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Abstract

Imaging Individual Chemical Bonds
and Tuning Single-Molecule Charge States at Surfaces

by
Sebastian Wickenburg
Doctor of Philosophy in Physics
University of California, Berkeley

Professor Michael F. Crommie, Chair

In an effort to make advances in electronics through ever smaller devices, the field of
molecular electronics has emerged as a natural step in achieving ultimate miniaturization
of devices down to the size of single molecules. Progress in molecular electronics is inti-
mately linked to understanding these devices at the atomic and molecular length scales at
which they operate. As a move in this direction we have performed local probe studies in
which we have nondestructively imaged the products of chemical reactions within molecu-
lar electronics elements. We have also imaged and tuned the orbitals and charge states of
individual molecular electronics elements on surfaces. This dissertation, after introducing
the field of nanoelectronics and the local probe techniques used in the study, reports on
imaging of chemical structures of on-surface synthesized molecules and conductive polymers
with individual-chemical-bond resolution and their relationship to the electronic structure.
Depending on the specific molecules and surfaces used, the on-surface synthesized molecular
structures formed single molecule products (monomers), chemically reacted intermediates,
or conductive polymers exhibiting extended electronic structure along their backbone. This
dissertation additionally demonstrates orbital gating of molecules on a back-gated graphene
device. The energy alignment of molecular orbitals on graphene was tuned using an elec-
trostatic back-gate, which resulted in molecules switching between neutral and negatively
charged states. This control of charge states of single molecules on surfaces and identification
of on-surface synthesized reaction products with sub-molecular resolution contributes to our
understanding of molecular electronics elements at their natural length scales.



Fiir meine Eltern, Kathi, und Jing.
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Chapter 1

Introduction

Since Richard Feynman’s famous speech “There’s Plenty of Room at the Bottom” [1], many
scientists have pushed the field of nanotechnology forward. In particular, progress has been
made in the area of nanoelectronics where one of the main goals is to miniaturize electronic
circuits down to the scale of single polymers, molecules, or atoms. The work presented in
this dissertation is aimed at taking us further in that direction. One of our main results
is to demonstrate a method to identify the products and intermediates of chemical reac-
tions on surfaces by directly imaging them with individual-chemical-bond resolution using
atomic force microscopy. We have used these reactions to synthesize conductive oligomers
directly on a surface from the bottom up. Part of our motivation comes from the idea of
using tailored chemical precursors for bottom-up synthesis of new nanoelectronic compo-
nents such as graphene nanoribbons. In addition to creating new nanoelectronic elements,
we have also developed a way of controlling the energy levels and charge states of molecular
elements remotely and reversibly by applying a gate voltage to graphene, and then imaging
the results at the single molecule level via scanning tunneling microscopy. This high level of
control permits study of a number of fundamental physical questions, as well as the potential
development of new applications in nanoelectronics.

For decades miniaturization has been one of the driving forces for advances in electronics
and data storage. To date, electronic elements with feature sizes as small as a few nanometers
have been achieved. Therefore, understanding the physics that governs processes at such
lengths scales is essential to continue technological progress. For electron transport through
such molecular elements, quantum effects play a major role, and so devices built from single
molecule elements may enable new behavior that would not be possible with today’s more
macroscopic devices. This could, for example, enable the use of single electron spins in the
emerging field of spintronics.

Devices such as single-molecule transistors as well as molecular machines based on coulomb
interactions may help address fundamental questions in areas of many-body physics, such as
the Kondo effect, electron-electron coulomb and spin interactions, and the Anderson impu-
rity model [2]. In the case of molecules on graphene, control over the charge state may even
enable novel physical systems like atomic collapse to be tuned.



1.1. Previous work

Understanding and controlling structure is vitally important. Bottom-up on-surface syn-
thesis of molecular electronic elements enables atomic level control over the final product. In
bottom-up synthesis small elements like conductive polymers, carbon nanoribbons or other
molecular structures can be assembled from smaller building blocks. This makes use of
the natural tendency of self-assembly of molecules which can lead to reproducibly ordered
functional structures. Understanding the processes involved in self-assembly and chemical
reaction pathways is crucial to fine-tune and improve these techniques.

1.1 Previous work

Here 1 will give a brief overview of two specific areas. First, I will give an overview of
the field of on-surface synthesis of nano-structures in UHV [3, |4], with brief examples of
each of the main chemical reactions that have been used. Then I will discuss experiments
on the electronic properties of molecules on surfaces like metals, semiconductors, ultra-thin
insulating layers and graphene.

1.1.1 On-surface synthesis of nanostructures in UHV

On-surface polymerization is an emerging field that has gained much interest in the last
decade because it may lead to atomically precise structures for molecular electronics and
also give rise to interesting new chemistry due to the influence of the surface [4-6]. The
study of atomically precise structures presents interesting opportunities for fundamental
science. In particular I will discuss efforts to create covalently bonded structures because
of their great technological promise. First I will describe how coupling reactions between
aryl-halides, like Ullmann reactions [7, |§], have been used to create a variety of different
extended nanostructures. Then I will give examples of other reaction mechanisms that have
emerged recently but are less common.

Aryl-halide coupling reactions on surfaces are the most established and widely used reac-
tions for achieving on-surface synthesis of covalently-bonded extended nanostructures. They
are based on mechanisms like the Ullmann reaction [8] where aryl halides (usually a bromine
or iodine atom connected to an aromatic ring) react with substrate copper atoms, forming
a biaryl (coupling of two aromatic rings) and a copper halide. The Ullmann reaction is well
established, but its precise reaction mechanism on surfaces is still under debate |5, |9-11].

On surfaces, the Ullmann reaction was first used to couple two individual molecules to-
gether using an STM tip in an experiment by Hla et al. [12]. Here an STM tip was used
to induce the reaction between iodobenzene molecules and the copper surface to form aryl
radicals, two of which were then laterally manipulated with the tip towards each other. A
current pulse from the tip then induced the coupling reaction between them to form biphenyl.
A procedure based on Ullmann-like self-assembly of molecules that yielded larger structures
was later demonstrated by Grill and coworkers [13, |14]. This reaction involved brominated
porphyrin molecules on Au(111). For porphyrins with two bromine substituents the bromines
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dissociated from the molecules leaving behind diradicals, which then self-assembled into co-
valently bonded 1-D chains. Reactions between molecules with four substituents resulted
in 2-D networks of porphyrins coupled on all four sides. A similar procedure was used to
fabricate polyfluorene chains, which were subsequently lifted off the surface with an STM tip
to measure the conductance as a function of the length [15] |16]. Atomically precise graphene
nanoribbons with lengths of ~ 30 nm were later synthesized by Roman Fasel and cowork-
ers through a similar reaction on Au(111) followed by cyclodehydrogenation [17]. Wider
nanoribbons were later assembled by Crommie and coworkers using a similar technique [18].
Using iodine substituted reactants, Fasel and coworkers have recently synthesized “porous
graphene” structures on Ag(111) [19]. Many more studies have been done on using this
versatile reaction pathway for on-surface polymerization [20-24].

Various other reaction mechanisms have additionally been used for on-surface synthesis.
Cyclodehydrogenation has been used to form carbon nanoribbons |17} |1§], “nano-graphene”
tribenzocoronene [25], and fullerenes [26-28]. Alkyne coupling has been used to form poly-
meric networks [29, [30]. Radical CHy coupling has also been used [31], as well as imine
bonds [32, 33|, amide bonds [34) [35], and dehydration [36, 37]. Linear alkane polymer-
ization [38] on Au(110) through surface templating has also been utilized, as well as click
chemistry [39], Bergman cyclization [40], and the coupling of halide-substituted benzoic acids
on an insulating calcite substrate [41].

1.1.2 Electronic properties of single molecules on surfaces

A number of techniques have been used to study the electronic properties of single molecules
on surfaces [42], most prominently break-junction conductance measurements [43-47], ther-
moelectric measurements [48-50|, and STM [51H56]. Additional nanoelectronic elements
have been fabricated from single molecules in the form of amplifiers [57], transistors [44]
58-61], and switches [62]. Here I will specifically give an overview of scanning probe studies
for molecules on surfaces. I will discuss studies performed on important substrates such as
semiconductors, metals, ultra-thin insulating layers, and graphene.

The first scanning probe studies of molecules on surfaces were performed on graphite |63,
64] and molecular crystals [65]. Since then, the electronic structure of molecules on various
semiconductor surfaces were studied by STM [66-73]. STM was also used to study the
reactivity and growth of molecules on semiconductors [74-78|.

STM studies of the electronic structure of molecules on metals are numerous |54} 79~
81], in part due to the long history of experiments on metal substrates with STM. From the
earliest studies on adsorption geometry [82], experiments have been performed on tip-induced
reactions of molecules on metals [12, 83, 84], and phenomena like the Kondo effect 81,
85-88|, negative differential resistance [89-H91], molecule-metal charge transfer [54, 92-94],
screening [95], photo-switching of molecules [96100], inelastic tunneling |[101H104], the Jahn-
Teller effect [55, 105], atomic doping of molecules [56], and charging of molecules through
local tip-gating [106-108|. However, charge states of single molecules have never previously
been tuned remotely in a clean, single-molecule STM experiment.
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Recently the growth of ultra-thin insulating layers of a few monolayers has enabled a
new avenue for studying the electronic structure of molecules using STM [109] [110]. These
ultra-thin layers consist of NaCl [111] 112], MgO [113], CuN [114], Al,O3 [115] or BN [116]
on top of metal surfaces. When molecules adsorb onto such ultra-thin insulating layers,
they become electronically decoupled from the underlying substrate, so that the usual elec-
tronic hybridization between molecular orbitals and substrate continuum states is signifi-
cantly reduced. However, the insulating layer is sufficiently thin to allow tunneling processes
and therefore measurement by STM. This decoupling causes the electronic structure of the
molecules to be very similar to that of free molecules. This has allowed direct imaging
of molecular orbitals [117, [118] which almost perfectly resemble theoretical images of the
orbitals of free molecules. Additionally, charge states of individual atoms [51} [119] and
molecules [120] have been controlled by the STM tip. Molecular switches have been real-
ized [53, 84, 120-124], vibronic states of single molecules and polymers studied [52, 105} |123],
125H129|, and single spins measured 114} |130-132].

Recently graphene has emerged as a promising new material for nanoelectronics [133-
135]. The combination of graphene with functional organic molecules provides a number of
intriguing possibilities [136]. On the one hand, molecules can be used to change graphene
properties through nondestructive doping [136-140], and on the other hand graphene can be
used to change the properties of adsorbed molecules via a gate. A number of transport and
photoemission studies have already demonstrated that molecular adsorbates alter the elec-
tronic [137, [139-158], magnetic [146, 159, 160] and optical [161H163| properties of graphene.
In STM experiments molecules deposited on graphene/metal systems showed that graphene
acts as an effective electronic decoupling layer, similar to ultra-thin insulating layers, so that
the free-molecule electronic properties can be probed [160, [164]. Additionally, the electronic
structure of molecules on epitaxial graphene/SiC(0001) has been studied [152) |153] |156],
165H169], but studies of vibronic states for molecules on graphene are sparse [167]. In most
graphene-on-metal systems the electronic structure of graphene is significantly altered, while
graphene-on-SiC(0001) presents difficulties due to its complex surface structure. Neither of
these configurations readily allow the application of a gate voltage in order to change the
Fermi level of the graphene. Molecules have been studied in graphene-on-insulator sub-
strates like SiO2 or BN using STM [170], but the orbitals and charge states of the adsorbed
molecules have not been previously tuned via gate electrodes in an STM experiment.

1.2 Outline of dissertation

In chapter [2 T describe the experimental methods used in this work. We utilized the estab-
lished techniques of scanning tunneling microscopy (STM) and spectroscopy (STS), which
are able to provide local topographic and electronic information of nanoelectronic structures.
However, the chemical reactions that we studied involved organic bond rearrangements which
turned adsorbed molecules into completely different, unknown structures, which could not
be identified with STM alone (since STM only images electronic orbitals). As a result, we



1.2. Outline of dissertation

needed to use a different technique that is better able to identify unknown adsorbates. To
do this we chose to use the recently developed qPlus non-contact atomic force microscopy
technique [171], which is able to identify unknown molecular adsorbates by directly imaging
chemical bonds within a molecule [172].

Overall we have approached two problems in nanoelectronics: understanding new chem-
ical reactions applicable to bottom-up synthesis of carbon nanostructures (chapter [3) and
remotely tuning the molecular orbitals and charge states of individual molecules adsorbed
onto graphene field-effect transistor (FET) devices (chapter [4)).

The chemical reactions we have aimed to understand are a new class of surface-supported
enediyne cyclization reactions [173] (section [3.1)). These reactions could, in principle, be
used to create extended carbon nanostructures, possibly even on insulating surfaces, which
would lead to an ability of directly growing purely organic nanoelectronic devices that
would not be “shorted out” by a metal substrate. To this end, we deposited 1,2-bis((2-
ethynylphenyl)ethynyl)benzene on Ag(100) and annealed the surface to thermally induce
cyclization cascades. While the resulting structures could not be identified by STM and den-
sity functional theory (DFT) alone, we were able to identify the products uniquely through
qPlus AFM measurements. With the help of DFT, we then confirmed the corresponding
reaction pathways. However, we did not observe any intermediates along these reaction
pathways or intermolecular bonding.

For a different molecule, on the other hand, 1,2-bis(2-ethynylphenyl)ethyne, on the same
surface Ag(100), we did observe both reaction intermediates and intermolecular bonding
(section [3.2). We deposited this molecule and then annealed it to thermally induce the
cyclization reactions mentioned above. After cooling down to cryogenic temperatures we used
qPlus to take individual-bond-resolved images of a number of different structures, mostly
dimers. We identified these structures to be intermediates along several reaction pathways.
We were thus able to “freeze in” the intermediates and use them to directly map out the
corresponding reaction pathways. On this surface these reactions resulted in, at most, only
two molecules bonding.

Using the same precursor molecules on a different surface, Au(111), we succeeded in per-
forming on-surface synthesis of extended oligomers, linking many monomers |174] (section
3.3). After heating this surface with adsorbed precursor molecules, the resulting oligomers
had lengths of up to 20 monomers. We used qPlus imaging with sub-molecular resolution to
identify the oligomers as polyacetylene derivatives, an important class of conductive poly-
mers. Using the combined STM/AFM system we were able to correlate the electronic and
chemical structure of these conductive oligomers.

We were able to achieve molecular orbital gating in an STM experiment for the first
time by using a graphene FET device [175] (section [.1]). In this experiment, we de-
posited large benzene-derivative molecules 1,3,5-tris(2,2-dicyanovinyl)benzene (CVB) onto a
graphene/BN/SiO, device with a doped Si back-gate electrode. We imaged the molecular
LUMO and LUMO+1 orbitals of CVB using STS and were able to rigidly shift them in
energy by applying a back gate. Using the gate we could switch between tunneling into
the LUMO and LUMO+1 for the same applied sample bias. We also analyzed the vibronic
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states of this system. Even though we could tune the orbital energies, we could not tune
them across the Fermi level in order to change the charge states.

For a stronger acceptor molecule, tetrafluoro-tetracyanoquinodimethane (F4-TCNQ), on
the same graphene FET device we were able to actually change the charge state of the
molecules by applying a gate voltage (section . After deposition, F4-TCNQ p-doped
the graphene and there was charge transfer between graphene and the adsorbed molecules.
The degree of charge transfer per molecule depended on the detailed adsorption geometry of
the molecules, which we imaged with sub-molecular resolution using qPlus AFM. Because
single molecules were not stable enough for imaging, we co-deposited another type of molecule
(10,12-pentacosadiynoic acid (PCDA)), which formed ordered islands and served as an anchor
for the unstable F4-TCNQ. We then applied a gate to the system and used STS to confirm
that we could change the charge state of the stabilized F4-TCNQ molecules between neutral
and negatively charged.



Chapter 2

Experimental techniques

A number of different experimental methods are available to study molecules and polymers
on surfaces and in thin films [176], and they can be roughly subdivided into momentum space
and real space techniques. Momentum space imaging techniques measure the structure of
materials in reciprocal space, for example through neutron or X-ray reflectivity. Spectro-
scopic information of the electronic structure of the substrate can be gained by angle-resolved
photoemission spectroscopy and ultraviolet photoelectron spectroscopy, while chemical iden-
tity is typically probed using X-ray photoelectron spectroscopy or IR spectroscopy. In real
space, the depth and composition of films can be analyzed through forward recoil spectrom-
etry, nuclear reaction analysis and dynamic secondary ion mass spectrometry. Common
microscopy techniques with resolutions on the nanometer scale are scanning electron mi-
croscopy, transmission electron microscopy, atomic force microscopy (AFM) and scanning
tunneling microscopy (STM). Additionally, spectroscopic information on the local density of
states can be gained through scanning tunneling spectroscopy (STS).

Of these methods I chose to use a combined STM/AFM system, because it has the ability
to probe the topography and adsorption geometry of individual molecules and polymers, and
to non-destructively image the intramolecular chemical bonds and local electronic structure
of single molecules. All of these abilities have been essential for studying the physical systems
described in this dissertation. Our main experimental instrument used in this work consists
of a low temperature combined STM/AFM from Omicron, which can be used in STM or
qPlus-AFM mode. It is operated at low temperature (4.6 K) and in UHV at base pressures of
< 1 x 1071% Torr. We use electronics and software from Specs/Nanonis to power and control
the instrument.

In this chapter we will discuss the theoretical background of the measurement techniques

used in this work, including STM (section [2.1]), and FM-AFM (section [2.2)).



2.1. STM Principles

2.1 STM Principles

The first scanning tunneling microscope was developed by Binnig, Rohrer, Gerber and
Weibel [177-H179]. Based on the quantum tunneling effect, it allowed imaging of surfaces
with unprecedented resolution down to the atomic level.

An STM is operated by positioning a sharp tip wire within a distance of less than 1 nm of
a sample surface with the gap creating a tunnel junction for electrons. Before sample and tip
are brought into electrical contact their vacuum energies are aligned and their Fermi levels
are different because they in general have different work functions (Fig. [2.1p). However,
when they are brought into electrical contact the Fermi levels align, bringing the vacuum
levels out of alignment, which creates an electric field between tip and sample (Fig. )
This is the origin of the contact potential difference, probed by electrostatic force microscopy
or Kelvin probe force microscopy [180-182] (section . By applying a positive sample
bias voltage between sample and tip (V; is defined to be positive if the sample is at higher
potential) electrons can tunnel from the tip to sample because the Fermi level in the tip is
higher and empty electron states in the sample are available to tip electrons at this higher
energy (Fig. [2.1k). It is clear that the tunnel current depends on the density of states of the
sample, as discussed below. When the applied sample bias is negative, the Fermi level of the
tip is shifted below the Fermi level of the sample, thereby allowing electrons to tunnel from
sample to tip (Fig. 2.1d).

