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The valence band intensities in the gas-phase photoelectron spectra of [Pd(n3-C3Hs).] have been determined as a
function of photon energy (range 20—170 eV): the band intensities for the non-bonding Pd 4d orbitals are in good
agreement with the trend predicted by the atomic model and show a very well-defined Cooper minimum, thus allowing

a definitive assignment of the spectra.

Since Cooper showed that a minimum is expected in the
atomic photoelectron (PE) cross section for a subshell having
radial node(s) in its initial wave function,! the Cooper
minimum effect has been thoroughly studied for atoms? and,
more recently, for a variety of small molecules containing
atoms (sulfur, chlorine, bromine, iodine or phosphorus) with
np (n = 3) lone-pair orbitals.? These results showed that the
lone-pair orbitals of molecules behave like their atomic
counterparts.3# It has also been recognized that a Cooper
minimum is expected for molecules containing nd (n = 4)
orbitals. However, while the transition metal nd Cooper
minimum effect has been observed by using solid-state
photoemission techniques for pure or adsorbed metals,’
studies of the Cooper minimum in gaseous organometallic
compounds using synchrotron radiation have been carried out
only on metal hexacarbonyls,b [M(CO)s], (M = Mo and W)
and metallocenes,” [M(n5-CsHs),;], (M = Ru and Os). For
these molecules, the intensities of bands with mainly nd
character decrease at higher photon energies, consistent with
the approach to the Cooper minimum, but the experiments
were not carried out to high enough energy to observe the
complete effect. This prompts us to report a study of the PE
spectra for [Pd(n3-C3Hs),] from 20 eV to 170 eV,T a range
that is expected to cover both the cross-section maximum and
Cooper minimum (around 35 and 115 eV in theory,8 respect-
ively) region in the atomic Pd4d photoionization cross-
section. The He! and He!! PE spectra of [Pd(n3-C3Hs),] have
been assigned previously,® and the assignment of the PE
spectrum of its analogue, [Ni(n3-C3Hs);], has been the subject
of a prolonged controversy.!® The measurement of the
variable PE spectra for [Pd(n3-Cs;Hs),], particularly the
observation of the Cooper minimum, is important in making
definitive assignments for these two compounds.

The He! PE spectrum of |Pd(n3-C;Hs),], is shown in Fig. 1.
Bands 1, 6, 7 and 8 were assigned to molecular orbitals (MO)
with mainly allyl ligand C 2p character, and band 2, 3, 4 and 5
were attributed to MOs with mainly Pd 4d character.® The
new experimental results described below, especially the
intensity variations for these bands as a function of energy, are
fully consistent with this assignment and with theoretical
predictions of atomic cross-sections.

7 [Pd(n*-C3Hs);] was synthesized by the literature method and
purified by vacuum sublimation.!> The He! (Fig. 1) and He!! spectra
were obtained using an ESCA 36 spectrometer with a resolution of ca.
20 meV. The variable photon energy spectra were obtained at the
Canadian Synchrotron Radiation Facility (CSRF) at the 1 GeV
storage ring of Aladdin, using a modified ESCA 36 spectrometer16
fitted with a Quantar No. 36 position sensitive detector. The spectra
were recorded between 20 and 170 eV photon energy at a resolution
of ca. 100 meV between 20 and 80 eV, and ca. 500 meV between 80
and 170 eV. The He! spectrum was calibrated with the Ar 3p;,; line at
15.759 eV. The sample was introduced into the ionization region by
allowing it to sublime from a side-arm tube into the gas cell at 5°C.
The spectra were fitted with Lorentzian—-Gaussian peak shapes using
an iterative procedure,!” and peak areas were used to determine
intensities.

