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Abstract

La comprensione e il controllo delle proprietà chimiche e di ordinamento dei semi-

conduttori organici su un substrato dielettrico, oltre a costituire una materia di

per sé affascinante nell’ambito della scienza fondamentale, favorisce lo sviluppo

e l’implementazione di numerose nuove tecnologie; come esempi si possono citare

l’introduzione di celle solari organiche efficienti ed economiche e componenti elet-

tronici flessibili. Nel presente lavoro dottorale, è stata selezionata la superficie

(110) del rutilo TiO2, r-TiO2(110), debitamente caratterizzata dal punto di vista

sperimentale, come archetipo di supporto dielettrico da utilizzare per la crescita

orientata di molecole organiche e lo studio delle loro proprietà fisico-chimiche

all’interfaccia. In particolare, questa tesi fornisce: i. una descrizione dettagli-

ata delle proprietà di legame e strutturali di due idrocarburi policiclici aromatici e

ii. una caratterizzazione esaustiva della struttura elettronica e della chimica di su-

perficie di tre molecole eteroaromatiche; entrambi gli studi riguardano l’interfaccia

tra un singolo film organico e r-TiO2(110) in condizioni di ultra alto vuoto (UHV).

La determinazione delle proprietà strutturali ed elettroniche all’interfaccia organ-

odielettrica è ottenuta per mezzo di un approccio che include varie tecniche sper-

imentali: la microscopia a scansione a effetto tunnel (STM) è combinata con le

spettroscopie elettroniche a base di luce di sincrotrone. Se la prima tecnica ri-

esce a rivelare i dettagli geometrici di singole molecole adsorbite e a permettere

l’osservazione delle loro proprietà di aggregazione nello spazio diretto, la seconda

fornisce invece informazioni sugli stati elettronici e sulla composizione chimica del

film. La microscopia STM è stata applicata alle molecole di cui al punto i. come

complemento alle pregresse conoscenze della loro struttura elettronica, permet-

tendo di comprendere i dettagli strutturali dell’auto-aggregazione su scala moleco-

lare. Successivamente, le interfacce di cui al punto ii., sulle quali la letteratura

presente è scarsa, sono state sottoposte ad una caratterizzazione completa su base

microscopica e spettroscopica, con particolare attenzione alle reazioni chimiche

innescate nei macrocicli tramite annealing termico. Con lo scopo di agevolare



l’interpretazione dei dati sperimentali, entrambi i sistemi sono stati oggetto di

modellizzazione con la teoria del funzionale densità (DFT) da parte di due gruppi

di ricerca specializzati in simulazioni numeriche.

Le interfacce studiate nella parte i. comprendono il perylene tetracarboxylic-

acid-diimide (PTCDI), una molecola eteroaromatica elettron-accettore, e il per-

ilene, un idrocarburo aromatico elettron-donore, a contatto con la superficie di

r-TiO2(110)-1×1. La simmetria della superficie e la sua grande corrugazione, che

trae origine dalle prominenti righe di ossigeno, favoriscono l’allineamento dell’asse

di simmetria principale del PTCDI lungo la direzione [001], parallelamente alle

righe della superficie. Le immagini STM rivelano che la crescita del PTCDI pro-

cede per nucleazione di isole; i difetti non rappresentano siti di adsorbimento pref-

erenziali, siano essi vacanze di ossigeno o gruppi idrossili. Ciascuna isola consta

di monomeri allineati adsorbiti sulle righe di ossigeno e stabilizzati lungo l’asse

principale da un legame idrogeno tra le due terminazioni imidiche di due molecole

consecutive. La competizione tra l’interazione molecola-substrato, caratterizzata

da una natura mista van der Waals/covalente, e i legami idrogeno intermolecolari

dà luogo ad una periodicità lungo la direzione delle righe equivalente a cinque volte

quella della cella unitaria della superficie, come dimostrato in passato da misure

di diffrazione con atomi di He. Lungo la direzione [110], posta ortogonalmente

alle righe della superficie, i monomeri adiacenti si ordinano in strisce contenenti

un monomero per riga di ossigeno. Il denso impacchettamento è attribuito ad una

forte attrazione laterale tra il bordo elettropositivo di una molecola e la densità

elettronica dovuta agli elettroni π della molecola adiacente; tale effetto è reso pos-

sibile dal moderato angolo di tilt del PTCDI intorno al suo asse principale (∼35°).

Una simile orientazione molecolare la si ritrova nel perilene, sebbene spicchino

alcune differenze nel meccanismo di auto-assemblaggio. A basso ricoprimento, i

monomeri adsorbono in modo sparso sulle righe di titanio, mostrando una de-

bole attrazione intermolecolare. All’aumentare del ricoprimento fino alla fase di

monostrato, le molecole di perilene riempiono gradualmente lo spazio disponibile

nei solchi definiti dalle righe di titanio, finché la formazione di un wetting layer

esteso su tutta la superficie, in combinazione con la debole interazione di tipo π-π



tra dimeri sovrapposti, impedisce la condensazione di ulteriori strati a temperatura

ambiente. L’accoppiamento laterale tra monomeri inclinati favorisce la coalescenza

di domini ordinati in senso trasversale alle righe di titanio, ove frequenti difetti di

linea alterano l’ordine a lungo raggio.

La parte ii. prende in esame l’interfaccia tra r-TiO2(110) e due classi di com-

posti macrociclici eteroaromatici: ftalocianine e porfirine. Struttura elettronica,

morfologia, conformazione e reattività chimica di film cresciuti in situ di ftalocian-

ina (2H-Pc), tetrafenil-porfirina (2H-TPP) e tert-butyl tetrafenil-porfirina (2H-

tbTPP) vuote sono state approfonditamente studiate con l’STM e le tecniche spet-

troscopiche. La sensibilità confinata ai primissimi strati superficiali e la selettività

chimica della fotoemissione a raggi X molli (XPS, 100-1000 eV) e dell’assorbimento

di raggi X a soglia (NEXAFS) hanno consentito il monitoraggio dello stato chim-

ico delle specie evaporate, nonché la determinazione dell’orientazione del piano

molecolare rispetto al piano della superficie. Le differenze di struttura elettron-

ica e reattività chimica tra i macrocicli adsorbiti sono state analizzate e corre-

late al tipo di terminazione ai bordi del macrociclo polipirrolico centrale, la parte

chimicamente attiva della molecola. I risultati sperimentali indicano la manifes-

tazione di una reazione chimica indipendente dal tipo di sostituenti periferici: la

conversione degli azoti aza ad azoti di tipo pirrolico. Per contro, l’STM e la spet-

troscopia elettronica dimostrano inequivocabilmente che l’auto-metallazione, cioè

l’incorporazione nel macrociclo di uno ione di titanio estratto dal substrato, avviene

in tutti e tre i macrocicli, ma la velocità della reazione è correlata al tipo di sos-

tituenti periferici presenti. In 2H-Pc, una molecola planare, l’auto-metallazione ha

inizio già a temperatura ambiente e si completa rapidamente a ∼90°C; in 2H-TPP

una velocità di metallazione paragonabile si raggiunge solo a ∼150°C, mentre in

2H-tbTPP, una molecola in cui per ogni anello fenilico periferico sono presenti due

gruppi tert-butilici che distanziano il macrociclo dal substrato, la barriera energet-

ica per l’attivazione della metallazione si alza ulteriormente e la reazione è rapida

solo a ∼200°C. In conclusione, la selezione dei sostituenti periferici si dimostra un

metodo valido per regolare la reattività chimica di macrocicli eteroaromatici su un

ossido di metallo.





Abstract

Understanding and controlling the ordering and functionality of organic semicon-

ductors coupled to a dielectric surface, besides constituting a fascinating topic in

basic science, has the potential to foster the development of many novel technolo-

gies, ranging from efficient and inexpensive photovoltaic cells to flexible electronic

components. In the present doctoral work, the well-characterized (110) surface of

Rutile TiO2 single crystals, r-TiO2(110), has been selected as an archetypal dielec-

tric substrate for the templated growth of organic molecules and the assessment

of their physico-chemical properties at the interface. In particular, this thesis

provides: i. a detailed picture of the bonding and structural properties of two

polycyclic aromatic hydrocarbons, and ii. a comprehensive study of the electronic

structure and on-surface chemistry of three heteroaromatic molecules; both i. and

ii. with regard to the interface with r-TiO2(110) in an ultra-high vacuum (UHV)

environment. The determination of the electronic and structural properties at the

organodielectric interfaces has been achieved via a multitechnique experimental

approach consisting of the combination between scanning tunneling microscopy

(STM) and electron spectroscopies with synchrotron radiation. While the former

can reveal the geometrical details of single adsorbed species, and allow for a close,

direct-space inspection of their molecular packing and ordering, the latter provides

information on the electronic states and chemical composition of the overlayer.

STM has been applied to systems in i. so as to complement the existing knowl-

edge of their electronic structure with structural details on a scale length ranging

from several hundred molecules down to a single molecule. Subsequently, a full mi-

croscopic and spectroscopic characterization of the interfaces in ii., on which scarce

studies are currently available, has been conducted, with particular emphasis on

the chemical reactions triggered by thermal annealing. To get a deeper insight into

the experimental findings and facilitate their interpretation, selected systems have

been modeled by two groups of theoreticians with numerical simulations based

on density functional theory (DFT) formalism. The interfaces studied in part i.



comprise tetracarboxylic-acid-diimide (PTCDI), a heteroaromatic acceptor, and

perylene, an all-carbon aromatic donor, in contact with the r-TiO2(110)-1×1 sur-

face. The substrate twofold symmetry and the large surface corrugation provided

by the protruding oxygen rows favor the alignment of the PTCDI long axis along

the [001] direction, parallel to the surface rows. STM images reveal that the growth

of PTCDI proceeds via island nucleation; there is no evidence for any preferential

roles in adsorption played by defect sites, be them oxygen vacancies or hydroxyl

groups. Each island consists of aligned monomers adsorbed atop the oxygen rows,

and coupled head-to-tail via one hydrogen bond per two facing imide terminations.

The competition between molecule-substrate interaction, which displays a mixed

van der Waals/covalent character, and intermolecular hydrogen bonds originates

a fivefold periodicity in the island with respect to the underlying surface unit cell

along the [001] direction, as pointed out by previous He atom scattering studies.

In the [110] direction, orthogonal to the surface rows, adjacent monomers organize

in stripes with one monomer per oxygen row. Such a dense packing is attributed to

a strong side-by-side attraction between the electron-deficient rim of one monomer

and the π electron system of the one at its side, made possible by a moderate

tilt angle of PTCDI about its long axis (∼35°). A similar adsorption geometry

emerges for perylene, albeit with some remarkable differences of the self-assembly

mechanism. At low coverage, monomers sparsely populate the surface titanium

troughs, showing a rather weak intermolecular attraction. As the coverage in-

creases up to a full monolayer, perylene molecules gradually fill the available space

in the titanium troughs until a wetting layer is formed and no sticking of additional

material is observed due to very weak π-type interactions between stacked dimers.

The side-by-side coupling between tilted monomers in the monolayer favors the

coalescence of ordered domains extended across the substrate rows, although fre-

quent line defects disrupt the long range order. Part ii. focuses on the interface

between r-TiO2(110) and two classes of heterocyclic compounds: phthalocyanines

and porphyrins. The interfacial electronic structure, morphology, conformation

and chemical reactivity of in situ grown thin films of metal-free phthalocyanine

(2H-Pc), tetraphenyl-porphyrin (2H-TPP) and tert-butyl tetraphenyl-porphyrin



(2H-tbTPP) have been extensively investigated by means of STM and electron

spectroscopies. The surface sensitivity and chemical selectivity of soft X-ray pho-

toemission (XPS, photon energies 100-1000 eV) and near-edge X-ray absorption

(NEXAFS) allowed to monitor the chemical state of the species upon adsorption

as well as the orientation of their molecular plane relative to the crystal surface.

The differences in the electronic structure and chemical reactivity among the ad-

sorbed heterocycles have been analyzed and correlated to the type of peripheral

environment surrounding the macrocycle, i.e. their chemically active part. The

experimental results point to the existence of a reaction unaffected by the type

of side substituents: the conversion of the macrocyclic aza-type nitrogen atoms to

pyrrolic-type nitrogens. Conversely, self-metalation, i.e. the incorporation into the

macrocycle of a Ti ion extracted from the substrate, is demonstrated with STM

and X-ray spectroscopy for the three compounds, but with significant temperature

variations among them. While self-metalation in 2H-Pc starts at room tempera-

ture and is quickly completed at ∼90°C, in 2H-TPP a similar metalation rate of

molecules is achieved at ∼150°C, and in 2H-tbTPP, where two bulky tert-butyl

groups departing from each peripheral phenyl ring act as inert spacers increasing

the macrocycle distance from the surface, the energy barrier for the activation

of the reaction is increased further and self-metalation is quickly achieved only

at ∼200°C. Therefore, one concludes that a careful selection of side substituents

proves to be a successful approach towards the tuning of chemical reactivity of

these macrocyclic compounds on a metal oxide surface.



1 Introduction

Semiconducting conjugated molecules, which are part of the vast class of organic

compounds, have been intensely investigated in recent years. They continue to

attract considerable interest from the scientific community, which is nurtured by

the stunning variety of their technological applications, some of them already com-

mercially available. The capability of transporting charge coupled to good pho-

toabsorption properties in the spectrum of solar radiation make them versatile

materials to be employed in organic electronics and photovoltaics. Although these

molecules will not supersede conventional Si/GaAs-based technologies in some ar-

eas, such as high-frequency electronics, due to inherent physical limitations in their

performance, they are endowed with a number of advantages over their inorganic

competitors [1, 2]:

� device fabrication is much less complex, e.g. the high vacuum and high

temperatures required for conventional technologies are replaced with low

vacuum and low temperature deposition or solution processing. Both pro-

duction costs and environmental impact benefit from energy-efficient mate-

rial processing.

� device functionality is enhanced by chemical tailorability. Thanks to the

numerous possibilities of chemical functionalization currently offered by syn-

thetic chemistry, chemical recognition, light harvesting or piezoelectric prop-

erties were achieved which go far beyond the simple switching ability needed

for electronic components such as transistors.

� weak intermolecular bonding due to van der Waals forces makes organic

films mechanically flexible and naturally compatible with plastic substrates.

1



In addition to the development of foldable, lightweight devices, this feature

paves the way towards the fabrication of soft, large-area bio-sensors, e.g. to

mimic some functions of human skin.

The structural, electronic and chemical properties of adsorbed organic films

constitute the foundations on which every technological application relies. Most

modern surface studies aiming at the elucidation of these properties focus on the

interaction of organics with single crystal surfaces of coinage metals (Au, Ag, Cu),

as they can be easily cut, polished, and prepared in ultra-high vacuum (UHV).

Only a limited amount of publications deal with the interface between organic

molecules and dielectric single crystals, which clashes with the relevance of this

topic for organic devices:

a) the architecture of field effect transistors [3], which represent the corner-

stone of e.g. amplifiers and logic circuits, consists of an electron- or hole-

transporting material in contact with an insulating spacer where the voltage

needed to switch on the current flow is applied.

b) thanks to the photoexcitation of dye molecules (the “sensitizers”) attached

to a nanoporous network of titanium dioxide particles, organic dye-sensitized

solar cells collect sunlight and convert it into electricity.

c) reversible switching of conformational or electronic configurations in

nanoscopic units on insulating layers, e.g. isomerizations in molecules [4]

or the charging of individual atoms [5], provides the basis for building nano-

memories with an unprecedented information storage capacity.

Moreover, organodielectric interfaces represent an exciting challenge from the

point of view of basic surface science. Semiconductors and insulators are charac-

terized by a depleted region of electron density between the filled valence levels and

the conduction ones, which allows for the assessment of molecular states unper-

turbed by the interaction with electrons populating the half-filled bands of metals

at the Fermi edge. Scanning probe techniques applied to these systems produced

images of molecular orbitals with sharp sub-molecular resolution, and a detailed

2



map of the intramolecular distribution of charge in one molecule [6]. In addition,

nanomanipulation, performed with a scanning probe tip, enabled the observation

of orbital hybridization when a metal-organic bond is formed [7], a preliminary step

towards the in situ, real-time study of on-surface chemical reactions catalyzed by

active substrates such as metal clusters.

Despite a number of notable results, much work has still to be done to achieve

the ability of synthesizing functional molecular assemblies on dielectrics, and pre-

dict their properties with enough accuracy to enable the design and production of

reliable nanodevices. Known difficulties include poor self-assembly properties to

form two-dimensional structures due to small interactions between the substrate

and the adsorbed species, and the presence of impurities (e.g. surface defects)

which may alter the adsorbate functionality; finally, sample charging is a serious

experimental concern when characterizing the interface with photoelectron spec-

troscopies, whereas tip instability and low conductance on thin insulating films

can negatively affect scanning tunneling microscopy measurements.

The present thesis addresses the issues of self-assembly and on-surface chem-

istry of selected organic building blocks in contact with the (110) surface of Rutile

TiO2, r-TiO2(110), a semiconducting transition metal oxide. The work may be

divided into two parts:

i. a study of the adsorption and structural properties of one heteroaromatic

hydrocarbon, perylene-tetracarboxylic diimide (PTCDI), and one all-carbon

aromatic molecule, perylene, at the nanoscale level.

ii. a thorough microscopic and spectroscopic characterization of the adsorp-

tion, self-assembly properties and chemical reactivity of three heterocylic

compounds: metal-free phthalocyanine (2H-Pc), tetraphenyl-porphyrin (2H-

TPP) and tert-butyl tetraphenyl-porphyrin (2H-tbTPP), with special atten-

tion devoted to correlating the differences in the electronic structure and

chemical reactivity to the specific conformation of the heterocycles.

The power of scanning tunneling microscopy (STM), a technique capable of

imaging the local electronic structure and self-assembly patterns of adsorbates

3



in the real space, has been combined with the surface sensitivity and chemical

selectivity of X-ray photoelectron spectroscopy (XPS) and near-edge absorption

(NEXAFS) with synchrotron radiation, which reveal the chemical composition and

bonding of the thin film. In addition, density functional theory (DFT) calcula-

tions are presented for some interfaces as a result of the joint experimental and

theoretical approach adopted in collaboration with two research groups working

on condensed matter simulations. Numerical simulations are not only a valu-

able aid to the interpretation of the experimental measurements, they also test

the reliability and limits of the selected density functional in describing the or-

ganic/semiconductor interaction.

Chapter 2 provides a short introduction to the experimental techniques and

apparatus. Chapter 3 presents the geometry, electronic structure and STM ap-

pearance of the r-TiO2(110)-1×1 surface as well as the structure and appearance

of its 1×2 cross-linked reconstruction. Chapter 4 is devoted to the study of PTCDI

and perylene. Chapter 5 expounds the measurements on the heterocyclic macrocy-

cles 2H-Pc, 2H-TPP and 2H-tbTPP and report a discussion of the results. Finally,

Chapter 6 summarizes the conclusions.
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2 Experimental techniques

and apparatus

2.1 Scanning tunneling microscopy

Scanning probe methods are based on the measurement of specific physical quanti-

ties performed by a sharp tip placed in the proximity of a sample surface. Scanning

tunneling microscopy, STM, was a major scientific breakthrough that allowed the

investigation of both the surface charge distribution of conducting materials at

the atomic scale. The technique measures the electron tunneling current which

flows between the tip and the sample surface once a bias voltage has been applied.

Nowadays it is a well-established technique, and commercially available micro-

scopes greatly improved their performances in terms of vibration isolation of the

probe and sample, which leads to a superior tip stability. Unlike diffraction, STM

provides a real space visualization of the atomic geometry, but it does not “see”

the atoms directly. Only electronic states are accessible with STM; since they

are correlated to the positions of atomic nuclei, the resulting electronic picture

of a surface, whenever atomic resolution is achieved, can reveal the geometrical

arrangement of the atoms in the outermost layer.

The real space, high-precision imaging realized with the STM offers attractive

advantages:

� information on the shallow electronic structure of surfaces or adsorbates can

be gathered by recording and analyzing I -V curves or by switching the sign

of the bias voltage to enable the visualization of either filled or empty orbitals
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� the possibility of studying the dynamics of slow chemical reactions at sur-

faces with a direct access to the visualization of orbitals involved in chemical

bonding

� the use of nanomanipulation for moving atoms or molecules, and building

functional nano-assemblies through tip-induced bond formation or cleavage

� the study of complex self-assembled patterns produced by molecules with

chemically heterogeneous functional moieties

Finally, one must emphasize the versatility of the technique. In addition to the

ultra-high vacuum environment required for surface science, STM can operate in

ambient conditions and in liquid, opening the door for the nano-characterization

of biological matter.

2.1.1 Vacuum tunneling

To illustrate the concept underlying the STM operation and its high vertical res-

olution, a simple model of quantum tunneling between the tip and the sample is

introduced [1] by treating the interposed vacuum layer as a square potential bar-

rier. We assume that both tip and sample are metals. In classical physics, the

spatial region covered by a potential barrier is forbidden for particles whose kinetic

energy is less than the energy of the barrier. In quantum mechanics, an electron

has a nonzero probability of tunneling through the barrier. With reference to Fig.

2.1, its wavefunction ψ(z) is determined as a solution of Schrödinger’s equation:

− h̄2

2m

d2

dz2
ψ(z) + U(z)ψ(z) = Eψ(z) (2.1)

where m is the electron mass, z and E are its position and energy. U(z) represents

the square barrier: U(z) = U > E if 0 < z < s, U(z) = 0 outside that interval.

This step-like potential generates a plane wave solution

ψ(z) = ψ(0)e±ikz (2.2)
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Figure 2.1: One-dimensional sample-vacuum-tip square barrier and eigenfunction of the
tunneling problem (after [1]).

in the classically allowed region E > U(z), where

k =

√
2m(E − U)

h̄
(2.3)

is the wave vector. The electron moves with a constant momentum pz = h̄k =√
2m(E − U). In the region where E < U(z), the solution is an exponentially

damped probability density:

ψ(z) = ψ(0)e−κz, (2.4)

where the decay constant is

κ =

√
2m(U − E)

h̄
(2.5)

hence, the electron has a finite probability |ψ(s)|2 = |ψ(0)|2e−2κs of crossing the

barrier and being detected at z = s. Let us reference the energies to the vacuum

energy of an electron far from the sample surface by setting it to zero. The electrons

at the sample Fermi level have energy EF , while the energy required to extract

one electron from the surface, so that it escapes with zero kinetic energy, is the

work function φ. We assume that the tip and the sample have the same work

function; typical values for noble metals are 4-5 eV, while alkali metals have φ ∼
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2-3 eV. When the tip is placed near the sample surface, in absence of any applied

voltages, no current flows through the junction. When a voltage V is applied, e.g.

a positive voltage to the tip, the electrons in the sample with energy between EF

and EF−eV may penetrate the vacuum barrier and occupy the empty levels of the

tip. If the voltage is much smaller than the sample work function eV << φ, the

energy of the tunneling electrons is approximately equal to −φ. The probability

of an electron occupying the n-th state in this energy region to cross the barrier

and present at the tip surface is w ∝ |ψ(0)|2e−2κs, and

κ =

√
2mφ

h̄
(2.6)

is the decay constant of a sample state near the Fermi level in the barrier region.