A theoretical understanding of the tunnel current was developed by Bardeen [183] and
Tersoff and Hamann [184]. A good introduction to STM is given by Chen [185]. The tunnel
current, for sample bias V, is given by

1) [ BB =) M B VA [J(E - ev) = J(B)] dE, (21)

where ps and p; are the density of states of the sample and tip, respectively, M, ((E,V, z)
is the matrix element for the tunneling process, f(FE) is the Fermi-Dirac function, z is the
tip height and E is energy. To understand this expression more intuitively we can assume
T = 0K (which turns the Fermi-Dirac function into a step function) and also assume a
featureless tip density of states so that p; can be pulled out of the integral and subsumed in
the proportionality constant. It is also convenient to approximate the square of the tunneling
matrix element with an exponential factor that depends only the tunneling barrier (which
is related to the sample work function) and is approximated to be independent of energy.
Doing this yields:

(V) o exp(—2x2) /0 " pu(Er 4+ B) dE, (2.2)

where © = 1/2m.p,/h? and ¢, is the local effective work function of the sample. This
equation shows how a scanning tunneling microscope can be operated in two main modes,
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Figure 2.1: Energy alignment in STM measurements. (a) The tip is modeled to have a flat, featureless
density of states p;, while the sample has features in ps;. Before tip and sample are connected in a circuit,
their vacuum levels E,q. align, while their Fermi levels Ep,; and Ep,, in general, are different. (b) When
tip and sample are connected, charges flow to align the Fermi levels, mostly by rigidly shifting the band
structures through the creation of an electric field, rather than changes in the Fermi levels relative to the
band structures (because the densities of states are large). (c) A positive bias voltage is applied to the
sample which shifts the energies of the electrons in the tip to higher energies (again the rigid band structure,
not the Fermi levels). This leads to electrons from the higher energies in the tip tunneling through the
vacuum into empty states in the sample. (d) A negative bias voltage is applied to the sample, lowering the
energies of electrons in the tip, allowing electrons from the sample to tunnel to the empty states on the tip.
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measuring the current as a function of lateral position to obtain an “image” of the sur-
face (scanning tunneling microscopy) or as a function of applied bias voltage to obtain
energy-resolved information about the sample local density of states (scanning tunneling
spectroscopy). In the following we will discuss these two modes in more detail.

2.1.1 Scanning tunneling microscopy

In scanning tunneling microscopy mode the tip is scanned laterally over the sample surface
while the current is recorded to obtain an “image” of the surface. This is not an image in the
traditional sense, and it also does not reflect the physical topography of the surface, since
the tunnel current does not simply depend on tip height. There are two main modes
for scanning laterally: constant tip height, or constant tunnel current. Constant height
scans are achieved by setting the piezo-controlled tip height to a constant value. This mode
makes interpretation of images slightly more straightforward for comparison with theory
(especially when doing scanning tunneling spectroscopy maps, see next section), but have
the disadvantage that the tip can collide with tall features on an unknown sample surface.
Therefore, usual operation is in constant current mode. This is achieved by using a feedback
mechanism to control the tip height in order to achieve a predetermined tunnel current
set-point. The image is then a map of the tip height corresponding to constant current
contours.

A detailed description of contrast mechanisms in STM images is given for example in [185,
186]. From we can see that there are two main sample attributes that influence the
tunnel current and can therefore give rise to a contrast in both constant height or constant
current images. They are as follows:

Sample height - This corresponds to the physical z-position of atoms on the sample
surface and enters by changing the relative tip height z. When this is the dominant
contribution to lateral contrast the image corresponds very closely to the topography of the
sample surface. Examples are atomic steps and terraces on a clean metallic surface.

Local density of states - The local density of states can have lateral variation and is
a purely electronic effect on imaging contrast. When this is the dominant contribution to
the contrast the image corresponds to maps of electronic states of the surface. Examples
of this are molecular adsorbates (when resonantly tunneling into a molecular orbital) or the
Shockley surface state [187].

2.1.2 Scanning tunneling spectroscopy

In addition to imaging the surface one can also perform spectroscopic measurements using
STM tunnel current. In this technique [188] the tip is held at a constant height and the
sample bias is swept while the current (/) is recorded as well as dI/dV (using a lock-in
amplifier). From (2.2)), we can see that
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so this signal allows a direct measurement of the sample local density of states. This has
been a powerful tool to study, for example, electronic states of metals [189], molecular
orbitals [110, (117, [122], and semiconductor band gaps [190]. In addition to yielding local
information, it also has the advantage of being sensitive to both, filled and empty electronic
states. A number of ensemble spectroscopic techniques access filled states only.

In an extension of this technique, the tip can be scanned laterally at constant height as
dl/dV is recorded for a constant sample bias. The resulting d//dV map corresponds to
an image of the local density of states at a given height and energy. This can be a useful
method to understand spatial variation in the electronic structure of a sample.

2.2 Plus/FM-AFM principles

qPlus AFM, developed by Franz Giessibl [171, 191-193], is a version of frequency modulated
noncontact AFM (FM-AFM) [194, |195], which is an extension of the original atomic force
microscopy technique [196]. qPlus has a number of advantages over traditional FM-AFM
when it comes to operating in a combined STM/AFM system for imaging molecular bonds.
The differences between gqPlus and traditional FM-AFM are summarized in Table 2.1 In
particular, the characteristics of qPlus that make it useful for molecular studies are the
following;:

Quartz cantilevers - Quartz cantilevers have very small temperature dependence of the
resonance frequency, as opposed to conventional silicon cantilevers whose frequency varia-
tions can be as large as the measurement signal for temperature variations of < 1K [197].

Very stiff cantilevers - ¢Plus cantilevers (also called “tuning forks” because they are
made from quartz tuning forks of which one side is glued to a base, effectively turning them
into cantilevers) have very high stiffness of k ~ 1800 Nm™!. This allows for operation at very
small oscillation amplitudes because the restoring force is large even for small amplitudes,
thereby preventing jump-to-contact when operating at small tip heights even in the presence
of strong tip-sample interaction.

Very small oscillation amplitudes - Due to the high stiffness of qPlus cantilevers,
very small oscillation amplitudes can be achieved (< 1 A). This is particularly useful when
probing short-range Pauli repulsion forces in order to image chemical bond structure. By
using small oscillation amplitudes the tip spends more time close to the sample where the
Pauli exclusion forces are relevant, achieving a better signal to noise ratio. In addition, for
small oscillation amplitudes the measurement signal is easier to interpret because in this

11
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case the frequency shifty is proportional to the force gradient. The very small oscillation
amplitudes are also beneficial for performing simultaneous STM and AFM measurements.
Since the STM bandwidth is much lower than the oscillation frequency, the measured current
is the average current during one cycle. For two different amplitudes, given the same distance
of smallest approach (in order to avoid point contact) a larger amplitude has a smaller current
signal because the tip spends less time near the surface. This means that small amplitudes
have better signal to noise ratios for simultaneous STM/AFM measurements [197].

Piezoelectric sensing - The measurement signal in a qPlus sensor is measured directly
from electrodes within the sensor, making use of the piezoelectric charges generated by the
deflection of the piezoelectric quartz cantilever. In contrast to conventional piezoresistive
measurements in silicon sensors, this dissipates very little power and is therefore advanta-
geous for low temperature operation [197]. The amount of charge created is proportional to
the stiffness k, which is very high for qPlus sensors.

High Q-factor - For qPlus high Q-factors of 10° are routinely achieved, which are bene-
ficial for achieving high signal-to-noise ratios because a high Q-factor results in low thermal

noise according to [194]:
[ 1
5fthe7‘mal/f0 8 f0Q7 (24)

where fy is the natural resonance frequency and @) is the Q-factor. On the other hand, Q
should not be too large because it makes the amplitude feedback less stable [197].

High resonance frequency - The relatively high resonance frequency of qPlus sensors
of around 30kHz keeps the thermal noise (2.4) low. Very high frequencies, however, can
increase the detection noise, so increasing the frequency does not necessarily yield better
noise.

12
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Table 2.1: Conventional FM-AFM vs. qPlus [197]

Conventional FM-AFM qPlus

silicon quartz

flexible cantilever: k ~ 20N m™! stiff cantilever: k ~ 1800 Nm~!

large amplitude: A ~ 10nm small amplitude: A < 1A

piezoresistive or optical detection | piezoelectric detection

low Q-factor: Q ~ 3 x 10* high Q-factor: Q ~ 10°

resonance frequency: fo > 100 kHz | resonance frequency : fy ~ 30kHz

In the following we will discuss in detail how these characteristics enable a complementary
measurement signal to STM. We will start with the theoretical fundamentals of qPlus FM-
AFM in section [2.2.1] before discussing the origin of sub-molecular chemical bond contrast in
section 2.2.2] Then we will give a brief overview of electrostatic force microscopy in section

2.2.3

2.2.1 gPlus fundamentals

The measurement signal for a qPlus sensor, as in conventional frequency modulated AFM,
is the frequency shift of the resonance frequency of the sensor. Giessibl gives an introduction
to the theory of qPlus in [197] [198] and we will give an overview of his arguments below.

In FM-AFM, the cantilever supplies a restoring force to the tip which results in simple
harmonic motion with a natural frequency of

fo= ooy (2.5

where k is the spring constant of the cantilever and m* is the effective mass of the oscillator,
which takes into account that the cantilever is not a point mass. When the tip is brought into
proximity of the sample there exists an additional force on the oscillating sensor F,. This
tip-sample interaction force changes the resonance frequency of the cantilever away from the
natural unperturbed resonance fy. If we assume that the force is a linear function of the tip
height z, which is a reasonable approximation for the small amplitudes of the qPlus sensor,
the effect on the frequency is the same as adding another spring between tip and sample
with spring constant k;:

1 [k + ks

21 m*

f : (2.6)
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This approximation would have to be modified for the larger amplitudes of conventional
FM-AFM, but here we concentrate only on the special case of qPlus, with small amplitudes.
For the very stiff cantilevers of qPlus k > k;,, so we can taylor expand and approximate
the frequency shift as

Af=ffo= 20k, = 200
2z

From this we can see that for small amplitudes and the high stiffness of the qPlus sensor
the frequency shift is proportional to the negative tip-sample force gradient. The high
stiffness has the practical advantage of keeping A f small, which eases the amplitude feedback
and results in lower measurement noise. For larger amplitudes, one needs to consider the
weighted average k;s over an oscillation cycle [199]. It can easily be seen that if amplitudes
are large, most of the signal will be due to long range forces, since the tip spends little time in
the region where short-range forces are relevant. In contrast, for small tip-sample distances
and amplitudes the signal is dominated by short range forces. An analysis of the thermal
noise [194] and detector noise [197, 200] as a function of amplitude as well as the signal
from a particular force as a function amplitude shows that the best signal-to-noise ratio is
achieved when tuning the amplitude to the characteristic length scale of the interaction and
to scan at slow speeds [198]. In the case of Pauli-repulsion forces which are the origin of
molecular bond resolution images in [172, [173], this means amplitudes of ~ 1 A are needed.

kts =

(2.7)

2.2.2 Origin of sub-molecular resolution

Gerhard Meyer and coworkers have shown that the internal chemical bond structure of
molecules can be imaged with qPlus AFM if the tip is functionalized [172] and scanned
in constant height mode at small tip heights over a molecule. The necessity of constant
height imaging arises due to the non-monotonic function of Af(z) (see Fig. [2.2), which
does not allow stable feedback operation. The highest resolution to date can be achieved by
functionalizing the tip with a CO molecule. It is known that it adsorbs with the C atom
connected to the tip and the O atom pointing away from it [201]. This gives rise to the high
resolution for three main reasons:

1. The tip is terminated by a single oxygen atom which allows good lateral resolution.

2. The probing part of the tip (oxygen atom) is far away from the rest of the tip, so forces
between sample and metal tip are not appreciable.

3. The CO molecule is inert, so it does not react with most sample molecules at the very
small operational distances.

In the following we will describe the origin of the contrast in qPlus images with sub-
molecular resolution [172H174]. Detailed theories of this contrast mechanism have been
developed [172} 202210 and here we will show how these theories can be understood intu-
itively.

14



2.2. qPlus/FM-AFM principles

The interaction potential between the tip and sample as a function of tip height z can
be described by a Morse potential [211], Lennard-Jones potential [212] or Stillinger-Weber
potential [213]. The Lennard-Jones potential V7, ;, is sufficient as a qualitative model of the
potential. We can then get the force and force gradient by differentiation:

i 5 12 . 6
z}f 28
dF(z) [ w2 28

Here z,, is where the potential reaches its minimum (Fig. [2.2h). In this model the interaction
is governed by long-range forces due to electrostatic and van der Waals interactions and
short-range forces due to Pauli exclusion. At large tip-sample distances the force gradient
is dominated by long-range forces and at these large tip heights the lateral differences in
interaction are negligible (Fig. [2.2p), the small differences leading to slightly lower frequency
shift values above a molecule compared to the substrate. For imaging a molecule this leads
to a featureless region of negative frequency shift over the molecule. However, at smaller
tip sample distances the short-range forces begin to dominate the interaction when the force
reaches a minimum, i.e. when the force gradient and the frequency shift cross zero. In this
case, for a lateral scan over a molecule, the short-range force gradient gives a large signal
when the tip is above a carbon atom but not when it is above the center of a carbon ring or
above the substrate, which has a much larger distance to the tip (Fig. ) This gives rise
to the intramolecular contrast from short-range interactions.

The Pauli exclusion principle [214] is at the heart of these short range interactions. In
essence, when two atoms come close to each other (here the oxygen probe atom of the tip
and the sample atom of the molecule) then the wave functions need to remain orthogonal
to each other due to the Pauli exclusion principle. For this to be possible as the atoms are
brought close, the wavefunctions’ curvature, and therefore kinetic energy, increases. This
increase in kinetic energy creates the repulsive force between atoms.

A simple model for this interaction was developed by Meyer and coworkers [202] and is
summarized below. Let us take the example of two hydrogen atoms. Their ground-state
wavefunctions for the same spin are, using atomic units:

Ualr,6,60) = % exp(—r) (2.11)
Uo(r,0,0) = 1 exp(—\/r2 + R? — 2rRcos ¢, (2.12)

NG
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Figure 2.2: Tip-sample interaction. (a) The tip-sample interaction potential V', the z-component of the

force F' and the negative force gradient —%, all normalized by their respective values at their minimum.

The x-axis is normalized by the tip height at the potential minimum z,,. Successive derivatives qualitatively
move the curves to the right. At tip heights where repulsive forces become relevant (at the force minimum),
the force gradient and therefore the frequency shift cross zero. (b) The calculated frequency shift (which
is proportional to the negative force gradient) for two different lateral positions of the tip, one above an
atom that is close, one above a lower lying atom. In this case there is a clear difference in the measured
Af at lower tip heights, while it is similar at higher tip heights. This is an aspect that leads to higher
intramolecular contrast when bringing the tip close, compared to far away. Another aspect not taken into
account in this simple model is that the z-component of force from neighboring atoms (in addition to the
atom exactly below the tip) influences the tip more at greater tip heights, reducing the lateral contrast even
further.

where R is the distance between atoms. When they are brought near each other they need to
be orthogonalized. Without loss of generality we assume that 15 of the probe atom changes
in order to become orthogonal to 1; of the sample atom. The resulting increase of kinetic
energy is due to the difference in kinetic energy of the orthogonalized v, and the original
19. This change in kinetic energy, for the relatively large distances relevant for us (several
atomic radii) reduces to:

2
ABjn ~ 5 exp(—2R)R*(3 + 3R + R?). (2.13)

Here the exponential exp(—2R) is proportional to the charge density [¢;|* of the sample
atom. We assume that the hydrogen-like treatment of atoms is still a good approximation for
atoms with higher atomic numbers and so the resulting increase in kinetic energy depends
on each of the atoms’ atomic numbers and has a more complicated form of exponentials and
powers of R. However, even in those cases the exponential term dominates at large distances,
so we can approximate the kinetic energy increase as the simple form:

| 2

ABn(R) = A [pu(R)]”, (2.14)

where A and B are parameters and pg(R) is the sample charge density at the position R, the
position of the probe atom. The pre-factor A and exponent B are corrections to the purely
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exponential behavior of the charge density arising from the polynomial terms in A Fy;,, which
make it decay slightly slower. From this we can see that the interaction energy at a distance
R, which is proportional to the integral of AFy,(z) from R to infinity, can be approximated
to be purely a function of the charge density of the sample atom. Therefore the frequency
shift, the second derivative of the interaction energy, also is a function of the charge density.
In fact, qualitatively, constant height images of frequency shift of a flat sample molecule can
be interpreted to reflect the charge density of the molecule, similar to how constant height
dI/dV maps reflect the sample molecule LDOS.

2.2.3 Electrostatic force microscopy

Similar to STS, by sweeping the sample bias and recording the frequency shift in FM-AFM we
can gain additional information. In this case, however, the signal is usually less feature-rich
than dI/dV, since A f(V') usually has a simple parabolic shape. Nevertheless, the maximum
of the parabola gives a measure of the local contact potential difference (LCPD), which is
related to the work function of the sample, and is not directly accessible by STM/STS. Such
measurements of bias dependent frequency shift represent a variant of electrostatic force
microscopy (EFM). In similar techniques like Kelvin probe force microscopy an ac-voltage
is applied in addition to the dc sample bias, which allows scanning of the sample, yielding a
map of the LCPD.

In this work we implement EFM by taking point bias sweeps at individual locations of
the sample (as in [119]), which can give information on the charge state of atoms/molecules
because the LCPD is sensitive to local charge. In practice this can be done at many points
on a grid, thus yielding a map of the LCPD. This approach has been used, for example, to
map out the internal charge distribution within a single molecule [215].

In the following we give a theoretical overview of the relationship between the frequency
shift and the LCPD (for more detailed background, see [180-182]). As discussed before, the
relevant tip-sample interaction forces are Pauli repulsion, and van der Waals and electrostatic
attraction. As opposed to chemical bond imaging of section 2.2.2] EFM is done in the
attractive regime where only van der Waals and electrostatic forces are relevant. The van der
Waals forces are not dependent on sample bias so the only component of the interaction force
with a voltage dependence is the electrostatic force, whose z-component (to which vertical
FM-AFM is sensitive) we can write as the gradient of the capacitive energy Uy, = 1/2 CV?
between tip and sample [181]:

+% - 16_0V2
0z 2 0z
where V' is the total potential difference between tip and sample, C' is the capacitance
of the tip-sample system, and V' is independent of z. Note that the force is the positive
gradient [216] of the energy when the voltage is kept constant because one has to take into
account the energy of charges in the source of the applied bias [217]. The total potential

Fy. = (2.15)
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difference is given by the difference of the applied sample bias V; and the contact potential
difference Vopp, if we use the definition

1
VCPD = g(q)sample - (I)tip)~ (216)
Now the electrostatic force becomes
10C
e ==—(V, — Vepp)?. 2.17
1, 502 ( cpPD) ( )

Since the measurement signal is the frequency shift, which can be taken as proportional to
the negative force gradient for small amplitudes as in (2.7), we get

_ﬁaFel,z . fO 820

2
T _EW(VS — Vern)®, (2.18)

Af(Vs) =

which usually is a parabola with negative curvature when 9*C/dz? is positive, however
positive curvature parabolae have been observed due to the so-called phantom force [216]
when the simple equation above no longer holds. According to Af has a maximum
at Vs = Vopp, which therefore yields the local contact potential difference, a measure of the
work function of the sample (see ([2.16))).

2.3 Conclusion

In this chapter we gave an introduction to the techniques of STM and qPlus-AFM and
demonstrated the versatility of a combined STM/qPlus-AFM system. STM can give infor-
mation on topography with single-atom vertical and lateral resolution, and can be used to
manipulate single atoms and molecules [21§]. Additionally its spectroscopic variant, STS,
provides information on the local density of states of systems as small as single atoms,
molecules, and polymers on surfaces. Since STM is only sensitive to the electronic states
near the Fermi energy, these states have a large influence on the “topography” images. In
particular, when imaging adsorbed molecules, STM images represent the extended orbitals
near the Fermi level of the molecules. In contrast, a strength of qPlus AFM is to image very
short range forces, like Pauli repulsion between chemical bonds and the tip, which can be
used to capture images of molecules with single atom and chemical bond resolution. Addi-
tionally, bias-dependent qPlus-AFM can yield information on the local work function of a
sample, including the charge state of molecules with sub-molecular resolution.
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Chapter 3

Imaging individual chemical bonds in
reaction products

One of the reasons molecular electronics has so much promise is that the chemical and
electronic structure of molecules and organic materials can be tailored to specific applications
with a high level of control. When developing new devices for molecular electronics it is
therefore critical to precisely understand the intra- and intermolecular bond configurations,
in addition to electronic orbitals of the molecules. This can be a challenge for new bottom-
up synthesized molecules and polymers, where the products of a chemical reaction are not
known a priori. To address this we have taken three specific steps towards understanding
both chemical reactions on surfaces and the resulting chemical and electronic structure of
their products.

