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The He(I) Photoelectron Spectrum of Fe(C0)4CS 
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The He(I) photoelectron (PE) spectrum of Fe- 
(CO)4CS (1) has been recorded and compared with 
that of Fe(CO)s (2). It is demonstrated that the 
positions of the bands originating from 3d orbitals 
are shifted only slightly if one CO moiety in 2 is 
replaced by CS. The sequence of the first two ioniza- 
tion potentials originating from the CS group (70 
on top of 2n) is changed in 1 in comparison to the 
free ligand. The measured vertical ionization poten- 
tials are compared with Green’s function results 
obtained with a semi-empirical INDO-Hamilto- 
nian. 

introduction 

Recently we have investigated the electronic struc- 
ture of various iron tetracarbonyl carbene complexes 
by means of He(I) photoelectron (PE) spectroscopy 
and molecular orbital calculations [l-3]. We have 
tried to correlate the electronic structure of these 
species with that of the unperturbed Fe(CO)s. But 
in all cases studied the molecular symmetry of the 
Fe(C0)4 moiety was perturbed significantly. There- 
fore it was of interest to study the PE spectrum of 
Fe(C0)4CS (I), a species belonging to the point 

TABLE I. Valence Orbitak of Fe(CO)dCS According to an INDO Calculation. The Composition (%), the Type as well as the 
Irreducible Representation (rj) of the MO Wave Function are Indicated. 

___- ~~ 

MO rj MO-Type Ej (eV) % Fe %CS % co,, % co,, 

la (C3,) 

28129 14e 3dx2_g /3dxy -10.35 61.7 12.9 2.0 23.4 

26127 13e 3dxzl3dyz -11.19 78.0 11.3 5.3 5.4 

24125 12e CS(2n), 3d,,/3d,,> -13.12 18.2 70.6 1.5 9.7 

3dX2+ /3dxy 
23 23al CS(70), 3d,2, CO,, (In) -13.77 5.2 47.9 10.1 36.8 

lb (C,,) 

29 25al 3d,2 /3d,l_yz -10.24 61.9 15.2 7.7 15.2 

28 12b2 3d,z -10.29 62.7 15.1 5.6 16.6 
27 12b1 3dxz -11.16 72.5 20.4 6.2 0.9 

26 3a2 Ww -11.42 84.9 0.0 8.9 6.2 
25 llbl CS(2nk 3dx,, -12.66 10.3 62.0 20.2 7.5 
24 llb2 Cs(2n), 3d,, -13.47 6.2 90.5 1.3 2.0 
23 24al CS(70), 3d,l /3d,,_y* -14.46 30.0 37.4 28.0 4.6 

CO,, (ln) 
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TABLE II. Atomic Populations and Net Charges of Fe(C0)4CS According to the INDO-Hamiltonian. 

A0 

la CC34 

4s 

4PxlPy 

4Pz 

3d,z -,.” /3dxy 

3d,z/3d,, 

3d,2 

Fe 

0.0979 

0.0708 

0.0432 

3.6792 

3.4808 

0.6272 

A0 UCS) S C&Q 0*x C,,(CO) o,, 

0 2.6144 3.0115 2.5293 3.1589 2.5873 3.1861 

T 1.2126 3.1730 1.2580 3.0408 1.2386 2.9888 

Net charge 0.0010 0.1729 -0.1846 0.2128 -0.1996 0.1740 -0.1749 

lb (Cd 

4s 

4Px 

4PY 

4Pz 

3d,z_yz 

3dx, 

3dxz 

3dyz 

3d,l 

0.0980 0 2.6855 3.0969 2.5188 3.1566 2.5287 3.1139 

0.0424 R 1.1898 3.0564 1.2606 3.0458 1.3070 3.0585 

0.0356 

0.0361 

0.9438 

1.7761 

1.7483 

1.8115 

1.500 

Net charge 0.0082 0.1247 -0.1533 0.2207 -0.2024 0.1643 -0.1724 

group C3v if the CS ligand occupies the axial posi- 
tion (la) or to point group Csv (Ib) in the case of 
the equatorial CS substitution. 

