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Abstract

The present thesis reports the bottom-up approach to create 1D and 2D organic

nanostructures by on-surface polymerization on the basis of functionalized arene

molecules. The experiments were carried out on metal single crystal surfaces under

de�ned ultra high vacuum conditions. Two well established on-surface polymeriza-

tion strategies and coupling reactions were studied: surface-assisted Ullmann coupling

and surface-mediated metal-organic coordination. The polymerization pathway and

coupling mechanism was studied by a complementary approach of surface-sensitive

analysis methods. Scanning Tunneling Microscopy provides structural information

in real space with submolecular resolution and was complemented by measurements

of core level binding energies by X-ray Photoelectron Spectroscopy to obtain infor-

mation on chemical alterations. Near Edge X-ray Absorption Fine Structure enables

detailed insights in unoccupied orbitals and gives further information of geometri-

cal and chemical structures of the polymers, respectively. This thesis includes three

studies of the on-surface synthesis of molecular building blocks into polymers to gain

further insights in reaction parameters and in�uencing factors, respectively. The

core �ndings for the surface-assisted Ullmann reaction are: (1) Steric hindrance be-

tween two pyrene molecular building blocks prevents covalent coupling and likewise

the formation of a �at adsorbed polymer structure, even upon a hierarchical poly-

merization. (2) The steric hindrance leads to strong C-Au-C linkages on Au(111)

and consequently to highly stable organometallic structures shown as organometallic

chain formation. On Ag(111) the same molecular building block desorbs from the

surface by equal thermal treatment. (3) For another molecular building block the

in�uence of conformational mechanics is shown with a large dihedral angle between

the phenyl rings, thus the formation of organometallic chains. The competitive study

of a per�uorinated and a hydrogenated four-fold brominated biphenyl tecton leads

to an initial 1D organometallic chain formation induced by a didebromination. The

site-selectivity is achieved by the large dihedral angle of the precursor, as a result

of the intramolecular steric hindrance. (4) Furthermore, the per�ourination leads to

an unique polymorphism and an unprecedented temperature stability up to 300 ◦C

for organometallic nanostructures, whereas the hydrogenated analogue becomes cova-

lently interlinked after heating to 200 ◦C. (5) The per�uorinated molecule, in contrast

to the hydrogenated analogue, also exhibited larger organometallic domains. A pos-

sible explanation could be a higher surface mobility of the tectons by a less strong
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interaction of the molecules with the surface by an increased dihedral angle through

the intramolecular �uorine-�uorine repulsion. The study of a surface-mediated metal-

organic coordination with a hexaaminotriphenylene molecule yielded the following re-

sults: (1) Compared to the polymerization of metal-organic coordination structures

at the liquid / air interface, a bond reversibility is suppressed by on-surface synthesis.

The absence of the liquid subphase hinders an extended growth of organic networks.

(2) Preferred adsorption-sites of the aromatic compound and the intrinsic Cu3 metal

coordination centers hamper network formation. (3) Applying a more reactive ex-

trinsic adatom as metal coordination center, the functional amino sites are initially

activated by dehydrogenation, followed by metal-organic bond formation. The multi-

topic coordination leads to strong metal-organic bond formation and excludes a bond

reversibility. As a consequence, for this surface-mediated reaction an extended and

defect-free 2D nanostructure is not achieved. Nevertheless, the gained information of

on-surface synthesis will serve as basis for further developments.

IV



Zusammenfassung

Die vorliegende Arbeit beschreibt den experimentellen Ansatz, 1D und 2D Nano-

strukturen mittels bottum-up Strategie auf Basis einer ober�ächeninitiierten Poly-

merisation von funktionalisierten aromatischen Molekülen herzustellen. Die Expe-

rimente wurden auf Metalleinkristall-Ober�ächen unter de�nierten Bedingungen des

Ultrahochvakuums durchgeführt. Es wurden zwei etablierte ober�ächenbasierte Poly-

merisationsstrategien und Verknüpfungsreaktionen fortführend untersucht: Die Ull-

mann Reaktion und die metallorganische Koordinationsreaktion. Der Verlauf der

Polymerisation, sowie die Verknüpfungsreaktion, wurden durch einen komplemen-

tären Ansatz von ober�ächensensitiven Messmethoden untersucht. Die Rastertun-

nelmikroskopie lieferte Realraum Abbildungen der Nanostrukturen mit submoleku-

larer Au�ösung, ergänzt durch Messungen der Bindungsenergie von Rumpfelektronen

durch die Photoelektronenspektroskopie, um chemische Änderungen festzustellen.

Röntgen-Nahkanten-Absorptions-Spektroskopie ermöglicht einen detaillierte Unter-

suchung der unbesetzten Zustände und liefert zusätzliche Einblicke der geometrischen

und der chemischen Struktur der Polymere. Diese Arbeit beschreibt drei Fälle von

Ober�ächensynthese von molekularen Bausteinen zu Polymeren, um weitere Erkennt-

nisse der Reaktionsparameter und Ein�ussgröÿen zu erhalten. Die wesentlichen

Ergebnisse für die ober�ächeninduzierte Ullmann Reaktion sind: (1) Die sterische

Hinderung zwischen zwei molekularen Pyren Bausteinen verhindert eine kovalente

Verknüpfung und zugleich eine �ache Adsorbatstruktur, selbst bei einer hierachischen

Reaktion. (2) Auf einer Au(111) Ober�äche führt die sterische Hinderung zwi-

schen den Molekülen zu einer starken organometallischen C-Au-C Bindung, welche

sich in einer höchst stabilen organometallischen Kettenstruktur widerspiegelt. Auf

der Ag(111) Ober�äche hingegen, desorbieren die Moleküle von der Ober�äche bei

gleicher Reaktionstemperatur. (3) Für einen anderen molekularen Baustein wurde

der Ein�uss der Konformation des intakten Moleküls durch den groÿen dihedralen

Winkel zwischen den Phenylringen gezeigt, und eine daraus resultierende Formation

von organometallischen Ketten. Die vergleichende Studie eines per�uorierten und

hydrogenierten vierfach bromierten Biphenyl-Moleküls zeigt, dass die unmittelbar

einsetzende 1D Kettenformation durch eine Didebromination induziert ist. Die Re-

gioselektivät wird durch die starken dihedralen Winkel als Resultat der intrinsischen

sterischen Abstoÿung der Moleküle erreicht. (4) Zusätzlich ist hervorzuheben, dass

die Per�uorierung zu einem bisher einzigartigen Polymorphismus und zu einer un-
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erreichten Temperaturstabilität von organometallischen Netzwerken bis zu 300 ◦C

geführt hat, wohingegen das hydrogenierte Vergleichsmolekül bereits ab einer Heiztem-

peratur von 200 ◦C kovalente Verknüpfungen zeigt. (5) Weiterhin zeigt das per�u-

orierte Molekül, im Gegensatz zu dem hydrogenierten Pendant, gröÿere organomet-

allische Domänen. Mögliche Ursache ist eine höhere Mobilität der Moleküle auf

der Ober�äche durch eine reduzierte Wechselwirkung der molekularen Bausteine

mit der Ober�äche durch einen vergröÿerten dihedralen Winkel der intramoleku-

laren Fluor-Fluor Abstoÿung. Die Studie zur metallorganischen Koordination mit

einem Hexaaminotriphenylen Molekül zeigte folgende Ergebnisse: (1) Im Vergleich

zu einer Polymerisation des Moleküls an der �üssig / fest Grenz�äche, zeigt sich

bei der Polymerisation auf Festkörperober�ächen keine Bindungsreversibilität. Die

fehlende (sub)Flüssigkeitsphase hindert ein ausgedehntes Wachstum von organischen

Netzwerken. (2) Bevorzugte Adsorptionsplätze der Aromaten und der intramoleku-

laren Cu3 Metalladatomzentren behindern eine Netwerkbildung. (3) Die Anwendung

von reaktiveren extrinsischen Metallatomen als Metalladatomzentren führt zur einer

initialen Aktivierung der funktionellen Aminogruppen durch eine Dehydrogenierung,

gefolgt von einer metallorganischen Koordination. Die mehrfach Koordination des

Metallatoms führt zu einer starken Bindungen mit den Molekülen und schlieÿt eine

Bindungsreversibilität aus. Daraus folgt, dass durch diese Ober�ächenreaktion keine

groÿ�ächige und defektfreie 2D Nanostruktur entsteht. Nichtsdestotrotz dienen die

gewonnen Erkenntnisse der Ober�ächensynthese als Grundlage für weiterführende

Entwicklungen.
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1 Introduction and motivation

The discovery and characterization of graphene, the �rst one atom thick 2D crystal, in

2004 by Novoselov, Geim and coworkers1 and the evidence of further thermodynam-

ically stable natural 2D crystals,2 leaded to a novel class of materials. 2D crystals,

especially the most prominent representative graphene, have promising properties

to revolutionize the information technology as silicon did in the last century. The

manufacturing of extended one atom thick nanostructures in one or two dimensions

a�ords an insight into physics and chemistry which was unattainable before and is

expected to lead to novel applications in comprehensive �elds, for instance spin-

tronics, photonics, (opto)electronics, energy storage and conversion.3 As it turned

out, the fabrication of 2D crystals with tailored properties by a de�ned doping4�6 is

challenging. Especially, the structural quality of the crystals with focus on speci�c

applications is not su�cient.7

A promising approach to manufacture one layer thin 1D and 2D nanostructures is

the on-surface synthesis as bottom-up approach by the controlled interlinking of func-

tionalized precursors (molecular building blocks). Generally, surface-assisted poly-

merization strategies8,9 are straightforward and start with the deposition of the re-

actant, e.g. (poly)arene or porphyrine precursors,10,11 onto crystalline metal surfaces

under clean and highly de�ned conditions as in ultra-high vacuum. After deposition,

the tectons can self-assemble by an interplay of weak hydrogen and / or halogen

bonding. The �nal step is the activation of the precursors, for instance cleaving the

leaving group from the organic backbone and the controlled interlinking into poly-

mers. These on-surface polymerization strategies and coupling reactions lead to an

unequaled high accuracy up to atomic precision,12 whereas established top-down ap-

proaches of the semiconductor industry are di�raction limited and are not able to

achieve the structural accuracy of on-surface synthesis.10 On the other hand, poly-

merization strategies at the liquid / liquid and the liquid / air interfaces achieve

the structural precision of on-surface synthesis, but this solution chemistry approach

does not reach the extended size of on-surface synthesized nanostructures. The size

of the growing structures of this solution chemistry approach is limited by an in-

creased indissolubly depending on the size of the polymers and the nanostructures

precipitate.10

Besides the high structural precision of the polymer, an outstanding attribute

is that the functionality of these nanostructures is preprogrammed by the design
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of the molecules. The number of activatable sites per precursor determines the di-

mensionality, e.g. ditopic functionalization leads to 1D chains or ribbons, whereas

2D reticular networks are formed by multitopic tectons, respectively. Previous stud-

ies demonstrated that on-surface polymerization is a versatile and powerful tool for

manufacturing novel molecular architectures. For instance, altering the edge topology

of 1D graphene nanoribbons by changing the precursor leads to spin-polarized edge

states (zig-zag),13 while the band gap (nearly metallic up to semiconduting character)

of armchair graphene nanoribbons depends on the width of the structure hence the

precursor.12,14 Furthermore, the cavity size of 2D honeycomb structures can be in-

creased simply by increasing the size of the molecules.15 One has to point out that the

choice of the appropriate molecular building block can lead to important applications

as in electronic devices through extended π-conjugation in the networks.16

The aim of this thesis is to gain further fundamental knowledge about surface-

mediated polymerization and coupling reactions, with focus on the interplay between

the design of the molecule, the functional groups, and type of surface. Therefore, it

is studied how the reaction parameters like temperature, reactivity vs. mobility of

the precursors on the surface and bond type (covalent vs. organometallic / metal-

organic in respect to stability) between the organic moieties a�ect the formation of

low-dimensional nanostructures. A profound understanding of the in�uence of these

factors is essential to develop synthesis protocols for structurally de�ned and extended

polymers.

Section 2 describes the theoretical and experimental fundamentals for surface-

mediated polymerization, while the role of the solid substrate is summarized in Sec-

tion 2.1. Two established polymerization strategies are further explored in this thesis:

(1) the surface-assisted Ullmann coupling (Sec. 2.2) and (2) the surface�mediated

metal�organic coordination (Sec. 2.3). To follow up the adsorption of the molecules

and initial structural formation together with continuous observation of the reaction

pathway, surface-sensitive analysis techniques were applied and are summarized in

Sec. 3. Scanning Tunneling Microscopy (STM) is applied for structural character-

ization of the reactant and the reaction products in real space with submolecular

resolution (Sec. 3.1). Complementary to STM, X-ray Photoelectron Spectroscopy

(XPS, Sec. 3.3) provides information about core level binding energies as probes for

the chemical environment of speci�c elements. Further information of the electronic

and geometrical structure of the adsorbates is yielded by Near Edge X-ray Absorp-

tion Fine Structure (NEXAFS, Sec. 3.4). These surface-sensitive analytical tools are

2



applied to study di�erent exemplary cases of on-surface synthesis.

For the surface-assisted dehalogenative coupling, detailed studies of two precursors

are presented:

(1) A doubly bromine and iodine functionalized pyrene derivative (Sec. 4) with the

potential to form 2D conjugated and covalently interlinked nanostructures. Special

emphasis is given on the anticipated steric hindrance due to covalent coupling between

two pyrene backbones (1/1'-position) by repulsive interaction of hydrogen atoms, as

well as the hierarchical polymerization through di�erent temperature thresholds for

dissociation of iodine and bromine. Additionally, the distinct surface in�uence of

Ag(111) vs. Au(111) on the network formation is comparatively studied.

(2) The study of a brominated and �uorinated biphenyl precursor on Ag(111) is

presented (Sec. 5), with focus on the initial site-selective 3,5'-didebromination and the

underlying conformational mechanics. To unveil the in�uence of per�uorination, the

�uorinated tecton is compared with its hydrogenated analogue, with respect to site-

selective debromination and formation of 2D organometallic and covalent networks.

The third experimental case presents the study of a surface�con�ned metal-organic

coordination of hexaaminotriphenylene on Cu(111) (Sec. 6). 2D networks of overall

neutral hexaaminotriphenylene complex with Cu2+ centers prepared at the liquid

/ air interfaces were reported previously,17 and showed an electrical conductivity

by virtue of the extended π-d conjugation in the 2D sheets. Herein, the focus is

given on manufacturing a 2D monolayer by surface-assisted polymerization of the

precursor and intrinsic Cu atoms. In addition, the in�uence of extrinsic Ni atoms

on deprotonation, metal-coordination and nanostructure formation is studied. The

large asset of these studies at solid surfaces is the possibility of a precise structural

characterization by STM and a pristine chemical characterization by in-situ XPS

without risk of contamination.

Finally, the �ndings and results of this thesis are summarized, and the thesis

concludes with an outlook on the next steps in on-surface synthesis (Sec. 7).

3



2 On-surface chemistry on solid surfaces

On-surface chemistry of molecules, acting as building blocks for bottom-up synthesis

of ordered nanostructures, gives a great variety of combinations of possible interac-

tions, depending on the surface, the functional groups as well as the tecton's chemical

structure. Herein, the focus is on �at absorbed molecular building blocks and their

synthesis into ordered structures. In the following, the most recent de�nition of

a 2D polymer after Ref. 18 is used, described as ordered and strongly interlinked

molecules, hence including metal-organic frameworks, while elsewhere a 2D poly-

mer is exclusively described as covalently bound molecules.19,20 It has been estab-

lished to divide the surface-assisted chemistry of organic adsorbates into two topics:

(1) the self-assembly of non-reacted molecular building blocks and (2) activated and

interlinked tectons, for instance by bond scission of functional groups (bond dissocia-

tion energy is lower than for all other bonds in the molecular framework)21 from the

organic backbone. In this thesis, the surface-assisted Ullmann coupling and surface-

con�ned metal-organic coordination are applied as polymerization strategies and are

described, including the polymerization steps, di�erences, properties and bonding

motifs of intramolecular and adsorbate � surface interactions. Both established poly-

merization strategies are summarized in Figure 2.1. A detailed description of further

on-surface polymerization strategies and coupling reactions can be found in Ref. 22.

Figure 2.1: On-surface polymerization strategies used in the present thesis: surface-
assisted Ullmann coupling by using halogenated aromatic precursors for a halogen
cleavage and covalent aryl-aryl coupling (left) and a surface-con�ned metal-organic
coordination by activation of functional heteroatoms at molecular building blocks
and metal-organic bond formation (right).



Role of the metal surface

2.1 Role of the metal surface

The basis of surface-con�ned polymerization is the adsorption of aromatic molecules

on the surface, as well as a su�cient mobility on the substrate to drive ordered

structure formation.23 Finally, an induced and / or catalytic activation of the func-

tional groups to form strong (covalent or metal-organic) bonds is necessary. For

instance, temperature induced activation can lead to desorption or disintegration

of the molecules before an extended network formation is achieved. The molecule

� substrate interactions can be distinguished into a strong chemisorption (chemical

bond formation upon adsorption) and a weaker physisorption, whereby the transi-

tions between these are �uent. At a certain adsorbate-surface distance (∼3 Å), the

adsorbate orbitals can be hybridized with the surface states, which generates either

attractive or repulsive coupling.24 Depending on the �lling of bonding or antibonding

adsorbate-metal d states and the spatial extension of the d states (which is described

by the absolute magnitude of the coupling matrix element), Hammer and Nørskov

explain, that the reactivity of coinage metals follows the order: Cu(3d) > Ag(4d) >

Au(5d).24 Furthermore, the metallic-surface can also directly interlink with the aro-

matic molecules by an organometallic (carbon - metal) or metal-organic (heteroatom -

metal) bond formation, with adatoms or surface atoms. Intrinsic adatoms are mobile

on the surface and are released from step-edges into the 2D adatom gas. Alternatively,

surface atoms can be directly removed from the surface as identi�ed by so-called etch-

pits. The crystal structure is also able to act as template for pre-organization by a

preferred adsorption-site and therefore in�uence the dimensionality of the nanostruc-

tures. For instance, 4,4'-dibromo-meta-terphenyl molecules form a 2D like structure

on Cu(111), while on Cu(110) an organization of 1D chains could be observed.25 A

similar in�uence of the surface orientation was reported for 1,4-diaminonaphthalene:

on Cu(111) / Cu(110) 1D structures were observed, however on Cu(100) a 0D struc-

ture was formed.26 As mentioned above, to form extended networks the tecton mo-

bility is necessary. The on-surface organization could be hindered through di�usion

barriers and surface defects as well as the size of the molecule, i.e. larger molecules are

more likely to be pinnend at the surface.23 Another important factor for formation of

extended networks is the competition between coupling and di�usion, e.g. on-surface

coupling of a hexaiodo-cyclohexa-m-phenylene precursor showed a fractal-like struc-

ture on Cu(111) and more regular 2D networks on Ag(111). Additional Monte Carlo

simulations con�rm the crucial role of the ratio of di�usion and coupling and show

a fractal structure for a high coupling a�nity and low di�usion on Cu(111) and vice
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versa for a more ordered 2D network on Ag(111).27 The in�uence of the surface onto

organic molecules works also in the opposite direction. For instance, the Au(111)

surface reconstruction can be distorted in regions of the adsorbate by relieving stress

due to incorporating metal atoms into the nanostructures.28,29

2.2 Surface-assisted Ullmann coupling

In chemistry the Ullmann reaction is de�ned as a covalent aryl-aryl coupling of aryl

halide reactants by cleaving the halogens in a copper powder catalyst environment

(cf. Fig. 2.1).30 On metal substrates, a surface-assisted Ullmann type coupling was

�rst presented by Rieder and coworkers, where every reaction step was controlled and

monitored by STM. For iodobenzene at low temperature (20 K) on Cu(111), voltage

pulses from the STM tip induced a I-C bond scission. The resulting aryl radicals

were moved by lateral manipulation close to each other and voltage pulses from the

STM tip induced covalent σC−C bond formation.31 A further and the most preva-

lent activation method for on-surface Ullmann reaction is the temperature-induced

halogen cleavage as �rst reported by Hecht and Grill and coworkers, using a bromo-

phenyl functionalized porphyrine on Au(111).32 The temperature-induced Br-C bond

cleavage led to covalently interlinked polymers by aryl-aryl coupling. The dimension

was controlled by the number of halogen sites, for instance mono-substituted building

blocks formed dimers, whereas two bromines per precursor in para-position, led to 1D

chain formation. Finally, four active sites resulted in a 2D covalent network.32 Dur-

ing the last decade, the on-surface Ullmann polymerization has been established as a

widely used polymerization strategy on metal substrates, due to a high reproducibility

and less uncontrolled side reactions.8 Generally, the surface-assisted Ullmann reac-

tion starts with the deposition of a halogenated aromatic monomer on the surface.

Mostly, the molecular structures are governed by halogen bonds, if the halogens are

not yet split o� (vide infra). Halogen bonds, also called X-bonds, arise due to an

asymmetric charge distribution at the halogen, leading to a positive center (σ-hole)

and an equatorial negatively charged belt.33�35 The halogens can bond through the

σ-hole to the negatively charged belt of another halogen atom of neighboring tec-

tons. By the same token, partially charged hydrogen atoms of the aromatic building

block enable a bond formation to the negatively charged belt of the halogen. Halogen

bonds are highly directional and have a binding length, shorter then twice the van

der Waals radii of the halogen. Experimentally observed binding strength are in the

range of 2.4 - 36 kJ/mol.23
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The second reaction step of surface-assisted Ullmann coupling is the activation

by halogen cleavage from the organic backbone: The most common methods are

temperature-induced by heating and initial bond scission by the reactivity of the sur-

face. Other activation methods were experimentally demonstrated such as mentioned

above by voltage pulses from the STM tip,31 e-beam irradiation and UV-light (Br-C

bond scission with λUV = 280 nm and 225 nm).36 Whether an initial halogen-carbon

bond scission already occurs after room temperature deposition, depends on the type

of halogen and the surface reactivity for a similar molecule. The dissociation energy

decreases with increasing atomic number of the halogen (I-C 280 kJ mol−1 < Br-C

351 kJ mol−1 < Cl-C 406 kJ mol−1 < F-C 532 kJ mol−1). In this respect, activation

of �uorine bound to carbon is rather unlikely without disintegration of the organic

backbone (C-C 494 kJ mol−1).37�39 As described in Section 2.1, the reactivity of the

coinage metal surface follows the order Cu > Ag > Au. This leads to an initial and

full cleavage of iodine and a partly debromination on Ag(111) after room temperature

deposition. Under equal conditions, the Br-C bond is intact on Au(111) and totally

cleaved on Cu(111). This experimental observation is supported by DFT calcula-

tions of Björk,40,41 where the activation energy (energy di�erence between transition

state / intermediate state and reactant) for the dehalogenation reactions is lowest

for Cu(111) and highest for Au(111) for bromo- and iodobenzene. For the same pre-

cursors the exothermic reaction energy (energy di�erence of reactant and product)

behaves largest for Cu(111) and lowest for Au(111). Energy barriers are generally

lower for iodine compared to bromine substituents. Iodine shows both, increased

activation and reaction energies on all coinage surfaces. Furthermore, the in�uence

of aromatic backbone on the halogen-carbon bond scission is seen by comparing

surface-assisted Ullmann coupling of brominated tetrathienoanthracene42 and 1,3-

bis(p-bromophenyl)-5-(p-iodophenyl)benzene43 on Ag(111). After room temperature

deposition of both compounds, 83% of Br-C are initially cleaved for the anthracene

derivate and only 38% for the benzene compound. The full Br-C bond scission is

achieved by heating at 125 ◦C, and 260 ◦C, respectively. The halogen-carbon bond

scission leads to a so-called surface stabilized radical, that can subsequently couple

in two ways: (1) A directly covalent σ-bond between two aryl-aryl radicals, or (2) an

interlinking with an adatom or surface atom by forming an organometallic structure

(C-metal-C) as an intermediate step. Organometallic networks show an error correc-

tion process, i.e. "self-healing" of organometallic structures is induced by C-metal-C

bond reversibility, resulting in highly ordered molecular arrangements.43 Normally a
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coupling between two tectons via one metal atom is observed, exceptions with coor-

dination numbers up to three or four ligands per metal atom are rarely observed for

non-ordered structures.44

On Ag(111) and Cu(111) surfaces, organometallic bonds are commonly present,

whereas on Au(111) organometallic intermediates are unusual. C-Au bonds could be

mainly identi�ed, when direct covalent bond formation is hindered by steric repulsion

between the molecular building blocks, as for instance in methylated-terphenyl,45

pyrene29 and heptacene derivatives.46

For the conversion of the organometallic intermediate into a covalently bonded

structure an additional activation is necessary to overcome the energy barrier, for ex-

ample by heating. For C-Au linkages a transfer into covalent bonds was reported after

annealing at 300 ◦C.47 For C-Au-C links between molecular building blocks with large

steric hindrance further heating can lead to unordered and disintegrated structures.

For instance, in a heptacene derivate stable C-Au bonds up to 260 ◦C were observed

and additional annealing did not led to aryl-aryl coupling.46 Direct covalent cou-

pling on Au(111) is initiated by dehalogenation in a temperature range for bromine

functionalized molecules at 175 ◦C,48 while chlorine activation requires 300 ◦C.49,50

However, on Ag(111) organometallic intermediates are converted at 170 ◦C into co-

valent interlinks.43 Consequently, the transformation from C-Cu intermediate into a

covalent C-C bond requires the lowest activation temperature (160 ◦C) due to the

highest surface reactivity of the coinage metals.50

In general, on-surface synthesis is a thermodynamically driven process where the

reactants and products aspire to reach the free energy minimum.41 Under some cir-

cumstances the reaction product is trapped in less favorable intermediate structures.41

This metastable case is kinetically trapped. Several e�ort was put into the external

control of reaction steps and in�uence factors to study their in�uence on kinetics and

thermodynamics. The focus is on steering and improving the formation and order

of extended and defect-free covalently bonded nanostructures. By the same token,

a large number of aromatic precursors which were functionalized by iodine, bromine

and chlorine demonstrated versatile approaches to improve the network quality.43,48�53

A promising approach was �rst demonstrated by La�arentz and Grill, establishing

a hierarchical polymerization by using di�erent halogens with di�erent temperature

thresholds for C-halogen dissociation to connect the molecules step-by-step instead of

single-step connection.52 They used a porphyrine derivate with two bromine and two

iodine functional groups in trans-position. Carefully applied heating steps induced
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only I-C bond scission leading to 1D chains, whereas Br-C bonds remained intact.

