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Riassunto

La scoperta del grafene ha suscitato grande interesse verso i materiali a bassa
dimensionalita (0D, 1D e 2D) e uno sforzo congiunto tra i diversi rami della scienza e
orientato verso la produzione di nuovi materiali con proprieta analoghe a quelle del
grafene, ma controllabili. La sintesi su superficie in condizioni di ultra-alto vuoto
(UHV) sembra essere promettente per la produzione di nanostrutture organiche.
Infatti, in queste condizioni, & possibile avere un’ampia varietd di materiali, un
perfetto controllo delle condizioni di reazione, della simmetria della superficie e della
sua corrugazione. Questi sono solo alcuni dei vantaggi che 'UHV offre. Sebbene
varie reazioni siano state testate negli ultimi anni, sembra chiaro che per realizzare
monostrati polimerici ordinati siano necessiari approcci piu complessi. In questo
lavoro di Tesi, la sintesi di nanostrutture polimeriche su superficie e stata studiata per
diverse reazioni, substrati e condizioni di reazione. La microscopia ad effetto tunnel e
la spettroscopia di fotoemissione a raggi X sono state utilizzate per la
caratterizzazione dei diversi sistemi permettendo un'analisi complementare delle
strutture molecolari e dei loro stati chimici. In particolare, le reazioni attivate
termicamente sono state utilizzate per polimerizzare gradualmente il 4,4"-dibromo-
terfenile e ottenere, in un primo step di reazione, per mezzo della reazione di
Ullmann su Au (111), il poli-parafenilene, ,e poi nanoribbons di grafene dopo
I'attivazione del legami C-H. Un delicato equilibrio tra l'attivita catalitica della
superficie, la mobilita molecolare e I'organizzazione molecolare ha permesso di
ottenere strutture ordinate estese. Inoltre, sfruttando questa metodica, sono stati
ottenuti tre differenti polimeri 1D, caratterizzati da un crescente contenuto di azoto.
Campioni macroscopicamente anisotropici sono stati preparati sfruttando ['effetto
templante delle superfici vicinali e, grazie alla spettroscopia di fotoemizzione risolta in
angolo, é stato rivelato che la struttura elettronica dei polimeri drogati e rigidamente
spostata verso energie minori rispetto al livello di Fermi del metallo allaumentare del
contenuto di azoto.

Infine, & stata esplorata l'attivazione fotochimica di diversi gruppi funzionali. Questi
studi rappresentano un passo avanti verso l'applicazione della fotochimica alla
sintesi su superficie, che attualmente sfrutta solo gruppi diacetilenici, e apre nuove

opportunita per l'utilizzo di diversi gruppi funzionali organici come centri fotoattivi.
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Abstract

The rise of graphene has attracted great interest in low-dimensional materials (0D,
1D and 2D). A joint effort among the different branches of science (chemistry,
physics, materials science and related areas) is directed towards the production of
new intriguing materials with tuneable graphene-like properties. Promising is the
direct synthesis of organic nanostructures on metal surfaces under ultrahigh-vacuum
conditions (UHV). Perfect tuning of the reaction conditions, high control of the surface
symmetry and of its corrugation, a rich variety of substrate materials are only some of
the advantage that UHV may offer. Although several reactions have been tested, it
seems clear that to achieve ordered covalent monolayers more complex approaches
are needed. In this thesis, the on-surface polymerization of covalent nanostructures
has been studied for different coupling reactions, substrate materials and reaction
conditions. Scanning tunneling microscopy and X-ray photoelectron spectroscopy are
used for the characterization, allowing complementary analysis of molecular
structures and chemical states. In particular, thermally activated reactions were used
to gradually polymerize the 4,4”-dibromo-terphenyl precursor into poly-
paraphenylene wires, through an Ullmann-like reaction scheme on Au(111), and then
into graphene nanoribbons, after activation of the C-H bonds. A fine balance between
the catalytic activity of the surface, molecular mobility and favourable molecular
organization allowed us to get extended and ordered covalent structures. Taking
advantage of this synthetic pathway, three different mono-dimensional polymers
were obtained, namely poly-paraphenylene and two pyridinic derivatives, with
gradually increased nitrogen content. Macroscopically anisotropic samples have
been prepared by taking advantage of the vicinal surface templating effect. Using
angle resolved photoemission spectroscopy, we reveal that the electronic structure of
doped polymers is monotonically downshifted with respect to the metal Fermi level as
the pyridine substitution is increased within the molecular scaffold.

Finally, the photochemical activation of different functional groups has been explored.
These studies represents a step forward in the application of organic photochemistry
to on-surface synthesis, which is currently limited to the use of diacetylene groups,
and it opens up new opportunities for using several organic functional groups as

photoactive centres for the synthesis of covalent organic frameworks.
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Introduction

Synthetic organic chemistry allows us to reproduce intriguing natural molecules in the
laboratory and to apply the developed synthetic strategies to construct their
derivatives. Such molecules have significantly aided biology and medicine, since they
often find applications as biological tools and as drug candidates.” The ability of man
to replicate the molecules of living creatures, and create other molecules like them, is
a remarkable development in human history. In fact, thanks to the sophisticated
catalytic reactions and to the developed synthetic processes, we can not only
synthesize the natural products and their analogues, but also a myriad of other
organic molecules for potential applications in technology and everyday life."
Therefore it is not a surprise that chemistry, the science of matter, is considered the
central science lying between physics and biology. Its power derives from its ability to
isolate and analyse molecules and to synthesize them from atoms or to modify other
molecules at one’s own choice. Synthesis, in particular, takes an important role to
improve our well-being, since we create new chemical entities to satisfy specific
needs.

Over the years, synthetic chemistry has provided solutions for many compelling
questions, such as how to achieve stereo-control during reaction steps, to design and
prepare powerful drugs, to develop efficient, green and sustainable protocols and to
create polymers with tailor-made properties.*® Thus, the ability to interconnect
atoms by covalent bonds has been strongly mastered for both “small” compounds,
i.e. individual molecular compounds, and single-stranded polymers that can attain
appreciable sizes. Nowadays, many synthetic polymers are the basis of numerous
commercial products and they are synthesized industrially on a hundred-million-ton
annual scale. Recently developed controlled polymerization methods provide
increasing control of the chain lengths, excellent functional-group tolerance and
access to novel copolymers.”™ The chemical bonds in all these compounds and
polymers are arranged in a rather complex but laterally hardly extended geometry or
in long zigzag or helical geometries. Looking at the topology of these molecules by
means of a somewhat coarser picture, the small compounds could be considered as
“zero-dimensional” (OD) objects, whereas the polymeric chains as “one-dimensional”
(1D) (irrespective of the tendency to form secondary and tertiary structures). Thus,

from the point of view of dimensionality, there is substantial space for the
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development of synthetic chemistry, namely in the direction of extended, yet
precisely defined 2D and 3D structures. In fact, comparatively few polymerization
methods have been developed to obtain regular two-dimensional structures, a
challenge that lies at the interface of polymer science and molecular self-
assembly.™® Of course, the creation of extended organic matter in the bulk phase,
crystals, and thin films has always been at the heart of chemistry, but the tools were
mainly non-covalent interactions. The recent decades have been characterized by
enormous progress in understanding and controlling the organization of smaller
components into larger units.***? Examples span from artificial membranes, surface
patterning and the generation of functional 3D bulk materials through self-assembly
and phase-segregation processes of carefully designed components.**** The fact
that the production of these complex aggregates were obtained by intermolecular
forces weaker than covalent bonds, suggests that there is still a barrier for the
organic synthesis to cross the border between the OD and 1D molecules on one side
and extended 2D and 3D structures on the other. Thus, developing methods to
progress into this direction holds great promise to advance chemistry.

Nanostructures with reduced dimensionality, such as quantum dots (OD), nanowires
(1D) and single layer materials (2D), recently attracted increasing interest in the
emerging fields of nanoscience, mainly due to their promising potential in
applications as electronic and optoelectronic devices.'®*” Most nanostructures
reported are based on inorganic materials,*® such as metal oxide/sulphide/selenide
or perovskite sheets,**?? while surface-supported organic materials have been much
less thoroughly studied to date. Organic materials could provide many advantages
over the inorganic counterparts, such as an unlimited choice of molecular structures
for property optimization, high flexibility and low cost fabrication. Thus, this research
activity is devoted to studying new procedures for the production of covalent layers
and to provide novel general synthetic routes to get low dimensional materials. Self-
assembly processes have been used to growth polymers at the metal/vacuum
interface. The intrinsically reduced dimensionality of a surface allows one to confine
all the molecular processes on a plane and therefore offers a reliable way to prepare
true monoatomic-thin covalent layers. Finally, this interfacial approach offers an easy
way to pay a large portion of the entropy price associated with the formation of 2D
polymers. However, this method is still in its infancy and a larger number of case

studies is required in order to provide a battery of working synthetic paths.
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Low-dimensional materials: an
anecdotal existence?

More than 70 years ago, Landau and Peierls argued that strictly 2D crystals were
thermodynamically unstable and could not exist.?*?¥ Their theory pointed out that a
divergent contribution of thermal fluctuations in low-dimensional crystal lattices
should lead to such displacements of atoms that they become comparable to
interatomic distances at any finite temperature.”” The argument was later extended
by Mermin'®®! and is strongly supported by an omnibus of experimental observations.
Indeed, the melting temperature of thin films rapidly decreases with decreasing
thickness, and the films become unstable (segregate into islands or decompose) at a

S.[26,27]

thickness of, typically, dozens of atomic layer For this reason, atomic

monolayers have so far been known only as an integral part of larger 3D structures,
usually grown epitaxially on top of single crystals with matching crystal lattices.?®%"!
Without such a 3D base, 2D materials were presumed not to exist, until 2004, when
the common wisdom was flaunted by the experimental discovery of graphene and
other free-standing 2D atomic crystals such as single-layer boron nitride and

BxC,N,,[??% see Figure 1.

Graphene

Figure 1: ball and stick models of the graphene, hexagonal boron nitride (h-BN) and
other B,C,N, nanomaterials.

These crystals could be obtained on top of non-crystalline substrates in liquid
suspension and as suspended membranes.?®=% with the benefit of hindsight, the
existence of such one-atom-thick crystals can be reconciled with theory. Indeed, it
can be argued that the obtained 2D crystallites are quenched in a metastable state
because they are extracted from 3D materials, whereas their small size (<<1 mm)
and strong interatomic bonds ensure that thermal fluctuations cannot lead to the

generation of dislocations or other crystal defects even at elevated temperature.?*%!

! This chapter has been adapted with permission from ref. [21.36]
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Graphene is a rapidly rising star on the horizon of materials science and condensed-
matter physics. This strictly two-dimensional material exhibits exceptionally high
crystal and electronic quality, and, despite its short history, has already given rise to
new physics and interesting potential applications.®** Whereas one can be certain
of the realness of applications only when commercial products appear, graphene no
longer requires any further proof of its importance in terms of fundamental physics.
Owing to its unusual electronic spectrum, graphene has led to the emergence of a
new paradigm of 'relativistic' condensed-matter physics, where quantum relativistic
phenomena, some of which are unobservable in high-energy physics, can now be
mimicked and tested in table-top experiments.®

More generally, graphene represents a conceptually new class of materials that are
only one atom thick, and, on this basis, offers new inroads into low-dimensional
physics that has never ceased to surprise and continues to provide a fertile ground
for applications. Thus, it makes sense to examine other low-dimensional polymers for
technological applications. In fact, the inherent simplicity of the graphene lattice, with
each sub-lattice represented by just a single atom in the unit cell, limits the
possibilities for structural modification. This has led to an ongoing search for new
materials with customizable properties since the design opportunities of organic-
conjugated polymer chemistry may allow us to access unprecedented structural
diversity.%

Up to now, the strategies applied to obtain atomically thin 2D polymeric nano-sheets
are mainly divided into two categories: “interfacial/spatially-confined” and “flask type”
approaches. Interfacial/spatially-confined approaches lead to materials with a lateral
extension up to several micrometres, in contrast, the solution synthesis are
circumscribed and only oligomers with limited lateral size have been synthesized up
to now. Among all, facile reaction protocols leading to free-standing low-dimensional

materials are still a challenge for both methods.
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Flask type approaches
Numerous all-carbon networks were initially proposed in the 1980s and have caught

the interest of many synthetic chemists to try to prepare such unusual structures.

Although these networks were never actually realized, drawings of them have been
[36-38]

published repeatedly.

Figure 2: chemical structure of some hypothetical all-carbon networks whose electronic
structures have been theoretically investigated.

The main difference between solution and interfacial approaches is that monomers
are not automatically arranged into the same plane, as occurs if the synthesis is
conducted directly at the interface. Thus, monomer design has to overcome this
disadvantage in order to ensure the growth into a non-perturbed 2D geometry. The
number and the mutual arrangement of the reactive sites and the flexibility of the
scaffold of the monomers have to be properly designed. The monomers must be
equipped with at least three functionalities (reactive sites) for network formation,
while flexible spacers between the bond-forming sites and the skeleton should be

avoided altogether.

a ) Me;Si

% -
Oi/

Figure 3: Structures of some already used precursors for the synthesis of 2D networks.
One can thus easily imagine that monomers such as those reported in Figure 3d-e
have no chance in homogeneous solutions, while in the interfacial approach such

linkers may be acceptable under certain conditions. In fact, these monomers are too
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flexible and there is no force in solution that would direct them into a 2D geometry,
since there are several 3D nearly-degenerate conformations. From this point of view,
monomers 3b-c may be considered more reasonable candidates. Looking at the
reaction steps, three coupling reactions have to occur in the same plane for each
monomer, with this plane defined by the central benzene rings of the monomers.
Even if one assumes that two monomers approach and bond with a parallel mutual
orientation, which is unlikely, at some point two oligomers have to couple to a bigger
one. The low rotational barrier of the forming covalent bond allows for a nearly free
rotation of oligomeric fragments relative to one another, and will do so while growing
further at their numerous reactive sites. At the end, it is highly improbable that all
bond formation steps will occur when the fragments lie in a coplanar conformation. In
addition, depending on the shape of the reacting fragments and the location of
connecting points, it may no longer be possible to covalently stabilize the in-plane
conformation. This inevitably leads to overlapping structures that eventually furnish
3D networks or to larger entities with internal holes. Such holes are formed whenever
two fragments with non-complementary edges join at two points. It then depends
very much on statistics whether the holes in the sheet are closed by unreacted
monomers properly growing inwards. All these defects will strongly affect the
properties of the materials such as gas permeation, conductivity or catalytic activity.
Another critical aspect in the solution approach is the enormously fast loss of
solubility with increasing size of the polymer.*®4% Brick-stone-like insolubility is
commonly observed after having reached sizes of few nanometres, non-processable
and non-isolable materials are easily obtained, which renders post-synthesis
characterization difficult, if not impossible. Rigidity clearly plays a fatal role in this
matter, but more tricks could be exploited to keep the polymeric sheets in solution,
such as substituting the monomers with lateral alkane chains or introducing charges
spread over the sheet. Finally, another aspect is the conformation of a 2D polymer in
solution since such polymers may spontaneously roll up or even form tubes under
certain conditions.

Significant effortsi*?! have been devoted to establish reliable and broadly applicable
pathways to prepare ordered polymers taking advantage of self-assembly processes
in homogeneous media. To date, a couple of beautiful examples*>*®! highlights the

possibility to exploit this combined synthetic approach and are reported in Figure 4.
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Example 1 Example 2
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Figure 4. Two examples of the preparation of free-standing 2D polymers taking
advantage of self-assembly processes. Example 1: the reaction scheme is reported in
a), while b-c are SEM images of the respective product. d) shows a zoom-in of a folded
edge. Example 2: a) the irreversible self-assembly of (allyloxy);,CB[6] and 1,2-
ethanedithiol. b) Schematic representation of the electrostatic repulsion induced by the
spermine residues, c-d) AFM images of the product. Adapted with permission from ref
431 1421 Copyright 2013 American Chemical Society.

The first onel* adopts a linear precursor with three butadiyne units separated by

phenyl spacers and once they organize upon gelification, the gel is spread onto a
large surface and dried. Extended ultraviolet irradiation leads to the stabilization of
multilayer nanostructured sheets with an average thickness of 160 nm. Another
recent work!*® adopts a rigid disk-like molecule with alkene peripheral functional
groups. A thiol-ene click reaction between the precursor and a simple thiol (1,2-
ethanedithiol) leads to the formation of a periodic nanosheet. In addition, positive
charges spread on both sides of the covalent layer, due to the protonation of the
external spermine residues, cause the electrostatic separation of different
nanosheets. The obtained one-monomer-thick 2D polymer is characterized by a
thickness of 2.8 nm and lateral dimension up to several micrometers.

A possible retrosynthetic analysis of a two-dimensional polymer could be in principle
the lateral-connection of n-stranded polymers, and many years ago serious attempts
were undertaken to grow the isolated filaments perpendicularly to their main axis./**-
48l Although it is relatively simple to get linear long polymers, this was hardly possible
in the 2nd-direction, since a systematic increase in the lateral extension is strongly
hampered in isotropic solution experiments. The large synthetic effort and insufficient

solubility of the products are not the only factors affecting the negative outcome here.
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One has to think in terms of the number of new bond-formation events that are
required to extend an initially single-stranded polymer with, for example, 200
repeating units. Thousands of sequential transformations per molecule are required
in a situation where any mistake cannot be healed.

Increasing attention has been devoted in recent years to this challenge and among
the different proposed strategies, the most reliable one takes advantage of
solvothermal reversible-bond forming conditions. In principle, all synthetic
methodologies for covalent-bond formation developed in organic synthesis are of
potential interest for the construction of organic polymers. However, in order to
construct polymers with extended structural regularity and porosity, a self-adjusting
mechanism is required to heal the defects formed during the growth of the sheet.
Due to this reason, it is strongly believed that only reversible reactions are applicable
for the possible construction of the so-called covalent-organic frameworks (COFsS).

A series of reversible reactions that have been applied for the synthesis of these low

dimensional materials is reported in Figure 5.

A Boronate Anhydride (OH), ¥ ¥
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D Nitrile ———— “l SN
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B Boronate Ester
Formation

Borosilicate jv/ _—
C Mrommation <:> B(OH), + HO” | “oH

HO

Figure 5: on the left, reversible reactions that have been successfully developed for the
construction of COF materials. The covalent bonds formed through these synthetic
routes are highlighted in red. On the right a schematic representation of the stacked
structure of COFs is reported. Reproduced with permission from ref. “? and ®%, left and
right image respectively.

10



Covalent Stabilization of 2D Self-Assembled Nanostructures on Surfaces

COFs are layered periodic networks usually characterized by a long-range 1r-orbital
overlap in the stacking direction, which gives rise to high exciton- and charge-
mobilities of interest for optoelectronic devices.*’*" The layered structure generates
1D pores running parallel to the stacking direction, their dimension can be tuned
simply by changing the size and length of the molecular building blocks and by
providing the opportunity to produce series of designed COFs to optimize gas-

B and drug delivery.® The addition of functional groups on

adsorption properties
their walls that can interact with gas molecules is an additional degree of freedom to
develop new materials for the storage of specific gases. Hence it is not surprising
that COFs have attracted interest for diverse applications.*® Their structural
precision rivals that of designed supramolecular assemblies, yet they are robust,
covalently linked materials. Despite these desirable features, COFs remain far from
fulfilling their potential because they are typically isolated as microcrystalline powders
of limited utility.®

Interfacial approaches

Arranging monomers at liquid/gas,®*° solid/gas, solid/liquid®® or solid/vacuum!®’:8!
interfaces is of course an easy way to pay a large portion of the entropy price
associated with the formation of 2D polymers. In these approaches, the confinement
is achieved by spreading the monomers at liquid/gas interfaces, intercalating them
into inorganic layered hosts, adsorbing them onto solid substrates, or letting them
self-assemble into ordered structures. Cross-linking provides covalently connected
ultrathin films, whose lateral extensions are orders of magnitudes larger than all
those previously discussed. In this sense, the following approaches get substantially
closer to the goal of a laterally infinite, one monomer unit thick and periodic structure.
The first attempts to obtain 2D polymers were meant to covalently stabilize
monolayers, such as surfactants or self-assembled monolayers, by means of cross-
linking reactions, mainly with the aim of creating stable nanoporous membranes.?!
Reactions such as [2+2] Diels-Alder cycloaddiction, poly-condensations and
topochemical diacetylene polymerization have been widely used to synthesize 2D

object by UV-irradiation or e-beam activation.[®®-%%
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2

04 0.8 pum

Figure 6: Production of a nanosheet by electron irradiation of 1,1’-byphenyl-4-thiol. A mask
with circular holes was used to pattern the growth on a gold/mica substrate. a) SEM image
of the resulting disk-like object after reduction by iodine vapour and rinsing in
DMF/ultrasound. The inset shows the scenario before the aforementioned treatment. b)
AFM image and height profile measured on gold. Reproduced with permission from ref ¢4,

The removal of the resulting monomolecular films from the different interfaces was
achieved by horizontal lifting at the liquid/air interface, or etching-off the underlying
substrate when working on a solid surface. However, since the cross-linking does not
occur spatially uniformly, “glued and compressed” oligomers are obtained rather than
ideal 2D crystalline materials that are characterized by translational symmetry in one
plane. Despite the fact that crystallinity is not the strength of these strategies, the
figure of merit is the huge lateral extension that is easily achievable: up to hundreds
microns.

