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P E S pectra, M etal-M etal B o n d s, Z in c-T ran sitio n M etal C om plexes, R elativistic E ffects
U V p h o to ele ctro n spectra o f the title co m p o u n d s are re p o rte d . A ssignm ents are m ade with the
help o f H e (I)/H e (II) intensity differences, shift effects u p o n substitu tio n an d com parison with
re la te d m olecules. P reviously draw n conclusions a bout the electronic stru c tu re of sim ilar com 
plexes also hold for the com p o u n d s. It is in d icated th at th e io nization energy for the sym m etric
m etal-m etal b o n d strongly d e p en d s on the ov erlap betw een tran sitio n and post-tran sitio n m etals.

Introduction
Some time ago, we have reported the U ltraviolet
Photoelectron (UP) spectra of a series of complexes
Tm2M containing two transition metal —post transi
tion metal bonds in a linear arrangem ent (M = Zn,
Cd, Hg; Tm = C o(C O )4, M n(C O )5) [1]. This report
was mainly concerned with the effect of substitution
of the inner (post-transition) m etal upon the elec
tronic structure of the molecule in general and on the
metal-metal bonding orbitals in particular. As an ex
tension of this work we have investigated the UP
spectra of a series of compounds Tm 2Zn (Tm =
(C5H 5)F e C 0 2, (C5H 5)M (C O )3; M = Cr, M o, W ), in
which the transition metal is varied while the post
transition metal is kept the same. In particular, it is
of interest to study the changes in the electronic
structure upon going through a triad of transition
metals. This allows an assessment of the im portance
of relativistic effects [2], which have been shown to
be very large indeed upon varying the post-transition
metal throughout the Zn triad [1], T herefore, a full
series of complexes with chromium triad m etals is
included.
Further, the ionization energies (IE ’s) of the Zn
3d orbitals are of im portance, since these orbitals
may be considered to be chemically inert, and their
IE ’s are dependent upon the coordination environ
ment and the actual charge on the Zn atom only.
Thus, with data from this study and the previous one
[1], a relative ordering of a series of Tm units regard
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ing their electronic withdrawing/donating capacity
may be obtained.

Experim ental
All syntheses were carried out following literature
procedures [3]. The Ultraviolet Photoelectron spec
tra were recorded on a Perkin-Elmer PS 18 Photo
electron Spectrom eter modified to include a Helectros Developments H e(I)/H e(II) hollow cathode
light source. All spectra were calibrated with respect
to H e, A r and Xe as internal references.

Results and Discussion
All ionizations are described as one-electron pro
cesses, i.e. a set of canonical molecular orbitals is
supposed to exist that correspond to the holes left
upon ionization. The IE is considered as the negative
of the corresponding orbital energy.
In order to facilitate a discussion of the spectra,
the compounds will be considered to consist of sever
al fragments, and the molecular orbitals to be con
structed from fragment orbitals. As a first step in the
breakdown of the molecule into fragments it may be
considered to consist of a Z n:~ ion and two T m '
fragments. Both Tm - moieties posses a doubly oc
cupied d-.: orbital (the z axis being the axis of the
linear M ' —M —M ' part). These two orbitals form a
symmetric and an antisymmetric combination, that
mix with Zn orbitals (4 s and 4p respectively) to form
the M —M ' bonding orbitals (see Fig. 1).
It has been found that the IE of the symmetric
orbital is larger than that of the transition metal
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non-bonding d orbitals by about 1 eV [1]. The IE
of the antisymmetric orbital was found to be al
most equal to or even lower than that of the non
bonding levels. An explanation for this latter be
haviour may be that the Zn 4p orbital mixes, coun
terintuitively, in an antibonding rather than a
bonding fashion. An indication that this is indeed
the case may be found in the H artree—F ock—Sla
ter MO results for fra«s-[(PEt 3) 2M (C 2H )2] (M =
Pd, Pt) [4]. For these molecules the ungerade a M_c
orbital is indeed found to contain the valence metal
p orbital in an antibonding fashion.

