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Zusammenfassung

In dieser kumulativen Doktorarbeit wurde die gezielte Funktionalisierung von
Si(001)-Halbleiteroberflichen mit organischen Molekiilen beziiglich dreier ver-
schiedener Aspekte beleuchtet. Zunéchst wurde die Reaktionskinetik von auf
Si(001) adsorbiertem Cyclooctinether untersucht und dabei ein tieferes Versténd-
nis der Chemoselektivitit funktionalisierter Cyclooctine auf Si(001) erhalten, die
einen Grundbaustein fiir die weitere Funktionalisierung von Si(001) darstellen.
Weiterhin wurden zwei verschiedene vertikale Strukturen organischer Molekiile
mithilfe von Click-Reaktionen auf mittels Cyclooctin funktionalisierten Si(001)-
Oberflachen prépariert. Abschlieffend konnte durch die selektive Adsorption von
1,2-Dehydrobenzol auf Si(001) eine lateral wechselwirkende organische Struktur
auf Si(001) erzeugt werden.

In Hinsicht auf die Mechanismen der selektiven Adsorption bifunktionaler Cy-
clooctine wurde mithilfe der Echtzeitrontgenphotoelektronenspektroskopie un-
tersucht, wie die zweite funktionelle Gruppe eines Cyclooctinethers bei hoheren
Temperaturen auf Si(001) reagiert. Dabei wurde experimentell eine iiberraschend
kleine Energiebarriere Ey von 0,19 + 0,03 eV bestimmt. Diese ist mithilfe der
Adsorptionskonfiguration des Molekiils auf der Oberfliche erklarbar: Durch die
Adsorption des Cyclooctingrundgeriists iiber die gespannte Dreifachbindung ist
die Geometrie des Molekiils auf der Oberfliche vorgegeben. Aus dieser Konfigura-
tion heraus kann die Etherfunktionalitit bei erhéhten Oberflichentemperaturen
leicht mit einem Si-Dimer einer benachbarten Dimerreihe wechselwirken, was die
Dissoziationsreaktion der Etherfunktionalitit auf der Oberfliche begiinstigt. Fiir
diese wurde auch ein sehr kleiner Vorfaktor A von 4 x 1072%! 1 /s ermittelt, wel-
cher mafsgeblich zur Stabilitit der Ethergruppe beitrigt. Er ist im Rahmen der
Gesamtreaktion mit einem grofen Vorfaktor fiir die Riickreaktion der Diethyl-
ethergruppe aus dem Zwischenzustand in die initiale on-top Position des Cy-
clooctinethermolekiils erklarbar.

Beziiglich des weiteren Aufbaus organischer Strukturen auf Si(001) wurden zwei
verschiedene vertikale, organische Strukturen mithilfe von Click-Reaktionen auf
Si(001) realisiert. Mithilfe einer Azid/Alkin-Kupplungsreaktion wurde eine zweite
organische Molekiilschicht kovalent an die bereits mit einem Ethinyl-cyclopropyl-
cyclooctin funktionalisierte Si(001)-Oberfliche angebunden und mittels Ront-
genphotoelektronenspektroskopie nachgewiesen. Dafiir wurde eine Funktionalisie-
rungsmethode erarbeitet, die ultrahochvakuum- und l6semittelbasierte Verfahren
miteinander kombiniert, um diese Strukturen zu erzeugen. Es konnte weiterhin
gezeigt werden, dass mittels dieser Methode auch alternierende Lagensysteme auf
der Grundlage bifunktionaler organischer Molekiile herstellbar sind.

Anhand einer Enol-Ether/Tetrazin-Kupplungsreaktion konnte ein Bilagensystem
organischer Molekiile auf Si(001) auch ausschlieklich im Ultrahochvakuum her-
gestellt und mittels Rontgenphotoelektronenspektroskopie analysiert werden. Es
wurden keine auf der Oberfliche adsorbierten Nebenprodukte nachgewiesen,
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was die Selektivitdt dieser Click-Reaktion auch auf der sehr reaktiven Si(001)-
Oberflache verdeutlicht.

Die aus den Adsorptionsexperimenten zu unterschiedlichen Cyclooctinderivaten
gewonnenen Erkenntnisse fiir die selektive Adsorption wurden auf die Priaparation
eines senkrecht auf der Oberfliche stehenden, konjugierten Systems auf Si(001)
iibertragen: Durch die Verwendung eines Arins konnte ein intaktes m-System auf
der Si(001)-Oberfliche im Ultrahochvakuum durch eine Adsorptionsreaktion aus
der Gasphase angebunden und mittels Rastertunnelmikroskopie, Réntgen- und
Ultraviolett-Photoelektronenspektroskopie charakterisiert werden. Durch das ge-
ordnete Adsorptionsverhalten der Molekiile bei hohen Bedeckungen auf Si(001)
werden laterale, elektronische Wechselwirkungen der senkrecht zur Oberfliche
angebundenen aromatischen 7-Systeme ermdglicht.

1Y



Abstract

In this thesis, the functionalization of the Si(001) semiconductor surface with
organic molecules was investigated with respect to three different aspects. First,
the reaction kinetics of cyclooctyne ether adsorbed on Si(001) were investiga-
ted, providing a deeper understanding of the chemoselectivity of functionalized
cyclooctynes on Si(001) which represent a basic building block for the further
functionalization of Si(001). Second, two different vertical structures of organic
molecules were prepared on cyclooctyne-prefunctionalized Si(001) using click re-
actions. Third, selective adsorption of 1,2-dehydrobenzene on Si(001) was used
to form a laterally interacting structure of organic molecules on Si(001).
Concerning the mechanisms of selective adsorption of bifunctional cyclooctynes,
real-time X-ray photoelectron spectroscopy was employed to investigate how the
second functional group of a cyclooctyne ether reacts at elevated surface tempe-
ratures on Si(001). A surprisingly low energy barrier Ex of 0.19 + 0.03 eV was
determined experimentally. This can be explained by the adsorption configura-
tion of the molecule on Si(001): The geometry of the molecule on the surface
is determined by the adsorption of the cyclooctyne molecule on Si(001) via the
strained triple bond. Starting in this configuration, the ether functionality is found
to interact without large constraints with an adjacent silicon dimer at elevated
surface temperature, leading to the small energy barrier for the dissociation of
the diethyl ether group on the Si(001) surface. In addition, a very small prefactor
A of 4 x 10721 1/s was determined for the dissociation reaction, which contri-
butes significantly to the stability of the ether group. It is discussed in terms of a
high probability (and thus a large prefactor) for the back reaction of the diethyl
ether group from the intermediate state to the initial on-top configuration.
With regard to the further synthesis of organic structures on Si(001), two different
vertical organic structures were realised by means of click reactions on Si(001)
and were analyzed by X-ray photoelectron spectroscopy. Using an alkyne-azide
coupling reaction, a second organic molecular layer was covalently attached to
the Si(001) surface which was prefunctionalized by ethynyl cyclopropyl cyclooc-
tyne. For this purpose, a reaction scheme which combines ultra-high vacuum and
solvent-based processes to synthesize these structures with high quality was de-
veloped. Based on this concept, it could be shown that alternating layer systems
based on bifunctional organic molecules can also be synthesized by means of this
method.

Using a tetrazine/enol-ether click reaction, a bilayer system of organic molecules
on Si(001) was prepared exclusively in ultra-high vacuum and analyzed by X-ray
photoelectron spectroscopy. No byproducts were detected on the surface, which
illustrates the selectivity of this click reaction even on the very reactive Si(001)
surface.

The knowledge gained from the adsorption experiments on cyclooctyne adsorption
on Si(001) was transferred to the preparation of a conjugated system attached per-
pendicular on Si(001): By using an arine, an intact m-system was attached on the
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Si(001) surface via adsorption in ultra-high vacuum. The resulting configurations
were analyzed by means of scanning tunnelling microscopy, X-ray photoelectron
spectroscopy, and ultraviolet photoelectron spectroscopy. The ordered adsorption
behaviour of the molecules at high coverages on Si(001) enables lateral electronic
interactions of the aromatic m-systems which are attached perpendicular to the
surface.
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In Artikel I wurde die Etherspaltung eines auf der Si(001)-Oberfliche ad-
sorbierten, Ether-funktionalisierten Cyclooctins mittels Echtzeitphotoelek-
tronenspektroskopie untersucht. Es wurde die Energiebarriere der Dissozia-
tionsreaktion der Etherfunktionalitit bestimmt. Dabei konnte gezeigt wer-
den, dass die Adsorptionsgeometrie des Cyclooctingrundgeriists eine grofse
Rolle fiir die zur Weiterreaktion zur Verfiigung stehenden Reaktionspfade
spielt und somit Auswirkungen auf die Stabilitdt der Etherfunktionalitét
hat.

TG fiihrte die Experimente am Synchrotron zusammen mit CL und MD
durch und interpretierte die Ergebnisse gemeinsam mit CL und MD. TG
verfasste den Grofsteil einer ersten Version des Manuskripts, welches an-
schliefend mit Unterstiitzung von CL und MD verbessert wurde.

Solution-Based Alkyne-Azide Coupling on Functionalized Si(001)
Prepared under UHV Conditions

T. Glaser, J. Meinecke, C. Langer, J. Heep, U. Koert, and M. Diirr; J. Phys.
Chem. C 125, 4021 - 4026 (2021).
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Si(001) untersucht. Mithilfe von Rastertunnelmikroskopie, Photoelektro-
nenspektroskopie und Ultraviolettphotoelektronenspektroskopie wurde die
Adsorption eines intakten m-Systems auf der Oberfliche nachgewiesen. Mit
zunehmender Bedeckung der Oberfliche wurde auf gestuften Oberflichen
eine Vorzugsrichtung der Adsorbate beobachtet. Bandstrukturberechnung-
en basierend auf der Dichtefunktionaltheorie zeigen fiir diese Strukturen
eine elektronische Delokalisierung entlang der Dimerreihen (,,m-Drahte®).

TG fiihrte die Experimente zur Adsorption der von MT synthetisierten or-
ganischen Molekiile auf der Si(001)-Oberfliche durch. Die Auswertung und
Interpretation der Messungen wurde von TG, unterstiitzt von MD, durch-
gefithrt. TG verfasste eine erste Version des Manuskripts, die gemeinsam
mit MT, JNL, RTZ, UK und MD ergénzt und verbessert wurde.
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1 | Einleitung

Die fortschreitende Digitalisierung ist weltweit seit Jahren ein Thema von wichti-
ger Bedeutung, besonders im Bildungswesen und in der Industrie. Durch die Coro-
naviruspandemie hat die Digitalisierung, nicht zuletzt in Deutschland, nochmals
zusitzlich an Bedeutung hinzugewonnen [1]. Die fortschreitende Miniaturisierung
der Halbleiterbauelemente, die seit 1971 mit der Entwicklung des Mikroprozessors
startete [2|, spielt dabei eine wichtige Rolle. Im Mittelpunkt der Halbleitertech-
nologien steht nach wie vor Silizium als Substrat [3]. In der Industrie wurde die
5-nm-, beziehungsweise die 3-nm-Technologie bereits eingefiihrt [4]. Die dabei
verwendeten Lingenangaben beziehen sich jedoch auf eine in der Halbleiterin-
dustrie gebrdauchliche Terminologie. Reelle Strukturgréfsen bewegen sich aktuell
in der Grofenordnung von 18 nm [5]. In den kommenden Jahren werden mithilfe
modernster Lithografiemethoden Strukturgréfen von etwa 13 nm erreicht wer-
den konnen [5|6]; damit wird zeitgleich auch das physikalische Limit fiir diese
Art von Lithografieverfahren und dadurch auch eine untere Grenze in der Struk-
turgrofe erreicht werden [6]. In diesem Kontext stellt die Funktionalisierung von
Siliziumoberflaichen mithilfe organischer Molekiile ein grofes Potential dar, um
auf der Siliziumoberfliche weitere Miniaturisierungschritte zu ermdglichen [7-9).
Durch selektives Anbinden organischer Molekiile an die Halbleiteroberfliche und
den gleichzeitigen Erhalt weiterer funktioneller Gruppen konnte eine Synthese
organischer Architekturen auf Silizium erzielt werden; mithilfe der grofen Varia-
bilitdt der organischen Chemie sollte es dann mdoglich sein, eine grofse Bandbreite
an Oberflicheneigenschaften herzustellen, wodurch die Verkniipfung von Silizi-
umbhalbleitertechnologie und organischer Chemie auch in Zukunft ein vielverspre-
chendes Forschungsgebiet darstellt.

Die technologisch wichtigste Si(001)-Oberfliche wurde bereits umfassend erforscht
[10-16]. Dies gilt auch fiir die Untersuchungen zur Adsorption und Reaktivitét
organischer Molekiile auf Si(001) [9,[17-24]. Besondere Fortschritte wurden in den
letzten Jahren bei der Suche nach einem verlisslichen Grundgeriist fiir den Aufbau
von Mehrlagensystemen auf Si(001) erzielt. Die Molekiilgruppe der Cyclooctine
hat sich dabei aufgrund ihres selektiven Adsorptionsverhaltens als besonders ge-
eignet herausgestellt [25-30]. Mithilfe von Folgereaktionen, die dem Prinzip der
Click-Chemie folgen, sollte es moglich sein, weitere organische Einheiten gezielt
an die cyclooctinfunktionalisierte Halbleiteroberfliche anzukoppeln.

Die vorliegende Arbeit kniipft an diese Herausforderung der gezielten Funktio-
nalisierung von Halbleiteroberflichen an. Dabei werden drei Schwerpunkte bear-
beitet: Die Reaktionskontrolle bifunktionaler organischer Molekiile auf Si(001),
die Herstellung vertikaler Strukturen mittels Anbindung einer zweiten Lage or-
ganischer Molekiile nach dem Schema der Click-Reaktionen sowie die Herstel-
lung lateral wechselwirkender organischer Strukturen auf Si(001) (vergleiche Ab-



@)

(b) DQDO& o
Ll

© A )

molecular
interaction

selective
adsorption

Abbildung 1.1: Schematische Darstellung der in dieser Arbeit unter-
suchten Teilgebiete bei der Funktionalisierung der Si(001)-Oberfléche.
Neben (a) der Untersuchung der Folgereaktionen bifunktionaler, selektiv adsor-
bierter organischer Molekiile auf Si(001) wurde eine lateral wechselwirkende (c)
als auch zwei verschiedene vertikale Strukturen (b) auf Si(001) realisiert. Die letzt-
genannten kénnen weiter zu einem Multilagensystem funktionalisiert werden.

bildung . Eine detaillierte Darstellung der in dieser Arbeit vorgenommenen
Funktionalisierungen der Si(001)-Oberfliche ist in Abbildung dargestellt.

Zu der in Abbildung[l.1j(a) dargestellten Untersuchung der Folgereaktionen chemo-
selektiv adsorbierter bifunktionaler Molekiile auf Si(001) wird in Artikel I
die Reaktion der Etherfunktionalitit eines bifunktionalen Cyclooctins
(5-(ethoxymethyl)-5-methylcyclootin, kurz: Cyclooctinether) mit der Si(001)-
Oberfléche untersucht (vergleiche Abbildung [1.2{i) und (a)). Mithilfe der Echt-
zeitrontgenphotoelektronenspektroskopie unter Verwendung von Synchrotron-
strahlung konnte die Adsorption sowie die bei erhéhter Temperatur aktivierte
Folgereaktion dieses Molekiils beobachtet werden. Es konnten sowohl die Energie-
barriere F 4 als auch der Vorfaktor A fiir die Etherspaltungsreaktion experimentell
bestimmt werden, die wichtige Riickschliisse auf die Selektivitdt des Adsorptions-
verhaltens bei 300 K zulassen.

In Artikel IT wird ein Konzept fiir den in Abbildung[L.1|(b) gezeigten Aufbau ei-
ner zweiten organischen Schicht auf die bereits mit einem Cyclooctinderivat funk-
tionalisierte Si(001)-Oberfliche vorgestellt: Bei Verwendung eines Azidmolekiils
als Kupplungspartner fiir die intakte, im Ethinyl-cyclopropyl-cyclooctin (kurz:
ECCO) vorhandene, terminale Alkingruppe konnte mithilfe einer Kombination
aus ultrahochvakuum- (engl.: ultra-high vacuum, kurz: UHV) und l6semittelba-

2



™

adsorption
in UHV
(iv)
reaction reaction
in solution in UHV + AT

N\

functionalization
with benzyne

4 )

\_ @ J

consecutive reaction vertical structures |ateral structures

Abbildung 1.2: Zusammenfassung der in dieser Arbeit untersuchten
Reaktionen auf der Si(001)-Oberfliche. Es wurden in dieser Arbeit drei
Cyclooctinderivate (i-iii) auf Si(001) adsorbiert. In Artikel I wird die Weiterre-
aktion der zweiten funktionellen Gruppe bei erhthter Temperatur untersucht (a),
in den Artikeln IT und III wird die Anbindung einer weiteren organischen Ein-
heit in die zweite Lage des angestrebten Mehrlagensystems betrachtet ((b) und
(c)) und in Artikel IV wird der Aufbau von Strukturen, in denen die Molekiile
lateral auf der Oberfliche wechselwirken, untersucht (d).



sierten Syntheseschritten die Reaktion der zweiten Molekiilschicht erzielt werden
(vergleiche Abbildung [1.2[(ii) und (b)). Dabei wurde der verwendete Katalysator
optimiert und das Praparationsverfahren mit zwei verschiedenen Azidmolekiilen
durchgefiihrt; die Produkte auf der Oberfléche konnten mittels Rontgenphotoelek-
tronenspektroskopiemessungen (engl.: X-ray Photoelectron Spectroscopy, kurz:
XPS) nachgewiesen werden.

In Artikel ITI wird ein weiteres Konzept fiir die Anbindung einer zweiten or-
ganischen Schicht auf die bereits mit einem Cyclooctin funktionalisierte Si(001)-
Oberflache vorgestellt: Durch die Verwendung einer Enol-Ether-Funktionalitit
am bereits auf der Si(001)-Oberfliche gebundenen Cyclooctin konnte ein Tetra-
zinmolekiil aus der Gasphase im Ultrahochvakuum kovalent angebunden werden
(vergleiche Abbildung [1.2{iii) und (c)). Das Produkt dieser Click-Reaktion auf
der Oberfliche wurde ebenfalls mittels XPS nachgewiesen.

In Artikel IV wird der Aufbau lateral wechselwirkender Strukturen anhand
der Adsorption von 1,2-Dehydrobenzol, eines Arins, auf der Si(001)-Oberfliche
untersucht. Mithilfe der Rastertunnelmikroskopie (engl.: Scanning Tunneling Mi-
croscopy, kurz: STM), der Réntgenphotoelektronenspektroskopie und der Ultra-
violettphotoelektronenspektroskopie (engl.: Ultraviolet Photoelectron Spectros-
copy, kurz: UPS) konnte die ,on-top“ Adsorptionskonfiguration der Molekiile auf
einzelnen Dimeren iiber die gespannte Dreifachbindung als bevorzugte Adsorp-
tionskonfiguration nachgewiesen werden. Der Reaktionspfad fiihrt somit zu einem
intakten m-System in Analogie zu einem auf der Oberfliche verankerten Benzol-
ring. Die einzelnen Molekiile kénnen entlang der Dimerreihe iiber das m-System
miteinander wechselwirken (vergleiche Abbildung [I.2|iv) und (d)). Mithilfe von
gestuftem Si(001) konnte aufkerdem eine Vorzugsausrichtung der Molekiile bei
hohen Bedeckungen ermittelt werden.



2 | Physikalische Grundlagen und Metho-
den

In dieser Arbeit wird die Adsorption verschiedener organischer Molekiile, haupt-
sichlich Cyclooctinderivate, auf der Si(001)-Oberfliche sowie deren Folgereaktio-
nen untersucht. Um die grundlegenden physikalischen und chemischen Prozesse
auf der Halbleiteroberfliche nachvollziehen zu konnen, werden im folgenden Ka-
pitel die Si(001)-Oberfliche und die Adsorption der fiir diese Arbeit wichtigsten
organischen Molekiile eingefiihrt. Anschliefsend werden die experimentellen Tech-
niken, die fiir diese Arbeit genutzt wurden, vorgestellt.

2.1 Die Si(001)-Oberfliche

Siliziumatome in einem Siliziumkristall sind sp3-hybridisiert, jedes einzelne Atom
ist tetraedrisch koordiniert und dadurch mit vier weiteren Siliziumatomen ge-
bunden, wodurch die Diamantstruktur entsteht [31]. Wenn das Kristallgitter
durch den Bruch von zwei o-Bindungen senkrecht zur [001]-Richtung geschnit-
ten wird, entsteht eine sogenannte ideale (001)-Oberfliche. Neben den zwei be-
stehenden o-Bindungen pro Atom entstehen durch den Bruch die zwei fiir die
Silizium (001)-Oberfliche charakteristischen, jeweils einfach mit einem Elektron
besetzten, ,dangling-bonds* (deutsch: gebrochene Bindungen; vergleiche Abbil-
dung . Durch eine zusétzliche Rekonstruktion der Oberfliche, bei der die
Anzahl an dangling-bonds pro Oberflichenatom durch die Bildung einer kova-
lenten o-Bindung zweier benachbarter Oberflichenatome halbiert wird, wird die
Oberflichenenergie deutlich verringert. Die dabei entstehenden Dimere ordnen
sich in sogenannten Dimerreihen parallel zur [110]-Richtung auf der Oberfliche
an. Die Siliziumdimere der rekonstruierten Oberfliche haben mit 2,2-2,4 A in et-
wa den selben Abstand wie die sp?-hybridisierten Siliziumatome im Inneren des
Kristalls (2,3 A) [32}134]. Experimentell bestéitigt wurde das Modell der Dime-
re mittels Beugung niederenergetischer Elektronen (engl.: Low Energy Electron
Diffraction, kurz: LEED) und STM-Messungen [35-38|. Durch eine Jahn-Teller-
artige Wechselwirkung der Dimere, dem sogenannten buckling, verkippen diese
um 19 + 2 ° [39], was eine zusitzliche Energieabsenkung von 0,14 eV pro Di-
mer zur Folge hat [34]. Aufgrund der Verkippung erhélt das untere Atom des
Dimers mehr sp?-Charakter, wobei das obere Atom mehr sp3-Charakter erhilt.
Dies fiihrt zu einer energetischen Aufspaltung der beiden Zustédnde, die durch
die beiden dangling-bond Zustande Dy, und Dgown beschrieben werden kénnen.
Durch einen Elektronentransfer vom energetisch ungiinstigeren Dgoy, Orbital in
das energetisch giinstigere D,, Orbital, was in der Folge doppelt besetzt ist,
kann ein zusdtzlicher Energiegewinn erzielt werden. Das Dimer erhilt dadurch
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Abbildung 2.1: Schematische Darstellung der Silizium(001)-
Oberflache. Die unrekonstruierte Siliziumoberfliche (links) und die re-
konstruierte Silizium(001)-Oberfliche (rechts) sind jeweils in Seiten- und
Draufsicht abgebildet. Die rekonstruierte Oberfliche weist zwei verschiedene
dangling-bonds auf, wobei eines davon zweifach besetzt (D, schraffiert) und
das andere unbesetzt (Dgown, weill) ist. Adaptierter Nachdruck aus Referenz [15],
Copyright 2006, mit freundlicher Genehmigung von Elsevier.

einen zwitterionischen Charakter [40]. Die Aufspaltung zeigt sich auch in der
Bandstruktur, die in Abbildung dargestellt ist. Eine schwache Wechselwir-
kung zwischen benachbarten Reihen und die daraus resultierende alternierende
Anordnung der verkippten Dimere fiihrt zur ¢(4 x 2)-Rekonstruktion der Si(001)-
Oberflidche [41]. Diese Rekonstruktion kann jedoch aufgrund thermischer Aktivie-
rung und des damit verbundenen standigen Wechsels zwischen den beiden asym-
metrischen Zustdnden zum Beispiel in STM-Experimenten nur bei Temperaturen
<150 K beobachtet werden [38}41H43].

