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A quantitative analysis of the XAS spectra of the tetracyanonickelate complex [Ni(CN)4]2- has been carried out.
The simultaneous study of the EXAFS and XANES regions yielded complementary information regarding the
geometric and electronic structures of the complex. XANES spectra were modeled by applying recently developed
self-consistent, full multiple-scattering algorithms in the FEFF8 code (version 8x34). XANES spectra for clusters
of different sizes (from 9 to 125 atoms) were computed and compared with experimental spectra. This region of
the spectra was proportional to a broadened Ni p-density of states diagram above the Fermi level. Although the
main features of the XANES spectra were reasonably reproduced by computations, the weak dependence of the
theoretical spectra on cluster size contrasts with the close similarity between the experimental spectra of the solid
and solution systems. Because of the special geometry of the complex, calculations with polarized light parallel
and perpendicular to the molecular plane were carried out, yielding a reasonable reproduction of the experimental
data from another report for cluster sizes equal to or higher than 45 atoms. The highly symmetric square planar
structure of the complex was found to be responsible for the unusual amplitude of the multiple-scattering (MS)
contributions to the EXAFS spectra. Spectra in this region were fitted using the FEFFIT EXAFS analysis program,
taking into account only the MS paths that simultaneously have both a high amplitude, as calculated with the ab
initio code FEFF, and a small Debye-Waller factor, as estimated by theindependent-Vibration approximation
model. Fitting results yielded very similar structures for the Ni2+ complex in the solid state and in solution,
though the larger Debye-Waller factors found for the solid suggest higher static disorder in this state.

Introduction

Tetracyanonickelate(II) is one of the most stable Ni2+

complexes, with a high overall formation constant (logâ4 ≈
30.5). It presents a square planar structure, being stable both in
aqueous solutions and in the solid state.1 The interest in square
planar complexes of transition metals, particularly those of group
10, stems in part from their unusual electronic spectra and
electrical properties. For instance, mixed-valence Pt(CN)4

x-

complexes are the most representative one-dimensional electrical
conductors.2 The bonding structure of mononuclear cyanide
complexes is similar to that of analogous carbonyl complexes,
and can be described in terms of ligand to metal charge donation
throughσ bonds and metal to ligandπ back-bonding.3 Never-
theless, such a qualitative molecular picture cannot explain the
singular electrical properties of the polynuclear complexes;
instead detailed electronic structure calculations are required.

Concerning the geometry of these systems, the crystal
structures have been determined for potassium, cesium, barium,

sodium, strontium, and pyridinium anhydrous and partially
hydrated salts.4 Although the electronic spectra point to the
existence of a symmetric complex in aqueous solution,5

heretofore there has been no direct information concerning the
structure of the dissolved species. Moreover, the geometric
structure seems to be strongly affected by the degree of
hydration, so that a given complex might show different
structures depending upon the number of crystallization water
molecules. For this reason, it would be of interest to obtain
structural information from these type of systems with various
degrees of hydration. The existence of rigid structures with
strong M-C and C-N bonds makes them good candidates to
be studied by X-ray absorption spectroscopies, which could
provide both the electronic and geometric structures of the
anhydrous solid-state salts and of the dissolved species.

The X-ray absorption spectrum of the powdered potassium
salt was first obtained more than 20 years ago,6 but the resolution
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of this spectrum was very poor because it was not recorded at
a synchrotron source. Further measurements of the XANES
region,7-9 at the Photon Factory (KEK, Tsukuba, Japan), with
polarized light yielded better resolution, revealing a peculiar
shape with an intense preedge peak, not usual for centrosym-
metric systems. Concerning the EXAFS region, these highly
symmetric and very stable complexes with two-atom ligands
each show an amplitude of the second peak in the Fourier
transform (FT) as high as that of the first peak, as observed for
systems containing this complex10 or the mercury11 and iron12

cyanides [Hg(CN)2], [Fe(CN)6]3-, and [Fe(CN)6].4- Similarly,
for the EXAFS spectra of molybdenum,13 [Mo(CO)6], iron,14

Na2[Fe(CO)4], and rhodium,15 [Rh(CO)2Cl2], carbonyls, the
amplitude of the second peak in each FT is even higher than
that of the first.

