred Werner at about the turn of the éentury.l

These compounds may be prepared with one, two, or three
bridging groups which can be one or more of the following:

OH , NH,, O, 0H3000°, NO, s soz, RCOO , ¢, ,Z'

of particular interest here are those containing a peroxo bridge,

The compounds

as they possess interesting oxidation-reduction behavior and
also exist in paramagnetic as well as diamagnetic forms.
The first of such compounds was prepared and isolated as
a bright red salt by Fremy in 18522. He completely and correctly

analyzed the salt and found it to contain the cation

[3)5 Co-0,-Co (nHaDs ] ™
in which both cobalt atoms are formally in the +III oxidation
state. Vortman? and later, Werner, prepared a number of green
salts and derivatives from this red series, one of which contains
the cation
[(NH3)g Co- 02 - Co (NH3 )5 |+
On the basis of chemical information Werner and Mylius
concluded that in these green compéunds one of the cobalt atoms
had to be in the +IV valency state and the other in the +I1I
state.4 Werner also found this to be true in the analogous
ﬂ—amido Pp-peroxo dinuclear cobalt complex? which could similarly
be obtained in red and green forms.
The major consequence of Werner's conclusions regarding
these green complexes is that they both possess one unfgpeired
electron and are conseguently paramagnetic.

The controversy which has up to now surrounded these
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compounds has centered primarily upon where this unpaired
electron resides, and thus upon what the configurstion of the
cation should be. This information whould be guite useful in
interpreting the body of data on the general chemical properties
and kinetics and redox mechanisms that has accumulated on these
compounds. Because of ;2% greater relative stability of the
dibridged /u-amido/U-peroxo complex over the singly bridged
peroxo complex, it has been the most intensively studied of
these compounds. Detailed knowledge of its structure should
therefore be especially valuable.

Electron spin resonance studies by Bernal, Ebsworth and
Weil6 and Bbsworth and Weil'7 have demonstrated that the un-
paired electron spends an equal amount of time on each of the
two cobalt atoms. This suggests that Werner's scheme casnnot
be wholly true and that either a resonance effect is present
which gives each cobalt a valency between +I1III and +IV, or that
the electron resides primarily upon the peroxo bridge, giving
it more the character of a superoxide group.

Vléek proposed on the basis of steric effects and probable

bond lengths and angles that the O, bridge would be oriented

2
perpendicular to the Co-Co axis, the bridging bonding involving
interaction of the oxygen pi electrons with the cobalt d—orbitals.9
From their BSR measurements Goodman, Hecht and Weil
proposed another alternative wherein the O2 bridge is rotated
approximately forty-five degrees from the Co-Co axis.

Schaefer and Marsh have recently reported the x-ray

diffraction structure determination of the cation of decammine
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Feperoxo dicobalt monosulfate tris(bisulfate) in which the per-
oxo bridge is centered between the cobalt atoms, but is skewed
to the Co-=Co axis.l:L They further state that the bonding is
definitely not of the type proposed by Vlicek, and that the 0-0
distance is l.31 K, close to the value 1.28 X reported for
alkali metal superoxides. Their results suggest that the cation
of the /u—amido/u—peroxo dicobalt cation should be planar, which

this investigation has indeed shown to be the case.
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BAPERIMENTAL

Vortman's Sulfate was prepared by the method given by
Werner,l2 and from it samples of octammine/u-amido/a-peroxo
dicobalt tetranitrate were extracted with concentrated nitric
acid. The samples obtained were washed with a little dilute
nitric acid, then with alcohol, and then dried. Crystals of
the compound were prepared by allowing a test tube of hot, sat-
urated nitrate solution about 2 F. in nitric acid to cool slowly
overnight in a thermos of hot water.

The dark green—bléck crystals grown in this fashion were
generally extremely thin blades which appeared to be hollow.

A number of smaller, slightly stockier blades were also formed
from which the crystals used in this structure analysis were
chosen.

