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Abstract

Metal-oxide-supported transition metal nanoparticles are important heterogeneous
catalysts that are widely used in many industry-relevant chemical reactions and in the
removal of toxic gases from automobile exhausts. Compared to nanoparticles, metal
nanoclusters and recently developed single-atom catalysts (SAC) have proven in some
cases advantageous over nanoparticles due to their characteristic geometric properties
and efficient use of transition metals. Moreover, there are still major issues in under-
standing the factors affecting the catalytic activity of such catalysts like the shape of the
nanoclusters, interfacial metal-surface interaction, and the influence of support and its
terminations towards the binding of small molecules. The present thesis is a theoretical
investigation of these individual components, Pt nanoclusters, metal-oxide surface, and
the metal-oxide interface.

The first part of the thesis is devoted to the study of anionic platinum-deuteride clusters
(Pt,D,,. n=6-13) in the gas phase using density functional theory along with spin-orbit
coupling. The results showed that the spin-orbit coupling effects affect the relative
stability of the isomers in a small energy range. These isomers are mainly stabilized due
to the interaction with the deuterium atoms. Smaller clusters like Pt;D,, were mostly
amorphous with asymmetric structures. Over an increase in the cluster size until Pt;3Do,
the cluster geometry evolved to higher symmetry with higher Pt coordination and a
high number of deuterium atoms positioned at Pt-Pt bridges leading to a multi-center
bond character.

Whereas the major chemical reactions take place on the surface atoms of the nan-
oclusters, the metal-oxide support also contributes to the catalytic activity via surface
relaxation and consecutive charge transfer to the adsorbates. Thus, the interaction of
small probe molecules such as CO and CO, with the a¢-Al,O5 surface was analyzed using
the embedded cluster model approach. The results showed molecular binding at the
water- free surface and weaker interaction with the fully hydroxylated surfaces. Various
possible molecular binding modes and their relative stability were studied.

To mimic the Pt SAC system, a single Pt atom was placed on these clusters. The analysis
showed a strong Pt binding on the O®~ site on a water-free surface along with strong
surface deformation while it was weakly bound on a fully hydroxylated surface. The
consecutive Pt/Al,Os interaction with the CO molecule was investigated.

The present work contributes to a basic understanding by explicitly studying the in-
dividual components to envision their effect on the catalytic activity of the respective
catalyst at different levels of theory.






Zusammenfassung

Metalloxid-gestiitzte Ubergangsmetall-Nanopartikel sind wichtige heterogene Katalysa-
toren, die in vielen industrierelevanten chemischen Reaktionen und bei der Beseitigung
von giftigen Gasen aus Autoabgasen weit verbreitet sind. Im Vergleich zu Nanopartikeln
haben sich Metall-Nanocluster und kiirzlich entwickelte Katalysatoren aus einzelnen
Atomen (SACs) aufgrund ihrer charakteristischen geometrischen Eigenschaften und der
effizienten Nutzung von Ubergangsmetallen in einigen Fallen als vorteilhaft erwiesen.
Dariiber hinaus gibt es immer noch grofie Probleme beim Verstiandnis der Faktoren,
die die katalytische Aktivitat solcher Katalysatoren beeinflussen, wie z. B. die Form der
Nanocluster, die Grenzflaichenwechselwirkung zwischen Metall und Oberflache und der
Einfluss des Tragers auf die Adsorption kleiner Molekiile. Die vorliegende Arbeit ist
eine theoretische Untersuchung dieser einzelnen Komponenten, der Pt-Nanocluster, der
Metalloxid-Oberfliche und der Platin-Metalloxid-Grenzflache.

Der erste Teil der Arbeit ist der Untersuchung von anionischen, deuterierten Platinclus-
tern (Pt,D,,. n=6-13) in der Gasphase unter Verwendung von Dichtefunktionaltheorie
mit Riicksicht auf die Spin- Bahn-Kopplung gewidmet. Die Ergebnisse zeigten, dass
die Spin-Bahn-Kopplungseffekte die relative Stabilitdt der Isomere dhnlicher Energie
beeinflussen. Diese Cluster werden hauptsachlich durch die Wechselwirkung mit den
Deuteriumatomen stabilisiert. Kleinere Cluster wie Pt;D;, sind meist amorph mit asym-
metrischen Strukturen. Mit zunehmender Clustergrofle bis zu Pt;3D,, entwickelt sich
die Clustergeometrie zu einer hoheren Symmetrie mit hoherer Pt-Koordination und
einer grofien Anzahl von Deuteriumatomen, die an Pt-Pt-Briicken positioniert sind, was
zu Mehrzentrenbindungen fiihrt.

Waihrend die wichtigsten chemischen Reaktionen an den Oberflaichenatomen der Na-
nocluster ablaufen, tragt auch der Metalloxidtrager durch Oberflachenrelaxation und
anschlielenden Ladungstransfer auf die Adsorbate zur katalytischen Aktivitat bei. Daher
wurde die Wechselwirkung von kleinen Sondenmolekiilen wie CO und CO; mit der
a-Al;Os- Oberfliche mit einem eingetteten Clustermodell analysiert. Die Ergebnisse
zeigten eine molekulare Bindung an der wasserfreien Oberflaiche und eine schwichere
Wechselwirkung mit vollstandig hydroxylierten Oberflachen. Es wurden verschiedene
mogliche molekulare Bindungsmodi und ihre relative Stabilitat untersucht.

Um das Pt-SAC-System zu imitieren, wurde ein einzelnes Pt-Atom auf diesen Oberfla-
chen platziert. Die Analyse zeigt eine starke Pt-Bindung auf einem O% -Ion auf einer
wasserfreien Oberflache zusammen mit einer starken Oberflaichendeformation, wahrend
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es auf einer vollstandig hydroxylierten Oberflache nur schwach gebunden ist. Daraufhin
wurde die anschlieflende Pt/Al,Os-Wechselwirkung mit dem CO-Molekiil untersucht.

Die vorliegende Arbeit tragt zu einem grundlegenden Verstandnis bei, indem die ein-
zelnen Komponenten explizit untersucht werden, um ihre Auswirkungen auf die ka-
talytische Aktivitat des jeweiligen Katalysators auf verschiedenen Theorieniveaus zu
veranschaulichen.
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1. Introduction

Catalysis is an important field of study in chemistry as 85%-90% of industrial processes
utilize at least one catalytic step to generate fine chemicals, polymers, in oil refining,
and for environmental issues such as the removal of CO from car exhausts [1-3]. The
main advantages of using a catalyst are the reduction of the activation energy of a
chemical reaction, to enhance the selectivity for a desirable product in the case of a
multi-product reaction and to avoid the formation of unwanted by-products. Small metal
nanoparticles deposited on a metal-oxide support are an important field of research for
the heterogeneous catalyst design with the primary goal of obtaining a well-stabilized
system with highly dispersed metal nanoparticles ensuring high catalytic efficiency [1,
2].

Among the various heterogeneous catalysts, Pt metal nanoparticles deposited on Al,O3
metal-oxide support are applied widely in industry. Relevant chemical reactions such
as the CO oxidation [4, 5], NO oxidation [6], propene hydrogenation [7], alkane hydro-
genation, and the treatment of toxic pollutants such as CO, emitted from the exhausts
of automobiles and industries [8, 9]. One of the challenges in the utilization of noble
metals such as Pt is its high price and low availability. Therefore, to tackle the leading
high demand, instead of Pt nanoparticles, nanoclusters or single atoms are employed
in the catalysts [10, 11]. These nanoclusters and single atoms showcase a large surface
area-volume ratio, additional active sites, high catalytic efficiency, and the presence
of low-coordinated surface atoms which can facilitate the efficient adsorption of the
molecules. On the other hand, aluminum oxide is used as a support in the heterogeneous
catalysis because of its characteristic properties, such as good mechanical robustness,
high inertness, natural abundance, and presence of the ionic Lewis acid-base sites [12].
It is also known that supports like Al,O3 are prone to react with surrounding water
via dissociating the H,O molecule and forming hydroxyl terminations on the surface
altering the surface behavior [13]. The presence of Al,O3 in the catalyst is not just
to anchor the nanoclusters but also to further interact with the adsorbed molecules
and nanoclusters via charge transfer and surface reconstruction. This is the key factor
affecting the catalytic reactivity of the system [14-16]. However, the overall catalytic
efficiency of Pt/Al,Os3 is seen to be influenced by the degree of dispersion of metal nan-
oclusters, their morphology, their tendency to aggregate to form bigger nanoparticles
[17], and their interaction with both metal support and surface terminations at the
interface [18-22]. The metal support interaction (MSI) can also induce the restructuring
of the supported metal particles exposing new active sites on the surface for anchoring
the adsorbate molecules [23]. Therefore, it is important to study the three components
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forming a catalytic system individually, 1) Pt nanoclusters, 2) surface behavior of Al,Os,
and 3) Pt interaction with the support and later with the adsorbed molecule. However,
experimentally determining each factor and its influence on the catalytic yield is quite
challenging. Thus, a theoretical investigation is needed to determine all the underlying
key factors at the atomic scale. In the following thesis, a quantum chemical analysis of
the anionic platinum nanoclusters in the gaseous phase, the surface behavior of a-Al,05
upon adsorption of small probe molecules such as CO and CO, and the adsorption of a
single Pt atom on a-Al;O53 and its interaction with the CO molecule are investigated.

The thesis is organized as follows: Chapter 2 gives an overview of the theoretical
background of the quantum chemical methods used for the structure determination of
Pt nanoclusters and surface behavior of the a-Al,Os. This includes a description of the
basics of density functional theory and Mgller Plesset perturbation theory (MP2) along
with the treatment of relativistic effects and the embedded cluster model. Additional

concepts employed for determining the electronic properties of the system are also
described.

Chapter 3 focuses on the DFT computations carried out on different cluster sizes of
anionic deuterated Pt nanoclusters (Pt,D,, (n=6-13)) in the gas phase. In Chapter 3.1, a
study of the structure evolution of Pt nanoclusters (Pt,D,, (n=6-13)) upon deuteration
is discussed. By combining the data of DFT calculations with the experimental TIED
data, it was possible to assign the geometrical structure of the respective cluster size.
The influence of the spin orbit coupling effects on the cluster structures and their
stability is also discussed. Chapter 3.2 exclusively describes different factors that can
affect the structure and electronic properties of the cuboctahedral cage structure of
Pt;,D,,. The influence of deuterium adsorption on the surface of the Pt cluster and its
interaction with the neighboring Pt atoms on the structure stability is discussed. Finally,
the transformation pathway between different isomers is investigated.

In Chapter 4, the surface behavior of an a-Al,O3 surface is investigated using an embed-
ded cluster model and DFT. In Chapters 4.1 and 4.2, the interaction of CO and CO; as
a probe molecule on the a-Al,O3 surface is investigated. The surface relaxations and
alteration of the electronic properties at the molecule-metal interface depending on the
variation in the degree of surface hydroxylations are investigated. The results obtained
from the computations are directly compared with the experimental IRRAS data. Chapter
4.3 contains the analysis of single Pt atom adsorption on the a-Al,O3 surface depending
on the degree of surface hydroxylation. Further insights on the factors that can influence
the Pt aggregation on the surface are provided. Additionally, the CO interaction with a
Pt/a-Al,O5 catalytic system is examined.

Finally, Chapter 5 summarizes the most important findings of this thesis.



2. Theoretical background

This chapter gives an overview of all the employed quantum chemical methods and their
applications used for the analysis of structural and electronic properties of the catalytic
system of interest. The structure analysis in the case of anionic platinum clusters such
as ground state geometries, cluster reconstructions, and the reaction pathways were
carried out using Density Functional Theory (DFT). The a-Al,O3 surface relaxation
and its interfacial interactions with the small molecules were analyzed using embedded
cluster models within density functional theory (DFT). For heavy elements such as
platinum, the spin-orbit coupling effect are important to gain precise insight into the
reconstructions and energetic ordering between the isomers and is taken into account
by performing relativistic two-component calculations. The theoretical background
of these methods is provided in Chapter 2.3. Chapter 2.4 provides information on the
embedded cluster model used for incorporation of long-range electrostatic interactions
on the local behavior of ionic a-Al,O3 surface as well as the consecutive interaction
with small probe molecules, such as CO and CO,.

2.1. Basic Quantum Chemistry

The electronic time-independent Schrodinger equation for stationary systems is defined
as:

H|Y(7, Ra)) = ElY (7, Ra)), (1)

where |/(7;, .ﬁA)) is an electronic wave function dependent on the electron coordinates r
and nuclear coordinates R. Within the Born-Oppenheimer approximation, the coupling
between nuclei and electronic motion is neglected and therefore total wave function
can be decomposed into electronic wavefunction |/(7;, o3, ﬁA)) (07 is the spin of the
electron) depending on nuclear positions as parameters and nuclear wavefunctions
| )((ﬁA)>. The Hamiltonian H in eq. 1 contains all the interactions present between the
electrons and the nuclei and its form is well-defined. The many-body wave function |¢/)
can be defined in the form of Slater determinants introduced in the Hartree-Fock (HF)
method to introduce the antisymmetry for the electronic wavefunction. However, in a
many-body system, electron-electron interactions have to be addressed. The primary
approach to address the electronic exchange interactions is given within the HF method.
The two assumptions made in this method are [24]:

1. The electronic wave function can be described with one single Slater determinant.
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2. The effective HF potential describes the interaction of one electron with an average
field generated by all other electrons.

However, the approximation introduced in the HF method leads to two major problems.
The one-electron approximation does not take Coulomb correlation between the elec-
trons into consideration. Electron’s movement depend on the immediate neighboring
electron positions due to the repulsion and thus the use of an average field is not ade-
quate. This inadequacy can lead for example to incorrect predictions for the conduction
of electrons in the solids [25].

2.2. Moller Plesset Perturbation Theory

Electron Correlation means that electrons in a system are influenced by other electrons
in their vicinity. This interaction is neglected in single electron approximation tech-
niques such as the HF method. Thus, post Hartree Fock methods such as Mgller Plesset
Perturbation Theory (MPPT) [26] are used to further take into account the electronic
correlation effect. The Ref. [24, 27] are used as a reference for the following section.

The basis for MPPT is the unpgrturbed Hamilton operator &g () which is the sum of the
one-electron Fock operators f:

H = if(i) (2)
i=1
with

fli) = =5VE = 3744 Y L) = Ky (o) ®)
i =

A

where the J ; is the Coulomb operator and K ; is the exchange operator. Thus,

I:I(O)CDO = E(()O)(DO (4)

The zeroth order (unperturbed) wave functions @, are the eigenfunctions of the HF
unperturbed Hamiltonian H® and the zeroth order energy E(()O) is just a sum of MO
energies E(()O) = YN €. The perturbation H’ is defined as the difference between the

true molecular electronic Hamiltonian H and H 0

I:I, = I:I _I:I(O) = Vee - 2(‘7ee> (5)

The perturbation, H’ is thus the difference between the true interelectronic repulsions
and the Hartree-Fock interelectronic potential (i.e. an average potential). In HF method,
the orbital energy is an energy calculated for one electron in the field of all electrons
and also consists of the electronic repulsion due to the other electrons in its vicinity.
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This leads to double counting of the electron-electron repulsion and is corrected in the
first-order correction (denoted as E(()l)).

ESD = (@olH [00) = (Vee) — 2(Vie) = —(Vee) (6)

The first-order correction to the zeroth order energy is

EO 4+ BV = (OO [0y 4 (@B @) = (oA + B |@y)

N 7
= (Do|H| D) )

0
E\ +EY = Egp (8)

As (®y|H|d,) is the energy expectation values for the HF wavefunction @, the energy
at first-order is equal to the HF energy Eyr.

The second-order correction to the energy, which is the first contribution to the corre-
lation energy beyond the HF level, involves a sum over doubly excited determinants.
These are generated by exciting two electrons from occupied orbitals i and j to the
virtual orbitals a and b with the restriction over the summation in which each excited
state is counted only once.

occ vir <(I) |H' (Dab><q)ab|H/|<D0>

B =00, e ®)
ij

i<j a<b

The matrix elements between the HF and the doubly excited state are given by the two
electron integrals over the MOs. Thus, the difference between the total energy between
the two Slater determinants is the difference in MO energies and the explicit second
order Mgller-Plesset correction is given as:

O - i UZ": (idilPatp) — ($i9jlPpda)))?

(10)
i<) a<h EtéEj—E— &
Thus, the molecular energy in MP2 is computed as:
E +EV + B = Eyp + E? (11)

The advantage of employing MP2 method is that it is an economical method which
accounts for 80-90 % of the electron correlation energy of a large system. In this thesis,
MP2 is used for computing the geometries of the CO/a-Al,03 system, CO binding
energies and vibrational frequencies.



2. Theoretical background

2.3. Density functional theory

Solving the many-body problem by approximating the many-body wavefunction as done
in the HF method is computationally demanding due to the presence of the coordinates
of all electrons which are 3N (N = number of electrons) variables. This problem is
drastically simplified in Density Functional Theory (DFT) when the electronic system is
described in terms of the electron density p(r), which is a function of only three variables
(x, y, 2). The Ref. [28] is used as a reference for the following section.

2.3.1. Hohenberg-Kohn theorem

The foundation of the DFT method is provided by the following two theorems laid out
by Hohenberg and Kohn [29].

1. The external potential v(¥) is a unique functional of the electron density p(r). As a
result, the total ground-state energy E of any many-electron system is also a unique
functional of p(F), that is, E=E[p].

Eolpo] = Tlpo] + Eeel[po] + / po(F)ViedF = Fuc[po] + / po(P\VeedF  (12)

where Fyk[po] is a Hohenberg-Kohn functional and is independent of the external po-
tential. However, this universal functional consisting of kinetic energy T[p] and the
electron-electron interaction E.. [ p] is unknown. It is a major challenge in DFT research
to find reasonable expressions for this unknown functional.

2. The exact functional E[p] for the total energy has a minimum equal to the ground-state
energy at the true ground-state density.

Eo < E[§] = / 5(F)ViedF + Frc [ 51, (13)

where p is the trial density which satisfies the boundary conditions as p > 0, f pdr=
N.

2.3.2. Kohn-Sham Approach

In the Kohn-Sham approach [30], Kohn and Sham introduced a non-interacting reference
system built from a set of atomic orbitals (that is one electron wave functions). The
connection of this artificial non-interacting system with the interacting system of interest
was established by choosing the effective potential such that the density obtained from
the summation of the one-electron orbitals (Kohn-Sham orbitals ¢ (7)) equals the ground
state density of the system consisting of interacting electrons.
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For the non-interacting system, an effective local potential V; is introduced. The Hamil-
tonian of that system is H;. As there are no interactions between the electrons, the exact
solution for the ground state can be represented as a Slater determinant [28].

| X N
Hs=—EZV?+ZVS(ﬁ) (14)
The corresponding Kohn-Sham orbitals, ¢; are determined through the KS equations,

fKS(Pi = &0; (15)

where fKS is the one-electron Kohn-Sham operator and defined as:

= —%Vz + Vi (7) (16)

The major part of the kinetic energy is computed for non-interacting fermions as in the
Hartree-Fock approach,

N
Bl =5 D@l lo) a7)

The non-interacting kinetic energy does not account for the true kinetic energy of
the interacting system. Therefore, the following separation of the functional F[p] is
introduced:

Flp(A] =Ts[p(A] +J[p(H)] + Exclp(P)], (18)

Here, Ts[p(7)] is the exact kinetic energy of the non-interacting system with the same
density as the interacting system. The J[p(7)] denotes the Coulomb repulsion, and Ex¢
is the exchange-correlation energy defined as,

Exclpl = (Tlp] = Tslp]) + Enalp] (19)

where the residual part of the kinetic energy is added to the non-classical electrostatic
contributions E, ;[ p]. With this approach, the maximum information of the system is
computed accurately and a small remaining part can be determined approximately.

The electronic density in terms of KS orbitals is given as:

N
m=ZWﬁW (20)
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The expression for the energy of the interacting system with a dependence on orbitals
in the Kohn-Sham approach is given as:

E[p(F)] = Ts[p] + J[p] + Exclp] + Ene[p]
1 N 1 N N ) . ) -
=73 Zi:<<ﬂi|V2|<Pi> +3 Zl: ZJ: // |<Pi(r1)|Zal<pj(r2)|2dr1dr2

N M 7
00 [ EieGord 4 Exclp®] (2
i A 1A

The first term in eq. 21 describes the kinetic energy of the non-interacting electrons, the
second term accounts for the Coulomb repulsion, the third term is the nuclear-electron
interaction. The fourth term accounts for the exchange-correlation term containing all
the unknown entities such as the residual part of the kinetic energy emerging from the
electron interactions and all non-classical corrections to the electron-electron repulsion
energy. Furthermore, nuclear repulsion is also included by adding internuclear repulsion
Vnn to the total energy.

Thus, the electron density can be used in the energy expression (eq. 21) in terms of
non-interacting orbitals and can be subjected to the variational principle with respect to
independent variation in the orbitals. The resulting expression eq. 22 shows that the
effective potential V;, is needed to correct the orbitals of the non-interacting reference
system, exactly equal to the sum of nucler potential, classical Coulomb potential, and
the potential generated by Exc.

1
(——Vz +
2

The term in the bracket corresponds to Vs in the KS one electron operator. The V¢

potential is given as the functional derivative of Exc with respect to p,
op

Thus the KS equations are solved iteratively. However, for the unknown exact form of

Vxc, some approximations are introduced.

M

/ @drz + Vxe(7) = Z Za

1 -
@i = (——Vz + Vs(’”)) pi=epi  (22)
ri2 T4 2

Vxe = (23)

2.3.3. Exchange-correlation functionals

As described previously, the exchange-correlation functional Exc|[p] is unknown and
therefore explicit approximations have to be introduced. The quality of the results
obtained using DFT solely depends on the accuracy of the chosen approximation for
Exc[p]. Therefore, it is important to choose a suitable functional based on the system
and properties of interest.
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2.3.3.1. Local Density Approximation

The central idea of this model system is the hypothetical uniform electron gas in which
electrons move on a positive background charge distribution such that the whole en-
semble is charge-neutral. The simple form of the Exc is

EAPALp] = / p(Pexc(p()dF (24)

where, exc(p(7)) is the exchange-correlation energy per particle of a uniform electron
gas of density p(7). This energy per particle is weighted with the probability p(7) such
that an electron is present at a particular position in space. This is why it is called Local
Density Approximation. This quantity is further split into exchange and correlation
contributions given as:

exc(p(F) = ex(p(F)) + ec(p(F)) (25)

The exchange part ex(p (7)) is defined by the exchange energy of an electron in a uniform
electron gas of a particular density, given as:

ey = _Z 3 3/)75’7) (26)

However, the explicit expression for ¢c is unknown. Therefore, various analytical expres-
sions for ¢c are reported based on the highly accurate quantum Monte Carlo simulations
of the homogeneous electron gas. The most recent and accurate representation of &,
is given by Perdew and Wang. Simple metals such as sodium can be well described
using the straightforward approach of LDA. However, the systems consisting of varying
density such as complex solids are not described well.

In the cases consisting of unequal spin @ and f densities, often LDA is replaced by the
Local Spin Density Approximation (LSDA) where the sum of individual densities is raised
to % power

1 4 4
B0 =<2 [ (ol 4 ppar 27)

LSDA approach is an improvement over the LDA, however, LSDA approximation leads
to an underestimation of the exchange energy by ~10% for a molecular system, resulting
in an error larger than the whole correlation energy. This can also result in artificial
stabilization of the high spin states. The electron correlation is also overestimated
by a factor of 2, leading to an overestimation of the bond strengths by ~100 KJ/mol.
However, the accuracy achieved using LSDA approximation is close to the Hartree-Fock
method. LSDA approximation can be applied for the metal systems where the reasonable
approximation for slowly varying density is sufficient [24].
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2.3.3.2. Generalized gradient approximation

To account for the inhomogeneity of the true density and address the limitations of
LDA, the GGA is not only taking p(7) into account but also uses the gradient of the
charge Vp(7). It is expressed as:

ESSA[p] = / fp(®. Vp(®)dF, 28)

There are several semi-empirical functionals containing parameters that are calibrated
against reference values. EggA is often split into exchange and correlation contributions
and approximations are applied individually to each of the terms. In this thesis, PBE
functional [31] was used for studying Al,O5 surface.

GGA functional are further improved in accuracy by adding non-interacting positive
kinetic energy density 7(7). These functionals are called as meta-GGA functionals. Their
general form is

B = [ fp@. 97, a7 @)
1 N

(@) =3 ) VeI (30)
i=1

where ¢;(7) are the KS orbitals. These functionals are the semilocal approximations
where 7(7) depends on the gradient of the orbitals at point 7. These kind of functionals
consists of no empirical parameters and are suitable for describing different chemical
bonds such as covalent, metallic or weak bonds in solids and molecules compared to LDA
and GGA functionals. In this thesis, TPSS meta-GGA exchange-correlation functional
[32] is used for describing Pt D, clusters.

2.3.3.3. Hybrid functionals

It is usually the case that the exchange contributions are significantly larger compared
to correlation contributions. In GGA functionals, both exchange and correlation parts
are approximated which can result in an error of 5-7 kcal/mol. This is overcome in
an approach where a certain amount of exact exchange energy is incorporated. These
approaches are referred to as hybrid functionals since they represent a hybrid between
pure density functionals for exchange contributions and exact Hartree-Fock exchange.
The most widely used hybrid functional nowadays and also used in this thesis is B3LYP
[33, 34]. It is expressed as:

ERP = (1 - ag) EXFPA + aoEY + a R + a ERYY + (1 — a0 ) ELYN (31)
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2.4. Density of States

In the B3LYP functional, the exchange energy contains terms for HF exchange along with
B88 [35] and LSDA and the LYP [34] as well as VWN [36] functionals for the electron-
electron correlation. The parameters ay=0.2, a,=0.72, a,=0.81 determine the mixing of
individual functionals and were fitted to the experimental atomization energies.