Section discusses our use of combined qPlus AFM and STM techniques to image
the chemical structure of the products of enediyne cyclization cascades [219] for molecules
on Ag(100) [173]. The goal of this chemical reaction was to synthesize extended carbon
nanostructures through bottom-up synthesis using cyclization reactions. However, the pre-
cursor molecules did not turn into extended graphene nanostructures, but rather into single
molecule products. In order to tune the chemical reaction to yield more extended products
it was necessary to uniquely identify the reaction products. The products of this reaction
could not be identified with STM and DFT alone, because the number of possible structures
was too large and the simulated DFT images too similar for each of them. Therefore, we em-
ployed the CO-modified qPlus AFM technique [172] to measure the internal bond structure
of the products and thereby uniquely identify them.

Section discusses our investigation of intermediates of the enediyne cyclization re-
actions on Ag(100). Since the first molecules we explored (section did not produce
intermolecular bonding or intermediate structures we moved to a different molecule: 1,2-
bis(2-ethynylphenyl)ethyne. This molecule underwent cyclization reactions on Ag(100) and
did lead to both intermolecular bonding and intermediate species. We used qPlus AFM to
identify the intermediates and map out specific reaction pathways for the many products of
these enediyne cyclizations on Ag(100).
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3.1. Imaging internal bond structure of cyclization reaction products on Ag(100)

Section discusses cyclization reactions of enediynes on Au(111) resulting in step-
growth of oligomers belonging to the technologically relevant conductive polymer class of
polyacetylene derivatives [175]. The new reaction mechanism we observed here is interesting
because it could possibly lead to the on-surface synthesis of conductive polymers on insulating
surfaces [220], which is rarely achieved [16, 41| and could enable studies of the electronic
structure of polymers, without the disturbing influence of a metal substrate. Again, due to
the complicated nature of the reaction there are, in principle, a number of possible reaction
products, many of which are realized on the surface. By using the qPlus technique we were
able to identify them. For these oligomers we additionally studied the electronic structure
and found that the LUMO of the oligomers lies at a much lower energy than the LUMO
of the monomeric building blocks due to delocalization and efficient m-orbital overlap and
screening effects. We visualized the particle-in-a-box-like spatial structure of the oligomer
LUMO along the conjugated backbone of the oligomer, demonstrating its conductive nature.

3.1 Imaging internal bond structure of cyclization
reaction products on Ag(100)

This section was originally published in Science [173]. |

Observing the intricate chemical transformation of an individual molecule as it undergoes
a complex reaction is a longstanding challenge in molecular imaging. Advances in scanning
probe microscopy now provide the tools to visualize not only the frontier orbitals of chemi-
cal reaction partners and products, but their internal covalent bond configurations as well.
We used noncontact atomic force microscopy to investigate reaction-induced changes in the
detailed internal bond structure of individual oligo-(phenylene-1,2-ethynylenes) on a (100)
oriented silver surface as they underwent a series of cyclization processes. Our images reveal
the complex surface reaction mechanisms underlying thermally induced cyclization cascades
of enediynes. Calculations using ab initio density functional theory provide additional sup-
port for the proposed reaction pathways.

Understanding the microscopic rearrangements of matter that occur during chemical re-
actions is of great importance for catalytic mechanisms and may lead to greater efficiencies
in industrially relevant processes [221, 222|. However, traditional chemical structure char-
acterization methods are typically limited to ensemble techniques where different molecular
structures, if present, are convolved in each measurement [223]. This limitation complicates
the determination of final chemical products, and often it renders such identification impossi-
ble for products present only in small amounts. Single-molecule characterization techniques
such as scanning tunneling microscopy (STM) [12, 224] potentially provide a means for sur-
passing these limitations. Structural identification using STM, however, is limited by the
microscopic contrast arising from the electronic local density of states (LDOS), which is
not always easily related to chemical structure. Another important subnanometer-resolved

From [173]. Reprinted with permission from AAAS.
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technique is transmission electron microscopy (TEM). Here, however, the high-energy elec-
tron beam is often too destructive for organic molecule imaging. Recent advances in tun-
ing fork-based noncontact atomic force microscopy (nc-AFM) provide a method capable of
nondestructive sub-nanometer spatial resolution [121, (172, 210} 225-229]. Single-molecule
images obtained with this technique are reminiscent of wire-frame chemical structures and
even allow differences in chemical bond order to be identified [227]. Here we show that it is
possible to resolve with nc-AFM the intramolecular structural changes and bond rearrange-
ments associated with complex surface-supported cyclization cascades, thereby revealing the
microscopic processes involved in chemical reaction pathways. |

Intramolecular structural characterization was performed on the products of a thermally
induced enediyne cyclization of 1,2-bis((2-ethynylphenyl)ethynyl)benzene (1). Enediynes
exhibit a variety of radical cyclization processes known to compete with traditional Bergman
cyclizations 230, 231], thus often rendering numerous products with complex structures that
are difficult to characterize using ensemble techniques [232]. To directly image these products
with subnanometer spatial resolution, we thermally activated the cyclization reaction on
an atomically clean metallic surface under ultrahigh vacuum (UHV). We used STM and
nc-AFM to probe both the reactant and final products at the single-molecule level. Our
images reveal how the thermally induced complex bond rearrangement of 1 resulted in a
variety of unexpected products, from which we have obtained a detailed mechanistic picture
- corroborated by ab initio density functional theory (DFT) calculations - of the cyclization
processes.

3.1.1 Methods

We synthesized 1,2-bis((2-ethynylphenyl)ethynyl)benzene (1) through iterative Sonogashira
cross-coupling reactions. We deposited 1 from a Knudsen cell onto a Ag(100) surface held at
room temperature under UHV. Molecule-decorated samples were transferred to a cryogenic
imaging stage (1" < 7K) before and after undergoing a thermal annealing step. Cryogenic
imaging was performed both in a home-built 7" = 7 K scanning tunneling microscope and in a
qPlus-equipped 193} |197] commercial Omicron LT-STM/AFM at T' = 4 K. nc-AFM images
were recorded by measuring the frequency shift of the qPlus resonator while scanning over
the sample surface in constant-height mode. For nc-AFM measurements, the apex of the tip
was first functionalized with a single CO molecule [172]. To assess the reaction pathway ener-
getics, we performed ab initio DET calculations within the local density approximation [233]
using the GPAW (Grid-based Projector Augmented Wavefunction) code [234} 235].

3.1.2 Results

Figure shows a representative STM image of 1 on Ag(100) before undergoing thermal
annealing. The adsorbed molecules each exhibited three maxima in their LDOS at positions

From [173]. Reprinted with permission from AAAS.
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Figure 3.1: STM images of a reactant-decorated Ag(100) surface before and after thermally induced cycliza-
tion reactions. (A) Constant-current STM image of 1 as deposited on Ag(100) (I =25 pA, V =01V, T =
7 K). A model of the molecular structure is overlaid on a close-up STM image. (B) STM image of products
2 and 3 on the surface shown in (A) after annealing at 7= 145°C for 1 min (I = 45pA, V =01V, T =7

suggestive of the phenyl rings in 1 (Fig. ) Annealing the molecule-decorated Ag surface
up to 80°C left the structure of the molecules unchanged. Annealing the sample at T" >=
90 °C, however, induced a chemical transformation of 1 into distinctively different molecular
products (some molecular desorption was observed). Figure shows an STM image of the
surface after annealing at 145 °C for 1 min. Two of the reaction products can be seen in this
image, labeled as 2 and 3. The structures of the products are unambiguously distinguishable
from one another and from the starting material 1, as shown in the close-up STM images
of the most common products 2, 3 and 4 in Fig. [3.2] B to D. The observed product ratios
are 2:3:4 = (51 £ 7%):(28 + 5%):(7 £ 3%), with the remaining products comprising other
minority monomers as well as fused oligomers (Fig. . |]

Detailed subnanometer-resolved structure and bond conformations of the molecular re-
actant 1 and products (2, 3, and 4) were obtained by performing nc-AFM measurements of
the molecule-decorated sample both before and after annealing at 7" > 90°C. Figure |3.2]
shows a nc-AFM image of 1 before annealing. In contrast to the STM image (Fig. [3.2/A)
of 1, which reflects the diffuse electronic LDOS of the molecule, the AFM image reveals the
highly spatially resolved internal bond structure. A dark halo observed along the periphery of
the molecule is associated with long-range electrostatic and van der Waals interactions [172),
203]. The detailed intramolecular contrast arises from short-ranged Pauli repulsion, which is
maximized in the regions of highest electron density [203]. These regions include the atomic
positions and the covalent bonds. Even subtle differences in the electron density attributed
to specific bond orders can be distinguished [227], as evidenced by the enhanced contrast
at the positions of the triple bonds within 1. This effect is to be distinguished from the
enhanced contrast observed along the periphery of the molecule, where spurious effects (e.g.,

From [173]. Reprinted with permission from AAAS.
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3.1. Imaging internal bond structure of cyclization reaction products on Ag(100)

because of a smaller van der Waals background, enhanced electron density at the bound-
aries of the delocalized m-electron system, and molecular deviations from planarity) generally
influence the contrast [203, |227].

Figure F to H, shows subnanometer-resolved nc-AFM images of reaction products
2, 3, and 4 that were observed after annealing the sample at T > 90°C. The structure
of these products remained unaltered even after further annealing to temperatures within
the probed range from 90°C to 150°C (150°C was the maximum annealing temperature
explored in this study). The nc-AFM images reveal structural patterns of annulated six-,
five-, and four-membered rings. The inferred molecular structures are shown in Fig. [3.2] J
to L. Internal bond lengths measured by nc-AFM have previously been shown to correlate
with Pauling bond order [227], but with deviations occurring near a molecules periphery, as
described above. As a result, we could extract clear bonding geometries for the products (Fig.
3.2 J to L), but not their detailed bond order. The subtle radial streaking extending from
the peripheral carbon atoms suggests that the valences of the carbon atoms are terminated
by hydrogen [203]. This is in agreement with molecular mass conservation for all proposed
product structures and indicates that the chemical reactions leading to products 2, 3, and 4
are exclusively isomerization processes. Figure suggests a four-membered ring between
two six-membered rings, but does not resolve it perfectly. DFT calculations indicate that
other structural isomers, such as an eight-membered ring next to a six-membered ring, are
energetically very unfavorable relative to the structure of 3.

Images of other minority products (9 and 10) are included in Fig. [3.3l The bonding
structure of 9 is non-planar and thus leads to a complex contrast in the nc-AFM images that
hampers direct structure determination. Product 10 is the result of two C!—C5 cyclizations
on the sterically less hindered outer enediynes in combination with a C!—C® cyclization on
the inner enediyne. The AFM contrast of the terminal carbon atom in the C=C bonds
of 10 is lower than expected. We attribute this to a molecular distortion resulting from
the stabilizing interaction between the Ag surface and the terminal sp? carbon centered
radicals [236]. DFT calculations indicate that the carbon atom on the exocyclic double
bond comes to lie closer to the Ag surface. |

Our ability to directly visualize the bond geometry of the reaction products (Fig. ,
F to H) provides insight into the detailed thermal reaction mechanisms that convert 1 into
the products. We limit our discussion to the reaction pathways leading from 1 to the two
most abundant products, 2 and 3. The reactivity of oligo-1,2-diethynylbenzene 1 can be
rationalized by treating the 1,2-diethynylbenzene subunits as independent but overlapping
enediyne systems that are either substituted by two phenyl rings for the central enediyne,
or by one phenyl ring and one hydrogen atom in the terminal segments. This treatment
suggests three potential cyclizations along the reaction pathway (resulting in six-, five-,
or four-membered rings) [237], in addition to other possible isomerization processes such
as [1,2]-radical shifts or bond rotations that have been observed in related systems [238].
Combinations of these processes leading to the products in a minimal number of steps were

From [173]. Reprinted with permission from AAAS.
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Figure 3.2: Comparison of STM images, nc-AFM images, and structures for molecular reactant and products.
(A) STM image of 1 on Ag(100) before annealing. (B to D) STM images of individual products 2, 3, and 4
on Ag(100) after annealing at T'> 90°C (I = 10 pA, V =-0.2V, T = 4 K). (E) nc-AFM image of the same
molecule (reactant 1) depicted in (A). (F to H) nc-AFM images of the same molecules (products 2, 3, and
4) depicted in (B) to (D). nc-AFM images were obtained at sample bias V' = —0.2 V (qPlus sensor resonance
frequency = 29.73 kHz, nominal spring constant = 1800 Nm ™!, Q-value = 90,000, oscillation amplitude =
60 pm). (I to L) Schematic representation of the molecular structure of reactant 1 and products 2, 3, and
4. All images were acquired with a CO-modified tip.

explored and analyzed using DFT calculations.

We started by calculating the total energy of a single adsorbed molecule of the reac-
tant 1 on a Ag(100) surface. Activation barriers and the energy of metastable intermediates
were calculated (including molecule-surface interactions) for a variety of isomeric structures
along the reaction pathway leading toward the products 2 and 3. Our observations that the
structure of reactants on Ag(100) remains unchanged for 7' < 90°C and that no reaction
intermediates can be detected among the products indicate that the initial enediyne cycliza-
tion is associated with a notable activation barrier that represents the rate-determining step
in the reaction. In agreement with experiments, DFT calculations predict an initial high
barrier for the first cyclization reactions, followed by a series of lower barriers associated
with subsequent bond rotations and hydrogen shifts. |

From \\ Reprinted with permission from AAAS.

24



3.1. Imaging internal bond structure of cyclization reaction products on Ag(100)

I

ST™M

AFM

E F
H H
unassigned
structure iJ L
C}GHL‘
9 10

Figure 3.3: STM and nc-AFM images of other minority products on the surface after annealing. (A to B)
STM images of 9 and 10. Imaging parameters were (I =5 pA, V' =-0.066 V), and (I =10 pA, V =-0.2 V),
respectively. (C to D) Constant height frequency shift images of the same products, revealing the chemical
structure in (D), but not clearly in (C). Imaging parameters: (V = -0.25 V, amplitude = 60 pm), and (V'
=-0.2 V, amplitude = 70 pm), respectively. qPlus sensor resonance frequency = 29.73 kHz, nominal spring
constant = 1800 Nm™1, Q-value = 90000. (E) We cannot assign a unique structure to product 9 based on
the gPlus image. (F) A schematic representation of the proposed molecular structure of 10.

| Figure shows the reaction pathway determined for the transformation of 1 into
product 2. The rate-determining activation barrier is associated with a C'—C® Bergman
cyclization of a terminal enediyne coupled with a C!—C5 cyclization of the internal enediyne
segment to give the intermediate diradical Int1 in an overall exothermic process (-60.8 kcal
mol~!). Rotation of the third enediyne subunit around a double bond, followed by the
C!—C? cyclization of the fulvene radical with the remaining triple bond, leads to Int2. The
rotation around the exocyclic double bond is hindered by the Ag surface and requires the
breaking of the bond between the unsaturated valence on the sp? carbon atom and the Ag.
Yet the activation barrier associated with this process does not exceed the energy of the
starting material used as a reference. The formation of three new carbon-carbon bonds and
the extended aromatic conjugation stabilize Int2 by -123.9 kcal mol~! relative to 1. Finally,

From \\ Reprinted with permission from AAAS.

25



3.1. Imaging internal bond structure of cyclization reaction products on Ag(100)

a sequence of radical [1,2]- and [1,3]-hydrogen shifts followed by a C'—C® cyclization leads
from Int2 directly to the dibenzofulvalene 2. Our calculations indicate that the substantial
activation barriers generally associated with radical hydrogen shifts in the gas phase (50 to
60 kcal mol™!) [239, 240] are lowered through the stabilizing effect of the Ag atoms on the
surface, and thus they do not represent a rate-limiting process (Fig. [3.4A). |

The reaction sequence toward 3 is illustrated in Fig. [3.4B. The rate-determining first step
involves two C'—C® cyclizations of the sterically less hindered terminal enediynes to yield
benzofulvene diradicals. The radicals localized on the exocyclic double bonds subsequently
recombine in a formal C'—C* cyclization to yield the four-membered ring in the transient
intermediate tInt1. This process involves the formation of three new carbon-carbon bonds,
yet it lacks the aromatic stabilization associated with the formation of the naphthyl fragment
in Int2 and is consequently less exothermic (-60.7 kcal mol™!). A sequence of bond rotations
transforms tIntl via Int3 into tInt2. Alignment of the unsaturated carbon valences in
diradical tInt1l with underlying Ag atoms maximizes the interaction with the substrate and
induces a highly non-planar arrangement, thereby making subsequent rotations essentially
barrierless. [1,2]-Hydrogen shifts and a formal C!—C® cyclization yield the biphenylene 3.

Both reaction pathways toward 2 and 3 involve C'—C® enediyne cyclizations. These
are generally energetically less favorable relative to the preferred C!—C® Bergman cycliza-
tions [237], but factors such as the steric congestion induced by substituents on the alkynes [231}
237), the presence of metal catalysts [241], or single-electron reductions of enediynes [242]
243| have been shown to sway the balance toward C'—C? cyclizations yielding benzofulvene
diradicals. All three of these factors apply to the present case of the thermally induced cy-
clization of 1 on Ag(100) (e.g., bulky phenyl substituent on C' and C®, a metallic substrate,
and a charge transfer of 0.5 electrons from the substrate to 1), thus facilitating the C*—C?
cyclizations. The precise order of the low-energy processes (such as the Int3-tInt2 rotation
and the tInt2-3 [1,2]-hydrogen shifts) following the rate-limiting initial cyclizations cannot
be strictly determined experimentally. However, the sequence does not change the overall
reaction kinetics and thermodynamics discussed above. Our bond-resolved single-molecule
imaging thus allows us to extract an exhaustive picture and unparalleled insight into the
chemistry involved in complex enediyne cyclization cascades on Ag(100) surfaces. This de-
tailed mechanistic understanding in turn guides the design of precursors for the rational
synthesis of functional surface-supported molecular architectures.

From [173]. Reprinted with permission from AAAS.
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Figure 3.4: Reaction pathways and their associated energies as calculated by DFT. (A) Proposed pathway for
the cyclization of reactant 1 into product 2 on Ag(100). (B) Proposed pathway for the cyclization of reactant
1 into product 3 on Ag(100). Energies for 1, 2, and 3 (end point solid circles), for the intermediates Int1,
Int2, Int3, tIntl, and tInt2 (intermediate solid circles), and for the reaction barriers (open circles) were
calculated using ab initio DFT theory. Ball-and-stick models show the nonplanar structure of intermediates.
The symbol indicates the rate-determining transition state; the red line is the reference energy of 1 on

Ag(100)[7

*From \\ Reprinted with permission from AAAS.
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3.2 Chemical reaction intermediates for enediyne
cyclizations on Ag(100)

In the previous section we reported the identification of final reaction products on surfaces
with individual-bond resolved qPlus imaging. Unfortunately, we never observed intermedi-
ates to provide further proof of our suggested reaction pathways. Additionally we did not
observe any intermolecular coupling, which is an important ingredient for creating devices
and extended carbon nanostructures for molecular electronics. In contrast, both of these
features were observed when doing similar experiments with a different molecule: 1,2-bis(2-
ethynylphenyl)ethyne (1, beginning a new numbering scheme, because the molecules from
section will not appear again in this dissertation).

3.2.1 Methods

We deposited the molecular precursor 1 from a Knudsen cell onto Ag(100) while holding
the substrate at room temperature. We then imaged the surface using qPlus AFM at T =
4K with CO-modified tips, achieving individual-bond resolution. Then we annealed the
substrate for 15 minutes in order to thermally induce reactions, and cooled it back down to
T = 4K for imaging. This was done multiple times at various temperatures to “freeze in”
intermediates of the chemical reactions.

