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The electronic structure of tne closed shell metallocenes bis(7r-cyclopentadienyl)magnesium (1), 
bisbenzene chromium (2), ferrocene (3) and cyclopentadienyl benzene manganese (4) has been 
studied in the ground state as well as in the low-lying cationic states. The computational frame-
work is a semiempirical INDO Hamiltonian, the theoretical framework for the investigation of the 
cationic hole-states is the Green's function method. The calculated ionization energies are com-
pared with the photoelectron (PE) spectra of the four closed shell metallocenes. The interrelation 
between theoretically determined reorganization energies and the localization properties of the 
orbital wave functions or the nature of the transition metal center is analyzed. General rules 
concerning the validity of Koopman's theorem in transition metal complexes are formulated. 

1. Introduction 

Ferrocene was one of the first examples in the 
class of transition metal compounds where the 
nonvalidity of Koopmans' theorem [1] (7^ = — £;) 
for ionization events in the outer valence region had 
been demonstrated [2]. The sequence of the canoni-
cal molecular orbital energies in the electronic 
ground state differed from the sequence of the 
calculated ionization potentials derived in an ab 
initio zlSCF framework. It has been shown that 
orbital relaxation for electron ejections out of 
strongly localized iron 3d orbitals is of significant 
importance. Correlation effects however are not 
taken into account in the ZlSCF approximation. The 
theoretical shortcomings of computational ap-
proaches based on the one-particle picture of the 
Hartree-Fock (HF) approximation have been de-
monstrated in a large number of ZlSCF ab initio 
studies [3—5]. The neglected correlation contribu-
tions were often so large that wrong sequences for 
the ionization processes have been predicted. 

Relaxation and correlation effects in vertical 
ionization processes can be taken into account by 
means of the Green's function formalism. In the 
case of transition metal compounds this method 
has been employed in connection with ab initio 
Hamiltonians [6] and in combination with semi-
empirical LCAO methods for molecules that are 
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beyond the computational capacity of large scale 
ab initio bases. In connection with semiempirical 
MO models the Green's function formalism had 
been applied both in the inner [7] and the outer 
valence region [8—11]. The outer valence studies 
cited in [8—11] were based on a recently developed 
CNDO/INDO Hamiltonian for transition metal 
compounds [12]. The method has been designed to 
reproduce the results of timeconsuming ab initio 
calculations and has been applied in a larger numbre 
of 3d complexes with different types of organic 
ligands (carbonyl derivatives, organic n systems, 
half sandwich compounds, chelate rings). 

In the present contribution we want to study the 
electronic structure in the ground state and the 
outer valence region in the photoelectron (PE) 
spectra of ferrocene and of related closed shell 
metallocenes. The ionization energies are calculated 
by means of the Green's function approach. We have 
chosen bis (jr-cylopentadienyl)magnesium (1) as a 
representative example of a closed shell metallo-
cene with outer valence MO's that are prevailingly 
localized in the Cp rings. Three complexes with 
occupied 3d orbitals have been considered: bisben-
zene chromium (2), ferrocene (3) and the mixed 
sandwich cyclopentadienyl benzene manganese (4). 
The PE spectra of these compounds have been 
measured by several groups (1: [13], 2: [14—16], 
3: [13, 17, 18] and 4: [16]). Within the series 1 - 4 
only the PE spectra of 2 [14] and 3 [2, 19, 20] have 
been discussed on the basis of computational results 
(zlSCF calculations), the PE data of 1 and 4 have 
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been presented with experimentally derived as-
signments. 

Mg 

In the next section a short outline of the Green's 
function method is given. The ground state proper-
ties of 1—4 as derived in the present INDO model 
are discussed in chapter 3, the calculated ionization 
potentials in the lower energy region are presented 
in section 4. In the last paragraph general rules are 
derived that allow a rough assessment on the magni-
tude of reorganization energies in the PE spectra of 
transition metal complexes. 

2. Computational Method 
In the following only the most important aspects 

of the Green's function formalism are described. 
The method has been discussed in larger detail in 
our foregoing publications [8—11], The interrelation 
between calculated Koopmans' defects and the 
parametrization of the semiempirical Hamiltonian 
has been analyzed for various transition metal 
complexes [21, 22]. The theoretical background of 
many-body perturbation theory and the capability 
of the formalism in combination with ab initio 
bases has been clarified in different contributions 
[23-25], 

Ionization potentials in the Green's function 
approach are related to the zeros of the inverse 
Dyson equation (1) [26] 

G-1 = (GO)-i _ £(co) — co I — £ — E(co). (1) 

G is the matrix of the Green's function, G° is the free 
Green's function associated to the diagonal canoni-
cal HF solution and co is the energy coordinate 
that has to be determined. I symbolizes the unit 
matrix of proper size and e is the (diagonal) matrix 
of the canonical MO energies. E(co) is the socalled 
self-energy operator which can be expanded into a 
series (eq. (2)) according to different orders of 
perturbation. 

E(co) = EW (co) + £(3) (co) + • • • r<°°> (co). (2) 

E ^ (co) vanishes in the case of canonical MO's and 
E ( 2 ) (co) is the leading term of the perturbational 
series. In accordance with our previous studies [10, 

11, 21, 22] we have employed an effective renormal-
ized self-energy approximation where the second 
order contributions of the E(co) expansion are 
scaled by a single third order element (D4). The 
model potential of eq. (3) has been derived by 
Cederbaum on the basis of a geometric approxima-
tion [25]. 