2.4. Density of States

The Density of States (DOS) is a useful quantity in electronic structure studies. It is
defined as the number of states per unit energy range per unit volume of the system
[37].

ple) = 3 3 8le—e) (52)
i=1

where the sum extends over all eigenstates of the KS Hamiltonian.

2.5. Relativistic two-component method

In quantum chemistry, the computation of the electronic structure of atoms and molecules
and the corresponding prediction of their properties can be achieved by solving the
electronic Schrodinger equation given in eq. 1 which describes the electrons in the
field of the nuclei in a non-relativistic way. It describes the properties of light atoms
and molecules well. However, it is not an appropriate model when going down in the
periodic table towards the heavy elements, where relativistic effects have a significant
influence. Electrons of low [ values, especially s electrons penetrate the atomic core and
experience a relativistic retardation effect near the highly charged nuclei giving rise
to shell contraction. This leads to them screening the nuclear charge better. Therefore,
the electrons in shells with higher [ values [> 2 are further away from the nucleus and
experience a smaller effective nuclear charge and they expand.

The relativistic one-electron Dirac equation in a potential Vr(r) is written as [38],
Hy = (pc + Vr(r) + cd - )y = Ey), (33)

where ¢ denotes the velocity of light, 7 is the momentum and Vg is the Coulomb potential
describing electron-nuclear interactions. The elements (ay, ay, ;) of vector a as well as
f are 4 X 4 matrices.

According to Dirac’s theory, these matrices should fulfill the following two conditions,
ol = =1 (34)

and
a;a; + ajo; = O(iﬁ +ﬂ05i = O4,i * j, (35)
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2. Theoretical background

where, I; and Oy are the 4 X 4 identity and zero matrices respectively. The matrices @;
and f can be written as,

a=(o o) =2 5 30
The g; are the two-dimensional Pauli spin matrices,
01 0 —i 1 0
TR R KRt &
The Dirac Hamiltonian H becomes,
A (V+A, ¢5-p
Hp = - o ~ 38
b ( cc-p (V-cHL (38)

I, is the 2 X 2 identity matrix. This leads to the eigenvalue equation

Vb e p | (VD) (O
(05-5 <V—2c2>12) (¢5<?>)‘6(¢5<7>) (39)

This is the four-component form of the Dirac equation and describes the behavior of
both electrons and positrons. The adjusted Dirac energy e is,

e=E—c? (40)

The resulting wavefunction can be divided into large and small component,
; l//L(?))
lﬁ(r ) (¢S ( r) ( )

Solving a four-component Dirac equation is tedious due to the presence of positronic
states. These states have negligible influence on the stability and molecular structure
and thus are of no chemical importance. Consequently, it is helpful to decouple the
positronic and electronic states. This is done by a unitary transformation of the Dirac
Hamiltonian,

s + _ h+ 0
H—WHDW—(O h_) (42)

This makes the Dirac Hamiltonian Hp, block diagonal with respect to the large and
small components. While h; and h_ are the two- component Hamiltonians that act on
electronic and positronic states respectively. Thus, transforming the four-component
Dirac wavefunction into a two-component wavefunction consisting only of the electronic

part
L(r
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2.5. Relativistic two-component method

where ¢+ is an eigenfunction of the two- component Hamiltonian A,. This all-electron
formulation is used for example in the Douglas-Kroll-Hess-approach (DKH) [39] or
zeroth-order regular approximation (ZORA) [40].

Another economical way of determining relativistic effects is by modeling the core
electrons with effective core potentials (ECP) [41]. They are fitted to relativistic all-
electron calculations. The usage of scaler relativistic ECPs leads to a one-electron term
which is added to the Hamiltonian matrix. An extension to the spin-orbit interaction is
accounted for by employing the complex orbitals called spinors. The quasi- relativistic
’valence only’ Hamiltonian consisting of SO effects via ECPs is defined as,

H = [0 (i) + 5 - hso(i)] + Vee + Vn (44)

where V,, and Vyy are the repulsive interaction between the electrons and nuclei
respectively, K is the sum of the non-relativistic kinetic energy, electronic attraction
under the effective nuclear charges and the scalar relativistic part of the core potentials,
0y is the 2 X 2 unity matrix. 7 - Ego accounts the electron spins and the orbital momenta,
and the ];so is defined as the product of orbital momentum and parameters fitted to the
four component treatment. Due to the presence of 7150, the electronic spin is no longer a
conserved quantity and the eigenfunctions of the Hamiltonian are complex. Thus DFT
wavefunction is constructed from complex two-component single particle-functions,
called as spinors ¥ (X),

NNAG
(%) = ( . (45)
W=
The single-particle density matrix in the spin space is given as,
(%%) = iw @)y (F) = (y““(?, ")y ?’)) (46)
YD = LN = ey PG 7

The particle number density matrix then can be obtained from the trace of y(%, X’),

n(r,7) = trly(X ¥)] = y*“(7.7) + PP (7,7 (47)
From this, the particle density of the system can be obtained by integrating over the
symmetric part r = r’. The spin vector density matrix m(r,r’) can be obtained from the
trace of the product of y(X, ") and the Pauli matrices (given in eq. 37),

y P + P my (7, 7)
m(7,7) = tr[oy(X,X)] = |ily* (7, 7) - yP*(F. 7)) | = | my(F. 7) (48)
Y (R 7)) + yPP(F 7)) m, (7, 7)
yielding the spin expectation value,
1 N -
5 [ =6 ()
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2. Theoretical background

Thus, the SO contribution to the energy is,

Emwmzm]=/ﬁ%owmszﬂdr (50)

In addition, the Coulomb energy is given as a functional of the particle number density,

E[n(F)] = // n(r)n(7') (51)

and the Coulomb operator is a real quantity and independent of the spin, defined as,

poraf g0y e

The exchange-correlation energy for the two-component DFT formalism is a functional
of the eigenvalues p. (7) of the single-particle density matrix y(x) in the space of spin
states,

po(P) = 5 [n() £ m()] 53)

Exc = Exclp«(F)] = Exc[n(F), m(¥)] = / Fxc(n(7), [Va(®|, m(®), [Vm(P)], ... dr
(54)
and is a functional of the particle number density and the absolute value of the spin
vector density. In this thesis, spin-orbit coupling effects were employed for the study of
anionic platinum deuteride clusters.

2.6. Embedded cluster method

Nowadays, most calculations on surface reactions are DFT calculations with periodic
boundary conditions. An alternative approach is the embedded cluster model [42, 43].
The advantage of the embedded cluster model is that the local part of the system
can be treated quantum mechanically at various levels of theory. The whole system
in the embedded cluster model is divided into three parts: a) the core part which is
treated quantum mechanically, b) an intermediate layer in which cations are replaced by
effective core potentials (ECPs) and c) the outer environment is an array of point charges
mimicking the crystal structure. The replacement of the cations with the ECPs at the
periphery is necessary in order to avoid artificial fluctuation in the electron density
(Figure 1).

However, to analyze the various properties of the ionic crystals such as internal elec-
trostatic potential, the calculation of the lattice sum is essential. However, for a large
array of point charges such as in the embedded cluster model, determining the Coulomb
potential is quite challenging due to its long-range nature. Thus, to determine the
Madelung constant of the ionic crystal, the direct summation technique of Evjen type
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Figure 1.: Schematic of an embedded cluster model of the a-Al,O5 surface.
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Figure 2.: Schematic of the fractional point charges at the border of unit cell to annihilate the
dipole of a unit cell.

[42] can be used. In this technique, the dipole moment is minimized in the unit cell by
distributing the corner and face atoms over all equivalent symmetry points, facilitating
the convergence of the lattice sums. Furthermore, this technique is extended by placing
additional artificial point charges to eliminate the lowest multipole moments at the
border of the unit cells extended to a large point charge field [43-45].

The Figure 2 and 1 (blue circles) show the addition of two charges (+q, -q) at the boundary
of each unit cell to eliminate the dipole moment. After extending the unit cell in x and
y direction to form the large point charge field, the fractional charges at the inner
boundaries of the extended unit cell cancel out and only charges at the outer boundaries
remain. The advantage of this approach is that the multipole moments are small and
are not influenced by the size of the point charge field. The Coulomb potential also
converges fast.
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2. Theoretical background

2.7. Nuclear-Independent Chemical Shift (NICS)

The nucleus-independent chemical shift method [46] is used to examine and quantify
a system’s aromaticity. In this method, the response of the aromatic system to an
external magnetic field is quantified as an aromatic character. However, the aromaticity
is evaluated indirectly by determining the chemical shift at a particular location in space
thereby indicating the strength of the induced magnetic field at this particular location.
The strength of the induced magnetic field is measured by placing a probe molecule
(with no basis function and nucleus) at several locations around the system to gain a
good understanding about the degree of (local) aromaticity [47]. The negative isotropic
magnetic shielding function at a selected position in space is called nucleus-independent
chemical shift (NICS). The NICS > 0 denotes a paratropic current (antiaromaticity) while
NICS < 0 indicates a diatropic current (aromaticity).

Figure 3.: Schematic of the NICS probe atom (red)
placement around a platinum cluster

Chemical shielding constants are calculated using the Gauge-Including Atomic Orbitals
(GIAO) within DFT. However, due to the presence of an external magnetic field, the
exchange-correlation DFT functional depends on the electron density as well as on
current density j(7) [48].

Exclp()] = Exclp(F), j(F)] (55)
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2.8. Nudged Elastic Band (NEB) method

The dependence on the current density is unknown and therefore the shielding constants
are calculated using commonly used exchange-correlation energy functionals which
depend on the electron density and its derivatives.

Exclp(P),j(F)] = Exc[p(F)] (56)

This is called the "uncoupled density functional" formalism. Within this formalism
the chemical shielding tensors for a closed-shell system is defined by a sum of partial
chemical shifts arising from occupied molecular orbitals (MOs) ¥; given as [46] (The
upper indices in the parentheses of the wavefunction denote the order of perturbation),

1 occ
> (0) (0)
o= ﬁ Z <\Pk \Pk >—

77NI— ?N 7

7 — Ry|3
' e (57)
oce L
%Z O IV g
¢\ F |IF-Rupl

where Ly =Py XV, 7y = 7-Ry and I denotes the identity matrix. The first-order perturbed
wave function ‘I’IEI) is expanded in terms of excited states of the unperturbed system
[47]. In the equation 57, the first term denotes the diamagnetic term while the second
denotes the paramagnetic term. The 7 defines the electronic position and Ry to the vector
position where the NICS value is calculated. The Ly is the angular momentum operator.
However, the equation 57 corresponds to the common gauge formulation of the NMR
shielding tensor where both the diamagnetic and paramagnetic components depend on
the gauge origin. The gauge-origin dependence vanishes at an infinite basis-set limit
while it is real for a finite basis-set. Thus, the gauge-independent atomic orbitals (GIAO)
technique [49] is used for practical calculations.

The classification of NICS value can be done based upon the placement of the probe
atom such as NICS(0), NICS (1) and NICS (1), [50]. The probe atom when placed at the
center of the system under study is classified as NICS(0). However, the disadvantage of
NICS(0) is the so-called o-contaminations which arise from the nearby ¢ bonds of the
system which mask the behavior of the & contribution. Therefore, the placement of the
NICS probe atom at 1A above the system plane (denoted as NICS(1)) is recommended to
reduce the effects of the o-contaminations and 7 contributions are not affected. This
position is shown in figure 3 with the red circles.

2.8. Nudged Elastic Band (NEB) method

One important aspect of chemical reactions is the determination of the lowest energy
path during the rearrangement of a group of atoms going from one stable configuration
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2. Theoretical background

Figure 4.: Illustration of the Nudged Elastic Band (NEB) method.

to another. This is often called the minimum energy path (MEP). This path is frequently
used to define the reaction coordinate for molecular transitions or changes in the
conformation of the molecules. Maxima in the MEP are saddle points on the potential
surface and their corresponding energies are activation energies. Therefore, gathering
information regarding the shape of the MEP is of major interest. One of the methods
used for determining the lowest energy reaction pathway and activation energy is the
Nudged Elastic Band (NEB) method [51, 52]. A set of images of the system between the
initial and final states are used for finding the MEP. It is typically in the order of 4-20
between the two fixed points (initial and the final state) like an elastic band. An elastic

are fixed corresponding to the initial and final states. The intermediate N-1 images are
adjusted by the optimization algorithm. The net force on a specific state is determined
by the sum of three forces, a parallel spring force connected to neighboring states (ﬁf ),
a perpendicular force induced by the potential energy surface (denoted as true force,
ﬁf | 1) and the unprojected forces (Figure 4).

A spring force is added between the images to ensure continuity in the path. This
spring force does not interfere with the elastic band convergence to the MEP and also
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2.8. Nudged Elastic Band (NEB) method

ensures that the true force does not affect the distribution of the images. The tangent
at a particular image R; is estimated from the adjacent images along the path, R;;; and
R;_;. It is estimated by bisecting the unit vectors, defined as [51],

- -

R - Ry N Risi — R;
Ri—=Ri-1| |Riz1 — Ry

| (58)

and normalizing, 7=-5. This ensures the adjacent images are equispaced even in the
T

regions of large curvature. The total force acting on the image is equal to the sum of
the spring force along the tangent and the true force perpendicular to the tangent. This
projection of force is called "nudging" and is given as

Fi=F | -VER) .. (59)
The true force is given as
VE(R) |.= VE(R) - VE(R).7, (60)

In above equations, E denotes the energy of the system, which is a function of all the
atomic coordinates and 7; is the normalized local tangent at image R;. The spring force
as

F; = k[(Ri+1 — Ri) = (Ri — Ri-1) .77, (61)
The spring forces control only the spacing between the images.

If this projection scheme is not used, the elastic band does not follow the curved MEP
due to the spring forces often leading to "corner cutting". The true force acting along
the path forces the images to slide away from the high-energy regions and towards the
minima, often called the "sliding down" effect. This leads to a decrease in the density of
images at the maxima where it’s needed to describe the transition state. Often, MEPs
contain one or more intermediate minima and the saddle point neighboring to the initial
state may not represent the highest saddle point for the transition.

Sometimes, problems may occur while using the NEB method where the elastic band
does not converge to the MEP. One reason for this can be the presence of a large spring
force parallel to the path compared to the perpendicular force. Another reason can be
the use of too many images used in the elastic band. This can lead to the formation
of kinks on the elastic band which can oscillate back and forth preventing a smooth
convergence of the MEP [53]. This problem is solved by adding a switching function
f(#) [53] to the parallel force when the tangent is increased.

f($) =51+ cos(n(cos §))) (6

where f(¢) is 0 for a straight path and 1 if adjacent segments of the path form a right
angle. Thus, the force on the image R; is then given as

ENEB = Fy + f($0) (Fs — F.5)7)) (63)

i
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2. Theoretical background

The use of a switching function tends to pull the elastic band off the MEP at the curved
path. Therefore, this approach can lead to an overestimation of the saddle point energy.
This issue is solved by using a modified NEB method [52] where only the image with
higher energy and the image R; is used in the estimation instead of the adjacent images.

In this study, the NEB method was used to analyze the Pt cluster transformation.
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3. Study of anionic platinum clusters in
gas phase

Introduction

Precious transition metals are widely applied in nanocatalysts, electronic devices, data
storage and functional nanostructured materials [54, 55]. However, these transition met-
als are a limited resource and quite expensive. Therefore, efforts are made to efficiently
use precious metals in the catalysts in the form of nanoclusters or even single atoms
supported on various metal-oxide surfaces [56]. In these nanoclusters, the quantum
confinement effects and unique atom arrangements lead to their unique size-dependent
properties such as a large surface area to volume ratio, good structure-activity relation-
ship, and additional active sites at the surface due to a large fraction of low coordinated
surface atoms [57].

Among these transition metals, Pt has a particular affinity towards hydrogen [23] and
therefore its nanoclusters are one of the important components in heterogeneous catalyst
used for hydrogen evolution reaction and alkane hydrogenation reaction [8, 9]. In such
catalytic reactions, hydrogen is omnipresent, and its dissociation and chemisorption
on the cluster surface are elementary steps of the process. However, such interactions
with the hydrogen induces structural reconstructions of Pt clusters in the gas phase as
well as those supported on the metal-oxides [58—-60]. The experiment conducted by Bus
et al. [61] on Pt/Al;O3 and Pt/SiO; systems using X-ray absorption spectroscopy and
electron microscopy found that hydrogen prefers to bind in n-fold sites and can induce
structure reconstruction. A Pt-Pt bond length contraction was also noted which made
the cluster structure strongly dependent on the hydrogen coverage. Mager-Maury et
al. [23] found similar effects. They used DFT and molecular dynamics to investigate
the behavior of the Pt/yAl,Os system with respect to hydrogen coverage. According to
their findings, the Pt;5 cluster favored biplanar morphology in the absence of hydrogen.
Upon increased hydrogen coverage, it reformed into the cuboctahedral morphology.
Another DFT study carried out by Zhou et al. showed that at higher hydrogen coverage,
a symmetrical icosahedral Pt;3 cluster undergoes structural transition to an fcc-like
structure. Larger Pt, (n=38-40) clusters studied by Borbon et al. [62] reported that
decahedron Pt structure transforms into a spherical structure allowing release of the
internal strain and elongation of Pt-Pt bond lengths upon hydrogen adsorption. However,
in such processes, different interactions play a role such as adsorbate-nanoclusters,
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3. Study of anionic platinum clusters in gas phase

nanocluster-metal oxide support, and adsorbate-metal oxide support which leads to
difficulties in understanding underlying contributions to the catalytic activity.

Thus, to understand the peculiar effects of Pt atoms in contrast to the collective effects
of metal and surface on catalytic processes, it is necessary to analyze the well-defined
and isolated Pt clusters in the gas phase. This can help to deduce the property evolution
with respect to an increase in the cluster size. The size of the cluster and their symme-
tries can be determined experimentally. However, the direct or indirect determination
of cluster transformations is non-trivial in the experiment. Due to these limitations,
investigations using quantum chemical methods are necessary to accurately predict
the cluster structure. In the structural analysis of heavy element nanoclusters such
as Pt, structure prediction using a theoretical approach becomes difficult due to the
presence of open d-shells in these clusters which can lead to several electronic states
along with various spin multiplicities and structural geometries [63]. A recent study on
bare Pt (n=6-13) clusters using a combination of trapped ion electron diffraction (TIED)
and DFT calculations showed the structural evolution and the significant influence of
the relativistic effects on the stability of the clusters [64].

Evolution of the structure in the sub-nanometer clusters such as edges, steps, kinks,
and defects can alter the electronic and catalytic properties of a cluster. However, these
structural alterations can enhance the catalytic activities taking place on the surface.
One of the main issues with these nanoparticles is the significant changes in the catalytic
properties observed upon adding or removing a single atom to or from a cluster [65].
For example, Imaoka et al. studied the structure-activity relationship of the Pt;; and
Pty3 clusters for the oxygen reduction reaction. Their results showed that the catalytic
activity was more than 2-fold on Pt;, clusters compared to the very stable icosahedral
Pty cluster. The result also revealed that the activity does not depend on the cluster size
but on its geometric structure. The low activity of Pt;3 was attributed to its so-called
magic number atomic configuration. It is evident in the experiments that certain metal
clusters exhibit significant stability consisting of a special number of atoms and are
predominantly generated compared to other configurations [66]. These special numbers
are called geometric "magic numbers". For metal nanoparticles of close-packed metals,
the geometric magic numbers generate high symmetric structures such as icosahedral,
ino-decahedral and cuboctahedral with I, Ds; and Oy symmetries. These magic numbers
coincide with the shell-closing effect and are generally spherical [66, 67]. Such formation
of magic-number nanoclusters are observed in nanoparticles of Au [68], Pt[65, 69], and
Ni [70].

We investigated the influence of deuterium exposition on the structural evolution of
Pt-deuterides Pt,D,, (n=6-13) in a joint experimental and computational study. The
Trapped Ion Electron Diffraction (TIED) experiments were conducted in the group of
PD Detlef Schooss. My task was to perform DFT calculations on several guess structures.
The structures well-fitting to the TIED data are then assigned by comparing the profile
factors calculated for the simulated candidate structure and the experiment.
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Before proceeding to the computational details and the obtained results, it is worth
mentioning some important details of the TIED technique. The experimental setup
of the TIED is described in detail in reference [71]. Here, a short summary of the
technique’s working principles will be presented. The TIED technique is a mass-selective
method employed for determining the cluster structure via diffraction measurements.
The electron beam is scattered by the spatial arrangements of the cluster atoms forming
scattering patterns and from these, the cluster structure is determined. With the help of a
magnetron sputter source, Pt anions were generated. Their deuterides were generated by
mixing the deuterium (0.3 vol %) into the sputter gas (He and Ar). The mass distribution
of the formed clusters was analyzed using a time-of-flight mass spectrometer. The
formed clusters were mass-selected and stored in the quadrupole ion trap. A 40 keV
electron beam was passed through the anionic cluster cloud consisting of ca. 10° to
10° clusters. The scattered electrons were detected during the exposure periods of 20-
30 s on a phosphor screen assembly and integrated on an external charge-coupled
device (CCD) camera. The reference picture was extracted without cluster ions in the
trap. With cluster ions in the trap, several hundred pictures were accumulated. The
total scattering function I;4(s) as a function of the electron momentum transfer s was
extracted by radially averaging over the sum of these several hundred background
corrected diffraction pictures. The atomic scattering intensity I,; [72] and an additional
unspecific polynomial based background I,k was taken into account. The experimental
reduced molecular scattering function sM®? (s) = s(Io¢ - Iat -Ipack) / Lo+ Was calculated.
The obtained experimental scattering function was then compared with the scattering
function (sM*"°) calculated for the theoretically obtained candidate structures,

sin(sksr,-j)

4
o (64)

N N 12
s (s) =5, > exp( - gsz) IS leos(n; = 1))
i j#

In the above equation, N denotes the number of atoms present in the cluster, S, and
ks are the scaling factors for the amplitudes and distances, 7; and f; are the phase and
scattering amplitude of the elastic scattering factors [72]. r;; is the inter atomic distances
while J;; is the mean vibrational amplitude. An averaged single value for every atom-pair
type (Pt-Pt, Pt-D, D-D) was used for the latter. However, the scattering amplitude for the
Pt is 20 times higher than D [73], thus dominating the scattering function. Therefore,
the variation of the deuterium coverage can only be observed indirectly through the
changes induced in the Pt core. The theoretical and experimental data was compared
via a y?-fit by minimizing the weighted differences by variation of S, k;, Ip;_p;, Ip:_p,
Ip—p and parameters of Ip,. The degree of agreement between the experiment and the
candidate structures was determined by the weighted profile factor [74] given by

o= | DMl — sMT)? (65)
" Y wic(sMp )2

23



3. Study of anionic platinum clusters in gas phase

The weighting factors denoted as wy were calculated from the error propagated standard
deviation of the experimental data.

Computational details

The initial search for structural models using semiempirical potential energy functions
[75-77] within a genetic algorithm [78, 79] was carried out by PD. Detlef Schooss. The
best fitting and lower energy isomers were then re-optimized using density functional
theory (DFT) in TURBOMOLE (version 7.7) [80, 81] along with the RI-J (resolution
of identity for the Coulomb term J) approximation [82, 83]. The cluster structures
were optimized using the TPSS exchange-correlation functional [32] along with a def2-
TZVP basis set [84]. Previously [64], the TPSS/def2-TZVP level of theory led to a good
description of the structural parameters such as bond distances determined from the
comparison of simulated and experimental scattering functions, and therefore was used
in the present study. The 60 core electrons of the platinum atoms were replaced by the
scalar relativistic effective core potential [85]. No symmetry restrictions were imposed
on the cluster geometries during the geometry optimization. The effect of dispersion
correction was analyzed using DFT-D3 with Becke-Johnson damping [86]. Vibrational
frequencies of all the final cluster geometries were analyzed to verify that the structures
are local minima.

The effect of spin-orbit coupling (SOC) for heavy elements was considered to obtain
an accurate ground state structure [87, 88]. In previous works, the SOC contribution
was seen to significantly impact the relative energies and the geometry of the bare
Pt,” clusters [64]. Therefore, the lower energy structures were re-optimized using the
relativistic two-component calculations [41] with TPSS functional and dhf-TZVP-2¢
basis set [89]. For details regarding the fitting procedure of the structures refer to Ref.[90].
All the low-energy and stable isomers presented here had a doublet or singlet spin state.
In all the schematics shown in this Chapter, the grey color denotes Pt and white denotes
deuterium atoms.

3.1. Pt D, clusters

Various cluster sizes of Pt D, ranging from n=6-13 were studied and compared to the
experimental TIED data. For each cluster size, 10-15 cluster structures were analyzed.
Only the most relevant and lowest energy structures which fit the experimental data
best are described in the following sections. The other higher-lying isomers generated
are shown in the Appendix.
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3.1. Pt,D,, clusters

3.1.1. Pt,Dy; clusters

The stochiometry determined experimentally for the Pt,D;, cluster size is Pt¢D12 4+1.4-
The lowest energy isomers for Pt,D;, determined using TPSS/dhf-TZVP-2c computations
are shown in Figure 5. The lowest energy isomer 1 has an incomplete pentagonal
bipyramid as its Pt-core. It comprises five bridge-bound deuterium (D) atoms and seven
deuterium atoms bound in an on-top position. Isomer 2 is higher in energy by 0.36 eV
and has a (distorted) capped quadratic pyramid Pt-core structure. It consists of four
bridged and eight on-top positioned deuterium atoms. Isomer 3, 0.41 eV higher in energy,
contains same Pt-core structure motif as 1 but with a different deuterium distribution.

