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The He(I) and He(II) photoelectron spectra of L3MCo(CO)4 complexes (M = Si, Ge, Sn,
and Pb and L = Cl, Brand CH3) are reported. Bands attributable to the metal-cobalt bond,
cobalt 3d and CO orbitals are assigned in agreement with a qualitative MO model. Relativistic effects and He(I)/He(II) intensity ratios prove to be important in assigning these
ultraviolet photoelectron spectra.

Introduction

Experimental

Many compounds are known in which the congeners of carbon in main group IV are covalently
bonded to transition metals [1], In the past a lot of
synthetic [2-4], infrared and Raman [5], force-field
calculations [6], NMR [7], NQR [8], some crystal
structure [9, 10] studies and a UVPES study [11]
have been published dealing with the subject of the
metal-metal bond in tetracarbonylcobalt derivatives of general formula L3MCo(CO)4 (M = Si, Ge,
Sn or Pb; L = Cl, Br or CH3).
Catalytic activity of octacarbonyldicobalt in
reactions involving organosiliconhydrides [4, 12]
has led to continuing interest in the chemistry of
complexes with main group metal-cobalt bonds [13].
Measurements and calculations of bond dissociation energies D(M 1 -M 2 ) from appearance potential
data and mass spectroscopy for M1 = Si, Ge, Sn and
M2 = Co, Mn and Re by Burnham and Stobart [14]
confirm a remarkably strong metal-metal interaction. This strong intermetallic bonding for such
compounds was earlier suggested by them [15] and
others [7, 16-18],
We have recently encountered such a strong
interaction between two metals in the case of
Mi[M2(CO)*]2 with Mi = Zn, Cd and Hg and M2 = Co
(x = 4) or Mn (x = 5) by UV Photoelectron spectroscopy (UPS) [19].
As a result of that study [19], earlier interests
[5, 6, 9], and some questions about the metal-metal
bonding (d.-r-^d.-r) or (p.-r->d.-t) overlap [8, 10] we
were prompted to investigate the electronic structure of the L3M-Co(CO)4 complexes with UPS.

The complexes were prepared according to literature methods [2-4]. All reactions were carried out
under nitrogen atmosphere and all organic solvents
were purified by distillation from sodium wire. All
compounds were identified by their elemental analyses and FT-IR spectra.
UP spectra were recorded on a Perkin-Elmer
PS-18 photoelectron spectrometer modified with a
Helectros He(I)/He(II) light source. The spectra
were calibrated with respect to Ar and Xe as
internal reference. No correction was made for
analyzer dependence.
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Results and Discussion
All compounds can formally be treated as consisting of one 4 + charged group IVA atom surrounded by four univalent negative ions, namely
one [Co(CO)4]~ fragment and three
moieties
(L = Cl, Br, CH3).
Bonding between Co and M (M = Si, Ge, Sn or Pb)
in this model is a simple a donative bond and the
metal-metal bond will mainly have the character
of a perturbed doubly occupied Co(d22) orbital.
Results from earlier studies, for instance with compounds M[Co(CO)4]2 (M = Zn, Cd or Hg) [19],
indicate that the energy of the metal-metal bond is
very close to that of the non-bonding Co-(3d)
orbitals. In this earlier study no indication for
multiple bonding could be found. However, in the
compounds under study, there exist M p orbitals
(perpendicular to the Co-M bond), wrhich are
partially filled as a result of charge donation from
the X - parts. Also, because of the possible presence
of low lying unoccupied d-orbitals of M in the case
of the halogen substituted compounds donative
bonding interaction (Cod->Md) might occur. The
non-bonding 3d-orbitals of cobalt belong to two
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separate e classes in C3V symmetry. The 1 e orbitals
(xz and yz) have jr-symmetry with respect to the
metal-metal axis and the 2e (x 2 -y 2 , xy) have <5-symmetry. The latter orbitals mix with the adjacent
5aco orbitals [19]. Both these classes of 3 d-orbitals
will give 7r-backbonding. Ionizations from these
3d-orbitals were found at 8.5 eV (le) and 9.5 eV
(2e) in our earlier study [19]. As indicated, the mean
energy of the metal-metal combinations was within
the region spanned by these two values. Bands from
orbitals with strong 3 d character can be recognized
by the fact that they gain in intensity upon going
from He(I) to He(II) irradiation (positive He(II)
effect). Ionizations from 5crco and 1 nco orbitals
normally fall within an ill structured band at
13-16 eV. In those cases where these ionizations
appear more or less separated, they can be distinguished by the negative He(II) effect for 5<xco and
by the opposite effect for 1 71 co ionizations. The band
due to ionization from the 4oco orbital (oxygen lone
pair) can only be observed at about 17 eV in the
He(II) spectrum and not in the He(I) spectrum due
to low sensitivity in this region.
The spectra of (CH2)3MCo(CO)i

