wm ' B+? PT2M 2TQbBiQ v M/
"+?Bp2

IMBp2 bBiv Q7 wm B+?

J BM GB#™ v

ai’'B+F?Q7bi” bb2 jN
*>@3y8d wm ' B+?

rerXxQ™ Xmx?X+7?

u2 °, kyRd

*22KBbi'v Q7 7TmM+iBQM H KQH2+mH2b i K2i Hbm 7 +2

GBm- CBMvB

SQbi2/ ii?2wm B+? PT2M 2TQbBiQ'v M/ “+?Bp2-IMBp2 bBiv Q7 wm B+?
wP_ I _G,?iiTh,ff/QBXQ ;fRyX8Redfmx?@R9kNk9

.Bbb2'i iBQM

Sm#HBb?2/ 02 ' bBQM

P'B;BM HHv Tm#HBb?2/ i,

GBm- CBMvBX *?2KBbi'v Q7 7TmM+iBQM H KQH2+mH2b i K2i Hbm 7 +2bX kyR
a+tB2M+2X



Chemistry of Functional Molecules at Metal Surfaces

Dissertation
zur

Erlangung der naturwissenschaftlichen Doktorwiirde
(Dr. sc. nat.)

vorgelegt der
Mathematisch -naturwissenschaftlichen Fakultat
der
Universitat Zirich
von

Jingyi Li

aus

V.R.China

Promotionskommission
Prof. Dr. Karl-Heinz Ernst (Vorsitz)
Prof. Dr. Roger Alberto

Prof. Dr. Jurg Osterwalder

Zurich, 2017






$X]XH 9 P 2KAY@ * $%2 ¢0Z

27






Abstract

This thesis reports studies of variousfaceassisted chemical reactionsing thermally

deposited organic molecules on metal surfaces under iigh vacuum conditions,
studied by means of scanning tunneling microscopyayXphotoelectron spectroscopy
and thermal desorption spectroscopy.

At first, thin layers of the stronglectron acceptor corannulene were metalated with alkali
metal atoms,i.e. potassium and lithium, after deposition onto a Cu(111) single crystal
surface. Formation of atable compoundvasobserved aroundO0 Kfor potassium, with

a ration ofwith 4 K" ions per corannulene molecule. In the case of lithium, stable
compoundcomplex was observed, because of substantial higher thermal stability of
lithium films. This fact did not allow an approach using Li in access with regpect
corannulene for compoundormation. Using lithium at small amounts failed due to the
very small sensitivity in photoelectron spectroscopy, the metheddufor stoichiometric
analysis.

Secondly, sulmonolayer and monolayer coverages of fie@se pyrphyrin molecules on
Cu(111) werenvestigated for their ability of osurface metalation with Gadatoms and
subsequent formation of highly ordered organometallic layers. The metalafi the free
base pyrphyrin macrocycle with ruthenium atoms, deposited {ne@m evaporation, on a
Au(111) surface habeen successfully demonstrateBue to the high cohesive nature of
ruthenium, only a partial metalation has been achieved. The role of the cgenps of
the pyrphyrin macrocycle has been further explored usimdpatt pyrphyrin and Ni
adatoms on both Cu(111) and Au(111) surfaces.

Thirdly,thermally grow graphene orCu(111)rom both planar and pentagerich curved
polycyclic aromatic hydrocarbofbuckybowls)precursorshas been achieved and the
graphene topography and its growth dynamics have been dematastrin details. It is
evidenced that, plycyclic aromatic hydrocarbon’s original structuveas broken at
relativelylow temperatures before graphene flake formatiortagts. Thus, it is not possible
to introduce defects with pentagonal rings in a controlled manner into ther latoduced
graphene with this method.

Lastly, tereoselective Ullmann coupling reactions vieabeen realized using bromo
helicene molecules ometal surfaces 2-bromo[4]helicenes couple into a dimer by
forming a newsingle CC bondon Cu(100) while,3-dibromo[4]helicenes form dris-
helicene productby generating a newC6 aromatic ring on Au(111l)n both cases of
dimerization or trimerization, homochiral combinations of the precurseese observed
andthe produced enantiomers assemble into 2D conglomerates of homochinadiths.






Zusammenfassung

Diese Dissertation berichtet Uber Untersuchungen verschiedener chharifReaktionen
mit thermisch abgeschiedenen organischen Molekilen auf Nadarflachen unter
UltrahochvakuumbedingungerDien Studien wurdenmittels Rastertunnelmikroskopie,
RontgenPhotoelektronenspektroskopie und thermischer Desarpsispektroskopie
durchgefihrt

Zuerstwurden dunne Schichten des starken Elektronenakzeptorar@oten nach der
Abscheidung auf einer Cu(1iHinkristalloberflache mit Alkalimetallatomed,h. Kalium
und Lithium, metallisiert. Die Entstehung einer stabiégrbindung wurde bei rund 400 K
im Falle vonKalium beobachtetund zwarmit einem Verhaltnis von 4 *Konen pro
Corannulen Molekdl. Bei Lithium wurde aufgrund der webeimth6heren thermischen
Stabilitat von Lithiumfilmen kein stabiler Komplex beobachtetfgrund dessen lasst sich
kein Weg finden, wie ein LithiurCorannulen Komplex gebildet werden kann, auch nicht
mit Li im Uberschuss im Vergleich zu Corannubarch die Verwendung von Lithium in
kleinen Mengen scheiterte und zwar an der sehr geringen Empfindlichkeit der
Photoelektronenpektroskopie, der Methode zur stdchiometrischen Analyse.

Zweitens wurden SuMonolayer und MonolayerBedeckungen von freien Pyrphyrin
Molekilen auf Cu(111) auf ihre Fahigkeit hin untersucht, mitAGatomen an der
Oberflache zu metaflieren und anschlieRend hochgeordnete metallorganische Bighic
zu bilden. Die Metallisierung des Pyrphyiifekrocyclus mit Rutheniumatomenieddurch
Elektronenstrahlverdampfung auf einer Au(11Perflache abgeschieden wundekonnte
erfolgreich nachgewiesen werden. DiRolle der Cyan&ruppen des Pyrphyrn
Makrocycuswurde weiter erforscht, indem KobaRyrphyrin und Ni Adatome sowohl auf
Cu(111) als auch auf Au(14¥@perflachen verwendet wurden.

Drittens wurde thermisch gewachsenes Graphen auf Cu(l1Mptdoaus plaaren als
auch aus fuinfeckigeachalenférmigerpolycyclischen aromatischen Kohlenwasserstoffen
(Buckybowls) gewonnerDie Graphentopographie und ihre Wachstumsdynamik wurden
detailliert studiert Die urspriingliche Struktur der polycyclischen aromatischen
Kdhlenwasserstofferwurde bei relativ niedrigen Temperatureaufgebrochen, bevor die
Bildung von Graphetoménenbegann. Daher ist es mit diesem Verfahren nicht mdglich,
Defektebestehend audiinfeckigen Ringen kontrolliert in das spéater hergestellte Graphen
einzubringen.

Schlie3lich wurden stereoselektive Ullmakapplungsreaktionen mit Bromhedin-
Molekilen auf Metalloberflachen realisiert.-Bxom[4]helcene koppeln zu Dimeeen,
indem sie eine neue-CBindung auf Cu(100) bilden, wahrend -Bbrom[4]helcene ein
Trishelcenprodukt bilden, indem sie einen neuen aromatischenRo® auf Au(111)
erzeugen. In beiden Fallen der Dimerisierung oder Trimerisierung wurden diinale



Kombinationen der Vorlaufer beobachtet und die hergestelltenEnantiomere zu 2D
Korglomeratenin homochiraler Domanen zusammengefuigt.
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Chapter 1 Introduction

Surfaceassisted chemical reactions have been of great interest in the daefield of
molecular nanoscience in the past three decades. Surfaces constrain thentsaotawo
dimensions, thus the reactions can be precisely contiolléne educts andrpducts of on
surface reactions can be directly probed using various methods, incluspagally
resolving techniques such as scanning tunneling microsandyatomic force microscopy,
and surfacesensitive, spatially averaging methods such-agyXphotcelectron microscopy.
Moreover, if reaction products desorb from the surface, ythean be identified using
thermal desorption spectroscopy. Reactions at atomically clean, sing&al surfaces in
ultra-high vacuum are thus impeccable model systems to deefhe fundamental
understanding of chemistry.

These model systems also give the possibility of solfreet reactions which could not
happen otherwise because of interference with the solvent. Furthermore, novel ogacti
products can be obtained at surfaces due to steric amists of being adsorbed, due to
the catalytic activity of the (metal) surface and due to their insolubility. Iditeah
different reaction conditions can be precisely tailored and attainable experimentally.
For example, insteadf designing a reaction by choosing different solvents and reagents’
concentrations, other control parameters such as deposition rates eaedularly tuned.

For some reactions which require harsh conditions, the presence t#l mmerfaces allows
for a mider environment Anotherexampleis a type of reactions which contain extremely
active reagents such as alkali metals. These reactions are only achieviade any
exposure to air is strictly avoidedt ambient pressure the metal oxidizes much faster
than the expected reaction. Thudtrahigh vacuunexperimensare a must for these kinds

of reactions. Chapter Bresentsexactlysuch acase. Withinthese in-vacuoexperiments
complexcompound consisting of small organic molecules and potassium/lithium can be
obtainedand kept clean for days for further measurements.

One surfacespecific reaction, typically known as surfaassisted metalatiol], is a
successful way for synthesis of novel functionalized molecules. Dueither the
insolubility of the specific molecules usdwre or the extreme requirements of the
reaction conditions in general, the metal coordination of organic moleculesuallysmore
easily accessible through surfagetalation These metalated molecules are predicted to
provide promising catalytic propertiesia their coordinated metalatoms [2—4]. And the
variety of metal species and their tunable physical and chemical propesties as spin
[5-9] and oxidation states [10,11] opens new doors to novel applications, such as
spintronics, superconductivity or their use as orgasgemiconductors urfacemediated
metalation is typically completed implanar macrocycles such as opphyrin and
phthalocyanines, andelfassembly[12-14] of these molecules at surfacesdesmmonly
achieved.Thus tle phenomenon of 2D crystallization allows obtaining highly ordered
1
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layers,i.e. functionalized surfaces, from mere bottenp assembly. Unlike crystabition
processes ofbulk, selfassembly on surfaces is usually dominated by the sulestra
chemical properties and lattice symmetfd5]. Moreover, 2D crystallization of molecules
can play an important role in supramoleculenemistry[16,17] In this way, both the
molecular functionality and 2D nanostructures can be eminfor potential future
applications.

Chapter 4 othis thesis reportfiow a novel macrocycle “pphyrin” undergesmetalation
reactions andts subsequent slf-assembly on copper surfac§s4]. This findingextends
the concept of surface functionalization by metalation to a different classaratycle
and thus opens new doors towards different possible mokectunctionality andspecific
catalytic activity.

As the metalation modifies functionality on a molecular level and-asdémbly usually
produces physically linked network on surface, a more stable covakextiynded
network on surfaces is ane beneficial in most of applidan. Graphene, a single layer of
spf-bonded carbon atoms, has received intense attention in & tecade for example
due to its exceptional electronic properties. For many applicatideage high-quality
graphene layersvith few defects and domains adesirable, whi¢ for other applications
defectrich graphene are more attractivj&8-20]. In most studieof graphene growthon
metal surfacewvia chemical vapor depositidi€VVD) the precursorj.e.the carbon source,
Is a simple gaseous hydrocarbon. Recently it has been reptrsg graphene can also be
synthesized bydepositing larger polycyclic aromatic hydrocarbons (PAHS) such as
coronene, pentacene, rubren§21,22] In the attempt to explore the possibility of
engineeringdefects in grapheneghapter 5 reportsn-situ studies of producingraphene
of different distinctive qualitiesia deposition of two PAHs onto a hot copper surface

Another category of typical surface reaction leading to covaldidnd formation is the
Ullmann coupling between aryl halides on copfiz3]. While traditional requirements of
the reaction conditions are harsh, surface experimemn a copper surface is most
successfuly achieved inultra-high vacuum(UHV) [24-30]. By tailoring the funtional
groups of the moleculegswell as reaction control parametersuch asvaporation rate,
substrate symmetry, and annealing temperatures, different products can biesd as
expected. Amongst theseexamples were graphene nanoribbons[29,31] and
hyperbenzeng[30,32] Since the covalen€-C bonds are formed in a highly controlled
fashion, Ullmann couplinghas beenconsidered the mossuitable reaction to achieve
surface engineering with stable outcomf@ereoselective Ullmann reacticrare reported
in Chapter 6 of this thesis using brofhelicene moleculef33].



Chapter 2 Experimental Meth ods

2.1 X+ay photoelectron spectroscopy (XPS)

X+tay photoelectron spectroscopy (XPS) is a surface sensitive analytibalgiee, also
known as Electron Spectroscopy for Chemical Analysis (ESCA). KainSiegsaarch
group first developedhe XP3echnique in 1954 and he was awarded wiitie Nobel Prize

in 1981 for it[34,35] It is a widely used surface characterization technique, which gains its
popularity due to its high information coaent, flexibility in detecting various elements on
the sample's surface, and firm theoretical bd86].

The geneal principle of XPS is as follows: the sample is irradiated-rhysxof specific
energy. Thereby electrons are excited from tloere levels of the atoms and
photoelectrons are generated. These photoelectrons have a kinetic energy biven
Einstein's equidon:

‘b= DAaF,F1, (1

where E is the binding energy of electrons in inner shell of the atdés the photon
energy of xrays, kis the kinetic energy of the emitted photoelectrons which is measured,
and 1 is the work function. Thusrdm the known photon source energy emitted by the x
ray source and from the detected kinetic energy, the bigdenergy, which provides
atomic and structural information, can be calculated.

Binding energies differ for different elements, electronic levels, as wdtirasach atom’s
chemical environment. In each atom, the electrdaserto the nucleus exhibits a greater
binding energy. The variation in binding energy of a specific core level of #Hicspec
element depends on the different chemiocahvironment of the atoms and is known as
chemical shift.

XP spectra can provide rich information about a surfaitkimthe surface proximal layers
[36]. Both qualitatve and quantitative information can be obtained, such as the
identification of elements, the determination of the approximate surface position, the
oxidation state of surface atoms, molecular environmesit,., without destroying the
surface structurd36].

2.2 Scanning Tunneling Microscopy (STM)

Inventedin 1981 [37-39], by Binnig and Rohrdawarded withthe Nobel Prize in 1986
scanning tunneling microscopy (STM) has become a very fulwand widely used
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surface imaging techniqy&7,40] By mapping theslectronic density of states at surfaces,
it gives higkresolution images o surface in real space withlateral resolutiorbelow1 A
Later developmerg of STM includemanipulation at the single atom level, local
spectroscopy and detection of magneticoperties of a single molecule/atom. It is
commonlyusedunder UHVconditions, yet instrumentatiomnvorking atambient pressure
and in various liquislhasalsobeen achieved.
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Figure2.1: schematic drawing of the STM, figure by Michael Schmid, TU Wien

The essential elements of STM are illustrated in FiguteThe probe tip is usually made
of W or Ptlr alloy. It is mounted on a piezoelectric drive, whizdn control the tip
movement boh horizontally (x and y directions) and verti¢al(z direction).Thus,the
atomically sharp tican approactso close to the sample surface that the electron wave
functions of the tip and the surface atoms overlap. Tunneling of elestomturs if a bias
voltage between sample and tip is applied. By measuring thmndling currents at
different positionson the surface, &2D map of electron density athe surface can be
obtained. There are two major scanning modes, constanteriirand constant height
mode. In this work the constant current mode is used, where tleneling current is kept
constant and the tip height is regulated and recorded whalenging.

