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Chapter 3

Oxidation state and Mössbauer isomer shift

Abstract

Multiconfigurational N -electron wave functions are calculated for a series of Fe com-

plexes. We find a linear correlation between the experimentally determined 57Fe

Mössbauer isomer shift and the calculated electron density at the Fe nucleus. How-

ever, the analysis of the wave function in valence bond terms shows that there is no

straightforward relation between the density at the nucleus and the charge assigned

to the Fe atom in these complexes. The analysis of the CASSCF wave function ex-

pressed in localized orbitals shows that the isomer shift is very sensitive to the weight

of charge transfer configurations and hence to the covalency. It gives a measure of

the deviation from the formal charge rather than of the absolute charge.

3.1 Introduction

Mössbauer spectroscopy is nowadays an important tool to characterize changes in the state

of transition metal (TM) ions both in organic or inorganic chemistry [106]. Especially,

57Fe Mössbauer spectroscopy is widely applied and very useful insights have been obtained

for the electronic structure of, for example, spin-crossover compounds [107]. Usually the

Mössbauer spectra are interpreted in terms of two parameters: the isomer shift (IS) and

the quadrupole splitting. However, the spectral features remain difficult to interpret in

many cases and computational approaches may help to elucidate the relation between the

spectra, the mentioned parameters and the electronic structure of the TM complexes.
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The direct determination of Mössbauer parameters with quantum chemical methods

is still a difficult task. A promising approach has recently been published by Kurian and

Filatov [108,109]. It is, however known for a long time that there exist a linear correlation

between the calculated electron densities at the Fe nucleus and the measured isomer shift.

Such correlation was established by Nieuwpoort and collaborators [110] for restricted open-

shell Hartree-Fock (ROHF) wave functions based on earlier work of Blomquist [111] and

Duff [112]. More recently, this linear relationship was also found for density functional

theory (DFT) calculations [?, 113–115]. This indirect determination of the isomer shift

opens a way to relate the calculated electronic structure to experimental observations.

In this Chapter we establish a linear correlation between the measured isomer shifts

and the density at the Fe nucleus calculated from accurate multiconfigurational wave func-

tions obtained by complete active space self-consistent field (CASSCF) calculations and

subsequent complete active space second-order perturbation theory (CASPT2) treatment

of the dynamical electron correlation effects. We analyze the CASSCF wave functions in

terms of localized orbitals (see Section 2.5) and determine the effective number of electrons

in the Fe-3d orbitals (d-count) for a series of Fe complexes. It is shown that there exists

no simple relation between the isomer shift and the effective number of d-electrons. Hence,

the interpretation of isomer shifts in terms of Fe oxidation states should be taken with

caution.

3.2 Computational Information

The geometry of the Fe complexes is taken from Ref. [113] and is shortly reviewed in Table

3.1, which also lists the spin and spatial symmetry of the electronic ground state for which

the density at the Fe nucleus is calculated. In most cases, the spatial symmetry of the

complex is non-Abelian. In these cases the highest Abelian symmetry subgroup is used in

the calculations because the quantum chemistry code (Molcas 6.4 [116]) does not exploit

non-Abelian symmetry.

The one-electron basis set employed to expand the one-electron functions (molecular
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Table 3.1: Local (Abelian) symmetry (see text), Russell-Saunders states and bond lengths (in

Å) used to calculate the electronic wave functions of a series of Fe complexes. The experimental

IS (in mm/s) is also given.

Complex Symmetry State Bond lenghts IS
[Fe(H2O)6]

2+ D2h
5B1g 2.087, 2.136, 2.156 1.39

[FeF6]
4− Oh (D2h)

5T2g 2.060 1.34
[FeCl4]

2− Td (C2v)
5A1 2.265 0.90

[Fe(H2O)6]
3+ D2h

6Ag 1.900 0.50
[FeF6]

3− Oh (D2h)
6A1g 1.920 0.48

[FeCl4]
− Td (C2v)

6A1 2.165 0.19
[Fe(CN)6]

4− Oh (D2h)
1A1g 1.900 -0.02

[Fe(CN)6]
3− Oh (D2h)

6A1g 1.900 -0.13
[FeO4]

2− Td (C2v)
3T2 1.650 -0.69

orbitals, MO) in the cluster region are of the atomic natural orbital (ANO) type. The

(21s, 15p, 10d, 6f) primitive basis set for iron is contracted to a (6s, 5p, 4d, 2f) basis. For

carbon, nitrogen and oxygen, the (14s, 9p, 4d) primitive functions are contracted to a (4s,