2>«(co) = 2:<2>(co) + D 4 . (3) 

The nomenclature corresponds to [25]. The ap-
proximations used for the determination of the 
zeros in the inverse Dyson equation are the same 
than in our previous studies [9—11]. 

3. Ground State Properties 

The electronic structure of the Mg complex 1 has 
not been analyzed on the basis of MO calculations. 
Various molecular orbital studies on the other hand 
have been carried out for the corresponding Be 
compound [27, 28]. In contrast to the Be derivative 
[29] it has been demonstrated by a gas-phase 
diffraction study that 1 is a symmetric sandwich 
compound with a negligibly small rotational barrier 
(0.8 kcal/mol) between the eclipsed Döh and the 
staggered Ds^ conformation [30]. 

The calculated orbital energies of 1 are sum-
marized in Table 1. The irreducible representations 
correspond to the more familiar Dsd classification. 
The interrelation between the irreducible represen-
tations under Dsa and Dsh symmetry are displayed 
below: 
D5d Aig A2g Eig E2g Aiu A2u Eiu E2u 

Ai' A2' EI" E2' Ai" A2" EI' E2" 
The 4eig HOMO of 1 is the out-of-phase linear 

combination of the ei" (n) orbitals of the Cp ligands. 
The in-phase counterpart (5eiu) is stabilized by 
Mg Sipx/Spy admixtures and is separated by 1.15 eV 
from the 4eig MO. The two highest degenerate 
orbitals show an energy gap of about 3 eV to the 
remaining Cp n and o linear combinations. The net 
charge at the central atom amounts to 0.468, the 
carbon centers in the Cp moieties have a surplus of 
charge of — 0.143 e. 

The electronic structure of bisbenzene chromium 
has been investigated by different theoretical 
procedures: semiempirical LCAO models [31, 32], 
ab initio calculations in a near minimal basis [15] 
and statistical X a approaches [33]. The INDO re-
sults for the high-lying valence orbitals are also 
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Table 1. Molecular orbitals of bis (^-cyclopentadienyl )manganese (1), bisbenzene chromium (2) and ferrocene (3) according 
to semiempirical INDO calculations. The MO wave functions have been decomposed into contributions from the central 
atom (Mg, Cr, Fe) and into ligand n and ligand a admixtures (Cp = Cyclopentadienyl, Bz = Benzene). 

Com- MO Ti MO-Type /o /o /o 
pound (eV) central ligand ligand 

atom 71 a 

1 25/26 4 e i g Cp 71 - 7.96 100.0 
23/24 5e i u Cp 71, Mg 3 p*/3 Py - 9.11 7.3 90.9 1.8 
21/22 3 e2 u Cp a - 12.23 100.0 
19/20 4 e m Cp a - 12.32 0.4 99.6 
18 5 a2 u Cp 71 - 12.41 2.6 96.4 1.0 
16/17 3eX g Cp a - 13.06 100.0 
14/15 3 e2g Cp a - 13.10 100.0 
13 6 aig Cp TI, Mg 3s - 15.66 13.0 80.1 6.9 

2 33 8 aig Cr 3 dz2 - 8.52 95.0 0.1 4.9 
31/32 4e 2 g Cr 3 Dxi~y2J3 d X y - 9.14 58.7 34.5 6.8 
29/30 6em Bz JI - 11.21 1.2 97.6 1.2 
27/28 4eig Bz 7t, Cr 3 d y z - 11.25 14.2 67.2 18.6 
26 6 a2 u Bz 71 - 11.71 99.1 0.9 
24/25 3 e2u Bz a - 12.45 100.0 
22/23 3 e2g Bz a - 12.82 4.8 0.4 94.8 

3 28/29 6eiu Cp 71 - 9.91 0.3 99.1 0.6 
27 8 aig Fe 3d2* - 10.75 93.4 2.7 3.9 
25/26 4 e i g Cp 7I, Fe 3 dzz/3 d y z - 10.94 23.5 58.5 16.2 
23/24 4e 2 g Fe 3 d x ' - y ' ß d X y - 11.22 90.1 6.1 3.8 
22 6 a2u Cp 71 - 11.62 0.3 99.2 0.5 
20/21 5eiu Cp a - 13.37 100.0 
18/19 3e 2 u Cp a - 14.03 100.0 
16/17 3e i g Cp a, F e 3 dxz/3 &yz - 14.04 14.5 5.1 80.4 
14/15 3e 2 g Cp a - 14.29 2.6 97.4 
13 7 aig Cp 71 - 16.17 4.2 93.8 2.0 

summarized in Table 1; the geometrical parameters 
have been adopted from the X-ray data of [34]. 

The two highest occupied MO's of 2 (8aig, 4e2g) 
are prevailingly localized at the 3d center; in 
analogy to the X a model INDO predicts 8aig on 
top of 4e2g. The complex HOMO at —8.52 eV has 
the largest 3d amplitude (95%) while the Cr 3d 
ligand coupling is enlarged in the degenerate 4e2g 
combination. The 3d admixtures are reduced to 
59%. The remaining occupied MO's of 2 are ligand-
type functions. 6eiu is the in-phase combination of 
the leig benzene HOMO. The corresponding out-
of-phase function is stabilized by the Cr %dxzßdyz 
acceptors. As a result of the mutual compensation 
of "through-space" and "through-bond" inter-
action [35] a small energy gap (AS = 0.04 eV) be-
tween the degenerate 6eiu/4eig MO pairs is 
predicted. The Cr 3d contributions in the remaining 
high-lying valence orbitals are small. 

