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LA RELIQUIA.

L’UNIVERS VIBRATORI.

“La vibracié de I'univers és la que dota de massa a la matéria,
és la que li déna consisténcia a 'univers esmentat. De la mateixa
manera que podem convertir la matéria en energia, si fem vibrar
I'energia en la forma adequada, podem crear les particules que de-
sitgem. L’univers és com un immens estany, un estany sobre el qual
cau una fina pluja i els plegaments de 'aigua, les ones sén el que
percibim com a matéria; perd una observacié més detallada també
ens mostra que tot 'estany és format per la mateixa matéria, encara
que en algunes zones no hi hagi ondulacions, segueix éssent part de

Pestany.”

Francisco Angulo Lafuente
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Chapter 1

Introduction

In this introductory chapter we want to explain the reasons for the research
presented in this thesis. Processes on metal surfaces are of great importance,
not only for the industry, but also for the daily life. Therefore, it is interesting to
increase the knowledge of the molecular processes on the surfaces: Physisorption,
chemisorption, diffusion, isomerisation, oxidation and reduction reactions... all
of them are possible steps in the reactions of molecules on metals.

In particular, in this thesis we focus on organic molecules. Structures, vi-
brational and electronic spectra and the reaction profiles are of great importance
to understand how processes take place in the macroscopic world from the mi-
croscopic point of view. Computational chemistry can be an important support
for the experimental researchers, who normally cannot work at molecular level.

Moreover, in this thesis has not only been tackled the heterogeneous catalysis,
which is the most commonly studied surface chemistry, but we also have tackled

the study of metallic supports for organic molecular materials (OMM).

20
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1.1 Importance of the surface science.

Nowadays processes on surfaces are unconsciously used for million of people in
the world: in the chemical industry, in the cars, in a simple bike, in your room
and in the computer I am using to write this thesis.

Lots of efforts in the research of surface science have made their way towards
the heterogeneous catalysis, because of importance in industrial processes. Most
important industrial reactions that heterogeneous catalysts carry out are pre-
sented in table 1.1. We can see in that table most of the actual chemical products
are yielded by heterogeneous catalysts, and without them our society would not
have reached the present standard of life. In this table are presented appli-
cations we use everyday. For example, all current cars wear catalysts in the
exhaust pipe to reduce their polluting emissions. This catalyst is known as the
threeway catalyst and it is a mixture of platinum, rhodium and palladium [51].

In spite of being less selective for a concret reaction than the homogeneous
catalysts, surfaces are used at industry because of the facility to separate the
final products (normally gas or liquid phase) from the catalysts (normally solid
phase). One example of this is the Haber-Bosch process, where Ny and Hy react
to yield NH3 on iron, or the Fischer-Tropsch reaction, where Hy and CO react
to yield methanol or other hydrocarbons on some metallic oxides.

But surface science is not only heterogeneous catalysis [115]. The world
of microtechnolgy and nanotechnology has become of particular interest in the
last decades. This is of crucial importance for the computer science developing,
because the dimensions of chips is everyday smaller, so the properties at molec-
ular scale become everyday more important. Devices such as a single-electron
transistor have been built, which is ruled by quantum mechanical effects.

Finally, other very important events (which will not be treated in this thesis)
are in the field of surface science: corrosion, adhesion, tribiology, electrochemical

reactions...

1.2 Experimental techniques in the surface sci-

ence.

The knowledge of the behaviour of adsorbed molecules on a surface has a crucial
relevance to understand how a process takes place on the surface. In table 1.2

some experimental techniques that allow surface scientists to study the surfaces
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Table 1.1: Developement of important industrial catalytic reactions.
Year Process / Reaction Catalysts Area of interest
1875 Sulfuric acid: SOz + 1/202 — SOg Pt, V205 Chemicals
1903 Nitric acid: 2NHg + 1/202, — 2NO Pt gauze Chemicals
+ 3H2O
1913 Ammonia synthesis: No + 3Hs — Fe/Al,03/K20 Chemicals,
2NH3 fertilizers
1923 Methanol synthesis: CO + 2Hy — CuZnO Chemiclas
CH2OH
1930 Fischer-Tropsch: CO + 2Hs — Fe/K/CuO, Petroleous
C1-Csp HCs Co/Kieselguhr
1920-40 Hydrogenation reactions Ni/Kisieselguhr, Petrochemicals,
Raney foods
1936-42 Catalytic cracking: Cg0-C39 — Si02-Al2 03 Petroleum
Cg-C16 HCs
1937 Ethene oxidation: CoHy + Og — Ag/Al>O3 Chemicals
CoH40
1942 Paraffin alkylation: C3Hg + C4Hio H>SO4, HF Petroleum
— Cr7Hie
1938-46 Oxo process: alekene + CO/Hs — Co carbonyls Chemicals
aldehydes (homogeneous)
1950 Catalytic naphta reforming Pt/Al2O3 Petroleum
1955 Stereopecific polymerization: TiCls/Al(R)3 Chemicals
n(C2Hy) — polyethylene
1960 Wacker process: CoHy + HoO — PdCls Chemicals
CH2CHO (homogeneous)
1963 Ammoxidation: C3Hg + NHg -+ Bismuth Chemicals
3/205 — CHo=CHCN phosphomolybdate
Sb/U oxide
1964-68 Zeolitic catalytic cracking Exchanged X, Y Petroleum
zeolites
1967 Multimetallic reforming Pt-Re, Pt-Ir-Cu Petroleum
1960s Hydrodesulphurization: R-S + 2Hs CoMo/Al; O3 Petroleum
— HoS + RHs
1976, 1981 Auto emissions control: CO and CH Pt, Pd/Al;Og3, Automotive
oxidation, NO reduction Rh/Al;O3 environmental
control
1980-95 Selective catalytic reduction of NO: VO« TiO3, zeolites Enviromental
4NHsz + 4 NO + O2— 4Ny + 6H20 control
1980-95 Shape selective reactions New zeolites, e.g. Petrochemicals

ZSM-5
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Table 1.2: Experimental techniques used in surface science.
Type Acronym Name Obtained
information
S ing Prob S ing t 11
cannlng robe STM canm‘ng unnelling Surface images
techniques microscopy
AFM Atomic force microscopy Surface images
Electro Low-ene electro
. r.n LEED W n '8y . ron Structure of the
diffraction diffraction
surface
Elect X- hotoelect
ectron XPS ray Photoeiection Determination of
spectroscopy spectroscopy
elements
UPS Ultraviolettphotoelectron Bonding
spectrosco
P Py adsorbate-surface
PM Photoelectron microscopy Surface images
Near-edge x-ray absorption
NEXAFS 8¢ xray P Structure of the
fine structure
adsorbate
Vibrational Reflection-ab: ti
ibrationa RAIRS : eflection-absorption Adsorbate
spectroscopy infrared spectroscopy . .
vibrations
Elect 1
EELS eetron Cnergy 1058 Adsorbate
spectroscopy . .
vibrations
T t T t d
empeﬁa ure TPD emperature pr.ogramme Adsorption energies
technique desorption

and their adsorbed molecules. Some of them provide information mainly about
surface (LEED), some of them about adsorbate (RAIRS) and some of them
about the surface and the adsorbate (STM).

Some of these techniques have been used during decades, like TPD, because
of the simple instruments. Other, like AFM or STM have been developed in
the last decades, being very sophisticated devices. We cannot say that new
techniques have displaced the existing ones, but they are complementary.

In this thesis two of them have been taken into account: RAIRS and NEX-
AF'S spectroscopy.

RAIR spectroscopy has been used for more than 50 years and it has been one
of the most powerful surface techniques. This is a non-destructive technique,
with a non-expensive device, and its response is very sensitive to the structure
of the adsorbed molecule. Moreover, usually organic molecules are function-
alised, and these groups (C=0, N—H, O—H, C=N...) are highly sensitive to IR

spectroscopy.
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On the other hand, NEXAFS spectroscopy is a powerful, non-destructive
technique, but its work conditions, in ultra high vacuum (UHV) and the photons
source used are difficult to be obtained. Although these inconvenients, the
development of new syncrothons has allowed to obtain photons beams that are
suitable for this technique. NEXAFS spectroscopy is highly sensitive to the
adsorption mode of the molecule and its chemical environment. It has been
applied to C atoms, O atoms...

Although the power of these techniques, their results depend on the capa-
bility of experimentalists to assign and resolve their spectra. The theoretical
simulation of these spectra can be a great help for the assignation of the bands

and the interpretation of the results.

1.3 The title of this thesis.

In most thesis and books there is no section explaining the reasons why its own
title has been chosen. In this case we have decided to make this section because
the title of one thesis is its most visible part. It contains the essence of the work
made.

The first part of the title is autoexplanatory: We have focused on the study of
adsorbed organic molecules on metal surfaces. In one case the organic molecule
is a pure hydrocarbon (i.e. only C and H atoms are present) and in the other
organic molecule some S-containing functional groups appear. In all cases the
adsorption is carried out on metals, because of the experience of our group on
these systems.

An important information must be commented to understand the second
part of the title: during the calculation period of this thesis no experimental
information about the studied systems was available; only at the final part of this
work, experimental data about a particular system (TTF adsorbed on Ag(110),
see chapter 3) was obtained. This is the reason why in the title of this thesis
appears the verb “forecast”. We have been capable of predicting (forecasting)
the geometrical structures, RAIR and NEXAFS spectra of adsorbed molecules

on several metals with no previous experimental information.

1.4 Division of this thesis.

This thesis is outlined as follows:
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In this chapter (chapter 1) we present the thesis, the reasons why every
system is studied and the objectives we want to reach at the final of this

work.

Chapter 2 is a summary of the models and methods used for calculations

and their foundations.

In chapter 3 results for the study of the adsorption of tetraselenafulvalene
(TTF, CgH4S4) and tetraselenafulvalene (TSF, CgHySes) on metal sup-
ports are presented. These molecules belong to the family of precursors

for organic molecular materials (OMM).

The results for the adsorption of CHCHCHs and CHCCH, are presented
in chapters 4, 5 and 6:

— The thermodynamic aspects of the adsorption of CHCHCH, on sev-

eral metals are presented in chapter 4.

— In chapter 5 we go beyond, and the kinetic aspects are presented. One
new specie (CHCCHy) is important in order to explain the reaction
on Cu(111).

— The collaboration with Pr. Klaus Hermann has allowed us to study
NEXAFS spectra of propyne and CHCHCHs on Cu(111). Results

are presented in chapter 6.

e As the closing point of this thesis, a final summary and conclusions are

presented chapter 7.

Now we want to present in more detail the central chapters of this thesis, where

results for calculations are shown.

1.4.1 Organic molecular materials: TTF and TSF.

An organic molecular material (OMM) is that material of organic base, whose
compounds have weak interactions among them (Van der Waals, hydrogen
bonds...). Although most OMMs are insulators, 30 years ago were discovered
some materials that had properties not typical for organic materials.

In 1973 the first OMM with special features was synthesised: (TTF);-TCNQ
[156] (TCNQ: tetracyanoquinodimethane, C12H4Ny4). This is a charge transfer
salt (exist a charge donor (TTF) and a charge acceptor (TCNQ)) and it presents
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metallic properties: conductivity. From that moment, more and more OMM
have been synthesised with better properties than this salt (and not only charge
transfer salt, but also metallic properties have been discovered in polymers and
fullerens).

The disposition of the charge donor and the acceptor, the way they pile
up and their interactions determine the charge transfer and their electric and
magnetic properties. The overlapping of 7 orbitals in the direction of the piling
leads to the charge transfer from cation’s HOMO to anion’s LUMO. If the
overlapping is only made in one direction, the material is anisotropic in that
direction. In the case of (TTF),-TCNQ, TCNQ is reduced in form of TCNQ"
and TTF is TTF "% and they pile up in a segregated way [157]. As these salts
lie on supports, it is important to know the possible interaction between the
support or substrate (metal) and the salt.

(TTF)2-TCNQ was the first charge transfer material with metalic prop-
erties, but nowadays new materials have been synthesised. (TMTSF);PFg
(tetramethyl-tetraselenafulvalene) was the first salt with superconductivity prop-
erties [158, 159]. It has been discovered that the responsible of superconduc-
tivity is the cationic part of this salt. Another important cation is BEDT-
TTF (bis(etilenditio)-tetrathiafulvalene) because it presents metallic behaviour
at normal temperatures. Nowadays, the efforts go to way of finding new material
with higher T..

It has been commented these materials are prepared on supports, it is in-
teresting to study how is the interaction between the salt and the substrate.
When the interaction substrate-adsorbent is strong, the metal and the molecu-
lar structure of the salts must clash, otherwise, if the interaction is weak, the
growth order of the salt is a long-range effect [160].

Finally, OMM have a wide range of applications in industry:

e Electric switches and memory devices: It has been observed the pho-
toinduced switching between two metastable states in thin films of Cu-
TCNQ [161]. BBDN-TCNQ (BBDN: bis(2-butene-2,3-dithia(2-s,s’)nickel)
presents bistable electronic states with a switching time of 100 ns, which

makes it applicable for ROM memories [162].

e Electric capacitors: MnO5 could be substituted in capacitors by some salts

with better properties [163].

o FET (field-electron transistor) and MIS (metal-insulator-semiconductor)
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devices: The photoelectric and rectifying behaviour of some compounds
makes them suitable for Schottky barriers. Though most of organic semi-
conductors are of type p, some of type n have been studied and they can

be an alternative to the classical inorganic systems [164, 165].

So, the objective in this part of the thesis will be the study of the interaction
between an organic charge donor (in this case will be simplest ones: TTF and
TSF) with the metallic supports ((110) surface of Ag and Au ).

1.4.2 Studying the intermediates of a heterogeneous catal-
ysis reaction: presenting CHCHCH, and CHCCH,.

Heterogeneous catalysis is a key step in the industry, as commented in previous
sections. Several processes involve organic molecules and metal surfaces. To
understand the global reaction it is interesting to know what happens in the
microscopic scale.

For example, one specie used in welding and cutting in industrial processes
is ethyne (also called acetylene). But it cannot be transported as other gases
(for example Ns) at high pressures in one cylinder, because it reacts and can
explode. To transport it, two safe alternatives exist: it can be dissolved into an
acetone solution, or it can be adsorbed in a porous material (Agamassan). On
the other hand, if acetylene is put into contact with metal surface, as Cu(111) or
Pd(111) [166], it does not become more stable but it dimerises forming benzene.

The next alkyne in size is propyne. It is also used in welding and cutting
processes, but there is an important difference respect to ethyne: when it is
compressed it does not explode, making safer its transport and use. Moreover,
the behaviour on the metal surfaces above described for ethyne is not the same
in the case of propyne. Whereas on Pd(111) it trimerises and yields trimethyl-
benzene [99], on Cu(111) it dimerises and yields benzene [101]. The difference
in reactivity was studied and one reaction intermediate was proposed for the
dimerisation: CHCHCH;, [90].

In order to check the effect of the theoretical approach, we summarize
the more relevant results obtained with the cluster model in reference [90] for
CHCHCH; intermediate, although those calculations were performed with the
B3LYP density functional (different to the one we use). It was used a Cuay
cluster model of two layers, centred on a hcp-site. The proposed structure was
a CHCHCH, cis-like structure with the plane of carbon atoms almost perpen-
dicular to the surface. The C1-C2 and C2—C3 distances were 1.36 and 1.51
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A, respectively (see figure 4.3). The C—C—C angle was 125°. Both C1 and
C3 were interacting with the surface, indicating a structure that resembles a
1,3-diradical-like structure more than a carbene one. C1 atom was located on
the neighbour fcc site, but the whole molecule did not keep the molecular plane
respect to the central hcp-site, i.e. the system lost the Cg symmetry plane,
although the C—C—C plane was almost perpendicular to the surface. All hy-
drogen atoms were placed towards the vacuum, so they did not exhibite any
interaction with the surface. The interaction energy with the surface was large,
-261 kJ-mol !, and the interaction energy with respect to gas-phase propyne and
the cluster model was -43 kJ-mol-!. Therefore, it could be derived the possibil-
ity of a spontaneous isomerization of propyne to adsorbed CHCHCH, isomer at
finite temperatures.

In this part of the thesis we want to study the adsorption of these intermedi-
ate on those metal (Cu and Pd) and Pt(111) and Rh(111) [104, 105], where Pr
decomposes. During the calculation process we also found another important
intermediate for this reaction: CHCCHjy, which has been studied on Cu(111).

1.5 Objectives of this thesis.

The aim of this thesis is to study the structure, reactivity and spectra of sev-
eral organic molecules on metal surfaces using the periodical density functional
methodology. We have studied three different systems: TTF and TSF adsorbed
on the (110) surface of metal substrates (Ag and Au); CHCHCH; on the (111)
surface of Cu, Pt, Pd, and Rh (where Pr reacts and CHCHCHj, is its isomer);
and finally the dehydrogenated product of Pr, CHCCHj; on the (111) surface of
Cu.

So, the general objectives of this work are:

e To study the interaction between the adsorbate and the metal. To es-
tablish the adsorption modes, the adsorption energies and the adsorption

geometries.

e To characterise all obtained structures are minima or saddle points us-
ing the vibrational frequencies. To simulate the RAIR spectra for those
structures that are minima and assignate their bands. To determine the
fingerprints for every structure. To apply ZPE corrections on adsorption

energies.
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e To simulate the reactions profiles. To determine the transition states that
connect different minima. To try to find out which factors control the

reaction process.

e To simulate NEXAFS spectra for gas phase and adsorbed molecules.

In the next chapters, the presented results try to reach the general objectives
of this thesis.
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Chapter 2

Methods and models of

calculation.

In this chapter we make a look to the theoretical methods and the surface models
that are used in this thesis.

All calculations methods used in this thesis are based in the quantum chem-
istry, where the well-known Schrédinger equation is tried to be solved in the frame
of some approaches. In this thesis we have used the density functional theory
(DFT), where the Schridinger equation is solved from the electronic density of
the system. DFT has demonstrated to be a reliable and low-time consuming
method, which is suitable for surfaces.

Surfaces can be modelled in two different ways. The first one is the cluster
model, were a small piece of the surface is modelled as an isolated system of
a finite number of atoms (so this model works relatively well for low-coverage
systems, where interactions are small). The other model is the slab model,
where an unit cell is periodically reproduced in the 3-D space in order to obtain
the lateral interactions of the adjacent molecules.

Most calculations carried out in this thesis have been made with the slab
model using the VASP code. This method uses plane-waves as the basis for the
electronic expansion, which makes the system to be periodic. This modelling way
has demonstrated to evaluate properly the adsorption energies, the adsorption
geometries, the coverage effects and the vibrational frequencies of adsorbates on
metal surfaces.

On the other hand, the cluster calculation is a local calculation, where the

30
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orbitals are centred in the atoms of the calculation. This local nature allowed us

to simulate a type of electronic spectroscopy: NEXAFS.
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2.1 Quantum chemistry and the Schrodinger equa-

tion.

In the last years of the XIXth century and in the beginning of the XXth, lots of
new experiments were carried out that could not be explained by the classical

mechanical laws. Some examples were:

e The radiation of a black body: A black body is an object capable of

absorbing and emitting all frequencies of a radiation in a uniform way.

e The dispersion of alpha particles through a metallic film: In 1909 Ruther-
ford, Geiger and Marsden bombarded a metallic film with alpha particles

beam. Some of these alpha particles were reflected or dispersed.

e The atomic and molecular spectra: This is a clear quantum effect. The
energy in a spectrum is absorbed or emitted at some concrete energies and

it is not a continuous band.

A new generation of physics was ready to start explaining all these phenomena.
Among them, Albert Einstein, Max Planck, Mr. and Ms. Curie, Ludwig Boltz-
man, Robert Oppenheimer, Paul Dirac, Enrico Fermi... and Erwin Schrédinger.

He proposed the well-known time-independent Scrédinger equation [1]:
0o (a,ﬁl, S ,Fn,ﬁn) —EU (a,R’h . ,Fn,ﬁn) (2.1)

This equation depends on the position of each nucleus, on the position of
each electron, and their derivatives. This makes this equation to be extremely
difficult to be solved.

The first approximation is the Born-Oppenheimer’s [2] one. It is demon-
strated that nuclei move so slow in comparison with electrons, that their move-
ment can be neglected. This makes the equation easier to be solved, because
nuclei are frozen, and the number of freedom degrees are decreased in a huge
amount. But, even for the smallest polielectronic atoms and molecules, this
equation is impossible to be solved, because the potential interaction between
two electrons (V) is difficult to be evaluated, and other approximations are
required. These approximations try to solve this electron-electron interaction,
and results depend on the capability of this approximation to describe each term
[3, 4, 122]. As all performed calculations in this thesis were carried out in the

frame of density functional theory (DFT), I will focus in the description of this
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methodology instead of all methods |3, 122] developed to solve the Schrodinger

equation.

2.2 DFT

To solve the Schrédinger equation, one could use wave-function based methods.
Although these methods have been demonstrated to be powerful, sometimes
they are too expensive and are limited to small or medium size systems. There
is an alternative to the wave-function methods: DFT [28, 29], which is based
on the electronic density of the system.

In 1964 Hohenberg and Kohn demonstrated that for every chemical system,
its energy was a function of its electronic density. Two theorems were enunciated
[5, 6]:

“Any observable magnitude of a stationary non-degenerated ground-
state can be calculated exactly from its electronic density.”

“The electronic density of a stationary non-degenerated ground-
state can be calculated exactly determining the density that min-

imises the energy of the ground-state. “

That allowed them reconstruct the Schrodinger equation, and express the energy

of the system as a function of the electronic density [4]:

E (p)=T(p)+V (p) +Wcr (p) + Wner (p) (2.2)

where T is the kinetic energy, V is the nucleus-electron potential, W is the
coulombic (CL) and non-coulombic (NCL) electron-electron potential and p is
the electronic density. This energy must be minimised, and the expression found
- 5E, () 5Fux (p)
v (P HK \p
p= Ty () g )

op (7) op (7)

Frr (p) =T (p) + Wer (p) + We (p) (2.4)

(2.3)

2.2.1 Kohn Sham equation

Expression 2.3 is known as the fundamental density equation and allows us to
minimise the energy and to find the electronic density of the system. Here two

problems are presented. We do not know the exact expression of T and W.
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The first problem was solved by Khon and Sham in 1965 [7]. It is easy to
calculate the kinetic energy from the wave function. So they proposed to use
a reference system of N electrons that interact with an external potential V.
This external potential has a special property, the electrons in our Ve create
a potential that has the same density as the real system. In this system the
electrons do not interact among them but interact with the nuclei. In these

terms the energy minimised is:

SE, (p) _ T, (p) p(72)
GERRTG +/

The problem is that the kinetic energy of this reference system Ts(p) and the

. 0Exc
d Vew — = 2.5
T12 ot () + dp (7) : ( )

real T(p) are not the same. The difference of this expression and the energy of
columbic repulsion are joined in one only term, this is the correlation-exchange
energy (Exc).

Exc include all terms that are not easily calculated like exchange energy,
correlation energy, the difference of the kinetic energies and the correction of

the auto-interaction. It makes the equation to be:

. . 1
hisi = eii; hiks = —3 V2 +Vers (7) (2.6)

These equations are very similar to the Hartree-Fock (HF) equations, and
they are called the Kohn-Sham (KS) equations. Like in HF method, this equa-
tion is solved iteratively. From these equations we can calculate KS orbitals.
These orbitals and their energies have not a real physical sense, because these
orbitals come from the calculation of an external potential were the particles
are non-interacting among them.

Another important difference between DFT and the wave-function based
methods (for instance HF method), is that for DFT we use an approximated
Hamiltonian, but the electronic density for this system is exact. On the other
hand, for HF the Hamiltonian is exact, but the wave function is an approximated

solution.

2.2.2 Exchange-correlation potential

Now the problem is to calculate the part of the energy that comes from the
exchange-correlation potential. Three kind of methods are used to evaluate this

term: Local density approximation (LDA), gradient generalised approximation
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(GGA) and hybrid functionals.

2.2.2.1 LDA

Local density approximation was the first way (and the easiest one nowadays) to
evaluate the exchange-correlation energy. In this approximation the exchange-
correlation energy is evaluated as a function of an uniform gas of electrons. For
the exchange part, the model of a homogeneous, constant density gas gives an

expression for the energy [4, 5]:

1
9 3\3 1,
5 ) = o () [otar (27)

For the exchange part, several possibilities are available. The most famous
one is that one, that Vosko, Wilk and Nusair (VWN) [8] developed interpolating
a sample of correlation energies values obtained from Monte-Carlo calculations.

The most surprising characteristic of this method are the good results ob-
tained using a very simple model of calculation, because this model does not
evaluate accurately the exchange-correlation hole. In special, it works extremely
well for systems where the density remains constant, like metals. Geometries,
vibrational frequencies and charge densities are very good, but binding energies
trend to be too high.

For open shell calculations, the alpha and beta densities must be treated
independently and local spin density approximation (LSDA) is used to evaluate

independently the alpha and beta equations, like in unrestricted HF calculations.

2.2.2.2 GGA

In LDA the effects of exchange-correlation are local and depend only on the value
of the electronic density of a point. The next step is to introduce gradients of
the density in the description of the effects of exchange-correlation. This makes
that the exchange-correlation potential not only depends on the value of the

density on a point, but also how it variates on the near points:

Ve — 3Exc (p) dExc (p)
XC — — ¢ = :

p@® Y 5 (ve ()

Several approximations on the gradient have been implemented, and all of

(2.8)

them give better results for geometries, vibrational frequencies and charge den-

sities than LDA. However, its computational cost is higher. The main reason
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for using GGA is the increase of the quality of binding energies.
Some implemented functionals are [9, 123, 124, 125, 126, 127, 136]:

e Perdew-Wang 86 (PW86)

e Becke-Perdew (BP)

Lee-Yang-Parr (LYP)

e Perdew-Wang 91 (PW91)

Perdew-Burke-Enzerhof (PBE)

Revised Perdew-Burke-Enzerhof (RPBE)

Most of these functionals contain adjusted experimental parameters to adjust
the energies of a series of atoms. The only one that is 100% ab-initio is PW91
functional, which was built using dates of LDA. PBE and RPBE correct PW91
functional to improve results.

In this thesis most of the calculations are made by PW91 functional, which
trends to be a good functional for the description of chemical bonds [34, 137,
106].

2.2.2.3 Hybrid Functionals

Even for GGA, some chemical features are still not well described. For example,
the gap between the bonding band and the conductive band in semiconductors is
too small for GGA calculations. In the case of HF calculations, this gap trends
to be too big. These two results give the idea of mixing these two methods
to improve the quality of the results. The exchange part of the exchange-
correlation potential is in these models the exact exchange of the HF method.
The correlation part comes from the DFT treatment. This makes these methods
to be a hybrid between DFT and HF.

The problem of this method is that HF exchange potential does not take into
account the dynamical correlation, so a new term of dynamical correlation must
be added into the functional, and this is made through the adiabatic connection.

Depending on how this part is treated, some functionals appear [10, 30]:

e B3LYP

e B3PWI1



UNIVERSITAT ROVIRA I VIRGILI
ORGANIC MOLECULES ON METAL SURFACES: FORECASTING STRUCTURES AND SPECTRA

Benjami Martorell Masip

ISBN:978-84-691-9747-9 /DL: T-1259-2008

CHAPTER 2. METHODS AND MODELS OF CALCULATION. 37

These functionals work extremely well for atoms and molecules, but some nu-
merical problems appear for solid state calculation when periodical conditions

are required.

2.3 Surface models.

As commented in the introduction of this chapter, two big surface models exist,
each one with its advantages and disadvantages. In this section we will explain

the features of each one and why they have been chosen for every purpose.

2.3.1 The slab model.

An ideal solid can be observed as the infinite 3-D repetition of a small part
of the global system. For example, the copper bulk (Fm3m structure) is the
infinite repetition in the three space directions of a cube, where Cu atoms are
placed on the vertexes of the cube and on the centre of the cube faces. In this
case, the unit cell would be this cube.

In the case of surfaces, it is desired only the repetition of the unit cell in two
directions of the space, but not in the third one. In order to avoid the problem
of the repetition in the third space direction, one large vacuum region is added
in one of the space directions (normally z-direction). This makes a surface to
be generated, which is repeated infinitely: this is the slab model. The vacuum
region must be large enough to avoid the interaction between consecutive slabs
in z-direction [4, 12, 128]. In figure 2.1 is presented the slab model. The biggest
problem of the slab method is the use of a vacuum region. Unfortunately, plane-
waves have to be combined to simulate no electrons in this vacuum region, and
this makes this method to have a high computational cost. Although being so
time-consuming, this method has demonstrated to give very good results.

The use of repetitive unit cells allows us to evaluate the lateral interactions
and the coverage effects on the system. Omne can choose the unit cell as big
as desired, or even the repetition directions. It makes this method to be so
powerful for surfaces.

With the slab model one can obtain the adsorption energies (E.qs), which
can be calculated as the difference between the energy of total system minus

the energy of the parts that form the system:

Eads = Etotal - (Eslab + Eadsorbate(g.ph.)) (29)
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5 layers vacuum

~10A

(b)

Figure 2.1: a) four-layers slab and vacuum region. b) two possible unit cells, in
black 2x2 unit cell; in blue 3x1/3 unit cell.

2.3.2 The cluster model.

Another strategy to simulate a surface is to use the cluster model. This is a
much simpler method than the slab one. In the cluster model the solid is “cut”
and only a small piece of the total system is used for the calculation. In figure
2.2 a cluster of 59 atoms is presented. In this case, all the surface is reduced to
only two layers, with 29 and 30 atoms each one.

Although the simplicity of this model, the low-coverage systems can be de-
scribed well with this model. This model does not take into account the inter-
action with adjacent molecules, so one could imagine this model to be the limit

of the low-coverage regime.
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Figure 2.2: Cluster of 59 atoms. 29 atoms are in the first layer and 30 in the
second one.

2.4 Slab calculations using VASP.

Vienna Ab-initio Simulation Package (VASP) [11, 19, 22, 130, 131, 132| is a cal-
culation package developed by G. Kresse, J. Furthmiiller and J.Hafner, which
uses DFT for periodical calculations. Due to the periodicity of the ideal solids,
this package is highly efficient for the calculations made in this thesis. Surfaces
are simulated by a slab model, which is repeated in the three dimensions of
the space. VASP allows calculate adsorption energies, equilibrium geometries
of minima and transition states, charge distributions, density of states and pro-
jected density of states (DOS and PDOS), vibrational frequencies and dipolar
moments

In VASP, the Kohn-Sham equations are solved self-consistently with an iter-
ative matrix diagonalisation combined with the Broyden/Pulie [20, 21] mixing
method for charge density. The combination of these two techniques makes the
code very efficient, especially for transition metals, which present a complex
band structure around Fermi level. The algorithms implemented in VASP are
based on a conjugate gradient scheme, the block Davidson scheme or a residual
minimisation scheme (RMM). These algorithms work as follows: First they cal-
culate the electronic ground state for a particular geometry, then they evaluate

the forces of this geometry, and finally predict a new geometry based on these
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forces'. This process is iterative until a convergence parameter is achieved.

Some other algorithms are implemented. Quasi-Newton algorithm allows
calcule saddle points on hypersurface of potential energy. NEB algorithm [26]
and DIMER algorithm [27] are useful to find transition states. Besides, VASP
package permits to evaluate numerically vibrational frequencies using a har-
monic approximation by finite displacements of the atoms of a system. A com-
bination of these algorithms must be used to find good descriptions for the hy-
persurface of potential energy. More information of algorithms used by VASP
is available on references [22, 25, 132].

VASP can use several functionals to evaluate the energy of a system. One can
choose between LDA and several GGA implementations: PW-B, PW, PW91,
PBE, RPBE, LMH.

A special feature of VASP is the use of periodicity. To make easier working
with periodicity, the base functions used by VASP are not the typical one for
chemistry, which are localised on the atoms, but uses plane-waves, that are not
localised on an atom, but they have the periodicity of the supercell used.

VASP code uses pseudopotentials to decrease the number of electrons to
be treated, because it is demonstrated that core electrons do not take part in
chemical bonds. Projector Augmented Wave-functions (PAW) and ultra-soft
(US) pseudopotentials are implemented on VASP package.

2.4.1 Plane-waves and Bloch theorem.

For an ideal surface or solid, the best way to simulate it is to create an unit
cell, which is repeated in two or three dimensions respectively. This is still more
valid for metallic systems, were valence electrons are delocalised and they form
bands. The unit cell is repeated to obtain a perfect periodical system. This
means a translation operator is being used, and this operator must commute

with the Hamiltonian of the system:
[HT} =0 (2.10)

Bloch theorem [14] uses the translational symmetry to reduce the infinite

IThree different algorithms are available in VASP to calculate this new geometry:

1. Quasi-Newton calculation.
2. Conjugated gradients (CG) [32].
3. Damped molecular dynamics (MD).
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i

(a) Plane wave. (b) Plane wavefront.

Figure 2.3: Plane-waves images.

number of the one-electron wave functions to be computed to the number of
electrons in the unit cell. Then the one-electron wave-functions can be expressed
as the product of a cell periodic part and a wave-like part, these are the Bléch
functions.

Bloch functions can be chosen as eigenvectors for the Hamiltonian, and
Schrédinger equation can be solved from the crystalline orbitals. So, eigen-
functions of Hamiltonian will contain the translational symmetry.

The crystalline orbitals can be expanded using a linear combination of base
functions. This expansion can be made with plane-waves. Plane-waves are usual
in physics and in electromagnetism fields. In figure 2.3(a) it is shown a plane-
wave moving with a ¥ velocity and the associated wavefront (b)2. Solid state
physics uses them to simulate the band structure of solids. Every periodical
function can be expanded as an addition of plane-waves, and Bloch functions

are expanded as a linear combination of plane-waves:
v, i (ﬁ) = Zan@,; exp (z (g, —&—E) ﬁ) (2.11)
g

The sum runs over all vectors of the reciprocal space, and the wave vector
determines one point in the first Brillouin zone. The coeflicients of the expansion
trend to zero when the kinetic energy of the plane-waves is high enough. This
makes possible to cut the energy of the plane-waves, and only use a few of them
up to a restricted energy. This makes possible to use a finite base and points to
calculate the system. A negative consequence of this method is that the number

of plane-waves included in every k-point is different. K-points are those points

2These images are taken directly from reference [168]
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in the limit of the Brillouin zone, or alternatively, are the point where one can
reach from the origin of the zone crossing no Bragg planes (first Brillouin zone).
Of course, it is not possible to calculate for every k-point in the Brillouin zone,

but a mesh of k-points can be created and the energy is evaluated on them.

2.4.2 Pseudopotentials. The PAW method

Even using Bléch theorem and calculating only the plane-waves that have up
to a certain kinetic energy, to have a good description of the core electrons of
an atom would be necessary a huge number of plane-waves, being very time
demanding. To solve this problem, pseudopotentials are used.

It is known, core electrons do not take place in chemical bonds, so it is
not necessary to describe them explicitly if we only want to deal with chemical
processes. This justifies the use of the so-called frozen-core electrons approxi-
mation, were core electrons are calculated in a reference configuration and then
remain constant in other calculations. Then, the wavefunctions for valence elec-
trons are substituted by pseudowave functions, which reproduce the energetic
levels obtained by an all-electron calculation. These pseudowave functions are
different from the all-electron wave-functions, because in the inner zone, near
the nucleus, are designed not to have any node. This makes that the number of
plane-waves required decrease in a substantial way.

Several kinds of pseudopotentials are available, like US pseudopotentials [17],
non-conserving pseudopotentials [18]... In this thesis all calculations were made
using PAW pseudopotentials [18, 31].

The PAW pseudopotentials have demonstrated to give high quality results
in solid state chemistry, so we decided to use them, despite being more time-
demanding than other pseudopotentials. The biggest difference between PAW
pseudopotentials and the other ones is that PAW pseudopotentials try to repro-
duce the nodal structure of the zone near the nucleus, so PAW is a frozen-core
method, but it tries to introduce the advantages of all-electron calculations in

this way:

W) = “i’> - Z ‘(ZNSN2> cN,i + Z |on,i) N (2.12)
N,i N,i

This indicates, for the inner zone the pseudowave function is substituted by
the all-electron wave function. For the external zone the pseudofunction is used,
because it is identical to the all-electron wave-function. This makes that quality

of results improve substantially, and the cases where US pseudopotential fail,
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like for first row atoms, in PAW method are very well described.

2.4.3 Vibrational analysis. Selection rules of RAIR spec-

tra.

Vibrational calculations can be made for two purposes: The first one is to ensure
that the optimised stationary point is a minimum on the potential energy surface
(or a transition state if it is desired). The other purpose is to simulate the IR
spectrum to be compared with the experimental one, and to assignate the bands
of the spectra.

It is necessary to remark that vibrational calculations only have sense on
the optimised geometries (the forces or first derivatives of the potential energy
are zero), because vibrational frequencies are related directly with the force
constant, which are the second derivatives of the potential, and mathematical
analysis ensures that a stationary point is a minimum if all second derivatives
are positive (one negative force constant for TS), and for minima the vibrational
frequencies are all real (one imaginary frequency for TS) [25].

To calculate second derivatives of the potential, two mathematical methods
are available: the analytical method and the numerical method. The analytical
method calculates explicitly the second derivative of the potential. VASP does
not work with analytical second derivatives method. The numerical method,
which is used by VASP, takes finite displacements for every Cartesian coordi-
nate, and then evaluates the second derivatives from the variation of the energies
gradients in these displacements. In the harmonic approximation, these dis-
placements have to be big enough to make a substantial variation of the energy
in order to minimise the numerical errors in the calculation of the derivatives,
but they have to be small enough to ensure we are in the harmonic zone. We
have found that displacements of £0.02 A for each cartesian coordinate give
very good results for adsorbed organic molecules. For adsorbates on a surface,
another approximation is made. It is considered that phonons of the surface and
vibrational frequencies of the adsorbate are decoupled. This decreases the num-
ber of steps to calculate and the calculation is faster. When second derivatives

are calculated, the Hessian matrix [24] is created:

a2f 5 f
5w% dx10Ty

Hf(z1,...,2,) = (2.13)
52f 52f
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Once Hessian matrix is created, it is necessary to weight the Hessian up by
the mass. Then, the Hessian matrix is diagonalised. The eigenvalues are the
vibrational frequencies and the eigenvectors are the VNMs of the system [1].

The other aim to calculate vibrational frequencies is the simulation of IR
spectra. Once the intensity is calculated (using equation 2.14), the spectrum
can be convoluted by a lorentzian or gaussian approximation.

In the case of surfaces, RAIR spectrum is the most commonly used technique
[23, 133, 134, 135, 149]. In gas phase, a sample is bombarded by a beam of IR
photons, the photons go through the sample and some of them are absorbed. A
detector in the other side of the sample generates a spectrum of absorvance (or
transmitance). In the case of solids it is not possible because IR beam cannot
pass through the sample. So a reflexion-absorption infra-red spectrum technique
is used. In this technique only the changes in the normal direction (respect to
the surface) of the dipolar moment are active in the RAIR spectrum, so only is
necessary to take into account this directional dipolar moment to simulate the
spectrum.

In order to simulate the RAIR spectra, one new code was developed. The
VASP code computes the dipole moment components at each nuclear configu-
ration used for the construction of the Hessian matrix. Then, the IRIAN code
[121] takes these dipole moment values and estimates the numerical moment
derivatives (9uz/sAr;), on the basis of the atomic cartesian displacements. Fi-
nally, the dynamic dipole moments of the vibrational modes are computed to
estimate the intensities of the RAIR spectra. Moreover, it allows to make iso-
topic substitution. During this thesis, it was also implemented the possibility

of simulating the IR spectrum of gas phase molecules.

2.4.3.1 The Metal Surface Selection Rule.

The Metal Surface Selection Rule (MSSR) states that only those vibrational
modes that significantly change the dipole moment in the direction perpen-
dicular to the surface carry noticeable intensity (it can be directly observed
in equation 2.14). Invoking this affirmation, it is often applied to determine
whether a given bond of any adsorbed molecule is parallel or not to the surface.
If the stretching band of a particular bond is not present on the IR spectrum,
one assumes that this bond lies parallel to the surface, whereas if the band ap-
pears on the spectrum, the bond is perpendicular to the surface. However, this

reading of the MSSR is simple and we will find some examples in this thesis
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that contradict this rule. So, this should be renamed as “reduced-MSSR”.
The intensity of a fundamental band is proportional to the square of the
variation of the dipolar moment in the VNM. VASP does not calculate directly

the intensity of the transitions, but does the dipolar moment:

2
Ik Ops 27 X Py e ] Cror — Py; (2.14)
“\oqr) T\ & ymioar ) K= '

The intensity depends on the mass-weighted normal mode coefficients and
on the dipole moment first derivatives. The z-subindex in the dipolar moment
indicates that the intensity in RAIR spectrum is proportional to the variation
of the dipolar moment in the z-direction (vector perpendicular to the surface
plane).

If one pure A—B bond stretching mode is assumed for a polyatomic molecule
adsorbed on the surface, the expression of the intensity of the vibrational mode
if the A—B is parallel to surface (will be labelled as “h”) or perpendicular to

surface (will be labelled as “v”) is, respectively, as follows:

I(h) = Ch ap,(AzA) — C ', (AxB) (2.15)

I(v) = Cyap,(AzA) — Cp g’ (L2B) (2.16)

From equations 2.15 and 2.16, the condition of an inactive stretching mode

emerges easily:

Ch7A/LIZ(Al‘A) = Ch7B/LIZ(Al‘B) (2.17)

Co,ap(LzA) = Cy pp,(AzB) (2.18)

It is important to note that dipole derivatives can be positive or negatives,
and conditions 2.17 and 2.18 will only be satisfied when both dipole derivatives
will have the same sign (or both have zero value). Obviously, when the centre of
a bond of diatomic homonuclear molecule is placed on the centre of a symmet-
ric active centre, the condition 2.17 will always be satisfied because symmetry
imposes Cj, 4 = Cy. g and p,(AzA) = p,(AxB).

If Cha and Cyp are similar, but u,(AzA) and p,(AzB) have opposite

sign, the corresponding fundamental stretching band will be infrared active,
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and, the more polarised the bond is, the larger its intensity. This is the case of
propyne adsorbed on Cu(111) with its methyl group being deuterated (in order
to decouple the C—C stretching mode from the symmetric CHz deformation)
[96], where the ) (AxC1) is-0.21 e and p,(AxC2) is 0.28 €. When each value is
multiplied by the corresponding mass-weighted normal mode coefficients (both
coefficients have opposite sign and similar values) the square of this sum of
products gives almost the value of the final intensity.

For a bond perpendicular to the surface, symmetry is not able to force a band
to be inactive, as we saw above in the case of a bond parallel to the surface,
neither on the normal mode coefficients nor on the z-dipole derivatives. Cases
where condition 2.18 is satisfied is difficult to be found. Therefore, it is difficult
for a perpendicular bond to satisfy this condition, and it is understandable
that the “reduced-MSSR” assumes a bond perpendicular to the surface to be
IR active. One case where condition 2.18 is accomplished will be presented in
chapter 4, section 4.2.3.2, where vinylcarbene in its Cl-trans structure presents
a perpendicular C—C stretching mode. This is inactive because pu,(AxC2) is
-0.20 € and p,(AzC2) is -0.17 ¢ and coefficients are similar in value but have
different sign, so the intensity of this band will be almost zero.

So only when symmetry restrictions impose that a pure stretching mode
is inactive, it can be predicted without mistake that the corresponding pure

stretching mode will be inactive.

2.4.4 Projected density of states. Bond analysis.

One of the principal aims of computational chemistry is to understand how
chemical bonds are created and how the molecules interact. Density of states
(DOS) is the representation of the number of states occupied in a specified
energy. The problem is that we do not know whom they belong to. This is a
consequence of using plane-waves, that are delocalised and belong to no atom.

This can be solved projecting DOS into the spherical harmonics, which be-
long to each atom. These spherical harmonics orbitals have a specific radius,
called Wigner-Seitz radius. Wigner-Seitz radius depends on the element and
the chemical embedding of every atom.

Projected density of states (PDOS) allows us to analyse the bands implied
in the bonds. Charge transfers, ionic interactions and covalent interactions can

be analysed on the displacement and intensity changes of the bands.
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2.4.5 Computational details.

The results presented in chapters 3, 4 and 5 have been obtained using the VASP
code. It has already been commented how VASP works, so in this section only
the specific computational details for every system will be commented.

The effect of the core electrons on the valence ones is described by the PAW
method. A tight convergence of the plane-wave expansion is obtained with a
cut-off of 500 eV in all cases. The GGA was used with the functional PW91.
In all calculations, the positions of the ions are relaxed by a conjugate-gradient
algorithm or a quasi-newton algorithm until the forces are smaller than 0.02
eV/A. The electronic energy is reached by an iterative self-consistent field (SCF')
method until differences are smaller than 10°% eV. As several unit cells have been

used, different girds of Monkhorst-pack special k-points have been used.

Chapter 3. In this chapter, two different unit cells have been used to re-
produce the Ag(110) and Au(110) surface: 1x4 and 2x4. The k-points grids
used are 12x4x1 and 6x4x1 for both unit cells, respectively. The geometry
optimisation includes all degrees of freedom of the adsorbed molecules and the

uppermost layer of the metal.

Chapters 4 and 5. In these chapters calculations have been performed on
three different unit cells to model the (111) surface of Cu, Pt, Pd, and Rh: 2x2,
3x3, and 4x+v/3. The k-points grids used are 7x7x1 for 2x2 and 3x3 unit
cells and 3x7x1 for 4x+/3 unit cell, respectively. The geometry optimisation
includes all degrees of freedom of the adsorbed molecules and the two uppermost
layers of the metal.

Once the equilibrium geometry of each system is obtained, the vibrational
frequencies and the corresponding normal modes have been calculated using
the harmonic approach. The Hessian matrix elements have been obtained by
numerical differences of the analytical gradients, with +0.02 A displacements
for each atomic cartesian coordinate. In order to simplify the treatment, the
coupling of the molecular vibrations and the surface phonons was neglected.
The IR intensities have been calculated using the IRTAN external code.

The projection of density of states has been carried out for systems of chapter
3. The Wigner-Seitz radii for projections have been reoptimised in order to
obtain the best orbital occupation on each atom. The values for these radii are:
1.70 A for Ag and Au, 1.45 A for S, 1.5 A for Se, 1.05 A for C, and 0.75 A for
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H.

2.5 Cluster calculations using StoBe. NEXAFS

spectra.

StoBe (Stockholm-Berlin acronym) [33] is a code developed by G.M. Pettersson
(Stockholm University, Sweden) and K. Hermann (Fritz-Haber-Institut, Berlin,
Germany) from a version of the DeMon package. StoBe is a code to deal with
very large molecules and surface clusters with specific implementations for inner-
shell spectroscopies and has been used in this thesis to simulate the NEXAFS
spectra.

StoBe works in very different way that VASP does, although it uses DFT
methodology, like VASP. StoBe does not calculate periodical systems, but it
does local calculations (A good comparison of cluster and periodical models can
be found in references [34, 106, 137]). Logically, it does not use plane-wave
basis set, but it is a realisation of the Linear Combination of Gaussian Type
Orbitals to get Molecular Orbitals of the Kohn-Sham DFT equations. NEXAFS

spectrum is a characteristic of the core electrons of an atom.

2.5.1 Core level spectroscopies: NEXAFS spectra.

The reason why X-ray Absorption Spectra (XAS, in particular Near-Edge X-
ray Absorption Fine Structure or NEXAFS) is collected under the name of
core-level spectroscopies is that they involve the creation of a core hole and the
measurement of the transitions from it to higher unoccupied energetic levels.

Due to the localised nature of the core-hole, we are capable of investigat-
ing the local electronic structure around a specific atom in an element-specific
way. It is specially this characteristic, which makes it possible to separate the
contributions of adsorbates from their substrates, that has made this technique
particularly useful in the study of chemo- and physisorbed molecules on surfaces
[35, 138].

The XAS transition is furthermore subjected to the dipole selection rules,
so only transitions between states whose angular momentum differ by one unit
will have non-zero probability (Al = +1); this means that if the initial orbital is
the C 1s orbital, only transitions to orbitals with local p-character are allowed.

In the case of C 1s orbital, the first x-ray absorptions is around 285 eV if double



UNIVERSITAT ROVIRA I VIRGILI
ORGANIC MOLECULES ON METAL SURFACES: FORECASTING STRUCTURES AND SPECTRA

Benjami Martorell Masip

ISBN:978-84-691-9747-9 /DL: T-1259-2008

CHAPTER 2. METHODS AND MODELS OF CALCULATION. 49
Continuum
region -
Unoccupied ™, ' P
states —— -V
A
2s2p 00— T ;o

~
~ o

|

==’ <290 eV

Figure 2.4: Possible electronic transitions of a C 1s electron to higher energetic
levels due to the absorption of a photon.

or triple bonds are present in the system and the ionisation potential (IP) is
around 290 eV [36, 116, 120]. Above IP value, NEXAFS can become a width,
bad-defined spectrum, due to Rydberg orbitals and the continuous states. In
figure 2.4 it can be observed the transition of a C 1s electron to unoccupied

states, under or above the IP of the C 1s electron.

2.5.2 Core electron excitation energies and NEXAFS in-
tensities calculation: Transition potential approxi-

mation.

The first step to calculate the energies of core electrons excitation to molecular
orbitals near IP, is to calculate the geometries of the minima on the potential
hypersurface. The aim of the use of StoBe is not calculating these minima,
but it is to simulate the NEXAFS spectra of the minima obtained by VASP
calculations.

The classical way to calculate the energies of XAS would be the calculation
of the difference of energies between the final and the initial states. The problem
is that a big amount of final states are possible, so the number of calculations
would be enormous. Another problem is mathematical, because of the difficulty
of convergence of a non-ground state configuration in DFT.

The way to avoid these problems is using the Slater’s transition state po-
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tential (TP) [37, 38]. In this approximation an artificial state that is halfway
between the groundstate of an atom or molecule and an excited state. In this ap-
proximation a half core-hole is created in the inner shell of an atom or molecule.
The connection to the orbital binding energy is instead through a derivative of

the total energy with respect to changes in orbital occupation numbers, n;:

_OE
_>5ni

i (2.19)

This transition potential method has been extensively tested and has demon-
strated very good results when they are compared with experiments [36, 116,
120]. In the TP method, the final and initial state contributions are treated in
a balanced manner, and it has been proven by Taylor expansion that the final
state relaxation effects are taken care of up to the second order for occupation
number n;= 0.5.

The DFT TP calculations assume a frozen molecular ion density and thus
neglect electronic relaxation on the molecular ion core upon adding the excited
electron. Therefore, in a second step the excitations energies are reevaluated
by AKohn-Sham (AKS) DFT calculations [40, 141] to obtain more accurate
excitation energies which reflect the correct amount of the electronic relaxation
connected with the excitation process. This process corrects the energies by the
difference of energy between Ionisation Potential (IP) for TP calculation and
the real IP, which is obtained by the difference of energy between the system
and the system without the core electron. Further, the excitation spectrum
is corrected by a rigid shift of 0.2 eV to higher energies to take into account
relativistic effects contributing to core excitation. Recently a review of these
relativistic effects has been published, giving a surprising low-value of only 0.08
eV for C 1s core electrons [41].

Once the transition energies are calculated, for generating a spectrum it is
necessary to calculate the intensities of the transitions. In the dipole approxi-

mation, the intensity of a transition can expressed as [38, 39]:

2 _
Ly = —— (Wi e | ¥y (2:20)
Where p is the sum of the linear momenta of the electrons and € is the
polarisation vector. It is also possible rewrite this formula using the transition
momentum:

2 _
Lip = guwir [(Vial )l (2.21)
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This expression can be simplified when the core-hole is created in the initial
1s orbital, and the final state is an unoccupied state, a Rydberg orbital or the

continuous region:

2
lig = Zwis ({610 ] 1) (222

2.5.3 Computational details.

The StoBe package has been used for calculations in chapter 6. Here we apply
DFT together with the GGA RPBE exchange-correlation functional. All gas
phase molecules and adsorbed propyne have been optimised. In the case of
adsorbed CHCHCH,, it was used the geometry obtained in VASP calculations.
The cluster atoms were kept fixed at the interatomic distance of 2.56 A. A
two-layers cluster of 59 atoms was our surface model (see figure 2.2(b)). The 30
Cu atoms of the second layer and the 15 atoms of the boundary of the first layer
were treated with one-electron electronic core potentials (ECP) describing a Cu
1s-3d core together with appropriate 4s,p valence bases [173]. For the other 14
atoms, which belong to the centre of the first layer, are accounted by all-electron
double-zeta valence plus polarisation (DZVP)-type basis sets [172]. The use of
one-electron ECP for environmental atoms has been tested extensively and it
has been found to permit substantial increase in the size of the cluster without
introducing serious artifacts [36, 116, 120]. For carbon atoms no ECP were
used for ground-state calculations, using an all-electron triple-zeta valence plus
polarisation (TZVP) basis set in a [4s,3p] contraction with one added d and
with one p function and contracted to [3s,1p] for hydrogen atoms [169].

The calculation of carbon core electron excitations were carried out using
the Slater’s transition potential. The orbital basis of the corresponding ion-
isation centre is of all-electron IGLO-III quality [170], yielding an improved
representation of relaxation effects in the inner atomic shells. For the remaining
carbon centres ECPs describing the C 1s core and appropriate valence basis
sets were applied. The use of ECPs simplified the identification of the core hole
orbital while it has only negligible effects on the computed excitation spectrum.
Besides, the calculations of carbon core electron excitations include a large dif-
fuse even-tempered [19s,19p,19d| basis set [171] located at the excitation centre
which accounts for unbound resonance wave functions within the core electron
region.

Then the NEXAFS spectrum was generated by the convolution of all exci-

tations, with a gaussian mode shape. The bandwidth was about 0.8 eV under
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IP and it increased until 5 €V above IP zone.
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Chapter 3

TTF and TSF adsorbed on

metal surfaces.

An example of interaction through lone-

pair electrons.

As it was explained in chapter 1, tetrathiafulvalene (TTF) is the base of a new
generation of materials. Superconductors, semiconductors, molecular switches...
can be obtained from the derivatives of this molecule. So it is very interesting
to know its molecular and electronic structure and how they can change when
derivatives are synthetised.

The aim of this thesis is to study the interaction of different adsorbates on
several surfaces. The special features of TTF induced us to study the interaction
between it and its experimental supports. In the case of TTF and its derivative
tetraselenafulvalene (TSF), it was desired to study their interaction with two
inert substrates: Ag and Au. The first system to study was TTF adsorbed on
Ag(110) surface. The next one was the adsorption of TTF on Au(110) surface,
and finally, to compare with another compound of the same family, we have
studied the adsorption of TSF on Ag(110).

The adsorption energy (E.qs) was calculated to evaluate the interaction of
the adsorbate with the surface. To have a better understand on this interaction,
density of states (DOS) and projected density of states (PDOS) were analysed.
Besides, vibrational frequencies were calculated to ensure the existence of min-

tma. Changes in structural parameters, vibrational spectra and in electronic
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structure can help us to explain the interaction between the adsorbate and the
support.
So, the objectives of this study were:

e The study of a charge donor with a metallic substrate. The charge donor
is one organic, special molecule, TTF, and one of its derivatives, TSF.
The substrates chosen are Ag(110) and Au(110), because they are experi-
mentally used to grow the thin films of TTF salts.

e To establish the adsorption sites, the adsorption energy and the distortion

of the substrate when it is adsorbed.

o To study different unit cells and changes of adsorption sites when coverage

changes.
e To calculate vibrational frequencies and to simulate RAIR spectra.
e To discover why Ag(110) and Au(110) are good substrates for TTF.

o To simulate theoretical STM images when the molecule is adsorbed.

This study tries to explain how TTF and TSF interact with the metallic sub-
strate. I introduce now that interaction between adsorbate and substrate is

through the lone-pair electrons of sulphur atoms (or selenium atoms).
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(a) (b)

Figure 3.1: TTF molecule. Every non-equivalent atom is labelled.

3.1 TTF in gas phase.

The aim of this chapter part is not to make a deep study of this molecule in
gas phase, because it has already been done in previous works, but the aim is

to compare our results with the other ones that are already reported.

3.1.1 Structural parameters.

In the past it was thought TTF was a flat molecule (Dg), symmetry). Nowadays
a lot of publications have demonstrated TTF is not a flat molecule, but it has
a boat-form (Cyy symmetry). In figure 3.1, TTF molecule is presented and we
can see it is not a flat one. When vibrational frequencies were calculated for
flat, optimised TTF, one imaginary frequency appeared, which corresponded to
the bending out-of-plane of the molecule. That indicated it was a transition
state (TS) between two stable minima. The potential barrier of this TS is 0.3

L. This value is among all

kecal-mol™!, with an imaginary frequency of 55i cm”
other values already published in literature. In table 3.1 a summary of published
values is presented, and it can be observed, our 0.3 kcal-mol! value is in the
range of 0.026 kcal-mol™! for B3LYP [42] calculations and 0.92 for BP [44].
Another important feature of this molecule is that its cation (TTF™) has a
Dsy, geometry. So, flat TTF is not stable, but it is TTF . This feature is very
important, because the bending out-of-plane of the molecule is believed to be
related with the conductivity of TTF salts; it has been studied the coupling of
the bending movement of two TTF molecules and the electrons transfer between
both TTF molecules [46]; they realised that the oxidation of TTF brings to a
flat specie, which can be TTF1%® TTF*! or TTF*2. So there is a direct
relationship between the oxidation facility of TTF and the easy path to become

flat, because the conformational energy to become flat is almost a non-barrier
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Table 3.1: Structural parameters of TTF in gas phase.
] | vASP | B3LYP/MP2[43] | CASSCF[44] | LDA/BP[45] | )(GED) |

(@) g(c1-cr) 1.36 1.35/1.357 1.345 1.345/1.361 1.358
d(C1-8) 1.77 1.788/1.768 1.78 1.733/1.777 1.767
d(s—C2) 1.77 1.764/1.752 1.762 1.721/1.764 1.753
d(C2—H) 1.09 1.04/1.084 1.082 1.095/1.092 1.105
d(C2—-C2) 1.34 1.337/1.345 1.36 1.339/1.351 1.348
®q(C1'—C1-8) | 122.8 123.3/122.9 123.1 122.7/122.4 122.9
a(C1-S—C2) 95.5 94.7/93.9 94.7 94.4/93.6 94.5
a(S—C2-C2%) 117.4 118/117.5 117.9 117.2/117.9 117.6
a(S—C2—H) 118.6 117.1/117.8 117.6 117.9/117.5 117.8
g 14.35 9.9/18.2 10.3 17/15 13.5
DAE 0.3 0.026/0.53 0.03 0.46,/0.92 /

@)d: distances (A); ®a: angles (degrees); ()8: bending angle (degrees);
() AE: potential barrier (Czy-Day; kcal-mol™); (Y GED: gas electron diffraction.

process.

TTF geometrical parameters are also given in table 3.1. Our results, ob-
tained with VASP code, compare very well with the other previously reported.
For C=C bonds, the central is around 1.36 A, and the C=C bonds in the ex-
treme of TTF are around 1.34 A. In the case of ethene, C=C bond distance is
around 1.34 A, and for benzene, C=C bond distance is around 1.40 A. These
distances indicate the real double bond character of C=C bonds in TTF. This
is coherent with the fact TTF is not flat, so a non-aromatic molecule. We got
a C—S distance around 1.77 A in all cases. It can be compared with C—S bond
in the easiest molecule possible S(CHjz), which is around 1.75 A.

As can be seen in table 3.1, all our results compare very well with the
previously reported and the experimental ones. Our bending angle is the most
similar to the experimental one, and distances and angles are almost equal.
For the potential barrier no experimental data was found, but all values are less
than 1 kcal-mol™!, indicating the process has no conformational barrier. This can
explain why TTF is a great charge donor. Ersan et al. have studied the effect
of some TTF derivatives and some great electrons acceptors [47]. The electrons
transfer must also have a relationship with the TTF electronic structure, as was

explained in other publications [44, 48].
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3.1.2 Vibrational frequencies calculation.

The calculation of vibrational frequencies is important to ensure that our struc-
ture is a minimum. Besides, we can simulate the IR spectrum and compare it
with experimental results. Some papers have already been written about this
topic, and most bands have been assigned.
If VNM are decomposed in their irreducible representations (Cay), we get
[63]:
I'rrr = 10A1 @ 9A5 & 8B1 @ 9By (3.1)

This means TTF has 36 VNM, but those that belong to As symmetry do
not produce variation in dipolar moment, so they will not be observed experi-
mentally in IR spectrum (but they will in Raman spectrum). In table 3.2 are
presented the results of our frequencies calculations'. The values of frequencies
previously reported [49] are given in table 3.3. Besides, hessian matrix elements
and VNMs were recalculatedfor fully deuterated TTF (TTF-d4) were obtained.

