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Compounds that can be viewed as offspring of a Ni(CN),
parent have long been known and many are of exceptional
interest. For example, the first inclusion compound, Hof-
mann’s benzene clathrate [Ni(CN),Ni(NHj;),]-2 C¢H, discov-
ered in 1897, is the basis of very modern phase-separation
chemistry employing open-framework zeolite-like com-
pounds based on nickel-cyanide networks.” It was therefore
initially surprising to find that the structure of Ni(CN), itself
remained unknown, especially as any chemist would be
almost certain that it would be a layered structure containing
sheets formed from vertex-sharing square-planar {Ni(CN),}
units. However, although Ni(CN), can easily be prepared by
dehydration of nickel-cyanide hydrates® and ammoniates, it
is a highly disordered crystalline solid, as is revealed by its
powder X-ray diffraction (XRD) pattern (Figure 1). Never-
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Figure 1. Powder XRD pattern of Ni(CN), at 100 K (1=1.00 A).
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theless, for such a “simple” compound, it might be expected
that, as in the cases of Mn(CN),”! and high-temperature
CuCN, the basic structure would have been solved using this
information. Indeed a superficially plausible model built from
square-planar {Ni(CN),} units linked to form sheets was
proposed by Vegas et al. However, closer inspection of their
model shows it contains implausibly short non-bonded
contacts between carbon and nitrogen atoms.

Herein we report for the first time the detailed structure
of Ni(CN),. We have used a combination of powder X-ray and
total neutron diffraction to yield accurate interatomic dis-
tances and give the stacking sequence of the sheets. We
contrast the bonding of the cyanide group to nickel in
Ni(CN), and in the related compound Ni(CN),:3/2H,0
(3/2D,0 for neutron diffraction), and we discuss the 2D
negative thermal expansion (NTE) in Ni(CN),.

Powder XRD patterns of anhydrous nickel cyanide!”! were
collected at 100 K (Figure 1) and 298 K. The patterns contain
a mixture of sharp and broad reflections, suggesting that the
material is highly disordered. These features, together with
the rather unusual and variable peak shapes, may explain why
previous attempts to solve the structure have not been
successful. The temperature-dependent behavior of the sharp
reflections revealed two different classes, and provided the
key to indexing the powder patterns. Reflections of the type
hk0 moved to higher 26 values (smaller d-spacings) on
warming the sample from 100 to 298 K, but the 00! reflections
moved in the opposite sense. These observations confirmed
our suspicion that Ni(CN), would show 2D NTE was correct.
The fact that the hkl reflections are broad suggests that there
are a large number of stacking faults present. To index all the
observed reflections, a lattice parameter ¢ that is four times
the interlayer spacing is needed, resulting in a tetragonal unit
cell (a=4.8632(4) and ¢=12.636(2) A (100K) and a=
4.8570(4) and ¢=12.801(3) A (298 K)). Assuming that the
Ni—C and Ni—N distances are equal (this assumption is shown
to be correct below), and that carbon and nitrogen are
indistinguishable, we were able to construct a structural
model in P4,/mmc that generated satisfactory C/N-to-C/N
non-bonded contacts with none shorter than 3.4 A
(Figure 2)."® The presence of stacking faults and the resulting
line broadening precluded the use of conventional Rietveld
methods for structural model refinement.

To obtain further structural information for Ni(CN),, total
neutron diffraction data were collected at 10 and 300 K and
analyzed to produce the total pair correlation function, 7(r).y,
(Figure 3). Maxima in 7(r) correspond to frequently occur-
ring interatomic distances in the compound, and, at low 7, can
often be ascribed to “chemical bonds”.'"” The peak at 1.15 A,
for example, corresponds to the C=N bond. It must be
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Figure 2. Structure of Ni(CN), showing a) one layer of vertex-sharing
Ni(CN), units with a Ni-CEN-Ni distance of 4.86 A and b) ABCBA
stacking of the layers within the unit cell leading to a layer repeat
distance of 12.80 A with an interlayer separation of 3.20 A.
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Figure 3. Experimental total pair correlation function in barns A2,
T(r)esp (crosses), and T(r)mouel (line) calculated from our model for
Ni(CN), at T0 K.

emphasized that this information is directly obtained and
independent of the structural model. Remarkably, in the
region expected for Ni—C and Ni—N bonds (1.7-2.3 A), only
one peak is found, showing that both bonds have very similar
or identical lengths of approximately 1.86 A. This result
confirms that the assumption of equality made when con-
structing the structural model was reasonable. The close
similarity of M—C and M—N bonds (to within ca. 0.03 A),
although contrary to naive chemical expectation, has pre-
viously been observed in the Group 11 cyanides, CuCN,
AgCN,!" and AuCN."™

An interesting comparison can be made with the related
hydrate, Ni(CN),-3/2H,0, the structure of which
we have recently determined using powder
XRD."' This compound contains layers con-
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Figure 4. T(r)o, of a) Ni(CN), and b) Ni(CN),-3/2D,0 (0.5-2.5 A,

300 K). The peaks in the total correlation functions are labeled with the

corresponding interatomic distances.

ated analogue, Ni(CN),:3/2D,0.[" The shoulder on the high r
side of the Ni-N peak corresponds to the Ni—O bond
(217 A).

