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Abstract

Creation and study of new materials exploiting sophisticated quantum physics, re-
quires studying equally sophisticated chemistry integrated into structures via novel
means. The self-organization of magnetic atoms dressed by ligands, so called sin-
gle molecule magnets (SMMs), is widely studied and reported. Utilizing electro-
spray deposition (ESD) permits the study of intricate thermolabile, modifications
on the bis(phthalocyaninato) terbium complexes [TbPc,]° on surfaces, overcoming
limitations of traditional sublimation methods. Functionalization allows for specific
tuning of pyhsiochemical properties on the surface. The interdisciplinary method-
ology—spanning ligand synthesis, precision deposition, and quantum-level prob-
ing—underscores the imperative of cross-disciplinary innovation to address emer-
gent scientific challenges within quantum technologies. The study of functionalised
unsublimable molecules deposited by ESD probed by STM within this work pertains
to multiple goals. A better understanding of the scientific methodology required to
carry out these studies, would permit similar experiments outside of the scope of
this thesis. By integrating synthetic chemistry, surface science, and quantum tech-
nologies, the work studies new quantum materials, with a particular focus towards
quantum information processing (QIP) applications.

The first project within this framework is the validation of ESD as a viable tech-
nique, demonstrating intact deposition of [TbPc,1°, with the restored radical prop-
erty confirmed by a Kondo resonance, matching sublimation results. This is of par-
ticular relevance as the molecule is necessarily charged for ESD. Based on the suc-
cessful measurement of Kondo effect of [TbPc,]° deposited on surface via ESD, a
study into tuning the Kondo properties towards the goal of studying quantum criti-
cal Kondo lattices will be progressed. Towards this goal, a tuned lattice of alkyl func-
tionalised [TbPc;]” has been created and measured on surface. Where differing alkyl
chain lengths of 2 and 6 carbons allow for a size tuned lattice, and thus, tuning of the
intermolecular interactions, in particular indirect magnetic coupling. Additionally,
The successful deposition on the surface of a novel stable diradical molecule was
explored. The [NO-Pc(TbPc)]® studied is promising for applications towards QIP,
acting as a potential 2 qubit system. By observing NO-group-mediated interactions
and conformational switching this suggests a retained diradical character.

The findings underscore ESI-CIBD’s potential to study non-sublimable molecules,
enabling bottom-up synthesis of quantum materials. The interdisciplinary approach
spanning ligand design, advanced deposition techniques, and quantum-level mea-
surement highlights the necessity of cross-field collaboration to tackle modern sci-
entific frontiers towards new quantum technologies.






vii

Zusammenfassung

Die Entwicklung und Untersuchung neuer Materialien zur Ausnutzung hochen-
twickelter Quantenphysik erfordert die Nutzung ebenso hochentwickelter Chemie,
und neuartige Verfahren zur Integration in funktionelle Strukturen. Die Selbstorgan-
isation magnetischer Atome, die von Liganden umgeben sind, Einzelmolekiilmag-
nete, wurde umfassend untersucht und dokumentiert. Die Verwendung der Elek-
trospraydeposition (ESD) ermoglicht die Untersuchung komplexer thermolabiler,
Modifikationen an Bis(phthalocyaninato)-Terbium-Komplexen [TbPc,]° auf Ober-
flachen und tiberwindet damit die Grenzen herkémmlicher Sublimationsverfahren.
Diese Funktionalisierungen ermdglichen eine spezifische Abstimmung der physio-
chemischen Eigenschaften auf der Oberfldche. Die interdisziplindre Methodik — die
Ligandensynthese, Prazisionsabscheidung und Untersuchung auf Quantenebene um-
fasst — unterstreicht die Notwendigkeit interdisziplindrer Innovationen, um neue
wissenschaftliche Herausforderungen im Bereich von Quantentechnologien anzuge-
hen. Die Erforschung funktionalisierter, nicht sublimierbarer Molekiile, die durch
ESD abgeschieden und mit STM untersucht wurden, dient mehreren Zielen. Ein
besseres Verstindnis der wissenschaftlichen Methodik, die zur Durchfithrung dieser
Studien erforderlich ist, wiirde dhnliche Experimente auflerhalb des Rahmens dieser
Arbeit ermoglichen. Durch die Integration von synthetischer Chemie, Oberfldchen-
wissenschaft und Quantentechnologien ergriindet diese Arbeit neue Quantenmate-
rialien mit besonderem Schwerpunkt auf Quanteninformationsverarbeitung (QIP).
Das erste Projekt in diesem Rahmen ist die Validierung von ESD als praktikable
Technik, wobei die intakte Ablagerung von [TbPc;]° nachgewiesen wird und die
wiederhergestellte Radikaleigenschaft durch eine Kondo-Resonanz bestétigt wird,
die mit den Sublimationsergebnissen iibereinstimmt. Dies ist von besonderer Be-
deutung, da das Molekiil fiir ESD notwendigerweise geladen werden muss.
Basierend auf der erfolgreichen Messung des Kondo-Effekts von [TbPc,]° , das
mittels ESD auf der Oberfliche abgeschieden wurde, wird eine Studie zur Abstim-
mung der Kondo-Eigenschaften mit dem Ziel der Untersuchung quantenkritischer
Kondo-Gitter durchgefiihrt. Zu diesem Zweck wurde eine regelméfSige Struktur aus
alkylfunktionalisiertem [TbPc,]° auf der Oberfliche erzeugt und gemessen. Unter-
schiedliche Alkylkettenldngen von zwei und sechs Kohlenstoffatomen erméglichen
ein groflenangepasstes Gitter und damit die Abstimmung der intermolekularen Wech-
selwirkungen, insbesondere der indirekten magnetischen Kopplung. Dariiber hin-
aus wurde die erfolgreiche Abscheidung eines neuartigen stabilen Diradikals auf
der Oberfliche untersucht. Das untersuchte [NO-Pc(TbPc)]° ist vielversprechend
fir Anwendungen im Bereich der QIP und fungiert als potenzielles 2-Qubit-System.
Die Beobachtung der von den NO-Gruppen vermittelten Wechselwirkungen und
Konformationswechseln deutet auf den Erhalt dessen diradikalen Charakters hin.
Die Ergebnisse unterstreichen das Potenzial von ESI-CIBD fiir die Untersuchung
nicht sublimierbarer Molekiile, wodurch eine Bottom-up-Synthese von Quanten-
materialien ermoglicht wird. Der interdisziplindre Ansatz, der Ligandendesign,
fortschrittliche Abscheidungstechniken und Messungen auf Quantenebene umfasst,
unterstreicht die Notwendigkeit einer bereichsiibergreifenden Zusammenarbeit, um
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moderne wissenschaftliche Grenzen im Hinblick auf neue Quantentechnologien zu
tiberwinden.



ix

Résumé

La création et I'étude de nouveaux matériaux exploitant la physique quantique so-
phistiquée nécessitent 1’étude d"une chimie tout aussi sophistiquée intégrée dans des
structures par des moyens novateurs. L'auto-organisation d’atomes magnétiques
revétus de ligands, appelés single molecule magnets (SMM), est largement étudiée
et documentée.

L'utilisation du electrospray deposition (ESD) permet d’étudier des thermola-
biles et fonctionnalisées complexes bis(phtalocyaninato) terbium [TbPc,]° sur les
surfaces, surmontant ainsi les limites des méthodes de sublimation traditionnelles.
La fonctionnalisation permet un réglage spécifique des propriétés physico-chimiques
a la surface. La méthodologie interdisciplinaire, qui englobe la synthese des lig-
ands, le dépot de précision et 1’analyse au niveau quantique, souligne la nécessité
d’une innovation interdisciplinaire pour relever les défis scientifiques émergents
dans le domaine des technologies quantiques. L'étude des molécules fonctionnal-
isées non sublimables déposées par ESD et analysées par STM dans le cadre de ce
travail poursuit plusieurs objectifs. Une meilleure compréhension de la méthodolo-
gie scientifique nécessaire pour mener a bien ces études permettrait de réaliser des
expériences similaires en dehors du cadre de cette thése. En intégrant la chimie syn-
thétique, la science des surfaces et les technologies quantiques, ce travail étudie de
nouveaux matériaux quantiques, avec un accent particulier sur les applications du
quantum information processing (QIP).

Le premier projet dans ce cadre est la validation de I'ESD en tant que technique
viable, démontrant le dépot intact de [TbPcy]°, avec la propriété radicalaire restaurée
confirmée par une résonance Kondo, correspondant aux résultats de sublimation.
Cela est particulierement pertinent car la molécule est nécessairement chargée pour
I’ESD. Sur la base de la mesure réussie de I'effet Kondo du [TbPc;]° déposé sur la
surface via ESD, une étude sur le réglage des propriétés Kondo sera menée dans le
but d’étudier les réseaux Kondo quantiques critiques. A cette fin, un réseau réglé de
[TbPc,]° fonctionnalisé par des groupes alkyle a été fabriqué et mesuré sur la sur-
face. La différence de longueur des chaines alkyle (2 et 6 atomes de carbone) permet
d’ajuster la taille du réseau et donc d’ajuster les interactions intermoléculaires, en
particulier le couplage magnétique indirect. De plus, le dépot réussi sur la surface
d’une nouvelle molécule diradicale stable a été exploré. Le [NO-Pc(TbPc)]° étudié
est prometteur pour des applications vers le QIP, agissant comme un systeme po-
tentiel a 2 qubits. L'observation des interactions médiées par le groupe NO et du
changement de conformation suggeére un caractere diradical conservé.

Ces résultats soulignent le potentiel de I'ESI-CIBD pour 1’étude de molécules non
sublimables, permettant la synthese ascendante de matériaux quantiques. L’approche
interdisciplinaire, qui englobe la conception de ligands, les techniques de dépot
avancées et les mesures au niveau quantique, met en évidence la nécessité d"une col-
laboration entre différents domaines pour aborder les frontiéres scientifiques mod-
ernes vers de nouvelles technologies quantiques.



Acknowledgments

I would like to thank my two supervisors, Prof. Jean-Pierre Bucher and Prof.
Mario Ruben, for the wealth of academic and scientific support offered to me,
as well as the opportunity to undertake this ambitious research project split
between two universities.

I also greatly recognise the contribution from Dr. Svetlana Klyatskaya,
both in terms of very detailed scientific assistance with any problem I en-
countered, as well as being a kind and supportive presence within the group,
and helping me to navigate the complication related to doing a PhD between
multiple cities.

The molecules studies within this thesis were synthesised by Dr. Svetlana
Klyatsakya, Dr. Asato Mizuno and Dr. Joe Komeda. Without their expertise
in the field of chemistry this PhD would not have been possible. In particular
working closely with Joe, allowed for the development of these projects, as
well as support in academic endeavors, with many suggestions of relevant
literature to read.

From my stay at the TUM, I would like to give thanks to Andreas Walz
for the support in using his prototype ESI-CIBD system that forms the basis
of this work, as well as the detailed technical discussions. Further I would
like to thank Joachim for regular disucssion and answers to daily questions
across a broad range of topics and constant support thorughout my stay at
the TUM.

Moving so many times throughout the Phd presented a significant social
challenge, but the support of the many friends I made throughout the 3 cities
I studied in, as well as everyone back home in England made it easy. I would
not have been able to complete this thesis without everyone being so wel-
coming each time I had to move to an unfamiliar new place. I am deeply
grateful for all of their support and companionship through good times and
bad. Most of all I would like to thank my family for all of their support up to
and including the completion of this PhD.



Contents

Résumé étendu

I Introduction: Preamble and Methodology
1 Introduction

2 Motivation
21 Introduction . . ... ... .. ...
2.2 Overview of the [TbPc;]° Single Molecule Magnet . . . . . .. ... ..
221 Single Molecule Magnets . . . . ... ... .. ... . ......
2.2.2  Quantum information processing . . . .. ... .. ... ....
2.3 Novel research using electrospray deposition . . . . .. ... ... ...

3 Experimental methods
31 Introduction . . ... ... ... ... .. ...
3.2 Principles of scanning tunneling microscopy . .. ... ... ... ...
321 Tunnelingcurrent. . .. .. .. ... .. ... ... ......
322 Scanningmodes . .. ............ ...
3.3 Scanning tunelling spectroscopy . . .. ... ... ... L.
3.3.1 Measurement and interpretation of spectra . . . . ... ... ..
3.4 UHV sample preparation . ... ......................
3.5 Electrospray deposition . . . ... ... ... .. ... ... . ... ..
3.5.1 Electrospray mechanism . . . . ... .. .. ... .........
3.5.2 Quadrupole mass spectrometer . . . . . ... ... ... ...,
3.53 Overviewofionoptics . . . .. ...................
3.5.4 Calibrating the mass spectrometer . . . .. ... ... ......
3.5.,5 Kinetic energy measurements . . . . . ... ... ...
3.6 Presentation of experimentalsetup . . . . .. ... ... . ... ... ..
361 LI-STMUHVsetup .........................
3.6.2 STM head technical details . . . . ... ... ...........
363 ESI-CIBDUHVsetup . .......................
3.6.4 ESI-CIBD technical drawing . . . . ... ..............
3.6.5 Setup and use of the vacuum suitcase . . . . .. ... ... ...

4 State of the art
41 Introduction . . . . . . . . . . . ... e
42 Kondoeffect . . . . . . . ..o
421 Originandhistory .. ... .....................
422 Theoretical discussion . . . . ... ... ... ... ........
4.2.3 Observation of Kondo effect on surfaces via STM and STS . . .
43 Molecular conformation and imaging of [TbPcp]0 . . . ... ... ...
44 Spectroscopy of [TbPcp]” . . . . . . ...

xi

XV



Xii

II

5

44.1 Kondo effect measured on [TbPc,]? on the surface . . . . . . . .

Results: Discussion and Conclusion

Study of the Surface Oxidation of [TbPc,]” using ESI-CIBD
5.1 Introduction . .. ... ... . . .. . .. ... e
5.2 Alternative depositionmethods . . . . . ... ... ... .. ... ...
5.3 Charging moleculesinsolution . . . ... ... ... ... ........
5.4 Electrospraying [TbPcp]” . . . . . ... ... ..o oo oL
5.5 ESI-CIBD deposited [TbPcp]  on Au(111) . . . . . .. ... ... .. ..
5,5.1 Kondo effect on the isolated molecule . . . . ... ... ... ..
55.2 Kondo effect on molecularislands . . ...............
56 Conclusion . . . . . . . . . ... e

Tunable Lattices of Alkylated Molecules on Surfaces
6.1 Introduction . . ... ... . ... .
6.2 Electrospraying [Tb(Et-Pc),]® . . . . .. ... .
6.2.1 Molecular overview and mass spectra . . . .. ... ... ....
6.22 ESI-CIBDmassspectra . . . . ... .................
6.3 [Tb(Et-Pc);] deposited onto Cu(111) . . . . ... .. .. ... ... ...
6.3.1 Deposition and Observation . .. .................
6.3.2 Organisationand clusters . . . . ... ... ............
6.3.3 Kondo effect and spectroscopy . . . .. .. ... ... ... ..
6.4 [Tb(Et-Pc);] deposited onto Au(111) . . . . . ... ... ... ... ....
6.4.1 Overview of the observed species . . . ... ...........
6.4.2 Proposed molecular structure and measured lattice parameters
6.4.3 Molecular manipulation . . . . ... ... .. .. 0 0L
6.44 Spectroscopy on [Tb(Et-Pc)>]° on Au(111) . . . . . .. ... ...
6.4.5 Structure dependent Kondoeffect . . . .. .. ... ... ....
6.5 Electrospraying [Tb(Hex-Pc),]® . . . . ... .. ... ...........
6.5.1 Molecular overview and mass spectra . . . .. ... ... ....
6.52 ESI-CIBDmassspectra . . . . ... ... . ... ..........
6.6 [Tb(Hex-Pc)] deposited onto Au(111) ... ... ... ... .. ....
6.6.1 Overview of observed species . . . . . ... ... .. ... ....
6.6.2 Discussion of Hex-Pc self-organised structure . . ... ... ..
6.6.3 Discussion of [Tb(Hex-Pc),]° self-organised structure . . . . . .
6.6.4 Differing intramolecular contrast imaged at variable bias . . . .
6.6.5 Chirality of [Tb(Hex-Pc),]® inislands . . .............
6.6.6 Variable spectroscopy . . ... ... ... ... oL
6.7 Deposition tests of other alkylated [TbPc,]° molecules . . . . . ... ..
6.8 Conclusionand outlook . ... .. ... ... ... ... ........

Thermolabile Di-radical Molecules on the Surface

71 Introduction . ... ... ... .. ...

7.2 Electrospraying [NO-Pc(TbPc)] for study on metal surfaces . . . . . .
7.2.1 Depositing [NO-Pc(TbPO)[® . . . . .
7.2.2 Overview of observed species . . . . . . ... ... .. ......
7.2.3 Switching of observed contrasts . . . ... ... .........
7.24 Overview of a higher coverage sample . . . ... ... ... ..
7.2.5 Analysisof NO-Pcclusters . . .. .................



7.2.6  Analysis of [NO-Pc(TbPc)]® clusters . . . . . ...........
7.2.7  Analysis of islands of [NO-Pc(TbPc)]” molecules . . . . . . . . .
7.2.8  Scanning tunnelling spectroscopy of [NO-Pc(TbPo)]° . . . . . .

7.3 Conclusion
8 Conclusion

Bibliography

IIT Appendix

xiii

93
95
98
99

101

103

131






XV

Résumé étendu

L’auto-organisation des centres de spin des atomes magnétiques habillés par des lig-
ands, appelés aimants a molécule unique (SMM), est largement étudiée et rapportée.
Dans cette these, 1’étude se limite aux modifications des complexes bis(phthalo-
cyaninato) de terbium [TbPc,]°. Afin d’étudier ces molécules plus en détail, des
ligands complexes peuvent étre fonctionnalisés sur la molécule afin d’ajuster les
propriétés sur la surface, ce qui permet un développement plus large des technolo-
gies quantiques, telles que le traitement de l'information quantique. L'étude sous
ultra-vide (UHV) de certaines classes de molécules a la surface par microscopie a
effet tunnel (STM) est souvent limitée par leur thermolabilité. Les molécules de plus
grand volume et donc de plus grande complexité sont généralement trés thermo-
labiles et ne peuvent donc pas étre déposées par la méthode standard de dépot de
sublimation sous UHV. C’est pourquoi la technologie émergente du dépot par élec-
trospray a été utilisée, en particulier le systeme de dépdt par faisceau d’ions contrdlé
par ionisation électrospray (ESI-CIBD).

Un STM est un instrument puissant qui met en ceuvre le phénomeéne quantique
de l'effet tunnel. Le courant d’effet tunnel dépend de la tension entre la pointe et
I’échantillon, de la distance entre la pointe et 1’échantillon et de la densité locale
d’états (LDOS) de 1’échantillon. En balayant la pointe sur la surface, le changement
de la distance pointe-échantillon, et donc, le courant pointe-échantillon peuvent étre
utilisés pour imager la topographie de 1’échantillon, jusqu’a 'échelle atomique. En
maintenant une position constante de la pointe, on peut effectuer une spectroscopie
avec un biais variable afin d’estimer la LDOS de l’échantillon avec une haute réso-
lution énergétique.

Pour le développement de nouveaux matériaux et technologies quantiques, il
est nécessaire d’étudier des molécules plus complexes. Les études de molécules sur
des surfaces via l'utilisation du STM sont limitées par la stabilité de ces molécules
pendant la sublimation. De nombreuses molécules d’intérét significatif ne peuvent
pas étre étudiées sur des surfaces métalliques, car la sublimation est la technique de
dépot standard mise en ceuvre dans la plupart des systemes UHV. De nombreuses
molécules d’intérét nécessitent d’étre chauffer pour étre sublimées. En conséquence,
pour certaines classes de molécules, les liaisons chimiques et les structures sont
détruites, ce qui rend les molécules fragiles inopérantes et donc non viables pour
I'étude sur surfaces.

Dans le cadre de ce travail, le dép6t par électrospray (ESD) a été appliqué, pour
déposer des molécules intactes sur la surface d"'une maniere propre dans des envi-
ronnements UHV. Dans cette these, le systeme de dépot par faisceau d’ions controlé
par ionisation électrospray sera mis en ceuvre (ESI-CIBD). Les molécules en solu-
tion sont pulvérisées dans I’ESI-CIBD par l'application d’une haute tension entre
la solution moléculaire et ’entrée du systeme UHV. La haute tension pulvérise les
molécules, et puis les ionise. Dans I'UHV du systeme ESI-CIBD les molécules sont
guidées a travers un analyseur de masse et un filtre, ce qui permet de prendre des
spectres de masse pour mesurer le contenu du faisceau et de ne sélectionner que les
masses correspondant a la molécule cible. Enfin, un champ électrique retardateur



XVi

peut étre appliqué a la cible, ralentissant les ions et permettant a un "atterrissage en
douceur". Le systeme ESI-CIBD permet une plus grande stabilité moléculaire pen-
dant le dépot et un meilleur controle de l'uniformité de I'échantillon résultant, évi-
tant ainsi le niveau élevé de contamination que 1’on peut attendre de la sublimation
des molécules thermolabiles.

Des progres récents ont permis a l'ionisation par électrospray de devenir une
méthode de dépot largement utilisée dans les recherches scientifiques de pointe.
L'ionisation par électrospray est particulierement utile en raison de l'ionisation rel-
ativement "douce" via le champ électrique, ce qui permet d’amener des molécules
complexes en phase gazeuse avec une fragmentation minimale. Appliquée a ’'UHYV,
elle a permis de développer de nombreux domaines et d’étudier avec des techniques
UHYV autres que le STM, comme la spectroscopie photoélectronique (XPS) et le mi-
croscope a force atomique (AFM).

Dans l'autre cote, le traitement de l'information quantique (QIP), ou informa-
tique quantique (QC), différe fondamentalement de l'informatique classique en ce
qu’il repose sur des bits quantiques, ou "qubits", plutét que sur des bits binaires
conventionnels. En informatique classique, un bit est représenté par un parametre
occupant soit 1’état 0, soit I’état 1, alors qu'un qubit peut exister dans une superpo-
sition quantique des deux états simultanément. En exploitant les principes uniques
de la mécanique quantique, tels que la superposition, l'intrication et l'interférence
quantique, il est possible de traiter I'information d’une maniere fondamentalement
nouvelle, ce qui permet de réaliser des algorithmes exponentiellement plus rapi-
des. Cela représente un changement de paradigme dans notre capacité a résoudre
des problemes complexes, qui dépassent les capacités des ordinateurs classiques.
Parmi ces problémes, la cryptographie quantique, le calcul du repliement complexe
des protéines, et I'apprentissage automatique quantique, ot les simulations quan-
tiques peuvent fournir des informations inaccessibles par les méthodes classiques.
Compte tenu de son potentiel a surmonter les limites dans une série de disciplines,
le QIP représente 1'une des frontieres les plus prometteuses de la science et de la
technologie contemporaines.

Le [TbPc,]° posséde un centre nucléaire de terbium porteur de spin, ce qui pet-
met des études de couplage hyperfine, et donc 'utilisation de 4 états non dégénérés.
Cela permet d’utiliser la molécule [TbPc,]° comme, ce qu’on appelle, un qudit. Ici
le d de qudit se réfere au nombre d’états quantiques possibles dans le systeme, qui
dans ce cas est de 4. En utilisant des qudits, on a acces a ces états supplémentaires,
a la fois pour I'application d’algorithmes autres que ce disponibles dans un systeme
binaire, mais aussi, ces états supplémentaires peuvent étre utilisés pour d’autres ap-
plications au sein du QIP, tels que la correction d’erreur. Ces systémes moléculaires
ont la capacité de former des structures chimiques spécifiques et, en outre, des struc-
tures spécifiques sur surface, ce qui permet un degré élevé de controle sur leurs pro-
priétés quantiques. En outre, une étude plus large de ces molécules, par exemple
sur la surface, peut faire progresser la compréhension de ces molécules et sonder de
nouvelles propriétés qui peuvent étre exploitées pour le développement de la QIP.

Dans le cadre de cette these, une autre étude sur les systémes de réseaux paramé-
trable a été réalisé. Elle permettrait, en approfondissant cet axe de recherché, d’explo-
rer les réseaux de Kondo quantiques critiques sur les surfaces. Contrairement a
l'effet Kondo d"une impureté unique ou d'un réseau d'impuretés uniques, un réseau
Kondo est I'endroit ot1 les interactions collectives entre de nombreux moments mag-
nétiques provoquent un effet d’écrantage collectif cohérent. Comme ces spins sont
écrantés, on peut s’attendre a ce qu’il n’y ait pas d’ordre a longue portée. Comme
certaines interactions, telles que I'interaction Ruderman-Kittel-Kasuya-Yosida (RKKY),
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sont médiées par les électrons de conduction, elles entrent en concurrence avec 'effet
Kondo. En réglant les interactions magnétiques entre les molécules, on peut régler
les propriétés du réseau de Kondo et passer d'une phase ot il existe un écrantage
Kondo cohérent a une autre phase ot1 I’'on observe un ordre a longue distance, une
fois que le couplage d’échange ] surpasse 1’échange Kondo Ji. Comme le couplage
d’échange varie en fonction de la distance entre les centres de spin r, tout réglage
du parametre du réseau permettra effectivement de régler 'interaction d’échange,
ce qui permet en principe d’affiner les propriétés de 'échantillon et d’effectuer une
transition controlée entre les deux phases. En créant un réseau paramétrable, on
peut potentiellement étudier les phases décrites, ainsi que la transition entre ces
phases. Ce réglage des interactions d’échange présente un autre avantage pour
le développement du QIP. Les interactions d’échange qui couplent les moments
magnétiques utilisés comme qubits augmentent la décohérence car les spins com-
mencent a s’aligner. Par conséquent, en accordant cette interaction d’échange, via
'ajustement des parametres du réseau, on peut améliorer le temps de cohérence des
qubits disposés en réseau. L'étude des réseaux ajustable de molécules sur des sur-
faces peut s’appliquer a des travaux de recherche qui sortent du cadre de ce projet.
La motivation de ce projet ne se limite donc pas a ce type spécifique de molécules.

La méthode pour régler 'espacement entre les molécules consiste a ajouter des
groupes latéraux plus volumineux au ligand afin d’ajuster la taille physique de la
molécule et donc de régler I'espacement entre les centres de la molécule. En utilisant
des chaines d’alkyle attachées aux anneaux de benzene de la molécule [TbPc,]°, on
crée une molécule symétrique dont la taille est ajustée, ot 1'ion terbium reste au cen-
tre de la molécule. Des études similaires de molécules de phtalocyanine alkylées sur
des surfaces sont disponibles dans la littérature. En outre, il est possible d’ajouter
d’autres groupes latéraux instables complexes a la base [TbPc,]° pour lui donner une
fonctionnalité supplémentaire de QIP. Les divers groupes supplémentaires fonction-
nalisés sur la base [TbPc;]° dans ces systemes nécessitent 1'utilisation du systéme
ESI-CIBD .

Le plan de la these, aprés une breve introduction faisant office de premier chapitre,
est présenté ici .

Le chapitre 2 motive la these. Il commence par une discussion sur la molécule
de [TbPc,]° étudiée et sa pertinence pour le traitement de l'information quantique.
Une discussion sur les recherches récentes dans le domaine de la déposition par
électrorayonnement est également présentée.

