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Summary

The aim of the present work was to determine reactivity patterns and general concepts
that are important to the analysis of the catalytic C3H6 and CH4 oxidation reactions on
gold particles by experimentally investigating small mass selected gold cluster cations
in the gas-phase under well defined reaction conditions.

In a first set of experiments the temperature dependent reactivity of Au+
x (x = 2 - 7)

towards several for the hydrocarbon oxidation relevant small molecules (O2, H2, N2,
CH4, and C3H6) were investigated separately and unexpected reactant and cluster size
dependent reactivity patterns were identified. While the gold cations were found to
be completely unreactive towards molecular oxygen, Au+

x show a distinct temperature
dependent reactivity towards H2 and N2. Low temperature saturation measurements
allowed for the determination of active adsorption sites on the different cluster sizes.
Au+

2 was found to be the only investigated cluster size which yielded reaction products
with methane that prove the activation and dehydrogenation of CH4. The measure-
ments of temperature dependent reaction kinetics of all Au+

x with CH4 permitted the
determination of Au+

x -CH4 binding energies for the first time. In contrast to the mod-
erate reaction behavior towards H2, N2, and CH4, the C3H6 adsorption was found to
proceed extremely fast even at very low C3H6 partial pressures and at room tempera-
ture.

The conflicting results of the facile adsorption of propylene and methane on the
one hand and the lack of adsorption of molecular oxygen on the other hand, seemed
to preclude the potential successful partial oxidation of hydrocarbons on cationic gold
clusters. The strategy pursued in the present investigations to nevertheless initiate the
adsorption of molecular oxygen was to take advantage of coadsorption effects. In this
context, the first comprehensive study on coadsorption effects on gold cations was per-
formed, revealing reactant, cluster size, and temperature dependent competitive and
cooperative adsorption effects. Additionally, a hitherto unknown new coadsorption
phenomenon on free metal clusters, termed ’permissive coadsorption’ was found, which
describes the mutually cooperative adsorption of two reactants on the same adsorp-
tion site. Among the performed studies, the investigation of the H2/O2 coadsorption
turned out to be of special interest. Most surprisingly, the cooperative coadsorption
and activation of molecular oxygen on even size gold clusters after preadsorption of
molecular hydrogen was observed. With the help of molecular dynamics simulations,
performed by U. Landman and coworkers, it was even possible to determine a reaction
path of this cluster size selective reaction.

On the basis of the H2/O2 coadsorption experiments, Au+
2 and Au+

4 were identified
as suitable model systems for the very first gas-phase experiments performed in the
presence of a mixture of three reactants, namely H2, O2, and CH4. Most interestingly,
both cluster sizes are able to cooperatively and competitively coadsorb all three reac-
tants. Due to the ability of Au+

2 to activate and dehydrogenate methane, fundamental
differences in the reaction mechanisms of Au+

2 and Au+
4 were revealed and potential

partial oxidation products were identified.
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Chapter 1

Introduction

Gold is the least reactive of all metals as it ”resists all chemical suitors and retains
its purity and luster” [1]. However, when it is subdivided down to the nanoscale,
it becomes an incredibly reactive material and even exhibits catalytic character [2].
The interest in gold as catalytic material has already been aroused 20 years ago when
Haruta et al. first reported on the catalytic properties of supported ultra-fine gold
particles toward the carbon monoxide oxidation [3]. Later, experiments also revealed
the high catalytic activity of oxide supported gold nanoparticles in the selective partial
oxidation of saturated and unsaturated hydrocarbons [4].

These unexpected observations entailed numerous experimental and theoretical in-
vestigations, in particular of the catalytic CO oxidation, in order to understand the
special properties of nanometer size gold particles and to explain their size dependent
reactivity [2, 5, 6]. Most surprisingly, recent investigations of the catalytic activity of
gold nanoparticles on iron-oxide supports discovered that in the CO oxidation reaction
not nanometer size particles but rather those containing only about 10 atoms are the
actual catalytically active species [7]. This observation complements earlier studies of
mass selected gold clusters Aux (x ≤ 20) deposited on thin MgO films [8, 9], which
found that the CO oxidation is initiated by those gold particles containing eight or
more atoms.

In all these experiments it turned out that the gold nano-clusters are surprisingly
reactive even at room temperature and below, where conventional high temperature
catalytic materials are essentially unreactive. Furthermore, gold nano-particle cata-
lysts proved to be capable of activating atmospheric, molecular oxygen which makes
them highly promising for a ’green’, i.e., ecologically sensitive oxidation catalysis [10].

Despite these fascinating results, the fundamental processes at atomic and molecu-
lar level are still elusive. Especially the nature of active adsorption sites, the influence
of the support material, and the activation mechanism of molecular oxygen remain
widely discussed subjects.

The approach pursued in the present work consists in the investigation of small
mass selected gold cluster ions in the gas-phase under well defined reaction conditions.
Though gas-phase studies of metal cluster reactivity might never account for the precise
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2 Chapter 1. Introduction

mechanisms in real catalysis, such experiments, complemented by computational inves-
tigations, are extremely important as they provide a conceptual framework and enable
the deduction of reactivity patterns [11]. Furthermore, they are a suitable method to
study the intrinsic properties of clusters in the subnanometer range independent of
any influence of the support material. Gas-phase studies additionally allow for the use
of mass-spectrometric techniques to select a certain cluster size and thus, to exactly
define the number of possible adsorption sites for the reactants. The potential of gas-
phase studies has been demonstrated, e.g., in recent experiments that exhibited the
first successful catalytic oxidation cycle of CO on an anionic gold dimer [12].

In contrast to the intensive study of the adsorption of O2 [13–17] and CO [16–22]
as well as the CO oxidation reaction [12, 23] on gas-phase gold clusters, there are no
experimental investigations on the selective oxidation of hydrocarbons at all. Since
hydrocarbons are electron donors, anionic gold clusters Au−

x are not expected to ac-
tivate these molecules, as has been confirmed by experimental and theoretical studies
[15, 24, 25]. However, theoretical investigations suggest the facile adsorption of propy-
lene, C3H6, on small cationic gold clusters Au+

x (x = 1 - 5, 8) [24]. Also methane,
CH4, was found to react with Au+

x (x < 16), at least in experiments operated under
multi-collision conditions [15, 25, 26]. In contrast, cationic gold clusters were never
observed to react with molecular oxygen under any reaction conditions [15, 25, 26].
These conflicting results for the adsorption behavior of propylene and methane, which
are expected to react, on the one hand and molecular oxygen, which does not react at
all, on the other hand seem to preclude the potential successful selective oxidation of
hydrocarbons on cationic gold clusters.

The aim of this work was to find a way to adsorb and activate molecular oxygen on
size selected gold cluster cations, Au+

x (x = 2 - 7), to nevertheless enable the potential
selective oxidation of hydrocarbons. The strategy pursued in the present investigations
to initiate the adsorption of molecular oxygen is to take advantage of coadsorption ef-
fects [27]. Coadsorption has previously been shown to entail cooperative effects. In
this way, the preadsorption of another ligand might be expected to facilitate the coad-
sorption of molecular oxygen. If such a cooperative coadsorption reaction is successful,
reactivity patterns and general concepts, that are important to the analysis of catalytic
reaction mechanisms, might be elucidated using the example of the C3H6 and CH4 ox-
idation reaction.

On supported gold nanoparticles, Haruta et al. first demonstrated in a series of
experiments that the direct and selective propylene oxidation is only possible in the
presence of both, molecular oxygen and hydrogen [28, 29]. Also the direct methane ox-
idation on a solid FePO4 catalyst was found to only occur under addition of H2 [30, 31].
Consequently, hydrogen must play an essential role in the oxidation process of hydro-
carbons, while the underlying elementary reaction steps are still elusive [28, 32–34].
On the basis of these experiments hydrogen was considered a promising coadsorbate
candidate and a variety of reactive systems coadsorbed with molecular hydrogen were
tested in this work, and indeed competitive and cooperative adsorption effects were
observed. Additionally, a hitherto unknown coadsorption phenomenon on free clus-
ters, termed ’permissive’ was found, describing the coadsorption of two reactants on
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the same adsorption site.
Most surprisingly H2/O2 coadsorption studies revealed the cooperative coadsorp-

tion and activation of molecular oxygen on even size gold clusters after preadsorption
of molecular hydrogen. With the help of molecular dynamics simulations performed
by U. Landman and coworkers it was even possible to determine a detailed reaction
path of this cluster size selective reaction.

Furthermore, the gold dimer Au+
2 was found to be able to activate and dehydro-

genate methane although previous studies did not give any evidence for the activity of
gold cluster cations in hydrocarbon activation reactions [15, 25, 26]. Temperature de-
pendent reaction kinetics additionally allowed for the determination of the first cluster
size dependent Aux-CH+

4 binding energies for all investigated clusters.
On the basis of the H2/O2 coadsorption experiments, Au+

2 and Au+
4 were identified

as suitable model systems for the very first gas-phase experiments performed in the
presence of three reactants, namely H2, O2, and CH4. Most interestingly, both cluster
sizes are able to cooperatively and competitively coadsorb all three reactants. Due to
the ability of Au+

2 to activate and dehydrogenate methane, fundamental differences in
the reaction mechanisms of Au+

2 and Au+
4 were revealed and potential partial oxidation

products were identified.
This thesis is outlined as follows: First, the theoretical concepts of gas-phase reac-

tion kinetics performed in an octopole ion trap will be briefly explained (Chapter 2)
followed by the computational procedure to obtain binding energies from experimental
kinetic data (Chapter 3). These two chapters provide the basis for understanding the
subsequent temperature and pressure dependent reactivity studies. In order to deduce
reactivity patterns of complex catalytic reactions and to find general concepts it is
necessary to first investigate the reaction behavior of Au+

x in the presence of a single
reactant (Chapter 4) before expanding the experiments by simultaneously introducing
two reactants (Chapter 5). In Chapter 6 the investigation of Au+

2 and Au+
4 in the

presence of three reactants (H2, O2, CH4) are presented. A detailed description of the
experimental setup is given in Chapter 8.
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Chapter 2

Concepts of Gas-Phase Reaction
Kinetics in a Radio Frequency Ion
Trap

The experimental method employed in this work consists in storing mass selected clus-
ter ions in a temperature variable octopole ion trap under multi-collision conditions in
the presence of neutral reactant gases. The major advantages of this approach over
other gas-phase cluster reaction methods are the precise control of cluster size, cluster
charge state, reaction time, reactant concentrations, and reaction temperature. Thus,
the ion trap acts almost like a test tube for gas-phase reaction kinetics studies of clus-
ter ions. In this chapter theoretical concepts underlying the experimentally obtained
reaction kinetics are presented, on the basis of which experimental binding energies of
the neutral reactants to the ionic clusters can be deduced.

2.1 Experimental

To study the reaction behavior of metal cluster ions and to obtain the corresponding
temperature dependent rate constants a variable temperature radio frequency (rf) oc-
topole ion trap inserted into a tandem quadrupole mass spectrometer is employed. The
noble metal cluster ions are produced by sputtering metal targets with a Cold Reflex
Discharge Ion Source (CORDIS) [35]. The cluster size of interest is mass selected in an
adjacent first quadrupole mass filter before the cluster ion beam enters the octopole ion
trap. The ion trap is prefilled with about 1 Pa partial pressure of helium buffer gas and
a small, well defined fraction of reactive gases (e.g. H2, O2, N2, C3H6, CH4, CH3Cl, and
H2O ). Due to the pressure of about 1 Pa in the ion trap the experiments are performed
under multi-collision conditions and the thermal equilibration of the clusters with the
buffer gas is achieved within a few milliseconds [36], whereas the cluster ions are stored
in the ion trap typically for 0.1 s up to some seconds. After a chosen reaction time

5
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Figure 2.1: Reaction study of Au+
2 with methane, CH4, at a reaction temperature of TR =

300 K. Panel a: Product ion distribution after trapping Au+
2 for tR = 0.1 s inside the octopole

ion trap filled with 0.96 Pa helium buffer gas and 0.08 Pa CH4. Panel b: Corresponding kinetic
traces obtained by recording all ion concentrations as a function of reaction time. The open
symbols represent the normalized experimental data while the solid lines are obtained by
fitting integrated rate equations of the reaction mechanism to the experimental data (cf.
Section 2.2). Details of this reaction are discussed in Section 4.5.1.

tR, all ionic reactants, intermediates, and products are extracted from the ion trap
by applying an electrostatic field and the ion distribution is mass analyzed with a a
second quadrupole mass filter. By recording all ion concentrations as a function of
reaction time tR, the kinetics of the reaction at a well defined reaction temperature
are obtained. A typical ion mass distribution and the corresponding kinetic traces are
displayed in Figure 2.1 using the example of the reaction between Au+

2 and CH4 at
a reaction temperature of 300 K (for details of this reaction see Section 4.5.1). The
experimental setup and the ion trap operation are described in more detail in Chapter 8.

2.2 Kinetic Evaluation Procedure

The experimentally obtained kinetic traces are evaluated by proposing several possible
reaction mechanisms and by fitting their integrated rate equations to the experimental
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data. For this purpose the ’Detmech’ software is utilized [37]. In the fitting proce-
dure, the differential equations derived from the proposed mechanistic model are solved
numerically whereby the optimum set of rate constants k is found by a least-squares
minimum search for the deviations of the measured concentrations versus the calcu-
lated ones. Using this method the most simple reaction mechanism with the best fit to
the experimental data and the corresponding rate constants k are identified, i.e., more
complex mechanisms, which result in the same fit quality are discarded.

Examining the thus obtained rate constants it is striking that most of the measured
reaction rates increase with decreasing reaction temperature, i.e., they show a negative
temperature dependence. Already in 1889 Svante Arrhenius found, on the basis of
numerous experiments, an empirical equation for the temperature dependence of the
reaction rates k

k(T ) = νe
−

Eact
kBT (2.1)

with ν being the pre-exponential or frequency factor which additionally may have a
weak temperature dependence, T the temperature, kB the Boltzmann constant, and
Eact the activation energy of the reaction. It is assumed that the activation energy
Eact must be supplied to the reactants for the reaction to take place. This implies that
the educts of a reaction have to overcome a barrier on the potential energy surface.
However, the observed negative temperature dependence of k would require a nega-
tive activation barrier Eact. This is indicative for a more complex elementary reaction
scheme involving a weakly bound intermediate species.

2.3 Low Pressure Reaction Kinetics

In order to understand the temperature dependent experimental data and to compute
binding energies of the ligands to the cluster ions using the obtained rate constant k,
it is necessary to outline the underlying elementary reaction models.

As a model reaction, the generalized straightforward association reaction

M+/−
x + L → MxL

+/−; k (2.2)

between the ionic metal cluster M
+/−
x and the neutral reactant L will be examined in

the following. Nevertheless, the elementary model applies to all individual reaction
steps of the more complex reaction mechanisms proposed later on.

The total pressure inside the ion trap is on the order of 1 Pa which means that the
experiments are operated in the kinetic low pressure regime. Therefore, the ’Lindemann
energy transfer model for association reactions’ [38] has to be considered for reaction
(2.2):
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Figure 2.2: Experimentally obtained life times τ = 1/kd of the energized complexes
(CuxCO+)∗ (panel a) [39] in comparison with the pressure dependent average time between
two collisions (panel b) [40].

M+/−
x + L ⇋ (MxL

+/−)∗; ka, kd, (2.3)

(MxL
+/−)∗ + He → MxL

+/− + He∗; ks. (2.4)

According to this model, the reaction mechanism includes three elementary steps:
(i) the formation of an energized intermediate complex (MxL

+/−)∗ through collision of
the ion M+/− with a neutral molecule L (ka), (ii) the possible unimolecular decompo-
sition of (MxL

+/−)∗ back to the reactants (kd), in competition with (iii) a stabilizing
energy transfer collision with He buffer gas (ks). Thus, the reaction depends on the
buffer gas pressure and becomes of third order. The rate equations are given by:

d[M
+/−
x ]

dt
= −ka[M

+/−
x ][L]+kd[(MxL

+/−)∗], (2.5)

d[(MxL
+/−)∗]

dt
= ka[M

+/−
x ][L]−kd[(MxL

+/−)∗]−ks[(MxL
+/−)∗][He]. (2.6)

In the low pressure regime the decomposition reaction step (kd) is much faster than the
association (ka) and the stabilization (ks) reaction step. This is illustrated in Figure
2.2 by comparing the life times τ = 1/kd of several energized complexes (MxL

+/−)∗
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(M
+/−
x = Cu+

x , L = CO) with the average time between two collisions with the sur-
rounding gas. Since the life times of the cluster complexes are of the order of 10−12

- 10−6 s compared to a period of 10−5 s between two collisions, the stabilization of
(MxL

+/−)∗ (reaction step (2.4)) is the rate determining reaction step. Thus, the con-
centration of the intermediate [(MxL

+/−)∗] can be assumed to be much smaller than

[M
+/−
x ] and [MxL

+/−]. This allows for the application of the steady-state approxima-
tion d[(MxL

+/−)∗]/dt = 0, which was originally proposed by Bodenstein [41], yielding
the overall third-order rate equation

d[M
+/−
x ]

dt
= − kaks

kd + ks[He]
[M+/−

x ][L][He] = −k(3)[M+/−
x ][L][He]. (2.7)

Furthermore, the cluster ion concentration [M
+/−
x ] (104 mm−3) in the ion trap is orders

of magnitude smaller than the concentrations of the reactive gas [L] (1010 mm−3) as
well as the helium buffer gas [He] (1011 mm−3). Additionally, a steady flow of the
reactants and the buffer gas is ensured leading to constant concentrations [L] and [He].
This permits the postulation of pseudo-first-order kinetics with the pseudo-first-order
rate constant [42]

k(1) = k(3)[L][He] =
kaks[L][He]

kd + ks[He]
(2.8)

and thus

d[M
+/−
x ]

dt
= −k(1)[M+/−

x ]. (2.9)

Since in the kinetic low pressure regime kd >> ks[He] the pseudo-first-order rate con-
stant can be further simplified, yielding

k(1) =
kaks[L][He]

kd

= k(3)[L][He] (2.10)

with

k(3) =
kaks

kd

. (2.11)

This means that the fitted rate constant k of reaction (2.2) equals the pseudo-first-order
rate constant k(1). With the help of the measured buffer gas and reactant concentra-
tions, [He] and [L], the termolecular rate constant k(3) can be calculated (cf. Eq. (2.10))
which in turn allows for the determination of an experimental kd according to equation
(2.11).
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2.4 Langevin Theory

The ion-molecule association rate constant ka as well as the final stabilization rate
constant ks are well represented by ion-molecule collision rate constants as specified by
Langevin theory [42, 43]. Thereby, the collision between an ion M

+/−
x and a non-polar

neutral molecule L is described by an effective potential

Veff (r) = U(r) +
l2

2µr2
= −1

2

αe2

r4
+

l2

2µr2
. (2.12)

U(r) denotes an ion-induced dipole potential including the polarizability α of L, the

elementary electronic charge e, and the distance r between the ion M
+/−
x and the

molecule L. The second term containing the classical angular momentum l and the
reduced mass µ of L and M

+/−
x reflects the rotational energy and is called ’centrifugal

term’. The angular momentum l has the form l = µvb with the relative velocity v of
the two particles and the impact parameter b. It is useful to rewrite Eq. (2.12) in
terms of the kinetic energy E = 1/2µv2

Veff (r) = E

(

b

r

)2

− 1

2

αe2

r4
. (2.13)

The potential shows a maximum Vmax (centrifugal barrier) at the ion-molecule distance
rmax:

Vmax(rmax) =
1

2

E2b4

αe2
, (2.14)

rmax =

√

αe2

E

b
. (2.15)

Whenever E < Vmax the centrifugal barrier cannot be penetrated and the reaction
does not take place. For E ≥ Vmax, the particles are able to overcome the barrier and
the reaction is assumed to occur with a probability of unity. According to Eq. (2.14)
the height of the centrifugal barrier is directly proportional to the square of the kinetic
energy E. However, by computing the Langevin rate constant kL the energy dependent
terms cancel out and kL becomes

kL =

(

4π2αe2

µ

)1/2

. (2.16)

Thus, the stabilization rate constant ks only dependents on the reduced mass µ of the
(MxL

+/−)∗-He scattering complex and the polarizability α of the helium atom. Note,
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the elementary charge is given in esu. No information about the structure or other
chemical and physical properties of the molecules are taken into account.

For the association reaction rate constant ka it is necessary to distinguish between
non-polar (L = O2, H2, CH4) and polar (L = CO) reactants. In the case of non-
polar molecules, the simple Langevin rate constant, defined in Eq. (2.16), can be
used, while for polar reactants the Langevin rate constant must be corrected by an
empirical expression Kcap(TR, I∗) found by Su et al. [44, 45] yielding the ’thermal
capture constant’ kcap(T )

kcap(T ) = kLKcap(TR, I∗). (2.17)

Kcap(TR, I∗) is a function of the reduced temperature TR = (2αkBT )/µ2
D and the re-

duced moment of inertia of L, I∗ = (µDI)/(αeµ). Empirical expressions for Kcap(TR, I∗)
with x = 1/

√
TR are given by [46, 47]:

Kcap(TR, I∗) =























(x+0.5090)2

10.526
+ 0.9754 x ≤ 2

0.4767x + 0.6200 2 ≤ x ≤ 3
0.5781x + 0.3165 3 ≤ x ≤ 35
0.6201x − 1.153 35 ≤ x ≤ 60
0.6347x − 2.029 x ≥ 60

(2.18)

2.5 RRK- and RRKM-Theory

According to Langevin theory, ion-molecule reactions are basically interactions between
a charge and an induced dipole and thus exhibit no activation barrier (except the small
centrifugal barrier) and hence no temperature dependence of the reaction rate (cf. Eq.
(2.16)) [42]. Therefore, any observed temperature dependence of reaction (2.2) must
be contained in the unimolecular decomposition rate constant kd. Rice, Ramsperger,
and Kassel (RRK theory) [48–51], and later Marcus (RRKM theory) [52] used statis-
tical mechanics to develop an energy and thus temperature dependent expression for
kd. This theory is usually applied to determine kd from the known binding energy
between the adsorbed ligand and the cluster ion. In our experimental approach kd is
the quantity derived from the experimental data, which consequently allows for the
determination of the binding energy.

The classical treatment of the RRK theory [48, 50] is based on the description of a
molecule as a system of s classical oscillators. Such a molecule of total energy E∗ can
decompose unimolecularly when it has an energy ≥ E0 in one chosen oscillator [42, 53].
This oscillator is called ’critical oscillator’ and E0 is called ’critical energy’ which is
assumed to be equal to the bond dissociation energy.



12 Chapter 2. Concepts of Gas-Phase Reaction Kinetics in an Ion Trap

The unimolecular decomposition rate constant kd(E
∗) containing the proportional-

ity constant A is given by [42, 53]:

k(E∗) = A

(

E∗ − E0

E∗

)s−1

. (2.19)

In the quantum mechanical approach s identical oscillators all having the frequency
ν are assumed [51]. The energized molecule then contains a total of j quanta, so that
its total energy is E∗ = jhν. The critical oscillator must contain m quanta for disso-
ciation to occur (E0 = mhν) and the proportionality constant A = ν.

From Eq. (2.19) it can be seen that the rate constant depends on the excess energy
E∗ - E0 (= jhν - mhν) and the number of vibrational degrees of freedom s. Thus, on
the one hand, the rate constant decreases with increasing number of s, as for larger s
there are more ways of distributing the energy and hence less chance for energy to be
localized in the critical oscillator. On the other hand, the rate constant increases with
increasing excess energy as then there is more energy available to be redistributed and
the probability for the critical oscillator to gain E0 increases. Although the quantum
RRK theory is an improvement of the classical version, the assumption of s identical
oscillators with the same frequency still leads to discrepancies between experiment and
theory. To obtain a better agreement with experiments it was found useful e.g., to only
consider a fraction of the real number of degrees of freedom [42].

The RRKM theory [52] was developed as an extension of the RRK model to con-
sider explicitly vibrational and rotational energies by using transition state theory to
calculate kd(E

∗). For this purpose the decomposition reaction step of reaction (2.3) is
written in terms of two steps, clearly distinguishing the energized molecule (MxL

+/−)∗

and the transition state (TS) (MxL
+/−)‡:

(MxL
+/−)∗

kd(E∗)−→ (MxL
+/−)‡

k‡

−→ products. (2.20)

While the TS (MxL
+/−)‡ describes a configuration intermediate between reactants and

products, the energized molecule (MxL
+/−)∗ is a molecule MxL

+/− which contains a
total non-fixed energy E∗ ≥ E0 in its active degrees of freedom. E0 again denotes
the critical energy which is necessary for reaction to occur and is assumed to be equal
to the bond dissociation energy. In other words, E0 specifies the height of an energy
barrier that has to be overcome to get from the energized molecule to the transition
state. In contrast, the subsequent decomposition (k‡) is barrier free. Thus, RRKM
theory is closely related with the calculation of the number of ways of distributing a
given amount of energy between the various degrees of freedom in a molecule. Any
energy that can be redistributed is called non-fixed while any fixed energy that cannot
be redistributed, like the zero-point energy and the translational energy, are of no in-
terest and are not considered in the calculations.

At T > 0 K the energized molecule (MxL
+/−)∗ contains in its active degrees of

freedom the non-fixed energy E∗ = E∗
v + E∗

r composed of vibrational (E∗
v) and rota-

tional (E∗
r ) energy (cf. Figure 2.3). To arrive at the transition state (MxL

+/−)‡ the
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Figure 2.3: Energy diagram for illustrating the terminology of the energy components that
contribute to the total energy of the energized molecule (MxL

+/−)∗ and the transition state
(MxL

+/−)‡.

energy barrier E0 must be overcome. Thus, the total non-fixed energy of the transition
state E‡ is the sum of vibrational, rotational, and translational energy (E‡ = E∗ - E0

= E‡
v + E‡

r + E‡
t ). The additional non-fixed translational energy occurs by replac-

ing the critical vibrational mode along the reaction coordinate by a free translational
motion. Applying statistical mechanics to the described system finally leads to the
general expression of the RRKM rate constant given by [42, 53]:

kd(E
∗) = L‡W (E‡

vr)

hρ(E∗)
. (2.21)

L‡ denotes the reaction path degeneracy, h the Planck constant, ρ(E∗) the density
of quantum states of the energized molecule, and W (E‡

vr) the sum of vibrational and
rotational quantum states of the TS. The evaluation of the sum and the density of states
basically requires the knowledge of the total non-fixed energy E∗, the critical energy
E0, and the normal vibrational and rotational frequencies of the energized molecule
as well as the transition state. The total non-fixed energy E∗ can be expressed as the
sum of the potential energy E0 gained in forming the complex, the vibrational energy
of the reactants Evib(M

+/−
x ) before reaction and the energy Efree contained in the
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Table 2.1: The vibrational energy Evib(M
+/−
x ), the free energy Efree, and the total energy

E∗ of the energized molecule dependent on the cluster geometry and size x according to Cox
et al. [54].

x Evib(M
+/−
x ) Efree E∗

1 0 kBTR (bent MxL
+/−) E0 + kBTR

1 0 3/2kBTR (linear MxL
+/−) E0 + 3/2kBTR

x ≥ 2 (3x-5)kBTR (linear) 2kBTR E0 +(3x-3)kBTR

x ≥ 3 (3x-6)kBTR (non-linear) 5/2kBTR E0 +(3x-7/2)kBTR

translational and rotational degrees of freedom which is converted into internal energy
of (MxL

+/−)∗ upon reaction of M
+/−
x with L [54]:

E∗ = E0 + Evib(M
+/−
x ) + Efree. (2.22)

Since the reactants L are considered to be vibrationally cold at the investigated reaction
temperatures only vibrational levels of the cluster ions are considered. The resulting
values for Evib(M

+/−
x ), Efree and E∗ dependent on the cluster size and linear and non-

linear geometry, respectively, are presented in Table 2.1. Note, the total non-fixed
energy E∗ can be expressed by Eq. (2.22) while both, Evib(M

+/−
x ) and Efree, are

functions of the reaction temperature TR, thus the expression kRRKM
d (E∗) is equivalent

to kRRKM
d (TR).
An important consideration with respect to the total available non-fixed energy is

posed by the adiabatic rotational degrees of freedom which have not been considered
in Eq. (2.22). Adiabatic rotations are those for which the angular momenta and thus
the quantum states stay constant during the conversion of (MxL

+/−)∗ to (MxL
+/−)‡.

However, when the geometry and with it the moment of inertia changes, additional
energy is released into other degrees of freedom and is contained in the energy of the
transition state (Evib(M

+/−
x ) + Efree). Hence, E∗ = E0 + Evib(M

−
x ) + Efree does not

reflect the actually available total energy of the complex (MxL
+/−)∗ which has to be

rather denoted as E∗
act < E∗. Neglecting adiabatic rotations in the evaluation procedure

would therefore result in too low of a value for the rate constant kd.
Further details concerning the application of RRKM theory to determine binding

energies are given in Chapter 3 and Section 4.5.4.



Chapter 3

Computational Procedure to
Obtain Binding Energies by
Employing RRKM Theory

In this chapter the computational procedure to obtain experimental binding energies
E0 on the basis of decomposition rate constants kd by employing RRKM theory are
described in detail. In order to discuss the quality and reliability of this method it is
necessary to demonstrate the data evaluation procedure on theoretically well described
systems. Since there is an extensive literature of theoretical binding energies for the
adsorption of O2 and CO on small anionic gold (Au−

x , x = 1 - 3), silver (Ag−x , x = 1 - 5),
and binary silver-gold (AgxAu−

y , x +y = 2, 3) clusters [55–76] these systems were chosen
as model systems. In contrast, only in few cases have binding energies been reported
for cationic gold clusters.

The experimental kinetic data of the anions are adapted from Socaciu-Siebert and
Hagen [12, 16, 20, 23, 36, 77–79] and are evaluated here via RRKM theory as described
in Chapter 2. In Section 3.1 the assumptions involved in the data evaluation procedure,
the accuracy limits of the obtained binding energies and possible sources of error are
discussed. In Sections 3.2 and 3.3 the derived binding energies of O2 and CO to the
employed cluster anions are presented and compared to reported theoretical values. On
the basis of this discussion it was then possible to assess the hitherto unknown binding
energies of Aux-CH+

4 that will be presented in Section 4.5.4.

3.1 RRKM Fitting Procedure

3.1.1 Experimental Kinetic Data

Table 3.1 shows the experimentally obtained pseudo-first-order rate constants k(1) of the
anionic clusters Au−

x (x = 1 - 3), Ag−x (x = 1 - 5), and AgxAu−
y (x +y = 2, 3) in reaction

15
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Table 3.1: Measured pseudo-first-order (k(1)) and termolecular (k(3)) rate constants for the
investigated reactions of M−

x with reactant molecules L, as well as deduced unimolecular de-
composition rate constants (kd) of the energized complexes (MxL

−)∗ at various temperatures.
Note, the given pressure values correspond to the measured values pgauge. For calculating
k(3) and kd these are corrected to account for thermal transpiration (cf. Section 8.3.1). The
experimental data have been taken from [12, 16, 20, 23, 36, 77–79]. See also [80].

M−

x L TR p(He) p(L) k(1) k(3) kd

[K] [Pa] [Pa] [s−1] [10−28cm6s−1] [109s−1]

Ag− O2 100 1.05 0.07 0.11 ± 0.02 0.091 ± 0.028 35 ± 11

300 1.05 0.19 0.040 ± 0.002 0.036 ± 0.003 87 ± 7

Ag−2 O2 100 1.03 ≤ 0.01 ≥ 39 ≥ 230 ≤ 0.013

200 1.03 0.02 2.8 ± 1.4 16 ± 13 0.18 ± 0.15

300 1.06 0.12 4.7 ± 0.4 6.7 ± 0.1 0.44 ± 0.05

300 1.02 0.02 1.2 ± 0.6 11 ± 8 0.28 ± 0.20

AgAu− O2 100 1.03 ≤ 0.01 ≥ 5 ≥ 29 ≤ 0.099

205 1.03 ≤ 0.01 ≥ 1.5 ≥ 18 ≤ 0.16

300 1.05 0.12 3.7 ± 0.3 5.3 ± 0.6 0.55 ± 0.06

300 1.07 0.02 1.6 ± 0.8 14 ± 10 0.21 ± 0.15

Au−

2 O2 100 1.03 0.04 5.5 ± 0.6 8.1 ± 3.7 0.35 ± 0.16

150 1.05 0.06 2.5 ± 0.4 3.6 ± 1.0 0.80 ± 0.22

190 1.05 0.08 1.1 ± 0.1 1.5 ± 0.3 1.9 ± 0.4

200 1.00 0.16 1.4 ± 0.1 1.0 ± 0.1 2.8 ± 0.3

300 1.05 0.13 0.62 ± 0.03 0.83 ± 0.08 3.5 ± 0.3

CO 100 0.96 0.24 0.64 ± 0.14 0.17 ± 0.04 22 ± 5

150 1.04 0.25 0.21 ± 0.04 0.073 ± 0.015 49 ± 10

200 1.04 0.25 0.11 ± 0.02 0.051 ± 0.010 69 ± 13

Au−

3 CO 100 1.03 0.02 2.7 ± 1.4 7.9 ± 8.1 0.45 ± 0.46

150 0.99 0.03 0.98 ± 0.33 3.0 ± 1.8 1.2 ± 0.7

200 1.03 0.04 0.15 ± 0.04 0.44 ± 0.18 7.9 ± 3.3

Ag−3 O2 95 1.03 0.06 1.8 ± 0.3 1.7 ± 0.6 1.7 ± 0.6

200 1.07 0.14 0.53 ± 0.04 0.43 ± 0.05 6.8 ± 0.8

300 1.02 0.23 0.076 ± 0.004 0.059 ± 0.004 49 ± 3

Ag−4 O2 300 1.04 ≤ 0.01 ≥ 100 ≥ 600 ≤ 0.0048

Ag−5 O2 200 1.06 ≤ 0.01 ≥ 153 ≥ 50 ≤ 0.057

300 1.04 0.09 1.3 ± 0.2 2.5 ± 0.5 1.1 ± 0.2
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Table 3.2: Calculated association (ka) and stabilization (ks) Langevin rate constants for the
reaction of the cluster anions M−

x with the neutral reactant molecules L.

M−
x L TR ka ks

[K] [10−10cm3s−1] [10−10cm3s−1]

Ag− O2 5.93023 5.37350
Ag−2 O2 5.57849 5.34071
AgAu− O2 5.47002 5.32926
Au−

2 O2 5.41019 5.32263

CO 100 6.82168 5.32286
150 6.72242
200 6.66762

Au−
3 CO 100 6.74582 5.3149

150 6.64766
200 6.59347

Ag−3 O2 5.45621 5.32775
Ag−4 O2 5.39403 5.32080
Ag−5 O2 5.35637 5.31647

with O2 and CO as previously obtained by Socaciu-Siebert and Hagen [12, 16, 20, 23,
36, 77–79], together with the termolecular rate constant k(3), the decomposition rate
constant kd, the reaction temperature TR, and the measured reactant partial pressures
p(He) and p(L). While k(1) is directly extracted from the experimental data by fitting
the integrated rate equations of the reaction mechanism to the kinetic traces using the
’Detmech’ software [37], the termolecular rate constant k(3) is obtained via

k(3) =
k(1)

p(O2)
kBTR

p(He)
kBTR

. (3.1)

Note that in the table the actually measured pressure values are given while for the
calculation of k(3), these measured pressures have been corrected by the thermal tran-
spiration factor (cf. Section 8.3.1). To deduce experimental decomposition rate con-
stants kd, the Langevin rate constants for association ka and stabilization ks are re-
quired. According to Eq. (2.16) ks as well as ka are temperature independent for
reactions with molecular oxygen. For reactions with CO ks is calculated by correcting
the Langevin rate constant kL (Eq. (2.16)) by a reaction temperature dependent func-
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tion Kcap(TR, I∗) (cf. Eq. (2.17)). For the whole investigated temperature range the
parameter x = 1/

√
TR < 2 and thus Kcap(TR, I∗) can be approximated by the first line

of Eq. (2.18). The resulting ks and kd values are listed in Table 3.2.

3.1.2 ’MassKinetics’ Input

In the following sections the experimental decomposition rate constants kd are simu-
lated using the software package ’MassKinetics’ developed by Drahos et al. [81] in
order to obtain RRKM binding energies E0. This computer algorithm applies the
harmonic oscillator model with internal rotations approximated by low frequency vi-
brations. The density and sum of states of Eq. (2.21) are calculated by direct count
using the Beyer-Swinehart algorithm [53]. Furthermore, adiabatic rotations are taken
into account by expressing them as a ’rotational barrier’ ERB [81] which modifies the
critical energy E0 as detailed in Section 2.5.

To calculate the decomposition rate constant kd according to Eq. (2.21) ’Mass-
Kinetics’ requires the specification of the following parameters: (i) The mass of the
energized complex (MxL

−)∗, (ii) the critical energy for dissociation (binding energy)
E0, (iii) the reaction path degeneracy L‡, (iv) the total non-fixed energy E∗, and
(v) the ’rotational barrier’ ERB. The mass is given by the stoichiometry of the reac-
tion product (MxL

−)∗, the critical energy E0 is the quantity in demand and the actual
non-fixed total energy E∗

act (cf. Section 2.5) is calculated according to [53, 54]

E∗
act = E∗ − ERB = E0 + Evib(M

−
x ) + Efree − ERB. (3.2)

For metal cluster reactions with one molecularly (non-dissociatively) adsorbed ligand
the reaction path degeneracy is L‡ = 1 (cf. Eq. (2.21)). Adiabatic rotations are
considered in the following calculations by approximating ERB according to the formula
[53, 82]

ERB = (
I‡

I∗
− 1)kBT = (

r2
c

r2
e

− 1)kBTR. (3.3)

I‡ and I∗ denote the moments of inertia of (MxL
−)‡ and (MxL

−)∗, respectively. Since
(MxL

−)‡ and (MxL
−)∗ have the same mass, the ratio I‡/I∗ can be expressed by the

distances rc and re. While the equilibrium distance re represents the Mx−L− distance
of the energized molecule, the capture radius rc of the long-range potential between
M−

x and L represents the Mx−L− distance in the transition state. rc can be computed
according to Eq. (2.15). Although the ’rotational barrier’ is a function of the tem-
perature, the effect of the temperature dependence on the resulting binding energy E0

is negligible. Therefore, a fixed ERB value at TR = 200 K is employed for the fitting
procedure.