0.00 eV 0.36 eV 0.41 eV
R, =4.1% R, =10.5% R, =2.6%

Figure 5.: Lowest energy isomers of Pt,D;, with relative energies computed at TPSS/dhf-TZVP-2c
and experimental profile factor

Figure 6 shows the measured and calculated scattering functions of all three isomers.
The plot supports the computation concerning the core motif. The theoretical scattering
function of structure 1 and 3 fits the experimental data well (R,,=4.1 %, 2.6 %). In contrast,
isomer 2 has a high R,, value and thus can be ruled out. Additionally, planar isomers
(isomers 13-16, shown in the Appendix, Figure A.1.2, Table A.1.2) had a high profile
factor compared to more symmetrical isomers showing a clear preference for the latter.
However, as mentioned above, TIED is not sensitive to the exact number of deuterium
atoms and their distribution on the surface. The symmetric D distribution on isomer 3
led to a more symmetric Pt-core structure (C,,) which fits better to the experimental data.
However, the effective symmetrization of the isomer can come from the experimental
averaging of a static and dynamic isomer distribution. The contributions from different
numbers of deuterium atoms such as Pt;D;; and Pt,D;3 cannot be ruled out due to the
large FWHM reported in the experiment. Therefore, additional calculations were carried
out for Pt,Dy; clusters by removing one D atom at a time from Pt;D, isomer 1. The
best fitting Pt;D,; shown in Figure 7 (a), has a profile factor of 2.7 %. The higher-lying
structures are given in the Appendix (Figure A.1.1, Table A.1.1). The Pt;D,3 cluster
was generated by placing one D atom in an on-top position as seen in Figure 7 (b)
and has a R,, value of 4.62 %. The Pt-core of the lowest energy and best fitting Pt,D;
and Pt;D;; have a similar Pt-core as isomers 1 / 3 of Pt;D;, and reasonable profile
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3. Study of anionic platinum clusters in gas phase

Figure 6.: Comparison of experimental (circles) and simulated (red line) modified molecular
scattering intensities sM of Pt,D, for the isomers 1-3. The blue line in each panel shows the
weighted residuals [Figure was provided by D. Schooss].

Figure 7.: Lowest energy isomers of (a) Pt,D;; with an experimental profile factor of R,,=2.7 %,
(b) Pt;D;5 with an experimental profile factor of R,,=4.62 %. These structures are computed at
TPSS/dhf-TZVP-2c level of theory.

factors. Therefore, their contribution to the TIED data cannot be ruled out. However, all
structures consisting of Pt-cores different from 1/ 3 can be ruled out.
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3.1. Pt,D,, clusters

3.1.2. Pt;Dy, clusters

The experimentally determined stochiometry for a Pt; core is Pt;D14.2+¢.5. The lowest
energy structures of Pt;D,,, optimized using TPSS/dhf-TZVP-2¢ are shown in Figure
8. The Pt-core structure of isomer 1 is a double-capped square pyramid comprising
five bridge-positioned D atoms. Isomer 2 is higher in energy by 0.41 eV compared to
1. The Pt-core structure of 2 is a pentagonal bipyramid (pbp) consisting of five bridge
and on-top positioned D atoms along the perimeter of the isomer. Isomer 3 contains a
distorted capped square pyramid Pt-core with a higher relative energy of 0.5 eV. Isomers
having the same Pt-core structure of isomer 1 and 2 with variation in D distributions
are also generated. However, they are higher in energy (>0.3 eV). The structures and
their relative stabilities are given in Appendix (Figure A.1.3, Table A.1.3).

0.00 eV 0.41 eV 0.50 eV
R,=11% R,=31% R,=21%

Figure 8.: Lowest energy isomers of Pt;D;, with relative energies computed at TPSS/dhf-TZVP-2c
and the experimental profile factor

The comparison of experimental and simulated scattering data is shown in Figure 9.
Isomer 1 can be ruled out while pbp Pt-core structure of 2 fits well to the TIED data
with R,,=3.1 %. Other core structures can be ruled out. The higher-lying isomers of 2
(shown in Appendix section Table A.1.3) also have similar profile factors and thus can
contribute to the TIED data. This probability cannot be ruled out experimentally. While
isomer 3 can be neglected due to its high-profile factor.

3.1.3. PtgD, clusters

The experimentally determined stoichiometry for Ptg-core was PtgD15 3.0, and PtgDy,
was chosen as stochiometry for the candidate structures. As seen in Figure 10, isomer 2
contains a Pt-core of a distorted hexagonal bipyramid while Pt-core of 3 can be described
as a capped pbp. The global minimum structure of isomer 1 has a Pt-core which is a
distorted version of either isomer 2 or 3, the latter are higher in energy by 0.19 and 0.29
eV respectively. The deuterium distribution of isomers 1, 2 and 3 contain 6, 8, and 7
bridge positioned D atoms, respectively.
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3. Study of anionic platinum clusters in gas phase

sM/A™

Figure 9.: Comparison of experimental (circles) and simulated (red line) modified molecular
scattering intensities sM of Pt;D, for the isomers 1-3. The blue line in each panel shows the
weighted residuals [Figure was provided by D. Schooss].
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0.00 eV 0.19 eV 0.29 eV
R, =13% R, =5.5% R, =6.4%

Figure 10.: Lowest energy isomers of PtsD;, with relative energies computed at TPSS/dhf-TZVP-
2c and experimental profile factor

The experimental and simulated scattering functions of all three isomers shown in Figure
11 reveal that isomer 2 with a profile factor of R,,=5.5 % fits best with the TIED data.
Isomer 3 shows the second best match with R,,=6.4 %. The lowest energy isomer 1 can be
ignored due to the high profile factor. The mixture of isomer 2 (70%) and 3 improved the
profile factor to 4.7 %. Additionally, isomers generated with different Pt-core structures
and D configurations have higher relative energies and profile factors and therefore are
neglected (shown in Appendix Figure A.1.4, Table A.1.4).
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3.1. Pt,D,, clusters

sM/A™

Figure 11.: Comparison of experimental (circles) and simulated (red line) modified molecular
scattering intensities sM of PtgDy for the isomers 1-3. The blue line in each panel shows the
weighted residuals [Figure was provided by D. Schooss].

3.1.4. PtyDg clusters

The experimentally determined stochiometry for a Pty core is PtyD13 0+0.3. Therefore,
the corresponding PtoD 5 stoichiometry was chosen for the candidate structures. Two
low energy isomers computed at TPSS/dhf-TZVP-2c level of theory are shown in Figure
12. The global minimum isomer 1 is a C,, cupola with a bent seven atom hexagonal
base covered by a Pt-dimer above. It comprises of eight Pt atoms at edge consisting of
one on-top D atom each and nine shared D bridges. One D atom remaining is present
in the hollow site at the base. Other investigated deuterium distributions are higher in
energy (> 0.3 eV) (shown in Appendix Figure A.1.5, Table A.1.5). Isomer 2 is higher in
energy by 0.41 eV and is a distorted version of 1 in which one of the Pt-Pt bonds of the
hexagonal base is opened forming a capping triangle.

Comparing the experimental and simulated scattering functions (Figure 13) show that
structure 1 fits well with the TIED data. There is a possibility of contributions from
other deuterium distributions. The higher lying isomer 2 gives a better fit due to its
lower profile factor compared to isomer 1.
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3. Study of anionic platinum clusters in gas phase

0.00 eV 0.41 eV
R, =45% R,=31%

Figure 12.: Lowest energy isomers of Pt,D,3 with relative energies computed at TPSS/dhf-TZVP-
2c and the experimental profile factor

Figure 13.: Comparison of experimental (circles) and simulated (red line) modified molecular
scattering intensities sM of PtoDy3 for the isomers 1-2. The blue line in each panel shows the
weighted residuals [Figure was provided by D. Schooss].

3.1.5. Pt;,D,, clusters

The stochimetry for the Pty core determined experimentally is Pt;gD9.7+0.2 correspond-
ing Pt;,D,, as the most probable stochiometry for the candidate structure. Figure 14
shows two isomers of Pt;jD,,. The low energy isomer 1 contains a Cs,-symmetric core
and forms a triangular cupola and is a hemisphere of a 13 atom cuboctahedron. Isomer 1
has 14 bridging D atoms and 6 on-top D atoms. The next higher-lying isomers consisting
of the same core structure but varying D distributions start at 0.16 eV compared to 1
(shown in Appendix section Figure A.1.6, Table A.1.6). The next higher-lying isomer
with a different Pt-core structure is isomer 2. It is a bicapped cube and has 12 bridged
and 8 on-top D atoms.
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0.00 eV 1.11eV
R, =3.5% R, = 26%

Figure 14.: Lowest energy isomers of Pt;;D,, with relative energies computed at TPSS/dhf-TZVP-
2c and the experimental profile factors

2/34567891'01112

Figure 15.: Comparison of experimental (circles) and simulated (red line) modified molecular
scattering intensities sM of Pt;,D,, for the isomers 1 and 2. The blue line in each panel shows
the weighted residuals [Figure was provided by D. Schooss].

The comparison of experimental and simulated scattering functions shows that the
scattering function of the trigonal cupola 1 fits well with the TIED data. Contributions
from isomers with the same core structure with different deuterium distributions cannot
be ruled out (please refer to Appendix section Table A.1.6). Due to the high profile factor
of isomer 2, it can be neglected. Thus, the core structure of 1 is assigned to Pt;(Dy,.

3.1.6. Pt,,D,, clusters

The stoichiometry determined experimentally for a Pt;; core structure is Pt;;D31 8+0.6-
Figure 16 shows the lowest energy structures for Pt;;D,,. The Pt-core of isomer 1 is a
tri-capped cube and is related to Pt;(D,, 2 structure where one Pt-atom is added to the
open cube facet. It consists of all D atoms in bridge positions along the edges of the Pt
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0.00 eV
R, = 19%

0.03 eV
RW =7.2%

Figure 16.: Lowest energy isomers of Pt;;D,, with relative energies computed at TPSS/dhf-TZVP-

2c and experimental profile factors.
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Figure 17.: Comparison of experimental (circles) and simulated (red line) modified molecular
scattering intensities sM of Pt;;D,, for the isomers 1-3. The blue line in each panel shows the
weighted residuals [Figure was provided by D. Schooss].

core. The Pt-core of isomer 2 is generated by the addition of one Pt-atom to the base of
Pt, oDy structure 1. It consists of 14 bridge-bound D atoms and 8 on-top bound D atoms.
Both the isomers are isoenergetic within the TPSS/dhf-TZVP-2c error.

The best fit to the TIED data is obtained for isomer 2 consisting of capped trigonal
cupola with a profile factor of R,,=7.2 %. Isomer 1 has a higher profile factor and can
be ruled out. However, there is a probability of its small contribution to the probed
ensemble as the mixture fit of 2 with ~23% of 1 leads to a significant decrease in the
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3.1. Pt,D,, clusters

profile factor to R,,=4.3 %. Additionally, the relative energies and profile factors for the
higher-lying Pt;;D,, isomers are given in Appendix (Figure A.1.7, Table A.1.7).

The analysis of Pt;,D,, isomers is described in-detail in Chapter 3.2.

3.1.7. Pt,;3D,, x=24,25,26 clusters

The deuterium coverage determined experimentally for the Pt;3 core is Pt;3D246+0.5-
Additional to the most probable stochiometry for the candidate structure, Pt;3D,s, com-
putations with 24 and 26 D atoms were also performed to investigate if these structures
have a contribution to the TIED data. The Pt,3D,, structure contains a cuboctahedral
cage structure with all deuterium atoms bound in the bridge position with additional Pt
atom filling the empty void of the cage structure (Figure 18).

Figure 18.: Pt;5D,, cluster consisting of all bridge positioned deuterium atoms and computed at
at TPSS/dhf-TZVP-2c.

To construct the higher coverage structures, Pt;3sD,; and Pt;3D, with additional deu-
terium coverage, the D atoms had to be positioned in an on-top configuration. This
leads to different isomers of which only the stable ones are shown. Three isomers of
Pt;3D¢ are shown in Figure 19. Isomer 1 is the lowest energy structure consisting of 23
bridge and 3 on-top D atoms with a profile factor of 4.5 %. However, isomer 2 which
features a different deuterium configuration has a lower profile factor of R,,=3.7%. It is
0.42 eV higher in energy with 21 bridge and 5 on-top D atoms. Other core motifs such
as anti-cuboctahedron of isomer 3 are also generated but can be ruled out due to higher
relative energy and profile factor. Additionally, structures of Pt;3D,, isomer and their
profile factors are given in Appendix (Figure A.1.8, Table A.1.8).

Various Pt;3D,5; isomers were generated by removing one deuterium atom at a time
from Pt;3D,, isomers 2 and 3. Pt;3D,5 isomers 1 and 2 show a cuboctahedral motif while
isomer 3 has a anti-cuboctahedral motif (shown in Figure 21). The profile factor of the
lowest energy isomer 1 is 4.52 % and that of isomer 2 is further lowered to 3.5 % (Figure
21) but is higher in energy by 0.52 eV compared to 1. Isomer 3 is higher in energy by
0.56 eV and also has a higher profile factor of 7 % and therefore can be ruled out. There
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3. Study of anionic platinum clusters in gas phase

are several isoenergetic isomers to 1 present in a small energy gap showing that the
removal of one deuterium atom does not reflect significant changes in their relative

energies (see in Appendix Table A.1.9). However, these isomers can be ignored due to
their high profile factor.

0.00 eV 0.42 eV
R,=4.5% R,=3.7%

Figure 19.: Lowest energy isomers of Pt;3D,, with relative energies computed at TPSS/dhf-TZVP-
2c and experimental profile factors.

sM/A™?
AySM/A

Figure 20.: Comparison of experimental (circles) and simulated (red line) modified molecular
scattering intensities sM of Pt;3D,, for the isomers 1-3. The blue line in each panel shows the
weighted residuals [Figure was provided by D. Schooss].

As mentioned previously, TIED cannot determine the position of the deuterium atoms
on the cluster surface, and is indirectly detected by the change in the Pt core structure,
therefore the exact number of deuterium atoms is an estimate of +1 D atom of the total
number of indirectly detected D atoms. Also, deuterium atoms are mobile on the surface
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0.00 eV 0.52 eV 0.56 eV
R,=4.52% R,=3.5% R,=7 %

Figure 21.: Lowest energy isomers of Pt;3D,5 with relative energies computed at TPSS/dhf-TZVP-
2c and experimental profile factors.

and are non-trivial to detect on the time scale of a few seconds also cannot detect the
meta-stable intermediates. Therefore, the probable contribution of other Pt;3D,, and
Pt,3D,5 clusters to the TIED data cannot be ignored. Thus, the isomers containing other
than cuboctahedral structure of Pt core can be neglected.

3.1.8. Discussion

Figure 22 shows a summary of all the structure motifs assigned to the respective cluster
size of Pt ,H,, (n=6-13). It is worthwhile to perform a comprehensive comparison between
bare Pt, (given in ref. [64]) with Pt D, structures to further deduce the evolution of
the cluster structure while taking into account the impact of deuterium adsorption on
the Pt-core structure. Starting with the Pts core structure, the lowest energy isomer of
bare Pt structure is observed to be planar along with D3, symmetry. Upon deuterium
interaction, the Pts core transforms into a 3D incomplete pentagonal bipyramid (pbp)
motif showing that Pt core atoms prefer higher coordination with deuterium adsorption.
The best fitting bare Pt; isomer to TIED data is a quasi-planar distorted hexagon with
D;; symmetry while it prefers a pentagonal bipyramid (pbp) core structure when in
contact with the deuterium atoms. Furthermore, the bare Ptg isomer is seen to prefer
a 3D motif consisting of connected trigonal and square pyramids while Pt;D;, favors
a mixture of a distorted hexagonal bipyramid and pbp. Thus, the local minima of Pt,,
Pt; and Pty consisted of amorphous-like structures which evolved into 3D structures
upon deuterium adsorption. It can be seen in ref. [64] that the Pt-core structures from
Pty formed a 3D structure consisting of a tetrahedral structure which persisted until
Pt;3~ motif. However, these Pt-core motifs transformed into higher symmetries upon
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interaction with deuterium atoms. The development of spherical geometries starts from
the Pt;;D,, structure consisting of a spherical triangular cupola with a C30 core structure
until the stable cuboctahedral structure of Pt;3D,¢. The structural analysis of these motifs
also showed a clear preference for bridged-positioned deuterium atoms compared to the
on-top bound ones [90] (This is discussed in detail in Chapter 3.2) . The spin-states were
also seen to be quenched from higher spin states seen in bare Pt,” [64] to the doublet
or singlet spin state in Pt D, isomers. Along with the above-mentioned low-energy
best-fitting isomers, various other isoenergetic and mixtures of neighboring motifs
with different deuterium configuration were also found contributing to the TIED data,
indicating the dynamicity of the deuterium shell. However, TIED cannot determine the
deuterium positions on the surface. The structural motifs predicted at TPSS/dhf-TZVP-2¢
level of theory predict the best-fitting and experimentally found core structure except
for the Pt;D, ensemble where the best-fitting pbp isomer is 0.41 eV higher in energy
compared to the predicted ground state isomer.

Pt,D,, Pt.D., Pt.D.,¢ Pt,D.s

Figure 22.: Assigned structures for PtnD,n" (n=6-13), mixtures of two isomers were necessary to
fit the TIED data.

3.1.9. Conclusion
Various sizes of anionic Pt D, (n=6-13) clusters were investigated using density func-

tional theory with the inclusion of spin-orbit coupling. The computed structures were fur-
ther compared with the trapped ion electron diffraction (TIED) data using the weighted
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profile factor. The results showed that deuterium adsorption significantly influences
the Pt-core structures. As the Pt cluster size increases from Pt;D, towards Pt;3D., it
is observed that the number of bridge-bound deuterium atoms increases concurrently,
developing into a more spherical geometry. The results also showed that the symmetry
of the clusters gradually increased with the cluster size from the distorted structures
at Pt;D, configuration towards spherical triangular cupola for Pt,,D,, towards the
cuboctahedral structure of Pt;3D,, configuration. This clearly shows the preference
of the Pt core atoms for a high coordination number. Contributions from other local
minimum structures to the TIED data cannot be ruled out.
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3.2. Pt{;D,y4 clusters

Among platinum deuterides Pt(¢_13)H(12-26) ", Pt;2Hyq clusters are a special cluster config-
uration. In the TIED experiment, the generation of a stable cuboctahedral cage structure
was predominantly seen. The previous study carried out on bare Pt;, clusters [64]
showed that it preferred a doubly truncated trigonal bipyramid configuration. Thus, in
this study, an in-detail theoretical investigation was carried out to examine the influence
of deuterium exposition of Pt;, on its structure in the gas phase and unravel the possible
reasons for the high stability of the Pt;,H,, cluster. We also studied the cluster’s char-
acteristic properties such as structure, bonding character, effect of spin-orbit coupling,
and electronic properties that can influence cluster stability. Finally, the influence of the
cluster magic number was checked.

3.2.1. Computational details

A thorough examination of the structural and electronic characteristics of the three
best-fitting cluster structures for Pt;2D,4~ isomers was conducted. The relative energies
reported in this chapter were corrected by the zero- point energies. The Gibbs free
energy correction to the DFT energy was calculated at T=120 K and 0.44 mbar. The
Nudged elastic band (NEB) method [52] was used for determining the reaction pathway
and corresponding activation barriers. The d-band center of all surface Pt atoms of the
three isomers was calculated using the Mulliken population analysis of the d-orbitals
(ng(€)) using the following formula:

_ g 2 €na(€)

= TS na(e) (66)

€d

where € is the molecular orbital energy and « sums over the selected surface Pt atoms. The
charge and nature of the chemical bonds were assessed using natural orbital population
analysis [91] and Wiberg bond indices [92]. The presence of spherical aromaticity was
determined using the Nucleus Independent Chemical shift (NICS) value [93]. The Fermi
level in the Density of States plot was chosen at the energy of the highest occupied
orbital. The orbital energies were broadened by Gaussians (0.272 eV FWHM).

3.2.2. Results and Discussion
3.2.2.1. Structural analysis
Three distinct Pt core structures were chosen for additional deuterium configuration

optimization based on the comparison of simulated and experimental scattering data. The
effect of spin-orbit coupling (SOC) contributions on the cluster geometry and on their
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relative energies was analyzed. Figure 23 shows the three best-fitting cluster structures
optimized using a relativistic two-component method with the TPSS functional and
dhf-TZVP-2c basis set.

3 Dsn
0.00 eV (0.00 eV) 0.72 eV (0.52 eV) 0.99 eV (0.96 eV)
Rw =5.6 % Rw =12 % Rw=7.1%

Figure 23.: Computed structures of Pt;2D,,~ isomers 1-3 with the approximate point group
symmetry for the Pt-core, relative energy for TPSS/def2-TZVP (2C-TPSS/dhf-TZVP-2c), and
experimental profile factors. Structure 4 shows the bare cluster Pt;;~ taken from ref. [64]
(Reproduced from S. Gojare et al. [90] (2024), ChemPhysChem under the terms of the CC-BY
license).

Among them, the most stable cluster structure is structure 1. It is a cuboctahedral cage
structure. All 24 deuterium atoms occupy the bridge position making 24 Pt-D-Pt bonds
and forming Oy, symmetry. The configurations consisting of on-top positioned D atoms
are stable as well. However, they are higher in energy (> 1.1 eV) as seen in Figure 24.

1.35 eV
R,=4.5%

Figure 24.: Relative energies (eV) and profile factors (R,, (%) computed for higher lying isomers
generated from isomer 1 with one on-top positioned deuterium atom. All computations carried
out with TPSS/def2-TZVP.
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The isomer 2 is 0.72 eV higher in energy compared to 1. Its Pt-core structure is an
incomplete cuboctahedron with one Pt atom missing from the cuboctahedral shell, thus
forming a C,, symmetry for the Pt-core. Several deuterium configurations with different
distributions of bridge and on-top bound deuterium atoms were found which were
close in energy (see Table A.2.1 and Figure A.2.1 in Appendix section). The most stable
and lowest energy structure within this ensemble is shown in Figure 23. This structure
consists of 18 bridge and 6 on-top bound deuterium atoms.

Isomer 3 is also a spherical cage similar to 1 but one of the bottom triangles is rotated
by 60° making it an anti-cuboctahedral cage structure with approximate D3, symmetry.
All deuterium atoms are bound in bridge positions similar to isomer 1. The relative
energy of isomer 3 is 0.99 eV. Different deuterium configurations of 3 with on-top bound
deuteriums were generated. However, these led to a significant core reconstruction.
Thus, the configuration with all D atoms bound in the bridge position is the stable one
found.

sM/A™

AySM/AT

Figure 25.: Comparison of experimental (circles) and simulated (redline) modified molecular
scattering intensities sM of Pt;,D,, for the isomers 1-3 and a mixture of 80% isomer 1 and 20%
isomer 2. The blue line in each panel shows the weighted residuals (Reproduced from S. Gojare
et al. [90] (2024), ChemPhysChem under the terms of the CC-BY license).
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Structurally, the Pt cores of isomer 1 and 2 belong to the same motif as a variation in
occupation of different positions of a 13-atom cuboctahedron. In the isomer 3 structure,
the layer order is modified from fcc to hep stacking compared to 1. Thus, their molecular
scattering functions are expected to be similar. However, Figure 25 shows that the
molecular scattering function of isomer 1 fits well with a profile factor of R,, = 5.6 % to
the TIED experiment. Other D configurations of isomer 1 consisting of mixed bridge and
on-top bound D atoms show lower profile factors but can be excluded due to their high
relative energies (Figure 24). The R,, values of isomers 2 and 3 are significantly higher,
12 % and 7.1 % respectively. The difference in R,, values of 1 and 2 is due to the specific
deviation in the electron momentum transfer (s) range caused by the cage structure of 1
in the experiment. This is amplified by the large statistical weighting in this region (blue
line in Figure 25). Thus, isomer 1 is the primary contributor of the ensemble probed in
the experiment. However, a small contribution from isomer 2 cannot be ruled out as
the mixture of 80 % 1 and 20 % 2 reduces the R,, value to 4.3 % (Figure 25). Due to the
different close-lying deuterium configurations of isomer 2, those lead to similar results
in the mixture fits.

The influence of different charges on the cluster structure were examined by reopti-
mizing the neutral Pt;,Dyy, cationic Pt;;D,4* and dianionic Pt;;D,4%~ isomers (Table 1).
The results show that the charge does not affect the structural changes. However, the
energetic order is affected where isomer 1 is still the most stable structure for neutral and
dianionic clusters. Isomer 2 is the lowest energy structure within cationic structures.

Table 1.: Comparison of relative energy E (TPSS/def2-TZVP) for different charge states of isomer
1-3. All values are zero point energy corrected (values in the brackets denote the relative
contribution of ZPE) (Reproduced from S. Gojare et al. [90] (2024), ChemPhysChem under the
terms of the CC-BY license).

Isomer Pt12D24_ (E/eV) Pt12D24 (E/EV) Pt12D24+ (E/eV) Pt12D242_ (E/eV)
1 0 0 0.44 (-0.005) 0
2 0.72 (-0.052) 0.31 (0.03) 0 1.2 (-0.144)
3 0.99 (-0.072) 1.05 (-0.08) 1.41 (-0.118) 0.94 (-0.063)

The SOC effect on the anionic Pt;;D,4~ clusters shows that SOC decreases the relative
energy differences while the energetic order remains the same. The bond length between
Pt atoms of isomer 1 decreased from 2.716 to 2.702 A after SOC was included. This is
in agreement with previous studies [23, 94, 95]. The relative energy differences of the
isomers are not considerably affected by taking into account the finite experimental
temperature or the dispersion corrections (Table 2).
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Table 2.: Comparison of the relative energies of isomers 1-3 for TPSS/def2-TZVP, 2C-TPSS/dhf-
TZVP-2c, the dispersion corrections, and relative of the relative difference of zero point energy and
free Gibbs energy (G). The contribution of the relative zero point energy is given in parentheses
(Reproduced from S. Gojare et al. [90] (2024), ChemPhysChem under the terms of the CC-BY
license).

