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Kurzfassung

Die Funktionalitdt von organischen Schichten auf Metalloberflichen ist bestimmt von inter-
molekularen Wechselwirkungen und jenen zwischen Molekiil und Oberfliche. In metallorganis-
chen Strukturen sorgt die Metall-Liganden Hybridisierung fiir eine starke Modifizierung der Eigen-
schaften gegeniiber dem freien Molekiil. Diese Arbeit befasst sich mit dem Einfluss dieser Wech-
selwirkungen auf die Bildung von selbst-organisierenden Molekiilstrukturen und die elektronischen
Eigenschaften der resultierenden Nanostrukturen.

Unter Verwendung von Rastertunnel- und Rasterkraftmikroskopie (engl. STM und AFM)
haben wir methyl-substituiertes Dicyanovinyl-quinquethiophene (DCV5T-Me,) und Dicyanovinyl-
hexathiophene (DCV6T) auf Au(111), Ag(111) und Cu(111) untersucht. Das Interesse an diesen
Molekiilen ist auf ihre potentielle Anwendung als hocheffiziente Photoabsorber in der organischen
Photovoltaik zuriickzufiihren. Die strukturellen und elektronischen Eigenschaften an den organ-
isch /organisch und organisch/metallischen Ubergangsstellen werden hierbei mit sub-molekularer
Auflésung untersucht.

Die Selbstorganisation von DCV5T-Mes auf Au(111) bei sub-Monolagen Bedeckung fiihrt
zu zwei verschiedenen koexistenten Strukturen: organische Inseln und metallorganische Ketten.
Die Formation der ersteren ist bestimmt von intermolekularen Wasserstoffbriickenbindungen und
elektrostatischen Wechselwirkungen, die zu einer Absenkung der unbesetzten molekularen En-
ergieniveaus, bezogen auf einzelne Molekiile auf Au(111), fiihren. Die Ketten werden durch
CN/Au-Adatom Koordination stabilisiert und deren Einfluss auf die molekularen Zusténde zeigt
sich als ortsspezifisch. Das urspriingliche am niedrigsten unbesetzten Molekiilorbital (LUMO)
und das LUMO+1 hybridisieren durch eine Linearkombination molekularer Orbitale bei jenen
Molekiilen, die nur an ein Au Atom koordinieren und es kommt zu einer Neuordnung der unbeset-
zten Molekiilorbitale. Weiterhin ordnet sich DCV5T-Me, mit steigender Bedeckung in der zweiten
molekularen Monolage so an, wie in den einlagigen Inseln und ist dadurch entkoppelt vom Met-
allsubstrat. Dabei kann ein Vibrationszustand mit einer Energie von 180 mV beobachtet werden,
der einer Streckmode der Kohlenstoff-Bindungen entspricht.

Um eine homogene Hybridstruktur zu erhalten wurde DCV5T-Mes mit anderen Stoffen zusam-
men auf die Au(111) Oberfliche gebracht. Durch gleichzeitiges Aufbringen von DCV5T-Mey und
NaCl formten sich Ketten, stabilisiert durch Na-CN Bindungen und geprigt durch langreichweitige
Coulomb-Abstoflung zwischen den Ketten. Im Gegenzug dazu bildete DCV5T-Mes mit anderen
untersuchten Molekiilen (C60, Coronen und TCNQ) aufgrund der starken intermolekularen Wech-
selwirkungen zwischen den DCV5T-Me, Molekiilen und der Koordination zu Au-Adatomen keine
geordneten Hybridstrukturen.

Auch in Abhéngigkeit vom verwendeten Substrat verdndern sich die Eigenschaften von DCV5T-
Me,. Eine starre Absenkung der unbesetzten Orbitale wird aufgrund der kleineren Austrittsarbeit
beim Wechsel auf ein Ag(111) Substrat beobachtet. Auf Cu(111) dagegen sorgt die stérkere Wech-
selwirkung zwischen Molekiil und Oberfliche zu einer Eliminierung der molekularen Zusténde an
der Grenzflache.

DCVG6T zeigt aufgrund seiner hohen intramolekularen Flexibilitdt andere Eigenschaften als
DCV5T-Mey. Zusétzlich zur Formation von Au/DCV6T Ketten und organischen Inseln bilden
sich auf Au(111) selbst-geordnete, rein organische Ketten. Die Anordnung der Molekiile in organ-
ischen Inseln ist hierbei die energetisch giinstigste Konfiguration. Die Bildung von organischen
Ketten ist aufgrund der intermolekularen Wechselwirkungen weniger giinstig, wie es auch in der
“Induced-fit therory” beschrieben wird. Gleichzeitiges Aufbringen von Co Atomen mit DCV6T
auf Au(111) sorgt fiir die Entstehung von metallorganischen Ketten. Die Co-CN Koordination
kann durch zwei energetisch tieferliegende Zusténde bei positiver Spannung identifiziert werden,
jedoch. Durch andere Hybridisierungsmechanismen weisen diese Co-koordinierten Molekiile jedoch
eine von den Au-CN bindenden Molekiilen abweichende elektronische Struktur auf.



i

Abstract

The functionality of organic layers on metal substrates is determined by intermolecular and
molecule-surface interactions. In a metal-organic complex, the metal-ligand hybridization
induces drastic modification to the free molecular features. This thesis deals with the
role these interactions play in the formation of molecular assemblies and the evolution of
electronic properties in the resulting nanostructures.

By using combined scanning tunneling microscopy (STM) and atomic force microscopy
(AFM), we have investigated methyl-substituted dicyanovinyl-quinquethiophenes (DCV5T-
Mes) and dicyanovinyl-hexathiophenes (DCV6T), on Au(111), Ag(111) and Cu(111). The
interest in these molecules stems from their potential use as highly efficient photoabsorbers
in organic photovoltaics. Structural and electronic properties at their organic/organic and
organic/metal interfaces are characterized with sub-molecular resolution.

Self-assembly of DCV5T-Mez on Au(11l) at sub-monolayer coverage results in two dif-
ferent structures simultaneously: organic islands and metal-organic chains. The organic
islands are formed by intermolecular hydrogen bonding and electrostatic interaction that
rigidly shift down the energy level of unoccupied states with respect to the single molecules
on the metal surface. The chains are stabilized by CN/Au-adatom coordination, whose
influence on the molecular states is site-specific. In particular, the original lowest unoccu-
pied molecular orbital (LUMO) and LUMO-1 mix by linear combination at the molecule
coordinated to only one Au atom at one side, which leads to a redistribution of the unoc-
cupied orbitals compared with the free molecular orbital structure. With increase of the
coverage, DCV5T-Mes packs in a similar way in the second layer with that in the organic
islands and is decoupled from the metal substrate. There, a vibrational state with energy
of 180 mV is observed, corresponding to carbon bonds stretching.

To fabricate a homogenous hybrid structure, DCV5T-Mey is co-deposited onto Au(111)
with other components. After co-deposition of NaCl and DCV5T-Mes, chains with Na-CN
bonds are formed, mediated by a long-range inter-chain Coulomb repulsion. In contrast,
co-deposition of DCV5T-Mes and other types of molecules (Cgg, coronene and TCNQ) can
not result in ordered hybrid systems, inhibited by strong intermolecular interactions and
coordination between cyano groups and Au adatoms.

Properties of DCV5T-Mej evolve with the change of substrates. A rigid energetic downshift
of unoccupied orbitals on Ag(111) with respect to on Au(111) is induced by the lower work
function of Ag(111). Differently, DCV5T-Mey chemically adsorbs on Cu(111) with strong
molecule/surface hybridization that eliminates the molecular states at the interface.

DCV6T shows different assembly behaviors than DCV5T-Mey due to its larger flexibility.
In addition to Au/DCV6T chains and organic islands, it also self-assembles into organic
chains on Au(111). Molecules in organic islands adopt the energy minimum configuration.
Whereas, organic chains include molecules with energetically unfavorable geometry, caused
by intermolecular interactions and interpreted by the “induced fit theory”. Co-deposition
of Co atoms with DCV6T on Au(111) leads to chains with Co-CN coordination inducing
states localized at the molecular end-groups. There molecules exhibit different electronic
structures than those bonding with Au atoms due to different hybridization mechanism.
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Introduction

Over the past decades, rapid progresses have been made in electronics based on
inorganic semiconductors. However, limitations arise with the miniaturization of
the size of devices. It is challenging to produce a volume of nanoscale devices by
using traditional top-down methods [I]. On the other hand, a new door is open.
Already at the early time of 1960, Richard Feynman envisioned the idea of “arrange
the atoms one by one the way we want them” [2].

However, it is still time consuming for large scale fabrication by manipulating in-
dividual atoms. Instead, another bottom-up method, the self-assembly [3], can be
used. In this approach, organic molecules can form extended and ordered nanos-
tructures through intermolecular van der Waals forces [4], hydrogen-bonds [5] and
even covalent bonds [6] [7]. Moreover, coordination bonding allows for combination
of molecules with metal atoms in well-defined networks [§], which offers fascinating
perspectives for electronic and magnetic devices [9).

The molecular self-assembly is usually facilitated by the lock-and-key effect |10} 1T,
12|, which is that designed lateral interactions guide the connection of functional
groups without perturbation to molecular configuration [13]. It may be possible
that the configuration of a flexible molecule changes when the molecular chemical
environment is altered by intermolecular interactions [14], as in the induced fit effect
[10, 11, 12]. A microscopic understanding of the molecular geometry upon assembly
on surfaces is crucial for the design and application of organic electronics. Low
temperature atomic force microscopy (LT-AFM) [15] is an ideal instrument for this
purpose, which can resolve the molecular chemical structure with atomic resolution
in real space [16, [I7].

Electronic properties of molecules are influenced by the presence of their neighbors in
the assembled structures. The interaction between molecules and substrates also has
to be taken into account. Charge transfer [18] may occur between a donor molecule
and an acceptor molecule, inducing a complete charge redistribution. In some sys-
tems, intermolecular interactions can cause an energetic realignment of molecular
orbitals [19]. The hybridization of the metal surface with reactive molecular groups
may enhance vertical charge transfer [20, 21, 22| 23|, and induce conformational
distortions |24} 25], leading to chemically new molecular species [26]. Even for weak
interactions, the metal surface can induce dipolar perturbations to the molecular
states |27, 28] 29]. The understanding of how molecular levels realign in the prox-
imity of a metal surface is still under debate [30, BI]. Low temperature scanning
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tunneling microscopy [32] (LT-STM) can be utilized to study the local electronic
properties of molecules on conducting surfaces.

The ultimate goal of molecular electronics is to replace inorganic semiconductors
with cheap and versatile organic molecules. The basic components of molecular
electronic circuits are functional molecules serving as diodes [33], transistors [34] or
switches [35] contacting with metal electrodes for application of bias voltage [36, [37].
The whole system can be built on an insulating film to reduce the influence from
the metal surface [38]. However, the electronic coupling of the molecule to the metal
electrodes is inevitable, which drastically disturbs the free molecule properties. It
has been reported that the energy level alignment of localized and degenerated or-
bitals can be locally modified by lifting their degeneracies by step-wise metal atom
attachment [39]. Recent works demonstrate that the overlapping of two orbitals
from two connected molecules via a metal atom can be described by the model of
a linear combination of molecule orbitals (LCMO) [40]. Whether the attachment of
the bonding to a metal atom can trigger a similar orbital renormalization within an
individual molecule is still unknown. The metal-organic contacts can be fabricated
through STM manipulations [4I]. Actually, the self-assembled metal-organic net-
works on inert metal surfaces directly resemble the real chemical environments of
molecules in organic electronic circuits, where the metal-ligand coordination offers
an ideal platform for the study of metal-molecule contact.

Molecules with an internal acceptor-donor-acceptor architecture, dicyanovinylene-
substituted oligothiophenes (DCV5T-Mey and DCV6T), draw interest due to their
potential use as photoabsorber in organic photovoltaics [42] 43|, [44] [45] [46], 47, 48], [49].
These molecules are composed of a central oligothiophenes (nT) backbone with two
terminal dicyanovinyl (DCV) groups linked symmetrically. The linkage within the
same architecture of an electron donating unit has the goal of reducing the optical
gap and, hence, increasing the solar photon absorption efficiency [50]. Their practical
use in photovoltaic blends requires efficient charge dynamics, which is favored by
the delocalized character of oligothiophene frontier orbitals and by crystal packing.
However, the anisotropy of the packing structure [50], molecular distortions, and the
reactivity of the DCV end-groups may facilitate the creation of charge traps that
inhibit the charge transport.

In order to improve the performance of organic solar cells based on DCV5T-Me,
and DCV6T, in this thesis, we study their structural and electronic properties at
the organic/organic and organic/metal interfaces by using combined STM and AFM.
The thesis is described in the following way:

In chapter 1, we show the details of the experimental setup and measured systems.

In chapter 2, we investigate the pure organic self-assemblies of DCV5T-Me, on the
Au(111) surface. AFM is utilized to determine the bonding structure of molecu-
lar islands. Then, electronic properties of the islands are measured with STS and
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compared with the isolated molecules to inspect the influence of intermolecular in-
teractions on molecular states. The electronic coupling with the metal surface is
significantly suppressed in the second layer of DCV5T-Mey on Au(111). There the
vibronic states of molecules are identified.

In chapter 3, we focus on the complexes composed of DCV5T-Mes and metal atoms
or another type of molecules on Au(111). DCV5T-Me, self-assembles into metal-
organic chains by incorporation of Au adatoms, whose bonding structure is resolved
by AFM in real space. Then, we characterize the orbital structure of molecules with
different coordination geometry. A spatial redistribution of unoccupied orbitals at
the one-side coordinated molecule is observed and interpreted with LCMO, while the
two-side coordinated molecule only exhibits an orbital energy realignment. Metal-
organic chains cementing with Na atoms are formed, when NaCl is co-deposited. We
show that the growth of these chains is determined by a long-range repulsion. At
the end of this chapter, trials to obtain hybrid molecular structures are presented.

In chapter 4, we examine the adsorption and assembly of DCV5T-Mey on two
more reactive metal surfaces, the Ag(111) and Cu(111). There, the molecule exhibits
different structural and electronic features with respect to on Au(111). In particular,
quantum scattering and confinement of surface electrons by molecular structures are
observed on Cu(111).

In chapter 5, we study DCV6T molecules on Au(111). In addition to metal-
organic Au/DCV6T chains, two kinds of self-assembled organic structures, islands
and chains, are formed with different molecular configuration, as imaged by AFM.
The lock-and-key effect results in static molecular recognition and stabilization of
molecules with the lowest energy structure within islands. In contrast, molecules
within chains adopt an energetically unfavorable configuration caused by intermolec-
ular interactions, which is interpreted with the induce fit theory. Then, the elec-
tronic properties of different types of DCV6T assemblies are investigated by STS. At
the end of this chapter, structural and electronic properties of metal-organic chains
composed of DCV6T and Co atoms are measured to inspect the influence of dif-
ferent species of metal atoms on the metal-ligand hybridization. Surprisingly, there
the attachment of Co atoms to the ligand induces no influence to the unoccupied
molecular states.

In chapter 6, we summarize the results presented in this thesis.






1 Theoretical and Experimental
Techniques

1.1 Scanning Tunneling Microscopy

The invention of STM by G. Binning and H. Rohrer in 1981 [32] 511, [52] opens the
way to study materials at nanoscale in real space. Its working principle is based
on the quantum tunneling effect, which has been widely investigated since 1960s
[53, 54]. As illustrated in figure 1.1 a, a very sharp metallic tip is approached
to a metallic or semiconducting surface as close as a few angstroms to create a
narrow potential barrier. Then a bias voltage is applied between the tip and surface,
which induces a flow of tunneling current through the vacuum gap. Moreover, the
tunneling current exponentially decays with the tip-surface distance z following the
way: It o< exp(—Ap'/2z), where A is a constant and ¢ is the work function. As a
result, the distance can be controlled by the tunneling current with high sensitivity{']
which is realized through varying voltages applied to piezos carrying the tip. The
controllable tunneling gap [51], combined with the concept of scanning achieved also
via piezoelectric effect [32], brings the STM in reality.

There are two scanning modes to obtain topographic image of the surface: the con-
stant current mode and constant height mode (figure 1.1 b). In constant current
mode, the tunneling current is kept constant through adjusting the tip-sample dis-
tance with the feedback loop closed during scanning. Then the tip height signal
at each scanning point results in a map of surface topography. In contrast, in the
constant height mode the feedback loop is open and the tip scans over the surface
without changing height. Accordingly, the variation of the tunneling current as a
function of the tip lateral position represents the surface structure.

In addition to investigation of self-assembled structures, building artificial nano-
architectures is also possible by using STM’s manipulation function [41]. There
are two manipulation modes, namely, the lateral manipulation and the vertical ma-
nipulation, as shown in figure 1.1 c. In the lateral manipulation mode, the tip is
approached very close to the object, an atom for example, accompanied by the build
of tip-atom attractive interactions (step A). Then the atom is moved over the sur-
face following the movement of the tip due to the attractive forces (step B). When

'In general, the distance between the tip and the sample is around 5-10 A and the tunneling
current changes about one order of magnitude with the change of tip-sample distance of 1 A.
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the atom arrives at the destination, the tip is retracted with the break of tip-atom
interactions leaving the atom at a different position on the surface (step C). The
first step in vertical manipulation is the same as that in the lateral manipulation,
which is building the tip-atom attractive interactions (step A). Afterwards, the tip
is slowly retracted. If the tip-atom interactions dominate over the surface-atom
interactions (step B), the atom can be vertically transferred to the tip (step C).

a) Constant current mode Constant height mode |
::‘_I‘ Control voltages for piezotube "'
[ L
- e e
+ T
2 £ Q000000C 0000000(
20 o000 0000000 0C
L3
§ £ Tunneling Distance control
@ '3 current amplifier  and scanning unit Z It
o — NN NNV TN AN
Scan direction” Scan direction”
c) t 1
t
e *
_— c
———— Tunneling - B
voltage A B c A
PN 4 4
Data processing QOO0 QOO
ttaandlly v v v v v v YO Y OO NN
and display ( @
Lateral manipulation Vertical manipulation

Figure 1.1: a) Scheme of the working mechanism of a STM [55]. b) Constant current and
constant height scanning modes [56]. c) Lateral and vertical manipulation modes. The fold
lines represent the tip-atom and surface-atom interactions, where their thickness stands for the
interaction strength.

1.1.1 Theory of Scanning Tunneling Microscopy

In 1983, Tersoff and Hamann created the first quantitative model for the tunneling
current in STM [57, [58]. They treated the tunneling junction as a locally spherical
tip approached to a flat surface. By using a first-order perturbation theory, in the
limit of low bias voltage and temperature the tunneling current can be expressed as:

It = (27 /R)e*V Y | M, |*3(E, — Ep)d(E, — Er) (1.1)

where A is the Dirac constant, e is the elementary charge, V' is the applied voltage,
E, is the energy of surface state ¢,, £, is the energy of tip state ¢, and EFy is
the Fermi energy. According to Bardeen’s transfer Hamiltonian approach [53], the
tunneling matrix element, M, , is given by:

My = (12 2m) [ 456,96, - ,96}) (12)
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where m is the effective electron mass and the integral is over any surface lying
entirely within the barrier region separating the two sides.

By assuming a spherical tip with asymptotic s-wave functions, Eq. 1.1 is simplified
as:

It = 320° '’V p(Er) RPE 4™ " 16, (17)%0(E, — Ex) (1.3)

where ¢ is the work function of the tip and sample (we assume that they are the
same), py(Er) is the tip density of states per unit volume, R is the radius of curvature
of the tip centered at 775 and k = h~!(2m)'/? is the inverse decay length of the wave
functions in vacuum. In this expression, the integration term represents the density
of states of the surface located at the position of the probe tip near Fermi energy.
Therefore, the tunneling current is proportional to the local density of states of the
surface if assuming that the tip state is constant.

However, above description is based on the assumption of low bias voltage (around
10 mV). In reality, higher voltages (typical £ 3 V) are applied to observe properties
of organic molecules on the surface. Then a generalization of the Tersoff-Hamann
tunneling current after considering the contribution of states in the finite voltage
window is necessary. With the Wentzel-Kramers—Brillouin (WKB) approximation,
at low temperature the tunneling current can be expressed as |59, [60]:

EF+eV
It = (47e/h) / pi(Er — eV)ps(E)|My(E,V, 2)|*dE (1.4)
Er
Here, the tunneling current is represented by a simple convolution of the density of
states of the tip p; and the surface ps using the tunneling probability T'(E,V, z) =
| My (E,V,2)|?. The tunneling probability is a function of the tip-surface distance,
the energy and the bias voltage:

- F

2z2V2m s+ eV
h > %

T(E,V,2) = exp .

(1.5)

Usually, we assume that p; and 7" are constant, inducing the tunneling current as
the integration of the density of states of the sample in the energy window between
FEr and Eg + eV.

1.1.2 Scanning Tunneling Spectroscopy

As illustrated in figure 1.1 a, the tunneling process is determined by three param-
eters: the tip-sample distance z, the bias voltage V' and the tunneling current I,
which is mathematically expressed in Eq. 1.4. Electronic properties of the sam-
ple can be derived from the spectroscopy by varying two of the three parameters
with the third one fixed. If V is fixed, the local work function ¢ of the surface can



8 CHAPTER 1. THEORETICAL AND EXPERIMENTAL TECHNIQUES

Figure 1.2: Schematic energy diagram in STS [56]. By varying the tip bias voltage at positive
a) and negative b) polarities with respect to the sample, electrons tunnel into the unoccupied
and out of the occupied states at the sample, respectively.

be obtained by mathematically fitting the corresponding I o exp(—Ap'/2z) curve
[51L [61]. Otherwise, if V' ramps, the first order deviation, dI/dV, of the I-V curve
can be directly measured by using a lock-in amplifier through adding a small modu-
lation voltage to the bias voltage. The deviation can simply reflect the local density
of states at the surface, as described in the following.

According to Eq. 1.4, the dI/dV is expressed as [59, 60, 62]:

dl
v & po(Er)ps(Er + eV )T (Ep 4 eV, eV, 2)

N /EF+6V dT(E,eV, z)

pi(E —eV)ps(E) dE

Ep dVv

FrteV dpi(E — eV

+ / () E = V) g v aE (1.6)
o dVv

If we assume that the tunneling probability and the density of states of the tip are

constant, the last two integral terms equal zero. Hence, Eq. 1.6 is simplified to:

df
™ ps(Ep +€V) (1.7)

It means that the density of states of the surface can be directly investigated through
ramping the bias and measuring d//dV, the scanning tunneling spectroscopy. When
the voltage varies at positive bias (figure 1.2 a), electrons tunnel from the tip into
the unoccupied states at the surface, which are resolved as resonant peaks in the
spectroscopy. Similarly, the occupied states can be detected when the bias varies
at negative polarity with respect to the surface (figure 1.2 b). Since the tunneling
probability decreases with the decrease of electron energy F (see Eq. 1.5), sometimes
it is challenging to observe lower-lying occupied states of the sample in the scanning
tunneling spectroscopy [63].

The spectroscopy can be recorded by keeping either z constant or I constant, namely,
the constant height mode or the constant current mode. The constant height spec-
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troscopy is more closely related to the sample states than the constant current mode,
if the change of the tunneling probability 7'(z) with the barrier width z is taken into
account [63]64]. Generally, peaks are slightly shifted to lower energy in the constant
current mode [64].

Density of states of the surface at a certain energy can be spatially mapped by
recording dI/dV signals at each points during scanning. Accordingly, there are two
mapping modes as well: constant height and constant current. Each has its own
advantages. To investigate a planar molecule, the constant height mode is better
due to vanish of changing tip height. In contrast, the constant current mode is
preferred for mapping a three dimensional object.

1.2 Atomic Force Microscopy

Since STM is based on the tunneling current flowing between the tip and sample, its
application is restricted to study metals and semiconductors rather than insulators.
The invention of the atomic force microscope in 1985 by G. Binnig et al. [65] extends
the spectacular resolution investigation of surfaces in real space to nonconducting
materials [I5]. However, obtaining true atomic resolution with AFM is much more
difficult than with STM due to the complexity of forces between the tip and sample
combined with the difficulty to measure extremely small forces in vacuum [15]. It
took one decade from the invention of the AFM to resolving Si(111)-(7 x 7) surface,
a touchstone of the AFM’s feasibility as a tool for surface science, with atomic
resolution [66].

