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CASPT2 calculations reveal that the ligand field splitting parameter ∆o of [Os(CN)6]3- is much higher than previously
proposed values of ±38 000 cm-1. In line with the expected increase down a transition-metal group, ∆o is found
to be ±55 000 cm-1, excluding the possible appearance of ligand field transitions in the UV−vis spectrum. Instead,
the calculations confirm that the observed spectrum arises from the three lowest symmetry-allowed ligand-to-metal
charge-transfer (LMCT) excitations. Spin−orbit coupling in the ground state is found to be about 4350 cm-1, leading
to a spin−orbit coupling constant ú of ±2900 cm-1. Spin−orbit coupling in the 2T1u LMCT states is found not to be
negligible, contrary to previous belief.

1. Introduction

The experimental electronic spectrum of the octahedral
[Os(CN)6]3- complex shows three regions of broad absorp-
tions,1-3 very similar to the spectra of its FeIII 1,4 and RuIII 2

analogues. It is now believed that the absorption bands in
[Fe(CN)6]3- originate from excitations to ungerade ligand-
to-metal charge-transfer (LMCT) states. The ground-state
t2g
5 configuration leads to a simple LMCT spectrum since a

one-electron excitation from a ligand orbital into the t2g shell
fills it completely, resulting in a one-to-one correspondence
between the excited states and the ligand orbitals. The highest
occupiedσ and π orbitals of the CN- ligands give rise to
three ungerade orbitals after symmetry adaptation, namely,
t1uσ, t2uπ, and t1uπ, resulting in three symmetry-allowed
LMCTs: 2T2g f 2T1u a, 2T2g f 2T2u, and 2T2g f 2T1u b,
respectively. Although some peaks flanking these three
absorptions in [Fe(CN)6]3- were first assigned to ligand field
(d-d) transitions,1 later work suggested that these are instead
vibrational components of the LMCT transitions.4 Evidence
for this is found in three observations. First, the splitting
between those peaks is about 2100 cm-1, in accordance with
the CN- stretching frequency. Second, the signs of the bands,
including the presumed vibrational progression, in magnetic
circular dichroism (MCD) spectroscopy are in agreement

with those expected for2T2g f 2T1u and 2T2g f 2T2u

transitions. And third, the striking resemblance between the
spectra of the FeIII , RuIII , and OsIII complexes2 leads to the
conclusion that the presence of d-d transitions is very
unlikely. It is indeed well-known that the ligand field
parameter∆o increases by 25-50% when the central metal
ion is replaced by its next-row congener,5 so that d-d
absorptions should blue-shift through the spectrum. Although
the previous assignment of d-d transitions in the [Fe(CN)6]3-

spectrum is now believed to be wrong, it has been confirmed
by CASPT2 calculations6 that these transitions do occur in
the same energy region, so the previously proposed∆o value
of about 35 000 cm-1 1 is quite correct after all. An example
of such an increase of∆o is provided by the hexacyanides
of the d6 ions of CoIII and its fourth-row congener RhIII : ∆o

increases from 32 200 cm-1 in [Co(CN)6]3- to 45 500 cm-1

in [Rh(CN)6]3-.5

Focusing now on [Os(CN)6]3-, based on a 25% increase
per row, we would expect∆o to be about 55 000 cm-1.
However, in the first spectroscopic study of this complex,1

a value of only 38 000 cm-1 was proposed, based on an
assignment of two bands in the spectrum. Even very recently,
a similar value of 38 500 cm-1 was used to fit magnetic data.3

In a MCD study of [Ru(CN)6]3- and [Os(CN)6]3-, the authors
arrived at the conclusion that the main features of the spectra
arise from the three ungerade LMCTs and their vibronic
progression, following arguments similar to those mentioned
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above.2 With this contribution, we want to support this
conclusion with ab initio CASPT2 calculations on the ligand
field and charge-transfer spectrum of [Os(CN)6]3-. In
particular, it will be shown that∆o is indeed much higher
than the previously proposed values. The CASPT2 method
has proven its value in inorganic electronic spectroscopy
calculations,7 including calculations on transition-metal
cyanides.6,8-11 Recently, time-dependent density functional
theory has also been applied to transition-metal carbonyls
and cyanides.12-14