Subsequent heating triggered bromine dissociation, resulting in 2D covalent network

formation with a domain size of 8 × 8 tectons. For another molecular building block

this step-wise polymerization showed a successful on-surface synthesis of defect-free

2D networks with a size of 5 × 5 nm.53 Moreover, the organometallic intermediate

state and the related high preorder of the tectons on Ag(111), led to structurally

perfect 2D covalent networks of 15 × 15 nm.43 In addition, di�erent reaction pa-

rameters such as deposition and annealing rate, as well as a surface temperature

(RT, 185 ◦C, 250 ◦C and 375 ◦C) during deposition were studied as a possibility

to improve the network quality. It was recognized that a lower surface tempera-

ture reduces irregular pore formation.48 Surface-assisted Ullmann coupling is also

used to synthesize atomically precise graphene nanoribbons by covalent coupling of

10, 10'-dibromo-9, 9'-bianthryl monomers into 1D polyanthrylene chains before their

cyclodehydrogenation, i.e. surface-assisted intra- and / or intermolecular C-H cleav-

age and covalent C-C interlinking resulting in a sub-unit of graphene.12,54 A further

example of on-surface Ullmann coupling as basis for a further reaction was reported

for porous carbon nanoribbons by dehalogenative and dehydrogenative polymeriza-

tion of prochiral 1,3,5-tris(3-bromophenyl)benzene.55 Additionally, graphene �lms

can be grown at low-temperature (∼570 ◦C) by on-surface Ullmann coupling of a

hexabromobenzene monomer on Cu(111).56 Ullmann-type coupling could also be ob-

served for a dehalogenative homocoupling of alkynyl bromides.57 First steps to use

covalent coupling via dehalogenation for applications, like electronic devices, were

carried out on metal supported boron nitride,58,59 graphene,59 and bulk insulator

(calcite, CaCO3).60 Likewise, a post-synthetic decoupling of covalent networks by

iodine intercalation was reported.61,62

2.3 Surface�con�ned metal�organic coordination

Metal-organic coordination reaction is a well established polymerization strategy in

complex chemistry. Metal-organic frameworks are reticular networks consisting of

metal-ions bound to organic (ionic) molecules, so-called ligands. The metal-organic

structures can be polymerized in solution, where they form 3D frameworks or crys-

talline 3D structures consisting of stacked 2D layers. By the same token, metal-

organic coordination was also demonstrated for monolayer thick polymers on a metal

surface under UHV conditions.18 Contrary to the organometallic bond formation in

surface-assisted Ullmann coupling, the functional group of the aromatic molecule is
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directly involved in the metal-organic bond formation and interlinks the ligand and

the metal-ion by electron donor-acceptor interactions possibly with partial covalent

character.63 Suitable functional groups are based on heteroatoms, and are usually

nitrogen-, sulfur-, and oxygen-groups.9 The reaction pathway is shown in Figure 2.1

and bears similarities to surface-assisted Ullmann coupling. The molecular building

block is deposited on a crystalline metal surface and self-assembles by hydrogen bonds

into extended and defect-free structures. The polymerization of amino,64,65 thiol,66�68

carboxyl69 and hydroxyl70 functional groups is thermally and / or catalytically acti-

vated by means of deprotonation, as requirement for metal-organic coordination. In

contrast, heteroatoms like nitrogen in pyridine71 or nitrile72 groups can already bond

to the metal-ion via their lone pair electron, even at low temperatures. Consequently,

the onset of organometallic network formation could already be observed at 180 K.73

On crystalline Au and Ag surfaces, the formation of metal-organic networks by in-

trinsic metal atoms is rarely observed74 and usually more reactive extrinsic adatoms,

like Fe,70 Co,15 Ni,75 and Cu76 are deposited as additional catalysts and coordination

centers.

Contrary to the organometallic intermediate state during Ullmann coupling, where

a linear C-metal-C bond formation is commonly observed, surface-con�ned metal-

organic structures show a vast variety of coordination motifs.9 Even molecular build-

ing blocks with two functional groups in para-position, can lead to three- and fourfold

coordination networks on surfaces.15,69,70 The formation of surface-con�ned metal-

organic coordination networks is in�uenced by following points:

(1) An important factor is the coordination motif of the metal-ion with the ligand

as described by the coordination number (number of ligands binding to one metal

center). Thus, the oxidation state and thereby the electron con�guration of the metal

centers have a strong in�uence on the topology of the metal-organic structures. A

general description of the metal-organic bond formation is given by the ligand-�eld

theory.63 The organic ligands are described as a negative point charge and induce

a repulsive interaction with the d-electrons of the metal center. Consequently, the

degeneracy of the energy levels is lifted and the energy of the d-orbitals change. De-

pending on the ligand-�eld splitting energy and compared to the spin pairing energy,

two con�gurations of the electrons in the d-orbitals (d4 - d7) are possible: A high

spin (maximum number of unpaired electrons) or a low spin (minimum number of

unpaired electrons) electron con�guration. The low spin electron con�guration for

example is realized, if the ligand-�eld splitting energy surpasses the spin pairing en-
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ergy. As a consequence, in the low spin electron con�guration, the dz2 orbital energy

is decreased under the niveau of the dxy,xz,yz orbitals, and therefore the complex is

stabilized in a square planar form. For instance, for Ni(3d8) metal-organic nano-

structures in Ni(II) oxidation state, the ligand-�eld splitting energy is high enough

to stabilize a square planar coordination.63 The situation for Cu (3d9) atoms in a

Cu(II) oxidation state is di�erent: the ligand �eld splitting energy cannot overcome

the spin pairing energy, hence the system cannot reach a low-spin electron con�gu-

ration, and a non-planar tetrahedral coordination is preferred. (2) The size of the

coordinating metal-ion is important, for instance a coordination number up to six

for rare earth metal like europium was reported in Ref. 77. (3) Steric hindrance can

play a role due to the size and the shape of the ligand. A 2D network formation

of 1,1':4',1�-terphenyl-4,4�-dicarbonitrile precursors was reported,15 while 1,4-bis(4-

pyridyl)benzene show 1D chain formation.78 The ligand-�eld theory bears several

limitations for surface-mediated metal-organic coordination, which are additional

and important factors for molecular architectures and are described in the following:

(4) The postulated charge transfer from the ligand to the coordination center to

achieve an overall charge neutrality of the metal-organic structure is controversially

discussed through the "in�nite" electron reservoir of the surface. For instance,

charged metal centers where reported for vanadium and platinum metal-organic struc-

tures.79,80 Furthermore, on-surface synthesis of 2D reticular structures with more then

one metal per coordination center are possible, for instance by a Cu3 coordination.68,81

(5) The metal substrate is a decisive factor by a direct bond formation with intrinsic

adatoms. (6) A further important aspect is the surface mobility and reactivity as

described in Chapter 2.1.

The thermodynamical stability of metal-organic compounds can be raised due to

a denticity >1 and the molecules can form a so-called chelate complex. The den-

ticity describes the number of donors per binding site of the ligand which bind to

the metal center. The highest stability is achieved during �ve (...-C-heteroatom-Me-

heteroatom-C-...) and six-fold (...-C=C-heteroatom-Me-heteroatom-C-...) chelate

rings and is further increased by the total number of chelate rings.63 For a given

metal center, coordinated by the same number of donors, the chelate e�ect leads to

increased entropy and decreased enthalpy. As a consequence the free energy min-

imum is increased by a reduced repulsive ligand-ligand interaction.63 Accordingly,

surface-con�ned metal-organic structures that show the chelate e�ect, exhibit a high

temperature stability up to 300 ◦C,64 whereas for non-chelating 2D networks a disin-
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tegration of the metal-organic bond formation was already reported at RT.68 Table

2.1 compares the bond energies of the described di�erent types of intermolecular

bonds discussed in this chapter.

interaction bond strength (kJ/mol) bond strength (eV)
H-bond 1-16 0.05-0.7

Halogen-bond 2.4-36 0.1-1.5
metal complexation 11.5-70 0.5-3

covalent 23-100 1-4

Table 2.1: Bond strengths of molecular interactions, adapted from Ref. 23.
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3 Surface-sensitive analysis techniques

The theoretical basis, measurement principles, and the experimental setups of the

surface-sensitive analysis methods, used in this thesis, are described in the following

chapter. Structural characterization of the surface-assisted polymerization of organic

adsorbates is achieved by Scanning Tunneling Microscopy (STM) as a standard tool.

STM enables a direct imaging of surfaces and adsorbates with (sub)molecular reso-

lution in lateral direction and sub Å in height (Sec. 3.1). Furthermore, two X�ray

based spectroscopic methods, X�ray Photoelectron Spectroscopy (XPS, Sec. 3.3) and

Near Edge X�ray Absorption Fine Structure (NEXAFS, Sec. 3.4), are used to com-

plement STM experiments and provide additional information about chemical and

structural properties. In addition, chemical changes during the surface assisted poly-

merization can be monitored. The combination of STM and spectroscopic methods

is quite powerful and leads to detailed insights into the on-surface polymerization of

molecular building blocks on crystalline surfaces. Table 3.1 resumes the advantage

and disadvantage of the applied surface sensitive techniques and exempli�es their

complementary.

STM X�ray spectroscopy
Spatial resolution sub-Å • • beam diameter

up to 1 mm
Energy resolution sub-meV • •∼0.02 eV

Elemental sensitivity unspeci�c • • element speci�c
Conformation Convoluted in • • via moiety
determination electronic structure orientations
Sensitivity of High • • Limited

architecture defects
Damage potential Low • • High
Structural diversity Resolved • • Averaged out

Table 3.1: Comparison of STM and X�ray spectroscopy and the excellent comple-
ment of these surface-sensitive analysis tools (color scheme: green, advantage; red,
disadvantage; black, medium) adapted from Ref. 82.

3.1 Scanning Tunneling Microscopy

The development of the STM by Binnig and Rohrer and coworkers in 1982 enables

the �rst real space imaging of a (semi-)conducting surface with atomic resolution.83
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In contrast to di�raction methods, as Low Energy Electron Di�raction (LEED), the

magni�cent advantage of STM is the local real space imaging, instead of an averaging

over a "large" area of the surface by an incident beam (Øe−beam ∼1 mm).84 STM yields

information on adsorption-sites, unit cells, distribution of atoms / molecules within

the unit cell, as well as phase boundaries of adsorbate structures.85 The physical

basis of STM is the quantum mechanical tunneling e�ect. If a conducting tip is

close enough to a (semi-)conducting surface (< 1 nm) and a voltage (UT ) is applied

between tip and surface, electrons can tunnel through the potential barrier and a net

current (IT ) can be measured. Derived and simpli�ed from 1D tunneling theory86

for an electron tunneling through a 1D vacuum barrier, from an occupied into an

unoccupied state, the relation between IT and changes of the tip�surface distance

(barrier width) ∆z (∆z = z − z0), is given by:85

IT (∆z) ∼ IT (z0)e(−2α∆z) (3.1)

where the decay constant α is given by me, the mass of the free electron and the

height of the barrier Φ (averaged tip- and surface work functions Φwork):

α =
√

2meΦ/h̄ (3.2)

It becomes apparent that a small change in ∆z of 0.1 nm towards the surface in-

creases IT by an order of magnitude.85,87 Consequently, this explains the high surface

sensitivity, and the reason why atomic resolution in vertical direction is achieved. In

a STM image di�erences in apparent height do not exclusively originate in geometric

heights. Even more, Terso� and Hamann describe the theory of the tunneling current

in STM by the transition probability of an electron from an occupied into an unoc-

cupied electronic state. Hence, IT is determined by the overlap of wave functions of

tip and substrate and this can lead to an altered measured height due to electronic

e�ects.88 Figure 3.1 illustrates the tunneling e�ect with a negative bias applied to

the sample, resulting in a tunneling of electrons through a 1D vacuum barrier from

the tip to the sample or vice versa for a positive bias.

The main part of a STM is the so-called scan-unit, where the tip is mounted on

a piezoelectric tube. The movement of the piezoelectric tube is proportional to the

applied voltage and is in a range of (∼1 - 10) nm V−1.85,89 The electrodes (x-, y-,

z-direction) of the scan-unit are actuated by computer control, whereby the control

voltage is ampli�ed into a range up to 200 V. All STM images in the present thesis
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Figure 3.1: Basic principle of the tunneling e�ect through a potential barrier (width
z0 and height Φ) between two electrodes with applied tunneling voltage UT (sample
negative), adapted from Ref. 87.

are recorded in the so-called constant current mode, where IT is held constant by a

feedback loop, while the resulting changes in height by altering of U(∆z) are recorded.

An image consists of 512 × 512 pixels and is acquired by a meandering like x- and

y- scan of the surface. The schematic working principle and components of a STM

are depicted in Figure 3.2.

Figure 3.2: Schematic principle of a STM setup, adapted from Ref. 85.
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The (sub)molecular resolution in lateral direction, as well as the sub Å sensitivity

in height of a STM, makes it to an ideal tool for the structural characterization of

molecular and atomic adsorbates. Especially, for monitoring of the surface-assisted

polymerization: Less ordered structures and networks can be clearly imaged by STM,

while di�ractive methods only resolve highly ordered phases. In favorable cases,

the use of STM enables a clear distinction between intact and reacted molecular

building blocks. For instance, bright iodine atoms bound to fainter appearing organic

backbones (cf. Sec. 4), and partly reacted molecules can be depicted by STM. It is

also possible to distinguish further reaction products by STM, like organometallic /

metal-organic and covalent polymers due to their di�erent bond lengths of ∼0.3 nm
(cf. Sec. 5 and Sec. 6).43

Experimental setup

All STM experiments described in this thesis were carried out in the same UHV setup

working at a base pressure of 3 × 10−10 mbar after bake out. Tips and samples can

be exchanged via a load lock, respectively. Additionally, the load lock is equipped

with a resistive heater and an Argon leakage valve, for preparation in noble gas

atmospheres. The main chamber is equipped with a home-built STM89 and a spot

pro�le analysis LEED. Single crystals were prepared by 0.5 - 1 keV Ar+-ion sputtering

and annealing at 500 ◦C. Tungsten tips were electrochemically etched in 2 M KOH

solution. Furthermore, thin oxide layers on the tips can be removed by tip sputtering

directly in the STM. Used tips are sharpened by applying a self-protecting voltage

of +150 V on the tip while the tip is bombarded by Ar+-ions with an energy of

1.5 keV .90 For organic molecular beam epitaxy a home-built Knudsen cell with a

high reliability and reproducibility for deposition rates was used.91 The UHV chamber

features various possibilities to mount molecular or metal evaporators, respectively.

The UHV system is pumped by a Pfei�er turbomolecular pump (magnetic bearing)

with Pfei�er HiCube 80 as forepump together with an ion getter pump and titanium

sublimation pump. The STM is embedded into a vibration isolation, which acts as

high-pass to avoid a mechanical coupling of low frequency (e.g. rotational speed of

the turbomolecular pump or noise as building vibrations).
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3.2 Surface-sensitive X-ray Spectroscopy

The surface sensitivity of X-ray spectroscopy that rely on the detection of electrons

is given by the information depth λ (i.e. the inelastic mean free path of the electron)

of the photoelectron, secondary electron, or Auger electron response.92 Figure 3.3

shows the "universal" curve of λ depending on the kinetic electron energy after Seah

et al..92 The minimum of λ (= 0.1 - 3 nm) is located at an kinetic energy range of 10

- 200 eV.

Figure 3.3: Inelastic mean free path, corresponding to the information depth λ of
excited electrons as a function of the kinetic energy, after Ref. 92.

XP and NEXAFS spectroscopy are based on the absorption processes of an inci-

dent photon with an energy hv by a core electron with an initial energy Ei and an

excitation of the core electron to a �nal energy Ef .

For XPS, excitation leads to an ejection of the excited core electron above the

vacuum level. The kinetic energy of emitted electrons provides information of the

core-level binding energy. In NEXAFS spectroscopy the excitation energy is varied,

beginning a few eV before and around 50 eV after the absorption edge to gain infor-

mation about unoccupied molecular orbitals by detection of electrons originated by

secondary relaxation processes. The schematic adsorption and excitation processes

to Ef for XPS and NEXAFS are shown in Figure 3.4.
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Figure 3.4: Scheme of the absorption processes of X-ray photons by a core electron.
XP spectroscopy provides the binding energy EB of the probed core-level through
excitation of the electron above the vacuum level. However, NEXAFS uses a resonant
excitation of core electrons to yield information about unoccupied molecular orbitals
by secondary relaxation processes. Image is adapted from Ref. 93.

3.3 X-Ray Photoelectron Spectroscopy

XPS is based on the external photoelectric e�ect, where incident light with an energy

hv higher then the sum of binding energy EB of electrons and the work function φwork
of the solid, leads to an emission of electrons from the solid state.94,95 Historically,

the fundamental work of Manne and Kai Siegbahn was essential for the development

of high resolution electron spectrometers for XPS experiments.96 XP spectroscopy

focuses on core level electrons yielding information about the binding energy. Figure

3.5 shows the excitation process of a core level electron from an initial state Ei by

an incident X-ray photon with the energy hv. The photon is absorbed and the core

electron is excited to its �nal energy Ef . The energy of the incident X-ray photon

leads to an excitation of a core electron above the vacuum level (Ef > Evacuum). The

remaining energy corresponds to the kinetic energy EKin of the electron, which is

measured in the experiment.
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Equation 3.3 shows the relation between hv and EB, depending on the surface

work function φS and is only valid if relaxation processes are neglected (Koopman's

theorem):

EB = hv− EKin − φS (3.3)

Including the analyzer work function φA, the surface work function φS is canceled

by equalizing the Fermi energies of the surface and the analyzer via an electrical

connection. After energy calibration with a reference sample (clean metal substrate),

the kinetic energy o�set caused by φA is to set as zero. Consequently, the binding

energy EB of the core electron can be calculated with known excitation energy hv

and measured EKin.97

Figure 3.5: Scheme of the photoionization in a XP spectroscopy experiment: The
diagram shows the excitation of a core level electron by a X-ray photon above the
vacuum level with a resulting kinetic energy EKin of the electron. The binding energy
EB is determined by measuring EKin of the probed electron, as probe for the chemical
environment of the core level, adapted from Ref. 93.

The resulting core hole is re�lled by electrons of higher energy levels, whereby

Auger electrons (multi-particle process) or X�ray �uorescence is emitted. The de-

termination of the kinetic energy of the photoelectrons is commonly carried out by

a concentric hemispherical analyzer (CHA). Initially, photoelectrons are focused in
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a tube assembly and decelerated by a retarding electrical �eld to the pass energy,

i.e. only electrons with a pass energy (typical range 20 - 100 eV) can pass into the

CHA. Furthermore, only electrons with the chosen EKin can reach the detector along

a predetermined path. A spectrum is recorded at a constant pass energy by incre-

mentally increasing the retarding electrical �eld from low to high EKin. Figure 3.6

shows an exemplary XP spectrum of a clean Ag(111) surface. The spectrum shows

sharp photoelectron lines, corresponding to Ag 3p, 3d, 4s and 4p core electron levels.

Furthermore, Auger electrons (MNN) and valence band (VB) electrons are present.

The FWHM of the peaks is proportional to the reciprocal lifetime of the core hole

state according to the uncertainty principle. Commonly, a line width in the range of

(0.4 - 1.2) eV can be achieved, corresponding to core hole lifetimes between (10−15 -

10−14) s.97

Figure 3.6: Survey XP spectrum of a clean Ag(111) surface. The inset shows the
characteristic spin-orbit doublet of Ag 3d3/2 and 3d5/2 with an energy separation of
6.05 eV. The spectrum was recorded at HE-SGM beamline at BESSY II, with an
excitation energy of 700 eV and a pass energy of 100 eV.

The inset in Fig. 3.6 shows the characteristic spin-orbit splitting into two com-

ponents with a total angular momentum of j = l± 1

2
, as observed for orbital angular

momentums l > 0. Consequently, the total angular momentum leads to di�erent

energy levels, and results in a characteristic doublet. Table 3.2 summarizes orbital

quantum numbers, the resulting angular momentum, and the characteristic intensity
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Orbital Orbital quantum number j = l ± 1

2
Intensity ratio =

2j− + 1

2j+ + 1

s 0
1

2
-

p 1
1

2
,
3

2
1:2

d 2
3

2
,
5

2
2:3

f 3
5

2
,
7

2
3:4

Table 3.2: Spin-orbit splitting and characteristic intensity ratios of the resulting
doublet.

ratio of the spin-orbit doublets as given by the multiplicity.85,97

The EB of core electrons is primarily determined by the element, but further

in�uenced by the local chemical environment.85,93,97 The type of bond (hydrogen

bonding, organometallic or covalent), bonding order (single vs. double bonds) and

the binding partners itself (e.g. carbon bound to functional groups vs. carbon in the

aromatic backbone), lead to alterations in EB which is referred to as chemical shift.

To estimate the strength of chemical shifts the di�erence of electronegativity of the

binding partners is a helpful indicator. For example, the C-F bond leads to a higher

EB for C 1s (∼2.5 eV cf. Sec. 5.3). Fluorine, as the most electronegative element,

attracts the shared electron pair towards itself and the e�ective charge of carbon be-

comes positive and consequently EB of C 1s increases.97 Following the Pauling scale,

halogens bound to organic molecular building blocks lead to a strong chemical shift

of the corresponding C 1s core level to higher EB, while organometallic compounds

are shifted to lower EB (EB : C − F > C − Br > C − I > C − C < C − Ag). The
experimental limit for the detection of chemical shifts, is the energy resolution of the

CHA with 0.1 eV.98 For instance, a comparatively low chemical shift between C-C

and C-H, as well as C-C and C-Au can not be resolved.40,98 Chemical shifts to lower

EB are also induced by a reduced coverage from multi- to (sub)monolayer coverage

due to core-hole screening by the surface.99,100 Moreover, co-adsorbed reaction prod-

ucts, e.g. cleaved and chemisorbed halogens can induce an increased work function,

resulting in a lowered EB.29,101 In addition to a qualitative measurement of the com-

position of the surface and the adsorbates, XP spectroscopy enables a quantitative

analysis, hence a monitoring of the progression of a surface reaction. The simplest
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way to extract absolute changes in the composition by a surface-assisted polymeriza-

tion from a known functionalized aromatic precursor, is the comparison of intensities

of a speci�c XP line per element after deposition and activation steps. For instance,

a partly dehalogenative coupling reaction of a molecular building block is re�ected

by a chemical shift of the cleaved and chemisorbed halogen and in a reduced inten-

sity of the pristine halogen-bound carbon. Consequently, in the C 1s spectrum the

absolute halogen cleavage from the tecton is equally shown by the reduced carbon-

halogen intensity. However, the intensity in C 1s of C-C by covalent coupling or newly

formed self-assembled organometallic intermediates (C-metal) becomes increased by

the "lost" carbon-halogen intensity. Thereby, it is possible to quantitatively monitor

the polymerization progress of an intact or partially reacted organic building block

to organometallic / metal-organic intermediates and �nally to covalent polymers.97

It has to be noted, that this comparative approach is only useful, if the experimental

conditions are identical (photon �ux, excitation energy, excitation and emission angle

and analyzer settings).

Experimental setup and data analysis

All XP spectra shown in this thesis were carried out in two di�erent facilities with

two di�erent experimental approaches, either synchrotron based, at the high-energy-

spherical-grating-monochromator (HE-SGM) beamline at BESSY II Berlin, or at a

SPECS UHV system equipped with a laboratory X-ray source. For photoelectron

spectroscopy, the HE-SGM endstation is equipped with a Scienta R3000 CHA ana-

lyzer, for further details of the experimental setup of the HE-SGM beamline the reader

is referred to Sec. 3.4. The SPECS UHV system is provided by the cluster of excel-

lence Nanosystems Initiative Munich, and consists of a load lock, a preparation- and

an analysis chamber. Preparation- and analysis chamber work at a base pressure of

3 × 10−10 mbar. The preparation chamber is equipped for single crystal preparation

as described in Sec. 3.1. The analysis chamber is equipped with a monochromated

Kα Mg/Al X-ray source (XR50M) with excitation energies of 1253.5 / 1486.3 eV and

a �lament heat power of 350 W. A CHA (Phoibus 150) is used for EKin selective pho-

toelectron detection, where passed photoelectrons are ampli�ed by a multi-channel

plate and detected. Raw data was normalized by the number of sweeps and a linear

background was subtracted. The peaks were �tted by a combination (Voigt function)

of Lorentzian function of the intrinsic line shape of the photoemission process and

Gaussian function to account for instrumental broadening.97
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3.4 Near Edge X-ray Absorption Fine Structure

Complementary to STM and XPS, NEXAFS delivers additional structural and chem-

ical insights of adsorbates and polymers on surfaces. Foremost, quantitative infor-

mation of the adsorbate structure, i.e. the adsorption angle of functional units of

molecules and the organic backbone itself with respect to the surface can be ex-

tracted. In addition, qualitative details of the chemical structure can be obtained.

For instance, the presence of speci�c (single vs. multiple) bonds of inter- and in-

tramolecular interlinks can be determined to proof the intactness of molecular build-

ing blocks during the on-surface synthesis.102 NEXAFS probes core level electrons

(mainly 1s) of a speci�c atom (low Z elements like C, N, O and F) by incident

X-ray light and excites the electrons in unoccupied molecular orbitals (contrary to

the ionization during XPS experiments).102 Figure 3.7 shows the schematic excitation

process lifting, a core electron into an unoccupied molecular orbital by an incident

X-ray photon with an energy hν. The remaining core hole is re�lled by electrons

of higher energy levels resulting in an emission of Auger electrons or radiative by

�uorescence. It has to be emphasized that the ejected electrons are proportional to

the amount of created core holes and therefore to the absorption cross section (cf.

vide infra), i.e. a strong absorption for incident X-ray photons leads to an increased

number of ejected electrons.98 A spectrum is recorded by incrementally increasing

the incident photon energy and the simultaneous detection of the emitted secondary

electrons. Currently, a synchrotron radiation source, where electrons are boosted

and stored by moving on a circular path, is necessary for NEXAFS. Electrons in the

storage ring are accelerated to an oscillatory path in an insertion device (wiggler or

undulator) and emit X-ray radiation along a tangential path into the beamline.93

This radiation is focused and the photon energy is selected by a monochromator of

the beamline ((200 - 700) eV for the HE-SGM Beamline at BESSY II, cf. 3.4). The

photon energy is varied between ∼10 eV before and ∼50 eV after the absorption edge.