The peculiar features in the edge region and the extremely
high amplitude of the second peak of the FT of each EXAFS
spectrum point to the need for using a multiple-scattering (MS)
approach in a quantitative analysis of the XAS spectra of
[Ni(CN)4]2- units. Although they are among the best examples
to show the relevance of multiple-scattering contributions, for
only two of the above-mentioned systems were attempts made
to take MS contributions into account.10,14 Recently, several
approaches were made to this problem, and several packages
are now available that take into account MS contributions in
the analysis of the EXAFS functions.16-18 This type of approach
is not used as often as desired, probably because it requires
additional strategies to reduce the high number of free param-
eters appearing with the inclusion of a large number of paths.

Herewith we present a refined quantitative analysis of the
XANES and EXAFS spectra of the tetracyanonickelate(II)
complex, which yield complementary information. Although MS
contributions were taken into account to fit the EXAFS region,
only four paths were considered in the analysis of this region,
which yielded detailed information about the geometry of the
complex both in the solid state and in solution. The study of
the XANES region yielded information about the electronic
structure of this system, i.e., the Fermi level energy and a density
of states diagram. The simultaneous quantitative analysis of the
two regions allowed a comparison of the structural information
provided by both. For instance, it provided an answer to the
question of whether both regions show the same sensitivity to
long range order or to static disorder.

Methods

Experimental Details. K2[Ni(CN)4] was obtained from Sigma-
Aldrich. This compound is very sensitive to humidity, undergoing
changes in the number of crystallization water molecules and, con-
comitantly, some physical properties such as color after exposure to

moisture. For this reason, two spectra of the solid compound were
recorded, the first one for a sample as received and the other for a
sample after being dried overnight at 110°C. No differences were
observed between the spectra.

The X-ray absorption spectra of the Ni K edge (8333 eV) of the
K2[Ni(CN)4] complex in the solid state and in a 0.1maqueous solution
were recorded at Station BL 10B of the Photon Factory National
Laboratory for High Energy Physics, KEK. All measurements were
carried out at room temperature in the transmission mode using a high-
resolution Si(311) channel cut monochromator. A 17 cm long ion
chamber filled with N2(g) was used to monitor the incoming beam,
and a 31 cm long ion chamber filled with a 75% N2(g)-25% Ar(g)
mixture was used to monitor the transmitted beam. Energy calibration
was carried out with a copper foil. For the K-edge spectrum of this
metal, the first inflection point was reported to appear at 8979 eV and
the small, well-resolved peak at the edge, which is used as a reference,
to appear 2.3 eV above. The ring energy was 2.5 GeV and the ring
current 300 mA. Each data point was collected for 1 s, and several
scans were averaged to improve statistical quality. To measure the solid
compound, the appropriate amount of complex to bring the total
absorbance toµx ) 2.5 was mounted onto a self-supporting sample
holder. The aqueous solution was measured in a variable path length
cell,19 which was necessary for optimization of the absorption edge
jump, being the depth of the liquid vein, 3.5 mm.

Computations. Full multiple-scattering (FMS) calculations were
carried out to reproduce the XANES region using self-consistent muffin-
tin potentials and the real-space multiple-scattering (RSMS) formalism
of the FEFF8 code, as described in ref 18. This procedure is based on
Green’s function multiple-scattering calculations in the complex energy
plane, rather than on the use of wave functions or molecular orbitals.
The self-consistent-field (SCF) procedure yields an ab initio calculation
of the electronic structure, including the threshold of Fermi energy and
the electron energy distribution (i.e., the angular momentum projected
local density of states or LDOS) in the cluster. This approach thereby
increases the first-principles character of XAS calculations and their
interpretation as it permits simultaneous calculations of both LDOS
and XANES, as well as charge-transfer and other chemical effects in
XANES. The calculations here were carried out with the experimental
version x34 of FEFF8, which is essentially equivalent to the release
version. Several energy-dependent exchange correlation potentials were
tested, and the default Hedin-Lundqvist model appeared to be the best
for the system here studied. The FEFF8 code gains efficiency by
permitting FMS calculations within a small sphere of radius “rfms”
and uses a high-order MS path expansion outside that sphere. To make
possible the reproduction of the XANES calculations, a sample FEFF
input file is included as Supporting Information in Table 1S.

