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ZINDO semiempirical calculations on the Ni(CN)4
2- ion were performed, and ground-state energies for all 41 valence-

orbital-based MOs and orbital transition components of the two lowest energy fully allowed electronic transitions
are reported. Gaussian 94 was used to calculate ground-state energies as a comparison. The ground-state energies
using ZINDO compare much more favorably with those found through ab initio techniques than with those from a
reported INDO calculation. The found electronic transitions agree substantially with earlier assignments with the
exception that several orbital transitions are required to adequately model the lowest energy allowed x,y-polarized
experimental transition. Calculation parameters were optimized to give excellent agreement with experiment and
may serve well for more complex arrangements of this ion.

Introduction

The tetracyanonickelate ion has generated a great deal of
interest over several decades on its own1-11 as well as from
being a member of one-dimensional solid-state systems
which are of interest with regard to one-dimensional
conductivity.12-14 Recent interest in this complex includes
cocrystallization with tris(ethylenediamine)nickel(II)15 and
Fe(methylpyridine),16 one-dimensional ladder structures,17

simple modeling for more complex systems such as substi-
tuted phthalocyanines which are used in photovoltaic de-
vices,18 and applications as tumor imaging agents.19 The
planar tetracyanometalates are most notable for the dramatic
red-shifting and intensity increase of the prominent low-
energy charge-transfer transitions, A1g f A2u (a1g (dz2) f
a2u (pz, π*)) and A1g f Eu (eg (dxz, dyz) f a2u (pz, π*)), when
the planes are subjected to external pressure20-22 or when
cocrystallized with various cations to give closer planar
stacking.6,23-25 They also have interesting electrical proper-
ties.7,26,27Our eventual goal is to model the spectral perturba-
tions in aggregates of these complexes.

Numerous studies of the electronic structure of the single
Ni(CN)4

2- ion have been reported, including a molecular
orbital study,2 several ab initio calculations,5,28,29and an early
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semiempirical calculation.30 Because aggregations of such
complexes are difficult to study with ab initio techniques, it
seems reasonable to attempt the modeling with an ap-
proximation technique such as ZINDO, the improved semi-
empirical INDO calculation developed by Zerner and oth-
ers.31 The more complex porphyrins32 and phthalocya-
nines33,34 have been modeled successfully by this method.
No treatment of Ni(CN)42- using the ZINDO technique has
appeared to our knowledge, and it thus seems reasonable to
study this ion carefully using ZINDO, with the objective of
determining the parameters which give the best fit to
experimental spectra for the two transitions of interest before
attempting to study aggregated systems.

In 1963, Perumareddi et al.1 studied several metal cyanides
including Ni(CN)42- but did not assign charge transitions
specifically. Gray and Ballhausen2 proposed a ligand orbital
scheme for square-planar complexes containing unsaturated
ligands, and in 1968, Mason and Gray interpreted a
Ni(CN)4

2- spectrum in confirmation of this scheme.35 The
lowest energy allowed transition was assigned as an A1g f
A2u (a1g (dz2) f a2u (pz, π*)) transition (allowed with the
electric vector aligned perpendicular to the molecular plane
(“z-polarized”)), and the next lowest energy transition as A1g

f Eu (eg (dxz, dyz) f a2u (pz, π*)) (allowed parallel to the
molecular plane (“x,y-polarized”)). Through MCD (magnetic
circular dichroism) spectra of K2Ni(CN)4 in solution, Stephens
et al.36 confirmed the assignments of the A1g f A2u and A1g

f Eu transitions. Polarized absorption spectra of various
forms of Ni(CN)42- were reported by Ballhausen et al.6,37

Their 1965 paper37 reported on several salts of Ni(CN)4
2-,

all of which were perturbed by the crystal structures. In their
1973 paper,6 they reported a polarized absorption liquid
helium study of tetrabutylammonium tetracyanonickelate
which showed remarkable resolution of transitions and
basically confirmed the major two transitions’ polarization
assignments of earlier work. In addition, evidence of spin-
orbit coupled states was apparently made prominent at this
low temperature where it had been difficult to see at even
slightly higher temperatures. The crystal structure of the thin
films studied, however, was not identified either in the paper
or in a more detailed report.38 A few years later, our
laboratory experimentally found polarizations of these transi-
tions via specular reflectance spectroscopy on the CsK salt
of Ni(CN)4