Le chapitre 3 aborde les spécificités des différentes méthodes employées tout au
long de ce travail. Il commence par décrire les techniques STM, comprenant a la
fois un apercgu théorique des techniques mises en ceuvre et un apercu technique avec
schémas détaillant I'installation de chaque équipement et présentant les composants
importants . Cette présentation est suivie d"une discussion sur la théorie du systéeme
d’électrospray. La théorie de I'électrospray sera expliquée, ainsi que les systémes
de guidage d’ions et le spectrometre de masse quadripolaire, puis un apercu de la
configuration spécifique est donné. L'utilisation d"une valise a vide pour le transfert
entre les systemes UHV est également abordée.

Le chapitre 4 traite des molécules étudiées ainsi que de la théorie qui sous-tend
leurs propriétés. Un apercu de 1’état actuel des connaissances est donné, y compris
une discussion sur les applications techniques de ces molécules. Une attention par-
ticuliére est accordée a I'état de 1’art des molécules étudiées sur la surface pour bien
comprendre comment les modifications appliquées a la molécule dans des expéri-
ences ultérieures peuvent affecter les propriétés mesurées des systemes de surface
construits ici.
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FIGURE 1: Spectroscopie a effet tunnel d'un monomére [TbPc,]° proche du niveau de Fermi
montrant des pics a polarisation nulle a)lmage STM d'un [TbPc,]° isolé, avec des points
colorés indiquant les positions de spectroscopie. Up=-0.5V ;=100 pA b) dI/dV spectres
dI/dV des positions indiquées. Les courbes bleues représentent les fonctions de Fano
ajustées. Spectroscopies réalisées a 1’aide d’un amplificateur a verrouillage avec une tension
de modulation de 1 mV. Spectroscopie a effet tunnel d’un ilot [TbPc;]" proche du niveau de
Fermi montrant des pics de polarisation nulle c¢) Image STM d’une couche [TbPc,]%avec des
points colorés pour représenter les emplacements de spectroscopie. Up=-0.5V I[;=20.0 pA
d) Spectres pris aux emplacements indiqués, ot le jaune représente les spectres pris sur de
I’Au(111) nu. La courbe bleue représente la fonction de Fano ajustée. Spectres pris a I'aide
d’un amplificateur a verrouillage avec une tension de modulation de 2 mV.

Le chapitre 5 explore l'altération des radicaux dans les systemes moléculaires
[TbPc,]° décrits ici. Afin de vérifier comment la modification des ligands de ces
molécules affecte leurs propriétés de surface, il est nécessaire de s’assurer que la
procédure d’ionisation par électrospray n’affecte pas le résultat observé. La molécule
[TbPc;]° posséde un radical délocalisé sur les deux phtalocyanines, qui peut étre
mesuré en surface sous la forme d’un pic Kondo. Au cours du processus de pul-
vérisation, des charges sont ajoutées a la molécule et, par conséquent, le radical est
supprimé. Lorsqu’il est mesuré sur la surface Au(111), un effet Kondo dti a I’électron
de valence non apparié délocalisé sur les anneaux Pc a été observé, confirmant que
cette molécule est a nouveau un radical. Ceci est illustré dans la figure 1.1. Bien
que l'utilisation du systeme ESI-CIBD pose quelques difficultés pour 1'observation
de molécules totalement intactes, il est clair que 1"utilisation du systéme ESI n’affecte
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pas la structure électronique des molécules observées une fois qu’elles arrivent in-
tactes sur la surface. Il n'y a également pas de différence expérimentale pertinente
par rapport aux échantillons préparés via 'utilisation de la sublimation. Cela con-
firme que le systeme ESI-CIBD est une technique viable pour étudier les radicaux,
bien que le radical soit supprimé pendant la pulvérisation. Cette expérience élargit
le champ d’application de ces expériences a des molécules similaires revétues de lig-
ands qui rendent les molécules trop thermolabiles pour étre viables pour le dépot
par sublimation.

1.6nm

l.6lnm “'

FIGURE 2: Comparaison des modeles moléculaires potentielles pour [Tb(Et-Pc),]° sur

Au(111) a) Image topographique STM montrant 1’hexamere [Tb(Et-Pc),]° sur Au(111).

Up=-1V [;=50 pA. b), Montre une copie de a) avec un modele superposé. Seule la couche

supérieure de Pcs est modélisée. e) un modele similaire a celui de a) superposé sur une
couche de [Tb(Et-Pc),]%sur Au(111)

Le chapitre 6 traite du dépot de molécules de [TbPc,]° aklylées, utilisées pour
augmenter 'espacement du réseau de la structure auto-organisée bien définie du
[TbPc,]°. En ajustant la taille physique de la molécule, avec I'ajout de chaines alkyles
volumineuses, la taille physique du réseau peut étre ajustée. En sélectionnant la
longueur de la chaine alkyle, on peut créer un réseau dont le parametre d’espacement
est ajusté. Cette observation sert de preuve de concept pour des travaux de recherche
ultérieurs sortant du cadre de ce projet. Par la suite, il est également prévu dans le
cadre de cette these, d’observer comment la structure électronique de la couche or-
ganisée change, étant donné que la modification de I’espacement du réseau modifie
la distance intermoléculaire et donc l'intéraction intermoléculaire. Les dépdts sur
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Au(111) et Cu(111) sont étudiés et les expériences résultantes sur ces structures sont
discutées. Une exploration est faite dans la structure électronique modifiée, mais
seules des données limitées ont été produites. La figure 1.2 montre un hexamere
composé de la molécule de [TbPc,]° éthylée déposée par ESI-CIBD sur Au(111). Des
ilots plus grands sont également observés et discutés. Dans le but de le projet, un
réseau accordé sur la surface a été construit, en ajustant le parametre de réseau du
[TbPcy]° de 1,43nm a 1,76nm pour le réseau de TbPc2 éthylé.

4.3nm
TR

FIGURE 3: Analyse de la structure [Tb(Hex-Pc),]° a) Image STM montrant la couche
[Tb(Hex-Pc),]°. Up=-2V I;=3.6 PA. b) Modele provisoire superposé a 3a)

En outre, une molécule de [TbPc,]” a chaine hexyle a été déposée pour explorer
une augmentation supplémentaire de 'espacement du réseau. Le dépdt résultant
sur Au(111) est discuté ainsi que diverses caractéristiques intéressantes de I’arrange-
ment de la surface. Une étude est faite de 1'effet de la structure physique changeante
sur les propriétés électroniques du systeme, mais elle est limitée en raison des pro-
priétés spécifiques de 1'organisation de la surface qui ne sont pas entierement com-
prises. Cette étude est suivie d"une bréve discussion sur d’autres molécules alkylées
pulvérisées a 1’aide du systeme ESI. La figure 1.3 montre un ilot moléculaire com-
posé de la molécule [TbPc,]° a chaine hexyle déposée par ESI-CIBD sur Au(111). Le
parametre de réseau des ilots de la chaine hexyle [TbPc,]® augmente jusqu’a 2,52
nm. En outre, il y a une bréve discussion sur d’autres molécules a base de chaines
d’alkyle qui ont été mesuré dans le systeme ESI-CIBD mais qui n’ont pas encore été
étudiées sur la surface, ce qui sert pour de futures expérimentations.

Sur la base des interprétations les plus simples des objectifs du projet, un sys-
téme de réseau paramétrable de molécules thermolabiles déposées par ESI-CIBD a
été créé sur la surface. La molécule[Tb(Et-Pc),]° et [Tb(Hex-Pc),]° ont toutes deux
été déposées avec succes sur une surface Au(111). Dans les deux cas, des ilots semi-
réguliers de molécules intactes ont été observés, les parametres de réseau de chaque
ilot étant perpendiculaires. Les parameétres de réseau de ces lots augmentent avec la
longueur de la chaine alkyle. En raison de la nature thermolabile de ces molécules,
le dépot réussi de ces molécules intactes sur des surfaces métalliques est un résul-
tat nouveau. Dans la littérature, les molécules de ce type avec de grandes chaines
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alkyles sont limitées a l'interface solide-liquide en raison de leur insublimabilité.
Les méthodes alternatives telles que la coulée de gouttes ou les dépots assistés par
matrice sont possibles, mais la technique ESI-CIBD permet un meilleur controle de
I'espace des parametres impliqués dans les dépots, ce qui, en principe, peut conduire
a des dépots plus reproductibles une fois que l'espace des parametres est correcte-
ment compris et controlé.

FIGURE 4: Vue d’ensemble d'un dépot de [NO-Pc(TbPc)]” sur Au(111) a) Image STM d’une
grande terrasse Au(111)avec plusieurs especes, Up=-0.7V [;=11.6 pA

Le chapitre 7 présente une molécule de [TbPc,]° fonctionnalisée avec un groupe
contenant un radical NO attaché. Cette molécule radicalaire a été déposée via le
systeme ESI-CIBD. Si I’on tentait de sublimer cette molécule, il est trés probable que
le groupe radical réactif réagirait immédiatement au chauffage et la décomposerait
ainsi. C’est pourquoi le systeme ESI-CIBD est nécessaire. Les radicaux sur la surface
représentent une section intéressante de la science des surfaces, et en améliorant
l"utilisation des molécules contenant des radicaux sur la surface via un dépot stable
a l'aide de I'ESI-CIBD, il existe un champ d’application intéressant pour les expéri-
ences futures en dehors du cadre de cette these. Ce chapitre discute des divers succes
du dépdt de cette molécule contenant des radicaux et de son observation sur la sur-
face. La figure 1.4 montre les différentes especes observées sur la surface a partir du
dépot de la molécule contenant le radical NO, déposée sur Au(111) via ESI-CIBD.

Sur certaines molécules isolées, des protubérances probablement dues aux groupes
NO ont été observées. Ces protubérances étaient rares et n’ont été observées que lors



xXxii

de dépodts a tres faible couverture. Ces molécules intactes étaient capables de passer
d’une orientation du groupe NO a 'autre, ce qui donne des preuves que la molécule
est toujours un diradical a la surface, en raison d’un électron non apparié restant
sur le groupe NO. A des taux de couverture plus élevés, les molécules interagissent
fortement et forment des grappes. On a supposé que cette forte interaction était due
aux groupes NO, ce qui confirme que la molécule peut étre un diradical au contact
de la surface. De grands flots de [NO-Pc(TbPc)]? intacts ot les groupes NO intet-
agissent clairement ont été trouvés.

Des études spectroscopiques ont tenté de comprendre la structure électronique
de ces molécules mais elles n‘ont pas été concluantes. Des progres intéressants
ont été réalisés en ce qui concerne le dépdt de radicaux intacts sur la surface. Les
molécules arrivent certainement a la surface en tant que radicaux, mais il n’est pas
exclu qu’elles soient supprimées des que elles commencent a interagir sur la surface.
Pour son application potentielle au traitement de I'information quantique, 1’étude de
ces molécules sur la surface doit encore faire 1’objet d’une expérimentation et d'un
développement important. La présence du diradical n’a été ni prouvée ni réfutée;
elle reste donc une possibilité.

D’un point de vue plus général, le principe du dépot de molécules hautement
instables sur la surface a été couronné de succes. L’ESI est une méthode prometteuse
pour déposer des groupes trés réactifs sans éteindre la propriété radicale, ce qui
ouvre de nombreuses possibilités d’expériences en dehors du champ d’application
de I’étude discutée ici

Une discussion des projets est donnée, suivie d’une discussion sur d’autres ex-
périences futures qui pourraient étre entreprises.
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Chapter 1

Introduction

As science advances ever forward into the future, the nature of research becomes in-
creasingly complex. Towards the goal of new materials, technologies, and a more
complex understanding of our world, it becomes necessary to explore ever fur-
ther and deeper into fields unexplored, necessitating collaboration between diverse
fields. This thesis on the application of the emerging technology of controlled elec-
trospray deposition (ESD) to deposit and study thermolabile functionalised [TbPc,]°
derivatives on the surface that cannot be deposited intact by other methods. The
goal of the project is to study these molecules via STM, which is a precision probing
technique, to better understand interactions of surface structures, towards the goal
of quantum information processing, which represents a paradigm shift in scientific
and technological potential.

The phrase ‘standing on the shoulders of giants’ is attributed to Isaac Newton as
a metaphor for building on the progress of great thinkers who have come before. It is
only by standing on these shoulders that one may advance science and understand-
ing ever onward into the future, and for any contribution provided by this thesis to
be further built on in the research and development of new ideas and technologies,
that may be further used to extend human knowledge. Over the course of history,
major advances in physics, chemistry, and engineering have precipitated develop-
ments in new technologies and expanded scientific understanding. However, the
end of the 20th and into the 21st century has brought forth a paradigm shift, driven
by the growing recognition that humanity’s most pressing challenges, from the cur-
ing of diseases, to climate science, to artificial intelligence, are not confined to the
boundaries of a single field.

Via significant advances in synthetic organic chemistry, the fine control of func-
tionalised ligands has allowed for deeper study across a range of topics, from tuned
properties of spin crossover complexes [1-4], catalysis [5-8], and the manipulation
of interesting physical properties [9].

These advances in ligand functionalisation have allowed for the synthesis and
study of single molecule magnets [10, 11] with tunable properties. Studying these
molecules on surfaces allows for a detailed exploration towards understanding these
molecules on a more fundamental level [12-15].

Within surface science, these significant advances in synthesis and ligand func-
tionalisation have allowed for the bottom-up synthesis of promising novel materi-
als. This allows for a fine control of surface properties towards various applications,
including biology [16-19], green technologies [20], and many others [21-25]. Specifi-
cally, one may tune and probe the surface properties of interesting surface structures.
In this case, the aim is to tune the organisation of molecules in order to verify and
modify the surface properties [26-31].

Unfortunately, many of the most interesting molecules produced by advanced
research in chemistry can be challenging to study due to the difficulty in bringing
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the functionalised species to the surface. Many molecules of interest are highly ther-
molabile, meaning they are unstable against high temperatures, and thus cannot be
heated for deposition by sublimation, a technique that is often used for surface sci-
ence studies. In order to unite these diverse fields, this thesis employs the novel tech-
nology of electrospray ionisation for deposition [32-34]. Specifically, an Electrospray
ionisation controlled ion beam deposition system will be implemented (ESI-CIBD).

Some fascinating research has already been conducted, many towards biolog-
ical molecules [35-37], as well as creating more complex and interesting surface
structures [38, 39]. Through developments in technology and engineering, previ-
ously impossible experiments have become possible using complex and interesting
molecules, further pushing and breaking boundaries in science.

By using the ESI-CIBD system, one may create specially tuned surface structures
to explore how certain molecules interact with each other on surface. The findings
of these experiments play some role towards developments in the field of quantum
information processing (QIP). QIP depends on the realisation of quantum bits or
"qubits’, which are used in place of a classical bit. Computing is performed on qubits
that can be in a state |0) or 1) or a superposition of both. This allows for scaling of
computing speed, up to an exponential rate for some algorithms.

One potential platform for constructing a qubit is to use molecules. There have
been significant developments towards molecular qubits [40, 41], particularly focus-
ing on ligand tuning and radical molecule properties [42, 43], as well as studying
these as surface frameworks [44, 45]. In order to study these molecules and to in-
tegrate them into any potential quantum information device, one must understand
how these molecules interact with each other and how to tune these interactions. In
this thesis, this is done via functionalisation with ligands.

The development of QIP represents one of the most significant frontiers in con-
temporary scientific research. Feynman famously discussed that the simulation of
a quantum world needs a quantum simulator[46, 47]. The development of QIP al-
lows for an exponential calculation rate increase. This may unlock new strategies for
resolving highly complex scientific challenges [48-53].

To summarise, by bridging molecular-level insights with device-oriented appli-
cations, this work aims to advance the fundamental understanding of ligand func-
tionalised molecules while paving the way for their integration into next-generation
quantum technologies. The findings presented herein not only deepen our grasp of
ligand driven surface properties but also contribute to the broader goal of harnessing
quantum effects for transformative technological innovation.

Following the introductory first chapter, this thesis is divided into the following
chapters:

The second chapter discusses the motivation behind the project, detailing the
relevance and interest of the [TbPc;]° molecules studied, and their applications to-
wards QIP. Followed by a discussion of the development of ESD for the development
of new materials.

The third chapter gives an overview of the theory underpinning the technologies
applied to this thesis, as well as a presentation of each instrument used throughout
this thesis.

The fourth chapter reviews the state of the art and examines prior research that
forms the foundation of this thesis. It also presents the theoretical background neces-
sary to understand the developments and results discussed in subsequent chapters.



Chapter 1. Introduction 5

The fifth chapter discusses the deposition of the [TbPc;]” via ESI-CIBD and ver-
ifies that the system does not affect the surface properties when deposited via ESD,
as opposed to simple sublimation.

The sixth chapter discusses the addition of alkyl chains to the [TbPc,]° molecule
in order to increase the physical dimensions of the molecule in order to tune the
size of the lattice of these molecules on the surface. Firstly, a two carbon chain alkyl
substituted molecule is measured and deposited onto the surface. Data is presented
to prove that the molecule is found on the surface. The project is then continued to
compare to a six carbon hexyl chain substituted molecule, in order to further tune
the size of the lattice and attempt to observe an expanded lattice.

The seventh chapter explores functionalisation of the molecule to add a radical
group, making the molecule a diradical. The nature of the diradical molecule on the
surface is discussed, with some reference to evidence of a diradical property on the
surface. A series of different depositions of varying coverages are compared in order
to study how these potential diradical molecules interact with each other.

Finally, an eighth chapter briefly concludes the results of this thesis.






Chapter 2

Motivation

2.1 Introduction

This thesis discusses the application of the emerging technology of electrospray de-
position and how it can be used to deposit exotic and interesting molecules onto
surfaces towards the development of exciting new physics and new technologies. A
discussion will be made surrounding the motivation of the projects, and what future
research and potential technologies they may progress.

2.2 Overview of the [TbPc,]° Single Molecule Magnet

Phthalocyanines (Pcs) are a class of synthetic macrocyclic compounds characterised
by their highly conjugated, planar aromatic structure. The free base phthalocya-
nine (HyPc) is an aromatic macrocyclic organic compound, composed of four isoin-
dole units and a ring of nitrogen atoms. One of the main points of interest of these
molecules is the 18 7t electron system, where the 7 electrons are delocalised over
the ring shaped backbone. There are also two hydrogens at the centre of the ring
of nitrogen that saturate the molecule. But this centre can also host a broad variety
of metals. Phthalocyanines have garnered immense scientific and industrial interest
due to their exceptional chemical stability, tunable electronic properties, and versa-
tility in applications[54-59]. In modern contexts, their applications have evolved to
address global challenges: they serve as active components in organic photovoltaics
(OPVs) [60, 61] and light-emitting diodes (OLEDs), important catalysts for energy
conversion reactions towards green technologies [60, 62] and sensitisers in photody-
namic therapy for cancer treatment [63, 64].

One significant advantage of the phthalocyanines is that one may make a variety
of chemical modifications to tune their properties. The molecule can be coordinated
with a central metal atom, and the Pc ligand can also be functionalised with periph-
eral groups to give further interesting properties for specific applications. One of
the main aims of this thesis is to investigate these properties on Pcs where specific
groups have been attached. If these scientifically promising groups do not share
this stability against elevated temperature, and are thus thermolabile, then it be-
comes more complex to study them, especially in the necessarily pristine ultra high
vacuum environments employed throughout this thesis. As a result, the ESI-CIBD
system that will be discussed in detail in chapter 3 will be implemented to deposit
and study these thermolabile molecules.

In particular, this thesis will be concerned with the study of bis(phthalocyaninato)
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terbium(IlI) complexes, or [TbPc,]%, as well as similar molecules composed of fur-
ther functional groups attached to the benzene rings of the [TbPc,]° to provide func-
tionalised properties. The [TbPc,]° molecule, as displayed in Figure 2.1 a), is com-
posed of a central Terbium (III) ion sandwiched between two phthalocyanine (Pc)
ligands via coordination bonds.
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FIGURE 2.1: Molecular and electronic structure of [TbPc,]° a) Molecular model of [TbPc,]°,

b) Zeeman diagram of the [TbPc;]", showing the electronic and spin level structure. c) Hy-

perfine structure of the ground state doublet, mJ = +6, as a function of the applied longitu-
dinal field. Reproduced from [65]

The most stable state of Terbium is the 3+ oxidation state, where the electron
configuration is [Xe]4f8. When coordinated with the two phthalocyanine ligands,
the oxidation state of the ligand leaves one unpaired electron on the ligand, and thus,
an S=1/2 radical. By the simplest definition, a radical is a molecule with an unpaired
valence electron [66]. This electron is delocalised over both Phthalocyanine ligands,
and partially enables the intriguing properties of this molecular system.

Interestingly, the ionic radii of the lanthanides decrease with increasing atomic
number. As the 4f orbital of the Terbium ion is located close to the nucleus, it is chal-
lenging to access in electron transport experiments. This improves the screening of
the 4f electron from the external environment, which becomes relevant to the further
applications of these molecules. In summary, the [TbPc;]° has two spin systems, one
originating from the unpaired ligand electron and the second from the unpaired 4f
electron of the Terbium.

2.2.1 Single Molecule Magnets

Single-molecule magnets (SMMs) are a class of molecular materials that exhibit slow
relaxation of magnetisation at low temperatures[67]. Unlike conventional bulk mag-
nets, where long-range magnetic order arises from collective interactions between
numerous magnetic moments, SMMs function as isolated magnetic units. The fun-
damental origin of an SMMs magnetic behaviour lies in the interplay between spin—orbit
coupling, ligand field effects, and exchange interactions within the molecule. These
SMMs are capable of maintaining a strong magnetic moment below a characteris-
tic blocking temperature dictated by the uniaxial magnetic anisotropy. There is a
certain energy barrier separating the states that define the magnetic moment, en-
abling SMMs to retain magnetisation in the absence of an external field, and thus an
open hysteresis can be observed. When the temperature is raised sufficiently high
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(above the blocking temperature) such that this energy barrier can be overcome, the
molecule will become paramagnetic.

The first SMM synthesised and measured was the [Mn1,012(OAc)16(H20)4], stud-
ied by Sessoli et al. [10], which is composed of an Mn(IV),O4 cage surrounded by 8
Mn(III) units in a ring. The central Mn(IV) ions have a spin of S = 3/2, and the ring
of Mn(IIl) ions have a spin of S = 2. The antiferromagnetic coupling of the two fer-
romagnetically coupled groups of Mn ions leads to a ground state of S = 10, giving
a large energy barrier.

The measurement of the SMM property of the [TbPc,]° was first reported by
Ishikawa et al. [68, 69]. The [TbPc,]° molecule has a large magnetic anisotropy, due
to the inherent anisotropy of the Tb (III) ion, with a J=6 spin ground state. Further,
the ligand field due to the phthalocyanine macrocycles, tailors the 4f electron den-
sity. This lifts the degeneracy of the Terbium ion’s ground state, splitting into 2J+1
eigenstates. This results in a well separated ground state and a first doublet exci-
tation with m; £ 6 and mj £ 5, respectively. Ishikawa et al. measured the energy
separation between the states as 600K for [TbPcy] [68], as shown in Figure 2.1 b)
[65,70, 71].

Future research efforts aim to enhance their operational temperature range, sup-
press quantum tunnelling effects that lead to magnetisation relaxation, and integrate
SMMs into functional nanostructures for technological applications. Furthermore,
the molecule’s planar structure and extended -conjugated ligand system facilitate its
integration into supramolecular architectures and hybrid devices. The tunability of
these magnetic properties can be altered via ligand modifications to achieve these
goals. In this thesis, ligand alterations do not aim to tune the magnetic properties of
the complex, but aim to investigate the implications on the molecule’s surface self
assembly structure and interactions.

2.2.2 Quantum information processing

Quantum information processing (QIP), or quantum computing (QC), differs fun-
damentally from classical computing in that it relies on quantum bits, or "qubits’,
rather than conventional binary bits. In classical computing, a bit is represented by a
parameter occupying either the 0 or 1 state, whereas a qubit can exist in a quantum
superposition of both states simultaneously.

Leveraging the unique principles of quantum mechanics, such as superposition,
entanglement, and quantum interference, one may process information in funda-
mentally new ways, enabling exponentially faster algorithms, such as Shor’s algo-
rithm for factorisation and Grover’s algorithm for search problems. This represents
a paradigm shift in our ability to address complex problems that lie beyond the
capabilities of classical computers, primarily due to the exponential scaling of the
algorithms involved. Some of these problems include quantum cryptography [48-
50], calculating complex protein folding [51, 52], and quantum machine learning[53],
where quantum simulations can provide insights unattainable by classical methods.

Given its potential to overcome longstanding limitations across a range of disci-
plines, QIP stands as one of the most promising frontiers in contemporary science
and technology. Progress in QIP, however, is deeply intertwined with advancements
in enabling technologies, such as electrospray deposition. Where developments to-
wards technologies which can facilitate the precise preparation and integration of
complex molecular qubits and nanostructures may further other advancements to-
wards scalable quantum architectures.
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The important considerations for a qubit are outlined and summarised by the Di
Vincenzo criteria [72]. One requires a defined number of qubits with states that can
be addressed, manipulated, and read out. It must be possible to apply a universal
set of quantum gates. It is important to be able to couple multiple qubits together so
that the number of bits can be scaled to a relevant number for various algorithms.
Finally, the coherence time of the state must be of a relevant length. If one prepares a
qubit in a particular state in order to apply some algorithm, there is some possibility
to lose this quantum state over time. The coherence time is a measurement of how
long a particular state stays in a predictable phase, and thus how long one can apply
coherent manipulations to the state.

There are many possible qubit platforms, each with its own advantages and dis-
advantages [73]. These include Nitrogen vacancies in a diamond lattices [74-76],
spin quantum dots [77, 78], topological qubits based on “anyons’ [79, 80], supercon-
ducting qubits controlled by electromagnetic fields [81-84], optical quantum com-
puters, [85, 86] and trapped ion qubits [87-89].

As discussed, this thesis focuses on [TbPc;]° SMMs. These have potential appli-
cations in molecular quantum information processing, where molecules are used to
store and manipulate quantum states [70, 90, 91]. The biggest advantages of Molec-
ular QIP are the chemical tunability of the molecules and very long coherence times.
The difficulties include some challenges of addressability of the qubits, as well as
their scalability.

The [TbPc;]° has a nuclear spin-bearing Terbium centre, which enables hyperfine
coupling studies, allowing for the use of 4 non-degenerate states, as shown in Figure
2.1 ¢). This allows the advantage of using the [TbPc,]° molecule as a so called qudit.
Where the d refers to the number of possible quantum states in the system, which in
this case is 4. By using qudits, one has access to these additional states, both for the
application of algorithms different to those available in a binary system, but further,
these additional states can be used towards other applications within QIP, such as
hardware-based error correction states [92, 93].

The [TbPc,]° molecule has found some success towards the aim of quantum com-
puting, being used to implement Grovers algorithm, which has a quadratic rate im-
provement over similar conventional search algorithms applied to a classical com-
puter [94, 95].

These molecular systems benefit from the ability to engineer specific chemical
structures and, further, specific structures on the surface, providing a high degree of
control over their quantum properties. Furthermore, a wider study of these molecules,
such as on the surface, may further advance the understanding of these molecules
and probe new properties that can be exploited towards the development of QIP.

