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Abstract

On-surface synthesis under ultra-high vacuum conditions is integral to the bottom-up ap-
proach to creating and characterizing molecule-based nanostructures. The controllable
synthesis of novel conjugated covalent organic nanostructures is of particular interest for their
application in nanoelectronic devices. With the development of nanoscale science, advanced
analysis technologies facilitate the precise synthesis of functional organic nanostructures on
surfaces. Indeed, scanning tunneling microscopy and non-contact atomic force microscopy -
capable of atomic resolution and chemical bond-resolved imaging, can be exploited to investi-
gate and determine the molecular structure on surfaces. X-ray photoelectron spectroscopy can
be employed for assisting in the determination of the chemical structure of adsorbates, and
density functional theory provides versatile means for modeling products and the reaction
pathways underlying their formation.

In this thesis, using the on-surface synthesis strategy, we obtained different types of
covalently connected molecular nanostructures based on the formation of different linkages.
Firstly, we obtained conjugated enetriynes with high selectivity via tetramerization of alkynes
on Ag(100) and trisubstituted aromatic derivatives on Au(111) through cyclotrimerization of
alkynes. We used a precursor consisting of a biphenyl skeleton functionalized with alkynyl
and hydroxyl groups at two para positions. For the formation of enetriyne, a two-step
controlling strategy was applied to achieve high selectivity. Exposing O, to the well-ordered
self-assembly structures facilitates the formation of organometallic dimers, then thermal
annealing of the pretreated surface induces the formation of tetrameric enetriyne species.
Comparative experiments and theoretical studies on this system demonstrate these excitations
— gas-mediated pretreatment, thermal stimuli, and the suitable substrate are essential for
the selective synthesis of the high-conjugated enetriyne. However, the cyclotrimerization of
alkynes is prevailing on Au(111). By applying annealing steps at different temperatures, we
achieved two regioselective trisubstituted aromatics and gained insights in selectivity.

Moreover, we present the synthesis of extended one-dimensional porphyrin nanostructures
on Au(111) with alkyne-substituted porphyrins. The polymeric products form chains, as well
as closed nanoring-like structures. We used porphyrins with alkyne substituents on two meso
positions as precursors. Upon thermal annealing, in addition to intermolecular coupling
— five-membered rings are formed through intramolecular cyclization reactions, and the
products show a pronounced stereoselectivity towards trans-cyclized species. This behavior is
explained in the framework of aromaticity and examined by theoretical calculations.

Finally, we demonstrate another conjugated porphyrin nanostructure synthesized from a
benzaldehyde-substituted porphyrin monomer on Ag(111). The porphyrin nanostructure
results from a McMurry-type reaction undertaken by the formyl groups. The obtained
oligomers are connected through the vinylene (C=C) linkages, offering electron delocalization.
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1. Introduction

Controllable construction of covalent nanostructures at the atomic level is a fascinating
concept in nanotechnology. One requirement for the construction of molecular electronic
and spintronic devices is to control the arrangements and connections between the molecular
counterparts in a clean and atomically well-defined environment, [1, 2]. This has often been
a great challenge for traditionally synthesized materials, particularly in the liquid phase.
A promising strategy to overcome this challenge is to follow a bottom-up approach. This
method is based on linking nano-sized building block units to create larger well-defined
nanostructures with custom-designed properties. The characteristics of the synthesized
materials can be tuned by variations of the building blocks, which gives a lot of flexibility
to this approach. Bottom-up synthesis is often done at surfaces and interfaces, offering a
two-dimensional environment. [3, 4] With the development of surface science as well as the
advanced technologies, many tools and methodologies became available for the bottom-up
construction and analysis of low-dimensional nanoarchitectures. [5]

Thus, in the past years, on-surface synthesis - i.e. designing and using bottom-up strategies
towards covalently bonded molecular nanostructures — became more and more important
and is now one of the most vibrant domains in surface science. [6, 7, 8, 9] A typical approach
starts with a flat carrier (mostly a metal substrate) and deposition of a sub-monolayer
of organic building blocks. Polymerization of the individual building blocks to larger
nanostructures can then be induced by thermal annealing [6, 10], tip-manipulation [11, 12] or
photo-irradiation [13, 14] of the submonolayer-covered substrate. These chemical reactions
can be induced and investigated under highly controlled conditions, i.e. in ultra-high vacuum
(UHV) environments and on single crystal substrates or 2D-sheet materials. Using this
method, Grill and co-workers reported in 2007 for the first time on-surface in situ construction
of porphyrin nanostructures. Porphyrin precursors with bromine substituents were coupled
via thermally induced Ullmann-type coupling. [6] The chemical structure of the products
could be controlled by tailoring the chemical structure of the building blocks, in particular by
changing the positions of the active sites that then will link to neighboring molecules. This
approach allows for a rational synthesis of various types of nanostructures on surfaces, with
zero-dimensional (0D), one-dimensional (1D), and two-dimensional (2D) products.

One of the most famous 0D nanomaterials is the fullerene family, which was introduced
to on-surface studies. For instance, Otero et al. reported the Cs;N3 triazafullerene formed
after the cyclodehydrogenation process on Pt(111), and also demonstrated the catalytic effect
of the platinum surface. [15] As a promising candidate for practical applications in digital
electronics, 1D graphene nanoribbons (GNRs), [16, 17] were widely studied. Of particular
interest are their electronic and transport properties. The first work from Cai et al. reported
the fabrication of atomically precise graphene nanoribbons through debromination, C-C
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coupling, and cyclodehydrogenation steps. [16] Since then, similar approaches have been
widely used to synthesize GNRs in different morphologies. Additionally, various 2D covalent
organic frameworks have been obtained with the strategy available in the field of on-surface
synthesis. [18, 19, 20]

As yet, many on-surface reaction strategies were employed to build covalent linkages,
including Ullmann coupling [21, 6, 22, 23, 24, 25, 26], Alkyne coupling [10, 27, 28], Schiff-
base reaction, [29, 30, 31, 32] Bergman reaction [33, 34], Diels—Alder reaction, [35] aryl-aryl
dehydrogenation, [36, 37, 38, 39] and boronic acid condensation, [18, 40, 41, 42]. Two
aspects are essential for the successful construction of well-defined molecular nanostructures:
practicable reaction strategies and efficient methods for reaction control. In particular, several
factors need to be considered in the experiments, and these include the chemical and geometric
design of the precursors, the chemical, physical and catalytic properties of the substrate, and
the kinetic and thermodynamic parameters. These factors will critically affect the reaction
pathways, selectivity, and yield of the respective reactions. Even though many molecular
precursors are commercially available, it is in most cases desirable to use custom-design
and deliberately synthesized molecular precursors as building blocks — often obtained in
many iterations of precursor synthesis and on-surface synthesis. Of particular relevance are
the chemical composition, functional groups, size/weight, symmetry and geometry, and
mechanical properties. Such factors will critically affect the chemical reactivity and interaction
with substrates and thus need to be considered when developing linking strategies. In this
context, many functional groups are applied to tune molecular building blocks, such as
carbene, [43, 44, 45] alkynyl, [10, 27, 34] alkenyl, [46, 35] halogen, [6, 16] carboxyl, [47, 14]
formyl [48, 29] and acetyl groups, [19] etc..

In this thesis, we mainly focus on the synthesis of novel molecular nanostructures based
on the formation of conjugated linkages, using the above mentioned reaction strategies and
reaction control methodologies. More detailed motivations for each project will be given in
the respective chapters.

Chapter 2 introduces the fundamental principles of the experimental methods used and
techniques applied in this thesis. Scanning tunneling microscopy (STM) and non-contact
atomic force microscopy (nc-AFM) is employed to image the surfaces. X-ray photoelectron
spectroscopy (XPS) is utilized to investigate the chemical state of the molecules on surfaces.
In addition, density functional theory (DFT) is applied to develop and study theoretical
models describing the experiments. Furthermore, the last section of chapter 2 introduces the
instruments and experimental setup for the studies.

The first project is presented in Chapter 3. We employed a precursor composed of a
biphenyl skeleton functionalized with alkynyl and hydroxyl substituents. We developed a
controllable approach toward the formation of enetriyne species with high selectivity on
the Ag(100) surface. The enetriyne species were synthesized through the tetramerization
of alkynes and aggregated into regular enetriyne arrangements. We notesly explored a
multi-step synthesis strategy for the fabrication of enetriyne. Metal-organic Ag-bis-acetylide
dimers can be first synthesized via O,-mediation, which would aggregate into condensed
assembly structures via the directing effect of dehydrogenated hydroxyl terminals, thus
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avoiding homo-coupling that is otherwise preferred for terminal alkynes. These adjacent
dimers serve as templates to facilitate the tetramerization reaction during the subsequent
annealing treatment, forming a conjugated enetriyne core. The atomic structures and chemical
states of intermediates and products were determined by a combination of STM, nc-AFM,
and XPS measurements. The reaction mechanism for the two-step synthesis has been further
elucidated by DFT calculations. In addition, we obtained trisubstituted aromatic derivatives
with regioselectivity on Au(111) surface. Two species selectively dominate the molecular
arrangements on the surface at different temperatures. The approach applied in this work
introduces a novel approach for the selective construction of covalent linkages between
functional organic units.

In Chapter 4, porphyrin was selected as the building block because of its potential optical
and electronic properties, which can be fine-tuned by accommodating different metal centers.
1D porphyrin chains were synthesized via cyclization of alkynes and coupling reactions on
Au(111). The aromaticity effects on the reactivity of alkyne-substituted free-base and Cu-
metalated porphyrins were mainly investigated. We compared the reactivity of the aromatic
versus olefinic carbon atoms at the  positions of the porphyrins. As these carbon atoms
are in structurally equivalent environments, we can isolate the effect of aromaticity on the
region-selectivity of the reactions from other parameters (such as steric effects). We found that
the olefinic carbon atoms are more than five times more likely to participate in intramolecular
cyclization reactions of the molecules. This behaviour is corroborated by extensive density
functional theory calculations: The thermodynamic stability of the reaction products shows
a direct correlation with the molecular aromaticity (quantified based on the bond length
alteration along the aromatic pathways). Our results show that the aromaticity of porphyrins
is preserved upon adsorption on the metal substrate and plays a major role in the on-surface
reactivity of the molecules.

In Chapter 5, conjugated porphyrin oligomers were synthesized from the condensation
of 4-benzaldehyde-substituted porphyrins on Ag(111). The formation of oligomers is based
on the generation of C=C linkages, following a McMurry-type reaction scheme. The struc-
tural evolution and chemical transformation were thoroughly characterized. This approach
provides a path for the on-surface synthesis of porphyrin-based oligomers coupled by C=C
bridges — as a means to create functional conjugated nanostructures.

In the last, Chapter 6 summarizes the main achievements, the importance of the projects,
and the implications of these results for future studies and exciting prospects are discussed.







2. Experimental Methods and Techniques

This chapter introduces the fundamental principles of the experimental methods and tech-
niques applied during the presented studies. Scanning tunneling microscopy and non-contact
atomic force microscopy were employed to image the surface-adsorbed molecules, whereas,
X-ray photoelectron spectroscopy was used to investigate the chemical states of the molecules
on surfaces. In addition, density functional theory was applied to study the theoretical models
corresponding to the experiments.

2.1. Scanning tunneling microscopy (STM)

Scanning tunneling microscopy (STM) is a powerful technique for imaging surfaces and
adsorbates with high spatial resolution. The first working STM was developed by Gerd
Binning and Heinrich Rohrer at the IBM Zurich Research Laboratories, [49] for which they
were awarded the Nobel Prize in physics in 1986.

STM is based on the tunneling effect (details are explained in section 2.1.1). [50] Due to this
effect, a tunneling current starts to flow when a sharp metal tip moves close to a conductive
surface. The electron wave functions of the atoms in the tip overlap with wave functions of
the surface atom; when a voltage is applied, electrons can “tunnel” through the vacuum gap.
The use of STM features the following advantages: (1) it has an atomic-level high resolution,
i.e.,, commonly 1 A in lateral and 0.1 A vertical resolution or better; (2) STM can yield in-situ
observations; (3) it works in a variety of environments (atmospheric pressure, under vacuum,
in solution, and at various temperatures); In addition, combining with scanning tunneling
spectroscopy, the electronic information of the material surface can also be obtained. The
superior performance of STM makes it widely used in nanotechnology, material science,
physical, chemical, and life sciences.

2.1.1. Basic principle of STM

The basic principle of STM is based on the quantum mechanical tunneling effect. In classical
physics, a particle cannot penetrate through the potential barrier Vj if its energy E is smaller
than V. In quantum mechanics, however, there is a probability for a particle (electron in the
case of the STM experiment) to overcome the energy barrier, even if the energy of the electron
is lower than the potential barrier. We consider a particle with energy E tunneling through a
rectangular potential barrier of height Vy with width d, as presented in Figure 2.1.

There are three regions where the particle might be. In each region, the particle can be
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Figure 2.1.: Schematics of tunneling effect and STM tip-sample tunneling. (a) The electron
wave function goes through the barrier Vj from regions 1 to 3 with exponential
decay of the wave function in the barrier. (b) STM tip-sample tunneling with a
negative sample bias is applied. The applied bias alters the Fermi level alignment,
allowing electron tunneling through the barrier. Without applying a bias, the
electron tunneling probability is identical for both directions (positive and negative
z), no current flows.

described by the Schrodinger equation:

n* d2Y

—%E‘FV(Z)‘P:E‘Y (2.1)

where 71 is Planck constant divided by 2m, and ¥ is the electron wave function solution of the
Schrodinger equation. Considering a particle of mass m and energy E < Vj, as an incoming
wave propagating in the positive z-direction (Figure 2.1, regions 1 to 3), the wave function
solutions in different regions can be expressed by:

V2mE

Y3 = etk = - (2.2)
Kz 2m (Vy —E)
Y,=e ’K:f (2.3)
From the solutions of wave functions, the transmission probability T can be obtained:
16k*K?
(L Se 2Kd (24)
(k2 + K2)

The equation 2.4 shows that the transmission probability exponentially depends on the barrier
width. This sensitivity of the electron tunneling on the barrier width is one of the main
reasons that STM can achieve exceptionally high resolution.

In the case of STM, electron tunneling is between the sample and the tip. To describe the
realistic tunneling current, an approach was developed by Bardeen, describing the tunneling
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current produced in a metal-oxide-metal junction using the first-order time-dependent per-
turbation theory. [51] Later, Tersoff and Hamann extended this approach, [52] defining the
following tunneling current:

_ 2me

=

Y f (E) [1— f (Es+eU)] [ M| (E: — Es) (2.5)

t,s

where f(E) represents the Fermi function, U is the applied bias, M, is the tunneling matrix
element, E; and E; are the energies of the wave functions of the tip (¥) and the sample
(¥s). The J function describes the conversion of the energy in the case of elastic tunneling.
To simplify this equation, the limits of small voltage and low temperature were considered,
resulting in the following tunneling current:

2

=5

e*U Y |Mys|*6 (Es — EF) 6 (Er — Er) (2.6)
t,s

where Er is the Fermi level. Mj; is the tunneling matrix element, which is defined as an
integral over a surface, lying within the vacuum region separated by the tip and the sample.
The tunneling matrix element is defined subsequently:

hZ
My =~ /S (¥ VY, — \Fﬁ\lf:) ds 2.7)

From equation 2.7, it can be seen that the tunneling matrix element can be calculated only
when the wave functions of the tip and the sample are known. It is difficult to determine the
wave function of the tip due to the unknown shape, Tersoff and Hamann assumed the tip
as a spherical shape, with a radius of R and the center position of 75. Now, assuming the
identical work function @ of tip and sample, the tunneling current can be expressed as:

3232V P2R22KR

! hK*

Dy (Er) Y_|'¥s (70) 26 (Es — Er) (2.8)

In (ﬁuation 2.8, D; presents the density of states per unit volume of the tip. At the tip position
of rg, the local density of state (LDOS) of the surface at Er is:

POs (7’_0>/ EF) = E |Ts (7’_0>) ‘25 (Es - EP) (2-9)

In the direction perpendicular to the sample surface and oriented to the vacuum area, the

surface wave function is:
¥, (r_())) xe X z=d4+R (2.10)

where d is tip-sample distance. Therefore, the tunneling current shows exponential depen-
dence on the tip-sample distance (see equations 2.8 and 2.10), and is also proportional to
the LDOS (equation 2.8) of the surface. This means that STM measures the topographic and
electronic information of the surface.
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Figure 2.2.: Simplified working scheme of an STM. The piezo tube drives a tip moving above
the sample surface. When the tip approaches very close to the sample and applies
a voltage, the tunneling current flows between the tip and the sample.

2.1.2. STM imaging

Figure 2.2 shows a simplified working scheme of STM. Moving the tip very close to a sample
surface, and applying a voltage between the tip and the sample, results in a tunneling current.
The tip can be driven by the piezo tube and move in both lateral and vertical directions above
the sample. When STM is working, the height of the sample or the tunneling current is
recorded and serves as the signal for imaging.

There are two operation modes when STM imaging the surface, namely, constant height
and constant current modes, as shown in Figure 2.3. In the constant height mode, the feedback
loop is off and the z-position of the tip is kept constant, while the tunnel current is recorded
as a function of the position I;(x,y). The variation of the tunneling current represents the
changes in the tip-sample distance and electronic states. Therefore, the obtained image gives
information about both the topography and local density of electronic states. However, this
mode is not commonly used for large-scale and rough surface imaging because of the danger
of crashing tips. In the constant current mode, the feedback loop controls the tip-sample
distance in order to maintain the measured tunneling current constant. The z-position of the
tip is recorded as a function of the position z(x,y). Thus, the obtained image is related to
the surface topography. This mode is more commonly used in STM measurements since the
feedback loop can prevent the tip from crashing.

2.2. Atomic force microscopy (AFM)

In 1986, Binnig and his colleagues invented atomic force microscopy (AFM), [53] the invention
of AFM enables atomic-precision real-space resolution for insulating samples. AFM measures
the forces rather than the tunnel current and therefore applies equally to conductors and
insulators.
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Constant height Constant current

Figure 2.3.: Working modes of an STM. (a) In constant height mode, the feedback loop is off
and the z-position of the tip is fixed; (b) In constant current mode, the current is
tixed, and the feedback loop makes the tip height adjustable.

Since its invention, AFM has been extensively applied to investigate surface phenomena.
In general, most AFM tools work under ambient conditions and in contact or tapping mode,
in which the sensor makes physical contact with the sample. To maximize the resolution
when imaging surfaces, it is advantageous to operate under very stable and clean conditions
achieved by using cryogenic systems under ultrahigh vacuum. Imaging the surface can be
non-destructive if mechanical contact between tip and sample is avoided, commonly referred
as the non-contact AFM (nc-AFM).

In 1995, Giessibl, et al. successfully obtained atomically resolved images of the Si(111)-7 x 7
surface at room temperature using nc-AFM under frequency modulation. [54, 55] Meanwhile,
Ueyama, et al. successfully achieved atomically resolved images of atomic vacancies on the
cleaved InP(110) surface by nc-AFM [56], while Sugawara et al. observed the defect movement
of atomic vacancies on the cleaved InP(110) surface. [57] Since then, nc-AFM has successfully
demonstrated its ability to obtain atomic resolution using frequency modulation mode in an
ultrahigh vacuum environment. [58]

2.2.1. Operation modes of AFM

AFM has two basic operation modes: the static mode — also called contact mode, and the
dynamic mode or non-contact mode. In the static mode, the cantilever deflection g = F;s/k
caused by the tip downforce is used as a feedback signal (F; is the force between the tip and
the sample, k is the cantilever spring constant). When scanning the image, the tip is always in
contact with the sample surface, thus both the tip and sample can be damaged. In dynamic
mode, however, it is almost non-destructive, since the cantilever does not touch the surface.
The cantilever oscillates around its resonant frequency f, driven by an external excitation.
There are two modulation methods in dynamic non-contact mode: amplitude modulation
(AM) [59] and frequency modulation (FM). [60] In AM-AFM, the external excitation drives
the cantilever to vibrate at a constant frequency slightly below its resonant frequency f; and
with an initial amplitude Ag. When the tip approaches the sample surface, the amplitude A
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Figure 2.4.: Schematic of non-contact AFM. The cantilever with the attached tip is considered
as an effective mass m”*, the mass connects to a base plate through a spring with
its spring constant kg. When the tip approaches the sample surface, the tip-sample
force is considered as another spring with a spring constant kis.

changes with the variation of the tip-sample force. This change is used as the input signal in
a feedback loop, and the feedback loop will modulate the tip height such that the amplitude
still returns to Ag. The change in amplitude does not occur immediately with the change
in tip-sample force but has a delay on a timescale of T4y ~ 2Q/fo. Thus AM mode is
slow with high-quality (Q) factor cantilevers, which can reduce the noise. However, using
high-Q cantilevers in FM mode makes the change in frequency shift settle on a timescale of
Trm1/ fo. [60]

In FM-AFM, on the contrary, the external excitation drives the cantilever to oscillate at its
resonant frequency fp and a constant amplitude A. When the tip approaches the surface, the
frequency f shifts with the variation of the tip-sample force. The frequency shifts Af = f — fy
are used as the input signal for the feedback loop. Using FM modulation, the imaging
resolution can be greatly improved, and the atomic resolution was obtained by decreasing the
tip-sample distance. The FM mode is now extensively used in non-contact AFM in ultra-high
vacuum, and it has bond-resolve ability together with qPlus sensor and tip functionalization
(details in section 2.2.4).