3.2.2 Results

After deposition of 1, but before annealing the surface, the molecules existed as two differ-
ent conformational isomers on the surface (Fig. [3.5h,b). These isomers, a Cy, symmetric
trans-conformation and a Cy, symmetric cis-conformation, are expected to occur because of
rotations around the central single bonds [174]. As seen previously [173], we observed regions
of increased imaging intensity, which correspond to the locations of the triple bonds within
the molecules. After a high temperature annealing step we observed that the molecules
transformed into many different structures (Fig. [3.5¢). Various different monomer struc-
tures can be seen in Fig. [3.5¢, including one of the unreacted precursors 1. We also observed
a number of different dimers that formed due to intermolecular coupling.

In an effort to better understand the reaction pathways leading to intermolecular cou-
pling, we took high resolution qPlus AFM images of various dimeric structures. We observed
3 different dimer structures: (i) Dimers in which both of the two building blocks had not
cyclized and were essentially the same as 1, but coupled together at their alkyne groups. (ii)
Dimers in which one of the two building block molecules had essentially the same chemical
structure as 1, without any cyclization, while the other building block had the same fully
cyclized structures we observed for reacted monomers on the surface. (iii) Dimers in which
both building blocks had undergone full cyclization.
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Ag(100)

Figure 3.5: Overview of molecular adsorbates before and after annealing. (a) Constant height qPlus fre-
quency shift image of the precursor 1 on Ag(100) as deposited. The precursor exists as two conformational
isomers. Areas of increased frequency shift intensity within bonds of the molecules correspond to the lo-
cations of the triple bonds, which have higher electron density. (b) The two conformational isomers of 1
on the surface: a Cyj, symmetric trans-conformation and a Co, symmetric cis-conformation. (c¢) Constant
height frequency shift image of the surface after annealing at ~ 70°C. A number of different monomer
structures, including an unreacted cis precursor can be observed. Additionally different types of dimers are
visible, resulting from intermolecular bonding.

In order to elucidate the reaction mechanisms involved in creating these three different
types of dimers we performed systematic measurements during a series of annealing steps
followed by low-temperature imaging. At each annealing step we increased the temperature
compared to the previous step, ranging from ~ 40°C to ~ 70°C. In this way we were able
to “freeze in” the intermediates of the reactions by supplying just enough thermal energy
for intermediate structures to form but not enough to form the final products.

Various observed intermediate structures are shown in Fig. together with the pro-
posed reaction pathways in which they participate. Statistics taken from the experiments
described above show that the structures in the early parts of the proposed pathways in Fig.
3.6| are mostly present for lower temperature annealing steps, while the later structures are
mostly present after higher temperature annealing steps. This supports our hypothesis that
these structures represent intermediates of these two reaction pathways.

Here is a description of the proposed pathways: The proposed pathway in Fig.
leads from precursor 1 to final product 5. The pathway begins with coupling a trans and
cis isomer of the precursor molecules 1 along their alkyne groups without any of the two
building blocks undergoing cyclizations (2). Then one of the trans or cis building blocks
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undergoes a series of cyclization steps resulting in new five- and six-membered rings (3 or
3a). This is followed by a cyclization of the other building block (4). Finally, two pairs of
hydrogens dissociate to form the two red bonds in 5 in a cyclodehydrogenation step.

The proposed pathway in Fig. is similar to the one above, but in this case the
molecules initially couple together along the other combination of alkynes and we did not
observe any cyclodehydrogenation step along this pathway. After the precursor couples
without cyclization along the other alkyne groups (6), one of the building blocks cyclizes to
form new five- and six-membered rings (7) . Finally the other building block fully cyclizes
to form 8.

To conclude this section on intermediates, we have shown that 1 adsorbed onto Ag(100)
reacts to form cyclized and coupled dimers when heated. qPlus imaging with individual-
bond resolution was used to uniquely identify the products and possible intermediates of
reaction pathways by freezing them in after individual annealing steps followed by cooling
to low temperatures for imaging. qPlus images of a number of these intermediates has
allowed us to propose specific reaction pathways for the dimer formation. Further theoretical
calculations are needed to confirm the intermediate hypothesis and elucidate the energetics
of these processes.
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Figure 3.6: Two reaction pathways implied by the observed intermediates. (a) Constant height frequency
shift image of various intermediates found on the surface after consecutive annealing steps with increasing
temperatures and the corresponding hypothesized chemical structures and reaction pathway. The structures
early in the pathway were most prevalent after annealing at lower temperature while the later structures
were most prevalent at higher temperatures. The lower alkyne group in structure 3a is not visible in the
image, which we believe is due to tilting of the alkyne towards the Ag(100) surface. This results in less
contrast for our constant height image. It also explains the enhanced contrast on the connected ring, due to
tilting towards the tip. (b) Constant height frequency shift images showing various intermediates along a
proposed second pathway. In structure 7 we observe a similar lack of contrast for the alkyne as in 3a, which
we interpret again as tilting of the alkyne towards Ag(100).
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3.3 Chemical and electronic structure of
polyacetylene derivatives on Au(111)

This section was originally published in Nano Letters [174]. |

Semiconducting m-conjugated polymers have attracted significant interest for applica-
tions in light-emitting diodes, field-effect transistors, photovoltaics, and nonlinear optoelec-
tronic devices. Central to the success of these functional organic materials is the facile
tunability of their electrical, optical, and magnetic properties along with easy processability
and the outstanding mechanical properties associated with polymeric structures. In this
work we characterize the chemical and electronic structure of individual chains of oligo-(E)-
1,1-bi(indenylidene), a polyacetylene derivative that we have obtained through cooperative
C1—C5 thermal enediyne cyclizations on Au(111) surfaces followed by a step-growth poly-
merization of the (E)-1,1"-bi(indenylidene) diradical intermediates. We have determined the
combined structural and electronic properties of this class of oligomers by characterizing the
atomically precise chemical structure of individual monomer building blocks and oligomer
chains (via noncontact atomic force microscopy (nc-AFM)), as well as by imaging their local-
ized and extended molecular orbitals (via scanning tunneling microscopy and spectroscopy
(STM/STS)). Our combined structural and electronic measurements reveal that the energy
associated with extended m-conjugated states in these oligomers is significantly lower than
the energy of the corresponding localized monomer orbitals, consistent with theoretical pre-
dictions.

Conjugated polymers have attracted considerable interest into their fundamental proper-
ties as well as their potential for industrial applications [244}-246]. Their tunable electronic
structure makes them a useful material for applications in the fields of molecular electronics
and photonics [247-249]. Numerous chemical reactions yielding conjugated polymers have
been adapted for the synthesis of well-defined molecular wires on surfaces [4, 12, [13, |17} |29,
30, 34}, 137}, |250/-252]. These reactions include Ullmann-type cross-coupling [12, 13, 17|, diyne
polymerization [29, 252], and alkyne homocoupling [30], most of which require catalytically
active metal substrates to facilitate polymerization. Thermally induced enediyne cyclization
on surfaces [40, 173], a newer polymerization technique, has received increased attention
due to its greater flexibility regarding noncatalytic growth substrates [220]. Effective utiliza-
tion of carbon-based nanostructures resulting from these reactions requires the development
of synthetic tools to control the chemical and electronic structure of the polymer prod-
ucts. Of particular importance for advanced electronics applications [253| is the formation
of polymeric structures featuring extended m-conjugation during the growth process from
small-molecule building blocks [254] 255].

Here we report the synthesis and characterization of individual chains of oligo-(E)-1,1'-
bi(indenylidene) [256] obtained through thermally induced cooperative C1—C5 radical cy-
clizations of enediyne precursors followed by step-growth polymerization on Au(111). We
have gained new insight into the relationship between the chemical structure and electronic

Reproduced with permission from [174]. Copyright 2014 American Chemical Society
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properties in these oligomers by utilizing nc-AFM to determine the precise atomic-scale struc-
ture of the enediyne starting material, cyclized monomers, and covalently linked oligomeric
chains, while simultaneously utilizing STM/STS measurements to probe the localized and
extended electronic states of these species (including orbital energies). These measurements
help us to understand the oligomer formation reaction mechanism and show that the de-
velopment of oligomer extended electronic states can be rationalized as the result of an ef-
ficient m-orbital overlap between monomer building blocks. Increased spatial delocalization
is associated with a decrease in oligomer electronic energy, as confirmed by our theoretical
simulations.

3.3.1 Methods

The enediyne precursor 1,2-bis(2-ethynylphenyl)ethyne (1, with a new numbering scheme)
(Figure used in this study was synthesized through iterative Sonogashira cross-coupling
reactions. 1 was deposited in ultrahigh vacuum onto a Au(111) surface held at room temper-
ature (T = 293K). Cryogenic nc-AFM measurements (7' = 4K) (Figure [3.7h) reveal that
1 adopts two conformational isomers on the surface: a Cy, symmetric trans-conformation
(Figure 3.7p) and a C5, symmetric cis-conformation (Figure [3.7c). The atomic structure
of the phenyl rings and the positions of the single and triple bonds are clearly resolved in
the nc-AFM image. Contrast in nc-AFM measurements at the small oscillation amplitudes
used here (60 pm) is dominated by short-range chemical forces that arise from repulsive
interactions between the CO functionalized AFM tip and molecular adsorbates on the sur-
face [172, |197]. This imaging technique allows precise spatial resolution of surface-bound
atoms and bonds at a level that is not attainable by other surface probes [172, 173, [227], as
indicated by comparison of the nc-AFM image in Figure to the wire-frame structures

in Figure [3.7p,c.

3.3.2 Results

Thermal annealing of the Au(111) surface decorated with a submonolayer coverage of 1 at
160 °C induces two intramolecular C1—C5 radical cyclization reactions (Figure [3.7d) as well
as intermolecular carbon-carbon coupling reactions between monomer units. Following this
annealing step more than 70% of the material on the surface becomes part of covalently linked
molecular assemblies with lengths n > 3 (where n denotes the number of monomer subunits).
As depicted in the nc-AFM image of Figure [3.10h, the most common structures observed
are covalently linked oligo-(E)-1,1’-bi-(indenylidene) chains (an oligo-acetylene derivative)
containing the common monomer subunit 2 (Figure [3.10b, dashed box). Most chains are
composed of 5-10 monomer units, but sometimes exceed 20. Defect-free translational sym-
metry along the oligomer backbones is typically retained over segments of three to five
monomers. While 2 (Figure [3.10p, dashed box) is representative of the dominant monomer
incorporated into extended oligomer chains, other monomer subunits were also observed
within the chains.
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Figure 3.7: Precursor molecule 1. (a) nc-AFM image of the two conformational isomers of 1 on Au(111)
(T = 4K; tip height corresponds to tunnel current set point Vi = 50 mV and I = 10 pA above Au(111)).
(b) Schematic representation of trans conformation and (c) cis conformation. (d) Cyclization reaction: The
precursor 1 can transform to the monomer 2 via two C1—C5 thermal enediyne cyclizations.

After deposition, the precursors aligned along the direction of the herringbone reconstruc-
tion (Figure [3.8h). After thermal annealing we observed a number of different structures
including dimers and oligomers of various lengths. From the STM images alone we could
not be certain that we succeeded in synthesizing polyacetylene derivatives, because STM is
only sensitive to the spatially large orbitals near the Fermi energy (see chapter [2]).

Therefore we performed qPlus imaging with sub-molecular resolution to reveal the precise
chemical structure of the on-surface synthesized oligomers (Fig. [3.9). We observed various
different subunits within the chains. The ends of the oligomers are often made up of various
uncommon molecular structures. Within the chains the most common structure was 2
(Fig. 3.7d), which forms poly-acetylene derivatives when coupled together as in Fig. [3.9
Sometimes uncyclized monomers 1 are still found within oligomers.

A more detailed examination of qPlus imaging of the atomic structure of the oligomer
chains (Figure ) reveals that the m-conjugated carbon-carbon double bonds along the
backbone exhibit alternating lengths. Even though the symmetry of their local chemical
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Figure 3.8: Overview of molecules on Au(111) before and after annealing. (a) STM image of precursor
molecules (1) adsorbed onto Au(111) before annealing. The herringbone reconstruction of Au(111) leads
to a one-dimensional arrangement of the molecules (V; = 50 mV, I = 50 pA). The inset in (a) shows a
close-up image of the precursor molecules (upper left is trans, lower right is cis; Vi = 50 mV, I = 10 pA).
(b) STM image of the surface after annealing precursor molecules on Au(111) to 160 °C for 5 minutes shows
the formation of oligomer chains and shorter molecular adducts (Vs = 50 mV, I = 10 pA).

structure is equivalent, bonds between the five-membered rings of adjacent indenyl groups
alternate in length and are marked by red arrows (short bonds) and green arrows (long
bonds) in the image. A schematic representation of the alternating pattern of short (C=C)
and long (C-C) carbon-carbon bonds along the conjugated backbone is depicted in Figure
[3.10b. The shorter (double) bonds between indenyl groups appear to be roughly 50% of the
length of the longer (single) bonds for the tip-sample distance used to obtain the image in
Figure [3.10k.

Figure shows a Laplace filtered image of Figure that sharpens features of the
image and demonstrates our bond length measurement procedure. The bond lengths are
measured between neighboring dashed yellow lines and show a clear alternation in apparent
length. As expected, this apparent bond length variation becomes less pronounced with in-
creasing tip height (not shown). It is important to note that while our nc-AFM measurement
correctly identifies alternating trends in bond lengths, the magnitude of this effect is greatly
exaggerated by this imaging technique [227]. Bonds within the five-membered rings are also
seen to exhibit a bond length modulation. In particular, the double bonds in indenyl end-
groups show a distinctive deviation compared to indenyl groups along the extended oligomer
chain (Figure [3.10h, [3.11).

Our STM spectroscopy of oligo-(E)-1,1’-bi(indenylidene) reveals that the electronic struc-
ture of the covalently linked oligomer chains exhibits extended-state behavior (Figure .
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Figure 3.9: nc-AFM images of oligomer chains on Au(111) (7' = 4K) formed after thermally-induced reac-
tions of the precursor molecule 1. Oligomers of different length are found, as well as other short species.
Yellow arrows mark uncyclized molecules (1) observed within an oligomer chain.

An AFM image of a representative oligomer chain on the Au(111) surface is depicted in
Figure along with the STM d//dV spectrum (Figure [3.12{1) measured at one point
along the backbone of the oligomer chain (d//dV measurement reflects the electronic lo-
cal density of states (LDOS) at the energy selected by the sample bias; spectra taken at
different points on the oligomer differ only in the intensity of the observed resonance). A
well-defined electronic resonance is observed at an energy approximately 0.125 V above Ep
(blue arrow) compared to the d//dV spectrum on bare Au(111). A dI/dV spatial map of
the oligomer chain at a tip bias of 0.125 V (Figure ) reveals that the intensity of this
state is localized along the oligomer backbone and extends continuously along the full length
of the m-conjugated chain (excluding the ends, which are often composed of different types
of monomer subunits).

This extended-state spatial distribution was observed for oligomer chains of different
lengths composed of monomer units 2 (see Figure . In this figure we can see that
the nodal pattern of the electronic state sometimes persists even in the presence of defects
(cyclization reaction products, other than 2). However, it is not present at locations within
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Figure 3.10: qPlus image of polyacetylene derivative. (a) nc-AFM image of an oligomer chain on Au(111)
(T = 4K; tip height corresponds to tunnel current set point Vi = 50 mV and I = 30 pA above Au(111)). (b)
Schematic representation of chemical structure of the oligomer in (a). Arrows indicate short (red) and long
(green) bonds between indenyl groups. The dashed box shows monomer structure 2. (¢) DFT calculated
bond lengths for a four-unit oligomer chain (composed of units of 2 as seen in (b) as a function of the location
of the bond along the chain. Red and green dots indicate short and long bonds between indenyl groups, while
blue dots indicate bonds within the five-membered rings (calculation shown for an oligomer chain having

unsaturated radical valences at the chain ends; results are similar for hydrogen-terminated chains).
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3.3. Chemical and electronic structure of polyacetylene derivatives on Au(111)

Figure 3.11: Laplace-filtered nc-AFM images of oligomer chains showing a carbon-carbon bond length ratio
of ~50% between indenyl groups. The Length of a carbon-carbon bond connecting two indenyl groups is
measured as the distance between the corners of two connected five-membered rings (dashed yellow lines).
A range of bond length ratios between indenyl groups was observed in our measurements (from 30% to 60%)
for different tip heights spanning a range of 0.05nm. This variation in bond length ratios can be explained
by CO-tip/molecule interaction effects which become more pronounced at the lowest tip heights (as observed
in previous work, see ref. )

the oligomer that have a significant number of uncyclized monomers 1 (Fig. [3.13h,b.e,f).

Isolated monomer building blocks 2 not incorporated into oligomeric structures were ob-
served to coexist with the chains on the Au(111) surface. These monomers account for a few
percent of the material on the surface (other monomer structures have also been observed).
Figure depicts a nc-AFM image of an isolated (E)-1,1-bi(indenylidene) monomer. Iso-
lated monomer building blocks 2 exhibit a geometry that resembles the indenyl end-groups
in oligomer chains (Figure , bottom), including the presence of highly distorted five-
membered rings (such distortion might arise due to the interaction of a radical with the
surface [257]). The electronic structure of bi(indenylidene) monomers 2 was characterized
by STM spectroscopy. A representative dI/dV spectrum measured on an isolated (E)-1,1-
bi(indenylidene) monomer and the corresponding spectrum of the bare Au(111) surface are
depicted in Figure [3.14d (spectra taken at different points on the monomer differ only in
the intensity of the observed resonance). A prominent resonance at V; = 1.2 V (blue arrow)
marks the lowest unoccupied molecular orbital (LUMO) of the molecule adsorbed onto the
Au(111) surface. The spatial distribution of this molecular electronic state was imaged using
d//dV mapping (Figure [3.14b).

The combination of nc-AFM and STM spectroscopy measurements on individual oligomer
chains and small molecule precursors reveals both the underlying reaction mechanism that
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Figure 3.12: Electronic structure of an individual oligomer. (a) nc-AFM image of oligomer chain (tip height
corresponds to tunnel current set point Vs = 50 mV and I = 20 pA above Au(111)). (b) Experimental STM
dI/dV map (constant height) at V; = 0.125 V reveals an extended electronic state along the conjugated
backbone of oligomer shown in (a). (c) GW calculation of electronic local density of states of the LUMO for
a free-standing oligomer chain containing four monomer 2 subunits (n = 4). Orange overlays in (a)-(c) show
the chemical structure of two units of the n = 4 oligomer chain used in the calculation. (d) STM dI/dV
point spectroscopy of oligomer chain shown in (a) at the position indicated by the yellow cross reveals an
electronic resonance at V; ~ 0.13V (blue arrow) compared to a reference spectrum on bare Au(111) (spectra

are normalized by their respective values at V; = 0.6 V, open feedback spectroscopy starting parameters V;
=06V, =08nA,T=4K).
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Figure 3.13: qPlus and STM measurements of oligomers of various lengths, showing an extended electronic
state along the backbone. (a,c,e,g) nc-AFM images and (b,d,f,h) STM images of oligomer chains exhibiting
sequences of the monomer building blocks (2) with different length (V; = 50 mV, T' = 4K). The tunneling
current images (b,d,f,h) show characteristics of the extended electronic state along the conjugated backbone
of these different-length segments composed of monomer 2.

leads to the formation of oligo-(E)-1,1"-bi(indenylidene), as well as the origin of the oligomer
electronic structure. Two thermally induced intramolecular C1—C5 enediyne cyclizations
of 1 yield the monomer building-block 2 that has been observed on the surface (Figure
[3.14)). This highly reactive 3,3"-diradical intermediate diffuses along the Au(111) surface and
recombines with other monomers in a step-growth process. While theoretical models in the
gas phase have reported an activation barrier of ~ 40kcalmol~! for the C1—C5 cyclization
of benzannulated enediynes [237], we have previously shown that metal surface-supported
C1—-C5 cyclizations can proceed at temperatures below 100°C [173]. In some oligomer
chains we have observed uncyclized precursor molecules 1 that are covalently linked via
their terminal alkyne carbon atoms (Figure . We attribute this structural defect to the
reaction of a radical at the end of the growing oligo-(E)-1,1’-bi(indenylidene) chain with a
terminal alkyne carbon atom of an uncyclized building block 1.