For instance, the C K-edge is located at 285 eV and NEXAFS spectra are recorded in

a photon energy range between 275 - 330 eV.103 For incident photon energies <290 eV

for carbon spectra of aromatic molecules, the excitation of core electrons in usually

π∗ orbitals implies the presence of double or triple bonds, while the σ∗ resonance

(>290 eV) corresponds to single bonds. NEXAFS of polycyclic aromatic molecules

lead to at least two C 1s −→ π∗ and C 1s −→ σ∗ transitions due to initial state

e�ects. The reason are chemically shifted carbon atoms due to inequivalent position

in the hydrocarbon molecule (e.g. Sec. 4.3).102,104�106 Also �nal state e�ects, by
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localization of the core hole at di�erent positions within the molecule, can lead to

additional resonances.104�106 Even more, the composition of the adsorbate is mirrored

in NEXAFS spectra. This allows to monitor the reaction pathway from intact organic

molecules with functional groups (cf. Sec. 5), to surface-assisted polymerization into

organometallic (cf. Sec. 4.4) or covalent structures.64 The high chemical sensitiv-

ity of NEXAFS due to transition into unoccupied molecular orbitals even facilitates

a distinction between C-C (C 1s −→ π∗) and C-H (C 1s−→ σ∗), which cannot be

resolved by XPS.98

Figure 3.7: Scheme of the excitation of a core level electron into unoccupied molec-
ular orbitals and an exemplary NEXAFS spectrum of benzenetrithiol molecules after
heating to 270 ◦C on Cu(111) at an incident X-ray beam of 55◦, unpublished data
corresponding to Ref. 68, adapted from Ref. 93.

Extraction of the adsorption geometry

In addition to information about the chemical structure of the adsorbates, NEXAFS

facilitates quantitative determination of the derived tilt angle α of adsorbates with

respect to the surface, to complement STM gained structural data. In favorable cases,

for the carbon K-edge it is even possible to determine speci�c bond angles of di�erent
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functional group with respect to the surface by chemically inequivalent carbon. For

instance, bond angles of halogen-bound carbon (cf. Sec. 5.5) or C-metal-C interme-

diates (cf. Sec. 4.6) can be determined by an electronic transition into unoccupied

orbitals of X-C or metal atoms, respectively. The foundation is:98,102 (1) The spatial

distribution of molecular orbitals depends on the chemical structure of the molecules

and has a strong directional character. (2) The absorption cross section σx depends

on the relative orientation between the X-ray electric �eld vector and the direction ~T

of the transition dipole moment, for a dipole transition.82 For linear polarized light,

and a 1s initial state |Ψ1s〉 and a �nal state 〈Ψf |, the transition intensity I is given

by:

I ∝ |e〈Ψf |~p|Ψ1s〉|2 ∝ |~e~T |2 ∝ cos2δ (3.4)

with ~p the dipole transition operator. δ is de�ned as the angle between the direc-

tion ~e of the electric �eld vector ~E of the X-ray and the direction of the transition

dipole moment ~T . Consequently, the intensity of a resonance reaches its maximum,

when the electrical �eld vector is parallel to the axis of the direction of the �nal state

orbital, and becomes zero when ~E is perpendicular to it.98,102 According to Stöhr,102

for a diatomic and triple bonded molecule, as a simpli�ed model, where the σ∗ orbital

lies along the internuclear axis (z-axis) and the π∗ orbitals are oriented along the x-

and y- axis, for the intramolecular bonds it follows that intensities of σ∗ and π∗ res-

onances are proportional to cos2θ and sin2θ, respectively of the angle θ between the

incident X-ray beam and the surface. As a consequence, intensities of a σ∗ and a π∗

resonances behave in opposite ways, because ~Tσ∗ of σ∗ is perpendicular to ~Tπ∗ of π∗.

This means that σ∗ resonance becomes minimal when π∗ resonance is maximal and

vice versa. For detailed derivation the reader is referred to literature.98,102 Figure 3.8

shows an exemplary angular dependence of NEXAFS intensities for σ∗ and π∗ reso-

nances for covalently interlinked and �at benzene molecules. For adsorption parallel

to the surface, out-of-plane C 1s −→ π∗ transition (Fig. 3.8, red) reaches an intensity

maximum at a small incidence angle of 30◦, whereas the resonance of the in-plane σ∗

orbital shows a minimal intensity and vice versa for a normal X-ray incidence (Fig.

3.8, blue).
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Figure 3.8: Scheme of the angular dependence of intensities of NEXAFS resonances
between the directions of the transition dipole moment ~T and the electric �eld ~E of
the incident X-ray beam: An excitation of a core level electron in an unoccupied π∗

molecular orbital (out-of-plane of the bond axis), leads to maximum intensity (red)
for an incidence X-ray beam angle of 30◦ to the surface orientation and vice versa for
a normal X-ray beam for the in-plane σ∗ molecular orbital (blue). Unpublished data,
corresponding to Ref. 68.

The experimental basis for the extraction of the tilt angle between adsorbate and

surface, is a highly ordered single crystal with low mosaicity. Furthermore, molecular

building blocks at unusual adsorption-sites as step edges (even upright standing)

can lead to experimental uncertainties (cf. Sec. 4.3). Also, upward or downward

bent pendant groups (C-H, C-F) bound to carbon of the molecule can disturb the

sp2-carbon hybridization of the organic backbone by inter- and intramolecular steric

repulsion and the arenes become partly sp3 hybridized. This makes the interpretation

of NEXAFS data more challenging and the simple model fails (cf. Sec. 5.3).

Experimental setup and data analysis

The NEXAFS spectra presented in this work were acquired at the HE-SGM beamline

at BESSY II Berlin. The HE-SGM is a bending magnet beam line and features a

photon energy range of 200 - 700 eV with linear polarization (degree of polarization

92%). The synchrotron itself is operated in top-up mode, i.e. a continuous re�lling

of electrons into the storage ring, and a ring current of 300 mA. Sample preparation

by Ar+ sputtering with energies of 0.5 - 1 keV and annealing, as well as the deposi-

tion of molecular building blocks were carried out in the preparation chamber. The

NEXAFS spectra were acquired in the analysis chamber, equipped with a rotational

manipulator. The secondary electrons are collected and ampli�ed by a home-built
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detector as described in literature.102 A retarding voltage of -150 V was applied, to

measure the partial electron yield (PEY) for a better signal-to-noise ratio.98 The ex-

periments were carried out on surfaces with (111) orientation where the azimuthal

dependence is averaged out. For data analysis, the acquired raw data was photon

energy corrected by using a clean highly oriented pyrolytic graphite as reference and

averaged by the number of recorded spectra for all X-ray incident angles θ (30◦, 45◦,

55◦, 70◦ and 90◦). The next step was the normalization at a photon energy of 275 eV

and subtraction of the likewise energy corrected spectrum of the clean substrate, to

extract the adsorbate signal. An additional photon �ux correction is necessary and

was achieved by division with the spectrum of a clean Au(111) surface. Finally, the

spectrum is normalized such that the intensity di�erence between the pre-edge at

275 eV and past-edge at 325 eV becomes one.103,104,106
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4 On-surface polymerization of

1,6-dibromo-3,8-diiodopyrene

� a comparative study on Au(111) vs. Ag(111)

by STM, XPS, and NEXAFS

The present section shows the results of the dehalogenative on-surface reaction of
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Introduction

4.1 Abstract

The surface chemistry of 1,6-dibromo-3,8-diiodopyrene (Br2I2Py) is comparatively

studied on Au(111) vs. Ag(111) surfaces under ultra-high vacuum conditions by

a combination of high resolution Scanning Tunneling Microscopy and X-ray spec-

troscopy. The chemical state of the molecular networks, i.e. the dehalogenation and

the possible formation of organometallic intermediates, is assessed by X-ray pho-

toelectron spectroscopy. In addition, pyrene tilt angles are quanti�ed by carbon

K-edge Near Edge X-ray Absorption Fine Structure experiments. Upon room tem-

perature deposition of Br2I2Py onto Au(111) only partial deiodination was found, and

Scanning Tunneling Microscopy revealed the coexistence of ordered arrangements of

both intact Br2I2Py molecules and organometallic dimers as well as few larger aggre-

gates. Further annealing to 100 ◦C triggered full deiodination followed by formation

of organometallic chains of otherwise still brominated molecules. In contrast, on

Ag(111) iodine is fully and bromine partly dissociated upon room temperature depo-

sition of Br2I2Py. The initially disordered organometallic aggregates can be reorga-

nized into more ordered structures by mild annealing at 125 ◦C. Yet, the conversion

of the organometallic intermediates into well-de�ned cross-linked quasi 2D covalent

networks was neither possible on Au(111) nor on Ag(111). This is attributed to the

large steric hindrance in the covalently linked adsorbed state.

4.2 Introduction

During the last decade 2D covalent organic networks gained signi�cant interest since

the seminal works by the groups of Grill and Hecht as well as Porte.32,107 These

covalent nanostructures are relevant for a wide range of possible applications, in par-

ticular through their unmatched robustness and their unique and widely adjustable

(opto-)electronic properties.16,108,109 A common fabrication approach is on-surface

synthesis: appropriately functionalized precursors or monomers are deposited onto

solid surfaces, where their cross-linking is subsequently or simultaneously activated,

in most cases by supply of thermal energy. Here the surfaces not only act as 2D tem-

plates, but can also have important chemical contributions for the activation of the

reaction or for the stabilization of reaction intermediates, by-products, and products.

Among the various utilized coupling reactions, surface-assisted Ullmann coupling is

most abundant, because it is relatively reliable and less prone to uncontrolled side-

reactions.8 The underlying reaction scheme is straightforward: halogen-substituted
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precursors are deposited onto in most cases metal surfaces. After adsorption the

halogens are dissociated by virtue of the surface's reactivity in a thermally activated

process. The respective dehalogenation barriers and temperatures primarily depend

on the type of halogen and on the metal surface (material and crystallographic ori-

entation).110 For instance, on Cu surfaces bromine-substituents are readily dissoci-

ated at room temperature (RT), whereas further annealing up to 100 ◦C � 200 ◦C

is required on Au surfaces. A further decisive in�uence of the precursor's chemical

structure appears likely, but has not been systematically studied so far. Conveniently

large di�erences in dehalogenation temperatures for di�erent types of halogens facili-

tate temperature-controlled orthogonal Ullmann coupling. Sequential or hierarchical

Ullmann coupling was demonstrated for bromine (Br) + iodine (I) functionalized pre-

cursors on Au(111), where the I-sites become activated directly after RT deposition or

mild annealing (well below the debromination threshold), whereas the Br-sites were

activated only after further annealing at higher temperatures.48,52,53 An analogous

temperature-programmed selective dissociation was reported for chlorine (Cl) + Br

functionalized precursors on Au(111), yet with even higher activation temperatures

for Cl dissociation.49,50

Dehalogenation generates so-called �surface-stabilized radicals� that can either

couple directly to form covalent carbon-carbon (C-C) interlinks or form metastable

organometallic aggregates based on C-metal-C interlinks.111,112 These are routinely

observed on Ag and Cu surfaces, but less common on Au surfaces. For aryl-aryl

coupling further thermal annealing converts the organometallic into covalent linkages,

presumably in a non-dissociative process.43,113

The on-surface synthesis of electronically conjugated, hence conductive 2D poly-

mers is a long standing and rewarding goal,109 also as the evolution of the electronic

band structure with aggregate size is expected to be distinctly di�erent from their 1D

counterparts.16 Therefore especially pyrene and its derivatives are promising candi-

dates, also due to various possibilities for band gap engineering as previously demon-

strated in solution.114�116 Functionalized pyrene buildings blocks are also popular

tectons in surface-supported supramolecular self-assembly.117 Furthermore, a bromi-

nated pyrene precursor was proven suitable for the on-surface synthesis of armchair

graphene nanoribbons with zig-zag facets.118

In this respect, halogenated pyrenes appear highly appropriate for the on-surface

synthesis of fully reticulated 2D polymers. Yet the steric hindrance of 1-1' coupled

pyrenes is signi�cantly larger than for aryl-aryl coupling as already reported by Stöhr
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et al. for 1,3,6,8-tetrabromopyrene (Br4Py) on Au(111) and Cu(111).29,119 Here, we

propose sequential polymerization by taking advantage of the vast di�erences in deio-

dination vs. debromination temperatures as a viable strategy to overcome this steric

hindrance. The Br2I2Py (cf. inset in Figure 4.1(a) for structure) precursor was de-

signed to �rst interlink into extended 1D chains upon activation of the iodine sites.

These chains could then in principle fuse into cross-linked 2D polymers upon subse-

quent activation of the bromine sites.52 To further study the in�uence of organometal-

lic intermediates that are routinely observed on more reactive surfaces,42,43 addition-

ally the polymerization of Br2I2Py was compared on Ag(111) vs. Au(111). Even

though organometallic and covalent linkages can be safely distinguished in Scanning

Tunneling Microscopy by the ∼0.25 nm di�erence in intermolecular bond lengths,

chemical sensitivity is gained by complementary X-ray Photoelectron Spectroscopy

experiments. Quantitative structural information is obtained from carbon K-edge

Near Edge X-ray Absorption Fine Structure experiments that not only allow measur-

ing average pyrene tilt angles, but also to further study unoccupied electronic states

of the molecular networks.

4.3 Results on Au(111)

STM results on Au(111)

First, the results obtained on less reactive Au(111) surfaces are presented, where hi-

erarchical polymerization was anticipated. After RT deposition two di�erent types of

ordered structures were observed by STM, an overview image is shown in Fig. 4.1(a).

Both structures are comprised of fainter X-shaped features and clearly discernible

pairs of bright protrusions, whose packing density varies between upper and lower

structure. The lower structure appeared as intermingled stripe with well-de�ned

boundaries. It consists of a dense packing of X-shaped entities with four terminal

protrusions, whereby two diagonal protrusions appear signi�cantly brighter. Owing

to the perfect size match, the structural unit can unambiguously be assigned to in-

tact (i.e. not dehalogenated) Br2I2Py precursors as also illustrated by the scaled

overlay. The brighter contrast is characteristic for iodine-substituents,52,120 hence

by virtue of these chemical markers, STM not only veri�es the molecular structure

of Br2I2Py, but also reveals a similar orientation of all individual molecules in this

densely packed structure. The close contact of the halogens indicates stabilization

by halogen-halogen bonds as similarly found for Br4Py onto Au(111),29 but with an
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Figure 4.1: STM images of Br2I2Py on Au(111): (a) overview and (b) close-up ac-
quired directly after RT deposition, and after annealing to (c) 100 ◦C and (d) 250 ◦C.
The overlays show (a) intact molecules, (b) organometallic dimers with one C-Au-C
linkage, and (c) organometallic chains formed after partial and full deiodination, re-
spectively. (tunneling parameters: (a) 54 mV, 32 pA; (b) 54 mV, 31 pA; (c) 580 mV,
49 pA; (d) 940 mV, 48 pA)
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unprecedented cyclic Br-I-Br-I arrangement that optimizes the electrostatic interac-

tions of the iodine σ-holes with the equatorial belts of negative electrostatic potential

of the bromine-substituents and vice versa.33

The structural unit of the upper ordered structure in Fig. 4.1(a) is a double X-

motif again with two brighter protrusions along one diagonal. Evidently, this motif

corresponds to two linked pyrenes. From previous studies of a singly iodinated triph-

enylbenzene derivative one could anticipate the direct formation of covalent linkages

on Au(111) after deiodination.48 According to structure simulations done with DFT,

the center-to-center distance of 1-1'linked pyrene dimers in the gas phase amounts

to 0.80 nm, whereby the steric hindrance results in a relatively large dihedral an-

gle of ∼55◦ between the otherwise �at pyrene moieties (cf. Fig. A.6). Yet, the

experimentally found center-to-center distance of (1.10 ± 0.10) nm is signi�cantly

larger, hinting towards organometallic C-Au-C linkages. This hypothesis is further

supported by the perfect match of scaled overlays of DFT-optimized organometal-

lic dimers with a simulated center-to-center distance of 1.02 nm (Figure 4.1(b)).

The organometallic linkages were formed on previously iodinated sites. On the one

hand this is expected from the absence of debromination on Au(111) at RT, on the

other hand this is also consistent with the positions of the two remaining iodine-

substituents. Organometallic intermediates on Au surfaces are less common, but are

not unprecedented for comparably planar molecules.47 Since the herringbone recon-

struction is not observed anymore, the required Au atoms could originate from lifting

the reconstruction, but might as well be supplied by the free adatom gas. In this

respect, the fact that intact or only partly deiodinated monomers are observed upon

RT deposition onto Au(111) appears more surprising. Even though in the literature

full deiodination is described,48 other groups report full deiodination only after mild

annealing to 120 - 150 ◦C.52,53 This partial deiodination as already inferred from STM

data is further corroborated by XPS, also con�rming that Br is not dissociated at

all (vide infra). Interestingly, the cyclic Br-I-Br-I halogen-halogen bonding scheme

as observed for the intact Br2I2Py precursors, was similarly expressed in the densely

packed dimer structure. However, the partial deiodination changes the stoichiometry,

and the excess Br-substituents that do not �nd I-substituents as counterparts any-

more can additionally contribute to the stabilization by halogen bonds formed with

hydrogen-substituents. It is noteworthy that trimers were similarly observed by STM

after RT deposition (cf. Fig. A.1).

Mild annealing of the Au(111) samples at 100 ◦C resulted in the formation of
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1D chains, a representative STM image is presented in Figure 4.1(c). A similar

center-to-center distance of (1.10 ± 0.10) nm between adjacent units as in the dimers

indicates the formation of extended 1D organometallic chains based on C-Au-C link-

ages. Formation of the interlinks at the 1,6 positions also clearly demonstrates that

chain formation is driven by full deiodination without any indication for debromi-

nation in agreement with XPS measurements. Owing to the absence of the bright

iodine-substituents, the Au atoms in the organometallic links can now be directly

recognized in STM as faint spherical feature with an apparent height comparable to

the remaining Br-substituents. Based on the mutual arrangement, the packing of

the organometallic chains is likewise driven by inter-chain halogen-hydrogen bonds

formed between Br-substituents of one chain and the hydrogen atoms of the adjacent

chain.

After annealing to 250 ◦C more disordered structures emerged, but internal res-

olution was not achieved (Figure 4.1(d)). This �nding is in accord with a study by

Stöhr et al. of Br4Py on Au(111) and Cu(111), where higher annealing temperatures

also resulted in more disordered and not further resolvable structures.29 Even though

the expected spacing of 0.74 nm for covalently linked pyrenes could be con�rmed in

these structures.

Further experiments on Au(111) addressed the in�uence of the preparation pro-

tocol. Therefore Br2I2Py was deposited onto Au(111) preheated to 100 ◦C or 250 ◦C

either with a standard deposition rate (deposition time of 3 minutes) or with a 6-fold

decreased deposition rate (deposition time of 18 min). The results were essentially

similar to RT deposition and subsequent annealing as well as independent of depo-

sition rate: deposition at 100 ◦C resulted in 1D organometallic chains; deposition

at 250 ◦C a�orded not further resolvable disordered agglomerations (cf. Fig. A.2).

Moreover, slow heating experiments after RT deposition with a more than 20-fold

reduced heating rate (i.e. 0.28 ◦C min−1 instead of 6.6 ◦C min−1) to 100 ◦C similarly

leads to unaltered 1D organometallic chains (cf. Fig. A.3).

XPS results on Au(111)

Even though for Br2I2Py on Au(111) a consistent picture of the surface chemistry

is already obtained from STM, further chemical information was acquired by XPS

measurements. Since XPS is an ensemble averaging technique, statistically signif-

icant information on the progression of the dehalogenation is gained directly. XP

spectra of Br 3d, I 3d, and C 1s acquired after RT deposition and after successive
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Figure 4.2: XP spectra of Br 3d, I 3d and C 1s of Br2I2Py on Au(111) acquired
after (a)-(c) (upper row) RT deposition and subsequent annealing to (d)-(f) (middle
row) 100 ◦C, and (g)-(i) (lower row) 250 ◦C. Raw data are represented by dots; solid
lines show �ts with a Gaussian line shape and linear background; red lines correspond
to the sum of all components. See text body for deduced values of binding energies,
chemical shifts, and ratio of components.

35



On-surface polymerization of 1,6-dibromo-3,8-diiodopyrene

annealing to 100 ◦C and 250 ◦C, respectively, are summarized in Figure 4.2. After

RT deposition Br 3d spectra show the anticipated spin-orbit doublet corresponding

to a single chemical species. The measured Br 3d5/2 binding energy (EB) of 69.7 eV

is in accord with carbon-bound Br (69.7 eV) indicating fully brominated molecules

(Figure 4.2(a)).121 In contrast, I 3d spectra cannot be �tted with a single component,

but require two chemically distinct species. According to literature, the species with

lower I 3d5/2 EB of 618.9 eV corresponds to chemisorbed I on Au(111) and accounts

for 73% (peak area) of the total amount (Figure 4.2(b), green). The species with

higher I 3d5/2 binding energy at 620.2 eV corresponds to still carbon-bound I (Figure

4.2(b), magenta).62,122 Hence, XPS con�rms the partial deiodination that was already

deduced from STM. Yet, signi�cantly more than 50% deiodination inevitably requires

a substantial amount of fully deiodinated precursors as also observed by STM (cf.

Fig. A.1). It is worth to note that a comparison between STM and XPS results

here also necessarily compares two di�erent samples independently prepared in two

di�erent UHV systems. This could be crucial as the degree of deiodination may sen-

sitively depend on the exact surface temperature during deposition and possibly also

on the densities of surface defects as step-edges. The C 1s XP spectrum acquired after

RT deposition shows the expected main peak from the pyrene backbone at 284.0 eV

EB (Figure 4.2(c), green).29 The two shoulders at higher EB originate from the still

halogen-substituted carbons with respective binding energies of 284.9 eV for C-Br

(Figure 4.2(c), blue) and 284.4 eV for C-I (Figure 4.2(c), light blue). Alternatively,

the relative ratio of C-Br and C-I can also be inferred from Br 3d and I 3d. Full

bromination and ∼25% remaining iodination means on average 2 C-Br and ∼0.5 C-I
per pyrene. These directly determined intensity ratios are consistent with those ob-

tained from �tting the respective C 1s shoulders, suggesting that the relative amounts

of carbon and halogens on the surface are still stoichiometric.

After mild annealing the Au(111) samples at 100 ◦C, the I 3d XP spectrum clearly

shows full deiodination (Figure 4.2(e)) without any changes in Br 3d (Figure 4.2(d)).

C 1s still features a high EB shoulder due to the remaining Br-substituents (Fig-

ure 4.2(f)). The intensity ratio between shoulder and main peak corresponds to two

C-Br per pyrene, also indicating full bromination. On Ag(111) the routinely observed

organometallic intermediates are also detectable in C 1s as a low EB shoulder.42,43

However, a similar signature is not observed on Au(111), even though STM clearly

con�rms the organometallic intermediates and in the 1D chains a relatively large frac-

tion of 2 out of 16 carbons are bound to Au atoms. Yet, DFT simulations propose a
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smaller C 1s core level shift for C-Au as compared to C-Ag.40 Hence, the Au-bound

carbons are presumably hidden in the C 1s main peak and are not separately resolv-

able by XPS. However, mild annealing to 100 ◦C also causes an integral peak shift

of C 1s by 0.3 eV to lower EB as typically observed for organometallic intermedi-

ates.29,42 The origin of this core level shift is not fully understood, but it could be

related to alterations of the charge transfer from the surface in the organometallic

networks. Since a similar shift was not observed for Br 3d or I 3d, a major e�ect of

a changed surface work function due to chemisorption of dissociated halogens can be

ruled out.29

Further annealing to 250 ◦C also activates Br dissociation. This is clearly ob-

served in Br 3d XPS by a pronounced chemical shift for Br 3d5/2 from 69.7 eV to

lower EB of 67.9 eV (Figure 4.2(g)).121 The original Br doublet at higher binding

energy completely disappeared, indicating complete debromination in this heating

step. Moreover, the Br 3d intensity decreased substantially to ∼7.5% of the original

value. On the contrary, annealing to 250 ◦C did not result in observable changes for

I 3d, suggesting that iodine remains stably adsorbed while bromine already desorbs

(Figure 4.2(h)). This hypothesis is supported by DFT simulations proposing a higher

adsorption energy of I on Au(111) as compared to Br.123 As anticipated the C-Br

shoulder at higher EB disappeared completely, resulting in a comparatively sharp

C 1s peak corresponding to the fully dehalogenated pyrene (Figure 4.2(i)). An inte-

gral peak shift of 0.1 eV back to higher EB could be related to the disappearance of

the organometallic intermediates. C 1s only shows a ∼14% loss in intensity, so XPS

also demonstrates that a large fraction of pyrenes still remained stably adsorbed, even

though structural details were not resolved by STM.

NEXAFS results on Au(111)

Additional characterization was carried out by carbon K-edge NEXAFS, also with the

aim to obtain more information on the structure obtained after annealing to 250 ◦C,

where STM could not provide useful information anymore. Normalized carbon K-edge

NEXAFS spectra acquired for various incidence angles directly after RT deposition

and after annealing at 250 ◦C are summarized in Figure 4.3. Both measurement series

show pronounced and relatively sharp resonances at photon energies < 290 eV owing

to C 1s→ π∗ transitions. The broader resonances observed for photon energies above

290 eV are assigned to C 1s → σ∗ transitions.

The π∗-resonance consists of two separately resolved peaks at photon energies
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Figure 4.3: Carbon K-edge NEXAFS of Br2I2Py on Au(111) after (a) RT deposition
and (b) annealing to 250 ◦C. Normalized and background corrected spectra are shown
acquired for �ve di�erent incidence angles (with respect to the surface, i.e. 90◦

corresponds to normal incidence).

of 284.5 eV and 285.4 eV. This double peak resonance is typical for polycyclic hy-

drocarbons and commonly attributed to initial state e�ects, i.e. chemical shifts in

the inequivalent carbon atoms of the pyrene backbones with further contributions

from the atomic site where the core hole is localized.104�106,124 This interpretation

is supported by ab initio calculations of Ågren and coworkers.125 The NEXAFS re-

sults are comparable to other pyrenes,126�130 and there are no distinct features of

the Br-substitution or the organometallic bonds. After annealing to 250 ◦C the pro-

nounced π∗-resonances prevail, but the peak shape changes slightly, possibly related

to peripheral chemical reactions. In any case, these NEXAFS results clearly indicate

intactness of the pyrene backbones even after annealing to 250 ◦C.

Both π∗ and σ∗ resonances exhibit distinct dichroism before and after annealing,

indicating a de�ned and uniform orientation of the pyrenes with respect to the sur-

face.131 A decrease in intensity of the π∗-resonances with increasing X-ray incidence

angle points towards more �at adsorption with a deduced average pyrene tilt angle of

(20◦ ± 5◦) (and (10◦ ± 5◦) for a second series of measurements). This deviation from

the anticipated �at adsorption could be related to adsorption-induced intramolecu-

lar distortions as e.g. out-of-plane bending of C-H bonds or preferred adsorption at

step-edges at low coverages. Moreover, the exact tilt angle value sensitively depends

on the background correction. Visual inspection, in particular of the normal inci-

dence spectrum, shows an increasing slope from lower to higher photon energy in the
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region of the π∗-resonances. The origin is not clear, perhaps a broad edge-jump due

to chemically di�erent carbon environments. Still, any remaining intensity at the

π∗-region from a not appropriately subtracted background results in an apparent tilt.