(M = Sn, Pb)

Apart from the Co(CO)4-moiety the M-atom is
surrounded by three CH3-parts, whose bonding can
formally by described as strong donation from CH3~
into the three empty sp3 hybrids on M4+. The
resulting M-C bonds separate into an e and an ax
combination in C3V. Ionizations from the e (M-C)
orbitals are typically found at about 10 eV [11, 21],
while the ionization from the ai orbital will probably
merge with the broad band from 13-16 eV. Ionizations from cr(CH)-type orbitals will at best be visible
as a shoulder on the latter with a strong negative
He(II) effect due to the C2S/2P and His participation
[24], Full range He(I) and He(II) spectra of
( C H 3 ) 3 M C O ( C O ) 4 ( M = Sn, Pb) are shown in Figs. 1
and 2, while the expanded low IP regions are
illustrated in Fig. 3. The vertical IP values are
collected in Table I.
Both spectra exhibit in the 8-11 eV region a
number of strongly overlapping bands. The bands
marked A, B and C obviously show a more positive
He(II) effect than the bands indicated by D, D' or
D " . In fact band C exhibits the most positive He(II)
effect. The band A, which is a more pronounced
shoulder in the He(I) spectrum of the Sn-compound
and is almost merged with band B in the spectrum

Fig. 1. The He I/He I I spectra of (CH3)3SnCo(CO)4.
Table I. Vertical ionization potentials (in eV) for
(CH3)3MCO(CO)4.

M/Level

cm-co 2e

le

CM-C

5(Tco>
1 rcco, 4(Tco
tfCH

Sn

8.37

8.80

9.23

10.03

14.1

18.0

Pb

8.11

8.34

8.99

9.43, 9.98 13.8

17.8

of the Pb complex, is assigned to the metal-metal
bond on the basis of the following arguments:
1. The positive He(II) effect suggests strong
Co (3 d) - character.
2. This position of the band corresponds well
with the assignment of the spectra of H3SiCo(CO)4
and H3GeCo(CO)4 [10]. Although the specific assignment of the Si-Co and Ge-Co band has not been
mentioned, it can be observed that the band
attributed to a(SiH) ionizations is much broader
and more intense than the one attributed to the
or(GeH) ionizations in the Ge compound. Moreover,
in the latter spectrum the band assigned to
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Cole(3d)-ionizations is more intense than the band
due to 2e(3d)-ionizations while an equal intensity
for both bands is expected and is normally found in
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Fig. 2. The He I/He I I spectra of (CH 3 ) 3 PbCo(CO) 4 .