These results suggest that the C=N group could be used in
molecular switches, as the nitrogen end of the ligand can
change its binding characteristics. In Ni(CN),-3/2H,0, the
nickel atoms in the {Ni(NC),(OH,),} unit are high spin
because nitrogen is acting as a weak-field ligand, with the
cyanide nitrogen lying between water and ammonia in the
spectrochemical series.'”! Dehydration to Ni(CN), produces
low-spin square-planar-coordinated Ni’" ions with a large
contraction in the Ni—N bond (Figure 5). In addition to the
change in interatomic distances, the operation of the switch
can also be detected in the change in magnetic properties
(paramagnetic to diamagnetic), and as a color change (from
pale-blue to yellow). The switch is easily reversible on
rehydration, adding to the possible uses of cyanide systems
arising from their interesting physical properties.!""

A great deal can be determined about the local structure
in Ni(CN), by inspection of 7(r). However, to confirm that
the structural model proposed above is correct, it is necessary
to model 7(r).'” The total pair correlation function, 7(r)meder»
calculated from our structural model for Ni(CN),, shows
excellent agreement over the range 0-10 A with the exper-
imentally derived 7(r)., (Figure3) confirming that the
structure of the sheets and relationship between neighboring
sheets have been correctly described. The feature at 3.2 A

OH, ,C

structed from linked square-planar {Ni(CN),} N ‘ °N HO C’//N N’//C
and octahedrally coordinated {Ni(lo\IC)4(OH2)2} NEC*Ni/—CENZ.OiANi/iNEC L NEC—Ni—CEIIIBfGﬁJi/—NEC
groups. The Ni—C bond (1.866(2) A) is signifi- & 1s7A H.O T 188A
cantly shorter than and easily distinguishable N’ C,//N o z N” c’

2

from the Ni—N bond (2.052(2) A). Two peaks at
1.84 A and 2.04 A, corresponding to the Ni—C
and Ni—N bonds, respectively, are clearly visible
in T(r)., (Figure 4) determined for the deuter-
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Figure 5. The cyanide group as a reversible molecular switch.
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(Figure 3) arises from the relationship between nickel atoms
and the nearest-neighbor carbon and nitrogen atoms in
adjacent sheets.

Although other models can be formed that replicate the
relationship between neighboring sheets, they fail to model
T(r)ep as r increases and cannot account for the observed
Bragg reflections, showing that they do not explain the longer
range order in the material. Interactions between next-
nearest-neighbor layers must also be important in determin-
ing the structure of Ni(CN), to produce the stacking sequence
ABCBA. However, as in many layer structures, certain
stacking faults can form easily because they do not involve
a change in nearest-neighbor interactions. The occurrence of
a large number of such stacking faults in Ni(CN), explains the
broadening of the hkl reflections in the powder XRD pattern.

The behavior of the lattice parameters of Ni(CN), as a
function of temperature was determined between 28 and
300 K (Figure 6). Cyanide systems, such as Zn(CN),!"*!% and
Cd(CN),,"! show 3D NTE over similar temperature ranges
with relatively large «, values (—16.9 and —20.4x 10 ° K,
respectively).'”) Ni(CN), however shows 2D NTE with a, =
—6.5(1) x 107 K™!, a value comparable to those found in the
more widely studied oxide systems."S! Although the large
positive expansion in a, of 61.8(3)x107®K™! results in an
increase in overall volume with temperature (a,=48.5(4) x
107 K1), this behavior is of interest as it provides a 2D model
cyanide system. A number of explanations have been
proposed to account for NTE behavior in cyanides, such as
rigid-unit modes of linked polyhedra and M—C=N—M bend-
ing motions.>'®! Corresponding motions in Ni(CN), include
in-plane rotations of the {NiC,} and {NiN,} units and rippling
of the layers. The large expansion in the ¢ lattice parameter
suggests that the latter mode is most important in causing 2D
NTE in Ni(CN),.

In summary, the dehydration reactions of nickel-cyanide
hydrates to produce Ni(CN), show molecular switching
behavior in the bonding of the bridging cyanide groups. On
dehydration, the nitrogen end of the cyanide ligand changes
from a weak-field to a strong-field ligand. This behavior
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Figure 6. The relative percentage change (A) in lattice parameters a
and ¢ and cell volume V of Ni(CN), over the range 28-300 K. The
straight lines correspond to the least-squares fits.
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manifests itself in changes in both the physical and structural
properties; in particular, the Ni—C and Ni—N bonds, which
differ by approximately 0.2 A in the hydrates, become
indistinguishable in anhydrous Ni(CN),. Remarkably, this is
the first reported structure determination of a simple layered
cyanide. Similar studies are in progress on Pd(CN), and
Pt(CN),. In addition to the interest in the structure of
Ni(CN), itself, variable-temperature diffraction studies show
that it exhibits 2D NTE behavior. Further work will involve
determining the atomic mechanism responsible for the NTE
behavior and whether the cyanide groups disorder during the
dehydration process. Cyanide group order/disorder could not
be determined in this neutron diffraction study because of the
equality of the Ni—C and Ni—N bond lengths; that is, the very
behavior that makes Ni(CN), fascinating.
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