The experimental spectra (Fig. 1) show immediately that
band 1 (mainly of C 2p character) drops greatly in intensity
relative to bands 2, 3, 4 and 5 (Pd 4d character) from 21.2 to
90 eV, and then increases greatly to ca. 130 eV before
decreasing again. This trend is shown more quantitatively by
the theoretical ratio of atomic cross sections,® o(Pd 4d)/
o(C 2p) (the dashed line in Fig. 2), along with the experimen-
tal Pd 4d/C2p band intensity ratio (Asi+sz+a+s/Aq, closed
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Fig. 1 The He! PE spectrum (20.1 eV, above) and a selection of
variable energy PE spectra (90-170 eV, below) of Pd(n*-C;Hs),,
showing the trends in intensity as a function of photon energy. The
band labelling is defined above the spectra.
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Fig.2 Dashed line—the theoretical ratio of atomic cross-sections
o(Pd 4d)/o(C 2p) as a function of photon energy.8 Closed circles—
experimental values of the band intensity ratio Az 3414+5/A; (A, isthe
intensity of band # in the PE spectrum) as a function of photon energy.
The ratio of cross-sections, rather than o(Pd 4d) alone, is used
because absolute cross-sections are difficult to determine accurately.

circles in Fig. 2, A,, is the observed intensity of band n). Both
experimental and theoretical ratios reflect the dramatic but
smooth decrease in C 2p cross section from 20 to 170 eV, the
increase in Pd 4d cross-section from 20 to ca. 50 eV, and the
great decrease in Pd 4d cross-section to a Cooper minimum at
ca. 110eV. Note that the theoretical ratio Pd 4d/C 2p
fluctuates dramatically from ca. 5 at 20 eV to ca. 20 at ca.
50 eV, toca. 2 at ca. 110 eV, and back to ca. 18 at 180 eV and
that the experimental Pd 4d/C 2p ratio of band intensity is in
excellent qualitative agreement. The position of the experi-
mental maximum and minimum are shifted to higher energies
(Fig. 2), but this is not surprising considering the known
sensitivity of the outfoing f wave potential for heavy atoms!1.12
and the approximations made in the calculations.®# The
potential effect due to the Pd 4p resonance!® (the binding
energy of Pd 4p;, is ca. 51 eV and Pd 4p;,; ca. 56 eV)14is not
large in this molecule, although there are distinct shoulders on
the experimental ratios at about these energies (Fig. 2). Thisis
probably because all 4d orbitals in [Pd(n3-C;Hs),] are filled or
involved in bonding while the resonance effect requires a
vacant orbital.

Why is the Cooper minimum so clear for this molecule?
According to the molecular orbital energy diagram for
[Pd(m3-C3Hs),],° among the eight outer-valence molecular
orbitals (corresponding to bands 1-7 in Fig. 1, with one
degeneracy) only one is bonding, while all others are
essentially non-bonding (four MOs with mainly Pd 4d char-
acter and three with mainly allyl C 2p n character). Band 1 is
assigned to a non-bonding C 2p n combination (a, symmetry)
and bands 2-5 to non-bonding Pd 4d orbitals and, since mixing
is not symmetry allowed, these orbitals should largely retain
their atomic character. This may account for the particularly
good agreement between theory and experiment shown in
Fig. 2. Of the other bands, band 6 is assigned to a combination
of the degenerate metal-ligand bonding [Pd 4d,, with the
(allyl), b, orbital] and ligand C 2p non-bonding (symmetry b,,)
orbitals, band 7 to a ligand C2p non-bonding orbital
(symmetry a,}, and band 8 to one or more ligand o bonding
orbitals. Band 6 shows a much smaller Pd4d Cooper
minimum effect than bands 2-5, as expected for a bonding
orbital with much lower Pd 4d character.

J. CHEM. SOC., CHEM. COMMUN., 19903

From the above observations, the following conclusions can
be made: (i) The non-bonding nd (n = 4) molecular orbitals,
like the non-bonding np (n = 3) lone-pair orbitals,? behave
according to the atomic model and exhibit a strong Cooper
minimum effect in molecules. (if) Mixing of nd with C2p
orbitals through chemical bonding in organometallic com-
pounds greatly reduces the Cooper minimum effect. It follows
that mesurement of the Cooper minimum in the PE spectra
should give information on the degree of covalency in
organometallic compounds. (iif) Clearly, the intensity varia-
tions observed in the present work allow an unambiguous
assignment of the photoelectron spectra of [Pd(n3-C5Hs),].
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