There are two basic operation modes in AFM: the static (contact) mode and the
dynamic (non-contact) mode. In static mode, the force-induced deflection of the
cantilever, ¢ = Fi/k, is directly used as the imaging signal, where Fi; is the force
between the tip and the sample and k is the spring constant of the cantilever. During
scanning, a feedback control loop is used to keep the deflection constant, resulting
in a topography map z(z, y, Fis = const.). In the dynamic operation mode, the
cantilever is deliberately activated by an external excitation to oscillate around its
eigenfrequency fy. Two operation methods exist in the dynamic mode depending
on the modulation signal: the amplitude modulation (AM) [67] and the frequency
modulation (FM) [68]. In AM-AFM, the actuator is driven by a fixed amplitude at
a fixed frequency. When the tip approaches the sample, the amplitude is changed
by the force between the tip and the sample. This change is utilized as feedback
signal for imaging. In contrast, the cantilever oscillates with constant amplitude in
FM-AFM, while the frequency shift, Af = f - fy induced by tip-sample interaction,
acts as the imaging signal.

In this thesis, experiments are carried out in a combined frequency modulation
STM-AFM, whose structure is illustrated in figure 1.3. As usual, the tunneling
current and tip-sample bias can be directly measured in the STM part. There
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Figure 1.3: Scheme of the dynamic STM-AFM [69]. The yellow labels correspond to observ-
ables in the AFM part of the experimental setup.

are five measurable quantities in the AFM part: the drive amplitude, the intrinsic
damping, the tip-sample damping, the tip oscillation amplitude and the frequency
shift. The damping mechanism is out of the scope of this thesis. In the following,
the relationship between the frequency shift and the tip-sample force will be derived.
Then, the origin of the long- and short-range forces will be discussed. In the end,
the mechanism of AFM imaging of molecular chemical structure is shown.

1.2.1 Theory of Atomic Force Microscopy

In the dynamic AFM, the vibrating cantilever can be treated as a harmonic oscillator
with a single degree of freedom in the direction perpendicular to the surface. Its
unperturbed motion is given by [70]:

q(t) = Agcos(27 fot) (1.8)

where A is the amplitude and f; is the resonant frequency determined by the spring
constant ky and the effective mass m* of the cantilever:

1 [ ko

2V m*

fo

(1.9)

When the tip is approached close to the surface, the force between the tip and
sample, Fi, introduces perturbation to the oscillator, hence, inducing a change in
the effective spring constant. In the case that the amplitude is much smaller than
the tip-sample distance z, the effective spring constant is expressed as [70]:

k= ko — OF/dz (1.10)



CHAPTER 1. THEORETICAL AND EXPERIMENTAL TECHNIQUES 11

where the second term, ki, = —0Fis/0z, represents the force gradient. If the force
gradient is constant during the oscillation cycle, which is satisfied by the small
amplitude, the frequency shift can be expressed as [70]:

o OF.

(1.11)

It means that the imaging signal in FM-AFM, the frequency shift, directly reflects
the force between the tip and sample.

The small oscillation amplitude is the premise of the above simple relationship be-
tween frequency shift and force, and also improves the quality of simultaneous STM
measurements [I5]. However, in many AFM studies larger amplitudes are used. A
more general expression of the frequency shift valid for any amplitude of oscillation
is obtained by using first-order perturbation theory in the Hamilton-Jacobi approach
[0, [71]:

Jo / ! u
Af=— Fis(d+ Ap(1 —d 1.12

f 7TAO]{?0 1 t( * 0< +u>) 1—wu? B ( )
where d is the distance of closest approach between the tip and sample. So if the
tip-sample force function is known, the frequency shift can be calculated. In turn,
the force can be deduced from the measured frequency shift curve [71]:

_ 2k [ VA A aaf)
F(z)—fo/z {<1+8 W<t_z)>Af(t) Nt }dt (1.13)

In the end, we note that the typical parameters of the tuning fork in our AFM
measurements are: kg = 1800 N/m, fy = 20 kHz, Ao = 50 pm and the quality factor
() = 10000.

1.2.2 Forces in Atomic Force Microscopy

In STM, the tunneling current exponentially decays with the tip-sample distance,
which enables the high spatial resolution. However, forces between the tip and the
sample in AFM are more complicated. In AFM, the frequency shift is induced by
the sum of various types of forces with different strength and distance dependence.
Amongst them, the chemical force, the van der Waals (vdW) force and the electro-
static force are the main contributions.

The Chemical Force

The chemical force starts to become significant, when the tip and the sample are
closely approached to each other due to the overlap of electron wave functions from
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Figure 1.4: [69] a) Modeled Lennard-Jones potential and the corresponding Lennard-Jones
force as a function of the distance between two atoms. Z,, and e denote the bond distance and
the binding energy, respectively. b) Lennard-Jones force from a, modeled van der Waals force
(Hamaker approach) and the sum of them.

two parts. It can be both attractive and repulsive depending on the distance z,
which is empirically described by Lennard-Jones potential [72]:

Fuy(2) = ¢ [(271“)12 ) (%ﬂ (1.14)

where € is the bonding energy at the equilibrium distance Z,,. The (1/2)'* term
describes a repulsive force acting only at very short range. It originates from the
Pauli repulsion. The Pauli principle inhibits overlap of electron wave functions from
tip atoms and sample atoms, hence, forcing electrons to occupy higher energy levels
and inducing repulsion force. In contrast, the (1/2)° term represents an attractive
force stemming from the van der Waals force, which will be discussed later.

The corresponding force can be derived from the potential:

Fia(z) = —aE(;—;(Z) = 12i [(%“)u - (%)7] (1.15)

The modeled Lennard-Jones potential and force by using parameters of ¢ = -1.2 eV
and Z,, = 1.68 A are plotted in figure 1.4 a.

The van der Waals Force

The van der Waals force is caused by fluctuations in the electric dipole moment of
atoms and their mutual polarization [I5]. Tt is always attractive. The corresponding
energy in a system of two atoms separated by a distance z can be expressed as:

Feaw(2) o — (1)6 (1.16)

z



CHAPTER 1. THEORETICAL AND EXPERIMENTAL TECHNIQUES 13

The van der Waals force between the macroscopic AFM tip and the sample can be
quite large due to its additivity. The Hamaker approach suggests that for a spherical
tip with radius R next to a flat surface the van der Waals force is given by [73]:

HR

— o (1.17)

deW,ts(Z) =
where the Hamaker constant H depends on the type of materials and z is the
distance between the plane connecting the centers of surface atoms and the center
of the front tip atom. This equation indicates that the van der Waals force can be
significantly decreased by using a sharper tip. Figure 1.4 b shows the calculated van
der Waals force by using parameters of R = 20 A and H = 3 éV together with the
Lennard-Jones force and their sum. The van der Waals force plays a crucial role at
larger tip-sample distance, while the chemical fore is dominant when the distance
is closer. Therefore, it is necessary to scan at a close tip-sample distance to obtain
the atomic resolution in AFM images.

The Electrostatic Force

The electrostatic interaction occurs when the conductive tip and sample carry dif-
ferent potential (work functions). The potential difference leads to a capacitance
C'(z) varying with tip-sample distance z. In this case, the electrostatic force can be
described as:

(V — Vepp)? (1.18)

where V' is the applied voltage and V¢pp is the contact potential difference (CPD)
between the tip and sample. Due to the term 0C/0z is always negative, the electro-
static force is therefore attractive all the time. The CPD can be experimentally de-
termined by measuring the electrostatic-force-induced frequency shift as a function of
the bias voltage. This is the kelvin probe force microscopy [74, [75, [76], [77, [78, [79] [80)].

1.2.3 AFM Imaging Mechanism with Functionalized Tip

To resolve the chemical structure of organic molecules at atomic resolution is the ul-
timate goal in the field of microscopy. The invention of STM enables sub-molecular
resolution imaging [38, 81, [82]. However, resolving individual atoms within molecules
remains a great difficulty for STM, because the tunneling current is sensitive to the
density of states of molecular orbitals rather than the corresponding chemical struc-
ture. In contrast, AFM images are generated by the forces varying with tip positions
over atoms composing molecules, hence, revealing the chemical structure. The first
success was realized by Leo Gross et al. [16]. They resolved the chemical struc-
ture of the pentacene molecule on Cu(111) (figure 1.5 a and b). This breakthrough
was achieved by deliberately attaching a CO molecule to the AFM tip. Then, the
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well-defined functionalized tip can be approached up to Pauli repulsion regime to
the sample. The Pauli repulsion force, induced by the electron density overlap be-
tween the tip and the sample, becomes substantial at positions of atoms within the
molecule. The variation of the Pauli repulsion force generates atomic contrast of
the molecule in frequency shift images, while the electrostatic force and vdW force
only add a diffuse attractive background (figure 1.5 ¢ and d).

Figure 1.5: Images from [16]. a) Ball-and-stick model of pentacene. b) Constant-height AFM
image of pentacene on Cu(111) acquired with a CO-modified tip. The tip was retracted by 0.1
A from the set point of | = 110 pA and V = 170 mV above the Cu(111) substrate. c) and d)
Line profiles of frequency shift Af and extracted vertical force F, along the long molecular axis
at different tip heights z, respectively. The z values are given with respect to a STM set point
of | =2 pA and V = 200 mV above the substrate.

Based on this achievement, impressive progress has been made in the field of AFM
imaging, including determination of chemical structure of unknown compounds [83],
discrimination of bond order of organic molecules [84], determination of the adsorp-
tion geometry [85], resolving the transformation of covalent bonds in on-surface
reaction [86] and imaging the interconversion pathway of a molecular switch [87].

In these studies, the sharp bright lines within individual molecules are assigned to
chemical bonds directly interacting with the tip. Soon afterwards, it is claimed
that intermolecular bonding also can be resolved as sharp contrast in AFM images
[17, 00]. However, contrast can be observed between two no-bonded atoms as well,
as shown in figure 1.6 a and b. Deeper understanding on the mechanism of AFM
imaging with functionalized tip is necessary to interpret this contradiction. A recent
theory work reveals that the sharp contrast between two atoms is induced by the
relaxation of the attached molecule or atom on the AFM tip, from the repulsive
potential ridge to the attractive potential basins (figure 1.6 ¢ and d). Contrast
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Figure 1.6: The mechanism of AFM imaging. a) Model of DBTH molecule with two sulfur
atoms bent upwards from the surface [88]. b) AFM image of a DBTH on NaCl(2ML)/Cu(111)
[88]. c) Model showing the potential felt by the functionalized tip over the molecule [89]. The
brown curved surface (V+) stands for repulsive potential, while the attractive basins (V-) are
in blue. d) The simulated frequency shift and potential along the central cross section of the

repulsive saddle [89]. e) and f) Overlap of the electron wave functions from the tip with finite
size and two no-bonded and bonded atoms on the surface, respectively.

-~

bonding

emerges between any two close-located atoms, no matter they are not bonded (figure
1.6 e) or bonded (figure 1.6 f), due to the finite size of the modified tip. Therefore,
the contrast in AFM images can not be simply assigned to intra- or inter-molecular
bonding. Nevertheless, the position of atoms can be definitely resolved, from which
the reasonable bonding structure can be determined.

1.3 Experimental Setup

All the results in this thesis were acquired in a combined STM/AFM located in
LT and ultra high vacuum (UHV) environment, following the design of Dr. Ger-
hard Meyer and SPS-Createc GmbH [91]. The experimental system counsists of two
UHV chambers: the preparation chamber and the STM/AFM chamber, as shown
in figure 1.7 a. Standard UHV preparation and maintenance tools are equipped
in the preparation chamber, like mass spectrometer, sputter ion-gun, ion-pump,
turbo-pump and molecular /metal evaporators. The STM/AFM chamber contains
the SPM head, which is suspended at the bottom of a liquid-Ne /He cryostat working
at an equilibrium temperature of 4.8 K. A rotatable linear manipulator is installed
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for sample transfer between these two chambers. The coolable manipulator enables
deposition of atoms or molecules on cold sample down to 100 K, while the button
heater incorporated in the sample holder makes evaporation on warm sample up
to 900 K possible. Contamination of SPM chamber during sample preparation is
prevented through separation from the preparation chamber by a gate valve.

a)

... sapphire baﬂ

W

G

cryostat
preparation
chamber

STM/AFM l
chamber

air dampers

Figure 1.7: Experimental setup. a) Picture of the LT UHV STM/AFM chamber. b) Close-up
of the STM/AFM head. ¢) Zoom-in of the tuning fork dynamic force sensor. Inset shows the
SPM tip and tip wire for tunneling current.

Figure 1.7 b shows the structure of the SPM head with Besocke beetle type [92, 93].
Three outer (coarse) piezos are fixed on a baseplate, on top of which three sapphire
spheres are mounted. A three-fold ramp made of copper can rotate around its
center when applying sawtooth voltage pulses, which stands against the sapphire
spheres. The accompanied increase or decrease of the ramp height is used for coarse
approach. A ring made of aluminum around the ramp allows for lateral movement
for changing scanning area over the sample. In the center of the ramp the main
piezo used for scanning is mounted, where the tuning fork sensor is fixed with two
magnets. The structure of the sensor is shown in figure 1.7 ¢. One prong of the
tuning fork is glued on a Macor base, while the other prong with a tip remains free to
oscillate perpendicularly to the sample surface. Three contacts are made between
the scanner and the electrical feedthrough: two for the tuning fork piezoelectric
AC current and one for the tunneling current. During measurement, the whole
SPM head with sample clamped against the baseplate is isolated from mechanical
vibrations wia stainless steel springs, eddy current damping. The air damper feet
can further improve the damping against low frequency vibrations through lifting
the whole chamber.

The data acquisition was done using PSTMAFM software from SPS-Createc GmbH.
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STS spectra were recorded with an external commercial Stanford Research SR830
lock-in amplifier. For AFM measurements, an additional phase locked loop (PLL)
controller from SPECS-Nanonis was utilized. All the data were analyzed with the
software of WSxM [94] and SpectraFox [95].

1.4 DFT Calculations

In order to gain theoretical supports for the experimental results, in this thesis we
performed density functional theory (DFT) calculations for some measured systems.
All the DFT calculations were performed using the GAUSSTAN 09 program package
[96] unless noted otherwise. All calculations including geometry optimizations and
electronic excitation energies were carried out on isolated systems, without consider-
ing the metal surfaces, using the B3LYP exchange-correlation functional. The 6-31G
(or 6-311G) and LanL.2DZ basis sets were chosen for the systems only containing
molecules and the metal/molecule systems, respectively, as a compromise between
accuracy and applicability to large molecules and metal atoms.

1.5 Substrates and Molecules

1.5.1 Coinage Metal Surfaces

In this thesis, three types of coinage metal surfaces are utilized as platforms for the
growth of molecular architectures, namely Au(111), Ag(111) and Cu(111). They
have a face centered cubic (fcc) crystalline structure. Metal atoms arrange into
hexagons on the (111) surface of fce crystal, exhibiting a three-fold (six-fold) sym-
metry in the first layer with (without) considering the atoms underneath [97], as
shown in figure 1.8 a.

Figure 1.8 b shows the STM image of a Au(111) surface, where periodic soliton-
lines with height of 0.2 A are visible in [112] direction due to atom rearrangement.
Such reconstruction is induced by incorporating 23 atoms into 22 lattice sites [98]
along [110] direction, as depicted in figure 1.8 c¢. Consequently, the surface layer
is stressed with respect to the bulk and presents corrugation. Then the surface is
divided into alternate wider and narrower regions with a period of 6.3 nm by the
soliton-lines, corresponding to fcc and hcp packing structure, respectively. Figure
1.8 d represents a dI/dV spectrum recorded on a bare Au(111) surface. The two-
dimensional Shockley surface state exhibits a step-like feature at about -500 mV
[99]. Moreover, the reconstruction causes an electronic superlattice at the surface
[99], where hcp region has lower potential energy by 25 meV accompanied with a
higher local density of states (LDOS) compared with the fcc region. However, the
lower concentration of atoms with respect to hcp region after taking into count
the buried layers, makes fcc region energetically favorable for adsorption [98]. In
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addition, molecules and impurities also preferentially adsorb at elbows of soliton-
lines due to diminished potential energy there [100], as shown in figure 1.8 b.
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Figure 1.8: Au(111) surface. a) Topview of (111) surface of fcc crystal. Green hexagon
highlights atoms in the first layer, while red triangle highlights atoms in the second layer. b)
STM image (I = 1.1 nA and V = 0.78 V) of Au(111) showing surface reconstruction. c) The
reconstruction model [98]. Open circles represent atoms in the second layer, while filled circles
stand for atoms in the first layer. d) dl/dV spectrum acquired with open feedback (set point:
| = 45 pA and V = 3.0 V) at a bare Au(111) surface.
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Figure 1.9: Ag(111) surface. a) - ¢) STM images of Ag(111) surface recorded at +0.3 V, -0.3
V and +0.1 V (I = 120 pA), respectively. CO molecules adsorb on the surface, which scatter
the surface electrons. d) dI/dV spectrum acquired with open feedback (set point: | = 70 pA
and V = 2.5 V) at a bare Ag(111) surface.

Figure 1.9 a shows the STM image of planar Ag(111) without surface reconstruc-
tion. Plenty of small depressions exist when scanning with positive bias, which are
assigned to adsorption of CO molecules during sample preparation. They are im-
aged as protrusions at negative bias, as shown in figure 1.9 b. Moreover, standing
waves centered at CO are observed in the STM image recorded near Fermi energy
due to scattering of surface electrons [I01], 102] (figure 1.9 ¢). In addition, dI/dV
spectrum in figure 1.9 d reveals that the surface state of Ag(111) is localized at -65

mV [101] [102].

Similar with Ag(111), Cu(111) has homogenous surface structure with adsorption of
CO molecules, as shown in figure 1.10 a. The resulting standing waves induced by
CO scattering have a period of 15 A (figure 1.10 b), corresponding to half the Fermi
wavelength (Ar) of the surface [103]. Cu(111) has a step-like surface state 450 meV
below the Fermi energy, as shown in figure 1.10 ¢ [103].
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Figure 1.10: Cu(111) surface. a) STM image of a Cu(111) surface (I = 100 pA and V = 0.1
V) with adsorption of a CO molecule scattering the surface electrons. b) Linescan (indicated
by the black line in a showing the wavelength (15 A) of the standing wave centered at the CO
molecule. ¢) dl/dV spectrum acquired with open feedback (set point: | = 20 pA and V = 2.0
V) at a bare Cu(111) surface.

1.5.2 Dicyanovinylene-substituted Oligothiophenes

Dicyanovinylene-substituted oligothiophenes (DCVnTs in short, n represents the
number of thiophene rings) are adopted widely in the field of organic solar cells
[42, 143, [44), [45], 46], 47, [48, 49, 104]. In this thesis we studied two types of molecules
from this family: the methyl-substituted dicyanovinyl-quinquethiophenes (DCV5T-
Me,) and the dicyanovinyl-hexathiophenes (DCV6T). The chemical structures of
these two types of molecules are shown in figure 1.11. DCV5T-Me, has two di-
cyanovinyl (DCV) functional groups that are linked symmetrically to a central quin-
quethiophenes (5T) group with the central thiophene ring substituted by two methyl
(Meg) groups. DFT calculations reveal that there are several types of isomers for
DCV5T-Mes molecules in gas phase, with differently oriented thiophene rings and
DCV groups. Amongst them the slightly bent configuration, due to methyl groups’
attachment, with alternately oriented thiophene rings and proximity of cyano groups
and sulfur atoms from the neighboring thiophene rings has the lowest total energy
[48]. The most stable configuration, with a total length of 2.75 nm, adopts Cs,
symmetry with all the atoms located in the same plane except the hydrogen atoms
in the methyl groups (Fig. 1.11 a).

DCV6T has one more thiophene ring than DCV5T-Me,, but without substitution
by methyl groups. DFT calculations demonstrate that DCV6T possesses different
types of configurations in the gas phase as well. The alternate arrangement of the
six thiophene rings and the CN-S interaction generate the most stable molecular
configuration [48]: straight, planar and Csy;, symmetric with a total length of 3.0 nm

(Fig. 1.11 b).

In bulk DCV5T-Me, forms single crystal [105]. X-ray data reveal that molecules
are arranged in rows in (6 0 4) plane through hydrogen bonding between vinylic or
aromatic CH and N atoms from neighboring cyano groups (blue lines in figure 1.12
a). Two adjacent rows are offset by half molecular length in plane and interact with
each other via hydrogen-bonds between aromatic CH and cyano groups (red lines
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Figure 1.11: a) and b) Chemical structures and optimized configurations of the free DCV5T-
Mes molecule and DCV6T molecule in gas phase, respectively. The color code is white: hy-
drogen, grey: carbon, blue: nitrogen and yellow: sulfur. Molecules were synthesized by Roland
Fitzner.
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Figure 1.12: Images from [105]. a) Packing structure of DCV5T-Mey in one layer in the single
crystal viewed from the direction normal to the (6 0 4) plane. The blue and red lines stand
for hydrogen-bonds. b) The inter-layer packing structure in the single crystal viewed from the
direction normal to the (6 0 7) plane. The gray lines represent 7-m interaction, while the red
lines show the same hydrogen-bonds as in a.

in figure 1.12 a). Moreover, neighboring rows are located at different height with a
distance around 1.6 A in the direction perpendicular to the (6 0 4) plane, as shown
in figure 1.12 b. Molecules within adjacent layers stack through 77 interaction
(gray lines in figure 1.12 b). Both hydrogen bonding and w-7 stacking stabilize
the packing structure, moreover, enhance the intermolecular orbital overlap during
charge transport.

DCVG6T grows into crystal in bulk as well, where molecules extend in layers parallel
to the (9 3 21) plane [48], as shown in figure 1.13 | One unit cell of the crystal
contains two pairs of molecules aligning with an angle, with two parallelly aligned
molecules in each pair (figure 1.13 a). The short distances, below the van der Waals
radii, between the hydrogen atoms from parallelly aligned molecules indicate van der
Waals interaction (red dot lines in figure 1.13 a). In addition, every molecule points
its cyano groups to the hydrogen atoms from the neighboring molecules forming
hydrogen-bonds (red solid lines in figure 1.13 a). In the direction perpendicular to

2Here we show the X-ray data of DCV4T. It should have the same packing structure as DCV6T,
because both of them have even number of thiophene rings in the center exhibiting the same
symmetry.
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Figure 1.13: Images from [48]. a) Packing structure of DCVAT in one layer in the single
crystal viewed from the direction normal to the (9 3 21) plane. The red dot lines stand for van
der Waals interaction, and the red solid lines represent the intermolecular hydrogen-bonds. b)
The inter-layer 7-7 stacking structure in the single crystal from the same point of view as in a.
The molecules in adjacent layers are drawn in gray gradation.

the (9 3 21) plane, the X-ray data show that the packing structure is optimized by
-7 interaction: the aromatic backbones of neighboring layers are almost completely
overlapped (figure 1.13 b), which benefits the charge transport in the crystal. All of
these intermolecular interactions consolidate the crystal [48].

DCVnTs include both electron donor (thiophenes) and acceptor (DCV groups) parts
simultaneously [106] ﬂ However, they serve as electron donors in the organic solar
cells when combined with Cgp due to the relatively lower electronegativity [48].
There are two kinds of structures for organic solar cells based on DCVnTs and
Cgo: the planar heterojunction and the bulk heterojunction, as shown in figure
1.14 [48]. One layer of DCVnT and one layer of Cgy contact to each other in
the planar heterojunction, while the DCVnT and Cgg form one blend layer in the
bulk heterojunction. Each one has its own advantages and disadvantages. It is
difficult for excitons to diffuse to the interface between two layers and separate into
electrons and holes in the planar heterojunction, whereas it is good for the charge
transport to electrodes after exciton separation. The bulk heterojunction improves
the efficiency of the exciton separation due to the shorter diffusion distances for
excitons before reaching the donor-acceptor interfaces. However, the probability
of recombination for the charge carriers during transport to electrodes is increased
in the bulk heterojunction. A lot of attempts have been made to improve the
exciton separation and carrier transport in these two types of heterojunctions, like
adjusting the packing structures by attaching side groups [47, 49, [104] and changing
the morphology of molecular layers [46], and so on.

3The aim of attachment of electron acceptor groups is to reduce the molecular optical band gap
for enhancing the solar photon absorption, which is mainly ranged between 600 to 800 nm.
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BPAPF:NDP9 10% (10 nm)
BPAPF (5 nm

DCVAT (6 nm) DCV5T:C,, (20-40 nm)
Ceo (15 nm)
4 Cgo (15 nm)
Glass + ITO ¥ Cgo:NDN1 2% (5 nm) ) ‘
Glass + ITO ‘

Figure 1.14: Images from [48]. a) and b) Stacking structures of the organic solar cells with
planar heterojunction and bulk heterojunction of DCVnT and Cg, respectively.
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Figure 1.15: Image from [48]. Representation of HOMO/LUMO energies of the DCVnTs (n:
1 - 6) derived from electrochemical data and compared with Cg.