2.3 Novel research using electrospray deposition

Towards the development of new quantum materials and technologies, the need to
research more complex molecules arises. Investigations of molecules on surfaces via
the use of STM are limited by the stability of these molecules during sublimation.
Many molecules of significant interest cannot be studied on metal surfaces, as subli-
mation is the standard deposition technique implemented in most UHV systems. It
is often implemented as a simple but effective technique. Even at the low pressure
of 101% mbar in standard UHV chambers, many molecules of interest will require
significant heating to sublimate. As a result, chemical bonds and structures are de-
stroyed, rendering the fragile molecules no longer functional and thus non-viable
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for study on surfaces. This is especially challenging for molecules of greater vol-
ume. It is likely that the required sublimation temperature is sufficiently high for
the molecule to begin reacting or for bonds to break. In this case, one is likely to find
disorder on the surface with multiple species of broken molecules, as well as possi-
bly contaminating the chamber. As a result, there are many classes of molecules that
are not viable for use in UHV via sublimation. Particular to this thesis the ligand of
the [TbPc,]° will be modified to derive special properties. In one project, a reactive
group will be added to the ligand of the molecule to verify if it remains intact on the
surface. The second project focuses on attaching alkyl groups to the ligand, which
will greatly increase the volume of the molecule, making it inappropriate for study
via sublimation.

Electrospray ionisation (ESI) is an often applied and highly useful tool, partic-
ularly in the field of chemistry for use in mass spectrometry systems. Electrospray
allows for the "soft” ionisation, where other techniques, such as Matrix assisted laser
deposition (MALDI) or Electron impact ionisation (EI), often lead to higher levels
of fragmentation. Soft ionisation allows for many molecules, ranging from small
reactive molecules, to large complex bio-molecules to be ionised into gas phase for
further experimentation, allowing for a wide range of potential classes of molecules
to study [96-98]. As a result, ESI has been applied more recently as a technique to
deposit molecules intact on the surface in a clean manner in UHV environments.
Rather than spraying molecules towards an opposite pole electrode for deposition,
one may create a bore hole on the electrode, leading to a UHV chamber, such that
ions are fired into UHV. By guiding molecules into UHV, they can then be manip-
ulated in a clean environment. This technique allows for innovative experiments
when applied to classes of molecules that cannot be introduced simply into the gas
phase intact by other means, with many of the major developments only being re-
alised more recently [32, 33, 35, 99-101]. As such, many classes of molecules pre-
viously considered too challenging to deposit become available for study, enabling
new avenues of investigation into newer more complex 2D materials.

Furthermore, in many systems, a mass spectrometer is integrated to measure the
content of the ion beam and ensure that the molecules have not fragmented. In this
system, a Quadrupole mass spectrometer (QMS) is implemented, which can also act
as a mass filter to select only the desired ions in case of fragmentation. In the ex-
perimental equipment employed in this thesis, it is also possible to set the potential
of crystal substrate in order to apply a retarding potential opposing to the potential
of the ion beam in order to select the kinetic energy of the ions as they impact the
surface producing a so called "Controlled” Ion beam. The use of electrospray as a
deposition technique does have additional complications that must be considered,
but for this project, it is regarded as the most viable option.

Recent advancements have positioned electrospray ionisation as a critical depo-
sition method in cutting-edge scientific investigations. Electrospray ionisation de-
position has been used in many instances for much advanced research [102, 103].
However, when applied to UHYV, it has allowed for developments towards many
fields, and studying with UHV techniques other than STM, such as XPS and AFM.
Research constantly pushes onward to study more complex molecules with more
specifically functionalised properties, as the molecule can be deposited in a well-
controlled manner from solution without any requirement for heating. Commonly;
there have been many explorations to study biomolecules on surfaces [33, 35-37,
104]. Furthermore, given the possibility of fragmentation, there have been studies
to synthesise new materials in an ion beam [105]. Some studies focus on interesting
non sublimable molecules in the single nanoparticle regime [106].
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This thesis specifically focuses on creating specially tuned nanosystems on sur-
faces [39, 107-109], towards the aim of creating new materials, often via on surface
synthesis [38, 110, 111]. Furthermore, one may implement surface collisions, driven
by adjusting the landing energy onto the surface, to create new materials[34, 112].
However, as this is a relatively novel technique when applied to UHV systems, the
research already produced towards this field is somewhat limited, allowing a wide
scope of possible research to be carried out using this technique, and thus requiring
significant study.
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Chapter 3

Experimental methods

3.1 Introduction

In order to both create and probe the molecular systems discussed in this thesis
with sufficiently high precision, state of the art scientific equipment must be im-
plemented. A combination of surface science techniques, spectroscopic tools, and
advanced microscopy methods was used to characterise samples at the atomic and
molecular scale. Additionally, the electrospray system implemented, was a custom-
built prototype instrument, and as such, requires some attention to understand the
deposition procedure. Each method is described in detail in the following sections,
with supporting diagrams, as well as the scientific theory behind its operation. Fur-
thermore, the experiments performed in this thesis require an ultra high vacuum
(UHV) environment to maintain a clean, well-defined environment for preparation
of samples. A brief overview of these UHV systems will be provided.

3.2 Principles of scanning tunneling microscopy

In 1981, with the invention of the Scanning Tunneling Microscope by Binnig and
Rohrer [113-115], the ability to probe surfaces in finer detail was greatly improved.
So much so that Binnig and Rohrer won the Nobel prize for their efforts [116]. The
basic principle of STM works by bringing a sharp tip so close to a surface that a
tunneling current can be measured. Where the tunneling current is a current of elec-
trons that quantum tunnel across the gap between tip and surface, when a voltage
is applied between the tip and the sample. The tip sample gap acts as a potential
barrier. This current depends exponentially on the distance between tip and sam-
ple. As the tip is scanned across the surface, the current will change depending on
changes in surface topography, but also the electronic structure of the surface. The
current data, and the lateral position of each data point during scanning, allows one
to generate an image of the surface in 3 dimensions. The extremely high sensitivity
of the tunneling current to the tip sample distance, allows a sample to be measured
down to the level of atomic resolution.

This invention led to many further advancements in scanning probe technology,
allowing one to measure many surface properties, such as atomic forces, bond reso-
lution, spin sensing, as well as those in continuous development [117-123].

It also allowed the use of the STM tip to manipulate molecules, both physically,
and to alter the properties such as chemical bonds, or magnetic properties [12, 124—
131].
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3.2.1 Tunneling current

The tunneling current in STM arises from the square of the wavefunction of an elec-
tron being non-zero on both sides of a potential barrier, where the square of the
wavefunction at a certain position is the probability of finding that electron at that
position. Thus a net flow of electrons between the metallic tip and conductive sam-
ple can be measured, where a voltage bias is applied between the tip and sample.
Classically, a particle entering a potential barrier of greater energy than that of the
particle, will not be able to enter this region and thus cannot cross it. In quantum
mechanics, the wavefucntion of a particle decays as it travels within a classically
forbidden region, and has some finite probability to cross the classically forbidden
region. This can be modelled by solving the one-dimensional Schrodinger equation.

¥ = (0)e! ) 2 = 2m(Vy — E) /1. @3.1)

Equation 3.1 describes the wavefunction ¢ of a particle of energy E as it travels
through a potential barrier V3. k is the decay constant based on the parameters of the
potential barrier, including the reduced Planck constant 7. In the case of the STM,
the vacuum gap between tip and sample acts as the potential barrier. This potential
barrier is partially defined by the work function of both the tip and sample, as well
as the bias applied between them. The tunneling probability is proportional to the
squared amplitude of the wavefunction, which itself is proportional to the current,
as shown in equation 3.2 [113, 132]

2m¢
2

Where ¢ is the effective barrier height, assuming that the work function is greater
than the applied bias voltage. For the materials generally studied by STM, the work
function is of the order of 5 eV. Therefore, the decay constant k is of the order 1
A~1. A change in tip sample distance of 1 A results in a change of tunnel current
by a factor of 10. As the current has an exponential relationship to the tip-sample
distance, if the tip is very close to the sample, then contributions to the current are
strongly confined to sites directly beneath the tip. The width of a gold atom is ~2
A, therefore if one imagines the tip is ~2 A from the atom, then the adjacent atom
is ~ /8 A away from the tip. Therefore the percentage contribution from the ad-
jacent atom compared to the atom under the tip can be approximated as follows,
r ez — o 2X1X(VB-2) o165 199 This gives the STM it’s sub-angstrom
resolution, allowing for resolution of individual atoms.

[ox e 2k | = (3.2)

3.2.2 Scanning modes

When operating the STM, the tip can be scanned across the surface at a constant
height close to the surface, and the current varies as the tip sample distance changes
due to changes in surface topography. Whilst this does allow for highly detailed
images to be taken, as the tunneling distance for a typical current of a few 100 pA,
is only a few angstrom, it is not possible to move over a surface that varies in height
more than these few angstrom.

As such, an alternative scanning mode is implemented, where a feedback loop
adjusts the height of the tip continuously, by attaching the tip to a piezo ceramic and
varying the voltage applied to the piezo crystal to adjust the tip position, and thus
tip-sample distance. A feedback loop is applied to vary the piezo voltage, in order
to maintain a constant current. This allows the tip to move over a surface with larger
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topographic changes without colliding with the surface. As the height of the tip is
being adjusted above the sample, the output of the image is a reading of apparent
height. However, due to the convolution of tip sample distance and the electronic
structure of the sample(see eqn 3.3), when scanning in this mode, the real height
of the topographical changes is not measured. The measured apparent height by
STM at a given voltage with a well defined tip is reproducible, and as such, some
comparison of apparent height can be made, but must not be confused with the real
height of the sample.
Figure 3.1 displays how a tip moves across the surface in each instance.

a) b)

v

FIGURE 3.1: Scanning modes in STM a) diagram showing constant height mode, b) shows
constant current mode. Arrows show tip trajectory. Graph to the right of each diagram
shows STM output. Black line in graph displays height, red line shows current

3.3 Scanning tunelling spectroscopy

Scanning tunneling spectroscopy (STS) is a powerful and important technique that
is used to probe the local density of states (LDOS) of a sample with atomic resolution
[133, 134].

One of the primary theoretical tools for modeling the current is provided by
Bardeen’s perturbation theory [132], where the wavefunctions of the sample and tip
are considered. Tunneling is treated as a first-order process in the transfer Hamil-
tonian formalism. In this approach, the tip and sample are considered independent
systems. The current is modeled by the following;:

dme eV 2
1= /O 0:(Er — eV + E)os(Er + E)|M[2dE (3.3)

Where p; and p; are the density of states of the tip and sample respectively. M
is the tunneling matrix, which is a surface integral of the tip and sample wavefunc-
tions, taking into account their overlap.

The Tersoff-Hamannn approximation to theory was tailored to the configuration
of the STM. This approximation assumes a spherically symmetric s-wave like tip and
at the limit of small tunneling voltage (below the work function of either material).
This reduces the tunneling matrix element to a function of the sample’s LDOS at the
tip position. By differentiating the current with respect to voltage, one obtains the
following.

dl
V) xp(V) (3.4)
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Therefore, with a well defined tip, where one can approximate the density of
states of the tip as constant, the measured dI/dV at is proportional to the density of
states of the sample at that voltage.

With a fixed tip position, one may perform spectra by varying the bias voltage
and measuring the resultant current. The derivative is proportional to the LDOS.
One may further improve measurements by modulating the bias voltage. By ap-
plying a small modulation to the bias AV around bias V, one may measure Al and
calculate the dI/dV at V. Clearly, the modulation must be smaller than the size of
the measured features so that they can be accurately resolved.

Importantly, this gives further context for equation 3.2. Imaging of the sample
is a convolution of the topography and changes in the local density of states of the
sample directly below the tip, as the tip scans across the surface. Thus, STM does
not measure real topography, but only the “apparent height” of the sample.

3.3.1 Measurement and interpretation of spectra

In order to take high quality reproducible measurements, one must be certain that
the tip is well defined, meaning that the measured dI/dV does not show features
of the LDOS of the tip, and that the approximations made in the prior section are
applicable. The Shockley surface state [135-137] is a well defined reference for noble
metals. One should measure a sharp step in the dI/dV at a certain position, de-
pending on the metal and crystal structure, with no additional features. In order to
exclude any contribution from the LDOS of the tip, it is best practice to condition
the tip, usually by stabbing the tip into the surface until the Shockley surface state is
seen as a clear step function.

It is common practice to normalise dI/dV spectra, for the purpose of comparison.
From literature [138], one may divide the dI/dV at each point by the I/V measured
at that point, to eliminate the non-linear voltage dependence of the I/V. This does
cause the resultant value to approach infinity as V approaches 0, so it is common to
either delete some data points close to 0 V, or to broaden the V by some value, this
value can be somewhat arbitrarily chosen to mediate between equalising peaks and
distorting the data. Critically, this procedure also slightly shifts the peak position,
so must be carefully applied. This normalisation procedure is implemented in this
thesis at times, but will be mentioned where relevant, with untreated data shown in
SL

Importantly, thermal broadening will affect the shape of peaks, as well as limiting
the minimum energy resolution. Furthermore, there are many features which only
become visible below a certain temperature, including the Kondo effect, which will
be studied in this thesis. As a result, STS is often performed at low temperatures. In
the case of this thesis, all STS are performed at 4.5 K

3.4 UHV sample preparation

The noble metal crystal substrates Au(111) and Cu(111) were cleaned by multiple
cycles of argon ion bombardment and thermal annealing to 400°C. The molecular
samples were deposited onto the crystal substrates held at room temperature. The
pressure in the deposition chamber was 2x10® mbar during deposition and trans-
ferred between vacuum systems via the vacuum suitcase. The samples were initially
degassed to 50°C to remove any small amount of dirt adsorbed during transfer.
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3.5 Electrospray deposition

As discussed in chapter 2, electrospray deposition will be implemented in this the-
sis, to deposit thermolabile molecules onto metal substrates for study with STM. In
order to fully understand the function of the prototype ESI-CIBD system, the phys-
ical properties and mathematics underpinning the physics of this system will be
discussed.

3.5.1 Electrospray mechanism

The electrospray mechanism works by driving a solution containing the target molecule
through a narrow capillary with a high voltage applied to the solution, usually via

a conductive capillary. The capillary is pointed towards the counter electrode. This
induces the accumulation of charge carriers to form at the edge of the droplet pro-
truding from the capillary. This protruding droplet shape is dependent on many
factors [139-141] and is highly complex. The important factors one strictly controls
are spray voltage, flow rate and the combination of solvent used. These factors can
greatly affect the results of any experiment. By optimising these parameters, one
may create a so-called Taylor cone. [142]. A fine mist of charged droplets is ejected
from this cone towards the counter electrode.

Once these droplets are sprayed into a mist, they begin to shrink in size, initially
due to evaporation of the neutral solvent. Eventually, the forces from coulomb repul-
sion of these charges approache the surface tension as the droplet decreases towards
the ‘Rayleigh limit'[143, 144]. The Rayleigh limit is gr = 871\/€yr3, where g is the
Rayleigh limit charge, € is the permittivity of free space, 7y is the surface tension, and
r is the droplet radius. As the droplet is unstable, the radius of the droplet will drop
below the Rayleigh limit and coulomb fission occurs, where smaller higher charge
droplets are ejected from the mother droplets, which must further split to increase
their radius above the Rayleigh limit. This continues in a cascade.

Throughout this thesis, the molecules are ionised in solution prior to spray, and
as a result, the droplet simply continually decreases in size and all solvent is evapo-
rated, until only the ion remains.

Via the spray process, kinetic energy is imparted to the solution molecule combi-
nation, and thus to the ions. As there is some level of randomness during the spray
procedure, some collisions occur while the ions travel in the ambient conditions, this
kinetic energy is quite random, and has a certain distribution, which is dependent
on many spray parameters. Once inside the chamber, collisions are reduced, and
once the ions reach a chamber of 102 mbar, one may assume the mean free path of
the ions is greater than the dimensions of the chamber, and thus one may assume no
collisions. It is possible to control the ions with electric fields, but any adjustment of
the kinetic energy is assumed elastic in vacuum. Therefore, the non elastically con-
trolled component of the kinetic energy of the ions is dependent only on the spray
parameters. Some parameters of the spray procedure are challenging to control to
a high degree, such as the humidity of the room where the experiment takes place.
While the ambient conditions of the experimental room are not expected to signifi-
cantly influence the spray procedure, the vastness of the parameter space makes it
difficult to assert this with certainty.
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3.5.2 Quadrupole mass spectrometer

A quadrupole mass spectrometer is implemented in the electrospray deposition sys-
tem used throughout this thesis. The quadrupole is a form of multipole ion guide
that uses electronic fields to stabilise ions that travel through it. The quadrupole,
as the name implies, is simply 4 long conductive poles, which are used to create an
electric field, which confines the ions. For the most effective confinement, the poles
must be arranged symmetrically around a central axis, often with micrometer pre-
cision. An oscillating radio frequency (RF) field is applied with a DC component.
All rods are placed under the same oscillating RF field at the same DC potential.
Adjacent rods are applied with fields shifted in phase by 180°.

In the 1950s, the quadrupole was first used by Paul and Steinwedel to filter ions
by m/z, the idea of which was used to build a QMS, which was awarded the Nobel
prize in physics in 1989 [145-147].

The quadrupole is implemented, as the mathematics underpinning the fields
generated by this system are more dependent on the mass to charge ratio (m/z),
and thus allows it to serve more effectively as a filter. This allows one to tune the
quadrupole parameters such that only the ions of a specific m/z are successfully
guided through the system. Ions that do not correlate to this m/z begin to oscillate
unstably, eventually landing on one of the electrodes and will not successfully pass
fully through the analyser.

By measuring the ion current at the exit of the analyser, one may sweep through
all DC voltages for a given RF that correlate to a specific m/z range and observe the
ion current where peaks correspond to successful transmission of an ion at the RF
and voltage that corresponds to a particular m/z, thus producing a mass spectrum.
Furthermore, the mass analyser can be set to a specific m/z, such that it acts as a
mass filter. This allows one ot first measure the m/z of ions in the ion beam, and
then select only the desired ions. Importantly, only the m/z is defined; this does
not allow for multiple charge states. Therefore, one cannot deposit multiple charge
states of the same molecule simultaneously, and furthermore, it can be. challenging
to analyse the composition of fragments if the charge state of these fragments is
unknown.

The specifics of the mathematics behind how a QMS confines ions are complex,
so only a limited discussion will be presented here. A more thorough discussion is
given in the following references [32, 148-151].

The quadrupole mass filter operates by the Mathieu stability equations, which
describe the motion of ions in the combined RF and DC fields. The stability of a
given ion’s trajectory depends on two dimensionless parameters, a and q, which are
functions of the ion’s mass, charge, RF frequency, and applied voltages.

This model assumes an infinite length of rod to remove any z-component.
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a and q are dimensionless stability parameters for the trajectory of the ions in
the QMS. u reflects a combination of x and y displacement, where a, is the positive
component of 4, and the negative component of a,. g is the charge of the ion, and
m is its mass. () is the angular frequency of the applied voltage. Vpc and Vir
are the DC voltages and RF voltages respectively. rq is the inscribed radius of the
quadrupole system, which is the length of the straight line extending from the centre
of the quadrupole, to where it first touches one of the quadrupole rods. Once an ion
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exceeds this radius, it has either exited the quadrupole and is lost or impinges onto
the electrode.

Ion motion is confined in regions where solutions to the Mathieu equations re-
main bounded, as can be seen in Figure 3.2 a) and b). Generally speaking, most QMS
systems operate in the first stability region, shown in a) although operation in other
regions has been performed [152, 153].
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FIGURE 3.2: Ion stability diagrams for ions in quadrupole a) Ion stability regions for stable
ion transmission, roman numerals depict each stability region taken from [149], b) Ion sta-
bility dependent on selecting slope of ratio of a and g, adapted from [148].

Figure 3.2 b) shows how, for a givens mass, one may select the slope of the a
and q parameters for a given scanning of parameters, such that the slope intersects
the allowed regions in such a way that a tuned range of ions can pass through the
quadrupole in a stable manner. If one lowers the slope, then more m/z ions will
pass through for some range of a and q parameters. If one raises the slope, the
range of allowed m/z will decrease, improving the reoslution, but does limit the ion
transmission somewhat. Observing operating line 1, m;, my, and mj are all within
the stability region, so will all transmit, whereas if one steepens the slope to operate
on line 2, only mp will transmit stably.

3.5.3 Overview of ion optics

As the depositions will be performed in ultra high vacuum, the ions sprayed from
solution need to be brought into increasingly higher levels of vacuum through a
series of differentially pumped chambers. It is critical to ensure that the ions suc-
cessfully transmit through the various chambers, and this is done via the use of an
ion guide. These work on a similar principle to the QMS, but due to the higher order
of the multipole [154, 155], a broader m/z transmission is enabled, and thus does
not have the same mass selectivity and can be used to transfer all ions through to
the UHV environment. The ion guides carry the ions through differential vacuum
chambers with minimal losses, less than 10% of ions between each chamber.

3.5.4 Calibrating the mass spectrometer

As discussed, at a certain RF frequency, a certain DC voltage corresponds to a certain
m/z. In order to use the mass spectrometer, one must first establish the correlation
between these values through calibration. This can also be done post spectrum,
as the mass spectra should be close to linear at similar frequencies, especially for
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small adjustments. As the mass analyser was repaired multiple times throughout the
PhD work, a calibration was performed using a few well defined molecules. Whilst
this calibration was applied to all data within the thesis, it may be the case that
different spectra were taken during different stages of repair, and thus the calibration
is not perfectly valid. This may introduce some error into the quoted measured ion
masses, but as will be discussed later, this error is not high enough to invalidate the
assertions made about the mass of ions.

3.5.5 Kinetic energy measurements

During the spray procedure, kinetic energy is necessarily imparted to the ions. As
well as any possible collisions within the system, the kinetic energy of the ions can
significantly affect the resultant experiment. Once inside the vacuum system, at
pressures below 10 mbar, one may assume that as the mean free path of the ions is
far above the dimensions involved, there are no collisions. The only relevant energy
transfer involved once within the vacuum system is from the various applied electric
fields, and can thus be assumed elastic.

For many experiments, one may want to measure and control the ion kinetic
energy. If one applies a retarding field of a certain voltage, ions of an energy lower
than the energy of the field form this retarding voltage, will not arrive to the surface
and a contribution to the ion current from these ions will not be detected. This
system is known as a retarding field analyser (RFA). By scanning over a voltage
range, one may define the counts of ions within this range. By scanning the voltage
between the maximum and minimum ion kinetic energy, i.e between where 0% and
100% of ions are detected, one may plot a kinetic energy distribution and thus define
an average ion kinetic energy. An example kinetic energy test from within the thesis
is displayed in Figure 3.3.
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FIGURE 3.3: Example Ion Kinetic energy scan of [TbPc;], with Gaussian fit of d1/4V.

Where the 0 energy is defined as the position where turning the ion beam on or
off does not change the resultant current, i.e. 100% of ions do not reach the target. In
principle, this should be 0 current, but due to some leakage current from the applied
DC potential, there is some background. The calculated d1/dV (blue trace) displays
the distribution of ions across this kinetic energy. One may then set the potential
anywhere in this distribution to capture only ions of this energy and higher. In real
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terms, the retarding potential is defined by the potential of the sample, relative to the
prior electrode, which in this case is the final ion optic. One will shift the distribution
by adjusting the sample offset. By the definition implemented here, any ions with
an apparent negative kinetic energy on impact are ions that do not reach the surface.
If one sets the kinetic energy very low, or even to an apparent negative, only a small
fraction will reach the surface, and this small fraction has a very low distribution,
allowing for better definition of the kinetic energy. Therefore, generally speaking, a
thinner distribution gives a greater control of the ion kinetic energy.

While a Gaussian has been fitted here, the distribution is not necessarily a Gaus-
sian, and depends on both the spray parameters, and the parameters of the various
fields used while carrying th ions thorough the ESI system. As study of kinetic
energy doe snot play a significant role in the experiments in this thesis, a deep dis-
cussion of how the distribution can be modified will not be explored and discussed.

3.6 Presentation of experimental setup

To provide a clear understanding of the experimental procedures and instrumen-
tation used throughout this thesis, this section presents detailed diagrams of the
experimental setup. These schematics illustrate the key components and configura-
tions of the equipment, including vacuum chambers, sample preparation stages, and
measurement systems, in order to provide a better grasp of how the work was con-
ducted. Each setup is accompanied by a brief explanation highlighting its purpose
and relevance to the experiments conducted.

3.6.1 LT-STM UHYV setup

Figure 3.4 shows all relevant sections of the STM chamber used for all measurements
within this thesis. Each chamber and component serves a specialised function to-
wards the aims of the project, which will be discussed sequentially.

Firstly highlighted in purple is the differential pumping system, used to bring
the pressure down to the ~101% mbar regime. Roughing pumps initially evacuate
the chamber to the 102-10° mbar regime, followed by a pre-vaccum system consist-
ing of a small turbomolecular pump, bringing the pressure down to the 107 mbar
regime. This pre-vaccuum system is connected to the exhaust of a large turbomolec-
ular pump, which pumps the chamber to the 10 mbar regime. An ion pump is
equipped in both the STM and preparation chambers to reduce the pressure to the
1019 mbar regime. These pumps do not contain moving parts and so can run with-
out coupling in noise ot this system. The turbomolecular and roughing pumps can
couple significant noise into this system, therefore, they may be turned off, and the
pressure maintained by the ion pumps for a finite amount of time. Finally, a tita-
nium sublimation pump is used to coat the walls in a thin layer of titanium, which
can further reduce contamination by trapping impurities in the walls. This is often
used following a dirtier sample preparation. Importantly, in order to reach these low
pressures more rapidly, the system is baked to roughly 150°C, to desorb as much wa-
ter and other contaminants to be pumped away. After the bake is complete and the
system is cooled back to room temperature, a pressure of ~1x1071? mbar is achieved.

Highlighted in green is the manipulator, with a linear motion feedthrough to
transfer the sample between chambers. It is further equipped with a heating stage
where thermal annealing and sputtering can be performed to clean the crystalline
metal substrates used throughout this thesis.



22 Chapter 3. Experimental methods

Manipu lator

FIGURE 3.4: Colour-coded image of JT-STM setup, adapted from [156]. Port for attaching
vacuum suitcase not shown.

The blue highlights the preparation chamber of the system. In general, prepa-
rations are performed in the other chamber, but simple sample heating and sample
cleaning post experiment were performed here using the attached sputtergun and
heating stage.

The cryostat, which is highlighted in red, is used to maintain the low temperature
necessary for these experiments. An outer cryostat, which holds 25 L, is filled with
liquid nitrogen (77 K) to cool the inner cryostat and conserve liquid helium. The
inner cryostat, which holds 5 L, is filled with liquid helium (4 K), which cools the
STM head to as low as 4.5 K. Additionally the cooled nitrogen and helium shields
which isolate the STM from external noise, also act as a cryopump, bringing the
chamber pressure to the 10! mbar regime. A helium recovery system is integrated
to reprocess the gas helium into liquid.

Turquoise highlights the damping system, which is a commercially available sys-
tem that uses compressed air to raise the entire STM off the ground, decoupling it
from mechanical noise. Further, the air system passively reacts to any perturbation
of the STM and corrects any vibrations.

Finally, in yellow, the STM chamber is highlighted. This contains a parking lot
for up to 5 samples, as well as a wobble stick for transfers. Additionally, there are
the nitrogen, helium and Jt shields. Within the shields is the STM head, the specifics
of which are detailed below.