Isomer | TPSS/def2-TZVP | 2C-TPSS/dhf-TZVP-2c¢ | disp. corr. /eV (2C) | G/eV (2C)
1 0 0 -5.03 0
2 0.72 (-0.052) 0.52 (-0.053) -5.05 0.003
3 0.99 (-0.071) 0.96 (-0.018) -5.00 -0.006

The different close-lying deuterium configurations of isomer 2 indicate the dynamical
nature of the deuterium shell. The mobility of the deuterium atoms can be analyzed
through the activation barriers connected to their binding mode. The activation barriers
were calculated using the nudged elastic band (NEB) method. The activation barriers
calculated for different configurations are in the range of 0.5 eV. A sequential rearrange-
ment of deuterium atoms on the surface of isomer 2 can induce the transformation to
isomer 1. The reaction pathway is shown in Figure 26. For this isomer transformation,
six consecutive steps are required coupling the deuterium mobility and the core isomer-
ization. An overall activation barrier of 1.4 eV is calculated. These results demonstrate
that at the experimental condition, an isomerization in the structure ensemble of 2 is
possible. But the dynamic interconversion between isomer 1 and 2 is not possible. The
inclusion of SOC contributions does not affect the activation barrier.

The reason for the stability of the cuboctahedral cage structure is further analyzed
energetically by dividing the structure into two parts: (i) the Pt core structures, (ii) the
respective deuterium shell and determining their respective contributions. To examine
the contribution of the Pt-core structure, all the deuterium atoms were removed from
the surface and the energy (single point) of the core structure (Pt;,”) was recalculated.
The results show that the core structure of isomer 2 is the most stable configuration due
to the high mean Pt coordination number (CN=5.16) while the coordination number of
the cage structure of isomer 1 and 3 is just CN=4.00. This leads to a destabilization of
0.43 and 1.16 eV for the cage structures 1 and 3. The bare Pt;,™ core structure reported
here of isomers 1-3 are however not the stable configurations as can be seen in ref.
[64].

The contribution of the deuterium shell is evaluated by the mean and maximum adsorp-
tion energy using the following equations 68 , and 67:

1
E;rzfsan = ﬂ (EPtlzDzzx - EPtlE - 12ED2) > (67)
Emax — | _E ~ 1E 68
ads — TPt;sDyy T TPtpDas T 5 D, - ( )
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Figure 26.: A reaction pathway describing the conversion of isomer 2 to 1 with and without
the inclusion of spin-orbit coupling effect. The deuterium atoms in red and the platinum atom
in cyan color denote the ones whose positions are changed. Note that electronic energies are
given relative to isomer 2 (Reproduced from S. Gojare et al. [90] (2024), ChemPhysChem under
the terms of the CC-BY license).

Table 3.: Deuterium adsorption energies (eV) (Reproduced from S. Gojare et al. [90] (2024),
ChemPhysChem under the terms of the CC-BY license).

mean Eads
Isomer | Eqgs Bridge On-top
1 -0.50 -1.20 -
2 -0.48 -1.22 --0.33 -0.55--0.23
3 -0.46 | * (led to structure reconstruction) -

The E(Pt;,7) is the energy of a stable isomer obtained from Ref. [64]. The highest mean
adsorption energy per deuterium atom is calculated for isomer 1 and accompanied by 2
and 3 showing their relative stability (Table 3). The mean adsorption energies reported
for Pt surfaces are also in the same energy range. Depending on the surface structure,
hollow sites are favorable [96].
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3. Study of anionic platinum clusters in gas phase

The maximum adsorption energy per D atom in different binding position is given in
Table 4. It is clear that the D atom bound in the bridge position on isomer 1 has a high
adsorption energy of 1.2 eV. The adsorption energies calculated for D atoms on the
surface of isomer 2 are site dependent (for an overview see Table 4).

However, the energy ranges of both D atom positions show that the on-top bound D
atom is less stable compared to bridge bound one. The configuration consisting of D
atoms bound in a hollow site at the central Pt atom of isomer 2 is possible, however, it
results in even lower adsorption energy compared to the on-top site.

Table 4.: Calculated adsorption energies (electronic energies) of differently bound deuterium
atoms of isomer 2 (Pt;,Dy, — Pt;,D,3+0.5D;) at TPSS/def2-TZVP level of theory. For positions,
see Fig. 27 (Reproduced from S. Gojare et al. [90] (2024), ChemPhysChem under the terms of the
CC-BY license).

Bridge D, atom | Adsorption energy (eV) || On-top D, atom | Adsorption energy (eV)
1 1.22 19 0.55
2 1.19 20 0.47
3 1.14 21 0.43
4 1.07 22 0.42
5 0.98 23 0.26
6 0.92 24 0.23
7 0.91
8 0.8
9 0.79
10 0.72
11 0.71
12 0.7
13 0.64
14 0.61
15 0.47
16 0.38
17 0.37
18 0.33

A previous study on bare Pt,” clusters concluded that isomer 4 (shown in Figure 23)
is the most stable structure in the cluster family of Pt;,™. It can be observed that the
structural motif of the Pt core of isomers 3 and 4 is the same. While isomer 1 differs
from 4 by a rotation of a capping triangle. Thus, a study is carried out to see whether
isomer 1 and 3 are formed from 4 after their interaction with deuterium atoms (Figure
28). The sequential addition of the deuteriums to the bare Pt;,™ surface is not possible
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3.2. PtigDy4 clusters
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Figure 27.: Different views of isomer 2 (Reproduced from S. Gojare et al. [90] (2024),
ChemPhysChem under the terms of the CC-BY license).

due to significant reconstruction of the Pt core. Therefore, the desorption energy of
deuterium atoms was calculated by removing the deuteriums in sets of three atoms.
This maintains the 3-fold symmetric structure of the core. At each step, the structure is
re-optimized to test, if the core structure changes. For isomer 1, the energy required
to remove the first two sets of atoms amounted to -2.55 and -1.56 eV per deuterium
atom respectively, showing the high structure stability. The Pt-core structure at these
two steps did not change. The desorption energy for the next set of atoms is reduced to
-1.19 eV per deuterium atom showing a weakening in the bond strength. During this
particular step, the Pt-core motif changes from abc to aba (denoted as Pt12D15™ (1)[aba+])
similar to isomer 3 and 4 indicating that a minimum of 18 D atoms are required to
maintain the cuboctahedral cage structure. The energy required for further removal of
nine D atoms amounts to -0.97 eV per atom and the last six D atoms require -0.83 eV
per D atom showing the sequential weakening of the Pt-D bonds. As seen in the figure
28, core reconstruction is one of the important steps when considering the formation
of 1 from 4. Similar calculations were carried out on isomer 3. The removal of a set
of three-D atoms sequentially constituted to -1.4, -0.75, -0.55, -0.51, and -0.54 eV per
D atom. Removing the last six atoms required a desorption energy of -0.57 per atom
at each step. From these desorption energies, it is clear that D atoms bound in bridge
positions on isomer 1 are more stable than on isomer 2 showing a clear preference for
isomer 1. Please note that the energies reported here may vary depending upon the
order of the atom removal other than described here.
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Figure 28.: The plot describing the energy required to convert Pt;,D4~ to bare Pt;; ™ cluster.

3.2.2.2. Electronic properties

Apart from the structural analysis, electronic interactions of D atoms with the Pt cluster
were also analyzed. The differences between the adsorption energies of the D atoms
bound in two binding modes were studied using the charges present on the Pt and D
atoms of all the isomers. Considering the bare Pt;,~, the negative charge is predominantly
present on the apex Pt atoms due to their low coordination number (Table 5).

Table 5.: Calculated charges using natural population analysis of isomers (Reproduced from S.
Gojare et al. [90] (2024), ChemPhysChem under the terms of the CC-BY license).

Isomer | Number | Atom | Charge
4 1-3 bt -0.197
4-9 Pt -0.065
10-12 Pt -0.008
1 all Pt 0.126
all D -0.105

Considering isomer 1, the total charge on the core is reversed to ~+1.5/e]. While in
isomer 2, a strong hydridic character of -0.1|e| per D atom is seen in the bridge position
and in the on-top position of -0.05|e| [23] (Table 6). These charges indicate a strong
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3.2. PtigDy4 clusters

interaction between the bridge-bound D and the Pt core. This phenomenon can be
explained through a multi-center bond character. Natural population analysis, as well
as the Wiberg index analysis (Wiberg index of 0.82 for each Pt-D bond), indicate a 3c-2e
bond for each Pt-D-Pt bridge. These stabilize the whole cage structure of isomer 1 (and
isomer 3). The 3c-2e bond character for Pt-D-Pt in 1 and 2c-2e bond character for a Pt-D
bond in 2 is visualized as Boys localized orbitals in Figure 29.

(b)

Figure 29.: (a) Three center - two electron bonds between Pt-D-Pt of isomer 1, (b) two center-
two electron bonds between Pt-D of isomer 2 obtained by Boys localization (Reproduced from S.
Gojare et al. [90] (2024), ChemPhysChem under the terms of the CC-BY license).

The density of states computed for the Pt 5d, and H Is orbitals of isomers 1-3 are shown
in Figure 30. In all plots, 5d orbital of Pt contribute significantly to the valence band
close to the Fermi level. The D Is contributions near the Fermi level are present in the
case of isomer 2 and are negligible for the cage structures. The contribution of Pt-5d
orbitals is also determined using the d-band center concept. According to the d-band
center rule of Hammer and Norskov [97], the interaction with the deuterium atoms is
stronger when the metal d states are located near the Fermi level. For isomer 1 and 3, it
is located at -2.04 eV and -2.26 eV respectively. Thus, the favorable electronic structure
is the reason for the high mean deuterium binding energy in isomer 1 which separates
it from 3 even though they both have all D atoms in the bridge position.

The structure of anionic Pt;;D,4~ is an open shell system. The cage structures show
a large band gap when the total DOS plot is considered. The band gaps calculated for
isomer 1-3 are 1.99, 0.84, and 1.71 eV. Due to the odd number of electrons, a gap state is
present for all isomers in the minority spin channel in unrestricted DFT calculations.
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3. Study of anionic platinum clusters in gas phase

Table 6.: Calculated charges on each atom of isomer 2 using natural orbital population analysis
(For positions see Figure 27).

Number | Atom | Charge | D site
1 D | -0.104 | bridge
2 D | -0.092 | bridge
3 D -0.107 | bridge
4 D -0.111 | bridge
5 D -0.1 bridge
6 D -0.081 | bridge
7 D -0.068 | bridge
8 D -0.108 | bridge
9 D -0.077 | bridge
10 D | -0.043 | bridge
11 D | -0.116 | bridge
12 D | -0.076 | bridge
13 D | -0.105 | bridge
14 D | -0.113 | bridge
15 D | -0.103 | bridge
16 D | -0.069 | bridge
17 D -0.127 | bridge
18 D -0.115 | bridge
19 D -0.042 | on-top

20 D -0.04 | on-top
21 D -0.048 | on-top
22 D -0.032 | on-top
23 D -0.068 | on-top
24 D -0.044 | on-top
25 bt -0.388
26 Pt 0.094
27 Pt 0.043
28 Pt 0.131
29 Pt 0.155
30 Pt 0.209
31 Pt 0.089
32 Pt 0.122
33 Pt 0.156
34 bt 0.217
35 Pt 0.081
36 Pt 0.078
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Figure 30.: Density of States plot (DOS) of (a) Pt;;D,, isomers 1-3, (b) Pt;;D%, isomers 1-3 . The
total density is shown in gray, the contributions from the Pt-5d and H- 1s are marked in blue and
red. The Fermi level is indicated as a dashed vertical line (Reproduced from S. Gojare et al. [90]
(2024), ChemPhysChem under the terms of the CC-BY license).

These states are present at 0.25, 0.56, 0.2 eV for isomers 1-3. When close shell structures
of Pt;;D,4%" are considered, the band gaps slightly change to 1.73, 0.4, and 1.56 eV
for isomers 1-3 (Figure 30). The large band gaps show an electronically closed shell
configuration, for example seen in the spherical jellium free electron gas model for a
simple cluster [98]. A likewise model exists for a free electron gas on a spherical shell
known as the Hirsch rule [99] for spherical (;r) aromaticity.

The spherical shell in 1 consists of all the Pt atoms. Assumption of transfer of a full
electron to a D atom and disregarding the sd hybridization, the total number of Pt-5d
electrons in the valence shell for Pt;;,D,4%~ amounts to 98 which satisfies the shell closure
condition n = 2(N+1)? for N=6. The valence shell of Pt;;D,4~ consists of 97 electrons
representing near electronic shell closure. For both clusters, spherical aromaticity was
analyzed using the Nucleus Independent Chemical Shift (NICS) value. It was calculated
at the clusters C3 axes at a distance of 1 A above the top deuterium plane to avoid any
contamination of the o-electrons [100]. The NICS value calculated for isomer 1 and 12~
was -5.67 ppm and -6.55 ppm showing a sizeable aromaticity in both clusters. Further
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3. Study of anionic platinum clusters in gas phase

structural analysis of isomer 1 showed that all Pt-Pt bond lengths are equal to 2.71 A.
Such a bond equalization indicates all metal aromaticity which enables the stabilization
of the cage structure [101]. Such a stabilization character is missing in isomer 3 due
to the distribution of Pt-Pt bond lengths present in the structure. This explains the
energy difference between isomers 1 and 3. In the case of isomer 2, when some of the
bridge-bound D atoms are changed to on-top ones, an increase in mean Pt-Pt bond
length to 2.77 A is seen.

3.2.3. Conclusion

A thorough investigation was carried out using density functional theory to determine
the fundamental reasons behind the stability of the cuboctahedral cage structure of
Pt;,D4, 1. According to the fitted experimental profile factor and the computational
results, 1 was the best fitting and the lowest energy isomer among the ensemble. The
high stability of the cage structure is quite contradictory to the results of bare Pt clusters
where metal atoms prefer high coordination numbers. However, in 1, the number of Pt-Pt
bonds are lower compared to the isomer 2. The two important factors, the number and
type of Pt-D bonds, were predominant in these two clusters. The structural analysis of 1
showed that bridge-positioned deuterium atoms interact strongly with the neighboring
Pt atoms through multi-center bonds leading to significant charge transfer and binding
energy, making the electronic structure quite stable. The mean Pt-Pt bond distance was
slightly increased compared to the compact bare Pt;; cluster 4.

The experimental scattering data also indicates a small contribution of isomer 2 from the
ensemble. In contrast to the most stable isomer 1, isomer 2 is quite a dynamic structure.
The low activation barriers of the different deuterium configurations also indicate that an
isomer transformations can take place easily and in combination with the free fcc pocket
at the Pt core, it is possibly a more reactive structure. The void at the cuboctahedral
cage in structure 1 can be filled by an additional Pt atom to form a highly symmetrical
Pt,3H,, Oy, cluster as suggested by Mager-Maury et al. [23] and the TIED experiment.
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4. Alumina surface

Introduction

Aluminum oxide is a ceramic material extensively used in microelectronics, laser optics,
and in heterogeneous catalysis because of its characteristic properties, such as good
mechanical robustness, high inertness, natural abundance and presence of the ionic
Lewis acid-base sites [12]. In catalysis, it is used as a support for transition metals in
many important catalytic processes such as methane oxidation [102], ethylene epoxi-
dation [103], methane reforming reaction [104], catalytic removal of hydrogen sulfide
from gas streams [105] and propane dehydrogenation [106]. From these studies, it is
seen that alumina as a support is not really that inert in nature but contributes to the
catalytic reaction via electron transfer followed by surface relaxations [19]. However,
the surrounding environmental conditions can also hamper the surface structure of the
support. Structurally, alumina consists of different crystallographic phases that depend
on the employed experimental procedures. Among them, the low-temperature transition
phase y-Al,O5 surface, is widely utilized in the above mentioned catalytic process due
to its characteristic properties. Corundum a-alumina, although less catalytically active,
is used as a model system to understand the surface behavior of the support and its
interaction with the adsorbates via fundamental properties such as surface relaxation,
reconstructions, and electronic structure [107].

Corundum a-Al,O4 consists of two types of terminations Al- and O-terminations and
several experimental [108] and theoretical investigations [109-111] have been carried
out to determine the energetically stable surface termination. The investigations have
concluded that Al-termination of a-Al,O; is stable and has a low surface energy due
to its non-polar nature and significant inward layer relaxation (=63 %). It is also seen
that the a-Al,O4 surface is prone to readily react with water, forming surface hydroxyl
groups with negligible activation barrier. The presence of surface hydroxyl groups
[112-114] on corundum was found to occur even at high temperatures of 1100 °C [108].
The results showed a clear preference for the water adsorption in dissociated form with
adsorption energy of 1.3 eV [114]. The water dissociated in 1-2 configuration (OH™
bound to surface Al and H* bound to immediate neighboring surface oxygen) was found
to be stable resulting from significant surface relaxation. The water dissociated in 1-4
configuration (OH™ bound to surface Al and H* bound to next neighboring surface
oxygen) was another stable configuration found [13, 115].
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The investigation concerning the interactions of small molecules with the metal-oxide
surfaces is important in the fields of heterogeneous catalysis and corrosion. In the
past, the surface behavior of Al-terminated a-Al,0O5 has been widely studied using the
adsorption of small molecules such as HC1 [116], CO [14, 15, 115], CO, [117],H,0 [13, 112,
114, 118] and methanol [119]. Among these molecules, adsorption and interaction of CO
on a-Al,Os is of particular interest in the studies of surfaces. The surface modifications
can be easily probed with respect to the variation in the characteristic properties of
the CO molecule. The theoretical analysis conducted by Casarin et al. [15] regarding
CO adsorption on an AlgO;, cluster model using DFT with the BP functional showed
that CO mainly interacts with the Lewis acid site via the C-down orientation having an
adsorption energy of -13.36 kcal/mol and a C-O stretching frequency blue-shifted by 44
cm™! compared to the free molecule. Further, the chemisorption of the CO molecule led
to charge transfer from CO — AI** site affecting the o-C orbital population. Rohmann
et. al. [14] studied the adsorption of the CO molecule and vibrational frequencies with
respect to the CO coverage on the a-Al,O; surface using plane wave DFT and the PBE
functional. The results indicated that the adsorption energy of the CO molecule was
0.52 eV for 0=0.25 coverage and decreased to 0.42 eV at 0=1. The vibrational frequency
shift in all cases was blue-shifted compared to the gas phase CO and the shift decreased
from 56 cm™! for 6=0.25 to 30 cm™! for §=1. This change in the adsorption energy and
vibrational frequencies resulted from the surface relaxation upon CO adsorption. They
further studied the interaction of the CO molecule with the obtained pre-hydroxylated
a-Al,O4 surface [115]. The highest adsorption of CO E;=0.57 eV was calculated for
0c0=0.25 and 0,,4,,=0.25 and it decreased with increase in the pre-hydroxylation.

Additionally, studies focusing on CO; interaction on a-Al,O; have also gained impor-
tance. Due to the increase in CO, emissions from industries and automobiles, extensive
efforts are channelized to utilize the unlimited source of CO, to transform it into valuable
chemicals. Some of the viable routes in industry are the selective hydrogenation of CO,
to make methanol, methane and different organic carbonates [20, 22, 120-122]. The key
step in these processes is the C-O bond dissociation to form new molecules. However,
CO; is thermodynamically quite stable and therefore dissociation of the molecule re-
quires novel catalysts which can activate it upon adsorption on the surface. Influence
of surface terminations such as OH groups on the CO, conversions cannot be ruled
out. Studies have shown that different CO, species such as carbonates, bicarbonates,
carboxylates as well as bent CO, species are formed upon interacting with the surface
hydroxyl groups [123]. Casarin et. al. studied the interaction of CO, with both hydrox-
ylated as well as partially reduced a-Al,O3 surfaces experimentally and theoretically.
They pointed out that formation of surface bicarbonate is the most stable configuration
while CO, dissociates in the presence of surface oxygen vacancy on partially reduced
a-Al,05 surface [117]. Another theoretical study carried out by Liu et. al on adsorption
and decomposition of CO, on the y-Al,03 (1 0 0) surface showed that CO, adsorbs on
the perfect defect free y-Al,O5 surface in different configurations such as linear, mon-
odentate, bidendate, tridentate and with a bent bridge geometry via charge transfer from
acid sites to the molecule. On such vacancy-free surfaces it is seen that CO; attaches via
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weak physisorption without any molecular decomposition [124]. There are also reports
showing that surface hydroxyl groups interact with the adsorbed CO; on supported
transition metal particles and influence the distribution of the final products formed
during the catalytic process along with stabilization of the system [20-22, 125].

Various catalytic reactions such as CO oxidation and CO; hydrogenation mainly take
place on the metal-oxide supported transition-metal nanoparticles due to their structural
integrity, and alteration of electronic properties at the metal-oxide interface leading
to high catalytic activity [126, 127]. However, these catalytic reactions occur on the
catalyst surface and prominently at the low-coordinated active sites facilitating a strong
interaction with the adsorbate molecules. Thus, the subsurface or the core atoms in the
nanoparticles introduce an additional cost of the material resource. While these noble
metals are a limited resource, efforts are directed towards minimizing the size of the
transition-metal nanoparticles. This motivated the development of single-atom catalysts
(SAC) consisting of highly dispersed single metal atoms on the support to ensure that all
atoms are accessible for the surface catalytic processes [17, 128—131]. Additionally to the
sustainable usage of noble metals, SACs are relatively homogeneous under-coordinated
active sites leading to improved catalytic activity and optimum resource utilization [132].
However, the challenge faced with the usage of SACs is the loss of dispersion in the
course of the catalytic process because of the tendency of metal atoms to agglomerate,
eventually decreasing the catalytic activity [17, 133]. Therefore, to prevent the formation
of metal nanoclusters, the anchoring of the metal atoms to the surface should be strong
enough to eventually hinder the agglomeration [134]. There are multiple studies carried
out to achieve high metal dispersion by modifying the metal-oxide surfaces [10, 135,
136]. In such a catalytic system, multiple factors are seen to play a role in the binding
of metal atoms on the surface such as relaxation of the metal-oxide surface, surface
defects, and charge transfer at the interface which alter the reactivity of the whole
system. Elucidating these factors experimentally is quite challenging. Thus, with the
help of quantum-mechanical methods, these factors can be studied separately and can
determine the influence of the individual factors on the catalytic activity.

Single Pt atom in Pt SAC are the building blocks of the larger supported nanoparticles
and therefore it is important to determine the structure and electronic properties at the
regular surface sites [137-140]. Neyman et. al [137] studied the adsorption of various
d-metal atoms on the MgO (001) surface using an embedded cluster model and DFT
with BP86 functional. The results showed that the lowest energy state of the Pt atom
had the electronic configuration of d'° and is strongly bound to the O?~ anion with an
adsorption energy of 2.39 eV leading to an upward displacement of neighboring Mg atoms.
Rivanenkov et. al. [138] studied the adsorption of the Pt atom on the bare Al-terminated a-
Al;O3 using an embedded cluster model and DFT with BP86 functional. They considered
two models, Pt/Al;(O¢ and Pt/Aly30;5 in their study. Their results showed that the
adsorption energy of the Pt atom is site-dependent and leads to strong adsorbate-induced
surface relaxation. The bonding at the Pt/a-Al,O3 interface is moderately ionic. While
Wang et. al. [18] showed that the site-dependent Pt atom adsorption is mainly facilitated
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by the charge transfer at the Pt/Al,30;5 interface where electron transfer takes place
from Pt towards the surface facilitating strong interaction.

Pt SACs are developed and applied in various catalytic reactions such as hydrogenation
[141], propane dehydrogenation [142], CO oxidation [143] and alcohol decomposition
reactions [144]. It has been reported that in such catalytic systems, other than the
interaction between the adsorbed Pt atom and the adsorbate, metal-oxide support and
its terminations also play a crucial role in facilitating charge transfer helping anchor the
reaction intermediates during the reaction. However, this type of interaction is strongly
dependent on the nature of the metal and the electronic structure of the support. An
experimental study [131] was carried out on the influence of different metal-oxide
supports on the CO oxidation reaction on supported single Pt atoms. The results showed
that in the absence of -OH surface terminations, the catalytic reactivity of the Pt SACs is
affected by the nature of the support. The interaction between Pt and the surface oxygen
ions are the active sites for CO oxidation. However, in the presence of the surface-OH
groups, the effect of the support is negligible and it acts only as a carrier for the dispersed
Pt atoms. In this case, Pt-OH acts as an active site and is a decisive factor for the charge
state of the adsorbed Pt atom. However, experimentally the role of Pt-OH interaction
in the catalytic activity is experimentally unclear. Another experimental study showed
that the presence of surface -OH groups promoted the dispersion of single Pt atoms on
the Al,O5 surface [145].

As seen in the previous studies, a-Al,O5 support and its surface terminations play a key
contribution in the catalytic activity besides being an anchor for metal particles and small
molecules, therefore it is essential to study theoretically these interactions at different
levels of theory. Until now, all the theoretical studies related to CO adsorption on Al-
terminated a-Al,O5 (0001) surface were carried out by employing wavefunction-based
methods and plane-wave DFT using LDA and GGA functionals. It is well known that
GGA functionals perform poorly when predicting molecular adsorption energies and
activation barriers [146]. Therefore, in the present work, I carried out a systematic study
to analyze the local interaction of CO and CO, molecules and Pt SAC on three different
types of Al-terminated a-Al,O3 (0001) surfaces: the bare surface (0[H,0]=0), the fully
hydroxylated (f[Al(OH)3;]=1) and one with dissociated H,O (§[H;O]=1). The hybrid
functionals, B3LYP and PBEO along with GGA functional PBE with large def2-TZVPP
basis-set was used to analyze quantitative trends. In particular, I focus on the changes of
the a-Al,O5 (0001) surface such as surface relaxation, and electronic properties. The shift
in the vibrational frequency of the small molecules upon the adsorption is also computed
depending on the degree of surface hydroxylations. In this study, an embedded cluster
model along with the wave function-based MP2 method with a larger basis set is also
employed.