2.2 Adsorption organischer Molekiile auf Si(001)

Viele Reaktionen organischer Molekiile auf Halbleiteroberflichen, vor allem Re-
aktionen von Molekiilen mit Mehrfachbindungen, wurden bereits eingehend er-
forscht [47-61]. Im Fall der Si(001)-Oberfliche nehmen einige funktionelle organi-
sche Gruppen eine besondere Position ein, da diese iiber prototypische Reaktions-
mechanismen auf der Oberfliche adsorbieren, bei denen oft der zwitterionische
Charakter der Si-Dimere eine entscheidende Rolle spielt. Dazu gehoren zum Bei-
spiel Ethen [62-68|, Acetylen [67,[69] oder Ammoniak [70,71].

Fiir diese Arbeit sind insbesondere funktionelle Gruppen, die Sauerstoffatome
enthalten, von Bedeutung, weshalb im Folgenden néher auf die Adsorption sau-
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Abbildung 2.2: Bandstruktur von Si(001)(2x1). Die zu grofen Teilen in
der Bandliicke liegenden Oberflichenzusténde sind nach ihrem Ursprung benannt.
Festkorperzustiande, die auf die Oberfliche projiziert wurden, sind schraffiert dar-
gestellt. Offene Symbole resultieren aus Messungen mittels inverser Photoemis-
sion [44], gefiillte Symbole aus winkelaufgeloster Photoemission [45]46]. Festkor-
perzustinde und mittels Linien eingezeichnete Oberflichenzustéinde stammen aus
Dichtefunktionaltheorierechnungen von Kriiger und Pollmann [34]. Nachdruck
aus Referenz [15], Copyright 2006, mit freundlicher Genehmigung von Elsevier.

erstoffhaltiger funktioneller Gruppen auf Si(001) eingegangen wird. Dariiber hin-
aus werden die ebenfalls fiir diese Arbeit wichtigen Reaktionen von ungesittigten
Kohlenwasserstoffen auf Si(001) diskutiert.

2.2.1 Adsorption organischer Molekiile mit sauerstoffhalti-
gen funktionellen Gruppen auf Si(001)

Sauerstoffatome in organischen Molekiilen wie Alkoholen oder Ethern reagie-
ren iiber einen charakteristischen Zwischenzustand mit der Si(001)-Oberflache
[72-{77]. Da die Adsorption der Ethyletherfunktionalitit am Cyclooctinring in
Artikel T ndher untersucht wird, wird im Folgenden die Adsorption einer isolier-
ten Diethylethergruppe beispielhaft fiir die Adsorption sauerstoffhaltiger funktio-
neller Gruppen auf Si(001) erlautert. In Abbildung ist die Adsorption von
Diethylether schematisch zusammen mit der Potentialkurve der Adsorptionsre-
aktion aus der Gasphase dargestellt. Dabei wird zun#chst vom Sauerstoffatom
ausgehend eine dative Bindung zur Oberfliche ausgebildet, bei der Elektronen-
dichte vom Sauerstoffatom in ein unbesetztes dangling-bond der Siliziumoberfla-
che verschoben wird. Bei Temperaturen < 150 K kann dieser Zustand ausgefroren
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Abbildung 2.3: Adsorption von Diethylether auf der Silizium(001)-
Oberfliche. (a) Diethylether reagiert zuniichst iiber einen dativen Zwischenzu-
stand mit der Silizium(001)-Oberfliche. (b) In einem weiteren Schritt dissoziiert
das Diethylethermolekiil. (¢) Der Endzustand der Adsorptionsreaktion wird le-
diglich iiber den Zwischenzustand I erreicht. Dafiir muss die Energiebarriere ¢,
iiberwunden werden. In einer Konkurrenzreaktion kann das Molekiil auch desor-
bieren (g4; kq). Genehmigter Nachdruck aus den Referenzen [75,76]. Copyright
2015 American Chemical Society.

und zum Beispiel mittels Rontgenphotoelektronenspektroskopie und Rastertun-
nelmikroskopie beobachtet werden [75,76]. In der Folgereaktion wird in einer
Sn2-artigen Reaktion eine C-O Bindung gespalten und sowohl eine kovalente
Si-O als auch eine kovalente Si-C Bindung ausgebildet. Bei diesem Reaktions-
schritt ist eine Wechselwirkung zwischen einem doppelt besetzten dangling-bond
und einem am Sauerstoffatom gebundenen Kohlenstoffatom der Ethylgruppe im
Ubergangszustand entscheidend, da bei diesem Schritt Elektronendichte aus dem
D, Zustand in das antibindende O-C Orbital verschoben wird. Dieser nucleophi-
le Riickseitenangriff ist nur mit einem dangling-bond in der gegeniiberliegenden
Dimerreihe geometrisch leicht realisierbar [78]. Deshalb findet die Reaktion bei
Raumtemperatur immer iiber zwei Dimerreihen hinweg statt und das Reaktions-
produkt erstreckt sich ebenfalls iiber zwei Dimerreihen [75].

2.2.2 Adsorption organischer Molekiile mit ungesittigten
Kohlenwasserstoffen auf Si(001)

Cycloadditionsreaktionen ungesittigter Kohlenwasserstoffe, wie beispielsweise
[2-+2]-Additionsreaktionen, sind nach Woodward und Hoffmann als konzertier-
te Reaktionen aus Symmetriegriinden verboten [79|, werden jedoch durch einen
nichtkonzertierten Prozess, bei dem ein asymmetrischer m-Komplex gebildet wird,
auf der Si(001)-Oberfliche erméglicht [9,65-67,80-85|. Eine der einfachsten [2+-2]-
Cycloadditionen stellt die Reaktion von Acetylen mit der Si(001)-Oberfliche dar:
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Die Dreifachbindung des Acetylenmolekiils reagiert dabei iiber zwei verschiedene
Reaktionspfade entweder mit einem oder mit zwei Dimeren der Siliziumoberfla-
che [67]. Der Reaktionsverlauf ist in Abbildung [2.4] dargestellt. In beiden Reak-
tionspfaden tritt ein Zwischenzustand (P) auf, der durch eine 3-Zentren-Bindung
des Acetylens, bei der elektronische Dichte in das unbesetzte, untere Orbital des
Dimers transferiert wird, charakterisiert ist. Es muss eine Aktivierungsenergie Eg
aufgebracht werden, um von diesem Zwischenzustand in den Endzustand (C) rea-
gieren zu konnen [67].

Potential Energy

Reaction Coordinate

Abbildung 2.4: Reaktion von Acetylen mit der Silizium(001)-
Oberfliche. (a) und (b): Seitenansicht der Siliziumoberfliche; (a) entlang und
(b) senkrecht zur Dimerreihe. Das Acetylen kann {iber zwei verschiedene Reak-
tionspfade mit der Si(001)-Oberfliche reagieren. Dabei erfolgt die Reaktion im-
mer iiber einen am unteren Dimer lokalisierten Zwischenzustand. Im Endzustand
ist das Molekiil entweder iiber ein einzelnes Dimer (a) oder iiber zwei Dimere
(b) mittels zweier o-Bindungen angebunden. Im unteren Teil der Abbildung ist
die Potentialkurve des Reaktionsverlaufs abgebildet. Genehmigter Nachdruck aus
Referenz [67]. Copyright 2004 American Physical Society.
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2.2.3 Die Adsorption von Cyclooctinen auf Si(001)

Um Siliziumhalbleiteroberflichen gezielt mit organischen Molekiilen funktiona-
lisieren zu konnen, sind chemoselektive Reaktionen unabdingbar. Cyclooctine
eignen sich aufgrund ihrer chemoselektiven Reaktion der gespannten C=C Drei-
fachbindung mit der Si(001)-Oberfliche hervorragend dazu, eine zweite funktio-
nelle, organische Gruppe vollstindig intakt zu erhalten [25]26,29]. Mithilfe von
STM-Messungen, Molekularstrahlexperimenten und XPS-Messungen wurde ge-
zeigt, dass es sich bei der Adsorption des Cyclooctins um eine Adsorption iiber
einen direkten Reaktionspfad handelt [25-29|. Da andererseits die Reaktion der
meisten funktionellen organischen Gruppen, wie auch die oben aufgefiihrten Bei-
spiele, iiber einen Zwischenzustand erfolgt, lauft die Reaktion funktionalisierter
Cyclooctine nach dem in Abbildung gezeigten Mechanismus selektiv iiber die
gespannte C=C Dreifachbindung ab. Selbst im Fall einer Alkingruppe als zweite
funktionelle Gruppe konnte die Chemoselektivitit gezeigt werden, was auf eine
Konversionsbarriere fiir die Adsorption der ungespannten C=C Dreifachbindung
aus dem Zwischen- in den Endzustand (vergleiche Abschnitt zuriickzu-
fithren ist [69]. Cyclooctine kénnen mit verschiedensten zweiten funktionellen
Gruppen synthetisiert werden, wodurch eine grofe Bandbreite an chemischen
Folgereaktionen auf der Si(001)-Oberfliche ermdoglicht wird [86].

2.2.4 Click-Chemie

Mithilfe funktioneller Gruppen, die Teil von Click-Reaktionen sein konnen, wer-
den in Artikel IT und IIT die Reaktionen zur Bildung der zweiten organischen
Lage auf der Si(001)-Oberfliche umgesetzt. Unter Click-Chemie werden Reak-
tionen zusammengefasst, die folgende Anforderungen erfiillen: Neben einer hohen
Reaktionsrate muss eine Click-Reaktion selektiv und mit hohen Reaktionsaus-
beuten ablaufen. Dariiber hinaus muss eine Vielzahl an Edukten mit einfachen
Strukturen vorhanden sein und es diirfen lediglich kleine Mengen an Nebenpro-
dukten, die leicht vom Produkt zu trennen sein miissen, anfallen. Lediglich ein-
fache Reaktionsbedingungen und leicht durchfiihrbare Aufreinigungsschritte sind
erlaubt. Auferdem muss das Produkt stabil gegeniiber Sauerstoff und Wasser
sein. Typischerweise werden die meisten Kriterien mithilfe kinetisch kontrollier-
ter Reaktionen erfiillt [87-89|. Dabei konnen durch die Selektivitit der einzel-
nen Reaktionsschritte komplexe Strukturen synthetisiert werden. Gerade in der
biologischen Chemie sind die genannten Kriterien besonders genau einzuhalten,
weshalb in diesem Fachgebiet bereits intensiv geforscht wurde: Fiir die Entwick-
lung der Click-Chemie und der Bioorthogonalen Chemie wurde der Nobelpreis
in Chemie im Jahr 2022 an Bertozzi, Medal und Sharpless verlichen [89-111].
Click-Reaktionen werden aber auch bereits in anderen Bereichen angewandt, um,
wie in dieser Arbeit, Uberginge zwischen organischen und anorganischen Mate-
rialien zu schaffen [112H116|. Die fiir diese Arbeit wichtigsten Click-Reaktionen
sind die Kupplung von Azidmolekiilen mit Alkingruppen [88,94.117-119] und die
Kupplung von Tetrazinmolekiilen mit Enol-Ethermolekiilen [120]. Der Mechanis-
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Potential gnergy

Abbildung 2.5: Schematische Potentialfliche der Adsorptionspfade von
Cyclooctinether auf Si(001). (E1) Das Molekiil trifft mit der gespannten Drei-
fachbindung auf die Si(001)-Oberfliche auf und reagiert mit dieser iiber einen
direkten Reaktionskanal (orangene Kurve) in den Endzustand (P1). (E2) Das
Molekiil trifft mit der Etherfunktionalitdt auf die Siliziumoberfliche. Es findet
eine Adsorption iiber die Etherfunktionalitét in einen Zwischenzustand statt (12,
braune Kurve). Dieser Zustand hat eine vergleichbar lange Lebenszeit , SO-
dass es zu einer Reaktion der gespannten Dreifachbindung mit der Oberfliche
kommen kann. Parallel dazu wird die schwache Bindung des Zwischenzustands
gelost (gelbe Kurve). Genehmigter Nachdruck aus Referenz . Copyright 2016
American Chemical Society.

mus der erstgenannten Reaktion ist in Abbildung dargestellt. Der Einsatz
eines Cu(I) Katalysators ermdglicht die Bildung von fiinf Ubergangszustianden
wahrend der 1,3-Cycloaddition der Azidgruppe mit der Alkingruppe.

11



Kapitel 2. Physikalische Grundlagen und Methoden

c
1 : Y
——————————————— '
= |r=
: H
Cu
_ , - !
R Gy R R'-—=—cu
R? < I
// [ \
N cu ) oy Ny~ R2
c Nt N $ 3
1 ‘u B \_" 2
R Cu R'——-cu

v 111

Abbildung 2.6: Azid/Alkin-Kupplungsreaktion. Zunéchst bildet der Cu(I)-
Katalysator mit dem terminalen Alkin 1 den m-Komplex I aus. Im Anschluss
daran wird mithilfe eines zweiten Cu(I) das Kupferacetylid II ausgebildet. Die-
ses reagiert in der Folge mit der Azidgruppe von Molekiil 2 iiber einen sechs-
gliedrigen Metallzyklus (IIT) zur ersten kovalenten C-N Bindung in Ubergangs-
zustand IV [121,|122]. In den letzten beiden Reaktionsschritten werden iiber das
Kupfertriazol V die beiden Cu(I)-Katalysatoren dem néchsten Reaktionszyklus
durch Abspaltung wieder bereitgestellt. Gleichzeitig entsteht das gewiinschte 1,4~
substituierte 1,2,3-Triazol 3 durch eine Protonierung. R' und R? bezeichnen da-
bei unterschiedliche organische Reste [86,[121}/122]. Abbildung editiert aus Refe-
renz [86).

2.3 Experimentelle Techniken

In diesem Abschnitt werden die in dieser Arbeit genutzten experimentellen Tech-
niken grundlegend eingefiihrt. Die genutzten experimentellen Aufbauten werden
ebenfalls kurz beschrieben, ausfiihrlichere Beschreibungen sind in vorangegang-
enen Abschlussarbeiten, die in der Arbeitsgruppe Diirr angefertigt wurden, zu
finden [123[{125].

2.3.1 Photoelektronenspektroskopie

Die Photoelektronenspektroskopie ist eine der am haufigsten verwendeten Me-
thoden zur chemischen Analyse in der Oberflichenanalyse. Das Messprinzip der
Photoelektronenspektroskopie, fiir dessen Erarbeitung Kai Sieghahn 1981 den No-
belpreis in Physik erhielt [126|, beruht auf der spezifischen Bindungsenergie Ep
der Elektronen der verschiedenen Elemente. Mithilfe monochromatischer elektro-
magnetischer Strahlung der Energie hv werden entsprechend des dufseren Photo-
effekts Elektronen, die urspriinglich mit der Bindungsenergie Eg im Festkorper

12
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gebunden waren, aus der Oberfliche gelost und konnen bei Bestimmung ihrer
kinetischen Energie Fk;, zur chemischen Charakterisierung der Probe verwendet
werden [127]. Durch die Messung der kinetischen Energie kann die Bindungsener-
gie leicht berechnet werden. Die gemessene Verteilung N(E) der emittierenden
Photoelektronen in Abhéngigkeit der kinetischen Energie spiegelt die elektroni-
sche Struktur der zu vermessenden Atome wider.

EB = hv — EKin (21)

Bei der Messung sind, wie in Abbildung dargestellt, zusétzlich die beteiligten
Austrittsarbeiten zu beachten. Bei elektrisch leitender Kontaktierung gleichen
sich die Ferminiveaus von Probe und Spektrometer an. Die Messung der Bin-
dungsenergie EFp ist damit unabhingig von der Austrittsarbeit der Probe ®,
jedoch nicht von der Austrittsarbeit des Spektrometers @y, [127]:

EB = hv — EKin - CI)Sp (22)

Bei der Messung muss die ermittelte Bindungsenergie entsprechend auf eine ge-
eignete Referenz kalibriert werden.

Rontgenphotoelektronenspektroskopie

Bei der Rontgenphotoelektronenspektroskopie wird monochromatische Rontgen-
strahlung verwendet, was typischerweise Rumpfelektronen mit Bindungsenergien
Eg im Bereich von 90 — 1200V fiir chemische Analysen zuginglich macht. Die
mittlere freie Wegliange fiir Elektronen in diesem Energiebereich liegt im Fest-
kérper im Bereich weniger Nanometer. Dies entspricht damit auch der mittleren
Ausdringtiefe der erzeugten Photoelektronen und fiihrt dazu, dass die Rontgen-
photoelektronenspektroskopie besonders oberflichenempfindlich ist [128]. Uber
die im vorigen Abschnitt beschriebene Elementanalyse hinaus kann durch exak-
te Bestimmung der Bindungsenergie und von Bindungspartnern abhingige klei-
ne Verschiebungen, der sogenannten chemischen Verschiebung, die Art der Bin-
dungspartner beziehungsweise die chemische Umgebung eines Elements bestimmt
werden [127},/129}/130]. Dabei haben insbesondere die Elektronegativitit der Bin-
dungspartner beziehungsweise die Oxidationsstufen Einfluss auf die Stidrke der
Verschiebung [131]|. Die chemische Verschiebung ist in Abbildung anhand
eines Beispiels dargestellt. Die Abbildung zeigt die Bindungsenergien verschie-
dener C 1s-Zustdnde von gasformigem Ethyltrifluoracetat. Je weniger Elektro-
nendichte aufgrund der elektronegativeren Bindungspartner am jeweiligen Atom
vorliegt, desto grofser ist die Verschiebung zu hoheren Bindungsenergien. Das
Coulomb-Potential des Kerns wird durch die fehlende Elektronendichte geringer
abgeschirmt, wodurch eine verstiarkte, attraktive Wechselwirkung zwischen Kern
und verbleibenden Elektronen entsteht. Dies hat zur Folge, dass mehr Energie
benotigt wird, um die entsprechenden Elektronen aus dem Atom abzulosen. Wei-
terhin ist zu beachten, dass alle vier Signale im Beispiel gleich grof sind. Dies
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bedeutet, dass die Intensitat nicht, beziehungsweise nur sehr gering von der che-
mischen Umgebung beeinflusst wird. Dies ermdglicht eine quantitative Analyse
der Photoelektronenspektren, zum Beispiel in Bezug auf die Anzahl an Atomen in
gleichen Bindungszustinden beziehungsweise gleichen chemischen Umgebungen.
Bei Vergleich unterschiedlicher Elemente sind aber die verschiedenen Wirkungs-
querschnitte der einzelnen Elemente zu beachten. Diese beschreiben im Wesent-
lichen die Wechselwirkungswahrscheinlichkeit eines Photons mit einem Elektron
im Atom des jeweiligen Elements [127,/129]. Tabellen relativer Wirkungsquer-
schnitte, die experimentell oder theoretisch bestimmbar sind, sind in den Refe-
renzen [127,/133| zu finden.

Die Auflosung von Rontgenphotoelektronenspektren ist typischerweise durch die
Linienbreite der Anregungsquelle limitiert. Auch das Signal-Rausch-Verhéltnis
spielt eine wichtige Rolle, daher werden bei der Verwendung von typischen La-
borquellen Mittelungszeiten verwendet, welche typischerweise Messzeiten von 20
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Abbildung 2.7: Energiediagramm zur Photoelektronenspektroskopie.
Energiediagramm einer elektrisch leitenden Probe (links), die in Kontakt mit dem
Spektrometer (rechts) steht, weshalb die Ferminiveaus von Spektrometer und
Probe angeglichen sind. Die gemessene kinetische Energie Fk;, ist unabhingig
von der Austrittsarbeit der Probe @, jedoch abhingig von der des Spektrome-
ters ®g,. Bei Verwendung von Rontgenstrahlung werden Elektronen aus Rumpf-
niveaus abgeldst und detektiert. Bei Verwendung von ultravioletter Strahlung
werden lediglich Elektronen aus dem Valenzband abgelost und detektiert, was
Riickschliisse auf die Valenzbandstruktur der Probe zuldsst. Abbildung nach den
Referenzen [123,(124,]127].
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bis 40 Minuten pro Spektrum zur Folge haben, um eine gute Auflésung zu erzielen.
Mithilfe von Kreisbeschleunigeranlagen kann unter anderem hochintensive Ront-
genstrahlung erzeugt werden, wodurch deutlich kiirzere Messungen und damit Ex-
perimente in Echtzeit ermdglicht werden. Die Auflésung der Spektren profitiert
aukerdem von einer geringen Linienbreite dieser hochintensiven Rontgenstrah-
lung, die wesentlich geringer als bei monochromatorunterstiitzten Laborquellen
sein kann [127,]134}136].

Ultraviolettphotoelektronenspektroskopie

Bei der Ultraviolettphotoelektronenspektroskopie wird Strahlung im ultraviolet-
ten Bereich verwendet, um schwach gebundene Elektronen aus Atomen an der
Oberflache zu 16sen. Auch diese Methode ist aufgrund der geringen mittleren frei-
en Wegldnge im Festkorper sehr oberflichensensitiv |[128]. Mithilfe dieser Methode
kénnen elektronische Bandstrukturen, Oberflichenzustéinde sowie Molekiilorbi-
tale adsorbierter Molekiile auf der Oberfliche spektroskopiert werden, wodurch
Riickschliisse auf die an der Bindung beteiligten Orbitale moglich sind [137,138§].