3.6.2 STM head technical details

A technical drawing of the Omicron Joule Thomson Scanning Tunneling Microscopy
(JT-STM) Scan Head is displayed in Figure 3.5, alongside an image of the scan head
as well as a tip on the sample.
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FIGURE 3.5: JT-S5TM head overview, a) Shows an image of the interior of STM, with some
components labelled, b) shows close to contact with Ag(111) substrate c¢) Schematic of JT-
STM taken from Omicron manual.

c) shows a schematic taken from the manual of the Omicron company [157]. The
spring system indicated at the top of the image is used to damp passively against os-
cillations. When on the spring system, the STM is no longer in thermal or electronic
contact with the rest of the system, reducing both electrical and mechanical noise.

The shields are used to shield each inner section from temperature, improving
stability and keeping the sample at base temperature for a longer time. All images
and STS spectra presented in this thesis were taken with the STM cooled to 4.5 K.

The tip and scan piezo rest upon a Z coarse motion piezo system, which allows
the tip to move away from the surface for safe transfer into and out of the STM head.
This coarse motion allows the tip to move ~3mm away from the surface, via the slip
and stick motion of the piezo stack.

a) shows a user view into the scan head, the omicron type sample plate is placed
into its sample holder, which is capable of moving laterally to allow for some coarse
motion across the sample. This allows one to scan different local areas around the
surface. The sample can be moved laterally by a few mm, which is greater than the
~6 mm diameter of the surface.

The tip is upon the scan piezo, which can move the tip towards/away from the
surface by 400 nm, and laterally by 2 pym when the STM is cooled to 4.5 K. The tip
is approached to the surface by repeatedly moving the tip towards the surface via
the coarse motion by roughly 150 nm, and then the scan piezo fully extends. If
the feedback loop does not detect a tunneling current before extending fully, it will
retract fully, and another coarse motion of 150nm is made. This is repeated until the
tip enters into tunneling contact.
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3.6.3 ESI-CIBD UHYV setup

Figure 3.6 displays the UHV system of the ESI deposition chamber. This figure is
taken from [158]. An initial treatment of the setup of the UHV chamber will be
provided, followed by an in depth discussion of the setup of the various ion guides
within the chamber.

Highlighted in green is the ion source, which is in ambient conditions. It is con-
tained inside a box to protect the user from the high voltage that will be applied to
the emitter needle. This section contains a syringe with a controlled plunger mech-
anism which pushes the solution through plastic tubing into the ‘emitter box’. The
emitter box is a metal box from which the emitter protrudes, and through which the
high voltage is applied. It can be heated if desired, and gas can be introduced into
the emitter box in order to control the spray environment more precisely, although
this feature was not used. Furthermore, it allows the rapid exchange of emitters, in
order to change between emitter dimensions or materials. At the boundary between
these regions is the counter electrode (to which a small voltage can also be applied
if necessary). The electrode narrows into a capillary which protrudes into the UHV
system and the subsequent chamber. The capillary can be heated to ~200°C, in or-
der to accelerate the evaporation of the neutral solvent. A small rubber seal can be
pushed into place to cover the capillary when the system is inactive and maintain
pressure inside the UHV chambers.

Deposition and e

= RFA chamber .
Quadrupacle
analyzer chamber

. Differential
chambers

M on Source
(ambient)

FIGURE 3.6: Colour coded schematic of ESI-CIBD UHYV setup, additional pumping system
not shown, adapted from [158]

Highlighted in purple are the series of differential chambers. A small membrane
pump keeps these chambers at vacuum when the system is not in use. Scroll pumps
are used to pump the large volume of gas within this chamber, and a turbo pump
in the last of the 3 chambers to pump this chamber to UHV condition. As the final
chamber will be opened to the entire UHV system, this can only be opened once
the final differential chamber is at least in the 10 mbar regime. Finally, there are
large roots pumps which are used to pump the very large volume of air that enters
once the seal is removed at the capillary, and the differential chambers are open
to the ambient environment. With all pumps running and the capillary open, the
1st, 2nd, and 3rd differential chambers are at the 1 mbar, 102 mbar and 10°® mbar
regime respectively. These chambers contain the ion funnel and the first two ion
guide optics. The final feature of this chamber, is that it can be moved to that the
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final guide can be inserted into or retracted from the UHV chamber, so that the space
between ion guides is minimised, and the exit of ion guide 2 is as close as possible
to ion guide 3, in order to reduce losses.

The chamber highlighted in yellow contains the final ion guide and the quadrupole
mass analyser. This chamber is also pumped by a small turbomolecular pump, con-
nected to a pre-vaccuum system. This chamber is maintained in the high 10 mbar
regime.

The final chamber, highlighted in red, is the preparation chamber for depositions.
It is equipped with a sputtergun and a sample stage with an integrated oven for
annealing. The sample stage can be moved in XYZ directions and rotated to orient
the sample. The stage can also be cooled using cryoliquids. The potential of the
sample on the stage can be set, in order to perform the retarding field analysis, and
set the kinetic energy of the ions. The final blade ion guide is housed here, which
focuses and collimates the ion beam exiting from the QMS to target directly onto the
sample. This chamber is pumped by a large turbomolecular pump and has also been
baked. The base pressure in this chamber is in the high 10"1° mbar regime, but rises
to the 10 mbar regime during deposition.

3.6.4 ESI-CIBD technical drawing

Below is a schematic of the ESI-CIBD system. The diagram is not to scale.
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FIGURE 3.7: Schematic diagram of ESI-CIBD

The specific construction of the ion funnel can be seen here, with stacked RF elec-
trodes of decreasing diameter. This collimates the beam and allows it to be focused
through the multiple 16 pole ion guides, significantly reducing losses.

As the current can be measured on the sample, it is also possible to measure how
much charge builds up on the surface, and assuming the charge state has been well
defined, one may count the total charge buildup on surface during the deposition,
and thus a specific number of individual molecules deposited onto surface. This
allows one to calibrate coverages between separate depositions.

Each individual component can have its voltage potential set in the range +100
V. Therefore, the kinetic energy of the ions can be controlled at any point inside
the UHV system. Furthermore, the current on each component can be measured in
order to verify the losses of ions throughout the system in order to troubleshoot and
perform diagnostics.
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3.6.5 Setup and use of the vacuum suitcase

As the STM connected to the UHV chamber of the ESI-CIBD system can only mea-
sure at a minimum of ~80K, and the intention of this project is to take scanning
tunneling spectroscopy of features that are only visible at temperatures below 30K,
it was necessary to transfer between UHV systems to the low temperature STM, de-
picted in Figure, 3.4 This was achieved via the use of a vacuum suitcase, as depicted
in Figure 3.8

FIGURE 3.8: Image of Vacuum suitcase with important components highlighted by colour.

This portable UHV-compatible transfer chamber allows for the transport of sam-
ples under vacuum conditions, preserving their surface integrity between prepara-
tion, deposition, and measurement stages. The suitcase is equipped with a rubber
gasket for rapid attachment to the port system. This rubber gasket can maintain
pressure down to as low as 10 mbar regime and can be baked to up to 200°C.
The port is attached to a chamber by a standard CF-40 flange interface and thus
can be simply attached to most chambers. The suitcase itself contains a multistage
adjustable parking, transfer arm, compact ion pump, ion getter material and a sim-
ple commercial battery pack to remotely power the system. This ensures consis-
tent UHV conditions throughout the transfer process, and allows the suitcase to be
carried for as long as the system remains powered. Its use was essential for these
experiments, where deposition and analysis took place in separate chambers.
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Chapter 4

State of the art

4.1 Introduction

In order to fully discuss the relevance of the results taken in this thesis, it is important
to first discuss some of the prior work already completed on and around these topics.
This section will discuss the [TbPc,]° molecule studied in this thesis and how it has
been studied on surface, as well as explaining the Kondo effect and its relevance.

4.2 Kondo effect

The Kondo effect is a spin-flip scattering process of conduction electrons with mag-
netic sites in a material. The Kondo effect is only measurable below a certain charac-
teristic 'Kondo temperature’. The Kondo temperature of the materials studied in this
thesis is ~40 K, thus necessitating the low temperature STM described in chapter 3.

Above the Kondo temperature Tj thermal energy disrupts the formation of a
screening cloud, therefore, the spin of the magnetic site remains unscreened. Below
Tk, a cloud of antiferromagnetically coupled spins orbit the magnetic site creating a
screening 'Kondo cloud’, as depicted in figure 4.1. The magnetic site is screened as
the conduction electrons are entangled with the spin of the magnetic site, creating a
singlet state. Itinerant electrons are scattered off of the screened impurity in a spin
flip scattering process.

FIGURE 4.1: Diagram of an example Kondo cloud, where the green circle shows the magnetic
site, the grey the Kondo cloud, arrows depict spin orientation, and red arrows show itinerant
electrons.
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Generally, in this thesis, the identification of the Kondo effect is used only to
probe radicals on the surface and to observe unpaired spins in radical molecules. As
these unpaired spins have some interest towards QIP, it is useful to study how these
radicals change by measuring this Kondo effect.

4.2.1 Origin and history

The Kondo effect was first observed in the 1930s when researchers noticed an unex-
pected increase in electrical resistance at low temperatures in metals such as gold,
copper and platinum [159, 160]. This behavior was puzzling because, according to
standard theories of metallic conduction, resistance should decrease as temperature
is lowered due to reduced phonon scattering. After some experimentation, this un-
expected behaviour was eventually attributed to dilute magnetic impurities, such
as iron, within these metals. The mystery remained unresolved until 1964, when
Jun Kondo developed a theoretical model to explain the phenomenon. Using per-
turbation theory, Kondo demonstrated that conduction electrons in a metal interact
with localised magnetic impurities via spin exchange, leading to a localisation of the
conduction band electrons at low temperatures [161].

This effect was found to arise from the formation of a many-body quantum state
in which conduction electrons screen the impurity’s magnetic moment, a process
later understood in terms of a Kondo singlet.

4.2.2 Theoretical discussion

The theoretical foundation of the Kondo effect is based on the interaction between
a localised magnetic impurity and the conduction electrons in a metallic host. The
Kondo effect is a spin flip scattering process, where a magnetic moment in a material
screens electrons [161-167]. This scattering raises the resistivity of a material as tem-
perature decreases. Normally, this effect is not visible. The resitivity of a material
was modelled by Jun Kondo as the following.

p=aT’>+bpg—cInT (4.1)

Where the T° term is due to phonon scattering, and dominates until one reaches
lower temperatures. a, b and ¢ are constants and p is the resistivity. The In(T) term
is due to scattering from these magnetic sites. The Kondo temperature is the tem-
perature at which the In(T) term begins to dominate and the resistivity reaches a
minimum value.

This modelling shows an obvious problem, that as T approaches 0, In(T) di-
verges. This was known as the Kondo problem. This issue was only resolved many
years later by K. Wilson [168, 169], who found an alternative model at low tempera-
tures. The exact solutions were found by Andrei [170] and Wiegmann [171] in 1980.

In order to understand a single impurity in a magnetic host, such as is the case
for a magnetic molecule on a surface, the "Anderson single impurity model” was
proposed [172, 173]. This was proposed for a delocalised d-orbital, however, in this
case it will be discussed in the context of a Ce impurity on the surface of a host metal.
In the example shown in Figure 4.2, the 4f! state of a Cerium atom is filled, and the
4f? state unfilled. They are separated due to coulomb repulsion, with an energy gap
of U. €y is the energy gap between Fermi level and the singly occupied orbital 4f*. A
is the broadening of the state due to hybridisation with the continuum from the host
metal. A = po]V\Z, where py is the DOS at Fermi level, and V is the hybridisation
matrix. An exchange process can take place where either the electron in the 4fstate
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empties into the host metal and then the opposite spin electron relaxes back into the
4f, or both an electron in the host metal, and the 4f state are together in the 42 state,
and again the opposite spins relax to their initial positions. In both cases, a spin flip
occurs.
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FIGURE 4.2: Exemplary spectrum of DOS in the framework of the Anderson model, simu-
lated for a cerium atom, where € = 2eV,U=5¢eV, A =034 eV, figure taken from Ternes et
al.[173]

One may question where the energy comes from for the electron in the 4f! state
to enter the other states. Due to Heisenberg’s uncertainty principle, the energy
difference is small enough that this excitation can occur as a virtual process for a
timescale of 10'> seconds, which is sufficient time for this spin flip scattering pro-
cess to occur.

Many spin flip scattering events, such as those described above, cause a screen-
ing effect of the local magnetic moment.

As the conduction electrons in the host metal are screened by the impurity, this
causes a singlet ground state, due to a many body interaction. This screening of
the impurity by the conduction electrons condenses the density of states around the
Fermi level.

4.2.3 Observation of Kondo effect on surfaces via STM and STS

As discussed, the Kondo effect screens the conduction electrons, causing a a peak in
the conductance at the Fermi level. Therefore, when one measures dI/dV of some
magnetic molecules, one may measure a feature at zero bias due to the Kondo effect.
This feature at Fermi level, called a Kondo resonance, was first observed on the
surface via STS by Madhavan et al. for Co on Au(111) system [174].

One important parameter that is characteristic of the material is the Kondo tem-
perature. The width of the Kondo feature is dependent on Kondo temperature, and
thus can be used to probe the properties of the material being measured. Within the
Anderson model at T = 0K, the Half Width Half Maximum (HWHM) of the Kondo
peak I' is dependent on the following [172].

1 A
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For a non-zero temperature, there is some broadening of the observed Kondo res-
onance. The Kondo peak width grows linearly with temperature above T within the

(4.2)
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framework of the Fermi-Liquid model [167, 173] due to the smearing of the Fermi-
Dirac distribution of initial and final states of the spin flip process described in the
prior section. This leads to a peak width at finite temperature being calculated as
follows.

2T = |/ (akpT)? + (2kpTi)? 4.3)

Where « is the slope of the linear relationship between temperature and peak
width.

The shape of the zero bias feature is dependent on how the electrons transport
from the surface to the tip. There are two possible channels for the electrons to
tunnel into the tip, one of virtual tunneling as described above, and one of direct
tunneling. This adjusts the feature such that either a dip or a peak is observed,
depending respectively, if the virtual or direct tunneling dominates, as well as an
asymmetric peak due to quantum interference between both channels. This can be
modelled by a Fano lineshape of the following form [175].

B (g +€)? _E-E
P=pt ey T

Where g is the g-factor that determines the shape of the resonance as seen in
Figure 4.3. When the q factor is 0, all tunneling occurs directly into the metal sample,
and at infinity all tunneling occurs via the Kondo resonance state.
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FIGURE 4.3: Calculated Fano functions depicting variation in g-factor

The g-factor is also somewhat dependent on the experimental parameters, such
as tip sample distance and substrate material. If one controls these parameters, one
may study the interplay of the Kondo effect with other physical phenomena, such
as magnetic anisotropy, quantum confinement, and surface interactions, making it a
crucial tool for exploring correlated electron physics at the nanoscale.

It must be stated that the appearance of a zero bias anomaly is not necessarily due
to a Kondo effect. For example, the measurement of hydrogen from the surface upon
magnetic atoms. [176]. Therefore, it is important to verify the origin of these zero
bias features. A key parameter defining the Kondo effect that has already been dis-
cussed is the relationship between peak width and temperature. If one measures the
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same Kondo feature with the same Kondo temperature at different sample temper-
atures, one expects a linear change in peak width. The linear change in peak width
is a strong signature of the Kondo effect. If it is non linear, it may be the Kondo
effect convoluted with some other phenomenon. By measuring the peak width at
multiple temperatures, and extracting from the linear relationship, the Kondo tem-
perature may be measured with high accuracy.

One very clear signature that an observed feature is a Kondo feature is the split-
ting of a Kondo resonance in the presence of a magnetic field [119, 177-182]. By
applying a magnetic field to a sample where a Kondo resonance can be observed,
one will observe two peaks symmetric around the Fermi energy, where the peak to
peak distance is dependent on the applied magnetic field strength. This Zeeman
splitting is described as follows [183-185].

Av = 2gyu3B 45)

Where Ay is the width of splitting in volts, is the inherent g-factor, is the mag-
netic field, and pp is the Bohr magneton. The value of the Bohr magneton is 57.9
peV. Therefore the splitting is of the order of 0.1mV /T and as such, a large magnetic
field is required for visible splitting of peaks in many materials.

The most accurate measurement of Kondo temperature is achieved from the lin-
ear relationship of peak width to varying sample temperature. If this is not possible,
one may approximate the Kondo temperature of a material with a gq-factor approach-
ing infinity using the derivation from Nagaoka et al.[186], which is derived from eqn
4.2. This assumes a Lorentz type function.

I= \/(ﬂ'kBTK)Z + 2(kBTK)2- (4.6)

This is an imperfect method to derive Kondo temperature, but it does allow a
simple comparative study of different systems studied within this thesis.

4.3 Molecular conformation and imaging of [TbPc,]0

[TbPc,]° has been extensively studied on various surfaces using STM to investi-
gate its electronic, magnetic, and structural properties at the atomic scale. High-
resolution STM imaging reveals the characteristic lobed structure of the phthalocya-
nine ligands, where the split 8-lobe structure, as seen in Figure 4.4 a) taken from
Lawes et al. [187] and through the literature [12-15, 188-193], is due to the 4 lobe
structure caused by the phthalocyanine being split by interaction with the phthalo-
cyanine in the lower level. Furthermore, the orbitals due to the central Terbium ion
are visible. As discussed in chapter 3, STM does not measure directly topography,
but a convolution of topography and electronic structure, therefore, despite the fact
that the physical ion is below the plane of the upper Phthalocyanine, the orbitals of
the ion are still measurable and identifiable in imaging.

As the ligand of these molecules has been heavily modified during the experi-
ments in this thesis, it is important to understand the structure of the molecule with-
out any substituent for the purpose of further discussion. Importantly, the 4 lobe
structure, which in this case is split into 8 lobes, is due to the upper phthalocyanine.
This 4 lobe structure, due to the 4 benzene rings of the upper phthalocyanine in a
cross structure, will be referred to as the ‘aromatic backbone’ of the molecule.

Many molecules, when deposited onto surfaces, organise into regular islands,
as depicted in Figure 4.4 b). This is due to a combination of molecule-substrate
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and intermolecular interactions. The highly planar phthalocyanine ligands of the
[TbPc,]° molecules, with their extended -conjugated systems, often adsorb flat on
metallic substrates such as the Au (111) and Cu (111) crystals studied within this
thesis.

FIGURE 4.4: Overview of differential contrast in islands of [TbPc;]? a) STM image of isolated

[TbPc,]° molecule deposited onto Au(111), Up=300mV ;=60 pA, b) Image of [TbPc,]° is-

land on Au(111), with A and B type molecules indicated Up=300 mV I;=70 pA, c) Schematic

of molecule, where 0 depicts the dhedral angle, d) and e) Top view of HOMO and HOMO-1

wavefunctions for d) and e) respectively, where + and - refer to spin up and down respec-
tively, taken from Lawes et al. [187].

These islands have long-range order, forming full self-assembled monolayers
adopting a square lattice on both Au (111) and Cu (111) as depicted. One of the
aims of this project is to adjust the ligand of the molecule such that the parameters
of this lattice is tuned. The islands are reported to form in both a compact and non-
compact phase. Thus, two sets of lattice parameters are recorded. 1.43 nm and 1.50
nm [193, 194].

Furthermore, it is also noted that each upper phthalocyanine is rotated by 15°
relative to its neighbors in a checkerboard pattern, which is widely reported in liter-
ature [13, 14].

Because the STM tip probes only the surface directly beneath it, resolving the
underlying structure beneath the upper phthalocyanine layer is challenging. The
azimuthal angle is defined through this thesis as the angle of the entire molecule
relative to some axis parallel to the substrate. The dihedral angle, depicted in figure
4.4 is defined as the rotational angle between the upper and lower phthalocyanines.
For a free phthalocyanine, this angle is 45°.

It is not clear from imaging alone, if the relative 15° rotation between adjacent
phthalocyanines in the upper layer is due to alternately differing dihedral angles, or
alternately differing azimuthal angles.
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The centre of the molecules of [TbPc,]° organised into islands on Au (111) show
an alternating light and dark contrast in a checkerboard pattern, as seen in Figure
4.4 b). These two contrasts are labelled as A and B. This contrast has been observed
by Komeda et al. and Amokrane et al. [12, 14] It was initially proposed that this
pattern results from a checkerboard like variation in the dihedral angle between
the molecular layers. Meaning that the lower phthalocyanines all have the same
orientation, and the upper layer has an alternate conformation, as can be seen from
the image. This is surprising, given that one would expect steric repulsions from the
groups in the lower phthalocyanines, and this is considered not possible.

From Lawes et al. [187], it is argued that this contrast is in fact due to the elec-
tronic properties of the molecules. By performing a molecular dynamics simulation,
and ab initio DFT calculations, one finds that the model relaxes into a conforma-
tion where the dihedral angles of adjacent phthalocyanines are the same, and the
azimuthal angle is rotated by 15°, i.e the entire molecule is rotated in a checkerboard
pattern, not just the upper phthalocynaine.

Furthermore, by an energy level analysis performed on states close to Fermi
level, one may observe the localisation of states at different energies, as depicted
in Figures 4.4d) and e). It was found that the wave function of the HOMO state is
localised to the A type molecules, and the B type shows localisation of the HOMO-1.
Therefore, the checkerboard symmetry is highly likely to be electronic in origin, and
that ultimately the situation is not fully clarified.

4.4 Spectroscopy of [TbPc,]°

The [TbPc,]° molecule has been measured on many different substrates in many
different conformations, and when organised into various structures. It has been
found that, particularly when deposited onto Au(111), the measured d1/dV spectra
can vary greatly depending on various parameters of what has been measured. As
the intention of this project is to modify how these molecules organise and interact
on the surface, mostly focusing on Au(111), it is important to understand how these
parameters may affect the resultant measured spectroscopy.

Firstly, when deposited onto Cu(111), the situation appears quite clear [193]. A
band gap of 2.3-2.4 V is measured, depending on measurements being taken on the
centre of the molecule or a lobe. The LUMO (Lowest Unoccupied Molecular Orbital)
is measured at 1.8 V, and the HOMO (Highest Occupied Molecular Orbital) at -600
mV when measured on the lobe, and -500 mV when measured on the centre. Similar
observations are found for other substrates [189, 190].

The situation becomes markedly more complex when deposited onto Au(111).
There is a distinct difference between spectroscopy when an isolated molecule is
measured, compared to when measuring islands of molecules [13, 14]. Furthermore,
there are significant differences when measuring different locations within islands,
as well as depending on the variations within the island.

From Amokrane et al. [14], there is a strong dependence of the measured spec-
troscopy upon both measuring on lobes compared to the centre of molecules. Ad-
ditionally, when in the compact phase, there is a difference in spectroscopy when
measuring lobes that overlap with lobes of adjacent molecules. The overlap of mul-
tiple orbitals causing differing spectroscopy is not surprising, but certainly requires
consideration. Finally, a difference is observed when measuring the centre of the
two types of molecular contrast seen in imaging, called A and B type molecules, but
this is summarised in one of the following subsections.
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From Komeda et al. [13] a difference in spectroscopy was found on differing
lobes, due to a tilt in the upper Phthalocyanine ring of the molecules. This differen-
tial tilting caused each lobe to have a differing distance to the sample, and thus, a
differing transport. This tilt was not found in pristine layers by Amorkane et al. and
thus these two observations of variation in spectroscopy do not conflict with each
other.

This will be discussed in detail later, when it becomes relevant to compare to
spectra taken in this thesis, but the most important point to discuss is that the many
possible complex molecular interactions, the resulting spectra can be difficult to in-
terpret and require strong experimental validation. It should be noted that other
possible additional complications could cause differences in spectroscopy, such as
something simple like differing adsorption sites, or something further and more
complex relating to the adjustment of the ligand intended within this thesis.

4.4.1 Kondo effect measured on [TbPc,]° on the surface

The appearance of the Kondo effect on the [TbPc,]° on the surface has been widely
studied [12-15]. As discussed prior, the [TbPcy]° molecule hosts an unpaired 4f elec-
tron in the Terbium centre, as well as an unpaired electron delocalised over the Pc
ligand. When measured on Au(111) Kondo effect is only observed on the ligand,
due to the delocalised unpaired electron.

Barhoumi et al. [15] found that when deposited onto Cu(111), a Kondo resonance
was found both when measuring over the Pc ligand, as well as on the centre. In order
to verify that this resonance on the centre was due to the terbium 4f electron,[YPc,]°
was deposited onto Cu(111), and no resonance was found on the centre. Given that
Yttrium has no 4f electron and as such should show no Kondo effect. This proves
that the measurement on the [TbPc;]° centre was due to the 4f electron, which was
the first measurement of Kondo due to the Terbium metal centre. A similar Kondo
measurement on the metal centre of [DyPc,]° deposited onto Cu(100) has also been
reported [195]. Similar measurements were attempted on Ag(111), but no Kondo
effect was measured, neither on the centre, nor on the ligand. The lack of a Kondo
resonance measured on the ligand was considered due to the charge transfer from
the surface into the ligand, quenching the spin moment, and thus no Kondo effect is
measured.

The lack of a Kondo resonance when deposited onto Ag(111) and Au(111) from
the Terbium centre is attributed to a weak molecule-substrate interaction not allow-
ing sufficient electrons to tunnel through the Terbium ion and scatter allowing the
Kondo effect to be observed.

The organic Kondo due to the ligand on Au(111) has been widely studied. From
Amokrane et al. [14], an isolated molecule was compared to clusters and islands of
[TbPc,]° . Kondo was found on all lobes of the isolated molecule, on 3 lobe overlaps
of trimer and tetramers, but only on non-overlapping lobes of semi infinite islands
of [TbP¢,].

One of the aims of this thesis was to further functionalise the [TbPc;]° molecule
in order to adjust interactions on surface, including intermolecular interactions, to
verify how the measured Kondo resonance may change. As such, it is essential to
clarify the prior observations of the Kondo effect on Au(111).
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Chapter 5

Study of the Surface Oxidation of
[TbPc3]” using ESI-CIBD

5.1 Introduction

To comprehensively study molecular structures on surfaces deposited by ESI-CIBD,
it is necessary to fully understand the change the molecule undergoes during the
spray process and verify thoroughly that the use of the ESI-CIBD system has no ef-
fect on the structure on the surface when compared to other deposition methods.
As a control experiment, one must first observe the resultant system when one de-
posits unsubstituted [TbPc,]° via the use of the ESI-CIBD system and compare it to
the system observed when [TbPc;]" is deposited via sublimation. [TbPc,]" has been
well characterised when deposited by sublimation, and thus, a direct comparison
can be made. This allows a comprehensive study of [TbPc;,]° with more complex
substituents. Since deposition by sublimation will not be possible for the further
systems investigated within this thesis, the viability of the ESI-CIBD system must
be verified in advance of these further experiments. Of particular relevance to this
thesis, the molecules must be ionised in order to guide them through the ESI-CIBD
system. Thus, the electronic structure of the molecule is modified. As discussed in
chapter 4, interesting properties of these molecules, as well as future potential ap-
plications, depend on the unpaired electron delocalised over both Pcs. Furthermore,
it is the intention to attach additional groups to these molecules in order to study
them on the surface. The addition (or removal) of electrons into (from) this system
will likely quench the radical property. As discussed in chapter 3, a kilo-volt range
potential difference is applied between the spray nozzle of the ESI-CIBD system and
the entrance to the UHV. Due to the high potential, charged droplets are sprayed
towards and into the UHV system, and due to the fields, ions are ripped from the
droplets by a series of different processes.