However, an approach wherein one needs only to spread the desired monomer onto
a proper interface, activate the polymerization and take out a large 2D polymer,
whose dimensions are proportional to the surface area of the interface itself, seems
to easy to be realistic. In fact, unfortunately entropy complicates the picture,so that
self-assembled structures usually consist of a patchwork of domains wherein both
their relative orientation and the order may be different. Thus, even if an extended
interface is employed, the size of the 2D polymer is then defined by the dimensions
of such domains.[®3%% |t therefore appears that any interfacial polymerization of a
compressed monolayer should ideally start with an analysis of the domain size and of
the level of internal order. Polymerization only makes sense if both sufficiently large
domains and long-range positional order are observed.

In summary, by these strategies it is possible to prepare monomolecular layers, but
they do not yet allow to realize the dream of a truly single monoatomic graphene-like
material. Structurally perfect 2D polymers are strictly required when dealing with the
electronic structure engineering of the resulting material. Charge carrier conductivity,

band gap opening and its size, energy level alignment (at the interface), catalytic
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activity, etc... are all properties strongly dependent on the detailed atomic structure
and connectivity of the network.®®®” Hence, to realize the dream of ordered mono-
atomic sheets it might be necessary to take advantage of atomically controlled
single-crystal surfaces, in order to control the structure of the self-assembled
monolayer prior to polymerization, and to work in perfectly controlled ambient
conditions, in order to avoid any impurities (dust or insufficiently purified monomers)
that limit the domain sizes. This challenge is actually engaged by surface science in
ultra-high vacuum environment (UHV). In fact, UHV conditions strongly reduce the
presence of contaminants or side-reactions with the solvent and allow one to explore
the reaction process on several different surfaces. The high control of the surface
symmetry and corrugations, by choosing a proper cutting angle, greatly expands the
possibility to explore fundamental reaction mechanisms and to control the system
architectures by means of the templating effect. Moreover, the catalytic properties of
the supporting substrate is an additional degree of freedom to tune the reactivity of
the monomer. Finally, the combination of UHV conditions and surface science makes
it possible to employ a powerful battery of experimental techniques that enables us to
gain a deeper comprehension of the electronic and structural properties directly in-
situ after the reaction or even in real time. Among them, scanning tunnelling
microscopy (STM), X-ray photoemission spectroscopy (XPS) and low-energy
electron diffraction (LEED) are only a few of the complementary available techniques.
Despite the aforementioned advantages, these reaction conditions pose their own
obstacles. The required reaction reversibility to heal the defects formed during the
growth does not work in UHV conditions due to the lack of an effective exchange
equilibrium with the solvent. In fact, in these conditions, all the covalent bond
formation events are irreversible and once formed they remain stable. Another
difficulty is how to get rid of the supporting material in order to decouple the
electronic properties of the created structure from those of the substrate. A couple of
techniques are known for the lift-off process that requires either a harsh chemical or
electrochemical treatment, with or without an ultrasound treatment. Alternatively, the
substrate can be etched away with hydrofluoridric acid.’®™® Obviously all these
conditions may work only for chemically inert materials. Finally, the starting
precursors have to survive to the required preparation conditions such as in-vacuum
deposition and high temperature treatments, usually required to activate the reactive

sites.
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On-surface chemistry is a very recent research area and relatively few studies have
been published to date. This limited humber indicates that novel reaction types and
consequently novel reaction paths have to be explored, in order to prepare complex
but ordered surface-supported structures.

The aim of this work is therefore clear: introducing new on-surface reactions to
covalently link single functional molecules on metallic supports, thus contributing to
the ongoing intense research efforts aimed at the production of robust architectures
synthesized on solid surfaces. Along this line, the photochemical and thermal
reactivity of selected precursors is investigated by means of ultra-high vacuum

surface-sensitive techniques.
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On-Surface Synthesis

The self-organization of simple precursors into complex and order structures has
recently attracted the attention of many research groups.'®® Self-assembly is at the
basis of the “bottom-up” manufacturing strategies, by which the final (desired)
network is obtained starting from a carefully designed precursor. The idea is to equip
the monomer with proper functionalities in order to exploit various non-covalent
intermolecular interactions (hydrogen bonds, - stacking, van der Waals, ...)%%™
along well-defined directions. One can thus easily realize that if a planar monomer
carrying three functional groups at 120° from each other is used, the resulting
supramolecular assembly will be a net with hexagonal pores. Differently, if the same
planar monomer carries four groups at 90°, the net will have square pores.

In the speculative vision of nanotechnology, microchips, transistors and other
circuitry components of the future will be produced by molecular self-assembly.l’*"2
An advantage of this method is that one has only to care about the shape and the
functionalization of the molecular precursor and then the system will
thermodynamically evolve towards the supramolecular system. Due to the reversible
nature of the intermolecular interactions, defects are self-healed, but from the
applicative point of view such intrinsic instability is not suited to build-up real devices.
Covalent connection among the different sub-units is thus needed in order to
increase the mechanical stability of these systems.

An ideal stabilization process will polymerize the building blocks once they are pre-
organized in the desired assemblies. However, despite the numerous attempts to get
2D polymers in UHV conditions, only in few cases this approach has been actually
applied.>"™ The problem is that usually the functional groups used to drive the
network formation act also as leaving groups for the subsequent stabilization. As an
example, the R—COOH functionalization can drive the network formation through
intermolecular hydrogen bonds as well as R—X (X=Br, 1) groups by halogen bonds,
but once they are thermally activated (producing leaving groups such as CO, and X-
surface-stabilized radicals) the network formation requires the contraction of the
distances between adjacent monomers. Since there are generally no reasons for this
movement to take place in a coordinated manner, the formation of an ordered

network on the micrometer scale is highly unlikely. The formation of defects is not an
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H,0 annealing

Au(111) or Ag(111)
Dropcast
Solvent/ H,0
Dropcast COF-1 annealing
Highly oriented
pyrolytic graphite

Figure 7. a) BDBA self-condenses onto crystalline metal surfaces following UHV
deposition. After annealing, the STM image (middle) shows formation of the COF
monolayers containing various 5- and 7-membered ring defects. Annealing this film in a
humid environment strongly improves the order of the film (right). b) dropcast synthesis
on to HOPG (middle). A similar annealing as in a) provides a monolayer with high long-
range order (right). Reproduced with permission from ref 2.

issue if the reaction is carried out in reversible conditions because the dynamic
equilibrium will lead, over the time, to heal these irregularities. However, this
reversibility cannot be obtained under ultra-high vacuum conditions, wherein each
covalent bond formation event is an irreversible process. Consider as an example the
condensation reactions, such as the boronic acid or imine formation, which are
reversible in solution. 1,4-benzenediboronic acid (BDBA) was sublimated in UHV by
La Porte and coworkers!’® on Ag (111) and, once the dehydration reaction has been
activated by a thermal treatment, the resulting boroxine-linked network was highly
defective. As can be seen in Figure 7, the 2D polymer is composed of pentagons,
hexagons, heptagons and vacancies. Later studies by the same group have been
devoted to determine the best reaction conditions.[’” The growth of the polymer has
been optimized on several surfaces, namely Cu(111), Ag(111), Ag(100) and Au(111),
but despite the possibility to partially improve the long-range order by optimizing the
rate of deposition and the annealing temperature, a crystallinity comparable to that of
graphene is not obtainable. The reason is simple: small molecules are released as
products of the condensation reactions —water in the present case— that immediately
desorb from the surface, disabling the self-repairing process. In fact, if the disordered
polymeric structure is extracted from UHV and annealed in a humid environment, the
order of the film can be significantly improved.’®’® The same conclusions apply to

analogous reactions including the formation of imines,®™ which is a promising
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process to obtain COFs but, again, in UHV conditions does not allow to achieve
similar results.!®-82

The question that spontaneously arises is then: why has one to work in vacuum
wherein the defects cannot be cured? Is it not easier to work at the solid-liquid
interface in order to achieve the needed microscopic reversibility? Firstly because the
absence of the solvent allows to explore a greater range of temperatures, limited only
by the stability of the precursor itself, and therefore to take advantage of new reaction
schemes which are not observed in solution. As an example, dehydrogenation
reactions are widely used in solution to obtain large planar polyaromatic
hydrocarbons by means of Lewis acids. However, at metal/vacuum interfaces the
same reaction can be easily applied to synthetize both OD objects, such as
fullerenes,'®84 and 1D and 2D polymers. The regio-selective coupling of long alkane
chains on Au(110),® the bidimensional phthalocyanine networks obtained by
means of the Huigens reaction®, as well as the surface-assisted dehydrogenative
homocoupling of porphine molecules®” are some examples of what the vacuum
offers. Moreover, post-synthesis treatments enable the exploration of peculiar
conditions, such as the intercalation of atomically thin insulators (NaCl) underneath
the covalent network,'®8% and to obtain products not obtainable in solution, such as
the on-surface metalation of porphyrin macrocycles.®*®? Last but not least, UHV
allows one to combine multiple complementary techniques in situ, directly on the as-
prepared sample, without the need to take it out of vacuum and thus avoiding further
contaminations. Microscopy (STM and STS) allows to probe and to control the
structure of the sample with atomic resolution and to measure the electronic
properties, the conductance, the density of states, of single molecules. Differently,
synchrotron based techniques (XPS, NEXAFS, ARPES) give access to surface-
averaged data like molecular orientation, stoichiometry and oxidation states of the
compounds, to the band structure of conjugated polymers (filled states) and can also
sample their empty electronic states.

To date, on-surface coupling has been activated mainly through three different
methods: heat treatments, light stimuli and bias-pulses by the STM tip."%°4 Apart
from the latter, which does not seem promising for up-scaling, the first two will be
discussed in the following sections. Although over the years, several reactions have
been adapted from the solution to the solid/UHV interface, only the more promising

ones and those that gave significant results will be reported.
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Thermal Activations

In case of thermally activated reactions, the precursor can be either deposited on the
surface maintained at low temperature and then heated, or sublimed onto a substrate
kept at high temperature. Although the differences between the two methods are
strictly dependent on the type of reaction, deposition flux, metal and precursor used,
deposition on a hot surface appears to give better results. In fact, starting from a
completely covered surface by unreacted monomers and then heating it, the
relatively high temperatures usually required may lead to the activation of secondary
processes such as desorption and decomposition,®>°® especially if the precursor is
thermolabile. Therefore, a gradual activation usually leads to a less covering layer
with respect to those obtained by sublimating directly on the hot surface.®”! Once
again, these differences are particularly dependent on the system studied, as much
as the crystallinity of the obtained polymer is related to the molecule / substrate
combination.

The thermal treatment is the simplest way to provide sufficient energy to the
reactants to overcome the activation barrier for the desired reaction. As adaptations
of processes that take place in solution, several reactions have been tested in UHV
conditions such as esterification,®® addition of isocyanates®'%! and cyanates to
amines, formation of imines,®™ imides,'*'%? amides from acyl halides™®***¥ and
click-reactions.’®! However, the absence of the solvent also allows the usage of
other processes that in solution would not provide similar results: the homolytic

dissociations. Any book of general chemistry reports tables of the average bond

enthalpy.

Average Bond Enthalpies (kJ/imol)
Single Bonds
C—H 413 N—H 391 O—H 463 F—F 15§
C—C 343 N—N 163 O—0 146
C—N 293 N—O 21 Q—F 190 Cl—F 253
Cc—0 358 N—F 272 0—Cl 203 Cl—Cl 242
C—TF 485 N—Cl 200 O—I 234
C—Cl 328 N—Br 243 Be—F 237
C—Br 278 S—H 339 Be—Cl 218
C—1 240 H—H 438 §—F 327 Br—Br 193
C—s 259 H—I 567 5—Cl 253

H—Cl 431 S—Br 218 [—Cl 208
Si—H 323 H—Br 366 S—S 266 [—Br 175
Si—8i 226 H—I 209 [—1 151
Si—C 3o
Si—0 368
Multiple Bonds
C=C 514 N=N 418 (o) 495
C=C 839 N=N 941
C=N 515 §=0 523
C=N & =5 418
Cc=0 799
C=0 1072

Table 1: Average Bond Dissociation Enthalpies in kJ per mole.
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This quantity refers to the change in enthalpy associated with the homolytic
dissociation of the particular bond in the gas phase, averaged since it is mediated on
various compounds.

It is therefore clear that it is possible to activate the dissociation of a particular class
of bonds by simply providing enough thermal energy. Obviously, table 1 has to be
read with care, since the exact temperature that has to be reached experimentally
depends on the employed molecule, on its bonding scheme (e.g. whether there is
electron delocalization) and on the used surface, i.e. on the catalytic activity of the
metal. Consequently, a couple of radicals is formed and they will diffuse on the
surface ready to bind with similar species in order to saturate the coordination. This
kind of approach seems to be more promising than substitution/addition reactions, as
proved by the higher number of publications devoted to it. As stated before, even for
these reactions, the C-C bond formation is an irreversible process, but it occurs on
the metal surface with an intermediate organometallic network that is relatively
stable, isolable and characterisable in a defined temperature range (except for the
reactions on gold). Compared to covalent linking, coordination and organometallic
bonds have the advantage that bond formation is reversible, and therefore, defects in
the translational symmetry can heal through bond scission and reformation. At higher
temperatures, the metal atoms are released and carbon—carbon bonds are formed.
Since the formation of carbon-carbon bonds thus passes through a reversible
intermediate state, it should in principle be possible to obtain well-ordered covalent

structures, albeit previous attempts in this direction were not particularly successful.
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Ullmann coupling
Ullmann coupling is the most applied C-C coupling reaction and several studies have

been devoted to characterize the influence of the reaction conditions, the mechanism
and the electronic properties of each intermediate. As for other reactions, this one
has been successfully applied in solution to bind aryl halides in the presence of finely
divided copper.’®®"l Hence, it appears reasonable that the reaction has been tested

initially on copper surfaces.

R
— 5 — —
200 °C
2@7X+2CU—> \// \ /+2CUX

R R

Figure 8: Diagrammatic representation of Cu-mediated Ullmann-coupling between two
aryl halides.

In 2000, Meyer et al.'®® have sublimated iodobenzene molecules on a Cu(111) at
low-temperature and STM was used to step-by-step characterize the coupling.
Pulses were used to selectively dissociate the C-I bonds of two adjacent molecules
adsorbed at the step edge and then, by dragging and pulsing again, the biaryl
product was synthetized in real time. Only later, Grill and coworkers’®® have
published a ground-breaking work showing the capabilities of this reaction to produce
1D and 2D networks. Functionalized tetra-phenyl porphyrins were used in that case.
Nowadays, the Ullmann coupling is a widely applied way to tailor the synthesis of 1D
and 2D nanostructures and its applicability has been proven on several different
metal surfaces beyond copper.''” The reaction is extremely versatile, since the
topology of the covalent structure is defined only by the substitution pattern of the
precursor. Hence, 1D polymers are fabricated from two-fold halogenated building
blocks, whereas if the monomers carry three or more halogen atoms a 2D network is

obtained.

Reaction mechanism

The initial step of the on-surface Ullmann coupling is the dissociation of the
heteroatom from the monomer. Looking at table 1, dissociation of carbon-halogen
bonds (I, Br and Cl) needs lower energy than required for the C-C ones. These
energy differences allow the selective dissociation of the weaker C-X bond without

affecting the molecular scaffold. Hence, this reaction starts with an initial scission of
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the carbon-halogen bond, followed by the reversible formation of intermediate

metastable carbon—-metal-carbon bonds (C-Me-C), the so-called

“protopolymer”.**12l |n a second reaction step, at higher temperature than the

former, the metal atoms are released
Cls

Br 3d leading to the formation of a true organic
1 ML

500K polymer.®® Noble metal surfaces, Cu,

Ag and Au, show some differences in the

I,ZITL reaction steps due to different catalytic

T T T

ML
LT

288 287 286 285 284 283 73 72 71 70 69 68 67
Binding Energy (eV)

activity and the next section will deal with

Intensity (arb. units)

this issue.

Each reaction step can be experimentally
characterized both by microscopy and by

_ spectroscopy techniques. From the latter
Figure 9: C 1s and Br 3d core level

spectra acquired at different stages of the point of view, X-ray photoelectron
synthesis of polyparaphenylene chains on
Cu(110) from p-dibromo-benzene: bottom
4 monolayers deposited at LT, middle 1  information, since the binding energy of
ML deposited at RT and top the same
surface annealed at 500 K. Adapted with
permission from ref. M. Copyright 2013 oxidation state of the species under
American Chemical Society.

spectroscopy (XPS) provides important
the core levels is a fingerprint of the

consideration. If we take the example of
brominated molecules, both the 3p and 3d levels (Br 3ps;; = 184.2 eV, Br 3ds,; = 69.9
eV, from measurements on multilayers at low temperature) show a significant shift (2
eV) towards lower binding energy once the first reaction step is activated.®>11411%
The direction of the shift toward lower BE is consistent with an increased electron
density at the Br atoms, as would be expected by the formation of a bromide-like
species. On Cu and Ag the area subtended by the initially carbon-bonded bromine is
about the same of that of the chemisorbed species, indicating the quantitative
retention of the species on the surface.***'®l Differently, on Au the reduction of the
total subtended area (partial desorption) of the halogen is observed simultaneously
with the dissociation, due to the lower binding energy of Br to gold.™ 7! Although in
principle the same behaviour could be expected for the C 1s feature, the situation is
more complicated than one might think. In fact, even if the molecule contains
inequivalent carbon atoms, C 1s is commonly observed as a single unresolved peak.
Accurate deconvolutions, taking care of the stoichiometric constraints imposed by the

molecular structure, are then needed to follow the evolution of individual
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components.!*®! If we consider the C-Br component, a shift toward lower binding
energy is observed due to the replacement of a very electronegative (Br) species
with a softer (metal atom). However, not only this component but also the entire C 1s
peak moves gradually in the same direction.™*!% The low-BE shift of the C 1s peak
can be explained by a coaction of two factors: firstly, adsorbed Br atoms are known
to increase the work function of the metal. If the organic backbone of the molecules
interacts with the surface mainly via van der Waals forces, the appropriate reference
level for the molecular states is the vacuum level. In such situation, the Br-induced
work function increase causes a C 1s peak shift to lower BE, as observed. Secondly,
the metal atoms in the organometallic network are at a short distance from the
surface and thus pull-down the molecular backbone. The reduced distance between
the adsorbate and the metal surface is expected to allow for a more efficient
screening of the core hole leading to a shift towards lower BE. Thus, photoemission
data have to be handled with care.

Even though microscopy techniques provide extremely localized information, the C-X

bond dissociation event is easily identifiable.

K y
Figure 10: Series of STM images acquired during the synthesis of poly-paraphenylene
chains on Cu(111l). a) self-assembled precursors at 77 K, b) organometallic network
formed after annealing at 300 K, c) annealing at 393 K causes the partial release of some
Cu adatoms, leading to the formation of poly-paraphenylene olygomers, d) the C-C
coupling is completely activated after annealing at 473 K. Adapted with permission from
ref. 21 Copyright 2011 American Chemical Society.