3p, 1d) basis. Finally for Cl and H, we apply (17s, 12p, 5d / 5s, 4p, 1d) and (8s, 4p / 3s, 1p)

basis sets, respectively [77,78]. In order to test basis set effects on the calculated properties,

we considered different contraction schemes. Results with a smaller and larger basis set,

with respect to the previously described basis set qualified with the adjective ”medium” in

the following. The adjective ”small” is used for basis set that have a number of contracted

gaussian function decreased by one on each considered atomic shells. The ”large” basis

set has one more contracted function for each atomic shell. In order to maintain a good

description of the ligands using the small basis set, the polarization functions of d-type

for the C, N, O, F, Cl are conserved. Enlarging the basis set size leads to consider extra

functions of g-type for the Fe and f-type for the ligands.

The N -electron wave function for the state of interest is computed within the CASSCF

approach as developed in Section 2.4.2. The active space contains five orbitals of mainly

Fe-3d character and a set of virtual orbitals of the same symmetry character as the Fe-

3d orbitals, which turn into the so-called Fe-3d’ orbitals in the orbital optimization and
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account for part of the radial 3d electron correlation [55, 117]. In the case of (quasi)-

octahedral complexes, the active space is extended with two occupied orbitals of eg-like

symmetry with mainly L-2p character to describe the σ interaction between Fe and the

ligand. The π interaction through the t2g orbitals is much weaker. For the tetrahedral

complexes, we add a set of e and a set of t2 occupied orbitals that have mainly ligand

character [118]. Due to the strong covalency of the bonds in [FeO4]
2− [119], we opt here

for a smaller active space with twelve electrons and ten orbitals, namely the bonding and

anti-bonding e and t2 orbitals. This choice of active spaces ensures a balanced and unbiased

treatment of the most important electronic configurations [33, 34, 118, 120–122]; the non

charge transfer (NCT) Fe-3dn, the charge transfer (CT) Fe-3dn+1L−1, and the double CT

(DCT) Fe-3dn+2L−2, n being the number of 3d electrons according to the ionic model.

To determine the effective number of Fe-3d electrons, we perform a unitary transfor-

mation of the active orbitals to express the wave function in localized orbitals (see Section

2.5). We compare this way of calculating ligand to metal charge transfer contributions

to the more traditional Mulliken, Bader charges [97] and the recently developed LoProp

charges [93] (see Section 2.7 for detailed description).

3.3 Results

3.3.1 Calibration of the CASSCF results

Figure 3.1 relates the CASSCF densities at the Fe point nucleus (ρ(0)) with the experimen-

tal Mössbauer isomer shifts. ρ(0) is obtained from the sum of the natural orbital densities

at r = 0 multiplied by the natural occupation numbers.

Before all, we mention that the absolute value of the calculated density at the Fe nucleus

is strongly dependent on the choice of the basis set. The three types of basis sets used

in this work, that differ by the number of contracted gaussian functions to describe the

one-electron functions, gives variations in the order of 1 au3 in the calculated total density

at the nucleus. This variation is even larger when describing s-type orbitals of the Fe with
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more tight functions. However, the linear correlation (see Figure 3.1) is conserved using a

single type of basis set. Hence only calculations obtained with the medium size basis set

are presented when comparing total density at the nucleus and experimental IS.

The total density at the nucleus is decomposed in Fig. 3.2 into contributions of the

Fe-1s, 2s, 3s, and the remaining contribution. This remaining contribution is due to the

tails of ligand orbitals, interacting with the Fe-4s orbital. The main contribution to the

density at the iron nucleus arises, as expected, from the Fe-1s orbital. It contributes about

90% to the total density. The addition of s-type functions with large exponents leads to a

drastic increase of the total density at the Fe nucleus. However, Fig. 3.2 shows that the

differential effect of the Fe-1s contribution is rather small; ∆ρ1s = −0.19 between [FeO4]
2−

(IS=-0.69) and [Fe(H2O)6]
2+ (IS=1.39), which is approximately 2% of the total ∆ρ(0).

This small differential effect is hardly affected by the addition of tight functions to the

basis set. Relativistic corrections are hence expected to be small and it can be concluded

that the standard ANO basis set used throughout is adequate to establish an accurate

relation between ρ(0) and IS. Figure 3.2 also indicates that the smallest contribution to

the total density on the Fe-nucleus — arising from the ligand-dominated orbitals with

some Fe-4s admixture— causes the main differential effect on ρ(0), in agreement with the

findings reported in Ref [113].