2-,39 whose structure placed the Ni-Ni distance
at 4.20 Å, and the spectra showed essentially no solid-state
perturbation. We found that the lowest energy allowed

electronic transition was indeedz-polarized and the next
lowest was x,y-polarized. Some years later, we found
experimentally some anomalous behavior of the lowest
energy in-plane transitions in solid-state mixed Ba[Ni(CN)4]x

[Pt(CN)4]1-x‚4H2O.40 We suggested that the lowest energy
Ni transition appeared to be due to a b2g(dxy) f eu(px, py,
π*) orbital transition. Mason41 pointed out that MCD data
still strongly pointed to the original assignment in the single
molecule but that there seemed to be no obvious explanation
for our reported solid-state results. Very recently, an ad-
ditional interpretation of Ni(CN)42- spectra appeared,11 but
it focuses on the d-d and spin-forbidden transitions that are
not within the scope of this paper. This paper serves as a
foundation for theoretical study of the solid-state spectral
perturbations in Ni(CN)42- systems and reports our use of
ZINDO to calculate the ground-state energies and electronic
transitions for Ni(CN)42- and Gaussian 9442 to calculate
ground-state energies for Ni(CN)4

2- as a comparison.

Method

Ab Initio Calculations. Because we want to compare the orbital
calculations from ZINDO with those of more complex ab initio
calculations, we performed Gaussian 94 calculations42 to update
earlier ab initio calculations.5,28,29 We performed an all-electron
geometry optimization of Ni(CN)4

2- constrained toD4h symmetry
at the MP2 level of theory with a 6-311+G basis set (including
diffuse functions on all atoms, for a total of 187 basis functions
and 318 primitive Gaussians). The two degrees of freedom in the
calculation were given initial values ofd(Ni-C) ) 1.86 Å and
d(C-N) ) 1.15 Å identical to the values chosen by Demuynck et
al.5 and Sano29 for their static calculations.

Semiempirical Calculations. Both ground-state energies and
allowed electronic transitions were calculated using the Zerner-
modified semiempirical INDO (Intermediate Neglect of Differential
Overlap) method known as ZINDO.31 The version of ZINDO we
use here is contained in the CAChe suite of programs from Fujitsu.43

The program is also available from Accelrys44 and Hypercube, Inc.45

It has been very successful in interpreting the electronic structures
of a wide variety of organometallic molecules, including ferrocene46

and porphryins.32 The CAChe implementation of ZINDO has been
used recently by Gouterman et al. on a substituted porphyrin47 and
by Stillman and Mack on phthalocyanines.48 Because the ZINDO
technique is semiempirical, the calculation parameters typically need
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to be optimized in order for the calculated electronic spectrum to
match the experimental spectrum as closely as possible. This paper
will include the method of parameter selection for Ni(CN)4

2-.
The CAChe implementation of ZINDO includes default values

for numerous parameters. The parameters most commonly adjusted
in transition metal complexes are the resonance integrals for the
central metal,âs, âp, andâd.49 âs andâp are set equal (“âsp”) and
represent the amount of interaction between s and p orbitals on the
metal and those on adjacent ligand atoms. Theâd values represent
interaction of the metal d orbitals with ligands. Values ofâsp for
Ni have ranged from-149 to -32,50,51 and values ofâd for Ni
have ranged from-2943 to -45.49 Values which are more negative
represent a greater interaction between the corresponding metal
orbital(s) and the ligand orbitals. The values of theâsp and âd

parameters suitable for the single molecule were determined by
closest agreement of the resulting calculated electronic absorption
spectrum with experiment. The same method was used for
determining the most appropriate level of configuration interaction
(CI).

The CI level in this case affected only the state transitions and
not the individual orbital energies or wave functions. The ZINDO
CI in CAChe is a monoexcited CI (i.e., includes only single
excitations or singly excited determinants). According to Brillouin’s
theorem, single excitations do not mix directly with the Hartree-
Fock approximation to the ground state, and their contribution to
the correlation energy is zero. Because we are determining
appropriate parameters on the basis of best spectral matching and
we are presenting orbital energy and wave function results before
the transition energy results, we simply report at this point that the
most suitable CI level was found to be 10. The details leading to
this choice will be presented in the state transition section of this
paper. We list the ZINDO parameters used in the Supporting
Information (SI), Table S-1.