Intensity [arb. units]

12 10 6 4 2 0 -2
Chemical shift [eV]

Abbildung 2.8: XPS-Spektrum von Ethyltrifluoracetat. Die Bindungs-
energie des in blau dargestellten Kohlenstoffatoms entspricht 291,2 eV. Alle Koh-
lenstoffatome weisen verschiedene chemische Umgebungen auf, wodurch sich vier
klar getrennte Signale mit chemischen Verschiebungen von bis zu 8 eV ergeben.
Adaptierter Nachdruck aus Referenz [132], Copyright 1973, mit freundlicher Ge-
nehmigung von Elsevier.
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2.3.2 Rastertunnelmikroskopie

Die Rastertunnelmikroskopie wird dazu verwendet, Strukturen auf Oberflichen
im Realraum auf atomarer Skala abzubilden. Die Messmethode wurde 1982 von
Gerd Binning und Heinrich Rohrer eingefiihrt [139-141], fiir dessen Entwicklung
sie 1986 mit dem Nobelpreis ausgezeichnet wurden [142]. Die Messmethode nutzt
das quantenmechanische Prinzip des Tunneleffekts, das heifst, dass ein Teilchen ei-
ne Potentialbarriere durchdringen kann, auch wenn die nétige Energie zum Uber-
winden der Barriere nicht vorhanden ist. Die einfachste Beschreibung dieses Ef-
fekts ist der eindimensionale Fall einer ebenen Welle in einem Kastenpotential,
welcher ausfiihrlich in den Referenzen [12)/143] beschrieben ist. Die Wellenfunk-
tion eines Elektrons wird in diesem Modell in einer Potentialbarriere wie folgt
beschrieben:

U(z) =¥(0)e ", (2.3)

wobei z die Ortskoordinate und x die Abklingkonstante beschreibt:
2me (Vo — F)
K=\ (2.4)

Die einfallende Welle wird teilweise an der Potentialbarriere reflektiert, wihrend
ein weiterer Anteil transmittiert wird. Die Transmissionswahrscheinlichkeit durch
die eindimensionale Barriere ist gegeben durch [12]:

16K2k> 2w

Y ——— 2.
Dabei beschreibt £ den zugehorigen Wellenvektor:
V2m.FE
fp= Y (2.6)

h

Anhand von Gleichung ist ersichtlich, dass die Transmissionswahrscheinlich-
keit als einfaches Mak fiir den Tunnelstrom exponentiell mit der Breite d der
Barriere abnimmt. Unter Einbezug der elektronischen Struktur der Probe und
der Spitze konnten Tersoff und Hamann mithilfe des Bardeen-Formalismus |144]
in der zeitabhingigen Storungstheorie 1. Ordnung zeigen, dass der Tunnelstom I;
fiir den Ubergang eines Elektrons aus einem ungestorten Probenzustand in einen
ungestorten Spitzenzustand wie folgt beschrieben werden kann [145]/146|:

QWZf F(By +eU)] x |Mu|?5 (Ey—E,) . (2.7)

mit den Fermi-Funktionen f(F;) der Spitze p und der Probe v, dem Ubergangs-
matrixelement M, zwischen den Zustdnden V¥, der Spitze und V¥, der Probe,
der angelegten Spannung U, und den jeweiligen Energien E,, und FE,. Mithilfe
der Delta-Funktion werden ausschliefslich elastische Tunnelprozesse beschrieben.
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2.3. Experimentelle Techniken

Werden die Spitzenzustinde als einfache s-Zusténde, kleine Tunnelspannungen
und lediglich geringe Temperaturen (< Raumtemperatur) angenommen, ergibt
sich aus Gleichung mit der Zustandsdichte ps(Ep, z) der Probe am Fermi-
Niveau Er im Mittelpunkt der radialen Spitze z vor der Oberfliche die Propor-
tionalitit:

I, < U - py(Ep, 2) - e 2% (2.8)

Die Abklingkonstante x wird im Vergleich zum eindimensionalen Fall in Glei-

chung mittels der lokalen effektiven Hohe der Potentialbarriere

O = (P + Dy)/2 definiert. Dabei sind ®; und P die Austrittsarbeiten von Spitze

und Probe:

2med
I

KR =

(2.9)

Im Fall von halbleitenden Proben muss zusétzlich beachtet werden, dass aufgrund
der Bandliicken im eV-Bereich mit deutlich htheren Tunnelspannungen U gear-
beitet werden muss. Daher gilt, dass iiber alle zum Tunnelstrom I; beitragenden
Zustande integiert werden muss, woraus folgt [147,148|:

Erp+eU
I / pi (E") - ps (E")-T(E,U)dE" . (2.10)

Er

pt (E) und ps (E) beschreiben die lokalen Zustandsdichten von Spitze und Probe.
ps (Er, z) wird durch ps (E) - T (E, U) ersetzt, wobei der Transmissionskoeffizient
dabei wie folgt beschrieben wird:

T(E,U) =exp(—2k'd) . (2.11)

T (E,U) ist vom Abstand d zwischen Probe und Spitze und iiber die Abkling-
konstante k' von der Energie E des jeweiligen Zustands abhéngig, wobei r’ wie
folgt beschrieben wird:

M. [ By + D, el 2
NE.U) = |2 s+ B 92.12

Die effektive Hohe der Tunnelbarriere wird durch die beiden Austrittsarbeiten &
und ¢ von Spitze und Probe, sowie von der Tunnelspannung U bestimmt.

Die fiir die Abbildung von Halbleiteroberflichen relevante Gleichung lisst
sich so interpretieren, dass das Messsignal eine mit der Transmission 7' gewichtete
Faltung der lokalen Zustandsdichte von Spitze und Probe wiedergibt. Elektroni-
sche Zusténde als auch topografische Eigenschaften haben folglich Einfluss auf
das Messsignal, was bei der Interpretation von STM-Bildern zu uneindeutigen
Ergebnissen fithren kann.

In der Anwendung wird héufig der Tunnelstom I; beim Rastern der Spitze iiber die
Oberflache konstant gehalten, sodass das Bild, sofern die Austrittsarbeit ¢ kon-
stant bleibt, eine Flidche konstanter Zustandsdichte abbildet. Die Moglichkeit,

17



Kapitel 2. Physikalische Grundlagen und Methoden

je nach Probenspannung die unbesetzten oder besetzten Zustdnde einer Probe
zu messen (vergleiche Abbildung [2.9), fiihrt in manchen Féllen bei wechselnder
Polaritiit zu einer Anderung des Kontrasts in den STM-Bildern, was bei der In-
terpretation von Adsorbaten von Vorteil sein kann.

In Abbildung [2.9(b,c) ist schematisch der Tunnelprozess zwischen einer metalli-
schen Spitze t und einer halbleitenden Probe s bei unterschiedlichen Probenspan-
nungen U dargestellt. Im Fall negativer Probenspannung werden Tunnelprozesse
aus besetzten, im Fall positiver Probenspannung aus unbesetzten Zustédnden er-
moglicht.

(a) no sample bias (b) negative sample bias  (c) positive sample bias
Eyac &
vee Evac Evac
A Evac Evac A%
(D,[ \ i Ec
E
_________________ EFS \ vac
‘ . ! ‘\
v tunnehngg "«
EF,t - Ev EF,t 7\ Ec
4 eU |tunneling
! . ANV I . S E
{ Fs
‘/' EV
/
surface bulk i
DOS DOS
metal vacuum semicond. metal vacuum semicond. metal vacuum semicond.

Abbildung 2.9: Schematische Darstellung der Energieniveaus einer me-
tallischen Spitze und einer halbleitenden Probe fiir unterschiedliche
Tunnelbedingungen. (a) Im spannungsfreien Zustand sind die Ferminiveaus
angeglichen. (b) Fiir den Fall negativer Probenspannung U der halbleitenden
Probe tragen Elektronen aus den héchsten besetzten Zustinden am meisten zum
Tunnelstrom bei. (c¢) Fiir den Fall positiver Probenspannung U der halbleitenden
Probe tragen Elektronen unterhalb der Fermikante der metallischen Spitze am
meisten zum Tunnelstrom in die entsprechend unbesetzten Zustidnde der Probe
bei. Die extern angelegte Tunnelspannung eU verschiebt die Ferminiveaus Ep;
zwischen Spitze t und Probe s. Abbildung aus [123|, editiert nach den Referen-
zen [149,(150].

2.3.3 Experimenteller Aufbau fiir kombinierte UHV- und
Losemittelchemie

Die in dieser Arbeit vorgestellten Experimente wurden zum groften Teil in einer
kombinierten XPS-/STM-Apparatur durchgefiihrt. In der oberen, linken Half-

18



2.3. Experimentelle Techniken

te von Abbildung ist schematisch diese bei den Experimenten verwende-
te Ultrahochvakuum-Hauptkammer mit angeschlossenem XPS, UPS und STM
dargestellt. Zusétzlich ist die Reaktionskammer zur Praparation von molekula-
ren Multilagen (engl.: Molecular Layer Deposition, kurz: MLD) schematisch im
unteren, rechten Bereich der Abbildung zu sehen. Mithilfe der Réntgenquelle

(a) main chamber

sample
manipulation
ion getter

pump

cooling >T< pump
reaction
solution 1

reaction
solution 2

(b) MLD chamber # supply

<4—» solvent >

Abbildung 2.10: Schematische Darstellung des experimentellen Auf-
baus. (a) Hauptkammer: Die Cyclooctinderivate werden direkt an die Haupt-
kammer angeflanscht und iiber ein Feindosierventil in der Gasphase in die UHV-
Kammer transferiert sowie adsorbiert. Stellvertretend fiir alle verwendeten Cy-
clooctinderivate ist das Ethinyl-cyclopropyl-cyclooctin Molekiil in der Abbildung
dargestellt. Der Arinprekursor wird gekiihlt und lediglich fiir die Adsorption er-
wirmt, wodurch er zu 1,2-Dehydrobenzol, Ny und SO, zerféllt. (b) MLD-Kammer:
Im unteren Teil der Kammer befinden sich die Spiillésung und Reaktionslésungen.
Das angeschlossene Vorratsgeféfsystem und Ventilsystem ermoglicht das gezielte
Ein- und Auslassen von Spiillésung und Reaktionslésungen.
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Kapitel 2. Physikalische Grundlagen und Methoden

(engl.: X-ray source, kurz: XRS), der Heliumlampe (Hel) und des hemisphéri-
schen Analysators (HEA) kénnen XPS- und UPS-Experimente durchgefiihrt wer-
den. Die in den Experimenten verwendeten Cyclooctinderivate wurden in UHV-
kompatiblen Reagenzglisern direkt an die UHV-Kammer angeflanscht. Wahrend
der Adsorptionsreakionen wurden die Cyclooctinderivate aus der Gasphase, die
sich iiber der fliissigen, beziehungsweise festen Phase in den Reagenzglasern nach
mehrmaligem Abpumpen bildeten, kontrolliert iiber ein Feindosierventil in die
Kammer eingelassen. Der Arinprekursor wurde analog behandelt, jedoch zusétz-
lich gekiihlt und nur fiir das Experiment auf Raumtemperatur erwirmt, wobei
er sich zersetzte. Das dabei entstehende 1,2-Dehydrobenzol wurde iiber ein Fein-
dosierventil in die Hauptkammer geleitet. Die in Abbildung [2.10[b) dargestellte
MLD-Kammer wird verwendet, um gezielte, selbstlimitierende Reaktionen nach
dem Prinzip der Click-Chemie durchzufiihren (vergleiche Abschnitt [2.2.4]). Mit-
hilfe des Vorratsgefifisystems und des Ventilsystems konnen die Reaktions- und
Spiillésungen in die Reaktionstroge ein- und ausgelassen werden. Dies ermoglicht
den Einsatz von Katalysatoren, die fiir das Durchfiihren einiger Click-Reaktionen
unumganglich sind. Mithilfe des Wobblesticks kénnen die Proben nacheinander
in beliebiger Reihenfolge in die verschiedenen Reaktionstrége transferiert werden.
Dadurch kann ein Spiilschritt mit frischem Losungsmittel nach jedem Reaktions-
schritt in Losung gewéhrleistet werden. Der untere Teil der Kammer kann mittels
eines Plattenventils vom oberen Teil getrennt werden, sodass letzterer fiir den
Probentransfer evakuiert werden kann.
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3 | Ergebnisse und Diskussion

Im Folgenden werden die in dieser Arbeit zur Funktionalisierung von Silizium-
halbleiteroberflichen mit organischen Molekiilen, insbesondere unter Verwendung
funktionalisierter Cyclooctine, erzielten Ergebnisse kurz zusammengefasst und als
Ganzes diskutiert. Zuerst wird die Reaktion einer zweiten funktionellen Gruppe,
die iiber das Cyclooctin an die Siliziumoberfliche angebunden ist, untersucht.
Diese Ergebnisse sind insbesondere fiir das vertiefte Verstéindnis der chemose-
lektiven Anbindung funktionalisierter Cyclooctine wichtig (Abschnitt Arti-
kel I). Aufbauend auf dieser chemoselektiven Adsorption [25,[26,29,130] wurden
auf der Si(001)-Oberfliche mittels Click-Reaktionen zwei verschiedene vertikale,
organische Strukturen erzeugt und analysiert. Dabei konnten zwei unterschiedli-
che Verfahren zur Herstellung dieser Bilagensysteme eingefiihrt beziehungsweise
angewendet werden (Abschnitt 3.2 Artikel II und III). Eine Funktionalisie-
rung der Si(001)-Oberfliche mit Strukturen, die lateral elektronisch wechselwir-
ken, konnte ebenfalls realisiert werden. Dazu wurde ein Arin (1,2-Dehydrobenzol,
engl.: benzyne) adsorbiert und dessen Adsorptionskonfiguration aufgeklirt (Ab-
schnitt Artikel TV).

3.1 Folgereaktionen bifunktionaler Cyclooctine
auf Si(001)

Im folgenden Abschnitt wird genauer auf die zweite Funktionalitit der verschie-
denen Cyclooctinderivate und deren Auswirkung auf die Adsorption auf Si(001)
eingegangen. Wie in Kapitel beschrieben, adsorbieren die untersuchten Cy-
clooctinderivate bei Temperaturen < 300 K selektiv iiber einen direkten Reak-
tionskanal der gespannten Dreifachbindung mit der Si(001)-Oberfliche. Aufgrund
der kovalenten Bindung mit der Oberflache ist sowohl das Grundgeriist des Cy-
clooctinrings als auch die zweite Funktionalitdt in ihrer Ausrichtung beziiglich
der Oberfliche eingeschrankt, wobei die funktionelle Gruppe aber weiterhin be-
dingt flexibel ist. In Artikel I wurde nun untersucht, unter welchen Bedingungen
diese zweite funktionelle Gruppe, in diesem Fall die Ethergruppe, ebenfalls auf
der Si(001)-Oberfléiche kovalent anbinden kann (vergleiche Abbildung [3.1a) und
(b)) [30]. Dazu wurde die Reaktion nach der selektiven Adsorption des Cyclooctin-
ethers iiber die gespannte Dreifachbindung bei erhohter Oberflichentemperatur
mittels Echtzeitphotoelektronenspektroskopie an der TEMPO-Beamline am Syn-
chrotron SOLEIL (Gif-sur-Yvette, Frankreich) untersucht. Dabei wurde bei Tem-
peraturen > 450 K eine Reaktion mit der Si(001)-Oberfliche analog zur Reaktion
der freien Ethergruppe beobachtet. Das Reaktionsprodukt ist, wie bei der Reak-
tion des Diethylethers auf Si(001) auch, das Ergebnis einer Dissoziationsreaktion,
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Abbildung 3.1: Herausforderung bei der Adsorption von bifunktionalen
Cyclooctinderivaten auf Si(001). (a) Schematische Darstellung des in Arti-
kel I untersuchten Prozesses auf Si(001). (b) Adsorption von Cyclooctinether
auf Si(001). Eine Weiterreaktion der Etherfunktionalitit mit der Oberfléche fin-
det erst bei erhohten Oberflichentemperaturen statt. (¢) Arrheniusplot fiir die
experimentell bestimmten Reaktionsraten. Die Potentialkurve beschreibt die Fol-
gereaktion der Etherfunktionalitit mit der Si(001)-Oberfliche.

bei der sowohl das Sauerstoffatom als auch die abgespaltene Ethylgruppe kova-
lent an die Siliziumoberfliche anbinden (vergleiche Abbildung [3.1)(b)). Es wurde
die Aktivierungsenergie fiir die Umwandlungsreaktion zu Ex = 0,19 + 0,03 eV
und der Vorfaktor zu A = 4 x 1072 1/s ermittelt. Die vergleichsweise ge-
ringe Aktivierungsenergie kann mithilfe der giinstigen geometrischen Ausgangs-
lage des Cyclooctinethermolekiils in der on-top Position verstanden werden. In
einem ersten Schritt ndhert sich das Sauerstoffatom einem unbesetzten dangling-
bond der Si(001)-Oberfliche und bildet mittels Verschiebung von Elektronen-
dichte in das unbesetzte dangling-bond den dativ gebundenen Zwischenzustand.
In diesem Zwischenzustand muss ein am Sauerstoffatom gebundenes Kohlen-
stoffatom mit einem doppelt gefiillten dangling-bond eines Siliziumdimers der
Nachbarreihe interagieren kénnen, damit die Dissoziationsreaktion analog zur
Reaktion des Diethylethers nach dem Schema einer Sy2-Reaktion stattfinden
kann [73,[75,[78]. Dies ist aufgrund der geometrischen Ausgangslage des Mole-
kiils in der on-top Position gut realisierbar, was die Dissoziationsreaktion ener-
getisch begiinstigt. Dichtefunktionaltheorieberechnungen, die zu der Adsorption
des Cyclooctinethermolekiils auf Si(001) durchgefithrt wurden, unterstiitzen die
Schlussfolgerung einer initialen Anbindung des Cyclooctinmolekiils in der on-top
Position und der Anbindung des Spaltungsprodukts der Etherfunktionalitit an
einer benachbarten Dimerreihe [28].
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3.2. Aufbau vertikaler Strukturen auf Si(001)

Der ermittelte Vorfaktor A =4 x 107211 /s erscheint zuniichst sehr klein, kann
aber so verstanden werden, dass neben einem kleinen Vorfaktor fiir die Reaktion
aus dem dativ gebundenen Zwischenzustand (vergleiche Abbildung [3.2(OT+D))
in den Endzustand (OT+C) ein grofer Vorfaktor fiir die Riickreaktion aus dem
dativ gebundenen Zwischenzustand in die on-top Position vorliegt. Fiir die che-
moselektive Reaktion der Cyclooctinderivate kann geschlussfolgert werden, dass
diese nicht nur durch eine zuséitzliche Aktivierungsbarriere fiir die Reaktion der
zweiten Funktionalitit stabilisiert wird, sondern insbesondere auch durch geringe
Vorfaktoren der Folgereaktionen dieser Gruppen.

~—
R R
oT «

N OT+D EE— OoT+C

Abbildung 3.2: Adsorptionskonfigurationen der Folgereaktion von Cy-
clooctinether auf Si(001). Links: In der on-top Konfiguration (OT) ist das
Cyclooctinethermolekiil iiber die gespannte Dreifachbindung an die Si(001)-
Oberfliche angebunden. Mitte: Das Sauerstoffatom bildet einen dativen Zwi-
schenzustand mit einem unbesetzten dangling-bond eines benachbarten Si-Dimers
aus (OT+D). Rechts: Das Sauerstoffatom bindet kovalent an die Siliziumober-
fliche an. Eine Ethylgruppe der Diethyletherfunktion ist abgespalten und bindet
ebenfalls kovalent an die Halbleiteroberfliche an (OT+C). Genehmigter Nach-
druck aus Referenz [151]. Copyright 2020 American Chemical Society.

3.2 Aufbau vertikaler Strukturen auf Si(001)

In den Artikeln IT und III wurden, basierend auf der chemoselektiven Adsorp-
tion bifunktionaler Cyclooctine, zwei verschiedene vertikale, organische Struktu-
ren mithilfe von Click-Reaktionen realisiert. Dabei wurde sowohl eine Methode
unter Verwendung einer Kombination aus UHV- und 16semittelbasierter Chemie
(Artikel IT) als auch eine ausschlieklich UHV-basierte Methode mittels Adsorp-
tion aus der Gasphase angewandt (Artikel III, vergleiche Abbildung [3.3). Im
folgenden Abschnitt werden die beiden Click-Reaktionen kurz charakterisiert und
die Ergebnisse gegeniibergestellt.

3.2.1 Katalysatorfreie Click-Reaktion im UHV

In Artikel III konnte mithilfe der Enol-Ether/Tetrazin-Kupplungsreaktion eine
Click-Reaktion im UHV realisiert werden, die ohne auf der Oberfliche adsorbier-
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Abbildung 3.3: Realisierung vertikaler Strukturen organischer Mole-
kiile auf Si(001). (a) Schematische Darstellung des in Artikel IT und III un-
tersuchten Aufbaus vertikaler molekularer Strukturen auf Si(001). (b) und (c)
Schematische Darstellung der beiden angewandten Methoden zur Anbindung der
zweiten organischen Molekiilschicht und deren wichtigste Photoelektronenspek-
tren auf der mit einem Cyclooctinderivat funktionalisierten Si(001)-Oberfléche.
Das Spektrum in (b) zeigt die Anbindung anhand der fiir die COOH Gruppe
charakteristischen Peaks im O 1s Spektrum [152], das Spektrum in (c) zeigt die
fiir die Bildung des Triazolrings typischen Peaks im N 1s Spektrum [153].

te Nebenprodukte abliuft. Bei dieser Click-Reaktion im UHV sind bei erhohter
Oberflichentemperatur von 380 K und einer Dosierung von etwa 40 L. an Tetra-
zinmolekiilen in den O 1s (vergleiche Abbildung[3.3(b)), N 1s und C 1s Spektren
Peaks zu beobachten, die sich in Bindungsenergie und Intensitit von den Spektren
der ersten bifunktionalen Cyclooctinmolekiillage auf Si(001) unterscheiden. Diese
Peaks lassen sich Atomen im Click-Reaktionsprodukt zuordnen; etwa ein Fiinftel
der verfiigharen Methyl-Enol-Ethermolekiile der ersten organischen Schicht auf
Si(001) konnten dabei in der Click-Reaktion umgesetzt werden.
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3.2. Aufbau vertikaler Strukturen auf Si(001)

3.2.2 Click-Reaktion in Losung

Alternativ zu einem komplett UHV-basierten Ansatz wurde ein Funktionalisie-
rungsprinzip auf Basis der bekannten Azid/Alkin-Kupplungsreaktion durchge-
fiihrt, welches UHV- und 16semittelbasierte Funktionalisierung miteinander ver-
kniipft. In Artikel IT wird dieser Ansatz, der die Azid/Alkin-Kupplungsreaktion
im Vergleich zu einem UHV-basierten Experiment in Bezug auf die Reaktions-
ausbeute deutlich verbessert, detailliert erldutert. In den N 1s Photoelektronen-
spektren wurden Peaks beobachtet, die sich eindeutig einem Triazolring, also dem
Click-Reaktionsprodukt, zuordnen lassen (vergleiche Abbildung[3.3|c)). Auch der
Anstieg der Intensitit in den C 1s Spektren konnte mit den zusédtzlichen Kohlen-
stoffatomen der zweiten Molekiillage in Zusammenhang gebracht werden. Durch
die Optimierung des Cu(I)-Katalysators konnten mit zwei verschiedenen Azidmo-
lekiilen Ausbeuten von 70 —80 % bezogen auf die zur Verfiigung stehenden Alkin-
kupplungspartner der ersten organischen Molekiillage auf Si(001) erzielt werden.