A large number of MO calculations with different 
degrees of sophistication have been performed on 
ferrocene [36—38]. A review of the literature shows 
that in most of the semiempirical approaches the 

iron 3 d orbitals are predicted on top of the ligand 
functions while ab initio studies predict a ground 
state MO sequence with ligand n MO's above the 
Fe 3d functions. The INDO results on 3 (Table 1) 
are based on the experimental geometry [39]; the 
staggered D5(I conformation has been adopted 
for the calculations. The highest occupied MO 
of 3 in the electronic ground state is the in-phase 
linear combination of the degenerate ei" (ri) orbitals 
of the cyclopentadienyl rings. The out-of-phase 
component, 4eig , is stabilized via the Fe 3dxz/3dyz 

AO's and is separated by 1.03 eV from the 6eiu 
HOMO. The two degenerate ligand functions are 
separated due to the 8aig (3dz2)MO. The iron 
admixtures amount to 93.4%. The localization 
properties of the orbital wave function are similar 
to the 8aig MO of the chromium complex. In con-
trast to 2, however, also the 4e2g combination 
(3dxi_yißdxy) is prevailingly localized at the 
transition metal center. The remaining MO's of 3 
are ligand combinations (jt and a type) that form 
closely spaced in-phase and out-of-phase linear 
combinations. A large energy difference is only 



1196 M. C. Böhm • The Electronic Structure of Closed Shell Metallocenes 

Table 2. Molecular orbitals of cyclopentadienyl benzene manganese (4) according to the semiempirical INDO approach. 
The MO wave functions have been decomposed into Mn contributions and into admixtures (TC and cr) from the Cp and 
Bz ligands. The irreducible representations in parenthesis correspond to the point group Coov (idealized model for 4). 

MO rt MO-Type EI (eV) % Mn % Cp TL % Cp o- % Bz 71 % Bz A 

31 29 a' (ai) Mn 3 d22 - 9.44 91.5 5.5 1.9 0.1 1.0 
30 28 a' (62) Mn 3 dx2-y2, Cp TI, Bz N - 9.77 63.5 22.1 1.3 11.0 2.1 
29 22 a " (e2) Mn 3 d x y , Cp 7I, Bz TI - 9.77 75.9 8.1 1.0 12.5 2.5 
28 27 a' (ei) C p TI, M n 3 dyZ/3 dx* - Y*, B z 71 - 9.78 28.6 61.6 1.2 6.8 1.8 
27 2 1 a " (ei) C p 71, M n 3 dxz/3 dxy, B z 71 - 9.79 16.1 75.6 1.3 5.1 1.9 
26 26 a' (ex) B z 71, M n 3 dyZ/3 dx*-y* - 11.47 8.1 0.3 10.6 73.2 1.8 
25 20 a " (ei) B z 71, M n 3 dxz/3 dxy - 11.47 8.2 0.4 10.1 79.5 1.8 
24 25 a' (ai) Cp 71, Bz 71, Mn 3 dZ2 - 12.32 4.3 58.2 0.3 36.9 0.3 
23 24 a' (ei) Cp a - 12.99 4.8 0.4 85.6 5.5 3.7 
22 19 a " (ei) Cp a - 13.02 4.5 0.4 83.8 5.1 6.2 
21 23 a' (e2) Bz cr - 13.13 1.6 0.0 1.7 0.0 96.7 
20 18 a " (62) Bz a - 13.14 1.8 0.0 3.3 0.2 94.7 
19 22 a' Cp a - 13.58 0.8 0.0 98.0 0.1 1.1 
18 17 a " (e2) Cp a - 13.69 0.6 0.0 98.7 0.0 0.7 

found in the case of the two n orbitals 6a2U and 
7aig (Ae 4.5 eV). 

Cyclopentadienyl benzene manganese 4 is the 
remaining member in the isoelectronic series 
2->3—>4 and belongs to the class of mixed sand-
wich compounds that have been studied in large 
detail in the recent years [40—43]. As the X-ray 
structure of 4 is yet unknown we have extrapolated 
geometrical parameters from related organometallic 
manganese complexes [44]. 

The MO energies of 4 in the electronic ground 
state are summarized in Table 2, a graphical display 
of the outer valence orbitals is shown in Figure 1. 
The irreducible representations of 4 are labeled with 
respect to the point group Cs; additionally we have 
employed a classification scheme (in parenthesis) 
for Fi that is related to the point group Coov [45]. 
The 29a' HOMO of 4 at — 9.44 eV is predominantly 
of Mn 3d22 character with small antibonding a2 (TI) 
admixtures from the Cp ring. 28 a' and 22 a" have a 
common e2 parent (3dX2_yil3dXy in Coov)- Both 
complex MO's show enlarged ligand admixtures 
reducing the Mn amplitudes to 63.5% and to 75.9%, 
respectively. In the symmetric 28 a' component a 
mixing between Mn 3da.2_2/2 and 3dxz is encountered 
that leads to a rotation of the Mn 3d orbitals. The 
in-phase coupling with the Cp moiety is reinforced _ ^ , . 