The decay constant may be written in units of Å−1 as

κ = 0.51
√
φ(eV) Å

−1
(2.7)

In stable tunneling conditions, the tip does not change with time and the electron

flow is stationary. The tunneling current is thus proportional to the sample density

of electronic states near the Fermi level. An expression for the total current must

include the contributions of all the electronic states in the energy window [EF −
eV,EF ]:

I ∝ V

∫ EF

EF−eV
dEρ(E, 0)|ψ(z = 0)|2 (2.8)

where ρ(E, z = 0) represents the density of electronic states as a function of their

energy at the sample surface. Provided that the voltage is sufficiently small, we

obtain the tunneling current dependence on the density of states at the Fermi level

of the sample surface:

I ∝ V ρ(EF , 0)e−2κs. (2.9)

Using the typical value of 4 eV for the work function, the decay constant 2.6

becomes κ ∼ 1 Å
−1

. Therefore, according to the above formula, the current

decays about e2 = 7.4 times when the tip is moved away from the surface by just
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1 Å.

The one-dimensional constant-height potential is a rough approximation to the

vacuum barrier. Several effects contribute to the complexity of the tip-sample

system, e.g. the charge image potential due to the interaction between tunneling

electrons and the opposing electrode at which surface charge builds up, or the in-

herent many-body nature of the system, as electrons populating the valence states

of a crystal are mutually interacting charges. However, a general, more accurate

description of tunneling can be set forth using Bardeen’s formalism [2], provided

that certain conditions be satisfied: negligible interaction occurs between the two

electrodes, which can be assumed as independent, and tunneling is described by

a small coupling not perturbing the electron wavefunctions significantly. Under

these assumptions, the tunneling current can be written as:

I =
4πe

h̄

∫
dε [f(EF − eV + ε)− f(EF + ε)]×

ρS(EF − eV + ε)ρT (ET + ε)× |M |2 (2.10)

where the integral is calculated over the whole range of relevant energies. The

formula couples the probability distribution of electrons of energy E, f(E) =

1/ {1 + exp[(E − EF )/kBT ]}, to the electron density of the tip and the sample, ρT

and ρS; the transfer of electrons from filled to empty states is mediated by a matrix

element M . In the low-temperature limit kBT << eV , and if the matrix element

does not vary appreciably over the energy interval, the above formula becomes a

simple convolution of the density of states of the two electrodes:

I =
4πe

h̄

∫ eV

0

dερS(EF − eV + ε)ρT (EF + ε) (2.11)

This is a basic approximation for modeling the STM contrast where tip states

are explicitly accounted for, although the tip geometry is highly simplified: it

is a homogeneous crystal, with no spatial boundaries. Note that the tip and

sample densities of states are equally represented in Eq. 2.11, which makes them

interchangeable without modifying the resulting value of the current.
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Figure 2.2: Schematic diagram of a scanning tunneling microscope (after [1]).

2.1.2 The S-symmetry wave tip model

The formula for the tunneling current when the tip geometry is modeled as a sphere

was worked out by Tersoff and Haman [3], starting from Eq. 2.10. They considered

a spherical potential well and an S -symmetry wave approximation of the wavefunc-

tion (ψ(r) ∼ e−r/r) to calculate the matrix element M. These assumptions lead to

the simple result:

I ∝ eV · ρS(r0, EF ) (2.12)

the tunneling current, at low bias, is proportional to the Fermi level density of

states at the center of curvature of the tip r0. Therefore, in the S -symmetry wave

model, the contour map of the local density of states at the Fermi level (LDOS)

on the sample surface represents the STM current taken at the center of curvature

of the tip r0. Eq. 2.12 provides a valuable, albeit basic, approximation, which can

be applied to interpret the STM contrast.

2.1.3 The experimental setup

Fig. 2.2 illustrates the components of an STM apparatus. High-precision move-

ments along the three spatial directions are enabled by three piezoelectric motors,

which constitute the piezodrive and expand or contract upon applying a voltage.
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Figure 2.3: Experimental setup for the sample preparation and STM measurements
(courtesy of C. Rogero, NanoPhysics Lab @ Centro de F́ısica de Materiales, Donos-
tia/San Sebastián, Spain).

The tip probe is usually made by W or Pt-Ir alloy; it is brought in close proximity

to the sample by a coarse positioner and the z piezo, until a threshold value of

tunneling current is detected. Surface scanning driven by the piezo-motors begins

as soon as the junction achieves stable tunneling contact. Two operational modes

are allowed: a) in the constant-height mode, after the selection of the tunneling

parameters voltage V and current I, the tip height on the surface is kept constant;

b) in the constant-current mode, a feedback loop acts on the tip-surface distance

through the vertical piezo by keeping the tunneling current fixed to a preset value

throughout the scan. The former can be safely operated only with atomically flat

surfaces, otherwise tip crashes may occur. The images displayed in the following

chapters have all been recorded in a constant-current mode.

The images of the clean TiO2(110) surface (Chapter 3) and of the adsorbed

macrocyclic molecules (Chapter 5) have been measured with the experimental
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setup photographed in Fig. 2.3; the images of PTCDI/perylene have instead been

recorded at Prof. Mart́ın-Gago’s STM facility (ESISNA group, CSIC @ Madrid),

where a LEED (low-energy electron diffraction) apparatus was part of the exper-

imental setup, allowing a quick assessment of the substrate cleanliness and of the

growth of the desired phase in self-assembled molecular films. Two experimen-

tal stages, the chamber hosting the microscope and the preparation chamber, are

separated by a vacuum valve to prevent the contamination of the high vacuum in

the STM chamber, where a base pressure of 1× 10−10 mbar is needed in order to

keep the surface free of impurities for a long time. The preparation chamber is

equipped with:

(1) one ion gun for cleaning the sample with Ar ion sputtering

(2) a set of filament-heated crucibles (evaporators) filled with high-purity organic

compounds in powder form, to be degassed and subsequently sublimed on

the sample

(3) a quartz microbalance to monitor the flux of molecules from the crucibles

(4) one He I ultraviolet lamp (21.2 eV) and one X-ray source (Al K-α radiation,

1486.6 eV) to characterize the sample with photoemission spectroscopy

(5) one spherical electron energy analyzer

(6) a sample transfer arm, protruding from the left side of the chamber, and a

manipulator. Both are mechanical arms manually operated; the manipula-

tor hosts the sample for molecular-beam epitaxy and provides a grounded

support for photoemission measurements. Its back accommodates a filament

for sample heating.

The STM chamber hosts the probe, a second transfer arm and a sample holder

where the bias voltage is applied once the sample has been deposited from the

transfer arm. Aside from the screening of electrical noise, one very important

factor for the achievement of atomic resolution and tunneling stability is a care-

ful isolation from mechanical vibrations, which are effectively damped by spring

suspensions attached to the tip-sample system.
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Figure 2.4: Electron mean free path as a function of their kinetic energy for various
metals. Typical mean free path values in our experiments range from 5 to 10 Å (after
[6]).

2.2 Electron spectroscopies

The importance of electron spectroscopies as tools for the study of physics and

chemistry of surfaces can hardly be overestimated. Their working principle is the

use of an external stimulus (photons, electrons) to extract electrons from matter,

which allows the investigation of its properties. A number of practical and research-

related reasons [6] make electrons particularly attractive as experimental probes:

� electrostatic fields provide an easy way to focus electrons and analyze their

energy and momentum

� electrons are easy to count and vanish after being detected, contrary to ions

or atoms which are also employed as probes in surface science experiments

� the escape depth of electrons (see Fig. 2.4), being only a few Å, is small

enough to attain the sensitivity to the very first surface layers
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� electrons provide direct information on the electronic structure of matter,

and the amazing properties which derive from it (e.g. superconductivity).

Apart from resolving the band structure of a crystal and enabling the study of

chemical reactions on a surface, electron spectroscopies also give insight into ge-

ometric features like the orientation and adsorption sites of adsorbates, or the

environment around one specific atomic species in a crystal. In that respect, they

play a valuable complementary role when coupled to scanning probe microscopies.

They unravel the chemical composition of adlayers and are sensitive to the pres-

ence of small amounts of chemical species which can hardly be identified through

the analysis of STM topography. An exhaustive introduction to the variety of

available techniques is beyond the scope of this section, therefore only the ones

which have been extensively used throughout the research work will be discussed.

A distinction into two classes is made according to the type of information on

the electronic structure of matter which is accessed: a) X-ray photoemission spec-

troscopy probes the filled electronic states; b) near-edge X-ray absorption probes

the empty states.

2.2.1 Soft X-ray photoemission

Electrons in a crystal may display core- or valence-like character depending

on whether they are best approximated by orbitals confined in the vicinity of

atom cores or delocalized over the crystal to participate to interatomic bonds.

Figure 2.5: Schematic diagram of a photoemission measurement (after [5]).
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Photoemission spectroscopy provides access to both core and valence electrons by

means of light-stimulated electron ejection from bound states into the vacuum.

Element Atomic shell Binding energy [eV]

Carbon K 280-290

Nitrogen K 395-405

Oxygen K 530-540

Titanium L 455-470

Table 2.1: Typical core level binding energy intervals of the atomic species in the organic

compounds and the TiO2 substrate herein considered.

A simplified description of the process for a core electron is sketched in Fig. 2.7,

where it is divided into three steps: (1) an impinging photon of energy h̄ω excites

an electron from its bound state into the continuum; (2) the electron travels to

the crystal surface and (3) penetrates it, loosing an amount of kinetic energy equal

to the surface work function φ. Labeling EK the final photoelectron kinetic en-

ergy, the fundamental relationship of core level photoemission spectroscopy, which

expresses the conservation of total energy, writes:

EK = h̄ω − |EB| − φ , (2.13)

i.e. the electron binding energy in the atomic shell, EB, can be easily calculated

once its kinetic energy, the photon energy and the surface work function are known.

The binding energies of electrons in the inner atomic shells constitute chemical

fingerprints of elements, and the access to these quantities is what defines the

well-known elemental sensitivity of photoemission spectroscopy. In this work, we

are primarily concerned with the binding energy range 100-1000 eV where values

for inner shells of organic compounds are found (see Tab. 2.1). Photons within
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this energy range, the so-called soft regime, have a probe depth on the order of 1

µm, well beyond the surface layer. However, the kinetic energies of photoemitted

electrons from core levels have typical values between 100 and 500 eV, which

translates into mean free paths between 5 and 10 Å, as reported in the graph of

Fig. 2.4. As a result, the sensitivity of photoelectrons is limited to the outermost

2-3 surface layers. In the photoemission spectrum presented in Fig. 2.6, core

levels appear as sharp peaks, whereas the broad structure which emerges in the

low binding energy region is produced by valence electrons populating the outer,

hybridized atomic shells. Several factors influence the exact location of core level

Figure 2.6: XPS spectrum of polycrystalline Au (after [6]).

peaks in the intervals of Tab. 2.1. These factors are generally classified as initial

state effects, originating from the local environment surrounding core electrons

before the excitation takes place, or as final state effects, which arise upon the

creation of a core hole. Examples of the former are the element oxidation state

(i.e. the amount of charge near core electrons), and the formation of a dipole layer

at the interface; instead, core-hole screening effects in conductors and polarization

in dielectrics belong to the final state group. Other important parameters in core

level analysis are the peak width, inversely related to the lifetime of the core hole,

and the integrated peak area, which is useful for estimating the amount of deposited

material or the rate of surface reactions. Finally, multiple peaks may originate from
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electrons belonging to the same atomic shell because of spin-orbit interaction in

shells with nonzero total spin, or because of many-particle effects, e.g. the outgoing

photoelectron may promote one of the electrons in the outer shell to an excited

orbital. This will cause the appearance of a “tail” of multiple peaks, the so-called

Figure 2.7: Three-step model of electron photoemission: (1) photoexcitation; (2) travel
to the surface with production of secondaries (shaded area); (3) penetration through the
surface and escape into the vacuum (after [6]).

satellites, in the high binding energy side of the spectrum, next to the “direct”

photoemission line. They are called shake-up or shake-off satellites according

to their discrete (intra-atomic transitions) or continuous (extremely short-lived

excitons near the Fermi energy) nature.

Fig. 2.5 illustrates a standard experimental setup to collect a photoemission

spectrum. The sample is illuminated by a photon source, e.g. a hot Al filament

(K-α emission line = 1486.6 eV) or a storage ring with tunable photon energy; the

photoemitted electrons pass through an electron analyzer where they are focused

and deflected by an electrostatic field, and eventually counted by a photomultiplier.

Both the photoelectron kinetic energy and momentum parallel to the surface can
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be determined. Usual requirements needed to perform high-resolution soft X-ray

photoemission on thin films of thickness between 1 and 10 molecular layers are

an ultra-high vacuum environment (∼ 10−10 mbar), since air molecules rapidly

stick onto a clean sample surface, a geometry enhancing the surface sensitivity,

e.g. by collecting photoelectrons at a grazing emission angle, and the availability

of brilliant and tunable photon sources which make several core lines accessible

with a high cross section for photoabsorption.

2.2.2 Near-edge X-ray absorption

If the energy of the incoming photon matches the energy difference between a core

state and an empty state, a resonant excitation of the core electron into the empty

orbital can occur. The excited system decays via either the emission of a photon

of lower energy, a process called fluorescence, or the emission of an Auger electron

(see Fig. 2.8). Both decays can be exploited for recording the near-edge X-ray ab-

sorption fine structure (NEXAFS): the electrons emitted upon each core-to-valence

transition and subsequent de-excitation are collected by sweeping the photon en-

ergy across a short interval where the empty state energies, in the presence of

a core hole, are located. However, the strong predominance of Auger emission

over fluorescence for the lighter elements (Z < 35) [9] makes Auger electrons a

convenient tool to explore the electronic and structural properties of organic thin

films.

A schematic NEXAFS peak profile for a diatomic molecule is drawn in Fig. 2.9.

It shows three types of resonances, grouped on the basis of their shape and position

with reference to the ionization energy of the molecule. The first intense and nar-

row feature located close to the absorption threshold corresponds to the excitation

of a core electron into a π∗ orbital, i.e. an orbital symmetric by reflection upon a

nodal plane, which is often the lowest unoccupied orbital in an organic molecule.

Several sharp but less intense peaks accompany the 1s → π∗ transition, which

are associated with Rydberg orbitals; these resonances are generally quenched in

adsorbed molecules due to their large spatial extent which favors a fast delocaliza-

tion (hence energy broadening) of the excited electron into the empty states of the
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Figure 2.8: Sketch of photoexcitation from an atom K-shell and subsequent de-
excitation paths: (A) One core electron is excited into an unoccupied state, leaving
behind a core hole. The excited atom decays to its ground state either by (B) emission
of a photon (fluorescence) or (C, D) emission of an Auger electron in the participator or
spectator modes.

substrate. Excitations into σ∗ empty orbitals, characterized by a mirror symmetry

axis, occur at higher photon energies, since σ∗ orbitals are usually found above the

vacuum level for neutral molecules. As a consequence, the lifetime of the excited

state is reduced, and σ∗ resonances appear significantly broader.

NEXAFS spectra can give a view of the structural organization of an overlayer,

its magnetic properties and bonding. For instance, bond lengths in a molecule

can be estimated through the analysis of the energy position of σ∗ resonances.

Since this quantity is also sensitive to the oxidation state of an atom, chemical

reactions on surfaces may easily be monitored. Furthermore, the chemisorption

state of a molecule is often recognized by the occurrence of a molecule-substrate

charge transfer which either quenches the NEXAFS peak associated with the lowest
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unoccupied molecular orbital (LUMO) or generates a new state next to it.

Figure 2.9: NEXAFS π∗ and σ∗ resonances from K-shell excitations in a diatomic
molecule (after [8]).

The use of polarized radiation for NEXAFS measurements is of utmost im-

portance: the absorption cross section between right- and left-circularly polarized

radiation is sensitive to the magnetization of an overlayer, whilst absorption of

linearly polarized light exhibits a pronounced dependence on the orientation of the

molecules relative to the direction of the electric field. The latter result allows for

an estimate of average adsorption angles of molecules or molecular fragments on

a surface, and has been a primary investigation tool for the present research. The

high ratio of linearly polarized light produced by synchrotron sources coupled to

the well-defined symmetry of the initial and final molecular orbitals involved in the

electronic transitions are responsible for the strong angular dependence observed
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in the resonance intensities. The intensity of a transition can be calculated with

the dipole matrix element derived from Fermi’s golden rule [9]

I ∝ | 〈f |E · er|i〉 |2 (2.14)

where E is the electric field of the incident photon, er represents the dipole opera-

tor, |i〉 is the electron initial state and |f〉 is its final state upon photoabsorption.

In the simplest case of photoabsorption by K-shell electrons, a 1s wavefunction is

taken as the initial state. For a final state orbital with p component pointing in

the direction represented by the vector O, one can write:

I ∝ |E · 〈f |r|ψ1s〉 |2 ∝ |ε ·O|2 ∝ cos2 δ (2.15)

with δ being the angle between the electric field vector E and the direction of the

final state orbital O. Because of the spatial localization of the 1s electrons, only

final states with significant p component on the specific atoms whose absorption

threshold is probed by the selected photon energy will appear in the spectrum.

This is the so-called dipole selection rule.

Figure 2.10: The electric field oscillates perpendicularly to the surface plane in P-
polarized radiation, while it oscillates parallel to the plane in S-polarized radiation.
Transitions to p-like empty orbitals, such as the delocalized π∗ antibonding orbitals in
organics, are dipole-allowed if the electric field vector of the impinging photon is collinear
with the orbital dipole.

Explicit formulas can be derived from Eq. 2.15 which allow the calculation

of the adsorption angle of a molecule on a surface of given symmetry. If one

considers a final π∗-plane molecular orbital, a fully linearly polarized photon beam
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and a twofold-symmetric substrate, such as the (110) surfaces of FCC metals and

rutile-TiO2, the ratio between the intensities of a 1s → π∗ transition in S- and

P-polarized light becomes:

IS/IP = 1− cos2 θ cos2 γ − sin2 θ sin2 γ (2.16)

so that, assuming a small incidence angle θ, the equation yields:

IS/IP = tan2 γ (2.17)

For large molecules, one can view the separate molecular moieties as small

molecules joined by extra-molecular bonds similar to the intramolecular ones. One

may therefore envision the NEXAFS spectra of large molecules as the superposition

of resonances belonging to specific submolecular units where the core excitation

occurs; this approach is known as the building block principle. When the submolec-

ular units are allowed to take on multiple azimuthal orientations relative to the

molecular plane, e.g. aryl groups in meso-substituted porphyrins, the tilt angle

must be calculated with a formula for threefold or higher substrate symmetry:

IS/IP =
3

2
tan2 γ . (2.18)

Eq. 2.17 and 2.18 are valuable results to get insight into the average orientation

of molecules in self-assembled monolayers.

The experimental setup for a NEXAFS measurement resembles the one for

photoemission reported in Fig. 2.5. The sample surface is placed at grazing

incidence relative to the photon beam; the light polarization is switched by rotating

the sample about an axis parallel to the surface plane. The detection part can

differ from Fig. 2.5, as the NEXAFS signal can be collected in three modes:

a) total electron yield (TEY), by measuring the drain current generated in the

sample; b) Auger electron yield (AEY), by recording the elastically scattered Auger

electrons with an electron analyzer; and c) partial electron yield (PEY), where all

the outgoing Auger electrons with energy larger than a specified threshold are
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Figure 2.11: Geometrical configuration showing the angles in Eq. 2.17 for a plane-
type orbital. The cartesian axis z is taken orthogonal to the surface. O represents the
direction of the orbital plane.

counted by a channeltron, the less energetic ones being filtered out by a retarding

voltage. All the reported NEXAFS profiles have been measured in PEY mode.

2.3 The ALOISA/HASPES beamline at Elettra

ALOISA (Advanced Line for Over-layer, Interface and Surface Analysis) is a mul-

tipurpose beamline for surface science experiments. It was designed to work in

a wide spectral range from medium to hard X-rays and hosts two experimental

chambers: the first one, (original) ALOISA, is dedicated to X-ray diffraction and

X-ray spectroscopy experiments, while the second one, HASPES, additionally of-

fers ultraviolet spectroscopy and scattering of thermal He atoms. Fig. 2.12 shows

an outline of the whole experimental apparatus. A switching mirror is placed close

to the exit of the photon beam from the storage ring, to let the beam pass through

and enter the main ALOISA chamber or to deflect it, upon mirror insertion, to

the HASPES chamber.

The ALOISA photon beam is produced by the U7.2 wiggler/undulator insertion

device (ID) of the Elettra synchrotron. Two lines of magnets are superimposed

in a face-to-face configuration so as to form a series of collinear, adjacent dipoles

displaying opposite magnetization. The gap between the poles is user-tuned. As

the electrons travel through the oppositely-magnetized dipole lines, their path is

shaped into a wiggling curve by the magnetic dipolar fields. The light produced
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Figure 2.12: Outline of the ALOISA/HASPES beamline at the Elettra synchrotron
light source (Trieste, Italy).

over the wiggling trajectory comes out of the pinhole separating the beamline

optics from the storage ring and consitutes the X-ray source of the beamline. Two

operational modes of the ID are allowed by the variation of the gap size between

the rows of facing magnets: the undulator mode in the region of high gap values

(∼ 40-80 mm) with low critical beam energy (100-2000 eV), and the wiggler mode

in the region of low gap values (∼ 20 mm) with high critical beam energy. Fig.

2.14 shows the intensity of the photon beam as a function of its energy, obtained

for different values of the ID gap. Small gap values lead to very dense oscillations

which make the intensity spectrum look like a bending magnet’s one. Synchrotron

light is linearly polarized in the plane of the curved electron trajectories (∼ 95%),

i.e. horizontally with respect to the storage ring plane.