Additionally, the energized molecule and the TS are each characterized by their
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Table 3.3: Calculated and approximated frequencies for the energized complexes (MxL
−)∗

and the ’loose’ TS (MxL
−)‡. aRef. [83]; bRef. [84]; cRef. [85]; dRef. [86]

MxL
− Vibrational Frequencies / cm−1 Vibrational Frequencies / cm−1

Energized Molecule ’Loose’ TS

AgO−

2 416; 1205; 127a 1580; 64

Ag2O
−

2 145b; 399; 1205; 69, 100, 258 145; 1580; 35, 50, 129

AgAuO−

2 138c; 399; 1205; 69, 100, 258 138; 1580; 35, 50, 129

Au2O
−

2 127; 416; 1205; 69, 100, 258a 127; 1580; 35, 50, 129

(139; 141; 1186; 37, 44, 226)d (139; 1580; 19, 22, 113)

Ag3O
−

2 129, 104, 83, 83b; 221; 1205; 129, 104, 83, 83; 1580;

50, 50, 50 25, 25, 25

Ag4O
−

2 131, 113, 91, 90, 72, 72b; 370, 1205; 131, 113, 91, 90, 72, 72; 1580;

50, 50, 50, 50 25, 25, 25, 25
Ag5O

−

2 132, 119, 103, 83, 94, 82, 82, 66, 66b; 271; 132, 119, 103, 83, 94, 82, 82, 66, 66;

1205; 50, 50, 50, 50 1580; 25, 25, 25, 25

Au2CO− 127; 375; 1856; 47, 69, 258a 127; 2170; 24; 35; 129

Au3CO− 25, 31, 101, 165; 358; 2031; 58, 212, 263 25, 31, 101, 165; 2170; 29, 106, 132

normal frequencies. While for (MxL
−)∗ vibrational frequencies can be obtained from

ab initio calculations or simple approximations, the TS is usually unknown and several
assumptions are necessary that are detailed in the next section.

3.1.3 Energized Molecule and Transition State Models

For the complexes (AgO−
2 )∗, (Au2O

−
2 )∗, (Au2CO−)∗, and (Au3CO−)∗ the normal fre-

quencies have been calculated by Bonačić-Koutecký et al. using ab initio theory [83].
The vibrational frequencies of (AgxO

−
2 )∗ (x = 2 - 5) and (AgAuO−

2 )∗ are not available
and therefore have been estimated for the following calculations. The metal-metal vi-
brations of Ag−x are adopted from Spasov et al. [84] and the theoretical value for the
Ag-Au frequency has been reported to be 138 cm−1 [85]. The computed O - O vibration
for AgO−

2 and Au2O
−
2 amount to 1205 cm−1 [83], which is also adopted for (AgxO

−
2 )∗

and (AgAuO−
2 )∗. The Agx-O

−
2 stretching frequencies are estimated by modeling the

potential along the reaction coordinate by a Morse function and assuming a constant
Morse parameter a for all cluster sizes as well as O2 on bulk silver [39]. Introducing the
theoretical binding energies of O2 to Ag−x (1.12 eV, 0.36 eV, 0.96 eV, and 0.53 eV for
x = 2 - 5) [87] and of O2 to bulk silver (0.47 eV) [88, 89] as well as the vibrational fre-
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quency of the O2-bond to bulk silver (241 cm−1) [90, 91] yields the desired frequencies
for all cluster sizes. Since the Agx-O

−
2 and Aux-O

−
2 stretching frequencies are similar

and in the binary complex (AgAuO−
2 )∗ the oxygen molecule is most probably bound

to the silver atom [62] the same stretching frequency as for the pure silver dimer oxide
is assumed for AgAu-O−

2 . Further unknown vibrations must be low frequency bend-
ing modes. For (Au2O

−
2 )∗ these extra vibrations have been theoretically evaluated to

amount to 69 cm−1, 100 cm−1, and 258 cm−1 [83]. These values are also adopted for the
dimers (Ag2O

−
2 )∗ and (AgAuO−

2 )∗. For the remaining silver-oxygen complexes these
frequencies are chosen to be 50 cm−1. All frequencies used to compute the dissociation
energies are summarized in Table 3.3.

In the following, the bond dissociation energy E0 for each complex (MxL
−)∗ is cal-

culated by employing two different transition state models: A ’tight’ TS and a more
realistic ’loose’ TS. The ’tight’ TS, which is usually associated with rearrangement
processes, has the same vibrational modes as the energized molecule less one. This one
is treated as internal translation along the reaction coordinate. This model represents
the tightest reasonable TS and gives a lower limit for the dissociation energy [92]. No
’rotational barrier’ exists for a ’tight’ TS (ERB = 0).

In contrast, the ’loose’ TS, common to simple bond cleavage reactions, not only
has one vibration removed and transformed into internal translation along the reaction
coordinate, but in addition the low frequency bending vibrations are scaled by a factor
f < 1 [93]. Thus, the TS can be tuned to be ’tight’ (lower limit for E0) or ’loose’ (upper
limit for E0) by varying this factor. Commonly the bending vibrations are scaled by
f = 0.5 [84, 94] which is also applied for all TSs under investigation here. A convenient
measure of the ’looseness’ of a TS is the entropy of activation ∆S calculated as the
difference of the vibrational entropy of the TS and the energized molecule

∆S = S‡
vib − S∗

vib. (3.4)

According to this equation ∆S ≤ 0 for a ’tight’ TS since removing one vibration in the
TS results in S‡

vib < S∗
vib. In contrast, for a loose TS ∆S ≥ 0. In this case the scaling of

the frequencies with f < 0.5 reduces the frequencies which in turn yields an increased
entropy of the TS leading to S‡

vib > S∗
vib [93].

3.1.4 Error Analysis

To obtain the error limits of the binding energy values determined here and thus to
assess their accuracy (i) the uncertainties of the measured kinetic data and (ii) the
uncertainties in the description of (MxL

−)∗ and (MxL
−)‡ have to be considered.

(i): As evaluable quantities, the error bars of the measured kd values (cf. Table
3.1) include uncertainties in the fitting procedure to obtain k(1) (cf. Section 2.2) and
errors in the measured gas pressure, which are considered to be ± 0.01 Pa according
to the detection limit of the Baratron gauge.

(ii): The determination of the energized complex’s vibrational frequencies, as de-
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scribed above, is a rough approximation, however, not the exact frequencies but the
distribution of frequencies is crucial. Especially the low frequency bending modes that
have been assumed to be 50 cm−1 for (AgxO

−
2 )∗ (x = 3 - 5) are immaterial as only

their change on the way to the transition state is relevant to the decomposition rate
constant [95]. To demonstrate that the absolute accuracy of vibrational frequencies is
not essential, the binding energy has been calculated for two different sets of (Au2O

−
2 )∗

vibrational frequencies reported by Bonačić-Koutecký et al. [83] and by Ding et al.
[64], respectively (cf. Table 3.3). The deduced binding energies are 0.93 ± 0.10 eV and
0.86 ± 0.10 eV, respectively, agreeing completely within the error limits.

In contrast, the cluster-ligand vibration, representing the reaction coordinate, is
removed in the TS and, thus, the exact frequency of this vibration has more influence
on the bond dissociation energy. However, as an example it can be shown for (Au2O

−
2 )∗

that even a significant change of this frequency from 416 cm−1 to 216 cm−1 only shifts
the binding energy from 0.93 ± 0.10 eV to 0.82 ± 0.10 eV, which lies well within the
error limits. The error in approximating the reaction coordinate frequency from the
Morse potential as described above is most likely considerably smaller than the one
assumed in the above example. Of more importance to the resulting binding energies
is the selection of the TS configuration as can be seen from the calculated values given
in Tables 3.4 and 3.5 below.

Furthermore, the total non-fixed energy E∗
act is calculated using Evib(M

−
x ) and Efree.

Thereby, Efree amounts to 1
2
kBTR for each translational and rotational degree of free-

dom that is lost by forming the complex (MxL
−)∗ and is thus converted into internal

energy. Additionally, Evib(M
−
x ) contributes kBTR for each vibrational degree of free-

dom. This represents the classical limit and is probably too large for the low investi-
gated reaction temperatures [39] leading to slightly too large E0 values.

To summarize, since ’tight’ TSs are usually associated with rearrangement pro-
cesses and ’loose’ TSs are common for simple cleavage reactions, the ’tight’ TS model
clearly represents a lower limit for the dissociation energy. In contrast, comparing the
determined binding energies E0 for ’loose’ and ’tight’ TSs (cf. Tables 3.4 and 3.5)
it is apparent that E0 increases with increasing ’looseness’ of the TS. Furthermore,
the termolecular rate constants (cf. Table 3.1) and thus E0 have been calculated em-
ploying both, partial pressures with and without correction of thermal transpiration
(cf. Section 8.3.1). These calculations showed that including the thermal transpiration
correction leads to slightly enhanced binding energies. As already discussed, also the
consideration of the ’rotational barrier’ ERB enhances the binding energy by 0.08 eV
(Au2O

−
2 ), 0.09 eV (AgAuO−

2 , AgxO
−
2 ), and 0.10 eV (Au2CO−, Au3CO−), respectively.

Finally, applying the upper classical limit for the determination of Evib(M
−
x ) further

increases the obtained binding energies. Thus, the presented binding energies of the
’loose’ TSs, that include the thermal transpiration correction, the ’rotational barrier’,
and the classical limit kBTR for the vibrational degrees of freedom, correspond to an
upper limit which can only be further increased by reducing the scaling factor f and
hence making the TS even ’looser’.

To demonstrate the evaluation of the binding energies, summarized in Tables 3.4
and 3.5, and to illustrate the accuracy of the kd fitting procedure Figures 3.1 and 3.2
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display the experimentally obtained reaction temperature dependent decomposition
rate constants together with the simulated RRKM kd(TR) curves, obtained by using
the ’MassKinetics’ software, for both, ’tight’ (Figure 3.1) and ’loose’ TSs (cf. Figure
3.2). The mean value of the binding energy corresponds to a kd vs. TR curve (solid red
line) that best fits the experimental data. The additional dashed and dotted black lines
represent upper and lower limits to fit the experimental kd values. Their corresponding
E0 values determine the reported uncertainties of the binding energies. Note, these
uncertainties include the errors in measuring kd and fitting the RRKM rate constants
but they cannot account for possible deficiencies in the TS models or the RRKM model
itself. Merely in the case of Ag4O

−
2 , where only one kd value was obtained experimen-

tally (representing an upper limit), no binding energy error limits could be estimated.
In the following, the quality and reliability of the obtained experimental binding en-

ergies will be discussed by comparing them with theoretical and experimental literature
values.

3.2 Experimental O2 Binding Energies

3.2.1 Cluster Composition Dependence

Monomers Ag−, Au−

Among the atomic ions, Au− and Ag−, only the silver atom reacts with molecular
oxygen. Ag− adsorbs two O2 molecules yielding the product AgO−

4 while the adsorp-
tion of the second O2 proceeds so fast that the intermediate AgO−

2 cannot be detected
on the time scale of our experiment [16, 87]. Nevertheless, the adsorption of the first
oxygen molecule represents the rate determining step. Thus, the measured rate con-
stant k(1) corresponds to the formation of AgO−

2 . However, due to the small amount
of vibrational degrees of freedom, the RRKM theory fails to simulate the experimental
kd values and it is thus not possible to evaluate the binding energy of O2 to Ag−. The
reported theoretical obtained value amounts to 0.36 eV [87].

Dimers AgxAu−
2−x (x = 0, 1, 2)

In agreement with previous investigations reported in the literature [13, 15, 17, 25,
96, 100], the dimer anions Ag−2 , AgAu−, and Au−

2 were found to adsorb one oxygen
molecule each [16, 36, 87]. The observation of products containing only O2 and no sin-
gle oxygen atoms as well as photoelectron spectroscopic measurements on Ag2O

−
2 [101]

and Au2O
−
2 [96] lead to the conclusion that oxygen is exclusively bound molecularly to

the dimer anions.
RRKM analysis of the experimentally obtained temperature dependent decompo-

sition rate constants kd yield the corresponding binding energies E0(Ag2O
−
2 ) = 1.10 ±
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Figure 3.1: Experimentally obtained temperature dependent decomposition rate constants
kd (-�-) together with computed kd vs. TR curves (lines) dependent on the dissociation
energy E0 for a ’tight’ TS. The solid (red) line represents the best fit of the data while the
dashed and dotted (black) lines are the upper and lower limits. Arrows indicate that the
experimental rate constants represent upper limits.
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Figure 3.2: Experimentally obtained temperature dependent decomposition rate constants
kd (-�-) together with computed kd vs. TR curves (lines) dependent on the dissociation
energy E0 for a ’loose’ TS. The solid (red) line represents the best fit of the data while the
dashed and dotted (black) lines are the upper and lower limits. Arrows indicate that the
experimental rate constants represent upper limits.
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Table 3.4: Binding energies of O2 to all investigated cluster ions M−
x as deduced by employing

RRKM theory for ’tight’ and ’loose’ TSs in comparison with theoretical literature values.
aRef. [87]; bRef. [66]; cRef. [64]; dRef. [56]; eRef. [96]; fRef. [62]; gRef. [97]; hRef. [98]; iRef.
[55]; jRef. [63]; kRef. [99]

M−
x E0 / eV E0 / eV Theoretical

’tight’ TS ’loose’ TS E0 / eV

Ag− - - 0.36a

Au− - - 0.18b, 0.22c, 0.52d, 1.04e

Ag−2 1.10 ± 0.10 1.64 ± 0.20 1.12a

AgAu− 1.10 ± 0.15 1.59 ± 0.20 0.94f

Au−
2 0.60 ± 0.10 0.93 ± 0.10 0.95c, 1.06g, 1.07h 1.08b,

1.25e, 1.39i

Ag−3 0.18 ± 0.04 0.37 ± 0.05 0.36a

Ag2Au− - - -
AgAu−

2 - - -
Au−

3 - - 0.015g, 0.03b, 0.04c, 0.46j

0.50k

Ag−4 ≥ 0.84 ≥ 1.23 0.53a

Ag−5 0.34 ± 0.04 0.57 ± 0.03 0.53a

0.10 eV, E0(AgAuO−
2 ) = 1.10 ± 0.15 eV, and E0(Au2O

−
2 ) = 0.60 ± 0.10 eV for a ’tight’

TS and E0(Ag2O
−
2 ) = 1.64 ± 0.20 eV, E0(AgAuO−

2 ) = 1.59 ± 0.20 eV, and E0(Au2O
−
2 )

= 0.93 ± 0.10 eV for a ’loose’ TS (cf. Table 3.4 and Figures 3.1 - 3.3). Obviously,
the highest binding energy is obtained for the pure silver cluster and it decreases with
increasing gold content. However, the substitution of one silver atom with one gold
atom appears to change the O2 binding energy only slightly.

These composition dependent binding energies E0 for ’tight’ and ’loose’ TSs are
compared in Table 3.4 and in Figure 3.3a to theoretically obtained values from the
literature. For the silver dimer (Ag2O

−
2 ) and the binary dimer (AgAuO−

2 ) the experi-
mental binding energies obtained using a ’loose’ TS assumption are considerably higher
than the theoretical data. Employing a ’tight’ TS for Ag2O

−
2 yields a binding energy

agreeing well with the theoretical value of 1.12 eV [87]. For AgAuO−
2 there are two

different theoretical binding energies depending on the adsorption site of O2. Since the
gold atom in AgAu− is more electronegative than the silver atom, the binding of the
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Figure 3.3: Composition dependent binding energies of O2 on a: AgxAu−
2−x (x = 0, 1, 2)

and b: AgxAu−
3−x (x = 0, 1, 2, 3). -O- (blue line) ’loose’ TS, -△- (green line) ’tight’ TS, and

-�- (red line) theoretical data.

electron accepting oxygen molecule to the gold atom is less favorable than to the silver
atom. The calculated dissociation energies are 0.33 eV and 0.94 eV [62], respectively.
The latter value agrees well with the RRKM binding energy for a ’tight’ TS. The ob-
servation of a better agreement between experiment and theory for the dimer using a
’tight’ TS was previously observed for the CO adsorption on Cu+

2 [39]. However, the
large discrepancy between the theoretical data and the experimentally obtained RRKM
dissociation energies for a ’loose’ TS can also be easily removed by changing the scaling
factor for the bending modes from f = 0.5 to f = 0.8 which means by making the TS
a little ’tighter’. This yields E0(Ag2O

−
2 ) = 1.20 ± 0.10 eV and E0(AgAuO−

2 ) = 1.16 ±
0.15 eV being well in accord with the theoretical data.

In contrast to Ag2O
−
2 and AgAuO−

2 , both limiting RRKM dissociation energies for
Au2O

−
2 are clearly below the reported theoretical values that range from 0.95 eV to

1.39 eV [55, 64, 66, 96–98, 102]. The only experimental value for the binding energy of
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O2 to Au−
2 determined previously via collision induced dissociation (CID) amounts to

1.01 ± 0.14 eV [103]. Because of the CID methodology employed to obtain this value
it represents an upper value for the binding energy [97] and thus is in good agreement
with our experimental values.

From Figure 3.3a it is apparent that, whereas the theoretical data predict higher
binding energies of oxygen to the gold dimer compared to the other two dimers, the
experimental trend is clearly opposite. However, the experimentally observed bind-
ing energies of this work are in accord with the composition dependent trend in the
measured vertical detachment energies (VDE) of the dimers. The VDE is a measure
of the energetic location of the highest occupied molecular orbital (HOMO) and pro-
vides insight in the ability of electron donation to a potential ligand molecule. Since
molecular oxygen is an electron acceptor, the VDE is inversely related to the binding
energy of molecular oxygen [13, 25]. A low VDE promotes a facile electron transfer to
the O2 2pπ∗ orbital and thus results in a strong AgxAu2−x-O

−
2 bond. The measured

VDEs of Ag−2 (1.06 eV [104], 1.1 eV [105]), AgAu− (1.43 eV [106]), and Au−
2 (2.01 eV

[104, 107, 108]) are therefore supporting the same composition dependent trend of the
binding energy as measured in our experiments.

Trimers AgxAu−
3−x (x = 0, 1, 2, 3)

The composition dependence of the reactivity toward oxygen is even more pronounced
for the trimer anions as shown in Figure 3.3b. While Au−

3 and both binary silver-gold
clusters, AgAu−

2 and Ag2Au−, do not react with molecular oxygen [36], Ag−3 readily
adsorbs two oxygen molecules forming Ag3O

−
4 [16, 87]. As in the case of the monomer,

the intermediate Ag3O
−
2 cannot be detected on the time scale of our experiment and

thus the adsorption of the first oxygen molecule represents the rate determining step.
The missing reactivity of the other trimers is in accord with the high VDEs of Au−

3

(3.5 - 3.89 eV [104, 107–109]), AgAu−
2 (3.86 eV [106]), and Ag2Au− (2.97 eV [106]).

Even the silver trimer exhibits a comparably high VDE of 2.43 eV [104, 105] implying a
rather low binding energy to O2. Indeed, the RRKM analysis of the experimentally ob-
tained decomposition rates yields small dissociation energies of only 0.18 ± 0.04 eV and
0.37 ± 0.05 eV for a ’tight’ and ’loose’ TS, respectively. The theoretically calculated
value amounts to 0.36 eV [87] in excellent agreement with the experimental value for a
’loose’ TS model. No theoretical data have been reported for the binding of O2 to the
mixed trimers. It is however interesting to note that for Au−

3 the reported theoretical
binding energy values span a wide range from 0.015 to 0.50 eV [63, 64, 66, 97, 99] (cf.
Table 3.4).

To summarize, in contrast to the dimers AgxAu−
2−x (x = 0 - 2) where the substi-

tution of one silver atom by one gold atom does not significantly change the reaction
behavior, the trimers AgxAu−

3−x (x = 0 - 3) become completely unreactive toward O2

by the mere exchange of one single silver atom.
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Figure 3.4: Cluster size dependent binding energies of O2 on Ag−x (x = 1 - 5). -O- (blue
line) ’loose’ TS, -△- (green line) ’tight’ TS, and -�- (red line) theoretical data.

3.2.2 Cluster Size Dependence

Silver Anions Ag−
x (x = 1 - 5)

As indicated above, the reaction of small silver anions Ag−x (x = 1 - 5) with molecular
oxygen bears an interesting size dependent product alternation. All cluster sizes with
an even number x of silver atoms adsorb one O2 while all odd x cluster sizes adsorb
up to two oxygen molecules. An exception is Ag−4 which at first only forms Ag4O

−
2

at 300 K and short reaction time but then further reacts with two extra O2 molecules
yielding Ag4O

−
6 [87]. No products with an odd number of oxygen atoms are detected

[36, 79, 87]. As already outlined for Ag− and Ag−3 , the intermediate products AgxO
−
2

(x = odd) are not observed which leads to the conclusion that the adsorption of the
first O2 is the rate determining step in the overall reaction. In any case, the measured
rate constants for the reactions of the even size silver clusters are always considerably
larger than those of the odd size clusters (cf. Table 3.1).

This pronounced odd-even alternation in the reactivity of Ag−x (x = 1 - 5) toward
molecular oxygen can be attributed to the alternating paired and unpaired 5s electrons
of Ag−x with cluster size [79] and is in agreement with the alternating vertical detach-
ment energies for Ag−2 (1.06 eV [104] and 1.10 eV [105]), Ag−3 (2.43 eV [104, 105]), Ag−4
(1.63 eV [105] and 1.65 eV [104]), and Ag−5 (2.11 eV [104] and 2.12 eV [105]).

Figure 3.4 displays the binding energies vs. cluster size for a first oxygen molecule
adsorbed on Ag−x (x = 1 - 5) obtained from RRKM calculations for ’tight’ and ’loose’
TS in comparison with the theoretically predicted values [87]. The data are also listed
in Table 3.4. Note that for Ag4O

−
2 only a lower limit of the rate constant k(1) and
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thus an upper limit for kd could be estimated from the ion mass distribution recorded
at 300 K since the reaction proceeds too fast to be resolved on the time scale of our
experiment [77, 79].

The determined RRKM binding energies reflect the distinct odd-even alternation
of the observed reactivity of Ag−x toward O2. Whereas all values obtained by using a
’tight’ TS are either in good agreement or slightly underestimate the theoretical en-
ergies, the ’loose’ TS model yields different trends for odd and even x cluster sizes:
While the RRKM binding energies for the weakly binding odd x Ag−3 and Ag−5 are in
excellent agreement with the theoretical values, the evaluated E0 for the stronger bind-
ing even x Ag−2 and Ag−4 are somewhat larger than the theoretically predicted values
(cf. Figure 3.4). This implicates that for the stronger binding complexes the chosen
TS model with f = 0.5 is slightly too ’loose’ and thus might overestimate the binding
energies. Nevertheless, for all investigated Ag−x cluster sizes the deduced RRKM O2

binding energy values are in very favorable agreement with the available theoretical
data.

3.3 Experimental CO Binding Energies

In accord with previous measurements [17], all investigated silver anions Ag−x (x = 1 - 5)
[16, 36, 79] as well as the binary silver-gold clusters AgxAu−

y (x + y = 2, 3) [36] are unre-
active toward carbon monoxide over the whole accessible temperature range from 100 K
to 300 K. The gold cluster anions Au−

x (x = 1 - 3) do also not react with CO at room
temperature [18–20]. However, at ion trap temperatures below 250 K Au−

2 and Au−
3

adsorb one CO molecule each. At an even lower temperature of 100 K the additional
products Au2(CO)−2 and Au3(CO)−2 are observed while Au− still remains unreactive.
Furthermore, kinetic measurements reveal that the dimer adsorption products Au2CO−

and Au2(CO)−2 reach an equilibrium at long reaction times, whereas Au3CO− almost
completely reacts further to yield Au3(CO)−2 [20]. These observations are reflected in
the measured rate constant k(1) of the first CO adsorption which increases with cluster
size from Au− to Au−

3 as can be seen from Table 3.1. This increase in k(1) has been
discussed previously in terms of the onset of the possibility for internal vibrational
energy redistribution with the transition from the dimer to the trimer [20, 39].

The deduced RRKM binding energies for ’tight’ and ’loose’ TSs are listed in Table
3.5 and are plotted together with the available theoretical literature values in Figure
3.5. Our RRKM binding energies are always below 0.5 eV, suggesting rather weak in-
teractions. This is in good agreement with a previous rough estimation based on RRK
considerations, which yielded an average value for the CO binding energy to Au−

2 and
Au−

3 of E0 = 0.5 eV [87]. A further experimental literature value for the binding energy
of CO to Au−

2 was deduced from the femtosecond dissociation time constant in combi-
nation with statistical RRK analysis and yielded 0.91 eV [21]. This is a considerably
higher binding energy value than the one resulting from our RRKM analysis which
might be related to the rather approximate nature of the RRK estimation employed
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Table 3.5: Binding energies of CO to all investigated cluster ions M−
x as deduced by employ-

ing RRKM theory for ’tight’ and ’loose’ TSs in comparison with theoretical literature values.
aRef. [75]; bRef. [60]; cRef. [21]; dRef. [55]; eRef. [99]

M−
x E0 / eV E0 / eV Theoretical

’tight’ TS ’loose’ TS E0 / eV

Ag− - - -
Au− - - 0.085a, 0 .46b

Ag−2 - -
AgAu− - - -
Au−

2 0.18 ± 0.02 0.38 ± 0.04 0.34a, 0.77c, 0.78b, 0.96d, 0.97e

Ag−3 - - -
Ag2Au− - - -
AgAu−

2 - - -
Au−

3 0.28 ± 0.04 0.46 ± 0.04 0.76b, 0.96e

Ag−4 - - -
Ag−5 - - -

to determine the literature value. The same publication also reports the result of an
ab initio calculation resulting in a lower binding energy of 0.77 eV [21].

Still, as can be seen from Table 3.5 and Figure 3.5, all theoretically predicted E0 val-
ues for the CO binding to Au−

3 are considerably higher than our experimental RRKM
data, far off the estimated error limits. Also for Au−

2 , all but one theoretical value are
much larger than the RRKM E0 limits of the ’tight’ and ’loose’ TS models. Solely
one theoretical literature value (0.34 eV [75]) coincides favorably with the ’loose’ TS
RRKM binding energy of 0.38 ± 0.04 eV. This might be likely due to the fact that DFT
calculations which have been employed to obtain most of the binding energies tend to
overestimate the binding to gold clusters, whereas the (more than 0.3 eV lower) value
coinciding with the ’loose’ TS RRKM binding energy was the result of an accurate
wave-function based coupled cluster method [75].

With the examples of the adsorption of O2 and CO on small anionic gold (Au−
x ,

x = 1 - 3), silver (Ag−x , x = 1 - 5), and binary silver-gold (AgxAu−
y , x +y = 2, 3),

the computational procedure to obtain experimental binding energies from measured
kinetic data via RRKM theory was demonstrated. Due to the available literature of
theoretical predictions of such values these reactive systems were suitable to discuss the
quality and reliability of the obtained binding energies in detail. On the basis of this, it
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Figure 3.5: Cluster size dependent binding energies of CO on Au−
x (x = 1 - 3). -O- (blue

line) ’loose’ TS, -△- ( green line) ’tight’ TS, and -�- (red line) theoretical data.

is possible in the following chapter to assess the cluster size dependent binding energies
of methane, CH4, to cationic gold clusters, for which no theoretical calculations are
available.



32 Chapter 3. Computational Procedure to Obtain Binding Energies



Chapter 4

Reactions of Au+
x with Small

Molecules

In contrast to the extensive literature on anionic clusters there are only few experi-
mental and theoretical studies on the reactivity of free cationic gold atoms and clusters
towards small molecules such as H2 [15, 25, 110, 111], N2 [86], O2 [15, 25, 26, 36, 64, 74,
76, 112], CH4 [15, 25, 26], CH3OH [113–116], C2H4 [117], C3H6 [24], CO [22, 60, 118–
120], H2O [74, 121, 122], and H2S [110, 111].

The aim of this work was the activation of molecular oxygen on cationic gold clusters
as well as the deduction of reactivity patterns and general concepts that are important
to the analysis of the catalytic C3H6 and CH4 oxidation mechanisms (cf. Chapter 1).
In order to achieve this objective the cluster size and temperature dependent reactivity
of Au+

x (x = 2 - 7) towards several small molecules, O2, H2, N2, CH4, and C3H6, were
investigated separately in a first set of experiments. In addition to the adsorption of
O2, CH4, and C3H6 that are mandatory for the oxidation reaction of propylene and
methane, the reactivity towards H2 was studied as molecular hydrogen turned out to
play a key role in the oxidation of hydrocarbons on supported gold nanoparticles [28–
31]. Due to the presence of N2 as the main component of the air also the influence of
N2 on the gold cations was considered to be important.

First, the temperature dependent O2, H2, and N2 adsorption on Au+
x (x = 2 - 7)

is described in Sections 4.1, 4.2, and 4.3. Low temperature H2 cluster saturation ex-
periments were found to be able to identify possible adsorption sites on the clusters.
The reactions of Au+

x with propylene and methane are reported in Sections 4.4 and 4.5.
In the latter case, the temperature dependent activation of methane on Au+

2 (Section
4.5.1) is discussed, besides measurements concerning the temperature and CH4 partial
pressure dependent reactivity (Section 4.5.2) of Au+

x (x = 2 - 6). Cluster size dependent
reaction kinetics (detailed in Section 4.5.3) allow for the determination of CH4 binding
energies to the cluster ions Au+

x (Section 4.5.4).

33
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4.1 Reactions with O2

The investigation of the reaction between Au+
x (x = 2 - 7) and O2 reveal that gold

cluster cations do not react with molecular oxygen in the investigated temperature
range of 100 K to 300 K. This observation is in accord with previous experimental
studies under different thermal reaction conditions [15, 25, 26, 36]. Oxide products of
cationic gold clusters, most likely containing atomic oxygen, have only been observed,
if oxygen was added to the highly reactive and strongly non-thermal laser plasma of a
laser ablation cluster source [123–125].

The reason for the lack of reaction products under thermal conditions is the valence
electron structure of O2. It exhibits an open-shell electronic ground state structure with
two electrons in the degenerate 2pπ∗ antibonding orbitals making molecular oxygen a
strong electron acceptor. Consequently, oxidative addition to the cluster requires the
interaction of the 2pπ∗ orbital with the highest occupied molecular orbital (HOMO) of
the metal cluster. Since the cationic gold clusters are electron acceptors themselves, a
charge transfer is not possible and no stable Au+

x -O2 complexes were found [36].
From experimental adsorption-equilibria experiments Wallace et al. roughly esti-

mated the binding energy E0 to be < 0.5 eV if no reaction products are observed at
room temperature [126]. Applying this estimate to the experimental conditions of the
present work it can be concluded that E0(AuxO

+
2 ) < 0.17 eV, since in our experiments

AuxO
+
2 complexes are not detected at temperatures as low as 100 K. However, this

is only a rough estimate, especially neglecting cluster size effects. The evaluation of
kinetic data by applying RRKM theory (as e.g. done in Chapter 3) revealed that even
complexes of E0 < 0.1 eV can be detected in low temperature experiments [127]. Thus,
it is quite surprising that recent DFT calculations predicted stable AuxO

+
2 (x = 4 - 8)

complexes with O2 binding energies ranging from 0.26 - 0.69 eV [76]. Complexes with
such binding energies should definitely be detectable under our experimental condi-
tions. Considerably lower theoretical binding energies, amounting to 0.28 eV (x = 2),
0.24 eV (x = 3), 0.17 eV (x = 4, 5), and 0.09 eV (x = 6) were obtained by Ding et al.
[64]. A comparable theoretical value of 0.21 eV (5 kcal/mol) for the complex Au4O

+
2

was also found by Joshi et al. [112]. These values are much closer to the estimated
limit of 0.17 eV but even complexes of such binding energies should be observable, at
least at a low temperature of 100 K. Therefore it can be concluded that these calcula-
tions follow the general trend of DFT calculations to overestimate binding energies of
gold-complexes as discussed in detail in Sections 3.2 and 3.3.

4.2 Reactions with H2

The bond activation and dissociation of molecular hydrogen on cationic transition
metal atoms has been a great field of interest for many years. Already in the 1980s
Kubas et al. first isolated a metal-H2 complex containing an intact, non-dissociated H2

molecule [128]. However, the H-H bond length was found to be stretched by about 20%



4.2. Reactions with H2 35

compared to the free H2 and thus activated toward breaking. Although, in the valence
orbital picture, H2 has two strongly bond electrons it can bind side-on to a metal
center primarily through the donation of its two σ electrons to a vacant metal s orbital
forming a nonclassical 2-electron 3-center bond. In turn, transition metal ions are
able to backdonate electrons of the (partially) filled d orbital into the H2 antibonding
σ∗ orbital. Both processes lead to a weakened H-H bond [129, 130]. However, the
reaction of ground state atomic metal ions M+ with molecular hydrogen that leads to
dissociation of H2 according to

M+ + H2 → MH+ + H (4.1)

is endothermic and is not occurring under thermal conditions while excited metal ions
react with hydrogen forming MH+ [130–132].

In contrast, neutral [133–135] and positively charged [134, 136] transition metal
clusters were found to activate and dissociate H2 at thermal conditions. Only two
experimental investigations of the H2 adsorption on cationic gold clusters have been
reported so far. While no reaction products were observed under single collision condi-
tions at room temperature [110] the reaction was detected under multi-collision condi-
tions for Au+

x (x < 16) [15, 25]. In the latter experiment a dissociative chemisorption
was suggested although the H-H bond dissociation was not directly observed. In this
context, detailed temperature and cluster size dependent experiments concerning the
reaction between Au+

x (x = 2 - 7) and molecular hydrogen were performed in the present
study. These experimental investigations are complemented by theoretical computa-
tions on the binding characteristics of H2 to Au+

4 and Au+
6 , performed by U. Landman

and coworkers [137].

4.2.1 Temperature Dependent H2 Adsorption

The left column of Figure 4.1 displays the reaction products of Au+
x with molecular

hydrogen at a reaction temperature of TR = 300 K. From the mass spectra it is ap-
parent that none of the investigated clusters forms any stable reaction products with
molecular hydrogen, except Au+

5 , which adsorbs up to three H2. Cooling the ion trap
down to 200 K (cf. Figure 4.1 middle column) changes the reaction behavior dramati-
cally. While the gold dimer is still unreactive, Au+

3 and Au+
4 adsorb up to three, Au+

5

up to four, and Au+
6 and Au+

7 up to two hydrogen molecules. At this temperature the
reactions of Au+

4 , Au+
5 , and Au+

7 become already so fast that even at the shortest mea-
sured reaction time (tR = 0.1 s) no pure metal cluster signal can be observed anymore.
Further lowering of the temperature to 100 K (cf. Figure 4.1 right column) leads to an
almost instantaneous formation of the the products Au3H

+
6 , Au4H

+
8 , Au5H

+
8 , Au6H

+
10,

and Au7H
+
12. The gold dimer forms the complex Au2H

+
6 , although the reaction is so

slow that even at tR = 2 s still some of the pure cluster ion signal is observed. These
complexes are identified as saturation products since they contain of a maximum num-
ber of adsorbed H2 that cannot be exceeded at longer reaction time and higher partial
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Figure 4.1: Ion mass distributions of Au+
x in the presence of H2 at TR = 300 K (left column),

200 K (middle column), and 100 K (right column). The mass spectra at 300 K were recorded
after tR = 2.0 s, except those for Au+

5 and Au+
7 which were detected after tR = 0.1 s and

0.5 s, respectively. (Note that the mass spectra of Au+
3 and Au+

7 were recorded at slightly
lower mass resolution of the quadrupole mass spectrometer.) The 200 K mass spectra for
Au+

2 , Au+
3 , and Au+

5 were detected after 0.5 s while those for Au+
4 , Au+

6 , Au+
6 were detected

after 2.0 s. The 100 K mass spectra of the even x cluster sizes were detected after tR = 0.5 s
while those of the odd x cluster sizes were detected after 0.1 s. The mass peaks are denoted
with (x,y) corresponding to complexes of the stoichiometry AuxH

+
y . Note, to detect single

hydrogen atoms and molecules adsorbed on Au+
x the mass spectrometer has been operated

in a high resolution mode partly resulting in a poor signal to noise ratio. Details, concerning
the operational mode of the ion trap and the quadrupole mass spectrometer as well as the
treatment of the low intensity mass spectra are given in Section 8.3.2.
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Figure 4.2: Bar charts of the hydrogen adsorption on Au+
x after trapping the cluster ions

for tR = 0.5 s as a function of temperature. The height of the bars represents the ratio of
the hydrogen coverage to the maximum hydrogen adsorption as defined by Eq. (4.2).

H2 pressures.
To further illustrate the described temperature dependence, Figure 4.2 displays the

hydrogen adsorption on Au+
x at a fixed reaction time of tR = 0.5 s in a bar chart.

To evaluate the H2 adsorption behavior, not only the temperature dependent reac-
tion extend, but also the amount of adsorbed hydrogen molecules must be considered.
Therefore, the height of the bars Yhydr reflects the ratio of the actual hydrogen coverage
to the maximum possible hydrogen coverage of each clusters size calculated according
to

Y hydr =

∑ymax

i=0
Ii

Iprod
· i

ymax

· 100%. (4.2)

Ii denotes the intensity of the product peak corresponding to i adsorbed hydrogen
atoms, Iprod is the sum of the intensities of all products, and ymax denotes the number
of adsorbed hydrogen atoms in the case of saturation. From the bar graphs of Figure
4.2 it can be seen that the hydrogen adsorption is enhanced with decreasing tempera-
ture. According to the ’Lindemann energy transfer model for association reactions’ and
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the Langevin theory (cf. Sections 2.3 and 2.4) this negative temperature dependence
indicates a barrier free adsorption which is typical for ion-molecule reactions.

4.2.2 Molecular H2 Adsorption

From the ion mass distributions depicted in Figure 4.1 it is apparent that for all inves-
tigated cluster sizes only products of the form AuxH

+
y (y = 2, 4, ..., 12) are detected,

giving no evidence for the dissociation of H2. This observation is further supported by
coadsorption studies of H2/N2 (cf. Section 5.2.1) and H2/CH4 (cf. Section 5.3) that re-
veal a facile exchange (displacement) reaction of H2 with the corresponding molecule.
Such a displacement reaction strongly indicates the molecular, non-dissociative ad-
sorption of molecular hydrogen. However, on the basis of these simple adsorption
measurements, a possible activation of the H-H bond cannot be revealed.

The non-dissociative adsorption is also confirmed by several calculations of H2 ad-
sorption on anionic, neutral, and cationic gold particles. While theory predicts the
dissociation of molecular hydrogen adsorbed on gold cluster anions [33], the energetics
for neutral and cationic clusters appear to be different. On the neutral gold dimers and
trimers hydrogen molecules are found to coordinate with both hydrogen atoms yield-
ing an H-H bond increased by 0.05 - 0.10 Å compared to the free hydrogen molecule
(0.73 Å) [33]. Calculated reaction paths for H2 dissociation on Au2 and Au3 predict
only metastable complexes with dissociated hydrogen. Especially for the neutral dimer
the barriers are found to be such that the molecularly adsorbed H2 would much rather
desorb than dissociate [33]. In contrast, Okumura et al. [138] suggest that the much
larger neutral Au13 particle is able to dissociate H2 resulting in a stable final state
containing of two H atoms.