As mentioned above, STM is based on the quantum tunnelifegctefin quantum

mechanics, an electrohas a probability of tunneling through a potential barrier. In the

STM setup, this means that electrons can tunnelotlyh the vacuum level barrier

SA v §Z e u%0 Vv 3Z 3]%X "1]v € 3A}@EIS(pveSu% o U AZ] Z ]-

defined as the minimunenergy required for an electron to escape from a stdidhe

vacuum level. It depends on both the surface material usamud the surface

crystallographic orientation. s the Fermi energievel of the metal, which is the upper

energy level of occupied states in a metal. If no voltage betweetip andthe sample is

applied, the Fermievelsof the tip and the sample are identicabecause both metals are

4
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in contact So electrons can tunnel from the sample to the Vige versaAfter applying a
bias voltage V between the tip and the sample, a net tunnelurgeat occurs. Herédt is
assumedhat e V' " Xydefinition, the transmission coefficient T(E) the probability
where electron tunneling occurs. It can be deductednfrgquantum mechanics as
following[41]:

]l
Yeii

a') R NPT (2)

where G= ¥2 |1 / %is momentim of the electronand zis the distance between the tip

and the sample. The transmission coeffici@E)and hence the tunneling current cdre
adjusted by the bias applied between the tip and the samphe flinneling current also
depends exponentially on the tip sample distarzcé e.the current decays exponentially

as the distance between the tip and the sample increases. The barrier height regresent
the conduction of the tunneling gap, which in turn depends loa density of states in the
surface and the tip. Thus, a STM image is always a representation of the surface
topography represented by its density of states as well as the denSgyates and the
shape of the tip.

Here in this thesis, all STM imagbat have been processedg. flattening, subtraction
etc. by using theWSxM softwarg42].

2.3 Thermal desorption spectroscopy (TDS)

Thermal desorption spectroscopy (TDS), also known as temperature progem
desorption (TPD), is a surface technique which is usedsttmly the kinetic and
thermodynamic parameters of desorption processd®ere atomsor molecules ifitact or
their fragmens) thermally desorb from a surfacdhe main setup of TDS is shown in
Figure 22. The essentigbarts are a temperature control unit, which is able to ramp the
sampletemperatureat a constant rate during measurement, and a mass spectronaer
detector of desorbed particles in the gas phase this work, two different approaches
have been used. Ithe first, the used quadrupole mass spectrometer was placed in
special differentidly pumpedhousingwith a pirthole, a soecalled Feulner cup. The cup
could be moved closely in front of theample in order to collect only desorbing matesial
from the sample surface, rather than fromther degassing surface.g the heating
filament orthe sample holdér The secondsetup hadthe quadrupole mass spectrometer
without any cup

The measured signal psoportional to thepartial pressure of certaiparticlesof desorbed
molecules or molecular fragmenf® be defined by the mass setting the spectrometer)

and can be related to the desorption raf;e~g[43]. Thermal desorption is an activated

process and can be described byAmheniuslike equation,the so-called PolanyiVigner
equation[44]:
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€6~ Ngzs F== R4 9 80 ATIE-DA  (3)

Here, rqes is the desorption rate R 3 6) is the preexponential frequency factor as a

function of coverage and temperaturdis the coverage of the adsorbates ~SC %] o00C i G
n 0 2) isthe reaction order of thedesorption procesand ' « g s the activation energjor

desorption
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L o
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: Heater / .
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l

Figure2.2: Schematic illustration of T8th a Feulner cup.

2.4 Experimental setups

Thescientificresultspresented in this thesibavebeenachievedn two labsat Empa, the
Swiss Federal Laboratories for Materials Science and Technioldgybendorf where
each sample can be prepared and characterizeditu under UHV conditions. All

experiments in chapter 3 and the TDS in chagtevere carried outri the ‘ESCA laband
the rest in the RAIRS ldb

2.41 ESCAab

TheESCA systema two-chamber UHV systeifShown in Figure 2.3). The samffégure
2.3b), a single crystal in this cadeas beenspotwelded and clamped bywo tantalum
wiresonto the manipulatorandwas in good thermal and electric contact with the copper
block and heating bands from the manipulatém addition, a typeK thermocouple ha
beenspotwelded on the side of the crystal for precise temperature detection @trol
(from &80 K to d500 K. In order to reach different experimental techniquethe
manipulatorallows manual sampleotation and translation The preparation chambeis
equipped with low energy electron diffraction (LEED) optics, a quadrupole mass
spectrometer and a sputter gun for standard sample cleaning with Ar ionized gas.
differentially pumpedevaporationcell has beemmounted behinda gate valveand can be
inserted into the chambeduring moleculardepositon. A commercial alkali gettehas

6
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beenmounted foralkali metal cedeposition A photoelectron spectrorater from Physical
Electronicaand a Mg/Al dual xay sourcehas beennstalledin the XPS chambeThe two
chambers can be pumped separately via the ion pump anduti® pumpwith the base
pressurebelow 10° mbar.

C Photoelectron

energy analyzer LEED optics

Alkali metal getter

Sputter Quadrupole

lon pum
P gun mass spectrometer

Turbo pump

Figure 2.3Photos and the sketch tfie ESCA laka) Overviewphoto of the ESCAab; b)Photo ofa
single crystal mounted on the manipulator;&etch of ESCkb showing the main techniques.

2.4.2 RAIRS lab

RIAR$abis an UHV system consisting of a main chamber and a-loeki chamber (Figure
2.4). The single crystal substrdtas beenfixed mechanicallpnto a sample holder, and
then clamped onto the manipulator by springs on the siddmisTthe crystal remaini
close fhysical contact to the cooling copper block. The temperature messent in this
casewas achieved byphysical contact t@ type K thermocouplémposed by the springs
mounted on the manipulator. The sample holder aloelectron bombardmentfor
heating fran the backside of the surfac&he sample holder also permiin-situ sample
transfer between the main chamber and the leld¢k chamberAs for the ESCA lab, the
manipulator allove manual translation and radial rotation of the sampla the main
chamber.The chamber is also equipped with a STM (Specs AaBtysncl. a Pt/Ir tip), a
guadrupole mass spectrometer housed in a Feulner cup, X®& r&flection absorption
infrared spectroneter (RAIRSEamples were prepared by using standards methods, such
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as Ar ion sputtering of the single crystal surface, annealing, molecule daposind e
beamheatedmetal codeposition. The base pressure of the system @&k0* mbar.

C Turbo
Molecl_.ll_ar STM pump
deposition

Turbo cell \

RAIRS
detector

Photoelectron
energy analyzer

Laser

source Ebeam

evaprator

gun
lon Quadrupole mass

pnp spectrometer

Figure 2.4a) An overview picture of the RAIRS lab; b) The photo shows a sirsgld fired on the
sample holder, mounted on the manipulator; c) A sketcRAfRS system. Notably, the location and
orientation of each technique shown in this sketch does not precisely comeésfmthe realistic

case in the system.



Chapter 3 Metalation of c orannulene with alkali metals: thin
film syntheses on a Cu(111) surface

Corannulenea typical Buckminsterfullerene fragment {salled buckybows), is aPAH
molecule withthe chemical formula £H, [45,46] Its molecular structureis shown in
Scheme3.1 It has a pentagonal ring in the center, fused with fiemzo moietiesThus it
renders a fiveold rotational symmetry, which is incompatibleith any periodic crystal
lattice [47]. This character of corannulene alone meakt an interesting material to study
it on surface. Interestinglythe corannulenemolecules show on a Cu(111) surface a tilt to
avoid G symmetry and are packed in(d4 x 4) longange ordered superlatticg48,49] A
similar tilt was observedon Cu(110)50]. Reports also show that the salfsembly of
corannulene is dominated byeversibe phase transitions at defined temperatures,
suggesting @& entropy-controlled 2D crystallization proce$49], as well asinducing a
pronounced charge redistributioat the metal surface upon adsorptigal].

Scheme 3.1Baltand-stick modelof corannulene

Startingin 1991, it has been reported experimentally thatercalating G, crystals with
alkali metals in bulk samplésducessupercondudvity with transition temperature as
high as 39 K52,53] Later, picene, a widebandgap semiconducting PAH, was found to
exhibit superconductity when intercalated with potassium, with transitioerhperatures

of 7 K and 18 K, depending on the metal con{&di. Similar to & fullerene, corannulea

is a strong electron acceptdb5]. Nuclear magnetic resonance spectroscopy studies in
solution sugge®td that, each corannulene molecule can intercalage to 5 alkdi metal
ions, i.e. Li [56-58], with the help of solvent moleculesTheoretical calculations of
electrorrintramolecularphonon coupling by Katet al. predicted that the transition
temperature ofcorannulene monoaniogan reach as high as 6499]. It was also shown
by Bauertet al. [60] that under UHV conditions, upon adsorption on a thick Cs film,
submonolayers of corannulene accept 4 electrons per molecule from t€gha two
degeneratelowestunoccupied orbitls. Further annealing of thick layers of the molecules
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together with cesium film leads to the formation of a chemically stable camgdilm,
consisting of corannulene quadruple anions andaliens.

Here in attempt of achieving the stabsandwiched compound consisting of corannulene
and alkali meta, in-situ experiments concerning potassium and lithium have been
conducted. XPS and TDS have been usedder to study the stoichiometry and thermal
stability of alkali metal- corannulene compound.

3.1  Chemistry of corannulene with potassium on the Cu(111) surface

In order to achieve pure potassiufiims, potassium getters from Saes Gettarsre used.
Theywere easy to handle and reliable to produce alkali metal thin films in UHV conditions
The potassium gettewvas spotwelded on a feedthrough and inserted into the UHV
chamber. By applying a current up to its activation curreeyonda defined threshold
current, pure alkali metalj.e. potassiumvapor in this casecan bereleased from the
getter, anddepositedonto the sample placed directly facing the getter.

To degas the potassium getter, degassing currents starting from 1 A to th Ateps of
0.2 Awere applied. The final pressure of the system during degassing aivasAelow
5x10° mbar. During evaporation, the potassium getteas applied with an evaporation
current |, and preheated for a time fto achieve a stable potassium flu¥en a single
crystal Cu(111) sampleasplaced directly facing the getter slot for an evaporating time t

Thedifficulty with our setup using this Saes getteasthat the thickness of evaporated
potassium metal at the same applied currevdsnot perfectlylinear with the evaporation
time, because within the considerable preheating timg the evaporating rate is
increasing slightlglue to the increasing temperature. And also, the fairly slow process to
move the sample manually to its evaporation position from a certain position fangm

in the same UHV chamber where the sample will not be contaminated whikagatng

the getter, can causminor inaccuracy. In our setup, thgwas usually set to 4.8 A, Was

3 min, and the pressure in the UHV chamber during evapg@agmainedalways béow
3x10° mbar.

10



Metalation of corannulene with alkali metals: thin film syntheses on a Ciliface

Figure3.1l: LEED pattern of K overlayer on Cu(111) at 66.1 eV. 8pézlorange are the Cu
substrate diffraction pattern, while spotdrcledin blue are diffraction pattern frorthe potassium
p(2x2) overlayer.

The (111) surface of thdcc copper single crystaivas used as substrate heré\n initial
ordered ovelayer of potassium atoms on Cu(111) e®n reported to havehe surface
structure of p(2x2[61]. The corresponding EED pattern is shown Figure 3L. Here the
initial layer with ordered p(2x2) stctureis definedas 1 monolayer (Ml equivalent to ¥
of the number of(111) copper surface atoms 4f768x16° m®. No ordered overlayer
LEEDpattern can be observed if the coverage of potassium is larger than thed layer
[61]. Theexcess ofMmonodayer of purepotassiumdesorbs from the copper surface at room
temperature. Socooling of the substrateis required duringdeposition of potassiumin
orderto get a thickpotassium metalayer,asverified by the TDg-igure 323a). The exact
coverage can be determined by comparing the&SgBakareas of K and Cu after Shirley
background sbtraction and division with their atomic XPSsensitivity factos for the
spectrometerused In this waythe K coverageould be related to the LEED calibration of
1 ML.(Figure 3b). It can be seen, that the coverage of potassium on the surfea®
moderately linear with evaporation time A reasonof the slight nodinearity at larger
coverage timecould be due to the attenuation of Cu signal at higher covesadde
potassium coverage saturated edughly @& MLwhen the Cu crystalvas kept at room
temperature. This also shows that the (2 x 2) indeed representstasgium monolayer
and that the adsorption energy is substantially lowered above thML cograge Note
that alkali adsorption induces substantial surface dipoles and work funcéored on
metal surfaces due to charge transfer to the subst{&@.

11
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Figure 3.2: a) TDS of approximately 20 ML of potassium deposited on Cukeht at 90 K.
Potassium starts to desoidit 298 K; b) K coverage versus evaporation time on the Cu(1Ifagsur
at 295 KEvaporatiorcurrent of the potassium gettevas4.8 A.

The procedure of making potassil80ORfilms on the Cu surfacevas as follows: Cu(111)

was cleaned by sputtering with ionized Ar gas (ion current is arouXdh ... « (}&E 0i u]v
and annealedat 600°C for 4 min. The cleanness of the sanwpde verified by XPS.
Potassium wasvaporated by préneating the potassium getter for 3 min and subsequent
evaporation on to samplér a certain time ¢ while the substratewas keptat around 90 K.

The evaporation currentvas 4.8 A. Then CORas evaporéed on top of the pure
potassium layerAt last, the samplevasannealed toa certain temperaturefor at least 10

minand C1s, K2p, and Cu2p XP spesgtree acquired

Figure 3.3 K2p and Cls X&ectra of the sample when annealed to different temperatures.
Evaporation time for COR and potassium is 30 min and 3 min respectivielgy $ackground has
been subtracted. The data points in purple in each graph are acquired either with dakspon @
with only corannulene otthe copper substrate.

Fig. 33 showsrepresentative K2p and Cls XP spectra from the same sample with
corannulene and potassium layers annealed to different temperatures, |\l
corannulenemolecular cell kept all05 °Cand for 3 min. A Shirley type backgrougs
been subtracted. The two peak positions c2Kat €294 eV and&®96.5 eVboth shited
slightly towards lower binding energy along with higher annealing temperstufetthe

Cls peak id not show a clear shift at ddrent temperatures. For about 60 ML pure
potassium on Cu(111), the K2p region skdwa clear shouldeand an additionapeak at

12
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301 eV. This ia plasmonexcitation inthe metallic potassiunfiim and causes a lower
kinetic energ of the outgoing photoeldgoon [63]. It wasquenched significantly when the
corannulene layemwas deposited and disappead at higher annealing temperatures.
Compared to the spectrum acquired with only COR evaporated in the samdition on
the same sample, the C1s spectra with both COR dmal/&shown much broader peaks
probably indicating that the samplesterogeneity

Table 1 Atomic composition (number of potassium or copper atoms per CORcoielas detected
by XPS) on COR (103%min)/K(4.8A2min)/Cu(111) sample at different annealing temperatures.
Due to the surface sensitivity of XPS, the msity of the Cu signalith respect to the Cls signal
wasa measure of the COR film thickness.