To isolate the EXAFS wave, standard procedures were used to
perform background removal.20 Normalization was carried out by
division by the edge step. In a first approach, the edge energy was
chosen as the maximum in the first derivative in the main rise of the
absorption spectrum. To analyze the EXAFS spectra of the complex
in the solid state and in aqueous solutions, a path analysis was used
(rfms ) 0). As a first step, a calculation of the contribution to the
EXAFS signal of each important scattering path, either single- or
multiple-scattering (SS or MS) paths, was performed with FEFF8x34.
Initially the mean square displacementsσ2 were set to zero for all paths,
and the amplitude reduction factorSo

2 was set equal to 1. Also, the
default plane wave amplitude filter equal to 2.5% and a curved wave
amplitude filter equal to 4.0% of the amplitude of the first single
scattering path were used, as in FEFF7. The EXAFS signals calculated
for the MS paths thus obtained were used to fit the experimental spectra
by employing the XAFS analysis program FEFFIT.21 To minimize the
number of free parameters used during the fitting procedure, an
“independent vibration approximation” model22 was used to define the
values ofσ2 for the MS paths as a function of those from SS paths.
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This model has been applied successfully to other systems.23,24Sample
FEFF and FEEFIT input and output files similar to those used in the
EXAFS analysis are included as Supporting Information in Tables IIS-
IVS.

Results and Discussion

XANES Spectra.Figure 1a shows the XANES region of the
X-ray absorption spectra of K2[Ni(CN)4] in the solid state and
in aqueous solution. Both spectra are quite similar, but some
slight differences between them can be observed. The main
difference is the clear shoulder in the edge step for the solid
compound, which for the dissolved system broadens to a change
in slope. Moreover, the main peak after the edge is sharper for
the solid system. The close similarity between solid and solution
systems, already observed in mercury11 and thallium25 cyano
complexes, [Hg(CN)2] and [Tl(CN)4]-, and in yttrium thiocy-
anate26 complexes, points to the fact that the multiple-scattering
resonances that contribute most significantly to this region of
the spectrum are mainly due to atoms within the well-defined
molecular complex, which in this case is formed by 9 atoms.
Nevertheless there should be nonnegligible effects due to factors
in the environment of this complex: (a) electronic factors and
(b) scattering factors as well as disorder. The first set of factors
account for changes induced in the electron distribution of the
basic units by the interactions with the environment of the
condensed phase. The second take into account the increased
number of scattering paths appearing in larger clusters, together
with the damping effects of disorder.

To investigate cluster size effects on XANES spectra, several
calculations were performed with an increasing number of atoms
using the atomic coordinates of the crystalline anhydrous system.
The values reported from XRD measurements for Ni-C
distances are 1.84 and 1.90 Å, while the corresponding Ni-N
bond distances are 2.95 and 3.04 Å.4a These calculations start
with the basic 9-atom ensemble of [Ni(CN)4]2- and then increase
the number of additional shells up to 125 atoms. Figure 1b
shows the calculated XANES spectra for the various clusters
after the Fermi level is shifted down 1 eV (to correct the slightly
high FEFF8 estimate) and a reduction in the line broadening of
0.1 eV is applied. (A typical input file for these calculations
appears in Table IS.) Remarkably, even the smallest 9-atom
cluster roughly reproduces the main features of the spectrum.
Although there is an improvement for larger cluster sizes, some
of the features, such as the intensity of the sharp preedge peak,
are not adequately reproduced even for the 125-atom cluster.
Moreover, the variations of the spectra with cluster size show
that the preedge region does not converge monotonically with
size; however the features do systematically sharpen with
increasing size. Additionally, the appearance of a clear shoulder
in the main rise and a decrease in the intensity of the broad
resonance at about 8370 eV are observed as the cluster size
increases. The spectra calculated for cluster sizes equal to or
larger than 78 atoms do not show significant changes, and thus
LDOS and polarization-dependent calculations were made for
clusters up to this size.

