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Abstract

N-heteropolycycles are a class of aromatic compounds, in which C–H units

of polycyclic aromatic hydrocarbons (PAHs) are substituted with N-atoms.

These compounds are considered to be promising organic semiconductors with

high potentials for the use as functional materials in (opto)electronic appli-

cations such as field-effect transistors and photovoltaic cells. For these ap-

plications, performance of a device is particularly dependent on the proper-

ties of the organic semiconductor at its interface with the metal electrodes.

Therefore, gaining insights into the adsorption geometry and the electronic

structure of N-heteropolycycles at the organic/metal interface and within their

thin films are essential in improving and optimizing the device performance.

In this thesis, this goal is achieved for various N-heteropolycyclic compounds

by using two characterisation methods, high-resolution electron energy-loss

spectroscopy (HREELS) and temperature-programmed desorption (TPD), in

combination with density functional theory (DFT) calculations.

In the presented studies, all of the investigated molecules, at all coverages

adopt a planar adsorption geometry relative to the substrate surface. By as-

signing the energies of the lowest excited singlet states (S) as well as the first

triplet states (T1), it is found that N-introduction can effect the electronic

structure of N-heteropolycycles in three ways, namely narrowing the optical

gap (S0 → S1 transition), shifting the S0 → T1 transition to a higher energy

and inducing a pronounced rise in the intensity of the α - band (S0 → S2 tran-

sition), in comparison to parent PAHs. Next, it is shown that the electronic

structure of N-heteropolycycles can be fine-tuned by core substitution with

halogens and aromatic groups, which results in a reduction of the transition

energies of singlet and first triplet states. Subsequently, it is demonstrated that

structural variation via connecting different moieties of N-heteropolycycles also

leads to the narrowing the optical gap. Finally, it is determined that electron

donating N-heteropolycycles in combination with well-known electron accept-

ing molecules in donor/acceptor (D/A)-systems form charge transfer (CT)-

complexes.





Kurzfassung

N-Heteropolyzyklen sind eine Klasse aromatischer Verbindungen, in denen

CH-Einheiten polyzyklischer aromatischer Kohlenwasserstoffe (PAKs) durch

N-Atome ersetzt sind. Diese Verbindungen gelten als vielversprechende or-

ganische Halbleiter mit hohem Potenzial für den Einsatz als Funktionsmateri-

alien in (opto)elektronischen Bauteilen wie Feldeffekttransistoren und Pho-

tovoltaikzellen. Bei diesen Bauteilen hängt die Leistung eines Geräts ins-

besondere von den Eigenschaften der Grenzfläche zwischen organischem Hal-

bleiter und den Metallelektroden ab. Daher sind Kenntnisse der Adsorption-

sgeometrie und der elektronischen Struktur von N-Heteropolyzyklen an der

Organik/Metall-Grenzfläche und innerhalb ihrer dünnen Filme von wesentlicher

Bedeutung für die Verbesserung und Optimierung der Geräteleistung. In dieser

Arbeit wird dieses Ziel für verschiedene N-heteropolyzyklische Verbindungen

durch den Einsatz von zwei Charakterisierungsmethoden, hochauflösender Elek

-tronenenergieverlustspektroskopie (HREELS) und temperaturprogrammierter

Desorption (TPD), in Kombination mit Berechnungen der Dichtefunktion-

altheorie (DFT) erreicht.

In den vorgestellten Studien nehmen alle untersuchten Moleküle bei allen Be-

deckungen eine planare Adsorptionsgeometrie relativ zur Substratoberfläche

an. Durch Zuordnung der Energien der niedrigsten angeregten Singulett-

Zustände (S) sowie der ersten Triplett-Zustände (T1) wurde festgestellt, dass

die N-Substitution drei verschiedene Effekte auf die elektronische Struktur der

N-Heteropolyzyklen im Vergleich zu ihren Ausgangsverbindungen haben kann.

Diese sind eine Verkleinerung der optischen Bandlücke (S0 → S1 Übergang),

eine Vergrößerung der Lücke zwischen S0 und T1 (S0 → T1 Übergang) sowie

ein deutlicher Anstieg der Intensität des α - Bandes (S0 → S2 Übergang).

Weiterhin wird gezeigt, dass die Übergangsenergien von Singulett- und er-

sten Triplettzuständen durch die Substitution von Wasserstoffatomen am aro-

matischen Kern durch Halogene oder aromatische Gruppen verringert wer-

den kann. Anschließend wird gezeigt, dass strukturelle Variationen durch die

Verbindung verschiedener Einheiten von N-Heteropolyzyklen auch zu einer



Verringerung der optischen Lücke führen. Schließlich wird festgestellt, dass

elektronenspendende N-Heteropolyzyklen in Kombination mit bekannten elek-

tronenakzeptierenden Molekülen in Donor/Akzeptor-Systemen (D/A) Ladungs

-transferkomplexe (CT) bilden.
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1. Introduction

In recent decades, special attention has been given to the development of

organic semiconductors as an alternative to the legacy inorganic semicon-

ductors, such as silicon [1] and germanium [2], for use as active materials in

(opto)electronic devices [3–6]. This attention arises from unique properties of

organic semiconductors such as ease of processing, transparency, flexibility, low

weight and low costs that has made them attractive functional materials for

use in a variety of applications including light-emitting diodes and field effect

transistors [7–15]. The greatest advantage of organic semiconductors is the po-

tential of tailoring their properties through chemical modification, which offers

virtually endless possibilities for synthesizing molecules with desired proper-

ties [16]. A prime example of benefiting from this aspect is demonstrated with

the synthesis of N-heteropolycyclic aromatic compounds by introducing nitro-

gen atoms into the π-conjugated molecular backbone of polycyclic aromatic

hydrocarbons (PAHs) [17–21]. This leads to stabilization of frontier orbitals and

increase of electron affinity that potentially changes the electronic properties

of a molecule from a hole-transporting (p-channel) to an electron-transporting

(n-channel) organic semiconductor [17–24]. Developing the n-channel organic

semiconductors is of great interest for (opto)electronic applications, particu-

larly field effect transistors. Therefore, N-heteropolycycles has become the

subject of research in the scope of collaborative research center SFB 1249,

which seeks to synthesize, characterize the properties, and investigate the de-

vice performance of this class aromatic compounds.

In (opto)electronic devices such as field effect transistors, adsorption geom-

etry of organic molecules at the interface with a metallic electrode and within

the molecular thin film plays a crucial role in determining the electronic proper-

ties of the organic molecule, namely charge transport characteristics or energy

level alignment, and as such the performance of the device [25–32]. Therefore, as

a member of SFB 1249, the studies presented in this thesis provides informa-

tion on the adsorption and electronic properties of various N-heteropolycyclic

compounds, which are adsorbed on a defined metallic substrate (Au(111) sin-
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gle crystal), by using two characterisation method, high-resolution electron

energy-loss spectroscopy (HREELS) [33] and temperature-programmed desorp-

tion (TPD) [34], in combination with density functional theory (DFT) calcu-

lations [35]. HREELS is a versatile tool, which utilizes low-energy electrons

to characterize both adsorption geometries and electronic structures of ad-

sorbates on (semi)conducting surfaces. In HREELS, by exciting molecular

vibrations or electronic transitions, information about adsorbate orientation

and its electronic properties such as energies of intramolecular electronic tran-

sitions (e.g. S0 → S1)
[36–40] and optically forbidden transition (S0 → T1, triplet

states) [41;42] can be gained. Furthermore, calculated intensities and frequencies

of vibrational modes and their dynamic dipole moment via DFT, facilitates

the determination of the adsorbate orientation. Additionally, though TPD

measurements intact samples with defined coverage can be preprepared and

potential on surface reactions can be monitored.

First goal of this work is to elucidate the influence of N-introduction on the

adsorption and electronic properties of N-heteropolycyclic compounds in com-

parison to their parent PAHs. For this purpose, N-heteropentacene derivatives

are investigated. Pentacene is a well known p-channel organic semiconductor,

which is proven to be a promising active material for (opto)electronic appli-

cations such as field effect transistors [43]. Thus, there have been many efforts

made in developing the n-channel counterpart of pentacene and its deriva-

tives by substituting C-atoms with N-atoms in their aromatic molecular back-

bone [18–20;22–24;44]. Among the synthesized N-heteropentacenes, linear 6,13-

diazapentacene (DAP) and 6,7,12,13-tetraazapentacene (TAP) derivatives are

particularly suited for investigating the influence of N-introduction in general

and the effect of the number and the position of the substituted N-atoms in

particular. This is mainly due to their shared molecular structure with the par-

ent pentacene (PEN), which its own adsorption and electronic properties on

different metallic substrates is thoroughly studied and well understood [45–49].

Despite the promise of pentacene as an organic semiconductor, is lacks solu-

bility and stability [50]. It has been shown that employing strategies such as

introducing triisopropylsilylethynyl (TIPS) groups [50] or adding phenyl rings [51]

to the acenes improves the stability and solubility of the molecule. A combi-

nation of these strategies results in synthesis of arrow-shaped silylethynylated

pentacene derivatives [51], such as TIPS-dibenzodipentacene (TIPS-BP), which

together with the corresponding N-substituted TIPS-dibenzodiazapentacene

2



(TIPS-BAP) are the subject of another study that seeks to gain insights into

the effects of N-introduction on the properties of complex pentacene deriva-

tives. Through these studies, it is found that N-introduction can effect the

electronic structure of N-heteropolycycles in three ways, namely narrowing the

optical gap (S0 → S1 transition), shifting the S0 → T1 transition to a higher en-

ergy and inducing a pronounced rise in the intensity of the α - band (S0 → S2)

in comparison to parent PAHs.

Substitution of small organic molecules with halogens [38;52] and aromatic

groups [53;54] can be used as a strategy to alter their electronic properties.

Therefore, in another set of studies, the influence of core substitution with

Br and Cl atoms as well as phenyl and thiophene groups on the adsorption

and electronic properties of thiadiazole derivatives is investigated. Similar to

N-heteropolycycles, S-heteropolycyclic aromatic compounds are also of great

interest for use in (opto)electronic applications, for instance small molecule

organic solar cells [55–58]. This has led to comprehensive studies of the adsorp-

tion and electronic properties of these molecules, which are relevant for device

applications, such as thiophene derivatives [58–67]. In contrast, similar proper-

ties of heteropolycycles containing both S and N atoms, such as naphto[2,3-

c][1,2,5]thiadiazole (NTD) and benzo[1,2-c;4,5-c’]bis[1,2,5]thiadiazole (BBT)

and their derivatives have not yet been investigated. This is despite the

fact that these molecules have shown to be promising electron accepting moi-

eties [68–70] in donor/acceptor (D/A) -systems, which have wide-ranging appli-

cations in devices such as field effect transistors, solar cells, and light-emitting

diodes [71–86]. In the presented studies, by investigating NTD and its halo-

genated derivatives (NTD-Br and NTD-Cl) as well as phenyl (BBT-Ph) and

thiophene (BBT-Th) substituted BBT, it is shown that the core substitution

via halogens and aromatic groups results in a reduction of the transition ener-

gies of singlet (s) and first triplet states (T1) in the corresponding molecules.

Structural variation of molecules though connecting their moieties with suit-

able bridging units as demonstrated for N-heterotriangulenes (N-HTAs) [87;88]

is a promising approach toward tailoring the electronic structure of these

organic semiconductors. Therefore, in a presented study, the influence of

connectivity via introduction of -C=C- bridge on the adsorption and elec-

tronic properties of N-HTAs is elucidated, by investigating two N-HTA deriva-

tives, namely 3a2-azabenzo[3,4]azuleno[2,1,8,7-jklm]fluorene; 7-membered ring

N-HTA 557 and indolo[3,2,1-jk]carbazole; 5-membered ring N-HTA 550. In
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this study, it is demonstrated that the introduction of -C=C- bridge leads to

the narrowing of the optical gap in the corresponding molecule. Addition-

ally, it has been shown that N-HTA 557 can act as an electron donor and

undergo D/A interaction with well-known electron acceptor molecules, such

as tetracyanoquinodimethane (TCNQ) and 2,3,5,6-tetrafluoro-7,7,8,8- tetra-

cyanoquinodimethane (F4TCNQ) [88]. This interaction may lead to a poten-

tial charge transfer (CT) in the corresponding D/A-systems, which is desired

in (opto)electronic applications [89–92], such as near-infrared photodetectors [93].

Therefore, in a subsequent study, the possibility of charge transfer in D/A

systems of N-HTA 550 and N-HTA 557 with TCNQ and F4TCNQ is investi-

gated. The results from this study shows that the investigated D/A-systems

form CT-complexes.

In the following, in the chapter, methods and experimental setup, the meth-

ods used in this thesis for characterization of the studied molecular systems

as well as the experimental setup used for preparing the samples are intro-

duced. Subsequently, the results from the conducted studies and the related

findings are presented and thoroughly discussed in the results and discussion

chapter, which consists of three sections and six subsections. Each section

begins with an abstract, which highlights the most important findings of stud-

ies conducted under its scope and ends with a conclusion. At the beginning

of each subsection, a short review of some of the reported properties of the

given molecular systems is presented in order to provide the reader with the

information, which maybe closely related to but not covered by the conducted

studies. The presentation of the results, mostly, follows a similar approach,

it begins with describing the obtained results from the TPD measurements

and proceeds to analyse the results from vibrational and electronic HREELS

measurements. The findings from each study are summarized at the end of

each subsection.
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2. Methods and Experimental Setup

2.1. Methods

2.1.1. Temperature-Programmed Desorption (TPD)

Temperature-programmed desorption (TPD) [34], also referred to as thermal

desorption spectroscopy (TDS), is a desorption technique that can be used to

great effect in surface science for studying adsorption processes and chemical

reactions at surfaces as well as determining coverages and binding energies of

adsorbates [94;95]. In a TPD measurement, an adsorbate-covered substrate is

heated with a precise procedure [34] that is controlled by a computer program,

to achieve a constant heating rate β = dT/dt with high accuracy by changing

the temperature of the substrate TS from initial temperature T0, linearly with

time t : TS(t) = T0 + βt [94]. Provided that the thermal energy received by

the adsorbate be high enough to overcome the intermolecular forces and the

binding energy of the adsorbate to the surface, the desorption occurs. Mass

spectrometry (MS) allows the analysis of the desorbing species [34;94]. Under

ultra-high vacuum (UHV) condition, mass of a parent molecular ion or its ionic

fragments can be monitored by a quadrupole mass spectrometer (QMS) [34].

The desorption rate rdes is proportional to the net ion current signal output

from QMS [96]. rdes is described by the Polanyi-Wigner equation [97] as

rdes = −dθ

dt
= ν0θ

nexp(−Edes

kBT
) = kdesθ

n, (2.1)

where θ is the coverage, ν0 the pre-exponential factor, n the desorption

order, Edes the desorption energy and kdes the rate constant. By inserting the

expression for β in the equation 2.1, it assumes the form of

− dθ

dTS

=
ν0
β
θnexp(− Edes

kBTS

). (2.2)

A TPD spectrum is plotted with the the recorded QMS signal for a given

mass-to-charge ratio (m/z ) as a function of the substrate temperature (see
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Figure 2.1 top). In a substrate, covered with multiple layers of an adsorbate,

the TPD spectrum includes a pronounced desorption feature associated with

molecules desorbing from higher layers followed by another desorption feature

at higher temperatures. The later feature originates from the molecules in

direct contact to the substrate, adding up to a monolayer, which require higher

thermal energy to overcome the strong adsorbate/substrate interactions, before

the desorption takes place. By measuring the TPD spectrum of the desorbing

molecule with the same m/z value for different initial coverages, a coverage

dependent TPD spectra can be plotted. Shape of the desorption spectra in

the resulting plot is an indicator of the desorption order n and the correlation

between desorption rate and the adsorbate coverage [98].
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Figure 2.1.: Top: TPD spectrum of an adsorbate covered substrate. Bottom: Simulated

desorption spectra of zero- (a), first- (b) and second-order (c) (detailed descrip-

tions in Ref. [95]) with constant heating rate β = 1 Ks−1 and pre-exponential

factor ν0 = 10−13 for coverages increasing with 0.1 steps from 0 to 1 ML.

Adapted from Ref. [95].

At a multilayer coverage, by increasing the temperature, layers of the molecu

-le desorb in succession. Thus, for higher initial coverages, desorption picks

with common rising edges shift to higher temperatures until the peak maximum

suddenly drops to zero at a certain temperature, upon desorption of the last

6



2.1. Methods

adsorbate (see Figure 2.1 bottom (a)). This leads to a zero-order desorption,

i.e. the desorption rate is independent of the coverage [95]. In a desorption

process of first-order, with increasing the temperature, the desorption peak

maximum remains at the same temperature for higher initial coverages, pro-

vided that lateral interactions of molecules are not considered (see Figure 2.1

bottom (b)). The monomolecular [94] (non-associative) desorption exhibit this

desorption kinetic. The lateral interactions lead to the coverage dependency

of the desorption peak maximum. Depending on the involved interactions,

the first-order desorption spectra evolves with increasing temperature to the

so-called pseudo-zero-order (attractive interaction) or pseudo-second-order (re-

pulsive interaction) desorptions by the shift of the desorption peak maximum

for different initial coverages to higher or lower temperatures, respectively [95].

In case of bimolecular or recombinative (associative) desorption, by increasing

the initial coverage, the desorption peak maximum shifts to lower tempera-

tures [94], leading to a desorption process of second-order (see Figure 2.1 bot-

tom (c)). In this thesis, TPD measurement is used primarily for preparing

intact samples with defined coverages and additionally gaining insights into

potential on surface reactions. A more detailed description of TPD can be

found in Ref. [95].

2.1.2. High-Resolution Electron Energy-Loss Spectroscopy

(HREELS)

High-resolution electron energy-loss spectroscopy (HREELS) is a unique spec-

troscopy technique that utilizes low-energy electrons (E0 < 20 eV) [94] in sur-

face inelastic-scattering experiments to provide information on the adsorbate

geometry and electronic properties. The name HREELS derives from the high-

energy resolutions of up to 0.5 meV [33] that can be achieved in this technique,

which sets HREELS apart from electron energy-loss spectroscopy (EELS) that

uses electrons with higher primary energies at the cost of lower energy reso-

lutions. In HREELS, a cathode produces the low-energy electrons that are

monochromatized before being accelerated toward a sample with a pre-set

primary electron energy E0 (trajectory of electrons are illustrated with red

curves in Figure 2.2 (a)). After interacting with the sample, the scattered

electrons can be detected with a channeltron by changing the analyzer poten-

tials (energy-resolved) or position (angle-resolved).
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cathode

sample

monochromator

channeltron

analyzer

a) b)

Figure 2.2.: Sketch of the used high-resolution electron energy-loss spectrometer (SPECS

Delta 0.5) in this thesis (a) and a picture of the spectrometer (b). Adapted

from Ref. [95].

The inelastic-scattering from a surface involves the transfer of the energy

h̄ω and the momentum transfer parallel to the surface q⃗|| , for excitation of

vibrations or electronic transitions. Considering the energy E conservation

during this process on a crystalline surface, the transferred energy is

Es − Ei = h̄ω, (2.3)

with Ei and Es being the energy of the incident and scattered electrons.

On a perfect crystalline surface with G⃗|| as an arbitrary 2D reciprocal lattice

vector [94], the wave vector parallel with the surface k⃗
∥
is also conserved:

k⃗
∥
s − k⃗

∥
i = q⃗|| + G⃗||, (2.4)

where k⃗
∥
i and k⃗

∥
s are the parallel wave vectors of the incident and scattered

electron. In scattering from non-perfect surfaces (e.g. with defects and ad-

sorbed atoms), conservation of wave vector is not valid [94] and q⃗|| equals to the

difference of the parallel wave vectors of the incident and scattered electron.
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Figure 2.3.: Upper left: Emitted incident electron e− from the monochromator forms an

electric field E⃗ with its image charge e+ in the metal as it approaches the

metallic substrate under the incident angle Φi with the wave vector of k⃗i and

the kinetic energy of Ei. Middle: Dynamic dipole moments µ of molecular

vibrations and their image dipoles µ′ in the metal, oriented normal to and

parallel with the substrate surface. The incident electron is scattered with

the angle of Φs after interacting with the dipoles according to the surface

selection rule (detailed description in text). Upper right: The dipole scattered

electron (k⃗s ̸= k⃗i, Es ̸= Ei in inelastic scattering) is detected by the analyzer

in specular direction (Φs=Φi). The analyzer can be rotated to an off-specular

angle (Φs1), to only detect the impact scattered electrons (k⃗s1, Es1). Adapted

from Ref. [95].

Depending on the used primary energy for electrons, HREELS measure-

ments can be divided into vibrational and electronic regimes. In the vibra-

tional measurement regime, by choosing electron energies of lower than 5 eV,

molecular vibrations can be resolved, while using higher electron energies in

the electronic measurement regime leads to excitation of electronic transitions.

In the vibrational measurement regime, electrons can be scattered inelastically

with three mechanism: dipole scattering, impact scattering and resonance scat-

tering [34;94]. In an adsorbate-covered substrate, oscillating dipole fields gener-

ated by dynamic dipole moments µ of vibrations originating from the adsorbed

molecules give rise to long-range scattering potentials known as dipole scat-

tering [94]. When an incident electron e− approaches the surface of a metallic

substrate, it forms an electric field E⃗ with its image charge of an opposite sign

(e+) in the metal (see Figure 2.3 upper left). Direction of field lines in the
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generated electric field are normal to the substrate surface. Thus, only the

dynamic dipole moment of a molecular vibration with an orientation normal

to the substrate surface can couple with the electric field according to the

surface selection rule [94]. The dipole moments induce image dipoles µ′ in the

metallic substrate, which are oriented in opposite direction of a dipole parallel

with the substrate surface and in the same direction of a dipole normal to the

substrate surface (see Figure 2.3 middle). Consequently, the contribution of

parallel dipole moment diminishes, while the effect of normal oriented dipole

moment is amplified, leading to a large electron scattering cross section at

small angles around the specular direction (Φs=Φi, see Figure2.3 upper right),

which produces a pronounced loss feature in a measured spectrum [94].

Other than long-range scattering potentials of dipole fields, local atomic

potentials of the substrate or adsorbate atoms can scatter electrons through

the so-called impact scattering [94]. In this mechanism, an incident electron

virtually excites an electronic state of an atom. A vibrational quantum (e.g.

an adsorbate vibration) then releases the electron shortly after occupying the

excited state, inelastically [94]. This scattering potential is short ranged (at the

atomic scale) with a large value for the momentum transfer parallel to the

surface q⃗||
[94]. This leads to a small electron scattering cross section at large

angles around the specular direction [94]. Thus, the main mechanism involved

in the scattering of electrons can experimentally be identified by moving the

analyzer and measuring the scattered electrons in an off-specular angle (Φs

̸= Φi, see Figure2.3 upper right), where the impact scattered electrons can be

distinguished from dipole scatter electrons that are constrained to small angles

around the specular angle.

Depending on the primary energy of an incident electron, it can temporar-

ily become trapped in a molecular orbital and forms a short-lived negative

ion. The decay of the negative ion with a Frank-Condon transition [34] into the

ground state leads to a re-emission of the electron in the so-called negative ion

resonance scattering mechanism. Previous primary electron energy-resolved

measurements [95] did not show any indication of negative ion resonance for the

used primary electron energies in this thesis and as such this scattering mech-

anism will not be discussed any further. A detailed description of HREELS

can be found in literature [99;100] and other theses [95;101;102].
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2.1.3. Density Functional Theory (DFT)

In this thesis, the detected vibrations in the measured HREELS spectrum of

an adsorbate are assigned by carrying out density functional theory (DFT)

calculations on the relaxed geometry of a single molecule in the gas phase and

subsequently obtaining the corresponding vibrational modes with the associ-

ated dynamic dipole moments µ from the simulated and visualized frequencies

of the vibrations. DFT is based on the Hohenberg and Kohn findings [103],

which states that ground-state energy E of a system is determined solely by

its electron density ρ. In DFT, E can be estimated as a function of ρ by

E(ρ) = T (ρ) + Ene(ρ) + J(ρ), (2.5)

where T is the kinetic energy of the electrons, Ene the attractive electron-

nuclear interaction, and J the Coulomb-term, which describes the electron-

electron interaction. The accuracy of this estimation is improved by consider-

ing orbitals in the form of one-electron Kohn-Sham equations [104]:

(−1

2
∇2 + υeff (r⃗)− ϵj)φi(r⃗) = 0, (2.6)

in which ϵj is the energy, φi the Kohn-Sham function, and υeff the effective

potential. Equation 2.6 can be re-written as

υeff (r⃗) = υ(r⃗) +

∫︂
n(r⃗′)

|r⃗ − r⃗′|
d3r′ + υXC(r⃗), (2.7)

where υ is the external (electron-nuclear) potential, n the electron density,

and υXC the exchange-correlation potential, which itself can be approximated

by different functionals that includes hybrid methods, where υXC is derived

by a combination of DFT and ab-initio Hartree-Fock method. To achieve

satisfactory results in the DFT calculations using suitable functionals and as-

sociated basis sets is essential. In order to describe complex systems like small

molecules, B3LYP [105] is an adequate hybrid functional. In this thesis, all of

the DFT calculations are carried out with B3LYP functional by Becke [106] and

Lee et al. [107] and 6-311G basis set (detailed description in Ref. [95]) . The

programme package Gaussian09 [108] is used for conducting the calculations. A

more detailed description of DFT can be found in literature [35] and another

thesis [95].
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2.2. Experimental Setup

The experimental setup used for conducting the studies presented in this thesis

is previously described in details in other theses [101;109;110]. Even though, over

time, some alteration has been made to the setup, its principal functions, i.e.

sample preparation and characterization, remained unchanged. Therefore, in

this section only a brief overview of the setup is provided, in order to introduce

its main components and their functions. This is followed by the description

of the Au(111) single crystal as the used substrate and standard procedures

for preparing and characterizing a sample.

2.2.1. Ultra-High Vacuum (UHV) System

In this thesis, samples of investigated molecular systems are prepared and

characterized under UHV condition (p ≈ 10−10 mbar) in an integrated UHV

system, which consist of a preparation (see Figure 2.4 (a) top) and a spec-

trometer (containing SPECS Delta 0.5 HREEL spectrometer, see Figures 2.4

(a) bottom and 2.2 (b)) chamber, that are separated with a gate valve in order

to isolate the spectrometer chamber during sample preparation. Conducting

the experiments under UHV conditions serves two purpose: one is to ensure a

contamination free and well-defined surface can be achieved and kept as such

for the total course of its characterization [110], and second to be able to detect

electrons with low energies. In the corresponding setup, the base pressure of

approximately 2 × 10−10 mbar is realized by pumping each chamber separately

and with two different methods. The preparation chamber is pumped in three

stages, starting with a membrane pump, which provides a pre-vacuum condi-

tion, followed by two turbo-molecular pump with pumping speeds of 60 l s−1

and 520 l s−1 that are used in sequence to achieve final UHV condition. In

the spectrometer chamber the desired vacuum is reached by using a single ion

getter pump backed by a membrane pump.

In this setup, molecules are deposited in situ on a substrate at regulated

temperatures using a Knudsen effusion cell evaporator or doser (see Figure 2.4

(b) 14). The doser is separated from the preparation chamber with a gate valve

and is kept independently under UHV condition by using a two stage pumping

sequence (a membrane pump in combination with a 60 l s−1 turbo-molecular

pump). A QMS (see Figure 2.4 (b) 13) provides the ability of monitoring

the mass of the parent molecular ion or its ionic fragments up to 200 amu
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(detection limit of the used QMS device) upon molecule deposition onto or

desorption from the substrate.

The substrate, an Au(111) single crystal is fixed on a molybdenum made

sample holder with two tantalum wire, which are used for resistive heating

of the crystal (see Figure 2.4 (c)). A thermocouple wire attached to the side

of the crystal provides an accurate reading of its temperature. The sample

holder is mounted on a liquid nitrogen-cooled cryostat, capable of cooling the

sample down to 95 K (see Figure 2.4 (b) 9). The cryostat is placed on a

x,y,z,β-manipulator (see Figure 2.4 (b) 10), which can be moved in x-, y- and

z- directions and rotated around the z-axis (β). This allows the sample holder

to be moved into a required position, e.g. facing the sputter gun (see Figure 2.4

(b) 11) for substrate surface cleaning. Additionally, the setup includes a com-

bined low-energy electron diffraction (LEED) and auger electron spectroscopy

(AES) system (see Figure 2.4 (b) 12), which is not used in the presented stud-

ies in this thesis. Other components of the setup are the control units (see

Figure 2.4 (b) 2 - 4 and 6) and power supplies (see Figure 2.4 (b) 1, 5 - 8)

of the mentioned devices as well as the cooling unit of the doser (see Figure

2.4 (b) 17) and a transport rod (see Figure 2.4 (b) 15), which can be used to

remove the sample holder from the inside of the preparation chamber through

a load-lock (located beneath the QMS) without breaking the vacuum.
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Figure 2.4.: Experimental setup: (a) Sketch of the UHV preparation (top) and spectrome-

ter (bottom) chambers. (b) Main components of the setup as pictured; power

supplies for substrate resistive heating (1), sputter gun (5), doser (6), channel-

tron (7), and HREELS (8). Control units of substrate temperature regulator

(2), ion getter and turbo-molecular pumps (3), QMS (4), and doser (6). Cryo-

stat (9), x,y,z,β-manipulator (10), sputter gun (11), LEED/AES setup (12),

QMS (13), doser (14), transfer rod (15), HREEL spectrometer (16), and doser

cooling unit (17). (c) Sample holder. Adapted from Ref. [95].
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2.2.2. Au(111) Substrate

Owing to its high conductivity and resistivity toward corrosion, gold is widely

used as a contact material in microelectronics [111]. Gold is chemically inert

(filled d-orbital), which results in its weak reactivity with adsorbates. Thereby,

it is a suitable substrate material for investigating adsorbed organic molecules.

All of the studies presented in this thesis are conducted on samples, which

are prepared on a Au(111) single crystal. The Au(111) surface is achieved by

cutting the face-centred cubic (fcc) structure of gold single crystal along 111

plane (see Figure 2.5 (a)). The resulting pristine surface, then reconstructs into

a more energetically favourable herringbone pattern [112] (see Figure 2.5 (b))

with 22 ×
√
3 stripes of alternating fcc and hexagonal close-packed (hcp)

domains (see Figure 2.5 (c)). The herringbone reconstruction can always be

restored by Ar+ sputtering and annealing cycles.

a) b)

110fcc
hcp

112c)

Figure 2.5.: (a) Face-centred cubic (fcc) unit cell and 111 plane (in red), adapted from

Ref. [113]. (b) Scanning tunneling microscope STM image of herringbone re-

construction of the Au(111) surface (inset: magnified fcc and hcp domains),

adapted from Ref. [114]. (c) Calculated positions of fcc and hcp domains,

adapted from Ref. [115].

2.2.3. Sample Preparation and Characterization Procedures

In order to prepare a standard sample (adsorbate/Au(111)), first the substrate

surface is cleaned by p ≈ 10−6 mbar Ar+ sputtering at 1 keV kinetic energy

for 15 min, followed by 20 min annealing at 750 K. Next, the cleaned sub-
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strate, which is held at a constant temperature (TS) is exposed to the flux

of a molecule, that is being evaporated (dosed) at a regulated temperature

by opening the gate valve separating the preparation chamber and the doser.

At the same time, mass of the parent molecular ion or its ionic fragments

are monitored by time-resolved QMS measurement (see Figure 2.6 (a)). De-

pending on the dosing time (tD), different adsorbate coverages ranging from

sub-monolayer to multilayer can be achieved with a constant dosing tempera-

ture (TD). The coverage (Θ) of the adsorbate can be determined through the

TPD measurement (see Figure 2.6 (b)), by heating the sample (from TS up to

750 K) with a heating rate of β = 1 Ks−1, integrating the obtained spectrum

and comparing the area of the total integral with the area of the monolayer

desorption region [110].
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Figure 2.6.: (a) Dosing spectrum of an exemplary molecule (N-HTA 557) on Au(111) sub-

strate, held at 200 K with dosing temperature of 120oc (393 K), that is moni-

tored with QMS for m/z=132. The sudden rise and then fall of the intensity of

the measured spectrum are the result of opening and closing of the gate valve,

that is separating the doser from the preparation chamber. (b) Corresponding

TPD spectrum of the adsorbed molecule at a coverage of 5 monolayer (ML)

on Au(111) substrate, measured with m/z=132 (α1 and α2 are assigned to

the desorption features from multi- and monolayer coverage).
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2.2. Experimental Setup

By determining the desorption temperatures of different coverages with TPD

analysis, it is possible to prepare monolayer or sub-monolayer of an adsorbate

by dosing larger amounts of the corresponding molecule, adding up to a multi -

or 2nd - layer coverage and subsequently heating the sample up to or beyond the

desorption temperatures of the corresponding coverage in order to desorb the

higher layers, thus preserving the monolayer or sub-monolayer. As for non-

standard samples (adsorbate(B)/adsorbate(A)/Au(111)), which involve two

different molecules, the substrate is first covered with a certain coverage of

molecule A and subsequently molecule B is dosed on top of the underlying

coverage.

After dosing at elevated temperatures (TD > 300 K), the heated molecules

are examined for a possible degradation by electron ionisation mass spectrom-

etry (EI-MS) measurement, which is conducted by Mass Spectrometry Facility

of the Organisch-Chemisches Institut at the Universität Heidelberg. In case

of an intact molecule, the obtained EI-MS spectrum after dosing should agree

with the one of the pristine molecule, measured before dosing. Additionally,

the EI-MS spectrum of the pristine molecule can be used to select masses of

different ionic fragments to be used as reference in QMS, in order to moni-

tor the dosing and measure the TPD spectrum. Exemplary EI-MS spectra is

provided in appendix F.1 (see Figure F.1).

After preparing a sample, the adsorbate geometry and its electronic prop-

erties are investigated via vibrational and electronic HREELS measurements,

respectively. In the vibrational measurement regime, by setting the primary

electron energy (E0) of the incident electrons to 3.5 eV, a resolution lower than

4 meV (as determined from the full width at half maximum (FWHM) of the

elastic peak) can be achieved, which is suitable for resolving the molecular

vibrations. This measurement is done in specular (Φs = Φi) and off-specular

(Φs ̸= Φi) scattering geometry. By comparing the obtained spectra from the

two measurements, the dipole-active vibrations can be distinguished from the

non-dipole-active vibrations based on the reduced intensity of the correspond-

ing vibrations, going from specular to off-specular scattering geometry. The

detected vibrations of an adsorbate are assigned to the vibrational modes of

the corresponding molecule by conducting DFT calculations. By comparing

the dipole-active vibrations with the vibrational modes possessing a dynamic

dipole moment perpendicular to the molecular backbone, the adsorbate orien-

tation with respect to the substrate surface can be determined.
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In the electronic measurement regime, with E0 = 15 eV, the electronic tran-

sitions are excited and can be detected in the obtained spectrum as electron

energy loss features. These features are fitted with the Gaussian function for

an accurate determination of their energetic position (peak position). By com-

paring these energies, principally with values obtained from quantum chem-

ical calculation (conducted at the Prof. Dr. Andreas Dreuw group of the

Interdisziplinäres Zentrum für Wissenschaftliches Rechnen at the Universität

Heidelberg), the detected loss features are assigned to different electronic tran-

sitions.
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3. Results and Discussion

3.1. Influence of N-introduction on the

Adsorption and Electronic Properties of

Pentacene Derivatives

In this section, the influence of N-introduction on the adsorption and electronic

properties of pentacene and its derivatives adsorbed on Au(111) is studied by

using TPD, vibrational and electronic HREELS. The investigated molecu-

lar systems include linear 6,13-diazapentacene (DAP, Figure 3.1 (a.2)) and

6,7,12,13-tetraazapentacene (TAP, Figure 3.1 (a.3)) as well as arrow-shaped

triisopropylsilyl-dibenzodiazapentacene (TIPS-BAP, Figure 3.1 (b.2)) and the

corresponding (PAH) TIPS-dibenzodipentacene (TIPS-BP, Figure 3.1 (b.1)).

Y

Y

X

X
1. X = Y = CH ; pentacene (PEN)
2. X = N , Y = CH ; 6,13-diazapentacene (DAP)
3. X = Y = N ; 6,7,12,13-tetraazapentacene (TAP)

a)

1. X = CH ; (TIPS-BP)
2. X = N ; TIPS-dibenzodiazapentacene (TIPS-BAP)

TIPS-dibenzopentacene

b)

X

X

TIPS

TIPS

Figure 3.1.: Investigated molecular systems:(a) Pentacene (PEN, (1)), 6,13-diazapentacene

(DAP, (2)) and 6,7,12,13-tetraazapentacene (TAP, (3)) as well as (b)

TIPS-dibenzopentacene (TIPS-BP, (1)) and TIPS-dibenzodiazapentacene

(TIPS-BAP, (2)).