Ta K Cu
90 K 5.7 3.2
300 K 4.8 4.0
350 K 4.6 3.7
400 K 4.3 4.1
450 K 3.5 11.7
500 K 3.8 11.7

The calibrated composition ratio of each element is givehable 1 Since the COR has 20
carbon atoms per molecule, for the convenienicecomparison of potassium versus
molecule, the ratio here is always shown @sassium/copperatom per COR molecule.
After deposition at 90 K, 6 potassium atoms per COR molecule arevelddseraveragelt

is already know that at RT, COR fornas @ x 4) overlayer onthe Cu(111) surfac¢s1].
Thusthis (4 x 4 overlayer idefined asl ML of COR on Cu(111). So with this definition, by
comparing the K2p and C1s signal intéasiof this sample, there are at least 40 ML of
molecules and 60 ML of potassiubBue to the attenuation othe Cu2p XP signal in such a
thick layer,this thickness ignost likely an underestimatiorOnce annealed to 200 K, the
ratio per COR molecule of each element fluctuates slightly. This means ngt@sdrom

the surface is observedAlthough the single components desorb 300 Kfrom their
multilayers yet multilayerthicknessof both molecules and potassiumere still observed
Considering that COR on copper at RT can only be monolayer rather thiflayau[64],

so does potassium, it can m®ncludedthat, the potassium and COR can stabilize each
other on copper surfacedby forming a compoundThis has beenverified by a TDS
experiment monitoring mass 39 during heatingigure 3.4).Two peaks, representing
potassiumdesorptionwere observed. As for the clegotassiumlayer experiment, a peak
at 341 K reveals agaipotassiummultilayer desorption. In particulatthe zero order
desorption peak shapdhe exponential increase anthe abrupt decrease of desorption
rate at the hightemperature side) is indicativef multilayer desorption.

A second peak at 490 K is too high in order to be explained this with rquptgsium

desorption from the monolayer (Figure 3.2a). It is midstly due to potassium released
from the decomposed CGR compound at that temperate. An analysis of all XPS
annealing experiments (Appendixfor atemperature between multilayer desorption and

13
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decomposition peaki.e. 400K, results in a K/COR ratio of 4. Heitceanbe concludd
here that, like in the case of cesium, COR forms a tetraanion. In analdgyatad Cs, it is
likelythat four atoms are sandwiched in between two bowl molecules.

Figure3.4: TDS of 39 amu,e. potassium desorptiomfter codeposition of K and CORvaporation
time for COR and potassium is 30 min and 3, mspectively. Théeatingrate during desorption
was3 K/s. Two desorption peaks are observed at 341 K and 489 K.

Notably, there is always an O1s signal after heating up to 300 K, suggesting
contamination of the sample. Yet the origin of the O element is not knowmuesgwould

be O is takenrdbm residual CO in the UHV system at low temperatures and plays a role in
the KCOR compound formation process, since its content isyahabout 0.5 O peCOR.

3.2  (hemistry of c orannulene and Li as thin films on the Cu(111) surface

As indicated above, these experiments were motivated by the question ipdssible to
synthesize a CQREsandwich compound, as claimed[56-58], or if again a exclusively
tetraanionic compound is possible. As will be shown belmamclusiveCORLi chemistry
cannotbe derived from thign-vacuosynthess approach.

The experimentsvere carried out witha similar setup as used for the K/COdRhemistry Li
was evaporated aio the surface usinga Li SAESgetter. In these experiments, the
evaporation current was set to be 7 énless stated otherwise. Cu()ldias used ashe
substrate. The getter was degassasing anevaporation carent untill the Ol1s XPS peak
cannotbe deteded on aLi/Cu sample at low temperature.

TDS of Li on Cu(111) shows that Li atoms desorb at about §3Qufe 35.). Hence,Li
adsoption does not necessarily require coolinfjthe substrate. Yetlepositionat low
temperature shows @ubstantiallyhigher amount of Li othe surface, suggesting that at
low temperature, Li atom$ave a higher sticking coefficient onto thie/Cu surfaceln
order to grow COR multilayers, the substrateas always cooledo 90 K (using liquid

nitrogenas coolantduring Li and moleculdeposition.
14
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Figure3.5:TDS of Li on Cu(111) surface, ramping vase3 K/s.

The XPS atomic sensitivity factor of Lithium is very smgllcompared to that of carbon
and that of copper. The XPS signal of Li cannot be effectively distinguishedheom t
background noise when there is only a thin layer on the toffase. $ a thick layer is
needed in this casd=igure 36 shows a typical XP spectrum and fitting of pure Li atoms on
Cu(111) surface at 90 K. No LEED pattern of the-laiyats was ever observed, at low or
room temperature.Therewere about 57 ML on this sample. The Lils peak position on Cu
is 55 eV with a shoulder at higher binding energy.

Figure3.6: Spectrumand fitting of the Li 1s XPS peak on Cu(111)

The similar procedurasfor the potassiumexperimentswas applied in this case, yet with
much thicker layers, due tthe low sensitivityof Li in XPSBecause of the high Li
desorption temperature the Li filmaere shortly annealed to 350 Kspeculating that this
will produce homogeneous Li film$his stepwas notappliedwhen CORvas deposited
prior to Li.

Figure 37 shows typical XP spectra series at different annealing temperature. In &&t A,
was evaporated first, and in set B, CORs weaaporated first. All the other conditions
remain the same. Tableshows the atomic ratio of Li, C, Cu and O on the sample i thes
two series of experiments.
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Table2 Amounts of Li, Cu and O per molecule@ar/Li/Cu(111) andilCor/Cu(111).

A: COR(110 °C,30 min) +Li | B:Li (7A,5min) + COR
(7 A,5 min) (Li first) (110 °C,30 min) (COR first)
Li Cu (0] Li Cu (0]
90K
only one
cor(npo>:1ent: 2.4 ! i ) 24 i
Li or COR)
90K (after
annealing to
350K for 2.4 1 0.1 - . -
2min)
90K (with
both COR 8.5 1.6 0.6 19.6 1.3 -
and Li)
300K 13.7 2.0 0.6 14.7 2.6 0.7
350K - - - 14.8 2.4 0.7
400K 20.1 2.6 0.6 - - -
450K - - - 14.2 2.7 0.7
500K 19.8 2.2 0.6 - - -
550K - - - 15.7 3.9 0.8
590K 194 3.5 0.7 - - -
650K 10.7 4.1 0.7 - - -

The annealing results for the two groups show different behaviors. Whehitis covered
by the corannulene at initial 90 K (group A), the Lils XPS peak is lateiddl eV. An
additional peak at a higher appears when annealed to 300 K. This resaltgeiy broad
Lils peak at this temperature. The shift is completed when annealed to 4088 BKeyond,
as only one peak at 56 eV is shown. This shifting suggests a chemitiainrea surface.
However, when initially Li is evaporated on top of the molesutaere is no large peak
shift regarding different annealing temperature. The peaks at 90 K anK3&@ a bit
broad but there is always a major peak located at 56 a\f growing more and more
defines as the annealing temperatures go higher. This stgjglest the reaction which
happens in group B takes place already at 90 K. This is verified by the shiftingX?$1s
peaks.
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Figure3.7: XPspectraof two samples, with COR evaporated on top of Li or Li on top of COR,
respectively.

The qualitative calibration shows that the initial ratio of Li:COR is, ih bases, larger
than 4 or 5, which is the expected value of LI/COR sandwialcture. From TH
experiments,it is known that a pure Li layer does not desorb from Cu(111) surface at
room temperature yet COR does. This agrees with our calibrated atomic ratie group

A and B. In A, the thick Li layer covered by a thick COR layer intermixesenntiolecule
layer when annealing from 90 K to room temperature, so XPS, as a surfaigveen
method, shows a growing Li signal. This ratio remains aroufDihtil annealing as high
as 650 K and decreases to about 11. This result also agreethevitevious resulthat, Li
desorbs from Cu(111) at about 620 K. In group B, the ratio of Lix@Qifzes at about 15

up to 550 K.

In both cases above 300 K, there exists a small Ols peak, with atdimiof about 0.6
and 0.7. This contamination cannot be ruled out and its miggnot known.

Since COR desorbs fraime Cusurface at a much lower temperature than that afLi
layer, an considerably thick moleaullayer is needed to give the initial ratio of Li:COR
lower than 4, especially considering that the atomic sensitivity factor ofldwisso aCOR

first procedure is used. After COR evaporation, there is barely any Cu2p XRrsigrthe
surface. Further results are shown in the AppendiAitypical Cils and Lils XPS peaks
from these experimets are shown ifrigure 38.
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Figure3.8: XPS of Lils and C1s regions from annealing series with thickda@@R and Li. The
orange plot is the data acquired with either COR or Li on surface. Theitptehspectra is rescaled
for best visibility. The peak in b) at 52 eV is a Cl1s replica (s@e te

From the data aboveapeak at 52 eV in Lils region is observed after COR molecules are
evaporated. It remains its intensity at 90 K after Li is evapdrated decreases when
annealed. It was not observed on clean Cu. Its binding enetgg isw to be Li (normally
&5 eV) and it is correlated to the carbon contation on surfacelt is a C1s replica
Me C U 00 U}uvGaygproducediy ]S]}v 8§} §Z *]JE DP < r o]v X
The difference between the photon energy of Al K alpha (I4&%/) and Mg K alpha
(1253.7 eV) is233.0 eV. So for the Cls peak, the Al K alpha energy will result in a C1s
replica at 285 eV 233 eV = 52 eV. Thereforfer the Li concentration shown in Table 4,
this 52 eV peak is not considered. Due to the extremely small Li senddivkiS, the Lils
peak is barely seen after annealing, thus, the calibration based on XPS has a largarerro

The ratio is not reprodcible in each experiment and no stable complex/compound is
found. It is likely that COR molecules desorb from surface at about 320 K rapidly ye
does not, so that the sandwich structure foation asstable compounds above this
temperature.

Notably, there is always an Ol1s peak after annealing to 300 K and above, just as in the K
case. Since the Ols is not there before the annealing at low temperatureonclusion is

that this O comes from the degassing of the hot surfaces in tH& \dystem during
annealing. Since alkali metal is so active to oxidation, the degassingeo$urfaces
becomes critical in this case.

In order to achievean adequate molecule quantitjor the formation of a stable
compound another procedure was carried out to try to gaable compound. COR and Li
were evaporated oto the surface while keeping the substrate at 90 K, then the sample
was annealed to 330 K for 4 min and cooled down for XP8,whaemed again and kept
for 330 K while evaporating additional COR to the surfac® min. The result is shown
in Figure 39.
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Figure 3.9: XPS ofa sample consisting of thick layers of COR and Li being annealed and
subsequently more COR evaporated. Spectra wereasured at each step of the sample
preparation. The spectrum in red is thick layer of COR and Li evaporatedkatT®@n the sample

was annealed to 330 K. The spectra in blue and in green are the result befordemevaporating
additional COR ontde 330 K substrate respectively. The signal at 52 eV is a C1s remitextse

By comparing the XP spectra of native COR and COR with Li at 90Mg;shifiotogether
with peak broadening of the Cls peak can be observed. Meiéevihe Lils peakasan
up-shift from 55 eV to 56.6 eV. Once annealed to 330 K, no maéore or after
evaporation of additional COR molecule, no chemical shift of Cls or bifseived.

Table3 The atomic ratio of the samples shownfigure 39 per molecule

Li Cu 0
90K 27 . .
Anneal 330 K 5.0 25 1.4
4min
More CORat
o 12.6 2.4 0.6

From figure3.9 and table5, it can be provedhat deposition ofadditional molecules des
not lead to a stable compound.

3.3 Conclusions

Adding Li to COR results in a downshift of the C1s signal byt 8weV. In turn, Li
embedded in COR hasd.5 eV higher binding energy compared to Li on Cu. The same
trend can be observed also for potassium. This shows that there is significarge
transferfrom the alkali atoms to the molecules and indicative émmpoundformation. In

the case of potassiunt has been showthat a stable compound is formed 400 K with4
potassium ions per COR molecultn the case of Lmo stable compound/complegould

have beenprepared, which was most likely because of the choice of ithgal
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experimental conditionsThe major difficultywasthe highthermal stability of the Liayer.
Hence, excess Li could not be removed without destroying the entire samplen Whe
working withLithin layess the lack of XPS sensitivity did not allow proper analysis of the
stoichiometry.High sensitivity XP®/ould be available in Synchrotrdrased experimers,

in which beside high brilliance of the souraesonant XPS is availalidg tunable foton
energy[65].
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Chapter 4 Self-assembly and metal coordination of surface -
adsorbed pyrphyrin molecules

4.1 Metalation on Cu(111)

Surfaceadsorbed macrocyclesuch as porphyrior phthalocyanins, present interesting
platforms to study physical and chemical phenomena at interfaces, as well astipbte
materials for various applicatiorst the nanoscale Theprimarily planar macrocycles are
particularly remarkablebecause they can coordinate a mkian in their center, which
makesthem ideal onsurface model systems to study coordination chemi§ag-68]. In
addition, the central metal ions cattachan axial ligand at the open site opposite to the
surface [69,70] Notably, this phenomenon & porphyrinderived 2D layersholding
different transition metalshas been reported to processatalytic properties for water
oxidation [71]. An alternative to the deposition of metal containing macrocycles is to
achievecoordination of metalin-situ directly in UHWusing metal atomsThisprocessis
called metalation.The metalation is achieved eitheiia adatomsfrom the substrate
surface orby subsequent depositiof the desiredmetal [72—74,67,68] In this chapter,
on-surface metalationof the porphyrintlike molecule pyrphyrin (2HPygcheme4.1) is
reported.

In contrast to molecules from theetrapyrrole family,i.e. porphyrin or phthalocyanine, the
pyrphyrin macrocycle consists of four &as pyridines instead of pyrrol$75,76]
Specifically, tw@®,2-bipyridine subunits are bridged by cyanmethylene units to form a
plane consisting of two iminic (=Nand two pyridinic NH) nitrogen atoms After
dehydrogenatiorin the coreof free-base 2HPyr, the planaetradentate pyrphyrin ligand
can coordinate ions such as zZn[n7,78] Mn(lINCI[79], and Co(ll]76]. The formation of
CoPyr has been also achieved tbe Au(111) surface in presence of supplemented Co
adatoms[80] provided by ebeam evaporationln solution, CoPyderived complexes have
been shown to catalyze the reduction of water undee illumination with light[76].

Based on the surface chemistry of cydnactionalized molecules reportedreviousy
[81-84], it is anticipated that transition metals can also coordinate at the cyano groups.
Such coordination at functional groups pointing away from the moleculesrgiynéads

to the formation of highlyorderedextendedorganometallic network§85].
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Schemet.1: Scheme of 2HPyr and its salétalation to CuPyr

2HPyr (submonolayers with the coveragef approximately 1 ML were thermally
evaporated from a Knudsen cell onto the Cu(111) substitdege 1 monolayer (ML) is
defined as the most densefyacked layer of Pyr molecules on the Cu(111) surface without
any moleculesin the second layerThe evapoation temperature of the molecules was
330 °C The molecular coverageas obtained from XPS by comparing the interisi of
Cu2p; peaks and Cls peaklibration of the absolute coverage using STM.