The only in literature reported computations on hydrogen adsorption on cationic
gold clusters were performed by Ghebriel at al. [111]. According to their calculations
H2 also coordinates with both H atoms to the cationic clusters with the H-H bond
length relaxed by ≤ 10% as compared to its gaseous form. Optimized geometries do
not suggest any dissociation of H2. Recent detailed computations pertaining the H2

adsorption on Au+
4 and Au+

6 , performed by U. Landman et al., will be presented in the
next section [137].

4.2.3 Au+
x Binding Sites

Figure 4.3 shows the maximum number of adsorbed hydrogen molecules at TR = 100 K
as a function of cluster size. Up to the gold pentamer these cluster size dependent
hydrogen saturation levels perfectly agree with previous experiments by Cox et al.
[15, 25]. Merely for x = 6 and 7 saturation was not reached in the earlier experiment.
To analyze possible binding sites of H2, the experimentally obtained minimum energy
structures of Au+

x [139] are also displayed in Figure 4.3. These geometries are con-



4.2. Reactions with H2 39

2 3 4 5 6 7 8
0

1

2

3

4

5

6

7

M
a
xi

m
a
lN

u
m

b
e
r
o
f
A

d
so

rb
e
d

H
2

Number of Au Atoms in Cluster

(I)

(II)

Cluster Size x

M
a
x
im

u
m

 N
u
m

b
e
r 

o
f
A

d
s
o
rb

e
d
 H

2

Figure 4.3: Cluster size dependent hydrogen saturation at TR = 100 K and minimum energy
structures of the investigated cluster sizes [137, 139–143]. Au atoms of a given cluster having
equal charge distributions are identically colored [117].

firmed by theoretical calculations [137, 140–143]. Au atoms of a given cluster that are
identically colored correspond to atoms having equal partial positive charge [117].

H2 generally acts as an electron density donating ligand to transition metal cations
[129], thus the binding of hydrogen to a particular site of the gold cluster cation
should correlate with the localization of the cluster lowest unoccupied molecular orbital
(LUMO) [144]. Recent DFT calculations indicate that the LUMO of the bare cluster
is primarily located on ’corner’ atoms, where it protrudes most into the vacuum [24].
As a result, hydrogen will preferably bind to ’corner’ atoms whereas no adsorption on
central atoms or cluster flat faces is expected [24]. Thus, in turn the number of ’corner’
atoms of the cluster should correlate with the number of adsorbed ligands.

The Au+
3 minimum energy structure is a planar equilateral triangle (D3h symmetry)

[139, 141–143] with three electronically equivalent ’corners’, i.e., with equal amount of
partial positive charge [117]. Since all Au atoms present equal binding sites the simul-
taneous adsorption of three hydrogen molecules is expected which is confirmed by the
observation of the sole product Au3H

+
6 at 200 K and 100 K.

Au+
4 exhibits a planar rhombic D2h structure [137, 139, 141, 143] with two differ-

ent adsorption sites, corresponding to 2-fold coordinated (2c) and 3-fold coordinated
(3c) gold atoms which exhibit different partial positive charges [117]. This electronic
situation is also reflected in the observed reaction products. At 200 K the dominant
mass peak corresponds to Au4H

+
4 with two adsorbed ligands while at 100 K four H2

molecules are adsorbed according to the four ’corner’ atoms of the cluster.
Figure 4.4a displays difference charge density isosurfaces for the hydrogen saturated

cluster Au4H
+
8 [137]. First-principles DFT calculations, performed by U. Landman et



40 Chapter 4. Reactions of Au+
x with Small Molecules

2

1

3

4

5

76

8

(a) (b)

Figure 4.4: Difference charge density isosurfaces for the hydrogen saturated clusters a:
Au4H

+
8 and b: Au6H

+
10 [137]. The charge density (ρ) differences are calculated as a: ρtot

- ρ(Au+
4 ) - ρ(4H2) and b: ρtot - ρ(Au+

6 ) - ρ(5H2). ρtot is the charge density of the gold cluster
cations with the adsorbed molecules. Blue regions correspond to excess electronic charge and
pink ones correspond to charge deficiency. Au atoms are depicted by large yellow spheres
and hydrogen atoms by small blue spheres.

al., exhibited a ground state rhombic structure of Au+
4 with an Au-Au edge distance

dedge(Au-Au) = 2.74 Å between neighboring atoms (distance between atoms labeled
1-2, 1-3, 2-4, 3-4 in Figure 4.4a), and the internal distance between the gold atoms la-
beled 2 and 3 being di(Au-Au) = 2.68 Å. At saturation, four hydrogen molecules bind
non-dissociatively to this gold tetramer in an ’on-site’ geometry with one hydrogen
molecule attached to each gold atom. The hydrogen atoms of the adsorbed H2 mole-
cules are equidistant from the corresponding gold atom (d(Au-H(1)) = d(Au-H(2)) =
1.88 Å). Two of the molecules are in the plane (d(H-H) = 0.82 Å) of the cluster and
the other two (d(H-H) = 0.815 Å) are normal to it. Binding of molecular hydrogen
to the cluster involves charge donation to the gold atoms, estimated for the saturation
case to be 0.15e (distributed equally on the gold atoms) as can be seen from the charge
density difference plots in Figure 4.4a. At saturation, the average binding energy per
molecule is 0.53 eV while the adsorption energy of the single H2 molecules depends on
the adsorption sites of the previously adsorbed H2. For example, the binding energy
E0 of the 4th H2 molecule is 0.46 eV if the previous three H2 occupied the (3c,3c,2c)
sites while E0 = 0.52 eV when the previous three H2 occupied the (2c,2c,3c) sites. All
adsorption site dependent binding energies are summarized in Table 4.1.

The lowest energy structure of Au+
5 is planar, X-shaped (D2h symmetry) [139–141]

with four electronically equal ’corner’ atoms and one central atom that is only slightly
positively charged [117]. The saturation product Au5H

+
8 at 100 K with four adsorbed

H2 molecules corresponds to the four available binding sites. However, the stability of
the products Au5H

+
2 and Au5H

+
6 observed at higher temperatures cannot be explained

simply by examining the partial positive charge located on the different gold atoms and
must have other reasons. Especially the complex Au5X

+
3 with three ligands attached

seems to be of special stability as this structure is also found for X = N2 and H2O/H2
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Table 4.1: Total binding energies E0(nH2) and average binding energies per molecule
E0(nH2)/n for n H2 molecules to the Au+

4 cluster for different adsorption sites [137]. 2c
and 3c correspond to 2-fold and 3-fold coordinated Au atoms in the gold tetramer cation,
respectively.

n Adsorption Site E0(nH2) / eV E0(nH2)/n / eV

1 2c 0.502 0.502
3c 0.621 0.621

2 2c, 2c 0.847 0.423
3c, 3c 1.087 0.543
2c, 3c 1.182 0.591

3 2c, 2c, 3c 1.605 0.535
2c, 3c, 3c 1.665 0.555

4 2c, 2c, 3c, 3c 2.128 0.532

(cf. Sections 4.3 and 5.2.3). Au+
5 exhibits another plane W-shaped structure of C3v

symmetry which is calculated to be higher in energy by 0.12 eV [139] and 0.09 - 0.15
eV [141], respectively. The structural change to this configuration or more complex
structures has been proposed for strongly binding ligands like CO [22, 127], C2H4 [117],
and C3H6 (cf. Section 4.4) but also cannot account for the stability of Au5X

+
3 .

The Au+
6 minimum energy structure is a planar triangle (structure I in Figure 4.3)

[137, 139–141, 143] with the average distance between neighboring atoms along the
edges dedge(Au-Au) = 2.63 Å, and the (internal) distances between neighboring atoms
vary from 2.89 Å between the two mid-atoms on the sides of the triangle, and 2.76 Å
between a mid-atom on the side edge and an atom at the middle of the base of the
triangle.

The structure of the closest higher energy isomer of the hexamer cation is an in-
complete hexagon (structure II in Figure 4.3 and Figure 4.4b), being 0.19 eV [137]
(0.14 eV [139], 0.06 - 0.13 eV [141]) higher in energy. The distance between the gold
atoms labeled 1-2 and 2-3 (cf. Figure 4.4b) is dedge(Au-Au) = 2.73 Å and dedge(Au-Au)
= 2.65 Å for 2-5 and 3-6. The values for the distance between 2-4, 5-4, 3-4, and 6-4 is
dedge(Au-Au) = 2.66 Å and between 1-4 is 2.77 Å. The transformation from structure I
to structure II involves an activation energy ∆E(I → II) = 0.38 eV, and the transition
state structure is non-triangular as illustrated in Figure 4.5a.

At saturation the triangular hexamer cation cluster binds three H2 molecules at the
apices of the triangle with a binding energy of 0.40 eV per molecule and d(H-H) =
0.80 Å. This structure is essentially degenerate in energy with an incomplete hexagonal
one with three H2 adsorbed to it as depicted in Figure 4.5b. The transition between
structure I and structure II (with three H2 adsorbed molecules) entails an activation
barrier of 0.30 eV.
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(a)

(b)

Figure 4.5: Atomic structures of a: the bare gold hexamer cluster and b: Au6H
+
6 with

transition state configurations and activation energies, calculated by U. Landman et al. [137].
Au atoms are depicted by large yellow spheres, hydrogen atoms by small blue spheres.

For the incomplete hexagonal structure at saturation the cluster cation binds five
H2 molecules at the apex atoms, with an average binding energy per molecule of
E0(5H

+
2 )/5 = 0.38 eV and d(H-H) = 0.81 Å. The difference charge density isosurfaces

of the hydrogen saturated Au6H
+
10 is displayed in Figure 4.4b. An excess electronic

charge of 0.06e is distributed on the gold atoms labeled 2, 3, 5, and 6 and 0.105e
is located on the gold atom labeled 4. This hydrogen saturated incomplete hexagon
corresponds to the observed 100 K product Au6H

+
10 (labeled (6,10) in Figure 4.1). In

contrast, at 200 K the intermediate Au6H
+
4 containing two hydrogen molecules is ap-

parent. This product probably corresponds to the ground state triangular structure I.
Au+

7 is again found to be planar and consists of a hexagon with one central atom
(D6h symmetry) [139, 141, 143]. The saturation product Au7H

+
12 corresponds to the six

’corner’ atoms all carrying the same amount of partial positive charge while the central
atom is less charged. As in the case of the gold pentamer the intermediate Au7H

+
4

cannot be explained by simply considering the partial charges.
To summarize, for all Au+

x (x = 3 - 7), the maximum number of adsorbed hydrogen
molecules at TR = 100 K is in accord with the number of gold atoms positioned at a
’corner’ site of the cluster. In this context, the gold dimer Au+

2 is of special interest
as it is the only investigated cluster size that is able to adsorb more hydrogen mole-
cules than adsorption sites are available. Thus, in this case the number of adsorbed
molecules cannot be merely determined by simple geometric rules.
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Figure 4.6: Ion mass distributions of Au+
3 (left column) and Au+

5 (right column) in the
presence of pure N2 at TR = 200 K (traces a and c) and 100 K (traces b and d). p(N2) =
0.12 Pa, tR = 0.01 s (traces a and c) and 0.1 s (traces b and d); The mass peaks are denoted
with (x,y) corresponding to complexes of the stoichiometry AuxN

+
y

4.3 Reactions with N2

The investigation of the reaction behavior of catalytic material in the presence of molec-
ular nitrogen is especially important since N2 is always present as the main component
of the air and may thus significantly influence the properties of catalysts. However,
so far no experimental data for the N2 adsorption on gold cations are available. In
contrast, DFT calculations predict the facile adsorption of N2 on Au+

x (x = 1 - 6) [86].
In the following, the attention is focused on the reactivity of Au+

3 and Au+
5 toward

molecular nitrogen. Further coadsorption studies with N2 will be presented later in
Sections 5.2.1 and 5.2.2.

Figure 4.6 shows ion mass distributions of Au+
3 and Au+

5 in the presence of pure
N2. At room temperature no reaction products are observed. However, cooling the ion
trap to 200 K yields the products Au3N

+
6 as well as Au5N

+
6 and Au5N

+
8 (traces a and

c). At even lower temperature of 100 K the immediate formation of the sole products
Au3N

+
6 and Au5N

+
8 is observed, even at a very short reaction time of 0.1 s (traces b

and d). This temperature dependent N2 adsorption is equivalent to the H2 adsorption
yielding the products Au3H

+
6 , Au5H

+
6 , and Au5H

+
8 at 200 K and Au3H

+
6 and Au5H

+
8 at

100 K as displayed in Figure 4.1 (cf. Section 4.2.1). Consequently, it can be assumed
that the saturation limit of Au+

3 and Au+
5 towards H2 also holds for N2.
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Figure 4.7: Temperature dependent ion mass distributions of Au+
3 (left column) and Au+

5

(right column) at tR = 0.1 s, TR = 300 K (traces a and c), and 200 K (traces b and d). Trace
a and c: p(C3H6) = 0.03 Pa, trace b and d: p(C3H6) = 0.02 Pa. The mass peaks are denoted
with (x,y) corresponding to complexes of the stoichiometry Aux(C3H6)

+
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4.4 Reactions with C3H6

For a better understanding of the propylene oxidation, that has been observed on sup-
ported gold particles, it is instructive to first study the adsorption of propylene on gold
clusters separately. So far there are no experimental investigations of these systems [2].
However, theoretical computations on neutral and charged Aux (x = 1 - 5, 8) predict
AuxC3H6 structures, binding sites, and binding energies [24]. Therefore, tempera-
ture dependent gas-phase experiments concerning the propylene adsorption on Au+

x

(x = 3, 5) were performed. For a possibly further insight into the reaction mechanisms
underlying the direct propylene oxidation, experiments in conjunction with H2 and O2

will be presented later in Section 5.1.
Figure 4.7 shows ion mass distributions obtained for Au+

3 (left column) and Au+
5

(right column) at 300 K and 200 K with only C3H6 present in the ion trap. At 300 K
(traces a and c) both, Au+

3 and Au+
5 , immediately react with propylene forming the sole

products Au3(C3H6)
+
3 and Au5(C3H6)

+
4 , respectively. Cooling the ion trap to 200 K

also yields Au3(C3H6)
+
3 while the gold pentamer adsorbs one additional propylene

molecule resulting in the complex Au5(C3H6)
+
5 . The adsorption of a fifth ligand to Au+

5

is probably associated with a structural change of Au+
5 from its X-shaped minimum

energy structure (D2h) to a W-shaped (C2v) or more complex structure (cf. Section
4.2.3) which has previously been observed upon adsorption of strong binding reactants
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[22, 117, 127]. This observation is confirmed by the very high binding energies of C3H6

to Au+
3 and Au+

5 that amount to 1.77 eV and 1.70 eV, respectively, as predicted by
DFT calculations [24]. Measurements at lower ion trap temperatures are restricted by
the boiling temperature of propylene leading to instabilities of the reaction conditions.
Based on these data, it can be concluded that the saturation limit of Au+

3 and Au+
5

towards C3H6 amounts to three and five molecules, respectively.

4.5 Reactions with CH4

The activation and dehydrogenation of methane, yielding the product MCH+
2 , has been

observed for a variety of third row transition metal cations [130, 145–147]. However,
Au+ was found to be among the few 5d-metals that are completely unreactive towards
methane [145]. The reason for this is the Au+ ground state configuration of 5d10 6s0.
Since methane binds to metal centers by electron donation from one of the CH σ orbitals
into an empty metal orbital and by back-donation of the highest energy electrons from
the metal into an empty CH antibonding σ∗ orbital [148], a 5d9 6s1 configuration is
presumably required for methane adsorption. To reach this configuration a promotion
energy of 43 kcal/mol (1.87 eV) is necessary for Au+ which thus completely inhibits
the methane adsorption [145].

In contrast to the numerous experimental data on methane activation on atomic
transition metal ions, only few investigations concerning the methane adsorption on
cationic metal clusters are available. While small platinum clusters Pt+

x were found to
be able to activate and dehydrogenate methane, yielding PtxCH+

2 (x ≤ 9) as well as
PtxC2H

+
4 (x = 1, 5) [136], the reactivity of the binary platinum-gold clusters PtxAu+

y

decreases with increasing gold content. Consequently, pure gold clusters Au+
x were

found to be completely unreactive towards CH4 under single collision conditions [26]. In
contrast, an uptake of several molecules was observed under multi-collision conditions
[15, 25]. Although, the dehydrogenation of CH4 was not directly observed in this
experiment it was proposed that methane is dissociatively bound as methyl plus hydride
(CH3−Au+

x −H).
In this context, the reaction behavior of small gold cluster cations Au+

x (x = 2 - 6)
towards methane, CH4, is studied here. In our experiments it turned out that the gold
dimer is the only investigated cluster size that exhibits reaction products that directly
prove that Au+

2 is able to activate and dehydrogenate methane, although previous
studies did not observe such a reaction [15, 25, 26]. Therefore, the reaction between
Au+

2 and CH4 is discussed separately in the following. Further experiments dealing
with methane coadsorption effects will be presented in Section 5.3 and in Chapter 6.
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Figure 4.8: Temperature dependent ion mass distributions (left column, tR = 0.1 s) and
corresponding kinetic traces (right column) for the reaction of Au+

2 with CH4 at TR = 300 K
(traces a and b), 270 K (traces c and d), and 250 K (traces e and f). -�- Au+

2 , -O- Au2CH+
4 ,

-△- Au2(C2H4)
+, -♦- Au2(CH4)

+
2 , -▽- Au2(C2H4)CH+

4 , -⋆- Au(C2H4)CH+
4 . The pressure

conditions are given in Table 4.3.
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Figure 4.9: Ion mass distribution of Au+
2 in the presence of CH4 (p(CH4) = 0.14 Pa) recorded

at 200 K and tR = 0.1 s.

4.5.1 Methane Activation on Au+
2

Figure 4.8 displays representative ion mass distributions (left column) and the corre-
sponding kinetic traces (right column) for the reaction of Au+

2 + CH4 at 300 K (Figure
4.8a and b), 270 K (Figure 4.8c and d), and 250 K (Figure 4.8e and f). At an even
lower temperature of 200 K the reaction proceeded so fast that the measurement of
reaction time dependent product ion signals was not possible. A typical mass spec-
trum obtained at this temperature is presented in Figure 4.9 and will be discussed
below. For a better comparison of the temperature dependent kinetic data, the ion
signals I[Au2(CH4)

+
y ](t), displayed in Figure 4.8b, d, and f, were normalized to the

total signal according to

Inorm[Au2(CH4)
+
y ](t) =

I[Au2(CH4)y](t)
∑

y I[Au2(CH4)y](t)
. (4.3)

These normalized kinetic traces were evaluated by fitting the integrated rate equations
of proposed possible reaction mechanisms to the experimental data by using the ’Det-
mech’ software [37] (cf. Section 2.2). This led to the determination of the simplest
reaction mechanism that fitted the experimental data best. The thus obtained temper-
ature dependent pseudo-first-order rate constants k(1) together with the termolecular
(k(3)), the association (ka), stabilization (ks), and the decomposition (kd) rate con-
stants for the adsorption of the first CH4 molecule on Au+

2 are summarized in Tables
4.3 and 4.4 of the next section. Note that the reactive gases are always present in the
ion trap and that thus, the fast reacting gold dimer, Au+

2 , already undergoes reactions
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Figure 4.10: Ion mass distribution of Au+
2 in the presence of CH4 detected after storing the

cluster for 1 s in the ion trap at TR = 250 K. Due to the dehydrogenation of methane the
cluster decomposes, leading to the fragment Au(C2H4)CH+

4 (see also orange stars in Figure
4.8b, d, and f.)

during the ion trap filling time tF (cf. Section 8.3.2). Consequently, the normalized
cluster ion signal is already reduced at the shortest measurable reaction time of tR =
0 s (Inorm(Au+

2 )(t = 0) < 1) as can be seen in Figure 4.8b, d, and f.
Figure 4.8 shows that Au+

2 adsorbs methane already at room temperature. At all
displayed temperatures the product Au2CH+

4 (red circles) is observed in low intensity.
This product results from the adsorption of one methane molecule and describes the
first reaction step.

The addition of a second methane molecule yields the most intense product that,
however, does not correspond to the stoichiometry Au2(CH4)

+
2 but to Au2(C2H4)

+

(blue triangles). This means that upon reaction with a second methane molecule the
adsorbed methane molecules dehydrogenate. This loss of two H2 is connected with the
fragmentation of the cluster as can be seen from the mass spectrum in Figure 4.10.
Furthermore, it is apparent from the temperature dependent kinetic traces of Figure
4.8, that the intensity of the fragment signal (orange stars) decreases with decreasing
temperature.

Besides Au2(C2H4)
+ an additional product Au2(CH4)

+
2 with two (not dehydro-

genated) methane molecules occurs (Figure 4.8e) at 250 K. At even lower temperature
of 200 K (cf. Figure 4.9) the product Au2(C2H4)

+ completely disappears and only
Au2(CH4)

+
2 is detected. Thus, it can be concluded that the dehydrogenation involves

an energy barrier that can only be overcome at temperatures TR > 200 K. However,
the formed complex Au2(C2H4)

+ then contains excess energy that cannot be accommo-
dated or distributed fast enough by collisions with the helium buffer gas (cf. Section
2.3) leading to subsequent fragmentation.
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Figure 4.11: Measured experimental kinetic traces together with fitted rate equations. Fit
(a) corresponds to the reaction mechanism (4.4) - (4.9) while in fit (b) the backward reaction
in (4.6) is neglected.

On the basis of these observations the following reaction mechanism has been pro-
posed and fitted to the experimental data:

Au+
2 + CH4 ⇋ Au2CH+

4 , (4.4)

Au2CH+
4 + CH4 ⇋ Au2(CH4)

+
2 , (4.5)

Au2(CH4)
+
2 ⇋ Au2(C2H4)

+ + 2H2, (4.6)

Au2(C2H4)
+ + CH4 → Au2(C2H4)CH+

4 , (4.7)

Au2(C2H4)
+ → Au(C2H4)

+ + Au, (4.8)

Au(C2H4)
+ + CH4 → Au(C2H4)CH+

4 . (4.9)

Note that the adsorption of a third methane molecule, that does not occur at all tem-
peratures, has been considered in the fitting procedure but will not be further discussed.

An especially striking feature in the reaction mechanism is the backward reaction
in the reaction step (4.6) that is absolutely necessary to fit the experimental data. This
is illustrated in Figure 4.11 comparing the fit quality for the reaction between Au+

2 and
CH4 at 270 K. For fit (a) (left panel) the proposed reaction mechanism corresponds
to the reaction steps (4.4) - (4.9), while for fit (b) (right panel) merely the backward
reaction in the reaction step (4.6) is neglected. Since Au2(C2H4)

+ cannot easily react
back to Au2(CH4)

+
2 the reactions (4.4) - (4.6) must actually involve additional reaction

steps that cannot be detected under the present experimental conditions.
In order to nevertheless deduce possible additional reaction steps, underlying
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Figure 4.12: Potential energy curve for the formation of PtxCH+
2 and H2 from Pt+x and

CH4 for a: x = 1 [149] and b: x = 1 - 9 [148]. In panel a, the relative energies are given in
kcal/mol.

(4.4) - (4.6), the activation of CH4, previously observed on cationic platinum atoms
Pt+ [149–151] as well as on Pt+

x (x = 1 - 9) [148], will be discussed in the following. For
these systems reaction paths were calculated revealing several local minimum energy
and transition state structures as displayed in Figure 4.12. The adsorption of methane
on Pt+ (Pt+

x ) yields the electrostatically bound Pt+· · ·CH4 (Ptx
+· · ·CH4) which can

easily undergo a structural change resulting in the insertion of the platinum atom into
one of the C-H bonds (indicated in the following by the nomenclature H−Pt+−CH3

and H−Pt+
x −CH3, respectively). This inserted structure represents the global mini-

mum on the potential energy surface and is reached by overcoming only a small energy
barrier of about 50 meV [148, 149]. The intermediate H−Pt+−CH3 (H−Pt+

x −CH3)
may undergo a further structural change forming H2−Pt+−CH2 (H2−Pt+

x −CH2) that
subsequently leads to the ejection of H2. However, the formation of this dihydrido-
methylene complex H2−Pt+−CH2 (H2−Pt+

x −CH2) is connected with a considerable
energy barrier. Surprisingly, even the backward reaction PtCH+

2 + H2 → Pt+ + CH4

has been observed [149].
Experiments dealing with the reaction behavior of binary platinum-gold clusters

toward methane revealed the same reaction products as those with pure platinum clus-
ters, however, the reactivity decreased with increasing gold content [26]. Thus, it can be
concluded, that the displacement of platinum atoms by gold atoms does not change the
elementary reaction mechanisms but only the reactivity of the clusters. These experi-
mental findings are in accord with recent DFT calculations of potential energy profiles
of the reaction between PtAu+ and CH4 [152]. Analogue to the reaction path for
Pt+ (Pt+

x ), the barrier free formation of H−PtAu+−CH3 is found while the formation
of H2−PtAu+−CH2 is connected with a considerable energy barrier. Consequently,
a similar methane activation process can also be assumed for pure gold cluster ions.
This means that the detected product of the stoichiometry Au2CH+

4 is likely to contain
an activated methane molecule with the Au+

2 inserted in one C-H bond, denoted as
H−Au+

2 −CH3. The addition of a second methane molecule to the inserted structure
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H−Au+
2 −CH3 results in a further methane activation, indicated by HH−Au+

2 −(CH3)2.
This reaction step may then be followed by the formation of ethylene C2H4 under loss
of two hydrogen molecules. Thus, reactions (4.4) - (4.9) become:

Au+
2 + CH4 ⇋ Au+

2 · · ·CH4,

Au+
2 · · ·CH4 ⇋ H − Au+

2 − CH3,

H − Au+
2 − CH3 + CH4 ⇋ HH − Au+

2 − (CH3)2,

HH − Au+
2 − (CH3)2 ⇋ (H2)2 − Au+

2 − (CH2)2,

(H2)2 − Au+
2 − (CH2)2 ⇋ Au2(C2H4)

+ + 2H2,

Au2(C2H4)
+ → Au(C2H4)

+ + Au,

Au(C2H4)
+ + CH4 → Au(C2H4)CH+

4 .

(4.10)

The gold-methane complexes Au+
2 · · ·CH4/H−Au+

2 −CH3 and HH−Au+
2 −(CH3)2/

(H2)2−Au+
2 −(CH2)2, respectively, are of the same mass and cannot be distinguished

in the mass spectra. Note, the nomenclature HH−Au+
2 −(CH3)2 denotes the insertion

of Au+
2 into two C-H bonds of two different methane molecules with two spatially

separated H atoms. In contrast, the nomenclature (H2)2−Au+
2 −(CH2)2 indicates the

formation of two hydrogen molecules on the cluster.
The lack of Au2(C2H4)

+ at TR = 200 K indicates an energy barrier that can only
be overcome at temperatures TR > 200 K. According to the theoretically obtained po-
tential energy profiles for the reaction between Pt+ (Pt+

x , PtAu+) and CH4 the highest
energy barrier is connected with the structural change H−Pt+−CH3 → H2−Pt+−CH2

[148, 149, 151, 152]. Analogous to these calculations it is assumed that also for the gold
dimer the structural change HH−Au+

2 −(CH3)2 → (H2)2−Au+
2 −(CH2)2 represents the

highest energy barrier. This means that apparently only at temperatures TR > 200 K
this energy barrier can be overcome and the structure (H2)2−Au+

2 −(CH2)2 results,
leading to the subsequent formation of ethylene under loss of two hydrogen molecules
yielding the product Au2(C2H4)

+. In contrast at TR < 200 K the energy barrier cannot
be overcome anymore leaving HH−Au+

2 −(CH3)2. Consequently, the signal intensity of
the fragment Au(C2H4)CH+

4 decreases with decreasing temperature.
The detected fragment corresponds to the stoichiometry AuC3H

+
8 . Thus, most

probably Au2(C2H4)
+ fragments to Au(C2H4)

+ that immediately further reacts with
CH4 as described in reaction steps (4.8) and (4.9).

In Section 4.2.3 the Au+
2 saturation limit towards H2 was found to be three mo-

lecules which was only reached at the low temperature of 100 K. Since adsorption
measurements of methane at TR < 200 K are restricted due to the boiling tempera-
ture of CH4, the saturation limit can only be tested by increasing the methane partial
pressure. Thus, Figure 4.9 displays a representative ion mass distribution of Au+

2 in
the presence of 0.14 Pa CH4 recorded at TR = 200 K. Under these experimental con-
ditions, the product Au2CH+

4 is not apparent anymore. Besides the already in detail
discussed product Au2(CH4)

+
2 , additional mass peaks corresponding to Au2(CH4)

+
3 and

to the stoichiometry Au2C4H
+
12 appear. This ion mass distribution does not change for



52 Chapter 4. Reactions of Au+
x with Small Molecules

longer reaction times and leads to the conclusion that also for methane the saturation
limit is three molecules. The low intensity mass peak corresponding to the stoichiom-
etry Au2C4H

+
12 cannot be assigned to a product containing CH4 units only. A similar

product, Au2C4H
+
14, was also found in H2/CH4 coadsorption experiments that will be

presented later in Section 5.3. The findings of these two experiments, in conjunction
with the saturation limit of three molecules, lead to the conclusion that the adsorbed
methane molecules must undergo a structural change on the cluster, most likely form-
ing larger hydrocarbons under liberation of hydrogen. Thus, the detected product of
the stoichiometry Au2C4H

+
12 might contain two ethane molecules, C2H6, or alterna-

tively, one butane molecule, C4H10, besides one H2.
As discussed above, it is assumed that the insertion of Au+

2 into two C-H bonds of
two methane molecules (HH − Au+

2 − (CH3)
+
2 ) is almost barrier free while the struc-

tural change, yielding (H2)2 − Au+
2 − (CH2)

+
2 , entails the highest energy barrier that

can only be overcome at TR > 200 K. Consequently, at 200 K this energy barrier can-
not be overcome, leaving HH − Au+

2 − (CH3)2 that might further undergo structural
changes by forming ethane, C2H6, and H2. These considerations might be a possible
explanation for the formation of ethane on Au+

2 , potentially contained in the product
Au2C4H

+
12. However, to deduce the exact structure of this complex theoretical calcu-

lations are required.
The detected products are summarized in Table 4.2 together with the products of

the reactions between Au+
x (x = 3 - 6) and CH4 that will be presented in the next

section.

4.5.2 Temperature and Pressure Dependent CH4 Adsorption

In further experiments the temperature dependent reactivity of Au+
x (x = 3 - 6) was

investigated in the range of TR = 200 K to 300 K. Measurements at lower ion trap tem-
peratures are restricted by the boiling temperature of methane leading to instabilities
of the reaction conditions. Figure 4.13a shows the maximum number of adsorbed CH4

molecules for all investigated cluster sizes at 300 K (black squares), 250 K (red circles),
as well as 200 K (green triangles). From these curves it is apparent that the number
of adsorbed CH4 increases with decreasing temperature which in turn implies a barrier
free adsorption on the cluster cations. All detected reaction products are summarized
in Table 4.2.

Furthermore, comparing the temperature dependent maximum number of adsorbed
CH4 with the number of available adsorption sites on the clusters as discussed in Sec-
tion 4.2.3 (cf. also Figure 4.3) an odd-even trend is striking. At 200 K, the odd x
cluster sizes Au+

3 and Au+
5 adsorb a maximum of three and four methane molecules,

respectively, which exactly corresponds to the saturation limit which has been found
for the H2 adsorption (cf. Section 4.2.3). In accord with the findings of the Au+

2 sat-
uration measurements, presented in the previous section, it can be concluded that the
saturation limit is the same for H2 and CH4. In contrast, the even x cluster sizes Au+

4

and Au+
6 are less reactive towards methane and do not adsorb the maximum possible
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Figure 4.13: Panel a: Maximum number of adsorbed CH4 molecules on Au+
x (x = 3 - 6) at

-�- 300 K, p(CH4) = 0.08 Pa (black line), -O- 250 K, p(CH4) = 0.10 Pa (red line), and -△-
200 K, p(CH4) = 0.07 - 0.12 Pa (green line). Panel b: Temperature and pressure dependent
maximum adsorption of CH4 on Au+

4 . -�- p(CH4) = 0.04 Pa (black line), -O- 0.10 Pa (red
line), and -△- 0.15 Pa (green line)

amount of molecules in the investigated temperature range. Since the reaction tem-
perature cannot be further decreased the partial methane pressure must be increased
to reach saturation for these cluster sizes. As an example Figure 4.13b displays the
temperature and CH4 pressure dependent CH4 adsorption on Au+

4 at p(CH4) = 0.04 Pa
(black squares), 0.10 Pa (red circles), and 0.15 Pa (green triangles). While at TR =
300 K and 250 K an increased methane partial pressure does not influence the number
of adsorbed molecules, the CH4 uptake is enhanced at 200 K. At this temperature the
adsorption of four CH4 molecules can be reached which corresponds to the number
of available adsorption sites and thus represents the CH4 saturation limit of Au+

4 (cf.
Section 4.2.3). Under these elevated pressure conditions the largest detected product
for the gold hexamer is Au6(CH4)

+
4 with four adsorbed methane molecules. The ad-

sorption of four molecules seems to be a favored configuration for Au+
6 as will be further

discussed in Section 5.4.
To gain more insight into this unexpected cluster size dependent reaction behavior

the additional consideration of kinetic data is necessary. Therefore, the next section
will discuss the temperature and reaction time dependent reaction behavior of Au+

x

(x = 3 - 6) towards CH4 in detail.
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Table 4.2: Overview over the detected adsorbate stoichiometries for the reactions between
Au+

x and CH4 at p(CH4) = 0.07 - 0.12 Pa and different reaction temperatures.

Au+
x 300 K 250 K 200 K

Au+
2 CH4, C2H4 CH4, C2H4, (CH4)2, CH4, (CH4)2, (CH4)3,

(C2H4)CH4 C4H12

Au+
3 CH4, (CH4)2 (CH4)2, (CH4)3 (CH4)2, (CH4)3

Au+
4 CH4 CH4, (CH4)2 CH4, (CH4)2, (CH4)3

Au+
5 CH4 (CH4)2 (CH4)2, (CH4)3, (CH4)4

Au+
6 CH4 CH4 (CH4)2

4.5.3 Reaction Kinetics of CH4 Adsorption

In further experiments the temperature dependent reaction kinetics for the adsorption
of CH4 on Au+

x (x = 3 - 6), which were not obviously found to activate and dehydro-
genate methane, were investigated. For all Au+

x the kinetic traces were recorded at 270
K and 250 K. At lower temperatures most of the reactions proceed so fast that the
measurement of reaction time dependent product ion signals was impossible even at
low CH4 partial pressures. For Au+

3 and Au+
5 additional measurements were performed

at 300 K, while the intensity of the reaction products was too small at this temperature
for Au+

4 and Au+
6 . Note, besides CH4 and helium buffer gas also trace amounts of H2

(p(H2) << 0.01 Pa) were present in the ion trap for all measurements due to impurities
in the methane gas. However, in the investigated temperature range and under the
given partial pressure conditions the methane uptake is much faster than the hydrogen
uptake. Thus, the kinetics of CH4 adsorption, especially of the first CH4 molecule is
not influenced by H2 which is only adsorbed at longer reaction times.

As outlined above, the ion signals I[Aux(CH4)yH
+
z ](t) of all detected products were

normalized to the total signal according to

Inorm[Aux(CH4)yH
+
z ](t) =

I[Aux(CH4)yH
+
z ](t)

∑

y,z I[Aux(CH4)yH+
z ](t)

. (4.11)

These normalized kinetic traces were then fitted by proposing possible reaction
mechanisms using the ’Detmech’ software [37] (cf. Section 2.2). This led to the deter-
mination of the simplest reaction mechanism that fitted the experimental data best.
If still two or more reaction mechanisms resulted in the same fit quality then that one
was chosen which fitted the experimental data best at all investigated reaction tem-
peratures. All temperature dependent pseudo-first-order rate constants k(1) together
with the termolecular rate constants k(3) as well as the decomposition rate constants
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Table 4.3: Measured temperature dependent pseudo-first-order (k(1)) and termolecular (k(3))
rate constants for the adsorption of the first CH4 molecule on Au+

x , as well as deduced
unimolecular decomposition rate constants (kd) of the energized complexes (AuxCH+

4 )∗. Note,
the given pressure values correspond to the measured values pgauge. For calculating k(3) and
kd these are corrected to account for thermal transpiration (cf. Section 8.3.1).

Au+
x TR p(He) p(CH4) k(1) k(3) kd

[K] [Pa] [Pa] [s−1] [10−28cm6s−1] [108s−1]

Au+
2 250 1.02 0.04 3.0 ± 0.6 11 ± 4 4.7 ± 1.6

270 1.00 0.04 2.1 ± 0.4 8.5 ± 2.9 6.0 ± 2.0

300 0.96 0.08 2.9 ± 0.3 6.8 ± 1.1 7.5 ± 1.2

Au+
3 250 0.95 0.04 10 ± 1 40 ± 12 1.3 ± 0.4

270 0.99 0.04 1.8 ± 0.2 7.6 ± 2.2 6.7 ± 1.9

300 1.00 0.08 2.1 ± 0.4 4.9 ± 1.2 10 ± 2

Au+
4 250 1.02 0.04 12 ± 6 44 ± 25 1.1 ± 0.7

270 1.04 0.04 3.0 ± 0.3 12 ± 3 4.3 ± 1.3

Au+
5 250 1.03 0.04 18 67 0.76

270 0.97 0.04 8.4 ± 1.7 35 ± 12 1.4 ± 0.5

300 1.00 0.08 0.67 ± 0.13 1.5 ± 0.4 33 ± 8

Au+
6 250 0.94 0.04 0.33 ± 0.10 1.3 ± 0.5 38 ± 16

270 0.93 0.04 0.14 ± 0.04 0.61 ± 0.24 83 ± 33

kd for the adsorption of the first CH4 molecule on Au+
x are summarized in Table 4.3.

The corresponding association (ka) and stabilization (ks) rate constants necessary to
calculate kd are given in Table 4.4 (for computational details see Chapter 2.4). The
rate constants for the adsorption of methane on the gold dimer, described in the pre-
vious section, are additionally included in these tables. Since the ’Detmech’ software
only determines the best fitting rate constants k(1) without any error bars, the re-
actions were additionally simulated using the ’Chemical Kinetics Simulator’ (CKS)
[153]. This program is not able to fit experimental data but calculates the reaction
time dependent ion concentrations for given reaction rates. Thus, the best reaction
mechanism was simulated with the reaction rates obtained from ’Detmech’ as starting
values. By successively varying the reaction rates and comparing the simulated traces
with the measured ones, error bars for the reaction rates were obtained. Comparing the
temperature dependent termolecular rate constants k(3) (cf. Table 4.3) it is apparent
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Table 4.4: Calculated association (ka) and stabilization (ks) Langevin rate constants for the
reaction of the cluster cations Au+

x with the neutral reactant molecule CH4.

Au+
x ka ks

[10−10cm3s−1] [10−10cm3s−1]

Au+
2 9.61129 5.32359

Au+
3 9.54857 5.31524

Au+
4 9.51706 5.31098

Au+
5 9.49810 5.30839

Au+
6 9.48544 5.30665

that all investigated cluster sizes show a negative temperature dependence of k(3) and
a corresponding positive temperature dependence for kd. This indicates a barrier free
CH4 adsorption that is typical for ion-molecule reactions (cf. Sections 2.3 and 2.4).