The results from these investigations are presented in two subsections. In the

first subsection, by comparing the obtained results for DAP and TAP with the
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results from the previously studied parent pentacene (PEN, Figure 3.1 (a.1)),

effect of N-introduction as well as number and position of the introduced ni-

trogen atoms on the properties of the given linear pentacenes are studied. In

the second subsection, by comparing the obtained results for TIPS-BAP and

TIPS-BP, influence of N-introduction on an arrow-shaped derivative of the

silylethynylated pentacenes is investigated. Through these studies, it is deter-

mined that intact thin films of each molecule can be prepared via deposition at

elevated temperatures into the ultra-high vacuum chamber and onto Au(111)

substrate. All of the investigated molecules adopt a planar adsorption geom-

etry in which the molecular backbone is oriented parallel with respect to the

Au(111) surface. The assigned energies of the lowest excited electronic singlet

states (S) as well as the first triplet states (T1) indicate that N-introduction has

three major effects on the electronic structure of the corresponding molecules.

First, it results in a narrowing of the optical gap that can be summarized to a

narrowing of 100 meV from 2.1 eV for PEN to 2 eV for DAP and by 500 meV

to 1.6 eV for TAP, as well as a narrowing of 200 eV from 2.1 eV for TIPS-BP

to 1.9 eV for TIPS-BAP. Second, a pronounced rise in the intensity of the α

- band (S0 → S2) for TIPS-BAP in comparison to TIPS-BP and going form

PEN to DAP and then TAP, while at the same time the intensity of β - band

(S0 → S9 for DAP and S0 → S8 for TAP) is reduced by going in the reverse

order. Third, shift of the assigned S0 → T1 transition to a higher energy by

300 meV from 0.9 eV for DAP and PEN to 1.2 eV for TAP.
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3.1.1. Linear N-Heteropentacene Derivatives

The simple geometry of unsubstituted linear pentacenes makes this class of

compounds a prime candidate for investigating the influence of N-introduction

on the adsorption and electronic properties of OSC on metallic substrates.

Therefore, in this study it was chosen to investigate the properties of adsorbed

DAP and TAP on Au(111) surface.

DAP was first synthesized by VanAllan et al. in 1962 [116]. Since then, the

properties of this molecule have been investigated by a variety of theoretical

and experimental methods [18;76;116–126]. According to Kummer et al. [125], DAP

is not soluble in alcohol. Therefore, the electronic spectrum of the molecule was

measured in chloroform (CHCl3). The obtained optical gap for DAP from this

measurement was reported to be 16000 cm−1 (≈ 1.98 eV). Later UV/Vis mea-

surements on DAP delivered a value of about 1.9 eV in dimethylformamide

(DMF, (CH3)2NC(O)H) [126] and tetrahydrofuran (THF, (CH2)4O) [123] solu-

tions as well as 1.8 eV (calculated from the absorption maxima) for a 40

nm-thick thin film of the molecule deposited on a quartz wafer [126] and about

2 eV for the molecule in p-terphenyl [120]. Considering that the optical gap of

the parent pentacene is measured to be about 2.16 eV in the THF [123] and

2.1 eV in p-terphenyl [120], it can be estimated that N-introduction in DAP re-

sults in a narrowing of the optical gap up to 200 meV. The calculated energies

of the frontier molecular orbitals of DAP indicates that upon N-introduction

in the molecule in form of a pyrazine ring, the energy levels of HOMO and

LUMO decreases in comparison to pentacene, while the HOMO-LUMO gap

remains unchanged [118] (see Figure 3.2 (a)). As for TAP, the reported optical

gap of the molecule in chloroform is 14800 cm−1 (≈ 1.83 eV) [125]. Therefore,

according to the obtained values from literature, introduction of four nitrogen

atoms into the backbone of TAP, leads to a further narrowing of the optical

gap by approximately 150 meV from 1.98 eV for DAP to 1.83 eV for TAP as

measured in chloroform solution.

The packing motifs of both DAP and TAP are also affected by N-introducti

on [18;121]. It has been reported that both molecules adopt a geometry, in which

π-planes of the molecules are stacked with an offset relative to each other and

are shifted laterally relative to the neighbouring molecule [18] (see Figure 3.2

(c)). A computational study on the crystalline packing of pentacene and its

derivatives, suggests that in case of DAP, the molecular geometry exhibits

a “criss cross” packing motif, in which parallel stacks of the molecule are
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twisted relative to each other [121]. The difference in the packing motif of DAP

from the characteristic herringbone packing of pentacene (see Figure 3.2 (b))

is attributed to formation of strong and localized electrostatic interactions

or in some cases hydrogen bonds in heteropentacenes, due to high electro-

negativity of the introduced heteroatoms such as nitrogen in the backbone of

the molecule, which interferes with the uniform electrostatic potential at the

periphery of pentacene [121]. Measured X-ray diffraction (XRD) of DAP from

its crystalline powder indicates that molecules in the crystal adopt a face-to-

face stacking geometry, in which the π-planes of the molecule are shifted across

the long molecular axis [126]. Contrary to DAP, the crystallographic analysis of

TAP revealed that its single crystal is formed from one-dimensional columns

of the molecules, that are arranged in a slip-stacking geometry [127] (see Figure

3.2 (d)).

a) b) c) d)

f)

e)

Figure 3.2.: (a) Calculated energy levels of HOMO and LUMO (at the B3LYP/6-31G(d)

level) of pentacene (PEN) and DAP, adapted from Ref. [118]. Different packing

motifs; (b) Herringbone (PEN), (c) Stacked π-planes with an offset (DAP),

adapted from Ref. [18] and (d) Stacked slipped π-planes with an offset (TAP),

adapted from Ref. [127]. (e) Schematic of rubrene based OTFTs with DAP as

a template on octadecylphosphonic acid (ODPA)-treated SiO2, adapted from

Ref. [126]. (f) Stability of PEN and DAP under ambient conditions obtained

from time dependent optical density measurements on THF suspensions of

the molecules at their absorption peaks, adapted from Ref. [123].

Liu et al. [126] were first to report on the performance of DAP as an active

material in organic thin film transistors (OTFTs). The results from their

research indicate that DAP act as a p-type semiconductor, with an ambient

air field effect mobility in the range of 10−5cm2V−1s−1. The low hole mobility

of DAP is attributed to the low-energy level of HOMO, that is estimated to
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3.1. Influence of N-introduction on the Properties of Pentacene Derivatives

be -5.56 eV as well as the instability of the cation. As for TAP, it has been

reported that thin film of the molecule behaves as n-type semiconductor with a

field-effect mobility of 3.8 × 10−5cm2V−1s−1 [127]. Additionally, N-introduction

also improves the stability of the molecule [128]. The stability measurements

carried out on THF suspensions of pentacene and DAP indicate that under

ambient light and air conditions, half life time of DAP is much longer (>1500

min) than of pentacene (<5 min) [123] (see Figure 3.2 (f)).

Even though, DAP is not a suitable organic semiconductor for use as an

active material in OFETs, due to its low field-effect mobility, other properties

of this molecule has made it a promising candidate for use in a variety of

applications. It is reported that in rubrene based OTFTs, using DAP as a

template for rubrene in the active channel, results in increased crystallization

of the rubrene, which otherwise suffers from low crystallinity (see Figure 3.2

(e)). Thus, fabricating an OTFT with polycrystalline rubrene thin film that

exhibits an increased field-effect mobility up to 0.68 cm2V−1s−1. Interestingly,

for this application, the low charge carrier mobility of DAP is desired, since a

template should not contribute to the conductivity of the active channel [126].

A computational research by Bogatko et al. [120] suggests that DAP can be used

as a target for continuous wave (CW) room-temperature MASER, potentially

replacing pentacene, due to comparable S1 → Tn intermolecular crossing rates

of DAP and pentacene. Additionally, Kouno et al. [123] demonstrated that the

superior air stability and polarizability of DAP in comparison to air-sensitive

pentacene, makes DAP a favourable triplet polarizing agent for use in triplet

dynamic nuclear polarization (triplet-DNP) method under ambient condition.

Overall, this short review of some of the reported properties for DAP and

TAP suggests that N-introduction strongly affects the electronic structure,

packing motifs and charge carrier mobility of the corresponding molecules. In

this subsection, the results from the carried out TPD, vibrational and elec-

tronic HREELS measurements on DAP and TAP provide comprehensive in-

sight into the adsorption and electronic properties of the molecules on Au(111),

which adds to the cumulative knowledge of N-heteropentacenes. Some of the

results presented in this subsection are published in Ref. [129;130]. The pre-

sented results for PEN are reproduced from the conducted measurements by

Dr. Friedrich Maaß.

The molecules were synthesized by Dr. Hilmar Reiss (DAP) and Olena

Tverskoy (TAP) of the Prof. Dr. Uwe H. F. Bunz group of the Organisch-
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Chemisches Institut at the Universität Heidelberg.

For this study, DAP and TAP samples were prepared in situ by deposition

of the corresponding molecules at 460 K (DAP) and 490 K (TAP) into the

UHV chamber and onto Au(111) substrate, held at room temperature (300

K). First, through coverage dependent and fragment-mass-resolved TPD mea-

surements, the possibility of preparing thin films and well-defined monolayers

of the molecules on Au(111) surface is investigated and second, the influence of

N-introduction on the adsorption properties of the molecules within the thin

film and at the interface with Au(111) is explored.

Figure 3.3 (a) shows the coverage dependent TPD spectra of DAP with

different initial coverages ranging from 1.5 ML to 5 ML for the selected mass-

to-charge ratio of 140 m/z (the structure formula is depicted in Figure 3.3 (a)),

which corresponds to the half of the mass of the parent molecular ion (m=280

amu). The spectra consist of two desorption regions. The first region includes

a desorption peak at approximately 380 K (α1), which exhibits a zero-order

desorption kinetic and does not saturate with increasing coverage. Therefore,

α1 is assigned to the desorption of a multilayer coverage [129]. The second region

includes a desorption peak at approximately 440 K (α2), which is followed by a

broad desorption feature (α3) extending from 470 K to 700 K. The α2 peak can

be assigned to the desorption of a more densely packed compressed phase [129]

as previously reported for benzene [110;131] and other aromatic organic molecules

adsorbed on coinage metal surfaces [132–138]. Consequently, α3 is attributed to

the desorption of a sub-monolayer coverage [129]. Thus, the desorption spectrum

of monolayer coverage can be defined as a spectrum, in which both α2 and α3

are saturated. The inset shows the enlarged monolayer desorption region of

the measured spectrum with the coverage of 5 ML, extending from 410 K to

700 K. In this study, the coverage of the adsorbed molecules on the substrate is

determined by integrating a measured TPD spectrum and comparing the area

of the monolayer desorption region (α2 and α3) with the total integral [110].

The spectrum of DAP resembles the one obtained for the adsorbed PEN

on Au(111) [49]. However, upon a closer comparison of the overlaid spectra of

DAP (3 ML) and PEN (2.7 ML) (see Figure 3.3 (c)), it becomes evident that

N-introduction in DAP results in a shift of the desorption feature associated

with the compressed phase (α2) to a higher temperature by 40 K from 396

K for PEN to 436 K for DAP. Additionally, the sub-monolayer desorption

feature (α3) of DAP extend beyond the desorption temperature of the same
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Figure 3.3.: TPD spectra of (a) DAP for the selected mass-to-charge ratio (m/z ) of 140

with different initial coverages (adapted from Ref. [129]) and (b) TAP for the

selected m/z of 140 and 142 adsorbed on Au(111), measured with a heating

rate of β = 1 K/s. (c) Shows an overlay of the TPD spectra of PEN, DAP and

TAP. The desorption features are labelled with α1, α2 and α3. The insets

show the compressed phase (α2) and the sub-monolayer desorption tail (α3).

The structural formulas of the selected ionic fragments from each molecule are

depicted in their corresponding figures.
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coverage for PEN by approximately 30 K and ends at 700 K. These observa-

tions clearly indicate that introduction of nitrogen atoms into the backbone of

DAP leads to an increase in adsorbate/substrate-interactions, which in turn

result in an increased desorption temperature of the monolayer coverage. In

contrast, the multilayer coverages of both molecules desorb at approximately

similar temperatures (α1) and exhibit similar zero-order desorption kinetic.

Therefore, it can be concluded that the influence of N-introduction on the

adsorbate/adsorbate-interactions of the molecules in the thin film of DAP, in

comparison to the same coverage of PEN is negligible.

In case of TAP (m=282 amu), the measured TPD spectra for selected ionic

fragments of the molecule (m/z = 140 and m/z = 142, the structure formulas

are depicted in Figure 3.3 (b)) with coverages of 2.5 ML and 1.5 ML also include

three desorption features, labelled with α1, α2 and α3 as shown in figure 3.3

(b). Overall, the spectrum of TAP follows a similar trend as the spectrum of

DAP, in which the desorption from the multilayer coverage (α1) is followed

by the desorption from the compressed phase (α2) and subsequently, the sub-

monolayer coverage (α3). However, the overlay of the desorption spectra of

DAP (3 ML) and TAP (2.5 ML) reveals that for TAP, the α2 peak is shifted

by about 23 K to a lower temperature at 413 K, when compared to DAP as

shown in figure 3.3 (c). Moreover, the DAP sub-monolayer desorption feature

(α3) is broader and extend up to 700 K, whereas for TAP, the desorption

of sub-monolayer coverage ends at 600 K. This indicates that introduction

of two additional nitrogen atoms into the backbone of TAP at the 7 - and

12 - positions does not directly translate into stronger adsorbate/substrate-

interaction.

The fragment-mass-resolved TPD spectra of DAP and TAP provides further

insight into the adsorption properties of the molecules on Au(111) (see Figure

B.1). For both molecules, the desorption features of the multilayer coverage

(α1), the compressed phase (α2) and the sub-monolayer coverage (α3) coincide

at the same temperature for all of the selected fragments. This suggests that

the molecules do not degrade during the TPD measurements. However, the

determined coverages of both molecules from each of their fragments differs

from the reference coverage of 9.5 ML (DAP) and 5 ML (TAP) as measured

for 140 m/z. This suggests that by increasing the substrate temperature up to

750 K, DAP and TAP molecules may have not been desorbed completely from

the Au(111) surface. Indeed, a subsequent vibrational HREELS measurements
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on DAP and TAP revealed, that even after heating the prepared samples up to

750 K, vibrational peaks associated with the adsorbates can still be detected in

the measured vibrational spectra of both molecules (see Figure B.2 (a) and (c)).

In case of a complete and intact desorption of any adsorbates from the Au(111)

substrate, the post desorption HREELS spectra of the sample should, ideally,

resembles the spectra of a pristine Au(111) substrate (see Figure A.1). Given

that this is not the case for the DAP and TAP samples, it can be concluded

that the molecules does not desorb completely. Therefore, the determined

coverages of either molecule are only an estimation (± 0.5 ML). Whether the

remaining adsorbates on the substrate surface are intact molecules, consists

of their fragments or a combination of both, can not be determined, since the

observed vibrations can not be assigned to any vibrational modes associated

with either molecules with high level of certainty. It should also be noted that

PEN undergoes a complete desorption from the substrate [49].

According to the results obtained from the conducted TPD measurements

on the adsorbed molecules, it was chosen to prepare the monolayer coverage of

the DAP and TAP samples by depositing a large amount of molecules adding

up to a multilayer coverage and subsequently heating the samples up to 400

K (DAP) and 404 K (TAP) in order to desorb the higher laying layers, while

preserving the monolayer coverage. The used parameters for preparing the

samples are given in table H.1.

In the following, angle-resolved vibrational HREELS is utilized to further

investigate the influence of N-introduction in DAP and TAP on the adsorp-

tion geometry of the molecules on Au(111). Figure 3.4 shows the vibrational

spectra of DAP (left) and TAP (right), for mono - (a and d) and multilayer

(b and e) coverages, measured in specular (black spectra) and off-specular

(red spectra) electron scattering geometry along with the calculated intensi-

ties and frequencies of vibrational modes possessing a dynamic dipole moment

perpendicular to the molecular backbone (c and f).

The spectra of DAP at the mono - and multilayer coverage include four

pronounced vibrations with high intensity ratio between the specular and off-

specular scattered electrons (see Figure 3.4 (a) and (b)), which is in consistent

with dipole-active vibrations. By comparing the results from the vibrational

spectra with the calculated intensities and frequencies of B3u vibrational modes

of the corresponding D2h molecular point group in the gas phase (see Figure

3.4 (c)), the identified dipole-active vibrations are assigned to the out-of-plane
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γ(C-N-C) and γ(C-C-C) (at 369 and 482 cm−1) as well as γ(C-H) modes (at

731 and 863 cm−1) [129]. Additionally, the spectra also include vibrations at

around 3000 cm−1 with only a small difference between the intensities of the

specular and off-specular scattered electrons. This indicates that the main

excitation mechanism of these vibrations is impact scattering and as such they

correspond to the non-dipole-active vibrations and are assigned to the in-plane

ν(C-H) stretching mode [129]. The results from DFT calculations also indicate

that the assigned dipole-active vibrations posses a dynamic dipole moment

perpendicular to the molecular plane (x-direction)(see Figure 3.5), while the

dynamic dipole moment of the assigned non-dipole-active vibrations is parallel

with the molecular plane along the long axis (z-direction) [129] (see Figure B.3).

Table 3.1 provides more details on the assignment of the identified vibrations

of DAP.

By comparing the measured mono - and multilayer spectra of DAP, it be-

comes evident that with increasing the coverage to 4 ML, thus decoupling the

molecules at higher layers from the metallic substrate, the overall intensity

of the γ(C-N-C), γ(C-C-C) vibrations slightly increases relative to the rest of

the spectrum. Considering that the spectra of DAP at mono - and multilayer

coverage consists of predominantly dipole-active vibrations with large com-

ponents of their dipole moment perpendicular to the Au(111) surface, it can

be concluded that at mono- and multilayer, DAP molecules adopt a planar

adsorption geometry on Au(111), in which the molecular backbone of the ad-

sorbates are oriented parallel with the substrate surface [129]. Given that PEN

also adopts a similar adsorption geometry on the Au(111) surface [95], it can

be concluded that N-introduction in 6 - and 13 - positions of DAP backbone

does not result in a change in the adsorption geometry of the molecule.

As for TAP, the spectrum of the monolayer coverage (see Figure 3.4 (d)) is

dominated by a high intensity dipole-active vibration assigned to the out-of-

plane γω(C-H) wagging mode (at 753 cm−1), which is accompanied by other

dipole-active vibrations, assigned to the out-of-plane γτ (N-C-N) twisting and

γω(C-H) wagging modes (at 472 and 844 cm−1) as well as four non-dipole-

active vibrations assigned to the in-plane δ(C-H) scissoring, ν(C-C), ν(C-N)

and ν(C-N) stretching modes (at 1131, 1283, 1470 and 3056 cm−1) [130].
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Figure 3.4.: Vibrational HREELS spectra of DAP (Left) and TAP (right) measured in

specular (black spectra) and off-specular (red spectra) scattering geometry

for mono - (a and d) and multilayer (b and e) coverages adsorbed on Au(111)

with the associated DFT-calculations (B3LYP/6-311G) for intensities and fre-

quencies of B3u and B1 symmetric vibrational modes with a dynamic dipole

moment perpendicular to the molecular plane (c and f). E0 is the primary

energy of the incident electrons. The energy resolution of the specular spectra

is measured as the full width at half maximum (FWHM) of the elastic peak

(zero energy loss peak) and is given in wavenumbers (cm−1). The assigned

vibrations are listed in table 3.1. Adapted from Ref. [129;130].

By increasing the coverage of TAP to 3 ML, the overall intensity of the

dipole-active vibrations, particularly the one assigned to γτ (N-C-N) twisting

mode (at 498 cm−1) are increased relative to the rest of the spectrum (see Fig-

ure 3.4 (e)). In contrast, aside from ν(C-H) stretching mode (at 3049 cm−1),

the intensity of other non-dipole-active vibrations, ν(C-C) and ν(C-N) stretch-

ing modes (at 1263 and 1453 cm−1) are reduced. Additionally, the vibration,

previously assigned to δ(C-H) scissoring mode can not be detected in the mul-

tilayer spectrum. The out-of-plane γτ (N-C-N) vibration originates from the
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N-C-N bonds. Therefore, it can be assumed that at the monolayer cover-

age, due to strong interactions between the nitrogen atoms in the backbone of

TAP and the Au(111) substrate, the intensity of this particular vibration is

suppressed [130]. At the multilayer coverage, higher layers are decoupled from

the substrate, thus the N-C-N bonds can vibrate freely, which results in an

intensity rise of γτ (N-C-N) vibration. This assumption is supported by the

blue-shift of this mode from 472 cm−1 (for 1 ML) to a higher vibrational fre-

quency at 498 cm−1 (for 3 ML) [130]. A similar shift is also observed for the

γω(C-H) wagging mode (at 844 cm−1 in 1 ML) by 44 cm−1 to 888 cm−1 in 3

ML. The assigned vibrations of TAP belong to the irreducible representation,

B1 of the C2v molecular point group symmetry, in which the dipole-active

vibrations posses a dynamic dipole moment perpendicular to the molecular

plane (x-direction)(see Figure 3.5), while the dynamic dipole moment of the

non-dipole-active vibration is parallel with the molecular plane along the long

axis (z-direction) [130] (see Figure B.3). Table 3.1 provides more details on the

assignment of the the identified vibrations of TAP.

Considering that the dominant vibrations, as detected in the spectra of TAP

at mono - and multilayer coverages are dipole-active with large components

of their dipole moment perpendicular to the Au(111) surface, it can be con-

cluded that at mono- and multilayer coverage, TAP similar to DAP adopts

a planar adsorption geometry on Au(111), in which the molecular backbone

of the adsorbates are oriented parallel with the substrate surface [130]. This

conclusion also applies to the adsorption geometry of both molecules at their

sub-monolayer coverages (see Figure B.2 (b) and (e)). This indicates that in-

troduction of two additional nitrogen atoms to the backbone of TAP at 7 -

and 12 - positions does not results in a change in the adsorption geometry of

the molecule in comparison to DAP or PEN on Au(111) surface.
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Table 3.1.: Assigned vibrations (in cm−1) of DAP and TAP adsorbed on Au(111) for dif-

ferent coverages. Additionally, the corresponding DFT calculated frequencies

of the molecules in the gas-phase at the B3LYP level and the 6-311G basis

set are given. Dipole active modes are labelled with da. The identified modes

for each vibration are described with the following abbreviations; γ – out-of-

plane; δ – scissoring; ν – stretching; τ – twisting; ω – wagging. Representation

(Repr.) of the associated point groups and the orientation of the calculated

dipole derivative vector with respect to the molecular geometry, x, perpendicu-

lar to the molecular plane; y, short axis and z, long axis of molecular backbone

for each mode are listed. Adapted from Ref. [129;130].

DAP

# Subm. 1 ML 4 ML DFT Mode Repr.

1 367 da 368 da 369 da 399 γ(C-C-C), γ(C-N-C) B3u(x)

2 470 da 472 da 482 da 512 γ(C-C-C), γ(C-N-C) B3u(x)

3 729 da 736 da 731 da 772 γ(C-H) B3u(x)

4 851 da 849 da 863 da 928 γ(C-H) B3u(x)

5 3034 3035 3043 3198 ν(C-H) B2u(z)

TAP

# Subm. 1 ML 4 ML DFT Mode Repr.

1 473 da 472 da 498 da 524 γτ (N-C-N), γω(C-H) B1(x)

2 761 da 753 da 740 da 798 γω(C-H) B1(x)

3 874 da 844 da 888 da 935 γω(C-H) B1(x)

4 1145 1131 - 1206 δ(C-H) A1(z)

5 1287 1283 1263 1333 ν(C-H), δ(C-H) A1(z)

6 1471 1470 1453 1449 ν(C-N), ν(C-C), δ(C-H) A1(z)

7 − 3056 3049 3172 ν(C-H) A1(z)
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Figure 3.5.: Visualisation of the assigned dipole-active vibrational modes obtained from

the DFT calculations (B3LYP/6-311G) for DAP (a-d) and TAP (e-g). The

corresponding energies (HREELS monolayer/HREELS multilayer/DFT) are

given in wavenumbers (cm−1). The direction of the calculated dipole deriva-

tive unit vector (−→µ ) is depicted with a black arrow that lies in the plane of

the paper. The atomic displacements in each visualization are shown with

red arrows. The vibrational modes are visualized by the Facio software [139].

Adapted from Ref. [129;130].
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Finally, the electronic HREELS is utilized to investigate the influence of

N-introduction in DAP and TAP on the electronic properties of the molecules

in comparison to PEN, at the interface with Au(111) and within their thin

film. Figure 3.6 shows the electronic HREELS spectra of DAP (left) and TAP

(right), for mono - (a and c) and multilayer (b and d) coverages measured

with the primary electron energy of 15 eV, together with the corresponding

UV/Vis spectra of the molecules measured in chloroform (CHCl3) solution

(orange spectra).
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Figure 3.6.: Electronic HREELS spectra of adsorbed DAP (Left) and TAP (right) on

Au(111), measured for mono - (a and c) and multilayer (b and d) coverages

(black spectra). The electronic loss features were fitted using Gaussian func-

tions (red curves). The corresponding UV/Vis spectra of the molecules are

measured in chloroform (CHCl3) (orange spectra). E0 is the primary energy

of the incident electrons. Θ is the coverage in monolayer (ML). Adapted from

Ref. [129;130].

The monolayer spectrum of DAP consists of two broad electronic energy

loss features at 2.8 and 4.3 eV as shown in figure 3.6 (a). Noticeably, the

detected energy of these transitions differ from the expected contribution from

the conventional Au(111) surface plasmon (at 2.5 eV) at a monolayer cover-
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age [140] (see Figures 3.6 (c) and A.1). Therefore, it can be assumed that the

loss features originate from the electronic transitions of DAP.

At the coverage of 4 ML, DAP is decoupled from the metallic substrate,

which leads to detection of other loss features associated with the molecular

electronic transitions in the corresponding spectrum as shown in figure 3.6

(b). This spectrum includes a contribution from an overtone of the in-plane

ν(C-H) stretching mode vibration at approximately 0.7 eV (at around 3000

cm−1 in Figure 3.4 (b)), which is followed by a weak loss feature at 0.9 eV. At

higher energies, the loss feature at 2 eV is accompanied by the so-called acene

fingers, that correspond to the vibronic excitations. The contributing vibra-

tions to these excitations are the breathing modes of the molecular backbone,

namely the symmetric ν(C-C) and ν(C-N) stretching modes of DAP with a

frequency of around 1500 cm−1 (186 meV). The loss feature at 2 eV is assigned

to the transition of a ground state (S0) to the first singlet excited state (S1)

and as such the optical gap of DAP [129]. The size of the optical gap is in good

agreement with the one obtained from the 2PPE measurements (1.93 eV) on

a multilayer coverage (3 ML) of the molecule [129]. The difference of 70 meV

between the two values lies within the estimated error of the measurements.

Moreover, by utilizing the excited-state calculations in the gas phase, the other

loss features at 2.9 and 4.2 eV are assigned to the transition of S0 to other sin-

glet excited states, S4 (α - band) and S9 (β - band) [129]. The energetic positions

of the detected broad loss features (at 2.8 and 4.3 eV) at the monolayer cov-

erage are close to the ones assigned to the α - and β - band at the multilayer

coverage and as such they are also assigned to the same transitions. Similarly,

the detected broad loss feature (at 2.7 eV) in the sub-monolayer coverage of

the molecule is assigned to the α - band (see Figure B.4 (a)).

The remaining unassigned loss feature at 0.9 eV is located beneath the

assigned S0 → S1 transition of the molecule (at 2 eV) and is in good agreement

with the known transition energy of the first triplet excited state (T1) of parent

pentacene at 0.86 eV [141] and coincides with the assigned S0 → T1 transition

of PEN at 0.9 eV as measured by electronic HREELS (see Figure 3.7 (c)).

Therefore, the detected loss feature at 0.9 eV is assigned to S0 → T1 transition

of DAP [129]. It should also be noted that further excited-state calculations on

DAP predict a higher value of 1.22 eV for the vertical excitation energy of

T1
[129]. The obtained experimental value of 0.9 eV for the transition energy

of T1 satisfies the energetic criteria for an efficient singlet fission process, i.e.
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2E(T1) < E(S1), when compared to the value of S1 (2.0 eV) [129]. Therefore, in

DAP one singlet exciton can theoretically split into two triplet excitons [142;143].

A comparison between the multilayer HREELS spectra of DAP and PEN

revels that introduction of nitrogen atoms into the backbone of DAP results

in a negligible narrowing of the optical gap by 100 meV from 2.1 eV for PEN

to 2 eV for DAP (See Figure 3.7 (b) and (c)). This effect is attributed to

the stabilization of the valence molecular orbitals by nitrogen atoms with high

electronegativity [129]. Similar observations have also been made for a variety of

N-heteroacenes and their derivatives [24;51;144]. Additionally, the β - band as de-

tected in the spectrum of DAP is shifted by 100 meV to a higher energy. Most

noticeably, the spectrum of DAP exhibits a pronounced rise in the intensity of

the α - band.

In case of TAP, the monolayer spectrum of the molecule consists of a contri-

bution from the in-plane ν(C-H) stretching mode vibration at approximately

0.3 eV (at around 3000 cm−1 in Figure 3.4 (d)), a weak loss feature at 1.1 eV

and a broad loss feature at 2.8 eV as shown in figure 3.6 (c). By increasing

the coverage of TAP to 4 ML, thus decoupling the molecule from the metallic

substrate, the previously detected loss features in the monolayer spectrum,

become even more pronounced in the spectrum of the multilayer coverage and

shift to 1.2 eV and 2.7 eV (see Figure 3.6 (d)). Other contributions to the

spectrum include an overtone of the in-plane ν(C-H) stretching mode vibra-

tion at approximately 0.7 eV (at around 3000 cm−1 in Figure 3.4 (e)) and other

loss features associated with the molecular electronic states, which appear at

1.6 eV, 4.1 eV and 4.6 eV. The loss feature at 1.6 eV, which is accompanied

by a vibrational contribution is assigned to the S0 → S1 transition and ac-

cordingly, the optical gap of TAP [130]. The vibrational contribution associated

with S0 → S1 transition can be attributed to the symmetric ν(C-C) and ν(C-N)

stretching modes with a frequency of around 1500 cm−1 (186 meV) [130]. The

loss feature at 1.1 eV in the monolayer and 1.2 eV at the multilayer coverage

are both located beneath the assigned S0 → S1 transition of the molecule (at

1.6 eV) and are energetically close to the previously assigned transition energy

of T1 for PEN and DAP at 0.9 eV. Therefore, the loss feature in question

is assigned to the S0 → T1 transition of TAP [130]. The results from further

excited-state calculations on TAP also suggests that the excitation energy of

T1 is 1.32 eV, which is in good agreement with the experimental result, when

the error and limitations associated with the calculations are considered [130].
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The obtained experimental values for T1 (1.2 eV) and S1 (1.6 eV) indicates

that, 2E(T1) > E(S1). Therefore, in contrast to DAP, in TAP it is not ener-

getically possible to split one singlet exciton into two triplet excitons and as

such an efficient singlet fission process for this molecule is not achievable [130].

Moreover, with the help of the DFT calculations, other loss features at 2.7, 4.1

and 4.6 eV are assigned to the transition of S0 to the excited states at S2 (α -

band), S8 (β - band) and S12, accordingly
[130]. Considering these assignments,

the detected broad loss feature at 2.7 eV in the sub-monolayer coverage of the

molecule is assigned to the α - band (see Figure B.4 (b))

A comparison between the measured spectrum of DAP and TAP at the

multilayer coverage reveals that introduction of four nitrogen atoms into the

backbone of TAP significantly alters the electronic structure of the molecule

(see Figure 3.7 (a)). The N-introduction results in a narrowing of the optical

gap by 400 meV from 2 eV for DAP to 1.6 eV for TAP. A similar shift to a

lower energy can also be observed for the α - band by about 200 meV from

2.7 eV for TAP to 2.9 eV for DAP. In contrast, the excitation energies of the

β - band does not change significantly (about 100 meV) going from 4.2 eV

for DAP to 4.1 eV for TAP. Additionally, the assigned S0 → T1 transition is

shifted to a higher energy by 300 eV from 0.9 eV for DAP to 1.2 eV for TAP.

Interestingly, the assigned S0 → S12 transition of TAP at 4.6 eV is absent in

the measured spectra of DAP and PEN. A similar transition has also been ob-

served in the measured electronic spectra of other linear N-heteroacenes with

C2v symmetry including benzo[g]quinoxaline, benzo[b]phenazine and

naphtho[2,3-b]phenazine. In contrast, molecules with D2h symmetry such as

DAP, phenazine and quinoxalino[2,3-b]quinoxaline do not exhibit such tran-

sition in their spectra. Considering that the transition in question also does

not appear in the spectra of the corresponding acenes, it is hypothesised [117]

that asymmetric introduction of nitrogen atoms in the backbone of the N-

heteroacenes reduces the symmetry of the given molecules, which results in

formation of an electronic band, that in case of TAP is assigned to the S0 → S12

transition.

All of the assigned transitions in the multilayer spectrum of TAP, DAP

and PEN, except the assigned S0 → T1 transitions are also present in the

corresponding UV/Vis spectrum of the molecules in solution. Among these

transitions, the ones assigned to the α - band, the β - band and S0 → S12 are

in good agreement with the detected transitions in the corresponding UV/Vis
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spectra. A similar trend can also be observed for the detected S0 → S1 transi-

tions and their accompanied vibrational contributions in the multilayer spec-

trum of DAP and PEN. Therefore, it can be concluded that the influence

of the metal substrate (adsorbate/substrate-interactions) and intermolecular

forces (adsorbate/adsorbate-interactions) on the electronic states of DAP and

PEN in the thin film compared to the solution is negligible. In contrast, the

S0 → S1 transition as detected in the HREELS spectrum of TAP, does not

resemble its counterpart in the UV/Vis spectrum. This is evident from the

shift of the S0 → S1 transition from approximately 1.8 eV as measured from

the first vibronic transition of the UV/Vis spectrum to 1.6 eV as determined

via HREELS measurements. This deviation can be attributed to the influence

of metal substrate and intermolecular forces on the electronic states of the

molecule in the thin film in comparison to its solution.

The identified and assigned electronic transitions of TAP, DAP and PEN

at multilayer coverage are summarized in figure 3.7 (d). The conducted 2PPE

measurements on DAP provide further insight into the electronic structure

of the molecule by determining the unoccupied and occupied single-electron

states or the so called transport states (electron affinities and ionization po-

tentials) of DAP as presented in Ref. [129].

Overall, the most striking deference between TAP, DAP and PEN is the

observed pronounce rise of the α - band intensity in the spectra of the inves-

tigated N-heteropentacene molecules in comparison to the parent pentacene.

This phenomena is attributed to an increase in the oscillator strength of a

strongly correlated state (Ls) upon introduction of nitrogen atoms into the

backbone of DAP and TAP [129;130]. This finding is the result of the quan-

tum chemical calculations, which were conducted by Dr. Marvin Hoffmann

of the Prof. Dr. Andreas Dreuw group of the Interdisziplinäres Zentrum für

Wissenschaftliches Rechnen at the Universität Heidelberg. In the following, a

summary of the results from the quantum chemical calculations is presented.

It has been reported that the two lowest optically allowed singlet excited

states of DAP, S1 and S4, exhibit a typical ππ∗ character [129;130] . The only

conserved physical property of these states that can be determined by exciton

analyses is the electron (e) and hole (h) correlation for the associated excitons.

Depending on the strength of the e - h correlation, the given singlet excited

states may correspond to a so called weakly (Lw) or strongly correlated states

(Ls). The calculated correlation coefficients of S1 and S4, are 0.068 and 0.205.
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Therefore, the exciton of S1 exhibits a weaker e - h correlation and as such

corresponds to a Lw state, while S4 has a stronger correlated exciton and

corresponds to a Ls state. By this definition, S1 and S4 of DAP correspond to

the Lw (S1) and Ls (S2) states of TAP and PEN. Thus, the α - bands in DAP

(S4), TAP (S2) and PEN (S2) correspond to a strongly correlated state (Ls).

As determined by quantum chemical calculations, upon N-introduction, the

oscillator strength of the molecules increases from 0 for PEN to 0.2 for DAP

and 0.45 for TAP. Interestingly, the intensity of the α - band for each molecule

also increases parallel with the associated oscillator strength. Considering

that other exciton properties of the Ls states for the given molecules remains

approximately the same, it can be concluded that the increase in the oscillator

strength leads to the rise in the intensity of the α - band. This trend is

also evident from the simulated electronic absorption spectra of PEN, DAP

and TAP (see Figure 3.9 (a)) and the results from the electronic HREELS

measurement on the corresponding molecules (see Figure 3.7).