For 1.0 ML of 2HPyr deposited on Cu(111) kept at roompezature (RT, 295 K), XP
spectra (Figure 4) reveal a N1s signal with two distinctive pea&micethere are three
species of N atoms ieach2HPyr molecule, three peak components, standing for iminic
~>E,>¢ § 0iiX0 sU %CE]] ~AE>VYBHUODIOD X§+ syhavEgd@ehP v
fitted. These binding energies are consistent with the literature for 2HB8jrand free

base tetraphenylporphyrif2HTPP) monolayer®7,68] The experimental spectraare
consistent with three compnents ina 1:1:1 ratio, indicatingthat the moleculesvere in

their native state after evaporation @a the copper surface at room temperature. The
cyano and pyride signals are very close in energy and could be also assigned inversely.
After annealing to 473 K for 10 min, a naremN 1s peak is observed which can be

decomposed ito E> pu ~71606X60 S e Y Y&21lrgtio ~10 86 X0

[72,82,86,87]The J* %% @& v }( §Z >E, highePbinding®eng®)y and the
emergence ofhe narrower N1s pealare key featuresidentifyingthe metalation reaction:
through a dehydrogenation process of the two iminic groupgh@ molecular core, a
copper atom has been incorporated in the macrocyater of the molecule and hence
leads to four equivalent pyridic nitrogen atori$ie binding energies agree with previous
results on porphyrin metalation on copper surfad@8] and with CoPyr/Au(111]80].
Remarkam CU §Z YE Ju%}v vE <Z](3+ 3}A ® ERCPZCEIXPv |]§P
indicating a significant modification of the cyano groups' chemical environrdesimilar
N1s peakup-shift has been observed aftehe coordination of Cu adatoms to cyano
groups ofa g/andhelicene derivativg82]. Therefore, the shift of the cyand indicates
that Cucoordination at the cyano groups also occurs for pyrphyrin on Cu(111).
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Figure4.1: XP spectra in the N1s region revealing the metalation reactioPH#yr to CuPyr (1.0

ML). After deposition, the N1s signan be deconvoluted into 3 componeni. Ju]v] ~>E,>U

0iiXfA seU %CE] Jv] ~AE>U i66X06 s Vv}PQ@X}dZ Y&dwyddoXi s« v]SE
signals are very close in energy and can be also assigned inversely. Theenadils peak

observedd§s E vv o]JvP v }JVAlopd v E> YESOOXIO6EXOVSe % | *
in the ratio of 2:1 The background of the clean sampkes beersubtracted.

By measuring the evolution of molecular hydrogetth TDS, further insight into the
processof metalation is obtained. During the temperature ramp at rate of 3 K/s, two
distinct H *}E&%S]}v u A]uwere obsetved at 377 K and 696 K, respectively
(Figure4.2). The spectrum obtained orthe clean Cu(111) under identical conditiodsl

not exhibit these features. Based on the observationtloé complete metalation after
annealing to 423 Kisingy WU %is aksigadto the dehydrogenation of the pyridinic
nitrogens during metalation, consistent with the literatgren porphyrin metalation o
Cu(n1) [68,88,89] d Z ]vs ve % &} d tiermdllyinduced <] P Vv
dehydrogenation at the periphery of the molecslee. CH bond breaking. Such pyrolysis
has also been observed for monolayers of tetraplg adsorbed on metal surfas
[86,88,9092].
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Figure4.2: TDS for molecular hydrogen (m/z = 2) obtained for 1.2 ML of 2HPyritkgpoa Cu(111)
kept at 110 K. Theeatingrate wasi <l+X dA} ]*3]v § u Avéreobservedtat 377 K and
696 K, which are assigned tg ¢esorbing during metalation and dehyyenation of the carbon
backbone, respectivelfthe TDspectium for the first order kinetics withthe attempt frequency § =
10" Hz and an activation barri€= 113 kJ / molvas numerically simulated (shown in blue).

The energy barrier for the dehydrogenation of the pyrphydore and therefore for
metalation canbe obtained by assuming that the hydrogen recombination tdetalar
hydrogen and desorption of Hare not the ratedeterminingsteps of the entire process.
This assumption is justified, because recombinantésorption on Cu(111) occurs &
300 K [93]. The simulations were performed by numerically propagating the Polanyi
Wigner equation(3) (see introdugon of TDS, chapter 2 secti®) [94,95] with a linear
temperature ramp. Here, an arbitrary Jv]3] o } A f@& tRe fijst order kinetis was
used The reaction rater(t)y v §Z } A @) Rverg evaluated stepwise while
increasing the temperaturd@ with every step. 1btime stepswere sufficient, i.e. more
time steps did not affect the ratdn the case of desorptiorn(t) corresponds to the TDS
signalmeasured

For simplicity the attempt frequency is fixed to 13° Hz, which has been obtained by
Ditzeet al. for metalation of 2HTPP on Cu(1189]. The simulated TD signdtigure4.2)
for the activation energye= 113 kJ / mol and fahe first order kinetics reproduakthe
maximumtemperature and shape of peak This value is significantly lower than the
activation energy for metalation of 2HTPP/Cu(311&) 143 kJ / mo[89] and 134 kJ / mol
[88] with the same attempt frequency.

As discussed above, 2HPyr on Cu(111) can be transfornmedhimtmetalated CuPyr by
moderate annealing at 423 K. It can be further transformed by dehydrogenatidhe
periphery at temperatures of approximately 520 K. In the following, Satsl abtained m
these 3 regimess reported below

Figure 43 displays STM images obtained for a 1.05 ML of 2HPyr depositadCoiil11)
surface which wagept at 295 Ki{ and c) as well as the clean Cu(111) surface used (a).
Under these conditions, the moleculegere not metalated, verified by XP®sing STM,
selfassembled domains as well as disordered ara@s obeserved. In (b), the streaks
along the fast scan direction (horizontal) evidence the partial mobility of mtdedn the

disordered areas. The hexagonatmsnetry of seHassembled domains reflects the
24



Selfassembly and metal coordination stirfaceadsorbed pyrphyrin molecules

symmetry of the Cu(111) substrate. The molesuappeamearly squareshaped with a
depression in the centennder these scanning conditions. As the cyano groups are not
resolved, the exact orientation of eacholecule cannot be determined. Some molecules
appear fuzzy and roundish, presumably due to thermal rotatiotably, the appearance

of the molecules and their sedfssemblypattern are very similar tothose of2HPyron the
Au(111)surface[80].

Figure4.3: STM images of clean Cu(111) (a) and of 1.05 ML of 2HPyr deposited i Ckept at

295 K (b, ¢). (@) The large scale image of the clean Cu(111) (12580 ¥, 295 K) exhibits
extended terraces andmooth ¢S %o P eV §Z ]Jve S Je%o C+ DlwlsUE>tXdus]v ~>0X
295 K). (b) SeHssembled domains of molecules are obsergatderedby blue lines) as well as
disordered areas (1277 mV, 20 pA, 295 K). Streaks appear along the fadirection (horizontal)

in the disordered areas, indicating that the molecules aréiteo (¢) Small scale image (940 mV, 20
pA, 295 K) showing the moleculesa selfassembled domain. Blue arrows in the inset in a) and in ¢)
indicate the unitcells of the substrate and the molecular layer, multiplied 3 times bfetter
visibility.

Figure 44 shows STM images of metalated Pyr on Cu(111). The sample has bsardb
with 0.7 ML 2HPyr deposited at 295 K, annealed to 423 K for 10 miimagedat 130 K
due tothe highmolecularmobility atthe room temperature. The overvieva) reveals that
metalated molecules assemble into two distinctive domains: honeycdatiice and
molecular chaingbordered bya blue line). Such morphology has been also observed for
other molecules with two cyano groups attached at opjte sides of the same molecule
[81-84]. As Cu ions have been reported to coordinate 4 ligands and form a square planar
symmetry[96], as in the case of the core metanterin this molecule CuPyr, there is not
enough room for 4oeripherycyano groups poiimg into a singlecoordination site on the
surface.Hence a threefold coordinatiopattern is the result. The similarhoneycomb
network induced by cyano groups have been also obsef@8©7100]. Some pores of
the honeycomb lattice, as marked by blue arrows in (b), are filled with oxiiieabal
molecule which rotates and has beebserved to occasionally migrate from site to site
during scanning. This is a consequence of the fact that thdsg&ional molecules cannot
interact with neighbor molecules via coordinated Cu adatoms at the cyamapsgyr The
dark appearance of the center of the molecules implies the absence ofaBgssiith
predominantly outof-plane charactef101,102] consistent with the presence of a Cu(ll)
ion in the center of the molecule.
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FHgure4.4: STM images obtained for 0.7 ML 2HPyr after annealing to 42@i kneasured at 130.K
The large scale image (a) (58 mV, 17 @#hibits an extended honeycomb porous network. Small
domains with linearly coordinated molecules appearing as chains are aésemir(domain
bordered by the blue line). The detailed assembly is observed in image b) (3630m¥) and c)
(57 mV, 230 pA)Some pores of the honeycomb lattice are filled with molecules (inglicbyblue
arrows). The molecules filling the pores are observed toteotd 130 K. ¢) displays overlaid CuPyr
schemes and Cu adatoms to illustrate the organometallic honeycombelattic

Due to the quite robust nature of the honeycomb latti@gquisition ofimages with a
small bias voltage and a high tunneling current set pbetame possibleUnder these
conditions, the STM tip approactielose to the molecule, thereby the intramectular
resolutionwas increase@nd it could be tunneled intdhe in-plane orbitalg103]. Figure

45 exhibitsa series of STM images obtained at a bias voltage of 57 mV and tunneling
currents increasing from 40 pA ta2 nA. Atthe tunneling current sepoints above 500 pA,

a protrusion corresponding to the Cu(ll) i@ras visiblein the center of the molecules
(Figure4 5d-1).

Figure4.5. STM imageobtained for 0.7 ML 2HPyr after annealing to 423 K at different tungel
current setpoints funneling voltage was kept &7 mV,while varyingunnel set point currentsre
given in the figureand all images were measured E0 K). Witithe increasing current set poiat
more intramolecular detailsvere resolved and the molecules appear smaller because the tip
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approached closellgadingto a more localized tunneling process. At high current set ponts0Q
pA) a protrusion in the cemtl of the molecules can be identified. The images weré amyuired
from the same area. The scale bar applies to all images.

The third regime identified by XPS and TDS corresponds to molechiles are partially
dehydrogenated at thie periphery. The onset dhis pyrolysisat the time scale of seconds
relevant for TDS is ai550 K. Because the sublimation of 2HPyr takeZd min, te
samplewas keptat 520 K during evaporation. These conditiareze sufficient to observe

a significantly different morphologyf the dehydrogenated CuPyr molecules. Under these
conditions, no selhssemblywas observedand the molecules appead with slightly
irregular shapegFigure 46). Such dierdered layers and irregular appearanicave been
also observedgreviouslyfor tetrapyrrol monolayers on Cu and Ag substratdsch were
dehydrogenated at the perigry when annealedo 500to 640 K[86,88,96-92].

Figure4d.6: STIM Ju P 1~sU >1X6 v U 76/ <¢ } §]v AZ v A %}E § Alivs}

K, i.e. close to the temperature regime whe dehydrogenation occurs (0ML). The molecules
appearasslightly irregular shapes. No selésembled layensere observedunder these conditions

Lastly the direct evidence is also presented here, that the metalation of 2HPyr orLQu(1
proceeds alsdnto the multilayer Figure4.7). TD spectra obtainetbr mass386 amu

e U%o0

(2HPyr) and 44@mu (CuPyr) forai > A D> }( T, WCE&E %0}*]S v u~iiieX dZ

resolve both 2HPyand CuPyr desorbingt around 550 K from the multilayer as intact
molecules. Théower desorption temperature compared to the sublimatiantperature

is attributed to the less compact packing commonly observed in muétilagompared to
bulk [90]. These results are consistent with the literature, where metalation in the
multilayer has also been observed forrpbyrins[104,105]
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Figured.7: TDS for 2HPym(z = 386) and CuPym(z = 447) obtained on multilayersa{ > MiL) of
2HPyr on Cu(111). The temperature ramp ratas 2 K/s. Both 2HPyr and CuRyare detected,
demonstrating that the metalation can occur in the multilayer. The 2HPyrtspaavas offset for
clarity.

4.2 Coordination networks of CoPyron Cu(111) and Au(111)

In order to further explore the functionality of metalcore of pyrphyrin and its cyano
groups role on metal surfacg CoPymolecules are evaporategnto the Cy111)surface

The evaporation temperature ghe CoPyr was 310 °C. The coveragthefnolecule on

the surface was always quantified by comparing the Cls peak intensity and theesurfac
peak intensity (Au4f or Cu3p peaks), as well as STM images.

At sub-monolayercoveragesthe moleculesare too mobile at room temperaturen order
to get conclusive results with STNherefore,STM imagingvas performed on aliquid
nitrogen-cooled samplean at approximately 130 KSTM images of sample with 0.7 ML
CoPyr on the Cu(111) surface is showRigure4.8a. Aproximately half of the surfacis
covered by chains of CoPyr following thmemmetryequivalentdirections. On the other
half of the surface ntongrangeorderis observed An imageat higher magnificationvith
the intermolecularresolution is shan in Fig. 4.8. As for the bright core,ite four bright
pyridine subunits wittn each molecule are clearhgvealed. Tie center of the molecule
appearsto be brightto represent © ions[101,102] consistent witha previousstudy of
CoPyron Au(111) [80] Thisobservationshows that no displacement reaction with copper
atoms from the substrate has occurreBecauseghe molecule has a twdold symmetry
and is longein the direction of cyano groups, the exact orientation of each moleounle
these imagescould be determined by mapping the molecular symmetry A few
assignments are presented by superposition of moleculardet® with the STM
appearance ifrigure 48b.
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Figure4.8. STM inages of0.7 ML ofcobalt pyrphyrin on Qi11) surface, measured at 130 K. a)
Approximately half o the surfaceis covered by chains of CoPyr following thréistinctive
directions.No long-range order ofmoleculescould beobservedin the other areag36.9 nmx 36.9
nm, 911.3 mV, 50 pAp) Magnifiedimage (10 nm x 10 nm, 911.3 mV, 40 pA) skdhat each
moleculeappearwith a brightcenter. Superpositiorof the molecudr structureson the STM images
is shown for a few casesThe red and blue arrows highlight the chalimection and molecular
orientation, respectively.

AsSTMshows, along the chain directi@cyano groupgrefer to stay close to each other
yet mostly not in a straight headto-head fashionThe cyano groupsommonlyare tilted
with respect tothe chain direction, illustrated by the red and the blue arrawsigure4.8.
This observation is consistent with tleport by Pacchionet al. [83], whichhas shown
that on Cu(111}he cyano groups doat have to coordinate always exactly head on to a
Cu adatom, but that the orientation of the molecules in tfein can be different because
of the registy effects with the substraten our imagesome molecules appear to hawze
disproportionalaspect ratio due tahermal drift. Thus not all themolecular orientatios
could be determined.In the case of fredbased pyrphyrin metalation othe Cuy(111)
surfece, all three cyano groups coordinate one copper at@ld]. However,in the caseof
CuPyrcopper coordination could ndie provenor excluded.