A complete layout of the optical section of the beamline is reported in Fig.

2.13. ALOISA’s monochromator covers the full 140-8000 eV range of photon en-

ergy [10]; its main characteristic is the possibility to switch between two types of

dispersing systems: a plane mirror coupled to a grating monochromator (PMGM)

or a Si(111) channel-cut crystal are employed for the low-energy (0.2-2 keV) or

high-energy (3-8 keV) range, respectively [11]. The two systems lay side by side

and they can be inserted onto the optical path by means of a sliding mechanism.

After being collected from the pinhole by a paraboloidal mirror (P1), photons are

collimated onto the dispersing system. A second paraboloidal mirror (P2) focuses

the collimated beam to the exit slits (ES) which select the photon bandwidth; a
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Figure 2.13: Layout of the optical system in the ALOISA/HASPES beamline.

toroidal mirror (RT) is required to re-focus the beam on the sample, at the center

of ALOISA’s experimental chamber, into a spot illuminating approx. 20 µm ×
150 µm. An additional mirror (P3) is interposed between the monochromator and

P2 to deviate and focus the beam towards a pair of exit slits, which are closely

followed by the HASPES experimental chamber. No additional refocusing mirror

is used in this case due to the very long distance of the HASPES chamber from

the beamline optics (14 m), which yields a low divergence beam with < 0.3 mrad

angular divergence.

Sagittal focusing (i.e. perpendicular to the scattering plane) is used throughout

the optical system, which minimizes the aberrations in the dispersive plane induced

by slope errors. The optics are designed to work at grazing incidence with a

deflection angle of 1° for P1, P2 and RT. All the optical surfaces are gold-coated

to minimize photon flux losses due to absorption and contamination from residual

gases in the vacuum; furthermore, the high power density of the impinging photon

beam requires a water cooling system for the first paraboloidal mirror, the PMGM

and the channel-cut crystal to operate. The photon flux through the exit slits at

400 mA of ring current is approximately 2× 1012 s−1 · 0.1%bw.
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Figure 2.14: Flux of photons at the exit of the ALOISA wiggler/undulator ID as a
function of the beam energy for selected gap values.

2.3.1 The ALOISA experimental chamber

Fig. 2.15 (A) schematically illustrates the setup of the ALOISA chamber. A

hemispherical void, dedicated to the sample preparation (preparation chamber), is

separated by a vacuum valve from a cylindrical void hosting the electron analyzers

and photon detector for sample investigations (main chamber). The two parts are

coupled via a large ball bearing and a system of sliding O-rings, which, with the

introduction of two differential pumping stages, allow the complete rotation of the

main chamber around the synchrotron beam axis keeping a base pressure of 10−11

mbar, while the preparation chamber remains still.

The preparation chamber is equipped with a MBE (Molecular Beam

Epitaxy) cryopanel which can host up to four evaporation cells; two quartz

microbalances are used to monitor the particle flux during an evaporation.

A gas line enables the flow of high purity gases into the chamber. Sample

cleaning is usually performed with Ar+ sputtering at an ion energy of up to

3 keV. A RHEED gun (Reflection High Energy Electron Diffraction) with

electron energy of 15 keV sends an electron beam at grazing incidence onto

28



2.3. THE ALOISA/HASPES BEAMLINE AT ELETTRA

the sample surface to determine the surface symmetry or check in situ the

order of a molecular layer during deposition. An extraction and a transfer

arm, coupled to a fast-entry load-lock system, allow a quick sample exchange.

Figure 2.15: Schematic diagrams of (A) ALOISA and (B) HASPES experimental cham-
ber.

In the main chamber, the detectors are hosted on two frames which are

mounted inside the rotating element. The axial frame is mounted at the end

of the cylindrical element and can rotate around the synchrotron beam axis

independently of the chamber (see 2.17 (B)). Five 33 mm electron analyzers are

mounted on this frame, which are primarily dedicated for the APECS (Auger

Photoelectron Coincidence Spectroscopy). A phosphorous plate with a CCD

camera is also mounted on the axial frame for beam alignment purpose. The

bimodal frame is inserted into a side of the main chamber cylinder; it can rotate

around an axis perpendicular to the synchrotron beam. The bimodal frame
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moves integrally with the main chamber around the synchrotron beam axis. A

66 mm hemispherical electron analyzer is found in its interior for angle-resolved

photoemission (ARPES) and photoelectron diffraction (PED) measurements.

There is one Si-diode behind 1 mm collimators for measuring the total current for

X-ray diffraction (XRD) and reflectivity (XRR). The bimodal frame additionally

hosts one energy-resolved (Peltier-cooled) photodiode (by Eurisis) operating in

single-photon counting mode for X-ray diffraction. The partial electron yield

(PEY) mode for measuring the NEXAFS signal employs a wide-angle acceptance

channeltron mounted on the axis of the bimodal frame. The low-energy multiple-

scattered electrons are repelled by a grid polarized with an adjustable negative

potential, placed at the channeltron apex, so as to improve the surface sensitivity

and signal-to-noise ratio by collecting the high-energy Auger electrons only.

Figure 2.16: Photo of the manipulator in ALOISA.

A six-degree of freedom manipulator (Fig. 2.16 shows a photo of the terminal

part where the sample holder is located) hosts the sample and is mounted in the

preparation chamber; it can be translated to position the sample in the center of

the main chamber. The photon beam passes through the manipulator, crossing the

preparation chamber, and impinges onto the sample surface at grazing angle. The

presence of a heating and a cooling system on the sample holder allows to perform

sample preparation or evaporations in a temperature range from 150 up to 1100
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K. The heat is provided by two tungsten filaments; a high voltage can be applied

to the sample holder for electron bombardment. The cooling system consists of

a pipeline where flowing nitrogen is brought to its liquefaction temperature at

atmospheric pressure (77 K); a copper finger acts as thermal contact bridging the

pipeline with the sample holder.

The sample holder features three angular degrees of freedom depicted in Fig.

2.17 (A): R1, around the synchrotron beam, to select the desired surface orientation

with respect to the photon polarization; R3 to set the grazing incidence angle; R2

to select the azimuthal orientation of the surface relative to the scattering plane.

Adding these angular degrees of freedom to the chamber rotation allows for the

selection of a complete arbitrary configuration between the beam, the sample and

the detectors. All rotations of the manipulator and the main chamber as well as the

translational movement of the manipulator are motorized and computer navigated

through a multipurpose Labview program developed for data acquisition, detector

control and mechanical movements.

Figure 2.17: Rotational degrees of freedom of the manipulator (A) and the chamber
(B).

2.3.2 The HASPES experimental chamber

The bifurcation at the switching mirror (2.12) allows to redirect the beam along

a branchline terminating with the HASPES (Helium Atom Scattering and Photo-

electron Spectroscopy) experimental chamber, which consists of a main upstanding
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cylindrical void, a pre-chamber hosting a He atom source, and a chamber enclosing

the quadrupole mass spectrometer for He atom detection. A top view scheme is

reported in Fig. 2.15 (B).

The HASPES line is dedicated to the combined use of soft X-rays in the energy

range 120-1000 eV, ultraviolet He I photoemission (21.2 eV) and He atom scatter-

ing. He atom scattering is a truly surface sensitive and non-destructive technique

enabling the investigation of the outermost surface charge density corrugation. A

collimated beam of thermal He atoms (energy ∼ 26 meV) cannot penetrate nor

damage the first surface layer because of its low energy: it is scattered by exchang-

ing momentum with the surface electron density. The elastically diffracted He

atoms are subsequently ionized and selected by a quadrupole mass spectrometer.

The whole diffraction pattern can be mapped out through the rotational movement

of the sample about the axis of R1. The combination of this technique with the

chemical sensitivity of electron spectroscopies offers the advantage of probing in

situ and simultaneously the growth mode, ordering and chemistry of self-assembled

monolayers.

The vacuum line where the photon beam travels is connected to the quadrupole

detection system, so that the photons enter the HASPES chamber in a direction

opposite to the scattered He atoms. The main chamber has a VG CTPO manipu-

lator vertically inserted, with six degrees of freedom and high-precision positioning.

A fixed scattering geometry is adopted with a source-sample-detector angle of 110°

for HAS and 55° for XPS, as represented in Fig. 2.15 (B). The three angular de-

grees of freedom for the manipulator are R1, which changes the incidence angle

of He atoms and the synchrotron beam; R2, which varies the orientation of the

surface symmetry axis with respect to the scattering plane; R3, which tilts the

sample about a horizontal axis. All the manipulator rotations are motorized and

controlled via a home-made Labview program, which also manages the data ac-

quisition. A thermal link connecting the manipulator base to a liquid-N cryostat,

and a tungsten filament or resistive heating in the rear side allow to work with the

surface in the 150-1100 K temperature interval.

A differentially pumped He lamp is also attached to the main chamber, pro-
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viding ultraviolet He I photons for the characterization of valence band states.

The low photon energy enhances the absorption cross section of shallow electronic

states, which, in combination with a 150 mm hemispherical electron analyzer, al-

lows for the measurement of high resolution valence band in thin films. The latter

hosts a 2D delay-line anode behind two serially coupled multichannel plates (MCP)

and offers an energy resolution of 0.5% of the pass energy, with a 17 meV upper

bound limit. Additionally, a channeltron is mounted at an angle of 50° from above

the horizontal scattering plane for the PEY detection of NEXAFS electrons. An

ion gun for Ar+ sputtering and a liquid-N cooled cryopanel hosting three evapora-

tion cells offer a complete set of tools for sample cleaning and MBE. Finally, the

chamber is endowed with a load-lock system for sample exchange.

33



2.4. REFERENCES (CH. 2)

2.4 References (Ch. 2)

[1] C Julian Chen. Introduction

to scanning tunneling microscopy,

volume 227. Oxford University

Press New York, 1993.

[2] J. Bardeen. Tunnelling from a

many-particle point of view. Phys.

Rev. Lett., 6:57–59, Jan 1961.

[3] J Tersoff and DR Hamann. The-

ory of the scanning tunneling mi-

croscope. In Scanning Tunneling

Microscopy, pages 59–67. Springer,

1993.

[4] LEC Van de Leemput and

H Van Kempen. Scanning

tunnelling microscopy. Reports on

Progress in Physics, 55(8):1165,

1992.

[5] Friedrich Reinert and Stefan
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3 Titanium dioxide

and its Rutile (110) surface

3.1 Titanium dioxide

Research on metal oxides is emerging as a new, rapidly growing area in surface

science due to the interesting chemical and physical properties of these materi-

als, and the need of modeling more realistic systems, since nearly every metal

surface is readily oxidized in air. Titanium dioxide, TiO2, a member of the tran-

sition metal oxide family, is one of the most intensively studied oxide materials

thanks to the technological applications disclosed by its properties. It is found in

nature in three polymorphs: Anatase, Rutile and Brookite. Anatase and Rutile

are by far the most important phases from the point of view of both technology

and science. They are semiconductors with a similar energy gap (3.2 and 3.0

eV, respectively), which matches the HOMO-LUMO gap of many light-harvesting

compounds (dyes). Synthetic chemistry routes allow the functionalization of dyes

to provide them with anchoring groups to bind to TiO2 surfaces, which, along

with the capability of growing TiO2 nanostructures with a very large surface to

volume ratio (i.e. nanocrystallites or hollow nanowires, see Fig. 3.1), is key to

one of the applications capable of potentially reshaping the way energy is pro-

duced in our societies: dye-sensitized solar cells [1]. Other important applications

of TiO2 make use of its chemically active crystal facets, such as Anatase-(101) or

Rutile-(110), which, upon thermal treatment, exhibit high concentrations of free

carriers (electrons). Photocatalytic activity is achieved when these surfaces are

illuminated with ultraviolet light: toxic organic molecules and impurities are then
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split into simpler compounds, such as carbon dioxide. The process is exploited

for the production of self-cleaning glasses, water-splitting or bactericidal surfaces

[2]. One can also take advantage of TiO2 high dielectric constant by building top-

contact thin film transistors where the drain current is tuned by a voltage applied

to a TiO2 gate layer. The high surface corrugation available in some TiO2 sur-

faces, such as Rutile-(110), could yield a superior templated growth of the organic

molecules employed as semiconductors for the transisitor active channel, increasing

their electron mobility.

Figure 3.1: Scanning electron microscope images providing an example of the versatility
of TiO2 as a material for nanostructured coatings: close view of TiO2 (A) nanospheres
(after [7]), and (B) hollow nanotubes (after [8]). The high surface to volume ratio is
essential in dye-sensitized solar cells to maximize the light harvested by the dye/TiO2

coating.

Mesoporous TiO2 layers in prototypical dye-sensitized solar cells usually consist

of a mixture of Anatase and Rutile crystals, with the former highly predominant,

which is beneficial for the device efficiency. The presence of electron trap states in

Rutile, independently of the type of nanostructures (nanoparticles or nanowires),

is arguably responsible for enhanced charge recombination in the semiconductor,

before the carriers reach the metallic lead, resulting in a lower photogenerated
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current [3]. However, Rutile offers a suitable playground to model the adsorption of

organic molecules, since it is commercially available in the form of cut and polished

single-crystals exposing the desired crystal facet. In particular, its (110) surface has

been subject to extensive characterization, becoming the archetypal metal oxide

surface: its structure and geometry have been solved, furthermore, the preparation

procedure of a clean surface is straightforward. In the following, a short overview

of the Rutile-(110) surface will be given, including its reduced 1×2 reconstruction.

Figure 3.2: Ball-and-stick models of Rutile (left) and Anatase (right) unit cell. Sym-
metry group, axis lengths and angles are reported. In both structures, each Ti atom is
surrounded by 6 oxygen atoms located at the vertices of an octahedron.

3.2 The Rutile (110)-1×1 surface

The Rutile polymorph is the most stable crystal phase of TiO2. Its unit cell,

reported in Fig. 3.2, belongs to the body-centered tetragonal group, and features

a Ti ion, with formal charge +4, immersed in an octahedral environment where

it is coordinated to six O ions of formal charge -2. Each O ion is placed at one

vertex of the octahedron. Bulk Ti and O ions have thus a coordination number of

6 and 3, respectively. The Rutile-(110) surface derives from the simple truncation

of the bulk crystal across its (110) plane, as indicated in Fig. 3.3 by the yellow
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Figure 3.3: (A) Rutile bulk crystal structure. Cutting the crystal across a (110) plane
(yellow curve) exposes the surface layer showed in (B), where twofold-coordinated O rows
are separated by fivefold-coordinated Ti filling the troughs. Threefold O and sixfold Ti
atoms are also present among the in-plane species.

curve. Among the low-index Rutile-TiO2 surfaces, the (110) is the most stable,

i.e. the one with the lowest formation energy [4]. Its structure comprises both

surface, i.e. undercoordinated, and bulk atoms, arranged in a rectangular unit

cell measuring 2.959×6.495 Å along the high-symmetry directions [001] and [110],

respectively (Fig. 3.4). A series of parallel rows of O atoms 2-fold coordinated with

the underlying Ti constitute the outermost surface atoms. These rows run along

the [001] direction, stretching out of the surface plane by ∼1.2 Å; their O atoms

are called bridging O (Obr in Fig. 3.4 (A)). Between each pair of Obr, there lays

one row of 5-fold coordinated Ti atoms. Two rows of bulk, 3-fold coordinated O

atoms are placed at both sides of the 5-fold Ti row, whereas one row of 6-fold Ti is

found underneath the bridging O. Fig. 3.4 (A) presents a front view of the surface:

the dangling bonds of the Obr ions are compensated by the ones of the 5-fold Ti,

which justifies the observed surface stability according to the autocompensation

criterion [4]. Only minor surface relaxation occurs [9] which has recently been

revisited with more accurate measurements, reversing the previously determined

inward relaxation relative to the bulk positions of Obr rows to an outward one of

approx. ∼ 0.1 Å , accompanied by a ∼ 0.2 Å inward displacement experienced by

the 5-fold Ti in the troughs.
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Figure 3.4: (A) Front-view of a few r-TiO2(110) surface layers. (B) The outermost
layer shows the set of twofold-coordinated bridging O rows stretching ∼ 1.2 Å outward
relative to the in-plane O and Ti atoms.

A typical STM constant-current image of a clean, atomically resolved Rutile-

TiO2(110) surface is reported in Fig. 3.5. Although it is usually easier to record

images of empty surface states (i.e., applying a positive bias voltage VS to the

sample), filled states (VS < 0) can also be probed, the outcome being quite similar

in both cases. The optimal measurement conditions for empty states are usually

found in a voltage bias window between 1.0 and 1.5 V, setting moderate to low

tunneling current values (80-100 pA). Fig. 3.5 presents an empty-state electronic

picture of a stoichiometric surface, where Ti and O are mixed in a perfect 1:2 ratio

without any point defects. This is an unusual situation, since the preparation of

a clean surface in UHV alters its pristine stoichiometry, as will be thoroughly dis-

cussed in the next section. Two features are immediately recognized in the image:

dark and bright rows. Scientific consensus has been reached on the assignment of

the dark rows to the Obr, while the bright rows correspond to the 5-fold Ti ions [4]:

electronic effects, i.e. a large density of states in an unfilled band spatially confined

on the 5-fold Ti ions, prevail over the surface topography. A ball-and-stick model

of the surface is superimposed to the STM image according to the established as-

signments. The atomic resolution of the Ti rows with a standard Au-terminated

STM tip results in their “dotted” appearance; such a condition is rather difficult to
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achieve at room temperature, since the tip is subject to frequent restructuring. To

improve the resolution, the tip was routinely prepared with several voltage pulses

before reaching stable tunneling conditions needed to record the images.

Figure 3.5: STM constant-current image recorded on a clean r-TiO2(110) surface (scan
parameters: VS = 500 mV, I = 80 pA.). Atomically resolved 5f-Ti appear as strands of
bright dots separated by dark lines, the bridging O. Right: superimposed ball-and-stick
model of the surface layer.

3.3 Surface preparation and defects

The existence of point defects in the bulk and on the surface of vacuum treated

TiO2 crystals is well-known, but the debate on their nature and especially on

their effects in the crystal electronic structure is far from being over. As-grown

TiO2 crystals usually display a faint, transparent yellow color, which darkens to

transparent blue, turning finally into a reflective, metallic-like appearance, the

longer the crystal is heated in UHV conditions. The color change is a consequence

of the progressive reduction of the material: the dangling bonds of Obr ions lower

the energy barrier to thermal desorption of these species. Each Obr lost upon

vacuum annealing generates two excess electrons in a state located slightly below

the conduction band minimum.
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Figure 3.6: (A) Surface defects represented on a model of the (110)-1 × 1 surface:

hydroxyl groups (light blue circle) and oxygen vacancies (yellow circle). (B) Empty-

state STM image where the two types of defects are easily recognizable as bright dots

atop bridging O displaying different apparent heights: ∼ 100− 120 pm for hydroxyls vs.

∼ 60− 80 pm for vacancies (scan parameters: VS = 800 mV, I = 40 pA). (C) In filled-

state images, defects appear as halos around 5f-Ti sites (scan parameters: VS = −1.50

V, I = 80 pA).

As more and more oxygen is lost by the crystal, its stoichiometry results perma-

nently altered leading to a TiO2−x oxide composition; the sheet resistance drops by

4 orders of magnitude, from 10 kΩ to ∼ 1 kΩ [5], and the crystal surface becomes

conductive. Two concomitant processes counter the loss of surface oxygen atoms,

avoiding an excessive degradation of the original stoichiometry: the diffusion of

oxygen vacancies and excess Ti ions into the bulk. The presence of sub-surface Ti

ions with a lower oxidation number (+3) is speculated to contribute to the excess
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charge available in reduced TiO2 crystals, and to influence the observed catalytic

activity [6], although there is no broad consensus on the matter.

The preparation procedure adopted to get a clean surface is made up of two

steps:

� 15-30 minutes of Ar+ sputtering at typically 1.0 keV ion energy and 10−6

mbar Ar pressure, to remove a few surface layers.

� A subsequent annealing cycle to restore the (1× 1) structure, accomplished

by electron bombardment. A voltage of 800 V is supplied to the sample,

while the emission current is stabilized at 10 mA for 4 minutes, 20 mA for 2

minutes and finally 40-50 mA for 1 minute.

The annealing temperature during the last step reaches 750°C; the loss of oxygen

makes the sample conductive enough to be probed with photoelectron spectro-

scopies and STM avoiding charging effects, but it also increases the density of

surface and sub-surface defects which may condition the adsorption of molecules.

The pair of excess electrons released in Rutile-TiO2(110) upon the formation of

one oxygen vacancy (Ovac) redistribute over some surface and sub-surface Ti sites

[10]. Although Ovac are thought of making up a large part of point defects on a

TiO2 surface in good vacuum conditions, a water-splitting reaction at the vacancy

sites on the surface is responsible for the conversion of on-surface vacancies into

hydroxyl groups, i.e. hydrogen-capped Obr atoms, when the sample is exposed to

water vapors or simply because of the residual water in the vacuum. Some recent

studies suggest that even a perfect TiO2 surface is capable of splitting adsorbed

water molecules at room temperature [11]. The dissociation of one water molecule

at a vacancy site generates two hydroxyl groups. Both types of defects, oxygen

vacancies and hydroxyls, are readily recognizable in an empty-state STM image,

as the one reported in Fig. 3.6 (B). Ovac appear as scattered bright “bridges”,

each occupying one Obr sites and connecting two adjacent 5-fold Ti rows; OH

groups share the same appearance and position of Ovac, but their STM height is

approximately double. Notably, the defect contrast changes when the bias voltage

is switched from positive to negative [12] in Fig. 3.6 (C) (where the image has
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Figure 3.7: Structure of the Ti 2p core level energy region. Two main peaks, accompa-
nied by a broad shake-off satellite (∼ 473 eV), are distinguishable; they originate from
the Ti 2p spin-orbit splitting into J = 1/2 (465.0 eV) and J = 3/2 (459.15 eV) total
angular momentum states in the L shell. In the low binding energy side of Ti 2p3/2, the
appearance of a faint extra peak is due to undercoordinated Ti ions with oxidation state
3+ which form upon removal of O atoms.

been recorded on a different sample zone): the 5f-Ti atoms nearby the defects are

enhanced. In particular, the four 5f-Ti atoms adjacent to an Ovac site display an

intensity increase with respect to the Ti rows. The defect brightness is much lower

than in empty-state images, which makes difficult an unambiguous identification

of both defect types on a well-reduced surface.