Thus, the charge state of the molecule is not strictly defined, and one would ex-
pect many charge states. By charging the molecules in solution prior to spraying, one
may better define the charge state and charging process, allowing an understanding
of how electrons are added or removed from the sprayed molecules. Furthermore,
charging in solution reduces the necessary voltage to spray at a high ion beam in-
tensity, lowering the likelihood of less defined and higher charge states. Whether
charging the molecules in solution or by the spray process, the radical property will
likely be suppressed due to additional electrons pairing with the unpaired electron.

It is the expectation that due to adsorption on a metallic surface, the ionised
molecule returns to its neutral radical form[188], and the molecular system on the
surface will be identical to that of molecules deposited via sublimation. Confirming
this is essential for the study of [TbPc,]° molecules studied in this thesis, as well as
for further projects outside of the scope of this thesis.
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5.2 Alternative deposition methods

Whilst the ESI-CIBD system used in this thesis is considered the most viable method
for depositing thermolabile molecules onto metal surfaces, some alternatives will be
briefly discussed here.

Drop casting is the process of simply dropping a controlled quantity and con-
centration of a molecule in solution onto a surface. Once the solution evaporates,
only the intact molecule is left on the surface. Drop casting is often implemented
to deposit onto non-metals when used in conjunction with STM [196-199], often
in non-UHV conditions, but has also been reported for use on metal surfaces [200,
201]. This method has many advantages and disadvantages. It can be highly cost-
effective, depending on the complexity of the system. No heating of the molecule is
required, so it is unlikely that the molecule decomposes during deposition, allowing
the use of molecules sensitive to temperature. This procedure does not allow for
the removal of contaminants from the chemical sample. Additionally, because one
is releasing a droplet of solvent from ambient conditions directly to UHYV, this may
cause sample contamination. More complex drop-casting setups can be constructed
to limit this contamination. As a result, reports of drop casting for use in STM on
metal surfaces are limited.

Secondly, the emerging technique of matrix-assisted deposition (MAD) is re-
ported for the deposition of molecules onto metal surfaces for use in STM [202, 203].
MAD uses a fibreglass applicator dipped into a powder formed from a melted mix-
ture of the target molecule and an inert ‘'matrix” material. This applicator is placed
into UHV and then pressed onto the substrate. The substrate is heated to remove the
‘matrix’ material, leaving only the target molecule. This technique has the advantage
that the metal substrate will not be exposed to ambient conditions and can remain
clean. The requirement for heating the sample is incompatible with the thermolabile
nature of the molecules studied in this thesis.

5.3 Charging molecules in solution

In order to better control the charge state of the molecule in these experiments and in-
crease ionisation efficiency, the molecule is charged in solution via a redox reaction.
Charging the molecule in solution before spraying gives numerous advantages. In-
creasing the number of ions in the system improves current, and thus, intensity in
mass spectra, which allows a better resolution of individual peaks and an improved
understanding of the specific content of the ion beam. Furthermore, a higher current
intensity decreases the required deposition time.

In this case, a redox reaction is performed using Hydrazine, which can donate
up to four electrons per molecule, specifically to the Pc ring, as displayed in Figure
5.1. In principle, only 1/4 of the molecular concentration of Hydrazine relative to
the target molecule is necessary, as the hydrazine can donate 4 electrons. In the pres-
ence of oxygen, the [TbPc,] oxidises back to its neutral form. As the syringe used in
spraying needs to be refilled periodically, to avoid either preparing a sample multi-
ple times each deposition or risking oxidation of the moelcular sample in the bottle
prior to spraying, additional Hydrazine was added to counteract this oxidation dur-
ing the long deposition time.

The reduction of phthalocyanines by this process is widely reported [204-210].
This modification of the charge state can be verified by UV-Vis spectroscopy. Further,
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[Tb3+(2Pc)31° + e — [Tb3*(2Pc)* ]

FIGURE 5.1: The reaction scheme of Hydrazine charging, displayed with molecular models.
The green dot depicts the unpaired electron delocalised over both Pcs

it can be qualitatively observed by the change of the molecule’s solution colour from
its green (neutral) state to its blue (anionic) state[204, 208].

The redox potential of phthalocyanine complex molecules is minimally altered
by the functionalisation of its ligands [205, 207]. For more complex molecules stud-
ied later in this thesis, only the change in colour of the molecule was used to verify
the electronic structure of the Pc ring of the molecule in solution. Once sprayed,
the charge state of the molecules can be verified to ensure that the expected single
charging from Hydrazine has been achieved.

One aim of this thesis concerns adjusting the electronic properties of these molecules
on surfaces, with a specific focus on tuning ligand parameters to study the electronic
structure, specifically the unpaired electrons in the system. From the Hydrazine re-
action depicted in Figure 5.1, the electron donated to the molecule pairs with un-
paired electron de-localised over the Pc ligands, and thus suppresses the radical
property of the molecule[204].

As a result, it is necessary to verify if this charging procedure affects the elec-
tronic structure of the sample during the resultant experiment. This can be tested
by observing if the delocalised Pc ligand unpaired valence electron is restored once
the molecule reaches the surface. Due to the low reduction potential of the nega-
tively charged molecule with respect to the Au(111) metal surface studied here, it is
not certain whether the electron is donated upon contact with the Au(111) surface.
Therefore, the resultant deposition from ESD must be compared to a similar deposi-
tion via sublimation, in order to verify if it affects the resultant molecular charge on
surface, and confirm ESD as a viable alternative to sublimation.

The Kondo effect observed on the [TbPc]” molecule when deposited onto Au(111)
is attributed only to the unpaired electron delocalised over the Pc ligand [12-15], but
no Kondo peak is observed associated to the Terbium centre spin, as discussed in
chapter 4. Therefore, the appearance of a Kondo feature on the [TbPc;]° molecule
deposited onto Au(111) via ESI-CIBD would verify that the molecule is a radical,
and thus verify the viability of the ESI-CIBD system for use in the subsequent exper-
iments.
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FIGURE 5.2: a) Molecular model of [TbPc,]°, b) ESI-TOF measurement of [TbPc,|* with
[TbPc,]° peak indicated. c¢) ESI-CIBD mass spectrum of [TbPc;], with fitted ‘Gaussian. d)
Kinetic energy scan of [TbPc;]", with Gaussian fit of d1/dV .

5.4 Electrospraying [TbPc,]

For the depositions, mass spectra, and kinetic energy test presented here, the follow-
ing solvent combination was used:

2.5 mM Hydrazine and 200 uM [TbPc,]° solved in 200 pl of tetrahydrofuran, ace-
tonitrile, and trichloromethane in a ratio 2:1:1 with 0.5 ul of water. The water was
used only to handle the Hydrazine. In principle, a ratio of 1:4 Hydrazine to [TbPc,]°
is sufficient, but in order to improve the reaction rate, a concentration well over the
stoichiometric level of Hydrazine was used.

Figure 5.2 b) shows that the mass of the [TbPc;]” was measured as 1183.2 m/z.
From Figure 5.2 ¢), the fitted Gaussian peak was measured as 1185.8 m/z after ap-
plying calibration, with a peak-width of 7.2 m/z. This discrepancy represents only
a 0.2% error and is likely due to an imperfect calibration.

The origin of the small shoulder seen at roughly 1177 m/z in Figure 5.2 c) is
unknown. The roughly 9 m/z discrepancy of the shoulder from the expected peak
would correlate close to a loss of 8 hydrogens or a missing nitrogen. Few high res-
olution measurements were taken, and this additional shoulder was only observed
once. Thus, it was assumed that only the correct molecule was deposited, which was
also verified on the surface.

In Figure 5.2 d), the average ion kinetic energy was measured as 3.2+0.15 eV, dis-
tributed over 3.2+0.4 eV, where the errors are calculated from the fitting procedure.
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The measurement of the kinetic energy of the ions in the ion beam allows compar-
ison for further depositions. Many parameters can affect this energy profile. For
the sake of simplicity, the landing energy of subsequent depositions will be defined
by the average ion kinetic energy measured here, despite the fact that different de-
positions may have slightly different energies due to a differing spray environment
during various depositions.

5.5 ESI-CIBD deposited [TbPc,]" on Au(111)

Comparing the physical structure and surface character of the ESI-CIBD deposited
[TbPc,] to [TbPc,]? deposited via sublimation, allows for an initial confirmation of
the viability of ESD. In STM imaging, one may analyse the physical structure of the
molecule, their appearance in STM, and their self-organisation in order to verify that
the molecules exhibit the expected characteristics. Furthermore, an overview of the
surface structures allows one to verify that there is no anomalous behaviour caused
by the use of ESD.

For the following deposition, the [TbPc;]” was deposited onto an Au(111) crystal,
with the average landing energy set to 6.8 eV £3.2 eV.

From the images in Figure 5.3 a) and b), two molecular species are observed.
A closer zoom of the two species observed is shown in Figure 5.3 b). The many
molecules of low contrast are ascribed to a single Pc that has dissociated from the
intact molecule upon impact with the surface. The island to the right side of the
image in 5.3 b) is composed of intact [TbPc,]° molecules, and the bright spot to the
left of the image is an isolated [TbPc;]° molecule. By comparing to imaged c), d) and
e) the same island structure is observed, as well as the dissociation of [TbPc,]? into
component Pcs. The dissociation of [TbPc;]” into single Pc components is widely
observed and reported [191-193].

Given that the mass filter was applied to a beam with a well defined mass spec-
trum, one can be certain that the molecule was intact upon exiting the mass spectrum
analyser. Given that the mass analyser is in a UHV environment of 10 mbar, the
mean free path of these molecules is far higher than the ~0.5 m distance between
the mass analyser and the sample, one can be certain that there is no intermolecular
collision, and thus the dissociation must occur upon surface impact.

It is unclear from imaging alone if there is still a Terbium atom at the centre of
the molecule. In principle, it is likely that the ratio of TbPc to empty Pc is 1:1. From
literature, dependent on the coordination metal, there is a difference in imaging be-
tween a free base Pc and MetalloPc in imaging from literature [211, 212]. In the case
of Terbium [191, 192, 213, 214] this difference in imaging is minute and spectroscopy
is a better confirmation. No spectroscopy of these single molecules was conducted
to clarify the ratio of metalated Pcs to free base Pcs. Given that an empty Pc must
be stabilised, the "empty” Pcs are likely to be H,Pc, where the hydrogen presum-
ably comes from residual contamination in the chamber and during transfer. As a
result of this uncertainty, all dissociated phthalocyanine species will be referred to
hereafter simply as a Pc molecule.

From Figure 5.3 a), there is a high level of dissociation; however, many islands
of intact [TbPc,]" are also observed. The rate of breakage when depositing via sub-
limation is not reported, from the image in e), the dissociation is of a similar order
of magnitude. In the image from Figure 5.3 b), the expected checkerboard pattern
discussed in chapter 4 was observed.
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FIGURE 5.3: Overview of deposition of [TbPc,]” onto Au(111) a) STM image of large terraces
showing multiple species and many islands of [TbPc,]°. Imaged at Up=-1V [;=75.7pA. b)
Zoomed image highlighting an island of [TbPc,]° and monomers of the two species ob-
served. Imaged at Up=-0.5V [;=19.9 pA. ¢), d) and e) are adapted from Katoh et al. [191]
and depict a deposition by sublimation of [TbPc;]” onto Au(111), the images respectively
depict, an island of [TbPc,]°, a terrace containing isolated TbPc molecules, and a large scale
image overview of the deposition with a white ling drawn to delineate the edge of the layer
of [TbPc,]".

The dissociated single Pcs are strongly localised between the bridge sites of the
herringbone reconstruction. The intact [TbPc,]°, however, predominantly organises
into islands.

To confirm the nature of the two species described above, apparent height pro-
files were measured on the molecules, as shown in Figure 5.4. Between 5.4 d) and
e), the apparent height of the Pc is less than half that of the intact [TbPc,]°. The
1.4 A measured in e) and the 4 A in f), when compared to Katoh et al., [191] con-
firm that this is the same molecule. The apparent height of the isolated molecule
was measured as 3.4 A and was found to be regularly smaller than molecules or-
dered into islands, unlike what was observed by Katoh et al.[191]. The reason for
this slight discrepancy to literature is unclear. Given that geometric height cannot be
measured by STM and the fact that the scanning bias is not given in the literature, a
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FIGURE 5.4: Comparative apparent height profiles of different species and islands for

[TbPc,]° deposited onto Au(111) a-c) Zoomed sections of the image shown in Figure 5.3, cor-

responding to the [TbPc,]° monomer, the Pc monomer, and the [TbPc,]° island respectively,

with red arrows to indicate direction of profiles. d)-f) apparent height profiles correspond-
ing to a)-c) respectively.

direct comparison is challenging and is unlikely to be relevant.

In summary, [TbPc,]° deposited by has no visual physical difference from [TbPc,]°
deposited via subliamtion. A direct comparison to statistical significance of the dis-
sociation of [TbPc,]° into component Pcs was not made, but is clearly of the same
order of mangitude. From imaging alone, there is no clear relevant consideration
that must be made when using ESD as a technique, when compared to sublimation.

5.5.1 Kondo effect on the isolated molecule

As discussed prior, the electronic structure of the molecule has been modified during
the spray procedure. In order to verify fully that the oxidation of the [TbPc;]" into the
neutral [TbPc,]°, the Kondo effect must be measured on the ligand of the [TbPc,]°, to
verify the presence of the unpaired valence electron on the ligand, and thus, that the
quenched radical property has been restored on the surface. This must be verified,
both for the isolated [TbPc;]%, as well as when organised into islands.

From 5.5 b), the expected zero-bias peak only observed on the lobe positions
of the molecule is shown. Some variation in intensity was observed; however, the
peak width was consistent, measured as 8.4+0.6 mV where the standard deviation
in measurements is given as error. From equation 1.0 discussed in chapter 4, the
Kondo temperature is calculated as 33 K, which correlates well to literature [12, 14,
15]. Clearly an upwards peak is measured, meaning a g-factor of > 1, meaning that
almost all tunneling is via the Kondo resonance state. This is as expected for the
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FIGURE 5.5: Scanning tunneling spectroscopy of a [TbPc;]° monomer close to Fermi level

showing zero bias peaks a) STM image of an isolated [TbPc;]%, with coloured dots to show

spectroscopy positions. Up=-0.5V ;=100 pA b) dI/dV spectra of indicated positions. Blue

curves depict fitted Fano functions. Spectroscopies taken using a lock-in amplifier with a
modulation voltage of 1 mV.

[TbPc,]°. For the Fano fitting, due to the noisy data, no correction was made for
modulation voltage and so the real width measurement is only approximate.

5.5.2 Kondo effect on molecular islands

Furthermore, when measuring Kondo peaks on islands, a similar peak width is ob-
served, as seen in Figure 5.6. An average peak width of 9.0+2 mV where error is
the standard deviation. The gold background spectrum is not perfectly flat, due to
a poorly defined tip state. As result, there is also a slight increase in the 41/dV on
the island as bias increases. This made accurate peak fitting challenging and con-
tributed to the high variation in the measured peak width. A peak width of 9 mV
corresponds to a Kondo temperature of 38.5 K, which once again correlates well to
literature [12, 15]. Once again the g-factor of the Fano function was > 1 therefore
tunneling dominates through the Kondo resonance. These measurements were not
corrected for effect of modulation voltage. Due to an issue regarding the specific tip
location during spectroscopy, it was not possible to distinguish spectra taken on the
overlapping lobes against non-overlapping lobes. As a result, it was assumed that
any Kondo peaks observed must have been recorded over non-overlapping lobes to
correlate to the result already observed by Amokrane et al. [14].

The presence of a Kondo effect on the ligand of the [TbPc,]°, both when it is iso-
lated, and when organised into islands, confirms the presence of the unpaired elec-
tron delocalised over the ligand. This confirms that despite charging of the molecule
in solution, the neutral oxidation state of the molecule is restored upon surface, and
thus for the deposition of [TbPc;]” derived thermolabile molecules, the ESI-CIBD
system is viable.

5.6 Conclusion

To verify the viability of the ESI-CIBD system as a technique to study the further
[TbPc,]° derivatives in this thesis, the resultant stucutres from [TbPc,] deposition
using the ESI-CIBD system were compared to subliamtion.



5.6. Conclusion 45

1.0
b)

0.8
=
°
o

0'6-"\_/—-/\‘%-*—"‘*—-,_/ /\___,___/__/\_/\.

i T g

30 -20 -10 O 10 20 30
Bias (mV)

FIGURE 5.6: Scanning tunneling spectroscopy of a [TbPc,]? island close to Fermi-level show-

ing zero bias peaks a) STM image of a [TbPc,]° layer, with coloured points to depict spec-

troscopy locations. Up=-0.5V [;=20.0 pA b) Spectra taken on indicated locations, where

yellow depicts spectra taken on bare Au(111). The blue curve depicts the fitted Fano func-
tion. Spectra taken using a lock-in amplifier with a modulation voltage of 2 mV.

A deposition of [TbPcy]” onto Au(111) showed an identical surface structure of
intact [TbPc,]", showing the expected 8 lobe isolated molecule, as well as large island
of self-assembled molecules. Some fragmentation into component Pcs was observed,
however this is also observed for [TbPc;]° deposited via sublimation.

During electrospray ionisation, the molecule is necessarily charged, and in the
process the radical is quenched. As the ligand Kondo effect observed in literature
when the molecule is deposited onto Au(111) is due to the unpaired electron delo-
calised over the phthalocyanine ligand. In this oxidation state, the observation of a
Kondo effect over the ligand is not possible.

When measured on the Au(111) surface. a Kondo effect due to the unpaired va-
lence electron delocalised over the Pc rings has been observed, confirming that this
molecule is once again a radical. As is recorded in literature, the Kondo effect was
found both on the isolated [TbPc,]° and in islands of [TbPc,]°. Whilst the use of the
ESI-CIBD system does cause some difficulty with observing fully intact molecules,
it is clear that the use of the ESI system does not affect the electronic structure of
the observed molecules once they arrive intact on the surface and does not have an
experimentally relevant difference to samples prepared via the use of sublimation.
This confirms the ESI-CIBD system as a viable technique for studying radicals, de-
spite the radical being suppressed during spraying. This widens the scope of these
experiments to similar molecules dressed with ligands that make the molecules too
thermolabile to be viable for deposition via sublimation.
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Chapter 6

Tunable Lattices of Alkylated
Molecules on Surfaces

6.1 Introduction

From chapter 4, a variation in both spectroscopy and the appearance of the Kondo
effect based upon the organisation of the [TbPcy]® molecules has been observed and
discussed. In order to further explore and understand these phenomena, this project
intends to adjust the ordering on surfaces to control the spacing between molecules
and thus adjust various intermolecular interactions. Given that the dependence of
spectroscopic features and Kondo features is highly dependent on the organisation
and intermolecular interactions[13, 14, 215], this project intends to study these effects
in a controllable manner.

Unlike a Kondo effect from a single impurity or lattice of single impurities, a
Kondo lattice is where collective interactions between many magnetic moments cause
a coherent collective screening effect [216-222].

As these spins are screened, one may expect that there can be no long range order.
As certain interactions, such as the RKKY interaction are mediated via the conduc-
tion electrons, this competes with the Kondo effect. At T=0 K, where no thermal fluc-
tuations are observed, one may tune a certain non-thermal control parameter, such
as magnetic field or pressure[219, 220, 223-225], such that quantum fluctuations due
to Heisenberg’s uncertainty principle become sufficiently strong for the material to
undergo a quantum phase transition, from a phase where the Kondo cloud screens
the spins, to a phase where spins interact with each other via these interactions.

The vast majority of Kondo lattice studies have been performed on 3D bulk ma-
terials [226, 227] but by studying 2D materials such as one observes on a surface,
one may expect larger fluctuation due to greater confinement. As such reports of a
Kondo lattice in 2D are limited [216, 222].

By tuning the magnetic interactions between molecules, one may tune the prop-
erties of the Kondo lattice, and transition between phases where either, there is co-
herent Kondo screening, or where long range ordering is observed, [228] once the
exchange coupling | overcomes the Kondo exchange Ji. As the strenght of the ex-
change coupling varies by distance between spin centres r, any tuning of the lattice
parameter will effectively tune the exchange interaction, in principle allowing one
to tune the properties of the sample, and transition controllably between the two
phases.

Furthermore, as this transition between phases is a second order quantum phase
transition, this transition is continuous. This means that the region between each
phase is distinct from either phase, where highly collective low energy excitations
define this quantum state of matter [223]. At T=0 K, this point between either phase
is know as the quantum critical point (QCP) [221, 229, 230]. The study of quantum
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critical materials has lead to studies of heavy Fermion materials, non-Fermi liquid
phenomena and unconventional superconductivity.

The QCP is only observed at 0K, but at non zero temperatures a ‘'quantum criti-
cal’ regime may be studied. This means that if one tunes the control parameter suffi-
ciently precisely, one may transition between the two phases already mentioned, as
well as the quantum critical regime, allowing for study of novel physics. By creating
a tunable lattice one may potentially study the phases described, as well as study
the transition between these phases.

This tuning of the exchange interactions has a further benefit towards the devel-
opment of QIP. Exchange interactions that couple magnetic moments used as qubits
increases decoherence as the spins used as states will begin to align. Therefore by
tuning this exchange interaction, via lattice parameter tuning, one may improve the
coherence time of qubits arranged in a lattice. This has been observed in literature by
Yu et al. [231], where an adjustment of the lattice parameters adjusted the interqubit
distance from 14 A to 18 A improved the coherence time by roughly one order of
magnitude at 10 K. This distance tuning is of a similar order of magnitude to what
is expected in these experiments, thus would likely produce a comparable result.

In order to control all intermolecular interactions, the project intends to create a
tunable lattice on surfaces. The study of tunable lattices of molecules on surfaces
may further apply to research outside of the scope of this project. Thus, the motiva-
tion behind this project is not limited to this specific type of molecule. The method
to tune the spacing between molecules is to add bulkier side groups to the ligand
in order to adjust the physical size of the molecule and thus, adjust the spacing be-
tween molecule centres. By using alkyl chains attached to the benzene rings of the
[TbPcy]° molecule, a symmetric size tuned molecule is created, where the Terbium
ion position remains at the centre of the molecule. Similar studies of alkylated ph-
thalocyanine molecules on surfaces are found in literature [26, 232, 233]. Examples
of carbon chain-based molecules studied on surfaces are reported [30, 234, 235]. All
of the research in the cited papers is performed at the solid-liquid interface, meaning
that the molecules are deposited with greater stability in solution but, more impor-
tantly, are deposited only onto a HOPG surface. Cirera et al. [28] report an example
of ethyl chain based porphyrins deposited onto a metal surface, but this is limited to
only ethyl chains.

As the structure of the molecules is similar for all molecules in this project, longer
alkyl chain molecules have greater volume, therefore, a higher sublimation temper-
ature, thus, a higher likelihood of random fragmentation and decomposition during
sublimation. As molecules of greater volume contain significantly more bonds, there
is an elevated risk of decomposition due to the elevated temperatures. Sublimation
is a common method for molecular deposition in UHV. In this project, the intention
is to deposit larger alkyl chain molecules in a stable manner onto metal surfaces
using the ESI-CIBD system without risking decomposition due to the higher tem-
peratures. As these molecules all share a similar structure, only with greater lengths
of alkyl chains, an elevated mass measured in mass spectra correlates to a greater
volume, thus, greater difficulty in sublimating the molecule stably.

As discussed in chapter 5, some alternative deposition methods are available,
such as drop-casting and Matrix-assisted deposition [200-202], but the viability of
these methods is unlikely. Furthermore, the ESI-CIBD significantly improves the
controllability of the deposition, leading to more reproducible samples.
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6.2 Electrospraying [Tb(Et-Pc),]°

6.2.1 Molecular overview and mass spectra

In order to study a broader range of spacings, the first molecule studied was the ethyl
substituted species. A molecular model of ethylated bis(phthalocyaninato) Terbium
([Tb(Et-Pc),]Y), as displayed in Figure 6.1 a) depicts where two ethyl chains are at-
tached to each benzene ring of the previously studied [TbPc,]°. From Figure 6.1 b),
a mass per unit charge of 1632.7 m/z was measured.

a) b) 30
Before sublimation
Le%r“m:g:ﬁ:/ 25
- Sublimed materials ~ C.H,
\/ Z 15 28 ~C.H,
uy -
2 4
\ - Simulation [M-C,H,]
LE% - N.§:§;/ 98- [M-(C,H,)]
). N—=N 0.0 | T T T
N 1450 1500 1550 1600 1650 1700
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FIGURE 6.1: TOF-ESI Mass spectrum and sublimation test of [Tb(Et-Pc),]° a) Molecular

model of [Tb(Et-Pc),]° b) Mass spectra of [Tb(Et-Pc),]* taken before (black) and after(red)

the sublimation test as well as a simulation (blue) of sublimed materials. Red arrows dis-
play an m/z interval of 28m/z, which corresponds to a single ethyl chain.

In order to confirm that the [Tb(Et-Pc),]° is not possible to study via sublimation,
the mass spectrum of the molecule was measured before and after sublimation. The
molecule was sublimated at 10 mbar, and the sublimated material was collected; a
mass spectrum was then taken. From Figure 6.1 b), the result of the mass spectrum
of the sublimed materials shows peaks that correlate to the expected mass of the
molecule minus integer numbers of alkyl chains of 28m/z missing. Evidently, the
molecule decomposes into molecules with a varied number of missing chains. This
would likely lead to disorder on the surface, as well as causing contamination to the
chamber. A study of ethylated double decker molecules deposited by sublimation
onto metal surfaces is reported [28]. However, some disorder is seen on the surface.
Whilst it is possible to deposit this molecule via sublimation, it is clear that this is
close to the limit of viability, and longer alkyl chains will require alternative tech-
niques to deposition via sublimation. As a result, the use of the ESI-CIBD system
becomes necessary.

6.2.2 ESI-CIBD mass spectra

As discussed in chapter 5, in order to improve the ionisation efficiency and con-
trol the oxidation state of the molecule, charging was performed in solution using
hydrazine hydrate. This greater ionisation efficiency produces a higher current con-
tribution from ions of the desired charge state. It thus gives both a higher signal-to-
noise ratio for the mass spectra, and increases the deposition rate. The solution for
all reported depositions of the [Tb(Et-Pc),]” molecule was composed as follows :
2.3mM hydrazine and 150 uM [Tb(Et-Pc)]° solved in 220 ul of dichloromethane
and acetonitrile in a ratio of 8:3, with 0.5 pl of water. Water was used only to handle
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the hydrazine. In principle, a ratio of 1:4 hydrazine to [Tb(Et-Pc)]° is sufficient, but
it was found that the reaction occurred more slowly than when compared to the
[TbPc,]° so a high concentration was used.
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FIGURE 6.2: ESI-CIBD spectra of [Tb(Et-Pc);]” a) Mass spectrum taken using the ESI-CIBD

system. Insert shows zoom on the molecular weight. Fitted Gaussian peaks are highlighted

in red. b) Kinetic energy scan of [Tb(Et-Pc),]", using the same ESI-CIBD parameters as 6.2 a).
The blue curve represents d1/dV, and red represents the Gaussian fit of d1/dV

The resulting mass spectrum from this solvent combination is displayed in Fig-
ure 6.2 a). By applying a Gaussian fit to the prominent peak, which is highlighted
in the insert of Figure 6.2 a), a peak centre of 1628+0.3 m/z is found, and a peak
width of 31.7 m/z. This peak width is attributed to the inherent resolution limit of
the ESI-CIBD system. No peaks assigned to a single missing alkyl chain were ob-
served. The molecular composition of the beam after filtering is considered highly
uniform. A peak at 1179+1 m/z was observed, which correlates well to the 1183m/z
expected for the [TbPc,]°. This peak is low in intensity compared to the peak for the
[Tb(Et-Pc), ] therefore, fragmentation due to spraying is minimal. It is not clear if
this peak is due to intact molecules that have lost all alkyl chains due to spraying,
or if this is simply a slightly impure or decomposed sample prior to spraying, but
due to the mass-filtering feature of the ESI-CIBD system, this peak is not expected to
cause issues or result in disorder on the surface.