The performance of the organic solar cells, assessed with the parameters of open-
circuit voltage and conversion efficiency, is mainly determined by the energy align-
ments between the electron donors and acceptors besides the packing structure of
organic layers [104]. The bigger the effective energy gap (gap between the HOMO of
the donor and the LUMO of the acceptor) is, the higher the open-circuit voltage we
gain. On the other hand, the bigger effective energy gap increases the difficulty for
charge transfer from the donor to the acceptor, thereby decreasing the conversion
efficiency. Therefore, we need to get a trade-off between the open-circuit voltage and
the conversion efficiency by tuning the energy alignments of the components. Figure
1.15 shows the energy alignments of DCVnTs with respect to Cgo [48], data from
electrochemical measurements. It is demonstrated that the HOMO of the DCVnTs
increases in energy with the increases of the number of the central thiophene rings,
while the energy of the LUMO is not strongly modified. Therefore, the performance
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of the solar cells can be optimized by tuning the length of the molecules. Within
DCVnTs family, the DCV5T-Me,, with combination of Cgg, constructs organic solar
cells with the highest efficiency of 7% [106].

In contrast to the extensive studies on structural and electronic properties of DCVnTs
in bulk with assemble-average techniques, a microscopic understanding of their ge-
ometric and electronic structures on metal surfaces at sub-molecular resolution is
still missing. The transition from three-dimensional crystals in bulk to one- or two-
dimensional supramolecular architectures on metal surfaces should introduce new
phenomena to the system. On one hand, the hybridization between molecules and
metal surfaces or adatoms from substrates dominates the structural and electronic
properties at the metal-organic interface. On the other hand, molecules decoupled
from the metal surfaces within a multiple layer film should exhibit intrinsic proper-
ties of the organic substance. In addition, different packing structures are expected
to arise in the low-dimensional assemblies. Furthermore, doping the DCVn'Ts with
metal atoms is expected to be another effective way to tune the electronic properties
of materials besides mixing them with other organic substance. Therefore, exploring
molecular properties of different DCVnTs-based assemblies on metal surfaces with
STM and AFM is significant, from the point of application, in order to improve their
performance in organic solar cells and even extend their application in other organic
devices. From the point of fundamental research, DCVnTs including w-conjugated
backbone with positive sulfur and hydrogen atoms and negative cyano groups, offer
abundant resource for study in the field of surface science.

1.5.3 Sample Preparation

The Au(111), Ag(111) and Cu(111) samples were cleaned by repeated cycles of Ne™
sputtering (1.5 keV) held at room temperature and subsequent annealing to 750 K.
This procedure ensures surfaces free of impurities with big terraces for the adsorption
of molecules and metal atoms.

The organic molecules were evaporated onto the cleaned samples in situ in the UHV
chamber from an organic molecular evaporator with a quartz balance to control the
deposition coverage. The temperatures for the evaporation of organic molecules
are shown in table 1.1. NaCl molecules, offering Na atoms to mix with organic
molecules, were evaporated onto the samples in the same way as organic molecules
with an evaporation temperature of 530 °C. The Co atoms were deposited by using
a commercial Omicron UHV evaporator EFM3 loaded with high purity Co rod
(>99.995%). The evaporation flux was tuned with an integrated flux monitor. The
samples were held at room temperature during the adsorbate deposition unless noted
otherwise. To keep the DCV5T-Me, intact on the Cu(111) surface, the Cu(111)
sample was held at low temperature during evaporation followed by annealing to
thermally activate the formation of self-assembled nano-structures.
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A small amount of CO, CI or Xe molecules are needed to functionalize the tip for
AFM measurements. In this thesis we chose Xe since it induces less deviation to
AFM images [107]. The Xe molecules were dosed onto the surface by admitting Xe
gas into the SPM chamber with a pressure of 1x10~% mbar for 1 minute.

Molecules | DCV5T-Me, | DCV6T | TCNQ | Coronene Ceo NaCl

Temperature 240°C 300°C | 120°C 120°C 450°C | 530°C

Table 1.1: Temperatures for evaporation of molecules.



2 Structural and Electronic
Properties of DCV5T-Mey
Organic Films on Au(111)

2.1 Introduction

In supramolecular chemistry, organic molecules self-assemble into ordered struc-
tures connected through intermolecular non-covalent bonding. Upon adsorption on
a metal surface, the scenario is drastically changed. First of all, the growth of
the nanostructures is confined in two dimensions. Moreover, the induced-vertical
interactions between the surface and ligands compete with lateral intermolecular in-
teractions, hence, modify structural properties of the assemblies [3]. Consequently,
sometimes it is a challenge to expect and determine the packing structure of complex
molecules on metal substrates just based on STM images. Therefore, AFM is uti-
lized to resolve the molecular configuration at atomic resolution [I6], furthermore,
gain significant information on intermolecular bonding geometry.

The intermolecular bonding determines the local chemical environments of a molecule,
thereby influencing its electronic properties. At organic/organic interfaces, inter-
molecular interactions may induce modification to the free molecular properties
through screening effect [56], dipole formation [108] and so on. Understanding the
evolution of molecular orbital energy alignment upon self-assembly is significant for
a designed electron donor molecule, since a higher-lying LUMO in energy is preferred
for electron donation.

Recent STM studies of organic molecules are mainly focused on single molecules
and self-assembled structures in sub-monolayer level on metal surfaces. However,
organic devices, such as organic solar cells and organic light emission diodes, are
composed of multiple layers of molecules, whose orbital energy alignment and spatial
distribution determine the charge transfer and transport process in the system.
Moreover, the multiple-layer film offers an ideal platform to investigate molecular
vibronics. On one hand, the vibration induces substantial energy dissipation to the
system that drastically reduces stability and lifetime of the device [109]. On the other
hand, it triggers the charge delocalization in a charge transfer complex [110] [11T].
Besides the resonant and vibrational states, the molecular packing structure within
multiple layers also strongly influences the charge transport in organic electronics
[104]. Therefore, it is significant to study the structural and electronic properties of

25
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molecules within multiple-layer organic films contacting with metal surfaces, which
resemble the real chemical environments of organic devices.

Previous studies have demonstrated that octithiophene (8T) molecules are arranged
in parallel within both the first layer and the second layer on Au(111), driven by van
der Waals forces and 7-7 interaction (figure 2.1 a) [29]. Moreover, molecules within
both layers exhibit the same orbital alignment (figure 2.1 b), indicating a weak hy-
bridization between 8T and the substrate. In contrast, dicyanovinylene-substituted
oligothiophenes, specially designed for organic solar cells, are expected to show dif-
ferent packing and electronic features from unsubstituted oligothiophenes due to the
functional cyano groups. However, a microscopic understanding on these molecules
is still missing. Therefore, here we use a combined low temperature STM/AFM to
investigated DCV5T-Mes on Au(111).

In the first part of this chapter, we show the bonding geometry of DCV5T-Me,
molecules via AFM imaging. It is found that the intermolecular electrostatic inter-
action combined with hydrogen bonding is in response for the formation of molecular
islands, which enhances the thermal stability of the pure organic domains. In the
second parts of this chapter, the change of free molecular orbital structure upon
assembly is studied, which is attributed to the strong intermolecular interactions.
In the third part of this chapter, structural and electronic properties of a double-
layer film is presented. Molecules in the second layer pack in the same way as those
in the organic islands, exhibiting higher-lying unoccupied orbitals due to being de-
coupled. Moreover, a vibrational state with energy of 180 meV is detected there,
corresponding to stretching mode of carbon bonds.

8T/Au(111)

di/aV [a.u.]

-1.0 0 1.0 2.0
Bias Voltage [V]

Figure 2.1: Images from [29]. a) Overview STM image of a mono- and bilayer 8T on Au(111)
(V=-0.6 V, | =50 pA). Inset: zoom in STM images of the first layer (left bottom) and the
second layer (right bottom), respectively. b) dl/dV spectroscopic data taken at the first layer
and the second layer of 8T on Au(111).
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2.2 Self-assembly of DCV5T-Me,

We start by describing the assemblies found with LT-STM inspection. When DCV5T-
Me, is deposited on a Au(111) surface at room temperature, it predominantly forms
two types of structures: bi-molecular chains and two-dimensional molecular islands
(figure 2.2 a). Molecules within both chains and islands adopt a bent configura-
tion. In the chains, every pair of molecules connects to adjacent pairs through their
DCV ends (figure 2.2 b), hence, form chains extending typically over more than
one hundred nano meters across the herringbone reconstruction of the surface. In
the islands, molecules contact their DCV ends instead with centers of neighboring
molecules (figure 2.2 ¢), thereby forming domains with extension of hundreds of
nano meters in two dimensions. Moreover, the surface reconstruction underneath
the islands is not perturbed by the adsorption of DCV5T-Mey, indicating that the
interaction between surface and molecules is weak [28].

Figure 2.2: Self-assembly of DCV5T-Mey on Au(111). a) STM overview (I = 73 pA, V =
0.69 V) of DCV5T-Mey molecules deposited on room temperature Au(111) surface. Chains
and islands coexist on the surface. b) and c¢) High resolution STM images of the chain (I = 71
pA, V = 0.89 V) and the island (I = 81 pA, V = 0.59 V), respectively. d) STM overview (I =
83 pA, V = 0.65 V) after annealing the sample to 280 °C.

These two types of self-assembled structures exhibit different thermal stability. Post-
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annealing the sample to 280 °C destroyed the chains completely, while the islands
are not influenced at all, as shown in figure 2.2 d. The origin of the difference in
thermal stability between the chains and the islands, could be related to different
bonding structures. Since it is difficult to determine the exact bonding geometry
of chains and islands from STM images, we performed AFM measurements. AFM
imaging of islands is shown in the following, while AFM results on chains will be
discussed in the next chapter.

2.3 Bonding Determination of Islands with AFM

2.3.1 Functionalization of the AFM tip

In order to gain atomic resolution in AFM images, it is necessary to functionalize the
tip with a well defined molecule or atom [16] such as CO, Xe, Cl and so on. In this
thesis, all AFM images were recorded with Xe functionalized tips. To functionalize
the tip, we dosed Xe molecules onto the sample while seated in the STM chamber,
after deposition of organic molecules (details in section 1.5.3). They form big islands
with some Xe atoms dispersing separately on the surface, as shown in figure 2.3 a.
They also adsorb at edges of DCV5T-Me, molecular islands (figure 2.3 b). The Xe
can be picked up by approaching the tip 4 A with a typical current set point of 20
pA and 100 mV over it [107]. The absence of Xe at its previous position and the
enhanced resolution of STM image recorded with the tip afterwards (figure 2.3 c),
indicate that the Xe is attached at the apex of the AFM tip. In general, this method
generates quite stable tips that can work several tens of hours before breaking.

pueisiax 4

Figure 2.3: Functionalization of the AFM tip with Xe. a) STM image (I = 50 pA, V = 0.31 V)
after deposition of Xe on the Au(111) sample with DCV5T-Me,. Large Xe islands are formed
with some Xe molecules dispersing on the surface (within the white oval). b) STM image (I =
9.7 pA, V = 0.24 V) of a molecular island with adsorption of Xe at its edge. ¢) STM image (I
= 20 pA, V = 0.1 V) of the same area as in b after picking up a Xe.

2.3.2 Chemical and Bonding Structure of Islands

Figure 2.4 a and b show the STM topography and the corresponding Laplace filtered
constant height AFM image of a molecular island, respectively. Chemical structure
of DCV5T-Mes is resolved with atomic resolution. In AFM image, the sulfur atom
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Figure 2.4: AFM Imaging molecular chemical structure of the islands. a) Constant current
STM image (I = 50 pA, V = 0.31 V) of an island. b) Laplace filtered frequency shift image
of the same island acquired at constant height mode. The tip was approached by 1.4 A to the
sample from the current set point of 0.31 V and 50 pA over the molecule. The DFT optimized
configuration of the isolated molecule in gas phase is superimposed over the AFM image.

exhibits the sharpest contrast within a thiophene ring. Based on this fact, it is
determined that the five thiophene rings are alternately arranged. The cyano groups
are resolved as protrusion lines with brighter contrast localized at the end nitrogen
atoms, probably due to abundance of electrons there. DCV groups are arranged in
such a way that one of the two cyano groups is close to the sulfur atom at the adjacent
thiophene ring. In spite of the large conformational flexibility of DCV5T-Mey, most
of the molecules appear with this shape. DF'T calculations of the isolated molecule
reveal that, although there are several DCV5T-Me, conformers with similar stability
in gas phase, the shape observed here corresponds to the global minimum. This
minimum energy configuration has a planar structure, thus enhancing its relative
stability when forced to lay in a planar adsorption geometry on a metal surface.

At a closer tip-sample distance, contrast emerges at the positions between adja-
cent molecules, as shown in figure 2.5 a. As demonstrated in a recent theory study
[89], these protrusion lines indicate close location of two atoms. They do not di-
rectly correspond to intermolecular bonding, however, from which reasonable inter-
action model could be constructed. Close located CN ligands and CH groups form
hydrogen-bonds (red lines in figure 2.5 b). Two adjacent atoms with opposite sign
of charge interact with each other through electrostatic force. This explains the
rotation of one cyano group close to the sulfur atom from the neighboring thiophene
ring. Intramolecular electrostatic interaction (blue lines in figure 2.5 b) induces the
proximity of positively charged sulfur and negatively charged nitrogen (figure 2.5 c).
For the same reason, we propose that intermolecular S-N electrostatic interaction
(green lines in figure 2.5 b) also contributes to the formation of the islands. More-
over, neighboring cyano groups point to different directions, indicating that no metal
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bridges are necessarily needed and the islands are pure organic motifs. Actually, the
packing structure here is similar with that in the crystal (figure 1.12). The metal
surface inhibits the growth of parallel rows in three dimensions, thereby assembling
them into two dimensional domains here.

Figure 2.5: a) and b) Laplace filtered AFM images acquired at 0.4 A closer tip-sample distance
than in figure 2.4 b. The tip was approached by 1.8 A to the sample from the current set point
of 0.31 V and 50 pA over the molecule. The size of image a (b) is 2.7 x 2.7 nm (3.5 x 3.5
nm). The bonding model is superimposed over b: out-of-direction hydrogen-bonds (red dash
lines), in-direction hydrogen-bonds (red solid lines) and intermolecular electrostatic interactions
(green dash lines). The blue dash lines indicate intramolecular electrostatic interaction. ¢) DFT
calculated total charge distribution of a free molecule in gas phase.

Bonding type Energy Distance

Hydrogen bonding 0.05-0.7 eV | =1.5-3.5A

Electrostatic interaction | 0.05-2.5eV | longrange

Coordination bonding 0.5-2 eV =1.5-2.5 A

Table 2.1: Energy range and interaction distance of different types of bonding [3].

Analysis of the bonding structure in detail reveals that each one molecule possesses
nine bonds (or interactions) including five out-of-direction hydrogen-bonds (red dash
in figure 2.5 b), two in-direction hydrogen-bonds (red solid in figure 2.5 b) and two
electrostatic interactions (green dash in figure 2.5 b). The organic islands have more
intermolecular interactions in total than the chains (each one molecule in chains
has one coordination bond and four out-of-direction hydrogen-bonds, which will be
discussed in chapter 3). The larger amount of intermolecular interactions should play
a crucial role in the structural and electronic properties of the organic islands. The
extremely high thermal stability of the islands is one of the consequences. Although
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the electrostatic interaction is a long range interaction, it could have even higher
binding energy than hydrogen-bonds and coordination bonds, as shown in table 2.1.
This rationalizes the higher thermal stability of the pure organic islands than the
metal-organic chains.

2.4 Electronic Properties of Islands

2.4.1 The Single DCV5T-Me,

STS was utilized to inspect the electronic configuration of organic islands. As a ref-
erence, we measured first spectra on individual DCV5T-Mes monomers, occasionally
lying on bare gold regions. DCV5T-Me, monomers appear in STM images with the
same conformation as in the molecular islands (figure 2.6 a). Differential conduc-
tance spectra acquired on the center and on the DCV end-groups of a DCV5T-Me,
monomer show a clear peak at 2.0 V (figure 2.6 b) with its largest intensity at the
center of the molecule, which we assign to the LUMO-derived resonance. In con-
trast, the LUMO-+1 resonance with onset of 2.5 V[[]is only localized at the two ends.
The extended and local character of the LUMO and the LUMO+1, respectively, is
in agreement with the free-molecular orbital shape obtained from our DFT calcula-
tions (inset of figure 2.6 b), and confirms that DCV5T-Me, monomers maintain to
large degree their free-molecule character upon adsorption on the Au(111) surface.

a)

1.0nm 1.0nm

diidV (a.u.)

0.5 1.0 1.5 20 25

Figure 2.6: a) STM images (I = 67 pA and V = 0.89 V) of a single molecule on Au(111)
with DFT calculated optimization configuration superposed (right panel). b) dl/dV spectra
acquired with closed feedback (set point: | = 50 pA and V = 0.5 V) at different locations on a
single molecule and the surface as indicated in a. The energetic positions of the resonances in
the dl/dV spectra are highlighted by the black dash vertical line. Inset is the DFT calculated
orbital shape of the LUMO and LUMO+1 in gas phase.

!The LUMO-1 can not be completely resolved because the molecule becomes mobile when tun-
neling in that energy region, but the onset of the resonance is clear.
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2.4.2 The Islands

The STS spectra in the molecular island (figure 2.7 a and b) show a resonance at 1.3
V distributed over the whole molecule, and a higher-lying resonance at 1.65 V, which
is mainly localized at the molecular sides. This distribution is further confirmed by
dI/dV mapping, as shown in figure 2.7 d and e. By comparing with the distribution
of states over the single molecule, we assign these two resonances to states derived
from the LUMO and LUMO+1 of the molecule within islands, respectively.

These results show that the LUMO and LUMO+-1 are shifted down to 1.3 V and
1.65 V in islands from 2.0 V and >2.5 V at the single molecule on Au(111). Spectra
recorded on the molecule at the edge of the island (dash curves in figure 2.7 b) exhibit
states with similar energies with those at the molecule within the island (solid curves
in figure 2.7 b). It indicates that the screening effect does not strongly influence
the resonance alignment here. Therefore, we attribute this shift to the presence of
intermolecular interactions, which is the only possible origin for the change of elec-
tronic properties. Studies have demonstrated that the LUMO and the LUMO-+1
states of PTCDA molecules within different domains, where the average hydrogen-
bonds length varies 0.3 A, are different in energy [19]. The unoccupied molecular
orbitals in the domain with stronger hydrogen-bonds are shifted down 0.35 V overall
with respect to the states in the domain with weaker bonding. Similarly, studies
on BDATB, PTCDI and BDATB/PTCDI assemblies reveal that the intermolecular
hydrogen-bonds may create dipoles within the bonding regime, thereby inducing
shift of the molecular resonances in energy [108]. Based on these studies, we pro-
pose that the downshift of the LUMO and LUMO-+1 of DCV5T-Mey within the
organic islands originates from the intermolecular hydrogen-bonds and electrostatic
interaction. Here, the value of the shift is nearly 1.0 V, which is three times bigger
than the reported value (0.35 V) [19]. However, it is reasonable considering that in
our system the transition is from the absence of bonding to the presence of a big
amount of strong intermolecular interactions rather than from weaker bonding to
stronger bonding.

We can use the quantum mechanism of “particle in a box” to explain the downshift
of molecular orbital energy [I12]. Strong intermolecular interactions benefit the
orbital overlap between molecules. Consequently, the distribution of electrons are
more delocalized over the two dimensional domain than within one single molecule.
The bigger the size of the box, the lower the energy of the states. Therefore, islands
possess orbitals with lower energies than a single molecule in our system.

To detect molecular states at higher energy level without destroying the organic
molecules, we did STS with closed feedback loop. As shown in figure 2.7 ¢, another
resonance of 2.35 V is localized at the center of the molecule, which is also revealed
by the corresponding dI/dV mapping (figure 2.7 f). DFT calculations of the free
molecule show that the LUMO+2 has higher weight at the central part with an
energy 0.81 V above the LUMO-1. Hence, it is reasonable to assign the resonance
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of 2.35V to the down-shifted LUMO+2 state upon assembly.

di/dv (a.u.)
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Figure 2.7: Electronic properties of molecular islands. a) STM image (I = 81 pA, V = 1.3 V)
of a molecular island. b) dl/dV spectra acquired with open feedback (set point: | = 110 pA,
V = -2 V) at different locations on the island as indicated in a. The surface state is shifted up
around 0.2 V due to the change of work function by the attachment of the organic layer. ¢)
dl/dV spectra acquired with closed feedback (set point: | =50 pA, V = 0.5 V), which allows for
spectra at higher bias voltage. The energetic positions of the resonances in the dl/dV spectra
are highlighted by the black dash vertical lines, and all the spectra are offset for clarity. d) - f)
Constant height dl/dV maps of the same island as in a recorded at biases of 1.3 V (81 pA), 1.6
V (81 pA) and 2.25 V (39 pA), respectively. In the maps the red color represents background,
while the yellow stands for dI/dV signal. Insets show the calculated orbital shape of the LUMO,
LUMO+1 and LUMO+2 of the free molecule.
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2.5 Structural and Electronic Properties of the
Second Layer

2.5.1 Decoupling of the Second Layer

DCV5T-Mes molecules start to form islands on top of the first molecular layer when
coverage is increased over one monolayer, as shown in figure 2.8 a. The second layer
consists of the same unit cell as the first layer. High resolution STM image (figure
2.8 b) shows that molecules become asymmetric within the second layer, with a big
lobe connected to a small lobe by a node. After overlapping the bonding models of
two layers, we found that the position of molecules within the second layer is not
commensurate with the first layer (figure 2.8 b). It means that the growth of the
second layer is not templated by the structure underneath. However, the asymmetric
configuration should be attributed to the interactions between the two layers. It
is expected that cyano groups and thiophene rings in the second layer rotate to
interact with the thiophene rings and cyano groups in the first layer, respectively,
due to molecular flexibility. This rotation would result in the asymmetric geometry.
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Figure 2.8: Structural and electronic properties of the bilayer film. a) Large scale STM image
(I =63 pA, V = 0.81 V) of a bilayer film of DCV5T-Mez on Au(111) showing a large ordered
island located on top of the first layer. b) High resolution STM image (I = 24 pA, V = 0.63
V) of the bilayer film with a model for the structure superimposed. Every rhombus in the black
dash grid surrounds a molecule in the first layer. c¢) Normalized dl/dV data (solid) acquired
with open feedback (set point: | = 91 pA, V = -2 V) at the center of molecules within the first
layer and the second layer and the corresponding Gaussian fits (dash). The energetic positions
and the full-width-at-half-maximum (FWHM) values of the peaks are listed in the inset table
with the unit of eV. The two black arrows under the red spectrum taken at the second layer
indicate the states permeating from the first layer.
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In order to inspect the evolution of molecular electronic properties with the layer
growth, we performed spectroscopic measurements, as shown in figure 2.8 c¢. The
molecule in the second layer possesses a resonance of 1.78 V, which is assigned to
the LUMO state. The narrow width of the line shape and the higher lying in energy
of this state with respect to the LUMO at the first layer (FWHM: 0.1 V vs. 0.24 V,
energy: 1.78 V vs. 1.30 V) imply good decoupling of the second layer from the metal
surface. However, the LUMO at the second layer is still lower in energy than that
at the single molecule on the Au(111) surface. We attribute this to the existence
of intermolecular interactions within the second layer and between the two layers,
which shift down the molecular orbital as well. Note that the states around 1.3 V
permeate from the first layer to the second layer, which induce a shoulder in the
spectrum taken at the molecule within the second layer as indicated by the black
arrows.

2.5.2 Vibronic Spectroscopy in the Second Layer

Interestingly, a satellite peak 0.18 eV above the LUMO in energy arises at the
center of the molecule in the second layer (figure 2.8 ¢). From its location at the
molecule and its distance to the LUMO in energy, the possibility of being LUMO-1
is ruled out. A reasonable origin of this peak is a vibrational state coupled with the
LUMO resonance in a well decoupled organic layer from metal substrates. We will
demonstrate this in the following content.

Vibronic Spectroscopy in STM

a ) Excited state b) Excited state
STS peak STS peak
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Figure 2.9: Images from [37]. a) Vibrational states are hidden in the broad line shape of
molecular resonance, when molecules strongly hybrid with the metal surface, which induces
extremely short lifetime of the excited state. b) Vibronic states can be detected as separate
peaks in dl/dV spectra, when molecules are well decoupled from the metal surface, which
induces longer lifetime of the excited state and sharper molecular resonance.