Au+
3 + CH4

Figure 4.14 illustrates temperature dependent ion mass distributions of Au+
3 in the

presence of CH4 and trace amounts of H2 (see previous paragraph) at tR = 0.1 s (left
column). In the right column the corresponding kinetic traces are displayed. The
pressure conditions are listed in Table 4.3. The overall reaction mechanism that fits
all the temperature dependent experimental data best is given by:

Au+
3 + yCH4 ⇋ Au3(CH4)

+
y , (4.12)

Au3(CH4)
+
y + CH4 ⇋ Au3(CH4)

+
y+1, (4.13)

Au3(CH4)
+
y + H2 ⇋ Au3(CH4)yH

+
2 . (4.14)

As can be seen from Figure 4.14 the first reaction step (4.12) involves the adsorption
of y CH4 molecules. y = 1, 2, 3 at 300 K, 270 K, and 250 K, respectively. At 270 K
and 250 K the adsorption of the second and third CH4 proceeds so fast that the
intermediate Au3CH+

4 cannot be detected on the time-scale of this experiment. Thus,
the adsorption of the first methane molecule represents the rate determining step and
the fitted rate constant for the first reaction step always corresponds to the formation
of Au3CH+

4 .
At the reaction temperatures of 300 K and 270 K, the adsorption of an additional

methane molecule (reaction step (4.13)) competes with the adsorption of one hydrogen
molecule (reaction step (4.14)). Since Au+

3 was not found to react with molecular



4.5. Reactions with CH4 57

A
u 3

(C
H

4)
+ 2

A
u 3

C
H

+ 4

Au+
3

300 K

0.0

0.2

0.4

0.6

0.8

1.0

 N
or

m
al

iz
ed

 Io
n 

S
ig

na
l

Au+
3 Au3CH+

4 Au3(CH4)H+
2 Au3(CH4)+2 

Au3(CH4)2H+
2

 

 

 

A
u 3

(C
H

4)
+ 2

(a) (b)

(c) (d)

(e) (f)

270 K

0.0

0.2

0.4

0.6

0.8

1.0

Au3(CH4)+3

 N
or

m
al

iz
ed

 Io
n 

S
ig

na
l

580 600 620 640 660 680 700

A
u 3

(C
H

4)
+ 3

A
u 3

(C
H

4)
+ 2

Mass / amu

250 K

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0.0

0.2

0.4

0.6

0.8

1.0

Au3(CH4)3(H2)+2

Au3(CH4)3H+
2 

 N
or

m
al

iz
ed

 Io
n 

S
ig

na
l

 

tR / s

Figure 4.14: Temperature dependent ion mass distributions (left column, tR = 0.1 s) and
corresponding kinetic traces (right column) for the reaction of Au+

3 with CH4 at TR = 300 K
(traces a and b), 270 K (traces c and d), and 250 K (traces e and f). -�- Au+

3 , -♦- Au3CH+
4 ,

-⊲- Au3(CH4)H
+
2 , -O- Au3(CH4)

+
2 , -⋆- Au3(CH4)2H

+
2 , -△- Au3(CH4)

+
3 , -▽- Au3(CH4)3H

+
2 ,

-⊳- Au3(CH4)3(H2)
+
2 .
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Figure 4.15: Temperature dependent ion mass distributions (left column, tR = 0.1 s) and
corresponding kinetic traces (right column) for the reaction of Au+

4 with CH4 at 270 K
(traces a and b) and 250 K (traces c and d). -�- Au+

4 , -△- Au4CH+
4 , -O- Au4(CH4)H

+
2 , -▽-

Au4(CH4)
+
2

hydrogen at TR = 300 K in the single reactant experiment presented in Section 4.2.1
(cf. Figure 4.1) this H2 adsorption in the presence of CH4 is a first indication of
cooperative coadsorption. Details of such coadsorption effects are presented in Chapter
5. Merely, at 250 K the cluster immediately adsorbs three CH4, yielding Au3(CH4)

+
3 ,

which corresponds to the saturation configuration of this cluster size. Thus, further
methane uptake is not possible. In contrast, Au3(CH4)

+
3 can react with H2 forming the

complexes Au3(CH4)3H
+
2 and Au3(CH4)3(H2)

+
2 . Since these reaction steps only occur at

250 K they have been considered in the fitting procedure but are not explicitly detailed
in reactions (4.12) - (4.14). To obtain fits that reflect the experimental data well, all
three backward reaction steps are necessary. There is no indication for dehydrogenation
or fragmentation in the investigated temperature range.

Au+
4 + CH4

A similar reaction mechanism as for Au+
3 is also found for Au+

4 . Figure 4.15 displays
typical ion mass distributions (left column) of Au+

4 in the presence of CH4 and trace
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amounts of H2 at tR = 0.1 s and 270 K and 250 K, respectively, together with kinetic
traces (right column). Due to the small sputter yield for the even x cluster Au+

4 (cf.
Section 8.2) it was necessary to enhance the filling time tF of the ion trap from typically
0.2 s to 0.5 s to increase the detectable ion signal (for details see Section 8.2 and 8.3.2).
Since the reactive gases are always present in the ion trap the clusters already undergo
reactions during tF . Thus, even at the shortest possible reaction time of 0 s the cluster
ion signal has already almost disappeared. To obtain useful fits to the experimental
data it is necessary to generate initial ion intensities at tR = -0.5 s. These ion intensities
are set to be one for the cluster ion and zero for all products. The reaction mechanism
that leads to the best fit for the experimental data is:

Au+
4 + CH4 ⇋ Au4CH+

4 , (4.15)

Au4CH+
4 + CH4 ⇋ Au4(CH4)

+
2 , (4.16)

Au4CH+
4 + H2 ⇋ Au4(CH4)H

+
2 . (4.17)

The experimental data show that the first reaction step (4.15) involves the adsorption
of one CH4. As already observed for Au+

3 , the adsorption of a second methane molecule
(reaction step (4.16)) competes with the adsorption of one hydrogen molecule (reaction
step (4.17)). The mere neglect of one of the proposed backward reaction steps leads to
fitted traces that do not represent the experimental data properly.

The product ion mass distribution at 270 K slightly differs from the one at 250 K.
The only observed product ion corresponds to Au4(CH4)H

+
2 with one CH4 and one H2

adsorbed simultaneously. However, since no mass signal corresponding to Au4H
+
2 is de-

tected and additionally p(CH4) >> p(H2) it can be concluded that CH4 is preadsorbed
followed by the fast cooperative coadsorption of H2 according to reaction steps (4.15)
and (4.17) (for details see Section 5.3). Thus, the fitted rate constant corresponds
to the formation of Au4CH+

4 . Also for Au+
4 neither products with dehydrogenated

methane nor any fragments were observed.

Au+
5 + CH4

Figure 4.16 shows the temperature dependent mass spectra and corresponding kinetic
measurements for the reaction of Au+

5 in the presence of CH4 and traces of H2. The
best fit results in:

Au+
5 + yCH4 ⇋ Au5(CH4)

+
y , (4.18)

Au5(CH4)
+
y + H2 ⇋ Au5(CH4)yH

+
2 . (4.19)

This reaction mechanism is valid for all investigated temperatures. The additional re-
actions of Au5CH+

4 with a second CH4 and with H2 (270 K) and of Au5(CH4)2H
+
2 with
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Figure 4.16: Temperature dependent ion mass distributions (left column, tR = 0.1 s) and
corresponding kinetic traces (right column) for the reaction of Au+

5 with CH4 at TR = 300 K
(traces a and b), 270 K (traces c and d), and 250 K (traces e and f). -�- Au+

5 , -O- Au5CH+
4 ,

-△- Au5(CH4)H
+
2 , -▽- Au5(CH4)

+
2 , -⊲- Au5(CH4)2H

+
2 , -⊳- Au5(CH4)2(H2)

+
2 .
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Figure 4.17: Ion mass distributions (left column, tR = 1.0 s) and corresponding kinetic
traces (right column) for the reaction of Au+

6 with CH4 at 270 K (trace a) and 250 K (traces
b and c). -�- Au+

6 , -O- Au6(CH4)H
+
2

a second H2 molecule (250 K) do only occur at specific temperatures and are thus taken
into account in the fitting procedure but are not further discussed in the following. As
already observed for the other cluster sizes, the first reaction step (4.18) corresponds to
the adsorption of one (300 K and 270 K) and two (250 K) CH4 molecules, respectively,
followed by the adsorption of one H2 (reaction (4.19)). Both backward reaction steps
are crucial for the fit quality. At 250 K the reaction proceeds so fast that the cluster ion
signal Au+

5 cannot be measured. However, fitting the experimental data without Au+
5

signal does not lead to satisfactory fits. Thus, an ion concentration was generated. For
tR = 0 s and 0.05 s the value of the cluster ion intensity was chosen in a way that the
sum of all ion signals was constant. For all longer reaction times it was set zero. With
this additional kinetic trace it was possible to find a reaction mechanism that satisfacto-
rily fitted the experimental data. Again, no dehydrogenation of methane was observed.
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Au+
6 + CH4

Finally, the temperature dependent reaction behavior of Au+
6 towards methane and

trace amounts of H2 were investigated as shown in Figure 4.17. The only reaction
product in the whole investigated temperature range is Au6(CH4)H

+
2 . Since at 300

K Au+
6 is able to adsorb one methane molecule (cf. Figure 4.13a) while it cannot

form stable Au6H
+
y complexes (cf. Figure 4.1) it is assumed that also at slightly lower

temperatures of 270 K and 250 K and p(CH4) >> p(H2) the adsorption of CH4 is
favored to the adsorption of H2. Thus, the preadsorption of methane probably leads
to a very fast cooperative coadsorption of H2 and the fitted rate constants correspond
to the formation of Au6CH+

4 . The reaction mechanism is then given by:

Au+
6 + CH4 ⇋ Au6CH+

4 , (4.20)

Au6CH+
4 + H2 ⇋ Au6(CH4)H

+
2 , (4.21)

while the reaction step (4.21) is so fast that the intermediate Au6CH+
4 cannot be de-

tected. Comparing the measured kinetic traces of Au+
6 to those of the other investigated

cluster sizes it is apparent that the adsorption of CH+
4 proceeds much slower on Au+

6 .

4.5.4 CH4 Binding Energies

The fitted pseudo-first-order rate constants k(1) and the calculated decomposition rate
constants kd for the adsorption of the first methane molecule (cf. Table 4.3) are now
used to calculate binding energies of CH4 to the gold cluster cations Au+

x (x = 2 - 6)
using RRKM theory. For details of RRKM theory and the calculation of binding ener-
gies with the software package ’MassKinetics’ [81] see Sections 2.5 and 3.1, respectively.

Energized Molecule and Transition State Models

To our knowledge no experimental or theoretical data concerning the vibrational fre-
quencies and binding energies of the complexes AuxCH+

4 are available. Thus, the
necessary vibrations for the energized complexes (AuxCH+

4 )∗ have to be estimated.
The gold cluster metal-metal vibrations are adopted from Ding et al. [86] and the nine
methane vibrations are listed by Shimanouchi [155]. For the silver anions, discussed
in Section 3.1.3, the Agx-O

−
2 stretching vibrations have been estimated by modeling

the potential along the reaction coordinate by a Morse function. For this computation
theoretical binding energies as well as the Aubulk-CH4 binding energy and vibrational
frequency are required. Since methane only weakly interacts with gold surfaces yielding
an adsorption energy of only 14.5 ± 0.2 kJ/mol (about 0.15 eV) [156] no measurements
of the vibrational frequencies are available. Additionally, no calculations revealing the
Aux-CH+

4 binding energies have been performed so far. Thus, an estimation of the
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Table 4.5: Calculated and approximated frequencies for the energized complexes (AuxCH+
4 )∗

and the ’loose’ TS (AuxCH+
4 )‡. Numbers in parentheses denote degeneracies. aRef. [86],

bRef.[154], cRef. [155]

AuxCH+
4 Vibrational Frequencies / cm−1 Vibrational Frequencies / cm−1

Energized Molecule ’Loose’ TS

Au2CH+
4 128a; 434b; 2917, 1534 (2), 3019 (3), 128; 2917, 1534 (2), 3019 (3), 1306 (3);

1306 (3); 50 (4) 25 (4)

Au3CH+
4 101 (2), 161a; 434b; 2917, 1534 (2), 101 (2),161; 2917, 1534 (2), 3019 (3),

3019 (3), 1306 (3); 50 (5) 1306 (3); 25(5)

Au4CH+
4 14, 70 (2), 82, 123, 144a; 434b; 2917, 14, 70 (2), 82, 123, 144; 2917, 1534 (2),

1534 (2), 3019 (3), 1306 (3)c; 50 (5) 3019 (3), 1306 (3); 25 (5)

Au5CH+
4 50, 17, 34, 66, 70, 96, 118, 151, 172a; 434b; 50, 17, 34, 66, 70, 96, 118, 151, 172; 2917

2917, 1534 (2), 3019 (3), 1306 (3)c; 50 (5) 1534 (2), 3019 (3), 1306 (3); 25 (5)

Au6CH+
4 3, 16, 27, 34, 56, 70, 76, 102, 114, 124, 3, 16, 27, 34, 56, 70, 76, 102, 114, 124,

144, 172a; 434b; 2927, 1534 (2), 3019 (3), 144, 172; 2927, 1534 (2), 3019 (3),

1306 (3)c; 50 (5) 1306 (3); 25 (5)

Aux-CH+
4 vibrational frequency using the Morse function model is not possible. The

only known data on M-CH4 vibrations are available for several metal atoms [154] which
all range between 417 cm−1 and 528 cm−1. As copper is the only investigated coinage
metal, the corresponding value of 434 cm−1 is taken in the following calculations as
an estimate of the Aux-CH+

4 vibration. Additionally, the influence of this quite rough
value on the binding energy has been tested, e.g. for Au3CH+

4 . For a ’tight’ transition
state (TS) the calculated binding energies are 0.37 ± 0.06 eV, 0.40 ± 0.06 eV, and
0.41 ± 0.06 eV for ν(Au3-CH+

4 ) = 234 cm−1, 434 cm−1, and 634 cm−1, respectively.
Hence, the considerable variation of this vibrational frequency between 234 cm−1 and
634 cm−1 influences the binding energies only to a minor extent resulting in values that
lie well within the error limits. The further unknown bending vibrations are chosen to
be 50 cm−1 (for further discussion see also Sections 3.1.3 and 3.1.4).

In the following, the bond dissociation energy E0 is calculated by employing a ’tight’
and a ’loose’ TS. For the ’tight’ TS, that results in a lower limit for the binding en-
ergy, the vibrational frequencies are the same as for the energized molecule minus the
Aux-CH+

4 vibration that is treated as internal translation along the reaction coordinate.
For the ’loose’ TS the low frequency bending vibrations (50 cm−1) are scaled by a factor
f = 0.5 in addition to the removal of the Aux-CH+

4 vibration. All vibrational frequen-
cies for the energized molecules (AuxCH+

4 )∗ as well as for the ’loose’ TS (AuxCH+
4 )‡

are given in Table 4.5. Furthermore, adiabatic rotations are taken into account by
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Table 4.6: Binding energies of CH4 to all investigated cluster ions Au+
x as deduced by

employing RRKM theory for ’tight’ and ’loose’ TSs.

Au+
x E0 / eV E0 / eV

’tight’ TS ’loose’ TS

Au+
2 0.65 ± 0.03 0.92 ± 0.04

Au+
3 0.40 ± 0.06 0.73 ± 0.07

Au+
4 0.36 ± 0.04 0.66 ± 0.04

Au+
5 0.32 ± 0.09 0.59 ± 0.09

Au+
6 0.20 ± 0.02 0.43 ± 0.03

considering a ’rotational barrier’ ERB. According to Eq. (3.3) ERB is calculated from
the equilibrium distance and the capture radius (cf. Eq. (2.15)). However, to our
knowledge the equilibrium constant rc for Aux-CH+

4 has not been calculated so far,
while for the complex Pt-CH+

4 the equilibrium constant is given to be 2.36 Å [151].
Since Au and Pt have about the same atomic size the value of 2.36 Å is taken as an
estimate for the Aux-CH+

4 equilibrium radius. As discussed in Section 3.1.2, ERB is a
function of the temperature, however, the temperature effect on the binding energy E0

is negligible. Thus, a fixed value at TR = 270 K amounting to 0.10 eV is employed for
the fitting procedure.

Cluster Size Dependent Binding Energies

To illustrate the accuracy of the kd fitting procedure Figures 4.18 and 4.19 display
the experimentally obtained temperature dependent decomposition rate constants kd

together with the calculated RRKM kd(TR) curves for both, ’tight’ and ’loose’ TSs.
The mean value of the binding energy corresponds to a kd vs. T curve (solid red line)
that best fits the experimental data. The additional dashed and dotted black lines
represent estimated upper and lower limits to fit the experimental kd values. Their
corresponding E0 values determine the reported uncertainties of the binding energies.
These uncertainties include the errors in measuring kd and fitting the RRKM rate con-
stants as outlined in Section 3.1.4.

The cluster size dependent RRKM binding energies for both, ’tight’ and ’loose’ TSs,
are summarized in Table 4.6 and are illustrated in Figure 4.20. As already mentioned,
the binding energies obtained by applying a ’tight’ TS represent lower limits and are
about 0.3 eV lower compared to the ’loose’ TS binding energies. From the cluster size
dependent RRKM binding energies it is apparent that the binding energies decrease
with increasing cluster size. While for Au+

3 , Au+
4 , and Au+

5 the binding energies de-
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Figure 4.18: Experimentally obtained temperature dependent decomposition rate constants
kd (-�-) for AuxCH+

4 (x = 2 - 6) together with computed kd vs. TR curves (lines) dependent
on the dissociation energy E0 for a ’tight’ TS. The solid (red) line represents the best fit of
the data while the dashed and dotted (black) lines are the upper and lower limits.
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Figure 4.19: Experimentally obtained temperature dependent decomposition rate constants
kd (-�-) for AuxCH+

4 (x = 2 - 6) together with computed kd vs. TR curves (lines) dependent
on the dissociation energy E0 for a ’loose’ TS. The solid (red) line represents the best fit of
the data while the dashed and dotted (black) lines are the upper and lower limits.
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Figure 4.20: Cluster size dependent binding energies of CH4 on Au+
x (x = 2 - 6). -O- (blue

line) ’loose’ TS, -�- (red line) ’tight’ TS.

crease linearly (∆E0 = 0.04 eV for ’tight’ TSs and ∆E0 = 0.07 eV for ’loose’ TSs), a
significant drop in E0 (0.12 eV for ’tight’ TSs and 0.16 eV for ’loose’ TSs) is observed
between Au+

5 and Au+
6 . The weak binding of CH4 to the gold hexamer has already

been indicated by the recorded kinetic traces (cf. Figure 4.17) that show a much slower
methane adsorption than for Au+

x (x = 2 - 5).
Comparing these binding energies with the Au+

2 binding energy, the enhanced E0

of Au2CH+
4 is striking which is about 0.2 eV larger than E0(Au+

3 ) and even about
0.45 eV larger than E0(Au+

6 ). The RRKM binding energies were obtained by assum-
ing a molecularly bound methane molecule, Au+

2 −CH4. However, in Section 4.5.1 the
methane activation on Au+

2 was discussed in detail, suggesting the facile formation of
the inserted structure H−Au+

2 −CH3. In this case, the assumption of Au+
2 −CH4 does

not meet the more complicated rearrangement processes and both, the energized com-
plex (Au2CH+

4 )∗ and the transition state (Au2CH+
4 )‡ oversimplify the real structure.

Consequently, the obtained RRKM binding energy does not satisfactorily reflect the
real binding energy. Though, it should be noted that in the experiment only a product
of the stoichiometry Au2CH+

4 can be measured and that on the basis of the experimen-
tal data it cannot be decided which structure, Au+

2 −CH4 or H−Au+
2 −CH3, is existent.

The binding energies obtained by evaluating experimental rate constants via RRKM
theory are the very first reported Aux-CH+

4 binding energies. The only, in literature
reported binding energy of CH4 to gold is the value for the adsorption on a gold surface
that amounts to 14.5 ± 0.2 kJ/mol (about 0.15 eV).
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Figure 4.21: Bar charts of the reactant dependent reactivity of a: Au+
3 and b: Au+

4 at TR

= 300 K (dark gray bars) and 200 K (light gray bars) and tR = 0.5 s. The height of the bars
corresponds to the relative product intensities according Eq. (4.22).

4.6 Reactant Dependent Reactivity

In the previous sections the temperature dependent reaction behavior of Au+
x (x =

2 - 7) toward several reactants has been investigated. To summarize the reaction
behavior of gold cations toward these reactants, Figure 4.21a displays (as an example)
the reactivity of Au+

3 in the presence of C3H6, CH4, N2, H2, and O2 at 300 K (dark
gray bars) and 200 K (light gray bars), respectively. The shown reactivity accounts
for the consumption of the bare cluster cation and the number of adsorbed molecules
according to

R =

∑ymax

i=0
Ii

Itot
· i

ymax

· 100%. (4.22)

Ii denotes the intensity of the product with i adsorbed molecules, Itot the sum of the
intensities of the pure cluster cation signal and the products, and ymax denotes the
maximum possible number of adsorbed molecules (saturation limit) as identified in
Sections 4.2, 4.3, 4.4, 4.5.1, and 4.5.2. Note, Ii and Itot are determined by evaluating
the measured ion mass distributions, however, different applied partial pressures are
not taken into account making Eq. (4.22) only a crude approximation.

From Figure 4.21a it is apparent that at TR = 300 K Au+
3 shows the highest reac-

tivity toward C3H6 followed by CH4 while it is not reacting with N2, H2, and O2 at
this temperature. At a lower temperature of 200 K the reactivity of Au+

3 according to
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Eq. (4.22) is the same towards C3H6, CH4, and N2 followed by H2. Thus, it can be
concluded that the reactivity of Au+

3 toward the investigated reactants roughly follows
the order C3H6 >> CH4 > N2 > H2 >> O2. This trend is also true for Au+

5 which has
been studied in the presence of all these reactants as well.

The even x cluster sizes Au+
2 , Au+

4 , and Au+
6 have been studied in the presence of

CH4, H2, and O2. The reactivity of Au+
4 towards these molecules at 300 K (dark gray

bars) and 200 K (light gray bars) is displayed in Figure 4.21b. At room temperature
Au+

4 does not react with O2 and H2 while it adsorbs methane very slowly. Cooling
the ion trap to 200 K enhances the reactivity towards CH4 and H2, in contrast, no
reaction products with O2 were observed. Consequently, the reactivity of Au+

4 towards
the investigated reactants roughly follows the order CH4 > H2 >> O2. This trend is
also true for Au+

2 and Au+
6 .

The pronounced reactivity of cationic gold clusters towards C3H6, CH4, N2, and H2

and the lack of reactivity towards O2 has been shown here explicitly for the first time
but is not quite unexpected since the former molecules are all electron donors while O2

is a strong electron acceptor.
C3H6 exhibits a C=C double bond and thus delocalized π electrons that are easily

donated to the LUMO of the gold cation [24]. Consequently, it is not surprising that
it shows the highest reactivity of all investigated reactants. In contrast, CH4 binds to
the gold cluster via electron donation from one of the occupied CH σ orbitals to the
empty orbitals on the cluster and back-donation of the highest energy electrons from
the cluster into the CH antibonding σ∗ orbtial [148].

A distinct drop in the reactivity is observed for H2 and N2 that are both not ad-
sorbed at room temperature. According to Ding et al. [86] N2 is adsorbed on cationic
clusters through electron transfer from the occupied N2 2pσ orbital into the cluster
LUMO and the back-donation from the cluster HOMO into the unoccupied N2 2pπ∗

orbital forming a straight Au-N-N line. Similarly, H2 also binds through the donation
of 1sσ electrons to the cluster LUMO and the back-donation from the cluster HOMO
to the H2 antibonding 1sσ∗ orbital [129, 130], however, in an ’on-site’ geometry .

In contrast to all these reactants, gold cations do not adsorb molecular oxygen at
any temperature. [15, 25, 26]. O2 has an open-shell electronic ground state structure
with two electrons in the degenerate 2pπ∗ antibonding orbitals which makes molecular
oxygen a strong electron acceptor. Since the cationic gold clusters are electron accep-
tors themselves a charge transfer is not possible and no stable Au+

x -O2 complexes were
found [36].

Comparing the reactant dependent reactivity of odd and even x cluster sizes (cf.
Figure 4.21) it is apparent that the reactivity towards several reactants roughly follows
the same order ((C3H6 >>) CH4 > (N2 >) H2 >> O2; note, reactants in brackets
were only investigated for odd x cluster sizes) and is thus cluster size independent.
However, the reactivity toward one reactant, like e.g. CH4 or H2, shows a higher reac-
tivity for odd x cluster sizes than for even x clusters sizes and is thus definitely cluster
size dependent (cf. Figure 4.21 and Sections 4.2 and 4.5). This means that for the
investigated reactants, the reactivity of the gold cluster cations depends stronger on
the reactant than on the cluster size.
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An especially pronounced cluster size dependence has been found for the adsorp-
tion of CH4 on Au+

2 on the hand and Au+
x (x = 3 - 6) on the other hand. While Au+

x

(x = 3 - 6) adsorb methane without any experimental indications for CH4 activation,
Au+

2 is the only cluster size that exhibits reaction products that directly prove the
activation of methane C-H bonds. Furthermore, first indications of cooperative coad-
sorption of CH4 and H2 have been observed (for details see Chapter 5). Thus, in this
chapter first concepts (like reactant dependent reactivity, cluster size dependent reac-
tivity, and C-H bond activation) were found, that might be crucial for the analysis of
complex catalytic reaction mechanisms. For a deeper insight into these mechanisms
and especially to explore the importance of coadsorption effects, which were already
indicated here, the next chapter deals with the investigation of Au+

x in the presence of
two simultaneously introduced reactive gases.



Chapter 5

Coadsorption Phenomena

In the previous chapter it was demonstrated that electron donating molecules like C3H6,
CH4, H2, and N2 are able to adsorb on small cationic gold clusters. In contrast, O2 was
not found to react with Au+

x (x = 2 - 7) in the investigated temperature range of 100 K
to 300 K due to its strong electron acceptor character. These conflicting results of the
Au+

x reaction behavior seem to preclude the potential successful partial oxidation of
hydrocarbons on cationic gold cluster. The strategy in the present investigations to
nevertheless enable the adsorption of molecular oxygen is to take advantage of coad-
sorption effects [27] which have already seen to emerge in the previous chapter.

The coadsorption of reactant molecules is an important process that may consider-
ably influence the reaction rate of a catalytic system. In surface chemistry and catalysis
commonly two different coadsorption phenomena are distinguished, namely the coop-
erative and the competitive coadsorption. Cooperative coadsorption is caused by a
strong interaction of two different reactants leading to a distinct miscibility of them
[157]. For small gas-phase metal clusters this phenomenon is even more pronounced as
it not only describes the mutual interaction of adsorbed molecules but in particular the
preadsorption of one adsorbate that enables the adsorption of further molecules that
would otherwise not be possible [27]. Such a phenomenon has already been indicated
in Section 4.5.3. Yet, in both cases cooperative coadsorption prepares the catalyst for
possible reactions and may even represent the first reaction step.

In contrast, competitive coadsorption occurs between two weakly interacting mole-
cules leading to less miscibility [157]. This spatial separation of the different reactants
on the surface considerably decreases the reaction rate. Furthermore, different mo-
lecules may compete for adsorption sites, which at the worst leads to the complete
coverage of the active catalyst sites by one molecule and thus to the poisoning of the
catalyst [157, 158]. To inhibit poisoning, a catalyst must be found that coadsorbs dif-
ferent reactants with a fixed stoichiometry and does not favor the adsorption of one of
the reactants.

In the present work, an additional, hitherto unknown, coadsorption phenomenon
on free clusters, termed ’permissive’ coadsorption was identified. Thereby, the mutual
coadsorption of two reactants on the same adsorption site was found although both re-

71
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actants are also able to adsorb in the absence of the other reactant. This coadsorption
is a further possible first reaction step of a potential catalytic reaction mechanism.

Despite the importance of coadsorption effects for understanding catalytic mecha-
nisms, there are only few investigations of such phenomena on gas-phase cluster ions.
Probably the most intensively studied system is the O2/CO cooperative coadsorp-
tion on small gold anions [23, 100, 124, 159]. Cooperative effects were also found for
the O2/CO coadsorption on Ag−x [16, 36], the H2O/O2 coadsorption on Au−

x [97], the
H2/CO coadsorption on Co+

x [160], the CH4/NH3 coadsorption on PtAu+ [161], and the
CH4/NH3 [161] and N2O/CO [162] coadsorption on Pt+x . The cooperative coadsorption
of a second reactant may also lead to a subsequent displacement of the preadsorbed
molecule as observed for the D2O/CO [163] and O2/CO [159] coadsorption on Au−

x .
Such a phenomenon is also discussed in Section 5.2.2 of this work. So far, there are
only two experiments concerning coadsorption effects on small gold cations reported in
literature, namely the cooperative O2/CO [125] and the competitive D2/CH4 coadsorp-
tion [15, 25]. The present work presents the first comprehensive study of cluster size
and temperature dependent coadsorption effects on gold cations. In these experiments
the focus is on coadsorption effects that may help to elucidate the elementary reactions
of the propylene and methane partial oxidation.

Earlier investigations of the selective partial oxidation of propylene, C3H6, and
methane, CH4, with molecular oxygen, revealed a strong influence of molecular hydro-
gen on this reaction [28–31]. Consequently, hydrogen must play an essential role in
the partial oxidation, probably on account of cooperative coadsorption effects. On the
basis of these experiments the reactivity of Au+

x in the presence of both, H2 and O2,
was tested in this work. And indeed, these studies revealed a most surprising cluster
size dependent cooperative coadsorption of O2 after preadsorption of H2. Due to the
crucial role of hydrogen in the adsorption and activation of molecular oxygen, most of
the coadsorption experiments, performed in this work, were studied in the presence of
molecular hydrogen.

For the sake of clarity this chapter is arranged according to the identified coad-
sorption phenomena. Section 5.1 deals with the reaction behavior of Au+

3 and Au+
5

towards a mixture of C3H6, H2, and/or O2, revealing the strong binding of propylene
that inhibits the coadsorption of further reactants. In Section 5.2 the reactive systems
H2/N2, N2/O2, H2/H2O, and H2O/CH3Cl all showing competitive coadsorption are
presented. Equilibrium mass spectra of the H2/N2 coadsorption allow for the calcu-
lation of the Gibbs free energy of some reactions and thus the relative bond strength
between the competing reactants N2 and H2. In contrast, the temperature, reaction
time, and cluster size dependent ion mass distributions of Au+

x in the presence of H2

and CH4 reveal the permissive and mutual cooperative coadsorption of CH4 and H2 on
odd x cluster sizes as presented in Section 5.3. The last Section 5.4 deals with the low
temperature cooperative coadsorption of H2 and O2.
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Figure 5.1: Ion mass distributions of Au+
3 at TR = 300 K (left column) as well as 200 K

(right column). Trace a: p(C3H6) = 0.03 Pa and tR = 0.5 s; Trace b: p(C3H6) = 0.08 Pa,
p(H2) = 0.09 Pa, and tR = 0.1 s; Trace c: p(C3H6) = 0.03 Pa, p(O2) = 0.21 Pa, and tR =
0.1 s; Trace d: p(C3H6) = 0.08 Pa, p(H2) = 0.09 Pa, p(O2) = 0.33 Pa, and tR = 0.5 s; Trace
e: p(C3H6) = 0.02 Pa and tR = 0.1 s; Trace f: p(C3H6) = 0.02 Pa, p(H2) = 0.08 Pa, and tR
= 0.1 s; Trace g: p(C3H6) = 0.02 Pa, p(O2) = 0.33 Pa, and tR = 0.1 s; Trace h: p(C3H6) =
0.08 Pa, p(H2) = 0.09 Pa, p(O2) = 0.33 Pa, and tR = 0.1 s.

5.1 Hindered Coadsorption

The temperature dependent ion mass distributions of the reaction between Au+
3 /Au+

5

and C3H6 have been presented in Section 4.4. To possibly gain more insight into
the reaction mechanisms underlying the direct propylene oxidation it is necessary to
expand these measurements by simultaneously introducing C3H6/H2, C3H6/O2, and
C3H6/H2/O2 to the ion trap.

Figures 5.1 and 5.2 display ion mass distributions of these reactions at 300 K and
200 K. These mass spectra demonstrate that the C3H6 adsorption immediately leads
to saturation of the cluster (cf. Section 4.4) and does not permit the coadsorption of
hydrogen or oxygen which is termed ’hindered’ coadsorption. Thus, under the applied
experimental conditions, the strong adsorption of C3H6 clearly hinders, i.e., prevents
the coadsorption of O2, and H2 and is expected to hamper the direct propylene oxida-
tion by H2 and O2 that has been observed in the case of supported gold clusters [28].

Recent DFT calculations, however, identified a possible reaction pathway for the
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Figure 5.2: Ion mass distributions of Au+
5 at TR = 300 K (left column) as well as 200 K

(right column). Trace a: p(C3H6) = 0.03 Pa and tR = 0.5 s; Trace b: p(C3H6) < 0.01 Pa,
p(H2) = 0.09 Pa, and tR = 0.1 s; Trace c: p(C3H6) = 0.03 Pa, p(O2) = 0.21 Pa, and tR =
0.5 s; Trace d: p(C3H6) = 0.08 Pa, p(H2) = 0.09 Pa, p(O2) = 0.33 Pa, and tR = 0.1 s; Trace
e: p(C3H6) = 0.02 Pa and tR = 0.1 s; Trace f: p(C3H6) = 0.02 Pa, p(H2) = 0.08 Pa, and tR
= 0.1 s; Trace g: p(C3H6) = 0.02 Pa, p(O2) = 0.33 Pa, and tR = 0.1 s; Trace h: p(C3H6) =
0.08 Pa, p(H2) = 0.09 Pa, p(O2) = 0.33 Pa, and tR = 0.1 s.

gas-phase propylene epoxidation on neutral Au3 in the presence of O2 and H2 [67].
The calculations predict the preadsorption of O2 on the gold clusters to enable the
dissociative coadsorption of H2 and to form the hydro-peroxyl group OOH. The oxy-
gen atom close to the gold atom is more electrophilic and attacks the C=C double
bond of the propylene to form propylene oxide. The crucial difference to the system
investigated in our experiments is the charge of the cluster. Since molecular oxygen
does not react with gold cations the preadsorption of oxygen on Au+

3 is not possible
[15, 25, 26, 164]. As will be shown in section 5.4 the activation of oxygen that is,
according to Joshi et al. [67], necessary to enable the C=C bond cleavage is possible
on hydrogenated even x clusters cations Au4H

+
y and Au6H

+
y . However, the propylene

adsorption is extremely fast, leading to an immediate cluster coverage with C3H6 that
hinders any further attack of a different reactant. The reason for this fast and strong
binding are the delocalized π electrons of the C=C double bond that easily transfers
partial negative charge to the positively charged gold clusters through coordination
with both C-atoms [24].

To nevertheless enable this reaction in the gas phase, the experiment might be
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operated in the presence of extremely small amounts of propylene to inhibit the fast
saturation. Alternatively, one atom of the gold cluster might be exchanged by a metal
atom that is less reactive towards C3H6 to create one ’free’ adsorption site which is
accessible for H2 or O2. The reactivity of propylene is also reduced for neutral gold
clusters which, however, cannot be investigated in the present experimental setup.
Furthermore, the reaction may be successful in a two step experiment by reacting the
cluster ions with O2 and H2 in a first reaction cell or in the cluster ion source and then
exposing the formed AuxHyO

+
z complexes to C3H6.

5.2 Competitive Coadsorption

5.2.1 H2/N2 Coadsorption on Au+
3 and Au+

5

Sections 4.2 and 4.3 already dealt with the separated adsorption of molecular hydrogen
and nitrogen on Au+

3 and Au+
5 . In the following section the coadsorption of H2 and

N2 on these small gold cations is investigated as a function of reaction temperature
TR and reaction time tR. Equilibrium mass spectra of this reaction even allow for the
determination of the relative Aux−H+

2 /Aux−N+
2 bond strengths.

Temperature Dependent Mass Spectra

The reactivity measurements of Au+
3 and Au+

5 towards molecular hydrogen and ni-
trogen (Sections 4.2 and 4.3) revealed an equivalent reaction behavior for both gases
yielding the 200 K products Au3H

+
6 , Au3N

+
6 , Au5H

+
6 , Au5H

+
8 , Au5N

+
6 , and Au5N

+
8 as

well as the 100 K saturation products Au3H
+
6 , Au3N

+
6 , Au5H

+
8 , and Au5N

+
8 (cf. Figures

4.1 and 4.6).
Exposing the cluster cations Au+

3 and Au+
5 simultaneously to both reactive gases,

H2 and N2, yields an interesting and distinct pattern of coadsorption products dis-
played in Figure 5.3. While Au+

3 (top panel) does not form any reaction products at
room temperature, small amounts of the product Au3H2N

+
4 are already detected at

very short reaction time of 0.01 s and TR = 200 K (trace a). After tR = 0.5 s (trace
b) three mass peaks corresponding to Au3H4N

+
2 , Au3H2N

+
4 , and Au3N

+
6 are observed

besides the pure metal cluster signal. For tR ≥ 0.5 s the ion mass distribution does
not change anymore and the intensity ratios of all three products become reaction time
independent on the timescale of this experiment.

Cooling the ion trap to TR = 100 K (traces c and d) accelerates the reaction consid-
erably but does hardly change the product ion distribution. At long enough reaction
times only the Au3H4N

+
2 mass peak completely disappears but the Au3H2N

+
4 /Au3N

+
6

intensity ratio remains constant. Interestingly, although the nitrogen saturated com-
plex Au3N

+
6 is observed at TR = 200 K and 100 K, the hydrogen saturated complex

Au3H
+
6 is not detected. At all investigated reaction temperatures and reaction times
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Figure 5.3: Reaction time dependent ion mass distributions of Au+
3 (top panel) and Au+

5

(bottom panel) at TR = 200 K (left column) and 100 K (right column) in the presence of
p(N2) = 0.12 Pa and p(H2) = 0.08 Pa. The mass peaks are denoted with (x,y,z) corresponding
to complexes of the stoichiometry AuxHyN

+
z
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the dominant product ion signal in the mass spectra corresponds to Au3H2N
+
4 .