To estimate the surface density of defects and the relative proportion of Ovac

to OH groups, one can either rely on the statistical analysis of several STM to-

pographs or measure the intensity of the peaks associated with these defects in

a XPS spectrum. The excess charge in Rutile form polarons, i.e. the charge is

mostly confined around some sub-surface Ti ions producing a distortion of the

crystal lattice; conversely, in Anatase excess electrons seem to display a band-like

character [13, 14]. As a matter of fact, the Ti ions reduced by the excess elec-
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Figure 3.8: The intense Ti 3p peak located at ∼ 37.6 eV is taken as a reference to
calibrate XPS spectra; next to the broad valence band region (2 < B. E. < 10 eV), two
features are associated with the presence of hydroxyl groups (left, ∼ 11 eV B. E.) and
oxygen vacancies (right, 0.9 eV B. E.) on a freshly prepared surface.

trons give rise to an extra 2p core level peak shifted towards lower binding energy

(∼457.2 eV compared with 459.15 eV for the main 2p3/2 core excitation), as the

2p core electrons experience an increase in the negative charge distributed around

them. This peak is commonly ascribed to Ti ions with a formal +3 oxidation

state; it emerges clearly at the lower B. E. side of the clean Rutile-TiO2(110) Ti

2p spectrum in Fig. 3.7. Typical defect concentrations in the investigated samples

depend on their history, i.e. on the number of sputter/anneal cycles they were

treated; however, by comparison with the available literature data, an esteem of

2-4 defects per 100 unit cells (2− 4%) seems plausible for the samples used herein.

Stoichiometry in a reduced TiO2 crystal can also be restored when defects are

healed via exposure to O2 gas at a pressure 10−6-10−5 mbar for several minutes,

depending on the reduction state of the sample. This reoxidation procedure has to

be performed at a temperature above 700 K to yield a well-reconstructed (1 × 1)

surface [15], although it inevitably shrinks the average terrace area, as highlighted

by STM and He atom diffraction.

While the presence of OH groups does neither alter the energy position nor
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quench the Ti3+ peak, two other important electronic signatures of defect electrons

are found in the valence band spectrum, reported in Fig. 3.8, which allow for the

discrimination between Ovac and OH groups. At ∼ −0.9 eV binding energy it is

located the first peak (magnified 10 times in the red inset) associated with defect

electrons. Whenever some charge is statically transferred to the TiO2 surface, be it

via oxygen vacancy creation or adsorption of electron-donating atoms or molecules,

excess electrons fill this trap state and appear to be localized around the same sites

[10]. The replacement of Ovac with hydroxyls happens quickly enough to saturate

the surface vacancies in 10-20 minutes, as soon as the freshly annealed surface

begins to cool down. The process does not quench the defect peak [16]; instead, a

new feature is observed at a binding energy of ∼ 11 eV, left of the broad valence

band profile in Fig. 3.8. Hydroxyl groups are easily cleaved via exposure to 5-30

L of O2 at room temperature; the exposure has to be calibrated to the effective

defect concentration in order to minimize the formation of adsorbed O atoms from

the dissociation of O2 molecules on the 5-fold Ti rows, which may affect the surface

properties. Therefore, surfaces with the desired defect density, prepared by thermal

annealing or carefully calibrated O2 exposure, allow to assess the effects of Ovac or

OH groups on the adsorption of organic molecules.

3.3.1 The Rutile (110)-1×2 surface

A TiO2(110) crystal can be strongly reduced by a long annealing; the sample be-

comes dark blue and the Ovac surface density approaches an upper limit of about

8−10%. Prolonged reduction triggers a surface reconstruction into a (1×2) struc-

ture: the periodicity of the pristine TiO2(110) doubles across the surface rows.

The reconstruction proceeds via the formation of oxygen-deficient strands, grow-

ing over 5-fold Ti rows until a complete (1× 2) terrace has formed [18]. There has

been considerable debate on the precise composition of the reconstructed layer,

with several proposed models. Recently, an accurate LEED-IV study [17] demon-

strated that the correct surface geometry for a simple, defect-free, TiO2(110)(1×2)

reconstruction was predicted by Onishi and Iwasawa [19]: it is the Ti2O3 added-

row model illustrated in Fig. 3.9 (A). One Ti2O3 row, made up of three O and
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Figure 3.9: (A) Ball-and-stick model of a 1 × 2, defect-free reconstructed r-TiO2(110)
surface. It represents the model first proposed by Onishi and Iwasawa, where a Ti2O3

row is added on top of every bridging oxygen row. The horizontal periodicity thus
doubles (13 Å). (B) STM constant-current image recorded on a strongly reduced TiO2

sample: 1×1 terraces (bottom) host numerous bright strands, which precede the growth
of 1× 2 layers (top) (scan parameters: VS = 900 mV, I = 80 pA.
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two Ti ions per one unit cell length along the [001] direction, is added on top of a

5-fold Ti row every two Obr rows.

Below Fig. 3.9 (A), the STM constant-current image of a partially recon-

structed sample shows the presence of two distinct areas. The first half of the

image hosts a (1×2) reconstructed terrace with scattered point defects, which can

be directly compared with the stranded appearance of a (1× 1) terrace still in the

process of conversion into the (1× 2) structure.

The homogeneity of the reconstructed rows is perturbed by the presence of

point defects which tend to aggregate into linear chains. These defects are classified

into single links or cross links according to their shape and size; the occurrence of

the so-called cross-linked reconstruction they originate depends on the extent of

the crystal bulk reduction[20]: it is commonly observed in deeply reduced samples.

The exact structure of this reconstruction is still disputed; a model based on Ti3O6

oxygen-rich rows is backed by recent non-contact AFM measurements [21], but to

date no quantitative studies on the cross-linked reconstruction are available.

3.4 Adsorption of organic molecules

on Rutile-(110)

The research on TiO2-organic interfaces has considerably expanded in recent

years. Dye-sensitized solar cells (DSSC) [22] and organic thin-film transistors

[23] have been fabricated with a variety of organic molecules; however, poor

knowledge of the properties of TiO2-organic interfaces is one of the factors limiting

the efficiency of these devices. The importance of the TiO2(110) surface as a

model system to gain insight into the chemistry of organodielectric interfaces

was made clear by several ground-breaking studies on the nature and role of

TiO2 defects in processes such as the reoxidation of a reduced crystal or the

splitting of adsorbed water molecules. Besides the defect chemistry, recent work

focused on the correlation between chemical interactions and fast charge injection

into the conduction band of the crystal from photoexcited species, employed

in highly efficient metallorganic light-harvesting complexes [24, 25, 26, 27].
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Resonant photoemission measurements established an upper bound for dynamic

charge transfer as low as 10-20 fs for a Ruthenium-based dye, and < 3 fs

for one of its ligands, bi-isonicotinic acid. As elucidated by XPS, for both

molecules the bonding to the surface takes place with a deprotonation of the

carboxylic moieties as they adsorb vertically on the 5-fold Ti troughs. This

result sparked fresh research with the aim of finding stable linker groups to the

surface, while simultaneously keeping the empty energy levels of the adsorbate

above the TiO2 conduction band to maximize the probability of charge transfer.

Organic molecules appended with a variety of terminations were characterized on

r-TiO2(110): alcohols and aldehydes [28], amines [29], azo-terminated compounds

[30], pyridines [31], phosphonated compounds [32], aromatic hydrocarbons [4], etc.

Molecule Name Density

[g/cm3]

Purity

[%]

Sublimation

T [°C]

3,4,9,10-perylene tetracarboxylic

acid diimide (PTCDI)

1.68 95 400-405

Perylene 1.287 99.5 120

2H-phthalocyanine 1.44 98 370-380

2H-tetraphenyl-porphyrin 1.26 98 290-300

2H-tert-butyl tetraphenyl-porphyrin 1.30 98 290-300

Table 3.1: Parameters needed for the vacuum purification and deposition of the selected

organic molecules.

The bidentate adsorption of carboxylic-terminated molecules also yielded the first

successful attempts to functionalize a metal oxide surface through the formation

of ordered self-assembled layers [34, 35]. Interestingly, the suppression of surface

defects could be achieved chemically through the adsorption of a functionalized

pyridine compound exhibiting a specific affinity towards oxygen vacancies [36].
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An electron transfer from the reduced Ti+3 ions to the pyridines bound at the

vacancy sites determined a nearly complete quenching of the defect state peak,

which suggests that the surface excess charge is predominantly Ovac-derived, at

least for moderately reduced samples.

Two subgroups of conjugated organic compounds deserve special considera-

tion because of their importance in organic-based technologies: a) acenes and

functionalized perylenes, molecules displaying large free carrier mobilities; and b)

metallorganic dyes derived from phthalocyanines and porphyrins, which have been

shown to reach photoconversion efficiencies comparable or higher than the best

transition metal complexes based on rare-earth ions (> 13%) [37]. In an attempt

to broaden the available knowledge on these technologically important organics,

the present work investigates the adsorption on r-TiO2(110) of the species listed

in Tab. 3.1 along with some useful experimental data.
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4 Polyaromatic hydrocarbons

4.1 PTCDI

Polyaromatic hydrocarbons, PAHs, and their derivatives represent the largest class

of small organic molecules for electronic applications, ranging from transistors to

photovoltaics. The frontier molecular orbitals, HOMO and LUMO, which mat-

ter for electronic transport, are delocalized along the plane of the molecule; such

anisotropy can be exploited at the nanoscale to optimize specific transport prop-

erties into layered device architectures. The r-TiO2(110) offers a suitable dielec-

tric template where, apart from the direct bonding through specific PAHs func-

tional groups, the lattice spacing between the protruding oxygen rows (∼6.5 Å)

is well-suited to host the aromatic units of PAHs which adsorb on the surface

via non-directional van der Waals interactions. This is the case for the acenes

(naphthalene, anthracene, and pentacene), which showed a common self-assembly

mechanism on the (1×1) surface [2, 3, 4]. Naphthalene, anthracene,and pentacene

were found to lie more or less parallel to the surface with the major molecular axis

azimuthally oriented along the substrate [001] direction. Pentacene aggregates into

a long-range ordered molecular overlayer, where molecules are coupled side-by-side

to form stripes running along the [11̄0] direction, transverse to the bridging oxy-

gen rows. Molecules within the stripes strictly preserve the substrate periodicity

along the [11̄0] direction by tilting the molecular plane around the long axis ap-

proximately 35° off the surface. The molecular overlayer is incommensurate along

the opposite [001] direction, where the interstripe spacing is simply dictated by the

pentacene coverage, yielding a long-range order slightly beyond a 6-fold periodicity
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at the saturation of the monolayer.

Although various organic donor PAH molecules and polymers have been ex-

plored as p-semiconductors (hole transporters) in photovoltaics, the area of n-

type semiconductors still counts few nonfullerene-based compounds with good

characteristics for applications. Among such acceptor materials, perylene-based

molecules have always played a prominent role in both technology and research,

due to their outstanding chemical, thermal and photochemical stability, large op-

tical absorption in the visible to near-infrared spectral region, and good charge

transport properties [5]. The fine-tuning of these properties can be achieved by

functionalizing different positions of the 12 peripheral C atoms [1]. A scheme

of the structure of the particular perylene derivative considered here, perylene

tetracarboxylic acid diimide (PTCDI), is reported in Fig. 4.1, along with the rep-

resentation of a perylene molecule. The PTCDI backbone consists of 24 carbon

atoms, which replicate the perylene carbon structure, added with two imide groups

at the peri positions, each one featuring two carbon atoms, two oxygen atoms and

one nitrogen atom. The imide groups display a strong electron-withdrawing char-

acter, making the molecule a good n-type semiconductor. As a prototype of all

the n-type perylene-based compounds, PTCDI has been widely studied in surface

science; most of the research work focused on its interaction with metal substrates,

representatives of archetypal hybrid junctions in electronic devices, such as Ag [6],

Au [7], and Cu [8].

In this work, a detailed structural study on the adsorption of PTCDI on the

(1× 1) r-TiO2(110) surface reveals how its adsorption geometry is similar to that

observed for the acenes, in spite of a much different mechanism of growth. Previous

surface He atom scattering (HAS) experiments performed for PTCDI/TiO2(110)

[9] demonstrated that the film grows in a two-dimensional commensurate fashion

upon deposition onto a heated substrate (100-150°C). HAS surface diffraction was

indicative of a (1 × 5) periodicity of the molecular superlattice along the [11̄0]

and [001] symmetry direction, respectively. To obtain a deeper insight into the

growth process, the STM technique was subsequently applied on several films of

various coverage. The results and discussion of STM experiments are reported in
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Figure 4.1: Ball-and-stick molecular structure of PTCDI and perylene. Both are planar
hydrocarbons whose backbone consists of sp2 hybridized carbon atoms; gray spheres
represent carbon atoms, subdivided into perylene carbon and carbon belonging to the
imide terminations in PTCDI. White spheres represent hydrogen, red speheres oxygen
and blue spheres nitrogen atoms.

the following section.

4.1.1 STM results

Low coverage regime

PTCDI evaporations on a room temperature r-TiO2(110) substrate were carried

out for coverage regimes from the submonolayer (0.2 ML) to the multilayer (1.5

ML). Fig. 4.2, left, presents a typical STM unoccupied state image of a ∼0.2 ML

coverage deposited at RT.

Molecules appear as bright ovals whose long axis lies parallel to the substrate

rows, following the [001] direction marked by a yellow arrow. Several small islands

are discernible since the early stages of deposition, each one consisting of 5-10

molecular units coupled side-by-side and aligned head-to-tail along the rows. The

island inner structure is clearly discriminated in the magnification of the region

enclosed in the yellow frame of Fig. 4.2, left. One can recognize two coexisting

contrasts in PTCDI monomers: ovals are either two-lobed (red arrow) or single-

lobed (blue arrow). The former appearance is characteristic of molecules detached

from the compact single-lobed molecular stripes running across the substrate rows.

Thus, the submonolayer grown at RT does not display a single well-ordered
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Figure 4.2: STM constant current image, VS = 0.77 V and I = 20 pA. ∼0.2 ML PTCDI
deposited at room temperature. Left panel: molecules aggregate into small islands
showing a precise azimuthal orientation along the substrate [001] direction. Right panel:
close-up of the area enclosed in the yellow box on the left image; each monomer appears
as two parallel inhomogeneously bright lobes. Two phases can be distinguished: side-
by-side closely packed monomers (blue arrow), and monomers separated by one oxygen
row (red arrow).

(1 × 5) phase, but rather a mixture of arrangements, as the absence of a clear

HAS diffraction peak suggests. At low coverage, the substrate O atoms are clearly

imaged, on the terraces free of molecules, as dark rows running along the [001]

direction. A detailed inspection of the magnified region, where the substrate O

rows are discriminated, reveals that PTCDI monomers adsorb atop the oxygen

rows. In view of this result, and of the fact that two-lobed species always display an

inhomogeneous apparent height, an adsorption model consistent with the previous

NEXAFS experiments is proposed, where PTCDI lies with its long symmetry

axis parallel to the [001] direction and tilted ∼35°C about the oxygen rows. The

single-lobed islands are indicative of the formation of the (1×5) phase detected by

HAS, featuring the accommodation of one molecule atop each oxygen row, which

yields closely compact molecular domains, much more compact than the PTCDA

monolayer phase [10].

Within the STM apparatus, PTCDI could not be evaporated following the

same growth protocol set up by HAS in [9]; rather, annealing to 100-150°C was

performed after the RT deposition. The latter procedure slightly improves the
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Figure 4.3: STM constant current image, VS = 1.4 V and I = 120 pA. ∼0.4 ML PTCDI
deposited at RT, subsequently annealed to 100-150°C. Molecular self-assembly into the
(1×5) compact phase is enhanced. A dashed blue line represents the track of the height
profile reported in the bottom, where each molecule in the compact island appears as a
single protrusion.
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Figure 4.4: STM constant current image, VS = 1.4 V and I = 120 pA. Close-up of a
single (1 × 5) PTCDI island. (1) The island displays three stripes of molecules closely
packed side-by-side and bound head-to-tail in the (1 × 5) phase. (2) a tip change gives
insight into the lowest unoccupied orbital appearance: each lobe of a monomer is split
into two round-like protrusions. The simultaneous imaging of the substrate rows allows
an easy recognition of the molecular adsorption sites as the bridging oxygen atoms.

island ordering and domain size, as can be seen by comparing Fig. 4.2 with the

larger compact islands of Fig. 4.3, where the STM topograph has been recorded

after a RT deposition of 0.4 ML PTCDI and subsequent thermal annealing to

100-150°C. The island extension, in terms of number of molecules, is larger along

the [001] direction, which may be attributed to an anisotropic surface diffusion

(faster along the smooth potential surface traced by the Ti rows along the [001]

direction), as well as to a stronger side-by-side interaction of PTCDI. Islands do

nucleate on terraces according to a conventional model of condensation from the

vapor phase. For intermediate coverage (0.2-0.4 ML), one observes the coexistence

of molecular islands and surface defects in the uncovered portion of TiO2(110)

surface, such as oxygen vacancies and hydroxyl groups. Specific interactions of

the island nucleation and the surface defects were not reported, contrary to what

happens for some functionalized PTCDI molecules, which display a preferential

anchoring to surface defects [11].

The enhancement of molecular ordering seen in Fig. 4.3 results in stripes of

single-lobed monomers, as it is apparent from the height profile reported below the
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STM image, except for the ones at the stripe ends, which, after a careful examina-

tion, still show a bright/dark pair of lobes. This is attributed to the tilted geometry

of PTCDI, which prevents the tip from resolving the intra-stripe lobes closer to

the substrate, since they are screened by a portion of the adjacent monomers. Fig.

4.4 proves the validity of the proposed adsorption model. The close-up on a (1×5)

island is shown in two subsequent scans, during which a tip change occurs: the

enhanced resolution of image (2) unveils the inner four-lobed LUMO structure of

PTCDI, at the same time it proves that single bright ovals in compact stripes

are indeed constituted by one pair of bright and dark lobes. The scattered bright

features sometimes observed atop the islands are tentatively ascribed as effects of

molecular motion, rather than the coalescence of second-layer molecules, as XPS

spectra does not support such a conclusion. The STM topographic images do not

allow to discriminate the matching of PTCDI with the substrate atoms along the

[001] direction. However, considering that a unique PTCDI island aggregation ge-

ometry is observed, one can unequivocally associate the 5-fold periodicity observed

by He diffraction with the island intermolecular spacing along the bridging oxygen

rows. The large density of point and line defects, as well as the poor degree of

spatial correlation among the islands in the [001] direction, are consistent with the

faint diffraction peaks recorded in HAS measurements.

High coverage regime

As the coverage approaches 1 ML, PTCDI islands expand across the whole surface,

but the film presents a large density of domain walls which are not removed by

further annealing, as is observed in Fig. 4.5. The aggregation into larger, well-

ordered domains is prevented by the significant intermolecular interactions in the

(1× 5) phase, which include both a hydrogen bond between the imide end groups

and a side-by-side coupling due to π-π stacking.

Contrary to the c(2× 6) phase of PTCDA, the topographic appearance of the

(1 × 5) phase of PTCDI suggests that the molecule-substrate bond plays a mi-

nor role compared with intermolecular bonds; the strong π-π coupling between

adjacent molecules is instead a behavior similar to that reported for pentacene.
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Figure 4.5: STM constant current image, VS = 1.6 V and I = 260 pA. ∼1 ML of
PTCDI deposited at RT. At a coverage exceeding the monolayer, islands display a high
density of second layer, brighter molecules replicating the orientation of the underlying
monolayer monomers. Sparse white spots are associated with third layer molecules.

Considering the available literature data on the adsorption of PTCDI on met-

als and insulators (graphite, MoS2, Ag/Pt(111), Pt(100), NaCl(001), Au(111),

and Ag/Si(111)), first layer molecules have been reported to self-assemble into

three hydrogen-bonded main structures named “domino”, “canted”, and “brick-

wall”. These phases are characterized by flat-lying adsorption geometry, where

the reciprocal azimuthal orientation is governed by intermolecular hydrogen bonds

of different strength, mostly depending on the molecular separation [7]. Starting

from a low-density phase, where molecules line up in adjacent rows longitudinally

displaced (brick-wall phase), molecules are canted as they get closer, eventually

yielding a compact“domino”structure, as also reported for PTCDA. In the present

case, the balance between the strong intermolecular interactions and the molecule-

substrate bond overcomes the head-to-side hydrogen interaction and keep PTCDI

molecules straightly aligned along the [001] direction with a spacing as small as

14.8 Å. This geometry, despite being quite uncommon for perylenes, is equivalent

to that observed for acenes. In this regard, it is not surprising that second-layer

molecules mimic the stacking geometry of the first one, as reported for pentacene
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on several monolayer phases of much different density. However, in absence of the

direct interaction with the substrate, which pins the molecules to the same spacing

of the atomic rows, the π coupling of first- to second-layer molecules is not strong

enough to preserve a regular registry with the substrate, and the orientation of

second-layer molecules is irregular, as shown in Fig. 4.5.

4.1.2 DFT-based numerical simulations

Density functional theory (DFT) simulations are a valuable computational tool

to elucidate the complex adsorption behavior of PTCDI. The DFT calculations

herein presented have been performed by Prof. G. P. Brivio and Dr. G. Fratesi’s

research group (University of Milano Bicocca); the most important results will be

summarized and compared with the STM data discussed above.

In recent literature, several numerical works have demonstrated the funda-

mental role of long range van der Waals forces in accounting for the measured

adsorption energies and distances of aromatic molecules, e.g. PTCDA, on coinage

metal (111) surfaces Au, Ag, Cu [12] as well as on the r-TiO2(110). Very low

adsorption potentials (0-0.1 eV) and overestimated substrate-adsorbate distances

(> 5 Å) are found on these substrates whenever pure DFT exchange and cor-

relation functionals, i.e. without any corrections for the dispersion interactions,

are employed. Since the standard DFT functionals do not include any long range

correlation, they fail in describing systems where these correlations significantly

affect the adsorption.