In this thesis, all the AFM measurements were carried out with FM-AFM mode based on
the qPlus sensor, the tunneling current is integrated on the AFM probe, thus STM tunneling
current and AFM frequency shift can be obtained concomitantly. The following mainly
introduces the core parameters in the FM-AFM experiment: the relationship between the
tip-sample force and the frequency shift, as well as the forces acting between the tip and the
sample.

2.2.2. Frequency-modulation AFM

In FM-AFM, without the external force, the cantilever oscillates at a constant amplitude A
and its resonant frequency fy. In such a system, the vibration direction of the AFM tip is
defined as being perpendicular to the sample. The movement of the tip can be expressed as
q (t) = Apcos (27t fot). [61] The cantilever can be considered as a spring with a spring constant

10
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of ko, the tip attached on the cantilever as an effective mass m*, as shown in Figure 2.4. The

resonant frequency fy of the spring is:
1 ko
= —1/— 211
fo=oA s (2.11)

When the tip approaches the sample surface, the tip-sample force F;; can be treated as an
additional spring with a spring constant of k;. When the oscillation amplitude is much
smaller than the tip-sample distance, the effective spring constant of the whole system is

approximated as [61]:
oFs

0z
where k;; = 0F;s/0z represents the force gradient of the tip-sample force with respect to
the vertical distance z. When the amplitude is small enough, the force gradient can be
approximated as a constant, now the frequency shift Af of the cantilever is [61]:

— _ 1 k* ko N_ﬁaFts
Af_f_fo_m(\/m*_\/m*>N 2k 0z 219

Equation 2.13 shows that the frequency shift is proportional to the force gradient of the
tip-sample force. This is only applicable when the oscillation amplitude is very small (<
0.1 nm). When using an arbitrary amplitude, the force gradient cannot be considered a
constant. A more general expression can quantify the relationship between frequency shift
and tip-sample force. [61, 62]

K* = ko + ks = ko —

(2.12)

2.2.3. Tip-sample forces

In FM-AFM, the frequency shift is determined by the tip-sample force and as explained in
the previous section, the relationship between the frequency shift value and the tip-sample
distance is very complicated. In general, the frequency shift is determined by the total force —
the sum of different types and strengths of forces. The major tip-sample forces include van
der Waals forces, chemical forces, electrostatic forces, and magnetic forces. As the magnetic
force was not implicated in this study, this effect will not be explained here.

Van der Waals force. The van der Waals (vdW) interaction is caused by fluctuations in the
electric dipole moment of atoms and their mutual polarization. [58] The potential of this force
between two atoms separated by z is expressed as:

1
Eviw (2) o ~ 26 (2.14)

In general, because of the large number of atoms at the tip and on the sample surface,
the tip-sample vdW forces can be very large. The Hamaker formula gives a quantitative
expression of the vdW forces. For a spherical tip with radius R next to a flat surface (z is
the distance between the center of the tip atom and the center of the surface atom), the vdW
force [63] is given by:

ApR

Foguw (Z) = = 622

(2.15)
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Ap is the Hamaker constant, depending on the type of materials of the tip and sample.
The vdW force is long-ranged because it do not change significantly on the atomic scale.
According to this equation, using a sharper tip can greatly reduce the van der Waals force.

Chemical force. When the tip-sample distance is very close, the electron wavefunctions of
the atoms at the tip apex and the atoms of the surface overlap, and the chemical interactions
dominate the total force (Figure 2.5). The chemical force can be either attractive or repulsive
depending on the tip-sample distance z, the magnitude of which can be given semi-empirically
by the Lennard-Jones (L-]) potential [64]:

Zm\ 12 Zm\ 6
ELj(z)=¢ [(Z) —2 (?) } (2.16)
Where € is the binding energy at the equilibrium distance z,,, (1/z)"* describes the repulsive
force at a close distance due to the Pauli repulsion. The Pauli repulsion comes from the
overlap of the electron wavefunctions of the atoms at the tip apex and the probed atoms of
the surface. In this case, electrons tend to occupy higher-energy orbitals, thus generating
repulsive forces. The other term (1/ 2)6 describes the attractive force caused by the vdW
interactions described above. The Lennard-Jones force (L-J-Force) can be derived from this

potential:
_ O9Erg(2) € Zm\ 13 Zm\7
Pu<z>——az—1zzm[(z) _(z>] @17)

Force (nN)

/ \/ — L-J force

: / — vdW-force -

—— Total force

Tip-sample distance z/z,,

Figure 2.5.: Tip-sample forces in FM-AFM. Lennard-Jones force (blue), van der Waals force
(green), and total force (red) as a function of the tip-sample distance z/z,,. Pa-
rameters used for plotting: € = 2.0 €V, z,,, =2 A, Ag =3.0eV,R =2 nm.

Electrostatic force. When the tip and sample are conductive and have different electrostatic
potentials (work functions), the electrostatic interaction arises. The electrostatic potential
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difference results in a capacitor with a capacity C(z) between the tip and the sample, the
magnitude of which varies with the tip-sample distance. The electrostatic force between them
is:

Fa(z) =55 (V- Verp) (2.18)

Where V is the applied bias, Vipp is the contact potential difference (CPD) between the tip
and sample. Since this force is long-ranged and attractive and the AFM measurement here
was done at a constant bias of zero, the electrostatic force did not play a dominant role in the
tip-sample force compared to the chemical forces. However, the electrostatic force produced
from the charged molecules on the surface can induce distortions in bond-resolved AFM
images.

Total force. The total force is the sum of the effective forces acting between the tip and
sample, i.e, the long-range vdW force and the short-range repulsive force.

The green curve (vdW-force) in Figure 2.5 shows the trend of van der Waals forces as
calculated using Hamaker’s formula, the functions of the Lennard-Jones force (blue curve, L-J
force) and the sum of them (red curve, total force) as a function of the distance. Note that van
der Waals forces dominate the sum force when the tip-sample distance is large, while chemical
forces dominate the sum force when the tip-sample distance is small. Therefore, nc-AFM
imaging can be performed at a close tip-sample distance, i.e., in the short-range repulsive
interaction region, to obtain high-resolution molecular and chemical bond information.

2.2.4. High-resolution imaging

qPlus sensor. Traditionally, AFM uses silicon microcantilevers, because of the advantages
of high-Q factor and photolithography fabrication. But there are limitations, such as the
small size of silicon cantilevers making them difficult to customize and functionalize the AFM
probe. In addition, in nc-AFM, a large amplitude is used to avoid sudden tip contact with the
surface due to the low stiffness of the silicon cantilever. However, short-range forces operate
in the sub-nanometer range, and the large amplitude means these forces cannot easily be
isolated from long-range forces.

In 1996, Giessibl invented the qPlus sensor, [54, 65] which was made from a quartz tuning
fork. As can be seen in Figure 2.6, the tuning fork is glued to the ceramic base with one
side fixed, and a tip is glued to the free prong. The deflection signal is generated by the
piezoelectric effect and can be read from the two electrodes attached to the tuning fork.
The use of a qPlus sensor can greatly improve the performance of nc-AFM. Other than the
high-Q factor and the micromachining techniques, qPlus sensors afford superior properties
compared to the silicon cantilever: (1) The higher stiffness, [61] which endures higher forces
before the jump to contact with the surface. The higher stiffness enables a smaller oscillation
amplitude, such that measurements can be operated in the repulsive force region to achieve
high-resolution images. (2) Self-sensing via the piezoelectric effect is applicable for low-
temperature operation [66, 67]. (3) The thermal stability minimize the influence to the
oscillation frequency [67, 68].
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Figure 2.6.: qPlus sensor. (a) A picture of a qPlus sensor. A Tunning fork is mounted on
the base plate. (b) Schematic diagram of qPlus sensor. The red and blue areas
represent the two gold electrodes on the quartz tuning fork. (StirlingJulian, CC
BY-SA 3.0 <https:/ /creativecommons/org/licenses/by-sa/3.0>, via Wikimedia
Commons)
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Figure 2.7.: STM tip functionalized with a CO. (a) Schematic of STM tip picking up a CO
molecule by vertical manipulation from the surface to the tip apex. (b) and (c)
STM images obtained with the tip before and after modified with a CO. Note
that the image of the oxygen atom in the upper left corner is unaffected. The
white arrow points to the CO molecule which was transferred intentionally to the
tip. [69]
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Tip functionalization. Modifying the tip with a single molecule or atom can significantly
improve image contrast for both STM and AFM. There are different molecules or atoms re-
ported for functionalization, including carbon monoxide (CO) [70, 71], Xenon (Xe) atoms, [72]
Bromine (Br) atoms [73] and Chlorine (Cl) atoms. [70] CO is the most commonly used species
for tip functionalization. The properties of the tip can affect the tip functionalization and
greatly affect the image contrast and resolution of the image.

Functionalization of an AFM tip is realized by picking up a molecule or an atom (such
as CO) via vertical manipulation, e.g., placing the tip over a CO molecule and applying a
constant voltage in the direction of the tip to excite CO molecules to jump to the tip. [74] Figure
2.7a describes the tip picking up a CO molecule. The CO molecules appear as depressions
in the constant-current image obtained with a metal tip (Figure 2.7b). The CO molecule
indicated with a white arrow was picked up by vertical manipulation and the same area was
imaged again with the CO modified tip. CO molecules show a bright spot in the center of
the dark depression in the STM image (Figure 2.7c), whereas a single oxygen atom in the
upper left corner of the images is always imaged as a depression. [74, 69] It is obvious that
functionalization of the tip with different molecules may lead to chemical contrast, improving
the image resolution.
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Figure 2.8.: Schematic illustration photoemission process and the energy analyzer setup.
(@) A core-level electron is excited by an incident photon with energy hv. (b)
The emitted photoelectron passes through the lenses, is collected by an energy
analyzer, and is detected by the detector.

2.3. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive technique for identifying the
elemental composition and the chemical state of the solid material. It is an essential method
used throughout this thesis.

The physical concept behind XPS is based on the photoelectric effect, which was first
explained by Albert Einstein. [75] An incoming photon with the energy hv is absorbed by a
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material (Figure 2.8), the photon energy is transferred to an electron and this electron can
be emitted from the material into the vacuum. The kinetic energy of this photon-emitted
electron is:

Ekin =hv — Eb - (PS (219)

Here E;, is the binding energy of the atomic orbital from which the electron originates
(with respect to the Fermi level), ¢ is the work function of the material, and represents the
minimum energy required to emit an electron from the material; it can be seen as an energy
barrier that electrons need to overcome in order to escape from the surface into the vacuum.
From equation 2.19, the photon energy must at least exceed the sum of E; and the ¢ for the
electron to be excited. In standard XPS, the relatively high photon energy (typically in the
range between 100 to 2000 eV) is used to probe core-level electrons, and the ejected electron is
detected by the analyzer.

In XPS, monochromatic X-rays are usually used, which can be Mg Ka (1253.6 eV), Al Ka
(1486.6 €V) X-rays, or synchrotron radiation. Using relatively high photon energy, the X-ray
photons can penetrate the material to depths in the order of 1-10 um; the detected electrons,
however, only originate from the topmost atomic layers, due to the inelastic mean free path of
electrons in solids which varies between 5 and 30 A, depending on the material. [76] This
makes XPS highly surface sensitivity.

Core level binding energies are different for each chemical element, photoemission spectra
can serve as “fingerprints” of the respective elements. The relative abundance of each chemical
composition can be quantified by the peak intensity. [77] This affords XPS the elemental
sensitivity, which is very useful for determining the composition of an unknown sample.

XPS possesses the ability to identify the chemical states of elements. For a given element,
the Ej, of the element depends on the local chemical environment of the atoms. In particular,
chemical shifts may occur when the same element is present in one species at nonequivalent
positions, i.e, different oxidation states. In general, photoelectrons excited from atoms in a
higher positive oxidation state have higher binding energy, because of the increased Coulomb
interaction with the ion core upon withdrawal of valence charge due to chemical bonding.
The binding energy shift is often used to determine oxidation states and to gain insight into
the nature of the chemical bond formed by the atoms. Such a chemical state specificity is
one of the major strengths of XPS for application in chemistry, surface physics, and materials
research.

2.4. Density functional theory (DFT)

Basics. Density functional theory (DFT) is a quantum mechanical modeling method to study
the electronic structure of multi-body systems by using electron density rather than single
electrons. In practice, DFT simplifies the intractable problem involving electron-electron
interaction into a non-interaction problem through various approximations, then puts all
errors into a separate item, and analyzes this error.

Classical methods of electronic structure theory, especially the Hartree-Fock methods, are
based on complex multi-electron wave functions. [78] The main goal of DFT is to replace the
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wave function with the functional of electron density. As the multi-electron wavefunction has
3N spatial variables (N is the number of electrons, and each electron contains three spatial
variables), whereas the functional of electron density contains only 3 variables. This reduction
is more important for the larger system consisting of many atoms (complex molecules and
condensed matter).

Although the concept of DFT originated from the Thomas-Fermi model, [79] there was
no solid theoretical basis until the formulation of the Hohenberg-Kohn theorem (HK). [80]
The HK theorems were originally only applicable to the ground state in which no magnetic
field exists, although it has now been generalized to include these. The first HK theorem
states that for an external potential v (7), the ground state energy of a many-electron system
is determined by the electron density 7 (r). The second HK theorem defines an energy
functional for the system and proves that the ground state electron density minimizes the
energy functional:

E[n(r)] = / o(r)n(r)dr + F [n(r)] (2.20)

F [n(r)] includes the kinetic energy, the Coulomb interaction, and exchange-correlation (XC)
functional. The original HK theorem does not provide the specific expression of these
parameters. Walter Kohn and Lu Jeu Sham further developed the HK theorems, [81] whereby,
the many-electron problem (due to the interaction of electrons in an external electrostatic
potential) is reduced to a problem of non-interacting electrons moving in an effective potential.
The total energy of a system as defined by the Kohn-Sham method is described as:

E(n) = - /dr/ +/V r)dr + Exc () 2.21)

The first term of this definition pertains to the kinetic energy of non-interacting electrons, the
second term is the external potential, the third term gives the electrons Coulomb energy, and
the last term is the XC energy. The first three terms can be determined accurately, but the XC
energy needs to be approximated. [81, 82]

Treating van der Waals forces. DFT is currently the leading method for electronic structure
calculations in the field of surface science. Although DFT has been improved, it is still difficult
to describe the van der Waals (vdW) forces. The vdW force arises from the electrostatic
interactions and is important for describing the weak interactions between atoms or molecules.
Different vdW density functional methods have been developed, two main methods are the
dispersion-corrected DFT proposed by Grimme et al, based on semi-empirical corrections; [83,
84] and the van der Waals density functional (vdWDF) method proposed by Dion et al.,
introducing a non-local density functional. [85, 86]

Reaction mechanism calculations. The transition state theory is the most widely used
approach to study the reaction pathways of reactions related to on-surface synthesis. This
theory assumes that a reaction can be characterized by an initial state (IS), a transition
state (TS), and a final state (FS), and the transition state has the maximal energy along the
reaction path. The rate of passing the transition state is explained by the Arrhenius equation.
The initial and final states are local minima on the potential energy surface, which can be
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obtained by structural optimization, while specific methods are required for characterizing
the transition state. The most commonly used methods to calculate the transition state are
Nudged FElastic Band (NEB), the Climbing Image Nudged Elastic Band (CI-NEB), and the
dimer method. [87, 88, 89]

In the NEB method, several images are interpolated between the IS and FS, and the reaction
path is then found by minimizing the forces acting perpendicular to the tangents of the path
(nudging). The spring forces are added between images along the path to maintain equal
distances between neighboring images along the band (elastic bands). Although the NEB
method can guarantee that the elastic band roughly falls on the path with the lowest energy;,
it is difficult to ensure that the image with the highest energy is precisely the TS. The CI-NEB
method is a minor modification to the NEB method in which the highest energy image is
driven up to the saddle point (TS). [89]

The combination of NEB and CI-NEB methods results in reliable approximations of the
minimum-energy path, and provides a good initial guess for the reaction pathways. Since
these methods usually employ several images (states) and converge slowly to the minimum-
path energy, more efficient approaches are needed to calculate the transition state. These
include the dimer method, one of the minimum-mode following methods, which is an
efficient way of finding transition states. [87] The dimer method focuses on optimizing the
transition state using three images: the central image and the dimer image consisting of two
images. The dimer image can rotate and translate; thus, finding the transition state becomes
a two-step optimization process. In the first step, the distance between the dimer and the
central image is fixed, and the vector defined by the dimer is rotated into the lowest curvature
mode of the potential energy at the central image. Then, the dimer and the central image
are translated with a specific step, moving the central image to the highest energy position
(TS). The position of the transition state can be determined by constant iterations through the
two-step optimizations, until the forces on the central image are converged and the curvature
of the potential energy at the central image is negative.

For the calculation of the reaction mechanism in the field of on-surface synthesis, the dimer
method is usually used to refine the transition state based on the initial estimation of the
reaction path obtained by NEB and CI-NEB.

2.5. Instrumentation

The instruments used for the experiments are available in TUM Physics Department (E20
labs) in Garching. The instrument techniques, sample preparation, and data analysis methods
will be introduced.

2.5.1. Low temperature STM/AFM (LT-STM/AFM)

A contamination-free environment is a prerequisite for preparing a clean sample, especially
for surface studies. In this thesis, all experiments were carried out in ultra-high vacuum
(UHV) chambers. Most measurements were performed with a commercial LT-STM/AFM
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instrument (CreaTec). Figure 2.9 gives a schematic diagram of the instrument, which mainly
comprises three chambers (load-lock chamber, preparation chamber, and SPM chamber)
separated by gate valves. The load-lock chamber is for loading samples or tips into the
vacuum chamber, the preparation chamber is where the samples are stored and prepared, and
the SPM chamber is where the measurements are performed. Between chambers, samples
can be transferred with a manipulator, one of the supporting apparatuses of the instrument.
In addition, there are pumps, a cryostat, as well as damping legs to maintain the regular
operation of the instrument.

Tm

Preparation [{if
chamber |

Dampers

Figure 2.9.: Schematic diagram of the LT-STM/AFM setup (Adapted from [90]). Different
components of the instrument are highlighted with colors. The load-lock chamber
is mobile, not shown here but can be mounted on the preparation chamber.

Pumping system. The LT-STM/AFM setup maintains UHV through the use of a series of
pumps connected to the preparation chamber; a roughing pump, turbo pumps, ion pumps,
and a titanium sublimation pump (TSP). With different working principles, the base pressure
can be lowered to < 5~ mbar. A roughing pump and two turbo pumps are used in series
to obtain a high vacuum in the order of 10~ %mbar. Then with the ion pump working, the
pressure can be reduced continuously and, more importantly, preserve this pressure in case
the mechanical pumps need to be shut down for sensitive measurements. The TSP is also
used occasionally to improve the pressure by trapping the small molecules which get bound
to titanium evaporated from the heated filament. The high vacuum is monitored by ion
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gauges. In addition, the preparation chamber is equipped with a cooling trap, which can
be filled temporarily with liquid nitrogen, in order to minimize the pressure during sample
preparation. For routine maintenance of the UHYV, the roughing pump and turbo pumps are
running continuously. Finally, in case the gate valve closes, a second ion pump is connected
to the SPM chamber to keep the UHV.

Cooling and damping system. Atomic-scale imaging is performed at low temperatures
for high resolution and low thermal drift. This low temperature is achieved using a cryostat
setup; a schematic diagram of which is shown in Figure 2.10. The core components are the
inner liquid helium (LHe) dewar and the outer liquid nitrogen (LN>) dewar. The two dewars
are separated by high vacuum insulation, to block heat convection. The scanner is fixed
directly under the LHe dewar, connected by a thermal conductor which facilitates the cooling
of the scanner. Additionally, the scanner is covered by two-layer shielding, LHe and LN,
shields, each connected to the respective dewar, to block the external thermal radiation. With
these cooling setups, the LT-STM/AFM typically works under a low temperature of ~ 5 K.

The noise during imaging is commonly caused by external vibrations. To minimize external
vibration, the instrument is mounted on four damping legs. The entire setup will be floating
on these damping legs during the measurements. Equally, the cryostat can also induce
vibrations. The gasification of LHe and LN, produces noise at a frequency of 500 to 800 Hz
due to the outlet of the dewars directly connected to the atmosphere. To reduce this noise,
the scanner is suspended by springs and equipped with eddy current damping. In addition,
the whole instrument is grounded to isolate the electrical noise. These operations ensure that
the measurements run in a highly stable environment.

Scanning system. The core parts of the scanning include a scanner (Figure 2.11), a qPlus
sensor (Figure 2.6) and Nanonis controllers. The scanner is the core for all STM/AFM
instruments, and its performance and noise level directly affect the imaging quality. The
status of the controller, circuit noise level, etc. can also significantly affect the image quality. In
general, before the measurements, it’s necessary to achieve a stable status for both hardware
and software of the instrument.

For STM measurements, a sharp metal tip is required. The material for making tips is
platinum-iridium (Pt-Ir) or tungsten. The Pt-Ir tip is produced either by cutting platinum-
iridium wire (diameter is 0.25 mm) or purchased commercially. The alternative is the tungsten
tip, made by electrochemically etching tungsten wire (diameter is 0.25 mm). [92] The tungsten
tip was selected as it performs better experimentally.