The electronic structure of the oligo-acetylene derivative oligo-(E)-1,1"-bi(indenylidene)
can be understood as a consequence of spatial delocalization caused by extended conjugation
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Figure 3.14: Electronic structure of isolated monomer building block 2. (a) nc-AFM image of an isolated
monomer 2 on Au(111) (T = 4K, tip height corresponds to tunnel current set point Vi = 50 mV and I = 35
pA above Au(111)). (b) Experimental constant-height dI/dV map of monomer 2 shown ina at V; =1.2V
depicts the spatial distribution of the monomer LUMO. (¢) GW calculation of the local density of states of
the LUMO for a free-standing monomer 2. (d) STM dI/dV point spectroscopy performed on the monomer
shown in (a) at the position indicated by the yellow cross reveals the monomer LUMO at Vi ~ 1.2 V (blue
arrow) compared to a reference spectrum on bare Au(111) (spectra are normalized by their respective values
at V; = 0.6 V, open feedback spectroscopy starting parameters Vy = 1.5 V, I = 0.5 nA, T = 4K).
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3.3. Chemical and electronic structure of polyacetylene derivatives on Au(111)

of m-systems between monomer building blocks. While an individual monomer exhibits
localized electronic states separated by a large energy gap, the efficient m-overlap between
monomer orbitals in the oligomer chains results in the formation of lower energy extended
states. This behavior is evident in the spectroscopic data in Figures and [3.14] where
the LUMO of an isolated monomer lies ~1.1 eV higher in energy than the extended state
(relative to Er).

These conclusions were confirmed by GW calculations [258, [259] performed to model both
an isolated monomer 2 and an n = 4 oligomer chain having the same structure indicated by
the partial wireframe image (orange overlay) in Figure [3.12h-c. The calculated LDOS of the
isolated monomer LUMO is depicted in Figure [3.14k. It closely resembles the experimental
dI/dV map (Figure 3.14p), with strong intensity arising from the 3- and 3'-positions in
the (E)-1,1"-bi(indenylidene). When monomer subunits are joined in the n = 4 oligomer
chain, GW calculations indicate the formation of an extended electronic state that is lower
in energy by 1.0 £ 0.1 eV compared to the monomer LUMO, assuming typical physisorption
distances of 0.33 £ 0.03 nm [260] (these values were obtained using an image-charge model
of the surface combined with the GW calculation [261]). This state extends continuously
along the oligomer backbone as depicted in the theoretical LDOS of Figure [3.12¢. The
energetic lowering and spatial extent of the calculated oligomer LDOS closely resembles the
experimental data. The nodal pattern of the LUMO can also be qualitatively explained via
a simple one-dimensional particle-in-a-box model whereby for an oligomer of length n (with
6n carbon atoms along the backbone) the 6n m-electrons fill the first 3n levels. The LUMO
level, being the next highest level, thus exhibits 3n+1 antinodes.

The agreement between theory and experiment extends to the appearance of alternating
bond lengths in the oligomer. Figure|3.10c shows that the calculated bond lengths along the
conjugated backbone of an n = 4 oligomer chain alternate in the same pattern as observed
experimentally for the C—C/C=C bond lengths between indenyl groups (green circles rep-
resent long bonds between indenyl groups, red circles represent short bonds between indenyl
groups). In the calculation this behavior arises from a combination of Peierls distortion and
boundary effects (since the boundary fixes the bond phase). As expected, there is a discrep-
ancy between the nc-AFM experimental results and the theoretical calculations regarding the
absolute magnitude of the bond-alternation effect. Whereas the AFM images (Figure 3.10h)
largely exaggerate bond length variations (~ 50%), the calculation predicts bond-to-bond
variations of only ~ 3%. This discrepancy does not arise from oligomer interaction with
the substrate lattice, since similar bond variations are experimentally observed for oligomers
lying along different substrate crystallographic directions. Also, artifacts caused by long-
range forces [227] can be excluded because the respective bonds within the chains are in a
symmetrically equivalent chemical environment, which leads to an equivalent van der Waals
background. The anomalously large bond alternation observed experimentally is likely an
image distortion caused by tilting of the CO molecule adsorbed onto the AFM tip. [227, [262]

In conclusion, we have grown 1D chains of the oligo-acetylene derivative oligo-(E)-1,1'-
bi(indenylidene) on a surface through a thermally induced radical cyclization/step-growth
polymerization process. Individual oligomer chains exhibit extended 1D electronic states
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3.4. Conclusion

and alternating bond lengths. This radical polymerization process on surfaces provides a
new route toward fully conjugated low-bandgap derivatives of all-trans polyacetylene.

3.4 Conclusion

We have shown how qPlus AFM can be used to study reaction products on surfaces at the
single molecule level. We identified chemical reaction products of enediyne cyclization reac-
tions on Ag(100), which would not be possible using only STM and DFT. This reaction did
not lead to any intermolecular bonding, an important prerequisite for the on-surface synthe-
sis of extended carbon nanostructures. A different enediyne molecule on Ag(100), however,
did result in intermolecular bonding by reacting to form dimers. Additionally we were able
to freeze in intermediates by taking measurements at low temperature between consecutive
annealing steps. The sub-molecular-resolution images of the intermediates give us unprece-
dented insight into the precise reaction mechanism of on-surface reactions involving organic
bond rearrangements. Because of the lack of extended carbon nanostructures beyond dimers
we also induced reactions of the same enediyne molecules on a different surface, Au(111),
which did lead to the formation of oligomers. With qPlus we confirmed that these oligomers
were polyacetylene derivatives, belonging to an important class of conductive polymers. Us-
ing the combined STM/AFM we then correlated the electronic and chemical structure of
these oligomers.
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Chapter 4

Tuning single-molecule orbitals and
charge states

Remotely controlling the orbital energies and charges states of molecules could lead to devices
such as single-molecule transistors. This type of control has been shown before [44, 61],
but it has not been demonstrated while using local probe techniques to image the local
adsorption configuration and local electronic structure at the small length scales that are
relevant for molecular electronics. In this chapter we report on our use of back-gated graphene
to remotely and controllably tune the orbitals and charge states of adsorbed molecules while
monitoring their electronic structure at the single molecule level.

Section[4.I]discusses our study on tuning the orbital energies of benzene-derived molecules
adsorbed onto a graphene FET device [175]. After deposition, the molecules formed a well-
ordered monolayer with hexagonal lattice on the low-corrugation graphene/BN substrate.
STS measurements revealed a LUMO far from the Fermi level, with signatures of a coherent
combination of electron and phonon states (vibronic states). We then applied a back-gate
voltage, which shifted the graphene Fermi level and therefore the energies of the molecular
orbitals with respect to the Fermi energy. This allowed us to switch between tunneling into
the LUMO and LUMO+1 at the same bias voltage, depending on the applied gate voltage.
However, we did not observe any changes in the charge states of these molecules.

Section [4.2]discusses our study on actually tuning the charge states of individual molecules.
This study involved the strong acceptor F4-TCNQ adsorbed onto a graphene FET device.
When deposited onto graphene, charge transfer from graphene to F4-TCNQ results in p-
doping of graphene. Using our local probe techniques we are able to show that the charge
states of molecules depend sensitively on the precise adsorption configuration and local envi-
ronment of the molecules. By applying a back-gate to graphene we were able to control the
charge state of single molecules, switching them controllably and reversibly between neutral
and negatively charged. This level of control could lead to local probe studies of phenomena
such as the Kondo effect on graphene [263] or atomic collapse with negative “nuclei” [264].
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4.1. Imaging and tuning molecular levels at the surface of a gated graphene device

4.1 Imaging and tuning molecular levels at the
surface of a gated graphene device

This section was originally published in ACS Nano [177]. |

Gate-controlled tuning of the charge carrier density in graphene devices provides new
opportunities to control the behavior of molecular adsorbates. We have used scanning tun-
neling microscopy (STM) and spectroscopy (STS) to show how the vibronic electronic levels
of 1,3,5-tris(2,2-dicyanovinyl)benzene molecules adsorbed onto a graphene/BN/SiO2 device
can be tuned via application of a back-gate voltage. The molecules are observed to elec-
tronically decouple from the graphene layer, giving rise to well-resolved vibronic states in
dI/dV spectroscopy at the single-molecule level. Density functional theory (DFT) and
many-body spectral function calculations show that these states arise from molecular or-
bitals coupled strongly to carbon-hydrogen rocking modes. Application of a back-gate volt-
age allows switching between different electronic states of the molecules for fixed sample
bias.

Combining organic molecules with graphene creates new opportunities for fabricating hy-
brid devices with tailored properties. Previous experiments have shown that electronic [137,
139H155|, magnetic [146, (159, |160] and optical |161-163] characteristics, as well as chemi-
cal reactivity [162, 265, 266] of graphene devices can be tuned through molecular adsorp-
tion. Such measurements have been performed primarily using electrical conductivity and
optical spectroscopy techniques. These measurements, however, do not directly yield lo-
cal microscopic information regarding the hybrid graphene/molecule interface. Additional
electronic structure information on molecule/graphene systems in non-gated configurations
has been provided by STM [152, 153 156, 160, 165-170, 267 and photoemission spec-
troscopy [137, 139, (140, 152, [156H158] experiments, including measurement of the energy
location of molecular orbitals. Such measurements, however, have so far precluded the hy-
brid molecule/graphene electronic structure from being electrostatically tuned through the
use of a back-gate, and molecular vibronic properties in these systems remain poorly under-
stood [167].

Here we describe a single-molecule-resolved STM study of a molecular monolayer ad-
sorbed onto a back-gated graphene device that allows both characterization and gate-induced
modification of molecular electronic properties. 1,3,5-Tris(2,2-dicyanovinyl)-benzene (CVB)
molecules were adsorbed onto a graphene device in ultra-high vacuum (UHV) and studied
via STM spectroscopy at cryogenic temperatures. Hybridized electronic levels of individual
CVB molecules on graphene were imaged, and the electronic states were observed to exhibit
unexpectedly strong vibronic satellites. The hybridized vibronic electronic structure of the
CVB molecules rigidly shifted in energy as a voltage was applied to the device back-gate, thus
allowing the electronic local density of states (LDOS) at fixed sample bias to be switched
between different molecular orbitals. Identification of the experimentally observed molecular
orbitals was facilitated via density functional theory (DFT)-based spectral function simula-

Reproduced with permission from [175]. Copyright 2014 American Chemical Society
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4.1. Imaging and tuning molecular levels at the surface of a gated graphene device

tions which accurately reproduce the orbital structure imaged by STM. These simulations
also allow identification of the vibronic satellites through calculation of the CVB electron-
phonon coupling. Although CVB molecules exhibit a broad spectrum of vibrational modes,
only C-H rocking modes of the CVB molecules having an energy close to 200 meV are seen
to contribute significantly to the molecule/graphene electron-phonon coupling. The energy
of these modes is in good agreement with the energy spacing of vibronic satellites observed
experimentally for CVB on graphene.

4.1.1 Methods

We used back-gated graphene/BN/SiO2 devices [133} [268, [269] similar to the one schemati-
cally depicted in Fig. [f.1a. The graphene sample was grown by the CVD method described
in [270]. Hexagonal boron nitride flakes were exfoliated onto heavily doped silicon wafers
coated in 285 nm thermal oxide. The graphene was transferred on top of the BN/SiO2 [269]
using a polydimethylsiloxane (PDMS) stamp and electrical contact was made by deposit-
ing Ti (10nm-thick)/Au (30 nm-thick) electrodes using a stencil mask technique. 1,3,5-
Tris(2,2-dicyanovinyl)benzene (CVB) was synthesized through a Knoevenagel condensation
of benzene-1,3 5-tricarboxaldehyde and malononitrile [271}, [272]. The molecules were evap-
orated from a Knudsen cell onto the graphene device in UHV while the device was held at
T = 5K. The device was then briefly annealed at room temperature before being cooled
back to 4 K. CVB was chosen for this experiment due to its extended m-system and the high
electron affinity of its dicyanovinyl groups. STM/STS was performed using an Omicron LT
STM at T = 4K. STM differential conductance (d//dV’) was measured in constant-height
mode (both for point spectroscopy and for spatial maps) by lock-in detection of the a.c.
tunnel current generated by a 6 mV r.m.s. 316 Hz signal added to the sample bias.

DFT calculations were performed using an exchange-correlation functional that combines
the PBE functional together with a semi-empirical dispersion correction to take into account
van der Waals interaction between the molecules and graphene [273]274]. We used a supercell
containing one CVB molecule and 42 graphene atoms, with a lattice constant of 1.13nm. The
combined CVB and graphene system was allowed to relax in these simulations to its most
stable configuration. Frequencies of vibrational modes and electron-phonon matrix elements
were calculated in the framework of density functional perturbation theory (DFPT) [275]
using the QUANTUM ESPRESSO package [276]. We performed GW [258, [277] corrections
employing the BerkeleyGW package [259] to account for electron-electron correlations not
captured in DFT. The molecular orbital energies were further corrected for electron-phonon
interactions using the 1st order cumulant approximation.

4.1.2 Results

Fig. [4.1p-d show STM images of a monolayer-high self-assembled island of CVB molecules on
graphene/BN. The Moiré pattern arising from interaction between the graphene lattice and
the underlying BN lattice is clearly visible (Fig. ,c) even though the graphene is covered
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Figure 4.1: CVB molecules on a graphene/BN FET device. (a) Sketch of the back-gated graphene device
used in these STM/STS measurements, as well as a model of the CVB molecule. (b)-(d) STM images of a
monolayer of CVB molecules on graphene/BN show the hexagonal lattice of the CVB molecules at different
zoom values (Vg = 2.0V, I; = 10pA, T = 4K). Isolated vacancies are observed in (b) and (c).

with a layer of molecules. The molecules form a hexagonal lattice with a lattice constant
of a = 1.13 £ 0.01 nm, and isolated defects having triangular shape can be observed. The
close-up STM image in Fig. shows a spiral-like electronic LDOS associated with the
molecules (the opposite chirality was also observed in different islands). The presence of
single-molecule vacancies (Fig. [4.1b,c) allows us to assign the location of CVB molecules in
the film.

dI/dV spectra were measured while holding the STM tip above the CVB monolayer. The
spectra were essentially featureless over the range —0.5V < Vg < 1.6V, but for Vg > 1.6 V
clear resonance features were observed (Fig. ) For Vs < —0.5V the CVB molecules
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tended to jump to the STM tip, and so reproducible STM spectra at sample voltages lower
than —0.5V could not be obtained. The Dirac point of the underlying graphene substrate
could be seen when the tip-height was lowered by 4 A relative to the typical dI /dV mea-
surement tip-height (Fig. [4.2h inset), but this usually led to CVB molecules jumping to
the STM tip. The empty state spectrum for larger tip-heights, however, was quite stable
up to nearly 3V, as seen in the spectrum of Fig. 4.2a (this spectrum was reproduced with
numerous different tips and samples). Four pronounced peaks can be seen in the spectrum,
labeled 1-4. A statistical analysis of our spectra (using Gaussian fits to the peaks) yields
the following energy locations for the four peaks (where E = |e|Vs): E; = 1.86 +0.02€V,
Ey = 206+ 0.02eV, E3 = 2.28 + 0.02eV, and F; = 2.68 £ 0.03eV. The energy dif-
ferences between peaks 1-2 and peaks 2-3 are quite similar, whereas the energy difference
between peaks 3-4 is twice as big: Fy — F; = 0.20 £ 0.03eV, F3 — Fy = 0.22 + 0.03eV
and Fy — E3 = 0.4 4+ 0.04eV. dI/dV maps taken at sample biases covering the range of
the first three peaks (1.85V < Vg < 2.4V ) show no significant differences in the spatial
distribution of the electronic LDOS (Fig. |4.2b, first two panels). However, the d//dV map
obtained at the energy of the fourth peak (Vg = 2.65V) shows a significantly different spatial
distribution of the electronic LDOS (Fig. [4.2p, third panel).

One of the unique aspects of this study is that we were able to perform STM spectroscopy
and imaging while modifying the hybridized molecule/graphene electronic doping using an
electrostatic back-gate. Fig. shows dI/dV spectra taken on a CVB monolayer island
at two different back-gate voltages (V). The black trace shows the spectrum acquired at
Ve = 0V while the red trace shows the spectrum taken at a gate voltage of Vi = 60V. The
red trace is rigidly shifted by ~ 0.2V toward lower sample bias, but does not exhibit any
other significant changes in its features. We see a similar gate-dependent shift in the Dirac
point energy via STM spectroscopy for these graphene devices without molecular layers [278],
corresponding to a change in the carrier concentration from n = 4 x 10'° /em? (Vg = 0V)
ton =4 x 10" /em? (Vg = 60V). We next acquired d//dV maps at a fixed sample bias
of Vg = 2.4V, but for different gate voltages V. The dI/dV map acquired at Vg = 0V
(Fig. 4.3p) shows the same features as observed at biases corresponding to peaks 1-3 (Fig.
[4.2b, first two panels), but the d//dV map acquired at Vi = 60V (Fig. ) exhibits
a significantly different LDOS that is similar to what was observed previously for peak 4
(Fig. [4.2b, third panel). The LDOS at this fixed energy with respect to Er can thus be
toggled between two different molecular orbitals via application of a positive gate voltage
(this orbital switching is reversible and has no hysteresis).

We are able to understand our gate-dependent local electronic structure measurements
of the hybrid CVB/graphene system through the use of first-principles simulations. The
main questions we wish to answer here concern the origin and behavior of spectroscopic
peaks 1-4 (Figs. [4.1)|4.3). To do this we performed density functional theory (DFT) cal-
culations of the combined CVB/graphene system using an exchange-correlation functional
which combines the PBE functional together with a semi-empirical dispersion correction to
take into account van der Waals interaction between the molecules and graphene [273] [274].
After correcting for electron-electron [258) [259) 277] and electron-phonon interactions [275],
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Figure 4.2: STM Spectroscopy of CVB/graphene/BN reveals vibronic response. (a) dI/dV spectrum mea-
sured with STM tip held above a monolayer of CVB molecules on a graphene/BN FET device (Vg = 0).
Spectrum is featureless over range —0.5V < Vg < 1.6V, but shows four clear molecule-induced resonances
(marked 1-4) in the range 1.6V < Vg < 2.8V (junction set-point parameters Vg = 2.7V, I; = 160 pA; the
spectrum is normalized by its value at 2.6 V). Inset shows a section of the dI/dV spectrum over the range
—0.6V < Vg < 0.6V where the tip has been lowered by 4 A relative to other spectra (junction set-point
parameters: Vg = 0.6V, I; = 40pA). Here the Dirac point can be observed at Vg = 0V (Vg =0V). Inset
also shows onset of peak 1 (0.6V < Vg < 1.9V) for typical junction set-point parameters: Vg = 1.9V,
I; = 40pA. Peaks 1 and 4 are interpreted as LUMO and LUMO+1, respectively, while peaks 2 and 3
are interpreted as vibronic satellites of the LUMO (see text). (b) Experimental dI/dV maps obtained at
voltages Vs = 1.85, 2.4 and 2.65V (Vg =0V). dI/dV maps taken in range 1.85V < Vg < 2.4V probe the
local density of states (LDOS) of peaks 1-3 and look very similar. The dI/dV map taken at Vg = 2.65V
probes peak 4 and yields a LDOS pattern that is different from the pattern observed for peaks 1-3. (c)
Calculated density of states (DOS) of vibrational modes of CVB molecules on graphene (grey lines), as
well as the electron-phonon coupling strength between the CVB vibrational modes and the CVB LUMO
state (vertical blue lines). The blue curve shows the calculated electron-phonon coupling broadened with a
Gaussian function of width 16 mV.
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Figure 4.3: Gate-induced shift of the electronic levels of CVB molecules on a graphene/BN FET device. (a)
dI/dV spectra of CVB/graphene/BN at two different gate voltages: Vo = 0V (black trace) and Vg =60V
(red trace). Increasing the gate voltage to Vi = 60V causes a rigid downward shift of the molecular elec-
tronic resonances by 0.2 eV, consistent with the gate-induced shift seen in the Dirac point for graphene/BN
devices without adsorbed molecules (spectra are normalized by their respective values at Vs = 2.6 V). (b)
Experimental dI/dV map obtained with Vg = 2.4V and Vg = 0V. (c) Same as (b) except that Vg =60 V.
(d) Theoretical local density of states map of the CVB/graphene LUMO state calculated using DFT. (e)
Same as (d) except for LUMO+1 state. These maps show that changing the device gate voltage allows the
STM to access different molecular orbitals for a fixed sample bias.
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276] in the electron self energy, we obtained a HOMO-LUMO energy gap of 6.3eV and a
(LUMO)-(LUMO++1) energy gap of 0.8eV. Although our experimental energy range does
not allow us to experimentally verify the predicted HOMO-LUMO gap, we note that the
theoretical (LUMO)-(LUMO+1) energy almost perfectly matches the experimental energy
difference between peaks 1 and 4 (AFy4 = 0.82 £0.04eV). This suggests that peak 1 is the
CVB/graphene LUMO and that peak 4 is the LUMO+1 state. To further test this hypothe-
sis we calculated the theoretical LDOS of the LUMO and LUMO+-1 states and compared it
to the experimental d//dV maps measured at the energies of peaks 1 and 4. The theoretical
LDOS of these different states (Fig. [4.3d,e) is in good agreement with the experimental
LDOS maps (first panel and third panel in Fig. -b thus providing additional evidence
that peaks 1 and 4 correspond to the system’s LUMO and LUMO+1 states (this procedure
also allowed us to confirm the molecular orientation shown in Figs. n 4.1 and 4.3 .

