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1 Introduction

Gold was prevented from attention as a catalyst for a long time by his property as one
of the most noble metals in bulk form, until �rst evidence for the catalytic activity of
small gold clusters were reported in the 1970s [1�3]. However, the work of Haruta et al.
clearly established the exciting catalytic properties of particle sized to nanoscaled gold
clusters especially for the low-temperature CO oxidation [4�6]. Many research was done
to explain the high activity of gold clusters with the result of two generally accepted
aspects. One aspect is the dependence of the catalytic activity on the diameter of the
gold cluster, where high activity is proved for clusters with a diameter smaller than 5 nm
[7]. The second one is the e�ect of the support material, which has a huge e�ect on the
catalytic activity by modifying the electronic properties of the supported gold cluster
[8].

The charging of the gold cluster has been found crucial for explaining the chemical
reactivity. One of the smallest experimentally proven catalytic active gold cluster in the
gas phase for the oxidation of CO to CO2 is Au2- [9]. At surfaces the charge of small
supported gold clusters is a result of electron redistribution and does highly depend on
the cluster-support interaction [10]. Especially the presence of oxygen vacancies in metal-
oxide supports [11�13] and underlying metal support [14] have an enormous in�uence on
charging the gold clusters. Gold clusters on thin MgO(001) that are grown on Mo(001)
or Ag(001) are well studied both by experiments [15] and theory [10]. MgO is a suitable
support because of his stability and chemical inert properties as well as his comfortable
handling in experiments [16]. Figure 1 shows the result of the temperature programmed
reaction experiments for CO oxidation on selected Aun clusters deposited on defect-rich
MgO(001) �lms and the reactivity for the deposited Aun clusters expressed as the number
of formed CO2 per cluster. So it was found a high catalytic activity for Au8 on defect-
rich MgO(001), where the charge transfer from oxygen vacancies to the gold cluster lead
to an enhanced activity [11, 17]. However, a limited catalytic activity is also observed for
smaller systems Aun/MgO(001) with n = 3− 7 and none for Au1,2/MgO(001) [18].

Häkkinen et al. [20] describes qualitative properties for the catalytic activity of sup-
ported gold clusters. They include 1) dynamic structural �uxionality, that allow small
cluster transformations between various energetically accessible structures to enhance the
rates for overcoming reaction barriers, 2) quantum size e�ects, that a�ect the electronic
structure of the gold cluster and the charge transfer from the support to the cluster. 3)
impurity-doping also modi�es the electronic structure of the system and consequently
change chemical reactivity. The �rst two conditions are given for the Au8/MgO(001)
system, but for smaller gold clusters the structural �uxionality is restricted. In particu-
lar the splitting of O2 depends on the electronic structure of the gold cluster and also on
the cluster size to bond both dissociated oxygen atoms.

In this work we investigate the catalytic CO oxidation with O2 on smaller gold clusters ad-
sorbed on oxygen vacancies. We start with Au2/Fi+-MgO(001) and Au1/Fi+-MgO(001)
(i = 2, 1, 0), which have shown no catalytic activity in the experiments and search for
further explanations with regard to that property. The theoretical study based on den-
sity functional theory (DFT) using the periodic electrostatic embedded cluster method
(PEECM). In this embedding scheme the system is divided into an inner local part,
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(a) (b)

Figure 1: Results of the (a) temperature programmed reaction experiments for CO oxidation on
selected Aun clusters deposited on defect-rich MgO(001) �lms. The model catalysts
were saturated at 90 K with 13CO and 18O2 and the isotopomer 13C18O16O was
detected with mass spectrometer as a function of the temperature. (b) The reactivity
for Aun clusters expressed as the number of formed CO2 per cluster [19]. An enhanced
catalytic activity is observed for Aun clusters with a cluster size larger than n = 8
but none for gold �lms on the defect-rich MgO(001) surface. Aun with n = 3 − 7
shows a small catalytic activity and no activity is observed by Au1 and Au2 clusters.

an intermediate part and an outer region containing a periodic array of point charges
representing the cationic and anionic charge of a perfect ionic crystal. Only the inner
local and intermediate part is treated quantum mechanically where the inner local re-
gion contains the small cluster with the oxygen vacancy and the gold atoms described
by basis sets. In the intermediate part the cations are described by all-electron e�ective
core potentials (ECP) and the anions by point charges. The intermediate part serves
as an isolating shell for the local region against the point charges in the outer region,
that prevents a too strong polarization of the electron density in the inner local region
because of near positive point charges. The point charges in the outer region serves to
always keep the correct electrostatic potential. This embedded cluster model is suitable
for calculations on defects of ionic crystals and their surfaces. In contrast, the alternative
approach with periodic boundary conditions needs large supercells to prevent a higher
defect concentration than encountered in experiments, which may leads to superior in-
teractions between neighboring defects. But larger supercells signi�cantly increases the
computational demand [21].

In this master thesis, we �rstly determine the size of the intermediate part to reach
convergence in system properties. Then, we investigate the adsorption behavior of CO
and O2 on Au2 and Au1 deposited on defective MgO(001) to get insight into the surface
properties and to evaluate the suitability of the method by comparing surface properties
with literature values. The last sections show the results of the investigations about
reaction paths for the catalytic oxidation of CO.
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2 Theory

2.1 Density Functional Theory

In quantum mechanical systems, which are described by a Hamilton operator Ĥ consist-
ing of the operator of kinetic energy T̂ and the operator of potential energy V̂ , the wave
function ψ is determined for time-independent potentials by the non-relativistic time-
independent Schrödinger equation

Ĥψ =
(
T̂ + V̂

)
ψ = Eψ , (1)

where the eigenvalue E corresponds to the energy of the system [22]. Without any ap-
proximations, it is not possible to analytically solve the time-independent Schrödinger
equation for many-particle systems such as many-electron systems. Determining the best
approximated solution is possible by using the variational principle. According to the
variational principle, any normalizable test wave function ψ′ yields a higher value for the
energy E′ then the exact energy E0 yielding from the exact wave function of the system
ψ0. In case of E′ = E0, the test wave function ψ′ corresponds to the exact wave function
of the system.

〈
ψ′
∣∣∣Ĥ∣∣∣ψ′〉
〈ψ′|ψ′〉

= E′ ≥ E0 =

〈
ψ0

∣∣∣Ĥ∣∣∣ψ0

〉
〈ψ0|ψ0〉

(2)

Density Functional Theory (DFT) is a quantum mechanical method to investigate the
electronic structure of many body systems. Contrary to the Hartree-Fock method, where
wave functions are used containing all information about a quantum mechanical system,
DFT determines the electronic structure with functionals depending only on the elec-
tronic density ρ. The one-electron density of a system with N electrons is de�ned by the
integral over the spin coordinates of all electrons and over all but one spatial orbital

ρ(r) = N
∫
...

∫
|ψ (x1x2, ...,xn)|2 ds1dx2...dxn . (3)

x represents the four-dimensional vector of the position r and the spin s of the electron.
The one-electron density is the probability to �nd one of the N electrons with variable
spin in the volume dx1, whereby the remaining N−1 electrons can be elsewhere in the
space.

Modern DFT bases on the two theorems by Hohenberg and Kohn [23]. The �rst theorem
implies that the exact ground state energy E0 of a system can be uniquely described
by the electronic density ρ(r) in an external potential Vs(r). The second theorem states
that for every electronic density function ρ(r), which is normalized to the number of N
electrons, the variational principle is ful�lled
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E0 ≤ E [ρ(r)] . (4)

2.1.1 Kohn-Sham equations

In 1965, Kohn and Sham proposed a practical method for performing DFT calculations
[24]. The starting point is the electronic time-independent Schrödinger equation

(
V̂ee + V̂eN + V̂NN + T̂e

)
|φi,R〉 = εi,R |φi,R〉 . (5)

Here, V̂ee, V̂eN and V̂NN are the operators corresponding to the electrostatic interaction
between electrons, the electrons and the nuclei as well as between the nuclei, respectively.
T̂e is the operator corresponding to the kinetic energy of the electrons. The eigenfunctions
|φi,R〉 and eigenvalues εi,R are indexed by i and R as a continuous variable. However, the
electronic time-independent Schrödinger equations results from the approximation that
there is no coupling between the nuclear and the electronic motion, which is known as
the Born-Oppenheimer approximation [25]. Kohn and Sham suggested to use a reference
system of N non-interacting electrons in an external potential Vs(r) with the same ground
state electronic density as the interacting system [26]. The Hamiltonian ĤS for the system
of non-interacting electrons can be de�ned as

ĤS =

N∑
i=1

(
−1

2
∇2
i + Vs(ri)

)
=

N∑
i=1

ĥKSi . (6)

The Kohn-Sham Hamiltonian ĥKSi satis�es a one-electron stationary Schrödinger equa-
tion, yielding so-called Kohn-Sham orbitals

∣∣φKSi

〉
and energies εKSi

ĥKSi
∣∣φKSi

〉
= εKSi

∣∣φKSi

〉
. (7)

The many-body wave function in Kohn-Sham-DFT for the non-interacting reference sys-
tem ψKS is an arrangement of the Kohn-Sham orbitals in a Slater determinant to enforce
the Pauli principle.

ψKS =
1√
N

∣∣∣∣∣∣∣∣∣
φKS1 (r1) φKS2 (r1) ... φKSN (r1)
φKS1 (r2) φKS2 (r2) ... φKSN (r2)

...
...

...
φKS1 (rN) φKS2 (rN) ... φKSN (rN)

∣∣∣∣∣∣∣∣∣ (8)

In quantum theory it is postulated that the wave function must be antisymmetric with
respect to the exchange of two electrons, which is ful�lled using a Slater-determinant
approach [27]. This postulate is called Pauli principle or antisymmetry principle. As a
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consequence of the Pauli principle, two electrons with the same spin cannot be located
on the same position. Using the Kohn-Sham orbitals to represent the density of the N
electron system as in equation 3, the energy of the system can be written as

E[ρ] =

∫
ρ(r)VeN(r)d(r) + TS[ρ] +

1

2

∫ ∫
ρ(r1)ρ(r2)

r12
dr1dr2 + ∆T [ρ] + ∆Vee[ρ] , (9)

where ∆T [ρ] is the di�erence between the kinetic energy of the real system and the
kinetic energy of the non-interacting system and ∆Vee[ρ] is de�ned as

∆Vee[ρ] = Vee[ρ]− 1

2

∫ ∫
ρ(r1)ρ(r2)

r12
dr1dr2 , (10)

where the second term describes the electrostatic interaction between electrons. ∆T [ρ]
and ∆Vee[ρ] are generally unknown. Therefore an exchange-correlation functional EXC[ρ]
is de�ned by:

EXC[ρ] = ∆T [ρ] + ∆Vee[ρ] . (11)

The exchange-correlation functional contains the di�erence between the kinetic energy of
the real system and the kinetic energy of the non-interacting system ∆T [ρ], the exchange
energy EX[ρ] arising from the antisymmetry requirement, and the Coulomb correlation
energy EC[ρ], which is associated with the inter-electronic repulsion. Additionally, it
contains a correction for the self-interaction error. The self-interaction error arises from
the Coulomb interaction of a particular electron with the charge contribution of the same
electron, which makes no physical sense [28]. The exchange-correlation functional is not
exactly known and must be approximated.

The e�ective potential Vs(r) in the one-electron stationary Schrödinger equation in equa-
tion 7 depends on the electronic density determined by the Kohn-Sham orbitals, which
result by solving the one-electron stationary Schrödinger equation. Therefore, the Kohn-
Sham orbitals are iteratively calculated by a so called self-consistent �eld (SCF) proce-
dure. By choosing an initial guess for the electronic density and determining the e�ective
potential, the SCF procedure yields in new Kohn-Sham orbitals by solving the one-elec-
tron stationary Schrödinger equation and an electronic density. The SCF procedure is
iterated until convergence criteria for the Kohn-Sham orbitals and their eigenvalues are
ful�lled.

2.1.2 Exchange and correlation functionals

Throughout the last decades, many di�erent forms to the exchange-correlation functional
have been proposed, which are in general categorized by the type of approximations made.
The following subsection introduces the most common approximations.
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Local density approximation (LDA)

The simplest approximation of the exchange-correlation functional is the local density
approximation (LDA), where the inhomogeneous electron density is assumed to be a
locally homogeneous electron gas. Hence, the exchange-correlation functional can be
written as

ELDA
XC [ρ] =

∫
ρ(r)εXC[ρ]dr , (12)

where εXC[ρ] is the exchange-correlation energy in a homogeneous electron gas. The
εXC[ρ] term corresponds to the sum of the exchange potential εX[ρ] and the correlation
potential εC[ρ]. The exchange part can easily be written as

εX[ρ] = −3

4

3

√
3ρ(r)

π
(13)

and was originally derived by Bloch and Dirac [29]. However, there is no explicit expres-
sion for the correlation part known and thus many di�erent correlation contributions to
εXC[ρ] are available. One widely used correlation part is the VWN functional developed
by Vosko, Wilk and Nusair [29].

Generalized gradient approximation (GGA)

Additionally to the electron density ρ(r) at point r, the generalized gradient approxima-
tion (GGA) takes the gradient of the density ∇ρ(r) into account. Hence, the exchange-
correlation functional can be written as

EGGA
XC [ρ] =

∫
ρ(r)εXC[ρ,∇ρ(r)]dr . (14)

One of the many di�erent GGA functionals is for example the Perdew-Burke-Ernerhof
functional (PBE) [30, 31] based on the PW91 functional with no empirically �tted pa-
rameters.

Hybrid functionals

Unlike LDA and GGA, hybrid functionals combine Hartree-Fock exchange energies de-
termined with Kohn-Sham orbitals and density functional calculations. Due to a general
overestimation by DFT functionals and a general underestimation by Hartree-Fock the-
ory the combination shows in many application, but not in all, a satisfactory performance
[32]. The exchange-correlation energy is de�ned herein by

Ehybrid
XC = αEHF

X + EC + (1− α)E
LDA/GGA
X . (15)
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The Hartree-Fock exchange energy EHF
X (also called exact exchange energy), the exchange

energy E
LDA/GGA
X calculated by either LDA or GGA functionals and the correlation

energy EC are combined by a �tting parameter α. The most widely used hybrid functional
is B3LYP developed by Becke [33], Lee, Yang and Parr [34] and has the form

EB3LYP
XC = ELDA

XC +α0

(
EHF
X − ELDA

X

)
+αx

(
EB88
X − ELDA

X

)
+EC +αc

(
ELYP
C − ELDA

C

)
.

(16)

The parameters (α0 = 0.20, αx = 0.72 and αc = 0.81) have been determined by a �t to
thermodynamical properties of a standard set of molecules. Consequently, its functional
form is very well suited for determining energies and reaction barriers, which makes it a
popular choice for application.

2.1.3 Unrestricted Kohn-Sham

The e�ective potential of the Kohn-Sham equations contains no reference to the spin
of the electrons. So the approximate functionals do not di�er between α- and β-spin
density, only in the total density ρ(r) = ρα(r) + ρβ(r) [35]. This is very suited for closed
shell systems, but for systems with an arbitrary multiplicity it is appropriate to use the
generalization to a spin density functional formalism, where the electron density depends
on the spatial coordinates and the spin state. That results in a deviation of the spatial
parts of α- and β-orbitals, because the e�ective potential in the one-electron Kohn-Sham
equations di�ers between α- and β-spin orbitals, since the environments di�er if there are
more α- and β-electrons [36]. The advantage of this spin density functionals is to build
in more of the actual physics into the approximate functionals. Furthermore it can give
a proper description of bond breaking in molecules [37].