Before going to the experimental data, we first introduce the electron-vibration cou-
pling briefly. In STM, the tunneling process through molecules can be treated as
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transiently attaching an electron into an excited state (take tunneling into unoccu-
pied orbitals as an example), then this electron decays into the substrate. When the
energy of the electron exactly equals the energy difference between the ground state
and the excited state, only transition between different electronic states occurs. If
the electron carries more energy corresponding to a vibration mode, the molecular
can be excited from its ground state to the excited electronic state associated with
a vibrational excitation - the vibronic transition.

In the tunneling process, the width of the the molecular resonant state scales inverse
with the electron lifetime. When organic molecules directly adsorb on top of a metal
surface, the tunneling time scale is very short, so the width of the corresponding
resonance is broadened. As a result, vibrational states are normally hidden by the
broad line shape of the molecular resonance in STS, as shown in figure 2.9 a. In
order to resolve vibrational peaks from the resonant state, organic molecules have
to be decoupled from the metal surface for example by an insulating layer |27, 113
114l [IT5] or by the first layer of organic molecules [116, 117|. The increased lifetime
induces a sharper resonant peak. When its width is smaller than the vibrational

energies, vibronic states can be detected as separate peaks in STS, as shown in figure
2.9 b.

Vibronic States of DCV5T-Me,

The decoupling of DCV5T-Mey from Au(111) in the second layer offers the oppor-
tunity to detect molecular vibronic states with scan tunneling spectroscopy. Figure
2.10 shows three exemplary STS spectra at the sides and center of a molecule in the
second layer and the corresponding Gaussian fits. Two peaks are distributed at the
center, whereas the two sides possess four peaks with different intensities. Peak 1
at 1.78 V is assigned to the LUMO of the molecule, as has been discussed above.
Peak 3 is 0.36 eV higher in energy than the LUMO. This energy perfectly matches
DFT calculated energy difference (0.35 €V) between the LUMO and the LUMO+1
states. Therefore, we assign Peak 3 at 2.14 V to the LUMO+1 state [II8]. This
assignment is further confirmed by its spatial localization at only two sides of the
molecule, as we observed in the DFT calculated distribution.

Peak 2 and Peak 4 present the same energy, 0.18 eV, above the LUMO and LUMO+1
states, respectively. Calculations suggest that Peak 4 is not derived by the LUMO-2
state, since LUMO-2, for the free molecule, appears at 0.81 eV above the LUMO+1
in energy. These facts indicate that Peak 2 and Peak 4 should be assigned to the vi-
brational states of DCV5T-Me,. Actually, the vibration with energy of 0.18 eV (1450
cm~! in frequency) has been detected with STM on oligothiophenes, corresponding
to the C=C and C-C bonds stretching of the aromatic backbone [119]. So, we believe
that here the same vibration mode is measured on the dicyanovinylene-substituted
oligothiophenes. Moreover, spectra (black and green in figure 2.10) recorded at the
two functional groups also exhibit vibronic peaks, meaning that this vibration mode
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extends to the DCV groups. Note that the vibrational state lay in the middle of the
LUMO and the LUMO+1 in energy, which brings difficulty to the assignment of the
four peaks. Benefiting from the nonuniform distribution of the LUMO+1 state over
the molecule, the peak at 2.14 V can be assigned to the LUMO+-1 rather than the
vibration with higher order, which is absent at the center of the molecule.
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Figure 2.10: Three exemplary dI/dV spectra (solid) acquired with open feedback (set point:
| = 70 pA, V = -2 V) at the sides and the center of a molecule in the second layer and the
corresponding Gaussian fits (dash). In all the dl/dV spectra the energetic positions of the
peaks are highlighted by the vertical dash lines. In particular, the blue dash lines indicate the
electronic states, while the orange dash lines indicate the vibrational states. All the spectra are
offset for clarity.
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2.5.3 DFT Calculated Vibrations

Vibrational spectroscopies were calculated to gain theoretical supports for our ex-
perimental data. DFT calculations reveal that DCV5T-Me, molecule | has 159
vibrational modes. The bands below 1000 cm™! are always related to a mixing of
different in-plane vibrations or out-of-plane bending and folding modes, while the
band of 2250 cm™! corresponds to the C=N vibrations [43]. More interestingly, in
the Raman and IR spectra, bands in the range between 1000 and 1700 cm™! offer
structural information on the m-conjugated molecular backbone [43]. As shown in
figure 2.11, a local strongest vibrational band is localized at 1446.85 cm™! in the
Raman spectrum, corresponding to 0.1794 eV in energy. The calculated IR spec-
trum exhibits the strongest vibrational band at the same energy (frequency). This
calculated energy is in good agreement with the value measured in our STS data.

Frequency (cm'1)
0 300 600 900 1200 1500 1800 2100 2400 2700 3000 3300
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Figure 2.11: DFT calculated Raman spectrum (upper panel) and infrared spectrum (lower
panel) of the DCV5T-Me, molecule charged with one electron in gas phase.

The eigenvectors associated with the strongest vibrational bands are represent in
figure 2.12 f] The vibrational mode with energy of 0.1794 eV in Raman (IR) spec-
trum describes the totally symmetric (anti-symmetric) in-plane stretching of the
C—C and C-C bonds over the whole molecular backbone. Both vibrational modes
involve the movements of carbon atoms on the whole molecular backbone including
the oligothiophenes and the DCV groups. This calculated result matches with the
STS measurements very well. The vibrational satellite peaks follow the distribution

2Because in STS measurements molecules are at excited state due to the attachment of one
tunneling electron, here we calculate vibrations in negatively charged DCV5T-Mey with one
electron.

3Hydrogen atoms and their movements are not shown in the vibrations.
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of the orbitals, by which they are excited. Therefore, we conclude that the satellite
peaks of 0.18 eV higher than the molecular resonances in STS are induced by either
symmetric or anti-symmetric stretching of the C=C and C-C bonds over the whole
molecular backbone.

The calculated data are based on the free molecule in gas phase and the reported
experimental data [I19)] correspond to the single molecule on an insulating layer on
Cu(111). Our data were measured on the molecule within an organic film, where
strong intermolecular interactions exist. However, comparisons show that the vi-
brational mode with energy around 0.18 eV not only exists at the free and isolated
molecule but also survives at the molecule within self-assembled organic film. Tt
means that the stretching of C=C and C-C bonds is not influenced by the inter-
molecular interactions.

a)

1446.67 cm™ (0.1794 eV)

Figure 2.12: DFT calculated eigenvectors (atomic vibrational displacements) for the modes
corresponding to the strongest Raman spectrum band a) and infrared spectrum band b).

This vibration mode plays an important role in the charge transfer process in blends
of DCVnTs polymer and fullerene. Recent studies [110] demonstrated that the
strong coupling between polymer vibrational state of C=C and C-C stretching at
1450 ecm ™! and fullerene vibration of pentagonal pinch mode at 1470 cm™! triggers
and mediates a coherent charge transfer from the polymer to fullerene. Calcula-
tions show that charge transfer is inhibited if vibrations are frozen by clamping the
thiophene backbone [ITI]. The match of vibronic states of DCVnTs and Cg in
energy contributes to the high performance of organic solar cells based on their mix-
ture. Therefore, molecular vibrations are necessary and significant for the charge
transfer in organic electronics. Here, we show that the electron-vibration coupling
during charge transport through organic films can be detected with sub-molecular
resolution by using STM/STS.
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2.6 Conclusions

Figure 2.13 summarizes the evolution of structural and electronic properties of
DCV5T-Mes on Au(111) with coverage. AFM imaging reveals the assembly struc-
ture of the molecule on the metal surface. For packing in two dimensions on Au(111),
molecules self-assemble into organic islands through intermolecular hydrogen-bonds,
and also strong electrostatic interaction that induces high thermal stability to the
pure organic domains. Molecules in the second layer adopt asymmetric configuration
lying over the first layer with different orientations, while they pack in the similar
structure with that underneath.

Electronic properties vary accordingly. Unoccupied molecular orbitals within islands
are energetically shifted down by intermolecular interactions with respect to the
single molecule on Au(111). Molecules within the second layer have sharper and
higher-lying resonances compared with molecules in the first layer due to being
well decoupled from the metal surface. Consequently, a vibrational state coupled
with both the LUMO and LUMO-1, with energy around 0.18 eV, was observed,
which corresponds to the stretching of C=C and C-C bonds over the whole molecular
backbone. By comparing with DFT calculations of the free molecule, it is determined
that this vibration mode is not influenced by the strong intermolecular interactions.

These results demonstrate that, differently from oligothiophenes, structural and
electronic properties of dicyanovinylene-substituted oligothiophenes strongly vary
with its chemical environments, which should be taken into account during designing
organic electronics based on this family of molecules.
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Figure 2.13: Evolution of structural and electronic properties of DCV5T-Mey molecule on
Au(111): from single molecule to bilayer molecular film.



3 Structural and Electronic
Properties of Complexes Based

on DCV5T-Mes on Au(111)

3.1 Introduction

The combination of organic linkers with metal atoms on metal surfaces offers fasci-
nating perspectives for functional electronic and magnetic nanoscale devices. Some
organic ligands are very active, so that they can bond to metal adatoms directly
from the metal substrate and form metal-organic nanostructures [120, 121, 122}
123] or even meditate the complete reconstruction of the metal surface underneath
[124, 125, 126, 127, 128]. The incorporated metal atoms modify the alignment of
localized and degenerated orbitals locally and lift their degeneracies by step-wise
metal-ligand hybridization [39, 129], as shown in figure 3.1. Recent works on insu-
lating surfaces tracked precisely the effect of metal atoms on the molecular orbital
structure [40] 130, 131], which in many cases induces a renormalization of molecular
states that can be described as the linear combination of free-molecule orbitals, as
shown in figure 3.2. Whether this simple picture still applies on a metal-organic
interface is still unknown.

Structural and electronic properties of chains of DCV5T-Me, self-assembled on
Au(111) simultaneous with the organic islands (see section 2.2) are studied in the
first part of this chapter. AFM imaging reveals that the chains are formed through
incorporation of Au adatoms by cyano groups from the surface. Then, a site-specific
influence of the coordination on the molecular orbital energy alignment and spatial
distribution is determined by STS with the combination of DFT calculations.

Another typical source of metal atoms in metal-organic architectures is external
deposition [3 [8, 132 133, 134, 135, 136, 137, 138]. In particular, Na atoms can
be extracted by ligands from NaCl islands on metal surfaces to form metal-organic
complexes[139, [140]. The results of co-deposition of NaCl with DCV5T-Me, are
represented in the second part of this chapter. The pre-formed organic islands and
chains with Au adatoms are transformed into long and parallel chains with Na-CN
bonding. The statistics of coverage dependence of inter-chain distances reveals an
inter-chain long-range repulsive potential induced by intra-molecular charge transfer.

Hybrid molecular systems, built from combination of two types of molecules, are

41
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Figure 3.1: Images from [39]. Upper column: DFT optimized a) single molecule, b) molecule
with one Cu atom at one side and c) molecule with two Cu atoms at both sides, respectively,
adsorbed on one layer of Cu atoms. Middle column: STS maps acquired at the indicated bias
voltages. The molecular contour of the STM topography (white line) is overlaid on the STS
maps. Image size is 50 A by 25 A. Bottom column: scheme showing the realignment of the
localized molecular orbitals by single-atom contacts.
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Figure 3.2: Images from [40]. a) and b) Model and constant-height AFM image of the
phenazine-gold-phenazine complex on NaCl on Cu(111), respectively. c¢) Schematic level di-
agram and basic orbital model. Light blue and dark red indicate different signs of the wave
function. The black-white images show the shape of orbitals from measurements. The three
constituents’ orbitals being combined are the Au 6s state (left) and two unoccupied phenazine
LUMOs (right). Due to the complex’s symmetry, only the phenazine LUMOs couple to the
complex’s LUMO. The Au 6s contributes to the complex's HOMO and LUMO+1.

of great interest due to the structural and electronic properties of the components
can be modified by the intermolecular interactions, like the charge transfer effect



CHAPTER 3. COMPLEXES BASED ON DCV5T-ME, ON AU(111) 43

[18, 14T, 142] 143]. The charge transfer mechanism dominates the performance of
organic electronics, especially organic solar cells. Recently, organic solar cells com-
posed of several tens of nanometers of mixed films of DCVnTs and Cgg have been
extensively studied with average techniques [42] [43] 44, 45| 46, 47, [48] 49, [104].
However, very little is known about the thin-film behavior in sub-molecular level.
Therefore, we attempt to mix DCV5T-Mey molecules with Cgg, coronene and tetra-
cyanoquinodimethane (TCNQ) on Au(111), in order to get a charge transfer system.
Unfortunately, the strong intermolecular interactions and coordination bonding with
Au atoms, hinder the ordered mixing with other types of molecules. The correspond-
ing results are shown in the third part of this chapter.

3.2 Gold-adatom-mediated Bonding and Molecular
Orbital Redistribution in Metal-organic Chains

3.2.1 AFM Imaging Bonding Geometry of Chains

As has been shown in section 2.2, the deposition of sub-monolayer amounts of
DCV5T-Mes on Au(111) at room temperature leads to the formation of extended
molecular chains simultaneous with organic islands. The chains are bi-molecular lin-
ear structures linked by a characteristic motive. This bonding geometry is missing
in bulk. High resolution STM image (figure 3.3 a) shows that the linking motive
is a bonding node of four molecules pointing their cyano terminations towards each
other. Such a bonding configuration is highly unfavorable for the bare electroneg-
ative nitrogen terminations, unless a cementing metal atom coordinates to them.
Thus, we consider that Au adatoms are trapped and incorporated into the DCV5T-
Mey chain structures at room temperature via coordination bonds with the cyano
moieties of DCV5T-Me, [123].

To prove the incorporation of Au atoms and the bonding geometry of the coordi-
nated structure, we measured the chains with atomic force microscopy. Figure 3.3
b shows a Laplace-filtered AFM image of the same chain as in figure 3.3 a acquired
at constant height mode. The molecular structure can be unambiguously identified
from the A f map, which is the same as that in the islands. The AFM image also con-
firms the four-fold motives formed by four DCV groups around one common point.
Focusing on the linking four-fold motifs, a rounded protrusion appears between the
four cyano groups when imaged at closer tip-sample distance (figure 3.3 d). This
protrusion is unambiguously assigned to the Au atom bridging the four negatively
charged cyano groups. Moreover, the four cyano groups are located around the Au
adatom following a four-fold bonding arrangement, supporting that the Au adatom
uniformly bonds to the four surrounding molecules (figure 3.3 ¢).

It is well known that mobile Au adatoms exist on the Au(111) surface even at 80K
[144], so they can be easily incorporated by the organic ligands at room tempera-
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Figure 3.3: Real-space imaging the Au atom and bonding geometry in coordination bond
within chains. a) High-resolution STM image (I = 15 pA, U = 0.1 V) of a chain recorded with
a Xe-functionalized tip at constant current mode. b) Laplace filtered AFM image of the same
chain superimposed by a molecule model, plotting the amplitude of the frequency shift while
scanning at constant tip-sample height. The tip was approached by 1.8 A towards the sample
from an initial position set by the control parameters of | = 15 pA and U = 0.1 V over the
molecule. The red circles highlight two Xe near the chain. c) and d) Laplace filtered AFM
images of the joint of four adjacent molecules around one Au atom. The tip was approached
by 1.6 A (c) and 1.75 A (d) towards the sample (I = 21 pA, U = 0.11 V) over the molecule,
respectively. Images ¢ and d are recorded with the same tip, which is different from the tip for
image b acquisition. The size of images in ¢) and d) is 2.45 nm x 2.45 nm. Intermolecular
hydrogen-bonds should also exist, as indicated by the red dash lines (c).

ture [121} 124] 126]. Recently, studies have demonstrated that FATCNQ molecules,
which have the same di-cyano functional group as DCV5T-Me,, can form coordi-
nation bonds with Au adatoms on the Au(111) surface [123]. Therefore, we believe
that DCV5T-Mes molecules pick up mobile Au adatoms from the surface at room
temperature and self-assemble into four-fold metal-organic chains. Usually, it is only
possible to determine the existence of the metal cores and the bonding structure in
the coordination through electronic states measurements with STS, while they are
invisible in STM images [122] 135]. Here, we resolve the metal atoms and the exact
bonding geometry in the coordination in real-space through AFM imaging [40].



CHAPTER 3. COMPLEXES BASED ON DCV5T-ME, ON AU(111) 45

Besides the coordination, intermolecular hydrogen-bonds also exist between cyano
groups and hydrogen atoms in the adjacent thiophene rings, as indicated by the red
dash lines in figure 3.3 c. Each one molecule possesses four hydrogen-bonds in the
chains. However, these bonds should not be strong, since the involved hydrogen
atoms are out of the extension direction of the lone-pair electrons localized at the
nitrogen atoms (the hydrogen atoms are not in the line of the C=N). Therefore,
it is expected that the coordination bond drives the formation of the chains and
dominates their electronic properties.

3.2.2 Downshift of the LUMO in Both-side Coordinated
Molecule

To determine the effect of the cementing Au adatoms on the molecular functionality,
we studied their electronic configuration by means of STS. As a reference, spectra
on the individual DCV5T-Mes; monomer are shown here as well (figure 3.4 a and b).
For easier description, we label its LUMO resonance at 2.0 V as P1.

The incorporation of Au atoms modifies the resonance structure of the DCV5T-Me,
molecules. Bottom panel of figure 3.4 b shows STS spectra recorded on different
positions within the chain structure indicated in figure 3.4 c. We find that the new
LUMO state is a resonance centered at 1.3 V (P2). This state is observed with larger
weight on the sites closer to the Au atoms, as pictured in dI/dV maps (figure 3.4 d).
On top of the Au atom, the state appears centered at 1.5 V (P3) suggesting that
this corresponds to a metal-atom-derived localized state [135]. In fact, the dI/dV
map recorded at 1.6 V (figure 3.4 e) allows to resolve the position of individual
Au adatoms incorporated in the self-assembled chains, otherwise not visible in the
STM topographic images (figure 3.4 ¢). The dI/dV map taken at 2.0 eV, energy
of the LUMO at uncoordinated molecules, shows no feature at the metal-organic
chain (figure 3.4 f). The downshift of the LUMO state from 2.0 V to 1.3 V, and its
localization at the terminal groups, are ascribed to the effect of hybridization with
Au adatoms, presumably mixing N lone-pair 2p electrons of cyano groups with Au
6s electron of gold adatoms [39, [123] 129, 135] [145].

3.2.3 Redistribution of Orbitals in One-side Coordinated
Molecule

Metal dopants, therefore, modify the functionality of molecular films, even on weakly
interacting substrates. The redistribution and localization of electronic states in-
duced by coordination to Au atoms may affect exciton mobility, whereas, orbital
energy shifts modify energy level alignment at the interfaces. However, in real
molecular devices, molecules pack in films with geometries different than the or-
dered chain structure, such as molecules asymmetrically bonded to the metal.
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Figure 3.4: Electronic structure of a molecule coordinated within a chain. a) STM image (I
= 67 pA, U = 0.89 V) of a single molecule on Au(111), with a DFT optimized configuration
superposed. b) dl/dV spectra acquired with closed feedback at different locations on the single
molecule (upper panel, set point: | = 50 pA, U = 0.5 V) and on the molecule within a chain
(bottom panel, set point: | = 34 pA, U = 0.2 V), at sites indicated in a) and c), respectively.
The energetic positions of the resonances in the dl/dV spectra are highlighted by the black
dash vertical lines. Spectra on the coordinated molecule are offset for clarity. ¢) STM image
(I =22 pA, U = 0.80 V) of a chain. d) - f) Corresponding dI/dV maps at the energies of the
resonances of the coordinated molecules in chains (d), of the Au adatoms (e), and of the single
molecule (f), that is, at 1.3V, 1.6 V and 2.0 V (I = 79 pA), respectively. In d) - f) the dI/dV
signals (bright) are overlapped on top of a top-illuminated STM topography. The red arrows
indicate the positions of the Au atoms incorporated in the chain.

To explore the effects of asymmetric bonding to metal atoms, we extend our analysis
to molecules at the ends of the molecular chains, as shown in figure 3.5. Terminal
DCV5T-Mes molecules in the chain bonding to only one Au adatom at one side,
while they expose an uncoordinated DCV end-group at the other[[| (figure 3.5 a). The
effect of such asymmetric coordination pattern is reflected in the electronic configu-
ration. In figure 3.5 b, we compare STS spectra taken over both molecular ends. At
the coordinated side of the molecule, the first unoccupied resonance appears at 1.4

!The far distance between the two end DCV groups from the two terminal molecules indicates
that no Au atom is incorporated there.
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V (P2) similar with the symmetrically coordinated case, whereas the uncoordinated
side shows only a higher-lying resonance at 2.2 V (P4). This asymmetric resonance
redistribution is reflected in the spatially resolved spectroscopic maps at the corre-
sponding resonance voltages. At 1.3 V, the dI/dV signal is localized at the joints of
cyano groups, corresponding to the position of Au adatoms and coordinated DCV
groups (figure 3.5 d). In contrast, the spectroscopy map at 2.2 V (figure 3.5 e) shows
dI/dV signal only at the free sides of the terminal molecules. These dI/dV maps
corroborate the fact that the molecular orbital alignment and spatial distribution
within individual molecules are strongly modified by metal-ligand coordination.
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Figure 3.5: Electronic structure of a one-side-coordinated molecule. a) STM image (I = 24
pA, U = 0.71 V) of a chain termination showing two molecules without coordination bonds at
the end. b) dl/dV spectra acquired with closed feedback (set point: | = 34 pA, U = 0.2 V)
at different locations on the end molecule as indicated in a). The black dash spectrum taken
at one side of the single (uncoordinated) molecule is shown here as a reference. The energetic
positions of the resonances in the dl/dV spectra are highlighted by the black dash vertical lines,
and all the spectra are offset for clarity. ¢) STM image (I = 50 pA, U = 0.80 V) of chains with
only one-side-coordinated molecules at the ends. d) and e) Corresponding dl/dV maps at the
energies of the resonances of the coordinated sides and free sides of the terminal molecules,
that is, at 1.3 V and 2.2 V (I = 50 pA), respectively. In d) and e) the dl/dV signals (bright)
are overlapped on top of a STM topography.
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3.2.4 Dissociation of the Coordination Bond

Actually, at relative lower coverage, three-fold chains emerge E] Figure 3.6 a shows
a three-fold metal-organic chain with a half-coordinated molecule at the end. Note
that the end molecule is different from molecules within the chain in configuration.
It adopts a metastable configuration with all the five thiophene rings oriented to the
same direction and without S-CN interactions. However, DFT calculations (figure
3.7) demonstrate that this configuration has similar frontier molecular orbitals, both
in structure and energy, with the most stable configuration.
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Figure 3.6: Dissociation of the coordination bond. a) STM image (I = 59 pA and V = 0.80
V) of a three-fold metal-organic chain with a half-coordinated molecule at the end. b) Model
for the end structure. Red circles represent Au atoms. c) dI/dV spectra acquired with closed
feedback (set point: | = 50 pA and V = 0.2 V) at different locations on the end molecule
as indicated in a). The black dash spectrum recorded at one side of a single molecule is
shown as a reference. The coordination bond was dissociated by high-energy electrons during
taking spectrum (black solid spectrum in c) at the coordinated side (the fussy part due to bond
dissociation is not shown here). d) STM image taken at 49 pA and 0.56 V after dissociation of
the coordination bond. e) Spectrum (black solid) taken at the previous coordination side after
the dissociation. The energetic positions of the resonances in the dl/dV spectra are highlighted
by the black vertical lines, and all the spectra are offset for clarity.

2For three-fold chains, one molecule possesses one Au atom (figure 3.6 b). While one molecule
within four-fold chains occupies half Au atom. Therefore, the transformation from three-fold to
four-fold with coverage is attributed to the Au-atom/DCV5T-Me, ratio. When molecules are
excess compared with the metal atoms, four-fold metal-organic chains are formed (simultaneous
with organic islands assembled by the extra molecules).
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STS measurements show that the uncoordinated side of the end molecule has a
resonance at 2.15 V, whereas the coordinated side possesses a lower-lying resonance
at 1.15 V. Based on the discussion above, they can be assigned to the new LUMO-+1
and LUMO modified by the coordination E], respectively.

Moreover, the fact that orbitals are spatially modified at the end molecule, where
intermolecular hydrogen-bonds are missing, proves that the modification of molecu-
lar orbitals in four-fold chains (weak hydrogen-bonds exist there) is indeed induced
by coordination rather than hydrogen-bonds.

