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The electronic spectrum of K4[V(CN)7] has been calculated
by means of a combined quantum chemical density func-
tional and multi-reference configuration interaction scheme.
In addition to the states known so far, our calculations predict
the existence of two low-lying triplet electronic states with
excitation energies of 13600 and 13700 cm–1, respectively.
Both result from de��1

� de�2
excitations in the slightly dis-

torted pentagonal-bipyramidal ligand field. To validate these

Introduction
Six- and fourfold coordination of a central atom by li-

gands is the most common coordination scheme observed
in transition metal complexes. Ligand-field parameters have
been derived from experimental d–d spectra for a variety of
these complexes.[1–3] To be able to adjust ligand parameters
in a meaningful way, the character of a spectral band ob-
served in absorption or emission has to be assigned prop-
erly. In some instances, the assignment, and thus also the
parameter adjustment, is hampered because electronic d–d
transitions in highly symmetric complexes are dipole forbid-
den and thus tend to be weak.

In the past decade, quantum chemical methods have
made enormous progress, such that the properties of molec-
ular ground states, for example the electronic structure or
the molecular geometry, can be computed routinely with
high confidence. In contrast, electronically excited states
pose a much harder challenge, particularly for large mole-
cules. Here, only a few methods are applicable. Among the
ab initio approaches, presently the most common one is
time-dependent density functional theory (TDDFT)[4] be-
cause of its computational efficiency. However, its has been
shown recently that TDDFT, when used with standard
functionals, may give dramatic failures for charge-transfer
(CT) states.[5,6] The reliable prediction of the electronic exci-
tation spectra of transition metal complexes has come into
reach through the development of multi-reference second-
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theoretical results we measured a UV/Vis spectrum at low
temperatures. In the wavelength range between 800 and
500 nm we observed a broad band with vibrational substruc-
ture (peak positions: 13661, 14450, 15243, 16051, and
16807 cm–1). The origin transition at 13661 cm–1 is in excel-
lent agreement with our theoretical predictions.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

order perturbation theory methods, such as CASPT2[7] and
MRMP2,[8] as well as variational procedures that combine
density functional theory and multi-reference configuration
interaction schemes such as the DFT/MRCI approach.[9]

These methods do not suffer from the flaws of TDDFT
and offer the possibility to compute absorption spectra of
transition metal complexes and thus help assign fragmen-
tary experimental data.

Vanadium is one of the few transition metals that forms
hexa- as well as heptacoordinate complexes, although
knowledge of the heptacoordinate vanadates is patchy. Un-
til recently, only two d–d transitions at 20600 and
22800 cm–1 had been observed in a solid-state spectrum of
K4[V(CN)7]·2H2O,[10] although Bennett and Nicholls have
prepared crystals with the approximate chemical composi-
tion K4[V(CN)7]·H2O for which they found d–d transitions
at 22300 and 28900 cm–1.[11] Bands at approximately
14700 cm–1 have also been seen in aqueous solutions of
K4[V(CN)7].[12,13] However, [V(CN)7]4– ions are known to
disproportionate in water and the bands were assigned
to originate either from a spin-forbidden transition
in [V(CN)6]4–[13] or to VO(CN)5

4– complexes.[11] Thus,
the assignment of the 14700 cm–1 band to a heptacyano-
vanadate() complex in water was rather uncertain.
Bands at 36400 cm–1 and higher energies have been ascribed
to CT transitions in crystals of K4[V(CN)7]·H2O.[11]

The d2 configuration of the V3+ ion yields nine singlets
and six triplets for the free complex in D5h symmetry, i.e.,
the symmetry point-group of a pentagonal bipyramid.
From EPR spectra, the electronic ground state of
K4[V(CN)7] is known to be a high-spin state,[11] therefore
only triplet states are considered here. In the solid state, the
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Table 1. Triplet states resulting from a d2 occupancy in a pentagonal-bipyramidal ligand field and distorted towards C2v symmetry.