However, the single-determinant of the Kohn-Sham orbitals originating from a spin un-
restricted exchange-correlation functional is not an eigenfunction of the total spin

〈
S2
〉

anymore. The eigenvalues of the total spin operator
〈
S2
〉
are calculated by S(S + 1),

where S is equal to 1/2 times the number of unpaired electrons. If the
〈
S2
〉
expectation

value di�ers from their ideal values, the determinant is described as spin contaminated.
The stronger its spin contamination the more questionable the result certainly gets, be-
cause of a mixing of di�erent spin states that results in a change of the computed total
energy. In fact the single-determinant of the Kohn-Sham orbitals is not the true wave
function of the system and the extent to which the spin contamination on the determinant
a�ects the true wave function is not known [35]. In the literature some authors postulate
that determinants of non-singlet systems are wrong, if they show no spin contamination
[36]. Considering the system that we intend to describe is composed of a metal center on
a defective insulator surface, it is to be expected that spin contamination will play an
important role in our simulation.
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2.1.4 Dispersion correction

Due to the local nature of the LDA and GGA functionals, they are unable to describe
non-local, long range electronic correlation. This electronic correlation is crucial to de-
scribe the dispersion interaction, which is present in all atomic systems investigated here.
Therefore, even hybrid functionals fails to describe dispersion correlation correctly de-
spite their additional use of the non local Hartree-Fock exchange energy [35]. Grimme
et al. �rstly published an empirical dispersion correction to be improve a posteriori on
DFT functionals in 2004 [38]. Such improved DFT functionals will be called DFT-Dx
functionals, where x is the version number of the Grimme dispersion correction. In this
work the current DFT-D3 dispersion correction is used [39]. The dispersion energy Edisp

is simply added to the total energy EDFT as

EDFT-D3 = EDFT + Edisp . (17)

The empirical dispersion correction is de�ned by the sum of two-body-energies E(2) and
three-body-energies E(3)

Edisp = E(2) + E(3) , (18)

where the two-body-energy is calculated by

E(2) =
∑
AB

∑
n=6,8,10,...

sn
CAB
n

rnAB
fdmp,n (rAB) . (19)

The summation goes over all atom pairs AB in the system, CAB
n denotes the averaged

nth order dispersion coe�cient between the atom pairs with their internuclear distance
rAB. sn are scaling factors adjusted to the DFT functional. The dispersion coe�cients
are computed ab initio by time-dependent DFT, whereby the higher order coe�cients
are computed recursively from the CAB

6 coe�cients. The three-body-energy contributes
with

E(3) =
∑
ABC

fdmp,(3) (r̄ABC)EABC , (20)

where the sum is over all atom triplets ABC and r̄ABC is the geometrically averaged radii.
The dispersion term EABC depends on the position of ABC relative to each other and
a triplet dipole constant, which is approximate by a geometric mean of the two-atomic
dispersion coe�cients CAB

6 respectively.

A damping function fdmp,n (rAB) is used to determine the range of the dispersion cor-
rection and to avoid near singularities and double counting e�ects of correlation at in-
termediate distances. The used function in equation 21 depends on an order-dependent
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scaling factor sr,n, a cut-o� radii RAB
0 for the atom pair AB and a steepness parameter

αn, which ensure that the dispersion correction at typical covalent bond length is smaller
than 1 % of its maximum value of |Edisp|.

fdmp,n (rAB) =
1

1 + 6
(
rAB/

(
sr,nRAB

0

))−αn (21)

In this work the DFT-D3 dispersion correction is used to improve the description of
weakly bounded physical adsorbed states, which is important for the weak interaction
between gold and molecular oxygen.

2.2 Basis set and e�ective core potentials

in most molecular quantum-mechanical numerical implementations of Kohn-Sham-DFT
the molecular orbitals φi are expressed by a set of basis functions χr [28].

φi =
M∑
r

criχr (22)

One molecular orbital φi is a linear combination of the M available basis functions with
the respective orbital coe�cients cri. Very often for molecular systems, the basis function
are described by atomic-centered Gaussian type functions (GTF) as proposed by Boys
in 1950 [40]. In polar coordinates the GTFs can be written as [32]

χGTFα,nlm (r, θ, ψ) = NYlm (θ, ψ) r2n−2−l exp(−αr2) . (23)

The GTFs depend on the quantum numbers n, l, m, the spherical harmonic functions Ylm,
a normalization constant N and α which determines the spherical expansion. Contrary to
other types of basis sets like the Slater type orbitals, a single GTFs is unable to describe
the charge distribution around the nuclei accurately, but this can be improved by taking
a linear combination of several GTFs centered on the same atom to generate a contracted
Gaussian type function (CGTF) χcGTOα1,...,αK,nlm

.

χCGTFα1,...,αK,nlm
(r, θ, ψ) =

K∑
k=1

dkχ
GTF
αk,nlm

(r, θ, ψ) (24)

Here, dk is the contraction coe�cient. Although a large number of GTFs are needed for
a �exible description of the electron distribution especially for the outer region. This
is more than compensated by a fast evaluation of the molecular integrals [32]. The de-
scription of the di�use character of molecular orbitals can be improved by increasing the
CGTF basis using sets of polarized and di�use basis functions. Polarized basis functions,

13



whose orbital quantum number l are greater than the maximum l of the valence shell of
the ground state atom, allow a distortion of the charge distribution. Di�use functions
have a very small orbital exponent and can describe electron density at large distances
from the nuclei, which improve the description of electron rich systems such as anions
[28].

In heavy atoms, core electrons are in fact unimportant for chemical bonding but nec-
essary for the proper description of the valence orbitals. Thus, a large number of basis
functions are required especially due to the rapidly oscillation of the radial part of the
wave function [41]. The oscillation in the core region can be avoided by integrating out
the core electrons and replacing them by a suitable function called e�ective core potential
(ECP) or pseudopotential, where relativistic e�ects on the core electrons in heavy atoms
can be treated as well. The valence electrons are still treated explicitly [32]. The strong
localization of the core electrons around the nucleus e�ectively screens the nucleus from
the valence electrons, which are unable to enter the core region due to Pauli's principle.
Therefore the Coulomb interaction between the nucleus and the valence electrons will be
nearly canceled out and the remaining weak interactions are described by the e�ective
core potentials [42]. Usually when using Gaussian type functions for describing the va-
lence electron orbitals, the e�ective core potentials are also described by Gaussian type
functions as well [32]. This renders their evaluation very e�cient while reducing drasti-
cally the computational e�ort associated with the electronic structure calculation.

2.3 Periodic electrostatic embedded point charge method

In the periodic electrostatic embedded point charge method (PEECM) [21] a �nite, quan-
tum mechanical cluster is embedded in a periodic, in�nite array of point charges to yield
the correct electrostatic potential (Madelung potential) inside the cluster. The system is
divided into an inner quantum mechanically treated region (QM region) and an outer re-
gion (PC region) described by a periodic array of point charges representing the cationic
and anionic sites of a perfect ionic crystal or surface. The QM region is also divided into
an inner local part, or cluster, containing for example the defect or adsorbate and an
intermediate part. The inner local part is described by basis sets whereas, in the inter-
mediate part, the anions are described by point charges and the cations by all-electron
ECPs (here, all-electron means the number of electrons in the respective cations). The
intermediate part prevents a too strong polarization of the electron density in the inner
local part of the QM region, which would be the case if a positive point charge of the
PC region was not shielded by the intermediate region.

To include the electrostatic interaction between the QM and PC region the term Eemb

is added to the total energy

Eemb =
cluster∑
µν

PµνF
emb
µν +

lattice∑
L

UC∑
j

cluster∑
a

qjZa
|Ra −Rj + L|

(25)

with the density matrix Pµν =
∑cluster

b=1 cb,µc
∗
b,ν , Kohn-Sham matrix elements F emb

µν , the
lattice vector in direct space L, the ionic point charges qj with index j at the position
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Figure 2: Illustration of the di�erent parts with the Au2/F
2+-MgO(001) system, where the Au2

cluster is adsorbed on a F2+ vacancy of a MgO(001) terrace side. (I) shows the inner
local part of the QM region, where the atoms are described by basis sets and also by
ECPs for the Au atoms. In (II) the intermediate part surrounds the transparent inner
local part. The intermediate part is treated quantum mechanically as well but the
ions are described by ECP(10e-) for Mg2+ and by doubly negatively charged point
charges for the O2- anions. (III) shows the outer region together with the transparent
QM region. In the outer region, the ions are described by point charges of +2 and
−2 correspondingly to the ion charge. Gold (gold), magnesium (green), oxygen (red),
point charges of the outer region (gray)
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Rj + L outside the QM region and the nuclear charge Za of the atoms at the position
Ra in the QM region. µ and ν are the indices of the Gaussian basis function χµ and χν
at the position Rµ and Rν . The Kohn-Sham matrix elements F emb

µν are computed by

F emb
µν = −

lattice∑
L

UC∑
j

qj

∫
χµ(r−Rµ)χν(r−Rν)δ(r'−Rj + L)

|r− r'|
drdr' (26)

= −
lattice∑
L

UC∑
j

qj (µν|δjL) . (27)

The delta function δ de�ne the point charge qj at the Position Rj + L. The lattice
sums in Eemb and F emb

µν are calculated by the periodic fast multipole method (PFMM)
[43] developed from the fast multipole method of Greengard and Rohklin [44, 45]. By
partitioning the PC region into near-�eld and far-�eld parts, where the near-�eld is
calculated analytically and the far-�eld by multipole expansion, the PFMM achieves a
linear scaling with respect to the number of particles in computational time. PFMM
de�nes the lattice sums entirely in direct space, which yields merely a constant shift in
the electrostatic potential as compared to the Ewald method [46, 47]. Thus, the absolute
energy and orbital energies have no meaning but the relative energies are una�ected
provided that the total charge of the cluster remains constant.

2.4 Structure optimization

Locating stationary points on potential energy surfaces represents an important problem
in computational chemistry. At stationary points the structure of a molecular system is
de�ned by a gradient where all �rst derivatives with respect to all degrees of freedom
(except the translational and rotational degrees of freedom) vanish. Actually stationary
points include minima, maxima and transition states, which are distinguished by the
eigenvalues of the second derivate of the electronic energy or Hessian matrix. A minimum
is present if all eigenvalues of the Hessian matrix are positive. If the Hessian matrix
contains at least one negative eigenvalue the structure corresponds to a transition states.
Usually transition states where the Hessian matrix contains more than one negative
eigenvalues are not of as much importance in chemistry [48].

Structure optimization are often performed using the quasi-Newton-Raphson (QNR)
method [49]. Here, the gradient and an approximation of the Hessian matrix is com-
puted. The aim is to �nd an energy minimum for the conformation of the molecular
system. Therefore, a step vector ∆r′ is added to the coordinates of the atoms but in a
coordinate system where the Hessian matrix is diagonal. This is achieved by a unitary
transformation of the vibrational coordinates where the translational and rotational de-
grees of freedom are projected out prior the diagonalization [32, 50, 51]. In the case of a
non-linear molecule the step vector ∆r′ = (∆r1,∆r2, ...,∆r3N−6) is computed by

∆ri = − fi
εi − λ

, i = 1, 2, ..., 3N − 6 (28)
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where N is equal to the number of atoms, fi are the projections of the gradient along the
Hessian eigenvectors with eigenvalue εi. The shift parameter λ is chosen to be below the
Hessian eigenvalue, so that the denominator in equation 28 is always positive and the step
direction is always correct. However, without the implementation of the shift parameter,
the step vector shifts the structure towards a saddle point or maximum if the starting
point is in a region where the Hessian matrix has negative eigenvalues. Furthermore, the
step parameter prevents a step size going towards in�nity if an eigenvalue of the Hessian
matrix comes close to zero. Usually it takes many iteration steps until the convergence
criteria are ful�lled [32]. For each iteration of the QNR-algorithm an SCF calculation of
the electronic structures is required. This renders structure optimization very costly.

2.5 Nudged elastic Band method

The Nudged elastic band method (NEB) serves to determine the minimal energy path
(MEP) between an initial and �nal structure on a potential energy surface (PES). Here,
multiple structures, or images, connect the initial and �nal state. Initially the images
between initial and �nal state are linearly interpolate but they can also be guided by
involving intermediate structures to guide the search into a certain direction [32].

The purpose of the nudged elastic band method is to minimize the force between the
images of an elastic band [52, 53]. The force FNEB

i of image i sums up the spring force
Fs
i |‖ along the local and normalized tangent τ̂i at image i and the component of the true

force ∇E(Ri)|⊥ perpendicular to the tangent τ̂i. An illustration of the forces are given
in �gure 3.

FNEB
i = Fs

i |‖ −∇E(Ri)|⊥ (29)

E is the energy of the system at the atomic coordinate Ri and the true force ∇E(Ri)|⊥
is compute by subtracting out the parallel component of the true force

∇E(Ri)|⊥ = ∇E(Ri)−∇E(Ri)τ̂i . (30)

The spring forces depend on the spring constant k and is calculated by

Fs
i |‖ = k (|Ri+1 −Ri| − |Ri −Ri-1|) τ̂i . (31)

In the original form of the NEB method the local tangent was estimated from the two
adjacent images, but to avoid kinks in the minimal energy path, the local tangent at
image i depends only on the adjacent image with the higher energy Ei±1 and the image
i itself [55]
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Figure 3: Forces act on the image i of the nudged elastic band (NEB) connecting the initial
state with the �nal state. Without any restriction the image will relax towards the
true force Fi. But the combination of the spring force Fs

i |‖ along the local tangent τ̂i
and the perpendicular component of the true force ∇E(Ri)|⊥ = Fi|⊥ shift the image
towards the force FNEB

i in the next iteration step. If the NEB calculation converges,
the band will overlap with the band along the minimal energy path (MEP). Image is
taken from the Henkelman group, university of Texas at Austin [54].

τi =

{
τ+i if Ei+1 > Ei > Ei−1

τ−i if Ei+1 < Ei < Ei−1
(32)

with

τ+i = Ri+1 −Ri and (33)

τ−i = Ri −Ri−1 . (34)

If both adjacent images are higher or lower in energy, the tangent is computed as the
weighted average of the vectors to the two neighboring images. This modi�cation serves
to smoothly switch between the two tangents τ+i and τ−i , which can drastically change
the search direction in the case of an image in a local minimum or maximum. The
tangent estimate becomes

τi =

{
τ+i ∆Emax

i + τ−i ∆Emin
i if Ei+1 > Ei−1

τ+i ∆Emin
i + τ−i ∆Emax

i if Ei+1 < Ei−1
(35)

with

∆Emax
i = max (|Ei+1 − Ei| , |Ei−1 − Ei|) and (36)

∆Emin
i = min (|Ei+1 − Ei| , |Ei−1 − Ei|) . (37)
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Finally the tangent vector needs to be normalized by τ̂i = τi/ |τi|. The elastic band
converges to the minimal energy path by minimizing the force of the images in equation 29
using an optimization algorithm such as the projected velocity Verlet algorithm [52]. One
problem is, that none of the images lands at or near the saddle point, which energy must
be estimated by interpolation a posteriori, which may yield poor estimates of activation
barriers. The climbing image NEB method [55] solves that problem by identifying the
image with the highest energy after a few iterations with the regular NEB method. The
force on the image with the highest energy Fi,max is then changed to

Fi,max = −∇E(Ri,max) + 2−∇E(Ri,max)|‖ (38)

= −∇E(Ri,max) + 2−∇E(Ri,max) · τ̂i,maxτ̂i,max (39)

Fi,max is the inverse force due to the potential and it is not a�ected by the string force.
Now, the image moves up the potential energy surface along the elastic band while
relaxing on the potential surface perpendicular to the band. As long as the climbing image
NEB method converges, the climbing image will also converge to the saddle point.