22



Covalent Stabilization of 2D Self-Assembled Nanostructures on Surfaces

Simultaneously with the core level shift of the halogen, STM shows significant
variations in the surface structure. In fact, the non-reacted precursors, before
annealing, organize in order to optimize the lateral interactions by mean of halogen
bonds and they lie in vortex or staggered geometry.***2Y1 On the other hand, the
organometallic bond requires a linear geometry.*?? Therefore, a phase transition
between two ordered structures is observed contextually to the activation of the C-Br
dissociation.***! The inserted metal appears as a bright protrusion that connects two
precursors, and the centre-to-centre distance is generally accepted as a tool to prove
the formation of the organometallic structure. Since the metal acts as a bridge
between two organic molecules, distances greater than those expected (DFT
modelling) for direct coupling are commonly observed.*?*?*l However, this method is
an indirect way to prove the presence of the metal, and for this reason scanning
tunnelling spectroscopy (STS) and DFT simulations have been used to highlight the
different nature of the organic part and the metallic junctions.*?*'%! The comparison
of the probed density of states measured at different points along the network with
that predicted theoretically further corroborates this mechanism.

The second step of the synthesis, the C-C bond formation, has been characterized
by using arguments similar to those reported before. Photoemission reveals that the
C 1s peak shifts back to higher BE:M*51% the release of Me atoms from the
C-Me-C bonds and the formation of C-C bonds increase the average distance
between the organic backbone and the surface. By applying the same argument as
above, this leads to a less efficient screening and thus to a shift towards higher BE.
Even the shape of the peak changes due to the transformation of the C-Me into a C-
C component. Differently, halogen signals are not affected by this treatment, and only
a partial desorption is observed on Cu and Ag. STM, instead, provides a more
interesting point of view. The release of the metal causes the contraction of the
centre-to-centre distances between the monomers and the molecules are observed
with  a more uniform intramolecular contrast, i.e. without internal bright
protrusions.**¢127128 Einglly, the long-range order of the 2D polymers get worse at
this stage.®®*% Holes, under-coordinated monomers, side-reactions and irregular

closures are the result of the irreversible reaction condition.
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Role of the metal surface

In addition to the dependence on the halogen type, as reported in table 1, the on-
surface synthesis by Ullmann coupling also depends on the catalytic properties of the
substrate. In fact, the surface not only acts as a support, constraining the molecular
motion into 2D, but also reduces the temperature required for the reactions. Recent
DFT calculations have highlighted the main differences among the (111) facets of
Cu, Ag and Au.**13% Depending on the material, the lower the catalytic activity of
the surface, the higher the temperature at which the splitting of halogen atoms
occurs. Hence, dehalogenation is most favourable on Cu(111) and least on Au(111),

as summarized in table 2.

Debromination Deiodination
Substrate
Eicact (€V) Ebparier (€V)  Status (RT) | Ereact (V)  Eparier (€V)  Status (RT)
Cu(111) -0.68 0.66 complete |-0.81 0.40 complete
Ag(111) -0.50 0.81 partial -0.67 0.52 complete
Au(111) -0.16 1.02 no -0.44 0.71 complete

Table 2: DFT calculated reaction energy and energy barriers for the dehalogenation
process on noble metal surfaces. The commonly observed status of the C-X dissociation
process at RT is also reported.

The formation of the covalent nanostructures is governed by the reaction between
surface-stabilized radicals, so that even the second step is metal-sensitive. The
simulated path for the coupling of two phenyls into biphenyl as well as the associated
energy diagram are reported in Figure 11. As visible, the recombination process is
highly exothermic on all surfaces, but 3 % /,Q = Q)(;Q =
different metals show different energy » )

; ; Au: 0.25 eV Au: 0.25 eV Au: -2.41 eV
barriers between the final and the Ag: 0.16 &V prmroraed Ag: 2.56 &V

Cu: 0.05 eV Cu: 0.19 eV Cu: -2.01 eV

initial state. This barrier is more or less
non-existent for Au(111l) (<0.01 eV)

and rather small on Cu(111), while it is

1] =
0.5

_Ag(]ll) ........................................

Cu(111) -:+

Energy (eV)

largest for Ag(111). However, on gold
one has to spend 0.25 eV to bring Figure 11: DFT calculated energy diagram for
two well-separated phenyls to the the coupling of two surface-stabilized phenyls
into byphenyl on Cu(111), Ag(111) and Au(111).
The top panel reports the geometrical structure
From a theoretical point of view, a of the initial (IS), transition (TS) and final state
(FS). Adapted with permission from ref. 12,
Copyright 2013 American Chemical Society.

intermediate state.

large recombination barrier, coupled
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to a small diffusion barrier, is beneficial for self-assembly of regular 2D networks.**
In fact, the activation barrier avoids a fractal-like growth mode, that leads to rather
defective structures, and favours the occupation of sites with higher lateral
coordination if the monomers can easily diffuse. For these reasons, judging from
theoretical predictions, Ag(111) seems to be the most promising substrate, but the
experimental trend does not seem to be well defined.

The conversion of organometallic into carbon-carbon bonds requires a higher
temperature annealing than the first reaction step. On copper and silver surfaces the
temperature is usually close to 180-250°C®10118l and it is not always possible to
reach this value due to stability problems of the precursor. Differently, on gold the
organometallic network is not commonly observed, so that once the C-X bond is
activated, the direct formation of the covalent network is observed.”! Exceptions are

sterically hindered molecules.!**#*3%

Homo-coupling of terminal alkynes
Among the various allotropes of carbon, some have been theorized, whose existence

has yet to be proved. Two of these species are two-dimensional materials known as
graphyne and graphdiyne, which are considered promising alternatives to graphene.
These crystalline sheets can be regarded as carbon polymers and a retrosynthetic
analysis can be carried out in this sense. Moreover, much like with graphene, various
one-dimensional counterparts, such as nanoribbons or nanotubes, can be drawn by
cutting the graphyne and graphydiyne sheets along particular directions. Even these
systems are of particular interest and significant efforts were devoted to theoretically

characterize their properties.!**?

graphene graphyne graphdiyne
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Figure 12: chemical structures of 2D carbon allotropes and related nanomaterials. The
sp-hybridazed carbon atoms are highlighted in orange. Adapted with permission from ref.
(1321 Copyright 2015 American Chemical Society.
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The emerging field of on-surface synthesis is tackling this challenge, and in particular
the coupling of terminal alkynes seems to be promising. The demonstration of the
synthesis of covalent nanostructures obtained from the coupling of terminal alkyne
was achieved in 2012."3% Zhang et al. have sublimated two tritopic precursors (1,3,5-
triethynyl-benzene (TEB) and 1,3,5-tris(4-ethynylphenyl)benzene) on Ag(111) and
upon increasing the temperature dimers and fully reticulated covalent networks
evolved, locally formed by hexagonal pores. However, long range order was missing
due to the formation of pentagons and heptagons and to the occurrence of spurious
side reactions. Differently, on Au(11l) the same monomers are engaged in
cyclotrimerization reactions that lead to the expression of regular domains.!*3413%
These results suggest that by changing the nature of the substrate, the preferred
coupling type of the terminal alkyne can be steered.

Reaction pathway

Although it may seem intuitive that the reaction proceeds via dehydrogenation of the
terminal carbon followed by the coupling of the surface-stabilized radical, DFT
calculations reveal a different scenario.*4

There have been two independent reports about the reaction mechanism and the
common main message is that the coupling starts with the reaction between two end
groups, followed by twofold dehydrogenation of the generated intermediate.!*3¢137]
The latter is stabilized by chemisorption to the metal surface, and the
dehydrogenation processes may be associated with a homolytic mechanism. The
alternative path, i.e. the initial dehydrogenation, with TEB on Ag(111), has a barrier
about twice as large as the energy needed to induce a coupling reaction. Moreover,
even if dehydrogenation occurs in some way, these interfacial species will couple
less effectively to each other than intact molecules since their barrier exceeds by
roughly 0.3 eV that of the latter. Finally, concerning the different reactivity on Au(111)
with respect to Ag(111), the underlying reasons are still unclear due to the rather
limited theoretical insight into the mechanisms.

Decarboxylation of organic acids
Metal-catalysed polymerization of 2,6-naphthalenedicarboxylic acid (NDCA) is an

important achievement in the on-surface coupling research field."™*® By adopting
carboxylic groups for the synthesis of polymeric materials, it offers the opportunity to
easily design the organization of the monomers, through the hydrogen bond
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interactions, and thus, to steer the growth of the covalent layer. This is a particularly
powerful strategy if the carboxylic groups are used in the presence of other functional
groups in order to exploit a sequential and selective activation (hierarchical
approach).

As a model system, C-C coupling of NDCA was compared on three noble metal
surfaces!**® and it was found that on Au(111) the reaction seems not to proceed,
while on Ag and Cu the heating treatment results in the formation of long 1D
polymers. Three reaction steps can be identified as the surface temperature is
gradually increased: the first is a dehydrogenation process to provide the
corresponding metal carboxylate, then the decarboxylation takes place and the
formation of polymeric bis-napthyl-metal chains is observed (protopolymer). Finally,
as for the Ullmann coupling, the metal adatoms are released leading to the C-C

coupling.

Dehydrogenation reactions

C-H bonds are by far the functional groups most abundantly present in organic
molecules. Hence, the controlled activation of some C-H bonds can lead to new
promising synthetic pathways. Dehydrogenation and cyclo-dehydrogenation
reactions are commonly employed in heterogeneous catalysis, especially in
combination with the outstanding properties of platinum in activating the C-H

o 1139,140

bon ! Thus, a large number of small polyaromatic hydrocarbons have been

initially studied on the Pt(111) surface in order to obtain 0D objects such as fullerene,
aza-fullerene and triangular-shaped nano-graphene. #3144

One of the most important applications of the cyclo-dehydrogenation processes is by
far the topologically controlled growth of atomically precise graphene nanoribbons:
chevron type and linear armchair nanoribbons can be easily synthetized from
halogenated polyanthrylene precursors.’*? Intermolecular coupling has been also
reported to take place on noble metal surfaces. Amabilino et al.**®! demonstrated a
surface-assisted radical homocoupling of tetra(mesityl)porphyrins on Cu(110), Gade
and coworkers™¥ have shown the synthesis of 1D wires from 1,3,8,10-
tetraazaperopyrene, while on Ag(111) the homocoupling of free-base porphynes by
thermal activation results in the formation of a variety of dimers and larger

oligomers.’® More recently, dehydrogenative coupling and Ullmann coupling have
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Figure 13: some of the products obtained by on-surface dehydrogenative intermolecular
coupling are reported. Left: 2D network obtained on Cu(110) from
tetra(mesityl)porphyrins (TMP), middle: porphyne homocoupling on Ag(111), right:
hierarchical synthesis of polyparaphenylene chains on Cu(110) from 4-bromobyphenyl
(4BBP). Reprinted with permission from ref. 3 (left), ¥ (centre, Copyright 2014
American Chemical Society) and ***! (right).

been applied sequentially to produce small 2D object from 4-bromobyphenyl.!**! This
study relevant because it shows the ability to perfectly separate the reactivity of the
C-Br sites from the C-H one.

However, the small H atom is difficult to be detected experimentally and these types
of reactions are undetected by STM and hardly followed by photoemission
techniques. Hence, temperature programmed desorption (TPD) appears to be the
most suitable technique to follow dehydrogenation in-situ in UHV conditions.!**®!
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Photochemical activation

Mild reaction conditions able to preserve the initial self-assembled structure of the
unreacted monomers are of paramount importance when the goal is to achieve
ordered covalent structures. To this end, photons are a promising alternative to the
heating treatments. Indeed, molecular mobility is strictly related to the substrate
temperature by the relation:

D = Dyexp (— %)

where D is the diffusion coefficient, Dy the diffusion prefactor, Egi is the activation
energy for diffusion, R is the ideal gas constant and T is the temperature. By using a
light source with a power density on the surface lower than 100 mW/cm?, thermal
effects are mainly avoided, so in principle it is possible to trigger the reaction without
affecting the surface dynamics. One of the most attractive aspects of this method is
the possibility to leave the overlayer lattice parameters nearly unchanged if in the
starting superstructure the reactive functional groups are properly oriented. Various
experiments have shown the power of this method by using the topochemical
polymerization of diacetylenes, see Figure 14. Ozaki et al.’® demonstrated a 2D

polymerization within a crystalline monolayer with an alkyne containing monomer.
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Figure 14: Irradiation of alkyne-containing monomers induces simultaneous topochemical
polymerizations that yield a 2D polymer comprising linear polyacetylene and
polydiacetylene chains linked by alkanes. STM image of the resulting polymer is also show.
Adapted with permission from ref. %%,

Analysis by STM indicated that both the internal diyne and terminal alkyne moieties
were aligned appropriately for topochemical reaction and a perfect 2D network was
obtained as a result of UV irradiation, in which the lattice parameters were nearly
unchanged from the monomeric form. This example shows that a proper design of
the molecular building block is the key of an efficient polymerization and the result is
also the first known true covalently linked 2D polymer. Although covalent bonds can
be formed in many ways by photochemistry in solution, there are very few studies of
their application in this field. Hence, in this work we report our results on the

optimization of a set of reactions for the realization of regular molecular networks
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held together by relatively strong covalent bonds formed by photochemical reactions

at sub-monolayer level.

A little bit of theory?

Physisorption of molecules on surfaces induces changes in their electronic properties
that can lead to a strongly modified reactivity; this is the basis of many surface
effects, notably of heterogeneous catalysis. Reactivity is also possible between
electronically excited states of molecules, which is the basis of photochemistry. Even
these excited states will be modified by the coupling with the substrate and the
induced changes include, in addition to more or less subtle changes of the energy
levels position, the possibility to exchange charge and energy between the molecules
and the substrate via the latter’s surface.

p "':_:'2----» direct absorption ===-==ssss=ssssees reaction

fs excitation -----";
~100fs

adsorbate vibrations Tygs

Tel ~ 0.1-1 ;/ | Tph >1ps

electrons p‘honons
Tel ~1ps Tph

metal

Figure 15: Schematic diagram of the energy flow at a metal surface after femtosecond-laser
excitation. Time scales of energy exchange among various subsystems are also shown.
While direct absorption in the adsorbate can be neglected in thin atomic or molecular layers,
the laser radiation excites the electronic system of the substrate, which then equilibrates with
the lattice phonons. Adapted with permission from ref. ™! Copyright 2006 American
Chemical Society.

This is particularly important on metal surfaces in which the typical quenching time
lies between 10°-10" s, depending on the character of the relaxation process.

Characteristic fluorescence and phosphorescence times are 10° s or longer, so they
are strongly attenuated on metallic surfaces. On the other hand, rapid bond cleavage
could compete with substrate relaxation because characteristic dissociation times
along repulsive potential energy curves as as short as 10™ to 10 s. The
adsorbate/metal coupling can be described generically in terms of charge and energy
transfer processes initiated by photons interacting with metal-based electronic states.
Thus there are two possibilities for photon absorption: (1) by the adsorbate or
adsorbate-substrate complex, and (2) by substrate excitation. Figure 15 illustrates
the energy flow among the different subsystems and gives characteristic time

constants for the respective energy transfer.[*4"5%

* This section has been adapted with permission from ref. 147
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Processes driven by direct excitation
If the initial excitation takes place strictly within the adsorbate, the wavelength
response should follow that of the gas-phase or condensed phase adsorbate

molecule. In a single particle formulation, the excitation rate ({%;y) between the initial

(pi) and final state (¢f) is given by Fermi’s Golden rule:

T o

ansitiondipole moment vector; AE;is
the energy difference between the initial and final state; hv is the photon energy;
and are electron charge and mass. The J-function enforces the resonance
requirement, that is Zizee

photolysis of Mn(CO)s on Si(111), graphite, Cu(111) and Ag(111l) where the

wavelength dependence correlates qualitatively with that in the gas phase.*”!

Generally, however, we cannot neglect the substrate. The presence of a metal
surface induces perturbations in the electronic structure of the ground- and the
excited-state adsorbate, even when the adsorbate is weakly held. Transitions
involving these levels are broadened and shifted by as little as 0.1 eV to as much as
leV.

The role played by direct transitions is mostly established for photochemistry on
insulators rather than on metals because, using UV light, single photon substrate
excitation does not occur. On metals, one can never escape from substrate
excitation, at least for thin adsorbate overlayers; such layers are optically thin and all
metals readily absorb UV light. Nevertheless, there are numerous instances where
direct absorption occurs; most of the evidence is for photochemistry occurring in the
second and higher layers. There are few monolayer-on-metal cases where there is
good evidence for direct excitation such as metal carbonyl, phosgene and

diiodomethane.*4”!

Processes driven by substrate excitation

The excited substrate electrons play an important role in surface photochemistry at
adsorbate/metal interfaces. These electrons can be divided into two categories:
those that have and those that have not sufficient kinetic energy to surmount the
measured work function at the vacuum/solid interface. For low energies, typically
produced by ultraviolet and vacuum ultraviolet radiation, ionization is not possible. It

is possible to consider the substrate-mediated surface photochemical process as
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comprising three distinct and time-
separable steps: (1) the optical excitation of
electrons in the bulk substrate; (2) the
migration of excited electrons and holes
through the crystal lattice to the surface
and (3) the transfer of these excited
electrons or holes to the adsorbate to form
an excited state. The incident photon pulse
excites a non-equilibrium  continuous

distribution of hot electron with energies in

the range SHNNNSECHETECAETUNNE R

T is the Fermi level of the substrate.
This it is demonstrated in 2 photon
photoemission (2PPE) spectra such as
those shown in Figure 16.1°1%%2 Here the
initial excitation is via (el eV photons
that create the initial nearly flat electron

energy distribution up to a maximum energy
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Figure 16: Logarithmic 2PPE spectra

versus time delay at three indicated
fluencies, pumped by hv;=1.55 eV and
probed by hv,=4.058 eV. Reprinted with
permission from ref %2,

of 1.55 eV with respect to JlM. Not surprisingly, the larger the fluence, the higher is

the population in this distribution. Moreover, time-delayed experiments demonstrate

that the lifetime of excited electrons is short, on the scale of 10*° s or the like. Since

typical group velocity is of the order of 10® cm/s, only those electrons emerging

between 107 and 10° cm from the surface will retain their original energy.

These electrons may easily interact with the first monolayer, in particular electrons

with suitable energy may tunnel into an adsorbate LUMO (Figure 17), thus creating a

transient negative ion (TNI). Depending on the nature of the electronic state formed,

in particular on the bonding or antibonding character of the orbital where the

incoming electron resides, these intermediates can either dissociate or remain

bound.
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(a)
Several papers**"**¥ report on surface

1~1-10fs photochemistry  driven by  photon

&A excited

~——_state excitation of electrons in the metal

P N

transfer} e substrate. These include
\ e E

desI photodesorption of NO on Pt(111);
Potnc-see photodesorption and dissociation of O,

on Pd(111) and Ag(110); SO, C,yHsCI,

>

substrate reaction coordinate
Figure 17: Sketch of the TNI process. Visible CHsBr, CHsl, CIC,H,Br, CgHsCl and

or near-UV photons are absorbed in the
substrate and create hot electrons. If the CeHsOH on Ag(111), CO on Cu(11l).

energy fits, tunnelling into an unoccupied Compared to the gas phase, for all the
Ieyel of the .adsorbate will occur. Reprinted adsorbates the photon energy thresholds
with permission from ref. **!. Copyright 2006

American Chemical Society. are red-shifted for the monolayer; as an
example, for monolayer halides on Ag(111) the red shift in the thresholds ranges
from chloride 2.0-2.2 eV (chloride) through ~1.5 eV (bromide) to ~1.0 eV (iodide).
These shifts depend on the position of the molecular LUMO level with respect to the
substrate Fermi energy.

In summary, radical photodissociation reactions could occur on metal surfaces
through two mechanisms. Literature overview shows that indirect transitions
mediated by metal absorption is the commonly observed reaction pathway when the
molecules are weakly adsorbed on the surface at the submonolayer level. Molecular
orbitals alignment with respect to metal’s Fermi energy affects the photodissociation
threshold and in general the reaction takes place at longer wavelength than in the

gas phase.
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Summary and Outlook
Although several reactions have been tested on low-Miller index surfaces, it seems

clear that to achieve two-dimensional ordered monolayers more complex approaches
than those tested so far are needed. In fact, few cases have provided networks
characterized by translational symmetry and, therefore, these appear as unique
cases.

The irreversibility of the covalent bonding step in UHV hampers the self-healing
mechanism during the formation of the supramolecular networks, thus obstructing the
formation of defined and regular 1D or 2D scaffolds. For the formation of
sophisticated molecular nanostructures, distinctly separated reaction pathways may
be useful for partitioning the synthesis into individual steps and controlling their
sequence, thus guiding the assembly by kinetic control.[}451%4-1%¢] The way to adopt is
the stepwise activation of distinct reactive sites. Different functional groups that can
be activated in a defined order have to be incorporated in the initial molecular
precursor. It has been showed**¥ that this approach allows to significantly improve
the quality of the resulting structure, but further progresses can be done by exploring
different combinations of functional groups, such as carboxylic acid/halogen,
halogen/alkyne, alkyne/carboxylic acid and their photochemical activation.