It should be noted that the so-called preedge peak and the
shoulder in the step are more sensitive to the “small-cluster”
size considered in the full multiple-scattering computations
(defined by the cluster radius “rfms” in FEFF8) than to the
whole-cluster size. This is the reason for the split appearing in
the preedge peak of the spectrum calculated for the 45-atom
cluster, not seen for smaller clusters and appearing as a shoulder
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Figure 1. (a) XANES region of the Ni K-edge X-ray absorption spectra
of K2[Ni(CN)4] in the solid state and in a 0.1m aqueous solution. (b)
Full multiple-scattering calculation of the XANES spectra for a system
with the atomic coordinates of crystalline K2[Ni(CN)4], for clusters with
increasing numbers of atoms: 9, 21, 45, 78, 95, and 125 (solid lines).
The dashed line shows similar calculation for the 9-atom symmetric
cluster.
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for the 78-atom cluster. The other features appearing in the
XANES region are not affected significantly by this size. To
investigate the effect of disorder, an additional calculation was
made for the fully symmetric 9-atom structure, with averaged
distances for Ni-C and Ni-N coordination shells. The result
has been included in Figure 1b as well. It is seen that the disorder
causes a shift in the main peaks of the spectrum but does not
cause changes in the intensity ratio of the peaks or in the
appearance of new features. As will be discussed later, the
EXAFS region seems to be more sensitive to this type of
structural disorder.

When discussing the effect of the cluster size, it is important
to remember the remarkable similarity between the solid and
the liquid samples. By examining Figure 1a, one would infer
that the most significant scattering contributions are those
occurring within essentially rigid 9-atom [Ni(CN)4]2- units.
Analyzing the spectroscopic features in terms of nuclear and
electronic structures, we infer that, from the viewpoint of the
central Ni atoms, the closer environment in aqueous solutions
is very similar to the environment within the solid (i.e., four
cyanide ligands strongly bonded) but locally even more ordered
due to the relaxation of crystalline packing restrictions. In this
sense, the local structure of the solution is more ordered than
that of the solid, which is just the converse of the usual picture.
Second-order perturbations due to specific and bulk solvent
interactions can certainly affect the electronic and nuclear
distributions of the anion complex, but it seems unlikely that
they could cause changes similar to those produced by the
environment present in the solid because, in this phase,
counterions and other units of tetracyanonickelate replace the
solvent molecules.

We were interested in the relative importance of MS paths
in the XANES region. Using the FMS approach, it was possible
to define a cutoff radius such that only MS paths with total
path lengths smaller than 2rc (“rclus2” in FEFF8) were
considered. When only carbon atoms were taken into account
(rc ) 2.0 Å), the XANES spectrum was rather different from
that including carbon and nitrogen atoms. The two main peaks
merged into one peaking at an intermediate value; however,
the so-called preedge peak was retained showing a higher
intensity. A similar behavior was reported by Bianconi et al. in
a study of iron hexacyanide complexes.12

The special symmetry of the system, both within the
molecular plane and within the packing in the crystal, produces
polarization-sensitive spectra.7-9 To check the capabilities of
the FEFF code in this field, calculations of the spectra withX-,
Y-, andZ-polarized light were performed for increasing cluster
sizes. The corresponding plots are included in Figure 2 (for the
sake of simplicity,Y-polarized spectra, which are very similar
to X-polarized ones, are not included).X andYaxes are defined
to be in the molecular plane matching molecular bonds.X axis
corresponds to the shorter bond distances. TheZ axis is defined
by the chain of nickel atoms perpendicular to the molecular
plane.

TheX-polarized spectra, which are rather insensitive to cluster
size, show the strongest modulation and are quite similar to the
experimental spectra included in Figure 1a of ref 9. The
Z-polarized spectrum calculated for a 9-atom cluster is very
similar to that calculated for the 13-atom cluster of iron
hexacyanide complexes,12 but it fails to reproduce the sharp
feature experimentally observed below the main rise (b1).
Although having weaker intensity, this feature is clearly visible
for cluster sizes equal to or larger than 21 atoms. Higher cluster

sizes (45 atoms) are required to adequately reproduce features
b2 and c after the edge.7-9

Figure 3 includes comparative plots of the XANES spectrum
calculated for the 78-atom cluster and of the Ni p-density of
states, calculated on the basis of the fully relaxed core hole for
the final state, which show that the XANES spectrum is
proportional to a broadened p-DOS above the Fermi energy.
As shown in this figure as well, the Fermi level, calculated by
the SCF method, appears 10.4 eV below the initial estimate as
the maximum in the first derivative of the main rise. It was
found to lie in the middle of the band gap in the density of
states diagram, a situation similar to that found in other insulator
systems, such as BN and PbTiO3.18 The threshold thus found
lies approximately 1 eV below the so-called “preedge peak”
and well below the middle point of the main rise. In this context,
a better definition of the preedge peak would be “a sharp feature
within the edge structure”.

