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1 Introduction

In recent decades, the use of metal clusters as catalysts has become a highly researched field.
Nanoparticles and nanoclusters are located between the atomic and bulk states of the
corresponding metal. Metal nanoclusters typically have a size smaller than 2 nm, while
nanoparticles are above this size. The physicochemical properties of both systems differ much
from those of the bulk state and depend strongly on the size. However, the properties of the
nanoparticles are easier to predict, compared to the clusters. The physicochemical properties of
metal clusters vary greatly and non-monotonously even by the addition or removal of a single
atom or by changing the composition or the charge of the cluster, therefore their catalytic
activity can be tuned easily. This property opens the way to tailor their catalytic activity by
appropriate size selection. Furthermore, they can be used as model system for industrial
catalysts, since in gas-phase calculations and gas-phase experiments the individual effects can
be studied separately, under precise and idealized conditions and thus the energetics and kinetics
of the reactions can be studied in detail at molecular level. In addition, using these idealized
models, the intermediates, the reaction mechanism can be explored and the effect of cluster size,
structure, oxidation state, etc. on the chemical processes can be determined. Of course, these
results cannot be compared exactly to the reactivity of clusters deposited on the surface or

solved in solution, but the above questions can be examined .

During my PhD, I investigated the applicability of various transition metal clusters as catalysts
in different reactions, using quantum chemical methods. Our group collaborates with the
research group of Ewald Janssens (KU Leuven), where the gold clusters were prepared and

their reactivity with propene was investigated experimentally.

Firstly, I present the adsorption of propene on pure gold and yttrium-doped gold clusters. Small
gold clusters showed high activity and selectivity in the conversion of propene to propylene
oxide, which is an important industrial feedstock . The electronic structure and the structural
properties of the gold clusters can be also tuned using a doping atom, which can also change
the chemical properties of the clusters. Previous researches in the group have already shown
that the yttrium atom is a suitable dopant atom to tune the stability and catalytic activity of gold
clusters °. Its size and electronegativity differ significantly from those of the gold atom and
the empty d orbitals make it a good electron acceptor. Thus, in my research I do not only
investigate the effect of the charge and size of the gold cluster on propene adsorption energy,

but also the effect of the yttrium dopant atom. As it was shown that the non-covalent interactions



are important during the adsorption of ethylene on gold clusters, and electron donation/back-
donation mechanism occurs , I also examined the cluster—propene interactions with changing

the cluster charge, size and composition.

I also investigated the applicability of small copper clusters as catalyst in the reaction between
N20 and CO. Exhaust gas contains large amount of carbon monoxide, hydrocarbons, particulate
matter and nitrogen oxides, which toxicity and harmful effects are well known ®. Since the
barrier height of the N>O + CO — N + CO» reaction is relatively high (about 200 kJ/mol) °,
catalyst is required for the conversion. The three-way catalyst is considered to be the most
promising technology, but currently it contains expensive noble metals '°. Thus, there is a need
to develop a cheaper, but at least as effective three-way catalyst. This can be achieved by using
relatively inexpensive metals, so the catalytic activity of copper clusters has also been
investigated in the literature. Hirabayashi et al. studied the reaction of N2O and CO using copper
cluster anions as catalyst and found good catalytic activity for the studied clusters !!. As copper
clusters were considered as promising catalyst for this reaction, but the detailed reaction
mechanism was not known, in my work I investigated the reactivity of neutral copper clusters
as a function of size. In addition, for the most promising candidates, I determined the detailed

reaction mechanism.

The third topic of my PhD work is the investigation of the reactivity of copper clusters as
catalyst in the CO; reduction. It has also become a highly researched area in recent years, as
reusing the emitted gas would reduce the amount of its concentration in the atmosphere. This
task is challenging because of the high stability of the carbon dioxide. Although it is possible
to choose realistic conditions where the reduction of carbon dioxide can take place from a
thermodynamic point of view, due to the high activation barriers, catalyst is necessary for the
CO; reduction. Depending on the energy source, thermal, electrochemical, and photochemical
catalysts can be distinguished '>. It is well known that copper can catalyze the CO»
electroreduction to methane and various other small hydrocarbons '*'4. Furthermore,
industrially, Cu/ZnO/Al,O3 thermal catalyst is used to produce methanol from CO»-containing
synthesis gas '°. C. Liu et al. have found that the Cus cluster deposited on alumina surface
catalyze the methanol formation process '°. The catalytic activity of the clusters can be tuned
here also by e.g. the cluster size, charge and composition. For a good catalyst it is important
that the reagent binds properly on the catalyst. Thus, we first studied the effect of cluster size

and charge and in the group the effect of cluster composition on CO» adsorption energy and on
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carbon dioxide—cluster interactions. My research on this field was mainly focusing on the effect

of doping with chromium and manganese.