The compound was also crystallized in & second modification
from more acidic nitric acid solutions (ca. 8 to 10 F.) then
used above. These crystals were obtained in the form of small
"stars" consisting of about a dozen needle-like crystals
radiating from a central point. Weissenberg photographs of
single needles of these crystals mounted about the needle axis
indicated that théy were all twinned. The crystals were
monoclinic with approximate unit cell dimensions: a = 8.0,

b =18.6, ¢ = 12.4 A. The monoclinic angle was not determined,
but it is probably quite close to 900.
The space group of the first modification was determined

from the systematic absences observed on Weissenberg photographs:



hoL with £ odd absent

0kO with Lk odd absent

This information fixed the space group as P2l/c.

The cell constants were determined by a least-squares fit
of comparator measurements of 67 reflections on photographs made
using the C.I.T. Precision Weissenberg camera. Wavelengths for
Cu K¢y, @and Cu K, radiation of 1.5405 ; and 1.5443 2 were

used in this calculation, which gave the following values and

standard deviations for the cell constants:

a = 8.451 % 0.001 4
p = 13.196 + 0.002 A
= 17.304 t 0.001 A

103.90 * 0.03°

0
Il

The calculated unit cell volume and density using these parameters
and assuming four formula units of Co2(P-NH2,/1-02)(NH3)8(N03)4

3 and 1.947% 0.001 g-ocm °. The

per unit cell are 1873.1 K
density determined by flotation in a carbon tetrachloride-
1,2 dibromoethane solution is 1.947% 0.001 g—cm_s.

A nearly rectangular prism of the first crystal modi-
fication about 0.05 x 0.07 x 0.04 mm was used in the collection
of the three dimensional data. A total of 2078 reflections
with 20 < 154O were measured with a Datex-automated General
Electric XRD-5 diffractometer employing a proportional counter.
The intensities were measured using a 6 - 20 scan at a scanning

speed of lo/minute. Background was counted for 100 seconds at

each end of the scan. The scan range was adjusted to account



for o,-Q&, splitting.

A moderately strong reflection, 225, was chosen as a "check"
reflection. The diffractometer automatically returned to, and
recollected background and scan counts for this reflection
after each fifteen reflections. This served as a check on long
term fluctuations or changes in beam intensity, crystal stability,
and crystal orientation. There were no significant deviations
in the ckeck reflection measurements from the average of the
first five measurements during the collection of the data, which
regquired approximately twelve days of twenty-four hour operation.

Iron radiation, Kg = 1.9373 A, was used for the date
collection instead of the more commonly used copper radiation
because of the significantly lower linear absorption coefficient
of this compound, 59 cm—l, for iron radiation relative to that
for copper radiation, 144 cm_l. The average value of /lr
calculated for the crystal that was used in the data collection
was 0.36.

A single thickness of Du Pont manganese dioxide x-ray
filter*was used to filter out the Fe %ﬂ radiation.

The temperature in the laboratory containing the diffractometer

was fairly constant at 2700. throughout the data collection.

= Genersal Blectric Part No. 257.
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TREATMENT OF THE DATA

The values for the observed intensities, IobS , were de-

rived from the scaler counts using the following formulas

- - Ba_-t'Bz <
Toes. = \-.S 2 100

where S is the scan count, Bl and B2 are the two background
counts, and t is the time in seconds required for the diffrac-
tometer to scan the 26 scan range through the reflection.
Negative values of Iobs. calculated from this formule were set
to zero.

The standard deviation for each reflection was calculated
using
G (Tag) = B + %Q_.Z.Bz-;g—-s " (0.03‘3)2'
where the symbols have the same meanings as defined above.

The last term in this equation corrected for the possible "dead
time" in the electronics and the counter. Only very strong
reflections zggeaffected by this term. The standard deviations
calculated in this way were the basis for the weights used in
the least-squares refinement.

Lorentz and polarization factors were applied for each

reflection. No absorption correction was applied in view of

the small size of /xr.



DETERMINATION AND REFINEMENT OF THE STRUCTURE

A three dimensional Patterson synthesis was calculated
and from it the approximate positional parameters for the cobalt
atoms were found.