EXAFS Spectra. Figure 4a shows the magnitudes of the
phase-corrected Fourier transforms (k3; ∆k ) 3.1-13 Å-1) of
the raw EXAFS spectra of the solid and solution systems. (Raw
data have been included as Supporting Information in Figure
S1a.) Two peaks of similar intensities, centered at approximately
1.8 and 3.0 Å, appear in both Fourier transforms. On the basis
of the most probable structure of the complex, these peaks can
be attributed unambiguously to the dominant Ni-C and Ni-N
contributions. The amplitude of the second peak in the FT is

Figure 2. Computed XANES spectra of the 9-, 21-, 45-, and 78-atom
clusters forZ-polarized light (dashed lines) andX-polarized light (solid
lines).X andY axes match Ni-C-N bonds; theZ axis matches Ni-
Ni bonds perpendicular to the molecular plane.
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strikingly high. Indeed, if one takes into accountonly single-
scattering (SS) contributions, the amplitude of this contribution
should be quite small (see Figure 4c). Since this is not the case,
multiple-scattering (MS) contributions must play an important
role in this system. Another unusual feature in this plot is the
higher amplitude of the signal corresponding to the solution
compared to that of the solid. Due to the typically higher
dynamic disorder of the liquid state, the effect on peak
amplitudes observed in most cases is just the opposite.26

The geometry around the Ni sites, as published from XRD
data,4awas used for the calculations of the MS path contributions
employing the FEFF8 code, yielding 16 scattering paths. This
number was reduced to 8 when a calculation was performed
using the geometry of the symmetric square planar complex
obtained by averaging the values of the crystalline anhydrous
potassium salt, i.e., Ni-C bond distance at 1.870 Å and Ni-N
at 2.994 Å. Since there was no significant difference in the
results or in the quality of the fit when the averaged or the split
structure was used, as already observed by other authors for
inclusion compounds containing the [Ni(CN)4]2- units,10 the
averaged structure was employed in all subsequent calculations,
using the eight scattering paths shown in Scheme 1. Paths 1
and 2 correspond to SS contributions of the first and second
coordination shells, whereas paths 3 and 4, which have
remarkably high amplitudes, correspond to three- and four-
legged forward-focused linear paths. This focusing effect has
been observed in many other systems having aligned atoms.26-31

In contrast, paths 5 and 8 have smaller amplitudes.
The Debye-Waller factors of the MS paths were obtained,

as described above, with the aid of the independent-vibration
model.22 In this way, Debye-Waller factors,σ2, for paths 3-8

were defined as functions of the Debye-Waller factors for paths
1 and 2, the only exception being the case of triangular path 5,

(27) Kuzmin, A.; Purans, J.; Parent, Ph.Physica B1995, 208-209, 45.
(28) O’Day, P. A.; Rehr, J. J.; Zabinsky, S. I.; Brown, G. E.J. Am. Chem.
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Dalton Trans.1999, 2405.
(31) Ressler, T.; Brock, S. L.; Wong, J.; Suib, S. L.J. Phys. Chem. B1999,

103, 6407.

Figure 3. Computed XANES spectrum for the 78-atom cluster (solid
line) and a Ni p-density of states diagram (dashed line).