For nc-AFM measurement, the qPlus senor invented by Giessibl in 1995, [54, 65] is the most
important unit. As shown in Figure 2.11, the tuning fork is glued to the ceramic base with
one side fixed, and a tip (usually a tungsten tip) is glued to the free prong. The deflection
signal is generated by the piezoelectric effect and can be read from the two electrodes of
the tuning fork. Since the tungsten tip is conductive, the sensor can be used for combined
STM/AFM measurements. In this thesis, a commercial qPlus sensor (CreaTec) was used for
the nc-AFM measurements.
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Figure 2.10.: Schematic diagram of the cryostat (The picture adapted from [91]. The dark blue
region (the inner Dewar) is filled with LHe, and the light blue area (the outer
Dewar) is filled with LNj.
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Figure 2.11.: A schematic diagram of the STM scanner (Adapted from [93]).
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Figure 2.12.: JT-STM setup and its Schematic diagram. The components of the instrument
were indicated in the image.
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2.5.2. Joule-Thomson STM (JT-STM)

Some of the STM measurements in this thesis were conducted in a commercial JT-STM system
(Figure 2.12). This system comprises three main components: the cryostat, the JT cooler,
and the actual STM. The pumping, cooling, and damping equipment of JT-STM are very
similar to the LT-STM/AFM instrument. The main differences are in the STM scanner and
sample holder, as illustrated in Figure 2.14. In the JT-STM system, the scanner is placed inside
the JT shield. The crystal is mounted between two molybdenum plates, and the sample is
facing down, above the tip in the scanner. The JT-cooler is the feature of this system, which
can bring the temperature to ~ 1.2 K, which is required for specific measurements (such as
spectroscopic measurements).

Preparation
chamber

Figure 2.13.: Picture of the XPS set-up used for the XPS measurements in this thesis.

2.5.3. SPECS - XPS

Figure 2.13 is a picture of the actual instrument used for the XPS measurements in this
thesis. This is a SPECS GmbH UHYV system (base pressure of 3 x 1071 mbar), including a
PHOIBOS 150 hemispherical analyzer, and an XR50 X-ray source providing monochromatic
Al and Mg Ku radiation. The instrument comprises three chambers, a load-lock chamber,
a preparation chamber, and an analysis chamber. The analyzer is mounted on the analysis
chamber. The sample can be transferred with a load-lock chamber from the atmosphere to the
UHV chamber or prepared in the preparation chamber. Before the examination, the sample
needs to be transferred to the analysis chamber using a manipulator.

2.5.4. Sample preparation

All sample preparations follow a similar procedure. First, the substrate surfaces are cleaned
in UHV chamber, then organic chemicals are deposited onto the substrate by an organic
molecular beam epitaxy (OMBE) method. The details are explained in the following.
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The substrates used in this thesis are Ag(100), Ag(111), and Au(111) single crystals. The
sample preparation is performed in the preparation chamber. The single crystals are mounted
on the sample holder (Figure 2.14), and the crystal surface is cleaned by means of repeated
argon ion sputtering and thermal annealing cycles. For sputtering, an ion gun is used
to generate the electron beam with 10 mA emission current under (~ 1 kV) high voltage
condition. Then the dosed Argon gas is ionized and accelerated to bombard the metal surfaces.
Applying an Argon pressure of 1.5e~°mbar, typically produces an ion current of ~ 5 uA. The
bombardment of the surface with the argon ion efficiently removes the contaminants, but also
causes a rough surface. The subsequent annealing is needed to obtain a well-defined surface
and to remove residual species (argon atoms). The annealing temperature depends on the
single crystal (below the melting point). In our case, annealing temperatures are 700 - 720 K
for both Ag(100) and Ag(111), and 670 K for Au(111). After these cleaning procedures, the
surface is ready for chemical deposition.

bottom plate

top plate

Figure 2.14.: Images of the sample holder used in LT-STM/AFM (a); (b) used in JT-STM and
XPS.

Chemical compounds are deposited from a quartz crucible at their sublimation tem-
peratures. Figure 2.15 shows the chemical structures of all used precursors. (5,10,15,20-
tetrakis(4-formylphenyl)porphyrin (H,TFPP) was synthesized according to a published pro-
cedure from 5,10,15,20-tetrakis(4-bromophenyl)porphyrin via a bromine-lithium exchange
reaction [94] and was deposited at a sublimation temperature of 665 K. The compounds 5,15-
bis((trimethylsilyl)ethynylporphyrin (1a) and (5,15-bis(trimethylsilyl)ethynylporphyrinato)
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copper(ii) (1b) were synthesized according to literature process [95, 96] and proper purify
operations and were deposited onto Au(111) substrate at 520 K and 550 K, respectively. The
4’-Ethynyl-[1,1"-biphenyl]-4-ol (EHBP) was purchased from TCI, and was deposited at 330
K onto the Ag(100) substrate. The deposition time was appropriately controlled to obtain a
submonolayer.

In Chapter 4, to investigate reaction kinetics, we used different heating programs: (i)
heating directly to 305 °C at a rate of 170 °C min~!, (ii) heating directly to 305 °C at a rate of
30 °C min~—1, (iii) stepwise heating to 305 °C (200 °C to 245 °C for 10 min, 245 °C for 10 min,
245 °C to 275 °C for 10 min, 275 °C for 10 min and 275 °C to 305 °C for 10 min), (iv) stepwise
heating to 305 °C (180 °C for 10 min, 205 °C for 40 min, and 225 °C, 245 °C, 275 °C and 305
°C for 10 min at each temperature). The average temperature ramp (as plotted in Figure 4.17)
was calculated for temperatures above 100 °C.

H.TFPP O

Figure 2.15.: Chemical structures of the molecules studied in this thesis.

2.5.5. Data acquisition and analysis

STM and AFM data. All STM images were taken using the constant current mode, and the
bias voltage was applied to the sample. All AFM images were acquired at constant heights
and V; = 0 V using a qPlus tuning fork sensor [97] (resonance frequency ~ 31 KHz, oscillation
amplitude 60-80 pm, Q value > 100000, stiffness k ~ 1800 Nm~!) operated in frequency
modulation mode. The measurements were performed with CO-terminated tips, [70, 74]
obtained by vertical manipulation of adsorbed CO molecules that were deposited onto the
substrate at T < 10 K. The scanning parameters (tunneling current I; and sample bias V)
are given in the respective figure captions. The data were analyzed using WSXM [98] and
SpmImage Tycoon. [99]

XPS data. All XPS measurements were performed using the SPECS GmbH UHYV system
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described above. The monochromatic Al Ka radiation (hv = 1486.71 eV) was selected and
spectra were recorded with a PHOIBOS 150 hemispherical analyzer in normal emission
geometry, with the samples held at 300 K. The binding energy of all spectra was calibrated
against the Ag 3ds,, core level of the silver at 368.3 eV. Peak indentation and fitting were
processed using CasaXPS software. [100]

DFT Calculations. The calculations were performed within the DFT framework using
the Vienna ab-initio simulation package (VASP). [101] The projector-augmented wave (PAW)
method was used to describe the interactions between ions and electrons. [102] The exchange-
correlation interactions were treated by van der Waals density functional (vdWDF) in the
version of rev-vdWDEF2 proposed by Hamada. [86] The transition states were searched by
a combination of Climbing Image Nudge Elastic Band and the Dimer methods. [87, 88, 89]
Firstly, ten images were inserted in between the initial and final states. The central images were
then used as the input for the Dimer calculations, in order to obtain precise transition states.
Plane waves were used as a basis set with an energy cut-off of 400 eV. The Ag(100) and Au(111)
substrates were all modelled by four-layered slabs where the bottom two layers were fixed,
and the periodic image interactions were avoided by implying a 15 A vacuum region. The
atomic structures were relaxed until the energy was less than 10° eV and the residual forces
on all unconstrained atoms were less than 0.01 eV /A. For the modelling performed on Ag(100)

substrate, the surface unit cell of p(13 x 13) was used for the tetramer model, p <_93 120> ’

for self-assembled organometallic dimers, p (z —38> for self-assembled enetriynes were used.

For the modelling performed on the Au(111) substrate, a surface unit cell of p(8 x 8) was
used. In the above calculations, the 1st Brillouin zone was sampled by the gamma point only.
In addition, the Ag(100) surface unit cell of p(14 x 6) was used for the single organometallic
dimer, together with 1 x 2 k-point sampling. The STM simulation images were calculated
based on the Tersoff-Hamann approximation, [103] the AFM simulation images based on the
geometries optimized by DFT were obtained on the website: http:/ /ppr.fyu.cz/. The Probe
Particle Model used in the simulation uses classical force-fields. [104, 105] Charge transfer
values were obtained by Bader charge analysis. [106] The reaction energies were obtained
by calculating the energy difference between the cyclization products (2a-cis, 2a-transl,
2a-trans2) and the corresponding precursor (1a).

HOMA index. The Harmonic Oscillator Model of Aromaticity (HOMA) [107, 108] index is
defined as:

1 )
HOMA=1— ;vwopt —d;) (2.22)

Here, n is the number of bonds in aromatic pathway, V is a normalization constant (257.7
A~2 for C-C bonds and 93.52 A~2 for C-N bonds), d; is the respective bond length and dopt
is the "optimal" aromatic bond length. [108, 109] The optimal aromatic bond lengths were
determined from the average DFT-computed C-C and C-N bond lengths in benzene and
pyrrole, respectively: 1.396 A for C-C bonds and 1.375 A for C-N bonds. For a perfectly
aromatic system (i.e., all bond lengths are equal to the "optimal" aromatic bond lengths), a
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HOMA index of 1 is obtained.

Kinetic simulations. Kinetic simulations were performed by solving the system of rate
equations for the transformation of 1a as shown in Figure 4.17c, using an instant thermaliza-
tion approximation without taking entropic effects into account. [110]
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3. On-Surface Synthesis of Conjugated
Molecules via the Controllable Addition
Reaction of Alkynes

3.1. Tetramerization of alkynes on Ag(100)

3.1.1. Introduction

Enynes are a unique family of conjugated 7r-bond-rich compounds that are of broad interest
due to their prevalence in both biochemistry and materials science. [111, 112] The enyne
family consists of four basic units, namely enyne, enediyne, enetriyne, and enetetrayne,
containing 1, 2, 3, or 4 substituted alkynyl groups, respectively (Figure 3.1). The low
conjugated enyne and enediyne motifs have attracted much attention since the discovery
of antitumor antibiotics over the last decades. [113, 114, 115, 116] Their biological activity
stems from the generation of diradicals, which are responsible for DNA cleavage and cell
destruction. [117] In addition to the exceptional anticancer properties in biomolecules, enynes
are also fundamental scaffolds in synthetic chemistry and materials science, which undergo
transformations to build functional compounds. For example, enyne metathesis has evolved
into one of the most important chemical reactions to afford reactive intermediates, heterocycles,
and natural products. [118, 119, 120] Higher conjugated enetetrayne frameworks are mainly
applied in molecular systems in which their optical and electrical properties are explored. [121,
122, 123]

Motivated by these biological functions and application potentials, many efficient strategies
have been developed to afford enyne species. Common transition-metal-catalyzed cross-
coupling reactions are generally based on complex materials such as vinyl halides, [124]
alkynyl halides [125] or organometallic alkenes. [126] Novel oxidative cross/homo-coupling
reactions however are applied to simple terminal alkynes 17, [127] as this offers more
sustainable synthesis routes. Practically, low conjugated enynes, such as enynes and enediynes,
are easily synthesized and successfully applied in the construction of numerous functional
materials. [112, 128, 129] Interesting, although there are many reports on the synthesis and
application of enetetraynes, [114, 125, 130, 131] despite their conjugated 7-systems and
promising properties few papers have focused on enetriynes. [132, 133, 134, 135] Thus, the
development of novel strategies to afford enetriyne motifs is of vital importance.

On-surface synthesis, [6, 136, 137, 8, 9] whereby synthesis occurs on single crystal sur-
faces under ultra-high vacuum (UHV) conditions, was shown to be an exciting new route
towards the formation of conjugated nanostructures [16, 138, 139, 140] and functional organic
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molecules. [141, 142, 143, 144, 145, 146] Substrate confinement and catalysis promote the trans-
formation of reactive groups, thus constructing pre-designed nanostructures on surfaces. [147,
148] Specifically, aryl-alkynes, containing 7r-conjugated terminal alkynyl groups, have been
widely studied [149, 150] using homo-coupling, [151, 152, 27, 14, 153, 154] cycloaddition [155,
156, 34, 157, 158, 159, 160] or cross-coupling with other active termini, [161, 162, 163, 164]
to form a versatile covalent connection of functional nanostructures. [149] However, limited
control over the reaction pathways of active carbon triple bonds inevitably results in side
products, coincidentally, most in the forms of enynes. [14, 165, 166, 167, 168] Control over
the desired synthesis is successfully improved via steric or template effects, inhibiting the
undesired side reactions. [154, 169] On the other hand, one might achieve enynes as targeted
products by introducing a directing group to an aryne precursor, thus suppressing the main
homo-coupling pathway and creating spatial conditions for the cross-addition reaction mech-
anism. Recently, Wang et al. [170] synthesized the cis-enediynes on Ag(111) by introducing Br
to a 4-ethynyl-1,1"-biphenyl precursor at either the phenyl side or the ethynyl end, whereby
the Br adatoms aggregate the cis-enediynes into close-packed islands and pose a high steric
barrier to further reactions.

Ry 3 R,
N - N\ 7
Ry R, Ry — R4
Eneyne Enediyne

1 '
)\

R3 R4

A\
7

Enetetrayne

Figure 3.1.: Examples of different enynes. The enyne family features elements with different
electron-rich C-C bonding configurations. The marked enetriyne species is the
main product obtained by the on-surface synthesis strategy developed in this
work.

Here, we report a novel approach to highly selective enetriyne formation via tetramerization
of terminal alkynes on Ag(100). By introducing a hydroxyl directing group to aryne, we
designed a two-substituent precursor (4’-Ethynyl-[1,1’-biphenyl]-4-ol, EHBD, 1, Figure 3.2
), managed to control the reaction process and obtained uniform enetriyne species. With
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the further development of on-surface reaction, using multicomponent precursors to syn-
thesize complex surface structures has become a trend [155, 158, 170, 171] but remained
challenging due to the difficulties in controlling the reaction pathway for each active group
involved. [154, 171, 47] To achieve a high-quality sample, full control over the reaction pathway
is required, which could be achieved via the design of molecular precursors with widely
studied active groups. Thus, it would be of great importance to developing a method to
control the on-surface reaction pathway step-by-step, which has been rarely done. In this
work, we demonstrate a two-step synthesis strategy for the fabrication of enetriyne molecules
using EHBP (1, Figure 3.2) as a template, which aggregates into regular assembly structures
composed of mixed hydrogen bonds (2, Figure 3.2). According to recent studies, [172] metal-
organic Ag-bis-acetylide dimers (3, Figure 3.2) can be first synthesized via O,-mediation,
which would aggregate into condensed assembly structures with the direction of the dehy-
drogenated hydroxyl termini, [173] thus avoiding the coupling reaction preferred by terminal
alkynes. These adjacent dimers serve as templates to facilitate the tetramerization reaction
during the further annealing process, forming a conjugated enetriyne core (4, Figure 3.2).
The dehydrogenated hydroxyl termini, again, steer the aggregation of tetramer enetriynes to
regular assembly structures, sterically hindering the diffusion and further reaction of con-
jugated products. The atomic structures and chemical states of intermediates and products
were determined by a combination of scanning tunnelling microscopy (STM), non-contact
atomic force microscopy (nc-AFM), and X-ray photoelectron spectroscopy (XPS) measure-
ments. The reaction mechanism for the two-step synthesis has been further elucidated by
density functional theory (DFT) calculations.

3.1.2. Supramolecular organic assemblies on Ag(100)

We initially deposited EHBP molecules onto a Ag(100) surface at a low temperature (150 K),
to prepare a sample with pristine precursors, since both terminal alkynyl [151, 174, 168] and
hydroxyl [173, 37, 175, 176] groups can be modified on silver surfaces at mild conditions.
STM imaging (Figure 3.3a) of a medium coverage sample (45% of a full monolayer) shows
a local aggregation of molecules adsorbed on the flat terrace. They typically assemble into
tetrameric cross-shaped supramolecular modules, as highlighted in the inset in STM image
Figure 3.3a. By careful inspection, the four-fold symmetric unit (high-symmetry Dy;) is
cross-shape with mirror planes perpendicular to the surface, rather than the windmill-like
structure with chirality which is usually formed by CH-7 interaction between four ethynyls.
Thus we infer the tetramer to be formed via intermolecular hydrogen bonds of the hydroxyl
heads, resulting in the proposed structural model shown in Figure 3.3b. [177, 168, 170] Upon
warming the initial sample up to room temperature (RT) or depositing EHBP on a Ag(100)
substrate held at RT, large-area assembled islands were observed (Figure 3.5). When zooming
into the assembly domain, the STM image (Figure 3.3c) shows an ordered rhombic network
that seems to be made up of deformed tetramer units (3.3a). The high-resolution STM image
(inset in Figure 3.3c) facilitates the close inspection of the vertex, with obviously reduced
symmetry (C2). The rhombic-shaped unit contains four molecules, among which two are
closer to each other in the head-to-head fashion, while the elongated heads of the other two
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Figure 3.2.: Schematic illustration showing the molecular self-assembly and chemical trans-

formations. The devised multi-step protocol involves a precursor with a directing

group, gas-mediated pre-treatment, and thermally activated reactions to realize
functional enetriyne species
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Figure 3.3.: Self-assembly structures of EHBP upon depositing on a clean Ag(100) substrate.
(a) and (c) With the substrate held at 150 K and room temperature, respectively,
either tetrameric units or extended networks evolve. (b) and (d) The models for
vertices occurring in (a) and (c) explain the respective structural arrangements
stabilized by different hydrogen bonding schemes. Scan parameters: (a) and (b)
I; =1 nA, Vs =-100 mV.
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approach from either side. This structural pattern transformation is ascribed to the variation
of intermolecular interaction. Thus, we suggest a structural model for the ordered rhombic
network, as shown in Figure 3.3d.
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Figure 3.4.: XPS spectra of C 1s and O 1s core level for EHBP deposited on a clean Ag(100)
surface held at 150 K and warming up to RT.

To clarify the chemical structures of self-assembled structures, we performed XPS measure-
ments. As can be seen in Figure 3.4, at 150 K, the O 1s spectrum shows a sole peak centered at
binding energy (BE) of 533.5 eV, which is related to the oxygen of -OH (right panel in Figure
3.4a). This is consistent with previously reported values for aromatic hydroxyl groups. [173,
37,175, 176] Upon warming up to RT, the O 1s spectra split into two peaks at BE of 532.3
eV and 530.9 eV (right panel in Figure 3.4b), which are assigned to the oxygen of -OH and
-C-O, respectively. In comparison, the alkyne termini remain pristine at RT according to the
previous reports. These results reveal a partial dehydrogenation of hydroxyl groups, [168]
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in which C-H- - - O and O-H: - - O mixed hydrogen bonds form between alkyne entities and
(dehydrogenated) hydroxyl species, as depicted in Figure 3.3d.

It should be noted that the shifts of the O 1s signal of -OH could be related to the changes
in the intermolecular interactions at different temperatures. Correspondingly, the C 1s spectra
also display a slight downward shift. The C 1s spectra of the sample at 150 K present the
main peak (left panel in Figure 3.4a). It can be fitted with two peaks, the high BE of 286.3
eV is the typical sign of -C-OH, and the low BE of 285.1 eV is assigned to the 7-system
consisting of phenyl and alkynyl groups. The peak intensity has a ratio of ~ 1:11.5, close to
the stoichiometric value of 1:13. After warming the sample up to RT (left panel in Figure
3.4b), the two C 1s peaks appear at lower BE of 286.1 eV and 284.9 eV, respectively. Therefore
we propose that EHBP molecules remain pristine on the Ag(100) surface at 150 K; partial
dehydrogenation occurs upon annealing to RT, as the chemical structures shown in Figure 3.3.
Based on this speculation, the extended assembly structure obtained via DFT optimization
also fits well with the experimental observations (Figure 3.3 e and f).

Figure 3.5.: Large-scale STM images of sample surfaces at different stages. (a) Upon deposition
on a clean Ag(100) substrate held at RT. (b) After O2 exposure. (c) After annealing
at 520 K. Scan parameters: (a) and (b) T; = 100 pA, Vs =-100 mV, (c) I; = 100 pA,
Vs =-500 mV.

3.1.3. Organometallic dimers generated via oxygen-mediated oxidization

Upon exposing the self-assembled networks to O, (~45 L) at RT, shrinking islands were
observed on Ag(100) surface, presenting ordered stripe sketches with different orientations
(Figure 3.5). Figure 3.6a reveals the two kinds of stripes, which arrange alternately to form an
extended domain. The repeated candy-like species in both stripes can be easily recognized as
organometallic dimers composed of two EHBP monomers and a silver adatom. To characterize
this alternate stripe configuration and the chemical structure of the linkages, bond-resolved
AFM measurements were performed by using a CO-functionalized tip. AFM images (Figures
3.6b and 3.6d) reveal the structural details of the organometallic dimer array regions marked as
I and II in Figure 3.6a, respectively. The biphenyl and alkynyl skeleton can be unambiguously
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Figure 3.6.: Formation of organometallic dimers via O, mediation. (a) Representative STM
image of revealing dimeric organometallic constituents and their mutual arrange-
ment. (b) and (d) Bond-resolved nc-AFM images of the dimers corresponding
to the area marked with orange and black rectangles in (a), respectively. (c)
DFT optimized organometallic structures on Ag(100). (e) AFM image of the
organometallic structure partially superimposed with the optimized structural
model. Scan parameters: (a) I; = 10 pA, Vs = 100 mV, (b), (d) and (e) Vs =0V,
constant height.
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Figure 3.7.: STM and AFM images of a dimer pair showing different interactions in the
vicinity of oxygen termini. (a) STM image of a dimer pair. (b) AFM image of the
same area in (a). (c) Corresponding chemical structure of the dimers in (a) and
(b). The two ends marked by gray circles are dehydrogenated hydroxyl entities,
which point towards the biphenyl backbone of the adjacent dimer, analogous to
the situation in Figure 2d in the main text. The two other ends bend outward
(shown by black arrows) and are assigned to hydroxyl entities with relatively
higher contrast compared to dehydrogenated ones. Scan parameters: (a) I; = 10
pA, Vs =100 mV, (b) Vs = 0V, constant height.

distinguished as bright outlines while sliver adatoms in the center of the dimers are invisible
in either array, leading to the determination of alkynyl-Ag-alkynyl organometallic linked
dimers, which is in agreement with the O,-mediated synthesized alkynyl-silver networks on
Ag(111). [172] Similarly, both termini of the dimers exhibit a dark appearance in AFM images,
coincident with the AFM studies on ketone groups. [178, 179] In addition, previous studies
have reported that O, exposure may induce further dehydrogenation of hydroxyl groups
on silver on the basis of partial dehydrogenation at RT. [180, 181] We thus hypothesized
that both hydroxyl groups of the organometallic dimers in the ordered array structures are
dehydrogenated. Further evidence thus will be provided by the XPS measurements, discussed
in Figure 3.12.