Figure 3.9.: (a) Electronic absorption spectra of PEN, DAP, and TAP, simulated at the

ADC(2)/def2-SVP level of theory (FWHM=0.294 eV). (b) Molecular orbitals

and the corresponding Slater-determinants ϕ. (c) The wave functions of the

electronic states assigned to α - and β - bands, formed from linear combination

of the associated Slater-determinants. Taken from Ref. [130].

As can be seen from the same electronic spectra, the pronounced rise in the

intensity of the α - band upon nitrogen introduction is followed by a decrease

in the β - band intensity. This trend is explained by further quantum chemical

calculations, which indicates that the increase in the oscillator strength is also

accompanied by an increase in the mixing ratio between the two particle–hole

(p - h) basis states of the α - band (Ls). The p - h basis states are defined as the
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linear combination of slater-determinants (Φ), which consists of the molecular

orbitals associated with electronic transitions. The molecular orbitals involved

in the slater-determinants, include a linear combination of HOMO - 2 to LUMO

and HOMO to LUMO + 2 for PEN and DAP (see Figure 3.9 (b)) as well as

a linear combination of HOMO - 1 to LUMO and HOMO to LUMO + 2 for

TAP. The wavefunctions of the electronic states corresponding to α - (Ls)

and β - band are given in figure 3.9 (c). For α - band (Ls), the wavefunction

is equal to a negative and for β - band to a positive linear combination of

the slater-determinants. Therefore, for an almost equal superposition of the

given determinants, such as the case of PEN, their negative linear combination

results in no oscillator strength for the α - band, while their positive linear

combination gives all the oscillator strength to the β - band. In contrast, when

the energies of the determinants are not equal, the same linear combinations

results in a gain in oscillator strength for both α - and β - band. In case

of DAP and TAP, this energy difference is mainly attributed to the effect of

nitrogen atoms on the molecular orbital (MO) energies of the α - band (Ls

state). Therefore, by increasing the energy difference between the determinants

constituting the α - band upon nitrogen introduction, the intensity of the α -

band increases with number of substituted nitrogen atoms, going from DAP

to TAP, while simultaneously the intensity of the β - band decreases. These

observations indicates that altering the MO energies by N-introduction can be

used as a method for tuning the electronic structure of organic semiconductors.

A detailed description of the carried out quantum chemical calculations on

DAP, TAP and PEN and its findings is given in Ref. [129;130;145].

To summarize, in this subsection it has been demonstrated that thin films of

two N-heteropentacene, DAP and TAP can be prepared through deposition of

the corresponding molecules at 460 K (DAP) and 490 K (TAP) into the ultra-

high vacuum chamber and onto Au(111) substrate held at room temperature

(300 K). The prepared samples were then characterized by TPD, vibrational

and electronic HREELS in combination with DFT calculations. Based on the

results from the fragment-mass-resolved TPD measurements it was determined

that during annealing of the samples, the DAP and TAP molecules remain in-

tact. The results from the coverage dependent TPD measurements on both

molecules indicate that N-introduction in DAP and TAP results in an increase

in adsorbate/substrate-interaction for the given molecules in comparison to

parent pentacene (PEN), while introduction of two additional nitrogen atoms
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into the backbone of TAP does not lead to stronger interaction of the adso-

bates with the metallic substrate, when compared to DAP. Moreover, as shown

via vibrational HREELS measurements, both DAP and TAP, at all coverages

adopt a planar adsorption geometry on the Au(111) surface, in which the back-

bone of the molecule is oriented parallel with the substrate. Finally, through

electronic HREELS measurements, it was determined that N-introduction in

DAP and TAP affects the electronic structure of the molecules in three ways.

First, the narrowing of the optical gap by 100 meV from 2.1 eV for PEN to

2 eV for DAP and by 500 meV to 1.6 eV for TAP, which is attributed to

the stabilizes of the valence molecular orbitals by nitrogen atoms with high

electronegativity. Second, the pronounced rise in the intensity of the α - band

(S0 → S2) going form PEN to DAP and then TAP, while at the same time the

intensity of the β - band (S0 → S9 for DAP and S0 → S8 for TAP) is reduced

by going in reverse order and third, shift of the assigned S0 → T1 transition to

a higher energy by 300 meV from 0.9 eV for DAP and PEN to 1.2 eV for TAP

as the result of altering the energies of the molecular orbitals by the intro-

duced nitrogen atoms in the backbone of the N-heteropentacenes. Moreover,

it is found that the asymmetric introduction of nitrogen atoms in TAP give

rise to a new electronic transition at 4.6 eV (S0 → S12), which is absent in the

measured spectra of DAP and PEN.
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3.1.2. Arrow-Shaped N-Heteropentacene Derivative

As demonstrated in the previous subsection, DAP and TAP are excellent pro-

totype organic semiconductors for studying the adsorption and electronic prop-

erties of N-heteropentacenes. In this subsection, a derivative of this class of

compounds, namely TIPS-BAP, is investigated in order to elucidate the influ-

ence of N-introduction on the adsorption and electronic properties of arrow-

shaped silylethynylated pentacene.

The only other study concerning TIPS-BAP is published by Hoff et al. [20].

They were first to synthesized and study this molecule. Their study indicates

that TIPS-BAP possess an optical gap of 1.92 eV in CH2Cl2 solution. The

HOMO and LUMO energy levels of the molecule are estimated to be -5.56

eV and -3.64 eV. As such, it is argued that TIPS-BAP should function as an

ambipolar semiconductor. Moreover, it has been reported that the molecules

in a single crystal of TIPS-BAP from a brick-wall-like motif (see Figure 3.10),

in which the molecules are arranged head-to-tail with a short distance between

their planes. This suggests that TIPS-BAP could be a suitable semiconductor

for use as active material in organic based (opto)electronic applications.

Figure 3.10.: Single crystal structure and packing of TIPS-BAP. Adapted from Ref. [20].

Even though the study by Hoff et al. [20] provides valuable information on dif-

ferent properties of TIPS-BAP, absence of a comparison between the molecule

and its PAH counterpart, TIPS-BP, prevents us from understanding the in-

fluence of N-introduction on reported properties of the molecule. This study,
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tries to fill this gap in the knowledge surrounding this set of N-heteropentacene

derivatives by drawing such comparison. Some of the results presented in this

subsection are published in Ref. [146].

The molecules were synthesized by Dr. Matthias Müller (TIPS-BP and

TIPS-BAP) of the Prof. Dr. Uwe H. F. Bunz group of the Organisch-

Chemisches Institut at the Universität Heidelberg.

For this study, TIPS-BAP and TIPS-BP samples were prepared in situ by

deposition of the molecules at 533 K into the ultra-high vacuum chamber and

onto Au(111) substrate held at room temperature (300 K). To characterize the

prepared samples, in the first step, coverage dependent and fragment-mass-

resolved TPD were utilized to demonstrate the possibility of preparing well-

defined monolayers and thin films of the adsorbed molecules on Au(111) surface

and elucidate the influence of N-introduction on the adsorption properties of

the TIPS-BAP in comparison to TIPS-BP.

Figure 3.11 (a) shows the coverage dependent TPD spectra of TIPS-BAP,

with different initial coverages of 2, 2.3 and 5 ML for the selected mass-to-

charge ratio (m/z ) of 73, which corresponds to a silicon-containing ionic frag-

ment of the TIPS group (the structure is depicted in Figure 3.11 (a)). The

spectrum consist of two desorption regions. The first region includes two des-

orption features with peaks at around 470 K (α1) and 480 K (α2), both of which

exhibit zero-order desorption kinetics and do not saturates with increasing cov-

erage. The α2 feature is located at the approximate desorption temperature

of the 2nd-layer (476 K in red spectrum) and by increasing the coverage it

merges to the α1 feature. Therefore, α2 can be assigned to the 2nd-layer des-

orption, while α1 is assigned to the desorption of higher layers [146]. The second

desorption region with a peak at around 580 K (α3) is clearly separated from

the multi- and 2nd-layer desorption features, which hints at formation of a

complete adsorbate layer at the interface with the Au (111) surface, before

adsorption of higher layers takes place. Therefore, α3 can be attributed to

the desorption of a monolayer coverage [146]. In the following measurements,

by integrating the measured spectra and comparing the area of the monolayer

desorption feature (α3) with the total integral, the coverage of the adsorbed

molecules on the substrate is determined [110].

A comparison of the corresponding TPD spectra of TIPS-BAP and TIPS-BP,

for coverages of 5 and 4.5 ML is shown in figure 3.11 (b). Similar to TIPS-BAP,

the spectrum of TIPS-BP also includes two desorption regions with three des-
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Figure 3.11.: Coverage dependent TPD spectra of (a) TIPS-BAP for the selected mass-to-

charge ratio (m/z ) of 73 for different initial coverages adsorbed on Au(111),

measured with a heating rate of β = 1 K/s. Adapted from Ref. [146]. (b)

Shows an overlay of the TPD spectra of TIPS-BAP and TIPS-BP. The

desorption features are labelled with α1, α2 and α3. The structural formula

of the the selected ionic fragment (m/z = 73) of the TIPS-group is depicted

in the figures.

orption features labelled with α1, α2 and α3. The multilayer desorption feature

of both molecules, assigned with α1, are located at 460 K (TIPS-BP) and 470 K

(TIPS-BAP). Shift of the α1 feature to higher temperatures in TIPS-BAP in-

dicates that N-introduction does influence the adsorbate/adsorbate-interaction

in the thin film. Noticeably, the α2 feature in the TIPS-BP spectrum at 494

K is separated from the multilayer desorption feature (α1), when compared to

the α2 feature in the spectra of TIPS-BAP. This suggests that the two feature

labelled with α2 in their corresponding desorption spectrum have different

origins. Interestingly, it appears that introduction of nitrogen atoms to the

backbone of TIPS-BAP reverses the influence of the added phenyl rings on the

adsorption property of the molecule, since the spectrum of TIPS-BAP closely

resembles the measured spectrum of TIPS-PEN [95]. This reversal trend is also
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apparent from the shift of the monolayer desorption feature (α3) of TIPS-BAP

to a lower temperature (at 580 K) in comparison to the assigned desorption

feature (α3) of the same coverage for TIPS-BAP with a peak at approximately

590 K. This observation suggests that N-introduction in TIPS-BAP does not

results in an increase in adsorbate/substrate-interactions, which is normally

accompanied by an increase in desorption temperature of the adsorbates from

the substrate in comparison to their PAH counterparts.

The fragment-mass-resolved TPD spectra of TIPS-BAP and TIPS-BP mea-

sured for different fragments of the TIPS group are shown in figure C.1. In case

of TIPS-BAP, the spectra shows that the desorption feature of the 2nd-layer

(α2) coverage coincide at the same temperature for all of the selected frag-

ments (see Figure C.1 (a)). This is also the case for the monolayer desorption

feature (α3) except for the measured spectrum of the iso-propyl fragment (43

m/z ), which is shifted by 10 K to a lower desorption temperature (570 K) in

comparison to other fragments. This suggests that the monolayer coverage of

TIPS-BAP degrades before it can be desorbed intact as previously reported

for another TIPS substituted molecule, TIPS-PEN [95]. Indeed, as revealed by

vibrational HREELS measurement, a subsequent heating of TIPS-BAP sam-

ple up to 750 K, results in an incomplete desorption of the molecule from

the substrate. The recorded HREELS spectra of the annealed samples in-

clude vibrational peaks, which originates from the adsorbates (see Figure C.2

(a)). However, duo to purposed degradation of the iso-propyl fragment, the

observed vibrations can not be assigned to any vibrational modes associated

with TIPS-BAP with any certainty. In contrast, it can be assumed that the

adsorbed TIPS-BAP molecules at higher layers including the 2nd-layer (α2),

which desorb at lower temperatures (TS < 570 K), remains intact. A similar

trend has also been observed in the fragment-mass-resolved TPD spectra of

TIPS-BP (see Figure C.1 (b)), in which the measured spectrum of 43 m/z

fragment is shifted by 10 K to a lower desorption temperature (580 K) at

the monolayer coverage in comparison to other fragments. Moreover, the de-

position temperature of TIPS-BAP and TIPS-BP at 533 K is much lower

than the detected desorption temperature of the iso-propyl fragment at 570

K (TIPS-BAP) and 580 K (TIPS-BP). Therefore, it can be concluded that

both molecules were deposited intact on the Au(111) substrate. Based on

these observations, a well-defined monolayer coverage can be achieved by de-

position of larger amounts of either molecule adding up to a multilayer or
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2nd-layer coverage and subsequently heating the sample up to 520 K beneath

the observed desorption temperatures of iso-propyl fragment, thus desorbing

the higher laying layers, while preserving an intact monolayer coverage. This

approach is used in this study to prepare well-defined monolayers of TIPS-BAP

and TIPS-BP for further measurements. The preparation parameters for the

samples involving both molecules are given in table H.1.

After gaining an insight into the adsorption properties of TIPS-BAP and

TIPS-BP on Au(111), in the next step, angle-resolved vibrational HREELS is

utilized to investigate the adsorption geometry of TIPS-BAP on Au(111). The

initial goal of this study, was to investigate the influence of N-introduction in

TIPS-BAP on its adsorption geometry, by comparing the vibrational spectra of

TIPS-BAP and its PAH counterpart, TIPS-BP. However, this goal could not

be achieved due to poor quality of the obtained results for TIPS-BP. Therefore,

in the following, only the results from the conducted vibrational HREELS

measurements on TIPS-BAP is presented. Figure 3.12 shows the vibrational

HREELS spectra of TIPS-BAP adsorbed on Au(111), for mono - (a) and

multilayer (b) coverages, measured in specular (black spectra) and off-specular

(red spectra) electron scattering geometry along with the calculated intensities

and frequencies of vibrational modes possessing a dynamic dipole moment

perpendicular to the molecular backbone (c). The spectrum of TIPS-BAP

at the mono - and multilayer coverage include multiple vibrations with high

intensity ratio between the specular and off-specular scattered electrons, some

of which can be considered as dipole-active vibrations with dipole scattering

being their main excitation mechanism. By comparing the results from the

obtained vibrational spectra with the calculated intensities and frequencies

of B1 vibrational modes of the corresponding C2v molecular point group in

the gas phase (see Figure 3.12 (c)), the dipole-active vibrations are assigned

to out-of-plane γ(C-H)A (at 460, 754, 883 and 1042 cm−1) and γ(C-C-C)A

modes (at 670 cm−1) [146]. These vibrations originate from the arrow-shaped

backbone (A) of the molecule. Additionally, the spectra of the molecule include

vibrations with low specular to off-specular intensity ratios at 209, 263, 580,

1368, 1461, 2853, 2942, and 3060 cm−1, which are non-dipole-active and as

such their main excitation mechanism is impact scattering [146].
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Figure 3.12.: Vibrational HREELS spectra of TIPS-BAP measured in specular (black

spectra) and off-specular (red spectra) scattering geometry for mono - (a) and

multilayer (b) coverages on Au(111) with the associated DFT-calculations

(B3LYP/6-311G) for intensities and frequencies of B1 symmetric vibrational

modes with a dynamic dipole moment perpendicular to the molecular plane

(c). E0 is the primary energy of the incident electrons. The energy resolu-

tion of the specular spectra is measured as the full width at half maximum

(FWHM) of the elastic peak (zero energy loss peak) and is given in wavenum-

bers (cm−1). The assigned vibrations are listed in table 3.2. Adapted from

Ref. [146].
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Once again, by comparing these values with the results from the DFT cal-

culations, some of the corresponding vibrations are assigned to the buckling,

in-plane ν(C-C)A and ν(C-H)A stretching modes as well as δ(C-C-C)A scissor-

ing mode [146]. The other vibrations located at 2853 and 2942 cm−1 originate

primarily from the aliphatic ν(C-H)T vibrations of the C-H bonds at the TIPS-

groups (T) [146]. Detection of these vibrations next to ν(C-H)A mode at 3060

cm−1 in the multilayer spectrum, confirms the conclusion made based on the

results from the TPD measurements that the prepared coverage of TIPS-BAP

on the Au(111) surface is intact [146].

The results from DFT calculations also indicates that the assigned dipole-

active vibrations posses a dynamic dipole moment perpendicular to the molec-

ular plane (x-direction) (see figure 3.13), while the dynamic dipole moment

of the assigned non-dipole-active vibration is parallel to the molecular plane

along the long axis (z-direction) [146]. At the monolayer coverage, the dipole-

active vibrations, particularly the one assigned to the γ(C-C-C) mode at 680

cm−1 have higher intensity relative to the non-dipole-active vibrations, e.g.

the ν(C-H) stretching modes at around 3000 cm−1. This indicates that at

the monolayer coverage, TIPS-BAP adapts a planar adsorption geometry on

Au(111) surface, in which the plane of the arrow-shaped molecular backbone

is parallel with the surface [146].

At the multilayer spectrum, increasing the coverage of TIPS-BAP to 3 ML

results in a decrease in the relative intensities of the dipole-active vibrations,

while the overall intensities of the non-dipole-active vibrations is increased.

Additionally, the intensity ratio between the specular and off-specular scat-

tered electrons of the dipole-active vibrations are also significantly reduced.

This observation can be attributed to the larger distance of the adsorbates

at higher layers from the metal surface, which reduces the dipole scattering

efficiency at the multilayer coverage. Moreover, in comparison to the mono-

layer, the multilayer spectra also include additional non-dipole-active vibra-

tions, two of which are assigned to ν(C-C)A (at 1461 cm−1) and ν(C-H)A

stretching modes (at 3060 cm−1) of the molecular backbone. It can be as-

sumed that at the multilayer coverage, the adsorbed molecules at higher layers

slightly tilt out of the plane parallel with the substrate surface. Consequently,

the dynamic dipole moments parallel to the molecular plane rotates towards

an out-of-plane direction, which results in an increase in the intensity of the

corresponding vibrations or detection of additional in-plane vibrations in the
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spectrum of the multilayer coverage. This trend is accompanied with a signifi-

cant increase in the intensity of the vibrations associated with the TIPS group

(ν(C-H)T mode). Considering the low specular to off-specular intensity ratio

of these vibrations, the proposed tilt does not induce an excitation via dipole

scattering and the impact scattering remains the main excitation mechanism

for the corresponding vibrations. Therefore, it can be assumed that in a thin

film, the adsorption geometry of TIPS-BAP remains mostly planar with re-

spect to Au(111) surface [146]. The assigned vibrations for TIPS-BAP are listed

in table 3.2.

Table 3.2.: Assigned vibrations (in cm−1) of TIPS-BAP adsorbed on Au(111) for different

coverages. Additionally, the corresponding DFT calculated frequencies of the

molecules in the gas-phase at the B3LYP level and the 6-311G basis set are

given. Dipole active modes are labelled with da. The identified modes for each

vibration are described with the following abbreviations; γ – out-of-plane; δ

– scissoring; ν – stretching; A, arrow-shaped backbone; T, TIPS-group. Rep-

resentation (Repr.) of the associated point groups and the orientation of the

calculated dipole derivative vector with respect to the molecular geometry, x,

perpendicular to the molecular plane; y, short axis and z, long axis of molecular

backbone for each mode are listed. Adapted from Ref. [146].

TIPS-BAP

# 1 ML 4 ML DFT Mode Repr.

1 205 209 218 buckling B1(x)

2 237 263 290 buckling B1(x)

3 451 da 460 da 489 γ(C-H)A B1(x)

4 538 580 616 δ(C-C-C)A A1(z)

5 680 da 670 da 755 γ(C-C-C)A B1(x)

6 751 da 754 da 797 γ(C-H)A B1(x)

7 877 da 883 da 947 γ(C-H)A B1(x)

8 1006 da 1042 da 1004 γ(C-H)A B1(x)

9 - 1368 1388 ν(C-C)A A1(z)

10 1439 1461 1466 ν(C-C)A A1(z)

11 - 2853 3000 ν(C-H)T -

12 2914 2942 3005 ν(C-H)T -

13 - 3060 3196 ν(C-H)A A1(z)
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Figure 3.13.: Visualisation of the assigned dipole-active vibrational modes obtained from

the DFT calculations (B3LYP/6-311G) for TIPS-BAP. The correspond-

ing energies (HREELS monolayer/HREELS multilayer/DFT) are given in

wavenumbers (cm−1). The direction of the calculated dipole derivative unit

vector (−→µ ) is depicted with a black arrow that lies in the plane of the paper.

The atomic displacements in each visualization are shown with red arrows.

The vibrational modes are visualized by the Facio software [139].
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In the final step, the electronic HREELS is utilized to elucidate the influ-

ence of N-introduction in TIPS-BAP on its electronic structure in comparison

to TIPS-BP, at the interface with Au(111) and within thin films. Figure

3.14 shows the electronic HREELS spectra of TIPS-BP (Left) and TIPS-BAP

(right), for mono- (a and c) and multilayer (b and d) coverages measured

with the primary electron energy of 15 eV together with the corresponding

UV/Vis spectra of the molecules measured in n-hexane (C6H14) solution (or-

ange spectra). The spectrum of TIPS-BP at the monolayer coverage consists

of a contribution from an overtone of the in-plane ν(C-H) stretching mode

vibration at approximately 0.7 eV (at around 3000 cm−1 in Figure 3.12 (a)),

as well as the conventional Au(111) surface plasmon at 2.6 eV [140] as shown

in figure 3.14 (a). Absence of any adsorbate-induced loss feature in the mono-

layer spectrum, aside from the assigned vibrational contribution, indicates that

electronic transitions of the molecule are screened by Au(111) substrate. This

indicates that the substituted bulky TIPS-groups in the molecule does not

create enough or any vertical distance between the adsorbed molecules and

Au(111) surface to electronically decouple the aromatic backbone of TIPS-BP

from the metallic substrate. A similar observation has also been made for the

monolayer coverage of TIPS-PEN [95], which suggests that the added phenyl

rings in the backbone of TIPS-BP does not change the electronic properties of

the molecule at its monolayer coverage.

By increasing the coverage of TIPS-BP to 4 ML, the molecular thin film

is decoupled from the metallic substrate. This results in detection of a loss

features at 2.1 eV and its accompanied vibrational contributions as well as a

broad loss feature at 3.6 eV as shown in figure 3.14 (b). The loss feature at

2.1 eV is assigned to the transition of the ground state (S0) to the first singlet

excited state (S1), i.e. the optical gap of the molecule [146]. The accompanied

vibrational contributions of S0 → S1 transition corresponds to the excitations

of the ν(C-C) breathing mode of the molecular backbone with a frequency of

1461 cm−1 (181 meV). Moreover, the broad loss feature at 3.6 eV can also be

assigned to S0 → S3 or β - band.

The multilayer spectrum of TIPS-BP closely resembles the measured spec-

trum of TIPS-PEN at its multilayer coverage (4.4 ML), which also include

two main electronic transitions at 1.9 eV (S0 → S1, optical gap) and 4.1 eV

(S0 → S3, β-band) with similar loss feature profiles [147]. This indicates that

addition of two phenyl rings to the backbone of TIPS-BP results in a widen-
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Figure 3.14.: Electronic HREELS spectra of adsorbed TIPS-BP (Left) and TIPS-BAP

(right) on Au(111), measured for mono - (a and c) and multilayer (b and

d) coverages (black spectra). The electronic loss features were fitted using

Gaussian functions (red curves). The corresponding UV/Vis spectra of the

molecules are measured in n-hexane (C6H14) solution (orange spectra). E0 is

the primary energy of the incident electrons. Θ is the coverage in monolayer

(ML). Adapted from Ref. [146].

ing of the optical gap by 200 meV from 1.9 eV for TIPS-PEN to 2.1 eV for

TIPS-BP. Additionally, the β - band as detected in the spectrum of TIPS-BP

is shifted by 500 meV to lower energies (3.6 eV) in comparison to the detected

β - band (4.1 eV) of TIPS-PEN.

In case of TIPS-BAP, the spectrum of the monolayer coverage consists of

similar contributions as detected for the monolayer coverage of TIPS-BP (see

Figure 3.14 (c)). At the coverage of 5 ML, by decoupling the adsorbates

from the metallic substrate, additional contributions from the molecular elec-

tronic states are detected in the spectrum of the multilayer coverage, which

includes three electron energy loss feature at 1.9, 2.7 and 3.6 eV as shown in

figure 3.14 (d). The loss feature at 1.9 eV is assigned to the S0 → S1 tran-

sition or the optical gap of molecule [146]. This transition is accompanied by

the so-called acene fingers, that correspond to the vibronic excitations of the

ν(C-C) breathing mode of the molecular backbone with a frequency of 1461
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cm−1 (181 meV) [146]. The measured gap size of 1.9 eV for TIPS-BAP is in

good agreement with the one obtained from UV/Vis measurement (1.93 eV)

in solution. In contrast, the determined optical gap of the molecule at the

monolayer coverage with the 2PPE measurement (1.74 eV) is about 260 meV

smaller than the one determined by the electronic HREELS at the multilayer

coverage. This deviation is expected, since the adsorbate at the monolayer

coverage is electronically coupled to the Au(111) substrate, which leads to a

substrate-induced narrowing of the optical gap [146]. Furthermore, by utilizing

the excited-state calculations in the gas phase, the loss features at 2.7 and 3.6

eV are assigned to S0 → S2 (α - band) and S0 → S3 (β - band) transitions [146].

The assigned S0 → S1 transitions of TIPS-BP and TIPS-BAP and their ac-

companied vibrational contributions in the measured electronic spectra of the

molecules at their multilayer coverage are in good agreements with the corre-

sponding transitions in the UV/Vis spectra of the molecules in solution. In

contrast, the assigned α - band transition of TIPS-BAP, as detected in the

electronic spectrum of the molecule, is broad and does not include the associ-

ated vibrational contributions as seen in the corresponding UV/Vis spectrum.

Regardless, by only considering the good agreements of the detected S0 → S1

transitions of the two molecules in the measured spectra of their thin films

with the ones in the spectra of their solutions it can be concluded that the

influence of the metal substrate (adsorbate/substrate-interactions) and the in-

termolecular forces (adsorbate/adsorbate-interactions) on the electronic states

of the adsorbed molecules are negligible [146].

A comparison between the multilayer HREELS spectra of TIPS-BP and

TIPS-BAP reveals that introduction of nitrogen atoms into the backbone of

TIPS-BAP results in a narrowing of the optical gap (S0 → S1 transition) by 100

meV from 2.1 eV for TIPS-BP to 2 eV for TIPS-BAP as shown in figure 3.14 (a)

and (b). In comparison, the recorded UV/Vis spectra of both molecules in solu-

tion also shows a narrowing of the optical gap by approximately 160 meV. This

effect is attributed to the stabilization of the polar first excited singlet state

(S1) of TIPS-BAP in a polar environment [146]. Based on the results from the

carried out quantum chemical calculations on both TIPS-BP and TIPS-BAP,

it is determined that this polar environment is formed by the N-introduction

in TIPS-BAP, which causes the molecule to gain a pronounce static charge-

transfer character in comparison to its PAH counterpaart,TIPS-BP, by increas

ing the electron-hole (e - h) distance of S1 state from 0.10 A for TIPS-BP to
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Figure 3.15.: Electronic HREELS spectra (left) of adsorbed (a) TIPS-BAP and (b)

TIPS-BP on Au(111), measured for the multilayer coverage (black spectra),

adapted from Ref. [146]. The electronic loss features were fitted using Gaus-

sian functions (red curves). The corresponding UV/Vis spectra are measured

in n-hexane (C6H14) solution (orange spectra). E0 is the primary energy of

the incident electrons. Θ is the coverage in monolayers (ML). The identified

and assigned electronic transitions of the molecules are summarized in an

energy level diagram (right).

1.62 A for TIPS-BAP [146].

Aside from the narrowing of the optical gap, the N-introduction in TIPS-BAP

leads to a pronounced rise in the intensity of α-band (S0 → S2 transition) in

comparison to TIPS-BP. This trend has also been observed for the PEN,

DAP and TAP series as presented in the previous subsection, where it has

been concluded that an increase in the oscillator strength of a strongly cor-

related state (Ls) as the result of nitrogen introduction into the backbone of

the molecules leads to the intensity rise of the α-band, associated with the Ls

state [129;130]. Similarly, the observed pronounced intensity of the α-band in the

spectrum of TIPS-BAP is attributed to an increase in the oscillator strength

of the Ls state [146]. This finding is the result of the quantum chemical cal-

culations, which were conducted by Dr. Marvin Hoffmann of the Prof. Dr.

Andreas Dreuw group of the Interdisziplinäres Zentrum für Wissenschaftliches
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Rechnen at the Universität Heidelberg. In the following, a summary of the

results from the quantum chemical calculations is presented.

According to the quantum chemical calculations, the two lowest optically

allowed singlet excited states of TIPS-BP and TIPS-BAP, S1 and S2, exhibit

a ππ∗ character. For both molecules, the exciton of S1 posses a weak e - h

correlation and therefore corresponds to a weakly correlated state (Lw), while

S2 has a stronger correlation by factors of 2.5 (TIPS-BP) and 2 (TIPS-BAP),

and as such corresponds to a strongly correlated state (Ls). Introduction of

nitrogen atoms along the long axis of the arrow-shaped aromatic backbone

of TIPS-BAP, introduces a static ground state dipole moment in the same

direction (see Figure 3.16) [146]. This amplifies the transition dipole moment

of the molecule in the direction of long axis, corresponding to a Ls state,

rather than in the direction of short axis, that corresponds to a Lw state. As

a result, the oscillator strength of Ls state significantly increases from 0.017

for TIPS-BP to 0.382 for TIPS-BAP, which leads to a pronounced intensity

increase of the corresponding α-band (S0 → S2 transition) [146]. A detailed

description of the carried out quantum chemical calculations on TIPS-BP and

TIPS-BAP can be found in Ref. [146].

Figure 3.16.: Directions of (top) the ground state dipole moment and (bottom) the tran-

sition dipole moment of the second excited singlet state (S2) of TIPS-BAP.

Taken from Ref. [146]

Noticeably, no electron energy loss feature, that can be assigned to the

S0 → T1 transition of either TIPS-BP or TIPS-BAP, could be detected. Sim-

ilarly, the electronic HREELS measurements on TIPS-PEN carried out by
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Stein et al. also could not identify a possible triplet transition [147]. The iden-

tified and assigned electronic transitions of TIPS-BP and TIPS-BAP at their

multilayer coverage are summarized in figure 3.15 (c). Other than transitions

corresponding to singlet excited states, the conducted 2PPE measurements on

TIPS-BAP provide further insight into the electronic structure of the molecule

by determining the unoccupied and occupied single-electron states or the so

called transport states (electron affinity level) of TIPS-BAP as presented in

Ref. [146].

To summarize, in this subsection it has been demonstrated that thin films of

an arrow-shaped N-heteropentcene derivative, TIPS-BAP and its PAH coun-

terpart, TIPS-BP, can be prepared through evaporation at 533 K into the

ultra-high vacuum chamber and onto Au(111) substrate held at room tem-

perature (300 K). The prepared samples were then characterized by TPD,

vibrational and electronic HREELS in combination with DFT calculations.

Based on the results from the fragment-mass-resolved TPD measurements,

during annealing of the samples, the higher laying layers desorb intact, while

the monolayer coverage degrades due to premature desorption of iso-propyl

fragment of TIPS group at 570 K (TIPS-BAP) and 580 K (TIPS-BP). There-

fore, well-defined monolayers of either molecule were prepared by deposition of

larger amounts of molecules adding up to a multi or 2nd-layer coverage and sub-

sequently heating the samples up to 520 K in order to desorb the higher laying

layers, while preventing the monolayer degradation. Detection of the aliphatic

ν(C-H)T vibrations of the C-H bonds at the TIPS groups in the measured vi-

brational HREELS spectra of TIPS-BAP at its mono- and multilayer coverage,

further confirms the possibility of preparing intact coverages of both molecules

via intact molecular deposition and subsequent annealing. The results from

the coverage dependent TPD measurements on both molecules indicates that

N-introduction in TIPS-BAP results in an increase in adsorbate/adsorbate-

interaction, which is evident from the higher desorption temperature of the

multilayer coverage of the molecule in comparison to the desorption temper-

ature of the same coverage of TIPS-BP. Additionally, it has been found that

addition of two phenyl rings into the backbone of TIPS-BP may results in a

change in the adsorbtion properties of the molecule. A similar change could

not be identified for TIPS-BAP, which suggests that N-introduction may re-

verse the influence of the added phenyl rings in the molecule. Furthermore, as

shown via vibrational HREELS measurements, TIPS-BAP at mono- and mul-
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tilayer coverage adopt a planar adsorption geometry on the Au(111) surface, in

which the arrow shaped N-heteropolycyclc aromatic backbone of the molecule

is oriented parallel with the substrate. However a slight tilt of the molecule

along its axis, particularly at higher layers, could not be dismissed. Lastly,

through electronic HREELS measurements, it has been determined that N-

introduction in TIPS-BAP results in the narrowing of the optical gap by 200

meV from 2.1 eV for TIPS-BP to 1.9 eV for TIPS-BAP, which is attributed

to the stabilization of the polar first singlet excited state (S1) of TIPS-BAP

in a polar environment as well as the pronounced rise in the intensity of the

α - band (S0 → S2) in TIPS-BAP compared to TIPS-BP due to an increased

transition dipole moment of the excitation into the second singlet excited state

(S2).

In conclusion, the presented studies in this section provides valuable in-

sights into the influence of N-introduction on the adsorption and electronic

properties of two members of N-heteropentcene class of compounds, DAP and

TAP, as well as a N-heteropentcene derivative, TIPS-BAP, which can be em-

ployed to further develop organic electron transporting (n-channel) semicon-

ductors and subsequently improve and optimize the performance of organic

based (opto)electronic devices.
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Adsorption and Electronic Properties of

Thiadiazole Derivatives

In this section, influence of core substitution via halogens and aromatic groups

on the adsorption and electronic properties of thiadiazole derivatives adsorbed

on Au(111) is studied by using TPD, vibrational and electronic HREELS. The

investigated molecular systems include naphto[2,3-c][1,2,5]thiadiazole (NTD,

Figure 3.17 (a.1)) and its chlorine (NTD-Cl, Figure 3.17 (a.2)) and bromine

(NTD-Br, Figure 3.17 (a.3)) substituted derivatives as well as phenyl (BBT-Ph,

Figure 3.17 (b.1)) and thiophene (BBT-Th, Figure 3.17 (b.2)) substituted

benzo[1,2-c;4,5-c’]bis[1,2,5]thiadiazole (BBT).

1. X = H; Naphto[2,3-c][1,2,5]thiadiazole (NTD)

2. X = Cl; NTD-Cl

3. X = Br; NTD-Br

a)

1. Ar =                   ; BBT-Ph

2. Ar =                   ; BBT-Th

BBT: Benzo[1,2-c;4,5-c’]bis[1,2,5]thiadiazole

b)

N

S

N

X

X

N

S

NN

S

N

Ar

Ar
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Figure 3.17.: Investigated molecular systems: (a) naphto[2,3-c][1,2,5]thiadiazole (NTD,

(1)) and its chlorine (NTD-Cl, (2)) and bromine (NTD-Br, (3)) substituted

derivatives as well as (b) phenyl (BBT-Ph, (1)) and thiophene (BBT-Th,

(2)) substituted derivatives of benzo[1,2-c;4,5-c’]bis[1,2,5]thiadiazole (BBT).