In order to explore the functionality of the metal adatoms with respectatf-assembly of
pyrphyrin, small amounts of Ni (approximately one Ni atom per every three pyrphyrin
molecules, as determinecby XPywere evaporated ont@ sub-monolayerCoPyfCu(111)
sample and subsequently annealed to 15€ for 20 minutesinterestingly, at room
temperature,instead of being too mobile to be scanned, someleculescould be clearly
resolved(Figure4.9).Theyaggregateon the surface ito clusters indicatingthat theseare
immobilizedpyrphyrin molecules, whereas the rest of the surface remains unresolved due
to the high mobility at this temperature.
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Figure4.9: STM images o0& sample in whichNi atomswere evapoiated onto CoPyr molecules
adsorbed on the&Cy111) surfaceand subsequery annealed to 150 °C. The imagesre measured
at room temperature. aMolecue clusterswere resolved without specific assemblfsO nm x 50
nm, 1.7V, 30 nA)b) At higher magnificatiowlusteing is revealed(15 nm x 15 nm;1.7 V, 40 mA)

Figure 4.16shows STM images of similar experiments performed on A4l1Ay(surface,
measured either at room temperature (a, b) or at 130 K (¢). Some assempatchesare
observed across the surface. A detailed image on the ordered structure seliagl the
molecules form a honeycomb structure. Some posesempty, but may pores of the
honeycomb latticeare occupied by a species appearing as a “doughnig’;, appearing as
circles with a slightly bigger diameter than the netwonklecules A rotating molecule in
the vacancy is responsible for such appearafit@s]. Upon cooling the doughnuts
disappear and the honeycomb network loeces more ordered.At 130 K, the honeycomb
structure could be nicely observed, suggestihgt, just like inthe case of CuPythe
cyano groups interaatith each other. The observed assemislyecognized aa sacalled
kagonre tiling, whose basic elements are hexagons and triangles.
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Figure4.10: STM images taken aftéti atomswere evaporated onto CoPyr molecules on(A11)
surface,and subsequery annealed to 150 °CThe seHassembly pattern couldbe observedat
room temperature (ap) andat lower temperature 130 K (c)A hollow pore site and a filled pore
with a rotating molecue were labeled with green and red cirdein (b), respectivelyScanning
parametersa) 40 nm x 40 nm, 575 mV, 10 pA; b) 18.6 nm x 18.6 nmy1.1® pA; c) 105 nm x 41
nm, 1.25V, 30 pA

4.3  Pyrphyrin metalation with r  uthenium

Studies have shown thatuthenium porphyrins have a high stability ametter selectivity
as acatalyst for various reactiongl07-111] ordination of Ru atoms inthe core of
molecularpyrphyrin carresult ina chemically stable catalyst.

In order tointroducerutheniumatoms onto surfaces igitu, aruthenium rod was used in
an ebeam evaporatorwhich facel directly the gold substrate with a full monolayer of
free-based pyrphyrin. Subsequent annealing up to 30@as condwted. The evaporation

temperature for the 2HPyr was 330 Qe results aretownin Figure 411.
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Figure4.11: STM images of a series of experimentthim attemptto achieverutheniummetalated
pyrphyrin a) A monolayer of 2HPyr on Au (111) surface e selfassembly of molecules, 9.3 nm x
9.3 nm, 758 mV, 300 pA; BTM image afteRu atomshave been evaporated ontdhe sample
shown in (a) Clusters of Ru can be seen as well as the molecules, which appsty hollow in
the core, 37 nm x 37 nm, 385.7 mV, 20 pAAmealingto 300 °C led to metalation of a limited
number ofmolecules suggested by the bright protrusion in the core of the moleculdsnm x 14
nm, 611.3 mV, 200 pA; dvaporating more Ru atoms onto the previous samplé te more
moleculesto appear with a bright core. 16m x 15 nm;341.2 mV 160 pA e) XP spectraf the
N1s region on the four samples. The disappearance of the shouldetOft eV of theN1speak
(labeled bya dashed lineshowed the metalation of pyrphsin with Ru atomsSpectra are shown
after clean Au(111) surfadeackground subtra@n.

One nonolayer of 2HPyr on Au(111) surfacd te selfassembly of molecules, shown in
Figure 411(a) as previously reported80]. Theyadopt the hexagonalsymmetry ofthe
metal surfaceunderneath Each moleculappeasto be hollow in the centerAsshownin
Figure 411(b), after ruthenium evaporation onto the molecules, the retiium atoms
form clusters on top of molecules. The saffsembly of the moleculis locallydisrupted
Where the ruthenium clusterare not found, the assemblys still preserved. The reason
for the local disorderseemso be that,the molecules tend to bintb Ru atoms witttheir
cyano group®r interact otherwisenstead ofmetalationof the macrocycle Allmolecules
appear to be dark in the core, which suggests that they are not metalated biy Bder
to metalate the molecules, the sampleas annealed to 300 °C for 10 min. As shown in
Figure 411(c), small amoung of molecules appear to have a fairly brightotrusion in
their centers while moststill appear hollow suggesting thabnly a smallquantity of
molecules gt metalated Sothe majorityremainsto be free-basepyrphyrin The reason is
probablythe very high cohesive energy Biuwhich results in strong clusterin.et for
metalation single atoms are neededoreover, a Ru atom is quitdig in diameter, which
makes it difficult to beome coordinatedinto the pyrphyrin macrocycléor steric reasons
Figure 411(d) was obtained when more ruthenium atomswvere evaporatedonto the
previous samplelt is clearly seen that the moleculbscomedustered and immobilized
on surface. This indicates that the molecules are likelyydrogenated in the periphery
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and probably fused together via covalent bondsdging by the bright protrusion of the
molecular core more molecules got metalated his obervationis verified by XPS, shown
in Hgure 411(e) The N1s peakecomesnarrower as more Ru atonege added onto the
surface

4.4 Conclusion

Proven byTDS, the sefinetalation of one monolayer of frebase pyrphyrin on Cu(111)
proceeds at 377 i the timescale of seconds. N1s XPS evidences that after annealing for
10 min at 423 K all molecules are metalateith copper adatos from the substrateThe

XP spectra also exhibit a distinct upshift of the binding energy of the cyaragen,
indicaing the coordination of Cu adatoms at the cyano groups. The observati@an
honeycomb lattice at slightly lower coverage is due to the coordinatib Cu adatoms
with three cyano groups of different molecules. In additi dehydrogenation at the
periphery of the molecles at elevated temperatures#50 K)has been observedror
multilayers of pyrphyrin, intact metalated CuPyr can be desorbed by anneafing
multilayer samples

In conclusion, our results show that the processes ofiidurface metalationii) formation

of highly ordered organometallic 2D layers of molecules bridged by coordinated Cu
adatoms and iii) dehydrogenation at the periphery at elevated temperatpreseeds in
pyrphyrin on Cu(111) as expected on the basis of theighdad literatue for porphyrins

and phtahlocyanins

The metalation of pyrphyrin with Ru atoms provided by metalatibas also been
demonstrated The reaction does not proceed completelg, Ru clusters are observed
even though not all molecules are metalated. Thistisibuted to the high cohesive
energy of Ru which leads to therfoation of stable clusters. So far, metalation of
tetrapyrroles with Ru has beeachievedvia exposure oRu carbony[112]. Asoutlook,
application of Ru carbonyl as the Ru source can prevent thster of Ru and thus
probally leads to detter metalation ofpyrphyrins

The possibility of Ni atoms as “linkers” on Au and Cu surfaces for CoPyutasliscalso
explored While on Au(111l) Natoms link the molecules viayano groups to form
honeycomb or chain structure, on Cu(111) surface thiefie pattern is not observed.

These results demonstrate that the concepts of metalation can be generalizechanioe
relied on towards the osurface synthesis of specific organometallic layarsl the
development of model systems with potentitalytic functionality.
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Chapter 5 An on-surface pathway from PAHSs to graphene

Graphene is a single sheet of carbon atoms bonded Byhgbridized orbitals into a
hexagonal,planar crystal lattice. It hasaughtintense attention ever since it was first
experimentally obtained2004 by exoliation of pyrolytic graphitg113]. Its remarkable
physical properties, such as high electronic mobility,dgbeat conductiity, perfect two
dimensionalty, optical transparency, and structural strengtiwe promising for future
microelectronic applications

For manyapplications high-quality graphene laysrwith large area and few defésor
domairs are required. Several approaches have been deployed to devgtaphene on
transition metal surfaces, such as mechanical exfoliafidi8], synthesis from gaseous
hydrocarbon precursors on metal substradd4-116], and annealingf silicon carbide
single crysta [117]. Among these methodschemical vapr deposition CVD is
considered the most promisingute towards wafer scale industrious producti¢hl8].
While graphene growth on Ni dRu surfaces involves the segregation of carbtoms
from the bulk to the surfacg21,119-121], graphene growth ore.g.Cu(111) does occurs
entirely at the surfac¢119,122]

In most studies, the precursaisedfor graphene growthi.e.the carbon sourcepn metal
surfaces is a simplgaseousydrocarbon such as methafigl4,123]Jor ethane[124-126].

It has been realized that graphene can also be synthesized faogar PAHS such as
coronene, pentacenand rubrene [21,22] Remarkably, Warmt al. reported thatwhen
thesemolecules are used as precursahey strongly affect the quality of graphene sheets
grown on polycrystalline Cu at 1000f22]. That is,they found that pentacere and
rubrene precursors letb more defects in theyraphene layer compared to coronene. The
authors explaied this effect with the relative stability of dehydrogenated carbon clusters
which can contain 8ings or 5rings. Furthermore, a recent repoft27], which showed
that para and metaterphenykneled to graphene formation att00°C on Cu foilnd yet
ortho-terpyhenykne does rot, alsoindicates that the structurgof molecular precurser
canplaya decisiveaole in the properties of the produced graphene layefhiesereported
results suggestd that, the initial precursor molecular structure could (in some cases) be
partially preserved into graphene, rather than being completely fragmented.

In addition, many carbon allotropes with extendesp® hybridization have been
synthesized in the past decades, such as fullerenes, carbontubes, and nanoribbons
[128]. They show unique physical properties amere ofhigh scientificinterest There are
also more carbon allotropes which have been predicted aond yet experimentally
achieved. Among themsimilar to grapheneare two types of single layersi.e.
pentagraphene and haeckelites. Pentagraphene is a layer of carbon atomis ariiic
consists of pentagon$iowever being situated in two different heigh{d29]. Haeckelites
are a class afarbon layewhichconsiss of anequal number of pentagons and heptagons,
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in addition to a certain humber of hexagofit30]. Pentagraphene is predicted to be
experimentally unattainable whilefor haeckelitesit is predicted that they could be
stabilized through significant charge transf&81].

In thischapter, two different PAH moleculg i.e. pentaindenocorannulen@and coronene,
have beenused as precursors to exploit the pathway of carbon allperéormation on a
Cu(111) surfacelypical defectsn both casesre also presented. The intermediate states
of PAH dehydrogenation on metal surfacesdanitial nucleation of graphene flakes are
shown here and the underlying dynamics is discusBedticularly, attempts of attaching
pentaindenocorannulenanolecules to the edges of graphene flakes have been shown.
Notably, in addition to graphene, another chemical spedms been observed on
different samples using either of the precursors.

5.1 Graphene from pentaindenocorannulene

Pentaindenocorannuleng32,133](PICORs aPAHwith the molecularformula GoHao. Its
molecularstructure is shown irscheme 4. Like corannulenePICORs also a geodesic
polyarene, with a structural curvature of 12.6&¥hich islarger than that of corannulene.
More interestingly in our caséhe molecule has six peng@nalrings, as well as a fivfeld
rotation axis. Whether these perg@anal carbon ring can introduce additional defects
into the graphene sheet or alter theverall course of graphene formation mechanism,
which is considered to be atoimy-atom or by carbon clustes [134,135] remain
unanswered questiondt would shine some light to the fundamental study of chemical
reactions on surface$ any connection between the nature of the precursor anapirene
structure can be drawn

Schemeb.1: Molecular model®f pentaindenocorannulene

PICORvas thermally evaporated onto the single crystal Cu(111) surface waslkept at

a certain temperature (J, followed by further annealing at the sanemperaturefor 5
minutes. The crucible temperature and duration of the evaporationi¢ally 30 min)
were chosen such that a significant amount of carbequivalentto &.6— 1.5graphene
monolayes) could be observed by XPSThe sample was cooled down to room
temperaturefor XPS and STM measurements. The cooling procedure wagl&atical.
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Figure5.1: a) C1s XP spectra of the sample obtained at differenptratures (§ and measured at
room temperature. Three distinctive pealsgere fitted and assigned: molecular pealt 284.6 eV
(blue), graphenic peakt 284.8 eV (red), and copper carbide peak at 284.1 eV (yellow), resggct
Graphenic peakand copper carbide peakhave a full width at half maximum of 1.3 eV and
molecular peak has one df.6 eV. The intensity of the sigealias rescaled forcomparison b)
Abundanceof the three chemical species at different T

Figure5.1la presents Cls XP spectra obtindter the sublimation of PICOR on @a1)

kept at different Tranging between 27°C (room temperature) to 700 °C. At 27 °C, the C1s
signal presents a broad peak at 284.6 eV (fitted in blue, full with at half max{FhN):

1.6 eV), consistent withthe adsorbed PICOR molecules. ptogressively higher
temperatures, the Cls peak maxima gshftowards lower binding energies up tq ¥

450 °CThe observed downshif$ consistent with the scission ofkCbonds on Cu surfaces
[14]. The dehydrogenated molecules bind sigly to the surface and/or Cu adoms,
resulting in a lowelC1sbinding energy of this organometallic specj&86,137] For T H

450 °C, the Cls peak maxima shifd a higher value, reaching 284.8 eV for=T700°C,
consistent vith graphene on Cu(111138]. Aswill be shownfurther below, the carbon

has been transformed into graphene at this temperature. Consistent with these
consderations, the Cls spectrare deconvolutedinto three components, which are
molecular (284.6 eV), organometallic (284.1) evid graphenic (284.8 eV) carbon. The
abundance of these three components (the only free fit paeger) is shown irFigure

5.1b. The molecularsignal completely disappearat T, = 400°C, consistenith the
complete dehgrogenation for other molecules reported to occur approximately at 230

550 °C[139]. The abundance of the graphenic species staotrise at above 350 °C and
become predominant for T H A A1 £ KK &AIE £dU S Zre entirely ¢ %o s &
graphenic.
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Figure 5.2 STM images of PICOR deposited onto a sifg{@11) surface kept at different
temperatures All imagesvere measured at room temperature. a) 40n x 40 nm, 33@A, 22.3mV,

b) 50nm x 50 nm, 33PA, 24.4 mV; c) 45m x 45 nm, 110 pA, 23.5 mV; d) 60 nm x 60 nm, 490 pA,
22.3 mV; e) 15 nm x 15 nm, 280 pA, 22.3 mV f) 7 nm x 7 nnppAB3HED.1 mV; g) 12 nm x 12 nm,
270 pA, 28.4 mV; h) 20 nm x 20 nm, 250 pA, 23.5 mV.

Figure5.2 comparesthe STM morphologpf graphene after deposition at differerit. All
the images were acquired at room temperatufEhe images in the lower colunshow
magnified area$or thosedirectly above in the upper column

In Figure 5.2a), two areason the surfacecan benoted, namely mobile and immobile
segments In the immobile part, one can see interconnected structures mergiogn f
roundish lobesdeveloping into a fractdike topology, and then fusing into larger pieces
at a higher local coverage. These lobes have a diameter from 0.9 ni@ torilfrom half

of its relative height{defined as the difference in height from its highest point to italo
surrounding surface)Some of the exceedingly bright lobes’ diameters vary from 0.8 nm to
1.6 nm(as shown inFigure 5.2e)). These suggedhat they are presumably pengmnal
rings formed from the dehydrogenated PICOR molecules, which pefroch the surface
due itsstructural curvature.The protrusions probaly containother nonhexagonringsas
the counterpart for the convex, thusnaintainng a relatively flat structure in the long
range. The fact that this type ofiolecubr fragmentswith a curvel-up geometryare so
rarely observed here in the immobile section suggests that from an early annstdigg

of 350 °C, the integrity of the pentagon core structure within the molecules been
largely lost or flattenedln addition, these exceedingly Ight protrusions, presumably
pentagonalrings, can also be formed by cyclodehydrogenation of adjacent hydragsirbo
facilitated by the copper surfac|40]. Interestingly, in the mobile part along the edge,
one can sedeatureswith the diameter of 1.3 nm to 1.6 nm.e. close tothe size of a
precursor moleculeTheseare mostly likely to be mobile molecules whibtlave a higher
probability to appear at certaisites, especially at edges

After the depositionat 550 °Cjslands can be observed only at step edges whileother
areasstill containmobilefeatures An enlarged image on the islands area shows that some
graphene flakes staetd to form at this T, typically of the sizes of approximately 5 nm in
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diameter, yet there are many grain boundaries in this regiobservedas the dark
trenches in betweerthe small graphene flakes. Next to these grain boundaries many
irregular protrusionsare observed. This finding can be explained such that, fragntente
moleculesi.e.carbon clustershave a larger mobilitybut were immobilized at step edges,
forming amorphous bands along the stepped regid@me rest of the surface remains to
havemobile“2D surfacegas whichcannot be resolved by STM.