2 Computational methods

During my PhD, I investigated the properties and reactions of different metal clusters using
quantum chemical calculations. These calculations were performed with Q-Chem and MRCC
program packages, using DFT functionals and the Karlsruhe basis sets. The appropriate method
(functional, basis set, dispersion correction) was chosen in each case by thorough method test
performing the CCSD(T) calculations as reference method.

The most stable isomers of the clusters were determined based on results published in the
literature, if possible, while in other cases, I used the so-called capping method. For the adducts,
the initial geometries were systematically generated in @ and di-c binding modes. To determine
the reaction path, the FSM method (freezing string method) was used to approximate the
location of the transition states, and these geometries were further refined using the
conventional eigenvector search method. The transition states were validated using the IRC
approach (intrinsic reaction coordinate). For each optimized geometry, vibration analysis was
performed to verify that they are actually minima on the potential energy hypersurface. I also
checked the stability of the wavefunctions.

In the case of gold clusters, the strength of the interaction between the cluster and propene was
characterized by the binding energy, based on the following definition: Epinding = E(Aux1Y) +
E(C3Hs) — E(Aux-1Y-C3Hgs), because of the easier comparability with the experimental results.
In the case of copper clusters, I used the adsorption energy, defined by the difference between
the energies of the adduct and the reagents. Furthermore, I used the Tamkin library for the
thermochemical calculations.

To analyze the cluster—adsorbent interactions, energy decomposition and charge transfer
analysis (EDA) was applied. The orbital-orbital interactions were investigated using the
ALMO-EDA (absolutely localized molecular orbitals — energy decomposition analysis) and the
COVP (complementary occupied-virtual pairs) methods. Furthermore, the chemical bonding
was analyzed in terms of the LOL analysis (localized orbital locator), the Bader analysis and
the NBO analysis, involving Wiberg bond indices and natural charges.

The molecules were visualized using the PyMol program, while IQmol was used to visualize

the COVPs and FMOs (frontier molecular orbitals).



3 Results

3.1. Non-covalent interactions and charge transfer during propene adsorption on neutral

and cationic gold and yttrium-doped gold clusters

Firstly, in order to determine the effect of cluster charge, size and composition on propene
adsorption energy and on cluster—propene interaction, I determined the most stable structures
of neutral and cationic, undoped and yttrium-doped gold cluster—propene adducts in the

x=4/5-15 size range.

It was found that the propene preferentially binds to the cluster on-top of a low-coordinated
gold atom, through its C=C double bond, which corresponds to the @ binding mode. In this
binding mode, the carbon-carbon bond is activated, which is an important step towards the
epoxidation of propene. Based on the investigation of Wiberg bond indices, the bond order of
the C-C bond changes more in systems where propene is attached to a gold atom, compared to
that adducts, where the propene binds to the yttrium atom. Thus, in the former case, the C-C
bond becomes more activated. The adsorption site preference on the bare cluster is affected by
the location of the LUMO (or LUMO+1), the coordination number of the atom and its natural
charge. In addition, in the case of yttrium-doped clusters, the shape of the cluster (2D or 3D)

also influences the adsorption site.

The binding energy of propene was found to be size, doping atom and charge dependent
(Figure 1). In the case of the positively charged clusters, the binding energy of propene is higher
in all cases compared to the neutral systems, due to the increased propene—cluster electron
transfer. For both neutral and cationic clusters, the doping reduces the binding energy in most
cases, except for x=06, 11, 14 for the neutral and x=8, 9, 13 for the cationic systems. In case of
these adducts, there is a small difference between the binding energy of propene on doped and
undoped clusters. It was found that the size dependence of the binding energy is slightly more
pronounced for the undoped clusters. It is important to mention that the binding energies
calculated from the experimental results using the RRKM method show similar tendencies

compared to the computational DFT results.
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Figure 1: The effect of doping and cluster charge on the charge distribution and on the
propene binding energy

The chemical bonds were examined using the LOL, Bader and NBO analyses. In addition, I
performed energy decomposition analysis to determine the most important non-covalent
interactions between the propene and the cluster. For both cationic and neutral systems, it was
concluded that the covalent nature of the bond formed between the propene and the cluster is
small, thus non-covalent interactions are important during the bond formation. Furthermore,

there is donation/back-donation mechanism during the adsorption.