The results from these investigations are presented in two subsections. In

the first subsection, by comparing the obtained results for NTD with its halo-

genated derivatives, effects of the core halogenation on the properties of the

corresponding molecules are studied. In the second subsection, by comparing

the obtained results for BBT-Ph and BBT-Th, the influence of the substituted

aromatic groups in the core of BBT on its derivatives is investigated. Through

these studies, it is determined that intact thin films of the given molecules can

be prepared via deposition at elevated temperatures into the ultra-high vac-
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uum chamber and onto Au(111) substrate. All of the investigated molecules

adopt a planar adsorption geometry on the Au(111) surface. Core substitution

alters the electronic structure of the corresponding molecules by reducing the

assigned energies of the lowest excited electronic singlet states (S) as well as

the first triplet states (T1). This is evident from a narrowing of the optical gap

that can be summarized to a reduction of 200 meV from 2.6 eV for NTD to

2.4 eV for NTD-Cl and NTD-Br, as well as a reduction of 400 meV from 2.2

eV for BBT-Ph to 1.8 eV for BBT-Th. Similarly, the assigned S0 → T1 tran-

sition of NTD at 1.7 eV is reduced by 100 meV to 1.6 eV for its halogenated

derivatives (NTD-Cl and NTD-Br) and BBT-Ph at 1.2 eV by 500 meV to 0.7

eV for BBT-Th.
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3.2.1. Naphthothiadiazole Derivatives

NTD was first synthesized by Cava et al. in 1964 [148] as a S- and N- con-

taining heteropolycyclic molecule with chemical properties analogous to those

of anthracene. They found that NTD is highly stable and possesses the

characteristics of a highly delocalized aromatic system, in which the sulfur

atom exhibits a tetravalent behaviour. A molecular orbital study of NTD

indicates that the calculated π-delocalization in the molecule (4.753 β) is

comparable to that in antheracene (5.314 β) [149]. Additionally, the calcu-

lated value of the first singlet transition of NTD is estimated to be about

455 nm (2.72 eV), which is bathochromically shifted in comparison to the

benzo[c][1,2,5]thiadiazole or BTD (308 nm) and thiadiazole (228 nm) as well

as naphtho [1,2-e][1,2,5]thiadiazole or angular NTD (343 nm) [150]. Noticeably,

it is found that contribution of the heteroatoms such as O, S and Se to the

conjugation is lower for the molecule with angular fused ring in comparison

to its linear form [150]. Further theoretical and experimental investigations of

NTD suggest that in the solid state depending on the used solvents and crystal-

lization conditions, the molecule form three polymorphs with different packing

motifs (see Figure 3.18) in its single crystal [151]. In the first polymorph, NTD

is packed with a motif of infinite chains of alternating molecules in ...ABAB...

sequence, in which molecule A is linked to molecule B trough a weak H-bond

between N atom and C-H bond (see Figure 3.18 (a)). In the second polymorph,

NTD adapts a sandwich-herringbone packing, in which molecules are arranged

in both face-to-edge and faced-to-face geometry (see Figure 3.18 (b)). In the

third polymorph, NTD molecules are stacked alternatively in layers that are

parallel to one another (see Figure 3.18 (c)). In contrast to the first poly-

morph, the intermolecular contacts between the molecules in the second and

third polymorphs originate from the chalcogen-bond between N and S atoms,

which leads to formation of more stable packing motifs for the corresponding

polymorphs due to stabilization brought about by chalcogen-bonds.

The halogenated derivatives of NTD were first synthesis by Smith et al. [152]

in order to compare the bromination and chlorination processes of the molecule

with the ones of anthracene. The chlorinated (NTD-Cl) and the brominated

(NTD-Br) molecules are utilized as precursors to form donor–acceptor (D–A)

molecular systems, in which NTD act as the electron acceptor moiety [68;69].

Given the potentials of NTD, it has been used for applications such as or-

ganic semiconductors [81;153;154], OLEDs [155–167], solar cells [81;168;169], fluorescent
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imaging [170–172] and luminescent metal – organic frameworks (LMOFs) [173–176].

(1)

(2)

(1)

(2)

(3)

(1)

(2)

(3)

a)

c)

b)

Figure 3.18.: Different polymorphs of NTD in its single crystal: (a) First polymorph,

(b) second polymorph, and (c) third polymorph. Chain of molecules (a.1),

chalcogen-bonded dimer; front view (b.1 and c.1), and edge view (b.2 and

c.2) as well as packing motifs (a.2, b.3 and c.3) of NTD in its polymorphs.

Adapted form Ref. [151].

In the context of this study, it was chosen to investigate NTD as well as

its halogenated derivatives (NTD-Cl and NTD-Br) in order to gain necessary

insights into their adsorption and electronic properties at their thin films and

interfaces with Au(111) substrate, which will be required for forming potential

donor–acceptor (D–A) molecular systems in solid state, via in situ deposition

of donor and acceptor molecules on a metallic substrate. Some of the results

presented in this subsection are previously published in Ref. [177].
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The NTD, NTD-Cl and NTD-Br molecules were synthesized by Dr. Hendrik

Hoffmann of the Prof. Dr. Uwe H. F. Bunz group of the Organisch-Chemisches

Institut at the Universität Heidelberg.

For this study, samples of NTD and its derivatives were prepared, in situ by

deposition of the corresponding molecules at 300 K (NTD), 368 K (NTD-Cl)

and 388 K (NTD-Br) into the UHV chamber and onto Au(111) substrate held

at 200 K. First, through coverage dependent and fragment-mass-resolved TPD

measurements, the possibility of preparing thin films and well-defined mono-

layers of the molecules on Au(111) surface is investigated and subsequently,

the influence of core substitution of the parent NTD molecule via halogens (Cl

and Br) on its adsorption properties within the thin film and at the interface

with Au(111) substrate are explored.

Figure 3.19 (a) shows the coverage dependent TPD spectra of NTD, with

different initial coverages of 1.6, 3, 4 and 8 ML for the mass-to-charge ratio

(m/z ) of 186, which corresponds to the mass of the parent molecular ion (186

amu). The spectra consist of two desorption regions. The first region, includes

two desorption peaks (α1 and α2) at 263 K, while the second region includes

a broad desorption feature extending from 330 K to 450 K (α3, see inset in

Figure 3.19 (a)). The α1 peak does not saturates with increasing coverage.

Therefore, it is assigned to the desorption of a multilayer coverage. The α2

peak first appears as a shoulder structure at 3 ML and by increasing the

coverage merges to the multilayer desorption peak (α1). This characteristic

desorption behaviour is similar to that of the 2nd-layer desorption of TIPS-BAP

as observed in the coverage dependent TPD spectra of the molecule in the

previous section (see Figure 3.11 (a) in Subsection 3.1.2). Thus, the α2 peak

can be attributed to the desorption of the 2nd-layer. The α3 feature, as shown

in the inset, is separated from the second and multilayer desorption peaks,

which suggests that a complete adsorbate layer is formed at the interface with

the Au (111) before adsorption of higher layers takes place. Therefore, α3 is

assigned to the desorption of a monolayer coverage.

Furthermore, no distinct vibration, which can be associated with adsorbates

could be detected in the vibrational spectrum of BBT-Ph (see Figure D.3 (a)),

that is measured after heating the samples up to 750 K. This suggests that the

monolayer coverage of NTD desorbs intact from the Au(111) substrate.
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Figure 3.19.: Coverage dependent TPD spectra of (a) NTD with the selected mass-to-

charge ratio (m/z ) of 186 (adapted from Ref. [177]) and (b) NTD-Br for the

biradical fragment with the m/z of 184 with different initial coverages ad-

sorbed on Au(111), measured with a heating rate of β = 1 K/s. (c) Shows an

overlay of the TPD spectra of NTD, NTD-Br and NTD-Cl. The desorption

features are labelled with α1, α2, α3 and α4. The insets show the monolayer

(α3 in NTD), compressed phase (α2 in NTD-Br) and the sub-monolayer des-

orption feature (α3 in NTD-Br and α4 in NTD-Cl). The structural formula

of the ionic fragment of NTD-Br is depicted in the corresponding figure. The

coverage dependent TPD spectra of NTD-Cl is presented in appendix D (see

Figure D.1 (a)).
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In case of NTD-Br (m = 342 amu), the coverage dependent TPD spectra

of the fully dehalogenated biradical fragment of the molecule (m/z = 184, the

structure formula is depicted in Figure 3.19 (b)) also consist of two desorption

regions for different initial coverages of 1, 1.5, 2 and 3 ML as shown in figure

3.19 (b). The first region includes a desorption peak at 321 K (α1), which ex-

hibits zero-order desorption behaviour and does not saturate with increasing

coverage. Therefore, α1 is assigned to the desorption of a multilayer cover-

age. The second region includes two broad desorption features, one extending

from 350 K to 500 K (α2) and the other extending from 500 K to 600 K (α3)

(see inset in figure 3.19 (b)). Both α2 and α3 saturate at the monolayer cov-

erage. Therefore, it can be assumed that α2 originates from a more densely

packed compressed phase as observed for PEN, DAP and TAP as well as ben-

zene [110;131] and other aromatic organic molecules adsorbed on coinage metal

surfaces [132–138]. As such, α3 can be attributed to a desorption from a sub-

monolayer coverage. Thus, the desorption spectrum of a monolayer coverage

can be defined as a spectrum, in which both α2 and α3 are saturated. The inset

shows the enlarged monolayer desorption region of the measured spectra. The

coverage dependent TPD spectra of NTD-Cl share similar trends as the ones

observed for NTD-Br, which are discussed in appendix D (see Figure D.1).

Figure 3.19 (c) shows an overlay of the corresponding TPD spectra of NTD

(7 ML), NTD-Cl (6 ML) and NTD-Br (4 ML). A comparison between these

spectra reveals that upon core halogenation of NTD, the multilayer desorption

peak (α1) of the parent molecule shifts from 263 K to higher temperatures

at 313 K for NTD-Cl and 332 K for NTD-Br. Similarly, the assigned mono-

layer desorption features of the halogenated molecules (α2 and α3 in NTD-

Br and α4 in NTD-Cl) are located at higher temperatures in comparison to

that of NTD (α3) at 330 K - 450 K temperature range. These temperature

shifts indicate that halogenation leads to increased adsorbate/adsorbate and

adsorbate/substrate-interactions within NTD-Cl and NTD-Br thin films and

at their interfaces with Au(111) surface.

Considering the clear separation of the monolayer desorption features of

NTD and its halogenated derivatives from the desorption features of their

multilayer or 2nd - layer coverages, the monolayer coverage of the corresponding

molecules can be prepared by deposition of larger amounts of the molecules

adding up to a multilayer or 2nd - layer coverage and subsequently heating the

sample up to 300 K (NTD), 340 K (NTD-Cl) and 350 K (NTD-Br), in order

65



Results and Discussion

to desorb the higher laying layers, while preserving the monolayer coverage.

This approach is used to prepare well-defined monolayers of the mentioned

molecules for further measurements. The used parameters for preparing the

samples are given in table H.1.

As for the multilayer coverage, up to this point, the number of layers formed

by the deposited molecules for each sample were determined by integrating a

measured TPD spectrum and comparing the area of the total integral with the

area of the monolayer desorption region [110]. However, it is found that the TPD

spectra of NTD-Br and NTD-Cl, which were measured after conducting the

intended vibrational and electronic HREELS measurements on the prepared

samples during an overnight measurement period, equal to approximately 15

hours, do not include a signal from the fully dehalogenated molecular fragment

(m/z = 184). This indicates that the halogenated molecules may have not been

desorb intact from the substrate. This observation was unexpected, since the

measured TPD spectra of either molecule, which were conducted immediately

after the sample preparation (≃ 10 min), do include a signal from the fragment

in question. This suggests that either time or the characterization process via

HREELS (electron beam) may have played a role in inducing the observed ef-

fect in the TPD spectra of the halogenated molecules. In order to distinguish

the potential contributions of the two mentioned factors, it was decided to

perform fragment-mass-resolved TPD measurements on NTD-Br and NTD-Cl

samples, at different time intervals, without conducting HREELS measure-

ments. Thus, eliminating any possible influence from characterization process

(e− exposure), while time as the only contributing factor is examined.

Figure 3.20 shows the fragment-mass-resolved TPD spectra of NTD-Br mea-

sured for different selected fragments, about 10 minutes after sample prepara-

tion (3.20 (a)), after approximately 3 h (3.20 (b)) and 15 h (3.20 (c)). The

chosen time intervals correspond to the time that is approximately required

to complete the vibrational (≃ 3 h) and a subsequent overnight electronic

HREELS measurements (≃ 15 h). During the time intervals, the samples were

kept at temperatures under 100 K in order to simulate the standard charac-

terization condition via HREELS. For this set of measurements, aside from

the m/z = 184, it was chosen to monitor the masses of atomic Br (m/z =

79 and 81) and molecular HBr (m/z = 80 and 82) in order to explore the

desorption behaviour of Br substituent, according to the established TPD pro-

cedure by Bronner et al [178] for monitoring the on-surface synthesis of another
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Br-substituted molecule, the well known 10,10-dibromo-9-9-bianthryl (DBBA)

precursor, during the bottom-up preparation of atomically precise graphene

nanoribbons GNRs [178].
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Figure 3.20.: Fragment-mass-resolved TPD spectra of NTD-Br for different selected frag-

ments adsorbed on Au(111). The spectra measured (a) immediately after

sample preparation (≃ 10 min), (b) after approximately 3 h and (c) 15 h,

with a heating rate of β = 1 K/s. The dashed lines separates the desorption

regions. The desorption features of the biradical fragment (m/z=184) are

labelled with α1, α2 and α3 in accordance with the corresponding coverage

dependant TPD measurements of the molecule (see Figure 3.19 (b)).
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The spectrum of the biradical fragment (m/z = 184), recorded immediately

after sample preparation (3.20 (a)), exhibits the expected desorption features,

i.e. a desorption from the multilayer coverage (α1), compressed phase (α2) and

sub-monolayer coverage (α3). The spectra of Br and HBr, also include two

desorption features, which coincide at the multilayer desorption feature (α1)

and along the sub-monolayer desorption region extending from approximately

490K to 600K and beyond up to 725K. Noticeably, neither Br nor HBr exhibits

a desorption feature at the desorption temperature region associated with the

compressed phase (α2). These observations suggests that at the multilayer

coverage, NTD-Br desorbes intact, while at the compressed phase (α2), the

bromine atoms are dissociated from the aromatic backbone of the molecule

and most likely remain on the substrate. Consequently, only the signal of the

biradical fragment could be detected in the measured TPD spectra.

By further increasing the substrate temperature up to 750 K, other than the

sub-monolayer coverage (α3), the dissociated bromine atoms also desorb from

the substrate, in both atomic (Br) and molecular (HBr) form, in what seems

to be a two step desorption process. In the first step, extending from 490K to

650K, the intensities of the measured HBr spectra is clearly more pronounced

than the one belonging to Br. This indicates that at this temperature range a

hydrogen assisted desorption of bromine is the dominant desorption mechanism

in comparison to the atomic (Br) desorption.

As proposed by Bronner et al. [178], the dissociated bromine atoms, which are

adsorbed on the Au(111) substrate, together with the atomic hydrogen can

desorb through an associative desorption process in form of HBr. The atomic

hydrogen can be released via two reaction pathways, either by formation of H2

or HBr.

The DFT calculations performed by Bronner et al. [178] indicates that for-

mation of HBr is more likely due to higher activation barrier of H2 formation,

even though it is thermodynamically favoured. Therefore, in case of the ad-

sorbed NTD-Br on Au(111), it can be assumed that by increasing the substrate

temperature during the TPD measurement, the molecules undergo a dehydro-

genation reaction [179], which leads to the release of atomic H and subsequently

desorption of Br atoms via molecular HBr formation. This assumption may

explain the pronounced rise of the HBr signal at temperatures ranging from

490K to 650K. This step is followed with a second desorption step ranging from

650K to 725K, which can be attributed to desorption from different adsorp-
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tion sites. Noticeably, the respective masses of Br2 and H2 were also monitored

but no trace for either of the masses could be detected in the measured TPD

spectra.

By increasing the time interval between the sample preparation and the

following TPD measurements to approximately 3 and 15 h, the discussed des-

orption trends of Br and HBr remains mostly unchanged, while the desorption

spectrum of the biradical fragment (m/z = 184) disappears after approximately

15 h (see Figure 3.20 (b) and (c)). This observation confirms the assumption

that the NTD-Br samples undergo a time dependent process. Given that sam-

ples were kept at below 100 K at all time, before performing the TPD measure-

ments, and the absence of a pronounced desorption feature associated with the

biradical fragment at the expected multilayer desorption temperature (α1) as

well as the compressed phase (α2) and the sub-monolayer coverage (α3), it can

be assumed that the time dependent process is not affected by the substrate

temperature.

Considering the change in the desorption behaviour of halogenated molecules

with the passing of time, the question arises as to weather the adsorption ge-

ometry of the corresponding molecules also changes accordingly. To answer

this question, it was chosen to perform vibrational HREELS measurements on

the mono - and multilayer coverages of NTD-Br after approximately 15 h of

preparing the samples and compare the obtained results with the measured

vibrational spectra of the sample immediately after preparation (which lasts

approximately 3 h). A comparison between the spectra measured at differ-

ent time intervals reveals that the identified and assigned vibrational modes

of NTD-Br after approximately 15 h of sample preparation at both mono -

and multilayer coverage (see Figure D.5 (c) and (d)) are similar to ones in

the spectra of the molecule, which are measured immediately after the sam-

ple preparation (see Figure D.4 (a) and (b)), with little to no change in the

energetic positions of the corresponding vibrations. This indicates that the

adsoption geometry of the molecule within the thin film and at the interface

with Au(111) is not affected with the passing of time up to 15 h. The only

significant change that can be found between the compared spectra is an in-

creased in the intensity ratio between the specular and off-specular scattered

electrons for the detected vibrations in the spectra of the mono - and multilayer

coverages of the sample after 15 h in comparison to the vibrations detected

in the spectra of the sample measured immediately after preparation. This
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may hints to formation of a more ordered molecular pattern and/or packing

of NTD-Br by passing of time.

As for NTD-Cl, similar trends were observed in the obtained spectra from

the conducted fragment-mass-resolved TPD (see Figure D.2 (a) and (b)) as

well as vibrational HREELS (see Figure D.5 (a) and (b)) measurements on

different coverages of the molecule. This suggests that nature of the halogen

(either Cl or Br) does not influence the purposed processes occurring to the

halogenated molecules.

It should also be noted that a comparison between electronic HREELS spec-

tra of NTD-Br at its multilayer coverage, which were measured over a period

of 15 hr showed that by passing of time, the electronic loss features associated

with the molecule remain unchanged. This indicates that the time dependant

process, does not effect the electronic properties of the molecule.

Overall, based on the results from TPD measurements it can be concluded

that NTD-Br and NTD-Cl undergo a temperature as well as a time depen-

dant process on Au(111), which are independent from one another. In case

of temperature dependent process further investigation is required, in order

to determine the effect of temperature on the adsorption properties as well as

final composite of the adsorbates. Similarly, more information is needed to

elucidate the mechanism behind time dependent process, which is taking place

in the corresponding samples.

In the following, angle-resolved vibrational HREELS measurement is uti-

lized to further investigate the influence of core halogenation of NTD on the

adsorption geometry of the molecule on Au(111). Figure 3.21 shows the vi-

brational spectra of NTD (left) and NTD-Cl (right) adsorbed on Au(111),

for mono - (a and d) and multilayer (b and e) coverages, measured in specu-

lar (black spectra) and off-specular (red spectra) electron scattering geometry

along with the calculated intensities and frequencies of vibrational modes pos-

sessing a dynamic dipole moment perpendicular to the molecular backbone (c

and f).

The spectra of NTD at the mono - and multilayer coverage (see Figure

3.21 (a) and (b)) include six pronounced vibrations with high intensity ra-

tio between the specular and off-specular scattered electrons, which can be

considered as dipole-active vibrations with dipole scattering being their main

excitation mechanism.
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Figure 3.21.: Vibrational HREELS spectra of NTD (Left) and NTD-Cl (right) measured

in specular (black spectra) and off-specular (red spectra) scattering geometry

for mono - (a and d) and multilayer (b and e) coverages on Au(111) with the

associated DFT-calculations (B3LYP/6-311G) for intensities and frequencies

of B1 symmetric vibrational mode with a dynamic dipole moment perpen-

dicular to the molecular plane (c and f). E0 is the primary energy of the

incident electrons. The energy resolution of the specular spectra is measured

as the full width at half maximum (FWHM) of the elastic peak (zero energy

loss peak) and is given in wavenumbers (cm−1). The assigned vibrations are

listed in tables 3.3. Adapted from Ref. [177].
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By comparing the obtained vibrational spectra with the calculated intensi-

ties and frequencies of B1 vibrational modes of the corresponding D2v molecular

point group in the gas phase (see Figure 3.21 (c)), the dipole-active vibrations

are assigned to the buckling mode (at 221 cm−1), out-of-plane γτ (C-H) twist-

ing mode (at 738 cm−1) and its combination with γτ (N-S) twisting modes (at

408 and 528 cm−1) and γω(C-H) wagging modes (at 463 and 857 cm−1) [177].

Additionally, the spectra include two vibrations at 951 cm−1 (only in the mul-

tilayer spectrum) and 3043 cm−1 with only small or no difference between the

intensities of their specular and off-specular scattered electrons. This indicates

that the main excitation mechanism for these vibrations is impact scattering

and as such they correspond to non-dipole-active vibrations. With a compar-

ison to the results from the DFT calculations, these vibrations are assigned

to the in-plane δ(C-C-C) deformation and ν(C-H) stretching modes [177]. By

comparing the measured mono - and multilayer spectra of NTD, it becomes

evident that by increasing the coverage to 7 ML, thus increasing the distance of

the molecules at higher layers from the metallic substrate, the overall intensity

of the dipole-active vibrations decreases relative to the rest of the spectrum.

Furthermore, at the multilayer coverage, the intensity of the assigned γω(C-H)

vibration at 857 cm−1 is increased relative to other dipole - active vibrations.

In case of NTD-Cl, the spectra of the mono - and multilayer coverage are

dominated by two high intensity dipole-active vibrations at 519 and 754 cm−1

as shown in figure 3.21 (d) and (e). By comparing these results with the calcu-

lated intensities and frequencies of B1 vibrational modes of the corresponding

D2v molecular point group in the gas phase (see Figure 3.21 (f)), the given

vibrations are assigned to the out-of-plane γω(C-H) wagging modes [177]. Simi-

larly, with another comparison with the results from DFT calculations, other

accompanied vibrations are assigned to the non-dipole-active buckling mode

(at 260 cm−1) as well as in-plane δ(C-C-C) deformation, ν(C-C) and ν(C-H)

stretching modes (at 896, 1284 and 3079 cm−1) in the multilayer spectrum [177].

As for NTD-Br, the identified and assigned vibrations in the measured spec-

tra of the molecule are similar to the ones discussed for NTD-Cl (see Figure

D.4). This indicates that halogenation with Br atoms does not change the ad-

sorption geometry of the molecule compared to NTD-Cl. In contrast to NTD,

the vibrational spectra of NTD-Cl and NTD-Br exhibit fewer dipole-active vi-

brations, which is clearly due to halogenation of the corresponding molecules.

Table 3.3 provides more details on the assignment of the identified vibrations
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of NTD and its halogenated derivatives.

The results from DFT calculations on all three molecules indicate that the

assigned dipole-active vibrations posses a dynamic dipole moment perpendic-

ular to the molecular plane (x-direction) (see Figure 3.22), while the dynamic

dipole moment of the assigned non-dipole-active vibrations is parallel with the

molecular plane along the short axis (y-direction) (see Figure D.6) [177]. Consid-

ering that the spectra of NTD, NTD-Cl and NTD-Br at mono - and multilayer

coverage consists of predominantly dipole-active vibrations with large compo-

nents of their dipole moment perpendicular to the Au(111) surface, it can be

concluded that at all coverages, NTD and its halogenated derivatives adopt a

planar adsorption geometry on Au(111), in which the molecular backbone of

the adsorbates are oriented parallel with the substrate surface [177]. This indi-

cates that halogenation with Br and Cl atoms does not change the adsorption

geometry of the molecule compared to the parent NTD.
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Table 3.3.: Assigned vibrations (in cm−1) of NTD, NTD-Cl and NTD-Br adsorbed on

Au(111) for different initial coverages. Additionally, the corresponding DFT

calculated frequencies of the molecules in the gas-phase at the B3LYP level

and the 6-311G basis set are given. Dipole active modes are labelled with da.

The identified modes for each vibration are described with the following abbre-

viations; γ – out-of-plane; δ – deformation; ν – stretching; τ – twisting; ω –

wagging. Representation (Repr.) of the associated point groups and the orien-

tation of the calculated dipole derivative vector with respect to the molecular

geometry, x, perpendicular to the molecular plane; y, short axis and z, long

axis of molecular backbone for each mode are listed. Adapted from Ref. [177].

NTD

# 1 ML 7 ML DFT Mode Repr.

1 221 da 221 da 257 buckling B1(x)

2 400 da 408 da 396 γτ (C-H), γτ (N-S) B1(x)

3 465 da 463 da 484 γω(C-H) B1(x)

4 530 da 528 da 520 γτ (C-H), γτ (N-S) B1(x)

5 736 da 738 da 770 γτ (C-H) B1(x)

6 875 da 857 da 917 γω(C-H) B1(x)

7 - 951 949 δ(C-C-C) B2(y)

8 3058 3043 3165 ν(C-H) B2(y)

NTD-Cl

# 1 ML Multilayer DFT Mode Repr.

1 250 260 260 buckling B1(x)

2 508 da 519 da 502 γω(C-H), γτ (N-S) B1(x)

3 750 da 754 da 795 γω(C-H) B1(x)

4 - 896 970 δ(C-C-C) B2(y)

5 - 1284 1309 ν(C-C), δ(C-H) B2(y)

6 - 3079 3181 ν(C-H) B2(y)

NTD-Br

# 1 ML Multilayer DFT Mode Repr.

1 238 256 263 buckling B1(x)

2 506 da 521 da 516 γω(C-H), γτ (N-C) B1(x)

3 745 da 760 da 811 γω(C-H) B1(x)

4 - 892 968 δ(C-C-C) B2(y)

5 - 1260 1308 ν(C-C), δ(C-H) B2(y)

6 - 3068 3180 ν(C-H) B2(y)
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Figure 3.22.: Visualisation of the assigned dipole-active vibrational modes obtained

from the DFT calculations (B3LYP/6-311G) for NTD (a-f) and NTD-Cl

(g and h). The corresponding energies (HREELS monolayer/HREELS

multilayer/DFT) are given in wavenumbers (cm−1). The direction of the

calculated dipole derivative unit vector (−→µ ) is depicted with a black arrow

that lies in the plane of the paper. The atomic displacements in each visual-

ization are shown with red arrows. The vibrational modes are visualized by

the Avogadro [180] software. Adapted from Ref. [177].
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Finally, the electronic HREELS is utilized to investigate the influence of

core halogenation in NTD-Cl and NTD-Br on their electronic properties in

comparison to NTD at the interface with Au(111) and within their thin film.

Figure 3.23 shows the electronic HREELS spectra of NTD (Left) and NTD-Cl

(right), for mono - (a and c) and multilayer (b and d) coverages measured with

the primary electron energy of 15 eV, together with the corresponding UV/Vis

spectra of the molecules measured in dichloromethane (CH2Cl2) solution (or-

ange spectra).

As shown in figure 3.23 (a), the monolayer spectrum of NTD, includes mul-

tiple electron energy loss features at 1.8, 2.7, 3.5, 4.4, 4.9 and 5.8 eV . By

increasing the coverage of NTD to 7 ML, the decoupling of molecules from the

metallic substrate leads to a significant change in the spectrum of the molecule

as can be seen in figure 3.23 (b). At the multilayer coverage, the previously

detected loss feature at 2.7 eV in the monolayer spectrum, corresponds to the

maximum loss peak (2.8 eV) of the vibrational contributions accompanying

the loss feature at 2.6 eV, which is assigned to the transition of the ground

state (S0) to the first singlet excited state (S1), i.e. the optical gap of NTD [177].

In the molecular orbital picture, the S0 → S1 transition corresponds to the ex-

citation of a single electron from HOMO into the LUMO. The vibrational

contribution associated with this transition can be attributed to the so-called

breathing modes of the molecular backbone, namely the ν(C-C) stretching

mode of NTD with frequencies in rang of 1400-1700 cm−1 (174-210 meV) [177].

By utilizing the excited-state calculations in the gas phase, the loss features

at 3.5, 4.5, 5 and 5.85 eV are assigned to the transitions of S0 to the singlet

excited states at S2 (HOMO - 1 → LUMO or α - band), S5 (HOMO - 2 →
LUMO or β - band), S8 (HOMO → LUMO + 5) and S17 (HOMO - 5 →
LUMO), respectively [177]. The remaining unassigned loss feature at 1.8 eV at

the monolayer coverage (1.75 eV at multilayer coverage), is located beneath

the assigned S0 → S1 transition of the molecule (at 2.6 eV) and is not present

in the corresponding UV/Vis spectrum of NTD in solution. Similar loss fea-

tures have also been detected in the spectra of PEN, DAP and TAP, which

are assigned to S0 → T1 transition of the corresponding molecules (see section

3.1). The calculated value of T1 for NTD is 1.77 eV [177], which is in good

agreement with the obtained experimental value of 1.75 eV from the measured

multilayer spectrum. Therefore, this loss feature is assigned to the S0 → T1

transition of NTD [177].
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Figure 3.23.: Electronic HREELS spectra of adsorbed NTD (Left) and NTD-Cl (right)

on Au(111), measured for mono - (a and c) and multilayer (b and d) cover-

ages (black spectra). The electronic loss features were fitted using Gaussian

functions (red curves). The corresponding UV/Vis spectra of the molecules

are measured in dichloromethane (CH2Cl2) (orange spectra). E0 is the pri-

mary energy of the incident electrons. Θ is the coverage in monolayer (ML).

Adapted from Ref. [177].

Similarly, the calculated value of T1 energy for NTD-Cl (1.62 eV) indicates

that the detected loss feature at 1.7 eV in the monolayer spectrum of the

molecule originates from the S0 → T1 transition of NTD-Cl [177] ( see Figure

3.23 (c)) . At the multilayer coverage, this transition is shifted by 100 meV

to a lower energy at 1.6 eV (see Figure 3.23 (d)). In the multilayer spectrum,

the previously detected loss features at 2.5 eV, 3.4 eV and 4.75 eV for the

monolayer coverage correspond to the loss features at 2.4, 3.4 and 4.9 eV,

which together with two other loss features at 4.3 and 5.7 eV are assigned

to the transition of S0 to the singlet excited states at S1 (optical gap), S2 (α

band), S5, S8 and S17, respectively
[177].
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In case of NTD-Br, the detected and assigned transitions in the spectra of the

mono - and multilayer coverages of the molecule resembles the ones assigned

in the spectra of NTD-Cl, particularly the S0 → T1 and S0 → S1 transitions,

which are located at similar energies of 1.6 and 2.4 eV (see Figure D.7 (a)

and (b)). However, for NTD-Br, the energies of the S0 → S8 and S0 → S17

transitions are decreased by 100 meV from 4.9 to 4.8 eV for S8 and by 200

meV from 5.7 to 5.5 eV for S17 compared to NTD-Cl.

A comparison between the multilayer HREELS spectra of NTD and its halo-

genated derivatives revels that chlorination in NTD-Cl and bromination in

NTD-Br results in a narrowing of the optical gap by 200 meV from 2.6 eV

for NTD to 2.4 eV for NTD-Cl and NTD-Br (see Figure 3.24) [177]. Similarly,

other transition energies of the halogenated molecules are also red-shifted com-

pared to NTD (see Figure 3.25). This effect is attributed to the substitution

of hydrogen atoms in the halogenated molecules with electron withdrawing

chlorine and bromine atoms with much higher electronegativity [177]. A similar

trend has also been observed for C3F7 (perfluorinated propyl chains) substi-

tuted 1,3,8,10-Tetraazaperopyrene (TAPP-H) and its halogenated derivatives,

namely TAPP-Cl and TAPP-Br [95].

The assigned transitions of NTD and its halogenated derivatives, particu-

larly S0 → S1, in the measured spectra of the molecules at their multilayer cov-

erage are in good agreements with the corresponding transitions in the UV/Vis

spectra of the molecules in solution (see Figure 3.24). This indicates that the

influence of the metal substrate (adsorbate/substrate-interactions) and the in-

termolecular forces (adsorbate/adsorbate-interactions) on the electronic states

of the molecules in the thin film are negligible [177].

78



3.2. Influence of Core substitution on the Properties of Thiadiazole Derivatives

a)

N
o
rm

.
A

b
s
o
rb

a
n
c
e

0.45×

0.2×

4.3 eV

2x (C-H)n

0.7 eV

1.6 eV

3.4 eV

a-band

S T0 1®

4.8 eV

5.5 eV

In
te

n
s
it
y
 [
a
rb

.u
.]

b)

N
o
rm

.
A

b
s
o
rb

a
n
c
e

0.3×

0.4×

4.9 eV

5.7 eV

In
te

n
s
it
y
 [
a
rb

.u
.]

/

HREELS data

Gaussian-fits

UV/VIS spectra

Multilayer

NTD-Br
/Au (111) 2.4 eV

S S0 1®

/
In

te
n
s
it
y
 [
a
rb

.u
.]

c)

0.4×

0.5×

N
o
rm

.
A

b
s
o
rb

a
n
c
e

6543210

Electron Energy Loss [eV]

2.6 eV

1.75 eV

4.5 eV

5.0 eV

5.85 eV

N
S

N

NTD/Au (111)

Q = 7 ML

/

E0 15 eV=

Multilayer

NTD-Cl
/Au (111)

E0 15 eV=

E0 15 eV=

b-band

Figure 3.24.: Electronic HREELS spectra of adsorbed (a) NTD-Cl, (b) NTD-Br and

(c) NTD on Au(111) measured for the multilayer coverage (black spec-

tra). The electronic loss features were fitted using Gaussian functions (red

curves). The corresponding UV/Vis spectra of the molecules are measured

in dichloromethane (CH2Cl2) (orange spectra). E0 is the primary energy of

the incident electrons. Θ is the coverage in monolayer (ML). Adapted from

Ref. [177].
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To summarize, in this subsection it has been demonstrated that thin films

of NTD and its halogenated derivatives can be prepared through deposition

of the corresponding molecules at 300 K (NTD), 368 K (NTD-Cl) and 388 K

(NTD-Br) into the ultra-high vacuum chamber and onto Au(111) substrate

held at 200 K. The prepared samples were then characterized by TPD, vibra-

tional and electronic HREELS in combination with DFT calculations. Based

on the results from the fragment-mass-resolved TPD measurements it was de-

termined that the halogenated molecules undergo a temperature as well as

a time dependant process on Au(111). The former seems to takes effect in

temperatures ranging from 340K to 650K, while the later is assumed to be

temperature independent. Therefore, well-defined monolayers of the molecules

were prepared by deposition of a large amounts of molecules adding up to the

multilayer or 2nd-layer coverage and subsequently heating the sample up to 300

K (NTD), 340 (NTD-Cl) and 350 K (NTD-Br), just beyond the multilayer des-

orption temperature of NTD and beneath the desorption temperature of the

associated compressed phase of the halogenated molecules, in order to desorb

the higher laying layers, while preserving the monolayer coverage. The results

from the coverage dependent TPD measurements on the molecules indicates

that core halogenation in NTD-Cl and NTD-Br results in an increase in ad-

sorbate/adsorbate and adsorbate/substrate-interaction for the corresponding

molecules in comparison to parent NTD. Moreover, as shown via vibrational

HREELS measurements, NTD and its halogenated derivatives at their mono-

and multilayer coverages adopt a planar adsorption geometry on the Au(111)

surface, in which the backbone of the molecule is oriented parallel to the sub-

strate. Finally, through electronic HREELS measurements, it is found that

core halogenation in NTD-Cl and NTD-Br results in a reduction of the transi-

tion energies of singlet and first triplet states in comparison to NTD. This is

evident from the narrowing of the optical gap by 200 meV from 2.6 eV for NTD

to 2.4 eV for NTD-Cl and NTD-Br as well as shift of the assigned S0 → T1

transition to the lower energy by 150 meV from 1.75 eV for NTD to 0.6 eV

for NTD-Cl and NTD-Br. This effect is attributed to the influence of elec-

tron withdrawing halogens with much higher electronegativity than hydrogen

atoms on the electronic structure of the halogenated molecules. Noticeably,

the influence of the substituted Cl and Br atoms on the transition energies of

the S1 and T1 states is similar.
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3.2.2. Benzobisthiadiazole Derivatives

Similar to NTD, the parent BBT is widely used as an electron acceptor moiety

in a variety of donor–acceptor (D–A) molecular systems [71;72;74;77;79;82;181] owing

to its high acceptor strength [70]. BBT was first introduced by Ono et al. [52]

in 1994 as a heterocyclic molecule containing hypervalent sulfur atoms. This

molecule is formed by adding two thiadiazole units to the benzene ring, thus

increasing the acceptor strength of the molecule from an electronically neutral

benzene to the strong electron withdrawing BBT, with benzothiadiazaole (BT)

having a weaker electron withdrawing strength [70] (see Figure 3.26 (a)). The

calculated energy levels of the frontier orbitals indicates that addition of the

second thiadiazole unit in BBT results in reduction of the LUMO energy level

of BT from -2.8 eV to -3.853 eV for BBT and consequently the size of the

optical gap is reduced from 3.573 eV for BT to 2.252 eV for BBT [182].

a) b)

HOMO LUMOc)

Figure 3.26.: (a) Visual representation of increasing acceptor strength from benzene to

benzothiadiazaole and BBT, adapted from Ref. [70]. (b) HOMO and LUMO

in BBT and the calculated net atomic charges of the molecule, adapted from

Ref. [181]. (c) HOMO and LUMO plots of BBT-Th, adapted from Ref. [183].