From Figure 6.2 b), the average molecule kinetic energy was measured as 2.17+0.03
eV. The width of this distribution was measured as 1.75+0.08 eV. This relatively wide
distribution does not allow for fine control of the landing energy as ions of +1.75 eV
away from the target landing energy will be observed.

The profile shown in 6.2 b) is an average of multiple spectra taken using the same
ESI parameters and solvent combination. Despite controlling many parameters, the
parameter space is still vast, and so there is still substantial variation in the profiles,
leading to significant errors and a large distribution width. This variation may be
due to non-measured parameters, such as the temperature or humidity of the room
during experimentation, variations in the chemical sample over time, or further pa-
rameters not directly controlled.

6.3 [Tb(Et-Pc),]" deposited onto Cu(111)

In order to study the variation in spectroscopy and self assembly, the [Tb(Et-Pc),]
was studied on differing surfaces. Following deposition, the intention is to image the
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molecule, to characterise its physical structure, and dimensions, to verify that this is
intact [Tb(Et-Pc),]°. Furthermore imaging allows a study of the ability for these
molecules to self-assemble. On Cu(111) one may expect that due to higher reactivity,
the molecules are less likely to self assemble than in the case of Au(111). Whilst
studying Cu(111) is less promising from this perspective, the fact that a Kondo effect
was measured on the Terbium centre when deposited on Cu(111), means that the
Terbium centre interacts sufficiently with the surface to observe a Kondo effect, and
thus would be applicable for study towards quantum criticality.

6.3.1 Deposition and Observation

The [Tb(Et-Pc),]” was deposited onto a Cu(111) crystal held at room temperature.
The average ion kinetic energy was set as 11.23+1.75 eV. The sample was initially
degassed to 80°C to remove any contaminants due to the transfer.
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FIGURE 6.3: Overview of deposition of [Tb(Et-Pc),]” onto Cu(111) a) Topographic STM im-

age of an isolated [Tb(Et-Pc);]° monomer. Ug=-1V I;=100pA. b) Line profile of monomer

in fig 2.2 a), ¢) and d) shows a simple molecular model of the upper Pc only overlaid onto
imaged in a)

Figure 6.3 a) shows a regularly observed four lobe structure. The expected eight
lobe structure of the [TbPc,]° was not observed. The structure of these molecules,
based only on this image, leaves a wide range for interpretation, due to the unclear
nature of how the ethyl chains are ordered. In particular, a clear interpretation of
the position of the ethyl chains attached to the upper phthalocyanine is not evident,



52 Chapter 6. Tunable Lattices of Alkylated Molecules on Surfaces

given that these chains are unconfined by the surface.

Figure 6.3 a)shows an example line profile of the molecule. Averaged over multi-
ple measurements of molecules imaged using the same scan parameters, the dimen-
sions were recorded as 3.84+0.25 A x 38+0.27 A height by width of the molecule. This
is greater than the 2.5A x20A of [TbPc,]° on Cu(111) from literature [194] and 3.5A
x22.5A seen for the [TbPc;]° deposited on Au(111) as seen in chapter 5 measured
with the same STM at the same parameters. This correlates well to the expectation
that the additional alkyl chains will increase the dimensions of the molecules seen
on the surface.

Figures 6.3 c) and d) show the 2 possible orientations of the upper Pc of the
molecule. From this imaging alone, it is not clear which orientation is correct.

6.3.2 Organisation and clusters
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FIGURE 6.4: Overview of different polymers of [Tb(Et-Pc),]® on Cu(111) a) STM image of

[Tb(Et-Pc),]° on a large Cu(111) terrace. Up=-1V ;=100 pA. b) STM image of dimers,

trimers and clusters of [Tb(Et-Pc);]° molecules. Ug=-1V I;=100 PA, with molecular model

overlaid. c) Copy of image in b) with drawn line profiles d) Line profiles of coloured lines
shown in fig 6.2.1 c), blue and green profiles are shifted right for clarity.
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From Figure 6.4 a), no large-scale self-organisation was observed. Commonly,
the molecule was found organised into dimers, and trimers of both chain and com-
pact form, similar to what has been observed prior for the unsubstituted molecule
[14]. Irregular higher order clusters were found. Some overlap between dimers and
trimers was observed, such as on the right of the image in 6.4 b). It is unclear if the
contrast in images attributed to irregular higher order clusters was simply overlap of
some of these regular dimers and trimers. This orientation of upper Pcs is not neces-
sarily correct, but does allow for an understanding of the scale of the clusters. There
appears to be overlap of ethyl chains between molecules. Given that the chains in
the upper layer are unconfined in 3-D space this sturcutre is still possible. It is likely
that unconfined chains in the upper layer obscure the structure of the molecule.

The line profiles in Figures 6.4 ¢) and d), show that the apparent overlap of ethyl
chains do not change the apparent height.

In order to encourage organisation, the sample was annealed to 210 °C. As a
result of the high temperature treatment, the molecules have broken into single ph-
thalocyanine components, and some reaction appears to have occurred between the
single Pc units. This is somewhat similar to what has been observed prior [29, 236].
It may be possible to tune this annealing more precisely in order to achieve regular
islands, such as observed for the [TbPc;]%, but this is left as a future project.

The dimensions of the [Tb(Et-Pc),]° were measured to characterise the molecule.
The molecules imaged are larger than the [TbPc,]° which corresponds well to the
assumption that the dimensions will increase slightly by adding ethyl chains.

No successful organisation of molecules into larger layers was found, but there
is still some scope to control both surface coverage and post annealing temperature
to improve the self-assembly into large uniform layers.

6.3.3 Kondo effect and spectroscopy

Measuring STS on the [Tb(Et-Pc),]° charaterises the moelcule and one may compare
to STS taken of [TbPc,]® on Cu(111) in order to further confirm that the molecule
is landing intact on surface. Despite not succeeding in creating a tunable lattice on
surface, one may still measure the lower order clusters and compare to the isolated
molecule, in order to verify if any interaction may affect the shape of the Kondo ef-
fect and understand how some limited tunability of intermolecular magnetic dipole
interactions may tune what is observed.

The Kondo effect was not seen reproducibly on the first layer of molecules. One
molecule of the ~30 measured did display a clear Kondo effect-like zero bias feature,
but this result was not reproduced. The relationship between the spin centre and the
substrate is less well-defined as for the [TbPc;]° due to the ethyl chains, which may
partially explain the absence of the measured Kondo effect. As discussed in chap-
ter 4, for the [TbPc,]°, the clear distinction in imaging between the Terbium centre
and the phthalocyanine ligand allows for spectroscopic measurement of the Terbium
centre separately from the ligand. For the [Tb(Et-Pc),]°, this is not possible. A zero-
bias peak is seen on the brighter spots due to molecules adsorbed into a 2nd layer,
which is attributed to the Kondo effect. This assumed Kondo effect was not ob-
served on every second layer molecule and not on every position, and so was likely
dependent on the relative positions of one molecule above the other. No successful
imaging was performed on this second layer, so this result was not successfully anal-
ysed and understood. Molecular manipulation was attempted on the 2nd layer of
molecules in order to better understand the structure of the second layer; however,
reproducible, interpretable manipulation was not successful. Lateral manipulation
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of the molecules directly adsorbed on the surface was also attempted but unsuc-
cessful. This result is expected, given that lateral manipulation of the [TbPc;]° on
Cu(111) has not been reported and was unsuccessful in prior experiments.

From literature, when the unsubstituted molecule is deposited onto Cu(111) and
spectroscopy taken on the lobe, a LUMO peak is assigned at 1.8 V, the HOMO peak
at -600 mV, a HOMO -1 peak at -1.2 V and HOMO-2 at -1.8 V [193]. There is a -100
meV shift of the HOMO when measuring on the centre, but otherwise, the lobe and
centre correlate well. Similar assigned peaks are found for depositions onto other
substrates [189, 190].
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FIGURE 6.5: Spectroscopy of [Tb(Et-Pc),]° on Cu(111) a) STM image showing [Tb(Et-Pc),]°

monomers and one dimer. Ug=-1V [;=100 pA. b) dI/dV spectra taken at the positions

indicated in 6.5 a) by coloured dots, spectra taken using an external lock-in amplifier with
an oscillation amplitude of 20 mV, taken at a setpoint of 100 pA current.

From 6.5a), peaks are observed at -1.9 V, -0.7 V, and 1.65 V on both molecules,
and a small discrepancy is measured between the two spectra, with peaks at -1.3
V and -1.4 V for red and black positions, respectively. These correlate well with
what has already been reported. Due to the unclear appearance of the molecule,
the positioning of the tip over the lobe or the centre is not certain and may cause
some additional discrepancies between the results. The good correlation to expected
results of the mass spectrum of these molecules, their measured size on the surface,
and their electronic structure is clear evidence that the correct species of molecule
can be deposited successfully by the ion-beam deposition process. This result allows
for greater certainty in future results of molecules deposited onto surfaces.

From the spectroscopy this molecule has been clearly characterised and strong
evidence has been provided, demonstrating this is the intact [Tb(Et-Pc),]°.

An attempt was made to study how Kondo effect may vary for differing cluster
sizes, but it was not possible to take reproducible measurement of a Kondo effect
on these molecules. This may be due to the chains in the upper layer interacting
with the tip during measurements and could be compared to a similar heteroleptic
molecule.

6.4 [Tb(Et-Pc),]” deposited onto Au(111)

The same deposition parameters were used for all data shown in this section. The
[Tb(Et-Pc),]” was deposited onto the Au(111) crystal held at room temperature. The
average landing energy was set to 11.23 eV £1.75 eV, where the error is the width of



6.4. [Tb(Et-Pc),] deposited onto Au(111) 55

the distribution. The sample was initially degassed to 80°C to counteract minimal
contamination during vacuum suitcase transfer.

6.4.1 Overview of the observed species

Given the generally higher mobility of molecules on the Au(111) surface when com-
pared to Cu(111), it is the expectation that the molecules will more readily self as-
semble, thus more successfully meet the aims of the project. The surface structures
imaged are mesasured and characterised in order to understand specifically how the
molecules are arranged on surface, as well as to correctly assign all imaged species.

From Figure 6.6, two molecular species are observed. The molecular assembly
shown in Figure 6.6 b) is ascribed to a single Ethyl phthalocyanine that has dissoci-
ated from the intact molecule. As discussed in chapter 5 and observed in literature
[237, 238], this dissociation occurs on surface impact, and it is not clear if there is
still a terbium atom attached to the Et-Pc. For simplicity, it will be referred to as
Et-Pc. The fragmentation of [TbPc,]° into single components is widely observed
and reported [191-193], where both [TbPc]’ and metal-free Pcs are observed. Given
that the presence of terbium in an unsubstituted Pc is not clear from imaging alone,
without a detailed study of spectroscopic measurements, the presence of the terbium
cannot be confirmed.

FIGURE 6.6: Overview of different species observed from [Tb(Et-Pc),]” deposition onto

Au(111) a) Large scale topographic STM image showing [Tb(Et-Pc),]° deposition on

Au(111), depicting organisation of 2 distinct species, examples of which are highlighted with

a yellow box. Up=-1V [;=40 pA The [110] crystal direction is indicated by an arrow. b), c),

d) zoomed sections of yellow highlights from Figure 6.6 a). Tentative model overlaid onto
Figure 6.6 b), and unit cell vectors drawn.

A finer tuning of the landing energy towards 0 eV may result in some control-
lability of molecular dissociation during deposition. Importantly, the same parame-
ters were used for both depositions on Au(111) and Cu(111), and changing substrate
remains the only method of adjusting the dissociation on-surface with reproducible
results. The higher level of dissociation when the molecule is deposited onto Au(111)
is surprising given that Cu(111) is more reactive, and one would expect the stronger
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interaction with the molecule to cause more dissociation. However, this is not the
case.

A preliminary study of the dissociation effect caused by landing energy was at-
tempted but found no correlation between landing energy and dissociation when
varying the landing energy to as low as 1.23 eV, nor as high as 37.23 eV. These subse-
quent experiments were carried out 6 months after those shown here and found the
dissociation ratio even higher despite applying a reduced landing energy in these
subsequent experiments. Further preliminary experiments show some correlation
between landing energy and dissociation. Given the significant difference in disso-
ciation between experiments 6 months apart, despite using the same landing energy,
some other parameter strongly controls the dissociation ratio on the surface that is
yet to be fully understood.

For the model proposed in Figure 6.7, the models are scaled to the scale of the
image. The unit cell vectors of the assigned single Pc layer were measured as 1.75
nm x1.8 nm and an angle of 107.5 ° between vectors. One of the vectors was always
aligned perpendicular to the high symmetry direction of the Au(111) substrate.

From Figure 6.7, there is a clear distinction in apparent height between the two
species. The molecules with lower apparent height are assigned as the Et-Pc layer,
and the organisations with higher apparent height are assigned as the intact [Tb(Et-
Pc),]°. The dimensions of the Et-Pc layers are very close to those of the unsubstituted
Pc. From literature [191] and the discussion in chapter 5, the height of the [TbPc]° is
measured as 1.4 A. From 6.7 a), the height of the single Et-Pc was measured as 1.5+0.1
A. From 6.6 b), the lattice parameters of the layer show a smaller dimension than that
of the isolated [TbPc]°[191], but given that measuring lateral distances of isolated
molecules is not a real measurement of the size,this is unsurprising. The strong
tendency of these molecules to organise into islands compared to the unsubstituted
Pc, as observed in chapter 5, implies that the chains are still intact and drive this
strong self-organisation.

From the comparative line profiles in 6.7 d) and f), the heights of the assigned
intact [Tb(Et-Pc),]? tetramer and layer are measured. The height at the centre of
the molecule is 3.5 A, and 6 A at the positions assigned to the ethyl chain. The
measured height of the benzene rings of the Et-Pc layer is 1.5 A. The ethyl chains
in the first layer are expected to lie flat due to the strong interaction of the chains
with the surface[26, 30, 232, 234]. The alkyl chains in some molecular species do
tend to point upwards when the monolayer is heavily constrained, and only when
the organisation is sufficiently compact [235, 239-242]. This is not likely directly
comparable but should be considered as a possibility. Therefore, the unconfined
chains in the second layer will likely cause an increase in height combined with
the additional height contribution from the Terbium centre. Therefore, from height
comparison alone, the assignhment of these two species as [Tb(Et-Pc),]° and Et-Pc is
robust. AFM measurements on these structures would give a more accurate height
measurement.

6.4.2 Proposed molecular structure and measured lattice parameters

Due to the many degrees of freedom in this system, a calculation of the organisation
of these molecules is very complex and highly intensive. Only a few very simple
models are presented in Figure 6.8 to attempt to explain the organisation of these
molecules. A more robust treatment would need the support of DFT calculations.
Due to the confinement of the ethyl chains in the lower layer in two dimensions and
the strong 7r-substrate interaction, one may assume that the lower layer of Et-Pc has
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FIGURE 6.7: Profiles of different species from [Tb(Et-Pc),]° on Au(111) a), b), c) copy of
images from Figure 6.6 b), c), d) respectively. Profiles d), e), f), taken from lines depicted in
a), b), c) respectively. All profiles taken from left to right.

regular order. The orientation of the lower Pc of the [TbPc,]° is not fully understood
[12, 187], as such, these models have been proposed studying only the top Et-Pc
layer. It is suggested that the overlapping chains push each other upwards. This
interaction between chains is responsible for the bright spots in topography, forming
the cross like shape seen in this image.

Additionally, the corners of the hexamer show a slight protrusion due to non
overlapping ethyl chains, supporting the statement that the chains are the origin
of the protrusions. The model for the [Tb(Et-Pc),]° island proposed in Figure 6.8
b) is assigned as correct. This fits well with the length scale of the molecule and
explains the observed cross-structure well. Figure 6.8 c) depicts a possible alternative
conformation where the top layer is rotated by 45°. This conformation does not
explain the bright spots in the corners, but the tetramer observed in Figure 6.8 d)
correlates more to this 45° rotated structure. Less than 1% of observed structures
had the conformation shown in Figure 6.8 d).

Figure 6.8 e) shows the proposed molecular structure overlaid onto one of the
large molecular layers. Every layer observed was composed of an irregular organi-
sation of two molecule wide strips. These strips would only remain regular for 6-10
molecular units. This quasi-one-dimensional structure is intriguing but does not
perfectly allow for a regular 2-dimensional lattice and so does not create a perfectly
tunable lattice system. These two molecule wide strips were only found to align
in one of the three high symmetry directions. As stated, the single Pc layers were
not square, assembled with a lattice parameter of 1.75nm x1.8 nm and an angle of
107.5° and only aligned perpendicular to the [110] direction. Given that neither the
lattice parameters nor the orientation of the single Et-Pc layer corresponds to the full
[Tb(Et-Pc),]°, it is not possible to directly compare the organisation of the full [Tb(Et-
Pc),]° layers with that of the single Et-Pc layer. In particular, the Et-Pc layer does not
provide a clear structure for the bottom Et-Pc constrained in the full [Tb(Et-Pc),]°
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FIGURE 6.8: Comparison of tentative molecular models for [Tb(Et-Pc),]° on Au(111) a) To-

pographic STM image showing [Tb(Et-Pc),]° hexamer on Au(111). Ug=-1V ;=50 PA. b),c)

Show a copy of a) with an overlaid model. Only the top layer of Pcs is modelled. d) Topo-

graphic STM image of alternate conformation tetramer, with a similar model to Figure 6.8

c) overlaid. Up=-1V ;=50 pA. e) zoom of image from Figure 6.6 a), with similar model to
Figure 6.8 b) overlaid.

layer. Based on the model proposed in 6.8 b), the top layer of Pcs maintains the same
orientation. This was not observed for the [TbPc,]° [12, 187], where adjacent Pcs in
the top layer of islands have an angle of 15° relative to each other.

The parameters of the lattice shown in 6.8 b) and e) were 1.76 x 1.76+0.1 nm
in a square lattice configuration. This measurement was an average over multiple
hexamers, tetramers and full layers. The value was the same for all structures. Thus,
long range interactions in large layers do not significantly affect the lattice spacing.
The intermolecular spacing for the [TbPc,]° has been reported as 1.43 x 1.43 nm or
1.5 x 1.5 nm [193] depending on whether it is in the compact or non-compact phase.
Given that this is the intact [Tb(Et-Pc),]°, which will be further established in later
sections, the aim of the project was achieved. Despite some irregularity in the lattice,
the lattice spacing was adjusted via the use of thermolabile alkyl substituents.

In Figure 6.9 a), an assumed single Et-Pc is organised with 3 [Tb(Et-Pc),]° molecules
to create a mixed-species tetramer, allowing for some understanding of the confor-
mation and orientation of the lower layer.

The 3.5 A height of the planar section corresponds well to other tetramers and
layers of [Tb(Et-Pc),]°. The 1.5 A height of the assigned Et-Pc corresponds well to
that of the Et-Pc layer described in Figure 6.7 a). Some substructure can be seen
on the [Tb(Et-Pc),]° molecules adjacent to the Et-Pc molecule. From the model in
Figure 6.7 b) one can see that the [Tb(Et-Pc),]° at the bottom of the image has a
clearer structure, assighed as a benzene ring with ethyl chains attached, which does
not overlap with adjacent ethyl chains. Evidently, overlapping chains obscure the
intramolecular contrast of the molecules. A partial cross structure is observed in
Figure 6.9 a). By comparing to the cross structure in the centre of the normal tetramer
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FIGURE 6.9: Analysis of a mixed layer tetramer a) Topographic STM image showing

tetramer composed of 3 [Tb(Et-Pc);]° molecular units and 1 Et-Pc. Ug=-1V ;=60 PA Im-

age contrast has been adjusted to highlight the orientation of the Et-Pc molecule b) copy of

a) with molecular tentative model overlaid. c) copy of a) with line profiles. Contrast has

been adjusted to highlight the top layer of the structure d) corresponding line profiles from
¢), indicated with colours. Profiles taken left to right.

seen in 6.7 ¢), one can deduce that the chains create the cross structure due to some
contribution from the 4 Et-Pcs on the upper ring. This further confirms the model
proposed in Figure 6.8 b). It is clear that the overlapping ethyl chains cause these
bright spots and are responsible for the difficulty in imaging, obscuring the sub-
structure of the molecule.

As discussed in chapter 4, there is no perfect agreement about the orientation
of the upper Pc relative to the lower in the [TbPc;]° molecule as well as with other
double-decker complexes. The orientation of the lower Et-Pc is measured as 19°,
with respect to the upper Pcs. This structure orientation does not necessarily corre-
late to that of the [TbPc,]%; however, it introduces an interesting application of the
dissociation of molecules on-surface in order to study intermediate structures. For
future studies, deeper analysis and some statistics on the observed mixed species
tetramers may improve understanding of the full [Tb(Et-Pc),]° layers. Additionally,
from the discussion in 4 and literature [13, 14], the relative rotation of the Pcs in each
layer strongly affects spectroscopy and so must be further understood in order to
better understand spectroscopy for layers of [Tb(Et-Pc)]°.

Annealing to 573K was attempted to improve the regularity of the organisation,
but the resultant sample was composed of only single Et-Pcs which appeared to
have again reacted in a similar fashion to what was described in section 6.3.2. By
attempting smaller annealing steps, it may be possible to create more regular struc-
tures without dissociating the EtbPc;.

No isolated [Tb(Et-Pc),]° was found on surface to characterise the isoalted molecule,
but assemblies of molecules allowed for a direct comparison of lattice parameters to
the [TbPc;]°. Both lower order clusters and large islands were found. Significant
dissociation of the molecule into component Pcs was observed. This may limit the
ability of the molecule to organise into semi-infinite layers, especially towards the
construction of molecular films.

6.4.3 Molecular manipulation

By manipulating molecules on surface, one may further understand both intermolec-
ular interactions that maintain the structures observed here, as well as qualitatively
observe the molecule-surface interaction. Further by breaking the tetramers ob-
served in the prior section, one may understand more about the molecular units
compromising the structures seen on surface, and thus, better characterise the sur-
face organisations.
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FIGURE 6.10: Molecular manipulation of [Tb(Et-Pc),]° on an Au(111) surface a)-f) A series

of STM images taken before and after manipulation. Red arrows depicting tip trajectory

are placed on images recorded before manipulation. Up=-1V [;=50 pA. Manipulation was

performed by switching off the feedback loop whilst over the molecule, moving to bare gold,

then descending the tip by 3 A to correlate with the rough height of the molecule, and then
returning to the original position over the molecule.

By pushing the tetramer in Figure 6.10 a) with the STM tip, one can see that
relative to the surface impurity observed in Figure 6.10 a) and b), the tetramer has
moved as a complete unit. This behaviour can also be observed by the manipulation
of a hexamer in Figure 6.10 c) and d). The fact that these polymers move as complete
units implies that the intermolecular interactions are stronger than the interaction
with the substrate. Given that the two layers stay intact during manipulation, one
can deduce that the bonding between Pc layers is also strong compared to the sub-
strate interaction. Therefore, it is likely that the Terbium ions are still forming coor-
dination bonds and that this is the intact molecule. The intermolecular interactions
are strong, but the exact nature of the interaction is not clear. Bond-resolved AFM
could confirm whether there are bonds linking these molecules into tetramers,

By pushing the tetramer in Figure 6.10 e) towards another tetramer, the tetramer
separates apart into four component units, depicted in Figure 6.10 f), assumed as
the four molecules composing the tetramer. Two of the molecules from the broken
tetramer are seen in the form of a dimer similar to what was observed when the
molecule is deposited onto Cu(111). This further confirms that the tetramers are
composed of intact [Tb(Et-Pc),]°. By comparing to the proposed structure in Figure
6.8 b) and e), the lobes overlap, so this dimer appears to be in a configuration rotated
by 45°. The orientation of the lower Pc is not clear. Given that this rotation conflicts
with the model in Figure 6.8 b) and e), it is assumed that the dimer re-formed in
a new configuration after manipulation. Whilst the structure proposed in the prior
section may need further experiment or calculation to confirm, from the compo-
nents of the broken tetramer, it is clear that the tetramer is a specific configuration
of 4 molecular units. Furthermore, from this manipulation, it appears that the inter-
action holding the layers together is stronger than the intermolecular interactions,
which again is stronger than the substrate interaction; this further supports that the
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Terbium ion is still in position maintaining these two layers together, allowing one
to strongly assert that this is the intact [Tb(Et-Pc),]°.

By molecular manipulation, one can qualitatively assert that the intermolecu-
lar interactions are stronger than the molecule-surface interactions, even when dis-
cussing higher order clusters, such as the hexamer. By breaking the tetramer into
component pieces, it was observed that the individual molecules appear similar to
what was observed when the [Tb(Et-Pc),]” was deposited onto Cu(111). This sup-
ports that the specific structure observed in layers and clusters, is due to the inter-
molecular interactions, and how the molecules are arranged collectively.

6.4.4 Spectroscopy on [Tb(Et-Pc),]° on Au(111)
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FIGURE 6.11: Spectroscopy of [Tb(Et-Pc),]® organised layer a) STM image showing

[Tb(Et-Pc),]° layer on Au(111) with spectroscopy locations indicated with coloured dots.

Up=-1V [;=40 pA. b) Set of normalised dI/dV spectra taken at the positions indicated in

a). Spectra acquired using a lock-in amplifier with 20 mV modulation. Normalisation is per-

formed as described in chapter 3, with I/V arbitrarily broadened. Normalisation performed

to equally emphasise peaks. Central points were deleted due to anomalies from normalisa-
tion. Grey lines show peaks where discontinuities are depicted with dotted lines.

Due to an experimental issue, it was not possible to precisely control the position
where a spectrum was taken. As a result, these spectra were not very reproducible.
In order to confirm these spectra, more reproducible measurements must be per-
formed. Additionally, due to the very bright contrast from the overlapping alkyl
chains, it is not trivial to distinguish between spectra taken on the lobe and the cen-
tre of the molecule. As will be discussed, from Amokrane et al. [14], there is not
a big difference between molecule and lobe for the case of the organised layer, so
this difficulty in localisation of spectra may not be relevant. The molecules are fur-
ther spaced apart due to the alkyl chains, so one would expect not to observe any
overlapping lobes. Therefore, the comparison to the non-overlapping case is more
relevant.