D5h Symmetry C2v Symmetry
Orbital product Electronic state(s) Electronic state(s)

de1
�� � de1

��
3A2

� 3B2

de1
�� � de2

�
3E1

�� � 3E2
�� 2 3A2 �2 3B1

de1
�� � da1

�
3E1

�� 3A2 � 3B1

de2
� � de2

�
3A2

� 3B2

de2
� � da1

�
3E2

� 3A1 � 3B2

high symmetry of the ligand field is distorted because of
the tetrahedral arrangement of potassium counterions in
the unit cell.[14] This reduction to C2v symmetry results in a
splitting of degenerate electronic energies to yield 10 nonde-
generate triplet states. The electronic configurations origi-
nating from a d2 configuration and their irreducible repre-
sentations in the D5h and C2v molecular point-groups are
displayed in Table 1. In addition to these states, CT states
will occur at higher energies in the electronic spectrum.

Results and Discussion

The optimized complex geometry (OptGeo) corresponds
to a slightly distorted pentagonal bipyramid with nearly
equal axial and equatorial ligand bond lengths (see Fig-
ure 1). Crystal water that is present in the unit cell of
K4[V(CN)7]·2H2O[10] has been ignored in the calculations.
The computed vanadium–carbon distances range from 218
to 220 pm, in fair agreement with the X-ray diffraction data
(213–216 pm).[10] The CN ligand bonds are slightly longer
in the optimized structure (116–117 pm) than in the experi-
mental one (114–115 pm). In the fully optimized structure,
the bond angles between equatorial ligands range between
70.6° and 73.5°. These values agree with the experimentally
derived data within ±1°. The C–V–C angle of the two axial
ligands, on the other hand, comes out somewhat too large.
For this angle we compute a value of 177° compared to
171° in the X-ray structure. The energetic splitting of elec-
tronic states that are degenerate in the ideal D5h symmetry
might therefore be somewhat underestimated in our calcula-
tions.

Although the [V(CN)7]4– moiety is nearly C2v symmetric,
the overall symmetry of the experimental X-ray structure is
C1 because two of the potassium counterions are slightly
distorted out of the equatorial plane by the crystal water.
In our calculations, we find the two equatorial K+ ions at
a distance of 462 pm from the central vanadium compared
to values of 479 or 480 pm from the X-ray data. The two
K+ ions located below and above the equatorial plane,
respectively, are separated from the vanadium nucleus by
393 pm according to our calculations, whereas these dis-
tances are 442 and 445 pm in the crystal.

To get an idea of the influence of the nuclear geometry
on the electronic excitation energies, we performed two ad-
ditional calculations. In the first one, C2v symmetry was re-
tained but the C–V–C angle of the two axial ligands was
set to the experimental value of 171°. The corresponding
V–C–N angles were set to 173°. The coordinates of the po-
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Figure 1. Optimized structure of the free potassium heptacyano-
vanadate() complex and orientation of the Cartesian coordinate
system. The y-axis points toward the viewer.

tassium ions and the equatorial ligands were left unchanged
with respect to the optimized geometry. This structure will
be denoted as (AxLGeo). The second nuclear arrangement
(ExpGeo) exhibits no symmetry at all. Here, the coordi-
nates of all CN– ligands and the potassium counterions
were fixed at their experimental X-ray positions.[14] It differs
from the experimental unit-cell only by the lack of crystal
water.

The electronic ground-state corresponds to a configura-
tion in which the d orbital of e1

�� symmetry is doubly occu-
pied. As the z-axis has been chosen to coincide with the C2

rotation axis of the C2v subgroup, de1
�� correlates with the

Cartesian dxz and dxy orbitals. According to Table 1, this
occupation gives rise to a triplet state of A2

� symmetry in
the undistorted pentagonal bipyramid or a 3B2 state in the
actual C2v point group.

A collection of measured and computed spectroscopic
data is displayed in Table 2. Theoretical values correspond
to vertical excitation energies at the optimized geometry
(OptGeo). UTDDFT entries are not displayed in energeti-
cal order but are identified according to their symmetry
labels and have been sorted to match the order of the corre-
sponding DFT/MRCI entries. The lowest excited triplet
states arise from d–d single excitations and combinations
thereof. The first two states with DFT/MRCI excitation en-
ergies around 14000 cm–1 are derived from the de1

�� � de2
�

(3E2
��) state in D5h point-group symmetry. The lower one, 1

3A2, exhibits a dxz
1 dyz

1 occupation, while its nearly degener-
ate partner state of B1 symmetry has a leading configura-



V. Schmid, R. Linder, C. M. MarianFULL PAPER
tion with dxz and dy2–z2 open shells. The electronic struc-
tures of the states originating from the two 3E1