The coordination bond was dissociated by high-energy electrons during taking spec-
trum at the coordinated side. Figure 3.6 e shows the spectrum after bond dissoci-
ation. The possession of a resonance at 2.0 V coinciding with the LUMO energy of
the uncoordinated molecules and the STM image taken after spectra (figure 3.6 d)
manifest the intactness of the end molecule after dissociation. The absence of the
resonance at 1.15 V after coordination dissociation rules out the possibility that the
low-lying resonance at the coordinated sides of the molecule is derived from the ex-
tension of Au-atom state rather than from the modification of the molecular LUMO
state.
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Figure 3.7: DFT calculated structure of molecular orbitals. a) The most stable configuration.
b) The bent configuration.

3.2.5 DFT Calculations of Metal-organic Complexes

The origin of the resonance splitting and redistribution cannot simply be explained
by a bare orbital shift (figure 3.1). As recently reported (figure 3.2), coordination to
Au atoms enables the mixing of molecular states with gold orbitals. To determine

3Resonances in the molecule with three-fold coordination are lower in energy with respect to
the four-fold case, which can be tentatively ascribed to the different strength of metal-ligand
hybridization due to different bonding geometry [146]
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Figure 3.8: DFT calculations of the Au/DCV5T-Mey complex with two Au atoms. a) The
relaxed structure. The grey circles represent Au atoms. The distances between Au atoms
and nitrogen atoms from the molecule are 2.2 A, which are within the range of coordination
bond length. b) Schematic diagram of the calculated energy levels and density of states of the
orbitals participating in the formation of the metal-ligand complex. Unoccupied and occupied
states are represented by open and filled circles, respectively.

the degree of orbital mixing in these systems, we have carried out DFT calculations
of molecular orbitals and charges for (i) an isolated molecule and for a molecule
coordinated with (ii) one Au atom and (iii) two Au atoms. Due to the weak inter-
action of the supporting Au(111) substrate with the DCV5T-Mey molecule [29] and
the negligible spatial overlap between adjacent molecules, these results reproduce
the main trends observed in our experiments. DCV5T-Me, has four non-equivalent
cyano groups, which are labeled as 1, 1', 2 and 2’ in figure 3.8 a. To simulate the
experimentally determined bonding structure, we calculated a metal-organic com-
plex with two Au atoms bonded at sites 1 and 2". The energy optimized structure
reproduces a CN-Au bond length of 2.2 A, which is characteristic for coordination
bonds [3]. Similarly, the complex with only one Au atom (located at site 2", figure
3.9 a) possesses a coordination bond with bond length of 2.3 A. Hence, our simula-
tions reproduce the chemical reactivity of CN end-groups to form a local bond with
gold atoms.

We look first into the effect of the metal-organic bond on the orbital structure of the
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complex with two Au atoms. Figure 3.8 b presents the calculated energy levels and
spatial distribution of atomic and molecular orbitals around the chemical potential.
The LUMO and LUMO-1 of the isolated molecule interact with the 6s states of the
gold atoms, resulting in a set of new orbitals (central column of figure 3.8 b). The
states with the lowest energy are two singly occupied orbitals (SOMO) localized at
the gold atoms (regarded as the zero point of the system) and mainly with Au(6s)
character. Above them, other states exhibit the symmetry and characteristic nodal
structures of the LUMO and LUMO+1 orbitals of the isolated molecule, with a
down-shifted energy alignment. The coordination bond with the gold atoms is weak,
amounting to 284 meV. A Mulliken analysis of the charge distribution shows no
significant charge transfer between the Au atoms and the molecule, but just some
charge redistribution within individual molecules.
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Figure 3.9: DFT calculations of the Au/DCV5T-Mes complex with one Au atom. a) The
relaxed structure. The grey circle represents the Au atom. The distance between Au atom and
nitrogen atom from the molecule is 2.3 A. b) Schematic diagram of the calculated energy levels
and density of states of the orbitals participating in the formation of the metal-ligand complex.
Unoccupied and occupied states are represented by open and filled circles, respectively. ¢) and
d) The new LUMO and LUMO+1 orbitals with asymmetric shape at the complex originate from
the bonding combination and anti-bonding combination of the original LUMO and LUMO+1
orbitals of the molecule, respectively.

For the case of bonding to only one single Au atom, the simulations reproduce the
asymmetric spatial distribution of the molecular states. Figure 3.9 b shows the
calculated energy levels and orbital amplitude isosurfaces for the complex with only
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one Au atom bonding to the 2" site. Three new orbitals are generated at the metal-
molecule complex from the two original orbitals at the molecule and the Au(6s)
state (central column of figure 3.9 b). The SOMO state near the zero point energy
is localized at the Au-N node. We also find here no significant charge transfer
between the Au atom and the molecules, and an overall energy down shift of the
renormalized LUMO and LUMO-+1 states, in consistency with the experimental
case. However, now the states show a clear asymmetry in the orbital shape: the
new LUMO appears localized around the molecular end contacting with Au atom,
whereas the new LUMO+1 state shows larger intensity at the opposite side of the
metal-ligand bond.

We note that for the free, uncoordinated molecule, the LUMO is mirror symmetric
with respect to the center of the molecule, whereas the LUMO-1 is anti-symmetric
(figure 3.9 ¢ and d). Hence, the renormalized molecular states necessarily involve
the mixture of free-molecule states to adapt themselves to the new geometry. This
can be interpreted at the very basic level as a linear combination of free molecular
orbitals. Comparing the orbital shapes from figure 3.8 b, the splitting of the original
LUMO into two asymmetric states is then described by the respective addition and
subtraction of some weight of the original LUMO-1 to (figure 3.9 ¢) and from (figure
3.9 d) the free LUMO.

To confirm the orbital mixing, we have calculated the projected density of states
(PDOS) of complex with one Au atom onto the free molecular orbitals [T} as shown
in figure 3.10. Indeed, both the LUMO (blue) and LUMO-+1 (red) from the free
molecule contribute to the formation of the new LUMO at the complex. The same
is true for the new LUMO+-1 orbital. These results definitely demonstrate that the
linear combination of free molecular orbitals results in the new set of states with a
spatial distribution adopting the symmetry of the singly coordinated molecule. We
note that the calculation also shows the mixing of the Au states with the molecular
orbitals (HOMO-1: gray, LUMO: blue and LUMO+1: red), which contributes to
the metal-organic coordination bond formation.

Studies have reported that metal atoms can bridge and induce overlap of two LUMO
orbitals from two molecules [40]. In that case, the orbital structure is modified glob-
ally and symmetrically. Our results suggest that asymmetric metal atom attachment
can even trigger mixing of orbitals belonging to one individual molecule, resulting
in a spatial redistribution of the molecular electronic structure. Furthermore, dif-
ferent electronic properties of molecules with zero, one and two coordination bonds
depicts a tuning strategy to manipulate the orbital character of molecular films by
site-specific doping with metal atoms.

4The calculation was performed by Dr. Roberto Robles from Campus UAB, Spain. VASP pro-
gram package and B3LYP exchange-correlation functional are used for the calculation, without
considering the metal surface. In the calculation, peaks are not normalized, so it is difficult to
gain quantitative values in the orbital mixing. However, major trends for the orbital renormal-
ization can be clearly shown.
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It is also interesting to compare the electronic properties of metal-organic chains with
those in organic islands. The unoccupied molecular orbital alignments are shifted
down within both structures by metal-ligand coordination and intermolecular inter-
actions, respectively. However, the modification in space is significantly different.
The interactions are not symmetrically applied to two sides of one molecule within
islands from its neighbors (figure 2.5 b), but the molecular states at two sides are
symmetrically modified (figure 2.7 d, e and f). Even molecules located at the edge
of islands, where some intermolecular interactions are missing at one side, exhibit
the same symmetric feature as molecules within islands (figure 2.7 d, e and f). In
contrast, orbitals are renormalized into asymmetric shape at molecules with coordi-
nation at only one side. This comparison corroborates that the local coordination
bonding induces spatial modification to the molecular orbitals, while the hydrogen
bonding and electrostatic interactions influence the molecular states globally.
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Figure 3.10: DFT calculated density of states at the one-Au/DCV5T-Mey complex (black
dash peaks) projected onto the free molecular states (colored peaks). The red square highlights
the LUMO and LUMO+1 peaks. The LUMO (LUMO+1) at the complex has contributions
from both the LUMO and LUMO+1 of the free molecule.
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3.3 Mixing DCV5T-Me; with Na Atoms

As has been shown in section 2.2, upon deposited on Au(111) DCV5T-Me, molecules
form assemblies (islands and chains) with different bonding motifs. The mixing of
two different structures with different electronic properties is not favorable for the
corresponding organic devices. In order to fabricate architectures with homogenous
bonding geometry, external components, which exhibit more chemical reactivity for
substituting the intermolecular interactions and Au-CN coordination, have to be
introduced. Alkali metal atoms are ideal candidates for this purpose, since they are
very prone to transfer electrons to organic ligands and bond with them. Amongst,
Na atoms can be easily obtained by depositing NaCl onto the metal surface. Two
dimensional ionic layer by reaction of NaCl and TCNQ with Na-CN bonding has
been fabricated in this way [139, [140]. The same reaction scenario is expected upon
codeposition of DCV5T-Me, and NaCl on Au(111). However, the exact assembled
structure should be different from the TCNQ case, due to the complex chemical
configuration of DCV5T-Me,. For example, instead of compact domains, porous
networks are anticipated because of the long backbone of DCV5T-Mes. Moreover,
the charge distribution within the acceptor-donor-acceptor (A-D-A) molecule may
also mediate the growth of the assemblies.

3.3.1 Two Mixing Procedures

We start by describing the mixing procedures of DCV5T-Me, and NaCl depending
on the order of their deposition. Figure 3.11 a - ¢ show STM images of first depo-
sition of NaCl followed by evaporation of DCV5T-Me, at room temperature. It is
found that DCV5T-Me, assemblies (chains and islands) and NaCl islands separately
disperse on the surface simultaneously (figure 3.11 a). The bonding structures of
DCV5T-Mey chains and islands are not influenced by the presence of NaCl (figure
3.11 b), meaning that no mixing occurs. This is due to DCV5T-Me, can not extract
Na atoms from the established NaCl molecules at room temperature. Thermal ac-
tivation induces changes of the structure. As shown in figure 3.11 ¢, post-annealing
the sample to 400 K transforms the heterogeneous assemblies into long and parallel
bi-molecular chains covering the whole surface. We attribute this production to reac-
tion of NaCl and DCV5T-Me, with the formation of Na-CN bonding [139, 140] other
than the increased number of Au adatoms at higher temperature, because annealing
the sample without NaCl deposition to the same temperature induces no change to
the DCV5T-Me, assemblies. Moreover, these chains are transformed to glassy net-
works by post-annealing to 500 K (shown in section 3.3.4), while nothing is changed
to the Au/DCV5T-Mey chains at 500 K. This furthermore demonstrates that the
structure in figure 3.11 ¢ is from the bonding between Na atoms and DCV5T-Me,
molecules.

In contrast, Na atoms and DCV5T-Me, start to mix when NaCl is deposited on the
pre-formed DCV5T-Me, assemblies, as shown in figure 3.11 d. The organic islands
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are transformed to disordered phases (figure 3.11 e), where cyano groups assemble
or are pinned to the NaCl islands indicating the incorporation of Na atoms. Ordered
Na/DCV5T-Me, structure, long chains, also can be produced through thermal ac-
tivation, as shown in the STM image after annealing the sample to 400 K in figure
3.11 f. Therefore, here we conclude that the first-step results of mixing DCV5T-Me,
and NaCl are strongly dependent on the order of deposition, while in the end ther-
mal activation leads to the formation of homogenous bi-molecular chains with ionic
bonds Pl

Figure 3.11: Results of two procedures for mixing DCV5T-Mey with Na atoms from NaCl on
Au(111). (a) - (c) First deposition of NaCl followed by evaporation of DCV5T-Mey. a) A
STM overview (I = 56 pA, V = 0.67 V) of the co-deposition of DCV5T-Mes with NaCl at
room temperature. b) High resolution STM image (I = 100 pA, V = 0.68V) of the islands and
chains. ¢) STM image (I = 110 pA, V = 0.63 V) after annealing the sample to 400 K. (d) -
(f) First deposition of DCV5T-Me; followed by evaporation of NaCl. d) A STM overview (I =
82 pA, V = 0.65 V) of the co-deposition of DCV5T-Mey with NaCl at room temperature. €)
High resolution STM image (I = 170 pA, V = 0.65V) of the disordered mixture domain. f)
STM image (I = 63 pA, V = 0.61 V) after annealing the sample to 400 K.

5Here the Na-CN bonding should be ionic instead of coordinative, because the Na atoms is prone
to transfer one electron to the ligand in the bonding.
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3.3.2 Long-range Repulsive Growth of Metal-organic Chains

The deposition of DCV5T-Me, with NaCl and posterior annealing, lead to the for-
mation of quasi-periodic one-dimensional super-lattice in the direction perpendicular
to the growth of chains, as shown in figure 3.12 a - c. We compare the results of
depositing three different amounts of DCV5T molecules, corresponding to coverages
of 0.21 monolayer (ML), 0.38 ML and 0.49 ML | Assembly of islands is expected via
the short-range intermolecular attractive interactions and bridging of metal atoms
[139, 140]. However, in the present case, the long chains keep separate, parallel and
equi-distant, being accompanied by a monotonous decrease of the inter-chain dis-
tance with the increase of coverage. This trend to avoid compact assembly through
the formation of quasi-periodic one-dimensional super-lattices is a fingerprint of a
long-range repulsive interaction.

Metal-organic porous networks are formed when the coverage reaches a threshold,
0.75 ML, as shown in figure 3.12 d. At this coverage, the inter-chain separation is
reduced to the value similar with the length of one molecule. At this point, the
excess molecules adopt such a geometry that DCV groups at both sides contact the
joints of two adjacent chains rather than form more chains.

Figure 3.12: STM images of DCV5T-Mey/Na chains and networks at various coverages on
Au(111). a) 0.21 ML (I = 100 pA, V = 0.65 V). b) 0.38 ML (I = 66 pA, V = 0.64 V). c) 0.49
ML (I = 57 pA, V = 0.63 V). d) 0.75 ML (I = 210 pA, V = 0.69 V). The distances between
neighboring chains decrease with the increases of coverage, while the chains keep nearly parallel
and equi-distant. When the coverage is high enough, the adjacent chains can be connected by
individual molecules forming porous networks (d).

The structure of bonding to Na atoms evolves with the increase of coverage. At
relative lower coverage, 0.21 ML, the CN-Na bonding is three-fold and two Na

6The molecular coverage is determined from STM images of large surface areas, assuming that 1

ML corresponds to 0.4 molecule per nm?.
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atoms are incorporated in one node (figure 3.13 a). Whereas, at relative higher
coverage, 0.38 ML, a four-fold CN-Na bonding motif is formed, where one node
possesses one Na atom (figure 3.13 b). We attributed this transformation to the
ratio between molecules and metal atoms available for bonding [] We assume that
at a certain temperature there is an equilibrium between Na atoms confined in NaCl
islands and free to bond with ligands. With the increase of molecular coverage, Na
atoms available for coordination are not enough for the three-fold bonding geometry,
where the ratio between Na and DCV5T-Mey is 1:1. Hence, the bonding adapts
itself a four-fold geometry with a Na/DCV5T-Me, ratio of 1:2. This explanation is
confirmed by the fact that at very high molecular coverage a few molecular islands
survive on the surface due to lack of Na atoms for bonding although NaCl islands
still exist. In the porous networks, the four-fold bonding configuration is maintained,
as shown in figure 3.13 c. In addition, the molecules connecting neighboring chains
adopt a metastable configuration with one DCV group and its adjacent thiophene
ring rotated (figure 3.13 c).

i

Figure 3.13: High resolution STM images of DCV5T-Mes/NaCl mixing structures at various
coverages on Au(111). At relative lower coverage of 0.21 ML (a: | = 170 pA, V = 0.65 V) the
CN-Na bonding frame is three-fold; at relative higher coverage of 0.38 ML (b: | = 110 pA, V
= 0.6 V) the CN-Na bonding frame is four-fold; at high coverage of 0.75 ML (c: | = 180 pA, V
= 0.63 V) porous networks are formed and the four-fold CN-Na bonding frame is maintained.
The model of the molecules is superimposed to identify the bonding structure. One DCV group
and one thiophene ring are rotated in the molecules connecting the parallel chains. The red
circles represent the Na atoms.

In order to get an insight in the origin of this one-dimensional metal-organic super-
lattice, we performed a statistical analysis of the inter-chain distance for the four
different coverages investigated in figure 3.12. The distributions are shown in figure
3.14. For each plot 200 chain-pairs are taken into account. The distributions are
peaked with a dominant inter-chain distance, whose value is 6.8 nm, 4.5 nm, 4.0 nm
and 3.7 nm from the lowest to the height coverage, respectively. The one-dimensional
random distribution, f,.,, corresponding to particles without interactions is plotted
for each coverage in figure 3.14 as well. The one-dimensional random distribution is

"The same explanation as the Au/DCV5T-Me, case.
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Figure 3.14: Inter-chain distance distribution between adjacent chains at different coverages.

The dominant chain-distances, 7, are highlighted with red dash lines (6.8 nm, 4.5 nm, 4.0

nm and 3.7 nm). The corresponding one-dimensional random distributions for non-interaction
particles, fian, are shown as black dash lines.

expressed as [22, [147):

Nar 2r

fran = T(l - f)N (31)

where N is the number of chains per image, L is the distance from the first chain
to the last chain in one image, a is the minimum width of the box which can fit one
unit cell of chains inside, and r is the distance between two adjacent chains. The
random inter-chain separation distributions decrease monotonously in the experi-
mentally observed distance range for all the four coverages, while the experimental
data exhibit a peaked distribution. This confirms the existence of an inter-chain
interaction.

There are several mechanisms which can induce the long-range quasi-periodic growth
of molecules on metal surfaces. The reconstruction of the Au(111) surface may play
a role in the molecular growth. The fcc regions can offer more stable adsorption
sites due to the lower concentration of surface atoms when considering the buried
layers [22, 08]. As a result, molecules preferentially adsorb in the fcc regains forming
one-dimensional super-lattice. However, in the present case, the growth direction of
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chains crosses the herringbones (figure 3.12 a). Therefore, the mediation from the
surface reconstruction can be ruled out here.

Friedel oscillation of the two-dimensional surface electrons also can induce long-
range interactions to adsorbates [147, [148] 149, 150, 151]. The fingerprint of Friedel
oscillation is that the oscillatory character of the interactions corresponds to half of
the Fermi wavelength (Ap). For Au(111), it is 1.8 nm [I5I]. However, the statistics
on the experimental data shows much larger inter-chain separations and one-peaked
distributions for all coverages. Therefore, the surface-electron-mediated growth also
can be excluded here.

Besides the mediation from substrates, the dipolar nature of the adsorbates can
hinder the self-assembly as well [22] [152]. The existence of an intrinsic dipole within
molecules or charge localized between molecules and metal surfaces can create in-
termolecular repulsive interactions. Although interactions between DCV5T-Me,
and Au(111) are weak, dipoles within individual DCV5T-Me, are expected due to
the built-in acceptor-donor-acceptor structure. This dipolar nature of DCV5T-Mey
should still exist when bonding with Na atoms, which should be responsible for the
long-range repulsive growth of chains.

3.3.3 DFT Calculations

In order to get deeper insight into the long-range repulsive growth, we performed
DFT calculations. The calculations show that a bond with length of 2.1 A between
cyano group and Na atom is formed with DCV5T-Mes keeping planar configuration,
as shown in figure 3.15 a. Due to the higher electronegativity of organic molecules
than Na atoms, 0.817 e~ is transferred from Na to DCV5T-Me,. Within individual
DCV5T-Mes, the cyano groups are negatively charged, while the sulfur atoms and
hydrogen atoms are positively charged (figure 3.15 b).

Electrostatic potential induced by the charged atoms within individual molecules
determines the intermolecular interactions. An iso-surface with a total electron
density of 0.006e/A3, generated from the self-consistent field (SCF) density matrix,
was plotted onto the optimized structure. Then this electron density iso-surface was
mapped with the SCF-generated electrostatic potential energy felt by an electron
moving over this surface, as shown in figure 3.15 c. It reveals that positive potential
(blue color) is localized at the convexity of the molecule, while negative potential
(red color) is located at the cyano groups and the inner part. As a result, an
assembled chain possesses positive potential at the outer circle and faces it to the
adjacent chains, thereby inducing long-range inter-chain repulsive force, as sketched
in figure 3.15 d. We believe that these electrostatic interactions are the mechanisms
that drive the formation of one-dimensional super-lattice of metal-organic chains.

The experimental interaction potential can be obtained by further analysis on the
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Figure 3.15: DFT calculations of the Na/DCV5T-Mez complex. a) Relaxed structure. The
gray circle stands for the Na atom. b) Total charge distribution from Mulliken population
analysis. ¢) Calculated electrostatic potential energy of a molecule with one-side bonded. The
red stands for electron accumulation, while the blue stands for electron depletion. d) The model
showing the long range repulsive force between adjacent chains.

statistics in figure 3.14. The experimental distribution fey, and the random distri-
bution f,., are related to each other by Boltzmann factor [22] 147, 152]:

Joxp = franexp[—E(r) /kpT] (3.2)

where E(r) is the interaction potential energy as a function of the inter-chain dis-
tance, kg is the Boltzmann constant, and 7" is the temperature of the system. Then
the interaction potential energy can be expressed as:

E(’r) = _kBTln[fexp/fra.n] (33)

We divide the experimental distribution by the random one and plot —In[fexp/ fran]
in figure 3.16. The potential exhibits a well shape for all the four coverages
Moreover, with the increase of the coverage, the potential well becomes shallower
and more symmetric corresponding to smaller r. It indicates that the chains are
confined by the inter-chain interactions forming a super-lattice and stabilizing the
whole system.

The potential from statistics in the limit of a dilute system, is expected to be a good
approximation for the repulsive pair interaction potential. The Coulomb repulsion

8The peak in the red curve for coverage of 0.38 ML is noise from the statistics in figure 3.14.
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Figure 3.16: Potential energy between adjacent chains as a function of the distance at different
coverages. The repulsive force between chains induces the well shape of the potential and the
corresponding dominant average distances (6.8 nm, 4.5 nm, 4.0 nm and 3.7 nm). The orange
dash line represents modeled Coulomb repulsion potential, acquired by assuming that the inter-
chain interaction is dominated by practicals (CH3) charged with one e~ at room temperature
(300K). After shifting upwards 9.75, it nicely fits with the potential from statistics at dilute limit
(0.21 ML). This up-shifted value represents the zeroth order internal potential of the system.

induced potential is given as:

L aigs
47T€0 Tij

E(rij)Coulomb = (34)

where ¢; and ¢; are the charges located at two points and rj; is their distance. The
dipole-dipole interaction induced potential follows:

L pip
— 3.5
dmegy r% (3:5)

E(Tij)dipole =

where p; and g5 are the dipole moments of two polar objects and rj; is their distance.

Our DFT calculations show that the six hydrogen atoms at the two methyl groups
have each one positive charge. Assuming that ¢; = ¢; = 1 e”, the Coulomb repulsive
potential (orange curve) fits with the potential of the most dilute coverage (0.21 ML)
from statistics at small inter-chain distance, as shown in figure 3.16. In contrast,
the modeling dipole-dipole interaction can not fit with the experimental data. It
means that the two methyl groups at individual molecules can be treated as one
positively charged point and dominate the repulsive interaction between chains,
while the internal parts of chains do not play a crucial role due to being screened
by the outer parts. Moreover, the positive charges at the methyl groups are not
completely screened by Au(111), therefore, no strong dipoles are created.
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3.3.4 Formation of Glassy Networks

In contrast to the wide investigation of glasses and amorphous materials in bulk,
only few studies are reported at molecular level [153], 154]. For our system, post-
annealing to 500 K transforms the ordered metal-organic chains to two-dimensional
glassy networks E[, as shown in figure 3.17 a. Although the structure is not long-
range ordered and even the molecules themselves adopt different configurations,
all the molecules assemble through end-to-end connection indicating a homogenous
CN-Na bonding motif, as shown in the STM image in figure 3.17 b. There are
three typical kinds of components within the amorphous networks. One of them
is the two-molecule-wide chains (figure 3.17 c), where four cyano groups from four
adjacent molecules gather implying four-fold coordination. Another component is
the one-molecule-wide chains (figure 3.17 d) with two-fold coordination. The third
one is the pore (figure 3.17 e) with two-fold coordination as well. The flexibility and
diversity of molecular configuration determine the amorphous growth of networks
[153), [154], which is activated by the high temperature annealing. This metal-organic
based two-dimensional glassy material is an ideal platform to study the properties
of condensed disordered matters.