For the samples grown &00 °C, graphene domains with bigger averageisiabserved.
The grain boundaries in this case appear as dark trendhlesg the grain boundaries
some brighter local defects can lm=en. In the enlarged image g), one can see that
graphene grows over the step edges. The phenomenon was also observed byeitallen
[141]. Many structural defectsvere observed

When annealed at 650 °C, large domains of graphmmeobserved, and the resolved
moiré pattern on one of the two domains shows thato different rotational domains
exist, like previously reportefll22]. On the large graphene flake, certain types of defects
can be seen, such as long ridges and localized lattice defects, which wikbesdi later
The rest othe surface which isnot covered withgraphene, appea&to be a mobile twe
dimensional gas phase.

In summary, the warmer the reaction temperature is, the larger graphemaains grow.
In addition there is alwaya2Dgas phase outside the graphene regions.

Figure5.3:a) STM image acquirddr T, = 650 °Cand a reaction timeof 60 minutes. Image size is
140 nm x 140 nm. Scanning paramstare U =26.6 mV and =410 pA. The imaghas been
subtracted by its own Gaussian smoothed image for better itemace contrast b) Nucleation
density as a function of sample temperaturgduring deposition.Data obtained with PICOR as
precursoron single crystal Cu(111) substrate is shown. The activatierggwas kept fixed to 1 eV
i.e.the value foundby Kimet al., where growth of graphenaas achievedby CVDon copper using
methane as the precursdil42]. Only the prefactorsare fitted to be Ag and Awss for extended
grapheng(blue)and defective graphenged), respectively.

Kim et al. [142] showed that one can determine the nucleation activation energy of
graphene formation on Cuia CVD using methane as the precursor by plotting density of
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nucld versus thereactiontemperaturesof the substrate during the nucleation process.
They concluded that the activation engrgvas1l eV forreaction temperaturesbelow
850 °C, where the capture of carbon atoms by the graphemstesl played an crucial role
and desorption of carbon clusters doest occur Fgure 5.3b shows here the plot of
density of nuclei versus reaction temperaturgon the Cu(111)»urface from 700 °C down
to 550 °C For 700°C and 650°C, the density of nuclei is detewinby the number of
extended graphene domainseparaed by rotationaldomain boundaries,normalized by
the entire image areaThs extended graphene density fotted in blue data points. ¢t
the formation temperature of 650 °C and lower, the density of nuclei isrdeted by the
number of defective graphene flakes, which are fused and separated by tistigain
boundaries, normalized by the total area of the defective graphene. Thasepoints are
plotted in red.

The nucleation densities of the extended graphene flakes obtained fronRP6GCu(111)

at high temperatues (700 °C and 650 °C) are higlugsistent with the values obtained by
Kimet al. [142], evidencing that the activation energythe same in both cases, namely
approximately 1 eV. At lower,T.e.550 °C, 600 °C and 650 °C, where defective graphene
is observed the density of the graphene flakdgs also been evaluatedhe overall
nucleation density of defective graphene is much highentfar normal graphene, and
the dependence of the nucleation densities with the inverse temperature is vailas In

both regimes the nucleation densitiescan be fitted according ta( 6 = #x exp(%),

where kg is the Boltzmann constant ariélis the activation energffixed to 1 eV. In this
model the two regimes differ solely in the prefactagkavhich areAs = 10****pm?and
Ageic = 1024 um? for extended graphene and defective graphene, respectivEfese
two prefactors differ by a factor of about 300.

The similar activation energy suggests that, in this temperature reginge utiderlying
nucleation mechanism stays the same, regardlesthefprecursor speciegbeingeither
single carbon moleculesuch as methaneor PAH such as pentaindenocorannulene
Considering that the molecules lands on a hot surface and dehydrogenatediately,
this similarityimplies that the molecular carbowarbon bond breaking processcurs
below 650 °C and thagments consistingof pentagonal ringshave already been broken
into much smaller carbon clusters evensingle atoms, which arthen captured by the
graphene flakes. As reported by Kiet al, the prefactor at this temperature rigime
indicates the geometc terms of capture and coalescenes well as the partial pressure
of the starting materialj.e. reactive arbon clusters in this cas&he difference of the
prefactors (indicated by the blue and red fits in the figuieattributed tothat, due to the
incomplete GCbreakingprocess in the molecular precursor at lower temperatyriese
incompletely broken molecules act as nucleation centers.
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Figure5.4 STM images of PICOR deposited onto a si@glell) surface kept at 650 °C during
evaporation andsubsequentannealed at 600 °C for one hour. Imagesre measured at room
temperature. a)Blue arrowspoint to two graphenedomains The red sqares show three typical
defectsalso shown at higher magnifigan in b), c), and djSTM conditionsa) 18.5nm x18.5nm,
390pA, 229mV; b)3nm x3 nm, 1.15 nA, 24.4 mV; ¢) 3 nm x 3 nm, 49 pA, 22;8d)3 nm x3 nm,
62 pA,23.5mV.)

Figureb.4 shows some typical lattice defects on a corrugated region of graphenetwoa)
different domains of graphenare clearlyobserved Theyare rotated by approximately 13
degrees with respect to each oth¢t18] and are separated by a grain boundary. The
boundary has an irregular shape, which probably consists of lattice structisaiatch

and local haeckelites structurg443]. Along the grain boundary modification of local
electron statesof the graphene sheetscan be seen. This STM topology is caused by the
electron scattering athe graphene domain boundayproducing a quantum interference
effect[144].

In this region three different kinds of defects can be observed (markeddrsquares).
The defect shown in Figure Byis agrain boundary loog145]. The lattice structureof
this defectconsists of six pairs of hemanaland pentagonalrings, rotaed by60° with
respect toeach other forming a loopcircumventing one hexagon ringlt can also be
considered as the smallest rotational domain. Hereppearsslightly brighter in the left
part than the right part, because of its proximity to tgeain boundaries, which reduces
the symmetry due to th redistributionof electrons. The defect shown Figure 5.4) is a
three-fold rotational point defect. There are two reported point defects which présa
similar threefold symmetry. The first possibility is a vacancy created by a missing carbon
atom in the lattice[146]. The second possibility is a pyridinic substitution afoon by
another atom,e.g.a nitrogen atomg147]. In both cases the STM topology of the defects
can vary depending on éhtip condition and tunneling parametefd48]. The defect
shown in Figure 5.4d) hasymmetry.Note that the same defecmay appear longer
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along the long Zold axiswhen different scanning voltageare usedThisdefectis most
likely to be a StonéNales defect149], which consists of two pairs of pemanal and
heptagonal rings All these local defects can be formed during nucleation procasthe
internal crystal defect. They could Hergely reduced in number if the temperature
gradient while cooling downfrom reaction to room temperaturewas set to be
substantiallysmaller. As shown in the next chaptethe origins of these defectdo not
depend on the nature of thenolecular precursor.

In summarythermal formation ofgraphene usingentaindenocorannulenenolecules on
copper (111) surfacéhas been shownNeither haeckelitesnor pentagraphene in a
controlled mannerwas obtained. The & breaking process does not alter the energy
barrier of graphene nucleation, compared tbe CVD methd usinga mono-carbon
molecuar source Grain boundaries and limited local defects of graphene qdTlyhave
beenexperimentally observed.

Figure5.5. STM images on a sample which was first prepared at 650 °C and thed doola to

350 °C for 60 minutesluring evaporation of the precursor pentaindenocorannulene. A large
graphene flake can be seen, as well as some probably fused fragments of mol@ralege
arrows). Images b and ¢ are enlarged areas labeled by blue and red on thefdtigegraphene

flake. Scaledchemes d pentaindenocorannulene molecideare also showfor comparisonof its

size Green arrows in déndicate a grain boundary of twaadjacentrotational domainsof the
graphene flakeA ) 28 nm x 28 nm, 3.4 mV, 210 pA; b) 10 nm x 10 nm, 3.4 mV, 210 pA; ¢) 10 nm x
10 nm, 3.4 mV, 210 pA.

As discussegbrivously PAH undergo dehydrogenation at about 350 °C, and turn into
graphene gradually at temperatures above 450 °C. A technique to incoeporalecules
into the edge of graphene flakes to use different temperature regimes during
evaporation. Inspired by Het al. [150], one way is to lower the reacty temperature
from the graphene formatiorregime i.e. 600 °C down tdhe dehydrogenationregime,
where molecular backbonés not yetentirely destroyed,i.e. 350 °CFigure 5 shows the
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sample producedvia this approach. In an overview image a defectfree graphene
domaincanbe clearly identified through its moiré Patten. Itden irregular shape with a
dimension to be approximately 20 nm. A domain boundary caigd be identified.
Outside graphene of the area, the surface remained largahpile with some spread
chemical species, presumably dehydrogenated moleculdengAthe boundary of
graphene and mobile phases, there are some chemical epediich appear to be round
bright lobes (labeled by orange arrows), fully covalently bondedaplgene

In order toconfirm that the local defects do not origin from the pegi@nalring initially
from PICOR molecular structure, similar experiments have been donasatggroronene,
which is a flaPAHwithout pentagonalring in its molecular struare. These results are
presented in the next section.

5.2 Graphene from coronene

Schemeéb.2 Scheme otoronenemolecule

Coroneneis a PAH consistingf six perifused bezene rings Its molecular structure is
shown inScheme5.2. Since it isplanar and aromatic, it can be seen assubunit of
graphene flakesAs aprecursor, it appeged to improve the homogeneity of graphene
acquired visCVD methodThe reaction temperature of forming graphene waported as
low as 300 °C and the produced grapheneé ha enlarged grain siZd51]. It wasalso
found by DFTcalculationgthat the complete dehydrogenated product of coronehas a

o} o]l « I }v. v ]v §} suBstrdte&Ewiili e domeike shape[152].
Thisintermediate is enerdgcally favored and may be a crucial step of graphene growth
before coalescenc¢153]. It has been shown that on Cu(111) the dehydrogenaeecies
also aced as graphene seed, hence, it coul@cilitate island coalescence and suppress
grain boundaries as a precursfdi4]. Wan et al. [155] suggestd that, on a copper foil,
the graphene grown using coronene as precursor via CVD has a lower reaction
temperature and a better quality iregads ofits carrier mobility,comparedto that using
pentacene and rubrenas precursors

Here thecoronene moleculavas thermally deposited from a Knusden amito a Cu(111)
surfacekept at T during the evaporation of 30 minuteend subsequently annealed for 5
min at the same temperature. The sample was cooled down to room temper&du6STM
imaging Different T has been ged and results are shown belcand arecompaed to
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PICOR results.

Figure5.6:a) C1ls XP spectra of the sample using coronene as precursor obtautiéfdrant Tcand
measured at room temperature. Like in the case of PICOR, three distinctive gredited using
the same parameters: molecular peak at 284.6 eV (blue), grapheaik #£284.8 eV (red), and
copper carbide peak at 284.1 eV (yelloW)e intensity of the signélas beerrescaled forclarity. B)
Abundanceof the three chemical species at different T

XP C1s spectra at different @re shown inHgure 56a. The Cls binding energy of
molecular coronenés 2848 eV.If depositedon the substrate kept aB50 °C, the binding
energy experienaga down shift to 284.5 eV. When the substrates kept at 600 °C, the
peak shifed up to 284.7eV and beame narrower. Here the peaksare fitted using the
same fitting parameters(FMVH, peak position and shapestc.) as used for
pentaindenocorannuleneOnly the binding energy of the molecular peak #ightly
different. The analysis yieldsnslar results as for PICORThe carbidc peakstarts to
appear at 350 °C and increada its intensity urtill 450 °C when the intensity stars to
decrease as the graphene componentakes over. The carbidic compwnt finally
vanisted at 600 °CThisoveralltrend, in whichthe C1s peak undergoes a downshift and
then an upshiftwith increasing temperatureshas also ben seen in the case of
pentaindenocorannuleneAs shown belovby STM at 350 °C the coronene moleculase
dehydrogenated and at 600 t&rge graphene flakesre produced.
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Figure5.7. STM imageacquired aftercoronenedepositiononto Cu(111) surface kept at different
T S@led schemes of dehydrogenated coronesuperimposedn the fractal branch of image d for
comparison. The red circladicatesa grain boundary loop defecBTM parametersa, b, c are 46.6
nm x 46.6 nm and d, e, f are 10 nm x 10 nm. A) 29.3 m\pAR1) 23.5 mV, 410 pA; c) 29.3 mV,
530 pA; d) 35.3 mV, 294 e) 36.3 mV, 250 pA,; f) 25.9 mB0 pA

In the case oflc = 350 °CHigure 57a), a fractal graphenetopology, with the growth
apparently originating astep edgs, is observed in STNhe rest ofthe surfacecontains
mobile species Notably, thereare many bright lobesemerging from the fractal region.
While molecular coronene only consists of hexagons anglasar, Wan et al. [155]
showed that when dehydrogenatedthe periphery of coronene bends down to copper
surface and form carbenopper bonds, thus presenting a dortike shape.The irregular
protrusionobserved herecanalsobe attributed to be pentgonalrings which are formed
via cyclodehydrogenation. This feature was also observed in the case of
pentaindenocorannuleneA magnification ofthe fractal region Eigure 57d) shows that
the average motifsize on the edges isapproximately0.8 to 1 nm. Considering that
coronene has the diameter of 0./1/m when dehydrogenated overlapping the
dehydrogenated flat coronene fragments on the STM image suggests that the matifs th
grow into fractals are indeed coronene based namaphene flakes, even though the
detailed ofentation cannot be determined.

Further integration ofmolecuar fragmentsinto graphenes explored vi&sTMfor the case
of Tc= 350 °CKigure 57 b and e).The factal shapedisappear ana corrugatedopology

along step edges can be seékt Tc =600 °C(Figure 57 ¢ and f) extendedgraphene flakes
as well aglefective graphenean be observed. Also grain loop boundary camleerved

on one of the graphene flalkgas indicated by the red circle Figure 57f. Remarkably

theseresults resemble the case péntaindenocorannulene
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Figure5.8 STM imageafter coronenedepositionon a 600 °C Cu(111) surface measured at room
temperature. a) Overview of different terraces40 nm x 140 nm, 27.5 mV, 2p8; b) Graphene
with its moiré STM appearancel7 nm x 17 nm, 24.4 mV, 5@@,; c)STMimage(17 nm x 17 nm,
22.9 mV, 520 pyof defectivegraphene;, d) STM imagel( nm x 17 nm, 22.3 mV, 320 pA) showing
two different rotational domains(green arrow$, separated by grain boundary, €) A rotational
domain circumcised bgrain boundaies 17 nm x 17 nm, 23.5 m210 pA,; f) A local defect found

on defective graphenesgion 4 nm x 4 nm. 22.3 mV, 480 pA.