3.2.3 Vergleich der Azid/Alkin- und der Enol-Ether/Tetra-
zin-Kupplungsreaktion

In Dichtefunktionaltheorieberechnungen wurde gezeigt, dass sowohl die Enol-
Ether /Tetrazin-Kupplungsreaktion mit 63 kJ/mol als auch die Azid/Alkin-Kupp-
lungsreaktion mit 59 kJ/mol vergleichbare Energiebarrieren bei einer Reaktion
aus der Gasphase auf Si(001) aufweisen [154]. Dementsprechend sollten Click-
Reaktionen der zweiten organischen Molekiilschicht im UHV aus der Gasphase
zu vergleichbaren Ergebnissen fithren. Tatséchlich konnte im Fall der Azid/Alkin-
Kupplungsreaktion im UHV bei einer Dosierung von 500 L Benzylazid bei einer
Oberflichentemperatur von etwa 400 K auch ein Peak im N 1s Spektrum be-
obachtet werden, der dem Reaktionsprodukt der Click-Reaktion, dem Triazol-
ring, zugeordnet werden kann (vergleiche Artikel IT Supporting Information
Abbildung S2). Im gleichen Experiment ist allerdings ein weiterer Peak mit in
etwa doppelter Intensitdt zu beobachten, welcher auf eine Anbindung der Ben-
zylazidmolekiile an die Si(001)-Oberfliche zuriickzufiihren ist [155]. Wird wei-
terhin beriicksichtigt, dass die Adsorption eines Azidmolekiils auf Si(001) unter
der Abspaltung von molekularem Stickstoff N, ablduft, wird das Verhéltnis von
gewiinschtem Clickreaktionsprodukt zu Nebenprodukt nochmals um den Faktor
drei verschlechtert. Folglich findet die Azid/Alkin-Kupplungsreaktion im UHV
zwar statt, jedoch liegen ungefdhr sechs mal mehr direkte Anbindungen an der
Si(001)-Oberfléiche als gewiinschte Azid-Kupplungsprodukte vor. Durch den Ein-
satz des Katalysators in der l6semittelbasierten Variante und der damit redu-
zierten Reaktionstemperatur kann die Nebenreaktion offensichtlich weitgehend
verhindert werden.

Dagegen lauft die Enol-Ether/Tetrazin-Kupplungsreaktion auch bei erhéhter Tem-
peratur ohne auf der Oberfliche nachweisbare Nebenprodukte ab, was durch die
sterische Hinderung aufgrund der Geometrie des Tetrazinmolekiils bedingt sein
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konnte. Es bleibt weiterhin festzuhalten, dass im UHV bei vergleichbaren Tempe-
raturen die Ausbeute der Enol-Ether/Tetrazin-Kupplungsreaktion, im Vergleich
zur Azid/Alkin-Kupplungsreaktion aus der Gasphase, um mindestens den Fak-
tor zehn grofer ist. Diese Beobachtung ist im Einklang mit der Tatsache, dass
die Enol-Ether /Tetrazin-Kupplungsreaktion bei Raumtemperatur in Losung ohne
Katalysator ablduft [120].

3.2.4 Alternierende Azid/Alkin Click-Reaktionen in L&6-
sung

Aufbauend auf die in Artikel IT beschriebene UHV- und 16semittelbasierte Funk-
tionalisierungsmethode wurde die MLD-Kammer um ein drittes Reaktionsgefafs
erweitert. Dadurch entsteht die Moglichkeit, bei Verwendung von bifunktiona-
len Molekiilen fiir die zweite und weitere Lagen, wie beispielsweise einem Diazid
mit einer primiren und einer tertiiren Azidgruppe und dem bekannten Ethinyl-
cyclopropyl-cyclooctin (ECCO, vergleiche Abbildung oben links), alternie-
rende organische Schichten auf Si(001) anzubinden.

In Abbildung sind die N 1s Spektren der Experimente zum Aufbau vertikaler
Strukturen bis zur siebten Lage gezeigt. Zunachst werden die Diazidmolekiile se-
lektiv iiber die priméare Azidgruppe an der intakten, verfiigharen Alkingruppe des
ECCO-Molekiils in Losung unter Zuhilfenahme eines Cu(I)-Katalysators kovalent
angebunden. Das beobachtete N 1s Spektrum stellt eine Superposition der beiden
Spektren der nun auf der Oberfliche angebundenen organischen Funktionalité-
ten dar: Die in hellblau dargestellten Peaks im Spektrum der 2. Lage sind in der
Peakposition und Intensitdt identisch zu der beobachteten Triazolbildung nach
der Benzylazidadsorption in Artikel II. Zusitzlich werden zwei weitere, in rot
dargestellte, Peaks beobachtet, die einer intakten Azidgruppe zugeordnet werden
konnen (vergleiche Artikel IT Supporting Information Abbildung S1) [114}/156].
Diese beiden letztgenannten Peaks lassen den Riickschluss zu, dass die zweite,
tertidire Azidgruppe nicht an der katalysatorunterstiitzten Click-Reaktion mit
der Alkingruppe teilnehmen kann. Dies ist auf die sterische Hinderung der beiden
Methylgruppen zuriickzufiihren, die diese Azidgruppe im Molekiil umgeben [117].
Das daraus resultierende Reaktionsprodukt ist in Abbildung links dargestellt.
Im folgenden Schritt kann die tertidre Azidgruppe mit der gespannten Dreifach-
bindung eines ECCO-Molekiils in Losung selektiv zur Reaktion gebracht wer-
den (,strain-promoted coupling®, vergleiche Abbildung[3.4] 3. und 5. Lage) [117].
Daraufhin steht wieder eine Alkingruppe zur Weiterreaktion zur Verfiigung, die
mit einem Diazidmolekiil erneut zur Reaktion gebracht werden kann. Dieses al-
ternierende Schema lisst sich prinzipiell beliebig oft wiederholen; im Experiment
wurden Strukturen bis zur elften Lage realisiert [157].

Durch die Herstellung solcher Schichtsysteme entsteht die Mdoglichkeit, weitere
Funktionalitéiten lagenweise auf der Si(001)-Halbleiteroberfliche zu integrieren.
Um neue organische Funktionalitidten herzustellen, konnte der Benzolring des Di-
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Abbildung 3.4: Alternierende Lagenherstellung mittels UHV- und l6se-
mittelbasierter Funktionalisierung auf Si(001). Das verwendete Diazidmo-
lekiil sowie das verwendete Cyclooctinderivat sind oben links in der Abbildung
dargestellt. Nach der Adsorption des ECCO-Molekiils aus Gasphase im UHV
werden alternierende Reaktionen in Losung durchgefiihrt. Mittig sind die N 1s
Spektren der einzelnen Reaktionsschritte dargestellt. In allen Spektren von un-
geraden Lagen zeigt sich die Signatur der intakten Azidgruppe. Die zugehorigen
Molekiilstrukturen bis zur fiinften Lage sind neben den Spektren abgebildet. Die
Messungen wurden zusammen mit Jannick Peters im Rahmen seiner Bachelorar-
beit durchgefiihrt. Abbildung aus Referenz [157].

azidmolekiils beispielsweise durch eine andere organische Gruppe ersetzt werden,
die zusétzliche, zum Beispiel magnetische, Eigenschaften aufweist.

3.3 Aufbau lateral wechselwirkender organischer
Strukturen auf Si(001)

Bereits zu Beginn der Untersuchungen zur Adsorption organischer Molekiile auf
Si(001) spielte das Molekiil Benzol eine wichtige Rolle, da es das einfachste Mo-
lekiil mit einem aromatischen m-System darstellt. Mit dem 7-System wurde von
Beginn an die Hoffnung verbunden, molekulare elektronische Bauteile realisie-
ren zu konnen. Es existieren deshalb bereits viele Arbeiten zur Adsorption von
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Abbildung 3.5: Realisierung lateral wechselwirkender Strukturen or-
ganischer Molekiile auf Si(001). (a) Schematische Darstellung der in Arti-
kel I'V untersuchten Fragestellung zur selektiven Adsorption organischer Molekii-
le in Hinsicht auf die Realisierung lateral wechselwirkender Molekiile auf Si(001).
(b) Schematische Darstellung der in Artikel IV umgesetzten Adsorption von 1,2-
Dehydrobenzol auf Si(001) und ein zugehoriges STM-Bild bei hoher Bedeckung
an 1,2-Dehydrobenzolmolekiilen auf einer doppeltgestuften Si(001)-Oberflache,
aufgenommen bei U = —2V [153|. (¢) Schematische Darstellung der Funktiona-
lisierung der Si(001)-Oberfliche mit Benzol in der ,butterfly“ Konfiguration (I)
und der ,tilted tetra-o* Konfiguration (II). Abbildung (c) nach Referenz [163].

Benzol, die im Laufe der Jahre immer wieder neu diskutiert wurden [158-170].
Es wurden zwei Adsorptionskonfigurationen von Benzol auf Si(001) herausge-
arbeitet: Die Adsorption in der sogenannten ,butterfly* Konfiguration, bei der
das Molekiil mittels zwei o-Bindungen symmetrisch auf einem Si-Dimer anbin-
det und die sogenannte ,tilted tetra-o* oder ,tight-bridge* Konfiguration, bei der
das Molekiil iiber vier o-Bindungen auf zwei Si-Dimeren der gleichen Dimerreihe
adsorbiert (vergleiche Abbildung [3.5(c) (I) und (II)) [163,|164]. Beide Adsorp-
tionsprodukte haben gemeinsam, dass das aromatische 7w-System in der finalen
Adsorptionskonfiguration nicht mehr intakt ist. Dadurch ist das Benzolmolekiil
nicht fiir die Realisierung aromatischer Strukturen auf Si(001) geeignet.

28



3.3. Aufbau lateral wechselwirkender organischer Strukturen auf Si(001)

Das in den Artikeln I-TIIT verwendete Konzept der selektiven Anbindung iiber
den direkten Reaktionspfad einer gespannten Dreifachbindung (vergleiche Ab-
schnitt kann auf das Benzolmolekiil iibertragen werden: Die Stoffgruppe
der Arine weist ebenfalls eine gespannte Dreifachbindung, in diesem Fall in einem
Sechsring mit zwei zusétzlichen Doppelbindungen, auf. Bei Adsorption des Arins
tiber eine |2 4 2[-Cycloaddition iiber die gespannte Dreifachbindung entsteht ein
benzolartiges m-System, das senkrecht auf der Siliziumoberfliche steht, wodurch
eine laterale Wechselwirkung der adsorbierten Molekiile untereinander ermoglicht
wird. Arine sind in der Chemie bereits lange in Form instabiler Zwischenprodukte
bekannt [1715173]. Sie kénnen allerdings nicht isoliert stabil hergestellt werden,
sodass fiir die Adsorption auf Si(001) eine in-situ Herstellung des Arinmolekiils
unabdingbar ist (vergleiche Abschnitt [2.3.3)).

In Artikel TV wurden entsprechende Experimente zur Adsorption von 1,2-De-
hydrobenzol beschrieben. In den STM-Bildern der Si(001)-Oberfliche mit einer
kleinen Bedeckung an 1,2-Dehydrobenzolmolekiilen wurden bereits grofitenteils
symmetrische Signaturen auf einzelnen Si-Dimeren beobachtet. Dies stellt einen
grofsen Unterschied zu der Adsorption des Benzols dar, welches bei kleinen Be-
deckungen bevorzugt in der vierfachgebundenen Konfiguration adsorbiert [163|
164]. Mithilfe von weiteren STM-Bildern bei héheren Bedeckungen der Si(001)-
Oberfliche mit 1,2-Dehydrobenzol, UPS-Messungen bei hoher Bedeckung und
zusitzlichen Dichtefunktionaltheorierechnungen konnte in Artikel IV gezeigt
werden, dass die adsorbierten 1,2-Dehydrobenzolmolekiile bevorzugt in der on-
top Position entlang der Dimerreihen adsorbieren und elektronisch entlang der
Dimerreihe miteinander wechselwirken koénnen.

29



Kapitel 3. Ergebnisse und Diskussion

30



4 | Publikationen

4.1 Artikel 1

Starting from a Fixed Geometry: Real-Time XPS Investigation of a
Surface Reaction with Controlled Molecular Configurations

T. Glaser, C. Langer, J. Heep, J. Meinecke, M.G. Silly, U. Koert, and M. Diirr;
J. Phys. Chem. C 124, 22619 - 22624 (2020).

Genehmigter Nachdruck von Referenz [174]. Copyright 2020 American Chemical
Society.



Kapitel 4. Publikationen

32



THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCC

Starting from a Fixed Geometry: Real-Time XPS Investigation of a
Surface Reaction with Controlled Molecular Configurations

Timo Glaser, Christian Langer, Julian Heep, Jannick Meinecke, Mathieu G. Silly, Ulrich Koert,

and Michael Dirr*

Cite This: J. Phys. Chem. C 2020, 124, 22619-22624

I: I Read Online

ACCESS |

Ll Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: Ether cleavage on the silicon (001) surface was investigated for a well-
defined configuration of the ether group with respect to the underlying Si substrate. In
order to maintain the reactants in a fixed orientation with respect to each other,
cyclooctyne ether was chemoselectively attached on Si(001) via the strained triple bond of
cyclooctyne. In this configuration, the ether group of this bifunctional molecule remains
intact and its geometry with respect to the substrate is given by the cyclooctyne ring as a
linker. The kinetics of the further reaction of the ether group at elevated temperatures was
then investigated by means of real-time X-ray photoelectron spectroscopy using
synchrotron radiation. A low activation barrier was deduced, which is interpreted in | ‘4
terms of the controlled configurations realized in the experiment in correlation with the

underlying reaction mechanism.

Bl INTRODUCTION

The relative orientation between two reactants can have a
major influence on the reactivity and on the products of a
chemical reaction. In gas-phase or solution-based experiments,
the observed reactions and reactivities are the result of
averaging over all possible orientations and configurations of
the reactants and thus important information on the reaction
mechanism might be lost.

In gas surface chemistry with well-defined single-crystal
surfaces, the orientation and configuration of one reactant are
fixed by the surface, but still the reacting gas molecules can
impact on the surface in all possible orientations. Only by the
use of aligned molecular beams, the orientation of the gas
molecules and thus the second reactant could also be
controlled and hence important information on the reaction
dynamics could be deduced from such experiments.' ™

Another approach to better control the relative orientation
of the reactants with respect to each other is to fix the second
reactant on the surface, as well. Indeed, the reactions of
molecules already adsorbed on the surface, for example, tip-
induced reactions of surface adsorbates, have been studied in
great detail with respect to the reaction products, for example,
by means of scanning tunneling microscopy.*”” However, in
order to follow the complete reaction pathway starting with the
intact functional group in a well-defined configuration, this
reacting functional unit has to be anchored on the surface via a
second functional group. In this contribution, we demonstrate
this concept for ether cleava§e on silicon,®” the surface
analogue of an Sy2 reaction.'” We make use of an ether-
substituted cyclooctyne which chemoselectively adsorbs on the

© 2020 American Chemical Society

- ACS Publications
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Si(001) surface via the strained triple bond of cyclooctyne'
(Figure 1, top). As a result, the intact ether group is attached
close to the silicon substrate in a well-defined configuration.
The kinetics of the further reaction of this ether group with the
silicon surface is then studied by means of real-time X-ray
photoelectron spectroscopy (real-time XPS) using synchrotron
radiation.'”" Real-time XPS is both sensitive on the surface
reaction and fast enough to follow the reaction at different
temperatures necessary to deduce activation energies and
prefactors. We find both a low-energy barrier and a low
prefactor, which we discuss in terms of the constrained
configurations of the ether group during the reaction. These
configurations represent a low-energy pathway, thus giving
direct experimental access to the underlying mechanism and
the relevant configurations involved.

B METHODS

The experiments were conducted in an ultrahigh vacuum
(UHV) chamber with a base pressure <5 X 107'° mbar at the
TEMPO beamline, SOLEIL synchrotron (Saint Aubin,
France). The Si(001) samples were prepared by degassing at
700 K and repeated direct current heating cycles to above 1450
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OoT+C

Figure 1. Reaction pathway of cyclooctyne ether on the Si(001)
surface."”'* Top: Intact cyclooctyne ether adsorbed via the former
strained triple bond of cyclooctyne on top (OT) of one dimer. The
ether group is intact (oxygen atom highlighted in blue) and is in a
well-defined configuration with respect to the Si substrate (all dimers
are shown in a symmetric configuration for easier inspection of the
figure). Center: In an intermediate state, the oxygen of the ether
group forms a dative bond (gray) with a neighboring Si dimer atom
(OT + D). Bottom: The ether group has reacted with two additional
Si dimers via ether cleavage (OT + C, oxygen atom highlighted in
red).

K. A well-ordered 2 X 1 reconstruction is obtained when
slowly cooling the sample (cooling rates of about 1 K/s) to
room temperature.'> Sample cleanliness was checked by means
of XPS prior to the adsorption and reaction experiments.
Minor traces of adsorbed oxygen were observed, which were
attributed to the adsorption of water and subtracted from the
following spectra. S-(Ethoxymethyl)-S-methylcyclooctyne
(short: cyclooctyne ether, CE), which was synthesized
according to ref 11, was dosed via a UHV-compatible leak
valve from the vapor phase in a test tube. The sample was
positioned with its surface in front of the gas inlet during
adsorption, which took place at approximately room temper-
ature.

In order to investigate the surface reaction of CE on the
Si(001) surface, two different types of experiments were
performed: first, the sample current was linearly increased from
0 A up to 1.2 A with a rate of 0.2 mA/s, resulting in an overall
temperature range from 300 to 1000 K and a maximum
heating rate of ~0.2 K/s (cf. Figures Sla)b in the Supporting
Information). Second, isothermal experiments at different
surface temperatures were performed by a fast ramp to a given
sample current for each experiment.

XPS experiments were performed at the TEMPO beamline'
using an HU80 Apple IT undulator photon source set to deliver
linearly polarized light. The end station was fitted with a
modified MBS A-1 photoelectron analyzer, thus being an
improved version of the setup described in ref 17. The angle of
the incoming synchrotron beam was 44°, and the electron
takeoff angle was 0° with respect to the surface normal. In
order to reduce the beam intensity and thus avoid the beam-
induced damage, the beam was defocused before entering the
sample chamber, resulting in a spot of S00 ym [full width at
half-maximum (fwhm)]. The photoemission spectra were
recorded with a photon energy of hv = 700 eV, and the
overall energy resolution was set to 170 meV. Core-level
spectra for O 1s, C 1s, and Si 2p were acquired consecutively

6

with the electron analyzer operated in the sweep mode with
adjusted energy windows for each binding energy (BE) region.
All XPS spectra were referenced to the Si 2p;/, bulk peak at a
BE of 99.4 €V,"*"? thus compensating possible line shifts due
to the voltage drop across the sample when heating the sample.
The lines were fitted with Voigt profiles with the fwhm set to
1.1-1.2 eV.

Bl RESULTS

The reaction of cyclooctyne ether on the Si(001) surface
(Figure 1) was followed by measuring the O 1 s line, which
exhibits a prominent shift in BE when the intact ether group
reacts on the Si surface.*””° The XPS spectrum shown in
Figure 2a was obtained after adsorption of CE at room

Binding Energy [eV]

536 535 534 533 532 531 530

Temperature [K]

536 535 534 533 532 531 530
Binding Energy [eV]

Figure 2. O Is signal of cyclooctyne ether on the Si(001) surface
before (a) and after (c) heating the sample from 300 K to above 800
K. During heating, the position of the O 1s line shifts to lower BE,
indicating a reaction of the ether group with the silicon substrate. (b)
Signal change with temperature. For each data line, the measurement
time was the same but the heating rate changed with temperature (cf.
Figure S1b, Supporting Information).

temperature. One single O 1s line is observed at a BE of 533.3
eV, which can be associated with the intact ether group.'' Both
this O 1s spectrum and the C 1s spectrum (Figure S2a in the
Supporting Information) thus indicate chemoselective adsorp-
tion of cyclooctyne ether on the Si(001) surface at room
temperature."' No change of this peak was observed at room
temperature within the time frame of a typical experiment;
thus, we can exclude that the synchrotron radiation affects the
organic molecules adsorbed on the Si surface. In particular, we
exclude that the radiation induces any reaction of the ether
group on the Si(001) surface.

https://dx.doi.org/10.1021/acs.jpcc.0c07743
J. Phys. Chem. C 2020, 124, 22619-22624
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In the following, the temperature was increased while XPS
spectra were continuously measured (Figure 2b). A clear shift
of the O 1s signal from 533.3 to 531.7 eV was observed around
500 K, indicating the reaction of the intact ether group of CE
with the dangling bonds of the Si surface atoms™”*° (Figure
1). A spectrum recorded at about 800 K is shown in Figure 2c.
It shows only one peak at 531.7 eV, indicating the reacted
ether group with the oxygen bound to one Si surface atom®
(Figure 1, bottom). In the C 1s spectra, ether cleavage of CE is
observed by a reduction of intensity associated with the C—O
bond and the respective increase in intensity associated with
the C—Si bond (Figure S2b in the Supporting Information).
The integrated intensity of the C Is line before and after the
reaction is the same; thus, every CE molecule has reacted via
ether cleavage and desorption has not taken place up to this
temperature. A slight increase of the total O 1s intensity in the
course of the experiment is attributed to water adsorption. For
quantitative analysis of the data, this additional intensity was
subtracted from the signal associated with oxygen bound to the
silicon substrate.

The data shown in Figure 2 were measured with a surface
coverage of CE close to saturation. From measurements with
unsubstituted cyclooctyne, it is known that even at saturation
coverage, a substantial part of the Si dangling bonds is not
reacted.”*> For substituted cyclooctynes, the surface area
occupied per molecule is even larger,”® leading to a lower
saturation coverage; a sufficient number of dangling bonds are
thus available for the reaction with the ether group, in
agreement with our experimental results. For all other
measurements, surface coverage was ® = 0.70, in order to
further reduce a possible effect of site blocking on the reaction
under investigation.