2. Computational Details

Single-point calculations were performed on the octahedral
[Os(CN)6]3- complex, using averaged experimental bond distances
(the X-ray structure shows only minor deviations from octahedral
(Oh) symmetry):3 2.06 Å for the Os-C bond and 1.15 Å for the
C-N bond. The transition energies were obtained as the difference
between the total electronic energies of the excited states and the
ground state. The energies themselves were calculated by a second-
order perturbational approach (CASPT2)15,16based on a multicon-
figurational reference wave function (CASSCF).17 All calculations
were performed with theMOLCAS6.2 software.18

For calculations not involving spin-orbit coupling, we chose a
relativistic ECP (effective core potential) basis set (Cowan-Griffin
relativistic core AIMP)19 on Os in combination with an ANO-S
basis20 on the C and N atoms, as available inMOLCAS. The ECP
on Os replaces the [Kr]4d104f145s2 electron core. The valence of
Os is described by a (13s10p9d5f)/[3s3p4d2f] basis set. The ANO-S
basis on C and N is contracted as follows: (10s6p3d)/[3s2p1d].
The use of symmetry inMOLCAS is restricted to point groups
without degenerate irreducible representations. Therefore, we used
theD2h subgroup ofOh that places the CN- ligands on the twofold
axes. Furthermore, the mixing of orbitals belonging to different
Oh irreducible representations was prevented.

The central step in a CASSCF calculation is the construction of
the active space. For ligand field states, an active space of 9
electrons in 10 orbitals (9 in 10) has been proven sufficient to
include the most important statical correlation effects in first-row
transition-metal cyanide complexes.6 It consists of the bonding/
antibonding pair eg/eg

/, whose orbitals show a substantial cova-

lency between ligand and d orbitals, and the metal t2g-d shell
together with its “double shell”. After the first calculations, it was
clear that the conditions leading to the choice of this active space
were also fulfilled in our third-row complex, although static
correlation and the double-shell effect were smaller, as expected
for the heavier transition-metal compounds.21 We shall refer to this
(9 in 10) space as AS1. For the charge-transfer states, AS1
obviously has to be extended with the appropriate ligand orbitals,
while keeping the computational limitations on the size of the active
space in mind. Unless otherwise specified, the CASSCF wave
functions and energies were obtained as single roots. In the CASPT2
step, the following electrons were correlated: 5p, 5d of Os and 2s,
and 2p of C and N. A small CASPT2 level shift of 0.05Eh was
applied to prevent “intruder states”.22

In MOLCAS, spin-orbit coupling (SOC) is introduced by
diagonalizing the SOC matrix between a set of CASSCF functions,
using the CASPT2 energies as SOC-free energies (RASSI-SO
method23,24). The method is based on the partitioning of the
Douglas-Kroll Hamiltonian in a scalar relativistic part and a spin-
orbit coupling part.24 The scalar part is already included in the
CASSCF step while the SOC part is diagonalized in the SOC step.
For these calculations, we used all-electron ANO-RCC basis sets,25

which are constructed to include scalar relativistic effects, using
the Douglas-Kroll Hamiltonian. The following contractions were
used: (24s21p15d11f4g)/[8s7p5d3f2g] on Os and (14s9p4d3f2g)/
[3s2p1d] on C and N. This basis set also allowed the correlation
of the Os 5s electrons in the CASPT2 step. The CASSCF functions
used in the SOC calculation have to be calculated within the same
active space. This confronts us with a rather difficult situation and
forces us to treat the SOC in an approximate way, as will be
discussed in the text. Some idea of the accuracy of the computa-
tional model used may be obtained by noticing that a CASPT2
optimization (using the ECP basis) of the Os-C distance agrees
with the experimental distance. By calculating the ground-state
energy with CASPT2 and AS1 for a few Os-C distances around
the minimumskeeping the C-N distance at 1.15 Åsthe minimum
of a fitted cubic polynomial was found at 2.06 Å. All SOC-free
transition energies were calculated with the ECP basis set, while
those including SOC were calculated with the all-electron ANO-
RCC basis set, unless specified otherwise.