The molecular structure used was an issue, but, as shown later,
was not a major issue. Crystal structures containing tetracyanon-
ickelate ions have slight variations fromD4h symmetry.4,8,10,15,16,52-55

The advantage of using a “real” structure as opposed to an idealized
(exactly D4h) structure would be a more realistic basis for the
calculation. A disadvantage is that symmetry relationships such as
degenerate orbitals would not be evident. In our experience, we
found an additional disadvantage to the use of a real structure: the
optimum degree of configuration interaction (CI) happens to be
available only with the ideal structure. We will describe this in
greater detail when discussing the procedure for configuration
interaction optimization. We chose as an ideal structure a square
plane with bond distances equal to the average values in Ba[Ni-
(CN)4]‚4H2O:53 d(Ni-C) ) 1.860 Å, d(C-N) ) 1.154 Å,
Table S-2.

In using experimental spectra as a measure of the accuracy of
the calculations, an appropriate spectrum must be used. The solution
spectrum of Ni(CN)42- would be a logical choice, but it has
additional transitions in the region of interest besides those of
primary interest, such as vibronic components39 and a peak

apparently due to spin-orbit coupling.56 Additionally, peak broad-
ening due to collision with solvent molecules is an added complica-
tion. A better candidate is our polarized absorption spectrum of an
unperturbed Ni(CN)42- salt,39 which allows the separation ofx,y-
polarized peaks fromz-polarized ones. (Another advantage is that
solvent effects are also eliminated, but minor perturbations from
adjacent planes and ions may have replaced the solvent effects
because the peaks have very similar shapes.) Thex,y-polarized and
z-polarized absorptions of CsK[Ni(CN)4] are reproduced along with
the solution spectrum in Figure 1. It is clear that the prominent
peak labeled A is allowedz and appears to be the lowest energy
A1g f A2u transition, and peak B is allowedx,y and appears to be
an A1g f Eu transition; these are the two transitions of interest
here. The additional peaks that appear under the envelope of the
solution spectrum are C, which may be the symmetry-forbidden
charge-transfer transition 2b1g f 4a2u,36 D, which may be a result
of spin-orbit coupling derived from the A1g f A2u transition in
peak B,56 and E and F, vibrational components of peak A.39 Because
ZINDO calculations model only orbitally allowed transitions,
provide transition intensities for only spin-allowed transitions, and
do not consider spin-orbit coupling, we will compare the calculated
transitions with the pure orbitally allowed singlet-singlet transitions
represented by peaks A and B in Figure 1.

Results and Discussion

Ab Initio Ground-State Calculations. The results of the
calculation which, to our knowledge, represent the first
published geometry optimization of Ni(CN)4

2- are the
following: d(Ni-C) ) 1.840 Å, d(C-N) ) 1.208 Å;
E(RHF)) -1875.89021732 au;E(MP2)) -1877.1426502
au. Our optimized bond lengths agree to within a few
hundredths of one angstrom with the experimental values
cited in the early ab initio papers5,29 and further validate our
choice of ab initio method and basis set. The energies of
selected orbitals around the Fermi level are shown in the
left half of Figure 2. The energies of the filled orbitals are
similar to previous reports of ab initio calculations5,28,29which
were LCAO-MO-SCF calculations using Gaussian basis sets,
but the virtual orbitals are somewhat lower than the one case
where virtual orbitals had been reported.5 A complete list of
the energies of 187 orbitals is given in the SI, Table S-3.
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Figure 1. Polarized absorbance spectra of CsK[Ni(CN)4]39 compared with
the solution spectrum of the Ni(CN)4

2- ion.

Mantz and Musselman

5772 Inorganic Chemistry, Vol. 41, No. 22, 2002



Figure 2. Ab initio and parametrized calculation results. From left: Demuynck et al.,5 Hillier and Sanders,28 Sano et al.,29 and this work using Gaussian
9442 (ab initio); this work using ZINDO43 and Zeigler using INDO30 (INDO methods).
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ZINDO Ground-State Calculations. Using a CI level of
10, we modified the values of theâsp and âd parameters.
The results were that variations inâd had no significant effect
on the energies or wave functions but theâsp values had a
dramatic effect. We thus used the default value of-41 for
the nickelâd. The default value for nickel’sâsp was-1; we
show the spectral results for values from-4 though-6 in
Figure 3, in which it is clear that the optimum value is-5.