A further approach toward improved control over on-surface synthesis protocols is
provided by templating.®"**® By using specific vicinal surfaces it is possible to steer
the alignment of the monomers in a favourable fashion. This is particularly useful for
the synthesis of 1D nanowires, because it is possible to effectively suppress
unwanted side reactions. Indeed, as an example, the vicinal Ag(887) has been
successfully employed to obtain extended graphdiyne chains,**” a result that cannot
be achieved on the flat Ag(111) surface. Finally, despite their significance in organic
synthesis, a still unexplored synthetic approach regards the controlled cross-coupling
reactions between different building blocks. Up to now, few papers report
Sonogashira Cross-Coupling on Ag(100) and Au(111)™° and only two!*®%%Y shows
the fully controlled synthesis of an alternating copolymer by mean of complementary

steric hindrance.
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Results

This section reports on the most significant results obtained during the triennial
activity. Following the same organization of the previous chapter, the thermal
syntheses are reported first, followed by the photochemical ones. An introduction
summarizes the main justifications and the implications of the work in the on-surface

synthesis topic.

Molecules-Oligomers-Nanowires-Graphene Nanoribbons: a bottom-up
stepwise on-surface covalent synthesis preserving long-range order

The sequential synthesis of two-dimensional polymers is reported in this work. In
particular, extended poly-paraphenylene and N=6 graphene nanoribbons have been
synthetized on Au(111), where N indicates the number of dimer carbon lines across
the ribbon itself.

Besides reporting for the first time the synthesis of this type of nanoribbons, i.e. the
smallest of the N=3n class, this protocol shows that the gold surface is well suited for
the production of polymeric materials through a hierarchical approach: Ulimann
coupling and subsequent dehydrogenative coupling. C-Br bonds are thermally
activated and the resulting adsorbed halogen atoms mainly desorb from the surface,
thus allowing the formed oligomers to optimize their lateral interactions.

The avoided surface poisoning combined with the high mobility of the species on Au,
compared to the other noble metal surfaces, provide the formation of long-range
ordered superstructures, as proved by the well-defined LEED patterns.

An important role is played by the similarity of the self-organized structure of the
precursor with that of the covalently-linked product. In fact, a small sliding of the
molecular precursor allows it to be exactly at the final position it will occupy within the
polymer, since the functional groups on the monomer are already perfectly oriented
within the supramolecular network prior to polymerization.

Finally, by combining photoemission and microscopy techniques it has been shown

that the lifting of the & gl surface reconstruction upon reaction is directly involved

in the sequential shifting of the C 1s core level of the overlayer.
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ABSTRACT: We report on a stepwise on-surface polymerization
nanoribbons

reaction leading to oriented graphene nanoribbons on Au(111) as the
final product. Starting from the precursor 4,4"-dibromo-p-terphenyl
and using the Ullmann coupling reaction followed by dehydrogenation
and C—C coupling, we have developed a fine-tuned, annealing-
triggered on-surface polymerization that allows us to obtain an
oriented nanomesh of graphene nanoribbons via two well-defined
intermediate products, namely, p-phenylene oligomers with reduced
length dispersion and ordered submicrometric molecular wires of
poly(p-phenylene). A fine balance involving gold catalytic activity in
the Ullmann coupling, appropriate on-surface molecular mobility, and
favorable topochemical conditions provided by the used precursor
leads to a high degree of long-range order that characterizes each step
of the synthesis and is rarely observed for surface organic frameworks obtained via Ullmann coupling.
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B INTRODUCTION

In the last years, the research interests in the field of surface-
supported organic monolayers have been focused on two main

precursor.”® For this reason, the degree of order in a
bidimensional covalent layer can be improved only by careful
control of the reaction kinetics.”> >’

topics: the growth of epitaxial graphene and the groduction of
surface covalent organic frameworks (SCOFs).'”

Since graphene layers on metal surfaces represent the global
thermodynamic minimum of all conjugated carbon allotropes,
simple on-surface thermal decomposition of hydrocarbons” or
surface segregation of carbon-containing alloys'® are becoming
the methods of choice to prepare large-area graphene films on
various transition-metal surfaces. At the same time, the absence
of a band gap in graphene, which is required in order to
implement it as a component in field-effect transistor (FET)
devices,'""* has stimulated the development of “defective”
graphene-like materials by means of chemical modification,"**
defects engineering,'>'® and confinement of charge carriers
within quasi-one-dimensional (1D) ribbons'"'” or quantum
nanodots.'®

The versatility of organic functionalization has directed
research toward the bottom-up synthesis of graphene-like
structures, with the aim of inserting functional groups in the
starting building units to tailor the properties at one’s own
choice."””! However, well-ordered SCOFs are rarely obtained
under ultrahigh-vacuum conditions®>™>* because several local
thermodynamic minima can be reached starting from a selected

v ACS Publications  © 2015 American Chemical Society
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To date, one of the most successful meeting points between
the two mentioned research areas has been the precise
production of graphene nanoribbons (GNRs) and hetero-
junctions starting from the precursor 10,10’-dibromo-9,9'-
bianthryl (DBBA) or similar molecules.”* " In addition,
several other molecular building blocks have been tested to
obtain “defective” graphene-like materials, but with less
impressive results due to the difficulty of obtaining large
regular domains.> ~**

Herein we propose a novel finely tuned annealing protocol to
perform a stepwise on-surface polymerization reaction leading
to oriented GNRs as the final product. In particular, GNRs can
be grown using 4,4"-dibromo-p-terphenyl (DBTP) as the
precursor according to the mechanism shown in Figure 1. On
Au(111), the first step is the Ullmann coupling between
brominated precursor units>*** in order to form ordered and
extended poly(p-phenylene) (PPP) wires, which subsequently
act as precursors for the synthesis of GNRs after C—H bond
activation.*' =
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Figure 1. Schematic representation of the bottom-up synthesis of
GNRs from the precursor DBTP.

This new approach allowed us to fine-tune the degree of
polymerization by controlling the annealing temperature and, if
required, to stop the synthesis at a particular intermediate prior
to the formation of GNRs, namely, p-phenylene oligomers with
reduced length dispersion or submicrometric molecular wires of
PPP. Moreover, a higher annealing temperature promoted the
formation of an oriented nanomesh of GNRs. As a result of the
close match between the self-assembled structure of the as-
deposited DBTP molecules and the motif of PPP wires, short-
range molecular displacements lead from the starting structure
to the final structure with no need for long-range on-surface
diffusion. Basically for this reason every intermediate product of
the synthesis is characterized by extended 2D order, which
leads to oriented growth of GNRs with their main axes mostly
parallel to the substrate main directions.

B RESULTS AND DISCUSSION

The models and experimental scanning tunneling microscopy
(STM) images in Figure 2 summarize the main steps in the
synthesis of GNRs starting from DBTP, along with the
structural features of every intermediate ordered nanostructure.
Larger STM images are reported in Figure 3 for the same
structures in order to show the extended bidimensional order
and the behavior of the herringbone (HB) Au(111) surface
reconstruction underneath the reacting molecular layer.

The deposition of a submonolayer of DBTP at room
temperature (RT) on Au(111) results in an ordered, close-
packed array of unreacted monomers, as shown in Figures 2a
and 3a, where molecules can be clearly resolved as linear
features oriented with their main axes parallel to the [121]
substrate direction. RT X-ray photoelectron spectroscopy
(XPS) outcomes ultimately indicate that the molecules are
intact when they adsorb on the surface. Indeed, the C 1s peak
(Figure 4d) is characterized by a major component at a binding
energy (BE) of 284.2 eV, associated with the phenyl ring, and a
smaller feature at BE = 285.1 eV due to bromine-bonded
carbon atoms.*” Consistent with nondissociative adsorption of
DBTP, as observed for similar halogenated molecules on
Au(111),2%%775! the stoichiometric ratio (SR) of the two
components is 1:8. This is further supported by the Br 3d
spectra, which reveal the presence of carbon-bonded bromine
only (Br 3ds;, at BE = 69.9 eV; Figure 4a), with no detectable
trace of chemisorbed atomic bromine.***’ This close-packed
self-assembled structure, described by the [3 1, 2.5 5.5] matrix
(see the low-energy electron diffraction (LEED) pattern in
Figure Sla in the Supporting Information), is stabilized by
lateral Br---H—C hydrogen bonds and Br--Br X bonds, as
sketched in the inset of Figure 2a and in line with other recently
described brominated molecules.’"**
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Figure 2. Diagrammatic representation of the different structures
obtained during the synthesis of GNRs. For each reaction step, the
annealing temperature and the main structural and chemical effects on
the system are indicated. All of the images are aligned as reported in
(a). The bottom left insets in panels (d) and (e) report DFT-based
STM simulations (V = —0.4 V) of the PPP wire and a GNR with N =
6, respectively, for comparison with the experimental images.

After postdeposition annealing of the structure reported in
Figure 2a to 320 K, the network is converted into the less dense

DOI:10.1021/ja510292b
J. Am. Chem. Soc. 2015, 137, 1802-1808
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Figure 3. STM images of the Au(111) surface after each thermal treatment step, evidencing the range of the bidimensional order and the behavior of
the Au(111) HB surface reconstruction. (a) Molecules deposited at RT. The HB is clearly visible underneath the molecules. (b) After annealing at
320K, the HB disappears beneath the [4 2, 2 6] structure and is visible only on the uncovered areas. (c) After annealing at 400 K, long PPP wires are
formed, and the HB is still visible only on the uncovered areas. (d) After annealing at 520 K, PPP wires have a more wavy geometry, and the HB
reappears under the molecules. (e) After annealing at 650 K, parallel GNRs (black arrows) are formed from the PPP wires (red arrows). (f) The blue
circle highlights two PPP wires extending from the head of a GNR. The bottom inset reports a comparison between a DFT-based simulation (V =
—0.7 V) with a partially superimposed molecular model (left) and an experimental high-resolution STM image (V = —0.7 V, I = 1 nA) (right) of a
GNR with N = 6.
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Figure 4. (a, b) Br 3d and (c, d) C 1s X-ray photoelectron spectra as functions of temperature for DBTP/Au(111). The three dash-dotted lines
correspond to the onset temperatures for herringbone (HB) reconstruction lifting, bromine desorption, and HB reappearance. Selected spectra
acquired at different temperatures are shown in (a) for Br 3d and in (d) for C 1s.

[4 2, 2 6] structure (see the LEED pattern in Figure S1b), §2), and we concluded that only the first choice matches the
where the molecules lie parallel to the [110] direction, as experimental images.
shown in Figure 2b. Moreover, direct comparison of panels (a) In a recent spectroscopic study of the Ullmann coupling
and (b) in Figure 3 shows that at RT the Au(111) HB reaction of DBBA on Au(111),* a similar C Is shift was
reconstruction is visible under the molecules, while it associated with dehalogenation of the molecules as a result of
disappears underneath the new phase after the annealing. the concurrent shift of Br-related peaks at BE values compatible
Figure 4 shows that the C 1s XPS peak is the only one affected with the presence of chemisorbed bromine atoms on the
by this phase transition, with a 0.3 eV shift toward lower BE, surface. In our case, the C 1s shift cannot be associated with any
while the Br 3d doublet retains its initial position and area. change in the Br 3d XPS peak. For this reason, we propose that
Since at this temperature the chemical identity of DBTP the new superstructure is not related to a chemical reaction but
molecules is preserved, we associate the bright protrusions rather to a different vertical interaction between the DBTP
clearly visible at the head and tail of each molecule (Figure 2b) molecules and the substrate. Indeed, the RT nanostructure is
to Br atoms. To confirm this conclusion, we simulated the STM very compact, and the nearest-neighbor intermolecular H—H
images of the [4 2, 2 6] structure by assuming both the distance is compatible only with partially tilted molecules; in
brominated molecule and the debrominated biradical (Figure the lower-density phase, however, molecules can lie flat on the
1804 DOI: 10.1021/ja510292b
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Figure S. STM images of the self-assembled structures formed by (a) monomers and (b, c) oligomers after annealing at different temperatures, as
indicated for each image. Same-length oligomers form rows parallel to the [112] direction, as highlighted by the red and green segments in (b) for

dimers and trimers, respectively.

surface, and the local lifting of the HB reconstruction appears
to be due to adsorbate-induced stress, similar to what is
observed for go]ycyclic aromatic hydrocarbons adsorbed on the
same surface.>*

Further annealing at temperatures ranging between 360 and
390 K promotes the formation of longer oligomolecular units,
as shown in Figures 2c and 5. Since these molecules are slightly
shorter than an integer multiple of the individual monomers
and appear with a uniform height profile, we conclude that they
are oligomers of p-phenylene such as dimers, trimers, tetramers,
and so on (see Figure S3). As sketched by the arrow in Figure
2¢, the DBTP molecules in the [4 2, 2 6] structure are properly
aligned to form oligomers by a little sliding motion along the
[112] direction, associated with the elimination of a bromine
molecule and the concurrent formation of a C—C bond.
Indeed, during this step the area of the Br 3d doublet decreases
monotonically as a function of temperature without the
formation of chemisorbed bromine atoms (Figure 4a,b), and
at the same time the C 1s peak becomes more symmetric. In
particular, the decrease in the higher-BE side is associated with
the increase in the lower-BE side, in accordance with the
formation of new C—C bonds at the expense of the C—Br ones
(see the superposition of the red and yellow spectra in Figure
4d).

As shown in Figure 5b, oligomers of the same length form
rows along the [112] direction (isolated oligomers are rarely
observed). This observation implies that a shift of a DBTP
molecule along the [112] direction leads to coupling between
units along the molecular main axis, and this movement in turn
favors a cooperative shift of all of the subsequent molecules in
the same [112]-aligned row as a consequence of the increased
steric hindrance between nearest neighbors due to Pauli
repulsion, according to the typical Sergeant—Soldier mecha-
nism. Moreover, careful control of the surface temperature
between 360 and 390 K promotes the formation of longer
oligomers such as heptamers, octamers, and so on (see the
statistical analysis reported in Figure S$4).

Increasing the temperature over 400 K results in a network of
PPP wires characterized by unprecedented long-range order, as
confirmed by the presence of the well-defined LEED pattern
shown in Figure Slc, which was previously unreported for on-
surface Ullmann-produced polymers and is compatible with a
commensurate [4 2, 0 3] structure. The dimensions of the PPP
wires are limited only by the grain boundaries of the islands, as
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shown in Figure 3c, and can reach 200 nm, even if typical values
are around 70 nm. The PPP wires are stable up to 650 K, but
an important change shows up after the annealing at 520 K:
above this temperature the overlayer LEED pattern disappears,
and STM imaging revealed that the molecular wires acquire a
more wavy geometry, with the contextual restoration of the HB
reconstruction underneath the molecular layer (Figure 3d). At
the same annealing temperature, we observed a 0.2 eV shift in
the C 1s XPS peak toward higher BE, as visible in Figure 4c,d.
Again, there is an evident correlation between the C 1s shift
and the restoration of the HB reconstruction, at variance with
recent spectroscopic studies of similar systems*® that revealed a
correlation between this second C Is shift and the complete
desorption of bromine, which in our case is completed at
distinctly lower temperatures, as reported in Figure 4b.

We next explored the carbon—carbon coupling reaction
through direct C—H activation in order to achieve the side
coupling between adjacent PPP wires. After the treatment at
650 K, we observed the formation of wider molecular stripes,
mainly oriented parallel to the PPP wires (see Figures 2e and
3e) and having the same apparent height. A closer inspection of
the STM images reveals the presence of some branches arising
from the stripe structures. In particular, it appears that some
ribbons split into two distinct branches, both having the same
shape and dimensions of a single PPP wire, as highlighted in
Figure 3f. We conclude that the wider nanostructures formed
after thermal annealing at 650 K are GNRs. Our conclusion is
further supported by a comparison of the high-resolution STM
images reported in Figures 2e and 3f with density functional
theory (DFT) simulations obtained by assuming the formation
of an armchair GNR with N = 6, as expected for the
condensation of two PPP wires (see Figure 1) but a novel
geometry with respect to GNRs obtained previously by means
of on-surface synthesis.”**® In detail, the simulated images
show that the edge is characterized by an antiphase zigzag
domain boundary, a feature revealed by STM imaging.
Moreover, Raman spectra (see Figure SS) conclusively
demonstrate the formation of GNRs, since the G, D + D/,
and 2G bands, which are very sensitive fingerprints of the
presence of graphenic materials,”>*® show up after annealing at
650 K. Although the dispersion of the lengths is large, ranging
from 10 to 70 nm, this reaction protocol affords mostly aligned
GNRs, as is evident in Figure 3e. Almost all of the nanoribbons
terminate in one or two wires as a result of nonperfect zipping
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of two PPP molecules. This leads to nanoribbons serially
connected by PPP wires.

Annealing at temperatures near the threshold for C—H bond
activation (650 K) mainly promotes the coupling of two PPP
wires, while treatments at higher temperatures (up to 800 K)
activate the condensation of unreacted wires, leading to wider
GNRs, as shown by the STM image reported in Figure 6a.

Figure 6. (a) STM image of wider GNRs due to the coupling of more
than two PPP wires prepared after annealing PPP wires at 800 K. (b)
Large-scale image showing the preferential azimuthal orientation of the
defective GNR mesh.

However, this reaction step is not driven by self-assembly any
more, but rather by long-range, random diffusional events
activated by the high temperature. For this reason, the coupling
between aryl groups occurs randomly, leading to the formation
of branches that interconnect the nanoribbons; the resulting
structure is a sort of highly defective GNR mesh in which a
clear preferential azimuthal orientation deriving from the
hierarchical procedure is still evident (see Figure 6b).

B CONCLUSIONS

We have reported a bottom-up synthesis of submicron-length,
long-range-ordered PPP as an intermediate product and large,
oriented graphene nanoribbons as the final product using 4,4"-
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dibromo-p-terphenyl as the molecular precursor on Au(111).
Moreover, fine-tuning of the reaction conditions allows the
degree of polymerization in the Ullmann coupling reaction to
be controlled with almost monomolecular precision.

The comparison of results reported here with those obtained
by Lin and co-workers®” on Cu(111) is particularly interesting.
On Cu(111), the DBTP self-assembled structure is converted
into an organometallic network prior to the formation of PPP
wires, and a limited 2D order is obtained. This intermediate is
not observed on gold, in agreement with what has been
observed previously for other halogenated molecules on the
same surface.””>**" In this respect, as inferred by Lackinger and
co-workers,”® the gold surface might still be the best
compromise between sufficient catalytic activity, high molecular
mobility, and weak adsorption energy for the halogen leaving
group. In the present case, gold acts as the catalyst for the
Ullmann reaction, but it does not form an organometallic
network with the selected debrominated precursor. A direct
consequence is that the molecules can self-organize freely, and
only when they are properly aligned does the reaction occur, as
reported previousli?' in the case of GNRs obtained from the
precursor DBBA.”

An interesting difference between the cases of GNRs formed
from DBBA and from DBTP is the behavior of bromine, as
revealed by XPS analysis: in the former case, Br atoms detach
from the monomer and adsorb on the Au(111) substrate by
annealing between 400 and 500 K and then desorb as Br,
molecules after annealing at S50 K, whereas when DBTP is
used on the same substrate, bromine desorbs in the much lower
temperature range of 360—400 K and no adsorbed atomic
bromine is detected by XPS.** This difference can be easily
explained when the different structures formed by the
deposited molecules before the debromination step are
analyzed. In the case of DBBA, the brominated molecules
form ordered rows with the Br atoms relatively far from each
other.*® As a consequence, annealing induces the adsorption of
isolated Br atoms on the surface, too far from each other to
form Br, molecules unless thermal diffusion sets in. Conversely,
DBTP molecules arrange in the [4 2, 2 6] structure, where the
apical Br atoms residing on nearest-neighbor molecules are
close to each other, and therefore, thermally triggered C—Br
bond cleavage puts two nearby Br atoms at a mutual bonding
distance, thereby promoting the formation and contextual
desorption of a Br, molecule. Concurrently, with a little sliding
motion along the [112] direction, the two remaining radicals
can react to form a C—C bond. In summary, in the DBBA case
the rate-limiting step for bromine desorption is most likely set
by the rate of Br, formation as a result of random diffusion of
adsorbed atomic Br, whereas in the present case the rate-
limiting step appears to be C—Br bond cleavage, with the
spatial confinement of Br couples due to the starting geometry
favoring almost immediate subsequent formation and desorp-
tion of molecular bromine.