At T. = 600 °C, graphene flakes with diametersapproximately20 nm to 50 nm can be
observed(Figue 5.8a). Ondifferent terraces differentislandsizesare observed. There are
three types of regiors. extended graphenedefecive grapheneand a regioncontaining
mobile speciessimilar as in the case PICORInterestingly, the step edges aict most
cases as the boundaries between these three differentomgiFigure 58b showsa
magnifiedregion of extendedgraphene. Thenoiré pattern with honeycomb structurés
clearlyobserved There are also some darker argagich donot distort the structure of
the grapheneFigure 53c shows the defective graphene regioFhe average nuclei siie
approximately5 nm. The grairboundaries can be considered to be fuselly different
nucld. InFigure 58d, two different domainsare shown labeledby green arrowsTheyare
rotated by about 12 with respect to each otherTwo differentmoiré patterns can also be
observed due to the rotational angles of the graphene latatignment withrespect to
the Cu(111) substratelhe periodicity d the moiré pattern is about 2 nm (uppedomain)

and 6 nm (lower domain), which are consistent with flrelings previouslypresented by
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Gaoet al. [122]. Figure 58e shows a smaller domain with irregular shaperoundedby a
larger domainFigure 58f shows agrainboundary loop[145], similar to the onefound in
the case opentaindenocorannulene

In summary, using coronene as precursor leads to a similar topologpiiReCORAL the
dehydrogenation temperatureof 350 °C,the similarity of bright protrusionstructures
suggests thaPICORnolecules lose¢heir less stable pengonalrings at very early stage of
the arfaceassisted reactionprobably together or even beforedehydragenation. The
similar fractal topologyand dimensionsuggests thafor both prearsorsthe fragments
undergo a diffusiodimited aggregation

5.3 Self-assembly of excess carbon: a new unknown species

In the process of making graphene with these highly rotationallynsgtric graphenic
molecules, an interestmn phenomenon has been reped: there appearedballshaped
unknown speciealong edges of the mobile regi@anm many different samples

Each “ball’hasthe diameter of approximately 0.5 nm. They only apgebwn the mobile
regionsat the step edges, either adjacent to another terracentaining only mobile
speciesr closeto the rim of agraphene flakeWhen T is 600 °C, the balls conglomerate
in adjacent to graphene flakes, not following any specific directions (c), Whilé50 °C,
they form chains along the step edges with @ént directions with 120 degrees difference
with respect to each other (b). Notably, in Figure 5.8igse directions ardhe lattice
directions of the Cu(111) surface

Figure5.9: Detailed STM images ahie unknown species found in the mobile areas on different
samples using pentaindenocorannulenethe precursor. A)T. =650 °C followed bg0 minutes
annealing at 600 °@2 nm x 12 nm, 21.7 mV, 380 pA. p¥%50 °C, 9 nm x 9 nm, 23.5 mV, 340 pA.
¢) =600 °C, 8 nm x 8 nm, 23.5 mV, 110 pA.

In particular,one sample wascquired with both pentaindenocorannulene and coronene
as precursors at 550 °C asdbsequent annealing to 650 °C, resulting icoasiderably
more carbon quantityi.e. equivalent of 1.5 monolayer of dersy-packed PICOR on
Cu(111) On this sample, he surfacewas fully covered with the three types of
characteristic regions like in the previous cases: defective graphene, largeegeafthikes
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and mobile areas. Defective grapheneas ae much prominent than extendegraphene
flakes In addition, the sizes of graphene flakes are averagely much smaller than the
standard samplewith a lower carbon quantityNotably an assemblypattern of the
unknown speciess formed, shown in Figure 5.10wo rotational domains have been
found, with a 79°difference with respect to each otheiFigure 510 a and b). Both
domains consist of chains, which, in the case of a, was rotated 18° (layel#debarrow)
from the underlying Cud(l1) lattice direction. In the case of b, the rotational anigle7°
(labeled by yellow arrow). Both domairtgave certain vacanciesTwo characteristic
directionscan be determined from this assembly pattern (Figure5.:1ibe) line direction
along the chins (blue, d), whichis closely packed witthe periodic distance to be 0.5 nm,
andthe column directiorof adjacent chainggreen, e)with the periodic distance to be 0.9
nm.

On image a), around the edges oistlselfassembled region, peculiar triaegl can be

observed. A close look (f) shows that thene formed by a bright equilateral triangular
terrace circumcised by arrays of unknown particles whichthasliameter of 0.5 nm. The
triangles follow the Cu(111) lattice directior{fabeled by red arras).

The exact chemical formation of thesballs' cannot be determined by STM. Here two
possible situations are proposed and discusseithce carbon fragmentare the main
ingredients, it is suitable to assume that the balls could be fullerenes.

One ofthe most common fullerenes, ¢ can be decomposed into three patches of
dehydrogenated corannulene molecules, which is dyacta fragment of
pentaindenocorannulene. Notably, the diameter ofy @llerenes is 0.7 nm, and self
assemble orthe Cu(111) surfae into a (4 x 4) over layer following the > direction
with the nearest neighbor distance to be 1 ri'b6]. Notably, Bauert has reported a very
similar assembly pattern on a sample which used pentameatbsdnnulene molecule as
the precursor and the copper (111) substrate was held atragmately 660 K during
deposition [64]. Y& in the case of the unknown balls hetsing PICORhe nearet
neighbor distance is 0.5 nm, suggesting that they are ggiulerene.

Another possible assumption is the smallest fullereng, cage. It consists of only
pentagons and has a large curved. Since its structure violates Kroto's “isolated
pentagon rule”, the ¢ fullerene is extremely unstabl¢l57]. Gy ions have been
experimentally synthesized by replacing H atoms witieakly bonded Br in its
perhydrogenated form, dodecahedrondg,, and subsequeht debrominaing in gas
phase[158]. Though it is not stable in its isolated form, they may process a large charge
transfer when adsorbed on metal surfaces, and thus stabilize exist as charged ion
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Figure5.10: Selfassembly patterns of unknown speciaesasample, which haboth coronene and
pentaindenocorannulene evaporadefor 30 minutes on a 550 °C (@Ll) surface and thehas
beenannealed at 650 °C for 30 minutes(@6.6 nm x 46.6 nm, 24.4 mV, 18B8)andb (46.6 nm x
46.6 nm, 28.4 mV, 34PA) show two different rotational domain®ked arrows are the lattice
directions of Cu(111) surfac&he seassembled regionare rotated 18° and 97°, respectively.
(9.3 nm x 9.3 nm, 1.5V, 3p&) shows the enlargedssembly pattern and two height profiles along
the two distinct directions (d and f); g shows the Cu(111) surface.

5.4 Conclusion

Pathways of thermallygrown graphene in UHV oGu(111)usingtwo PAH precursorbave
been studied The fact that usingither flat orcurved molecular precursdeads to similar
growth pattern suggestthat the PAH’s original structuteasbroken at a low temperature
before gaphene flakeformation starts Thus it is not possible to introducdefects with
pentagonal rings in a controlled manner into thiater produced graphenevith this
method. Nevertheless attachment of dehydrogenated molecules to the peripheries of
graphene flakes has been realized at a lower temperature.
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Chapter 6 Ullmann Coupling of bromo -helicenes on metal
surfaces

Chirality of noleculesare of great interest in various topida the field of surface science
such asenanticselective heterogeneous catalysigl59], biomineralization [160], and
crystallizationof chiral molecule$161]. As aclassof chirality, molecular helicity playsan
important role in molealar biology[162]. The on-surface crystallizatiorof such chiral
moleculeshas raised a lot of scientific attentidn the past decadefl63-166]. Among
these moleculesare helicenes a group of PAH witha,clannulatedbenzene ringsuch
that helical chirality arises. They has@ught special interest, with potentiapplicationsn
organic thin film electronics or as light sensorsand spin filters[167,168] In order to
achievethe molecular functionalityfor applicatiors, the formation of stable filmsis
required, maybe by covalent bondingo extended networks

Ulimann coupling [23] generatescarboncarbon bonds of adsorbed molecules solid
copper anchasbecome gpopularreactionfor creation of larger covalentlgponded motifs

at surface§24-26,28-31,169-182]. TheUllmann couplingakes placen two steps. Fstly,

a carbor-halogenbondin the molecule undergoessxission assisted by the surface metal
atoms, typically copper, gold or silver, socarbormetal binding motifis formed
Secondly, when annealat higher temperatures, the metal atoms aset freeand new
carbon-carbon bondsetween tworeactantsare famed.

In this chapter the dimerizationand trimerization of bromo[4helicenes viaUllmann
coupling on coppeand gold surfacesand the subsequent2D assemblyf productsare
demonstratedoy means of STM and XPS

6.1 2-Bromo[4] helicene on Cu (100)

Tetraheliceneconsists offour benzene rings forming a heldue steric overcrowdingof
two hydrogen atomgblue dasheckllipsesin Scheme 6.1 As theinversion barrier igbout

4 kcal/Mol (calculated from[183]), the sense of helicity is inverted rapidly at room
temperature. In order to introduce Ullmann coupling,pproximately 1.5 ML of2-
bromohelicenel was deposited onto Cu(100) and subsequent annealed to 4&hder
these conditions, moleculeism the second layebecamedesorbed.For STM imaging at
room temperature a dersely packed monolayef the productbishelicene2 was required,
so that sufficient molecular immobilitywas induced Samples with a lower coverage or
before reactioncould not be imaged at temperatures above 130 K.
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Schemeb.1: Ullmann coupling between two-Rromo[4]helicenes) leading to Z’-bis[4]helicene
(2). The main products formed on the Cu(100) surface are(Bf)2 and anti(M,M)-2. Blue
dashedellipsedabelthe two hydrogen atomswhichrepeleach other

Figure6.1: Series of XP spectra of the3prregion after deposition of on Cu(100Wwhich waskept

at 110 K, and subsequdpntanneaéd to highertemperatures as shown in the figure The

background,which isobtained from the clearCu(100) surfacehas been subtracted. Ther3p

electron binding energies are characteristic of the chemical stafethe bromine atom. When
bromine atom isattached to the carbon atom in the intabeliceneg it hasits 3p;, peak maximum
at 184.4 eV binding energy (blue curves), but shijt 1.6 eV toalower energyin the dissociated
stateand bound tathe surface copper atoms (red curves).
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The BBp XPspectra(Figure 61) clearly revead the peak shift before and after thiirst
step of thereaction namely dissociation of the bromine atoms off the carbon frame.
Upon the deposition at 110 K, thebinding energy ofthe Br3ps, peak is 184.4 eV,
consistent with intactC-Br bonds[173,174] A peakshift to a lower binding energy has
been observedafter annealing indicating thedisassociation of the Batom from the
molecule The spectrahere showthat this C-Br bond scissiohappers in part alreadyat
183 K ands accomplisheccompletelyat 228 K. Thifinding is confirmed bya previous
report on 4,4*dibromoterphenyleneon Cu(111) (170 K < T < 24Q1K8].

Figure6.2: LargescaleSTM imageacquiredafter depositionof 1 on Cu(100) and annealing to 463 K
(150 nm x 150 nm, 1.2 V, 30 pAegasured aP95 K). The imagegrey scalewasfolded for better
contrastover the step edgeAbout 60% of the surfaces covered with seassembled domains oP(
P)-2 and (M,M}2.

Figure 62 and 6.3show STM images recorded after annealing4&3 K where GC bond
formationis expectedo occur Theprodud moleculesare bishelicenesappearingas*S’
and ‘Z’ shaped orthe surface(Figure 63). At full monolayer coveragehe product self
assembled intdfour ordereddomains which covered approximately 60% of thentire
surface For either “S” or “Z”, there aréour rotational domains accordinglyn addition,
there areareas thatshow no longrange order.

In an image obtained with different scanning parameterand a different tipcondition
(Figure 63b),the benzo groupst oppositeends ofeachbishelicenesvere clearlyvisible
as bright protrusionsin constant currentscanningmode, those molecubr parts further
away from the surfacare coded by the computer witlargerbrightness.Therefore both
ends of thebishelicenesspiral awayfrom the surfacein a clockwisdashion This also
means the central part of the produds$ locatedcloserto the surface.These are left
handed spiralgblue arrows irFigure 6.3h)to be labeled ad\{)-enantiomer according to
the CahnlngoldPrelog rules.The (M,M)-2 product unoccupied orbitalshave been

simulated with extended Hiickel Theory and optimized Gun (100 (Figure &c). This
53



Chapter 6

observation explicitly leads to the conclusion that th&
enantiomer Hence, the “Z” shaped ones aRB-2.

bishelicene is aM,M)-

Figure6.3: STM imagesecorded afterdepositionof 1 on Cu(100) and annealing to 463 K. Aa)
largescale image (1.2 V, 30 pR7 shows selfassemblyof (P,B-2 (labeledred) and ¥,M)-2
(labeled blue). (b)STM imagg1.8 V, 30 pA, RTof a domain of NI,M)-2 with intramolecular
resolution. The blue circular arrows indicate the countercldskvefthandedness of the helice&)
Hectron density of the lowest 3 unoccupiesiates of the bishelicene simulated witlextended
Huckel theory

If stereoselectivity duringhte Ullmann reactiofis not taken consideratigra 2 : 1 : 1 ratio
would be expected for all three possibpoducts P,M)-2: (P,B-2 : (M,M)-2, respectively.
However no (P,M)-2 isomerscan be found onthe surface.Therefore the dynamics of this
reactioncan be explained as follows.

In the intermediate states where the hedil molecular motif is bonded to coppeaurface
ad-atoms, the helix bends up away from the surface. Upon further annealingacla¢om
is releasedand bidelicenes are formed with the central paife. the reacting site, closer
to the surface. Due to the low inveos barrierof 4 kcal/mol however the handedness of
both helices should switch constantly at such high reactiemperature. The
diasterioseletive outcome,i.e. homochiral products instead argyn-(P,M)or anti-(P,M
isomers must be therefore assigned to the postction phase of cooling and self
assembly, when the helices flip into the most favooemformationdictated by the better
stereo-alignment on the surface.

Note that approximately 40% of the surfageas covered with adisordered layer of
molecules, which preseatl many configurations irthe STM imagesMost of them
resemble the bishelicenes in shape and sizthe ordered domainsNeverthelessa few
of them differ in thei sizesand appearances. Two typicgecieshave been highlighted in
Figure 64. While the characteristitengthof 2 is 14.6 + 0.4 A, tise two species have the
length of 17.0 + 0.3 fFrigure64b) and 16.2 + 0.4 Aigure 64¢), respectively.

In order toidentify these two chemical specieanti- and synbishelicenes both as organic
product (i.e. the product2) andthe intermediate specieswith Cu adatom (G-Cu-C)[33]

have been simulatedThesimulatedcharacterizing lengtlof anti-bishelicenesgrees well
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with the elongatedbishelicenes model witthe presence otopper atomin the longanti-
speciesHence, the conclusion can be drawn thiaé observed two distinctive chemical
species irFigure6.4are actuallyorganometallic intermediates.