: : E 
oc, I oc, I oc, I 

Fe-co Fe-cs Fe -co id. 
oc’ I oc’ I oc’ I 

C 
0 s E 
la lb 2 

Results and Discussion 

Ground State Roperties 
To obtain the sequence of the molecular orbitals 

of Fe(C0)4CS we have carried out molecular orbital 
calculations of the INDO type [4]. The resulting 
splitting schemes, similar to that discussed for other 
MX4Y species [S, 61, are collected in Table I. 

The geometrical parameters used for the Fe(C0)4 
moiety were those reported for Fe(CO)s (2) [7]. 
For the CS ligand the parameters for the free mole- 
cule were taken [8]. From Table I it is seen that the 
three highest occupied MO’s of la belong to the 
irreducible representation E. The HOMO (14e) is 

found analogous to the HOMO in 2, predominantly 
of 3dX2.+/3dXY type with antibonding contributions 
from the carbonyl u functions of the equatorial CO 
groups [9]. The 13e combination can be described 
as a linear combination between 3d,, and 3d,, and 
contributions from the r~* orbitals of the CO and CS 
ligands. It is interesting to note that in Fe(CO)s 
the two highest occupied MO’s belong to different 
irreducible representations (E’ and E”) and there- 
fore do not mix. In the la case of Fe(CO)dCS how- 
ever, the reduced symmetry allows a mixing between 
both 3d sets. As a result of this mixing a rotation of 
the two degenerate complex molecular orbitals results 
as shown in Fig. 1. 

The next two molecular orbitals (12e and 23ai) 
are strongly localized at the CS ligand (see Table I) 
and thus are different from Fe(CO)s. 

The orbitals of the C2v system lb are similar to 
the splitting pattern of the C3” complex with the 
axial CS ligand. The most important difference lies 
in the better stabilization of the CS u orbital due to 
the stronger coupling with Fe 3d,z. According to the 
INDO model la and lb differ by less than 5 kcal/ 
mol in their total energies; this shows that both posi- 
tions (ax and eq) can be easily exchanged by the CS 
ligand (la is predicted to be the more stable isomer). 
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TABLE III. Wiberg Bond Indices of Fe(C0)4CS According to 
the INDO Calculations. 

Bond C3” la Czv lb 

FeC(CS) 

Fe&&O) 

FG&O) 

cs 

CO*, 

CO,, 

Bond Index Bond Index 

0.6422 0.4125 

0.4870 0.4917 

0.3606 0.3588 

2.0717 2.1877 

2.2411 2.2330 

2.3123 2.3160 

14e 

13e 

Fig. 1. Schematic representation of the 14e and 13e linear 
combinations of Fe(CO)hCS in the Csv complex la. 

In Tables II and III we have collected the results 
of a population analysis [lo] and the Wiberg bond 
indices [l l] for Fe(C0)4CS. It is seen that we can 
describe the compound as a da complex in which 
metal to ligand and ligand to metal charge transfer 
nearly compensate each other. The Wiberg bond 
indices in Table III indicate that the CS ligand is 
bonded strongest in la while the interaction between 
the equatorial CO groups and the metal is weakest. 
In the Czv complex with the equatorial CS function 
C(CS) and C, show comparable indices. 

PE Spectrum of Fe(CO)4 CS 
The PE spectrum of Fe(C0)4CS is shown in Fig. 

2. In the outer valence region below 13.5 eV four 
maxima are found. The shape of bands 0 to@) is 
typical for bands arising from ionizations of (nearly) 
degenerate orbitals of transition metal compounds 
[12, 131. The assignment is straightforward by com- 
parison with the PE spectrum of Fe(CO)5 [14, 151. 