In line with findings for ROHF [110] and DFT methods [113], Fig. 3.1 shows a linear

correlation between the calculated ρ(0) and the experimental isomer shift. The slope is

equal to -0.276 mm·s−1. A linear relationship was also found for the first order wave func-

tion in the CASPT2 calculations, be it with a different slope. The slope is also dependent

on the one-electron basis set, and hence, each computational method and basis set must

separately be calibrated against the experimental isomer shifts.

Table 3.2 shows the extrapolated IS for some Fe-containing systems with different

oxidation state and spin coupling. These complexes are also included in the forthcoming

analysis of the relation between the isomershift and the electronic structure.
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Figure 3.1: Calibration of the CASSCF method for the prediction of the 57Fe IS. The calculated

electron density at the iron nucleus is plotted versus the experimentally determined IS for the set

of complexes listed in Table 3.1.

Table 3.2: Calculated density at the Fe-nucleus (ρ(0), in au−3) and extrapolated IS (in mm/s)

of several (model) Fe systems with different (formal) charge and spin coupling.

System ρ(0) IS formal charge State
Fe2+ 11817.715 1.76 +2 5D
Fe3+ 11820.324 1.05 +3 6S
[FeBr4]

− 11822.837 0.36 +3 6A1

[Fe(NH3)6]
3− 11819.653 1.23 +2 5T2g

[Fe(CO)6]
2+ 11823.595 0.15 +2 1A1g

3.3.2 Relation between IS and Fe charge

The atomic charge is an essential ingredient of many successful qualitative models. How-

ever, as discussed in Section 2.7, the assignment of a charge to atoms in molecules or
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Figure 3.2: Contribution to the total density at the Fe nucleus of the Fe-1s (diamonds), Fe-2s

(squares), Fe-3s (triangles), and ligand-dominated (circles) orbitals. Solid lines are a guide to the

eyes.

crystals is not unique. It is common practice to relate the Mössbauer isomer shift with

the oxidation state of Fe, and hence, also with its charge. Here, we check this relation

comparing the IS with Fe charges deduced from our calculations according to three dif-
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ferent schemes. Table 3.3 lists the formal, Mulliken, Bader and LoProp charges of the Fe

complexes mentioned in the previous section. The effect of dynamical correlation effects on

the charges has been checked by comparing Mulliken charges for CASSCF and CASPT2,

which turn out to be virtually the same. The basis set dependency is also investigated

considering three different contraction schemes (small, medium and large) of the basis set

used for the one-electron functions. Moreover, Table 2.7 also reports the calculated number

of electrons present in a sphere centered at the TM nucleus and defined with a radius of 3

bohr as done for the free ions in Chapter 2.

For the complexes having a formal charge of 2 and large positive IS, the calculated

number of electrons in a simple sphere (nel) is close to 23.60 similar to Fe2+ free ion. Except

for the [FeO4]
2− complex, that is characterized with rather small TM–O bond distances, for

higher formal charge the calculated number of electrons is close to the number of electrons

calculated for the Fe3+ free ion. We also note that the carboxyl and cyano complexes,

characterized with a formal charge of 2, have a rather small number of electron in the

sphere with a radius of 3 bohr.

Mulliken charges are generally considered to be at best an indication of trends. The

values are strongly basis set dependent (see Table 3.3) and no detailed conclusions should be

derived from them. In the present case, we observe that the gross Mulliken charges indeed

follow more or less the trends marked by the Bader and LoProp charges, but also some

marked (unpredictable) deviations are observed, e.g. the differences of about 1 electron in

the water complexes. For this reason, we will focus our attention on the Bader and LoProp

charges, which give in all cases rather similar values and are (almost) independent of the

basis set size.

The comparison of the calculated charge of the complexes with the smallest and largest

isomer shifts clearly illustrates the problem of relating this parameter directly to a charge

of the Fe ion in the complex. The isomer shift of +1.39 mm/s in [Fe(H2O)6]
2+ is connected

to a Fe-charge of approximately +1.6, while the Fe charge in [FeO4]
2− with an isomer shift

of -0.69 mm/s is around +1.9, a small difference of only 0.3 electrons.

Instead, the comparison of the isomer shift with the difference between formal charge
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Table 3.3: Relation between experimental isomer shift (in mm/s) and formal or calculated Fe

charges using different basis sets. nel is the number of electrons in a sphere of radius 3 bohr.