Six PTCDI/TiO2(110) commensurate adsorption configurations have been re-

laxed using the DFT code QuantumESPRESSO [13] with a semilocal density func-

tional (Perdew-Burke-Ernzerhof, PBE) corrected by the introduction of long range

van der Waals interactions through a reliable semi-empirical approach (Grimme’s

correction [14]). The experimental evidence suggested the introduction of a p-

symmetry unit cell commensurate along both symmetry directions [001] and [11̄0]

to provide the initial coordinates for the DFT optimization, and two geometries

of orienting the adsorbate molecules in the cells. In the so-called “roof-tile” (RT)

geometry, PTCDI lies strictly aligned to the substrate rows; the imide moieties of
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Figure 4.6: DFT-D relaxed geometries of the (1×6) and (2×6) phase models on r-TiO2.
Upper panel: (1×6) roof-tile configuration, side view along the [001] direction (left) and
top view (right); lower panel: (2×6) roof-tile configuration, side view (left) and top view
(right). In the top view representation, substrate oxygen atoms are depicted as yellow
balls for the sake of clarity.

consecutive molecules face each other directly, hindering the formation of hydrogen

bonds with the nearby electronegative carbonyl moieties (C=O). At variance, the

“head-to-tail” (HT) configuration features a slight off-axis azimuthal rotation of

PTCDI backbone with respect to the [001] direction, allowing for the formation of

a hydrogen bond between the imide hydrogen and the carbonyl oxygen in the next

monomer. For each configuration, four adsorbate superlattices were tested: in a

first set each PTCDI monomer is coupled to one Obr row, fixing the intermolec-

ular spacing along the rows to 5 or 6 times the surface lattice constant, which

corresponds to the adlattice periodicities (1 × 5) and (1 × 6). In addition, the

(1 × 6) simulations are repeated after changing the intermolecular spacing across

the rows to twice the lattice constant (one PTCDI monomer per two Obr rows),

i.e. (2× 6) adlattice periodicity. This allows the assessment of the contribution of

π-π coupling across the stripes to the stability of the adlayer structure.

A common bonding scheme is observed in the two RT relaxed configurations

reported in Fig. 4.6: PTCDI is tilted on one molecular edge, with two opposite

carbonyl oxygen atoms binding two fivefold-Ti atoms in an on-top position with
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an C=O...Ti bond length of 2.12-2.15 Å, while the peripheral C-H groups in the

molecular rim point toward the nearest Obr atoms. The perylene backbone par-

tially overlaps an Obr row, keeping the orientation of the major axis parallel to

it, while being tilted by ∼35° out of the surface plane (O-O-O angle, Fig. 4.6), a

value in close agreement with the experimental outcome; hydrogens in the termi-

nal imide groups are also affected by their proximity to the underlying bridging

oxygen atoms, so that they are slightly bent below the plane of the backbone.

This adsorption mode is similar to the one discussed in [11] using a lower order

DFT approximation where no corrections accounting for dispersion interactions

were added. The system potential energy surface was probed by displacing one

PTCDI monomer (whose internal coordinates were not allowed to relax) above

the substrate along the three spatial coordinates, followed by the adjustment of

its out-of-plane tilt angle.

Figure 4.7: DFT-D relaxed geometries of the (1× 5) head-to-tail and roof-tile models.
Upper panel: (1× 5) head-to-tail configuration, side view along the [001] direction (left)
and top view (right). Lower panel: (1 × 5) roof-tile configuration, side view (left) and
top view (right). In the top view representation, substrate oxygen atoms are depicted
as yellow balls for the sake of clarity.
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Notwithstanding the presence of face-to-face positively charged imide groups,

the close-packed structure (1×5) in the RT configuration, depicted in Fig. 4.7 lower

panel, shows negligible changes in adsorption geometry when compared with both

(1x6) and (2x6)-RT phases. One C=O...Ti bond, shorter than in the RT phases

by 0.1 Å, is still present in the HT configuration in Fig. 4.7, while the forma-

tion of a pair of imide-carbonyl hydrogen bonds, N-H...C=O, between consecutive

monomers lifts the second PTCDI oxygen previously bound to a fivefold-Ti. This

in turn affects the azimuthal orientation of the molecule, causing a 15° azimuthal

rotation of the long axis with respect to the [001] direction. The establishment of

hydrogen bonds enables the stabilization of the (1× 5)-HT structure; the key pa-

rameter is the distance between the imide facing groups; in fact, in the (1× 6)-HT

initial configuration, the imide hydrogens lie at a larger distance, as a result the

geometry relaxes to the corresponding RT phase.

Tab. 4.1, first and second column, reports the adsorption energy of the various

phases, defined as the difference between the interacting system, substrate + ad-

layer, and its isolated constituents Eads = E(sub.+ ads.)− [E(sub) + E(ads)], as

well as the energy separation of each phase from the most stable one, the (1× 6)-

RT for PTCDI and the (2 × 6)-GH for PTCDA. The GL and GH phases will be

presented and discussed below.

The isolated PTCDI molecule is well approximated by the (2 × 6)-RT config-

uration, where the intermolecular distance across the rows exceeds 7 Å, and the

imidic hydrogens stay 4.6 Å apart. Van der Waals forces favor dense coupling

across the rows by 80 meV; on the other side, both the (2× 6) “isolated molecule”

and the (1×6)-RT configurations are preferred over the most compact (1×5)-RT,

where one pair of electron-rich (C=O) and another one of electron-deficient (N-H)

moieties lay head-on, leading to an intermolecular repulsion. The formation of a

double N-H...C=O bond between consecutive molecules (head-to-tail) compensates

the cleavage of one C=O...Ti bond and increases the adsorption energy by 60 meV

with respect to the RT configuration. The energy gain is limited if compared with

the calculated stabilization energy for a free-standing head-to-tail PTCDI dimer,

which amounts to 250 meV per molecule. The large decrease is consistent with
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Phase Eads ∆E = E− EGS Eads ∆E = E− EGS

PTCDI PTCDI PTCDA PTCDA

[eV] [meV] [eV] [meV]

(1× 6)-RT 3.45 0 3.01 40

(2× 6)-RT 3.37 80 3.03 20

(1× 5)-HT 3.26 190 unstable unstable

(1× 5)-RT 3.20 250 3.00 50

(2× 6)-GL 1.85 1600 1.70 1350

(2× 6)-GH 3.11 340 3.05 0

Table 4.1: Energetics of PTCDI and PTCDA phases on r-TiO2(110): denomination,
adsorption energy, and energy difference between the total energy of the selected phase
and the molecule ground state.

the much elongated N-H...O bond, whose length is 2.25 Å, as opposed to 1.74 Å

for the free-standing dimer. The latter distance was calculated with no dispersion

corrections, but this has been demonstrated to have negligible effects on strong

hydrogen bonds.

As a benchmark for our calculations on PTCDI, the same set of simulations

were performed on the adsorption of PTCDA, which is functionalized with two

opposite anhydride groups in place of the imide groups of PTCDI.

Experiments performed on the PTCDA/r-TiO2(110) system [10] reported two

self-assembly modes differring from the (1×5) compact phase observed for PTCDI.

In the low to medium coverage regime, PTCDA adsorbs with its long axis parallel

to [001] and forms irregular stripes of molecules meandering along the [1-10] direc-

tion. By increasing the coverage to one monolayer or annealing the sub-monolayer

(∼100°C), the formation of a long-range ordered c(2× 6) phase is achieved.

A DFT computational scheme, including the same van der Waals corrections

used in the present work, was employed to rationalize the experimental findings,

and the striking changes seen in STM after the formation of the c(2×6) phase. The

calculations showed that in the isolated molecule limit, PTCDA carbon backbone
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adsorbs exactly on top of the bridging O rows, keeping a planar conformation

without any tilt angles, but its carbonyl O atoms are bent towards the surface and

point to the substrate Ti. This configuration is labeled (2× 6)-GL in Tab. 4.1, as

the resulting PTCDA superstructure has a (2× 6) periodicity with respect to the

surface unit cell. The energies reported in Tab. 4.1 indicate that this configuration

is highly unfavored for both PTCDA and PTCDI.

In the high coverage regime the PTCDA conformation, according to the DFT-

D simulations in 4.1, results strongly deformed: the molecule binds to the 5f-Ti

atoms in the surface troughs via the two carbonyl moieties, C=O, located at op-

posite sites of one molecular diagonal, and adopt an arch-bent geometry of its

perylene backbone, which sits on top of the bridging O rows and is always aligned

to the [001] surface direction, as for the isolated molecule. In addition, molecules

in the monolayer are held close together via lateral C-H...O hydrogen bonds. This

configuration is named (2 × 6)-GH in Tab. 4.1. (2 × 6)-GH turns out to be the

ground state of PTCDA thanks to the sizable contribution of the dispersion in-

teractions in the total energy calculation [10], which is correctly captured by the

DFT-D method. However, the same phase results highly unfavored for PTCDI,

which is fully consistent with our STM observations, where (2 × 6)-GH domains

have not been detected neither when approaching 1 ML coverage nor upon anneal-

ing the submonolayer.

STM calculated contrast for each one of the four phases is presented in Fig.

4.8. Each image refers to the corresponding ball-and-stick model labeled with the

same letter in Figs. 4.7 and 4.6, and represents an isovalue map of the integrated

PTCDI/r-TiO2(110) local density of states (LDOS) between the Fermi energy

and the fixed sample bias voltage. In the limit of low temperature and small bias

voltages, the constant integrated LDOS can be regarded as a quantity proportional

to the current measured by the scanning tip. Due to frequent tip instability when

scanning at negative biases, the experimental images have always been recorded at

positive sample biases; as a result, only images calculated from unoccupied LDOS

(VS = +1.0 V) are reported.

In the less dense PTCDI phase (2 × 6)-RT, the simulations show the same
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Figure 4.8: Images of the integrated local density of states (LDOS) for each one of the
4 phases whose relaxed geometries have been reported above. Each LDOS map results
from the integration of the unoccupied states at a distance of 2.5 Å from the outermost
atoms of the adsorbed molecules, up to 1 eV above the Fermi energy.

LUMO structure also found on other metal and semiconducting substrates is ob-

served: three pairs of six protrusions are aligned along the substrate rows, coupled

to two pairs of larger spots at the edges of the molecule. The mirror symmetry

of the isolated PTCDI is broken as a consequence of substrate corrugation: one

half of the molecule appears brighter, being tilted off the surface. This is to be

compared with the experimental topograph in Fig. 4.2, right, illustrating the ap-

pearance of an island formed upon deposition at RT. Each monomer is imaged as

two lobes with inhomogeneous apparent height, as pointed out in the discussion

of STM images. Every molecule has a well defined azimuthal orientation following

the [001] direction.

When molecular coordinates are optimized in the stacked structure (1×6)-RT,

the change in the aspect ratio of monomers is what one realizes at first: their [001]

extension overcomes by far their width. This is a result of the overlap between

adjacent monomers, favored by their out-of-plane inclination: the bright half of

one PTCDI molecule is superimposed onto the faint half of the next one, which is
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barely detectable. In agreement with our simulated images, stripes of monomers

exhibiting homogeneous apparent height are found in STM images of Fig. 4.3,

after a mild annealing procedure. PTCDI keeps an identical appearance in the

densely packed structure (1 × 5)-RT, the only difference being the reduced gap

in LDOS intensity between two consecutive monomers, as the intermolecular [001]

distance decreases. The lack of an appreciable longitudinal separation in measured

STM contrast supports the conclusion of a dominant fivefold periodicity along the

substrate rows in the islands grown at room temperature as well as in the annealed

ones; however, one must resort to surface diffraction techniques to reveal the exact

periodic structure in a conclusive way.

Clear differences in calculated PTCDI LDOS on r-TiO2(110) from the relaxed

DFT structures allow the unambiguous recognition of the inter-row periodicity

along the [11̄0] surface direction in the experimental images. For what concerns

the [001] high symmetry direction, the densely packed phase (1 × 5)-HT, where

molecular order is achieved via weak hydrogen bonding, is predicted to display an

appreciable misalignment between consecutive molecules, which is associated with

a drop of the LDOS in between. However, the STM images recorded with good

resolution are too scarce to allow for the straightforward discrimination of the two

possible phases, (1× 5)-RT or HT.

In conclusion, DFT-D predicts the formation of compact π-coupled stripes

along [11̄0], while it cannot correctly capture the intermolecular interaction pre-

dominant along the [001] direction, leading to the formation of a (1× 5) adlattice

that is detected by both HAS and STM. The calculations favor a PTCDI longi-

tudinal separation of 6 unit cells; this is attributed to a poor description of van

den Waals forces and possibly to the lack of a correct exchange interaction in the

selected functional, which is essential in predicting the molecular energy levels in

organics [15]. A better description of the system may be achieved through the

use of a hybrid functional, but computational load required is much larger. The

formation of a c(2× 6)-GH phase, like that reported for PTCDA, has never been

observed for PTCDI, in agreement with DFT calculations predicting an adsorption

energy nearly twice that of the experimentally observed (1× 5) phase.
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4.2 Perylene

The structure of perylene, Fig. 4.1 right, is typical of an archetypal non-

functionalized PAH; its width is approximately twice that of the acenes, i.e. two

hexagonal carbon rings. In absence of specific functional groups which modify

the charge distribution along the molecular axis, the adsorption mode of perylene

should result in an intermediate behavior between pentacene and PTCDI. Similarly

to what has been expounded for PTCDI, a combination of experiments and first-

principles calculations has been conducted for perylene in order to fully explore

the interaction between the PAH and the dielectric substrate. In the following

sections, the dependence of the adsorption on the coverage regime of perylene is

investigated; the molecules are found to lie along the Ti troughs, tilted off the

surface. The van der Waals interactions once again play an important role in the

formation of ordered domains, although the intermolecular coupling is found to

be relatively weaker than for pentacene, and local ordering only sets in at the

completion of the first wetting layer.

4.2.1 STM results

Low coverage regime

Films with various molecular coverages have been prepared on the clean r-

TiO2(110) surface ranging from 0.3 to 1 ML. Fig. 4.9 (A) shows a typical low-

coverage STM constant current image (about 0.3 ML). Individual molecules appear

randomly scattered on the surface; each monomer is imaged as a bright oval, elon-

gated along the [001] direction; the TiO2 surface rows are visible in the areas clear

of molecules. A detailed analysis of the magnified region in 4.9 (B) reveals that

perylene adsorbs on top of the fivefold-Ti troughs, which recalls the behavior of

acenes, and is at odds with those of PTCDI and PTCDA. Neglecting the molec-

ular motion during STM data acquisition, and applying a statistical analysis over

hundreds of molecules, we obtain values of 3.7 Å for the molecular width, 11 Å for

the length and, by taking the Ti rows as a reference, 1 Å for the height.
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Figure 4.9: STM constant current image, VS = 1.5 V and I = 40 pA. ∼0.3 ML of
perylene deposited at RT. (A) Large-scale image: molecules are imaged as bright ovals
between the surface oxygen rows. (B) A close-up of the region marked by a yellow square
shows that the adsorption sites are Ti rows.

Some weak order among the adsorbed species is detectable in 4.9 (A), particu-

larly along the direction of the Ti rows, where one observes groups of 3-6 aligned

molecules. This is indicative of a weak intermolecular attraction; however, the

large structural corrugation of TiO2(110) associated with the protruding oxygen

rows is the major driving force of perylene adsorption. The predominance of van

der Waals interaction between the molecule and the substrate is also consistent

with the significant molecular mobility observed for the room temperature sub-

monolayer. Overall, perylene monomers are scattered along the Ti troughs much

like a two-dimensional gas under a weakly attractive interaction potential. These

weak intermolecular and molecule-substrate interactions have also been highlighted

in previous works performed for films of perylene on noble metal surfaces [16, 17]

investigated with X-ray photoemission and absorption techniques.

High coverage regime

As the coverage increases towards the monolayer limit, Fig. 4.10, the film shows

the onset of molecular self-assembly, albeit driven by weak van der Waals forces.

A significant side-by-side as well as head-to-tail molecular attraction yield the for-
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Figure 4.10: STM constant current image, VS = 1.2 V and I = 50 pA. ∼1 ML of
perylene deposited at RT. (A) Large-scale image: molecules line up in compact rows
along the [001] direction with little inter-row correlation. (B) Close-up showing sets of
2-3 rows correlated across the [11̄0] direction due to dispersion interactions.

mation of compact ordered domains. The monolayer coverage is always produced

by saturation: a sharp decrease of the sticking coefficient after the whole surface

has been covered with molecules hampers the formation of a multilayer at room

temperature and at the considered low deposition rates (≤ 0.1 ML/min). The

thermal stability of the monolayer film has been tested up to 370 K.

Several images show the presence of different domains, where the unit cell is

either a rectangle, with two sides parallel to the [001] direction, or a parallelogram.

In the former, a molecular spacing of about 1.2 nm, which is consistent with a 4-fold

periodicity along the oxygen rows (∼1.18 nm), is measured. The latter features

an angle of ∼24° relative to the [11̄0] direction (see Fig. 4.11), and the distance

between consecutive molecules in this case is of 0.75 nm. As expected, symmetry-

equivalent domains with respect to a 180° rotation about the surface rows were

also detected. A noticeable difference observed between the low- and high-coverage

STM images is the width of the elongated ovals. In the first case, it is equal to 3.7

Å while in the latter case it is about 5 Å.
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4.2.2 DFT-based numerical simulations

For a better understanding of these organic molecular phases, both high- and low-

coverage regimes were modeled by means of DFT-D simulations, which include

the long range dispersion corrections implemented within the same theoretical

framework as for PTCDI, using a PBE-type functional. The simulations have

been carried out by Prof. J. Mart́ınez (Institute of Material Sciences, Madrid).

As a first step, the basic one-molecule system has been simulated with a large

periodic slab. For this purpose, the repeated slab geometry included: i) a slab

of four TiO2(110) layers with a minimum distance of ∼25 Å of vacuum between

neighboring cells along the axis perpendicular to the surface, as well as ii) full

periodic boundary conditions representing an infinite r-TiO2(110) surface. Each

Figure 4.11: Adsorption models for perylene on r-TiO2(110) suggested by the STM
investigation. (A) and (B): side and top views of an isolated molecule representative of
the low coverage case; (C) and (D): side and top views of the favored unit cell for the
monolayer case; it is made up of 4 molecules each one longitudinally displaced by 1/4
of the [001] period unit. Distances and angles, marked in blue, are those resulting from
the corrected DFT calculations discussed below.
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substrate oxide layer contained 60 atoms with perfectly balanced stoichiometry in

order to avoid polarization effects. A rectangular cell of (14.9×13.2) Å2 containing

one perylene molecule has been used for the low-coverage regime, large enough

to minimize the interaction between neighboring molecules. In Fig. 4.11, only

the very first TiO2(110) layer of atoms has been drawn, for the sake of clarity.

The reciprocal space sampling for the calculation of the electronic structure has

been tested to be dense enough to provide full convergence of the total energy and

electronic density.

According to the experimental data, perylene molecules adsorb on the Ti

troughs, so that, starting with the single molecule case, two inequivalent initial

configurations have been fully relaxed: the first one with the central aromatic ring

of perylene lying in an on-top position over a Ti atom; the second one featuring the

central aromatic ring over the middle of a Ti-Ti bond, in a so-called bridge position

along the Ti rows. The converged adsorption energy reveals that the second con-

figuration is more stable than the first one, and yields a tilt angle of approximately

48°; the molecular center of mass lies at a distance of 5.9 Å from the Ti rows under-

neath. These quantities are reported in Fig. 4.11 next to the ball-and-stick relaxed

models. Notably, the DFT dispersion-corrected optimization keeps the long axis

parallel to the [001] direction: no azimuthal rearrangements occur. The adsorption

energy and molecule-to-substrate charge transfer for this low-coverage configura-

tion are estimated at 2.43 eV and 0.05 electrons per molecule transferred to the

substrate, respectively. DFT-D calculations also reveal, upon comparison with

the results obtained within a conventional, non-dispersion corrected DFT frame-

work, that the nature of the molecule-substrate interaction and charge transfer is

mostly electrostatic. This interaction, at the low-coverage regime, is weak enough

to enable the diffusion of perylene monomers along the Ti troughs, a finding in

excellent agreement with what has been observed with the STM. In addition, the

electrostatic, non-directional character of the molecule-substrate interaction, ac-

companied by the absence of any covalent bonds, does not bend the molecular

structure, at variance with what has been reported for PTCDA [10].

For the monolayer phase, we tested three inequivalent configurations, assuming
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Figure 4.12: Three periodic structures investigated with DFT describing the monolayer
phase of perylene molecules. From left to right: (4 × 1), c(4 × 2) and (4 × 4), which is
the predominant one in the experiments. Dashed yellow lines represent the unit cell of
the models, where a = 6.6 Å , and b = 11.9 Å. The [001] direction of Ti rows is reported
in the middle figure.

a common 4-fold intermolecular spacing along the [001] direction: i) the (4 × 1)

and c(4 × 2) phases (Figs. 4.12, left and middle); and ii) the (4 × 4) phase

(Fig. 4.12, right), which is the extended unit cell proposed in the bottom panel

of Fig. 4.11, prompted by the analysis of the experimental findings. For this

high-coverage regime, the TiO2(110) surface was modeled, as for the previous low-

coverage regime, with a repeated slab geometry: i) a slab of four TiO2(110) layers

separated by a minimum distance of ∼2.4 Å of vacuum between neighboring cells

along the axis perpendicular to the surface; as well as ii) full periodic boundary

conditions representing an infinite TiO2(110) surface. Each substrate oxide layer

contained 24 atoms with perfectly balanced stoichiometry. The reciprocal space

sampling was properly scaled according to the cell size to reach full convergence

in the calculations. The top-view ball-and-stick representations of the DFT-D

relaxed slabs are reported in Fig. 4.12 for the three inequivalent high-coverage

phases (with cell parameters a = 6.6 Å and b = 11.9 Å). The molecules show

an axial tilt angle ranging between 32° and 34°, in agreement with the measured

value of ∼26° within the experimental error of the estimated NEXAFS dichroic

signals. In these cases, too, no azimuthal rearrangements are obtained from the

optimization, which indicates that the dense packing configuration is stable.

Two additional tests were performed to check the consistency of the theoretical
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Phase Eads

[eV]
Tilt
[deg]

Distance
[Å]

Charge transfer
[e/mol.]