In Figure 3, the O Is spectra of cyclooctyne ether on the
Si(001) surface are shown for different reaction times at a
constant surface temperature of 520 K. Also in this isothermal
experiment, the reaction of the ether group of CE with the
silicon substrate can be followed: in the spectrum depicted in
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Figure 3. O 1s spectra of cyclooctyne ether after adsorption on the
Si(001) surface at 300 K and rapid heating to 520 K. The given
intervals indicate the mean time span between the time the final
temperature was reached and the time the spectrum was recorded.
The peak at a BE of 533.2 eV is assigned to the intact ether group of
the molecule. The intensity shifts toward a peak at lower BE (531.9
eV), which is assigned to the C—O—Si configuration as a result of
ether cleavage on the silicon surface.

blue, which was the first spectrum recorded after reaching the
set temperature value, only the peak at 533.2 eV, which is
associated with the intact ether group, is observed. In the
spectra shown in purple and pink (recorded after SO0 and 1800
s, respectively), both the peak associated with the intact ether
group and the peak at 531.9 eV, which is associated with the
reacted ether group, are observed. With increasing reaction
time, the former one decreases and the latter one increases in
intensity, indicating the progression of the surface reaction.

After 4800 s (orange spectrum), the peak at $33.2 eV is
further reduced in intensity and the peak at 531.9 eV has
almost reached the intensity of the initial peak at 533.2 eV,
indicating a close-to-complete decomposition of the ether
group. Up to a surface temperature of 600 K, a small
contribution of the peak at 533.2 eV is observed even for much
longer times. We attribute this observation to some CE
molecules for which the ether cleavage might be further
hindered, for example, by neighboring CE molecules, and for
which the process is activated only at even higher temper-
atures.

When the change of the O 1s line is measured as a function
of time at constant temperature, the respective reaction rate
can be deduced, for example, from the decrease of signal
intensity at $33.3 eV, the position of the O 1s line associated
with the intact ether group. In Figure 4, this intensity is plotted
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Figure 4. Development of the intensity of the peak associated with
the intact ether group of cyclooctyne ether during ether cleavage at
520 K on the Si(001) surface. A rate constant was deduced from the
first 2000 s assuming first-order reaction kinetics as shown in the
inset. The fit to the data in the main panel includes an additive offset
to the exponential decay function (compare main text).

as a function of time; it shows an exponential decay with
increasing reaction time, as also indicated in the logarithmic
plot shown in the inset of Figure 4. As we do not observe
complete conversion at the given temperature, the data of the
first 2000 s have been fitted in order to derive the rate constant
for the ether cleavage reaction.

Six isothermal experiments have been carried out in the
temperature range from 380 to 700 K. The rate constants as
deduced from these isothermal reaction experiments are
summarized in the Arrhenius plot shown in Figure S. From
the Arrhenius plot, we deduce an activation energy of E, =
0.19 + 0.3 eV and a prefactor A = 4 X 1072%1 1/s. Both, E, and
A, are surprisingly low.

B DISCUSSION

We start our discussion with the activation energy, which is
clearly lower than that observed for the cleavage of diethyl

https://dx.doi.org/10.1021/acs.jpcc.0c07743
J. Phys. Chem. C 2020, 124, 22619-22624
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Figure S. Arrhenius plot for the reaction rates determined for the
cleavage reaction of cyclooctyne ether. The linear fit results in an
activation energy of 0.2 eV. Inset: Schematic potential energy curve
for the reaction of CE from the initial on-top configuration (OT) via
the datively bound intermediate (OT + D) to the configuration after
ether cleavage (OT + C).

ether from the datively bonded intermediate into the final state
on the Si(001) surface (E, = 0.4 eV>*). However, one has to
take into account that the activation energy measured in our
experiment for ether cleavage of cyclooctyne ether involves the
complete reaction pathway from the initial OT configuration
to the final OT + C configuration via the datively bound OT +
D configuration (Figure 1). According to density functional
theory (DFT) calculations on this system,'* the OT + D
configuration exhibits a higher BE than the initial OT
configuration without further bond to the surface. The
situation is illustrated in the schematic potential energy curve
shown in the inset of Figure S. Thus, the overall activation
from OT to OT + C is lower than that from OT + D to OT +
C. For a more quantitative description (compare the
Supporting Information), one can assume an equilibrium
between the number of molecules in the OT and OT + D
states. This equilibrium depends on the energy difference of
the two states. The number of molecules in the OT + D state
then enters the total reaction rate into the OT + C state, and as
a result, only the overall activation energy E, determines the
temperature dependence of the reaction rate (eq 8 in the
Supporting Information). Indeed, our experimental result for
E, compares well with the energy difference between the initial
state OT and the transition state between OT + D and OT +
C as calculated by means of DFT, E, ppr = 0.3 eV.'*

The prepared initial configuration of our experiment thus
gives access to a low energy pathway for ether cleavage on the
Si(001) surface. Indeed, in the OT + D configuration as
sketched in Figure 1 (center), one CH,CHj unit is oriented
toward the dangling bond of the dimer in the adjacent dimer
row; efficient interaction between this dangling bond and the
C atom bound to the oxygen atom is crucial for thermally
activated ether cleavage on the Si(001) surface when following
an Sy2-like reaction scheme.'” The proposed backside route of
attack via this filled dangling bond leads to a reaction across
the dimer rows; the respective final product has been observed
in the case of CE on the Si(001) surface.'' With our study, we
have now experimentally shown that this orientation of the
molecule in the datively bound intermediate is indeed
favorable for ether cleavage on the Si(001) surface, thus

strongly backing the interpretation of ether cleavage on the
Si(001) surface as a surface analogue of an Sy2 reaction with
the respective transition state."”

In addition to the low activation energy, we find an
extremely low prefactor. This low prefactor can be understood
in terms of a high probability of the system to react back to the
OT state even when it has entered the OT + D intermediate:
the back-reaction is less activated and the prefactor is expected
to be high as the strained configuration in the intermediate is a
good starting point for the back-reaction into the OT state. If
we exploit the same model introduced for the discussion of the
energy barriers, we indeed find that the prefactor for back-
reaction from OT + D to OT counteracts the prefactor for
reaction into the final state, OT + C (eq 8 in the Supporting
Information). Taking into account that even for the reaction of
diethyl ether on the Si(001) surface a very low pre-exponential
factor (10* s™") was observed for the reaction from the datively
bound intermediate into the final state,”* an even lower
prefactor is likely for the complete reaction of the ether group
of CE on the Si(001) surface.

Besides these very fundamental aspects, the results are also
of interest in terms of organic functionalization of semi-
conductor surfaces. For a controlled functionalization, chemo-
selective adsorption of bifunctional molecules is a prereq-
uisite.”® The resulting organic layers can then serve as a well-
defined interface® between the semiconductor substrate and
molecular architectures based on organic molecules covalently
attached to these layers. In the specific case of cyclooctyne
ether on the Si(001) surface, the results for E, and A indicate
that chemoselective adsorption of cyclooctyne ether via the
strained triple bond as observed experimentally at room
temperature [Figure 1, top, ref 11] is not so much stabilized by
a high activation energy for ether cleavage but by the low
prefactor of this reaction in the given configuration.

Bl CONCLUSIONS

In conclusion, we have exploited the well-defined configuration
of a covalently bound bifunctional molecule on a single-crystal
surface for the investigation of a surface reaction in real time by
means of synchrotron-based XPS. In particular, we could
experimentally correlate this initial configuration to the
intermediate involved in this reaction and the orientation
that is necessary for further reaction via a low energy pathway.
The results experimentally confirm the proposed Sy2-type
mechanisms for ether cleavage on the Si(001) surface.” ™'

This experimental concept can be expanded well beyond the
presented example: with the fixed position on the surface given
by the covalent anchoring of the first functional group, the
influence of the geometry on the reactivity of the (second)
functional group can be studied in great detail. Moreover, not
only the reaction of the second functional group with the
surface but also with other functional groups attached in the
same way on a surface can be probed. Again, the relative
orientation of the two groups with respect to each other would
be very well defined, enabling detailed studies of the reaction
process.
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This Supporting Information includes

(I) Direct current heating ramp and heating rate (Figs. S1(a) and (b))
(IT) C 1s spectra of cyclooctyne ether on Si(001) (Fig. S2)
(ITI) Applicability of Arrhenius law for the reaction rate R

1. Potential energy curve and schematics for surface reaction of covalently attached
cyclooctyne ether on Si(001) (Fig. S3)

2. Rate equations — temperature dependence of reaction rate R (Egs. 1-8)
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I Direct current heating ramp and heating rate
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Figure S1: (a) Sample temperature as a function of time during a direct current heating ramp
from I =0A to 1.2 A with an increase of 0.2 mA /s measured with a thermocouple attached to a
reference sample. The data points were fitted with a tanh-function in order to calculate the

heating rate. (b) Calculated heating rate as a function of time. The maximum heating rate was

0.23K/s at about 800 K.
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C 1s spectra of cyclooctyne ether on Si(001)
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Figure S2: C 1s spectra of cyclooctyne ether on Si(001). In (a), adsorption and measurement
were performed close to room temperature (Ts = 310 K). Three peaks are identified which are
assigned to (i) carbon atoms bound to an oxygen atom (286.7 eV), (ii) carbon atoms with carbon
and hydrogen as binding partners (285.1 eV), and (iii) carbon atoms with one covalent bond to
an Si atom (283.9 eV). The ratio of the integrated intensity of the three peaks is 2:8:2 in perfect
agreement with the cyclooctyne ether molecule being covalently bound to the silicon surface with
two carbon atoms, thus comprising an intact ether group with two carbon atoms in direct
neighborhood of the oxygen atom and further eight remaining carbon atoms with carbon-carbon
and carbon-hydrogen bonds only. The somewhat larger width of the peak associated with the
C-C-C peak is interpreted in terms of the different next-next neighbors of the respective C
atoms. The spectrum in (b) was taken during a heating ramp at Tg = 505 K. The total intensity
is the same as for the spectrum in (a), however, the intensity of the peak at 286.7 eV (carbon
atoms bound to an oxygen atom) is reduced by the same amount as the intensity of the peak at
283.9 eV (carbon atoms with one covalent bond to an Si atom) is increased. This change in
intensity is expected for ether cleavage of CE on Si(001): during ether cleavage, one carbon
bound to oxygen is converted into one carbon bound to silicon. No further reactions of CE can be

deduced from this change of the spectra.
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IIT Applicability of Arrhenius law for the reaction rate R

II1.1 Potential energy curve and schematics for surface reaction of covalently

attached cyclooctyne

OoT+D — oT+C

Figure S3: Top: Schematic potential energy curve for the activated reaction of CE on Si(001).
Reaction rate R¢ from OT+D to OT+C is depicted by the blue arrow. Energies are highlighted
in red. Bottom left: Intact cyclooctyne ether adsorbed via the former strained triple bond on top
of one dimer (OT), the ether group is intact (blue oxygen atom). Center: The oxygen of the
ether group forms a dative bond (grey) with a neighbored Si dimer (OT+D). Right: The ether

group has reacted with two Si dimers via ether cleavage (OT+C, red oxygen atom).
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ITI.2 Rate equations — temperature dependency of reaction rate R

Reaction rate R¢ from intermediate (OT+D) into the final state (OT+C):

E
Rc = 0or4p - ke = 0orip - Ac - exp <_k:§“> (1)
B

Rc = Reaction rate for the reaction from OT+D to OT+C

Oor+p = Rel. number (coverage) of intermediate states OT+D

kc = Reaction rate constant for the reaction from OT+D to OT+C

Ac = Pre-exponential factor for the reaction from OT+D to OT+C

Ec = Energy barrier for the reaction from OT+D to OT+4C

kg = Boltzmann constant

T = Temperature

In order to find an expression for Oor.p, we take a look at the forward and reverse reaction

of initial (OT) and intermediate state (OT+D):

OT%\OT+D 2)

T

e k; = reaction rate constant for the forward reaction from OT to OT+D

e k. = reaction rate constant for the reverse reaction from OT+D to OT

With a low barrier between OT and OT+D, we assume an equilibrium between the two

states and thus:

forip ki Ar AFE
GOT kr Ar



A AE
= forsp = ot - Zf - exp <kBT> (4)

for = Rel. number (coverage) of initial states OT

Ay = Pre-exponential factor for the forward reaction from OT to OT+D

A, = Pre-exponential factor for the reverse reaction from OT+D to OT

e AE = Energy difference between initial (OT) and intermediate state (OT+D)

Combination of Eq. 4 with Eq. 1 leads to an expression similar to the Arrhenius equation:

Ag ( Ec ) <AE>
Rc=0or - — -Ac-exp| —= | -exp | — 5
C oT A, C p lnT p knT ( )
B Ag Ec — AE
= Rc¢="0or- A Ac - exp <_I€BT) (6)

Assuming R to be the rate limiting step for the total reaction rate Ryota from OT to OT+C,

we can write

A Ec — AFE
Riotal = 0ot - ktotal = Re = bor - Zf - Ag - exp <_CkBT> (7)
A FE
= ktotal - Xi . AC Y <_kBg—‘> (8)

o Ri.ta1 = Reaction rate for the reaction from OT to OT+C
e kioial = Reaction rate constant for the reaction from OT to OT+C

As a result, k.. depends only on the overall energy barrier £y = Ec — AFE.
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ABSTRACT: Synthesis of organic bilayers on silicon was realized by a combination of surface /=
functionalization under ultrahigh vacuum (UHV) conditions and solution-based click
chemistry. The silicon (001) surface was prepared with a high degree of perfection in UHV
and functionalized via chemoselective adsorption of ethynyl cyclopropyl cyclooctyne from the
gas phase. A second organic layer was then coupled in acetonitrile via the copper-catalyzed
alkyne—azide click reaction. The samples were directly transferred from UHV via the vapor
phase of the solvent into the solution of reactants and back to UHV without contact to
ambient conditions. Each reaction step was monitored by means of X-ray photoelectron
spectroscopy in UHV; the N 1s spectra clearly indicated the click reaction of the azide group in
the two test molecules employed, i.e., methyl-substituted benzyl azide and azide-substituted
pyrene. In both cases, up to 50—60% of the ethynyl cyclopropyl cyclooctyne molecules on the

surface were reacted.

Bl INTRODUCTION

Click reactions such as the most prominent alkyne—azide
coupling"” are generally performed in the presence of a
catalyst dissolved in an adequate solvent. When solution-based
click reactions are applied on surfaces,’ ' the initial
functionalization of the surface prior to “clicking” the second
layer is typically performed in a solution as well. Whereas this
is possible for passivated surfaces’ "' and surfaces with an
inherently low reactivity;>* highly reactive surfaces such as
pristine Si(001) are typically prepared and stored under
ultrahigh vacuum (UHV) conditions to guarantee a high level
of cleanliness and structural perfection. The direct application
of solution-based click chemistry schemes to such vacuum-
processed surfaces thus seems as an experimental contra-
diction. However, this combination could open the route to
synthesizing new organic molecular architectures, e.g., with
tailored optical or physicochemical properties, within the
framework of vacuum-based technologies.

Here, we use surface functionalization based on substituted
cyclooctynes and their chemoselective reactivity on
S$i(001)*7* in combination with a direct transfer from
UHV into a solution to apply solution-based click chemistry on
a silicon surface prepared and functionalized under UHV
conditions. The experimental procedure is sketched in Figure
1. Chemoselective adsorption of a monolayer of ethynyl
cyclopropyl cyclooctyne (ECCO, 1 in Figure 2) from a gas
phase is followed by X-ray photoelectron spectroscopy (XPS)
analysis and subsequent transfer of the functionalized surface
into the reaction chamber. In the latter one, alkyne—azide
coupling in a solution, leading to triazole 4 in Figure 2 is
performed. After completion of the second layer, the sample is

© 2021 The Authors. Published by
American Chemical Society

- ACS Publications
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transferred back into the main chamber and the reaction
products are again analyzed by means of XPS. Reaction yields
in terms of the relative number of reacted ECCO molecules on
the surface was measured for methyl-substituted benzyl azide
(3 in Figures 2 and 3a) and azide-functionalized pyrene (S in
Figure 3a) as a function of dose with and without additives to
the copper catalyst.

B EXPERIMENTAL METHODS

Sample preparation was performed in a UHV chamber with a
base pressure of <1 X 107'° mbar. Si(001) samples were
prepared by degassing at 700 K and repeated direct current
heating cycles to 1450 K. A well-ordered 2 X 1 reconstruction
was obtained by cooling rates of about 1 K/ s 1718

Ethynyl cyclopropyl cyclooctyne (ECCO, 1 in Figure 2) was
synthesized according to ref 19. Synthesis of methyl-
substituted benzyl azide (short: benzyl azide, 3 in Figure 2)
was carried out via the corresponding benzyl bromide by
nucleophilic substitution with sodium azide.””*' Synthesis of
1-(azidomethyl)pyrene (short: pyrene azide, S in Figure 3) was
carried out according to ref 22. Cul and CuBr(PPh,), are
commercially available. Cul(PPh,); was synthesized in one
step from Cul and triphenylphosphine according to ref 23.
Both, CuBr(PPh,); and Cul(PPh,),, were stored under inert

=
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Figure 1. Schematic representation of the experiment. Top left: The
bifunctional organic molecule ECCO is chemoselectively adsorbed on
the bare Si(001) substrate via its strained triple bond (compare 1 and
2 in Figure 2). Top right: An XPS measurement is carried out under
UHV conditions. Bottom right: After transferring the sample into the
reaction chamber (acetonitrile vapor phase), the second organic layer
is built on the surface using alkyne/azide click chemistry in a solution.
The latter is kept in a trough on the bottom of the reaction chamber
(compare Figure 3b). Bottom left: After transferring back into the
main chamber, the reaction product is analyzed by means of XPS.

UHV\

in solution

N /

Figure 2. ECCO (1) adsorbs chemoselectively via the strained triple
bond on Si(001) (2) under UHV conditions."* Clicking of methyl-
substituted benzyl azide (3) on ECCO-covered Si(001) using a
catalyst such as Cul leads to product 4.

conditions at room temperature until they were dissolved in
acetonitrile (high-performance liquid chromatography
(HPLC) grade, >99.9%). The latter was boiled under a
nitrogen atmosphere for 4 h over calcium hydride, distilled,
and stored over a molecular sieve prior to usage. The typical

4022

(a)

CHgy
N3\/©/

3 UHV <

(b) )

sample
manipulation

pump
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+“——> <>

Figure 3. (a) Structural formulas of the reactants used in the click
experiments, methyl-substituted benzyl azide (3) and pyrene-
functionalized azide (S). (b) Schematic drawing of the separate
reaction chamber. The samples are transferred via a sample transfer
rod and a wobble stick into the stainless steel beakers fixed on the
bottom of the chamber. They are filled with the azide solution and the
solvent for rinsing. The main part of the reaction chamber can be
separated from the two beakers by a UHV gate valve. The pressure in
the two parts of the reaction chamber can be equalized when opening
the valve in the bypass.

azide concentration in the solution was 0.5 mol/L. The
catalysts were added in a concentration of 5 X 107> mol/L.

Following the procedure outlined in Figure 1, the Si(001)
surface was first functionalized with ECCO leading to 2 in
Figure 2. The ECCO-covered sample was then transferred
within 1 min from the main chamber into the reaction
chamber (Figure 3b) via an additional, separately pumped
vacuum stage. The reaction chamber was fully baked out prior
to the experiments (ppcpue < 107® mbar); during the
experiments, the pressure was determined by the vapor
pressure of the solvent used for solving the reactants and for
rinsing the samples, in our case acetonitrile (MeCN), and the
pumping speed of the system. The samples were transferred
into a stainless steel beaker filled with the azide solution with
the help of a wobble stick; the reaction time of the sample in
the solution was chosen between 4 and 60 min. During the
reaction, the solution was kept at room temperature. After the
reaction, the sample was rinsed in pure, dried acetonitrile,
which was kept in a second stainless steel beaker in the
reaction chamber. Typical rinsing time was 60 min. After
rinsing, the samples were transferred back into the main
chamber; a typical increase of pressure in the main chamber
after the transfer was below Ap = 2 X 107'° mbar.

XPS measurements were performed in the main chamber
using an Al K, X-ray source with a monochromator (Omicron
XM1000) and a hemispherical energy analyzer (Omicron
EAI2S). All XPS spectra were referenced to the Si 2p;,, peak
at 99.4 eV.>* Voigt profiles were used for fitting the data; they
were composed of Gaussian and Lorentzian contributions (90
and 10%, respectively). If not otherwise stated, full-width at
half-maximum (FWHM) of the single components was
approximately 0.9 eV in case of the C 1s and O Is signals,
and approximately 1.5 eV for the N Is signals as apphed
previously for comparable systems measured in this setup.”

B RESULTS AND DISCUSSION

In Figure 4, core-level spectra in the N 1s energy region taken
at different stages of the experiment, using benzyl azide as a
reactant, are compared. The data shown in orange in Figure 4
were measured on an ECCO-covered Si(001) surface. No
signal was observed, indicating that no nitrogen-containing

https://dx.doi.org/10.1021/acs.jpcc.0c11353
J. Phys. Chem. C 2021, 125, 4021-4026
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Figure 4. N 1s spectra taken after different steps of the experiment.
Top: The spectrum measured on the Si(001) sample after ECCO
adsorption (orange). No peak is observed. Center: The spectrum in
black was measured after the ECCO-covered Si(001) sample was kept
in liquid acetonitrile for 15 min. No peak is observed either. Bottom:
The spectrum shown in blue was measured after the reaction of the
ECCO-covered Si(001) sample in an azide solution. Four different
peaks can be deduced between 397 and 403 eV, indicative of alkyne—
azide coupling. No signal is observed at 405 eV.

species were adsorbed neither on the bare nor on the ECCO-
covered surface. The spectrum taken after rinsing the ECCO-
covered sample in pure acetonitrile is shown in black. No peaks
were observed either, thus no nitrogen-containing species were
attached to the surface during transfer and rinsing in
acetonitrile. In other words, the ECCO-covered Si(001)
surface did not react with the chosen solvent, i.e., acetonitrile.
The spectrum shown in blue in Figure 4 was measured after
the ECCO-covered Si(001) sample was transferred into the
benzyl azide/acetonitrile solution (60 min, CuBr(PPh,);
catalyst). The spectrum can be decomposed into four different
peaks: The peaks at the highest binding energy (401.9 and
400.5 eV) are assigned to the nitrogen atoms in the product of
alkyne—azide coupling (4 in Figure 2), in good agreement with
the literature.”'* The peak at 400.5 eV is associated with the
two N atoms bound to one N and one C atom (N—N—C); the
peak at 401.9 eV is associated with the nitrogen atom in the
N-N-N configuration. The intensity ratio differs from the
stoichiometric ratio of 2:1; however, a small amount of the
copper catalyst remaining on the surface shifts a part of the N
1s intensity of the click product to lower binding energy, which
influences the intensity ratio between the two components. In
particular, the third peak at a binding energy of 399 eV can be
attributed to the influence of the remainders of the catalyst.
Upon heating the surface, the intensity of this peak is reduced
and the intensity of the peak at 400.5 eV is increased along
with a decrease of the catalysts’ signal (see below). The peak at
398.1 eV can be assigned to N atoms directly bound to
silicon, indicating that a small amount of the azide molecules
binds directly to the Si(001) surface via N, abstraction as
observed for gas-phase adsorption of benzyl azide on clean
Si(001).>**” The intensity of this peak was comparable in all
experiments, independent of the reaction time of the sample in
the solution. We thus conclude that a small number of
unreacted dangling bonds is still available on the ECCO-
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covered Si(001) surface, which is readily reacted by the benzyl
azide molecules. Most important, no peak at a binding energy
of 405 eV is observed. The latter is assigned to the intact azide
group™'® (compare Figure S1 in the Supporting Information),
thus no intact benzyl azide molecules contribute to the N 1s
signal intensity.