It is interesting to note that dimers in array II (Figure 3.6d) show two-fold symmetry
(Dyp), while the ones in array I (Figure 3.6b) have less symmetry (Cz), which is mainly
reflected by the bending of the organometallic linkers. Another distinguishing feature is
the different interplay in the vicinity of hydroxyl termini. The former is facing the middle
part of the diphenyl backbone of the dimer in array I (indicated by the gray dashed circle
in Figure 3.6d), while the latter points to the terminal benzene ring of the dimer in array II
(indicated by the gray dashed circle in Figure 3.6b). To rationalize this stripe configuration,
DEFT calculations were performed on the organometallic dimers-Ag(100) system. Figure 3.6¢c
shows the energetically most favorable configuration of the array assembly structures. The
model shows all Ag adatoms adsorbing on the hollow sites, the oxygen termini, as well as
the alkynyl-Ag-alkynyl organometallic species, match well with the two adjacent arrays in
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the AFM image (Figure 3.6e). Besides this regular arrangement of individual organometallic
dimers, some interesting pairs of dimers emerge in array II, as shown in the STM and AFM
images in Figure 3.7. The two ends marked by gray circles face the middle of the biphenyl
backbone of the dimer in the adjacent array, which are dehydrogenated hydroxyl entities,
identical to the situation in Figure 3.6d. The two ends are bending outward (shown by
black arrows), assigned to hydroxyl entities due to the non-depressed features relative to
dehydrogenated entities. Taken together, this indicates a different interplay in the vicinity of
the oxygen termini, due to the incomplete dehydrogenation of hydroxyl groups (detailed XPS
analysis will be discussed later).
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Figure 3.8.: Selective on-surface synthesis of enetriynes upon annealing the organometallic
arrays at 520 K. (a) Representative large-scale STM image of tetramer superlattice.
(b) High-resolution STM image of a tetramer unit. (c) The corresponding bond-
resolved AFM characterization reveals the carbon backbone. (d) DFT calculated
the structural model of an enetriyne species adsorbed on Ag(100). (e) Simulated
AFM images of an enetriyne species. (f) and (g) STM and AFM images of an
area of regular enetriyne arrays with partially overlaid structural models. Scan
parameters: (a) I; = 10 pA, Vs = 200 mV, (b) and (f) I; = 10 pA, Vi = 100 mV, (c)
and (g) Vs = 0V, constant height.

3.1.4. Enetriyne formation via thermally activated tetramerization reaction

Following annealing of the O,-treated sample described above to 520 K, a striking phase
evolution was captured. The overview STM image (Figure 3.5) indicates a regular superlattice
topography, i.e., the anisotropic organometallic dimer-array patches transformed into large-
scale isotropic assembly structures. Figure 3.8a displays an overview STM image of the
obtained ordered islands, revealing a self-assembly arrangement of newly formed cross-shape
tetrameric species. For a better inspection of these novel products, a high-resolution STM
image containing an intact tetramer is shown in Figure 3.8b. The latter consists of four
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Figure 3.9.: Closer inspection of a small frame containing two tetramer products. (a) Opti-
mized structural model of a tetramer for image simulation. (b) STM simulation
of the single tetramer. (c) STM image of the scanned frame with two tetramers
overlapped with the corresponding chemical structure. (d)-(g) Experimental and
simulated AFM images at a series of decreasing tip-sample distances (as the
labelled negative tip height showing). Scan parameters: (c) I; = 10 pA, Vs = 100
mV, (d)-(g) Vs = 0V, constant height.
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cross-connected rod-like parts, which are straightforwardly assigned to four integrated EHBP
precursors. Note that in all STM images there is no indication of embedded Ag atoms from
the seamless contours, which strongly suggests covalent linkage at the crosses” centers, clearly
differing from the supramolecular tetrameric constituents with different H-bonding nodes
discussed above (Figure 3.3a).

Subsequently, bond-resolved AFM measurements again reveal details and the carbon
scaffold of the covalent tetrameric products. Figure 3.8c shows an AFM image acquired at the
same area of Figure 3.8b imaged by STM. The bond-resolved inspection clearly reveals that
four biphenyl backbones are covalently connected at the center, i.e., there is a tetra-substituted
skeleton. When focusing on the central moiety, three of the linkages (between phenyls and
the central connection) display bright spot features, which can be unambiguously identified
as ethynyl species according to previous AFM imaging experiments with a CO tip. [182,
183] Furthermore, a relatively short bond connects the fourth substituent and the central
bond. This means that the central bond derives from the fourth monomer. Considering its
same contrast as phenyl rings and the planar property of the entire tetramer, we confidently
attribute the tetramer to be an enetriyne derivative (4, Figure 3.2).

Note that the phenyl rings in the periphery of the enetriyne tetrameric species appear
darker and less sharp, due to a reduced adsorption height, which results from the strong
interaction between terminal oxygen atoms and the substrate. [178, 179] This speculation
is also supported by the DFT calculations. Figure 3.8d shows the most stable adsorption
configuration of a tetramer on Ag(100), in which the molecular structural model resembles
the shape of the observed tetramer products. The simulated AFM image (3.8e) acquired with
DFT optimized structure compares well with its experimental counterpart (3.8c). Note that
all oxygen atoms adsorb on bridge sites and bend the connected phenyl rings downward, in
agreement with the AFM appearance. Hereby the oxygen atoms exist in the form of ketones
engaging in intermolecular interaction with surrounding tetramers, which are observed in
XPS and addressed in the next section. A closer inspection of the adjacent arrangement of two
tetramer products clarifies the importance of the intermolecular hydrogen bond interactions
for the formation of the well-ordered array (Figure 3.9). AFM images at different tip heights
show more features of enetriynes. One can see the distortion of benzene rings at a lower
tip-sample distance (Figure 3.9f and g), while the line-feature of alkynyl bonds are obvious at
a higher tip-sample distance (Figure 3.9e). In addition, the termini of each enetriyne face the
middle of the biphenyl backbone of the adjacent molecules.

In addition, Figures 3.8e and 3.8f show the STM and AFM images of a small area includ-
ing four tetramer products. While all oxygen atoms face the middle of biphenyls of the
adjacent tetramer, in the same way, the orientation of the central enetriyne skeleton varies
between adjacent tetramers as the overlaid models show. However, with these different
orientations, except for the slight difference in the length of the biphenyl skeleton, there are
no morphological differences neither from experimental nor simulated STM images (Figure
3.10), in agreement with its highly conjugated electronic structure. It is worth noting that
the chemoselectivity towards the enetriyne is significant (~85%), according to the statistics
(more than 2000 products were counted) from STM images obtained after annealing the

40



3. On-Surface Synthesis of Conjugated Molecules via the Controllable Addition Reaction of Alkynes

Optimized structure Experimental STM image Simulated STM image

Figure 3.10.: Extended assembly structure of the tetramer products. (a) Optimized structural
model of the extended assembly. (b) and (c) experimental and simulated STM
images of the assembly of tetramer products.

substrate at 520 K (Figure 3.11). There are some side products that can be seen, such as
trimeric species and deformed tetramers, and some unknown species, with a ratio of 4%, 9%,
and 2%, respectively.

3.1.5. Chemical shifts in the formation of enetriynes

We performed XPS measurements to inspect the chemical states of the EHBP molecules
at different reaction stages (Figure 3.12). As explained in the previous section, due to the
partial dehydrogenation of hydroxyl groups at RT (Figure 3.4), the as-deposited sample at RT
already comprises a mix of chemical states. The O 1s spectrum in the upper panel of Figure
3.12 displays two comparable peaks at BEs of 532.2 eV and 530.7 eV, which are attributed to
-C-OH and -C-O species, respectively. [173, 37, 175, 176] This chemical evidence confirms the
proposed model of the RT assembly structure shown in Figure 3.3d. Following O, exposure,
there is no evidence of oxygen uptake at the surface, and O 1s spectrum displays a pronounced
reduction of the higher BE peak (532.2 V) along with an increase of the lower BE signature
(530.4 eV), which indicates the further dehydrogenation of the remaining hydroxyl groups,
thus proving our hypothesis that the O termini of the organometallic dimers in the ordered
array are dehydrogenated. In addition, the small contribution of hydrogenated oxygen (532.2
eV) is associated with the pairwise dimers that emerged in array II in Figure 3.6a, explaining
the different interplay in the vicinity of oxygen termini. Post-annealing the O,-treated sample
at 520 K leads to a single O 1s peak at 530.2 eV, indicating fully enetriyne tetramers with
exclusively -C-O endgroups. Note that the BE of the oxygen shifts slightly during the two-step
treatment, which is presumably related to the modified intermolecular interactions in the
different assemblies. In the C 1s spectrum, upon O, dosing, a new component appears at
a low BE region of 283.7 eV. We attribute it to the signal of C-Ag, according to previous
studies. [170, 171, 172] This result agrees well with the experimentally observed alkynyl-Ag-
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Figure 3.11.: Statistical analysis of the reaction products. (a) High-resolution STM image of
the products after annealing substrate at 520 K. (b) Statistical distribution of
different products on several high-resolution STM images. Counting more than
2000 products, the enetriyne is the dominant product with a large proportion
of ~85%. Side products are mainly trimeric species, deformed tetramers, and
unknown species, with ratios of 4%, 9%, and 2%, respectively. (c)-(d) STM and
AFM images of an enediyne (the area marked by the black square in (a)) and its
chemical structure in (e). (f)-(g) STM and AFM images of a trimeric species and a
deformed tetrameric species (the orange rectangle in (a)), and their hypothesized
chemical structures in (h).Scan parameters: (a), (c) and (f) I; = 10 pA, Vs = 100
mV, (d) and (g): Vs = 0V, constant height.
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Figure 3.12.: XPS spectrum of O 1s and C 1s core level of EHBP at different reaction stages after
depositing on a clean Ag(100) surface. The O 1s spectra recorded at RT display
two peaks at 532.2 eV and 530.7 eV, indicating the partial dehydrogenation of
hydroxyl entities. The peak at 532.2 eV vanishes after annealing the substrate at
520 K, revealing the fully dehydrogenated of hydroxyls.
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Figure 3.13.: Initial signs of the formation of enetriynes. (a) STM image of one domain edge
of organometallic dimers after annealing the substrate at 450 K. It shows some
broken dimers, trimeric and tetrameric species (marked by green, red, and blue
dashed circles, respectively). (b) A close-up tetrameric species shows up in an
organometallic dimers region, implying a possible intermediate state, Ag adatom
not dissociated from the tetramer. (c) A close-up trimeric species appears in an
organometallic dimers region, which could be the enediyne derivative. Scan
parameters: (a) I; = 100 pA, Vi =-100 mV, (b) and (c) I; = 100 pA, Vs = -500 mV.

alkynyl organometallic dimers. Note that the main peak of C 1s spectra shows a downward
shift from 284.7 eV to 284.4 eV, which is ascribed to the extended conjugation properties
of enetriyne. Therefore, combining DFT optimization and XPS characterizations, as well
as bond-resolved AFM images, we provide strong chemical and structural evidence for the
on-surface synthesis of enetriyne tetramers.

3.1.6. Reaction mechanism of alkyne tetramerization on Ag(100)

In addition to the validation of synthesized products, it is also important to disentangle
the pathway of the novel chemical reaction. The identification of intermediate states and
incomplete products is an effective strategy to deduce the reaction process. The real-space
structure analysis of STM is one of the advantages of on-surface reaction, which can capture
trace intermediate state or byproduct structures for further analysis. With the help of STM
and AFM observations, we found intermediate states in both steps of the synthetic process.
For instance, after O, mediation, besides the regular dimer arrays, pairs of dimers emerge
occasionally in array II. The structural difference allows us to understand the incomplete
dehydrogenation of hydroxyl groups. The first stage of O,-mediated organometallic dimer
reaction is well understood, [172, 180, 182] while the second stage of thermally triggered
tetramerization requires more detailed scrutiny. After annealing the organometallic dimer
sample at 450 K, we found initial signs of the reaction at the edge of assembly domains
and, importantly, containing many broken dimers, irregular trimeric and tetrameric species
(as observed in Figure 3.13). These species can be assigned to intermediate states of the
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tetramerization reaction, which may undergo stepwise organometallic bond scission and
associated addition reactions.

<\

1.33 eV

0.90 eV

0.82 eV

0.00 eV

0.00 eV

Figure 3.14.: Reaction pathways and energy profiles for the cleavage of an organometallic
dimer. The reaction pathway with a blue outline is the most favorable one, in
which Ag adatom is fully dissociated from alkynyl, with a barrier of 1.01 eV
(corresponding to the blue energy profile). In the alternative reaction pathway
(with a brown outline) the Ag adatom remains attached to one of the EHBP
entities upon cleavage of the dimer, which gives an energy barrier of 1.33 eV
(brown energy profile).

To analyze and rationalize the reaction pathway, we performed DFI-based transition state
theory calculations. The most favorable free-energy pathway is depicted in Figure 3.15 (blue
line). First, we performed calculations on the extraction of the Ag adatom of an organometallic
dimer on Ag(100). The modeling indicates that the energetically most favorable pathway
proceeds with the Ag adatom fully dissociated from the dimer, with an energy barrier of 1.01
eV (Figure 3.14). The resulting monomer has active -C=Ce head for further addition to the
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Figure 3.15.: Reaction pathway and energy profile from organometallic dimers toward the
formation of enetriyne derivatives on Ag(100). C, H, O, surface Ag atom, and
Ag adatom are represented by the dark gray, white, red, light gray, and cyan
balls, respectively.
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vicinal triple bond of an intact organometallic dimer. The addition reaction is triggered by the
Ag adatom abstraction from organometallic dimers. Subsequently, the enetriyne species are
formed through a three-step addition reaction. The first addition reaction proceeds through
an EHBP entity added into an organometallic dimer (IS to InS2) with an energy barrier of
1.07 eV, whereas an energy barrier of 1.08 eV was obtained for the alternative pathway, shown
in Figure 3.16. This process is followed by the addition of the second EHBP entity to the
activated carbon of the trimeric species in InS2 (InS2 to InS3), with an energy barrier of 0.90
eV. During the final step, the dissociation of the second Ag adatom and the addition reaction
of the third EHBP entity takes place, which requires a large energy input of 1.41 eV (InS3
to FS). It can be overcome at a substrate temperature of 520 K, according to the previous
experimental results. [184]

Figure 3.16.: The alternative reaction pathway of the first addition reaction with an energy
barrier of 1.08 eV. At the reaction temperature of 520 K, reaction pathways of the
first addition reaction exhibit mild activation energies (1.07 eV was obtained in
the main text), both reaction pathways could take place.

3.1.7. Comparative experiments

The DFT calculations and analysis described above reveal this particular reaction mechanism
is based on the alternative dimer arrays, which derive not only from the O, treatment but
also from the directing effect of oxygen termini and Ag(100) substrate. To gain insight into
the control parameters of the high selectivity of the formation of enetriynes, we performed
comparative experiments without the O, dosage step and/or on Ag(111) surface.

Following deposition of EHBP molecules with medium coverage (~45% of a full monolayer)
on the Ag(100) substrate held at RT, we observed an ordered rhombic network with a unit
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Figure 3.17.: Comparative experiment on Ag(100) without O, mediation. Deposition of
EHBP molecules with medium coverage on Ag(100) substrate held at RT gives
rise to an ordered rhombic network, identical to the one in Figure lc. (a)
Annealing the substrate at 370 K induces the formation of few short polymers
and trimeric species on the edge of the rhombic network. (b) After annealing at
420 K, irregular structures and tetramer-like species can be found occasionally
(marked by blue circles). This result indicates that O2 mediation is crucial for the
formation of enetriynes. Scan parameters: (a) and (b) I; =1 nA, Vs = -100 mV.

cell of a = b =3.05 £ 0.02 nm attaching an angle of 80°, identical to the one in Figure 3.3c.
Annealing the substrate at 370 K, few short polymers and trimeric species were formed at
the edge of the rhombic network, as shown in Figure 3.17a. After annealing at 520 K, the
STM image in Figure 3.17b displays irregular structures, including occasional tetramer-like
species (marked by blue circles). This result indicates that O, mediation is indispensable for
the formation of enetriynes.

When depositing EHBP molecules with medium coverage on an Ag(111) substrate held
at RT, we obtained rhombic networks (Figure 3.18a). The unit cell of the network can be
described by a = b = 3.02 £ 0.02 nm with an angle of 80°, which is very close to the values
measured on the Ag(100) surface. More interestingly, while exposing the rhombic network
to O, (~45 L) at RT, we observed a close-packed organometallic dimers domain, shown in
3.18b. Note that the close-packed dimer is different from the alternative arrays obtained
on Ag(100), which is attributed to the O,-mediated deprotonation of alkynyl groups on
Ag(111). Annealing the O,-treated substrate at 520 K, disordered structures were obtained,
and a close-up image (3.18c) presents trimeric species (red arrows) and short polymers (black
arrows), randomly aggregated on the substrate. We propose that the condensed aggregation of
organometallic structures does not allow effective control of the thermally triggered addition
reaction when annealing at 520 K. These results again support our effective control of the
synthesis of enetriynes.
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Figure 3.18.: Comparative experiment on Ag(111). (a) STM image of the rhombic network
after deposition of EHBP molecules with medium coverage on Ag(111) substrate
held at RT. (b) After exposing the rhombic network to O, at RT, we observed
close-packed organometallic dimers domains. (c) Annealing the O;-treated
substrate at 520 K, disordered structures were obtained. Scan parameters: (a) I
=100 pA, Vs =-100 mV, (b) I; =1 nA, V5 =-100 mV, (c) I; = 100 pA, Vs = -500 mV.

3.2. Cyclotrimerization of alkynes on Au(111)

As one of the most frequently used functional groups, alkynes are intensively studied in the
tield of on-surface synthesis. [151, 27, 165, 28] Among them, the alkyne polycyclotrimerization
is promising for the synthesis of conjugated aromatics duo to its atom-economy. [177] It’s
noteworthy that noble metal surfaces, i.e, Cu, [165] Ag [10] and Au, [177, 185] display different
reactivity for the reactions of alkynes. On the more reactive Cu(111) surfaces, it is difficult
to obtain a uniform product because several reactions, including homo-coupling, cross-
coupling, and trimerization, proceed simultaneously. On Ag(111) surfaces, homo-coupling
of alkynes is favored, along with the catalyzed dehydrogenation of terminal alkynyl groups.
Because of the low reactivity, Au(111) surfaces, comparatively, are the most suitable for
the polycyclotrimerization of alkynes offering higher mobility and more addition chances
to acetylenes. However, previously reported alkyne cyclotrimerization studies based on
diyne and triyne monomers on Au(111) still show imperfection in the growth of extended
conjugated structures due to the side reaction and steric shielding. Despite some attempts
with monoyne monomers, the steric shielding of the other introduced functional groups
was found to largely suppress the cycloaddition process after the dimerization of monomers.
Therefore, it is necessary and useful to introduce suitable directing groups into monoynes to
study the selectivity of cyclotrimerization.

Motivated by the highly selective synthesis of enetriynes via the tetramerization reaction
of alkynes on the Ag(100) surface (above section), we studied the alkyne cyclotrimerization
of EHBP molecules on Au(111) and analyzed the effects of the hydroxyl directing groups
on the formation of regular molecular islands. In this section, we present a controllable
synthesis of trisubstituted benzenes via the cyclotrimerization of alkynes on Au(111), schemat-
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Figure 3.19.: Schematics of regioselective cyclotrimerization of alkynes. After depositing
EHBP molecules on Au(111) surface kept at RT, cyclotrimerization of EHBP
molecules was triggered by thermal annealing: three triple bonds are cyclotrimer-
ized into one benzene ring by addition reaction. The addition products were
selectively self-assemble into uniform molecular arrangements by annealing at
different temperatures: 1,3,5-trisubstituted isomers at 375 K, 1,2,4-trisubstituted
isomers, and dimers at 475 K.
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ically depicted in Figure 3.19). Taking advantage of the hydroxyl directing groups and
controllable thermal annealing, we managed to steer the reaction process and obtain uniform
products. Controllable annealing of the preassembled structure induces the formation of the
regioselective trimeric species, where 1,3,5-trisubstituted benzenes dominate at 375 K, and
1,2,4-trisubstituted benzenes dominate at 475 K. Uniform self-assembly islands, stabilized by
intermolecular hydrogen bond interactions, can be obtained for both species. This study may
provide a protocol to precisely fabricate functional trisubstituted benzene derivatives.