the spectra of [Co(CO)4]-compounds. Hence, it is
postulated that the band belonging to a(Si-Co) is
located at about 12.0 eV in H3SiCo(CO)4 and that
the Ge-Co band merges at about 9.8 eV with the 1 e
band in H3GeCo(CO)4. Obviously, if we take this
trend further, we would expect the metal-metal
bond for the Sn- and Pb-compound close to the 2e
band.
3. Although for all three bands A, B and C the
trend depends on the electronegativity of M, in the
spectrum of the Pb compound bands A and B are
more overlapping than in the spectrum of the Sn
compound. This is surprising, since the metal-metal
bond, containing considerable M character, should
follow the electronegativity trend even more closely
than the Co (3d) orbitals. It must therefore be
concluded that another trend working in the opposite direction is responsible. Since in the metal-metal
(ai) orbital s-orbital participation is involved relativistic effects have to be taken into account. These
effects lead to contraction and stabilization of s
orbitals on heavy atoms. The importance of these
effects has been demonstrated earlier for the series
M [ C O ( C O ) 4 ] 2 ( M = Zn, Cd, Hg) [19]. The trend
caused by these effects for Pb s-orbitals is contrary
to the electronegativity trend of M.
The bands B and C are, as already implicitly
assumed above, assigned to the Co 2e and l e (3d)
level ionizations respectively. The smaller He(II)

Fig. 3. Expanded scale H e l / H e l l spectra of (CH3)3SnCo(CO)4 and (CH 3 ) 3 PbCo(CO) 4 .
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effect of B can best be explained, as before [19], by
interaction with 5 oco orbitals. The 2 e-1 e separation
is different in the two spectra and, moreover, smaller
than normally observed [10, 19]. Since the ligand
field splitting is roughly the same in all cases, the
phenomenon has to be explained by level interaction.
(CH^MCofCO),
/

\

(CHJ)3M+
a

1

Co(CO)~/
2e

higher IP side). However, the difference in analyzer
dependence between He(I) and He(II) spectra will
also slightly influence the location of the maximum.
The small difference in the value for this maximum
between Sn and Pb compounds reflects, perhaps
fortuitously, the difference in electronegativity.
This difference is obviously responsible for the
different IP's for bands in the first part of the
spectra, and because of jr-backbonding CO ligands
will also be affected. In the He(II) spectra the band
due to 4aco ionization is clearly visible at 18.0 eV
for Sn and 17.8 eV for Pb, also reflecting the
different electronegativity.
No bands due to Sn(4d 10 )- or Pb(5d10)-ionizations
could be traced.

^

The spectra of ClzMCo(CO)4

(M = Si, Ge, Sn)

These spectra might be anticipated to be more
complicated than those of the methylated corn-

>#+e
Fig. 4. Qualitative MO-diagram of the interaction
between (CH3)3M+ and Co(CO)4- fragments.

This interaction is most likely a mixing between
the Co l e (3d) level and the Sn-C or Pb-C e level
which results effectively in a Sn (p^-Co (dji) interaction (see Fig. 4). Since the overall Co-M bond
order will not be changed by this level interaction
multiple bonding character is not implied. Bands
labeled D are assigned to ionizations from the M-C e
levels. Firstly, because these bands show a negative
He(II) effect due to C2S and C2p participation.
Secondly, because in both cases spin-orbit coupling
is apparent: Though small for Sn and leading to
broadening of this band only, for Pb band D is well
split into D' and D " with a separation of 0.55 eV.
This, of course, is smaller than the C value for free
Pb (1.16 eV) since the Pb 6p3/2 and 6pi/2 states only
participate to a certain extent in these Pb-C
orbitals.
The broad band at 12-16 eV is unresolved in the
He(I) and He(II) spectra of both compounds. The
small shift of the band maximum in the He(II)
spectrum to a higher IP value results from the
combined negative He(II) effect of the <r(CH)- and
the 5 oco-orbital (which are more abundant on the
lower IP side) together with the positive He(II)
effect of the 1 nco orbital (more abundant on the
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Fig. 5. The He I/He I I spectra of Cl3SiCo(CO)4.
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pounds. In addition to M-Cl type ionizations,
corresponding to the M-C ionizations in the former
series two classes of lone pair type chlorine orbitals

8

|

i

|

10

12

14

(

(

16

18

will give rise to extra bands. In accordance with
earlier studies on related molecules (ClsSiH [21, 22]
and Cl3SiMn(CO)ö [23]) the assignments will be as

,
eV

Fig. 7. The He I/He II spectra of
Cl3GeCo(CO)4.
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follows: highest in energy will be ionizations due to
the "in plane" chlorine lone pair orbitals, i.e. the
orbitals within the plane passing through the three
halogen atoms. Because the reducible representations are antisymmetric towards the respective
mirror planes, the irreducible representations transform as e + a2, the latter being an orbital with three
antibonding interactions the first containing one net
antibonding interaction. Obviously, the orbital
energies will be dependent upon the Cl-Cl distances,
i. e. upon the radius of M. The "out of plane" chlorine
lone pair orbitals, transforming as e + ai, will be
lower in energy and even lower will be the chlorine
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Fig. 8. The H e l / H e l l spectra of Cl3SnCo(CO)4.