3. Results and Discussion

Since we are interested in the value of∆o and consequently
the possibility of ligand field transitions in the experimental
spectrum of [Os(CN)6]3-, we considered the lowest part of
the ligand field spectrum without SOC. Energies of transition
from the 2T2g ground state to all the states related to the
formal t2g

4 eg
1 configuration as well as to the high-spin6A1g

(t2g
3 eg

2) state were calculated. The results are listed in Table
1. It is immediately clear that the complex resides in a very
strong ligand field: the high-spin-state6A1g, which requires
two electrons bridging the ligand field gap, appears far above
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the others. We can obtain estimates for∆o and the Racah
parametersB andC by fitting these energies to the ligand
field energy expressions in the strong field limit.26 We used
a least-squares fit and weighted each state according to its
total degeneracy. The two2Eg states were not included
because their energy expressions are not linear inB andC.
We obtained the following values:∆o ) 54 809 cm-1, B )
337 cm-1, andC ) 1737 cm-1.

This high value of∆o clearly contrasts with the previously
proposed values of about 38 000 cm-1 1,3 but instead agrees
well with the value of 55 000 cm-1 estimated by a 25%
increase per transition-metal row. In that sense, there is
nothing surprising about the ligand field spectrum of
[Os(CN)6]3-. The list of transition energies in Table 1 is,
however, not meant to represent an accurate picture of the
real position of the ligand field states since spin-orbit
coupling was not taken into account. We have not attempted
a calculation of the ligand field SOC states for two reasons.
First, the SOC in the complex is quite large as testified by
the approximate SOC constantú ≈ 2900 cm-1 (see below).
A reliable SOC calculation would therefore require a large
set of spin-free states to interact, including LMCTs and
MLCTs, since these fall in the same energy region. Such an
amount of states cannot be covered by one and the same
active space. Second, as the first excitation in Table 1 only
appears at 46 173 cm-1, which is well above the lowest
LMCT’s (see below), none of the ligand field states can
contribute to the recorded UV-vis spectrum, even when
SOC is taken into account. A detailed calculation of the SOC
effect for the ligand field excited states would therefore not
contribute to the clarification of the origin of the absorptions.

For the 2T2g ground state, we do need a sufficient
approximation of the SOC splitting in order to explain the

spectrum. The fact that the ground state is well-separated
from the first gerade excited states makes it reasonable to
treat SOC in first order within the2T2g term. This means
diagonalizing the SOC matrix within the CASSCF functions
of the ground state. Under the effect of SOC, a2T2g term
reduces to a E′′g and a U′g term of the double groupOh

/,
located at-ú and+(ú/2), respectively, according to simple
ligand field theory.26 The calculated splitting (using AS1) is
4342 cm-1, leading to a SOC parameterú of 2895 cm-1.
This result supports the assignment of a peak at 4110 cm-1

in the near-infrared MCD spectrum2 to the intraconfigura-
tional E′′g f U′g transition. We may further remark that the
calculated E′′g and U′g terms obey very precisely the-ú/
+(ú/2) splitting pattern, probably due to the fact that 96%
of the CASSCF wave function of the2T2g state is made up
by the t2g

5 configuration.
We now turn our attention to the LMCTs. The most

interesting of these are of course the three ungerade LMCTs.
Two different active spaces were used for the2T1u and the
2T2u states in order to deal with the limitations on their size.
For the first one, the two filled ligand shells of t1u symmetry
were added to AS1, obtaining the (21 in 16) active space
AS2. In this active space, the three osmium 5p orbitals were
kept frozen in the CASSCF calculations to prevent their
entrance into the active space. SOC was calculated in the
following way. In the same way, the filled ligand t2u shell
was added to AS1, obtaining the (15 in 13) active space AS3.
The ground-state splitting was again calculated to first order
in each active space. Next, in each active space, the SOC
Hamiltonian was diagonalized within the available ungerade
LMCT states, i.e., two (2T1u a and2T1u b) in AS2 and one
(2T2u) in AS3. The results are collected in Table 2. The SOC-
free transition energies were calculated with both the ECP
and all-electron ANO-RCC basis sets to show that the change
of basis sets has only a small influence on the results. Figure
1 shows contour plots of the CASSCF natural orbitals from
which the excitations originate. As mentioned in the previous
paragraph, the ground state transforms as E′′g under the
double groupOh

/. The 2T1u and2T2u terms reduce to U′u +
E′u and U′u + E′′u, respectively. The fact that the LMCT
states correspond to a configuration with a filled t2g-d shell
and one hole in a ligand shell gave rise to the idea that SOC
in this terms must be negligible.2 We found, however, that
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Table 1. Ligand Field Excitation Energies∆E of [Os(CN)6]3-