Figure 3.17: Glassy networks obtained by high temperature annealing (500 K). a) An overview
STM image (I = 130 pA, V = 0.63 V) after annealing the sample covered with DCV5T-Mey/Na
chains to 500 K. The chains are transformed to two-dimensional amorphous porous networks.
b) A zoom-in STM image (I = 130 pA, V = 0.63 V) of the disordered networks. c) —e) STM
images (I = 130 pA, V = 0.63 V) of the three typical components (two-molecule-wide chain,
one-molecule-wide chain and molecular pore) of the amorphous networks.

9Note that the structure of Au/DCV5T-Me, chains is not influenced by annealing to 500 K, which
confirms the substitution of Na for Au after deposition of NaCl.
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3.4 Mixing DCV5T-Me, with Organic Molecules

DCV5T-Mes is designed as an absorber of light and serves as electron donor in high
efficiency organic solar cells [T06]. The physics at the interface with another type
of organic material is interesting, because it determines the charge transfer process,
hence, influence the performance of the device. Therefore, in this section we mix
DCV5T-Me, with electron acceptor molecules (Cg, coronene and TCNQ) and study
their interface properties at sub-molecular resolution with STM /STS.

3.4.1 Mlxmg with C60

Recently, organic solar cells composed of hybrid films of DCVn'Ts and Cgg have been
fabricated [106]. Amongst them, devices based on DCV5T-Mey and Cgg exhibit the
best performance with an efficiency of 7% [48] 106]. In order to gain a microscopic
understanding of their mixing structure, we co-deposited DCV5T-Me, and Cgy on
Au(111) at sub-monolayer coverage. However, DCV5T-Me, assemblies (islands and
chains) and Cg islands disperse separately on the surface without mixing, as shown
in figure 3.18 a. We attribute the absence of mixing to the intermolecular interactions
amongst DCV5T-Me, and the coordination bonding between DCV5T-Me, and Au
atoms, which are stronger than the interactions between DCV5T-Mey and Cgg and
hinder their binding. As reported before [20] 211, [155], Cgo molecules adsorb on the
Au(111) surface with different orientations (figure 3.18 b). The Cg with two-fold
symmetry axis adsorbs with two pentagon rings upwards (orientation 1 in figure 3.18
b), while the triangle shape corresponds to a hexagon ring upwards (orientation 2
in figure 3.18 b).

Figure 3.18: Mixing DCV5T-Mey with Cgo in sub-monolayer on Au(111). a) STM image (|
=72 pA, V = 1.03 V) of co-deposition of DCV5T-Mes and Cgg at room temperature followed
by annealing to 430 K. b) High resolution STM image (I = 71 pA, V = 0.8 V) of Cg islands
on Au(111). Inset: models showing arrangement of Cg [155].

In order to inspect the electronic structure of the interface between DCV5T-Mey and
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Ceo, we deposited Cgo on top of a saturated DCV5T-Mey monolayer on Au(111), as
shown in figure 3.19 a F_Ul Typical hexagonal islands of Cg are formed also on the
DCV5T-Me, film. A high resolution STM image reveals that Cgo adopts only one
type of orientation with two-fold symmetry axis (figure 3.19 b). This homogeneous
orientation could be ascribed to the 7-7 interaction between Cgg and DCV5T-Mes,
presumably stronger than the interaction between Cgo and Au(111) surface. The
spectra show that Cgy on DCV5T-Me, monolayer (black in figure 3.19 ¢) possesses
higher LUMO orbital in energy compared with that of Cgp on Au(111) (gray in
figure 3.19 ¢), which is due to the decoupling effect of the organic film of DCV5T-
Mey [I56]. On the other hand, the far-lying of Cgo LUMO from the Fermi level in
energy indicates that no electrons are transferred from DCV5T-Me, to Cgg. This
can be interpreted from the point of view of energy alignment at their interface. The
onset of LUMO at the decoupled Cg is around 1.3 V (black in figure 3.19 ¢), which
is higher than the onset of LUMO at DCV5T-Mey (1.1 V) on Au(111) (red in figure
3.19 ¢). This orbital energy alignment inhibits electron transfer from DCV5T-Me,
to Cgp, because electrons can not move from lower energy level to higher one.
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Figure 3.19: Mixing DCV5T-Mey with Cgo in double-layer on Au(111). a) STM image (I =
63 pA, V = 0.86 V) of deposition of monolayer of DCV5T-Mes followed by evaporation of Cg
at room temperature. b) High resolution STM image (I = 22 pA, V = 0.85 V) of Cg islands
on top of the DCV5T-Mey layer. Inset: models showing arrangement of Cgg [155]. c) dl/dV
spectra acquired with open feedback at Cgp on Au(111) (gray: set point is | = 110 pA and V
= -2.2 V), Cgp on top of the DCV5T-Mey monolayer (black: set point is | = 75 pA and V =
-2.1 V) and DCV5T-Meg on Au(111) (red: set point is | = 110 pA, V = -2 V).

3.4.2 Mixing with Coronene

Coronene is a polycyclic aromatic hydrocarbon including six fused benzene rings, as
shown in figure 3.20 a. It can be considered as the analogue of Cg( in two dimension

10The reduplication of features in this image is due to being taken with a double-tip.
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saturated by hydrogen [I57]. Therefore, we expected that it could mix with DCV5T-
Mes when confined to the metal surface. Upon adsorption, coronene disperses on
Au(111) (figure 3.20 b). The spectrum (black in figure 3.20 e) shows that coronene
possesses HOMO orbital at -1.5 V. The dI/dV map in figure 3.20 ¢ reveals that the
HOMO is localized at the outer ring of the molecule, which is in agreement with the
DFT calculations in gas phase (figure 3.20 a).

isolated

di/dv (a.u.)

I contacted

2.0 -1.6 -1.2 -0.8 -0.4
Bias (V)

Figure 3.20: Mixing DCV5T-Mey with coronene on Au(111). a) Chemical structure of coronene
(white: hydrogen, grey: carbon) and DFT calculated HOMO orbital structure in gas phase. b)
STM image (I = 67 pA, V = -1.45 V) of coronene deposited on room temperature surface.
c) Corresponding dl/dV map. d) STM image (I = 34 pA, V = -1.45 V) of the co-deposition
of DCV5T-Me;y and coronene at room temperature followed by annealing to 370 K. e) dl/dV
spectra acquired with open feedback (set point: | = 51 pA and V = - 2 V) at the edge of one
isolated coronene (black) and one coronene contacting with a DCV5T-Mey (red).

Figure 3.20 d shows a STM image after co-deposition of coronene with DCV5T-Me,y
on Au(111). No ordered mixing phase is formed even after thermal activation by
annealing to 370 K, with only a few coronene occasionally contacting with DCV5T-
Mey chains. The spectrum (red in figure 3.20 e) taken at the coronene contact-
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ing with DCV5T-Me, exhibits the same features as that measured on the isolated
coronene. It indicates that no significant interactions exist between the two types of
molecules. In this case, the mixing should be hindered by the strong coordination
bonding between DCV5T-Me, and Au atoms as well. Moreover, both the DCV5T-
Mes and coronene expose positively charged hydrogen atoms outwards, which is not
favorable for attractive intermolecular interactions. In contrary, negatively charged
functional groups should enable the mixing with DCV5T-Me,. Therefore, we try
TCNQ in the following section.

3.4.3 Mixing with TCNQ

TCNQ is a typical electron acceptor and widely used in the charge transfer com-
plex [140] 142]. Figure 3.21 a shows the STM image of co-deposition of TCNQ
with DCV5T-Mey on Au(111). Large TCNQ islands and disordered mixed do-
mains of TCNQ and DCV5T-Me, are formed. TCNQ molecules interact with each
other through hydrogen-bonds in islands, as shown in the inset of figure 3.21 a [28].
High resolution STM image (figure 3.21 b) of the mixed phase shows that TCNQ
is randomly embedded amongst the DCV5T-Me; molecules. By superimposing the
molecular models on the STM image, it is determined that intermolecular hydrogen-
bonds (red lines in figure 3.21 b) between cyano ligands and CH groups are formed.
Although these hydrogen-bonds are not strong enough to drive the assembly of or-
dered hybrid structure, they are comparable in strength with the bonding between
two DCV5HT-Mey enabling the growth of a mixing phase. During mixing, some
DCV5T-Me, adopt asymmetric configurations to optimize the bonding with adja-
cent TCQN molecules, as shown in figure 3.21 ¢. All these results demonstrate that
mixed structure can be obtained by co-deposition of DCV5T-Me, and TCNQ on
Au(111).

To inspect the influence of interactions between DCV5T-Me, and TCNQ on their
electronic properties, we performed STS measurements. As shown in figure 3.21 d,
spectra at TCNQ molecules in the mixed phase exhibit either a sharp peak (blue)
around +1 V or a sharp deep (red) around -1 V, while the LUMO-derived resonance
at +0.8 V (gray) in the TCQN islands is absent there. As reported on a TCNQ-
based charge transfer complex [I58|, the sharp peak and deep are the fingerprints of
discharging and charging of one electron over a single TCN(Q molecule, respectively.
The intensity and energy position of the peak and deep vary with the STM tip
positions located over different TCNQ molecules, because of the change of chemical
environments for each molecule in the disordered structure. Nevertheless, these
features definitely demonstrate that electrons are transferred from DCV5T-Me, to
TCNQ at their interface. Therefore, in addition to Cgy, TCNQ could be another
option to combine with DCVn'Ts molecules for building organic solar cells. The
stronger interaction between TCN(Q and DCVnTs than that between DCVn'Ts and
Cgo, may result in better performance of the device.
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Figure 3.21: Mixing DCV5T-Mez with TCNQ on Au(111). a) STM overview (I = 63 pA, V
= 0.8 V) of the co-deposition of DCV5T-Mey and TCNQ on cold sample followed by annealing
to 373 K. Large TCNQ islands and disordered mixture domains are formed. Inset: high reso-
lution STM image (I = 56 pA, V = -0.71 V) of the pure TCNQ domain with bonding model
superimposed. b) and ¢) High resolution STM images (b: | =53 pAand V=112V, c: | =
53 pA and V = 0.71 V) of the mixture domains with molecular model superimposed. Red lines
in b indicate hydrogen-bonds between DCV5T-Me, and TCNQ. Black dash lines in ¢ sketch
the shape of DCV5T-Mey. d) dl/dV spectra acquired with open feedback (set point: | = 130
pA and V = - 2 V) at TCNQ in mixed phase (blue and red) and ordered TCNQ islands (gray).

3.5 Conclusions

In this chapter various complexes based on DCV5T-Me, are studied. DCV5T-Me,
molecules self-assemble into metal-organic chains on Au(111) via the capture and
coordination to Au adatoms, which are resolved by AFM in real space. The coor-
dination with metal atoms at two sides of molecules causes a characteristic energy
downshift of the LUMO with respect to uncoordinated single molecules. Interest-
ingly, when molecules are coordinated at only one side, the LUMO and LUMO-+1
orbitals are spatially redistributed within individual molecules. It is interpreted
using a linear combination of molecular orbitals, in which the Au atom triggers a
mixing of unoccupied states to produce a new set of orbitals that are adapted to
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the new bonding geometry. This depicts a tuning strategy to manipulate the orbital
character of molecular films by site-specific doping with metal atoms.

The mixing structure of DCV5T-Me, with Na atoms offered by NaCl is determined
by the kinetics and thermodynamics processes. Ordered metal-organic chains or
networks can be obtained by thermal activation to 400 K. Further annealing to 500
K transforms the ordered long chains to disordered glassy networks through altering
the molecular configuration.

The Na/DCV5T-Me, chains, keeping separate and parallel, grow with coverage-
dependent distance, which decreases with the increase of coverage. The statistics on
the inter-chain distance distribution reveals an inter-chain repulsive force generating
an electrostatic potential well, which induces the formation of the one-dimensional
super-lattice. It is demonstrated that the charged methyl groups within individual
molecules serve as positively charged points and are responsible for the inter-chain
Coulomb repulsion. These results indicate that the long-range interaction on sur-
faces not only can influence the adsorption of individual adsorbates, but also could
mediated the growth of self-assembled nanostructures, as for example gratings com-
posed of metal-organic chains.

Strong DCV5T-Me, intermolecular interactions and coordination between DCV5T-
Me, and Au atoms, inhibit the mixing of DCV5T-Me, with Cgp and coronene. And
the orbital energy realignment induced by metal-ligand hybridization and inter-
molecular interactions suppress the electron donor character of DCV5T-Mey when
contacting with acceptor Cgy molecules.

Mixed structures can be formed by co-deposition of DCV5T-Me, and TCNQ on
Au(111), which are stabilized by intermolecular hydrogen-bonds benefiting from
the electronegative cyano groups at TCNQ. Moreover, charge transfer occurs at
the DCV5T-Mey/TCNQ interface, demonstrated by the sharp peaks and deeps in
spectra at TCNQ molecules. Therefore, we propose that the mixed film of DCVnTs
and TCNQ may also be a potential candidate for high efficiency organic solar cells.



4 DCV5T-Mes on Ag(111) and
Cu(111) Surfaces

4.1 Introduction

In the last two chapters, we characterize structural and electronic properties of
DCV5T-Mes on the Au(111) surface. Since its potential applications are based on
the corresponding artificial architectures contacting with different metallic leads, it
is crucial to understand the evolution of properties when adsorbing on various metal
surfaces. The absorption of DCV5T-Mey on Ag(111) and Cu(111) is expected to
differ from the features observed on the more inert Au(111) surface. First of all,
the work function is different for these three substrates [159], which will simply
shifts the orbital alignment in energy [38]. Secondly, the presence of different types
of adatoms influences the self-assembled structures on metal surfaces [24]. Finally,
the strength of hybridization between metal surfaces and organic molecules strongly
varies from physisorption to chemisorption, modifying molecular geometry [25]. In
addition, various degrees of charge transfer occurs between metal substrates and
organic molecules, which dominates the structural and electronic properties of their
interface [24].

In this chapter, we show that pure organic islands of DCV5T-Me, are formed upon
physisorption on Ag(111), where molecular orbitals are rigidly shifted down with
respect to on Au(111) due to the lower work function of Ag. In contrast, molecules
assemble into metal-organic motifs by incorporating Cu adatoms on the Cu(111)
surface through proper thermal activation. The strong hybridization between metal
substrate and ligands eliminates the molecular resonances from the spectra. Ac-
cordingly, the chemisorption enables corresponding nano-structures to scatter and
confine surface electrons, which are absent on the Au and Ag surfaces.

4.2 DCV5T-Me; on Ag(111)

4.2.1 Assembly Structure

The adsorption of DCV5T-Me, on Ag(111) shows a different result from that on
Au(111). As shown in figure 4.1 a, large islands of DCV5T-Me, are formed there.
The High resolution STM image in figure 4.1 b reveals that there are two types of
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Figure 4.1: Self-assembly of DCV5T-Mey on Ag(111). a) Overview STM image of DCV5T-
Mey islands (I = 15 pA and V = 0.78 V). b) and d) High resolution STM images (I = 70
pAand V=079 Vin b; | = 14 pA and V = 0.56 V in d) of islands with different molecular
height contrast. ¢) and e) Line profiles showing the height of molecules in images b and d,
respectively. f) and g) Models showing distances between neighboring molecules in images b
and d, respectively. d; = 0.43 nm, do = 0.22 nm and d3 = 0.26 nm.

molecules with different height contrast upon packing in islands. One type exhibits
homogenous contrast like on Au(111), named as type A. In contrary, for the other
type, one side and the center of the molecule are imaged brighter than the other
side, which are labeled as type B. The brighter part of type B molecule is 10 pm
higher than type A (figure 4.1 ¢). Moreover, type B molecules arise in pair and
the brighter contrast is localized at their contacting regions (model in right bottom
corner of figure 4.1 b). Type A molecules emerge in pair as well, however, with
larger intermolecular distance (model in right upper corner of figure 4.1 b). The
intermolecular distance differs by a factor of 2 in two cases, as shown in figure 4.1
f. Therefore, we attribute the higher apparent height of type B molecules to the
closer intermolecular distance, which probably forces molecules to point their methyl
groups outwards from the surface. Islands consisting of only type B molecules are
also observed on the surface, as shown in figure 4.1 d and e. In this case, the
brighter contrast is induced by close intermolecular distance as well (figure 4.1 g).
Additionally, the basic packing pattern on Ag(111) is the same as that in islands on
Au(111) (compare models in figure 4.1 b and d with figure 2.2 ¢). Hence, we propose
that intermolecular hydrogen-bonds and electrostatic interaction are also responsible
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for the self-assembly. However, after the same sample preparation procedure as on
Au(111), here no metal-organic structures (like chains) are formed.

Lateral manipulation [41) 160, 161} 162, 163, 164 165] 166, 167, 168, 169] further
demonstrates the dense packing origin of the intra-molecular contrast. After remov-
ing its neighbor, a type B molecule is transformed to type A molecule, where two
sides of the molecule adsorb with the same height (figure 4.2 ¢ and f). The same

change happens to the resultant single molecule after dragging it out of the island
(figure 4.2 b and e).
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Figure 4.2: Contrast changes by lateral manipulation. a) and d) STM images (I = 20 pA
and V = 0.76 V) before and after extracting a molecule from a compact domain (set point
of the lateral manipulation: | = 100 nA and V = 0.01 V). The movement trace of the tip
during manipulation is indicated by the red arrow in a. An intact single molecule is obtained
after the manipulation. b) and c) Profiles show the height of two type B molecules before the
manipulation. e) and f) Profiles show the height of the same molecules after the manipulation.
The sides with arrows have bigger values in X axis in the profiles.

The self-assembled architectures on the Ag(111) surface differ from those on Au(111)
in that they have different lateral interactions (table 4.1). The absence of metal-
organic motifs on Ag(111) indicates that the interaction between Ag adatoms and
cyano groups is weaker than intermolecular interactions. One would expect that Ag
atoms should be more active than Au atoms. However, no coordination involving
Ag atoms has been observed until now [8], 134} 170, 171, [172]. To unreveal the origin
of this difference reactivity of Ag and Au adatoms is beyond the goal of this thesis,
and would involve detailed first principles simulations including a precise description
of the substrate density of states.
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4.2.2 Electronic Properties

The single molecule is a good reference to study evolution of electronic properties of
DCV5T-Mes upon self-assembly into islands. dI/dV spectra (figure 4.3 a) show that
the LUMO at 1.4 V is mainly distributed at the central part of the single molecule
with lower weight at the two sides, whereas the LUMO-+1 at 2.2 V is localized at the
two sides. This distribution is further imaged in the dI/dV maps shown in figure 4.3
b, and fits with the DFT calculated orbital structure of DCV5T-Mes in gas phase.

di/dV (a.u.)

05 1.0 15 2.0

Bias (V)
Figure 4.3: Electronic properties of the single molecule. a) dl/dV spectra acquired with closed
feedback (set point: | = 8 pA and V = 2.4 V) at different locations of the single molecule as
indicated inset. The energetic positions of the resonances in the dl/dV spectra are highlighted
by the black dash vertical lines. b) Constant current STM images (left upper panel: | = 20

pA and V = 0.76 V) and corresponding constant height dl/dV maps (the other three panels)
recorded at indicated biases. The currents are 40 pA, 31 pA and 9 pA from low to high bias,
respectively.

The orbital energy alignment is changed upon self-assembly. Figure 4.4 a shows
spectra recorded over a type A molecule within an island. Here, three resonances
are observed. The state at 0.5 V is distributed over the whole molecule, while the
resonance at 0.8 V is mainly located at the two sides. By comparing with the dis-
tribution of unoccupied orbitals over the single molecule, we assign these two states
to the LUMO and LUMO-+1. The downshift in energy with respect to the single
molecule is ascribed to intermolecular interactions [19] 108]. In addition, the cen-
ter possesses a higher-lying state at 1.5 V. Since calculations show the LUMO+-2
located at the center of DCV5T-Mey, this 1.5V resonance can be assigned to the
down-shifted LUMO-2 after assembly. The type B molecule exhibits the same
features, which can be demonstrated through dI/dV mapping (figure 4.4 b). The
map acquired at 0.5 V shows similar contrast with the topography due to the de-
localization of the LUMO, while signals are located at the two side and the center
at maps taken at 0.7 V and 1.5 V corresponding to the LUMO+1 and LUMO-2,
respectively.
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Figure 4.4: Electronic structure of the island. a) dI/dV spectra acquired with open feedback
(set point: | = 50 pA and V = 2.0 V) at different locations of the molecule in an island as
indicated inset (I = 16 pA and V = 0.8 V). Energetic positions of the resonances in the dl/dV
spectra are highlighted by black dash vertical lines. All the spectra are offset for clarity. b)
Constant current STM image (left upper panel: | = 14 pA and V = 0.56 V) and corresponding
constant height dl/dV maps (the other three panels) recorded at indicated biases (50 pA).

Qualitatively, the behaviors of molecular islands on Ag(111) are the same as on
Au(111). However, the exact values of orbital energies differ by 0.6 £ 0.2 V, as
shown in table 4.2. The difference in quantity can be interpreted by considering
the work function of surfaces. The work function of Ag(111) is lower by 0.57 V
than that of Au(111) [I59], which is in a good agreement with the down-shifted
values of orbital energies. It means that organic islands physically adsorb on both
substrates without significant hybridization at interfaces, resulting in only a rigid
shift of orbital alignment [38].

4.3 DCV5T-Me; on Cu(111)

4.3.1 Adsorption and Assembly

The free molecular properties are not strongly modified by both the Au(111) and
Ag(111) substrates. However, a copper surface is expected to induce drastic dis-
turbance to the organic material through strong metal-ligand hybridization. It is
found that the self-assembly of DCV5T-Mey on Cu(111) strongly depends on the
substrate’s temperature. At low temperature (180 K), single molecules or small
clusters randomly disperse on the surface, as shown in figure 4.5 a. The high resolu-
tion STM image in figure 4.5 b shows that molecules adopt various configurations,
due to lack of thermal-activated relaxation upon adsorption. Moreover, the two
sides exhibit much lower apparent height than the small central part. It is probable
that the end DCV groups and the thiophene backbone strongly interact with the
surface pulling the two methyl groups in the center ring bent upward. Molecules
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Figure 4.5: Adsorption and assembly of DCV5T-Mey on Cu(111). a), c) and e) Overview
STM images (I = 23 pAand V =0.33 Vfora; | = 12 pAand V= 0.1V for ¢; | = 100 pA and
V = 0.62 V for e) of deposition of DCV5T-Mes on sample with different temperatures, 180 K,
230 K and 300K, respectively. b), d) and f) Corresponding high resolution STM images (I =
77pAandV=032Vinb;1=81pAandV=01Vind; | =210pAandV =0.74V for
f). The inset in b shows a pore (I = 14 pA and V = 0.11 V) consisting of three molecules.

assemble into chains and pores when deposited on the substrate with higher tem-
perature (230 K), as shown in figure 4.5 c¢. In these structures, adjacent molecules
connect with each other via their ends (figure 4.5 d). Therefore, we propose that
Cu adatoms are incorporated for bridging the electronegative end cyano groups
122, 172, 173, 174, 175, 176]. Differently from pure organic islands on Ag(111),
the formation of pure metal-organic motifs on Cu(111) means that the interaction
between Cu adatoms and cyano groups is much stronger than intermolecular inter-
actions. Disordered clusters are formed when depositing molecules on room tem-
perature sample (300 K), as shown in figure 4.5 e. The high resolution STM image
in figure 4.5 f reveals that most of molecules are not intact. The decomposition can
be attributed to bond dissociation probably catalyzed by Cu adatoms on the Cu
surface [177].