Computations conducted on BBT indicates that HOMO and LUMO at the

4- and 8- positions of the central six-ring of the molecule have larger atomic

orbital coefficients [52;181] (see Figure 3.26 (b)). As such, introduction of sub-

stituents in these positions is used to modify the properties of BBTs [52;181]. For

example, substitution of parent BBT (calculated HOMO-LUMO gap = 5.52
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eV [181]) by electron-withdrawing bromine atoms leads to a shift of absorption

maxima (λmax) of the molecule to 524 nm (2.36 eV) and formation of a network

between two ribbon-type columns of the molecule within its crystal structure

via short Br-N contacts [52]. Substitution of BBT with other atoms, such as

O, in similar fashion has also been reported in literature [184], which further

highlights the importance of nature of substituents on the final properties of

the corresponding molecules.

Other than atoms, aromatic groups such as phenyl and thiophene were also

used as substituents, in order to influence the properties of BBTs [52;53]. Thus,

by introduction of phenyl and thiophene groups in the 4- and 8- positions

of BBT, two non-classical benzobis(thiadiazole) compounds, namely BBT-Ph

and BBT-Th are formed, which have smaller HOMO-LUMO gap (optical gap)

in comparison to the corresponding Kekulé-type compounds [181]. The mea-

sured λmax of phenyl substituted BBT (BBT-Ph) in solution (CH2Cl2) is 558

nm (2.22 eV) [181]. BBT-Ph is reported to be centrosymmetric, with phenyl

groups twisted relative to planar BBT moiety with dihedral angle of 45.9° as

observed in the in X-ray structure analysis of its single crystal [181]. In contrast

to brominated BBT, BBT-Ph have a simpler crystal structure, which consists

of tape-like networks of the molecule. This packing motif is the result of S-N

interactions between BBT-Ph molecules, which is caused by an electrostatic ef-

fect that is induced by positively charged sulfur atoms and negatively charged

nitrogen atoms [181]. Substitution of BBT with the thiophene (BBT-Th), which

itself is an aromatic donor, narrows the optical gap of the molecule even fur-

ther to 702 nm (1.77 eV, in CHCl3)
[53]. Calculated frontier orbital energies of

BBT-Th indicates that LUMO is mostly localized on the BBT moiety (see Fig-

ure 3.26 (c)). Karikomi et al. reports that with polymerization of BBT-Th,

the optical gap of the polymer narrows down to 0.5 eV [53]. In contrast to

BBT-Ph, X-ray structure analysis of BBT-Th indicates that the molecule is

planar [53]. Therefore, aromatic groups (such as thiophene) can be used as

electron donors with the o-quinoid type acceptors (such as BBT) to form D-A

molecular systems with favourable electronic and structural properties.

Given the potential of BBT-Th as a prototype D-A molecular system with

a narrow optical gap, in the context of this study, it was chosen to investigate

this molecule as well as BBT-Ph in order to gain necessary insights into their

adsorption and electronic properties at their thin films and interfaces with

Au(111) substrate, which will be required for forming potential D–A molecular
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systems in solid state.

The BBT-Ph and BBT-Th molecules were synthesized by Dr. Lukas Ahrens

of the Prof. Dr. Uwe H. F. Bunz group of the Organisch-Chemisches Institut

at the Universität Heidelberg.

For this study, BBT-Ph and BBT-Th samples were prepared, in situ by

deposition of the corresponding molecules at 443 K (BBT-Ph) and 468 K

(BBT-Th) into the UHV chamber and onto Au(111) substrate, held at room

temperature (300 K). First, through coverage dependent and fragment-mass-

resolved TPD measurements, the possibility of preparing thin films and well-

defined monolayers of the molecules on Au(111) surface is investigated and

subsequently, the influence of core substitution via aromatic groups (phenyl

and thiophene) on the adsorption properties of the molecules within the thin

film and at the interface with Au(111) is explored.

Figure 3.27 (a) shows the coverage dependent TPD spectra of BBT-Ph with

different initial coverages ranging from 3 to 11 ML for the selected mass-to-

charge ratio (m/z ) of 173, which corresponds to either the doubly charged

parent molecular ion with the molecular mass of 346 amu or the ionic frag-

ment of the half of the molecule (the structure formula is depicted in Figure

3.27 (a)). The spectra consist of two desorption regions. The first region in-

cludes a desorption peak around 376 K (α1), while the second region includes

a desorption feature at 437 K (α2), which is followed by a broad desorption

feature extending from 470 K to 620 K (α3) (see inset in Figure 3.27 (a)).

The α1 peak exhibit zero-order desorption behaviour and does not saturates

with increasing coverage. Thus, it is assigned to the desorption of a multilayer

coverage. The α2 peak posses the distinct desorption characteristic of a more

densely packed compressed phase as observed for NTD-Br and NTD-Cl. There-

fore, α2 is assigned to the desorption of the compressed phase. Consequently,

α3 is attributed to the desorption of a sub-monolayer coverage. Thereby, the

desorption spectrum of a monolayer coverage can be defined as a spectrum,

in which both α2 and α3 are saturated. The inset shows the enlarged mono-

layer desorption region of the measured spectrum with the coverage of 3 ML,

extending from 400 K to 620 K. In this study, the coverage of the adsorbed

BBT-Ph molecules on the substrate is determined by integrating the corre-

sponding TPD spectrum and comparing the total integral with the area of the

monolayer desorption region (α2 and α3)
[110].
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Figure 3.27.: Coverage dependent TPD spectra of (a) BBT-Ph for the selected mass-to-

charge ratio (m/z ) of 173 and (b) BBT-Th for the selected m/z of 179

adsorbed on Au(111) with different initial coverages, measured with a heating

rate of β = 1 K/s. (c) Shows an overlay of the TPD spectra of BBT-Ph

and BBT-Th. The desorption features are labelled with α1, α2 and α3.

The insets show the compressed phase (α2 in BBT-Ph and α3 in BBT-Th)

and the sub-monolayer desorption feature (α3 in BBT-Ph). The structural

formulas of the selected ionic fragments from each molecule are depicted in

their corresponding figures.
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In case of BBT-Th (m = 358 amu), as shown in figure 3.27(b), the measured

coverage dependent TPD spectra of the doubly charged molecule (m/z = 179)

or the ionic fragment of the half of the molecule (the structure formula is de-

picted in Figure 3.27 (b)) consist of two desorption regions for different initial

coverages ranging from 2 to 6 ML. The first region includes two desorption

peaks around 390 K (α1) and 400 (α2). The α1 peak does not saturates with

increasing coverage. Therefore, it is assigned to the desorption of a multilayer

coverage. The α2 peak appears to be at its maximum at the 2nd-layer and sub-

sequently merges to the multilayer desorption peak (α1) at higher coverages.

Thus, α2 can be assigned to the 2nd-layer desorption. A similar trend has also

been found in the coverage dependent TPD spectra of NTD (see Figure 3.19

(a)) and TIPS-BAP (see Figure 3.11 (a)). The second region consists of a

desorption peak at 470 K (α3, see inset in Figure 3.27 (b)), which has a similar

desorption profile as the assigned α2 peak in the TPD spectra of BBT-Ph.

Similarly, the α3 peak can be assigned to a more densely packed compressed

phase of BBT-Th monolayer coverage. In contrast, the sub-monolayer desorp-

tion feature as detected in the spectrum of the BBT-Ph (α3) is not present in

the spectrum of the BBT-Th, which suggests that the sub-monolayer coverage

of BBT-Th either does not desorb from the substrate or degrades by increasing

temperature during the TPD measurements and as the result does not desorb

intact.

This observation is confirmed by the results from the conducted vibrational

HREELS measurements on BBT-Th after heating the samples up to 750 K,

well beyond the expected desorption temperature of the sub-monolayer cov-

erage. The obtained spectra includes vibrational peaks, which are associated

with the adsorbates (see Figure E.3 (c)). The detected vibrations can not be

assigned to any of the vibrational modes of BBT-Th, which indicates a possi-

ble degradation of the molecule at high substrate temperatures. In contrast,

no distinct vibration, which can be associated with adsorbates could be de-

tected in the vibrational spectrum of BBT-Ph (see Figure E.3 (a)), after a

similar annealing step (heating the sample up to 750 K), which suggests that

the sub-monolayer coverage of BBT-Ph desorbs intact from the Au(111) sub-

strate. Therefore, it can be assumed that substitution of thiophene group in

BBT-Th results in a stronger interaction between the molecule and the sub-

strate in comparison to BBT-Ph. This assumption is supported by the shift of

the desorption peak associated with the compressed phase (α3) of BBT-Th by
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33 K to a higher temperature at 470 K, when compared to the one assigned

for BBT-Ph at 437 K.

Figure 3.27 (C) shows an overlay of the TPD spectra of BBT-Ph (7 ML)

and BBT-Th (6 ML). A comparison between the two spectra clearly shows

the change in the desorption temperatures of the adsorbates, which highlights

the influence of the substituted aromatic group on the adsorption properties

of the corresponding molecules and further confirms the effect of the substi-

tuted thiophene group in BBT-Th in increasing the adsorbate/adsorbate and

adsorbate/substrate-interactions within the thin film and at interface with

Au(111). Given the fact that the entirety of the monolayer desorption region

of BBT-Th, consisting of the compressed phase (α3) and the sub-monolayer

coverage, could not be detected in the corresponding spectra of the molecule,

instead area underneath the second layer desorption peak (α2) was used as the

reference for determining the coverage of the adsorbed BBT-Th molecules on

the substrate as described in appendix E.1. Therefore, the given number of

layers for each coverage can only be taken as an estimate.

The fragment-mass-resolved TPD spectra of BBT-Ph and BBT-Th mea-

sured for selected fragments of the corresponding molecules are shown in fig-

ure E.2. For both molecules, the desorption features of the multilayer coverage

(α1), the compressed phase (α2 in BBT-Ph and α3 in BBT-Th) and the sub-

monolayer coverage (α3 in BBT-Ph) coincide at the same temperature for

all of the selected fragments. Furthermore, the determined coverages of both

molecules from each of their fragments are similar to their reference coverage of

3 ML (BBT-Ph) as measured for 173 m/z, with an exception for 141 m/z and

6 ML (BBT-Th) as measured for 179 m/z. These observations suggest that

BBT-Ph at all coverages and BBT-Th at coverages higher than sub-monolayer

do not degrade during the TPD measurements.

After assigning the desorption features of the adsorbed molecules and iden-

tifying their desorption temperatures, for further measurements, it was chosen

to prepare the sub - and monolyer coverages of BBT-Ph and BBT-Th samples

by direct evaporation of the molecules onto the substrate. The preparation

parameters for the samples involving both molecules are given in table H.1.

In the next step, angle-resolved vibrational HREELS is utilized to investigate

the influence of core substitution with different aromatic groups in BBT-Ph

and BBT-Th on the adsorption geometry of the corresponding molecules on

Au(111). Figure 3.28 shows the vibrational HREELS spectra of the molecules
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adsorbed on Au(111), measured in specular (black spectrum) and off-specular

(red spectrum) electron scattering geometry with the primary electron energy

of 3.5 eV along with the calculated intensities and frequencies of vibrational

modes possessing a dynamic dipole moment perpendicular to the molecular

backbone.

The spectra of BBT-Ph at sub -, mono - and multilayer coverage include

three distinct vibrations with high intensity ratio between the specular and

off-specular scattered electrons, which are clearly dipole-active with dipole

scattering being their main excitation mechanism (see Figure 3.28 (a) ,(b) and

(c)). By comparing the results from the vibrational spectra with the calculated

intensities and frequencies of B3 vibrational modes of the corresponding D2

molecular point group in the gas phase (see Figure 3.28 (d)), the identified

dipole-active vibrations are assigned to the out-of-plane γω(C-H) wagging mode

(at 694 cm−1 and 762 cm−1) and its combination with γω(C-C-C) wagging

mode (at 510 cm−1) of the phenyl aromatic groups as visualized in figure

3.29. Similarly, other dipole-active vibrations, are assigned to the out-of-plane

buckling mode (at 142 cm−1, in the spectrum of the sub-monolayer coverage)

and γω(C-H) wagging mode (at 933 cm−1) of the phenyl aromatic groups.

Additionally, the spectra of the molecule include vibrations with low specular

to off-specular intensity ratio at 223, 307, 866, 1092, 1192, 1366, 1456 and 3071

cm−1, which are non-dipole-active and as such their main excitation mechanism

is impact scattering. Once again, by comparing these values with the results

from the DFT calculations, these vibrations are assigned to a series of in-plane

modes, including the buckling, δ(C-C-C) scissoring, ω(C-H) wagging, νs(C-

C-C), ν(C-C-C) and ν(C-N) stretching modes in combination with δ(C-H)

scissoring and ν(C-H) stretching modes. A more detailed assignment of the

identified vibrations for BBT-Ph is given in table 3.4.

The results from DFT calculations also indicates that the assigned dipole-

active vibrations (see figure 3.29) posses dynamic dipole moments that are

perpendicular to the molecular plane (x-direction), while the dynamic dipole

moments of non-dipole-active vibrations (see figure E.4) are parallel to the

molecular plane along the long axis (y-direction) or aromatic group of the

molecule (z-direction).

At the sub - and monolayer coverage, the assigned vibrations in the spectra

of the molecule are predominately dipole-active. This suggests that at these

coverages, BBT-Ph adapts a planar adsorption geometry on Au(111) surface,
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in which the molecular backbone of the adsorbates are oriented parallel to the

substrate surface. However, the calculated geometry of BBT-Ph in the gas

phase is not planar. As can be seen from the visualizations of the assigned

vibrations (see Figures 3.29 and E.4), after energy relaxation and geometry

optimisation, the phenyl groups in BBT-Ph are twisted by 36.9° with respect

to its planar heterocyclic unit. For comparison, The angle of this twist in the

crystal structure of BBT-Ph is reported to be 45.9° [181]. Given the fact that the

DFT calculations were carried out on a single molecule in the gas phase, with-

out considering the influence of intermolecular forces (adsorbate/adsorbate -

interactions) and the metal substrate (adsorbate/substrate - interactions), it

is unlikely that phenyl side groups in the adsorbed molecules on Au(111) re-

mains twisted. Additionally, it is known that benzene itself adopt a planar

adsorption geometry on Au(111) [185]. Considering these observations, it can

be concluded that at sub - and monolayer coverage, phenyl side groups adapt

a planar adsorption geometry on Au(111) surface and parallel to the backbone

of the molecule. This also results in a change of the point group from D2 for

the molecule with the twisted side group to D2h for the planar molecule.

As for the multilayer coverage, the measured spectrum include additional

non-dipole-active vibrations, which are not present in the spectra of the sub

- and monolayer coverage. These vibrations originates from both heterocyclic

unit and the phenyl groups of the molecule. It is likely that by increasing the

coverage of BBT-Ph to 11 ML, the adsorbed molecules at higher layers tilt

out of the plane parallel to the substrate surface. Consequently, the dynamic

dipole moments parallel to the molecular plane rotates towards an out-of-

plane direction, which results in detection of the associated vibrations in the

spectrum of the multilayer coverage. Considering the low specular to off-

specular intensity ratio of these vibrations, the proposed tilt does not induce

an excitation via dipole scattering mechanism for the given vibrations and

the impact scattering remains the main excitation mechanism. Therefore, it

can be concluded that BBT-Ph in its thin film adapt an adsorption geometry,

which is mainly planar.
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Figure 3.28.: Vibrational HREELS spectra of BBT-Ph (Left) and BBT-Th (right) mea-

sured in specular (black spectra) and off-specular (red spectra) scattering

geometry for sub - (a and e), mono - (b and f) and multilayer (c and g) cover-

ages adsorbed on Au(111) with the associated DFT-calculations (B3LYP/6-

311G) for intensities and frequencies of B3 and Au symmetric vibrational

modes with a dynamic dipole moment perpendicular to the molecular plane

(d and h). E0 is the primary energy of the incident electrons. The energy

resolution of the specular spectra is measured as the full width at half max-

imum (FWHM) of the elastic peak (zero energy loss peak) and is given in

wavenumbers (cm−1). The assigned vibrations are listed in table 3.4.
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When the vibrational spectra of BBT-Ph at all coverages are compared, the

intensities of the three distinct dipole-active vibrations at 510 cm−1, 694 cm−1

and 762 cm−1, decreases relative to the rest of the spectrum, by going from

the sub - to monolayer coverage and again increases at the multilayer cov-

erage, while their intensities relative to each other remains mostly constant.

Considering that these vibrations are assigned to the out-of-plane γω(C-H)

and γω(C-C-C) wagging modes with the dynamic dipole moments perpendic-

ular to the molecular plane (x-direction), their higher intensities at sub - and

multilayer coverage, suggests that at these coverages, the adsorbed molecules

vibrate more freely in an out-of-plane direction. A possible explanation for this

trend could be that at sub-monolayer coverage, duo to different polarity of the

nitrogen (δ−) and sulphur (δ+) atoms, the adsorbed molecules form islands,

in which molecules vibrate more freely. In contrast, at the monolayer coverage,

the difference in polarity results in formation of ordered, tape-like network of

BBT-Ph, where the molecules are tightly packed [181]. Thus, the out-of-plane

vibrations are suppressed by the intermolecular interactions. At the multilayer

coverage, the packing of the molecules may differ from the monolayer duo to

a different growth mode and/or reduced influence of the Au(111) substrate

on the adsorbates at higher layers, which once again induces the out-of-plane

vibrations of the molecule.

Noticeably, another pronounce vibration, assigned to the out-of-plane buck-

ling mode (at 142 cm−1) as detected in the spectrum of the sub - monolayer

coverage is absent in the measured spectra of the mono - and multilayer cov-

erage. This vibration originates from the phenyl groups, which also includes

a breathing motion of the molecular backbone. It can be assumed that at

sub-monolayer coverage, duo to the possibility for the molecule to vibrate

more freely, this particular vibration can also be detected in the spectrum of

the corresponding coverage. However, a similar vibrational mode at a sim-

ilar wave number could not be detected in the spectrum of the molecule at

the multilayer coverage, where molecules can potentially vibrate more feely in

comparison to the tightly packed monolayer coverage. This observation sug-

gest that the detected vibration at 142 cm−1 may have another origin other

than the assigned buckling mode of the molecule. This origin could be the

gold-sulphur (Au-S) vibration, which has been observed for alkanethiol self-

assembled monolayers on Au(111) at wave numbers around 170 - 320 cm−1 [186].

This assignment can account for the absence of the vibration in question in
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the multilayer spectrum, where a missing interaction between the adsorbate

and the metallic substrate at higher layers prevents a bond between gold and

sulphur atoms to form and subsequently vibrates. However the wave num-

ber (142 cm−1) at which this vibration is detected is lower than the reported

values for alkanethiol self-assembled monolayers (170 - 320 cm−1). This devi-

ation could be explained by the assumption that BBT-Ph at an interface with

Au(111) surface form an extended system with a continuous backbone of the

molecule, and as such according to the equation of eigenfrequency, ω =
√︂

k
µ
,

the frequency ω decreases with an increase in the reduced mass µ.

In case of BBT-Th, the vibrational HREELS spectra of sub -, mono - and

multilayer coverages of the molecule also include three distinct vibrations with

high intensity ratio between the specular and off-specular scattered electrons,

which are dipole-active (see Figure 3.28 (d) ,(e) and (f)). By comparing the

results from the vibrational spectra with the calculated intensities and frequen-

cies of Au vibrational modes of the corresponding C2h molecular point group

in the gas phase (see Figure 3.28 (H)), the identified dipole-active vibrations

are assigned to the combination of γτ (C-C-C) twisting and γω(C-N) wagging

modes (at 500 cm−1) as well as γω(C-H) wagging modes (at 719 cm−1 and

839 cm−1). Other dipole-active vibrations in the spectra of the molecule are

assigned to the combination of γτ (C-C-C) and γω(C-H) twisting modes (at

585 cm−1), γω/τ (C-H) wagging/twisting mode at 874 cm−1 (for the monolayer

coverage) and γτ (N-S-N) twisting mode at 137 cm−1 (in the multilayer spec-

trum). The presence of only dipole-active vibrations in the spectra of the sub

- and monolayer coverages of the molecule with the dynamic dipole moments

that are perpendicular to the molecular plane (z-direction) as shown in figure

3.29, indicates that at these coverages, BBT-Th adapts a planar adsorption

geometry on Au(111) surface.

In contrast, the spectrum of the molecule at the multilayer coverage also

include vibrations which are non-dipole-active and posses dynamic dipole mo-

ments that are parallel with the molecular plane along the long axis (x-direction)

or side group of the molecule (y-direction) as shown in figure E.4. With the

help of the DFT calculations, these vibrations are assigned to the combina-

tion of in-plane ρ(C-H) and ρ(C-C-C) rocking modes at 1213 cm−1 , ν(C-C)

and ν(C-N) stretching and ρ(C-C-C) rocking modes at 1443 cm−1 as well as

ν(C-H) stretching mode at 3089 cm−1. Detection of these vibrations suggests

that similar to the case of BBT-Ph, at higher layers, the adsorbed BBT-Th
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3.2. Influence of Core substitution on the Properties of Thiadiazole Derivatives

molecules may have tilted out of the plane parallel to the substrate surface.

Consequently, the dynamic dipole moments parallel with the molecular plane

rotates towards an out-of-plane direction, which results in detection of the as-

sociated vibrations in the spectra of the multilayer coverage. Regardless, it

can be assumed that the adsorption geometry of BBT-Th at the multilayer

coverage is mainly planar. Table 3.4 provides more details on the assignment

of the identified vibrations of BBT-Th.

Noticeably, as can be seen from the visualizations of the assigned vibrations

(see figures 3.29 and E.4), after energy relaxation and geometry optimisation,

the orientation of thiophene groups in BBT-Th remains planar with respect

to the heterocyclic unit of the molecule. This is in contrast to results from the

DFT calculated vibrational modes of BBT-Ph, where the phenyl groups are

twisted by 36.9° with respect to the heterocyclic unit.

Interestingly, the assigned out-of-plane, dipole-active γτ (N-S-N) twisting

mode vibration of BBT-Th, as detected in the multilayer spectrum is ab-

sent in the measured spectra of the sub - and monolayer coverage. It can be

assumed that by increasing the coverage, thus decoupling the molecule from

the Au(111) surface, the bonds between the nitrogen and sulphur atoms at

the backbone of the molecule can vibrate freely, which leads to an out-of-plane

vibration. In contrast, at sub - and monolayer coverages, an increased lat-

eral interaction between the molecules, driven by inter-molecular interaction

between the nitrogen atom (δ−) of the molecular backbone and the sulphur

atom (δ+) of the thiophene group might suppresses the vibrations of N-S-N

bonds. This assumption is supported by the absence of the assigned γτ (N-S-N)

twisting mode vibration in the spectra of BBT-Ph, despite sharing the same

heterocyclic unit (BBT) as BBT-Th, due to the missing sulphur atom in the

substituted aromatic group (phenyl group). Same argument can be used to

account for the absence of ν(C-H) stretching mode, in the measured spectra of

the sub - and monolayer coverages, where due to strong adsorbate/adsorbate -

interactions, this particular vibration could be suppressed. In contrast, at the

multilayer coverage, due to a potential tilt of the molecules in an out of plane

orientation, thus reduced interaction between the adsorbates, the vibration

associated with the ν(C-H) stretching mode can be detected.
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Table 3.4.: Assigned vibrations (in cm−1) of BBT-Ph and BBT-Th adsorbed on Au(111)

for different coverages. Additionally, the corresponding DFT calculated fre-

quencies of the molecules in the gas-phase at the B3LYP level and the 6-311G

basis set are given. Dipole active modes are labelled with da. The identified

modes for each vibration are described with the following abbreviations; γ –

out-of-plane; δ – scissoring; ν – stretching; τ – twisting; ω – wagging. Rep-

resentation (Repr.) of the associated point groups and the orientation of the

calculated dipole derivative vector with respect to the molecular geometry, x,

perpendicular to the molecular plane of BBT-Ph and along the long axis of

BBT-Th; z, short axis of BBT-Ph and perpendicular to the molecular plane of

BBT-Th and y, long axis of BBT-Ph and short axis of BBT-Th for the corre-

sponding modes are listed.

BBT-Ph

# Subm. 1 ML 11 ML DFT Mode Repr.

1 142 da - - 122 buckling B3(x)

2 - - 223 242 buckling B2(y)

3 - - 307 294 δ(C-C-C) B2(y)

4 497 da 499 da 510 da 507 γω(C-C-C), γω(C-H) B3(x)

5 687 da 690 da 694 da 711 γω(C-H) B3(x)

6 771 da 748 da 762 da 809 γω(C-H) B3(x)

7 - - 866 865 ω(C-H) B1(z)

8 920 da 926 da 933 da 953 γω(C-H) B3(x)

9 - 1071 1092 1058 νs(C-C-C), δ(C-H) B1(z)

10 - - 1192 1214 δ(C-H) B2(y)

11 - - 1366 1367 ν(C-C-C), δ(C-H) B2(y)

12 - - 1456 1459 ν(CN), δ(C-H) B1(z)

13 3077 3044 3071 3165 ν(C-H) B1(z)

BBT-Th

# Subm. 1 ML 5 ML DFT Mode Repr.

1 - - 137 da 161 γτ (N-S-N) Au(z)

2 487 da 490 da 500 da 488 γτ (C-C-C), γ(CN) Au(z)

3 532 da 567 da 571 da 585 γτ (C-C-C), γτ (C-H) Au(z)

4 709 da 713 da 719 da 724 γω(C-H) Au(z)

5 832 da 829 da 839 da 815 γω(C-H) Au(z)

6 - 874 da - 899 γω/τ(C-H) Au(z)

7 - - 1213 1276 δ(C-H), δ(C-C-C) Bu(x, y)

8 - - 1443 1493 ν(C-C), ν(CN), δ(C-C-C) Bu(x, y)

9 - - 3089 3204 ν(C-H) Bu(x, y)
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Figure 3.29.: Visualisation of the assigned dipole-active vibrational modes obtained from

the DFT calculations (B3LYP/6-311G) for BBT-Ph (a-e) and BBT-Th

(f-k). The corresponding energies (HREELS sub-monolayer/HREELS

monolayer/HREELS multilayer/DFT) are given in wavenumbers (cm−1).

The direction of the calculated dipole derivative unit vector (−→µ ) is depicted

with a black arrow that lies in the plane of the paper. The atomic displace-

ments in each visualization are shown with green arrows. The vibrational

modes are visualized by the Avogadro [180] software.
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Overall, despite the unique influence of each aromatic substituents on the

adsorption properties of the corresponding molecules, it can be concluded that

the adsoption geometries of the molecules remain similar, with both BBT-Ph

and BBT-Th adopting a planar adsorption geometry in their thin films and at

the interface with Au(111) surface.

After gaining a comprehensive understanding of the adsorption properties

of BBT-Ph and BBT-Th on Au(111), in the following, the electronic HREELS

is utilized to investigate the influence of the different aromatic groups (phenyl

and thiophene) on the electronic structure of the corresponding molecules at

the interface with Au(111) and within their thin films. Figure 3.30 shows the

electronic HREELS spectra of BBT-Ph (Left) and BBT-Th (right), for sub

- (a and d), mono - (b and e) and multilayer (c and f) coverages measured

with the primary electron energy of 15 eV together with the corresponding

UV/Vis spectra of the molecules measured in hexane (C6H14) solution (orange

spectra).

Starting with the monolayer coverage of BBT-Ph, the corresponding spec-

trum consists of two electron energy loss feature at 1.2 and 2 eV as shown

in figure 3.30 (b). By increasing the coverage to 11 ML, thus decoupling the

molecular thin film from the metallic substrate, the loss feature at 1.2 eV dis-

appears while the intensity of the previously detected loss features at 2 eV

in the monolayer coverage becomes even more pronounced and its energetic

position shifts by 200 meV to 2.2 eV (see Figure 3.30 (c)). The loss feature

at 2.2 eV is in good agreement with the reported optical gap of BBT-Ph in

the literature (2.22 eV) [181]. Therefore, it is assigned to the transition of the

ground state (S0) to the first singlet excited state (S1), i.e. the optical gap of

the molecule. The observed shift of the assigned S0 → S1 transition from 2.2

eV in the multilayer coverage to 2.0 eV in the monolayer coverage can be con-

tributed to the substrate induced narrowing of the optical gap. Accordingly,

the loss feature at 1.9 eV as detected in the spectrum of the sub-monolayer

coverage can be assigned to S0 → S1 transition (see Figure 3.30 (a)). The other

loss feature at 3.5 eV as detected in the multilayer spectrum is also present

in the corresponding UV/Vis spectrum of the molecule. Therefore, it can be

attributed to the transitions to a higher-lying electronic state of the molecule.
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Figure 3.30.: Electronic HREELS spectra of adsorbed BBT-Ph (Left) and BBT-Th (right)

on Au(111), measured for sub- monolayer (a and d), mono - (b and e)

and multilayer (c and f) coverages (black spectra). The electronic loss fea-

tures were fitted using Gaussian functions (red curves). The corresponding

UV/Vis spectra of the molecules are measured in hexane (C6H14) (orange

spectra). E0 is the primary energy of the incident electrons. Θ is the cover-

age in monolayer (ML).

When compared, S0 → S1 and the transition at 3.5, are located at slightly

different energetic positions as the corresponding transitions in the UV/Vis

spectrum of the molecule. Additionally, the other two higher-lying electronic

transitions at approximately 4.3 and 5.1 eV as detected in the UV/Vis spec-

trum are not present in the spectrum of the thin film. Therefore, it can be

assumed that the adsorbate/adsorbate - and adsorbate/substrate - interactions

may have influenced the electronic structure of the molecule in its thin film.

The remaining unassigned loss features at 1 eV and 1.2 eV in the sub-

monolayer and monolayer spectra of BBT-Ph are located beneath the assigned

S0 → S1 transitions (1.9 and 2 eV) of the molecule for the corresponding cover-
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ages. Similar loss features have also been detected in the spectra of NTD and

its halogenated derivatives, which were assigned to S0 → T1. Therefore, it can

be assumed that the loss features at 1 and 1.2 eV in the spectra of BBT-Ph

correspond to a transition to the first triplet state (T1) of the molecule.

Similarly, the spectra of BBT-Th at the sub-monolayer and monolayer cov-

erage also includes two loss features located at the same loss energy of 0.7

eV, which is lower than the known optical gap (1.77 eV) of BBT-Th from the

literature [53] (see Figure 3.30 (d) and (e)). Therefore, the loss feature at 0.7

as detected in the spectra of the BBT-Th can potentially be attributed to the

S0 → T1 transition of the molecule.

At the monolayer coverage, due to the strong electronic coupling between

the adsorbates and the metallic substrate, other than the assigned S0 → T1

transition only the conventional Au(111) surface plasmon at 2.6 eV [140] could

be detected in the corresponding spectrum. By reducing the coverage to sub

- monolayer, in addition to the S0 → T1 transition and CSP, another loss fea-

tures at 1.3 eV is detected in the spectrum. As for the multilayer coverage,

the spectrum is dominated by a loss feature at 1.6 eV, that is accompanied

by a vibrational contribution at 1.8 eV, as well as another loss feature at 3.8

eV. The loss feature at 1.6 eV is in good agreement with the reported optical

gap of BBT-Th (1.77 eV) [53] and as such it is assigned to the 0-0 vibrational

transition of S0 → S1. The vibrational contribution associated with this tran-

sition can be attributed to the ν(C-N) and ν(C-C) stretching modes as well

as ρ(C-C-C) deformation mode of the molecular backbone with frequencies in

rang of 1430-1450 cm−1 (177-180 meV). Noticeably, the corresponding tran-

sition in the overlaid UV/Vis spectrum of the molecule does not include a

vibrational contribution. This suggests that the intermolecular forces (adsor-

bate/adsorbate - interactions) in a thin film may have influenced the electronic

structure of BBT-Th. This influence is also evident from the energetic shift

of the loss feature at 3.8 eV as detected in the spectrum of the thin film in

comparison to the corresponding transition in the UV/Vis spectrum at ap-

proximately 3.7 eV. This loss feature can be attributed to a transitions to a

higher-lying electronic state of the molecule.

When compared to the assigned S0 → S1 transition of BBT-Th at 1.6 eV as

determined in the spectrum of its multilayer coverage, the loss feature at 1.3

eV as detected in the sub - monolayer spectrum can also be attributed to the

S0 → S1 transition of the molecule. The 0.4 eV energy difference between the

98



3.2. Influence of Core substitution on the Properties of Thiadiazole Derivatives

two transitions can be attributed to the substrate induced narrowing of the

optical gap. Noticeably, the S0 → S1 transition of the molecule is absent in

the spectrum of the monolayer coverage. The most likely explanation for this

observation is that this particular transition is overshadowed by the higher

background of the S0 → T1 transition in the same spectrum. Similarly, the

assigned S0 → T1 transitions of BBT-Ph and BBT-Th are absent in the spec-

tra of the molecules at their multilayer coverages, most likely due to higher

background of the S0 → S1 transitions in the corresponding spectra.

A comparison between the determined optical gaps of BBT-Ph and BBT-Th,

in the corresponding spectra of their multilayer coverages, shows that substi-

tution of BBT with thiophene instead of phenyl group results in a narrowing

of the optical gap of about 600 meV from 2.2 eV for BBT-Ph to 1.6 eV for

BBT-Th (see Figure 3.31). Additionally, the transition energies of S0 → T1

are shifted by about 500 eV from 1.2 eV for BBT-Ph to 0.7 eV for BBT-Th

at the monolayer coverage and 300 meV from 1 eV for BBT-Ph to 0.7 eV for

BBT-Th at the sub - monolayer coverage. The narrowing of the optical gap

in BBT-Th in comparison to BBT-Ph, can be attributed to the influence of

intramolecular charge transfer between the electron-withdrawing BBT moiety

and the electron-donating thiophene group, on the energy levels of HOMO

and LUMO in the corresponding molecule [53]. As shown in figure 3.26 (c), the

calculated frontier orbital energies of BBT-Th indicates that LUMO is mostly

localized on the BBT moiety. Therefore, it can be assumed that by changing

the substituents, the change in the HOMO energy level, contribute far more

than the change in LUMO energy level to the observed narrowing of the op-

tical gap going from BBT-Ph to BBT-Th [183]. Indeed, further computational

studies conducted on the corresponding molecules with non-hypervalent sulfur

atoms in their BBT moieties, indicate that substitution of the molecule with

thiophene groups reduces the LUMO energy level by 0.14 eV from -3.56 eV for

BBT-Ph to -3.7 eV for BBT-Th and increases the HOMO energy level by 0.41

eV from - 5.75 eV for BBT-Ph to -5.34 eV for BBT-Th [54]. Therefore, it can

be concluded that substitution of BBT with thiophene groups increases the

HOMO energy level much more than it decreases the LUMO energy level and

as such thiophene contributes to the narrowing of the optical gap in BBT-Th.
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Figure 3.31.: Electronic HREELS spectra (left) of adsorbed (a) BBT-Th and (b) BBT-Ph

on Au(111) measured for the multilayer coverage (black spectra). The elec-

tronic loss features were fitted using Gaussian functions (red curves). The

corresponding UV/Vis spectra of the molecules are measured in hexane

(C6H14) solution (orange spectra). E0 is the primary energy of the inci-

dent electrons. Θ is the coverage in monolayer (ML). The identified and

assigned electronic transitions of the molecules as determined from the their

mono- (triplet states) and multilayer (singlet states) coverage are summa-

rized in an energy level diagram (right).
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3.2. Influence of Core substitution on the Properties of Thiadiazole Derivatives

To summarize, in this subsection it was demonstrated that thin films of

BBT-Ph and BBT-Th can be prepared through deposition of the correspond-

ing molecules at 443 K (BBT-Ph) and 468 K (BBT-Th) into the ultra-high

vacuum chamber and onto Au(111) substrate held at 300 K. The prepared sam-

ples were then characterized by TPD, vibrational and electronic HREELS in

combination with DFT calculations. Based on the results from the fragment-

mass-resolved TPD measurements it was determined that during annealing

of the samples, the BBT-Ph and BBT-Th molecules remain intact. Regard-

less, it was chosen to prepare the sub - and monolyer coverages of BBT-Ph

and BBT-Th samples by direct evaporation of the molecules on the substrate.

The results from the coverage dependent TPD measurements on the molecules

indicates that core substitution via thiophene group in BBT-Th results in

an increase in adsorbate/adsorbate and adsorbate/substrate-interaction for

the molecule in comparison to BBT-Ph. Moreover, as shown via vibrational

HREELS measurements, BBT-Ph and BBT-Th at their sub-monolayer , mono

- and multilayer coverages adopt a planar adsorption geometry on the Au(111)

surface. Finally, through electronic HREELS measurements, it is found that

core substitution via thiophene in BBT-Th results in a reduction of the tran-

sition energies of singlet and first triplet states in comparison to the phenyl

substituted BBT-Ph. This is evident from the narrowing of the optical gap

by 600 meV from 2.2 eV for BBT-Ph to 1.6 eV for BBT-Th as well as shift

of the assigned S0 → T1 transition to the lower energy by 500 meV from 1.2

eV for BBT-Th to 0.7 eV for BBT-Ph. The narrowing of the optical gap is

attributed to the stabilization of the frontier orbitals in BBT-Th in compari-

son to BBT-Ph due to intramolecular charge transfer between the BBT moiety

and the substituted thiophene groups.