Low cov. 2.43 48° 5.9 0.05

High cov.
(4× 1)

2.15 34° 5.43 0.08

High cov.
c(4× 2)

2.12 32° 5.38 0.06

High cov.
(4× 4)

2.23 34° 5.41 0.09

Table 4.2: Adsorption energies, tilt angles, molecule-substrate distances, and transferred
electrons per molecule for perylene adsorbed on r-TiO2(110).

simulations with the experimental findings: i) each one of the three configurations

has been relaxed with the center of the aromatic ring located atop one Ti atom,

or on a Ti-Ti bridge site along the [001] direction. Those configurations where

the central aromatic ring of the molecules sits on top of a Ti atom always turn

out to be energetically favored. ii) supercells with unit cell size twice that of the

ones reported in Fig. 4.12, along both x and y directions, have been introduced

to check the stability of the structures obtained in the simulations, and possible

formation of film reconstructions. However, no new structural effects have been

observed, the relaxed configurations being identical to the ones with the smaller

cells; therefore, in the following, the electronic structure is calculated using the

minimal unit cells. The optimized geometries for the (4× 1), (4× 2) and c(4× 4)

perylene phases result in adsorption distances and energies of 5.43, 5.38 and 5.41

Å (measured from the center of mass of each molecule to the fivefold-Ti rows),

and 2.15, 2.12 and 2.23 eV per molecule, respectively. The molecule-to-substrate

charge transfer is equal to 0.08, 0.06 and 0.09 electrons per molecule, respectively.

According to these values, the most stable configuration is the (4× 4) phase (see

lower panel in Fig. 1). However, the low differences in adsorption energy suggest

that locally several of these phases could coexist, in agreement with the variety of

the arrangements that were observed in the STM images in some areas of the sur-
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face. Thus, considering the lower adsorption energy of 2.23 eV for the most stable

configuration at high coverage compared with that of 2.43 eV obtained for the low

coverage, one can conclude that the dense molecular packing tends to increase the

intermolecular interaction by reducing the interaction with the surface. Finally,

it is important to remark that, compared to the non-dispersion corrected DFT

results, the semi-empirical inclusion of the van der Waals interactions increases

the adsorption distances by ∼0.2 Å and the adsorption energies by approximately

50% in both low- and high-coverage regimes.

Electronic structure and STM contrast

In Fig. 4.13, top panel, the ultraviolet photoemission spectrum (UPS, photon

energy = 21.2 eV, He I radiation) at the valence band edge of the clean surface,

1 ML and a thick film of perylene, is reported. The graphs show that the pro-

gressive increase in intensity of the HOMO peak, located at ∼1.9 eV B. E. is not

accompanied by a B. E. shift: no charge transfer takes place between the molecule

and the substrate. Overall, the molecule-substrate interaction is rather weak, in

excellent agreement with our theoretical predictions and the previous experimental

results in the literature, which all point to a predominant van der Waals binding

mechanism, which does not modify the electronic structure of the molecule.

Once the high-coverage (4 × 4) phase has been unequivocally associated with

the perylene/TiO2(110) ground-state structure by total energy calculation within

the DFT-D framework, its electronic structure has been investigated using some

refined techniques, namely the G0W0 formalism and the Bethe-Salpeter equation

implemented in the YAMBO software package, which introduce some many-body

corrections to the standard DFT approach to properly account for the self-energy

error and the electron-hole coupling effects. Such refinements have been shown

to give a considerably improved description of the electronic structure of organic

molecules [18].

More than 200 unoccupied electronic bands were necessary to obtain fully con-

verged self-consistent results. The electronic structure calculation yields an im-

proved energy gap for the perylene molecule on the r-TiO2 substrate equal to 2.2
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Figure 4.13: Top panel: He-I UPS spectrum (21.2 eV) (low binding energy region)
of the clean r-TiO2(110) surface, 1 ML and a thick film of perylene. Bottom panel:
projected density of states in the perylene+TiO2(110) slab for the relaxed (4×4) perylene
monolayer. The energy windows are the same in both graphs, and energies are calibrated
to the experimental Fermi level set at 0 eV.
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eV, to be compared with the 1.4 eV obtained by standard DFT. On the other

hand, the calculated bandgap for the r-TiO2(110) surface is 3.6 eV, in good agree-

ment with the experimental evidence of ∼3.0 eV [19]. The available He-I UPS

spectroscopic information has been used to calibrate the perylene molecular levels

relative to the TiO2 electronic bands.

Figure 4.14: (A) measured and (B) calculated STM image for the (4× 4) ground state
perylene/TiO2(110) interface at the monolayer coverage regime, using the same scanning
parameters as in the experiments. A pictorial ball-and-stick models of the monolayer
phase has been partially superimposed to the simulated image.

The bottom panel of Fig. 4.13 illustrates the projected density of states

(PDOS), on both the TiO2 surface and the perylene adlayer, for the optimum

(4× 4) perylene/TiO2(110) interface once the electronic levels have been properly

adjusted. For a better comparison with the experiment, notice that the energy

window in both panels is the same. The PDOS profile has the perylene LUMO

laying at approximately 0.5 eV above the Fermi level, close to the conduction band

of TiO2.

The calculation of the unoccupied orbitals leads also to the accurate simulation

of the STM images at the positive sample bias used in the experiment. Fig. 4.14
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shows a comparison between the experimental (A) and simulated (B) STM im-

ages for the high coverage regimes, at a constant tunnelling current set to 100 pA,

where the density of states has been energy-integrated up to a voltage threshold of

VS = 1.4 V from the Fermi energy. The agreement between the experimental and

theoretical images is remarkable. One of the main advantages of the efficient first-

principles strategy adopted here is that one can directly locate and superimpose

with confidence the structure of the molecules over the simulated STM images

in order to properly associate the observed contrast features with the molecular

structure. In the high-coverage phase, corresponding to the (4 × 4) perylene su-

perlattice, the characteristic bright oval shape does not coincide with the whole

molecular backbone, but rather is due to the out-of-plane molecular edge, as a

result of the molecular tilt angle.

81



4.3. REFERENCES (CH. 4)

4.3 References (Ch. 4)

[1] Gregor Witte and Christof Wöll.

Growth of aromatic molecules on

solid substrates for applications in

organic electronics. Journal of Ma-

terials Research, 19(07):1889–1916,

2004.

[2] S Reiss, H Krumm, A Niklewski,

V Staemmler, and Ch Woll. The

adsorption of acenes on rutile

TiO2(110): A multi-technique in-

vestigation. Journal of Chemical

Physics, 116(17):7704–7713, 2002.

[3] Denis V Potapenko, Nicholas J

Choi, and Richard M Osgood. Ad-

sorption geometry of anthracene

and 4-bromobiphenyl on TiO2(110)

surfaces. The Journal of Phys-

ical Chemistry C, 114(45):19419–

19424, 2010.

[4] Valeria Lanzilotto, Carlos Sanchez-

Sanchez, Gregor Bavdek, Dean

Cvetko, Maria F Lopez, José A
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Ch Wöll. Growth and morphology

of thin films of aromatic molecules

on metals: the case of perylene.

Applied Physics A, 82(3):447–455,

2006.

[17] K Manandhar, JB Sambur, and

BA Parkinson. Morphologies,

structures, and interfacial elec-

tronic structure of perylene on Au

(111). Journal of Applied Physics,

107(6):063716, 2010.

[18] Xavier Blase, Claudio Attaccalite,

and Valerio Olevano. First-

principles GW calculations for

fullerenes, porphyrins, phtalocya-

nine, and other molecules of in-

terest for organic photovoltaic ap-

plications. Physical Review B,

83(11):115103, 2011.

[19] K Vos and HJ Krusemeyer. Low

temperature electroreflectance of

TiO2. Solid State Communications,

15(5):949–952, 1974.

84



5 Phthalocyanine and porphyrins

Light harvesting and conversion into electricity by dye-sensitized solar cells is one of

the promising research areas where TiO2 crystals are routinely employed. Organic

molecules free of rare-earth ions are among the best candidates for replacing current

Ru-based high-efficiency pigments in organic solar cells; in view of this fact, it is

desirable to study the characteristics of archetypal organic dye molecules adsorbed

on a well-known TiO2 surface, such as r-TiO2(110), in order to improve the models

describing their physico-chemical properties at the interface.

To this purpose, the following three organic molecules were selected as repre-

sentatives of basic heteroconjugated compounds: free-base phthalocyanine, 2H-Pc,

tetraphenyl-porphyrin, 2H-TPP, and tert-butyl tetraphenyl-porphyrin, 2H-tbTPP.

They all belong to the group of macrocyclic molecules, i.e. molecules constituted

by a cyclic structure of carbon atoms (sp2 hybridization), and possibly other el-

ements, covalently bonded via single and double bonds. Phthalocyanines and

porphyrins are highly attractive as sensitizing agents in dye-sensitized solar cells

since their robust, optically active heteroconjugated macrocycle provides a pocket

large enough to incorporate several metal ions for tailoring the molecule chemical

and optical properties. Furthermore, functional groups can be attached to multi-

ple peripheral atomic sites distributed around the outer edge of the macrocycle,

which provide stable anchoring of the cromophore to the oxide layer and facilitate

charge injection, a crucial step in the process of light conversion into electricity by

solar cells.

Beside the applications in solar technology, these molecules provide also a suit-

able playground for the study of chemical reactions in an organodielectric interface.

As a matter of fact, synthesis of ultrapure and homogeneous adlayers of metalloph-
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Figure 5.1: Ball-and-stick molecular structure of free-base phthalocyanine (2H-Pc),
tetraphenyl-porphyrin (2H-TPP) and tert-butyl tetraphenyl-porphyrin (2H-tbTPP).
They belong to the group of macrocyclic molecules, which are characterized by a central
ring of atoms, the macrocycle. Three types of N atoms for the 2H-Pc (meso, aza and
pyrrolic) and two types for the porphyrins (meso and pyrrolic) are localized around the
macrocycle. For the sake of clarity, the two porphyrins are represented with a θ = 0°

dihedral angle between the phenyl rings and the macrocycle, which conformation is quite
different from the one adopted in their condensed phase (θ ∼ 60°). Gray = carbon, blue
= nitrogen, white = hydrogen.

thalocyanines or porphyrins from free-base precursors has been carried out either

via evaporation of metal atoms on top of a pre-deposited layer of molecules or as a

result of self-metalation, a process where substrate metal atoms are incorporated

into the molecular units. So far, self-metalation has been successfully achieved for

2H-TPP on the Cu, Ni, Fe metal substrates but has never been reported for ph-

thalocyanines or porphyrins on a semiconductor surface. In this work, the possibil-

ity of substituent-selective self-metalation of macrocycles upon deposition onto the

semiconducting r-TiO2(110) single crystal surface is explored via a multitechnique

experimental approach. In particular, the temperature onset of the metalation

reaction is found to depend on the type of peripheral substituents attached to the

molecular macrocycle, which influence its coupling to the r-TiO2(110) surface as

well as the conformational flexibility of the molecules.

The geometry and chemical composition of each compound is illustrated in the

ball-and-stick models of Fig. 5.1. Four pyrrole subunits, held together by nitrogen

(for 2H-Pc) or carbon (for 2H-TPP and 2H-tbTPP) meso linkers, constitute the
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macrocycle: its central area is the active site where a metal atom can ligate with

the surrounding nitrogen atoms to form a metalated species. In 2H-Pc the pyrroles

are modified by the cleavage of two C-H bonds, followed by the addition of four

sp2 carbon atoms to give four co-planar isoindole groups. In porphyrins, each

intact pyrrole subunit is linked to a phenyl ring at meso positions through a C-

C covalent bond. The molecular flexibility is enhanced by the introduction of

a new angular degree of freedom: the dihedral angle between the phenyl plane

and the plane of the macrocycle. In the ground state conformation of crystalline

free-base porphyrins, the phenyl rings are tilted around the C-C bond axis ∼ 60°

out of plane as a consequence of steric repulsion between facing phenylic and

pyrrolic C-H terminations. An additional degree of freedom available in the three

compounds arises from the ability of isoindole (2H-Pc) or pyrrole (2H-TPP and

2H-tbTPP) moieties to rotate about the outer C-N bonds (in 2H-Pc) or the C-C

bonds (in porphyrins). In porphyrins, the bending of opposite pairs of pyrroles

above and below the plane of meso C atoms upon adsorption or metalation results

in a typical saddle-shaped conformation of the macrocycle [4], easily recognizable

in STM micrographs.

5.1 Spectroscopic results

5.1.1 X-ray photoemission

As a first step, X-ray photoemission spectroscopy was used to probe the macro-

cycle chemical state upon contact with the r-TiO2(110) surface. The nitrogen 1s

core level provides a suitable fingerprint, since, as illustrated in Fig. 5.1, three

chemically inequivalent N species are contained in the pthalocyanine and two in

the porhyrins: meso nitrogens, which weld the four isoindole moieties in 2H-Pc,

aza nitrogens and pyrrolic nitrogens, located in the inner edge of the pocket of

each compound. Each pyrrolic-N is bound to one hydrogen atom, while the aza-N

and the meso-N are bonded to two C atoms each.

Fig. 5.2 reports the N 1s XPS spectrum taken on three films of 2H-Pc evap-
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Figure 5.2: Nitrogen 1s core level XPS measured at a photon energy of 650 eV (thick
film) and 500 eV (other spectra) for 2H-Pc on r-TiO2(110). The peak intensities have
been normalized and calibrated to the corresponding Ti 3p photoemission signal at 37.60
eV. Black markers are used for thick films, blue for as-deposited layers, red for annealed
layers. Proceeding from the bottom: 2H-Pc multilayer (∼ 9 Å) on a sample held at RT;
∼ 2/3 ML (∼2.0 Å) at −60°C; ∼ 2/3 ML annealed.
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orated in UHV on r-TiO2(110). The bottom spectrum (black markers) refers to

the multilayer: two well-separated peaks can be clearly distinguished, the first

one at lower B. E., 398.5 eV, which originates from the photoelectrons emitted by

aza- and meso-N atoms; the other one at higher B. E., 400.0 eV, representing the

pyrrolic-N contribution. Their intensity ratio is consistent with the stoichiometry

of pristine 2H-Pc; if the pyrrolic contribution is labeled Npyrr and the aza + meso

one NC , one gets Npyrr/NC ∼ 1 : 3, which indicates the formation of a multilayer

of weakly interacting molecules.

A striking reaction occurs when one looks at the monolayer phase, deposited

on a cold TiO2 surface (blue spectrum): the intensity of the Npyrr component is

nearly equal to that of the NC one, resulting in a stoichiometric ratio of approx-

imately 1:1. Upon contact with the surface, four N atoms out of eight appear

to be pyrrolic, i.e. bound to one H atom. The subsequent thermal treatment of

the monolayer phase to 250°C causes the disappearance of the Npyrr component

(red spectrum), accompanied by an increase in intensity of the remaining N peak,

shifted to 398.70 eV. The N conversion is already complete at 90°C. A single N 1s

peak with similar B.E. is found in films of metal phthalocyanines, thus suggest-

ing that a self-metalation with Ti substrate atoms has occurred, which provides a

straightforward explanation of the observed change.

The “pyrrolization” of nitrogen in 2H-Pc on r-TiO2(110) has already been re-

ported in the literature [1], although no conclusive explanation has been provided.

To disentangle the contribution of chemically inequivalent nitrogen atoms to the

observed core level shift, the same photoemission experiment has been performed

on 2H-TPP. The results are reported in Fig. 5.3: 2H-TPP behaves in a similar

fashion as 2H-Pc, albeit with a remarkable distinction concerning the sample tem-

perature at which the self-metalation is triggered. Black markers indicate the XPS

spectrum measured on a multilayer of 2H-TPP evaporated onto a room tempera-

ture r-TiO2(110) surface. The Naza and Npyrr components are separated by ∼ 2.0

eV; their relative intensities correctly reproduce the stoichiometry of the pristine

2H-TPP molecule, Npyrr/Naza ∼ 1. However, first layer molecules at room tem-

perature (blue spectrum) only display a single N 1s peak located at 400.5 eV. This
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observation leads to the conclusion that the aza-N atoms are the species affected

by the presence of the surface in the porphyrin. A post-growth thermal annealing

to 150°C for 5 minutes (red spectrum) induces the same downward shift (∼ 1.5

eV) as for 2H-Pc, the only difference being the fact that a modification of 2H-Pc

Npyrr/NC ratio was detected already in the RT film, signalling that the metalation

processes had started, and was already complete at 90°C, a temperature at which

the 2H-TPP still shows a single pyrrolic N peak.

The N 1s peak B. E. is very sensitive to the chelated metal species in

the tetrapyrrolic pocket as well as to the presence of axially coordinated small

molecules such as O2 or NO; peak positions may differ by 0.1 eV or more [11]. This

particular chemical sensitivity was exploited to find another spectroscopic evidence

supporting the Ti incorporation into the macrocycle. An electron-bombardment

heated Ti rod provided the source for the evaporation of Ti atoms in the experi-

mental chamber, where the sample was previously covered with 2/3 ML 2H-TPP

at RT. The outcome of the photoemission measurement done after exposing the

layer to Ti vapors (∼ 0.4 Å Ti nominal thickness) is the green spectrum reported

in Fig. 5.3. It shows a N 1s low B. E. peak located at ∼399.0 eV, perfectly

aligned to the metalated component in the spectrum of the annealed layer, plus a

broad peak on the high B. E. side, which is assigned to the presence of residual

non-metalated molecules possibly as a result of the limited mobility of Ti adatoms

across the surface at room temperature.

Fig. 5.4 reports the XPS spectra measured on the third compound, 2H-tbTPP.

The functionalization of the molecule is such that the presence of two tert-butyl

groups attached to each one of the four phenyl rings is expected to increase the

adsorption distance of the porphyrin macrocycle from the substrate, thus weak-

ening the interaction between the latter and the nitrogen atoms. The multilayer

spectrum exhibits both aza and meso N 1s peaks slightly shifted toward lower B.E.

values (∼ 0.15 eV) relative to the peaks of bulk 2H-TPP, which could be ascribed to

a higher polarizability of the molecule [3]. The intensity ratio is Npyrr/NC ∼ 1 : 1,

once again confirming the growth of a multilayer of intact molecules. The N 1s pro-

file measured after the deposition of 1 ML 2H-tbTPP on room temperature TiO2,
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Figure 5.3: Nitrogen 1s core level XPS measured at a photon energy of 500 eV for 2H-
TPP on r-TiO2(110). Peak intensities in the series have been normalized and calibrated
to the corresponding Ti 3p photoemission signal at 37.60 eV. Black markers represent
the thick film, blue the as-deposited film, red the annealed film, and green the film
metalated via Ti evaporation. Proceeding from the bottom: 2H-TPP thick film (∼ 17
Å) on a sample held at RT; 0.2 ML (∼3.0 Å) at RT; 0.2 ML annealed to 150°C for 5
minutes, 2/3 ML after exposure to Ti vapors.
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Figure 5.4: Nitrogen 1s core level XPS measured at a photon energy of 500 eV for
2H-tbTPP on r-TiO2(110). The peak intensities have been normalized and calibrated
to the corresponding Ti 3p photoemission signal at 37.60 eV. Black markers represent
the thick film, blue the as-deposited film, yellow and red the annealed film, and green is
used for the film metalated via Ti evaporation. Proceeding from the bottom: 2H-tbTPP
multilayer (∼ 14 Å) on a sample held at RT; 1 ML (∼3.0 Å) at RT; 1 ML annealed to
150°C and subsequently to 200°C for 5 minutes, 2/3 ML after exposure to Ti vapors.

92



5.1. SPECTROSCOPIC RESULTS

depicted in blue, surprisingly records the same change observed for the 2H-TPP

monolayer: a single N peak at a binding energy close to the pyrrolic-N peak with

a minor downward shift of 0.25 eV relative to its 2H-TPP counterpart in Fig. 5.3.

However, tert-butyl phenyls turn out to have a major influence on the metalation

process, effectively increasing the temperature for the reaction onset, as it can be

inferred by comparing the spectrum of 2H-tbTPP following the annealing to 150°C

for 5 minutes (yellow markers in Fig. 5.4) with the analogous one of 2H-TPP (red

markers, Fig. 5.3). The former indicates that about half of the molecules have

metalated, as two components of approximately equal intensities are present: the

pyrrolic-N component and a second component located at a B. E. typical of met-

alated porphyrins. The reaction is complete after the film is heated to 200°C for

5 minutes (red spectrum). Finally, the top spectrum (green markers) reports the

XPS profile measured on the RT monolayer upon exposure to Ti vapors. The

metalation proceeds in the same way as for 2H-TPP, leading to a metalated N

peak whose B.E. overlaps exactly the one in the Ti/2H-TPP spectrum of Fig. 5.3

(∼398.7 eV).

Further evidence strengthening the conclusions drawn from the N 1s core level

analysis is gathered after recording the Ti 2p energy window for the same deposi-

tion and annealing cycles of the three compounds, as shown in Fig. 5.5. The Ti

2p core levels, already introduced in Chapter 2, are accompanied by an extra peak

at ∼2 eV lower B.E. relative to the Ti 2p3/2 line. This feature is usually associ-

ated with the degree of surface reduction, i.e. the amount of excess electrons, and

labeled the Ti3+ component. Lower Ti oxidation states (e.g. Ti2+) yield spectral

components at even lower B. E.s (> 1 eV) [12]. While heating a clean r-TiO2(110)

surface at the temperature where metalation takes place (∼150-200°C) did not

result in any changes of the Ti3+ component, a clear increase is measured after

the metalation of each macrocyclic molecule is complete. One must remark that,

as it will be apparent in the next section, the increase in the Ti3+ component is

not concurrent with an increase of the defect state intensity in the valence band;

therefore, it has to be entirely ascribed to a change in oxidation number of the Ti

ions incorporated into the macrocycle pocket.
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Figure 5.5: Recorded XPS Ti 2p peaks following surface preparation (gray area), 1 ML
molecule deposition (blue markers) and annealing (red markers) for the three macro-
cyclic compounds. (a) and (b): 2H-Pc and 2H-TPP show a significant increase in the
Ti3+ shoulder at low B.E. (red arrows) when the thermal treatment is applied. Some Ti
ions are incorporated into the macrocycle following metalation, and the electronic envi-
ronment surrounding them changes. (c) In the case of 2H-tbTPP, the Ti 2p3/2 shoulder
is less intense, since the molecule covers a larger area on the surface, consequently, fewer
Ti atoms are needed to metalate the film. All spectra have been aligned to the Ti 3p3/2

peak B.E., ∼459.1 eV, and properly normalized to its intensity.
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Role of surface defects

To assess the role of surface defects, both hydroxyl groups and oxygen vacancies, in

the metalation process, the photoemission experiments on 2H-TPP were repeated

using three TiO2 samples with variable defect concentration. The increasing devi-

ation from pristine stoichiometry in a TiO2(110) surface can be estimated by the

intensity of the defect state peak next to the valence band edge. As more oxygen

desorbs from the bulk, e.g. when prolonged vacuum thermal annealing is applied

to the sample, more vacancies are created and contribute to the build-up of the ex-

cess charge that originates the defect peaks showed in Fig. 5.6. The valence bands

have been recorded at a photon energy of 140 eV at constant emission angle, so

that the intensities are directly comparable. The black spectra illustrate the clean

TiO2(110) surface prior to the evaporation of the porphyrin, sorted by increasing

defect densities, from bottom to top. Sample 1, whose valence band profile is indi-

cated by a continuous black line, is characterized by a very low defect density, to

the point that the defect peak, located at ∼0.9 eV B. E., is hardly visible. Sample

2 is characterized by the presence of a weak defect peak and a strong OH signal

at ∼ −11 eV : a large concentration of oxygen vacancies have been healed by the

adsorption of residual water molecules in the chamber, which left a hydroxylated

surface [29]. Sample 3 shows a high defect peak, with a low concentration of OH

groups.