After annealing to 250 ◦C the pyrene tilt angle increases slightly to (25◦ ± 5◦). So

even in the seemingly disordered structure the pyrenes adsorb still relatively �at.

4.4 Results on Ag(111)

STM results on Ag(111)

Although organometallics are not unprecedented on Au(111),29,47 they are still rarely

observed. On the other hand, formation of metastable organometallic intermediates

is always observed on Ag(111) surfaces.43 In order to also study the polymeriza-

tion of Br2I2Py under conditions where organometallic intermediates are expected,

further studies were carried out on more reactive Ag(111) surfaces. Figure 4.4(a)

shows a typical STM image acquired directly after RT deposition of Br2I2Py onto

Ag(111). Individual molecules can be recognized as arrangement of four brighter

protrusions around a fainter sca�old. The spatial arrangement, i.e. the distances of

(0.80 ± 0.08) nm for the long edge and (0.54 ± 0.04) nm for the short edge, of these

protrusions facilitates the unambiguous assignment of pyrene molecules. In most

cases, protrusions are shared by two adjacent molecules. This is in accord with the

anticipated dehalogenation and subsequent formation of organometallic C-Ag-C inter-

links.43 Full deiodination and partial debromination is again con�rmed by XPS (vide

infra), whereas the size-match of an overlaid organometallic dimer with a center-

to-center distance of (1.10 ± 0.10) nm also suggests organometallic linkages. The

required Ag atoms were most likely supplied by the free adatom gas, since etch pits

that would result from the extraction of surface atoms were never observed.

Although partial debromination prohibits formation of fully reticulated networks,

a tetramer of four equally oriented molecules can be already identi�ed (marked by

a red circle in Fig. 4.4(a)). In order to initiate the full debromination and to pro-

mote structural equilibration by organometallic self-assembly into ordered networks,

samples were mildly annealed to 125 ◦C. The STM image in Figure 4.4(b) con�rms

porous network formation. Again, the organometallic linkages can be clearly dis-

cerned in STM by the bright dots � a signature of the Ag atoms � and also by the

increased intermolecular bond length. The organometallic networks still do not ex-

hibit long range order and topologically distinct pores comprised of 3, 4 or 5 molecules
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Figure 4.4: STM images of Br2I2Py on Ag(111) after (a) RT deposition and (b) / (c)
after mild annealing to 125 ◦C. The overlays show various organometallic structures
based on C-Ag-C linkages, the red lines in (b) outline examples for a triangular and
a pentagonal pore, the arrow in (c) highlights a dissociated Br or I atom trapped
inside a closed pore. (tunneling parameters: (a) 1.08 V, 67 pA; (b) 105 mV, 98 pA;
(c) 88 mV, 57 pA)).
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can be discerned, examples for a trimeric and a pentameric pore are outlined in Figure

4.4(b). Trimeric pores are formed by three molecules with respective 120◦ rotation,

whereas tetrameric pores can be formed by four molecules with similar orientation,

or alternatively with one or two molecules that are rotated by approximately 90◦.

Pentameric pores also require appropriately oriented molecules, and for any type of

pore molecules can be incorporated either with their short or long edge. The various

geometries observed here clearly demonstrate a high bond angle �exibility of C-Ag-C

linkages. The most likely reason for the absence of long-range order are kinetic e�ects,

but a further in�uence can also arise from space limitations imposed by chemisorbed

halogens.29 In the close up in Figure 4.4(c) some of the pores are �lled with spherical

features. These correspond to entrapped dissociated halogens, yet a clear distinction

between I and Br solely based on STM imaging is not possible.

Additional experiments with signi�cantly reduced heating and cooling rates

(0.28 ◦C min−1 vs. 6.6 ◦C min−1) aimed at the equilibration of these organometal-

lic networks by exploiting the reversibility of the organometallic linkages.43 Even

though the amount of tetrameric pores could be increased, long-range order was still

not attained (cf. Fig. A.4).

In order to study the conversion of the organometallic networks into 2D cross-

linked covalent networks, samples were further annealed to 200 ◦C. Yet, this thermal

activation merely resulted in desorption of the molecules from Ag(111), as also cor-

roborated by the C 1s XPS intensity (cf. Fig. A.5). This implies that the activation

barrier for covalent coupling is larger than for removing the molecules from the sur-

face (vide infra). Mechanistic details of this desorption process are not known, but

it appears most plausible that the organometallic networks �rst dissociate and the

monomers subsequently desorb as individuals. In order to promote the conversion

from organometallic to covalent, further experiments were carried out with simulta-

neous UV light irradiation during sample heating. However, UV illumination could

not prevent desorption, but even lowered the desorption temperature to < 190 ◦C,

presumably by weakening the organometallic bonds.

XPS results on Ag(111)

On Ag(111) the chemical state was similarly assessed by XPS measurements of Br 3d,

I 3d and C 1s regions. Directly after RT deposition, the coexistence of two chemically

distinct species in the Br 3d region indicates partial debromination (Figure 4.5(a)).

The Br 3d5/2 binding energies of 70.2 eV132 (blue curve) and 68.2 eV (green curve)42,43
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agree well with literature values of carbon-bound and chemisorbed Br on Ag(111),

respectively. According to the peak area ratios, ∼27% of Br is spontaneously dissoci-

ated at RT. In contrast, I 3d in Figure 4.5(b) shows a narrow doublet corresponding

to a single species and the I 3d5/2 binding energy of 618.8 eV is in accord with liter-

ature values of chemisorbed I,61 con�rming full deiodination on Ag(111). The C 1s

line shown in Figure 4.5(c), is relatively broad and peak �tting requires three di�er-

ent components: carbon atoms of the pyrene backbone (Cpy) at 284.6 eV118 (green)

and shoulders at higher and lower EB, respectively. Those can be assigned to still

brominated carbon atoms (C-Br) at 285.2 eV42 (blue) and carbon atoms directly

linked to Ag atoms (C-Ag) at 284.0 eV (light blue). Since all dehalogenated carbon

atoms form organometallic bonds, expected intensity ratios for the di�erent carbon

species can alternatively be derived from the known degrees of deiodination (full) and

debromination (∼25%). The anticipated ratio of Cpy : C-Ag : C-Br = 12 : 2.5 : 1.5

= 75% : 15.6% : 9.4% is in perfect agreement with the experimentally found values:

Cpy : C-Ag : C-Br = 77% : 14% : 9.0%, again suggesting stoichiometric adsorption.

Figure 4.5: XP spectra of Br 3d, I 3d and C 1s of Br2I2Py on Ag(111) acquired
after (a)-(c) (upper row) RT deposition and subsequent annealing to (d)-(f) (lower
row) 125 ◦C. Raw data are represented by dots; solid lines show �ts with a Gaussian
line shape and linear background; red lines correspond to the sum of all components.
See text body for deduced values of binding energies, chemical shifts, and ratio of
components.
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A further series of XPS measurements was carried out on Ag(111) after mild an-

nealing to 125 ◦C. Br 3d XP spectra exclusively show the chemisorbed species at lower

EB, con�rming full debromination (Figure 4.5(d)). No changes in binding energy and

intensity were observed for I 3d (Figure 4.5(e)). Moreover, the full debromination

can also be recognized in the C 1s spectrum, where the high EB shoulder associated

with C-Br fully disappeared. By the same token the relative intensity of the low

EB shoulder associated with C-Ag increases up to a relative amount of 28% of the

total intensity (Figure 4.5(f), light blue), in accord with the expected value of 25%

(4 out of 16 carbons) for full dehalogenation and formation of organometallic link-

ages at all sites. Since STM indicates relatively small domains with a notable amount

of boundaries, these results suggest that the reactive sites at the periphery are also

terminated by C-Ag bonds. Interestingly, the increased amount of organometallic

linkages results in a further integral peak shift of C 1s by 0.17 eV to lower EB as

similarly observed on Au(111).

After annealing to 250 ◦C no intensity of C 1s was detected anymore, indicating

complete desorption of the molecules. For Br 3d a ∼30% intensity loss indicates the

onset of Br desorption, whereas the I 3d intensity still remained una�ected.

NEXAFS results on Ag(111)

NEXAFS experiments were also carried out on Ag(111), normalized carbon K-edge

spectra are depicted in Figure 4.6. NEXAFS spectra acquired on Ag(111) both after

RT deposition (Fig. 4.6(a)) and after annealing to 125 ◦C (Fig. 4.6(b)) show two

main regions: strong and sharp π∗- and broader σ∗-resonances for photon energies

below and above 290 eV, respectively. Analogous to the results on Au(111), owing

to the presence of two chemically distinct carbon atoms in the pyrene backbone, the

π∗-resonances exhibit a similar double peak structure with individually resolved peak

maxima at photon energies of 284.4 eV and 285.3 eV. The resonances at 287.1 eV and

289.6 eV presumably have a mixed character (σ∗(C-H) and σ∗(C=C)).127,128

In contrast to Au(111), the NEXAFS spectra on Ag(111) exhibit an additional rel-

atively sharp resonance at 288.5 eV. Since this feature is entirely absent on Au(111),

it is tentatively attributed to the Ag atoms in the organometallic C-Ag-C linkages as

further discussed below. Annealing to 125 ◦C does not lead to signi�cant changes,

con�rming the intactness of the pyrene backbones. Yet, slight changes in the sub-

structure of the π∗-resonances are observed toward almost equal intensity of the two

individual contributions. On Ag(111), the X-ray absorption also showed a pronounced
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Figure 4.6: Carbon K-edge NEXAFS of Br2I2Py on Ag(111) after (a) RT deposi-
tion and (b) annealing to 125 ◦C. Normalized and background corrected spectra are
shown acquired for �ve di�erent incidence angles (with respect to the surface, i.e.,
90◦ corresponds to normal incidence).

dichroism. Yet, in contrast to Au(111) the intensity at normal incidence (90◦, electric

�eld vector parallel to the surface) became zero, indicating perfectly �at adsorption

of the pyrene backbone on the surface both directly after RT deposition and after

annealing to 125 ◦C.

4.5 Discussion

For Br2I2Py on Au(111) sequential dehalogenation with a clear separation between

deiodination and debromination was consistently observed by STM and XPS, in line

with previous studies on other aromatic compounds.48,52,53 The only partial deiodi-

nation at RT appears more surprising. In STM the partial deiodination is expressed

in the observation of long-range ordered self-assembled structures of either intact

Br2I2Py molecules or organometallic dimers linked via Au atoms. Yet, XPS indicates

∼75% deiodination that is inconsistent with STM results. However, self-assembly can

selectively stabilize smaller and uniform aggregates as monomers and dimers, hence

leading to their overrepresentation in STM data. Interestingly, the formation of �rst

covalent interlinks as reported for Br4Py on Au(111) was not observed here,29 even

though the two pyrene derivatives should be fairly comparable. Two factors might

account for the incomplete deiodination at RT: dissociation of one iodine-substituent

and subsequent formation of an organometallic bond to Au atoms with lower ad-
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sorption height could result in a slightly tilted adsorption geometry of the pyrene.

Thereby the adsorption height of the second iodine-substituent on the same molecule

is increased, resulting in a diminished activity of the Au(111) surface for halogen dis-

sociation and an increased dehalogenation temperature, respectively. The proposed

e�ect should be more pronounced for molecules with a relatively rigid backbone as

pyrenes. A possible experimental indication are the surprisingly high pyrene tilt an-

gles on Au(111) as found by NEXAFS even though alternative explanations cannot

be ruled out. The observation of metastable organometallic intermediates for Br2I2Py

also on Au(111) is interesting, but not without precedence.29,47 Even though safely

identi�ed in STM, XPS of C 1s did not show the low EB shoulder typically observed

for organometallics on more reactive surfaces as Ag(111). This is presumably related

to the comparatively small core level shifts associated with C-Au bonds,40 as intu-

itively understandable from the comparable electronegativities of C and Au. On the

other hand, for a singly iodinated triphenylbenzene derivative, we observed direct co-

valent coupling into dimers on Au(111) already at RT,48 clearly indicating additional

in�uences of molecular structure and / or reaction conditions. On the other hand, it

is not a priori clear whether in these cases the organometallic intermediates do not

exist at all or whether the conversion to covalent occurs too fast to be experimentally

observed. For pyrenes, however, the steric hindrance in the 1-1' covalently coupled

adsorbed state is substantial, giving rise to a larger barrier for the conversion to cova-

lent linkages, hence stabilizing the organometallic intermediates. In this respect, the

observation of extended 1D organometallic chains on Au(111) after mild annealing

to 100 ◦C is less surprising, as this only drives full deiodination, but does not change

the general surface chemistry.

Based on this, the formation of 2D cross-linked organometallic networks could

be expected after dissociation of the remaining bromine-substituents. However, de-

bromination and conversion of the organometallic into covalent linkages takes place

at comparable temperatures and could not be separately accomplished. Full debromi-

nation after annealing to 250 ◦C was con�rmed by XPS. Instead of organometallic

networks, however, STM revealed more disordered structures, where single pyrene

entities could not be resolved anymore in accord with the previous work of Stöhr.29

On the other hand, NEXAFS indicates intactness of the pyrene backbones, where a

shape change of the π∗-resonance might be related to peripheral chemical changes.

Quantitative analysis results in an average pyrene tilt angle of (25◦ ± 5◦), possibly

related to the large dihedral angle between covalently linked pyrenes.
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On Ag(111) full deiodination as well as partial debromination followed by forma-

tion of organometallic networks was observed after RT deposition of Br2I2Py. These

results are in line with previous studies of related compounds on Ag(111).43,113 Sim-

ilar to Au(111), the organometallic intermediates can be safely identi�ed by STM

through the extended bond length, but also in most cases by the prominent contrast

signature of the interlinking Ag atom. Moreover, the organometallic intermediates

feature pronounced spectroscopic signatures: a low EB shoulder in C 1s XPS and an

additional resonance in carbon K-edge NEXAFS as further discussed below; Mild an-

nealing to 125 ◦C induced a structural reorganization of the organometallic networks

on Ag(111) that is only possible if the C-Ag-C bonds become reversible. In contrast

to Au(111), NEXAFS indicates entirely planar adsorption of the pyrene backbone

on Ag(111) both after RT deposition and after mild annealing to 125 ◦C. This is ex-

pected, since the C-Ag-C linkages are signi�cantly longer than the direct C-C bonds,

and hence alleviate the steric hindrance that accounts for a tilted geometry. At this

point, the origin of the di�erence to Au(111) where a slightly tilted adsorption geom-

etry was found remains unclear. Yet, a possible further explanation could be o�ered

by the remaining halogen substituents on Au(111), whereas on Ag(111) the higher

degree of dehalogenation pins down the molecules more symmetrically.

NEXAFS spectra exhibit an unexpected additional relatively sharp resonance at a

photon energy of 288.5 eV, i.e. between the π∗- and σ∗-resonances of the pyrene back-

bone. Interestingly, this additional resonance is exclusively observed on Ag(111), but

not Au(111). If assigned to a C 1s → π∗ transition, the incidence angle dependency

of the intensity would result in a pyrene tilt angle of 50◦. Such an unrealistically

large value is clearly contradicting �at adsorption of the pyrene as deduced from the

actual π∗-resonance and as intuitively expected. This apparent discrepancy can by

resolved by proposing an electronic transition from the pyrene C 1s core levels into

unoccupied electronic states of the Ag atoms in the organometallic linkages as origin

of this resonance. In this respect, the additional NEXAFS resonance represents a

new spectroscopic signature of the organometallic intermediates related to the un-

occupied electronic states of the C-Ag-C linkage. This explanation inevitably raises

the question as to why a comparable feature is not observed for the organometallic

structures on Au(111). The most plausible explanation is related to di�erences of

unoccupied electronic states of Au vs. Ag atoms in the organometallic linkages. A

�rst hint lies in the di�erent STM contrast of Au vs. Ag atoms in C-metal-C linkages,

but only electronic structure calculations could provide more insights.
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TS energy (eV) FS energy (eV)
Au-bonded / planar +2.60 +1.20

Au-bonded / non-planar +2.04 -0.34
Ag-bonded / planar +1.88 -0.05

Ag-bonded / non-planar +1.09 -1.37

Table 4.1: Transition state (TS) and �nal state (FS) energies for the conversion
of organometallic into covalent pyrene dimers. In all cases, the initial state energy
corresponds to 0.00 eV, i.e. the reaction barrier is given by the TS energy.

Even though 2D cross-linked covalent networks could neither be obtained on

Au(111) nor on Ag(111), there are still important di�erences between both surfaces:

on Au(111) the organometallic intermediates are converted into disordered, presum-

ably covalent aggregates with still intact, but possibly chemically altered pyrenes; on

Ag(111) the organometallic intermediates disappear completely and the pyrenes just

desorb. This �nding appears counterintuitive, as the notoriously stronger adsorbate-

surface interactions on Ag(111) should prevent the desorption more e�ectively. How-

ever, for pyrenes the stronger interactions with Ag(111) could indeed disfavor covalent

coupling: The conversion from organometallic to covalent linkages results in a sub-

stantial increase of steric hindrance that is alleviated by a relatively large tilt angle

between the involved pyrenes. In order to shed more light on the energetics of the

conversion of organometallic into covalent linkages, reaction barriers were calculated

by gas phase DFT simulations for both Ag- vs. Au-bonded and constrained to planar

vs. non-planar dimers. The results are summarized in Table 4.1 (cf. Fig. A.7 for

structures).

Irrespective whether or not the structures were constrained to planar, reaction

barriers for Au-bonded are always higher than for Ag-bonded dimers. The di�erences

in planar vs. non-planar �nal state energies largely correspond to the DFT-derived

energy cost of +1.35 eV for planarization of a covalent dimer in the gas phase (cf. Fig.

A.6). The higher values obtained with Au may appear surprising, but merely re�ect

the higher bond strength of C-Au as compared to C-Ag. Along these lines, higher

binding energies for phenyl or smaller hydrocarbon radicals were also proposed for

Au as compared to Ag surfaces based on DFT simulations.40,133 For the non-planar

organometallic pyrene dimers, DFT yields bond dissociation energies of 4.79 eV and

3.48 eV for the Au- and Ag-bonded dimer, respectively, implying that each C-Au

bond is ∼0.66 eV stronger than the C-Ag bond. This substantial di�erence in bond

dissociation energies � being even larger than the di�erence in reaction barriers be-
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tween Au and Ag � also provides the base for explaining the deviating experimental

results on both surfaces: The high C-Au bond strength stabilizes the organometal-

lic structures up to the higher surface temperatures that are required to thermally

surmount the conversion barrier, whereas the relative weakness of the C-Ag bonds

cannot prevent dissociation of the organometallic networks during annealing, which

is also entropically favored. Once the organometallic structures disintegrate at higher

temperatures, the relatively small individual pyrene molecules then desorb from the

Ag(111) surface.

4.6 Summary and conclusion

In summary, we studied and compared the on-surface polymerization of Br2I2Py on

Au(111) vs. Ag(111). To overcome the expected and previously reported large steric

hindrance of 1-1' coupled pyrenes, we propose a sequential polymerization into �rst

1D chains followed by their fusion into 2D cross-linked polymers. This reaction se-

quence was already encoded in the structure of the Br2I2Py precursor through the

bromine- and iodine-functionalization that employs the well-known conveniently large

di�erences in activation temperatures for deiodination and debromination on coinage

metal surfaces. RT deposition of Br2I2Py on Au(111) just resulted in partial deiod-

ination, and STM revealed ordered arrangements of both intact Br2I2Py molecules

and organometallic dimers based on C-Au-C linkages. Mild annealing at 100 ◦C on

Au(111) results in full deiodination and the formation of extended 1D organometallic

chains as intended by the halogen substitution pattern of Br2I2Py. On Ag(111) the

surface chemistry of Br2I2Py is comparable to other halogenated aromatic molecules:

full deiodination and partial debromination after RT deposition with subsequent for-

mation of organometallic interlinks. The C-Ag-C linkages become reversible upon

mild annealing at 125 ◦C, facilitating structural equilibration to some extent through

�organometallic self-assembly�. Interestingly, the organometallic networks were un-

ambiguously detected in XPS as low EB shoulder of the C 1s line only on Ag(111),

but not on Au(111). Furthermore, in carbon K-edge NEXAFS an additional reso-

nance appeared between the π∗- and σ∗-resonances of the pyrene backbone, again

only on Ag(111), but not on Au(111). Owing to the odd incidence angle dependence

of its intensity this additional resonance is attributed to electronic transitions from

pyrene C 1s core levels into unoccupied electronic states of Ag atoms in the C-Ag-C

linkages. Hence this resonance represents a further spectroscopic signature of the

organometallic intermediates.
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Conversion of the organometallic into structurally well-de�ned covalent networks

was not possible on both surfaces: on Au(111) covalent pyrene networks may have

formed, as XPS con�rms full debromination, NEXAFS proves the intactness of the

pyrene entities, and molecular structures remained stable on the surface at higher

annealing temperatures. However, these might be highly non-planar and structurally

not very well-de�ned, rendering further structural characterization by STM impos-

sible. On Ag(111) higher annealing of the organometallic networks just resulted in

desorption. The di�erences can be rationalized and traced back to the higher binding

energy of C-Au as compared to C-Ag organometallic bonds as suggested by a com-

parison of DFT-derived reaction barriers for the conversion and bond dissociation

energies of organometallic dimers.

In summary, covalent interlinking of pyrenes into well-de�ned quasi 2D networks

on surfaces remains intricate, not only due to the large steric hindrance, but also

due to the interference of metal adatoms. This results in the formation of relatively

stable organometallic networks, where comparatively high temperatures are needed

for the conversion to covalent networks. In general, higher annealing temperatures

are undesirable in on-surface synthesis, since this always imposes a certain risk of

unwanted side reactions or (partial) detachment from the surface. Yet, appropri-

ately substituted pyrenes still remain highly interesting for the on-surface synthesis

of conjugated 2D polymers.

4.7 Materials and methods

STM, XPS, and NEXAFS experiments were carried out under ultrahigh vacuum

(UHV) conditions with a base pressure below 3 × 10−10 mbar. Ag(111) and Au(111)

single crystals surfaces as well as epitaxial Au(111) �lms on mica were prepared by

cycles of 0.5 keV Ar+-ion sputtering and annealing at 500 ◦C. Br2I2Py was deposited

by thermal sublimation from a home-built Knudsen-cell91 with crucible temperatures

ranging from 165 ◦C to 180 ◦C. In order to exclude an additional in�uence of surface

coverage, the deposition times were adjusted to yield comparable coverage of ∼0.3
monolayer. STM data were acquired in-situ at RT with a home-built instrument

controlled by a commercial SPM100 controller (RHK Technology Inc.). NEXAFS and

XPS experiments were carried out in a Prevac endstation at the HE-SGM beamline

at Helmholtz-Zentrum Berlin. Carbon K-edge NEXAFS spectra were acquired in

the analysis chamber using a home-built double channel plate detector in partial

electron yield mode (V = -150 V). XP spectra of C 1s, Br 3d, and I 3d were acquired

49



On-surface polymerization of 1,6-dibromo-3,8-diiodopyrene

with a Scienta R3000 electron analyzer at normal electron emission with photon

energies of 450 eV for C 1s / Br 3d and 750 eV for I 3d. A pass energy of 50 eV

was used in all cases, and Au 4f7/2 and Ag 3d5/2 binding energies of 84.0 eV134 and

368.2 eV,135 respectively were used for energy calibration. Density functional theory

(DFT) calculations were performed with the VASP code,136 projector augmented

wave potentials137 and plane waves expanded to a kinetic energy cuto� of 400 eV.

Exchange-correlation e�ects were treated by the PBE functional and all structures

were optimized until the residual forces on all atoms were smaller than 0.01 eV Å−1.138

Reaction barriers were calculated using the Climbing Image Nudge Elastic Band139

and the dimer methods.140 Bond dissociation energies were calculated by comparing

the energies of organometallic structures with those of the individual subsystems (i.e.

Au / Ag atom and pyrene radical). All calculations included spin-polarization.
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5 Remote functionalization in surface-assisted de-

halogenation guided by conformational mechanics:

organometallic self-assembly of

3,3',5,5'-tetrabromo-2,2',4,4',6,6'-hexa�uorobiphenyl

on Ag(111)

The following section shows the results and interpretation of the second exemplary

surface-assisted Ullmann reaction of this thesis. A per�uorinated and brominated

biphenyl precursor is studied on Ag(111). The section is published and reproduced

from: M. Lischka, G. S. Michelitsch, N. Martsinovich, J. Eichhorn, A. Rastgoo-

Lahrood, T. Strunskus, R. Breuer, K. Reuter, M. Schmittel, W. M. Heckl, and

M. Lackinger: Remote functionalization in surface-assisted dehalogenation guided

by conformational mechanics: organometallic self-assembly of 3,3',5,5'-tetrabromo-

2,2',4,4',6,6'-hexa�uorobiphenyl on Ag(111), Nanoscale, 2018, 10, 12035�12044 with

permission from The Royal Society of Chemistry.

I performed all the experiments and the corresponding data analysis and inter-

pretation, and prepared the manuscript under supervision of Prof. Lackinger. The

co-authors J. Eichhorn, A. Rastgoo-Lahrood and Dr. T. Strunskus gave support

during synchrotron measurements, while R. Breuer synthesized the precursor under

supervision of Prof. Schmittel. G. Michelitsch provided the DFT calculations, STM

image and XPS core level simulations under supervision of Prof. Reuter.



Remote functionalization in surface-assisted dehalogenation

5.1 Abstract

Even though the surface-assisted dehalogenative coupling constitutes the most abun-

dant protocol in on-surface synthesis, its full potential will only become visible if

selectivity issues with polybrominated precursors are comprehensively understood,

opening new venues for both organometallic self-assembly and on-surface polymer-

ization. Using the 3,3',5,5'-tetrabromo-2,2',4,4',6,6'-hexa�uorobiphenyl (Br4F6BP)

at Ag(111), we demonstrate a remote site-selective functionalization at room tem-

perature and a marked temperature di�erence in double- vs. quadruple activation,

both phenomena caused by conformational mechanical e�ects of the precursor-surface

ensemble. The submolecularly resolved structural characterization was achieved by

Scanning Tunneling Microscopy, the chemical state was quantitatively assessed by

X-ray Photoelectron Spectroscopy, and the analysis of the experimental signatures

was supported through �rst-principles Density-Functional Theory calculations. The

non-planarity of the various structures at the surface was speci�cally probed by

additional Near Edge X-ray Absorption Fine Structure experiments. Upon pro-

gressive heating, Br4F6BP on Ag(111) shows the following unprecedented phenom-

ena: (1) formation of regular organometallic 1D chains via remote site-selective

3,5'-didebromination; (2) a marked temperature di�erence in double- vs. quadru-

ple activation; (3) an organometallic self-assembly based on reversibility of C-Ag-C

linkages with a thus far unknown polymorphism a�ording both hexagonal and rect-

angular 2D networks; (4) extraordinary thermal stability of the organometallic net-

works. Controlled covalent coupling at the previously Br-functionalized sites was

not achieved for the Br4F6BP precursor, in contrast to the comparatively studied

non-�uorinated analogue.