As a final remark, this work confirms once more>® that one of
the most efficient ways to obtain large domains of long-range
ordered SCOFs using nonreversible covalent coupling, as in the
case of Ullmann-type reactions, is to start from a supra-
molecular arrangement of precursors that is able to rearrange
into the final covalent nanostructure with small local position-
al/orientational adjustments, thus avoiding long-range on-
surface diffusion, which typically leads to highly defective final
structures. In this way it has been possible to obtain large
ordered domains of PPP and GNRs with their main axes mostly
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parallel to the substrate main directions. In perspective, the
reported synthesis seems to be the most favorable candidate for
the growth of unidirectional and size-controlled ribbons by
exploiting a surface templating effect.”>®" By confining the
rodlike molecules onto the reduced-width terrace of a vicinal
surface, we expect to achieve both a highly anisotropic material
on the macroscopic length scale and fine control of the
dimensional dispersion. Moreover, this method is not limited to
the synthesis of carbon-rich materials but should be applicable
to the introduction of dopant atomic species or functional
groups in specific positions if a proper rodlike precursor is
employed.

B EXPERIMENTAL SECTION

STM Imaging. Experiments were performed under ultrahigh-
vacuum conditions at a base pressure of 2 X 107 mbar with an
Omicron scanning tunneling microscope (VT-STM). All of the STM
measurements were carried out at RT in constant-current mode using
an electrochemically etched Pt—Ir tip. Typical parameters were a
sample bias voltage (V,,) of +1 V and a tunneling current (I) of 2—5
nA. The STM data were processed with the WSxM software.”
Moderate filtering was applied for noise reduction.

Sample Preparation. The Au(111) crystal was cleaned by
repeated cycles of 1 keV Ar" sputtering and annealing at 820 K
until a clean surface with sufficiently large terraces was confirmed by
STM imaging. Commercially available DBTP molecules were
deposited from a pyrolytic boron nitride crucible held at ~390 K.
The coverage was 0.7 monolayer (ML) in all of the experiments, as
calibrated on the C 1s XPS signal, where 1 ML is defined as a surface
fully covered by the [3 1, 2.5 §.5] structure. The molecular source was
outgassed until the pressure did not increase during the sublimation.
During deposition the surface was always held at RT, and the
polymerization was activated by subsequent thermal annealing. The
final temperature was kept for at least 3 h to allow the system to evolve
until it reached a stationary state under the given conditions; the
samples were then cooled to RT and analyzed. STM images were
statistically analyzed by molecular counting. Molecules were only
considered when they were completely resolved, and the analysis
encompassed at least 3000 molecules for each temperature.

X-ray Photoelectron Spectroscopy. Measurements were
performed in situ at RT using a VG Scienta XM 650 X-ray source.
The X-rays produced were monochromatized using a VG Scienta XM
780 monochromator optimized for Al Ka radiation (1486.7 eV).
Photoelectrons were collected and analyzed with a Scienta SES 100
electron analyzer fitted to the STM preparation chamber.

Simulations. Simulations of DBTP networks adsorbed on the
Au(111) surface were performed using DFT in the mixed Gaussian
plane waves framework as implemented in the CP2K code.®® We used
the Perdew—Burke—Ernzerhof (PBE) parametrization of the ex-
change—correlation functional. DFT-D3 dispersion corrections were
included.®*

The Au(111) substrate was modeled within the repeated slab
geometry®® using orthorhombic simulation cells containing four layers
of gold and one layer of hydrogen atoms to suppress the surface state
of Au(111) on one side of the slab. The lateral size of the unit cell
corresponded to 200 unit cells (10 X 10 rectangular units), and more
than 20 A of vacuum was included. The geometries of the topmost two
Au(111) layers and the adsorbed molecular species were fully
optimized until forces on atoms were lower that 107 au. STM
simulations were performed in the Tersoff—~Hamann approximation®®
in constant-current mode. To overcome limitations of localized basis
sets for nonperiodic systems, the electronic states were extrapolated
into the vacuum region.”” Since the tip shape and the tip—sample
distance were not accessible experimentally, a quantitative simulation
of the experimental tunneling current was not attempted here. We
chose the charge-density isovalue to provide a realistic tip—sample
distance on the order of § A.
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Raman Spectroscopy. Raman spectra were acquired with a
ThermoFisher DXR Raman microscope using a 532 nm laser (3.0
mW) focused on the sample with a SOX objective (Olympus) to
obtain a spot size of about 1 um. A single acquisition lasted no more
than 20 min to avoid laser-induced damage of the sample.

B ASSOCIATED CONTENT

© Supporting Information

Detailed descriptions of experimental procedures, LEED
results, simulation of DBTP STM images, STM statistical
analysis, and Raman measurements. This material is available
free of charge via the Internet at http://pubs.acs.org.
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Tuning the one-dimensional band dispersion of on-surface synthesized
organic nanowires

In this work we synthesize molecular semiconducting wires with tunable doping
levels and great potential for molecular electronics applications. In addition, we direct
their growth with regularly stepped surfaces to obtain uniaxially aligned wires. Such
controlled alignment allows us to characterize the sample properties not only by local
but also by sample averaging techniques. That is, we complement the information
obtained from scanning tunneling microscopy and spectroscopy with the powerful
information obtained from NEXAFS or angle resolved photoemission, as well as with
state-of-the-art calculations. Altogether, we provide an exceptionally detailed
characterization of the structural and electronic properties of semiconducting wires
that are furthermore synthesized bottom-up with atomic precision, and with doping
precisely tuned through the synthesis of the monomeric precursor.

The implications of our results are wide reaching. They provide the full band structure
of greatly interesting one-dimensional materials. They demonstrate the tunable
doping of semiconducting wires through proper selection of the precursor molecules,
without affecting the charge transport response. Finally, they may additionally serve
as inspiration towards new molecular precursors designed for further

functionalization.
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ABSTRACT. The tunable properties of molecular materials place them among the favorites for a
variety of future generation devices. Besides, to maintain the current trend of miniaturization of
those devices, a departure from the present top-down production methods may soon be required
and self-assembly appears among the most promising alternatives. On-surface synthesis unites
the promises of molecular materials and of self-assembly, with the sturdiness of covalently
bonded structures: an ideal scenario for future applications. Following this idea, we report the
synthesis of functional extended nanowires by self-assembly. In particular, the products
correspond to one-dimensional organic semiconductors. The uniaxial alignment provided by our
substrate templates allows us to access with exquisite detail their electronic properties, including
the full valence band dispersion, by combining local probes with spatial averaging techniques.
We show how, by selectively doping the molecular precursors, the product’s energy level

alignment can be tuned without compromising the charge transport response.
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Bottom-up covalent assembly is nowadays a versatile approach to synthesize low dimensional

1,23

CoO~NOOOBEWN =

materials. Its combination with well-defined substrates, typically termed as “on-surface
chemistry”, has achieved great progress over the past few years.*’. Planar multifunctional
14 molecular precursors with different size and shape have been used to grow networks with

6.7.8.9

16 modular porosity and controlled connectivity, moreover, the use of different functional

groups and different substrates has afforded a significant increase of the degree of long range

0.11,12.13 : .
10.IL1213 However, little attention and

21 order through either stepwise or hierarchical approaches.
23 few experimental studies have been so far devoted to the study of the electronic properties of
26 such surface supported polymers by averaging techniques.'*'>!° To some extent this is because
28 many of the produced surface-supported networks have a considerable level of structural
30 defectiveness on the large scale and the probed species not always represent the majority product
33 of the synthesis. Thus, intrinsically local probes such as scanning tunnelling microscopy (STM)
35 and spectroscopy (STS) have been the primary tools for exploring these surface-confined

17.18,19.20

products. For this reason, although significant computational efforts have been devoted to

40 investigate the electronic properties of 1D and 2D polymers,*"**

experiments providing full band
42 dispersion of such polymeric materials and thus a deeper understanding of their electronic
properties are still scarce. Such properties of the polymer/substrate interface are, however, of
47 outmost importance for the system’s ultimate functionality. Their understanding and how to tune

49 them by, for instance, chemical modifications, is thus a requisite towards the rational design and

52 electronic structure engineering of functional materials and interfaces.

55 Poly-para-phenylene (PPP, see Figure 1) is a rigid-wire n-conjugated polymer that has attracted

considerable attention. Its large band gap has been exploited to obtain blue light emitting
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diodes® and its conductivity can be easily increased through oxidative or reductive doping.®*
Besides, the booming interest in armchair graphene nanoribbons (A-GNR) has recently
evidenced that PPP can be considered as the simplest A-GNR with N=3. > However, direct
study of the electronic properties of pristine PPP, as well as its use in practical applications, have
been hampered by its lack of processability. Oligomers longer than six phenyl rings are insoluble
and infusible, and the material in both bulk and thin film forms is characterized by high
defectiveness. >’ For these reasons until now the electronic properties of “infinite” PPP wires
have been inferred from the properties of short, soluble (appropriately functionalized) or surface-

19,28,29

supported oligomers, rather than tested directly.

In this work we exploit on-surface synthesis to obtain extended and macroscopically ordered
PPP wires and two different pyridinic derivatives. We report their full characterization by
combined local (STM, STS) and surface averaging techniques (ARPES, NEXAFS, XPS and
LEED), as well as by ab initio calculations based on density functional theory (DFT). Linking
theory and experimental work, the energy-momentum dispersion of extended PPP molecular
wires has been examined and their electronic structure dependence on nitrogen doping in specific

sites of the organic scaffold has been probed.
RESULTS AND DISCUSSION

Figure 1 summarizes the adopted synthetic protocol and shows the chemical structure of the
building blocks. Ullmann-like surface-assisted polymerization of brominated molecular
precursors has been carried out to produce the polymers. Some of us have recently reported a

detailed study on this synthesis protocol using 4,4”-dibromo-p-terphenyl (monomer 1 in figure 1)
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on Au(111) and the structural characterization of the final products: PPP wires and graphene

nanoribbons.?®

Monomers Polymgrs
_ 2
000~ (O} -
~ 6 5
@) =& Q /_E Q Br %) -: /_; O N1-PPP
® m—@—@—@—sr (7 \ ) N2-PPP
—N N . “—N N

Figure 1. The molecular precursors with none (1). one (2) and two (3) pyridine rings are reported, along with the
respective products PPP, N1-PPP and N2-PPP.

Since surface averaging momentum-resolved measurements require the macroscopic alignment
of the PPP chains, the polymers were prepared by covalent coupling of 4,4”-dibromo-p-terphenyl
(1) on clean Au(887). This surface is vicinal to the (111) plane and shows a periodic succession
of narrow terraces (=3.9 nm wide) with {111} plane orientation, whose monatomic steps run
along the [110] direction. Because PPP wires grow on Au(111) with their main axis parallel to
the [110] direction,”® Au(887) allows one to align the polymers to obtain a highly anisotropic
sample (see Figure 2a). As a result, the LEED pattern corresponds to a superstructure involving
uniaxially aligned polymer chains commensurate with the substrate. A well-defined interchain
spacing of ~10 A along the [112] direction is evidenced by the LEED spots marked with blue
arrows in Figure 2. This spacing supports the presence of Br atoms in between the polymer
chains, also observed by STM. Along the chains we infer a periodicity of ~8.4 A (0.75 A™),
twice the phenyl-phenyl distance, which coincides with thrice the Au lattice. An epitaxial matrix

[4 2,0 3] is thus in excellent agreement with our LEED image. However, an unresolved striped
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motif is observed due to the lack of phase relation between the phenyl rings of adjacent chains

(see Figure SII).

Figure 2. a) STM images of aligned PPP chains on Au(887) and comparison between experimental and DFT
simulated STM images (50x50 nm* V=0.60 V 1=632 pA) and b) experimental LEED pattern (E,=50eV) of the same

surface. Model color code: C yellow, H white.

The experimental band structures, E versus k, of the clean and PPP-covered Au(887) are
illustrated in Figure 3a and 3b, respectively. From this direct comparison it is clear that the
valence band with maximum (VBM) at E= -1.04 eV, k=149 A and dispersing all the way to
E=-6.3 eV at T originates from the polymeric wires (band marked with the green arrow in Figure
3b and in Figure SI2, where the ARPES second derivative is displayed). The derived real space
periodicity (4.21 A) relates well with the expected inter-ring spacing of 4.3 A (1.46 A™)¥
assuming, as previously observed on para-sexyphenyl, that due to modulation of the
photoemission transition matrices the measured band maximum corresponds to the polymer
structure’s second Brillouin zone. In addition, three non-dispersive bands at -2.7 eV, -4.6 eV and

-6.22 eV are observed, marked by dotted lines in Figure 2b.
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32 Figure 3. Angle resolved photoemission spectra (ARPES) I(E-E, k). where k; is along the [110] direction (parallel
33 to the wires). of a) clean Au(887) and of b) the oriented PPP/Au(887) interface. ¢) Constant energy map I(k. k.) at
35 E-Er=-1.04 eV of clean Au(887) (left) and of the oriented PPP/Au(887) (right) d) zoom-in of the spectra in b).

Arrows and dashed lines highlight peculiar features, see text for details.

42 DFT calculated band structure (reported in Figure SI3) performed on free-standing polymers, as
45 well as on Au(111)-supported PPP wires with the experimentally found geometry, reproduces
47 correctly the main features of experimental ARPES, such as the curvature of the main dispersive
band and the presence of quasi flat bands at energies comparable with the experiment.
52 Calculations with and without the Br atoms remaining in between chains show that the linear
54 arrangement of Br causes none of the bands mentioned above. Figure SI3 also evidences that the

dispersive band can be rationalized by a linear combination of benzene orbitals with the major
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weight at the linking carbon atoms (i.e. atoms 1 and 4 of each ring) resulting in a molecular
orbital delocalized along the PPP wire length, whereas the quasi-flat bands stem from localized
molecular orbitals resulting from linear combination of ring-localized benzene orbitals (i.e.
atoms 2, 3, 5 and 6 of each ring). Moreover it is important to remark that the energies of the three
experimentally observed non-dispersive bands coincide with the intensity maxima of the clean
substrate 3d bands (see Figure 3a and 3b). Therefore the origin of these experimentally observed

bands may be related to a combination of both substrate and PPP overlayer contributions.

Differently from the case of sexyphenyl, where a discretized dispersion has been observed,” our
on-surface polymer shows a continuous dispersion of the band due to the overlap of a higher
number of monomer orbitals. A theoretical study of the electronic structure dependence on the
length in polyphenylene oligomers has shown that for a molecule with 18 phenyl rings the
energy difference between successive states is so small that the situation is equivalent to the
formation of a continuous band.*' Hence our samples, where the chain length is usually longer
than 40 nm (>90 phenyl rings), can be regarded as a good representation of the electronic

structure of an infinitely long PPP chain.

Constant energy maps of the clean surface and of PPP wires at the VBM (Figure 3c) reveal that
its intensity is spread almost uniformly in k;. That is, perpendicular to the wires (along [11-2])
the bands show negligible energy dispersion. Such flat bands imply that these orbitals are
localized within the wires, due to a negligible intermolecular coupling. The result therefore
reflects the occurrence of a truly one-dimensional band dispersion excluding electronic coupling

between PPP wires.
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Additional weaker features are observed at lower momentum values, see the red arrow in Figure

3d. In particular, a replica of the main dispersive band of the polymer lies at k=0.75 A, i.e. at

O©COoONO A WN =

half of its Brillouin zone (n/4.2 A). This is in excellent agreement with the system’s periodicity
as measured with LEED and may be understood as stemming naturally from the epitaxial
13 relationship with the substrate (which shows commensuration at every second phenyl ring).
15 However, the fact that the unit cell in the direct space is twice the Ph-Ph separation may also be
18 interpreted by a twisted conformation of the PPP chain due to the steric hindrance between the
20 orto hydrogen atoms of neighboring phenyl rings.**** Since the interaction with the substrate
usually tends to flatten the molecules (in fact PPP chains are flat on Cu(110)** while sexyphenyl

25 is twisted in thick films®), the twisted conformation should be confirmed by independent means.

28 Polarization-dependent NEXAFS measurements have been performed to gather insight into the
adsorption geometry of the PPP chains. The spectra were acquired by scanning the [112] surface
33 direction (perpendicular to chains) with the X-ray polarization projection. As observed in Figure
35 4a, the C K-edge exhibits four peaks at 285.07 (1r7), 288.97 (13), 293.69 (o) and a broad peak at
38 301.59 eV (o3), in agreement with NEXAFS spectra collected from benzene physisorbed on

40 metal surfaces.**3¢

The tilt angle of the m" orbital of the benzene ring relative to the surface
43 normal has been obtained by comparing the angular dependent intensity of the m; resonance and
45 the predicted resonance intensity according to a Stohr-derived equation for twofold substrate
symmetry,”’ see SI for details. As reported in Figure 4, the 7] resonance intensity shows an
50 opposite polarization dependence to that of g; and o5 and it is maximized at grazing incidence,
52 while the non-vanishing intensity at normal incidence implies a non-planar geometry: the derived

orientation of the benzene ring planes relative to the surface is 0=20°+5° (see Figure SI4).

57 Therefore, NEXAFS linear dichroism confirms that the PPP chains adopt a twisted conformation
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wherein adjacent phenyl rings are alternately rotated clockwise and counterclockwise with
respect to the PPP main axis. The full twist angle of 40°+10° is of the order of that predicted for
PPP in the gas phase * and remarks the weak influence of the substrate that, for stronger
molecule-substrate interactions, would tend to flatten the polymer structure. The observed replica
in the ARPES spectrum may thus be related both to a twisted conformation of the polymer and to

the commensuration with the substrate, since both effects are observed at the same time.

*

Uz
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= T 9=90°
8
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. . . —
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Figure 4. a) Angle-dependence of C K-edge NEXAFS spectra for the aligned PPP chains on Au(887). The spectra
were collected with the polarization in the plane defined by the surface normal and the [112] direction
(perpendicular to the chains) and @ is defined as the angle between the polarization and the surface normal (see
Figure SI4). b) Angular dependence of the 7} resonance intensity compared to the calculated behavior for different
tilt angles of the phenyl rings. The calculated curves have been normalized to the first experimental value at 6=30°

for better comparison.

Interestingly, the formation of this ordered adlayer leads to the observation of an intense replica
of the gold sp band at 1.13 A”', see the blue arrow in Figure 3d. Indeed, the adlayer introduces a
new set of reciprocal lattice vectors g', whose reciprocal length is 0.75 A™ for the twisted PPP,

which can lead to a back-folding of surface emission by a surface Umklapp process. Since the
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parallel component of the electron momentum is conserved in the photoemission process,

inclusion of this new g gives rise, in the present case, to the observed band in the direction

OO~ WN =

containing ki + g (1.13+0.75 A™" and folded back at = 1.1 A", since the K point of gold is in the

38.39

1 proximity of 1.49 A™). The presence of this Umklapp process, along with the disappearance
13 of the surface state, hints to a significant hybridization between PPP and Au, which has been
16 confirmed with DFT calculations (see Figure SI3). Nevertheless, the hybridization is still modest

18 enough to allow for the observation of the full PPP band dispersion throughout the Au 3d band

energies, down to -6.3 eV.

24 The effect of nitrogen incorporation into the conjugated PPP chain has been investigated by two
26 pyridinic derivatives of 4,4”-dibromo-p-terphenyl, see monomers 2 and 3 in Figure 1. By means
of these molecules, the changes in the electronic and transport properties can be mapped as a
31 function of gradually increased nitrogen content. Again, by employing the 1D templating effect
33 of the Au(887) vicinal surface, the targeted linear products have been obtained with a massive
36 yield. STM imaging reveals well-oriented wires parallel to the steps direction and organized
38 according to the same commensurate epitaxial matrix [4 2,0 3] of the undoped PPP chains. In
fact, the pyridinic derivatives are characterized by the same interring distance. Even if these PPP
43 derivatives are isostructural with the undoped PPP, a closer inspection reveals an intramolecular
45 modulation of the probed density of states with the same periodicity of the pyridinic

functionalization as visible in the small scale STM images in Figure 5a and 5b.
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Figure 5. STM pictures of a) N1-PPP and b) N2-PPP grown on Au(887). The comparison between the experimental
and DFT simulated STM images of a single are reported as lateral inset for the different polymers. a) 20x20 nm®

=-0.40 V I=512 pA: inset) V=-0.5 V I=2.0 nA: b) 20x20 nm’ V=-0.71 V I=2.6 nA: inset) V=-0.5 V I=1.50 nA.
Model color code: C yellow. N blue, H white.