The inset next to the valence band graphs allows for the comparison of the N 1s

core level changes in the 2H-TPP monolayer upon thermal annealing to ∼200°C.

The blue curves are representative of the as-grown 2H-TPP monolayer, while the

red ones have been measured after the metalation reaction was complete. Each

experiment was carried out using the same annealing procedure, and the outcomes

are exactly the same: the metalation reaction sets in at the same temperature

(approximately 100°C) and proceeds in the same fashion until a complete Ti-TPP

layer forms, independently of the defect concentration at the r-TiO2(110) surface.

Even on a nearly stoichiometric surface, where the presence of interstitial Ti atoms

can be safely neglected, we obtain a homogeneous layer of Ti-TPP. This evidence

supports the conclusion that the surface Ti ions participating in the reaction do not
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Figure 5.6: Valence band spectrum (140 eV photon energy) of the clean r-TiO2(110)
samples used for three 2H-TPP metalation experiments. Sample 1 (continuous black
line) is nearly defect-free; sample 2 (black dots) has a low defect peak, but a high
density of OH groups; sample 3 (black squares) has an intense defect peak as well as
a significant presence of OH groups. Inset: N 1s XPS spectra (500 eV photon energy)
showing the perfect equivalence of the three as-grown (blue) and metalated (red) 2H-
TPP monolayers.
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Figure 5.7: Valence band spectrum (photon energy = 140 eV) of the clean r-TiO2(110)
surface (black), 1 ML 2H-TPP deposited at RT (blue), and 1 ML annealed to 190°C
(red). All the spectra are normalized with respect to the intensity of the O 2p peak, and
aligned to the Ti 3p peak. The peak at ∼ −11 eV B. E., the fingerprint of a hydroxylated
surface, vanishes upon deposition of 1 ML 2H-TPP at RT.

come from possible interstitial Ti3+ species near the surface. Instead, one has to

turn the attention towards the active Ti reservoir represented by the 5f-Ti lattice

ions in the surface troughs, as suggested by the STM data that will be discussed

in the following section.

Comparing the valence band spectra of the clean surface with the as-grown

2H-TPP N 1s XPS in Fig. 5.7 leads to another remarkable result. The OH peak

detected at the threshold of the valence band states, ∼11 eV B.E., whose intensity

depend on the density of oxygen vacancies as well as the residual water pressure

in the chamber, builds up a hydrogen reservoir on the surface which in principle

could be available for the “pyrrolization” of the porphyrin aza-N atoms. This

explanation is backed by the quenching of the OH peak upon 2H-TPP adsorption
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observed in Fig. 5.7. After a proper normalization to the O 2p core level intensity,

the quenching was systematically recorded after every other 2H-TPP, 2H-Pc and

2H-tbTPP evaporation. However, considering that the pyrrolization occurs also

for a stoichiometric, OH-free surface such that the one of sample 1 in Fig. 5.6, the

presence of surface OH species clearly is not enough to account for the pyrrolization

on every UHV-prepared TiO2(110) surface, irrespective of the OH concentration.

The presence of available hydrogen underneath the outer TiO2 surface layer, which

can diffuse from the vacuum into the crystal when the sample is cooling down, could

constitute a reservoir large enough to convert the aza-N into N-H in every adsorbed

molecule. This hypothesis is backed by some recent investigations pointing to the

presence of subsurface H atoms in r-TiO2(110) [8, 9].

5.1.2 NEXAFS

The macrocycle proximity to the substrate is essentially dictated by the molecular

conformation, i.e. the degree of “saddling” of the four pyrrole moieties in por-

phyrins or the bending of the four isoindoles in the phthalocyanine, and the tilt

angle or distortion of its peripheral substituents. Recent scanning tunneling mi-

croscopy (STM) experiments on 2H-TPP/Ag(111) [16] and on 2H-tbTPP/Cu(111)

[2] revealed surprising conformational changes and geometrical flexibility of these

molecules at room temperature or upon annealing. To gain insight into the cor-

relation of molecular conformation to the differences in the temperature onset for

metalation, two complementary techniques have been employed: near-edge X-ray

absorption spectroscopy and scanning tunneling microscopy.

NEXAFS provides insight into the unoccupied electronic states upon adsorp-

tion, allowing to estimate the charge transfer component in bonding between the

adsorbate and the substrate; furthermore, one can study the molecular orientation

with respect to the surface plane by analyzing the dichroism in the absorption

spectra recorded with linearly polarized light [5]. To this purpose, polarization-

dependent absorption measurements at the carbon K edge have been performed

before and after annealing the molecular films. Fig. 5.8 reports the NEXAFS

measurements on 2H-Pc, obtained with linearly polarized X-rays whose electric
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Figure 5.8: 2H-Pc carbon K edge polarized NEXAFS. The spectra have been measured
at a fixed azimuth by setting the [001] surface direction parallel to the beam axis; the
photon incidence angle was 6°. Normalization to the absorption acquired from a clean
TiO2(110) surface was applied. Panel (a): NEXAFS taken on 3/4 ML 2H-Pc deposited
on TiO2(110) at low temperature (-100°C). Panel (b): NEXAFS taken on 2/3 ML 2H-Pc
deposited onto a room temperature sample (the spectrum y axis has been multiplied by
a factor of 2 in order to facilitate the peak identification and comparison). Two black
bars are traced over the two leading features α and β corresponding to the 1s → π*
excitations into the LUMO and LUMO+1 orbitals, respectively.
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field is either orthogonal (P polarization, continuous line with markers) or parallel

(S polarization, dashed line) to the surface plane. First, we observe that the sharp

resonances displayed in the LT profile replicate closely those observed in the mul-

tilayer [6], thereby confirming the evaporation and adsorption of intact monomers.

The most intense peak β, located at 285.2 eV, is assigned to the excitation of C 1s

electrons on the phenyl rings into a π* unoccupied orbital, LUMO+1 [6], whereas

π-symmetry contributions from multiple C sites distributed on the macrocycle and

the phenyl rings originate the lowest energy peak α, LUMO, at 284.5 eV. Their

intensity ratio is similar to the thick film case, which suggests a negligible electron

transfer and a weak coupling with the substrate [7]. A pronounced dichroism in

the main π-symmetry resonances is apparent upon switching the polarization.

An estimate of the molecular tilt angle can be given by fitting peaks α and

β according to [15]. The calculated tilt angle about the [11̄0] direction for the

two peaks is equal to 18°. An overall decrease in π resonance dichroism occurs

when 2H-Pc is evaporated onto a sample at RT, which gives a considerably larger

molecular tilt angle of approximately 28°. The spectra of the annealed layer (not

reported) do not show significant changes from the RT ones neither in peak shape

nor in the amount of dichroism, which is still consistent with our self-metalation

hypothesis since C NEXAFS from various metallophthalocyanines (Fe, Ni, Cu)

show little dependence on the type of chelated metal ion [10, 13]. The results of

the NEXAFS analysis are reported in Tab. 5.1 for each molecule, and grouped

according to the specific peak considered for the fit.

In the RT as well as in the annealed phase, such a homogeneous dichroic be-

havior is likely due to a distortion of the molecular skeleton, not limited to specific

subunits but affecting each one of the four isoindoles as the pocket incorporates the

Ti atom, rather than to a tilt of the whole molecule. In fact, no functional groups

prone to making chemical bonds with the surface are present in the molecular

outer rim, which could be responsible for such a tilted adsorption. As for the low

temperature phase, the dichroism is ascribed to either some second layer molecules

randomly coalescing on areas already covered with 2H-Pc, a process favored by the

very low temperature at which the sample was kept while performing the evapora-
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NEXAFS angles

Molecule, subunit As-grown layer Annealed layer

2H-Pc (all molecule) 18° 28°

2H-TPP, pyrrole 23° 24°

2H-TPP, phenyl 30° 34°

2H-tbTPP, pyrrole 18° 23°

2H-tbTPP, phenyl 18° 22°

Table 5.1: Calculated NEXAFS angles for 2H-Pc, 2H-TPP, and 2H-tbTPP by fitting
the C K-edge polarized NEXAFS peaks associated with excitations localized on either
the phenyl rings or the macrocycle pyrroles, for RT and annealed phases. For the case
of 2H-Pc, the first two peaks gave similar tilt angles.

tion (−100°C), or the adoption of a close-packed structure [14] where the tendency

of planar conjugated molecules to maximize the hybridization of the extended π

system with the substrate is opposed by the high surface corrugation, leading to a

small molecular tilt angle about the protruding oxygen rows. The C 1s core level

XPS (not shown) fully corroborates the NEXAFS analysis performed so far; in

particular, the sharp peaks observed in the low temperature sub-monolayer film

further confirm that the weak interaction with the substrate induces only minor

changes in the molecular conformation.

The 2H-TPP carbon K edge NEXAFS spectra in Fig. 5.9 display a similar

near-edge structure with a LUMO peak C-mac (284.2 eV) dominated by 1s → π*

transitions into unoccupied orbitals localized on the macrocycle, followed by an in-

tense resonance C-phen (285.15 eV) corresponding to transitions localized mainly

on the phenyl rings [18]. Following the procedure discussed in detail in Ref. [15],

one can separate the macrocycle and phenyl contributions to the near-edge spec-

trum, and extract a phenyl tilt angle value of 30° for the molecules in the as-grown

RT monolayer. This corresponds to an inclination roughly 30° lower than the one

found in the typical packing of 2H-TPP condensed crystals [20]. The tilted phenyl

rings push the whole macrocycle closer to the TiO2 surface, although the molecular
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Figure 5.9: 2H-TPP carbon K edge polarized NEXAFS. The polarization-dependent
spectra were acquired using the same system geometry as with 2H-Pc, and subsequently
normalized to the absorption measured on a clean r-TiO2(110) surface. Panel (a): NEX-
AFS taken on 3/4 ML 2H-TPP deposited onto a room temperature sample. Panel (b):
same layer, annealed to 250°C for 2 minutes. C-mac and C-phen, along with the two
black bars drawn above the peaks, indicate the LUMO and LUMO+1 1s → π* transi-
tions.
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conformation does not become planar as 2H-Pc, which suggests that the macrocy-

cle lies at a larger distance from the r-TiO2(110) surface. The dichroism seen in the

macrocycle peak C-mac is usually associated with the “saddling” of the pyrrolic

moieties [15], which have been shown to point alternately toward the surface or

out into the vacuum. Here, the saddle deformation is moderate, and the calcu-

lated angle is equal to 23°; no significant changes occur upon annealing despite the

chemical modification of the pocket. The phenyl rings adopt a larger tilt angle, but

the peak shape and position are unchanged, in accordance with the few differences

reported for C NEXAFS between 2H-TPP and some porphyrins complexated by

other transition metals (Co, Zn) [19]. The larger phenyl tilt angle, in conjunction

with the constant saddle deformation of the four pyrrole subunits, suggests that

2H-TPP macrocycle-substrate distance increases upon the incorporation of a Ti

ion.

NEXAFS data on 2H-tbTPP are reported in Fig. 5.10, and present significant

changes from those of 2H-TPP. Comparing the spectra in Fig. 5.10 with Fig. 5.9,

one can notice that the near-edge resonances still correspond to those arising from

the macrocycle LUMO (284.2 eV) and from the phenyl rings LUMO+1 (285.35

eV), whereas the 2H-tbTPP post-edge profile shows a new feature at 287.6 eV

stemming from an excitation into an unoccupied state localized on the tert-butyl

legs [21]. While the LUMO resonance keeps its energy position at 284.2 eV, the

LUMO+1 displays an upward shift of 0.2 eV. This is interpreted as a reduction

in core-hole screening by the substrate due to the presence of the tert-butyl spac-

ers between the phenyls and the substrate, which is regarded as an evidence of

the larger distance separating the 2H-tbTPP macrocycle from the TiO2 surface,

notwithstanding the lower bending angle of phenyl rings, equal to 18°. This value,

determined from the LUMO+1 dichroism, is likely to be due to flatter phenyl

rings retaining their usual twisted conformation - possibly compensating the in-

creased macrocycle height induced by the tert-butyl spacers, in order to preserve

the strong interaction between the “pyrrolized” aza-N atoms and the substrate -

rather than the effect of the upward or downward bending of the whole molecule

observed in layers of concave/convex 2H-tbTPP for which the estimated tilt an-
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Figure 5.10: 2H-tbTPP carbon K edge polarized NEXAFS. The polarization-dependent
spectra were acquired using the same system geometry as with 2H-Pc, and subsequently
normalized to the absorption measured on a clean TiO2(110) surface. Panel (a): NEX-
AFS taken on 1 ML 2H-tbTPP deposited onto a room temperature sample. Panel (b):
NEXAFS taken on 1 ML 2H-tbTPP made by heating a thick film at 200°C for 5 minutes.
Two black bars are drawn above the peaks associated with the LUMO and LUMO+1
transitions; a third bar labeled tb highlights the resonance assigned to unoccupied or-
bitals in the tert-butyl groups.
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gle is much larger, equal to 35° [2]. Of course, the NEXAFS signal represents an

average over a broad sample area illuminated by the photon beam, therefore our

polarization-dependent intensity could reflect a mix of fully planar and strongly

distorted porphyrins; only a careful STM analysis would prove the presence of a

single, well-defined adsorption state for each compound in both the as-deposited

and annealed phase. The annelaled layer NEXAFS profile reported in Fig. 5.10

has been obtained by thermal desorption of a multilayer (∼ 14 Å). It replicates

the as-deposited profile, but with major changes in the tilt angle of both pyrrole

and phenyl subunits, both of which increase their value. In particular, the larger

increase found in the phenyl tilt angle leads to a larger macrocycle-substrate dis-

tance, as pointed out for 2H-TPP.

5.2 STM results

STM is a powerful technique often used in conjunction with electron spectroscopies

[22]: recent developments in STM applied to porphyrin adsorbed on metal surfaces

demonstrated the ability to distinguish not only metalloporphyrins from their free-

base counterparts [24], but also intermixed layers of porphyrins complexated with

two different metals [25]. Herein the results of STM experiments on 2H-Pc and 2H-

TPP are summarized. For the latter compound, in addition to providing a detailed

adsorption model for both the as-grown and annealed species, STM is capable of

discriminating metal-free and metalated species thanks to specific fingerprints in

their intramolecular contrast.

Fig. 5.11 reports two close-up STM micrographs taken on a RT and an-

nealed 2H-Pc sub-monolayer. The RT sub-monolayer (panel (a)), where the self-

metalation process is already activated, presents scattered 2H-Pc molecules occa-

sionally coupled side-by-side, but without a clear tendency toward aggregation;

each monomer appear as a set of four lobes, whose apparent height is not homoge-

neous, surrounding a central bright area. According to the previous analysis of the

NEXAFS dichroism, the inhomogeneity in the contrast is attributed to a change

in molecular conformation as the self-metalation proceeds. The phthalocyanine
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macrocycle cannot be assigned a precise location relative to the surface rows, since

the resolution of the intramolecular contrast suffers from persistent tip instability,

which affected the measurements independently of the selected scan parameters,

and possibly from the presence of mobile surface contaminants evaporated along

with the molecule itself. The image in panel (b) illustrates the annealed sub-

monolayer, once the metal incorporation is completed. The molecules take on an

asymmetric two-lobed appearance, and are azimuthally ordered, showing a nodal

plane perpendicular to the (110) rows. Unfortunately, here as well one cannot

unambiguously identify the adsorption site.

Thanks to the high resolution attained in the images reported in Fig. 5.12,

STM results for 2H-TPP are easier to interpret and strengthen the conclusions

drawn from the core level spectroscopy. The close-up image presented in Fig. 5.12

shows a 2H-TPP sub-monolayer deposited on a RT sample. A single monomer is

imaged as a set of six lobes: two central protrusions, each one accompanied by two

lateral darker spots. The resulting appearance resembles the typical saddle-shaped

porphyrin observed on noble metal surfaces such as Ag(111) [23]. Here, the en-

hanced contrast of the saddle protrusions is ascribed to the upward-bent pyrroles,

since the chemical equivalence of the four nitrogen atoms emerging from the XPS

measurements favors a purely topographical explanation unlike Ref. [23], where

the contrast is regarded as a combined effect of both the upward-bent pyrroles and

the different chemical environment of the two N species. The four lateral spots are

instead immediately recognized as the tilted phenyl rings. We note that 2H-TPP

molecules take on a single, well-defined azimuthal orientation by aligning their sad-

dle protrusions along the [001] direction, so that the upward-bent pyrroles lie atop

the bridging oxygen rows. Notwithstanding this strong preferential ordering, we

often observed mobile molecules on the surface giving rise to typical streaks while

scanning the surface. The height of opposite molecular moieties in a 2H-TPP

monomer is rather homogeneous, allowing to interpret the NEXAFS dichroism

as solely due to the nonplanar molecular conformation. The comparison of the

2H-TPP RT image with the image below, on panel (b), shows that the effects

of the thermal treatment are profound and multilple. First, the molecular shape
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Figure 5.11: 2H-Pc constant current STM images. Panel (a) (scan parameters:
VS = −1.4 V, I = 13 pA): ∼1/3 ML deposited onto a sample at RT. One 2H-Pc
monomer is encompassed by a blue circle; its width across the oxygen rows is ∼18 Å , as
shown in the height profile next to the image. The intramolecular contrast shows four
lobes whose height is not homogeneous; we attribute this effect to a molecular backbone
deformation upon the dehydrogenation of the macrocycle nitrogen atoms and possibly
partial coordination to one Ti ion, in accordance with the XPS and NEXAFS outcomes.
The molecules display the same azimuthal orientation along the substrate rows; however,
due to the difficulty of imaging simultaneously the Pc and the surface rows, one cannot
provide a straightforward assignment of the adsorption site. Panel (b) (scan parameters:
VS = −2.0 V, I = 20 pA): ∼1/2 ML annealed to 200°C. The intramolecular contrast
changes into two parallel lobes per monomer with a nodal plane transverse to the sub-
strate rows. The inhomogeneity of the contrast persists and is clearly recognizable in the
height profile of one monomer reported next to the STM image. The continuous green
line marks the position of a Ti row.
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becomes a rectangle of approximate size 18×15 Å . The molecules’ long symmetry

axis, running over one pair of pyrroles in the macrocycle, is rotated and forms a

∼45° angle with the substrate (110) rows; two symmetrically equivalent molec-

ular subsets are generated depending on the clockwise or anticlockwise rotation

of the axis with respect to the substrate rows. The rectangular shape is likely

due to a partial cyclodehydrogenation which twists and solders two phenyl rings

to the macrocycle, analogously to the reaction reported for 2H-TPP on Ag(111)

[17]. Secondly, molecular mobility is completely quenched and the intramolecular

contrast smoothens. Nevertheless, the height profile next to image (b) highlights

the emergence of a protrusion in the very center of the molecule which replaces

the tunneling current decrease in image (a); this, along with a concurrent shift of

the macrocycle adsorption site atop the Ti rows, represents the fingerprint of the

occurred metalation.

As the 2H-TPP coverage increases, the dense molecular packing reduces the

azimuthal mobility of the molecules, and consequently their ability to rotate the

molecular plane on the surface, which leads to a much different arrangement of

the metalated monolayer. Fig. 5.13 (1) and (3) shows two STM images recorded

prior to annealing 1 ML 2H-TPP. The monomers are packed into stripes running

at approximately 45° relative to the substrate [001] direction, which angle is de-

duced thanks to the presence of some brighter molecules adsorbed on top of the

reconstructed rows protruding on the reduced surface. The unit cell, as determined

after a statistical analysis of tens of molecular domains, is rhombic and measures

13.4× 13.2 Å along the [001] and [11̄0] direction, respectively, which is compatible

with a p(2× 4) molecular superlattice. It should be noticed that along the stripes

the apparent height is rather continuous, whereas a dark area is observed between

every pair of consecutive stripes. This suggests that the porphyrins interact along

the stripes primarily via their juxtaposed peripheral phenyl moieties.

The dense packing observed in the 2H-TPP monolayer deeply affects the ar-

rangement of molecules after they metalate, as is apparent from Fig. 5.13 (2). The

predominant steric repulsion between adjacent monomers prevents the molecular

plane rotation observed in the sub-monolayer images; 2H-TPP arrange in stripes
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Figure 5.12: 2H-TPP constant current STM images, low coverage. Panel (a) (scan
parameters: VS = −1.5 V, I = 60 pA): ∼1/3 ML deposited onto a sample at RT. A
ball and stick representation of 2H-TPP is superimposed on one imaged molecule. The
molecular core displays the usual saddle shape reported for adsorbed porphyrins: two
prominent spots are associated with a pair of opposite pyrroles bent out of the surface
plane, while four lower lateral protrusions represent the peripheral phenyls. The saddle
profile over the upward-bent pyrroles (dashed line) is reported next to the STM image.
The macrocycle adsorption site is clearly recognized as the bridging oxygen atoms (red
line). Panel (b) (scan parameters: VS = −1.5 V, I = 80 pA): 2H-TPP molecules (blue
circle) appear rotated ∼45° transversely to the substrate rows and display a rectangular
shape with sizes ∼ 15 x 20 Å . Their macrocycle shifted on top of the Ti rows; the height
profile traced over the center of one monomer (dashed line) reveals a brighter prominence
ascribed to the chelated Ti atom.
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Figure 5.13: 2H-TPP constant current STM images, high coverage. (1) Large-scale
view of a full 2H-TPP monolayer deposited at RT on a partially (1 × 2) reconstructed
surface: the direction of the surface rows is deducted from the presence of bright stripes
of molecules grown on top of the reconstructed (1×2) lines. Molecules arrange in a dense
phase characterized by a low domain coherence length. (2) the same film annealed to
200-250°C shows a completely different situation: square-shaped molecules align along
the surface rows and show a central bright spot indicative of a metalated macrocycle.
(3) A close-up view of the monolayer at RT shows the composition of the self-assembled
domains where molecules arrange in slanting stripes (indicated by a blue line and an
arrow) 45° off the surface [001] direction, which are tentatively modeled with a p(2× 4)
unit cell sketched next to the STM image.
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following the substrate [001] direction, which is indicated by the (1× 2) dark rows

devoid of molecules. Each monomer shows a protruding bright spot in the center

of the macrocycle, which appears even higher than the central spot evidenced in

Fig. 5.12 (∼0.5 Å).