5.2 Introduction

Over the last decade, the bottom-up fabrication of metal-organic and covalent nano-

structures on solid surfaces has gained signi�cant interest and momentum.9,109,141,142

The main idea and bene�t of such on-surface synthesis are to combine the stabil-

ity gained by strong interlinks with the versatility of molecular systems. This ap-

proach a�orded an intriguing variety of atom-precise structures, comprising covalent

1D wires, chains, and ribbons, as well as 2D networks including �rst steps towards

electronic conjugation.48,143 For metal-organic networks the chemical structure of

the ligands and choice of coordination centers both facilitate tuning and tailoring
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of network topologies and properties. In this respect, the introduction of iron or

cobalt as the coordination center promises unsurpassed catalytic or magnetic proper-

ties.144,145 Moreover, recently unique 5-fold coordination motifs were realized in a 2D

environment using rare-earth metals, even resulting in networks with quasicrystalline

characteristics.77 An intriguing variant are the organometallic structures based on

carbon-metal-carbon linkages that are routinely observed as metastable intermediates

on silver and copper surfaces upon dissociation of halogen substituents that act as

leaving groups. Both metal-coordination and organometallic linkages can become re-

versible, as important premise for self-assembly of highly ordered networks.146 More-

over, structural equilibration in organometallic networks represents a viable route

to improve the structural quality of the corresponding covalent networks that are

obtained through a thermally activated isostructural conversion.43,55,57,147 Yet, in-

ducing reversibility in organometallic bonds typically requires higher temperatures

as compared to their metal-organic counterparts. In general, the surface-templated

bottom-up synthesis of 2D materials with unprecedented chemical, structural, and

electronic properties is highly inspiring for nanotechnological applications in a broad

variety of �elds such as electronics, sensors, separation, and catalysis.22,148

In principle, on-surface synthesis facilitates reticular design of novel 2D materi-

als, predetermining arbitrary ordered structures through the judicious choice of the

assembling molecular units. However, limited regioselectivity, side reactions, surface

in�uence, and the absence of error correction due to the irreversibility of newly estab-

lished covalent links render this conceptually straightforward approach challenging in

practice. In this respect, well-behaved and controllable coupling reactions for fus-

ing the molecular units are of crucial importance. To date, surface-assisted Ullmann

coupling is the most reliable and predictable workhorse to achieve linking via C-C

bonds,8 which furthermore bene�ts from the abundant availability of the employed

halogenated precursors. Ullmann coupling is based on aryl halides that can easily be

dissociated on metal surfaces, in most cases Cu, Ag, or Au. The generated surface-

stabilized radicals may subsequently recombine to form new C-C linkages, either

directly or via metastable organometallic intermediates.42,43 Consequently, research

on organometallic self-assembly was initially fueled by the large interest in on-surface

synthesis of covalent nanostructures, but has now become a topic of its own.

Despite this relevance and signi�cant research e�orts into the dehalogenation

as the preceding step for both organometallic self-assembly and Ullmann coupling,

many central issues of reactivity, chemo- and regioselectivity are still poorly un-
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derstood. For instance, 1,3-bis(p-bromophenyl)-5-(p-iodophenyl) benzene showed

full deiodination and ∼38% debromination after room temperature deposition onto

Ag(111), but debromination was only completed at ∼260 ◦C.43 In stark contrast,

1,3,5-tris(p-bromophenyl)benzene was not debrominated at all after room temper-

ature deposition onto Ag(111), but already fully debrominated upon annealing to

∼120 ◦C.149 Such examples of di�erential reactivity highlight the current lack of un-

derstanding, which prevents a higher level of control in on-surface synthesis that is

an absolute necessity for improving the notoriously low structural qualities, currently

the most crucial hindrance for applications.

Here we address the reactivity as well as chemo- and regioselectivity of surface-

assisted debromination in 3,3',5,5'-tetrabromo-2,2',4,4',6,6'-hexa�uorobiphenyl

(Br4F6BP, cf. Fig. 5.1(a) for its structure) as a prototypical representative of a per-

�uorinated oligobromoarene. Fluorine substitution constitutes an important strategy

to chemically alter relevant properties of neighbouring groups and is additionally ex-

pected to in�uence formation, reversibility, and stability of organometallic networks.

In general, �uorination enhances the electron acceptor properties, and attractive elec-

tronic properties were predicted for edge-�uorinated graphene nanoribbons.132,150

We explore the thermally activated surface chemistry of Br4F6BP by a multi-

technique approach, comprising a deep structural, chemical, and �rst-principles com-

putational characterization. The bond dissociation energy of F-C in the gas phase

of 5.4 eV even exceeds the value of 5.1 eV for C-C bonds, suggesting that activa-

tion of the �uorinated sites is rather unlikely, even if the proximity of a surface can

promote de�uorination.39,151 Given the high volatility of Br4F6BP, the more reactive

Ag(111) surface was chosen, as thermally activated surface chemistry is not feasi-

ble on more noble Au(111) surfaces due to preferential desorption of the precursors

upon heating (cf. Sec. B.4). The key �ndings for Br4F6BP and its comparatively

studied non-�uorinated analogue 3,3',5,5'-tetrabromobiphenyl (Br4BP) on Ag(111)

are summarized in Fig. 5.1.

A priori, various e�ects of the per�uorination are conceivable: (1) the C-Br bond

strength ought to be modi�ed by inductive e�ects, resulting in altered debromina-

tion barriers / temperatures and reaction kinetics, respectively. By the same token,

the strength of the C-Ag-C linkages in the organometallic intermediate could be al-

tered. (2) The gas phase structure of Br4F6BP is highly non-planar with a large

dihedral angle and rotational barrier at the biphenyl unit due to the ortho-�uorine

substituents, which could have consequences for the surface chemistry and the regios-
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Figure 5.1: Overview over the thermally induced structural and chemical changes
of Br4F6BP and Br4BP on Ag(111).
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electivity of the second debromination step. (3) The ortho-�uorine atoms next to the

reactive C-Br gives rise to an additional barrier for the covalent aryl-aryl coupling.

(4) The high electronegativity of �uorine in�uences non-covalent intermolecular bonds

that steer the organization of precursors as well as reaction intermediates and prod-

ucts. Direct e�ects are expected due to the negative partial charge, but �uorine

substituents can also enhance the halogen bond strength of neighbouring bromine or

iodine substituents,152 or even directly form halogen bonds.153

5.3 Results

After room-temperature deposition (RT) of Br4F6BP onto Ag(111) two di�erent

structures were observed by STM, representative images are depicted in Fig. 5.2(a)

and (b) (cf. Fig. B.1(a) / (b) for overview images). Evidently, the structure shown

in Fig. 5.2(a) consists of interdigitated 1D chains. A perfect geometrical match

is achieved with organometallic chains based on C-Ag-C linkages that result from

exclusive didebromination of the precursors across the diagonal, i.e. at the 3- and

5'-positions. The bright protrusions on alternating sides of the chains are attributed

to remaining bromine substituents at the 5- and 3'-positions. The experimentally

determined repeat distance of (1.06 ± 0.10) nm is consistent with the DFT-derived

value of 1.02 nm found for a periodic planar chain, excluding direct covalent bond

formation that would result in a ∼0.25 nm smaller value.43

Chain interdigitation is likely driven by weak halogen bonding between the re-

maining Br- and the F-substituents. The more regular and densely packed structure

in Fig. 5.2(b) features an oblique unit cell with a = (1.06 ± 0.06) nm,

b = (0.78 ± 0.08) nm, γ = 85◦. Also this structure matches perfectly with organometal-

lic chains, yet with a higher packing density. This assignment is corroborated by

the equal repeat distance in chain direction (corresponding to lattice parameter a)

and the pronounced STM contrast at the positions of the remaining bromine sub-

stituents. The average chain length in the less densely packed structure corresponds

to (12.7 ± 11) nm and increases only slightly to (14.7 ± 13.6) nm for the more densely

packed structure. These lengths were evaluated for domains with packed chains, ig-

noring the relatively short chain segments in more defective areas (cf. Fig. B.1).

The observed formation of organometallic structures agrees with previous stud-

ies of various brominated precursors on Ag, consistently reporting organometallic

intermediates upon partial debromination at room temperature.42,43,118,154 Yet, an

intriguing aspect here is the remote site-selective didebromination exclusively at the
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Figure 5.2: STM images acquired (a) / (b) after RT deposition of Br4F6BP on
Ag(111), and subsequent annealing to (c)-(e) 200 ◦C and (f) 300 ◦C. After RT depo-
sition (a) more loosely and (b) densely packed ordered arrangements of organometal-
lic chains were observed. Annealing to 200 ◦C resulted in coexisting organometallic
�ower ((c) overview, (d) close-up) and (e) checkerboard structures; (f ) the �ower
structure persisted even after annealing to 300 ◦C. Unit cells are indicated by white
lines ((a), (c)). Tunneling parameters: (a) 44 pA, -0.69 V; (b) 22 pA, 1.26 V; (c)
45 pA, 0.58 V; (d) 45 pA, 0.58 V; (e) 42 pA, 0.60 V; (f ) 92 pA, 0.53 V. Voltage
polarities refer to the tip.
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3- and 5'-positions, as required for chain formation. To unveil structural details of

the chains and also to explain the STM contrast, isolated chains were simulated ei-

ther with enforced planar geometry or alternatively by constraining all Ag atoms to

similar height. The latter conditions result in signi�cant tilting of the phenyl rings

in the biphenyl unit with a dihedral angle of ∼49◦ and a slightly reduced repeat dis-

tance of 0.986 nm. Based on a comparison of the experimental STM images with the

relatively pronounced contrast at the remaining bromine substituents and respective

STM image simulations, better agreement with the STM images in Fig. 5.2(a) and

(b) is achieved for tilted than for planar chains (cf. Fig. B.9). Yet, the structure of

adsorbed chains might become decisively modi�ed through interactions with the sur-

face. Therefore, additional DFT simulations were carried out including the Ag(111)

surface (cf. Fig. B.10). Among the stable structures two perfectly matching candi-

dates were identi�ed. Both structures feature a repeat distance of 1.05 nm along the

chain, and interchain spacings of 0.77 nm and 1.05 nm, in accord with the experimen-

tal values of (0.78 ± 0.08) nm and (1.03 ± 0.10) nm for the more loosely and densely

packed structures, respectively. Even in the presence of the surface, the biphenyl

units remain signi�cantly tilted, with large dihedral angles of ∼58◦ and ∼43◦ for the
more densely and loosely packed structures. Consequently, the remaining bromine

substituents also appear with a pronounced contrast in the corresponding STM image

simulations (cf. Fig B.10).

The proposed 3,5'-didebromination after room temperature deposition is also

corroborated by the corresponding Br 3d X-ray Photoelectron (XP) spectrum in

Fig. 5.3(b) showing two chemically shifted Br species, each appearing as a spin-orbit

doublet. The species with a higher Br 3d5/2 binding energy (EB) of 70.2 eV corre-

sponds to carbon-bound Br on the molecule,118 whereas the species at a lower EB
of 68.1 eV indicates surface-bound, i.e. dissociated bromine.42,43 Fitting the spectra

results in a peak area ratio of ∼65% molecule-bound and ∼35% dissociated bromine.

For perfect in�nite chains, a debromination ratio of 50% is expected. Hence, the lower

experimental value may indicate relatively short chains or other type of defects.

The strong evidence for organometallic linkages from STM is further corroborated

by the C 1s XP spectrum in Fig. 5.3(a). As a guideline for the �tting of this rather

complex C 1s spectrum with contributions from carbon atoms in various di�erent

chemical environments, core-level shifts were calculated for isolated species by DFT.

The simulations were carried out on each symmetry-inequivalent carbon atom one

at a time. All structures considered are depicted in Fig. 5.4, and the calculated
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core-level shifts are summarized in Table 5.1, where intact precursors are also in-

cluded for comparison. Irrespective of the exact con�guration, the following common

features of the core-level shifts are identi�ed: as anticipated, the �uorine-substituted

carbons (C-F) exhibit the highest C 1s EBs in accord with literature.155,156 Addi-

tional small relative shifts can occur at the non-equivalent positions. In contrast,

the organometallic carbon atoms directly bound to Ag (C-Ag) always appear at the

lowest EB. Interestingly, the relative order of C 1s EBs of the 1/1' carbons (C-C) at

the linkage of the two phenyl units and bromine-substituted (C-Br) carbons depends

on the degree of debromination and the geometric structure.

For a fully brominated and planar Br4F6BP monomer the C-Br EB is slightly

higher than that of C-C as intuitively expected, whereas for a non-planar geometry

the order is reversed with a signi�cantly enhanced EB for C-C. In the half brominated

and half organometallic compound, the EBs of C-C and C-Br are essentially similar

for both planar structures, whereas for the non-planar structure C- features a lower

EB.

These simulation results in combination with additional information from Br 3d

aided in �tting the C 1s peak: 35% debromination implies on average 2.4 remaining

bromine substituents per molecule. Accordingly, the C-Br (with 2.4 such carbons per

molecule) intensity is higher than that for the C-C species (with two such carbons

per molecule). For the computationally somewhat undecided EB order of the not

separately resolved C-C and C-Br species, NEXAFS provided additional information:

the chemically distinct carbon species are also re�ected as �ne structure in the π∗-

resonance, normally even with higher sensitivity for the chemical environment of an

atom than in XP Spectroscopy.98 The strongest resonance at the highest photon

energy is related to C-F with the highest C 1s EB, whereas the adjacent resonance

at lower photon energies has the second strongest intensity. Hence, the C-Br EB is

higher than that of C-C in agreement with the DFT results, in particular for the

non-planar structure in Fig. 5.4(e). For �tting the XP spectra, two C-F species

with slightly di�erent EBs were considered as also suggested by the simulations. This

additional information results in a good �t for C 1s as shown in Fig. 5.3(a) with

relative amounts of 43% (50%) C-F, 25% (21.5%) C-Br, 20% (16.7%) C-C, 12.5%

(12.5%) C-Ag. The values in parenthesis correspond to the percentages expected

for 65% brominated sites and full conversion of 35% into organometallic sites after

debromination.
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Figure 5.3: XP spectra of C 1s (left column) and Br 3d (right column) acquired
after RT deposition of Br4F6BP (upper row) and subsequent annealing at 200 ◦C
(middle row) and 300 ◦C (lower row). Raw data are represented by dots; solid lines
show �ts with Gaussian line shape and linear background. C 1s �ts are assigned to
following colour scheme: C-F(4,4'), dark cyan; C-F(2,6';2',6), light blue; C-Br, blue;
C-C, green; C-Ag in half brominated and half organometallic phenyl rings, magenta;
C-Ag in fully organometallic phenyl rings, light pink; Br 3d �ts are presented for
Br-C in blue and chemisorbed Br in green; red lines correspond to the sum of all
components.
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Figure 5.4: Chemically distinct structures considered in the C 1s core-level shift
simulations (the dihedral angles are indicated below): (a) fully brominated, planar;
(b) fully brominated, non-planar with a dihedral angle of 62.5◦; (c) 50% debromi-
nated, 50% organometallic, cis, planar; (d) 50% debrominated, 50% organometallic,
trans, planar; (e) 50% debrominated, 50% organometallic, trans, non-planar with a
dihedral angle of 62.5◦; (f) fully debrominated and organometallic, planar.

(a) (b) (c) (d) (e) (f)

C-F (4,4') -0.07 0.00 -0.29 -0.30 -0.08 -0.26

C-F (2,2') 0.00* -0.14* -0.23 -0.24 -0.25 0.00*

C-F (6,6') 0.00* -0.14* 0.00 0.00 0.00 0.00*

C-Br -1.25 -1.22 -1.31 -1.31 -1.15 -

C-C -1.18 -1.91 -1.29 -1.30 -1.90 -1.15

C-Ag - - -2.77 -2.79 -2.59 -2.54

Table 5.1: Calculated relative core-level shifts of C 1s in eV for the structures shown
in Fig. 5.4. The carbon atom with the highest binding energy was used as reference.
Core-level shifts are only given for one phenyl ring, the core-level shifts in the other
phenyl ring are symmetry related.

61



Remote functionalization in surface-assisted dehalogenation

To acquire quantitative information on the phenyl tilt angles, carbon K-edge

NEXAFS experiments were performed. The spectra acquired after room temperature

deposition of Br4F6BP onto Ag(111) for �ve di�erent incidence angles are depicted

in Fig. 5.5(a). All spectra show strong C 1s −→ π∗-resonances for photon ener-

gies below 290 eV as expected for aromatic compounds.104�106,124 The �ne structure

consists of four resolved peaks, nicely re�ecting the chemical shifts of carbon. The

strongest peak at the highest photon energy of 287.7 eV corresponds to C-F with

the highest C 1s EB. These results are in accord with NEXAFS spectra of a per�u-

orinated oligo(p-phenylene).157 The π∗-resonances exhibit a pronounced dichroism,

indicating a highly uniform orientation of all molecules on the surface. A detailed

analysis of the dependence of the intensity of the resonance corresponding to the

phenyl-phenyl carbons on the incidence angle results in an average orientation of the

transition dipole moment of (45◦ ± 5◦) with respect to the surface (cf. Fig. 5.5(b)).

Direct interpretation as phenyl tilt angle is not indicated, as this value appears unre-

alistically high. DFT simulations of the organometallic chains adsorbed on Ag(111)

suggest notably smaller tilt angles, i.e. half of the dihedral angle in the biphenyl

unit for a symmetric adsorption geometry, of 29◦ (densely packed) and 22◦ (loosely

packed) with respect to the surface. This discrepancy could be related to more sub-

tle e�ects that result in apparent tilt angles, for instance hybridization of molecular

with surface electronic states or upward bending of the �uorine substituents.158 Ad-

ditionally, complications for the direct interpretation of NEXAFS data can arise from

core-hole localization and π∗ delocalization e�ects in the biphenyl.159 Perspectively,

it is important to explore whether higher level NEXAFS simulations with explicit

evaluation of transition dipole moments and consideration of the underlying surface

result in quantitative agreement.

After sample annealing to 200 ◦C subsequent STM imaging revealed the coexis-

tence of two di�erent regular 2D networks: a �ower (Fig. 5.2(d)) and a checkerboard

structure (Fig. 5.2(e)) with hexagonal (a = b = (1.84 ± 0.18) nm) and centered

rectangular unit cell (a = (1.57 ± 0.08) nm, b = (1.30 ± 0.10) nm), respectively.

In particular the �ower structure exhibits a high defect density and more disordered

areas or vacancies were also discerned, mainly at phase boundaries. Both ordered

structures are identi�ed as organometallic networks with C-Ag-C interlinks between

fully debrominated molecules. Accordingly, the checkerboard structure features two

molecules per unit cell, whereas in the �ower structure each unit cell accommodates

three 120◦ rotated molecules resulting in a structure with p6mm symmetry. Scaled
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Figure 5.5: Carbon K-edge NEXAFS spectra of Br4F6BP on Ag(111) acquired for
�ve di�erent incidence angles after (a) RT deposition and subsequent annealing to
(c) 200 ◦C and (d) 300 ◦C. All spectra were energy- and �ux-corrected, background-
subtracted, and normalized. Incidence angles θ refer to the surface, i.e. 90◦ corre-
sponds to normal incidence. (b) Shows intensity vs. incidence angle θ plots for the
resonance corresponding at a photon energy at 285.9 eV; the coloured solid lines are
theoretical curves for the stated tilt of the transition dipole moment with respect to
the surface normal, evaluated for the known X-ray polarization of P = 0.92.
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overlays with DFT-optimized geometries perfectly match with the STM data. Ac-

cordingly, the experimental lattice parameters are consistent with optimized unit cell

parameters from periodic DFT simulations with enforced planar geometry, yielding

a = b = 1.86 nm for the �ower, and a = 1.61 nm, b = 1.22 nm for the checker-

board structure, respectively. Moreover, the pronounced STM contrast of the Ag

atoms in the organometallic linkages as similarly observed in comparable networks on

Ag(111),42,43 is well reproduced in STM image simulations based on the correspond-

ing structures (cf. Fig. B.11). Complementary experiments with 4-fold decreased

heating and cooling rates (1.5 ◦C min−1 instead of 5.8 ◦C min−1) yielded similar

results (cf. Fig. B.3). Interestingly, comparable long-range ordered organometallic

structures were not observed for the topologically similar 3,5,3�,5�-tetrabromo-para-

terphenyl precursor on Cu(111).160 A conceivable reason could be a diminished bond

reversibility of the C-Cu-C linkages due to the higher organometallic bond strength.

Formation of fully cross-linked organometallic networks is triggered by progressive

debromination, as also corroborated by Br 3d XP spectra indicating 86% debromina-

tion after annealing to 200 ◦C. Although the chemical state of the adsorbed molecules

did not change markedly, the corresponding C 1s XP spectrum in Fig. 5.3(c) shows

drastic alterations. It consists of two clearly separated main peaks, where the low-

est EB peak features an additional low EB shoulder. Based on the STM results,

the following assignment is proposed: the highest EB peak still corresponds to C-F.

The small shoulder at the lowest EB could still be assigned to C-Ag, however, this

leaves the question about the origin of the second main peak at a EB of 284.8 eV

(Fig. 5.3(c)). STM unambiguously shows the formation of organometallic networks,

which should also be re�ected in XPS as increasing C-Ag intensity. To resolve this

discrepancy, we propose that the second main component in C 1s can be assigned

to C-Ag in fully debrominated phenyl rings within the organometallic networks (Fig.

5.3(c), ∼284.8 eV, light pink). This implies that the chemical shift of C-Ag in the

networks is ∼1.24 eV smaller than that in the organometallic chains observed after

room temperature deposition. This hypothesis is corroborated in the core-level shift

simulations: in the half-brominated half-organometallic phenyl rings that mimic the

chains, C-Ag is shifted by -2.79 eV with respect to the highest EB C-F, whereas the

C-Ag shift decreases to -2.54 eV in the fully organometallic phenyl rings as in the

2D networks. Accordingly, we propose that the C-Ag shift depends on the num-

ber of organometallic bonds in the phenyl rings, with a signi�cantly smaller EB for

phenyl rings with two organometallic bonds (chains) than with four organometallic
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bonds (�ower and checkerboard). Even though absolute values cannot be accurately

reproduced by the model calculations, the trend is fully con�rmed. Nevertheless,

the strongest justi�cation of our interpretation originates from the STM data, unam-

biguously showing organometallic networks. This interpretation is further supported

by Br 3d XPS: 14% Br remained molecule-bound even after annealing to 200 ◦C.

Assuming that all remaining Br are situated at the slightly tilted phenyl rings in the

chains with one organometallic bond, this should result in 3% of the corresponding

C 1s intensity, in reasonable agreement with a value of 7% from the �t. We note

that this interpretation of the XPS data would not have been possible without STM

data and C 1s core level shift simulations: the chemical shift of the C-Ag species

observed after annealing to 200 ◦C in the fully organometallically linked phenyl rings

towards typical values for carbon-bound carbon could easily have been misinterpreted

as formation of fully covalent networks.

Further annealing to 300 ◦C resulted in disappearance of the checkerboard and

prevalence of the �ower structure as shown by the STM image in Fig. 5.2(f). This

suggests that the �ower structure is thermodynamically more stable, whereas the

polymorphism observed for lower annealing temperatures of 200 ◦C can be attributed

to kinetic e�ects. Even though the domain sizes increased considerably, the �ower

structure still exhibits a relatively high defect density. In addition, STM showed the

emergence of more disordered not further resolved structures, mostly at the boundary

of the remaining �ower structure (Fig. 5.2(f) examples marked by red arrow). In

XPS C 1s (Fig. 5.3(e)) appeared largely similar to the spectrum seen after annealing

to 200 ◦C, only with a slight change of the intensity ratio at the expense of the

C-F component. Moreover, the degree of debromination increases slightly to 91%,

i.e. a safely detectable proportion of Br still remained molecule-bound (Fig. 5.3(f)),

whereas the total amount of Br on the surface did not change.

Further NEXAFS experiments were also carried out after annealing to 200 ◦C

and 300 ◦C, respectively. The spectra depicted in Fig. 5.5(c) and (d) appear largely

similar for both annealing temperatures. In contrast to the room temperature spectra,

the shape of the π∗-resonances changed from one main peak with �ne structure to two

peaks with comparable intensity, mirroring the changes also observed in C 1s XPS.

Again an unrealistically large apparent phenyl tilt angle of (50◦ ± 5◦) is deduced

from the intensity dependence. This is at odds with the STM results, since in the

2D networks, the biphenyl units are constrained to a planar geometry by the four

intermolecular organometallic bonds. As already discussed above, a straightforward
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interpretation of NEXAFS data assuming the transition dipole moment perpendicular

to the phenyl ring is not indicated here.

Ordered organometallic networks could not be observed anymore after annealing

at 400 ◦C. STM showed only disordered structures, where molecular units could not

be discerned anymore (cf. Fig. B.2(c) / (d)). In XPS the C 1s intensity remained

constant, whereas F 1s decreased to about 75%, indicating the onset of de�uorination

(cf. Fig. B.6). A possible X-ray radiation damage of the �uorine functional groups

appears unlikely, as an additional experiment with a 60% reduced dose showed similar

results. Moreover, the total intensity of Br 3d on the surface decreased to 34% of

the initial amount due to thermal desorption. The constant amount of carbon on

the surface excludes sizable desorption of monomers. For such a relatively small

molecule, stabilization on the surface at these high temperatures can only be achieved

by forming larger aggregates, suggesting formation of covalent intermolecular bonds.

However, the lack of molecular resolution in STM may indicate more disordered

structures without de�ned interlinks.