2.6 MgO(001) surfaces and F-centers

Magnesium oxide MgO is a simple stoichiometric binary oxide with cubic rock-salt struc-
ture and a lattice parameter of a = 4.211 Å [56]. It also has well-de�ned surfaces, which
show good stability under usual experimental conditions [57]. It is also a wide gap insu-
lator with a large band gap of about 7.8 eV [58] and the bonding properties are highly
ionic. The formal charges of Mg and O ions are very close to the nominal +2 and −2
values respectively [59]. The large charge separation results from the fact, that the top
of the valence band formed by O 2p levels is about 9 eV below the vacuum level [60].
Thus, extracting electrons from O2− has a high energy cost. The high ionic charge of
O2− does also only exist because of the stabilizing e�ect of the Madelung potential. Ac-
tually, O2− will dissociate to O− and e− in the gas phase immediately. The Madelung
potential corresponds to the electrostatic potential of a single ion in a crystal structure.
This Potential is determined by the Madelung constant computed by the ratio between
the average bonding energy of an ion in the crystal structure and the average bonding
energy of a single ion pair. The unoccupied Mg 3s-3p level in the Mg2+ ions are rather
closed to the vacuum level of the electron resulting in a very small electron a�nity of
less than 1 eV [57]. The most stable MgO(001) surface di�ers weakly from the bulk state.
That is also shown in the low reduction of the Madelung constant of 1.747 in the bulk
state to 1.681 for a 5-fold coordinated surface ion [61]. Besides, MgO(001) has a smaller
band gab than the bulk state, but this is not su�cient to turn the MgO(001) surface into
a chemical reactive entity [57].

One of the most important surface point defects in MgO(001) are the anion vacancies
Fi+ (i = 2, 1, 0), which have a 5-fold coordination on a terrace site. F stands for Farbe
center or color center meaning an anionic vacancy in a crystal or surface, where electrons
can be trapped. F-centers can be created by electron bombardment on MgO(001) �lms
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and experiments have observed a distribution of 85% F0-, 10% F1+- and 5% F2+-cen-
ters, where the majority of the defects are located at the edges and the corners rather
than on the regular (001) surface [57, 62]. EPR-experiments on bulk MgO shows that
a trapped electron in a F1+ vacancy is localized in the center of the vacancy and only
a fraction resides on the Mg ions [63]. The trapped electron is con�ned by the strong
electrostatic potential of the ionic crystal. The situation is similar for the two electrons
of the F0 vacancy. Experiments [64, 65] and theoretical calculations [66, 67] shows that
this properties of F-centers in the bulk does also exist on MgO(001) terrace surfaces.

Experiments of Heiz et al. adjudge F-centers a direct and important role in the activa-
tion of supported metal nanoparticles on oxide surfaces [17, 68, 69]. The investigation has
shown that a di�erent cluster size exhibits a di�erent reactivity [17], and that this reac-
tivity also di�ers for clusters or atoms deposited on defect-poor or defect-rich MgO(001)
supports. In particular, a Au8 or Pd atom deposited on defect-poor MgO(001) surfaces
is essentially inert, but on defect-rich MgO(001) surfaces a clear catalytic activity is ob-
served [17, 68]. Calculations provided evidence that the reactivity is enhanced if electron
charge is transferred from the F-center to the deposited atom or cluster. The increased
electronic charge on the metal atom or cluster supports the bond activation and bond
breaking of adsorbents, leading to low temperature formation of products like CO2 from
CO and O2 [17, 70].
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3 Computational details

The properties of the gold clusters deposited on defective MgO(001) surfaces are studied
with PEECM [21] using the Turbomole 6.5 program package [71, 72]. DFT calculations
are done with the B3LYP hybrid functional [33, 34]. The defective MgO(001) surface
is created with the lattice parameter of a = 4.211 Å [56] by the atomic simulation

environment [73] and the inner local part is usually represented by a Mg17O12 cluster
simulating a surface terrace with a F-center. The size of the intermediate part was tested
for convergence with respect to the adsorption energy of Au2 on F2+-MgO(001) and the
HOMO-LUMO energy gap. The formal point charges of the Mg cations and O anions in
the outer PC region and the O anions in the intermediate part of the QM region are set
to +2 and −2 respectively. The Mg cations in the intermediate part are described by the
10-electron e�ective core potential by Hay and Wadt [74]. In the inner local region, basis
sets used are 6-311G [75] on Mg and 6-31G* [76] on O, as well as 6-311++G** [77] for
C and O of the adsorbents CO, O2 and CO2. The Au atom is described by 60-electron
e�ective core potential of Hay and Wadt and a valence double zeta basis set [78].

To remove the basis set superposition error (BSSE) in the bimolecular complex AB with
the fragments A and B, adsorption energies are counterpoise corrected [79] including
monomer deformations by

∆ECP
ads(AB) = EAB

AB(AB)−EA
A(A)−EB

B(B)−EAB
AB(A)+EA

AB(A)−EAB
AB(B)+EB

AB(B) (40)

with the adsorption or interaction energy ∆ECP
ads(AB) of the fragments A and B, the

energy of the bimolecular complex EAB
AB(AB), the energy of the fragments in the dimer

basis EA
AB(A) and EAB

AB(B) and the energy of the fragments in their own basis EA
AB(A)

and EB
AB(B). EA

A(A) and EB
B(B) represent the energy of fragment A and B in their own

basis and optimized conformation. DFT-D3 dispersion correction [39] is enabled for the
Au1 systems and is disabled for the Au2 systems, because the dispersion correction leads
to a displacement of the top Au atom of Au2 during structure optimizations. At structure
optimizations the ions of the MgO(001) surface slab are frozen except the 8 adjacent ion
of the top layer around the F-center. Harmonic frequencies of the normal modes are
computed by the NumForce script to �x all Mg and O ions. Furthermore, a scaling
factor of 0.97 is applied to all computed frequencies to take into account anharmonic
e�ects [80]. NEB calculations are performed with atomic simulation environment using
Turbomole and the FIRE (fast inertial relaxation engine) algorithm [81].

Illustrations of the system conformation and molecular orbitals are done with VMD 1.9

[82, 83] and the orbkit 0.2.0 program package [84]. Spin densities are created by gOpenMol

3.0 [85] and graphs are generated by gnuplot 4.6 [86]. In case, images are edited by GIMP

2.8 [87].
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4 Results and Discussion

In the following we �rst determine a proper system size of a Au2 cluster deposited on
defective F2+-MgO(001). Therefore we look at which size for the intermediate part
properties like the adsorption energies or the HOMO-LUMO-gap converge. Afterwards
we investigate the adsorption behavior of a single CO or O2 molecule on Au2 and Au1
clusters deposited on di�erent charged defective Mg(001) surfaces. The results helps us
to prepare possible starting structures of co-adsorbed systems and �nal or even transition
structures for possible reaction paths. At the end nudged elastic band calculations help
us to �nd reaction paths and to evaluate activation barriers for various investigated
systems.

4.1 Preparation on the Au2/F
2+-MgO(001)-system

At �rst we study the convergence of the QM region with respect to its size. The cluster
in the inner local part is taken by the work of Pacchioni et al. [88] and simulates a oxygen
vacancy in the middle of the Mg19O12-cluster. The size of the intermediate part that
separates the inner local part from the point charges in the outer region is chosen by the
convergence behavior of the adsorption energy of Au2 on the oxygen vacancy as well as
the convergence behavior of the HOMO-LUMO-gap. The size of the system is described
by the number of atoms in each direction. The local cluster has a size of 5 atoms in the
two directions parallel to the surface and 2 atomic layers in the direction of the surface
normal. Therefore, it is to be expected that the adsorption energy of the Au2 converged
not until one atomic layer of the intermediate part separates the inner local part from
the surrounding point charges in each direction except along the upper direction. The
counterpoise corrected adsorption energy as a function of the cluster size is given in table
1.

Convergence is reached if at least one layer is isolating the local region. The same
convergence behavior is observed for the width of the HOMO-LUMO-gap that are given
in table 2. The HOMO-LUMO-gap of the converged systems nevertheless depends on the
number of layers, where an alternation between odd and even numbers of layers seems
to exist. But this alternation will converge with higher numbers of the atomic layers.
In the further calculations the cluster size of the quantum mechanically treated part of
7× 7× 3 is chosen if nothing else is mentioned.

The HOMO and LUMO of Au2/F2+-MgO(001) are shown in �gure 4. The system is in the
singlet state with doubly occupied molecular orbitals. Electron density di�erence maps
between the systems with di�erent charged vacancies shows the same spatial orientation
as the LUMO of the F2+-system. That means that additional trapped electrons leads
to an increase of electron density at the gold cluster and the vacancy, which goes con-
form with the experimental and theoretical results [64�67]. Therefore we expect di�erent
adsorption behavior of CO and O2 on the di�erent charged defective Au2/MgO(001).

In some cases the size of the inner local part must be increased by the adjacent atoms in
the �rst atomic layers, because of adsorbents who are preferably adsorbed on the clean
MgO(001) surface next to the gold cluster. Thus the intermediate part is increased to
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Table 1: Adsorption energy of Au2 on F2+-MgO(001) as a function of the system size of the
intermediate part. The adsorption energy serves as a convergence criteria for the choice
of a proper system size. Here, the adsorption energy converged if at least one atomic
layer of the intermediate part separates the inner local part and the surrounding point
charges of the outer region. So the size of the intermediate part is determined with 7
atoms in x- and y-direction and 3 atomic layers in the z-direction. Marked with hyphen
system sizes are not calculated, because an even number of atoms in x- and y-direction
leads to a non radially symmetrical system with respect to the oxygen vacancy.

Eads dependent number of atomic layers
on the system size in eV 2 3 4 5

5 0.728 0.710 0.713 0.710
6 0.694 - 0.679 -
7 0.660 0.644 0.646 0.644

atomic size 8 0.660 - 0.645 -
in x and y 9 0.659 0.644 0.645 0.643
direction 10 0.659 - 0.644 -

11 0.659 0.644 0.646 *
12 0.660 - - *
13 0.659 0.644 * *

* to many atoms for Turbomole

Table 2: HOMO-LUMO-Gap of Au2/F
2+-MgO(001) for di�erent sizes of the quantum chemi-

cally treated region. The convergence behavior of the HOMO-LUMO-gap is similar to
the behavior of the adsorption energy with at least one atomic layer of the intermediate
part between the inner local cluster and the surrounding part.

HOMO-LUMO-Gap dependent number of atomic layers
on the system size in eV 2 3 4 5

5 1.99 2.14 2.11 2.14
6 1.85 - 1.93 -
7 1.83 1.95 1.92 1.95

atomic size 8 1.83 - 1.92 -
in x and y 9 1.83 1.95 1.92 1.94
direction 10 1.83 - 1.92 -

11 1.83 1.95 1.92 *
12 1.83 - - *
13 1.83 1.95 * *

* to many atoms for Turbomole

the size, that at least one atomic layer separates the inner local from the surrounding
part. This extension shows no qualitative e�ect on molecular orbitals of the inner local
part.

In the clean MgO surface the oxygen vacancy causes a distortion of the adjacent ions. The
magnesium cations moves away from the vacancy towards the opposing oxygen anions by
0.239 Å (value for the closed neighboring magnesium cations in the upper layer) because
of the missing attractive interactions from the defective oxygen anion. The adjacent
oxygen anions comes closer to the vacancy by −0.123 Å (also only for the upper layer)
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Figure 4: Isosurface for the HOMO (left) and LUMO (right) of Au2/F
2+-MgO(001). The elec-

tron density of the LUMO is located at the gold atoms and the vacancy in good
agreement with the electron density di�erence maps between the di�erent charged
systems. Due to improper visualization of MATLAB [89] the electron density di�er-
ence map is not illustrated in this work.

because of the missing repulsive interaction from the defective oxygen anion. The weaker
distortion of oxygen is reasoned by the steady coordination number and by the weaker
oxygen-oxygen-interaction unlike the magnesium-oxygen-interaction. After deposition of
Au2 on the F2+ vacancy of the MgO(001)-surface, the deviation of the magnesium cations
remains nearly constant with 0.233 Å due to a shift towards the inner of the surface. Also
the oxygen anion is pushed back into the surface and away from the partial negatively
charged bottom gold atom but is still −0.071 Å closer to the oxygen vacancy.

4.2 Adsorption of CO and O2 on small supported gold cluster

4.2.1 Adsorption of CO on Au2/F
i+-MgO(001)

The adsorption energies as well as the structural parameters of the di�erent charged
Au2-CO/Fi+-MgO(001) systems are listed in table 3. In the work of Pacchioni et al.
CO is observed to adsorb atop of the Au2 cluster deposited on F2+-MgO(001) [88]. Our
calculations result in the same adsorption behavior for the systems with a F2+ and F1+

vacancy. For the uncharged charged F0 vacancy carbon monoxide preferentially adsorbed
next to the gold cluster on the MgO(001) surface. The adsorption energies of CO on
Au2 deposited on defective MgO(001) increases with the positive charge of the oxygen
vacancy. The counterpoise corrected adsorption energy for Au2-CO/F2+-MgO is 1.39 eV
and goes down to 0.41 eV for the F1+ system. In the case of the F0-MgO(001) vacancy CO
does not adsorb atop on the Au2 cluster but the adsorption next to the Au2 cluster on a
magnesium ion leads to a metastable state with a negative adsorption energy of −0.90 eV.
Experimentally determined values by temperature programmed spectroscopy (TDS) for
the adsorption of CO on clean MgO(001) reaches from Eads(CO/MgO(001)) = 0.14 eV
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[90] to Eads(CO/10 ML MgO(001)/Mo(001)) = 0.46 eV on ultrathin MgO(001) �lms
grown on Mo(001) [91]. Here, the adsorption next to the Au2 cluster on a magnesium ion
leads to a negative adsorption energy of −0.90 eV due to the interaction between CO and
Au2 cluster. The bending state of the Au2 cluster is 0.92 eV higher in energy than the
relaxed Au2/F0-MgO(001) system without CO. Without involving the relaxed structures
into the counterpoise correction and using the approximate correction the adsorption
energy increased to 0.02 eV, which is also relatively small. But the frequency analysis
shows no imaginary frequencies, therefore it is just a metastable adsorption site of CO. In
general CO adsorbs stronger on cationic gold clusters and in the electron rich F0 system
the adsorption of CO on the clean MgO(001) surface is even energetically more favorable.
In the case where the adsorption energy of CO atop of the gold cluster is smaller than
the adsorption energy on the clean MgO(001) surface, CO adsorbs preferentially on the
MgO(001) surface next to the gold cluster.