The C 1s spectra shown in Figure S were obtained from the
same experiments that the N 1s spectra shown in Figure 4 were

T
ECCO/Si(001) ]

L C1s
(a) .
T L ECCO/Si(001) ]
> in acetonitrile
2
Ko
2
D
c
2
£ 4
[ ECCO/Si(001)
- in benzyl azide/
acetonitrile

1
283 282

1 L

287

1
286 285 284
Binding Energy [eV]

1
288

Figure S. C Is spectra after different reaction steps of the sample. (a)
Spectrum taken on the Si(001) surface covered with ECCO
molecules. Two major peaks can be observed, the peak around
285.3 eV represents the main body of the molecule and shows in total
a greater width than the single components applied (dotted lines). (b)
Spectrum in black represents the ECCO-covered Si(001) sample after
1S min in liquid acetonitrile. The spectrum is almost identical to the
spectrum in (a); only a small additional peak toward higher binding
energies is observed, which is attributed to the influence of the
adsorption of oxygen-containing species. (c) Spectrum measured after
the reaction of the ECCO-covered Si(001) sample in an azide
solution. In addition to the peaks attributed to the adsorbed ECCO
molecules (orange, reduced intensity of the component at 285.2 eV
when compared to (b) due to the reaction of the terminal alkyne
group), additional intensity is clearly observed. Two major additional
components (blue solid lines) are fitted at 285.1 and 285.9 €V with a
width of 1.1 and 0.9 eV, respectively.

obtained from. The data shown in Figure Sa were measured on
the Si(001) surface directly after adsorption of ECCO. Two
main components are observed, a stronger one around 285.3
eV and a smaller one at 284.2 eV. The former one, including
the small tail to higher binding energies indicates the body of C
atoms bound to further carbon or hydrogen atoms only; the
latter one indicates the carbon atoms covalently bound to the
silicon surface.'>® For ECCO, an intensity ratio of 5:1
between the two components indicates chemoselective
adsorption via the strained triple bond (2 in Figure 2), as
discussed in detail in ref 13. In the spectrum shown in Figure
Sa, the ratio between the two components is rather 4:1 than
5:1, indicating that some of the ECCO molecules (<20%) are
attached both via the strained triple bond and the terminal
triple bond. In Figure Sb, the spectrum measured after
transferring the ECCO-covered sample into liquid acetonitrile
is shown in black. The spectrum closely resembles the
spectrum in Figure Sa; only an additional, small shoulder to

https://dx.doi.org/10.1021/acs.jpcc.0c11353
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higher binding energies is observed, which is attributed to the ook ' ' '
adsorption of some oxygen-containing species on the sur- N
face.”” The spectrum shown in blue in Figure Sc was 50 F { '
measured after the ECCO-covered Si(001) sample was kept
for 60 min in a benzyl azide/acetonitrile solution (CuBr- 540' ]
(PPh,); catalyst) and subsequent rinsing in acetonitrile. 3 30t f genzy: azige:gu:s PEh
Compared to the ECCO spectrum (Figures Sa,b), the total > . Penzy aZ|Vde R Cul réph s
intensity of the signal was increased by about 60%. The 20t yrene azide * Cul (PPhs)s
additional intensity can be described with two further major
components. The component at lower binding energy (285.1 10 [ — -
€V) then represents the sum of carbon atoms in the main body ol . .

0 500 1000 1500 2000

of the methyl-substituted benzyl entity (C—C—C and C—C—H
configurations);***® the component at higher binding energy
(285.9 eV) represents carbon atoms in the direct neighbor-
hood of nitrogen atoms,”® in agreement with alkyne—azide
coupling of benzyl azide with the ECCO molecules adsorbed
on Si(001). The intensity ratio between these two peaks is
approx. 0.6, slightly higher than expected from the ratio of 3:7
for the two groups of C atoms in the triazole ring and in the
methyl-substituted benzyl entity. Furthermore, the reduction
of the intensity of the peak at 285.2 eV associated with the
carbon atoms (C—C—C and C—C—H configurations) in the
cyclooctyne unit' is somewhat higher than expected from the
reaction of the two C atoms of the terminal alkyne group.
These differences might be attributed to (i) a more complex
distribution of the peak intensity on the single components®®
and (ii) some contribution from contaminations containing
additional carbon atoms. In total, however, the C 1s spectrum
in Figure Sc fits well with the results obtained from the N 1s
spectra shown in Figure 4.

The spectra obtained with pyrene azide are qualitatively very
similar to the spectra shown in Figures 4 and 5; in particular,
the N Is spectra are almost identical, indicating the same
coupling product. Only the increase in the C 1s intensity is in
general higher for pyrene azide when compared to benzyl azide
due to the higher number of carbon atoms in pyrene.

From the sensitivity-corrected intensities of the N 1s signal
after the click reaction and the C Is signal of the ECCO-
covered surface, the reaction yield in terms of reacted azide
molecules per ECCO molecule on the surface was deduced.
The results are summarized in Figure 6 for three different
systems; for the N Is intensity, the component at 398 eV,
which is attributed to nitrogen directly adsorbed on silicon,
was not taken into account. Whereas a moderate yield of 10%
was obtained with Cul as a catalyst only, both Cul and CuBr
led to up to 60% yield in the presence of (PPh;);. Pyrene azide
shows a somewhat lower yield, which is attributed to the larger
molecules and steric constraints on the surface. Steric
constraints might also be the reason why the yield is
significantly below 1 in the case of benzyl azide as well.
However, one has to keep in mind that some of the adsorbed
ECCO molecules (approx. 20%) are tethered with both
functionalities and are thus not available for alkyne—azide
coupling. As a consequence, 75% of the available ECCO
molecules were reacted in this room-temperature experiment.
The high reactivity is further indicated by the low dose needed
for saturation of the click products (500 mol/L-s), which
translates into a reaction time of 15 min at an azide
concentration of 0.5 mol/L. On the other hand, we have
performed gas-phase experiments on the reaction of benzyl
azide on the ECCO-covered Si(001) surface (Figure S2 in the
Supporting Information), which indicate that the thermal click
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Figure 6. Yield of alkyne—azide coupling as a function of dose for the
molecules and Cu(I) catalysts investigated. For the pure Cul catalyst,
no higher yield than approx. 10% was observed (open red circles).
When triphenylphosphine was added to the Cu(I)-catalyst, a yield up
to 60% was observed both for benzyl azide with CuBr (red dots) and
pyrene azide with Cul. Lines are guides to the eye. All experiments
were performed with a concentration of the azide solution of 0.5 mol/
L and thus mainly reflect the dependence on the reaction time; only
the low dose experiment with Cul was performed at a reduced
concentration (0.05 mol/L, the left open red circle).

reaction from the gas phase proceeds only at elevated
temperature (T > 400 K) and with low reactivity.

In addition to the main constituents of the reactants, i.e.,
carbon and nitrogen, we observe further elements on the
surface after the solution-based click reaction. First, small
traces of I and Br are observed (3 and 2% with respect to
adsorbed ECCO molecules, respectively). The Cu concen-
tration amounts to 25%. These contaminants apparently
originate from the catalysts used and their concentration on
the surface might be further reduced when using a more
elaborated rinsing scheme. Second, we detect a higher
concentration of oxygen on the surface (approx. one oxygen
atom per two ECCO molecules), both after the full reaction
cycle as well as when the sample is only rinsed in the pure
solvent. On the other hand, the transfer process as such does
not lead to a substantial oxygen signal. This points toward
contamination of acetonitrile with O,/H,0 (Figure S3,
Supporting Information), which might be further reduced by
bubbling the solvent with inert gas and/or additional drying
steps integrated in the manifold of our reaction chamber.

Bl CONCLUSIONS

In conclusion, we could demonstrate that solution-based click
chemistry can be applied to highly reactive surfaces, which
have been prepared and functionalized under UHV conditions.
Using Cu(I) catalysts in the presence of (PPh;);, alkyne—azide
coupling was observed with a high yield on the ECCO-
functionalized Si(001) surface. The strategy is based on the
chemoselective adsorption of bifunctional cyclooctynes on
Si(001), which serve as a versatile interface between the
inorganic semiconductor and the world of organic chemistry.
Using a pyrene-substituted azide as a reactant for the alkyne—
azide coupling of the second layer, an optically active
molecular structure was covalently attached to silicon in a
controlled manner. This demonstrates the potential of our
strategy for a wide range of applications.

https://dx.doi.org/10.1021/acs.jpcc.0c11353
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I. N 1s and C 1s spectra of a multilayer of benzyl azide on ECCO-covered Si(001)
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Figure S1: N 1s and C 1s spectra taken after gas phase adsorption of a multilayer of benzyl azide
on ECCO-covered Si(001) at 150 K (top, blue). 2 peaks are observed in the N 1s spectrum at
404.7 eV and 401.0 eV (intensity ratio approx. 1:2), indicating the intact azide group of the benzyl
azide physisorbed on the ECCO-covered Si(001) surface [1]. In the C 1s spectrum, the orange
components are assigned to ECCO adsorbed on Si(001) underneath the multilayer (compare red
spectrum taken after heating the sample to 300 K). The blue components at 285.3 eV and 286.8 eV
are attributed to the C atoms in the benzyl azide molecules [2]. Red spectra: After heating the
sample to 300 K, no peaks are observed in the N 1s spectrum, indicating that no azide was bound
covalently to the surface. In the C 1s spectrum, only the components associated with ECCO
adsorbed on Si(001) are observed [3]. The different contributions to the main component around
285 eV (C-C-C) are indicated by dotted lines; the component at 284 eV (solid line) is attributed
to the carbon atoms bound to the silicon surface [3].
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IT. N 1s spectra of Si(001) and ECCO-covered Si(001) after reaction with benzyl

azide
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Figure S2: N 1s spectra taken after gas phase adsorption of benzyl azide on Si(001) (room tem-
perature, black data) as well as on ECCO-covered Si(001) at room temperature (blue data) and
at 400 K (red data). Benzyl azide dose is given in terms of Dy which is equivalent to =~ 0.5 L.
On the bare silicon surface, a dose of Dy leads to a close-to-saturated surface [2]. The respective
N 1s signal is associated with a nitrogen atom bound to silicon after Ny abstraction, the binding
energy is 398 eV (black data) [2]. Exposure of the ECCO-covered surface to benzyl azide at room
temperature leads to a much smaller signal at the same position only at much higher dose (blue
lines). No further signals are observed indicating that (i) the ECCO-covered surface prevents direct
adsorption of larger amounts of benzyl azide on the silicon surface and (ii) no further reaction takes
place, in particular no alkyne-azide coupling. Only at 400 K surface temperature (red data), a
small signal around 400 eV is observed (red arrow) indicating alkyne-azide coupling of benzyl azide
with a small portion of the ECCO molecules adsorbed on the silicon surface [1, 4]. Attachment of
intact benzyl azide molecules without coupling reaction can be excluded as no signal was observed
around 405 eV (compare Figure S1).
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ITI. O 1s spectra after reaction of pyrene azide on ECCO-covered Si(001)

In Figure S3, two O 1s spectra are shown. The spectrum on top (orange) represents
the measurement after ECCO adsorption on Si(001). No peak is observed, thus no oxygen
is bound to the Si(001) surface, neither directly nor via a molecular linker. The second
spectrum, shown on the bottom in black, was measured after the click reaction in solution.
Three peaks can be deduced. The peak at the lowest binding energy of 531.7 eV is assigned
to oxygen binding with two Si-surface atoms, forming Si-O-Si [5-7]. It might origin from
the reaction of molecular oxygen [5-7]. The peak at a binding energy of 532.4 eV is assigned
to oxygen atoms bound to a single silicon atom forming Si-O-R, where R can be either a
hydrogen atom or a hydro-carbon entity [8-10]. In the former case, the signal might be
attributed to small amounts of water in the solvent. The peak at the highest binding energy
(533.3 eV) is typically assigned to oxygen atoms in a chemical environment containing carbon

and hydrogen atoms only, i.e., R-O-R, as it is found, e.g., in ethers [11, 12] or alcohols.
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Figure S3: O 1s spectra of ECCO on Si(001) (top, orange) and of the ECCO-covered Si(001)

surface after click reaction with pyrene azide in acetonitrile (bottom, black). 3 different peaks are
observed at 531.7 eV, 532.4 ¢V, and 533.3 eV.
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Click Chemistry in Ultra-high Vacuum - Tetrazine Coupling

with Methyl Enol Ether Covalently Linked to Si(001)

Timo Glaser,” Jannick Meinecke,”™ Lukas Freund,” Christian Langer,” Jan-Niclas Luy®,
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Ralf Tonner*,™ < Ulrich Koert,™ and Michael Dirr*®

Abstract: The additive-free tetrazine/enol ether click reac-
tion was performed in ultra-high vacuum (UHV) with an
enol ether group covalently linked to a silicon surface:
Dimethyl 1,2,4,5-tetrazine-3,6-dicarboxylate molecules were
coupled to the enol ether group of a functionalized
cyclooctyne which was adsorbed on the silicon (001)
surface via the strained triple bond of cyclooctyne. The
reaction was observed at a substrate temperature of 380 K
by means of X-ray photoelectron spectroscopy (XPS). A
moderate energy barrier was deduced for this click reaction
in vacuum by means of density functional theory based
calculations, in good agreement with the experimental
results. This UHV-compatible click reaction thus opens a
new, flexible route for synthesizing covalently bound
organic architectures. )

Click reactions™? are employed in various fields of chemistry

such as drug development® and material science” The
concept is well developed for reactions in solution, including
heterosequences of click reactions using orthogonal reaction
types (Figure 1(a)). No general strategy for vacuum-based click
chemistry, in particular using orthogonal heterosequences, has
been reported so far. This is mainly based on the fact that
conventional click reactions are typically developed in solution
and can require a catalyst; they are thus not compatible with a
UHV-based approach. On the other hand, highly reactive
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Figure 1. a) Heterosequences of orthogonal click reactions are well estab-
lished in solution. b) The reaction of dimethyl 1,2,4,5-tetrazine-3,6-dicarbox-
ylate with a methyl enol ether group attached to Si(001) via cyclooctyne was
studied as part of such a heterosequence under ultra-high vacuum
conditions. ¢) Chemoselective adsorption of methyl enol ether-substituted
cyclooctyne (MEECO) on Si(001) is the first step of this heterosequence. Gas-
phase clicking as the second step can then lead to a well-ordered organic
bilayer.

semiconductor surfaces are typically prepared under UHV
conditions and vacuum-based click chemistry could lead to
predictable tailored layer-by-layer synthesis on such surfaces
without the experimental challenge of transferring the samples
from UHYV to solution (and reverse).””)

A carefully tuned enolether/tetrazine cycloaddition has
been shown to proceed in solution without catalyst.” It is thus
a promising candidate for a vacuum-based click reaction
(Figure 1(b)). Furthermore, it is orthogonal to the strain-
promoted cycloaddition of cyclooctynes to azides.” Given the
fact that substituted cyclooctynes can react in a chemoselective,
strain promoted 2 +2 cycloaddition on Si(001),%'? an orthogo-
nal cycloaddition sequence under UHV-conditions could be

© 2021 The Authors. Published by Wiley-VCH GmbH
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realized when combining both reaction schemes (Figures 1(b)
and (c)).

Here we show experimentally by means of XPS that
tetrazine/enol-ether coupling can be performed under ultra-
high vacuum conditions at elevated substrate temperature. The
results are backed by DFT calculations which find a moderate
energy barrier for this reaction in the absence of solvent or
catalyst. We employ this reaction for coupling a tetrazine
molecule to an enol ether group which is covalently attached
on a Si(001) surface via cyclooctyne as a linker (Figures 1(b) and
(). In this context, UHV-based click chemistry can be employed
for the synthesis of covalently bound, complex organic
architectures on surfaces™' (Figure 1(c)), with many applica-
tions, e.g., in surface functionalization or organic electronics.

In Figure 2, N 1s core level spectra of different adsorption
experiments are compared. No nitrogen signal is obtained from
the MEECO-covered surface (Figure 2(d)), which serves as the
starting point of our experiment (compare Figure 1(b), left).
When a multilayer of tetrazine molecules is physically adsorbed
on the MEECO-covered Si surface at 150K, a clear nitrogen
peak is observed (Figure 2(a)). However, this peak completely
vanishes when the sample is heated to 300K (Supporting
Information, Figure S1). Thus, all tetrazine molecules again
desorbed from the surface, indicating that no covalent bonds
were established under these conditions. In contrast, a clear
peak is observed at 401.6 eV when tetrazine is reacted on the
MEECO-covered Si surface at T;=380 K as shown in Figure 2(c).

N1s |

I Tetrazine on MEECO/Si(001)
150K, x0.2

I Tetrazine/Si(001) e
300K, x0.5 g q

Intensity [arb. units, arb. offset]

" MEECO/Si(001) 7

I 1 1 1 1 |
405 403 401 399 397

Binding Energy [eV]

Figure 2. N 1s spectra measured under different experimental conditions. a)
Multilayer of tetrazine molecules physically adsorbed on the MEECO covered
Si surface at 150 K. Tetrazine was adsorbed b) on bare Si(001) at 300 K or ¢)
on MEECO/Si(001) at 380 K. In (c), one single peak is observed that can be
assigned to the product of the click reaction of tetrazine on MEECO. d) For
reference, the nitrogen spectrum measured directly after MEECO adsorption
is shown, no N signal is identified.
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We interpret this peak as the result of the click reaction based
on the following reasoning: first, we can exclude a direct
binding of tetrazine via the nitrogen atoms to the silicon
surface by comparison with Figure 2(b), which shows a
measurement of tetrazine adsorbed on bare Si(001). In the latter
case, two major peaks are observed at lower binding energy;
the peak at 398.5 eV can be assigned to N atoms directly bound
to silicon,™ the peak at 400.0 eV is assigned to further nitrogen
atoms in these molecules which are adsorbed on silicon via one
or two nitrogen atoms. The small peak at 401.4 eV might be
assigned to tetrazine molecules which do not bind via nitrogen
atoms but solely via the ester groups to the silicon surface.
Second, although the peak position is similar to the spectrum in
Figure 2(a), we can exclude physisorbed tetrazine molecules to
be the origin of the signal in Figure 2(c), as such physisorbed
molecules were shown to desorb at temperature below room
temperature. Thus the signal in Figure 2(c) indeed can be
assigned to the tetrazine-MEECO coupling which proceeds at
temperatures higher than room temperature only. The similar
peak position in Figure 2(a) and Figure 2(c) can be explained by
the fact that the chemical environment of the nitrogen atoms
does not change significantly when tetrazine is reacted with
MEECO.

Further evidence is obtained from the O 1s spectra shown
in Figure 3, which were measured during the same experiments
as the N 1s spectra shown in Figure 2. It has to be taken into
account that the adsorbed MEECO on the Si(001) surface
already accounts for three peaks in the O 1s spectra (Fig-
ure 3(d)), as discussed in detail in a previous work."? In brief,
these components can be assigned to the intact ether group
(534.1 eV),"¥ oxygen from the ether group reacted on silicon
(532 eV),"” and a C=0O group as a product of CH, abstraction
(532.7 eV)."¥ In Figure 3(c), the spectrum of the tetrazine/enol-
ether coupling product is shown. Two additional peaks are
observed, which are assigned to the C—O—C configuration
(534.7 eV, brown) and the C=0 configuration (533.2 eV, red) in
the tetrazine molecule. Both of these configurations have been
assigned in the spectrum of MEECO on silicon as well (Fig-
ure 3(d)), however, with a slightly different binding energy. This
difference in binding energy results from two contributions:
first, the two components are closely coupled in the ester group
of the tetrazine derivative but there is always only one oxygen
atom in the configurations related to MEECO on Si(001).
Second, the total chemical environment is different: The reacted
tetrazine molecule contains two nitrogen atoms, whereas no
further heteroatom with an electronegativity higher than for
carbon is present in the MEECO molecule. This assignment is
further backed by the peak positions deduced from the DFT
calculations shown in Figure 3(c).

The peak at 534.0 eV, which is assigned to the intact enol
ether group of MEECO, shows a reduced intensity in Figure 3(c)
when compared to Figure 3(d). This can be seen as a further
indication for the click reaction, which reduces the number of
intact enol ether groups on the surface.