DFT simulated STM images reported in Figure S correctly reproduce this behavior, where the
pyridine rings appear smaller than phenyl rings, due to the lack of peripheral H atoms and to the
lower N-related partial density of states near the Fermi energy (as reported below in Figure 6).
Further evidence for the chemical environment of the nitrogen atoms comes from core-level
photoemission (see SI for the complete XPS characterization of N 1s, C 1s, Br 3d core levels).
Moving to ARPES, the electronic structure probed on nitrogen-containing polymers share the
main characteristics of PPP. In fact, the double periodicity and the Umklapp process are clearly
visible both for N1-PPP and for N2-PPP. However, the VBMs exhibit a dependence on the
degree of nitrogen substitution. The VBM for the pristine PPP is Eg-1.04 eV and decreases in the
N1-PPP to Ep-1.26 eV and to Ep-1.38 eV in N2-PPP (see Figure 6a). Hence, we observe a
continuous downshift of the VBM as the nitrogen content increases by as much as = 0.35 eV for

the doubly substituted PPP derivative. Since the conduction band remains above the Fermi level
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even in the doped wires, no information can be obtained about the magnitude of the band gap

from these ARPES measurements, except that it should be larger than 1.340.1 eV.

CoO~NOOOHEWN =

10 PPP N1-PPP N2-PPP

26 1.2 1.6 1.2 1.6 1.2 1.6
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43 Figure 6: Doping level-dependent electronic properties. Panel a) reports the ARPES spectra of the different

45 polymers at k, close to the VBM. The superimposed red-dashed lines are the parabolic fit of the band revealing an
46 effective mass of m*=0.19 my: b) STM dI/dV spectroscopy performed on PPP and N2-PPP, black and blue spectra
respectively: ¢) computed projected densities of states (PDOS) of the different polymers. Total and p. projected

49 density of states are compared for PPP. and Nitrogen-related p. is additionally disclosed for N2-PPP to underline the

negligible contribution of N to valence and conduction bands.
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Direct measurement of the band gaps has been performed by STS (dI/dV) along the polymer
chains, see Figure 6b. In the experimental bias range of -1.8 V to +2.3 V, PPP clearly shows two
band onsets around -1.3 and +2.0 V (Eg=3.3+0.2 eV), whereas the bands of the nitrogen-
containing polymer N2-PPP rigidly shift toward lower bias voltages: -1.5 and +1.7 V
(E,=3.2+0.2 eV). Such shift of the entire band structure is in line with previous observations in

graphene nanoribbons doped with peripheral nitrogen atoms.'>*

The calculated projected
densities of states (PDOS) of the different polymers are shown in Figure 6¢. Apart from the
offset of the conduction band and the absolute value of Ey, the DFT PDOS are qualitatively in
agreement with the experimental dI/dV spectra, since both the VB and the CB onsets shift rigidly

towards lower bias voltage, leaving the band gap nearly unchanged.

The onset of the valence band occurs at slightly higher binding energies in our STS than in our
ARPES characterization, probably related to the difference in the measured systems: STS was
performed on single PPP chains on Au(111), while ARPES measurements were taken from
compact PPP layers on Au(788). Single chains are not flanked by Br atoms. Thus, changes in the
local work function due to the different substrates (we measure a lower work function on
Au(111) as compared to Au(788) (see Figure SI10)) or to the absence or presence of Br,*! as well
as the lack of screening from neighboring PPP chains or Br atoms during STS

. . 42.43 " . .
characterization, may, together or separately, account for this minor difference.

Also the work function of the polymer-covered Au(788) shows a monotonic reduction by =90
meV for each added N atom (@no-ppp=5.10 eV, @ni-ppp=5.02 eV, on2ppp=4.93 eV, see figure
S10). However, this effect is smaller in magnitude than the observed shifts in the bands and thus
cannot account for the latter phenomenon, for example by vacuum level alignment. Instead, the

observed effect is in agreement with the generally accepted picture of pyridine being electron
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deficient in character, in the sense that the electron density is decreased on the carbon ring by
electronegative nitrogen. As a result, the HOMO and LUMO are stabilized, the ionization

potential and the electron affinity systematically increase, while the HOMO-LUMO gap is nearly

CoOoO~NOOOBAEWN =

unaffected, as observed for solid films of PPP (2.93 eV) and poly-pyridine (2.82-2.95 eV). 14
13 These gap values, obtained from optical measurements, are in reasonable agreement with our
15 STS data. This agreement should not be surprising, since although it is well known that electron-
18 hole interaction reduces the band gaps obtained from optical techniques,’® our measurement is
20 accessing the fundamental gap that is lowered by image charge effects coming from the metallic
substrate.*® The bandgap is furthermore in good agreement with that reported, based on STS

25 measurements, for PPP on Cu(111) (3.1£0.2 eV),19

28 Insight into the transport properties can be gathered in terms of effective mass (m*) of holes in
the valence band, derived from the curvature of the energy band. From a parabolic fit of the top
33 of the valence band we determined m*=-0.19 m. for PPP, a value in agreement with DFT
35 calculations on an infinitely long, unsupported PPP wire (-0.17 m,) (see Figure SI3) and in line
38 with the high carrier mobility in PPP oligomers.*® For direct comparison the same analysis was
40 done on N1-PPP and N2-PPP, revealing a negligible effect of the pyridine ring, since both of
42 them have m*=-0.19m.. As indicated by the comparison of N2-PPP total p. and N-related p.
45 projected DOS reported in figure 6¢, the highest-lying valence bands are mainly composed by
47 carbon m density, which amounts to saying that the heteroatom contributes little to define the

holes carrier mobility in the valence band.**’

53 CONCLUSIONS
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In summary, we have grown three different extended one-dimensional polymers in a bottom-up
fashion, namely poly-paraphenylene and two pyridinic derivatives, with selected and gradually
increasing nitrogen content. In order to characterize their band structure, macroscopically
anisotropic samples have been prepared taking advantage of vicinal surface templating. Using
angle resolved photoemission spectroscopy, we reveal a fully dispersive one dimensional
behaviour of these semiconducting organic wires and that the electronic structure can be
monotonically downshifted relative to the metal Fermi level as the pyridine substitution is
increased within the molecular scaffold. Although the nitrogen insertion modulates the valence
band onset by as much of 0.3 eV for the doubly doped monomer, DFT calculations in
combination with scanning tunneling spectroscopy show that the band gap is almost unaffected
(Ee= 3.3 £ 0.2 eV). Furthermore, from a parabolic fit of the ARPES data at the top of the
valence band, a similar effective mass of 0.19my is evidenced for all polymers, implying
comparable hole-transport properties irrespective of the degree of nitrogen doping. This work
thus confirms the possibility to tailor the electronic properties of functional organic nanowires, in
particular the energy level alignment with respect to the Fermi level, without compromising the
product’s transport response by selectively doping the molecular precursors. Finally, our findings
represent a benchmark for the controlled growth of organic monolayers and the characterization

of their electronic properties for future technological applications.
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Supporting Information. Epitaxy model and convoluted LEED pattern, second derivative
ARPES data highlighting the full band dispersion, overlap of experimental and calculated band
structure, representation of geometry in NEXAFS measurements, C1s XPS data throughout

polymer preparation procedure, Cls, Br3d and N1s XPS data comparing the various polymers
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studied, C K-edge NEXAFS spectra comparing the various polymers studied, summary of the
energy level shifts between the various polymers studied as observed with different techniques,
work function measurements from the low energy cutoff in photoemission spectra, experimental
details for chemical synthesis of precursors, sample preparation and characterization, as well as
for the calculations. This material is available free of charge via the Internet at

http://pubs.acs.org.
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On-surface photodissociation of C-Br bonds: towards room temperature Ullmann
coupling

This work proves that a light stimulus can be used to trigger the on-surface C-Br
bonds photo-dissociation of a halogenated polycyclic aromatic hydrocarbon, namely
5,11-dibromo-tetracene (DBT), deposited as a monolayer on the Au(111l) surface.
More precisely, we have studied this sterically hindered precursor with respect to the
Ullimann coupling reaction in order to observe specific spectroscopic and topological
fingerprints associated with the organometallic intermediates obtained after the C-Br
homolytic dissociation.

The results are of general interest in the Ullmann coupling topic. Indeed, one of the
main limitations to obtain highly-ordered covalent networks on gold is the high
temperature treatment required to dissociate the C-Br bond (120°C), due to the low
catalytic activity of gold. These treatment usually leads to massive molecular
desorption and/or decomposition. In this view mild reaction conditions are strictly
required to significantly improve the quality of the resulting covalent network. Our
work unambiguously reveals that an UV treatment can be used to overcome the rate
determining step for the thermal reaction by triggering the C-Br dissociation already
at room temperature (RT). In this way, after a low temperature annealing (50°C) a
highly ordered organometallic network is obtained without molecular desorption and
decomposition.

Complementary DFT modelling has highlighted how chemisorbed bromine
significantly stabilizes the organometallic structure formed as a consequence of the
C-Br photo-dissociation. In fact, the partially negative bromine atoms attractively
interact with terminal gold adatoms providing a stabilization as high as 0.4 eV per unit

cell.
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Fig.1 STM images of the dark area: (a) monolayer of DBT molecules
deposited on Au(11l) with superimposed DFT simulation (inset: 17 eV
experimental and [33.5;05] simulated LEED patterns); (b) representative
image of the surface after annealing at 410 K; (c) zoom-in of one of the rare
ordered areas obtained after annealing at 410 K; the superimposed
models highlight the presence of the organometallic dimers and the
chemisorbed bromine. Tunneling parameters are (a) | = 3 nA Vpias =
0.67 V; (b) | = 2.5 NA, Viias = —0.52 V; (c) [*PP*" = 1.5 nA, VR = 0.69 V;
[PotOM = 36 nA, VEIE™ = —0.1 V.

Fig. 1a shows a STM image of a full monolayer of DBT after
thermal desorption of the partially formed second layer at 340 K,
showing that the Au(111) surface is covered by a well-organized
superstructure whose periodicity is described by the [33.5;05]
epitaxial matrix, as confirmed by the LEED pattern. The main
molecular axis lies along the [110] substrate direction and, accord-
ing to the DFT simulated unit cell, each Br substituent can interact
attractively with a partial positive charge residing on an H atom of
the adjacent molecule to form a Br- - -H intermolecular interaction,
dpr.w ~ 3.3 A, which favours the formation of an ordered
network.'”” At RT the Au herringbone reconstruction is neither
modified nor lifted upon adsorption of the molecules, indicating
a weak molecule-substrate interaction. DFT calculations of a
physisorbed monolayer provide a distance from the substrate of
3.2 A and a binding energy of 2.0 eV per DBT, typical of a weakly
interacting system driven by van der Waals forces and a tiny
electron transfer effect (see the ESIt Fig. S1). XPS further corro-
borates the hypothesis that DBT molecules are intact at RT.
Indeed, as reported in Fig. 2a, the Br 3d core level reveals the
existence of almost exclusively carbon-bonded bromine (Br 3ds,
BE = 69.7 €V).*” Moreover, both the C 1s:Br 3d ratio (9.3:1) and
the ratio between the different components of the C 1s peak,
namely C-H:C-C:C-Br (5:3.2:1), are in agreement with the
expected values for the intact molecules.

To study the thermo- and light-induced C-Br homolytic
bond cleavage, we irradiate half of the surface of the Au single
crystal at 2 = 405 nm for 12 hours at RT. In this way a direct
comparison of the effect of the annealing treatments on the two
different areas is made possible.

12594 | Chem. Commun., 2015, 51, 12593-12596
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Fig. 2 Br 3d (hv = 150 eV) and C 1s (hv = 400 eV) XPS spectra and fitting
components of (a) the DBT monolayer on Au(111); (b) the DBT monolayer
after annealing at 410 K; (c) the DBT monolayer after illumination at RT.
The blue dotted line in (c) reports the Br 3d peak from the non-illuminated
area of the same sample.

Fig. 1 reports the thermal behaviour of the non-illuminated
area: when the deposited monolayer (Fig. 1a) is annealed at a
temperature lower than 410 K, no noticeable effects are observed,
while after treatments at 410 K (Fig. 1b) the quality of the resulting
surface is very poor, with partial desorption-decomposition of the
DBT precursor. XPS analysis (Fig. 2b) indicates a consistent
coverage decrease (X 19%) with respect to the RT surface probably
related to the low sublimation temperature of the precursor, as
reported in the Experimental section.

Little islands wherein molecules are ordered have been found
sporadically. Fig. 1c reports two of these areas formed by mono-
meric and dimeric species, the latter consisting of two tetracene
units interconnected by a bridging bright dot and with two
brighter terminal features at both their sides (yellow circles in
Fig. 1c). Moreover, additional circular features are discernible
between successive dimers (red circles in Fig. 1¢). According to
literature data,”*" we propose that the observed monomers and
dimers are formed by tetracene units, where bromine atoms have
been substituted by gold atoms (yellow circles). The additional
bumps between the molecules are the residual chemisorbed
bromine (red circles), as visualized by the atomic model super-
imposed to the STM images (see also the ESI+ for optimized DFT
monomeric and dimeric structures in Fig. S3a and S4a, respec-
tively). It is noteworthy that two chemisorbed bromine atoms
laterally cap a couple of adjacent terminal (mono-coordinated) Au
atoms belonging to successive dimers in a 1:1 ratio, while no
bromine atoms are associated with the single bridging (twofold-
coordinated) Au atom within each individual dimer. As a further
proof of the organometallic nature of the dimers, STM analysis
shows that the centre-to-centre distance within a dimer is 0.65 4
0.03 nm, significantly larger than the expected value for directly
linked phenyl rings, e.g. nearest neighbour phenylene groups in
poly( para-phenylene) (0.43 nm),** but in agreement with that

This journal is © The Royal Society of Chemistry 2015
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expected for an organometallic structure.'>** Moreover, the
lifted herringbone Au(111) reconstruction (see Fig. 1b) suggests
that the incorporated Au atoms are partially provided by surface
reordering.”?

C 1s XPS analysis further corroborates this scenario, since
the area of the component at lower binding energy, usually
associated with carbon bonded to metal atoms,*”** increases at
the expense of the C-Br related peak: starting from 12%, the
percentage of metal-bonded carbon (100-areac y,/areac a, +
areac_g;) becomes 74%, see Fig. 2b. Moreover, the whole C 1s
peak rigidly shifts towards lower BE (x 0.2 eV), as a consequence
of both bromine chemisorption**?* and lifting the herringbone
reconstruction.'” Regarding the circular protrusions between the
organometallic species, the XPS bromine spectra highlight
the presence of mainly chemisorbed Br (Br 3ds;, BE 67.8 eV),”"
so we associate these features with chemisorbed bromine, as
anticipated before. Finally, the DFT simulated images, based on
the aforementioned model and fully optimized atomic struc-
tures, well reproduce the experimental features, such as the
brightness of Br side atoms (see the inset in Fig. 1a) and the
contrast between the molecular cores and the surface adsorbed
Br atoms (see the inset in Fig. 1c).

As observed for sterically hindered organic scaffolds,">*® the
flat geometry of the DBT molecules maximizes the interaction
with the Au(111) surface, but at the same time inhibits the
metal elimination step of the Ullmann-like coupling reaction,
so that the final C-C coupling is hampered. Even if at 410 K the
C-Br bond is activated, the resulting organometallic network
contains mainly dimeric and monomeric species while longer
oligomers are randomly observed. Previous studies™* show that
large organometallic islands of metal-interconnected monomers
are usually obtained due to the reversible nature of the carbon-
metal-carbon bonds, while for DBT this is not the case even after
annealing at higher temperature. As reported in Fig. 2b, the Br
3d area amounts to 53% of the as-deposited signal and only 27%
is related to carbon-bonded bromine (14% of the initial amount),
so that an incomplete de-bromination cannot justify the low
polymerization degree. Even the availability of gold adatoms
cannot justify this evidence, since longer oligomers require
smaller amounts of metal atoms. A possible key to this beha-
viour is given by the presence of bromine atoms regularly lying
adjacent to the terminal, mono-coordinated gold adatoms both
in the dimers and the monomers, which suggests that they
contribute to the stabilization of these species.®*” In fact, DFT
simulations show that gold adatoms singly-bonded to tetracene
cores are electron-deficient, in the sense that a partial positive
charge resides on them (see discussion in the ESIT and Fig. S2).
For this reason chemisorbed Br atoms attractively interact with
two neighbouring terminal Au atoms of gold-substituted tetra-
cene molecules, thus stabilizing the formation of the ordered
network. More precisely, our DFT calculation shows that the
experimental-like unit cell that contains two Br atoms is 0.4 eV
more stable than the same cell without the bromines, which are
assumed to adsorb far from the self-assembled structure in the
latter case (see Fig. S3 and S4, ESLj for details). We cannot
exclude that other factors affect the observed outcome, such as

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 STM images of the illuminated area. (a and b} Monolayer of DBT
molecules irradiated at RT; (c) the same surface after annealing at 340 K.
Islands with different ordered nanostructures are contoured with different
colours; more precisely, the green islands are formed by brominated DBT
while the red, blue and cyan islands by organometallic monomers or
dimers. (d) Zoom-in of the islands formed by organometallic molecules.
Tunneling parameters are (@aand b)/ = 4 nA, Vyias = 0.99 V; (band ¢} = 3.2 nA,
Viias = 0.52 V.

the lattice mismatch between the surface and the periodicity of
the oligomers, which could favour the formation of ordered
island of dimers and monomers.

In summary, even if at 410 K the C-Br bond is activated, the
quality of the resulting surface is very poor, with large dis-
ordered areas due to the partial desorption or decomposition of
DBT molecules. By increasing the annealing temperature the
quality of the resulting surface is even worse and the formation
of direct C-C bonds is not observed, see Fig. S5 (ESIf).

Moving to the illuminated area, reported in Fig. 3, after the
irradiation at RT (Fig. 3a) we observe a strong variation of the
topography: the herringbone reconstruction disappears within
large area and the surface appears to be more disordered, even
if the coverage does not change, i.e. the C 1s area is unaffected
by the treatment. Fig. 3b shows that, even if the as-deposited
DBT molecules are still present, the majority of the surface is
covered by organometallic species: indeed, bright dots as those
observed after thermal activation of the precursors are clearly
visible at the sides of the molecules. As before, when the bright
dots appear, the underlying herringbone reconstruction is lifted,
confirming that the bright dots are Au adatoms. Furthermore,
the XPS analysis reveals the light-induced activation of the C-Br
bond. Fig. 2c reports the comparison of the Br 3d doublet
measured on illuminated versus dark sample regions. Within
the illuminated area the bromine signal is split into two compo-
nents. Indeed, an additional Br 3d doublet appears at 67.8 and
68.8 eV accounting for 27% of the total signal area, indicating
the presence of surface-stabilized bromine atoms.>**® The total
subtended area decreases by 22% with respect to the dark

Chem. Commun., 2015, 51, 12593-12596 | 12595
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Stereoselective photopolymerization of tetraphenylporphyrin derivatives

on Ag(110) at the sub-monolayer level

This study proves that a light stimulus can be used to trigger the on-surface
polymerization of a tetra-phenyl porphyrin derivative, namely 5,15-bis(4-
aminophenyl)-10,20-diphenylporphyrin  (trans-TPP(NH2)2) in the sub-monolayer
coverage range on the Ag(110) surface. More precisely, our results reveal that the
reaction proceeds with the formation of azo-bridges (Ph-N=N-Ph) between the
molecular building blocks.

This proof of principle is of general interest in the field of surface-supported systems,
since it represents an example of how light can be used to active functional groups
otherwise silent with respect to thermal treatments. In addition, this approach offers a
way to overcome the limitations posed by the close relationship between molecular
surface mobility, chemical reactivity and temperature. Indeed, the ability to separately
control the reaction initiation and the surface mobility by light stimuli and temperature,
respectively, is found to be a critical degree of freedom to get an extended ordered
structure. We show that by reducing the surface mobility, i.e. by working at low
temperature (100 — 300 K), it is possible to apply a low-to-high surface molecular
density approach, which helps preventing the formation of compact, non-covalent
structures. Meanwhile, the chemical reaction between slowly diffusing monomers is
independently triggered by irradiation at a suitable wavelength. The quantitative
formation of a new, long-range ordered and covalently-bonded super-structure is
thus obtained.