3.2.1. Supramolecular organic assemblies on Au(111)

Figure 3.20 shows typical STM images of self-assembly structures of EHBP after deposition on
the Au(111) surface at RT with a coverage of ~80% ML (monolayer). Most of the molecules
aggregate into large uniform islands (Figure 3.20a), while some isolated stripes can be found
between the large domains. Individual molecules can be distinguished in the magnified STM
image (Figure 3.20b), in which a four-molecule unit is shown in the inset with the chemical
structure superimposed. Similar to what we observed on Ag(100) at low temperatures, the four
intact hydroxyl groups point to each other in an orthogonal arrangement, mediated by strong
hydrogen bonds (Figure 3.3a). Figures 3.20c and 3.20d show regular self-assembly networks,
exhibiting the extended structures of four-molecule units. The molecular arrangements in the
two domains are chiral due to the reciprocal orientation of the alkynyl termini, leading to the
enantiomeric islands, as indicated by the overlaid molecular models on the corresponding
STM images. The unit cell parameters are a = b = 2.0 &= 0.02 nm with an angle of 90° for both
chiral domains. Note that the intact EHBP molecules reveal the lower reactivity of Au(111)
regarding to the dehydrogenation of ether hydroxyl and alkynyl groups, as compared to
Ag(111) and Ag(100). Indeed, there is no phase transition even after the O, dosage treatment
at RT on Au(111).

3.2.2. Alkyne cyclotrimerization via thermal activation

Annealing the substrate at 375 K induces pronounced changes in molecular arrangements,
giving rise to the honey-comb islands and irregular molecular aggregates, as shown in the
large-scale STM image in Figure 3.21a. Figure 3.21b shows an STM image, displaying the
coexistence of regular and irregular molecular arrangements. The high-resolution images
shown in Figure 3.22 reveal the uniform honey-comb structures consisting of triangular
individuals with three-fold symmetry, denoted as trimer-I1. Our constant-height STM image
(Figure 3.22¢) clearly shows the seamless connections in the center of the triangular individual,
this immediately brings us to the formation of a benzene ring via the cyclotrimerization of
three alkynes (rendering with blue in the proposed model in Figure 3.22d), as previously
reported. [177, 185] The uniform structure can be expressed by a unit cell of a =b = 2.13
£ 0.02 nm, with an angle of 60°. Note the depression between the ends of three adjacent
species, implying the non-covalent bonding. Thus, the large islands are formed by hydrogen
bonding between hydroxyl groups; the proposed molecular model is shown in Figure 3.22d.
The irregular molecular aggregates are composed of tree-fork trimers (denoted as trimer-II,
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Figure 3.20.: Self-assembly of EHBP molecules after depositing on a Au(111) surface kept
at RT. (a) Large-scale STM image of self-assembly of EHBP on Au(111). EHBP
molecules self-assemble into molecular islands. (b) Magnified STM image of
EHBP molecular stripes growing along the edge of a molecular island. The inset
is a high-resolution STM image of one isolated four-molecule unit covered with
the corresponding chemical structure. (c) and (d) Zoom-in STM images of chiral
self-assembly domains, with the structural models superimposed, respectively.
Scan parameters: (a) and (b) I; = 100 pA, Vs =-100 mV, (c) and (d) I; = 100 pA,
Vs = -500 mV.
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Figure 3.21.: Phase transition of the surface structures after annealing the predeposited sample
at 375 K. (a) Large-scale STM image shows trimer species in an island. (b) A
close-up STM image presents the coexistence of regular domains and irregular
molecular arrangements. (c) Tree-fork shape trimers (blue arrows), dimers
(orange arrows), and unreacted EHBP monomers (red circles) were also achieved,
aggregating into disordered arrangements. Scan parameters: (a) I; = 100 pA, V;
=-500 mV, (b) and (c) I; = 100 pA, Vs = -100 mV.

blue arrows), dimer species (orange arrows), and unreacted EHBP monomers (red circles),
as marked in Figure 3.21c. Trimer-II species are oblique triangular shapes, and possess
angles close to 180°, 120° and 60°. These geometries are consistent with those proposed
in previously reported works. [177] Therefore, we attributed trimer-I and trimer-II to the
1,3,5- and 1,2,4-isomers, respectively. The reaction mechanism for alkyne cyclotrimerization is
clarified by Fasel et al, and Gao et al. [185, 177]

When further annealing the substrate at 475 K, the surface morphology changes, whereby
in addition to A, three newly formed islands are prevailing, marked by B, C and D in a
large-scale STM image (Figure 3.23a). The high-resolution STM image in Figure 3.23b presents
the details of domain B, in which ladder shape arrangements composed of trimer-II and
dimers are found, with a unit cell of a = 2.48 £ 0.02 nm, b = 4.0 & 0.02 nm attaching an
angle of 78°. The dimer can be recognized as two EHBP monomers connected by an enyne
entity after the addition reaction. We proposed a structural model for the ladder shape
arrangements in Figure 3.23c, which fits well with STM topologies. It is apparent that the
hydrogen bonds of the hydroxyl groups of both dimer and trimer products play an important
role in the aggregation process. Furthermore, other regular molecular patterns, consisting of
different combinations of products, are also found on the surface. Figure 3.23d displays a
small patch of the porous structure (D), the self-assembly of enyne dimers through hydrogen
bonding between hydroxyl substituents. A more complex structure is also obtained (Figure
3.23e), including both trimer-I and II species with a unit cell of a =b = 5.85 &+ 0.02 nm and an
angle of 60°. This periodic unit is shown in Figure 3.23f.

Interestingly, when directly annealing the RT predeposited sample to 475 K, a different
surface morphology was observed. Figure 3.24a presents a representative overview STM
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Figure 3.22.: High-resolution STM images of the trimer products after annealing the substrate
at 375 K. (a) STM image of the regular honey-comb island (denoted as A),
consisting of trimer species (denoted as trimer-I). (b) Zoom-in STM image of
the trimer-I species. (c) Constant-height STM images were obtained in the same
area as (a). (d) The proposed model for trimer-I, the newly formed benzene ring
rendering with blue, and the well-ordered trimer stabilized by the hydrogen
bonding. Scan parameters: (a) I; = 100 pA, Vs = -500 mV, (b) I; =1 nA, Vi =-500
mV, (c) I} =1 nA, V; =100 mV.
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Figure 3.23.: Addition reaction of EHBP molecules after annealing the substrate at 475 K. (a)
Large-scale STM image shows different molecular arrangements, denoted as
domain A, B, C and D. Irregular molecular aggregates can also be found. (b)
A zoom-in STM image of domain B, can be described by a unit cell of a = 2.48
+ 0.02 nm, b = 4.0 £ 0.02 nm, with an angle of 78°, consisting of trimer-II and
dimers, as shown in the proposed model in (c). (d) STM image of domain D,
dimer species self-assemble into a hexagonal shape arrangement. (e) STM image
shows a more complex molecular arrangement (domain C). (f) A repeating unit
of the pattern in (e), composed of trimer-I and II. Scan parameters: (a) I; = 100
pA, Vs =-500 mV, (b), (d) and (e) I; = 100 pA, Vi =-100 mV.
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Figure 3.24.: STM images obtained after directly annealing the substrate at 475 K after the
deposition of EHBP molecules on a Au(111) surface. In the different regular
domains, the ladder shape arrangements tend to be the most common. Scan
parameters: (a) and (b) I; = 100 pA, Vs =-500 mV.

image of the structures, in which three regular islands can be distinguished, A, B and
D. However, the ladder shape molecular arrangement (domain B), consisting of trimer-
IT and enyne dimers, is dominant over the surface. The comparison of the two thermal
annealing processes reveals a temperature-dependent reaction preference for the alkyne
addition reaction.

In contrast to the formation of enyne dimers on Ag surfaces with thermal activation, [186]
cyclotrimerization is the dominant reaction pathway for alkynes on Au(111). [177, 185] To
investigate the mechanism of the different cyclotrimerization products, it is interesting to
consider the possible coupling schemes for the formation of 1,3,5- and 1,2,4-trisubstituted
benzene. In the pioneering work on the cyclotrimerization of a diyne on Au(111), [177] a
two-step [2+2+2] cyclization reaction involving Au adatoms is suggested, while a reaction
pathway starting from the metallacyclopentadiene intermediate was proposed by a study on
the use of 1,3,5-tris-(4-ethynylphenyl)benzene.[177] Structurally, the pre-dimerization of two
monomers would inhibit the formation of 1,3,5-isomers (trimer-I) via the [2+2+2] cyclization
reaction, facilitating, in contrast, the addition of a third alkyne to construct the 1,2,4-isomers
(trimer-II). In our experiments, we did notice more accompanied enyne dimer formation along
with the 1,2,4-isomers (trimer-II) at a higher annealing temperature. As mentioned in previous
studies, Au adatoms would be involved in the dimerization step, whereas high temperatures
increase the occurrence of Au adatoms at the surface. Thus we obtained the regioselectivity
regarding the synthesis of benzene ring core via the alkyne cyclotrimerizations on Au(111).
More important, the hydroxyl directing group facilitates the aggregation of uniform products,
providing a suitable condition for product identification and separation.
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3.3. Conclusion

In summary, we present a novel approach to synthesize enetriynes with a high selectivity
(~85%) on Ag(100) surfaces. The high selectivity is achieved by: hydroxyl groups directing the
arrangements in molecular domains; O, mediation of the ethynyl groups to organometallic
species to avoid the homo-coupling; and the four-fold symmetry of the Ag(100) substrate
favourable to the addition reaction to form tetrameric enetriynes. Comparative experiments
without O-mediation and utilizing Ag(111) substrate accompanied by DFT calculations
confirmed the importance of the above parameters and provide insights into the reaction
pathways.

On the other hand, oxidative dehydrogenation does not occur on Au(111) with either O,
dosage or thermal annealing treatments. We examined the trisubstituted benzene compounds.
Interestingly, taking advantage of hydroxyl directing groups and controllable annealing, we
managed to steer the regioselective alkyne cyclotrimerization and corresponding uniform
arrangements were obtained. Controllable annealing of the preassembled system induces
the formation of the trimeric species, 1,3,5-trisubstituted benzenes dominate at 375 K and
1,2,4-trisubstituted benzenes dominate at 475 K, which self-assemble into different regular
islands. The approach applied in this work may provide an alternative avenue for precursor
designing and selective synthesis.
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4. Cyclization and Polymerization of Alkyne
Substituted Porphyrins — the Role of
Aromaticity

4.1. Introduction

Covalent coupled porphyrins architectures are sought-after for their remarkable stability and
wide range of physical and chemical functionalities that can be exploited in nanoelectronic
circuits, single-atom catalysis [187] and spintronic devices. [188, 189, 190] For instance, the
conductance changes induced by tautomerization of the inner hydrogen atoms [191, 192] allow
constructing coupled molecular switches and logical elements based on connected free-base
porphyrins. The use of metalloporphyrins provides opportunities to embed catalytically active
metal centers in a chemical matrix for superior stability at elevated temperatures. Furthermore,
metalated porphyrins often exhibit magnetically active spin centers, the interaction of which
can be tuned by exact positioning and chemical "locking" of the porphyrin units at defined
distances. Such examples underline the importance of the precise and uniform control of the
distances between porphyrin molecules. In many cases, it is advantageous to achieve short
distances for efficient electronic or magnetic coupling between covalently coupled porphyrin
units.

Nanostructures exhibiting short distances between and a high degree of regularity of the
monomeric units can be more readily realized in one-dimensional nanostructures. Addition-
ally, conceptually different morphologies (such as branched chains or closed circuits) provide
further opportunities to tune the electronic properties of one-dimensional materials, as well as
influence their chemical and catalytic behavior via regio- and stereo-selective centers emerging
in the nanostructures.

While previous studies report covalent coupling of porphyrins via various synthetic strate-
gies in solution, [193, 194, 195, 196, 197] many of these are limited in the number of coupled
units — largely due to hampered solubility of extended structures in solution. This problem
is circumvented in on-surface synthesis, which has been used to construct larger structures
without solubility constraints. [198, 199, 200] The repertoire of synthetic strategies on surfaces,
as of yet, is more limited than in solution; covalent C-C bonds are predominantly realized via
Ullmann coupling on metal substrates, in which halogen atoms in the precursor molecules
are cleaved off to form reactive carbon species that then form C-C bonds. [6] However, the
formation of C-C bonds directly at the periphery of porphyrin molecules has not been demon-
strated so far, likely due to steric constraints. Instead, additional “spacers” (i.e., phenyl rings,
which the halogen atoms are attached to) have to be used, leading to increased distances
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between the units in the resulting chains (1.70 to 1.80 nm center-to-center). [201] A different
type of reaction, alkyne homocoupling, for which first attempts have been reported, [202]
avoids the use of extra phenyl rings as spacers; however, due to the presence of the two
alkyne units in the junction, the inter-porphyrin distance is still around 1.35 nm.

olefinic
carbons

aromatic
pathway

Figure 4.1.: Aromaticity-driven regioselectivity in free-base porphyrins. The aromatic 18 -
electron diaza[18]annulene pathway (red highlighted bonds) along the macrocycle
of a free-base porphyrin omits four carbon atoms. Thus, there are two chemically
different types of carbon atoms at the B positions: carbons with aromatic character
and carbons with olefinic (i.e. double-bond) character. [203, 204, 205]

The smallest possible distance between porphyrins is obtained by "head-on" coupling of
the units ( ~0.90 nm) to yield directly triply-fused bisporphyrins.ref Here, three C-C bonds
are formed between equivalent carbon atoms (at beta, meso, and beta positions) directly at
the peripheries of the porphyrins. In fact, such products have been synthesized on metal
surfaces via catalytic dehydrogenative homocoupling of porphyrins. [206, 36, 207] However,
the control of such homocoupling reactions is difficult because side reactions commonly occur,
leading to other types of connections and therefore limiting the regularity and the lengths of
the chains. Thus, the synthesis of extended nanostructures with regularly spaced porphyrin
units at close distances remains a challenge, which demands the creation of localized reactive
centers by functional groups that yield minimal spatial extension in the products.

Here we present the synthesis of extended one-dimensional (1D) porphyrin nanostructures
on Au(111) with a center-to-center distance of 1.10 to 1.20 nm for porphyrin units. The
selectivity of the coupling reaction is greater than 90% leading to regular chain segments
whose lengths can exceed 50 units. In addition, we also observe the formation of closed
one-dimensional circuits (i.e., rings). We use free base porphyrin precursors with alkyne
substituents on two opposite meso positions (5,15-bis((trimethylsilyl)ethynyl)porphyrin,
denoted as 1a, see the chemical structure in Figure 4.2a). To prevent polymerization in the
crucible during thermal sublimation, the alkyne groups are protected with trimethylsilyl
groups (SiMe3). After deposition of the precursors onto the metallic substrate, these protective
SiMe3 groups cleave off to generate undersaturated carbons atoms, which then direct coupling
in one dimension. The alkyne groups additionally undergo cyclization reactions, thus
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shrinking the porphyrin-porphyrin distance by ~15% compared to uncyclized alkyne-alkyne
junctions.

By using scanning tunneling microscopy (STM) and bond-resolved atomic force microscopy
(AFM), we determined the precise atomic-scale structure of the synthesized nanostructures
and gained further insights into the regioselectivity of the reaction. Both, the intermolecular
coupling, as well as the intramolecular cyclization proceed via two different routes, i.e., (£)-
and (E)-coupling which refers to the position of porphyrin units, as shown in Figure 4.2b;
cis and trans cyclization refers to the positioning of five-membered ring formation linking a
meso and B carbon (Figure 4.2b). The coupling does not show a very strong preference for
one of the two pathways ((Z2)- and (E)-); the situation is different, however, for the cyclization.
Statistical analysis reveals that trans-cyclization is more than five times more common than
cis-cyclization.

This behavior can be rationalized by the 187t diaza-annulene [203, 204] aromatic pathway of
the porphyrin precursors, which gives rise to specific local reactivity for free base porphyrins —
aromatic versus olefinic carbon atoms at the B positions (i.e. at the “corners”) of the molecules
(cf. Figure 4.1); And thus a preference for trans-cyclization. This is in agreement with the
energetic description by density functional theory (DFT) calculations, which show that the
trans-cyclized species are preferred to cis-cyclized species. Additionally, the thermodynamic
stability of the reaction products shows a direct correlation with the molecular aromaticity
(quantified based on the bond length alteration along the aromatic pathways).

Understanding the reactivity of porphyrins and porphyrin nanostructures has direct
implications for preserving their remarkable stability — grounded in their 187-electron
aromaticity — and thus for utilization of their versatile chemical and physical functionalities
in a wide range of environments.

4.2. Alkyne-substituted free-base porphyrins on Au(111)

4.2.1. The formation of 1D porphyrin nanostructures

We used free-base porphyrins with alkyne substituents on two opposite meso-positions
as precursors: 5,15-bis((trimethylsilyl)ethynyl)porphyrin, denoted as 1a, see the chemical
structure in Figure 4.2. To prevent polymerization in the crucible during thermal sublimation,
the alkyne groups were protected with trimethylsilyl groups (-SiMe3). Deposition of 1a
on a Au(111) substrate kept at room temperature leads to the formation of small islands
with self-assembled molecules and few isolated species (Figure 4.3a). The molecules appear
rod-like with bright spots at the two termini, assigned to the bulky -SiMe3 groups. Figure 4.4
gives the STM image and the corresponding AFM image of a small island of self-assembled
molecules after annealing the substrate at 205 °C. The alignment of the molecules indicates
interaction between the -SiMe; groups, which appear as bright spots at the termini of the
rod-shaped molecules. The overlaid chemical structure on the corresponding AFM image
reveals protrusions at the positions of the -SiMe3 groups. The dashed gray circle marks a
region with less brightness, which possibly emerged from an initial reaction step, in which the
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Figure 4.2.: Reaction scheme of cyclization and coupling of alkyne-substituted free-base
porphyrins. (a) Reaction scheme of the transformation of the SiMesz-alkyne-
substituted porphyrin precursor 1a towards covalently coupled one-dimensional
porphyrin nanostructures 2a. Thermally induced cleavage of the -SiMe; group
exposes a reactive carbon atom, which participates in the formation of two new C-
C bonds, leading to: (i) intramolecular cyclization to cyclopenta[at]porphyrin units
via formation of five-membered rings (highlighted by green and blue fill-color),
and (ii) intermolecular coupling. (b) Chemical structures of different isomeric
reaction products emerging from the cyclization reactions (2a-cis, 2a-trans1, 2a-
trans2) and the coupling reactions ((Z)- and (E)-). The bold red highlight in the
chemical models denotes the aromatic 18 rr-electron diaza[18]annulene pathway
observed in free-base porphyrins. [203, 204, 205]
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Figure 4.3.:

Figure 4.4.:

Cyclization and polymerization of alkyne-substituted free-base porphyrins on
Au(111). (a) STM image of the precursor 1a after deposition on a Au(111) held at
room temperature shows self-assembled structures. The inset shows an isolated
molecule with two protrusions at the positions of the -SiMe3 groups. (d) STM
image after annealing at 305 °C showing the formation of covalently linked
porphyrin nanostructures (2a), i.e., chains and ring-like elements, via cyclization
and coupling. Scan parameters: (c) Iy = 10 pA, Vs =50 mV, (d) I; = 2 pA, Vs = 50
mV.

Self-assembled structures of 1a. (a) STM image of a small island of self-assembled
molecules after annealing at 205 °C shows predominantly unreacted molecules
(scan parameters: I; = 2 pA, Vs = 50 mV). (b) The corresponding AFM image of
the same area as (a) reveals protrusions at the positions of the -SiMe3 groups
(scan parameters: Vi = 0V, constant height).
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partial cleavage of -SiMej3 leads to an intermediate connection motif between the molecules.

Step-wise annealing the substrate induced -SiMej cleavage and coupling. As shown in
Figures 4.4 and 4.5a, annealing at 205 °C, most of the precursors were seen to be in self-
assembled islands; additionally, some reaction intermediates were formed (the dashed gray
circle in Figure 4.4). Annealing at 245 °C, most of the bright spots (i.e., -SiMe3) were removed,
and 1D polymerized and ring-like structures emerged. At higher temperatures (275 °C),
almost all bright spots were removed, and nearly all molecules participated in the formation
of 1D nanostructures. The dark appearance of the molecular centers in the STM images does
not unambiguously confirm the absence of metal centers, [208, 209, 198] but as no change in
the appearance of the interior of the molecules was seen after annealing, we conclude that
self-metalation with substrate atoms does not play a role, as expected from previous studies
of porphyrins on Au(111). [206]

Figure 4.5.: Thermally induced -SiMe; cleavage and coupling. (a) After annealing at 205
°C, most of the precursors were seen to be in self-assembled islands. (b) After
annealing at 245 °C, most of the bright spots (i.e. -SiMe3) were removed. Putative
reaction intermediates with less bright spots between molecules were seen (exam-
ples are marked by dashed red rectangles). (c) At higher temperatures (275 °C),
almost all bright spots were removed, and almost all molecules have undergone
cyclization and coupling reactions. The duration of all annealing steps was 10
minutes. Scan parameters: (a) and (c) I; =2 pA, Vs =50 mV, (b) I; =2 pA, Vs =
100 mV.