Small, medium and large stands for the different basis set size described in the text.

basis set IS formal nel Mulliken Bader LoProp
[Fe(H2O)6]

2+ small 1.39 2 23.65 2.11 1.76 1.55
medium 2.53 1.67 1.56

large 1.86 1.70 1.56
[FeF6]

4− small 1.34 2 23.63 1.68 1.76 1.58
medium 1.77 1.74 1.58

large 2.02 1.76 1.58
[Fe(NH3)6]

2+ small 1.23 2 23.60 1.57 1.56 1.43
medium 1.67 1.52 1.45

large 1.36 1.60 1.45
[FeCl4]

2− small 0.9 2 23.61 1.12 1.40 1.27
medium 0.98 1.34 1.26

large 1.06 1.37 1.29
[Fe(H2O)6]

3+ small 0.5 3 23.20 3.02 2.38 2.22
medium 3.41 2.28 2.24

large 2.82 2.36 2.26
[FeF6]

3− small 0.48 3 23.16 2.17 2.45 2.27
medium 1.87 2.39 2.29

large 2.39 2.46 2.32
[FeBr4]

− small 0.25 3 23.00 0.30 1.43 1.42
medium 0.72 1.90 1.56

[FeCl4]
− small 0.19 3 23.04 1.13 1.84 1.67

medium 0.83 1.79 1.71
large 0.78 1.84 1.76

[Fe(CO)6]
2+ small 0.15 2 23.20 -0.63 0.98 0.68

medium 0.67 0.76 0.67
large 2.84 0.98 0.68

[Fe(CN)6]
4− small -0.02 2 23.15 -0.60 1.04 0.68

medium 0.75 0.87 0.68
large 2.43 0.97 0.68

[Fe(CN)6]
3− small -0.13 3 23.19 -0.05 1.76 1.78

medium 1.44 1.60 1.79
large 3.35 1.71 1.79

[FeO4]
2− small -0.69 6 23.64 1.71 2.04 1.79

medium 1.40 1.98 1.82
large 2.01 2.13 1.85
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Figure 3.3: Difference between calculated and formal Fe charge as function of the isomer shift.

Squares are Bader charges and diamonds represent LoProp charges.

and actual charge shows a regular pattern as demonstrated in Figure 3.3. Small deviations

from the ionic model as in [Fe(H2O)6]
2+ and [FeF6]

4− lead to large positive isomer shifts,

whereas the highly covalent [FeO4]
2− complex (formal charge +6; actual charge 1.9) has

a large negative isomer shift. Combined with the observation that the largest differential

effect to the total density on the nucleus arises from the orbitals centered at the ligands,

it might be interesting to see whether the isomer shift measures to some extent the con-

tribution of the ligand to metal charge transfer excitations. To answer this question, the

active orbitals optimized in the CASSCF calculation are localized. Subsequently, the mul-

ticonfigurational wave function is re-expressed in this localized orbitals and a valence bond

type analysis is made of the electronic structure.

Table 3.4 decomposes the CASSCF wave function in terms of non charge-transfer (NCT)

configurations, charge transfer (CT), double CT (DCT) triple CT (TCT) and quadruple

CT (QCT) configurations. The distribution of the electrons in the NCT configuration



3.3. Results 63

Table 3.4: Decomposition (in %) of the CASSCF wave function in terms of non charge transfer

(NCT), ligand to metal charge transfer (CT) configurations and configurations in which two

(DCT), three (TCT) or four (QCT) electrons are transferred to the metal. The number of Fe-3d

electrons derived from this analysis (d-count) and the Fe-charge is also given. The Fe complexes

are ordered by increasing IS values.