Figure 4. (a) k3, phase-shift-corrected Fourier transforms of the raw
EXAFS data for K2[Ni(CN)4] in the solid state (solid line) and in a 0.1
m aqueous solution (dashed line). (b) Raw EXAFS data (solid line),
data best-fit with parameters included in Table 1 (dashed line), and
data best-fit with single-scattering contributions only (dotted line) for
the dissolved species [Ni(CN)4]2-. (c) Phase-shift-corrected Fourier
transforms of the spectra included in Figure 4b.
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which has a different and higher value ofσ2. The definitions
for the mean square displacements of the paths are as follows:

The only requirement to be fulfilled in eq 1, is that the Ni, C,
and N atoms be aligned. Equation 2 is applicable in the limit
of medium to high temperatures, and eq 3 is always fulfilled,
since it only takes into account the definition ofσ2.23

Alternatively, DW factors were obtained from the Debye-
correlated model, by fitting the Debye temperature, which turned
out to be 1621 K. This strikingly high value could be related to
the C-N triple bonds. The values of DW factors obtained for
SS and MS paths using this model were very similar to those
obtained using the independent-vibration model.

In a preliminary analysis, the obtained value for the Debye-
Waller factor of triangular path5, σ2

5, was very high, which
rendered the amplitude of its EXAFS contribution very small,
as observed in other systems.26-30 Although the amplitudes of
paths6-8 in principle were not negligible and, in fact, these
types of paths are relevant in symmetric complexes showing
only one coordination shell, such as hexahydrates24 and tetra-
halides,30 in the present system these amplitudes were irrelevant
when compared to those of paths1-4. Thus, during the final
fitting procedure, only paths1-4 were considered. The ampli-
tude reduction factorS0

2 was set equal to 1 for both systems.
In this way, onlyfiVe free parametersneed to be considered:
the inner potential correction∆E0, the Debye-Waller factors
for paths1 and2, σ2

1 andσ2
2, and the respective interatomic

distances for the Ni-C and Ni-N contributions.
The parameters obtained for the best fits of the solid and

liquid systems are given in Table 1. As seen there, good fits
are obtained with closely similar sets of parameters, the main
difference being the slightly higher values ofσ2 obtained for

the solid system. The values obtained for the Ni-N distances
are slightly larger than those of the initial structure (3.03 vs
2.99 Å), but no significant changes (less than 0.01 Å) in the
Ni-C distances compared to the starting values were observed.
These values are very similar to those obtained for related
systems,10 in which 1.86 Å was obtained for the Ni-C bond
distances and 3.01 Å for the Ni-N distances.

Comparative plots of experimental EXAFS spectra for the
dissolved species and of the spectra calculated with and without
multiple-scattering contributions are shown in Figure 4b, while
the corresponding magnitude and imaginary part of the phase-
corrected Fourier transform appear in Figure 4c. Fairly good
reproductions of the first peak of the Fourier transform can be
achieved with and without MS contributions. In contrast, the
second peak cannot be reproduced unless multiple-scattering
contributions are taken into account. The need for the inclusion
of multiple-scattering contributions is clear through the entire
k range (see Figure 4b).

Comparison of the magnitudes for the FT’s of paths1-4
calculated for the liquid system indicates that the main contribu-
tions to the second peak in the experimental FT arise from
focusing MS paths. Even more, taking into account the
amplitude of each of these paths, the intensity of the second
peak in the experimental FT might be expected to be even
higher. But the EXAFS functions calculated for path2 (SS Ni-
N) and for path4 (three-legged MS Ni-N) are opposite in phase
and thus partially cancel each other. (See Figure S1b,c in the
Supporting Information.)

Although small differences (within the limits of accuracy)
have been found between the values of Debye-Waller factors
for the solid and dissolved systems, they are large enough to
make the amplitude of the FT for the solid smaller than that of
the FT for the dissolved species. This can be related to the
above-mentioned split in the structures of [Ni(CN)4]2- units,
which depend on the degree of hydration, the countercation,
and the type of configuration adopted, i.e., eclipsed or staggered,
which in turn determines the Ni-Ni distances (see Table 2).
For the anhydrous potassium salt, the split in distances within
the first and second coordination shells,∆R(Ni-C) ) 0.06 Å
and∆R(Ni-N) ) 0.09 Å, introduces a high “static” disorder,

Scheme 1.More Intense Scattering Paths Indicating the
Values of Relative Amplitudes for Zero Debye-Waller
Factors

σ2(Ni-C)1 ) σ2
1 σ2(Ni-N)2 ) σ2

2

σ2(Ni-C-C)5 ) σ2
5

σ2(Ni-N-C)3 ) σ2(Ni-C-N-C)4 ) σ2
2 (1)