�� states are
considerably more involved because their d1

e1
�� d1

e2
� and

d1
e1

�� d1
a1

� configurations are allowed to interact even in a
perfect pentagonal-bipyramidal arrangement. A simple mo-
lecular orbital picture is therefore not appropriate in this
case. In addition to d–d single excitations, we find some
contributions from excitations into vanadium p and ligand
σ orbitals. As a result, we observe a marked energetic split-
ting of the 3E1

�� components due to the C2v-symmetric li-
gand field. The four members belonging to this group of
states span an energy range from approximately
20600 cm–1, where the second 3B1 state is located, to the
fourth 3A2 state at about 31400 cm–1. In between, and ex-
tending well above this energy regime, we find several CT
states. The third, fifth, and sixth 3A2 states, the fourth to
seventh 3B1 states, all 3A1 as well as the second and third
3B2 states correspond to CT excitations from a vanadium d
orbital to a CN– ligand π* orbital. The seventh 3A2 state
also exhibits CT character, but in a reversed sense. Here,
the excitation originates from the highest occupied a1 li-
gand-orbital and the electron is placed in the de1

�� orbital of
vanadium. No indication for states arising from double ex-

Table 2. Electronic triplet states of K4[V(CN)7]. Excitation energies ∆E are given in wavenumber units and dipole moments, µ, in Debye
units. Oscillator strengths f(r) were computed in the length form and are dimensionless.

[a] Spectrum of K4[V(CN)7]·2H2O in a Nujol mull recorded at liquid nitrogen temperature.[10] [b] Solid-state reflectance spectrum of
K4[V(CN)7]·H2O.[11] [c] Solution spectrum (4  KCN) of K4[V(CN)7]·H2O.[11] [d] Spectrum of K4[V(CN)7]·2H2O dispersed in silicon paste
and measured at 5 K (this work). [e] Order of states complies with symmetry labels.
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citations within the d shell (corresponding to the orbital
products de2

� � de2
� and de2

� � da1
� , respectively) are found in

the energy regime below 40000 cm–1.
When we started the present investigation, the lowest ex-

perimentally known band was located at about
20600 cm–1.[10] In our theoretical spectrum, we find a tran-
sition exactly at this wavenumber. However, this band corre-
sponds to the third excited electronic state (2 3B1). Since the
dipole moments of the d–d excited states are all very similar
(see Table 2), we do not expect considerable solvent shifts.
Could our computed excitation energies of the K4[V(CN)7]
complex be so erroneous? In order to answer this question,
a UV/Vis spectrum of K4[V(CN)7] was recorded at liquid
helium temperatures. This spectrum is shown in Figure 2.
In the wavelength range between 800 and 500 nm we ob-
serve a broad band with substructure (peak positions:
13661, 14450, 15243, 16051, and 16807 cm–1). Our calcula-
tions predict two electronic transitions (3B2�3A2 and
3B2�3B1) in this spectral area. Their small crystal-field
splitting presumably prevents the resolution of these elec-
tronic transitions in the experimental spectrum. The regular
spacing of the substructure (approx. 800 cm–1) leads us to
the conclusion that it is caused by a vibrational progression,
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and the first peak at 13661 cm–1 is assumed to be the origin
of the electronic transition. Its position is in excellent agree-
ment with our predictions. In view of the typical error bars
of the DFT/MRCI method (approx. ±2000 cm–1)[9] such a
close match must be considered somewhat fortuitous. The
fourth electronically excited state (2 3A2) in our theoretical
spectrum is located 1300–1900 cm–1 above the correspond-
ing experimental band, depending on the reference.

Figure 2. UV/Vis spectrum of K4[V(CN)7]·2H2O dispersed in sili-
con paste and recorded at 5 K.

The assignment of the higher-lying d–d states is less cer-
tain. In a solid-state spectrum of the (possibly eightfold co-
ordinated) K4[V(CN)7]·H2O, Bennett and Nicholls[11] found
a band with d–d character at 28900 cm–1. In our theoretical
spectrum, we only obtain a CT state with moderate oscil-
lator strength in this energy regime. The d–d excited third
3B1 state lies about 3000 cm–1 below this transition. How-
ever, since the pure electronic transition is dipole forbidden,
this state might be difficult to locate.