•j . ., j . . . . . . . . Fig. 1. Schematic representation of the molecular orbitals 
and the antibonding interaction with the benzene n o f cyclopentadienyl benzene manganese 4 in the outer 
functions is reduced. valence region. 
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Com- Bond Bond 
pound Index 

1 MgC 0.211 
CC 1.320 

2 CrC 0.366 
CC 1.276 

3 FeC 0.281 
CC 1.304 

4 MnCcp 0.300 
MnCßz 0.302 
CCCp 1.307 
CCBz 1.315 

28 a' and 22 a" are nearly degenerate with the 
ligand ei descendants 27 a' and 21a" that are 
localized in the fivemembered ring; benzene ad-
mixtures are small. The Mn3d contributions 
(3d xz, 3dyz, 3da.2_J/2 and 3dXy) in both ligand orbit-
als lead to an enhanced coupling with the Cp ring 
(out-of-plane rotation of the Mn 3d basis functions). 
The next MO pair with an ei parent (26a'/20a") is 
predicted at — 11.47 eV; the two complex orbitals 
are derived from the 1 eig MO of benzene. In com-
parison to the Cp ei descendants a less pronounced 
metal ligand interaction is diagnosed. Significant JI 
contributions from both organic ligands are found 
in the 25a' MO at —12.32 eV. The remaining a 
MO's in the interval between —12.99 eV to 
—13.69 eV are either localized in the fivemembered 
ring or are located in the benzene fragment. 

In order to get some insight into the nature of the 
metal ligand interaction in the series 1—4 we have 
summarized Wiberg bond indices [46] in Table 3. 
The covalent coupling between the central atom 
and the organic JI ligands is largest in the Cr complex 
and is smallest in the Mg sandwich. The iron and 
manganese compounds are between these two ex-
tremes. The CC indices in the sixmembered rings 
of 2 are smaller than the Wiberg indices in the CeH6 
ligand of 4. This must be traced back to the stronger 
metal-to-ligand charge transfer in the Cr derivative; 
the surplus of negative charge in 4 is predicted in 
the Cp moiety. 

4. The Vertical Ionization Energies in the Outer 
Yalence Region 

The He (I) PE spectrum of 1 has been measured 
by Evans et al. [13]. Two well resolved peaks with 
maxima at 8.26 eV and 9.14 eV are detected in the 

region below 10 eV. In the interval between 12.2— 
14.0 eV a broad, strongly overlapping band system 
is found. The band maxima are 13.5 and 12.5 eV, 
a low energy shoulder at 12.2 eV has also been 
verified. 

The Green's function results for 1 are displayed 
in Table 4. We have considered 14 hole-states and 
10 particle-functions in the perturbational summa-
tion of the self-energy part. It is seen that the 
computational results are close to the measured 
ionization energies. Ionization potentials of 7.77 and 
8.92 eV are calculated for the 4eig and 5eiu ioniza-
tion events. The experimental gap 4eig/5eiu 
(0.88 eV) has to be compared with the theoreti-
cally determined separation of 1.15 eV. Koopmans' 
defects are smaller than 0.2 eV. The deviations 
from lf~j are enhanced with increasing orbital ener-
gies. The defect components generally oscillate 
between 0.4 eV and 1.4 eV for the 6aig orbital. A 
decomposition of the total reorganization energy of 
1.4 eV into relaxation and correlation contributions 
shows that the deviations from if-j are due to the 
variation of the pair correlation in the cationic hole-
state (>90%) ; relaxation effects within the HF 
picture are negligible [47]. 

Three bands with maxima at 5.45, 6.46 and 
9.80 eV are found in the low energy region of 2 
[14—16]. The third peak has a low energy shoulder 
at 9.56 eV. The following band system between 11 
and 13 eV shows maxima at 11.39, 11.90 and 
12.70 eV. The integrated band intensities under 
He (I) and He (II) conditions are in line with the 

Table 4. Comparison between measured vertical ionization 
potentials, , of 1 and calculated ones assuming the 
validity of Koopmans' theorem ( 7 ^ ) and using the inverse 
Dyson equation with a second order approximation to the 
self-energy part (7*^ + and the renormalized 
model potential ( 7 ^ + ZffHojj)). All values in eV. 
(max --- maximum, sh = shoulder). 

Band As- 7 * i f f + *$>(<*») + Z f f f a ) % J 
sign-
ment 

1 4eig 7.96 7.76 7.77 8.26 
2 5em 9.11 8.91 8.92 9.14 
3 5a2u 12.41 

3e2u 12.32 
4eiu 12.32 
3eig 13.06 
3e2g 13.10 
6aig 15.66 

Table 3. Wiberg bond indices 
in the closed shell metallocenes 
1—4 according to INDO cal-
culations. 

11.54 11.64 
11.84 11.88 1 9 9 
11.93 11.97 
12.59 12.64 H.ttmax 
12.63 12.68 
14.05 14.22 l̂ ömax 



1198 M. C. Böhm • The Electronic Structure of Closed Shell Metallocenes 

following assignment: © = 8aig, © = 4e2g, © = 
4eig/6eiu. The intensity ratio for the He (I) source 
is 1.0:4.0:9.0, the He (II) intensities amount to 
1.0:2.0:3.2. 

The He(I)/He(II) technique allowed also a clear 
discrimination of the IP sequence in the third 
maximum. The low energy shoulder at 9.56 eV 
must be assigned to the 4eig combination with 
CT SDXZ/SDYZ contributions while the band maxi-
mum at 9.80 eV has its origin in ionization processes 
out of 6eiu- The first IP of 2 as determined by PE 
spectroscopy differs by about 0.5 eV from the value 
obtained by mass spectrometry (5.91 eV) [48]. 