An obvious guess for the source of the Ti atoms participating into the met-

alation process is the set of fivefold-coordinated Ti ions of the topmost surface

layer. Yet, one must take into consideration other possibilities, such as the un-

saturated Ti at the step edges and the possible presence of some interstitial Ti

ions [28]. Nevertheless, the latter hypothesis is not supported by the comparison

among evaporations and subsequent metalation on substrates with various defect

concentration. The direct imaging of 2H-TPP adsorption site atop the Ti rows

rather supports the conclusion that the active Ti ions come from the underlying

Ti troughs.

5.3 DFT-based numerical simulations

The implementation of density functional theory methods in the suite Quantu-

mESPRESSO once again turns out to be an important tool to facilitate the in-

terpretation of the experimental results. The simulations on the phthalocyanine

and porphyrin/TiO2 systems were performed by Dr. Andrea Vittadini and Dr.

Daniel Forrer from the CNR-IENI (Padova). The exchange and correlation func-

tional is the same employed for the calculations on perylene and PTCDI, the PBE,

which incorporates a generalized-gradient approximation of the total electron den-

sity. Grimme’s add-on energy terms, which account for long range dispersion

interactions, were also included (DFT-D method). Atoms were first modeled with

large-core pseudopotentials, which mimic the electron density near the nucleus,

by including the Ti 3s and 3p electrons into the pseudopotential functions to re-

duce the amount of computational time required by the large number of atoms

in the system. Subsequently, the calculations were refined employing a small-core

Ti pseudopotential (only 1s, 2s and 2p levels included). The results showed that

energies are affected by the large-core approximation more than the geometrical
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Molecule Configuration Eads [eV]

2H-Pc 0°, Ti row, bridge 2.25

2H-Pc 45°, O row, on-top 2.19

4H-Pc 45°, O row, on-top 3.95

Table 5.2: Energetics of Pc on the r-TiO2(110) surface. The columns report the chemical
formula, the adsorption configuration (see also Fig. 5.14), and the adsorption energy for
pristine and hydrogenated species.

configuration of atoms; corrections are usually on the order of 0.1-0.5 eV. The

standard procedure thus was to relax the cell coordinates using large-core pseu-

dopotentials; the energies were computed in a second run with fixed optimized

coordinates. Well-converged quantities required an energy cutoff of 25 Ry for

plane waves and 200 Ry for charge density. All systems were considered non spin-

polarized, and the reciprocal space was sampled on only one point, the center of

the Brillouin zone.

5.3.1 Phthalocyanine

The supercell used for simulating a single phthalocyanine molecule consisted of 3

(for preliminary geometry optimization) and 4 (for determining the final structures

with enough accuracy) TiO2 layer slabs, each one containing 120 atoms, in a c(10×
4) area, with the molecule positioned in various adsorption configurations (see Figs.

5.14, 5.15). 4 different adsorption sites were selected: “on-top” on a bridging O or

a 5f-Ti atom, “bridge” between two bridging O or two 5f-Ti atoms. In addition,

2 azimuthal orientations were chosen following the symmetry of the surface and

the molecule: in the first one, indicated by the value α = 0°, the phthalocyanine

opposite phenyl arms lie parallel and orthogonal to the [001] direction; in the second

one, α = 45°, the opposite phenyl arms are rotated 45° off the [001] direction.

Thus, a total of 8 adsorption configurations were explored by relaxing the spatial

coordinates and estimating the adsorption energy as Eads = E(ads) + E(slab) −
E(ads+ slab).
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The outcome showed that the molecule does not display a clear preference for

a single adsorption site, given that the difference in the adsorption energy between

the two most stable configurations (0.06 eV), reported in Tab. 5.2, is so small com-

pared to the standard accuracy of the DFT calculations; the remaining 6 explored

high-symmetry configurations, which are not represented, have considerably lower

adsorption energies (∼ 0.2 eV). Fig. 5.14 (A)–(D) gives a pictorial representation

of the relaxed supercell with the 2H-Pc in the two nearly-degenerate ground states:

in (A) and (B), 2H-Pc adsorb on top of a 5f-Ti atom with one of the symmetry

axes along the opposite phenyl arms parallel to the [001] surface direction; in (C)

and (D), 2H-Pc accommodates its macrocyle on top of one Obr atom, while the

opposite phenyl arms lie 45° off the O rows. Calculations repeated with the 4-

slab TiO2 supercell resulted in adsorption energy changes of 0.1 eV, which do not

modify the hierarchy of Tab. 5.2. Both ground state configurations also display

a similar distance from the molecular plane, defined by the average value of the

molecular z coordinates, and the substrate plane, defined by the average value of

the z coordinate of 5f-Ti and 3f-O ions: 3.65 Å for 2H-Pc on 5f-Ti and 3.61 Å for

2H-Pc on Obr.

From the comparison of Figs. 5.14 (A)–(D), one can generally conclude that

the azimuthal orientation of 2H-Pc, for a given adsorption site, always minimizes

the superposition of the phenyl rings with the bridging O rows, whose repulsive

effect seems to play a crucial role in establishing the most stable adsorption con-

figurations. Unfortunately, the difficulties in recording STM images of adsorbed

2H-Pc with good resolution do not allow for a direct comparison with the DFT

results. Fig. 5.14 also points out that the phthalocyanine plane is distorted, with

significant arch-bending over the rows when 2H-Pc adsorbs on 5f-Ti. This molec-

ular bending does not agree with the small tilt angle derived from the NEXAFS

analysis.

The influence of two macrocycle N atoms hydrogenation has been studied only

for the two most stable 2H-Pc structures, since such a weak perturbation of the

molecule should not lead to major changes in the relative stability of the minimum-

energy configurations. Two types of hydrogenation have been considered: in the
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Figure 5.14: (A) and (B): side and top view of the ground state relaxed 0° configuration
for the 2H-Pc/TiO2(110) supercell. The molecular coordinates were relaxed over a Ti
trough; the resulting minimum-energy geometry shows the pyrrole H atoms lying on
top of a 5f-Ti ion. (C) and (D): side and top view of the ground state relaxed 45°

configuration for the 2H-Pc/TiO2(110) supercell. The preferred binding to the bridging
oxygen rows turns out to be an on-top position. (E) and (F): side and top view of
the ground state relaxed 45° configuration for the 4H-Pc/TiO2(110) supercell. The
hydrogenated molecule adopts the same geometry as the pristine one.
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first one, one H atom was added to each aza-N atom (aza-hydrogenation); in

the second one, H was added to two meso-N atoms (meso-hydrogenation). The

calculations show that for both ground state structures the preferred H sites are

the meso-N atoms, and the minimum-energy configuration corresponds to the 4H-

Pc with 45° orientation where the macrocycle adsorbs on top of one Obr atom, as

illustrated in Fig. 5.14. The calculated N 1s core level shift is in agreement with the

one measured by photoemission spectroscopy, suggesting that such an explanation

is consistent with the reported behavior of the molecule. The molecular bending is

less pronounced, in accordance with the small NEXAFS tilt angle, although only

a detailed NEXAFS simulation can shed light on the actual impact of the bending

on the linear dichroism of π* orbitals.

To explore the energetics of the hydrogenation reaction leading to the formation

of 4H-Pc, the process:

2H(ads) +H2Pc(ads)→ H4Pc(ads) (5.1)

has been simulated. The energy difference:

∆E = E4H−Pc/slab + Eslab − E2H/slab − E2H−Pc/slab (5.2)

the energy gain associated with the conversion of a pair of meso-N atoms into a pair

of pyrrolic-N atoms by binding two H atoms attached to Obr sites. The calculation

performed for the phthalocyanine in the α = 0°-O row configuration, showed in

Fig. 5.14 (E) and (F), indicates that the energy difference is negative by 0.49 eV:

that is, the process is exothermic, and the phthalocyanine can effectively remove

two H atoms on the surface Obr rows. This suggests that the presence of OH

groups on or underneath a hydroxylated r-TiO2(110) surface may indeed provide

a valid explanation of the XPS result. The preferential hydrogenation of meso-N

atoms instead of aza-N is favored by the smaller diameter of the phthalocyanine

macrocycle compared with the porphyrin’s one.
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5.3.2 Porphyrin

Tetraphenyl-porphyrin was the second molecule subject to DFT-D investigation.

The supercell used is slightly larger than in 2H-Pc, with 21 unit cells and 126

atoms per TiO2 slab. The procedure adopted is similar to the one described for the

phthalocyanine: a 3-slab supercell is used to explore the potential energy surface

of the system, while a 4-slab supercell is used for the determination of the final,

converged structures. The results discussed herein, unlike the phthalocyanine

case, are only preliminary, as they were obtained with large-core pseudopotentials

for the Ti atoms. Whereas this bears little consequences on the determination of

adsorption geometries and distances, energies can be altered in a non-negligible

way (> 0.1 eV). However, the energies calculated with large-core pseudopotentials

for the phthalocyanine case confirmed the stability trend observed for the

various adsorption configurations by using more refined small-core functions.

Accurate calculations employing small-core pseudopotentials for the porphyrin are

ongoing, and will be fully reported in the publications related to this doctoral work.

Molecule Configuration Eads [eV]

(LC pseudo)

2H-TPP lc O row, bridge 3.41

4H-TPP lc O row, bridge 5.32

2H-TPP hc O row, bridge 3.25

4H-TPP hc O row, bridge 4.79

Table 5.3: Energetics of TPP on the r-TiO2(110) surface. The columns report the phase
(lc = low coverage, hc = high coverage), the adsorption configuration (see also Fig. 5.15,
the adsorption energy for pristine and hydrogenated species.

As for 2H-TPP, a total of 8 geometrical configurations were fully relaxed, where

the molecular axis passing through the opposite phenyl rings are either parallel or

orthogonal to the substrate [001] direction, while the macrocycle adsorbs on the

Obr or 5f-Ti rows in an on-top or bridge position. Tab. 5.3 reports the energy of the
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Figure 5.15: (A) and (B): side and top view of the ground state relaxed 0° configuration
for the 2H-TPP/TiO2(110) supercell. Each one of the two pyrrole H atoms binds to one
bridging oxygen atom, while the phenyl rings lie tilted over the Ti troughs. (C) and (D):
side and top view of the ground state relaxed 0° configuration for the 4H-TPP/TiO2(110)
supercell. The adsorption site is the same as for the non-hydrogenated species, the only
difference being the presence of the upward-pointing second pair of N-H groups.
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Figure 5.16: (A) and (B): side (one molecule) and top view of the ground state relaxed
0° configuration for the 4H-TPP/TiO2(110) high coverage p(2 × 4) phase. Notice that
the close packing forces the out-of-plane rotation of one out of four phenyl rings, which
binds to the C-H in the pyrrole moiety of the adjacent molecule along the [001] direction.

ground state configurations of the pristine 2H-TPP molecule and the hydrogenated

4H-TPP. Unlike 2H-Pc, 2H-TPP does have a single well-defined minimum energy

position significantly lower than the one found for 2H-Pc, as illustrated in the side

and top views of Fig. 5.15 (A)-(B). The electropositive character of the N-H group

inside the macrocycle favors its positioning on top of two Obr, while the repulsion

between the tilted phenyl rings and the Obr rows leads to the accommodation of

the phenyls in the 5f-Ti troughs. Importantly, the phenyl out-of-plane tilt angle

is approximately 30°, and the macrocycle adopts a saddle-shaped conformation

in each relaxed configuration. The energy difference between the ground state

configuration and the second most stable configuration, where the macrocycle is

centered in an on-top position over Obr rows, amounts to ∼ 0.3 eV, while the

difference relative to the adsorption on 5f-Ti troughs is larger than 1 eV; therefore,

this species exhibits a strong preference for sticking onto the Obr rows, in excellent

agreement with the STM findings.

The calculations for the hydrogenated species, 4H-TPP, showed a much

stronger adsorption energy, with an energy minimum ∼ 1.9 eV lower than the
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non-hydrogenated counterpart. There is an equally strong preference of 4H-TPP

towards the Obr rows, the adsorption conformation being quite similar to that

of 2H-TPP. In particular, the phenyl rings are tilted approximately 30° out of

the surface plane, a value in close agreement with the NEXAFS outcome, and

the macrocycle conformation is saddle-shaped. The calculated energy gain (Eq.

5.2) for the synthesis of 4H-TPP starting from two adsorbed H atoms on the r-

TiO2(110) surface is equal to −1.30 eV: the reaction is highly exothermic. This

result supports once again the view that the porphyrin aza-N atoms can effec-

tively drain H atoms from the hydroxylated surface of the semiconductor, thus

originating the single N 1s peak observed in XPS.

The unit cell of the 4H-TPP dense monolayer phase, modeled after the STM

results, is reported in Fig. 5.16: it consists of a p(2 × 4) molecular superlattice

where intermolecular attraction between one phenyl ring and the C-H termination

of the pyrrole moiety in the adjacent molecule stabilizes the structure. The chain-

like arrangement of molecules is consistent with the STM results of Fig. 5.13 (1)-

(3). Such an intermolecular coupling affects significantly the adsorption energy

per molecule: it is lower than for an isolated molecule in both the 2H-TPP and

4H-TPP p(2×4) monolayer phases, although the 4H-TPP remains by far the most

stable one.
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Bonding of metal-free phthalocya-

nine to TiO2(110) single crystal.

Solar energy materials and solar

cells, 90(20):3602–3613, 2006.

[2] Stefanie Ditze, Michael Stark,

Florian Buchner, Andre Aichert,

Norbert Jux, Nicola Luckas,

Andreas Goerling, Wolfgang

Hieringer, Joachim Hornegger,

Hans-Peter Steinrueck, et al. On

the energetics of conformational

switching of molecules at and close

to room temperature. Journal of

the American Chemical Society,

136(4):1609–1616, 2014.

[3] Patrizia Borghetti, Giovanni Di

Santo, Carla Castellarin-Cudia,

Mattia Fanetti, Luigi Sangaletti,

Elena Magnano, Federica Bondino,

and Andrea Goldoni. Adsorp-

tion geometry, conformation,

and electronic structure of 2h-

octaethylporphyrin on ag(111) and

fe metalation in ultra high vacuum.

The Journal of Chemical Physics,

138(14):–, 2013.

[4] Florian Buchner, Ina Kellner, Wolf-

gang Hieringer, Andreas Goerling,

Hans-Peter Steinrück, and Hu-

bertus Marbach. Ordering as-

pects and intramolecular confor-

mation of tetraphenylporphyrins

on ag(111). Phys. Chem. Chem.

Phys., 12:13082–13090, 2010.

[5] J. Stoehr and D. A. Outka. De-

termination of molecular orienta-

tions on surfaces from the angu-

lar dependence of near-edge x-ray-

absorption fine-structure spectra.

Phys. Rev. B, 36:7891–7905, Nov

1987.

[6] S Kera, MB Casu, A Schöll,
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6 Conclusions

The present doctoral work dealt with the issues of self-assembly and on-surface

chemistry of organic compounds on the metal oxide surface Rutile TiO2(110).

The investigation considered the following molecular species:

� perylene, a polycyclic aromatic hydrocarbon with planar conformation, and

its derivative obtained by functionalization with two imide terminations in

pery positions, namely perylene tetracarboxylic acid diimide (PTCDI).

� three free-base heterocyclic molecules: phthalocyanine (2H-Pc), tetraphenyl-

porphyrin (2H-TPP), and tert-butyl tetraphenyl-porphyrin (2H-tbTPP)

The interfaces were thoroughly characterized from the structural and electronic

point of view. A multitechnique approach was applied, which consisted of a com-

bination of electron spectroscopies - X-ray photoemission (XPS) and near edge

X-ray absorption (NEXAFS) - with the scanning tunneling microscope, STM, en-

riching the spectrum of the spectroscopic data with the sensitivity to the local

geometry and electronic structure of adsorbates.

The structural order in the thin films as well as the adsorption sites and in-

tramolecular conformation were probed by means of STM, whereas the interaction

between the macrocycles of phthalocyanine and porphyrins and the r-TiO2(110)

surface (XPS), as well as the orientation of different submolecular units relative to

the surface plane, were unraveled by means of the electron spectroscopies. Below,

the main results are summarized for each interface.
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PTCDI

PTCDI was found to grow by island nucleation when deposited on r-TiO2(110) at

room temperature, where the molecules exhibit the same azimuthal orientation by

aligning their long molecular axis along the substrate rows. The application of mild

thermal annealing (∼100°C) favors the aggregation into compact island domains

whose periodicity is (1 × 5) along the [001] and [11̄0] direction, respectively, in

accordance with what has been evidenced in the literature. The PTCDI carbon

backbone remains aligned along the [001] surface direction, and lies on top of the

Obr rows. Along the [11̄0] direction, orthogonal to the surface rows, the compact

(1 × 5) phase is characterized by stripes of molecules tilted out of the surface

plane, and stacked side-by-side as a result of strong π-π interactions among the

delocalized π electron system of PTCDI’s valence orbitals. The monomers display

head-to-head facing imide end groups over the substrate Obr rows, which enables

the formation of weak intermolecular hydrogen bonds, contrary to the case of noble

metal surfaces, where PTCDI self-assembly is rather driven by a more complex

pattern of in-plane hydrogen bonds between the imide terminations and the CH

groups in ortho and bay position. The minor role played by hydrogen bonds on

r-TiO2(110) is the result of the interaction of carbonyl O atoms in PTCDI with

the underlying Ti ions, which drives a strict commensurability of the molecular

superlattice.

DFT calculations, implemented with the introduction of a term accounting for

long range dispersion interactions, showed that the accommodation of one molecule

per Obr row is preferred, and that the molecular out-of-plane tilt angle is correctly

reproduced (∼35°). However, the theory predicts that the most stable PTCDI

island phase is a sixfold periodic structure where the monomers are one unit cell

farther apart along the [001] direction, possibly because of the underestimation of

head-to-tail hydrogen bond strength by the selected DFT functional.

Perylene

The interaction between perylene and r-TiO2(110) is weaker than for the PTCDI

case, and it reveals a predominant van der Waals character, as expected from the
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absence of any charge donating/accepting functional groups. At low coverage,

perylene monomers appear as blurred ovals filling the Ti surface troughs with a

significant mobility at room temperature due to the weak non-directional bonding

to the substrate; groups of nearby monomers aligned along the surface rows point to

the existence of a slightly attractive intermolecular interaction. After the molecules

saturate the available surface area in the Ti troughs, a full monolayer coverage is

achieved, and the very small sticking coefficient between π stacked dimers on the

monolayer prevents the growth of a thick film at room temperature.

In the monolayer regime, regions characterized by molecular domains show-

ing different unit cells are reported in the STM images. The domains display a

poor degree of correlation length across the substrate rows (2-6 molecules). The

isolated molecule as well as three different periodic layer structures have been sim-

ulated with the DFT dispersion-corrected method utilizing the same exchange and

correlation functional as for PTCDI. The results confirm that the role of charge

transfer in binding is negligible for this hydrocarbon in both the low and high

coverage regimes; the difference in adsorption energy among the various phases is

small (≤ 0.08 eV) pointing to their coexistence at room temperature, and suggest-

ing that the energy hierarchy of the various periodic assemblies detected at room

temperature is governed by intermolecular van der Waals forces.

2H-Pc, 2H-TPP and 2H-tbTPP

The XPS measurements performed on the phthalocyanine and the porphyrins put

in evidence a common “pyrrolization” reaction of meso or aza-N atoms in the

macrocycle. The intensity of the peak associated with the pyrrolic-N atoms (N-H)

in 2H-Pc evaporated on a r-TiO2(110) sample at low temperature (−100°C) is twice

the one its stoichiometry suggests. A single N 1s peak located at the pyrrolic-N

binding energy value (∼ 400.5 eV) is detected for both porphyrins, instead of two

distinct peaks of equal intensity. The concurrent removal of OH defects from the

substrate, demonstrated by the vanishing of the OH valence band peak, credits

the hypothesis of H atom uptake from the surface OH groups by the aza (or meso)

N atoms in the macrocycle, a conclusion strengthened by the observation that, at
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least for the porphyrins, the adsorption sites are the bridging O rows. However,

it is found that the pyrrolization proceeds in a similar way on an OH-free surface

treated with gaseous O2, thus suggesting that some H could be stored underneath

the outer layer of TiO2 atoms, and emerge as soon as the highly basic macrocycles

make contact with the surface.

The correlation of the three specific peripheral substituents in the three macro-

cycles to the increasing temperature needed for self-metalation is the second im-

portant achievement of this work. The conformation and size of peripheral sub-

stituents attached to the macrocycle, while not affecting the reported pyrrolization,

varies the energy barrier for self-metalation. The high affinity towards metal ions,

combined with a planar structure upon adsorption, allows 2H-Pc to readily form a

metallorganic complex by reacting with a substrate lattice Ti ion, and the reaction

is quickly completed when the sample is heated to ∼90°C; in contrast, the non-

planar conformation of 2H-TPP shifts the reaction completion at ∼ 150°C, finally

for 2H-tbTPP, which bears two tert-butyl spacer groups per peripheral phenyl ring,

the full reaction is achieved at ∼200°C.

Dispersion-corrected DFT calculations were performed to investigate the ad-

sorption geometry and conformation of 2H-Pc and 2H-TPP at low temperature.

While for 2H-Pc the comparison with the experimental STM images is problematic,

due to the low quality images recorded for this compound, 2H-TPP offers a much

more reliable playground to test the DFT predictions. The “pyrrolized porphyrin”,

4H-TPP, shows a much higher adsorption energy than 2H-TPP. Both exhibit a

saddle-shaped macrocycle whose ground state adsorption configuration is on the

O rows with two pyrrolic N atoms lying on top of two protruding O, while the

phenyl rings are tilted approximately 30° out of the surface plane. The high cover-

age phase, modeled after the STM data, shows the development of phenyl-pyrrole

intermolecular interactions which stabilize the layer into a chain-like structure.

DFT results are in good agreement with the experimental findings, and prove that

the selected exchange and correlation functional, conveniently adjusted to take

into account the long range van der Waals forces, provides a reliable description

of the molecule/oxide interface.
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