Annealing the substrate at 305 °C induced a fully chemical transformation (bright spot
cleavage) towards extended 1D nanostructures with lengths commonly exceeding 30 units
(Figure 4.3b). The predominant products were chains with mostly regular arrangements
of porphyrins forming straight, as well as angled connections, with few branching points
(see also Figure 4.5). Some of the structures formed closed loops, i.e., nanorings, typically
consisting of 5 to 6 units. Additionally, we observed that almost all of the bright features
associated with -SiMe; groups disappeared and only very few putative -SiMe; remnants
remained on the surface (see dashed orange circles in Figures 4.3b and 4.6a). We thus conclude
that the -SiMe3 groups cleaved off and desorbed upon annealing, in agreement with previous

64



4. Cyclization and Polymerization of Alkyne Substituted Porphyrins — the Role of Aromaticity

studies. [210]

4.2.2. Bond-resolved imaging of 1D porphyrin nanostructures

To clarify the connection motifs between porphyrin units, we performed bond-resolved AFM
measurements with CO-functionalized tips. [70] The AFM images of the polymeric structures
(Figure 4.6) indicate covalent connections between the porphyrin units with center-to-center
distances of 1.10 to 1.20 nm. Furthermore, the images reveal the formation of additional
five-membered rings at the periphery of the porphyrins. Both reactions appear to be facilitated
by the cleavage of the -SiMe3 group, which exposes a reactive carbon atom; this atom then
participates in the formation of two new C-C bonds associated with coupling and cyclization
(Figure 4.2a).

For the coupling reaction, we observe two different reaction pathways. These lead to
(2)- and (E)-type stereoisomers, which are defined with respect to the orientation of two
neighbouring porphyrin units about the connecting C-C bond (Figure 4.2b). Figure 4.6b shows
a high-resolution image of a fragment composed of three porphyrin units showing both, (E)-
and (Z)-type coupling. The coupling type is directly related to the morphologies formed:
straight segments imply (E)-coupling, while (Z)-coupled sequences lead to the formation of
curved and ring-like structures. Our experiments show that (Z)-coupling is slightly more
common than (E)-coupling (Figure 4.6d).

The additional rings at the periphery of the porphyrins originate from cyclization reactions
of the ethynyl residues. [110, 157] In the vast majority of cases (> 95%), five-membered rings
are formed (the minority side products see in Figure 4.8). The relative position of the two
formed rings at both sides of the porphyrin leads to different isomers: cis- and trans-isomers.
These are associated with the regioselectivity of the cyclization reactions, i.e. which B-pyrrole
carbons the reactive ethinyl carbon atoms connect to (see Figure 4.2b). The high-resolution
images (Figure 4.6b, c) further reveal an increased brightness for some of the five-membered
rings. This is likely caused by geometric distortions [72, 212, 213] and in some cases might be
related to the degree of saturation at the specific carbon atoms, i.e., extra hydrogen atoms
pointing away from the surface [214] (see also Figure 4.9)

Statistical analysis of more than 200 molecules (Figure 4.6d) reveals that trans-cyclization
occurred much more frequently than cis-cyclization: 85% of molecules were found to be
in trans-configuration, compared to 15% of cis-cyclized molecules (typical errors for these
estimates are & 3%). This preference for trans-cyclization was not dependent on whether
the molecules were coupled or isolated: Analysis of more than 50 isolated molecules (about
3% of molecules remained isolated) similarly gave a four times the higher abundance of
trans-cyclized species.

To clarify the trans-cyclization product, we observed AFM images of a chain of three
trans-cyclized and one cis-cyclized molecule at different tip-sample distances (see Figure
4.7) and performed tip-manipulation experiments. We determined that the all or almost all
trans-cyclized species are of type 2a-trans2). In Figure 4.10a, application of a voltage pulse
(Vs = 3.2 V) close to the center of a trans-cyclized molecule within a chain leads to cleavage of
an inner hydrogen atom. A substantial contrast change on the lower side can be observed,
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Figure 4.6.: Regio- and stereo-selectivity of cyclization and coupling reactions. (a) Bond-
resolved AFM image of the porphyrin nanostructures (2a) shows regular segments
and few irregular coupling motifs creating branches. Bright spots nearby the
molecules (dashed orange circles) are likely related to remnants of -SiMe3 or
small adsorbed molecules (such as CO). (b), (c) High-resolution AFM images
and their corresponding chemical structures highlight the different possible
reaction products for coupling, i.e., (Z)- and (E)-, as well as for cyclization, i.e. cis
and trans. Brighter features at larger tip heights indicate that the trans-species
are of type 2a-trans2 (see Figure 4.7). Similar features can also be seen at the
tip height shown here: the dashed grey ellipse marks brighter features inside
the macrocycle associated with the iminic nitrogens. (d) Statistical analysis of
reaction products for the different pathways for coupling and cyclization. For
intramolecular cyclization, a strong preference for a trans product is evident, while
intermolecular coupling shows a more balanced yield of (Z)- and (E)-coupled
products. Scan parameters: Vs = 0 V, constant height.
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Figure 4.7.: Identification of hydrogen tautomers via AFM. (a-c) AFM images of a chain of
three trans-cyclized and one cis-cyclized molecule at different tip-sample distances.
The trans-cyclized species show brighter features associated with one pair of
nitrogen atoms at opposite sides, as marked by white arrows. (d) The same image
as in (c), but with increased contrast. Such bright features connecting one pair of
opposing nitrogen atoms were observed in previous work and assigned to iminic
nitrogen atoms, [211] i.e., nitrogen atoms within the pyrrole rings that do not
carry internal hydrogens. This assignment corresponds to the 2a-trans2) type.
(e) Proposed chemical structure of the chain, consisting of three 2a-trans2) and
one 2a-cis) molecule. (f),(g) AFM images of an unsubstituted porphyrin molecule
adsorbed on Au(111) show similar features at larger tip-sample heights: a line
along the direction of the iminic nitrogen atoms can be seen, marked by the white
arrow. (h) Chemical structure of the molecule in (f) and (g). Red arrows mark
aminic pyrroles. We have investigated 165 trans-cyclized molecules, all of which
exhibit these particular features, suggesting that (almost) all of the trans-cyclized
species are of type 2a-trans2). Further support for this assignment is obtained
by tip manipulation experiments (see Figure 4.10). Scan parameters: Vs =0V,
constant height.
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Figure 4.8.: Side products of the reaction of free-base porphyrins. Bond-resolved AFM images
and derived chemical structures of minority products that emerged from side
reactions of 1a. (a) Alkyne homo-coupling. (b) Formation of six-membered rings.
(c) Unspecific cyclodehydrogenative coupling at the porphyrin periphery. (d)-(f)
Chemical structures derived from the bond-resolved AFM images of (a)-(c). Scan
parameters: (a)-(c): Vs = 0V, constant height.
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as marked by filled (before manipulation) and outlined (after manipulation) red arrows. We
thus deduce that the pyrrole ring at this position was carrying one of the inner hydrogen
atoms before the manipulation. This assignment corresponds to a 2a-trans2) type molecule.
A similar experiment (with a voltage pulse of Vi = 3.2V, Figure 4.10b) shows the cleavage
of both inner hydrogen atoms, inducing contrast changes at the top and bottom (marked
by red arrows). Again, these positions are associated with the pyrroles that carry the inner
hydrogen atoms, indicating that this molecule is of the type 2a-trans2). We have successfully
performed such manipulation experiments on 10 molecules, all of which were confirmed to be
of type 2a-trans2). Figure 4.10c shows an analogous experiment on unsubstituted porphyrin
molecules adsorbed on Au(111). The two inner hydrogens can be cleaved off in two steps,
both times associated with contrast changes at the respective hydrogen-carrying pyrrole rings
(marked by red arrows).

It is noteworthy that tip-induced tautomerization was not observed in any of the exper-
iments on the chains, neither in the STM or AFM measurements, nor in the manipulation
experiments, even though we have exceeded the parameters typically used for such hydrogen
switching. [215, 216, 217, 191, 218] This is in agreement with the theoretical predictions of the
higher stability of one tautomer 2a-trans2). Thus, even though tautomerization in porphyrins
is readily induced by thermal energy, [218, 219] it is expected that in our (symmetry-broken)
case the residence time of the inner hydrogens is substantially skewed towards the positions
associated with 2a-trans2 (as the response of the electronic system is always much faster than
the proton displacement frequency, the distinction between olefinic and aromatic moieties
still holds under reaction conditions at elevated temperatures). Nevertheless, it can be inter-
esting to hypothesize what effect tautomerization may have on product distribution. First,
tautomerization of the products can in principle interconvert between 2a-trans1 and 2a-trans2.
The two tautomers of 2a-cis are equivalent and correspond to different adsorption positions
on the substrate (an effect we accounted for and discussed in Figure 4.15). Both, theory (see
Figure 4.17) and experiment show that no (or almost no) 2a-trans1 species are formed, thus
it is likely that tautomerization at this stage does not play a significant role (as expected
from the absence of tip-induced switching). Importantly, even if tautomerization played a
role, it would not affect the cis/trans ratio, as interconversion between cis- and trans-cyclized
products by tautomerization is not possible.

Furthermore, we can consider interconversion between the half-cyclized intermediates
2a-prel and 2a-pre2 by tautomerization. Based on the theoretical calculations of the reaction
pathways (Appendix Figures A.5-A.8), as well as the kinetic simulations (see Figure 4.17),
2a-pre2 is the preferred species. If some of the 2a-pre2 species were transformed into 2a-prel
by tautomerization, theory predicts that more cis-cyclized species would be formed (see
Figure 4.17). Tautomerization at this stage is thus also not the driving force behind the strong
preference for trans-cyclized species. Instead, the high yield of trans-cyclized species is caused
by differences in chemical reactivity for the cyclization reactions at the two types of B-carbons
— such chemical differences are explained by the aromatic diaza[18]annulene pathway in
porphyrins.
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Figure 4.9.: Tip-induced transformation of the cyclization products. (a),(b) AFM images at
two different tip-sample distances of a chain. The black arrows mark positions
of increased brightness, suggesting geometric protrusions at the positions of
the five-membered rings at the periphery of the porphyrin. (c),(d) Close-up
AFM measurements of a molecule within a chain at two different tip-sample
distances show similar features with increased brightness (black arrows). (e),(f)
AFM images of the same molecule at two different tip-sample distances after
the application of voltage pulses (Vs = 3.0 V). The molecule now appears mostly
flat, suggesting a tip-induced cleavage of hydrogen atoms, [220, 221, 222] i.e., a
transformation of sp3-hybridized carbon atoms within the five-membered rings
towards sp2-hybridized atoms.
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Figure 4.10.: Tip-induced cleavage of inner hydrogens. (a) Application of a voltage pulse (Vs
= 3.2 V) close to the center of a trans-cyclized molecule within a chain leads to
cleavage of an inner hydrogen atom. [215, 216, 217] A substantial contrast change
on the lower side can be observed, as marked by filled (before manipulation)
and outlined (after manipulation) red arrows. We thus deduce that the pyrrole
ring at this position was carrying one of the inner hydrogen atoms before the
manipulation. This assignment corresponds to a 2a-trans2) type molecule. (b) A
similar experiment (with a voltage pulse of V; = 3.2 V) shows the cleavage of
both inner hydrogen atoms, inducing contrast changes at the top and bottom
(marked by red arrows). Again, these positions are associated with the pyrroles
that carry the inner hydrogen atoms, indicating that this molecule is of the type
2a-trans2). (c) Analogous experiments on unsubstituted porphyrin molecules
adsorbed on Au(111). The two inner hydrogens can be cleaved off in two steps,
both times associated with contrast changes at the respective hydrogen-carrying
pyrrole rings (marked by red arrows).
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4.2.3. The role of aromaticity in the reactivity of free-base porphyrin

To understand the origin of this regioselectivity, we studied the energetics of the cyclization
reaction by DFT calculations. In particular, we determined reaction energies for the three
possible transformation pathways, i.e., the energy differences between the reactant molecule
(1a) and the three possible products (2a-cis, 2a-trans1, 2a-trans2) adsorbed on Au(111). We
modelled 1a as an alkyne-substituted porphyrin (i.e., without the -SiMe3 groups), such that
the transformation does not entail any change of the number of atoms and the respective
energies of the relaxed systems can be compared with each other. A different choice for the
model of 1a would not change any of the conclusions below, as we compare the products
with each other (with respect to the reference point of 1a).

The most stable adsorption configurations of the reactant and each of the three possible
cyclization products are shown in Figure 4.11a. The two trans-cyclized products, 2a-trans1 and
2a-trans2, are different N-H tautomers: Despite their otherwise equal chemical structure, the
different positions of the inner hydrogen atoms cause a different optimal adsorption position
on the substrate and, importantly, influence the aromatic pathway (which will be discussed
in detail below). While other hydrogen tautomeric configurations are conceivable, [219, 223]
we have restricted our calculations to the most common scenario of tautomers, in which the
inner hydrogens are in opposite positions. [191, 192, 224, 225, 226, 227] For the cis-cyclized
product (2a-cis), as well as for the reactant 1a, different hydrogen tautomers can be seen as
mirror images of each other and are thus equivalent.

The DFT simulations reveal that 2a-trans2 is the energetically most favourable product (AE
= -2.17 eV), followed by 2a-cis (AE = -2.04 eV), and 2a-trans1 (AE = -2.01 eV). This trend is
still valid if the respective molecules occupy different adsorption sites, which might be the
case for the porphyrin units within the chains (see below and Figure 4.12). The calculated
energy differences directly explain why cis-cyclized species were less commonly observed
in our experiments. However, since all the reaction pathways are exothermic with reaction
energies differences of less than 0.2 eV, the coexistence of the different products is predicted
(see Figure 4.13 for estimation of relative abundances of reaction products). This agrees with
our experimental observations showing a coexistence of cis- and trans-cyclized species. The
calculations furthermore suggest that the 2a-trans2 tautomer is more common, in agreement
with the experimental assignments.

These findings can be interpreted in the chemical framework of aromaticity. The aromatic
pathway in free-base porphyrins (diaza[18]annulene with 18 7r-electrons, red-coloured bonds
in Figures. 4.2b and 4.11a) does not include all atoms in the macrocycle, but instead omits
two Cg=Cy units at opposite "corners” (cf. Figure 4.1). Due to the olefinic character and the
increased reactivity of these carbon atoms, [228, 229] it is expected that these carbon atoms
preferably react with the terminal alkyne carbon atoms in the cyclization. This is exactly what
happens in the formation of the energetically most stable product 2a-trans2. For 2a-cis, on
the other hand, only one of the alkyne groups forms a ring involving an olefinic carbon atom,
while the other one attaches to a -carbon within the aromatic pathway. For 2a-transi, the
least favourable product, both extra rings involve carbon atoms within the aromatic pathway.

To connect the two perspectives, i.e., the energetics based on DFT calculations and the intu-
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a b . c .
Reaction HOMA index
energy (eV)
1a 0.837
-2.04 2a-cis| | 2a-cis 0.865
-2.01 2a-trans1| | 2a-trans1 0.847
-2.17 2a-trans2 | | 2a-trans2 0.891
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Figure 4.11.: Correlation between aromaticity and thermodynamical stability. (a) Top and side

views of DFT relaxed structures of the precursor 1a and the possible cyclization
products: 2a-cis, 2a-trans1 and 2a-trans2. 2a-trans1 and 2a-trans2 correspond
to different N-H tautomers (i.e., different configuration of the inner hydrogen
atoms). The red bonds mark the aromatic 18 m-electron diaza[l8]annulene
pathway in the structures. (b) DFT-calculated reaction energies are correlated
with (c) the HOMA-aromaticity indices for the respective cyclization products.
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Figure 4.12.: Relaxed geometries of the cyclization products of free-base porphyrins. Top and
side views of relaxed structures of (a) 2a-cis, (b) 2a-trans1 and (c) 2a-trans2 at
different adsorption positions, as well as in their free-standing geometry. For
each structure, the reaction energies (with respect to the model of the precursor
1a), the adsorption energies, as well as the HOMA indices associated with the
aromatic diaza[18]annulene pathway are shown.
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Figure 4.13.: Rate constants for a reaction with two competing pathways, trans- and cis-
cyclization. The ratio of rate constants for two competing pathways, k; and
ko, respectively, can be estimated by the ratio of the Arrhenius equations:
ko/ky = e (Ea2=Eat) /KT where E,1 and E,p are the activation energies for the
two pathways, kg is the Boltzmann constant and T is the reaction temperature.
ko /kq corresponds to the ratio of product concentrations c2/cq. The graph plots
the relative abundance of the first product, calculated as ky / (k1 + k) for better
comparison with the Figure 4.6d. The traces show the computed values for dif-
ferences in activation energies of 0.20, 0.13 and 0.08 eV. These values are chosen
to be in a similar range as the differences in reaction energies as computed by
DFT (0.13 eV for AEz,.cis- AEza-trans2; see Figure 4.11b). The reaction barriers
for the same type of reaction are expected to be correlated with the reaction
energies according to the Bell-Evans-Polanyi principle. [230, 231] Based on such
assumptions, the simulations yield relative abundances of the energetically pre-
ferred product at the reaction temperature of around 300 °C (dotted vertical
line) in the range between 0.83 to 0.98, similar to the relative abundance of 0.85
obtained experimentally for the trans-cyclized product (see Figure 4.6d). The
results are comparable to the yields computed by kinetic simulations based on
the calculations of transformation barriers for the reaction pathways.
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itive chemical aromaticity interpretation, we turned towards a more quantitative assessment
of aromaticity: the Harmonic Oscillator Model of Aromaticity (HOMA) index. [107, 108] The
HOMA index is one of the most widespread measures of structural aspects of aromaticity,
mostly due to its versatility and direct chemical interpretation. The HOMA index measures
the deviation of the observed bond lengths from the "optimal" aromatic bond lengths. The
normalized sum of the squared deviations is subtracted from 1, such that a HOMA index
close to 1 is obtained for a strongly aromatic system (i.e., with all bond lengths close to the
optimal values); see the Data acquisition and analysis section (2) for the formal definition.
We choose the HOMA index because it is sensitive to geometrical changes induced by the
adsorption of the molecules, as opposed to topological aromaticity descriptors. [232, 233, 234]
Also, it can be used to quantify the aromaticity of extended macrocyclic pathways, which
is more difficult with Nucleus-Independent Chemical Shift (NICS) calculations. [205, 206]
We used the DFT-computed bond lengths to calculate the HOMA indices, [109, 235] because
it is not feasible to accurately extract absolute or even relative bond length from the AFM
measurements due to substantial distortions in the images. [236, 237, 104] The calculations
confirm the twofold symmetry of the aromatic system and reveal two types of pyrrole rings
with different aromaticity, in accordance with the model introduced in Figure 4.1 (see Figure
4.14 for calculations of local pyrrolic aromaticity). Figure 4.11c shows the HOMA values
associated with the macrocyclic diaza[18]annulene aromatic pathways for the reactant (1a)
as well as for the three products (2a-cis, 2a-trans1, 2a-trans2). Strikingly, the HOMA values
correlate with the DFT-calculated reaction energies (Figure 4.11b): the highest aromaticity
index is obtained for the energetically most favourable product (2a-trans2), while the product
with the lowest HOMA index is also the energetically least preferred (2a-trans1).

Thus, all three perspectives, i.e., the energetics based on DFT, the qualitative chemical
intuitive picture, as well as the quantitative assessment of aromaticity, are in agreement —
and, importantly — also match the experimentally observed relative abundance of cyclization
products (see Figure 4.13 for estimates of predicted product abundances). However, two
important aspects warrant further discussion. These concerns: (i) the role of the substrate
and (ii) the role of the adjacent molecules on the energetics of the cyclization reaction.

To shed light on the influence of the substrate, we performed calculations for the products
(2a-cis, 2a-trans1, 2a-trans2) at different adsorption sites. The reaction energies for one
product at different adsorption sites can vary by up to 0.1 eV (see Figure 4.15a). This variation
reflects different adsorption energies of the respective molecules on the substrate (Figure
4.15b). And while this variation is on the same order of magnitude as the variation of
reaction energies between the different products, our initial conclusions remain unchanged:
for all investigated adsorption positions the product 2a-trans2 is energetically preferred over
the other two products (2a-cis, 2a-trans1). The same trend holds true for the reaction of
free-standing molecules, i.e. without the substrate (dashed lines in Figure 4.15).

It is remarkable that the variation of the calculated HOMA indices for one product at
different adsorption sites is much smaller than the variation between the different products
(Figure 4.15c). This suggests that the aromaticity is not noticeably altered for different
adsorption configurations. However, our calculations reveal that the HOMA indices for the
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Figure 4.14.: Local HOMA indices and relative bond lengths of free-base porphyrins. The
images show the local HOMA indices for the pyrrole rings, as well as the
relative bond lengths of each C-C and C-N bond (red for shortened and blue for
elongated bond lengths, compared with the "optimal" aromatic bond lengths).
The precursor 1a exhibits a significant asymmetry, with one pair of two pyrrole
rings at opposite "corners" having higher HOMA indices than the other pair. This
is in line with the aromatic diaza[18]annulene pathway (see Figure 4.1) observed
in porphyrins. [238, 239, 240] The two pairs of carbon atoms with olefinic
character outside of the aromatic pathway are indicated by gray arrows. The
cyclized products also exhibit this twofold symmetry, but there are significant
changes in the HOMA indices for the rings. The newly formed five-membered
rings lead to a reduction of the HOMA indices of the pyrrole rings that they are

attached to.
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2a-cis, 2a-transl, 2a-trans2 as a function of their adsorption configurations.
Free-standing configurations are denoted by dashed lines. The notable varia-
tion of the adsorption energies for each molecule is reflected in the respective
reaction energies. Nevertheless, in all cases the most stable product remains
2a-trans2. Adsorption typically decreases the HOMA index compared with
the free-standing molecules (dashed lines), but only a rather small variation is
observed for different adsorption sites.
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Figure 4.16.: Bader charge analysis for 2a-cis, 2a-trans1 and 2a-trans2. The DFT calculations

for the most stable adsorption configurations show a charge transfer of ~0.4
electrons from the molecules to the substrate. For all structures, the nitrogen
atoms are negatively charged (-1 e), which is balanced by positively charged
carbon neighbors.
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surface-adsorbed species typically are slightly lower than for their free-standing counterparts.
This can be explained by a small perturbation of the atom positions upon adsorption of
the molecules on the substrate, inducing additional deviations of the bond lengths from
their "optimal" aromatic lengths. In addition, charge transfer between the molecule and the
substrate can play a role here (see Figure 4.16). The DFT calculations for the most stable
adsorption configurations show a charge transfer of ~0.4 electrons from the molecules to
the substrate. For all structures, the nitrogen atoms are negatively charged (-1 e), which is
balanced by positively charged carbon neighbors.