This Chapter is divided into the following sections: section 4.1 is based on CO adsorption
on a-Al,04 (0001), section 4.2 is based on CO; adsorption on a-Al,05 (0001) and section
4.3 describes CO adsorption on the Pt SAC.
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Computational details

The theoretical calculations were carried out with TURBOMOLE (version 7.7) [80, 81]
based on the structural information obtained in Ref. [147]. Three different terminations
from Ref. [147] were considered, the water-free surface (0[H,0]=0), fully hydroxylated
surface (0[Al(OH);]=1) and dissociated H,O (8[H,0O]=1) surface. In all cases only one
molecule (CO or CO;) was adsorbed at the surface, resembling best the low coverage
case.

4.0.0.1. Point charge field

The unit cells of all three surfaces used for generating the point charge field were first
optimized using periodic DFT and PBE-(D3) level of theory [147] in the group of Dr.
Philipp Plessow. Two types of unit cells were generated for each surface (shown in
Figure 31): one unit cell with the first four layers optimized (denoted as half relaxed)
keeping the rest fixed and the second type of unit cell was fully optimized (denoted as
full relaxed).

-

(hal

relaxed) (full relaxed)  (half relaxed) (full relaxed) \ (half relaxed) (full relaxed)
|

J
e[H10]=0 G[Al(dH)3]=1 o[H,0]=1

Figure 31.: Unit cells of 0[H,0]=0, 0[AI(OH);]=1, 8[H,0]=1 surfaces used for generation of the
point charge fields (Color scheme: grey-Al, red-O).

The point charges were set up using the Evjen program [148]. The charges used in the
point charge field (PCF) were +3 for Al, -2 for O, and +1 for H. In most cases the unit
cells from Ref. [147] had a dipole moment, perpendicular to the surface. Only the fully
relaxed unit cell (taken from Ref. [147]) of the water-free surface didn’t have such a
dipole moment. However, the half-relaxed unit cells for 8[Al(OH)3;]=1 and 6[H,0]=1
had a strong dipole moment. Therefore, additional point charges above the surfaces and
away from the adsorption site were placed to compensate for the effect. The half-relaxed
unit cells with only upper layers relaxed were used for 6[Al(OH);]=1 and 6[H,0]=1
surface. The desired adsorption site and the nearby atoms of the point charge field were
replaced by the quantum cluster (QC).
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4.0.0.2. Quantum cluster (QC)

A quantum cluster was defined around the adsorption site under study. The clusters of
various sizes and shapes of all three surfaces were generated depending on the desired
adsorption site. These clusters were investigated utilizing three different functionals:
PBE [31], B3LYP [33], and PBEO [149] along with def2-SVP and def2-TZVPP basis sets
[84]. Initial geometry optimization of the cluster was carried out using a smaller basis
set def2-SVP and then re-optimized using def2-TZVPP basis set. The RI-J (resolution of
identity for the Coulomb term J) approximation was used [82, 83]. The def2-TZVPP basis
set was used for the area of the cluster that was relaxed in the geometry optimization and
the rest fixed part was treated with the def2-SVP basis set. Dispersion corrections were
incorporated using the D4 model [150]. The surrounding Al** atoms of these clusters
were always kept fixed and treated with effective core potentials (ecp-10 Hay & Wadt)
[151] without basis set to avoid the fluctuation of electrons into the PCF. The geometry
optimizations were carried out using default TURBOMOLE parameters. To check the
reliability of the cluster, different sizes of the clusters were examined. Extent of the
top layer relaxation was also checked by using sequential shell relaxation approach
(discussed in detail in section 4.1). Two main types of clusters were generated, AI**
and O%" centered clusters depending on the molecular affinity towards the adsorption
sites in the particular study. The reported molecule’s binding energy for e.g CO binding
energy (BE) was calculated as follows,

Eads = ECO@cluster - Ecluster - ECO(g) (69)

Eco@cluster 1s the energy of the whole system, Ej,s:.r denotes the energy of only the
cluster and Eco(y) the energy of single CO molecule. All these energies were calculated
at different levels of theory. The CO BE was counterpoise corrected to determine the
basis set superposition error (BSSE) [152]. The BSSE correction of the whole system was
calculated by dividing the system into two fragments: cluster and CO molecule.

Egg@cluster = E(CO@cluster) + AE[cluster] + AE[CO] (70)
AE[CluSter] = E(CluSter[CO@cluster]) - Eghost(Clusrer[CO@cluster]) (71)
AE[CO] = E(CO[CO@cluster]) - Eghost(CO[CO@cluster]) (72)

Equations 71 and 72 are the differences in the energy of the respective fragment with
and without the basis sets of the other fragment (defined as ghost) in the full system
(CO@cluster). The CO BE was calculated using the difference of the BSSE corrected
total energy and the sum of the energies of the cluster and CO,) molecule.
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4.1. CO adsorption on a-Al,O4 surface

Eco = Egg@cluster - (ECI““” + ECO(g)) (73)

The CO harmonic vibrational frequency was calculated using numerical evaluation with
fixed atoms and was scaled using a scale factor (1) defined as:

i =— (74)

@;€XP >

where vfo is the experimental frequency for the CO molecule in the gas phase (2143
cm™!) [153] and a)fo is the harmonic vibrational frequency of the CO(, molecule
computed with the corresponding theoretical method. The following scaling factors
were used: 1.0071719 for PBE, 0.9691263 for B3LYP, 0.9577354 for PBEO and 0.9927317 for
MP2 method. A similar procedure was followed for the calculation of the CO, properties
as well.

Additionally, second-order Mgller-Plesset perturbation theory (MP2) [26] was also em-
ployed to calculate the binding energies and vibrational frequencies for all the surfaces.

4.1. CO adsorption on «r-Al,0, surface

4.1.1. Experiment

Recently, the energetically stable and clean Al-terminated a-Al,O5 single crystal was
studied experimentally using X-ray photoelectron spectroscopy (XPS) along with the
polarization-resolved IRRAS technique with CO as a probe molecule (also called the
CO surface-ligand IR (CO-SLIR) approach) in the group of Dr. Yuemin Wang (IFG, KIT).
The main observation reported in the XPS result was the presence of the characteristic
peak at 531.8 eV for the surface hydroxyl groups in addition to the two peaks, 73.8
eV for AI’* and 530.4 eV for O*" (Figure. 32). The concentration of these hydroxyl
groups amounted to 17% resulting from its high surface reactivity. This data was further
confirmed by the polarization-resolved IRRAS result obtained at the temperature of
70 K and after the exposure of 5 L CO on the a-Al,O4 surface (Figure. 33). The IRRAS
spectra consisted of two peaks at 2162 and 2173 cm™'. The dominant peak at 2173 cm™!
is characteristic of CO bound to the Al** cations of the surface while the weaker signal
at 2162 cm™! was attributed to the CO adsorbed on the acidic hydroxyl groups through
OH-CO hydrogen bonding. The temperature-dependent IRRAS results revealed that
two distinct CO species with different binding energies are present on the surface. As
the temperature of the sample increased from 70 K to 85 K, the IR band at 2162 cm™!
disappeared completely showing the weakly bound character of CO molecules. Further
increasing the temperature led to the gradual decrease in the intensity of the peak
at 2173 cm™! and finally vanishing at the temperature of 100 K. Additionally, the CO
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4. Alumina surface

coverage dependence on the temperature was seen through the decrease in the IR band
of CO-AI** followed by the strong blue shift in the CO vibrational frequency from 2173

cm™! (at 70 K) to 2186 cm™!(at 95 K).
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Figure 32.: Grazing-emission XPS characterization of the a-Al,05(0001) surface. (a) Al 2p; (b)
O 1s [Figure was provided by Dr. Yuemin Wang](Reproduced from S. Gojare et al. [154] (2025),
ChemPhysChem under the terms of the CC-BY license).
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Figure 33.: (a) Polarization-resolved IRRAS data recorded after 5 L CO adsorption on a-
Al,05(0001) at 70 K at a grazing incidence angle of 80°. (b) Temperature-dependent IRRAS
data obtained after saturation adsorption of CO at 70 K on the a-Al;03(0001) surface then
subsequently annealing to indicated temperatures [Figure was provided by Dr. Yuemin Wang]
(Reproduced from S. Gojare et al. [154] (2025), ChemPhysChem under the terms of the CC-BY

license).
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4.1. CO adsorption on a-Al,O3 surface

To further investigate the CO/a -Al,0; system, a theoretical analysis was carried out
using the embedded cluster model to validate the experimental results described above.

4.1.2. Results and discussion
4.1.2.1. Size of the quantum cluster

The selection of the appropriate cluster size is one of the important factors that must
be considered while using the embedded cluster model. The cluster size should be
reasonably large to study the physical and chemical properties of interest. To check the
adequate cluster size, the convergence of the CO binding energy (BE) was used as the
criteria.

_ ‘\‘I):\:’, ",’0
Qo Q‘ ’Q 0, é ;
1[) - D 0/ t‘ z Q"’ ‘
: 0‘ > \(;, \0 \‘4', <> |r/\l
S>> 2 D ‘ 203 ',‘/t, '(o ”\r‘
: 11),, ftl ; ,,0’0 ,0 0 ’4, _).’ > ’\0) ,(m\ U

[AL,O,]"" [AI36027]54+ [A|75057]91+ [A|114 108]126+
(a) (b) (c) (d)

Figure 34.: Different cluster sizes (a-d) for the water-free ([#[H,0]=0) surface considered in this
work (Color scheme of atoms: yellow-fixed Al, grey-unfixed Al, green-fixed oxygen, red-unfixed
oxygen) (Reproduced from S. Gojare et al. [154] (2025), ChemPhysChem under the terms of the
CC-BY license).

Figure 34 shows the schematic of different cluster sizes explored for the §[H,0]=0
surface. The cluster size was increased by consecutively adding the surrounding Al
and O shells to the previously optimized smaller cluster. Each cluster consisted of three
bottom layers of which only the top layer was relaxed while the rest was kept fixed.
Three layers were chosen for the symmetry reason. The bottom layers were fixed to
guarantee a smooth continuation to the bulk structure used in PCF. The results showed
that the CO BE converged gradually until sizes (c) and (d) with BE of (-0.95)-(-0.97) eV
(without BSSE correction) respectively (see Table 7). A test calculation was carried out
to analyze the influence on the CO BE by relaxing the Al atom beneath the adsorption
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4. Alumina surface

site. However, there was negligible influence seen on the CO BE. Thus, due to the
computational effort, cluster size (c) was chosen for further calculations.

Table 7.: CO binding energy (Epinq) (€V), scaled CO vibrational frequency v(CO) (cm™!) on the
clusters of the [H,0]=0 (water-free) surface and calculated using the B3LYP and def2-TZVPP
basis set (no BSSE correction included). Refer Figure 34 for the nomenclature (Reproduced from
S. Gojare et al. [154] (2025), ChemPhysChem under the terms of the CC-BY license).

Cluster size | Eping (€V) | (CO) (cm™1)
(a) -0.56 2210
(b) -0.75 2165
©) -0.95 2195
(d) -0.97 2192

Figure 35.: Schematic of sequentially relaxed Al and O shells surrounding the adsorption site
of the CO molecule (a-d) of the cluster size (c) shown for 8[H,0]=0 surface (Figure 34). (Color
scheme of atoms: yellow-fixed Al, grey-unfixed Al, green-fixed oxygen, red-unfixed oxygen)
(Reproduced from S. Gojare et al. [154] (2025), ChemPhysChem under the terms of the CC-BY

license).

The local interactions between the CO molecule and differently terminated a-Al,O4
surfaces (6[H,0]=0 (water-free), 0[Al(OH);]=1 (fully hydroxylated), and with water
dissociated 6[H,O]=1 surface) at low CO coverage was analyzed using the sequential
shell relaxation approach on the embedded cluster size (c) (schematically shown in Figure
35 for the 8[H,0]=0 surface). In the first relaxation step, the cluster region consisted of
only the central AI** and the first oxygen shell (6 atoms), and the rest was kept fixed.
The region for relaxation was increased by systematically adding the surrounding Al
and O shells to the pre-relaxed cluster part. The atoms at the edge of the cluster were
always kept fixed. The structural properties such as CO binding energy, CO orientation,
adsorbate-induced surface relaxations, charge transfer, and vibrational frequency were

studied as a function of the relaxed shells.
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4.1. CO adsorption on a-Al,O4 surface

4.1.2.2. CO binding energy

The variation in the CO BE as a function of the relaxed shell is shown in Figure 36.
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Figure 36.: CO binding energy as a function of the number of relaxed shells of cluster size (c)
obtained for water-free [/[H,0]=0] (Figure 34), the model 8[[H,0=0]+OH+H] with CO adsorbed
on hydroxyl group (denoted 2nd*) (see the description in the text), as well as for full hydroxylated
[0[Al(OH)3]=1] and H,O dissociated [#[H,0]=1] surfaces. For each surface, the CO binding
energy is calculated without BSSE corrections. In all the cases only a single CO molecule was
adsorbed. The def2-TZVPP basis set was used in all the computations. The horizontal dashed
lines represent the binding energies obtained by periodic DFT and in the experiment (Reproduced
from S. Gojare et al. [154] (2025), ChemPhysChem under the terms of the CC-BY license).

The provided BE values do not contain the BSSE correction and are used to verify its con-
vergence with respect to the relaxed shell. The general trend shows that upon relaxation
of the first shell, the CO BE is overestimated for 6[H,0O]=0 surface and underestimated
for O[Al(OH)s;]=1 and 6[H,0]=1 surfaces. This is due to the tight structural restrictions.
Further relaxation up to the 2" shell showed a strong reduction in the CO BE values
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4. Alumina surface

due to the extra stability gained by the structural relaxation. Small changes in BE were
seen for the 3 shell relaxation. The results obtained for the 4" shell relaxation were
neglected. The atoms of the 4'" shell were close to the edge of the cluster, which gave
rise to inconsistent results. Hence, relaxation until the 37 shell for [H,0]=0 surface
and relaxation until the 2" shell for /[Al(OH)s]=1 and [H,0]=1 surfaces yielded reli-
able CO BE. A comparison at different levels of theory showed that the BE calculated
with hybrid functionals and PBE are in a similar energy range. The CO BE calculated
using MP2 method for 8[H,0]=0 surface is also in the same range. However, it cannot
properly describe the CO adsorption scenario in the case of 0[AI(OH)3;]=1 and 8[H,0]=1
surfaces.

4.1.2.3. CO binding mode

The binding character of the CO molecule on the 8[H,0]=0, 0[Al(OH);]=1 and §[H,0]=1
surfaces was analyzed. The side and top view of the energetically stable CO@cluster
configurations on all three surfaces are shown in Figure 38 and 37.

Table 8.: Tilt angle of the adsorbed CO relative to the z-axis at 6[H,O]=0 and 6[[H,0=0]+OH+H]
surfaces and is calculated with respect to the nearby atoms of the cluster (refer Figure 37 for
nomenclature). All values are calculated using def2-TZVPP basis set (Reproduced from S. Gojare
et al. [154] (2025), ChemPhysChem under the terms of the CC-BY license).

Atoms selected CO tilt angle (0) ()

0[H,0]=0 0[[H,0=0]+OH+H]

PBE | B3LYP | PBEO | PBE | B3LYP | PBEO
Aly-C-O 0 0 0 51 13 43
Al;-C-O 40 40 40 66 35 57
Al,-C-O 37 37 38 71 33 65
Al3;-C-O 40 40 40 60 25 57
Al4-C-O 38 37 38 31 13 34
Al;-C-O 40 40 40 24 17 16
Al,-C-O 38 37 38 45 27 35
0,-C-0 34 34 34 59 24 51
0,-C-0 20 20 20 64 24 58
05-C-0 34 34 34 47 11 43
04-C-0 20 20 20 33 6 27
05-C-O 34 34 34 38 10 30
04-C-O 20 20 20 55 27 46

From the figure 38, it is clear that CO binds strongly to the surface AI** cation and
prefers a perpendicular orientation with 6=180° on 8[H,0]=0 surface (refer to Table.
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4.1. CO adsorption on a-Al,O3 surface

Figure 37.: Top view of the clusters showing the interaction between CO molecule and the nearby
surface hydroxyl groups. (a) Water-free (clean/dry) [0[H,0O]=0] surface; (b) full hydroxylated
[0[Al(OH)3]=1] surface; (c) H,O dissociated [6[H,O]=1] surface (c); (d) low coverage model
[0[[H20=0]+OH+H] (see text for description). (Color scheme of atoms: grey-unfixed Al, red-
unfixed oxygen, white-unfixed hydrogen, blue-carbon) (Reproduced from S. Gojare et al. [154]
(2025), ChemPhysChem under the terms of the CC-BY license).

8 for the values calculated using all three DFT functionals). In this configuration, the
strong interaction at the interface is facilitated by a charge transfer of 0.16 |e| from the
CO molecule to the surface (Figure 38(a) and 37(a), Table 9). On the other hand, a large
distance is present between the surface and CO molecule in the cases of 0{Al(OH);]=1 and
0[H,0]=1 surfaces showing that CO is weakly adsorbed. This is due to the inaccessible
surface AI** cations for the molecule to bind strongly to the surface (Table 11). Thus,
the CO molecule weakly interacts with the surface and is mainly stabilized by the
weak electrostatic interactions with the surrounding surface hydroxyl groups (Figure

38(b)-38(c) and 37(b)-37(c)).

Upon adsorption of the CO molecule, adsorbate-induced relaxation was observed. The
relaxation effect was calculated as the change in the displacement of the top AI**
atom along the surface normal before and after the CO adsorption. The values for all
surfaces are given in Table 10. CO adsorption on 8[H;0]=0 surface led to a slightly
downward dispacement of the AI** cation (~0.3 A) towards the bulk. This is due to
the low coordination of the surface atoms, which show high surface reactivity. On the
other two surfaces, [Al(OH)3]=1 and §[H,0]=1, the AI*>* at the adsorption site moved
negligibly in an upward direction due to the interaction of surface OH groups with the
CO molecule via OC-HO interaction. The detailed study on the relaxation of the top layer
without an adsorbate on respective surfaces is given in Chapter 4.2. The CO bond length
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-fixed Al . -unfixed Al . -fixed O . -unfixed 0 @-C © -unfixed H @) -fixedH

Figure 38.: Schematic of the CO binding configuration on the water-free (clean/dry) ([H,0]=0)
surface (a); the full hydroxylated (9[Al(OH)3;]=1) surface (b); the H,O dissociated (0[H,O]=1)
surface (c), and the low coverage model (0[[H,0=0]+OH+H]) (d) (see text for description). (Color
scheme of atoms: yellow-fixed Al, grey-unfixed Al, green-fixed oxygen, red-unfixed oxygen,
blue-carbon, white-unfixed hydrogen, cyan-fixed hydrogen) (Reproduced from S. Gojare et al.
[154] (2025), ChemPhysChem under the terms of the CC-BY license).

calculated using hybrid functionals showed a small contraction on §[H,0]=0 surface
compared to the CO(y). While it remained constant on [Al(OH)3]=1 and 6[H,0]=1
surfaces (Table 11).

Table 9.: Atomic charges (in |e|) and orbital population computed using B3LYP and def2-TZVPP
basis set for C, Al, O atoms of §[H,0]=0 surface (Reproduced from S. Gojare et al. [154] (2025),
ChemPhysChem under the terms of the CC-BY license).

Model Atoms | Charge Orbital population
Core Valence
Surface Al 2.220 9.991 0.730
C 0.486 1.999 3.467
(CO), 0 -0.486 | 1.999 6.450
Al 2.048 9.992 0.906
CO on 0[H,0]=0 C 0.612 1.999 3.343
O -0.383 | 1.999 6.350
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4.1. CO adsorption on a-Al,O4 surface

Table 10.: The calculated adsorbate induced relaxation (A) (the change in distance between the
top and the second Al layer upon CO adsorption) with respect to the relaxed shells. All values
are calculated using the def2-TZVPP basis set (Reproduced from S. Gojare et al. [154] (2025),
ChemPhysChem under the terms of the CC-BY license).

Layer relaxation (A)
PBE | B3LYP | PBEO
0[H,0]=0 -0.29 | -0.24 | -0.27
1% 0[Al(OH)3]=1 | -0.04 | -0.04 | -0.05
0[H,0]=1 -0.19 | -0.17 | -0.19
0[H,0]=0 -0.09 | -0.02 | -0.06
2nd O[Al(OH)5]=1 | +0.04 | +0.03 | +0.03
0[H,0]=1 +0.09 | +0.07 | +0.08
0[H,0]=0 -0.11 | -0.03 | -0.08
3rd 0[Al(OH)s]=1 | +0.01 0 0
0[H,0]=1 +0.05 | +0.04 | +0.03
6[H,0]=0 | +0.36 | +0.16 | +0.24
4th O[AL(OH);]=1 | © +0.02 0
0[H,0]=1 +0.04 | +0.02 | +0.03

Relaxed shell Surface

Table 11.: Distance (A) calculated between surface Al** and CO molecule (denoted as Al-CO)
and CO bond length (A) with the def2-TZVPP basis set (Reproduced from S. Gojare et al. [154]
(2025), ChemPhysChem under the terms of the CC-BY license).

Al-CO (&) CO (A)
PBE | B3LYP | PBEO | MP2 | PBE | B3LYP | PBEO | MP2
6[H,0]=0 | 2.17 | 218 | 2.19 | 218 | 1.13 | 112 | 1.12 | 1.13
O[AI(OH);]=1 | 3.47 | 356 | 353 | 357 | 1.14 | 1.13 | 1.13 | 1.14
O[H,O]=1 | 4.24 | 432 | 427 | 436 | 1.14 | 113 | 1.13 | 1.14
CO(y) - - - - 114 113 | 112 | 114

Surface

4.1.2.4. Comparison with experiment

In the experiment (described in the introduction section), partial hydroxylation of
a-Al,O3 surface was observed. However, 0[Al(OH)3;]=1 and 0[H,O]=1 surfaces are
fully saturated with OH groups and thus do not represent the experimental scenario.
Hence, to illustrate the low coverage of hydroxyl groups, one single H,O molecule was
added to the 0[H,0]=0 surface in 1-2 dissociated configuration, i.e. one hydroxyl group
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attached to the central AI** cation and a proton to the nearby oxygen ion (denoted as
0[[H,0=0]+OH+H]) (see Figures 38(d) and 37 (d)). The analysis of the CO binding mode
on this model showed that CO interacts weakly with the hydroxyl group with BE in the
range of -0.25 to -0.3 eV (no BSSE correction included).

The distinctive CO interaction with the OH group on 8[[H,0=0]+OH+H]) model was
further analyzed and compared with the other two hydroxylated surfaces, [ Al(OH)s]=1
and 0[H,0]=1. The analysis was carried out by comparing the distances between C and
O atoms of the CO molecule with the surface H atom of the nearest hydroxyl group
(denoted as C(coy-Hsurface) and O(coy-Hsurface)) (see Figure 37 for the assigned atom
numbers and Table 12). From Table 12, it can be seen that the shortest distance between
C(coy-H(sur face) calculated for O[Al(OH);]=1, 8[H,O]=1, and 0[[H,0=0]+OH+H] surfaces
are 2,7, 2,3 and 2,3 A respectively which is shorter than the sum of their Van der Waals
radii [155]. In contrast, the O(co)-Hsurface) distance calculated for all the surfaces is
greater than 3 A in most of the cases (longer than the sum of their van der Waals radii).
Thus, it shows the presence of a weak OH-CO hydrogen bond on all three surfaces, in
agreement with the experimental observations. Additional calculations were carried out
with hybrid functionals without including dispersion corrections to check whether they
play a role in OC-HO weak interaction. The results showed that the CO molecule does
interact with the hydroxyl group with a bond length of 2.44 A indicating an OC-HO
interaction.

Table 12.: The bond length (A) between CO molecule and surface OH group (denoted as O(co)-
H(surface) and C(coy-Hsurface)) present on 0[[H,O=0]+OH+H], 0[Al(OH);]=1, 0[H,0]=1 sur-
faces. All values are calculated with the def2-TZVPP basis set (Reproduced from S. Gojare et al.
[154] (2025), ChemPhysChem under the terms of the CC-BY license).

Surface Atoms O(CO) ’H(surface) (A) C(CO) 'H(surface) (A)
(X:O(co) / C(coy) || PBE | B3LYP | PBEO || PBE | B3LYP | PBEO

X-H; 2.62 2.61 2.64 || 3.18 3.23 3.25

3 X-H, 3.11 3.06 3.09 || 3.09 31 3.12
OAIOH)s]=1 X-H, 378 | 377 | 374 || 2.68 | 272 | 2.68
X-Hy 3.56 3.53 3.55 || 3.12 3.16 3.17

X-H; 3.17 3.17 3.14 || 3.15 3.17 3.19

3 X-H, 3.67 3.74 3.7 2.97 3.1 3.12
O[H.0]=1 X-Hj 3.17 | 3.23 3.23 || 3.13 | 3.21 3.24
X-H, 3.24 3.32 3.33 2.24 2.29 2.27

0[[H,0-0]+OH+H] X-H 325 | 3.42 | 331 || 232 | 233 | 233
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4.1. CO adsorption on a-Al,O4 surface

4.1.2.5. COvibrational frequency

The computed CO vibrational frequency shift in comparison to CO(y) using the embedded
cluster model along with the results of periodic boundary condition computations
(calculated in the group of PD Dr. Philipp Plessow) at low CO coverages is shown in
Figure 39.
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Figure 39.: CO vibrational frequency shift with respect to CO vibrational frequency in the
gas phase obtained on the three a-Al,O3 (0001) surfaces and calculated with different DFT
functionals and the MP2 method in conjunction with the def2-TZVPP basis set. The horizontal
lines mark the experimental data. The CO frequencies using the model 6[[H,0=0]+OH+H]
with CO adsorbed on hydroxyl group (denoted 6[[H,O]=0]+OH+H]*) are also included. For
6[H,0]=0 surface, the frequencies were calculated for cluster with shells relaxed until the 3"
shell while for 6[Al(OH);]=1, 8[H,0]=1 and 0[[H,0]=0]+OH+H] surfaces, frequencies were
computed for cluster with shells relaxed until 2" shell (Reproduced from S. Gojare et al. [154]
(2025), ChemPhysChem under the terms of the CC-BY license).