Bozio et al. reported experimental TTF spectrum and the assignation of
the bands [49]. Besides, in literature have been found TTF’s salts spectra
[50]. All them can be compared with figure 3.2, where we present theoretical
TTF spectrum in gas phase. The VNM assignation of this last work was not
very accurate, and some recent studies, helped by theoretical calculations, have
improved the quality of the assignation [42, 43]. Liu et al. calculated vibrational
frequencies for some derivatives of TTF, among them was TTF-d4 [43]. Katan
gives the graphical figures of VNM of TTF -5 which are similar for TTF [42].

In figure 3.3 experimental TTF spectrum is presented [75], but it is in solid
phase. Despite being in another phase, we can see that it can be compared
quite good with our theoretical TTF spectrum. Around 3000 cm™ there is an
intense band, more intense than in our simulated spectrum. Around 1500 cm™
the same effect happens, and for 800 and 500 cm™ two intense bands appear,
like in our case. Despite this good agreement, we have to realise some other
bands appear due to solid state effects.

C—H stretching modes are obtained at 3141, 3142 and 3161(2) cm™, which
are a bit higher than the experimental values of 3072 (2), 3083 and 3108 cm™!,
due to the anharmonicity existing in real molecules. For VNM corresponding
to C=C stretching, we obtained the values of 1551, 1528 and 1513 cm™', which

I Terminology used for VNM:

v: stretching; J: bending in-plane or scissoring; p: rocking; 7: twisting; w: wagging; ~:
bending out-of-plane.

In figure 7.1 on page 277 are presented the vibrational modes.
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Table 3.2: Calculated vibrational frequencies of TTF. Changing VNM for TTF-
d4 are in brackets (Symbol A references to assignation for TTF).

’ Symmetry ‘ TTF ‘ Assignation ‘ TTF-d4 ‘
Aq 3161 VC.H asym. 2357
1551 vo—C 1538
1513 vo_o 1492
1072 dc-H 769
729 VC1.8 Sym. 713
613 we-H 480 (A + wc-p)
476 A: voi.s sym. + vaag.s sym. 463 (A - we.p)
272 wc1-c1’ + VYC1-s Sym. 271
228 wWC1-C1’ - YC1-S Sym. 226
62 WC-H group 58
Ao 3141 VC.H asym. 2317
1236 PC-H 1035
950 Voa2.§ asym. 935
826 TC-H 652
786 PC-H group + VC1-S 696
608 vC1-§ asym. 591
419 TC-H group 381
304 Phalf TTF 300
78 TS-C-H group 78
B1 3142 VC.H sym. 2317
1232 PC-H 1019
830 TCo.H + YCi.s Sym. 824 (vci.s sym.)
821 TC-H + VC1-s sSym. 652 (To.H)
781 PC-H groupt+ VC1-s asym. 690
614 vC1-§ asym. 596
422 TC-H group 383
99 Shalf TTF 96
Ba 3161 VCO.H asym. 2356
1528 vo_o 1494
1072 dc.H 766
778 VC2.s Sym. 779 (0c-H + voa-s sym.)
725 vC1.8 sSym. 711
612 wWC-H 503 (we-g + Toi-cr)
498 TC1-C1’ 464 (we-m)
417 vC1-§ sym. + vgo.s Sym. 416
100 WC-H group 95
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Table 3.3: Vibrational frequencies of TTF corresponding to previously reported

and experimental values. Values are given in cm™.

Symmetry | B3LYP[43] | BP-PAW[45] | Exp.[43] | B3LYP[43] | BP-PAW[45] | Exp.[43]

TTF TTF-d4

Ay 3095 3124 3083 2309 2330 2280
1569 1570 1555 1555 1550 1544
1524 1523 1528 1502 1500 1504
1085 1088 1094 778 776 787
750 755 735 733 739 715
640 630 639 492 512 492
478 521 474 474 476 470
264 284 247 263 281 246
237 225 244 235 224 229
30 55 110 28 53 /

Asg 3076 3130 3072 2270 2297 2280
1249 1237 1258 1058 1061 1057
987 986 994 968 962 975
859 843 / 714 711 /
813 811 800 674 666 715
620 632 612 604 612 594
402 422 / 367 383 /
310 354 308 306 351 305
80 51 / 80 50 /

B, 3076 3111 3073 2271 2297 2285
1246 1243 1254 1037 1045 1040
860 / 863 853 / /
853 834 / 708 706 865
808 791 794 674 665 703
630 / 639 612 / 603
404 423 414 369 380 382
111 / 110 108 / 108

B 3095 3128 3108 2309 2327 2337
1542 1533 1530 1507 1501 1508
1084 1080 1090 785 797 758
785 798 781 776 771 779
747 755 734 731 738 719
640 619 / 515 503 /
507 497 / 482 473 /
434 450 427 432 449 425
79 105 / 76 100 /
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Figure 3.2: Theoretical spectra of TTF and TTF-d4 in gas phase. Red line is
TTF spectrum and blue line is for TTF-d4.

approximate very well to the experimental values of 1555, 1542 and 1528 cm™.
Rocking of C—H bonds have values of 1232 and 1236 cm™, in comparison with
experimental values of 1258 and 1254 cm™. Bending in-plane, also called scis-
soring, of C—H bonds give values of 1072 (2) cm™, in front of the experimental
values of 1094 and 1080 cm™. The most intense band in TTF spectrum is the
VNM that corresponds to the wagging of C—H group, whose frequency is 613
cm™, near the experimental value of 639 cm™.

For TTF-d4 the same analysis is made. The most significant changes respect
TTF are those VNM that imply a large displacement of deuterium atoms. C—D
stretching modes values decrease to 2317 (2) and 2356 (2) cm™'; experimental
values are 2247, 2280 and 2285 cm™ (this means a decrease of 700 cm™ respect
to TTF). C=C bond stretching values change in a smaller amount, and 1538,
1494, and 1492 cm™ are obtained in calculations, which compare very well with
experimental values of 1544, 1508, and 1504 cm™. Frequencies of C—D rocking
and scissoring are 1035, 1019, 769, and 766 cm™ (this means that they decrease
250 cm™! respect to undeuterated TTF), and the experimental values are 1057,
1040, 787 and 758 cm™. Waggings of C—D bonds decrease in frequency respect
to TTF, and they can couple with the central C=C deformation, so we have two

frequencies, one next to the other one that can couple. So we get two frequencies
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Figure 3.3: Experimental TTF spectrum in solid state.

with high intensity. These are 480 and 463 cm™ for theoretical calculations, and
492 and 470 cm™ for experimental values. We can compare all these values in
figures 3.2 and 3.3.

As it can be observed in table 3.3, our results are in good agreement with
experimental values. Only C—H (C—D) stretching values are larger than experi-
mental ones, a normal fact when calculations are made in the frame of harmonic
approximation. It must be remembered that VNMs with A, symmetry are not
actives in IR spectrum, but they are in Raman (that is the reason why we have
experimental values). If values in table 3.3 are observed, it can be concluded
our calculated values are comparable with the other ones previously reported.
Theoretical and experimental values compare well with ours, for both the geo-

metrical parameters and the vibrational frequencies.
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Figure 3.4: Unit cells used to study TTF on Ag(110). In yellow 2x4 unit cell;
in green 1x4 unit cell.

3.2 TTF adsorbed on Ag(110).

3.2.1 Geometric parameters.

Silver is a nobel metal that presents a Fm3m structure. Ag(110) surface is
presented in figure 3.4. Experimental lattice parameter of silver is 4.0853 A
[61], but we have optimised this value with the same calculation method and
have obtained a value of 4.1512 A, a little bit larger than the experimental one.
For our slab model, this value was kept constant, but the uppermost layer of
the slab was included in the optimisation.

Several possible geometries and adsorption sites have been computed on
Ag(110). For this study two different unit cells have been used, a 1x4 unit cell
and a 2x4 unit cell. In figure 3.4 it can be observed both unit cells. For 2x4
unit cell, a coverage of 0.125 is obtained. For 1x4 unit cell, coverage duplicates
and becomes 0.25. In the case of 2x4 unit cell the number of possibilities of
adsorption are larger than on 1x4 unit cell. On 1x4 unit cell, only possibilities
perpendicular to the surface are possible, due to steric effects. In the case of
the other unit cell, situations with the adsorbate parallel to the surface are also

allowed “a priori”, due to the major surface area.
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a) Top site. (b) Long bridge site. (c) Short bridge site. (d) Hollow site.

Figure 3.5: Possible adsorption sites for TTF on Ag(110) 1x4 unit cell.

Now it can be advanced that the stable structures are those that maximises
the interaction between sulphur and silver atoms. Lots of possible adsorption
sites have been tested. For 1x4 unit cell, four starting adsorbate positions have
been computed, which are present in figure 3.5. These adsorption modes can
be seen as the interaction of sulphur atoms on top-site (figure 3.5(a)), on large
bridge site (figure 3.5(b)), on short bridge site (figure 3.5(c)) and on hollow site
(figure 3.5(d)). All these structures present at least a local Cs symmetry.

For 2x4 unit cell these same adsorption modes were also calculated. More-
over, five other adsorption sites parallel to surface were explored, which are
presented in figure 3.6. In this case the adsorption sites can be seen as the
adsorption of sulphur atoms like in the perpendicular cases. The adsorption of
sulphur atoms is on top site (figure 3.6(a)), on large bridge site (figure 3.6(b)),
on short bridge site (figure 3.6(c)), on hollow site (figure 3.6(d)), and one spe-
cial case that is a little bit rotated and cannot be seen as a pure adsorption site
(figure 3.6(e)). The adsorption sites (c) and (d) for 2x4 unit cell, can also be
seen as the adsorption of a double C=C bond on top or on short bridge sites,
respectively. This will be important for the forthcoming discussion in section
3.6.1. Besides, all these structures have a local Co, symmetry (they conserve
TTF’s local symmetry) except adsorption site 3.6(e), which belongs to a local
Co symmetry.

Several studies of sulphonated species have been found in literature, being
theoretical works less abundant than experimental ones. Yu et al. studied the
adsorption of HoS on Ag(111), concluding that this specie adsorbs on the Ag
surface, but it is not reactive on it (that’s one of the reasons why silver is used
as support for sulphonated species when reactivity is not desired) [52]. Other
studies have been made on other surfaces, as can be gold (which is also inert

for sulphonated species) [53, 54] or copper (which is reactive with sulphonated
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Figure 3.6: Possible adsorption sites for TTF on Ag(110) 2x4 unit cell.

species, so would not be a good support for S-containing adsorbates) [55, 56].
A study of TTF adsorbed on silver is available in literature, Joy et Srinivisan
[67] studied TTF electrochemically deposited on silver (unfortunately they did
not work with a specific surface of silver). They reported the FT-SER (Fourier-
Transform Surface-Enhanced Raman) spectrum of TTF adsorbed on Ag (the
vibrational frequencies could be compared with ours) and they concluded that
TTF adsorbs with its sulphur atoms directly bonded to the silver atoms of
surface in the regime of high coverage. They also proposed TTF adsorbs on a
perpendicular way to surface.

Results for 2x4 unit cell are presented in table 3.4, but only for those struc-
tures parallel to surface. For 1x4 unit cell results are presented in table 3.5.
Perpendicular species for 2x4 unit cell are not presented because their struc-
tures were similar to the 1x4 structures, but none of them was a minimum. At
this point, it is also interesting to note that for 2x4 unit cell, only adsorption
site (a) is a minimum, the other sites have imaginary frequencies. They are pre-
sented in table 3.4 because they are interesting for discussion in section 3.6.1.
The adsorption energies in this case go from -6 up to -21 kcal-mol'. These
adsorption energies are big enough to be considered chemisorbed. For this ad-
sorption site (a), four sulphur atoms are interacting with surface, so the real

interaction between surface and one sulphur atom is around -5 kcal-mol™. The
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Table 3.4: Geometrical parameters of adsorbed TTF on Ag(110) using a 2x4
unit cell, corresponding to 5 adsorption sites of figure 3.6. For e) two non-
equivalent distances and angles exist.

y | Gas phase | 3.6(a) | 3.6(b) [ 3.6(c) | 3.6(d) | 3.6(e) |
@d(C1-C1) 1.36 1.36 | 136 | 1.36 1.36 1.36
d(C1-S) 1.77 176 | 176 | 176 | 177 | 1.76 | 1.76
d(S-C2) 1.77 175 | 175 | 174 | 174 | 175 | 174
d(C2-H) 1.09 1.09 | 109 | 109 | 1.09 | 1.09 | 1.09
d(C2-C2) 1.34 134 | 134 | 1.36 | 1.36 1.35
®)(C1-C1-8) 122.8 122.6 | 123.0 | 123.0 | 123.0 | 1225 | 122.7
a(C1-S-C2) 95.5 93.9 | 944 | 939 | 949 [ 945 | 945
a(S-C2-C2') 117.4 117.4 | 117.3 | 117.3 | 117.6 | 117.1 | 118.0
a(S-C2-H) 118.6 117.2 | 117.3 | 117.7 | 1174 | 117.7 | 117.1
©g 14.35 10.53 | 12.74 | -17.67 | -7.89 | 7.30 | 6.00
@d(S-Ag) / 273 | 318 | 360 | 3.82 | 3.02 | 3.24
©E.as / 2209 | -10.7 | -8.6 -6.1 -12.8

@)d: distances (A); ™ a: angles (degrees); (9)@:bending angle; (D distances to
nearest Ag atom; (9 E,q,: adsorption energy (kcal-mol™).

most stable site is (a), as it is the one that maximises the interaction between
sulphur atoms and Ag surface.

In table 3.4 it can observed that intramolecular distances do not change
significantly when TTF is adsorbed respect to gas phase. Central C=C bond
and C—H bond distances do not change and remain in values of 1.36 and 1.09
A after adsorption for all sites. Extreme C=C bonds remain constant at 1.34 A
on adsorption sites (a) and (b), but they increase slightly to 1.35 A in (d) and
(e), and up to 1.36 A in (c). Those can be compared with C=C bond in ethene
that is 1.34 A, in comparison with benzene that is 1.40 A. So, C=C bonds in
TTF remain as double bonds when it is adsorbed. S—C1 bond always decreases
0.01 or 0.02 A, except for adsorption site (d) that remains constant at the gas
phase value: 1.77 A. S—C2 bond distance decreases in all cases 0.01 or 0.02
A respect to the gas phase value, and this decrease makes that S—C distance
becomes more similar to that S—C distance of S(CHs )2 molecule, which is 1.75
A. Intramolecular angles do not change significantly.

More interesting is the bending angle of TTF. This is the most changing
parameter. In the gas phase it has a value of 14.4°. Only for adsorption site

. For the other adsorption sites this value

(c) this value increases to |17.7°
decreases. This means TTF becomes flatter on surface than in gas phase. The

positive or negative value of dihedral angle means about orientation of TTF on
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Table 3.5: Geometrical parameters of adsorbed TTF on Ag(110) on a 1x4 unit
cell. For double values, first value is the furthest and the second one is the
nearest to the surface.

| Gas phase | 3.5(a) \ 3.5(b) |
d(C1-C1) 1.36 1.36 1.36
d(C1-9) 177 | 176 [ 177 | 176 | 1.77
d(5-C2) 177 174 | 175 | 174 | 1.75
d(C2-H) 1.09 109 | 1.09 | 1.09 | 1.09
d(C2-C2) 1.34 1.34 1.34
a(C1-C1-S) 122.8 123.2 | 122.1 | 124.5 | 120.5
a(C1-5-C2) | 955 048 | 948 | 946 | 944
a(S-C2-C2’) 117.4 118.2 | 117.6 | 118.5 | 117.5
a(S-C2-H) 118.6 117.1 | 116.5 | 117.2 | 116.4
0 14.35 1.3 1.0
d(S-Ag) 7 271 5.03
Eoas 7 111 83

surface. If it is positive, TTF acquires a boat-like conformation (adsorption site
(a), (b) and (e)) on surface, otherwise, if it is negative, it acquires a bridge-like
conformation (adsorption site (¢) and (d)). These two last adsorption sites are
those with a smaller E,q45, on the other hand, adsorption sites with a boat-form
have the strongest energy adsorption. This can corroborate the study made
by Joy et Srinivisan [57], because they proposed TTF adsorbs with its sulphur
atoms direct to surface, and in the boat-conformation TTF has the smallest
Ag—S distances; for bridge-conformation Ag—S distances are longer and TTF
interacts with surface through extreme C=C bonds.

For 1x4 unit cell two minima were found. Only these two minima are pre-
sented in table 3.5. These minima correspond to figure 3.5(a) and figure 3.5(b).

In table 3.5 adsorption energies for 1x4 unit cell are presented. In the
case of adsorption site (a) the E,qs is -11.1 kcal-mol™! and for adsorption site
(b) -8.3 kcal-mol™t. This means that adsorption site (a), which has a direct
interaction between one sulphur atom and one Ag atom, is -3 kcal-mol™! stronger
than for adsorption site (b), where every sulphur atom interacts with two Ag

atoms. If we take into account that two sulphur atoms interact with surface, the

Eads
number sulphur atoms

to the value obtained for 2x4 unit cell, and it seems clear that as more direct

are around -5.6 and -4.1 kcal-mol™!. These values are similar

is the Ag—S interaction, larger will be the adsorption energy.

As in the case of 2x4 unit cell, intramolecular distances do not change more
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than +0.02 A and +2° respect to the corresponding values in gas phase. This
means no significant changes are appreciated in the inner structure of TTF.
Only the bending angle changes significantly and decreases down to ~1°. So,

TTF becomes almost flat in this case. This effect has two possible explanations:

1. There is a coverage effect: two near molecules interact themselves and

they become flat.

2. TTF gives charge density to surface and becomes a cation, as explained

in the section 3.1.1.

These effects can also explain the decrease of this angle on 2x4 unit cell. This
fact will be discussed in subsection 3.2.3.

Another important feature of 1x4-top site (3.5(a)) is that it is not strictly
perpendicular to surface. If we take the plane of four sulphur atoms, it is 28°
tilted respect to surface normal. This can be easily explained on the basis
that TTF trends to maximise interaction between lone-pair electrons of sulphur
atoms with Ag atoms. The best way to make this interaction stronger is to tilt
TTF and move it, because interacting sulphur atoms of TTF are not on a top-
site, but they are moved a little bit to a long bridge site, doing this interaction
to be stronger.

Finally, S—Ag distances can be a good indicator of the strength of the in-
teraction between S and Ag atom. For 2x4-top and 1x4-top sites this distance
is 2.73 and 2.74 A, indicating a strong interaction between both atoms in both
cases, but for 1x4-bridge site this distance increases up to 3.03 A, indicating
that the interaction between both atoms is not as strong as in the case of top

sites.

3.2.2 Vibrational frequencies calculations. RAIR spectra

simulation.

All vibrational frequencies and their corresponding modes have been computed
for all possible adsorption sites to ensure that all obtained adsorption sites were
minima on the potential surface. Furthermore, dipolar moments have been
computed to evaluate the intensity of fundamental bands in RAIR spectrum,
using and external code, IRIAN [121], developed for this purpose. The mass-
weighted hessian matrix was recalculated using the IRIAN code to evaluate
VNM, vibrational frequencies and intensities of fully deuterated TTF (TTF-d4)
adsorbed on Ag(110).
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The most important conclusion that it can be drawn from these calculations
is that only three minima for all possible adsorption sites have been found, being
the other structures stationary points on the potential surface but not minima.
For 2x4 unit cell only one minimum has been found, this can be seen in figure
3.6 (a). For 1x4 unit cell two minima have been found, and they are represented
by figure 3.5 (a) and (b), as discussed in section 3.2.1. From here on, in order
to simplify nomenclature, we will call them adsorption site 2x4, 1x4-top and
1x4-bridge, respectively. A very important feature is that these three minima
are the structures with a lowest energy, and this means we probably have found
the absolute minima, because if they were not the most stable ones, that would
mean another more stable minimum exists. Only for these three adsorption
sites is meaningful to make vibrational analysis.

In table 3.6, the values of vibrational frequencies for TTF when is adsorbed
on three different adsorption sites are presented. Instead to give a large number
of band intensities, we present the corresponding RAIR spectra of these three
minima in figure 3.7. They should be compared with the figure 3.2 and the
values of table 3.3 (3.1.2).

It can be observed in table 3.6 that no large changes exist in vibrational
frequencies when TTF is adsorbed on Ag(110) (as neither existed for geometrical
parameters). Variations are in the range of 425 cm™. For instance, C—H bond
stretching frequency decreases from 3161 and 3142 cm™ to 3152 and 3136 cm™!
for 2x4, to 3144 and 3110 cm™ for 1x4-top, and to 3145 and 3112 cm™ for
1x4-bridge (this means it decreases ~20 cm™ in all cases). Values for C=C
stretching modes decrease from 1551, 1528, and 1513 cm™ to 1525, 1510, and
1484 cm™ for adsorption site 2x4. For other adsorption sites something similar
happens. The most important variations in vibrational frequencies belong to
the lowest ones, because when TTF adsorbs on Ag(110) its structure, due to an
anchorage effect, becomes more rigid, and all these VNM that were very low in
frequency, become a little bit stronger.

More important changes are in the intensity of bands. We have to compare
figure 3.2 and figure 3.7. The first interesting thing for intensities is that in
adsorbed TTF, all intensities decrease respect to gas phase. For adsorption site
2x4 it decreases to half intensity, and for adsorption site 1x4 to tenth. We
have to remember that for RAIR spectra only variations in dipolar moment
perpendicular to surface produce intensity. For gas phase all directions must be
taken into account. This could explain why exists this decrease in the intensity

of bands. For adsorption site 2x4, the most intense band is the same as in
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Table 3.6: Vibrational frequencies (cm™) of TTF in gas phase and adsorbed on
the different adsorption sites.

’ Assignation ‘ TTF gas ‘ 2x4 ‘ 1x4-top ‘ 1x4-bridge ‘

VCoH asym. 3161 3152 3144 3145
3161 3152 3142 3145
VC-H Sym. 3142 3136 3113 3113
3141 3135 3108 3112
ve—c 1551 1525 1544 1545
1528 1510 1528 1530
1513 1484 1492 1489
pPC-H 1236 1228 1237 1235
1232 1226 1234 1233
Sc-H 1072 1074 1081 1081
1072 1068 1073 1073
Vca2-g asym. 950 953 950 950

To.H + Veoi.s sym. 830 823 831 (Tc-u) 839(Tc-n)

TC-H 826 806 829 (Tc-m) 837(Tc-n)
TC-H + VCi-s sym. 821 806 (Tc-m) 821 816
PC-H group+ VC1-s asym. 786 787 795 798
781 782 786 786
VCo.g Sym. 778 780 770 767
VC2-s Sym. 729 715 731 728
725 713 727 726
VCo-g asym. 614 602 609 609
wo-H 613 613 620 629
612 607 618 628
VCo-g asym. 608 596 603 603
TC1-C1’ 498 484 488 489
vci1-s Sym. + vga.g sym. 476 475 460 457
TC-H group 422 397 415 419
419 397 411 414
vci1-s Sym. + voa.g sym. 417 423 421 417
Phalf TTF 304 302 298 302
wei-c1 + veios sym. 272 289 (wci-c17) 253 (wci-c17) 244
wc1l-c1 - Yol-s Sym. 228 252(vci-s sym.) 242(vcy-s sym.) 230
WC-H group 100 162 139 122
Shalf TTF 99 119 119 107
TS-C-H group 78 135 103 102
WC-H group 62 129 100 69
Frustrated trans. and rot. / 104 74 58
/ 82 62 53
/ 81 44 46
/ 49 35 43
/ 46 23 30
/ 42 14 20
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Figure 3.7: RAIR spectra of TTF adsorbed on Ag(110). Red line is TTF; blue
line is TTF-d4.
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gas phase: the wagging of C—H bond (610 cm™). Up to 1510 cm™, no other
band remains and all bands present in gas phase, disappear for the adsorption
site 2x4. This is because these bands belong to VNM that do not variate
the dipolar moment in the normal direction. At 1550 cm™ exists a very weak
band, which is associated to the C=C stretching mode. A priori, following the
surface selection rule, this band should not appear in this spectrum because
C=C VNM stretching is parallel to surface. An explanation why this band
exists is the coupling with H movements. H moves out of the plane with C=C
stretching, so a variation in dipolar moment is generated and the band is visible.
More examples about this kind of couplings and variation in dipolar moment
will be given in later sections. Around 3150 cm™ C—H stretching are present,
but their intensity is quite weak.

A very different situation is found for 1x4 adsorption sites. Both spectra are
very similar, but they are really different respect to 2x4-site RAIR spectrum,
being the absolute intensities for 2x4-site five times the ones for 1x4 adsorption
sites. This is because of the conformational change of TTF when it is adsorbed
perpendicular to surface. VNMs that create a variation in dipolar moment
are completely different from 2x4-site. The most intense band becomes C=C
stretching, around 1550 cm™'. This is not surprising because TTF is perpendic-
ular to surface. No special changes occur around 3150 cm™ (C—H stretching).
The second most intense band is around 800 cm™, and it involves the rocking
of C—H group. The biggest difference between 1x4-top and 1x4-bridge, is that
1x4-top is not completely perpendicular to surface, so the most intense band in
adsorption site 2x4 still appears at 1x4-top, but not at 1x4-bridge. The way
to differentiate their RAIR spectra would be the band around 610 cm™. If this
band were much more intense than all other bands, it could be associated with
2x4 adsorption site. If this band had, more or less, the same intensity as C=C
stretching band, it could be proposed 1x4-top, and if no band existed at 610
cm™, 1x4-bridge would be the adsorption site.

Now we can analyse TTF-d4 when is adsorbed on Ag(110). RAIR spectra
are also presented in figures 3.7. Numerical values of vibrational frequencies are
presented in table 3.7.

Like for TTF, no big changes are present in vibrational frequencies when
TTF-d4 is adsorbed. All changes are in a range of +25 cm™! once again. For
instance, C—D stretching modes decrease from 2357 and 2317 cm™ to 2350 and
2313 in site 2x4, to 2340 and 2298 in site 1x4-top, and to 2341 and 2300 cm™ in
site 1x4-bridge. Also C=C stretchings decrease in all cases (only for site 1x4-
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bridge, VNM in gas phase 1494 increase to 1496 cm™, but it is a meaningless
increase).

The most important changes are not about the numerical value of vibrational
frequencies, but in the intensity of VNM, like for TTF (see figure 3.7). The
analysis is quite similar to the TTF one. For adsorption site 2x4, the most
intense band is 480 cm™, that corresponds to the wagging of C—D bond (as in
the case of TTF). Then under 1500 cm™ appears the small band corresponding
to C=C stretchings, and finally at 2350 cm™' exist the C—D stretching bands.
For 1x4 adsorption sites analysis is also similar to the undeuterated case. On
both 1x4 adsorption sites, the most intense band becomes C=C stretching
below 1500 cm™. Around 700 cm™' an intense band appears corresponding to
the rocking of C—D bond. The main difference between 1x4-top and 1x4-
bridge is the band around 470 cm™, that corresponds to the wagging of C—D
bond. For 1x4-top site, this band is more intense than for 2x4-bridge (around
450 cm™) and it is not only related to the C—D rocking, but it is a VNM that
corresponds to a coupling between the C—D rocking and a movement of sulphur
atoms.

It is also interesting to compare adsorbed TTF and TTF-d4. All VNMs
that imply a H movement are actually decreased in a numerical value of ~1.36
approximately when TTF is deuterated, as expected from the mass-weigthed
arguments. Moreover, some couplings are broken and other are created, like in

case 1x4-bridge band around 450 cm™'.

3.2.3 PDOS analysis and charge transfer. STM images.

In this section an analysis of the density of states (DOS) and its projection on
atomic orbitals is made to study the interaction between TTF and the surface,
and the possible charge transfer from TTF to surface. In the final part, STM
images obtained with a hydrogen-type tip are presented.

Analysing DOS and its variation during adsorption process, it can be seen
how the energetic levels of TTF change when it is adsorbed. All properties of a
system are described by its electronic structure, in consequence results of DOS
analysis must be coherent with results in other sections.

In figure 3.8, the DOS of TTF in gas phase and adsorbed on adsorption site
2x4 are presented. Red line is TTF in gas phase and blue line is adsorbed TTF.
As can be observed, TTF in gas phase has clearly defined all energetic levels, it

does not have continuous bands of energy. Comparing with some calculations
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Table 3.7: TTF-d4 vibrational frequencies in gas phase and adsorbed on the
different adsorption sites.

’ ‘ Gas ‘ 2x4 ‘ 1x4-top ‘ 1x4-bridge ‘
vc-p asym. 2357 2350 2341 2341
2356 2349 2339 2341
ve-p Sym. 2317 2313 2299 2300
2317 2313 2297 2300
vo—c 1538 1506 1520 1519
1494 1474 1493 1496
1492 1466 1480 1479
vco-g asym. + pc-p 1035 1025 1034 1033
1019 1008 1017 1017
Voo-s asym. - pc-p 935 938 940 936
vC1-g Sym. 824 821 818 811
dc-p + vea-s sym. 779 780 773 772
dc-D 769 771 776 776
766 765 765 765
Vo2-§ Sym. 713 699 716 713
711 698 714 712
PC-H group T~ YC2-3 asym. 696 698 702 703
690 694 697 698
TC-D 652 636 653 659
652 635 652 658
Vo2-g asym. 596 585 593 592
591 581 588 588
wo-p + Tci-c1’ 503 491 491 493
A + wep 480 482 457 454
we-D 464 462 473 479
A -wep 463 460 471 476
A: vei.s sym. + vei.s sym. 416 422 419 415
TC-H group 383 363 379 382
381 362 374 377
Phalf TTF 300 298 295 299
weil-c1 + veil.s sym. 271 288(wc1-c17) 253(wci-c1’) 243
we1-Cc10 - YC1-s Sym. 226 249(vci-s sym.) 240(vci-s sym.) 230
WC-H group 96 156 135 119
Ohalf TTF 95 117 100 105
TS-C-H group 78 133 115 100
WO-H group 58 123 70 55
Frustrated trans. and rot. / 101 99 68
/ 80 61 51
/ 78 43 45
/ 47 34 42
/ 46 23 30
/ 42 14 20
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Figure 3.8: DOS of TTF in gas phase (red line) and adsorbed on Ag(110) on
adsorption site 2x4 (blue line).

with localised orbitals on atoms, we could distinguish different zones of energy.
Bands below -7.5 eV correspond to C—H bonds and ¢ C—C bonds. Bands in the
range -7.5 up to -5 eV correspond to C—S bonds. Finally, zone between -5 and 0
eV (Fermi level) are bands corresponding to lone-pair electrons of sulphur atoms
and 7 C=C bonds. In order to compare with adsorbed TTF, DOS calculation for
TTF in gas phase on the adsorbed geometries (so three different calculations)
were carried out. No significant changes due to geometrical distortions were
observed in DOS (because no significant changes in geometrical structures are
present).

When gas phase TTF DOS and adsorbed TTF DOS are compared, the first
significant fact is that all bands of adsorbed TTF are stabilised around 1 eV
respect to TTF in gas phase (this value is similar to the adsorption energy of
20.9 kcal'‘mol ). In other studies it has been proved that the stabilisation of
bands is proportional to E,qs of the system [60]. This is a consequence of the
interaction adsorbate—surface. If DOS of adsorbed molecule is analysed, it can
be concluded no significant changes occur below -5 €V, but above it is extremely
different. This is the zone of TC=C and lone-pair electrons of sulphur atoms. It
is observed a decrease in the intensity of the bands and they widen. Integration
of PDOS in gas phase and adsorbed TTF were also made. Both integrated 46.5
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Figure 3.9: PDOS on S atoms for TTF. Red line is for TTF in gas phase and
blue line is for TTF adsorbed on Ag(110) 2x4.

electrons. One must care about these integrations because they depend on the
Wigner-Seitz radius used in the projection, so the absolute number of integrated
electrons is not the real one, but it can serve to evaluate different situations.

To have a better understanding of how adsorption occurs we decided to
study the zone in the range from -5 to 0 eV. This means we projected DOS
on p, orbital of carbons and on lone-pairs electrons of sulphur atoms. For p,
orbitals (not presented here) of carbon atoms only the changes described in
the last paragraph occurred (that is the bands stabilised, they lost intensity
and became wider, but they remained). To simulate the projection on lone-pair
electrons of sulphur atoms, PDOS on p, and on the addition of s+px+p, orbitals
of sulphur atoms was made. These projections are presented in figure 3.9.

In figure 3.9(a), we can observe p, orbital of a sulphur atoms, where there
is a big change between gas phase and adsorbed molecule. Intensity of bands
decrease and they widen in a big range. This indicates a strong interaction
between sulphur atoms and the surface. In figure 3.9(b), it can be seen a rep-
resentation of S lone-pair energy levels, observing that under -5 eV there is a
change in the configuration of bands. The integration of this last PDOS gives
a value of 15.35 electrons for gas phase and 15.15 when TTF is adsorbed. This
means a charge transfer of 0.2 electrons to the surface.

PDOS on Ag atoms directly bonded to TTF was made for d,» and p, orbitals
(figure 3.10). A previous study of d band and sp band was not concluding, so
we decided to study the orbitals that are normal to surface. In d,» orbital

no significant changes exist, this means we have a decrease in intensity of the
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Figure 3.10: PDOS on Ag atom directly bonded to TTF. Red line is clean
surface and blue line is with adsorbed TTF.

band and it widen, but the form remains, and its integration does not change
when TTF is adsorbed. But for p, orbitals a clear band appears around -1 eV,
indicating an increase in charge density. The integration of p, orbitals gives
an increase of 0.36 electrons for this orbital. So it seems clear that adsorbed
TTF interacts with the sp band of the surface, with a charge transfer around
0.25-0.35 electrons to the surface.

In the case of TTF adsorbed on 1x4-top and 1x4-bridge the analysis is
similar. In figure 3.11 we present gas phase TTF DOS compared with the
adsorbed TTF on adsorption sites 1x4-top and 1x4-bridge. First of all, there is
a stabilisation of bands around -0.5 €V, quite similar to their E,qs. Furthermore,
the interaction zone (where bands change when TTF is adsorbed), is above -
5 eV, like in 2x4 site case. It can be observed that for 1x4-top site DOS is
quite similar to 2x4-site, but 1x4-bridge is somewhat different. This can be
explained because in 2x4 and 1x4-top sites, every interacting sulphur interacts
with only one Ag atom, but in the case of 2x4-bridge site, every interacting
atom does with two Ag atom. Of course, changes in DOS are not dramatic.
In order to obtain a better understanding how TTF interacts with the surface,
PDOS on sulphur atoms that interact with surface and PDOS on silver atoms
that interact with TTF are presented in figure 3.12. In these figures it can be
observed that PDOS on sulphur atoms of 1x4-bridge site is more different to
gas phase than 1x4-top site. The reason seems to be the interaction of every
sulphur atom with two Ag atoms. In the case of PDOS on the sp surface band,

no clear differences between the two adsorption sites exist.
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Figure 3.11: DOS of TTF in gas phase (red line) compared with TTF adsorbed
1x4-top site (blue line) and 1x4-bridge site (sienna line).

Variation of charge integration is in all cases less than 0.05 electrons, so
in the case that TTF is perpendicularly adsorbed on the surface, no charge
transfer to the surface is observed. It is important, because, as commented in
section 3.2.1, TTF can become flat for two reasons. One is that TTF becomes
a cation, or a partial cation. The second is the coverage effect, i.e., the possible
interaction among different adsorbed molecules. In the case of 2x4 site, TTF
becomes flatter and it can be due to a charge transfer to the surface. In 1x4
sites, this charge transfer does not occur, and the reason why TTF becomes flat
is the interaction with the surface and neighbour TTF molecules.

Finally, we decided to simulate STM images to be compared with experi-
mental STM, which are related with charge distribution on the molecule. When
charge density is more intense, there is more tunnelling current, and image be-
come lighter; when there is less charge density, not so many electrons can flow
and image is darker. In figure 3.13 we present our simulated images for the
most stable minimum found (2x4 site), where the tip variates from 6.0 A from

surface up to 10.0 A.



UNIVERSITAT ROVIRA I VIRGILI

ORGANIC MOLECULES ON METAL SURFACES: FORECASTING STRUCTURES AND SPECTRA
Benjami Martorell Masip

ISBN:978-84-691-9747-9 /DL: T-1259-2008

CHAPTER 3. TTF AND TSF ADSORBED ON METAL SURFACES. 78

TTF 1z4d-bridge
TTF 1zd-top
TTF gas

M‘Oj
Tz bndge slab -
Tl top slab
clea.n slab u

Energy (eV) Energy (V)

(a) (b)

f el /\NMM\MM\

Figure 3.12: a) PDOS on lone-pair electrons of interacting sulphur atoms. b)
PDOS on sp band of interacting Ag atoms. Red line is for clean surface or TTF
in gas phase, blue line for 1x4-top site and sienna line for 1x4-bridge.
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Figure 3.13: STM images for adsorption site 2x4. Tip is moved from 6.0 A
from surface up to 10.0 A.
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3.3 TTF adsorbed on Au(110).

3.3.1 Geometric parameters.

Gold is a nobel metal that has a Fm3m structure. The Au(110) surface is
exactly the same that was presented in figure 3.4 for Ag(110). Experimental
lattice parameter of gold is 4.0782 A [150], but we have recomputed this value,
finding a value of 4.1748 A, very near to the experimental one. It can be seen
the effect called “lantanid contraction”, that explains why third row transition
metals have almost the same radius or lattice parameter as metals that belong to
the second row. This is important, because for these studies no real geometric
differences exist for Ag and Au. For our slab model, the value of 4.1748 A
remained constant, and only the uppermost layer of the slab was optimised.

As Ag and Au lattice parameters are so similar, it was thought that ad-
sorption sites for TTF on Ag(110) and on Au(110) should be quite similar. So
all adsorption modes that were found for TTF on Ag(110), were computed for
Au(110), using two different coverages 0.25 and 0.125. They can be seen in
figures 3.5 and 3.6. Results were very similar to Ag(110). The main difference
was that in this case, with an Au surface, for 1x4 unit cell only one minimum
was found, the most stable one for Ag: 1x4-top. So for Au(110) surface only
the sites where interaction between TTF and surface is made directly (S adsor-
bate atom with metal surface atom) are minima. In table 3.8 are presented the
geometric parameters of gas phase and adsorbed TTF.

TTF adsorbs parallel to surface on 2x4 site, but it does perpendicular on
1x4 site. Like on Ag(110), TTF on 1x4 is not strictly perpendicular, but
it tilts ~30° respect to the normal surface, due to the same reason stated on
Ag(110). If we compare geometrical parameters with those in the gas phase
no important changes are observed, like in the case of TTF on Ag(110). All
distances variations are in a range of +0.02 A and all angles variations are
around £2.5° (but distances C=C increase 0.01 A respect to gas phase, whereas
on Ag(110) they remained constant). The most changing parameter, like on Ag
surface, is the bending angle of TTF, that decreases from 14° to 11° on 2x4 site
and to 3° (almost flat) on 1x4 site. When we comment DOS, we will associate
these bending angles to the charge density lose or to a coverage effect.

The main difference between Ag and Au is the adsorption energy. In the case
of gold the adsorption is quite stronger. For 2x4-site E,q45 increases from -20.9

kcal-mol™ on silver to -35.6 kcal-mol™! on gold and for 1x4 site increases from
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Table 3.8: Geometrical parameters of adsorbed TTF on Au(110) on two different
unit cells. For double values, first value is the furthest one and the second is
the nearest to the surface.

| Gas phase | 2x4 | 1x4 \

@d(C1-C1’) 1.36 1.37 1.37
d(C1-S) 1.77 1.75 | 1.76 | 1.76
d(S-C2) 1.77 175 | 1.74 | 1.75
d(C2-H) 1.09 1.09 | 1.09 | 1.09

d(C2-C2) 1.34 1.35 1.34
®)o(C1-C1-S) 122.8 122.8 | 123.1 | 121.7
a(C1-S-C2) 95.5 93.9 | 94.6 | 94.4
a(S-C2-C2%) 117.4 117.2 | 1182 | 1174
a(S-C2-H) 118.6 117.1 | 117.1 | 116.1

©g 14.35 10.6 2.9

@D d(S-Au) / 2.57 2.57

OB, 45 / -35.6 -17.6

@)qd: distances (A); ™ a: angles (degrees); (96: bending angle; (Vdistances to
nearest Au atom; (E,q: adsorption energy (kcal-mol ™)

-11.1 to -17.6 kecal-mol™'. This means that interaction increases a 75 % on Au
respect to Ag. Despite interacting stronger, no reactivity of TTF on gold was
found, indicating this system could be a good support for TTF and derivatives.
If we take into account that for TTF on 2x4 site four sulphur atoms interact,
it means an interaction energy of ~-9 kcal-mol™! for each sulphur atom, being
almost the same energy for 1x4 site. As a consequence of a stronger interaction,
S—Au distance is shorter than S—Ag distance, that is reduced ~0.15 A for both
sites. This is quite interesting because one could think that gold should be less
reactive (because it is a more noble metal) than silver, but several cases have

been found where gold behaves in a non-classical way [62, 142, 143, 144].

3.3.2 Vibrational frequencies calculations. RAIR spectra

simulation.

All vibrational frequencies and their corresponding VNM have been computed
for all possible adsorption sites to ensure that all obtained adsorption sites
were minima on the potential surface. Furthermore, dipolar moments have
been calculated to evaluate the intensity of each frequency in RAIR spectrum.
We have also obtained the corresponding frequencies and intensities for fully
deuterated TTF (TTF-d4) adsorbed on Au(110).



UNIVERSITAT ROVIRA I VIRGILI
ORGANIC MOLECULES ON METAL SURFACES: FORECASTING STRUCTURES AND SPECTRA

Benjami Martorell Masip

ISBN:978-84-691-9747-9 /DL: T-1259-2008

CHAPTER 3. TTF AND TSF ADSORBED ON METAL SURFACES. 81

Only two stable minima have been found on Au(110), one for 2x4 unit cell,
and another one for 1x4 unit cell (they will be called 2x4-site and 1x4-site,
respectively), as explained in section 3.3.1. In table 3.9 vibrational frequencies
for these adsorption sites are presented and compared with gas phase values for
TTF and TTF-d4.

C—H stretching modes decrease when it is adsorbed from 3161(2), 3142 and
3141 to 3147, 3146, 3131, and 3130 cm™ on 2x4-site, and to 3144(2), 3099, and
3098 on 1x4-site, being the decrease in this last case larger than on Ag(110)
(it was 30 em™ for Ag(110) and it is 40 cm™ for Au(110)). In the case of C=C
stretching modes, they decrease from 1551, 1528 and 1513 cm™ to 1512, 1592
and 1447 cm! for 2x4-site and to 1535, 1521 and 1469 cm™ for 1x4-site. These
values decrease much more than in the case of adsorbed TTF on Ag(110), whose
maximum decrease was 30 cm™!. In the case of Au(110) this maximum decrease

is up to 60 cm™.

This is a clear consequence of the enlarge of C=C distance,
because the longer a bond is, the weaker the bond is, and vibrational frequency
decreases. The C—H bonds rocking goes from 1232 and 1236 cm™ down to
1229 and 1226 cm™ on 2x4-site and to 1234 and 1231 cm™ on 1x4-site, so no
important changes are observed. Neither the scissorings of C—H bonds suffer
any important variation on adsorption process.

TTF-d4 C—D stretching modes decrease in the process of adsorption from
2357, 2356, and 2317(2) cm™ to 2346, 2345, 2310, and 2309 cm™! on 2x4-site,
and to 2338(2) and 2292(2) cm™ on 1x4-site. In TTF-d4 the decreases are not
as big as in the case of TTF, maximum of 30 cm™!, like TTF-d4 adsorbed on
Ag(110). For C=C stretching modes changes are also important, the values
decrease from 1538, 1494, and 1492 cm™' to 1481, 1466, and 1442 cm™ on 2x4-
site, and to 1505, 1486, and 1463 cm™ on 1x4-site. This implies a decrease of
50 cm™!, which is larger than on Ag(110) (30 em™). This is also a consequence
of the C=C distance enlarge respect to gas phase. In the case of C—H rocking
and scissoring modes, changes are <10 cm™, so no meaningful changes in these
VNMs exist.

Most interesting changes respect to gas phase are not in the vibrational
frequencies, but in the intensities, i.e. in the spectrum. In figure 3.14 RAIR
spectra of TTF and TTF-d4 on Au(110) are presented. The analysis is similar
to the one made with TTF and TTF-d4 on Ag(110).

Like on Ag(110) all bands decrease in intensity respect to gas phase due to
the adsorption of the molecule and the changes in selection rules from gas phase

IR spectrum to the adsorbed one. For adsorption site 2x4, the most intense
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Table 3.9: Vibrational frequencies for TTF and TTF-d4 in gas phase and ad-
sorbed on Au(110). All values are in cm™.

’ Gaspha&e‘ 2x4 ‘ 1x4 ‘ Gaspha&e‘ 2x4 ‘ 1x4

TTF TTF-d4
3161 3147 | 3144 2357 2346 | 2338
3161 3146 | 3144 2356 2345 | 2338
3142 3131 | 3099 2317 2310 | 2292
3141 3130 | 3098 2317 2309 | 2292
1551 1512 | 1535 1538 1481 | 1505
1528 1502 | 1521 1494 1466 | 1486
1513 1447 | 1469 1492 1442 | 1463
1236 1229 | 1234 1035 1025 | 1032
1232 1226 | 1231 1019 1008 | 1015
1072 1079 | 1079 935 944 | 941
1072 1073 | 1071 824 828 | 822
950 959 | 956 779 786 | 777
830 829 | 832 769 775 | 774
826 803 | 829 766 769 | 766
821 802 | 823 713 698 | 713
786 791 | 798 711 696 | 712
781 789 | 791 696 703 | 702
778 786 | 774 690 699 | 699
729 714 | 727 652 632 | 653
725 710 | 724 652 631 | 652
614 600 | 609 596 584 | 593
613 622 | 627 591 578 | 587
612 615 | 625 503 494 | 495
608 593 | 602 480 488 | 462
498 485 | 491 464 463 | 475
476 477 | 466 463 466 | 481
422 407 | 420 416 431 | 426
419 401 | 414 383 372 | 384
417 433 | 428 381 366 | 377
304 302 | 303 300 298 | 300
272 322 | 275 271 320 | 275
228 255 | 247 226 252 | 245
100 197 | 167 96 119 | 132
99 121 | 140 95 188 | 162
78 159 | 134 78 157 | 135
62 160 | 122 58 152 | 117
/ 143 | 94 / 141 | o1
/ 111 | 80 / 109 | 78
/ 111 | 67 / 107 | 66
/ 53 52 / 52 50
/ 46 39 / 45 39
/ 44 27 / 44 27
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(b) TTF adsorbed on Au(110) on site 1x4.

Figure 3.14: RAIR spectra of TTF adsorbed on Au(110) on both adsorption
sites: 2x4 and 1x4.
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band of TTF is the same as on gas phase and on Ag(110), it is the C—H bond
wagging around 622 cm™. Like in case of Ag(110), no other band appears up to
1510 cm™, which is a small band that corresponds to C=C stretching modes.
Finally under 3150 cm™ appears a small band corresponding to C—H stretching
modes. Below the most intense band, the second most intense band in the spec-
trum appears at 320 cm™ and corresponds to the central C=C bond wagging.
For adsorption site 1x4, the spectrum has a very different appearance than 2x4
site, like in the case of Ag(110). The most intense band lies above 1450 cm™ |
corresponding to C=C stretching modes. This is the same case as on Ag(110).
Around 3150 cm™ a small band corresponding to C—H stretching modes ap-
pears. Under the most intense band, two bands appear with the same intensity.
One lies at 791 cm™' and the other one at 627 cm™, and they correspond to
the rocking of C—H bond coupled with S—C stretching mode and to the C—H
groups wagging, respectively (like in case of Ag(110) this band appears because
TTF is not perpendicular to surface, but it is tilted almost 30°). Another less
intense band appears around 465 cm™ corresponding to the totally symmetric
S—C stretching, where sulphur atoms go out of the TTF plane.

So the way to differentiate the two possible adsorption sites of TTF on
Au(110) is to observe the band at 622 cm™, like in case of Ag(110). If this band
is the most intense one, the adsorption site will be the 2x4-site, but if this band
is not the most intense one, but it is the band above 1450 cm™, the preferred
adsorption site will be the 1x4-site.

Now let’s analyse the spectra and vibrational frequencies of TTF-d4 ad-
sorbed on Au(110). Vibrational frequencies of TTF-d4 are presented in table
3.9, together with TTF frequencies. C—D stretching modes decrease when TTF-
d4 is adsorbed from 2357(2) and 2317(2) cm™ down to 2346(2) and 2310(2) cm™
on 2x4-site and down to 2338(2) and 2292 (2) cm™ on 1x4-site. C=C stretch-
ing modes decrease their frequencies from 1538, 1494, and 1492 cm ! to 1481,
1466, and 1442 cm™ adsorbed on 2x4-site and to 1505, 1486, and 1463 cm™
on 1x4-site, this means a larger decrease than on Ag(110) (~50 cm !, like in
the case of TTF on Au(110)). The C—D bond rocking decrease a little bit its
values from 1035 and 1019 cm™ to 1025 and 1008 cm™ on 2x4-site and to 1032
and 1015 cm™! on 1x4-site. The values of C—D bond scissorings do not almost
change, on gas phase values are 769 and 766 cm™, on 2x4-site 775 and 769 cm™!
and on 1x4-site 774 and 766 cm™.

Major changes in the vibrational features of TTF-d4 respect to the gas phase

appear in the spectrum of adsorbed system. The intensities, like in case of
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Ag(110), change. For 2x4-site the most intense band lies at 488 cm™, which
is the C—D bond wagging. The second band in intensity lies at 320 cm™ and
corresponds to the wagging of central C=C group, like in the case of free TTF.
Two small bands appear at 1481 cm™, which are the C=C stretching modes,
and at 2345 cm™ appears the small band corresponding to the C—D stretchings.
For the 1x4-site the most intense band appears at 1463 cm™, with a shoulder
at 1505 cm™!, both correspond to C=C stretching modes. Below this band, two
similar bands in intensity appear around 700 and 480 cm™'. The first one is
associated to the S—C stretching mode coupled with the C—D group rocking.
The second one is the wagging of the C—D bond. Finally, around 2290 cm™
appears the band corresponding to C—D stretching modes.

It is also interesting to compare the spectra of TTF and TTF-d4 adsorbed
on Ag(110) and Au(110). The most interesting conclusion is that for 2x4-site,
for TTF and TTF-d4, the spectra on Ag(110) and Au(110) are almost equal.
This indicates that the structure of TTF on Ag(110) and Au(110) is similar,
and no big differences exist among them. In the case of 1x4-site the spectra
are also similar, but not equal, because for TTF intensities of bands between
400 and 800 cm™! are bigger on Ag(110) than on Au(110). For TTF-d4 the
same happens, above 800 cm™ appear no bands in the case of Au(110), but do
on Ag(110) (they actually appear on TTF-d4, but are so low in intensity that
they are not visible, because intensity depends inversaly on the square root of
the reduced mass of the system). So it would be impossible to distinguish one
RAIR spectrum on Ag(110) from one on Au(110) if the adsorption site is 2x4,
and would be quite difficult for 1x4-site.

3.3.3 PDOS analysis and charge transfer.

As in the case of TTF adsorbed on Ag(110), PDOS was simulated for several
atomic orbitals to analyse the bond between TTF and the surface. As the be-
haviour of the geometry and vibrational frequencies do not change meaningfully
respect to Ag(110), it is supposed that DOS and PDOS have to bring the same
conclusions as for adsorbed TTF on Ag(110).

In figure 3.15 PDOS of TTF in gas phase and compared with PDOS of TTF
adsorbed on Au(110) for both adsorption sites are presented. All bands are
stabilised when TTF is adsorbed, about 0.5 €V in 2x4-site and around 0.25 eV
in 1x4-site. This is due to the effect of the interaction between surface and
TTF, making all bands to become stabilised (like in case of Ag(110)). Bands
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Figure 3.15: PDOS of TTF in gas phase (red line) and adsorbed on Au(110).
In blue line the adsorption site 2x4; in sienna line the 1x4 one.

below -8 €V in gas phase do not suffer any change, apart from the stabilisation
before commented. All important changes lie above -8 eV. It is the interaction
zone with surface, which is made in the zone of sulphur lone-pair electrons and
in the zone of C=C bonds.

The integration of electrons over all TTF molecule shows TTF is a good
electron-donor. In the case of the adsorption site 2x4, TTF loses 0.15 electrons
and in the case of adsorption site 1x4 the lose is smaller, 0.1 electrons. This can
explain why TTF becomes flatter on 2x4-site respect to gas phase (the bending
angle changes from 14° to 11°), but the charge transfer for 1x4-site seems to be
too small to explain the change in the bending angle (it becomes almost flat,
only 3°). The next step is to analyse the lone-pair electrons of sulphur atoms
and the sp band of the surface, which are the interacting ones (the analysis is
very similar to the one made on Ag(110)).

In figure 3.16(a) it can be observed PDOS on lone-pair electrons of S atoms
of TTF in gas phase (red line) and when TTF is adsorbed on 2x4-site (blue
line) and on 1x4-site (sienna line). It can be observed that interaction with
the surface is strong in the zone above -8 eV because bands widen and lose
their intensity for both adsorption sites. The integration of charges in this case

discovers that TTF loses 0.3 electrons on 2x4-site and only 0.1 electrons on
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Figure 3.16: a) Lone-pair electrons of sulphur atoms. b) sp band of Au(110).
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1x4-site, indicating a similar behaviour to Ag(110).

In figure 3.16(b) the changes in the sp band of Au can be observed. The
zone between -6 and -8 eV becomes populated when TTF is adsorbed and some
bands appear on 2x4-site and 1x4-site in this zone. Also changes in the band
at -5.5 eV can be observed. The integration of PDOS on the 2x4-site gives an
increase of 0.65 electrons (similar to the case of Ag(110)), and on the 1x4-site
the integration of this band also gives a big increase of electrons, 0.6, indicating
that TTF is a better donor on Au(110) than on Ag(110) for this adsorption
mode. Despite this value, the integration on sulphur lone-pair electrons and on
TTF seems to indicate that TTF is not as charged on 1x4-site as on 2x4-site,
like in the case of Ag(110).

3.4 TSF in gas phase.

3.4.1 Structural parameters.

Tetraselenafulvalene (TSF or TSeF) is a homologous molecule to TTF. The
four sulphur atoms are replaced by four selenium atoms. This molecule and
its derivatives are important because they are really good superconductors, as
explained in section 1.4.1. TSF molecule has not been studied so widely like
TTF, and very few results have been found in literature. Demiralp et Goddard
have reported a study of TTF and its derivatives [47]. They reported that for
HF level calculation TTF and TSF are flat, but adding correlation effects, using
MP2 calculations or DFT methods, they found TTF and TSF to be in a boat-like
conformation. Unfortunately, they do not report TSF geometry obtained with
DFT and MP2 methods, and the only value they give is the angle C1—Se—C2,
93.2°, which was obtained with HF method.

In table 3.10 structural parameters of TSF are presented. The C1—Se—C2
angle obtained with our methods is a little bit smaller than the other one re-
ported, <~1.3°. C=C bond distances are, like in TTF case, around 1.34 or 1.35
A, indicating no aromaticity for this molecule. Selenium atoms are bigger than
sulphur atoms and, as a logic consequence, C—Se distances are ~0.15 A larger
than the corresponding distances on TTF. No big changes are observed in the
case of molecular angles, all changes are <2° respect to TTF, being the angle
C1—Se—C2 the most changing one. For TTF it has a value of 96° and for TSF
it is 92°. It is logic because of the increase of C—Se distances, which makes the

angle to decrease.
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Table 3.10: Structural parameters of TSF in gas phase.

] \ VASP \
(@) q(C1-C1) 1.35
d(C1-Se) 1.92
d(Se-C2) 1.90
d(C2-H) 1.09
d(C2-C2) 1.34
®a(C1-C1-Se) | 123.1
a(C1-Se-C2) 91.9
o(Se-C2-C2’) 119.5
a(Se-C2-H) 116.3
()9 21.9

@)d: distances (A); ™a: angles (degrees); (9)6: bending angle (degrees)

The other parameter that changes respect to TTF is the bending angle. For
TTF it was 14°, whereas for TSF it is 22°. Demiralp et Goddard [47] have
explained this effect because TTF or TSF, if they were flat, they should have
an angle C1—Se—C2 around 105°, but sulphur and selenium form angles only
of 90°. The way to avoid an internal stress in the molecule is to bend itself, and

the bigger the atom, the bigger the bending angle of the molecule.

3.4.2 Vibrational frequencies calculation.

Vibrational frequencies calculation was carried out to ensure that the structure
found was a minimum. In literature it was not found works that reported the
frequencies of TSF or the assignation of its spectrum bands.

TSF has the same number of atoms as TTF and, consequently, it presents the
same number of fundamental vibrational frequencies: 36. Only those ones that
belong to symmetry A, will not present variations of the dipolar moment, and,
as consequence, will not be observed in IR spectrum. In table 3.11 vibrational
frequencies of TSF and TSF-d4 are presented. As no other data was available, no
comparison can be made with other theoretical or experimental values. However,
vibrational frequencies of TSF can be compared with the corresponding ones
of TTF. As expected, VNMs that do not imply any selenium movement have
similar frequency to the homologous TTF frequency. One example of this are
C—H stretching modes. The decrease in TSF is only 30 cm™ respect to TTF.
On the other hand, if vibrational modes implies a selenium movement, the

frequency decreases and it can become coupled with another functional group.
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Figure 3.17: Infrared spectrum of TSF (red line) and TSF-d4 (blue line).

For instance, asymmetric C1—S(Se) stretching mode of TTF is around 624 cm™,
whereas it decreases to 475 cmfor TSF.

Comparison between the values of TSF and TSF-d4 do not bring unexpected
results. The most changing frequencies are those that involve an important
displacement of hydrogen (deuterium) atoms. For example, C—H stretching
decrease from 3134 and 3112 cm™ to 2337 and 2294 cm™ (-800 cm™), or C—H
scissoring decrease from 1056 cm™ to 752 cm™ (more than 300 cm™). On the
other hand, C=C stretching modes do not imply important hydrogens move-
ment and vibrational frequencies remain almost constant, only a small decrease
between 15-30 cm™ can be observed in table 3.11, indicating a certain degree
of coupling.

In figure 3.17 the infrared spectra of TSF and TSF-d4 are presented. The
most intense peak in the spectrum of TSF is around 1200 cm™ and corresponds
to the C—H bond rocking. The second most intense band is located at 470
cm™, corresponding to the asymmetric C2—Se stretching, and this vibrational
mode can also be seen as the translation of all H-C=C—H group in the plane
of the molecule in the direction of the C=C bond. The third band in intensity
is the one that corresponds to the C—H stretching modes above 3110 cm™. The
next band in intensity lies at 1050 cm™, and corresponds to the C—H bond
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Table 3.11: TSF vibrational frequencies and their assignations. No assignation
means it is the same as the above one, but couplings between two parts of TSF
are different. Changing VNM for TSF-d4 are in brackets.

’ TSF TSF-d4 ‘
Frequencies Assignation Frequencies
3134 VCo.g asym. 2337
3134 2337
3112 VCooH Sym. 2294
3112 2294
1532 ve=cC 1517
1521 1492
1510 1489
1206 pC-H 986
1206 982
1055 dcH 753
1054 752
853 V(1-Se asym. 847
822 TC-H 645
822 645
717 VC1-Se SYM. + pC-H group 710 (VCLSe Sym')
703 PC-H group + V(2-Se 628
695 PC-H group + Vc2-Set VC1-Se sSyml. 625(PC—H group + VCQ—Se)
664 V(C1-Se SyMm. + V(C2.Se Sym. 660
597 WC-H 458(&)(}-]34’7’(31_@17)
588 454
580 WC.H + VO1-Se Sym. 571(rci.ge Sym.)
566 WC.H + VO2.Se Sym. 557(rc1-ge Sym.)
475 V(C2-Se asym. 456
472 453
440 TC1-C1’ 430(wc-p+Tc1-c1)
382 TC-H group 348
375 341
282 V(C1-Se SyM. + V(C2.-Se Sym. 282
244 244
225 WC1-cr 225
183 Phalf TSF 183
142 wc1-c1’ T VC1-Se Sym. 142
63 Ohalf TSF 57
60 WC-H group 48
51 36
37 TSe-C-H group 63
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scissoring. These four bands are the main fingerprints of this spectrum. The
C=C stretching modes, the C—H group rocking, and the C—H bond wagging
present low intensity bands at 1520, 695 and 580 cm™! respectively.

