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Quantum chemical ab initio calculations have been performed for the 2s and 2p core level binding energies
of atomic Zn, Zn clusters and a few Zn containing molecules. The calculations were performed by means of
wave function based methods at diﬀerent levels of approximation: Koopmans ’ theorem, frozen core hole
approach, DSCF and DCASSCF approximations. Scalar relativistic corrections and spin–orbit coupling
were included by means of perturbation theory. For atomic Zn, the calculated binding energies for the 2p1/2
and 2p3/2 core levels agree within 0.3 eV with experiment; for the 2s level there is a deviation of 3.5 eV which
is due to a Coster-Kronig process not included in the present calculations. The calculated chemical shifts
for various Zn clusters, from Zn4 up to Zn87 , are decomposed into initial-state and ﬁnal-state eﬀects. The
initial-state eﬀects lead to larger binding energies and converge rapidly with increasing cluster size to shifts of
+2.0 and +2.4 eV for 2s and 2p, respectively. The ﬁnal-state eﬀects lower the binding energies. They converge
slowly, roughly proportional to 1/R (R being the cluster radius), to the value for Zn metal. Our ﬁnal results for
the atom-to-metal shifts, 2.7 eV both for 2s and 2p, agree fairly well with the experimental data, 2.9 eV.
In the Zn containing molecules, the ﬁnal-state eﬀects are similar to those in the clusters, increasing slowly with
increasing size of the ligand sphere. The initial-state eﬀects, on the other side, depend strongly on the chemical
properties of the ligands: They are positive for electron accepting ligands such as methyl and ethyl and in
particular CF3 , but negative for the electron donating ligands NH3 and pyridine.

1. Introduction
X-ray photoelectron spectroscopy (XPS) is one of the most
powerful techniques used in surface science and catalysis
research to obtain element-speciﬁc information about the
electronic structure of clean and adsorbate covered solid surfaces.1,2 XPS is very often used in the form of ‘‘ ﬁngerprints ’’
to monitor the chemical composition of catalysts or to control
their content of various contaminations. Its real strength, however, lies in the fact that it can provide detailed information
about the chemical status of a given atom: oxidation state,
chemical environment, position in the molecule or in the solid
(e.g. in the bulk or at a surface) etc. All this is reﬂected in
the second name ESCA (electron spectroscopy for chemical
analysis) used frequently for XPS.3,4
In the case of Zn, unfortunately, the 2s and 2p core level XP
spectra have turned out to be not very useful, because the
observed peak positions exhibit hardly any dependence on
the chemical environment of the Zn atom under consideration
and cannot be used to discriminate between diﬀerent oxidation
states or between bulk and surface atoms.2 For instance, the
recommended values for the 2p3/2 binding energies in Zn metal
and zinc oxide are both close to 1021.8 eV1,2,5 and diﬀer at
most by 0.3 eV2 though Zn is certainly neutral in the metal
and in the oxidation state +2 in ZnO. This is quite diﬀerent
from the situation in most other elements, for which rather
large metal-to-oxide shifts have been observed. In the ﬁrst
transition metal series, for instance, such shifts amount to
2–5 eV.2 The reason for the deviating behavior of Zn has never
been thoroughly analyzed.
The situation is slightly diﬀerent in Zn containing molecules.
Zn XP spectra have been measured in the past for gas phase
dimethylzinc and diethylzinc molecules6–8 and exhibit considerable chemical shifts relative to metallic Zn.9 XP spectra have
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also been used to monitor the thermal and photoinduced dissociation of diethylzinc adsorbed on diﬀerent metal and oxide
surfaces.10,11 This was possible because the chemical shift in
the position of the Zn 2p3/2 XPS peak, between Zn metal
and diethylzinc, amounts to ca. 2 eV and can be easily
observed as a function of temperature or diethylzinc exposure.
In the present study we will calculate the Zn 2s and 2p core
level binding energies in systems in which the Zn atom is essentially neutral (oxidation state zero), that is, in atomic Zn and
Zn metal, but also in some Zn containing molecules. The calculated chemical shifts will be analyzed and compared with
experimental data. A study of the XP spectra of ZnO and
Zn oxo compounds as well as a discussion of the role of the
Zn oxidation state in the Zn 2s and 2p core level spectra in
these systems will be the subject of a forthcoming paper.12

2. Method of calculation
All calculations reported in the present study were performed
by means of the Bochum suite of wave function based quantum
chemical ab initio programs. This package consists of a nonrelativistic restricted open-shell Hartree–Fock or SCF part
(ROHF),13 a valence conﬁguration interaction (VCI) program,14 and a complete active space SCF (CASSCF) part.15
Dynamic correlation eﬀects are taken care of by means of
our approximate multi-reference coupled cluster program
(MC-CEPA ¼ ‘‘ multi-conﬁguration coupled electron pair
approach ’’).16 Relativistic eﬀects, the inclusion of which is
compulsory if one is dealing with the ionization of core electrons, are treated perturbationally using the non-relativistic wave
functions (see below). Some of the geometry optimisations
for the Zn containing compounds were performed at the SCF
and MP2 levels by using the Gaussian-98 program package.17
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