Most of our explanations regarding cyclization were based on the understanding of single
molecules. It is conceivable that cyclization is influenced by the coupling reaction (which
occurs at similar temperatures), as well as by non-covalent interactions with nearby molecules
(molecular aggregates can even form for diluted surface concentrations). Due to computational
complexity, it was not feasible to perform calculations that thoroughly investigate these effects.
But the statistical analysis of our experiments indicates that coupling does not change the
regioselectivity of the cyclization: both, the coupled, as well as the isolated molecules,
show the same preference for trans-cyclization. Non-covalent interactions within molecular
aggregates will likely "push” the molecules away from their most stable positions on the
substrate (the same is expected to happen at elevated temperatures). And while changes in
adsorption positions do not significantly alter the HOMA indices, they do have a noticeable
effect on the reaction energies (Figure 4.15). But, based on the calculations, this effect is
unlikely to change the trends in reaction energies for the different products.

The cyclization reaction might also be influenced by other parameters that our models
do not capture, such as steric effects or energy dissipation to the substrate. [110] But as the
pathways towards cis- and trans-cyclized species are remarkably similar, such effects would
very likely influence these pathways in a similar way and therefore would not lead to a notable
preference for one of the products. Thus, despite such potential complexities, we believe that
our theoretical models adequately describe the reaction and therefore correctly explain the
pronounced preference of trans-cyclized species that has been experimentally observed for
both, isolated, as well as coupled molecules. Beyond that, the reduced reactivity of aromatic
B-carbons can directly explain the product distributions observed in previous studies of
planarization reactions of tetraphenyl-porphyrins, which report comparable preferences for
certain isomers. [241, 242, 243]

Finally, we closely examine and model the reaction kinetics. The transformation of la
involves two cyclization steps with two possibilities for each (Figure 4.17c,d): formation of
bonds with B-carbon atoms at the porphyrin periphery that are either within or outside of
the aromatic pathway. The first cyclization yields the half-cyclized intermediates 2a-prel and
2a-pre2. These then can transform into 2a-trans1 and 2a-cis1, as well as 2a-cis2 and 2a-trans2.
Note that 2a-cis1 and 2a-cis2 are equivalent structures (that can be seen as mirror images of
each other), but they emerge from different reaction pathways and thus are distinguishable in
this analysis. DFT calculated reaction barriers for all four possible pathways show that the
coupling steps with aromatically stabilized carbon atoms have higher barriers by up to 0.3
eV (see Appendix Figures A.5-A.8). Considering the multiple steps for each transformation,
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Figure 4.17.: Reaction kinetics. (a) The experimental yield of trans-cyclized species as a
function of the average heating ramp (final annealing temperature of 305 °C).
The total number of counted molecules for each data point was 200, 601, 611,
and 355, respectively. (b) Kinetic simulations based on DFT-calculated reaction
barriers show a similar trend of an increased yield of 2a-trans2 with a slower
annealing ramp. (c) Scheme of the cyclization cascade of 1a towards the half-
cyclized intermediates 2a-prel and 2a-pre2 and the products 2a-transi, 2a-cis1,
2a-cis2, 2a-trans2. Both cyclization steps preferentially occur at the olefinic -
carbon atoms at the porphyrin periphery. The calculated yields of intermediates
and products with respect to the precursor 1a are given for a heating ramp of 1
°C min~'. (d) Structural models of the DFT-relaxed intermediates and products.
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we use the calculated barriers to simulate the reaction kinetics by solving the system of rate
equations associated with the pathways shown in Figure 4.17c. The simulations confirm the
preference for the pathway towards 2a-trans2 (Figure 4.17c). Furthermore, a pronounced
dependence on the heating rate is revealed (Figure 4.17b): the slower the heating rate, the
stronger the preference for the reaction path towards 2a-trans2. This can be intuitively
explained by considering that with faster heating rates a wider energy range is accessed
earlier in the reaction progress, which helps to overcome the reaction barriers associated
with less preferred pathways. Following these predictions, we have conducted experiments
with different temperature programs (Figure 4.17a). The experiments show a higher yield of
2a-trans2 and a stronger dependence on the heating ramp than the simulations. However,
both, experiment and simulation (Figure 4.17a and b, respectively) reveal the same trend:
slower heating rates increase the trans-cyclized product yields, clearly demonstrating the
existence and prospects of kinetic reaction control.

Cyclization

Coupling
others

trans trans trans

Figure 4.18.: Regio- and stereo-selectivity of cyclization and coupling of SiMes-ethynyl-
substituted Cu-metalated porphyrin precursors (1b) on Au(111). (a) AFM image
of a porphyrin nanostructure (2b) formed after annealing at 305 °C (average
temperature ramp of 3 °C min=1). (b) High-resolution AFM image of a chain seg-
ment and (c) the derived chemical structure showing that 1b similarly undergoes
cyclization and coupling reactions. (d) Statistical analysis of reaction products
for intramolecular cyclization and intermolecular coupling. Compared with the
reaction products of free-base porphyrins, a significantly smaller preference for
trans-cyclization was observed, while for coupling the behaviour is similar. Scan
parameters: Vs = 0V, constant height.
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4.3. Alkyne-substituted Cu-metalated porphyrins on Au(111)

To further explain the effect of aromaticity on cyclization, we performed comparative measure-
ments using a metalated precursor: (5,15-bis(trimethylsilyl)ethynylporphyrinato)copper(Il),
denoted as 1b. As opposed to the twofold symmetry (Dy;,) of the porphyrin core of the
free-base precursor, this species is fourfold symmetric (Dyj,), we expect that the carbon atoms
at the periphery exhibit rather similar chemical behavior instead of the pronounced difference
in reactivity outlined above.

We deposited 1b on Au(111) held at room temperature and post-annealing to 305 °C
with a similar coverage as 1a. We obtained similar morphologies of extended 1D porphyrin
nanostructures (Figure 4.18a) with linear segments, ring-like structures, and some branches.
(see also Appendix section) The high-resolution image in Figure 4.18b reveals the same types
of intramolecular cyclization and intermolecular coupling reactions as observed for 1a, the
corresponding chemical structures shown in Figure 4.18c. In fact, the stereo-selectivity of
intermolecular coupling reaction for both species is consistent, showing a slight preference
for (Z)-type coupling: the reaction yield of (Z)-coupling is roughly 55% for both 1a and
1b. This result might be expected, since the electronic conjugation for both, cis- as well as
trans-coupled segments are likely comparable.

For the intramolecular cyclization reaction, the Cu-metalated precursor 1b forms the same
types of products as observed for the free-base precursor 1a, i.e. cis- and trans-cyclized
products (Figure 4.18). However, our statistics reveal an obvious difference, for 1b the
preference for trans-cyclization is strongly reduced: compared to 85% of the free-base products
2a, only 65% were in a trans configuration for 2b (determined by single-molecule counting of
more than 200 molecules in each case). But the ratio of cis- and trans-cyclized species is still
slightly skewed towards trans-species. Such more subtle differences can have their origins in
other effects (for instance the energy differences for different adsorption positions, see above).

DFT calculated reaction energies are in line with the experimental observations (more
discussion refer to Appendix A.1 section). 2b-trans (AE = -2.06 €V) is slightly more favourable
than 2b-cis (AE = -2.05 eV). The difference of reaction energies between cis and trans products
is on the order of 10 meV for 1b —> 2b, while for 1a —> 2a it was more than 100 meV. Such
energy differences can in fact lead to the relative ratios of products that are similar to what
we observed in the experiments (see Figure 4.13 for simulation of reaction rates as a function
of activation energy differences). Hence, these results further strengthen the conclusions
obtained from the analysis of the behaviour of the free-base precursor 1a; i.e., that its reactivity
is substantially influenced by the aromatic diaza[18]annulene pathway.

4.4. Conclusion

In this chapter, SiMes-alkyne-substituted porphyrins were used to construct covalently
coupled nanostructures. And we successfully obtained one-dimensional porphyrin nanos-
tructures on Au(111), commonly exhibiting length above 30 units. The precursors undergo
intramolecular cyclization and intermolecular coupling reactions, making the distance shrink

82



4. Cyclization and Polymerization of Alkyne Substituted Porphyrins — the Role of Aromaticity

to near 1.10 nm between porphyrin units. The two coupling pathways directly induced
different morphologies of the nanostructures, regular chain structures, and nanorings. While
cyclization was found to be strongly affected by the local reactivity of the free base por-
phyrins, which leads to a strong preference for trans-cyclization, in agreement with theoretical
estimates of reaction energy differences on the order of 100 meV. The reaction energies of the
products are correlated with their aromaticity as determined by calculation of their HOMA
indices, which were found to be remarkably robust against adsorption on the substrate.
Our results show that the predictive power of chemical reasoning based on the concept of
aromaticity can be extended to on-surface chemistry — and can directly explain preferences
for porphyrin cyclization pathways in previous studies. [241, 242, 243] These insights will
help to guide the design of precursors to optimize yields and selectivity of reactions for the
synthesis of surface-supported porphyrin architectures.
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5. Surface-Confined Formation of Conjugated
Porphyrin-Based Nanostructures

This Chapter includes content that has been published in:

N. Cao, A. Riss, E. Corral-Rascon, A. Meindl, W. Auwirter, M. O. Senge, M. Ebrahimi, and
J. V. Barth, Surface-confined formation of conjugated porphyrin-based nanostructures on
Ag(111), Nanoscale, 2021, 13, 19884-19889. Reproduced with permission from the Royal Society
of Chemistry.

5.1. Introduction

Porphyrins constitute a group of natural and synthetic compounds with unique chemical,
optical, and electronic properties, [244, 245] which are widely used in photomedicine, catalysis,
photovoltaics, and photonics. Their optoelectronic and structural properties can be tuned
at interfaces through their macrocycle, functional groups, and central metal atom, which
altogether affords versatile and promising candidates for the construction of functional organic
nanomaterials. [6, 200, 9, 199, 8] Recent efforts to obtain porphyrinic interfacial nanostructures
include studies on the formation of porphyrin-based nanochains, [246, 247, 248, 249, 250, 251,
207] covalent, [22, 252] and metal-organic networks. [253, 254]

Construction of robust nanomaterials containing porphyrin backbones requires the for-
mation of covalent bonds between the reacting monomers. [6, 251, 207, 22, 252, 255] As
such, several schemes have been explored, in which the geometry and chemical nature of the
linkages determine the topology and electron delocalization along the nanostructures formed.
In this context, a number of carbon-carbon (C-C) coupling reactions, mostly obtained by
Ullmann coupling as well as other reactions such as CHj3 activation and Glaser coupling, have
been reported. [6, 22, 256, 208, 257, 202] Notably, the formation of porphyrin nanostructures
linked by ethylene bridges (-C=C=), which allows for the electron delocalization or conjuga-
tion along the molecular structure, has not been explored at interfaces. Alkenyl units also
render the conjugated structures flexible via cis/trans-configurations. This has constituted
the motivation of the present work where C=C is formed as the result of the surface reaction
through which porphyrin molecules are connected to form conjugated porphyrin-based
nanostructures. Hence, this study offers another avenue for making nanostructures whose
electronic properties can be tailored. [258, 259, 260, 261, 157, 149]
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A classic approach to generate -CH=CH- units is the McMurry reaction, [262, 263]
where aldehyde condensation is catalyzed by low-valent titanium, already demonstrated for
aldehyde-substituted porphyrins in solutions. [264, 265, 266] Simple aldehyde units have
been previously used in on-surface reaction studies under ultra-high vacuum (UHV) condi-
tions. [267, 48, 268, 269] For example, Fuchs et al. [48] reported the formation of polyphenylene
vinylene oligomers on Au(111) by the coupling reaction of 2,5-dihexylterephthalaldehyde.
However, photoelectronically active compounds such as porphyrins have not been used to
generate -C=C- units via interfacial coupling reactions.

Figure 5.1.: On-surface reaction of HyTFPP on Ag(111). (1) Coupling reaction of aldehyde
groups. (2) Cyclodehydrogenation and ring-closure reaction.

The present work reports the self-condensation of metal-free (5,10,15,20-tetrakis(4-formyl-
phenyl)porphyrin (H,TFPP) [94] on Ag(111) - a benzaldehyde-substituted porphyrin under-
taking the surface-confined "McMurry-type"! reaction to generate porphyrin-based nanos-
tructures stabilized by -C=C- linkages (Figure 5.1). The molecule’s structural evolution
and chemical transformation were characterized by a multi-technique approach, using low-
temperature scanning tunneling microscopy (LT-STM), high-resolution non-contact atomic
force microscopy (nc-AFM) with CO-functionalized tips, and X-ray photoelectron spectroscopy

IThe reactant molecule, H, TFPP, studied in the present work is a porphyrin containing benzaldehyde functional
group. The reaction was carried out on silver single crystal surfaces, Ag(111) and Ag(100), under UHV
conditions, which is different from the classical McMurry reaction proceeded in solution. [262, 263] However,
the present on-surface reaction, performed in UHV systems, resulted in the formation of C=C, similar to
the solution-based McMurry reaction. Therefore, we define the reaction in this work as the "McMurry-type"
reaction.

86



5. Surface-Confined Formation of Conjugated Porphyrin-Based Nanostructures

(XPS). Formation of C=C linkages from the formyl-substituted tetraphenyl-porphyrin pre-
cursor was achieved through stepwise thermal annealing of the adsorbed molecular layers,
resulting in molecular nanostructures with porphyrin-vinylene-porphyrin units.

5.2. Porphyrin oligomers on Ag(111)

Figure 5.2.: STM images of HoTFPP on Ag(111) after deposition at 300 K. (a) Close-packed
assembled structure. (b) High-resolution STM image of (a). Scan parameters: (a)
I} =100 pA, Vs =1V, (b) I; =12 pA, V; = 100 mV.

Figure 5.2 shows STM data of H,TFPP for a sub-monolayer coverage on Ag(111) after
deposition at 300 K, featuring close-packed self-assembled domains (Figure 5.2a). The
direction of molecular rows (black dashed line) deviates by 16° from the [110] high symmetry
direction of the Ag(111) substrate. The high-resolution STM image distinctly reveals the
individual molecules (cf. Figure 5.2b), exhibiting a saddle-shaped geometry resulting from
the deformation of the porphyrin macrocycle upon adsorption on the surface. [215] The
central depression of the single molecule is attributed to the macrocycle core, whereas the
four surrounding terminal protrusions are assigned to the 4-formylphenyl moieties. [215]
The self-assembled arrangement with a structural model overlaid shown in Figure 5.2b, can
be described by a unit cell with lattice vector lengths of a; = by = 1.59 +0.02 nm, and an
enclosed angle of 6; = 91 +1°.

The ordered self-assembled structure is stable up to 455 K (Figure 5.3). Postannealing
to 475 K drives the formation of small islands, consisting of short oligomers and sparse
isolated monomers (Figure 5.4a and Figure 5.5). The chain-like oligomers comprise two
or more monomer subunits, whereby one terminal site in each monomer is linked to an
adjacent one. From the appearance of two coupled molecules in a trimer, depicted in the
close-up STM image (Figure 5.4b), the protruding linkage is consistent with the covalent
coupling. To further resolve this unit, nc-AFM measurements were performed. Indeed, the
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Figure 5.3.: Self-assembled structure of HyTFPP on Ag(111) upon annealing the sample at
455 K. (a) The close-packed self-assembled structure. (b) The molecular model
is overlaid on the close-up image, with the lattice vectors of 4, = 1.61 £ 0.02 nm,
by = 1.56 £0.02 nm and an angle of 6, = 92 +1°. This is comparable with the
self-assembled structure obtained at 300 K (Figure 5.2). Scan parameters: (a) I; =
10 pA, Vs =1V, (b) I; =30 pA, Vs =30 mV.

AFM image of Figure 5.4b shows features indicative of a vinylene (-C=C-) bridge between the
phenyl rings along with a kinked shape as expected; [270] and the distorted conformation
of the molecular backbone (Figure 5.4c). This bonding motif is in line with earlier results of
reductively coupled 2,5-dihexylterephthalaldehyde on Au(111). [48] A typical STM image
(Figure 5.5) upon annealing the sample at 475 K displays molecules aggregated into small
islands, which consist of oligomers (marked with the blue outline) and monomers (marked
with the red outline). Statistical analysis shows that 65% of the molecules (out of 500 counted
molecules) have undergone coupling reactions, and 32% of the terminal aldehyde groups had
reacted. In another word, the fraction of formed -C=C- connections is 32% of the theoretical
maximum. Of the reacted molecules, about 25%, 26%, and 49% formed dimers, trimers, and
oligomers (some of them with branches) consisting of more than four units, respectively.
Upon annealing the surface at 515 K, a large-scale STM image (Figure 5.7a) shows no
changes in molecular coverage (~ 35%) compared to the sample annealed at 475 K, indicating
no molecular desorption upon annealing. A close-up STM image shows the appearance of
oligomers different from those at 475 K, illustrating features with the "H” shape connected
(Figure 5.4e and 5.4f). To further delineate the oligomer structure, high-resolution AFM
measurements were performed on two coupled molecules (Figure 5.4g). The AFM image
shows a planarized molecular backbone, with a sharp kinked connection between two
monomers at a similar brightness (marked by the dashed blue circles). Note that the linkage
between the bonded porphyrin units is not straight but exhibits two kinks and thus appears
staggered, similar to the appearance of -C=C- motifs reported by Cai et al. [270] This excludes
an aryl-aryl coupling after removal of the aldehyde groups, which would have led to the
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Figure 5.4.:

(d)

On-surface synthesis of porphyrin-based oligomers via a coupling reaction of
HoTFPP on Ag(111). (a) STM image of covalently coupled porphyrins upon
annealing at 475 K, showing the oligomeric chains aggregated in an island. (b) -
(c) High-resolution STM and nc-AFM images of the oligomeric coupling marked
by a blue rectangle shown in (a). (d) The proposed chemical structures of (b) and
(c). (e) STM image of planarized oligomers due to ring-closure upon annealing at
515 K. (f) - (g) Close-up STM and corresponding nc-AFM images of a trans-dimer
structure. (h) The proposed chemical structures of (f) and (g). Scan parameters:
(@) and (e) I; = 12 pA, V; =50 mV, (b) and (f) I; = 10 pA, V; =50 mV.
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Figure 5.5.: The overview STM image upon annealing the sample at 475 K. The ordered
self-assembled structure transformed into small molecular islands, which consist
of oligomers (marked with the blue outline) and monomers (marked with the red
outline). Scan parameters: (a) Iy = 12 pA, Vs = 50 mV.

(b)

Figure 5.6.: STM image of a cis-dimer upon annealing the sample at 475 K (a), and the
corresponding chemical structure (b). Scan parameters: (a) I; = 10 pA, Vs = 50
mV.
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formation of single C(sp2)-C(sp2) bonds between the adjacent porphyrin units, appearing
as a straight line with a shorter length. [208] These data thus support a "McMurry-type"
coupling scheme. Subsequent postannealing illustrated that the oligomers are stable up to
the annealing temperature of 515 K. AFM images also reveal the occurrence of trans- (Figure
5.4g) and cis-configurated (Figure 5.6) -C=C- linkages. Similar C=C linked oligomers also can
be found after annealing the sample at 535 K (Figure 5.8), which indicates the rigidity of the
C=C linkage.

In addition, the enhancement of the uniform brightness observed in the nc-AFM image
(Figure 5.4g) indicates an intramolecular cyclodehydrogenation and ring-closure reaction, as
the result of fusing of the pyrrole and phenyl rings of the porphyrin macrocycle. In agreement
with previous reports, [271, 272, 273] the planarization of the molecular backbone is further
evidenced by the chemical shift of the C 1s main peak towards lower binding energy upon
annealing (Figure 5.9). This interfacial ring-closure was previously reported, [208, 272, 273,
274, 243, 275, 276] and initially described for meso-phenyl porphyrins in solution. [277]
The cyclodehydrogenation reaction gives rise to four different types of planarized H, TFPP
derivatives (Figure 5.7), which is in agreement with earlier studies. [208, 243, 275]

Note that some of the terminal aldehyde entities are cleaved off after the thermal stimuli
at 515 K, as indicated by the green arrows in Figure 5.4f and 5.4g, which can explain the
predominance of short oligomeric chains. Contrarily, the feature marked by an orange arrow
in Figure 5.4g signifies unreacted aldehyde entities. The formation of C=C resulting from the
coupling reaction of aldehyde implies a "McMurry-type" reaction, which is further evidenced
by the removal of oxygen atoms, as supported by XPS data, hereafter.