The comparison of TSF and TTF spectra shows differences arising from
bands intensities. Whereas vibrational frequencies were very similar, the inten-
sity of bands changes a lot, and the most intense bands in TTF are not the most
intense ones in TSF. This fact can be related with the different charge distri-
bution, because intensities are associated with dipole moment first derivatives.
For example, the wagging of C—H bond was the most intense band in TTF, but
in TSF it is a weak band. On the other hand, the rocking of C—H bond was
not visible for TTF and in TSF is the most intense band.

In the spectrum of TSF-d4 the most intense band lies at 453 cm™' and
corresponds to the asymmetric C2—Se stretching, which was the second most
intense band in TSF. Two very similar bands in intensity are at 750 and 985
cm™. Respectively, they correspond to the scissoring and the rocking of the
C—D bond. So, the most intense band of TSF becomes the second most intense
band because the change of hydrogen by deuterium makes the intensities of
these bands decrease respect the band at 450 cm™, that is not so affected. The
next band in intensity lies at ~2300 cm™ and are C—D stretching modes. The
C=C stretching modes and to the rocking of C—D group present weak intensity
bands at 1490 and 625 cm™.

3.5 TSF adsorbed on Ag(110).

3.5.1 Geometric parameters.

TSF is a molecule very similar to TTF. TTF is 7.98 A long per 2.96 A wide
and TSF is 8.21 A long per 3.21 A wide. Although being a little bit bigger (~
0.25 A), TSF is very similar to TTF, so it is logic to imagine that properties
of adsorption will be homologous to the ones of TTF. The unit cell chosen to
adsorb TSF was the biggest one used for TTF: 2x4 unit cell. This unit cell is
the minimum cell to adsorb TSF parallel to surface. So calculations were also
made using a 2x4 unit cell. No calculations with 1x4 unit cell were carried out
because it was desired to compare the adsorption of TTF and TSF on the most
stable adsorption site, and this is that one that maximises interaction between
four sulphur (or selenium) atoms with four surface atoms (in this case silver

atoms).
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Table 3.12: Structural parameters and adsorption energy of TSF in gas phase
and adsorbed on Ag(110).

| Gas phase | TSF adsorbed on Ag(110) |

@d(C1-C1’) 1.35 1.35
d(C1-Se) 1.92 1.92
d(Se-C2) 1.90 1.91
d(C2-H) 1.09 1.09

d(C2-C2) 1.34 1.34
(®)a(C17-C1-Se) 123.1 122.4

a(C1-Se-C2) 91.9 91.7

a(Se-C2-C2") 119.5 119.6

a(Se-C2-H) 116.3 115.7

©¢ 21.9 10.6

(@d(Se-Ag) / 2.76

©E,qs / -24.7

@)qd: distances (A); ™ a: angles (degrees); (99: bending angle; (Vdistances to
nearest Ag atom; (9E,q,: adsorption energy (kcal-mol™).

Several adsorption sites were tested, like in the case of TTF on Ag. The
adsorption sites studied are presented in figure 3.6. Also frequencies were com-
puted to ensure that all obtained structures were minima on the potential energy
surface. Only one of the tested adsorption sites was found to be a minimum.
It corresponds to figure 3.6(a), that is the same one as for TTF adsorbed on
Ag(110).

On table 3.12 structural parameters and the adsorption energy of TSF on
Ag(110) are presented. The comparison of structural parameters of TSF in gas
phase and adsorbed on Ag(110) finds out that the structure of adsorbed TSF is
not altered respect to gas phase. Distances are almost invariable, and variations
in angles are <£1°. The only parameter that changes, like in the case of TTF
on Ag(110), is the bending angle of TSF, that decrease from 22° in gas phase
to 11° adsorbed on Ag(110). This fact is related with the charge transfer from
molecule to surface, and it will be discussed in section 3.5.3.

TSF adsorbs on Ag(110) with an adsorption energy of -24.7 kcal-mol™!, only -
4 keal-mol™! stronger than TTF on Ag(110). Ag—Se distance is slightly increased
respect TTF, from 2.73 up to 2.76 A. This increase is small if we compare the
increase of Se—C distances when S is substituted by one Se atom (~0.16A), with
the increase of Se—Ag distance when S is substituted by Se (0.03 A). This fact

can be due to the adsorption energy of TSF, which is stronger than the one of
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TTF, and it makes the distance not to be so long as one could be expect. This
also happened with TTF adsorbed on Au(110), where distance S—Au was very
short, only 2.56 A, due to the large E.qs, -35.6 kcal-mol™!. All this indicates

that TTF and TSF have a very similar behaviour in the adsorption process.

3.5.2 Vibrational frequencies calculations. RAIR spectra

simulation.

Vibrational frequencies and their corresponding vibrational modes have been
calculated for all possible adsorption sites to ensure that all obtained species
were minima in the potential surface. Furthermore, dipolar moment at each
displacement have been computed to evaluate the intensity of he fundamental
bands. Also hessian matrix has been recalculated to evaluate VNM, frequencies
and intensities of deuterated TSF (TSF-d4) when it is adsorbed on Ag(110).

Only one stable minimum was found on Ag(110) for a 2x4 unit cell, as
was explained in section 3.5.1. In table 3.13 vibrational frequencies for this
adsorption site are presented and compared with the corresponding values on
the gas phase. Results for TSF-d4 are also presented.

C—H stretching modes remain constant when TSF is adsorbed around 3132
and 3112 cm™ (in the case of TTF there was a decrease in these values that
is not present now). In the case of C=C stretching modes, they decrease from
1532, 1521, and 1510 to 1517, 1513, and 1477 cm™. The decrease is around 30
cm™, the same value as in TTF on Ag(110), indicating that C=C double bonds
seem to behave very similar in both adsorption processes. The C—H bonds
rocking and scissoring do not suffer important changes in adsorption process
(variations are <10 cm™).

In the case of TSF-d4 results are very similar to TSF. C—D stretching modes
do not variate and remain at 2335 and 2294 cm?, like in the gas phase. C=C
stretching modes decrease from 1517, 1492, and 1489 cm™ in gas phase to 1488,
1480, and 1473 cm™' when TSF-d4 is adsorbed. This is a decrease similar to
TTF-d4 adsorbed on Ag(110)-2x4 site (around 30 cm™). The C—D bonds
rocking and scissoring neither in this case suffer important variations, being the
biggest variation 13 cm™.

Most interesting changes respect to gas phase are not in the numeric values
of vibrational frequencies, but in the intensities of the bands.

The most intense band for TSF adsorbed on Ag(110) lies at 586 cm™ and

corresponds to C—H wagging. This is different respect to gas phase, because this
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Table 3.13: Vibrational frequencies for TSF and TSF-d4 in gas phase and ad-
sorbed on Ag(110).

|

TSF (frequencies)

|

| TSF-d4 (frequencics) |

Gas phase | Adsorbed Assignation Adsorbed | Gas phase
3134 3132 Vo.H asym. 2335 2337
3134 3131 2335 2337
3112 3113 Vo.g Sym. 2294 2294
3112 3112 2294 2294
1532 1517 Vo—C 1488 1517
1521 1513 1480 1492
1510 1477 1473 1489
1206 1198 PC-H 973 986
1206 1197 970 982
1055 1061 dc.H 756 753
1054 1052 751 752
853 846 V(C1-Se asym. 842 847
822 805 TC-H 628 645
822 802 627 645
717 702 VCi-Se SYM. + PC-H group 677 710
703 698 PC-H group T VC2-Se 624 628
695 672 PC-H group T VC1-Se Sym. 623 625
664 654 V(C1-Se SYM. + V@a.se Sym. 650 660
597 586 WCeH 450 458
588 579 449 454
580 566 V(C2-Se Sym. 552 571
566 553 541 557
475 460 V(@2-Se Sym. 443 456
442 459 442 453
440 429 TC1-C1’ (WC—D+TC1—CI’) 425 430
382 351 TC-H group 320 348
275 347 317 341
282 277 V(C1-Se SYM. + Voo.ge Sym. 277 282
244 242 244 244
225 220 wel-cr 220 225
183 174 Phalf TSF 173 183
142 152 V(C1-Se Sym. 151 142
60 115 WC-H group 108 57
51 100 93 48
37 82 TSe-C-H group 82 36
63 67 Ohalf TSF 66 63
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Figure 3.18: RAIR spectrum of TSF and TSF-d4 adsorbed on Ag(110).

was the second most intense band, being the most intense that one around 1200
1

cm™* corresponding to the C—H rocking (when TSF is adsorbed, selection rules
change, and this band becomes forbidden). Above this intense band, almost all
other peaks become weaker, and only C=C stretching mode and C—H stretching
mode are visible, but their intensity respect to gas phase is strongly decreased.

For TSF-d4 the analysis is similar to the one made for TSF. The most intense
band lies at 450 cm™, corresponding to C—D wagging, but in this case, this also
corresponds to the same peak as was the most intense one in gas phase (see
section 3.4.2). Above this peak, all other peaks almost disappear, they do not
produce a big change in the dipolar moment perpendicular to surface, and only

tiny bands corresponding to C=C and C—D stretching modes are visible.

3.5.3 PDOS analysis and charge transfer.

The analysis of the DOS and PDOS is very similar to the one made for TTF
adsorbed on Ag(110) and TTF adsorbed on Au(110). In the case of TSF, only
the adsorption site where four selenium atoms are directly bonded to four atoms
of the surface has been determined.

In figure 3.19 the PDOS of TSF in gas phase is presented and compared with
the PDOS of adsorbed TSF on Ag(110). For DOS in gas phase, the graphic
can be divided in several zones, like in the case of TTF. The bands below -
7.5 eV correspond to C—H bonds and to ¢ C—C bonds. Bands in the range
between -7.5 €V and -5 €V correspond to C—Se bonds. Bands above this limit
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Figure 3.19: PDOS for TSF in gas phase (red line) and adsorbed on Ag(110)
(blue line).

are the selenium lone-pair electrons and # C=C bonds. This is similar to the
results obtained for TTF, indicating that the behaviour of TTF and TSF must
be similar when they are adsorbed.

Comparison of PDOS of free and adsorbed TSF shows the interaction be-
tween TSF and surface, because all TSF bands go down in energy (it means
they stabilise) around 1 eV. The bands below -5 eV in TSF do not suffer any
considerable change in intensity or shape (apart from the translation to lower
energies). Main changes appear above this value. Above -5 eV bands lose their
intensity and become really wider, indicating a direct interaction between lone-
pair electrons (or # C=C, if we only look at the zone and do not have into
account any posterior analysis or the results for TTF) and the surface. To im-
prove the understanding of the interaction of TSF with the surface, PDOS on
lone-pair electrons of selenium atoms and on surface sp band was carried out.

In figure 3.20 (a), PDOS on lone-pair electrons of TSF in gas phase and
adsorbed on Ag(110) are presented. Under -7 €V small changes are present,
being the main one the translation of all bands to lower energies due to the
interaction between TSF and surface, and the consequent stabilisation of all
molecular orbitals in TSF. Main changes appear above -7 €V, where bands lose

their intensity and become wider, indicating a direct interaction with the surface.
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Figure 3.20: a) PDOS on the lone-pair electrons of TSF. b) The sp band of
Ag(110).

If the charge integration is made, a decrease of 0.7 electrons is observed for TSF
when it is adsorbed on the surface, indicating that it is a good charge donor,
even better than TTF.

In figure 3.20 (b) PDOS on the sp band of the surface is presented, for clean
and TSF covered Ag surface. In the case of the interaction with TSF, it is clearly
observed that some peaks appear in the interacting zone, even under -6 eV. In

this case the integration of charge density gives an increase of 0.3 electrons.
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So the interaction between TSF and surface is made through the lone-pair
electrons of TSF and the sp surface band. This result is coherent and similar to
the one obtained for TTF on Ag(110) and on Au(110). This interaction takes
place transferring some charge density from TSF to surface, in the range from

0.3 up to 0.7 electrons a TSF molecule.

3.6 Discussion of results.

3.6.1 Interaction between the surface and TTF (TSF).

The most stable structures.

For TTF (and for TSF) all obtained minima (except the adsorption site 1x4-
bridge for TTF on Ag(110)) are those structures that maximise the interaction
between one sulphur atom (or selenium atom) with one silver atom (or gold
atom). From this point of the discussion, only will be take into account the case
of TTF adsorbed on Ag(110), but results and arguments used here are valid for
discussions of TTF adsorbed on Au(110) or TSF adsorbed on Ag(110).

First of all, the case of 2x4 unit cell is explained, and later, and as a con-
sequence of this, the case of 1x4 unit cell is commented. For 2x4 unit cell
only one minimum is obtained (figure 3.6(a)), and the easiest way to discover
why this structure is a minimum and not the others is explaining why the other
structures are not minima. As commented in section 3.2.1, for adsorption modes
shown on figures 3.6 (¢) and (d), TTF adopts a bridge-like conformation, and
for the other structures, the conformation is boat-like. For bridge-like confor-
mation, the interaction between TTF and surface is made through double C=C
bonds. Looking external C=C distances for sites (c) and (d) in table 3.4 in
page 65, no meaningful changes are observed respect to gas phase. If interac-
tion between surface and C=C bond were strong, double bond would transfer
7 electron density to surface and C=C bond should enlarge, but this does not
happen and C=C distance remain constant. The same analysis can be made
with vibrational frequencies. For sites (¢) and (d), no vibrational frequencies
are presented, but are presented here for our discussion. For adsorption site
(¢), C=C stretching frequencies are 1518, 1474, and 1469 cm™ and for site (d)
frequencies are 1531, 1509, and 1484 cm™!. If a strong interaction between sur-
face and double bond existed, C=C bond would lose its double bond feature,
and C=C stretching frequency should decrease (1500 cm™ is the value of C=C

stretching for TTF in gas phase). The experimental value of the vibrational
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frequency of ethene adsorbed on Pt(111), whose interaction is strong, is around
1210 cm™!. On the other hand, the frequency of ethene adsorbed on silver, which
presents a very weak interaction, is 1660 cm™ [64]. The adsorption site (c) has
a larger decrease in vibrational frequencies of C=C stretching modes respect
to gas phase than site (d), which can be related with the fact that TTF has a
larger adsorption energy on site (c¢) than (d) (table 3.4). This is not a great
interaction, because frequencies only decrease 50 cm™, a weak decrease if it is
compared with the decrease of ethene when it is adsorbed on Pt (the interaction
energy is around 45 kcal-mol ™). So, a conclusion is that C=C double bonds do
not interact efficiently with the surface Ag(110). This can be the easiest expla-
nation why adsorption sites (¢) and (d) are not minima, because the interaction
of S atoms with surface is much more efficient. Lambert et al. have reported
an experimental study where species with terminal C=C bonds where used, but
with heavy substitutes because C=C double bonds adsorb very weak on silver
surfaces [65]. If interaction between C=C bond and surface were strong, the
possibility of reactivity would increase, and this does not interest because silver
is used as a support for OMM. On the other hand, there are metals commonly
used in the reactivity of double bonds as Cu or Ni [66, 67].

Previous studies of several sulphonated species adsorbed on metals reveal us
important features. First of all, metals can be divided in two groups: those that
present reactivity with sulphonated species and those that are inactive. In the
first group are present metals like copper and platinum [55, 56, 68, 71]. In the
second group, gold and silver are present [56, 71, 72, 73, 74|. Several studies of
sulphonated species on silver and gold have been made, and adsorption energies
of these species have been calculated. For methanethiol adsorbed on Ag(110),
the adsorption energy is -11.3 kcal-mol™* [56]. For H,S adsorbed on Au(110),
several adsorption energies are given, in the range from -7.7 to -10.8 kcal-mol™!
[72], and for this molecule adsorbed on Ag(111) the adsorption energy is -5.7
keal-mol™? [74]. These adsorption energies are much lower than the adsorption
energy of TTF adsorbed on Ag(110) (-20.9 kcal-mol™!), but it must be reminded
that TTF has four interacting atoms, and the previous species only one. So all
these values must be multiplied by four (or the value of TTF divided by four) in
order to compare our adsorption energies with those other values. Four times the
adsorption energy of HoS adsorbed on Ag(111) is -22.8 kcal-mol™!, very similar
to the value of TTF on Ag(110), and this could be explained by an adsorption
mechanism that is similar to the interaction mechanism of TTF with this metal

surface.
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Analysing C—S distances, it can be observed that they almost do not change,
only one or two hundredth of A. Besides, no distance changes in the structures
where interaction is boat-like, and vibrational frequencies neither change mean-
ingfully, only the lowest ones increase their values due to the interaction with
the surface. RAIR spectrum of site (a) and IR spectrum of gas phase for TTF
and TTF-d4 are also very similar, as commented in section 3.2.2. This fact can
be easily explained if we take into account how TTF interacts with surface.

This is confirmed by the analysis of PDOS. Important changes are present in
the zone of lone-pair electrons, but PDOS on C=C double bonds do not change
so much like lone-pair electrons do. More details about this are present in section
3.2.3. With the analysis of PDOS, we can also explain why the bending angle
decreases when TTF is adsorbed. Charge transfer seems to be the responsible,
and a transfer of 0.25-0.35 electrons exist from TTF to the surface.

For 2x4 unit cell is also interesting explaining why no perpendicular ad-
sorption site of TTF is found to be a minimum. It is easy explained if we
take into account that TTF trends to maximise the interaction of every sulphur
atom with surface. If a perpendicular adsorption mode of TTF were adopted,
only two sulphur atoms should interact with surface and the adsorption energy
would be the half that the obtained with TTF parallel to surface, consequently,
no perpendicular adsorption modes have been found for TTF on 2x4 unit cell.

For 1x4 unit cell no possible interaction between surface and C=C double
bond can take place because the unit cell is too small. If TTF interacts with
surface via double C=C bonds, it must be parallel to the surface, but this
conformation is not possible on this unit cell due to steric effects, so no possible
discussion about this interaction can take place for this unit cell. The only
possible interaction with this unit cell is through sulphur atoms via their lone-
pair electrons. This explains why only the adsorption sites corresponding to
figures 3.5 (a) and (b) are minima, because they maximise the interaction of
lone-pair electrons with the surface sp band. The adsorption energy for the
adsorption site 1x4-top is -11.1 kcal-mol™!, two times the adsorption energy of
H5S on Ag(111) [74], but the adsorption energy on site 2x4-bridge is smaller,
indicating that the adsorption process is different to that one that involves HyS
on Ag(111).

Everything explained in this section can also be extended to the case of TTF
adsorbed on Au(110) and TSF on Ag(110). TTF can be compared with HsS
adsorbed on Au(111), that is also here presented. Unfortunately no adsorption

data of HySe specie were found in literature on Au or Ag.
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3.6.2 Comparison of TTF adsorbed on Ag(110) and on
Au(110).

Ag(110) and Au(110) surfaces are very similar. Ag and Au are isoelectronic
in their valence orbitals, both are d'°s!, so their chemical, electronic behaviour
can be very similar. Besides, structural parameters are almost equal for Ag
and Au. They have very similar lattice parameters due to the effect of the
lantanid contraction. All this can explain why Ag and Au behave very similar
in front the adsorption of TTF. In both cases no reaction is detected and the
adsorption energy is high enough for TTF becoming chemically adsorbed on
surface. However, some differences are also present for these metals.

In the case of TTF adsorbed on Ag(110) three minima have been found,
but only two for Au(110). In the 2x4 unit cell, both metals only present one
minimum, and in both cases is the same, as commented in section 3.6.1. The
adsorption energy of TTF on Ag(110) is -21 kcal-mol! and on Au(110) is -36
kcal-mol™. It means that interaction between sulphur atoms and Au atoms is
stronger than the interaction with Ag atoms. This behaviour is similar to the
values of adsorption energy of HyS adsorbed on Au(110) and on Ag(111). No
important differences in geometrical parameters or vibrational frequencies exist
in the case of TTF adsorbed on both metals on a 2x4 unit cell.

In the case of TTF adsorbed on 1x4 unit cell, two minima exist for Ag(110),
but only one for Au(110). This cannot be explained easily, because differences
between Ag and Au are not so significative to ensure the reason of the appear-
ance of this minimum on Ag(110) but not on Au(110). Adsorption energies for
TTF on Ag(110) are -11 for site 1x4-top and -8 for site 1x4-bridge, and it is
bigger in the case of Au(110), -18 kcal-mol*. No other changes in geometric

parameters or vibrational frequencies seem outstanding.

3.6.3 Comparison of TTF and TSF adsorbed on Ag(110).

Results of sections 3.2 and 3.5 demonstrate that TTF and TSF belong to the
same family of charge donor molecules. The adsorption energy of both species
on Ag(110) is very similar, -21 kcal-mol™! in the case of TTF and -25 kcal-mol™!
in the case of TSF. This indicates that both species chemisorbe on Ag(110), and
S—Ag and Se—Ag distances are 2.73 and 2.76 A, that are almost equal (in section
3.5.1 has been discussed why for TSF this distance is small compared with TTF).
Another important geometric parameter is the bending angle of TTF and TSF
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Figure 3.21: Experimental STM image of TTF adsorbed on Ag(110)

when they are adsorbed, being for both species ~11°. This indicates that both
are charge donors on this surfaces, being the charge transfer around 0.25-0.35
electrons for TTF and 0.3-0.7 for TSF (this explains the experimental fact that
TSF is a better charge transfering molecule than TTF).

If vibrational spectra of both species are compared (figure 3.7(a) and figure
3.18), both are really similar, and hardly would be find out which spectrum
corresponds to each specie. The reason is that all visible bands do not involve
displacements of S or Se with an important weight, so the bands that are visible
in RAIRS are the same for TTF and TSF. The same happens in the case of
TTF-d4 and TSF-d4.

3.6.4 Comparison of theoretical calculations with experi-
mental results: TTF on Ag(110).

In figure 3.21 experimental STM image of TTF adsorbed on Ag(110) is pre-
sented. This image was taken by J. Fraxedas & I. Pascual the last year (still
not published). This can be compared with those images we presented in sec-
tion 3.2.3. For a better comparison with theoretical STM images, we present in
figure 3.22 a 2x2 STM image, where four TTF molecules are visible.

This experimental image is very important because this image agrees with
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Figure 3.22: Theoretical STM image, where 4 TTF molecules are visible.

our theoretical results, which were obtained three years before this image was
available. The agreement between experimental and theoretical results is very
good.

We can consider that the coverage used in the experimental image is low
and it is comparable with the one we obtain for 2x4-unit cell. The comparison
of theoretical and experimental images indicates that the choice of this unit
cell is correct. Besides crystallographic direction of adsorption, [110], is the
same we used in the theoretical calculations. This corroborates that the only
minimum we found for this unit cell was the correct one, which is obtained in
the experiments.

Unfortunately, no results about geometric parameters of TTF or vibrational
spectrum are still available, and no possible comparison with our results can be

made.

3.7 Final summary

In this chapter we have studied the adsorption of some representative molecules
of a family of compounds very interesting in new technologies. The interaction
of TTF on Ag(110), TTF on Au(110) and TSF on Ag(110) has been studied
by means of DFT and compared with the experimental results. With all these
results we have been capable of answering questions that were raised at the

beginning of this chapter:

e TTF and TSF have been studied in gas phase and compared with results

previously reported.

e The adsorption of TTF on Ag(110), TTF on Au(110) and TSF on Ag(110),
has been studied, using for TTF 2x4 and 1x4 unit cells and only 2x4 unit
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cell for TSF.

The study revealed 3 minima for TTF on Ag(110), 2 minima for TTF on
Au(110) and only one for TSF on Ag(110).

The most stable sites for every system were those on 2x4 unit cell (where
TTF or TSF adsorbs parallel to the surface), being the adsorption energies
-21, -36, and -25 kcal-mol!, respectively for each system.

In the adsorption site 2x4, the interaction is made through the lone-pair

electrons of four sulphur (or selenium) atoms and four surface atoms.

RAIR spectra were simulated for every minimum. It has been simulated
for TTF and TTF-d4 (TSF and TSF-d4).

In all spectra of 2x4 unit cells, the most intense band was the one corre-

sponding to C—H wagging (~600 cm™).

The other unit cell studied for TTF, 1x4 unit cell, does not allow a parallel
adsorption. TTF on Ag(110) adsorbs perpendicular or tilted 28° respect
to the normal of the surface, being E,qs -8 and -11 kcal-mol!, respectively.
TTF on Au(110) adsorbs only tilted 30° respect to the surface and E.qs

is -18 kecal-mol™!.

RAIR spectra on the 1x4 unit cell are very different of RAIR spectra on
the 2x4 unit cell, because the orientation of TTF is completely different,
and VNM that are active are really different respect to the ones actives in

the other unit cell.

TTF and TSF suffer a charge transfer to the surface when are adsorbed

on the 2x4 unit cell, demonstrating they are good charge donors.
On the 1x4 unit cell the charge transfer is smaller due to coverage effects.

An important parameter is the bending angle of TTF (or TSF). It de-
creases down to ~10° when it is adsorbed on the 2x4 unit cell, and be-
comes practically 0° on the 1x4 unit cell. This parameter is related with

charge transfer on the 2x4 unit cell, but not in the case of 1x4 unit cell.

Theoretical STM images have been simulated and compared with the ex-

perimental ones.
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Chapter 4

Adsorption of CHCHCH> on
M(111).

CsH,; unsaturated hydrocarbons present three stable isomers in the gas phase:
propyne (CHsC=CH), propadiene (CHo=C=CHs) and cyclopropene. The con-
version of an isomer into another has attracted the attention of experimentalists
and theoreticians in the last decades [76, 17, 78, 80, 81, 85]. This set of uni-
molecular reactions involves in general radicallary species as intermediates or
transition states. In figure 4.1 we can observe the possible isomers.

A wvery important role is played by the central isomer CHCHCHgy, which can
be regarded as a carbene or a 1,3-diradical, as a function of where the unbounded
electrons are placed on. Consequently, CHCHCHy can be called vinylcarbene or
propene-1,3-diyl.

The work of this chapter is placed in the project of understanding the different
reactivity that propyne exhibits on Cu(111) respect to ethyne on the same metal.
Whereas ethyne trimerises to form benzene, propyne does not, but it dimerises to
the same aromatic specie (Figure 4.2). Moreover, the study involves also more
metals: Pt(111), Pd(111) and Rh(111). The catalytic coupling of propyne on
Cu(111) was studied in our group from a theoretical point of view, and the main
conclusion that emerged from this previous study was the proposal of CHCHCHy
as the key intermediate to explain such reaction [90]. However, propyne presents
very different reactivity on other metals. On Pt(111) and Rh(111) propyne de-
composes to hydrogen and a carbidic layer. On Pd(111) its behaviour is similar

to the ethyne’s and trimerises to form trimethylbenzene.
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CH,CHC

/ Methylvinylidene \

CH,CH,C

CH,CCH
Propyne \ /Propanylidyne

CHCHCH,
Vinylcarbene
Propene-1,3-diyl

\ /R

CH,CCH,
Allene HC —CH
Propane-1,2-diene Cyclopropene

Figure 4.1: Scheme of all possible C3H, isomers.
That is the reason why in this chapter the adsorption of CHCHCHj is stud-
ied. Principal objectives of this chapter are:

o The study of CHCHCHy in gas phase and comparison with literature pre-

viously reported.

e To establish the adsorption modes of CHCHCHs on Cu(111) on different

unit cells.
e The evaluation of coverage effects on Cu(111).
o To simulate RAIR spectra of CHCHCH, on Cu(111).

e The evaluation of zero point energy (ZPE) correction for CHCHCHy on
Cu(111).

o To establish the adsorption modes of CHCHCHy on Pt(111), Pd(111) and
Rh(111).

o To evaluate ZPE correction for CHCHCHg on Pt(111), Pd(111) and Rh(111).
o To simulate RAIR spectra of CHCHCHg on Pt(111), Pd(111) and Rh(111).

e To search differences in the adsorption modes on every metal to try to

explain differences in reactivity.

This study is the continuation of our group project, which is the study of the
coupling reaction of propyne. For this reason, some data of other previous stud-

ies have been used. It would be interesting for a better understanding of this
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2HCCCH, ——— 2 HCCHCH, ——— O + H,
cu(111) Cu(111)

Figure 4.2: Propyne coupling or dimerisation on Cu(111).

chapter and the next one to read previous studies concerning propyne [60, 96,
97, 106, 107].
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————————
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Figure 4.3: Labels of propyne and CHCHCH; carbons.

4.1 C3H, isomers in the gas phase.

As section 3.1, this section does not pretend to make any discover, but it wants
to collect the information already available in literature and to compare this
with our results. Because of our objectives, it is not desired to make a complete
study of C3Hy energetic surface; the only interesting isomers for us are those
isomers that are involved in the reaction in Figure 4.2, i.e. propyne and the
specie CHCHCH;. Although this, a general overview of C3Hy isomers is made.
In figure 4.1 a scheme of the interconversion of C3H, isomers is presented, and
as a link, CHCHCH; connects all them [80].

First of all let’s focus in CHCHCH; isomer, and then a general comment
of other important species will be made. From here on, to designate the three
different carbons of propyne and CHCHCHs, we will use the nomenclature that
is shown in figure 4.3. For propyne, the acetylenic carbon is C1, the carbon in
the middle is C2 and the methylenic carbon is C3. CHCHCH; can be seen as
the isomerisation product of propyne when one hydrogen goes from C3 to C2,
so it is logic to think about C3 to be the carbon with two H atoms, C2 the
carbon of the middle and the other carbon comes from the propyne’s acetylenic
carbon, so it is CI.

Honjou et al. have studied the structure and stability of C3H, isomers, and
in particular, CHCHCHj;, specie [76, 80, 81]. They have used SCF and MCSCF
with CI methodology to study the set of isomers. CHCHCH, exists in two
structures: cis and trans. The difference between cis and trans structures is
the relative position of hydrogen in C1 respect to hydrogen in C2. No impor-
tant differences in energies or in electronic structure exist among them, so all

values that will be compared will be refered to trans structure (see CHCHCH,
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Table 4.1: Geometrical parameters of CHCHCHs in gas phase.
y | MCSCF [76] [ B3LYP [79] |  (©9VASP |

CAY[(A) [ CA) [CAY [ (A)

@d(C1-C2) 1.39 | 1.47 1.36 1.37 | 1.44

d(C2-C3) 1.39 | 1.35 1.38 1.39 | 1.36

®)a(C1-C2-C3) | 124.6 | 118.2 126.3 125.2 | 116.0

a(H1-C1-C2) | 135.1 | 108.8 136.6 136.2 | 106.4
©AE (PA™-1A) 50.2 / 54.7
(@WAE (Pr-A”) 192.1 / 214.2

@) d: distances (A); ®a: angles (degrees); () AE: difference of energy between
propene-1,3-diyl and vinylcarbene(kJ-mol™'); (D AE: difference of energy
between propyne and propene-1,3-diyl (kJ-mol); (©)VASP: PW91-PW,

plane-waves.

molecule in figure 4.3) . The most stable CHCHCH; structure at SCF level is
3A” with these two electrons localised on C1, and only 2 kcal-mol! above lies
3A” with the two electrons localised one on C1 and the other one on C3. When
MCSCF method is used, this two possible electronic structures are resonant
and, consequently, we can call this structure propene-1,3-diyl. 9.7 kcal-mol!
above triplet structure exist one 'A’ structure, where two unpaired electrons lie
on C1, so this singlet structure can be called vinylcarbene. Before Honjou et al.
made this study, Feller et al. and Dawvis et al. had also studied vinylcarbene
[77, 78], but the theory level used was lower than the used by Honjou et al.,
so no references to their values will be made. Not only theoretical studies are
made about CHCHCH,, but also experimental evidences have been found this
is a key intermediate in the interconversion of C3Hy isomers [85].

From here on, to simplify nomenclature of CHCHCH,, isomer, it will be called
VC (vinylcarbene’s acronym) for both electronic structures. If it is necessary to
differentiate between both electronic structures, no acronym will be used and
“vinylcarbene” and “propene-1,3-diyl” words will be the used ones.

Another important feature of CHCHCHs is its geometry, because depend-
ing on its electronic structure, geometry changes. As commented before, for
vinylcarbene, two unpaired electrons are localised on C1, and one double C=C
bond exists between C2 and C3. In the case of propene-1,3-diyl, two resonant
structures exist between diradical, whose two unpaired electrons are localised
on C1 and C3, and carbene, whose two unpaired electrons are localised on C1;
as a consequence in this case both C—C bonds must be very similar. In table 4.1

geometrical parameters of VC in gas phase are presented. Honjou et al. have



UNIVERSITAT ROVIRA I VIRGILI
ORGANIC MOLECULES ON METAL SURFACES: FORECASTING STRUCTURES AND SPECTRA

Benjami Martorell Masip

ISBN:978-84-691-9747-9 /DL: T-1259-2008

CHAPTER 4. ADSORPTION OF CHCHCH,; ON M(111). 111

used wave-functions based methods and in a recent study Le et al. have used
DFT methods to study reactivity on the triplet state electronic surface of C3Hy
isomers. For propene-1,3-diyl, C1—C2 and C2—C3 distances are very similar in
all cases, being 1.39 and 1.39 A using MCSCF method, 1.36 and 1.38 A using
B3LYP method and 1.37 and 1.39 A with our calculation method (PW91-PW;
plane-waves). It can be observed that both DFT methods produce very similar
results and being C2—C3 distance a bit larger than C1—C2, being the contrary
case for MCSCF method. The angle between three carbon atoms is around 125°
in all cases, being 124.6° for MCSCF, 126.3° for B3LYP and 125.2° for PW91-
PW and plane-waves. Thereafter, in the case of vinylcarbene, only the values
reported by Honjou et al. have been found in literature. In this case both dis-
tances are different, indicating C1—C2 bond is a single bond and C2—C3 bond
a double bond. Using MCSCF method, distances are, respectively, 1.47 and
1.35 A, and using PW91-PW are 1.44 and 1.36 A. Differences are around 40.02
A. Another important parameter is the carbonated structure angle. In the case
of MCSCF methods it is 118.2° and in PW91-PW it is 116.0°, being in good
agreement. It can be observed that this angle is around 8° smaller in vinylcar-
bene than in propene-1,3-diyl due to the different electronic structure, but both
are close to 120°, which is the angle in a sp? hybridisation, indicating a double
C=C bond exists. Besides, it is clear that propene-1,3-diyl is the most stable
electronic structure, lieing 50.2 kJ-mol! or 54.7 kJ/ml (MCSCF or PW91-PW
respectively) under vinylcarbene.

The aim of this chapter is to study the adsorption of VC on (111) surface of
several metals, and in the next chapter it is desired to study the isomerisation
from propyne (from here on Pr) to VC on these same surfaces, so it is logic to
think about how this process takes place in gas phase. In table 4.1 difference of
energies between Pr and propene-1,3-diyl is around 200 kJ-mol* (192.1 kJ-mol!
for MCSCF calculations and 214.2 for PW91-PW calculations). What is more,
propene-1,3-diyl is a triplet state, and propyne in gas phase is a singlet, this
means that a conical intersection exists and this isomerisation is not possible
termically. It is possible to isomerisate to vinylcarbene, which is even higher
in energy, around 250 kJ-mol!. This big thermodynamic difference could ex-
plain why propyne does not dimerise in gas phase and becomes benzene, the
intermediate is too high in energy.

Honjou et al. studied the thermal interconversion of all C3H, isomers, and
they reported an activation energy of 334.0 kJ-mol! in the isomerisation of

propyne to vinylcarbene [81]. This is a very high barrier and explains why no
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isomerisation exists among C3Hy isomers or why propyne does not dimerise in
gas phase. It has also been reported a scheme of all possible termal interconver-
sions in C3Hy surface, being propyne and propadiene the most stable structures,
and cyclopropene lieing at 94.9 kJ-mol™!.

More recently, Kakkar et al. have reported two studies about C3Hy surface
by means of DFT [82, 83]. They report that vinylcarbene lies 247.9 kJ-mol™!
higher in energy than propyne, but no geometrical values of VC are given. Al-
though the lack of geometrical data for VC, a deep study of propyne, allene
and cyclopropene is made, giving results of geometries, vibrational frequencies
and charge distribution on these molecules. Moreover, they calculate intercon-
version rates among all C3H, isomers, and in the case that propyne isomerises
to vinylcarbene, the activation energy to the transition state is 331.5 kJ-mol™!,
in good agreement with the value reported by Honjou et al. that was 334.0
kJ-mol!, and the rate constant is calculated to be 1.1E10 at 1500 K and 1 atm
of pressure.

Finally, Miller et al. have gone further and they have calculated possible
dehydrogenation paths to study other ways to obtain benzene, phenyl and ful-
vene in gas phase, calculating rate constants and relative energies to form C3H,

species [84].

4.2 VC adsorbed on Cu(111).

Copper is a metallic element that belongs to the first row of the transition
metals. Its electronic valence structure is d'%s?, being isoelectronic to Ag [154],
Au [155] and Rg [155]. Copper has a crystallographic Fm3m structure, and the
lattice parameter is 3.6147 A (atomic radius of 1.2780 A) [151].

Cu surface (and all other metals) is modelled using a slab model with four
layers, whose two uppermost ones are relaxed. Five layers of vacuum are placed
between consecutive slabs. All atoms of VC molecule are allowed to relax.
Plane-waves basis set cut-off is in all cases 500 eV, and the inner-shell elec-
trons are modelled by PAW pseudo-potentials. The density functional used for
calculations is PW91-PW.

4.2.1 Adsorption modes.

It has been commented that propyne reacts on copper to yield benzene (and
other subproducts) [101]. In this section it is studied the behaviour of VC
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(a) Cl-fce-C3-top (b) Cl-fec-cis (¢) Cl-fec-trans

Figure 4.4: Different adsorption modes of VC on Cu(111) on a 2x2 unit cell.

adsorbed on Cu(111), which is the intermediate purposed for this reaction [90].
In this point it is recommended to see figure 4.26 on page 191, where a

summary of all VC structures that we have found in this chapter is presented.

4.2.1.1 2x2 unit cell.

We consider first the adsorption of VC on the 2x2 unit cell (i.e., a molecular
coverage of 0.25). This unit cell should describe the high coverage regime.
Several adsorption modes and starting geometries were explored. We found
six stable surface structures characterised as minima. Three of them have the
C1 atom placed on fcc site, while the other on hcp site. In figure 4.4 those
corresponding to C1 on fcc site are presented. Nomenclature used in figure
4.4 is the one used from this point of discussion (for hep structures “fec” will
be substituted by “hcp”). The Cl-fce-trans and the Cl-hep-trans structures
(in general, Cl-trans structures) have a molecular plane perpendicular to the
surface, and only C1 atom interacts with the surface. The molecular plane is
lacked by the other four structures. In the Cl-fcc-cis and Cl-hcp-cis structures
(in general, Cl-cis structures) only Cl atom interacts with surface, being C2
and C3 closer to surface than in Cl-trans structures. In the Cl-fce-C3-top and
the C1-hcp-C3-top structures (in general, C3-top structures), all carbon atoms
interact with the surface, being C3 atom placed almost above a metal atom (top
position).

The adsorption energies (E,q4s) respect to gas phase propyne are showed in
table 4.2. The ZPE corrected and uncorrected values are shown in different

columns in order to check ZPE effects on energy differences. For sakes of com-
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Table 4.2: Relative adsorption energies respect to propyne in gas phase on Cu
on the 2x2 unit cell. All values are given in kJ-mol™.

’ ‘ Eads ‘
No ZPE | ZPE | ZPE-dl1 | ZPE-d3 | ZPE-d4

Propyne Cl-fcc -79.0 -74.7 -75.1 -75.2 -75.6
Propyne Cl-hcp -79.4 -75.1 -75.4 -75.6 -75.9
VC Cl-fce-trans -25.7 -22.8 -23.0 -23.0 -23.2
VC Cl-hcp-trans -20.2 -17.6 -17.8 -17.7 -18.0
VC Cl-fee-cis -20.7 -17.7 -17.9 -17.8 -18.0
VC Cl-hcp-cis -15.9 -13.0 -13.2 -13.2 -13.4
VC Cl-fee-C3-top -17.8 -13.5 -14.1 -13.6 -14.2
VC C1-hep-C3-top -18.6 -14.2 -15.1 -14.0 -15.0

parison, energies of adsorbed propyne are also included (in fact, propyne struc-
tures and energies were recomputed to exclude variations coming from small
differences on computational details between this work and the other previously
reported [60, 96, 97, 106]).

The relative energies among adsorbed VC structures are in a range of 10
kJ-mol !, being the Cl-fcc-trans the most stable one. Both Cl-trans struc-
tures are slightly more stabilised on the surface than the other structures. The
difference of energy for Cl-fcc-cis and Cl-fec-C3-top structures are 5.0 and 7.9
kJ-mol™ respect to Cl-fcc-trans, and for hep structures are 4.3 and 1.6 kJ-mol ™!,
respectively. When ZPE is taken into account, four different possibilities can
take place. All VC structures come from the isomerisation of propyne: if the
acetylenic hydrogen is substituted by deuterium is obtained DC=CCHj3 (Pr-d1),
if the three methylenic hydrogens are substituted by deuterium it is obtained
HC=CCDj3 (Pr-d3), and if all H atoms are substituted by deuterium, we obtain
DC=CCD3 (Pr-d4). When isomerisation takes place, we yield CDCHCH; (VC-
d1l), CHCDCDy (VC-d3) and CDCDCD, (VC-d4), respectively. In general,
when ZPE is taken into account, differences of energy respect to the Cl-trans
structures, do not vary meaningfully for C1-cis structures, but differences of en-
ergy are slightly enlarged for C3-top structures because ZPE correction is larger
for these structures. For Cl-trans and Cl-cis structures, fcc sites are slightly
more stabilised than hep sites (~5 and ~4 kJ-mol?, respectively), whereas the
differences in energy of both C3-top structures is in the limit of the energy
accuracy in the calculation.

All VC structures are less stable than adsorbed propyne by ~50 or ~60

kJ-moll. When ZPE corrections are included, these differences do not change
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meaningfully because ZPE have the same order of magnitude. This is specially
true between C3-top structures and adsorbed Pr, whose ZPE correction is about
4 kJ-mol! in both cases. In the case of adsorbed Pr, the lowering of the C—H
stretching frequency of acetylenic H and the loss of the triple C=C bond charac-
ter is almost compensated by the inclusion of the whole molecule against surface
vibrations. The major ZPE correction for the adsorbed Pr could be ascribed
to the major frequency values of adsorbed molecule in the region between 600
and 1000 cm™. In the case of C3-top structures, all frequencies above 600 up to
3000 cm™! decrease respect to the corresponding Pr values, whereas the other
frequencies outside this range increase in the same amount, so ZPE correction
of C3-top structures have the same value than adsorbed Pr.

All VC structures become stable respect to gas phase Pr and the surface
(from -18 to -26 kJ-mol'). When ZPE corrections are included all values are
lower in absolute value (from -13 to -22 kJ-mol™!), because ZPE is larger for
adsorbed structures than for gas phase propyne. This is a very important aspect,
because VC structures in gas phase were much more unstable than propyne in
gas phase, in this case, adsorbed VC is more favourable than propyne in gas
phase, and only ~50 kJ-mol™! above adsorbed Pr.

Finally, in this point it is interesting to explain why the two uppermost layers
of the slab have been relaxed. For Cl-trans structure, if this relaxation is not
taken into account the no-ZPE corrected E,gs is -20.7 kJ-mol! and for C3-top it
is -11.3 kJ-mol!. The addition of the this effect stabilises in both cases around
5 kJ-mol™? (Eags is -25.7 and -17.8 kJ-mol™!, respectively). This contribution
is of the same order as the ZPE correction, so it must be taken into account.
Moreover, the atoms in the first layer of the slab suffer some displacement from
their ideal site. For Cl-trans site, this displacement is up to +0.11 A and in
C3-top +0.09 A.

4.2.1.2 3x3 unit cell.

In order to check coverage effects, the size of the unit cell was increased to 3x3,
which corresponds to a molecular coverage of 1/9. This unit cell should depict
the low (or medium) coverage regime, or situations where repulsions among
adsorbed molecules are minimised. We found four structures that were present
on the 2x2 unit cell (Cl-fce-trans, Cl-hep-trans, Cl-fee-C3-top and C1-hep-C3-
top), but two new minima are obtained in this case. Both new structures are

like C3-top structures, but in this case the main difference is that C3 is placed
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(c) Cl-fec-C3-fec

Figure 4.5: Adsorption modes of VC on Cu(111)on the 3x3 unit cell.

on the nearest three-hollow site of the same type as C1, obtaining in this case
C1-fce-C3-fee and Cl-hep-C3-hep structures (in general, C3-hollow structures).
The Cl-fce-cis and Cl-hcep-cis structures were not found on this unit cell. In
figure 4.5 all structures with C1 on fcc for 3x3 unit cell are presented. In this
case unit cell is duplicated to have a better view of structures and the coverage.

When ZPE corrections are not taken into account, the most stable struc-
ture is Cl-fce-C3-fce. Adsorption energies of all structures are shown in table
4.3. The corresponding hcp structures is almost degenerate. Energy difference
between C3-top structures and C3-hollow structures is only ~4 kJ-mol? with
no ZPE correction. ZPE correction is larger for C3-hollow structures than for
C3-top structures, and when ZPE correction is included, C1-fcc-C3-top struc-
ture is slightly favoured, but energy differences are bellow the energy accuracy,
so we can conclude that these four structures (C3-top and C3-hollow) become
degenerated.

The most important coverage effects are the appearance of a new adsorption

mode and the stabilisation of C3-top structures in front of Cl-trans structures.
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Table 4.3: Relative adsorption energies respect to propyne in gas phase on Cu
on the 3x3 unit cell. All values are given in kJ-mol™.

’ ‘ E)ads ‘
No ZPE | ZPE | ZPE-d1 | ZPE-d3 | ZPE-d4
Propyne Cl-fcc -98.9 -93.9 -94.3 -94.2 -94.6
Propyne Cl-hcp -98.9 -93.5 -93.9 -94.0 -94.4
VC Cl-fce-trans -36.4 -33.4 -33.7 -33.7 -34.0
VC Cl-hcp-trans -34.8 -31.9 -32.1 -32.1 -32.4
VC Cl-fce-C3-fee -60.4 -54.0 -54.5 -54.0 -54.5
VC C1-hep-C3-hep -59.9 -53.3 -53.8 -53.4 -53.9
VC Cl-fce-C3-top -56.6 -54.1 -54.6 -54.1 -54.7
VC C1-hep-C3-top -56.0 -53.6 -54.1 -53.6 -54.1

One can imagine that if three carbon atoms are interacting with surface, the
E.qs must be larger than if only one C atom is interacting with surface. In the
case of 2x2 unit cell it did not happen because C3-top structure had too much
repulsion with adjacent adsorbed VC molecules. As the coverage decreases,
C3-top modes of adsorption become more stable than the Cl-trans structures
because C3-top structures need a major surface area to be located, so when
coverage decreases, the repulsion between adjacent molecules is reduced. The
energy difference between Cl-trans and C3-top structures is around 25 kJ-mol!
(20 with ZPE corrections).

As in the case of propyne molecule, another coverage effect is the larger
adsorption energy of all structures respect to gas phase Pr in the larger unit
cell, which is from -56 to -61 kJ-mol-!. The inclusion of ZPE correction decreases
the E.q4s, as expected.

As in the case of 2x2 unit cell, adsorbed VC species are not more stable
than adsorbed Pr. A coverage reduction does not change the stabilisation order
of propyne versus VC moieties. For Cl-trans structures this energy difference
slightly increases as coverage is reduced by 8 or 4 kJ-mol* (for C1-fcc-trans and
Cl-hcp-trans, respectively). For C3-top structures the energy difference respect
to adsorbed Pr decreases much more, from ~60 to ~40 kJ-mol! when coverage
is reduced. So, Cl-trans and C3-top structures behave different when coverage
decreases. Besides, one adsorption mode disappears and another new appears

(Cl-cis and C3-hollow, respectively) when the unit cell is increased.
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(a) Top view, duplicated unit cell. (b) Front view.

Figure 4.6: Coadsorption of one propyne molecule and one VC molecule on a
4x+/3 unit cell.

4.2.1.3 4x+/3 unit cell.

Finally, some test calculations with 4x+1/3 unit cell have been performed. This
unit cell with two adsorbed propyne molecules was proposed from LEED ex-
periments [104, 105]. A model to reproduce this surface order consists of two
adsorbed propyne molecules per unit cell in a criss-cross fashion. The extra
stabilisation of this system could be computed as the difference between the
adsorption energy of both Pr molecules adsorbed simultaneous on this unit cell
and the sum of the E, 45 of both orientations computed each one in the 2x2 unit
cell. This stabilisation is only of 2.5 kJ-mol! (2.9 with ZPE correction).
However, one could compute the whole process of the adsorption of both
molecules in two steps. First, one propyne molecule is adsorbed on the 4x+/3
unit cell, whose E,q5 is -69 kJ-mol-!. Then, the second propyne molecule is added
to the surface, obtaining the whole E.qs, -161 kJ-mol'. The energy difference
between both steps (-91 kJ-mol!) gives the stabilisation of the second molecule
from gas phase in the presence of another molecule on the unit cell. This fact
can justify the election of a 3x3 unit cell to study the conversion from propyne
to VC species, without considering two adsorbed Pr molecules in the unit cell.
To this purpose, it has been considered on this unit cell the coadsorption of
one Pr molecule and one VC isomer. Among all possibilities, the most stable
structure for each isomer on the 3x3 unit cell has been chosen as the starting
point of the optimisation process, i.e. propyne Cl-fcc and VC Cl-fcc-C3-fec.
The E.qs of this system is -115 kJ-mol™!, so the isomerisation energy, from Pr
to VC is endothermic, by 46 kJ-mol!, when one Pr molecule is present on the
surface. The isomerisation energy, from Pr to VC, was 37 kJ-mol! on the 3x3

unit cell. So, coadsorbed Pr increases in some extent the endothermicity of the
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Table 4.4: Adsorption energies for propyne and VC on Cu(111) using a 4x+/3
unit cell. The second value in first column is the energy of the system respect
to 1 adsorbed propyne (1 ads. Pr). All values are in kJ-mol ™.

’ \ Eaqs / AE (1 ads. Pr) ‘

No ZPE ZPE | ZPE-dl1 | ZPE-d3 | ZPE-d4

1 ads. Pr -69.8 / 0.0 -65.5 -65.8 -65.9 -66.3

2 coads. Pr -161.1 / -91.3 | -152.7 | -153.4 -153.5 -154.2

1 ads. VC -32.0 / 37.8 -29.1 -29.7 -29.1 -29.7
coads. Pr & VC | -115.6 / -45.8 | -107.7 | -108.5 -108.2 -109.1

isomerisation process. Note that the position of C3 atom of VC is between the
hollow-site and the top-site (see figure 4.6), similar to the 2x2 unit cell. This
is another effect of repulsion between adjacent molecules as coverage increases.
Finally, the Cl-fcc-C3-fee structure was also computed alone on this unit cell.
In this case, the structure retains the position of both C1 and C3 atoms. The
energy difference between adsorbed propyne and VC is around 38 kJ-mol!. As
a result of these test calculations, one could argue the use of 2x2 and 3x3 unit
cells to study the isomerisation from Pr to VC as representative situations of
high and low coverage regimes, respectively. So, the study of kinetics of this
reaction (chapter 5) will be done without considering the 4x+/3 unit cell, i.e.
avoiding the coadsorbed Pr molecule in the determination of transition states

structures.

4.2.2 Adsorption geometries.

As in the case of propyne adsorption on Cu(111), the position of C1 on the fcc or
on the hep site does not introduce any relevant change on adsorption geometry
[106]. The comparison of adsorption geometry between fcc and hep site for
the same kind of adsorbed structure indicates that all distances do not change
more than +0.02 A, and all bond angles do not differ more than +1°. So, in
order to reduce such amount of information, we have only reported in table 4.5
geometric parameters of Cl-fce structures, which are slightly more stable than
the corresponding hcp structures. Some differences take place when the unit
cell changes. So, it has been chosen to display geometrical parameters obtained
with 3x3 unit cell, or with 2x2 unit cell if structure does not exist for 3x3
unit cell. Values for other unit cells are reported in brackets, but only when

differences are larger than +0.02 A or +1°. C—H distances are not shown in this
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Table 4.5: Geometrical parameters of VC adsorbed on Cu(111). A slash (“/”)
means meaningless value in the case of Cl-trans dihedral angle (structure is flat)
or meaningless change in the case of C3-hollow. In brackets changing parameters
more than +£0.02 A or £1°,

‘ Cl-trans ‘ Cl-cis ‘ C3-top ‘ C3-hollow ‘
3x3 (2x2) | 2x2 3x3 (2x2) 3x3 (4xV/3 ; 4x/3&Pr)
(@)4(C1-C2) 1.45 1.45 1.41 1.40
d(C2-C3) 1.36 1.36 1.44 1.45
(®) o(C1-C2-C3) 125.3 127.5 | 124.9 (122.3) 124.1
a(H1-C1-C2) 106.6 106.8 112.0 112.5
a(H2-C2-C1) 117.1 115.8 118.6 119.2
a(H2-C2-C3) 117.7 116.7 | 116.3 (118.2) 116.7
o(H3-C3-H4) 117.3 117.3 112.2 110.0 ( /; 111.2)
a(H3-C3-02) 121.1 121.3 | 116.3 (117.4) 115.9
a(H4-C3-C2) 121.6 121.3 114.5 113.2
(e)tilt 0 30.6 46.1 45.7 ( / ; 42.9)
(Dg(H1-C1-C2-C3) / -148.7 | -159.1 (-155.4) -166.7 ( / ; -165.0)
0(H3-C3-C2-C1) / -179.9 -177.6 -179.1 ( / ; 177.5)
6(H4-C3-C2-C1) / 8.1 48.9 52.5 (/ ; 50.7)
0(H1-C1-C2-H2) / 28.6 16.4 (19.3) 12.9
0(H2-C2-C3-H3) / 2.9 6.8 1.3 (/;4.5)
0(H2-C2-C3-H4) / -174.1 -126.7 -128.8 (-125.7; /)
() 4(C1-M) 2.04 1.98 2.00 1.99
d(C2-M) / / 2.27 (2.34) 2.17 ( /5 2.25)
d(C3-M) / / 2.10 2.26 (2.19 ; 2.13)
d(H1-M) 1.97 1.92 2.16 (2.08) 2.23 ( /;2.17)
d(H2-M) 2.72 / 2.87 (2.94) 2.88 ( /; 2.94)
d(H3-M) / / 2.77 2.47 (2.53 ; 2.83)
d(H4-M) / 2.45 2.23 (2.35) 1.97 (2.00 ; 2.05)

@)d: distances (A); ®a: angles (degrees); () tilt: angle between C1-C2-C3
plane and the normal vector of surface; (V9: dihedral angles (degrees); ()
distances to nearest surface atom.

table as all distances are between 1.09 and 1.12 A, so they do not contribute
to give information about VC adsorption. Also the distances of carbon atoms
respect to the position of the relaxed surface atoms are presented. See figure
4.3 to remember nomenclature.

Observing the coordination mode, one expects structures that are linked
only by C1 to surface (Cl-fcc-trans, Cl-hep-trans, Cl-fee-cis and Cl-fee-cis)
to be a carbene-like structures, in particular, Cl-trans structures retain the

molecular plane. The C2—C3 distance in Cl-trans structure is 1.36 A, whereas
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C1—C2 distance is 1.45 A, indicating the existence of a double C=C bond and
a short C—C single bond, respectively, which is an evidence of the carbene-like
structure (look at table 4.1 to compare geometric parameters with VC in gas
phase in singlet (carbene-like) and triplet state (resonant)). The most changing
angle between vinylcarbene and propene-1,3-diyl is HI-C1-C2 (107.0° when
molecule is adsorbed), indicating a sp3-like hybridisation of C1, like vinylcarbene
in gas phase. For Cl-trans structures no differences appear neither for fcc or
hcp structures nor for 2x2 and 3x3 unit cells.

Finally, it is important to note that for Cl-trans structures H1 and H2 atoms
are near the surface (H—M distance of 1.95 and 2.51 A, respectively). In fact,
adsorbed Cl-trans structure is similar, in some sense, to that proposed as an
agostic intermediate in the conversion (5-H elimination) of adsorbed allyl to
allene on Ag(111), despite the allyl moiety has an extra hydrogen atom on the
interacting carbon atom [86]. [-H elimination is one of the most important
and favourable process of hydrocarbon conversion on metal surfaces [87, 88].
Accordingly, the possibility of the existing of allenyl (CHy=C=CH) structures
on the surface should be taken into account. So, in the study of the conversion
from Pr to VC (see chapter 5), not only the direct 3,2-H shift mechanism will
be determined, but also the dehydrogenation-hydrogenation pathway following
the Horiuti-Polanyi mechanism [89].

Cl-cis structures appear only when a 2x2 unit cell is modelled, indicating
this structure is only stable in the high coverage regime. These structures lack
of the molecular plane that VC posses in gas phase, because H1 tilts out the
molecular plane 28.6°, remaining H2, H3 and H4 in the same plane as the
C1—-C2—C3 plane, which is tilted ~30° respect to the surface normal. In Cl-cis
structures H2 lies at the same site as H1 respect to C1—C2 bond, whereas in
Cl-trans structures H1 and H2 are placed on the opposite site of the C1—-C2
bond (as commented in section 4.1). The C1—C2 distance is 1.45 A, whereas
(C2—C3 distance is 1.36 A, indicating, as in the case of C1-trans structures, that
a double C=C bond exists between C2 and C3, and that this is a carbene-like
structure. The H1-C1—C2 angle is 106.8°, that agrees with the fact that this
structures is a carbene-like structure (vinylcarbene), because propene-1,3-diyl
angle is more opened in gas phase (around 130°). Another important fact is
that H1 and H4 have agostic interactions with the surface and -H elimination
could be possible. The H1—M distance is 1.92 A, being the H4—M rather larger,
2.45 A. The C1-M distance is a bit shorter than in Cl-trans structures, which

was only 1.98 A. Finally, no important differences exist between Cl-fce-cis and
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C1-hcp-cis structures, not existing this structure on the 3x3 unit cell.

C3-top and C3-hollow structures have a very different adsorption geometry
than Cl-trans and Cl-cis structures. First, these structures do not retain the
molecular plane, like Cl-trans structure did. Then, the coordination mode to
the surface, which is the more important variation, is very different: in this
case, all carbon atoms interact with the surface. The shorter M—C distances of
each C atom are in the range from 2.0 to 2.3 A. Consequently, they show an
allylic structure, being C1—C2 and C2—C3 distances for C3-hollow structures
1.40 and 1.45 A, and distances for C3-top are 1.41 and 1.44 A, respectively, so
no localised double bond persists upon adsorption, and being these distances
much larger than propene-1,3-diyl’s in gas phase, indication that double C=C
bond interacts with the surface. The mode of coordination is an important
difference respect to previous cluster calculations carried out by Clotet et al.
[90], where only C1 and C3 interacted with the surface, therefore exhibiting a
bisected 1,3-diradical structure and localised double and simple C—C bonds. In
all structures, C1 interacts with the three Cu atoms of the hollow site, showing
the typical coordination of an acetylenic unit on copper like the case of propyne
[91] and acetylene [92] on Cu(111), i.e. the typical coordination mode of C2C1H1
proposed by Sheppard, though distorted [93].

Bond and dihedral angles reveal the quasi-planarity of the H3C3C2H2 unit.
In fact, C2 seems to retain sp? hybridisation, so it interacts with the surface via
the 7 orbitals. Due to this extra m-bond, the C1—C2—C3 plane is tilted away
from the surface normal 46°. In hcp structures this tilting is somewhat larger,
49°. This is the unique influence of the second layer in molecular geometry.
The main difference between C3-top and C3-hollow structures is the position
of C3. The coordination of the CHyCH unit in C3-top structure resembles the
di-o coordination of the same unit of propylene on Pt(111) surface [94, 95],
where the C=C bond is aligned along a M—M bond and almost parallel to the
metal. Obviously, the presence of two hydrogen atoms more on the other C
atom of propylene makes the whole coordination mode different. In our case,
the interaction of C1H1 unit with the surface makes the C2—C3 bond not to be
aligned with the corresponding Cu—Cu bond.