All theoretical data is compared with the experimental values at different temperatures.
As computations are carried out for low CO coverages, the theoretical values are compa-
rable with the experimental data at 100 K in the case of 8{H,0]=0 surface. The vibrational
frequency shift calculated for the CO interaction with the AI** site on the 6[H,0]=0
surface was seen to be blue-shifted which is in agreement with the experimental obser-
vation at 100 K (Figure. 33). The frequency shift computed using hybrid functionals and
MP2 showed a large shift compared to the PBE functional. The vibrational frequency
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shift for the CO interaction with the OH group of the 8[[H,0=0]+OH+H] model was
seen to be blue-shifted and is in good agreement with the experimental results measured
at the temperature of 70 K. However, the vibrational shift determined for [Al(OH);]=1,
0[H,0]=1 surfaces were seen to be red-shifted which deviates from the experimental
observation. The same observations were also reported in the periodic DFT calculations.
Hence it can be deduced that the 0[[H,0=0]+OH+H] model which illustrates the partial
hydroxylated a-Al,03 surface with low CO and hydroxyl group coverage, is in good
agreement with the experiment.

4.1.2.6. Discussion

Our results in this study show the dependence of surface terminations of a-Al,O3 on
the CO properties such as binding energies and vibrational frequencies. The compar-
ison of the computed data for 6[H,0]=0 and 6[[H,0=0]+OH+H] surfaces is in good
agreement with the trends observed in the experiment at temperatures of 70 and 100 K.
A summary of all the computed values such as CO BE (BSSE correction included) and
CO vibrational frequency shifts is summarized in Table 13 along with the experimental
data. As mentioned previously, all the reported values for CO properties are computed
using default parameters in TURBOMOLE. Therefore, a detailed analysis regarding the
influence of different parameters such as grid size, BSSE correction, and diffuse basis set
on the values of the CO properties was evaluated.

Table 13.: Summary of the results for the CO binding energy (eV) (BSSE corrected) and CO vibra-
tional frequency shift Av(CO) (cm™!) on two different surfaces, )[H,0]=0 and [[H,0=0]+OH+H]
with one adsorbed CO molecule in the EQC approach. All values are computed using def2-TZVPP
basis set. Experimental data is also provided for comparison. Superscript a and b denotes the
calculations carried out using grid size m3 and m4 respectively (Reproduced from S. Gojare et al.
[154] (2025), ChemPhysChem under the terms of the CC-BY license).

Surface CO Exp. Method

properties values | PBE | B3LYP | PBEO | MP2
-0.55% | -0.71% | -0.55% | -0.38%
-0.55% | -0.75" | -0.60° | -0.39°
Av(CO)(ecm™) | 521008 | 40 72 65 81
-0.29% | -0.35% | -0.27% | -0.21¢
-0.220 | -0.27° | -0.2b | -0.21°
Av(CO)(em™1) | 197K 12 17 17 18

0[H,0]=0 BE (eV) -0.31

0[[H,0=0]+OH+H]|  BE (eV) -0.26

BSSE: The determination of the CO BE on the a-Al,O5 surface in the experiment has
shown a negligible energy difference of only 0.04 eV between the interactions of CO
with AI** and OH sites (Table 13). In contrast, the CO BE (without BSSE corrections
included) calculated for both the scenarios using the EQC model amounted to an energy
difference of ~0.8 eV which deviates from the reported experimental value. On the other
hand, PBC calculations also resulted in a similar trend where energy differences of ~0.8
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4.1. CO adsorption on a-Al,O4 surface

eV were seen for CO@AI** and CO@O?" interactions and CO interaction with -OH
groups resulted in a BE less than 0.4 eV respectively [156]. This shows that the results
obtained from the EQC models is in well agreement with the PBC calculations. One of
the reasons for the deviation of the EQC results might arise from the BSSE in the CO BE
(section 4.1.2.2). Due to the usage of finite basis sets in the computations, inclusion of
the BSSE correction is essential while calculating the BE [157]. Thus, the counterpoise
(CP) correction of Boys and Bernadi [152] was used. Table 13 gives BSSE corrected CO
BE values. When comparing the CO BE on the 8[H,0]=0 surface with and without BSSE
correction, it is seen that the BSSE contribution to the BE is approximately 52 %, which
is a quite large contribution to compute accurately. However, the BSSE contribution in
the CO BE on 0[[H,0=0]+OH+H] model was only 10 % of the BE. Thus, it shows that
the BSSE correction has to be correctly incorporated into the calculation of the binding
energies.

In general, the BSSE gets smaller with the usage of a larger basis set [157]. A test
calculation on CO at the 8[H,0]=0 surface (optimized using def2-TZVPP) was carried
out in which the BSSE contribution for each fragment, CO and the cluster was analyzed.
The result showed that the BSSE of CO was small and did not change much with
increasing the basis set on the cluster. In contrast, the BSSE on the cluster was rather
large. Thus, to improve the BSSE convergency in the 8[H,;0]=0 surface, the basis set
size was sequentially incremented in each step on the cationic and anionic sites near
the adsorption site of the optimized geometry (obtained using def2-TZVPP basis set).
A constant def2-TZVPP basis set was employed on the CO molecule. A single-point
calculation was carried out in each step. Then the CO BE without (denoted as noCP)
and with (denoted as CP) counterpoise correction for different basis set compositions
were calculated. Table 14 contains the information on the employed basis set on each
site and the corresponding CO BE values calculated at each step. From the Table, it can
be seen that using the def2-TZVPP basis set led to a CO BE of -1.14 €V (noCP) and -0.71
eV (CP). The difference (denoted as A(BE)) between the non-corrected and CP-corrected
values is 0.41 eV. Thus, in the next step, a diffuse def2-TZVPPD basis set was used to
improve the description of the electrons in the O~ sites near the adsorption site [157].
However, it can be seen that the addition of a diffuse basis set on the oxygen sites
increased the CO BE by 0.14 eV with still a large contribution (=50 %) of BSSE to the CO
BE. Further increase of the basis (def2-QZVPP) on the cationic site led to a A(BE) of 0.54
eV. Following this approach, it can be seen that irrespective of the increase in the basis
functions on the cationic and anionic sites, the A(BE) remains constant at a value of 0.54
eV. This large difference between noCP and CP values shows that convergency is not
achieved. This might be due to the large number of ECPs added on the AI** cations in
the shells further away from the adsorption site, which can lead to difficulty in reaching
a smooth convergence. Therefore, along with the def2-TZVPPD basis set on 0?2 sites,
the small def2-SVP basis sets were used for the 3" shell consisting of AI** cations. The
calculated CO BE was further reduced to -1.2 eV. The reason for not reaching the smooth
convergence between the non-corrected and the CP-corrected CO BE might arise from
the extensive use of the ECPs at the boundary of the cluster.
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Table 14.: The computed CO binding energy on §[H,0]=0 surface using Karlsruhe def2-XVPP
(X-SV,TZ, QZ) basis set compositions with (CP) and without counterpoise corrections (noCP).
A(BE) denotes the energy difference (eV) between the energy values calculated with and without

counterpoise corrected. All these values are calculated using B3LYP DFT functional.

Atoms Basis set
CO TZVPP | TZVPP TZVPP | TZVPP | TZVPP TZVPP
Al TZVPP | TZVPP QZVPP | QZVPP | QZVPP TZVPP
Oi1_3 TZVPP | TZVPPD | TZVPPD | QZVPP | QZVPPD | TZVPPD
Al (Z”d shell) ECP ECP ECP ECP ECP SVP
BE (eV) (noCP) | -1.14 -1.28 -1.16 -1.25 -1.12 -1.2
BE (eV) (CP) -0.71 -0.74 -0.63 -0.61 -0.57 -
A(BE) (eV) 0.41 0.54 0.54 0.64 0.54 -

Grid size: Furthermore, the influence of the grid size was also evaluated. The CO BE
calculated using the default m3 grid size (denoted with superscript a) along with density
convergence set to 107¢ was compared with a more dense grid m4 size (calculations
done by Dr.Juana Vazquez Quesada) (denoted with superscript b) along with a tight
density convergence set to 1078, Other parameters were kept the same. As seen in the
Table 13, the computed values with grid size m4 (denoted with superscript b) and hybrid
functionals on §[H,0]=0 surface show an increase in CO BE of ~0.04 eV compared to
the ones calculated with grid size m3. No change in the computed values using GGA
functional was observed. In contrast, BE calculated on 0[[H,0=0]+OH+H] model showed
a decrease of ~0.08 eV when grid size m4 is employed. Thus, the results obtained by
using both grids m3 and m4 show similar trends along with <0.1 eV energy differences
between the respective calculated values. Grid size m4 are more reliable as it is more
dense grid compared to grid size m3.

In the analysis of the CO vibrational frequency shift, it can be seen that the frequency
shifts calculated on the 6[H,0]=0 surface using hybrid functionals and MP2 are larger
compared to the PBE functional. One of the reasons for such an observation can be that
computations are carried out for low CO coverages while the CO coverage might still
be higher in the experiment, which can cause the deviations.

Thus, from all different analyses, it is seen that different parameters do influence the
values of the CO BE. Therefore, a detailed benchmark study is essential to judge the
accuracy of the calculations. However, the results obtained by employing the EQC model
agree well with the experimental trends and the PBC data, thus enabling the usage of
different levels of theory.
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4.1.3. Conclusion

In this project, the surface structure and reactivity of the Al-terminated a-Al,O5 surface
were studied using an embedded cluster model. Three different hydroxylation coverages
on a-Al,05 surface, 0[H,0]=0 (water free), 6[Al(OH);]=1 (fully hydroxylated) and
0[H,0]=1 (H,O dissociated) were investigated with low CO coverage. According to
the analysis of the CO binding mode, CO was seen to bind strongly to the surface AI**
cation which is facilitated by the charge transfer from the molecule to the surface and
preferring a perpendicular orientation. On the 6[Al(OH);]=1 and 8[H,0]=1 surfaces,
the CO molecule was seen to be weakly adsorbed on the surface and mainly stabilized
by the weak electrostatic interactions with the surrounding hydroxyl groups via OC-HO
hydrogen bonding. However, the wavefunction-based MP2 method did not well describe
the weak interaction on the [AI(OH);]=1 and 6[H,O]=1 surface. Therefore, analysis
with higher correlation methods is needed to accurately predict the CO interactions.
The 0[[H,0=0]+OH+H] model illustrated the partial hydroxylation scenario quite well
and the results agreed well with the experimental observations. The CO vibrational
frequency was significantly blue-shifted for CO interaction with AI** cations and on
low hydroxyl coverage.
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4.2. CO, adsorption on r-Al,0; surface

4.2.1. Experiment

The IRRAS experiments carried out on partially hydroxylated a-Al,O5 single crystals in
the group of Dr. Yuemin Wang (IFG, KIT), showed that at low CO; dose of 0.5 L and
at a temperature of 65 K, both the p- and s- polarization of the IRRAS data consisted
a characteristic peaks at 2340 cm™! (Figure 40) arising from the monolayer adsorption
of the CO; molecules. The IR-adsorption bands arising from the adsorbates interacting
with the dielectric surface are positive or negative in relation to the orientation of the
relevant transition dipole moment (TDM). In p-polarized light, the positive adsorption
bands arise from the molecular vibrations with a component of the TDM parallel to the
surface while the negative adsorption bands arise from the vibrations with a component
perpendicular to the surface. In contrast, the adsorption bands of the s-polarized light
is always negative when the component of the vibration is parallel to the surface and
becomes zero perpendicular to the surface. As its seen in Figure 40, due to the presence
of the peak in both p- and s-polarization data, it is estimated that the molecule was
present in almost parallel orientation and weakly physisorbed onto the surface. No
formation of surface carbonate was observed in the experiment.

(@) p-pol CO, monolayer (b) €0, 65K s-pol ©

€O, 65K
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Figure 40.: IRRAS data of CO, adsorption (0-2 L) at 65 K on a-Al,O3 (0001) single crystal at a
grazing incidence angle of 80°: (a) p-polarized light incident; (b) s-polarized light incident. (c)
Comparison of IRRAS data of sub-monolayer and monolayer adsorption of CO, adsorption at 65
K on a-Al,05 (0001) single crystal: solid lines-p-polarized light incident; dashed lines-s-polarized
light incident [Figure provided by Dr. Yuemin Wang].

Further in-depth investigation of the CO, adsorption and interaction with the a-Al,05
surface depending on the variation in hydroxyl group coverages was carried out by
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4.2. CO; adsorption on a-Al,0O;3 surface

employing DFT along with the embedded quantum cluster method. The variance in
CO, properties with respect to the variation in hydroxyl group coverages was analyzed.
Particularly, the following study focused on the low CO, coverages (0.5 L dose in the
experiment). The CO, properties such as binding mode, binding energies, and vibrational
frequencies were computed and compared with the experimental data at different levels
of theory.

4.2.2. Computational details

In this study, the dry surface (denoted as 8[H,O]=0) and the fully hydroxylated surface
(denoted as 8[Al(OH)3;]=0) were considered along with one adsorbed CO; molecule
to study the interactions at low CO; coverages. To examine intermediate hydroxyl
coverages, the [H,0]=0 cluster (shown in Figure 34) was further modified by adding
one dissociated water molecule (denoted as 0[[H,O=0]+OH+H] model). Details are
discussed in Chapter 4.1. Alumina and oxygen centered cluster geometries were used
depending on the interaction of the CO;, molecule with different sites. The values used for
scaling the harmonic CO; vibrational frequencies were 0.9938 for PBE, 0.9748 for B3LYP,
and 0.9571 for PBEO. The basis set superposition error (eq. 70) was also incorporated in
the calculation of the CO, BE. Grid size m4 was used for calculating the CO; BE.

4.2.3. Results and Discussion
4.2.3.1. Layer relaxation in a-Al,05 (0001) surface

The clusters used for calculating the water-free ([[H,0]=0), the surface with one
dissociated H,O molecule on water-free surface (6[[H,O=0]+OH+H] model) and the
fully hydroxylated (9[Al(OH);=1) surface are shown in Figure 41. It is well known that
the top-most layer of the ¢-Al,O3 (0001) surface undergoes a strong relaxation due to
the unsaturation of the surface atoms [117, 158]. Therefore, a thorough analysis of the
generated clusters was conducted to check if they reproduce the same phenomenon
in the top-layer. As shown in the figure, Al;, Oy, O3, Os atoms highlighted in black are
exposed in the top layer and are unsaturated compared to the ones in the bulk (shown
in blue color). The atoms Al,_; and O, 4 highlighted in blue color are the ones situated
in the layer beneath the top layer and are saturated atoms. The coordinates of all these
atoms in both of the clusters were optimized.

The computed values for the atomic displacements in each cluster are given in Table
15. The computations for the water-free cluster (Figure 41(a)) are in good agreement
with the experimental observations [108, 159] where there is significant displacement of
the surface atoms towards the bulk, nearly bond-length-conserving displacement [114].
The surface Al-atoms moved downwards with respect to the surface normal while the
O-atoms in the second layer move outwards to conserve the Al-O bond length. The
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Al-atoms distant from the central Al atom are seen to be less affected compared to Al
at the cluster center.
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Figure 41.: Schematic of clusters (a) water-free, (b) fully hydroxylated, (c) 8[[H,O=0]+OH+H]
containing 1-2 dissociated H,O and (d) 6[[H,0=0]+OH+H] containing 1-4 dissociated H,O
molecule. They are optimized using the B3LYP functional and the def2-TZVPP basis set. The
labels in black denote unsaturated atoms and in blue denote saturated atoms. (Color scheme of
atoms: yellow-fixed Al, grey-unfixed Al, green-fixed oxygen, red-unfixed oxygen, white-unfixed
hydrogen, cyan-fixed hydrogen).

The results show relaxations of the water-free surface varying from 0.04 to 0.5 A de-
pending on the extent of atomic unsaturation. In the case of the 8[[H,O0=0]+OH+H]
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4.2. CO; adsorption on a-Al,0O;3 surface

model, two different clusters were generated depending on the adsorption sites of the
dissociated H,O molecule: 1-2 or 1-4 configuration.

Table 15.: Atomic displacement (A) calculated for the water-free surface ([[H;0]=0), one dis-
sociated H,O molecule on the water-free surface (8[[H,O=0]+OH+H] model) in 1-2 and 1-4
configuration (see text for description) and the fully hydroxylated (0[Al(OH);]=1) surface com-
puted using the def2-TZVPP basis set (Please refer to Figure 41 for the atom numbers considered
for the calculations).

Atomic displacement (A)

Atoms Water-free 0[[H,0=0]+OH+H] Fully hydroxylated

1-2/1-4

PBE | B3LYP | PBEO || PBE | B3LYP | PBEO || PBE | B3LYP | PBEO

Al -0.45 -0.4 -0.49 || 0.48/ 0.45/ 0.43/ || -0.04 | -0.06 | -0.07
-0.15 -0.1 -0.11

0, -0.06 -0.1 -0.11 || -0.02/ | -0.04/ | -0.06/ || -0.03 | -0.03 | -0.07
-0.06 | -0.04 | -0.04

0, 0.02 0.01 0.01 -0.01/ | -0.01/ | -0.01/ || -0.01 | -0.01 | -0.01
0.06 0.05 0.05

05 -0.07 -0.1 -0.11 || -0.09/ | -0.12/ | -0.13/ || -0.03 | -0.05 | -0.06
-0.11 -0.07 -0.07

O, 0.02 0.01 0.01 -0.04/ | -0.05/ | -0.05/ || -0.01 | -0.02 | -0.02
0.03 0.03 0.03

0 -0.07 -0.1 -0.11 -0.1/ | -0.13/ | -0.15/ || -0.05 | -0.08 | -0.09
0.03 0.00 0.01

O¢ 0.02 0.01 0.01 -0.03/ | -0.04/ | -0.04/ 0 -0.01 | -0.01
0.05 0.05 0.05

AL, | 003 ] -0.04 [-004 008/ T -009/ [ -0.1/ [-0.05] -0.06 [ -0.05
-0.04 | -0.04 | -0.04

Al | 004 | 001 001 003/ [ 001/ [ 001/ |[-003| 003 | -0.03
0.08 0.05 0.05

Al -0.03 | -0.04 | -0.04 || -0.06/ | -0.07/ | -0.07/ || -0.07 | -0.06 | -0.07
-0.05 -0.03 -0.03

Al 0.04 0.01 0.01 0.01/ | -0.02/ | -0.02/ || -0.03 | -0.03 | -0.03
0.05 0.03 0.04

Al -0.03 | -0.04 | -0.04 || -0.04/ | -0.05/ | -0.06/ || -0.08 | -0.08 | -0.08
0.00 -0.01 -0.01

Al 0.04 0.01 0.01 -0.09/ | -0.11/ | -0.11/ || -0.03 | -0.03 | -0.03
0.03 0.03 0.03

In 1-2 configuration, the OH™ binds to the surface AI** cation and the proton binds to
the directly neighboring O®" site (Figure 41(c)). While in the 1-4 configuration, the OH~
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binds to the surface AI** cation and the proton binds to the next neighboring O?~ site
(Figure 41(d)). The data in Table 15 shows that in the case of the 1-2 configuration, the Al,
surface atom is pulled outwards due to the bonding with the hydroxyl group. The charge
of -0.25 |e| was transferred from the surface to the dissociated water molecule. O;_¢ and
Al,_; are displaced downwards towards bulk, similar to the behavior of the 8[[H,0]=0
surface. However, in the 1-4 configuration, the displacement of the Al; atom is relieved
by ~0.1 A and the O?" atom is seen to move upwards by ~0.05 A . According to the
energetics, the 1-4 configuration is less stable by ~0.4 eV than the 1-2 configuration. The
result is in agreement with the literature [146]. Therefore, for further studies, the 1-2
configuration of the 8[[H,0=0]+OH+H] model is taken into account. The relaxations in
the fully hydroxylated surface are comparatively negligible due to the full saturation of
the surface atoms [159] (Figure 41 (b)).

4.2.3.2. CO, binding mode on the water-free surface

Firstly, the defect-free Al-terminated water-free (9[H,0]=0) surface was considered for
the adsorption of the CO, molecule. Previous studies have shown that CO, interacts
with both acidic and basic surface sites. Therefore, two different clusters were generated
depending on the central adsorption sites, (a) with AI** and (b) with O?~ for the CO,
adsorption (Figure. 42). Initially, both the clusters were relaxed until the 3" shell using
the def2-TZVPP basis set and were further used for the CO; molecule adsorption. The
test calculation on the contribution of the different cluster shapes on the molecule’s
binding energy was seen to be negligible.

1>
\\1‘”,‘

4 '4

P/

Figure 42.: Schematic of cluster sizes for the water-free surface, (a) Al centered, (b) O-centered
cluster. (Color scheme of atoms: yellow-fixed Al, grey-unfixed Al, green-fixed oxygen, red-
unfixed oxygen).

As mentioned previously, CO; binds in different configurations depending on the adsorp-
tion sites. The results from the geometry optimizations the following two configurations
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Figure 43.: Schematic of CO, binding modes on water-free surface, (a) CO; interacting with
acidic AI** site, (b) CO, interacting with basic O?~ site. (Color scheme of atoms: yellow-fixed Al,
grey-unfixed Al, green-fixed oxygen, red-unfixed oxygen, blue-carbon).

to be most stable: (a) Linear adsorbed CO; and (b) tridentate carbonate (Tri) shown in
Figure 43 and their corresponding binding energies are given in Table 16.

Table 16.: CO; binding energies (eV) calculated for the water-free surface depending on the
interaction sites. All values are calculated using the def2-TZVPP basis set and are BSSE corrected.

Site of CO, binding energy (eV)

interaction| PBE | B3LYP PBEO
0% -0.92 | -1.14 -1.13
A% -0.26 | -0.57 -0.36

After comparing the CO, binding energies (given in Table 16) in these two configurations,
itis clear that the tridentate carbonate is more stable compared to the linear configuration.
In the linear configuration, the CO, molecule binds weakly to the surface AI** atom via
oxygen (O,) with a bond length of ~2.02 A. In the tridentate carbonate (Tri) configuration,
the two oxygens of the CO, molecule are bound to the surface AI** atoms, and the
carbon atom is bound to the Lewis basic site O*~ at a distance of 1.4 A. The structural
changes in the cluster geometry and the CO; molecule upon its adsorption were studied
by calculating the atomic displacement of the AI** cation and Oy at the adsorption site,
changes in the O-C-O bond angle and the internal CO; bond lengths. The calculated
values are given in Table 17. The influence on the CO, structural properties upon
adsorption shows that in the linear orientation, the C-O bond length is not affected
much compared to CO;(y). The computed O-C-O bond angle is also 180° at all levels
of theory. However, there is some influence on the relaxation of the AI** cation at
the adsorption site. The AI** relaxation is relieved upon adsorption. The surface Al
is observed to be pulled out by ~0.4 A . In the tridentate carbonate configuration,
the geometrical analysis shows that both the adsorbate and substrate are significantly
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perturbed upon chemisorption. The CO, molecule adsorption led to the elongation of
O;-Als, from 1.69 A in the clean surface to 1.91 A in the adsorbed configuration. The
additional new bonds formed between the molecule and the surface led to stronger
binding strength. The C-O bond lengths were also affected, leading to a significant
elongation and the molecule is strongly bent with the bond angle of ~130 °. The inward
relaxation of both the surface Al atoms is seen to be relieved with displacement in an
upward direction.

Table 17.: Comparison of the structural parameters in the CO, molecule such as CO; bond length
(BL) (A) between O,-C-Oy, (dc—0a/dc—op), O-C-O bond angle (°), atomic displacement (Ar) (A) of
the two stable sites Alg, and Oy in both the configurations shown in Figure 43.
de_oa/de—op(A) O-C-O angle (°) Ar (Alg, / Og) (A)
PBE | B3LYP | PBEO | PBE | B3LYP | PBEO | PBE | B3LYP | PBEO
1.17 1.16 1.16

Linear | | 0| T 180 | 180 | 180 | 034 | 042 | 0.44
. 123 | 122 | 1.22 074 | 053 | 0.6
Tri 1120 | j128 | j12s | B30 | B0 b aa 014 | j0.14

COyy | 1.17 1.16 1.16 180 180 180 - - -

The charge distributions in the stable CO,/a-Al;O3 configurations were determined by
calculating the charges using natural population analysis [91](Table 18). The net elec-
tronic charge transferred from the surface to the linearly adsorbed CO, is almost neutral
showing weak molecular interaction with the surface, a physisorption phenomenon.
This can be due to the structural integrity of the Al,Os surface and the non-polar nature
of the CO, molecule. Thus the contribution of the CO, molecule interaction with the
Lewis acid site to the combined interaction is expected to be negligible. However, in
some former theoretical studies, the tilting in the CO,; molecular axis was seen which
is not observed in the present calculations [124, 158]. In tridentate carbonate configu-
rations the net electronic charge transfer is 0.39 |e| showing that CO, predominantly
acts as a Lewis acid and thus accepts the electrons from the surface revealing the strong
chemisorption phenomenon.
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Table 18.: Atomic charges (in |e]) computed for different CO, adsorption configurations on the
water-free surface (shown in Figure 43), isolated CO, molecule and the bare clusters. These
values are computed using B3LYP and def2-TZVPP basis set. (A is the difference between the
atomic charges before and after CO; adsorption).