Figure6.4: (2)STM image (3@m x30nm, 1.2 V,30 pA R of a disordered areaextto the self
assembleddomains. An elongatednti-species (p and asynspecies (chave beenrepeatedly
detectedin the disordered area. (b) and (c) armagnificationsfrom image (aghowingthese two
species. (d) and (e) are theolecular mechanics simulationgl75,182] of their G-Cu-C
intermediates respectively. Herthe density of the lowestthree unoccupied molecular orbitals
have beensimulated usingthe extended Hickel theory for theanti-(P,P)(d) andsyn(M,P) (e)
intermediatesspecieswith one copper atomocatedbetweenthe two helicene ligands

Similar &perimentshavealsobeen performed on oxygenrreconstructed C(100) asthis
surface was reportedo facilitate Ullmann couplingvith a higher reaction temperature
[184]. As showrnin Figure 65a, the temperature for €Br bond dissociatioon O/Cu(111)
is 338 K,higher than that on Cu(110Yhisobservationagreeswith conclusionamade in
the literature, i.e. C-Br bondscissiorof aryl bromides oroxidized coppesurfaces aRT
[182,185]

Upon annaling to463 K thereisno longrange ordered selassemblediomainobserved
whereasbishelicenes imnti- and syn configurationsare found in an norordered fashion
as shownin the STM image iRigure6.5b. It can be concludeddm the lengths of tese
moleculeson O/Cu(100) (16.5+0.6 A and 15.30.5 A, respectivelythat they areagain
organometallic intermediates.
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Figure6.5: a) Br3p XPspectraof a ML of bromo[4]heliceneevaporated and annealed tm the
oxidizedCu(100surface The backgrountias beersubtractedfrom a dean O/Cu(1003urface The
Br3p, peakposition shiftsfrom 184.0 eVlébeled inblue) to 182.4eV (labeled inred) between308

K and 338 Kb) STM image measured a8Q K(12.7nm x 12.7 nm, 1.5 V, 10 pAgquiredon this
sample afterannealing to 463 K. The imageajsay scaleis folded across the step edgtr
clarification The anti- and synbishelicenes have lengths of 16.5 + 0.6 A and 15.5 + 0.5 A,
respectively. The methotb determinethe length has beemdicated in the inset.

In conclusion in the case of dromo[4}helicenes the Ullmannreaction on copper
surfacesleadsonly to homochral bisheliceneswith their two endsspiralingaway from
the surface The two enantiomers of the produced bishelicenesassemble into
conglomerates of homochiral domain$Synbishelicene diastereomers are only for
organometallic intermediatesbserved.

6.2 Trishelicenes from 2,3 -dibromo[4]helicene on Au(111)

The 2,3dibromol[4]helicene molecul® (Scheme 6.2)s a [4]helicene with two bromine
atoms at adjacent substitution sites at tlend of the helix. When undergoing Ullmann
coupling, it is possible that thres 3 couple into a trime#d or 5 by forming a new hexagon
ring (indicated with the green dots). A similar reaction to form-menbered ring in a
trimeric fashion has been reportefil86,187] where 2,3dibromoanthracenewas used
and trisproductwere observed on Au (111) after Ullmann coupling.
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Schemeb.2 2,3-dibromo[4]helicene molecuke3 couple to each other in a trim&rfashion, leading
to the primary product of a threefold chiral wheshaped moleculd or 5. The green dots label the
newly formed sixmembered ring.

Unlike the case of 2;8ibromoanthracenewhere there is only one possibtas{product
after coupling,one can think ofdiastereomers agossible produd in the case of 2;3
dibromol4]heliceneafter the Ullmanncoupling Namely,one helcal arm could spiral into
the oppositedirectionwith respect totwo other arms (see speci®ésin Scheme 6.2)Thus,
there are fourdiastereomers(PPP, MMM, MMP, PPMhat could form in this Ullmann
reaction Other than for bishelicene discussed abavmse conformational configurations
are not interchangeable Although,the inversion barrier of the helix Hill very bw, the
intermolecularsyn or anti-arrangments are fixed due to two covalent bonds.

At first theAu(111)surface washosen as itis known that it supports Ullmann coupling as
well, but provides higher mobility for the organic produict addition, it dows desorption

of bromine at elevated temperature, which is not possible on copper sesfak full
monolayer ¢ 3 was depositedon Au(111), and subsequently annealed to 473 K for 10
minutes. XP®as measured at RTheSTM imagewererecorded at 108 K.

XPSFigure 6.6hows the Br3p peak before and after annealing t028 K.The Br3p,,
peak experiencea downshift from 1836 eV to 1& eV. This peak shift corresponds to the
scission of BC bond. This featureis consistent with previous results with -2
bromo[4]helicene[33]. As Au-adatoms have a lower reactivity, the moleculegemain
intact upon evaporation onto Au at room temperatuasd the temperature needed to
dissociateBr atoms from the moleculés higher ongold than on Cu surfaces. This
dissociation temperaturds consistent with previous reports for Ullmann coupling on
Au(111)[181,188-190]
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Figure 6.6. XP spectra of the Bp regon after deposition of3 onto Aul1ll) at 353 K, and
subsequent annealingp 423 K The 3p electrorbinding energiegeveal characteristic chemical
states of the bromineatoms.

Figure 67 shows the STM images tie sample after anneaing to 473 K and was
recorded at 108 K. Theiie alarge seHassembled domaiconsisthg of only4 as carbon
containing produciFigure 6.J. In addition, there are Br atoms between trishelicenekis
domainis approximately 200 nm in diameter amslsurrounded witha low-orderedareg,
whichis covered byother speciesin the entire domainthere aretrishelicenesappearing
ascounterclockwisepinwheels surrounded by Br atoms. The ratio of the lmcules4 and
Br atomsis exactly1:6, whichcorrespond precisely to threedibromo-helicenes3 before
the reaction. Such an assembled domaiwhich consistd only of clockwisechiral
pinwheels of4, is alsofound on other areain this sample(see Appendiy. Under this
scanning condition, the trimers are scanned as flat stArglose look at its chemical
structure reveals that each star has 13 benzene rings in total. It is reotlobev the helix
in each of the thregerminal benzo groupselax iself, whether they point away from the
surface omot, judging by this imageslaturally,it can be assumethat all the helixspiral
out of plane, as shown iRigure 67c, because this way there are 10 benzene rings that
can align according to the underai lattice
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Figure6.7: STMimage 85 nm x 35 nm, 4.8 mV, 160 precordedat 108K on Al111) afterprior

annealing to 473 K. dargehomochiraldomain of crystalized sta® surrounded byBr atoms.b)

STMimage @ nm x 9 nm, 3.6 mV, 150 péf the selfassembgd layerconsisting ot and Br atoms
¢) Unoccupied frontier orbitalsf 4 simulated using extended Huickel thepwith the three benzo
tips farthest awayrom the surface.

In addition to homochiral trishecienes other productsare observed onthis surface
including bis- and tetrakis products. Thewre found basically onlyin low-ordered, but
densely packedreas including Br atomgHgure 68). Thereare lines observed thaare
not identified, presumably impuritiesn the precursomaterial A close look atthis region
(Fgure 68b) reveak detailed structures of thesether speciesSome of thenare likely to
be PPMand MPPdiastereomerss (greenellipsed. Besides homochiratishelicene there
are alsodiasteriomerichis-speciesavith a cyclobutadiene ring, either heterochirab,(pink
ellipses or homochiral ¢, blueellipseg or even with four helical unit¢8, yellow ellipse)
For the latter, a metabrganic species with a single golm in the centeris proposed.
Accordingly, the STM image shows bright contrast in the cehtany dimers could also
be found within the disordered area, the typical ones predimer 6 and pp or mmdimer
7. These dimersirethe consequence of-C bond formation of two [4]helicenes.

There was also one tetramer observed (in yellow circle). Since it is verglytikt an 8
fold ring can form, the exact chemical structure cannot beedmined. Notably, there is a
bright protrusion in the center of this species, which appeared to be extresieiilar to
the organometallic compound 2f@naphthalene[191]. Thusthis observed tetrameiis
probably an organometallictetra-[4]helicene fused by ametal atom in the center, as
shown in the figure.
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Figure6.8: a) STM image of a lowrdered area with different product species The Bue squae
marks the location of image. Ib) Different products of the reaction are labeledth ellipsesand
possible structurebave beerproposed:PPMand PMMtrisheliceneq5, green),PMdimers @, pink)

plus PP and MM dimer (7, blue). The yellow ellipse is tetrakis product and its possible
organometallic structurés indicated(8). Image sizes and scanning parameters: (a) 60 nm x 60 nm,
6.7 mV, 190 pA; (b) 9.3 nm x 9.3 nm, 4.6 mV, 160 pA.

In some areas, another typef selfassemblyis observed (shown in Appendix)i They
are mostly likely to be Br atomsAs Br atomshave a lower diffusion barrier than the
moleculesthey conglomeratel and crystalizeinto domains.

6.3 Conclusion and Outlook

Stereoselective Ullmann coupling reactiohave been realized using broroelicene
molecules on metal surface®:bromo[4]helicenes couple into a dimer by forming a new
singleC<C bond The centes of the productmoleculesare closeparallelto the surface and
the helix ends point away from the surface. -2iBromo[4]helicenedorm atris-helicene
productby generating a neW6aromatic ringon Au(111)In both cases of dimerization or
trimerization, homochiral colminations of the precursors ambserved andhe produced
enantiomers assemble into 2D conglomeratéshomachiral domainsMore experiments
on a helicenes witha higher helixinversion barrier can be helpful inproviding more
insights on the topic afontrollable covalenton-surface chemistry.

One idea isusing dibromo-pentahelicenemolecules, to perform Ullmann coupling and
dehydrogenation ira highly controlled fashiorsflown in scheme .8). Ullmann coupling
produce the trsproduct, which then forms bgehydrogenatiora triscoronene Suchend

product has 22 aromatic rings in total but has still three tetrahelical featdraschiral

graphene flake molecule!
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Scheme6.3: Scheme showing Ullmarcouplingand dehydrogenation reactionsgtarting with 2,3
dibromo[5]helicene. Ullmann coupling will generate a newnaatic ring(labeled by the green dot)
like in the case of [helicene Then threeC-C bonds will form via the®istep dehydrogenation and
thus three new benzene rings are formed (shown in bright red circles and détsjwards the
adjacent three pairs of overlapping hydrogen atoms can be form three ma@eb@ndsand thus
lead to three new aromatic rings (labeled by dark red circles and datghe rim, there are still
three points with steric overcrowding similar as in tetrahetie
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Appendix

i Atomic composition of different samples potassiumatoms per COR molecule deposited
on Cu(111) kept at 90 Klighlighted numbers show the stahiatio of 4 at or close to 400 K
annealing temperature.

#1: K (4.8 A, 2 min) + COR | #2: COR (05°C, 30 min) + | #3: COR(105°C, 30 min) +
(105 °C, 30 min) K (4.8 A, 2 min) K (4.8A, 1min)
K Cu (0] K Cu (0] K Cu o
90 K 49 15 - 5.7 3.2 0.4 15 6.2 -
300 K 4.7 4.5 - 4.8 4.0 0.5 25 15.8 0.5
350 K 4.7 3.3 0.63 4.6 3.7 0.9 4.6 30.3 0.7
400 K 4.1 2.8 1.0 4.3 4.1 0.7 4.4 37.8 -
450 K 4.3 7.6 1.6 3.5 11.7 0.9 5.6 53.8 0.7
500 K 3.7 9.8 1.4 3.8 21.7 0.5 5.2 72.8 -
#4: COR (L05°C, 30 min) + | #5: COR (L05°C, 30 min) + | #6: COR (L05°C, 30min)
K (4.8A, 1min) K (4.8A, 5min) +K (4.8A, 5min)
K Cu o K Cu o K Cu (0]
90 K 3.6 55 - 10.2 2.1 - 9.0 25 -
300 K 3.4 5.0 - 5.0 4.2 0.5 4.7 4.5 0.5
350 K 3.8 4.9 0.5 4.6 4.2 0.5 4.6 4.7 0.6
400 K 3.9 4.9 0.5 4.1 4.5 0.7 4.1 4.9 1.0
450 K - - - - - - 4.0 14.1 0.7
500 K S = = S S = = S S
#7: K (4.8A, 5min) +COR | #8: K (5.2 A, 5min) + COR | #9: K (5.4 A, 5 min) + COR
(105 °C, 30min) (110 °C, 30 min) (110 °C, 30 min)
K Cu O K Cu o K Cu (0]
90K 4.6 0.7 - 4.23 0.11 - 6.15 - -
300 K 4.6 6.4 - 4.13 1.16 (0.45) 5.36 1.11 (0.41)
350 K 4.7 5.7 0.5 4.23 2.17 (0.45) 4.66 2.89 (0.22)
400 K 3.8 4.8 0.7 3.54 2.27 (0.42) 4.14 2.55 (0.56)
450 K 3.6 12.6 0.5 3.04 6.56 (0.65) - - -
500 K - - - - - - - - -
#10: K (5.4 A, 5 min) +
COR (L10°C, 30 min)
K Cu o
90 K 451
300 K 4.37 0.70 (0.30)
350 K - - -
400 K S = =
450 K - - -
500 K - - -
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ii. Atomic composition of different samples in lithium atoms per COR moleculesited on
Cu(111) kept at 90 K.

#1: COR (120 °C, 40min) | #2: COR (120 °C, 60 min) | #3: COR (120 °C, 90min) +
+Li (7 A, 5 min) +Li (7 A, 5 min) Li (7 A, 5 min)
Li Cu (@) Li Cu o Li Cu (0]
90K 6.0 - - 6.3 - - 5.4 - -
300 K 4.8 0.05 0.6 4.5 - 0.4 4.2 - 0.4
350 K 6.4 0.3 0.6 6.2 0.3 0.7 - - -
400 K 7.8 0.7 0.9 - - - - - -
450 K - - - - - - - - -
500 K 8.3 1.3 0.8 - - - = = =
#4: COR (120 °C, 40 min) + | #5: COR (120 °C, 90 min) + | #6: COR (120 °C, 90 min) +
Li (7A, 5 min) Li (7 A, 3 min) Li (7 A, 3 min)
Li Cu (@) Li Cu (0] Li Cu (0]
90 K 35 - - 3.1 3.2 - -
300 K 3.1 0.5 2.7 - 0.7 3.7 - -
350 K - - - (4.4) 2.0 1.1 5.9 2.9 -
400 K - - - (7.5) 6.2 2.3 12.5 9.4 -
450 K - - - - - - - - -
500 K = = = = = = = = =
#7: COR (120 °C, 120 min) | #8: COR (120 °C, 120 min) | #9: COR (120 °C, 150 min)
+ Li (7 A, 3 min) +Li (7 A, 3 min) +Li (7 A, 3 min)
Li Cu O Li Cu O Li Cu O
90 K 2.6 - - 3.1 - - 2.7 - (0.2)
300 K 2.0 - 0.8 2.7 0.06 0.7 1.9 - 0.9
330K 4.7 24 1.0 4.6 4.4 1.0 5.2 4.4 1.4
#10: COR (120 °C, 150 #11: COR (120 °C, 180
min) + Li (7 A, 3 min) min) + Li (7A, 3.5 min)
Li Cu @] Li Cu (0]
90 K 2.2 - - 3.2 - -
300 K - - - 2.9 - -
310K = = = 3.1 0.1 1.0
320K - - - 4.3 11 11
330 K 5.7 4.9 1.3 5.8 2.1 1
350 K 9.2 8.6 1.9 - - -
400 K 13.3 18.7 2.1 - - -
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Appendix

A large domain oflockwise trimeroriginated fromPPP2,3-bromo[4]helicene on A{111)
surface STMrecorded at108 K. images size 18.6 nm x 18.6 nm, measured witt2&/7 mV
and | =10 pA.Br atoms are not resolveahderthis tip condition.
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A STM image showing Br atom assembly ansample, made by evaporating 2,3
dibromo[4]helicene onta Au(111) surface at room temperature, subsequgrinnealed to
473 K and measured at 108K. Images size: 14 nm x 14 nm. Scanning paratjetet6:7
mV, |, =80 pA.
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