Au+
5 (Figure 5.3 bottom panel) shows a very similar distinct pattern of coadsorption

products. At 200 K (traces e and f) the products Au5H4N
+
2 , Au5H4N

+
4 , and Au5H2N

+
6

are observed with constant intensity ratios up to tR = 2 s. At lower temperature of
100 K (traces g and h) the same products Au5H4N

+
4 , and Au5H2N

+
6 are detected while

instead of Au5H4N
+
2 now the complex Au5H6N

+
2 , with one additional hydrogen molecule

adsorbed, appears. At this temperature both intensity ratios, Au5H6N
+
2 /Au5H4N

+
4 and

Au5H4N
+
4 /Au5H2N

+
6 , are in equilibrium. At longer reaction times (not shown in Figure

5.3) an additional mass peak corresponding to Au5N
+
8 appears. Comparable to Au+

3 ,
the hydrogen saturated product Au5H

+
8 is not observed while Au5N

+
8 is detected at

100 K.

Displacement Energies

The experiments with either hydrogen or nitrogen present in the ion trap presented
in Sections 4.2 and 4.3 reveal an analog temperature and reaction time dependent
adsorption behavior of these two reactants (cf. Figures 4.1 and 4.6). Besides, the
coadsorption measurements show that complexes of the form Au3HyN

+
z (y = 2, 4;

z = 2, 4, 6; y+z = 6) and Au5HyN
+
z (y = 2, 4, 6; z = 2, 4, 6, 8; y+z = 8) occur

with constant intensity ratios of the products (cf. Figure 5.3). These findings imply a
competition about adsorption sites leading to a displacement reaction between H2 and
N2 at equilibrium conditions according to the following reaction:

AuxHyN
+
z + N2 ⇋ AuxHy−2N

+
z+2 + H2. (5.1)

This reaction is of special interest since catalytic materials must be found that are not
poisoned by one reactant due to the enhanced reactivity of the catalyst towards this
reactant.

The analysis of temperature dependent equilibrium reactions is a common tech-
nique to determine reaction enthalpies and entropies. The corresponding equilibrium
constant Keq is defined by:

Keq =
I(AuxHy−2N

+
z+2)

I(AuxHyN+
z )

p(H2)

p(N2)
. (5.2)

I(AuxHy−2N
+
z+2) and I(AuxHyN

+
z ) denote the intensities of the corresponding mass

signals extracted directly from the measured mass spectra while p(H2) and p(N2) are
the partial pressures of the reactive gases H2 and N2, respectively. The equilibrium
constant Keq is then used to calculate the temperature dependent Gibbs free energy
∆G0

T of the reaction in its standard state:
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∆G0
T = −RTln[Keq] = ∆H0

T − T∆S0
T . (5.3)

Here R is the gas constant, T the reaction temperature, ∆H0
T the temperature depen-

dent reaction enthalpy, and ∆S0
T the temperature dependent reaction entropy. The

experimentally obtained ∆G0
T values can now be plotted versus temperature which is

equivalent to plotting ln[Keq] vs. 1/T commonly known as van‘t Hoff plots. According
to Eq. (5.3) the slope of the linearly fitted data gives the reaction entropy ∆S0

T and
the intercept equals the reaction enthalpy ∆H0

0 at T = 0 K. For simple association
reactions the reaction enthalpy ∆H0

0 represents the binding energy of the ligand to
the cluster [165] while in the present case of a ligand displacement reaction accord-
ing to reaction (5.1), ∆H0

0 describes the ’displacement enthalpy’ between H2 and N2.
Thus, analyzing the equilibrium mass distributions shown in Figure 5.3 sheds light on
the difference of hydrogen and nitrogen binding energies to Au+

3 and Au+
5 . However,

the linear fit to the experimental ∆G0
T vs. T plot is only a first approximation for

∆H0
0 as both, ∆S0

T and ∆H0
T , are temperature dependent. The total reaction enthalpy

(Kirchhoff‘s law) and entropy are given by:

∆H0
T = ∆H0

0 +

∫ T

0

(∆Cp,trans + ∆Cvib + ∆Crot)dT,

∆S0
T = ∆S0

trans + ∆Svib + ∆Srot.

(5.4)

∆H0
T , or rather the heat capacity change ∆Cp, and ∆S0

T are determined by using
translational, vibrational, and rotational partition functions q and thus require the
knowledge of the structure (rotational contribution) and the vibrational frequencies of
AuxHyN

+
z , AuxHy−2N

+
z+2, H2, and N2. The generalized equations are:

H =

∫ T

0

CpdT = RT 2 d

dT
ln[q],

S = RT
d

dT
ln(q) + Rln[q].

(5.5)

Evaluating Eq. (5.5) leads to the following translational, vibrational, and rotational
contributions to the reaction enthalpy and reaction entropy [166]:

Htrans =
5

2
RT,

Strans = Rln[(
2π

h2
)3/2 k

5/2
B

p
e5/2] +

3

2
Rln[m] +

5

2
Rln[T ].

(5.6)

Strans is calculated for a gas in its standard state with the mass m of the gas in kg, the
Boltzman constant kB, the gas constant R, the Planck constant h, and the standard
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Figure 5.4: Potential energy curve along the reaction coordinate of a generalized N2 and H2

displacement reaction.

pressure p.
The vibrational enthalpy and entropy are given by:

Hvib = RT
∑

i

Θi

T

exp[−Θi/T ]

(1 − exp[−Θi/T ])
,

Svib = −R
∑

i

ln[1 − exp[−Θi/T ]] + R
∑

i

Θi

T

exp[−Θi/T ]

(1 − exp[−Θi/T ])
,

(5.7)

using the vibrational temperature Θi = hνi/kB corresponding to the normal frequencies
νi of the molecule. Finally, the rotational enthalpy and entropy for linear and nonlinear
molecules are:

H linear
rot = RT,

Hrot =
3

2
RT,

Slinear
rot = R(ln[

8π2IkBT

σh2
] + 1),

Srot = R(ln[
8π2

σh3
(2πkBT )3/2

√

IAIBIC ] +
3

2
),

(5.8)

where I is the moment of inertia of a linear molecule and IA, IB, and IC are the mo-
ments of inertia of a non-linear molecule, and σ is the rotational symmetry number.

Figure 5.4 shows the potential energy curve along the reaction coordinate for a
displacement reaction with ∆H0

0 representing the ’displacement enthalpy’, which cor-
responds to the difference of the activation barrier in forward and backward direction,
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Figure 5.5: Plot of experimentally obtained ∆G0
T values (-�- and -•-) together with calcu-

lated ∆G0
T vs. T curves for different N2 and H2 displacement reactions.

Ef and Eb, respectively. Since ion-molecule reactions in general exhibit no activation
barrier (cf. Section 2.4), Ef and Eb in the described displacement reaction can be
associated with the energy required to break the bond between the cluster and H2 or
N2, respectively.

Figure 5.5 displays experimental ∆G0
T values (circles and squares) for different dis-

placement reactions together with calculated ∆G0
T vs. T curves. The experimental

data are obtained from the measured equilibrium mass spectra according to Eqs. (5.2)
and (5.3). The theoretical curves are calculated by applying Eqs. (5.3) - (5.8) to the
educts and products of reaction (5.1). Since neither the moments of inertia nor the
vibrational frequencies of the complexes AuxHyN

+
z and AuxHy−2N

+
z+2 are known they

are assumed to be equal which reduces the expression for ∆G0
T significantly. To ac-

count for possible errors due to this approximation an additional adjustable parameter
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a is included in the expression for ∆S0
T of Eq. (5.4). Thus, for the reactions

Au3H2N
+
4 + N2 ⇋ Au3N

+
6 + H2, (5.9)

Au5H4N
+
4 + N2 ⇋ Au5H2N

+
6 + H2 (5.10)

the calculated ∆G0
T curve is fitted to the experimental data by adjusting two parame-

ters, namely ∆H0
0 and a. For the reactions

Au3H4N
+
2 + N2 ⇋ Au3H2N

+
4 + H2, (5.11)

Au5H6N
+
2 + N2 ⇋ Au5H4N

+
4 + H2 (5.12)

with ∆G0
T only available at one specific temperature, reasonable assumptions for the

parameter a are necessary as well. Since for the reactions (5.9) and (5.10) the calcu-
lated temperature dependent reaction entropy ∆S0

T differs by less than 6% the same
∆S0

T values are also assumed for reactions (5.11) and (5.12).
Further information that must be included to calculate ∆G0

T are the mass of the
educts and products as well as the rotational symmetry numbers σ and the vibrational
temperatures Θi. The rotational symmetry numbers are known for all complexes as
the symmetry of the bare clusters Au+

3 and Au+
5 are known. Assuming identical vibra-

tional frequencies of the complexes AuxHyN
+
z and AuxHy−2N

+
z+2 simplifies ∆Hvib and

∆Svib to such an extent that only the vibrational temperatures of N2 and H2 have to
be included which amount to 3340 K and 6210 K [167], respectively. Applying these
values, the reaction entropy ∆S0

T becomes almost completely temperature independent
over the investigated temperature range of 100 K to 300 K since for the displacement
reaction both, the translational and rotational part of the reaction entropy, are tem-
perature independent.

The gray highlighted areas in Figure 5.5 denote ∆H0
0 values in the range of

± 10 kJ/mol (± 0.1 eV). For all displacement reactions with corresponding ∆H0
0 values

that range in these areas the binding energies for the competing reactants can be as-
sumed to be equal as no considerable potential energy difference between the products
and educts is observed. Since all investigated N2/H2 displacement reactions of Figure
5.5 result in ∆H0

0 < 10 kJ/mol it is concluded that Au3H4N
+
2 , Au3H2N

+
4 , and Au3N

+
6

as well as Au5H6N
+
2 , Au5H4N

+
4 , and Au5N6H

+
2 are energetically equal. In other words,

none of the mentioned complexes is especially stable and hydrogen and nitrogen can
exchange easily without considerable energy loss or gain. This again means that the
binding energies of N2 and H2 to Au+

3 and Au+
5 are about the same. These results are

consistent with theoretical DFT calculations that predict binding energies E0 of H2 to
Au+

3 and Au+
5 amounting to 0.85 eV and 0.75 eV [111], respectively, and of N2 to Au+

3

and Au+
5 amounting to 0.82 eV and 0.70 eV [86]. For comparison, Wallace et al. gave
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a limit of E0 < 0.5 eV for cluster complexes that are not formed at room temperature
[126] (cf. also discussion in Section 4.1). Consequently, the calculated values seem to
overestimate the binding energies of H2 and N2. To overcome this problem, Ding et al.
applied different functionals for calculating E0(AuxN

+
2 ) [86], which already proved to

give better results for the AuxO
+
2 binding energies [64] (cf. Section 4.1). These calcu-

lations resulted in E0(Au3N
+
2 ) = 0.57 eV and E0(Au5N

+
2 ) = 0.45 eV agreeing much

better with the estimated upper limit of 0.5 eV. Besides, the comparison of experimen-
tal binding energies with theoretical values, presented in Sections 3.2 and 3.3, revealed
the trend of DFT calculations to overestimate binding energies of small molecules to
gold clusters.

From the ion mass distributions depicted in Figures 4.6 and 5.3 it is apparent that
only products of the form AuxN

+
z and AuxHyN

+
z (z = 2, 4, 6, 8) are detected. This

implies that nitrogen retains its molecular character upon adsorption on Au+
3 and Au+

5

also in coadsorption reactions with hydrogen. This might be due to the high energy of
9.9 eV [168] required to cleave the N-N triple bond. This observation is confirmed by
DFT calculations. Ding et al. found that the length of the N-N triple bond changes
very little (< 1 %) when N2 approaches anionic, neutral, or cationic Aux which is re-
flected by the small change of bond length and vibrational frequency of N2 [86].

As discussed in Section 4.2.2 there is also no evidence for the dissociation of H2

upon adsorption on Au+
x . The here presented H2/N2 coadsorption studies further con-

firm this suggestion. The facile exchange of nitrogen and hydrogen molecules on Au+
3

and Au+
5 as formulated in Eqs. (5.9) - (5.12) give strong evidence for the molecular

non-dissociative hydrogen adsorption because otherwise these displacement reactions
would not be possible.

5.2.2 Low Temperature N2/O2 Coadsorption

A completely unexpected coadsorption behavior was observed for molecular oxygen
and nitrogen on Au+

3 and Au+
5 . Figure 5.6 displays low temperature (100 K) product

ion distributions in the presence of 0.20 Pa oxygen and extremely small amounts of
nitrogen (< 0.01 Pa). It was shown in Section 4.1 that O2 does not react with gold
cations at any temperature [15, 25, 26]. However, in the presence of extremely small
amounts of N2 the complexes Au3N2O

+
4 and Au3O

+
6 are detected after short reaction

time of tR = 0.1 s (trace a in Figure 5.6). At longer reaction time (0.5 s, trace b)
additional products of the stoichiometry Au3N4O

+
2 and Au3N

+
6 appear while Au3N

+
6

becomes the sole final product at tR = 2.0 s (trace c).
A similar pattern of the ion mass distribution is also observed for Au+

5 . At tR =
0.1 s (trace d) the coadsorption products Au5N2O

+
4 and Au5N2O

+
6 as well as the prod-

ucts Au5O
+
6 and Au5O

+
8 with O2 only adsorbed, are detected. Additional mass peaks

corresponding to Au5N
+
6 , Au5N4O

+
2 , Au5N

+
8 , and Au5N4O

+
4 appear at a reaction time

of 0.5 s (trace e).
The most surprising observation consists in the appearance of products without ni-

trogen but with only oxygen, besides N2/O2 coadsorption products. This phenomenon
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Figure 5.6: Reaction time dependent ion mass distributions of Au+
3 (left column) and Au+

5

(right column) at TR = 100 K. p(O2) = 0.18 Pa and p(O2) = 0.20 Pa, respectively, p(N2)
< 0.01 Pa. The mass peaks are denoted with (x,y,z) corresponding to complexes of the
stoichiometry AuxNyO

+
z .

is only observed at 100 K and extremely small amounts of nitrogen present. However,
by increasing the nitrogen pressure and/or heating the ion trap these products im-
mediately vanish as shown in Figure 5.7. At room temperature no reaction products
are observed at all. Traces a and c in Figure 5.7 show the ion mass distributions at
TR = 200 K for Au+

3 and Au+
5 in the presence of O2 and p(N2) ≥ 0.06 Pa yielding

the products Au3N
+
6 , Au5N

+
6 , and Au5N

+
8 . Cooling the ion trap to 100 K leads to the

immediate saturation of the clusters with three and four N2 molecules, respectively.
The shown pressure and temperature dependent coadsorption spectra reveal an

extraordinary mixture of both, cooperative and competitive O2/N2 coadsorption be-
havior, on Au+

3 and Au+
5 . While oxygen does not react with gold metal cations (cf.

Section 4.1) [15, 25, 26] the coadsorption products AuxNyO
+
z (y = 2, 4, 6, 8; z = 4, 6, 8)

are observed under special experimental conditions (100 K, short reaction time and ex-
tremely small amounts of N2, cf. Figure 5.6). Furthermore, from Figure 5.6a and d it is
apparent that coadsorption products which are first formed (Au3N2O

+
4 , Au5N2O

+
4 , and

Au5N2O
+
6 ) contain only one nitrogen molecule. Consequently, the first reaction step

must be the preadsorption of one nitrogen molecule (AuxN
+
2 ) that makes the cluster ac-
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Figure 5.7: Temperature dependent ion mass distributions of Au+
3 (left column) and Au+

5

(right column). Trace a: p(O2) = 0.20 Pa, p(N2) = 0.06 Pa, and tR = 0.5 s; Trace b: p(O2)
= 0.17 Pa, p(N2) = 0.04 Pa, and tR = 0.1 s; Trace c: p(O2) = 0.08 Pa, p(N2) = 0.11 Pa, and
tR = 0.01 s; Trace d: p(O2) = 0.18 Pa, p(N2) = 0.01 Pa, and tR = 0.01 s. The mass peaks
are denoted with (x,y,z) corresponding to complexes of the stoichiometry AuxNyO

+
z .

cessible for the fast cooperative oxygen coadsorption yielding AuxN2(O2)
+
m (m = 2, 3).

Surprisingly, also Au3O
+
6 , Au5O

+
6 , and Au5O

+
8 , containing oxygen only, are detected.

The formation of these products is absolutely impossible without nitrogen present and
is already observed at short reaction times (cf. Figure 5.6a and d). At longer reaction
times (cf. Figure 5.6b and e) additional products, containing more than one nitrogen
molecule (Au3N4O

+
2 , Au3N

+
6 , Au5N4O

+
2 , Au5N

+
6 , Au5N4O

+
4 , and Au5N

+
8 ) appear. This

indicates that the complexes AuxN2(O2)
+
m further react either with O2 under displace-

ment of the nitrogen molecule (Aux(O2)
+
m+1) or with N2 under displacement of oxygen

molecules (Aux(N2)1+n(O2)
+
m−n; m = 2, 3; n = 1, 2, 3) according to

Au+
x + N2 → AuxN

+
2 , (5.13)

AuxN
+
2 + mO2 → AuxN2(O2)

+
m, (5.14)

AuxN2(O2)
+
m + O2 → Aux(O2)

+
m+1 + N2, (5.15)

AuxN2(O2)
+
m + nN2 → Aux(N2)1+n(O2)

+
m−n + nO2. (5.16)

However, this combined cooperative and competitive coadsorption takes place only
as long as the nitrogen partial pressure is sufficiently small as the adsorption of N2 is
much faster than the cooperative coadsorption of molecular oxygen. At higher nitrogen
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concentrations (cf. Figure 5.7b and d) the N2 adsorption becomes dominant leading to
a fast N2 saturation of the cluster and hinders the cooperative oxygen coadsorption. It
can be further assumed that O2 is only very weakly bound to the gold cations since O2

is easily displaced by N2 at longer reaction times. Furthermore, the products AuxNyO
+
z

can obviously not be stabilized at temperatures higher than 100 K.
A similar coadsorption behavior was previously reported for the adsorption of D2O

and CO on Au−
2 and Au−

3 . Both cluster sizes do not react with CO, however, the
preadsorption of D2O enables the cooperative CO coadsorption under elimination of
the preadsorbed D2O [169].

5.2.3 Competitive H2/H2O and H2O/CH3Cl Coadsorption

The production of methanol does not necessarily need to proceed via oxidation of
methane but may also be achieved by the reaction of methyl halogenides. The conver-
sion of methanol to methyl chloride by reacting with hydrogen chloride in the gas or
liquid phase is a well known process that is utilized industrially. However, the reverse
reaction to produce methanol according to

CH3Cl + H2O → CH3OH + HCl (5.17)

has only be considered in 1985 by Olah et al. [31, 170].
On the basis of these studies, the reactivity of Au+

3 and Au+
5 in the presence of

H2 and H2O is investigated in this work in a first set of experiments followed by
coadsorption studies of CH3Cl and H2O. Note, during all presented measurements the
introduced water pressure was below the detection limit of the Baratron pressure gauge
(< 0.01 Pa) and cannot be stated precisely.

Figure 5.8 shows typical reaction time dependent mass spectra for the reaction of
Au+

3 with H2O and H2. At room temperature (left column), the only observed product
is Au3(H2O)+

3 with one water molecule adsorbed at each gold atom. No intermediates
of the stoichiometry Au3(H2O)+ and Au3(H2O)+

2 are detected. From Section 4.2 it is
known that Au+

3 does not react with H2 at this temperature (cf. Figure 4.1). Con-
sequently, the presented H2/H2O mass spectra reveal that H2O does not enable the
cooperative coadsorption of H2.

Cooling the ion trap to TR = 200 K (right column) changes the ion mass distribu-
tions significantly. Besides the pure cluster signal three additional mass peaks appear
corresponding to Au3(H2O)H+

4 , Au3(H2O)2H
+
2 , and Au3(H2O)+

3 . Examining the num-
ber of adsorbed ligands it is apparent that a maximum of three ligands is not exceeded
(cf. Section 4.2.3) while Au3(H2O)+

3 is the dominant product at all reaction times.
Again products of the stoichiometry Au3H

+
z are not observed although Au3H

+
6 has

been found in the presence of pure hydrogen (cf. Figure 4.1).
Due to the lack of Au3H

+
z , the dominance of Au3(H2O)+

3 , and the lack of cooper-
ative coadsorption at 300 K, it can be concluded that Au+

3 prefers the adsorption of
H2O over the adsorption of H2. Thus, H2 and H2O probably compete for adsorption
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Figure 5.8: Reaction time dependent ion mass distributions of Au+
3 at TR = 300 K (left

column) and TR = 200 K (right column) in the presence of H2 and H2O. Traces a - d:
p(H2O) < 0.01 Pa and p(H2) = 0.16 Pa; Traces e - h: p(H2O) < 0.01 Pa and p(H2) =
0.08 Pa. The mass peaks, denoted with (y,z), correspond to complexes of the stoichiometry
Au3(H2O)yH

+
z .

sites at 200 K while H2O tends to displace the preadsorbed H2 molecules.
A slightly different reaction behavior is perceived for the gold pentamer since Au+

5

is able to form stable hydrogen complexes at temperatures as high as 300 K (cf. Figure
4.1). Thus, H2/H2O coadsorption is already observed at this temperature as shown
in Figure 5.9. The first products that appear in the mass spectrum are Au5(H2O)H+

2

and Au5(H2O)H+
4 (trace b) subsequently followed by Au5(H2O)2H

+
2 which is the final

product at this temperature. From this product distribution it is apparent that only
three of the four ’corner’ atoms adsorb one ligand each at 300 K as it was already found
for the reaction of Au+

5 with pure hydrogen (cf. Section 4.2.1). Furthermore, no mass
peaks corresponding to products with water or hydrogen only adsorbed are detected.

At a lower temperature of 200 K, the reactivity of Au+
5 is considerably enhanced

(Figure 5.9 right column). Already at very short reaction time of 0.1 s (trace d)
the pure cluster ion signal has disappeared and the products Au5H

+
8 , Au5(H2O)H+

6 ,
Au5(H2O)2H

+
4 , and Au5(H2O)3H

+
2 appear. At longer reaction times (traces e and f)

the hydrogen covered cluster Au5H
+
8 as well as Au5(H2O)H+

6 vanish and Au5(H2O)3H
+
2

becomes the dominant product. Thus, the reaction of H2 and H2O is clearly competi-
tive as already examined for Au+

3 . Due to the temporal occurrence of the products it
is clear that hydrogen is preadsorbed and subsequently displaced by water molecules.
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Figure 5.9: Reaction time dependent ion mass distributions of Au+
5 at TR = 300 K (left

column) and TR = 200 K (right column) in the presence of H2 and H2O. p(H2O) < 0.01 Pa
and p(H2) = 0.08 Pa. The mass peaks denoted with (y,z) correspond to complexes of the
stoichiometry Au5(H2O)yH

+
z .

Though, Au5(H2O)3H
+
2 is the final product and surprisingly not the completely water

saturated complex Au5(H2O)+
4 .

In a second set of experiments the coadsorption of H2O with CH3Cl was studied.
For analyzing the detected mass spectra it is necessary to consider the isotope distribu-
tion of methyl chloride first. The natural occurrence of CH3

35Cl and CH3
37Cl amounts

to 75.77% and 24.23%, respectively, yielding the mass distribution for Au3(CH3Cl)+
3

and Au5(CH3Cl)+
4 depicted in Figure 5.10. From this figure it an be clearly seen that,

despite the two isotopes, Au5(CH3Cl)+
4 results in a relatively sharp mass peak while the

probability for the products Au3(CH3
35Cl)+

3 and Au3(CH3
35Cl)2(CH3

37Cl)+ is almost
identical. Thus, a broadening of the Au3(CH3Cl)+

3 mass peak is expected that is due
to the isotope distribution and not due to the loss or gain of hydrogen.

Figure 5.11 (left column) illustrates the reactivity of Au+
3 towards water and methyl

chloride at TR = 300 K and very short reaction time of 0.1 s. Note, in all experiments
the water and, except trace d, also the methyl chloride pressure was beyond the detec-
tion limit of the Baratron pressure gauge (< 0.01 Pa) and cannot be stated precisely.
Small amounts of H2O (trace a) in the ion trap yield the only product Au3(H2O)+

3

with one water molecule attached to each gold atom as already found in the H2/H2O
coadsorption experiments. The addition of very small amounts of CH3Cl (p(CH3Cl) <
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Figure 5.10: Calculated mass distributions of Au3(CH3Cl)+3 and Au5(CH3Cl)+4 due to the
natural occurrence of the Cl isotopes.

0.01 Pa, trace b) leads to an interesting coadsorption spectrum. Besides the pure cluster
ion signal the products Au3(H2O)2(CH3Cl)+, Au3(H2O)(CH3Cl)+

2 , and Au3(CH3Cl)+
3

are discovered. The mass peak assigned with an asterix does not correspond to any
H2O/CH3Cl coadsorption products but is probably of the stoichiometry Au3CHCl+,
i.e., it contains an adsorbed methyl chloride molecule that dissociated under elimina-
tion of H2. For longer reaction times of up to 1.0 s (not shown here) the pure cluster
ion signal disappears but the product distribution and also the relative intensities of
the products level off. However, increasing the methyl chloride pressure (trace c) leads
to the sole product Au3(CH3Cl)+

3 with one CH3Cl adsorbed at each gold atom.
Similar coadsorption mass spectra are also observed for Au+

5 (cf. Figure 5.11 right
column). In the presence of very small amounts of H2O and CH3Cl (trace d) the pure
cluster signal of the pentamer vanishes immediately under adsorption of up to two
molecules yielding the products Au5(CH3Cl)+ and Au5(H2O)(CH3Cl)+. This product
distribution and the relative intensities of the two products levels off for all investigated
reaction times (not shown). At higher methyl chloride partial pressure (trace e) the
cluster becomes CH3Cl saturated (Au5(CH3Cl)+

4 ) even at very short reaction time of
0.1 s. Besides, small amounts of Au5(CH3Cl)+

3 are detected. Note, the mass spectrum
shown in trace e is recorded with only CH3Cl present in the ion trap. However, under
the addition of H2O no ligation of water is possible and this product ion distribution
is not changed.

The presented mass spectra of Figure 5.11 clearly show that any H2O/CH3Cl coad-
sorption is strongly CH3Cl pressure dependent and is only possible in the presence of
extremely small amounts of methyl chloride. However, the lack of any products cor-
responding to complexes with HCl or CH3OH adsorbed (cf. reaction (5.17)) leads to
the conclusion that water and methyl chloride are simply coadsorbed on the cluster
ion without hydrolyzing CH3Cl.
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Figure 5.11: CH3Cl pressure dependent ion mass distributions of Au+
3 (left column) and

Au+
5 (right column) at TR = 300 K and tR = 0.1 s in the presence of a: p(H2O) < 0.01

Pa and p(CH3Cl) = 0.00 Pa; b: p(H2O) < 0.01 Pa and p(CH3Cl) < 0.01 Pa; c: p(H2O)
< 0.01 Pa and p(CH3Cl) = 0.09 Pa; d: p(H2O) < 0.01 Pa and p(CH3Cl) < 0.01 Pa; e:
p(H2O) = 0.00 Pa and p(CH3Cl) = 0.03 Pa . The mass peaks are denoted with (x,y,z) and
correspond to complexes of the stoichiometry Aux(H2O)y(CH3Cl)+z . The peak assigned with
an asterisk does not correspond to any H2O/CH3Cl coadsorption products but is probably
of the stoichiometry Au3CHCl+.

Olah et al. [170] successfully produced methanol via reaction of methyl chloride
and water (cf. reaction (5.17)) on ZnO/Al(OH)3/γ-Al2O catalysts at temperatures
between 200 and 400 ◦C with a conversion of 25% to CH3OH and CH3OCH3. It is
proposed that H2O interacts with ZnO leading to ZnOδ+· · · H· · ·OHδ−. Simultane-
ously CH3Cl coordinates to an electron-deficient aluminum site of Al(OH)3 to form a
polarized intermediate (HO)3Alδ−· · ·Clδ+-CH3. This intermediate then readily cleaves
and forms CH3OH with the OH group of ZnOHOH.

To our knowledge neither experimental nor theoretical studies on methyl chloride
adsorption on free gold cations are available. However, since the chlorine atom ex-
hibits the largest electronegativity in CH3Cl, it can be assumed that methyl chlo-
ride coordinates to the cluster cations through the chlorine atom as in the case of
(HO)3Alδ−· · ·Clδ+-CH3. The reported CH3-Cl bond dissociation energy values amount
to 3.64 eV [171] and 3.47 eV [172], respectively.
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In addition, only few studies on water adsorption on gas-phase gold cations have
been performed so far. Several experimental and theoretical studies on Au(H2O)+ com-
plexes reveal a binding energy of about 1.7 eV of H2O to the positively charged gold
atom [121, 122, 173]. Calculations on neutral free and on MgO(100) supported Au8

[174] yield a relatively weak water adsorption with energies between 0.2 and 0.6 eV.
These values are in agreement with the only known theoretical study on free gold
cations, performed on the Au10(H2O)+ complex [74]. DFT calculations reveal a bind-
ing energy of 12.46 kcal/mol (0.54 eV) while a charge of 0.15 e is donated from H2O
to Au+

10. However, the bound water molecule does not change its geometry and the
O-H bond length of 95.8 pm is only altered by less than 1%. Thus, the adsorption
on the gold cluster does not weaken the O-H bond of the water molecule and does
probably not activate the water molecule for hydrolyzing CH3Cl. Furthermore, the
water molecule is coordinated to the gold cation through the more electronegative oxy-
gen atom instead of through the H atom as in the complex ZnOδ+· · ·H· · ·OHδ−. This
means that not only the O-H bond should be broken for the formation of methanol
but also the previously formed Au-O bond which requires additional energy. Thus,
small free gold cations apparently represent a catalytic system too simple for the hy-
drolization of CH3Cl according to reaction (5.17). Probably a more complex catalytic
material is necessary to simultaneously enable the activation of H2O and CH3Cl.

5.3 Permissive H2/CH4 Coadsorption

Previous experiments revealed the inability of cationic gold clusters to activate and
dehydrogenate methane [15, 25, 26, 136]. However, in Section 4.5 it was shown that
under multi-collision conditions the gold dimer Au+

2 adsorbs CH4 under loss of hydrogen
yielding Au2(C2H4)

+, probably with a strongly bound ethylene molecule. Furthermore,
the kinetic data of the reaction between Au+

x (x = 3 - 6), CH4, and trace amounts of
H2, presented in Section 4.5.3, already indicated cooperative coadsorption of H2 and
CH4.

Motivated by these results, the experiments were expanded by simultaneously intro-
ducing molecular hydrogen and methane to the ion trap to study possible coadsorption
effects. Such coadsorption effects are crucial to gain more insight into a potential cat-
alytic oxidation of methane in the presence of molecular oxygen and hydrogen that will
be presented later in Chapter 6.

Interestingly, the experiments in the presence of H2/CH4 revealed distinct differ-
ences in the coadsorption behavior on odd and even x cluster sizes. Therefore, the
following presentation and discussion clearly distinguishes between Au+

2 and Au+
4 on

the one hand and Au+
3 and Au+

5 on the other hand.
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Figure 5.12: Temperature and CH4 partial pressure dependent mass spectra illustrating the
coadsorption of CH4 and H2 on Au+

2 (left column) and Au+
4 (right column). Traces a and

d: TR = 300 K, p(CH4) = 0.04 Pa, and p(H2) = 0.10 Pa. Traces b and e: TR = 200 K,
p(CH4) = 0.02 Pa, and p(H2) = 0.07 Pa. Traces c and f: TR = 200 K, p(CH4) = 0.07 Pa,
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H2/CH4 Coadsorption on Au+
2 and Au+

4

Figure 5.12 shows temperature and CH4 pressure dependent ion mass distributions of
Au+

2 (left column) and Au+
4 (right column) in the presence of H2 and CH4 at tR = 0.5

s. From trace a it is apparent, that the gold dimer readily adsorbs one methane and
one hydrogen molecule at room temperature, yielding the product Au2(CH4)H

+
2 . Since

in the presence of H2 only, Au+
2 does not adsorb hydrogen at this temperature (cf.

Figure 4.1), it can be concluded that the preadsorption of one CH4 molecule enables
the cooperative coadsorption of H2.

As in the case of pure methane exposure, the adsorption of a second CH4 leads to
the activation and dehydrogenation of methane, most likely resulting in the formation
of an ethylene molecule on Au+

2 (Au2(C2H4)
+, see discussion in section 4.5.1). This

product distribution does not change for longer reaction times.
Decreasing the ion trap temperature to 200 K strongly enhances both, the H2 and

the CH4 uptake. Already at a very low methane partial pressure of 0.02 Pa (trace b in
Figure 5.12) and a short reaction time of 0.5 s the Au+

2 signal has disappeared. The
products Au2(CH4)H

+
4 , Au2(CH4)

+
2 , Au2(CH4)2H

+
2 , Au2(CH4)

+
3 , and a product of the



92 Chapter 5. Coadsorption Phenomena

stoichiometry Au2C4H
+
14 emerge. The latter product is similar to the product of the

stoichiometry Au2C4H
+
12, that has already been observed in the presence of pure CH4

(cf. Section 4.5.1). The detected mass spectrum does not change for longer reaction
times. Since Au+

2 was found to be unreactive towards H2 at this temperature (cf. Fig-
ure 4.1), it can be assumed that also at 200 K the preadsorption of CH4 is necessary
to cooperatively coadsorb H2.

From the stoichiometry of Au2C4H
+
14 it becomes apparent that this product exhibits

carbon excess and thus cannot simply contain CH4 units. Consequently, the adsorbed
methane molecules must undergo structural changes on the cluster under elimination
of hydrogen. Furthermore, from the experiments in the presence of pure hydrogen
and pure methane (cf. Sections 4.2.3 and 4.5.1) it is known that Au+

2 cannot adsorb
more than three H2 and CH4 molecules, respectively (saturation limit). Taking this
into account it can be concluded that the product Au2C4H

+
14 might contain two ethane

molecules, C2H6, besides one H2 or alternatively, one butane molecule besides two hy-
drogen molecules (cf. discussion in Section 4.5.1).

Increasing the CH4 partial pressure to 0.07 Pa while keeping the ion trap tem-
perature at 200 K does not significantly change the ion mass distribution (trace c).
However, the reactivity towards CH4 is enhanced and Au2(CH4)

+
3 (trace c) becomes

the dominant product instead of Au2(CH4)
+
2 (trace b).

Similar ion mass distributions are also detected for Au+
4 in the presence of H2 and

CH4. The right column of Figure 5.12 displays the temperature and CH4 partial pres-
sure dependent measurements. As already discussed in Section 4.5 Au+

4 , hardly reacts
with methane at room temperature (trace d). Comparable to the gold dimer, the prod-
ucts Au4(CH4)H

+
2 and Au4(CH4)H

+
4 with one and two adsorbed hydrogen molecules,

respectively, are detected, although Au+
4 does not form any stable Au4H

+
z complexes

at this temperature (cf. Figure 4.1). Thus, it can be concluded that the preadsorption
of methane also in this case enables the cooperative coadsorption of H2 at room tem-
perature. These products appear only at very small intensities and do not increase at
longer reaction times.

Cooling the ion trap to 200 K yields the ion mass distributions depicted in Figure
5.12e and f. At a methane partial pressure of p(H2) = 0.02 Pa (trace e) the bare
cluster ion signal is not detectable anymore and the products Au4H

+
8 , Au4(CH4)H

+
6 ,

and Au4(CH4)2H
+
4 immediately appear. No further products are observed at longer

reaction times and the relative intensity ratios level off. However, increasing the CH4

partial pressure to 0.07 Pa (trace f) yields an additional product corresponding to
Au4(CH4)3H

+
2 while the intensity of Au4H

+
8 is decreased.

From the stoichiometries of the detected products at 200 K it is apparent that al-
ways four ligands are adsorbed which represents the Au+

4 saturation limit toward H2

and CH4 as outlined in Sections 4.2.1 and 4.5.2. Furthermore, the 200 K coadsorp-
tion products Au4(CH4)yH

+
z (y = 1 - 4, z =2, 4, 6, 8) are reaction time independent

pointing towards a competing displacement reaction at equilibrium conditions at this
temperature (cf. also the H2/N2 coadsorption in Section 5.2.1) according to

Au4(CH4)yH
+
z + CH4 ⇋ Au4(CH4)y+1H

+
z−2 + H2. (5.18)
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Figure 5.13: Reaction time dependent mass spectra illustrating the permissive coadsorption
of CH4 and H2 on Au+

3 at TR = 300 K, p(CH4) = 0.06 Pa, and p(H2) < 0.01 Pa (left column)
as well as at 200 K, p(CH4) = 0.07 Pa, and p(H2) < 0.01 Pa (right column). The mass peaks
are denoted with (y,z) corresponding to complexes of the stoichiometry Au3(CH4)y(H2)

+
z .

To summarize, for both investigated even x cluster sizes the number of coadsorbed
H2 and CH4 molecules increases with decreasing temperature indicating a barrier free
reaction. Besides, an enhancement of the CH4 partial pressure accelerates the reaction.
Au+

2 can coadsorb H2 at 300 K and 200 K, although Au2H
+
z have not been observed

at these temperatures (cf. Figure 4.1). Consequently, the preadsorption of CH4 makes
the gold dimer accessible for the cooperative H2 coadsorption. This cooperative coad-
sorption of H2 has also been observed for Au+

4 at room temperature. However, at the
lower temperature of 200 K Au+

4 is able to adsorb both, H2 and CH4, independently
of each other (cf. Figures 4.1 and 4.13) leading to a competing displacement reaction
of H2 and CH4 at this temperature.

H2/CH4 Coadsorption on Au+
3 and Au+

5

A completely different coadsorption behavior of hydrogen and methane is observed on
the odd x cluster sizes Au+

3 and Au+
5 . Figure 5.13 displays the reaction time dependent

mass spectra for Au+
3 at TR = 300 K (left column) and 200 K (right column). At 300 K
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Figure 5.14: Reaction time dependent mass spectra illustrating the permissive coadsorption
of CH4 and H2 on Au+

5 at TR = 300 K (left column) and 200 K (right column) in the
presence of p(CH4) = 0.12 Pa and p(H2) < 0.01 Pa. The mass peaks are denoted with (y,z)
corresponding to complexes of the stoichiometry Au5(CH4)y(H2)

+
z .

and a very short reaction time of 0.1 s (trace a) a single product corresponding to
Au3(CH4)

+ is observed. For longer reaction times, up to two methane and two addi-
tional hydrogen molecules are coadsorbed forming the products Au3(CH4)(H2)

+ and
Au3(CH4)2(H2)

+
2 (traces b - d). As presented in Section 4.2.1, pure hydrogen com-

plexes of Au+
3 are not stable at room temperature. Therefore, the preadsorption of

methane is apparently permitting the coadsorption of hydrogen in a cooperative man-
ner. Au3(CH4)2(H2)

+
2 is the final product at 300 K.

Cooling the ion trap down to 200 K (Figure 5.13 right column) accelerates both,
the CH4 and the H2 adsorption. Thus, already at tR = 0.1 s only small amounts
of Au3(CH4)2(H2)

+
2 are still observed while the dominant mass peaks correspond to

Au3(CH4)
+
3 and Au3(CH4)3(H2)

+
3 , respectively. The latter, with a maximum number

of three methane and three hydrogen molecules adsorbed is the only product detected
at longer reaction times (traces f and g).