H atoms in C3-top and C3-hollow structures are also activated (like in the
case of Cl-trans and Cl-cis structures). In these structures, H—M distances
are always under 3 A. On both types of structures H2 atom is the one more
distant to the surface (distances of ~2.88 A for C3-top and C3-hollow struc-
tures), followed by H3 atom (distances of 2.47 and 2.77 A for C3-hollow and
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C3-top structures, respectively). Consequently, H1 and H4 are the nearest to
the surface, being the order different depending on the C3 atom position. For
the C3-top structures, the nearest atom is H1, despite being the difference small
(distances of 2.16 and 2.23 A for H1 and H4, respectively), whereas for C3-hollow
structure H4 atom shows a major agostic interaction (2.23 and 1.97 A for H1 and
H4, respectively). Therefore, the possibility of H-elimination in C3-top and C3-
hollow structures before the coupling reaction, i.e. dimerisation of CHCHCH,
should also be taken into account (the first proposal [90] was the coupling of
two CHCHCHj, units to yield cyclohexadiene followed by the Hy elimination to
yield benzene). Moreover, the hydrogenation of CHCHCH; should also explain
the production of some amount of propene (another product of the catalytic
coupling of propyne on Cu(111), ~5%).

To end this section, some comments about coverage effects should be done.
First, neither C3-hollow minima exist on the 2x2 unit cell, nor Cl-cis exist for
3x3 unit cell. C3-top and C3-hollow structures are almost degenerated in energy
in the low coverage regime. In fact, adsorption geometry of C3-top structure
in high coverage situation, represented here by slab calculation on the 2x2 unit
cell, shows some differences respect to the low regime situation. On the 2x2 unit
cell, the repulsion between adjacent molecules causes a shorter C2—C3 distance
and a closer C1—C2—C3 angle (1.41 A and 122° for 2x2 unit cell, 1.45 A and
125° for 3x3 one). The position of H atoms (minor values of H4—C3—C2 angle,
major dihedral angles of H1—C3—C2—H2 and H3—C3—C2—H2 units) and the
major C2—Cu distance make also a more compacted structure at high coverage.
Finally, for C3-hollow structures one can regard to compare the effect of coverage
in the results obtained on the 3x3 unit cell (low coverage, low repulsion) with
those obtained on the 4x+/3 unit cell, when the molecule is adsorbed alone (low
coverage but major repulsion), as well as when coadsorbed propyne molecule is

present on the surface (high coverage).

4.2.3 IR spectra.

The simulated spectra and assignments of VC structures adsorbed on Cu(111)
are summarised in the tables of next subsections. In these tables only results for
3x3 unit cell (not for Cl-cis structure, of course) and for Cl-fcc structures are
displayed. The simulated RAIR spectra are also showed in the next subsections,
which also include the spectra derived from partial deuteration, CDCHCH,
(VC-d1) and CHCDCD; (VC-d3), and total deuteration, CDCDCD, (VC-d4),
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for each structure. All simulated spectra have been obtained using Lorentzian
functions, with a bandwidth of 20 cm™ and a resolution of 0.5 cm™'. When
significant differences arise from coverage or from the position of C1 atom, those
results will be explicitly commented.

To the best of our knowledge there is no vibrational information of these
structures adsorbed on metals. The good agreement between the theoretical
frequencies and intensities with experimental data available enabled us to pre-
dict the vibrational spectra for some adsorbed molecules on metals [58, 60, 95,
96, 97, 98], mainly hydrocarbons, so it is supposed a similar accord in this study.
Therefore, the useful of the computed spectra to identify these structures and
band assignments is expected, as in previous works in our group. Concerning
band assignments, our aim is to express the normal modes into the usual “func-
tional group” modes, like it was made in chapter 3 for TTF. In the forthcoming
discussion, first the RAIR spectrum of each type of structure and the effect of
deuteration will be commented separately. After that, it will be tried to find
out which are the fingerprints of each type of structure necessary to identify

their presence on Cu(111).

4.2.3.1 Cl1-cis structure.

This system lacks of the symmetry respect to the gas phase, but only because
H1 is out of the molecular plane, all other atoms remain almost in the molecular
plane, as dihedral angles indicate (see table 4.5). It is important to take this
into account for the forthcoming discussion. In some cases, the couplings among
functional groups! can be achieved to this structural feature.

All frequencies and intensities are presented in table 4.6 and the simulated
RAIR spectrum in figure 4.7. In the C—H stretching region, the computed
frequencies lie at 3142, 3026, 3013, and 2709 cm™'. When VNMs are examined
it can be observed that the two highest frequencies are the asymmetric and
symmetric v C3Hs. Then appears the most intense band in the C—H region
corresponding to v C2—H. Finally, the lowest frequency corresponds to v C1—H,
which lies 300 cm™ down the other v C—H frequencies, because the M—H1
distance is really short making C1—H distance to be long, being this the most
activated C—H bond. When H1 is deuterated (VC-d1) no important changes in
spectrum appear at this region, decreasing the frequency of v C1—D down to

ITerminology used for VNM:
v: stretching; §: bending in-plane or scissoring; p: rocking; 7: twisting; w: wagging; ~:
bending out-of-plane.
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Table 4.6: Vibrational frequencies for Cl-fcc-cis on the 2x2 unit cell. All fre-

quencies are given in cm™.

’ \ Cl-fce-cis 2x2 ‘

Vibrational mode Ve | I (km/mol)
asym. v C3Hy 3142 0.75
sym. v C3Hs 3026 2.37
v C2—H 3013 4.47
v C1-H 2709 1.23
v C2=C3-6 C3Hy + § C2—H + § C1-H | 1539 0.03
0C3Hy + 6 C2—H 1379 1.12
6 C2—H + 6 C3—H4 1277 0.56
0 C1-H 1225 0.16
(6 C2—H -6 C2—H) + v C1-C2 1084 0.82
v C2—H + 7 C3H, 963 0.79
v C2—H - 7 C3Hs 934 0.21
wC3Hy 840 9.18
v C1-H + 7 C3H, 647 3.6
v C1-H - 7 C3H, 596 2.7
6 C1-C2-C3 494 2.25
v VC—surf 367 0.01

1993 cm™! (very low intensity at the spectrum). In VC-d3 v C1—H remains like
in VC, but the other v C—D decrease to 2344, 2234, and 2208, corresponding
to the asymmetric v CDs, and the positive and the negative coupling of both
the symmetric v CDy and the v C2—D, respectively, and being this last one the
most intense band of this region. VC-d4 behaves like the deuterated modes of
VC-dl and VC-d3.

The frequencies range from 1000 to 1600 cm™ is the one that contains v
C—C and § C—H, being these bands very low in intensity (<10 % of the most
intense band in the spectrum). v C2—C3 is coupled with 6 C—H of all H atoms
in the molecule, which has a frequency value of 1539 cm™, and v C1—C2 is
coupled with § C1—H and 6 C2—H, whose frequency value is 1084 cm™. This
indicates the clear existence of a double and a simple C—C bond. Among these
two values appear three VNM at 1379, 1277, and 1225 cm™, which correspond
to the positive and negative coupling of § C3Hy with 6 C2—H, and § C1—H,
respectively (in this case geometry plays an important role in the coupling of the
functional groups). In VC-d1 only VNM that correspond to v C1—C2 and to
6 C1—D are affected. The first one because § C1—D decouples from v C1-C2,

increasing the frequency from 1084 to 1121 cm™. Moreover, § C1—D decreases
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Figure 4.7: Simulated RAIR spectrum for VC adsorbed in Cl-cis structures.
From bottom to top spectra of VC, VC-d1, VC-d3, and VC-d4.

in frequency and couples with v C2—H, lieing at 876 cm™. In VC-d3 a strong
coupling between v C—C and § C—D exists, lieing v C2—C3 and v C1-C2 at
1478 and 1129 cm™, respectively. VC-d4 behaves similar to VC-d3.

Going to a lower region of the spectrum, v C—H and § C1-C2—C3 modes
appear. The most intense band of the spectrum lies at this region, it is the w
C3Haz, which is not coupled with any other vibrational mode and has a vibra-
tional frequency of 840 cm™. Above this band appear two weak bands at 963
and 934 cm™!, corresponding to the positive and negative coupling of v C2—H
and 7 C3H,. Under the w C3Hy band, appear the bands corresponding to the
positive and negative coupling of v C1—H and 7 C3Hy, at 647 and 596 cm™. Fi-
nally, a small band corresponding to § C1—C2—C3 is present at 494 cm™. When
C1 is deuterated, the main difference respect to VC is that 7 C3H, is decoupled
from v C1—D, lieing 7 C3H, at 617 cm™, which is a band almost so intense like
the most intense one (w C3Hs); and v C1—D couples with § C1-C2—C3 and
two new small bands appear at 515 and 431 cm™. In the case of VC-d3 and
VC-d4 a new set of couplings are obtained, but the most important feature is
that w C3D5 mode is always the most intense band in the spectrum, in the case
of VC-d3 it is coupled with v C1—H at 667 cm™ and in the case of VC-d4 it is
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Table 4.7: Vibrational frequencies for Cl-fcc-trans on the 3x3 unit cell. All

frequencies are given in cm™.

’ \ Cl-fce-trans 3x3 ‘

Vibrational mode Ve | I (km/mol)
asym. v C3Hy 3160 0.2
sym. v C3Hy 3064 1.4

v C2—H 3021 0.2

v C1-H 2737 0.8

v C2=C3 -6 C3Hy + § C2—H | 1537 4.5
0C3Hy + 6 C2—H 1393 32.6
60 C2—H 1280 5.4

0 C1-H 1249 0.6

v C1-C2 - §C1-H 1097 0.0
~ C2—H 964 0.1

» C3H, 951 1.2

w C3Hy 865 04

~ Cl-H 663 0.0

7 C3H, 578 0.1

6 C1-C2-C3 537 12.6

v VC—surf 265 0.6

coupled with v C2—D, lieing at 653 cm™.

Finally, v VC—M appears around 350 cm™!, being few affected by deuteration
of molecule (from 367 cm™ in VC down to 339 cm™ in VC-d4).

The spectra of Cl-fee-cis and Cl-hep-cis exhibit no differences neither in
frequencies nor in intensities. This system is only present on the 2x2 unit cell,

S0 no comparison with 3x3 unit cell is possible.

4.2.3.2 Cl-trans structure.

The spectrum (figure 4.8) presents four transitions in the C—H stretching re-
gion (3160, 3064, 3021 and 2737 cm™).
(3064 cm™!) corresponds to the symmetric C3H, stretching mode, although its

As expected, the more intense band

intensity is very weak. The asymmetric counterpart is not forbidden because
the height of both hydrogen atoms are not the same. Both C1—H and C2—H
stretching modes have a very low intensity due to the low values of z-dipole
derivatives of both H atoms. The very low frequency value, 2737 cm™, indi-
cates that C1—H bond is the most activated C—H one in this structure. The
deuteration of this hydrogen atom causes a decrease of 724 cm™ and its intensity

also decreases. In VC-d3 and VC-d4, C—D frequencies decrease is somewhat
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larger, ~800 cm™, following also the typical 1.36 factor that could be derived
from simple reduced mass arguments. However, symmetric v C3D5 and v C2—D
are strongly coupled in this deuterated system, whose negative coupling mode
is the more intense band in this zone of the spectrum (but few relative intensity
respect to the most intense band, 6 C3Ds + § C2—D), whereas the positive
coupling appears as a shoulder at somewhat higher frequencies.

In the range between 1275 and 1600 cm™ three fundamental transitions at
1537, 1392 and 1280 cm™ appear. These bands are mainly related to v C2=C3
, 0 C3Hy and § C2—H , respectively, but all of them exhibit some degree of
coupling. The band at 1392 cm™! is the most intense band of the spectrum and
corresponds to the positive coupling of this three functional group modes. The
band at 1537 cm™! corresponds to the coupling of ¥ C2=C3 mode with the §
C3Hs . The intensity of this band is only due to the negative coupling with the §
C3H; mode, as v C2=C3 is practically not active. The movement of C2 and C3
on the z-direction causes a z-dipole derivative positive for both C atoms. As the
mass-weighted normal mode coefficients of these carbon atoms are similar and
have opposite sign, the corresponding intensity is almost zero. The transitions
corresponding to § C1-H , v C1—-C2 and p C3H; lie at lower frequencies and
they are very weak. These modes are also strongly coupled. Regarding z-dipole
derivatives of C1 and C2 atoms, which are of opposite sign, one expects the v
C1—C2 (1907 cm™) to have a somewhat large intensity. The coupling with p
C3H; neglects its intensity in favour of this mode (950 cm™), which a priory
should have an almost zero intensity. Finally, as the overall system has a Cg
symmetry, all bendings out-of-plane modes have intensity zero.

The deuteration of C1 does not cause important differences in this IR region.
The deuteration on C2 and C3 breaks (or weakens) the coupling between v
C2=C3 and deformation modes. For VC-d3, these bands move to 1464 (v
C2=C3 is almost inappreciable in the spectrum), 990 (§ C3Ds is less intense as
the mass-weighted normal mode coefficients of the D atoms are smaller than the
corresponding H ones) and 940 cm™ (§ C2—D is not observed in the spectrum).
The band at 1137 cm™ is assigned to v C1—C2 , which is now coupled with
the § C3Dy mode and decoupled of the rocking mode. The deuteration of all H
atoms (VC-d4) does not introduce important changes in this IR region respect
to VC-d3. Only the band that emerges at 942 cm™' in the fully deuterated case
could be assigned to the coupling of both § C1—D and § C2—D . Below 600 cm™,
only a band has an appreciable intensity. It is assigned to the § C1-C2—C3.
This band moves from 537 to 506, 490, and 467 cm™' in progressive deuteration
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Figure 4.8: Simulated RAIR spectrum for VC adsorbed in Cl-trans structures.
From bottom to top spectra of VC, VC-d1, VC-d3, and VC-d4.

of H atoms, as all H atoms move in this normal mode.

For this structure no differences appear between Cl-fcc and Cl-hcp coor-
dination modes. The effect of coverage does not cause significant differences
neither on frequency values nor in the VNM, but reduces almost all the corre-
sponding associate intensities due to the minor values of some dipole derivatives.
In fact, when dipole derivatives of 3x3 unit cell are used to compute intensities
of the 2x2 unit cell, (or viceversa) there is no difference in intensity of both
spectra. So differences appear as a consequence of small differences on dynamic
electronic distribution in z-direction, as neither geometry nor frequencies change

with coverage.

4.2.3.3 C3-hollow structure.

This system has no symmetry, so all normal modes can be IR active a priori.
Due to the low z-dipole derivatives, specially of the H atoms, the intensities
of the overall spectrum are lower than the ones of the spectrum of Cl-trans
structure (note the different scale range in intensities in table 4.7 and table 4.8).
Among all H atoms, the H atom bonded to C2 has the major contributions of z-

dipole derivatives, thus the bands concerning the movement of this atom should
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Table 4.8: Vibrational frequencies for Cl-fce-C3-fce structure on the 3x3 unit

cell. All frequencies are given in cm™.

] \ Cl-fee-C3-fee 3x3 ‘

Vibrational mode Ve | I (km/mol)
v C3—H3 3054 0.00
v C2—H 3007 3.15
v C1-H 2926 0.47
v C3—H4 2818 0.43
(v C1—C2 - v C2—C3) + 6 C3H, 1388 1.34
0 C3Hy + (v C1-C2 - v C2-C3) 1364 0.05
6 C2—H 1229 1.29
6Cl-H+ § C2—H + § C3—H4 - w C2—-C3 | 1165 0.37
p C3H;y - § C1-H 1031 0.00
(v C1-C2 + v C2—C3) + p C3H, 976 0.19
w C3H, - v C2—H 945 0.93
w C3Hy + v C2—H 832 0.00
v Cl-H + m v C2—H 724 6.81
7 C3Hy + § C1-C2-C3 636 0.44
6 C1-C2—-C3 - 7 C3H, 516 1.66
v Cl—surf 377 1.69
v C2—surf 329 0.99
v C3—surf 244 1.53

m : medium.

be the most intense ones. For the forthcoming discussion, it is important to state
that C1-C2—C3 plane is tilted, H1, H2 and H3 atoms remain approximately
in this plane and H4 is clearly out this plane. Thus, concerning C3Hs unit, the
contributions of both H atoms sometimes are coupled as usual although not in
a symmetrical way, but in some VNM they are absolutely decoupled.

In table 4.8 vibrational frequencies and intensities are presented. In figure
4.9, the RAIR spectra for Cl-fcc-C3-fece adsorption mode is presented for VC,
VC-d1, VC-d3 and VC-d4. In the C—H stretching region, the computed bands
appear at 3054, 3007, 2926, and 2818 cm™. The first conclusion that arises from
the examination of the normal modes is the decoupling of all v C—H modes (the
coupling do not go beyond the 3% in terms of squared normal mode coefficients).
The bands correspond to the stretching of H3, H2 (the most intense, following
the above arguments), H1 and H4. The major agostic interaction of H1 and
H4 causes the lower frequency of the corresponding stretching mode, being the
H4 atom the most activated one of the adsorbed molecule. Deuteration do not

cause any coupling. The position of bands goes to 2260, 2223, 2155, and 2066
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cm™, following the typical factor of ~1.36 and exhibiting lower intensities due
to the smaller vibrational mode coefficients.

The wavenumbers ranged between 975 and 1400 cm™ contain modes related
to v C—C and § C—H. All this modes are strongly coupled. An assignment
of these features is provided in table 4.8. Modes at 1388 and 1364 cm™ are
essentially characterised by the negative coupling of both v C—C coupled with §
C3H;. The central part of this region is predominantly associated with § C1—H
and § C2—H modes (1229 and 1165 cm™), whereas the low part is mainly
linked to p C3Hy (1031 and 975 cm™). In all modes, C atoms move from
their equilibrium position in some extent. Only the fundamental vibrations at
1388 and 1229 cm™ have some intensity, which is almost equal. The isotopic
substitution of H1 does not change appreciably this region (the position of §
C1-D will be commented below). The deuteration on C2 and C3 modifies this
region (see figure VC-d3 and VC-d4) and it rules out one of the bands. The
feature observed in the spectra is attributed to the negative coupling of both
v C—C mode as § C3Dy goes to lower frequencies. The decoupling of § C3Ds
is consistent with a lower frequency (~55 cm™') and an increase of the band
intensity. An analysis of the atomic contributions to the final intensity unravels
that the main contribution could be ascribed to the movement of C2 on its own
plane, which implies a variation of the dipole moment on the z-direction (the
contribution of C1 cancels the one of C3). The weak band at 1064 cm™ in the
VC-d3 spectrum is assigned to the § C1—H coupled with v C2—C3 and § C3Ds,
although § C1—H also participates in the unobserved transition at 1190 cm™, in
this case coupled with the positive coupling of both ¥ C—C, which also could be
mainly associated to the very weak feature at 1139 cm™ in the VC-d4 spectrum.

Next region going to lower frequencies are related to y C—H and § C1-C2—-C3
modes. Note that, though the molecular plane is lost in this adsorption mode,
the bending in-plane (4) and out-of-plane () modes remain well separated. The
w C3Hj is coupled with the v C2—H mode. The negative coupling appears at
945 cm™ (weak) whereas the positive coupling at 832 cm™ has zero intensity.
The following band at 724 cm™' is the most intense one in the spectrum and
it is assigned to the positive coupling of v C1—H and v C2—H. The 7 C3H,
mode is coupled with § C1—C2—C3 mode, being the positive coupling at 636
cm™ and the negative one, more intense, at 516 cm™. The deuteration on C1
breaks the coupling between v C1—D and v C2—H, so the band at 724 cm™
splits into two components. The v C1—D appears at 566 cm™ and decreases in

intensity. This band is located between the positive and negative counterparts
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Figure 4.9: Simulated RAIR spectrum for VC adsorbed in C3-hollow structures.
From bottom to top spectra of VC, VC-d1, VC-d3, and VC-d4.

of 7 C3Hs and § C1—-C2—C3 modes, which also go to lower frequencies when
C1 is deuterated, because this H(D) atom moves in the 6 C1-C2—C3 mode.
The v C2—H mode seems to go to higher frequencies when C1 is deuterated,
indicating a low coupling between them. On one hand, the band at 822 cm™
corresponds to the coupling of v C2—H mode with w C3Hs. On the other hand,
it mixes with the corresponding § C1—D mode (804 cm™). So, the separation
of in-plane and out-of-plane is partially lost when deuteration takes place. This
fact is reinforced when the number of D atoms increases. The band at 621 cm™
in VC-d3 spectrum is purely a v mode (positive coupling of w C3Dy, v C2—D
and v C1—H), whereas the upper bands at 709, 775, and the shoulder at 805
cm! implies both § C1—H and v C1—H modes (and also w C3Dg, § C2—D, and
p C3Ds modes). Similar effect is observed in full deuterated system. The band
at 558 cm™! is mainly characterised by the v C1—D and, in some extent, by the
~v C2-D, and w C3Ds modes. The major contribution (around 85%) of the ~
C1—D mode makes the band more intense than the corresponding band of VC-
d3 (band at 709 cm™, ~60%). The other upper bands in VC-d4 remain very

weak due to the minor mass-weighted mode coefficients and also to different
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Figure 4.10: Comparison of RAIR spectra of VC adsorbed in Cl-fcc-C3-fcc
mode. In red 3x3 unit cell; in blue 4x+/3 unit cell.

couplings between v C—C and § C—D modes.

Finally, three weak bands at 377, 329, and 244 cm™! are assigned to v
C—surface modes (C1, C2 and C3, respectively). These modes are coupled
with the v C1—-C2—C3 in some extent, specially the one related to C2 atom.

Comparing 3x3 and 4x /3 unit cells for C1-fcc-C3-fee structure (figure 4.10),
some small differences emerge in band position and intensity, although spectra
assignations are the same. In the v C—H region two differences can be observed.
First, the v C3—H3 band has the same frequency value in both unit cells, but
only is observed on the 4x+/3 unit cell (weak). On the 3x3 unit cell it is
not observed because the contribution of each cartesian coordinate of H3 atom
cancel each other, but not on the 4x+v/3 unit cell. Second, the v C3—H4 band
moves to higher frequencies (~40 cm™) when surface coverage slightly increases
as the distance of this H atom to the surface also increases, showing a minor
agostic interaction and in consequence a less activated C—H bond. In the middle
IR zone, several bands (1229, 945 and 724 cm™) lose part of the intensity for
the 4x+/3 unit cell. The analysis of atomic contributions to the final intensity
indicates the main differences arise from H1 and H2 contributions. Finally, in

the v C—H and § C1-C2—C3 zone, some frequencies change from 10 to -26
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cm™. This is due in part to the minor degree of coupling of some modes and to
the major H—surface distance in the case of the 4x+/3 unit cell.
The spectra of Cl-fce-C3-fcc and Cl-hep-C3-hep do not exhibit any differ-

ence neither in frequency values nor in intensities, so it is not presented here.

4.2.3.4 C3-top structure.

As in the case of C3-hollow structure, the C3-top structure lacks of the molecular
plane too, and the C1—C2—C3 plane is tilted respect to the surface normal with
a similar value as C3-hollow specie (see table 4.5). H3 has a dihedral angle minor
than in the corresponding C3-hollow structure, whereas the H1 angle is major
in this case. The intensities of the overall spectrum are in the same range of C3-
hollow type structure. In figure 4.11 RAIR spectra for VC and its deuterated
isomers are presented for C3-top structure.

In the v C—H region (see table 4.9), the bands at 3090, 2996, 2962, and 2901
cm™ are assigned mainly to v C3—H3, C2—H, C3—H4, and C1—H, respectively.
For this structure both stretching modes associated to the C3Hy unit are mixed
by ~10%. When C3 interacts directly only with a surface Cu atom, H4 loses
part of the agostic interaction, so ¥ C3—H4 mode goes to higher frequencies
and couples, in a small amount, with v C3—H3. When the degree of coupling
increases, the asymmetric coupling of both C3—H3 and C3—H4, which is the
major frequency of the spectrum, increases its frequency (compare the values
of Cl-trans, C3-top, and C3-hollow structures). It is important to note that
C1—H is the most activated C—H bond in this structure. Deuteration of C1
affects only to the corresponding stretching mode, with the typical 1.36 factor.
However, deuteration of C2 and C3 introduces changes in the intensities due
to a major (~20%) coupling of v C3—D3 and v C3—D4 modes, and decreases
the intensity of the v C2—D mode, because of the coupling of this mode with v
C1-H(D) and v C3—D4 ones.

The region corresponding to § C—H and v C—C modes has similar bands
positions and assignments as the C3-hollow structure. However, some band
intensities are different due to small variations in the degree of coupling among
the functional group modes. The intensity of the upper band in the region
decreases, but the intensity of the band at 1229 ecm™ increases, consequently,
the overall aspect of the spectrum seems unlike. Note that deuteration on C2
and C3 (VC-d3 and VC-d4 spectra) causes the same effects as in C3-hollow

structure, showing a very similar aspect (frequencies around 10 cm™ higher and
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Table 4.9: Vibrational frequencies for Cl-fcc-C3-top on the 3x3 unit cell. All

frequencies are given in cm™.

] \ Cl-fee-C3-top 3x3 ‘

Vibrational mode Ve | I (km/mol)
v C3—H3 3090 0.80
v C2—-H 2996 1.70
v C3—H4 2962 0.72
v C1-H 2901 0.36
5 C3Hy+ (v C1—C2- v C2—C3) | 1404 0.87
0 C3H; - (v C1-C2 - v C2—-C3) | 1377 0.25
0 C2—H + v C1-C2 1222 2.86
6 Cl-H + 6§ C2—H- 6§ C3—H4 1174 0.84
p C3H, - § C1-H 1034 0.13
(v C1-C2 + v C2-C3) - p C3H, | 973 0.36
v C3H; - § C1-H 927 0.08
w C3H, 796 0.69
~ Cl-H 735 5.89
0 C1-C2-C3 + 7 C3H, 567 1.19
7 C3H,y - 6 C1-C2-C3 459 4.66
v C1H—surf 384 1.86
v C2H—surf - v C3Hy—surf 311 0.37
v C3Hy—surf + v C2H—surf 277 0.02

somewhat more intense). In VC-d1, this region of the spectrum is very similar
to the one of VC. The main difference is that § C1—D decreases to 823 cm™,
breaking some couplings. In VC-d3, the couplings between v C—C and § C—H
change because the decrease in the frequency value of some § C—D, appearingy
C—C at 1342 cm™!, somewhat lower than in VC, but much more intense than
in VC and VC-d1. The band at 1222 cm™ in VC corresponding to the coupling
of v C1-C2 and 6 Cl—Hdisappears in VC-d3. In VC-d4 something similar to
VC-d3 happens.

The fundamental transitions at 927 (I~0), 796 (weak), and 735 (the most

intense band of the spectrum) cm™

are assigned to the coupling of v C2—H,
w C3Hs, and v C1—H. The minor contribution of H1 atom to the VNM for
those at 927 and 735 cm™ explains the minor intensity of them respect to the
C3-hollow structure, while the band at 796 cm™ has a major contribution of H1
atom, which enhances its intensity. The minor role of the v C1—H mode also
explains the major grouping of these three frequencies (82 cm™ for C3-top in

front of 121 cm™ for C3-hollow). In VC-d1 the most intense band corresponds
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Figure 4.11: Simulated RAIR spectrum for VC adsorbed in C3-top structures in
a 3x3 unit cell. From bottom to top spectra of VC, VC-d1, VC-d3, and VC-d4.

to the coupling of v C1—D with 7 C3H, licing at 444 cm™, and being at 577
em™ v C1-D that is also a very intense band. In VC-d3 the coupling of
C1-H, v C2-D and v C3—D is the most intense band at 708 cm™, being the
same VNM for VC-d4 the most intense band, but in this case, the deuteration
of H1 makes the frequency to decrease down to 567 cm™.

The bands at 567 and 459 cm™ correspond to the positive and negative cou-
pling of § C1-C2—C3 and 7 C3Hy modes. Two differences respect to C3-hollow
structure can be observed: a displacement of both bands to lower frequencies
and a major intensity of both bands for C3-top structure, and the band at lower
frequencies (negative coupling) has a major contribution of the twisting mode.
The contribution of H4 to the twisting mode is major for the C3-top struc-
ture, and, moreover, the corresponding z-dipole derivative of this atom moving
along the z-direction is higher than the corresponding value in the C3-hollow
structure.

Finally, the lowest region of the spectrum is for C—surface stretching modes.
In this case only v Cl—surf has an appreciable intensity for this structure.

These VNMs are not affected by deuteration and remain almost constant for all
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Figure 4.12: Comparison of RAIR spectra of VC adsorbed in Cl-fce-C3-top
mode. In red 3x3 unit cell; in blue 2x2 unit cell.

deuterated species.

There are no significant differences between the spectra derived for Cl-fce-
C3-top and C1-hcp-C3-top adsorption sites. However, coverage effects influence
strongly the spectrum in this case, being a difference with the Cl-trans struc-
ture. For Cl-trans structure 2x2 unit cell is big enough to minimise interactions
between two adjacent VC, but for Cl-fcc-C3-top this unit cell is too small, and
interactions between adjacent VC are large. In the case of 3x3 unit cell these
interactions are minimised and RAIR spectrum is different (see Figure 4.12).
First, in the v C—H region the peaks corresponding to v C2—H and symmetric
v C3H, interchange their position. Second, in the v C—C and § C—H region,
the most intense band on the 3x3 unit cell is the less intense one on the 2x2
unit cell for each couple of peaks. Finally, the most intense band of the 3x3
spectrum is a weak peak in the high coverage regime (although it is the most
intense between 700-800 cm™). All these changes can be explained regarding
changes in the VNM and in the z-dipole derivatives, specially those of H1 and
H2 atoms when they move in the z-direction . For the high coverage regime,
there is not significant differences between Cl-fce-C3-top and Cl-hep-C3-top,

as expected.
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Figure 4.13: RAIR spectra for VC and Pr adsorbed on a 4x+/3 unit cell. In
red propyne (Pr), in blue VC; in sienna coadsorbed Pr and VC and in tan the
addition of the spectra of Pr and VC calculated separately.

4.2.3.5 Coadsorption of propyne and VC C3-hollow structure.

In figure 4.13 it is shown the simulated spectra of propyne and VC in a C3-
hollow structure adsorbed on the 4x+/3 unit cell. The spectrum of Pr is similar
to the one obtained with two propyne molecules per unit cell [96], being the v
C—H region the most intense one. The spectrum of VC is also similar to that
ones obtained with C3-hollow structure adsorbed on the 3x3 unit cell (see figure

1 (corresponding

4.9). In the later spectrum, the most intense band at 734 cm
to the positive coupling of v C1—H and v C2—H) is five times weaker than the
most intense band of propyne spectrum (symmetric v C—H). Moreover, there
is no feature in the Pr spectrum around 750 cm™ and the VC spectrum has
no intense band around 1350 cm™ (in the Pr spectrum this band corresponds
to the negative coupling of v C1—C2 and § CH3). The spectrum labelled 'Pr
coadsorbed VC’ in figure 4.13 is the one obtained when both molecules are
coadsorbed on this unit cell (molecular coverage is 0.25). No couplings between
Pr’s modes and its isomer’s are observed when VNMs are analysed, except in
the region between 900 and 1000 cm™ (from 4 to 20%).

It is usual for adsorbed hydrocarbon moieties to simulate spectra of coad-
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sorbed systems from the isolated adsorbed systems as a sum of the spectrum
obtained for each system separately (in our case it has been reduced to the half
for next discussion) [97]. This procedure avoids not only the expensive whole
frequency calculation, but also the simultaneous optimisation process of two
(or more) coadsorbed molecules. The spectrum labelled as 50% Pr and 50%
VC corresponds to the sum of the spectrum of both systems at coverage 0.125.
This spectrum tries to simulate the situation of the coadsorption of Pr and VC.
Note the agreement between calculated and simulated spectra is good, but some
small differences appear: (1) the v C3—H3 mode of VC is displaced to higher
frequencies (~40 cm™) in the coadsorbed calculation, as the motion of H3 atom
is in the direction of acetylenic H atom in Pr and due to the position of C3 atom
which is between the top and the fcc position; (2) the band just below 1000 cm™
decreases its intensity due to the couplings commented above; (3) the VC band
below 500 cm™' presents a major intensity in the coadsorbed spectrum being
this fact also related to the position of the C3 atom. Despite these differences,
the simulated spectrum using Pr and VC calculated separately should be also
useful in order to characterise the presence of both species on the surface.
Now, suppose the presence of both moieties but with a total C3Hy cover-
age of 0.125, where the distance between adsorbed species should be major (so
differences coming from couplings between Pr and VC should vanish, and VC
could maintain its C3 atom on the fcc site). The calculation of this spectrum
is prohibitive as it would require a very large unit cell. However, this spectrum
could be useful in the study of the isomerisation surface reaction from Pr to VC.
Note that when reaction takes place, the amount of adsorbed Pr will decrease,
whereas the quantity of adsorbed VC will increase. So, starting from a Pr cover-
age of 0.125, the final reaction spectrum could not correspond, obviously, to the
spectrum calculated for a coverage of 0.25, the one commented above. If both
adsorbates are well separated on the surface (low coverage situation), neither
frequencies nor computed intensities of each species should change. However,
during the reaction, bands associated with Pr should progressively lose their
intensity and the ones of VC should gradually emerge. The change in band in-
tensities should be associated to the population factor. To take this effect into
account, one could use to simulate the spectrum the calculated intensities values
obtained for the isolated systems but weighted by the corresponding molar frac-
tion. As an example, in figure 4.13 it is shown the spectrum corresponding to a
coverage of 0.125 and a fraction of 50% of each isomer. Note the shape of the

spectrum is obviously the same as it would be obtained for the sum of Pr and
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Figure 4.14: RAIR spectra for all VC structures and Pr.

VC, but the comparison with the same coverage regime is easier with the 50%
Pr + 50% VC as bands intensities are correlated with the species distribution
on the surface. This theoretical strategy could also be applied in the case of
more than two species on the surface, for low and medium coverage, when the

complete calculation was absolutely prohibitive.

4.2.3.6 Comparison of spectra.

In figure 4.14 the spectra corresponding to Cl-cis, Cl-trans, C3-hollow and C3-
top structures of VC and the one of Pr molecule have been put together, all of
them adsorbed on the 3x3 unit cell with C1 atom placed on the fcc site, except
for Cl-cis structure that has been used a 2x2 unit cell, because of reasons
commented before. Although the spectra of VC isomers have been shown in
other figures, they have been reproduced together for the purpose of finding the
fingerprints of each structure if all them were present on the surface.

The main difference between Pr and all VC isomers spectra is the strong

intensity in the v C—H region for Pr molecule. Between Cl-trans and the other
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VC isomers, the key feature is the presence or absence, respectively, of a strong
absorption around 1300-1400 cm™. As the spectrum of Pr molecule presents
also a medium band in this region, the relative intensity of the most intense
band in this region respect to the most intense band of the v C—H region,
should elucidate the existence of Pr on the surface. The fingerprint for Cl-cis
structure is a medium band at 840 cm™', which is a clean zone for the other VC
structures, but not for Pr. The key to differentiate between Pr and VC in a
Cl-cis structure is the relative intensity of the v C—H region, which in the case
of Pr is more intense than for VC in Cl-cis structure. The fingerprints of C3-top
and C3-hollow structures of VC is a medium band present in the range of 700-
750 cm™. Between C3-top and C3-hollow VC species the difference (previously
commented) are scarce, making almost impossible to differentiate these struc-
tures using RAIR spectra. On the 3x3 unit cell they are almost degenerated
and their geometric differences are small. So, it is easy to recognise Pr, Cl-cis
and Cl-trans structures, but C3-hollow and C3-top structures are too similar
between them, and RAIR spectra cannot differentiate between them. Moreover,
thermodynamic data show C3-hollow and C3-top structures are almost degen-
erated, so if one is present on the surface, it is sure the other one to be also

present.

4.3 VC adsorbed on Pt(111) and on Pd(111).

4.3.1 Adsorption modes.

The reactivity of propyne on Pt(111) is the total decomposition of the molecule
to form a carbidic layer on the metal [100]. On the other hand, on Pd(111)
Pr trimerises to yield trimethyl-benzene [99], having the same reactivity as
acetylene on Cu(111) [102] and on Pd(111) [103].

Despite behaving very different in the reactivity of Pr, Pt and Pd surfaces
behave very similar in the case of the adsorption of VC. This can be attributed
to the fact that their electronic valence structure is the same, d'°, and that their
lattice parameters (both exhibit a crystallographic Fm3m structure) are almost
equal due to the effect of lantanid contraction of the third row of transition
metals: 3.9242 A for Pt [152] and 3.8907 A for Pd [153]. In this section it will
be studied the adsorption of VC on Pt(111) and Pd(111) using two different
unit cells: 2x2 and 3x3.
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Figure 4.15: Different adsorption modes of VC on Pt(111) and Pd(111) on a
2x2 unit cell.

4.3.1.1 2x2 unit cell.

Let’s consider first the high coverage regime, like in the case of VC adsorbed
on Cu(111). In this case we have used a 2x2 unit cell, that corresponds to the
minimum unit cell where VC can be adsorbed. Moreover, 2x2 unit cell has
been proposed as the experimental unit cell for the adsorption of Pr on Pt(111)
[104] and on Rh(111) [105]. Several adsorption sites and starting geometries
have been explored, and six stable minima have been found, three of them have
C1 on a fec site (or displaced to a fcc site as can be observed in figure 4.15),
whereas the other have this same atom on a hcp site (or displaced to a hep
site). Like in the case of Cu, only those structures with C1 on a fcc site will
be commented, because the other structures are very similar to those ones and
energetic differences are small. Two of the structures are the same in adsorption
mode as two of the structures found on Cu: Cl-trans and C3-top structures. A
new structure, not found on Cu is found on Pt and Pd. In this case Cl1 is placed
almost on a bridge site, and the C2=C3 bond is placed on a top site, so we will
call them Cl-bridge-H1-fcc and Cl-bridge-H1-hep sites (Cl-bridge in general).

The adsorption energies respect to propyne in gas phase are shown in table
4.10 for Pt(111) and in table 4.11 for Pd(111). The ZPE corrected and uncor-
rected values are showed in different columns in order to check ZPE effects in
energy differences. For sake of comparison, propyne values are also included.
In the case of Pr adsorbed on Pt, Pd and Rh, the most stable structure is that
with the adsorption mode di-o /7 [60, 97, 104, 105], where triple bond of Pr
can be placed on fcc (tr-fce) or hep-site (tr-hep). First of all, all VC structures
are less stable than adsorbed Pr on this unit cell, being the smallest difference
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Table 4.10: Relative adsorption energies of VC adsorbed on Pt(111) on the 2x2
unit cell respect to propyne in gas phase. All values are given in kJ-mol™!.

Eads
No ZPE | ZPE | ZPE-dl1 | ZPE-d3 | ZPE-d4
Propyne tr-fcc -200.7 | -192.5 | -193.2 -193.1 -193.8
Propyne tr-hep -193.2 | -185.5 | -186.1 -186.0 -186.7
VC Cl-fce-trans -123.9 | -116.5 | -117.3 -116.8 -117.6

VC Cl1-hep-trans -122.1 | -114.8 | -115.6 -115.1 -115.9
VC C1-b-H1-fcc -157.3 | -148.0 | -148.7 -149.0 -149.6
VC C1-b-H1-hcp -163.5 | -154.0 | -154.7 -155.0 -155.6
VC C1-fce-C3-top -173.0 | -163.6 | -164.4 -164.5 -165.2
VC Cl-hep-C3-top | -169.3 | -159.8 | -160.6 -160.7 -161.4

Table 4.11: Relative adsorption energies of VC adsorbed on Pd(111) on the 2x2
unit cell respect to propyne in gas phase. All values are given in kJ-mol™!.

! \ Eads \
No ZPE | ZPE | ZPE-dl1 | ZPE-d3 | ZPE-d4
Propyne tr-fcc -166.4 | -161.0 | -161.4 -161.5 -161.9
Propyne tr-hcp -167.4 | -162.2 | -162.6 -162.7 -163.1
VC Cl-fce-trans -99.4 -94.5 -94.9 -94.7 -95.1
VC Cl-hcp-trans -98.8 -93.6 -94.1 -93.8 -94.3

VC Cl-b-Hl-fcc | -138.6 | -133.0 | -133.4 | -133.5 | -133.9
VC Cl-b-Hl-hcp | -141.0 | -135.1 | -135.5 | -135.7 | -136.0
VC Clfcc-C3-top | -142.4 | -137.6 | -137.0 | -138.0 | -138.3
VC Cl-hcp-C3-top | -138.4 | -133.2 | -133.7 | -133.6 | -134.1

between adsorbed Pr and adsorbed VC ~30 kJ-mol! for both metals, Pt and
Pd. When ZPE correction is included, all E,qs for C3H4 decrease in a value
of ~10 kJ-mol! (depends on each particular case), due to the larger correction
that suffers Pr in gas phase than C3H, species adsorbed on Pt or on Pd (similar
circumstances happened on Cu, section 4.2.1). Another important fact is that
for Cl-trans and C3-top structures, always the most stable structure is for the
structure where C1 is placed on a fcc site, whereas C1-bridge-H1-hcp structure
is more stable than C1-bridge-H1-fcc, for Pt and for Pd. VC is ~20 kJ-mol™!
more stable on Pt than on Pd, being this effect also present in the case of Pr
adsorbed on these metals, ~30 kJ-mol™! [60].

Cl-trans structure was the most stable one in the case of VC adsorbed on
Cu(111). On Pt(111) and Pd(111) this structure becomes the less stable one.

This can be easily explained if we take into account the lattice parameter of
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Cu and Pt (or Pd). When we increased the unit cell for Cu, also Cl-trans
structure became the less stable one, because the other two possible structures
were stabilised because of the decrease of the repulsion between adjacent VC
molecules. In the case of Pt (and Pd), it is not necessary to increase the unit cell
to stabilise the VC structures parallel to surface, because its lattice parameter is
larger than the Cu one, and Cl-bridge and C3-top structures can be placed on
surface without huge interactions with their neighbours. Besides, in the case of
Cu, in Cl-trans structures, C1 was placed and adsorbed on a hollow site (figure
4.4); in the case of Pt and Pd C1 it is placed almost on a bridge site, and H1 is
the one that is placed on a fcc or hep site (figure 4.15). Despite being Cl-trans
the less stable structure, the E,qs is much larger on Pt (-123.9 kJ-mol1) or Pd
(-99.4 kJ-mol!) than on Cu (-25.7 kJ-mol!).

In the case of Pt, C3-top (-173.0 kJ-mol!) structure is the most stable one,
being ~15 kJ-mol! more stable than the Cl-bridge one (-163.5 kJ-mol! for
C1-bridge-H1-hcp). This difference is big enough to ensure a small preference
of VC being placed on a C3-top site on Pt. In the case of Pd this difference is
reduced to ~1 kJ-mol™, and C3-top structure (-142.4 kJ-mol!) and C1-bridge
structure (-141.0 kJ-mol™! for C-bridge-H1-hcp) are two degenerated structures
on this unit cell.

Finally, all VC structures are more stable than Pr in gas phase. In this case
the stabilisation is larger than in the case of Cu. This is a big difference between
these two metals respect to Cu, and could be a light source to understand the

different reactivity of Cu respect to the other metals.

4.3.1.2 3x3 unit cell.

In order to evaluate coverage effects, the unit cell was increased to a 3x3 di-
mension, which corresponds to a molecular coverage of 1/9. This unit cell can
describe the low (or medium) coverage regime, where situations of repulsion are
minimised. Using this unit cell, six stable minima were found for Pt(111) and
for Pd(111), which corresponded to the same ones that were found on 2x2 unit
cell. The main difference of these structures and the ones obtained for a 2x2
unit cell is the smaller repulsion between adjacent molecules, but in this case
the stabilisation of the structures is not as dramatic as on Cu. As on 2x2 unit
cell, three minima correspond to the adsorption of C1 on a fcc site (or displaced
to a fce site) and the other three to the hep site (or displaced to hep site). The
adsorption energies are presented in tables 4.12 for Pt and 4.13 for Pd.



UNIVERSITAT ROVIRA I VIRGILI

ORGANIC MOLECULES ON METAL SURFACES: FORECASTING STRUCTURES AND SPECTRA
Benjami Martorell Masip

ISBN:978-84-691-9747-9 /DL: T-1259-2008

CHAPTER 4. ADSORPTION OF CHCHCH,; ON M(111). 145

Table 4.12: Relative adsorption energies of VC adsorbed on Pt(111) on the 3x3
unit cell respect to propyne in gas phase. All values are given in kJ-mol™!.

Eads
No ZPE | ZPE | ZPE-dl1 | ZPE-d3 | ZPE-d4
Propyne tr-fcc -205.4 | -198.2 | -198.9 -198.6 -199.3
Propyne tr-hep -203.0 | -195.9 | -196.6 -196.4 -197.1
VC Cl-fce-trans -131.9 | -124.1 | -124.9 -124.4 -125.3

VC Cl1-hep-trans -131.7 | -124.2 | -125.0 -124.5 -125.3
VC C1-b-H1-fcc -177.1 | -167.9 | -168.6 -169.0 -169.6
VC C1-b-H1-hcp -180.5 | -171.3 | -172.0 -172.3 -173.0
VC C1-fce-C3-top -186.1 | -177.2 | -177.9 -178.1 -178.8
VC Cl-hep-C3-top | -176.2 | -167.1 | -167.9 -168.0 -168.7

Table 4.13: Relative adsorption energies of VC adsorbed on Pd(111) on the 3x3
unit cell respect to propyne in gas phase. All values are given in kJ-mol™!.

! \ Eads \
No ZPE | ZPE | ZPE-dl | ZPE-d3 | ZPE-d4
Propyne tr-fcc -176.0 | -171.4 | -171.7 -171.8 -172.1
Propyne tr-hcp -1774 | -173.0 | -173.3 -173.3 -173.7

VC Cl-fce-trans -113.3 | -108.4 | -108.8 -108.5 -109.0
VC C1-hep-trans -113.2 | -108.0 | -108.4 -108.2 -108.6
VC C1-b-H1-fcc -156.0 | -150.8 | -151.1 -150.7 -151.7
VC C1-b-H1-hcp -157.4 | -152.2 | -152.5 -152.7 -153.0
VC Cl-fce-C3-top -155.2 | -151.5 | -151.8 -151.9 -152.1
VC Cl-hep-C3-top | -151.8 | -147.7 | -148.0 -148.1 -148.4

Cl-trans structure is the less stable one in VC, as in the case of 2x2 unit cell,
but in this case is a bit more stabilised (~10 kJ-mol! for Pt and ~15 kJ-mol*
for Pd). This is logic if we imagine that the interaction of this structure with
adjacent molecules was already actually small for a 2x2 unit cell, so when we
increased the unit cell, coverage effects are almost meaningless. As for 2x2 unit
cell, Cl-fcc-trans structure is more stable than Cl-hcp-trans (and the other
structures have the same order than on a 2x2 unit cell, Cl-fcc-C3-top more
stable than Cl-hcp-C3-top and Cl-bridge-H1-hcp more stable than Cl-bridge-
H1-fce).

In the case of Pt(111), the difference that existed between C3-top and C1-
bridge structures decrease to only ~6 kJ-mol! (with or without ZPE correction),
being their E,qs -186.1 and -180.5 kJ-mol*, respectively. So, in this case they

become almost degenerated, still being the most stable structure the C3-top
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one, as on 2x2 unit cell. The stabilisation energy for the 3x3 unit cell is ~13
kJ-mol! for C3-top structure and ~17 kJ-mol™! for Cl-bridge structure respect
to 2x2 unit cell.

In the case of Pd(111), C3-top and Cl-bridge structures only ~2 kJ-mol*
differentiate them, so they remain being degenerated as in the case of a 2x2
unit cell. Their E,q¢ are -155.2 and -157.4 kJ-mol™!, respectively. This small
difference is in the limit of our calculations accuracy, so it is not possible to
ensure which of both structures is the most stable one.

All VC structures are less stable than adsorbed Pr, being the difference of
the most stable VC structure and Pr ~20 kJ-mol! for both Pt and Pd. This
difference is a bit smaller than in the case of 2x2 unit cell (it was around ~30
kJ-mol'!), because Pr is meaningless stabilised when a 3x3 unit cell is used
respect to a 2x2 unit cell. Finally, all VC structures are stable respect to Pr in

gas phase, being much more stable for Pt and Pd respect to Cu.

4.3.2 Adsorption geometries.

As in the case of VC adsorbed on Cu(111), the position of C1 on the fcc or
hcp site does not introduce any relevant change on the adsorption geometries.
The comparison of adsorption geometries between fcc and hep sites for the same
adsorption structure indicates that almost all distances do not change more than
40.02 A and bond angles do not differ more than +1°. In table 4.14 geometrical
parameters for C1 adsorbed on fcc site on Pt(111) are presented for 3x3 unit
cell, and when the parameters for 2x2 unit cell differ more than parameters
before commented are also presented in brackets. In table 4.15 values belong to
geometrical parameters for C1 adsorbed on fcc site on Pd(111). C—H distances
are not presented in these tables because all distances, as in the case of Cu, are
in the range 1.09 and 1.12 A, and no relevant information is obtained.

As commented in section 4.3.1, two of the structures obtained for Pt and
Pd correspond to the same obtained for Cu. Although being adsorbed by the
same mode, Pt, Pd and Cu are not equal neither in their lattice parameter nor
in their electronic structure, so some geometrical differences can be observed.

In Cl-trans structure, C1—C2 and C2—C3 distances are 1.46 (1.45 for Pd)
and 1.35 A, respectively, indicating the existence of a single and a double C—C
bond respectively, as in the case of Cu. This indicates a carbene-like structure,
and C—C distances are very similar to those ones of vinylcarbene in gas phase

(1.46 and 1.34 A respectively). The other important intramolecular parameter,
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Table 4.14: Geometrical parameters of VC adsorbed on Pt(111). A slash (*/”)
means meaningless value in the case of Cl-trans dihedral angle (structure is
flat). In brackets changing parameters more than +0.02 A or +1°.

’ \ Cl-trans \ C3-top \ C1-bridge ‘
3x3 (2x2) | 3x3 (2x2) 3x3 (2x2)
@d(C1-C2) 1.46 1.43 1.47
d(C2-C3) 1.35 1.48 1.42
®)a(C1-C2-C3) 122.3 121.2 (119.9) 126.3
a(H1-C1-C2) 111.7 118.3 118.3 (117.1)
a(H2-C2-C1) 118.3 118.0 115.6
a(H2-C2-C3) 119.4 117.6 1174
o (H3-C3-H4) 117.3 111.8 (110.6) 116.2
a(H3-C3-C2) 121.3 113.9 118.4
o (H4-C3-C2) 121.4 112.6 119.9
©)tilt 0 62.3 69.1
(@g(H1-C1-C2-C3) / -143.7 -109.9
0(H3-C3-C2-C1) / 178.8 171.7
0(H4-C3-C2-C1) / 50.2 19.0
6(H1-C1-C2-H2) / 15.6 (14.3) 60.6
6(H2-C2-C3-H3) / 19.4 (18.0) 1.4
0(H2-C2-C3-H4) / -109.3 -151.3
©d(C1-M) 2.08 2.01 2.08 (2.05)
d(C2-M) / 2.23 2.24
d(C3-M) / 2.09 2.18
d(HI-M) 2.66 (2.60) 2.51 2.71
d(H2-M) 2.55 (2.59) 2.76 2.86
d(H3-M) / 2.68 2.77
d(H4-M) / 2.57 2.64 (2.71)

@)d: distances (A); ™ a: angles (degrees); () tilt: angle between C1—C2—C3
plane and the normal vector of surface; (V9: dihedral angles (degrees); ()
distances to nearest surface atom.

as commented in the case of Cl-trans structure on Cu, is the H1—C1—-C2 angle
because in gas phase is different for vinylcarbene (107°) and for propene-1,3-diyl
(130°). On Pt and Pd it is 111.7° and 112.1°, indicating a sp3-like hybridisation,
the one that vinylcarbene owns.

For Cl-trans structure, no important differences appear between fcc or hep
site, but a small difference exists between 2x2 and 3x3 unit cells in the case of
Pt and Pd, which did not exist on Cu(111). As can be observed in tables 4.14
and 4.15, M—H1 distances are larger for 3x3 unit cell than for 2x2 unit cell.
On the other hand M—H2 distances are shorter for 3x3 unit cell than for 2x2
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Table 4.15: Geometrical parameters of VC adsorbed on Pd(111). A slash (*/”)
means meaningless value in the case of Cl-trans dihedral angle (structure is
flat). In brackets changing parameters more than +0.02 A or +1°.

’ \ Cl-trans \ C3-top \ C1-bridge ‘
3x3 (2x2) 3x3 (2x2) 3x3 (2x2)
@d(C1-C2) 1.45 1.43 1.45
d(C2-C3) 1.35 1.45 1.41
®) o (C1-C2-C3) 122.8 123.1 126.4
a(HI1-C1-C2) 112.1 117.9 119.0 (117.5)
a(H2-C2-C1) 118.4 118.2 116.0
a(H2-C2-C3) 118.7 117.2 117.3
o(H3-C3-H4) 117.4 113.8 116.2
a(H3-C3-C2) 121.4 115.6 118.9
o (H4-C3-C2) 121.2 115.1 119.6
©)tilt 0 60.4 (58.7) 65.8
(@Dg(H1-C1-C2-C3) / -139.7 (-142.5) | -117.7 (-114.4)
0(H3-C3-C2-C1) / 177.4 173.4
6(H4-C3-C2-C1) / 41.5 (42.7) 20.0 (18.2)
6(H1-C1-C2-H2) / 26.1 (24.0) 55.3 (57.6)
6(H2-C2-C3-H3) / 11.5 (10.2) 0.4
0(H2-C2-C3-H4) / -124.4 -153.0
©d(C1-M) 2.04 2.01 2.02
d(C2-M) / 2.23 (2.26) 2.25
d(C3-M) / 2.10 2.18
d(HI-M) 2.50 (2.43) | 2.26 (2.30) 2.61 (2.67)
d(H2-M) 2.42 (2.49) | 2.69 (2.74) 2.88 (2.91)
d(H3-M) / 2.68 2.79
d(H4-M) / 2.45 (2.48) 2.47 (2.57)

@)d: distances (A); ®a: angles (degrees); () tilt: angle between C1-C2-C3
plane and the normal vector of surface; (V9: dihedral angles (degrees); ()
distances to nearest surface atom.

unit cell. Being this the only important difference between 3x3 and 2x2 unit
cell, this means that VC tilts different on a 3x3 unit cell respect to a 2x2 unit
cell, being the H1 closer to the surface on the 2x2 than on the 3x3, for both
metals, Pt and Pd. For Pt, VC is a bit higher than on Pd, being C1—Pt distance
2.08 A, whereas C1—Pd is a bit shorter, 2.04 A, but they do not change with
coverage. Finally, comparing these values with the ones on Cu (see table 4.5
on page 120), we can observe that HI—M is much shorter than on Pt and Pd,
and H2—M is larger. This indicates that VC is even more tilted on Cu. This

is coherent because Cl-trans structure is adsorbed on a hollow site on Cu, but
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on Pt and Pd, VC is almost adsorbed on a bridge site. This makes the agostic
interaction of H1 with metal to be smaller, and H1—M distance is larger on Pt
and Pd than on Cu. The same reasoning, but in the opposite way, can be made
for H2.

C3-top structure adsorbs on Pt and Pd similar to the ones obtained for
Cu, but their geometrical parameters are a bit different. C1—-C2 and C2—-C3
distances are larger on Pt and Pd than on Cu, being the first one 1.43 A for Pt
and Pd in front of only 1.41 A on Cu, and the second distance is 1.48 for Pt,
1.45 for Pd, and 1.44 A for Cu. This seems to be a clear effect of the lattice
parameter, because the larger the interatomic metal distance, the larger C—C
distance must be to adapt the internal VC structure on the surface. These
distances indicate clearly that no double bond exists. H1—C1—C2 angle is
more opened in the case of Pd and Pt (~118°) than on Cu (~112°). This can be
explained because Pd and Pt have a larger radius than Cu, so H1—M distances
are bigger in the case of Pt (2.51 A) and Pd (2.26 A) than on Cu (2.16 A). This
fact makes the H1—-C1—C2 angle must be more opened in the case of Pt and
Pd to try to maximise the agostic interaction of H1 with surface.

Another important difference of C3-top structure on Pt/Pd respect to Cu
is the tilting angle of C1—C2—C3 plane respect to the normal vector of surface
(and associated to this parameter, the distances of C atoms to metal atoms).
These angles are bigger in the case of Pt and Pd (62.3° and 60.4°, respectively)
than in the case of Cu (46.1°). This means that C3-top structure is more parallel
to surface in the case of Pd and Pt than in the case of Cu. C1—M distance does
not vary on both metals (2.00 A for Cu, 2.01 A for Pt and Pd), C3—M does not
either (2.10 A for Cu and Pd and 2.09 A for Pt), but C2—M changes (2.27 A
for Cu and 2.23 A for Pt and Pd), being ~0.05 A larger for Cu than for Pt and
Pd. This can be explained by the fact that VC interacts stronger on Pd and
Pt than on Cu. The E,q45 is larger for Pt and Pd than for Cu (-155.2, -186.1,
and -56.6 kJ-mol™!, respectively), and this can be partially explained by a major
efficiency in the interaction of C2 with the surface. As a consequence of this,
H2—M distance is shorter for Pt and Pd (2.76 and 2.69 A, respectively) than
for Cu (2.87 A).

Finally, in C3-top structure for Pt and Pd neither exist important differences
between fcc or hep sites, nor for 2x2 and 3x3 unit cells.

C1-bridge structure is a new case, which did not exist for Cu. This can be
attributed to the different lattice parameter of these metals, much larger for

Pt and Pd than for Cu (this also can explain why C3-hollow structure does
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not exist, because VC cannot enlarge enough to adsorb on two hollow sites
simultaneously), and making possible the adsorption of C1 on bridge and the
double C=C bond on a top site. This structure is similar to the C3-top one in
the adsorption mode, because all C atoms interact with the surface (different
to Cl-trans or Cl-cis structures). In this case, the largest C—C distance is
not the C2—C3 one (1.42 A for Pt and 1.41 A for Pd), but it is the C1-C2
one (1.47 A for Pt and 1.45 A for Pd). This is the contrary case as in C3-top
structure, where the C1—C2 distance was shorter than the C2—C3 one. This
can be explained thinking about the adsorption mode. In the case of C3-top
structure, C2 and C3 interact directly with one metal atom each one, so a di-o
bond is created with the surface, and double C=C bond is almost lost. In the
case of Cl-bridge structure, C2 and C3 atoms do not interact directly with one
metal atom each one, but the C2=C3 bond does with one metal atom, so it
retains partially a double bond character.

C1-bridge structure is even more parallel to surface than C3-top was, because
the angle of C1—C2—C3 plane respect to the normal vector of surface is bigger
in this case (69° for Pt and 66° for Pd) than in the case of C3-top structure
(62° and 60°, respectively). This fact is related with the larger C1-M and
C3—M distances in this case. The unit formed by H3—C3—C2—H2, is almost
flat (~0°), indicating that remains a bit of the sp?-like hybridisation existing
in the gas phase, but H4 tilts ~30° away this plane, so it is not possible to
talk about a real sp2-like hybridisation. Moreover, in C1-bridge structure all H
atoms are less activated than in C3-top structure, because all H—M distances
are larger, being much larger H1—M distance (for Pt: H1—M distances are 2.51
(C3-top) and 2.71 A (Cl-bridge); for Pd: 2.26 and 2.61 A, respectively), and
only for the case of H4—Pd the distance remains almost equal (2.45 and 2.47
A, respectively).

Finally, in C1-bridge structure for Pt and Pd neither exist important differ-
ences between fcc or hep sites, nor for 2x2 and 3x3 unit cell.

4.3.3 IR spectra.

The calculated spectra and assignments of VC structures adsorbed on Pt(111)
and Pd(111) are summarised in the tables of next subsections, from 4.16 to
4.20. In these tables only results for the 3x3 unit cell and for Cl-fcc structures
are displayed. The simulated RAIR spectra are also shown in next subsections,

which also include the derived spectra from partial deuteration, VC-d1 and
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Table 4.16: Vibrational frequencies for Cl-fce-trans on the 3x3 unit cell. All

frequencies are given in cm™.