Using the EDA analysis, it can be concluded that for neutral, undoped gold clusters the charge
transfer, the polarization and the frozen terms determine the binding energy and its size
dependence. For the neutral, yttrium-doped systems, the contribution of the relaxation term is
also significant. Furthermore, by the positively charged adducts, the charge transfer energy
increases, showing the even more important role of this term and explaining the stronger

binding of propene to the cationic clusters.

The investigation of the orbital-orbital interactions indicated that when propene binds to a gold
atom, the role of donation is more significant than the back-donation, while binding to the
yttrium atom, the amount of charge transfer provided by the back-donation is higher. In addition,
during the donation, the 7 orbital of propene donates electrons to the d orbitals of gold, while
the back-donation happens from the gold to the w* orbital of propene. In the case of the
yttrium-doped clusters, the donation occurs mainly from the & orbitals of propene to the s and
d orbitals of gold and d orbitals of yttrium, while in the back-donation the d orbitals of Y, the
s, p and d orbitals of the gold and the w* orbital of propene are participating. For neutral,
undoped clusters correlation was found between the HOMO (or HOMO-1) energy and the
charge transfer energy. Due to the complexity of interactions, no similar correlation was found

in any other cases.



3.2. The N20 and CO reaction catalyzed by small copper clusters

Since copper clusters seemed to be a promising candidate for the catalysis of the
N20 + CO — N2 + CO; reaction (Figure 2), I investigated the catalytic activity of neutral copper

clusters containing four to fifteen copper atoms, using quantum chemical methods.

Figure 2: The investigated reaction mechanism on copper clusters

As a first step, I studied the adsorption of N2O in the size range of x=4-15. It was found that the
N20 binds to the copper cluster without a barrier, but in the case of Cus, Cus, Cug and Cuio
clusters, a much more stable isomer can be obtained by passing through a small barrier. By the
larger clusters (x>8) a clear “even-odd oscillation” can be observed for the N>O adsorption
energies as a function of size, where clusters with even number of atoms were proved to be
more reactive. Analyzing the chemical bonds, it can be concluded that an oxide ion is formed
during the adsorption, as an important driving force of the reaction. Between the copper cluster
and the N>O non-covalent interactions are formed, and the charge transfer is the most significant
term for the N>O binding (based on EDA calculations). The stability of the different Cux-N>O
isomers also correlates with the possibility of oxide ion formation. Moreover, between the
binding energy of N2 and the adsorption energy of N2O, an inverse correlation was observed.
Calculating the Gibbs free energy in the range of 200-1000 K, it was found that for x=7 and
x>10 the N> can desorb spontaneously even at ambient conditions. Thus, further reaction steps

were investigated for x=7 and 12.

During the CO adsorption, the CO binds firstly to a copper atom of the oxidized cluster, and
through further steps, CO; is formed on the cluster surface. CO binds to the cluster also via

non-covalent interactions. During the OCO — CO; transformation, the charge transfer between



the cluster and the adsorbent decreases. Finally, the CO2 desorbs from the cluster without an

energy barrier. This step is also thermodynamically favorable, even at low temperature.

In summary, the calculations showed that the small copper clusters can be suitable catalysts for
the NoO + CO — Ny + CO; reaction. Among the smaller clusters (x<10), Cu7 is the most
promising catalyst, while among the larger clusters, the application of Cui2 or Cui4 (based on

the thermodynamic analysis) may be even more favorable.

3.3. The design of the copper cluster for CO:z adsorption tuning by the cluster size, charge

and composition

The conversion of carbon dioxide to other useful chemical is an intensively researched topic
nowadays. The scientific literature results showed that the Cus cluster is an efficient catalyst to

catalyze the conversion of CO, to methanol '

. However, based on the reaction mechanism of
the CO; reduction of gas-phase Cus cluster, calculated by our group, it was concluded that the

tuning of the Cuy4 catalyst is necessary to achieve better catalytic activity.

Thus, in this research, I investigated the first step of CO> reduction, the CO> adsorption on
neutral, cationic and anionic copper cluster, in the x=4-14 size range. Furthermore, in the case
of the four-atomic clusters, the effect of transition metal doping on the adsorption energy and

on the activation of CO; was investigated in the group (Figure 3).