σ2(Ni-C-C)6 ) σ2(Ni-C-Ni-C)7 = 2σ2
1 (2)

σ2(Ni-C-Ni-C)8 ) 4σ2
1 (3)

Table 1. Best-Fit Parameters Obtained in the Analysis of the
EXAFS Spectra of Solid K2[Ni(CN)4] and the Dissolved System
(0.1 m Aqueous Solution)a

solution solid

∆E0, eV 7.9( 1.5 5.9( 1.2
σ1

2(Ni-C), Å2 0.0040( 0.001 0.0045( 0.0007
σ2

2(Ni-N), Å2 0.0055( 0.001 0.0057( 0.0006
R(Ni-C), Å 1.862( 0.010 1.861( 0.008
R(Ni-N), Å 3.03( 0.011 3.03( 0.011
R factor 0.08 0.11
ø2 3825 5063
øν

2 297 300

a ∆R ) 1.0-3.5 Å; ∆k ) 3.0-13.0 Å-1; k3.

Table 2. Structural Parameters for Systems Containing [Ni(CN)4]2-

Units (from Ref 4)

compound
∆R(Ni-C),

Å
∆R(Ni-N),

Å
R(Ni-Ni),

Å
rotation,

deg

K2[Ni(CN)4] 0.06 0.09 4.3 0
CsK[Ni(CN)4] 0.04 0.05 4.3 35
Ba[Ni(CN)4]‚4H2O 0.002 0.02 3.36 45
Sr[Ni(CN)4] 0.0 0.0 8.31
(C7H8N)2[Ni(CN)4] 0.0 0.0 8.3 not chain
(C6H7N)2[Ni(CN)4] 0.02 0.0 not chain
(C7H9N)2[Ni(CN)4]‚3H2O 0.04 0.03 not chain
aqueous solution 0.0 0.0
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which is responsible for the observed decrease in amplitude in
its EXAFS spectrum. In contrast, for the solution system, in
which there are no packing restrictions, the most stable species
seems to be the perfectly symmetric square planar complex.
When the solid-state spectrum is fit withoneshell for Ni-C
and one shell for Ni-N contributions, the higher DW factor
observed accounts for this “static” disorder, overcoming the
higher dynamic disorder expected in the liquid system.

Concluding Remarks

Although a reasonable reproduction of the XANES region
of solid-state spectra has been obtained for a cluster formed by
the basic [Ni(CN)4]2- unit (9 atoms) and a significant number
of shells around it (ca.70 atoms or more), the most striking
feature of this region of the absorption spectra is the close
similarity between the solid and solution systems, where the
only well-defined entities are [Ni(CN)4]2- units. This similarity
brings into question the presumed sensitivity of XANES to long-
range order and the usual approach in XANES investigations,
in which a monotonic improvement in the reproduction of
XANES spectra is associated with increasing cluster size. This
leads one to wonder whether the standard approach for the study
of XANES spectra, based on uniform convergence with cluster
size,32-34 is indeed the correct one or rather whether convergence
may be slowed by significant fluctuations. To gain deeper insight
into this open question, two lines of research should be
undertaken and probably combined. The first one involves the
inspection and refinement of the methodological approach used
to compute the XANES spectra. The second involves statistical
simulations to obtain a reasonable description of the solvation
environment of these basic units35 and then to compute the

XANES spectrum with this more complete structure of the
dissolved species.

A simple procedure has been proposed to handle the
resolution of an EXAFS spectrum in which the major contribu-
tions arise from multiple-scattering terms: the amplitudes of
the paths initially calculated with FEFF are estimated by
determining the mean square displacement for MS with the aid
of a simple model, and those irrelevant can be discarded. In
this way, the total number of significant paths of this system, a
paradigm of MS contributions, is reduced to 2 SS+ 2 MS.
The same values for Ni-C (1.86 Å) and NisN (3.03 Å)
coordination distances were obtained for the solid-state and
solution complexes. The split in Ni-C and Ni-N distances,
similar to that observed in other solid systems including
[Ni(CN)4]2- units, although not resolved in the EXAFS
spectrum, produces a static disorder that yields higher DW
factors for the solid-state complex.
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