The CO moieties possess as relevant valence orbi
tals two o ones, 5 a co predominantly of C character,
and 4 o Co predominantly of O character, and the
1jtco orbital which has more O than C character.
The empty 2rtCo orbital, which is more localized on
C has a good overlap with metal d orbitals and may
therefore, and due to its low energy, provide 7r-backbonding from the metal to CO.
Of especial help in the assignment of U P spectra
are intensity differences caused by the differences in
cross section for the orbitals when excitation occurs
at different wavelengths. The following rules may be
derived [5, 6]: Absolute cross sections for the a Cp
and 5 a co orbitals are less upon excitation with
H e(II) (40.81 eV) than with He(I) (21.21 eV ), they
are about the same for jrCp orbitals, while the H e(II)
cross sections for the 1 jtco, 4 a co and metal orbitals
are better than the H e(I) cross sections.
The He(I) and He(II) spectrum o f Z nfC pF e(C O ) 2] 2

t r an s .

trans.

t r ans.

m e t a l - m e t a l bonds

It is known from the UP spectra of [CpFe(CO )2]X
(X = Cl, Br, I and CH 3) [7] that the three bands due
to non-bonding iron d electrons of the C pFe(C O ) 2
unit fall into a doublet at lower and a singlet at higher
IE.

Fig. 1. Qualitative representation of the symmetric (s) and
antisymmetric (a) m etal-metal bonding orbitals.

Electron counting in the T itT units can easily be
misleading. As the C 5H 5 (Cp) moieties are normally
considered to be uninegative (thus being aromatic)
and the CO molecules are formally uncharged, the
transition metal is taken as zerovalent. However, it
has to be realised that two of the metal electrons in
each Tm~ fragment are engaged in m etal-m etal
bonding and thus the num ber of formally non-bonding electrons on the metal is four in the chromium
triad series and six in the iron com pound. Hence,
two and three ionization bands respectively are ex
pected from these orbitals for each m etal atom.
The C p- moieties (of which there are two in each
molecule) contain two high-lying and degenerate jrCp
orbitals that are of the proper symmetry to donate
into empty metal d orbitals, thus providing Cp-metal
bonding. The resulting orbitals are still mainly Cp in
character and give rise to ionizations with IE ’s rang
ing from 8—10 eV. Ionization bands due to the other
valence Cp orbitals, i.e. the symmetric 7iCp orbital
and Oqp orbitals are all at IE ’s above 12 eV.
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Fig. 2. H e(I) and H e(II) spectrum of Zn[(C 5H 5)F e(C O )2]2.

Thus, in the spectrum of Zn[C pFe(C O ) 2]2 (see
Fig. 2 and Table I) we assign the band at 7.65 eV as
consisting of four and the band at 8.41 eV as consist
ing of two iron non-bonding d ionizations on the
basis of the similar band pattern, the high H e(II)
intensity of the bands and the IE values which are in
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Tm

antisymm.
metal-metal
bond

trans. metal
non-bonding d

symm.
metal-metal
bond

C o(C O )4a
C pF e(C O )2
M n(C O )5a
C pC r(C O )3
C pM o(C O )3
C pW (C O )3

8.86
7.55
7.70
7.71
7.75
7.95

8.86/9.76
7.65/8.41
8.68/8.89
7.71
7.75
7.95

10.66
9.40
10.24
9.07
9.47
9.55

Table I. Ionization energies for the com
pounds Z nTm 2 in eV.

^Cp

Zn d

_

17.2
15.81
16.6
16.30
16.46
16.23

9.78
9.69
9.65
9.90

See ref. [1],

the typical range for transition metal non-bonding d
ionizations. The low IE shoulder at 7.55 eV should,
according to previous data on similar compounds, be
due to the antisymmetric metal-metal bond. On the
same basis the symmetric M —M orbital ionization is
assigned to the shoulder at 9.40 eV, while the re
m ainder of the envelope at 9.78 eV consists of four
strongly overlapping bands belonging to the tzCv orbi
tals. This latter assignment is based upon the rather
low H e(II) intensity of this envelope and upon the
overall IE maximum, that is within the proper range.
Betw een 12 and 15 eV a broad band is found
which is caused by overlapping bands from the 5 a co,
I jico ar*d the low IE <7Cp ionizations. In the H e(II)
spectrum the band maximum shifts to 13.93 eV and
the sharpness of this maximum suggests that it may
tentatively be assigned to the l^ c o orbital ioniza
tions from the four CO moieties, as these bands have
a large H e(II) intensity.
A t yet higher IE we find bands due to the 4 a co,
the Zn 3d and the lower crCp orbitals. As the He(II)
intensity of the bands due to the latter orbitals is
much smaller than that of bands due to the former
two classes, the two (overall) bands arising in the
region above 15 eV in the H e(II) spectrum will main
ly contain 4 a co and Zn 3d ionization bands. It is
seen that all corresponding bands below 15 eV are
shifted to lower IE by approximately 1 eV with re
spect to Z n[C o(C O )4]2 and Zn[M n(C O )5]2 (see
Table I). Extrapolating this shift behaviour we can
assign the band at 15.81 eV to Zn 3d and the band at
17.06 eV to the 4 <7CO ionizations.