A similar cooperative adsorption behavior under comparable conditions is found for
Au+

5 as depicted in Figure 5.14. At 300 K just one methane molecule is adsorbed at
tR = 0.1 s (trace a). This product undergoes further reaction and one hydrogen
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Figure 5.15: H2 pressure dependent ion mass distributions of Au+
3 detected at TR = 300 K

and tR = 1.0 s in the presence of p(CH4) = 0.06 Pa and p(H2) < 0.01 Pa (trace a), p(H2) =
0.07 Pa (trace b), and p(H2) = 0.17 Pa (trace c), respectively. The mass peaks are denoted
with (y,z) corresponding to complexes of the stoichiometry Au3(CH4)y(H2)

+
z .

molecule is cooperatively coadsorbed at longer reaction times (traces b - d) yield-
ing the final product Au5(CH4)H

+
2 .

Cooling the ion trap to 200 K enhances the reactivity of Au+
5 considerably. Already

at a very short reaction time of 0.1 s (trace e), the bare Au+
5 signal has disappeared and

Au5(CH4)
+
2 is the only detected product. Au5(CH4)

+
2 further reacts at longer reaction

times (trace f) yielding Au5(CH4)2H
+
2 , Au5(CH4)3H

+
2 , and Au5(CH4)3(H2)

+
4 . The final

product observed at tR = 1.0 s is Au5(CH4)4(H2)
+
4 with four H2 and four CH4 molecules

(traces g and h) adsorbed.
Most interestingly, at 200 K the final products of the stoichiometry Au3(CH4)3(H2)

+
3

and Au5(CH4)4(H2)
+
4 are detected. As already discussed in Section 4.2.3 the triangular

trimer exhibits three possible binding sites whereas the X-shaped pentamer presents
four ’corner’ atom adsorption sites for weakly binding adsorbates [24, 139, 144]. Thus,
it can be concluded from the stoichiometries of the final products that one CH4 and one
H2 molecule are each adsorbed on the same gold atom of the cluster. This interesting
coadsorption effect is termed ’permissive’ coadsorption. Consequently, it can also be
assumed that the products Au3(CH4)2(H2)

+
2 and Au5(CH4)(H2)

+, detected at 300 K,
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contain CH4 and H2 bound to the same gold atom leaving further accessible adsorption
sites.

The coadsorption of CH4 and H2 on Au+
x is further elucidated in Figure 5.15 dis-

playing hydrogen pressure dependent ion mass distributions of Au+
3 at TR = 300 K and

tR = 1.0 s. The addition of only very small amounts of hydrogen (< 0.01 Pa) to the
ion trap leads to the formation of Au3(CH4)H

+
2 and Au3(CH4)2(H2)

+
2 without attain-

ing saturation of the cluster cation (trace a, cf. also Figure 5.13c). Increasing the H2

amount to p(H2) = 0.07 Pa, however, not only enhances the reactivity but also yields an
additional mass peak corresponding to the saturated complex Au3(CH4)3(H2)

+
3 (trace

b). At an even higher hydrogen content of 0.17 Pa (trace c) the only detected prod-
uct is the completely saturated cluster Au3(CH4)3(H2)

+
3 . This leads to the conclusion

that not only CH4 cooperatively permits the coadsorption of H2, but that at higher
H2 partial pressures the adsorption of further CH4 molecules is also enhanced. Thus,
it appears that the coadsorption of methane and hydrogen is permissive on the same
gold atom and in addition mutually cooperative.

5.4 Cooperative H2/O2 Coadsorption

Previous experimental studies of the propylene and methane oxidation with molecular
oxygen, catalyzed by supported gold particles and solid FePO4, respectively, revealed a
strong influence of hydrogen on these reactions [28–31]. Since the exact role of hydro-
gen in the reaction mechanism as well as the underlying processes of oxygen activation
at low temperature remain still unclear [32, 33] coadsorption studies of H2 and O2 on
small cationic gold clusters Au+

x (x = 2 - 7) were performed. Based on the obtained
experimental results, U. Landman and coworkers performed molecular dynamics simu-
lations [137] to elucidate the detailed molecular mechanisms of the observed hydrogen
promoted oxygen coadsorption. From the joint experimental and theoretical studies a
profound insight into the elementary processes underlying the cooperative coadsorption
of hydrogen and oxygen and the activation of molecular oxygen is gained.

5.4.1 Low Temperature Cooperative H2/O2 Coadsorption

Figure 5.16 displays ion mass distributions obtained after trapping Au+
x at 100 K for

tR = 0.1 s. A striking odd-even alternation is observed in the mass spectra: While
all odd x cluster sizes almost instantaneously reach their hydrogen saturation level as
in the case of pure hydrogen exposure (cf. Figures 4.1 and 4.3), the even x clusters
are not completely hydrogen saturated but readily exhibit coadsorption of one oxy-
gen molecule in addition to hydrogen, yielding the products Au2H4O

+
2 , Au4H6O

+
2 , and

Au6H6O
+
2 . At the displayed reaction time of 0.1 s only a part of the hydrogenated Au+

2

and Au+
4 clusters react with oxygen, resulting in a remaining mass peak corresponding

to Au2H
+
4 and Au4H

+
8 , respectively. In contrast, the hydrogenated Au+

6 has completely
reacted to solely form the coadsorption product Au6H6O

+
2 . As discussed in detail in
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Figure 5.16: Ion mass distributions for all investigated cluster sizes after trapping Au+
x at

TR = 100 K for tR = 0.1 s inside the octopole ion trap filled with helium buffer gas, as well
as with O2 and H2 at a ratio of 2:1. The mass peaks are denoted with (x,y,z) corresponding
to complexes of the stoichiometry AuxHyO

+
z .

Section 4.1 molecular oxygen does not react with Au+
x [15, 25, 26]. Therefore, it can

be concluded that the hydrogen preadsorption is responsible for the activation of the
gold clusters to enable the cooperative oxygen coadsorption.

The lack of reactivity of the odd x cluster sizes with molecular oxygen in the pres-
ence of H2, in contrast to the formation of AuxHyO

+
2 for the even x cluster sizes may

be related to the different electronic structure of odd and even sized clusters. The
even size cluster cations possess an unpaired valence electron that, upon hydrogen ac-
tivation, can interact with the two unpaired electrons in the oxygen 2pπ∗ antibonding
orbital resulting in stable complexes. In contrast, odd x cluster cations exhibit a closed
shell valence electron structure inhibiting the binding of oxygen [13, 25, 33, 36]. How-
ever, this simple valence electron structure model offers no explanation why hydrogen
preadsorption is required for the Au+

x clusters to react with O2 at all.
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5.4.2 Oxygen Activation on Even x Cluster Sizes

Since the odd x cluster sizes do not show H2/O2 coadsorption at 100 K, the next
sections will focus on the even x cluster sizes. To gain insight into the details of the
surprising cooperative coadsorption reaction behavior of Au+

2 , Au+
4 , and Au+

6 further
reaction time and especially temperature dependent experiments have been performed.

Figure 5.17 shows ion mass distributions of the least reactive investigated cluster,
Au+

2 . The topmost mass spectrum (trace a) displays the pure metal cluster ion signal
in the absence of any reactive gases. Adding molecular hydrogen at a reaction temper-
ature of TR = 100 K leads to the cluster saturation product Au2H

+
6 (trace b, cf. also

Figure 4.1) besides the pure Au+
2 signal. Keeping the reaction temperature and time

constant but additionally introducing molecular oxygen to the ion trap yields Au2H
+
4

as well as the coadsorption product Au2H4O
+
2 (trace c, see also Figure 5.16). However,

by heating the ion trap to 200 K and even 300 K (traces d and e) all products, present
at 100 K disappear and neither pure hydrogen complexes nor H2/O2 coadsorption com-
plexes can be detected anymore.

A more interesting sequence of mass spectra under various reaction conditions is
obtained for the larger even size cluster Au+

4 as shown in Figure 5.18. On the basis of
these experiments molecular dynamics simulations were performed by U. Landman and
coworkers which were able to reveal the reaction path of the adsorption and activation
of molecular oxygen in the presence of H2 (for details see the discussion below). The
structures of the Au4HyO

+
z complexes displayed in Figure 5.18 correspond to minimum

energy geometries resulting from these calculations [137].
The topmost trace a of Figure 5.18 displays the pure metal cluster mass signal of

Au+
4 in the absence of any reactive gases. A mass distribution obtained after the ad-

dition of hydrogen at TR = 100 K is depicted in the second topmost spectrum (trace
b) yielding the saturation coverage product Au4H

+
8 (cf. also Figure 4.1). Adding both,

H2 and O2, to the ion trap at TR = 100 K leads after tR = 0.1 s to the mass spectrum
c showing the coadsorption product Au4H6O

+
2 as well as the pure hydrogen complex

Au4H
+
8 (cf. also Figure 5.16). If now the reaction time is kept constant at 0.1 s, but the

ion trap is heated to 200 K, the signal intensity of the coadsorption product Au4H6O
+
2

decreases (trace d). In addition, Au4H
+
4 is detected instead of Au4H

+
8 . Increasing the

reaction time to 0.5 s does not notably change the intensity of these products (trace
e). A further increase in temperature to 300 K, however, alters the product mass spec-
trum drastically. From trace f it is apparent that no hydrogen adsorption products are
observed anymore, instead the bare Au+

4 signal reappears together with a new mass
peak corresponding to the mass of Au4H2O

+ containing one oxygen atom. In contrast,
Au4H6O

+
2 completely disappears indicating the dissociation of the initially coadsorbed

O2 molecule.
This dissociation of the coadsorbed oxygen molecule with increasing temperature

is even more apparent for Au+
6 as presented in Figure 5.19. Again, trace a displays the

pure cluster ion signal in the absence of any reactive gases and trace b shows the ion
mass distribution of Au+

6 at TR = 100 K in the presence of pure hydrogen. Besides
Au6H

+
2 the saturation product Au6H

+
10 is observed (cf. also Figure 4.1). The lowest en-
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Figure 5.17: Sequence of mass spectra illustrating the temperature and reaction time de-
pendent coadsorption of H2 and O2 on the even x cluster Au+

2 . Trace a: Pure metal cluster
signal in the absence of any reactive gases. Trace b: Mass spectrum in the presence of pure
hydrogen (p(H2) = 0.11 Pa) and trace c in the presence of H2 and O2, both at TR = 100 K
and tR = 0.5 s. Traces d - e: Mass spectra of the reaction with H2 and O2 at TR = 200 K and
300 K, respectively. The mass peaks are denoted with (x,y,z) corresponding to complexes of
the stoichiometry AuxHyO

+
z .
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Figure 5.18: Sequence of mass spectra of the ion trap content illustrating the temperature
and reaction time dependent coadsorption of molecular hydrogen and oxygen by the even x
cluster Au+

4 . Trace a: Pure metal cluster signal in the absence of any reactive gases. Trace
b: Mass spectrum in the presence of pure hydrogen (p(H2) = 0.15 Pa, tR = 0.1 s). Traces
c - f: Mass spectra in the presence of H2 and O2 at TR = 100 K and tR = 0.1 s (trace
c), TR = 200 K and different reaction times (traces d and e), and TR = 300 K and tR =
2.0 s (trace f). The mass peaks are denoted with (x,y,z) corresponding to complexes of the
stoichiometry AuxHyO

+
z . For illustration, calculated minimum energy structures [137] for

the different products are shown. Au atoms are depicted by large yellow spheres, H atoms
by small blue ones, and O atoms are indicated by small red spheres.
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Figure 5.19: Sequence of mass spectra illustrating the temperature and reaction time de-
pendent coadsorption of molecular hydrogen and oxygen by the even x cluster Au+

6 . Trace a:
Pure metal cluster signal in the absence of any reactive gases. Trace b: Mass spectrum in the
presence of pure hydrogen (p(H2) = 0.13 Pa). Traces c - f: Mass spectra in the presence of
H2 and O2 at TR = 100 K and tR = 0.1 s (trace c), TR = 200 K and different reaction times
(d and e), and TR = 300 K and tR = 2.0 s. The mass peaks are denoted with (x,y,z) corre-
sponding to complexes of the stoichiometry AuxHyO

+
2 . For illustration, calculated minimum

energy structures [137] for the different products are shown. Au atoms are depicted by large
yellow spheres, H atoms by small blue ones, and O atoms are indicated by small red spheres.
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Table 5.1: Overview over the detected adsorbate stoichiometries for the reactions Au+
x

+ H2 + O2 at different reaction temperatures.

Au+
x 100 K 200 K 300 K

Au+
2 H4 H4O2

Au+
3 H6 H2, H6

Au+
4 H8 H6O2 H4 H4O, H6O2 H2O

Au+
5 H8 H8

Au+
6 H6O2 H6 H6O, H4O2 H4O

Au+
7 H12 H4

ergy structure of the bare Au+
6 is a planar triangle [137, 139–141, 143] while the (incom-

plete) hexagonal isomer (IH) is only 0.14 eV [139], 0.06 - 0.13 eV [141], or 0.19 eV [137]
higher in energy depending on the calculations (cf. Figure 4.3). However, already
upon addition of three hydrogen molecules these two isomeric structures become en-
ergetically equal (cf. Figure 4.5) [137]. The binding per H2 molecule in the complex
Au6H

+
10 amounts to 0.41 eV [137]. Additionally introducing O2 to the ion tap leads to

the coadsorption product Au6H6O
+
2 at TR = 100 K (trace c in Figure 5.19, cf. also

Figure 5.16). In contrast to the reaction of Au+
4 with H2 and O2, Au+

6 has completely
reacted at tR = 0.1 s and Au6H6O

+
2 becomes the sole reaction product. At the same

reaction time of 0.1 s, but at TR = 200 K, small amounts of Au6H4O
+
2 are detected in

addition to Au6H6O
+
2 as well as Au6H

+
4 (spectrum d). Trace e, obtained at increased

reaction time of tR = 2.0 s and 200 K, reveals that Au6H
+
4 , Au6H4O

+
2 and Au6H6O

+
2

are still apparent while an additional mass peak corresponding to Au6H4O
+/Au6H6O

+

emerges. Hence, in the case of Au+
6 the dissociation of the coadsorbed O2 already

proceeds at 200 K. By further heating the ion trap to 300 K both, Au6H
+
4 and the

coadsorption products Au6H4O
+
2 /Au6H6O

+
2 and Au6H6O

+, vanish. Only Au6H4O
+

containing a single oxygen atom is detected (trace f) besides the unreacted bare Au+
6

cluster. The displayed complex geometries corresponding to the detected mass peaks
are calculated minimum energy structures [137].

In summary, all investigated even x clusters, Au+
2 , Au+

4 and Au+
6 , exhibit coad-

sorption of one oxygen molecule at 100 K. While Au+
2 lacks reactivity at elevated

temperature, this O2 molecule dissociates under release of one oxygen atom at higher
temperature to form the products Au4H2O

+ and Au6H4O
+. All detected products are

summarized in Table 5.1.
As detailed in Chapter 2, the temperature dependent reactivity provides insight

into the energy barriers of the different reaction steps. To simplify the analysis of
the temperature dependent mass spectra shown in Figures 5.17, 5.18, and 5.19, a bar
graph representation is given in Figure 5.20. The intensity of the product signal I cor-
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Figure 5.20: Bar charts of the temperature dependence of oxygen adsorption on the even x
gold clusters (AuxHyO

+: light gray bars, AuxHyO
+
2 : dark gray bars). The height of the bars

for AuxHyO
+ and AuxHyO

+
2 corresponds to the relative intensities of the peaks in the ion

mass spectra at a reaction time of tR = 2 s according to Eq. (5.19).

responding to products of the stoichiometry AuxHyO
+ (light gray bars) and AuxHyO

+
2

(dark gray bars) relative to the intensity of all products Iprod (excluding the pure metal
cluster peak) are calculated and plotted as reaction yield Y Ox

Y Ox =
I

Iprod

· 100%. (5.19)

Note, at one specific temperature the sum of the bar heights is not necessarily 100 %.
This arises from the fact that the cluster can adsorb hydrogen, which increases the
total product intensity, but must not automatically coadsorb oxygen.

From Figure 5.20 it is apparent that for all investigated even x cluster sizes the
product yield of AuxHyO

+
2 decreases with increasing temperature. According to the

’Lindemann energy transfer model for association reactions’ and the Langevin theory
for ion-molecule reactions (cf. Sections 2.3 and 2.4) a negative temperature depen-
dence, i.e., a decrease of the product yield with increasing temperature is expected.
Thus, the observed negative temperature dependence for the complexes AuxHyO

+
2 can

be associated with a barrier free adsorption of one oxygen molecule. In contrast, the
product yield of the products AuxHyO

+ with a single oxygen atom increases with in-
creasing temperature. Since oxygen is only present in molecular form in the ion trap,
the initial reaction must proceed between the gold cluster and molecular oxygen which
is barrier free. The observed positive temperature dependence for AuxHyO

+ reflects
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the activation barrier for the dissociation of O2 and the release of one oxygen atom.
However, in order to assign the observed activation barrier to a particular reaction

step, knowledge about the H2/O2 dynamics on Au+
x as well as about the structure of

the low temperature AuxHyO
+
2 products is required. In the literature the formation of

hydrogen peroxide (H2O2) [175, 176] or a hydro-peroxyl group (OOH) [28, 67, 175] is
proposed as products in the reaction of molecular hydrogen and oxygen on supported
gold nanoparticle catalysts. In the next section molecular dynamics calculations per-
formed in the group of U. Landman will be presented that shed light on the molecular
mechanisms and the involvement of such reactive intermediates in the H2/O2 coad-
sorption reaction.

5.4.3 Theoretical Treatment

To elucidate the energetics and the role of hydrogen in the activation of molecular
oxygen, U. Landman et al. [137] performed first-principles density functional theory
(DFT) calculations revealing the H2/O2 binding characteristics to Au+

4 and Au+
6 as

well as the reaction profiles (RPs) of the reaction of Au+
4 and Au+

6 with H2 and O2.
The calculations were performed by applying the Born-Oppenheimer (BO)-spin density
functional (SDF)-molecular dynamics (MD) method which is particularly suitable for
investigations of charged systems. MD simulation is a method to calculate the phase-
space trajectories for a system of interacting particles (here: atoms) via numerical
integration of the classical (Newtonian) equations of motions. For simplicity, the system
is computed within the Born-Oppenheimer approximation which means a separation
between the time scales for ionic and electronic motions. Thus, the dynamics of the ions
and nuclei, respectively, are restricted to a single electronic potential energy surface
which is chosen to describe the electronic ground state in the following. The reaction
profile is then calculated by selecting a reaction coordinate (RC) (e.g., O-H distance,
Au-O distance, or O-O distance) and calculating the total energy for a sequence of
constrained values of the RC. For each value of the RC all other nuclear degrees of
freedom are allowed to relax without restraint. The total energy Etot on the BO
potential-energy surface is given by

Etot({ri}, {ṙi}) =
∑

i

1

2
mi|ṙi|2 +

∑

i>j

ZiZj

|ri − rj|
+ Eelec({ri}), (5.20)

including the kinetic energy of the ith ion (first term), the interionic interaction energy
(second term), and the ground state energy of the valence electrons evaluated for the
ionic configuration ri (third term). The latter is based on the spin density functional
[177].

In the following RPs, the total energy Etot of the bare cluster cation Au+
x is regarded

as zero point (0.00 eV) and the total energies of the AuxHyO
+
z complexes are calculated

relative to this zero point (∆Etot in Figures 5.23, 5.24, and 5.27).
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Figure 5.21: Difference charge density isosurfaces for a: Au4H6(2c,2c,3c)+, b and c:
Au4H6(2c,2c,3c)O2(3c)+ [137]. The charge density (ρ) differences are calculated as a: ρtot

- ρ(Au+
4 ) - ρ(3H2), b: ρtot - ρ(Au4H

+
6 ) - ρ(O2), and c: ρtot - ρ(Au+

4 ) - ρ(3H2) - ρ(O2).
ρtot is the charge density of the gold cluster cations with the adsorbed molecules. Blue re-
gions correspond to excess electronic charge and pink ones correspond to charge deficiency.
Au atoms are depicted by large yellow spheres, hydrogen atoms by small blue spheres, and
oxygen atoms by small red spheres.

Au4H6O
+
2 Ground State Configurations

At 100 K the only observed H2/O2 coadsorption product corresponds to Au4H6O
+
2

as depicted in Figures 5.16 and 5.18. Thus, the theoretical calculations focus on the
hydrogen and oxygen binding characteristics in this complex and the subsequent reac-
tion path resulting in the eventual dissociation of molecular oxygen. In the following,
two adsorption configurations are distinguished with O2 adsorbed on a 2-fold (2c) and
3-fold (3c) coordinated gold atom, respectively.

The total binding energy of three hydrogen molecules (bound to the 2c, 2c, 3c sites
of Au+

4 ) and one oxygen molecule attached to a 3c gold atom (Au4H6(2c,2c,3c)O2(3c)+)
amounts to 2.36 eV (with reference to the ground state of the bare Au+

4 cluster). In
this complex, the binding energy of the O2 molecule to the cluster is 0.76 eV and
the gold-oxygen distance is d(Au-O) = 2.23 Å. Figure 5.21a displays difference charge
density isosurfaces of the complex Au4H6(2c,2c,3c)+, exhibiting a markedly different
distribution of the excess electronic charge on the Au atoms compared to that found
for the saturation coverage case (cf. Figure 4.4). In the present case, the total excess
charge on the gold atoms is estimated to be 0.15e, with 0.09e localized on the bare 3c
Au atom (labeled 3 in Figure 5.21), and the rest distributed evenly on the two 2c Au
atoms (labeled 1 and 4 in Figure 5.21). On the 3c gold atom labeled 2 (bond to one
of the H2 molecules), a slight charge depletion of 0.03e is estimated. The coadsorption
of the O2 molecule (that binds to the 3c atom labeled 3 in Figure 5.21 and carries
the largest fraction of the excess electronic charge) involves electronic charge donation
(0.14e) to the adsorbed oxygen molecule through occupation of the antibonding 2pπ∗
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Figure 5.22: Difference charge density isosurfaces for a: Au4H6(2c,3c,3c)+, b and c:
Au4H6(2c,3c,3c)O2(2c)+ [137]. The charge density (ρ) differences are calculated as a: ρtot -
ρ(Au+

4 ) - ρ(3H2), b: ρtot - ρ(Au4H
+
6 ) - ρ(O2), and c: ρtot - ρ(Au+

4 ) - ρ(3H2) - ρ(O2). ρtot is
the charge density of the gold cluster cations with the adsorbed molecules. Blue regions cor-
respond to excess electronic charge and pink ones correspond to charge deficiency. Au atoms
are depicted by large yellow spheres, hydrogen atoms by small blue spheres, and oxygen
atoms by small red spheres. In b and c views of the cluster rotated by 90◦ are included.

orbitals of the molecule, as may be seen from the blue-colored p-orbital-shaped excess
charge distribution shown in Figure 5.21b and c. In this binding state the O2 molecule is
activated with an increased interatomic distance d(O-O) = 1.33 Å (compared to 1.25 Å
in the gas-phase isolated molecule).

The dependence of the oxygen adsorption characteristics on the adsorption con-
figuration is illustrated through consideration of the Au4H6(2c,3c,3c)O2(2c)+ complex
displayed in Figure 5.22. Here the oxygen molecule is anchored to a 2c Au atom
(labeled 1 in Figure 5.22), with only one of the O atoms bonded directly to the Au
atom of the cluster (d(Au-O) = 2.14 Å) forming an angle of 120◦ with respect to the
plane of the Au+

4 cluster (cf. side view in Figure 5.22b and c). The total binding
energy of the adsorbed molecules is 2.19 eV (with reference to the ground state of the
bare Au+

4 cluster), while the binding energy of the O2 molecule to Au4H
+
6 amounts

to only 0.52 eV (compare to 0.76 eV for O2 bound to the 3c Au atom). Figure 5.22a
displays the difference charge density isosurfaces for the hydrogenated gold tetramer
Au4H6(2c,3c,3c)+. The total excess charge was found to be 0.15e with the majority
(0.1e) residing on the bare 2c Au atom (labeled 1 in Figure 5.22). The rest is divided
between the two 3c Au atoms (labeled 2 and 3 in Figure 5.22). In contrast to the case
of O2 adsorption on the 3c Au atom (cf. Figure 5.21), in the present case, adsorption
on the 2c Au atom (cf. Figure 5.22) involves only a small excess charge localization on
the adsorbed O2 molecule (0.03e), resulting in an essentially unactivated O2 molecule
(d(O-O) = 1.28 Å, compared to 1.25 Å in the gas-phase isolated molecule).
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Figure 5.23: Calculated reaction profile for the reaction of H2 and O2 with Au+
4 starting

from the ground state configuration Au4H6(3c,2c,2c)O2(3c)+, marked as configuration B (cf.
also Figure 5.21) [137]. Au atoms are depicted by large yellow spheres, hydrogen atoms by
small blue spheres, and oxygen atoms by small red spheres.

Reaction Profiles of the Reaction between Au+
4 and a Mixture of H2 and O2

The calculated RPs revealing the microscopic mechanism of the Au+
4 reaction, together

with minimum energy and transition state structures (TS), are depicted in Figures 5.23
and 5.24. The total energy Etot of the ground state bare Au+

4 (configuration A) is re-
garded as zero point (0.0 eV). Note that in the measured mass spectra, both Au4H

+
8

and Au4H6O
+
2 , are detected at 100 K. From the experiments it cannot be deduced if H2

and O2 are competing for the fourth adsorption site yielding the two different products
or if O2 displaces one hydrogen molecule from the hydrogen saturated complex Au4H

+
8 .

These processes cannot be considered in the calculations which consequently start with
the local minimum energy structure B corresponding to Au4H6(2c,2c,3c)O2(3c)+ (Fig-
ure 5.23) and Au4H6(2c,3c,3c)O2(2c)+ (Figure 5.24), respectively. As discussed above,
for both possible O2 adsorption sites (i.e., 2-fold and 3-fold coordinated Au atoms),
a well-bound O2 molecule (with adsorption of the molecule being barrier-free) was
found.

In Figure 5.23 the calculated RP starts from the ground state configuration B
Au4H6(2c,2c,3c)O2(3c)+ (cf. also Figure 5.21) with the oxygen molecule activated
close to a superoxo state (bond length d(O-O) = 1.33 Å). A transition state (TS)
energy barrier (∆EC = 0.34 eV) is encountered in taking the system from configura-
tion B to the TS state configuration C. At the TS the O-O bond length is reduced to
d(O-O) = 1.28 Å. The system relaxes to configuration D by forming a hydro-peroxyl
(OOH) group with d(O-O) = 1.41 Å and d(O-H) = 0.99 Å. The subsequent slightly
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Figure 5.24: Calculated reaction profile for the reaction of H2 and O2 with Au+
4 starting

from the ground state configuration Au4H6(3c,3c,2c)O2(2c)+, marked as configuration B (cf.
also Figure 5.22). Au atoms are depicted by large yellow spheres, hydrogen atoms by small
blue spheres, and oxygen atoms by small red spheres.

activated rotation of the hydro-peroxyl group (configuration E, ∆EE = 0.08 eV) leads
to a further relaxation to configuration G with a weakly adsorbed H2O molecule. The
removal of the water molecule entails an energy of 0.40 eV, resulting in Au4H4O

+. The
additional elimination of an H2 molecule (bonded to the left corner of the gold triangle
in G) to obtain the experimental 300 K product Au4H2O

+ requires 0.61eV.
Figure 5.24 displays the RP starting from the ground state configuration B of the

coadsorption complex Au4H6(2c,3c,3c)O2(2c)+ containing a slightly activated oxygen
molecule (d(O-O) = 1.28 Å). The complex is then activated via configuration C to the
TS configuration D by overcoming an energy barrier of ∆ED = 0. 44 eV. The subse-
quent relaxation leads to the intermediate E by forming a hydro-peroxyl group. An even
larger TS barrier, ∆EF = 0.65 eV, is encountered towards the eventual formation of an
adsorbed water molecule and a single adsorbed oxygen atom (configuration K ). The en-
ergy required for the water molecule elimination is 0.63 eV, and an additional 0.46 eV
are required for desorption of the H2 molecule, resulting in formation of the 300 K
product Au4H2O

+. The energy liberated in the transition from G to H is sufficient to
desorb both, the H2O and H2 molecules.



5.4. Cooperative H2/O2 Coadsorption 109
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Figure 5.25: Difference charge density isosurfaces for a: Au6H
+
6 , b and c: Au6H6O

+
2 [137].

The charge density (ρ) differences are calculated as a: ρtot - ρ(Au+
6 ) - ρ(3H2), b: ρtot -

ρ(Au6H
+
6 ) - ρ(O2), and c: ρtot - ρ(Au+

6 ) - ρ(3H2) - ρ(O2). ρtot is the charge density of the
gold cluster cations with the adsorbed molecules. Blue regions correspond to excess electronic
charge and pink ones correspond to charge deficiency. Au atoms are depicted by large yellow
spheres, hydrogen atoms by small blue spheres, and oxygen atoms by small red spheres.

Au6H6O
+
2 Ground State Configurations

Exposing the gold hexamer at 100 K to pure hydrogen, the hydrogen saturated complex
Au6H

+
10 is observed (cf. Figures 4.1 abd 5.19b) which corresponds to an incomplete

hexagonal structure as depicted in Figures 4.4 and 4.5. However, introducing both,
H2 and O2, to the ion trap leads to the formation of the sole coadsorption product
Au6H6O

+
2 (cf. Figure 5.19). For a triangular configuration of Au+

6 , the total binding
energy of the adsorbed molecules is 1.63 eV and the adsorption energy of the coadsorbed
O2 amounts to 0.42 eV. Figure 5.25a displays difference charge density isosurfaces for
Au6H

+
6 exhibiting an excess electronic charge of 0.076e on each of the bottom (base)

Au apex atoms (labeled 4 and 6 in Figure 5.25) and a charge deficiency of 0.04e on
the top apex atom (labeled 1 in Figure 5.25). Adding an oxygen molecule to the Au
atom labeled 3 leads to a slightly negatively charged O2 molecule (0.04e), which is
consequently only weakly activated (d(O-O) = 1.28 Å, d(Au-O) = 2.18 Å) (cf. Figure
5.25b and c). The triangular geometry of Au6H6O

+
2 may transform to a higher energy

isomer (0.4 eV) with an incomplete hexagonal structure via an activation barrier of
0.28 eV as shown in Figure 5.26.

Reaction Profiles of the Reaction between Au+
6 and a Mixture of H2 and O2

Figure 5.27 displays the calculated reaction profiles for the reaction between Au+
6 and

a mixture of H2 and O2 starting from coadsorbed molecular hydrogen and oxygen
(i.e., following a Langmuir-Hinshelwood mechanism, indicated by the path A → Bb

→ Cb → D → ...), as well as a case where the reaction proceeds through the inter-
action of preadsorbed molecular hydrogen with a gaseous oxygen molecule (that is an
Eley-Rideal mechanism, indicated by the path A → Ba → Ca → D → ...). For the
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Figure 5.26: Atomic structures of the coadsorption product Au6H6O
+
2 with transition state

configurations and activation energies, calculated by U. Landman et al. [137]. Au atoms are
depicted by large yellow spheres, hydrogen atoms by small blue spheres, and oxygen atoms
by small red spheres.

Langmuir-Hinshelwood type mechanism the reaction starts from the triangular ground
state configuration Bb, containing three hydrogen molecules and one coadsorbed oxy-
gen molecule (cf. also Figure 5.25). This triangular shaped complex transforms to an
incomplete hexagonal geometry (configuration D) through a TS activation barrier of
∆ECb

= 0.38 eV. In the TS configuration Cb, the O-O distance is slightly elongated
(from d(O-O; Bb) = 1.28 Å to d(O-O; Cb) = 1.30 Å) and the distance between the
closest O and H atoms is d(O-H) = 1.40 Å. The transformation from the TS to the
intermediate D, containing a hydro-peroxyl group, yields an energy gain of 0.72 eV,
while d(O-O; D) = 1.37 Å and d(O-H; D) = 1.03 Å. The energy required to remove one
of the bottom hydrogen molecules from configuration D is 0.53 eV, leaving a cluster of
the stoichiometry Au6H4O

+
2 corresponding to the mass peak labeled (6,4,2) in Figure

5.19d and e.
The subsequent rotation of the formed OOH group (configuration E) exhibits an

activation barrier of ∆EE = 0.24 eV and is followed by the relaxation to form config-
uration F. A second activation barrier of ∆EG = 0.46 eV is needed to form the com-
plex marked H. Subsequent relaxation leads to the elimination of water ending with
Au6H4O

+ (configuration I) containing a dissociated, single, adsorbed oxygen atom.
This final configuration corresponds to the mass peak labeled (6,4,1) in the measured
mass spectra of Figure 5.19f.

Alternatively, the reaction on the gold hexamer cation might also proceed through
an Eley-Rideal type mechanism. For such a mechanism the calculations start from the
triangular structure of the hydrogen saturated Au6H

+
6 cluster (configuration Ba, with

the total binding energy of the H2 molecules being 1.21 eV). A gaseous O2 molecule
directly binds to the hydrogen molecule adsorbed on the top Au through a TS bar-
rier ∆ECa

= 0.28 eV. The TS configuration Ca exhibits d(H-H) = 0.96 Å, d(O-O) =
1.28 Å, and d(O-H) = 1.35 Å. The relaxation from the TS transforms the gold cluster
to an incomplete hexagonal structure, and results in formation of an intermediate con-
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Figure 5.27: Calculated reaction profiles for the reaction between Au+
6 and a mixture of H2

and O2 [137]. The profile passing through configurations A → Ba → Ca → D →... corresponds
to an Eley-Rideal mechanism, while the profile passing through the configurations marked A
→ Bb → Cb → D →... corresponds to a Langmuir-Hinshelwood mechanism. Note that in
both cases the transition from the first activation barrier encountered in the RP (Ca or Cb)
to the configuration marked D involves a significant structural change from a triangular to
an incomplete hexagonal structure of the gold cluster. Au atoms are depicted by large yellow
spheres, hydrogen atoms by small blue spheres, and oxygen atoms by small red spheres.

taining a hydro-peroxyl group (configuration D). The subsequent steps of the reaction
leading to oxygen dissociation and water elimination are the same as those discussed
above for the Langmuir-Hinshelwood type mechanism.

To summarize, both investigated cluster sizes form a hydro-peroxyl group in the
presence of molecular hydrogen and oxygen by overcoming a moderate activation bar-
rier of 0.44 eV, 0.34 eV (Au+

4 , configuration D in Figure 5.23 and configuration E in
Figure 5.24), 0.38 eV, and 0.28 eV (Au+

6 , configuration D in Figure 5.27). A further
activation barrier is entailed for both systems by the rotation of this hydro-peroxyl
group. The final elimination of one water molecule leaves one oxygen atom bridged
between two gold atoms. The activation and dissociation of O2 adsorbed on the hy-
drated cluster cations involves smaller predicted activation barriers for Au+

6 compared
to Au+

4 . This finding is in agreement with the experimental observation that the com-
plex Au6H4O

+/Au6H6O
+ is already detected at TR = 200 K while Au4H2O

+ is only
detected at 300 K.



112 Chapter 5. Coadsorption Phenomena

The unexpected finding of the cooperative O2 coadsorption on hydrogenated gold
cluster cations, in conjunction with molecular dynamics simulations revealing the re-
action path for adsorption, activation, and eventual dissociation of molecular oxygen,
is of special importance in order to understand the elementary processes of the cat-
alytic hydrocarbon oxidation in the presence of H2 and O2. Besides, investigations of
a variety of reactive systems exhibited different coadsorption effects that were found
to be reactant (e.g. competitive H2/N2 and permissive H2/CH4 coadsorption on Au+

3

and Au+
5 ), cluster size (e.g. hindered and cooperative H2/O2 coadsorption on even and

odd x cluster sizes), and even temperature dependent (e.g. cooperative and competi-
tive H2/CH4 coadsorption on Au+

4 at 300 K and 200 K, respectively). These concepts
very favorably complement the findings of Chapter 4 (reactant and cluster size de-
pendent reactivity and cluster size dependent C-H bond activation). On the basis of
this comprehensive insight into the reaction and coadsorption behavior of cationic gold
clusters, gas-phase experiments in the presence of three simultaneously introduced re-
actants were performed for the first time. The experiments and their implications for
understanding elementary mechanisms that underly complex catalytic processes are
presented in the following chapter.



Chapter 6

Influence of Methane Activation on
H2/O2/CH4 Coadsorption

In gas-phase metal ion chemistry Irikura and Beauchamp first demonstrated the Pt+-
mediated activation and dehydrogenation of methane yielding the carbene species
PtCH+

2 [178]. Based on these experiments Schwarz and coworkers successfully per-
formed the catalytic oxidation of methane on Pt+ in an FTICR cell under single colli-
sion conditions [150, 151]. The key step in this catalytic cycle is the reaction between
PtCH+

2 and molecular oxygen that regenerates Pt+ via liberation of a mixture of formic
acid HCOOH, CO/H2O, and CO2/H2. Simultaneously, the reaction of PtCH+

2 with
O2 yields PtO+ under formation of formaldehyde CH2O. In turn PtO+ is further re-
acted with methane to regenerate Pt+ besides producing neutral methanol CH3OH.
The main problem in this reaction is the rather low product selectivity and the forma-
tion of irreversible side products like e.g. PtCO+, PtH+, and PtCOH+ that poison the
catalyst. Similar results have also been obtained in later experiments on the reaction
between platinum dioxides OPtO+ with methane [179].

To achieve increased product selectivity it is necessary to utilize catalysts that are
less reactive towards CH4. Therefore, the catalytic capability of the even x clusters
Au+

2 and Au+
4 with respect to the methane oxidation is investigated. These cluster

sizes were chosen as they are both able to adsorb and activate molecular oxygen in the
presence of molecular hydrogen (cf. Section 5.4). The activation of molecular oxygen
has also been observed on Au+

6 , however, due to the extremely low cluster ion inten-
sity of Au+

6 (cf. for details see Section 8.2) detailed experiments in the presence of
H2/O2/CH4 were not possible. Since Au+

2 (in contrast to Au+
4 ) has additionally been

identified to activate and dehydrogenate methane (cf. Section 4.5.1) the influence of
methane activation on the overall reaction mechanism is studied.

113
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6.1 Reactivity of Au+
2 towards a Mixture of H2, O2,

and CH4

All following experiments have been performed with a mixture of H2, CH4, and 16O2.
Since 2CH4 and 16O2 are of the same mass (32 amu) the experiments were additionally
repeated with a mixture of H2, CH4, and the monoisotopic gas 18O2 to unambigu-
ously assign the different mass peaks. Note, the nomenclature chosen to identify the
reaction products is purely stoichiometric, since mass spectrometry is not suitable to
gain structural information about the formed complexes. However, from the Au+

2 +
CH4 experiments discussed in Section 4.5.1 a general idea of the Au+

2 -methane product
structures has been gained. Furthermore, in the previous measurements with H2 and
CH4 only (Sections 4.2 and 4.5.1) as well as in the H2/O2 coadsorption investigations
(Section 5.4) it was found that Au+

2 prefers a maximum of three ligands (in the fol-
lowing called ’three adsorbate rule’). On the basis of this knowledge, it is possible to
attribute the detected product stoichiometries to potential structures containing larger
hydrocarbons and oxidation products. These structures will be detailed in the following
discussion and are summarized in Table 6.1 together with the product stoichiometries.