An important remaining question is the origin of peaks 2 and 3, which do not appear
in the calculated DOS obtained via DFT. These peaks clearly have some relation to the
LUMO state, since their experimental d//dV maps are essentially identical to the dI/dV
map for peak 1 (Fig. [£.2b), and they strongly resemble the theoretical LDOS map that was
calculated for the LUMO state (Fig. [£.3/d). We believe that these additional peaks (2 and 3)
arise due to the existence of vibronic modes of the CVB molecule on graphene. Such modes
reflect coupling between the electronic and vibrational states of a molecule and result in new
features in the electron spectral function. Vibronic modes have been seen previously in STM
spectroscopy of molecules that are decoupled from a metallic substrate [52, 279, [280] (single-
particle vibronic modes are quenched by direct molecular coupling to a metallic electrode [52),
280]). The spacing between vibronic satellites corresponds to the quantum of vibrational
energy (hw) for the molecular vibrational state that is entangled with the electronic orbital.
Vibronic states do not appear in DFT calculations of electronic levels because the Born-
Oppenheimer assumption prevents mixing of electronic states with vibrational modes.

To verify this picture, we calculated the theoretical vibrational modes for CVB molecules
on graphene, as well as the electron-phonon coupling that exists between the molecular
LUMO state and each vibrational mode. While the molecular vibrations are expected to
span a wide energy range, we seek to understand whether strong electron-phonon coupling
exists for any modes having energy similar to the energy difference between peaks 1 and
2 (0.2eV), as well as between peaks 2 and 3 (0.22¢eV). The grey lines in Fig. show
the theoretical vibrational modes of CVB on graphene, calculated within the framework of
DFT perturbation theory. As expected, they span a wide energy range, up to 400meV. The
calculated electron-phonon coupling strength between these modes and the CVB LUMO
state is shown by the bold blue trace in Fig. [f.2c. The electron-phonon coupling shows
a strong peak at the modes near 200 meV, in good agreement with the experimental value
of AF5 and AFs; which have an average value of 210meV. From the calculation we are
able to determine that the modes with high electron-phonon coupling at 200 meV mainly
involve C-H rocking vibrations (which have representations A}, E}, and E} of the Cg, point
group) suggesting that this particular type of vibration is the origin of the vibronic satellites
observed experimentally as peaks 2 and 3 (a detailed calculation of electronic LDOS within
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4.2. 'Tuning molecular charge states using a gated graphene device

the 1st order cumulant approximation for the electron-phonon coupling is shown in the
Supporting Information of [175]).

This vibronic interpretation of the df/dV spectrum helps to explain the gate-dependent
orbital switching observed in d//dV maps obtained at a fixed tip-sample bias of Vg = 2.4 V.
Here a gate voltage of Vg = 0V yields a dI/dV map reflecting the LUMO density (Fig.
[1.3p,d) while a gate voltage of Vi = 60V yields a dI/dV map reflecting the LUMO+1
density (Figs. ). Within a vibronic picture the fixed tip-sample bias at Vg = 0V
probes the peak 3 resonance which is a vibronic LUMO satellite, whereas gating at Vg =
60V shifts the tunnel current to the peak 4 resonance which reflects the LUMO+1 state.
Electrostatic gating thus allows a fixed tip-sample bias to switch between imaging the LUMO
and LUMO+1 orbitals.

In conclusion, we have shown that CVB molecules adsorbed onto a graphene/BN device
self-assemble into a hexagonal lattice and develop vibronic peaks that correspond to coupling
of electrons to the A}, E}, and EY, rocking modes of the CVB carbon-hydrogen bonds. The
fact that vibronic peaks can be so readily resolved in the molecule/graphene spectra shown
here suggests that substrate-induced lifetime broadening is weak on graphene due to elec-
tronic decoupling of adsorbed molecules [52, 280]. Gating the hybrid molecule/graphene de-
vice allows electronic switching between two different molecular states (LUMO and LUMO+1)
for a fixed tip-sample bias voltage. Extensions of this approach can be envisioned that might
allow exploration of gate-controlled changes in molecular functionality for hybrid graphene
devices at the single-molecule level.

4.2 Tuning molecular charge states using a gated
graphene device

In the previous section we tuned the orbitals of CVB through the application of a back-
gate. However, since the frontier molecular orbitals were far from the Fermi energy we
were not able to change the charge state of the molecules by moving their orbitals across
the Fermi energy. Therefore, we moved to study a stronger electron acceptor tetrafluoro-
tetracyanoquinodimethane (F4-TCNQ), which is known to have a very high electron affin-
ity [136], and therefore orbitals that should lie closer to the graphene Dirac point. F4-TCNQ
has also been shown to undergo charge transfer with graphene [137-139]. This leads to p-
doping of the graphene and negative charging of F4-TCNQ), since electrons are transferred
from graphene to the molecule. For this charge transfer to occur we expect the LUMO of
F4-TCNQ to lie below the Fermi energy of graphene, which would make it susceptible to
be tuned by applying a back-gate (assuming the LUMO is not too low in energy). Strong
acceptors like F4-TCNQ, TCNQ or TCNE are also known to undergo charge transfer with
metals [281-285], and experiments have shown that this charge transfer is accompanied by
a strong surface reconstruction of the substrate [92, 282, 286, [287], e.g. Au(111), leading to
metal-organic networks between molecules and individual metal atoms.
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4.2. 'Tuning molecular charge states using a gated graphene device

We tested our deposition procedure for F4-TCNQ by first depositing it onto Au(111).
This allowed us to study the properties of F4-TCNQ on a simple metal, and shed more
light on recent results in the literature (section . Then we deposited F4-TCNQ onto
graphene and studied charge transfer within the F4-TCNQ/graphene system in addition to
controllably switching the charge state of FA-TCN(Q between neutral and negative states

(section [4.2.3]).

4.2.1 Methods

We deposited F4-TCNQ (Fig. [f.4k) from a Knudsen cell onto a Au(111) sample held at
room temperature. The Au(111) crystal was previously prepared using the typical UHV
argon-ion sputtering and annealing techniques. The sample was then cooled to T'= 4 K and
measured using our Omicron low temperature STM/AFM system and CO was deposited at
T = 5K for tip modification involving qPlus AFM measurements [172].

A back-gated graphene sample was used, as described in section .1.1] In order to take
qPlus measurements of internal bond structure of adsorbed molecules on graphene we had to
functionalize the tip with a single CO molecule. This tip functionalization is an important
ingredient for sub-molecular resolution (see chapter 3| [172]), but CO molecules do not adsorb
well onto graphene. We therefore deposited CO molecules onto Au(111) at 7" = 5K as usual,
then functionalized the tip, and then exchanged the sample in the STM stage with graphene
and approached the graphene while the CO molecule stayed adsorbed to the tip. On graphene
we could then undertake qPlus measurements as in chapter [3

4.2.2 F4-TCNQ adsorption configuration on Au(111)

F4-TCNQ on Au(111) was first studied with STM and STS by Hla and coworkers [281].
Later it was found that the strong interaction of F4-TCNQ with Au(111) leads to individual
Au atoms being pulled towards the F4-TCNQ molecules, creating islands of metal-organic
coordination bond networks [282]. Supporting evidence for this reconstruction came from
STM images showing that the conventional herringbone reconstruction of Au(111) is de-
stroyed due to the displacement of Au atoms. We studied this system with qPlus AFM with
sub-molecular resolution in an effort to directly image the metal-organic bonds [121], 228] of
such a network.

At low coverages we observed that F4-TCNQ adopts a flat-lying geometry on Au(111),
with single molecules adsorbed with their long axis perpendicular to the gold step edges.
At higher coverages, F4-TCNQ formed dimers, trimers and well-ordered islands (Fig. |4.4),
similar to what was observed previously [281, 282]. In the STM images F4-TCNQ molecules
in all adsorption configurations have featureless elongated shapes at the imaging parameters
used here (Fig. [f.4h,c,e). However, in the island configuration (Fig. [{.4h), clear smaller
round features are visible between F4-TCNQ molecules. In addition, the herringbone recon-
struction of Au(111) is not visible on the islands.
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Figure 4.4: Various F4-TCNQ adsorption configurations on Au(111). (a) Constant current STM image
of an island of F4-TCNQ on Au(111). In addition to the featureless oblong shapes of F4-TCNQ, round
features appear between them. Imaging parameters: Vg = 100mV, I; = 10pA. (b) Constant height qPlus
measurement of frequency shift over the F4-TCNQ island (using a CO-modified tip). The chemical structures
of individual F4-TCNQ molecules are clearly visible, with a central ring, fluorine atoms and cyano groups.
The orange circle marks the position of additional bright, round protrusions, which we assign to vertically
displaced Au atoms. Some cyano groups of the F4-TCNQ are not visible, possibly due to bending away
from the tip towards the surface. (¢) STM image of F4-TCNQ dimer. Imaging parameters: Vg = 50mV,
I; = 20pA. (d) gPlus image of F4-TCNQ dimer showing one missing pair of cyano groups for each molecule,
indicating that they are bent towards the surface. This also shows that the molecules adsorb with cyano
groups facing each other. (e) STM image of F4-TCNQ trimer. Imaging parameters: Vg = 50mV, I; = 10 pA.
(f) gPlus image of F4-TCNQ trimer, revealing a missing pair of cyano groups as in (d) and cyano groups
facing each other. (g) Chemical structure of F4-TCNQ.
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qPlus AFM measurements of F4-TCNQ in these adsorption configurations (performed
with a CO-modified tip) reveal the sub-molecular structure and intermolecular bonding con-
figuration (Fig. ,d,f). For the dimers and trimers we notice that the chemical structure
of FA-TCNQ (Fig. [4.4p) is nearly completely reproduced in the images, with a central C
ring, four fluorine atoms connected to it, and cyano groups at the ends. However, only one
pair of these cyano groups is visible, which suggests that the other side either dissociated
from F4-TCNQ or is bent towards the surface, which would result in reduced contrast from
these constant height images. For the island (Fig. ) we also observed F4-TCNQ chemical
structure, again without measuring contrast from two cyano groups. Additionally, there are
bright features in the qPlus image between the neighboring molecules’ cyano groups. These
bright, round, features are at the locations where bright features in STM images appear
(Fig. [4.4h).

From previous DFT calculations [282, 283, 286] we know that F4-TCNQ and TCNQ can
adopt a bent geometry when adsorbed onto metals. This is facilitated by the charge transfer
to F4-TCNQ, which turns the rigid quinoidal structure into a more flexible aromatic one
(this turns the C=C bonds between the central and neighboring C atoms into single bonds,
which allows more freedom of rotation), as shown for TCNQ [286]. Additionally, due to the
strong interaction between F4-TCNQ and Au(111), it was calculated [282] that Au atoms are
displaced vertically and participate in the bonding between molecules. These two findings
are corroborated by our qPlus measurements. We interpret the bright protrusions between
F4-TCNQ in the island to be the vertically displaced Au atoms that bond to F4-TCNQ
molecules, the bonds of which can also be seen in Fig. [{.4p. Additionally, we believe that
the reason we cannot resolve one pair of cyano groups in the qPlus images of the island is
due to those cyano groups bending towards the surface more than the others. For dimers
and trimers we speculate that the Au atoms are vertically displaced and participate in the
bonding, but are still far below the molecular plane and cannot be seen in the images (Fig.
,f), again we hypothesize that the unobserved cyano groups are bent strongly towards
the Au(111) surface.

Our images of metal molecule bonds [121], 228 support the conclusions of [282] that when
F4-TCNQ adsorbs onto Au(111) a surface reconstruction occurs, which involves vertical
displacement of Au atoms and organo-metallic bonding leading to extended molecule-metal
networks. Our qPlus images allow us to determine the bonding configuration by directly
imaging the molecule-metal bonds and the lack of contrast on some of the cyano groups
indicates that they are bent towards the Au(111) surface.

4.2.3 F4-TCNQ on graphene

In the previous section we saw that there are different adsorption configurations for F4-
TCNQ on Au(111), which have been linked to charge transfer. In this section we will show
that there is also charge transfer for F4-TCNQ on graphene and that the amount of charge
transfer depends on the type of adsorption configuration, which we determine in detail via
sub-molecular qPlus imaging (section [4.2.3.1)). Furthermore, we will also demonstrate that
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charge transfer can be tuned for single molecules through the application of a back-gate

(section [4.2.3.2)).

4.2.3.1 Adsorption configuration of F4-TCNQ and charge transfer

As in section [4.2.2] we deposited F4-TCNQ from a Knudsen cell, but this time onto a graphene
FET device at room temperature instead of Au(111). This graphene device allows back-
gating, which leads to control of the Fermi level of graphene, as discussed in section [4.1]
After deposition, the device was cooled to 4 K for STM and gqPlus measurements.

At different deposition coverages the F4-TCNQ molecules adopted various adsorption
configurations and for higher coverage a greater amount of p-doping of graphene was ob-
served (Fig. [4.5). At low coverage F4-TCNQ formed isolated monomers on the surface of
graphene. This is in contrast to other molecules, which have been deposited on graphene on
insulators, e.g. PCDA [288], 289, CVB [175], CoPc [170], which all formed islands and were
not observed as monomers. Even when scanning at small currents the F4-TCNQ monomers
were not always stable (Fig. [.5h). Their shape is similar to the LUMO of F4-TCNQ [282,
283|, having a central oblong shape with four circular “lobes” at the corners. They ap-
pear evenly spaced, not randomly distributed, which would result in more heterogeneous
molecule-molecule distances. The existence of monomers on the surfaces indicates relatively
high binding of F4-TCNQ on graphene, possibly due to charge transfer, which might also
explain the even spacing due to electrostatic repulsion.

For slightly higher coverage we observed the emergence of two new adsorption configu-
rations: “chains” and “clusters” (Fig. [4.5b). Chains are formed by joining molecules along
their long axis, with neighboring molecules slightly offset, which results in two possible con-
nections between molecules and the formation of zig-zag and straight segments in chains.
Clusters are usually formed by four molecules (though rarely trimers are also observed).
The core of the four-molecule clusters contains two molecules connected head-on, i.e. not
offset, along either the long or short axis of the molecules. The remaining two molecules
each connect with one of their corners to the corners of the other two. For even higher
coverages the chains and clusters become more dense and a second layer of molecules grows
(Fig. [4.5k). The second layer molecules have similar geometries as the chains, but usu-
ally there is an additional bright feature close to an edge molecule that is not related to
the typical molecule shape in any obvious way. Additionally, more extended islands are
formed in some areas of the sample (Fig. . dI/dV measurements on pristine graphene
and at increasing F4-TCNQ coverages show that graphene becomes increasingly p-doped
as the coverage of F4-TCNQ is increased (Fig. ) This p-doping of graphene indicates
that electrons are transferred from graphene to F4-TCNQ, which has been observed before
in photoemission experiments [137, [139] for F4-TCNQ on graphene on SiC, but never for
molecules graphene/BN. The maximum shift in Fermi energy from p-doping with F4-TCNQ
observed here is ~ 200 meV.

Since there is clear p-doping of graphene there must be charge transfer to some of the
molecules. An important question to address is if the F4-TCNQ adsorption configuration
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Figure 4.5: Various adsorption configurations of F4-TCNQ on graphene. (a) Lower coverage of ~ 0.1
monolayers (ML). The F4-TCNQ molecules adsorb as roughly evenly spaced monomers. They are not
always stable, even for low tunnel currents, as can be seen in sudden changes in position of some of the
molecules. Imaging parameters: Vg = 2.3V, I; = 5pA. (b) Higher coverage of ~ 0.3 ML yields two new
adsorption configurations: “chains” and “clusters”. The chains are overall 1-d structures with zig-zag and
straight segments and are formed by molecules arranged slightly offset from each other. Clusters are usually
formed by four molecules, where the central two molecules are connected head-on (not offset). Imaging
parameters: Vg = 2V, I; = 5pA. (c) At even higher coverages of ~ 0.7TML a second layer of molecules
grows. It usually has similar structure as chains, but additional bright circular spots appear near the second
layer molecules. Imaging parameters: Vg = 2V, I; = 5pA. (d) Representative dI/dV spectra taken on
graphene for bare graphene and F4-TCNQ coverages similar to the ones shown in (a)-(c¢). The black dot
indicates the Dirac point (see [268] [278] on graphene spectroscopy features) and is clearly shifting to higher
energies for higher coverages, indicating increasing p-doping, with a maximum shift of ~ 200 meV.
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has any influence on the amount of charge transfer. This can be tested through STM spec-
troscopy. It has been theoretically predicted [290-292] and experimentally verified [293] that
a charged impurity in graphene leads to asymmetric d//dV spectra on graphene near the
impurity. This asymmetry between the spectrum at positive and negative energies becomes
less pronounced for areas on graphene that are farther away from the impurity. No such
asymmetry is observed for neutral impurities.

We performed dI/dV spectroscopy on graphene at various distances from monomers,
chains, and clusters. For monomers it was not possible to do controlled measurements be-
cause the monomers moved due to the influence of the tip during spectroscopy measurements
on the nearby graphene. For chains we did not observe any electron-hole asymmetry, indi-
cating that the chains were not charged. For clusters, however, distance dependent dI/dV
on graphene revealed an asymmetry that weakened with increasing distance to the cluster
(Fig. . The different positions probed are indicated by colored crosses in Fig. .
As the distance is decreased the dI/dV value at Vs = —0.5V increases, while the value at
Vs = 0.5V decreases. This qualitative behavior is consistent with the interpretation that
the cluster is negatively charged as calculated in [290-292]. In the immediate vicinity of the
cluster, we observe a slight depression (dark feature) in the STM image (Fig. [4.6, white
arrow). This could possibly indicate a screening cloud in graphene similar to what has been
observed on other semiconductors around charged adsorbates [51, 294, 295]. A similar de-
pression feature is absent near the chains (Fig. [4.6f, blue arrow), which further indicates
that the clusters are charged while the chains are not.