The DFT/MRCI calculations yield many more CT states
than experimentally observed bands. However, this is not
thought to be an artifact of our quantum chemical method.
The MRCI treatment includes the nonlocal exchange inter-
action that is required for a correct asymptotic behavior of
CT states.[6] The experimental spectra exhibit broad, poorly
resolved bands. As the theoretical density of states is very
high, we refrained from specifying the particular orbital ex-
citations and labeled these states either as CT (d�L) or CT
(L�d), depending on the direction of the charge transfer.
Our assignment can only be tentative as it rests on the ob-
servation that the extinction coefficients of the CT bands in
a solution spectrum (4  KCN)[11] are larger than those of
the d–d bands by two orders of magnitude.

It is difficult to judge the quality of the UTDDFT re-
sults. Overall, UTDDFT in combination with the B3LYP
functional performs quite well for the d–d transitions, al-
though it appears that the interaction between electronic
configurations with a de1

�� � de2
� open-shell structure is

somewhat underestimated. This becomes apparent in the
smaller splitting between the corresponding 3E2

�� and 3E1
��

states compared to the DFT/MRCI results and in the
higher excitation energies of the first two excited states. CT
states that involve predominantly ligand orbitals of a2, b1,
or b2 symmetries are located at comparable excitation ener-
gies in the UTDDFT and DFT/MRCI treatments, whereas
excitations into totally symmetric ligand orbitals appear at
considerably lower energies in the UTDDFT spectrum. The
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largest energy difference (more than 8000 cm–1) is found for
the 5 3A2 state. This state is dominated by a single excitation
from the vanadium de1

�� (b1) orbital to unoccupied a1 ligand
orbitals. To a lesser extent, similar observations are made
for other A2 and B2 CT states. We suppose that this differ-
ence is related to the above-mentioned wrong asymptotic
behavior of the local exchange correlation functional and
the fact that B3LYP contains only 20% exact exchange, al-
though we cannot prove this hypothesis.

DFT/MRCI excitation energies obtained at the
(AxLGeo) geometry, where the deflection of the axial li-
gands from the z axis is identical to the X-ray structure,
differ by, at most, 600 cm–1 from the corresponding
(OptGeo) values (see Table 2). The splitting between the
3A2 and 3B1 components of the lowest 3E2

�� and 3E1
�� states

increase only slightly when proceeding from (OptGeo) to
(AxLGeo). The oscillator strengths have the same order of
magnitude at the two geometries and are therefore not
listed. The energetic location of the CT states remains ne-
arly unchanged. However, dramatic changes are observed
in the spectrum if the electrostatic interaction with the
counterions is not optimized (ExpGeo). In this case, diffuse
electron-density distributions are stabilized to an extent that
the first CT transitions appear already at about 20000 cm–1,
whereas all d–d transitions are blue-shifted. The first two
d–d transitions are found at 18029 and 18995 cm–1, respec-
tively, in this DFT/MRCI calculation, followed by four CT
states before the next d–d transition appears at 26351 cm–1.
This situation is aggravated if the counterions are moved
even further out, eventually leading to an electron detach-
ment from the central [V(CN)7]4– unit. In that case, the
solutions become heavily dependent on the AO basis set
and are meaningless.

Summary and Conclusions

We have computed the electronic spectrum of
K4[V(CN)7] by means of the DFT/MRCI method, which is
a combined density functional and multi-reference configu-
ration interaction approach. In addition to the states known
so far from experiment, our quantum chemical calculations
predict the existence of two low-lying excited electronic
states that result from single excitations within the vana-
dium d shell. The configurations of the higher d–d exci-
tations are considerably mixed so that a simple molecular
orbital picture is not applicable.

The theoretical prediction of additional low-lying d–d
states is confirmed by low-temperature optical spectroscopy
measurements. For K4[V(CN)7]·2H2O, a broad band with
vibrational substructure in the wavelength range between
approximately 750 and 600 nm is observed for the first time.

Concerning the excitation energies, we obtain excellent
agreement between theory and experiment. Taking all mea-
sured transitions into account, the root mean square devia-
tion (RMSD) from experiment amounts to merely
600 cm–1. These findings suggest that the DFT/MRCI
method, which was originally devised for organic molecules,
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can equally well be applied to determine the electronic spec-
tra of transition metal complexes. The theoretical predic-
tion of d–d excitations has thus become a valuable comple-
ment to the measurement of these weak bands.