Finally, this study represents a step forward in the application of organic
photochemistry to on-surface synthesis, which is currently limited to the use of
diacetylene groups, and it opens up new opportunities for using several organic
functional groups as photoactive centers for the synthesis of covalent organic

frameworks.
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Cold regions ...

... (the mountain chain in the illustration) and warm areas (the beach in the foreground) represent the
temperature ramp applied to obtain extended molecular wires under illumination at the sub-monolayer
level. The transhumance of amino-functionalized porphyrins along the close-packed atomic rows (the
parallel roads) of the cold Ag(110) surface ends at the beach, where light induces their union (covalent
bonding) as soon as they approach each other. For more details, see the Full Paper by A. Basagni et al.
on page 14296 ff.
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Stereoselective Photopolymerization of Tetraphenylporphyrin
, Derivatives on Ag(110) at the Sub-Monolayer Level

il Andrea Basagni,*® Luciano Colazzo,” Francesco Sedona,* Marco Di Marino,

[a]

Tommaso Carofiglio,”” Elisa Lubian,” Daniel Forrer,” 9 Andrea Vittadini,” ¢

Maurizio Casarin,®® 9 Alberto Verdini,'” Albano Cossaro,'” Luca Floreano,

Mauro Sambi®®!

[d] and

fAbstract: We explore a photochemical approach to achieve
an ordered polymeric structure at the sub-monolayer level
on a metal substrate. In particular, a tetraphenylporphyrin
derivative carrying para-amino-phenyl functional groups is
used to obtain extended and highly ordered molecular wires
on Ag(110). Scanning tunneling microscopy and density
functional theory calculations reveal that porphyrin building
blocks are joined through azo bridges, mainly as cis isomers.
The observed highly stereoselective growth is the result of
adsorbate/surface interactions, as indicated by X-ray photo-

e

5

electron spectroscopy. At variance with previous studies, we
tailor the formation of long-range ordered structures by the
separate control of the surface molecular diffusion through
sample heating, and of the reaction initiation through light
absorption. This previously unreported approach shows that
the photo-induced covalent stabilization of self-assembled
molecular monolayers to obtain highly ordered surface cova-
lent organic frameworks is viable by a careful choice of the
precursors and reaction conditions.

e

Introduction

Over the past few years, synthesis of organic surface-supported
covalent nanostructures has gained substantial interest for the
preparation of low-dimensional materials."? These are highly
interesting from a basic science perspective, but also for nano-
technological applications such as template-assisted nanopat-
terning® and organic electronics.”’ Molecular self-assembly is
a widely applied tool for creating ordered organic structures
on surfaces and indeed many arrangements have been pro-
duced in ultrahigh-vacuum (UHV) conditions, ranging from
wirelike structures®™ and two dimensional layers® to more
complex architectures such as host-guest networks.”* Forma-
tion and stabilization of self-assembled structures can be
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driven by intermolecular interactions such as metal-ligand co-
ordination"®'? and hydrogen bonding,"*"'” but also by the
weaker and non-directional van der Waals interactions."®?"
The weakness of these interactions makes the network forma-
tion reversible, which, on one hand, favors defect correction,
and, ultimately, the formation of long-range ordered structures.
On the other hand, instability is a severe limitation for ex situ
applications in ambient environment.

In recent years, direct on-substrate synthesis in UHV has
been exploited as a promising strategy to obtain thermally
and chemically stable structures by covalent bonding of suita-
ble precursors.”"! The 2D confinement of molecular precursors
has many advantages over 3D solution chemistry, such as the
possibility of preparing large molecules impossible to synthe-
size in solution owing to their low solubility, better control of
the system architecture through the use of a pretemplating
substrate, and finally access to new reaction pathways, thanks
to the catalytic role of the substrate.””? Usually, covalent link-
ing of organic molecules onto metal and bulk insulator surfa-
ces is carried out thermally: the energy supplied to the system
promotes substitution reactions®* " or activates the precur-
sors by C—Br or C—I homolytic dissociation.?**? These ap-
proaches, however, perform monomer assembly and polymeri-
zation simultaneously under dynamic-bond-forming condi-
tions, and usually provide polymers with many defects and
only short-range order.® A reversible reaction environment
might improve the surface covalent organic frameworks
(SCOF) quality,**3 but typically thermodynamic equilibrium
conditions cannot be achieved in UHV.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Photochemically activated reactions, instead, have proven to
be a powerful tool to stabilize the self-organized structures
without disrupting the long-range order*”** However, cova-
lent interlinking of molecules by light triggering on metal sub-
strates poses additional challenges. First of all, the high
quenching rate of electronically excited species on metal surfa-
ces inhibits the photophysical processes commonly observed
in the gas phase and in solution.*” Moreover, the presence of
the surface can also provide new relaxation pathways, such as
photodesorption,*"*? and new charge-transfer-mediated pho-
tochemistry.**! As a result, the surface photochemistry of
a given molecule is considerably different from what would be
anticipated for a gas-phase or solution environment. These are
some of the reasons why light-driven on-surface synthesis is
not as developed as it is in solution.

Herein, we present the covalent coupling of a tetraphenyl
porphyrin derivative, namely 5,15-bis(4-aminophenyl)-10,20-di-
phenylporphyrin  (hereafter, trans-TPP(NH,),). The aniline
moiety is known to adsorb on and interact with a silver sub-
strate much like phenol® and both molecules display similar
photophysical behavior in the gas phase.***”) In particular, the
N-H bond photodissociation threshold was estimated at
4.61 eV, that is approximately 0.4 eV lower than the O—H ana-
logue in phenol—we therefore expect that aniline residues
can form radicals on the silver surface, as reported for
phenol.*** Here, the anilino radical formation is employed to
covalently bond trans-TPP(NH,), monomers by a radical cou-
pling reaction. Our results indicate that porphyrins form nano-
wires extending along the substrate [170] direction and that
the monomers are joined by N=N (azo) links. N 1s X-ray photo-
electron spectroscopy (XPS) measurements show that the sub-
strate takes an active part in the stabilization of the formed
bond and in its stereochemistry.

The interest for such a prototype reaction is tightly linked to
the use of radical photodissociation reactions between organic
chromophores as a tool for the covalent stabilization of highly
ordered surface supramolecular structures. Moreover, light-in-
duced topochemical processes exploiting small fragments (H*
or CH;" radicals) as leaving groups, not directly involved in the
self-assembly process, are expected to induce minor conforma-
tional rearrangements, thus minimizing the probability of gen-
erating structural defects.

Results and Discussion

As reported in previous studies,®® trans-TPP(NH,), molecules
deposited on Ag(110) at room temperature (RT) self-organize
in an ordered structure, Figure 1a. This is characterized by an
oblique unit cell, which is commensurate with the substrate,
and described by the epitaxial matrices (5+2, 72 3), hereafter
referred to as “oblique phase”.

We first checked the effects of 10 h of irradiation at A=
405 nm on 0.5 monolayer (ML) trans-TPP(NH,), deposited on
Ag(110) at RT. As shown in Figure 1¢, the low-energy electron
diffraction (LEED) pattern still displays the same (5+2, F2 3)
symmetry observed before irradiation. Nevertheless, within the
sample illuminated area, some porphyrins exhibit a decrease of

Chem. Eur. J. 2014, 20, 14296 - 14304 www.chemeurj.org
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Figure 1. a) STM image of the oblique (5+2, 2 3) self-assembled trans-
TPP(NH,), superstructure on Ag(110) at RT with the corresponding molecular
structural formula (13x 13 nm?, V,,;,,=0.58 V, /=15.20 nA). b) Small-

(7x7 nm?, V,,,=0.45V, I=3.20 nA), and ¢) large-scale (150x 150 nm?,

Viias = 1.00 V, /=1.00 nA) STM images and LEED pattern with superimposed
simulation of the oblique structure illuminated for 10 h at RT. d) STM image
of trans-TPP(NH,), on Ag(110) at 100 K (30x 30 nm?, V,,,,=0.30V, /=1.00 nA;
inset 2.4x 2.4 nm?, V,;,,=—0.95V, I=1.94 nA). ) Small- (8 x8 nm?,

Voias = —1.00 V, 1=17.37 nA) and f) large-scale (150 x 150 nm?, Vy;,;=1.00V,
1=1.00 nA) STM images and LEED pattern with superimposed simulation of
the rectangular p(12x4) structure obtained by the two-step procedure as de-
scribed in the text. The superimposed porphyrin shapes highlight the differ-
ent azimuthal orientation of the molecules in the rectangular phase, which
gives rise to the glide symmetry line (dashed line). In all the STM images,
the directions lie as indicated in (a).

their apparent height by 0.5+0.1 A, as highlighted by the
dashed oval in Figure 1b; the irradiated molecules also show
a reduced mobility over the terraces at RT. These molecular
changes (in conformation and mobility) disappear after one
hour at 410 K, thus highlighting the metastable nature of the
molecular state produced by irradiation.

We found an efficient photoreaction pathway by depositing
different amounts of trans-TPP(NH,), on Ag(110) maintained at
100 K. The sample was then illuminated at 405 nm during
a linear heating ramp up to RT over approximately 10 h. With
this two-step procedure, the formation of a new extended su-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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perstructure is observed for coverage lower than about 0.5 ML
(Figure 1f). At higher coverage, the oblique structure develops,
whereas at very low coverage, step decoration occurs. As
shown in Figure 1d, porphyrin molecules deposited at 100 K
are randomly distributed owing to the low mobility, and are
mostly aggregated as disordered small clusters. The new su-
perstructure only develops when molecules are irradiated
during the slow heating ramp up to RT, that is, during the self-
assembly process. Conversely, if molecules are first exposed to
the light at 100 K and then heated to RT in the dark, they or-
ganize into the known oblique structure.

Figure 1e and f show small- and large-scale STM images of
the new photo-induced phase, together with the correspond-
ing measured and simulated LEED patterns that are consistent
with a commensurate p(12x4) superstructure, hereafter re-
ferred to as “rectangular phase”. The systematic absence of the
(2n+ 1, 0) diffraction spots in LEED patterns indicates the pres-
ence of a glide line symmetry operation parallel to the b, unit
vector. The STM images reveal a rectangular unit cell, in agree-
ment with the LEED pattern, Figure 1e, where it is also evident
that two adjacent porphyrins along the [170] direction display
a mirror-like azimuthal orientation. This alternation is the origin
of the observed glide line symmetry, represented in Figure 1e
by a dashed line. The reported unit cell contains two mole-
cules, so that the surface density (o) in the rectangular struc-
ture is 037nm™2, 16% lower than in the oblique phase
(0.44 nm~2). The large-scale STM image in Figure 1 f shows that
the new rectangular phase forms extended domains on terra-
ces within the illuminated area.

Figure 2. Overlay of STM images and the ball-sticks models of the rectangu-
lar (top) and oblique (bottom) structures on the Ag(110) surface. Four seg-
ments in the rectangular structure indicate the distances between the
phenyl centroids: 1) 0.72 nm, 2) 0.78 nm, 3) 0.95 nm. In the oblique struc-
ture, two segments highlight the T interaction between adjacent molecules.
The Ag(110) lattice is illustrated by the underlying spheres. The relative posi-
tions of the adsorbate and the substrate are chosen arbitrarily. The tunneling
parameters are Vy;,;=—1.00V, /=17.37 nA and V,;,,=1.00V, /=3.47 nA for
the top and bottom images, respectively.
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As observed in several self-organized structures of TPP deriv-
atives,***" the self-assembly driving force generating the obli-
que structure is the T interaction between meso-phenyl rings
(where the H atom of one ring points toward the center of the
adjacent ring, as shown in the model of the oblique phase in
Figure 2, bottom).

However, geometrical constraints associated with the rectan-
gular phase prevent a full exploitation of these interactions. As
a matter of fact, the distances between the phenyl centroids of
nearest neighbor (NN) molecules are estimated to be approxi-
mately 7.2 and 9.5 A along the [110] direction, segments 1 and
3 respectively, and about 7.8 A along [112], segment 2, see
Figure 2. All these distances are significantly longer than those
suitable for T interactions (~5 A), as well as for direct stacking
(3.3-3.6 A) between adjacent benzene rings.">>%

Taking into account the lower p; of the rectangular phase
with respect to the oblique one, the stability of this superstruc-
ture requires the onset of a highly uni-directional interaction
between monomers, stronger than T interaction, such as a co-
valent bond. As an alternative, a different intramolecular struc-
ture (either a conformational change or a structural change
due to light-induced intramolecular reactions) could lead to
a different organization, for example, owing to changes in the
molecular recognition interactions governing the self-assembly
process, as well to changes in the molecular size and/or
shape.” To get a comparative insight into the structure of ob-
lique and rectangular phases under the same tunneling condi-
tions, we made a RT deposition of trans-TPP(NH,), on a sample
partially precovered by the rectangular phase, as shown in
Figure 3.

Figure 3. a) STM image (20x 20 nm?) of the rectangular and oblique struc-
tures coexisting on a silver terrace. b) Small-scale image of non-illuminated
(1.5x 1.5 nm?) and ) illuminated TPP(NH,), (1.9 3.8 nm?), the signs “+" and
“—" indicate the elevated and depressed macrocycle positions, respectively
(Vyias = —0.51V, I=4.72 nA for all three images).

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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The comparison of the small-scale images shows that in
both phases the molecules display the so-called saddle shape,
a characteristic contrast of the metal-free porphyrin macrocy-
cle”*7" A quantitative analysis of the intramolecular contrast
reveals that the difference between the apparent height of up
and down pyrrole rings (marked by plus () and minus (—)
signs in Figure 3) is very similar (Ahgyqe=0.40.1 A and
Ah e iongutar = 0-5+0.1 R) and perfectly in agreement with
former reports for TPP on Ag.”" In addition, there is no differ-
ence in the apparent porphyrin height with respect to the sub-
strate. The strong similarity of molecules in the rectangular
phase with those in the oblique one suggests that no signifi-
cant change of the central macrocycle structure takes place
upon irradiation.

As a direct probe of the trans-TPP(NH,), positioning and mo-
lecular unoccupied electronic structure, we compared the
near-edge X-ray absorption fine structure (NEXAFS) spectra of
the two phases, Figure 4a and b, at different orientations of
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Figure 4. NEXAFS spectra measured by partial electron yield at the C K-edge
of oblique (a) and rectangular (b) structures. Two spectra are reported for
each sample corresponding to transverse magnetic (solid line) and trans-
verse electric polarization (dashed line). The peaks at 284.1 and 285.2 eV are
marked with a dotted and dot-dashed line, respectively.

the surface with respect to the electric field direction.

The C K-edge NEXAFS spectra of the oblique phase are
equivalent to those reported for the monolayer phase of H,-
TPP on Ag(111) deposited at RT*® Transverse-magnetic (TM)
spectra are dominated by the feature at approximately
285.2 eV (dot-dashed line), mainly generated by C™-based
1s—m* electronic transitions,”” and the evident shoulder on
its lower excitation energy side at approximately 284.1eV
(dotted line), associated with 1s—m* excitations involving mac-
rocycle carbon atoms.”” Additional resonances in the 286-
290 eV range correspond to a mix of higher order t*-symmetry
molecular orbitals (MOs) localized on the aromatic atoms and
o*-symmetry MOs associated with C—H bonds. The intensity
variation of the NEXAFS resonances observed upon changing
the orientation from TM to transverse-electric (TE) (polar di-
chroism) confirms the preferential orientation of the molecules

Chem. Eur. J. 2014, 20, 14296 - 14304 www.chemeurj.org
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and the intensity ratio allows us to determine the average mo-
lecular orientation. In particular, we find that the resonance at
284.1 eV vanishes in TE polarization, an observation that im-
plies that the macrocycle is parallel to the surface, whereas the
large residual intensity measured in TE polarization at 285.2 eV
indicates that the phenyl rings are oriented off the surface
with a tilt angle in the range of 30-35°.

The NEXAFS spectra measured in the rectangular phase pre-
serve approximately the same polar dichroism of the oblique
phase, thus confirming the absence of significant conforma-
tional change upon irradiation.

To understand whether the rectangular phase is a metastable
structure rather than the product of a chemical reaction, we
studied its thermal stability. Figure 5 shows the comparison be-
tween the thermal behavior of the as-deposited trans-
TPP(NH,), and of the rectangular phase (a-c and d-f, respec-
tively).

oblique superstructure

20nm
—

20nm
o

Figure 5. Comparison between the thermal stability of the oblique (a-c) and
rectangular (d-f) phases. The temperatures and the annealing times are
shown in the figures. All the images have been acquired at RT. Large
images: 100x 100 nm?; insets: 30x 30 nm?. a) Vy,,,=1.80 V, /=0.07 nA; inset
Viias =—0.74 V, =171 nA; b) Vyips=—1.00 V, /=1.00 nA; inset V;,;=0.65V,
1=10.00 NA; €) Vyyps= —0.24V, =3.66 nA; inset Vy,;= —0.15V, [=2.00 nA; d)
Viias=1.00 V, 1=1.00 nA; inset V,,,,=0.47 V, =13.05 nA; e) Vi, =0.53 Y,
1=7.36 nA; inset Vi;,,=1.00V, /=1.88 nA; f) V;,,=1.00V, I=2.58 nA; inset
Vs =0.77 V, 1=7.36 NA.

As far as the oblique structure is concerned, the results of
many experiments carried out at the sub-monolayer level are
consistent with data reported in ref. [55]. There, it is shown
that high-temperature annealing induces a flat molecular con-
formation as a consequence of the generation of new aryl-aryl
carbon bonds between the phenyl rings and the macrocycle.
The sequence a-c shown in Figure 5 clearly indicates that, in
addition to the total loss of molecular order and mobility, the
treatment at 520 K induces changes affecting both the molecu-
lar shape (which becomes more rectangular) and the apparent
height (molecules appear flattened). On the other hand, an-
nealing at lower temperatures (410 K) promotes the surface or-
dering of this phase, which therefore appears to be the ther-
modynamically most stable arrangement before thermal deg-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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radation. The rectangular structure instead shows molecular
disordering and domain fragmentation already at 410 K (Figure
5e). This excludes the rectangular phase to be a kinetically
frozen intermediate stage of the self-assembly mechanism
leading to the formation of the oblique phase. The irradiation
protocol is thus associated with an irreversible chemical reac-
tion that brings the system into a different thermodynamic
path.

The estimated distances between facing meso-groups along
the [110] direction indicate that the amino residues might in-
teract when the NN is either a nonfunctionalized pheny! (dyc
~2.9 A) or another amino group (dyy~2 A).

To obtain indications on the nature of this interaction, sever-
al polymerization schemes of porphyrin monomers have been
modelled by referring to the possible nitrogen oxidation
states. In Figure 6, we compare the STM images acquired at
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units differs by several degrees from the experimental evi-
dence and because the nodal plane crossing the bond is miss-
ing. Although at negative bias, Figure 6¢ and d, it is not possi-
ble to distinguish between a Ph-NH—NH-Ph and a Ph-N=N-Ph
bond, the images simulated at positive bias display some dif-
ferences. Even if in both models reported in Figure 6g and h
TPP units have the correct azimuthal orientation, only the azo
group in Figure 6h exhibits a nodal plane crossing the N=N
bond as in the experimental STM images. Thus, the azoben-
zene-like polymeric structure fits best with the real system.

Having accepted this model, it remains to be explained why
azobenzene-like structures are almost exclusively in a cis con-
figuration, while trans structures amount to less than 4% of
the surface coverage.

These are observed as linear defects within the rectangular
structure and are identifiable by a wavelike pattern, Figure 7.
In these regions, the trans-TPP(NH,), units are shifted
by half a lattice parameter along the [001] direction
and the position and the mutual orientation of mole-
cules facing each other at the linear defect are com-
patible with the presence of a trans azo bond be-
tween the porphyrins, as sketched in Figure 7. Explain-
ing the strong stereoselectivity of the polymerization
reaction requires understanding the details of the
polymerization mechanism. XPS data give valuable,

Figure 6. Experimental (a, e) and calculated (b-d), (f~h) STM images of the rectangular
superstructure with sketched models of the simulated bonds. The simulated images rep-
resent the integrated local density of states between E; and —1.5 eV (b-d) and between
Ecand + 1.5 eV (f-h), respectively (see Experimental Section). From left to right: the simu-
lations of polyaniline- (b, f), 1,2-diphenylhydrazine- (c, g) and azobenzene-like bonds (d,
h) are shown. The white ovals highlight the bond between the units, which are to be

compared with the experimentally observed nodal plane structure. The dotted
circle marks the cushion effect. (a): 43x2.4 nm?, V,;,,=—1.00V, [=17.37 nA;
(€): 4.16x2.59 nm? Vyp,= +1.00V, =670 nA.