The ground-state calculation with this optimizedâsp on
the ideal geometry of Ni(CN)4

2- used only valence orbitals;
a summary of the energies of the resulting 41 wave functions
with symmetries is given in the SI, Table S-4 (calculated
with CI ) 10, vide infra), and the complete molecular orbital
wave functions in terms of Ni, C, and N atomic orbitals are
listed in Table S-5. In Figure 4, for selected MOs, we have
indicated the major contribution from the Ni orbitals and
graphic depictions of the orbitals. The complete set of MOs
is illustrated in the SI, Figure S-1.

The energies calculated for the 41 MOs using valence
orbitals are plotted in the right portion of Figure 2 along
with those found in several previous calculations including
our ab initio results. While the ZINDO results are similar to
the ab initio results, there are a few differences that are of
interest. Our ZINDO results place the three principally
occupied d-based orbitals (with coefficients of 0.84-0.94),
2b2g(dxy), 2eg(dxz,yz), and 9a1g(dz2), as the highest three
occupied MOs while our ab initio results place them a bit
lower, mixed in withπ- and p-based orbitals. The ZINDO
energies of the virtual orbitals are approximately in the same
region as our ab initio results with the notable exceptions of
10a1g, 9eu, and 11a1g. The 4a2u(pz, π*) and the 6b1g(dx2-y2,
σ*) orbitals switched relative places going from the ab initio
to the ZINDO results.

It is interesting to examine the early molecular orbital
theory treatment of this and similar complexes by Gray and
Ballhausen2 nearly 40 years ago in light of the results
depicted in Figure 4. Their relative energy levels show a
remarkable similarity to our ZINDO results with the excep-
tion of the low-lying filled orbitals and two of theπ-contain-
ing mid-level virtual orbitals (3b2g and 2a2g). The semi-

empirical calculation by Zeigler30 was the first to report using
INDO, and the results (which are for filled orbitals only)
are remarkably different from the ab initio and ZINDO
results.

Allowed Electronic Transitions. The CI that is used for
electronic transition calculations in ZINDO considers the
effects of reconfigured electrons from several other orbital
transitions on the energy of a particular orbital transition. In
addition, and not as widely realized, the method combines
orbital transitions into state transitions much as an LCAO
treatment combines atomic orbitals into molecular orbitals.
A critical part of an electronic transition calculation in
ZINDO is the choice of the set of orbitals to be considered
for CI. The goal is to match the experimental results;
conventionally, the CI level is increased until transition
energies become stable.33 The present case, however, il-
lustrates dramatically the effect of variations in the degree
of CI and that the CI level should not simply be increased
until the transition energies stabilize. Figure 5 shows the
solution-equivalent experimental spectrum with composite
spectra from 5 levels of CI. Note that CI levels 6 and 9 have
A1g f Eu state transitions (B) at energies higher than
experiment, at 39.3× 103 and 38.8× 103 cm-1, respectively.
CI ) 10 provides an excellent match to the experimental
peak at 37.5× 103 cm-1, and the equivalent transitions from
CI ) 11 and 14 are significantly lower, at about 32.2× 103

cm-1. The A1g f A2u transition (A) is modeled very
accurately by the CI) 6, 9, and 10 calculations, but when
the CI level is raised to 11 and 14, the peak red-shifts
dramatically.

The reasons for the shifts in energy are apparent from
Figure 6 which depicts schematic ground-state orbital energy
levels with orbital transition components representing in total
at least 97% of the total oscillator strength (from the sum of
the squares of the coefficients) of each of the two state
transitions of interest. To the left are brackets indicating the
orbitals included in the 5 different levels of CI studied, from
6 to 14, and the coefficients of each orbital transition
component of the state transitions are listed horizontally for
each CI level. The two left-most vertical arrows represent
the component orbital transitions for A1g f A2u, and the
remaining arrows are the components for the A1g f Eu

transition. Where no number is superimposed on a transition,
there is no component of that orbital transition from the
corresponding CI calculation. Considering first the A1g f
A2u transition with CI) 10, including orbitals 14-34, there
is only 1 orbital transition, 9a1g f 4a2u (thick red, cross-
hatched arrow in Figure 6), that results in an A2u excited
state and thus yields the state transition, A1g f A2u. This
calculated transition is compared with the corresponding
experimental absorption in Figure 7 where it may be seen
that the agreement is excellent. If, however, the CI level is
extended beyond 10, orbital 35 becomes included in the
calculations and an additional orbital transition, 9a1g f 5a2u

(thin red, crosshatched arrow in Figure 6), becomes combined
with the 9a1g f 4a2u transition. It seems nonintuitive that
adding a higher-energy orbital transition should result in a
lower state transition unless one draws a parallel to linear