5.3. Chemical shifts in the formation of porphyrin oligomers

Our XPS experiments provide detailed information on the chemical transformations upon
coupling of HoTFPP on Ag(111). Figure 5.9 shows the C 1s and O 1s spectra, corresponding
to different annealing steps. Following the deposition of H,TFPP onto a Ag(111) surface at
300 K, the C 1s region shows distinct peaks at binding energies of 287.8 and 285.0 eV. The C
1s signature can be fitted with four components representing the four carbon contributions
defined by the colors in Figure 5.9a. These peaks correspond to the formyl carbon (287.8 eV,
blue); [180] a-pyrrole carbons (C-N and C=N, 285.7 eV, green); [260, 272, 279] the C-C carbons
of phenyl, which are not attached to hydrogen atom, and the carbon of porphyrin bonded
to the phenyl (285.2 eV, violet); [260, 280] and the p-pyrrole carbons and CH=CH carbons
of phenyl (284.8 €V, red),8¢,20 respectively. Quantitative analysis (Table 5.1) of the carbon
composition of the HyTFPP derives a ratio, approximately as 9%:17%:24%:50% from the
higher to lower binding energy, which closely matches with the stoichiometric composition
(1:2:3:6) of H,TFPP monomers or dimers. A single O 1s peak is detected at a binding energy
of 532.2 eV (orange), corresponding to the aldehyde oxygen.11b After annealing the surface
at 475 K, this peak almost disappears, indicating C=0O dissociation. Meantime, the previously
observed C 1s peak at 287.8 eV (CHO), is significantly reduced. Quantitative analysis indicates
that the ratio of C 1s at 287.8 eV reduces from 9% to 4%. On the other hand, the peak area
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Figure 5.7.: STM and AFM images upon annealing the sample at 515 K. (a) The large scale
STM image shows no changes in molecular coverage (= 35%) compared to the
sample annealed at 475 K, indicating no molecular desorption upon annealing.
The small islands observed at 475 K underwent a further phase transition towards
more disordered structures. Extended oligomeric or polymeric structures are not
observed, potentially due to the loss of terminal aldehyde groups (see the main
text). In addition to the -C=C- linked oligomers, other possible coupling motifs
were also observed, [36, 278, 206] marked with the blue circles. (b) - (d) STM
images of four planarized H,TFPP derivatives, Type-A, -B, -C, -D, respectively.
(e) AFM image of a Type-A molecule with the chemical structure overlaid. The
terminal alkyne groups appear cleaved off. (f) The chemical structure of a Type-B
molecule corresponds to the image (c). (g) The chemical structure of Type-C
and Type-D molecules, correspond to image (d). Note that none of the images
exhibit bright features in their center (observed for self-metalated porphyrins),
originating from thermally induced self-metalation by substrate Ag atoms. [36,
278, 198] Scan parameters: (a) - (c) I; = 12 pA, Vs =50 mV, (d) I; = 10 pA, Vs =50
mV.
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Figure 5.8.: XPS spectra of H,TFPP adsorbed on Ag(111) at 300 K with a sub-monolayer
coverage followed by stepwise annealing to 475 K and 515 K. (a) The chemical
structures of HyTFPP monomer and dimer. The color scheme represents the
chemically equivalent carbon (and oxygen) atoms corresponding to the fitted
peaks in (b) and (c). (b) C 1s spectra at 300 K, followed by postannealing to 475 K
and 515 K. (c) O 1s peak at 532.2 eV vanishes after annealing. The decrease of the
C 1s peak at 287.8 eV and the O 1s peak at 532.2 eV indicates the dissociation of
the aldehyde group. The increase of the surface area in the C 1s peak in red is
associated with the formation of C=C linkages. A quantitative analysis of C 1s
and O 1s spectra is given in Table 5.1, and the compromises of the XPS analysis
are also explained at the end of this section.
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Figure 5.9.: Close-up STM and AFM images of planarized trans-dimers upon annealing the
sample at 535 K. (a) and (d) STM images of two dimers. (b) and (e) AFM images
corresponding to (a) and (d), respectively. (c) and (f) The proposed chemical
structures corresponding to (b) and (e), respectively. The STM images show a
pronounced bright appearance at the unreacted aldehyde groups, in contrast
to a more uniform brightness observed for the -C=C- bond. The -C=C- linkage
is marked by the dashed blue circles, and the unreacted aldehyde groups are
marked by orange arrows. Scan parameters: (a) and (d) I; = 10 pA, Vs = 50 mV.
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of the C 1s attributed to B-pyrrole and CH=CH carbons of phenyl increases from 50% to
55%. This supports the proposed "McMurry-type" reaction and formation of the C=C-linkage
reported here. The shift to the lower binding energy of two fitted carbon peaks (in violet and
red) is also an indication of the coupling reaction, as the resultant -C=C- makes the molecular
backbone more planar.15 The C 1s peak at 287.8 eV nearly vanishes after annealing the sample
at 515 K, whereas no change has taken place in the intensity of C 1s peak corresponding to
the CH=CH of phenyl and B-pyrrole carbons. This implies the cleavage of aldehyde groups,
corresponding to the loss of unreacted terminal entities as suggested by the AFM data.

Table 5.1.: Contributions of C 1s spectra collected from HTFPP on Ag(111) upon depositing
at 300 K and stepwise annealing. All XPS measurements are taken at 300 K.

Temperature 300 K 475 K 515K

Cls Binding energy/Ratio Binding energy/ Ratio Binding energy/Ratio
-CHO (blue) 287.8 eV / 9% 287.8 eV / 4% 287.5eV / 2%

C=N, C-N (green) 285.7 eV / 17% 285.6 eV / 17% 285.5eV / 18%

C-C carbons (violet) 285.2 eV / 24% 284.8 eV / 25% 284.6 €V / 25%
CH=CH (red) 284.8 eV / 50% 284.5eV / 54% 2843 eV / 55%

In our XPS analysis, the C/O atomic ratio is about 11.6 for precursors adsorbed on the
substrate at 300 K, which is very close to the stoichiometric ratio of 12 for intact molecules.
Upon thermal annealing the substrate to 475 K, the C/O ratio increases to approximately 25,
indicating the 50% loss of oxygen, which is considerably greater than the reaction yield of
32% obtained from the statistical analysis of the molecular features imaged by STM (Figure
5.5). It should be pointed out that an accurate statistical analysis of the cleaved aldehyde
groups is difficult to perform due to the limited resolution of STM images. Therefore, the
50% loss of oxygen, retrieved from the XPS data, includes the cleavage of the aldehyde group
and the portion of the molecules that have undergone the coupling reaction.

It should be mentioned that very few XPS spectra for porphyrin-containing compounds
have been reported where the carbon peaks have been resolved experimentally (in synchrotron
facilities) or fitted accordingly. In most studies, all carbon atoms (except C-N) have been fitted
with one peak. [272, 279] However, based on a few publications where CH=CH carbons and
C-C carbons have been fitted separately or resolved, [260, 281] and to illustrate the generation
of newly formed C=C in our study, we have fitted accordingly to separate CH=CH carbons
from C-C carbons, which can also be supported by theoretical XPS fitting. [282]

5.4. Porphyrin oligomers on Ag(100)

Motivated by the formation of porphyrin-based oligomers via C=C coupling of H,TFPP on
Ag(111), we studied the reaction of HyTFPP on Ag(100), exploring the templating effect of
a square substrate lattice. STM data reveal self-assembled islands after depositing H, TFPP
monomers on Ag(100) (Figure 5.10), similar to the assembly observed on Ag(111). Annealing
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Figure 5.10.: Self-assembled structure of HyTFPP on Ag(100) after deposition at 300 K. (a)
An overview STM image of the self-assembled structure. (b) Zoom-in image
of (a) with the chemical structure overlaid. The unit cell can be described by
a3 = bz = 1.56 £ 0.02 nm with an angle of 63 = 89 £ 1o, which is very close
to the values measured from the self-assembled structure achieved on Ag(111).
Scan parameters: (a) Iy = 10 pA, Vs =500 mV, (b) Iy = 10 pA, Vs = 100 mV.

Figure 5.11.: Synthesis of porphyrin-based cyclic oligomers on Ag(100). STM images of (a)
four-membered cyclic, and (b) six-membered cyclic structures upon annealing at
475 K and 555 K, respectively. Scan parameters: (a) I; = 10 pA, Vs = 50 mV.
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the substrate induces the oligomerization of H,TFPP, and in selected cases, even gives rise
to the formation of four-membered cyclic structure and six-membered cyclic structures (cf.
data in Figures 5.11a and 5.11b, obtained after annealing at 475 and 555 K, respectively). The
center-to-center distance of two connected units in Figure 5.10a (marked by a white arrow)
is 1.96 + 0.02 nm, which is comparable to the 1.94 + 0.02 nm on Ag(111). The formation
of such cyclic products indicates the possibility to construct 2D porous covalently bonded
porphyrin sheet structures using the strategy outlined herein. Note, the porphyrin-based
oligomers obtained in this work are limited in length and regularity, which could be related
to the misalignment and cleavage of the aldehyde groups. This might be improved by using
substrates in which molecules would have lower diffusion energy barriers to afford mobility
and suitable orientation of the molecules to undergo the reaction.

5.5. Conclusion

In conclusion, we synthesized fully conjugated porphyrin-based oligomers linked by C=C-
units through the coupling of 4-formylphenyl substituted porphyrin units. The present
study offers a promising UHV-based approach for the on-surface fabrication of conjugated
one-dimensional and two-dimensional porphyrin-based nanostructures. This approach is
self-contained as the titanium catalyst and other chemical agents necessary in the solution
chemistry counterpart are not required in the presented on-surface McMurry-type reaction.
Other designer formyl-containing derivates or improved fabrication protocols may provide
the long-range expression of regular covalent nanostructures on surfaces.
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In this thesis, several covalently-coupled nanostructures were constructed via different on-
surface synthesis schemes. From self-assembly to in-situ synthesis, we precisely controlled
the reaction pathways and characterized the products by using advanced scanning probe
microscopy. We performed a comprehensive study of the reactivity, geometric and chemical
properties of the designed molecular systems, combined with X-ray photoelectron spec-
troscopy and computational modeling using density functional theory.

Chapter 3 presents an approach to syn-
thesizing enetriynes with a high selectivity
(~85%) on the Ag(100) surface. We used a
biphenyl precursor with functional alkynyl
and hydroxyl groups at the two opposite
ends. As a directing group, hydroxyl sub-
stituents induced the arrangement of reac-
tants in each step, while alkynes act as the
reactive group leading to the addition re-
action. Comparative experiments and DFT
calculations provide insights into the factors
determining the high selectivity: 1, the hy-
droxyl substituents direct the arrangement of the molecular domains via the intermolecular
hydrogen bonds; 2, O, mediates the dehydrogenation of alkyne groups to form alkynyl-Ag-
alkynyl organometallic species, preventing the alkynes from homo-coupling; 3, the four-fold
symmetric Ag(100) substrate directs the addition reaction at elevated temperature to form
tetrameric enetriynes. Furthermore, DFT calculations provided further evidence of the re-
action pathways. With our controllable synthesis methods, large self-assembly domains of
enetriyne products are obtained on Ag(100) surface. Additionally, bringing this precursor to
an Au(111) surface, different thermal annealing treatments resulted in the selective trimer-
ization of alkynes, and regular molecular islands were formed by the directing of hydroxyl
substituents. The approach used in this study provides an intriguing avenue for precursor
design and selective synthesis.

In Chapter 4, we synthesized one-dimensional porphyrin nanostructures by employing
alkyne-substituted porphyrins as precursors on Au(111). The precursor had undergone
intramolecular cyclization and intermolecular coupling reactions to form covalent nanostruc-
tures. The intermolecular coupling induced the formation of chains with lengths commonly
exceeding 30 units, nanorings with 5 to 6 porphyrin units, and some branches. More-
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over, the morphological diversity is directly related to the two different coupling pathways.
The intramolecular cyclization reaction to-
wards the formation of five-membered rings
at the periphery of porphyrins is regio-
selective. The statistical analysis indicates
a strong preference for trans-cyclized prod-
ucts compare to cis-cyclized products. These
can be rationalized in the framework of aro-
G‘ujaromat.c maticity. The aromatic diaza[18]annulene
pathviay pathway of free-base porphyrins stabilizes

selected carbon atoms at the porphyrin pe-

riphery and this can explain the regioselec-
tivity of the cyclization reactions. These observations agree with theoretical estimates of
reaction energy differences in the order of 100 meV. The reaction energies of the products are
directly correlated with their aromaticity, as determined by the calculation of their HOMA
indices, which were found to be remarkably robust against adsorption on the substrate. This
comprehensive analysis demonstrates that the predictive power of chemical reasoning based
on the concept of aromaticity can be extended to on-surface chemistry. The strategy used in
this work provides an alternative approach for the construction of long-extended porphyrin
nanostructures.

i ¢

trans trans trans cis

In Chapter 5, we synthesized fully con-
jugated porphyrin-based oligomers on an
Ag(100) surface, with porphyrin units linked
by C=C units. A porphyrin with formyl-
phenyl substituents at four meso positions
was introduced as the precursor. With proper
thermal stimuli, the C=C bonds were formed
by a McMurry-type reaction of formyl sub-
stituents. STM, bond-resolved AFM, and
XPS characterizations provide detailed evi-
dence of the topographic and chemical states of products. The chemical reaction presented
in this work offers a promising bottom-up approach for the on-surface fabrication of con-
jugated one-dimensional porphyrin nanostructures. This approach is self-contained, as the
titanium catalyst and other chemical agents necessary in the solution are not required in the
presented on-surface McMurry-type reaction. In further, the combination of the presented
new insights with formyl-containing derivatives or improved fabrication protocols may lead
to the long-range expression of regular covalent nanostructures on surfaces.

515K
PR,
Ag(111)

This thesis presents extensive studies of covalent molecular nanostructures on noble
metal surfaces. Several novel on-surface synthesis strategies were used to achieve these
nanoarchitectures. These comprehensive studies provide new insights into the fundamental

100



6. Conclusion and Outlook

aspects of on-surface synthesis: molecular design, effects of reactant reactivity, reaction
control, and the development of new rational reaction protocols. The employed approaches,
in-depth analysis, and elaborated progress provide novel perspectives for the on-surface
synthesis of covalent molecular nanostructures.
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Figure A.1.: Thermally induced -SiMej3 cleavage and coupling for 1b on the Au(111) surface.
Stepwise cleavage of TMS groups increases with the elevated annealing tem-
peratures. The behavior is similar for both, the free-base species 1a. (a) The
first reaction intermediates can be seen at the onset reaction temperature of 225
°C. (b) Annealing the substrate at 245 °C, the reaction further proceeds, where
the majority of the bright spots ((i.e. -SiMe3)) are dissociated. (c) Almost all
bright spots were removed after annealing at 275 °C, and almost all molecules
participated in the formation of 1D porphyrin nanostructures. Scan parameters:
(a) and (c) I; = 10 pA, Vs =100 mV, (b) I; = 10 pA, Vs = 200 mV.

Depositing the Cu-metalated porphyrin (1b) on a Au(111) surface kept at room temperature,
stepwise annealing induces TMS cleavage and coupling of the precursors. STM images (Figure
A.1) show a very similar morphology, the extended 1D porphyrin nanostructures, to those
observed for free-base porphyrin precursor (1a). Note that we cannot identify the central Cu
atom for 1b on Au(111), as no bright features of the molecular center were observed in the
images.

In addition to the observed cyclization and coupling reactions for 1b, the images also show
the subtle differences at the junctions between (Z)-type coupled porphyrin units: with 30%
of cases, the formed five-membered rings appear dark in AFM images (Figure A.2). The
dark features indicate the bending towards the surface (Fig. 4b. black arrow), possibly due
to the presence of unsaturated carbon atoms interacting with the substrate. While the AFM
measurements did not directly resolve the exact bond configuration of this junction, we note
that the geometry of the connected molecules is very similar to the geometry observed for
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Figure A.2.: 1D porphyrin nanostructures achieved for Cu-metalated porphyrins on Au(111).
(a) Zoom-in AFM image of porphyrin chain structures (2b) formed after annealing
the substrate at 305 °C. (b) A nanoring consisting of five porphyrin units. The
black arrows denote the dark (Z)-type junction. Scan parameters: (a) and (b) I; =
10 pA, V5 =100 mV, (c) and (d) Vs = 0 V, constant height.

the "normal" bright connections. Our STM manipulation experiments demonstrate that both
of these bonding motifs correspond to (Z)-type coupling (Figure A.3).

Before STM manipulation (Figures A.3a and b), the junction region appears dark in the AFM
image (marked by a black arrow), which indicates downward-bending of the corresponding
carbon atoms, potentially due to unsaturation and thus stronger interaction with the substrate.
Additionally, a bright protrusion is seen, which might be related to remnants of TMS or any
other adsorbates. The STM Manipulation, i.e., tip movement along the line at decreased
height (corresponding to V5 = 50 mV and I; = 1 nA), induces several changes: The angle
between the two molecules decreases; the bright spot disappears, And the junction region
appears uniform in brightness. The images (Figures A.3c and d) clearly reveal a regular
(Z)-coupling motif consisting of two connected five-membered rings. The contrast change in
Figure A.3b is due to a deliberate change of tip height ( not due to a tip change). We thus
conclude that the coupling shown in Figures A.3a and c is related to the regular (Z)-type
coupling.

Similar to the discussion for 2a on the preferred trans-cyclization, we also get insights
into the quantitative assessment of aromaticity for 2b. Figure A.4 shows the HOMA index
associated with the 187 diaza-annulene aromatic pathway within the porphyrin for 1b and
two cyclization products (2b-cis, 2b-trans), indicated by the red bonds. The HOMA values
are correlated to the DFT calculated reaction energies: the magnitude of HOMA values for
products is parallel to their energetic stability, and the preference of the trans-cyclization is
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Figure A.3.: Manipulation experiments of (Z)-type coupled connections. (a) and (b) STM
and AFM images of (Z)-coupled connection of two Cu-metalated porphyrin

units. porphyrin units. (c) and (d) STM and AFM images after the manipulation
experiments on the (Z)-coupled connection in (a). Scan parameters: (a) and (b) I
=10 pA, V; =100 mV, (c) and (d) Vs = 0 V, constant height.
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1b 2b-cis 2b-trans

c
Reaction HOMA index
energy (eV)

1b 0.677
-2.05 2b-cis 2b-cis 0.772

-2.06 2b-trans 2b-trans 0.792

< >

Figure A.4.: Correlation between aromaticity and thermodynamical stability for 2b species.
(a) Top and side views of DFT optimized structures of the precursor 1b and two
cyclization products: 2b-cis and 2b-trans. The red bonds denote the aromatic
pathway used to calculate the HOMA index. (b) DFT-calculated reaction energies

are correlated with (c) the HOMA-aromaticity indices for the respective cycliza-
tion products.
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valid for both perspectives. Note that the highest aromaticity index for 2b-cis is not obtained
from the commonly used 187 diaza-annulene aromatic pathway in chapter 4, rather the path
marked by red bonds shown in the structural model. But it does not affect our conclusion of
the preferred trans-cyclization. Thus, the assessment of aromaticity is in line with the DFT

calculations and, more importantly, the experimental observations (refer to the analysis in
chapter 4/section:4.3).
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Figure A.5.: Calculated reaction pathway of the transformation of 1a to 2a-cis1. The graph
shows the energies and transformation barriers of the respective species. The top
and side views of the relaxed structures are shown below. For these calculations,
we have opted to use radical-terminated species for reduced complexity, i.e., to
avoid additional hydrogen transfer reactions. The transformation barriers for the
ring formation reactions are 0.55 eV for S1 to S2 (1.36 eV for 1a to S2, respectively)
and 1.15 eV for S4 to S5.
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Figure A.6.: Calculated reaction pathway of the transformation of 1a to 2a-cis2. The graph
shows the energies and transformation barriers of the respective species. The top
and side views of the relaxed structures are shown below. The transformation
barriers for the ring formation reactions are 0.42 eV for S1 to S2 (1.16 eV for 1a to
S2, respectively) and 1.32 eV for S4 to S5.
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Figure A.7.: Calculated reaction pathway of the transformation of 1a to 2a-trans1. The graph
shows the energies and transformation barriers of the respective species. The top
and side views of the relaxed structures are shown below. The transformation
barriers for the ring formation reactions are 0.55 eV for S1 to S2 (1.36 eV for 1a to
S2, respectively) and 1.47 eV for S4 to S5.
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Figure A.8.: Calculated reaction pathway of the transformation of 1a to 2a-trans2. The graph
shows the energies and transformation barriers of the respective species. The top
and side views of the relaxed structures are shown below. The transformation
barriers for the ring formation reactions are 0.42 eV for S1 to S2 (1.16 eV for 1a to
S2, respectively) and 1.29 eV for S4 to S5.
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Figure B.1.: Determination of the self-assembly structural model of EHBP at RT. (a) High-
resolution STM image of self-assembly structure at RT. Optimized structural
models with half-dehydrogenated hydroxyl groups and fully dehydrogenated
hydroxyl groups are shown in (b) and (c), respectively. The black framework
shows the unit cell of the self-assembly structure, the unit cell of structural models
in (b) and (c) is identical to the experimental value in (a). Blue arrows display the
direction of the molecular axis. It shows that the angle between the molecular
axis in (b) is comparable with the angle measured on the STM image in (a). This
agrees well with the examination of XPS (Figure 3.4). Scan parameters: (a) Iy = 10
pA, Vs =100 mV,
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Optimized structure E-Ef=0.5eV E-Ef=-0.5eV

r mm

Figure B.2.: The most stable adsorption configuration (right) as well as the simulated STM
images of a single organometallic dimer.

Experimental STM image Simulated STM image

E-

Figure B.3.: Experimental and simulated bias-dependent STM images of the array assembly
of the organometallic dimers on Ag(100) surfaces. The simulated STM images
agree well with the experimental ones. Scan parameters: (a) I; = 10 pA, Vs = 500
mV, (c) I; =10 pA, Vs =200 mV.
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