The calculated IP's of 2 are displayed in Table 5; 
14 hole- and 10 particle-functions have been taken 
into account in the self-energy expansion. The se-
quence of the ionization processes is correctly pre-
dicted by the computational procedure. On the 
other hand deviations in the absolute energies are 
observed. An ionization energy of 7.13 eV is cal-
culated for the strongly localized 8aig MO. The 
theoretically determined Koopman's defect is found 
to be 1.39 eV. In second order of perturbation an 
i f j reduction of 1.61 eV is diagnosed while the 
renormalization via the D4 increment is —0.22 eV. 
The reorganization energy for the 4e2g MO is only 
0.55 eV, an increment that is comparable with 
Koopmans' defects of ligand ionization processes. 
The calculated energy difference between 8aig and 
4e2g (1.43 eV) is close to the experimental gap of 
about 1 eV. Below we have compared the Green's 
function (GF) INDO results with ZlSCF ab initio 
calculations and a transition state approach in the 
X a approximation. It is recognized that the ZlSCF 
results differ significantly form the measured IP's. 

Table 5. Comparison between measured and calculated 
ionization potentials of 2; see legend Table 4. 
(sh = shoulder). 

Band As- i f j i f j + Zf f (o> } ) i f ^ + E f ^ ) I**f 
sign-
ment 

1 Saig 8.52 6.91 7.13 5.45 
2 4e2g 9.14 8.55 8.59 6.46 
3 4eig 11.25 10.73 10.78 9.56sh 

6eiu 11.21 10.90 10.91 9.80 
4 6a2u 11.71 11.38 11.39 11.4 

3e2u 12.45 11.99 12.04 11.9 
3e2g 12.82 12.23 12.29 12.7 

rexp 
v, j 

t G F / I N D O 
v,j 7 £ f F [ 1 4 ] I f j [33] 

2A1P 5.45 7.13 5.1 6.60 
2E 2 g 6.46 8.59 4.9 7.33 

(all values in eV) 

The benzene n sequence 4eig on top of 6eiu is 
also reproduced by the theoretical approach. The 
larger reorganization accompanying the 4eig ioniza-
tion (0.47 eV) in comparison to 6eiu (0.30 eV) leads 
to a switch of the corresponding ground state order-
ing. The calculated gap between the two degenerate 
ligand combinations amounts to 0.13 eV, the ex-
perimental separation is 0.24 eV. The remaining 
calculated ligand n and a ionization energies 
(Table 5) are close to the measured IP's. 

The PE spectrum of ferrocene 3 has been measur-
ed by various groups [13, 17, 18, 49]. The first 
band at 6.86 eV corresponds to an ionization event 
out of the 4e2g combination, the second maximum 
at 7.23 eV is very sharp indicating the nonbonding 
nature of the MO from which the electron has been 
ejected. This peak has been assigned to the 8aig 

orbital. The third band in the PE spectrum of 3 
has two maxima at 8.8 and 9.3 eV that must be 
traced back to the two Cp n combinations 6eiu and 
4eig. Evans at al. [17] derived the sequence 6eiu 

on top of 4eig while Rabalais et al. [18] favoured 
the opposite sequence. The first assignment was in 
line with a near minimal basis ZlSCF study while 
double-zeta calculations predicted the latter one [2], 
The results of Evans et al. [17] have been corrobo-
rated unequivocally by a very recent study under 
He (I) and He (II) radiation conditions [49]. The 
remaining IP's of 3 in the lower energy region are 
found between 11.8 and 14 eV with maxima at 12.3, 
13.0 and 13.49 eV and with a weak shoulder 
(11.9 eV) at the lower energy side. 

The computational results for ferrocene are col-
lected in Table 6. 17 hole- and 10 particle-states 
have been included in the perturbational summa-
tion. It is seen that the method fails to predict the 
sequence of the first two bands. The calculated IP's 
are 7.79 eV (8aig) < 8.52 eV (4e2g). The same 
defect has been experienced in zlSCF calculations 
with another INDO variant [20] and in transition 
state calculations in the X a framework [37]. The 
ionization energies calculated by Rösch and John-
son are close to the perturbational INDO results 
(8aig(Xa) = 7.9 eV, 4e2g(Xa) = 8.5 eV). On the 
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Table 6. Comparison between measured and calculated 
ionization potentials of 3; see legend Table 4. 
(max = maximum, sh = shoulder). 

Band As- / K I*, + rffHay) Ilj + Zficoj) Iff 
sign-
ment 

1 4e2g 11.22 7.55 8.52 
2 8aig 10.75 6.63 7.79 
3 6e lu 9.91 9.53 9.57 

4eig 10.94 10.22 10.35 
4 6a2u 11.62 10.95 11.03 

5e iu 13.37 12.66 12.75 
3eig 14.04 13.18 13.31 
3e2u 14.03 13.27 13.37 
3e2g 14.29 13.37 13.50 
7aig 16.17 14.47 14.69 

6.86 

7.23 
8.8 
9.3 

11.9sh 
12.3max 
13.0max 

13.5nriax 

other hand ZlSCF ab initio models reproduce the 
experimental findings [2], 

The calculated reorganization energies summa-
rized in Table 6 indicate clearly the nonvalidity of 
Koopmans' theorem in the case of ferrocene. The 
net defect for the 4e2g ionization amounts to 2.70 
eV; in second order of perturbation lf~j is reduced 
by 3.67 eV, the renormalization correction is 
— 0.97 eV. Similar increments are encountered in 
the Fe 3d,2 MO (8aig). The second order contribu-
tion to the self-energy expansion is 4.12 eV while a 
net defect of 2.96 eV is predicted. The reorganiza-
tion energies for most of the remaining ionization 
processes are less than 1 eV. The large corrections 
for 4e2g and 8aig lead to an IP sequence that differs 
from the succession of the canonical MO's in the 
electronic ground state. 