Table 3: Adsorption energies and structural parameters of the di�erent charged Au2-CO/F
i+-

MgO(001). Adsorption energies are counterpoise corrected and a scaling factor of 0.970
has been applied to the computed frequencies [80].

system / Au2-CO on F2+-MgO(001) F1+-MgO(001) F0-MgO(001)

adsorption behavior atop atop side
Eads(Au-CO) in eV 1.39 0.41 -0.90
ν(CO) in cm-1 2203 2141 2099
r(Au-C) in Å 1.978 2.049 3.292 / 3.589
r(C-O) in Å 1.121 1.129 1.132
6 Au-C-O in [°] 179.0 164.2 -

Without adsorbed CO the Au2 cluster bonds perpendicular to the surface but the adsorp-
tion of CO causes a bending of the resulting Au2-CO cluster. Parameters like the C-O
and Au-C distances or the Au-C-O angle dependent strongly on the π-back-bond from
the Au 6s to the CO π∗ orbital and therefore on the charge of the vacancy [92]. Hence in
the system Au2-CO/F2+-MgO(001), no or a very weak π-back-bond exists because of the
incompatible orbital symmetry. There is no orbital overlap between Au 6s and the CO
π∗ in the case of a Au-C-O angle of nearly 180°. The structure optimization results in a
Au-C-O angle of 179.0°. The deviation from the linear structure is caused by the very
soft bending potential for 6 Au-C-O [92]. The one additional electron in Au2-CO/F1+-
MgO(001) induces a small π-back-bond, that can be seen by the smaller Au-C-O angle
of 164.2°and the increased C-O distance from 1.121 Å (F2+ system) to 1.129 Å (F1+

system). The π-back-bond e�ects an increase of the C-O bond length by the occupation
of the anti-bonding π∗ orbitals, which destabilizes the C-O bond.

The adsorbed CO gets a steeper potential for the bonding elongation of C-O. The missing
or very weak π-back-bond in the F2+ system does not destabilize the C-O bond, so that
the stretch frequency ν(CO) gets a blue shift to 2203 cm-1 in comparison to the stretch
frequency in the gas phase of 2143 cm-1. The small π-back-bond in the F1+ system results
in an equilibrium situation of both e�ects, so that the stretch frequency with 2141 cm-1

is nearly the same as in the gas phase. The C-O stretch frequencies depends highly on
the π-back-bond and also on the Au-C-O angle. The soft bending potential may cause
the structure optimization to deviate more strongly for slightly di�erent conditions such
as the choice of basis sets or initial structures.
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(a) Au2CO/F
2+-MgO(001) (b) Au2CO/F

1+-MgO(001) (c) Au2CO/F
0-MgO(001)

Figure 5: Optimized structure for the adsorption of CO on di�erent charged Au2/F
i+-

MgO(001) surfaces. The upper row shows the systems from above and the bottom
row from the side. Colors are as in �gure 4 and the O atom of the CO adsorbate is
colored blue for clarity, whereas C is colored dark gray.

Table 4: Adsorption energy, vibrational frequency and C-O bond length of Au2-CO/F
2+-

MgO(001) from this work and literature values from Pacchioni et al.

system Au2-CO/F2+-MgO(001)
this work Pacchioni et al.

Eads(Au-CO) in eV 1.39 1.18
ν(CO) in cm-1 2203 2208
r(C-O) in Å 1.121 1.125

Compared to our results, the results from Pacchioni et al. [88] about the adsorption
energy, vibrational frequency and C-O bond length of Au2-CO/F2+-MgO(001) are shown
in table 4. The C-O stretch frequencies of Au2-CO/F2+-MgO(001) (2203 cm-1) matches
well with the literature value from Pacchioni et al. (2208 cm-1). Furthermore the C-O
bond length of 1.121 Å is is also in a good agreement with the literature value of 1.125
Å, but the adsorption energy of about 1.39 eV di�ers markedly from that of Pacchioni et
al of 1.18 eV. Considering the large number of di�erences between both theoretical works
(in particular e�ective core potentials, basis sets, embedding parameters ...) the choice
of the systems gives satisfactory results and will be taken for the further calculations.
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Table 5: Adsorption energies and structural parameters of the di�erent charged [Au2CO]
n. Ad-

sorption energies are counterpoise corrected and a scaling factor of 0.970 has been
applied to the computed frequencies [80].

system [Au2CO]+ Au2CO [Au2CO]−

Eads(Au-CO) in eV 1.50 0.98 0.38
ν(CO) in cm-1 2216 2129 1787
r(Au-C) in Å 1.978 1.967 2.107
r(C-O) in Å 1.120 1.130 1.172
6 Au-C-O in [°] 179.5 178.6 129.5

The comparison of molecular parameters between di�erent charged [Au2CO] systems
in the gas phase and the supported Au2-CO/Fi+-MgO(001) systems helps to evaluate
the in�uence of the underlying defective MgO(001) surface. In table 5 are listed the
adsorption energies, C-O stretch frequency and structural parameters of the neutral,
positively and negatively charged [Au2CO] systems. The comparison between the various
systems is reported in �gure 6. These parameters have a similar dependence on the
electric charge as the supported systems. For example the angle Au-C-O deviates more
strongly from 180° with additional electrons contributing to the increased π-back-bond
via the Au 6s orbital to the CO π∗ orbitals, which only exists for non-linear conformation
because of the symmetry of the orbitals. Also the C-O bond lengths increase with stronger
π-back-donation because the anti-bonding CO π∗ orbitals get occupied by electrons.

The comparison between the supported and the gas phase system shows, that the Au2-CO
/F2+-MgO(001) system is in a good agreement with the positively charged [Au2CO]+.
It appears that the F2+ vacancy pulls electron density from the gold cluster away. The
neutral Au2CO and Au2-CO/F1+-MgO(001) have similar values for ν(CO) and the C-
O distance. This indicate a similar strength of the π-back-bond although the Au-C-O
angle cannot quite compare. Note that this angle is crucial for the overlap of the orbitals
and the strength of the π-back-bond. The equilibrium system of Au2CO/F0-MgO(001)
is not easy to compare with the gas phase systems because of the di�erent adsorption
structures.

In �gure 6, we report the Mulliken population analysis for all systems. The Mulliken
charge of the CO adsorbed Au2 cluster on the di�erent charged defective MgO(001) sur-
faces is more negative than the gas phase systems with the same total charge. Especially
the gold atoms pull electron density from MgO and that lead to about one more elec-
tronic charge for each gold atom. The higher negative charge of the gold cluster induces
a stronger polarization in the CO, while the system with the F0 vacancy departs from
this trend but its adsorption behavior di�ers from the other cases and so the results must
be treated carefully.

4.2.2 Adsorption of CO on Au1/F
i+-MgO(001)

The adsorption energies and further structural parameters for the di�erent charged sys-
tems are listed in table 6 and �gure 7 shows the di�erent charged systems. In contrast to
the supported Au2 cluster is the adsorption CO on one supported Au atom less strong.
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Figure 6: Comparison of adsorption energies (top panels), vibrational frequencies (second top
panels), selected interatomic distances (third top panels) and Mulliken charges (bot-
tom panels) of the CO adsorbed Au2 cluster deposited on di�erent charged defective
MgO(001) surface (left column) with di�erent charged gas phase systems (right col-
umn)
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The adsorption energy of CO on Au1/F2+-MgO(001) with 0.52 eV is less than half as in
the Au2/F2+-MgO(001) case. The reason for this may be the di�erent chemical environ-
ment between a single supported Au atom a the upper gold atom in a supported Au2
cluster, especially in the coordination number. The trend of a lower adsorption energy
of CO on supported Au1 as on Au2 can also be seen for the lower charged vacancies.
The most stable adsorption states for the Au1-CO/F1+-MgO(001) and the Au1CO/F0-
MgO(001) systems are also not found on top of the gold atom but on the MgO surface
next to the gold. Note that the used DFT-D3 dispersion correction used supports the ad-
sorption behavior because of the increased coordination number of the adsorbate CO. A
further di�erence is, that the adsorption energy of CO on Au1/F1+-MgO(001) is smaller
(0.22 eV) then the adsorption energy of CO on Au1/F0-MgO(001) (0.39 eV). The weaker
interaction between CO and gold in both systems is also represented by the di�erent
Au-C distances.

Table 6: Adsorption energies and structural parameters of the di�erent charged Au1-CO/F
i+-

MgO(001). Adsorption energies are counterpoise corrected and a scaling factor of 0.970
has been applied to the computed frequencies [80].

system / Au1-CO on F2+-MgO(001) F1+-MgO(001) F0-MgO(001)

adsorption behavior atop side side
Eads(Au-CO) in eV 0.52 0.22 0.39
ν(CO) in cm-1 2206 2139 1811
r(Au-C) in Å 2.180 3.490 2.463
r(C-O) in Å 1.119 1.127 1.159
6 Au-C-O in [°] 179.1 122.1 139.6
r(Mgslab-C) in Å - 3.506 2.544

The C-O stretch frequency of the adsorbed carbon monoxide does also strongly depend
on the charge of the supported gold atom. The electron poor Au1-CO/F2+-MgO(001)
system shows no or a very weak π-back-bond, what leads to a blue shift of the C-O
stretch frequency by +60 cm-1 in comparison to CO in the gas phase to 2206 cm-1 (see
�g. 8). The nearly linear conformation of Au-C-O supports this observation, because
the π-back-bond from Au 6s to the CO π∗ orbital cannot exist in a linear conformation.
Like in Au2-CO/F2+-MgO(001) the blue shift is induced by the stepper potential for the
bonding elongation of the C-O bond length caused by the adsorption on gold. In the
Au1CO/F1+-MgO(001) system CO adsorbs on the MgO surface next to the gold atom
and the C-O stretch frequency of 2139 cm-1 is nearly the same like CO in the gas phase
with 2143 cm-1. This result is as for the Au2 cluster on F1+-MgO(001) but here the
Au-C distance of 3.490 Å prevents a stronger π-back-bond. The Au-C distance is in a
good agreement with the sum of the van der Waals radii of C (1.77 Å) and Au (1.60 Å)
of 3.36 Å. This support the hypothesis of interaction between both atoms dominated
by weak van-der-Waals interaction/London forces. The C-O stretch frequency in the
Au1CO/F0-MgO(001) system is red shifted by −332 cm-1. This is a result of the π-back-
bond from the electron saturated system to the anti-bonding π∗ orbitals, which is shown
by an increased C-O distance from 1.128 Å in the gas phase to 1.159 Å. The π-back-bond
proceeds from the MgO(001) surface and maybe from the gold atom even so the Au-C
distance of 2.463 Å is much higher than the sum of both covalent radii. The Au-C-O
bonding angle of 139.6° is depends not only on the π-back-donation from the gold atom
but also on the π-back-donation from the Mg ion of the surface.
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(a) Au1CO/F
2+-MgO(001) (b) Au1CO/F

1+-MgO(001) (c) Au1CO/F
0-MgO(001)

Figure 7: Optimized structures for the di�erent charged Au1CO/F
i+-MgO(001) systems. The

upper row shows the systems from above and the bottom row from the side. The O
atom of the CO adsorbate is colored blue for clarity, whereas C is colored dark gray..

Table 7: Adsorption energy, vibrational frequency and C-O bond length of Au1-CO/F
2+-

MgO(001) from this work and literature values from Pacchioni et al.

system Au1-CO/F2+-MgO(001)
this work Pacchioni et al.

Eads(Au-CO) in eV 0.52 0.21
ν(CO) in cm-1 2206 2207
r(C-O) in Å 1.119 1.123

Compared to our results, the results from Pacchioni et al. [88] about the adsorption
energy, vibrational frequency and C-O bond length of Au1-CO/F2+-MgO(001) are shown
in table 7. The vibrational stretch frequency of CO (2207 cm-1) and the C-O bond
length (1.123 Å) from are Pacchioni et al. are in good agreement to our values. The
deviation of the adsorption energy of Pacchioni et al. (0.21 eV) from our calculated
adsorption energy (0.52 eV) of CO on Au1/F2+-MgO(001) is even larger than in the Au2-
CO/F2+-MgO(001) system. Considering besides the di�erences between both systems
(e�ective core potential, basis sets, embedding parameters ...) and the additional DFT-
D3 correction in our calculation the deviation of the adsorption energies corresponds to
the deviation in the Au2-CO/F2+-MgO(001) system.
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Table 8: Adsorption energies and structural parameters of the di�erent charged [Au1CO]
n. Ad-

sorption energies are counterpoise corrected and a scaling factor of 0.970 has been
applied to the computed frequencies [80].

system [Au1CO]+ Au1CO [Au1CO]−

Eads(Au-CO) in eV 2.01 0.33 0.17
ν(CO) in cm-1 2242 2003 1943
r(Au-C) in Å 1.948 2.097 2.689
r(C-O) in Å 1.117 1.141 1.150
6 Au-C-O in [°] 180.0 137.7 112.0

As in the previous chapter the comparison of the supported system with di�erent charged
[Au1CO] cluster in the gas phase helps us again to evaluate the in�uence of the defective
MgO(001) surface. In table 12 are listed the adsorption energies, C-O stretch frequency
and structural parameters of the neutral, positively and negatively charged [Au1CO]
system. Because of the di�erent adsorption behavior for the Au1 cluster deposited on
F1+-MgO(001) and F0-MgO(001) the comparison has to be treated carefully. One of
the biggest deviation is the high adsorption energy of CO on a single positive charged
gold ion of 2.01 eV. The neutral and negatively charged gas phase systems have similar
adsorption energies as the supported systems. The C-O stretch frequency for adsorbed
CO in [Au1CO]+ is shifted to a higher wavenumber by +98 cm-1 compared to the free CO
because of the missing π-back-bond, which is also indicated by the linear conformation.
In contrast to Au2CO the C-O stretch frequency of Au1CO is already red shifted by
−140 cm-1 accompanied with a stretched C-O distance and a smaller Au-C-O angle.
This trend continuous for [Au1CO]−.

In �gure 8 are listed the di�erent parameters of the supported and the gas phase systems.
A look at the Mulliken charges reveals again a polarization of the adsorbed CO atop on
the gold atom deposited on the F2+-MgO(001) surface. In the case of an adsorption
next to the gold atom like in the other cases there is no strong polarization observable.
However the gold atom pulls once more electron density from the MgO(001) surface. For
the supported systems with a total charge of +1 the Mulliken charge for the Au atom
in the supported system is −2.395 e- more negatively charged than [Au1CO]+ in the gas
phase. Even the Au1CO/F2+-MgO(001) system has a negatively charged Au atom than
[Au1CO]+ (−1.760 e- vs. 1.165 e-) which may causes the deviation in the adsorption
energies. For the supported Au2 cluster the top Au atom has a smaller deviation from
the Au atoms in the gas phase systems. The Mulliken charge of the Au atom in the
neutral and negatively charged gas phase systems falls to negative values resulting in
similar CO adsorption energies as in the supported systems.

4.2.3 Adsorption of O2 on Au2/F
i+-MgO(001)

The adsorption of molecular oxygen on Au2/Fi+-MgO(001) is di�cult to handle, because
the adsorption energy are lower than for the CO adsorbent. Therefore it is necessary to in-
clude dispersion correction to get an improved description for the possible physisorption.
Calculations show no stable adsorption state without the enabled dispersion correction
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Figure 8: Comparison of adsorption energies (top panels), vibrational frequencies (second top),
selected interatomic distances (third top panels) and Mulliken charges (bottom pan-
els) of the CO adsorbed Au1 cluster deposited on di�erent charged defective MgO(001)
surface (left column) with di�erent charged gas phase systems (right column)

for Au2-O2/F0-MgO(001). However, including the DFT-D3 dispersion correction in the
DFT calculation leads to a lateral displacement and eventually to the di�usion of the
upper Au atom. The result of structure optimization can therefore be rationalized in
terms of a single Au atom �lling the vacancy and the second Au atom with molecular
oxygen adsorbed on top bounded on an oxygen ion of the MgO(001) surface.