’ Cl-fce-trans 3x3 unit cell

Pt (111) Vibrational mode Pd (111)
Do I (km/mol) Pt (111) / Pd(111) Do I (km/mol)
3162 0.1 asym. v C3H» 3158 0.2
3067 0.8 sym. v C3H, 3063 0.3
2999 0.1 v C2—H 2956 0.0
2959 2.5 v C1-H 2892 2.1
1566 6.5 v C2=C3 -6 C3H, + 6 C2—H 1552 1.7
1394 68.5 6 C3H2 + 6 C2—H 1393 47.9
1270 1.5 0 C2—H - 4§ C3—H4 1269 1.2
1198 0.4 0 C1-H / § C1-H + p C3Hs 1172 0.3
1108 14.6 v C1-C2 + 6 C1-H + § C2—H 1086 8.2
970 0.0 ~ C2—H - 7 C3H; 957 0.1
945 5.6 p C3H: + 6 C1-H 943 1.2
922 0.2 w C3H, 908 0.6
834 0.0 v C1-H 765 0.0
627 9.4 7 C3H2 + v C2—-H - v C1-H 583 3.7
618 0.5 0 C1-C2—-C3 + p C3H2 + v Cl—surf. | 605 0.0
292 1.1 v VC—surface 280 0.1

VC-d3, and total deuteration, VC-d4, for each structure. All simulated spectra
have been obtained using the same conditions as in the case of Cu(111), i.e.,
Lorentzian functions, with a bandwidth of 20 cm™ and a resolution of 0.5 cm™.
When significant differences arise from coverage or from the position of C1 atom,
those results will be explicitly commented.

In the forthcoming discussion, first the RAIR spectrum of each type of struc-
ture and the effect of deuteration will be commented for each region of the
spectrum. After that, it will be tried to find out which are the fingerprints of
each type of structure necessary to identify their presence on Pt(111) and on
Pd(111).

4.3.3.1 Cl1-trans structure.

In figure 4.16 are presented the spectra of VC in C1-fce-trans structure adsorbed
on Pt(111) and Pd(111) on a 3x3 unit cell (figures a and b, respectively). It can
be easily observed that they are really similar, not only for VC spectrum, but
also for the deuterated species. Besides, in table 4.16 vibrational frequencies,

intensities and assignments are presented. It can be observed that their values
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are very similar in all cases, making spectra to be almost equal. This is the
reason why we compare both spectra in the same section.

The spectra for Pt and Pd present very low-intense bands in the v C—H
region. In the case of Pt, four frequencies appear in this region (3162, 3067,
2999, and 2959 cm™), being the highest one in energy the v C3Hz, in medium
lies v C2—H and the lowest in energy is ¥ C1—H. This is logic because H1 and
H2 are near the surface, so C1—H and C2—H bonds are more activated than
the C3—H bonds. In the case of Pd (3158, 3063, 2956, and 2892 cm™), the
same effect happens, but in this case is more intense (frequencies are lower for v
C2—H and v C1—H) than on Pt, because HI-M (Pt: 2.66 A; Pd: 2.50 A) and
H2—M (Pt: 2.55 A; Pd: 2.42 A) distances are shorter for Pd, so C—H stretching
frequency is lower. Besides, C1—H bond is less activated on Pt and Pd than
on Cu (2737 cm™), and in the case of Pt and Pd, this is the most intense band
in this region of the spectrum, whereas for Cu the most intense band was the
symmetric v C3Hs. This fact can be explained because on Pt and Pd, v C1—-H
is not so linked to the surface, so it can create a major change in the z-dipole
moment and being a more intense band than on Cu. The deuteration of H1 atom
(VC-d1) does not cause any important change in spectrum because this band
was very low intense compared with the most intense band of the spectrum (less
than 5%). This frequency decreases to 2181 and 2130 cm™ (a decrease of ~760
cm™t), for Pt and Pd respectively, remaining the other » C—H in the same region
as in VC. In the case of VC-d3 and VC-d4, the behaviour is the same for the
three deuterium atoms, because their are decoupled of v C1—H. When the three
H atoms are deuterated, no important changes in spectrum appear, because this
region is very low-intense. The asymmetric v C3D4y decreases its value to 2362
cm™ (Pt) and 2359 cm™ (Pd) (a decrease of ~800 cm™), and symmetric v C3Dy
couples with v C2—D, appearing the positive and the negative coupling at 2252
and 2214 cm™' for Pt and at 2244 and 2189 cm™ for Pd.

Between 1000 and 1600 cm™!, five fundamental transitions are found at 1566,
1394, 1270, 1198, and 1108 cm™ (Pt) and 1552, 1393, 1269, 1172, and 1086 cm™*
(Pd). It can be observed that in all cases frequencies for Pd are a bit smaller
in value than for Pt. This region, as in the case of Cu, is mainly related to
the v C—C, to the C3H; scissoringand to the C—H bending in-plane, being all
of them extremely coupled (see table 4.16). The band at 1566 cm™ (Pt) and
1552 em™ (Pd) was also present for Cu (1537 em™), and corresponds to the
coupling of v C2=C3 withd C3Hy and § C2—H, but it is not very intense. The

next band in the spectrum is the most intense one (it was also for Cu at 1393
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Figure 4.16: Simulated RAIR spectrum for VC adsorbed in Cl-trans structures.

a) Spectra for VC adsorbed on Pt(111), b) Pd(111). From bottom to top spectra
of VC, VC-d1, VC-d3, and VC-d4.
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em™). Tt appears at 1394 (Pt) and 1393 (Pd) cm™, so this band is independent
of the metal used (so, the frequency of the band is not affected by the small
differences in the adsorption modes). This band corresponds to the coupling of
the C3H; scissoring with the C2—H bending in-plane, producing a big change
in the dipolar moment of the molecule. The next two bands in the spectrum
are very low-intense, lieing at 1270 and 1198 (Pt) cm™! and at 1269 and 1172
(Pd) em™. These bands are combinations of bendings in-plane of different C—H
bonds (see table 4.16). The last one is the coupling of ¥ C1—C2with § C1-H
and § C2—H. The frequency is 1108 (Pt) and 1086 (Pd) cm™. This is the
second most intense band in the spectrum, being this a difference respect to
Cu, because this band (1097 cm™ for Cu) was completely inactive in RAIR
spectrum, as a consequence of the negative coupling of v C1—C2 with § C1—H,
whose movements cancelled the variation in z-dipolar moment. For VC-d1, only
the bands implying H1 movements change on H1 deuteration. The changing
bands have contribution of v C1—-C2. Both changing frequencies decrease from
1198 and 1108 down to 1119 and 1001 cm™ for Pt and from 1172 and 1086 down
to 1114 and 994 cm™ for Pd. In the spectrum can be observed the shifting
of these bands. For VC-d3 and VC-d4 the situation is different because all
couplings change. As VC-d3 and VC-d4 spectra are very similar, only VC-
d4 spectrum will be commented. In this case, for both metals, the two first
VNMs correspond to v C—C coupled with § C—D, and the three lower ones are
couplings of § C—D modes. At 1500 and 1482 cm™ (for Pt and Pd, respectively)
appears the coupling of v C2=C3 withé C3Dy and § C2—D, being in this case a
very intense band (~66% of the most intense one), whereas for VC and VC-d1 it
was a clean zone. At 1146 and 1147 cm™ (for Pt and Pd, respectively) appears
v C1—-C2 coupled with § C—D, which is the most intense band. Near, at 1009
and 1006 cm™ (for Pt and Pd, respectively) it appears the band corresponding
mainly to 6 C3D3, which was the most intense band for undeuterated VC, but
in this case is less intense than before because it does not couple so strongly
with § C2—D, making the variation in z-dipolar moment to be smaller. Finally,
one small peak appears at 939 and 925 cm™ (for Pt and Pd, respectively). It
corresponds to the coupling of some C—D bendings in-plane of VC-d4.

L corresponds to the

Next region in the spectrum, from 600 to 1000 cm”
C—H bonds bendings out-of-plane and the bending in-plane of the carbonated
skeleton. Only two of these peaks have a low intensity in the spectrum of Pt,
but they are almost no visible in the case of Pd. The first one lies at 945

cm™ for Pt. It is the C3H, rocking coupled with § C1—H . The other intense
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Table 4.17: Vibrational frequencies for Pt (111) in a C1-fcc-C3-top structure on

the 3x3 unit cell. All frequencies are given in cm™.

\ Cl-fce-C3-top 3x3 ‘

Vibrational mode Do | I (km/mol)
asym. v C3Hs 3067 0.10
v C2—H + v C1-H 3024 0.25
v Cl1-H-v C2—-H 2990 1.12
sym. v C3Hs 2985 0.00
0 C3H, 1402 0.00
(v C1—C2 - v C2—C3) - 6 C2—H 1348 0.02
v C1-C2 + 6 C2—H + § C1-H 1195 0.41
p C3Hy + 6 C2—-H - § C1-H 1134 1.75
p C3H; - § C2—H + § C1-H 1048 0.35
w C3H, 1025 0.10
v C1-C2 + v C2—C3 + § C1-H + § C3—H3 | 932 0.37
~vCl1-H -~y C2—-H 859 1.43
v Cl-H + ~v C2—-H 783 1.70
7 C3H, 727 0.24
0 C1-C2-C3 585 0.05
v Cl—surf - v C3—surf 518 0.01
v VC—surf 449 0.02
v C2—surf 375 0.21

peak is the C3H;y twisting. In this mode, both H atoms do not move in the
same extension, this explains why this movement implies an active fundamental
band. Deuteration of H atoms does not find out any other information about
this zone in the spectrum. Below 600 cm™ bands corresponding to frustrated
translations and rotations are present, but they are very weak.

For this structure no differences exist between Cl-fcc and Cl-hcp coordina-
tion modes. The effect of coverage does not cause significant differences neither
on frequency values nor on the normal modes, but intensities calculated are

smaller in the case of a 2x2 unit cell.

4.3.3.2 C3-top structure.

This structure has no symmetry, losing its plane when it is adsorbed on the sur-
face, because all H atoms leave the plane defined by C atoms on the adsorption
process. The intensities of the overall spectrum are lower than the spectrum of
VC adsorbed in a Cl-trans structure (see tables 4.17 and 4.18, and then com-

pare intensity values with the corresponding ones in table 4.16). In the case of
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Pt and Pd surfaces, RAIR spectra are similar, but not equal (see figure 4.17).
VNMs and frequencies are not strictly the same. This can be explained easily
if we take into account that adsorption modes are not strictly equal on both
metals (for more details see section 4.3.2).

For Pt, in the C—H stretching region appears one band with a shoulder. In
this region four fundamental transitions exist at 3067, 3024, 2990, and 2985 cm™,
being very close one to each other. In this case, the two extreme frequencies
correspond to the asymmetric and symmetric v C3Hs, being the two in the
middle part the positive and negative coupling of v C1—H with v C2—H. In
this case, v C—H are weak, but comparatively, are intense in the spectrum
because absolute intensities are all very small in comparison with the Cl-trans
structure’s ones. The most intense peak in this region lies at 2990 cm™, which
has a big contribution of ¥ C1—H. In VC-d1, v C1-D is the most intense band
in this zone and it shifts down to 2210 cm™!, still being a relatively intense peak
in the spectrum, but in the region around 3000 cm™! no important peaks can be
observed. In the case of VC-d3, the important peak in this zone of the spectrum
corresponds to ¥ C1—H, which remains at the same position of VC. The other v
C—D frequencies shift down to 2292, 2283, and 2172 cm™!, corresponding to the
asymmetric v C3Dsy, v C2—D and symmetric v C3Ds, respectively. In the case
of VC-d4, VNMs corresponding to v C3Ds lie at same frequency as in VC-d3,
but v C1-D couples with v C2—D (like in VC). For VC-d4 they lie at 2237 and
2205 cm™, whose intensities are the largest ones in this region for VC-d4.

For Pd, in the C—H stretching region of the spectrum appear four peaks. The
vibrational frequencies are at 3078, 3008, 2971, and 2885 cm™ (see table 4.18).
In this case they are more separate than in the case of Pt, and no couplings
exist among different v C—H. This different behaviour can be attributed to the
short H1—Pd distance (2.26 A) in comparison with the long H1—Pt distance
(2.51 A). For Pd, the H1 atom is more activated than for Pt (v C1—H: 2885
vs 2990 ecm™, respectively), even more than on Cu, where vibrational frequency
was 2901 cm™. v C1—H is the most intense peak in this region, and in VC-d1,
it is shifted down to 2129 cm™, remaining all other frequencies in the same
value as undeuterated VC. For VC-d3, v C1—H stays at 2885 cm™, and the
other frequencies decrease down to 2292, 2220, and 2163 cm™!
to asymmetric v C3Dy, v C2—D and symmetric v C3Dy. Finally VC-d4 is a
mixture of VC-d1 and VC-d3 for C—D stretching modes.

For Pt, the range from 900 to 1450 cm™ is a very complicated region because

, corresponding

of the multiples couplings of the functional groups vibrations. All bands corre-
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Figure 4.17: Simulated RAIR spectrum for VC adsorbed in C3-top structures.
a) Spectra for VC adsorbed on Pt(111), b) Pd(111). From bottom to top spectra
of VC, VC-d1, VC-d3, and VC-d4.
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Table 4.18: Vibrational frequencies for Pd (111) on a Cl-fcc-C3-top structure

on the 3x3 unit cell. All frequencies are given in cm™.

’ \ Cl-fce-C3-top 3x3 ‘

Vibrational mode Ve | I (km/mol)
asym. v C3Hs 3078 0.11
v C2—H 3008 0.14
sym. v C3Hy 2971 0.38
v C1-H 2885 0.81
v C2—-C3 + 6 C3H, - § C2—H 1400 0.01
v Cl-C2-v C2-C3 + § C3H, - 6 C2—H | 1344 0.04
v Cl1-C2+ 6 C1-H + § C2—H 1163 0.20
v C1-C2 + v C2—-C3 + p C3Hy + 6 C2—H | 1134 1.74
p C3Hy - § C2—H + § C1-H 1001 0.16
w C3H, - v C2—H 947 0.06
v C2—C3 + w C3H, - v C2—H 932 1.09
~ C2-H -~ Cl1-H 788 0.92
~v Cl1-H + v C2—H 695 2.07
7 C3Hy + 6 C1-H (v Hl—surf) 639 0.93
6 C1-C2-C3 516 0.12
v Cl—surf - v C3—surf 441 0.08
v VC—surf 410 0.01
v C2—surf 330 0.02

sponding to ¥ C—C and the C—H bendings in-plane (one bending out-of-plane
appear in this region, w C3Hs) are present in this region. The overall spectrum
presents three bands of relative intensity. One of them is placed in this region,
at 1134 cm™'. Vibrational frequencies appear at 1402, 1348, 1195, 1134, 1048,
1025, and 932 cm™. First of all it is interesting to observe that vibrational fre-
quency corresponding to double C2=C3 bond does not appear, because in this
adsorption mode (see section 4.3.2) C—C distances were too large to maintain a
double bond. The first frequency is the C3Hs scissoring, which is not visible in
the spectrum. Frequency at 1348 cm™ corresponds to the negative coupling of
both v C—C and § C2—H, whose intensity is very low. The peak at 1195 cm™!
is visible at the spectrum, but weak. It corresponds to the coupling of v C1-C2
and the bending in-plane of C1—H and C2—H. The most intense peak in the
spectrum lies at 1134 cm™, and the next peak, at 1048 cm™ corresponds to
the positive and negative coupling of the C3Hs rockingwith C1—H and C2—H
bendings in-plane. The combination of these movements creates an intense peak

at 1134 cm™'. At 1025 cm™! already appears one bending out-of-plane, the C3H,
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wagging, which is very weak in the spectrum. Finally, the positive coupling of
both ¥ C—C with 6§ C1—H, which is visible in the spectrum, lies at 932 cm™'. In
V(C-d1, the most important change in the spectrum is the shift down of the most
intense peak, that corresponds in this case to the coupling of v C2—C3 and the
w C3Hs. In VC-d3, couplings and decouplings change, but two intense peaks
remain in this region, one at 1165 cm™
of § C3D, with § C1—H, and the other one at 911 cm™!, which is one of the
two most intense peaks in the spectrum and corresponds to the coupling of v
C2—-C3 with 6 C3Ds and § C1—H. For VC-d4, three intense peaks appear in

this zone, at 1106, 991 and 901 cm™. The first one corresponds to the negative

, corresponding to the positive coupling

coupling of both v C—C and § C3D5. The second one is the positive coupling
of all § C—H, and finally, the last one (one of the most intense peaks in the
spectrum) is the positive coupling of w C3Dy with § C2—D.

For Pd, in the range from 1000 to 1400 cm™, are present all bands corre-
sponding to v C—C and the C—H bendings in-plane and are strongly coupled
among them. Contrary to Pt, mixing with bendings out-of-plane is not observed
for Pd. As in the case of Pt, this is a very complicated zone. In this region ap-
pears one of the two most intense peaks in spectrum, being the only one visible
in this region. Vibrational frequencies lie at 1400, 1344, 1163, 1134, and 1001
cm™!. Only the band at 1134 cm™ has an appreciably intensity (see table 4.18).
The assignment of this band is the positive coupling of both v C—C with § C3H,
and 6 C2—H. This peak lies at the same vibrational frequency as in the case of
Pt, but the associated VNM is a bit different (see table 4.17). For VC-d1 only
one peak (the most intense one in the spectrum) exists in this region, which
corresponds to the positive coupling of both ¥ C—C with a non-pure movement
of C3Ds that could be viewed as a twisting one. In the case of VC-d3 two peaks
in this region are visible in the spectrum: one at 1134 cm™, corresponding to
the positive coupling of both v C—C with 6 C1—H and § C3D,, and the other
peak at 900 cm™, corresponding to the same assignation, but with a negatively
coupled § C1—H. Finally, for VC-d4, three peaks appear at this region, at 1112
(the second most intense peak in the spectrum), 972, and 896 cm™. The first
peak corresponds to the positive coupling of both v C—C with § C3Dy. The
second band corresponds to the positive coupling of § C3Ds with § C2—D, and
finally, the last one, is the negative coupling of § C3Ds with 6 C1—D and §
C2-D.

For Pt, in the region from 550 to 900 cm™ appear the C—H bendings out-of-

plane. Two of the three most intense peaks of the spectrum are in this region.
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They lie at 859 and 783 cm™, and correspond to the positive and negative
coupling of the C1—H and C2—H bendings out-of-plane. Two other frequencies
appear in this zone at 727 and 585 cm™!, which correspond to the C3H, twisting
and the bending in-plane of all carbonated skeleton, which are not intense in the
RAIR spectrum. For the spectrum in VC-d1, the two most intense peaks in this
region disappear, and an intense peak emerges at 610 cm™, which corresponds
to the v C1—D, like in the case of undeuterated VC. In the case of VC-d3,
the most important feature in this region is the presence of two peaks at 824
and 790 cm™! (this last is one of the most intense peaks in spectrum), that
correspond to the positive and negative coupling of the C3Dy waggingand the
C1—H bending out-of-plane. In the case of VC-d4 these two peaks also appear,
but they are shifted down to 600 and 655 cm™, because they correspond to the
C1-D bending out-of-planeand the coupling of v C1—-D with v C2—D. So we
can observe that in all cases the C1—H bending out-of-plane plays an important
role, it is always active in the spectrum.

For Pd, the C—H bendings out-of-plane are located mainly in the region
from 500 to 950 cm™. In this region of the spectrum appear the most intense
bands and three other peaks that have the half intensity of the most intense
one. Vibrational frequencies appear at 947, 932, 788, 695, 639, and 512 cm™'.
The most intense peak of the spectrum lies at 695 cm™, and corresponds to the
positive coupling of v C1—H with v C2—H. The negative coupling lies at 788
cm™. The band at 947 cm™ is very weak. At 932 cm™! exists another peak,
which corresponds to the coupling of v C2—C3 with w C3Hs and v C2—H.
The band at 639 cm™corresponds to the coupling of the C3H, twisting with
a movement that can be assignated to the stretching of H1 against surface.
Finally, at 512 cm™ appears the bending in-plane of the carbonated skeleton.
In VC-d1 this region changes a lot, one very intense band appears, and other
three less intense exist. At 549 cm™! exists the most intense peak in the spectrum
(together with the peak around 1100 cm™), and it corresponds to the C1—D
bending out-of-plane. The weak peaks at 944 and 817 cm™' correspond to the
negative and positive coupling of w C3Dy with v C2—H. Finally, at 481 cm™
a weak peak appears, corresponding to § C1—C2—C3. In VC-d3 only one very
intense peak exists in this region at 689 cm™', which is the v C1—H, and it lies
at the same place as in the undeuterated VC. In the case of VC-d4, three bands
appear in this region. At 609 cm™! appears a peak corresponding to the coupling
of w C3D3 with v C2—D and v C1-D (low intense). The most intense one in

the spectrum emerges at 536 cm™' and it corresponds to the positive coupling of
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Table 4.19: Vibrational frequencies for Pt (111) in a Cl-bridge-H1-fcc structure

on the 3x3 unit cell. All frequencies are given in cm™.

\ C1-bridge-H1-fcc 3x3 ‘

Vibrational mode Ve I (km/mol)
asym. v C3Hs 3140 0.07
v C2—H 3042 0.45
sym. v C3Hy 3036 0.04
v C1-H 3016 0.45
0 C3Hy + v C2—C3 1439 0.20
d C3Hy + 6 C2—H + (v C1-C2 - v C2-C3) 1349 0.07
6 C2—H + v C2—-C3 1201 0.01
6 C1-H - v C1-C2 1125 0.48
p C3Hy - § C2—H + § C1-H 1032 0.01
w C3H, 952 0.28
v C2—H + (v C1-C2 + v C2—C3) + p C3Hy | 928 0.00
~ C2—H | ~ C3—H4 874 1.08
~v C2—H + 7 C3Hy 771 0.06
~ Cl-H 738 0.00
v Cl—surf - v C2—H 572 0.11
6 C1-C2—-C3 516 0.17
v C2—surf - v C3—surf 409 0.00
v C2—surf + v C3—surf 353 0.20

v C2—D with v C1-D. Finally one peak (weak) appears at 433 cm™* associated
to the 7 C3D4 coupled with v C2—D and v Cl—surf.

At lower frequencies there are the fundamental transitions corresponding to
the stretching movements of C atoms respect to the surface.

Finally, neither exist significant differences between the spectra derived for
Cl-fee-C3-top and Cl-hep-C3-top adsorption modes, nor exist important differ-
ences in the spectrum due to coverage effects. This is a different aspect respect
to Cu, where differences existed for 2x2 and 3x3 unit cells. In the case of
Pt and Pd these differences are minima because the repulsion among adjacent

molecules is not so important on a 2x2 unit cell.

4.3.3.3 Cl-bridge structure.

This system has no symmetry, like in the case of C3-top structure, but H2 and
H3 are in the same plane as C2 and C3, conserving the planarity of a double
C=C bond. In this structure C1 is adsorbed on a bridge site, forming a sp>-like

structure with the two adjacent metal atoms, and the double C2=C3 bond is
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Table 4.20: Vibrational frequencies for Pd (111) in a Cl-bridge-H1-fcc structure
on the 3x3 unit cell. All frequencies are given in cm™.
’ \ C1-bridge-H1-fcc 3x3 ‘

Vibrational mode Ve I (km/mol)
asym.v C3Hs 3130 0.03
v C2—H 3022 0.7
sym. v C3Hy 3012 0.15
v C1-H 2986 0.52
0 C3Hy + v C2—C3 1435 0.00
0 C3Hy - 0 C2—H + (v C1-C2 - v C2—C3) | 1348 0.12
0 C2—H - § C3—H4 + v C2—-C3 1197 0.14
0 C1-H + 6 C2—H + p C3H, + v C1-C2 | 1103 1.21
0 C1-H - § C2—H + p C3H, 995 0.00
p C3Hy + 6§ C2—H + v C1-C2 + v C2—-C3 | 931 0.15
w C3Hs - v C2—H 904 0.16
~ C2—H | ~ C3_14 845 1.74
7 C3Hy + v C2—-H + § C1-H 705 0.00
~ Cl-H 640 0.14
7 C3Hy + v C2—H + v Cl—surf 510 0.02
6 C1-C2-C3 496 0.15
v C2—surf - v C3—surf 365 0.03
v C2—surf + v C3—surf 304 0.02

placed on a top-site. The intensities in the spectrum of this structure are of the
same magnitude as the ones of C3-top structure, and consequently, much less
intense than in the case of Cl-trans structure (see table 4.19 and 4.20). This
structure does not exist for Cu, so no comparison with Cu is possible. RAIR
spectra are very similar for Pt and Pd, but they exhibit some differences (see
figure 4.18). This can be explained easily if we take into account that adsorption
modes are not strictly equal on both metals (for more details see section 4.3.2).

In the C—H stretching region, the asymmetric and symmetric C3Hs stretch-
ing mode are bands with no appreciable intensity, which lie at 3140 and 3036
ecm™! for Pt and 3130 and 3012 cm™ for Pd. The most intense peak at this
region is the C2—H stretching mode, it is of 3042 cm™ and of 3022 cm™ for
Pd. The other intense peak in this region is the C1—H stretching mode, being
for Pt as intense as the v C2—H one. It lies at 3016 cm™ for Pt and at 2986
ecm™ for Pd. Comparing with values of table 4.16, 4.17 and 4.18, it can be
concluded that Cl-bridge structure is the one where C1—H is less activated.

This is a consequence of the large H1—M distance (in the case of Pd: C3-top:
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2.26 A, Cl-bridge: 2.61 A) respect to C3-top structure. For VC-d1, the main
change is the shift down of ¥ C1—D mode, at 2224 and 2201 cm™ for Pt and
Pd, respectively. For VC-d3 also a peak shifts down (for undeuterated VC, only
v C2—D mode is quite intense to be observed in RAIRS), appearing a band at
2248 and 2232 cm™! for Pt and Pd, respectively. Finally, in VC-d4, the shiftings
are the same as in VC-d1 and VC-d3, because no coupling exists among different
v C-D.

In the region from 925 (for Pt and Pd) to 1500 cm™ appear all VNM corre-
sponding to C—C stretching and C—H bending in-plane modes. In the case of Pt
one bending out-of-plane appears in this region at 952 cm™, which corresponds
to the w C3Hy. VNM corresponding to the coupling of C2—C3 stretching with
C3H; bending in-plane are at 1439 and 1435 cm™ (Pt and Pd, respectively),
being very weak. The next frequency is also very weak and corresponds to the
negative coupling of both v C—C modes with § C3Hy and 6 C2—H (1349 and
1348 cm! for Pt and Pd, respectively). For Pt, four more VNMs are present at
1201, 1125, 1032 and 928 cm™. The first, third and fouth frequencis are very
weak bands, and they correspond to the coupling of v C2—C3 with § C2—H, to
the coupling of p C3Hs with § C2—H and 6 C1—H and to the positive coupling
of both v C—C with p C3H; and v C2—H. Finally, the most intense peak in this
region (~25%) lies at 1125 cm™ and corresponds to the coupling of v C1-C2
with 6 C1—H. For Pd, the corresponding frequencies lie at 1197, 1103, 995, and
931 cm™. The only peak with an appreciable intensity is that one that lies
at 1103 cm™ and is the coupling of ¥ C1—C2 with all C—H bending in-plane
modes. The other band is a coupling of different v C—C with § C—H (see table
4.20). For VC-d1 no big differences exist with undeuterated VC spectrum, and
the most important difference is the shifting down of the most intense peak in
this region to ~1080 cm™ (for both Pt and Pd), due to the decoupling of §
C1-D from the other modes. In the case of VC-d3, for Pt, three weak bands
exist in this region at 1332, 1122, and 895 cm™!, corresponding the first one to
the negative coupling of both v C—C with § C2—D and é C3Ds, the second one
to the coupling of ¥ C1-C2 with § C1-D and § C3Ds, and finally, the third
one to the negative coupling of § C1—H and § C2—D. For Pd the number of
peaks increase to four in this region, at 1340, 1114, 1036, and 887 cm™'. The
first band corresponds to the negative coupling of both v C—C with § C2—D
and § C3D5. The second peak, which is the most intense in this region, is the
coupling of ¥ C1—C2 with § C1—H and 6 C3D;. The weak peak at 1036 cm™!
corresponds to the coupling of § C1—H and 6 C3D5, and finally, the last one
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Figure 4.18: Simulated RAIR spectrum for VC adsorbed in Cl-bridge struc-
tures. a) Spectra for VC adsorbed on Pt(111), b) Pd(111). From bottom to top
spectra of VC, VC-d1, VC-d3, and VC-d4.
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corresponds to the coupling of v C1-C2 with 6 C2—D and § C1—-H. In VC-d4,
for Pt, three peaks are present in this region, at 1329, 1102, and 966 cm™. The
first one corresponds to the negative coupling of both » C—C with § C2—D
and 0 C3Dy. The second one, the most intense in this region, is the positive
coupling of both ¥ C—C with 6 C2—D and § C3D,. Finally, the last one is also
the positive coupling of both » C—C, but with § C2—D and § C1-D. For Pd
four bands exist at 1335, 1107, 958, and 919 cm™. The first and the second one
correspond to the same VNMs as in the case of VC-d4 on Pt. The third one
is the positive coupling of both ¥ C—C with § C3D3, and the last one is the
coupling of § C2—D with § C3—D4.

In the region from 500 to 960 (Pt) or 920 (Pd) cm™ appear all bands cor-
responding to the C—H bonds bendings out-of-plane and the C—C—C bending
in-plane (see tables 4.19 and 4.20). For both metals this region is quite simi-
lar. A small band followed by the most intense band of the spectrum appear
at 952 and 874 cm™' for Pt and at 904 and 845 cm™ for Pd. The first feature
corresponds mainly to the w C3Hs, but the most intense peak of the spectrum
is the positive coupling of both C2—D and C3—D4 bendings out-of-plane. This
is the VNM that generates the major variation in the z-dipolar moment of the
molecule (although it remains being a weak band). In the case of VC-d1, this
region does not change, and the most intense peak remains at 895 and 856 cm™
for Pt and Pd, respectively. For Pt it is the same mode as in the case of VC,
and for Pd it changes, corresponding to the coupling of w C3Hy with v C2—H.
In VC-d3, the most intense peak in the spectrum shifts down to 660 and 646
cm™ for Pt and Pd, respectively. For Pt this mode corresponds to the coupling
of w C3D4y with v C2—D and for Pd it is the coupling of v C1—H with v C2—D.
Finally, for VC-d4, the band shifts a bit down to 645 and 619 cm™ for Pt and
Pd, respectively. For Pt this VNM corresponds to the coupling of w C3Dy with
v C2—D and v C1-D and for Pd is the coupling of v C1—-D with v C3—D4.

Below these different regions exist the frequencies corresponding to the stretch-
ing movements of C atom respect to surface.

Finally, there are not significant differences neither between the spectra de-
rived for Cl-bridge-H1-fcc and Cl-bridge-H1-hcp adsorption modes, nor be-

tween different coverages, as in the case of C3-top structure.
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Figure 4.19: RAIR spectra for all VC structures and Pr on: a) Pt; b) Pd.

4.3.3.4 Comparison of spectra.

In figure 4.19 the spectra corresponding to Cl-trans, C3-top and Cl-bridge
structures of VC and the one of Pr molecule have been put together, all of
them adsorbed on the 3x3 unit cell with the C1 atom placed on the fcc site.
Although the spectra of VC isomers have been shown in other figures, the spectra
have been simulated together for the purpose of finding the fingerprints of each

structure when all of them could be present on the surface. In the case of C1-
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trans structure, the absolute intensities were so large in comparison with other
spectra that the most intense bands have been truncated. Although the overall
spectra seem different for Pt and Pd, fingerprints are very similar in both cases,
as will be commented.

For Pt, the Pr spectrum is characterised by the bands at the C—H stretching
region and the two intense peaks that lie at 1099 and 1005 cm™, because these
regions are clean for the other species. Also at 1335 cm™ exists one intense
band that could be used as a fingerprint for Pr, but in the Cl-trans structure
the most intense peak appears at 1394 cm™'. This peak is so intense that is the
fingerprint for Cl-trans structure, existing also bands at 1566, 1108, 954 and
627 cm!. To differentiate between Pr and Cl-trans structure for VC it is only
necessary to observe the relative intensity of the band around 1350 cm™, if it
is ten times more intense than the other bands, it is Cl-trans structure. In the
case of C3-top structure and C1-bridge structure, no intense peaks exist around
1300 cm™!. To differentiate between themselves the easiest way is to count the
number of intense peaks that appear in the spectrum in the region from 700 to
1100 cm™. If only one weak peak appears at ~874 cm™, the structure we get
is the Cl-bridge one. Otherwise, if three weak bands are observed at 1134, 859,
and 783 cm™!, what we get is C3-top structure. The problem is, like in the case
of Cu with C3-top and C3-hollow structures on Cu, that Cl-bridge and C3-top
structures are so similar thermodynamically, that it is sure that if we have one
structure on the surface, the other one will probably also coexist.

For Pd, the fingerprints are similar. The Pr spectrum owns intense bands at
the C—H stretching region, with two intense peaks at 1048 and 945 cm™. In the
region around 1400 cm™ exist two peaks for Pr, but this region is characteristic
for Cl-trans structure, because it has the most intense peak at 1393 cm™!, which
is the main feature of this structure, so the relative intensity in this region will
allow us to differentiate between Cl-trans structure and Pr. If region around
1400 cm™! is clean, we get C3-top or Cl-bridge structure. Once again, the easiest
way to differentiate between them is to count the number of intense peaks in the
region from 700 to 1100 cm™. If only two weak peaks are present at 1103 and
845 cm™!, the structure is Cl-bridge, but if five weak bands are present (1134,
932, 788, 695, and 639 cm™) we got the C3-top structure. In this case, C3-top

and Cl-bridge structures will also coexist on Pd surface.
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Figure 4.20: Different adsorption modes of VC on Rh(111) on a 2x2 unit cell.

4.4 VC adsorbed on Rh(111).

4.4.1 Adsorption modes.

The reactivity of propyne on Rh(111) is very similar to the one that exhibits on
Pt(111), it dehydrogenates and forms a carbidic layer [105].

Rh (111) behaves very similar to Pt(111) and Pd(111) respect to the adsorp-
tion of VC, being the adsorbed VC structures very similar to the ones obtained
for Pt(111) and Pd(111). In the case of Pr on Rh(111), Pr could adsorb by
different adsorption modes, by the same mode as on Cu (di-o /di-7, with C1 ad-
sorbed on a hollow-site) and by the same mode as on Pt/Pd (di-o /7, with the
triple bond adsorbed on a hollow-site), being this last structure the preferred
one on Rh(111) [97]. This indicates Rh(111) is a metal surface with intermedi-
ate features between Cu and Pt/Pd, being closer to the features of Pt/Pd. Rh
is a metal with a d° valence electronic structure, and its lattice parameter (it
exhibits a crystallographic Fm3m structure) is 3.8034 A [154], which is between
the lattice parameter of Cu (~3.6 A) and Pt/Pd (~3.9 A), being more similar
to these ones. In this section the adsorption of VC will be studied using two
different unit cells: 2x2 and 3x3.

4.4.1.1 2x2 unit cell.

Let’s consider first the high coverage regime, like in the case of VC adsorbed
on the other metals. As commented before, 2x2 unit cell has been proposed as
the experimental unit cell for the adsorption of propyne on Pt(111) [104] and
on Rh(111) [105]. Several adsorption sites and starting geometries have been

explored, and six stable minima have been found, three of them have C1 on
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Table 4.21: Relative adsorption energies of VC respect to propyne in gas phase
on Rh(111) on the 2x2 unit cell. All values are given in kJ-mol ™.

’ ‘ Eads
No ZPE | ZPE | ZPE-dl1 | ZPE-d3 | ZPE-d4
Propyne Cl-fcc -200.2 | -197.8 | -198.2 -198.1 -198.5
Propyne Cl-hcp -200.1 | -198.0 | -198.3 -198.2 -198.5
Propyne tr-fcc -204.6 | -199.2 | -199.6 -199.7 -200.1
Propyne tr-hcp -214.4 | -208.7 | -209.2 -209.2 -209.7

VC Cl-fce-trans -131.0 | -128.9 | -128.6 -129.2 -128.9
VC Cl-hcp-trans -133.5 | -132.6 | -131.9 -132.9 -132.3
VC Cl1-b-Hl1-fcc -179.6 | -173.1 | -173.5 -173.8 -174.2
VC C1-b-H1-hcp -174.2 -168.3 -168.7 -168.9 -169.4
VC Cl-fce-C3-top -187.5 | -182.3 | -182.6 -182.7 -183.0
VC Cl-hcp-C3-top | -182.9 | -177.7 | -178.0 -178.1 -178.5

a fce-site (or displaced to a fce-site as can be observed in figure 4.20), while
the other have this atom on a hcp site (or displaced to a hcp site). Like in
the case of the other metals, only those structures with C1 on a fcc-site will
be commented, because the structures, whose C1 is adsorbed on a hcp-site, are
very similar to those ones and energetic differences are small. The adsorption
structures found for Rh are the same structures as on Pd and Pt, i.e., Cl-trans,
C3-top and Cl-bridge structures.

The adsorption energies respect to Pr in gas phase are showed in table 4.21.
The ZPE corrected and uncorrected values are shown in different columns in
order to check the ZPE effect in energy differences, which in all cases reduces
the adsorption energy by ~5 kJ-mol-!. Gas phase Pr suffers a major correction
than C3Hy species adsorbed on Rh. For sake of comparison, Pr values are also
included (in the case of propyne adsorbed on Rh, four possible adsorption sites
are found): the adsorption modes that are similar to Cu (Cl-fcc and Cl-hcp)
and the coordination modes that resembles the case of Pt (tr-fcc and tr-hep).
In all cases, VC structures are less stable than all Pr adsorption modes on this
unit cell, being the difference between the most stable adsorbed Pr and the
most stable adsorbed VC ~27 kJ-mol!. Another important feature of Rh is
that it behaves like Pt and Pd, in the sense that the most stable structure is
the C3-top structure, the second one is the Cl-bridge and finally the Cl-trans
structure. The relative energy differences between these isomers are also similar,
specially with the case case of Pt (AEcs.top/Ci-bridge™ 8 (Rh), 16 (Pt), 4 (Pd);
AEc3 top/Ci-trans =~ 57 (Rh), 49 (Pt), 43 (Pd) kJ-mol* for fcc structures). The
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major stabilisation of Pr respect to the most stable VC structure is also similar
(AEcs top/pr ~ -27 (Rh), -28 (Pt), -14 (Pd) kJ-mol™).

For Cl-trans structure, the most stable adsorption mode is via the C1 atom
on a hcp site, being the opposite way than in Cl-bridge and C3-top structures,
where C1 adsorbed on fcc site is the most stable mode. Cl-trans structure is the
less stable VC structure, like in the case of Pt and Pd, even more in this case
if one consider the differences between Cl-trans and C3-top structures. C1 is a
bit displaced to a bridge position, indicating that the lattice parameter of Rh
is big enough to minimise the repulsion interaction between adjacent molecules.
As commented before, VC adsorbs stronger on Rh, and the E,q5 of Cl-trans
structure on Rh is -128.9 kJ-mol™!, the largest one of all metals in this structure
(Pt: -116.5; Pd: -94.5; Cu: -22.8 kJ-mol!).

54.0 kJ-mol! below Cl-trans structure lies the C3-top one (-182.3 kJ-mol!),
which is the most stable one on Rh, even 9 kJ-mol-! more stable than C1-bridge
structure (-173.1 kJ-mol'!). This difference is big enough to ensure a small
preference of VC being placed in a C3-top mode. As in the case of Cl-trans
structure, the E,qs of these structures on Rh are the largest ones for all the
studied metals.

Finally, all VC structures become more stable than propyne in gas phase,
like in the case of all other metals. This is a real evidence that solid catalysis
can stabilise the intermediate structures of a reaction mechanism. In our case,
the intermediate is a diradical, which in gas phase is an inaccessible isomer
thermically. The surface stabilises largely this diradicalary structures and makes

it energetically more favourable.

4.4.1.2 3x3 unit cell.

In order to evaluate coverage effects, the unit cell was increased to a 3x3 di-
mension, which corresponds to a molecular coverage of 1/9. This unit cell can
describe the low (or medium) coverage regime, where situations of repulsion are
minimised (as commented before). Using this unit cell, six stable minima were
found, which corresponded to the same ones that were found on 2x2 unit cell.
The main difference of these structures and the ones obtained for a 2x2 unit
cell is the smaller repulsion between adjacent molecules, but like in the case
of Pt and Pd, the stabilisation of the structures is not as dramatic as in the
case of Cu. As on 2x2 unit cell, three minima corresponds to the adsorption

of C1 on fec site (or displaced to fce site) and the other three to the hep site
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Table 4.22: Relative adsorption energies of VC respect to propyne in gas phase
on Rh(111) on the 3x3 unit cell. All values are given in kJ-mol™.

’ ‘ Eads
No ZPE | ZPE | ZPE-dl1 | ZPE-d3 | ZPE-d4
Propyne Cl-fcc -202.0 | -199.8 | -200.1 -200.2 -200.5
Propyne Cl-hcp -203.2 | -200.7 | -201.0 -201.1 -201.4
Propyne tr-fcc -216.8 | -211.9 | -212.3 -212.3 -212.7
Propyne tr-hcp -219.2 | -214.4 | -214.8 214.7 -215.2

VC Cl-fce-trans -121.8 | -118.1 | -118.5 -118.2 -118.5
VC C1-hcp-trans -124.5 | -120.2 | -120.5 -120.2 -120.6
VC C1-b-H1-fcc -192.2 | -189.6 | -189.9 -190.2 -190.5
VC C1-b-H1-hcp -192.2 | -189.5 | -189.8 -190.1 -190.4
VC C1-fce-C3-top -1949 | -191.3 | -1914 -191.7 -191.8
VC C1-hep-C3-top | -191.0 | -187.0 | -187.2 -187.4 -187.6

(or displaced to hcp site). In figure 4.20 are presented the obtained structures
and their nomenclature (the same as 2x2 unit cell). The adsorption energies
are presented in table 4.22.

Cl-trans structure is the less stable VC structure, like on other metals, but
a big difference exist for Rh. The E.qs for VC on Rh is 10.0 kJ-mol™ higher for
3x3 unit cell than for 2x2 unit cell (-124.5 kJ-mol! and -133.5 kJ-mol!, respec-
tively). This structure is also less stable on Rh than on Pt (-131.7 kJ-mol ),
contradicting the argument exposed for 2x2 unit cell that Rh is the most inter-
acting metal (but it is true for the other VC structures on Rh 3x3 unit cell).
This is due to the adsorption geometry of VC on Rh (geometrical aspects will
be commented in section 4.4.2), but we advance here that on a 2x2 unit cell C1
is adsorbed almost on a hollow site (like on Cu), whereas on a 3x3 unit cell C1
is adsorbed almost on a bridge site (like on Pt and Pd). Besides, on a 2x2 unit
cell VC tilts, being H1 very near to surface (see table 4.23) and creating a huge
agostic interaction with the surface, otherwise on a 3x3 unit cell VC adsorbs on
a bridge site and is more perpendicular to the surface, disappearing the agostic
interaction. On the 3x3 unit cell, Cl-hcp-trans structure is more stable than
Cl-fce-trans structure, which is directly related to the different H1—M distances
for both hcp and fecc structures.

C1l-bridge and C3-top structures are so close in energy (energy difference of
~3 kJ-mol'!) that they can be considerated degenerated structures for a 3x3
unit cell, because C1-bridge (-192.2 kJ-mol™!) structure stabilises 12.6 kJ-mol™*
respect to 2x2 unit cell, and C3-top (-194.9 kJ-mol!) only 7.4 kJ-mol*. This
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is the same case as VC adsorbed on Pd(111) with a 2x2 unit cell, where both
structures had the same E,45. This indicates that if one structure is present on
surface, the other one also will be present. The E, 45 is the largest one for all
VC adsorption modes on all metals, lieing the E.qs only ~20 kJ-mol! above Pr
on Rh, similar to Pt and Pd surfaces, indicating that Rh stabilises strongly this
diradical.

Finally, all VC structures become more stable than Pr in gas phase, being
the the E,qs very large, indicating the relative stabilisation of VC on Rh(111).

4.4.2 Adsorption geometries.

As in the case of other metals, the adsorption of VC lieing C1 on a fcc site or hep
site does not introduce any relevant change on the adsorption geometry. Only in
one case, when VC is adsorbed in a Cl-trans structure on a 2x2 unit cell relative
differences between Cl-fcc and Cl-hep sites exist. The comparison of the rest
of adsorption geometries between fcc and hep for the same adsorption structure
indicate that almost all distances do not change more than +0.02 A and bond
angles do not differ more than +1°. In table 4.23 geometrical parameters for VC
with C1 adsorbed on fce-site on Rh(111) are presented for a 3x3 unit cell. In
the case of Cl-trans structure, table 4.23 shows results derived from 2x2 unit
cell for both adsorption sites: fcc and hep. When parameters differ more than
the values commented before, values are displaced in brackets. C—H distances
are not presented in this table because almost all distances, as in the case of
other metals, are in the range 1.09 and 1.12 A, and no relevant information is
obtained (comments about some relevant C—H distances will be made later).
Cl-trans structure is present for all metals, and in the case of Rh, important
differences exist between 3x3 and 2x2 unit cells, which are more important
than the differences found for Pt and Pd. For both cells, C1—C2 and C2—C3
distances are almost equal, ~1.45 and 1.35 A, respectively, being these values
very similar in all surfaces. What is different is the H1-C1—C2 angle, being
the value on a 3x3 unit cell very similar to the one obtained for all other metals
(111.3° for Rh and, for instance, 112.1° for Pt), but the value on a 2x2 unit cell
differs from all the other H1-C1—C2 angles found until now, being in this case
much closer, 104.9° for C1 on fcc site and 101.4° on hcp site. This is a direct
consequence of being more tilted on a 2x2 unit cell. Another important feature
are the large C1—H distances for this unit cell, 1.17 and 1.21 A for fcc and hep

sites respectively. These distances are very large if they are compared with the
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Table 4.23: Geometrical parameters of VC adsorbed on Rh(111). A slash means
meaningless value in the case of Cl-trans dihedral angle (structure is flat). In
brackets changing parameters more than 40.02 A or +1°.

] \ Cl-trans \ C3-top | Cl-bridge |
3x3 | 2x2 (Cl-hcp) 3x3 (2x2) 3x3 (2x2)
@d(C1-C2) 1.45 1.46 1.43 1.46
d(C2-C3) 1.35 1.35 1.47 1.42
®)(C1-C2-C3) | 124.5 125.1 121.3 (120.1) | 125.6 (124.4)
a(H1-C1-C2) 111.3 | 104.9 (101.4) 117.9 118.8
a(H2-C2-C1) 117.6 | 115.7 (119.6) 118.7 116.5
a(H2-C2-C3) 117.9 | 119.2 (115.3) 117.9 117.2
o(H3-C3-H4) 117.4 117.3 112.2 115.3
a(H3-C3-C2) 121.3 121.1 114.7 119.2
o(H4-C3-C2) 121.4 121.6 113.9 118.5
©)tilt / / 61.4 68.8
@p(H1-C1-C2-C3) | / / -142.7 -114.1 (-110.4)
0(H3-C3-C2-C1) / / 177.2 (176.0) 171.4
0(H4-C3-C2-C1) / / 46.5 22.0
9(H1-C1-C2-H2) / / 20.7 (18.6) 55.9 (58.1)
6(H2-C2-C3-H3) / / 14.2 1.4
6(H2-C2-C3-H4) / / -117.0 (114.9) -148.0
©d(C1-M) 2.07 2.06 2.02 2.05
d(C2-M) / / 2.23 2.20
d(C3-M) / / 2.12 2.17
d(HI-M) 2.47 | 1.88 (1.79) 2.23 (2.28) 2.70 (2.73)
d(H2-M) 2.44 | 3.02 (3.15) 2.75 2.85 (2.95)
d(H3-M) / / 2.71 2.79
d(H4-M) / / 2.54 (2.58) 2.55 (2.65)

(@)d: distances (A); ®a: angles (degrees); () tilt: angle between C1-C2-C3
plane and the normal vector of surface; (9: dihedral angles (degrees); ()
distances to nearest surface atom.

other C—H distances, which are in the range 1.09-1.12 A. This enlargement is
a consequence of the major HI—M interaction, because VC tilts. For 2x2 unit
cell, on fee site H1—M and H2—M distances are 1.88 and 3.02 A, and on hcep site
(where E,qs is larger) 1.79 and 3.15 A indicating a stronger interaction between
H1 and M (that causes a minor H1—M distance and a major H2—M distance).
These distances are more similar to those obtained for Cl-trans structure on
Cu, which were 1.97 and 2.72 A respectively, than to Pt and Pd, which were
2.66 and 2.55 A and 2.50 and 2.42 A, respectively for each metal. The distances
obtained for Pt and Pd are very similar to those obtained for Rh on the 3x3
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unit cell, which are 2.47 and 2.44 A. So, it can be concluded that VC adsorbed
on Rh on the 2x2 unit cell in Cl-trans structure behaves more similar to Cu,
and on the 3x3 unit cell to Pt and Pd.

C3-top structure does not present meaningful differences between 3x3 unit
cell and 2x2 unit cell, like Cl-trans structure did. C1—C2 distance is the same
as on Pt and Pd, 1.43 A, and C2—C3 distance is 1.47 A, shorter than Pt’s
value (1.48 A) and larger than Pd and Cu’s values (1.45 and 1.44 A, respec-
tively), being the structure on Pt the most similar one. These distances indicate
clearly that no double C=C bond exist, like on all other metals. This indicates
a di-o bond of C2—C3 unit with two metal surface atoms. Other two parame-
ters that confirm that C3-top structure adsorbs similarly to Pt and Pd are the
H1-C1-C2 angle, that has almost the same value (~118°), and the tilting an-
gle of C1—C2—C3 plane respect to the normal vector of surface, which is 61.4°
(similar to the values of Pt and Pd, 62.3° and 60.4°, and different of Cu, 46.1°).
This has repercussions on C1-M, C2—M, and C3—M distances (2.02, 2.23, and
212 A, respectively), which are very similar to those found for Pt and Pd (2.01,
2.23 and 2.09 A). M—H1, M—H2, M—H3 and M—H4 (2.23, 2.75, 2.71, and 2.54
A, respectively ) distances are very similar to those obtained for Pd (2.26, 2.69,
2.68, and 2.45 A, respectively), being H1 the most activated hydrogen, as in the
case of all other metals. Finally, no important differences exist between fcc and
hcp sites in this structure.

C1-bridge structure is also present for Rh, like on Pt and Pd. In this struc-
ture, C1—C2 and C2—C3 distances are 1.46 and 1.42 A, respectively, being the
C1-C2 distance larger than the C2—C3, on the opposite tendency found for
C3-top structure. This effect also happened on Pt and Pd, as commented in
section 4.3.2, and it indicates that C2—C3 unit interacts with surface via a 7
bond with one metal atom. C1—C2—C3 plane forms an angle with the normal
vector to surface of 68.8°, being this structure flatter on surface than C3-top
(61.4°). This fact is related with the larger C1—M and C3—M distances (2.05
and 2.17 A) and the shorter C2—M (2.20 A) one respect to C3-top structure.
As in the case of Pt and Pd, H3—C3—C2—H2 unit is almost flat (dihedral angle
of ~1.4°) indicating that in this case remains a degree of sp>-like hybridisation
with the difference that H4 is tilted away ~30° from this plane in the adsorbed
structure. Moreover, for C1l-bridge structure all H are less activated than for C3-
top structure, like in the case of Pt and Pd. In table 4.23 can be observed that
all H—M distances are larger for C1-bridge structure than for C3-top structure.

Finally, for Cl-bridge structure does not exist important differences, neither
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Table 4.24: Vibrational frequencies of VC for Cl-fce-trans structure on Rh(111)

on the 3x3 unit cell. All frequencies are given in cm™.

’ \ Cl-fce-trans 3x3 ‘

Vibrational mode Vo | I (km/mol)
asym. v C3Hs 3155 0.1
sym. v C3Hz 3062 0.0
v C2—H 2925 1.3
v C1-H 2842 1.5
v C2=C3 - § C3H; + § C2—H 1556 0.0
0 C3Hy - v C2=C3+ v C1-C2 +46 C2—H | 1389 39.3
6 C3—H4 - 6 C2—H 1276 4.6
0 C1-H + p C3H, 1175 0.2
v Cl1-C2 + § C1-H + 0 C2—H 1082 1.2
p C3H, -6 C1-H | v C2—H 935 0.5
p C3Hy + v C1-C2- v C2—H 935 0.0
w C3H, 890 0.1
~ Cl1-H 741 0.0
7 C3H, + y C2—H-~ Cl-H 600 0.3
0 C1-C2-C3 579 1.3
v VC—surf 287 0.2

between fcc or hep-sites, nor between 2x2 and 3x3 unit cells.

4.4.3 IR spectra.

The computted spectra and assignments of VC structures adsorbed on Rh(111)
are summarised in the tables of this section. In these tables, for C3-top and
Cl-bridge structures only results for 3x3 unit cell and for Cl-fcc structures are
presented, but for Cl-trans structure, also 2x2 unit cell is presented because
of the important existing differences between two different unit cells. The sim-
ulated RAIR spectra are also showed in next sections, which also include the
spectra of partial and total deuterated species (VC, VC-d1, VC-d3 and VC-d4).
The technical features of spectra are the same used in the preceding sections.
The structure of the analysis will be the same as other metals. First, the
RAIR spectrum of each type of structure (the effect of deuteration) will be
commented separately. After that, the fingerprints of each structure necessary

to identify them on the surface will be tried to find out.
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Figure 4.21: Simulated RAIR spectrum for VC adsorbed on Cl-trans structures
on the 3x3 unit cell. From bottom to top spectra of VC, VC-d1, VC-d3, and
VC-d4.

4.4.3.1 Cl-trans structure.

In figure 4.21 is presented the spectrum of VC adsorbed on Rh(111) using a
3x3 unit cell for calculations. A very intense band below 1400 cm™ is the
most relevant feature of this spectrum. Besides, in table 4.24 frequencies and
intensities of each fundamental band are presented. Their values are very similar
to the values obtained for Pt and Pd for this same structure (see table 4.16).
In the C—H stretching region four weak frequencies exist at 3155, 3062,
2925, and 2842 cm™!. The two higher frequencies correspond to the asymmetric
and symmetric C3Hy group stretching mode. The third one corresponds to the
C2—H stretching, and the final one is the C1—H stretching mode, being this the
most activated C—H bond. This value is between the one obtained for Cu (2737
cm™!), which is the most activated case for all metals on a 3x3 unit cell, and
Pt and Pd (2959 and 2892 cm™ respectively). For VC-d1 no variations appear
on the spectrum and only the C1—D stretching mode is affected in this region,
shifting down to 2092 cm™. In the case of VC-d3, frequencies corresponding
to asymmetric and symmetric v C3Ds and v C2—D shift down to 2356, 2242,
and 2162 cm™, but no other repercussion in the spectrum exists because of the
low-intensity of the C—H stretching bands. Finally, VC-d4 case is the addition
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of the deuterated peaks in VC-d1 and VC-d3, indicating that no coupling exist
among those modes.

In the region between 1000 and 1600 cm™, are located the C—C stretching
and the C—H bending in-plane modes, being all of them coupled. In this region
we found the two most intense bands in the spectrum at 1389 (the most intense
one) and at 1276 cm™. The first one corresponds to the negative coupling of
both v C—C with the C3Hj scissoring and 6 C2—H bond. The second one is the
negative coupling of bendings in-plane of C2—H and C3—H4. Although their
intensity is very weak, three more frequencies are in this zone at 1556, 1175,
and 1082 cm™!. The first one corresponds to the coupling of v C2=C3 with the
C3H, scissoring and 6 C2—H bond, the second one is the coupling of § C1-H
with p C3H,, and the final one is the coupling of ¥ C1-C2 with § C1—H and
0 C2—H. Although C2=C3 bond is perpendicular to surface, it is not visible in
the spectrum (like in the case of Cu, see section 4.2.3.2).When C1 is deuterated,
no changes are present in this region of the spectrum, because the frequencies
that change respect to VC are the ones at 1175 and 1082 cm™ to 1104 and 991
em™, which are not visible. For VC-d3, important changes exist in this region
of the spectrum (see figure 4.21). At 1492, 1163, 1133, and 988 cm™ appear
four peaks with relative intensities of ~33%, ~50% and ~50% respect to the
band at 988 cm™!. The first band corresponds to the coupling of v C2=C3 with
the C3Ds scissoring, C2—D and C1—H bending in-plane modes. The second
is the C1—H bending in-plane. The third one is the v C1—-C2 coupled withd
C1-H, § C2—D, and § C3—D3. The last peak corresponds to the coupling of
0 C3Ds with 6 C1—H. In the case of VC-d4, the spectrum is very similar to
the one of VC-d3, but only three bands appear at 1489, 1135, and 1003 cm™*
(~25% and ~66% respect to the band of 1003 cm™, respectively). The first one
corresponds to the v C2=C3 coupled with § C3D5 and § C2—D, the second one
to the coupling of v C1—C2 with § C3Ds and § C2—D, and the last one to the
coupling of § C3D5 and § C1-D.

The region between 500 and 1000 cm™ is the one corresponding to the C—H
bendings out-of-plane and C—C—C bending in-plane. The bands are not vis-
ible, because bendings out-of-plane in this structure do not cause variation in
z-dipolar moment, being the most intense one in this region the C—C—C bend-
ing in-plane at 579 cm™'. In table 4.24 are presented their corresponding assig-
nations. In the case of deuterated species, vibrational frequencies variate and
shift down their position, but they are not active in the spectrum, so no com-

ments will be made about them. Finally, below this region lie the frustrated
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Table 4.25: Vibrational frequencies of VC for Cl-trans structure on Rh (111)

on the 2x2 unit cell. All frequencies are given in cm™.

’ Ve ‘ I ‘ Assignation ‘ I ‘ Ve ‘
Cl-fcc Cl-fcc / Cl-hep Cl-hcep
3156 | 0.0 asym. v C3Hz 0.1 | 3155
3061 | 0.4 sym. v C3Ho+ v C2—H 1.3 | 3058
3047 | 0.6 v C2—H - sym.v C3Hz 1.2 | 3046
2211 | 1.0 v C1-H 0.5 | 1915
1559 | 1.5 v C2=C3 -6 C3Hz + 6 C2—H + 6 C1-H 0.7 | 1570

1418 | 7.0 | 6 C3Hy + 6 C2—H -6 C1-H / § C1-H- § C3H: 1.7 | 1500
1353 | 3.9 m(v C1-C2 - v C2=C3) + § C3H; + § C1-H 5.2 | 1374

1263 | 0.0 6 C2—H -6 C3—H4 0.0 | 1262
1095 | 0.1 v C1-C2 + § C2—H - p C3H, 0.0 | 1096
956 | 0.0 | 7 C3Hz -y C2—H / p C3Hz + v C1-C2 -6 C2—H | 0.7 | 957
955 | 1.5 p C3H, - v C2—H / 7 C3H; - v C2—H 0.2 | 954
879 | 0.0 w C3H2 0.0 | 883
680 | 0.1 | v C1-H- v C2—H- v C3—H3/ 7 C3H, + v C1-H | 0.0 | 653
593 | 0.2 7 C3Hz - v C1-H / § C1-C2-C3 2.1 | 579
576 | 2.5 0 C1-C2—-C3 / 7 C3H, - v C1-H 0.1 | 562
282 | 0.1 v VC—surf 0.0 | 281

translations and rotations of the molecule respect to the surface.