The corresponding C 1s spectra are shown in Figure 4. All
spectra are dominated by the peaks of MEECO adsorbed on
silicon (compare Figure 4(d)). In Figure 4(a), when tetrazine is

© 2021 The Authors. Published by Wiley-VCH GmbH
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Figure 3. O 1s spectra measured under different experimental conditions. a)
The spectrum of tetrazine on MEECO/Si(001) at 150 K. Most of the intensity
(peaks at 533.3 and 535.0 eV, blue lines) can be assigned to the two oxygen
species present in the tetrazine molecule. Additionally, the oxygen atoms
from the adsorbed MEECO molecules contribute to the total intensity
(orange components, cf (d), the O 1s spectrum after MEECO adsorption on
Si(001)). b) The spectrum of tetrazine adsorbed on bare Si(001) at 300 K. The
most intense peak at 532.2 eV can be assigned to O—Si, thus indicating that
adsorption of tetrazine molecules on Si(001) involves on average more than
one oxygen atom per tetrazine molecule. In combination with Figure 2(b),
multi-tethered molecules, including the O and N atoms, can be deduced
from these experiments. c) The spectrum after tetrazine reaction on MEECO/
Si(001) at 380 K. The peak of the intact enol ether group decreases; two
additional peaks (brown and red) can be assigned to the oxygen atoms in
the tetrazine molecule (cf Figure 1(b)); they are in good agreement with the
calculated peak positions indicated by bars drawn in the respective color.

adsorbed on MEECO/Si at 150 K, three further components at
relatively high binding energy around 290 to 291eV and
between 286 and 288 eV can be measured. These peaks are
assigned to the carbon atoms binding with the oxygen atoms
(C—0; O—C=0) and nitrogen atoms in the intact tetrazine
molecule. These three components are also present in the
spectrum taken after tetrazine adsorption on Si(001) at 300 K
(Figure 4(b)). The spectrum shown in Figure 4(c) was taken after
reaction of tetrazine on a MEECO-covered surface at T;=380 K.
The contribution of the carbon atoms of tetrazine coupled to
MEECO to the total carbon signal is low, as the number of
reacted MEECO accounts only for approximately one fifth of the
MEECO coverage. Nonetheless, we observe a small peak at a
binding energy of 291 eV as indicated in the inset of Figure 4(c)
which can be assigned to the C atom in the intact ester group
(O—C=0) of the tetrazine molecules coupled to MEECO on
Si(001).

We carried out DFT calculations to shed light on the
reaction of adsorbed MEECO with tetrazine with the main
results summarized in Figure 5. We start from intact MEECO
adsorbed on Si(001) as investigated before."? The reaction with
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Figure 4. C 1s spectra measured under different conditions. a) Tetrazine
adsorbed on MEECO/Si(001) at 150 K. Blue lines: components attributed to
tetrazine (blue) and to MEECO on Si(001) (orange; cf (d)). b) Tetrazine
adsorbed on Si(001) at 300 K. The components attributed in (a) to carbon
atoms in tetrazine are shifted to lower binding energy due to adsorption of
the molecule to silicon, thus increasing the electronic density also at the
carbon atoms being in next neighborhood to the reacting N and O atoms.
The spectrum measured after tetrazine reaction on MEECO/Si(001) at 380 K
is shown in (c). The inset in (c) indicates a small signal at higher binding
energy. In (d), the C 1s spectrum after the MEECO adsorption on Si(001) is
shown for comparison.

tetrazine first leads to a physisorbed pre-complex 2-3 bound by
29 kJmol™" at room temperature (all energies refer to Gibbs free
energies, AG). The reaction then proceeds via a moderate
reaction barrier of 100 kymol™' towards the post-complex 4
which is already 75 kJmol ™' more stable than the reactants. The
final product 5 is then reached via loosing dinitrogen and
methanol. Due to the very high thermodynamic driving force
for this second reaction we did not investigate the reaction
barrier. The transition state structure TS shows the early state of
the formation of two C—C bonds that form the ring structure in
the product. The bond lengths are still quite long (2.052 A and
2329 A) in comparison to post-complex 4 which shows typical
values for C—C single bonds. This explains the moderate barrier
since the strong deformation in both molecules at the transition
state structure is not counter-balanced by stabilization via bond
formation processes. The barrier is nevertheless not too high to
be overcome at room temperature and perfectly in line with
the low reaction rates observed in experiment. For the higher
reaction temperature of 380 K, we find the barrier only mildly
increasing (+9 kJmol™).

In experiment, the reaction is only observed at elevated
temperature while it is not observed when heating the MEECO-
covered surface which was prepared with a multilayer of
physically bound tetrazine at 150 K (Figure S1, Supporting

© 2021 The Authors. Published by Wiley-VCH GmbH
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Figure 5. Computed reaction pathway (Gibbs free energy AG) of tetrazine with MEECO as adsorbed on Si(001). The reaction shows pre- (2-3) and post-
complexes (4) connected via a transition state structure (TS) and ends in the product (5) after loosing dinitrogen and methanol. Reaction energies including
thermodynamic corrections and high-level energy corrections are given at 298 and 380 K (in brackets) relative to the separated reactants. Selected bond

lengths are given in A.

Information). This observation is in agreement with the
theoretical results which suggest a substantial conversion rate
from 2-3 to 4 only at elevated temperatures. When slowly
heating the tetrazine-covered surface, desorption via the rather
low desorption barrier is favored over reaction via TS with its
higher energy barrier.

At this point, we would like to note that, in the experiment,
the MEECO-covered surface consists of several products and is
thus not homogeneous as assumed in the calculations. This
may alter the quantitative comparison between experiment and

MeO

Q9 0
7 «?‘\;ZSI'SI‘ZS

MeO

calculations but should have no influence on the qualitative
interpretation of the data.

As summarized in Figure 6, coupling between a tetrazine
derivative and an enol ether group, the latter being covalently
attached on a Si(001) surface via cyclooctyne, has been
experimentally observed under ultrahigh vacuum conditions,
i.e, in the absence of solvent or catalyst. Even under these
conditions, the reaction proceeds via a moderate energy barrier
between the physisorbed molecule and 4, as shown by means
of DFT calculations. The further reaction towards the exper-
imentally observed final product 5 then exhibits a strong

- MeOH
_N2

wSi-Sis

Qe Le NS

Figure 6. Summary of the reaction investigated: MEECO (1) reacts on the dimers of Si(001) via the strained triple bond of cyclooctyne forming 2.1 1,2,4,5-
Tetrazine-3,6-dicarboxylate (3) reacts with 2 via 4 to the final product 5 releasing N, and MeOH.
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thermodynamic driving force. In conclusion, this click chemistry
scheme in combination with the chemoselective reactivity of
substituted cyclooctynes (1—2 in Figure 6) allows for the
synthesis of covalently bound molecular architectures in an
UHV environment. As no catalyst is needed for the reaction
investigated in this study, it can be applied on a substrate of
choice, different to previously reported approaches, which were
performed on the surfaces of Cu-containing materials,"*? the
latter acting both as substrate and catalyst.

Methods

The XPS experiments were performed in a UHV chamber with a
base pressure < 1x107'° mbar. Si(001) samples were prepared
by degassing at 700 K and repeated direct current heating
cycles to 1450K. A well ordered 2x1 reconstruction was
obtained by cooling rates of about 1 K/s.2"?? The preparation of
methyl enol ether functionalized cyclooctyne (MEECO) on
Si(001) was carried out according to Ref. [12]. MEECO adsorp-
tion on Si(001) preferentially takes place via the strained triple
bond of the cyclooctyne ring; side reactions include ether
cleavage and the formation of an aldehyde group.™

Synthesis of dimethyl 1,2,4,5-tetrazine-3,6dicarboxylate
(short: tetrazine, Figure 1(b)) was carried out according to
Ref. [6]. Tetrazine was dosed via a leak valve from the vapor
phase in a test tube while the sample was kept at constant
temperature using direct current heating of the sample and
liquid nitrogen cooling of the sample holder. XPS measure-
ments were performed using an Al K, X-ray source with a
monochromator (Omicron XM1000) and a hemispherical energy
analyzer (Omicron EA125). All XPS spectra were referenced to
the Si 2p,, peak at 99.4 eV.”®! Voigt-profiles were used for
fitting the data; they are composed of 90% Gauffunction and
10% Lorentzfunction. If not otherwise stated, full width at half
maximum (FWHM) was approximately 0.9 eV in case of the
single components of the C 1s and O 1s signals, and
approximately 1.5eV for the N 1s signals; these values are
typical for XPS spectra measured in this setup.!>*"

DFT investigations were done with the Vienna ab initio
simulation package (VASP 5.4.4)*27 and standard PAW-
pseudopotentials PBE.54® with a large core configuration while
dispersion effects were considered via the DFT-D3 scheme
including an improved damping function.”**® The plane wave
energy cutoff was set to 400 eV and a total energy difference of
at least 10°® eV with “accurate” precision was used for SCF
convergence. Structural optimizations were performed with the
PBE-D3"" exchange correlation functional with the force
convergence criterion set to 1072 eV/A while more accurate
energies were then derived using HSE06-D3%? range-separated
hybrid functional as single-point energies. For tetrazine, a
planar structure has been used, PBE-D3 gives an unphysically
buckled structure as minimum. Transition-state structures were
calculated with the dimer method® as implemented in the
transition state tools (1.73) for VASP with tighter electronic
convergence of 1077 eV. For the Si(001) slab calculations, a I'-
centered 2x2x1 k-mesh was chosen together with a setup of
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six layers (two bottom layers frozen and terminated with
hydrogen atoms) as determined in previous work.®¥ Thermody-
namic corrections for the Gibbs energy were calculated at the
PBE-D3 level in a pseudo gas phase model by replacing all Si—C
bonds with capping hydrogens while keeping the C=C distance
fixed. Thus a restricted Hessian calculation is performed except
for free molecules (tetrazine, dinitrogen, and methanol) for
which the full Hessian is used. Scripts to extract thermodynamic
data from the VASP output have been published elsewhere.'
In order to improve the energies obtained with HSE06-D3, OSV-
PNO-CCSD(T)®* calculations as implemented in TURBOMOLE
7.3%9 were performed for the same gas phase model that was
used for the thermodynamic corrections. The higher order
correction is then given as follows:

CCSD(T) __ HSE06—D3
AC;’slab 7AEslab

g AE;:(;(;SD(T) _ AEg§E067D3 m

+ AGPBE7D3

gas

O 1s XPS peaks were determined in the initial state
approximation from recalculation of the core orbital Kohn-
Sham eigenvalues (VASP option: ICORELEVEL = 1) and shifted by
+25.7 eV.

Supporting Information

Supporting Information include XPS spectra on tetrazine
adsorption on MEECO-covered Si(001) after adsorption at 150 K
and heating to 300 K as well as information on computational
raw data.
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I. N 1s spectra of tetrazine adsorbed on MEECO-covered Si(001)
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Figure S1: (a) N 1s spectra from a tetrazine multilayer adsorbed on a MEECO covered Si(001)
surface at 150 K (same experiment as shown in Fig. 2(a) in the main paper). (b) After heating
to 300 K (30 min), no N 1s signal is observed any more, all tetrazine molecules are desorbed.
No reaction neither with the MEECO nor with the surface has taken place. The latter indicates
sufficient passivation by the adsorption of MEECO with respect to direct adsorption of tetrazine
on Si(001).

I1. Computational raw data

Computational raw data is available at the NOMAD repository:
https://dx.doi.org/10.17172/NOMAD /2020.11.19-1
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Towards w-wires on a semiconductor surface: Benzyne on

Si(001)

T. Glaser,” M. Tripp,” J.-N. Luy,"” R. Tonner-Zech,*” U. Koert,*® and M. Duirr*?

Towards the goal of covalently bound molecular wires on
silicon, the adsorption of benzyne on Si(001) was studied by
means of scanning tunneling microscopy (STM), X-ray photo-
electron spectroscopy (XPS), ultraviolet photoelectron spectro-
scopy (UPS), and density functional calculations (DFT). The
benzyne molecule is found to adsorb preferentially via the

Introduction

Ortho-arynes are reactive species which have significance in
organic chemistry as reactive intermediates with respect to
mechanistic questions and as synthon in organic synthesis." !
Benzyne, the simplest ortho-aryne, can be considered as
strained alkyne positioned at a benzene, the prototype of an
aromatic organic molecule.

The functionalization of semiconductor surfaces with such
aromatic organic molecules is of interest in the context of
molecular electronics,” in particular with respect to the
technologically most important Si(001) surface. The Si(001)
surface consists of rows of Si-dimer units (Figure 1), each Si-
dimer can undergo [2+2]-type cycloaddition reactions with
C—C double and triple bonds.” Benzene 1 binds to the silicon
surface in a parallel mode,® loosing its aromatic properties.
Assumed that benzyne 2 could be added via [2+2] cyclo-
addition to the Si-dimers/' a row of covalently fixed
benzene-analogue molecules, each orthogonal to the semi-
conductor surface, would be the result. If such a row of
benzene-like molecules exhibits some type of z-stacking, it
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strained triple bond on one dimer of the Si(001) surface which
results in an intact 7 system covalently bound to the surface.
With increasing coverage, the molecules primarily adsorb along
the dimer rows; on stepped surfaces, these molecular wires are
all oriented in the same direction.
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Figure 1. Top: Benzene 1 binds on the Si dimer, which represents the basic
unit of the Si(001) surface, parallel to the surface (only the “standard
butterfly” configuration is shown™). Adsorption of benzyne 2 via a [2+42]
reaction of the strained triple bond would lead to a covalently attached,
aromatic benzene molecule on Si(001). Bottom: Different synthetic routes to
benzyne. The precursor molecule benzothiadiazoldioxide 6 decomposes into
benzyne 2, N,, and SO, when the temperature is increased to values above
0°C; the gas phase benzyne is then led into the UHV chamber for adsorption
on the Si(001) surface.

represents a s-wire on the silicon surface which might be
employed for charge transport in molecular electronics.

Here we address the synthetic challenge to add benzyne to
the Si(001) surface. In such an approach, the generation of
benzyne has to be compatible with ultra-high vacuum (UHV)
conditions necessary for the preparation of atomically flat and
clean Si substrates and the characterization of the surface
chemistry by means of XPS and STM. Therefore, solution-based
routes to benzyne 2 such as the decomposition of benzenedia-
zonium-2-carboxylates 3" or MX-eliminations from ortho-
metallated halogenobenzenes 4" as indicated in Figure 1 are
not suitable. On the other hand, the photochemical decom-
position of phthaloylperoxide 5" or the thermal treatment of
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1.2.3-Benzothiadiazol-1.1-dioxide 6"” should be compatible
with experiments in UHV.

Experimental and Theoretical Methods

STM and XPS experiments, as well as sample preparation were
performed in a UHV chamber with a base pressure < 1x107'° mbar.
Si(001) samples were prepared by degassing at 700 K and repeated
direct current heating cycles up to 1450 K. With cooling rates of
about 1 K/s, a well ordered 2x1 reconstruction was obtained.!®'”

Benzothiadiazoldioxide was used as precursor of benzyne. It was
synthesized according to Wittig and Hoffmann""” (experimental and
spectroscopic details are given in the Supporting Information) and
stored at —25°C. For the adsorption from gas phase, the temper-
ature of the glass vessel, in which 25 mg of the precursor were
stored, was increased to 0°C. The formed benzyne and byproducts
were introduced into the UHV chamber via a short stainless steel
tube and a precision leak valve.

STM experiments were performed with a variable temperature STM
(Omicron VT-STM). XPS measurements were performed using an Al
K., X-ray source with a monochromator (Omicron XM1000) and a
hemispherical energy analyser (Omicron EA125). All XPS spectra
were referenced to the Si 2p,,, peak at 99.4 eV.”” For fitting the XPS
data, Voigt-profiles were used; they are composed of 90%
GauBfunction and 10% Lorentzfunction. Full width at half max-
imum (FWHM) was set to approximately 0.9 eV in case of the single
components of the C1s signal, a typical value for single lines
measured in this setup.?’* UPS spectra were taken with a He | gas
discharge source.

DFT-based calculations were performed with the Vienna Ab Initio
Simulation Package (VASP 5.4.4)**% using the PBE exchange
correlation functional® and setting the plane wave energy cutoff
to 400 eV. A total energy difference of 10 eV and “accurate”
precision is used for SCF convergence. For structural optimization,
the force convergence criterion was set to 1072 eV/A. Standard
PAW-pseudopotentials®® PBE.54 with a large core configuration are
used to speed up the calculations. A T-centered 2x2x1 k-mesh
was chosen together with a setup of Si(001) slabs (six layers, two
bottom layers frozen and terminated with hydrogen atoms) as
determined in previous work.”” All structures were optimized at
the PBE level while dispersion effects were considered via the
DFT-D3 scheme including an improved damping function.?”
Adsorption energies (E,q) are computed as difference (Equation 1):

Eads = Eadsorbate@surface - Efree molecule — Esurface' (1)
This energy is split up in contributions from the exchange-
correlation functional (AE,,..) and the dispersion contribution from
DFT-D3 (AEg,).

The band structure of the benzyne molecules in on-top adsorption
mode has been calculated at full surface coverage with PBE. As we
are interested in the bands resulting from the organic layer, the Si-
slab has been removed from the optimized surface-adsorbate
structure and dangling C-bonds were saturated with hydrogen
atoms. A constrained reoptimization of H positions has been carried
out.

The density of states (DOS) of a structure with coverage §=0.5 has
been calculated with the range-separated hybrid functional
HSE06°" based on the PBE-D3 optimized structure. In order to
compare to experimental UPS data, a uniform Gaussian broadening
of 0.5 eV and a shift of the Fermi-level by 1.73 eV has been applied
to the raw peaks.

ChemPhysChem 2022, 23, €202200404 (2 of 6)

Results and Discussion

As a first step, the adsorption of benzyne on a clean Si(001)
surface at low and medium coverage was studied by means of
STM. In Figure 2(a), (c) and (d), STM images of the clean Si(001)
surface as well as after adsorption of benzyne at low coverage
(0.08 molecules per dimer) are shown. Both at negative bias
(U= -2V, Figure2(c)) as well as at positive sample bias
(U = +0.8V, Figure 2(d)), bright features are observed in the STM
images. They are directly associated with the adsorbed molecules;
more than 90% (out of more than 400 features counted) are
symmetric with respect to the dimer rows, indicating that the
single benzyne molecules adsorb preferentially on top of one
dimer ("on top” or "one dimer” adsorption configuration). In
previous experiments with cyclooctynes, the strained triple bond
was shown to exhibit a high reactivity which leads to selective
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Figure 2. (a), () to (e): STM images (sample bias U = —2 V in (a), (c) and (e),
U= 40.8Vin (d)) of (a) a clean Si(001) surface and (c) to (e) benzyne
adsorbed on Si(001). Adsorption and measurement temperature was 300 K.
Bright features are assigned to adsorbed benzyne molecules. In (c) and (e),
red lines are drawn between selected dimer rows. In the bottom left corner
of (e), the adsorption pattern is shown schematically. Oval features shown in
black represent unreacted silicon dimers; white ovals represent benzyne
molecules adsorbed on top of one dimer. Half-filled ovals represent defects
or benzyne molecules in endbridge configuration. (b) Adsorbed molecules
per dimer vs. dosage of benzyne molecules. Connected line: linear fit.
Dashed line: Langmuir-type adsorption behavior. If not separately indicated,
error bars are within symbol size. (f) Calculated STM images at U = —2 V for
on-top (left) and endbridge configuration (right) based on surfaces of
constant charge density of approx. 0.27 e /A%, Red lines separate dimer rows.
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adsorption on top of one dimer even in the case a second
functional group is present in the molecule" If this is also
applicable to benzyne, i.e., the molecules adsorb via the strained
triple bond of the molecule, it results in a symmetric adsorption
configuration of the molecules with an intact s-system, in
accordance with the symmetric bright features observed in the
STM images. Comparison with calculated STM-images (Figure 2(f),
details on calculations see below) also indicate that the on-top
configuration can be clearly distinguished from molecules which
adsorb over two dimers ("endbridge” configuration). Quantitative
evaluation of line scans through the symmetric features along the
dimer rows (Figure S1 in the Supporting Information) indicate that
they are less than two dimers in width, in good agreement with
the calculated images of the on-top configuration (Figure 2(f)).

We can exclude a major contribution of SO, and N,, the
byproducts of the reaction leading to benzyne, to the observed
adsorption features as we do not detect an N 1s or an S 2s
signal in the XPS spectra, neither at low nor at higher coverage.
There are some additional dark features in the STM images and
a few of the bright features deviate in size or shape; they might
be defects of the Si(001) surface, additional adsorbates (see
below), or, in the latter case, adsorbed benzyne molecules in
the endbridge configuration.

In Figure 2(e), an STM image of Si(001) with a higher
coverage of benzyne molecules (0.66 molecules per dimer) is
shown. Also at increased coverage, the main adsorption motive
known from low coverage, i.e., bright features following the
dimer row structure, is predominantly observed. The resulting
adsorption pattern is shown schematically in the bottom left
corner of Figure 2(e). Some of the bright features appear
between the dimers rows, they might be attributed to a low
contribution of endbridge configurations or defects. In Fig-
ure 2(b), the ratio of molecules per dimer as a function of
applied dose of benzyne molecules is shown for three cover-
ages. Within the error bars, the data are compatible with a
Langmuir-type of adsorption. However, they can be also
described with a linear relationship. Such a deviation from strict
Langmuir-type adsorption behavior would point towards an
extrinsic precursor state on top of already saturated adsorption
sites®®* or at least some steering of incoming molecules from
an occupied to an unoccupied adsorption site as observed
previously for cyclooctyne."*!

In order to investigate the adsorption at full surface cover-
age, benzyne was adsorbed on a Si(001) surface miscut by 5.5°
towards the [110] orientation. These miscut surfaces form
double atomic height Dg-steps and the dimer rows are all
aligned in one direction.®**® In Figure 3(a), an STM image of
such a surface which is completely covered with benzyne
molecules is shown. Besides some defects (black features in
Figure 3(a)), only bright features are observed, indicating that
almost all dangling bonds on the surface were reacted with
benzyne molecules. Within each terrace, clear lines which are
associated with the dimer rows, are observed thus indicating
ordered arrangements of the adsorbed benzyne molecules. The
situation is schematically shown in Figure 3(b).

Further information on the chemical bonding of benzyne
on Si(001) was obtained by means of XPS. The C1s spectrum in

ChemPhysChem 2022, 23, €202200404 (3 of 6)

Figure 3. (a) STM image of a Si(001) surface miscut by 5.5° towards the [110]
orientation (U= —2V, | = 0.5 nA). The sample is completely covered with
benzyne molecules. A schematic view of the area indicated by the red frame
is shown in (b) with the adsorption of benzyne on Si(001) along the dimer
rows of the stepped, single-domain surface.

Figure 4 was taken after a benzyne dosage of 5 x 10~ mbar-s
at room temperature which results in about 0.5 adsorbed
molecules per dimer. The main peak in Figure 4 is too broad for
one single component and can be divided into two contribu-
tions. If we keep the width of these two components constant
at 0.9 eV, the main peak can be represented by a smaller
component at a binding energy of 284.3 eV (orange) and a
larger contribution at 284.7 eV (dark red).