Despite the lack of reproducibility when attempting to measure on the same po-
sition, some regular peaks are observed, implying that similar, but not identical,
positions may show similar results. Background measurements of a clear Au(111)
surface state were observed to be reproducible between measurements.
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From Figure 6.11 b), some similarities to the spectra from Amokrane et al. are
oberved, as seen in Figure 6.13 below. From the purple, red and green spectra, peaks
are observed at ~-850 mV, and a shoulder is observed at ~1050 mV. These do not
correlate perfectly to the assigned HOMO-LUMO of the [TbPc,]° from literature [13,
14], which are shown in Figure 6.13. Additional peaks close to the Fermi level are
observed in all spectra at -350 mV and at positive bias, between 250 mV and 500
mV, but it is unclear if this assignment of peaks is correct. Depending on which lobe
is measured, the peak at negative bias close to Fermi can shift dramatically for the
[TbPc,]° [13, 14]. From Figure 6.11 b), the position of the negative peak closest to the
Fermi level also shifts. The positive peak close to the Fermi level at 450mV is distinct
from what has been reported prior, as all positive peaks close to the Fermi level were
observed in literature in the range 50mV to 250mV.
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FIGURE 6.12: Spectroscopy of an [Tb(Et-Pc);]° tetramer on Au(111) a) STM image of a

tetramer overlapping with a dimer. Up=-1V ;=50 pA. Coloured dots indicate the location

of measured scanning tunnelling spectra. b) STM image of a broken tetramer by molecular

manipulation as described in Figure 6.10 f), with a coloured dot to display tip location c)

Spectra taken over positions in Figure 6.12 a),b) where colours indicate positions. Spectra

have been normalised for clarity. Spectra were taken using a lock-in amplifier with an oscil-
lation of 10 mV

Figure 6.12 a) displays spectra taken on many different positions on a tetramer.



6.4. [Tb(Et-Pc),] deposited onto Au(111) 63

A well defined gold surface state was found prior to measurement, to use as a well
defined background. There is little variation in the spectra besides a slight shift of the
peak at negative bias. The green and black spectra were taken on the same position,
and no variation in peak position was observed, implying that these spectra were
more reproducible than those shown in Figure 6.11. The peak at negative bias in
6.12 c) varies from -700mV to -850mV. This shift is similar to the previously observed
[13, 14] shifting peak at negative bias; however by its position, it correlates closer to
the HOMO at -850 mV for the [TbPc,]°. The peak at 750 mV correlates well to some
peaks from literature, as displayed in Figure 6.13 below, but given that no other
comparable peaks are observed, the electronic structure is difficult to interpret from
these limited data. As these were the most reproducible measurements, and given
that many factors may cause the [TbPcy]? spectra to change, this differing spectra
due to the addition of ethyl chains is expected. By assigning a HOMO at ~-750 mV,
and a LUMO at 750 mV, the bandgap is measured as ~1.5 V, depending on some
shift of the HOMO.

Displayed in Figure 6.12 b) a spectrum was taken on one of the molecules in the
dimer created by tip manipulation of a tetramer. Despite the apparent rotation of
45° of the upper Pc of the molecules in this dimer, as discussed in section 6.4.3, no
variation in spectroscopy was observed. STS of the molecule in this structure closely
resembles spectra taken on the tetramer in Figure 6.12 a). Given that the spectra
shown here are significantly different from that of the layer, as shown in Figures
6.13 and 6.11, a more comprehensive study must be performed. There appears to be
a correlation between dimer and tetramer spectra, but with significant differences
when studying a layer. Possibly larger organisations exhibit differing spectroscopic
features, but this needs further reproducible measurement for a clear interpretation.

No isolated molecules were found other than those resting on a layer of Et-Pc, so
a comparison to isolated [TbPc,]° was not possible.

The spectroscopic features of [TbPc,]? observed strongly depend on both the
position of measurements on the molecules as well as their specific organisation
when deposited onto Au(111) [13, 14]. STS provides some characterisation of the
molecules, but given the possible parameters that may affect spectroscopy, a direct
comparison may be challenging, but the results from literature are shown below to
explain how the measured spectra may vary.

Figure 6.13 is adapted from Amokrane et al. [14]. A distinct difference is seen
between spectroscopy on A and B type molecules. A and B type molecules are de-
fined by the two contrasts seen in a checkerboard arrangement, as shown in Figure
6.13 a) and b). The explanation for this contrast was discussed in chapter 4 but is
related to the intermolecular interactions and may partially be due to the relative
orientations of the upper Pcs with respect to the lower. There is a clear difference in
spectroscopy when measurements are taken on overlapping lobes in a layer against
non-overlapping lobes, as shown in Figure 6.13 b) and d). Komeda et al. [13] mea-
sured a variation in the SOMO peak due to a tilt in the upper Pc. this was not ob-
served in pristine semi-infinite layers by Amokrane et al. but possibly some similar
tilt was observed here that was not seen in imaging due to some effect of the ethyl
chains.

To summarise the findings from literature, the appearance and position of peaks
strongly depend on many parameters. The organisation of the molecule, from monomer,
to large semi-infinite islands, affects the spectral features. The position on the molecule
where the spectrum is taken, between measuring the Terbium centre or differing
lobes of the Pc ring, produces varying results. Different lobe spectra depend on lobe
overlap with neighbouring lobes and may have some contribution from tilt effects
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FIGURE 6.13: [TbPc,]° spectroscopy on Au(111) taken with permission from Amokrane et

al.[14] a) Topographic STM image showing a [TbPc,]° molecule on Au(111) with coloured

dots to depict spectroscopy locations. b) Topographic STM image of [TbPc;]? layer, showing

the distinction between bright and dark spots, with coloured dots to depict spectroscopy

locations. c) and d) Spectroscopies taken on positions correlating to the coloured dots from
a) and b) respectively.

of the upper Pc ring in non-pristine layers. The orientation of the top Pc with respect
to the lower and the orientation of the lower Pcs with respect to each other influence
the observed spectrum.

One final complication, is that, as shown in chapter 5, the reduction of the molecule
with the use of hydrazine does not affect the Kondo property of the molecule, as
the quenched radical property is restored on the surface when the charged [TbPc, |
molecule contacts the substrate, however, this has not been confirmed for the [Tb(Et-
Pc);]” molecule.

Overall, the spectra measured here are quite distinct from what has been pub-
lished [13, 14]. In larger layers, a similar structure of two peaks close to the Fermi
level is observed, with the peak at negative bias shifting, depending on the posi-
tion of measurement. One would expect the addition of alkyl chains to affect the
spectroscopy, but given that two distinct spectral shapes were measured, it may be
the case that some other parameter is affecting spectroscopy. This may be due to
the ethyl chains moving during spectroscopy and a measurement of heteroleptic
molecules may clarify this issue.
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6.4.5 Structure dependent Kondo effect

As clusters of various size and large layers have been imaged, one may measure
variable sized structures, in order to study how differing organisations, and thus
differing magnetic exchange interaction may affect the Kondo effect and it’s appear-
ance.

From Amokrane et al. [14], the Kondo effect is observed on the ligand when
the molecule is isolated but is suppressed when the molecules are organised into
dimers. The effect is once again observed on 3-fold overlapping lobes of the ligand
when the molecule is organised into compact trimers or tetramers. For full layers of
pristine [TbPc,]°, the effect is observed only on non-overlapping lobes. Given that
the appearance of the effect is organisation dependent, by tuning the organisation
with the addition of alkyl chains, some deeper understanding of the mechanisms for
these phenomena can be found.
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FIGURE 6.14: Kondo effect on [Tb(Et-Pc),]° deposited onto Au(111) a) STM image with
of an island with spectroscopy locations indicated. Green dots depict where a zero bias
peak was reproducibly seen, and red dots where no zero bias peak was seen in reproduced
measurements. Blue depicts points of uncertainty. Yellow indicates a background on the
bare Au(111). Up=-1V [;=40 pA. b) A comparison of dI/dV spectra, showing an example
from a green dot, red dot and a gold background. Spectra taken using a lock-in amplifier
with a modulation voltage of 1 mV. The average FWHM peak width was measured as 8.2+1.2
mV.

No zero bias peak was measured on the molecules when organised into tetramers
or hexamers. No single isolated intact [Tb(Et-Pc),]° molecule was found, and thus,
no measurement for isolated molecules was performed.

Zero bias peaks were found on different positions within the larger islands of
[Tb(Et-Pc),]°, as shown in Figure 6.14. These peaks are assumed to be Kondo fea-
tures given the wide observance of Kondo features on the [TbPcy]° molecule, as re-
ported in [12, 14, 15, 191] and explored in chapter 4. The g-factor of measured peaks
was > 1, as was observed for the unsubstituted molecule, meaning that transport is
similarly dominant through the molecule.

Reproducible measurements of specific Kondo features observed in equivalent
locations within a given island were unsuccessful. This is partially due to the same
issue described in section 6.4.4 where the precise location of the tip during spec-
troscopy is uncertain. From Figure 6.14 a), some positions did show reproducible
Kondo peaks. An example of a zero bias peak, as well as background and negative
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result, are shown in 6.14 b). No reproducible zero bias peaks were found at the edges
of the layer.

Given that in the case of the [Tb(Et-Pc),]° system presented here, there are as-
sumed to be no overlapping lobes; one would only expect to see Kondo on the iso-
lated molecule or on large layers. The observation in the centre of large layers may
be due to some specific intermolecular interaction, and at the edge of the layers,
this interaction is not present, and thus, no zero-bias peak is observed. This may
imply some result towards tuning of the control parameter towards quantum criti-
cality and a possible phase transition, but this is not certain from the lack of a clear
reproducible position in the layer where a Kondo effect is measured.

There is a defect in the centre of the image in Figure 6.14; therefore, locally, the
structure is not regular. This may cause this lack of a distinct position where the
Kondo effect is reproducibly observed. Perhaps a reproducible position could be
found on a more regular island. Other islands did show some zero bias peaks. From
prior discussion, and observed from the Kondo study on the tetramer, hexamer, the
appearance of the Kondo effect is highly structure dependent. Therefore, more stud-
ies are required on a more regular lattice to clarify any results.

It appears that some transition from smaller clusters and edges of islands, to the
centre of large islands, is observed, possibly due to a lesser effect of interactions from
nearest neighbours and, furthermore, next nearest neighbours. This transition may
partially explain the significant difference in spectroscopy for lower order clusters,
such as those shown in Figure 6.12, when compared to the spectroscopy of layers, as
observed in Figure 6.11, due to this varying interaction from neighbours and next-
nearest neighbours. It may be the case that some other confounding factor causes
this change, for example some interaction with the tip via the ethyl chains. One
could further argue that larger islands have more confined chains, reducing this
effect; thus causing this apparent variation during spectroscopy due to island size.

The critical observation is that Kondo peaks are not found in smaller organisa-
tions but are found in larger layers. Although it must be noted that whilst no Kondo
effect was observed in some positions there may be other confounding factors mean-
ing that a Kondo effect is present, but not successfully observed.

The average peak width was defined as the FWHM of the Fano fit. This value
differs significantly from spectrum to spectrum. They all showed a similarly high
value of g-factor, therefore likely originate from similar transport channels through
the molecule. Assuming that these peaks all have the precise same origin, a Kondo
temperature of 31 K can be calculated. This is close to the range for the [TbPc,]° from
literature [12, 15], so is likely to be of similar origin, i.e. an organic 7t radical.

The Kondo effect was measured on the [Tb(Et-Pc);]° on Au(111) when organ-
ised into layers. There did appear to be some dependence on position within the
organisation. No Kondo effect was found on molecules organised into lower order
clusters. This implies some dependence on intermolecular interactions, but this may
be something more simple that has not been considered, due to some interaction
with the ethyl chains, and as such, requires further experimentation.

6.5 Electrospraying [Tb(Hex-Pc),]°

6.5.1 Molecular overview and mass spectra

To further increase the lattice spacing, the following molecule studied was the Hexyl
chain molecule, shown in 6.15 a) where two six-carbon Hexyl chains are attached to
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FIGURE 6.15: Structure of [Tb(Hex-Pc),]° with MALDI spectrum a) Molecular model of
[Tb(Hex-Pc),]%. b) TOF-MALDI spectrum, with peak indicated, inset shows a zoom of the
spectrum, with assigned peak at 2529.7 m/z

each benzene ring. The addition of Hexyl chains drastically increases the [Tb(Hex-
Pc),]° mass, which from the MALDI spectrum in 6.15 b) is measured as 2529.7 m/z.
Due to the limited resolution of the ESI-MS spectra, due to lesser ionisation effi-
ciency, MALDI was used to acquire a better defined mass. An attempt to test the
sublimability of the molecule, identical to that in section 6.2.1, was performed. The
correct peak was found above the noise level in ESI-MS before sublimation. During
sublimation, the material in the crucible solidified from its initial oily liquid crystal
form. ESI-MS on the collected material from the sublimation test showed no distinc-
tive peak. A simple Thin layer chromatography test of the sublimed and unsublimed
materials showed no distinct spots. The molecule seems to have decomposed com-
pletely, and as a result, it is not possible to study via sublimation in UHV.

6.5.2 ESI-CIBD mass spectra

For electrospraying the [Tb(Hex-Pc),]° molecule, the solvent combination used for
depositions was as follows:

2.5mM hydrazine and 100 pM [Tb(Hex-Pc),]° solved in 600l of acetonitrile,
tetrahydrofuran and trichloromethane in a ratio 1:1:1 with 1.5l of water. Water
was used only to handle the Hydrazine.

From Figure 6.16 a), the centre of the fitted Gaussian was found at 2526.9+0.2
m/z, with a width of 22.4+0.43 m/z. This does not correspond perfectly to the
2529.7 m/z measured by MALDIL This is not correct within the calculated error, but
as discussed in chapter 3, the precise error of the calibration performed is difficult to
quantify. The offset applied was assumed to be linear, but this is not necessarily true.
These errors may change over time due to changes in the system or during repair.
Additionally, the masses used in calibration were lower than that of [Tb(Hex-Pc),]°,
so it is unclear if non-linear offsets would begin to dominate. This discrepancy be-
tween the MALDI value and ESI-CIBD value represents a 0.1% error and so can be
considered correct. The 22.4 m/z peak width is far below the 97 m/z mass of a single
Hexyl chain, so one may assume that the molecules are intact during deposition.

From Figure 6.16 b), the average molecular kinetic energy was measured as 2.14+0.14
eV with a distribution of +2.25 eV. This means that there was a large spread of ener-
gies during deposition.
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FIGURE 6.16: Mass spectrum and kinetic energy test of [Tb(Hex-Pc),]” sprayed with ESI a)
ESI-Mass spectrum of [Tb(Hex-Pc),]” curve fitted with a Gaussian. b) Kinetic energy profile
taken using the same parameters as used for 6.16a).

6.6 [Tb(Hex-Pc),] deposited onto Au(111)

The [Tb(Hex-Pc),]” was deposited onto an Au(111) crystal held at room temperature.
The average ion energy was set as -2.14+2.25 eV. The sample was initially degassed
to 50°C to counteract minimal contamination during vacuum suitcase transfer.

6.6.1 Overview of observed species

Measurement of [Tb(Hex-Pc),]° allows for characterisation of the molecule and an
understanding of how it organises on the Au(111) surface. By comparing [Tb(Hex-
Pc),]° on Au(111) to that of [Tb(Et-Pc),]°, the relationship between alkyl chain length
and intermolecular distance can be established, thus opening the project further to
studying other chain lengths, and thus further improving the tunability of islands of
SMM:s.

As observed in prior depositions, two distinct species were measured on the sur-
face, assigned to the intact [Tb(Hex-Pc),]° and the single Hex-Pc which has broken
off from the intact molecule. Importantly to note, the average ion energy is set to a
negative number. As discussed in 3, this simply means that the majority of ions do
not reach the surface, due to the strong retarding field. Only ions at the very edge
of the distribution reach the surface, making the distribution of real ions that impact
narrow and close to 0, limiting the impact energy. Thus, for the average of all ions,
the apparent kinetic energy is negative. The choice was made to display the data in
this way in an attempt to simplify, despite the issue of discussing an apparent neg-
ative kinetic energy’. The -2.14 eV average ion energy was significantly lower than
any of the depositions of [Tb(Et-Pc),;]", and by comparison to later [Tb(Et-Pc),]” ex-
periments not shown here, the [Tb(Hex-Pc),]° shows significantly less dissociation.
It is not trivial to directly compare different molecules, but this may imply that there
is a critical landing energy above which molecular dissociation occurs. By finding
this critical landing energy, one may tune the amount of dissociation on the surface.

In Figure 6.17, a) and b) islands of the [Tb(Hex-Pc),]° and Hex-Pc ring are shown,
respectively. By analysing height profiles, the assigned single Hex-Pc is again less
than half the height of the assigned [Tb(Hex-Pc),]° layer.

The height of the aromatic backbone of the [Tb(Hex-Pc),]° layer is measured as 4
A. From section 6.4.1 and as observed in Figure 6.7, the height of the aromatic back-
bone of the [Tb(Et-Pc),]° layer was measured as 4 A. Assuming that the observed
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FIGURE 6.17: Overview of species from [Tb(Hex-Pc),] deposition onto Au(111) a) STM im-

age of a [Tb(Hex-Pc),]° island, Up=-1.05V I;=4.3 PA b) STM image of a Hex-Pc island,

Up=-1V I;=106 pA c) STM image of an isolated Hex-Pc, Up=-1V [;=16 pA. d) line pro-
files taken from Figures 6.17 a)-c) over positions indicated with coloured lines

aromatic backbone is due to the benzene rings, the height of the molecule itself is
unchanged by the additional length of the alkyl chains and, in principle, should
have the same molecule-substrate distance, and critically the same distance between
the surface and the central terbium ion.

From the profiles taken from 6.17 c), the central cross, which is assigned to the
cross shape made by the four benzene rings, is measured as being 1.5 A in height;
this is very close to that of the 1.5 A recorded for the similar cross structure of the
Et-Pc from Figure 6.7, which was discussed in section 6.4.1. There does not appear
to be a significant increase in the height of the Hex-Pc layer due to the additional
alkyl chains, likely because they lie flat on the surface. This explains the square-like
shape observed in Figures 6.17 b) and c).

Commonly, bright spots are observed at the edges of the [Tb(Hex-Pc),]° layer,
one of which is measured in the profile in 6.17 d). The bright spots observed in pro-
files from both Figure 6.7 of the [Tb(Et-Pc),]° and Figure 6.17 of the [Tb(Hex-Pc),]°
do not correlate well to the expected result of increasing dimension from longer alkyl
chains. From Figure 6.7 of [Tb(Et-Pc),]°, more than 5A was measured for the cross
like protrusion. However, in the profile taken from Figure 6.17 a), the protrusion
measured has a height of 4.7A. Given that the length of a C-C bond is 1.54 A, one
would expect the protrusions due to chains on the [Tb(Hex-Pc)]° to be significantly
larger than that of the [Tb(Et-Pc),]°. Therefore, it is unlikely that the chains attached
to the upper Pc of the [Tb(Hex-Pc),]° are pointing directly upwards, as was hypoth-
esised for the [Tb(Et-Pc),]°. The positioning of these bright spots appears random. It
is also similar to what has been observed in literature [243]. Likely the STM tip pulls
these chains out of position into some random orientation. The specific orientation
of the chains will be further discussed in a later section.

6.6.2 Discussion of Hex-Pc self-organised structure

The chains on the Pc rings on the surface are assumed to lay flat as observed prior
[26, 30, 232, 234, 235], reducing the degrees of freedom of the chains. Assuming
that the chains are confined in 2 dimensions and given that each C-C bond has
two possible allowed angles in 2-D, for each chain, there are 2 = 64 possible ori-
entations. Therefore, the possible orientations of the chains on each molecule are
6416 = 7.9x10%. This presents a significant challenge for calculation. The images
show a 4-fold symmetric structure, so one may assume that each set of 2 chains
on each benzene ring has the same conformation, giving 4096 possible conforma-
tions of the hexyl chains on the lower Pc, but this remains heavily intensive. Due to
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FIGURE 6.18: Comparison of tentative models for Hex-Pc structure a) STM image

of Hex-Pc island, Up=-0.7V [;=45.9 pA, with an insert showing an isolated Hex-Pc,

Up=1V [;=16 pA. Scale accurate for all images. 2 suggested models are overlaid onto b)
and c), which are directly copied from a)

the many degrees of freedom, a precise structure is not presented, only a tentative
model. In order to perform a calculation for this system, it would likely need to be
a less sophisticated model, for example, some spring-like system, where the inter-
molecular interactions are assumed as some form of potential well, and no quantum
mechanical effects are considered. In place of calculation, two possible structures
are proposed in Figure 6.18. One where the square structure is caused by strong
intramolecular interactions between chains, creating a square-like loop, as depicted
in Figure 6.18 b). The model proposed in Figure 6.18 c) assumes that intermolecu-
lar interactions dominate, where the chains are straight, and the interaction between
chains creates the observed square structure. One would expect that the alkyl chains
would interact heavily, but the specifics are not immediately apparent. The isolated
Hex-Pcs, as depicted in the insert of Figure 6.18 a), were very uncommon, repre-
senting less than 0.1% of Hex-Pcs observed. The isolated Hex-Pc, given its square
shape, is much more likely to conform to the structure proposed in 6.18 b), whereas
the straight chains proposed in 6.18 c) do not conform to this square-like structure.
One would expect that it is not possible for the methyl groups at the ends of the
hexyl chain to interact so closely, as in the stucture proposed in b). Given that there
is not a clear alternative model for the isolated Hex-Pc, this unexpected interaction
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is possible at least for the isolated molecule.

Given that these molecules have a very strong tendency to organise into islands,
one would expect strong interaction between chains of adjacent molecules, support-
ing the structure in 6.18 c) as more likely. The structure proposed in Figure 6.18 c)
is the more promising structure for the aims of the project. If the chains organise
in this configuration for longer lengths of alkyl chain, then the lower layer of Pcs
may become precisely tunable as one adjusts the alkyl chain length. The square-
like structure proposed in 6.18 b) would not linearly increase the spacing between
molecules with increasing alkyl chain length. The conformation suggested in 6.18 c)
has been previously reported [26, 232]. However, this is when deposited on HOPG
at the solid-liquid interface.

Conversely, the images from literature do not look similar to the image in Figure
6.18 a) and possibly do not correlate. The situation on HOPG is somewhat differ-
ent, in that the chains interact strongly with the surface via Van der Waals interac-
tions, and the chains lie commensurate with the honeycomb structure of the HOPG.
The square structure is maintained at the edges of the structure in a), and thus, the
contrast at these positions would not be due to overlapping chains from adjacent
molecules. Given that the Pcs at the edges have a lower coordination with other
molecules, the may adopt this square structure at the edges only, but the molecules
at the centre of the island have interacting straight chains. The structure in 6.18 b) is
correct for the isolated Hex-Pc, but the conformation of a single molecule does not
give a clear understanding of the same molecule in an organisation.

The edges of the island and the insert in Figure 6.18 a) correlate strongly to the
model proposed in b). No boundary between regions is observed, which could ex-
plain some mixture of the models in b) and c), where the edges correlate to b) and
the centre correlates to c). In summary, it is challenging to assign either model with
certainty, and would need calculation to be verified.

Despite the uncertainty in the modelling and positioning of the chains, the po-
sition of the Pc ring is clear from these images. As a result, lattice parameters can
easily be measured. The measured lattice was square, aligning always along one of
the high symmetry directions. The lattice parameter was measured as 2.37 nm x 2.37
nm=+0.08 nm. Interestingly, in every instance, the orientation of the Pc ring was offset
by an angle of 20 °, with respect to the lattice vectors, and thus offset from the high
symmetry direction.

6.6.3 Discussion of [Tb(Hex-Pc),]° self-organised structure

By measuring the length parameters of the islands of intact [Tb(Hex-Pc),]° molecules,
again a square unit cell is seen, with length parameters of 2.52 nm x2.52 nm +0.05
nm, where one of the vectors aligns with one of the high symmetry directions. These
lattice parameters do not correspond to the Hex-Pc unit cell within the measured er-
ror but are very close. The error was calculated by taking the standard deviation
from multiple islands, so it may not fully account for systematic experimental er-
ror, and so the lattice parameters of the Hex-Pc and [Tb(Hex-Pc),]° may be equal. If
they are not equal, the difference is minimal, and one would not expect a significant
adjustment to the position and conformation of the Hex-Pcs in the lower layer of
the [Tb(Hex-Pc),]° islands when compared to the island depicted in 6.18. The lower
Hex-Pc layer would likely correspond to one of the models depicted in Figure 6.18.
By observing the cross like structure originating from the four benzene rings of the
upper Hex-Pc, one can see that the upper Hex-Pc is rotated by 20° relative to the
high symmetry direction. As a result, the upper Hex-Pc appears to be either aligned
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FIGURE 6.19: Analysis of[Tb(Hex-Pc),]° structure a) STM image showing [Tb(Hex-Pc),]°
layer. Up=-2V I;=3.6 pA. b) Tentative model overlaid onto 6.19a)

or rotated by 45° relative to the lower Hex-Pc, as suggested for the [TbPc,] [12,
191]. At the extreme left of the organisation in Figure 6.19 a), one can see Hex-Pcs
seemingly organised with the layer, and these Hex-Pcs are rotationally aligned with
the Pcs of the upper layer of the [Tb(Hex-Pc),]° structure. This implies that they are
aligned in all cases, but further mixed species layers would need to be observed in
order to confirm.

From Figure 6.19, there is no obvious interpretation of the molecular structure of
the upper layer of hexyl chains without calculation. Given that the long chains are
unconfined from the surface, it is not possible to simplify the model by assuming the
structure is only 2-dimensional. The 2-dimensional molecular model shown is not
proposed as the correct configuration, only to give a sense of scale.

Given that in section 6.4.2, when ethyl chains came close to colliding, a signifi-
cant protrusion was seen in the topography. One would assume that similarly, the
chains on adjacent molecules would strongly interact with each other. Given that
there is no clear regular protrusion, the chains do not overlap in the same way as
was observed for the [Tb(Et-Pc),]? islands. It may be that the protrusions observed
at the edges of the molecule and measured in 6.6.1 are caused by the chains not be-
ing perfectly organised into a regular lattice and pointing upwards. Given that the
hexyl chain extended to its maximum possible length is over 7 A, this protrusion
measured in 6.17 a) is either only a section of the chain pointing upwards or sim-
ply some contaminant. Some contamination was observed on the surface, but these
protrusions were more common at the edges of [Tb(Hex-Pc),]" islands than the con-
taminants on the bare Au(111), and in principle, the chains would be least confined
at the edges of the structure. Given that the apparent height is measured as too small
to be due to the chains, and there is no tip interaction one could attribute to upwards
pointing chains, this is most likely a contaminant. The conformation of molecules in
the island is unclear, but at a very minimum, one may assume that the chains do not
point upwards in the same way as observed for the [Tb(Et-Pc),]°.
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In summary, a regular lattice of greater intermolecular spacing has been ob-
served on the surface via the use of thermolabile alkylated molecules deposited by
ESI-CIBD. A series of tunable lattices have been successfully created by varying the
length of chemical substituents and depositing these variable size molecules stably
onto metals. The 2.52 nm x 2.52 nm lattice of [Tb(Hex-Pc),]° is bigger than that of the
1.76 nm x 1.76 nm lattice of the [Tb(Et-Pc),]°, which is bigger than the 1.43 nm x 1.43
nm lattice spacing observed for the [TbPc,]°. These interesting results can be used to
further similar goals and allow explorations of further properties of these structures
that can be tuned via the method presented here.