Figure 6.1 shows reaction time dependent ion mass distributions of the reaction be-
tween Au+

2 and a mixture of H2, CH4, and 16O2 (dotted red curve) as well as a mixture
of H2, CH4, and 18O2 (solid black curve) at TR = 200 K. The observed product ion
mass distribution does hardly change in the investigated reaction time range of 0.1 s ≤
tR ≤ 2.0 s. The mass peaks are labeled with na and nb (n = 1 - 8) corresponding to
the measurements in the presence of 16O2 and 18O2, respectively, and will be assigned
to product stoichiometries in the following. From these mass spectra two issues are
apparent: (i) A mass shift by 4 amu between 3a and 3b, 5a and 5b, 7a and 7b as well
as 8a and 8b; (ii) A double peak structure of 2b/3b, 4b/5b, and 6b/7b that is only
apparent in the mass spectra obtained in the presence of 18O2 while the mass peak
labeled with 2a/3a is clearly broadened.

(i) Mass Shift: The mass shift by 4 amu is attributed to the different masses
of the oxygen isotopes 16O2 and 18O2. Thus, all the reaction products labeled with
3a/3b, 5a/5b, 7a/7b, and 8a/8b must contain O2 and the corresponding product sto-
ichiometries are Au2H4O

+
2 (3a/3b), Au2CH6O

+
2 (5a/5b), Au2C2H8O

+
2 (7a/7b), and

Au2C3H8O
+
2 (8a/8b). Note, on the basis of these data it cannot be deduced if the oxy-

gen retains its molecular structure or if it is activated or even dissociated. However, the
observation of oxygen containing products, especially the high intensity of Au2H4O

+
2

is quite surprising at the investigated temperature. In the H2/O2 coadsorption experi-
ments presented in Section 5.4 it was shown that Au2H4O

+
2 is formed at 100 K besides

Au2H
+
4 but not at 200 K (cf. Figure 5.17). Thus, the presence of CH4 must somehow

enhance the O2 adsorption. A detailed discussion of this process is given below.
The products 1a and 1b do not exhibit an isotopic shift and they also occur at too

low masses to contain O2. At tR = 0.5 s (trace a) a small shift by 2 amu between 1a
and 1b is visible that can be attributed to an additionally adsorbed hydrogen molecule
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Figure 6.1: Reaction time dependent ion mass distributions of the reaction between Au+
2 and

a mixture of H2, CH4, and 16O2 (dotted red curve) and a mixture of H2, CH4, and 18O2 (solid
black curve) at TR = 200 K and a: tR = 0.5 s, b: tR = 1.0 s. The product stoichiometries of
the mass peaks, labeled with na and nb (n = 1 - 8), are given in Table 6.1.

resulting in the products Au2CH+
6 (1a) and Au2CH+

8 (1b). However, at 1.0 s (trace
b) the mass peak 1a is slightly broadened indicating the presence of both, Au2CH+

6

and Au2CH+
8 . This small difference in the reaction behavior might be due to a slightly

smaller H2 partial pressure in the measurements with 16O2 (1a) compared to those with
18O2 (1b). Au2CH+

6 and Au2CH+
8 are typical H2/CH4 coadsorption products as also

shown in Figure 5.12.

(ii) Double Peak Structure: The experiments performed in the presence of a
mixture of H2, CH4, and 16O2 yield the broadened peak 2a/3a indicating the overlap
of two peaks occurring at similar masses that cannot be distinguished anymore. In-
troducing 18O2 instead of 16O2 to the ion trap leads to a better separation and this
broadened peak thus exhibits a double peak structure, labeled with 2b and 3b. These
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Table 6.1: Overview over the detected adsorbate stoichiometries and corresponding possible
structures for the reaction Au+

2 + H2 + 18O2 + CH4 at different reaction temperatures.
The possible structures were chosen to fulfill the ’three adsorbate rule’ for Au+

2 . Note, the
nomenclature H−(CH3) indicates the activation of methane leading to a possible structure
with Au+

2 inserted into a methane C-H bond.

Peak Stoichiometry Possible Structures

250 K

1 CH8 H−(CH3)(H2)2
2 C2H8,10 / C2H4 HH−(CH3)2(H2)0,1 / (C2H4)

3 - -
4 C3H12 (CH4)3, (C3H8)(H2)2
5 - -
6 - -
7 C2H6O2 (C2H4)H2O2, (C2H4)(H)(OOH)

8 C3H8O2 (C2H4)CH4O2, (C3H6)H2O2, (C3H6)(H)(OOH)

(C2H4)(HCOOH)(H2), (CH2O)2(CH4)

(CO2)(CH4)2

200 K

1 CH8 H−(CH3)(H2)2
2 C2H10 HH−(CH3)2H2

3 H4O2 (H2)2O2, (H2)(H)(OOH)

4 C3H12 (CH4)3, (C3H8)(H2)2
5 CH6O2 H−(CH3)H2O2, (HCOOH)(H2)2, H−(CH3)(H)(OOH)

6 C4H14 (C4H10)(H2)2, (C2H6)2H2

7 C2H8O2 HH−(CH3)2O2, (C2H6)H2O2,(C2H6)(H)(OOH),

(CH3COOH)(H2)2
8 C3H8O2 (C2H4)CH4O2, (C3H6)H2O2, (C3H6)(H)(OOH)

(C2H4)(HCOOH)(H2), (CH2O)2(CH4),

(CO2)(CH4)2
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two mass peaks are assigned to the products Au2C2H
+
10 (2b) and Au2H4O

+
2 (3b).

The introduction of 18O2 additionally reveals two further products at a reaction time
of 1.0 s (trace b of Figure 6.1), labeled as 4b and 6b which have been hidden underneath
the 4a/5a and 6a/7a structures in the case of 16O2. These mass signals correspond to
products of the stoichiometries Au2C3H

+
12 (4b) and Au2C4H

+
14 (6b). Due to their small

intensities compared to the intensities of Au2CH6O
+
2 (5b) and Au2C2H8O

+
2 (7b) these

products cannot be recognized in the experiments performed in the presence of 16O2

and even do not broaden the peaks 4a/5a and 6a/7a. Au2C4H
+
14 has already been

observed as low intensity product in the H2/CH4 coadsorption measurements at 200 K
(cf. Figure 5.12 and for discussion Section 5.3).

Heating the ion trap to 250 K does change the product ion distribution signifi-
cantly. Figure 6.2 compares the time dependent mass spectra of Au+

2 in the presence
of H2, CH4, and 18O2 recorded at 200 K (dotted red curve, cf. also Figure 6.1) with
those recorded at 250 K (solid black curve). At a reaction time of 0.5 s (trace a) no
pure cluster ion signal but a distinct product ion pattern is observed at 200 K while
at 250 K the reaction is considerably slowed down, hardly yielding any reaction prod-
ucts. Comparing the temperature dependent mass spectra at a longer reaction time of
1.0 s (trace b) it is obvious that the oxygen containing products Au2H4O

+
2 (3b) and

Au2CH6O
+
2 (5b) almost disappear at 250 K. Consequently, the double peak structure

of these signals vanishes leaving Au2C2H
+
8 (2b) and Au2C3H

+
12 (4b). Au2C2H

+
8 (2b)

shifts at even longer reaction time of 2.0 s (not shown) to Au2C2H
+
10. Additionally, the

mass signal, labeled 2b, is broadened and a shoulder on the left site of the mass peak
appears. This shoulder corresponds to the dehydrogenated product Au2(C2H4)

+ that
has already been observed in the experiments performed in the presence of pure CH4

(cf. Figure 4.8). However, in contrast to the pure methane experiments (cf. Figure
4.10) no fragments are observed in the present H2/O2/CH4 coadsorption experiments
indicating a stabilization of the complex Au2(C2H4)

+ by undergoing further reactions.
The intensity of the oxygen containing product Au2C3H8O

+
2 (8b) is slightly en-

hanced while the 200 K product Au2C2H8O
+
2 (7b) shifts by 2 amu to Au2C2H6O

+
2 .

Furthermore, Au2CH+
8 (1b) only appears at very low intensity. The same measure-

ments have also been performed in the presence of a mixture of H2, CH4, and 16O2

yielding an identical ion mass distribution. All temperature dependent products are
summarized in Table 6.1.

From the presented reaction time dependent ion mass distributions it is apparent
that all three introduced reactants, H2, O2, and CH4, are able to simultaneously coad-
sorb on the gold cluster dimer at both investigated temperatures. In these reactions,
cooperative and competitive coadsorption phenomena (cf. Chapter 5) seem to play
an important role. In this context, the mass peak labeled 8a/8b is of special interest
since this product of the stoichiometry Au2C3H8O

+
2 cannot be explained by simple

coadsorption but must be formed by reaction of the adsorbates on the cluster. Further
details of this product will be presented below. Furthermore, the dehydrogenation of
methane without subsequent fragmentation of the cluster ion is observed at 250 K.
To better understand these interesting and unexpected observations the kinetic traces
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Figure 6.2: Reaction time dependent ion mass distributions of the reaction between Au+
2

and a mixture of H2, CH4, and 18O2 recorded at TR = 200 K (dotted red curve) and TR =
250 K (solid black curve) and a: tR = 0.5 s, b: tR = 1.0 s. The product stoichiometries of
the mass peaks are given in Table 6.1.

of the reaction between Au+
2 and H2/O2/CH4 were recorded for both isotopic gases,

16O2 and 18O2, at TR = 200 K and 250 K. As already discussed above, the products
of the stoichiometry Au2C2H

+
10/Au2H4O

+
2 (2b and 3b), Au2C3H

+
12/Au2CH6O

+
2 (4b and

5b), and Au2C4H
+
14/Au2C2H8O

+
2 (6b and 7b) are only clearly distinguishable in the

measurements with the oxygen isotope 18O2. Furthermore, the measurements in the
presence of 16O2 are very similar and do not provide any further information. Therefore,
only the kinetic traces of the reaction between Au+

2 and H2/CH4/
18O2 are displayed

in Figure 6.3 and discussed in the following. Note that the intensity of the Au2C4H
+
14

(6b) mass signal was too small to record kinetic data, consequently, this product is not
further discussed in the following.

Due to the large number of observed reaction products it is not surprising to obtain
complicated kinetic data as shown in Figure 6.3a and d. Therefore, it is not possible to
deduce one unambiguous reaction mechanism by fitting these data using the ’Detmech’
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Figure 6.3: Kinetic traces of the reaction between Au+
2 and a mixture of H2,

18O2, and
CH4 at 250 K (upper panel) and 200 K (lower panel). a and d: Ion signals of Au+

2 and all
detected products at 250 K and 200 K, respectively; b, c, e, and f: Enlarged presentations of
the product ion signals.
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software [37] (cf. Section 2.2). There is rather a variety of (similar) mechanisms that
lead to almost the same fit quality. Nevertheless, some important information can be
gained by an enlarged presentation of the product kinetic traces. Figure 6.3b and c,
recorded at 250 K, and Figure 6.3e and f, recorded at 200 K, demonstrate that there
are two different types of reaction products: Panels c and f: The ion intensities of the
products Au2C3H

+
12 (peak 4b at 200 K and 250 K), Au2C3H8O

+
2 (peak 8b at 200 K

and 250 K), Au2C2H8O
+
2 (peak 7b at 200 K), and Au2C2H6O

+
2 (peak 7b at 250 K)

rise steadily with increasing reaction time which indicates the formation of final prod-
ucts. Panels b and e: The intensities of the 200 K products (panel e) Au2CH+

8 (peak
1b), Au2C2H

+
10 (peak 2b), Au2H4O

+
2 (peak 3b), and Au2CH6O

+
2 (peak 5b) first rise and

then slowly fall off at longer reaction times indicating intermediate reaction products
that further react to a final product. Similarly, the intensity of the 250 K product
(panel b) Au2C2H

+
4 (peak 2b) rises and then slowly drops. The intensities of Au2CH+

8

(peak 1b) and Au2C2H
+
8,10 (peak 2b) rise and then remain constant up to 2 s reaction

time. Due to the occurrence of the final products (panel c), the intensity of the in-
termediates must decrease on a longer timescale (tR > 2 s). At 250 K the reaction is
very slow and the pure gold cluster signal is still apparent on the time scale of this
experiments leading to a sustained formation of the intermediates.

The following discussion will now focus on the deduction of a reasonable and most
simple potential reaction mechanism. For this purpose not only the measured mass
spectra and kinetic traces shown in Figures 6.1 - 6.3, but also the results obtained
from the temperature dependent single reactant (H2, O2, and CH4, Chapter 4) and
coadsorption reactions (H2/O2, H2/CH4, Chapter 5) have to be considered. On the
basis of all these experiments a potential reaction mechanism can be proposed that is
depicted in Figure 6.4 and will be explained in the following. Note, to simplify the
presentation only the ligand stoichiometries are given in Figure 6.4, i.e., the reaction
product labeled as H4O2 corresponds to the complex Au2H4O

+
2 .

Reaction Step I:
The studied reactions of Au+

2 in the presence of pure H2, O2, and CH4 reveal that only
CH4 is able to adsorb at 200 K and 250 K (cf. Sections 4.1, 4.2, and 4.5.1). Furthermore,
the CH4 promoted cooperative H2 coadsorption is possible at both investigated tem-
peratures (cf. Section 5.3). In contrast, the H2/O2 coadsorption is hindered at 250 K
and 200 K (cf. Section 5.4). Consequently, the first reaction step (labeled I in Figure
6.4) must be the adsorption of one methane molecule. Yet, the product Au2CH+

4 is not
observed under the present experimental conditions. From the kinetic traces obtained
for the reaction between Au+

2 and CH4 (cf. Section 4.5.1) it is known that Au2CH+
4 is

in equilibrium with Au+
2 . According to the discussion of methane dehydrogenation (cf.

Section 4.5.1) it can be further assumed that in the formed complex the gold dimer is
inserted into a C-H bond indicated by the nomenclature H−Au+

2 −CH3.

Reaction Step II:
Since the reaction product Au2CH+

4 is not observed, but Au2CH+
8 (peaks 1a/1b in the
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Figure 6.4: Proposed reaction mechanism of the reaction between Au+
2 and a mixture of H2,

O2, and CH4. Blue colored reaction steps do only take place at TR = 200 K, red ones only
at 250 K and purple ones take place at both investigated reaction temperatures. Note, to
simplify the presentation only the ligand stoichiometries are given, i.e., the reaction product
labeled as H4O2 corresponds to the complex Au2H4O

+
2 .

mass spectra of Figures 6.1 and 6.2), it can be concluded that the adsorption of one
methane molecule is followed by the very fast coadsorption of two hydrogen molecules.
The consideration of the ’three adsorbate rule’ for Au+

2 leads to a resulting complex
H−Au+

2 −CH3(H2)2, that most probably contains one activated methane molecule and
two hydrogen molecules.

Reaction Step III:
As mentioned above, in the presence of H2 and O2, Au2H4O

+
2 (peaks 3a/3b in Figures

6.1 and 6.2) is not observed at 200 K at all, while in the presence of H2, O2, and CH4

it already appears at a short reaction time of 0.1 s. Thus, the addition of methane
must enhance the reactivity of Au+

2 towards O2. Furthermore, it is known that the
gold dimer does not form any stable oxygen products unless hydrogen is preadsorbed
(cf. Section 5.4). Consequently, the preadsorption of methane (step I) that leads to
a very fast coadsorption of hydrogen (step II) makes the cluster cation accessible for
molecular oxygen by displacing the preadsorbed CH4 (step IIIa). To fulfill the ’three
adsorbate rule’ for Au+

2 this product probably consist of one oxygen molecule and two
hydrogen molecules indicated by Au+

2 (H2)2(O2). The calculated reaction path for the
adsorption and activation of molecular oxygen on Au+

4 and Au+
6 , presented in Section

5.4, additionally revealed the formation of a hydro-peroxyl (OOH) group. Thus, the
formed complex might also contain an OOH group besides a single H atom and a hy-
drogen molecule, leading to Au+

2 (H2)(H)(OOH).
From the CH4 adsorption reactions presented in Section 4.5.1 it is known that

HH−Au+
2 −(CH3)2 is likely to be formed upon addition of CH4 to H−Au+

2 CH3. Con-
sequently, reaction step IIIa must be in competition with the adsorption of a second
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methane molecule that displaces one hydrogen molecule (step IIIb). The resulting prod-
uct of the stoichiometry Au2C2H

+
10 (peak 2b in Figures 6.1 and 6.2), may contain one hy-

drogen molecule in addition to two activated CH4 indicated by HH−Au+
2 −(CH3)2(H2)

(a detailed discussion is given in Section 4.5.1).
Note, in the presented experiments CH4 and O2 were introduced into the ion trap

at a pressure ratio of about 1:10. Despite this difference in the partial pressures both
products, Au2H4O

+
2 and Au2C2H

+
10 appear at comparable intensities at TR = 200 K (cf.

Figure 6.1). Consequently, the displacement of one H2 by one CH4 must be favored
over the displacement of the CH4 by one O2. Furthermore, Au2H4O

+
2 is only observed

at 200 K indicating an energy rich intermediate that can only be stabilized at low
temperatures.

Reaction Steps IV and V:
At both investigated temperatures the product Au2C3H

+
12 (peaks 4a/4b in Figures 6.1

and 6.2) is observed that can only be formed from Au2C2H
+
10 (2a/2b) by displacing

the hydrogen molecule by another methane molecule (step IVa). Surprisingly, this
complex is a final reaction product that is not in equilibrium with Au2C2H

+
10 as can

be seen in Figure 6.3c and f (cyan diamonds). Thus, it is assumed that Au2C3H
+
12

does not consist of three simply adsorbed methane molecules (Au+
2 (CH4)3), but rather

a more complicated complex is formed. Taking the ’three adsorbate rule’ for Au+
2

into account, propane might be formed besides two hydrogen molecules indicated by
Au+

2 (C3H8)(H2)2.
Instead of replacing H2 by CH4 (step IVa) H2 may also be displaced by O2 forming

the complex Au2C2H8O
+
2 (peaks 7a/7b at 200K, step IVc). This complex is only

apparent at 200 K and represents a final product that is not in equilibrium with
Au2C2H

+
10. The displacement reaction might simply lead to a coadsorption of two

activated CH4 and O2 (HH−Au+
2 −(CH3)2(O2)), however, the lack of a further reaction

indicates a more complex structure. Stoichiometrically, Au2C2H8O
+
2 might contain

ethane in addition to a hydrogen and a oxygen molecule (Au+
2 (C2H6)(H2)(O2)), or

ethane in addition to a hydro-peroxyl group and an H atom (Au+
2 (C2H6)(H)(OOH)),

or alternatively also the formation of acetic acid in addition to two hydrogen molecules
(Au+

2 (CH3COOH)(H2)2) is possible. The potential formation of ethane has already
been discussed in Section 4.5.1 in respect to the formation of Au2C4H

+
12 and Au2C4H

+
14,

respectively.
At 250 K, the additional product Au2C2H

+
4 (peak 2b in Figure 6.2) is observed.

From Section 4.5.1 it is known that this product probably contains ethylene and re-
sults from the dehydrogenation of HH−Au+

2 −(CH3)2H2 (step IVb). Thus, at 250 K the
formation of Au2C2H

+
4 (step IVb) must compete with the formation of Au2C3H

+
12 (step

IVa). From the kinetic trace of Au2C2H
+
4 in Figure 6.3b it is apparent that its intensity

first rises and then falls off at longer reaction times. This indicates an intermediate
product that forms final reaction products in subsequent reactions. Furthermore, the
fragmentation of the cluster-methane complex upon dehydrogenation is not observed,
in contrast to the experiments performed in the presence of pure methane (cf. Figure
4.10). This also indicates a stabilization of the complex Au2C2H

+
4 by undergoing fur-
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ther adsorption reactions.
The only possible products that can result from such a reaction at 250 K are

Au2C2H6O
+
2 (peak 7b in Figure 6.2, step Va) and Au2C3H8O

+
2 (peak 8b in Fig-

ure 6.2, step Vb). Both are final products (cf. Figure 6.3c) and may be, accord-
ing to the ’three adsorbate rule’ for Au+

2 , simple coadsorption products of ethylene
C2H4 plus O2/H2 (Au+

2 (C2H4)(H2)(O2)) and O2/CH4 (Au+
2 (C2H4)(CH4)(O2)), respec-

tively. The first might also contain ethylene besides a hydro-peroxyl group and an H
atom (Au+

2 (C2H4)(H)(OOH)). Further evidence for the formation of Au2C2H6O
+
2 from

Au2(C2H4)
+ is the fact that both are only apparent at 250 K.

In contrast, Au2C3H8O
+
2 (peaks 8a/8b in Figures 6.1 and 6.2) is detected at 250 K

as well as at 200 K. The only possibility to form this product at 200 K is by reaction
of Au2C2H

+
10 (2b) with O2 and CH4 under dehydrogenation of methane (reaction step

IVd). By further reaction of the adsorbates on the cluster and by considering the ’three
adsorbate rule’ also propylene (Au+

2 (C3H6)(H2)(O2), Au+
2 (C3H6)(H)(OOH)), formic

acid (Au+
2 (C2H4)(HCOOH)(H2)), formaldehyde (Au+

2 (CH2O)2(CH4)), or carbon diox-
ide (Au+

2 (CO2)(CH4)2) might be formed.

Reaction Step VI:
Au2CH6O

+
2 (peaks 5a/5b in Figures 6.1 and 6.2) is (besides Au2H4O

+
2 ) the second

product that is only apparent at 200 K and vanishes at higher temperatures. Thus, it
can be concluded that it results from an H2/CH4 displacement reaction with Au2H4O

+
2 .

Since Au2CH6O
+
2 is an intermediate instead of a final product, a backward reaction

step must be inserted in step VI. Due to this finding Au2CH6O
+
2 is presumably a

simple coadsorption product of oxygen, hydrogen, and an activated methane mole-
cules (H−Au+

2 −(CH3)(H2)(O2)) instead of a product containing a hydro-peroxyl group
(H−Au+

2 −(CH3)(H)(OOH)) or formic acid (Au+
2 (HCOOH)(H2)2) that may stoichimet-

rically be possible.

To summarize, the gold dimer Au+
2 is not only able to activate and dehydrogenate

methane but is also able to simultaneously coadsorb H2, O2, and CH4 leading to a va-
riety of different coadsorption products. With the help of kinetic measurements these
products are identified as intermediates and final products. By further considering
the results from single and coadsorption measurements (cf. Chapters 4 and 5) it is
possible to deduce an adequate reaction mechanism, displayed in Figure 6.4. Although
mass spectrometry is not suitable for the determination of structures it is possible to
gain some insight into the composition of the Au+

2 -H2/O2/CH4 complexes. Besides
relatively simple coadsorption products like H−Au+

2 −(CH3)(H2)2 and Au+
2 (H2)2(O2)

also more complicated products are found that indicate the activation and further re-
action of methane on the cluster cation, potentially leading to the formation of larger
hydrocarbons and partial oxidation products. In particular the formation of the prod-
uct Au2C3H8O

+
2 at 200 K cannot be explained by simple coadsorption but must be

formed by reaction of the adsorbates on the cluster ion. However, to deduce the exact
structure of these complexes theoretical calculations are required.
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Figure 6.5: Reaction time dependent ion mass distributions of the reaction between Au+
4 and

a mixture of H2, CH4, and 16O2 (dotted red curve) and a mixture of H2, CH4, and 18O2 (solid
black curve) at TR = 200 K and a: tR = 0.5 s, b: tR = 1.0 s. The product stoichiometries of
the mass peaks, labeled with na and nb (n = 1 - 7), are given in Table 6.2.

6.2 Reactivity of Au+
4 towards a Mixture of H2, O2,

and CH4

A comparably complicated ion mass distribution as for Au+
2 is also observed for the re-

action of Au+
4 in the presence of a mixture of H2, O2, and CH4. Again, all studies have

been performed in two separate experiments of Au+
4 exposed to a mixture of H2, CH4,

and 16O2, as well as to a mixture of H2, CH4, and 18O2. As already discussed above,
the nomenclature chosen to identify the reaction products is purely stoichiometric.

Figure 6.5 displays reaction time dependent mass spectra obtained after reacting
Au+

4 at 200 K with a mixture of H2, CH4,
16O2 (red dotted curve), and a mixture of H2,

CH4,
18O2 (solid black curve), respectively. The mass peaks are denoted with na and

nb (n = 1 - 7) corresponding to measurements with 16O2 and 18O2, respectively. As
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in the Au+
2 measurements (i) a mass shift by 4 amu between some 16O2/

18O2 products
(4a/4b, 5a/5b, and 7a/7b) and (ii) a double peak structure of some 18O2 products
(3b/4b and 6b/7b) is apparent.

(i) Mass Shift: The mass shift by 4 amu between the products obtained in the
measurements with 16O2 and 18O2 is due to the different masses of the oxygen iso-
topes. Consequently, the products labeled with 4a/4b, 5a/5b, and 7a/7b must contain
O2 leading to the product stoichiometries Au4H6O

+
2 (4a and 4b), Au4CH8O

+
2 (5a and

5b), and Au4C2H10O
+
2 (7a and 7b).

In contrast, the mass peaks 1a/1b and 2a/2b appear at too low masses to contain
oxygen and consequently, also exhibit no isotopic mass shift. However, both, 1a/1b and
2a/2b, are shifted by 2 amu resulting from the additional adsorption of one hydrogen
molecule. The corresponding product stoichiometries are Au4H

+
6 (1a), Au4H

+
8 (1b),

Au4CH+
8 (2a), and Au4CH+

10 (2b).

(ii) Double Peak Structure: In the experiments performed in the presence of
16O2 one mass peak, labeled with 4a, is detected. Introducing 18O2 instead of 16O2 to
the ion trap reveals a clearly resolved double peak structure (3b/4b) corresponding to
Au4H6O

+
2 (4b) and a second product of mass 822 amu (3b). Due to a relatively high

nitrogen percentage in the monoisotopic 18O2 gas (gas purity 2.7) the product of mass
822 amu can be attributed to Au4H6N

+
2 . Consequently, this product is not observable

in the presence of 16O2 since the nitrogen content of this gas (purity 6.0) is considerably
reduced.

The introduction of 18O2 reveals a further additional product, labeled 6b, that is
only apparent at tR = 0.5 s (trace a of Figure 6.5) and disappears for longer reaction
times (trace b). This product must be of the stoichiometry Au2H2N2O

+
2 , also contain-

ing nitrogen, and is consequently not observed in the 16O2 experiments. Since both
nitrogen containing products only occur in the presence of 18O2 they are neglected in
the following discussion.

Heating the ion trap to 250 K does hardly change the observed ion mass distri-
bution. Figure 6.6 shows mass spectra of Au+

4 in the presence of H2,
18O2, and CH4

at tR = 0.5 s, TR = 200 K (red dotted curve, cf. also Figure 6.5), and TR = 250 K
(solid black curve). From this figure it can be seen that the oxygen containing products
Au4H6O

+
2 (4b) and Au4CH8O

+
2 (5b) occur at almost the same intensity at both tem-

peratures. While the mass peak 3b, corresponding to Au4H6N
+
2 , is enhanced at 250 K,

the second nitrogen containing product Au4H2N2O
+
2 (6b in Figure 6.5) as well as

Au4C2H10O
+
2 (7b in Figure 6.5) completely disappear at this temperature. A small new

peak, labeled with an asterix, emerges which cannot be attributed to any H2/O2/CH4

coadsorption or reaction product. Since it has a rather small intensity and is only
apparent in the presence of 18O2 and not in the presence of 16O2, it will not be further
discussed. Furthermore, at 200 K the peaks 1a and 1b appear at masses corresponding
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Figure 6.6: Temperature dependent ion mass distributions of Au+
4 in the presence of H2,

CH4 and 18O2 at TR = 200 K (dotted red curve), and TR = 250 K (solid black curve) and
tR = 0.5 s. The product stoichiometries of the mass peaks are given in Table 6.1.

to Au4H
+
8 and Au4CH+

10. These peaks are shifted by 2 amu at 250 K yielding Au4H
+
6

and Au4CH+
8 due to the slowed down hydrogen adsorption at higher temperatures. All

detected products are summarized in Table 6.2.
To gain insight into the underlying reaction mechanisms, kinetic traces of the

reaction between Au+
4 and H2/

16O2/CH4 have been recorded at 200 K as depicted in
Figure 6.7. It is sufficient to restrict the following discussion to the kinetic data ob-
served under these experimental conditions, since the measurements in the presence of
18O2 do not reveal any further product information and the ion mass distributions do
not change significantly at 250 K. From the kinetic traces in Figure 6.7 it is apparent
that all the products already occur at the shortest possible reaction time of 0.0 s and
that their intensities are constant over the whole investigated time range (0 s ≤ tR ≤
2.0 s). This indicates the lack of a final product, instead all products are in equilibrium
with each other.

The following discussion will focus on the deduction of a possible reaction mech-
anism describing the reaction of Au+

4 in the presence of H2/O2/CH4. Thereby, it
is important to consider the single reactant (Chapter 4) and coadsorption reactions
(Chapter 5) of Au+

4 in addition to the kinetic traces shown in Figure 6.7. Furthermore,
the investigations of the Au+

4 reaction behavior in the presence of H2 (section 4.2), CH4

(Section 4.5), H2/CH4 (Section 5.3), and H2/O2 (Section 5.4) revealed the adsorption of
a maximum of four ligands at low temperatures (in the following called ’four adsorbate
rule’ for Au+

4 ). On the basis of this knowledge some possible reaction mechanism have
been proposed and tested to fit the experimental data using the ’Detmech’ software
[37]. In this way, the reaction mechanism displayed in Figure 6.8 has been deduced
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Figure 6.7: Measured (symbols) and fitted (solid lines) kinetic traces of the reaction between
Au+

4 and a mixture of H2,
16O2, and CH4 at 200 K. Due to the extremely fast reaction and

the long filling time tF it was necessary to generate initial ion intensities at tR = -0.5 s (cf.
for details see also Section 4.5.3).

which is consistent with all the experiments and fits the experimental data best. The
kinetic traces obtained by fitting the experimental data with this reaction mechanism
is shown in Figure 6.7. Note, in order to obtain reasonable fits it was necessary to
generate initial ion intensities at tR = -0.5 s due to the extremely fast reaction and the
long filling time tF (cf. for details see also Section 4.5.3).

Reaction Step I:
From single reactant experiments it is known that both, H2 and CH4, are adsorbed on
Au+

4 at 200 K (cf. Sections 4.2 and 4.5.2) while Au+
4 is completely unreactive toward

molecular oxygen (cf. Section 4.1). Furthermore, coadsorption measurements revealed
cooperative H2/O2 (cf. Section 5.4) and competitive H2/CH4 (cf. Section 5.3) coad-
sorption on Au+

4 . Thereby, H2 and CH4 seem to exchange easily without any gain
or loss of energy. Thus, the fast adsorption of molecular hydrogen must be the first
reaction step that is either in competition with the almost simultaneous coadsorption
of methane and hydrogen or is subsequently followed by the displacement of one H2

by one CH4. By fitting the kinetic data, all mechanisms based on the preadsorption of
hydrogen yielding Au4H

+
6 /Au4H

+
8 and the subsequent displacement of H2 by CH4 can

be discarded. Consequently, there must be a competition between the pure hydrogen
addition forming Au4H

+
6 /Au4H

+
8 (peaks 1a/1b in Figures 6.5 and 6.6, step Ia) and the

H2/CH4 coadsorption yielding Au4CH+
8 /Au4CH+

10 (peaks 2a/2b in Figures 6.5 and 6.6,
step Ib). Since there is no evidence for methane activation on Au+

4 (cf. Section 4.5.3)
it can be assumed that hydrogen and methane are simply coadsorbed indicated by the
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Figure 6.8: Proposed reaction mechanism of the reaction between Au+
4 and a mixture of H2,

O2, and CH4.

nomenclature Au+
4 (H2)3,4 and Au+

4 (CH4)(H2)2,3.

Reaction Step II:
It is established from previous experiments (cf. Section 5.4) that the adsorption of
H2 and O2 is cooperative, i.e., the preadsorption of hydrogen is necessary to make the
cluster accessible for oxygen coadsorption. Thus, the product Au4H6O

+
2 (peaks 4a/4b

in Figures 6.5 and 6.6) may be formed by reaction of Au4H
+
6 /Au4H

+
8 with molecular

oxygen. Furthermore, it might also be formed by replacing methane from Au2CH+
8 (cf.

Section 6.1) . By fitting the kinetic data, both possible reaction paths have been tested,
resulting in a much better fit for the reaction of O2 with Au4H

+
6 /Au4H

+
8 . According to

the ’four adsorbate rule’ for Au+
4 , Au4H6O

+
2 may be written as Au+

4 (H2)3(O2). How-
ever, the ab initio simulation of the reaction path for O2 adsorption and activation
on Au+

4 , performed by U. Landman, revealed the formation of a hydro-peroxyl group
(Au+

4 (H2)2(H)OOH)) by overcoming an energy barrier of 0.77 eV (cf. Section 5.4).
Since the subsequent formation of Au4H4O

+ under loss of a water molecule has only
been observed at 300 K (cf. Figure 5.18) and since additionally Au4H

+
6 /Au4H

+
8 and

Au4H6O
+
2 were found to be in equilibrium, the structure Au+

4 (H2)2(H)(OOH) is un-
likely to occur in the investigated temperature range.

Reaction Step III:
The product Au4CH8O

+
2 (peaks 5a/5b in Figures 6.5 and 6.6) may be either formed

from Au4H6O
+
2 by displacing H2 by CH4 or from Au4CH+

10 by displacing H2 by O2. Fit-
ting both possible mechanisms to the experimental data reveals a much better match
with the latter reaction step. Since Au4CH+

10 and Au4CH8O
+
2 are in equilibrium (cf.

Figure 6.7) the latter can be assumed as a simple coadsorption product indicated by
Au+

4 (CH4)(H2)2(O2).

Reaction Step IV:
The simplest way to form the product Au4C2H10O

+
2 (peaks 7a/7b in Figure 6.5) is the

displacement of one hydrogen molecule from Au4CH10O
+
2 by one methane molecule.

All other possible reaction paths involve the exchange of more than one molecule and



6.2. Reactivity of Au+
4 towards a Mixture of H2, O2, and CH4 129

Table 6.2: Overview over the detected adsorbate stoichiometries and corresponding possible
structures for the reactions Au+

4 + H2 + 18O2 + CH4 at 200 K and 250 K.

Peak Stoichiometry Possible Structures

200 K and 250 K

1b H8 (H2)4

2b CH10 (CH4)(H2)3

3b H6N2 (H2)3(N2)
4b H6O2 (H2)3(O2)
5b CH8O2 (CH4)(H2)2(O2)
6b H2N2O2 (H2)(N2)(O2)
7b C2H10O2 (CH4)2(H2)(O2)

can thus be discarded. According to the ’four adsorbate rule’, this product probably
consist of coadsorbed O2, CH4, and H2 molecules indicated by Au+

4 (CH4)2(H2)(O2).

Comparing the product ion distributions, kinetic traces, and deduced reaction mech-
anisms of Au+

2 and Au+
4 it is apparent that these two cluster sizes show quite a different

reaction behavior toward a mixture of H2/O2/CH4. The reason for this is the ability
of Au+

2 to activate and dehydrogenate methane while Au+
4 seems to simply adsorb

CH4. Consequently, there is also no indication of reaction and structural change of
the adsorbates on the Au+

4 cluster surface, leading to the assumption that H2, O2, and
CH4 are simply coadsorbed. In contrast, Au+

2 -H2/O2/CH4 complexes do not repre-
sent simple coadsorption products, instead there is strong evidence for the formation
of ethylene. Additionally, even larger hydrocarbons or their oxidation products may
emerge. However, theoretical calculations are necessary to determine the exact struc-
ture of the detected product stoichiometries.

Although the experimental approach of this work is only sensible to charged parti-
cles the detected ion mass distributions should give evidence for the release of neutral
products. The main problem of the investigated reaction, however, is that under the
present experimental conditions all the major products (except H2) seem to stick to
Au+

2 and are not liberated.
In conclusion, this work revealed basic reactivity patterns and various general con-

cepts of gold cluster cation reactions, such as reactant and cluster size dependent
reactivity, reactant, cluster size, and temperature dependent coadsorption effects, and
the cluster size and temperature dependent C-H and O-O bond activation. These con-
cepts might be of considerable importance for understanding the elementary reaction
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Figure 6.9: Schematic reaction model for the partial oxidation of methane on the surface of
an iron molybdate catalyst [30, 180].

steps underlying the complex processes of real catalysis, which is crucial to improve the
performance of catalysts or to design new catalytic materials. In order to assess the
implications of the derived concepts on real catalytic systems the next section briefly
discusses previous achievements, some proposed reaction mechanisms, and problems of
the direct methane oxidation in real catalysis.

6.3 Implications for Real Catalysis

Extensive research has been conducted in the partial oxidation of methane to methanol
under high pressures (30 - 60 bar) and temperatures (> 700K), however, only poor
methanol selectivity (30 - 40%) and product yield (5 - 10%) was achieved. Under am-
bient pressure conditions the methanol yield on solid metal and metal oxide catalysts
is even worse and the main observed oxidation product is formaldehyde, HCHO, be-
sides CO and CO2 [30, 31]. So far, only one experiment dealing with supported gold
particles as catalytic material has been reported. In this experiment it was observed
that gold particles of 5 - 10 nm in diameter (supported on MgO) are able to oxidize
methane, however, mainly yielding CO and the product of total combustion, CO2 [181].
To understand this overoxidation of methane, Otsuka et al. investigated the reaction
mechanism on solid Fe2(MoO4)3 catalysts [30, 180]. The result is displayed in Figure
6.9. They observed the fast dissociative adsorption of molecular oxygen on the cat-
alyst. The rate determining reaction step was the subsequent activation of CH4 by
the adsorbed oxygen atoms in an Eley-Rideal type reaction, forming a methyl CH3

or methoxy CH3O species. These intermediates must be protonated to form CH3OH,
instead they are probably attacked by a further surface oxygen atom, yielding HCHO
and in turn CO and CO2.

A rather new approach is the partial oxidation of methane on iron oxide containing
solid catalysts in the presence of molecular oxygen and hydrogen. The addition of H2

was found to increase the CH4 conversion rate, the CH3OH selectivity and to decrease
the temperature needed to start the reaction [30]. Consequently, the presence of hy-
drogen must generate a new active oxygen species that is responsible for the partial
methane oxidation. Figure 6.10 shows the reaction mechanism proposed in this work
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Figure 6.10: Reaction mechanism for selective oxidation of CH4 to CH3OH by H2/O2 gas
mixture over FePO4 catalyst with active iron sites [30].