The latter shows two bands at 8.6 and 9.9 eV very 
close to bands 0 and 0 of Fe(C0)4CS. Both bands 
of 2 are assigned to the highest occupied molecular 
orbitals (10e’ 3e”). Band (iJ and@ of I therefore 
should correspond to 14e and 13e in the case of the 

Fig. 2. Gas phase He(I) photoelectron spectrum of Fe(CO)e- 
cs. 

complex with the threefold axis and to 25a1/12b2 
as well as to 1 2b1/3a2 in the C2” system. 

From the foregoing paragraph and the PE 
spectrum of Fe(CO)s it seems justified to assign 
bands @) and @ to ligand orbitals, mainly localized 
at the CS ligand. 

In the free CS molecule the first two ionization 
potentials at 11.4 and 13.0 eV were assigned to 
ionization events from the orbitals 70 and 271 [ 161. 
This assignment differs from an assignment based on 
Koopmans’ approximation (I,,J = -ej) [ 171, but it 
can be shown that the inclusion of reorganization 
effects by means of many body procedures [ 18,191 
causes the assignment given above. The breakdown 
of Koopmans’ approximation is due to the high 
symmetry of CS [20] and has also been observed 
in the diatomic molecules F2 [21] and N2 [22] . 
In the case of the iron tetracarbonyl complex the 
symmetry constraint is absent; therefore the sequence 
rr on top of u should be possible. Band shape and 
band intensities clearly favour the latter assign- 
ment. 

The arguments listed so far point to a validity of 
Koopmans’ approximation in the case of Fe(C0)4CS. 
This result is met not very often in connection with 
transition metal compounds. Usually one observes 
large reorganization effects for those ionization 
processes resulting from molecular orbitals strongly 
localized at the metal [23]. We have encountered 
such examples in the case of Fe(C0)4CR2 complexes 
131, in Fe(CO)s and the complex between ethylene 
and Fe(C0)4 [24]. 

A very efficient way of calculating reorganization 
effects is Green’s function formalism where 
relaxation and correlation effects in the ground state 
and in the cationic states are considered. This method 
has been applied by us in the case of various transi- 
tion metal compounds [24] and has been used also 
in the case of 1. A detailed description of the forma- 
lism and the approximations used is given elsewhere 

1241. 
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TABLE IV. Comparison between the Experimentally Determined Vertical Ionization Potentials, lt.j, of Fe(CO),+CS and the Cal- 
culated Ones Assuming the Validity of Koopmans’ Theorem, l:j, 
lvK,j + Ziff (wj)). All values in eV. 

and Using the Inverse Dyson Equation (IFj + Xi;’ (wj) and 

- 
K Iv j + Xi?’ (Wj) l:j + ZZy:f (Wj) C,j 

la (C3d 

1 

2 

3 

4 

lb (C,,) 

1 

2 

3 

4 

14e 10.35 7.49 9.24 8.5 

13e 11.19 7.78 9.67 9.7 

12e 13.12 11.50 12.30 11.6 

23al 13.77 13.29 13.47 12.7 

25al 10.24 7.41 9.09 

12bz 10.29 7.34 9.14 

12bI 11.16 8.10 9.71 

3a2 11.42 7.70 9.84 

llbl 12.66 11.69 12.10 

llb2 13.47 12.42 12.87 

24al 14.46 13.07 13.82 

8.5 

9.7 

11.6 

12.7 

The zeros of the inverse Dyson equation [2.5] 
which correspond to the ionization energies have 
been obtained with an approximation for the self- 

c-r = (01 - E) - X(o) 

energy part X(w) that takes into account the second 
order contribution Zif’(Oj) to the perturbation 
expansion and higher order contributions X#f(oj) 
by means of a renormalization procedure [24]. In 
the calculation of X(o) 12 hole-states and 11 unoc- 
cupied particle-functions have been considered. 
The calculated ionization potentials are given in 
Table IV and are displayed in graphical form in 
Fig. 3. 