A three dimensional Fourier synthesis was then computed
using the phases calculated on the basis of the two cobalt atoms.
All the non-hydrogen atoms in the asymmetric unit were apparent
in this synthesis. The R index based only on the cobalt
positions was 0.44.

The positional parameters deduced from this Fourier map
were used as the starting parameters in the least-squares
refinement of the structure. Two cycles of full matrix least-
squares calculations reduced the R index to 0.11l. Introducing
anisotropic temperature factors for the cobalt atoms further
reduced the R index to 0.10. At this point difference maps
were calculated in the planes perpendicular to each Co-N wvector
0.3 K from the nitrogen atoms in an attempt to determine the
locations of the ammine hydrogens. Nearly all of the hydrogen
atoms were well#resolved, and their positions could be immediate-
ly determined. Only in the case of one ammine group was it
necessary to use the three-fold symmetry of the group to fix
the positions of two of the hydrogen atoms of the group.

Four additional cycles of least squares, in which a cobalt
dispersion correction was added and the positional parameters
and anisotropic temperature factors for all of the heavy atoms

were refined, resulted in an R index of 0.068.



The limited amount of core storage available in the computer
made it necessary to switlich from full matrix refinement to
block matrix refinement in order to refine the increased number

of parameters.

Zw (\(z |Fobs\2~\ Fw.\c.ll)
wep

1
where W is the weight (‘-‘- q_z<10b$)), k is a scaling factor, N

2
]

The "goodness of f£it, "

is the number of observed reflections, and ? is the number
of parameters refined, was, at this stage of refinement, equal
T 2.51.

Additional least-squares cycles, in which all but the
hydrogen isotropic temperature factors were refined, were made
until the full shifts in the parameters of all the "heavy" atoms
were less than or equal to their standard deviations. The
hydrogen atoms were all assigned isotropic temperature factors
with B = 3.5. The 020 and 702 reflections were given zero
weight in the last stages of the refinement because they appeared
to be suffering from secondary extinction. The resultant R
factor was 0,053 and the "goodness of fit" was 1.63.

All calculations were carried out on an IBM 7094 computer
using subprograms operating under the CRYRM crystallogrephic
computing system.13 The guantity minimized in the least-squares
calculations was ZW(Fobsz' kag_)?.’ W being the weight as defined
above. Atomic form factors for cobalt, nitrogen and oxygen
were taken from the International Tables for X-Ray Crystallography

é@
and the form factor for hydrogen was that calculated

(1962)

by Stewart, Davidson and Simpson.ﬁ§

A total of nine least-squares refinement cycles were
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necessary to reduce the R index to its present value of 0.053.
A total of 340 parameters were varied in 89 matrices in the
final least-squares cycles; this included three positional and
six enisotropic temperature parameters for each of the twenty-
nine heavy atoms and three positional parameters for each of
the twenty-six hydrogen atoms. The most recent set of
parameters for these atoms is listed in Table 1. An electron
density projection down the g axis, calculated from these
parameters, is given as Figure 1.

The estimated standard deviations in the positions of
the cobalt atoms are approximately 0.001 3, while the esd's
for the ammine nitrogens and the bridge oxygens are about
0.004 E. The estimated standard deviations in the positions
of the nitrate group atoms are roughly 0.008 A, but these appear
not to be expecially meaningful because the vibration amplitudes

]
for several of the nitrate oxygens are on the order of 0.3 A.
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DESCRIPTION AND DISCUSSION OF THE STRUCTURE

g

Contrary to the predictions of Vl1tek”’ and Goodman, Hecht,
and Weil,:LO the oxygens of the peroxo bridge are very nearly
coplanar with the cobalt atoms, the sum of the angles in the
ring formed by the cobalt atoms and the bridges being 539.6°,
only 0.4O from the total expected for a planar, five-membered
ring. This.small distorfion is probably due to a combination
of angle strain and enhenced possibilities for hydrogen bonding
and more favorable crystal packing. The distortion results
from the peroxo bridge being very slightly twisted out of the
plane of the two cobalts and the amido nitrogen; the oxygen
atoms are only 0.045 A from this plane and are located on
opposite sides of it. Since these distances are roughly
ten times the estimated standard deviations in the oxygen
coordinates, the distortion is real and cannot be accounted
for by experimental error.