To understand this adsorption dependent charge transfer between graphene and F4-
TCNQ we performed spectroscopy on the chains and clusters of F4-TCNQ (Fig. . On
clusters, dI/dV spectroscopy reveals three main resonances, two below the Fermi energy
and one above (Fig. ) Since the on-graphene spectroscopy of Fig. indicates that the
clusters are charged, we interpret the three resonances as HOMO, singly occupied orbital
SOMO (previously LUMO) and uncharged SOMO+U above the Fermi level (whose energy
is that of the SOMO plus the onsite Coulomb repulsion due to adding another electron),
see Fig. [1.7pb. The state above the Fermi level shows some additional features on a smaller
scale, which might be related to vibronic states, as discussed in section for CVB.

For the chains, however, the dI/dV spectra were very different (Fig. [£.7d). There is
a peak just above the Fermi level, with smaller features (again possibly related to vibronic
states) and a very sharp feature at ~ —1.1V. Because distance dependent spectroscopy
indicates that chains are not charged we interpret the peak just above the Fermi level as the
uncharged LUMO. The sharp feature at negative bias is similar to what has been observed
previously for tip induced charging events, so we interpret it as such a “charging peak” [108|,
296]. This charging event is caused by the tip bias creating a potential on the molecule which
pulls the molecular orbital beyond the Fermi level and can therefore change the charge state
of the molecule. High-resolution spectroscopy of F4-TCN(Q monomers was not possible
because they were unstable, moving laterally as well as jumping to the tip.

These measurements indicate that of all the molecules on graphene, only the clusters are
charged (and also larger islands which have a similar adsorption configuration to clusters,
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Figure 4.6: Graphene spectroscopy near clusters shows that the clusters are charged. (a) Overview STM
image of the area where spectroscopy measurements were taken. The positions of dI/dV measurements are
indicated by colored crosses corresponding to similarly colored curves in (b). There is only one cluster in
this region. (b) dI/dV measurements on graphene for various distances from the cluster in (a). For small
distances dI/dV is higher at Vg = —0.5V and lower at Vg = 0.5V than farther away, which indicates that
the cluster is negatively charged [290H293|. (c¢) Close-up STM image of the area, showing a slight dark
depression very close to the cluster (white arrow), which is absent very close to the chains (blue arrow). All
imaging parameters: Vg =2V, I} = 5pA.

see Fig. 4.9, with similar electronic structure), but the chains are not charged, at least
when the tip is approached. A possible reason for this stark difference in electronic structure
and charge state based on adsorption configuration could be a difference in polarization of
the environment around the molecule, which leads to a different amount of screening of
charge and can have an influence on the energy of the molecular orbitals. The molecular
environment, specifically the number of polarizable neighbors, has been shown to shift the
energy levels for molecules on metals [95]. This could have a bigger effect on the molecules
in determining their charge states if the levels are shifted across the Fermi level.

To better understand the impact adsorption configuration might play in the energy level
alignment and charge states of F4-TCNQ/graphene/BN, we performed qPlus and STM
measurements with sub-molecular resolution on the F4-TCNQ chains (Fig. . A closeup
STM image of a chain structure shows that the electronic structure of the chains looks quite
different from a simple addition of monomer shapes (Fig. [4.8a). This indicates orbital
overlap and significant hopping between molecules. qPlus images of the chain structures are
shown in Fig. [4.8b. These images reveal unambiguously that the molecules are arranged
parallel to each other but offset, such that two of the fluorine atoms on one side of the central
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Figure 4.7: Spectroscopy for two different adsorption configurations show different electronic structure. (a)
STM close-up image of a cluster, showing how F4-TCNQ orbitals overlap on the corners of the molecules.
The red cross indicates the position where spectroscopy was taken. All imaging parameters: Vg = 2V,
I, = 10pA. (b) dI/dV spectrum taken at the red cross in (a). Three main resonances are visible, which
we assign to the HOMO, singly occupied orbital SOMO (former LUMO), and the SOMO+U (whose energy
is that of the SOMO plus the onsite repulsion from adding another electron). We expect the LUMO of the
free molecule to now be below the Fermi energy (as the SOMO) because graphene spectroscopy indicates
that clusters are charged. (c) STM close-up image of the chains, shows orbital overlap at the corners of
slightly different type than for clusters. The blue cross indicates the spectroscopy location. (d) dI/dV
spectrum at the blue cross in (c). There are two main features. The first is a broad resonance just above
the Fermi energy which we assign to the empty LUMO because graphene spectroscopy shows that chains are
not charged. The other one is a sharp feature at ~ —1.1V, which we assign to a charging peak that occurs
due to sudden charging of the molecule through the application of a tip bias.
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Figure 4.8: One dimensional “chain” adsorption configuration for F4-TCNQ. (a) STM constant current
image of a chain of F4-TCNQ molecules on graphene/BN. The orbital structure of the molecules shows
overlap, which suggests a certain degree of electron hopping and delocalization between molecules. Imaging
parameters: Vg = 2V, I, = 5pA. (b) Constant height qPlus frequency shift image of the same chain.
The adsorption configuration of the molecules can clearly be determined from the image. The molecules
are aligned in parallel to each other, offset such that fluorine atoms on the central ring of one molecule are
lined up next to a nitrogen atom of the neighbor. (¢) qPlus image with lower tip height than (b) to increase
contrast. (d) Zoom in on two molecules in the chain, showing very faint lines connecting two fluorines of the
right molecule with a nitrogen of the left molecule. This might either indicate bonding between molecules
or be an imaging artifact due to tilting of the CO on the tip. (e) Ball and stick model of the adsorption
configuration shown in the images.

carbon ring are lined up with a cyano group of the neighboring molecule (Fig. 4.8¢). The
image does not reveal any obvious covalent bonding between molecules, as one might expect
given the STM data. Even an image taken at lower tip height for increased contrast does
not show any such bonding (Fig. [4.8c). A zoom-in on one pair of molecules (Fig. [4.8d)
does show very faint lines connecting the fluorine atoms of one molecule to the nitrogen
atoms of the neighbor. It is not clear how to interpret these lines because they could either
indicate bonding electron density, or possibly an imaging artifact caused by tilting of the
CO molecule on the tip. Further theoretical modeling of the molecule-tip system has to be
done to conclusively determine which interpretation is correct.

In addition to clusters, chains, and monomers, we also found F4-TCNQ molecules ar-
ranged into larger islands on the graphene/BN surface (Fig. [4.9). dI/dV spectroscopy of
these islands showed the same features as clusters, indicating that they are also charged.
Therefore, they serve as a more ordered geometry to investigate the origin of the differences
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Figure 4.9: Adsorption configuration for islands of F4-TCNQ. (a) Constant current STM image of F4-
TCNQ on graphene in the island geometry. The orbitals of the molecules show clear overlap, which could
indicate significant electron hopping and delocalization between molecules. Imaging parameters: Vg =2V,
I, = 7TpA. (b) Constant height qPlus frequency shift image of the same island. Thin lines can be seen,
connecting nitrogen atoms of neighboring molecules to each other. (c) Constant current STM image of
an F4-TCNQ dimer on top of an F4-TCNQ island. There is orbital overlap and the molecule positions
are commensurate with the underlying F4-TCNQ lattice. Imaging parameters: Vg = 2V, I, = 5pA. (d)
Constant height gPlus image of the same dimer, revealing the internal bond structure of the molecules but
no lines between them.

in electronic structure between clusters/islands and chains. STM images of these islands
show clear signs of orbital overlap, which could indicate electron delocalization within the
island (Fig. [£.9n). To understand the precise adsorption configuration of these islands we
performed constant height qPlus AFM imaging, which showed that the molecules are ar-
ranged parallel and head-on relatively to each other (Fig. ) At this tip height we can
also clearly observe thin lines connecting nitrogen atoms of neighboring molecules with each
other. Again this may either indicate a bond, the existence of which would be surprising in
this configuration, or an imaging artifact. We will discuss this further using height depen-
dent images below (Fig. . We also observed the growth of a second layer of F4-TCNQ
on top of molecular islands (Fig. [4.9¢). qPlus images of the adsorption configuration of the
dimer (Fig. [1.9d) does not show any lines between nitrogens.

In an effort to better understand the nature of the faint connecting lines between molecules
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Figure 4.10: Tip height dependent qPlus images of F4-TCNQ islands show the appearance of intermolecular
bonding. (a) Close up STM image of nine molecules within an F4-TCNQ island. All tip heights given in this
caption are relative to a tunneling setpoint of V; = 2V and I; = 5pA at the location of the cross. Imaging
parameters: Vg = 2V, I, = 60pA. (b) gPlus image of the same area at a tip height of Az = —0.30 nm.
There are no bright lines between molecules, however one can see regions of increased intensity near the
triple bonds of the CN groups. (c¢) qPlus image at tip height Az = —0.32nm. (d) gPlus image at tip height
Az = —0.33nm. (e) qPlus image at Az = —0.34nm. Here, clear thin lines are visible between the CN
groups of neighboring molecules. (f) Adsorption configuration using ball and stick models. The red dashed
lines indicate the position of the thin line features in the qPlus images.
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in islands seen in qPlus images (Fig. ) we imaged an area of nine molecules within an
island at various tip heights (Fig. [£.10). It is known from previous studies [227] that the
CO molecule on the tip tilts more when it is closer to a surface molecule which can result
in sharper lines representing the bonds in images. In our images (Fig. [4.10b-e) we moved
the tip closer for each image and the sharp thin lines began to emerge for close tip heights,
but were absent at larger tip heights. In contrast, at higher tip heights, areas of increased
intensity are visible near the CN triple bonds, similar to what has been shown in chapter
and previous work [173] [174]. One hypothesis for the emergence of the sharp line features
for smaller tip heights is that the CO tip switches between two metastable tilt positions due
to the large electron density of the neighboring triple bonds.

As we have seen above there are several adsorption configurations for F4-TCNQ on
graphene/BN whose precise nature determines the charge states of the molecules for zero
applied gate voltage. To test whether we could switch the charge states of adsorbed molecules
we applied a range of gate voltages —60V < V; < 60V. The result was that dI/dV
spectroscopy showed almost no effect of the gate on clusters, and that for chains the molecules
often became unstable when applying a gate.

When studying this instability more systematically, however, we found that chains could
be dissociated through the application of a back-gate in combination with the influence of the
tip (Fig. . We imaged an area of graphene where a number of molecules were adsorbed
in the chain configuration (Fig. [4.11a). Then we positioned the tip in the top left corner of
the image, while applying a sample bias of 2V and a gate voltage of 55V for 5 minutes. We
then turned off the gate voltage and rescanned the same area. Some of the chains had now
dissociated into monomers, and after repeating this procedure three more times many more
molecules had dissociated from chains and now existed as monomers on the surface (Fig.
4.11pb). This phenomenon did not occur if the gate was not applied at all, or if the tip was
withdrawn far from the surface while the gate was applied. The influence of both the gate
and the tip in concert with each other leads to this dissociation. This leads to the following
hypothesis. Since we have seen before that the LUMO in the chains is relatively close to
the Fermi energy (Fig. ), it is possible that the application of a positive back-gate
voltage of 55V is sufficient to shift the LUMO below the Fermi level and therefore charge
the molecules negatively. These negatively charged molecules are still bonded to each other
in the chain configuration if no tip is near, apparently because the bonding strength exceeds
the coulomb repulsion. When the tip is near the molecules, however, the negative tip bias
creates an electric field which could lead to the dissociation of the negatively charged chains,
because each monomer is additionally repelled by the tip. This hypothesis would also explain
why it was difficult to perform controlled dI/dV spectroscopy on chains while applying a
gate.

To conclude this section, we have deposited F4-TCNQ molecules onto a gated graphene /BN
device and demonstrated that there is charge transfer from the graphene to the molecules.
This charge transfer was shown to be highly dependent on the local adsorption configura-
tion of the molecules, with chains being neutral and clusters and islands being negatively
charged. We investigated the differences in adsorption configuration in an effort to explain
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Before gating After gating (V; = 55V)

Figure 4.11: Diffusion of molecules, remotely actuated by the back-gate and the tip. (a) STM image of
F4-TCNQ molecules in chain configuration on graphene/BN, before applying a gate voltage, imaged at
Ve = 0V. (b) STM image at Vo = 0V of the same area after multiple steps of applying a gate voltage
of Vg = 55V and imaging at Viz = 0V. Many chains have dissociated into isolated monomers. Imaging
parameters: Vg =2V, I, = 1pA.

these differences, using qPlus imaging with individual-bond resolution. These images showed
that the molecules in chains are offset from each other while in islands they are aligned head
on. Additionally we observed the appearance of sharp lines between molecules in islands,
which might either indicate intermolecular bonds or an imaging artifact. We could not con-
trollably monitor the evolution of the local density of states for molecules as we applied
a gate voltage because of the molecules’ instability. Nevertheless, we were able to use the
back-gate to achieve remotely actuated molecular motion, likely a combination of charging
of the molecules and the electrostatic influence of the biased tip.

4.2.3.2 Controlling the charge state of individual molecules

In the previous section we discussed how it was not possible to controllably use the gate
voltage and perform spectroscopy on F4-TCNQ molecules in chain or monomer configuration.
Additionally, we found an intriguing difference in the electronic structure of F4-TCNQ in
chain and cluster/island configuration. To understand this better, we needed to find a way
to study the simplest adsorption configuration, the monomer of F4-TCNQ. Our solution to
this problem was to deposit a different molecule, 10,12-pentacosadiynoic acid (PCDA), on
graphene/BN to serve as an anchor for F4-TCNQ), which made stable imaging, spectroscopy
and gating possible for individual molecules.

We deposited PCDA [288|,289] molecules from a Knudsen cell onto a back-gated graphene/
BN device at room temperature, before also depositing F4-TCNQ (Fig. £.12). The PCDA

65



4.2. 'Tuning molecular charge states using a gated graphene device

d FsTCNQ PCDA
N\\ //N
" ] X S oQ
F F M
N,

F4-TCNQ—>
' PCDA island—p ©

graphene

4 nm

na‘“;a ’“l“hl "h"L_l '“.l“-.l‘“l‘,"

Figure 4.12: Monomers of F4-TCNQ on graphene/BN, stabilized by PCDA. (a) Chemical structure of F4-
TCNQ and PCDA. (b) STM image of F4-TCNQ monomers adsorbed onto graphene/BN. At low coverages
the molecules arrange as roughly evenly-spaced monomers. However, they are not stable enough to perform
high resolution STS or qPlus measurements. Imaging parameters: Vg = 2V, I; = 5pA. (c) STM image
of F4-TCNQ monomers adsorbed at the edges of PCDA islands on graphene/BN. The molecules within the
PCDA island are aligned as indicated by the black lines in the upper right. The F4-TCNQ molecules are
strongly bound to the islands, which enables STS and qPlus measurements. Imaging parameters: Vg =2V,

adsorbs into well-ordered islands and the F4-TCNQ binds at the PCDA island edge, usu-
ally along the F4-TCNQ’s long axis (Fig. [1.12k). This sufficiently stabilized F4&-TCNQ for
further STS and even qPlus measurements.

In an effort to understand the nature of the bonding between PCDA and F4-TCNQ that
stabilizes the monomers, we performed qPlus measurements. These measurements give a
detailed view of the precise adsorption configuration by showing the graphene honeycomb
lattice, the F4-TCNQ molecule, and the PCDA molecules all with individual-bond resolution
(Fig. [413). Fig. also shows a zoom-in STM image of F4-TCNQ adsorbed at a
PCDA island edge. The corresponding qPlus AFM image of the same area shows the precise
adsorption configuration (Fig. [4.13p). Usually qPlus images with sub-molecular resolution
are taken at constant height, but in this case we used a slightly different procedure. In
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order to image the graphene, the higher-lying F4-TCNQ), and the even higher-lying PCDA,
we had to adjust the tip height at two positions to always achieve high enough contrast in
the frequency shift. We, therefore, started the image at a large tip height on the right side
(the PCDA side), scanning top to bottom to capture PCDA with sub-molecular resolution.
When the tip reached F4-TCNQ, we lowered the tip height and continued scanning at the
new constant height to image F4-TCNQ. When the tip was well past the F4-TCNQ, we
lowered the tip again to capture the honeycomb lattice of graphene (see Fig. , lower
panel, the locations where the tip height was changed are indicated with black arrows).

This procedure allowed us to capture the bond structure of all the different elements in
one image. This image clearly reveals the honeycomb lattice of the graphene, the hydrogen
atoms along the PCDA molecules and the triple bonds within PCDA, which are areas of
higher electron density. The chemical bonds within F4-TCNQ are also resolved, including
a slight distortion of the central ring of F4-TCNQ where the two vertical C=C bonds on
the sides appear shorter than the others. This is consistent with the quinoidal nature of
F4-TCNQ), i.e. the outside bonds are double bonds. C=C double bonds have been shown
to appear shorter in qPlus AFM images due to the tilting of the CO on the tip [227], which
exaggerates the actual difference in bond length between single and double bonds.

A zoom-in gPlus image of the F4-TCNQ molecule shows signs of bonding between F4-
TCNQ and PCDA (Fig. [1.13f,d). In the qPlus image (Fig. [4.13{d) we can observe faint
lines connecting nitrogen and fluorine atoms of F4-TCNQ to hydrogen atoms of PCDA, the
suggested locations of which are indicated in Fig. [.13k. As discussed in section
such lines may indicate intermolecular bonds between F4-TCN@Q and PCDA or imaging
artifacts. In this case our hypothesis is that these lines do represent intermolecular bonds,
in particular hydrogen bonds, because they are known to form between nitrogen/fluorine
and hydrogen. Another indication that these lines are actual physical features as opposed
to measurement artifacts is the fact that they are not completely mirror symmetric around
a central horizontal axis through F4-TCNQ), even though the adsorption configuration is.
The upper nitrogen shows two bonds while the lower nitrogen only shows one. However,
the relative positions of hydrogens and nitrogens for both the top and bottom parts of the
molecule are similar. We assume that there is only a slight difference in geometry between
top and bottom, e.g. the distance between nitrogen and hydrogen, and that hydrogen bonds
only form suddenly at a specific minimum distance while any measurement artifacts are
continuously dependent on the distance between atoms. If these assumptions are correct
we can conclude that the complete absence of a line between nitrogen and hydrogen at the
bottom of the molecule indicates that these lines represent hydrogen bonds [229], and that
the distance at the bottom of the molecule is too big for such a bond to be formed.

Gate-dependent scanning tunneling spectroscopy reveals the existence of a molecular
state near the Fermi energy (Ep), which can be shifted below and above Ep, thus controlling
its filling and the molecule’s resulting charge state (Fig. [4.14). Even though this molecule
is bonded to the PCDA island, we found that the dI/dV spectra of F4-TCNQ molecules
are not significantly altered compared to the isolated F4-TCNQ monomers on graphene, for
which we could take low resolution spectra with large tip height (not shown). Fig.
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Figure 4.13: Individual-bond resolution images of graphene honeycomb lattice, F4-TCNQ and PCDA. (a)
STM image of a single F4-TCNQ molecule adsorbed at the edge of a PCDA island. Imaging parameters:
Vs =2V, I, = 8pA. (b) gPlus image of the same area. The image was taken at three different constant
heights, the tip height was adjusted down from PCDA to F4-TCNQ and then to graphene heights at the
positions indicated by arrows. The red dashed line indicates the tip height during imaging. The qPlus image
shows the honeycomb lattice of graphene, the slightly distorted F4-TCNQ internal bond structure (the C=C
bonds on the side are shorter because of their double bond nature), and the PCDA internal structure. For
PCDA we observe the upwards pointing hydrogen atoms as well as the triple bond locations between two
sections of PCDA which show slightly higher intensity within an area of overall lowered intensity due to the
lack of upward pointing hydrogen atoms. (c) Ball and stick model of the adsorption configuration with red
dashed lines indicating the proposed positions of the faint lines in (d), connecting F4-TCNQ and PCDA.
(d) Zoom in gPlus image of F4-TCNQ. The slight distortion of the C=C bonds on the side of the central
ring is more obvious here (appearing much shorter than the others). Faint lines connecting fluorine and
nitrogen atoms of F4-TCNQ to hydrogen atoms of PCDA are visible. There are two lines connected to the
top nitrogen but only one to the bottom nitrogen.
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shows dI/dV spectra taken on the center of an F4-TCNQ monomer adsorbed at the edge of
a PCDA island as in (Fig. [£.13). There are a number of different features that the spectra
have in common. Each spectrum has at least one broad peak with smaller evenly spaced
satellite peaks farther away from the Fermi energy: for a gate voltage of —50V (blue) this
peak is at positive sample bias, for a gate voltage of —30V (red) this peak is at negative
sample bias, and for a gate voltage between the previous two, 10V (green), there are two
of these features, one on each side of the Fermi energy. Additionally, there is a very sharp,
high-intensity feature for both the blue and red curves (—50V and 30V, respectively) at
sample biases of opposite sign compared to the broad feature. The spectra on these sides
have been scaled by the factors indicated, in order to fit both the sharp and broad features
on the same plot. The sharp features are labelled “charging” for reasons described below.