The He(I) and He(II) Spectra o f Z n [C p M (C O )3]2
(M = Cr , Mo, W)

The spectra are given in Fig. 3 - 5 and IE values
are presented in Table I. The most striking differ

ence between the spectrum of the chromium com
pound (Fig. 3) on the one hand and of the molyb
denum (Fig. 4) and tungsten (Fig. 5) complexes on
the other is the small band at 9.07 eV in the spectrum
of the Cr com pound that is only visible as a shoulder
in the other two spectra (Mo: 9.47 eV; W: 9.55 eV).
In view of the size of this band and its IE value, it is
assigned to the symmetric M —M orbital, similar to
the 9.40 eV shoulder in the spectrum of the iron
com pound (vide supra). The corresponding should
ers in the spectra of the Mo and W compounds are
assigned likewise.
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Fig. 3. H e(I) and H e(II) spectrum of Z n[(C 5H 5)C r(C O )3]2.

The first band in all spectra (Cr: 7.71 eV; Mo:
7.75 eV; W: 7.95 eV) is assigned, as in the iron case,
to a composite band containing the non-bonding
metal d and the antisymmetric M —M ionizations
(five bands in total).
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The band at 9.69 eV in the Cr com pound as well as
the rem ainder of the composite band in the spectra
of the Mo (9.65 eV) and W (9.90 eV) com pounds
(with the band due to the symmetric M —M ioniza
tion subtracted) is assigned to the four jiCp ioniza
tions.
It can be noted that the IE values for the non
bonding m etal d and JiCp ionizations are much alike
in the Cr and Mo cases, with the value for the jrCp
ionizations also very close to the value for the Fe
complex (vide supra). The IE for the symmetric
M —M ionization band, however, is significantly
stabilized upon going from Cr to Mo. U pon going
from Mo to W a slight stabilization is observed for all
levels.
Z n [(C 5H 5)Mo(CO )3]2

Fig. 4. H e(I) and H e(II) spectrum of Z n[(C 5H 5)M o(C O )3]2.

All this agrees with the weak trend normally found
in the UP spectra of series of com pounds of Cr triad
metals [6], except for the trend found for the IE of
the symmetric M —M ionization band upon going
through the triad. The IE of this M —M band gets
significantly larger on going from Cr to Mo, while all
other bands in the spectra shift only slightly. Then
again, upon going from Mo to W, an increase in the
symmetric M —M orbital IE can be noted, although
the exact shift value is uncertain due to the fact that
IE values for two shoulders have to be com pared.
Burlitch et al. have found for the com pounds
under study that the M —Zn bond is m ore apt to
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Zn[(C5H 5)W(CO)3]2

Fig. 5. H e(I) and H e(IJ) spectrum of Z n[(C 5H 5)W (C O )3]2.

dissociate in the order W < Mo < Cr [3]. Thus,
although the trend in the orbital energy of the M —M
bond orbital may not per se be compared with the
trend for the bond strength, it may at least be estab
lished that it is similar.
Since the electronic structures of the compounds
are rather similar (especially those of the Cr and Mo
complexes) is seems likely that the stabilization of
the symmetric M —M orbital on going down the
Periodic Table is due to an increasingly better over
lap between the metal d and Zn 4s orbitals.
The bands due to ionizations from the Zn 3d orbi
tals can only be assigned with some difficulty in this
series of compounds. With Cr no separate band that
may be assigned to such an ionization is found, while
in the Mo and W cases a small band is visible at
16.46 eV and 16.23 eV respectively. These two bands
are tentatively assigned to ionizations from Zn 3 d or
bitals. Of course it is not possible to establish how
many separate Zn 3 d ionization bands are contained
in these bands.
In the spectrum of the Cr com pound the corres
ponding band is seemingly absent, and probably
gives rise to the low IE shoulder at 16.30 eV on the
(overall) band at 17.04 eV.
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