Without DFT-D3 dispersion correction one �nds a very small adsorption energy for O2

on Au2/F1+-MgO(001) of 0.12 eV. This may a consequence of the spin contamination, be-
cause the energetically favorable doublet state is contaminated with the energetic higher
quartet state resulting in a higher total energy and lowers the adsorption energy. The
Au2-O2/F2+-MgO(001) system is di�erent. Here, the high spin triplet state is energeti-
cally more favorable and shows no spin contamination like the low spin singlet state, that
results in the reliable adsorption energy of 0.47 eV. In contrast to CO as adsorbate, the
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Au2 cluster tilt to the surface as it is shown in �gure 9. The O2 stretch frequency exhibits
a red shift in the Au2O2/F2+-MgO(001) system by −28 cm-1. This is rather caused by a
π-back-donation from the MgO(001) surface to O2. With an additional electron the red
shift of the O2 stretch frequency increases to −217 cm-1 and so the O-O bond distance
do because of the occupation of the anti-bonding π∗ orbitals. The structure optimization
of Au2O2/F0-MgO(001) results in unreliable structures with dissociated O atoms some-
where in the gas phase. Surely further investigation will lead to proper structures but
probably with a high spin contamination as well. Due to the highly irregular absorption
behavior of this system, it was put aside in the remaining investigations.

Table 9: Adsorption energies and structural parameters of the di�erent charged Au2-O2/F
i+-

MgO(001). Adsorption energies are counterpoise corrected and a scaling factor of 0.970
has been applied to the computed frequencies [80].

system / Au2-O2 on F2+-MgO(001) F1+-MgO(001)

Eads(Au-O2) in eV 0.47 0.12
ν(O2) in cm-1 1562 1363
r(Au-O) in Å 2.645 2.330
r(O-O) in Å 1.206 1.230
6 Au-C-O in [°] 127.3 121.0〈
S2
〉

2.00 1.35

Figure 10 shows the spin density of the Au2/F2+-MgO(001) in the pure triplet state
and the spin contaminated doublet state of Au2/F1+-MgO(001). It is observed that the
physisorption of O2 leads to highly spin contaminated results if the low spin state is
favorable in energy but still near the high spin state. In the case of Au2/F2+-MgO(001)
in the singlet state the system will be a mixture of the singlet and the triplet state, that
is revealed by an

〈
S2
〉
expectation value of 1.00. Due to the same spin state of the

unpaired electron in the triplet state there is no mixing and the
〈
S2
〉
expectation value

corresponds to the theoretical value of
〈
S2
〉
triplet

= 2.00. The results of the Au2/F1+-

MgO(001) system are spin contaminated with an
〈
S2
〉
expectation value of 1.35 between

that of a doublet
〈
S2
〉
doublet

= 0.75 and a quartet state
〈
S2
〉
quartet

= 3.75. It shows that

the results about the Au2-O2/F1+-MgO(001) system are not reliable by using a single
determinant ansatz due to strong multi reference e�ects.

Table 10 contains the adsorption energies, vibrational frequencies and structural param-
eters of di�erent charged [Au2O2] clusters in the gas phase. Despite the short Au-O
distances the O2 molecule is only weakly bound in the positively and neutral charged
system with adsorption energies of 0.15 eV and 0.05 eV, respectively. It shows that the
energetically more stable electronic states are with a triplet state for the O2 adsorbate
and either the doublet state for the single positive charged system, which gives in com-
bination a quartet state, or a singlet state for the neutral charged system resulting in a
combined triplet state. The weak interaction is also indicated by the small red shift of
the vibrational O-O stretch frequencies with −29 cm-1 and −60 cm-1 for the positively
and neutral charged cluster, respectively. The stronger red shift in the neutral charged
system is caused by the better π-back-donation from the Au atom, which is indicated by
the smaller Au-O-O angle of 122.7°, but the longer Au-O distance does slightly compen-
sate this π-back-bond. Only the negatively charged system shows a strong interaction
between the Au2 cluster and O2. As a result this system has the largest adsorption energy
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(a) Au2O2/F
2+-MgO(001) (b) Au2O2/F

1+-MgO(001)

Figure 9: Optimized structures for the di�erent charged Au2O2/F
i+-MgO(001) systems. The

upper row shows the systems from above and the bottom row from the side. The O2

adsorbate is colored blue for clarity.

with 0.93 eV and is also more stable in the electronic doublet state as compared with
the quartet state as in [Au2Au2]+. The electron rich system does also have the strongest
π-back-bond which is indicated by the short Au-O bond distance with 2.161 Å and the
small Au-O-O angle with 117.0°. This lead to a red shift of the vibrational O-O stretch
frequency of −445 cm-1.

Table 10: Adsorption energies and structural parameters of the di�erent charged [Au2O2]
n.

Adsorption energies are counterpoise corrected and a scaling factor of 0.970 has been
applied to the computed frequencies [80].

system [Au2O2]+ Au2O2 [Au2O2]−

Eads(Au-Au2) in eV 0.15 0.05 0.93
ν(Au2) in cm-1 1551 1520 1135
r(Au-O) in Å 2.376 2.478 2.161
r(O-O) in Å 1.204 1.211 1.310
6 Au-O-O in [°] 174.8 122.7 117.0〈
S2
〉

3.77 2.01 0.77
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(a) Au2O2/F
2+-MgO(001)〈

S2
〉

= 2.00
(b) Au2O2/F

1+-MgO(001)〈
S2
〉

= 1.35

Figure 10: Spin density map of the two di�erent charged Au2O2/F
i+-MgO(001) systems. The

upper row shows the systems from above and the bottom row from the side. The
spin density boundaries are shown at ±0.002. (a) Au1O2/F

2+-MgO(001) is in a
pure triplet state, which is energetically more favorable than the spin contaminated
singulet state. In (b) is shown the spin density of Au1O2/F

1+-MgO(001) in the spin
contaminated doublet state.

4.2.4 Adsorption of O2 on Au1/F
i+-MgO(001)

The adsorption of O2 on a single Au atom deposited on the defective MgO(001) surface
leads to interesting results on which one has to take a closer look. Firstly O2 does not
adsorb atop on the Au atom in any of the di�erent charged systems. In the Au1/F2+-
MgO(001) and Au1/F1+-MgO(001) system O2 adsorbs preferentially next to the Au atom
on the MgO(001) surface with adsorption energies of 0.17 eV and 0.20 eV, respectively.
Experiments shown that the adsorption energy of O2 on a clean MgO(001) surface is
0.14 eV [93] and DFT calculations result in an adsorption value of 0.16 eV [94]. That
agrees on the calculated values, which are also in�uenced by the dispersion interaction
to the Au atom. A special case is the Au1O2/F0-MgO(001) system, where O2 forms a
bridge from a Mg ion to the Au atom which is shown in �gure 11. This conformation
leads to a high adsorption energy of 1.81 eV and this conformation is not observed on
the two other charged systems.

As we have seen in the previous chapter results of systems with adsorbed O2 can be spin
contaminated and unreliable. Here, Au1O2/F2+-MgO(001) has a

〈
S2
〉
expectation value

of 1.71, which indicates a mixed state with doublet and quartet character. This spin
contamination is an e�ect of the physisorption of an adsorbate in a triplet state (O2)
on deposited Au atom in a doublet state (Au1/F2+-MgO(001)). For the Au1O2/F1+-
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Table 11: Adsorption energies and structural parameters of the di�erent charged Au2-O2/F
i+-

MgO(001). Adsorption energies are counterpoise corrected and a scaling factor of
0.970 has been applied to the computed frequencies [80].

system / Au1-O2 on F2+-MgO(001) F1+-MgO(001) F0-MgO(001)

Eads(Au-O2) in eV 0.17 0.20 1.81
ν(O2) in cm-1 1561 1577 1149
r(Au-O) in Å 2.951 3.397 2.450
r(O-O) in Å 1.205 1.206 1.330
6 Au-O-O in [°] 125.0 123.1 94.7〈
S2
〉

1.71 2.00 0.76

(a) Au1O2/F
2+-MgO(001) (b) Au1O2/F

1+-MgO(001) (c) Au1O2/F
0-MgO(001)

Figure 11: Optimized structures for the di�erent charged Au1O2/F
i+-MgO(001) systems. The

upper row shows the systems from above and the bottom row from the side. The
O2 adsorbate is colored blue for clarity.

MgO(001) system the additional electron is found on the Au atom which remains in
a singlet state and therefore the spin contamination vanishes even though O2 is only
physisorbed. The spin contamination does also vanish if O2 adsorbs chemically and
induce a stronger electronic correlation between O2 and the Au atom as in the case
of Au1O2/F0-MgO(001). The spin density maps in �gure 12 does also support this
hypothesis. In �gure 12a O2 with two unpaired α-electrons is contaminated by β-electron
density of the Au and the wave function is contaminated by a high spin quartet state.
In �gure 12c the contribution of the quartet state nearly vanished because one of the
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two unpaired electrons of O2 pairs with the unpaired electron of the F0 surface system.
Hence, the doublet state dominates, with an unpaired electron density located in the π∗

orbitals of O2. Investigation of reaction paths for the catalytic oxidation on the Au1/F2+-
MgO(001) system shows that the spin contamination also vanish if O2 comes from its
physical adsorbed state into a stronger interaction with the surface system, as seen for
Au1O2/F0-MgO(001). Furthermore, if two more electrons are added to the Au1O2/F2+-
MgO(001) system (F2+ → F0 with the conformation of Au1O2/F2+-MgO(001)), the spin
contamination is lowered to 1.00 but it is still remarkable. Figure 12b shows that in
the case of one additional electron the Au atom change into a singlet state and the α-
electron density is only located on O2. One way to prevent spin contamination in the
calculation of the Au1O2/F2+-MgO(001) system is to force a quartet state but this state
is about 0.036 eV higher in energy than the spin contaminated system. A second way to
minimize spin contamination is by using a smaller basis set to avoid a deviation between
the spatial orbitals of the α- and β-electrons. Since our calculations are already done with
a relatively small basis set, this approach would yield completely unreliable results.

(a) Au1O2/F
2+-MgO(001)〈

S2
〉

= 1.71
(b) Au1O2/F

1+-MgO(001)〈
S2
〉

= 2.00
(c) Au1O2/F

0-MgO(001)〈
S2
〉

= 0.76

Figure 12: Spin density map of the di�erent charged Au1O2/F
i+-MgO(001) systems. The up-

per row shows the systems from above and the bottom row from the side. The spin
density boundaries are shown at ±0.002. (a) Au1O2/F

2+-MgO(001) shows a doublet
state, which is spin contaminated by a quartet state, where the two unpaired elec-
trons of O2 and the single unpaired electron of the Au atom have the same electron
spin. The additional electron in (b) Au1O2/F

1+-MgO(001) forms a singlet state on
Au1/F

1+-MgO(001) and O2 remains in a pure triplet state. The doublet state of
(c) Au1O2/F

0-MgO(001) is not a result of the two additional electrons, but a result
of the stronger interaction between the O2 adsorbate and the supported Au atom.
If two electrons are added to the conformation of (a) Au1O2/F

2+→ 0-MgO(001) the
spin contamination does only lowers to a

〈
S2
〉
expectation value of 1.00.

A look at the vibrational O-O stretch frequency shows for Au1O2/F2+-MgO(001) and
Au1O2/F1+-MgO(001) only a small red shift by −19 cm-1 and −3 cm-1, respectively
(ν(O2,gas phase) = 1580cm-1). Interestingly the O-O stretch frequency in the F2+ system
shows a stronger red shift than in the F1+ system, even though the F1+ system is less
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electron poor and can more easily donate electrons into the anti-bonding π∗ orbitals.
This observation results from the larger Au-O distance of the F1+ system than in the F2+

system or the spin contamination e�ect unreliable results for the vibrational frequencies
as well. In Au1O2/F0-MgO(001) the O-O stretch frequency is strongly red shifted by
−431 cm-1. This strong red shift is also shown in a strongly increased O-O bond distance
by +0.122 Å as compared to the O-O bond distance of free O2 (1.208 Å). This strong
increase of the O-O bond length lowers the remaining energy for the dissociation of the
O-O bond, which is an important step towards a catalytic oxidation of CO with O2.

Table 12: Adsorption energies and structural parameters of the di�erent charged [Au1O2]
n.

Adsorption energies are counterpoise corrected and a scaling factor of 0.970 has been
applied to the computed frequencies [80].

system [Au1O2]+ Au1O2 [Au1O2]−

Eads(Au-O2) in eV 0.48 0.07 0.31
ν(O-O) in cm-1 1530 1526 1306
r(Au-O) in Å 2.366 2.734 2.967
r(O-O) in Å 1.203 1.208 1.244
6 Au-O-O in [°] 124.6 118.8 121.4〈
S2
〉

2.01 1.66 2.01

A compilation of the results of the Au1O2 systems in the gas phase are shown in table
12. The Au1O2 cluster in the gas phase shows also a small adsorption energy for the
neutral charged systems of 0.07 eV. This value matches with a benchmark calculation
from Fang et al. [95], but B3LYP overestimates the adsorption energy compared to
a MRCI (multireference correlation interaction) calculation with a value of 0.02 eV.
Furthermore the Au-O bond length of 2.734 Å di�ers strongly from the result of Fang
et al. (2.197 Å) using the B3LYP functional with an augmented correlation-corrected
quadruple-zeta basis set (aug-cc-pQDZ), whereas structure optimization at the MRCI
level predicts a Au-O distance of 3.584 Å. The di�erence between the two results of
the B3LYP calculations are not caused by the DFT-D3 correction, because calculation
without dispersion correction results in a Au-O distance of 2.537 Åbut with the same
adsorption energy of 0.07 eV. Calculations with the same aug-cc-pVQZ basis set used
by Fang et al. [95] leads to similar results. The Au-O bond length is shortened to
2.239 Åwith an adsorption energy of 0.08 eV. The remaining deviations may comes from
the di�erent electron core potential for the Au atom. Also the results of the neutral
charged Au1O2 cluster are spin contaminated and therefore unreliable as well. In general
Fang et al. [95] mentioned that the weak interaction between Au and O2 is the source of
di�culties in both experiments and theoretical calculations and concludes that long range
corrected functionals show a good overall performance. As an example for the di�culties
for theoretical calculations in the paper of Metiu et al. [96] Au1O2 and [Au1O2]- clusters
are calculated with the PBE functional and projector augmented wave function, which
results in adsorption values of 0.54 eV and 0.50 eV. Nevertheless the negatively charged
[Au1O2]- cluster has an adsorption energy of 0.31 eV in a good agreement with the long
Au-O distance of 2.967 Å. In the most electron rich Au1O2/F0-MgO(001) system, the
O-O bond length increases, but only by about +0.036 Å compared to O2 in the gas phase.
The strong adsorption energy of 1.81 eV cannot be reproduced in the gas phase system.
Analogous to the single negative charged system, the positively charged [Au1O2]+ has
a stronger adsorption energy of 0.48 eV than the neutral system. Furthermore both
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systems are in pure triplet state, but it is not able to explain the stronger deviation in
the Au-O distance.