Calculated with AS1 and without SOCa

state
D2h

state
Oh

main
configuration

CASPT2
(∆E/cm-1)

2B1g
2T2g t2g

5 0

4B1g
4T1g t2g

4 eg
1 46 173

4B1g
4T2g t2g

4 eg
1 49 125

2B1g
2T1g a t2g

4 eg
1 51 326

2Ag
2A2g t2g

4 eg
1 53 268

2B1g
2T2g a t2g

4 eg
1 54 330

2Ag
2Eg a t2g

4 eg
1 54 941

2B1g
2T2g b t2g

4 eg
1 56 139

2B1g
2T1g b t2g

4 eg
1 57 928

2Ag
2A1g t2g

4 eg
1 59 172

2Ag
2Eg b t2g

4 eg
1 63 135

6Ag
6A1g t2g

3 eg
2 86 990

a State-averaged CASSCF was used to calculate the pairs4T1g/4T2g and
2T2g b/2T1g b.

Table 2. LMCT Excitation Energies∆E of [Os(CN)6]3-

CASPT2a

active
space

state
D2h

state
Oh

state
Oh

/
ECP

(∆E/cm-1)
RCC

(∆E/cm-1)
SOC

(∆E/cm-1)

2B1g
2T2g E′′g 0 0 0

AS2 2B1u
2T1u a U′u 23 620 22 798 24 861

E′u 27 145

AS3 2B1u
2T2u U′u 35 239 37 069 39 952

E′′u 39 981

AS2 2B1u
2T1u b U′u 37 546 38 225 40 639

E′u 42 161

a The CASPT2 energies of the2T1u states are the eigenvalues of the
SOC-free Hamiltonian matrix within these two states.
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this is not always true. For the2T1u a and2T2u b terms, SOC
splittings of about 2300 and 1500 cm-1, respectively, were
found, both attributed to the contribution of Os p character
to the ligand t1u orbitals. As expected for a p5 configuration,

the U′u term (corresponding to2P3/2) is found to be lowest
in energy. In the2T2u term, on the other hand, no Os p mixing
is possible and consequently the SOC splitting appeared to
be only 29 cm-1.

Figure 1. Contour plots of one component of the three ungerade ligand type shells. The component shown is the one representing the hole in each
CASSCF LMCT state (calculated with the ECP basis set).
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We shall now compare the calculated transition energies
with the experimentally determined ones.2 The following
selection rules apply to electric-dipole transitions: E′′g f
E′′u, U′u are allowed and E′′g f E′u is forbidden. The first
absorption band in the spectrum is roughly composed of one
intense peak at 24 200 cm-1 and one weak absorption at
27 000 cm-1. The band shows some fine structure of which
the origin is not clear. The whole band was assigned to the
E′′g (2T2g) f 2T1u a transition.2 The authors did, however,
not take into consideration the SOC splitting in the LMCT
state. On the basis of the calculated values and the fact that
the transition to E′u is symmetry forbidden, the intense
absorption at 24 200 cm-1 may be assigned to the E′′g f
U′u transition, calculated at 24 861 cm-1 whereas the weak
absorption at 27 000 cm-1 may be connected with the
symmetry forbidden E′′g f E′u (2T1u a) transition, calcu-
lated at 27 145 cm-1. Other possible symmetry-forbidden
transitions arise from the gerade LMCT states. We calculated
some of these and found that the lowest one appeared at
about 37 000 cm-1, which is too high to account for the
absorption in question. The central absorption band is formed
by two intense peaks at 30 000 and 32 100 cm-1, assigned
as vibrational components (CN- stretching) of the E′′g
(2T2g) f 2T2u transition.2 No SOC splitting is observed, in
accordance with our calculations. The presence of this
vibrational progression in the2T2u transition can be rational-
ized by considering the corresponding t2u orbital in Figure
1: This orbital is totally composed of the bonding CN- π
orbitals. An excitation from this orbital to the metal reduces
the electron density between the carbon and nitrogen atoms,

inducing the possibility of a vibrational excitation. On the
other hand, the 2t1u orbital is mainly composed of the CN-