No differences exist for RAIR spectra between fcc or hep-site for the 3x3
unit cell. However, the coverage effect causes significant differences in frequency
values and assignments. In figure 4.22 are presented the spectra of VC adsorbed
on the 2x2 unit cell on fcc and hcp-sites, and compared with the one of VC
adsorbed on the 3x3 unit cell, which was previously commented and it has been
truncated because the most intense peak on this unit cell is much larger than
on the 2x2 unit cell, although the rest of peaks on the 3x3 unit cell are in
the same range of intensity as 2x2 unit cell. In the case of a 2x2 unit cell
differences between fcc and hep-sites are important (see table 4.25). First of all,
it is interesting to observe that in the region around 3000 cm™ exist bands on
the 2x2 unit cell, which are placed to lower frequencies on the 3x3 unit cell.
This peak corresponds to the addition of two close vibrational frequencies, at
3061 and 3047 cm™ for fcc and 3058 and 3046 cm™ for hep, corresponding to
the positive and negative coupling of symmetric v C3Hs with v C2—H. But the
most important difference respect to 3x3 unit cell is the appearance of a small
peak at 2211 cm™! for Cl-fcc and at 1915 ecm™! for Cl-hep. This corresponds to
the C1—H stretching mode. As commented in section 4.4.2 C1—H bond in this
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Figure 4.22: RAIR spectra for Cl-trans structure on a 3x3 unit cell (blue line,
truncated) with the two different adsorption sites on a 2x2 unit cell: Cl-fce
(red line) and Cl-hcp (green line).

structure for this unit cell is very large compared with the value on the 3x3
unit cell. This indicates that this bond is really activated, and consequently,
the vibrational frequency is very low.

At 1559 cm! for Cl-fec and at 1570 for C1-hep appears one peak not present
on the 3x3 unit cell corresponding to the coupling of v C2=C3 with all § C—H.
The most intense peak for Cl-hcp appears at 1374 cm™, which corresponds to
the negative coupling of both v C—C with 6 C3H3 and 6 C1—H, and for Cl-fcc
appears at 1353 cm™. But for Cl-fcc it is not the most intense peak, the most
one lies at 1418 cm™ and corresponds in this case to the coupling of all § C—H.
For Cl-hcp one band lies at 1500 cm™ corresponding to the coupling of § C3H,
with 6 C1—H. In the lower region of the spectrum, two new peaks exist at 955
and 576 cm™ for fcc and at 957 and 579 cm™ for hcp-site, but they do not
correspond to the same assignation (see table 4.25). So, the RAIR spectrum is

different between the case of 3x3 and 2x2 unit cell for the Cl-trans structure.

4.4.3.2 C3-top structure.

All preliminary remarks made for other metals for this structure are also valid in
this case (see section 4.3.3.2): the loss of VC symmetry respect to the gas phase

and the decrease of intensity in the spectrum respect to the Cl-trans structure
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Table 4.26: Vibrational frequencies of VC in a Cl-fce-C3-top structure on
Rh(111) on the 3x3 unit cell are presented in this table. All frequencies are
given in cm™.

’ \ Cl-fee-C3-top 3x3 ‘

Vibrational mode Ve | I (km/mol)
asym. v C3H, 3063 0.09
v C2—H 3010 0.03
sym. v C3Hy 2971 0.01
v C1-H 2788 0.98
6 C3Ho 1389 0.00
(v C1-C2 - v C2-C3) + § C2—H + § C3—H3 | 1332 0.03
6 C2—H + § C1-H + v C1-C2 1163 0.08
0 C1-H + p C3Hy + v C2—-C3 1124 1.95
0 C1-H - § C2—H + p C3H, 1008 0.17
w C3Hy - v C2—H 960 0.13
(v C1—C2 + v C2—C3) + 6 CI-H 922 1.66
v C2-H -~ Cl-H 807 1.46
~C2—H v Cl-H 695 1.58
7 C3Hy 623 0.64
0 C1-C2-C3 523 0.08

due to the adsorption mode (compare Cl-trans values in table 4.24 and the
ones for C3-top in table 4.26). In figure 4.23 VC spectrum and its deuterated
derivatives are presented.

In the C—H region four vibrational frequencies exist at 3063, 3010, 2971,
and 2788 cm!. The first and the third ones correspond to the asymmetric and
symmetric ¥ C3Hs, the second one to the v C2—H and the last one to the v
C1—H. The last one presents a intensity around 50% of the most intense one
of the overall spectrum. This vibrational frequency is the lowest one for the
C3-top structure compared with all other metals (2990 cm™*for Pt, 2901 cm™ for
Cu and 2885 for Pd), indicating that on Rh this bond is slightly activated,
even more than the Cl-trans structure on the 3x3 unit cell (this is the most
activated one for Cu and Pt, whereas for Pd it is C3-top structure). This band
remains at the same position for VC-d3 and changes for VC-d1 and VC-d4, as
logically it can be expected. For VC-dl this band shifts down to 2056 cm™,
losing part of its poor intensity. For VC-d3, the peak of ¥ C1—H remains at
the same frequency as undeuterated VC, and no changes exist in the spectrum
in this region, but frequencies associated to the other C—H stretching modes
shift down to 2278, 2223, and 2163 cm™'. The case of VC-d4 is the addition
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Figure 4.23: Simulated RAIR spectrum for VC adsorbed in C3-top structures
on a 3x3 unit cell. From bottom to top spectra of VC, VC-d1, VC-d3, and
VC-d4.

of v C1-D stretching modes of VC-d1 and the other three modes of VC-d3,
indicating that no couplings exist among them.

In the region between 1000 and 1400 cm™, it can be found the bands asso-
ciated with v C—C and C—H bendings in-plane. In this region lies the most
intense band of the spectrum at 1124 cm™, corresponding to thecoupling of
C3Hs rocking with the C2=C3 stretching mode and the C1—H bending in-
plane. Also one very weak peak appears at 1008 cm™, corresponding to the
coupling of all C—H bonds bendings in-plane. In this region three more funda-
mental frequencies with no significant intensity exist at 1389, 1332, and 1163
cm™. The first one corresponds to the C3H, scissoring. The second one to the
negative coupling of both v C—C with § C2—H and § C3—H3. The last one
corresponds to the coupling of v C1—C2 with 6 C2—H and § C1—H. In the case
of VC-d1 a very intense peak at 1095 cm™ appears in this region, corresponding
to the same VINM as in the case of the most intense peak for undeuterated VC,
and another weak band at 1153 cm™ that is the coupling of v C1—C2 with §
C2—H. In the case of VC-d3 the spectrum is quite different. One of the most
intense bands, although weak, exists in this region at 893 cm™', corresponding
to the coupling of v C2=C3 with § C2—D and § C3—D4. Three small bands
appear also in this region at 1276, 1131, and 1041 cm™! (with very low intensity).
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The first one corresponds to the negative coupling of both v C—C with § C2—D
and & C3D5, and the other two are the negative and positive coupling of § C3D4
with § C1—H. In the case of VC-d4 those bands move to 1268, 1099, 892 and
770 cm™. The first peak corresponds to the coupling of the C2=C3 stretching
mode with the C1—D bending in-plane and the C3D5 rocking. The second one
is the positive coupling of both v C—C with § C3D5. The most intense feature
is the C3Ds rocking with the C2—D bending in-plane. Finally, the last band
corresponds to the coupling of 6 C1—D with § C3—D3.

In the region between 500 and 1000 cm™ six vibrational frequencies can be
found (see table 4.26), corresponding all VNM to the C—H bending out-of-plane,
except the one at 922 cm™ and the last one, which is the C—C—C bending in-
plane (523 em™). The first (960 cm™) and the last (523 cm™) VNMs are not
visible in the spectrum. The weak bands that have more intensity in this region
are at 922, 807, and 695 cm™!, corresponding the first one to the positive coupling
of both v C—C with § C1—H, and the second and third ones to the negative
and positive coupling of v C2—H with v C1—H. Finally the band that lies at
623 cm™!, corresponds to the C3H, twisting. In the case of VC-d1 the bands
at 825 and 553 cm™! correspond respectively to the coupling of § C1—D with
v C2—H and to the v C1-D. However two very weak bands at 617 and at 497

1 corresponding the first one to the coupling of 7 C3Hy with § C1—D and

cm
the second one to the C—C—Cbending in-plane. In the case of VC-d3 the most
intense peak of the spectrum is the unique visible one in this region, at 704
cm™! (C1—H bending out-of-plane). In VC-d4 bands of equal intensity appear
in this region at 612 and 538 cm™, corresponding the first one to the coupling
of wC3D4 with § C1-D and 6 C2—D and the second one to the coupling of
C1-D and the § C1-C2—-C3.

Below 500 cm™ it can be found the VC—surface stretching modes, which are
also weak. For this structure no differences exist between Cl-fcc and Cl-hcp
coordination modes. The effect of coverage does not cause significant differences
neither in frequency values nor in the normal modes, but computed intensities

are smaller in the case of a 2x2 unit cell.

4.4.3.3 Cl1-bridge structure.

All preliminary remarks made for other metals for this structure are also valid for
this case (see section 4.3.3.3): the loss of VC symmetry respect to the gas phase,

the sp3-like hybridisation of C1 and the decrease of intensity in the spectrum
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respect to the Cl-trans structure due to the adsorption mode (compare Cl-trans
values in table 4.24, the ones for C3-top in table 4.26 and the ones for C1-bridge
in table 4.27). In figure 4.24 VC spectrum and its deuterated derivatives are
presented.

In the C—H stretching region, a band appears in the spectrum. This band
is the addition of three very close peaks at 3012, 2995, and 2983 cm™' that
correspond, respectively, to the C2—H, symmetric C3H,, and C1—H stretching
modes. The fact that these modes are active indicates that C—H bonds are not
strictly parallel to surface, as can be observed in figure 4.23(c). The asymmetric
C3H, stretching mode has a frequency of 3113 cm™, but it is not visible in the
spectrum. These frequency values are very similar to those found for Pt and
Pd (see tables 4.19 and 4.20 respectively), being in all cases the frequencies
above 3000 cmlor very close to this value. For VC-d1 the band at ~3000
cm™ decrease in intensity as a consequence of the displacement of the v C1-D
to 2199 cm™. For VC-d3 something similar happens, decreasing the intensity
of the peak around 3000 cm™. The new features are very close bands (2224
and 2185 cm™), corresponding to the v C2—D and the symmetric v C3Ds.

The asymmetric v C3D, mode shifts also down to 2320 cm™!

as expected, but
it remains not visible in the spectrum. Finally, VC-d4 is the addition of the
deuterated modes of VC-d1 and VC-d3.

In the region from 900 up to 1500 cm™ appear all v C—C and § C—H modes.
In this region we found two bands in the spectrum at 1105 and at ~920 cm™!
corresponding the first one to the coupling of all § C—H modes with the v
C1-C2, and the second one includes the coupling of p C3H, with § C2—H and
the frequency associated to the coupling of p C3Hy with v C2—H (920 and 912
ecm™). Four frequencies more lie in this region at 1418, 1336, 1189, and 1009
cm™, all of them not visible in the spectrum. In the table 4.27 the assignations of
these VNMs can be observed. The value of 1418 cm™! indicates that the C2=C3
bond has more double character than in the case of C3-top structure, where
vibrational C—C frequencies were lower (see table 4.26). For VC-d1 specie the
band at 1078 cm™ is the same mode as for undeuterated VC, but decoupled of
0 C1-D. For VC-d3 three very weak peaks are present in this region at 1107,
927, and 886 cm™!. The first one corresponds to the coupling of ¥ C1—C2 with
6 C1—-H and § C3D5, the second one is the positive coupling of both v C—-C
with § C1—H and § C3Ds, and the third one the coupling of ¥ C1-C2 with §
C2-D. Finally, for VC-d4, two bands are present at 1098 and 955 cm™. First
transition is assignated to the coupling of v C1—-C2 with § C2—D and § C3D,
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Table 4.27: Vibrational frequencies of VC in a Cl-bridge-H1-fcc structure on

Rh(111) on the 3x3 unit cell. All frequencies are given in cm™.

] | Cl-bridge-Hl-fcc 3x3 |

Vibrational mode e I (km/mol)
asym. v C3H, 3113 0.07
v C2—H 3012 0.33
sym. v C3H, 2995 0.60
v C1-H 2983 0.29
0 C3Hy + v C2—C3 1418 0.00
0 C2—H - § C3H; - (v C1-C2 - v C2—C3) 1336 0.01
0 C2—H - 6§ C3—H4 + v C2—-C3 1189 0.04
0 C1-H -v C1-C2 - § C2—H - p C3H; 1105 0.55
0 C1-H - p C3Hy + 6 C2—H 1009 0.03
p C3H, - § C2—H 920 0.31
p C3H, - v C2—H 912 0.21
~ C2—H | ~ C3—H4 842 1.63
7 C3Hy + v C2—H 726 0.02
~v Cl-H 629 0.07
v Cl—surf - v C2—H 533 0.04
0 C1-C2-C3 490 0.20
v C2—surf - v C3—surf 400 0.00
v C2—surf + v C3—surf 337 0.26

and the second one to the coupling of all § C—H modes.

The region from 450 to 900 cm™ is mainly associated to C—H bending out-
of-plane modes and the C—C—C bending in-plane. In this region appears the
most intense band of the spectrum at 842 cm™ (although weak in absolute
value), which is the coupling of v C2—H with v C3—H4. Below this band, a
very weak one (490 cm™!) corresponds to the bending in-plane of the carbonated
structure. The other frequencies in this region are not intense (see table 4.27).
In the case of VC-d1 five bands appear in the spectrum at 915, 860, 787, 693,
and 453 cm™. The first and second peaks, the two most intense peaks in this
region, correspond to the negative and positive coupling of the C3Hy wagging
with the C2—H bending out-of-plane. The third and fourth peaks correspond
to the negative and positive coupling of the v C2—H with 7 C3Hs and § C1-D.
The last peak is the C1—D bending out-of-plane. For VC-d3 the most intense
band of the spectrum is at 641 cm™ corresponding to the w C3Dy coupled with
~v C2—D and v C1—H. Two very weak bands appear also at 723 and 451 cm™*
corresponding the first one to the negative coupling of w C3Ds with v C2—D and
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Figure 4.24: Simulated RAIR spectrum for VC adsorbed in C1-bridge structures
on a 3x3 unit cell. From bottom to top spectra of VC, VC-d1, VC-d3, and VC-
d4.

the second one to the § C1—C2—C3. Finally, for VC-d4 the most intense band
of the spectrum appears at 621 cm™, corresponding to the positive coupling of
w C3Dy with v C2—D and v C1-D. Finally, the § C1—C2—C3 is at 419 cm™.

Finally, neither there are significant differences between the spectra derived
for C1-bridge-H1-fcc and C1-bridge-H1-hcp adsorption modes, nor exist impor-
tant differences in the spectrum due to coverage effects, because Rh has a quite
large lattice parameter and repulsion between adjacent molecules is not impor-

tant on the 2x2 unit cell.

4.4.3.4 Comparison of spectra.

In figure 4.25 the spectra corresponding to Cl-trans, C3-top and Cl-bridge
structures of VC and the most stable one of Pr molecule on Rh have been put
together, all of them adsorbed on the 3x3 unit cell with C1 atom placed on the
fce site for VC. Despite being the VC spectra already presented in this section,
they have been put together in order to find the fingerprints of each structure
when all of them could be present on the surface. In the case of Cl-trans
structure, the absolute intensities were so large in comparison with the other

structures, that the most intense band has been truncated.
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Figure 4.25: RAIR spectra for all VC structures and Pr on Rh(111).

The Pr spectrum is characterised by two intense bands at the C—H stretching
region around 3000 and 2900 cm™!, two peaks around 1400 and 1300 cm™, and
finally, three close peaks (among them the most intense one) around 1075, 970,
and 905 cm™. So Pr has three different zones with medium bands. In the case
of Cl-trans it is easy to distinguish of all other structures, one very intense band
around 1400 cm™ is present in the spectrum, so if one band appears at this zone
being much more intense than all other bands, Cl-trans structure is the one we
have (Cl-trans structure also presents a medium band around 1250 cm™). If no
strong or medium band is present in this zone, from 1200 to 2800 cm™, what
we have is the Cl-bridge or C3-top structure. To differentiate among them, we
can observe the C—H stretching region and the region below 1200 cm™. Cl1-
bridge structure presents one band around 3000 cm™, whereas C3-top structure
presents the most intense band (weak) in this region at lower frequencies (~2800
cm™). Besides, Cl-bridge structure presents the most intense peak at 840 cm™
with two small peaks at 1105 and 920 cm™!, otherwise C3-top structure presents
weak absorptions at 1120, 920, 800, and 700 cm™. Finally, from the energetic
point of view, as Cl-bridge and C3-top structure are so close in energy, it is

probably they coexist on the surface.
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4.5 Final summary.

In this chapter we have studied the adsorption of VC, the key intermediate in

the cyclation reaction of propyne to yield benzene on Cu(111). Moreover, the
behaviour of this intermediate has also been analysed on Pt(111), Pd(111) and

Rh(111) in order to elucidate why these metals behave so different in the reac-

tivity of propyne. With all that information, we have been capable of answering

questions that were raised at the beginning of this chapter:

e Our results for C3Hy isomers in gas phase agree with the previously re-

ported ones.

e All VC structures for all metals and all unit cells do not present differences

between fcc and hep-site (only for VC in Cl-trans structure on Rh(111)

for a 2x2 unit cell differences exist).

e In figure 4.26 is presented a summary of the adsorption energies for all

VC structures and metals.

e The adsorption of VC has been studied on Cu(111) using three different
unit cells: 2x2, 3x3 and 4x+/3. This implies three different coverage
regimes: 1/4,1/9 and 1/8:

For 2x2 unit cell, six minima have been found: Cl-trans , Cl-cis and
C3-top with C1 placed on fcc or hep-site.

For C1 placed on fcc-site, Cl-trans is the most stable structure (-22.8
kJ-mol!). Cl-cis and C3-top (-17.7 and -13.5 kJ-mol ™!, respectively)

are less stable.

For 3x3 unit cell, six minima have been found: Cl-trans, C3-top and
C3-hollow with C1 placed on fec or hep-site (not the same ones as
2x2 unit cell).

For C1 placed on fce-site, C3-hollow and C3-top are isoenergetic (~-
54.0 kJ-mol!), being Cl-trans less stable (-33.4 kJ-mol™!).

Coverage effects are visible:
* For 3x3 unit cell C3-top structure becomes more stabilised than
for 2x2 unit cell.

* (Cl-cis structure exists only for 2x2 unit cell, and C3-hollow only

for 3x3 unit cell.
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* All VC structures are more stable on 3x3 than on 2x2 unit cell.

— For 4x+/3 unit cell only C3-hollow minimum has been computed (-
29.1 kJ-mol ™).

— ZPE correction has been evaluated, defavouring in all cases the ad-

sorption of VC.

— In Cl-trans structure C1—C2 distance (1.45 A) is larger than C2—C3
(1.36 A). In C3-top and C3-hollow C1—C2 distance (1.41 and 1.40
A) is shorter than C2—C3 (1.44 and 1.45 A).

— H1 is more activated for Cl-trans and Cl-cis structures than in the

other structures.

e VC has been studied adsorbed on Pt(111) and Pd(111) using two different

unit cells: 2x2 and 3x3.

— Six adsorption modes have been found for both unit cells: Cl-trans,
C3-top, and Cl-bridge; with C1 placed on fcc or hep-sites.

— For 2x2 unit cell the most stable adsorption mode is C3-top (-163.6
(Pt) and -137.6 (Pd) kJ-mol ), the next Cl-bridge (-148.0 (Pt) and
-133.0 (Pd) kJ-mol!) and finally the Cl-trans structure (-116.5 (Pt)
and -94.5 (Pd) kJ-mol!).

— Cl-trans structure is not the most stable one like in the case of Cu.

— For 3x3 unit cell, the relative position of VC structures is the same,
being stabilised all of them ~10 or ~20 kJ-mol!.

— In Cl-trans structure C1—C2 (~1.45 A for both metals) distance is
larger than C2—C3 (~1.35 A for both metals), like for C1-bridge. In
the C3-top the relative order changes.

e VC adsorbed on Rh(111) has been studied on two different unit cells: 2x2
and 3x3.

— Three adsorption modes have been found for both unit cells: C1-
trans, C3-top and Cl-bridge.

— For 2x2 unit cell, the C3-top structure is the most stable one (-182.3
kJ-mol!), Cl-bridge is less stable (-173.1 kJ-mol '), and Cl-trans is
the least one (-128.9 kJ-mol ).

— For 3x3 unit cell the relative order is the same.:
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C3-top and Cl-bridge structures are ~15 kJ-mol! more stable
on this unit cell than on the 2x2 unit cell.
Cl-trans structure is ~10 kJ-mol™ less stable on this unit cell

than on the 2x2 unit cell.

— For Cl-trans structure on 2x2 unit cell the C1—H distance is rela-
tively large (1.17 A for fce-site and 1.21 A for hep-site), due to the

agostic interaction of H1 with surface.

— C—C distances are similar to the ones found for Pt and Pd.

e The vibrational frequencies calculation and simulation of RAIR spectra of

each structure and the finding of the fingerprints for them:

— For Cu(111):

ES

Cl-trans structure has a very intense band at ~1400 cm™, two
weak bands at ~1530 and ~1280 cm™ and a medium band at
~530 ecm™.

Adsorbed Pr presents a intense band at the C—H region (~2950
cm™), a medium band at ~1350 cm™, and three weak bands at
~500 , ~900 and ~1000 cm™.

Cl-cis structure presents two medium features at ~3050 and
~850 cm™. Some other weak bands exist.

C3-top and C3-hollow structures present a medium band at ~730
cm!, and other weak peaks, which do not allow to differentiate

among them.

— For Pt and Pd surface:

*

Cl-trans structure presents a very intense band at ~1400 cm™,
and medium peaks at ~1100 and ~600 cm™. For Pt also medium
features exist at ~1550 and ~950 cm™.

For Pt, Pr presents medium bands at ~1000, ~1100 and ~1350
cm™! and also weak bands exist at ~900 and ~1400 cm™.

For Pd, Pr presents medium bands at ~950 and ~1050 cm™.
Weak features appear at ~550, ~1400 (wide), ~2950 and ~3050
cm™.
For Pt, C3-top structures presents four weak bands at ~775,
~850, ~1125 and ~3000 cm™.
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For Pd, six weak bands appear at ~640, ~700, ~790, ~930,
~1125 and ~3000 cm™.
For Pt, one weak feature exists at ~875 cm™ for Cl-bridge struc-

ture.

For Pd, three weak bands exist at ~850, ~1100 and ~3000 cm™.

— For Rh(111):

*

Cl-trans structure for 3x3 unit cell presents a very intense peak
at ~1400 cm™! and a medium band at ~1275 cm™.

Cl-trans structure for 2x2 unit cell presents a very low C1-H
stretching frequency: ~2200 and ~1900 cm™ for C1 placed on
fce and hep-site. This C—H bond is highly activated.

For C3-top structures, five weak bands exist at ~700, ~800,
~925, ~1125, and ~2800 cm™'.

For Cl-bridge structures, two weak features appear at ~850 and
~3000 cm™!.

e Some important differences in VC adsorption between different metals

have been found and commented during this chapter that could give a light

in the different reactivity of propyne catalysed on these metal surfaces.
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Figure 4.26: Scheme of all VC structures for Cu, Pt, Pd, and Rh (111) surface
on 2x2 and 3x3 unit cell.
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Chapter 5

From adsorbed CHCCH3 to
CHCHCHo.

kinetic aspects.

In chapter 4 it was studied and explained the interaction between VC and the
(111) surface of several metals in order to explain the different behaviour in
the reactivity of propyne on those metals. This chapter wants to analyse and
explain the kinetic aspects of the isomerisation reaction from Pr to VC and the
interconversion of VC adsorption modes.

In the case of the interconversion among VC adsorption modes, the study
was only carried on Cu(111) surface. This makes us able to bind all adsorption
modes and to explain how the interconversion among them is carried out.

The case of the isomerisation from Pr to VC is a critical point of the re-
action, because this step involves the migration of one hydrogen atom, so all
carbon atoms will own at least one hydrogen atom, like benzene molecule. The
direct transposition of one hydrogen atom from the methylenic group of Pr to
the central carbon of VC has been studied on all (111) surfaces (Cu, Pt, Pd,
and Rh). This reaction involves the break and simultaneous formation of C—H
bonds. Besides, another possible path has been studied in the case of Cu. This
1s the lost of one hydrogen of the Pr’s methylenic group, yielding CsHs plus
one H atom coadsorbed on the surface. Finally, the central carbon atom of this
specie becomes hydrogenated via the reaction with an hydrogen atom adsorbed

on the surface. This step involves the breaking of the new H—M bond, and the

192
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formation of C—H bond.
So the objectives of this chapter are:

o To study the interconversion of the different VC adsorption modes on
Cu(111) using the transition state theory (TST) [147].

o To study the direct transposition of one hydrogen atom from Pr’s methylenic
group to VC’s central carbon atom on the (111) surface of Cu, Pt, Pd, and
Rh.

e To establish the adsorption modes of C3Hg and H atom and their E.qs on
Cu(111).

e To evaluate the coadsorption energy of CsHs and H atom on the several

existing possibilities on Cu(111).

e To simulate RAIR spectra of isolated CsHs and coadsorbed C3Hg + H on
Cu(111).

e To create reaction profiles to understand how isomerisation is carried out.
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Table 5.1: ZPE corrected energies for VC structures. C1 is placed on fcc-site.

All values are in kJ-mol!
| Cu2x2 | Cu3x3 | Pt 3x3 | Pd3x3 | Rh3x3 |

ads Pr -74.7 -93.9 -195.9 -173.0 -214.4
Cl-trans -22.8 -33.7 -124.1 -108.4 -118.1
Cl-cis -17.7 / / / /

C3-top -13.5 -54.1 -177.2 -151.5 -191.3
C3-hollow / -54.0 / / /
C1-bridge / / -167.9 -150.8 -189.6

5.1 Direct isomerisation: H travels from C3 to
C2.

The global aim of our group project is to explain the different reactivity of Pr
molecule on the (111) surface of different metals: Cu, Pt, Pd, and Rh. The first
step of this project was the study of the Pr molecule adsorption. The second
one has been the study of the adsorption of the proposed intermediate for this
reaction. Now it is time to find out how Pr isomerisates to VC on the metal
surface.

In the frame of transition state theory (T'ST), we desired to find the saddle
point that connects the most stable adsorbed Pr structure (only one structure
exists for Cu, Pt, and Pd, and two structures exist for Rh) with the most
stable adsorbed VC structure, which in most cases is C3-top structure (only for
Cu(111) on a 3x3 unit cell it is isoenergetic with C3-hollow structure). This
VC structure [90] is the one believed to dimerise yielding benzene, which is the
final, desired product.

In order to find the TS that connects Pr and VC, a nudged elastic band
(NEB) algorithm was used. In this method, an appropriate number of struc-
tures, whose geometry is between adsorbed Pr and VC are generated. The
energy of these structures is evaluated, relaxing the atoms of these structures to
find the highest energetic image in the reaction pathway. This method is only
effective if the connecting TS of these two minima exists, otherwise alternative

algorithms must be used.

5.1.1 Reaction profiles.

Unfortunately, the NEB method was not capable of finding the direct isomeri-
sation TS from adsorbed Pr to VC C3-top structure. This forced us to use
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Figure 5.1: Reaction profiles for Cu. In blue the minima, in red the transition
states and in green the checked reaction pathways.

another algorithm: DIMER method. This method is more “flexible” than NEB,
because it is not necessary the two used minima to be connected by a TS, it can

search another TS that connects other two minima.
Priaas) S (TS S vc(i T (5.1)

One TS that connects adsorbed Pr and VC was found for all metal surfaces.
The VC adsorption mode is not the previously supposed one, but it is the C1-

trans structure for all unit cells and for all metals. We can observe this process
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in reaction 5.1. In order to ensure this T'S connects Pr and VC Cl-trans, we
have added positively and negatively the imaginary VNM at the TS equilibrium
geometry and those structures have been relaxed. This addition and relaxation
brought us to adsorbed Pr and adsorbed VC Cl-trans structure.

In figure 5.1 are presented the reaction profiles with ZPE correction for
Cu(111) using a 2x2 and a 3x3 unit cell. In figure 5.2 we show the corresponding
profiles for Pt, Pd, and Rh on a 3x3 unit cell. In blue are presented the minima
(reactants, products and intermediates), in red are presented the transition
states, in green the checked pathways and in grey are shown the not checked
ones, i.e., where T'Ss are not determined. For Cu, it can be observed the high
energetic barrier that represents the isomerisation TS, indicating that it is easier
the desorption of Pr than the isomerisation to VC Cl-trans.

In order to obtain benzene, it is necessary C3-top or C3-hollow structures
to be present on the surface, as commented before, so Cl-trans structure must
convert into the other adsorption modes. As can be observed in figure 5.1, C1-
trans structure is the most stable VC adsorption mode for 2x2 unit cell, and the
less one for 3x3 unit cell. In the case of 2x2 unit cell (where coverage is high
and repulsions are important), for the interconversion from Cl-cis to C3-top
structures no TS has been found (whose energy difference is only ~5 kJ-mol™!,
so the activation energy corresponds to the thermodynamic energetic difference),
but from Cl-trans to Cl-cis structure one TS exists. Moreover, Cl-cis structure
was found in the search of the T'S that connected Cl-trans structure and C3-top.
This TS was not found, but it was found Cl-cis structure. After finding this
minimum, the TS from Cl-trans to Cl-cis structures was searched and found.
This TS is much lower in energy than the one of the isomerisation process, so if
the isomerisation can take place, the interconversion among different adsorption
modes is highly probable. For the 3x3 unit cell (where coverage is low and no
interaction exists between adjacent VC structures, becoming the flat structures
stabilised) no TSs have been found in the interconversion among three VC
species.

For Pt, Pd and Rh, only the profiles on the 3x3 unit cell are presented,
because profiles for 2x2 unit cells are very similar to those ones, but energies
are a displaced to higher values, as has been commented in chapter 4. In the
case of these metals, due to the large lattice parameters, no important repulsion
existed and the coverage effect was not important (except for Cl-trans structure
for Rh(111)). On these metals, it is supposed that no TS is found among the

different VC structures, because as in the case of Cu, when no repulsion existed
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Figure 5.2: Reaction profiles for a) Pt, b) Pd, and ¢) Rh on a 3x3 unit cell.
In blue the minima, in red the transition states, in green the checked reaction
pathways and in grey the non-checked ones.
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for adjacent molecules, no T'S existed (another very important reason why these
have not been checked is the high computational cost of the TS search, and in
this case we could avoid this effort). In the reaction profile for these structures
(figure 5.2), in grey appear the non-checked reaction paths. In the case of Pd,
the isomerisation TS is isoenergetic to Pr in gas phase, and the most stable VC
structures are the isoenergetic C3-top and Cl-bridge ones. In the case of Pt
and Rh, the isomerisation TS energy is under the gas phase Pr, indicating that
is faster to isomerisate this molecule than to become desorbed, and the most
stable VC structure is the C3-top one.

Finally, on Cu one could imagine what would happen if the reaction started
from adsorbed VC and not from Pr. This could be done using a VC-dihallide
(XHC—-CH-CH;X), because C—X bond is very labile on the surface, and Xs
molecule desorbs easily when temperature raises. With this strategy, the effi-
ciency in the formation of benzene could be higher, because the isomerisation
to Pr is a high barrier process. For other metals this strategy would not be so
effective because the isomerisation barrier from VC to Pr is not so high. For
Pd the isomerisation process from VC to Pr could be competitive to the Pr
desorption, because barriers are similar. For Pt and Rh, the desorption of Pr is

higher in energy than the isomerisation process.

5.1.2 Adsorption mode of isomerisation TS.

In figure 5.3 are presented the transition states structures in the direct iso-
merisation process from Pr to VC. All TS structures have been checked with a
frequency calculation, and in all cases appeared one imaginary frequency around
1000i cm™, which is the typical value for the transposition of one H atom in a
hydrocarbon molecule [95].

In figure 5.3(a) the TS structure for Cu is presented and in 5.3(b) is for
Pt, which is the same as for Pd and Rh (not presented for this reason). For all
metals this structure is very similar to the one that adopts Pr molecule adsorbed
on the respective metal, with the migrating H atom in the middle from C3 and
C2 (closer to this last atom, as can be observed in table 5.4), and the other H
atoms place in the molecular plane. In the case of Cu, the carbonated chain
adsorbs via a di-o/di-m structure, like in the case of Pr [96, 106, 108], being
placed the C1 on a hollow-site. Otherwise, for Pt, Pd, and Rh, the adsorption
mode is di-o/m [60, 97, 104, 105], and C1—C2 bond is placed on a hollow-site
(C1 is placed on a bridge-site). No differences between 2x2 and 3x3 unit cells
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(a) TS on Cu(111) (b) TS on Pt(111), Pd(111) and Rh(111)

Figure 5.3: Transition states from Pr to VC on a) Cu and b) on the other
metals.

for each metal exist in the adsorption modes.

5.1.2.1 2X2 unit cells.

In table 5.2 the TS structures energies respect to Pr in gas phase for all metals
on the 2x2 unit cell are presented with and without ZPE correction. Besides,
for sakes of comparison, it is presented in brackets the energetic barrier of the
TS respect to the adsorbed propyne molecule.

The effect of ZPE correction is always favouring the isomerisation reaction,
because TS loses one v C—H vibrational frequency, which is one of the most
energetic vibrations, so the transition state always decrease its energy from 7 to
16 kJ-mol! respect to the non-corrected values. In the case of TS-d3 and TS-d4
this decrease is smaller, because v C—D vibrational frequency is less energetic
than the v C—H one. This effect is relatively important on Pd, because the
TS energy is above the Pr in gas phase, and when ZPE is included this energy
shifts down from 30 to only 15 kJ-mol™ for the triple bond placed on a fcc-site.

In the case of Pt and Rh, the energy of the TS is below the energy necessary
to desorbe the adsorbed Pr, showing a new difference in reactivity respect to
the one observed for Pd, and indicating these two metals can behave similarly.

ZPE correction only increases this affinity to isomerisate to VC, disfavouring
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Table 5.2: Relative TS adsorption energies for the direct isomerisation respect
to gas phase propyne on the 2x2 unit cell. In brackets respect to adsorbed Pr

molecule. All values are given in kJ-mol™.
] \ No ZPE \ ZPE \ ZPE-d1 \ ZPE-d3 | ZPE-d4

Cu Cl-fcc | 143.3 (222.4) | 132.7 1324 135.9 135.6
Cu Cl-hep | 143.9 (223.4) | 133.1 132.7 136.3 136.0
Pt tr-fcc -11.4 (189.5) | -18.7 -19.3 -15.1 -15.7
Pt tr-hcp -6.3 (187.1) | -13.8 -14.5 -10.2 -10.9
Pd tr-fec 30.0 (193.5) 14.6 14.3 18.8 18.5
Pd tr-hcp 25.8 (193.4) 13.6 13.3 17.7 17.4
Rh tr-fce | -15.6 (189.2) | -26.1 -26.5 -22.3 -22.7
Rh tr-hep | -24.7 (189.8) | -35.2 -35.6 -314 -31.8

the desorption of Pr, which remains competitive.

Cu behaves quite different from other metals, and T'S energy is higher than
Pr in gas phase, so it makes really difficult to overpass this barrier and to get
the isomerisation from Pr via a direct transposition of one H atom from C3 to
C2. The addition of ZPE correction only reduces ~10 kJ-mol! the TS energy,
from 143 to 133 kJ-mol, but it does not have any relevance in this case.

Another important feature of these transitions states are the energetic barri-
ers from the adsorbed Pr (in brackets in table 5.2). If we compare the values for
Pt, Pd, and Rh (~190 kJ-mol!), we realise that their values are in a range of
~5 kJ-mol!, indicating that not only their structure but also their barrier from
adsorbed Pr is almost the same, so the differences that raise in the energy values
in TS is due to the differences already present for adsorbed Pr. In the case of
Cu, this barrier is 40 kJ-mol™! larger (~220 kJ-mol ), due to the different TS
adsorption mode. All these barrier values are lower than those found for the
H-transposition in gas phase by Honjou et al. (334.0 kJ-mol™!) [81] and Kakkar
et al. (331.5 kJ-mol™!) [82], indicating in some extent the role of the metal as a
catalyst.

Finally, for Cu no differences exist between Cl-fcc and C1-hcp sites, but for
the other metals do. For Pt tr-fcc site is ~5 kJ-mol! more stable than tr-hcep,
but for Pd and Rh tr-hcp are between ~5 and ~10 kJ-mol™! more stable than

tr-fee sites.
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Table 5.3: Relative TS adsorption energies for the direct isomerisation respect
to gas phase propyne on the 3x3 unit cell. In brackets respect to adsorbed Pr
molecule. All values are given in kJ-mol™.

] \ No ZPE \ ZPE \ ZPE-d1 \ ZPE-d3 | ZPE-d4

Cu Cl-fec | 124.2 (221.8) | 112.6 | 112.3 | 1160 | 115.8
Cu Cl-hep | 124.8 (223.0) | 112.9 | 1127 | 1164 | 116.1
Pt tr-fcc | -24.1 (181.4) | -31.9 | -32.6 | -28.2 28.8
Pt tr-hep | -21.5 (181.7) | -29.3 | -30.0 | -25.6 | -26.3
Pd tr-fcc | 14.0 (190.2) | 0.1 0.2 47 14
Pd tr-hep | 14.8 (192.4) | 2.2 1.8 6.5 6.1
Rh tr-fcc | -26.1 (190.9) | -36.4 | -36.7 | -32.5 | -32.9
Rh tr-hep | -26.7 (192.7) | -37.2 | -37.6 | -33.3 | -33.7

5.1.2.2 3x3 unit cells.

In table 5.3 the TS structures energy respect to Pr in gas phase for all metals
on the 3x3 unit cell are presented with and without ZPE correction. Besides,
for sakes of comparison, it is presented in brackets the energetic barrier of the
TS from the adsorbed propyne molecule.

When ZPE is taken into account, the isomerisation reaction is favoured, like
in the case of 2x2 unit cell, in a range from ~10 to ~15 kJ-mol!, depending on
each particular case. Like on the 2x2 unit cell, the most significant effect is on
Pd, because the addition of ZPE correction makes isoenergetic the isomerisation
TS and the gas phase Pr, indicating that the isomerisation is as easy as the
desorption of Pr. This is an important difference respect to 2x2 unit cell,
because when coverage decreases, the TS energies are stabilised ~15 kJ-mol™!
for Pd, Cu, and Pt respect to the high coverage regime. For Rh only tr-fcc site
stabilises ~10 kJ-mol!, tr-hcp site remains as in the case of 2x2 unit cell.

TS adsorbed on Pt and Rh is below the desorption energy of Pr, indicating
isomerisation is a more favoured reaction than desorption, once propyne is ad-
sorbed. This is the opposite case to Cu. Despite being stabilised respect to 2x2
unit cell, TS is placed 110 kJ-mol! above propyne in gas phase, which is a high
barrier. So, we can divide our metals in three groups respect to the TS energy,
which corresponds to the different reactivity that Pr exhibits when is adsorbed

on them:

e Metal with a high H-transposition barrier respect to Pr in gas phase: Cu.

e Metal with an isomerisation barrier similar to the desorption: Pd.
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Table 5.4: Geometrical parameters of TS on the 3x3 unit cell. For Cu Cl-fcc
values; Pt, Pd, and Rh tr-hcp values. In brackets 2x2 unit cell values.

] | Cu ] Pt \ Pd \ Rh
@d(C1-C2) 1.43 1.46 1.42 1.43
d(C2-C3) 1.41 1.39 1.39 1.40
d(C2-H2) 1.29 1.30 1.36 1.33
d(C3-H2) 1.50 1.57 (1.54) 1.52 1.50
®) o (C1-C2-C3) 127.4 128.0 130.9 (129.1) 130.2
«(H1-C1-C2) 116.4 120.3 121.4 121.2
a(H2-C2-C1) 124.8 118.3 (120.5) 123.0 124.0
a(H2-C2-C3) 67.4 71.6 (69.6) 67.1 66.5
©9(H1-C1-C2-H2) 98.0 94.5 103.9 101.1
6(H2-C2-C3-H3) 66.0 68.1 69.9 68.6
0(H2-C2-C3-H4) -117.4 -112.1 (-114.1) | 114.8 (-116.1) | -115.9 (-117.0)
Dd(C1-M) 2.01 2.03 (2.06) 2.02 2.06
d(C2-M) 2.15 2.06 (2.03) 2.04 2.03
d(H1-M) 2.42 (2.45) | 2.74 (2.77) 2.70 (2.74) 2.77
d(H2-M) 1.97 (2.01) | 2.27 (2.20) 2.09 (2.06) 2.10

@)d: distances (A); ®a: angles (degrees);(?)6: dihedral angles (degrees); () d:
distances to nearest surface atom.

e Metals whose TS is placed below the energy of the Pr desorption: Pt and
Rh.

If we compare the values of the barriers respect to adsorbed Pr on the 2x2 and
3x3 unit cells (tables 5.2 and 5.3), we observe that the barrier for Cu is always
~220 kJ-mol ™!, and for Pd, Rh, and Pt it is always ~190 kJ-mol! (only for Pt on
a 3x3 unit cell this value decreases to ~180 kJ-mol ™). This fact indicates that
the same lateral interactions that existed for Pr, also exist for T'S because when
the unit cell is increased, the energy difference between both species remains
constant.

Finally, for this unit cell it does not exist any difference between both possible

adsorption sites for each TS.

5.1.3 Adsorption geometries.

In table 5.4 are presented the geometric parameters of the transition states
isomerisation. The first important feature is that the C1—C2 distance is a bit
larger than the C2—C3 one. This TS connects adsorbed Pr and VC in Cl-trans

structure (as was commented in section 5.1.1). In adsorbed Pr, the C1—C2
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distance is shorter (1.37 A for Cu and Pd, 1.39 A for Rh, and 1.40 A for Pt)
than the C2—C3 one (1.50 A for Pt, Pd and Rh, and 1.51 A for Cu), so the
first one can be assigned to a double bond and the second one to a single bond.
Otherwise, for VC in a Cl-trans structure, the C1—C2 distance is larger than
the C2—C3 one (see tables 4.5, 4.14, 4.15, and 4.23), because the position of
single and double bonds are commuted respect to Pr. So it is logic to think that
in the TS those two C—C distances were similar for Cu, Pd, and Rh (differences
<0.03 A), but in the case of Pt this difference is larger, and the C1—C2 distance
is 1.46 A and the C2—C3 one is 1.39 A.

H atoms not involved in the reaction path (i.e., H1, H3, and H4, see figure
5.3) present C—H distances in the range from 1.09 to 1.12 A. For the migrating
H atom (H2), C2—H distance is ~1.30 A (1.36 A for Pd) and C3—H is ~1.50
A (1.57 for Pt). This indicates that H2 is closer to the final VC structure than
to the Pr structure. All atoms except the migrating H are almost in the same
molecular plane, and C3 presents a typical sp-like structure, because all its
bond angles are near 120°.

Another important feature of these TS structures is the short H2—M dis-
tance, indicating that these TS structures are stabilised by the effect of the
surface, because the agostic interaction of H2 with surface allows to break and
to create new C—H easier than in the gas phase because of this interaction.
The H2—M distance is shorter for all metals than H1—M distance in the TS
structures: ~0.45 A for Cu and Pt, ~0.60 A for Pd, and ~0.65 A for Rh.

If we compare H2—M distance with the values obtained for VC, we observe
that for Cu this distance is as large as the H1—M one in the Cl-trans structure
(1.97 A) and only a bit larger than the same one for Cl-cis structure (1.92 A).
For Pt, Pd, and Rh, the H2—M distance (2.27, 2.09, and 2.10 A, respectively) is
shorter than all other H—M distances observed in VC, being the shorter one the
H1-M distance in C3-top structure (2.51, 2.26, and 2.23 A, for Pt, Pd, and Rh,
respectively). Ounly for Cl-trans structure on the 2x2 unit cell on Rh, H1-M
distance is shorter (1.79 A) than this distance in TS.

Finally, the relative position of C atoms in the TS structure is very similar
to the one that presents adsorbed Pr on the respective metal, as commented in

section 5.1.2.
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Table 5.5: Parameters for the adsorption of H atoms on Cu(111). E,4s is calcu-
lated respect %Hg molecule in gas phase, in brackets values respect to H atom
in gas phase. For frequencies, in brackets the intensity in km-mol™'.

‘ d H—Cu ‘ Eaas ‘ v H—surf (z) ‘ v H—surf (x,y) ‘
No ZPE ZPE | ZPE-d H () D (I) H D
2x2 1.73 26.4 (-245.9) | -22.5 | -23.6 | 1050 (1.3) | 746 (0.6) | 875 621
3x3 1.74 -48.0 (-267.5) -44.1 -45.3 1043 (1.1) 740 (0.5) 868 616

5.2 Isomerisation through the surface on Cu(111):

Dehydrogenation and hydrogenation processes.

As commented in section 5.1.1, the barrier that exists in the direct isomerisation
process from Pr to VC is really high for Cu(111), being more favoured the
desorption of Pr molecule. Although in the reactivity of Pr on Cu(111) it
is found a big amount of Pr that desorbs (~75%), the barrier found in our
calculations is too high to explain well the yield of ~10% of benzene [101].
That is the reason why we tried to find out an alternative reaction pathway
via the surface, using a Horiuti-Polanyi mechanism [89], i.e., the steps involved

would be:
e Dehydrogenation of one Pr’s methylenic H atom.

e Coadsorption of this H atom with C3Hj specie on the surface (H2 and H,

if it is bonded to the carbonated skeleton or if it is adsorbed, respectively).

¢ Diffusion of this H atom (or another H atom adsorbed on surface) to the

correct reaction site (if necessary).

e Hydrogenation of the middle C atom (C2) of C3Hj specie, forming the
VC specie.

In the next subsections will be studied the adsorption of H atom and C3Hj
specie, for isolated and coadsorbed specie, and the RAIR spectra will be sim-
ulated to find out fingerprints that can help us to identify these species on the

surface.

5.2.1 H adsorbed on Cu(111).

The adsorption of molecular and atomic hydrogen on metal surfaces has been

largely studied. In particular the adsorption of these species on Cu was studied
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in the last decade [109, 145], because hydrogen molecule (or atom) is the easiest
molecule to be calculated, and it served as a starting point for larger and more
complicated systems. Not only on Cu was focused this research, but also on
other metal surfaces, for example on Ni(111) [114] and on Pd(111) [113]. On
both metals, H is adsorbed on a hollow-site, indicating this is the prefered
adsorption mode on this metals surface.

In the case of Cu(111) we found fcc hollow-site to be the most stable adsorp-
tion site for both 2x2 and 3x3 unit cells. We obtain a H—Cu distance of 1.7 A
(for all Cu atoms directly bonded to H atom) and an adsorption energy of ~-250
kJ-mol! respect to H atom in the gas phase and values of -26 and -48 kJ-mol™!
respect to %HQ molecule in gas phase for 2x2 and 3x3 unit cells (see table
5.5). When the D adsorption is considered, the adsorption energy decreases as
expected. Using DFT (VWN exchange-correlation functional) methodology on
periodic systems, with a two-layers slab and a coverage of 0.25, Forni et al. [111]
have evaluated a E,qs of -313 kJ-mol ™ (the difference of energy respect to our
values is due to the use of LDA functional, because they made some tests with
GGA and their E,4s was reduced a 20%), being the H—Cu distance of 1.70 A.
Using plane-waves method, the exchange-correlation potential of Ceperly-Alder
and a 3-layers slab model with a coverage of 1 ML, Gundersen et al. calculated
the H—Cu to be 1.69 A on the most stable site: hollow-site [110].

For the frustrated translation of H atom against surface (v H—surf (z)) we
found a value between 1040 and 1050 cm™ (depending on the unit cell and
being in both cases weak bands), similar to the value obtained experimentally
by Lamont et al. (1040 cm™, weak bands) [112], and below the value determined
by Forni et al. (1078 cm™), according with the shorter H—Cu distance they
obtained [111].

For the frequencies associated with the H movement parallel to surface
(which is non-active in RAIR spectrum and no intensities have been given in
table 5.5) we obtained a value of ~870 cm™, which is very different to the one
determined by Lamont et al. [112], 770 cm™. This difference of ~100 cm™ can
be due to two factors: to the anharmonicity not taken into account in our calcu-
lation, and the difficulty of detecting this mode in the experimental spectrum.
Although this, our values are more similar to the experimental ones than the
values proposed by Gundersen et al. [110] of 990 cm™.

Finally, for both unit cells, we have found also the hcp-site to be a minimum
structure (Eags= -25.2 kJ-mol!, d(H—Cu)= 1.73 A on 2x2 unit cell; Epqs= -
48.0 kJ-mol'', d(H—Cu)= 1.74 A on 3x3 unit cell). No more minima have been
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Table 5.6: Geometrical parameters of C3Hg in gas phase and binding energy of
a C3—H bond respect to %Hg molecule and H atom in gas phase.
] | C3Hs gas phase |

@d(C1-H) 1.07
d(C3-H) 1.09 [ ©BE C3Hy — C3H; [ kJ-mol!
d(C1-C2) 1.23 respect to Ho gas phase 171.1
d(C2-C3) 1.36 respect to H gas phase 391.0
®)(H-C3-H) 118.1
a(C2-C3-H) 121.0

@)d: distances (A); ™ a: angles (degrees); ()BE: binding energy (kJ-mol™).

detected. In fact, bridge site has been characterised as the TS (V.= 451i cm™)
that connects both hollow-sites. The energy difference barrier for the diffusion
reaction is only of 13.8 kJ-mol!, whose small value indicates that the H diffusion

is an easy process on this surface.

5.2.2 C3Hj; adsorbed on Cu(111).
5.2.2.1 C3Hj in the gas phase.

The specie that is obtained in the dehydrogenation of propyne’s methylenic
group is HC=C=CH,. This specie is a radical that can be also observed as the
product of the dehydrogenation reaction of propadiene. This radical is a very
unstable specie in gas phase respect to Pr, as can be observed in the second
part of table 5.6, where the energy necessary to break one of the methylenic
C—H bonds is presented respect to the Hy molecule and respect to H atom
(171.1 and 391.0 kJ-mol ™!, respectively). This is an indicative that isomerisation
from Pr to VC in gas phase via a dehydrogenation-hydrogenation pathway is
not possible, because even direct isomerisation had a more stable T'S structure
(334.0 kJ-mol!) than the two intermediates (C3Hs + H) in this case.

The C3Hs radical is a flat structure, with a double C=C bond between
C2 and C3 and a very strong double C=C bond between C1 and C2 (almost
a triple bond), with one unpaired electron placed on the m molecular orbital
(MO) perpendicular to the molecular plane (Bz) on C1 and C2. All this can be
observed in C—C bond distances. C2—C3 distance is 1.36 A, the typical double
C=C bond distance, the same value as in ethene; C1—C2 distance is shorter,
1.23 A, indicating that this bond is more similar to a triple bond than to a
double, because the triple C=C bond in Pris 1.21 A. This small distance is due
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Table 5.7: Vibrational frequencies for C3Hs in gas phase. All frequencies are

given in cm™.

] Vibrational mode | 7 |1 (km/mol) |

v C1-H 3394 51.6

asym. v C3Hy 3161 4.8

sym. v C3Hy 3075 1.7

v C1=C2 - v C2=C3 (m) | 1979 0.6
0 C3Hy 1404 9.9

v C2=C3 | v C1=C2 (m) | 1082 3.0
p C3H, 991 3.0

w C3H, 672 49.3

~ CI-H 508 49

0 C1-H 430 31.2

v C1-C2—-C3 396 12.3

6 C1-C2-C3 339 6.1

to the presence of the unpaired electron. This effect is also visible in the C1—H
distance (1.07 A), which is the shortest C—H distance found until now. Finally,
C3 atom owns a sp2-like hybridisation because their bond angles are near 120°
and it is a flat structure.

The calculation of vibrational frequencies has been carried out to ensure the
structure obtained is a minimum. Vibrational frequencies and their assignations
are presented in table 5.7. Also the IR spectrum has been simulated for C3Hjs
and the deuterated species, DC=C=CH, (C3H3-d1), HC=C=CD, (C3H;3-d2)
and DC=C=CDs (C3H3-d3) and they can be observed in figure 5.4. In the
C—H stretching region a very intense band appears at 3394 cm™, followed by
two very weak features at 3161 and 3065 cm™. These values indicate that C—H
bonds are very strong. The strongest band corresponds to v C1—H and the
weak bands to asymmetric and symmetric coupling of v C3Hs. In the case of
C3H3-d1, the most intense peak shifts down to 2598 cm™!, remaining the other
two small peaks at the same frequency as for C3H3. For C3Hs-d2, the most
intense peak remains at 3394 cm™, but the two small peaks go down to 2361
and 2239 cm™!. Finally, C3H3-d3 behaves as the addition of the deuterated
modes in C3H3-d1 and C3H3-d2.

In the region from 800 to 2000 cm™, only a band at 1404 cm™ is outstand-
ing, which corresponds to the C3H; scissoring. In this zone appear all C=C
stretching and C—H bending in-plane modes (as a reference, for 6 and v modes

for C1—H have been defined respect to the plane perpendicular to the molecular
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Figure 5.4: Simulated IR spectrum of C3Hj in gas phase. DO0: C3Hjs; DI:
DC—C—CHQ; D2: HC—C—CDQ; Da3: CgD3.

plane), but in this molecule they are not coupled, as happened in the case of VC.
Note that the coupling between v C=C modes causes two very weak frequencies
at 1979 (negative coupling) and at 1082 cm™ (positive coupling, in the zone
that usually corresponds to a simple C—C bond). These v C=C frequencies
can be compared with the values for propadiene, which are 1957 and 1073 cm™!
[148]. For C3Hs-d1 the spectrum is the same as for C3Hs, and only the negative
coupling of both v C=C shifts down to 1891 cm™, being not observed in the
spectrum. In the case of C3H3-d2 and C3Hj3-d3 this zone becomes almost flat in
the spectrum, because § C3Dy couples with v C2=C3 and its intensity decrease
a lot, appearing as a weak band at 916 cm™.

In the region from 300 to 800 cm™ appear all C—H out-of-plane bending
modes and the C—C—C bending in and out-of-plane modes. This is a region
with a lot of intense peaks. At 672 cm™! appears an intense band corresponding
to the C3Hy wagging. At 598 cm™ is present (intense) v C1—H, and the only
bending in-plane in this region at 430 cm™*, § C1—H. Finally, at 396 and 339 cm™
exist the weak C—C—C bending out-of-plane and in-plane bands respectively.

In the case of C3H3-d1 four intense peaks appear in this region. At 672 cm™!
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(a) (b)

Figure 5.5: C3H3 adsorbed on Cu(111): (a) 2x2 unit cell, (b) 3x3 unit cell.

appears the most intense peak in the spectrum, corresponding to w C3Hs. A
medium band appears at 465 cm™! corresponding to the v C1—D, and finally at
331 and 318 cm™! exit the medium C—C—C bending out-of-plane and in-plane
bands, respectively. In the case of C3Hs-d2 five peaks appear in this region at
597, 551, 430, 374, and 308 cm™, corresponding to the v C1—H, w C3Ds, §
C1-H, and v and § C—C—C. For C3H3-d3 only four bands are visible at 551,
464, 317, and 297 cm™, corresponding to the w C3D,, v C1-D, § C1-D, and
0 C—-C-C.

5.2.2.2 Adsorption modes.

As commented in section 5.2.2.1, C3Hj3 specie is a radical with two double bonds
perpendicular one to each other and one unpaired electron on the perpendicular
7 MO of C1—C2 bond respect to the molecular plane. As a chemical exercise,
we can speculate how C3Hjs should interact with the surface. As in the case of
VC, this non-paired electron will trend to interact. Besides, the double bond
perpendicular to the surface between C2 and C3, will also try to interact with
surface, like in the case of propene [94]. So interaction will be made through a
non-paired electron on C1 and C2, and through the C2=C3 double bond, which
is perpendicular to the surface.

In figure 5.5 are presented the adsorption modes of C3Hsz on Cu(111) on two
different unit cells: 2x2 and 3x3. In both cases C3H3 adsorbs via its C1 on a
hollow-site, with the C1=C2 unit adsorbed on a bridge site (similar way that
ethyne and propyne do on Cu (di-o /di-m) [92, 106, 108]), but with a large C1=C2
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Table 5.8: ZPE corrected and uncorrected adsorption energies of C3Hsz on
Cu(111) for 2x2 and 3x3 unit cell (values are presented in kJ-mol).

\ E.qs C3Hz adsorbed on Cu(111) |
No ZPE | ZPE | ZPE-d1 | ZPE-d2 | ZPE-d3
2%2 35.8 21.1 20.8 25.6 25.2
3x3 -0.9 -16.6 -16.8 -12.2 -12.5

distance because the interaction of C2=C3 unit with the surface is strong, being
C3 placed on a top position. So C3Hj interacts with the surface via the three
carbon atoms with a tri-o/di-m adsorption mode. It is also interesting to point
out that for the 2x2 unit cell, C3Hs misses its symmetry planes, but on the

3x3 unit cell Cg symmetry remains.

1
Bads = By (ads) + 5 Ema(9) — (Epr(g) + Estab) (5.2)

In table 5.8 is presented the adsorption energy of C3Hgs respect to Pr in
gas phase. In order to take into account the difference on the number of H
atoms, the adsorption energy is evaluated as indicates equation 5.2. A positive
value indicates that Pr will not trend to dehydrogenate to C3H3 and molecular
hydrogen, otherwise if the value is negative, this tendency will exist. On the
2% 2 unit cell the E,qs is 35.8 kJ-mol™! and on 3x3 unit cell it is almost 0. The
difference of energy is ~35 kJ-mol!, which is almost the same difference of C3-
top structure for VC on the those both unit cells (~40 kJ-mol!), indicating an
important coverage effect. On the 2x2 unit cell ZPE correction makes to be
only ~25 kJ-mol!, but it is still above 0, i.e. , adsorbed C3Hs and gas phase
H, are unstable respect to Pr in gas phase. In the case of a 3x3 unit cell, when
ZPE correction is taken into account, the adsorption energy becomes negative
(-16.6 kJ-mol!), therefore Pr will trend to be dehydrogenated on the surface
(although the adsorption energy of Pr is larger (-95 kJ-mol™, see table 4.3) than
the stabilisation produced by the breaking of this C3—H bond, so it will not
be the major reaction product in a first step). So C3Hs specie has a different
reactivity on the 2x2 respect to the 3x3 unit cell, being a clear coverage effect
due to the major interaction between adjacent molecules in the case of a 2x2
unit cell.

Finally, no important differences were found in the case of placing C1 on a

fce or a hep-site, so only values relatives to C1 on fce-site have been given.
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Table 5.9: Geometrical parameters of C3Hs adsorbed on Cu(111).

2x2 unit cell | 3x3 unit cell
@)d(C1-C2) 1.34 1.32
d(C2-C3) 1.36 1.37
®)a(C1-C2-C3) 157.2 172.1
a(H1-C1-C2) 117.2 119.3
o(H3-C3-H4) 116.4 116.9
a(H3-C3-C2) 122.8 119.5
o(H4-C3-C2) 118.9 119.5
©)tilt 11.4 11.6
@d(C1-M) 2.09 2.13
d(C2-M) 2.15 2.33
d(C3-M) 2.28 217
d(H1-M) 2.46 2.47
d(H2-M) 2.63 2.68
d(H3-M) 2.94 2.68

@d: distances (A); ™a: angles (degrees); () tilt: angle between C1—C2 bond
and the surface plane; (9d: distances to nearest surface atom.

5.2.2.3 Adsorption geometries.

In table 5.9 are presented the most relevant geometrical parameters of C3Hg
adsorbed on Cu(111) on both unit cells. Only the values for those structures
whose C1 atoms are placed on a fcc-site are presented. C—H distances are not
given because all values are in the range between 1.08-1.10 A. However, note
that C1—H distance is larger than the one obtained for gas phase C3Hs .

(C2—C3 distance does not vary in the adsorption process, remaining at ~1.36
A as in the gas phase, but C1—C2 distance enlarge 0.09 A (up to 1.34 A) in the
case of the 2x2 unit cell and 0.07 A (up to 1.32 A) in the case of the 3x3 unit
cell, as expected by the adsorption mode.