0.00

0.50

1.00

1.50

2.00

E
n
er

g
y 

in
 e

V   Eads(Au1−O2/F
i+−MgO)

1100

1200

1300

1400

1500

1600

W
av

en
n
u
m

b
er

in
 c

m
−

1

ν(O2) in Au1/F
i+−MgO

0.50

1.00

1.50

2.00

2.50

3.00

3.50

D
is

ta
n
ce

 i
n
 Å

  h(Au)

  r(O1−O2)
   r(Au−O1)

−1.50

−1.25

−1.00

−0.75

−0.50

−0.25

0.00

0.25

0.50

0.75

F2+ F1+ F0

M
u
lli

ke
n
 c

h
ar

g
e

Au1O2/F
i+−MgO(001)

Au

O1

O2

0.00

0.50

1.00

1.50

2.00

E
n
er

g
y 

in
 e

VEads(Au1−O2)

1100

1200

1300

1400

1500

1600

W
av

en
n
u
m

b
er

in
 c

m
−

1

ν(O2)gas phase

ν(O2) in [Au1O2]
i+

0.50

1.00

1.50

2.00

2.50

3.00

3.50

D
is

ta
n
ce

 i
n
 Å

  r(O1−O2)    r(Au−O1)

[Au1O2]
+ [Au1O2] [Au1O2]

−

−1.50

−1.25

−1.00

−0.75

−0.50

−0.25

0.00

0.25

0.50

0.75

M
u
lli

ke
n
 c

h
ar

g
e

gas phase

Au

O1

O2

Figure 13: Comparison of adsorption energies, vibrational frequencies, structural parameters
and Mulliken charges of the O2 adsorbed Au1 cluster deposited on di�erent charged
defective MgO(001) surface (left column) with di�erent charged gas phase systems
(right column)

Compared to the supported system the gas phase system shows a similar dependence
of the Mulliken charge on the total charge of the system. The Mulliken charge of the
Au atom decreases by adding electrons to the system but, in the supported system, the
charge of the Au atom is strongly shifted to negative values relative to the gas phase
systems. Actually, the di�erent adsorption behavior of the supported systems compared
to the gas phase systems make a direct comparison of catalytic cycles in the gas phase
and on defective MgO(001) meaningless. In general it is shown clearly that the deposition
of a single Au atom on a defective MgO(001) surface changes the chemical properties
dramatically.

In conclusion, the investigation of either CO or O2 on Au1 and Au2 atoms deposited on
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defective MgO(001) surfaces leads to knowledge about possible initial structures for the
catalytic oxidation of CO. However, the unreliable results for the adsorption of O2 on
Au2/Fi+-MgO(001) complicate further investigations, and only the Au1/Fi+-MgO(001)
systems were studied here.

4.3 Catalytic oxidation of CO with O2 on Au1/F
2+-MgO(001)

In the following we investigate possible reaction paths for the catalytic oxidation of
CO with O2 on Au1/F2+-MgO(001). We start to get an initial structure with a co-
adsorption of CO and O2. The strongly exothermic reaction opens up many possible
reaction channels with either adsorbed CO2 on the Au cluster or desorbed CO2. Further,
an important question to be clari�ed is what happened to the remaining oxygen atom
after the formation of the �rst CO2.

4.3.1 Co-adsorption of CO and O2 on Au1/F
2+-MgO(001)

From the investigation of the single absorption of CO or O2 on Au1/F2+-MgO(001) one
can assume that a probable structure for the co-adsorption has a CO adsorbed atop on
the Au cluster and a O2 adsorbed next to the Au cluster on the MgO(001) surface. The
structure optimization using this initial structure leads to the system in �gure 14. In table
13 are listed the adsorption energies, vibrational frequencies and structural parameters
of the co-adsorbed system compared to both single adsorbed systems.

Table 13: Adsorption energies, vibrational frequencies and structural parameters of single and
co-adsorbed system of CO and/or O2 on Au1/F

2+-MgO(001). Adsorption energies
are counterpoise corrected and a scaling factor of 0.970 has been applied to the
computed frequencies [80]. In general the co-adsorbed system does not deviate large
from the single adsorbed systems because of the di�erent adsorption behavior of CO
and O2 on Au1/F

2+-MgO(001).

system Au1-CO/F2+-
MgO(001)

Au1-CO+O2/F2+-
MgO(001)

Au1-O2/F2+-
MgO(001)

Eads(Au-CO) in eV 0.53 0.47 -
ν(CO) in cm-1 2206 2203 -
r(Au-C) in Å 2.180 2.183 -
r(C-O) in Å 1.119 1.119 -
6 Au-C-O in [°] 179.1 178.3 -

Eads(Au-O2) in eV - 0.16 0.17
ν(O-O) in cm-1 - 1558 1561
r(Au-O) in Å - 3.243 2.951
r(O-O) in Å - 1.205 1.205
6 Au-O-O in [°] - 157.3 125.0〈
S2
〉

0.75 1.76 1.71

The counterpoise corrected adsorption energies shows a small decrease compared to the
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single adsorbed systems of −0.05 eV for CO and −0.01 eV for O2. It appears that CO
does still preferably adsorbs atop on the Au cluster with an adsorption energy of 0.47 eV
and O2 is adsorbed next to the gold cluster with an adsorption energy of 0.16 eV. This
particular geometry could be an artifact of our choice of the initial structure for the op-
timization. This slightly di�erent adsorption behavior leads to little interaction between
the two adsorbates, so the other structural parameters and the vibrational frequencies
shows no large deviation from the single adsorbed systems. However the additional ad-
sorbed CO on the Au cluster leads to a di�erent optimal orientation of the O2 adsorbate
directly towards the CO adsorbed Au atom (compare top view of �gure 11c and 14). In
the singly adsorbed system the O-O bond is not orientated towards the gold cluster, but
the additional interaction between O2 and CO leads to the new preferred orientation of
the O-O bond towards the cluster and to a larger distance from the central Au atom.

Figure 14: Optimized structure for the co-adsorption of CO and O2 on Au1/F
2+-MgO(001).

The left panel shows a top view from the system and the right panel shows it from
the side. The O atoms from the adsorbates are colored blue for a better overview,
whereas C is colored dark gray. Except for the di�erent orientation of the O2

adsorbate the system shows no large deviation from a combination of the two single
adsorbed systems.

The small adsorption energy of O2 seems to indicate that a co-adsorption reaction would
place between a precursor state with CO adsorbed on Au1/F2+-MgO(001) and O2 either
coming from the gas phase or di�using on the MgO(001) surface. This picture is consis-
tent with the high spin contamination observed at the co-adsorption minimum (see �gure
15). Should a catalytic oxidation of CO occur on Au1/F2+-MgO(001) the calculated val-
ues for the reaction path would remain unreliable until a stronger interaction between
the surface and O2 leads to a pure doublet state. Note that, for this initial conformation,
it is also possible to avoid the spin contamination by forcing the system in the quartet
state, which is only about +0.006 eV higher in energy than the spin contaminated dou-
blet state. The similar energy of both spin states can be explained by the larger distance
of O2 from the Au atom and the further delocalization of the unpaired electron from the
Au atom over the adsorbed CO molecule. Hence, we will it should be keep an eye on the
system in the electronic quartet state during the next investigations.
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(a) doublet state:〈
S2
〉

= 1.76
(b) quartet state:〈

S2
〉

= 3.76

Figure 15: Spin density map of the Au1-CO+O2/F
2+-MgO(001) system in the electronic (a)

doublet state and (b) quartet state. The upper row shows the systems from above
and the bottom row from the side. The spin density boundaries are shown at ±0.002.

4.3.2 Determination of �nal states

As mentioned, we will seek a reaction path for the catalytic oxidation of CO by means of
NEB method. The determination of �nal structures and metastable intermediate states
is crucial for the results of NEB calculations. As a �rst step, we performed structure
optimizations after the manual insertion of one O atom between the Au-C bond and
placing the remaining O atom near the Au atom atop on the Mg ion. The result gives
a �rst indication, why the catalytic oxidation on a single Au atom and also on Au2 may
not work: The remaining O atom goes without any noticeable energy barriers into the
vacancy of the MgO(001) surface, a structure that is 4.91 eV more stable in energy than
the initial state. The result of the structure optimization is shown in �gure 16a. That
means that our catalytic cycle on a Au atom deposited on a defective MgO(001) surface
will be broken after the �rst formation of a CO2 molecule and the remaining O atom will
e�ectively repair the oxygen defect.

Calculations has shown that the Au atom deposited on the defective F2+-MgO(001) has
with 1.88 eV the smallest adsorption energy compared to the two other charged systems.
Instead of a dissociation of O2, we observe the molecule does down into the vacancy
and pushing away the Au atom together with the adsorbed CO to the next O ion of
the MgO(001) surface. This behavior was already observed in previous work [97]. The
optimized structure of this alternate �nal structure is shown in �gure 16b. The missing
formation of CO2 makes this structure 1.69 eV higher in energy than the �rst structure.

An interesting question is what happens with the remaining unpaired electron of the
single Au atom. In the case of a defective MgO(001) surface the unpaired electron is
mainly located on the Au atom and partially on the adjacent oxygen ions and also on

42



(a) �nal structure with
dissociation of the O2

molecule

(b) �nal structure without
dissociation of the O2

molecule

Figure 16: Result of the structure optimizations (a) of the �nal structure after an insertion of
one O atom into the Au-C bond and putting the remaining O atom next to the
Au atom and atop on a Mg ion and (b) of the alternative �nal structure where O2

goes down into the oxygen vacancy of F2+-MgO(001) without dissociation and the
Au atom together with the adsorbed CO is shifted onto the next oxygen ion of the
MgO(001) surface. The �nal structure after the dissociation of O2 is about 1.69 eV
higher in energy than the structure without dissociation. The upper row shows a
top view from the structure and the bottom row shows it from the side. The O
atoms from the adsorbates are colored blue for clarity, whereas C is colored dark
gray.

an adsorbed CO molecule, as we can see in �gure 12a. The �nal structure of �gure
16a is in a pure doublet state with a

〈
S2
〉
expectation value of 0.75. The repair of the

defective MgO(001) surface leads to a localization of the unpaired electron at the edge
of the cluster as shown in �gure 17a. We assume, that the electron will delocalize at the
MgO(001) surface, but the embedding scheme leads to this artifact. The deviation in the
localization of the unpaired electron causes a di�erent chemical behavior compared to
Au atom on a defective MgO(001) surface, so that after the �rst oxidation step it is not
clear if a second catalytic oxidation is still possible. In the case without dissociation, the
unpaired electron in the doublet state is located from the π∗ orbital of the O2 molecule
and a p orbital of the adjacent oxygen ion. Actually, all 2p orbitals of the O2- ion
are completely �lled resulting in no unpaired electron. But the Mulliken charge of this
oxygen ion is −1.03 with one missing electron in the p orbitals which goes conform with
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(a) spin density of the �nal
structure after

dissociation of the O2

molecule

(b) spin density of the �nal
structure without

dissociation of the O2

molecule

Figure 17: Spin density maps of the �nal structure shown in �gure 16 respectively. The upper
row shows a top view from the spin densities and the bottom row shows it from
the side. In (a) the repair of the defective MgO(001) surface by the remaining O
atom from the dissociated O2 leads to a localization of the unpaired electron at the
edge of the cluster. If the O2 molecule goes down into the oxygen vacancy without
dissociation it will also result in a doublet state where the unpaired electron is only
delocalized in the π∗ orbital of O2 and a p orbital of the adjacent oxygen ion, which
corresponds with the remaining negative Mulliken charge of −1.03.

the result of the spin density map in �gure 17b.

4.3.3 Reaction path for the oxidation of CO

The NEB method is one possibility to �nd the minimum energy path or reaction path
from one stable con�guration to another. In this case the method will be used to �nd a
reaction path for the catalytic oxidation of CO on Au1/F2+-MgO(001). The initial struc-
ture of Au1-CO+O2/F2+-MgO(001) is highly spin contaminated, what will potentially
result in unreliable estimates for the activation barriers for the �rst steps on the reaction
path until a stronger interaction between the surface and O2 leads to a pure doublet
state. At �rst the structure in �gure 16a will be used as the �nal con�guration for the
NEB calculation. The number of calculated images is 20 between the initial and �nal
state, but especially the dissociation of O2 is described with a higher density of points,
so that the size of the steps should not be considered equally spaced. A summary of the
results of the NEB calculation is shown in �gure 18.

The �rst step of the catalytic oxidation of CO is the chemisorption of O2 to the reaction
center. In this case it means the movement of O2 into the F2+ vacancy of the MgO(001)
surface. The energy barrier from the physisorbed state to this chemisorbed state has a
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Figure 18: Potential energy (top panel), Mulliken charge (second panel), bond distances (third
panel) and the

〈
S2
〉
expectation value (bottom panel) for the reaction path of the

catalytic oxidation of CO with O2 on Au1/F
2+-MgO(001). The shown structures

belong to the red marked points of the upper diagram and are sorted from left to
right corresponding to the order of the red marked points respectively. The data
are the result of a NEB calculation with 20 points between the initial structure in
�gure 14 and the �nal structure in �gure 16a. Because of the spin contamination the
�rst energy barrier on step 3, which belongs to the transition from the physisorbed
state of O2 to a chemisorbed state, cannot be fully trusted. The energy minimum
at step 9 and 10 is the result of the di�usion of O2 into the oxygen vacancy from the
defective MgO(001) surface, while the Au atom together with the CO adsorbate is
partially shifted towards another O ion of the MgO(001) surface. The main energy
barrier of 1.61 eV from step 10 to 15 belongs to the dissociation of O2, but is also
in�uenced by spin contamination with a

〈
S2
〉
expectation value of

〈
S2
〉
15

= 1.14
and can be unreliable. In the second panel it can be seen that the O atom of O2

which goes into the vacancy gets a negative Mulliken charge, corresponding to an
O anion, and the other O atom of O2 converges with the O atom of CO during the
forming of CO2. The selected structural parameters, such as the height of Au with
respect to the height of the �rst surface layer, the O2 and Au-C bond length, show
the progress of the reaction.
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value of 0.36 eV (step 0 → step 3), but the high spin contamination makes this result
unreliable. Furthermore this process is described with lesser points then necessary for
a proper result, so that the true energy barrier could be higher. At step 10 a local
minimum is reached which results from the movement of O2 into the F2+ vacancy. This
movement supports the following O2 dissociation by pulling electron density from the
MgO(001) surface into the anti-bonding π∗ orbitals of O2. The ensuing weakening of the
O-O bond is re�ected in the increase of the O-O bond from 1.205 Å at the beginning
to 1.419 Å at step 10. The Au atom together with the adsorbed CO molecule is shifted
onto the adjacent oxygen ion of the MgO(001) surface. The following dissociation of O2

has an energy barrier of 1.61 eV (step 10 → step 15) but the transition state of step
15 is slightly spin contaminated, with an

〈
S2
〉
expectation value of

〈
S2
〉
15

= 1.14. The
potential curve towards this transition state has at step 14 a local minimum which can
be caused by the incomplete NEB optimization from the structures of step 10 to step
14 and step 14 to step 18. The last part of the reaction path shows the return of the
Au atom onto the central O anion and the adsorption of CO2 atop on the Au atom.
In a periodic MgO(001) surface with indistinguishable oxygen ions on the surface this
last step is meaningless. The adsorption of CO2 atop on the Au atom may happen but
because the reaction is highly exothermic (∆E = 4.91 eV), the excess of energy will
probably lead to a desorption of CO2 into the gas phase. The excess of energy will also
lead to a movement of the Au atom and potentially to an agglomeration of gold to one
larger cluster.