σ lone pair. An excitation from this orbital (i.e., to the2T1u

a state) is therefore not expected to cause a progression in
the CN- stretching. These considerations further support the
considered assignment. The difference between the experi-
mental location of the2T2u peaks and the computational value
of 39 952 cm-1 is quite large in comparison with that of the
2T1u a transition. This discrepancy could be partly due to
the apparent importance of vibrational progression in this
state, while the calculation method does not incorporate
vibrational effects. The third band of the spectrum is located
at 34 400 cm-1 and assigned as the E′′g (2T2g) f 2T1u b
transition.2 Again, taking into account the SOC splitting, this
may better be assigned as the E′′g f U′u transition,
calculated at 40 639 cm-1. The differences between the
calculated and the experimental energies thus range from
about 600 to 8000 cm-1. Possible explanations are the
limitations on the size of the active space, which neces-
sarily has to be bigger than that used for ligand field
calculations, where the errors on the calculated transition
energies are known to be about 2000 cm-1.6,8-11 Furthermore,
the present calculations do not take into account the effect
of the environment, which may have an influence on the
charge-transfer energies. Although extended calculations
including such effects may improve the correspondence
between theory and experiment, they will not influence the
assignation of the LMCT transitions, which is our present
interest.

For completeness we must also consider the ungerade
MLCTs to ensure that these cannot be responsible for the
observed absorptions. For this purpose, the AS1 was
extended with the lowest unoccupied ligand shell of ungerade
symmetry, which is a t1u shell (originating from theπ*

LUMO orbitals of CN- ), obtaining a (9 in 13) active
space: AS4. The energies of the t2g

4 t1u
1 states were calcu-

lated without SOC and are collected in Table 3. Because of
the high density of states, state-averaged CASSCF was used
to calculate all states belonging to the sameD2h irreducible
representation, followed by multistate CASPT2. Since the
lowest excitation occurs only at 53 452 cm-1 it is clear that
no MLCT transition can occur in the recorded spectrum, even
when SOC is taken into account.

4. Conclusions

CASPT2 calculations on [Os(CN)6]3- have shown that the
octahedral ligand field splitting parameter∆o is about 55 000
cm-1. This is in accordance with the well-known increasing
value of∆o when moving down a transition-metal group and
contradicts previous experiment-based values of only 38 000
cm-1. This high value of∆o prevents ligand field transitions
from occurring in the experimental UV-vis spectrum.
Instead, the calculations point out that the three ungerade
LMCTs are the only candidates to account for the strong
absorption bands in the spectrum. This finding supports the
assignment of the MCD spectrum and the conclusion that
some of the additional peaks (especially in the2T2u band)

Table 3. MLCT Excitation Energies∆E of [Os(CN)6]3- Calculated
with AS4 and without SOC. Excitations Are of the t2g f t1u Type

state
D2h

state
Oh

main
configuration

CASPT2a

(∆E/cm-1)

2B1g
2T2g t2g

5 0

4B1u
4T1u t2g

4 t1u
1 54 112

4B1u
4T2u t2g

4 t1u
1 54 514

4A1u
4Eu t2g

4 t1u
1 54 387

4A1u
4A1u t2g

4 t1u
1 54 957

2B1u
2T1u a t2g

4 t1u
1 53 452

2B1u
2T2u a t2g

4 t1u
1 53 648

2B1u
2T1u b t2g

4 t1u
1 60 346

2B1u
2T2u b t2g

4 t1u
1 61 131

2B1u
2T2u c t2g

4 t1u
1 61 931

2B1u
2T1u c t2g

4 t1u
1 62 292

2B1u
2T1u d t2g

4 t1u
1 69 797

2Au
2Eu a t2g

4 t1u
1 55 456

2Au
2A1u t2g

4 t1u
1 55 729

2Au
2Eu b t2g

4 t1u
1 63 306

2Au
2A2u t2g

4 t1u
1 63 331

a Multistate CASPT2 for the2Au and 4Au states ofD2h resulted in
unwanted mixing between states of differentOh symmetry and was for that
reason not used in these cases.
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result from cyanide vibrational progression. The splitting of
the 2T2g ground state due to spin-orbit coupling was found
to be in agreement with the experimental value of ref 2. SOC
splitting in the 2T1u LMCT states is not negligible as
previously thought and may range up to 2300 cm-1.
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