Lateral manipulations were performed to get more insight into the adsorption and
assembly behaviors of DCV5T-Mey on Cu(111). Figure 4.6 a - ¢ show a lateral
manipulation sequence of a single molecule on cold sample (180 K). One can identify
that after manipulation two small dots stay on their original positions, while the
molecular backbone (figure 4.6 d) are moved away by the tip. It demonstrates
that the end cyano groups are pinned at the surface upon adsorption due to strong
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o

Figure 4.6: Lateral manipulation. a) - ¢) STM images (I = 100 pA and V = 0.1 V) of a lateral
manipulation sequence on a single DCV5T-Me,. d) STM image (I = 100 pA and V = 0.1
V) of the dissociated molecule after manipulation. Green circles in ¢ and d highlight the DCV
groups and the backbone of the molecule, respectively. e) and f) STM images (I = 14 pA and
V = 0.11 V) before and after a lateral manipulation on a three-molecule pore. During lateral
manipulation the movement trace of the tip is indicated by black arrows in the STM images.

interaction with the Cu atoms underneath. The interaction is even stronger than
the covalent bonds within DCV5T-Me,, thereby dissociating the molecule during
lateral manipulation. In contrast, lateral manipulation on a pore consisting of three
molecules shows different phenomenon. The whole structure is dragged to another
position by the tip. Although configurations are changed, molecules keep intact and
are still connected via ends. It further certifies the incorporation of Cu adatoms
by ligands due to thermal activation at moderate temperature (230 K) sample. As
a result, lateral coordination bonding dominates over vertical interactions, which
is so robust that the metal-organic motif can be lateral manipulated as a whole
without dissociation. Note that the same phenomenon happens when manipulating
the chain, indicating its combination of molecules with Cu adatoms.

We performed STS at DCV5T-Mes on Cu(111) to inspect its electronic structure.
In contrast to the rich spectral information obtained when adsorbed on Au(111)
and Ag(111), there is no feature in the bias range from -1.3 V to +2.0 V (figure
4.7) due to the strong hybridization with Cu surface [24]. Note that the absence
of resonances is ubiquitous for spectra recorded at molecules in different assemblies
and different positions of a same molecule.
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on DCV5T-Me,
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Figure 4.7: dl/dV spectra acquired with open feedback (set point: | =20 pA and V =2.0V)
at DCV5T-Mey showing no feature from -1.3 V to +2.0 V.

4.3.2 Scattering and Confinement of Surface Electrons

The strong interaction between molecules and substrates enables scattering of sur-
face electrons [103, [178]. Figure 4.8 a shows standing waves surrounding a single
molecule. The oscillation period is around 15 A (figure 4.8 b) corresponding to
half the Fermi wavelength (Ar) of the Cu(111) surface. Similarly, the metal-organic
chains also can serve as a scattering center, as shown in figure 4.8 ¢ and d. This
behavior is absent on Au(111) and Ag(111) because of weaker interactions between
surfaces and ligands.

X (nm)

Figure 4.8: Scattering surface electrons. a) and ¢) STM images (I = 16 pA and V = 0.14 V
for a; | = 74 pA and V = 0.1 V for c) of standing waves formed through scattering surface
electrons by a single molecule and a chain, respectively. b) and d) Linescans (indicated by the
black line in a and c) showing the wavelength (15 A) of the standing waves.
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Consequently, surface electrons will be confined within the corresponding sealed
structures [102], 162} [179) 180, 181], for example, the metal-organic pores. As shown
in figure 4.9 a - ¢, electrons are localized at pores consisting of three and four
molecules, respectively. Pores with different size have different eigenstates. dI/dV
spectra were recorded at the center of pores, with sizes ranging from three to six
molecules (figure 4.9 a, d and e), to inspect the energy shift of confined surface
electrons. The first eigenstate is monotonously shifted down from -130 meV to -360
meV as the pore size increases, as shown in figure 4.9 f. This phenomenon can be
interpreted by the quantum mechanism of particle in two dimentional circular box
[102] 182]. The eigenstate of order (m, n,+1) of electron gas confined in a box,
can be described as E = [h?/2meR?][a(mn,))* + Es [183], where m, is the electron
effective mass, R is the radius of the circle, a(, ,,) can be calculated from the Bessel
function and Ej is the natural onset of the surface state (-450 meV for Cu(111)).
Therefore, in energy the ground state of confined electrons is gradually shifted down
to the surface state from the pore with smaller radius to that with bigger radius
[l associated with weaker confinement effect. The self-assembly of different size of
sealed nano-structures on metal surfaces offers a way to fabricate tunable surface
electron states.
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Figure 4.9: Confinement of the surface electrons in the metal-organic pores. a) STM image
of two pores consisting of three and four molecules (I = 80 pA and V = -0.23 V). b) and ¢)
Corresponding constant current dI/dV maps recorded at indicated biases (80 pA). The dI/dV
signals (yellow and red) are superimposed over the topography (cyan). d) and €) STM images
of two pores consisting of five and six molecules, respectively. f) dl/dV spectra acquired with
open feedback (set point: | = 80 pA and V = 1.0 V) at the center of pores consisting of
different number of molecules, from three to six. The energetic positions of the resonances in
the dI/dV spectra are highlighted by the dash vertical lines. All the spectra are offset for clarity.

Here we treat the pores as circles.
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4.4 Conclusions

DCV5T-Me, exhibits different self-assembly behaviors on Au(111), Ag(111) and
Cu(111) as the result of competition of lateral interactions between molecules, and
between molecules and adatoms on surfaces, as summarized in table 4.1. Pure or-
ganic islands and metal-organic chains are formed on the Au(111) substrate simulta-
neously, because intermolecular interactions are comparable with the molecule/Au-
adatom coordination bonding. In contrast, only organic islands are assembled
on Ag(111), where coordination involving Ag adatoms is always absent. Differ-
ently, molecule/Cu-adatom coordination dominates the structure formation when
deposited on Cu(111), inducing homogenous metal-organic motifs on the surface.

Vertical interactions between molecules and surfaces vary as well. DCV5T-Me,
physically adsorbs on Au(111) and Ag(111), while chemisorption occurs on Cu(111),
inducing scattering and confinement of surface electrons. Molecular electronic prop-
erties evolve accordingly, as summarized in table 4.2. Molecular orbital alignment
is rigidly shifted down on Ag(111) with respect to on Au(111) due to lower work
function. In contrast, molecular resonances vanish on Cu(111) owing to strong or-
ganic/metal hybridization. The changes of structural and electronic properties of
DCV5T-Mey assemblies on different metal substrates should draw our attention
when building corresponding organic electronics.

Au(111) Ag(111) Cu(111)
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intermolecular interactions are
similar with molecule/Au-
adatom interaction in strength

intermolecular interactions are
stronger than molecule/Ag-
adatom interaction in strength

intermolecular interactions are
weaker than molecule/Cu-
adatom interaction in strength

Table 4.1: Evolution of self-assembly structure of DCV5T-Mey on Au(111), Ag(111) and
Cu(111): the competition of lateral interactions.

Surface | Adsorption | Work function (eV) | Lynge (V) | L+1g00e (V) | Ligtand (V) | L+Ligang (V) | L#2iganq (V)
Au(111) | physisorption 5.31 2.0 >2.6 1.3 1.6 2.3
Ag(111) | physisorption 4.74 1.4 2.2 0.5 0.8 1.5
0.57 0.6 >0.4 0.8 0.8 0.8
Cu(111) | chemisorption 4.94 no feature from -1 V to +2 V at either single molecules or chains

Table 4.2: Energy alignment of unoccupied molecular resonances of DCV5T-Mes on Au(111),
Ag(111) and Cu(111). Values in the fourth row (red) are the differences of molecular orbitals
in voltage between on Au(111) and Ag(111).



5 Structural and Electronic
Properties of DCV6T on
Au(111)

5.1 Introduction

Molecular recognition plays a crucial role in the biological systems, for example in
DNA binding and enzyme catalyzing. Inspired by the nature, scientists utilize it to
design and fabricate artificial supramolecular architectures [3]. Molecular recogni-
tion can be classified into static mode and dynamic mode [I84]. In static recognition,
the structures of bonding sites at reactant molecules are directly complementary,
which is interpreted by the lock-and-key theory [10) 11, 12]. In the case of dynamic
recognition, the configuration of one molecule is changed to fit best with the partner
molecule in bonding structure and obtain the maximum bonding strength. Since the
change of configuration is induced by the presence of the partner, this mechanism
is termed “induced fit theory” [10] 11}, 12].

Recently, the lock-and-key effect has been studied with sub-molecular resolution us-
ing STM [3]. It dominates the intermolecular bonding structure in the supramolec-
ular architectures [I85] and even the adsorption of individual molecules on metal
surfaces [186]. However, a real-space investigation and microscopic understanding
of the induced fit effect is rarely reported so far, because molecules trend to stick on
metal surfaces becoming not flexible enough for deformation during recognition.

The first part of this thesis has shown that the overwhelming majority of DCV5T-
Me, adopt a same configuration upon adsorption on the Au(111) surface, even when
incorporated within different types of architectures. The uniformity of configuration
of DCV5T-Mes is attributed to the attachment of side methyl groups, which hinder
the rotation of the central thiophene rings reducing the degree of freedom of the
molecular geometry. In contrast to DCV5T-Mey, DCVGT is more flexible benefiting
from the longer thiophene backbone and absence of side-groups. Therefore, it is
expected that DCV6T molecules will exhibit diverse configurations within differ-
ent kinds of self-assemblies on the Au(111) surface. Based on the measurement of
DCV5T-Me,, it is reasonable to estimate that hydrogen bonding and electrostatic
interactions exist in the assemblies of DCV6T as well. These strong intermolecu-
lar interactions may cause significant deformation to the flexible organic molecules.
Therefore, DCV6T should be a good candidate to study the induce fit effect.

79
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In the first part of this chapter, we investigated how the intermolecular interactions
determine the self-assembly of DCV6T molecules on Au(111) by using STM/AFM
imaging combined with DFT calculations. DCV6T molecules self-assemble into
organic islands, organic chains and metal-organic chains with Au adatoms simulta-
neously on the surface with different configurations. AFM imaging reveals that the
formation of islands is in response by the lock-and-key effect, while induced fit effect
dominates the assembly of molecules in chains with an energetically unfavored bent
configuration.

In the second part of this chapter, STS is utilized to investigate the electronic
properties of DCV6T assemblies. It is found that intermolecular interactions and
Au-CN hybridization induce modifications to molecular orbitals, like in the Au-
DCV5T-Me, case.

3d transition metal atoms can form metal-organic nanostructures through coordina-
tion bonding with molecules [8], 134] 135, 17T], which exhibit fascinating perspectives
for future nanoscale devices 9] [187]. In the third part of this chapter, metal-organic
chains consisting of Co atoms and DCV6T are fabricated. Lower-lying states in
positive polarity are localized at the sides of molecules, which are attributed to hy-
bridization between the Co 3d states and molecular orbitals. Surprisingly, both the
spatial distribution and energetic alignment of the unoccupied molecular orbitals
are not influenced by the formation of coordination. The intactness of conduction
bands of organic semiconductor DCV6T after contacting with metallic leads would
benefit its application in organic electronics.

5.2 Molecular Recognition: from Static to
Dynamic

5.2.1 Self-assembled Motifs of DCV6T

With respect to DCV5T-Meg, the assembly of DCV6T on Au(111) is more compli-
cated due to the bigger degree of freedom of the molecular backbone. Large islands
and two different types of chains are formed on the surface simultaneously (figure
5.1 a). High resolution STM image (figure 5.1 b) reveals that molecules within the
islands adopt a straight and anti-symmetric configuration, which nicely fits with
the most stable geometry from DFT calculations of the isolated molecule in gas
phase. This structure is formed by alternating orientation of thiophene rings and
intra-molecular CN-S interactions. Similarly with the DCV5T-Me, islands, DCV6T
molecules connect to adjacent molecules in the same row end-to-end and from the
neighboring rows end-to-center. Therefore, we believe that the formation of DCV6T
islands should be attributed to the intermolecular hydrogen-bonds and electrostatic
interaction as well. The surface reconstruction underneath the islands appears in-
tact, indicating a weak interaction between the DCV6T and the metal surface [2§].
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Figure 5.1: Self-assembly of DCV6T on Au(111). a) An overview STM image (I = 72 pA, V
= 0.82 V) of the self-assembled structures. Molecular islands and chains exist on the surface
simultaneously. The herringbone underneath the islands survives. The short chains (tpye A)
in the black squares grow across the herringbone, while the long chains (type B) in the green
square grow in the fcc region of the surface reconstruction. b) A high resolution STM image
(I = 47 pA, V = 0.85 V) of the island. Molecules within the island adopt straight and anti-
symmetric configuration. c) A high resolution STM image (I = 87 pA, V = 1.13 V) of the type
A chain. Molecules within the chain are straight and symmetric. The model suggests that Au
adatoms (red circle) are incorporated inside. d) A high resolution STM image (I = 110 pA, V
= 0.85 V) of the type B chain. It is difficult to determine the exact configurations and bonding
structures of molecules within the chain from the STM image alone.

Both types of chains are composed of two parallel rows of molecules. One of them
aligns across the Au(111) herringbone reconstruction (in the black rectangles in fig-
ure 5.1 a), labeled as type A chain. While the other type grows in the fcc region of
the surface reconstruction (in the green rectangle in figure 5.1 a), which is labeled
as type B chain. Contrary to the case of DCV5T-Mey on Au(111), here DCV6T
within both types of chains adopts completely different configurations than within
islands. Molecules within the type A chain adopt straight and (almost) symmetric
configuration. DFT calculations suggest that the two central thiophene rings are
oriented to the same direction in this configuration (figure 5.1 ¢). The fact that
the cyano groups from adjacent four molecules point to one site implies the exis-
tence of a metal bridge. Based on the studies on DCV5T-Me, chains, we propose
that Au adatoms are also incorporated within the type A chain forming four-fold
metal-organic motifs. Molecules within the type B chain are bent and asymmetric
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(figure 5.1 d). In contrast to the bonding structure in the type A chain, here the
molecular ends avoid each other, and instead appear to connect to other parts of
the neighboring molecules rather than the CN ends. This fact implies that the type
B chain is a pure organic motif without incorporation of Au adatoms. However,
it is difficult to determine from STM images its exact bonding structure, even the
configuration of the molecules themselves. Therefore, AFM was employed. Since
the metal-organic chains (type A) hold very few DCV6T molecules, in this chapter
we focus on imaging the type B chain and compare it with the molecular island.

5.2.2 Static Molecular Recognition in DCV6T Islands

Figure 5.2 a and b show the STM image of an island recorded with a Xe func-
tionalized tip and the corresponding (constant height Laplace filtered) AFM image,
respectively. The thiophene rings and DCV groups of DCV6T are resolved at atomic
resolution, showing nitrogen atoms and sulfur atoms with brighter contrast. This
is due to the abundance of electrons at these two elements, inducing stronger Pauli
repulsive interaction with the closely-approached tip. We find that the six thiophene
rings are oriented alternately and one of the cyano groups in the DCV is located in
the vicinity of the sulfur atom from the adjacent thiophene ring. The DFT optimized
geometry of the free molecule can fit with the configuration imaged by the AFM
very well, as shown in figure 5.2 b (in copper color). It means that the configuration
of the DCV6T molecules is not perturbed upon adsorption and assembly by the
surface mediation and the intermolecular interactions. This is further demonstrated
by the fact that optimized geometry of a pair of DCV6T molecules in gas phase
(calculation details are following) also matches with the experimental data (figure
5.2 b in normal color code).

AFM also resolves bright lines at positions where intermolecular interactions are
expected [17, 89, [90]. Based on these contrast and the molecular chemical structure,
the bonding model of the island can be determined, shown in figure 5.2 c. The
intermolecular interactions can be classified as: out-of-direction hydrogen-bonds
(red dash lines), directional hydrogen-bond (red solid line) and CN-S interaction
(green dash line). The DFT calculated charge distribution over a molecular pair
with optimized geometry reveals that the nitrogen atoms at the cyano groups are
negatively charged, while the sulfur atoms at the thiophene rings are positively
charged, as shown in figure 5.3 b. Therefore, the CN-S interaction is electrostatic
in nature. This electrostatic interaction also exists between the cyano group and its
neighbor thiophene ring within individual molecules (blue dash line), which locks
the orientation of the DCV group in the DCV6T molecules.

DFT calculations offer deeper insight for understanding and characterizing the in-
termolecular bonding. To simulate the chain, we optimize the bonding geometry
of a pair of molecules by placing two optimized free molecules close to each other
to generate the input configuration followed with being relaxed to a global energy
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Figure 5.2: AFM imaging DCV6T molecular island. a) STM topography (I = 12 pA and V
= 0.1 V) of an island. b) Corresponding Laplace filtered frequency shift image measured with
a Xe functionalized tip and acquired in constant height mode. The tip is approached by 1.9
A to the sample from the current set point of 12 pA and 0.1 V over the molecule. The DFT
calculated configurations of a single molecule (in copper color) and a molecular dimmer (in
normal color code) are superimposed. c¢) AFM image superimposed with the bonding model:
out-of-direction hydrogen-bonds (red dash lines), directional hydrogen-bond (red solid line) and
CN-S electrostatic interaction (green dash line). The blue dash line indicates intramolecular
electrostatic interaction.
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Figure 5.3: Directivity of the intermolecular hydrogen-bonds. a) The optimized configuration
of a pair of molecules from DFT calculation. b) The DFT calculated charge distribution of a
DCV6T dimmer. c) - d) Models showing the shape of electron clouds localized at the cyano
ligand and CH group. The red color represents electron accumulation and the dark blue stands
for electron depletion.

minimum ﬂ In the optimized molecular pair (figure 5.3 a), the cyano group ap-
proaches the CH at the thiophene ring in such a way that they are located in line.

IThe relaxed structure is independent on the relative positions of two molecules in the input
configuration.



84 CHAPTER 5. DCV6T ON AU(111)

The distribution of the electron cloud over the cyano ligand and the CH group is
employed to understand this bonding configuration. The nitrogen atom possesses
one pair of lone-pair electrons, which are located at the extension of the C=N bond
(figure 5.3 ¢). The hydrogen atom has more positive charge at the side pointing
away from the C-H bond (figure 5.3 ¢). Therefore, only when the CH and the
C=N are placed collinearly can the bonding strength be maximized (figure 5.3 d).
This result demonstrates that the bond angle is also significant for the formation of
hydrogen-bonds in addition to bond length.

The above chemical feature of hydrogen bonding facilitates the self-assembly of
the island. According to the lock-and-key theory (figure 5.4 a), the intermolecular
recognition is based on the match of specific patterns of two reacting sites. For the
case of DCVGT, one pair of CN-HC bonding (figure 5.4 b: lock 1 - key 1) locks the
relative positions of two adjacent molecules. Moreover, benefiting from the anti-
symmetric shape of the molecule, the linear alignment is simultaneously satisfied at
other bonding sites (figure 5.4 b: lock 2 - key 2). Therefore, the optimized bonding
geometry can be obtained without influencing the intramolecular configuration of
individual molecules and the lock-and-key effect extends. So here DCV6T molecules
optimize their assembly structure in the island through static molecular recognition,
dominated by directional intermolecular hydrogen bonding.
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Figure 5.4: a) Model of the lock-and-key theory. b) Application of the lock-and-key theory to
the self-assembly of DCV6T within islands.

5.2.3 Dynamic Molecular Recognition in DCV6T Chains

AFM is also utilized to determine the chemical configuration and bonding geometry
of the type B chain. Figure 5.5 a and b show the STM image of a chain acquired
with a Xe functionalized tip and the corresponding Laplace filtered AFM image,
respectively. The chemical structure of the molecules within the chain is resolved
with atomic resolution. The cyano groups and the sulfur atoms exhibit stronger
contrast as well. Note that adjacent cyano groups point to different directions
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Figure 5.5: AFM imaging DCV6T molecular chain. a) STM topography (I = 12 pA and V
= 0.1 V) of a type B chain measured with a Xe functionalized tip. b) Corresponding Laplace
filtered AFM image acquired in constant height mode. The tip was approached by 2.0 A to the
sample from the current set point of 12 pA and 0.1 V over the molecule. The red arrows and
the yellow arrow highlight the rotated thiophene rings and DCV group, respectively. ¢) DFT
calculated configurations of single molecules in gas phase can not fit with the AFM image.
d) DFT calculated configuration of a pair of molecules in gas phase can fit with the AFM
image very well. €) Laplace filtered AFM image measured with the same Xe functionalized tip
approached by 2.25 A from the current set point of 12 pA and 0.1 V over the molecule. The
bonding model is superimposed: out-of-direction hydrogen-bonds (red dash lines), directional
hydrogen-bonds (red solid lines) and CN-S electrostatic interaction (green dash lines). The
blue dash line indicates intramolecular electrostatic interaction. f) Calculated total charge
distribution of a pair of molecules.

indicating that no Au atoms are incorporated. Hence, the type B chains are pure
organic architectures. Here molecules exhibit asymmetric configuration with a large
curvature compared with those in the islands. AFM imaging resolves that this is
induced by the rotation of one central thiophene ring (red arrows in figure 5.5 b) to
the same orientation as its two neighbor rings. In addition, a rotation of one DCV
group (yellow arrow in figure 5.5 b) of the molecules at the right row introduces
difference in geometry with respect to the molecules at the left row. From the AFM
data, we know that molecules within the type B chains adopt bent, asymmetric and
two different types of configurations.
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By using the orientation of the thiophene rings and DCV groups from AFM images,
we calculate the DCV6T geometry. Figure 5.5 ¢ shows the DFT optimized config-
urations of the single molecules in gas phase. Such bent configuration also has a
stable minimum energy structure. By superimposing them over the AFM image,
one can identify that the calculated configurations can not fit with the experimental
data. The comparison reveals that the molecules bend themselves about 13 ° more
upon adsorption and self-assembly with respect to calculated single molecules. The
larger bending could be induced by either the interaction with the metal surface or
by the intermolecular interactions, or both.

We place the two optimized single molecules near each other in calculations to
inspect the effect of intermolecular binding on the molecular configuration. As
shown in figure 5.5 d, the optimized geometry of the molecule pair in gas phase fits
with the measurement very well. This fact demonstrates that the bigger bending
angle of DCV6T in the chain is induced by the intermolecular interactions.

The molecular packing structure also can be determined based on the AFM imaging,
shown in figure 5.5 e. As in the islands, directional and out-of-direction hydrogen-
bonds and electrostatic interactions (figure 5.5 f) are responsible to the formation
of chains.

Figure 5.6: a) and b) The same STM images of a single molecule with a rotated thiophene
ring (I = 100 pA, V = 0.8 V). The calculated configuration of the free molecule in gas phase
fit with the STM image very well (a), while the calculated geometry of a pair of molecules can

not fit (b).

To study the influence of substrate on the molecule configuration, we image the
isolated bent DCV6T on Au(111) with STM P| The calculated configuration of the
free molecule with one rotated thiophene ring in gas phase fits with the STM image
very well (Figure 5.6 a), whereas the calculated geometry after taking intermolecular
interactions into account can not fit (Figure 5.6 b). This fact confirms that the
more bending of molecules within chains is indeed induced by the intermolecular
interactions rather than the surface mediation.

2Tt is impossible to image the isolated molecules with AFM, since the strong forces between the
AFM tip and the molecule induce lateral diffusion.
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Figure 5.7: Quantifying energies of molecules with different configuration and bonding geom-
etry. In particular, we calculated energies for four different binding structures: two optimized
isolated molecules without bonding (1), two optimized molecules with bonding (2), two de-
formed isolated molecules without bonding (3), two deformed molecules with bonding (4)
whose total energy is set as the zero point for comparing. In all the calculations, the surface is
not considered due to its negligible influence on the system relaxation.

In order to get more insight into the molecular deformation upon binding, we calcu-
late the energies corresponding to different bonding geometry with different molec-
ular configuration, shown in figure 5.7. The system with two optimized molecules
can relax to an energy minimum status with a binding energy of 386 meV (from 1 to
2), while the intramolecular deformation is forbidden during binding. If the change
of molecular configuration is allowed, these two molecules will adapt themselves to
a more bent geometry (as observed in our AFM data) for optimal intermolecular
interaction with a total energy of 93 meV stored in the backbones (from 1 to 3).
However, the bending enables the system to gain a binding energy of 616 meV (from
3 to 4). Therefore, in the end the whole system is relaxed to a more stable state
(137 meV) than the case without change of molecular configuration (from 2 to 4).

The deformation of DCV6T upon self-assembly in chains can be interpreted with
the induced fit theory (figure 5.8 a). For the initial configuration (copper color), the
CN ligand aligns collinearly with the CH group at the bonding position 1 (figure
5.8 b: lock 1 - key 1) forming a directional hydrogen-bond. Whereas, the binding
between lock 2 and key 2 (orange dash line in figure 5.8 b) is not optimized due to
the large distance between CN and CH accompanied with a small alignment angle.
Therefore, the backbone of the molecule has to be bended more so that the optimal
bonding geometry can be realized there. Although the state of individual molecules
is unfavorable energetically, the whole system is relaxed to the energy minimum due
to the optimized intermolecular bonding. In this dynamic way, the bent DCV6T
molecules recognize each other and form the type B chains.