The evolution of the Mulliken charges follows well to the reaction progress. The charge
from the Au atom changes from −0.65, where it is deposited on the F2+ vacancy, to +0.55
deposited on a surface oxygen ion. We assume that the electron density of the oxygen
vacancy strongly overlaps with the atomic orbitals of the Au atom, which make the
Mulliken charge more negative than it is probably appropriate. Along the reaction path
the Mulliken charge of Au increases to positive values after moving on a surface oxygen
ion, whereby the interim decrease between step 13 and 19 is caused by the desorption of
CO. The adsorption of CO2 on the Au atom let the Mulliken charge increases to the �nal
value of +0.55. Also along the reaction path, the Mulliken charge of the O atom from
O2, which bonds to the CO molecule, converge to the Mulliken charge of the O atom
from CO. The Mulliken charges of the atoms fro CO do not change much during the
reaction. The remaining O atom going into the vacancy gets a large negative Mulliken
charge of −1.48, which corresponds approximately to the Mulliken charge of the other
oxygen ions in the surface. The structural parameters in the third top panel of �gure
18 show the reaction progress. A look at the O2 bond distance at step 15 indicates the
bond breaking and the desorption of CO from the Au atom is shown by the increasing
Au-C bond at step 16.

To access the quality of the potential curve along the path, further DFT calculations
with other functionals (PBE, B2PLYP) were performed. PBE is a generalized gradient
approximation method (GGA), which is most frequently used in periodic DFT calcu-
lations. B2PLYP is a double-hybrid density functional, where the exchange energy is
described by a mixture of the terms derived from GGA functionals and exact exchange
from Hartree-Fock functionals. The correlation energy is derived from GGA function-
als and Møller-Plesset perturbation theory of second order (MP2). This functional was
shown to yield satisfactory results for the adsorption of O2 on gas phase gold clusters
[95]. Figure 19 contains the resulting potential curve obtained using the PBE, B3LYP
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B2PLYP functional and as well as the potential curve of the system in an electronic
quartet state using the B3LYP functional for the �rst �ve steps.
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Figure 19: Potential curve and the
〈
S2
〉
expectation value for the reaction path in �gure 18

calculated by di�erent DFT functionals and electronic states. The quartet state
of the system using the B3LYP functional shows for the �rst three steps similar
potential energies for the quartet and the spin contaminated doublet state. As the
interaction between O2 and the surface rises, the potential energy increase drastically
because of the increasing Pauli repulsion between electrons with the same spin state.
B2PLYP gives a similar potential curve but with a higher dissociation energy of O2

(about 2.13 eV, from step 9 to step 15). PBE failed by converging the wave function
of image 7 and image 9 to 19. Except for the quartet state all DFT functionals show
the same problem with the spin contamination.

The results of the �rst �ve steps calculated by B3LYP in the electronic quartet state
show no spin contamination, with an

〈
S2
〉
expectation value of 3.75. For the �rst three

steps, both the quartet and the spin contaminated doublet state have nearly the same
total energy explaining the strong spin contamination of the latter. The system of step
1 in the quartet state shows is even 0.002 eV energetically more favorable than the spin
contaminated doublet state. Starting from step 3 the total energy of the quartet state
increases drastically because of the increasing Pauli repulsion between the electrons with
the same spin state. With the two other DFT functionals one get spin contaminated
results as well. The B2PLYP yields a similar potential curve as the B3LYP functional in
the electronic doublet state but the dissociation energy of O2 is with about 2.13 eV (step
9 → 15) higher than the dissociation energy yielding with B3LYP (1.61 eV). Moreover
the conformation at step 18, where CO2 is not adsorbed on the Au atom yet, is lower in
energy than the �nal conformation with adsorbed CO2. The PBE functional has been
getting problem converging the wave function after step 7 where the O2 gets a larger bond
length because of the occupation of the anti-bonding π∗ orbitals. This behavior raises
strong doubts on the suitability of the PBE functional for systems where the dissociation
of O2 plays an important role.
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4.3.4 Alternate reaction path without catalytic oxidation of CO

The movement of the O2 molecule into the F2+ vacancy of the MgO(001) surface without
bond breaking and the shifting of the Au-CO cluster onto the adjacent oxygen ion is an
alternate path. In the previous reaction path, the O2 interaction is expected to assist
the bond breaking by pulling electrons from the MgO(001) surface into the π∗ orbitals
of O2 resulting in a weakening of the O-O bond. Nonetheless the dissociation barrier of
about 1.69 eV is still high, so that a dissociation cannot happen. The NEB calculation
reveals that the movement of O2 into the vacancy and the shifting of the Au-CO cluster
onto the adjacent oxygen ion is barrierless.

Figure 20: Potential energy (top panel), Mulliken charge (second panel), bond distances (third
panel) and the

〈
S2
〉
expectation value (bottom panel) for the reaction path of the

catalytic oxidation of CO with O2 on Au1/F
2+-MgO(001). The grey potential curve

belong to the reaction path of �gure 18. Step 3 and 4 marks a barrierless di�usion
reaction of the Au-CO shift onto an adjacent O anion and O2 moves into the vacancy
without bond breaking resulting in the conformation of �gure 16b.

The potential curve shows that the catalytic oxidation of the adsorbed CO is actually
an unlikely process. It is more likely that the O2 molecule moves into the F2+ oxygen
vacancy and displace the Au atom onto the adjacent oxygen ion. In the case that the
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Au-CO cluster comes back to this �lled vacancy the energy barrier for the O2 dissociation
energy is increased to 1.93 eV. Note that the di�usion barrier for a Au atom on MgO(001)
is about 0.45 eV. If this corresponds or is higher than the adsorption energy of CO on a
Au atom deposited on a clean Mg(001) surface, a catalytic reaction like in �gure 18 will be
nearly impossible, as the AuCO complex will simply di�use away. The Mulliken charges
show the same behavior as in the reactive case, as well as the bond distances. However,
the weakened O-O bond, which is indicated by the increasing O-O bond distance by
+0.200 Å, is a result of an electron shift from the defective MgO(001) to the anti-
bonding π∗ orbitals and shows no dependence on the presence of the Au atom. Therefore
the oxidation of one CO molecule with O2 is probably not dependent on the Au1/F2+-
MgO(001) system itself but on the F2+ oxygen vacancy of the defective MgO(001) surface.
As it appears, the defective MgO(001) surface will be repaired by the remaining O atom
and the catalytic cycle will be broken after a single cycle.

4.4 Catalytic oxidation of CO with O2 on Au1/F
1+-MgO(001)

The investigation of the single adsorption of CO and O2 on Au1/F1+-MgO(001) has
shown that neither CO nor O2 adsorbs strongly on Au1/F1+-MgO(001). The investiga-
tion of a probable structure for a co-adsorption leads to the conformation where the two
reactants are adsorbed on the MgO(001) surface next to the Au atom shown in �gure
21. The large distances between the Au atom and the adsorbents involve an increase of
the inner local part which now includes the adjacent Mg and O ions of the top layer. In
consequence the intermediate part is also increased by two atom layers each in the x-
and y- direction with a �nal size of 9×9×3 in the quantum chemically treated region.

Figure 21: Optimized structures for the co-adsorption of CO and O2 on Au1/F
1+-MgO(001).

The left panel shows a top view from the system and the right panel shows it from
the side. The O atoms from the adsorbates are colored blue for clarity, whereas C is
colored dark gray. The large distance between the Au atom and the adsorbents are
compensated by increasing the inner local part and the intermediate part region to
9× 9× 3. As seen for the single adsorbed systems, neither CO nor O2 shows a high
interaction with the central Au1 cluster.

There is a tiny energetic di�erence between the two shown structures. The adsorption
energies does also remain at 0.20 eV for CO and 0.18 eV for O2, which is a consequence
of the very weak interaction between the adsorbents and the Au atom. Even though
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the system is not studied very well, there are two points which are arguments against
catalytic activity of the Au1/F1+-MgO(001) system. On the one side it is likely that there
is no strong support for the dissociation of O2 from the deposited Au1 cluster because
of their weak interaction. On the other side the reaction depends on the presence of
CO and O2 at the Au1/F1+-MgO(001) cluster. This means a really unlikely reaction of
third order. Especially, the small concentration [62] of F1+-MgO(001) defects with one
deposited Au1 cluster inhibits a reaction. Contrary to Au1/F2+-MgO(001), the Au atom
is strongly adsorbed with an adsorption energy of 4.43 eV. That will protect the oxygen
vacancy very well against the insertion of an O2 molecule and the shift of the Au atom
onto an adjacent oxygen ion. In view of these thermodynamical and structural properties
the catalytic oxidation of CO on Au1/F1+-MgO(001) was not further studied.

4.5 Catalytic oxidation of CO with O2 on Au1/F
0-MgO(001)

The Au1/F0-MgO(001) system is a very interesting case. The Au atom is more strongly
adsorbed on the oxygen vacancy (3.68 eV), inhibiting the insertion of O2 into the F0

vacancy. The energetically favorable adsorption state of O2 molecule support the π-
back-bond resulting in a weakening of the O-O bond. However, this electron saturated
system shows a di�erent reaction path as the Au1/F2+-MgO(001) system, as we will
show below, this system is as suitable for a catalytic cycle as the Au1/F2+-MgO(001)
system.

4.5.1 Co-adsorption of CO and O2 on Au1/F
0-MgO(001)

Adsorption energies, vibrational frequencies and structural parameters of the single and
co-adsorbed system are shown in table 14. The investigation of the single adsorption
of O2 and CO on Au1/F0-MgO(001) allows us to de�ne a probable initial guess for the
structure for the co-adsorption with a strongly adsorbed O2 as in �gure 11c and a CO
adsorbed on the MgO(001) surface next to the Au atom. CO adsorbs either across
from the adsorbed O2 or perpendicular to the plane de�ned by the Au and O2. Both
assumption results in two energetically stable states, whereby the angled structure in
�gure 22b is 0.023 eV energetically more favorable than the structure in �gure 22a. One
can assume that this is the e�ect of the higher dispersion interaction between the CO and
O2 adsorbents in the angled structure than in the opposite case. The frequency analysis
indicates the angled structure as a meta-stable state. One imaginary frequency occurs,
which characterizes a vibration of CO parallel to the MgO(001) surface and directed at
the adsorbed O2. After the transition of CO with respect to the imaginary frequency
and taking this as an initial structure, the structure optimization results in a carbonate-
like state as it is shown in the next section. Table 14 reveals an interesting co-adsorption
behavior of the CO adsorbent. The strong interaction between O2 and the Au atom
changes the chemical properties of the former adsorption site, so that the Au-C bond
increases by about 1 Å to 3.501 Å. As a consequence, the size of the inner local part
must be increased as in the Au1-CO+O2/F1+-MgO(001) system to ensure convergence
of the calculations. Furthermore, the weaker interaction is also indicated by the lower
adsorption energy of 0.25 eV, which is closer to the adsorption energy of CO on a clean

50



MgO(001) surface, and by the higher vibrational C-O stretch frequency of 2124 cm-1,
which is about the C-O stretch frequency in the gas phase (2143 cm-1).

(a) (b)

Figure 22: Optimized structures for the co-adsorption of CO and O2 on Au1/F
0-MgO(001).

The upper row shows a top view from the structure and the bottom row shows it
from the side. The O atoms from the adsorbates are colored blue for clarity, whereas
C is colored dark gray. The left structure (a) derives from the initial structure with
CO across from the strongly adsorbed O2. The right structure (b), where CO is
adsorbed next to O2, is about 0.023 eV energetically more favorable than (a).

The results show an inverted behavior for the Au1-CO+O2/F2+-MgO(001) system, where
CO is strongly bound and O2 di�uses on the surface or arrives directly from the gas phase.
In this case O2 is bonded even more strongly by the Au1/F0-MgO(001) cluster and forms
a stable precursor state. The CO molecule moves about the MgO(001) surface or directly
from the gas phase to this reactive center, because the electron transfer from the electron
saturated Au1/F0-MgO(001) system to the anti-bonding π∗ orbitals of the adsorbed O2

destabilizes the O-O bond, as can be inferred from the large O-O bond length (1.330 Å).
It remains to be clari�ed, how strongly does the higher adsorption energy of the Au atom
on the F0-MgO(001) vacancy (3.68 eV) prevents the movement of O2, or how a possible
insertion of O into the vacancy could lead to an irreversible breaking of the system.
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Table 14: Adsorption energies, vibrational frequencies and structural parameters of single and
co-adsorbed system of CO and/or O2 on Au1/F

0-MgO(001). Adsorption energies are
counterpoise corrected and a scaling factor of 0.970 has been applied to the computed
frequencies [80]. The data of the middle column are about the co-adsorbed system
with the angled conformation of �gure 22b.

system Au1-CO/F0-
MgO(001)

Au1-CO+O2/F0-
MgO(001)

Au1-O2/F0-
MgO(001)

Eads(Au-CO) in eV 0.39 0.25 -
ν(CO) in cm-1 1811 2124 -
r(Au-C) in Å 2.463 3.501 -
r(C-O) in Å 1.159 1.130 -
6 Au-C-O in [°] 139.6 136.2 -

Eads(Au-O2) in eV - 1.80 1.81
ν(O-O) in cm-1 - 1153 1149
r(Au-O) in Å - 2.491 2.450
r(O-O) in Å - 1.330 1.330
6 Au-O-O in [°] - 94.5 94.7〈
S2
〉

0.75 0.76 0.76

4.5.2 Determination of transition and �nal states

The chemistry of CO and O2 on Au1/F2+-MgO(001) is very rich and multiple reactions
are to be taken into account. In the followings, we proceed to identify the most likely
reaction paths for catalytic oxidation of CO on Au1/F2+-MgO(001). As described above,
the structure optimization of the initial structure in �gure 22b after the transition of CO
with respect to the imaginary frequency results into a carbonate-like state, shown in �gure
23. This state is about 3.67 eV energetically more favorable than the initial structure in
�gure 22b. The carbonate-like structure is nearly trigonal planar (O-C-O angles: 122.7°,
117.1°and 120.2°) and the C-O bond lengths (1.287 Å, 1.279 Å and 1.252 Å ) are shorter
than in a carbonate ion (1.30 Å) [98].

There are two main hypothesis how the reaction can proceed from the transition structure
in �gure 23. The �rst one is inspired by the behavior of CO2 adsorbed on a clean
MgO(001) surface, where it forms also a carbonate-like state with a oxygen ion of the
surface [99]. The second one considers the desorption of CO2 from the carbonate-like
structure. In that case the remaining O atom, adsorbed between the Mg cation and the
Au atom, can either react with an additional CO molecule to form CO2 or it can move into
the F0 vacancy of the MgO(001) surface. This mechanism is investigated in section 4.5.4.
To the �rst hypothesis, a possible reaction path can be the movement of the CO3 structure
into the F0-MgO(001) vacancy by a displacement of the Au atom onto an adjacent O
anion of the MgO(001) surface. This reaction path shows similarities to the investigated
reaction path of CO and O2 on Au1/F2+-MgO(001), but it is uncertain how strong the
higher adsorption energy of the Au atom on the F0-MgO(001) vacancy increases the
energy barrier of the process. However, �gure 24a shows the mentioned �nal structure
with chemisorbed CO2 on a repaired MgO(001) surface. Further, experiments have found
in addition to the chemisorbed state also a physisorbed state of CO2 on MgO(001) which
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Figure 23: Optimized structure of the carbonate like meta-stable state Au1-CO3/F
0-MgO(001).

The left panel shows a top view from the system and the right panel shows it from
the side. The O atoms from the adsorbates are colored blue for clarity, whereas C
is colored dark gray.

is about 0.05 eV higher in energy [100]. This observation can be qualitatively reproduced
by the DFT calculations, where �gure 24b shows the result of an optimized physisorbed
state, which is 0.12 eV higher in energy then the chemisorbed state. Because of the
additional Au atom in the calculations similar orders of magnitudes may indicate a
comparable behavior in both experiments and theoretical cases.