The ring structure of the cation is indicated in Figure
2. Bach of the cobalt atoms is bonded to one of the bridging
oxygen atoms and to the bridging nitrogen, the remaining four
octahedral positions about each cobalt atom being filled by
the ammine nitrogens. The Co-N-Co angle is 1150 and the
distances between the two cobalt atoms and the bridging nitrogen
are 1,92 Z end 1.93 E. The N(amide)—Co—O angles are both 910,
extremely close to the 900 required for perfect octahedral
coordination about the cobalt atoms. The Co-0 distances

(-]
and the Co-0-O angles are 1.87 A and 120° and 121°.
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©
The Co-N\ammine, distances average 1.96 A and the non-bonded
2
Co-Co distance is 3.24 A.
(-]
The 0-0 distance is 1l.32 A, exactly that which would be

expected for a superoxide ion and close to the value found for

the 0-0 distance in the analogous single bridged peroxo complex.ll

Pauling (1960) considers the superoxide oxygen-oxygen bond
as & combination of a single bond and a three electron bond.ls
This may be interpreted as requiring the electrons in the

superoxide ion to have the configuration:
. 2 4 2
(filled levels) (Tq ) (M, ) (g ).

The important aspect of this in relation to the peroxo bridged
compounds is that two orbitals are involved in the oxygen to
oxygen bond, thus meking it impossible for the anion to form
any type of bridged molecule other than a planar one. Further-
more, interpreting the peroxo bridge in this compound as a
superoxo bridge satisfactorily accounts for the observed ESR
spectra since the unpaired electron can be expected to be de-
localized over the bridge such that it can interact equally
with the nuclear spins of both cobalt atoms. Recent ESR
measurements by Weil and Kinnaird (1967) on Ol7 labeled
octammine/i-amidol#—peroxo dicobalt tetranitrate indicate that
this is indeed the case.

The planarity of the ring in this compound, together
with the BESR data and particularly the 0-0 distance of 1.32 ;
bridge is

seems to be conclusive enough proof that the 02

actually a superoxo bridge and not a peroxo bridge.
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This and analogous compounds would consequently be more properly
termed )A—superoxo dicobalt salts to indicate the true nature
of their constitution.

The overall symmetry of the cation is 02, however, because
the oxygen atoms are oﬁly slightly out of plane with respect to
the cobalts, the symmetry is very close to being the maximum
possible for the molecule, CZV' Bond distances and angles for
the cation are summarized in Table 2.

There are four nitrate groups per asymmetric unit. The
average N-0O distance for all the nitrates is 1l.24 Z, a value
slightly higher than expected, but not significaently so in
view of the relatively higher standard deviations of the atomic
positions compared with those of the cation atoms.

Tnree of the nitrate groups are planar well within experi-
mental error. The nitrate group containing N(26), however,
appears to be significantly non-planar, the nitrogen atom being
located nearly 0.1 K above the plane of the oxygens. The large
thermal vibration amplitudes for the atoms of this group , all
nearly 0.4 K and perpendicular to the "plane'" of the group, and
the possibilities for the formation of several alternative
hydrogen bonds seem to suggest that this nitrate group is either
partially disordered, or that it is confined in a very wide and
shallow potential well which permits it to freely vibrate with
such large amplitudes. Attempts to refine a disordered, static
model were unsuccessful as the parameters in the least-squares

refused to converge. Further attempts will be made to ascertain

whether the static or the dynamic model presents the correct
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solution to this problem, or whether a solution can be found
at all.

Bond distances and angles for the nitrate groups appear
in Table 3.