In conclusion, the presented studies in this section provides new insights

into the adsorption and electronic properties of known acceptor molecules,

namely NTD and its halogenated derivatives (NTD-Cl and NTD-Br) as well

as BBT-Ph and BBT-Th at the interface with Au(111) and within their thin

films. The obtained results can be used as a reference for developing potential

donor-acceptor heterostructures.
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3.3. N-Heterotriangulene Derivatives and

Donor/Acceptor-Systems

In this section, first, influence of connectivity via -C=C- bridge on the ad-

sorption and electronic properties of N-heterotriangulene (N-HTA) derivatives

adsorbed on Au(111) is studied by utilizing TPD, vibrational and electronic

HREELS. Second, electronic HREELS is used to investigate a potential charge

transfer (CT) between the studied N-HTA derivatives as donor molecules and

two cyano-based acceptor molecules in donor/acceptor (D/A)-systems.

1.  N-HTA 550

a)

1. Tetracyanoquinodimethane (TCNQ) 2. F TCNQ4

b)

N

F F

FF

N

N N

N

N

N

N N

N

2.  N-HTA 557

Figure 3.32.: Investigated molecular systems: (a) 5-membered ring N-HTA (N-HTA 550,

(1)) and 7-membered ring N-HTA with -C=C- bridge (N-HTA 557, (2))

as well as (b) Tetracyanoquinodimethane (TCNQ, (1)) and its fluorinated

derivative (F4TCNQ, (2)).

The investigated molecular systems include indolo[3,2,1-jk]carbazole;

5-membered ring N-HTA (N-HTA 550, Figure 3.32 (a.1)) and 3a2-azabenzo-

[3,4]azuleno[2,1,8,7-jklm]fluorene; 7-membered ring N-HTA (N-HTA 557, Fig-

ure 3.32 (a.2)) as well as tetracyanoquinodimethane (TCNQ, Figure 3.32 (b.1))

and 2,3,5,6-tetrafluoro-7,7,8,8- tetracyanoquinodimethane (F4TCNQ, Figure

3.32 (b.2)).

The results from these investigations are presented in two subsections. In

the first subsection, by comparing the obtained results for N-HTA 550 and

N-HTA 557, effects of the connectivity via -C=C- bridge in N-HTA 557 on the

properties of the corresponding molecule are studied. In the second subsection,

by comparing the obtained results for the formed D/A-systems, influence of
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3.3. N-Heterotriangulene Derivatives and Donor/Acceptor-Systems

combination of different donors (N-HTA 550 and N-HTA 557) with different

acceptors (TCNQ and F4TCNQ) on the charge transfer in the correspond-

ing D/A-systems are investigated. Through these studies, it is determined

that intact thin films of molecules can be prepared via deposition at elevated

temperatures into the ultra-high vacuum (UHV) chamber and onto Au(111)

substrate. All of the investigated molecules adopt a planar adsorption geome-

try on the Au(111) surface. Introduction of -C=C- bridge alters the electronic

structure of N-HTA 557 by narrowing its optical gap to 2.5 eV from 3.4 eV

for N-HTA 550 by 900 meV. Additionally, it is shown that in contrast to

N-HTA 550, N-HTA 557 transfer electron to the Au(111) substrate and be-

comes positively charged. Furthermore, it is found that both N-HTA 550 and

N-HTA 557 as donor molecules form CT-states with both of the chosen accep-

tor molecules (TCNQ and F4TCNQ) in the D/A-systems. This is evident from

detected transitions associated with CT-states at 1.7 and 2.2 eV (TCNQ/N-

HTA 550), 1.5 and 1.8 eV (F4TCNQ/N-HTA 550), 1.3 eV (TCNQ/N-HTA

557) and 0.9 eV (F4TCNQ/N-HTA 557).
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Results and Discussion

3.3.1. Influence of Connectivity on the Adsorption and

Electronic Properties of N-Heterotriangulene Derivatives

N-heterotriangulenes are a class of functional molecules, which are formed

by connecting the phenyl rings in triphenylamine via different bridging moi-

eties [87]. The resulting planarized molecules are expected to exhibit improved

electronic properties in comparison to propeller-shaped parent triphenylamine,

in which the relatively large dihedral angles of the phenyl rings hinders the

electronic communication in the molecule [87;88].

In a new approach toward planarization of triphenylamine, Michalsky et

al. [88] synthesized two novel N-heterotriangulene derivatives, N-HTA 557SB

(SB = single bond) and N-HTA 557, by introducing ethylene (-C-C-) and

vinylene (-C=C-) bridges to N-HTA 550, respectively. Considering the po-

tentials of N-heterotriangulenes as (opto)electronic materials [187–191], in the

context of this study, it was chosen to investigate the properties of N-HTA 557

as a promising electron donating N-heterotriangulene [88], together with its 5-

membered ring counterpart (N-HTA 550). Some of the results presented in

this subsection are published in Ref. [192].

The N-HTA 550 and N-HTA 557 molecules were synthesized by Ina Michal-

sky of the Prof. Dr. Milan Kivala group of the Organisch-Chemisches Institut

at the Universität Heidelberg [88].

For this study, samples of N-HTA derivatives were prepared, in situ by de-

position of the corresponding molecules at 373 K (N-HTA 550) and 393 K

(N-HTA 557) into the UHV chamber and onto Au(111) substrate held at 200

K. First, through coverage dependent and fragment-mass-resolved TPD mea-

surements, the possibility of preparing thin films and well-defined monolayers

of the molecules on Au(111) surface is investigated and subsequently, the influ-

ence of the introduced -C=C- bridge in N-HTA 557 on its adsorption properties

within the thin film and at the interface with Au(111) is explored.

Figure 3.33 (a) shows the coverage dependent TPD spectra of N-HTA 550,

with different initial coverages ranging from sub-monolayer to 5 ML for the

selected mass-to-charge ratio (m/z ) of 120, which corresponds to the doubly

charged parent molecular ion with the molecular mass of 241 amu. The spectra

consist of two desorption regions. The first region includes a desorption peak

at 300 K (α1), which is followed by a desorption feature at 312 K (α2), that

resembles a shoulder structure.
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Figure 3.33.: Coverage dependent TPD spectra of (a) N-HTA 550 for the selected mass-

to-charge ratio (m/z ) of 120 and (b) N-HTA 557 for the selected m/z of 132

adsorbed on Au(111) with different initial coverages, measured with a heating

rate of β = 1 K/s. (c) Shows an overlay of the TPD spectra of N-HTA 550

and N-HTA 557. The desorption features are labelled with α1, α2, α3 and

α4. The insets show the monolayer (α3 in N-HTA 550), the compressed phase

(α3 in N-HTA 557) and the sub-monolayer desorption feature (α4 in N-HTA

557). The structural formulas of the doubly charged parent molecular ions

are depicted in their corresponding figures. Adapted from Ref. [192].
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The α1 peak does not saturates with increasing coverage and as such it

is assigned to the desorption of a multilayer coverage. The α2 feature first

appears as a desorption peak for the 2nd - layer and subsequently merges to the

multilayer desorption peak (α1) at higher coverages. Thus, α2 is assigned to the

2nd - layer desorption. This characteristic desorption behaviour has also been

previously observed in the coverage dependent TPD spectra of TIPS-BAP (see

Figure 3.11 (a) in Subsection 3.1.2), NTD (see Figure 3.19 (a) in Subsection

3.2.1) and BBT-Th (see Figure 3.27 (b) in Subsection 3.2.2). Lastly, the second

region, extending from 400 K to 610 K (α3), is assigned to the desorption of a

monolayer coverage.

As for N-HTA 557 (m = 265 amu), the coverage dependent TPD spectra

of the doubly charged parent molecular ion (m/z = 132) consists of three

desorption regions for different initial coverages ranging from sub-monolayer

to 5 ML (see Figure 3.33 (b)). The first region includes the same characteristic

multilayer desorption peak (at 326 K, α1) that is accompanied by a 2nd-layer

desorption shoulder (at 338 K, α2). The second desorption region consists of

two desorption features, one at 400 K (α3) and the other extending from 500 K

to 670 K (α4). The α3 feature saturates with increasing coverage. Therefore,

it can be attributed to a desorption from a more densely packed compressed

phase. Consequently, α4 can be assigned to the desorption of a sub-monolayer

coverage. As a result, the desorption spectrum of a monolayer coverage can

be defined as a spectrum, in which both α3 and α4 are saturated (see blue

spectrum in the inset of figure 3.33 (b)).

In this study, the coverage of the adsorbed N-HTA 550 and N-HTA 557

molecules on the substrate were determined by integrating a measured TPD

spectrum and comparing the area of the total integral with the area of the

monolayer desorption region of the corresponding molecules [110].

By comparing the coverage dependent TPD spectra of N-HTA 550 and

N-HTA 557, it becomes apparent that formation of the 7-membered ring in

N-HTA 557 upon introduction of the -C=C- bridge, affects the adsorption

properties of the molecule on Au(111). As can be seen in an overlay of the

corresponding TPD spectra of the molecules with the same coverage of 5 ML

(see Figure 3.33 (c)), the multilayer desorption peak (at 326 K, α1) and the

monolayer desorption feature (extending to 670 K) of N-HTA 557 are shifted

by about 25 K and 60 K to higher temperatures relative to the same desorption

features in N-HTA 550 spectrum. Additionally, in contrast to N-HTA 550, the
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3.3. N-Heterotriangulene Derivatives and Donor/Acceptor-Systems

monolayer desorption spectra of N-HTA 557, also include a compressed phase

(at 400 K , α3). These observations suggest that introduction of -C=C- bridge

leads to increased adsorbate/adsorbate and adsorbate/substrate-interactions

within N-HTA 557 thin film and at its interface with Au(111).

The assigned desorption features of N-HTA 550 and N-HTA 557 are also

present in the corresponding fragment-mass-resolved TPD spectra of the mole-

cules (see Figure F.2). For both molecules, the multilayer (α1) and 2nd-layer

(α2) desorption peaks, coincide at the same temperature for different selected

fragments. The monolayer desorption region (α3 and α4) also follows the

same trend. Furthermore, the estimated coverages of the measured spectrum

for each fragment are mostly similar (5 ML). These observations indicate an

intact desorption of higher layers as well as the monolyer coverages of N-HTAs

from the substrate. Therefore, the determined coverages of the molecules

corresponds to the actual coverage of the molecules on the substrate.

It should also be noted that the results from the subsequent vibrational

HREELS measurements on N-HTA 550 and N-HTA 557 reveal that after heat-

ing the samples up to 750 K, well beyond the expected desorption temperatures

of either molecule from the substrate, vibrational peaks associated with adsor-

bates can still be detected in the spectra of the corresponding molecules (see

Figure F.3 (a) and (c)). Normally, this observation would suggests that by

heating the sample up to 750 K, the adsorbed molecules on Au(111) do not

desorb completely from the substrate, possibly due to strong bound between

adsorbates and the substrate. However, due to high background pressure of

both N-HTA 550 and N-HTA 557, as observed during their deposition on and

desorption from the substrate, the identified vibrations are attributed to the

re-adsorbed molecules on the substrate.

After assigning different desorption features of the adsorbed molecules and

identifying the corresponding desorption temperatures, for further measure-

ments, it was chosen to prepare the sub-monolayer and monolyer coverages

of N-HTA 550 and N-HTA 557 samples by direct deposition of the molecules

on the substrate. The used parameters for preparing the samples are given in

table H.1.

In the next step, angle-resolved vibrational HREELS measurements are uti-

lized to further investigate the influence of the introduced -C=C- bridge in

N-HTA 557 on the adsorption geometry of the molecule within the thin film

and at the interface with Au(111) in comparison to N-HTA 550. Figure 3.34
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Results and Discussion

shows the vibrational spectra of N-HTA 550 (left) and N-HTA 557 (right) ad-

sorbed on Au(111), for mono - (a and d) and multilayer (b and e) coverages,

measured in specular (black spectra) and off-specular (red spectra) electron

scattering geometry with the primary electron energy of 3.5 eV along with

the calculated intensities and frequencies of vibrational modes possessing a

dynamic dipole moment perpendicular to the molecular backbone (c and f).
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Figure 3.34.: Vibrational HREELS spectra of N-HTA 550 (Left) and N-HTA 557 (right)

measured in specular (black spectra) and off-specular (red spectra) scattering

geometry for mono - (a and d) and multilayer (b and e) coverages on Au(111)

with the associated DFT-calculations (B3LYP/6-311G) for intensities and

frequencies of B1 symmetric vibrational mode with a dynamic dipole moment

perpendicular to the molecular plane (c and f). E0 is the primary energy

of the incident electrons. The energy resolution of the specular spectra is

measured as the full width at half maximum (FWHM) of the elastic peak

(zero energy loss peak) and is given in wavenumbers (cm−1). The assigned

vibrations are listed in table 3.5. Adapted from Ref. [192].

The spectra of N-HTA 550 at the mono - and multilayer coverage are dom-

inated by a vibration at approximately 754 cm−1 as can be seen in figure 3.34

(a) and (b). This vibration is distinguished by a high intensity ratio between

the specular and off-specular scattered electrons, which is in consistent with a
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3.3. N-Heterotriangulene Derivatives and Donor/Acceptor-Systems

dipole-active vibration with dipole scattering being its main excitation mech-

anism. By comparing the observed vibrations in the spectra of N-HTA 550

and the calculated intensities and frequencies of B1 vibrational modes of the

corresponding C2v molecular point group in the gas phase (see Figure 3.34 (c)),

the 754 cm−1 vibration can be assigned to the out-of-plane γω(C-H) wagging

mode [192]. Similarly, other dipole-active vibrations are assigned to the out-of-

plane γω(C-H) wagging mode (at 422 cm−1), γτ (C-H) twisting mode (at 580

cm−1) and γω/τ (C-H) wagging/twisting mode (at 932 cm−1) [192].

Noticeably, the vibration at 422 cm−1 originates from the C-H bonds at the

the ring-opening position of N-HTA 550. In addition to the assigned dipole-

active vibrations, the spectra also include vibrations with reduced specular

to off-specular intensity ratio at 1171 cm−1, 1352 cm−1, 1490 cm−1 and

3057 cm−1. This indicates that the main excitation mechanism for these

vibrations is impact scattering and as such they correspond to non-dipole-

active vibrations. With a comparison to the results from the DFT calculations,

these vibrations are assigned to a series of in-plane modes, including δ(C-

H) scissoring and ρ(C-H) rocking modes as well as νs/as(C-N-C) and νs(C-H)

stretching modes [192].

In case of N-HTA 557, the spectra of the mono - and multilayer coverage are

also dominated by a high intensity dipole-active vibration at approximately

743 cm−1. This vibration is assigned to the out-of-plane γω(C-H) wagging

mode [192]. Furthermore, the peak associated with this vibration (743 cm−1)

has an asymmetric structure, which suggest that it might superimposes an-

other vibrational peak with a lower intensity. The spectra of N-HTA 557 also

include other dipole-active vibrations, which are assigned to the out-of-plane

γω(C-H) and γω(C-N-C) wagging modes (at 233 cm−1 and 339 cm−1) as well as

γω/τ (C-H) wagging/twisting mode (at 488 cm−1, 569 cm−1 and 934 cm−1) [192].

The vibrational contribution of the introduced -C=C- bridge to the spectra of

N-HTA 557 is recognized by the assigned vibrations at 233 cm−1 and 488 cm−1.

As expected, these vibrations are not present in the spectra of N-HTA 550. By

increasing the coverage of N-HTA 557 to 5 ML, non-dipole-active vibrations

appear in the spectrum of the multilayer coverage. These vibrations are as-

signed to the in-plane νs(C-H) scissoring and ρ(C-H) rocking modes (at 1321

cm−1), νas(C-N-C) stretching and ρ(C-H) rocking modes (at 1486 cm−1) as

well as νs(C-H) stretching mode (at 3036 cm−1).
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Table 3.5.: Assigned vibrations (in cm−1) of N-HTA 550 and N-HTA 557 adsorbed on

Au(111) for different coverages. Additionally, the corresponding DFT calcu-

lated frequencies of the molecules in the gas-phase at the B3LYP level and the

6-311G basis set are given. Dipole active modes are labelled with da. The iden-

tified modes for each vibration are described with the following abbreviations;

γ – out-of-plane; δ – scissoring; ν – stretching; τ – twisting; ω – wagging; s –

symmetric; as – asymmetric. Representation (Repr.) of the associated point

groups and the orientation of the calculated dipole derivative vector with re-

spect to the molecular geometry, x, perpendicular to the molecular plane; y,

short axis and z, long axis of molecular backbone for each mode are listed.

Adapted from Ref. [192].

N-HTA 550

# Subm. 1 ML 4 ML DFT Mode Repr.

1 415 da 410 da 422 da 443 γω(C-H), γω(C-C-C) B1(x)

2 570 da 572 da 580 da 581 γτ (C-H), γω(C-C-C) B1(x)

3 750 da 753 da 754 da 794 γω(C-H), γω(C-N-C) B1(x)

4 922 da 901 da 932 da 969 γω/τ (C-H) B1(x)

5 - - 1171 1183
δ(C-H), ρ(C-H),

A1(z)
νs(C-N-C)

6 - - 1352 1382
δ(C-H), ρ(C-H),

B2(y)
νas(C-C-C)

7 1506 1492 1490 1470
νas(C-N-C)), ρ(C-H),

B2(y)
νs(C-C-C)

8 - - 3057 3192 νs(C-H) A1(z)

N-HTA 557

# Subm. 1 ML 5 ML DFT Mode Repr.

1 235 da 229 da 233 da 231 γω(C-H) B1(x)

2 332 da 329 da 339 da 358
γω(C-N-C), γω/τ (C-H),

B1(x)
γω(C-C-C)

3 493 da 481 da 488 da 518 γω/τ (C-H), γω(C-C-C) B1(x)

4 565 da 568 da 569 da 608 γω/τ (C-H), γω(C-N-C) B1(x)

5 752 da 736 da 743 da 790 γω(C-H), γω(C-N-C) B1(x)

6 - - 934 da 940 γω/τ (C-H) B1(x)

7 - - 1321 1363
δ(C-H), ρ(C-H),

A1(z)
νas(C-C-C)

8 - - 1486 1528
νas(C-N-C), ρ(C-H),

B2(y)
δ(C-H)

9 3051 - 3036 3195 νs(C-H) B2(y)
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Figure 3.35.: Visualisation of the assigned dipole-active vibrational modes obtained from

the DFT calculations (B3LYP/6-311G) for N-HTA 550 (a-d) and N-HTA 557

(e-j). The corresponding energies (HREELS sub-monolayer/HREELS

monolayer/HREELS multilayer/DFT) are given in wavenumbers (cm−1).

The direction of the calculated dipole derivative unit vector (−→µ ) is depicted

with a black arrow that lies in the plane of the paper. The atomic displace-

ments in each visualization are shown with green arrows. The vibrational

modes are visualized by the Avogadro [180] software. Adapted from Ref. [192].
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All of the assigned dipole-active vibrations posses a dynamic dipole mo-

ments that is perpendicular to the molecular plane (x-direction) (see Figure

3.35), while the dynamic dipole moments of the assigned non-dipole-active vi-

brations are parallel with the molecular backbone (z- and y-directions) (see

Figure F.4). Given that the assigned vibrations in the mono - and multilayer

spectra of N-HTA 550 and N-HTA 557 are predominately dipole-active, it can

be concluded that at the corresponding coverages, both molecules adapts a

planar adsorption geometry on Au(111) surface, in which the molecular back-

bone of the adsorbates are oriented parallel to the substrate surface [192]. Same

conclusion can be drawn for the adsorption geometry of the molecules in their

sub-monolayer coverage based on the observation made in the corresponding

spectra (see Figure F.3 (b) and (e)). This indicates the introduced -C=C-

bridge in N-HTA 557 dose not influence the overall adsorption geometry of

the molecule on Au(111).

After gaining a comprehensive understanding of the adsorption geometry

of N-HTA 550 and N-HTA 557 on Au(111), in the following, the electronic

HREELS is utilized to investigate the electronic structure of the molecules at

the interface with Au(111) and within their thin film. The purpose of this set

of measurements is to elucidate the influence of the introduced -C=C- bridge

in N-HTA 557 on the electronic structure of the molecule in comparison to

N-HTA 550.

Figure 3.36 shows the electronic HREELS spectra of N-HTA 550 (Left) and

N-HTA 557 (right), for mono - (a and c) and multilayer (b and d) cover-

ages measured with the primary electron energy of 15 eV together with the

corresponding UV/Vis spectra of the molecules measured in dichloromethane

(CH2Cl2) solution (orange spectra). The monolayer spectrum of N-HTA 550

consists of only a contribution from the conventional Au (111) surface plasmon

(CSP) at 2.6 eV [140] (see Figure 3.36 (a)). By increasing the coverage to 4 ML,

thus electronically decoupling the molecular thin film from the metallic sub-

strate, the loss features associated with electronic transitions of the molecule

can now be detected in the spectrum of the multilayer coverage (see Figure

3.36 (b)). In this spectrum, the loss feature at 3.4 eV is in good agreement

with the reported optical gap of N-HTA 550 in the literature (3.3 eV) [88;193].

Therefore, the loss features at 3.4 eV and 3.5 eV are assigned to the 0-0 and

0-1 vibrational transitions of the ground state (S0) to the first singlet excited

state (S1)
[192]. The vibrational contribution associated with this transition can
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be attributed to the out-of-plane γω(C-H) and γω(C-N-C) wagging modes at

approximately 754 cm−1 (93 meV) [192] as assigned in figure 3.34 (b). In the

molecular orbital picture, the S0 → S1 transition corresponds to an excitation

of a single electron from HOMO into the LUMO, which represent 90 % of the

S1 state [192]. Furthermore, with the help of excited-state calculations, other

loss features at 3.85, 4.5 and 5.4 eV are assigned to the transition of S0 to the

singlet excited states at S2 (or α - band), S3 and S5, accordingly. The S0 → S2

transition also includes a vibrational contribution at 3.95 eV. This transition

largely corresponds to an excitation of a single electron from the HOMO-2

into the LUMO [192]. Likewise, S0 → S3 (4.5 eV) and S0 → S5 (5.4 eV) mostly

correspond to HOMO-1 → LUMO and HOMO → LUMO + 1 transitions,

accordingly [192].
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Figure 3.36.: Electronic HREELS spectra of adsorbed N-HTA 550 (Left) and N-HTA 557

(right) on Au(111), measured for mono - (a and c) and multilayer (b and

d) coverages (black spectra). The electronic loss features were fitted using

Gaussian functions (red curves). The corresponding UV/Vis spectra of the

molecules are measured in dichloromethane (CH2Cl2) (orange spectra). E0 is

the primary energy of the incident electrons. Θ is the coverage in monolayer

(ML). Adapted from Ref. [192].

In case of N-HTA 557, the monolayer spectrum consists of a pronounced

loss feature at 1.3 eV, followed by a broad transition with a peak onset located

at 2.1 eV that is accompanied by other vibrational contributions (see Figure

3.36 (c)). The loss feature and the following transitions are also present in
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the spectrum of the multilayer coverage, where the peak onset is shifted to

a higher energy loss at 2.5 eV, while the loss feature remained at 1.3 eV

(see Figure 3.36 (d)). The peak onset at 2.5 eV is in good agreement with

the reported optical gap of N-HTA 557 in the literature (2.39 eV) [88]. It is

assigned to the 0-0 vibrational transition (the optical gap) of S0 → S1 with

maximum absorption at 2.9 eV. The observed reduction of the peak onset

energy from 2.5 eV in the multilayer coverage to 2.1 eV in the monolayer by

0.4 eV can be contributed to the substrate induced narrowing of the optical

gap. Moreover, the vibrational contribution associated with S0 → S1 transition

can be attributed to the out-of-plane γω/τ (C-H) vibration at approximately 934

cm−1 (116 meV) and the combined ν(C-N-C) stretching and ρ(C-H) rocking

vibration at approximately 1486 cm−1 (184 meV) as assigned in figure 3.34

(e). Additionally, it is determined that the S0 → S1 transition corresponds

mostly to an excitation of a single electron from HOMO into LUMO (78 %)

with an admixture of HOMO to LUMO+1 (18 %), which represent the orbital

relaxation of the S1 state
[192]. Furthermore, the excited-state calculations were

utilized to assign other loss features at higher energies to the transition of S0

to the singlet excited states at S2 (3.8 eV), S3 (4.3 and 4.5 eV) and S4 (5.5 eV).

These transitions are represented by HOMO → LUMO + 1 (73 %) with the

admixture of HOMO → LUMO (13 %) for S0 → S2, HOMO - 1 → LUMO for

S0 → S3 and HOMO - 2 → LUMO for S0 → S4
[192]. Furthermore, the spectra

of the multilayer coverages of N-HTAs include contributions from overtones of

an in-plane ν(C-H) stretching mode vibration (at around 3000 cm−1 in Figure

3.34 (b) and (e)) at approximately 0.7 eV.

The remaining unassigned loss feature at 1.3 eV is located beneath the 0-0

vibrational transition of the assigned S0 → S1 of N-HTA 557 in mono - (2.1

eV) and multilayer (2.5 eV) coverage and is not present in the correspond-

ing UV/Vis spectrum of the molecule. This loss feature is also observed in

the measured spectrum of the sub-monolayer coverage (see Figure F.5 (c)).

Additionally, the relative intensity of this loss feature is at its highest at the

monolayer and by increasing the coverage of the adsorbed molecules, its inten-

sity decreases. Thus, it can be assumed that this loss feature originates from

the electron transfer from N-HTA 557 to the Au(111) surface, which can be

detected by HREELS due to its surface sensitivity. This leads to formation

of a positively charged N-HTA 557 [192]. Indeed, the results from the quantum

chemical calculations of N-HTA 557 cation reveal that the charged molecule
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posses an electronic state at 1.35 eV, which is in good agreement with the

energy of the identified loss feature (1.3 eV) in the corresponding electronic

HREELS spectrum of the molecule [192]. Moreover, the calculated ionization

potential (IP) of N-HTA 557 yields a value of 6.28 eV, which supports the

possibility of a charge transfer from the adsorbate to the substrate [192]. This

becomes more evident when considering that N-HTA 550 with a IP value of

about 0.8 eV higher than the one of N-HTA 557, does not exhibit a loss feature

in its electronic spectra that can be associated with such charge transfer [192].

Therefore, the loss feature at 1.3 eV is assigned to a CT-state [192].
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Figure 3.37.: Electronic HREELS spectra (left) of adsorbed (a) N-HTA 550 and (b)

N-HTA 557 on Au(111) measured for the multilayer coverage (black spec-

tra). The electronic loss features were fitted using Gaussian functions (red

curves). The corresponding UV/Vis spectra of the molecules are measured

in dichloromethane (CH2Cl2) solution (orange spectra). E0 is the primary

energy of the incident electrons. Θ is the coverage in monolayer (ML). The

identified and assigned electronic transitions of the molecules are summa-

rized in an energy level diagram (right). Adapted from Ref. [192].

Overall, the excitation energies of the identified and assigned transitions in

the multilayer spectra of N-HTA 550 and N-HTA 557 are reduced by about

100 meV, when compared to the corresponding transitions in the overlaid

UV/Vis spectra of the molecules in solution (see Figure 3.37 (a) and (b)). This

observation indicates that the assigned electronic transitions in the thin films

of N-HTA 550 and N-HTA 557 are most likely influenced by the intermolecular
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forces (adsorbate/adsorbate - interactions) [192].

A comparison between the determined optical gap of N-HTA 550 and -

N-HTA 557, as assigned to the 0-0 vibrational transition of S0 → S1 in the

corresponding multilayer spectra of the molecules, clearly shows that intro-

duction of -C=C- bridge in N-HTA 557 results in a narrowing of the optical

gap of about 0.9 eV from 3.4 eV for N-HTA 550 to 2.5 eV for N-HTA 557

(see Figure 3.37). The UV/Vis spectra of the molecules also follow a similar

trend. Additionally, the estimated narrowing of the optical gap from the cal-

culated vertical energies of S0 → S1 transition yields a value of 0.83 eV [192],

which agrees well with the experimentally determined value of 0.9 eV. This is

attributed to the extension of the π-system in N-HTA 557 via -C=C- bridge,

which results in a change of the HOMO and LUMO energies, and subsequently

the narrowing of the optical gap (HOMO-LUMO gap) [192]. This is evident

from the visualization of the frontier molecular orbitals of N-HTA 557 (see

Figure 3.38), which shows that HOMO, LUMO and LUMO+1 of the molecule

are particularly affected by the extension of the π-system via -C=C- bridge.

When the orbital energies are compared, going from N-HTA 550 to N-HTA

557, the HOMO energy increases by 0.6 eV from -6.83 eV to -6.23 eV, while

the LUMO energy decreases by 0.43 eV from -0.14 eV to -0.57 eV. Similarly

LUMO+1 energy decreases by about 1 eV from 1.01 to 0.03 eV. This trend

can be explained with the typical particle-in-a-box picture [192].

Furthermore, the results from quantum chemical calculations performed on

N-HTA 557SB, in which the 7-membered ring is formed with a single bond

(-C-C- bridge), reveals that the calculated vertical energies of the molecule

are very similar to that of N-HTA 550 [192]. This result further confirms the

effect of π-extension on the excited states of N-HTA 557. Therefore, it can

be concluded that changing the molecular structure via suitable connectivity

between different moieties of N-HTA can be used to modify the electronic

structure of its derivatives. More details regarding the quantum chemical

calculations conducted on the investigated N-HTA molecules in this study

are presented in Ref. [192]. These calculations were conducted by Dr. Marvin

Hoffmann and Christian Walla of the Prof. Dr. Andreas Dreuw group of the

Interdisziplinäres Zentrum für Wissenschaftliches Rechnen at the Universität

Heidelberg.
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HOMO-2

HOMO-1

HOMO

LUMO

LUMO+1

N-HTA 550 N-HTA 557N-HTA 557 SB

Figure 3.38.: Frontier molecular orbitals of electronic states with low excitation ener-

gies of the N-HTA derivatives ; N-HTA 557SB (left), N-HTA 550 (middle),

N-HTA 557 (right). Taken from Ref. [192].
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To summarize, in this subsection it has been demonstrated that thin films

of N-HTA 550 and N-HTA 557 can be prepared through deposition of the cor-

responding molecules at 373 K (N-HTA 550) and 393 K (N-HTA 557) into

the ultra-high vacuum chamber and onto Au(111) substrate held at 200 K.

The prepared samples were then characterized by TPD, vibrational and elec-

tronic HREELS in combination with DFT calculations. Based on the results

from the fragment-mass-resolved TPD measurements it was determined that

during annealing of the samples, the N-HTA 550 and N-HTA 557 molecules

remain intact. Regardless, it was chosen to prepare the sub-monolayer and

monolyer coverages of N-HTA 550 and N-HTA 557 samples by direct evapora-

tion of the molecules on the substrate. The results from the coverage depen-

dent TPD measurements on the molecules indicates that introduction of the

-C=C- bridge in N-HTA 557 results in an increase in adsorbate/adsorbate and

adsorbate/substrate-interaction for the molecule in comparison to N-HTA 550.

Moreover, as shown via vibrational HREELS measurements, N-HTA 550 and

N-HTA 557 at their sub-monolayer, mono - and multilayer coverages adopt a

planar adsorption geometry on the Au(111) surface. Finally, through electronic

HREELS measurements, it is found that introduction of the -C=C- bridge in

N-HTA 557 results in a narrowing of the optical gap of about 0.9 eV from 3.4

eV for N-HTA 550 to 2.5 eV for N-HTA 557. Additionally, it is shown that in

contrast to N-HTA 550, N-HTA 557 transfer electron to the Au(111) substrate

and becomes positively charged. These effects are attributed to the influence

of -C=C- bridge on the electronic structure of N-HTA 557 by extending the

π-system in the molecule in comparison to N-HTA 550.
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3.3.2. N-Heterotriangulene based Donor/Acceptor-Systems

After gaining a comprehensive understanding of the adsorption and electronic

properties of N-HTA 550 and N-HTA 557 as two N-heterotriangulene-based

donor (D) molecule, in the following, these molecules are used in combination

with two well-known cyano-based acceptor (A) molecules namely, TCNQ and

F4TCNQ, to investigate the possibility of charge transfer in the corresponding

D/A-systems. This investigation is inspired by the work of Michalsky et al. [88],

in which they demonstrated that N-HTA 557 can undergo donor/acceptor in-

teractions with the mentioned acceptors in both solid state and solution. This

leaves the possibility of observing such interactions in the formed thin films of

the D/A-systems, on Au(111) substrate, which is the focus of this study.

Similar to the presented results for N-HTA derivatives, the adsorption and

electronic properties of TCNQ and F4TCNQ molecules on Au(111) substrate

were previously investigated by Dr. Friedrich Maaß with the same experimen-

tal setup used here and the obtained results are presented in Ref. [95]. These

results are consulted in this study together with the observation made for

N-HTAs, to interpret the obtained results for the corresponding D/A-systems.

The used TCNQ and F4TCNQ molecules for this study were purchased from

TCI chemicals.

In order to prepare these systems, first a mono - or multilayer coverage of

either one of the donor molecules (N-HTA 550 or N-HTA 557) are deposited

on Au(111). This step is then followed by deposition of a monolayer cover-

age of the acceptor molecule (TCNQ or F4TCNQ) on top of the underlying

donor molecule coverage. Thereby, decoupling the acceptor molecules, from

the substrate, while inducing a potential charge transfer between the donor and

acceptor molecules. The conducted TPD studies (see appendix G.1) clearly

shows that preparation of the D/A-systems via direct deposition of donor and

subsequently acceptor molecules is possible. Therefore, this method is used to

prepare samples for further vibrational and electronic HREELS measurements

on the D/A-systems. Results from the vibrational HREELS measurements

(see appendix G.2) indicate that TCNQ and F4TCNQ molecules adsorb with

a mainly planar geometry on the underlying N-HTA coverages. Such adsorp-

tion geometry should facilitate an intermolecular charge transfer between the

donor and acceptor molecules at their interface.

The electronic HREELS is utilized to investigate the electronic structure

of the formed D/A-systems. In the presented results from this set of mea-
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surements, in order to distinguish between the contributions from donor and

acceptor molecules to the overall electronic HREELS spectra of each system,

the assigned electron energy loss features from donor molecules are labelled

with orange and acceptor molecules with blue color.

The electronic HREELS spectra of TCNQ/N-HTA systems are shown in

figure 3.39. The spectrum of the TCNQ/N-HTA 550 bilayer consists of the

conventional Au(111) surface plasmon (CSP) at 2.5 eV [140], a strong electron

energy loss feature with a peak maximum at 3 eV and a broad loss feature at

5.4 eV (see Figure 3.39 (a)). By comparing this spectrum with the measured

electronic HREELS spectra of TCNQ on Au(111) (see Figure G.8 (a)), the peak

maximum at 3 eV can be assigned to the transition of ground state (S0) to

the first singlet excited state (S1), i.e. the optical gap of TCNQ as previously

reported in Ref. [95]. Similarly, a comparison with the measured electronic

HREELS spectrum of N-HTA 550 at its multilayer coverage on Au(111) reveals

that the observed broad loss feature at 5.4 eV in the spectrum of the D/A-

bilayer corresponds to a higher transition (S0 → S5) of N-HTA 550 (see Figure

3.36(b)).
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Figure 3.39.: Electronic HREELS spectra of 1 ML of TCNQ deposited on (a) 1 ML and

(b) 4 ML of N-HTA 550 as well as (c) 1 ML and (d) 4 ML of N-HTA 557 on

Au(111) (black spectra). The electronic loss features were fitted using Gaus-

sian functions (red curves). E0 is the primary energy of the incident elec-

trons. Θ is the coverage in monolayer (ML). The contributions from TCNQ

are marked with blue, N-HTA 550/557 with orange and CT-transitions with

green colors.
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By increasing the N-HTA 550 coverage to 4 ML, thus electronically decou-

pling the donor molecules at higher layers in addition to the overlying accep-

tor molecules from the metallic substrate, further loss features associated with

N-HTA 550 can also be detected in the spectrum of the compound (see Figure

3.39 (b)). In this spectrum, aside from the S0 → S1 transition of TCNQ at

2.9 eV, the contribution of N-HTA 550 to the spectrum is evident from the

S0 → S1 transition (optical gap) at 3.4 eV as well as other higher transitions

associated with the molecule at 3.9 eV (S2), 4.4 eV (S3), 4.7 eV (S4) and 5.4

eV (S5), which are mostly in good agreement with the assigned transitions of

N-HTA 550 in the spectrum of its multilayer coverage on Au(111).