The He (I) PE spectrum of the mixed sandwich 4 
has been recorded by Evans et al. [16]. Five sepa-
rate maxima can be discriminated in the outer 
valence region below 11 eV. Bands © and (2) with 
a relative intensity ratio of 1 : 3 at 6.36 and 6.72 eV 
have to be assigned to ejections out of the Mn 3d 
MO's 29a', 22a" and 28a', respectively. In analogy 
to 2 the first IP is raised by about 0.6 eV in the 
case of a mass spectrometric measurement [48, 50 ;. 
The following band maxima of 4 (8.75, 9.25 and 
9.79 eV) belong to a series of strongly overlapping 
bands in an interval between 8.5 and 10 eV. The 
three IP's in this region must be traced back to 
ionizations out of the ligand n combinations: 27a', 
21 a", 26a' and 20a" (ei descendants). The intensity 
of the fifth maximum comes up to the cross sections 

of peaks (3) and ©. A broad band system is found 
above 11 eV, the maxima amount to 11.4, 12.2, 
13.0 and 13.4 eV. 

The Green's function results are given in Table 7 
and are graphically displayed in Figure 2. We have 
employed an array of 17 hole-states and 10 particle-
functions. In correspondence with the experiment 
2Ai (ai descendent) is predicted to be the cationic 
ground state; experimental (6.36 eV) and theoreti-
cally determined (6.48 eV) ionization energies are 
almost in perfect agreement. The net reorganization 
of the 29a' ionization (2.96 eV) is the result of a 
second order correction of 4.32 eV and a renormali-
zation of — 1.36 eV. A larger difference between 
theory and experiment is observed for the two e2 
descendants 22a"/28a' (exp: 6.72 eV, cal: 7.72/ 
8.02 eV). The Koopmans' defects are 2.05 and 
1.74 eV, respectively. The 27a'/21a" ionization 
energies are quantitatively reproduced by means of 
the Green's function approach (exp.: 8.75/9.25 eV, 
cal: 8.92/9.25 eV). The degeneracy between 27a' 
and 21 a" in the ground state is lifted in the cationic 
hole-states due to different degrees of electronic 
reorganization. The ground state degeneracy of 
26a'/20a" is not perturbed in the two hole-states, 
a result that is in line with the measured PE 
spectrum. On the other hand the 26a'/20a" ioniza-
tion processes are predicted at too high energies. 
The remaining ligand n and a ionization potentials 
are reproduced with high accuracy. The weak 

Table 7. Comparison between measured and calculated 
ionization potentials of 4; see legend Table 4. 
(max = maximum). 

Band As-
sign-
ment 

IK. ifj + Lf(coj) / * , + 2#f(«y) 7-P 

1 29a' 9.44 5.12 6.48 
2 22a" 9.77 6.98 7.72 

28a' 9.77 7.41 8.03 
3 27a' 9.78 8.65 8.92 
4 21a" 9.79 9.10 9.25 
5 26a' 11.47 10.94 11.09 

20a" 11.47 10.93 11.02 
6 25a' 12.32 11.38 11.54 

24a' 12.99 12.28 12.39 
19a" 13.02 12.30 12.40 
23a' 13.13 12.45 12.55 
18a" 13.14 12.45 12.55 
22a' 13.58 12.78 12.88 
17a" 13.69 12.90 13.00 

6.36 

6.72 

8.75 
9.25 

9.79 

11.4 
12.2max 

13.0max 
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maximum at 11.4 eV is assigned to the 25 a' combi-
nation (ligand n) while the intense component at 
12.2 eV should correspond to ejections out of the 
24a', 19a", 23a' and 18a" orbitals. The maximum 
at 13.0 eV is assigned to the Cp crMO's 22a' and 
17a". 

5. Conclusion 

Outer valence ionization potentials of closed shell 
metallocenes have been calculated by means of a 
perturbational expansion based on the Green's 
function formalism and have been compared with 
experimental values. The wave functions and one-
electron energies for the various calculations were 
determined by a semiempirical INDO Hamiltonian. 
It has been shown that only the PE spectrum of the 
Mg complex 1 without occupied 3 d functions can be 
assigned on the basis of Koopmans' theorem. In the 
case of the metallocenes 2—4 large deviations be-
tween if^j and calculated ionization energies under 
the inclusion of relaxation and correlation have been 
encountered. With exception of the 4e2g/8aig se-
quence in ferrocene the experimental findings are 
reproduced by the Green's function method. Devia-
tions between measured ionization energies and 
calculated ones must be traced back to the ap-
proximative nature of the employed MO model and 
to the necessary limitations in the allocation of the 
particle- and hole-arrays in the self-energy expan-
sion. 