[30] elucidating the role of hydrogen and revealing the formation of peroxide anions O−
2 .

In this mechanism hydrogen forms OH groups with the oxygen atoms of the catalyst
that enable the formation of O−

2 . The adsorbed hydrogen does not further take place
in the reaction but is eliminated as water while O−

2 attacks the C-H bond of methane
yielding CH3O and OH. These subsequently recombine under elimination of methanol.

Besides these investigations of solid transition metal oxide catalysts operated under
real catalytic conditions, also gas-phase transition metal oxide cations (e.g. OPtO+

[179], FeO+ [182], and MoO+
3 [183]) were investigated in order to reveal elementary re-

action mechanisms. Note that in these gas-phase experiments the metal oxide cations
were not formed in the presence of molecular oxygen but are rather generated in the
presence of the highly reactive nitrous oxide, N2O. These studies exhibited the inser-
tion of the metal oxide unit [M]O into a C-H bond of CH4, yielding the structure
CH3−[M]−OH from which methanol can be liberated, according to [184]:

[M]O + CH4 → CH3 − [M] − OH → [M] + CH3OH. (6.1)

The presented examples of methane oxidation on solid and gas-phase transition
metal oxide catalysts revealed several possible reaction routes and active oxygen species
for methane activation. The main problem in all these experiments is the need of high
temperatures (solid catalysts) [30, 31] or of highly active species (gas-phase catalysis)
[184] to activate the rather stable methane molecules, which consequently represents
the rate determining reaction step of the overall reaction. Under such experimental
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conditions, the formation of active oxygen species by dissociative adsorption or by
reaction with N2O is much faster than the methane activation [30, 179, 180, 182, 183].
The high temperatures and the fast oxygen activation leads to the overoxidation of
methane resulting in CO, and CO2 and in a poor product selectivity. Furthermore, for
a ’green’, i.e., ecologically sensitive oxidation catalysis, molecular oxygen of the air is
the preferred oxidizing agent. Thus, a catalytic material must be found that is able to
activate methane at low temperature faster than molecular oxygen. A first example of
such a system was reported by Schwarz and coworkers [150, 151]. In this reaction, the
first step is not the activation of molecular oxygen but the adsorption, activation and
dehydrogenation of methane according to:

Pt+ + CH4 → Pt+ = CH2 + H2. (6.2)

These PtCH+
2 products can undergo subsequent (slower) reactions with O2 forming

PtO+, HCOOH, CO/H2O, CO2/H2, and CH3OH. Thus, the platinum cation is still
too reactive to achieve high product selectivity.

In the present work, small gold cluster cations were investigated in order to eluci-
date concepts of their reaction behavior in respect to the partial methane oxidation.
Since gold cations are less reactive towards CH4 and O2 than platinum cations they
seem to be suitable for this reaction [26]. Indeed, the presented investigations revealed
a moderate reactivity of Au+

x (x = 2 - 6) towards methane while Au+
2 is even able

to activate and dehydrogenate methane at temperatures as low as 250 K. In contrast,
molecular oxygen is not adsorbed on Au+

x at all, unless hydrogen is added to the ion
trap. Thus, due to the weak reactivity of Au+

x , the presence of hydrogen is extremely
important to enable the cooperative adsorption and activation of molecular oxygen
but seems not to take part in the formation of the final reaction products. Molecular
dynamics simulations revealed that probably not a dissociated oxygen atom but rather
the formed OOH groups are the active species for oxidation reactions. Furthermore,
the experimental data strongly indicate the formation of partial oxidation products of
methane.

As already mentioned in Chapter 1, such gas-phase studies of metal cluster reac-
tivity might never account for the precise mechanisms in real catalysis, but they are
important to provide a conceptual framework and enable the conclusion of reactivity
patterns. Considering the concepts, found in this work, it is possible to at least suggest
a catalytic system (based on supported gold clusters), which is able to activate both,
methane and molecular oxygen, at low temperatures. Due to the moderate reactivity
and the low temperature, such gold particles might be able to partially oxidize CH4

without overoxidation.

(i) Catalytic Material: This work proved that small gold cluster cations are able to
activate both, methane and molecular oxygen. Due to the observed strong cluster size
dependence of these reactions very small mass selected gold clusters should be used
as active catalytic material. This suggestion is in accord with recent observation that
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supported gold particles containing only a few atoms are the actual catalytically active
species [7–9]. To enable the adsorption and activation of methane on the gold particles
they must be positively charged [15, 24, 25]. Therefore, the support material must
ensure the charging of the clusters which was shown, e.g. on TiO2 [28] and ceria-based
supports [185]. However, it should be considered that the support not only charges the
gold clusters but might also influence the overall reaction mechanism. In this context,
the possible adsorption and activation of the reactants on the support and/or the gold
cluster-support interface as well as the release of highly active oxygen atoms from the
oxide supports which can participate in the reaction, should not be neglected [1, 5, 186].

(ii) Pressure Conditions: In Sections 4.1 and 5.4 it was demonstrated that molec-
ular oxygen can only be adsorbed on hydrated Au+

x . Consequently, the reaction must
take place under addition of H2. Since, the adsorption of CH4 on Au+

x is much faster
than the cooperative coadsorption of H2 and O2 (cf. Sections 4.5, 5.4, 6.1, and 6.2) the
partial O2 pressure must be considerably enhanced compared to the methane partial
pressure.

(iii) Temperature Conditions: In the previous sections it was found that the ad-
sorption of molecular oxygen is preferred at low temperatures of TR ≤ 200 K (cf.
Section 5.4) while the activation of methane is only successful at TR > 200 K (cf.
Section 4.5.1). However, the experiments in Section 6.1 revealed that cooperative ef-
fects lead to the adsorption of O2 at higher temperatures. Nevertheless, the optimal
temperature is probably limited to a rather small range near room temperature. This
finding is of significance in respect to an ecological favorable catalytic process since no
additional energy is needed to heat up the system to the high temperatures that are
so far inevitable for the catalytic partial oxidation of methane [30, 31].



134 Chapter 6. Influence of Methane Activation on H2/O2/CH4 Coadsorption



Chapter 7

Conclusion and Outlook

The presented investigations are based on the observation that supported gold nanopar-
ticles are able to activate molecular oxygen and to catalyze the oxidation of hydro-
carbons at low temperatures [2–5, 9, 28]. However, recent studies stated that not
nanometer sized particles but those containing only a few atoms (≥ 8) are the actual
catalytically active species [7, 9]. Despite numerous investigations concerning the cat-
alytic activity of supported gold clusters, there are still widely discussed subjects like
e.g., the nature of active adsorption sites, the influence of the support material, and
the activation of molecular oxygen.

In this context, the reactivity of unsupported, mass selected gold cluster cations
Au+

x (x = 2 - 7) was investigated in the present work, using the example of the C3H6

and CH4 partial oxidation reaction. Although gas-phase studies are simplified systems,
such experiments are important to determine reactivity patterns and general concepts
that are relevant to the analysis of catalytic reaction mechanisms. Positively charged
gold clusters were chosen as model systems as those are able to adsorb and possibly
activate hydrocarbons, in contrast to anionic gold clusters which interact only weakly
with hydrocarbons [15, 24, 25]. However, cationic gold clusters were not seen to react
with molecular oxygen under different reaction conditions [15, 25, 26] (cf. also Chapter
4). These conflicting results seem to preclude the successful oxidation of hydrocarbons
on small cationic gold clusters. Thus, the aim of this work was to find a way to initiate
the adsorption of molecular oxygen to enable a potential reaction with C3H6 and CH4

by taking advantage of coadsorption effects.
The presented experimental approach relies on the storage of mass selected metal

cluster ions in an octopole ion trap that not only allows the control of cluster size
and charge state, but also of reaction temperature, reaction time, and reactant partial
pressures. With this method it is possible to detect final products as well as stable
intermediates. Furthermore, reaction rates and reaction mechanisms can be deduced
by recording the temperature dependent reaction kinetics. Applying RRKM theory
also allows the determination of binding energies between the neutral ligands and the
cluster ions. The reliability of the RRKM analysis was evaluated in this work by an-
alyzing the reaction rates of anionic gold, silver, and binary silver-gold clusters with

135
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O2 and CO (cf. Chapter 3). As these reactive systems are theoretically well described
they were chosen as models for a detailed discussion of possible sources of error in the
RRKM analysis of experimental rate constants. On the basis of these results it was then
possible to assess the hitherto unknown binding energies of Aux-CH+

4 (cf. Chapter 4).
In a first set of experiments the temperature dependent reaction behavior of Au+

x

(x = 2 - 7) towards several for the hydrocarbon oxidation relevant small molecules
(O2, H2, N2, C3H6, and CH4) was investigated (cf. Chapter 4). These experiments re-
vealed a distinct reactant and cluster size dependent reactivity of the small gold cluster
cations. In agreement with previous measurements [15, 25, 26, 36], it was found that
gold cations do not react with molecular oxygen due to the strong electron acceptor
character of O2. In contrast, Au+

x exhibited a distinct temperature dependent reactiv-
ity towards H2 and N2. Low temperature saturation measurements even allowed the
determination of active adsorption sites on the different gold cluster sizes. Further-
more, investigations of Au+

x in the presence of methane revealed that Au+
2 is the only

investigated cluster which yielded reaction products that directly prove the activation
and dehydrogenation of CH4. Temperature dependent reaction kinetics of Au+

x with
CH4 additionally permitted the determination of Au+

x -CH4 binding energies for the first
time. In contrast to the moderate reaction behavior of Au+

x towards H2, N2, and CH4,
the propylene adsorption was found to proceed extremely fast even at very low C3H6

partial pressures and at room temperature. The reason therefore are the delocalized π
electrons of the C=C double bond that can be easily donated to the positively charged
clusters. As a result of all these single reactant experiments it can be concluded that
the reactivity of a certain cluster size toward the investigated reactants roughly follows
the order C3H6 >> CH4 > N2 > H2 >> O2.

In a next set of experiments, the investigations towards a single reactant were ex-
tended by simultaneously introducing two reactant gases to the ion trap (cf. Chapter
5). As the present experiment is operated under multi-collision conditions this allowed
for the first comprehensive study of (in regard to catalysis) important coadsorption phe-
nomena on gold cations, revealing reactant, cluster size, and temperature dependent
cooperative (H2/O2, H2/CH4 and N2/O2) and competitive (H2/N2, N2/O2, H2/CH4,
H2/H2O, and H2O/CH3Cl) coadsorption effects. Additionally, a hitherto unknown
coadsorption phenomenon on free metal clusters, termed ’permissive coadsorption’ was
found which describes the mutually cooperative adsorption of two reactants (H2/CH4)
on the same adsorption site. Among the performed studies, the investigation of the
H2/O2 coadsorption turned out to be of special interest. From the single reactant
investigations it is known that molecular oxygen cannot bind to gold cluster cations,
however, most surprisingly, it was found that the preadsorption of hydrogen makes the
even size gold clusters accessible for the cooperative O2 coadsorption. With the help
of molecular dynamics simulations, performed by U. Landman and coworkers, it was
even possible to elucidate the whole reaction path that leads to the activation and an
eventual dissociation of molecular oxygen.

On the basis of the H2/O2 coadsorption experiments, Au+
2 and Au+

4 were identified
as suitable model systems for the very first gas-phase experiments, performed in the
presence of a mixture of three reactants, namely H2, O2, and CH4 (cf. Chapter 6).
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Surprisingly, all three reactants were found to coadsorb in a cooperative and also
competitive manner on both gold cluster cations. Temperature dependent ion mass
distributions and kinetic data in conjunction with the previous single reactant and
coadsorption measurements allowed for the deduction of possible reaction mechanisms
exhibiting quite a different reaction behavior of Au+

2 and Au+
4 towards H2/O2/CH4.

The reason for this is the ability of Au+
2 to activate and dehydrogenate methane.

The kinetic data of the reaction between Au+
4 (that does not activate methane) and

H2/O2/CH4 showed that all reaction products were in equilibrium with each other.
This finding indicates that the reactants are simply coadsorbed without undergoing a
structural change on the gold tetramer surface. In contrast, the reaction kinetics of
Au+

2 with H2/O2/CH4 exhibited a mixture of intermediates and final products leading
to the strong assumption of the formation of new molecules on the cluster which were
assigned to potential partial oxidation products.

The experiments performed in this work allowed to gain detailed insight into coad-
sorption phenomena that are extremely important to understand catalytic reactions.
Furthermore, gas-phase studies in the presence of three reactants were performed for
the first time. This opens new perspectives for further investigations of catalytically
important reactions. It might be of special interest to tune the reaction behavior
and the possible catalytic activity of the clusters by replacing gold atoms by different
metal atoms. For example, very recent investigations impressively demonstrated the
enhancement of the catalytic activity of supported gold nanoparticles by doping them
with palladium [187].

In the present study, the hydrocarbons CH4 and C3H6 were investigated. While
propylene reacted extremely fast with Au+

x due to the delocalized π electrons of the
C=C double bond, CH4 exhibited a moderate reactivity. Extending the investigations
to larger hydrocarbons might give additional information on the reaction behavior of
gold clusters towards hydrocarbons and the possible formation of partial oxidation
products. However, based on the results for the C3H6 adsorption such experiments on
Au+

x are probably limited to alkanes. To study the partial oxidation of alkenes, the
reactivity of the cluster must be reduced by e.g., changing the elemental composition
of the clusters. The same effect might also be achieved by studying larger gold clusters
that already exhibit three dimensional geometry. Such cluster sizes are probably less
reactive leaving ’free’ reaction sites that can participate in the formation of the prod-
ucts on the cluster surface.

So far, the experimental approach of this work is only sensible to charged particles
and the formation and subsequent release of neutral reaction products cannot be di-
rectly measured. In this context, the direct detection of the neutral products, using
photo-ionization, might be helpful for deducing the complicated reaction mechanisms.
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Chapter 8

Experimental

In this chapter the experimental setup utilized to study the reaction behavior of small
metal cluster ions is presented in detail (for a short introduction see Chapter 2). After
a general overview of the setup and the vacuum system (Section 8.1) the production of
the metal cluster ions (Section 8.2) and the operation of the octopole ion trap (Section
8.3) will be presented in detail.

8.1 Overview

The experimental setup shown in Figure 8.1 mainly consists of a cluster ion source
followed by an octopole ion trap embedded into a system of four collinear quadrupole
ion guides and mass spectrometers, respectively.

The metal cluster ions are produced by a CORDIS (cold reflex discharge ion source)
sputter source (for details cf. Section 8.2) and are subsequently extracted into a helium-
filled quadrupole ion guide (Q0), where they are thermalized to room temperature and
collimated to the axis of the ion optics. A first size selective quadrupole (Q1) then allows
for the selection of a specific cluster size that is further transferred via a quadrupole
ion guide (Q2) into a homebuilt radio frequency (rf) octopole ion trap (for details see
Section 8.3). The ion trap is attached to a closed-cycle helium cryostat and thus can
be continuously cooled from 300 K to 40 K [188]. To allow trapping and reaction of the
clusters, the ion trap is prefilled with about 1 Pa of helium buffer gas as well as a small,
well defined fraction of reactive gases. The absolute partial pressures inside the trap are
measured by a baratron gauge (MKS, Type 627B). After the desired reaction time, the
charged products are extracted from the trap and are mass analyzed by a quadrupole
mass spectrometer (Q3). The ions are amplified by a channeltron/conversion dynode
detector and digitalized and integrated by a LeCroy 9400A 175MHz oscilloscope. Al-
ternatively, the product ion distribution can also be mass analyzed by a newly built
reflectron type time-of-flight mass spectrometer (TOFMS) mounted perpendicular to
the ion beam direction. In this configuration the formerly mass analyzing quadrupole
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Figure 8.1: Schematic picture of the setup: a: Cold reflex discharge ion source (CORDIS)
with solid targets; b: guiding quadrupole Q0; c: mass selective quadrupole Q1; d: guiding
quadrupole Q2; e: octopole ion trap with entrance and exit lenses L13 and L15; f: mass selec-
tive quadrupole Q3; g: channeltron/conversion dynode; h: time-of-flight mass spectrometer
with reflectron; i: multi-sphere-plate ion detector.

Q3 is only used as a collimating ion guide and the ion beam is parallelized and focused
into the TOFMS acceleration region by an adjacent einzel lens. The detector consists
of a multi-sphere-plate and the signal is digitalized by a multichannel scaler (Turbo-
MCS Model T914, EG&G Ortec). Note, due to the pulsed operation of the TOFMS
its application is limited to high intensity cluster ion beams. However, the gold cluster
cation yield of the CORDIS is extremely small (cf. Section 8.2), hampering the gold
cluster product ion detection with the TOFMS. Consequently, all product ion distri-
butions presented in this thesis were mass-analyzed with the quadrupole Q3.

The cluster ion source as well as Q0 - Q2 are mounted into a first unit of vacuum
chambers that are installed on a movable rack (Figure 8.2). This unit is connected to
a second unit of vacuum chambers (housing the ion trap, Q3, and the detector) via a
welded bellow. By moving the first unit against the second one, the distance between
Q2 and the ion trap is adjusted for optimizing the cluster ion signal intensity.

The vacuum system is separated into four pumping stages pumped by six turbo
molecular pumps (1x 270 l/s, 4x 500 l/s, 1x 2200 l/s) which are backed by four ro-
tary vane pumps In all four pumping stages a base pressure of about 1·108 mbar is
achievable without additional heating of the vacuum chambers.
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Figure 8.2: Technical drawing of the setup including chambers, pumps, racks.
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Figure 8.3: Schematic sketch of the cluster source with adjacent lens system: a: 6 tanta-
lum filaments; b: reflector; c: 18 cobalt-samarium permanent magnets; d: outlet lens; e:
extraction lens; f: decelerating lens; g: repeller; h: targets; i: lens 3; j: lens 4; k: lens 5; l:
quadrupole Q0. The abbreviation PS indicates power supplies.

8.2 Cold Reflex Discharge Ion Source (CORDIS)

”Fast ion bombardment” of targets, also called ”sputtering” is one of the most widely
used techniques for producing metal cluster ions. The great advantages of the creation
of clusters by sputtering are: (i) The adaptability to all solid materials, especially to
those with high melting points; (ii) the production of charged particles, thus subse-
quent ionization of the clusters is not necessary; (iii) the production of an extremely
stable continuous cluster ion beam of sufficient intensity.

Figure 8.3 illustrates the cluster ion production with a cold reflex discharge ion
source (CORDIS) which can be divided into three parts [35, 189, 190]:

(i) Production of high energetic xenon ions: Six tantalum filaments (labeled a
in Figure 8.3) are resistively heated (typically 170 - 180 A/6 - 7 V) to emit electrons in
the presence of 5 - 6·10−2 mbar xenon gas. The filaments are surrounded by 18 radially
placed permanent cobalt-samarium magnets (labeled c) which cylindrically collimate
the electron beam. By applying a direct voltage between a reflector (b) and the per-
manent magnets (c) the electrons are accelerated and the discharge and thus plasma
production of the xenon gas is actuated.
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Figure 8.4: Typical distributions of positively charge cluster ions produced by sputtering
a: pure silver targets and b: pure gold targets. The mass spectra are recorded with a
picoamperemeter directly after the mass selecting quadrupole Q1.

(ii) Extraction of Xe ions: The positively charged xenon ions are then extracted,
accelerated and focused by three cylindrical lenses (d-f). The first lens (d) as well as
the whole discharge chamber (including the filaments, the repeller, and the magnets)
are at a potential of some kV (typically 10 kV) which also determines the kinetic energy
of the xenon ions. A negative potential of some kV (typically -3 kV) is applied to the
second lens (e) to extract and collimate the ion beam. The third lens (f) is at ground
potential. A special geometry of the lenses allows for the extraction of four spatially
separated xenon ion beams.

(iii) Sputtering of the solid metal targets: The separated four ion beams now
impinge on four metal targets (h) and neutral, positively, and negatively charged clus-
ters are released. The targets are fixed on water cooled copper blocks in a way that
the ion beam hits the targets under an angle of about 60◦. Such an angle of inci-
dence was shown by Oliva-Florio et al. [191] to be most favorable for large sputtering
yield. As depicted in Figure 8.3 a repelling potential is applied to the targets to re-
lease the ionic clusters more easily. When leaving the targets, the cluster ions are
reflected by another repelling potential of a water cooled copper repeller (g) and their
direction of motion is reversed. They then enter a further system of three lenses (i-k)
which collimate and direct the cluster ions into the first helium filled quadrupole Q1 (l).

Figure 8.4 shows typical size distributions of positively charged cluster ions pro-
duced with the above described setup for different target materials. The ion distribu-
tions are measured right after mass selection in Q1. Due to the alignment of the setup
for maximum intensity of Ag+

9 and Au+
3 , respectively, the ion current of these clusters

is enhanced in the mass spectra. Comparing the measured cluster ion distributions for
the different target materials three aspects are striking: (i) the difference in intensity
for silver and gold targets, (ii) the decreasing cluster ion intensity with increasing clus-
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Figure 8.5: Theoretical and experimental ionization potential energies for neutral a: gold
clusters Aux and b: silver clusters Agx. Aux: -�- (black) Ref. [192], -O- (red) Ref. [193],
-△- (green) Ref. [193, 194], -♦- (blue) Ref. [62], -⊳- (magenta) Ref. [143]; Agx: -�- (black)
Ref. [195], -O- (red) Ref. [143], -△- (green) Ref. [196], -♦- (blue) Ref. [197], -⊳- (magenta)
Ref. [198].

ters size, and (iii) the alternation in the intensity for odd and even size clusters. To
understand these findings it is necessary to briefly review the basics of sputter theory.

Sputtering is a typical multiple collision process involving a cascade of moving tar-
get atoms. An impinging ion (Xe+) penetrates the target while undergoing a series
of collisions with the target atoms. Those atoms that recoil with sufficient energy
undergo secondary collisions, thereby creating another generation of recoiling atoms.
Both, the ion itself and energetic recoil atoms have the possibility of getting scattered
back through the surface. Furthermore, the ions and all energetic recoil atoms are
surrounded by clouds of higher-order recoil atoms with very low energy. These atoms
can additionally be sputtered if they are located within a couple of atomic layers from
the surface [199–201].

The majority of the sputtered species are neutral atoms while the contribution of
neutral and ionic clusters Mx, M+

x , and M−
x decreases rapidly with increasing cluster

size x [202, 203] (cf. Figure 8.4). The formation of clusters is described by either
the ’cluster emission model’ or by the ’recombination model’. In the first model the
emitted clusters are regarded as a fraction of the surface lattice that is composed of
adjacent surface atoms. In contrast, the ’recombination model’ assumes the indepen-
dent sputtering of atoms that recombine, if there is a certain correlation in time, space,
and momentum. This recombination may occur even for atomic species which are sep-
arated by several atomic distances [200]. Although there is experimental evidence for
both models, computer simulations on cluster formation of sputtered copper crystals
show that metal clusters do not leave the surface as intact parts of the solid but form
in a region above the surface [204, 205]. Thus, the decreasing ion abundance with
increasing cluster size x is due to the decreasing formation probability for large clus-
ters [203, 204]. The largest detected clusters are Ag+

21 and Au+
9 , respectively. This
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difference is probably caused by the low overall intensity of the gold clusters, i.e., the
detection limit of the experimental setup is already reached at this cluster size.

While most of the emitted particles are neutral atoms or small clusters, positively
and negatively charged particles only contribute by about 1% to the total particle flux
[202, 203, 206]. It is assumed that the clusters are neutral at the moment of emission
and become only charged at a distance of several Ångstroms above the surface. Thus,
the odd-even alternation in the ion abundance observed for Ag+

x and Au+
x is caused by

changes in the ionization potential of the neutral clusters which determine the ioniza-
tion probabilities [202, 203, 206]. Figure 8.5 displays theoretically and experimentally
obtained ionization potentials for neutral Aux and Agx. Since both, Ag and Au are
s1 elements with one unpaired s-electron, neutral clusters consisting of an odd number
of atoms possess one unpaired electron and thus a low ionization potential resulting
in a high cation intensity. In contrast, neutral even x cluster sizes with only paired
s-electrons and high ionization potentials appear in low intensity in the cluster ion
distributions. Furthermore, from Figure 8.5 it becomes obvious that the ionization
potentials of neutral gold clusters are about 1 - 2 eV higher than the ones of neutral
silver clusters. These enhanced ionization energies for Aux may hamper the charging of
the gold clusters yielding a lower intensity of positively charged gold clusters compared
to silver clusters.

8.3 Octopole Ion Trap

8.3.1 Design and Thermalization

The octopole ion trap used in the described setup consists of eight 74 mm long (Ø3
mm) rods embedded in an 80 mm long gold-plated copper housing. The dimensions of
the rods lead to a circular geometry of the ion trap with a mean diameter of 13 mm
and an inner volume of 4 cm3. According to the space charge limit of 104 ions per mm3

about 107 ions can be trapped. These ions are radially confined by a two-dimensional
radio frequency (rf) field (1.06 MHz), while the axial confinement is achieved by two
electrodes placed in front of (L13 in Figure 8.1) and behind (L15 in Figure 8.1) the ion
trap [188].

To effectively store ions in the trap the addition of buffer gas is necessary. The
collisions of the ions with the gas cause the ions to loose kinetic energy and move
toward the center of the trap [207]. To fill the ion trap with helium buffer gas and
the reactive gases, a teflon tube (1 mm in diameter) connects the ion trap with the
gas inlet system. The partial pressures of the gases are measured with a capacitance
manometer (Baratron, MKS, Model 627B) which is connected to the trap via a second
teflon tube (1 mm in diameter). For electronic stability reasons the head of the capacity
manometer is thermally stabilized at 318 K, thus, a temperature difference between the
ion trap and the gauge head is achieved that becomes even more pronounced the colder
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the ion trap. If the diameter of the tube, connecting the capacity manometer with the
trap is small compared to the mean free path of the molecules, a pressure difference will
be caused due to the temperature difference [208–210]. This effect is called ’thermal
transpiration’ and has been described theoretically [211, 212] and experimentally [213–
215] in the molecular flow pressure regime below 10−1 Pa. Thermal transpiration leads
in its simplest form to a correction factor of:

ptrap

pgauge

=

√

Ttrap

Tgauge

. (8.1)

pgauge denotes the read pressure at the Baratron gauge, ptrap the true pressure in the ion
trap, Ttrap the temperature of the ion trap, and Tgauge the temperature of the gauge
head that is stabilized at 318 K. At higher pressures corresponding to the viscous
flow regime this phenomenon is, however, not observed [214]. The present experiment
operates at pressures above ≥ 1 Pa and thus just in the transition range between
molecular and viscous flow. All pressure values, given in Chapters 3 - 6 correspond
to the measured values pgauge, however, for calculating the rate constants k(3) and kd

these were corrected to account for thermal transpiration (cf. also discussion in Section
3.1.4).

To cool the ion trap below room temperature the trap is connected to a closed-
cycle helium cryostat. For continuous temperature control between about 300 K and
40 K the connection between the trap and the cryostat is in thermal contact with
a resistance heating. The temperature of the trap is recorded via a chromel/alumel
thermocouple at the bottom of the trap. As all reactions of the cluster ions with
neutral gases are temperature dependent it is important to ensure a fast thermalization
of the clusters with the surrounding buffer gas. Westergren et al. [216, 217] derived
an expression to approximate the number of collisions necessary to thermalize clusters
with the surrounding noble buffer gas. According to their formula about 1000 collisions
are necessary for a trimer Au3 of 300 K to reach the temperature of 100 K of the
surrounding helium buffer gas. For the typical value of about 1 Pa helium in the ion
trap, the collision frequency is 1·105 s−1 which leads to thermalization within about
10 ms. The rapid thermalization of the clusters inside the ion trap was previously
confirmed by temperature and pressure dependent real-time laser probing of the nuclear
cluster dynamics [188].

8.3.2 Trapping Ions

The trapping of ions in the two-dimensional octopole ion trap is achieved by simply
switching the potentials applied to the entrance and exit lenses (L13 and L15) of the
trap. For filling the ion trap with positively charged ions, a low positive potential
must be applied to the entrance lens L13 in a way that the kinetic energy of the ions,
entering the trap, is reduced but that the ions are still able to pass this potential. At
the same time the potential at the exit lens L15 must be more positive so that the
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Figure 8.6: Schematic picture of the data and command stream controlled by a LabView -
program.

ions are reflected and cannot leave the trap anymore. Once they entered the trap, the
cluster ions undergo frequent collisions with the buffer gas atoms and subsequently
loose energy. After a certain ’filling time’ tF (typically 0.2 s) the potential at L13 is
raised to the value of the L15 potential. The ion trap is now closed and the ions are
stored inside. After the elapse of the ’reaction time’ tR L15 is switched to a negative
potential value such that the ions leave the trap due to the attracting potential. The
’extraction time’ tE usually is 0.04 s while the trap is emptied after about 1 - 2 ms. The
signal is then mass analyzed by Q3, amplified by a channeltron detector, and finally
transferred to an oscilloscope.

In the described setup two different kinds of experiments can be performed: (i) The
measurement of a product ion mass distribution for fixed tR by scanning Q3 within a
certain mass range. (ii) The measurement of the kinetic traces for a fixed mass by
scanning tR. Both experiments are automated by a LabView (National Instruments,
Version 5.1) program that controls the voltages applied to L13 and L15 as well as the
mass selectivity of Q3. Figure 8.6 shows a schematic of the data and command stream
controlled by this program. On the user interface of the LabView -program mainly the
following parameters can be regulated: detection mass of Q3, filling time tF , reaction
time tR, extracting time tE, which parameter to be scanned (Q3 mass or tR), starting
and stopping value of the scanned parameter, and the number of scanned points. The
control sequence can be split in four steps: (i) The program first calculates all values
that the scanned parameter can reach by using the starting and stopping values as well
as the number of scanned points. (ii) Afterwards, the mass of Q3 is set via a computer
interface. This interface produces a voltage between 0 - 10 V according to the desired
mass which in turn is converted to a corresponding high voltage in the Q3 power supply.
(iii) Then the trapping cycle (filling, trapping, and emptying of the trap) is initialized.
Therefore, a digital output of the computer interface is addressed by the computer via



148 Chapter 8. Experimental

GPIB which supplies TTL pulses of desired duration. This signal is transferred to two
TTL-switches connected to four separate power supplies each, which in turn supply
the desired voltages for the trap lenses. (iv) Finally, the ion signal is amplified by
the channeltron detector and transferred to the oscilloscope. To decrease the signal-
to-noise ratio the oscilloscope averages the ion trap signal over ten trapping cycles
before the data are transferred to the computer via GPIB. The LabView program then
integrates the signal and stores the final value. Steps (ii) - (iv) are repeated for each
value of the parameter to be scanned.

Due to the operation mode of a quadrupole mass spectrometer, it is not possible
to track all products simultaneously. That means that for each trapping cycle only
the concentration of one specific mass can be measured. Thus, for each signal point
in the mass spectra, ten complete trapping cycles are necessary leading to increased
fluctuations in the mass spectra baseline compared to continuously operating setups.
Furthermore, in order to detect single hydrogen atoms and molecules adsorbed on the
cluster ions (cf. chapters 4 - 6), the quadruple mass spectrometer must be operated
in a high resolution mode. This, however, results in a considerably decreased signal
intensity leading to a further decrease of the signal to noise ratio in the mass spectra.
Nevertheless, a mass resolution of 1 - 2 amu has been achieved even for the large gold
clusters. Furthermore, at very low ion intensities the peak shape is slightly asymmetric
yielding a satellite peak at smaller masses. To account for this asymmetry of the
mass spectrometer, each mass peak of the raw data is deconvoluted with a constant
apparatus function F (x) to yield the mass spectra shown in the previous sections. This
apparatus function is a sum of Gauss-functions of the following form:

F (x) = − Af

w
√

π
2

Exp[−2(x − (xm − xc))
2

w2
] +

Af

w
√

π
2

Exp[−2(x − xm)2

w2
]. (8.2)

Thereby, A defines the peak height and xm the mass position of the ’real’ mass signal.
These two parameters differ for each mass peak and must accordingly be adjusted each
time. In contrast, f = 1.5, xc = 6.1, and w = 4.7 are fixed parameters that were
once defined to best fit the experimental data and are adopted for all measured mass
spectra. Thus, by applying the apparatus function to each mass peak in the spectrum
the satellite peak is subtracted from the mass signal and subsequently added at the
position of the ’real’ mass peak.
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291, 170 (2005).

149



150 Bibliography

[17] Lee, T. H. and Ervin, K. M. J.Phys.Chem. 98, 10023 (1994).

[18] Wallace, W. T. and Whetten, R. L. J.Phys.Chem. 104, 10964 (2000).

[19] Wallace, W. T. and Whetten, R. L. Eur.J.Phys. D 16, 123 (2001).

[20] Hagen, J., Socaciu, L. D., Heiz, U., Bernhardt, T. M., and Wöste, L. Eur.Phys.J.
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[184] Schröder, D. and Schwarz, H. Top.Organomet.Chem. 22, 1 (2007).

[185] Fu, Q., Saltsburg, H., and Flytzani-Stephanopoulos, M. Science 301, 935 (2003).

[186] Haruta, M. Gold Bull. 37, 27 (2004).

[187] Edwards, J. K., Solsona, B., Ntainjua, E., Carley, A. F., Herzing, A. A., Kiely,
C. J., and Hutchings, G. J. Science. 323, 1037 (2009).

[188] Hess, H., (1998). Dissertation, Freie Universität Berlin.

[189] Schaffner, M.-H., Jeanneret, J.-F., Patthey, F., and Schneider, W.-D. J.Phys.D:
Appl.Phys. 31, 3177 (1998).

[190] Metzger, R., (1992). Diplomarbeit, Freie Universität Berlin.

[191] Oliva-Florio, A., Baragiola, R. A., Jakas, M. M., Alonso, E. V., and Ferrón, J.
Phys.Rev. B 35, 2198 (1987).

[192] Li, X.-B., Wang, H.-Y., Yang, X.-D., Zhu, Z.-H., and Tang, Y.-J. J.Chem.Phys.
126, 084505 (2007).

[193] Wang, J., Wang, G., and Zhao, J. Phys.Rev. B 66, 035418 (2002).

[194] Jackschath, C., Rabin, I., and Schulze, W. Ber.Bunsenges.Phys.Chem. 96, 1200
(1992).



Bibliography 159

[195] Jackschath, C., Rabin, I., and Schulze, W. Z.Phys. D 22, 517 (1992).

[196] Franzreb, K., Wucher, A., and Oechsner, H. Z.Phys. D 17, 51 (1990).

[197] Baetzold, R. C. J.Chem.Phys. 689, 555 (1978).

[198] Balasubramanian, I. and Feng, P. Y. Chem.Phys.Lett. 159, 452 (1989).

[199] Sigmund, P. Phys.Rev. 184, 383 (1969).
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Zusammenfassung

Das Ziel der vorliegenden Arbeit war es, Reaktionsmuster und generelle Konzepte zu
finden, die bedeutend für das Verständnis der katalytischen Oxidation von C3H6 und
CH4 an Goldpartikeln sind. Zu diesem Zweck wurden kleine massenselektierte Gold-
clusterkationen unter definierten Reaktionsbedingungen in der Gasphase untersucht.

In ersten Experimenten wurde die temperaturabhängige Reaktivität von Au+
x

(x = 2 - 7) gegenüber verschiedenen, für die Kohlenwasserstoff-Oxidation relevanten
Molekülen (O2, H2, N2, CH4, und C3H6) unabhängig voneinander untersucht. Diese
Messungen zeigten unerwartete reaktanden- und clustergrößenabhängige Reaktivitäts-
muster. Während die Goldkationen gegenüber molekularem Sauerstoff völlig unreaktiv
sind, wiesen die Au+

x eine ausgeprägte temperaturabhängige Reaktivität gegenüber H2

and N2 auf. Sättigungsbedeckungsmessungen bei tiefen Temperaturen ermöglichten
die Bestimmung aktiver Adsorptionsstellen auf den Clustern verschiedener Größen.
Besonders ausgeprägt ist die clustergrößenspezifische Reaktivität gegenüber Methan,
da Au+

2 die einzige untersuchte Clustergröße ist, für die Reaktionsprodukte beobachtet
wurden, die einen direkten Hinweis auf die Aktivierung und Dehydrierung von Methan
gaben. Die Messung temperaturabhängiger Reaktionskinetiken ermöglichte außerdem
erstmalig die Bestimmung der Au+

x -CH4 Bindungsenergien. Im Gegensatz zu dem mod-
eraten Reaktionsverhalten gegenüber H2, N2, und CH4, wurde sogar bei geringen C3H6

Partialdrücken und Raumtemperatur eine sehr schnelle C3H6 Adsorption beobachtet.
Die gegensätzlichen Ergebnisse der mühelosen Propylen- und Methan-Adsorption

einerseits und der fehlenden Adsorption molekularen Sauerstoffs andererseits, scheinen
die erfolgreiche Partialoxidation von Kohlenwasserstoffen an kationischen Goldclustern
unmöglich zu machen. Die einzige Möglichkeit, dennoch molekularen Sauerstoff zu
adsorbieren wurde darin gesehen, Koadsorptionseffekte auszunutzen. Daher wurde im
Rahmen dieser Arbeit die erste umfassende Untersuchung von Koadsorptionseffekten
auf Goldkationen durchgeführt. Dabei wurden reaktanden-, clustergrößen- und tem-
peraturabhängige konkurrierende und kooperative Koadsorptionseffekte beobachtet.
Zusätzlich wurde ein auf Clustern bisher unbekanntes Koadsorptionsphänomen ent-
deckt, das ’permissive’ (’duldend’) genannt wurde. Dies beschreibt die wechselseitige
kooperative Adsorption zweier Reaktanden auf demselben Adsorptionsplatz. Unter
den durchgeführten Untersuchungen stellte sich die H2/O2 Koadsorption als besonders
interessant heraus. Überraschenderweise, wurde die kooperative Koadsorption und die
Aktivierung des molekularen Sauerstoffs auf geradzahligen Clustergrößen beobachtet,
sofern molekularer Wasserstoff präadsorbiert war. Mit Hilfe von molekulardynamischen
Simulationen von U. Landman und Mitarbeitern war es sogar möglich den Reaktions-
weg dieser clustergrößenabhängigen Reaktion aufzuklären.

Auf der Grundlage der H2/O2 Koadsorptions-Experimente, wurden Au+
2 und Au+

4

als angemessene Modellsysteme für die ersten Gasphasen-Experimente in der Gegen-
wart einer Mischung aus drei Reaktanten (H2, O2 und CH4) ausgewählt. Interessan-
terweise sind beide Clustergrößen in der Lage, alle drei Reaktanten zu koadsorbieren.
Auf Grund der Fähigkeit von Au+

2 , Methan zu aktivieren und zu dehydrieren, konnten
grundlegende Unterschiede im Reaktionsmechanismus für Au+

2 und Au+
4 herausgear-

beitet werden. Außerdem wurden mögliche Partialoxidationsprodukte bestimmt.
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