Interestingly, the spectrum of TCNQ/N-HTA 550 system at the multilayer

coverage also includes two low-energy loss feature at 1.7 eV and 2.2 eV, which

are both located beneath the S0 → S1 transition of both donor and acceptor

molecules and are absent in the spectrum of the corresponding D/A-bilayer as

well as the measured spectra of individual TCNQ and N-HTA 550 molecules

adsorbed on Au(111). These observations suggest that the loss features at 1.7

eV and 2.2 eV are the result of an interaction between the donor and acceptor

molecules and originate from possible CT-states of TCNQ/N-HTA 550 system.

However, the question remains as to why the assigned CT-transitions could

not be detected in the spectrum of the D/A-bilayer. It can be assumed that at

the bilayer, the donor molecule at its monolayer coverage is strongly coupled

with Au(111). As a result, no charge transfer between the over laying TCNQ

and the under laying N-HTA 550 takes place. This assumption is supported

by the fact that increasing the coverages of N-HTA 550 to 4 ML, thus decou-

pling the donor molecules at higher layers from the metallic substrate leads to

detection of the loss features associated with CT-transitions between the two

molecules in the multilayer spectrum of the system.

As for TCNQ/N-HTA 557 system, the spectrum of its bilayer (see Figure

3.39 (c)) consist of a contribution at 0.7 eV, the S0 → S1 transition of TCNQ

at 3 eV and a broad loss feature at 5.4 eV which can be assigned to the

higher transition (S0 → S4) of N-HTA 557, when compared with the measured

electronic HREELS spectrum of the molecule at its multilayer coverage on

Au (111) (see Figure 3.36 (d)). The contribution at 0.7 eV is located in an

energetic position close to the assigned plasmonic excitation (P) of TCNQ

on Au(111) (at 0.5 and 0.6 eV in Figure G.8 (a) and (b)). Accordingly, the

observed loss feature at 0.7 eV in the spectrum of the TCNQ/N-HTA 557
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bilayer is attributed to plasmonic excitation of TCNQ. The origin of this

excitation is discussed in details in Ref. [95].

Increasing the N-HTA 557 coverage to 4 ML leads to a complete decoupling

of the acceptor molecules from the substrate (see Figure 3.39 (d)). Thus, the

spectrum of TCNQ/N-HTA 557 system consists predominately of loss features,

which can be assigned to the electronic transitions of either donor or acceptor

molecules. These include the S0 → S1 transitions of N-HTA 557 at 2.4 eV

(see Figure 3.36 (d)) and TCNQ at 3 eV as well as other higher transitions

of N-HTA 557 at 3.8 eV (S2), 4.4 eV (S3) and 5.6 eV (S4), which are all in

good agreement with the assigned transitions of the molecules in the measured

electronic HREELS spectra of their multilayer coverages on Au(111).

In addition to the already assigned transitions, the spectrum of the D/A-

system at the multilayer coverage, also includes a pronounced loss feature

at 1.3 eV, which exhibits a similar behaviour as the two CT-transitions in

TCNQ/N-HTA 550 compound. This loss feature is located beneath the S0 → S1

transition of both donor and acceptor molecules and is also absent in the spec-

trum of the D/A-bilayer and only appears by increasing the coverage of donor

molecule at the multilayer coverage. This suggests that the detected loss fea-

ture at 1.3 eV may also originates from a charge transfer between donor and

acceptor molecules in TCNQ/N-HTA 557 system.

However, when the spectrum of the corresponding D/A-system is compared

to the spectrum of N-HTA 557 at the multilayer coverage on Au(111) (see Fig-

ure 3.36 (d)), it becomes apparent that the loss feature in question is conve-

niently located at the same electron energy loss (1.3 eV) as previously assigned

to CT-state of N-HTA 557 on Au(111). Whether the detected loss feature at

1.3 eV in the D/A-system originates from a charge transfer between TCNQ and

N-HTA 557 molecules or is the result of the electron transfer from N-HTA 557

to Au(111) can be clarified by the fact that increasing the N-HTA 557 coverage

in the compound induces the loss feature in question, whereas in the case of the

adsorbed individual donor molecule on Au(111), a similar increase in coverage

results in a decrease in the intensity of the loss feature at the multilayer in com-

parison to the monolayer coverage (see Figure 3.36 (c) and (d)). This indicates

that loss feature results from donor-acceptor interaction and potentially origi-

nates from the charge transfer between N-HTA 557 molecules at higher layers

with the overlaying TCNQ rather than the charge transfer between N-HTA 557

molecule and Au(111) at the interface with the substrate. As a result, it can be
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concluded that both donor molecules, N-HTA 550 and N-HTA 557, undergo a

charge transfer with the overlaying TCNQ in TCNQ/N-HTA systems at the

multilayer coverage and as such form CT-complexes.

After gaining an insight into the influence of N-HTA derivatives as donor

molecules on the overall electronic structure of the TCNQ/N-HTA systems, in

the following, another acceptor molecule, F4TCNQ, is used to form F4TCNQ

/N-HTA systems, in order to investigate the influence of a stronger acceptor

molecule on the electronic structure of the corresponding D/A-systems. Fig-

ure 3.40 shows the measured electronic HREELS spectra of F4TCNQ/N-HTA

systems on Au(111).
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Figure 3.40.: Electronic HREELS spectra of 1 ML of F4TCNQ deposited on (a) 1 ML and

(b) 4 ML of N-HTA 550 as well as (c) 1 ML and (d) 5 ML of N-HTA 557 on

Au(111) (black spectra). The electronic loss features were fitted using Gaus-

sian functions (red curves). E0 is the primary energy of the incident electrons.

Θ is the coverage in monolayer (ML). The contributions from F4TCNQ are

marked with blue, N-HTA 550/557 with orange and CT-transitions with

green colors.

Starting with the F4TCNQ /N-HTA 550 bilayer (see Figure 3.40 (a)), the

spectrum of the compound consists of a contribution at 0.6 eV, two low-energy

loss features at 1.5 eV and 2 eV, the conventional Au(111) surface plasmon

at 2.5 eV and a broad loss features at 3.1 eV, which agrees with the S0 → S1

transition, i.e. the optical gap of F4TCNQ
[95] from the measured electronic

HREELS spectrum of the molecule at its multilayer coverage on Au(111) (see
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Figure G.8 (c)). The contribution at 0.6 eV, labelled with letter P, resem-

bles the observed plasmonic excitation of F4TCNQ on Au(111) as reported in

Ref. [95].

As previously seen for the TCNQ/N-HTA 557 system, by increasing the the

coverage of the underlying donor molecule, in this case N-HTA 550, to 4 ML,

thus completely decoupling the overlaying acceptor molecules from the metallic

substrate, the majority of the detected loss features in this spectrum can be

assigned to the electronic transitions of either donor or acceptor molecules.

These include the S0 → S1 transitions of F4TCNQ at 2.9 eV and N-HTA 550

at 3.5 eV as well as other higher transitions of N-HTA 550 at 3.9 eV, 4.4 eV, 4.7

eV and 5.5 eV, which are all in good agreement with the assigned transitions

of the molecule in the measured electronic HREELS spectrum of its multilayer

coverage on Au(111).

The two unassigned low-energy loss feature at 1.5 eV and 2.0 eV as can be

seen in the spectrum of the D/A-bilayer are also present in the spectrum of

the multilayer coverage at 1.5 eV and 1.8 eV. These loss features are located

beneath the S0 → S1 transition of F4TCNQ and N-HTA 550 and are absent

in the measured electronic HREELS spectra of both molecules on Au(111).

Interestingly, the double peak structure of these loss features resembles the

previously assigned CT-transitions of TCNQ/N-HTA 550 system. However,

in case of F4TCNQ/N-HTA 550 system, the features are shifted to lower en-

ergies by 200 meV and 400 meV and exhibit a different profile, where the low

energy loss peak (at 1.5 eV) have a higher relative intensity in comparison

to the second feature (at 2.0 eV/1.8 eV). These observations indicates that

similar to the case of TCNQ/N-HTA 550 system, these two loss features are

also the result of a possible charge transfer, this time between F4TCNQ and

N-HTA 550. Therefore, it can be concluded that the F4TCNQ/N-HTA 550

system forms a CT-complex.

A comparison between the the results from the electronic HREELS mea-

surements on F4TCNQ/N-HTA 550 and TCNQ/N-HTA 550 systems reveals

that by changing the acceptor molecule from TCNQ to F4TCNQ, thus increas-

ing the acceptor strength of the molecule, in contrast to TCNQ/N-HTA 550

system, a charge transfer between donor and acceptor molecules can also

takes place at the F4TCNQ/N-HTA 550 bilayer. This observation indicates

that forming a CT-complex with F4TCNQ as an acceptor molecule instead

of TCNQ changes the behaviour of the charge transfer in a way that the un-
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3.3. N-Heterotriangulene Derivatives and Donor/Acceptor-Systems

derlying donor molecule interacts with the overlaying acceptor molecule at a

monolayer coverage on Au(111). This behaviour can only be interpreted as the

result of influence of a stronger acceptor, F4TCNQ, on the overall electronic

structure of the F4TCNQ/N-HTA 550 system.

The influence of F4TCNQ on the D/A-systems is also evident from the mea-

sured electronic spectra of F4TCNQ/N-HTA 557 bilayer as shown in figure 3.40

(c). This spectrum consists of a pronounced low-energy loss feature at 1 eV,

resembling the previously assigned CT-transition of the TCNQ/N-HTA 557

system (at 1.3 eV), the conventional Au(111) surface plasmon at 2.6 eV and

the S0 → S1 transition of F4TCNQ at 3.2 eV. The loss feature at 1 eV is lo-

cated beneath the S0 → S1 transition of F4TCNQ in the same spectrum and

the known S0 → S1 transition of N-HTA 557 at 2.1 eV from its measured elec-

tronic HREELS spectrum at the monolayer coverage on Au (111) (see Figure

3.36 (c)). Additionally, it is absent in the measured electronic HREELS spec-

tra of both donor and acceptor molecules at their mono- or multilayer coverage

on Au(111). These observations suggests that the loss feature at 1 eV, sim-

ilar to other assigned low-energy loss features in the previously investigated

D/A-system, originates from a charge transfer between the donor and acceptor

molecules and as such it is assigned to a CT-transition. This indicates that

the F4TCNQ/N-HTA 557 system forms a CT-complex.

By increasing the coverage of N-HTA 557 to 5 ML, the CT-transition of

the D/A-system shifts to a lower electron energy loss at 0.9 eV and its rel-

ative intensity to the rest of the spectrum increases even more as shown in

figure 3.40 (d). Surprisingly, the S0 → S1 transitions of neither F4TCNQ nor

N-HTA 557 can be detected in the measured multilayer spectrum of this D/A-

system. This is in contrast to the previously observed behaviour of other

D/A-systems, where increasing the coverage of the underlying donor molecule

results in detection of its S0 → S1 transition along with the ones of the acceptor

molecule at the multilayer coverage. However, other higher transitions associ-

ated with N-HTA 557 at 3.8 eV, 4.6 eV and 5.5 eV can still be detected in the

multilayer spectra of the D/A-system, which are all in good agreement with

the assigned transitions of the molecule at its multilayer coverage on Au(111).
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Figure 3.41.: Electronic HREELS spectra (top) of 1 ML of TCNQ deposited on (a) 4 ML

of N-HTA 550 and (c) 4 ML of N-HTA 557 as well as 1 ML of F4TCNQ de-

posited on (b) 4 ML of N-HTA 550 and (d) 5 ML of N-HTA 557 on Au(111)

(black spectra). The electronic loss features were fitted using Gaussian func-

tions (red curves). E0 is the primary energy of the incident electrons. Θ is the

coverage in monolayer (ML). The contributions from TCNQ and F4TCNQ

are marked with blue, N-HTA 550/557 with orange and CT-transitions with

green colors. The identified and assigned electronic transitions of the D/A-

systems are summarized in an energy level diagram (bottom).
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Noticeably, when the obtained spectra of the formed D/A-system are com-

pared (see figure 3.41 top), it becomes clear that regardless of the nature of

the used acceptor molecule, the number of identified CT-transition for each of

the D/A-systems is determined by the used donor molecule. To be specific, it

appears that D/A-systems with N-HTA 550 as donor (see figure 3.41 (a) and

(b)) exhibit two CT-transition and the ones formed with N-HTA 557 exhibit

only one pronounced CT-transition (see figure 3.41 (c) and (d)). The identified

and assigned energies of electronic transitions of the singlet (S) and CT-states

in the D/A-systems are summarized in an energy level diagram in figure 3.41

(bottom).

Furthermore, the spectra of the TCNQ/N-HTA and F4TCNQ/N-HTA sys-

tems also include two contributions from the in plane νs(C-N) and νs(C-H)

stretching modes vibrations in their multilayer coverages (see figure 3.42 (e),

(f), (g) and (h)). By comparing the low-energy loss region of these spectra

with the same region in the spectra of individual molecules, N-HTA 550 and

N-HTA 557 as well as TCNQ and F4TCNQ, at their multilayer coverages on

Au(111) (see figure 3.42 (a), (b), (c) and (d)), the observed νs(C-N) vibra-

tions are attributed to TCNQ and F4TCNQ, while the νs(C-H) vibrations can

originate from either TCNQ or N-HTA derivatives or a combination of both.

The same comparison also shows that going from the adsorbed coverages of

individual TCNQ and F4TCNQ molecules on Au(111) to their corresponding

D/A-system with N-HTA derivatives, the energetic positions of the νs(C-N)

vibrations are shifted from 275 meV (for TCNQ) to 274 and 273 meV (for

TCNQ/N-HTA system) and from 277 meV (for F4TCNQ) to 272 and 270

meV (for F4TCNQ/N-HTA system). This indicates that N-HTA 557 induces

a much larger energy shift (about 7 meV) for the given vibration, toward a

lower energy in F4TCNQ/N-HTA 557, in comparison to N-HTA 550.

This trend agrees well with the findings of Michalsky et al. [88], in which

they also observed a shift of νs(C-N) vibrations of the acceptor molecules

toward lower wavenumbers in D/A-systems in comparison to pristine acceptor.

They report that in case of TCNQ, νs(C-N) vibration of the molecule, shifts

from 2224 cm−1 (276 meV) for the pristine molecule to 2220 cm−1 (275 meV)

for the co-crystallized molecule with N-HTA 557, while the same vibrations

shifts from 2226 cm−1 (276 meV) for pristine F4TCNQ molecule to 2219 cm−1

(275 meV) in its amorphous solid with N-HTA 557 [88]. These observations

are another sign of donor/acceptor interactions, in which the stronger donor
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molecule (N-HTA 557), exhibit larger energy-shift with the stronger acceptor

molecule (F4TCNQ).
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Figure 3.42.: Low electron energy loss region of HREELS spectra of (a) N-HTA 550 (4

ML), (b) N-HTA 557 (5 ML), (c) TCNQ (10 ML) and (d) F4TCNQ (3.5

ML) adsorbed on Au(111) as well as 1 ML of TCNQ deposited on (e) 4 ML

of N-HTA 550, (f) 4 ML of N-HTA 557 and 1 ML of F4TCNQ deposited on

(g) 4 ML of N-HTA 550, (h) 5 ML of N-HTA 557 on Au(111). E0 is the

primary energy of the incident electrons. Θ is the coverage in monolayer

(ML).
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Finally, in order to investigate the influence of sample preparation on charge

transfer between the donor and acceptor molecules, the N-HTA 557/F4TCNQ

system is formed, in which the preparation order is reversed. This means that

in the first step a mono- or multilayer coverage of F4TCNQ is deposited on

Au(111) and in the second step a monolayer of N-HTA 557 is deposited on

top of the underlying F4TCNQ coverage to form a potential CT-complex. The

results from this study is presented in appendix (see G.3).

To summarize, in this subsection it has been demonstrated that bilayers

and thin films of D/A-systems with N-HTA 550 and N-HTA 557 as donor

molecules as well as TCNQ and F4TCNQ as acceptor molecules can be pre-

pared by first depositing a mono - or multilayer coverage of either one of the

donor molecules as a decoupling layer onto Au(111) substrate held at 200 K,

followed by deposition of a monolayer of one of the acceptor molecules onto

the underlying molecular coverage. Through electronic HREELS measure-

ments, it is found that the prepared D/A-systems form CT-states at 1.7 eV

and 2.2 eV (TCNQ/N-HTA 550), 1.5 eV and 1.8 eV (F4TCNQ/N-HTA 550),

1.3 eV (TCNQ/N-HTA 557), and 0.9 eV (F4TCNQ/N-HTA 557). In case of

TCNQ/N-HTA systems, the CT-states are only formed at the multilayer cov-

erage, while in F4TCNQ/N-HTA systems the corresponding CT-states are also

formed at their bilayer. This observation is attributed to the stronger acceptor

strengths of F4TCNQ in comparison to TCNQ.

In conclusion, the presented studies in this section provide valuable insights

into the adsorption and electronic properties of two N-heterotriangulene deriva-

tives, namely N-HTA 550 and the newly synthesized N-HTA 557 as potential

donor molecules, at the interface with Au(111) and within their thin films.

Additionally, the studied charge transfer properties of N-HTA derivatives in

their D/A-systems, which are formed in combination with two known accep-

tor molecules, TCNQ and F4TCNQ, can be used as a reference for developing

other D/A-systems based on small molecule organic semiconductors.
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4. Conclusion

In this thesis, high-resolution electron energy-loss spectroscopy (HREELS) and

temperature-programmed desorption (TPD) techniques in combination with

density functional theory (DFT) calculations have been used to investigate the

influence of N-introduction, core substitution and connectivity on the adsorp-

tion and electronic properties of various of N-heteropolycycles. The studied

molecules included derivatives of linear- (DAP and TAP) and arrow-shaped

(TIPS-BAP) N-heteropentacenes, naphto- (NTD, NTD-Cl and NTD-Br) and

benzobis- (BBT-Ph and BBT-Th) thiadiazoles as well as N-heterotrian-

gulenes (N-HTA 550 and N-HTA 557).

In the presented studies, results from TPD measurements provided valuable

insights into the effects of alteration made to the molecules on the adsor-

bate/adsorbate and adsorbate/substrate-interactions. It has been found that

N-introduction in DAP and TAP results in an increase in adsorbate/substrate-

interactions in comparison to parent pentacene (PEN), while introduction of

two additional N-atoms into the backbone of TAP does not lead to stronger

interaction of the adsorbate with the metallic substrate, when compared to

DAP. In case of TIPS-BAP, addition of N-atoms results in an increase in

adsorbate/adsorbate-interactions, which is evident from the higher desorption

temperature of the multilayer coverage of the molecule in comparison to the

desorption temperature of its polycyclic aromatic hydrocarbon (PAH) coun-

terpart, TIPS-BP. In contrast, it has been observed that at the monolayer

coverage, TIPS-BAP desorb at a lower temperature relative to TIPS-BP. This

desorption behaviour is attributed to the interplay of N-atoms and the phenyl

rings in the backbone of TIPS-BAP, which leads to weaker adsorbate/substrate-

interactions. As for core substitution in thiadiazole derivatives, it is revealed

that halogenation via Cl and Br atoms in NTD-Cl and NTD-Br as well as

substitution of thiophene groups in BBT-Th result in an increase in adsor-

bate/adsorbate and adsorbate/substrate-interaction for the corresponding mo

lecules in comparison to phenyl substituted BBT-Ph. Similarly, in case of

N-heterotriangulene derivatives, structural variation through introduction of
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-C=C- bridge in N-HTA 557 also results in an increase in adsorbate/adsor

-bate and adsorbate/substrate-interaction for the molecule in comparison to

N-HTA 550. These observations indicate that alteration of molecules can affect

their interactions with neighbouring molecules as well as the substrate.

Furthermore, as shown via vibrational HREELS measurements, all of the

studied molecules, at all coverages adopt a planar adsorption geometry rela-

tive to the substrate surface. This general finding indicates that symmetric

and asymmetric N-introduction in DAP and TAP or TIPS-BAP, core substitu-

tion via large halogen atoms in NTD-Cl and NTD-Br as well as connecting the

moieties of N-HTA 557 via -C=C- bridge, do not change the adsorption geome-

try of the corresponding molecules compared to their planar parent molecules

(PEN, TIPS-BP, NTD and N-HTA 550). Additionally, examination of the

TIPS-BAP and TIPS-BP as well as BBT-Ph and BBT-Th revealed that despite

the presence of bulky (TIPS) and aromatic (phenyl and thiophene) side groups

in these molecules, the adsorption geometry of the molecules remains planer

even at multilayer coverage. These observations are attributed to the strong

interaction of adsorbates with Au(111) substrate, which forces the molecules

to adapt the planer geometry, and possibly the packing of the molecules in

their thin films that favours the planer geometry.

Finally, through electronic HREELS measurements, it was determined that

N-introduction can affect the electronic structure of N-heteropolycycles in

three ways, namely narrowing the optical gap (S0 → S1 transition), shifting

the assigned S0 → T1 transition to a higher energy and inducing a pronounced

rise in the intensity of the α - band (S0 → S2) in comparison to parent PAHs.

As observed for linear N-heteropentacenes, upon N-introduction, the optical

gap is reduced by 100 meV from 2.1 eV for PEN to 2 eV for DAP and by

500 meV to 1.6 eV for TAP, due to stabilization of the valence molecular

orbitals by N-atoms with high electronegativity, while the assigned S0 → T1

transition shifts to a higher energy by 300 meV from 0.9 eV for DAP and

PEN to 1.2 eV for TAP. Similarly, the optical gap of the arrow-shaped N-

heteropentacene is reduced by 200 meV from 2.1 eV for TIPS-BP to 1.9 eV

for TIPS-BAP, as a result of the stabilization of the polar first excited sin-

glet state (S1) of TIPS-BAP in a polar environment. The pronounced rise in

the intensity of the α - band going form PEN to DAP and then TAP, and

going form TIPS-BP to TIPS-BAP has been attributed to the alteration of

the energies of the molecular orbitals and the change in their transition dipole
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moments by the introduced N-atoms in the backbone of the corresponding

N-heteropentacene derivatives. The electronic structure of N-heteropolycycles

can also be fine-tuned by core substitution. As demonstrated for naphtoth-

iadiazole derivatives, the core halogenation in NTD-Cl and NTD-Br results

in a reduction of the transition energies of singlet and lowest triplet states in

comparison to NTD. This is evident from the narrowing of the optical gap

by 200 meV from 2.6 eV for NTD to 2.4 eV for NTD-Cl and NTD-Br as well

as the shift of the assigned S0 → T1 transition to a lower energy by 150 meV

from 1.75 eV for NTD to 0.6 eV for NTD-Cl and NTD-Br. These trends are

attributed to the influence of electron withdrawing halogens with much higher

electronegativity than hydrogen atoms on the electronic structure of the halo-

genated molecules. Similarly, substitution of benzobisthiadiazole derivatives

with thiophene groups in BBT-Th, results in a reduction of the transition en-

ergies of singlet and lowest triplet states of the molecule in comparison to the

phenyl substituted BBT-Ph due to stabilization of frontier orbitals in BBT-Th

as the result of intramolecular charge transfer between the BBT moiety and

the substituted thiophene groups. This is evident from the narrowing of the

optical gap by 600 meV from 2.2 eV for BBT-Ph to 1.6 eV for BBT-Th as well

as shift of the assigned S0 → T1 transition to the lower energy by 500 meV from

1.2 eV for BBT-Th to 0.7 eV for BBT-Ph. Moreover, it has been found that

electronic structure of a molecule can also be adjusted by changing its struc-

ture through connecting different moieties of the corresponding molecule. This

is exhibited by introduction of -C=C- bridge in N-HTA 557, which resulted in

a narrowing of the optical gap of about 0.9 eV from 3.4 eV for N-HTA 550 to

2.5 eV for N-HTA 557. This finding is attributed to the influence of -C=C-

bridge on the electronic structure of N-HTA 557 by extending the π-system in

the molecule in comparison to N-HTA 550. Subsequently, it has been demon-

strated that the studied N-heterotriangulenes can be used as donor molecules

in D/A-systems in combination with well-known acceptor molecules (TCNQ

and F4TCNQ) to form charge transfer (CT)-complexes.

Ultimately, the findings from the presented studies in this thesis provided

new and valuable insights into the adsorption and electronic properties of N-

heteropolycycles on a metallic substrate and within their thin films. In future

works, further investigation of N-heteropolycyclic molecules in the scope of col-

laborative research center SFB 1249 can lead to a comprehensive understand-

ing of the properties of this class of aromatic compounds, which can be used
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to improve and optimize the performance of organic based (opto)electronic

devices.
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[9] Möller, S.; Periov, C.; Jackson, W.; Taussig, C.; Forrest, S. R. A poly-

mer/semiconductor write-once read-many-times memory. Nature 2003

426:6963 2003, 426, 166–169.

135



Bibliography

[10] Forrest, S. R. The path to ubiquitous and low-cost organic electronic

appliances on plastic. Nature 2004 428:6986 2004, 428, 911–918.

[11] Chih Wei Chu, B.; Ouyang, J.; Tseng, J.-H.; Yang, Y.; Yang, Y.;

Chu, C. W.; Tseng, J.-h.; Ouyang, J. Organic Donor–Acceptor System

Exhibiting Electrical Bistability for Use in Memory Devices. Advanced

Materials 2005, 17, 1440–1443.
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[16] Müllen, K.; Scherf, U. Organic Light Emitting Devices: Synthesis, Prop-

erties and Applications. Organic Light Emitting Devices: Synthesis,

Properties and Applications 2006, 1–410.

[17] Bunz, U. H.; Engelhart, J. U.; Lindner, B. D.; Schaffroth, M. Large

N-heteroacenes: new tricks for very old dogs? Angewandte Chemie (In-

ternational ed. in English) 2013, 52, 3810–3821.

[18] Miao, Q.; Miao, Q. Ten Years of N-Heteropentacenes as Semiconductors

for Organic Thin-Film Transistors. Advanced Materials 2014, 26, 5541–

5549.

[19] Bunz, U. H. The Larger Linear N-Heteroacenes. Accounts of Chemical

Research 2015, 48, 1676–1686.

136



Bibliography

[20] Hoff, J. J.; Zhu, L.; Dong, Y.; Albers, T.; Steel, P. J.; Cui, X.; Wen, Y.;

Lebedyeva, I.; Miao, S. Diazapentacene derivatives: synthesis, proper-

ties, and structures. RSC Advances 2016, 6, 86824–86828.

[21] Bunz, U. H.; Freudenberg, J. N-Heteroacenes and N-Heteroarenes as N-

Nanocarbon Segments. Accounts of chemical research 2019, 52, 1575–

1587.

[22] Winkler, M.; Houk, K. N. Nitrogen-rich oligoacenes: Candidates for n-

channel organic semiconductors. Journal of the American Chemical So-

ciety 2007, 129, 1805–1815.

[23] Tverskoy, O.; Rominger, F.; Peters, A.; Himmel, H. J.; Bunz, U. H. An

Efficient Synthesis of Tetraazapentacenes. Angewandte Chemie Interna-

tional Edition 2011, 50, 3557–3560.

[24] Herz, J.; Buckup, T.; Paulus, F.; Engelhart, J.; Bunz, U. H.; Motzkus, M.

Acceleration of singlet fission in an aza-derivative of TIPS-pentacene.

Journal of Physical Chemistry Letters 2014, 5, 2425–2430.

[25] Braun, S.; Salaneck, W. R.; Fahlman, M. Energy-Level Alignment at Or-

ganic/Metal and Organic/Organic Interfaces. Advanced Materials 2009,

21, 1450–1472.

[26] Brédas, J. L.; Norton, J. E.; Cornil, J.; Coropceanu, V. Molecular un-

derstanding of organic solar cells: The challenges. Accounts of Chemical

Research 2009, 42, 1691–1699.
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[51] Müller, M.; Rüdiger, E. C.; Koser, S.; Tverskoy, O.; Rominger, F.;

Hinkel, F.; Freudenberg, J.; Bunz, U. H. “Butterfly Wings” Stabilize

Heptacene. Chemistry – A European Journal 2018, 24, 8087–8091.

[52] Bissell A P de Silva H Q N Gunaratne P L M Lynch, R. A.; M Maguire

C P McCoy, G. E.; A S Sandanayake T, K. R.; Blssell A P de Silva

H Q N Gunaratne, R. A.; M Lynch G E M Maguire K R A S San-

danayake, P. L.; Sot, C.; Ono, K.; Tanaka, S.; Yamashita, Y.; Yamashita

K Ono S Tanaka, I. Y. Benzobis(thiadiazole)s Containing Hypervalent

Sulfur Atoms: Novel Heterocycles with High Electron Affinity and Short

Intermolecular Contacts between Heteroatoms. Angewandte Chemie In-

ternational Edition in English 1994, 33, 1977–1979.

[53] Karikomi, M.; Kitamura, C.; Tanaka, S.; Yamashita, Y. New Narrow-

Bandgap Polymer Composed of Benzobis(1,2,5-thiadiazole) and Thio-

phenes. Journal of the American Chemical Society 1995, 117, 6791–

6792.

[54] Thomas, A.; Bhanuprakash, K.; Prasad, K. M. Near infrared absorbing

benzobis(thiadiazole) derivatives: computational studies point to birad-

ical nature of the ground states. Journal of Physical Organic Chemistry

2011, 24, 821–832.

[55] Mishra, A.; Uhrich, C.; Reinold, E.; Pfeiffer, M.; Bäuerle, P. Synthesis
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Appendix

A. Au(111)

A.1. Vibrational and Electronic HREELS Measurements

Reference vibrational and electronic HREELS spectra of pristine Au(111) sub-

strate, after cleaning with standard sputtering and annealing cycles.
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Figure A.1.: Sputtered and annealed Au(111): Vibrational (a) and electronic (b) HREELS

spectra measured in specular (black spectra) scattering geometry. E0 is the

primary energy of the incident electrons. The energy resolution of the spec-

ular spectra is measured as the full width at half maximum (FWHM) of the

elastic peak (zero energy loss peak) and is given in wavenumbers (cm−1).
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B. Linear N-Heteropentacene Derivatives

B. Linear N-Heteropentacene Derivatives

B.1. TPD Measurements

In order to compare the desorption behaviour of different selected ionic frag-

ments of the adsorbed DAP and TAP on Au(111), fragment-mass-resolved

TPD measurements were carried out on the multilayer coverages of DAP and

TAP as shown in figure B.1. Different desorption features of the spectra are

assigned with α1, α2 and α3 in accordance with the corresponding TPD mea-

surements of each molecule in subsection 3.1.1 (see Figure 3.3).
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Figure B.1.: Fragment-mass-resolved TPD spectra of (a) DAP and (b) TAP for different

selected ionic fragments adsorbed on Au(111), measured with a heating rate

of β = 1 K/s. The desorption features are labelled with α1, α2 and α3.
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Appendix

B.2. Vibrational HREELS Measurements

The measured vibrational HREELS spectra of the annealed DAP and TAP

samples as well as their sub-monolayer coverage adsorbed on Au(111) are

shown in figure B.2. The assigned vibrations of sub-monolayer, mono - and

multilayer coverage are listed in tables 3.1. The assigned non-dipole-active

vibrations are visualized in figure B.3.
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Figure B.2.: Vibrational HREELS spectra of DAP (Left) and TAP (right) measured in

specular (black spectra) and off-specular (red spectra) scattering geometry

for post annealed samples (a and d) and sub-monolayer (b and e) coverage

on Au(111) with the associated DFT-calculations (B3LYP/6-311G) for in-

tensities and frequencies of B3u and B1 symmetric vibrational modes with a

dynamic dipole moment perpendicular to the molecular plane (c and f). E0

is the primary energy of the incident electrons. The energy resolution of the

specular spectra is measured as the full width at half maximum (FWHM) of

the elastic peak (zero energy loss peak) and is given in wavenumbers (cm−1).
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Figure B.3.: Visualisation of the assigned non-dipole-active vibrational modes obtained

from the DFT calculations (B3LYP/6-311G) for DAP (a) and TAP(b-e).

The corresponding energies (HREELS monolayer/HREELS multilayer/DFT)

are given in wavenumbers (cm−1). The direction of the calculated dipole

derivative unit vector (−→µ ) is depicted with a black arrow that lies in the plane

of the paper. The atomic displacements in each visualization are shown with

red arrows. The vibrational modes are visualized by the Facio software [139].

Adapted from Ref. [129].
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Appendix

B.3. Electronic HREELS Measurements

The measured electronic HREELS spectra of sub-monolayer and monolayer

coverages of DAP and TAP adsorbed on Au(111) are shown in figure B.4.
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Figure B.4.: Electronic HREELS spectra of adsorbed DAP (Left) and TAP (right) on

Au(111), measured for sub-monolayer (a and c) and monolayer (b and d)

coverages. E0 is the primary energy of the incident electrons.Θ is the coverage

in monolayer (ML). Adapted from Ref. [130].
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C. Arrow-Shaped N-Heteropentacene Derivative

C. Arrow-Shaped N-Heteropentacene Derivative

C.1. TPD Measurements

In order to compare the desorption behaviour of different selected ionic frag-

ments of TIPS group in the adsorbed TIPS-BP and TIPS-BAP on Au(111),

fragment-mass-resolved TPD measurements were carried out on the multilayer

coverages of both molecules as shown in figure C.1. Different desorption fea-

tures of the spectra are assigned with α1, α2 and α3 in accordance with the

corresponding TPD measurements of each molecule in subsection 3.1.2 (see

Figure 3.11).
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Figure C.1.: Fragment-mass-resolved TPD spectra of (a) TIPS-BAP and (b) TIPS-BP

for different selected ionic fragments of TIPS group adsorbed on Au(111),

measured with a heating rate of β = 1 K/s. The desorption features are

labelled with α1, α2 and α3.
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Appendix

C.2. Vibrational HREELS Measurements

The measured vibrational HREELS spectra of the annealed TIPS-BAP sample

as well as its monolayer coverage adsorbed on Au(111) are shown in figure C.2.

The assigned vibrations of mono - and multilayer coverage are listed in table

3.2.
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Figure C.2.: Vibrational HREELS spectra of TIPS-BAP measured in specular (black spec-

tra) and off-specular (red spectra) scattering geometry for post annealed sam-

ple (a) and monolayer coverage (b) adsorbed on Au(111) with the associated

DFT-calculations (B3LYP/6-311G) for intensities and frequencies of B1 sym-

metric vibrational modes with a dynamic dipole moment perpendicular to

the molecular plane (c). E0 is the primary energy of the incident electrons.

The energy resolution of the specular spectra is measured as the full width

at half maximum (FWHM) of the elastic peak (zero energy loss peak) and is

given in wavenumbers (cm−1). Adapted from Ref. [146].
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D. Naphthothiadiazole Derivatives

D. Naphthothiadiazole Derivatives

D.1. TPD Measurements

Figure D.1 shows the coverage dependent TPD spectra of NTD-Cl (m = 254

amu), with different initial coverages of 5, 6 and 10 ML for the fully dehalo-

genated biradical fragment of the molecule (m/z = 184).
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Figure D.1.: Coverage dependent TPD spectra of NTD-Cl for the biradical fragment with

the mass-to-charge ratio (m/z ) of 184 with different initial coverages adsorbed

on Au(111), measured with a heating rate of β = 1 K/s. The desorption

features are labelled with α1, α2, α3 and α4. The inset shows the monolayer

desorption features (α3 and α4). The structural formula of the ionic fragment

of NTD-Cl is depicted in the figure.

The spectra consist of two desorption regions. The first region includes

two desorption peaks at 318 K (α1) and 313 K (α2). The α1 peak does not

saturates with increasing coverage. Therefore, α1 is assigned to the desorption

of a multilayer coverage. The α2 peak appears as a shoulder structure at 5

ML and by increasing the coverage merges to the multilayer desorption peak

(α1). This characteristic desorption behaviour is similar to that of the 2nd-

layer desorption of NTD as observed in the coverage dependent TPD spectra

of the molecule (see Figure 3.19 (a)). Thus, the α2 peak can be attributed to

the desorption of the 2nd-layer. The second region includes a desorption peak

at 365 K (α3) and a broad desorption feature extending from 398 K to 483

K (α4). Both α3 and α4 saturate with increasing coverage. Therefore, it can

be assumed that α3 originates from a more densely packed compressed phase,

while α4 can be attributed to a desorption from a sub-monolayer coverage.
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Thus, the desorption spectrum of a monolayer coverage can be defined as a

spectrum, in which both α3 and α4 are saturated. The inset shows the enlarged

monolayer desorption region of the measured spectra.