The next section contains the results of the carbonate-like structure moving into the
oxygen vacancy, whereas the reaction channel with the desorption of CO2 is tackled in
section 4.5.4.

4.5.3 Reaction path for the oxidation of CO

To determine the energy barriers for the reaction starting from the initial state in �gure
22b over the carbonate like state to the �nal states of �gure 24a and 24b. The results
of the NEB calculation are shown in �gure 25. The �rst part of the reaction path until
step 6 belongs to the formation of the carbonate-like state. The low energy barrier of
0.34 eV is negligible and the energy barrier may change for di�erent transition vectors of
CO. Alternatively, CO can move directly from the gas phase to the adsorbed O2. The
nearly barrier-less formation of the carbonate-like state is caused by the strong π-back
donation of the electrons originating from the F0 vacancy over the Au atom located to
the anti-bonding π∗ orbitals of the adsorbed O2. This induces a crucial weakening of
the O-O bond and supports the insertion of CO to form the carbonate-like state. The
formation of the carbonate-like structure is also re�ected by the Mulliken charges of the
O atoms, which lie in the range of −0.126 and −0.214 at step 6. Also the O-O distance
re�ects the dissociation process of O2. The rate-determining energy barrier belongs to
the movement of the carbonate structure into the oxygen vacancy and displacement of
the Au atom onto an adjacent O anion. In contrast to the Au1/F2+-MgO(001) system the
adsorption energy of the Au atom is much larger, resulting in an energy barrier of 0.88 eV.
This process is accompanied by the increase of the charge of the Au atom moving away
from the oxygen vacancy and by the decrease of Mulliken charge of the O atom moving
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(a) chemical adsorbed state (b) physical adsorbed state

Figure 24: Optimized structures of �nal structures with (a) chemisorbed CO2 and (b) ph-
ysisorbed CO2 on the repaired MgO(001) surface. The upper row shows a top view
from the structure and the bottom row shows it from the side. The O atoms from
the adsorbates are colored blue for clarity, whereas C is colored dark gray. The
physisorbed state is 0.12 eV higher in energy then the chemisorbed state and this
adsorption behavior is in a good agreement with experimental results [100].

into the vacancy. The O atom in the vacancy has a charge of −0.867 and only after
the transition from chemisorbed CO2 to physisorbed CO2 the charge further decrease to
−1.368 corresponding to a charge of a surface O anion of the MgO(001) surface. The
electron density for the decrease derives from the C atom, which interestingly gets in an
even smaller charge then the two bonded O atoms the chemisorbed state, but after the
transition to the physisorbed state the C atom get a positive charge of 0.518 and the
two bonded O atoms converge at −0.090. The energy barrier for the transition from the
chemisorbed to the physisorbed state is 0.32 eV, whereby the physisorbed state is about
0.12 eV higher in energy. During the whole reaction path the

〈
S2
〉
expectation value

stays nearly constant and indicates a pure doublet state of the system.

To investigate if molecular O2 can move into the oxygen vacancy without any remarkable
energy barriers, a NEB calculation was done to determine the potential curve for the
movement from the adsorbed state in �gure 11c to the state shown in �gure 26. The
latter was obtained by structure optimization for a geometry biased towards O2 insertion.
The calculation results in a high energy barrier of 1.75 eV, which con�rms the hypothesis
that the large adsorption energy of one Au atom on the F0-MgO(001) vacancy inhibit
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Figure 25: Potential energy (top panel), Mulliken charge (second panel), bond distances (third
panel) and the

〈
S2
〉
expectation value (bottom panel) for the reaction path of the

oxidation of CO with O2 on Au1/F
0-MgO(001). The shown structures belong to the

red marked points of the top panel. The data is the result of a NEB calculation with
15 points between the initial structure in �gure 22b and the �nal structure in �gure
24b. The energy minimum at the step 6 is the result of the formation of a carbonate
structure. The energy barrier at step 8 with 0.88 eV corresponds to the displacement
of the Au atom onto an adjacent oxygen ion and marks the irreversible break of the
catalytic cycle. At step 12 the CO2 is chemisorbed on the O anion, which moved
into the F0 vacancy. For the change into the physisorbed state in step 16 the CO2

molecule has to overcome an energy barrier of 0.32 eV. The second panel shows,
that during the formation of the carbonate like state all O atoms of the adsorbents
converge to similar Mulliken charges. During the movement of the bottom O atom
into the vacancy, it becomes negatively charged, approximately corresponding to an
O anion of the MgO(001) surface. The height of Au with respect to the height of the
�rst surface layer, the O2 and Au-C bond length show the progress of the reaction.
Especially the bond breaking of the O2 molecule is clearly seen by the change of the
O-O bond length at step 4. During the whole reaction path the system remains in
a pure doublet state.
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the movement of O2 into the vacancy.

Figure 26: Optimized structure for a �nal state, if an O2 molecule moves into the F0-MgO(001)
vacancy and shift the Au1 cluster onto an adjacent oxygen ion. The left panel shows
a top view from the system and the right panel shows it from the side. The O atoms
from the adsorbates are colored blue for clarity, whereas C is colored dark gray.
This state is about 2.21 eV energetically more favorable but hindered by an energy
barrier of 1.75 eV.

In this case we will probably also observe no catalytic oxidation of CO because after
the �rst cycle, the F0 vacancy is �lled by an O anion, which gets his charge from the
trapped electrons. Even the stronger adsorption energy of the Au atom on F0-MgO(001)
will not su�ciently protect the vacancy because the insertion of one O atom into the
vacancy provides a large energy gain. There is indeed an energy barrier of 0.88 eV but
the formation of the carbonate-like state is coupled with an strongly exothermic reaction
so that overcoming the barrier should represent no problem. Nevertheless, there is also
a second possible reaction path where a CO2 molecule is cleaved from the carbonate-
like structure and the remaining O atom, still bounded between the Mg ion and the Au
atom, can react with a further CO molecule.

4.5.4 Alternate reaction paths for the catalytic oxidation of CO

The last investigation of the Au1/F0-MgO(001) system deals with the search of a cat-
alytic oxidation cycle, where the vacancy is not be �lled by an O atom. Therefore, a
reaction path is investigated, where the carbonate-like structure does not move into the
vacancy but dissociates to CO2 and one remaining O atom adsorbed between a surface
Mg cation and the Au atom. Afterwards, another CO molecule can be inserted in the cat-
alytic center and reacts with the remaining O atom before dissociating as a newly formed
CO2 molecule. The catalytic cycle would be complete. Figure 27 shows the potential
di�erences and activation barriers calculated by NEB calculations of the mentioned cat-
alytic cycle. For the sake of completeness, other possible mechanism for repairing the
surface vacancy are also investigated. The reaction path of �gure 25 is similar to the
B→C→C' path except that the previous section the CO molecule is already adsorbed
on the MgO(001) surface in step B (see �gure 27 for labels).

The scheme in �gure 27 shows the potential E of the single states, where the clean
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Figure 27: Catalytic oxidation cycle A→B→C→D→E→A of two CO molecules with O2 on
Au1/F

0-MgO(001) and possible termination reactions of the cycle B→B' , C→C'
and D→D' by repairing the F0-MgO(001) oxygen vacancy. E belongs to the po-
tential energy of the system where step A is set to zero. ∆E sums up the potential
di�erence between initial and �nal state and the counterpoise corrected adsorption
energy of an incoming or removing molecule if necessary. All single steps are op-
timized in their structures and are at least meta-stable states. EA corresponds to
the activation barrier resulting from NEB calculations. The net potential di�erence
after one cycle Ecycle converge to the net potential di�erence of the reaction shown
in the bottom right corner.
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Au1/F0-MgO(001) system in A is set to zero. For the potential energy di�erence ∆E

involving addition or removal of a molecule between initial and �nal state, the coun-
terpoise corrected adsorption energy is taken into account. For example, the potential
energy di�erence of reaction B→C involves the counterpoise corrected adsorption energy
of CO to the optimized position like the initial state in �gure 22b and the di�erence in
the total energy of the initially adsorbed state and the carbonate-like state. The shown
activation barriers EA results from NEB calculations. The activation barriers of B→C
and C→C' are taken from the results in �gure 25, whereby the other values results from
NEB calculation with 5 steps between the initial and �nal state.

The �rst process A→B shows the adsorption of O2 on Au1/F0-MgO(001) and is chosen
as a precursor because of the high adsorption energy of 1.81 eV. As mentioned above, the
movement of the adsorbed O2 molecule into the F0-MgO(001) vacancy (B→B') has a
high activation barrier because of the strong adsorption of both O2 on Au1/F0-MgO(001)
and Au1 on the F0-MgO(001) vacancy. The low activation barrier of +0.34 eV and the
high energy gain of −3.19 eV by the formation of the carbonate-like state in C singles
out this process as the dominants reaction path. Actually, the energy di�erence and
the activation barriers of the processes C→C' and C→D clearly favor the movement
of the carbonate-like structure into the oxygen vacancy because the dissociation of CO2

requires around twice as much activation energy (+1.66 eV) as the reparation of the
oxygen vacancy (0.88 eV). The high excess energy from the formation of the carbonate-
like structure particularly supports the movement into the vacancy, especially if the
momentum of an incoming CO molecule does also go towards the oxygen vacancy. It
appears that the path A→B→C→C' in �gure 27 is the dominant and the most probable
reaction path. Furthermore the next bifurcation from D to D' or E has in both ways
small activation energies of +0.36 eV for the movement of the O atom into the vacancy
and +0.12 eV for the formation of CO2. Nevertheless the small activation barrier for
the movement of the single O atom into the vacancy is di�cult to prevent and will be a
reason for an irreversible breaking of the catalytic cycle. The �nally desorption of CO2

from E back to A has an additional barrier of only 0.60 eV.

The reaction path over A→B→C→D→E→A corresponds to a catalytic cycle for the
oxidation of two CO molecules with O2 to two CO2 molecules. The �nal potential di�er-
ence of −6.10 eV after one cycle matches with the energy di�erence of the net reaction
shown in the bottom right corner of �gure 27 resulting from the di�erence of the single
point energies of the optimized structures calculated using the same B3LYP functional.
The negligible deviation can be reasoned by errors from the basis set superposition error,
where the counterpoise correction is not always exact, and inconsistency of the system
size using both the 7× 7× 3 and 9× 9× 3 systems to describe the F0-MgO(001) surface
of the quantum mechanical treated region in some cases.

In the end, a catalytic oxidation cycle on the Au1/F0-MgO(001) surface appears also
di�cult to perform. The possibilities to break the catalytic cycle are very probable, or
as it is shown in the case between C→D or C→C' , even most favorable. Nevertheless, it
could be conceivable that the dissociation of CO2 in C→D can be excited by laser irradi-
ation. Frequency analysis of the structure C results in a symmetric stretch frequency for
the carbonate-like structure with νs(CO3) = 1039 cm-1, as well as ν(1)as (CO3) = 1300 cm-1

and ν(2)as (CO3) = 1183 cm-1 for the antisymmetric stretch frequencies. A laser irradiation
at the ν(1)as frequency could favor the dissociation of CO2 and simultaneously prevent the
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reparation of the oxygen vacancy. In this scenario, the realization of a catalytic oxidation
cycle would be possible, although it would remain margin in view of the thermodynamical
analysis presented in this section.
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5 Conclusion and Outlook

Experiments from Landmann et al. [19] show no catalytic activity of Au1 and Au2
clusters deposited on defect-rich MgO(001) surfaces, whereas Au3− 7 clusters shows a
limited and Aun≥ 8 shows a high catalytic activity for the oxidation of CO. In the frame-
work of this thesis we investigated reasons for the lack of catalytic activity of the Au1,2
clusters deposited on F2+, 1+, 0-MgO(001) surfaces. The Au1 cluster are not strongly
adsorbed on F2+- and F0-MgO(001) to protect the oxygen vacancy e�ciently resulting
in the irreversible break of the catalytic system. Especially, Au1 on F2+-MgO(001) is
so weakly adsorbed (1.88 eV), that there is only a negligible activation barrier for the
strongly exothermic reaction path of the concerted movement of O2 into the vacancy
and displacement of the Au atom onto an adjacent O anion. Only the Au1 is strongly
adsorbed on the oxygen vacancy of the F1+-MgO(001) surface (4.43 eV) inhibiting the
repair of the vacancy due to a high energy barrier. The system shows no strong inter-
action with both CO and O2. Thus, there is no support for the cluster-mediated bond
breaking of O2, which marks the rate-determining process for the oxidation of CO. In
the case of Au1 adsorbed on F0-MgO(001) a strong interaction between adsorbed O2 and
the surface system leads to a strong π-back-bond from the Au atom to the anti-bonding
π∗ molecular orbitals of O2 and a weakening of the O-O bond. The bond weakening
supports the insertion of CO and the formation of a carbonate-like structure adsorbed
next to the Au atom on the MgO(001) surface. Even though the Au1 cluster is more
strongly adsorbed on F0-MgO(001) (3.68 eV) as in the Au1/F2+-MgO(001) system, the
energy barrier (0.88 eV) for the movement of a O atom of the carbonate-like structure
while displacing the Au atom onto an adjacent O anion is not large enough to e�ciently
protect the vacancy. One way to preserve the catalytic cycle is by dissociating CO2

from the carbonate-like structure. The energy needed for the dissociation (1.66 eV) is
found to be almost twice as high as the reparation of the oxygen vacancy, thus marking
the irreversible breaking of the catalytic cycle after the �rst formation of CO2 the most
probable reaction path.

The Au2 clusters deposited on defective MgO(001) seem di�cult to handle using the
PEEC method with the chosen parameters. The inclusion of DFT-D3 dispersion cor-
rection, necessary for a proper description of the physisorption behavior of O2, leads
to a lateral displacement and a di�usion of the upper Au atom. Nevertheless, without
DFT-D3 dispersion correction calculations results into a medium (0.47 eV) and a weak
(0.12 eV) adsorption strength for O2 on Au2/F2+-MgO(001) and Au2/F1+-MgO(001).
Without the support of weakening the O-O bond like in Au1-O2/F2+-MgO(001), the
energy barrier for the oxidation of CO remains large. In case of O2 adsorbed on Au2/F0-
MgO(001), we could not identify a stable adsorption state. Due to the highly intricate
adsorption behavior, which we could not resolve using the present set-ups, investigations
about reaction paths for the oxidation of CO on Au2 deposited on defect-rich MgO(001)
were not performed.

In case of physisorbed O2 (two unpaired electrons in the electronic ground state) on a
gold cluster with an odd number of electrons, the results of system in the electronic
doublet state (low-spin state) became highly spin contaminated. This is caused by the
similar energies of the low-spin doublet state and the high-spin quartet state. Due to the
Pauli principle, the high-spin state leads to no spin contaminated results but they become
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energetically more unfavorable than the low-spin state by increasing O2-Au interaction.
Consequentially, systems with chemisorbed O2 do not show spin contaminated results in
the electronic doublet state.

It generally seems that catalytic activity on Au1 and Au2 supported clusters is not
possible, either because the cluster is unstable or the cycle is broken along the way or
the system does not support the bond breaking of O2.

An interesting question will be, if the weak catalytic activity of the Au3− 7 clusters start-
ing with the smallest Au3 can be qualitatively reproduced by the theoretical investigation
using the same methodology. If the results corresponds to the experimental observations,
the suitability of the chosen method to describe the Au adsorbed defective MgO(001) sur-
face will be proven. Increasing of the cluster size will open even more probable reaction
channels along a large amount of degrees of freedom making these future considerations
extremely expensive computationally.
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