Model Cluster | Atom | Charge | A

C 0.98
COz(g) O, -0.49
O, | -0.49
Linear | Al 2.22
Tri (O -1.7
AlOs Al 2.56
Aly, | 259

Linear | Al 2.50 0.28

C 2.03 1.05

O, -0.99 -0.5

O, | -0.98 |-0.49

Tri O, | -127 | 043

C0O/Al05 Alg | 257 | 0.01

Al, | 257 |-0.02

C 1.99 1.01

0, | -117 |-0.68

0, | -1.21 |-0.72

4.2.3.3. Effect of hydroxylation coverage

The effect of variation in the surface hydroxylation coverage on the CO, interaction
was studied using two different cluster models, (a) 0[[H,O0]=0]+OH+H] model and (b)
O[Al(OH);]=1 shown in Figure 44. The 6[[H,0]=0]+OH+H] model with 1-2 configuration
(Figure 41 (c)) was used representing the low hydroxyl coverage while the 6[Al(OH);]=1
is the fully hydroxylated surface containing one proton on each Lewis base site. Both
these clusters were optimized until the 2" shell using the def2-TZVPP basis set.

The stable CO, configuration on the hydroxylated surface is shown in Figure. 45. It
can be seen that the CO; molecule interacts weakly with the surface hydroxyl groups.
The CO; BE on the 0[[H,0]=0]+OH+H] model is weaker by ~0.12-0.14 eV (depending
on the employed DFT functionals) compared to the fully hydroxylated surface (Table
19). This stabilization effect on the 8[Al(OH);]=1 surface is mainly due to the weak
electrostatic interactions exerted by the hydroxyl groups in its vicinity. The presence
of hydrogen bonding between CO; and the hydroxyl groups can also play a role in
molecule stabilization. From the data given in Table 20 and Figure 46, it is evident in
both the models that oxygen of the CO, molecule interacts with the hydrogen atom
of the hydroxyl group. The bond length between Ocoz-Hsurface is #2.2 A which is
shorter than the sum of their van der Waals radii (2.5 A). The structural parameters of
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Figure 44.: Schematic of hydroxylated clusters, (a)d[[H,0=0]+OH+H] model, (b) Fully hydrox-
ylated (O[Al(OH)3;]=1) (Color scheme of atoms: yellow-fixed Al, grey-unfixed Al, green-fixed
oxygen, red-unfixed oxygen, white-unfixed hydrogen, cyan-fixed hydrogen).

Figure 45.: Schematic of the CO; binding configuration on the (a) [[H,0=0]+OH+H] model,
(b) fully hydroxylated (8[Al(OH)3]=1) (Color scheme of atoms: yellow-fixed Al, grey-unfixed
Al, green-fixed oxygen, red-unfixed oxygen, white-unfixed hydrogen, cyan-fixed hydrogen,
blue-carbon).

CO, showed negligible changes upon interaction with the fully hydroxylated surface.
The CO; orientation on the 0[[H,0=0]+OH+H] model was almost perpendicular to
the surface while on the fully hydroxylated surface it was oriented almost parallel to
the surface. Also, negligible effects were seen on the atomic displacement of the Al,
atom upon COj; interaction with the hydroxyl group. No formation of bicarbonate was
observed in this study.
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Table 19.: CO, binding energies (eV) calculated for the §[[H,0=0]+OH+H] model and the fully
hydroxylated (0[Al(OH);]=1) surface. All values are calculated using the def2-TZVPP basis set
and are BSSE corrected.

CO, binding energy (eV)
Model PBE | B3LYP | PBEO
0[[H,0-0]+OH+H] | -0.24 | -0.32 | -0.23
O[Al(OH);]=1 | -0.38 | -0.44 | -0.37

Table 20.: The bond length (A) between the CO, molecule and the surface hydroxyl groups
(denoted as Ocoz-Hsur face) present on the 6[[H,0=0]+OH+H] model and the fully hydroxylated
(A[Al(OH);3]=1) surface. All values are calculated using def2-TZVPP basis set.
Atoms Ocoz-Hsurface (A)
Model BBE | B3LYP | PBEG
6[[H,0=0]+OH+H] | O-Hyg | 2.13 | 2.16 | 2.14
O.,-H; | 218 | 2.21 2.21
Ogs-Hy | 3.02 | 294 2.97
Op-Hs | 2.25 | 2.22 2.22
Op-Hy | 3.19 | 3.19 3.21

H[Al(OH);]=1

4.2.3.4. Comparison with experiment

The computed vibrational frequencies of the CO; molecule on three different surfaces,
water-free (9{H,0]=0), 8[H,0=0]+OH+H] model, and fully hydroxylated (9[Al(OH),]=1)
is shown in Figure 47. The vibrational frequencies computed for CO, adsorbed on
the [H,0]=0 surface in linear and tridentate carbonate orientations is denoted as
COs(ver)/0[H20]=0 and COy(par)/0[H20]=0 respectively. As shown in the figure, the
dashed black line denotes the experimental value with 9 cm™! red-shifted with respect
to CO;(y). The vibrational frequency shift for the tridentate carbonate configuration
is strongly red-shifted with respect to COy(,). This scenario can be neglected as the
formation of carbonate was not observed in the experiment. The vibrational frequency of
COg in linear orientation is blue-shifted with respect to CO,(y). This scenario can also be
neglected as it deviates from the experimental value. In the case of CO, interaction with
the hydroxylated 6[H,0]=0]+OH+H model the vibrational frequencies are slightly blue-
shifted with respect to CO,(y). However, in the computations, an imaginary frequency
was observed, which indicates that this situation is a saddle point. While on the fully
hydroxylated (9[Al(OH);]=1) surface, the frequencies are slightly blue-shifted and in
better agreement to the small red shift.
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4. Alumina surface

Figure 46.: Top view of the fully hydroxylated (0[Al(OH);]=1) surface (shown in Figure 45(b))
showing the interaction between CO, and the surface hydroxyl groups in the vicinity (Color
scheme of atoms: grey-unfixed Al, red-unfixed oxygen, white-unfixed hydrogen, blue-carbon).

4.2.3.5. Influence of the exchange-correlation functional

Lastly, the influence of the GGA functional, PBE and the hybrid functionals B3LYP
and PBEO, on the CO, properties will be examined. The general trend for CO, binding
energies calculated for both sites, APt and O? on the water-free surface show that GGA
predicts a slightly lower adsorption energy by ~0.2 eV compared to the yields of hybrid
functionals (Table 16). PBE functional predicts a small binding energy of CO, on AI**
site (physisorption) while the hybrid functionals show a quite high adsorption energy,
more like a chemisorption scenario (BE > 0.3 eV). In the case of hydroxylated surfaces,
all the functionals show a similar trend of the CO, BE indicating a weak interaction
between CO, and the surface. The CO, BE is a bit higher on fully hydroxylated surface
compared to the 0[H,0=0]+OH+H model due to the weak electrostatic interactions
present between the molecule and the underlying hydroxyl groups leading to the system
stabilization. All the functionals showed a similar trend. Further, structural parameters
such as atomic displacements along the surface normal, bond lengths and bond angles
of all the clusters computed at different levels of theory showed consistent results. In
the case of the vibrational frequency analysis, all the functionals showed the same trend
in the vibrational frequency shift on the water-free surface and the 6[[H,0=0]+OH+H]
model. However, on the fully hydroxylated surface, the CO, vibrational frequency is
mainly blue-shifted (7em™ (B3LYP) and 6cm™" (PBEO)) with respect to the COy(g). While
the frequency shift computed using PBE functional is red-shifted by 5cm™! with respect to
COy(4) which is in good agreement with the experimental observation. In the experiment,
the reported CO, vibrational frequency is seen to be red-shifted by 9 cm™! (Figure 47).
Thus, when comparing the experimental observations with the computational results, it

82



4.2. CO; adsorption on a-Al,0O;3 surface

70 -
60 -
50 -
40 -
30 1 J
20 ] q——5--—-—-=-= ===
10

0-

) Y

201 COzexp) (65 K)

o bu
pu

A\t
AR\
A\

-610 -
-620 -
-630 -
-640 . - . - .

COy(ver)/®H201=0  COp(pay)/8IH201=0  [B[H,0=0]+OH+H]  B[AI(OH)3]=1

Vibrational frequency shift (cm™)

® B3LYP-D4 (EQC)

® PBE-D4 (EQC)

A PBE0-D4 (EQC)
v T

on)

Surfaces

Figure 47.: CO; vibrational frequency shift (cm™!) computed on water-free (9[H;0]=0),
0[[H,0=0]+OH+H] model, and fully hydroxylated (9[Al(OH),]=1) surfaces with respect to
COy(y)- The dashed black line defines the experimental value determined using the IRRAS tech-
nique.

can be concluded that results computed on §[Al(OH),]=1 surface reproduced the trends
quite well compared to the other surfaces.

4.2.4. Conclusion

The interaction of the CO, molecule with a-Al,03 surface was studied using density
functional theory along with an embedded cluster model. Within this study, three
different surfaces were analyzed, the water-free ([H,0]=0), the [H,0=0]+OH+H model,
and the fully hydroxylated (6[Al(OH);]=1). The influence of the degree of hydroxylation
on the CO; binding mode was analyzed. On the §[H,0]=0 surface, the CO, molecule
was seen to bind with AI** and O?" sites forming a linear orientation and a tridentate
carbonate respectively. The tridentate carbonate configuration had a relatively high
adsorption energy due to the additional interaction with the neighboring AI** sites
via charge transfer leading to the elongation of O-C-O bond lengths and a decrease in
the bond angle. Significant surface relaxation was also seen. The linear CO, molecule
with bonding via oxygen towards the AI** cation had a weaker interaction than for
the tridentate carbonate configuration and a negligible charge transfer. On the other
hand, hydroxylated surfaces, 8[[H,O=0]+OH+H] model and 8[Al(OH),]=1, showed a
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weaker interaction with the CO; molecule and mainly stabilization by the electrostatic
interactions with the surface hydroxyl groups. The CO;, vibrational frequency shift
predicted for the fully hydroxylated surface (§[Al(OH);]=1) are in agreement to the
experimental data.
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4.3. CO adsorption on Pt/a-Al,O3 surface

4.3. CO adsorption on Pt/ -Al,0, surface

4.3.1. Computational details

Two types of surfaces were taken into account in this study, the water-free surface
(9[H,0]=0) and the fully hydroxylated (9[Al(OH)3]=1) surface to examine the bare sur-
face and influence of hydroxyl groups on the binding modes of Pt and its corresponding
effect on the CO interaction. Due to the presence of heavy element Pt in these calcula-
tions, scaler relativistic effects were included by using effective core potential for the
Pt-core electrons and dhf-TZVPP-2c basis set [89]. All binding energies reported in
this chapter are counterpoise corrected to basis set superposition error [152]. Figure 48
shows the cluster generated for water-free surface. The oxygen-centered cluster shown
in Figure 48 was used for the adsorption of the Pt atom. The systematic shell relaxation
approach (see Chapter 4.1) was used to examine the convergence (Figure 48(a) and (b)).
The cluster was first optimized with the small basis set def2-SVP and re-optimized with
def2-TZVPP basis set. The re-optimized cluster was then used for the adsorption of the
single Pt atom.

Figure 48.: Schematic of the clusters generated using the sequential shell relaxation approach
for the water-free surface with (a) 1% shell, (b) 2" shell relaxed. Clusters are optimized using
the def2-TZVPP basis set (Color scheme of atoms: grey-unfixed Al, yellow-fixed Al, red-unfixed
oxygen, green-fixed oxygen).

4.3.2. Results and Discussion
4.3.2.1. Adsorption of Pt atom on «-Al,05 surface
Initially, metal-support interaction (MSI) was examined by placing a single Pt atom on

the Al-terminated a-Al,O5 cluster model shown in Figure 48. The influence of sequential
shell relaxation on the Pt bonding was examined on the water-free surface (6[H,0]=0),
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4. Alumina surface

relaxing from 1% shell consisting of three Al** cations and a central 0>~ until 2" shell
consisting of twelve AI** and thirteen O%" ions (top and side view shown in Figure 49).
The same procedure was followed for the fully hydroxylated surface (8[Al(OH)s]=1)
(shown in Figure 50).
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Figure 49.: Schematic of the single Pt atom binding configuration on the water-free surface
(6[H,0]=0) with relaxation until 1% shell (a (top view),b (side view)) and until 2" shell (c
(top view),d (side view)). All geometries are computed using the def2-TZVPP basis set. (Color
scheme of atoms: grey-unfixed Al, yellow-fixed Al, red-unfixed oxygen, green-fixed oxygen,
violet-platinum atom).

The single Pt atom was placed at different sites on the Al,O3 surface, AI** and 0%~ [129,
160, 161]. The initial guess for the Pt adsorption site was selected such that the maximum
interaction with the neighboring oxygen atoms is present due to the oxophilic tendency
of the Pt atom [128]. As shown in Figure 49, the strongest adsorption site for the Pt
single atom on the §[H,0]=0 surface is the O? site with bond length of 2.0 A (Table 22).
Influence of the 1*! shell relaxation around the central O?~ site (denoted as O;) led to the
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4.3. CO adsorption on Pt/a-Al,O3 surface

Table 21.: Pt binding energies (eV) calculated for the water-free (9[H;0O]=0) and the fully hy-
droxylated (O[Al(OH)3;]=1) surfaces. All values are calculated using the def2-TZVPP basis set
and are BSSE corrected.

Relaxed | Pt binding energy (eV)

shell PBE | B3LYP | PBEO
1% -2.85 | -2.56 | -2.51
ond | 288 | -2.68 | -2.62
1% -2.14 | -1.83 | -1.73
ond 2.1 | -1.83 | -1.74

Model

Pt/0[H,0]=0

Pt/0[AI(OH)s]=1

interaction of the Pt atom with the two neighboring AI** sites with a binding energy
of -2.9 eV (PBE) and ~-2.5 eV (B3LYP, PBEO0), respectively (Table 21). While relaxation
until the 2" shell reduced the interaction of the Pt atom with only central O?~ and Al
sites and the binding energy further increased by ~0.12 eV (Table 21). This is due to the
release of strong geometric constraints on the relaxation going from 1% to the 2" shell,
further relaxing the Aly; site towards the bulk.

Table 22.: Change in structural parameters after Pt single atom adsorption on the water-free
(9[H20]=0) and the fully hydroxylated (9[Al(OH)s]=1) surfaces are provided. Bond-length be-
tween Pt and Oy (A) (denoted as d(Pt-Os), displacement of the Oj site (A) (denoted as Ar (Oy)), and
displacement of Al site (A) (denoted as Ar (Aly;)). A positive sign denotes upward displacement
and a negative sign denotes downward displacement. For nomenclature refer to Figures 49 and
50. All geometries are optimized using the def2-TZVPP basis set.

Model d(Pt-Oy) Ar (Oy) Ar (Aly)

PBE | B3LYP | PBEO | PBE | B3LYP | PBEO | PBE | B3LYP | PBEO

6[H,0]=0 2.01 2.03 2.00 | -0.07 | -0.07 | -0.09 | 0.33 0.29 0.27

O[Al(OH)s]=1 2 2.02 1.99 | -0.03 | 0.01 -0.01 | -0.02 | -0.03 | -0.02

The changes in the structural parameters on the surface after Pt single atom adsorption
is given in Table 22. According to the results, the Pt adsorption led to a weakening of
the O-Alg; bond due to the Pt interaction with the O; site on the 6[H,0]=0 surface. It is
evident from the elongation of the bond from 1.69 to 1.82 A. The interacting O ion is
also seen to have a small displacement in the downward direction by ~0.1 A while the
adjacent Al,; cation moves above the O ion with upward displacement of ~0.3 A. The
bond length present between the Pt atom and the Aly; site is around 2.4 A. The Al;; atom
tends to strengthen its bonding with the Oj site through the bond-order conservation
mechanism [114]. All these displacements together show that the surface adapts to
optimize the Pt-surface bonding by reorganizing the Al-O bond strengths. Thus, the
strong Pt adsorption energy on the 8[H;0]=0 surface is mainly due to the contribution
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of the surface relaxation [162]. Additionally, the population analysis on the Pt/Al,O4
shows that the Pt atom has a positive charge (0.11|e|) indicating that it is oxidized while
the surface is reduced as a result of the Pt interaction with the Al,O5 surface (Table 23).
The coupling between the Pt and the O, has a d character. The O-p orbital is hybridized
with the Pt-d orbital to form the chemical bond as can be seen in the population analysis
given in Table 23. Charge transfer from the Pt-d orbital to the Al-p orbital is observed.
This interaction leads to the upward displacement of the AI** cations leading to a large
distance between the layers leading to its well separation from the layers beneath. This
is also seen in the structural analysis. This phenomenon can strongly affect the nearby
adsorption sites due to the long-range Coulomb interaction. Thus, these structural and
electronic analyses show that on a water-free surface, there is a strong correlation
between the adsorption energy of the Pt atom, surface relaxation, local deformations as
well as the interfacial Pt-support interaction. Such adsorbate-induced surface relaxation
and the local interaction of the metal atoms (for example Pt, Pd, Cu) with both 02~ and
AIP* sites was also observed on other aluminum oxide polymorphs such as y-Al,O3 and
0- Al,O5 surfaces theoretically and experimentally [162-164].

Figure 50.: Schematic of the single Pt atom binding configuration on the fully hydroxylated
surface (9[Al(OH)3]=1) with relaxation until 2"? shell (a (top view), b (side view)). All geometries
are computed using the def2-TZVPP basis set. (Color scheme of atoms: grey-unfixed Al, yellow-
fixed Al, red-unfixed oxygen, green-fixed oxygen, violet-platinum atom, white-unfixed hydrogen,
cyan-fixed hydrogen).

Furthermore, the effect of surface hydroxylation on the Pt adsorption was studied. The
Pt adsorption configuration on the fully hydroxylated (9[Al(OH)3]=1) surface is shown
in Figure 50. The results show that Pt adsorbs on the surface O?~ site of the hydroxyl
group with an adsorption energy of ~-2 eV (Table 21) and at a distance of 2 A (Table 22).
The adsorption energy on 8[Al(OH);]=1 is lower compared to the 8[H,O]=0 surface

88



4.3. CO adsorption on Pt/a-Al,O3 surface

due to the absence of an extra interaction with the AI>* cation on the support. These
cationic sites are fully saturated with the hydroxyl group terminations and therefore not
available for additional interaction with the Pt atom. However, observations reported
for Cu/y-Al; 03 system [164] show an opposite trend. Cu is seen to bind with a hydroxyl
group and the neighboring O~ ion, leading to higher adsorption energy and stronger
surface deformation on a hydroxylated surface than on a water-free surface, which
is not seen in the present study. The effect of sequential shell relaxation on the Pt
binding energy is also not prominent (Table 21). The effect of full saturation is seen
in the analysis of the layer relaxation. The displacement of the O; and Aly; sites is
negligible compared to the 8[H,0]=0 surface (Table 22) showing that surface hydroxyl
groups stabilize significantly the Al,O3 surface. Furthermore, the population analysis of
the Pt/0[Al(OH);]=1 system shows that the Pt atom is almost charge neutral (-0.02 |e])
showing weak interaction with the surface.

Table 23.: Atomic charges (in |e|) and orbital population computed for a Pt atom, the water-free
(0[H,0]=0) and fully hydroxylated (9[Al(OH);]=1) surfaces and the adsorbed Pt on both the
surfaces. Given values are for the geometry optimized using B3LYP and def2-TZVPP basis set.

Orbital population
Model Atom Charge
8 n6) | n(p) [ n@
Pt 0 2 6 10
j Aly 2.6 | 4.228| 6.17 | 0.0016
0[H,0]=0 O, -1.7 | 3.833| 5.867 | 0.00

Pt 0.1107 | 2.18 | 5.9952 | 9.714
Pt/6[H,0]=0 Al 2.54 | 4.238 | 6.217 | 0.002

0, 1.679 | 3.832 | 5.847 | 0.00
Al | 2441 | 4216 | 6.339 | 0.00369

O[Al(OH);]=1 0, 15 |3.776 | 5.724 | 0.00
H 0.588 | 0.412 | 0.0 0.0

Pt “0.023 | 2.211 | 5998 | 9.814

Al 243 | 4212 | 6354 | 0.004
PYO[ALOH)s]=1 |~y 0.637 | 0363 | 0.0 0.0
0, -1.488 | 3.779 | 5.709 | 0.00

Both, the water-free (0[H,0O]=0) and the fully hydroxylated (6[Al(OH);]=1) surfaces,
show that Pt strongly interacts with the bare surface via charge transfer, while Pt
interacts weakly with the fully hydroxylated surface with minimal interaction with
the surface sites. Thus, the probability of Pt atoms to aggregate in nanoclusters can be
higher on the hydroxylated surface compared to the bare surface, following the results
obtained for Pd/y-Al,O5 system [162].
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4.3.2.2. COinteraction on Pt/-Al,0; surface

In order to determine the chemical states of Pt adsorbed on the Al,O3 surface, the CO
molecule is used as a probe molecule in the experiment as well as in theoretical models
due to the strong bonding present between Pt and the CO molecule. The interaction
of CO with Pt/8[H,0]=0 and Pt/0[Al(OH)3;]=1 models is shown in Figure 51 and 52,
respectively. The CO binding energies and the bond length on both surfaces are given
in Table 24. The atomic charges and the orbital occupations are given in Table 26. The
pre-adsorbed single Pt atom acts as an anchor for the adsorption of the CO molecule
with a C-down configuration with slightly tilted orientation. The effect of sequential
shell relaxation on the CO BE is negligible (~0.06 V) relaxing from 1% until the 2"
shell. The CO interaction with the Pt single atom on the [H,0]=0 surface has a binding
energy of -3.9, -3.6, and -3.7 eV calculated using PBE, B3LYP, and PBEO DFT functionals,
respectively. The CO bond length is also lengthened upon adsorption on the Pt/6[H,0]=0
surface in comparison to the CO(y). Additionally, a direct interaction of Pt with the
surface Al site is also seen which can lead to the surface stabilization. This is also
evident from the shrunk bond length between Alg;-Pt from 2.45 A to 2.37 A. The CO
interaction with the Pt/0[Al(OH);]=1 surface also shows a similar tilt orientation (Figure
52). The computed CO binding energy on the hydroxyl-terminated Al,O5 surface is ~-4
eV (Table 24). The influence of sequential shell relaxation is negligible (0.1 eV) relaxing
from 1% until the 2" shell. The CO bond length is also lengthened to ~1.17 A compared
to the CO(y).

Figure 51.: Schematic of CO binding mode on Pt/6[H;0]=0. (Color scheme of atoms: grey-unfixed
Al yellow-fixed Al, red-unfixed oxygen, green-fixed oxygen, violet-platinum atom, blue-carbon).
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Figure 52.: Schematic of the CO binding mode on Pt/0[Al(OH);]=1 surface. (Color scheme of
atoms: grey-unfixed Al, yellow-fixed Al, red-unfixed oxygen, green-fixed oxygen, white-unfixed
hydrogen, cyan-fixed hydrogen, violet-platinum atom, blue-carbon).

Table 24.: CO binding energies (eV) and bond lengths (A) calculated for Pt/0[H;0]=0 and
Pt/0[Al(OH);]=1 surfaces using the def2-TZVPP basis set.

Relaxed | CO binding energy (V) | CO bond length (A)
shell PBE | B3LYP | PBEO | PBE | B3LYP | PBEO
1%t -4.02 | -3.62 -3.79 1.16 1.15 1.14
2rd | -393| -356 | -373 | 116 | 1.14 | 114

Model

Pt/6[H,0]=0

10 | -47 | -428 | -449 [117]| 116 | 1.16

Pt/0[Al(OH);]=1
YO[AIOH), ] ord | 457 | -414 | -436 | 117 | 116 | 116
CO(y) - - - - 114 113 | 112

The analysis of atomic charges and the orbital occupations (Table 26) for CO adsorption
on Pt/0[H;0]=0 surface shows that the positive charge on the Pt further increases from
+0.11 to +0.267 |e| upon CO adsorption. The carbon of the CO molecule (denoted as Ccp)
becomes more positive (+0.858 |e]) compared to the COy) (+0.486 |e]) showing strong o
donation from CO towards Pt. This is further confirmed via orbital population where
loss of electron density is seen in the 2s and 2p orbitals of the carbon. The oxygen of
the CO molecule (O¢p) becomes more negative (-0.946 |e|) showing the gain of electron
density in its 2p orbital and the electron density of Pt-5d orbitals is seen to be decreased
indicating a 7-backdonation from Pt into the antibonding 7 orbital of CO. The increase
in the electron density of the CO 27" orbital thus leads to the C-O bond weakening [2, 5,
129]. Similar results are also seen in the CO adsorption on Pt/0[Al(OH)3]=1 surface. In
the Table, it can be seen that the 2p orbital of Ocp has higher electron density compared
to the Pt/0[H,0]=0 surface showing that 7-backdonation from Pt to CO is stronger on
Pt/0[Al(OH)s]=1 surface. These results show a strong CO-Pt bond formation due to the
combination of o-donation from CO to Pt and 7-backdonation from Pt to CO. Further

91



4. Alumina surface

lengthening of the bond length between Pt-O; from 2 A to 2.11 A is also observed. These
observations are in agreement with the Blyholder model [165]. The strong CO binding
energy and the presence of a hydroxyl group in the vicinity can further lead to the
formation of carbonyl and carbonate species on the Pt site [166]. This scenario has to
be further studied. The trends reported here obey quite well with the theoretical study
carried out on defect-free Al,O5 surface using a plane-wave DFT and PBE functional
[129].