5.4 Discussion

Partial debromination followed by the formation of organometallic bonds is commonly

observed for comparable brominated precursors on Ag(111) around room tempera-

ture.42,43 In this respect, the per�uorination as in Br4F6BP does not lead to signif-

icant changes. This is fully consistent with the expectations from our DFT-derived

homolytic bond dissociation energies of C-Br bonds in the gas phase, resulting in a

similar value of 4.4 eV for both Br4F6BP and its non-�uorinated analogue. A spectac-

ular observation is the formation of regular 1D chains through remote site-selective

didebromination at the 3- and 5'-positions. Yet, this unprecedented phenomenon

can be rationalized by the interplay of bond formation between radicals and adatoms

and electrostatically mediated intramolecular conformational mechanics: the �rst de-

bromination occurs at a random site (referred to as 3), directly followed by formation

of an organometallic bond with an Ag adatom. The relatively large di�erence of ad-

sorption heights between Ag adatoms (0.236 nm in three-fold hollow sites according

to the (111) lattice plane spacing or 0.244 nm according to our DFT simulations of

organometallic chains) and aromatic backbones (0.316 nm for per�uoropentacene on

Ag(111)161 or 0.323 nm according to our DFT simulations of organometallic chains)

tilts the �rst phenyl ring toward this organometallic bond. Accordingly, the adsorp-

tion height and consequently the debromination barrier of the Br at the 5-position
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increase, resulting in kinetic stabilization. The remote site-selective debromination

at the second phenyl ring in 5'-position is mediated by the steric repulsion through

the ortho-�uorine atoms, leading to a large dihedral angle between the two phenyl

rings. This conformational tilt of the second phenyl ring in the opposite direction

gives rise to a low adsorption height and debromination barrier at the 5'-position

and kinetic stabilization of the Br at the 3'-position. In essence, the steric repulsion

conveys the remote site-selective debromination across two phenyl rings. However,

substantial di�erences in e�ciency of this process were observed between di�erent ex-

perimental runs: for the results shown in Fig. 5.2(b) overview images indicate a very

high yield with almost no defects; this high regularity also enables the more dense

packing of the chains; in contrast, for the results shown in Fig. 5.2(a) a markedly

reduced selectivity of ∼60% was deduced from statistical analysis of STM data (cf.

Fig. B.4). Accordingly, a more subtle in�uence from additional preparation parame-

ters such as deposition rate and surface temperature during deposition appears likely.

To shed more light on the conformational mechanics, comparative STM experiments

were carried out with the non�uorinated analogue Br4BP. In analogy to Br4F6BP,

room temperature deposition of Br4BP onto Ag(111) likewise results in the formation

of 1D organometallic chains (cf. Fig. B.7(a) / (b)). These results unambiguously

demonstrate that even the weaker steric repulsion of the ortho-hydrogens is su�cient

to mediate a site-selective 3,5'-didebromination through conformational mechanics.

Interestingly, deposition of Br4BP onto Ag(111) held at 50 ◦C induces high defect den-

sities, also related to progressive dissociation of the remaining bromine substituents

(cf. B.7(c) / (d)). These additional experiments demonstrate that for Br4BP the

conformational mechanics is not very robust against higher thermal energy, hence

only works in a relatively small temperature window.

The formation of organometallic networks from multiply brominated precursors

on Ag(111) driven by the thermally activated progression of debromination is well

documented.42,43,162 In this sense, Br4F6BP-derived networks are a further exam-

ple for �organometallic self-assembly�, con�rming the mandatory bond reversibil-

ity of C-Ag-C linkages. Yet, the observed polymorphism is quite uncommon for

organometallic self-assembly. For Br4F6BP as precursor, the two experimentally ob-

served regular structures correspond to the two least complex structures conceivable

for these two-fold symmetric tectons and straight C-Ag-C linkages. Interestingly,

all Ag atoms in the organometallic networks exhibit comparable apparent heights

in STM, prohibiting any tilt within the biphenyl backbone. Given the large steric
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repulsion due to the ortho-�uorine atoms, co-planar adsorption appears surprising.

On the other hand, DFT indicates a relatively modest energy cost of 1.32 eV for

planarization of the Br4F6BP in the gas phase in accord with literature values.163

The planarization is accompanied by a lengthening of the phenyl-phenyl bond from

0.1481 nm to 0.1544 nm to alleviate the electrostatic repulsion.

Even though STM indicates a largely similar adsorption height of all organometal-

lic Ag atoms, closer inspection reveals more subtle di�erences: some Ag atoms appear

rather noisy, whereas others could be stably imaged (examples are marked by red and

green arrows, respectively, in Fig. 5.2(c) / (d)), ruling out tip instabilities. The distri-

bution is not random: stable Ag atoms appear predominantly at domain boundaries

and defects, whereas within the domains the majority of Ag atoms appear noisy (cf.

Fig. B.5). This peculiar di�erence is attributed to a weakening of the surface contacts

for noisy Ag atoms as a consequence of constraining the intrinsically twisted biphenyl

molecules to planarity by their integration within the networks. Again, it is instruc-

tive to compare the 2D organometallic self-assembly of Br4F6BP and Br4BP triggered

by full debromination. In contrast to the �uorinated precursor, the non-�uorinated

precursor exclusively forms the checkerboard pattern without any indications of poly-

morphism or the �ower structure that was even the thermodynamically more stable

polymorph for Br4F6BP (cf. Fig. B.8(a) / (b)). Moreover, the corresponding domain

sizes remain comparatively small for Br4BP. Even though apparently related to the

per�uorination, the origin of these di�erences is not yet clear. A possible explanation

is o�ered by di�erences in surface mobility, where the inherently non-planar struc-

ture of the Br4F6BP precursor should give rise to a higher di�usivity. In addition,

for Br4BP large areas of the surface were covered with densely packed domains of

dissociated Br (cf. Fig. B.8), imposing serious constraints on the formation of or-

ganic networks.51 Yet, it remains unclear as to why this halogen poisoning is more

pronounced for the non�uorinated precursor.

A further very remarkable feature of the organometallic networks derived from

Br4F6BP is their exceptional and unprecedented thermal stability up to 300 ◦C. In

contrast, the Br4BP derived organometallic intermediates are converted into covalent

networks upon annealing to ∼200 ◦C (cf. Fig. B.8(c) / (d)), in accord with hexagonal

polyphenylene networks.27,43,113 The extraordinary thermal stability of the Br4F6BP

derived organometallic �ower structure indicates high binding energies that could in

principle arise either from strong molecule-molecule or strong molecule-surface in-

teractions. However, a comparative X-ray standing wave study �nds a signi�cant
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enlargement of the adsorption height for per�uorinated pentacene on Ag(111), in-

dicating a weakening of the molecule-surface interactions.164 This suggests that the

high stability of the organometallic networks here originates from strong molecule-

molecule interactions as indeed rationalized by gas phase DFT simulations: planar

organometallic dimers with one linear C-Ag-C linkage and three remaining Br sub-

stituents per biphenyl result in bond dissociation energies of 1.93 eV for the per�u-

orinated vs. 1.34 eV for the hydrogen-terminated dimer. Even though actual values

may di�er for the adsorbed system, per�uorination accounts for the extraordinary

stability of the organometallic networks by increasing the C-Ag-C bond strength. By

the same token, the higher bond strength restricts the reversibility, hence increases

the temperatures required for structural equilibration. This may also account for

both the relatively high defect densities in the organometallic networks and the rela-

tively high temperatures required for conversion of the metastable checkerboard into

the more stable �ower structure.

In contrast to other organometallic networks,42,43,165 and in particular to the

comparable 3,5,3�,5�-tetrabromo-para-terphenyl precursor160 and the non-�uorinated

Br4BP analogue, a thermally activated conversion into de�ned covalent networks

was not observed here, not even for the highest annealing temperature of 300 ◦C.

This is tentatively attributed to the combination of extraordinary stability of the

organometallic networks, an additional barrier for covalent coupling due to the ortho-

�uorine atoms, but also the onset of molecule degradation by de�uorination at higher

annealing temperatures (cf. Fig. B.2(c) / (d)).

5.5 Conclusion

In summary, Br4F6BP showed a rich combination of known and unprecedented sur-

face chemistry on Ag(111) as summarized in Fig. 5.1: while formation and equi-

libration of organometallic structures is meanwhile well established, the formation

of de�ned 1D organometallic chains for both the fourfold brominated per�uorinated

Br4F6BP and non-�uorinated Br4BP precursor is unique. This chain formation in-

volves the regioselective activation of only two out of the precursor's four active sites.

This is explained by a remote site-selective 3,5'-didebromination, mediated across

the biphenyl unit by its conformational non-planarity due to the intramolecular re-

pulsion of either the ortho-�uorine or ortho-hydrogen substituents. This constitutes

an instructive and highly useful example of conformational mechanics in on-surface

synthesis: formation of chemical bonds with the surface upon activation of speci�c
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sites of a molecular entity is accompanied by an increase of adsorption height, and

hence deactivation at the opposing sites. The proposed symmetry breaking mecha-

nism has broader implications for on-surface synthesis as it provides a rationale for

the observed stepwise or uncommonly gradual and selective activation in apparently

symmetric monomers.42,43 In this respect, it is intriguing that already the signi�-

cantly weaker steric hindrance in the non-�uorinated Br4BP precursor is su�cient to

drive this conformational mechanics.

In contrast, both the polymorphism and the exceptional stability of organometal-

lic networks are unique observations for the Br4F6BP precursor. As indicated by

our DFT simulations, the per�uorination can be held responsible for the high stabil-

ity of the organometallic networks. Even though it decreases the adsorption energy

of aromatic molecules on metals, by the same token the strength of intermolecular

C-Ag-C linkages is markedly enhanced. The exceptional strength of the intermolecu-

lar organometallic bonds is even su�cient to overcome the large electrostatic repulsion

within the molecules and incorporate them in into extended 2D networks. Yet, the

role of the per�uorination for the polymorphism remains unclear. Tentatively, either

the enhanced surface mobility of Br4F6BP due to the non-planar structure or the

large amounts of adsorbed bromine for Br4BP could be held responsible and would

also be consistent with the larger domain sizes observed for Br4F6BP as compared to

Br4BP.

Interestingly, as already indicated by DFT-derived C-Br bond dissociation en-

ergies, there is no pronounced e�ect of the per�uorination on the debromination

barrier, as debromination temperatures are within the typical range reported for

non-�uorinated precursors.42,43 Accordingly, in terms of activation, per�uorinated

monomers are equally suitable for debrominative coupling on surfaces. Yet, covalent

coupling into de�ned structures as templated by the organometallic �ower structure

remains elusive for Br4F6BP on Ag(111). This is an important �nding as it pro-

vides valuable guidelines for the design of �uorinated monomers suitable for covalent

aryl-aryl coupling, for instance by combining ortho-�uorine with orthohydrogen sub-

stitution. Alternatively, the substantially increased intermolecular bond strength in

the organometallic networks derived from per�uorinated precursors provides a per-

spective for directly using the highly stable organometallic 2D polymers for improved

structural quality.
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5.6 Materials and methods

All STM, NEXAFS, and XPS experiments were carried out under ultrahigh vacuum

(UHV) conditions with base pressures below 3× 10−10 mbar (STM) and 8 × 10−10 mbar

(XPS, NEXAFS). Ag(111) single crystals surfaces were prepared by cycles of 0.5 keV-

Ar+ sputtering and annealing at 500 ◦C. 3,3',5,5'-tetrabromo-2,2',4,4',6,6'-hexa�uoro-

biphenyl (Br4F6BP) was synthesized according to literature procedures166,167 and de-

posited by sublimation from a home-built Knudsen-cell with crucible temperatures

between 55 ◦C and 80 ◦C at a pressure of 3 × 10−9 mbar.91 The non-�uorinated ana-

logue 3,3',5,5'-tetrabromo-1,1'-biphenyl (Br4BP) was purchased from Sigma Aldrich

(≤100% purity). Its vapour pressure at room temperature is high enough to facilitate

deposition from a Knudsen-cell without additionally heating the crucible. STM data

were recorded at room temperature with a home-built microscope controlled by an

SPM100 controller (RHK Technology Inc.). NEXAFS and XPS measurements were

carried out in a Prevac endstation at the HE-SGM beamline at Helmholtz-Zentrum

Berlin. NEXAFS carbon K-edge spectra were acquired in the analysis chamber

using a home-built double channel plaste detector in partial electron yield mode

(U = -150 V). XP spectra of C 1s, Br 3d, and F 1s were measured with a Scienta

R3000 electron analyzer at normal electron emission with a pass energy of 50 eV. Pho-

ton energies of 450 eV for C 1s and Br 3d and 750 eV for F 1s were used, respectively.

For energy calibration a Ag 3d5/2 binding energy of 368.2 eV was used as inter-

nal standard.135 Dispersion-corrected DFT simulations were performed either with

periodic boundary conditions (organometallic chains, �ower and checkerboard struc-

ture) or for isolated molecules (C 1s core-level shifts) with the FHI-aims computing

package.168 Geometry optimizations for the unit cells containing one (organometallic

chains and checkerboard structure) or three (�ower structure) molecules with two

(organometallic chains) and four (checkerboard and �ower structure) Br atoms ex-

changed for Ag were performed with FHI-aims at �tight� computational settings,

4 × 4 × 1 k -point sampling, and using a 30 Å vacuum region. In these calculations

electronic exchange and correlation (xc) was treated on the generalized-gradient ap-

proximation level with the PBE functional,138 augmented by dispersive interactions

through the Tkatchenko-Sche�er TSsurf method.169 All structures were fully relaxed

until residual forces were below 10 meV Å−1. The adsorbed organometallic chains

were optimized on Ag(111) slabs with 11 and 15 atoms per layer. A lattice parame-

ter of aAg = 4.152 Å was used and the �rst of two layers were allowed to relax. The

in�uence of the weakly interacting Ag(111) surface was neglected in the simulations
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of the 2D �ower and checkerboard structures, but the unit cell size was optimized

together with the geometry. STM image simulations were performed based on the

DFT-optimized structures according to the Terso�-Hamann approach.88 Therefore,

all electronic states in an energy window de�ned by the bias voltage and the Fermi

energy were summed to produce the �nal image. C 1s core level energies were calcu-

lated with a 1s core-hole on each symmetry-inequivalent carbon atom one at a time.

The maximum overlap method was used to prevent variational collapse to the ground

state.170,171
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6 Competitive metal-coordination of hexaamino-

triphenylene on Cu(111) by intrinsic copper versus

extrinsic nickel adatoms

The �nal experimental section presents the exemplary results for a surface-mediated

metal-organic polymerization reaction of hexaaminotriphenylene with intrinsic Cu

and extrinsic Ni adatoms on Cu(111). The study is submitted to Chem. Eur. J.,

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, as: M. Lischka, R. Dong, M.

Wang, N. Martsinovich, M. Fritton, L. Grossmann, W. M. Heckl, X. Feng and M.

Lackinger: Competitive metal-coordination of hexaaminotriphenylene on Cu(111) by

intrinsic copper versus extrinsic nickel adatoms.

I performed all the experiments and the corresponding data analysis and inter-

pretation, and prepared the manuscript under supervision of Prof. Lackinger. The

co-authors M. Fritton and L. Grossmann gave support during STM and XPS mea-

surements, respectively. The precursor was synthesized by M. Wang under the su-

pervision of Dr. R. Dong and Prof. X. Feng. DFT calculations were performed by

Dr. N. Martsinovich.



Competitive metal-coordination of hexaaminotriphenylene on Cu(111)

6.1 Abstract

The interplay between self-assembly and surface chemistry of 2,3,6,7,10,11-hexaamino-

triphenylene (HATP) on Cu(111) was complementarily studied by high-resolution

Scanning Tunneling Microscopy and X-ray Photoelectron Spectroscopy under ultra-

high vacuum conditions. To shed light on competitive metal-coordination, compar-

ative experiments were carried out on pristine and nickel-covered Cu(111). Directly

after room temperature deposition of HATP onto pristine Cu(111) self-assembled

aggregates were observed by STM, while XPS indicated non-deprotonated amino

groups. Annealing up to 200 ◦C activated the progressive single deprotonation of all

amino groups as indicated by chemical shifts of both N 1s and C 1s core levels in

the XP spectra. This enabled the formation of topologically diverse π-d conjugated

coordination networks with intrinsic copper adatoms. The basic motif of these net-

works was a metal-organic trimer, where three HATP molecules were coordinated by

Cu3 clusters, as corroborated by accompanying Density Functional Theory simula-

tions. Additional deposition of more reactive nickel atoms resulted in both chemical

and structural changes with deprotonation and formation of bis(diimino)-Ni bonded

networks already at room temperature. Even though fused hexagonal pores were

observed, extended honeycomb networks remained elusive, as tentatively explained

by a restricted reversibility of these metal-organic bonds.

6.2 Introduction

The bottom-up synthesis of two-dimensional (2D) materials with regular structures

and tailored properties is a long-standing goal in chemistry and material science.19,109,142

A pivotal milestone was the materialization of 2D coordination nanosheets (CONASH),

where multitopic organic ligands are cross-linked into regular networks by metal-

coordination bonds. The synthesis of square-centimeter large self-supporting sheets

was pioneered at the air-water interface, and has subsequently also been demonstrated

at the interface between two immiscible liquids.18,172�174 For the latter, typically mul-

tilayers are achieved. For these interface-assisted synthetic approaches triphenylene-

based organic ligands with six-fold hydroxyl, thiol, or amino functionalization at the

2,3,6,7,10,11 positions evolved as important model system.175�180 The targeted bind-

ing motif is a planar four-fold coordination complex, and incorporation of Cu, Ni,

and Co coordination centers yielded isostructural π-d conjugated CONASHs with

honeycomb structure and widely tunable properties.181 Superior electrical conductiv-

74



Introduction

ities up to 103 S cm−1 were demonstrated, facilitating a variety of applications as

electrode materials for organic �eld-e�ect transistor, chemiresistive sensing,17 elec-

trocatalytic hydrogen evolution reaction as well as oxygen reduction,175,182 and su-

percapacitors.177,178,183

Despite the tremendous progress in the interface-assisted synthesis of large area

CONASH, a molecular level structural characterization by high-resolution microscopy

remains challenging. Even though recent advances were achieved for single-layer

CONASH with high-resolution transmission electron microscopy,184 the high elec-

tron beam sensitivity of these materials imposes severe limitations. On the contrary,

submolecular features are routinely resolved by Scanning Tunneling Microscopy both

on metal-coordination and covalent networks with minimal risk of sample damage.

Yet, for networks grown at liquid interfaces, STM characterization requires a post-

synthetic transfer to suitable solid surfaces, with only a few reported cases of success-

ful imaging.185 The reasons for the di�culties in ex-situ imaging of these networks are

not entirely clear, but might be related to an unavoidable waviness after their transfer

to solid surfaces, crucially impairing high resolution STM imaging. In contrast, both

metal-coordination and covalent networks that were directly grown on solid surfaces

under ultra-high vacuum or even under ambient conditions are routinely imaged with

high resolution.107,186,187 Albeit requiring UHV is not desirable in terms of a low-cost

fabrication, fundamental studies can bene�t greatly from these utmost de�ned con-

ditions. For instance, a thorough chemical characterization by X-ray Photoelectron

Spectroscopy of in-situ prepared samples is not a�ected by contaminations that are

unavoidable under ambient conditions.

In the present study we focus on 2,3,6,7,10,11-hexaaminotriphenylene (HATP, cf.

Fig. 6.1). Despite the large body of work on nitrogen-containing metal-coordination

networks with amines,26 nitriles,70,72,188,189 pyridines,71 or amino-quinone-imines,64,65

HATP or other ligands with ortho-disubstituted amino groups have not been investi-

gated on solid surfaces so far. The only example of a related compound intended the

on-surface synthesis of pyrene-fused pyrazaacenes via Schi�-base reaction.190 To shed

more light on the metal-coordination of this important molecular building block on

solid surfaces, we present a detailed study of competitive HATP metal-coordination

on Cu(111) between intrinsic Cu adatoms of the surface26,64 and co-deposited extrinsic

Ni adatoms. This choice is motivated by a strong interest in comparing coordination

centers with di�erent binding strength and ground state electron con�gurations. The

utilized combination of STM, XPS, and DFT provides the base for drawing solid
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and important conclusions on the interplay between surface chemistry and structure

formation.

6.3 Results and discussion

HATP on pristine Cu(111)

First experiments were conducted on pristine Cu(111). The STM images in Fig-

ure 6.1(a) and (b) acquired directly after room temperate deposition of HATP reveal

self-assembled molecular aggregates. Cyclic hexamers are most abundant, but incom-

plete and fused hexamers as well as more densely packed structures were similarly

observed. Individual HATP molecules and their respective orientation can be dis-

cerned by means of the triangular footprints of the planar adsorbed triphenylene

cores. In the hexamers all HATP molecules point toward the center and share edges

that are not fully aligned, but slightly o�set. To unveil the stabilizing intermolecular

bonds in these hexamers, acquiring complementary information on the chemical state

of HATP is indispensable. In this respect, it is important to address the question

of a possible deprotonation of the amino groups already after room temperature de-

position onto Cu(111).9,26 Therefore, XP spectra were acquired from N 1s and C 1s

core levels, whereby the spectra of 3 - 4 layer thick �lms shown in Figures 6.2(a)

and (b) served as references for chemically unaltered HATP molecules. The sharp

N 1s peak indicates a single chemical species, corroborating the anticipated chemical

equivalency of all nitrogen atoms. The measured binding energy (EB) of 399.8 eV is

in accord with NH2 groups on aromatic moieties, with similar EBs reported for ani-

line,191,192 1,3-phenyldiamine,193 tetraamine,190 and melamine194 adsorbed on various

metals surfaces. The C 1s XP spectrum shown in Figure 6.2(b) required �tting with

two chemically shifted components with EBs of 284.7eV and 285.7 eV, resulting in

a peak area ratio of 67 : 33. The C 1s component at higher EB corresponds to the

amino-substituted carbons, the component at lower EB corresponds to the unsubsti-

tuted carbons of the triphenylene core.191,195,196 Hence, the deduced ratio perfectly

re�ects the HATP stoichiometry.

The submonolayer spectra presented in Figures 6.2(c) and (d) are essentially sim-

ilar to the multilayer. Only N 1s exhibits a slight shift of ∼0.39 eV towards higher

EB. Yet, core-hole screening and deprotonation would both result in shifts to lower

EB, and can hence be excluded.64,65,99,100,191,194,197,198 There are no notable shifts in

C 1s, indicating a speci�c surface-in�uence on the nitrogen atoms, such as for in-
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Figure 6.1: STM images acquired after (a) / (b) room temperature deposition
of HATP onto Cu(111) and subsequent annealing to (c) 100 ◦C (red arrows high-
light straight dimers) and (d) 200 ◦C (red arrows highlight single HATP molecules
interlinking trimers). The inset in (a) shows the chemical structure of HATP; DFT-
optimized structures were used for the overlays. (tunneling parameters: (a) 0.73 V,
54 pA; (b) 0.73 V, 51 pA; (c) 0.89 V, 59 pA; (d) 0.87 V, 90 pA; (d, inset) 0.33 V,
20 pA)

77



Competitive metal-coordination of hexaaminotriphenylene on Cu(111)

stance formation of N-Cu bonds. In summary, XPS indicates adsorption of HATP

molecules with intact NH2 groups after room temperature deposition onto Cu(111), in

accord with results obtained for a comparable compound.199 To address the question

as to what interactions drive the self-assembly of these aggregates, DFT simulations

of both single HATP molecules and cyclic hexamers on Cu(111) were conducted.

Various starting geometries consistently resulted in adsorption geometries, where the

centers of all aromatic rings of the triphenylene backbone resided above three-fold

hollow sites (either fcc- or hcp-sites). Accordingly, half of the carbon atoms also

resided on three-fold hollow sites, and the remaining carbon atoms on top-sites of

the Cu(111) surface. This preferred adsorption geometry is well known for benzene

on transition metals,200,201 and the match between the spacing of the aromatic rings

in triphenylene (0.250 nm) and the Cu(111) lattice parameter (0.255 nm) makes this

adsorption geometry also favorable for the larger aromatic core of HATP. Several

models for the HATP hexamers on the Cu(111) surface were calculated using DFT;

the experimentally found arrangement and intermolecular distances were reproduced

by all calculated models within the experimental error (cf. Fig. C.6 and Table C.1).

Figure 6.3(a) exemplarily shows one structure, where all aromatic rings reside above

fcc-sites, which were consistently found to be 0.02 - 0.03 eV per molecule more favor-

able than hcp-sites. The DFT-derived center-to-center distance of two diametrically

opposed HATP molecules of 2.41 nm is in good agreement with the experimental

value of (2.52 ± 0.06) nm. In this particular structure half of the nitrogen atoms

reside on top of copper atoms, additionally allowing N-Cu bond formation. While

DFT indicates a rather strong adsorption of HATP on Cu(111) with adsorption en-

ergies around 4 eV per molecule, the intermolecular interactions in the hexamers are

surprisingly weak, on the order of 0.06 - 0.18 eV per molecule. The disintegration of

aggregates followed in subsequent STM images provides experimental evidence for a

weak stabilization (cf. Fig. C.2). Even though amino groups could in principle act as

hydrogen-bond acceptors through their nitrogen lone pair, the present DFT simula-

tions do not provide any evidence for intermolecular hydrogen bonds. Consequently,

we conclude that solely van-der-Waals interactions account for the cohesion of these

aggregates.

To activate deprotonation as a prerequisite for the formation of metal-coordination

bonds, samples were �rst annealed at 100 ◦C. The subsequently acquired STM im-

age in Figure 6.1(c) shows the emergence of new cyclic triangular entities, but also

the persistence of the original hexamers with unchanged dimensions. Occasionally,
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Figure 6.2: XP spectra of N 1s (left column) and C 1s (right column) acquired
for HATP on Cu(111): (a) / (b) multilayer; (c) / (d) submonolayer after room
temperature deposition and subsequent annealing to (e) / (f) 100 ◦C, and (h) / (i)
200 ◦C. Data are represented by black dots; red lines correspond to the sum of all
�tted components; N 1s and C 1s components are assigned to the following colour
scheme as also shown in the inset: NH2 (green), NH-Cu (blue), C-C (green), C-NH2

(blue), C-NH-Cu (light blue.)
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straight interlinked dimers were also observed (examples marked by red arrows) with

a center-to-center distance of (1.55 ± 0.08) nm. According to DFT calculations,

the targeted bis(diimino)-Cu motif would result in a notably smaller center-to-center

distance of 1.29 nm. However, a perfect match is obtained with a dimer, where

molecules coordinate two copper atoms linearly arranged on the axis, resulting in a

center-to-center distance of 1.54 nm (cf. Fig. C.7). The emergence of these new

aggregates is also re�ected in the XP spectra shown in Figures 6.2(e) and (f): N 1s

is now split into two chemically shifted species, one at the original EB with a relative

peak area of 34% and a new majority component at a lower EB of 398.1 eV with a

relative peak area of 66%. The lower N 1s EB is characteristic for singly deprotonated

amino groups in metal-coordination bonds.64,193,202 Distinct changes are similarly ob-

served in C 1s, where the previously observed prominent high EB shoulder appears

less pronounced. A satisfying �t is obtained with three components, corresponding

to unsubstituted carbons in the triphenylene backbone (C-C: 66%) and two di�er-

ent types of substituted carbons, either binding to fully protonated (C-NH2: 11%)

or singly deprotonated and metal-coordinated (C-NH-Cu: 22%) amino groups. The

ratio between the latter two is consistent with the deprotonation ratio deduced from

N 1s. Furthermore, C 1s exhibits a slight integral shift to a lower EB of 284.5 eV

for the main triphenylene peak. Annealing to 200 ◦C triggers progressive deproto-

nation and formation of metal-coordinated structures. As shown in Figures 6.2(h)

and (i), the chemical changes in XPS previously observed after annealing at 100 ◦C

are driven to completion: N 1s indicates full deprotonation, with only one main peak

remaining at a lower EB of 398.1 eV. Accordingly, C 1s again consists of two com-

ponents, corresponding to carbons in the triphenylene core and carbons substituted

with metal-coordinated amino groups, respectively. The deduced peak area ratio of

68 : 32 again re�ects the HATP stoichiometry. The integral peak shift of C 1s to lower

EBs is continued with a EB of 284.3 eV, suggesting a correlation with the amount

of metal-coordination sites on the molecules.194 The total intensities of both N 1s

and C 1s did not change notably during heating, indicating the absence of molecular

desorption. The chemical changes observed in XPS are also accompanied by struc-

tural changes as illustrated in the STM image in Figure 6.1(d). Hexamers cannot be

discerned anymore; instead, a large variety of di�erent aggregates are observed with a

triangular HATP trimer as the common basic unit. These trimers are interlinked into

various con�gurations: (1) head-to-head; (2) cyclic rings consisting of four, �ve, or

six trimers; in addition, individual HATP molecules can be identi�ed either attached
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at the periphery of larger aggregates either as interlink or termination, respective

examples are marked by red arrows in Figure 6.1(d).