M/Level
Si
Ge
Sn

Co:

2e

l e + <rM-Co

9.11
9.37
9.37

10.32
10.36
10.35

Cl:

a2

e

11.41 11.73
11.34
11.37

orbitals forming M-Cl bonds (again: e + ai) since
they are stabilized by interaction with M. In fact,
since ionization from the ai orbital occurs at 18.14eV
in the spectrum of HSiCl3 [21], the corresponding
orbital in the present series will probably not be
detectable in the spectra. The PE spectra of the
complexes Cl3MCo(CO)4 are reproduced in Figs. 5-8
and the IP values are tabulated in Table II.
Each of the spectra can be conveniently divided
into three regions. Within the first region (9-11 eV)
two broad bands can be discerned. On the basis of
the previously discussed spectra and the positive
He(II) effect of these bands, they are assigned to
ionizations from the l e and 2e Co(3d) levels. Their
splitting compares well with normal values (~ 1 eV).
In the second region of the spectra (11-14 eV) a
number of sharp and intense bands are observed.
They are assigned to ionizations from chlorine
orbitals. This assignment is confirmed by the
strongly negative He(II) effect which is common for
halogen type orbitals [24]. As can be seen from
relative intensities the ordering of the bands is as
expected. To lower energy are the ionizations due
to the in plane lone pair orbitals a2 + e. These bands
are separated only in the case of the Si compound,
because of the small Cl-Cl distances. At increasing
higher energy we observe ionization bands first from
the e and ai out of plane lone pair orbitals and then
from the e (M-Cl) bands respectively. The ai M-Cl
ionization could not be located in any of the spectra.
The third region (above 14 eV) contains ionization
bands from the CO ligands (5 a, 1 n and 4 a orbitals).
As before, bands due to ionization from 5 a and ITT
orbitals strongly overlap to form the broad band
around 15 eV, and ionizations from the 4 a orbital
give rise to a band at about 18 eV, visible in the
He(II) spectra only. The complete assignment of the
Cl3MCo(CO)4 spectra are summerized in the correlation diagram.
On varying M (Si, Ge, Sn), the following can be
noted:
1. The energy differences between bands due to
ejection of electrons from chlorine orbitals decrease

e

a1

e

12.54
12.04
11.77

13.10
12.83
12.38

14.06
13.65
12.97

Table II. Vertical ionization
potentials (in eV) for
Cl3MCo(CO)4.
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in the order Si > Ge > Sn. The position of the first
band, however, remains roughly the same. This
telescopic behaviour can be explained by taking two
effects into account.
Ge

Si

Sn

9-

2e

10-

11-

ie,a-|
a2

.e
e

121314-

15-

5CJ,1TT

eV

Fig. 9. Correlation diagram of ionization potentials for
the compounds Cl3MCo(CO)4 (M = Si, Ge, Sn).

The decreasing electronegativity obviously
destabilizes the M-Cl bonds, and also inductively
affects the energy of the lone pair type orbitals.
However, the increasing radius of M will tend to
stabilize the in plane lone pair orbitals especially
the a2 which is a measure of Cl-Cl repulsive interaction. For the a2 band both effects apparently
cancel out.
2. Contrary to the electronegativity trend, the
band due to 2 e ionizations moves to slightly higher
ionization energies on going from Si to Sn. Clearly a
stabilizing effect unique for the 2e orbitals exists
and becomes more effective with increasing atomic
number. It is postulated that this stabilization is
due to ^-interaction between the 2e orbitals and
empty M(nd) orbitals which are brought into a

M/Level
Ge
Sn

Co:

2e

l e + <rM-Co*

9.23
9.25

9.94
9.85

* Visible as a shoulder only.