Another important effect of the adsorption is that C skeleton is not lineal
as in the gas phase. This effect is small in the 3x3 unit cell (172°) but it is
outstanding on the 2x2 unit cell (157°). The H1 atom was also lined with C
atoms in the gas phase, but tilts away in the case of adsorption, forming an
angle of 117° (119°) with C1—C2 for the 2x2 (3x3) unit cell. This effect can be
observed as the substitution of one H atom in the propadiene molecule by the
Cu surface, because the adsorption structure (overall on 3x3 unit cell) is very
similar to the one that exhibits propadiene in gas phase, where one H atom has

been pulled out and replaced by the surface.
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Table 5.10: Vibrational frequencies, intensities and assignments for C3Hs ad-

sorbed on Cu(111) on 2x2 and 3x3 unit cells. All frequencies are given in
-1

cm
’ CsHs adsorbed on Cu(111)
2x2 Vibrational mode 3x3
I (km/mol) De 2%x2 / 3x3 De I (km/mol)

0.05 3163 asym. v C3H, 3119 0.17
0.27 3050 sym. v C3Hq 3037 1.11
2.02 3004 v C1-H 3026 0.03
5.98 1687 v C1=C2 - v C2=C3 1741 2.3
2.18 1392 6 C3Hso 1385 1.29
2.63 1020 v C2=C3 + v C1=C2 + § C1-H 996 0.79
3.94 983 60 C1-H + p C3H, / p C3H; 981 0.03
2.73 938 0 Cl-H- pC3H, / 6 C1-H 935 8.43
1.43 826 v Cl1-H - v C3—H4/y C1-H - 7 C3H; 772 0.12
5.75 729 w C3H, 758 10.38
0.21 494 v C1-H + 7 C3H2 525 0.36
1.9 420 v Cl—surf + § C1-C2—-C3 422 0.75
0.32 322 v Cl—surf 4+ v C1-C2-C3 278 0.21
0.05 283 v C2—surf + v C1-C2—-C3 243 0.00

The angle between C1—C2 bond and the surface plane is ~11° for both unit
cell, being this bond almost parallel to surface. The difference between the 2x2
and 3x3 unit cell is the position of C2—C3 bond respect to the C1—C2 bond.
As commented before, the C—C—C angle was smaller for 2x2 unit cell, and this
is a direct consequence of the higher coverage. Consequently on the 2x2 unit
cell, C2 atom is placed closer to surface and C3 further than on the 3x3 unit
cell, as can be observed in table 5.9. Finally, we want to emphasise that on the
2x2 unit cell, both H atoms in C3 are not placed at the same distance from
surface, but this group is a bit tilted, being one of the H atoms further from

surface (see figure 5.5).

5.2.2.4 IR spectra.

Table 5.10 shows vibrational frequencies and their assignation for C3Hjz adsorbed
on Cu(111) on both unit cells: 2x2 and 3x3. Besides absolute intensities are also
presented for each VNM. We can observe that vibrational frequency on both unit
cells are very similar, not differing more than 50 cm™, although some different
couplings in the middle zone of the spectrum appear. In figure 5.6(a) and
5.6(b) are presented the spectra for the 2x2 and the 3x3 unit cell, respectively,
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including the spectra obtained for deuterated species.

In the C—H stretching region all transitions have a weak intensity, so the
bands are not visible on the spectra. Only for the 2x2 unit cell have somewhat
intensity. For the 2x2 unit cell, vibrational frequencies are 3163, 3050, and 3004
cm™! (the visible band in spectrum), and for the 3x3 unit cell are 3119, 3037, and
3026 cm™!, corresponding to the asymmetric and symmetric C3H, and C1-H
stretching modes, respectively. For C3H3-d1 the 3x3 spectrum does not change,
because the v C1—D is not active, shifting down the vibrational frequency to
2221 cm™!. The 2x2’s spectrum shows a weak band at 2221 corresponding to
the v C1-D. For C3H3-d2, 2x2 spectrum remains equal as the one of C3Hs,
shifting the asymmetric and symmetric v C3Dy down to 2355 and 2226 cm™,
respectively. For the 3x3 spectrum a weak band is at 2212 cm™, corresponding
to the symmetric v C3D5, the asymmetric is not visible and lies at 2328 cm™.
The spectra of C3H3-d3 behaves like the addition of the deuterated stretching
modes of C3Hs-d1 and C3Hj3-d2 for both unit cells, indicating no coupling among
the modes exist.

In the region from 900 to 2000 cm™ appear the vibrational modes associated
to C=C stretching and C—H bending in-plane modes. In this zone exists the
most intense peak on the 2x2 unit cell.

For the middle-IR region, let’s analyse the spectrum on the 2x2 unit cell,
where all bands in this region are visible. Five transitions are present at 1687,
1392, 1020, 983, and 938 cm™!, being the last three so close that form a wide
band. The first vibrational frequency corresponds to the most intense peak in
the spectrum and it is assignated to the negative coupling of both v C=C. The
second one is the C3Hjy scissoring mode. The third fundamental band is mainly
associated to the positive coupling of both v C=C, and the two final ones are
the positive and negative coupling of § C1—H with p C3Hs (as in the case of
C3Hjs in gas phase, the 6 and v modes for C1—H have been assigned respect to
the plane perpendicular to the molecular plane). For C3H3-d1 no big differences
exist in the spectrum respect to C3Hs, except the shape of the middle band as
§ C1-D decouples from p C3Hy (which stays isolated at 969 cm™'). Moreover,
0 C1-D couples positively and negatively with w C3Hs down to 777 and 771
cm™t. The deuteration on C3 (C3H3z-d2) causes the coupling of § C3Ds with the
positive coupling of both v C=C, being this band at 1116 cm™'. This coupling
causes an increase of the intensity of the band, making this band as intense as
the negative coupling of both v C=C at 1676 cm™. At 965, 897, 818, and 752
cm™ appear the bands corresponding to the § C1—H, the coupling of § C1-H
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Figure 5.6: Simulated RAIR spectrum of CsHjs adsorbed on Cu(111), a) 2x2

unit cell, b) 3x3 unit cell. DO: CsHs; D1: DC—C—CHy; D2: HC—C—CD»; D3:
C3Ds.

with § C3Ds, and the positive and negative coupling of § C1—H with p C3Ds.
For C3Hs3-d3 (similar to the preceding case), the bands at 1113 and 907 cm™
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(very weak bands) correspond to the positive and negative coupling of 6 C3D2
with the positive coupling of both v C=C. Finally, the features at 790 and 735
cm™ are the positive and negative coupling modes of § C1—D with p C3Ds.

In the spectrum of the 3x3 unit cell, the vibrational frequencies and modes
are similar to the ones found for the 2x2 unit cell (see table 5.10). However,
some band intensities change making the spectrum somewhat different. The
most important changes are the increase of the intensity of the w C3Hy and
a decrease of the intensity of the negative coupling of both v C=C. Moreover,
the p C3Hs and § C1—H modes decouple, making the first inactive and more
intense the C1—H bending in-plane. Finally, as a minor change, the symmetric
v C3H, and v C1—H interchange its intensities, so the weak band on the 3x3
spectrum is now the one related to v C1—H. The spectrum corresponding to
the monodeuterated CsHs (C3Hs-d1) is quite similar to the undeuterated specie,
except that the band below 800 cm™ increases its intensity due to the coupling
of w C3Hs mode with the C1—D bending in-plane mode. The spectrum of
C3H3-d2 shows three bands between 800 and 1200 cm™', as a consequence of
the decrease of C3D; scissoring mode when is deuterated. The bands at 1194,
944, and 882 cm™! correspond to the positive coupling of both v C=C with §
C3Ds, to the 6 C1—H, and to the v C=C mode with § C1—H. The band at 575

lis assigned to the w C3H,. Finally, the spectrum of the fully deuterated

cm
system (C3D3) is easy assigned from the partially deuterated and undeuterated
systems.

Finally, no important differences were found between the C1 adsorbed on
the fcc or hep-site.

If adsorbed C3Hj3 is compared with the gas phase molecule, we can observe
some important changes. First of all, frequency of the negative coupling of both
v C=C decrease from ~2000 to ~1700 cm™ due to the interaction of the double
C=C bonds with surface, which weakens these bonds. Also the v C1—H shifts
down in the surface from ~ 3350 to ~3000 cm™!, due to the enlargement of this
bond. The most changing frequency is the C1—H bending, which in-plane shifts
to higher frequency, from 430 cm™ in the gas phase to ~900 or ~1000 cm™
(depending on the unit cell). No mention about intensities is made because in

gas phase variations of dipolar moment are taken into account for all directions.
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Table 5.11: Corrected and uncorrected ZPE adsorption energies for non-
interacting, coadsorbed C3Hs and H.

] | No ZPE | ZPE | ZPE-dl | ZPE-d3 | ZPE-d4 |
2%2 9.4 -14 -1.7 2.0 1.6
3%3 -48.9 -60.7 | -60.9 -57.5 -57.8

5.2.3 Coadsorption of C3H3 and H.

Until now we have studied the adsorption of H and C3Hj separately, but if the
isomerisation reaction is desired to success, both species must be present on the
surface, so we decided to study the coadsorption of both species on the both

used unit cells: 2x2 and 3x3 unit cells.

5.2.3.1 Non-interacting system.

As a first step in the coadsorption study, we decided to study the coadsorption
of C3H3 and H, but without interaction between them. This is the most simple
model, because only the adsorption energies for the isolated systems are neces-
sary. The coadsorption energy is calculated as it is indicated in equation 5.3.
In table 5.11 the values obtained for the coadsorption of C3Hz on Cl-fcc-site
and H on a fcc-site are presented. The other three possible combinations do not

differ more than ~2 kJ-mol™ of the values here presented.

Ecoads = Fads (H) + Fads (CsHs3) (53)

In the case of 2x2 unit cell, the coadsorption energy is 9.4 kJ-mol!. This
value is smaller than the energy necessary to break the C—H bond in gas phase
(~170 kJ-mol), favouring the dehydrogenation process on the surface. When
ZPE correction is added this value decrease ~10 kJ-mol™! , down to -1.4 kJ-mol™!.
From a thermodynamic point of view, the dehydrogenation process to form
the non-interaction system will be competitive with the desorption process, if
adsorbed Pr is present on the surface.

For the 3x3 unit cell, the coadsorption energy is lower, -48.9 kJ-mol''. When
ZPE correction is added, the breaking of C—H bond and coadsorption of C3Hgs
and H is even favoured ~12 kJ-mol? (-60.7 kJ-mol'!). This value indicates
that, from the thermodynamic point of view, when adsorbed Pr is present on
the surface, it will trend to dissociate into C3Hs and H, and will not trend to

desorbe.
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(a) ML. (b) M2. (c) M3.

Figure 5.7: Different coadsorption modes of C3Hz with H on Cu(111) 2x2 unit
cell, depending on the relative position of adsorbed H.

The small differences in ZPE correction for the 2x2 and 3x3 unit cells are
due to small differences in the vibrational frequencies on both unit cells. The
ZPE correction of ~10 kJ-mol! is smaller than the one found for VC, which

was ~15 kJ-mol™!, due to the minor quantity of frequencies in C3Hs.

5.2.3.2 Coadsorption modes.

In the coadsorption calculations only have been taken into account the minima
where adsorbed H atom and adsorbed C3Hjs specie are one next to the other
one. It means that for 3x3 unit cell only 3 of all possible coadsorption modes
have been computed, because these are the minimum steps for the proposed
dehydrogenation-hydrogenation process.

With these considerations, three minima have been computed (see figures
5.7 and 5.8):

e MI1: H atom is coadsorbed below the C3H5 unit on a hollow site. Coad-
sorbed H atom and C1 of C3Hs are placed on the same hollow-site type.

e M2: H atom is coadsorbed next to the C3Hs unit on a hollow site. Coad-
sorbed H atom and C1 of C3Hj are placed on different hollow-site type.

e M3: H atom is coadsorbed next to the C3H5 unit and near C2 on a hollow
site. Coadsorbed H atom and C1 of C3Hj3 are placed on the same hollow-
site type.

Actually, if we start from M1 coadsorption mode, the way to arrive M2 is mainly
the migration of one H atom to the next hollow-site. Subsequently, to get M3

is once more the diffusion to the next hollow-site.
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Table 5.12: ZPE corrected and uncorrected adsorption energies for the coad-
sorption of C3H3 and H on the three different minima respect to Pr in gas phase
on 2x2 unit cell.

No ZPE | ZPE | ZPE-dl | ZPE-d3 | ZPE-d4
M1 Cl-fcc + H-fce 30.7 | 221 | 21.7 25.4 25.0
MI Cl-hep + H-hep | 33.6 | 24.6 | 242 28.0 27.5
M2 Cl-fcc - H-hep | 44.1 | 35.6 | 35.2 38.7 38.3
M2 Cl-hep | Hfec | 445 | 35.9 | 35.6 39.1 38.7
M3 Cl-fec | H-fec 388 | 30.9 | 30.4 33.9 33.4
M3 Cl-hcp + H-hep | 39.3 | 315 | 31.1 34.5 34.1

2x2 unit cell. In table 5.12 are presented the coadsorption energies for M1,
M2 and M3. We can observe that C1 on fcc-site is always more stable than hep-
site, but differences are smaller than 3 kJ-mol™', so they are almost degenerated.

The adsorption energy for M1 is 31, for M2 44 and for M3 39 kJ-mol!.
When ZPE correction is added these values decrease ~8 kJ-mol™! in three cases
to 22, 36 and 31 kJ-mol !, respectively. Also the partially and totally deuterated
species are taken into account. As the coadsorbed specie is the result of the Pr’s
methylenic carbon dehydrogenation, D1 is coadsorbed DC—C—CH, + H, D3
is coadsorbed HC—C—CDy + D, and D4 coadsorbed DC—C—CDy + D. As
expected, the ZPE correction is larger for the undeuterated coadsorbed species
than the deuterated ones. For all coadsorbed modes, the coadsorption energy is
larger than in the case of the non-interacting system ~25-35 kJ-mol! (~20-30
kJ-mol ! with no ZPE) due to the repulsion existing between both species on this
unit cell (this produces changes in the adsorption mode that will be commented
in section 5.2.3.3). This positive value indicates that adsorbed Pr will trend to
desorbe and not to break the C—H bond, when temperature is raised.

Coadsorbed M1 structure is the most stable one, followed by the M3 struc-
ture and finally M2 is the less stable one, but differences are not larger than
~15 kJ-mol !, indicating that the diffusion of the H atom is not difficult. This
differences are due mainly to geometric effects that will be commented in section
5.2.3.3.

3%x3 unit cell. In table 5.13 are presented the coadsorption energies for M1,
M2 and M3. We can observe that C1 on fcc-site is always more stable than
hep-site, but differences are smaller than 1 kJ-mol™, so they are degenerated in
our calculation precision.

In order to study the coverage effects in the coadsorbed structures of C3Hs
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(a) ML. (b) M2. (¢) M3.

Figure 5.8: Different coadsorption modes of C3H3 with H on the 3x3 unit cell,
depending on the relative position of adsorbed H.

with H, we increased the calculation supercell to a 3x3 unit cell. The coverage
decreases, and interactions between adjacent molecules also decrease because
the separation is larger. In figure 5.8 are presented the minimum necessary
coadsorption steps to obtain the intramolecular dehydrogenation-hydrogenation
process (although other possibilities of diffusion for H atoms would exist on this
unit cell and also other coadsorbed structures could be present), like in the case
of 2x2 unit cell.

The adsorption energy for M1 is -11, for M2 -8 and for M3 9 kJ-mol*. When
ZPE correction is added these values decrease ~11 kJ-mol™? (a value similar to
the 2x2 unit cell) in three cases to -21, -19 and -2 kJ-mol!, respectively. Also the
the partially and totally deuterated species are taken into account. As expected,
the ZPE correction is larger for the undeuterated coadsorbed species than the
deuterated ones. For all coadsorbed modes, the coadsorption energy is higher
than in the case of non-interacting system ~40-60 kJ-mol! due to the repulsion
existing between both species on this unit cell (this produces changes in the
adsorption mode that will be commented in section 5.2.3.3). This difference is
larger than in the case of 2x2 unit cell, not because the repulsion between C3Hjg
and H is larger on this unit cell, but because on this unit cell the coadsorbed
absolute minimum would be a coadsorption mode where H atom and C3Hj
specie lie more separate than in the calculated positions in order to minimise
their repulsion.

For M1 and M2 the coadsorption energy is negative (~-20 kJ-mol!) and
for M3 it is almost 0. This indicates that the dissociation of the C—H bond
is competitive with the Pr desorption when adsorbed Pr is heated. We can
observe that the difference between 2x2 and 3x3 unit cell is that in this last

case, the dehydrogenation process from Pr is possible, and in the case of the
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Table 5.13: ZPE corrected and uncorrected adsorption energies for the coad-
sorption of C3H3 and H on the three different minima respect to Pr in gas phase
on 3x3 unit cell.

No ZPE | ZPE | ZPE-dl | ZPE-d3 | ZPE-d4
M1 Cl-fec -10.9 -21.3 -21.6 -18.3 -18.6
M1 C1-hcp -11.3 -21.9 -22.2 -18.9 -19.2
M2 C1l-fcc -8.1 -19.1 -194 -16.0 -16.3
M2 C1-hcp -9.0 -19.8 -20.1 -16.7 -17.0
M3 C1l-fcc 9.2 -1.6 -1.8 1.9 1.6
M3 C1-hcp 9.4 -1.6 -1.8 2.0 1.7

2x2 unit cell this process is more difficult to occur. This is due to the repul-
sion effect on the 2x2 unit cell, because on the 3x3 unit cell C3H3z and H are
better accommodated. This effect will be seen in geometric parameters (section
5.2.3.3).

M1 is the most stable structure, as in the case of 2x2 unit cell, but only ~2
kJ-mol! above lies the M2 structure, so they are almost degenerated. M3 is
~20 kJ-mol! above M1. M2 and M3 interchange their relative position respect
to 2x2 unit cell. This is due to the coordination mode of C3Hs in M2 structure,

as will be commented in the section 5.2.3.3.

5.2.3.3 Adsorption geometries.

In table 5.14 are presented the adsorption geometries of the coadsorbed struc-
tures on both unit cells, 2x2 and 3x3, because significant differences exist
between both unit cells. These geometrical differences are also responsible of

the differences in Egaqs, as commented above.

2x2 unit cell. In this case C3Hg sticks into the surface like a javelin, be-
ing this effect observed in the angle that forms C1—C2 bond with the surface
plane, which is 41°, 42° and 43° for M1, M2, and M3, respectively, which is a
different value from the adsorbed, isolated C3Hjs, which is 11°. The interaction
with the surface for isolated CsHz was made via the three C atoms, but only C1
interacts with the surface in the coadsorbed system, so the coadsorbed H atom
affects strongly the adsorption mode of coadsorbed species. C1—C2 and C2—C3
distances are both equal and are 1.31-1.32 A, indicating two very strong double
C=C bonds exist in this coadsorbed structure. These values are shorter than
those of the isolated C3Hjz (1.34 and 1.36 A), indicating these bonds interacted
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Table 5.14: Geometrical parameters of coadsorbed C3H3 and H on Cl-fcc site
of both (2x2 and 3x3) unit cells on Cu(111).

\ M1 \ M2 \ M3 \
2%2 3x3 2%2 3x3 2%2 3x3
@)d(C1-C2) 1.31 | 133 | 1.31 | 1.32 | 1.32 | 1.32
d(C2-C3) 131 | 1.36 | 1.32 | 1.35 | 1.31 | 1.31
®)a(C1-C2-C3) | 179.0 | 168.0 | 177.7 | 171.8 | 179.3 | 178.4
a(HI-C1-C2) | 115.0 | 117.0 | 114.9 | 1182 | 114.1 | 113.4

a(H3-C3-C2) | 121.7 | 120.3 | 121.2 | 120.1 | 121.3 | 120.9
o(H4-C3-C2) | 121.7 | 120.2 | 121.6 | 120.1 | 121.9 | 121.5
o(H4-C3-H3) | 116.6 | 117.3 | 117.2 | 117.2 | 116.7 | 117.6
©tilt 41.1 | 13.7 | 41.8 | 16.2 | 43.1 | 41.9
@d(C1-M) 2.10 | 2.06 | 2.01 | 2.13 | 2.12 | 2.16
d(H1-M) 2.68 | 246 | 255 | 243 | 236 | 2.15
d(T*-M) 1.68 | 1.70 | 1.64 | 1.69 | 1.66 | 1.67

@)d: distances (A); ™ a: angles (degrees); () tilt: angle between C1—C2 bond
and the surface plane; (Dd: distances to nearest surface atom, H* is the
adsorbed H atom.

with the surface. All H-C—C angles are around 120°, indicating a sp2-like
hybridisation of both terminal C atoms. So, this structure resembles that of
propadiene (gas phase) where a H atom has been replaced by the surface. The
C1—M distance is very similar for M1 and M3 structures (2.10 and 2.12 A),
but is shorter for M2 (2.01 A), because the adsorption mode of this structure
is different than the ones of M1 and M3. C1 for M2 is placed close to a Cu
atom, because is not placed exactly on a hollow-site but it is a bit displaced
to a bridge-site (see figure 5.7). The H1—M distance is 2.68, 2.55 and 2.36 A,
indicating that no large interaction exist between H atom and the metal sur-
face. Finally, the distance of adsorbed H with the nearest metal atom are very
similar, from 1.64 (M2) to 1.68 (M1) A, which are shorter than the distance
of isolated, adsorbed H atom on this surface, 1.73 A. This distance is shorter
because H atom is displaced a bit to a bridge site (due to the repulsion with
CsHs). So, both structures, C3Hs and H, are strongly affected by the existence
of the other specie on the surface, so from a computational point of view, the
explicitly coadsorption must be taken into account and the non-interacting sys-
tem calculations should be performed a priori only for the purposes to deal with
good adsorption geometries to start the calculation of the coadsorbed system.

They only would have sense for situations of very low coverage.
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3x3 unit cell. In this case, the adsorption mode for M1 and M2 is different
from M3. The angle between C1—C2 bond and the surface plane is 14°, 16°,
and 42°, respectively, indicating that the adsorption mode is made via the three
C atoms for M1 and M2 and only via the C1 for M3. The C1-C2—C3 angle
is 168°, 172°, and 178°, in agree with previous values. For both M1 and M2,
the adsorption mode is like isolated C3Hg, whose angle between C1—C2 bond
and the surface plane was 12° and the C1-C2—C3 angle was 172°. C1-C2
and C2—C3 distances are also different for M1 and M2 respect to M3. In M3
distances are equal to the case of 2x2 unit cell (1.32 and 1.31 A, respectively),
due to the adsorption mode, which is equal to the 2x2 unit cell. Distances are
1.33 and 1.36 A for M1 and 1.32 and 1.35 A for M2, similar to the ones obtained
when H atom is not coadsorbed (1.32 and 1.37 A). C1—M distances are all very
similar, 2.06, 2.13, and 2.16 A for M1, M2, and M3, so no important differences
exist in this value. H1—M distance are 2.46, 2.43, and 2.15 A for M1, M2, and
M3, respectively. This indicates that in M3 the H1—M distance is short and this
structure is stabilised by an agostic interaction. Finally, the distance between
the adsorbed H atom and the surface atom are 1.70, 1.69, and 1.67 A for M1,
M2, and M3, a bit shorter than in the case of an adsorbed H atom (1.74 A),
like for 2x2 unit cell. The H atom is a bit displaced from the centre of the
hollow-site, too. So, also in this case, both structures, C3Hz and H, are affected
by the existence of the other specie on the surface, but in the case of M1 and
M2 this effect is less important.

Finally, no important differences exist on placing C1 on fcc or hcp-site, so

only values with C1 on fcc-site are presented.

5.2.3.4 RAIR spectra on the 2x2 unit cell.

In table 5.15 are presented vibrational frequencies and vibrational modes for
coadsorbed C3Hz and H on Cu(111), using a 2x2 unit cell. Also absolute
intensities are given for all these modes, and it is interesting that one mode is
very intense, having a value around 100 km-mol'. We also can observe that
vibrational frequencies and intensities are similar for three coadsorption modes,
indicating that three RAIR spectra will have the same features. In figure 5.9
are presented the RAIR spectra of three coadsorbed structures, and also their
corresponding deuterated spectra are presented, being in this case DC=C=CH,
& H (C3H3-d1 + H), HC=C=CDy & D (C3H3-d2 + D) and DC=C=CD; & D
(C3H;3-d3 + D), because they derive from Pr-d1, Pr-d3 and Pr-d4, respectively.
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Figure 5.9: RAIR spectra for coadsorbed C3Hsz and H for a) M1, b) M2, and
¢) M3 adsorption modes on Cu(111): 2x2 unit cell. DO0: C3Hz + H; DI1:
DC—-C—-CH; + H; D2: HC—C—-CD, + D; D3: C3D3 + D.
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Table 5.15: Vibrational frequencies for C3Hg and H coadsorbed on Cu(111) on
2x2 unit cell. Frequencies in cm™; intensities in km-mol™!.

M1 M2 M3

Assignation (M1 / M2 / M3) | e I Ve I Ve I
asym. v C3Hy 3118 0.5 3122 | 0.5 | 3122 0.9
sym. v C3Hs 3048 0.2 3049 | 0.1 | 3051 1.1

v C1-H 2999 | 0.2 | 2980 | 0.0 | 2983 | 04
v C1=C2 - v C2=C3 1897 | 106.3 | 1899 | 96.9 | 1893 | 138.9

d C3H, 1396 | 5.9 | 1393 | 4.0 | 1391 | 4.9

M+ 2 /2 /6 1125 | 1.6 | 1302 | 0.7 | 1248 | 0.2
@) /1) /) 1096 | 1.7 | 1124 | 04 | 1118 | 0.0

0 C1-H 1048 2.0 1043 | 3.4 | 1061 0.2
3)/(2) /(2 999 0.1 966 | 0.7 | 1027 | 2.0
(3)/ p C3H, / (3) 961 | 0.1 | 960 | 0.0 | 956 | 0.6

p C3Hy / (4) / p C3Hy 954 0.2 837 | 0.2 | 949 0.9
@ /6@ 840 | 0.0 | 782 | 0.1 | 837 | 06

w C3H, 765 | 54.3 | 766 | 37.6 | 758 | 48.9

0 C1-C2-C3 - v C1-M 507 3.2 503 6.0 498 2.7
v C1-C2-C3 364 0.0 361 | 0.4 | 355 0.1
)/ 6) /5 280 | 64 | 334 | 0.2 | 287 | 74

(6) / (5)/ (6) 255 2.2 290 | 9.0 | 265 1.3

(1): v C1=C2 + v C2=C3 + 6 C1-H ; (2): v H*—M (L); (3):v H*—M (|]);
(4): v C1-=H - 7 C3Hy ; (5): § C1-C2—C3 + v C1-M ; (6): v C1-H + 7
C3Hs,.

The C—H stretching region is very similar for all minima, because of two
main reasons. The first reason is that the intensity of the associated mode is
weak, in all cases less than 1% of the most intense band of the spectrum, so in
all spectra there is no band in this region. The second reason is this region is
very similar in all cases, vibrational frequencies and their associated vibrational
modes are almost equal in three cases. At 3118 cm™' for M1 and 3122 cm™! for
M2 and M3 appears the asymmetric v C3Hs,, and the symmetric combination
at 3048, 3049, and 3051 cm™!, respectively. The C1—H stretching mode appears
between ~2980 and ~3000 cm™, indicating this vibrational frequency that this
bond is not activated, as the H1—M distances also indicated (see table 5.14). We
can compare these values with the obtained ones for the adsorption of isolated
C3H; on surface, which were 3136, 3050, and 3004 cm™ for the asymmetric and
symmetric v C3Hs and v C1—H. These values are very similar to the obtained for
coadsorption, although the adsorption mode is a bit different in both cases. For

C3Hgs-d1 + H only the v C1-D is affected by deuteration, indicating no coupling
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between C—H stretching modes exist. In this case the vibrational frequency
shifts down to 2217, 2203, and 2209 cm™ for M1, M2, and M3, respectively. In
C3H3-d2 + D the asymmetric and symmetric v C3Ds shift down to 2326 and
2236 cm™! for M1, to 2329 and 2235 cm™! for M2, and to 2329 and 2238 cm™!
for M3. In the case of C3Hs-d3 + D, the vibrational frequencies behave like the
addition of deuterated vibrational frequencies for C3Hs-d1 + H and C3H3-d2 +
D.

The next region of the spectrum is from 900 to 2000 cm™', where C—H
bending in-plane, C=C stretching and H—M stretching modes appear and cou-
plings among them (but in this case they are not as much coupled as in the
case of VC). The first band that exists in this region is the most intense one in
the spectrum, corresponding mainly to the negative coupling of both v C=C.
Vibrational frequencies are 1897, 1899, and 1893 cm™ for M1, M2, and M3,
respectively. This VNM also appeared for isolated C3Hs, but in that case at
1687 cm™!, indicating that the change in the adsorption mode has affected this
value (and also the intensity, because the absolute intensity for the adsorbed,
isolated specie was really smaller, spite it was the most intense peak), because
the interaction of double C=C bonds with the surface. Next band in this region
(medium) corresponds to § C3Hsy, which is ~5% in intensity, and appears at
1396, 1393, and 1391 cm™ for M1, M2, and M3, respectively, and at 1392 cm™
for isolated C3Hs (so it does not change). At 1125, 1124, and 1118 for M1, M2,
and M3, respectively, appears the positive coupling of both v C=C coupled with
6 C1—H, and only in the case of M1 it is also coupled with the perpendicular
H"—M stretching mode. These frequencies are larger than the one obtained for
isolated CsHs at 1020 cm™, because of the interaction of double C=C bonds
with the surface, too. The H*—M stretching modes are really affected by the
coadsorption, and a detailed analysis will be made in the next paragraph. At
1048, 1043, and 1061 cm™ for M1, M2, and M3, respectively, appears the §
C1—H, which is almost not visible in the spectrum (<3%). In the case of iso-
lated C3Hj it appeared at 938 cm™ positively and negatively coupled with p
C3H,, which for M1, M2, and M3 appears at 954, 960, and 949 cm™!, indicating
that coadsorption affects also this VNM. For C3Hs-d1 + H, the spectrum does
not suffer any important change, and in this zone only two VNMs are affected
by deuteration. The first one happens at the most intense band of the spectrum,
because the negative coupling of both v C=C couples a bit with v C1-D, but
effects on the vibrational frequencies are small, appearing at 1886, 1888, and
1883 cm™! for M1, M2, and M3, respectively. The second change is the shifting
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down of the § C1—D to 812, 807, and 821 cm™! for M1, M2, and M3, respectively,
but this band is not visible in the spectrum. For C3H3-d2 + D no important
differences appear in the spectrum respect to the non-deuterated species. The
negative coupling of both v C=C, which remains as the most intense band, cou-
ples weakly with the symmetric v C3Da, lieing at 1876, 1879, and 1872 for M1,
M2, and M3, respectively, indicating no important effects on this vibrational
frequency. Also the positive coupling of both v C=C changes because it couples
with 6§ C3D,, shifting their values up to 1189, 1193, and 1184 cm™ for M1,
M2, and M3, respectively. Also the p C3Ds shifts down to 793, 796, and 793
cm™ for different adsorption sites, but it does not affect the spectrum due to its
very low intensity. Finally, for the fully deuterated system (C3Hs-d3 + D) no
important differences exist respect to the non-deuterated spectrum. Only the
negative coupling of both v C=C couples with the v C1—-D and the symmetric
v C3D,. This coupling causes a weak decrease of the frequency to 1865, 1869,
and 1862 for M1, M2, and M3, respectively.

In the case of adsorbed H on Cu(111), three VNMs appeared at 1050 and
875(2) cm™, corresponding the first one to the frustrated translation of H atom
on the direction perpendicular to the surface (v H—M L) and the second ones
to the parallel frustrated translations (v H—M ||). When C3Hjs specie is added
to this system, the local C3 symmetry of the system is broken, and vibrational
frequencies and modes are strongly affected depending on which place C3Hg
is adsorbed respect to the position of H atom, i.e., which coadsorption system
we obtain. For M1 and M3, the » H-M L appears at 1096 and 1027 cm™,
respectively, but for M2, two » H—M L appear at 1302 and 966 cm™, because
H does not move only in z-direction, but also couples with one of the v H—M
. For M1, two very clear v H-M || appear at 999 and 961 cm™, being in a
more energetic zone than in the case of isolated H on surface. For M2, only one
v H-M || at 782 cm™ appears. In the case of M3, these VNMs appear at 1248
and 956 cm™!, which are more energetic values than the obtained for isolated H
(because H—M distance is shorter for M3, 1.67 A in front ~1.70 A for M1 and
M2). All these VNMs do not imply a large variation in dipolar moment and
their relative intensity in all cases is small, <3% of the most intense band of
the spectrum. For C3H3-d1 + H no changes exist respect to the non-deuterated
species. For C3H3-d2 + D and for C3H3-d3 + D changes are the same. For M1
and M3 the v D—M L shifts down to 780 and 730 cm™, respectively, and both
v D—M || go down to 707 and 683 cm™ for M1 and to 885 and 678 cm™ for M3.
For M2, like the undeuterated system, v D—M L couples with a v D—M ||. For
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the deuterated system they also couple with § C3Ds. So, these three bands, at
927, 921, and 686 cm™, are related to ¥ D—M |. The other v D—M || is 555
em™.

Below 900 cm™, there is the region where the C—H bending out-of-plane,
the C—C—C bending in-plane and out-of-plane and C—M stretching modes
appear. For all coadsorption modes these VNMs are very similar, so they will be
commented together. At 840 cm™ for M1 and 837 cm™ for M2 and M3 appears
the negative coupling of v C1—H with 7 C3Hs,, and the positive coupling at
255, 334, and 265 cm™, for each coadsorption mode, respectively, but none of
them is visible in the spectra. The band that is visible in the spectra is the
one corresponding to the w C3Hs (in the range from ~33% to ~50% respect to
the most intense bands, depending on the adsorption mode), which lies at 765,
766, and 758 cm™! for each adsorption site, respectively. Another weak band is
visible at 507, 503, and 498 cm™, which corresponds to the negative coupling
of § C1-C2—C3 with ¥ C1—M. The positive coupling (not intense) of this last
VNM appears at 289, 290, and 287 cm™. Finally the v C1—-C2—C3 appears
at 364, 361, and 355 cm™. In the case of C3Hs-dl + H no visible changes
exist in the spectrum in this region, because the only affected VNMs are those
that correspond to v C1—D, which is still coupled with 7 C3Hs, appearing the
negative coupling at 695, 688, and 690 cm™ for M1, M2, and M3, respectively,
and the positive one at 240, 305, and 242 cm™!, respectively. For C3H3-d2 + D
and for C3H3-d3 + D, the most important change is the shifting down of the w
C3D, mode to 613, 612 and 606 cm™' for M1, M2, and M3, respectively, which
is the main change that can be observed in the spectra in this region. From
figure 5.9, it is clear that the major effect of deuteration on the overall spectrum
affects only the band just below 800 cm™ (w C3Hy).

Finally, no important differences were found if C1 was placed on fcc or hep-

sites.

5.2.3.5 RAIR spectra on the 3x3 unit cell.

In the table 5.16 are presented the vibrational frequencies and their assignation
for coadsorbed C3H; + H on Cu(111) when a 3x3 unit cell is used. Also
absolute intensities are presented in this table, and it can be observed that M1
and M2 behave different that M3 in intensity, because M3 has an adsorption
mode similar to the one that has on the 2x2 unit cell, but M1 and M2 are

more similar to the one that has isolated C3Hs on the 3x3 unit cell. Maximum
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Table 5.16: Vibrational frequencies and intensities for C3H3 and H coadsorbed
on Cu(111) 3x3 unit cell. Frequencies in cm™; intensities in km-mol ™.
] Coadsorbed C3Hz & H on Cu(111) |

M1 M2 M3
Assignation (M1 / M2 / M3) | 7. I e I Ve I
asym. v C3Hy 3136 | 0.43 | 3135 | 0.06 | 3130 1.2
sym. v C3Hg 3049 | 0.88 | 3052 | 1.01 | 3054 | 2.7
v C1-H 3009 | 0.06 | 3015 | 0.04 | 2894 2.3
v C1=C2 - v C2=C3 1750 | 3.91 | 1775 | 3.78 | 1888 | 120.6
6 C3Ho 1391 1.4 1388 | 1.22 | 1384 3.0
v H*—M (1) 1132 | 0.13 | 1150 | 1.72 | 1202 1.4
v C1=C2 + v C2=C3 + (1) | 1016 | 0.28 | 1029 | 0.13 | 1115 0.3
p C3M, / (2) / () 980 | 0.02 | 991 | 0.15 | 1047 | 0.3
1)/ p C3H, / p C3M, 963 | 6.55 | 973 | 043 | 951 | 0.2
ONAONEE) 956 | 0.01 | 950 | 6.07 | 921 | 03
3) /@) /@ 830 | 0.66 | 793 | 0.44 | 816 | 0.3
~ Cl-H / wC3H, / (2) 707 | 0.08 | 762 | 14.82 | 793 | 0.1
w C3H, / (3) /w C3H, 777 | 11.83 | 714 | 0.94 | 762 | 64.6
G) / (5) / (©6) 516 | 0.67 | 498 | 1.62 | 450 | 8.1
©)/(6) /(7 424 | 038 | 413 | 0.10 | 340 | 0.0
@) /(@) / ( ) 220 | 0.27 | 292 | 0.95 | 299 | 0.0
(1):0 C1—H; (2): » H* =M ([}); (3): » H*=M ([|) + v H*=M (L); (4): v C1-H
- 7 C3Hy; ( ): v C1-H + 7 C3Hy; (6): 6 C1-C2—-C3 - v C1-M; (7): ~
C1-C2-C3.

intensity in M3 (121 km-mol) is ten times the maximum obtained for M1
and M2 (12 and 15 km-mol!, respectively). Although the different adsorption
modes, the assignations are very similar in all cases, as can be observed in table
5.16, but differences in intensity make spectra really different. In figure 5.10 are
presented the RAIR spectra for the three adsorption modes on the 3x3 unit
cell. For M3, the most intense bands have been truncated.

Like other hydrocarbons studied in this thesis, bands in the C—H stretching
region are very weak. For M2 only the symmetric ¥ C3Hs band is visible (at 3052
cm™), whereas for M1 and M3 both asymmetric and symmetric v C3Hy modes
have some intensity (M1: 3136 and 3049; M3: 3130 and 3054 cm™). Moreover,
for the M3 structure C1—H stretching mode is also visible and appears at 2894
cm™. Among these three minima, » C1—H band has the lowest frequency
value for M3. This frequency variation (~100 cm™) is just enough to conclude
that C1—H bond on M3 is the most activated one. This fact agree with the
minor H1—M distance of this system (2.15 for M3 vs. 2.45 A for M1 and M2).
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Figure 5.10: RAIR spectra for coadsorbed C3Hsz and H for a) M1, b) M2, and
¢) M3 (truncated) adsorption modes on the 3x3 unit cell of Cu(111). D0: C3Hj

+ H; D1: DC—-C—CH, + H; D2: HC—C—-CD>y + D; D3: C3D3 + D.
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For the monodeuterated system (DC—C—CHz + H) only v C1-D is affected.
The frequency value goes down to 2226, 2232, and 2139 cm™ for M1, M2, and
M3, respectively. For M3 its intensity increases and becomes a medium band.
However, as we comment below, this mode couples with the band between ~1700
and ~1900 em™, modifying in some extent the intensity of that band, specially
for M3. For HC—C—CDy + D, asymmetric and symmetric C3D; stretching
mode go down to 2341-2222 for M1, 2340-2225 for M2, and 2235-2238 cm™!
for M3. For M3 its intensity increases and becomes a medium band. Like v
C1-D mode of D1, symmetric v C3D4y couples with the band between ~1700
and ~1900 cm™, decreasing its intensity. Finally, for fully deuterated system
(D4) the position of asymmetric ¥ C3Ds is just the one of D3. However, v
C1—D and symmetric v C3D5 couple for M1 and M2, increasing the frequency
of symmetric ¥ C3Dy and decreasing the value of v C1-D (2227-2221 for M1,
2233-2224 cm™! for M2, for the negative and positive coupling, respectively)
except for M3 (sym. v C3Dy: 2238; v C1-D: 2139 cm™). For M3 two medium
bands exist on spectrum, corresponding to v C1—D and v C3Ds. In this case,
symmetric ¥ C3Dy and v C1—D couple with the band at ~1700 -1900 cm™.
Let’s focus now in the RAIR middle-zone, where bands associated toC=C
stretching, C—H bending and H—Cu stretching modes are present. The overall
spectrum in this region is very different for the tilted structure (M3) respect
to the quasi-flat structures (M1 and M2), because the former has a very strong
adsorption. The most intense band of this region is always associated with the
negative coupling of both ¥ C=C. Frequency value is 1888 cm™! for M3, whereas
for the flat structures, M1 and M2, is at lower frequencies (1750 and 1775 cm™,
respectively). Regarding band intensities, it is important to emphasise that its
intensity changes dramatically as a function of the tilt angle of the adsorbate
respect to the surface, from 120 to 4 km-mol™! for M3 and M1-M2, respectively.
Moreover, the intensity of this band for the 2x2 unit cell is between 90-140
km-mol? for all minima (all of them tilted above 40° respect to the surface),
whereas for C3Hs without coadsorbed H (flat structure) the intensity is <1
km-mol™!. So, the tilting degree of the whole molecule could be associated to the
intensity of this band, following the usual reading of the reduced Metal Surface
Selection Rule (reduced-MSSR). This band, as we will show in section 5.2.3.6,
will be the fingerprint for the CHCCH,; + H tilted structure. The positive
coupling of both v C=C, which is always coupled with § C1—H, changes also
~100 cm™ with the relative tilting of the adsorbate respect to the Cu surface
(M1 and M2: 1016 and 1029 cm™; M3: 1115 cm™), but all of them are very
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weak bands. C3Hjy scissoring frequency has a value between 1380 and 1350
ecm™. Its intensity is somewhat larger for the M3 minimum than for the M1 and
M2 bands. Contrarily, the C1—H bending in-plane is more intense for flat-like
structures than for the tilted one. Moreover, the frequency value increases also
~100 cm™ when molecule tilts (compare 950-963 cm™ for M1 and M2 with
1047 cm™ for M3). Finally, C3Hy rocking mode is not intense whatever the
coordination mode to the surface. The frequency values for this mode are 980,
973 and 954 cm™! for M1, M2, and M3, in this order.

Deuteration causes in the stronger band of this region a decrease of frequency
values (between 10-30 cm™) and intensities. As commented before, this is due
to the low coupling of this mode with the corresponding v C—D modes. Scis-
soring mode does not change on C1 deuteration, but it couples with the positive
coupling of both ¥ C=C on deuteration of C3. The positive coupling appears
at 1116, 1123, and 1181 cm™ (for M1, M2, and M3), and presenting always
more intensity than the negative combination at lower frequency (895, 898 and
918 cm™). Rocking mode remains not visible in all deuterated spectra. C1—H
bending in-plane mode does not change its position when this H is not deuter-
ated (D3). When all H atoms are deuterated (D4), this band goes down to 745
and 736 cm™! for M1 and M2. These two bands miss part of their intensity due
to the change of the corresponding VNM. However, when C3Hy group is not
deuterated (D1), the § C1—D couples with the wagging mode (around 770 cm™
on undeuterated systems), being the positive coupling at higher frequency and
intensity (in fact, reinforcing the w C3H; intensity). The negative coupling has
zero intensity, so it seems that § C1—D band disappears (frequencies at 781-
743 for M1 and 768-734 cm™ for M2). For the tilted M3 structure, this band
is not visible and remains without intensity and uncoupled on C1 deuteration
(frequency changes to ~805 cm™).

C3H, wagging band (at 777 for M1 and 762 cm™ for M2 and M3) is always
visible on the spectra. For M3 it is a very strong band, with an intensity more
or less the half than the strongest band. For flat-like structures, M1 and M2,
this band has a medium intensity, although it is the strongest band of both
spectra. The slightly major value for M1 structure could be associated to the
presence of the H atom just below the C3Hs unit. Deuteration on C1 has been
commented in the previous paragraph for M1 and M2; for M3, band frequency
and intensity do not change. When C3H; unit is deuterated, for M2 and M3 the
band moves down to 575 and 605 cm™, respectively, losing part of its intensity, as

expected. For M1, this band couples with the mode associated to the movement



UNIVERSITAT ROVIRA I VIRGILI
ORGANIC MOLECULES ON METAL SURFACES: FORECASTING STRUCTURES AND SPECTRA

Benjami Martorell Masip

ISBN:978-84-691-9747-9 /DL: T-1259-2008

CHAPTER 5. FROM ADSORBED CHCCHjz; TO CHCHCHs,. 232

of the coadsorbed H atom parallel to the surface (but remaining in the C—C—C
direction), causing an additional decrease of its intensity.

The presence of the coadsorbed C3Hs unit perturbs also the H*—M modes, in
the sense that they are not pure perpendicular and parallel modes. However, on
table 5.16 we have kept the same notation in order to make easier the comparison
with previous results. The higher frequency associated mainly with v H*—M
(1) is a very weak band for M2 and M3 (1150 and 1202 cm™) and it is not
visible for M1 (1132 cm™). When this H atom is deuterated (D3 and D4), this
band goes to 804, 817, and 854 cm™ (M1, M2, and M3, respectively) without
any coupling with other modes. The other two frequency values are associated
mainly to v H*~M (||). One of them is not visible on the spectrum because H
atom movement is almost parallel to the surface (956 (M1); 991 (M2); 793 (M3)
cm™t). For the other one, H atom also moves in the surface normal direction
causing a slight increase of its intensity (830 (M1); 714 (M2); 921 (M3) cm™).
For M1 and M2, this band is like an upper and lower shoulder of the w C3H,
band. For M3 the increase of intensity is not enough to be appreciated on the
spectrum. Frequency values do not change on C1 deuteration. For C3Hs and
H* deuteration (D3 and D4), frequency values are 703-509 cm™ for M2 and
654-563 cm™ for M3. In the case of M1, these bands couple with w C3D,, as
commented above. The frequency values are 679, 591, and 589 cm™, but only
the ones below 600 cm™ have an appreciable intensity.

C1—H bending out-of-plane and C3Hs twisting modes are not visible in the
spectra. For M2 and M3 these modes are coupled (797 and 516 cm™ for M1;
793 and 498 cm™! for M2; 816 and 450 cm™ for M3).

Finally C—C—C bending in-plane mode is mainly associated with frequency
values of 424, 413, and 450 cm™' for M1, M2, and M3, respectively. Only for
M3 this band has an appreciable intensity. For all deuterated systems, this M3
band increases slightly its intensity.

Finally, no significant differences exist in the spectrum between the adsorp-

tion of C1 on fcc and hep-sites.

5.2.3.6 Comparison of spectra.

In order to understand the effect on the coadsorption at different coverages, we
will focus our attention in some mid-IR bands. Table 5.17 shows the selected
bands, which are the fingerprints of CHCCHs + H systems. These bands are
the negative coupling of both C=C stretching modes, the C3Hs scissoring, the
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Table 5.17: Vibrational frequencies (cm™) and intensities (km-mol™!) for most
significant fingerprints in coadsorbed C3Hg and H.

] Group A |
2x2 3x3
CsHs Cs3Hj3 M1 M2
v C1=C2 - v C2=C3 1687 / 6 1741 /2 | 1750 / 4 | 1775 / 4
5 C3M, 1392 / 2 1385 /1 | 1391 /1 | 1388 / 1
0 C1-H Non-pure mode | 935 /8 | 1048 /2 | 1043 / 3
w C3H, 729 / 6 758 /10 | 762 /15 | 777 /12
5 C1-C2—C3 420 /2 422 /1 | 424 /0 | 413 /0
’ Group B
2x2 3x3
M1 M2 M3 M3
v C1=C2 - v C2=C3 | 1897 / 106 | 1899 / 97 | 1893 / 140 | 1888 / 121
5 C31, 1396 /6 | 1393 /4 | 1391 /5 | 1384/3
6 C1-H 963 / 7 950 / 6 1047 / 0 1061 / 0
w C3H, 765 / 54 766 / 38 758 / 49 762 / 64
5 C1-C2-C3 507 /3 | 503/6 | 498 /3 150 / 8

C1—H bending in-plane, the C3H, wagging and the § C1—C2—C3 modes. This
table has been organised as a function of the degree of tilting of the whole car-
bonated structure, which also matches with the C2=C3 distance. First group
(A) includes flat-like structures (tilt angle = 11-16°), which have C2—C3 dis-
tance elongated (> 1.35 A), without the coadsorbed H atom (at low and high
coverage regimes) and those structures with the coadsorbed H atom but keep-
ing a flat structure (M1 and M2 at low coverage regime). The other group (B)
includes all H coadsorbed structure of high coverage regime and also the M3
structure of low coverage regime, i.e. the ones with the hydrocarbon fragment
tilted (tilt angle = 40-43°) and a short C2=C3 distance (~1.31 A).

For the first group all frequencies are of lower intensity respect to the sec-
ond group, except the & C1—H. The main difference between groups A and B
are, of course, the intensity associated to the v C=C mode and the w C3H,
mode. These two bands are very strong for group B and are medium (or even
weak) bands for flat-like structures. This rule is also valid for 6 C3H; mode
and C—C—C bending in-plane, although the effect is not so dramatic. C1-H
bending in-plane mode has been selected because for H coadsorbed systems only
has some intensity for M1 and M2 adsorption structures. Regarding frequency

values, the most important change is the variation of v C=C position. The
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Figure 5.11: Comparison of the spectra on every unit cell for all C3H3 adsorption
modes. From bottom to top: C3Hsz, M1, M2, and M3.

presence of H atom displaces this frequency to higher values. The effect is spe-
cially important if the hydrocarbon fragment is tilted away from the surface,

with an additional increase of ~100 cm™

. Only the effect of H coadsorption
pushes up § C1—H and w C3Hs modes. Finally, § C3H; mode does not change
band position neither due H coadsorption nor due to the degree of tilting of the
hydrocarbon fragment.

In figure 5.11 are presented together the spectra corresponding to the ad-

sorption of C3Hjs and the coadsorption modes, M1, M2, and M3 on Cu(111) on
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two different unit cells: 2x2 and 3x3. All of them have already been presented
in the last sections, but now are presented in the same image to find out the
fingerprints of specie on these unit cells.

Differences between species of group A and B have been commented in last
paragraphs and it has been demonstrated to be possible to distinguish them.
But between the species of the same group is a more complicated work. In
group A is possible to distinguish between adsorbed C3Hjs specie on the 2x2
unit cell from the species adsorbed on the 3x3 unit cell, because it presents the
medium v C=C band at lower frequencies (1687 cm™ in front ~1750 cm™ for
3x3 unit cell and weak) and a wide band associated to 6 C1—H is present at
~1000 ecm™. To distinguish the three possible structures of group A on the 3x3
unit cell is not possible because their spectra are almost equal. In the case of
group B, only one specie (M3) is present for 3x3 unit cell, which can be easily
distinguished from the species on the 2x2 unit cell because the intensity of the
5 C3H, is a bit lower in this case and the § C1—C2—C3 is ~50 cm™! to lower
frequencies (450 cm™ in front >500 cm™ for 2x2 unit cell). The fingerprint of
the three species on the 2x2 unit cells are so similar in three cases that they

cannot be distinguished at all.

5.2.4 Dehydrogenation and hydrogenation processes: tran-

sition states.

Once we have studied the thermodynamic of the dehydrogenation (dhy) and
hydrogenation (hy) process, we could try to find transition states that connect
the different minima. In this section we will present these transition states. After
that, we will compare the reaction energy profiles of the direct isomerisation
reaction from Pr to VC respect to the surface-mediated reaction, i.e. the dhy

and subsequent hy, following the Horiuti-Polanyi mechanism.

5.2.4.1 Adsorption modes of TS dhy and TS hy: energetics.

Between adsorbed Pr and adsorbed VC in Cl-trans structure we have found
two new transition states. One of them connects adsorbed Pr with the dehy-
drogenated CHCCHs fragment and coadsorbed H on the same direction that
C—C—C skeleton (M1), thereafter dehydrogenation TS or TS dhy. The other
one links dehydrogenated CHCCH;, fragment with one coadsorbed H atom near
C2 atom (M3) with VC in Cl-trans structure (consequently, hydrogenation TS
or TS hy). Both TSs are showed in figure 5.12. Like other TS structures of
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(a) TS dhy from Pr to M1. (b) TS hy from M3 to VC-trans.

Figure 5.12: Transition states involved in dehydrogenation-hydrogenation pro-
cess on Cu(111).

this chapter, transition states were characterised with a frequency calculation
and subsequent optimisation process from the TS geometry following the corre-
sponding imaginary vibrational modes on both senses. The imaginary frequency
is in the range from 900 to 1100 cm™. No important differences in adsorption
modes exist between 2x2 and 3x3 unit cells.

Dehydrogenation TS (TS dhy) has structure that is in the middle from Pr
and M1, i.e., the migrating H is placed on a bridge-site, the carbonated structure
becomes almost linear, and it is a tilted structure (~25°-30°), which permits the
interaction of C3 with a top-site. Hydrogenation TS presents a structure more
similar to VC Cl-trans than to M3, because the carbonated structure is not
linear like in M3, but it is bent, C2 goes down to the surface to make easier
the addition of the coadsorbed H atom from surface to C2, and the C3Hy unit
is already tilted, because in the case of M3, it is parallel to surface, and in
VC-trans it is perpendicular. Despite H atoms number and position, TS hy is
similar to the adsorption mode of Pr in other metal surfaces (Pt, Pd and Rh),
with C1—C2 bond located on a hollow-site and parallel to a M—M bond [97].
Finally, no differences exist between the TS structures depending on C1 atom
position (fcc or hep-site).

In table 5.18 are presented the ZPE uncorrected and corrected adsorption
energies of TS structures respect to Pr in gas phase. For all TS structures, the
energy is above the energy to desorbe Pr molecule. We can advance that energy
barriers are smaller than in the case of the direct isomerisation from Pr to VC
Cl-trans. This will be commented in more detail in section 5.2.5.

The addition of ZPE correction makes the barrier to be reduced in ~15



UNIVERSITAT ROVIRA I VIRGILI
ORGANIC MOLECULES ON METAL SURFACES: FORECASTING STRUCTURES AND SPECTRA

Benjami Martorell Masip

ISBN:978-84-691-9747-9 /DL: T-1259-2008

CHAPTER 5. FROM ADSORBED CHCCH; TO CHCHCHo. 237

Table 5.18: Transition state energies of dehydrogenation and hydrogenation
reaction respect to Pr in gas phase (In brackets values respect to adsorbed Pr.
All values are given in kJ-mol ™).

’ E 22 unit cell ‘

No ZPE ZPE | ZPE-dl | ZPE-d3 | ZPE-d4

TS dhy Cl-fce | 95.2 (174.3) | 79.9 79.4 84.8 84.4
TS dhy Cl-hep | 97.7 (177.2) | 82.3 81.8 87.3 86.8
TS hy Cl-fcc | 90.2 (169.4) | 75.6 75.4 80.0 79.8
TS hy Cl-hep | 93.1 (172.6) | 78.3 78.1 82.7 82.5

E 3x3 unit cell
No ZPE ZPE | ZPE-d1 | ZPE-d3 | ZPE-d4

TS dhy Cl-fecc | 68.8 (166.5) | 51.2 50.9 56.2 55.8
TS dhy Cl-hep | 67.9 (166.0) | 50.2 49.9 55.3 54.9
TS hy Cl-fce | 64.3 (161.9) | 53.8 53.6 58.3 58.1
TS hy Cl-hcp | 66.1 (164.2) | 52.8 52.6 97.2 57.1

kJ-mol! for dehydrogenation TS for both unit cells and for hydrogenation TS
on the 2x2 unit cell, and ~10 kJ-mol! for the hydrogenation process on the
3x3 unit cell. This is due to the lost of one vibrational C—H frequency respect
to Pr in gas phase, and also to the fact that C—C stretching modes are not
so high in energy respect to Pr in gas phase, which owns a triple C=C bond.
So, only ZPE corrected values will be commented. It can be observed that the
energy of T'Ss on the 2x2 unit cell is larger than on the 3x3 unit cell. For
the dehydrogenation process, on the 2x2 unit cell the energy is 80 kJ-mol!
and on the 3x3 unit cell is 51 kJ-mol!, which means an energy difference of
29 kJ-mol'. For adsorbed Pr this difference is 19 kJ-mol' and for VC on
C3-top structure it is 41 kJ-mol'. So, high coverages situations pushes up
all energy values for the dehydrogenation reactions, indicating an important
effect of lateral interactions. For the case of hydrogenation TS, this difference
is somewhat smaller, 22 kJ-mol™!, indicating that lateral interactions are not so
important, as can be deduced from the different structure of this TS, which is
not so flat on the surface. However, its carbonated structure is more similar to
the one of adsorbed Pr, so lateral interactions are similar to the ones that Pr
suffers.

Another important feature is that dehydrogenation and hydrogenation TSs
have almost the same energies, being their difference <5 kJ-mol?*. Note that
for both TSs structures the migrating H atom is near the surface, so energy

differences are more similar to ones found for the CHCCHy + H structures than
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to the adsorbed Pr or VC species. If temperature is enough to achieve TSs
energy, as both TS lies at similar energy the final amount of adsorbed Pr and
VC Cl-trans will be related to the different adsorption energy of both isomers
(although the Pr desorption will be always a competitive process).

From energy barriers respect to the adsorbed Pr (values in brackets in ta-
ble 5.18), we can observe a decrease of ~10 kJ-mol? as coverage is reduced
from 1/4 to 1/9. Contrarily, the energy barrier from adsorbed Pr for the di-
rect isomerisation does not change with coverage, although strongly affects the
thermodynamics of the reaction. Finally, from an energetic point of view, no
important differences exist related to the position of C1 on fcc or hep-site, being
in all cases the fcc-site lower in energy, except for the hydrogenation T'S on the

2x2 unit cell.

5.2.4.2 TS dhy and hy: geometric parameters.

In table 5.19 are presented the geometrical parameters for both TSs. In both
cases only values for C1 adsorbed on fcc-site are presented, because the dif-
ferences between them are almost non-existing. Values are given only for the
3x3 unit cell when differences are small, but differences larger than +0.02 A in
distances and £1° in angles respect to the 2x2 unit cell are taken into account
and are presented in brackets.

For the dehydrogenation TS (from Pr to M1) the C1—C2 distance (1.29 A)
is shorter than the C2—C3 (1.37 A). The C2—C3 distance has a value similar to
the products, M1. However, in the TS structure, the C1—C2 distance is shorter
than in the adsorbed Pr and M1 structure, being closer to this last one. Another
important parameter is the distance of the migrating H atom (H*) respect to the
methylenic carbon (C3), which changes with coverage. For the 3x3 unit cell it is
1.59 A, whereas for the 2x2 unit cell it is larger (1.67 A). Two other parameters
are related to this fact. First of all, the angle that forms C1—C2 bond with the
surface is larger on the 2x2 unit cell (32°) than on the 3x3 unit cell (25°), and
besides, the C1—C2—C3 angle is closer on the 2x2 unit cell (161°) than on the
3x3 (167°), so for the 2x2 unit cell, C3 is further from the surface (H atom does
not change its position respect to the surface, being in both unit cells 1.72 A
the distance respect to the nearest Cu atom). H1 is almost placed on the same
plane than all carbon atoms, and H3 and H4 have very similar dihedral angles
(111° and -105°, respectively), making this structure to be almost symmetric

respect to the C1—C2—C3 plane. Finally, agostic interaction between H1 and
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Table 5.19: Dehydrogenation and hydrogenation TS geometrical parameters for
3x3 unit cell (2x2 unit cell when values differences are larger than 0.02 A or
1.0°).

’ ‘ TS-dhy. ‘ TS-hy. ‘
@) d(C-H*) 1.59 (1.67) 1.63 (1.67)
d(C1-C2) 1.29 1.38
d(C2-C3) 1.37 1.34

™) (C1-C2-C3) | 166.9 (161.4) | 145.4 (147.9)
a(H1-C1-C2) 124.4 113.7

a(H3-C3-C2) 117.9 (119.5) 123.0
a(H4-C3-C2) 117.3 (119.0) 119.2
a(H3-C3-H4) 114.8 (113.7) 117.8
(177.4)
)

(©9(H1-C1-C2-C3) | 173.2 (177.4 47.1 (48.9)
6(H3-C3-C2-C1) | 111.6 (107.2) | -171.1 (-169.3)

0(H4-C3-C2-C1) -104.7 11.2 (13.6)

Dtilt 24.5 (32.0) 25.4 (27.8)
©d(C1-M) 2.15 (2.11) 2.01
d(HI1-M) 2.73 2.24
d(H*-M) 1.72 1.71

@d: distance, for TS-dhy. it is C3—H* distance, for TS-hy is C2—H* (A);
(o angle (degrees); ()6: dihedral angle (degrees); (Vtilt: angle that forms
C1—C2 bond with the surface plane; (/d: distance to nearest surface atom

(A).