The calculated Koopmans' defects in the series 
2—4 are largest for strongly localized metal 3d 

Fig. 2. Comparison between the measured 
vertical ionization potentials, 7®XP, of 4 

2 9 a . and calculated ones assuming the validity 
22a",28a' of Koopmans' theorem, I ^ j , and using 

the Green's function approach with a 
second order self-energy potential (7®y + 
27<2>) and the renormalized model oper-

27a' ator ( I ^ j + £ e f f ) . 
21a" 
2 6 a ' , 2 0 a " 

2 5 a ' 

2 4 a ' , 1 9 a " 
2 3 a ' , 1 8 a " 
2 2 a ' , 1 7 a " 

orbitals of Ai (3dz2) and E2 (3da.2_1/2/3d;C2,) sym-
metry. The reorganization energies for ionization 
events out of these MO's are summarized in Table 8. 
It is recognized that the defect components in the 
Fe and Mn complexes 3 and 4 are similar while the 
reorganization energies in the Cr derivative 2 are 
significantly smaller. The net deviations from ify 
of the ai descendants amount to 1.39 eV in 2 but 
to about 3 eV in the metallocenes 3 and 4. The 
differences between the Cr and the Fe/Mn complexes 
are even more pronounced in the two e2 descendants. 
Comparable Koopmans' defects are calculated for 
the 8aig and 4e2g orbitals in the ferrocene molecule 
as a result of similar localization properties of the 
two wave functions. The stronger metal ligand 
interaction within the e2 derivatives of the mixed 
sandwich 4 leads to a reduction of the corresponding 
reorganization energies. The calculated Koopmans' 
defects of 1.74 and 2.05 eV are only 2/3 of the ai 

Table 8. Calculated reorganization energies for the strongly 
localized complex orbitals with predominant 3d ampli-
tudes in the series 2—4; all values in eV. 

Com-
pound 

r} ZtfHcoj) zfH) 

2 8aig 1.61 - 0 . 2 2 1.39 
4e2g 0.59 - 0 . 0 4 0.55 

3 8aig 4.12 - 1.16 2.96 
4e2g 3.67 - 0 . 9 7 2.70 

4 29a' 4.32 - 1.36 2.96 
28a' 2.36 - 0 . 6 2 1.74 
22a" 2.79 - 0 . 7 4 2.05 
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correction. For the 4e2g combination of the Cr 
complex only an I^j deviation of 0.55 eV is pre-
dicted although the Cr 3 d admixtures to the orbital 
wave function are comparable to the metal char-
acter in the e2 descendants of the mixed sandwich 4. 
The perturbational correction is of the same magni-
tude as for typical ligand n and a ionization events 
in the outer valence region. 

The divergent behaviour between 2 on one side 
and 3/4 on the other can be rationalized on the 
basis of (4) which is the second order (diagonal) 
contribution to the self-energy operator. 

4 2 ) N = I 
J jk[la\ nankni 
k i a 0)] + £a — eic — Si — irj 

nanbnk, (4) Vja[bk] 
a b k Ek — £a — £b+ ir] 

V, ij[kl] 

nk 

J ijkl Vii. ijlk > (5) 

= 1 for an occupied spin-orbital in the 
ground state, 

= 0 for an unoccupied spin-orbital in the 
ground state, (6) 

nk = 1 — nk . (7) 

rj in (4) is a small positive number. The ZDO 
adapted four-index transformation of the Vfjki 
integrals is given in (8). a and y symbolize AO basis 
functions. 

Vau=2 2 C i * Ckv Civ (8) 
a y 

•<a(l)a(l)|(l/n2)|y(2)y(2)>+ F«* . 

Fex contains the one-center exchange integrals of 
the INDO approximation and has been defined 
in [8]. 

The first sum in (4) contains two hole- and one 
particle-indices (2h lp) and exceeds the second 
(2p lh) contribution [22], This component further-
more can be decomposed into relaxation contribu-
tions and into the variation of the pair correlation 
in the cationic hole-state as many-body response to 
the electronic relaxation. The second sum in (4) 
takes into account the loss of pair correlation in the 
N electron system due to the ionization process [51]. 
The magnitude of the physically feasible increments 
(relaxation and correlation) of Z^((oj) in 3d com-
plexes has been investigated in recent contributions 
[22, 52]. 

The defect components of the self-energy ex-
pansion are determined by the absolute values of 
the four-index integrals Fy [ki] or Vijki, respectively 
on one side and by the various particle- and hole-
summations that enter the E(a>) expansion on the 
other side. Recently we have shown that Koopmans' 
defects in 3 d complexes are largest if a comparable 
number of strongly localized hole- and particle-
states are available [53]. This balance between 
particle- and hole-functions is obviously fulfilled in 
d5 —d6 complexes. With increasing d occupation 
the capability of the virtual MO space with large 
transition metal amplitudes is reduced while the 
capability of the occupied Fermi-sea in the scatter-
ing events is less efficient for complexes with a 
smaller number of d electrons. 

In a rough model the closed shell metallocenes 
2—4 can be classified as d6 complexes; the influence 
of the particle- and hole-states to the £(co) expan-
sion therefore should be comparable in the three 
systems and deviations from must be traced 
back to variations in the two-electron integrals 
Vij[ki]jVijici. In the first transition metal series 
diffuse d orbitals are found at the extreme left (Sc, 
Ti, V) while the 3d AO's at the right (Ni, Cu, Zn) 
have their probability maxima nearer to the nuclei 
[54]. This modification in the 3d AO's has two 
effects on the MO integrals Vijki that act into the 
same direction. Diffuse 3d orbitals lead to smaller 
one-center Coulomb integrals which are the most 
important terms in the various self-energy numera-
tors [22] and to enlarged metal ligand coupling. 
Both effects reduce the magnitude of the V^ki 
integrals and thus reduce the calculated reorganiza-
tion energies. We have demonstrated [22, 52] that 
increasing derealization of the orbital wave func-
tion and enhanced assimilation of the 3d and ligand 
one-center integrals result in an almost perfect 
compensation of electronic relaxation and correla-
tion in the H{co) expansion. This condition is ob-
viously fulfilled in the 4e2g combination of bis-
benzene chromium 2. 