Additionally, in order to compare the desorption behaviour of different se-

lected fragments of the adsorbed NTD-Cl on Au(111), fragment-mass-resolved

TPD measurements were carried out on the multilayer coverages of NTD-Cl,

after different time intervals as shown in figure D.2.
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Figure D.2.: Fragment-mass-resolved TPD spectra of NTD-Cl for different selected frag-

ments adsorbed on Au(111). The spectra measured (a) immediately after

sample preparation (≃ 10 min), (b) after approximately 3 h and (c) 15 h,

with a heating rate of β = 1 K/s. The dashed lines separates the desorption

regions. The desorption features of the biradical fragment (m/z=184) are

labelled with α1, α3 and α4 in accordance with the corresponding coverage

dependant TPD measurements of the molecule (see Figure D.1).

172



D. Naphthothiadiazole Derivatives

D.2. Vibrational HREELS Measurements

The measured vibrational HREELS spectra of the annealed NTD as well as

its monolayer coverage adsorbed on Au(111) are shown in figure D.3.
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Figure D.3.: Vibrational HREELS spectra of NTD, measured in specular (black spectra)

and off-specular (red spectra) scattering geometry for post annealed sam-

ple (a) and monolayer (b) coverage on Au(111) with the associated DFT-

calculations (B3LYP/6-311G) for intensities and frequencies of B1 symmetric

vibrational mode with a dynamic dipole moment perpendicular to the molec-

ular plane (c). E0 is the primary energy of the incident electrons. The energy

resolution of the specular spectra is measured as the full width at half max-

imum (FWHM) of the elastic peak (zero energy loss peak) and is given in

wavenumbers (cm−1). Adapted from Ref. [177].
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The measured vibrational HREELS spectra of mono - and multilayer cover-

ages of NTD-Br adsorbed on Au(111) are shown in figure D.4. The assigned

vibrations of mono - and multilayer coverage are listed in tables 3.3.
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Figure D.4.: Vibrational HREELS spectra of NTD-Br measured in specular (black spec-

tra) and off-specular (red spectra) scattering geometry for mono - (a) and

multilayer (b) coverages on Au(111) with the associated DFT-calculations

(B3LYP/6-311G) for intensities and frequencies of B1 symmetric vibrational

mode with a dynamic dipole moment perpendicular to the molecular plane

(c). E0 is the primary energy of the incident electrons. The energy resolu-

tion of the specular spectra is measured as the full width at half maximum

(FWHM) of the elastic peak (zero energy loss peak) and is given in wavenum-

bers (cm−1). Adapted from Ref. [177].
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D. Naphthothiadiazole Derivatives

Figure D.5 shows the measured vibrational HREELS spectra of mono - and

multilayer coverages of NTD-Cl and NTD-Br after approximately 15 hr of

preparing the samples. The identified and assigned vibrational modes of the

molecules from these spectra are similar to the ones located in the spectra of

the molecule, which are measured immediately after the sample preparation

(see Figure 3.21 for NTD-Cl and Figure D.4 for NTD-Br), with little to no

change in the energetic positions of the corresponding vibrations.
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Figure D.5.: Vibrational HREELS spectra of NTD-Cl (Left) and NTD-Br (right) measured

after approximately 15 h of sample preparation in specular (black spectra)

and off-specular (red spectra) scattering geometry for mono - (a and b) and

multilayer (c and d) coverages on Au(111). E0 is the primary energy of the

incident electrons. The energy resolution of the specular spectra is measured

as the full width at half maximum (FWHM) of the elastic peak (zero energy

loss peak) and is given in wavenumbers (cm−1).
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Figure D.6.: Visualisation of the assigned non-dipole-active vibrational modes obtained

from the DFT calculations (B3LYP/6-311G) for NTD (a and b) and

NTD-Cl (c-e). The corresponding energies (HREELS monolayer/HREELS

multilayer/DFT) are given in wavenumbers (cm−1). The direction of the cal-

culated dipole derivative unit vector (−→µ ) is depicted with a black arrow that

lies in the plane of the paper. The atomic displacements in each visualiza-

tion are shown with red arrows. The vibrational modes are visualized by the

Avogadro [180] software. Adapted from Ref. [177].
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D. Naphthothiadiazole Derivatives

D.3. Electronic HREELS Measurements

The measured electronic HREELS spectra of mono - and multilayer coverage

of NTD-Br adsorbed on Au(111) are shown in figure D.7.
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Figure D.7.: Electronic HREELS spectra of adsorbed NTD-Br on Au(111), measured for
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features were fitted using Gaussian functions (red curves). The corresponding

UV/Vis spectrum of the molecule is measured in dichloromethane (CH2Cl2)

(orange spectrum). E0 is the primary energy of the incident electrons. Θ is

the coverage in monolayer (ML). Adapted from Ref. [177].
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E. Benzobisthiadiazole Derivatives

E.1. TPD Measurements

Given the fact that the entirety of the monolayer desorption region of BBT-Th,

which consists of the compressed phase (α3) and the sub-monolayer coverage,

could not be detected in the corresponding spectra of the molecule (see Figure

3.27 (b)), instead area underneath the second layer desorption peak (α2) was

used as the reference for determining the coverage of the adsorbed BBT-Th

molecules on the substrate. Therefore, the given number of layers for each

coverage can only be taken as an estimate.
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Figure E.1.: (a) Integral of the coverage dependent TPD spectra of BBT-Th for (b) the

selected mass-to-charge ration (m/z ) of 179 adsorbed on Au(111) with differ-

ent initial coverages, measured with a heating rate of β = 1 K/s.
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E. Benzobisthiadiazole Derivatives

In order to compare the desorption behaviour of different selected fragments

of the adsorbed BBT-Ph and BBT-Th on Au(111), fragment-mass-resolved

TPD measurements were carried out on the multilayer coverages of both

molecules as shown in figure E.2. Different desorption features of the spec-

tra are assigned with α1, α2 and α3 in accordance with the corresponding

TPD measurements of each molecule in subsection 3.2.2 (see Figure 3.27).
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Figure E.2.: Fragment-mass-resolved TPD spectra of (a) BBT-Ph and (b) BBT-Th for

different selected fragments adsorbed on Au(111), measured with a heating

rate of β = 1 K/s. The desorption features are labelled with α1, α2 and α3.
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E.2. Vibrational HREELS Measurements

The measured vibrational HREELS spectra of the annealed BBT-Ph and

BBT-Th samples as well as their sub-monolayer coverage adsorbed on Au(111)

are shown in figure E.3. The assigned vibrations of sub - monolayer coverage

are listed in table 3.4.
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Figure E.3.: Vibrational HREELS spectra of BBT-Ph (Left) and BBT-Th (right) mea-

sured in specular (black spectra) and off-specular (red spectra) scattering

geometry for post annealed samples (a and d) and sub-monolayer (b and e)

coverage on Au(111) with the associated DFT-calculations (B3LYP/6-311G)

for intensities and frequencies of B3 and Au symmetric vibrational modes with

a dynamic dipole moment perpendicular to the molecular plane (c and f). E0

is the primary energy of the incident electrons. The energy resolution of the

specular spectra is measured as the full width at half maximum (FWHM) of

the elastic peak (zero energy loss peak) and is given in wavenumbers (cm−1).
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monolayer/HREELS multilayer/DFT) are given in wavenumbers (cm−1).

The direction of the calculated dipole derivative unit vector (−→µ ) is depicted

with a black arrow that lies in the plane of the paper. The atomic displace-

ments in each visualization are shown with green arrows. The vibrational

modes are visualized by the Avogadro [180] software.
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F. N-Heterotriangulene Derivatives

F.1. Mass Spectra
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Figure F.1.: Electron ionisation mass spectra (EI-MS) of (a) N-HTA 550 and (b)

N-HTA 557 for pristine molecules (red spectra) and heated molecules (blue

spectra) up to 373 K (N-HTA 550) and 393 K (N-HTA 557). The fragments

used during the TPD measurements are labelled.
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F. N-Heterotriangulene Derivatives

F.2. TPD Measurements

In order to compare the desorption behaviour of different selected fragments of

the adsorbed N-HTA 550 and N-HTA 557 on Au(111), fragment-mass-resolved

TPD measurements were carried out on the multilayer coverages of both

molecules (see Figure F.2). Different desorption features of the spectra are

assigned with α1, α2, α3 and α4 in accordance with the corresponding cover-

age dependent TPD measurements of each molecule in subsection 3.3.1 (see

Figure 3.33).
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Figure F.2.: Fragment-mass-resolved TPD spectra of (a) N-HTA 550 and (b) N-HTA 557

for different selected fragments adsorbed on Au(111), measured with a heating

rate of β = 1 K/s. The desorption features are labelled with α1, α2, α3 and

α4. Adapted from Ref. [192].
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F.3. Vibrational HREELS Measurements

The measured vibrational HREELS spectra of the annealed N-HTA 550 and

N-HTA 557 samples as well as their sub-monolayer coverages adsorbed on

Au(111) are shown in figure F.3. The assigned vibrations of the sub-monolayer

coverages are listed in table 3.5.
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Figure F.3.: Vibrational HREELS spectra of N-HTA 550 (Left) and N-HTA 557 (right)

measured in specular (black spectra) and off-specular (red spectra) scattering

geometry for post annealed samples (a and d) and sub-monolayer (b and e)

coverage on Au(111) with the associated DFT-calculations (B3LYP/6-311G)

for intensities and frequencies of B1 symmetric vibrational mode with a dy-

namic dipole moment perpendicular to the molecular plane (c and f). E0 is

the primary energy of the incident electrons. The energy resolution of the

specular spectra is measured as the full width at half maximum (FWHM) of

the elastic peak (zero energy loss peak) and is given in wavenumbers (cm−1).

Adapted from Ref. [192].
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vector (−→µ ) is depicted with a black arrow that lies in the plane of the paper.

The atomic displacements in each visualization are shown with green arrows.

The vibrational modes are visualized by the Avogadro [180] software. Adapted

from Ref. [192].
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F.4. Electronic HREELS Measurements

The measured electronic HREELS spectra of sub-monolayer and monolayer

coverage of N-HTA 550 and N-HTA 557 adsorbed on Au(111) are shown in

figure F.5.
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Figure F.5.: Electronic HREELS spectra of adsorbed N-HTA 550 (Left) and N-HTA 557

(right) on Au(111), measured for sub-monolayer (a and c) and monolayer

(b and d) coverages (black spectra). The electronic loss features were fitted

using Gaussian functions (red curves). E0 is the primary energy of the incident

electrons. Θ is the coverage in monolayer (ML). Adapted from Ref. [192].
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G. N-Heterotriangulene based Donor/Acceptor-Systems

G. N-Heterotriangulene based

Donor/Acceptor-Systems

G.1. TPD Measurements

After preparing the samples, through coverage dependent TPD measurements,

the adsorption properties of the D/A-systems on Au(111) are investigated.

Figure G.1 (a) shows the TPD spectra of TCNQ/N-HTA 550 bilayer with the

selected mass-to-charge ratio (m/z ) of 102, which corresponding to the half

of the parent molecular ion of TCNQ (204 amu). The spectra consist of two

desorption regions. The first region includes two overlaid desorption peaks

corresponding to TCNQ (orange spectra) and N-HTA 550 (red spectra), at

approximately 327 K (α1). The second region includes a broad desorption

feature originating from N-HTA 550 coverage, which extends from 416 K to

642 K (α2).

By increasing the coverage of N-HTA 550 to 4 ML, the desorption peaks of

each molecule assigned with α1 can be distinguished from one another with the

desorption peak associated with N-HTA 550 having a higher intensity relative

to the one attributed to TCNQ as shown in figure G.1 (b). Moreover, at the

multilayer coverage, the broad desorption feature of N-HTA 550 can still be

detected in the same temperature range as previously identified (α2) for the

bilayer. With a comparison between the spectra of TCNQ/N-HTA 550 sys-

tem and the measured TPD spectra of each of its components on Au(111) (see

Figures G.3 (a) and 3.33 (a)), it can be concluded that α1 originates from the

desorption of TCNQ together with higher coverages of N-HTA 550, while α2

can be assigned to the monolayer desorption feature of N-HTA 550. Absence

of any desorption feature which can be attributed to the TCNQ monolayer

desorption peak (α2) in the spectra of the system, suggests that the TCNQ

molecules are adsorbed entirely on top of the N-HTA 550 layer, thus by des-

orbing the underlying N-HTA 550 coverage, the overlaying TCNQ monolayer

desorbs as well.

Similar arguments can be used to describe the spectra of TCNQ/N-HTA 557

system as shown in G.1 (c) and G.1 (d). In these spectra, the monolayer cov-

erage of the acceptor molecule (TCNQ) desorbs at a lower temperature (α1)

together with a higher coverage (θ > 1 ML) of N-HTA 557. Subsequently, the

monolayer of donor molecule (N-HTA 557), desorbs across a broad tempera-
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ture range extending from 380 K to 660 K (α2). Therefore, it can be concluded

that the nature of the underlying molecules (N-HTA 550 or N-HTA 557) or its

coverage does not change the desorption behaviour of the overlaying acceptor

molecule in TCNQ/N-HTA systems.
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Figure G.1.: TPD spectra of approximately 1 ML of TCNQ deposited on (a) approximately

1 ML and (b) 4 ML of N-HTA 550 as well as (c) approximately 1 ML and

(d) 4 ML of N-HTA 557 adsorbed on Au(111). The spectra are measured

with a heating rate of β = 1 K/s for the selected m/z of 102 (TCNQ), 120

(N-HTA 550) and 132 (N-HTA 557).

In case of F4TCNQ/N-HTA systems, the TPD spectra of F4TCNQ is mea-

sured for the selected m/z of 138, which corresponding to the half of the

parent molecular ion of the molecule (276 amu). Overall, the spectra of

these D/A-systems, similar to the spectra of TCNQ/N-HTA systems, con-

sisting of two desorption regions. In the first region, α1 is located at approx-

imately the same temperature as the identified multilayer desorption temper-

atures of the individual molecules (see Figure 3.33 and Figure G.3 (b)) on

Au (111), since the acceptor molecules (F4TCNQ) are decoupled from the

substrate and desorb together with the multilayers of the N-HTAs. Thus,

α1 can be assigned to the desorption from a higher coverage in the spectra

of F4TCNQ/N-HTA systems. Likewise, in the second region, α2 is assigned

to the desorption region of N-HTA 550 or N-HTA 557 monolayer coverages.

Noticeably, F4TCNQ also exhibit desorption features in the assigned α2 des-
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orption region in F4TCNQ/N-HTA systems. This is in contrast to the ob-

served desorption behaviour of TCNQ as the acceptor molecule in the mea-

sured spectra of TCNQ/N-HTA systems, where the overlaying monolayer cov-

erage of the acceptor molecules is desorbed together with the underlying donor

molecules at the multilayer desorption temperatures (α1). At first glance this

may suggests that the identified desorption features of F4TCNQ at higher tem-

perature regions (α2) originate from the monolayer coverage of the molecule

adsorbed on Au(111) substrate. However, upon a closer comparison of the

F4TCNQ/N-HTA desorption spectra with one of the adsorbed F4TCNQ on

Au(111), it becomes clear that the desorption features in question are located

in temperature regions higher that of the adsorbed monolayer of F4TCNQ on

Au(111).
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Figure G.2.: TPD spectra of approximately 1 ML of F4TCNQ deposited on (a) approxi-

mately 1 ML and (b) 4 ML of N-HTA 550 as well as (c) approximately 1 ML

and (d) 5 ML of N-HTA 557 adsorbed on Au(111). The spectra are measured

with a heating rate of β = 1 K/s for the selected m/z of 138 (F4TCNQ), 120

(N-HTA 550) and 132 (N-HTA 557).

Additionally, the fact that the overlaying F4TCNQ monolayer coverage ex-

hibits a desorption feature along with the monolayer desorption region of the

adsorbed donor molecules on Au (111), regardless of the nature of the under-

lying molecules (N-HTA 550 or N-HTA 557) or their coverage, suggests that

observed desorption feature of F4TCNQ at higher temperatures may have origi-

nated from the co-desorption of the acceptor and the donor molecules. This can
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be attributed to a stronger adsorbate/adsorbate interaction between F4TCNQ

and N-HTA derivatives in comparison to TCNQ. It should also be noted that

the presence of the α1 peak in the given desorption spectra of N-HTA 550 and

N-HTA 557 for the corresponding TCNQ/ N-HTA and F4TCNQ/N-HTA bi-

layers suggests that the actual coverages achieved on the substrate after direct

deposition of N-HTA molecules are slightly more than the intended mono-

layer. This deviation from the the intended coverage after a direct deposition

of molecules is expected and is an unintended consequence of this method of

sample preparation. The corresponding preparation parameters used for these

samples are given in table H.1.
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the selected m/z of 138 adsorbed on Au(111), measured with a heating rate

of β = 1 K/s. The desorption features are labelled with α1 and α2. The

structural formulas of the selected ionic fragments from each molecule are

depicted in their corresponding figures.

191



Appendix

G.2. Vibrational HREELS Measurements

The angle-resolved vibrational HREELS measurement is utilized to investigate

the adsorption geometry of the deposited TCNQ and F4TCNQ molecules on

the N-HTA derivatives adsorbed on Au(111). In this set of measurements, the

identified vibrations in the spectra of each system are assigned by comparing

the corresponding results with the results obtained from the spectra of indi-

vidual molecules adsorbed on Au(111). In order to distinguish between the

contributions of the donor and acceptor molecules to the overall spectra of the

systems, the assigned vibrations of the acceptor molecules, either TCNQ or

F4TCNQ, are labelled with blue color.

The spectra of TCNQ/N-HTA 550 system consist of vibrations associated

with both donor and acceptor molecules (see Figure G.4 (a) and (b)). In the

TCNQ/N-HTA 550 bilayer, the contribution of TCNQ to the spectrum in-

cludes three dipole-active vibrations with a high intensity ratio between spec-

ular and off-specular scattered electrons, which are assigned to the buckling

mode (at 209 cm−1) as well as γω(C-C-C) and γω(C-H) wagging modes (at

464 cm−1 and 858 cm−1) (see Figure G.4 (a)). These vibrations are joined by

six non-dipole-active vibrations, with reduced specular to off-specular ratios,

that are assigned to δ(C-N) scissoring mode (at 133 cm−1), a combination

of δ(C-H) scissoring and ν(C-C-C) stretching modes (at 1339 cm−1 and 1549

cm−1) as well as νs(C-H) stretching mode (at 3057 cm−1). As for N-HTA 550,

the contribution of the molecule to the spectrum of the bilayer includes three

dipole-active vibrations, assigned to γω(C-H) wagging modes (at 406 cm−1

and 745 cm−1) and γτ (C-H) twisting modes (at 561 cm−1) as well as a single

non-dipole-active vibration assigned to δ(C-H) scissoring mode (at 1162 cm−1).

A comparison between the vibrational HREELS spectra of the deposited

monolayer of TCNQ on N-HTA 550 and directly on Au (111) (see Figure G.6

(b)) reveals that some of the assigned non-dipole-active vibrations in the spec-

tra of the bilayer, namely δ(C-N) scissoring, combination of δ(C-H) scissoring

and ν(C-C-C) stretching as well as ν(C-N) stretching modes, are missing in the

measured monolayer spectrum of TCNQ adsorbed on Au (111). Given that

the assigned vibrations in this spectrum are predominately dipole-active with

a dynamic dipole moment that is perpendicular to the molecular plane, it can

be concluded that at a monolayer coverage, TCNQ adapts a planar adsorption

geometry on Au(111) [95]. In contrast, presence of non-dipole-active vibrations

with a dynamic dipole moment that is parallel with the molecular backbone
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of TCNQ in the spectra of the TCNQ/N-HTA 550 bilayer suggest that ad-

sorption geometry of the adsorbed TCNQ monolayer on top of the underlying

N-HTA 550 monolayer is not strictly planar.
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Figure G.4.: Vibrational HREELS spectra of 1 ML of TCNQ deposited on (a) 1 ML and

(b) 4 ML of N-HTA 550 as well as (d) 1 ML and (e) 4 ML of N-HTA 557 ad-

sorbed on Au(111), measured in specular (black spectra) and off-specular

(red spectra) scattering geometry, with the associated DFT-calculations

(B3LYP/6-311G) for intensities and frequencies of B3u (TCNQ) and B1 (N-

HTA 550/557) symmetric vibrational modes with a dynamic dipole moment

perpendicular to the molecular plane (c and f). E0 is the primary energy

of the incident electrons. The energy resolution of the specular spectra is

measured as the full width at half maximum (FWHM) of the elastic peak

(zero energy loss peak) and is given in wavenumbers (cm−1). The assigned

vibrations of TCNQ (in blue) and N-HTA 550/557 (in black) are listed in

table G.1.

By increasing the coverage of underlying N-HTA 550 to 4 ML, the intensity

of detected vibrations associated with TCNQ decreases relative to the ones

assigned to N-HTA 550. As a result, the previously assigned ν(C-N) stretch-

ing mode vibration of TCNQ can no longer be detected in the spectrum of

the multilayer coverage, while a new dipole-active vibration at 919 cm−1 can

now be identified in the same spectrum, which is assigned to the γω/τ (C-H)
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vibrational mode of N-HTA 550. An exception is the presence of the ν(C-C)

stretching mode vibration of TCNQ in the spectrum of the multilayer at 1439

cm−1, which could not be detected in spectrum of the bilayer. Despite these

observations, no significant change in the spectra of TCNQ/N-HTA 550 mul-

tilayer can be seen, which suggest that increasing the coverage of N-HTA 550

does affect the adsorption geometry of the overlaying TCNQ coverage. There-

fore, it can be concluded that TCNQ adsorb with a mostly planer geometry

on the multilayer coverage of N-HTA 550.

As for the TCNQ/N-HTA 557 system, the contributions of TCNQ to the

spectra of the system at bi- and multilayer coverages consist of mostly sim-

ilar vibrations associated with the molecule as detected and assigned in the

spectra of the TCNQ/N-HTA 550 system (see Figure G.4 (c) and (d)). The

only exception to this observation is the absence of the previously assigned

δ(C-N) scissoring mode (at 133 cm−1) and ν(C-N) stretching mode (at 2172

cm−1) vibrations in the spectra of the TCNQ/N-HTA 557 system. Addition-

ally, the contribution of N-HTA 557 to the spectra of the system includes four

dipole-active vibrations, which are assigned to γω(C-N-C) and γω(C-H) wag-

ging modes (at 329 cm−1 and 743 cm−1) as well as γω/τ (C-H) wagging/twisting

modes (at 329 cm−1 and 743 cm−1), along with two non-dipole-active vibration

assigned to δ(C-H) scissoring (at 1166 cm−1) and ν(C-H) stretching modes (at

3042 cm−1). By increasing the N-HTA 557 coverage to 4 ML, the assigned

vibrations in the spectra of the bilayer, follows a similar trend as observed in

the spectra of the TCNQ/N-HTA 550 system, where increasing the coverage of

the underlying donor molecule results in a decreased intensity of the dipole ac-

tive vibrations of the acceptor relative to its non-dipole active vibrations in the

spectrum of the multilayer coverage in comparison to the bilayer. These obser-

vations suggests that TCNQ at a monolayer coverage adsorb with a relatively

planer geometry on the underlying coverages of N-HTA 557. This indicates

that the nature of the underlying molecules (N-HTA 550 or N-HTA 557) or its

coverage does not induce a significant change in the adsorption geometry of

the overlaying TCNQ molecules.

In case of F4TCNQ/N-HTA systems, the contributions of F4TCNQ to the

spectra of the systems include vibrations, which are assigned to the buckling,

γω(C-C-C) wagging modes as well as ν(C-C) stretching mode and its combi-

nation with δ(C-F) scissoring mode (see Figure G.5). These vibrations are

similar to the ones previously assigned in the measured spectrum of the ad-
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sorbed monolayer coverage of F4TCNQ on the Au(111) with the exception of

the ν(C-C-C) stretching mode vibration, which is absent in the spectra of the

systems. It is likely that this particular vibration is overlayed by γω(C-H) wag-

ging mode vibrations of N-HTA 550 at 746 cm−1 and N-HTA 557 at 753 cm−1.

Additionally, the assigned ν(C-N) stretching mode vibration of F4TCNQ can

only be detected in the F4TCNQ/ N-HTA 557 multilayer spectrum. As for

N-HTA 550 and N-HTA 557, the contributions of molecules to the spectra of

the systems consists of vibrations, which are already assigned in the spectra

of TCNQ/N-HTA systems.

However, some of the previously assigned vibrations, including the γτ (C-H)

twisting mode vibration of N-HTA 550 at 561 cm−1 as well as the γω(C-N-

C) and γω(C-H) wagging modes and δ(C-H) scissoring mode vibrations of

N-HTA 557 at 329 cm−1, 743 cm−1 and 1166 cm−1 are absent in the in the

spectra of F4TCNQ/N-HTA systems. These vibrations are either overlayed

by the vibrations associated with F4TCNQ or simply could not be detected

in the measured spectra of the systems.When compared, the assigned non-

dipole-active vibrations of F4TCNQ more pronounced in the spectra of the

F4TCNQ/N-HTA 557 system. Considering that these vibrations posses a dy-

namic dipole moment that is parallel with the molecular backbone, it can be

assumed that the underlying N-HTA 557 coverage induces a tilt in the overly-

ing F4TCNQmolecules out of the plane paralleled to the substrate. Regardless,

due to presence of the dominant buckling mode vibrations of F4TCNQ in the

spectra of F4TCNQ/N-HTA systems at both bi- and multilayer coverages and

the fact that this vibration posses a dynamic dipole moments that is perpen-

dicular to the molecular plane, it can be concluded that similar to TCNQ,

F4TCNQ molecules adsorb with a mainly planer geometry on the underlying

N-HTA coverages.
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Figure G.5.: Vibrational HREELS spectra of 1 ML of F4TCNQ deposited on (a) 1 ML and

(b) 4 ML of N-HTA 550 as well as (d) 1 ML and (e) 5 ML of N-HTA 557 ad-

sorbed on Au(111), measured in specular (black spectra) and off-specular

(red spectra) scattering geometry, with the associated DFT-calculations

(B3LYP/6-311G) for intensities and frequencies of B3u (F4TCNQ) and B1

(N-HTA 550/557) symmetric vibrational modes with a dynamic dipole mo-

ment perpendicular to the molecular plane (c and f). E0 is the primary

energy of the incident electrons. The energy resolution of the specular spec-

tra is measured as the full width at half maximum (FWHM) of the elastic

peak (zero energy loss peak) and is given in wavenumbers (cm−1). The as-

signed vibrations of F4TCNQ (in blue) and N-HTA 550/557 (in black) are

listed in table G.1.
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Figure G.6.: Vibrational HREELS spectra of (a) F4TCNQ and (b) TCNQ measured in

specular (black spectra) and off-specular (red spectra) scattering geometry

for the monolayer coverage adsorbed on Au(111). E0 is the primary energy

of the incident electrons. The energy resolution of the specular spectra is

measured as the full width at half maximum (FWHM) of the elastic peak

(zero energy loss peak) and is given in wavenumbers (cm−1). Adapted from

Ref. [95].
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Table G.1.: Assigned vibrations (in cm−1) of 1 ML of TCNQ deposited on 1 and 4 ML of

N-HTA 550 (first table) as well as 1 and 4 ML of N-HTA 557 (second table)

and 1 ML of F4TCNQ deposited on 1 and 4 ML of N-HTA 550 (third table) as

well as 1 and 5 ML of N-HTA 557 (forth table), adsorbed on Au(111). Dipole

active modes are labelled with da. The identified modes for each vibration

are described with the following abbreviations; γ – out-of-plane; ρ – rocking;

δ – scissoring; ν – stretching; τ – twisting; ω – wagging; s – symmetric; as

– asymmetric. Representation (Repr.) of the associated point groups and

the orientation of the calculated dipole derivative vector with respect to the

molecular geometry, x, perpendicular to the molecular plane; y, short axis and

z, long axis of molecular backbone for each mode are listed. For the assignment

of the vibrations associated with TCNQ and F4TCNQ, Ref. [95] was consulted.

As for N-HTA 550 and N-HTA 557, the assignments of the vibrations are made

based on Table 3.5.

TCNQ/N-HTA 550 system

Mode

# 1 ML 4 ML TCNQ N-HTA 550 Repr.

1 133 112 δ(CN) - B1u(z)

2 209 da 228 da buckl. - B3u(x)

3 406 da 419 da - γω(C-H), γω(C-C-C) B1(x)

4 464 da 467 da γω(C-C-C) - B3u(x)

5 561 da 561 da - γτ (C-H), γω(C-C-C) B1(x)

6 745 da 745 da - γω(C-H), γω(C-N-C) B1(x)

7 858 da 838 da γω(C-H) - B3u(x)

8 - 919 da - γω/τ (C-H) B1(x)

9 1162 1155 -
δ(C-H), ρ(C-H),

A1(z)
νs(C-N-C)

10 1339 1336 δ(C-H), ν(C-C-C) - B2u(y)

11 - 1439 ν(C-C) - B2u(y)

12 1549 1588 ν(C-C-C), δ(C-H) - B2u(y)

13 2172 - ν(CN) - B2u(y)

14 3057 3041 ν(C-H) ν(C-H) A1(z)
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TCNQ/N-HTA 557 system

Mode

# 1 ML 4 ML TCNQ N-HTA 557 Repr.

1 219 da 223 da buckl. - B3u(x)

2 329 da 329 da -
γω(C-N-C), γω/τ (C-H),

B1(x)
γω(C-C-C)

3 481 da 471 da γω(C-C-C) - B3u(x)

4 575 da 562 da - γω/τ (C-H), γω(C-N-C) B1(x)

5 755 da 743 da - γω(C-H), γω(C-N-C) B1(x)

6 859 da - γω(C-H) - B3u(x)

7 - 952 da - γω/τ (C-H) B1(x)

8 1169 1166 - δ(C-H), ρ(C-H) A1(z)

9 1327 1327 δ(C-H), ν(C-C-C) - B2u(y)

10 - 1469 ν(C-C) - B2u(y)

11 1562 1550 ν(C-C), δ(C-H) - B2u(y)

12 3054 3042 ν(C-H) ν(C-H) B2(y)
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F4TCNQ/N-HTA 550 system

Mode

# 1 ML 4 ML F4TCNQ N-HTA 550 Repr.

1 193 da 187 da buckl. - B3u(x)

2 420 da 423 da - γω(C-H), γω(C-C-C) B1(x)

3 555 da 565 da γω(C-C-C) - B3u(x)

4 768 da 746 da - γω(C-H), γω(C-N-C) B1(x)

5 - 943 da - γω/τ (C-H) B1(x)

6 - 1153 -
δ(C-H), ρ(C-H),

A1(z)
νs(C-N-C)

7 1266 - ν(C-C), δ(C-F) - B1u(z)

8 - 1366 ν(C-C), δ(C-F) - B2u(y)

9 1411 1440 ν(C-C), δ(C-F) - Ag

10 1621 1615 ν(C-C) - B2u(y)

11 - 3055 - ν(C-H) A1(z)
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F4TCNQ/N-HTA 557 system

Mode

# 1 ML 5 ML F4TCNQ N-HTA 557 Repr.

1 177 da 191 da buckl. - B3u(x)

2 - 482 da - γω/τ (C-H), γω(C-C-C) B1(x)

3 568 da 572 da γω(C-C-C) - B3u(x)

4 768 da 753 da - γω(C-H), γω(C-N-C) B1(x)

5 965 da 956 da - γω/τ (C-H) B1(x)

6 1266 1273 ν(C-C), δ(C-F) - B1u(z)

7 - 1354 ν(C-C), δ(C-F) - B2u(y)

8 1404 - ν(C-C), δ(C-F) - Ag

9 - 1554 ν(C-C) - B3u(x)

10 1598 1609 ν(C-C) - B2u(y)

11 - 2167 ν(CN) - B2u(y)

12 - 3033 - ν(C-H) B2(y)
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G.3. Electronic HREELS Measurements

All of the investigated D/A-systems presented in the main text were prepared

by first depositing a mono - or multilayer coverage of the donor molecules,

N-HTA 550 or N-HTA 557, on Au(111) to form a decoupling layer for the over-

laying acceptor molecules, TCNQ or F4TCNQ. Thereby, inducing a charge

transfer between the donor and acceptor molecules. The results from elec-

tronic HREELS measurements on TCNQ/N-HTA and F4TCNQ/N-HTA sys-

tems have proved this concept to be true. Here, in order to investigate the

influence of sample preparation on charge transfer between the donor and

acceptor molecules, the N-HTA 557/F4TCNQ system is formed, in which the

preparation order is reversed. This means that in the first step a mono- or mul-

tilayer coverage of F4TCNQ is deposited on Au(111) and in the second step

a monolayer of N-HTA 557 is deposited on top of the underlying F4TCNQ

coverage to form a potential CT-complex.

Figure G.7 (a) shows the electronic HREELS spectrum of N-HTA 557

/F4TCNQ bilayer. This spectrum is dominated by the plasmonic excitation

of F4TCNQ at 0.7 eV, which is followed by the conventional Au (111) surface

plasmon at 2.6 eV, a weak loss feature at 3 eV, which probably originates from

S0 → S1 transition of F4TCNQ. Absence of any transition in this spectrum,

which can be assigned to a CT-state indicates that at such D/A-bilayer, the

F4TCNQ monolayer can not act as a decoupling layer and as predicted it cou-

ples strongly with Au(111), which hinders a charge transfer between the donor

and acceptor molecules. In comparison, a transition at 1 eV in the spectrum

of F4TCNQ/N-HTA 557 bilayer, in which the N-HTA 557 monolayer act as

the decoupling layer, were assigned to the CT-transition of the corresponding

D/A-system.

By increasing the F4TCNQ coverage to 5 ML, the dominating feature of

the spectrum is replaced by a loss peak at 1 eV, which resembles the CT-

transition of the F4TCNQ/N-HTA 557 system and accordingly is assigned as

such (see Figure G.7 (b)). This spectrum also includes a broad loss feature at

higher energies, in which the features at 3.1 is assigned to S0 → S1 transition

of F4TCNQ. Interestingly, no loss feature, which can be assigned to any of

N-HTA 557 transitions could be detected in the spectrum of either bilayer or

multilayer coverage. Detection of the CT-transition at 1 eV in this spectrum

indicates that regardless of the nature of the underlying layer, a charge transfer

between the donor and acceptor molecules at higher layers is expected.
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Figure G.7.: Electronic HREELS spectra (left) of 1 ML of N-HTA 557 deposited on (a)

1 ML and (b) 5 ML of F4TCNQ on Au(111) (black spectra). The elec-

tronic loss features were fitted using Gaussian functions (red curves). E0 is

the primary energy of the incident electrons. Θ is the coverage in mono-

layer (ML). The contributions from F4TCNQ are marked with blue and CT-

transition with green colors. The identified and assigned electronic transitions

of N-HTA 557/F4TCNQ versus F4TCNQ/N-HTA 557 systems at the multi-

layer coverage are summarized in an energy level diagram (right).
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The measured electronic HREELS spectra of multi - and monolayer cover-

ages of TCNQ and F4TCNQ adsorbed on Au(111) (TS=300 K) are shown in

figure G.8.
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Figure G.8.: Electronic HREELS spectra of adsorbed TCNQ (Left) and F4TCNQ (right)

on Au(111), measured for mono - (a and c) and multilayer (b and d) cover-

ages (black spectra). The electronic loss features were fitted using Gaussian

functions (red curves). E0 is the primary energy of the incident electrons. Θ

is the coverage in monolayer (ML). Adapted from Ref. [95].
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H. Sample Preparation Parameters

Table H.1.: Preparation parameters of all the measured samples in this thesis: Used

molecules and substrate, determined coverage in monolayer (Θ), dosing tem-

perature (TD), dosing time (tD), and substrate temperature (TS).

Molecule Substrate Θ [ML] TD [K] tD [s] TS [K]

DAP Au(111) 4 460 800 300

TAP Au(111) 3 490 900 300

TIPS-BP Au(111) 4 533 900 300

TIPS-BAP Au(111) 5 533 2000 300

NTD Au(111) 7 300 800 200

NTD-Cl Au(111) - 368 450 200

NTD-Br Au(111) - 388 700 200

BBT-Ph Au(111) 11 443 2000 300

BBT-Ph Au(111) 1 443 100 300

BBT-Ph Au(111) Subm. 443 50 300

BBT-Th Au(111) 6 468 340 300

BBT-Th Au(111) 1 468 80 300

BBT-Th Au(111) Subm. 468 150 300

N-HTA 550 Au(111) 4 373 200 200

N-HTA 550 Au(111) 1 373 80 200

N-HTA 550 Au(111) Subm. 373 55 200

N-HTA 557 Au(111) 5 393 750 200

N-HTA 557 Au(111) 1 393 150 200

N-HTA 557 Au(111) Subm. 393 75 200

TCNQ Au(111) 1 383 200 200

F4TCNQ Au(111) 1 403 150 200
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