The ions are held together in the crystal by a very ex-
tensive network of hydrogen bonds. The lengths of the majority
of these bonds stand in relatively good agreement with the
average tabulated value of 3.04 * 0.13 A reported by Pimentel

and McClellanl7 for bonds of the type

Ne===He doooooO

Table 4 lists the most probable hydrogen bonding scheme, while

Teble 5 lists other N--==He¢e-:0 distances which may be considered

as hydrogen bonds, but which appear to be either excessively
long or contain angles which would make the interactions at
best very weak.

The hydrogen positions were allowed to vary in the least-
squares refinement. In general, most of the hydrogen atoms
have been located in chemically reasonable positions. Several
of them, however, are clearly in error, such as H(52), which
is located only 0.66 A from the center of the nitrogen to which
it is bonded. For this reason, not too much reliance should
be placed on the hydrogen bonding scheme as it is given here
as it is still relatively tentative. Figure 3 illustrates
the hydrogen bonding according to this scheme in a projection
onto the yz plane.

The oxygen atoms in the superoxo bridge appear to be the

only oxygen atoms in the crystal that are not involved in
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hydrogen bonding. This is understandable in view of the steric
problem of arranging the ions so that interaction with the
bridge oxygens is possible for ammine donors from other cations,
without at the same time creating any direct hydrogen-hydrogen
interactions. The cations carry a formal charge of +4 and
their coulomb repulsions would be a formidible barrier to such
an arrangement.

The hydrogen bond network appears to link the cations
together in sheets nearly parallel to the yz plane at about
X = %, and these sheets are linked in stacks by hydrogen bonds
to the nitrate groups containing N(18) and N(22). The planes
containing these nitrate groups are nearly perpendicular to
the yz plane and follow the ¢ glide plane in a zig-zag pattern

in the sense of the diagram below.

. (Y

The plane of the ring atoms in the cation is oriented

approximately 45O to the yz plane.
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TABLE 1.

Positional Parameters

88 in fractions o a unit
No.

X X
656429 259852
949164 185474
831195 345219
Q44703 317524

746952 152676

167872 211444
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1052815
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143254
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030480
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I AR

199589
2016472
148657
333194
3218357
373125
336338
275758
339117
354640
302924
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478617

023531

288516
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TABLE 4

HYDROGEN BRONDING SCHEME

ATOM X H AToM ATom Y DIST X-H DIST H-Y DIST ¥-Y
0277 H 29 NG 0.85A 221 A 3.05 A
027 H3% NG 0.%5 2.34 3.02
023 H33 Nb 0.36 2.6 3.00
021 H42 NO 0.85 747 2.92

- 02% H4b . NIO 0.96 2.14 %.03
02| H3o NS 0.92 2.24 3.1

015 H 5l NIZ ' |.0l 2.16 %.03
023 H 37 N6 ¥ 0.94 2.1l 3.00

- 019 H 41 NG 1.04 2.09 2.98
02} H &% ; N3 [.00 2.14 2.10
024 H 43 NO 0.32 2.30 2,10

025 H 26 N7 0.76 2.32 287
024 H 4o NG O3 2.67 3.43
o017 H55 NI3 0.82 2.17 297

Olb H34 N6 0.76 2.20 293



TABLE &

POIDIRLE HYDROGEN RONDS

X—H----Y
ATo™M X H ATOM ATom Y DisT H-Y DIST X-Y itzé&{g

025 43S NT 2.48 A 326 A 162°
027 H 21 NS 2.6% 2.2% V&7
02% H52 NI2 2.6% 2.15 132
023 H4S NiO | 2.48 3.14 133
020 H4S NLo 2.5% 2598 133
020 H 37 N7 253 2.23% S8
029 H 49 N 259 3.2b LbS
o\7 H44 NIO | 2.39 207 (S2
OI7 H50 N2 2 43 3.4 162
o19 H47 i 2.32 3.20 141
019 H51 NI1Z 2.36 3.07 |27
024 H53 NI3 2 .64 2.29 (6%
o5 Hs0 Ni2 2.54 2o s 147
019 H54 NI3 768 G

o015 H40 N8 245 3.09 134

029 w52 N2 2.66 3.20 V40
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