It is seen that the measured ionization potentials 
are satisfactorily reproduced by the theoretical 
procedure. Reorganization effects are most pro- 
nounced in la for the 13e MO (3d,,/3d,,) where 
the Fe 3d participation is largest. In Ib 3a2 (3d,) 
and 12b1 (3d,,) form the MO set with the largest 
Koopmans’ defects predicted in the INDO frame- 
work. In the case of the MO’s with large CS contribu- 
tions the ground state MO sequence is not changed 
when reorganization effects are included. In con- 
trast to the free CS molecule, a decrease of the 
ionization potential for the n-type (MO 24/25) 
levels is calculated as various particle-states of 
n-symmetry are available in the transition metal 
compound that are able to interact with the MO’s 
24 and 25 (2n in CS). The calculated ionization 
potentials indicate that the sequence of the molec- 

ular orbitals in the electronic ground state parallels 
the sequence of the ionization potentials although 
significant reorganization contributions lead to 
remarkable deviations from IEj, the ionization poten- 
tials derived under the validity of Koopmans’ theo- 
rem. 

Conclusions 

The comparison of the PE spectra of Fe(CO)s 
and Fe(C0)4CS has shown that the nature of the 
metal 3d orbitals is only slightly perturbed if one CO 
ligand is changed by a CS substituent. The first 
IP of the CS derivative is lowered by 0.1 eV due to 
the hetero ligand (8.5 eV versus 8.6 eV). The same 
reduction is also found in the case of the second 
ionization event (9.7 and 9.8 eV). On the other 
hand it has been demonstrated that the sequence 
of the first two ionization potentials of the carbon- 
sulfur moiety is changed due to the complexation 
with the Fe(C0)4 fragment. In the free ligand 7a 
(11.4 eV) is found on top of 271 (13.0 eV) while 
in Fe(CO&,CS the IP related to 27r (MO’s 24/2S) 
is 11.6 eV and MO 23 which is related to 70 has 
an ionization energy of 12.7 eV. 

The investigation of IR vibrations of Fe(C0)4CS 
has shown that the iron pentacarbonyl complex 
is an admixture of the two isomers la and lb [26]. 
This observation is in line with the INDO results 
derived for the electronic ground state where only 
a small energy gap between the Czv and C3” com- 
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Fig. 3. Comparison between the first bands in the PE speo 
trum of Fe(CO).+CS ($,j) (la and lb) with the calculated 
ionization 

R 
otentials assuming the validity of Koopmans’ 

Theorem, Ivj and using the inverse Dyson equation for a 
second order (Zc2)) and a renormalized (zeff) approxima- 
tion to the self-energy part. 

plex has been predicted. The Greeri’s function results 
for the sequence of the ionization events in la and 
lb have indicated that the two coordination pat- 
terns lead to almost identical ionization potentials. 
This theoretical result is once again in line with the 
experimental findings. In the PE spectrum of 
Fe(C0)4CS there is no reference to an admixture 
with significantly different IP’s. The separation of 
the n and (I ionization events from the carbonyl 
bands is similar to the PE spectrum of Cr(CO)&S 

1271. 

The iron tetracarbonyl complex was prepared 
according to the procedure described in ref. 26. 
The He(I) PE spectrum has been measured on a 
PS 18 spectrometer (Perkin Elmer Ltd., Beaconsfield, 
England). It was recorded at room temperature and 
calibrated with argon. A resolution of about 20 meV 
of the Ar line was obtained. 

259 

Acknowledgments 

The work was supported by the Stiftung VW Werk 
and the Fonds der Chemischen Industrie. We are 
grateful to Dr. M. Eckert-MaksiC for measuring the 
PE spectrum and to Mrs. H. Wellnitz for her help in 
preparing the manuscript. 