We have shown that d–d transitions of transition metal
coordination compounds in the solid state can be modeled
successfully by calculations on isolated clusters. However,
at least for highly negatively charged coordination com-
plexes such us [V(CN)7]4–, single-point calculations at the
experimental geometry of the unit cell are not sufficient.
Before the vertical spectrum can be computed, it is neces-
sary to relax the geometry of the complex, including the
counterions, thus optimizing the electrostatic interactions
of the surrounding.

Experimental Section
Theoretical Methods: The geometry of the free K4[V(CN)7] com-
plex was optimized utilizing the B3LYP density functional[15,16] as
implemented in the T package.[17,18] The search for a
minimum on the potential-energy surface started from the experi-
mentally known X-ray structure[14] of the crystalline unit cell, i.e., a
slightly distorted pentagonal bipyramid of [V(CN)7]4– tetrahedrally
surrounded by four potassium ions. Carbon and nitrogen atomic
orbitals (AOs) were described by the TZVPP basis (valence triple
zeta plus 2d1f polarization) of the T library. For vana-
dium, we employed a 13-electron relativistic effective core poten-
tial.[19] The corresponding valence basis was augmented with two f
functions with exponents 1.14 and 0.52, optimized in scalar relativ-
istic calculations[20] on V+(5Dg) for the description of s–d and d–
d correlation effects, respectively. We chose to represent even the
potassium ions by (large-core) pseudopotentials[21] instead of point
charges to prevent an artificial drain of electrons from the fourfold
negatively charged complex.

The electronic spectrum was computed by means of the DFT/
MRCI method by Grimme and Waletzke.[9] For comparison, a
spin-unrestricted time-dependent DFT (UTDDFT) calculation was
carried out at the optimized geometry. For this task we utilized
the  module of T[22] employing the B3LYP density
functional. In the DFT/MRCI approach, major parts of dynamic
electron correlation are included by density functional theory
whereas moderate multi-reference configuration interaction expan-
sions take account of static correlation effects. To this end, the de-
terminants in the CI expansion are built up from Kohn–Sham (KS)
orbitals and an effective Hamiltonian is employed that contains
five empirical parameters. Optimized parameter sets are currently
available in combination with the BHLYP[16,23] functional. Double
counting of electron correlation is obviated by scaling off-diagonal
CI matrix elements with a factor that depends exponentially on the
energy difference between the diagonal energies of the two configu-
ration state functions. For further technical details we refer to the
original publication.[9]

The DFT/MRCI calculations were carried out in a somewhat re-
duced AO basis set: we employed a TZVP basis (valence triple zeta
plus 1d polarization) for carbon and nitrogen while keeping the
vanadium and potassium basis sets unchanged. KS orbitals were
optimized for the lowest lying closed-shell determinant, which
served also as a starting point for the automated generation of the
CI reference space. A common set of reference configurations was
used for all spatial symmetries. The first set comprised all single
and double excitations involving eight electrons in the four energet-
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ically highest-lying occupied orbitals and the four lowest unoccu-
pied orbitals. In C2v symmetry, CI energies and vectors were deter-
mined for the three lowest triplet states in the A1 and B2 irreducible
representations, respectively. As many of the low-lying triplet states
exhibit A2 or B1 symmetry, seven roots were computed for these
irreducible representations. The CI expansion was kept moderate
by extensive configuration selection: all excitations into MO with
orbital energies above 8 EH (anti-core) and all configurations with
energies 0.75 EH above the energy of the highest reference vector
were discarded. The original reference space was then iteratively
improved (two times) by adding all configurations contributing at
least 0.001 to the norm of any of the CI vectors. This procedure
resulted in a final reference set of 543 configurations and CI expan-
sion lengths of approximately 1.1 million configuration state func-
tions per irreducible representation. In C1 symmetry, the number
of roots was confined to 12 due to the lack of symmetry blocking.

Experimental Details: The compound was prepared at the Institute
of Inorganic Chemistry of the Heinrich Heine University following
the procedure of Müller et al.[24] The elemental analysis confirmed
the chemical composition of K4[V(CN)7]·2H2O.

The optical spectra were recorded with a Cary 4E instrument con-
taining a tungsten lamp as light source, a 25-cm double monochro-
mator, and a photomultiplier with an S20 photocathode as detec-
tor. The substance was dispersed in silicon paste and applied to a
sapphire sample carrier. The samples were cooled by immersion in
superfluid helium using a Konti bathcryostat type Spectro C of
CryoVac.
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