Figure 3. Comparison of the effect of varyingâsp values on the calculated
absorption spectrum of the Ni(CN)4

2- ion, compared with a solution-
equivalent summation of the polarized spectra of CsK[Ni(CN)4].39
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combinations of atomic orbitals. The actual consequence of
the added orbital is that two combinations are formed. Using
CI level 11, one combination is 0.94(9a1g f 4a2u) +
0.35(9a1g f 5a2u) which appears in Figure 5 at 30.31× 103

cm-1, with an oscillator strength of 0.081. The other
combination is 0.34(9a1g f 4a2u) + 0.92(9a1g f 5a2u) which
has an energy of 65.46× 103 cm-1, and an oscillator strength
of 0.060. Presumably, the higher energy, 65.46× 103 cm-1,
member of the resultant state transition pair is above the
energy of the 9a1g f 5a2u orbital transition, but the energy
of the latter is not available to us. This result illustrates that
(1) the guideline of increasing the CI level until the transition
energy stabilizes33 is not always appropriate and (2) state
transitions can be a linear combination of orbital transitions.
The conclusion regarding the lowest energyz-polarized

electronic transition is that it is accurately portrayed by a
single orbital transition, 9a1g f 4a2u.

The A1g f Eu state transition is somewhat more complex
because there is a larger number of orbital pairs that can
result in the appropriate symmetries in order to contribute
to this transition. Looking initially at the CI) 6, 9, and 10
cases, it is clear from Figure 5 that there are significant
energy differences between the results for these three CI
levels, but as shown in Figure 6, the coefficients for the
predominant orbital transition (2eg f 4a2u) vary only slightly.
While CI ) 6 and 9 have the same 3 transitions listed, there
is a total of 12 orbital transitions comprising the state
transition in the CI) 6 case and 22 in the CI) 9 case (the
orbital transitions not listed have coefficients of less than
0.09 and have been deleted for the sake of clarity). It appears

Figure 4. Relative MO ordering of M(CN)42- from Gray and Ballhausen2 compared with the relative ordering from this ZINDO calculation. Included with
the ZINDO results are the coefficients of the principal metal orbital; the bold values are the primary contributions from each of the d, s, and p metal orbitals.
Also shown are the molecular orbitals that include some metal character.
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that the many additional small contributions in the CI) 9
calculation help to change the calculated energy. As can be
seen from Figure 5, CI) 10 results in good agreement with
experiment. This is more clearly shown in Figure 8, where
anx,y-polarized experimental spectrum is compared with the
CI ) 10 calculated results for the A1g f Eu state transition.
It is important to note that for CI) 10, where 10 orbitals
below the Fermi level would only include orbitals as low as
15, and exclude one of the 1eg degenerate pair, the ZINDO
program automatically includes both members of the pair,
so it includes orbital 14 as well. CI) 11 and 14 cause a
large red-shift in the transition energy, as with the A1g f
A2u transition, primarily because of additional orbital transi-
tions to orbital 35, the 5a2u, with orbital transition coefficients
as high as 0.36. Inclusion of this higher energy orbital

transition again results in a lower state transition energy as
was the case with thez-polarized transition. It is clear that
inclusion of orbitals outside the range 14-34 does not model
reality well. The lowest energyx,y-polarized electronic
transition thus requires several orbital transitions to charac-
terize it. The principal orbital transition, 2eg f 4a2u, is the
one historically assigned to this absorption, including the
most recent restatement of this assignment.41 It is interesting
to note, however, that one of the minor but necessary
components of the state transition is 2b2g f 9eu, the orbital
transition that we suggested in order to explain the solid-
state anomaly in mixed nickel-platinum tetracyano com-
plexes.40 We will be interested to see the role, if any, that
this transition plays in the solid-state modeling we are
currently working on.