Table 25.: Harmonic (#(CO) (cm™!)) and scaled harmonic (v(CO) (cm™!)) CO vibrational fre-
quencies for CO adsorbed on Pt/0[H,0]=0 and Pt/0[Al(OH)3;]=1 surfaces computed using the
def2-TZVPP basis set.

7(CO) (cm™) v(CO) (cm™) Expt.
PBE | B3LYP | PBEO | PBE | B3LYP | PBEO (cm™)
Pt/0[H,0]=0 2054 | 2125 2165 | 2068 | 2059 2072 | 2080 [167]
Pt/0[AL(OH);]=1 | 1980 | 2037 | 2078 | 1994 | 1974 | 1990 -

Model

Due to the negligible effect of the sequential shell relaxation on the CO BE and other
structural properties, CO vibrational frequencies were computed for the Pt/0[H,0]=0
system relaxed until the 2"¢ shell and Pt/0[Al(OH)3]=1 relaxed until the 1 shell. The
scaled harmonic CO vibrational frequencies on both these systems are given in Table 25.
The general trend in the computed CO vibrational frequency shifts A(v(CO)) is that it is
red-shifted on Pt/0[H,0]=0 surface in the range of 75-84 cm™' with respect to v(CO)(y)
(V(CO)(y) = 2143 cm™!) and depends on the employed DFT functionals. The CO vibrational
frequency shift A(v(CO)) on Pt/6[Al(OH);]=1 surface is seen to be further red-shifted in
the range of 153-169 cm™" with respect to CO(,) depending on the DFT functionals used.
The CO vibrational frequency shift in the mechanism of CO bonding to the transition
metal surface is explained by the Byholder model [165] using molecular orbitals. As the
vibrational frequency of the C-O stretching frequency is proportional to the strength of
the C-O bond, due to the C-O bond weakening on the Pt/0[H,;0]=0 and Pt/0[Al(OH)s]=1
surfaces, the vibrational frequency shifts towards the lower wavenumbers compared
to the ¥(CO)(y). Since only one adsorbed CO molecule is considered in the embedded
cluster model, it mimics the low CO coverage scenario with high Pt dispersion, and thus
are comparable with the experimental data considering the same.

The findings of Anderson et. al [167] can be compared with the presented EQC results
on CO interaction with the Pt/8[H,0]=0 surface. The experiment focused on the CO
adsorption on Pt-Rh/Al,O5 surface using infrared spectroscopy.
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Table 26.: Atomic charges (in |e|) and orbital population computed for CO, Pt/6[H,0]=0 and
Pt/0[Al(OH)3]=1 systems using the B3LYP functional and the def2-TZVPP basis set. For nomen-
clature refer to Figures 51 and 52.

Model Atom | Charge Orbital population
Core Valence
bt 0 8 6s=0.00, 5d,2=2.00, 5d,,=2.00,
5d,,=2.00, 5d,,=2.00, 5d,2_,2=2.00
Cco | 0.486 2 25=1.643, 2p,=0.46, 2p,=0.46,
COyy) 2p,=0.90
Oco | -0486 | 2 25=1.724, 2p,=1.53, 2p,=1.53,
2p,=1.665
Pt 0.111 8 65=0.189, 5d 2=1.744, 5d,,=2.0,
5d,,=1.99, 5d,,=1.99,
Pt/6[H,0]=0 5d,2_,2=1.993
Al 2543 | 10 0.448
O -1.679 2 7.677
Oco -0.946 2 28=1.65, 2p,=1.785, 2p,=1.796,
2p,=1.718
Cco 0.858 2 258=1.166, 2p,=0.608, 2p,=0.662
2p,=0.695
CO/PY/6[H,0]=0 Pt 0.267 | 8.0 | 6s=0.867, 5d,2:=1.669, 5d,,=1.635,

5dyz=1.615, 5dxy=1.988,
5dx2_y2=1.986

Al 2483 | 10 0.494
O, 1717 | 2 7.714
Pt -0.023 | 8 | 6s=0.213, 5d,2=1.828, 5d,,=1.993,
5d,,=1.998, 5d,,=1.996,
Pt/0[Al(OH);]=1 5d,2_,2=1.998
Al 2.43 10 0.554
H 0.637 | 0 0.36
O, -1.488 | 2 7.485
Oco | -0.984 | 2 25=1.655, 2p,=1.796, 2p,=1.797,
2p,=1.735
Cco | 0.931 2 25=1.144, 2p,=0.616, 2p,=0.616
2p,=0.680
CO/Pt/0[Al(OH);]=1| Pt 0.032 8 | 6s=1.017, 5d,:=1.775, 5d,,=1.607

5d,,=1.605, 5d,,=1.992,
5d,2_,2=1.993

Al 2449 | 10 0.532
H 0.612 0 0.386
O, 21501 | 2 7.499
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The IR results obtained on 1.0 wt % Pt/Al,O5 surface exposed to a CO/He mixture at
423 K consisted of an IR band at 2080 cm™'. This IR band was ascribed to the linearly
absorbed CO on the Pt atom along with strong interaction with the Al,O5 surface. The IR
band was seen to shift towards lower wavenumbers with an increase in the experimental
temperature. Similar observations were reported in another experimental study [163]
where the IR band for linearly adsorbed CO species on ionic Pto* sites was present in
the range of 2087-2096 cm™'. The main reason for the red-shift was ascribed to the
deficiency in the electron density of the Pt. The same trend was also reported for CO
adsorbed on a Pt;/FeO, single atom catalyst [168]. Thus, the trends observed in the
structural analysis and the CO vibrational frequency v(CO) on Pt/0[H,0]=0 model are in
good agreement with the previously reported experimental observations. Due to the lack
of experimental results on the fully hydroxylated Al,O5 surface with adsorbed single Pt
atoms and corresponding CO adsorption, only an estimation can be made on the EQC
result. As seen in the case of Pt/0[Al(OH)s]=1, a strong back donating interaction is
observed where the excess electronic charge on Pt is transferred to the CO molecule
which can be the reason for the larger shift in (v(CO)) compared to v(CO)y).

4.3.2.3. Influence of the exchange-correlation functional

Finally, the influence of different DFT exchange-correlation functionals for both the
optimized surface models of CO/Pt/6[H,0]=0 and CO/Pt/0[Al(OH);]=1 was examined by
keeping a constant def2-TZVPP basis set for the relaxed atoms in all calculations. Starting
with the different adsorption energies computed for Pt single atom adsorption on Al,O3
surface and CO adsorption on Pt/Al;O3 systems. On all levels of theory, the Pt bonding
to O% sites is seen to be a stable configuration. The general trend in the adsorption
energies is that the binding energy calculated using the PBE functional is higher by
~0.3 eV for Pt/Al,05 and ~0.4 eV for CO/Pt/Al,O3 compared to the hybrid functionals.
It is well known that GGA functionals tend to overestimate the bond strengths at the
metal-oxide interface and the result is in line with the previous theoretical studies [146,
169]. Hybrid- functionals have shown to be more reliable in such systems in describing
the energetics accurately in comparison to experiment due to the additional fraction of
HF exchange which can reduce the self-interaction error and the over-delocalization in
DFT [170]. However, the structural parameters given in Table 22 reveal that the influence
of the different DFT functionals on the structure is negligible. Nevertheless, all methods
predict the same trend in the stability for the different active sites on both the models.
Next, the influence of the PBE, B3LYP and PBEO functionals on the CO vibrational
frequency was checked. The harmonic and scaled harmonic frequencies computed for
CO adsorbed on Pt/0[H;0]=0 and Pt/0[Al(OH);]=1 are given in Table 25. The harmonic
frequencies are scaled using the scaling factors 1.005589, 0.967442, 0.956129 for PBE,
B3LYP and PBEO respectively. The shift of the harmonic frequencies in comparison to
the experimental CO frequency (2080 cm™!) is 26 (PBE), -45 (B3LYP), -85 (PBE0) cm ™!
respectively. After scaling the harmonic frequencies, the deviation reduces further to
12, 21 and 8 cm™! for PBE, B3LYP and PBEO functionals, respectively. This result shows
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4.3. CO adsorption on Pt/a-Al,O3 surface

that the scaling factor is needed for the vibrational frequencies computed using hybrid
functionals in order to have a better agreement with the experimental value. Due to the
unavailability of the experimental value for the Pt/0[Al(OH)s]=1 system, the deviation
of the harmonic frequencies cannot be validated.

4.3.3. Conclusion

In the present work, a systematic theoretical study was carried out using an embedded
cluster model along with DFT to examine the effects of two different surfaces, water-free
(0[H,0]=0) and fully hydroxylated (9[Al(OH)3;]=1), on the adsorption of a single Pt
atom and its corresponding interaction with the adsorbed CO molecule. The results
showed that the Pt atom prefers to bind on top of the basic O?~ site on both of the
surfaces. It additionally interacted with the surface AI** site on the water-free surface,
leading to high surface deformation and a high Pt adsorption energy. Metal-to-surface
charge transfer was also observed at the interface. The adsorption energy on a fully
hydroxylated surface was reduced by 0.5 eV compared to the water-free surface due to
the presence of surface hydroxyl groups, showing that hydroxyl groups stabilize the
surface significantly leading to a low surface relaxation. The negligible surface-to-metal
charge transfer was seen at the interface.

Further, CO interaction with Pt/0[H,0]=0 and Pt/0[Al(OH)s]=1 was investigated. The Pt
atom acted as an anchor for the CO molecule adsorption in a linear configuration. Higher
CO binding energy was seen on Pt/0[Al(OH)3;]=1 compared to Pt/0[H,0]=0 due to the
strong interaction between the CO molecule and Pt atom via charge transfer from CO to
Pt via o-donation and Pt towards the molecule via 7-backdonation. The CO vibrational
frequencies were seen to be red-shifted on both surfaces compared to the frequency of
the CO molecule in the gas phase. Finally, the embedded cluster model facilitated the
examination of the influence of different DFT functionals on the characteristic properties
of the CO adsorbed on Pt/Al,Os. The quantitative trend resulting from the computations
using all the three functionals, PBE, B3LYP, PBEO showed that the adsorption energy
using the PBE functional was overestimated (~0.3 eV) compared to the hybrid functionals.
Employing scaling factor improved the CO frequency shift values computed using GGA
and hybrid functionals.
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5. Summary and conclusion

Heterogeneous catalysts containing metal-oxide-supported transition metal nanoclus-
ters have proved to be quite efficient in many chemical reactions relevant to industry.
The catalysts high activity is influenced by many factors such as 1) reconstructions in the
structure of the nanoclusters supported on the surface, 2) the surface deformation and
relaxation of the metal-oxide support, and 3) mutual interactions at the metal-support
interface. Moreover, it has been a challenge to understand the key role of each of these
factors in the improvement of the catalytic activity. Thus, with the motivation to under-
stand the underlying fundamental aspects responsible for these complex interactions, a
comprehensive study was carried out by means of different quantum chemical tools.

The influence of the hydrogen atoms on the structure evolution of small Pt nanoclusters
Pt D,, with n=6-13 was studied. Due to the strong affinity of Pt clusters towards hy-
drogen adsorption this is important for the application in various catalytic reactions.
However, to determine the cluster structure in the experiment is non-trivial. Therefore,
in combination with trapped ion electron diffraction spectroscopy (TIED), density func-
tional theory was employed for determining the best-fitting cluster configurations for
each cluster size ensemble. In collaboration with PD Detlef Schooss, structures were
assigned to each cluster size ensemble by comparing the scattering functions for the
simulated clusters with those from the experiment. The predicted Pt-core structure of
low energy clusters optimized at TPSS/dhf-TZVP-2c level of theory for each cluster size
were in good agreement with the experimental TIED data, except for the Pt;D,, where
higher lying cluster showed a better agreement with the experiment. Upon having a
closer examination of the bare Pt clusters with the deuterated Pt D,,, showed that the
deuterium atoms do influence the Pt core structures. The small bare Pt,; cluster show
amorphous-like structures which upon interaction with deuterium atoms led to the
development of more spherical geometries with higher symmetry. The symmetry of the
clusters evolves from the distorted structure of Pt;Dy, to the cuboctahedral structure
at Pt;3Dy. This evolution of higher symmetry clusters shows that deuterium atoms
prefer to bind in bridge-positions which stabilize the cluster structure. However, in
the quest to find the low and best-fitting cluster isomers, many isoenergetic as well
as higher-lying isomers with different deuterium configurations at local minima were
observed to contribute to the TIED data along with the lowest energy isomer. These
contributions cannot be ruled out experimentally.

Among the Pt D, clusters, the Pt;,D,, cluster exhibited a unique cuboctahedral cage
structure. A thorough analysis was carried out to understand the fundamental reasons
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behind the stability of this particular motif. Among the Pt,,D,, ensemble, the cuboc-
tahedral cage structure isomer 1 was observed to be the lowest energy isomer and
best-fitting isomer to the TIED data. Irrespective of the low Pt coordination number in
the cage structure compared to the other incomplete cuboctahedron isomer 2 in the
ensemble, it proves to be a quite stable geometry. The structural analysis of both the
isomers, 1 and 2 shows that the number and type of Pt-D bonds are the two decisive
factors prominent in the isomers. Isomer 1 shows that bridged-bound deuterium atoms
stabilize the structure significantly through strong interaction with the neighboring Pt
atoms forming a multi-center bonds. This led to a significant charge transfer and to
the stabilization of the electronic structure. In contrast, the deuterium shell of isomer 2
consists of a mixture of on-top and bridge bound deuterium atoms making the cluster
quite dynamic. Due to the presence of low activation barriers of different deuterium
configuration, the isomer transformation from isomer 2 to 1 can be modeled and ob-
served. Also, the presence of a free fcc Pt atom at the core of isomer 2 can make the
structure more reactive and help transform into the more stable isomer 1.

Next, the Al-terminated a-Al,O3 (0001) metal-oxide surface was analyzed using an em-
bedded cluster model along with density functional theory and Mgller Plesset perturba-
tion theory (MP2). At first, the CO interaction with the Al,O3 surface was investigated at
low CO coverage. Three differently terminated surfaces were considered, the water-free
(0[H20]=0), the fully hydroxylated (0[Al(OH);]=1) and the H,O dissociated (0[H,0]=1)
surface. Additionally, the 8[[H,0=0]+OH+H] surface with dissociated H,O molecule in
1-2 configuration was analyzed exhibiting low hydroxyl coverage. According to the ener-
getics, a CO molecule strongly binds to the 6[H;0]=0 surface with an adsorption energy
in the range -0.38 to -0.71 eV and a linear CO orientation with C-down configuration. In
contrast, weak CO interaction was seen on the hydroxylated surfaces, 8[Al(OH)s]=1,
0[H,0]=1 and 0[[H,0=0]+OH+H] with an adsorption energy in the range of -0.23 to
-0.29 eV. The analysis of the CO binding mode shows that on the [H,O]=0 surface,
the strong bonding at the interface results from a significant charge transfer from CO
towards the support. On the hydroxylated surfaces, the CO molecule is mainly stabilized
by the weak electrostatic interactions with the underlying surface hydroxyl groups via
OC-HO hydrogen bonding. When comparing the DFT results with MP2 results, it can
be inferred that MP2 cannot accurately describe the weak interactions present on the
hydroxylated surfaces. The CO vibrational frequencies are seen to be significantly blue-
shifted for the CO interaction with the cationic site and low CO coverage. These results
agree well with the polarization-resolved infrared reflection absorption spectroscopy
results (IRRAS).

A similar analysis for CO, adsorption on an Al-terminated a-Al,O3 (0001) metal-oxide
surface was carried out. In this study again the water-free (6[H,0]=0), fully hydroxylated
(A[Al(OH)3]=1) and (0[[H,0=0]+OH+H] (dissociated H,O molecule in 1-2 configuration)
surfaces were considered. On the [H,0]=0 surface, CO; is binding in two different
configurations via a linear orientation and tridentate carbonate depending on the CO,
binding site. Among these two configurations, the tridentate carbonate adsorption con-
figuration has a higher adsorption energy (=-1 eV) compared to the linear orientation
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5. Summary and conclusion

with an adsorption energy in the range of -0.3 to -0.6 eV. The tridentate carbonate
configuration is mainly stabilized due to the additional interaction with the neighbor-
ing cationic sites facilitating a charge transfer and decrease in the O-C-O bond angle.
Significant surface relaxation was observed. On the contrary, in the linear orientation,
relatively low charge transfer at the interface leads to weaker interactions. The CO,
interaction on the hydroxylated surfaces shows a weaker molecule surface interaction
and the stabilization of the CO; is mainly through the electrostatic interactions with the
surface hydroxyl groups. Furthermore, the CO; vibrational frequency was seen to be
red-shifted for tridentate carbonate configuration while it blue-shifted when oriented in
a linear configuration. The vibrational frequency shift on the fully hydroxylated surface
was slightly blue-shifted and was in good agreement with the IRRAS experimental
results.

Lastly. a systematic investigation was carried out for single Pt atom adsorption on
the water-free (6[H,0]=0) and the fully hydroxylated (6[Al(OH);]=1) surfaces. The
structural analysis of the Pt/Al,O5; system shows that Pt prefers to bind on the anionic
O?” sites with an adsorption energy of -2.9- -2.6 eV on the [H,0]=0 surface and -2.14-
-1.8 eV on the 0[Al(OH);]=1 surface. Pt adsorption on the [H,O]=0 surface leads to
a high surface deformation due to the additional interaction with the surface cationic
site and metal-to-surface charge transfer. Negligible surface relaxation was seen on the
O[Al(OH);]=1 surface indicating that hydroxyl groups stabilize the surface significantly.
On the hydroxylated surface, negligible charge transfer takes place from the surface
to the metal atom. Further CO interaction with the Pt/6[H,0]=0 and Pt/0[Al(OH);]=1
surfaces show that CO prefers to bind on top of the Pt atom in linear configuration.
Strong CO binding was seen on the Pt/0[Al(OH);]=1 surface due to the significant
charge transfer via o-donation from CO to Pt and z-backdonation from Pt to CO. The
CO vibrational frequencies were seen to be red-shifted on both the surfaces compared
to CO(y). The obtained results were in good agreement with the experimental results.

In summary, this thesis provided a fundamental understanding of different aspects related
to the individual components of the heterogeneous catalytic system utilizing a quantum
chemical approach. The effect of hydrogen interaction on the Pt cluster structure, the
influence of surface hydroxylation on molecular adsorption, the interface interactions,
and the anchoring sites have been successfully studied via density functional theory
along with the embedded cluster model. This facilitated a systematic study and to predict
the structural and electronic properties at different levels of theory.
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A. Appendix

A.1. Appendix for Chapter 3.1

Figure A.1.1.: The higher lying Pt;D,; isomers optimized using TPSS/dhf-TZVP-2c.
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A. Appendix

Table A.1.1.: Relative energies (eV) and profile factors (R,,) of Pt;D;; isomers computed using
TPSS/dhf-TZVP-2c.

Isomer | Relative energy (eV) | R, (%)
1 0 5.25
2 0.08 4.73
3 0.14 4.54
4 0.17 2.69
5 0.17 4.68
6 0.23 3.74
7 0.46 4.63

Table A.1.2.: Relative energies (eV) and profile factors (R,,) of Pt;D;, isomers computed using
TPSS/dhf-TZVP-2c.

Isomer | Relative energy (eV) | R, (%)
1 0 4.11
2 0.17 4.263
3 0.36 10.53
4 0.37 6.79
5 0.38 5.03
6 0.39 4.79
7 0.41 2.61
8 0.42 6.23
9 0.84 10.98
10 1.27 6.53
11 1.33 17.37
12 1.46 5.49
13 1.52 23.75
14 1.55 10.27
15 1.59 11.41
16 1.59 11.41
17 1.99 10.84
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A.1. Appendix for Chapter 3.1

(16) (17)

Figure A.1.2.: The higher lying Pt,D,; isomers optimized using TPSS/dhf-TZVP-2c.
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A. Appendix

(16)

Figure A.1.3.: The higher lying Pt,D,, isomers optimized using TPSS/dhf-TZVP-2c.
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A.1. Appendix for Chapter 3.1

Table A.1.3.: Relative energies (eV) and profile factors (R,,) of Pt;D;, isomers computed using
TPSS/dhf-TZVP-2c.

Isomers | Relative energy (eV) | R, (%)
1 0 10.78
2 0.04 2.98
3 0.28 6.46
4 0.32 2.98
5 0.32 2.97
6 0.32 2.97
7 0.49 18.92
8 0.51 5.82
9 0.51 21.43
10 0.54 3.4
11 0.56 6.64
12 0.56 6.64
13 0.58 23.75
14 0.73 3.1
15 1.06 4.06
16 1.06 4.04

Table A.1.4.: Relative energies (eV) and profile factors (R,,) of PtyD;, isomers computed using
TPSS/dhf-TZVP-2c.

Isomer | Relative energy (eV) | R, (%)
1 0 13.24
2 0.19 5.46
3 0.3 6.44
4 0.16 12.98
5 0.29 14.88
6 0.42 8.18
7 0.44 9.6
8 0.45 31.83
9 0.76 7.71
10 1.08 8.19
11 1.08 12.32
12 1.31 7.89
13 1.36 12.51
14 1.45 9.8
15 1.58 14.06
16 1.79 18.52
17 1.93 16.89
18 2.02 6.54
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A. Appendix

Figure A.1.4.: The higher lying Pt;D,; isomers optimized using TPSS/dhf-TZVP-2c.
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A.1. Appendix for Chapter 3.1

Figure A.1.5.: The higher lying PtyD,; isomers optimized using TPSS/dhf-TZVP-2c.

105



A. Appendix

Table A.1.5.: Relative energies (eV) and profile factors (R,,) of Pt;D g isomers computed using
TPSS/dhf-TZVP-2c.

Isomer | Relative energy (eV) | R,, (%)
1 0 4.5
2 0.41 31
3 0.11 5.02
4 0.25 5.67
5 0.31 22.65
6 0.32 4.15
7 0.34 3.79
8 0.34 3.81
9 0.34 3.8
10 0.34 3.8
11 0.45 4.49
12 0.58 5.17
13 0.66 6.34
14 0.66 6.33
15 0.75 14.57
16 1.08 7.42
17 1.16 10.33
18 1.32 6.35
19 1.56 4.12
20 1.67 10.8

Table A.1.6.: Relative energies (eV) and profile factors (R,,) of Pt;(D,, isomers computed using
TPSS/dhf-TZVP-2c.

Isomer | Relative energy (eV) | R, (%)
1 0 3.52
2 1.12 25.58
3 0.15 3.59
4 0.15 3.59
5 0.55 4.63
6 0.91 3.54
7 1.15 23.28
8 1.17 11.24
9 1.21 12.8
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A.1. Appendix for Chapter 3.1

Figure A.1.6.: The higher lying Pt, D, isomers optimized using TPSS/dhf-TZVP-2c.

Table A.1.7.: Relative energies (eV) and profile factors (R,,) of Pt;;D,, isomers computed using

TPSS/dhf-TZVP-2c.

Isomer | Relative energy (eV) | Ry, (%)
1 0 18.53
2 0.03 7.24
3 0.29 7.91
4 0.37 6.96
5 0.43 9.2
6 0.7 8.69
7 0.78 7.82
8 0.83 11.09
9 0.91 9.74
10 0.93 5.68
11 1.18 10.95
12 1.36 15.53
13 2.51 9.79
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A. Appendix

(11)

(10)

9)

Figure A.1.7.: The higher lying Pt,;D,, isomers optimized using TPSS/dhf-TZVP-2c.
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A.1. Appendix for Chapter 3.1

Figure A.1.8.: The higher lying Pt;3D,, isomer 2 optimized using TPSS/dhf-TZVP-2c.

Table A.1.8.: Relative energies (eV) and profile factors (R,,) of Pt;3D,¢ isomers computed using

TPSS/dhf-TZVP-2c.

Isomer
1

O 00 NI N U o WD

—_
(e

Relative energy (eV)
0
0.42
0.86
0.24
0.5
0.56
0.68
1.04
1.47
2.26

Ry, (%)
4.5
3.7
6.4
4.5
3.98
4.34
3.93
5.95
6.57
6.13
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A. Appendix

Table A.1.9.: Relative energies (eV) and profile factors (R,,) of Pt;3D,5 1 isomers computed using
TPSS/dhf-TZVP-2c.

Isomer | Relative energy (eV) | R, (%)
1 0 4.52
1-1 0.32 4.14
1-3 0.34 3.95
1-4 0.46 3.91
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A.2. Appendix for Chapter 3.2

A.2. Appendix for Chapter 3.2

Figure A.2.1.: The higher lying Pt;,D,, isomer 2 optimized using TPSS/dhf-TZVP-2c.
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A. Appendix

Table A.2.1.: Relative electronic energies E (TPSS/def2-TZVP) and profile factors (R,,) of the
different configurations generated using isomer 2 core structure.(Reproduced under terms of the
CC-BY license.[90] (2024), Siddhi Gojare, Dr. Dennis Bumiiller, Dr. Stephan Kohaut, Manuel Kraft,
Prof.Dr. Ulrich Heiz, Prof.Dr. Manfred M. Kappes, Prof.Dr. Karin Fink, PD Dr. Detlef Schooss,
ChemPhysChem)

Isomer | E/eV | Ry, %

2 0 12
2-1 0.4 12
2-2 0.46 11
2-3 0.54 12
2-4 0.55 10
2-5 0.6 13
2-6 0.6 11
2-7 0.54 13
2-8 0.77 14
2-9 0.54 11
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