cluster basis set NCT CT DCT TCT QCT d-count
size formal calculated

[Fe(H2O)6]
2+ small 94.70 5.07 0.04 0.00 0.00 6 6.04

medium 93.22 6.49 0.08 0.00 0.00 6.05
large 92.86 6.84 0.09 0.00 0.00 6.06

[FeF6]
4− small 94.05 5.69 0.06 0.00 0.00 6 6.05

medium 94.14 5.61 0.06 0.00 0.00 6.05
large 94.26 5.50 0.05 0.00 0.00 6.04

[Fe(NH3)6]
2+ small 89,51 9.91 0.18 0.00 0.00 6 6.08

medium 89.50 9.92 0.18 0.00 0.00 6.08
large 90.75 8.72 0.13 0.00 0.00 6.07

[FeCl4]
2− small 79.27 19.15 0.09 0.00 0.00 6 6.17

medium 78.63 19.70 1.02 0.00 0.00 6.18
large - - - - 0.00 6.18

[Fe(H2O)6]
3+ small 77.67 21.07 0.95 0.00 0.00 5 5.21

medium 77.13 21.51 1.04 0.00 0.00 5.22
large 78.66 20.17 0.88 0.00 0.00 5.20

[FeF6]
3− small 81.70 17.51 0.55 0.00 0.00 5 5.17

medium 80.00 18.97 0.72 0.00 0.00 5.19
large 83.39 15.93 0.46 0.00 0.00 5.16

[FeBr4]
4− small 29.90 56.45 12.01 0.58 0.00 6 6.76

medium 38.13 51.76 8.70 0.32 0.00 6.64
large - - - - - -

[FeCl4]
− small 43.67 47.23 7.75 0.30 0.00 5 5.58

medium 45.46 45.86 7.34 0.29 0.00 5.56
large 46.94 44.93 6.82 0.23 0.00 5.54

[Fe(CO)6]
4− small 18.20 43.74 29.61 6.91 0.67 6 7.20

medium 16.59 43.59 31.15 7.26 0.67 7.19
large 18.32 44.71 29.46 6.21 0.67 7.18

[Fe(CN)6]
4− small 19.69 45.35 28.15 5.53 0.67 6 7.14

medium 14.57 41.97 33.18 8.68 0.67 7.32
large 18.80 44.98 28.97 5.92 0.67 7.16

[Fe(CN)6]
3− small 45.07 46.45 8.02 0.02 0.00 5 5.60

medium 43.77 47.27 8.63 0.00 0.00 5.63
large 45.43 46.19 7.93 0.03 0.00 5.60

[FeO4]
2− small 0.00 0.15 7.42 43.47 38.37 2 5.35

medium 0.00 0.19 8.20 44.50 37.00 5.31
large 0.00 0.21 8.30 46.17 36.60 5.35
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corresponds to the one predicted by the ionic model. The CT configuration represents

the situation in which one electron is transferred from the ligands to the metal center. In

the DCT, TCT and QCT configurations, two three or four electrons are transferred to the

metal.

This decomposition of the wave function is also presented for different basis set def-

initions as introduced in Section 2. The weight of the NCT configurations, as well as

other type of configurations, are weakly affected for increasing basis set, but the calculated

d-count is almost not basis set sensitive.

The analysis of the wave function in terms of localized orbitals confirms that there

is no direct correlation between the oxidation number of the TM and the measured IS.

There is, however, a clear tendency of increasing importance of the charge transfer effects

along the series with decreasing IS. Whereas the rather ionic [FeF6]
4− complex has a

94% contribution of the NCT configuration and only 6% of the wave function can be

ascribed to CT configurations, the NCT contribution has decreased to less than 50% for

the more covalent [FeCl4]
− complex. The only exception to the regular pattern are the

low-spin [Fe(CN)6]
4− and Fe(CO)6]

2+ complexes. The formal electronic configuration of

Fe is [1s2 . . . 3d6 (t62ge
0
g)]. The empty Fe-3d(eg) shell favors the transfer of electrons from

the ligand-centered eg into these Fe orbitals, leading to a strong CT contribution and also

an exceptionally strong DCT contribution.

3.4 Conclusions

Although the direct calculation of Mössbauer isomer shifts is still a very hard task, the

indirect determination of relating the electronic density at the Fe nucleus to this spectro-

scopic parameter opens a way to interpret the (sometimes rather complicated) Mössbauer

spectra. The calibration of the calculated density at the nucleus against well-established

experimental isomer shifts shows a linear relation between these two quantities. It should

be noted that this relation is both dependent on the computational scheme (CASSCF,

CASPT2, DFT with different functionals, etc.) and the basis set applied. However, the
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relation can be derived for relatively small complexes and is not very difficult to obtain.

The largest contribution to the density at the Fe nucleus arises from the electrons in

the Fe-1s orbitals, but the largest differential effect originates from the contribution of the

tails of the ligand-dominated orbitals extending into the core region. The analysis of the

N -electron wave function in terms of atomic-like orbitals confirms this observation. Those

complexes with the smallest contribution of CT configurations have the largest positive

isomer shift. This gradually reduces with increasing importance of the CT determinants

to reach the extreme value of IS=-0.69 for the [FeO4]
2− complex, whose wave function

is completely dominated by CT configurations. This observation suggests that some CT

configurations contribute significantly to the density near the Fe-nucleus. This could be

investigated by computing the charge in a small sphere around the nucleus for the various

CT configurations. [123]

Finally, we observed that the isomer shift can be related to the difference between the

formal ionic charge of the Fe ion and its computed charge. In other words, the isomer shift

is a measure of the deviation from the ionic model. Large positive shifts are expected for

highly ionic complexes where the actual charge is very close to the formal charge, while

small and negative shifts indicate strong deviations from the ionic model.