Cu;M Cu,’ Cu,, Cu,* CO, COOH
(M=Sc, Ti, V, Cr'Mn}  (x=4-14) (x=4-14)
Zn, Ni, Co, Fe)

Figure 3: Possibility for designing the copper cluster catalyzed CO; reduction: the change of
the composition (I studied the dopant atoms marked with asterisk), the size, the charge of the
cluster, and the reaction (thermal or electrochemical)

It was found that the charge, size and composition of the cluster all influence the strength of

CO; adsorption on the cluster. Three different binding modes were determined on the different



sized and charged copper clusters: linear, bridge mode and weak physisorption. By all anionic
clusters, the CO2 binds in bridge mode on the cluster, while linearly to the cationic ones. In the
case of the neutral clusters, all of the binding modes can occur and the energy differences
between these isomers are small. The binding site is determined by the location of the FMOs
and the charge of the atoms in the cluster. By the neutral and the anionic clusters the location
of the lobe of the LUMO, while by the cationic clusters the location of the HOMO (or SOMO)
indicates the adsorption site. In addition, when the CO2 binds to the cluster in bridge mode, the
oxygen binds to one of the least negative and the carbon to one of the most negative copper
atoms. In the linear binding mode, the oxygen is bound to the copper atom with the most
positive charge. The Wiberg bond indices of the Cu-O and Cu-C bonds are small, suggesting a

small covalent character of these bonds.

The CO; adsorption energy is strongly size and charge dependent. The largest size dependence
was found by the anionic clusters, where the adsorption energy varies between -12 —-73 kJ/mol,
while in the neutral and cationic cases these values change between -2 — -38 kJ/mol and
-20 —-52 kJ/mol, respectively. Independently on the charge of the cluster, the CO> binds most
strongly to the five-atomic cluster. The EDA analysis showed that in the neutral and anionic
cases the largest contributions to the adsorption energy were shown by the frozen and charge
transfer terms, while by the cationic clusters the contribution of frozen and polarization terms

to the adsorption energy are the largest.

By the investigation of the effect of doping, I found that similarly to the other investigated
doped clusters, the CusCr and CusMn clusters have also thombus shape, the doping atom
replaces one copper atom from the shorter side of the cluster. In both cases the CO> binds
linearly to the dopant atom during the barrier-free adsorption. A smaller energy barrier is
needed to a more stable CO»-adduct, bound in bridge position, followed by a ca. 100-130 kJ/mol
energy barrier to the dissociated COz-adduct. The dissociation energy is approximately
-90 kJ/mol in both cases. Compared to the undoped copper clusters, the reaction energy
increases slightly and the dissociation energy barrier decreases by the Cr and Mn doping.
Further calculations in the group showed that the use of Sc, Ti or V doping atoms gives much
better results. In these cases, the dissociation energy is between -160 — -260 kJ/mol and the
dissociation energy barrier is only 37-73 kJ/mol. It can be explained by the not so high
electronegativity of the doping atoms, the small HOMO-LUMO gap and the large overlap of
the FMOs.



4 Thesis statements

1.

I have established that the strength of the adsorption of propene on gold cluster can be
tuned by the size, charge and composition of the cluster. The positive charge on the
cluster increases the strength of the interaction, while the yttrium doping decreases it in

most cases.5! 52

I have shown that the propene adsorption on gold cluster occurs by a donation/back-
donation mechanism. The non-covalent interactions and charge transfer formed between
the reagents are also influenced by cluster size, charge and composition. In the case of
neutral, pure gold clusters correlation was found between the HOMO energy and the

charge transfer energy.5!?

I have found that the small copper clusters (x=4-15) can be a suitable catalyst for the
N20 + CO — N; + COxz reaction. Based on the reaction mechanism, Cus proved to be
the most promising catalyst among the smaller clusters (x<10), but the use of Cui2 and
Cui4 among the larger clusters is expected to be even more favorable based on

thermodynamic analysis.>?

I have established that during the carbon dioxide adsorption on the copper cluster, the
CO; binding mode and the adsorption energy depend strongly on the charge, the size
and the composition of the cluster. The formation of non-covalent interactions and

charge transfer is also influenced by the cluster charge.>*

. T have found that during the adsorption each of the investigated molecules (propene and

carbon dioxide) binds to one of the low-coordinated atoms of the gold and copper

clusters, respectively. The binding site is also influenced by the location of the FMOs

and the charge of the atoms in the cluster.3!5%5¢

5 Possible applications

During my PhD, I investigated the effect of the composition, size and charge of gold and copper

clusters on their applicability as catalyst in the epoxidation of propene, in the N,O + CO reaction

and in the reduction of CO;. The results of these fundamental researches can be used in the

design of industrial catalysts.
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