The peak at 284.3 eV is assigned to the two carbon atoms of
the benzyne molecule binding to the Si(001) surface;!"'?%*” the
second peak at a binding energy of 284.7 eV is assigned to the
further 4 carbon atoms in the benzyne molecule. The obtained
value for the binding energy is typical for carbon atoms in
molecules containing C=C double bonds or aromatic
systems.?>*7?8 The intensity ratio of these two peaks is 1:2 as
expected for the ratio of carbon atoms in the adsorbed benzyne
molecule which is shown in the inset of Figure 4. The peak at
highest binding energy in the C1s spectrum at 286.0 eV (grey

Intensity [arb. units]

1 1 1 1 1
288 287 286 285 284 283 282
Binding Energy [eV]

Figure 4. C1s spectrum after the adsorption of benzyne on the Si(001)
surface at room temperature. The expected reaction product is shown as
inset. The main peak can be decomposed into two contributions: The peak
shown in orange is assigned to carbon atoms binding to the silicon surface.
The peak shown in dark red is assigned to the remaining 4 atoms of the
benzyne molecule. The peak at highest binding energy is assigned to a small
amount of contaminations on the surface with carbon bound to oxygen.
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component) is assigned to some contamination on the surface,
e.g., some oxygen containing species as we observe a small
signal in the O1s region. They might be associated with the
black and/or additional bright signatures in the STM images
and are a possible origin for the deviation from a perfect
ordering at increased coverage.

In Figure 5, the UPS spectrum taken from a clean silicon
surface (black) is compared to a spectrum taken after
adsorption of benzyne. In the spectrum from the clean surface,
the dangling bond surface states show up as a dominant peak

UPS He 1 clean Si(001)

I benzyne/Si(001) -
experiment

— — benzyne/Si(001)

theory

Intensity [arb. units, arb. offset]

10 8 6 4 2 0
Binding Energy [eV]

Figure 5. UPS spectra of the clean (black) and benzyne-covered (red) Si(001)
sample. For the clean surface, the characteristic peak of the dangling bonds
is observed at low binding energy. For the spectrum of the benzyne-covered
Si(001) surface, adsorption and measurement were performed at room
temperature, coverage was approximately 0.65 molecules per dimer. The
intensity of the dangling bond peak is strongly reduced; in the range of
higher binding energy, molecular peaks are observed. Qualitatively, the peak
positions are in good agreement with the calculated UPS spectrum

(Bsheory = 0.5, the corresponding charge distributions are shown in Figure S2
in the Supporting Information).

Figure 6. Computed (PBE—D3) adsorption structures for benzyne on Si(001)c-
(4x2). (a) on-top and (b) bridge adsorption modes for lowest coverage

(6 = 0.125) considered. Molecular arrangement for full coverage (0 = 1) for (c)
on-top in top view and (d) bridge in side view. Bond lengths are given in A.
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at low binding energy. After the adsorption of benzyne, this
peak is strongly reduced in intensity, indicating that adsorption
takes place via the dangling bonds. Additional peaks at higher
binding energy are observed after adsorption, they are
attributed to molecular states of the adsorbed benzyne
molecules (compare Figure S2 in the Supporting Information).

To shed further light on the adsorption configuration and
electronic states of the adsorbed benzyne molecules on Si(001),
we have performed DFT calculations. The investigation of
adsorption structures resulted in stable configurations for
adsorption in on-top and bridge modes shown in Figure 6. We
investigated coverages (calculated as molecules/dimer, see
Figure 2) from 6 =0.125 (Figures6(a) and (b)) to 6 =1
(Figures 6(c) and (d)). Adsorption energies (E,q) for a series of
surface coverages and molecular arrangements are shown in
Table 1. Further adsorption configurations in analogy to the
adsorption of benzene®® have been investigated but all these
structures were found to be significantly less stable (compare
Figure S3 in the Supporting Information).

We find that for adsorption of the first molecule, the on-top
mode is preferred by 19 kimol™' over the bridge mode which is
mainly due to a stronger covalent bonding energy contribution
(AAE . = 26 kkmol™") while the bridge mode shows a slightly
larger stabilization by dispersion interaction (AAEy,, = 7 kimol™)
resulting from the slight bending over the dimer rows (Fig-
ure 6(b)). The increase in coverage results in a small preference for
the bridge mode already for 6 = 0.25 which is a combination of
stronger covalent bonding and increased dispersion interaction.
The differences in energy are however small (14 kJmol™' compar-
ing the structures with the largest E,4 value for the same surface
coverage). More interesting is that the adsorption energy hardly
changes upon increasing coverage. The inverse trend of covalent
and dispersion bonding contributions for increasing coverage
leads to rather constant energies from 6 = 0.25 to 6 = 1 for both
adsorption modes. This is very unusual since commonly, adsorp-
tion energies for such large organic molecules decreases signifi-
cantly upon increasing coverage due to intermolecular
repulsion.”” The reason here is clearly the adsorption of benzyne
in an upright configuration perpendicular to the surface which
leads to favorable arrangements in both adsorption modes even
at full coverage (Figures 6(c) and (d)). The molecule shows a very
large adsorption energy which even by far exceeds the bonding
of other strongly bound alkynes on Si(001) like acetylene (E,q=
—268 kJmol™") and cyclooctyne (E,4,=—308 kJmol™").?¥ The main
reason is the very good match of the adsorbate to the surface
which requires minimal distortion for bonding (called preparation
energy AE,., in previous work). As shown previously, acetylene
has to distort strongly mainly by rearranging from a linear to a
bent form resulting in AE,., =364 kJmol™ for the adsorbate.
Even cyclooctyne, which already has a non-linear arrangement of
atoms around the triple bond, shows a smaller but still significant
AE,, =313 kimol P4 Benzyne nevertheless has a strongly bent
triple bond already in the molecular structure and thus shows a
significantly smaller value of AE,., =97 kimol™. It is thus not
surprising that we find barrierless adsorption pathways from the
gas phase into both on-top and bridge adsorption modes. This is
an indication for a direct adsorption without a stable precursor

© 2022 The Authors. ChemPhysChem published by Wiley-VCH GmbH



ChemPhysChem

Research Article

doi.org/10.1002/cphc.202200404

Chemistry

Europe

Table 1. Adsorption energy (E,q) with contributions from electronic (Eg..)
and dispersion (Eys,) effects in kmol™ for different coverages 6.

Adsorption
structure arrangement E.qs Egisp Eeiec
on-top
i )
0=0.125 & <A R —464 —29 —435
6=0.25 —463 —42 —421
0=0.25 —470 —47 —423
6=0.5 —474 —59 —415
6=1 —474 —65 —409
bridge
{
6=0.125 / —445 —-36 —409
“‘\ /J ‘\/“ “\/‘ \\/“
aYa
=00
6=0.25 AR R —484 ~50 _434
\\7 | \\/J
( i |
0=0.5 bava¥aval —488 —56 —431
UUuUY
=05 —484 —64 —419
=1 —488 —69 —419

intermediate on the clean surface. Notably, the intrinsic bond
strength (calculated as the interaction of deformed adsorbate and
surface, thus after considering the preparation energy) is some-
what smaller (60-70 kimol™') compared to acetylene and cyclo-
octyne. We can thus conclude that the highly strained arrange-
ment of benzyne makes it an ideal match to the Si(001) surface
dimer resulting in a very strongly bound structure. The preference
of the on-top mode for initial adsorption indicates that this will be
the dominant structure also towards full coverage: After a few
adsorbates adsorb in on-top mode, less and less surface dimers
will be available for bridge adsorption. Furthermore, disperson-
mediated steering of incoming adsorbates could be a valid

ChemPhysChem 2022, 23, €202200404 (5 of 6)

mechanism towards preferential adsorption in on-top structures at
full coverage.®

As outlined in the introduction, the creation of & wires is a
motivation for the current study. We thus investigated the band
structure of the on-top structure with full coverage (Figure 7)
which corresponds to the situation shown in Figure 3. We can
clearly distinguish between band dispersion along the dimer
row (in reciprocal space: I’ — J) and across the dimer rows (in
reciprocal space: I' — J). While there are flat bands found
across the dimer rows, the bands show significant dispersion
along the rows indicating stronger electronic interaction
between neighboring adsorbates. This effect is more pro-
nounced for the occupied bands but can also be found for the
unoccupied bands. This gives a hint that a full layer of benzyne
adsorbed on Si(001) can indeed be used as a set of molecular
m-wires which could show anisotropic charge transport proper-
ties. From this initial findings, hole transport (i.e., removing an
electron from the dispersed occupied bands) in the direction
along the dimer rows seems the most promising effect to
search for in the future.

Conclusion

In conclusion, benzyne which has been prepared via thermal
decomposition of benzothiadiazoldioxide can be used for the
functionalization of highly reactive silicon surfaces under UHV
conditions. Both experiment and theory suggest upright
adsorption of the resulting benzene-like molecule, preferentially
on top of one dimer. At increased coverage, the surface-
adsorbed molecules arrange in lines along the dimer rows. The
calculated band structure indicates much stronger delocaliza-
tion of the charge carriers along the dimer rows when
compared to the direction perpendicular to the rows. The

4.3
4 -
K
. 0000
: 000
w
Er r J
0
reciprocal space real space
-0.8 T
J r J

Figure 7. Calculated band structure (PBE) for the on-top adsorption mode at
coverage 6 = 1. Only the organic layer has been considered, see method
section for details. The surface unit mesh (shown in red) emphasizes that the
reciprocal space path I" — J corresponds to real space direction along the
dimer row while I' — J corresponds to the direction across rows. The Fermi
energy (E¢) corresponds to an artificial reference level resulting from the
computation.
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benzyne molecules adsorbed on one dimer row can thus be
seen as a molecular sr-wire on top of the silicon surface.

Supporting Information

The Supporting Information includes: description of the syn-
thesis of benzothiadiazoldioxide 6 including general methods
and materials; NMR-spectra of all compounds; line scans across
the features associated with adsorbed benzyne in STM images;
calculated charge distributions of adsorbed benzyne molecules;
additional calculated adsorption structures; information on
computational raw data.
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1 General methods and materials

All non-aqueous reactions were carried out using flame-dried glassware under argon
atmosphere. All solvents were distilled by rotary evaporation. THF for non-aqueous
reactions was dried with KOH and subsequently distilled from sodium/benzophenone
and from Solvona® respectively. The CDCIs used for NMR-measurements was
removed from DCI by passage through basic aluminum oxide and degassed three
times by freeze-pump-thaw cycles. All commercially available reagents and reactants
were used without further purification unless otherwise noted. Reactions were
monitored by thin layer chromatography (TLC) using Merck Silica Gel60 F254 and
visualized by fluorescence quenching under UV-light. In addition, TLC plates were
stained using a cerium sulfate/phosphomolybdic acid stain or a potassium
permanganate stain. Chromatographic purification of products was performed on
Macherey-Nagel Silica Gel 60 M (0.04-0.063 mm) or Macherey-Nagel Aluminum
Oxide 90 (neutral, pH7 = 0.5, 0.05-0.2 mm) using a forced flow of eluents.
Concentration under reduced pressure was performed by rotary evaporation at 40 °C
and appropriate pressure and by exposing to high vacuum at r.t. if necessary. NMR-
spectra were recorded on a Bruker AVIII HD250, AVII 300, AVIII HD300, AVIII 500 or
AVIIl HD500 spectrometer at r.t. unless otherwise mentioned. Chemical shifts are
reported in ppm with the solvent resonance as internal standard. Data are reported as
follows: s = singlet, d = doublet, t = triplet, q = quartet, quin = quintet, m = multiplet and
combination thereof. Melting points were determined on a MP70 (METTLER TOLEDO)
using one end closed capillary tubes. IR-spectra were prepared from pure compounds
using FT-IR-spectrometer alpha from BRUKER. The absorption bands are given in
wavenumbers v (cm™') and the intensities are set to s (strong), m (medium) and w
(weak). Mass spectra were recorded by the mass service department of the
Philipps-Universitat Marburg. HR-ESI & HR-APCI mass spectra were acquired with a
LTQ-FT mass spectrometer (THERMO FISCHER SCIENTIFIC). The resolution was set to
100.000. HRS-EIl mass spectra were acquired with an MAT95 mass spectrometer

(FINNIGAN). An internal standard (PFK) was used for mass calibration.
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2 Synthesis of Benzothiadiazoldioxide 6

Benzothiadiazoldioxide 6, the benzyne precursor, was synthesized following the

collected information from Hoffmann and Wittig according to scheme S1.0!

/ -
0 THF $ aq. NaOH >
o 0°C,2h 0 r, 21 h
86% 92%
7 ° 8 ° 9
1) NaNO,
aq. H,SO,4/glycerin H
-15°C,2h N, Pb(OAC),
NH
2) Zn, AcOH '§‘\o MeCN-ds
EtOH/Et,0 o —15°C, 30 min
-20°C,1.5h 10 91% conversion

44%, 2 steps

Scheme S1 Synthesis of the benzyne precursor 6.

2-Nitrobenzenesulfinic acid (8) 2

=N THF N
¢ © 0°C,2h o)
7[221.61] 86% 8[187.17]
compound M [g/mol] eq. n [mmol] m [g]
nosyl chloride 7 [221.61] 1.00 9.02 2.00
NaBH4 [37.83] 5.00 45.1 1.71

NaBH4 (1.71 g, 45.1 mmol, 5.00 eq.) was added in portions over 3 min to a solution of
nosyl chloride 7 (2.00 g, 9.02 mmol, 1.00 eq.) in THF (108 mL) at 0 °C. The reaction
was stirred at 0 °C for 2 h before it was carefully quenched by adding H20 (40 mL).
2 M aqg. HCI was added until pH =1 and the mixture was extracted with CHClI3

(3 x 80 mL). The combined organic layers were washed with brine (80 mL) and dried
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with MgSOa4. The solvent was removed under reduced pressure to obtain sulfinic acid 8
(1.45 g, 7.75 mmol, 86%) as yellow solid. The analytical data was in agreement with

the literature.!?
TH-NMR: 300 MHz, DMSO-ds; 6 = 8.22 (dd, J=8.1, 0.9 Hz, 1H, Ha), 8.12 (dd,

J=7.8,14Hz, 1H, Ha.), 8.01 (td, J=7.5, 1.0 Hz, 1H, Ha.), 7.86-7.80
(m, 1H, Har) ppm.

Sodium 2-aminobenzenesulfinate (9)

NO, Ha NH,
©: Pd/C
OH ——— _ON
ﬁ aqg. NaOH ﬁ °
o] r,21h o]
8[187.17] 92% 9[179.17]
compound M [g/mol] eq. n [mmol] [:g] V [mL]
sulfinic acid 8 [187.17] 1.00 2.67 500 -
NaOH (1 m in H20) [40.00] 1.00 2.67 - 2.7
Pd (10w% on carbon) [106.42] 0.10 0.27 284 -

NaOH (1 Min H20, 2.7 mL, 2.67 mmol, 1.00 eq.) was added to a suspension of sulfinic
acid 8 (500 mg, 2.67 mmol, 1.00 eq.) in H20 (4.0 mL). Pd (10w% on carbon, 284 mg,
0.27 mmol, 0.10 eq.) was added and the flask was purged with Hz (2 x). The flask was
equipped with an Hz-balloon and the suspension was stirred vigorously at rt for 21 h.
The mixture was filtered, rinsed with H20 (20 mL) and the solvent was removed under

reduced pressure to obtain sulfinate 9 (441 mg, 2.46 mmol, 92%) as off-white solid.

1H-NMR: 300 MHz, DMSO-ds; 5 = 7.13 (dd, J = 7.6, 1.5 Hz, 1H, Ha.), 6.92-6.87
(M, 1H, Har), 6.50-6.45 (M, 2H, 2 X Har), 5.56 (d, J = 5.5 Hz, 2H, NH2)

ppm.
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13C-NMR: 75 MHz, DMSO-ds; & = 146.2 (s, 1C, Car), 139.8 (s, 1C, Car), 128.3 (s,
1C, Car), 125.6 (s, 1C, Car), 115.1 (s, 1C, Car), 115.0 (s, 1C, Car) ppm.

HR-MS: ESI(-); m/z calc. for CsHsNO2S [M-Na]~: 156.0125, found: 156.0131.

FT-IR: neat; ¥ = 3409 (w), 3282 (m), 3064 (w), 3029 (w), 3007 (w), 1612 (m),
1588 (w), 1477 (m), 1448 (w), 1320 (w), 1298 (w), 1253 (w), 1179 (w),
1147 (w), 1096 (w), 1061 (w), 1034 (m), 986 (s), 931 (w), 858 (w), 839
(W), 760 (w), 740 (s), 722 (w), 671 (w), 618 (w), 591 (m), 552 (w), 498
(m), 471 (w), 439 (s) cm.

m.p.: 259 °C (H20).

2,3-Dihydrobenzo[d][1,2,3]thiadiazole 1,1-dioxide (10)

1) NaNO,
NH, aq. Hy,SO,4/glycerin H
-15°C,2h N,
.ONa NH
i 2) Zn, AcOH 5
0 EtOH/Et,0 0
9[179.17] -20°C,1.5h 10 [170.19]
35%, 2 steps
compound M [g/mol] eq. n [mmol] m [mg]
sulfinate 9 [179.17] 1.00 2.23 400
NaNO:2 [68.99] 1.00 2.23 154
zinc-dust [65.38] 4.40 9.82 642

Sulfinate 9 (400 mg, 2.23 mmol, 1.00 eq.) and NaNO2 (154 mg, 2.23 mmol, 1.00 eq.)
were dissolved in H20 (2.6 mL) and added to a solution of 2 M aq. H2SO4 (4.4 mL) in
glycerin (6.2 mL) at —15 °C. The suspension was stirred at —15 °C for 2 h and then
allowed to warm up to -7 °C. Et2O (10 mL) was added and the mixture was stirred
vigorously for 15 s. The Et2O-layer was decanted into a separate flask, which was pre-
cooled to —78 °C. The reaction mixture was extracted this way five times at —7 °C. The

combined Et20-layers were allowed to warm up to —20 °C before adding EtOH (50 mL),
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AcOH (8.0 mL) and zinc-dust (642 mg, 9.82 mmol, 4.40 eq.). The suspension was
stirred at —20 °C for 1.5 h before it was filtered over a pad of celite and rinsed with
EtOAc (30 mL). The solvent was removed under reduced pressure and the crude
product was purified via column chromatography (CHCIs/MeOH 29:1) to obtain

benzothiadiazoline 10 (166 mg, 975 umol, 44% over two steps) as pale yellow crystals.

TLC: R = 0.39 (CHCIas/MeOH 20:1).

'H-NMR: 300 MHz, DMSO-ds; 6= 8.90 (d, J=3.4Hz, 1H, NH), 8.71 (d,
J=3.4Hz, 1H, NH), 7.72 (d, J = 7.7 Hz, 1H, Ha), 7.59-7.54 (m, 1H,
Har), 7.20-7.14 (m, 1H, Har), 7.09 (d, J = 8.2 Hz, 1H, Ha) ppm.

13C.NMR: 75 MHz, DMSO-de; 6 = 149.3 (s, 1C, Car), 133.7 (s, 1C, Car), 124.2 (s,
1C, Car), 122.8 (s, 1C, Car), 120.9 (s, 1C, Car), 115.8 (s, 1C, Car) ppm.

HR-MS: APCI(-); m/z calc. for CeHsN202S [M]"”: 170.0155, found: 170.0155.

FT-IR: film; ¥ = 3281 (w), 3244 (m), 2920 (w), 2851 (w), 1597 (w), 1465 (w),
1375 (w), 1301 (s), 1171 (s), 1154 (w), 1131 (w), 1061 (w), 889 (w),

857 (w), 748 (s), 694 (m), 626 (m), 570 (m), 537 (w), 521 (w), 488 (w),

466 (m) cm™".

m.p.: 115 °C (MeOH).

Benzo[d][1,2,3]thiadiazole 1,1-dioxide (6)

H N

N, Pb(OAC), N
NH <

Sy MeCN-d o
(I)I © -15 °C, 30 min o

10 [170.19] 91% conversion 6 [168.17]

compound M [g/mol] eq. n [umol] m [mg]
benzothiadiazoline 10 [170.19] 1.00 100 17

Pb(OAC)4 [443.37] 1.00 100 44
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A pre-cooled solution of Pb(OAc)s4 (44 mg, 100 mol, 1.00 eq.) in MeCN-d3 (0.66 mL)
was added dropwise to a solution of benzothiadiazoline 10 in MeCN-d3 (0.33 mL) at
—15 °C. The suspension was stirred at —15 °C for 30 min, before it was cooled to
—50 °C for 5 min to precipitate the salts. After warming up to —20 °C, the suspension
was filtered and the yellow filtrate was examined via NMR-spectroscopy at —20 °C,

which showed 91% conversion to benzothiadiazole 6.

TH-NMR: 500 MHz, 253 K, MeCN-d3; 6 = 8.31-8.30 (m, 1H, Ha.), 8.15-8.14 (m,
1H, Har), 8.00 (td, J=7.6, 1.3 Hz, 1H, Ha:), 7.96 (td, J=7.4, 1.0 Hz,
Har) ppm.

BC-NMR: 126 MHz, 253 K, MeCN-ds; 6 = 146.7 (s, 1C, Ca), 137.8 (s, 1C, Car),
136.5 (s, 1C, Car), 127.9 (s, 1C, Car), 124.6 (s, 1C, Cqr), 121.1 (s, 1C,
Car) ppm.
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3 NMR-spectra of all compounds
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4 STM line profiles

T T T

| (a)along the dimer rows

Height [nm]

x-Position [nm]

Fig. S1: (a) Four examples of line scans parallel to the dimer rows through symmetric bright features
measured in negative sample bias. The average Gaussian fit function (full width at half maximum
0.5 nm) is shown in light blue. The direction of the line scans is indicated by a blue arrow in the STM
image shown in the inset. (b) Four examples of line scans perpendicular to the dimer rows through
symmetric bright features measured in negative sample bias. The average fit function is shown in dark
red (full width at half maximum 0.5 nm). The direction of the line scans is indicated by a red arrow in the
STM image shown in the inset in (a).
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5 Calculated charge distributions of benzyne/Si(001)

() p—o Eping=2.43 eV

Fig. S2: (a) to (c) Charge density distributions at the I'-point based on HSE06 calculations for selected
binding energies in correspondence to the UPS spectra shown in Fig. 5. (a) indicates a surface state,
(b) a molecular state, and (c) a hybrid state. Surfaces of constant charge density values of 0.003 to
0.004 e/A3 were chosen for best visual clarity.
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6 Additional calculated adsorption structures

(a) tight bridge

E,4s=-397 kJ/mol
R 1.93

(b) twisted bridge
E,4s=-380 kJ/mol

(c) pedestal
E,4s=-349 kJ/mol

Fig. S3: (a) to (c) Further calculated adsorption structures and associated binding energies.
Nomenclature follows Ref. [3]. All shown structures are significantly less stable than the structures
discussed in the main paper.



S15

7 Information on computational raw data

Raw data underlying the results of the computational section are freely available via
the NOMAD database:

https://dx.doi.org/10.17172/NOMAD/2022.05.12-1

https://dx.doi.org/10.17172/NOMAD/2022.07.25-1
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