Figure 6.3: DFT-optimized geometries of HATP structures on Cu(111): (a) hex-
amer of fully protonated HATP; (b) trimer with Cu3 coordination centers; (c) trimer
with single Cu atom coordination centers; (d) imine based hydrogen bonded trimer.
(only the topmost copper layer is shown, Cu adatoms are depicted in red)

For understanding the structural changes, it is pivotal to resolve the nature of the

intermolecular interactions in the trimer. The threefold-symmetry in STM indicates

equivalent orientations of all molecules in a trimer, whereas XPS suggests chemical

equivalency and deprotonation of all amino groups. Based on this information, DFT

simulations were carried out for two metal-coordinated models: either with single Cu

atoms or Cu3 clusters as coordination centers. Alternatively, an imine based hydro-

gen bonded trimer was considered. The DFT optimized structures of these trimer
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models on Cu(111) are presented in Figures 6.3(b) - (d), with intermolecular dis-

tances of 1.34 nm, 1.31 nm, and 1.20 nm, for the Cu-, Cu3-, and hydrogen bonded

trimer, respectively. All of these intermolecular distances are consistent with the

experimental value of (1.28 ± 0.03) nm within the experimental error. Yet, the best

agreement is achieved with the Cu3 coordination centers that were similarly proposed

for tetrahydroxy benzene on Cu(111).81 Additional support for the Cu3 coordination

centers comes from the XPS data: N 1s indicates a single chemical nitrogen species,

whereas the trimer with single Cu atom coordination features nitrogen atoms in in-

equivalent chemical environments. This argument similarly applies to the hydrogen

bonded trimer that contains two types of nitrogen species: hydrogen-bonded and

free imine nitrogen atoms. In addition, the literature consistently reports copper-

coordination of deprotonated amino groups on copper surfaces,26,64,194 rendering the

formation of this hydrogen bonded structure improbable. It is worth noting that N 1s

XPS indicates deprotonation and copper coordination of all amino groups. Accord-

ingly, copper coordination was also introduced at the peripheral amino groups of the

metal-coordinated trimers, and could similarly explain the linking of the trimers into

aggregates and networks. Additional experiments with three-fold reduced heating

rates (0.50 ◦C min−1 instead of 1.66 ◦C min−1) did not increase the network quality

(cf. Fig. C.3). Neither did further annealing to 300 ◦C, where both STM and XPS

studies consistently indicate molecular degradation: both a low EB organometallic

shoulder at C 1s and the diminished intensity of N 1s suggest dissociation of amino

groups (cf. Fig. C.4 for STM images and Fig. C.5 for XP spectra).

HATP on Cu(111) + Ni

To achieve the formation of honeycomb networks based on the four-fold planar

bis(diimino)-metal linkages, further experiments were conducted with additional Ni

atoms on the surface. First, HATP was deposited onto Cu(111) held at room tem-

perature, followed by co-deposition of Ni. The subsequently acquired STM image in

Figure 6.4(a) unveils interlinking of molecules into hexagonal porous structures that

resemble the targeted honeycomb network. Chemical changes are also corroborated

by XPS shown in Figure 6.5: direct comparison of N 1s and C 1s spectra before and

after Ni co-deposition clearly con�rms a Ni-induced deprotonation of ∼50% of the

amino groups. These give rise to a third component in C 1s, similar to the thermally

activated deprotonation on pristine Cu(111). A good �t is achieved by applying the

deprotonation ratio obtained from N 1s as a constraint for the relative ratios of the
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C 1s components. These striking di�erences to the self-assembled hexamers observed

on pristine Cu(111) after room temperature deposition can evidently be attributed to

the presence of Ni, whereby the changes in XPS are similar to the thermally activated

deprotonation on pristine Cu(111).

Figure 6.4: STM images acquired after deposition of HATP and Ni onto Cu(111)
at (a) room temperature, and after annealing to (b) 100 ◦C, and (c) / (d) 200 ◦C; the
red arrows highlight terminating Ni atoms (tunneling parameters: (a) 0.90 V, 87 pA;
(b) 0.95 V, 92 pA; (c) 3.27 V, 91 pA; (d) 0.88 V, 93 pA)

To activate further deprotonation and network formation, the samples were sub-

sequently annealed to 100 ◦C. XPS con�rms the progressive deprotonation of now

72% of the amino groups directly in N 1s, and indirectly in C 1s by an increase of

the metal-organic component, but also as an integral peak shift to a lower EB of

284.4 eV. The not yet complete deprotonation is also re�ected in STM by the occa-
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sional observation of self-assembled hexamers. Yet, the STM image in Figure 6.4(b)

does not show complete pores or networks. To drive deprotonation to completion,

a second annealing step to 200 ◦C was performed, resulting in full deprotonation as

con�rmed by the N 1s and C 1s XP spectra presented in Figures 6.5(h) and (i): N 1s

consist of a single peak at lower EB and C 1s shows full development of the metal-

organic component up to the stoichiometric ratio of 33 : 67 with a constant amount

of carbon. The STM image in Figure 6.4(c) now shows network patches consisting

of up to three hexagonal pores, but incomplete pores were still frequently observed.

The high resolution image in Figure 6.4(d) clearly con�rms formation of the expected

bis(diimino)-Ni binding motif with head-to-head oriented molecules interlinked by a

straight metal-coordination bond. Also the experimental center-to-center distance

of (1.45 ± 0.04) nm is in accord with the DFT-derived value. Furthermore, a clear

signature of the Ni coordination center can now be discerned in the STM contrast as

opposed to Cu coordination centers that are often invisible to the STM.64�66,72,78,203

Despite the possibility to form a similar bis(diimino)-Cu motif with intrinsic adatoms

of the Cu(111) surface, the Ni motif is strongly preferred, presumably on energetic

grounds: the binding energy in the bis(diimino)-Ni coordinated dimer with respect

to isolated constituents is calculated to be -9.7 eV, while in the Cu-coordinated dimer

it is only -6.0 eV. Interestingly, the termini of the incomplete pores show bright pro-

trusions, indicating saturation with Ni atoms at the periphery (examples are marked

by red arrows in Figure 6.4(d)). While further annealing to 260 ◦C did not improve

the network quality, annealing at 300 ◦C resulted in disordered structures in STM,

while XPS indicated molecular decomposition (cf. Fig. C.4 for STM images and Fig.

C.5 for XP spectra).

To achieve the growth of extended and highly regular metal-coordination net-

works, the ratio of molecules to coordination centers is a further, potentially deci-

sive parameter.204,205 Therefore, additional experiments were carried out with lower

(∼30%) and higher (∼4-fold) amounts of Ni, while the amount of molecules was

kept constant. Similarly, HATP was deposited �rst onto Cu(111) held at room tem-

perature, then Ni was co-deposited in the three di�erent coverages, and �nally, the

samples were annealed to 200 ◦C. The STM image for "low" Ni coverage in Fig-

ure 6.6(a) shows two co-existing di�erent metal-coordination motifs: the triangular

structures as observed on pristine Cu(111) and the straight motifs as observed in

the presence of Ni. This indicates that the amount of Ni was too small to suppress

Cu coordination. For the previously applied Ni coverage the results are consistent,
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Figure 6.5: XP spectra of N 1s and C 1s core levels acquired after (a) / (b) room
temperature deposition of HATP on Cu(111), (c) / (d), after additional deposition
of Ni, and annealing to (e) / (f) 100 ◦C, and (h) / (i) 200 ◦C. Data is represented by
black dots; red lines correspond to the sum of all �tted components; N 1s and C 1s
components are assigned to the following colour scheme: NH2 (green), NH-Ni (blue),
C-C (green), C-NH2 (blue), C-NH-Ni (light blue).
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exclusively showing the bis(diimino)-Ni motif. At "high" Ni coverage the onset of

cluster formation on the surface can be seen in Figure 6.6(c). Although exclusively

the Ni coordination motif is observed, the size of metal-organic networks is markedly

diminished.

Figure 6.6: STM images of HATP on Cu(111) acquired after deposition of di�erent
amounts of Ni and subsequent annealing to 200 ◦C; (a) "low" Ni coverage (30%);
(b) previously applied Ni coverage (100%); (c) "high" Ni coverage (400%) (tunneling
parameters: (a) 0.88 V, 55 pA; (b) 1.80 V, 100 pA; (c) 3.20 V, 89 pA).

6.4 Conclusion

The observed structural and chemical changes of HATP on pristine and Ni-covered

Cu(111) surfaces are summarized in Figure 6.7. HATP molecules remained chemi-

cally unaltered upon room temperature deposition onto pristine Cu(111). The ab-
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sence of deprotonation of amino-functionalized compounds under these conditions

is common,26,64,199 whereas on more reactive Ni(111) surfaces partial deprotonation

can readily occur.191,193 Despite the fact that HATP molecules are not equipped

for strong intermolecular bonds, stable self-assemblies could be imaged by STM at

room temperature. According to DFT calculations, a strong and site-speci�c ad-

sorption of the triphenylene core on Cu(111) largely accounts for the stabilization.

Subsequent annealing triggered the well-known thermally activated deprotonation on

pristine Cu(111).26,64,199 This provided the basic prerequisite for formation of metal-

coordination bonds, unexpectedly with Cu3 clusters as coordination centers. Albeit

single atom coordination motifs are most common on surfaces, a similar Cu3 motif

was previously proposed for tetrahydroxy benzene on Cu(111).81 In this respect, it

appears more surprising that the expected bis(diimino)-Cu motif was not observed on

Cu(111), given its predominance at liquid interfaces.17 This hints towards thermody-

namic preference for the copper-rich Cu3 coordination on Cu(111). Notwithstanding

that this motif would in principle allow the extension into fully reticulated and regu-

lar 2D networks, only linked trimers were observed. A possible explanation is o�ered

by pronounced adsorption-site preferences of both the triphenylene backbones and

the Cu3 clusters that cannot be met both at the same time in larger networks.

Co-deposition of more reactive Ni triggers deprotonation already at room tem-

perature, clearly indicating adatom mediated surface chemistry. In the competition

with metal-coordination by Cu adatoms, a distinct preference for Ni-coordination

is expressed. Accordingly, insu�cient amounts of Ni can be held responsible for

the observed co-existence of Ni-coordination and Cu-coordination. Here we found

50% deprotonation after co-deposition of Ni at room temperature, whereas the ther-

mally induced further deprotonation showed a temperature progression comparable

to pristine Cu(111). This suggests a Cu-driven process without any further notable

contributions from Ni. Even though small patches of the targeted honeycomb net-

work were formed, extended regular structures remained elusive. This observation is

attributed to a limited bond reversibility of the strong Ni coordination bonds, prevent-

ing the fusion of the smaller fragments into extended networks. The diminished size of

molecular aggregates observed for larger amounts of Ni provides further experimental

evidence for this hypothesis. This restricted bond reversibility is a decisive di�erence

compared to the situation at liquid interfaces, where extended self-supporting net-

works can be obtained.178 Consequently, the aqueous subphase must play a vitally

important role for the reversibility of the metal-organic coordination bonds. Higher
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temperatures, that could in principle induce bond reversibility also on Cu(111), are

prohibitive, as this leads to molecular decomposition, presumably by dissociation of

the amino groups.

In summary, studying the formation of metal-coordinated networks from HATP

on Cu(111) under UHV conditions substantially bene�ts from the possibility of ac-

quiring high-resolution STM images and complementary chemical information from

XPS. Important di�erences to the synthesis at liquid interfaces become apparent:

(1) the high availability of adatoms as coordination centers on solid metal surfaces

promotes the expression of multi-atomic coordination motifs; (2) distinct adsorption-

site preferences impose further constraints on crystalline surfaces that may hamper

the formation of extended networks in the present case; (3) the absence of the liquid

subphase substantially a�ects metal-organic bond formation, with possible conse-

quences for bond reversibility.
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Figure 6.7: Summary of thermally and Ni-induced structural and chemical changes
of HATP on pristine and Ni-covered Cu(111).
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6.5 Materials and methods

STM and XPS experiments were carried out under UHV conditions at base pres-

sures below 3 × 10−10 mbar. For STM (XPS) experiments Cu(111) single crystals

were prepared by cycles of 0.5 (1.0) keV Ar+-ion sputtering and radiative (e-beam)

annealing at 500 ◦C. HATP was deposited by sublimation from a home-built Knudsen-

cell91 with a crucible temperature of 225 ◦C at a pressure of 3 × 10−9 mbar. Nickel

(0.5 mm diameter wire, 99.99%, MaTecK) was deposited from an Omicron EFM 3

e-beam evaporator using a molybdenum crucible and deposition rates were controlled

with the internal �ux monitor. For all sample annealing steps a standard heating and

cooling rate of 1.66 ◦C min−1 was applied, if not noted otherwise.

STM data were acquired in-situ at room temperature with a home-built instru-

ment controlled by an SPM100 controller (RHK Technology Inc.). XPS measure-

ments were carried out in a SPECS system equipped with a monochromatic XR50M

X-ray source and Phoibos 150 electron analyzer. XP spectra were acquired using a

Al-Kα source with a photon energy of 1486.3 eV at normal electron emission with a

pass energy of 20 eV. For energy calibration a Cu 3p3/2 binding energy of 70.1 eV was

used as internal standard.206 XP spectra were �tted by Voigt-functions after subtrac-

tion of linear backgrounds. For a given element similar peak widths were applied for

all chemically shifted components.

DFT simulations were carried out with the CP2K software.207,208 The PBE func-

tional was employed138 with the D3 dispersion correction,209 Goedecker-Teter-Hutter

pseudopotentials,210 and double-zeta valence polarized basis sets.211 The Brillouin

zone was sampled only at the Γ point. Isolated molecules and oligomers were mod-

elled as non-periodic systems. The Cu(111) surface was modelled using two-layer

thick 16 × 16-expanded periodic slabs; the bottom layer of the Cu slab was �xed,

while the top layer and all adsorbates were allowed to relax.
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7 Conclusion and outlook

The present thesis demonstrates systematical and detailed studies of on-surface syn-

thesis using aromatic molecules for a bottom-up approach to fabricate 2D nano-

structures on solid surfaces with the aim to realize defect-free and extended reticular

networks under UHV conditions. Therefore, a complementary approach of STM,

XPS, and NEXAFS, as surface-sensitive analysis tools was applied for in-situ struc-

tural, chemical, and electronic characterization of the nanostructures, as well as to

monitor the reaction pathway during the surface-assisted polymerization. The exper-

imental approach was supplemented by Density Functional Theory calculations pro-

vided by cooperation partners. Two well established on-surface polymerization and

coupling reactions were further studied: (1) The surface-assisted Ullmann coupling

and (2) the surface-mediated metal-organic coordination. Herein, previously42,43,48,52

reported dependences on reaction parameters and factors that in�uence the forma-

tion of low dimensional structures and interlinking of molecular building blocks were

con�rmed: Di�erent temperature thresholds for halogen cleavage during hierarchi-

cal polymerization of iodine and bromine functional groups on Au(111), respectively

(Sec. 4.1), as well as the initial partial debromination of a precursor after RT depo-

sition on Ag(111) (Sec. 4.4). In addition, the transformation by subsequent heating

from intact precursors into organometallic intermediates or metal-organic coordinated

structures (Sec. 5.3 and 6.3), was con�rmed. Foremost, the unique and previously

not considered in�uence factors, for instance �uorine substituents instead of hydro-

gen, were explored, including a discussion of the observed limitations and advantages

of the complementary approach by STM, XPS and NEXAFS for the polymer char-

acterization:

Surface-assisted Ullmann coupling

Steric hindrance vs. hierarchical polymerization - After RT deposition of the

doubly brominated and iodinated pyrene derivate on Au(111) the commonly observed

total iodine cleavage was not observed, only a partial I-C dissociation was detected.

Further heating to 100 ◦C is necessary to form the expected 1D chains. However,

direct covalent coupling is not achieved due to the steric repulsion by linking on the

1/1'-position. Instead, C-Au-C organometallic intermediates could be observed which

is commonly reported for aryl-aryl coupling on Au surfaces for molecules with strong

repulsive interactions.46 Subsequent heating in order to further induce debromination
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neither leads to 2D non-planar adsorbed covalent nor to planar organometallic net-

works. Again, the strong repulsive interaction between the organic backbones hinders

the formation of ordered covalently interlinked nanostructures, but in principle the

dehalogenation reaction is still steered by di�erent temperature thresholds for I-C

and C-Br bond scission, respectively.

Steric hindrance vs. adatoms - Furthermore, the comparative study of the halo-

genated pyrene derivative on Au(111) vs. Ag(111) showed the in�uence of intrinsic

adatoms on temperature stability. The transfer of 2D organometallic into covalent

networks on Ag(111) by heating at 200 ◦C was not achieved, but only a not antic-

ipated desorption of the small pyrene building blocks was observed. However, the

subsequent annealing on less reactive and less interacting Au(111) led to non-ordered

interlinked nanostructures. Considering the initial C-Au and C-Ag intermediates,

the C-Ag organometallic bond reversibility started at lower annealing temperatures,

due to the lower bond energy as compared to the C-Au analogue. Additional DFT

calculations indicated that the reaction barrier on Ag(111) cannot be overcome, and

is induced by the repulsive hydrogen-hydrogen interaction. As a consequence, the

pyrene molecule desorbs from the hot Ag(111) surface. In contrast, on Au(111),

DFT calculations showed that the C-Au bond is strong enough to persist until a

surface temperature is reached where the reaction barrier for covalently interlinking

the nanostructures can be overcome. Yet, owing to the still strong steric hindrance

the organic moieties are non-planar bonded.

Remote functionalization and conformational mechanics - The initial de-

bromination of brominated molecules and organometallic interlinking is a commonly

observed reaction on Ag(111) after RT deposition. However, the initial 1D organometal-

lic chain formation of a fourfold brominated and per�uorinated biphenyl as well as

for the hydrogenated analogue on Ag(111) is surprising. The required site-selective

3,5'-didebromination is mediated by the remote functionalization of the molecules.

The debromination at the 3-position and C-Ag formation pins this site down to the

surface and deactivates the 5-position by an increased adsorption height. Conse-

quently, the Br atom at the 5'-position is decreased of the adsorption height and is

cleaved from the molecule. This results in an unique 1D chain formation for a four-

fold brominated and twofold symmetric molecule. The 1D chain formation is highly

sensitive with respect to the surface temperature and is ceased by deposition onto a
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preheated surface already at 50 ◦C.

Per�ourination, polymorphism, and structural stability - A further unique

observation for the per�ourinated molecule is the structural polymorphism after con-

verting the 1D chains into fully organometallic 2D structures, resulting in both a

checkerboard (centered rectangular unit cell) and a �ower structure (hexagonal unit

cell). This polymorphism was exclusively observed for the per�uorinated precursor,

whereas the hydrogenated analogue showed only the checkerboard structure. This

seems to be strongly in�uenced by �uorine, but is not �nally understood yet. Inter-

estingly, organometallic networks (�ower structure) of the per�ourinated molecules

showed a high temperature stability (∼300 ◦C) induced by an increased strength of

the C-Ag-C linkages. However, organometallic networks of the hydrogenated precur-

sor are transferred into covalently interlinked networks around 200 ◦C. Furthermore,

per�uorinated precursor with its large dihedral angle between the phenyl rings, as

compared to the hydrogenated analogue, features a reduced molecule-surface inter-

action. As a consequence, the per�uorinated molecule formed a more extended and

reticular organometallic structure due to an enhanced di�usivity, respectively.

Surface-mediated metal-organic coordination

Liquid / air vs. on-surface synthesis - HATP as ligand in metal-organic coor-

dinated nanostructures at the liquid / air interface was reported to form extended

and reticular networks with the thermodynamically favored bis(diimino)-Cu motif.17

However, neither Cu nor Ni coordinated structures on Cu(111) exhibited a compa-

rable structural quality as in the solution chemistry based approach at the liquid /

air interface. Upon coordination with the intrinsic adatoms of the Cu(111) surface,

Cu3 coordinated structures were favored, whereas extrinsic Ni adatoms showed the

targeted bis(diimino)-Ni binding motif. Both, the intrinsic Cu and the extrinsic Ni

adatoms, showed no extended networks and only less ordered metal-organic moieties

(vide infra). Obviously, the transfer of a preparation protocol from the liquid / air

interphase to surface-assisted polymerization is not directly feasible. Especially, the

role of the absent liquid subphase a�ects metal-organic bond formation, and presum-

ably induces a reduced bond reversibility.
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Conclusion and outlook

Adsorption-sites vs. network formation - After RT deposition of HATP onto

pristine Cu(111), XPS indicates intact molecules on the surface, i.e. non-deprotonated

precursors. The HATP precursor with non-deprotonated amino groups is not able

to form an extended self-assembly based on hydrogen bonds. Interestingly, well-

de�ned cyclic hexamers are observed. DFT indicates that the self-assembly is driven

by a strong a�nity for preferred adsorption-sites. Analogous to the initial formed

hexamers, the dominance of the preferred adsorption-sites is also presumed in the

metal-organic coordination structures after heating. Both, the preferred adsorption-

site of the triphenylene core and the coordinating Cu3 cluster presumably hamper

the formation of extended and ordered networks.

Intrinsic vs. extrinsic adatoms - For the HATP molecule on the pristine Cu(111)

substrate slight heating activates the functional amino sites by means of dehydrogena-

tion, followed by interlinking through metal-organic bonds. Coordination by intrinsic

Cu adatoms results in Cu3 cluster coordination with a strong a�nity to preferred ad-

sorption sites. However, the co-deposition of more reactive nickel results in an initial

dehydrogenation and expression of a bis(diimino)-Ni coordination motif already after

RT deposition. Interestingly, the nickel based metal-organic structures show also no

extended network formation of the expected honeycomb structure, but nickel satu-

rated binding sites at the termini. This may indicate that the bond reversibility is

limited by the strong bis(diimino)-Ni coordination. This is further corroborated by

the reduced domain sizes upon deposition of larger amounts of nickel.

Complementary approach of surface-sensitive analysis techniques

Advantages and limitations - In general, the present thesis demonstrates and con-

�rms the excellent analytical strength of the complementary experimental approach

of real-space imaging by STM and probing core level binding energies / unoccupied

molecular orbitals by XPS and NEXAFS, respectively. For instance, for the non-

planar adsorbed nanostructures, as presented in Sec. 4.3, STM cannot resolve any

internal details, whereas XPS con�rms a covalent coupling and NEXAFS proves the

intactness of the aromatic system of the molecular backbone. Furthermore, the ther-

mally induced desorption of the nanostructures is consistently found as the reduced

coverage by local STM imaging and a decreased intensity in the corresponding XP

spectra (Sec. 4.4). The study of metal-organic nanostructures (Sec. 6) showed that
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the intuitive interpretation of the STM images of the hexamer formation after room

temperature deposition of HATP, as a dehydrogenated imide self-assembly structure

is indefensible. The corresponding XP spectra provide unambiguous evidence for

intact tectons at room temperature. Moreover, the subsequent deprotonation and

metal-organic coordination by additional thermal activation is monitored.

On the contrary, Sec. 5 showed the limitations of the complementary approach

of STM and X-ray spectroscopy: After heating to 200 ◦C, STM clearly depicts

organometallic networks, whereas XP spectroscopy shows a markedly reduced organo-

metallic shoulder and an increased peak in the commonly covalent C 1s binding energy

range. On the �rst view, this observation is contrary to the expectation. This appar-

ent contradiction was only resolved by additional DFT core level calculations that

showed a distinct di�erence in C 1s core level EB depending on the degree of debromi-

nation. For fully organometallic networks C 1s is shifted towards higher EB which

could have been misinterpreted as covalently interlinked nanostructures. In addition

to the not intuitively interpretable XP spectra, the corresponding NEXAFS spectra

showed an unrealistically high tilt angle with respect to the surface for the obviously

�at adsorbed organometallic structures. Consequently, a straightforward interpreta-

tion of the NEXAFS data assuming the transition dipole moment perpendicular to

the phenyl ring is not indicated. This could possibly be induced by hybridization of

molecular with surface electronic states or upward bending of �uorine substituents.

Outlook

The on-surface synthesis of nanostructures from molecular building blocks is a pow-

erful approach with a potential for atomic structural precision. For the surface-

mediated interlinking of the precursors a large progress was achieved in the funda-

mental understanding of surface-assisted polymerization and reaction during the last

decade, but some issues are still neglected. With focus on possible applications, the

dehalogenative coupling concentrates on the covalent bonding with its extraordinary

stability, but with the disadvantage of an irreversibility of the bonds. Consequently,

the absence of a bond reversibility represents a large challenge regard to the limited

network size and high defect density.

As presented in this thesis, the organometallic and metal-organic coordination

may provide appropriate alternatives to covalently interlinked nanostructures. In-

terlinking of the organic backbones via metal adatoms features the possibility of

self-healing, and foremost the stability is raised for organometallic moieties by modi-
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Conclusion and outlook

fying the side-groups of the molecular building blocks. For instance, hydrogen can be

replaced by �uorine as presented in Sec. 5. To further study the in�uence of the side-

groups, additional experiments are suggested, for instance by increasing the length of

the per�uorinated biphenyl to a per�uorinated terphenyl and quarterphenyl, respec-

tively. For both, a per�uorinated terphenyl and a quarterphenyl with bromine func-

tional groups an initial debromination after RT deposition on Ag(111) is expected.