In addition to the on-molecule spectroscopy, we performed off-molecule spectroscopy over
bare graphene close to the molecules, which gives insight into the charge state of the molecules
(Fig. ,C). As discussed in section , it has been shown that charged impurities
in graphene create a distance-dependent electron-hole asymmetry in the graphene LDOS
and resulting dI/dV curves [290-293|. For a negative impurity dI/dV below the Dirac
point increases and above the Dirac point decreases as one moves closer to the impurity. We
observed no such asymmetry in the d//dV of graphene near F4-TCNQ when the gate was
—50'V, which lowers the Fermi level compared to Vi = 0V (Fig. [1.14p). However, when
the gate was tuned to 30 V we did observe such an asymmetry in the d//dV, with the same
qualitative behavior as predicted for a negatively charged impurity (Fig. [4.14k). Since a
gate voltage of 30V shifts the Fermi level higher compared to 0V, this indicates that the
LUMO of the F4-TCNQ is filled at this gate voltage and the molecules become negatively
charged.

With this new insight that the molecules become charged when the gate is 30V and
uncharged at —50V, we can now better interpret the peaks in Fig. [£.14h. Since the broad
peak and its smaller satellites are above the Fermi energy at Vi = —50V and are pulled
below the Fermi energy at Vi = 30V, we can assign this feature to the free molecule LUMO.
We will use the convention of always labeling this orbital as LUMO, even when it is in the
singly occupied state (which might otherwise be referred to as a singly occupied molecular
orbital (SOMO)). Our convention of using LUMO simplifies communication when we discuss
switching of molecular charge states and shifting of the LUMO below and above the Fermi
energy (since the name of the state remains constant). To make a distinction between the
LUMO of the neutral and the LUMO of the charged molecules we will sometimes refer to
them as LUMO? and LUMO", respectively. Since the satellites are roughly evenly spaced,
and show a similar intensity as observed previously for CVB molecules (section [175])
we interpret them as vibronic modes of the LUMO. This interpretation is supported by the
fact that they always appear on the other side of the LUMO compared to the Fermi energy,
which corresponds to higher energy vibronic modes.

We interpret the sharp, high-intensity peaks on opposite sides of the LUMO (relative
to Ep) as “charging peaks” that are due to tip-gating of the molecule [107, (108, 296, 297].
From the qPlus AFM measurements shown in Fig. we know that F4-TCNQ lies ~ 3 A
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Figure 4.14: Gate-induced charging of F4-TCNQ. (a) dI/dV spectra taken at the center of the F4-TCNQ
molecules adsorbed at the edge of PCDA. The blue curve shows a broad uncharged LUMO? above the Fermi
energy, with smaller vibronic modes at higher energies and a sharp, intense “charging peak” at negative bias
(note the scaling of the spectrum at negative bias). Similarly the red curve shows a charged LUMO™ below
the Fermi level with smaller vibronic modes at lower energies and a charging peak at positive bias. When
the applied bias is below the charging peak the molecule is always negatively charged and above the charging
peak it is always neutral. For the green curve no charging peak is visible but instead both, a LUMO? and
LUMO™ peak, are observed. In this case we hypothesize that the charging event happens at very small bias,
and the LUMO “jumps” across the Fermi energy, beyond the tip bias, before being sampled again by the
sweeping tip bias, as a usual molecular resonance. (b) Graphene spectroscopy near an F4-TCNQ monomer
while the gate voltage is —50 V shows no dependence on the distance of the tip from the molecule, indicating
that the monomer is neutral . (c) Graphene spectroscopy near an F4-TCNQ monomer while the gate
voltage is 30 V shows a clear asymmetry between filled and empty states, which is dependent on the distance
to the molecule. Here the dI/dV below and above the Dirac point shifts up and down, respectively. This is
consistent with a negatively charged impurity [290H292].
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higher than graphene, which generates a double barrier tunnel junction (DBTJ) between
the tip, F4-TCNQ, and graphene. This causes a fraction, «, of the potential applied to the
tip to fall off between F4-TCNQ and graphene, which effectively shifts the energy of the
molecular orbitals relative to the graphene. For a given sign of sample bias this leads to a
shift of molecular energies of the opposite sign. For example, if the LUMO is slightly above
the Fermi energy, as for Vg = —50V (blue) in Fig. [£.14h, then a large negative sample bias
would shift the LUMO below the Fermi level and thereby charge the molecule. The charging
peak is seen due to the sudden electronic perturbation of having the LUMO be pulled below
the Fermi level. This means that for any sample bias below the charging peaks, the molecule
is negatively charged, while for any bias above the charging peak it is neutral.

The last feature to explain regarding the spectra in Fig. is the simultaneous ap-
pearance of both the LUMO® and LUMO . In this case, we believe that the tip-induced
charging event happens at very small bias, with the LUMO being shifted to energies beyond
this bias. As the voltage is swept during spectroscopy, the LUMO shifts across the Fermi
energy at small bias, and is then sampled as usual when the sample bias reaches the energy
position of the shifted LUMO. A necessary condition for this to be true is that the LUMO
cannot smoothly shift when crossing the Fermi level, but needs to shift discontinuously, or
“jump” across the Fermi level.

To further understand the gate-dependent spectroscopy of F4-TCNQ we took a series of
spectra for more finely spaced gate voltages (Fig. . In Fig. we can see the now
familiar features of F4-TCNQ spectroscopy with LUMO? and LUMO™ resonances, vibronic
modes and charging peaks (see Fig. for comparison and introduction to these features).
From top to bottom the gate voltage is increased, which shifts the Fermi level to higher
energies. We would therefore expect spectroscopic features that resemble the local density
of states to shift to the left. This is true for the LUMO feature, and in a certain sense for
the vibronic features, although they switch from being above the LUMO to being below the
LUMO energy, as expected for vibronic modes (which always lie opposite to the side of Ep).
The charging peaks, however, shift opposite to the direction of the LDOS features, which
means that the charging peak is not an LDOS feature. We note that for some gate voltages
between 6 V < V5 < 12V, the charging peak coincides with the LUMO.

In Fig. we present simulated dI/dV spectra calculated from a simple model that
involves DBTJ-induced “jumping” of the LUMO across the Fermi level, which is in good
agreement with the experimental curves in Fig. [£.15h. For this model we assume a Gaussian
peak for the state in LDOS, and take the measured dI/dV at a certain bias Vi to be the
derivative of the current from tunneling through all states between 0 V and V. Additionally,
to simulate the DBTJ we assume that the potential at the molecule is —a/V, relative to the
graphene, where o = 0.2 is a fitting parameter from an analysis of the relationship of LUMO
and charging peak in Fig. [£.15h. As the sample bias is swept in this model the Gaussian
state shifts by aV,. When the state gets within ~ 0.1eV of the Fermi level it jumps across
suddenly. This results in the sudden, sharp peak at the tip bias at which oV shifts the
resonance across the Fermi level, because a new state on the same bias side as the charging
peak becomes available for tunneling, leading to a step in current and a peak in df/dV. If
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we do not assume any discontinuous jump, then the charging peak is usually much broader
than the original LUMO, which is not experimentally observed (Fig. |4.15p). The simple
model, which includes a “jump” of the LUMO across the Fermi level, succeeds in capturing
all the essential features of the gate-dependent spectra of Fig. [£.15h: the shift of the charging
peak is opposite the shift of the LUMO, the sharp charging peak coincides with the LUMO
for some LUMO positions, and the charging peak disappears when the LUMO is close to the
Fermi level and both the LUMO? and the LUMO™ are measured in one spectrum.
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Figure 4.15: Comparison of gate dependent spectra with theoretical model. (a) dI/dV curves for a single F4-
TCNQ molecule adsorbed at the edge of PCDA for a range of different gates. As the gate voltage is increased
(from top to bottom) most spectroscopic features like the LUMO and vibronic peaks shift to lower energy,
consistent with the Fermi level shifting to higher energy. The sharp peak shifts in the opposite direction,
providing further evidence for the “charging peak” interpretation of this spectroscopic feature [296]. (b)
Simulated dI/dV curves from a simple model, which calculates dI/dV as the derivative of the total tunnel
current generated by tunneling through all states between 0V and the sample bias voltage. Additionally we
assume that the LUMO discontinuously “jumps” across the Fermi level when it gets close to the Fermi level.
The experimental features are well reproduced by this simple model.

To further test our hypothesis that the sharp spectroscopic feature is the charging peak
we performed bias-dependent qPlus AFM contact potential measurements at large positive
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gate voltages, i.e. when the molecule was charged due to the gate (Fig. [4.16)). These
measurements (for a single F4-TCN(Q molecule adsorbed at the edge of a PCDA island (Fig.
@h)) revealed the usual parabolic curve for the frequency shift vs. sample bias (see section
@D, the maximum of which indicates the sample bias which nullifies the local contact
potential difference between tip and sample (Fig. [4.16p). However, we also observed a dip
at large positive bias. These dips have previously been correlated with tip charging events of
single quantum dots [181} |298-300]. The appearance of dips can be readily explained by the
DBTJ model. When the tip is held at the bias where the dip appears the bias is sufficient to
charge the molecule by producing a large enough potential at the molecule’s location. This
can happen even when the tip is not directly on top of the molecule because the tip also
creates a potential laterally. This potential is smaller than directly below it, which explains
why the charging peak is at such a large bias when measured off the molecule. During
one oscillation cycle at this bias the tip moves farther away and out of the range where it
can shift the molecular orbital across the Fermi energy. As a result the molecule’s charge
state is modulated between negative charge and neutrality asynchronously with the AFM tip
oscillation. This modulates the force on the tip, which results in dissipation and a decrease
in frequency shift. Frequency shift images at different biases show rings of various sizes (Fig.
4.16c,d) which correspond to the locations where charging dips appear in the Af signal at
the corresponding bias. The nearly circular shape of the ring, centered at the molecule,
indicates that in order to charge the molecule the potential at the center of the molecule
needs to reach a certain value, which varies with gate voltage but it does not depend on the
direction of tip location relative to the molecule. Additionally, the increase in ring size as
the bias is increased can be understood because at higher bias the charging or discharging
event can happen when the tip is farther away because then a smaller fraction of the tip bias
falls off between molecule and graphene, leading to the same potential at the molecule.
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Figure 4.16: Bias-induced charging events measured as rings in frequency shift images. (a) STM image of
a single F4-TCNQ molecule adsorbed at a PCDA island. The red cross indicates the location of the bias
dependent frequency measurement in (b). A faint ring feature can be observed in the image, which is due
to tip-induced charging and discharging of the molecule. Imaging parameters: Vg = 2V, I; = 10pA. (b)
Bias-dependent frequency shift curve taken at the location indicated by the red cross in (a). The usual
parabolic shape yielding the local contact potential difference is observed, along with a striking dip feature
at ~ 1.9 V. This dip feature can be be explained by tip-induced charging events . (c) Constant
height frequency shift image of the same area at V; = 1.3V showing a small ring centered at the center of
the F4-TCNQ molecule. The ring corresponds to the dip feature in (b), and is nearly circular because the
potential at the molecule is independent of the angular position of the tip. This ring is relatively small
because the sample bias is small, which requires the tip to be close to the F4-TCNQ in order to reach the
critical potential at the molecule to tip-gate it. (d) Constant height frequency shift image of the same area
at Vs = 2.1 V. This ring is larger because the sample bias is larger, requiring a bigger distance between
F4-TCNQ and tip for tip-gating of the charge state.
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4.3 Conclusion

We have demonstrated that a back-gated graphene FET device can be used to tune the or-
bital energies and charge states of adsorbed molecules while local probe techniques are used
to provide electronic structure information at the single-molecule level. For CVB molecules
on graphene we studied the coupling between electrons and phonons which yielded vibronic
modes, which had not been demonstrated on graphene before. Applying a back-gate to
graphene allowed remote control of the CVB orbital energies, which we used to switch be-
tween tunneling into either LUMO or LUMO+1 states by changing the gate voltage for
fixed sample bias. In a significant extension of this approach we deposited a stronger accep-
tor, F4-TCNQ), onto the same kind of graphene device, which allowed direct control of the
molecular charge state. F4-TCNQ causes significant surface reconstruction in combination
with charge transfer on Au(111), which we demonstrated with sub-molecular resolution us-
ing qPlus AFM imaging. On graphene this molecule also undergoes charge transfer, which
results in p-doping of graphene as a function of molecular coverage. We have shown this
charge transfer to be highly adsorption configuration dependent, with “chains” of molecules
remaining neutral while “clusters” and islands accept negative charge from the graphene.
We stabilized monomers of F4-TCNQ through deposition of an “anchor molecule”, PCDA,
which formed extended islands to which F4-TCNQ adsorbed at the edge. This stabilization
made high resolution local probe measurements possible. Such measurements revealed that
the application of a back-gate can remotely, controllably, and reversibly switch F4-TCNQ
between neutral and negative charge states. This new level of molecular control takes us a
significant step closer to the goal of single molecule electronics.
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Appendix A

Experimental qPlus procedures

A.1 Amplitude calibration

Having an accurate calibration for the oscillation amplitude is very important for taking pre-
cise measurements, especially when extracting a value of the force from the measurement of
the frequency shift (e.g. by the Sader-Jarvis method [301] among many other methods [199,
302-306]). The calculation of the force requires precise knowledge of the oscillation am-
plitude. Additionally, even when not calculating the force, an accurate calibration of the
amplitude is necessary for smooth operation in the small amplitude regime.

There are several methods for calibrating the amplitude |[193]. For our calibration, we
make use of the exponential relationship between tunnel current and tip height, which is
modulated by the oscillation, resulting in a modulated tunnel current. For the high oscillation
frequencies used in qPlus (~ 30kHz) this current modulation is too fast for the bandwidth
of the STM. The STM therefore detects a time average of the modulated tunnel current, but
this time average depends on the oscillation amplitude because of the non-linear current vs.
z dependence. By measuring the tunnel current as a function of amplitude we can extract
an amplitude calibration.

Let us develop an analytical expression for the tunnel current as a function of oscillation
amplitude. The tunnel current as a function of tip height is given by

I(2) x exp(—2k2), (A.1)

where k is a constant related to the work function and z is the tip height. If the tip height
is modulated around a central height 2z, in simple harmonic motion, then the time averaged
current (I); is

(D=5

where ., is the current at the equilibrium position, i.e. when the oscillation is off, and A
is the amplitude. The solution for this integral is the modified Bessel function of the first

2T
/ L, exp(— 2 A sin(0))db, (A.2)
0
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Figure A.1: Amplitude calibration. (a) Experimental I — z curve with fit to an exponentially decaying
function. The fit yields values for I., (the current at the equilibrium tip height z;) and the exponential
constant x. (b) Experimental I — A curve and fit to a modified Bessel function of the first kind. Input
parameters for the fit are I., and x taken from (a) and the only new fitting parameter is 8 which yields the
amplitude calibration factor.

kind, Iy(z), so we have:

(I)e = Ieq Io(264). (A.3)

Our calibration procedure is two-fold. We first take I — z spectroscopy with oscillation
off, from which we determine the exponential factor x and the current at our equilibrium
position I.,. Then we position the tip at the chosen equilibrium tip height and record the
tunnel current as a function of amplitude. We then fit this function with I., Io(26xA), where
[ is the only fitting parameter. This 3 yields the factor by which we need to change our
previous amplitude calibration to achieve a correct measure of the amplitude. An example
of this fitting procedure is given in Fig. |A.1] For better accuracy one could take slew-rate
and bandwidth limitations of the STM amplification into account [197].

A.2 gPlus electronics and operational details

The electronic signals coming from the qPlus sensor are tunnel current and piezo current
(due to deflection of the cantilever). In the standard design in our instrument (second
generation gPlus [198]), the tunnel current is measured from one of the qPlus electrodes
and the deflection signal is measured from the other one. The two electrodes, however, are
connected through a parasitic capacitance [307]. This, due to the creation of a virtual ground
by the STM preamp, can lead to cross-talk between current and A f signals. This can have
the effect of creating similar signals in both current and Af (especially for high currents)
and problems with Af feedback [307]. Therefore, to solve this problem the qPlus and STM
preamp need to be better insulated from each other.
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Figure A.2: Comparison of two amplifier circuits. (a) Measuring tunnel current from the tip. In this setup
one of the two electrodes on the qPlus sensor collects the current from the sample, which is amplified by the
STM I — V converter (top). At the same time the deflection signal from the other electrode is measured by
the deflection I —V converter (bottom). The electrodes are coupled by a parasitic capacitance C,, which can
generate cross-talk between the measurement signals. This is due to the STM amplifiers generally having
smaller bandwidth than necessary to keep the virtual ground on their input constant, which generates current
through C, on the input of the detection amplifier [307]. (b) Measuring tunnel current from the sample.
The tunnel current I — V' converter is connected to the sample, while the electrode to the tip is grounded.

This ensures a constant voltage at this electrode and avoids spurious signals on the input of the detection
I — V converter. This is the setup we use for AFM operation.
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There are two main solutions to this: measuring the tunnel current from the sample side
or isolate the tip from the qPlus electrodes. We implemented the first solution by connecting
the STM preamp to the sample side and grounding the connection to the tip, which usually
measures the tunnel current (Fig. [A.2)). To enable this we needed to install a coaxial cable
at the sample. The second method would be to change the sensor design in order to isolate
the tip and connect a separate wire leading from the tip to the STM preamp. A possible
disadvantage of this method could be that the extra wire causes new resonances in the
oscillation and reduce the Q-value.

qPlus operation requires two feedback loops, one for amplitude and one for phase. The
amplitude feedback controls the oscillation amplitude by adjusting the excitation of the
shaker piezo. Normal operation of gPlus is in constant amplitude mode with a typical
amplitude set point of 50pm < A < 100 pm. The phase feedback (using a PLL) controls
the phase for on-resonance excitation [197] by changing the excitation frequency. This, in
effect, measures the frequency shift (the measurement signal from the qPlus) as the difference
between the new excitation frequency and the original resonance frequency. This original
resonance frequency represents the natural frequency of the sensor without interaction from
the surface, so it should be be set to the frequency when the sensor is withdrawn far from
the surface (a number of coarse steps) until the frequency doesn’t change with distance and
there is no longer an influence of the sample bias on the frequency.

The following points are necessary to achieve high-quality images with sub-molecular
resolution using qPlus:
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1. Understanding of the natural frequency and Q-factor of the sensor (see above)
2. A low bandwidth for the PLL (10 Hz — 20 Hz)

3. Low piezo drift, compensated by drift correction, if necessary

4. Small tip oscillation amplitudes (50 pm — 300 pm)

5. Slow scan speeds (~ 0.3spixel™!, i.e. several times the inverse bandwidth)

6. Constant height imaging

7. CO-modified tip
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