The variation of the Vijki elements in the series 
Cr->Mn-^Fe allows a straightforward explanation 
of the different reorganization energies in the Cr 
complex 2 on one side and the Mn/Fe metallocenes 
3/4 on the other. The simple model however is 
insufficient to rationalize the fact that 3 and 4 
show comparable Koopmans' defects for the 
strongly localized MO's although ferrocene has the 
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larger one-center Coulomb integrals. The 3d ele-
ments for Cr. Mn and Fe that are employed in the 
INDO model are summarized below: 

y3d3d (eV) 

Cr 12.45 
Mn 13.72 
Fe 14.71 

A magnification of the reorganization energies from 
the Mn complex 4 to the iron derivative 3 should 
be expected. The relatively large Koopmans' 
defects of the mixed sandwich 4 can be explained 
due to the stronger metal ligand coupling between 
the SdXZL3DYZ AO's and ligand JI orbitals of proper 
symmetry. The Mn admixtures in 27a'/21a" exceed 
the Fe 3d contributions in 4eig. In a previous con-
tribution we have demonstrated that complex 
orbitals with comparable localization properties in 
the occupied and empty Fermi-sea are a necessary 
condition for the accumulation of 2 h 1 p and 2 p 1 h 
contributions to the self-energy operator [22], If 
occupied and virtual orbitals with significant 
3dxzl3dyz admixtures are neglected in the deter-
mination of the self-energy operator the (expected) 
graduation is calculated, the i^j deviations in 
ferrocene exceed the corrections in the mixed sand-
wich. The small coupling via 3dxzl3dyz in the Cr 
complex 2 is an additional factor that favours the 
reduced Koopmans' defects in bisbenzene chromium. 

In [53] we have shown that deviations from i f j 
go through a maximum in the 3d series due to the 
superposition of the V^M influence and the poten-
tial capability of the particle- and hole-channels as 
a function of the 3d occupation number. In the d6 

series 2—4 we are on the ascend branch of the 
3d series, reorganization effects are enhanced with 
enlarged atomic numbers of the 3 d center. In the 
case of Ni—Zn complexes the Viju influence is 
overcompensated due to the modified number of 
particle- and hole-states and the deviations from 
i f j are reduced. 

It is also possible to extrapolate these theoretical 
findings from the 3d series to the 4d (Y—Cd) and 
5d (La—Hg) series. The covalent metal ligand 
coupling is strengthened due to the more diffuse 
valence orbitals; this has been demonstrated in the 
PE spectra of bis (jr-allyl) complexes with Ni, Pd 
and Pt [55]. The increasing derealization in 4d 
and 5 d complexes of course leads to a reduction of 

the Vijki integrals and thus to a reduction of relaxa-
tion and correlation effects. The larger importance 
of many-body interactions in 3d complexes in com-
parison to 4d or 5 d derivatives has been verified in 
various MO studies on binuclear transition metal 
compounds [56—59]. 

The strong coupling between calculated reorgani-
zation energies and the localization properties of the 
orbital wave function has been verified due to the 
cross sections for the PE bands under He (I) and 
He (II) conditions. In the last section it has been 
mentioned that the intensity of ligand bands ex-
ceeds the intensity of transition metal ionization 
processes for the He (I) source. This relation is 
modified under He(II) conditions where the metal 
cross sections are raised. This dependence can be 
explained on the basis of (9) which is the transition 
moment for the photoionizing process [60]. 

I v f - ^ l 2 - (9) 
n 

The predominant contribution arises from the 
threefold product <99; | pn where cpj is the n 
wave function of the ;'th canonical MO that has 
lost the electron, pn is the linear momentum opera-
tor and ujc sjrmbolizes the wave function of the 
ejected electron which is conveniently given in a 
plane wave approximation (see (10)). (a,jipo\ 
is the overlap amplitude between the unrelaxed 
wave function of the (N — 1) electron system and 
the exact wave function of the j'th hole-state. 

uk = N • e~ikr, (10) 
N — normalization constant 

k= [2m(hw— 7;)1/2]| Ä, (11) 
vi — kinetic energy of the free electron. 

The plane wave of the free electron has a de 
Broglie wave length X (12), which is of molecular 
dimensions. 

I = 12.3 I \ 'nw^Tj , (12) 
A in A, v) in eV . 

The band intensity is largest if the half-width of the 
f th MO is approximately of the same dimensions 
as a quarter of the wave length of the photoelectron 
[61]. In the case of a delocalized MO the inter-
ference between X and ujc is more efficient under 
He (I) conditions with the longer wave length of the 
ejected electron. In the limit of strongly localized 
orbital wave functions the photoionizing radiation 
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is enlarged under He (II) conditions. The short wave 
length radiation now has a better overlap with the 
"metal MO". As long as variations in the available 
number of particle- and hole-states can be neglected 
(isoelectronic systems or isovalenceelectronic mole-
cules) there should be a strong correspondence be-
tween theoretically determined reorganization ener-
gies and intensity changes under He (I) and He (II) 
conditions. In the case of the Cr complex 2 and 
ferrocene 3 this correspondence indeed is encounter-

ed. The Koopmans' defects of 2 are significantly 
smaller than the reorganization energies in 3. The 
same graduation has been diagnosed in the PE 
spectra of 2 and 3 under He(I)/He(II) conditions 
[15, 49]; the variation of the 3d cross sections in 2 
are less pronounced than in 3. 
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