The intension of such an experiment to study on an initial cis / trans organometallic

chain formation by a site-selective 3,3�/ 3,5� 'didebromination also for the terphenyl

and quarterphenyl tecton through conformational mechanics, respectively. The cru-

cial question is, if the dihedral angle between the phenyl rings is large enough to drive

the necessary site-selective didebromination, or if the dihedral angle becomes reduced

by an increased adsorbate-surface interaction. In addition, full organometallic net-

works of terphenyl and quarterphenyl precursors could possibly give further insights

on polymorphism and temperature stability for on-surface synthesis of per�uorinated

precursors. Furthermore, a molecule with a combination of hydrogen and �uorine

side-groups could be studied, in order to determine whether a reduced amount of

�uorine at the precursor leads to structures with an improved temperature stability.

In contrast to organometallic nanostructures, the stability of metal-organic net-

works could be enhanced by applying a denticity >1 per functional-site per precur-

sor. Hence, both the coordination number of the metal coordination center and the

bond strength are increased. Furthermore, more suitable substrates like less reactive

Au(111) and an appropriate extrinsic metal coordination center may permit likewise

self-healing of the nanostructures and an adequate strength of intermolecular inter-

linking. This approach could serve as basis for further post-synthetic decoupling of

the metal-organic structures, for instance by iodine intercalation.61,62

Additionally, the introduction of a novel immersion-scanning-tunneling-microscope

at liquid-solid interfaces, developed by Ochs et al.,212 could be directly applied to

monitor the single layer formation of metal-organic interlinked HATP molecules in

an ionic solution on (non-)metallic surfaces. This newly introduced STM enables the

necessary in-situ thermal activation.
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Appendix A

Supplementary information of Br2I2Py on Au(111)

and Ag(111)

A.1 STM data on Au(111)

Formation of organometallic trimers after RT deposition

Figure A.1: STM image acquired after RT deposition of Br2I2Py onto Au(111)
showing occasionally observed organometallic trimers. Remaining iodine-substituents
appear as bright protrusion. Formation of organometallic trimers requires full
deiodination of the central pyrene moiety, i.e. correspond to an overall degree
of deiodination of 67%. Self-assembly of the organometallic trimers into densely
packed structures is again directed by halogen-halogen bonds (tunneling parameters:
33.7 pA, 0.03 V).
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Deposition onto preheated Au(111) with di�erent deposition rates

Figure A.2: STM images acquired after deposition of Br2I2Py onto Au(111) held at
temperatures of 100 ◦C and 250 ◦C, respectively. For the 100 ◦C deposition the results
were obtained with two di�erent deposition rates, i.e. (a) 3.0 Hz/s (Tcrucible = 180
◦C, tdeposition = 3.0 min) and (b) 0.50 Hz/s (Tcrucible = 165 ◦C, tdeposition = 18 min),

yielding comparable coverages. Here the eigenfrequency decline
∆f

∆t
of a quartz

crystal microbalance (QCMB) serves as a quantitative measure of the deposition rate.
No signi�cant di�erences were observed in comparison to samples prepared according
to the standard preparation protocol, i.e. RT deposition with a rate corresponding
to 3.0 Hz/s and subsequent annealing to 100 ◦C. (tunneling parameters: 58.2 pA,
0.67 V; 90.1 pA, 0.90 V; 43.9 pA, 0.91 V).
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Reduced heating and cooling rate

Figure A.3: STM image acquired after RT deposition of Br2I2Py onto Au(111)
and subsequent annealing to 100 ◦C with reduced heating and cooling rate of
0.28 ◦C min−1. Yet, no di�erences to heating treatments with the normally applied
heating and cooling rate of 6.6 ◦C min−1 could be discerned in STM. (tunneling
parameters: 49.2 pA, 580 mV)

A.2 STM data on Ag(111)

Reduced heating and cooling rate

Figure A.4: STM image acquired after RT deposition of Br2I2Py onto Ag(111)
and subsequent annealing to 125 ◦C with reduced heating and cooling rate of
0.28 ◦C min−1. Yet, no improvement of the long-range order of the 2D organometallic
networks was observed as compared to heating treatments with the normally applied
heating and cooling rate of 6.6 ◦C min−1. (tunneling parameters: 52.6 pA, 680 mV)
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A.3 XPS data on Ag(111)

Figure A.5: XP spectra of (a) Br 3d, (b) I 3d, and (c) C 1s (c) acquired after RT
deposition of Br2I2Py onto Ag(111) and subsequent annealing to 250 ◦C. Raw data
are represented by dots; solid lines show �ts with a Gaussian line shape and linear
background; red lines correspond to the sum of all components. The remaining Br
is chemisorbed on Ag(111) and the 30% reduced intensity indicates substantial de-
sorption. Annealing to 250 ◦C did not result in any changes of I 3d neither in binding
energy nor in intensity, indicating stable adsorption of the split o� iodine. Except
for a small remainder, the C 1s intensity diminished, indicating nearly complete
desorption of the molecules.

A.4 DFT calculations

Figure A.6: DFT-optimized geometries of the 1-1' covalently linked pyrene with
(left) unconstrained and (right) constrained to planar geometry, respectively. The
energy di�erence, i.e. the energy cost of planarization, amounts to +1.35 eV.
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Figure A.7: DFT-derived reaction barriers for the conversion of organometallic
into covalent pyrene dimers in the gas phase. (a) Ag-bonded, constrained to planar;
(b) Ag-bonded, unconstrained; (c) Au-bonded, unconstrained; (d) Au-bonded, con-
strained to planar; In all cases, the initial state (IS) energy corresponds to 0.00 eV,
and the respective transition state (TS) and �nal state (FS) energies are indicated.
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Appendix B

Supplementary information of Br4F6BP and Br4BP

on Ag(111)

B.1 STM and XPS data: Br4F6BP on Ag(111)

Overview STM images after room temperature deposition

Figure B.1: Large-scale STM images acquired after room-temperature deposition of
Br4F6BP on Ag(111), showing (a) more loosely (corresponding to Fig. 5.2(a) in the
manuscript) and (b) more densely (corresponding to Fig. 5.2(b) in the manuscript)
packed arrangements of 1D organometallic chains; Interestingly, the average chain
lengths as derived from these images corresponding to (a) (12.7 ± 11) nm and (b)
(14.7 ± 13.6) nm (b) are relatively similar. (tunneling parameters: (a) 0.09 V,
115 pA; (b) 0.91 V, 91 pA)
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Overview STM images after annealing

Figure B.2: Large-scale STM images acquired after room-temperature deposition of
Br4F6BP onto Ag(111) and subsequent annealing at (a) 200 ◦C, (b) 300 ◦C, and (c)
400 ◦C; (d) close-up image recorded after annealing to 400 ◦C; no ordered molecular
structures cannot be resolved anymore, even though the disordered aggregates appear
with relatively uniform height; formation of covalent aggregates is highly plausible,
but cannot unambiguously proven by these data. (all overview images are measured
in an area of (100 × 100) nm2; tunneling parameters: (a) 0.93 V, 63 pA; (b) 0.88 V,
93 pA; (c) 0.88 V, 90 pA; (d) 0.88 V, 110 pA)
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Annealing to 200 ◦C with reduced heating and cooling rates

Figure B.3: STM images acquired after RT deposition of Br4F6BP onto Ag(111)
and subsequent annealing to 200 ◦C with a reduced heating and cooling rate of
1.5 ◦C min−1. Yet, no di�erences to heating treatments for the (a) �ower and
(b) checkerboard structure with the normally applied heating and cooling rate of
5.8 ◦C min−1 could be discerned. (tunneling parameters: (a) 0.71 V, 39 pA; (b)
0.93 V, 45 pA)

Statistical analysis of the 3,5'-site-selectivity

Figure B.4: Statistical analysis of a STM images acquired after room tem-
perature deposition of Br4F6BP on Ag(111); (a) raw image, (b) same image
with color coding for the debromination; green corresponds to the expected site-
selective 3,5'-didebromaintion (255 counts), whereas red indicates defects with a
3,3'-didebromaintion (180 counts); yellow circles show molecules with one remaing
bromine substituent. (tunneling parameters: 1.26 V, 22 pA)
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Spatial distribution of noisy appearing vs. stably imaged Ag atoms

Figure B.5: STM images of Br4F6BP on Ag(111) after annealing to 200 ◦C; (a)
overview, (b) �ower, (c) checkerboard structure; two di�erent types of STM contrast
could be distinguished for Ag atoms in the organometallic linkages: (1) noisy ap-
pearing Ag atoms (red) and (2) stable appearing Ag atoms. The color code aids in
illustrate the spatial distribution of both contrast types, black bars symbolize biphenyl
units. Nosiy Ag atoms are the dominant species within well ordered organometallic
domains, whereas stable Ag atoms (green) are mostly located at domain boundaries
and around vacancies (marked by yellow circles). (tunneling parameters: (a) 0.58 V,
45 pA; (b) 0.58 V, 45 pA; (c) 0.60 V, 47 pA)
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F 1s XP spectra of Br4F6BP on Ag(111)

Figure B.6: F 1s XP spectra acquired after deposition of Br4F6BP onto Ag(111)
held at room temperature and successive annealing to the indicated temperatures
up to 400 ◦C. Raw data are represented by dots; solid lines show �ts with Gaussian
line-shape and linear background. F 1s spectra were �tted with two components
corresponding to the inequivalent �uorine substituents: F at 4- / 4'-position: green;
F at 2- / 2'-position and 6- / 6'-position: blue; according to the molecular structure
a �xed 1:2 ratio was applied; Annealing at 400 ◦C already results in a loss of �uorine
due to degradation of the molecules by de�uorination.

107



XPS �tting parameters for Br4F6BP on Ag(111)

C 1s at RT Fig. 5.3(a)

peak peak type FWHM EB (eV) rel. area (%) assigned to

1 Gaussian 1.2 283.6 12 1/2Br / 1/2C-Ag

2 Gaussian 1.2 285.0 20 C-C

3 Gaussian 1.2 285.5 24 C-Br

4 Gaussian 1.2 286.8 27 C-F (4,4')

5 Gaussian 1.2 286.9 17 C-F (2,6';2',6)

C 1s at 200 ◦C Fig. 5.3(c)

peak peak type FWHM EB (eV) rel. area (%) assigned to

1 Gaussian 1.0 283.6 7 1/2Br / 1/2C-Ag

2 Gaussian 1.0 284.8 28 C-Ag

3 Gaussian 1.0 284.8 2 C-Br

4 Gaussian 1.0 284.9 18 C-C

5 Gaussian 1.0 286.5 15 C-F (2,6';2',6)

6 Gaussian 1.0 286.7 30 C-F (4,4')

C 1s at 300 ◦C Fig. 5.3(e)

peak peak type FWHM EB (eV) rel. area (%) assigned to

1 Gaussian 1.0 283.6 5 1/2Br / 1/2C-Ag

2 Gaussian 1.0 284.8 38 C-Ag

3 Gaussian 1.0 284.8 2 C-Br

4 Gaussian 1.0 284.9 13 C-C

5 Gaussian 1.0 286.5 15 C-F (2,6';2',6)

6 Gaussian 1.0 286.7 27 C-F (4,4')

Table B.1: C 1s XPS �tting parameters for Br4F6BP on Ag(111).
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Br 3d at RT Fig. 5.3(b)

peak peak type FWHM EB (eV) rel. area (%) assigned to

1 Gaussian 0.7 68.1 22 Chemisorbed Br (Brd5/2)

2 Gaussian 0.8 69.1 17 Chemisorbed Br (Brd3/2)

3 Gaussian 0.9 70.2 35 Br-C (Brd5/2)

4 Gaussian 1.0 71.3 26 Br-C (Brd3/2)

Br 3d at 200 ◦C Fig. 5.3(d)

peak peak type FWHM EB (eV) rel. area (%) assigned to

1 Gaussian 0.7 68.0 45 Chemisorbed Br (Brd5/2)

2 Gaussian 0.8 69.1 42 Chemisorbed Br (Brd3/2)

3 Gaussian 1.2 70.3 9 Br-C (Brd5/2)

4 Gaussian 0.9 71.4 4 Br-C (Brd3/2)

Br 3d at 300 ◦C Fig. 5.3(f)

peak peak type FWHM EB (eV) rel. area (%) assigned to

1 Gaussian 0.7 68.1 51 Chemisorbed Br (Brd5/2)

2 Gaussian 0.8 69.1 39 Chemisorbed Br (Brd3/2)

3 Gaussian 1.3 70.2 7 Br-C (Brd5/2)

4 Gaussian 0.9 71.5 2 Br-C (Brd3/2)

Table B.2: Br 3d XPS �tting parameters for Br4F6BP on Ag(111).
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F 1s at RT Fig. B.6

peak peak type FWHM EB (eV) rel. area (%) assigned to

1 Gaussian 1.5 686.2 37 4- / 4'-

2 Gaussian 1.5 687.1 63 2- / 2'-; 6- / 6'-

F 1s at 200 ◦C Fig. B.6

peak peak type FWHM EB (eV) rel. area (%) assigned to

1 Gaussian 1.5 686.1 34 4- / 4'-

2 Gaussian 1.5 687.0 66 2- / 2'-; 6- / 6'-

F 1s at 300 ◦C Fig. B.6

peak peak type FWHM EB (eV) rel. area (%) assigned to

1 Gaussian 1.5 686.1 35 4- / 4'-

2 Gaussian 1.5 687.0 65 2- / 2'-; 6- / 6'-

F 1s at 400 ◦C Fig. B.6

peak peak type FWHM EB (eV) rel. area (%) assigned to

1 Gaussian 1.5 686.1 37 4- / 4'-

2 Gaussian 1.5 687.0 63 2- / 2'-; 6- / 6'-

Table B.3: F 1s XPS �tting parameters for Br4F6BP on Ag(111).
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B.2 STM data: Br4BP on Ag(111)

Chain formation via site-selective debromination and in�uence of surface
temperature

Figure B.7: STM images acquired after RT deposition of Br4BP onto Ag(111) with
the (a) / (b) the surface held at room temperature and (c) / (d) preheated to 50 ◦C;
the overview image (a) shows the formation of linear structures, clearly resolved as
organometallic chains in the close-up in (b); the repeat distance of (1.06 ± 0.04) nm
perfectly matches the Br4F6BP derived organometallic chains; Yet, the chain forma-
tion by site-selective debromination is highly sensitive on the surface temperature as
shown in (c) and (d): deposition onto sample surface preheated to 50 ◦C induces
a higher number of defects and also leads to the �rst expression of 2D patterns by
progressive debromination; only short segments of organometallic chains are still ob-
served; (tunneling parameters: (a) 0.86 V, 94 pA; (b) 0.48 V, 93 pA; (c) 1.49 V,
95 pA; (d) 1.49 V, 96 pA).
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STM images of Br4BP on Ag(111) after annealing

Figure B.8: STM images of Br4BP on Ag(111) acquired after subsequent annealing
to (a) / (b) 200 ◦C; (c) / (d) 300 ◦C; (e) / (f) 400 ◦C, with a heating and cooling
rate of 3.33 ◦C min−1. After annealing at 200 ◦C three di�erent structures can be
observed by STM: (1) 1D organometallic chains (green arrow), →
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(2) small patches of the centered rectangular organometallic checkerboard struc-
ture (red arrow in (a), white rectangle in (b)) with lattice parameters of a =
(1.75 ± 0.10) nm, b = (1.20 ± 0.07) nm that are within the experimental error iden-
tical to the Br4BP derived checkerboard structure; (3) a porous structure pores with
a hexagonal unit cell with a = b = (0.83 ± 0.06) nm (yellow arrow in (a), white
diamond in (b); this lattice parameter could not be match with any of the derived
structures, but corresponds to a covalent checkerboard structure that is similar with
�porous graphene� previously reported by Fasel and coworkers113; upon further an-
nealing the 1D chains are replaced by the organometallic checkerboard pattern, yet
with relatively small domain sizes and a high amount of more disordered areas; sub-
sequently, the organometallic structures are converted into covalent structures, as
deduced from the change of lattice parameters; In contrast to Br4F6BP, for Br4BP
large portions of the surface are covered by closed layers of dissociated Br (see striped
structures in (b)); the origin of this interesting di�erence is not clear, but might ac-
count for the high disorder and small domain sizes in the organometallic self-assembly
of Br4BP; (tunneling parameters: (a) 0.89 V, 85 pA; (b) 0.89 V, 84 pA; (c) 1.10 V,
94 pA; (d) 1.52 V, 95 pA; (e) 1.27 V, 91 pA; (f) 1.27 V, 91 pA)

B.3 DFT simulations

Figure B.9: STM image simulations of both (a) planar and (b) tilted free-
standing organometallic chains, i.e. without Ag(111) substrate. The underlying
DFT-optimized structures are shown as overlays. For the non-planar chain all Ag
atoms were constrained to the same height. This results in a tilting of the phenyl
rings in the biphenyl unit with a dihedral angle of ∼49◦. In the adsorbed state for a
symmetric geometry, the phenyl tilt angle with respect to the surface is given by half
of the dihedral angle.
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Figure B.10: STM image simulations of adsorbed organometallic chains includ-
ing the Ag(111) substrate; the underlying DFT-optimized structures are shown as
overlays: (a) less densely packed structure with a repeat distance along the chain of
1.05 nm and a chain separation of 1.05 nm (b) more densely packed structure with a
repeat distance along the chain of 1.05 nm and a chain separation of 0.78 nm; in both
structures the phenyl rings remain tilted with respect to the surface; the simulated
STM images are in perfect agreement with the experiment.

Figure B.11: STM image simulations of both organometallic (a) �ower and (b)
checkerboard structure. The underlying DFT-optimized structures with enforced
planar geometry are shown as overlays. In both cases, the Ag atoms in the C-Ag-C
linkages appear with a pronounced contrast in accordance with the experiment.
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B.4 STM and XPS data: Br4F6BP on Au(111)

STM images of Br4F6BP on Au(111)

Figure B.12: STM data acquired after deposition of Br4F6BP on Au(111) at (a)
room temperature and (b) after annealing to 200 ◦C. At room temperature, the intact
monomers are too mobile to be imaged with STM and the surface appears empty,
even though the herringbone reconstruction is locally perturbed. Upon annealing,
the majority of molecules was desorbed (cf. XPS in Fig. B.13), yet not further
resolved aggregates were found scattered across the surface. (tunneling parameters:
(a) 1.54 V, 48 pA; (b) 0.98 V, 82 pA).
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XP spectra of C 1s and Br 3d core-levels of Br4F6BP on Au(111)

Figure B.13: C 1s and Br 3d XP spectra acquired after deposition of Br4F6BP
on Au(111) at (a) room temperature and (b) after annealing to 200 ◦C. At room
temperature almost no Br is dissociated, hence mostly intact monomers are present
on the surface. Obtaining a reasonable �t required an additional Br 3d doublet with
a higher binding energy, account for 21% of the total intensity. This additional Br
species is tentatively assigned to molecules in special adsorption-sites or second layer
coverage, but the exact origin remains unclear at the moment. After annealing, most
molecules and Br desorbed, with small remainders of a carbonaceous species and split
o� Br still present. Raw data are represented by dots; solid lines show �ts (�tted
with a Gaussian line shape and linear background), where red lines corresponds to
the sum of all components.
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XPS �tting parameters for Br4F6BP on Au(111)

C 1s at RT Fig. B.13

peak peak type FWHM EB (eV) rel. area (%) assigned to

1 Gaussian 2 284 11 -

2 Gaussian 0.8 285.3 18 C-C

3 Gaussian 0.8 285.8 28 C-Br

4 Gaussian 0.8 287.1 43 C-F

C 1s at 200 ◦C Fig. B.13

peak peak type FWHM EB (eV) rel. area (%) assigned to

1 Gaussian 1.3 283.7 23 -

2 Gaussian 1.1 284.8 33 C-C

3 Gaussian 1.4 286.5 43 C-F

Table B.4: C 1s XPS �tting parameters for Br4F6BP on Au(111).

Br 3d at RT Fig. B.13

peak peak type FWHM EB (eV) rel. area (%) assigned to

1 Gaussian 1 67.8 1 Chemisorbed Br (Brd5/2)

2 Gaussian 1 68.8 1 Chemisorbed Br (Brd3/2)

3 Gaussian 0.8 70.2 46 Br-C (Brd5/2)

4 Gaussian 0.8 70.9 11 Br-C (Brd5/2) broadening

5 Gaussian 0.8 71.2 31 Br-C (Brd3/2)

6 Gaussian 0.9 71.9 10 Br-C (Brd3/2) broadening

Br 3d at 200 ◦C Fig. B.13

peak peak type FWHM EB (eV) rel. area (%) assigned to

1 Gaussian 0.9 67.8 40 Chemisorbed Br (Brd5/2)

2 Gaussian 0.8 68.9 29 Chemisorbed Br (Brd3/2)

3 Gaussian 1.7 70.1 23 Br-C (Brd5/2)

4 Gaussian 1.9 71.1 14 Br-C (Brd3/2)

Table B.5: Br 3d XPS �tting parameters for Br4F6BP on Au(111).
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Appendix C

Supplementary information of HATP on Cu(111) and

on nickel-covered Cu(111)

C.1 STM data: HATP on Cu(111) and on Cu(111) + Ni

Overview images

Figure C.1: Overview STM images acquired after room temperature deposition
of HATP (upper row) and subsequent annealing to 200 ◦C (lower row) on (a) /
(c) pristine Cu(111), and (b) / (d) nickel-covered Cu(111); (tunneling parameters:
(a) 0.80 V, 61 pA; (b) 0.87 V, 92 pA; (c) 0.92 V, 91 pA; (d) 0.91 V, 95 pA)
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Hexamer stability

Figure C.2: STM image acquired after room temperature deposition of HATP onto
pristine Cu(111). (a) and (b) show two subsequently acquired images, the vertical
arrows indicate the slow scan direction; while less compact aggregates (examples
marked in red) undergo considerable changes, the cyclic hexamers (marked in yellow)
remain unchanged; this indactes overall weak intermolecular interactions as well as
a relatively high stability of the hexamers and analogous structures; (image size
30 × 30 nm2; tunneling parameters: 0.73 V, 53 pA)

Annealing to 200 ◦C with reduced heating and cooling rates

Figure C.3: (a) overview and (b) close-up STM images of HATP on nickel-covered
Cu(111) acquired after annealing to 200 ◦C with a reduced heating and cooling rate
of 0.86 ◦C min−1. No obvious improvement of the structural quality was observed
in comparison to experiments with the normally applied heating and cooling rate of
1.66 ◦C min−1. (tunneling parameters: (a) 2.61 V, 59 pA; (b) 1.28 V, 95 pA)
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High temperature annealing

Figure C.4: (a) overview and (b) close-up STM images of HATP on pristine Cu(111)
acquired after annealing to 300 ◦C. The network sizes are relatively small and internal
details of these less regular structures were not resolved, presumably due to decom-
position of the molecules. (c) overview and (d) close-up STM images of HATP on
nickel-covered Cu(111) acquired after annealing to 260 ◦C, showing still →
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intact organometallic networks; (e) overview and (f) close-up STM images of HATP
on nickel-covered Cu(111) acquired after annealing to 300 ◦C. Similar to pristine
Cu(111) the structures are mostly irregular due to decomposition of the molecules.
(tunneling parameters: (a) 1.72 V, 77 pA; (b) 3.83 V, 88 pA; (c) 2.61 V, 59 pA; (d)
1.28 V, 95 pA; (e) 3.83 V, 88 pA; (f) 1.24 V, 34 pA)
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C.2 XPS data: HATP on Cu(111) and on Cu(111) + Ni

High temperature annealing

Figure C.5: N 1s (left) and C 1s (right) XP spectra of HATP acquired on (a) /
(b) pristine Cu(111), and (c) / (d) nickel-covered Cu(111) after annealing to 300 ◦C
for 10 min. On both surfaces, the high temperature annealing results in intensity
losses of both N 1s (pristine Cu(111) ∼43% / Cu(111) + Ni: ∼72%) and C 1s
(pristine Cu(111) ∼84% / Cu(111) + Ni: ∼78%). The values in parentheses refer
to the intensities measured directly after room temperature deposition. On pristine
Cu(111), the relative loss of nitrogen is considerably higher than that of carbon,
indicating decomposition of the molecules by dissociation of amino groups. This is in
line with the emergence of an additional low EB shoulder in C 1s at ∼283.2 eV. This
shoulder can be interpreted as an organometallic carbon-metal bond (C-M),42,213 in
line with the similarly observed integral shift of the C 1s peak by +0.15 eV to lower EB
as compared to the value after annealing to 200 ◦C.29,214 Formation of organometallic
bonds indicates dissociation of carbon-nitrogen bonds.
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C.3 DFT data: HATP on Cu(111)

competing structural models for the self-assembled hexamers

Figure C.6: DFT-optimized geometries for the self-assembled cyclic hexamers of
non-deprotonated HATP molecules on pristine Cu(111). The simulations were car-
ried out on a two-layer copper slab, but only one slab is shown for clarity. Seven
competing models with comparable intermolecular distances are presented that are
all consistent with the experimental result within the experimental error. Moreover,
the binding energies of all models are rather similar. These simulations reveal a pro-
nounced adsorption-site preference of HATP molecules, where all aromatic rings of
the triphenylene backbone reside above three-fold hollow sites of the Cu(111) surface;
all binding energies and structural parameters are summarized in Table C.1.
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Dimer

Figure C.7: DFT-optimized geometry of a metal-organic HATP dimer on Cu(111)
with an axially aligned Cu2 coordination center. The center-to-center distance be-
tween the two molecules of 1.55 nm in this model is in perfect agreement with the
experimental value of (1.55 ± 0.08) nm.
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model # Etotal Emolecule−molecule d(mol−mol)

(eV/molecule) (eV/molecule) (nm)
1 -4.04 -0.12 2.235
2 -4.08 -0.17 2.352

3-fcc -4.11 -0.16 2.378
3-hcp -4.07 -0.16 2.378
4-fcc -4.11 -0.17 2.399
4-hcp -4.07 -0.16 2.399
5 -4.00 -0.08 2.165

6-fcc -3.99 -0.06 2.140
6-hcp -3.98 -0.07 2.140
7-fcc -4.13 -0.18 2.591
7-hcp -4.11 -0.17 2.591

Table C.1: Binding energies and structural parameters for the models of the
cyclic hexamers shown in Fig. C.6. Etotal denotes the total binding energy includ-
ing contributions from molecule-surface and molecule-molecule interactions (Etotal =
[Ehexamer onCu - ECu - 6 EHATP ] / 6), whereas Emolecule−molecule refers to the intermolec-
ular binding energies (Emolecule−molecule = [Ehexamer in vacuum - 6 EHATP ] / 6), evaluated
for the unchanged structures of the adsorbed species. For the models 3, 4, 6, and 7 all
aromatic rings of each of the six molecules reside above similar three-fold hollow sites
(either fcc or hcp). In these cases the binding energies were also evaluated for the
respective other three-fold hollow site. dmol−mol refers to the center-to-center distance
of two diametrically opposed HATP molecules.
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