References 

10 

11 
12 

13 

14 

15 

16 

17 
18 

19 

20 
21 

22 

23 

24 
25 
26 
21 

Part 19 in the series: Electronic Structure of Organo- 
metallic Compounds. Part 18, see ref. 2. 
M. C. Bdhm, M. Eckert-MaksiE, R. D. Ernst, D. R. 
Wilson and R. Gleiter, J. Am. Chem. Sot., in press. 
M. C. BZihm, J. Daub, R. Gleiter, P. Hofmann, M. F. 
Lappert and K. 6fele; Chem. Ber., 113, 3629 i1980). 
M. C. Bahm and R. Gleiter. Theor. Chim. Acta. 59. 
127 (1981). 
L. Sacconi,Pure Appl. Chem., 17, 95 (1968). 
A. R. Rossi and R. Hoffmann. Inora. Chem.. 14. 365 
(1975) and references cited therein. - 
A. Almenningen, A. Haaland and K. Wahl, Acta Chem. 
Stand., 23, 2245 (1969). 
G. Herzberg, ‘Spectra of Diatomic Molecules’, Van Nos- 
trand, Princeton (1950). 
A. F. Schreiner and T. L. Brown, J. Am. Chem. Sot., 
90, 3366 (1968); 
I. H. Hillier, J. Chem. Phyr, 52, 1948 (1970). 
R. S. Mulliken, J. Chem. Phyr, 23, 1833 (1955); 
23,2343 (1955). 
K. B. Wiberg, Tetrahedron, 24, 1083 (1968). 
S. Evans, M. L. H. Green, B. Jewitt, G. H. King and 
A. F. Orchard, J. Chem. Sot. Faraday II, 70, 356 (1974); 
S. Evans, M. L. H. Green, B. Jewitt, A. F. Orchard and 
C. F. Pygall, ibid., 68, 1874 (1972); 
J. W. Rabalais, L. 0. Werme, T. Bergmark, L. Karlsson, 
M. Hussain and K. Siegbahn, .I. Chem. Phys.. 57. 1185 
(1972). 
R. Gleiter, M. C. Biihm, A. Haaland, R. Johansen and 
J. Lusitvk. J. Omanomet. Chem.. 170. 285 (1979). 
D. R. Lloyd and E. W. Schlag, Inorg. &hem., g, 2544 
(1969). 
E. J. Baerends, C. Oudshoorn and A. Oskam, J. Electron 
Spectrosc., 6, 259 (1975). 
N. Jonathan, A. Morris, M. Okuda, K. J. Ross and D. J. 
Smith, Discuss. Faraday Sot., 54, 48 (1972); 
D. C. Frost, S. T. Lee and C. A. McDowell, Chem. Phys. 
Letters, 17, 153 (1972). 
T. Koopmans, Physica, 1, 104 (1934). 
W. Domcke, L. S. Cederbaum, W. v. Niessen and G. H. F. 
Diercksen, J. Electron Spectros., 11, 239 (1977). 
J. Schirmer, W. Domcke, L. S. Cederbaum and W. v. 
Niessen, J. Phys. B, 11, 1901 (1978). 
L. S. Cederbaum, Chem. Phys. Letters, 25, 562 (1974). 
L. S. Cederbaum, G. Hohlneicher and W. v. Niessen, 
Mol. Phys., 26, 1405 (1973). 
L. S. Cederbaum, G. Hohlneicher and W. v. Niessen, 
Chem. Phys. Letters, 28, 503 (1973). 
A. Veillard and J. Demuvnck. in ‘Modern Theoretical 
Chemistry’, Vol. 4, H. F: Schaefer, ed., Plenum Press, 
New York (1977). 
M. C. BGhm and R. Gleiter, Comput. Chem., in press. 
F. J. Dyson, Phys. Rev., 75, 486 (1949). 
W. Petz, J. Organomet. Chem., 146, C23 (1978). 
D. L. Lichtenberger and R. F. Fenske, Inorg. Chem., 15, 
2015 (1976). 