Br:

feasible energy region by the large charge withdrawing capacity of the halogen substituents. This
(5-overlap will be larger for the more diffuse d-orbitals
at the heavier elements. It might be argued that
this would also imply a stabilization of the 1 e level.
because of the corresponding n interaction.
However, this effect will be cancelled out by the
repulsive ^-interaction between Co and M, as
observed in the spectra of the methylated compounds. The repulsive ^-interaction will be smaller
than in (CH3)3MCo(CO)4 because of the lower occupation of the M p-orbitals and the larger energetic
distance between the Co l e (3d) level and the e
(M-Cl) level. The inclusion of empty M(nd) orbitals
into the description of the electronic structure
implies some degree of multiple bonding, in keeping
with earlier conclusions from structural investigations on compounds of this type [9].
3. As a consequence of the above, there is also a
slightly stabilizing trend in the maximum of the
5O*co plus ITTCO band. (Si: 14.7 eV, Ge: 15.0 eV and
Sn: 15.2 eV.)
This still leaves the metal-metal bond to be
assigned. Because of the dramatically negative
He(II) effect at the halogen type bands, it is clear
from the He(II) spectra that the band belonging to
this orbital is not hidden under any ionization band
due to halogen type orbitals. A scrutiny of the first
two bands in the He(I) spectra (especially in the
spectrum of the Si compound) reveals an intensity
ratio of about 2:3 for the first two bands, indicating
that the band due to the metal-metal bond has
merged with the l e band. The unexpected low IP
value for the Co-M ionization can be explained by
assuming that the corresponding orbitals consist of
an anti-bonding combination of Co-M and M-Cl
fragment orbitals. The latter implication is in
accordance with the negative He(II) effect of this
band.
The spectra of Br3MCo(CO)4

(M = Ge, Sn)

The spectra are reproduced in Figs. 10-12, the
vertical IP's are collected in Table III. As usual

a2

e

e

ai

e

10.36
10.48

10.76
10.70

11.15
11.02

12.01
11.70

12.68
12.30

Table III. Vertical ionization
potentials (in eV) for
Br 3 MCo(CO) 4 .
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Fig. 10. The H e l / H e l l spectra of Br3GeCo(CO)4.
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Fig. 12. The H e l / H e l l spectra of Br3SnCo(CO)4.

bromine type bands are found at lower IP's values
than the corresponding chlorine ones. As a result
the spectra now can not be broken down into three
parts as before. Of the Co (3d) bands only the 2e
band is now separate. The l e band appears as a
shoulder on a Br lone pair orbital. Judged by band
intensities, the same sequence of Br type orbitals
(recognized, again, by their strongly negative He(II)
effect) holds as for the corresponding chlorine compounds and Br3CH [25]. The behaviour of these
ionizations on enlarging M is the same as before.
Conclusions
Fig. 11. The expanded He I spectrum of
Br3GeCo(CO)4.

An assignment of the PE spectra of the complexes
L3MCo(CO)4 (L = CH3, Cl, Br) could be made with
some confidence, using He(I)/He(II) intensity argu-
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ments, trend effects, spin orbit coupling and c o m parison
influence

with

related

shifts

(CH 3 ) 3 SnCo(CO) 4

are
to

molecules.
observed

Relativistically
on

going

(CH 3 ) 3 PbCo(CO) 4 ,

but

has to be taken in generalizing relativistic effects.
In the case of the halogen substituted complexes,

from

there is some indication of multiple bonding, i. e. a

the

delta donative bonding f r o m transition metal t o the

relativistic influence is m u c h smaller than has been

post transition metal. The I P o f the metal-metal

determined before in the case of Cd and H g metal-

b o n d was found in the region of the n o n - b o n d i n g

metal b o n d e d complexes. Apparently m u c h

transition metal d-orbitals.
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