Cu atoms does not exist due to the large H1—M distance.

In the TS-hy, from M3 to VC Cl-trans, the C1—C2 distance (1.38 A) is a
bit larger than the C2—C3 (1.34 A). For VC Cl-trans structure both distances
are 1.45 and 1.36 A, respectively, whereas for M3 are almost equal and shorter
(1.32 and 1.31 A, respectively) . The C2—H* distance is 1.63 A, a typical C—H
distance of the migrating H for a hydrogenation-dehydrogenation TS [95]. This
distance is a bit larger on the 2x2 unit cell (1.67 A), being the reason the same
than for the TS dhy. Another important feature of this structure is that the
C3H, is rotated, among the position of M3 and VC Cl-trans. Finally, an agostic
interaction between H1 and the surface could exist, because H1—M is shorter
(2.24 A) than the same distance in the TS dhy.

5.2.5 Reaction profiles.

In figures 5.13 are presented the reaction profiles from Pr to adsorbed VC C1-
trans on Cu(111) on both unit cells, 2x2 and 3x3. In these profiles it has been



UNIVERSITAT ROVIRA I VIRGILI

ORGANIC MOLECULES ON METAL SURFACES: FORECASTING STRUCTURES AND SPECTRA
Benjami Martorell Masip

ISBN:978-84-691-9747-9 /DL: T-1259-2008

CHAPTER 5. FROM ADSORBED CHCCH3; TO CHCHCHo,. 240

1204

8D — _—

g

= 401 —_—

) —_— —

B0

g —_—

= a0
-801 -

Pr ads Pr TS-dehy. M1  M2/TS M3 TS8-hy. VC-trans

(a) Reaction profile in a 2x2 unit cell.

1201
801

40

Energy (kJol/mol)

-401

-801

Pr ads Pr TS-dehy. M1 M2/TS M3 TS8-hy. VC-trans

(b) Reaction profile on a 3x3 unit cell.

Figure 5.13: Reaction profiles for the isomerisation from Pr to VC Cl-trans:
through the direct transposition and through the dhy-hy process.

omitted the interconversion among different VC isomers because it has been
already shown in figure 5.1. For both unit cells, the reaction profiles show the
path of the TS in the direct isomerisation and the pathway through a dhy-hy
process. The direct isomerisation takes place only in one step, but it is the most
energetic process (133 kJ-mol! for 2x2 unit cell and 113 kJ-mol! for 3x3)
becoming the most disfavoured by energetic criterions.

On the other hand, the dehydrogenation-hydrogenation process is, in general,
a less costing energetic process, but it involves three intermediates and two

transition states (besides the diffusion of H atom on surface), i.e., entropic effects
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could play an important role. However, for the dhy-hy path, both barriers are
lower than the direct isomerisation process: ~80 kJ-mol™ for the 2x2 unit cell
and ~50 kJ-mol™! for the 3x3 unit cell. The large difference between both paths
are large enough to rule out the direct isomerisation.

In the interconversion process among different coadsorption sites, the most
important factor is supposed to be the diffusion of H atom on surface. It has
been evaluated in section 5.2.1 that this diffusion is almost a non-activated when
H is adsorbed alone on surface (energy barrier of 13 kJ-mol?), so it should
be supposed that in this case the interconversion from one coadsorption mode
to another one will not be a limiting step in the overall process, because the
interconversion among them is basically the diffusion of H on surface, which is
a very easy process to occur. So in figure 5.13 it has been drawn this process in
grey colour because it has not been checked.

Finally, as an opened point of this thesis, it would be interesting to study
other possible reaction paths when adsorbed Pr is dehydrogenated. For instance,
CsHj could hydrogenate to yield propadiene instead of VC. Or VC could de-
hydrogenate to yield the specie CHCHCH, which could also dimerise to yield
benzene. Possibilities are multiple and this thesis has only been one more step

in the global understanding of the dimerisation of Pr.

5.3 Final summary.

In this chapter we have studied the kinetic aspects in the direct interconversion
from Pr to VC on the (111) surface of Cu, Pt, Pd and Rh. Moreover, in the case
of Cu the direct isomerisation is not a possible pathway and we searched another
possible reaction path to yield VC. In this last study, we have characterised a
new specie on Cu surface, C3Hs, and the coadsorption of this specie with H.
With all this information, we have been capable of answering the questions that

were raised at the beginning of this chapter:

e We have studied the direct isomerisation from Pr to VC Cl-trans on two
different unit cells: 2x2 and 3x3. Metals can be divided in:

— Cu: metal with a high H-transposition barrier. 133 kJ-mol-! on the
2x2 unit cell and 113 kJ-mol™! on the 3x3 unit cell.

— Pd: metal with a barrier similar to the Pr desorption energy: 14
kJ-mol! on the 2x2 unit cell and 2 kJ-mol! on the 3x3 unit cell.
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— Pt and Rh: metals with an isomerisation barrier below the Pr des-
orption energy: -14 and -35 kJ-mol! on the 2x2 unit cell and -29
and -27 kJ-mol ™ on the 3x3 unit cell (for Pt and Rh, respectively).

e Different VC isomer interconvert differently among them on the different
unit cells for Cu(111):

— On the 2x2 unit cell three VC structures exist. Between Cl-cis
and C3-top structures no TS was found for the interconversion, but

between Cl-trans and Cl-cis it exists. It has an energy of 5 kJ-mol ™.

— On the 3x3 unit cell three different VC structures exist. No connect-

ing TS among them was found.

— On the other metals lateral interactions are small, so it has been
supposed to have the same behaviour as on Cu(111) on the 3x3 unit

cell: no TS exists among them.

e The direct isomerisation for Cu is a too high demanding process, so we

studied an alternative mechanism (dhy-hy).

H atom adsorbs on a hollow-site. Its E,qs depends on the unit cell used:
-23 kJ-mol! for 2x2 and -44 kJ-mol! for 3x3. Vibrational frequencies
are almost the same on both unit cells: v H*—M (L) ~1045 and v H*—M
() ~745 cm™t.

C3Hj structure adsorbs via its unpaired electron and the double C2=C3
bond. Its E,g4s is 21.2 kJ-mol™* on the 2x2 unit cell and -16.6 kJ-mol™! on
the 3x3 unit cell.

The non-interacting coadsorption energy of CzHz + H is -1 kJ-mol! on
the 2x2 unit cell and -61 kJ-mol! on the 3x3 unit cell, indicating that

if no interaction existed between both species, on the 2x2 unit cell the

C—H bond break would be competitive to the Pr desorption, and on the
3% 3 unit cell the C—H bond break would be the majoritary reaction.

On the interacting system, three coadsorption modes have been calculated:

— M1: H* atom is coadsorbed below the C3Hs unit on a hollow site.

* 2x2 unit cell: Euqs= 22 kJ-mol!; tilt angle = 41°; C2—C3 dis-
tance = 1.31 A.
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* 3x3 unit cell: Euqs= -21 kJ-mol!; tilt angle = 14°; C2—C3 dis-
tance = 1.36 A.

— M2: H* atom is coadsorbed next to the C3Hs unit on a hollow site.

* 2x2 unit cell: Euqs= 36 kJ-mol!; tilt angle = 42°; C2—C3 dis-

tance = 1.32 A.
* 3x3 unit cell: Euqs= -19 kJ-mol!; tilt angle = 16°; C2—C3 dis-
tance = 1.35 A.

— M3: H* atom is coadsorbed next to the C3Hs unit and near C2 on a
hollow site.
* 2x2 unit cell: Euqs= 31 kJ-mol’; tilt angle = 43°; C2—C3 dis-
tance = 1.31 A.
* 3x3 unit cell: E,qs= -2 kJ-mol!; tilt angle = 42°; C2—C3 dis-
tance = 1.31 A.

e The TS from adsorbed Pr to M1 and from M3 to adsorbed VC Cl-trans

have been calculated and characterised:

— On the 2x2 unit cell:

* Dehydrogenation TS energy is 80 kJ-mol ™.
* Hydrogenation TS energy is 76 kJ-mol ™.

— On the 3x3 unit cell:

* Dehydrogenation TS energy is 51 kJ-mol™!.
* Hydrogenation TS energy is 54 kJ-mol ™.

e The overall process for the Horiuti-Polanyi mechanism is more favourable

than for the direct isomerisation process for Cu(111).

e In figure 5.14 are presented the simulated RAIR spectra for all CsHy
species on Cu(111) on the 3x3 unit cell.

— Adsorbed Pr presents a strong band in the v C—H region and the

other structures are very low-intense in this region.

— The existence of bands between 1600 and 2000 cm™ (negative cou-
pling of both v C=C) allows us to identify the dehydrogenated struc-
tures, because no other structure presents adsorption in this zone.

At ~760 cm™' another important band exists, corresponding to w
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C3Hs. The different tilting degree of the structure makes spectrum
very different for M3 respect to M1 and M2.

— M1 and M2 structures are difficult to be distinguished.
— The existence of a strong band at ~1350 cm™ identifies the VC C1-

trans structure.

— The flat VC structures (C3-top and C3-hollow) present very weak
bands, being the most intense one ~750 cm™. Both are difficult to
be distinguished.
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Figure 5.14: Comparison of RAIR spectra for all calculated species on Cu (111)
3x3 unit cell.
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Chapter 6

NEXAFS spectra for

adsorbed molecules.

Following the isomerisation process from
Pr to VC using NEXAFS spectroscopy.

Until now we have focused our efforts to simulate RAIR spectra. RAIR spec-
troscopy is a very powerful tool for experimental chemists and physicists to study
the phenomena that occur on a surface, for example, the study of a chemical re-
action catalysed by a heterogeneous catalyst [69, 70]. This technique has been
used by Toomes et al. to elucidate the propyne structure on Cu(111) [108]. This
technique is based on the interaction of a light source (from 10 to 10000 cm™!)
with the system. As a consequence of this interaction, the system can change the
vibrational levels, which are associated to the movement of the atomic nuclei.
Transitions between different vibrational levels give bands on the IR spectrum,
which are mainly related to one (or more) functional group of the molecule.
Some of them are the fingerprints of a determined structure and can be used to
propose the presence or absence of a concrete structure. Chapters 3, 4, and 5
have been focused to obtain the fingerprints of the RAIR spectra for some or-
ganic adsorbates. Moreover, the obtained values could also be used for others
IR-band techniques as (HR)EELS.

Let’s focus now in another kind of technique that has also demonstrated
to be very sensitive to the chemical environment for adsorbed molecules. In

this case, the technique is based on another physical phenomenon and another

246
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frequency region. NEXAFS spectroscopy is based in the excitation of an inner-
shell electron (in our case the 1s electron of C atoms) to the unoccupied orbitals
near the ionisation potentials (IP). In the case of C atoms, the IP for 1s electrons
18 placed around 290 eV, being this value sensitive to the chemical environment.
As an example of the sensibility of this technique, Kolzcewsky et al. were able
to differentiate among the three different phenylpropene isomers simulating the
NEXAFS spectra at the equilibrium adsorption geometry of these molecules on
Cu(111) [36].

In collaboration with the group of Pr. K. Hermann, who has a large experi-
ence in the simulation of NEXAFS spectroscopy [117], we simulated NEXAFS
spectra of Pr and VC molecules adsorbed on Cu(111) using the StoBe code. So,

the main objectives of this chapter are:

o To simulate gas phase Pr NEXAFS spectrum and to compare with the

experimental one.

o To simulate gas phase VC NEXAFS spectrum for two electronic states,
the singlet and the triplet state.

o To simulate the adsorbed Pr molecule on Cu(111) NEXAFS and to com-

pare it with the spectrum of gas phase Pr molecule.

o To simulate the NEXAFS spectrum of adsorbed VC and to compare it with

the adsorbed Pr spectrum.

e To find out the fingerprints in NEXAFS spectra to follow the isomerisation

reaction.



UNIVERSITAT ROVIRA I VIRGILI
ORGANIC MOLECULES ON METAL SURFACES:
Benjami Martorell Masip
ISBN:978-84-691-9747-9 /DL: T-1259-2008

FORECASTING STRUCTURES AND SPECTRA

CHAPTER 6. NEXAFS SPECTRA FOR ADSORBED MOLECULES. 248
T T T T
b
1y
,' — Theoretical
— I — — Experimental
E )
g !
L I
2 I
0 I
s [
€ !
- ]
!
!
J
28'0— — 285 290 295 300

Energy [eV]
(a) Total spectra.

Intensity [arb. units]

P

| I
295 300

-

280 285 =590
Energy [eV]

(b) Decomposed spectrum.
Figure 6.1: NEXAFS spectra of gas phase propyne. a) Simulated and experi-

mental NEXAFS spectra. b) Decomposed NEXAFS spectrum and the molec-
ular orbital involved in the most intense transition. The grey strip deals with

the range of IP for all carbon atoms.

6.1 Simulation of NEXAFS spectra.

6.1.1 Gas phase propyne.

NEXAFS spectrum of gas phase propyne has been simulated and compared with
the experimental one. In figure 6.1(a) it can be observed the good agreement
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(a) Singlet state. (b) Triplet state.

Figure 6.2: Molecular orbital diagram for gas phase propyne.

~@® "

(a) (b)

(c) (d)

Figure 6.3: Final molecular orbitals involved in the transitions of C 1s electrons

of propyne.
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between the experimental spectrum and the theoretical one. Only a small shift
of 0.5 eV to higher energies is observed for the theoretical spectrum that can be
achieved to the NEXAFS calculation method and its approximations. To assign
every band to a concrete transition, the individual contributions of each carbon
atom of propyne were represented. Moreover, the molecular orbital diagram
for gas phase propyne is presented in figure 6.2(a) in order to make easier the
discussion of resutls. It can be observed (figure 6.1(b)) that the two atoms that
contribute to the triple bond (C1 and C2) are totally different respect to the
methylenic one. The acetylenic carbon (C1) has an Ionisation Potential (IP) of
290.0 eV, and it presents a very intense peak at 286.2 eV, due to the excitation of
its 1s electron to the 7* C=C molecular orbital (MO, see figure 6.3(a)). Another
less intense peak at 288.2 eV can be assigned to the excitation to the o* C1—-H
MO (see figure 6.3(b)). For the C2 atom the IP is a bit higher, of 290.6 V. A
very intense peak at 286.6 €V corresponds to the excitation of 1s (C2) electron
to the 7* C=C MO. The differences between both carbons could be due to the
different charge distribution on these two carbons. The C1 atom presents a
Mulliken charge of -0.3 electrons, whereas the C2 is almost neutral, so the 1s
(C2) electron is a little bit more stabilised, and more energy is required to take
the electron to highest levels. On the other hand, the methylenic carbon (C3)
behaves very different from C1 and C2, because it forms a simple C—C bond.
The IP of C3 is 291.3 €V, higher than the one of C1 and C2. Besides, C3 has
no contribution at the zone of the most intense peak, around 286 eV, but it has
contribution in the more energetic peaks. The two most intense peaks of C3
are at 290.1 and 292.3 eV. The peak at 290.1 eV is the excitation to o* C3—H
MO (see figure 6.3(c)), and the other peak corresponds to the excitation to o*
C2—C3 bond (see figure 6.3(d)). So, if we compare the experimental spectrum
with the theoretical simulation we can conclude that the most intense peak at
the experimental spectrum, 285.9 €V, is the excitation of the C1 and C2 1s
electron to 7* C=C, the next peak at 288.4 eV is the excitation of C1 and C3
1s electron to o* C—H bond and the broad peak at 292 eV can be assigned to
the C3 excitation to o* C2—C3 bond.

When propyne is adsorbed on Cu(111), it adopts a bent geometry, similar
to the geometry of the gas phase propyne in the low-lying triplet state [60, 36].
So, we decided to simulate the NEXAFS spectrum for gas phase propyne in
its triplet state geometry, for both singlet and triplet states. The triplet state
geometry presents a Cg symmetry; the acetylenic hydrogen and the methyl group

are tilted away in the plane. It can be seen as a propene molecule, where two
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(c) (d)

Figure 6.4: Final molecular orbitals involved in the transitions of C 1s electrons
of propyne in Cq geometry (singlet state).

H atoms of the double C=C bond have been removed (one for each carbon).
The C1—-C2 bond distance is enlarged from the Cs, propyne (1.23 A) to 1.35
A, typically a double bond distance. The H—C1—C2 angle bends from 180°
(LA-C3, state) to 129° in 3A’ Cj state, and the C1—C2—C3 angle shifts to 131°.
The triplet state is 3.42 eV above the low-lying singlet state for propyne. For
the triplet state geometry, the singlet state is 2.14 eV above the Cs, propyne
(but it is not a minimum).

We have simulated the NEXAFS spectra for the triplet state geometry (Cs
geometry) in its triplet state and in singlet state, to be compared with the Cs,
propyne and the adsorbed Pr. The NEXAFS spectrum of single state Pr with
geometry of the triple state is quite different respect to Cs, Pr spectrum, as can
be observed in figure 6.5(a). The most important difference is the appearance
of a very intense peak at 283.2 eV, remaining peaks at 286.0 and around 290.0
eV, decreasing the intensity of the peak at 286.0 eV. The peak at 290.0 eV is
due to the methyl carbon of the Pr, like in the Cs, Pr. The IP of C3 is in
this case 291.5 eV, and the peak at 289.8 eV is due to the excitation of its 1s
electron to o* C3—H (see figure 6.4(d)). The peak at 286.0 €V is the excitation
of the C1 and C2 1s electrons to the 7* C—C MO perpendicular to the plane
H—C1-C2 (A” orbital, see figure 6.4(b)), because the other 7* C—C MO, in
the plane H—C1—C2 (A’ orbital, see figure 6.4(a)), is stabilised because of the
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Figure 6.5: NEXAFS spectra for propyne molecule in the triplet state geometry.
a) singlet state and b) triplet state.

breaking of the linearity of Pr, and destabilising the bonding MO of the triple
bond. This makes to appear a peak at 283.3 eV. Of course the peaks at 286.0
and 283.3 eV only have contribution of C1 and C2, and there is a small shift of
0.4 eV between the contribution of C1 and C2 due to the difference of charge
between C1 and C2, like in the C3, Pr. The IP for C1 is in this case 290.4 eV,
and for C2 is 290.9 eV.

For Pr in triple state, the excitation for alpha and beta electron is different

(due to the unrestricted calculation method used) and they must be taken into
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Figure 6.6: Final molecular orbitals involved in the transitions of C 1s electrons
of propyne in Cg geometry (triplet state).

account. Final NEXAFS spectrum is the addition of both spectra, the alpha
and the beta ones. Total NEXAFS of Pr in the triple state can be observed
in figure 6.5(b), it is quite similar to the spectrum of the single state with
the triplet state geometry NEXAFS spectrum (figure 6.5(a)). The triplet state
spectrum of Pr has three mainly peaks with a shoulder the most intense one.
The band corresponding to C3 atom remains more o less equal like the case
of singlet state. The IP of this carbon is 291.1 eV, independently for both
alpha and beta excitations. C3 has an intense peak at 289.5 eV, that belongs
to the excitation of the 1s electron to the o* C3—H orbital (see figure 6.6(d)).
The situation for C1 and C2 is quiet different, because there are two electrons
decoupled, with the same spin in the same molecule, and localised on these two
carbons. IP for 1s electrons of C1 are 291.5 and 290.7 eV, for alpha (occupied)
and beta (unoccupied) electron, respectively. IP for C2 are 291.7 and 291.0 eV.
The excitations of 1s alpha electrons for both C1 and C2 atoms give only one
very intense peak at 286.4 eV for both carbons. These are the excitations of
the 1s electron to A” 7* C—C MO (see figure 6.6(c)). The excitations of beta
electrons produce a more complicated NEXAFS spectrum. Like for the alpha
electrons, there is a peak at 286.4 and 286.6 eV for C1 and C2 respectively, that
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(a) Adsorption mode. (b) Calculation cluster.

Figure 6.7: a) Adsorption mode of Pr on Cu(111). b) The Cusy calculation
cluster.

correspond to the excitation to A” 7* C—C MO. Besides a second peak appears
near the last one, at 285.3 and 285.5 eV for C1 and C2, corresponding to the
shoulder at the total NEXAFS spectrum, and it is the excitation to the A’ 7*
C—C MO (see figure 6.6(b)). A more intense peak exists at 282.0 and 282.3 eV
for C1 and C2, which corresponds to the first intense peak in the total NEXAFS
spectrum, and it is the excitation to the A’ 7 C—C (see figure 6.6(a)), which
is empty because of the triplet state (it would correspond to the 7 C—C in the
plane of the singlet state).

6.1.2 Propyne adsorbed on Cu(111).

The adsorption of Pr on Cu(111) has already been studied. The adsorption
site and geometry, the adsorption energy, and the RAIR spectrum have been
already studied by A. Clotet et al. [90, 106]. The adsorption mode of Pr on
Cu(111) is a di-o/di-m adsorption mode. In figure 6.7(a) the adsorption site of
propyne is presented. The adsorption energy of propyne on Cu(111) has been
published to be from 0.22 eV with a cluster model [90] to a highest adsorption
energy of 0.86 ¢V with a periodic model [106]. It has been suggested by LEED
experiments that the experimental adsorption energy for the v/4x3 unit cell is
0.93 eV . The adsorption energy using the StoBe code with a cluster model of
Cusg (see figure 6.7(b), for more computational details see section 2.5) is 0.34

eV, which is between the values before reported. The geometry of adsorbed Pr



UNIVERSITAT ROVIRA I VIRGILI
ORGANIC MOLECULES ON METAL SURFACES: FORECASTING STRUCTURES AND SPECTRA

Benjami Martorell Masip

ISBN:978-84-691-9747-9 /DL: T-1259-2008

CHAPTER 6. NEXAFS SPECTRA FOR ADSORBED MOLECULES. 255

Intensity [arb. units]

—_————

) N L R | R R
280 285 290 295 300

Energy [eV]

Figure 6.8: Simulated NEXAFS spectrum for adsorbed Pr on Cu(111).

on Cu(111) is similar to the triplet state geometry in the gas phase. In this case,
the C1—C2 distance is 1.38 A, a bit larger than triplet state’s distance, and the
H—-C1-C2 and C1-C2—-C3 angles are a bit smaller than triplet state’s angles,
119.8° and 121.7°, respectively. This effect is due to the presence of the surface.

As a previous chemical (or physical, where is exactly the frontier?) exercise,
we can imagine how the adsorbed Pr NEXAFS spectrum will look from the
NEXAFS spectrum of gas phase propyne, with the most adequated geometry,
the triplet state geometry, but with the easiest electronic state, the singlet state.
We can imagine that the electronic structure remains in the adsorption process,
except for the orbitals involved in the bonding with the surface. These are the
triple bond m C—C MO. So the biggest changes will occur in these excitations.
These MO will interact with the surface, so new more stabilised MO than in
the gas phase will appear. This makes the antibonding states to be higher in
energy and the excitations to these orbitals will be more energetic than those
in gas phase.

NEXAFS spectrum of adsorbed Pr on Cu(111), which is presented in figure
6.8, seems quite different to the gas phase spectra. The decomposition of NEX-
AF'S spectrum was made to understand it. For methylenic carbon, C3, the IP
is 288.5 €V, and there is an intense, broad peak centred at 289.8 ¢V (above IP),
with a shoulder at 288.4 e¢V. This is a band corresponding to the excitations to
o* C3—H orbitals, being these peaks very similar to those in the gas phase. For
C1 and C2, NEXAFS spectra look quite different from the gas phase. The C1
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IP is 287.3 eV. In NEXAFS spectrum of C1 there is an intense peak at 285.5 eV,
which corresponds to the excitation to A” 7* C—C MO. Two other less intense
peaks are around this one, one at 283.9 and the other one at 287.1 eV. These
two peaks are the excitations to orbitals created in the interaction with the
surface. The C2 IP is 287.5 eV. In NEXAFS spectrum, the most intense peak is
at 285.8 eV and it corresponds to the excitation to A” #* C—C MO, but there
are also two very intense peaks at 284.6 and 287.1 eV, which correspond to the
excitations to MO that come from the interaction with the surface. So in the
total NEXAFS spectrum, the peak at 285.6 €V corresponds to the excitation to
A” 7% C—C, the peak at 289.8 eV corresponds to the excitation to o* C3—H
orbitals, and the shoulder at 284.5 eV and the peak at 287.1 eV correspond to
the excitation to the orbitals coming from the interaction between surface and

Pr molecule.

6.1.3 Propene-1,3-diyl and vinylcarbene in the gas phase.

Following section 4.1, where CHCHCH; molecule was presented extensively, two
accessible electronic states exist: singlet state (vinylcarbene) and triplet state
(propene-1,3-diyl) [76, 118]. In figure 6.9 are presented the molecular orbitals
diagram for both electronic states of VC. This molecule has demonstrated to
play an important role in the interconversion of C3Hy isomers [80, 81]. Using
the StoBe code, we obtained for vinylcarbene a C1—C2 distance of 1.46 A and
a 02—C3 distance of 1.37 A, being the carbonated structure angle 116°. For
propene-1,3-diyl, C1—C2 and C2—C3 distances are 1.39 and 1.40 A, being the
angle among three carbons 126°. All these values are very similar to the ones
in table 4.1.

In figure 6.10(a) simulated NEXAFS spectrum for vinylcarbene (singlet
state) is presented. C1 IP is 290.6 eV, for C2 is 291.0 eV and for C3 is 290.4
eV. These IP values are in a smaller range (0.6 ¢V) than propyne’s (1.3 V),
indicating these three carbon atoms are chemically more similar than propyne’s
carbon atoms were among them. The most intense peak in total spectrum
lies at 286.8 eV. Analysing the decomposition of the spectrum on three carbon

* orbital over all molecule

atoms, this peak can be assigned to the resonant 7
(see figure 6.11(b)), where all carbon atoms contribute. At 282.4 €V appears
another intense peak that corresponds to the excitation of C1 1s electron to
the localised p, orbitals (perpendiculars to molecular plane) on C1 and C3 (see

figure 6.11(a)). At 283.5 €V appears the same transition for C3. At 289.1 eV
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Figure 6.9: Molecular orbital diagram for gas phase CHCHCH; molecule.

another intense peak appears. This peak has contribution of all carbon atoms
and it is the excitation to o* C—H bonds (see figures 6.11(c) and (d)).

In figure 6.10(b) NEXAFS spectrum for propene-1,3-diyl (triplet state) is
presented. It can be observed that NEXAFS spectra for vinylcarbene and for
propene-1,3-diyl are different, indicating differences in electronic structure. IP
for C1 are 291.3 and 290.4 for alpha and beta electrons, respectively (occupied
and unoccupied spin-orbitals, see diagram 6.9(b)), for C2 are 290.9 and 291.0
eV and for C3 291.6 and 290.1 eV. In NEXAFS spectrum the most intense peak
lies at 283.5 eV and it has contribution from C1 and C3, but only for beta
electrons (i.e. the unoccupied states). It is the excitation of C1 and C3 1s
electron to p,* orbitals localised on C1 and C3 (see figure 6.12(b)). Moreover,
C1 has contribution in the excitation to the carbenic orbitals localised on C1
(see figure 6.12(a)). The peak around 286.5 eV has only contribution of alpha

electrons, it is the excitation of 1s electrons of C2 and C3 to the resonant 7*
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Figure 6.10: NEXAFS spectra for CHCHCH; molecule. a) Vinylcarbene (singlet
state) and b) propene-1,3-diyl (triplet state).

orbital over all molecule (see figure 6.12(c)). The peak at 287.7 €V corresponds
to the excitations of beta electrons to the same orbitals as peak at 286.5 €V,
but for this peak it has also a contribution the excitation of C1 alpha electron
to the same orbital (resonant 7*). So this excitation is the same for alpha and
beta electron of C1, but splits for C2 and C3 in alpha and beta excitations.
The peak around 289.2 eV corresponds to the different possible excitations to

o* C—H, and this value is the same obtained for vinylcarbene.
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Figure 6.11: Final molecular orbitals involved in the transitions of C 1s electrons
of vinylcarbene (singlet state).

(b) (c)

Figure 6.12: Final molecular orbitals involved in the transitions of C 1s electrons
of propene-1,3-diyl (triplet state).

6.1.4 CHCHCH, adsorbed on Cu(111).

In section 4.2 it has been reported the adsorption modes of VC on Cu(111), being
the two most stable modes the C3-top and C3-hollow, being C1-trans structure
and Cl-cis higher in energy. In figures 4.3 were presented the adsorption modes
C3-top, C3-hollow and Cl-trans. C3-hollow structure is the most stable one,
lieing C3-top 5 kJ-mol! and Cl-trans 25 kJ-mol' above C3-hollow. So, we
decided to simulate NEXAFS spectra for the two most stable minima. Results
demonstrated no real differences existed in NEXAFS spectra for C3-hollow and

C3-top structures.
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Figure 6.13: NEXAFS spectrum for CHCHCH> molecule adsorbed on Cu(111)
for the C3-hollow adsorption mode.

As those VC structures are present on the 3x3 unit cell (low coverage
regime), where repulsion between adjacent molecules is low, we decided to use a
large Cu cluster. In this case it is the same one as the used for Pr calculations:
Cusg (see figure 6.7(b)).

NEXAFS spectrum for adsorbed VC in the most stable adsorption mode is
presented in figure 6.13. This spectrum has a wide band in the range between
283 to 287 eV. This band does not correspond to only one excitation but several
excitations. The analysis of all carbon atoms is necessary in order to try to
understand this complicated spectrum. C1 IP is 287.1 eV, for C2 this is 287.8
and for C3 is 287.7 €V. The range is small (0.8 €V), indicating these carbons
are not very different chemically. This gap is similar to the one obtained for
propene-1,3-diyl in gas phase (0.7 €V for alpha electrons and 0.9 eV for beta
electrons). The IP values for adsorbed VC are lower than the ones found for
free molecule, which were in all cases higher than 290 eV, indicating that 1s
electrons are not as stabilised on the cluster as were in gas phase.

The analysis of the excitations is complex because of the interaction between
VC and surface. This interaction occurs between the 7 electrons of VC resonant
structure and the sp band of the surface. This makes that a new set of bonding
orbitals (and antibonding) with the surface are generated. All these orbitals
have p contribution, so the antibonding orbitals generated can be the final state
of the excited electrons. This explains why the band before commented in the

range 283-287 eV appears in a wide range. For higher energies, around 290 eV
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Figure 6.14: NEXAFS spectrum for benzene in gas phase.

(above IP) transitions corresponding to the excitations to o* C—H and around
294 eV to o* C—C.

6.2 Following the isomerisation reaction via NEX-
AF'S spectra.

As commented in the introduction of this chapter, the aim of this work was to
study and to simulate NEXAFS spectra of the species involved in reaction of
dimerisation of propyne on Cu(111). Final specie, i.e. benzene in gas phase
was already studied by C. Kolzcewsky et al. [119, 120]. Theoretical NEXAFS
spectrum of benzene in gas phase is presented in figure 6.14, where four peaks
can be observed!. The most intense one (A) lies at 284.97 eV and it is the first
peak in the spectrum. The second one (B) lies at 286.92 €V, the third one (C)
at 287.78 eV and the final one (D) around 289.35 €V. All of them have been
already assigned.

In the gas phase, the dimerisation of Pr via VC must overpass a large ener-
getic barrier [90]. We have presented here NEXAFS spectra for Pr and VC in
gas phase. In figure 6.15 the different NEXAFS spectra for species in gas phase
are presented. For Pr, a very intense band at 286.4 €V is present, comparing
very well with the experimental NEXAFS that has this band at 285.9 eV. This
band corresponds to C 1s electrons excitation to 7* C=C orbitals. At 288.7 eV
excitations to ¢* C—H are present. When Pr changes its geometry to triplet
state geometry, but remains in a singlet state, band at 286.4 eV splits in two dif-
ferent bands, one at 286.0 eV and the other at 283.2 eV. This is a clear effect of

the symmetry break: the two 7* C—C orbitals are not degenerated. Excitations

IThis image is taken directly from reference [120]
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Figure 6.15: NEXAFS spectra for propyne and CHCHCH;, species in gas phase.

to o* C—H split also to 288.7 and 289.8 €V. In the triplet state, NEXAFS is very
similar to the singlet state Cg geometry. So two bands around 282.1 and 286.4
eV exist, but this one has a little shoulder at 285.3 eV due to different alpha and
beta contributions. So if dimerisation reaction took place in gas phase, in the
Pr preparing step one should observe in the NEXAFS spectrum the splitting of
the band at 286.4 €V.

The next step should be isomerisation to propene-1,3-diyl, which presents a
very intense peak at 283.5 eV, being these transitions to carbenic orbitals on
C1 and localised orbitals p,* on Cl1 and C3. Two peaks at 286.5 and 287.7
eV appear, these are transitions to resonant 7* system in propene-1,3-diyl, and
they are less intense than the first peak. So in the isomerisation step from Pr
to propene-1,3-diyl one should realise that peak at 282.1 of Pr disappears, and
a couple of new peak appear at 283.5, decreasing the intensity of the peak at
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Figure 6.16: NEXAFS spectra for adsorbed propyne and adsorbed CHCHCHs.

286.5 eV and a new peak at 287.7 eV appears. Peak around 289.5 eV for Pr in
its triplet state does not change because for propene-1,3-diyl also exists a peak
at 289.2 eV.

Now two VC molecules should react to yield benzene and hydrogen. As
commented before, benzene presents the most intense peak at 284.97 eV. So
the peak of propene-1,3-diyl around 283.4 eV disappears and appears benzene’s
one. Propene-1,3-diyl’s peak at 286.4 would disappear, but very near, at 286.92
benzene presents a peak. At 287.7 eV both molecules present a peak, so no
changes would exist in this zone. Peak at 289.2 eV in propene-1,3-diyl molecule
does not change significantly because benzene has a peak at 289.35 eV.

Another step could be the transition from propene-1,3-diyl to vinylcarbene.
Vinylcarbene has two peaks at 282.4 and 283.5 eV, and propene-1,3-diyl only
one at 283.5 eV, so one should observe a splitting of the peak in this transition
from propene-1,3-diyl to vinylcarbene. Another important feature is that vinyl-
carbene only has one peak at 286.8 eV, but propene-1,3-diyl has two peaks, one
at 286.5 and the other one at 287.7 eV, so in this zone of the spectrum, from
two peaks we obtain only one in this step.

Let’s go with the dimerisation process of propyne on Cu(111). In this case,
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the first step is the adsorption of Pr on the surface, the second is the isomeri-
sation from Pr to VC, and finally two molecules of VC couple to yield benzene.
In figure 6.16 the NEXAFS spectra for adsorbed propyne and CHCHCH, are
presented. Gas phase Pr has an intense peak at 286.4 eV, but when it is ad-
sorbed, this peak becomes a wide band centred at 285.6 eV. Besides a shoulder
at 284.5 and a new peak at 287.1 eV appear due to interaction with the surface.
These two new peaks are transitions to unoccupied orbitals, which come from
the formation of the Pr—surface bond. Gas phase Pr presents a peak at 290.1
eV, which are transitions to o* C—H, and in adsorbed Pr this peak lies at 289.9
eV, becoming the most intense peak of the spectrum. Peak at 292.3 eV in gas
phase are transitions to o* C—C orbitals, but for adsorbed Pr on Cu(111), this
is the continuous region and no well-defined peaks appear. So, to study the
adsorption of propyne on Cu(111) one could use NEXAFS spectroscopy.

The next step is the isomerisation from adsorbed Pr to VC on Cu(111). A
wide band centred at 285.8 eV appears at VC spectrum. This band is assigned
to the excitations to orbitals coming from the interaction of resonant 7* MO of
VC with the surface. Then a very wide band centred at 293.7 eV appears. This
band (excitations to o* C—C orbitals), hides the band around 290.7 €V, which
are excitations to o* C—H orbitals. So the main difference between adsorbed
Pr and VC is that the band at 285.6 eV wides and centres at 285.8 eV. The
clear propyne peak at 287.1 eV becomes part of the band centred at 285.8 ¢V in
VC spectrum, and the band around 289.8 eV due to ¢* C—H is hidden by the
excitations to 0* C—C MO. Although this, the differences between NEXAFS of
Pr and VC spectra are not large enough to differentiate both species.

Final step is the coupling of two VC molecules and the formation of desorbed
benzene. The wide band centred at 285.3 €V in the case of VC disappears.
Gas phase benzene presents peaks at 284.97, 286.92, 287.78, and at 289.35 eV.
So, if desorbed benzene is produced the wide bands will disappear in the final
spectrum.

Finally, we can conclude that NEXAFS is an appropriate tool in order to
follow dimerisation reaction of Pr in gas phase, and all species can be identi-
fied with no problems, because peaks are clear for every specie. In the case
of the catalysed reaction by Cu(111), adsorbed Pr and adsorbed VC cannot
be distinguished so clearly because of the presence of wide bands in NEXAFS
spectra. Interaction between surface and molecules is really strong and new
sets of orbitals, which are actives by selection rules, are generated. Therefore,

in cases like the present one, where a lot of 7#* MO come from the interac-
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tion adsorbate-surface, NEXAFS technique could not distinguish easily among
different adsorption structures (in our case between adsorbed Pr and VC on
Cu(111)).

6.3 Final summary.

In this chapter we have simulated NEXAFS spectra of Pr and VC in gas phase
and also adsorbed on Cu(111). The aim of this work was to search an experimen-
tal tool to observe the isomerisation reaction. In this case we have demonstrated
NEXAFS spectrum to be a powerful tool to distinguish between Pr and VC,
and even the different electronic states of these molecules can be distinguished.
In the case of adsorbed Pr and VC, the existence of the new orbitals that bind
the adsorbate and the metal surface makes that bands in NEXAFS spectrum
to be wide and both molecules are difficultly distinguished. With all this infor-
mation, we have been capable of answering the question that were raised at the

beginning of this chapter:

e We have simulated Pr NEXAFS spectrum and compared with the experi-
mental one. The agreement between them is really good and only a small

shift of 40.5 eV for the simulated spectrum is observed.

e The NEXAFS spectrum of gas phase propyne has been calculated for three

different cases:

— Cs, propyne: it presents peaks at:
x 286.4 eV, strong, corresponds to the excitation of 1s electrons of
C1 and C2 to the #* C=C MO.

x 288.2 eV, weak, corresponds to the excitation of 1s electron of
C1 to the o* C1-H MO.

x 290.1 eV, medium, corresponds to the excitation of 1s electron
of C3 to the o* C3—H MO.

* 292.3 eV, medium, corresponds to the excitation of 1s electron
of C3 to the o* C2—C3 MO.

— Cs propyne in singlet state: it presents peaks at:

x 283.2 eV, strong, corresponds to the excitation of 1s electrons of
C1 and C2 to the A’ 7* C=C MO.



UNIVERSITAT ROVIRA I VIRGILI

ORGANIC MOLECULES ON METAL SURFACES: FORECASTING STRUCTURES AND SPECTRA
Benjami Martorell Masip

ISBN:978-84-691-9747-9 /DL: T-1259-2008

CHAPTER 6. NEXAFS SPECTRA FOR ADSORBED MOLECULES. 266

x 286.0 eV, strong, corresponds to the excitation of 1s electrons of
C1 and C2 to the A” 7* C=C MO.

x 288.5 eV, weak, corresponds to the excitation of 1s electron of
C1 to the o* C1-H MO.

* 289.5 eV, medium, corresponds to the excitation of 1s electron
of C3 to the o* C3—H MO.
— Cs propyne in triplet state: it presents peaks at:
x 282.2 eV, medium, corresponds to the excitation of 1s beta elec-
trons of C1 and C2 to the A” 7 C=C MO.

x 286.4 eV, strong, corresponds to the excitation of 1s electrons of
C1 and C2 to the A” 7* C=C MO.

x 289.5 eV, medium, corresponds to the excitation of 1s electrons
of C1 and C3 to the o* C—H MO.

e The NEXAFS spectrum of gas phase VC has been simulated for both

different cases:

— Vinylearbene (singlet state): it presents peaks at:
x 282.4 and 283.5 eV, medium, correspond to the excitation of 1s
electrons of C1 and C3, respectively, to the p,* on C1 and C3.
* 286.8 eV, strong, corresponds to the excitation of 1s electrons of
all carbon atoms to the resonant 7* MO.

* 281.9 eV, medium, corresponds to the excitation of 1s electrons
of all carbon atoms to the o* C—H MO.

— Propene-1,3-diyl (triplet state): it presents peaks at:
x 283.5 €V, strong, corresponds to the excitation of 1s beta elec-
trons of C1 and C3 to the p,* on C1 and C3.

x 286.5 and 287.7 eV, correspond to the excitation of 1s electrons
(alpha and beta, respectively) of C2 and C3 to the resonant 7*
MO.

* 289.5 eV, medium, corresponds to the excitation of 1s electrons
of all carbon atoms to the o* C—H MO.

e The NEXAFS spectrum of adsorbed propyne has been simulated and it

presents peaks at:



UNIVERSITAT ROVIRA I VIRGILI
ORGANIC MOLECULES ON METAL SURFACES:
Benjami Martorell Masip

FORECASTING STRUCTURES AND SPECTRA

ISBN:978-84-691-9747-9 /DL: T-1259-2008

CHAPTER 6. NEXAFS SPECTRA FOR ADSORBED MOLECULES. 267

— 284.1 and 287.1 eV, medium, correspond to the excitation of 1s elec-

trons of C1 and C2 to the orbitals that come from the interaction of
the A’ 7 C=C MO with the surface.

— 285.5 €V, strong, corresponds to the excitation of 1s electron of C1

and C2 to the A” 7#* C=C MO.

— 289.8 eV, strong, corresponds to the excitation of 1s electron of C3

to the o* C3—H MO.

e The NEXAFS spectrum of adsorbed VC has been simulated in the C3-

hollow adsorption mode. Its features are:

— A wide band is present from 283 to 287 eV. It corresponds to the

excitations of 1s electron of all carbon atoms to the orbitals that

come from the interaction of the resonant # MO with the surface.

— Around 290 eV exist the transitions to the o* C—H MO.

— Around 294 eV exist the transitions to the o* C—C MO.

o IP of 1s electrons have been calculated for all molecules. The most im-

portant cases are:

— Csy gas phase propyne: Cl and C2 values are similar (290.0 and

290.6 eV), indicating they are chemically similar. C3 value is higher
(291.3 €V), indicating its chemical environment is different from C1
and C2.

Adsorbed propyne: C1 and C2 values are similar (287.3 and 287.5
eV), indicating they are chemically similar, but C3 is not (288.5 €V).
All this values are lower than in the case of gas phase propyne, con-

sequently the 1s electron are less stable in the adsorbed structure.

Propene-1,3-diyl: The IP values are double for every carbon atom,
because of the triplet state calculation. Alpha values are 291.3, 290.9,
and 291.6 eV for C1, C2, and C3, respectively. For beta electrons
values are 290.4, 291.0, and 290.1 eV. In the case of beta electrons
these are less stabilised than the alpha ones. Differences between
carbon atoms are not big, being the most different one C3 (because
it binds to two H atoms).
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— Adsorbed VC: IP values are 287.1, 287.8, and 287.7 €V for C1, C2,
and C3, respectively. They are very similar, being the most different
C1 because its H atom tilts away the molecular plane. All these
values are lower than in the gas phase, indicating it is easier to take

out the 1s electrons.

e We have discussed about the fingerprints that we can find out in every
spectra to follow the isomerisation reaction. It has been demonstrated to
be useful for the isomerisation in gas phase, but differences in the NEX-
AFS spectra of adsorbed molecules are too small to be able to distinguish

between them.
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Chapter 7

Final summary and

conclusions.

7.1 Summary and conclusions.

In this thesis we performed a strict and deep study of the adsorption of some
organic molecules on metal surfaces. The use of periodical-DFT methods has
allowed us to predict structures, adsorption energies, vibrational spectra and
reaction pathways. Moreover, with the use of DF'T method with cluster model
we could forecast the NEXAFS spectra of some adsorbed species on metal sur-
faces. Our work is a clear example how computational chemistry can provide
information about still not studied systems, because they are very new materials
(TTF) or because they are intermediates difficult to be detected experimentally
(VC and C3Hj).

We focused our efforts in three different systems: TTF and TSF adsorbed
on the (110) surface of Ag and Au (chapter 3), VC on the (111) surface of Cu,
Pt, Pd and Rh (chapter 4 and 6) and C3Hjz on Cu(111) (chapter 5).

Chapter 3. The adsorption of two typical organic charge donors on two metal-
lic substrates has been studied in chapter 3. TTF and TSF interact with the
(110) surface of Ag and Au via the lone-pair electrons of their sulphur or sele-
nium atoms. These heteroatoms transfer a part of their charge density to the
sp band of the surface in most cases (from ~0 ¢ in the case of TTF on Ag(110)
1x4 unit cell up to 0.7 ¢ in the case of TSF on Ag(110) 2x4 unit cell).
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On the 2x4 unit cell the four heteroatoms interact and TTF or TSF is
parallel to the surface, but on the 1x4 unit cell, only two heteroatoms can
interact and the molecule lies tilted (30° respect to the normal) to the surface.
As a consequence, on the 2x4 unit cell TTF is more stable (-21 kcal-mol™* on
Ag) than on the 1x4 ( -11 and -8 keal-mol™! on Ag for both minima found).

We found differences in E,qs when the substrate was changed. On Au the
interaction was stronger than on Ag, being -35 kcal-mol™* for 2x4 unit cell and
-18 kcal-mol™! for the only minimum found on the 1x4 unit cell. Otherwise, if
the other interacting actor (i.e., the heteroatom) were substituted, the changes
in E,qs were not so large and only due to its more “external” lone-pair electrons
TSF presents a bit larger E,qs (-25 kcal-mol™!).

Finally, geometrical differences allowed us to differentiate 2x4 and 1x4 unit

cell structures in the RAIR spectra.

Chapter 4. Computational chemistry is a powerful tool in the study of the
reaction intermediates. In chapter 4 we have studied the proposed intermediate
for the dimerisation reaction of propyne to benzene on Cu(111): VC. Moreover,
VC has also been studied on Pt, Pd and Rh, where propyne presents different
reactivity (trimerises on Pd and decomposes on Pt and Rh).

On Cu(111) three different unit cells have been studied: 2x2, 3x3 and
4x+/3. On the 2x2 unit cell three different adsorption modes were found: VC
Cl-trans, VC Cl-cis and VC C3-top, being this the stability order. Cl-trans
and Cl-cis are not flat respect to the surface, and only C1 atom interacts with
metal, whereas C3-top is parallel to the surface and three carbon atoms interact.
On the 3x3 unit cell also three adsorption modes were discovered, but only
two of them were common with 2x2 unit cell: VC Cl-trans and VC C3-top;
the new structure is C3-hollow, and in this case the order of stability is C3-
hollow~C3-top> >Cl-trans. C3-hollow structure is flat respect to the surface
and all carbon atoms interact with the metal. All the structures on the 3x3
unit cell are highly stabilised respect to 2x2 unit cell. Finally, on the 4x/3
unit cell only the C3-hollow structure has been evaluated.

On the (111) surface of Pt, Pd and Rh two different unit cells have been in-
vestigated: 2x2 and 3x3. On these metals three adsorption modes existed: VC
Cl-trans, VC C3-top and VC Cl-bridge. The relative stabilities of the adsorp-
tion modes on both unit cells are always: Cl-bridge~C3-top> >Cl-trans. The
adsorption on the 3x3 unit cell is always ~10 or ~20 kJ-mol! more favourable
than on the 2x2 unit cell. Although this, VC Cl-trans on Rh(111) is more
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stable on the 2x2 unit cell than 3x3 unit cell due to a major agostic HI—M in-
teraction, making the C1—H bond to be very large and activated (its vibrational
frequency decrease from ~2950 down to ~1900 cm™).

Finally, the differences in the structures allow us to differentiate the possible
VC isomers in RAIR spectra, because the flat structures are characterised by
their low intensity bands, whereas the Cl-trans isomer presents in all cases a
very strong band at ~1400 cm™ (for more details see the summary of chapter
4).

Chapter 5. The barriers of the isomerisation from Pr to VC have been eval-
uated in chapter 5, for two possible pathways: the direct transposition of one
methylenic hydrogen atom to the middle C atom and via the dehydrogenation-
hydrogenation process (only for Cu). In the direct isomerisation three different
situations are found. For Cu the barrier is very high >100 kJ-mol™! respect to
the desorption process; for Pd the barrier is around or a bit high than the des-
orption process, so desorption and isomerisation are competitive processes; for
Pt and Rh this barrier is lower than the desorption process and the isomerisation
will be the most favoured process.

In the case of Cu the barrier was so high that another pathway for isomeri-
sation was studied: the dehydrogenation of one methylenic hydrogen atom and
the later isomerisation of the middle carbon atom. A new specie appears for
this process: CHCCH;. When CHCCHjy, is adsorbed on the surface, all three
carbons interact with the surface. When one H atom is added and the coadsorp-
tion process is evaluated, two possible situations exist. If the repulsion between
C3Hgs and H is large, C3Hjs interacts only via C1 and it looks like a javelin stuck
on the surface. Otherwise, if the repulsion is not large, C3H3 remains in the
position of the non-interacting system, bonded to surface via its three C atoms.

For the dehydrogenation-hydrogenation mechanism, three coadsorption min-
ima are necessary: M1, M2, and M3, which have been evaluated on the 2x2
and 3x3 unit cells. On the 3x3 unit cell the stabilisation is larger than on the
2x2 unit cell, because the repulsion is not so important. The barriers of the
dehydrogenation and the hydrogenation steps are not as expensive energetically
as the direct isomerisation, making this to be possible via the Horiuti-Polanyi
mechanism.

Finally, the RAIR spectra of M1, M2, and M3 are different for the two
possible groups of CsHs. In the case of the flat structures all bands are very

weak, being difficult to be distinguished. In the case of the “javelin” structure,
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two strong bands at ~1900 and ~800 cm™ allow us to identify these structures.

Chapter 6. NEXAFS spectra are a powerful tool to study the geometry and
adsorption of molecules on surfaces. In chapter 6 we present the simulated
NEXAFS spectra for the most important species in the isomerisation reaction
of Pr to VC on Cu(111). Pr and VC NEXAFS spectra in gas phase have been
simulated to study the excitations of the free molecule and how they change
during the adsorption. Adsorbed Pr and VC NEXAFS spectra have also been
simulated to certify if this is an adequated technique to follow this reaction.
However, we did not find important differences between the adsorbed spectra

due to the excitations to the orbitals of the adsorbate-metal interaction.

7.2 General aspects.

The study of organic compounds on metal surfaces is a very knotty topic. The
multiple possible adsorption modes and the dependence of this adsorption modes
on the surface model used increases its difficulty. Moreover, in the slab model
(the most used in this thesis), the choice of the unit cell is a crucial parameter.

So, the general aspects studied in this thesis are:

e The adsorption modes and relatives energies of the organic molecules on

the different metal surfaces.

The periodical-DFT methods allowed us to evaluate the energy and the ad-
sorption modes of several organic molecules on metal surfaces for two different
cases: one charge donor on its support and the intermediates in an isomerisation
reaction.

The addition of ZPE correction in the adsorption energies allowed us to

evaluate with a major precision the processes on the surface.
e The geometrical parameters of adsorbates.

The structures of adsorbates and the relaxation of surface have been evaluated.

The used methods have demonstrated the capability to predict the structures

of intermediates and other species before the experimental characterisation.
Geometrical parameters also helped us to lucubrate how the interaction be-

tween adsorbate and surface is carried out.

e The evaluation of the charge transfer.
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In the case of TTF and TSF on the metallic substrate, PDOS has allowed us
to describe how the interaction adsorbate-metal is carried out. Moreover, with
the integration of charge density we have have evaluated the donor capacity of

these molecules on the metals.
e The simulation of RAIR and NEXAFS spectra.

The calculation of vibrational frequencies and dipolar moments made possible
to simulate the RAIR spectra. Also the assignment of the bands and the dis-
cussion of the spectra have been made in this thesis. Moreover, the partially
and totally deuterated species have been taken into account. The simulation
of these spectra is a powerful tool for the detection of these species on the ex-
perimental conditions. What is more, the simulation of deuterated spectra give
more information about the species that can be present on the surface.

Another kind of spectra have been simulated. NEXAF'S spectra have demon-
strated to be a powerful tool to study the adsorbates on surfaces.

e The study of reaction intermediates and transition states.

The study of transition states has permitted us to suggest some possible reaction
pathways for the isomerisation reaction from Pr to VC.

Two possible pathways have been proposed for Cu, the direct isomerisation
(whose barrier is very high) or the Horiuti-Polanyi process (the dhy-hy barriers
are lower). Unfortunately the global study of the reaction is still at half-way

and more efforts must be made to obtain a complete understanding.

7.3 Which questions are still opened?

As always, when a thesis is finished, exist more opened questions than the closed
ones. In the last sections we have summarised and explained which questions
have been closed. Now we want to make some questions that are still opened

and that could be the starting point for other studies:
e In the case of OMM:

— The adsorption of two charge donors (the smallest ones) have been
made, but what happens with the other ones that are bigger (TMTTF,
BEDT-TTF...7
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— And the charge acceptors? One could study how TCNQ and other

derivatives interact with surfaces.

— The transfer charge salts require the cations and anions and we have
studied them independently. What about the coadsorption of both?

— And more other questions...
e In the case of the cyclation of propyne:

— We have studied the adsorption of one intermediate for the (111)
metal surface of four metals. So, what happens on the other surfaces?

and on other metals?

— Other possible reaction pathways could exist. The dehydrogenation
of VC or Pr could exist, so one should study those other pathways.

— Moreover, the CHCCHs, has only been studied on Cu. What happens

on the other metals?

— The different reactivity of Pr on those metals has been yet not clari-

fied, so other structures should be studied for the other metals.

— And other questions that everyone can imagine...
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Apendix

In this final appendix we want to give some information about the calculation
procediments used in VASP calculations. An accurate strategy of computation
makes possible to save a lot of time in the geometry optimisation and in the
transition states search.

In the VASP code, the parameters file is called INCAR. In the INCAR file
we write the geometric and electronic convergence criterion, the DFT functional
used, the geometric and electronic optimisation algorithm, the number of max-
imum geometric optimisation cycles, and if the calculation is closed or opened
shell or the electronic state.

Another important file is the KPOINTS file, where the number of KPOINTS

computed in the Brillouin zone are marked.

Geometry optimisation.

All geometries and energies presented in this thesis have been obtained using
the following parameters in the INCAR file:

PREC=high This is the calculation precision of the system. This tag controls
the cut-off of the plane-waves basis set and the integration zone. The cut-
off is 500 eV if C atoms are presents in the calculations, otherwise the
tag ENCUT=500 must be present in the INCAR file in order to compare

results.
GGA=91 DFT functional used for calculation.
ALGO=fast Electronic optimisation algorithm.
EDIFF=1e-6 Electronic convergence parameter.

IBRION=2 Geometry optimisation algorithm (conjugated-gradients).

275



UNIVERSITAT ROVIRA I VIRGILI
ORGANIC MOLECULES ON METAL SURFACES: FORECASTING STRUCTURES AND SPECTRA

Benjami Martorell Masip

ISBN:978-84-691-9747-9 /DL: T-1259-2008

CHAPTER 7. FINAL SUMMARY AND CONCLUSIONS. 276

EDIFFG=-0.02 Geometry convergence parameter (A negative value means
that forces on the atoms must be lower than this value, a positive value

means differences in energies).

NSW=99 Number of maximum optimisation cycles.

These are the parameters in the INCAR file for final results.

In the case of VC calculations on the 2x2 unit cell, this INCAR final is
combined with a 7x7x1 k-points mesh.

But if one started the geometry optimisation with these parameters, the
computation time would be huge. In order to optimise the calculation time,
one can start with a 3x3x1 k-points mesh, with PREC=low, EDIFF=1e-4 and
EDIFFG=1e-3, only optimising the adsorbate geometry, but not the surface.
Once this calculation is finished, the surface and the adsorbate can be opti-
mised with a 5x5x1 k-points mesh, with PREC=medium, EDIFF=1e-6 and
EDIFFG=-0.02.

Finally, when this calculation has converged, the final parameters above
commented can be used for a higher quality of the results.

Also the ISPIN-tag can be 1 or 2 for closed or open-shell calculations,
respectively. Even more, NELEC and NUPDOWN-tags allow us to control
the total number of electrons and the difference between alpha and beta electrons

in the calculation.

Projected density of states.

On the optimised geometry, the projection of the density of states on the atomic
orbitals of the system atoms can be carried out via the Wigner-Seitz radii pro-
cedure (RWIGS-tag must be added in INCAR file). The projection is made
with a single-point calculation (NSW=0 and IBRION=2 or IBRION=-1).
This single-point calculation can be carried out with the presence of the charge
density obtained in the geometry optimisation (ICHARG=11). The number
of bands projected can be increased to obtain a larger description of the con-
duction zone (for instance NBANDS=150). Finally, the range of the projected
bands energy can be controlled by the EMIN and EMAX-tags.
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Figure 7.1: Vibrational modes nomenclature [72].

Vibrational calculation.

Once the geometry optimisation is finished, it is possible to make the vibra-
tional calculation on this geometry, changing only a pair of parameters in the
INCAR file. The IBRION-tag must be 5 for the evaluation of the numerical
differences in the energy gradients with finite displacements (POTIM=0.02).
Also the IDIPOL-tag must be present with a value of 3 in order to calculate the
dipole moment on the normal direction respect to the surface. Finally, it is also
interesting to take into account that the symmetry of calculation is broken when
the small displacements of the atoms are made, so it is extremily recommended
to break the symmetry in the calculation (ISYM=0).

For people not used to the vibrational modes nomenclature, in figure 7.1
are presented the vibrational modes. This makes easier to imagine how atoms
moves in the VNM.

Transition states search.

VASP allows several strategies to search transition states (TS). We have used
three of them:
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e A geometry optimisation using the quasi-newton algorithm (IBRION=1).

This algorithm searches points on the potential surface, whose first deriva-
tives are zero. So, we can find a transition state with this method if the

starting geometry is near the transition state.

The NEB (nudged-elastic band) method. In this method it is necessary
to have obtained previously the two minima that are connected by the
searched TS. In this method n intermediate images are generated from
the two minima. In a root directory are created n+2 directories, labelled
from 00 to n+1. In 00 and n+1 directories are placed the two minima
geometries, and in the rest of directories the intermediate images. In the
root directory are placed all auxiliary files (INCAR, KPOINTS, POTCAR
and the job). In the INCAR, the algorithm used for the relaxation is the
quasi-newton one (IBRION=1), and the IMAGES-tag must be present
indicating the n number of intermediate images. As the work is divided
in n processors (or a multiple of this number), the calculation is slow.
In order to decrease the calculation time, it is interesting to start with
low quality parameters in the INCAR file, as was made in the geometry
optimisation, even erasing some layers of the surface. Once this calculation
has finished, the quality of calculation parameters can be increased, and
in the INCAR file we can add the climbing tag (LCLIMB=.TRUE.) to

search the maximum of the surface.

The DIMER method. In this method it is also necessary to have two
minima, but it is not necessary they to be two consecutive minima con-
nected by one TS. Even more, one can start a dimer calculation with only
one minimum, but results are completely unpredictable. In a root direc-
tory are created to directories, where the geometry of this two minima
are located. In the root directory are placed all auxiliary files (INCAR,
KPOINTS, POTCAR and the job). In the INCAR file, the relaxation
algorithm is the molecular dynamics one (IBRION=3), which combined
with the tags IMAGES=2, POTIM=0.0 and ICHAIN=2 allows us to
make the dimer calculation. In this case the number of processors is the

half of the total ones for each image, so the calculation is quite fast.

The most efficient strategy we have found to find TSs is the combination of
methods as follows. First of all the NEB method is used. Although being the

most expensive method, if it converges, results in the first cycles are near the
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final TS geometry. At this point one can stop the NEB calculation and to start
a quasi-newton geometry optimisation in order to make the calculation faster.
Finally, when it is converged, one must calculate the frequencies to ensure it is
a TS.

On the other hand, if NEB does not converge, it means that does not exist
one TS between the two used minima. In order to find one TS (which we do not
know a priori which minima will connect), we can make a dimer calculation.
When dimer calculation converges, we can make a quasi-newton optimisation
and a frequency calculation. When frequency calculation has finished, we can
add the imaginary vibrational mode to the TS structure in order to find which

minima connects this TS.
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REFLEXIO FINAL.

“Només hi ha dues coses infinites: 'univers i ’estupidesa humana.

I de la primera no n’estic del tot segur”.

Albert Einstein
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