Real Versus Ideal Structures.We noted earlier that we
were required to use an ideal model for the structure of the
Ni(CN)4

2- ion. This is due to the fact that, in the real model,
the degeneracy of MOs 14 and 15 (1eg) is removed and CI
) 10, the best level for the ideal structure, did not
automatically include MO 14 in the real molecule calculation.
The results are illustrated in Figure 9 where thez-polarized
transition shows excellent agreement for the ideal and real
structures, while thex,y-polarized transition shows a differ-
ence for the two structures. For the ideal structure, the two
parts of the degenerate state transition, noted as B(1) and
B(2), coincide as expected, while for the real structure, B(1)
agrees with the ideal structure but B(2) is at higher energy,
resulting in a blue-shiftedx,y-polarized B peak. As suggested
by Figure 6 and listed in detail in Table S-6 in the SI, B(1)
(listed in Table S-6 as state transition 1f 7) for the ideal
for CI ) 10 is -0.97(2eg(23) f 4a2u(25)) - 0.07(1eg(20)
f 3b2g(27)) + 0.06(2b2g(21) f 9eu(29)) + 0.18(1eg(15) f

Figure 5. Results of varying the level of configuration interaction (CI),
compared with the solution-equivalent spectrum from solid CsK[Ni(CN)4].39

Peaks A are the A1g f A2u state transitions and peaks B are the A1g f Eu

transitions.

Figure 6. Summary of ZINDO electronic transition calculation results for CI levels 6, 9, 10, 11, and 14. The MO energy levels are schematic only; the two
left-most transitions represent the most prominent orbital transitions involved in the A1g f A2u state transition, and the other six transitions are the primary
orbital transitions comprising the A1g f Eu state transition. The values on the transition arrows opposite a 6, 9, etc. are the coefficients for each orbital
transition under the CI) 6, 9, etc. level calculation. CI level 10 gave the best fit to experiment.
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4a2u(25)) and B(2) for the ideal is 0.97(2eg(22) f 4a2u(25))
- 0.07(1eg(19) f 3b2g(27)) + 0.06(2b2g(21) f 9eu(28)) +
0.18(1eg(14) f 4a2u(25)). B(1) for the real structure is close

to that for the ideal. Comparing B(1) and B(2) for the real
structure, the most significant difference is that B(2) for the
real structure is essentially missing the component 0.18(1eg-
(14) f 4a2u(25)). Thus, the real B(2) differs from the ideal
B(2) in that orbital 14 is not automatically included because
it is not truly degenerate with orbital 15.

The real CI) 10 B(2) peak is, in fact, at the same position
as both the ideal and real B(1) and B(2) CI) 9 result (the
ideal molecule result is shown in Figure 5) where neither
MO 14 nor 15 was included in the configuration interaction.
If one were to increase the CI level to 11 in an attempt to
include MO 14 in a real molecule calculation, MO 35 would
also be included which as Figure 5 also illustrates would
result in an incorrect red-shift of both B(1) and B(2), listed
simply as B. Ideally, in this system, one would want to have
a routine in which an unsymmetrical calculation could be
made, where the levels included above and below the Fermi
level could be different.

In summary, to answer the question of how the calculation
results would have appeared for the real versus ideal models,
we can use the results shown in Figures 5 and 9. The
z-polarized transition at about 34.7× 103 cm-1 is super-
imposable for the two models. Thex,y-polarized transition
is not as easily compared because of the symmetry consid-
erations discussed in the previous two paragraphs, but the
real CI ) 10 B(2) peak is in the same position as the ideal
CI ) 9 B(1) and B(2)) B, around 39.7× 103 cm-1 (see
Figure 5). From both thez-polarized andx,y-polarized results,
we can conclude that the ideal model is a very reasonable
approximation to the real complex ion.

Conclusions

We have shown that ZINDO calculations provide an
excellent fit to experiment for the principal peaks in the
Ni(CN)4

2- ion absorption spectrum. The overall conclusion
regarding the nature of the lowest two symmetry-allowed
transitions is that the earlier assignments are basically correct
regarding the principal orbital transitions, but that the A1g

f Eu state transition at 37.6× 103 cm-1, while predominately
2eg f 4a2u, requires minor contributions from 1eg f 4a2u,
8eu f 3b2g, and 2b2g f 9eu orbital transitions to accurately
describe it. Higher-order effects such as spin-orbit coupling
are evidently not needed to describe the orbital transitions,
judging by the outstanding agreement of our calculated
spectra with experiment (Figures 7 and 8).
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Figure 7. Comparison of the calculated A1g f A2u transition with the
z-polarized spectrum from CsK[Ni(CN)4] and the corresponding Gaussian
curve.

Figure 8. Comparison of the calculated A1g f Eu transition with thex,y-
polarized spectrum from CsK[Ni(CN)4] and the corresponding Gaussian
curve.

Figure 9. Comparison of ZINDO calculations using an ideal model versus
a real model (see text). Both are superimposed on the usual experimental
curve.
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