88 CHAPTER 5. DCV6T ON AU(111)

»
a) ’ b)
C 3028
¥ -4
€4 ’»‘(w} « ‘><3{ 7
% .
v € = P
- < 4 DY
B e P
% Cog
L ( B
erv Key? pofmes P
— v L AT
14 Ny
€ \C | <28
‘: < o @ €
Lock P-4 3
€ ! o
< g&
g ?
< P
-4
v ( P Fey
F £ g ¥
< ¢
o4

Figure 5.8: a) The model of induced fit theory: the configuration of the lock is changed by the
presence of the key for obtaining maximum bonding. b) Application of the induced fit theory
to the self-assembly of DCV6T within chains. A DCV6T is bended more to get the best fit
with the adjacent molecule.

5.3 Electronic Properties of DCV6T Assemblies

We have characterized the chemical and packing structure of DCV6T on Au(111)
using combined STM/AFM and DFT calculations. Since the molecular electronic
features determine the performance of corresponding organic devices, it is also sig-
nificant to evaluate its orbital structure (energy alignment and spatial distribution)
in various assemblies through STS measurements.

5.3.1 The Single Molecules

Before molecular islands and chains, single molecules are investigated first as a ref-
erence for comparison. Figure 5.9 a shows the STM image of a single DCV6T, which
adopts a bent configuration due to the big molecular flexibility. The corresponding
dI/dV spectra (figure 5.9 b) reveal that the LUMO at 2.0 V is distributed over the
whole molecule with higher weight at the center, while the LUMO+1 at 2.6 V is
only localized at its two sides. This spatial distribution of the LUMO and LUMO-+1
can be further imaged by dI/dV mapping, as shown in figure 5.9 ¢. Figure 5.9 d
represents the structure of unoccupied molecular orbitals from DFT calculations in
gas phase, which is in good agreement with the experimental observation. It indi-
cates that the orbital structure of DCV6T is not strongly modified upon adsorption
on the Au(111) surface.
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Figure 5.9: Electronic structure of the single DCV6T. a) STM image (I = 61 pA and V =
0.56 V) of a single molecule on Au(111). b) dI/dV spectra acquired with open feedback (set
point: | = 35 pA and V = 2.8 V) at different locations of the single molecule as indicated in
a. The energetic positions of the resonances in the dl/dV spectra are highlighted by the black
dash vertical lines, and all the spectra are offset for clarity. c) Constant current STM images
(left panel) and corresponding dI/dV maps (right panel) of a single molecule recorded at biases
of 1.0V, 2.0 Vand 2.7 V (I = 20 pA), respectively. The dI/dV signals (yellow and red colors)
are superimposed over the topography (cyan). d) The DFT calculated orbital structure of the
LUMO, LUMO+1 and LUMO+2.

5.3.2 The Pure Organic Assemblies

Figure 5.10 a shows dI/dV spectra recorded on an organic island. Three resonances
are observed with different distribution over the molecule. The two sides possess
two states at 1.3 V and 1.6 V, while the center has the state at 1.3 V and a higher-
lying state at 2.3 V. The bias-dependent STM images further reveal the spatial
distribution of these three resonances, as shown in figure 5.10 b. By comparing with
the molecular orbital structure in gas phase (figure 5.9 d), we assign the resonances
at 1.3V, 1.6 V and 2.3 V to the LUMO, LUMO+1 and LUMO+2 of the molecule,
respectively. The unoccupied orbitals are shifted down in energy compared with
single molecules, similar with results in DCV5T-Me, islands. Thus, this downshift
is ascribed to intermolecular interactions as well [19] [108], since the same types of
bonding exist in DCV6T islands and DCV5T-Me, islands determined by AFM.
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Figure 5.10: Electronic structure of DCV6T island. a) dl/dV spectra acquired with open
feedback (set point: | = 70 pA and V = 3.0 V) at different locations at the molecule as
indicated inset (I = 120 pA and V = 0.75 V). The energetic positions of the resonances in the
dl/dV spectra are highlighted by the black dash vertical lines, and all the spectra are offset for
clarity. b) Constant current STM images of an island recorded at biases of 1.3V, 1.6 V and 2.2
V (I = 50 pA), respectively, which reveal the distribution of the unoccupied molecular orbitals.
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Figure 5.11: Electronic structure of the DCV6T chain. a) dl/dV spectra acquired with open
feedback (set point: | = 45 pA and V = 3.0 V) at different locations of the molecule as
indicated inset (I = 11 pA and V = 0.85 V). The energetic positions of the resonances in the
dl/dV spectra are highlighted by the black dash vertical lines, and all the spectra are offset for
clarity. b) Constant current STM images (top panel) and corresponding dl/dV maps (bottom
panel) of a chain recorded at biases of 1.2 V, 1.6 V and 2.2 V (I = 15 pA), respectively. The
dl/dV signals (yellow and red colors) are superimposed over the topography (cyan).

The organic chains (type B) with bent molecules exhibit the same orbital features as
islands, in both spatial distribution and energetic alignment, shown in figure 5.11.
It demonstrates that intermolecular interactions determine electronic properties of
DCVnTs assemblies, while the molecular geometry does not play a crucial role. The
corresponding devices would take advantage of the negligible effect of configuration
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on molecular electronic properties. For example, although molecules adopt various
configurations in films of organic solar cells, their useful characters keep the same.

5.3.3 The Au-organic Assemblies

Electronic properties of metal-organic chains (type A) with incorporation of Au
adatoms are also investigated. Molecules within chains, with two sides coordi-
nated to Au atoms, possess lower-lying unoccupied orbitals compared with single
molecules, as shown in figure 5.12 a and b. This downshift in energy is induced
by metal-ligand hybridization [39, 129], while the orbital spatial structure is not
modified.

di/dV (a.u.)

-1.0 -OI.S OTO 0.I5 lfO lfS 2.IO 25
Bias (V)

di/dv (a.u.)
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Figure 5.12: Electronic structure of the Au-DCV6T chain. a) and c) dl/dV spectra acquired
with open feedback (set point: | = 120 pA and V = 2.5 V) at different locations of the two-
side-coordinated molecule and the one-side-coordinated molecule as indicated inset (I = 87 pA
and V =1.13 Vfora; | = 18 pA and V = 0.75 V for c), respectively. The energetic positions of
the resonances in the dl/dV spectra are highlighted by the black dash vertical lines, and all the
spectra are offset for clarity. b) and d) Constant current STM images (top and left panels) and
corresponding dl/dV maps (bottom and right panels) of two-side-coordinated molecules and
one-side-coordinated molecules recorded at indicated biases (15 pA), respectively. The dl/dV
signals (yellow and red colors) are superimposed over the topography (cyan).

Orbital redistribution occurs when only one side is coordinated: the down-shifted
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LUMO is localized at the coordinated side, while the down-shifted LUMO-+1 is
localized at the uncoordinated side, as shown in figure 5.12 ¢ and d. It can be
interpreted with the quantum chemical model: linear combination of the LUMO
and LUMO-1 molecular orbitals [40]. Due to the symmetric (anti-symmetric) nodal
plane of the original LUMO (LUMO-1) (figure 5.9 d), the two new orbitals are
localized at opposite sides of the molecule after mixing. Here, the presence of one
Au atom at only one side breaks the geometric symmetry and promotes the orbital
mixing. Since both the 5T and 6T, with odd and even number of thiophene rings,
exhibit the spatial orbital redistribution upon asymmetric coordination to Au atoms,
this mechanism should be applicable to the whole family of DCVnTs.

5.4 Metal-organic Chains of DCV6T and Co atoms

In addition to the intrinsic adatoms on substrates, external metal atoms can be
evaporated onto the surface to combine with organic ligands and form artificial
nanostructures. In particular, Co atoms are widely used to coordinate with cyano
functionalized molecules [135]. The corresponding metal-organic assemblies are ex-
pected to show different electronic features with respect to Au-atom-based com-
plexes, because 3d orbitals of Co atoms are involved in the coordination instead of s
states. To study the influence of different species of metal atoms on properties of the
metal-organic motifs, in this section we co-deposit Co atoms and DCV6T molecules
on the Au(111) surface and investigate the resulting assemblies with STM /STS.

5.4.1 Bonding Structure of the Metal-organic Chains

Figure 5.13 a shows the STM image of co-deposition of DCV6T with Co atoms at
room temperature followed by post-annealing to 373 K to thermally active their
mixing. Only long chains are formed on the surface. The growth direction of chains
follows mostly the surface reconstruction, and the excess Co atoms aggregate into
clusters at the elbows of the herringbone. The high resolution STM image in figure
5.13 b reveals that chains are located at the fcc area of the surface reconstruction.
Moreover, one can identify that three cyano groups from three adjacent molecules
assemble into a three-fold bonding node. It indicates that Co atoms are incorpo-
rated for bridging the electronegative cyano ligands. Although molecules do not
adopt homogenous configuration due to the flexible DCV6T backbone, the three-
fold coordination is ubiquitous. From the bonding model in figure 5.13 b, one can
find that the two sides of one molecule are not symmetrically coordinated: one side
(side A) bonds with two Co atoms, whereas the other side (side B) interacts with
only one atom. This asymmetric bonding geometry is imaged by a functionalized
tip (figure 5.13 ¢). It should induce different electronic features at the two sides
of individual molecules. Note that there are no Au-DCV6T chains on the surface,
since the more active Co atoms substitute for the inert Au atoms during bonding.
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Figure 5.13: Structure of Co/DCV6T metal-organic chains on Au(111). a) STM image (I = 49
pA and V = 0.79 V) of the co-deposition of DCV6T and Co atoms at room temperature followed
by annealing to 373K to activate the mixing. Long chains and Co clusters are formed mostly at
the fcc region and at the elbows of the surface reconstruction, respectively. b) High resolution
STM image (I = 100 pA and V = 0.75 V) of chains with bonding model superimposed. The
assembly of cyano groups indicates incorporation of Co atoms (the red circles). For individual
molecules, side A bonds with two Co atoms, while side B interacts with only one Co atom.
c) High resolution STM image (I = 94 pA and V = 0.8 V) acquired with a functionalized tip
revealing the asymmetric bonding geometry of individual molecules.

5.4.2 Electronic Properties of the Metal-organic Chains

STS is utilized to study the electronic properties of Co-DCV6T chains. Figure 5.14
a shows dI/dV spectra at a molecule within a chain. Four peaks, centered at 0.8 V,
1.1V, 2.0V and 2.6 V, are observed. They are located at different positions over
the molecule. In particular, the two states at 2.0 V and 2.6 V are distributed at the
whole molecular backbone and both sides of the molecule, respectively. This spatial
distribution, which is further resolved by the dI/dV maps in figure 5.14 b, enables
us to assign them to the molecular LUMO and LUMO+1 orbitals.

Spectra in figure 5.14 ¢ exhibit higher energy resolution of the two lower-lying peaks.
One can identify that the state at 0.8 V (1.1 V) is only localized at the side A (B) of
the molecule (figure 5.14 d)F] Whereas they have the same intensity at the position
of the Co atom (red dash spectrum in figure 5.14 ¢). This distribution indicates
that these states are derived by the metal-ligand coordination. The interaction is
expected to happen between the Co 3d states and lone pair orbitals at the cyano
groups [I35]. Moreover, the hybridization at side A relates to interactions between
two cyano groups and two Co atoms, while at side B only one cyano ligand and
one Co atom are involved. This different bonding geometry induces asymmetric
electronic properties over individual molecules. In general, more hybridization with
metal atoms results in lower energy of the states at molecules [146].

Control measurements are performed at molecules with only one side coordinated.

3The dI/dV signal is still visible at the side A at 1.1 V, which is due to the large width of the
peak. However, its intensity at 1.1 V is lower at side B than at side A.
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diidV (a.u.)

diidV (a.u.)

Figure 5.14: Electronic structure of the two-side-coordinated molecule in Co-DCV6T chain. a)
and c¢) dI/dV spectra acquired with open feedback (set point: | = 120 pA and V = 2.85 V for
a; | =120 pA and V = 1.5 V for c) at different locations of the two-side-coordinated molecule
as indicated inset (I = 99 pA and V = 0.72 V). The energetic positions of the resonances in the
dl/dV spectra are highlighted by the black dash vertical lines. The spectra in a are offset for
clarity. The red dash spectrum in ¢ is recorded at the position of Co atom. b) and d) Constant
current STM images (top panels: | = 110 pA and V = 0.79 V) and corresponding constant
height dI/dV maps (central and bottom panels) of two-side-coordinated molecules recorded at
indicated biases (50 pA).

The lower-lying peaks vanish at the free side with respect to the two-side coordinated
molecule, while all the other features maintain, as shown in the dI/dV spectra and
maps in figure 5.15. It further confirms the metal-ligand hybridization origin of
the peaks at 0.8 V and 1.1 V and demonstrates the local character of the Co-CN
coordination.

It is widely reported that metal-ligand hybridization induces downshift of unoccu-
pied molecular orbitals in energy [39, 129 [135] 138, 146, 188]. Surprisingly, here the
energetic alignment of the LUMO and LUMO+1 is not modified by the Co-CN co-
ordination, in opposite to results in Au-DCV6T chains. The difference should be at-
tributed to the different atomic structure of Co atom and Au atom, for which 6s state
and 3d state contribute to the coordination, respectively. Theoretical calculations
should be carried out to gain more insight into the physics behind. Nevertheless,
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di/dV (a.u.)

Figure 5.15: Electronic structure of the one-side-coordinated molecule in Co-DCV6T chain.
a) dl/dV spectra acquired with open feedback (set point: | = 120 pA and V = 2.85 V) at
different locations of the one-side-coordinated molecule as indicated inset (I = 99 pA and V =
0.72 V). The energetic positions of the resonances in the dI/dV spectra are highlighted by the
black dash vertical lines. All the spectra are offset for clarity. b) Constant current STM (I =
80 pA and V = 0.8 V) of a chain with one-side-coordinated molecules at the end. The black
arrows highlight two molecules with the coordination dissociated at one side. c) Corresponding
constant height dl/dV maps recorded at indicated biases.

the organic electronics based on DCVnTs will benefit from this behavior. Molecules
can be connected through Co atoms to build organic circuits [36] on surfaces, while
the conduction bands of the organic semiconductor for charge transport are not
perturbed. Recently, the same phenomenon was reported on graphene nanoribbons
[189]. A chemical bond is created between the nanoribbon and a Au atom with-
out modification to its bulk electronic structure. Here, we observe an analogue in
functional organic molecules.

5.5 Conclusions

In this chapter both the lock-and-key effect and the induced fit effect in molecu-
lar recognition of DCV6T are resolved and understood with atomic resolution by
using combined STM/AFM imaging and DFT calculations. DCV6T molecules self-
assemble in large organic islands and long organic chains through hydrogen bonding
and electrostatic interactions on Au(111). The formation of islands is the result of
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lock-and-key effect in the static molecular recognition, while the formation of chains
is regulated by the induced fit effect via the dynamic molecular recognition. DCV6T
in chains undergoes two steps of deformation with respect to molecules in islands.
The rotation of one thiophene ring results in bent configuration of the molecules,
which is slightly off the optimal bonding geometry. Thus, the specificity of the
hydrogen-bonds induces further bending of around 13° more of the molecules. Al-
though individual molecules are not in the energy minimum configuration, the whole
chain structure relaxes to a more stable state in energy. These results demonstrate
that one type of molecules can undergo complex deformation processes and form
completely different nanostructures on the surface, which can be imaged and quan-
tified accurately with combined STM/AFM measurements and DFT calculations.

Electronic properties of various assemblies of DCV6T on Au(111) are studied with
STS. Molecules exhibit the same energetically down-shifted unoccupied orbitals in
organic islands and chains with different configurations. It demonstrates that inter-
molecular interactions rather than the molecular geometry determine the electronic
properties of DCV6T assemblies. The electronics composed of molecular films take
advantage of this mechanism, where molecules adopt different configurations. In
Au-DCVET chains, spatial redistribution of the LUMO and LUMO+1 occurs at the
one-side coordinated molecule due to breaking of symmetry, the same mechanism
as that in Au-DCV5T-Mes complex.

Three-fold metal-organic chains are formed by co-deposition of Co atoms and DCV6T
on Au(111). The fingerprint of coordination bonding is two lower-layer peaks lo-
cated at the end-DCV groups. Differently from the widely reported results in metal-
organic complexes, in Co-DCV6T chains both the spatial distribution and energetic
alignment of the unoccupied molecular orbitals are not influence by the Co-CN hy-
bridization. The intactness of conduction bands after contacting with a metallic
lead sheds new light on the fabrication of organic circuits on surfaces.



6 Summary

In this thesis, we investigated supramolecular architectures based on dicyanovinylene-
substituted oligothiophenes, DCV5T-Me, and DCV6T, on metal surfaces. A mi-
croscopic understanding of their structural and electronic properties at the or-

ganic/organic and organic/metal interfaces, is obtained by utilizing low temperature
STM and AFM.

Upon adsorption on Au(111), DCV5T-Me, lays on the surface in a planar geom-
etry corresponding to the DFT calculated global minimum configuration in gas
phase. The majority of molecules self-assembly into extended organic islands. In-
termolecular electrostatic interaction (S-CN) and hydrogen bonding stabilize the
two-dimensional domains. In particular, the electrostatic interaction enhances the
thermal stability of the organic assembly on the surface. These strong intermolecu-
lar interactions energetically shift down the unoccupied molecular states in islands
with respect to the isolated molecule on the surface. The resulting energy level shift
is of great importance for designing organic electronics based on these molecules.

A double layer film is formed with the increase of coverage. Molecules in the second
layer pack in a similar way with that in the molecular islands on the Au(111) sur-
face. Differential conductance spectra exhibit sharper and higher-lying resonances
in the second layer than in the first layer due to a decoupling from the metal. This
allowed for the observation of a vibrational state coupled with both the LUMO and
LUMO+1, with energy around 0.18 eV. The mode corresponds to the stretching of
C=C and C-C bonds over the whole molecular backbone. This vibration mode plays
a crucial role in the charge transfer in blends of oligothiophenes and Cg, [110].

Metal-organic chains are formed on Au(111), simultaneously with the organic is-
lands, through incorporation of Au adatoms by cyano groups. The metal center and
bonding geometry are imaged with AFM. The fingerprint of metal-ligand hybridiza-
tion is an energetic downshift of the LUMO orbital compared with the single, iso-
lated molecule. Interestingly, the LUMO and LUMO-+1 are spatially redistributed
over the molecule, when only one side is coordinated to a Au atom. Supported by
DET calculations, we interpreted this renormalization with the linear combination
of molecular orbitals. The asymmetric attachment of a Au atom triggers the mixing
of the original LUMO and LUMO+-1 orbitals, hence, adapt the new orbital structure
to the bonding geometry. Moreover, the different electronic properties of molecules
with zero, one and two coordination bonds depicts a tuning strategy to manipulate
the orbital character of molecular films by site-specific doping with metal atoms.
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It has been reported that bridging two molecules with a metal atom can induce
an overlap of orbitals from each molecule [40], while attachment of metal atoms
to one molecule usually only leads to a downshift of unoccupied orbitals in energy
[39]. Here we demonstrate that two different orbitals close in energy within an
individual molecule also can mix by a linear combination triggered by an asymmetric
coordination to a metal atom. Our results complement the physical picture of the
metal-organic contact.

Co-deposition of NaCl and DCV5T-Mey on Au(111) results in the formation of
metal-organic chains stabilized by Na-CN bonding. These chains keep the maximum
separation consistent with the coverage. The statistics on the inter-chain distance
distribution reveals an inter-chain repulsive force generating an electrostatic poten-
tial well, which induces the formation of the one-dimensional super-lattice. It is
demonstrated that the charged methyl groups within individual molecules serve as
positively charged points and are responsible for the inter-chain Coulomb repulsion.
These results indicate that the long-range interaction on surfaces not only can influ-
ence the adsorption of individual adsorbates, but also could mediate the growth of
self-assembled nanostructures, as for example gratings composed of metal-organic
chains.

One drawback of the coordination with Au atoms and strong interactions between
DCV5T-Me, molecules themselves is that the formation of ordered hybrid molec-
ular structures on Au(111) is inhibited. The induced orbital energy realignment
suppresses the electron donor character of DCVn'Ts when mixing with acceptor
molecules.

DCV5T-Mey exhibits different features on Ag(111) and Cu(111) with respect to
on Au(111) due to the difference of surface work function and reactivity. Organic
islands are assembled on Ag(111) with similar structural and electronic properties
as those on Au(111). The only difference is a rigid downshift of orbital energies
by the lower work function of Ag(111) than Au(111). However, no metal-organic
motifs are formed on Ag(111) because of the inertness of Ag atoms when interacting
with ligands. DCV5T-Me, chemically adsorbs on Cu(111) and forms metal-organic
chains with the combination of Cu adatoms at a temperature of 230 K. The strong
hybridization with the surface eliminates the molecular states and, accordingly, en-
ables scattering and confinement of surface electrons by the molecular structures.
Surprisingly, at room temperature DCV5T-Me, molecules are dissociated, which
should draw attention when designing organic devices with Cu leads.

DCV6T self-assembles into metal-organic chains with Au adatoms, organic islands
and purely organic chains on Au(111), adopting different configurations due to its
flexibility. AFM imaging reveals that molecules in islands have the energetic min-
imum geometry and self-recognize through the lock-and-key effect. DCV6T within
organic chains undergoes two steps of deformation with respect to that in islands.
The rotation of one thiophene ring results in a metastable bent configuration, which
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is slightly off the optimal bonding geometry. Thus, the specificity of the intermolec-
ular hydrogen-bonds induces further bending of around 13 ° more to the molecules.
Although the individual molecules are not in the energy minimum configuration,
the whole chain structure relaxes to a more stable state in energy, as confirmed with
DFT calculations. This induced fit effect regulates the formation of organic chains.
These results demonstrate that one type of molecules can undergo complex deforma-
tion processes and form completely different nanostructures on the surface, which
can be imaged and quantified accurately with combined STM/AFM measurements
and DFT calculations.

DCVGT exhibits the same energetically down-shifted unoccupied orbitals in organic
islands and organic chains with different configurations. It means that intermolecu-
lar interactions rather than the molecular geometry determine electronic properties
of DCV6T assemblies. The electronics composed of molecular films take advantage
of this mechanism, where molecules adopt different configurations.

In Au-DCVET chains, site-specific modification to molecular orbitals occurs, the
same as in the Au-DCV5T-Mesy chains. This behavior should exist in the whole
DCVnTs family, due to their symmetric LUMO and anti-symmetric LUMO+1
viewed from point of the sign of electron wave functions.

Homogenous three-fold metal-organic chains are formed by co-deposition of Co
atoms and DCV6T on Au(11l). The fingerprint of coordination bonding is two
lower-lying peaks in the positive polarity, localized at the end-DCV groups. Dif-
ferently from the results in metal-organic complexes with Au atoms, in Co-DCV6T
chains both the spatial distribution and energetic alignment of the unoccupied molec-
ular orbitals are not influenced by the Co-CN hybridization. The intactness of con-
duction bands after contacting with a metallic lead sheds new light on the fabrication
of organic circuits on surfaces.

The combined STM and AFM study on organic molecules, specially designed for
organic solar cell, provides a good insight into their structural and electronic prop-
erties at the organic/organic and organic/metal interfaces with atomic resolution.
This knowledge should help in improving the functionality of corresponding organic
electronics.

As an outlook, the STM study can go closer to the real organic solar cell devices.
The interaction between DCVnTs and Cgg may be enhanced by co-depositing them
on an insulating layer. Moreover, growing DCVnTs on top of a Cgy layer should
maintain their desirable orbital energy alignment, therefore, electrons can transfer
from DCVn'Ts to the fullerenes. Furthermore, a study on electroluminescence of
oligothiophenes suspended between the STM tip and the metal surface has been
reported recently [190]. It should be of great interest to investigate the modification
of DCV groups to the electroluminescence properties of DCVn'Ts in the same way.






Abbreviations

DCV5T-Me,: dicyanovinyl-quinquethiophenes
DCVG6T: dicyanovinyl-hexathiophenes
(LT-)STM: (low temperature) scanning tunneling microscopy
(nc-)AFM: (no-contact) atomic force microscopy
LUMO: lowest unoccupied molecular orbital
LCMO: linear combination of molecule orbitals
STS: scanning tunneling spectroscopy

vdW: van der Waals

CPD: contact potential difference

UHV: ultra high vacuum

PLL: phase locked loop

DFT: density functional theory

fce: face centered cubic

LDOS: local density of states

TCNQ: tetracyanoquinodimethane

8T octithiophene

FWHM.: full width half maximum

SOMO: single occupied molecular orbital
HOMO: highest occupied molecular orbital

PDOS: projected density of states
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A-D-A_: acceptor-donor-acceptor
ML: monolayer

SCF: self-consistent field
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