—1V (+1V) with the simulated STM images of three different
models: Figure 6b (6f) shows a polyaniline-like structure with
an amino bridge (Ph—NH—Ph)®® between the porphyrinic
units, whereas both Figure 6c¢ (6g) and 6d (6h) imply the cou-
pling of nitrogen atoms with the formation of a Ph-NH-NH-Ph
or a Ph-N=N-Ph group, respectively, which are structurally re-
lated either to 1,2-diphenylhydrazine (Figure 6¢, g), or to azo-
benzene (Figure 6d, h). Irrespective of the applied bias, the
STM image is characterized by a spread of the integrated den-
sity of states over the whole molecule except for the area
highlighted with a white oval. In this region, a nodal plane par-
allel to the [001] substrate direction is clearly visible. In addi-
tion, some regular circular bright tunneling features are identi-
fiable between TPP units (dotted circle) only at negative bias.
These features have been already observed by some of us®"
and ascribed to the so-called “cushion effect”. This consists in
electron density build-ups in the intermolecular interstices
owing to the interaction between the surface and the adsor-
bate electron clouds.”?

It appears that the amino bridge, at both positive and nega-
tive bias (Figure 6b and f), does not match the experimental
observation, both because the azimuthal orientation of TPP
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albeit indirect, information in this respect.

The N1s XPS spectrum from as-deposited trans-
TPP(NH,), at RT (Figure 8a) shows two main peaks
whose area ratio (R) is 2. As the molecule has three
pairs of inequivalent nitrogen atoms (iminic, pyrrolic,
and aminic), it is clear that the aminic signal partially

Figure 7. STM image of the linear defects occasionally found within the rec-
tangular structure compatible with the presence of the trans-azo geometri-
cal isomer (17x17 nm? Vi, =0.09 V, /=571 nA). Inset: Small-scale STM
image of a linear defect with superimposed model (4.94x4.24 nm?,

Vis =009V, =571 nA).
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with the BE observed for diazo-
nium salts grafted on several
metal surfaces (397.5 eV).”"7®
Moreover, the complete dissocia-
tion of the azo center can be
ruled out because metal-N-Ar ni-
trogen species exhibit lower

Counts (a.u.)

binding energy values (397-
395 eV).”*™ |n summary, the re-
sulting reaction scenario in-
cludes the formation of covalent
bonds between the trans-
TPP(NH,), through N=N bonds

:

that chemisorb associatively on
the silver surface. In turn, this in-
teraction likely promotes the
preferential formation of the cis
isomer.

It appears, then, reasonable to

w

T L R [ R N L R N J 0 | R U |

LB CRR R a2 M imagine an active role of the

396 397 398 399 400 401 402 403 396 397 398 399 400 401 402 403 X
Binding energy (eV) Binding energy (eV) substrate in the observed reac-

tivity.
Figure 8. The left panel shows the N 1s XP signals from as-deposited trans-TPP(NH,), (a) and H,-TPP (b) at RT with Several photochemical stud-

the corresponding difference spectrum (c). The right panel shows the N1s XP spectra from as-deposited trans-

jest*0#479.80 have shown that the

TPP(NH,), at 130 K (d) and the rectangular phase (e) acquired on the same sample of (d) after the reaction proto-

col. The (d)—(e) difference spectrum is shown in (f). The molecular models are superimposed for clarity and the

lines mark the positions of the peaks determined by difference.

overlaps with the pyrrolic one, so its position can be deter-
mined by difference, Figure 8¢, with the spectrum originated
from tetraphenylporphyrin (H,-TPP), Figure 8b. According to
this analysis, the pyrrolic peak (—NH-) is found at a binding
energy (BE) of 400.1+£0.05eV, the aminic N (—-NH,) at BE=
399.940.05 eV, and the iminic N (—N=) at BE=398.0-£0.05 eV;
these values are in agreement with previous studies on mono-
layer phases on Ag.®® The effects of the reaction protocol on
trans-TPP(NH,), were observed on the same sample by measur-
ing the N1s XP signals before and after irradiation, Figure 8d
and e, respectively. After reaction, the peak area at high BE de-
creases and is associated with the increase by the same
amount of the peak at lower BE, as shown in the difference
spectrum in Figure 8f and marked by the solid and dashed
lines, respectively. In particular, a new N species arises at
397.7+£0.05 eV at the expense of the species at 399.9 eV, previ-
ously associated with the amino groups. Although these argu-
ments, supported by literature data that confirm the Ag-sup-
ported photocatalyzed formation of azo bonds from primary
amines,***® would suggest a straightforward association of
this new component to the azo nitrogen, we note that the ex-
pected BE for a simply physisorbed azo group should be
higher than the observed one!®7? Chemisorption on metal
surfaces generally induces a BE redshift” as consequence of
the electron donation from the surface.” In particular, chemi-
sorption through the central azo bridge at the metal surface”
can reduce the observed binding energy to 398 eV.” Our re-
sults show a new species at 397.7 eV, which can be interpreted
as nitrogen azo atoms chemisorbed on silver, in agreement
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absorption of light by metallic
substrates produces a hot elec-
tron distribution able to popu-
late an adsorbate empty state.
Such a mechanism is known as an indirect excitation process
and it may be responsible for photochemical reactions occur-
ring at a noncovalently interacting molecule-metal interfacial
system. Besides triggering a reaction through the population
of an adsorbate excited state, an indirect excitation may also
activate photodissociation processes at longer wavelengths ()
than those observed in molecular beams. For instance, gas-
phase measurements on phenol“ indicate that the phenoxyl
radical (O—H dissociation) is formed by photoexcitations at 4 <
275 nm, whereas at sub-monolayer coverage on Ag(111) pho-
todissociation takes place at 2=355nm."® Aniline in the gas
phase undergoes N-H bond breaking at wavelengths in the
range 193.3<1<269.5nm, with a photophysical electronic
mechanism equivalent to that observed for phenol.””

To our knowledge, no two-photon-photoemission results
pertaining to aniline on Ag single-crystal surfaces are available,
but it is plausible that irradiation at 405 nm (3.06 eV) could
trigger the N—H photodissociation also in trans-TPP(NH,),.
Within such an assumption, a direct transformation of the obli-
que phase into the rectangular phase would imply a significant
in-plane expansion of the superstructure, which would require
a simultaneous highly ordered long-range mass transport with
a contextual reorientation of the monomers. However, this
only partly explains why the reaction does not proceed at RT.
In fact, given the estimated deposition flux (see Experimental
Section), the local instantaneous ps is low during deposition.
Nevertheless, direct illumination during growth at RT is not ef-
ficient in promoting the photoreaction, but it rather leads to
the same oblique phase obtained in dark conditions. The role
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of the substrate temperature, therefore, proves to be of critical
importance in its own right. In the first place, our two-step
protocol (low-temperature deposition followed by illumination
during slow annealing to RT) provides a separate control of
the local density ps (low-density frozen molecules, see Fig-
ure 1d) and of the diffusion anisotropy (by preferentially
quenching the diffusion along [001],®"*? that is, across the
compact rows), the subtle balance of which can determine the
suitable pairing geometry for the N—H dissociation to take
place. In addition, STM images at 100 K (see the inset in Fig-
ure 1d) show a molecular shape and contrast (the high density
of states on the now clearly visible four peripheral phenyl
rings) compatible with a reduction of the dihedral angle be-
tween the porphyrin macrocycle and the meso-phenyl rings
compared with that at RT. A smaller dihedral angle means
a shorter distance between the silver surface and the trans-
TPP(NH,), amino groups. As the indirect excitation process re-
sponsible for the N-H bond breaking is distance-depen-
dent,"®® temperature-induced changes in the adsorbate-sub-
strate distance can affect the efficiency of the photoreaction.

Conclusion

We report on the formation of a new long-range ordered and
mainly defect-free SCOF obtained photochemically from trans-
TPP(NH,),.

The STM images, C K-edge NEXAFS spectra, and thermal sta-
bility prove that the rectangular SCOF structure is not metasta-
ble and is not due to an intramolecular reaction, which in prin-
ciple could lead to a different supramolecular organization of
the starting monomers. In addition, comparison with DFT simu-
lations and XPS N1s spectra suggest that the protocol used
leads to the formation of N=N bonds between porphyrin units,
likely through the dissociation of N—H bonds mediated by the
metallic substrate. This in turn is shown to play a key role in
coupling the monomers by low-coverage/variable-temperature
experiments, where the reaction is particularly efficient.

Taking in consideration the mild reaction conditions that
have been used, we have obtained evidence that, in this
system, light is able to induce reactions that would not occur
thermally, and, most importantly, we have shown that light can
be used as a further parameter to control the growth of low-
density structures. In particular, with a low-to-high density ap-
proach the probability of defects formation is reduced because
the starting conditions do not sterically prevent the conforma-
tional adaptation of the molecules. In contrast, the significant
conformational reorganization of a densely packed structure
required by a high-to-low density approach promotes frequent
improper alignments of the molecular building blocks in the
resulting covalent structure, as it is commonly observed in the
thermally activated reactions, or it can even hamper the reac-
tion, as observed in this work.

The use of radical photodissociation for the covalent stabili-
zation of the supramolecular structure therefore requires that
the initial superstructure does not prevent the conformational
changes necessary to lead to the formation of the adduct. A
low-to-high surface density approach and the use of small
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leaving groups promote the efficient stabilization of the SCOF.
In addition, temperature control is important both to tune the
rate and the spatial anisotropy of molecular diffusion and the
molecular conformation in order to meet the reaction steric
and photoexcitation requirements.

Experimental Section
Scanning tunneling microscopy (STM) imaging

All the experiments were performed in ultrahigh-vacuum condi-
tions at a base pressure of 2x 107" mbar with an Omicron Scan-
ning Tunneling Microscope (VT-STM). The STM measurements were
carried out at room temperature (RT, 2298 K) and near the liquid
nitrogen (LN) temperature (=100 K) in constant-current mode by
using an electrochemically etched Pt-Ir tip. All STM images were
acquired at RT except for those otherwise specified. The sample
bias voltage (V) is indicated for all STM images and length meas-
urements are calibrated against the Ag lattice parameter along the
[001] direction, which was set equal to 4.09 A. The error bars asso-
ciated with length determinations represent one standard devia-
tion, as determined from repeated measurements. The STM data
were processed with the WSxM software.™ Moderate filtering was
applied for noise reduction.

Sample preparation

The Ag(110) crystal was cleaned by repeated cycles of 1 keV Ar™
sputtering and annealing at 820 K until a clean surface with suffi-
ciently large terraces was confirmed by STM imaging. trans-
TPP(NH,), molecules were deposited from a PBN crucible held at
~550K with an estimated flux of =002 MLmin™' (1.47x
10" em~2 s7"). The molecular source was outgassed until the pres-
sure did not increase during the sublimation. One ML is defined as
a fully covering single molecular layer of trans-TPP(NH,), arranged
in the (542, F2 3) superstructure. The continuous-wave laser
source at 405 nm (Roithner Laser Technik, GmbH; model X40LM-
10, Vienna, Austria) provided a surface power density of
75 mWcem and the beam impinged on the sample with an angle
of 707 with respect to the surface normal.

X-ray photoelectron spectroscopy (XPS)

XPS measurements were performed at the ALOISA beamline® at
the ELETTRA synchrotron radiation facility (Trieste, Italy), using line-
arly polarized radiation. The spectra were obtained in normal emis-
sion geometry with photon energy of 520 eV and overall XPS reso-
lution of ~0.3 eV, by using grazing incident radiation and a home-
built hemispherical electron analyzer equipped with a multichannel
plate (MCP) detector.

Near-edge X-ray absorption fine structure (NEXAFS)

NEXAFS spectra were measured at the ALOISA beam-line in partial
electron yield with a channeltron and a negatively biased (—230 V)
grid in front of it to reject low-energy secondary electrons. The ori-
entation of the surface with respect to the linearly polarized
photon beam was changed by rotating the surface around the
beam axis at a constant grazing incidence angle of ~6°.* The po-
larization is defined by the orientation of the scattering plane with
respect to either the electric or the magnetic field. Transverse elec-
tric (TE) polarization corresponds to s-polarization, whereas trans-
verse magnetic (TM) closely corresponds to p-polarization (apart
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from the grazing angle). The spectra have been energy-calibrated
a posteriori by the characteristic absorption signal of the carbon K-
edge in the /, signal (drain current on the last mirror).

Density functional (DF) calculations

Density functional calculations were performed within the plane-
wave pseudopotential formalism using the Quantum ESPRESSO
code.™ The PBE® approximation to the exchange-correlation
functional was adopted, while van der Waals interactions were
taken into account by means of the DFT-D2 semi-empirical correc-
tion scheme.®* Ultrasoft pseudopotentials®®"*? from the QE data-
base were employed, and the cut-offs on plane waves were set to
25 Ry and 250 Ry on the wave function and the charge density, re-
spectively. Geometries were optimized until energy and forces con-
verged within 1E-4 Ry and 1E-5 Ry/a,, respectively. Reported re-
sults refer to an unsupported model of the molecular overlayer:
a single layer of TPP molecules not supported by the metal surface
placed in a proper cell having the periodicity of the real system. As
there is no conducting substrate in our model, STM images cannot
be simulated by the conventional Tersoff-Hamann'®® approach.
Rather, in the same spirit of the aforementioned approach, we
define the STM current at the position r simply as the integrated
local density of states (ILDOS) at that point. Here, local density of
states (LDOS) are integrated from the Fermi level £ to the bias
energy (E;+eV,):

I(reVy,) = ILDOS(KE : E +eVy) = >

Eg<Ei<EgteVy

@i(r)? (1)

where V, is the applied bias voltage, and the Fermi level is defined
as the center of the HOMO-LUMO gap. Within this approach, the
numerical value of the current does not have physical meaning,
and isocurrent profiles can be qualitatively compared to STM
images. To better match the appearance of the porphyrin core, the
integration integral of ILDOS was extended up to +1.5eV
(—1.5 eV) to simulate STM images acquired at V,=1V (V,=—-1V).
This choice doesn't affect the features related to the link between
monomers, as orbitals localized in that space region are close to
the Fermi level. Besides, this roughly takes into account the broad-
ening of molecular states due to the interaction with the surface.
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Summary and outlook

In this thesis the synthesis of surface supported organic nanostructures has been
studied under ultra-high vacuum conditions. The molecular assemblies and each
reaction step were characterized by means of scanning tunneling microscopy, X-ray
photoelectron spectroscopy, low-energy electron diffraction and, when it was
possible, by synchrotron radiation-based techniques. The combination of local, real-
and reciprocal-space probe techniques and surface-averaging spectroscopy provided
complementary information about the molecular structures and the chemical states.
The identification of bond types and binding configurations are supported by density
functional theory calculations of geometry-optimized building blocks.

The main part of the thesis focuses on the synthesis of low-dimensional covalent
nanostructures by means of on-surface polymerization. To this end, different coupling
reactions, substrate materials and reaction parameters were investigated.

Firstly, advanced growth modes have been employed to synthesize specific
molecular objects such as graphene nanoribbons and doped poly-paraphenylene 1D
wires. We adopted a finely tuned hierarchical approach to perform a stepwise on-
surface polymerization reaction leading to oriented GNRs as the final product.
According to a carefully designed retrosynthetic analysis, 4,4"-dibromo-p-terphenyl
has been recognized as the possible starting precursor. In fact, after an initial
Ulimann coupling step between the monomers in order to get ordered and extended
poly(p-phenylene)wires, the N=6 armchair graphene nanoribbons are obtained by a
controlled activation of the C-H bond. As outlined in table 1 (page 20), the good
separation of the reaction steps is a consequence of the rather high bond enthalpy
difference between the C-Br and the C-H functional groups. The synthesis was
performed on Au(111), which is well-suited for the on-surface covalent coupling,
since on it the organometallic network found on other coinage metals is not formed
and therefore no higher temperature treatments are required to complete the
Ullmann reaction. The protocol developed in this thesis reveals an important
characteristic that the on-surface reactions should have in order to obtain large
domains of long-range ordered materials using non-reversible covalent coupling: the
precursors have to be able to rearrange from the starting supramolecular motif to the
final covalent nanostructure with small local positional/orientational adjustments. In

this way, long-range diffusion is avoided and hence defects formation is less
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probable. Finally, the spectroscopic characterization of the synthesis allowed us to
shed new light on the behaviour of the C 1s peak during the Ullmann-like coupling on
Au(111). In fact, the shift toward lower BE of this core level seems to be related to
the evolution of the surface reconstruction as a function of temperature and reaction
extent rather than to the chemisorption of bromine atoms, as previously claimed.
Performing the reaction protocol on a (887) vicinal surface allowed us to characterize
the electronic 1r-band structure of the bottom-up synthesized poly-p-phenylene (PPP)
polymer. Insight about the electronic properties have been obtained by angle
resolved photoemission spectroscopy (ARPES) and NEXAFS. The ARPES data
acquired parallel to the main axis of the molecules reveal the formation of a highly
dispersive valence band with maximum (VBM) at E¢ -1.04 eV, k;=1.49 A" once the
polymer is obtained, in agreement with the PPP lattice periodicity. Constant energy
maps at VBM reveal that its intensity is spread almost uniformly in k. (perpendicular
to the wires) with negligible energy dispersion. Such flat bands imply that these
orbitals are localized within the molecules due to a rather small intermolecular
overlap, hence our results highlight the occurrence of truly mono-dimensional
dispersion.

The same reaction protocol has been used to investigate the effect of nitrogen
incorporation into the conjugated PPP chain. For this purpose two pyridinic
derivatives of 4,4"-p-dibromo-terphenyl have been specifically synthesized. The
electronic structure revealed by ARPES for the nitrogen-containing polymers shares
the main characteristic of pristine PPP; however, a shift of the entire band structure
towards lower binding energy has been observed. Interestingly, the magnitude of
such shift is directly proportional to the nitrogen content, while the HOMO-LUMO gap
remains unaltered.

Part of this work was devoted to the study and to the optimization of the experimental
conditions that could lead to low temperature Ullmann coupling. Mild reaction
conditions are particularly important when dealing with organic molecules because
they could desorb or undergo decomposition as result of a thermal treatment. We
adopted a sterically hindered precursor with respect to the second step of the
reaction, i.e. the C-C coupling, because it allowed us to reveal fingerprint signals of
the occurred C-Br photodissociation process. In addition to the effectiveness of the
protocol, the results show that low temperatures coupled with laser irradiation

significantly improve the molecular ordering to a level that is not reachable by
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annealing only. Sideways to the feasibility of photochemical activation, DFT
modelling has highlighted how chemisorbed bromine are by no means independent
species, since they contribute significantly to stabilize the organometallic structure.

During the research activity, apart from the Ullmann based reactions, other
photochemical reactions have been tested. In particular, aniline-functionalized
porphyrins have been shown to undergo covalent coupling leading to aza-connected
meso-tetraphenyl porphyrin wires. This work points out that not only the mobility, but
also the molecular density of the self-organized structure affects the reactivity of a

chemical species.

In perspective of future works, the reported bottom-up synthesis of graphene
nanoribbons seems to be quite promising for the growth and characterization of the
full N=3n class of nanoribbons. In fact, although it is possible to partially control the
synthesis of N=6 by annealing at the minimum temperature able to activate the C-H
bonds, higher temperature treatments lead to the merging of more than two poly-
paraphenylene chains. Even if a wide size distribution is observed, atomic sensitive
techniques (STS) can be applied to gather information about the electronic structure
of each single width-selected nanoribbon, such as band gap size and energy level
alignment with respect to the Fermi level. Fine control of the dimensional dispersion
of the ribbons may be obtained by adopting surface templating, as successfully
applied to the characterization of the electronic structure of doped-
polyparaphenylene chains. By confining the rodlike molecules onto a reduced-width
terrace of a vicinal surface, it should be possible to tune the number of laterally
connected PPP strands, thus allowing the use of surface averaging characterization
techniques.

The application of photochemical reactions to on-surface synthesis is definitely the
area with the greatest possibilities of development. In fact, the reported work shows
that it is possible to find appropriate conditions to activate specific functional groups.
Actually, considering the reduced number of publications in this field, a screening of
the applicable reactions has still to be carried out. Particular attention should be
directed towards homolytic photodissociations because they are the only ones that in
principle can compete with the very short quenching times of molecular excitations

and because they can be activated by an indirect mechanism.
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