6.6.4 Differing intramolecular contrast imaged at variable bias

By measuring at different biases, one can adjust not only the changing image contrast
due to differing electron localisation over differing orbitals, but also any differing
image contrast due to changes cause by differing tip-molecule interaction.

1.2nm

1530mV

FIGURE 6.20: STM images of [Tb(Hex-Pc),]° at differing biases a-d) STM images show-
ing similar [Tb(Hex-Pc),]° islands. Imaging parameters for a)-d) respectively were [;=3.6
PA, [}=9.4 pA, [;=4.3 pA, [;=4.3 pA.Grey lines are drawn to highlight chirality

From Figure 6.20, several different specific appearances of the molecule were
observed at particular biases. The measurement of differing biases, thus measur-
ing differing electronic states causing differing appearances in images, is regularly
observed and may be considered trivial. As discussed in chapter 3, the differing
electronic states of the molecule have differing electron densities, and thus, when



74 Chapter 6. Tunable Lattices of Alkylated Molecules on Surfaces

measuring at a particular bias, a different image of the molecule is produced, cor-
responding to the electron density of the molecule at that bias. However, such an
extreme difference is not common, and one would expect the case here to be more
than purely an imaging of different electronic states and not this trivial case.

Four main intramolecular contrast types were observed. It was found more chal-
lenging to image these molecules with a high level of detail at positive bias. Firstly,
a ‘cross-like” molecule was observed at high negative bias, as depicted in Figure 6.20
a). This was observed from -2 V up to -0.7 V. Close to the Fermi level, a "fern-like’
molecule was observed, as depicted in Figure 6.20 c). This molecule was observed
between -0.4 V and 0.5 V. An intermediate appearance was observed between these
biases, as is depicted in Figure 6.20 b), only observed at -0.5 V. This “intermediate’
molecule has features of both the ’cross-like” and ’fern-like” molecules. Finally, a
‘spiral-type” molecule was observed, as depicted in Figure 6.20 d), which was ob-
served between 0.7 V and 2 V. In 6.20 a)-c) a central cross is observed, due to the four
benzene rings, as observed in prior measurements, and seen clearly in Amokrane
et al. for the double decker molecule [14]. Therefore, the additional intramolecular
contrast not forming the cross, is assumed to originate from the hexyl chains.

Figures 6.20 a) and c) show the same island, only imaged at different biases. The
crosses have rotated by 20 © in Figure 6.20 c) and the cross structure now aligns with
the [110] direction. Assuming that the lower Hex-Pc has maintained its orientation,
the dihedral angle of the [Tb(Hex-Pc),]° has changed by 20 °. This result will be
further discussed in a later section.

Such a significant difference in imaging dependent on bias has not been observed
for the [TbPc,]" in literature [14, 15, 28, 189, 191, 193, 194, 244, 245], nor was it ob-
served for the [Tb(Et-Pc);]® as discussed in section 6.4.2. This implies that these
different molecular appearances are caused mainly by the hexyl chains. Notably,
the height of the tip during these measurements was not kept constant. Given that
adjusting the bias also changes the height of scanning, and as discussed in section
6.6.3, it is expected that the tip interacts with the chains. To rule out that the changes
in intramolecular contrast are not caused by varying tip interaction, the tip height
should be more strictly controlled in subsequent experiments. Alternatively, AFM
measurements could be performed on these molecules to better understand the con-
formation of these molecular islands without any contribution from the changing
bias and electronic structures.

Particularly at high bias, there appears to be some bridge connecting adjacent
molecules, as can be strongly seen in Figure 6.20 a) and d). The level of contrast
in these images has been selected to emphasise the differing appearances seen for
different biases. As a result, these 'bridges’ between molecules are exaggerated. The
nature of this feature in topography is unknown.

6.6.5 Chirality of [Tb(Hex-Pc),]° in islands

At all biases, the molecules exhibit some chirality, as shown in Figure 6.20. The
chirality is most obvious in the “spiral-type” molecule seen in Figure 6.20 d) and is
also obvious in Figure 6.20 a) for the ‘cross-like” molecule. The chirality was only
ever in the direction shown. Given that the cross structures in Figure 6.20 a)-c) are
caused by the aromatic backbone, there does not appear to be any molecular chirality
in the aromatic backbone in Figures 6.20 b) and c). The hexyl chains likely cause any
chirality observed. There are many examples of molecular chirality on surfaces [244,
246-249], in particular some observation of molecular chirality in the [TbPc,]° [189,
246] from Fu et al., the chirality observed for the [TbPc,]" is due to a bias pulse
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controlled rotation of 4°. This is presumed as a rotation of only the upper Pc relative
to the lower Pc away from its usual angle of 45°. This rotation is performed by
applying a bias pulse of +2 V. From other sources [12], the upper Pc of a [TbPc,]° can
be rotated by the application of a +2 V bias pulse.

2.6nm 250mV 2.6nm _500mV 2.6nm

FIGURE 6.21: Chiral type [Tb(Hex-Pc),]® molecules a-c) STM images showing one [Tb(Hex-

Pc),]° island scanned at differing biases. [;=9.4 pA for all images. The arrow shows the

sequence of images in time. Yellow boxes highlight the molecule displaying permanent
chirality.

Whilst the bias-dependent appearance measured in Figure 6.20 was reproducible,
some specific molecules that did not follow this switching between intramolecular
contrasts were observed. From Figures 6.21 a)-c) a 'spiral-type’ molecule, as dis-
cussed in the prior section, is imaged in two instances on an island and remains in
this “spiral-type” configuration at all biases. This would imply that this difference is
not purely electronic. The molecule highlighted in yellow exhibits the same chirality
as the molecule in Figure 6.20 d).

The apparent height of the "spiral-type” molecule observed in Figure 6.21 is the
same as that of other ’spiral-type” molecules and so has a bigger apparent height
than the other molecules observed in this island. Despite having a bigger apparent
height than other molecules in the island, it has the correct apparent height for the
‘spiral-type” molecule. Thus, it is expected that the molecule is not simply resting
upon a contaminant or surface defect. Further, there is no obvious difference in
appearance from the previously observed "spiral” type molecules; thus, it is likely an
intact molecule, simply with some other conformation. As discussed prior, there is
an apparent rotation of 20 ° of the cross structure assigned to the aromatic backbone
observed in the transition between Figures 6.20 a) and b), as well as between Figures
6.21 b) and c). Given that the molecules have a scanning bias-dependent rotation,
this rotation may be driven by some other influence or process, causing a permanent
‘chiral-type” molecule independent of scanning bias.

Compared to literature, [12, 189] no change in orientation of the Pc ring is ob-
served by simply scanning. The clear movement of the cross structure assigned as
the aromatic backbone shows that these cases are different.

In Figure 6.22, more "chiral-type’ molecules independent of bias are observed. In-
terestingly, the change to a bias-independent molecule happens during or between
scans. Between images 6.22 b) and c), two of the expected non-chiral molecules
(highlighted in yellow) at bias close to Fermi-level change into a chiral form despite
the bias remaining close to Fermi. Other molecules in the organisation maintain the
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FIGURE 6.22: Secondary chiral type [Tb(Hex-Pc),]° molecules a-e) STM images showing one

[Tb(Hex-Pc);]° island scanned at differing biases, as indicated below each image. I;=4.3 pA

for all images. The arrow indicates the sequence of images in time. Yellow boxes highlight
molecules of interest.

same expected structure observed close to Fermi level. From 6.22 d) and e), the high-
lighted molecules still switch between the expected appearances at positive and neg-
ative bias; this implies that there is still some involvement of the electronic structure
in the appearance of the molecules imaged. The identical appearance of the high-
lighted molecule to the other molecules in 6.22 a) and b) further supports the claim
that the molecular structure is identical for these permanently chiral structures. The
most obvious interpretation is that some rotation occurs. This is still surprising and
would need further exploration for confirmation and a better understanding of the
system. The exact influence of conformational changes of the alkyl chains is still yet
to be understood.

Differing bias measurements have been shown to adjust image contrast. Whilst
this is partially dependent on the localisation of molecular orbitals, evidence has
been shown that this may be also due to both changes in dihderal angle of the
[Tb(Hex-Pc),]°, but also upon how the chains move during measurements.

6.6.6 Variable spectroscopy

In order to characterise and compare to what was studied spectroscopically for the
[Tb(Et-Pc),]°, a spectroscopic study of [Tb(Hex-Pc),]° was also carried out. This may
also allow some study into the effect of alkyl chain length on spectroscopy, given that
the spectroscopy on [Tb(Et-Pc),]° was not comprehensively understood.

In Figure 6.23, some spectroscopic features are observed similar to those ob-
served both for the [TbPc,]° [13, 14], as depicted in Figure 6.13 and from the [Tb(Et-
Pc),]° molecule spectra over large islands, as shown in Figure 6.11. In Figure 6.11 b)
asymmetric peaks close to the Fermi level are again observed, separated by 425 mV.
Peaks are also observed at-1.1 Vand 0.9 V.

The repeated measurements on the same position were taken with different tip
states, with good corresponding background gold spectra, according to the proce-
dure described in chapter 3, but do not show reproducible features. In contrast to the
[Tb(Et-Pc),]°, there is much clearer intramolecular contrast of the molecule in topog-
raphy, thus likely showing more distinction between spectra taken on the molecule
centre compared to the molecule lobe. The middle spectrum shows only a shoulder
at -150mV and no large peak at positive bias close to the Fermi level. This is very
similar to the spectrum taken on a dark B-type molecule for the [TbPc,y]° described
in Amokrane et al. [14], as depicted in Figure 6.13 c).
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FIGURE 6.23: Spectroscopy on a [Tb(Hex-Pc),]” organised layer a) STM image of [Tb(Hex-

Pc),]° layer, with a red dot to indicate the spectroscopy location. Up=-2V [;=7.3 pA. b)

dl/dV spectra taken at the position in a). The spectra are taken at the same position. All

spectra have been scaled and separated vertically for clarity. Grey lines are drawn to high-

light peaks where dotted lines show discontinuities. Spectra were taken using a lock-in
amplifier with a modulation voltage of 25 mV

Despite not showing reproducible spectra, there appear to be some recognisable
features for spectra performed on large islands that correlate to what has already
been recorded for [TbPc,]° molecules. For further confirmation, reproducible spectra
of multiple islands with a better defined tip position during spectroscopy should be
performed.

No Kondo feature measurements were attempted on these islands, due to mea-
suring zero bias anomalies at all times that did not appear to be due to molecules on
the tip.

o
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FIGURE 6.24: Spectroscopy on a small island of [Tb(Hex-Pc),]°, a) STM image of

a small [Tb(Hex-Pc),]° island, with coloured dots to indicate spectroscopy locations.

Up=-0.5V [;=9.4 pA. b) dI/dV spectra taken over the positions indicated in a) All spec-

tra have been scaled for clarity. Spectra taken using a lock-in amplifier with a modulation

voltage of 25 mV. Points between +16 mV are removed due to zero bias anomalies, not visi-
ble in mathematically derived dI/dV

In Figure 6.24 a), spectra were observed similar to spectra taken on the tetramer
of the [Tb(Et-Pc);]°. A nearly symmetrical structure around the Fermi level was
measured. There is again some variation in the HOMO position shifting from -650
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mV to -600 mV. Multiple points of the same colour show where a spectrum was
repeated with a different tip state. This is not a high level of reproducibility, but more
than spectra performed on larger islands of [Tb(Hex-Pc),]°. Despite the difficulty in
analysing data of limited quality, one consistent observation between measurements
on the [Tb(Et-Pc),]° and [Tb(Hex-Pc),]° systems was the general shape of spectra
taken on small islands, although this may be only due to some interaction with the
alkyl chains. The bandgap therefore, is measured as ~1.3 V, the increased length of
alkyl chain has decreased the band gap.

Interestingly, the blue spectrum from Figure 6.24 is taken on the permanently
chiral molecule discussed in depicted in Figure 6.21. The spectrum on this molecule
appears identical to spectra of other molecules in the assembly, indicating that the
difference between normal molecules and the permanently chiral molecule is mini-
mal. Given that the spectroscopic features are highly dependent on the orientation
of the upper Pc with respect to the lower [12], this result of identical spectra implies
that the upper Pc may not be rotated, and this apparent rotation is caused only by
hexyl chains.

In summary, some limited conclusions can be drawn from the spectroscopy. For
large layers, there appears to be some correlation to the expected structure, fur-
ther confirming that the molecules observed are the expected intact [Tb(Hex-Pc),]°
molecules. There appears to be some correlation between smaller sized islands and
clusters, showing distinct but reproducible spectra for both the [Tb(Et-Pc),]° and
[Tb(Hex-Pc),]°. This is speculative but is the most reproducible observation from
the spectroscopy data presented here. The spectroscopy data is not of high quality
and needs improvement to further these conclusions, which are highly speculative
given the limited data.

6.7 Deposition tests of other alkylated [TbPc;]° molecules

Some other species of similar alkyl chain molecules were synthesised for testing but
were not studied by STM, only tested in the ESI-CIBD system.
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FIGURE 6.25: Overview of Oxy-propyl [TbPc,]° molecule a) Molecular model of Oxy-propyl
[TbPc,]°. b) ESI-CIBD mass spectrum of Oxy-propyl [TbPc,]

The first molecule shown here, is the Oxy-Propyl [TbPc,]° ([Tb(OPrPc),]°), which
from Figure 6.25 a) has two additional oxygen atoms attached to each benzene ring,
and a three carbon propyl chain attached to each oxygen atom. The propyl chain
was expected to steer the lattice spacing, similarly to other alkyl chain molecules
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studied here. The oxygen may give the alkyl chain greater flexibility and ability to
orient, thus creating differing and more interesting conformations. From Figure 6.25
b), a peak of 2105 m/z with a width of 41 m/z was found, which correlates well
with the expected 2113 m/z expected. This molecule was not tested in STM as the
additional modifications would likely overcomplicate the results on the surface. It
could be tested in future experiments and may provide interesting details about how
molecules can be designed to have particular desired properties on surfaces.
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FIGURE 6.26: Overview of 16 carbon chain [TbPc;]° molecule a) Molecular model of 16
carbon chain [TbPc;]°. Kinked lines intersecting alkyl chains display a discontinuity to avoid
depicting the long alkyl chains. b)ESI-CIBD mass spectrum of 16 carbon chain [TbPc,]

The highest mass molecule sprayed was a 16-carbon alkyl chain [TbPc,]°. Fig-
ure 6.26 a) shows the molecular model. Two 16-carbon chains are attached to each
benzene ring. Once again, this molecule was ionised in solution using hydrazine,
resulting in a singly charged ion. The mass of the molecule is 4773 Da, resulting in
a mass-per-charge ratio of 4773 m/z. In Figure 6.26 b), a small peak is observed at
4782 m/z with a width of 29 m/z. This peak is highly accurate but is very close
to the noise level. The signal of 2 pA corresponds to a deposition time of over 100
hours and was not considered viable. If this could be deposited in a reasonable time
frame, it would be very interesting to study on surfaces as one would expect longer
chain lengths to increase lattice spacing more linearly and thus in a more tunable
manner.

6.8 Conclusion and outlook

Based the most straightforward interpretations of the project aims, a tunable lattice
system of thermolabile molecules deposited by ESI-CIBD was created on-surface.

The [Tb(Et-Pc),]° molecule and [Tb(Hex-Pc),]° were both successfully deposited
onto an Au(111) surface. In both cases, semi-regular islands of intact molecules were
observed, where the lattice parameters of each islands were perpendicular. The lat-
tice parameters of these islands increased with increasing alkyl chain length, as sum-
marised in the following table.
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H Molecule ‘ Lattice spacing (nm) ‘ Error (nm) H
[TbPc,]° (compact) 1.43 0.06
[TbPc,]° (regular) 1.5 0.06

[Tb(Et-Pc),]° 1.76 0.1
[Tb(Hex-Pc),]° 2.52 0.05

Due to the thermolabile nature of these molecules, the successful deposition of
these molecules intact onto metal surfaces is a novel result. In literature, molecules
of this type with large alkyl chains are limited to the solid-liquid interface due to
their unsublimability. Alternative methods such as drop casting or matrix-assisted
depositions [200-202] are interesting, but the ESI-CIBD technique allows for greater
control of the ample parameter space involved in the depositions, and this in prin-
ciple, can lead to more reproducible depositions once the parameter space is ade-
quately understood and controlled.

Indications for specific conformations of these molecules on surfaces were found.
However, this did not provide a complete understanding, and thus, calculations and
further experiments are required. Some additional interesting observations were
made on these structures, particularly relating to the rotation of the upper Pc relative
to the lower Pc.

Some studies were performed to observe the effect of the altered lattice on the
electronic structure, but partially due to an incomplete understanding of the con-
formation of the molecules, no definitive results were successfully drawn from the
data. Further experiments with the ESI-CIBD system would provide an understand-
ing of the molecular dissociation on surface impact. Additionally, they may allow
one to avoid this dissociation and create larger and more regular islands on the sur-
face, further supported by better defined annealing. This, in turn, may improve the
reproducibility of spectroscopy.

In future experiments various longer length alkyl chain molecules could be stud-
ied. As discussed, the deposition of the 16 carbon chain [TbPc,]° was challenging.
Likely, many carbon chain lengths between sixteen and six carbons would be de-
positable onto surfaces but would allow for a wider range of molecular spacings,
and thus a greater control of the magnetic exchange interactions between molecules,
but further other distance dependent interactions, where larger distances must be
altered to see an effect, such as the RKKY interaction.

The unknown positioning of the unconfined chains in the upper Pc layer made
imaging and interpreting images challenging. Possibly by constructing heteroleptic
molecules, where the chains are only attached to one of the two Pc rings, as has been
previously reported [31, 232], one may achieve better control of the desired tunable
lattice spacing, but remove the additional confusion and obscuring of the structure
of the upper layer due to the alkyl chains attached to the upper Pc.

Many interesting results have been taken, and the general concepts of creating
tunable lattices on surfaces have been developed. Specifically, using the ESI-CIBD
system to deposit specially designed thermolabile molecules onto metal surfaces has
great potential for future experimentation outside of the scope of this project.
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Chapter 7

Thermolabile Di-radical Molecules
on the Surface

7.1 Introduction

Following from the successful deposition of an intact radical, the project was contin-
ued to investigate a ligand functionalised diradical molecule derived from the pre-
viously studied [TbPc,]” molecule. This highly reactive diradical would likely begin
to react at a temperature far below the sublimation temperature of the molecule and
no longer maintain its diradical property, thus necessitating the use of ESD. Further-
more, the use of the mass spectrum of the ESI-CIBD system allows one to verify the
charge state of the molecule, giving information about the electronic structure be-
fore reaching the surface. Depositing reactive radicals on surfaces is interesting for
its applications to the [TbPc,]° project but also for further work outside of the scope
of this project.

7.2 Electrospraying [NO-Pc(TbPc)]° for study on metal sur-
faces

In this case, the molecule of interest deposited for study was the [TbPc,]° with an
additional NO group ([NO-Pc(TbPc)]’) as depicted in 4.7 a). This molecule con-
tains not only the unpaired electron delocalised over the Pc ring, as in the case of
the [TbPc;]° molecule, but additionally a delocalised electron in the nitroxyl group,
which is attached to one of the benzene rings. Therefore. this is a stable di-radical
molecule, enabling novel studies into a class of compounds that are generally diffi-
cult to investigate in a stable state.

The current most promising application of the [TbPc;]° molecule towards quan-
tum computing is to use the nuclear spin as a highly coherent quantum state. Recall
that [TbPc,]° has a single unpaired electron delocalised on the ligand sytem, how-
ever with the addition of a second unpaired electron on the ligand system, the scope
of applications towards QIP is further widened. A similar molecule was synthe-
sised and measured by Komeda et al., an [NO-Pc(YPc)]? and measured an asym-
metric g-factor[250] of the two unpaired spins. These are the same two spins as on
the [NO-Pc(TbPc)]°. The assymetric g-factor improves the ability for individual ad-
dressability. Furthermore, having two accessible and measurable unpaired electrons
on a single molecule could be used in parallel to implement different operations to-
wards the goal of quantum information processing. The ability to perform processes
is dependent on the intramolecular interactions, in particular, how the spins couple.
In the case of a strong intramolecular interaction, the additional coupled states could
be used as a readily accessible triplet state, being usable as a so-called ‘qutrit’. In the
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case of a weak intramolecular interaction, the two individual states could be used
to construct a Controlled NOT gate (CNOT) [250]. A CNOT gate is an operation
that one may perform using two qubits where the state of one qubit is flipped de-
pending on if the other is in a particular state[251, 252]. For example if the control
qubit has a state 10) then the CNOT gate does nothing, but if the control qubit has
a state of 11) then the CNOT gate will flip the secondary qubit. The CNOT gate is
often listed as one of the fudamental 2-qubit gates for implementing a universal set
of quantum gates [253]. As stipulated by Divincenzo [72], the ability to implement
a universal gate set, and therefore approximate any arbitrary unitary operator by a
finite sequence of basis operations, is an important milestone, for universal, fault-
tolerant, QIP. The CNOT gate is the most widely utilised 2-qubit gate since: (i) it is
the entangling gate that together with the single-qubit Hadamard (H), phase (S) and
phase shift gate (T, also known as /8 or S), produce a universal gate set, and (ii) it is
readily implemented by well-known and controllable physical interactions in many
quantum computing platforms [251, 254]. In our molecular systems, the intramoel-
cular interactions that may allow a CNOT gate to be implemented may be altered
by the surface interaction, so it would need further characterisation on the surface
in order to be comprehensively understood.

In literature it has been demonstrated that STM can be used to implement a
CNOT gate on the surface [91]. These experiments are based on simpler structures,
using only iron and titanium atoms for the measured states. By creating more com-
plex surface structures, a more effective and precisely tuned system could be con-
structed, where these [NO-Pc(TbPc)]? molecules are a possible candidate.

Furthermore, there are some developments in using ESR-STM (Electron spin
resonance-STM) or similar techniques [122, 245, 255], possibly allowing for a more
sophisticated study of these systems on surfaces. However, this would again en-
counter the same challenge of more complex spin systems being hard to bring to
the surface. Using the ESI-CIBD system allows for a potential future study of more
complex spin systems using ESR-STM technology. For the long term future of quan-
tum information processing, molecular qubits studied on surfaces are not currently
the most viable method for quantum information processing. However, they may
be used not only for further research into the capabilities of these systems but also
more viable for specific applications due to their strengths in other areas, such as
exceptionally long coherence times.

Aside from the potential applications of these molecules towards quantum in-
formation processing, it is also interesting to study these molecules purely as radical
molecules on surfaces [256-260]. Furthermore, as highly reactive molecules, they
may extend the range of applications that were hitherto impossible due to the dif-
ficulty in bringing these molecules to the surface. On surface synthesis remains a
popular method for creating more complex architectures on surfaces, but the reac-
tivity of the precursor molecules may prohibit the scope of these studies. Via the use
of the ESI-CIBD system, reactions involving more reactive precursor molecules may
allow for the construction of more complex structures on surfaces. Nevertheless, the
specifics of the diverse applications of studying highly reactive radical molecules on
surfaces are outside of the scope of this project.

7.2.1 Depositing [NO-Pc(TbPc)]°

Figure 7.1 a) depicts the diradical molecule, where two unpaired electrons are de-
picted, one delocalised over the two Pc rings and one on the nitroxide group. From
the TOF ESI-MS in 7.1 b), the molecule mass is measured as 1295.2 m/z.
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For electrospraying the [NO-Pc(TbPc)]? molecule, the solvent combination used
was as follows:

2.5 mM Hydrazine and 100 uM [NO-Pc(TbPc)]° solved in 200 pl of tetrahydrofu-
ran, acetonitrile, and trichloromethane in a ratio of 4:2:1 with 0.5 ul of water. Water
was used to handle the Hydrazine.
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FIGURE 7.1: Overview of [NO-Pc(TbPc)]? system a) Structure of [NO-Pc(TbPc)]® with black

dots to indicate unpaired electrons b) ESI-TOF MS of [NO-Pc(TbPc)]", with inset to show

peaks corresponding to [NO-Pc(TbPc)]” ¢)ESI-CIBD MS of [NO-Pc(TbPc)], with a fitted

Gaussian peak in red. d) Kinetic energy scan of [NO-Pc(TbPc)]", with Gaussian fit of dI/dV
in red.

The correct mass was found in the ESI-CIBD system, depicted in Figure 7.1 c),
with a peak centred at 1298.2+0.2 m/z and a peak width of 12.0 m/z. As discussed
in chapter 5, the charge state of the Pc of the molecule is indicated by the colour of the
solution. As the molecule is blue in solution once charged, one can be certain that an
electron is paired with the unpaired electron delocalised over the Pc. From the peak
in Figure 7.1 c), the molecule is singly charged. It is unlikely that the localisation of
the added charge has moved from the Pc to the NO group, therefore, it is assumed
that the Pc is still charged and that there is still an unpaired electron on the NO
group during spraying.

Notably, the molecule returns to its green form rapidly over time. This loss of
charge occurred over the course of ~two hours, which can be longer than the time
required for one deposition, depending on ion current and target coverage.

This rapid de-charging was only observed for the [NO-Pc(TbPc)]", where other
[TbPc;]” based molecules studied in this thesis would return to green form over the
course of a few days, or even weeks, when using the same concentration of Hy-
drazine. In order to maintain a high ion current and increase the coverage to a
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reasonable level, Hydrazine was added whenever necessary. After reduction with
additional Hydrazine, the molecular sample returned to its negatively charged state
(blue form), and a peak at the correct m/z position was again recorded. It is assumed
that this re-charging does not alter the molecule, with the NO group unpaired elec-
tron still present.

It is clear from literature that electron withdrawing groups such as the NO moi-
ety would affect the redox property of a molecule [261]. There may be some ad-
ditional contribution conformational or structural change due to the addition of a
group, making the molecule asymmetric, and thus subtly affecting the redox pro-
prieties [262]. From Komeda et al. [250] cyclic voltammetry, showed that the redox
properties of the [NO-Pc(YPc)]” is a sum of the redox properties of the [YPc,]° and
the NO moiety, and thus would likely be similar for the [NO-Pc(TbPo)]°. A deeper
study to confirm this origin of the more rapid oxidation of the [NO-Pc(TbPc)]” was
not performed.

From Figure 7.1 d), the average molecular kinetic energy was measured as 3.2+0.1
eV with a distribution of 2.6+0.2 eV.

Multiple depositions were performed with varied hydrazine concentration, cov-
erage and landing energy, but the only clear correlations drawn were from varying
coverage. These other parameters did not appear to have a significant effect, but
would require more controlled experiments to verify definitively.

7.2.2 Overview of observed species

The first deposition discussed is a low coverage sample. The intention was to mea-
sure isolated molecules of intact [NO-Pc(TbPc)]°, in order to measure unreacted
groups, as the expectation is that these molecules would interact very readily, and
possibly the diradical property would be quenched. Once again, some dissociation
of the molecules into single isolated Pcs was observed, as discussed in 5.5. As de-
picted in Figure 7.2, the heights of the [TbPc,]° measured in the previous section
are compared to the [NO-Pc(TbPc)]° and single Pc. The single Pc is once again less
than half the height of the intact [TbPc,]°, allowing clear identification of its origin,
although the presence of Terbium in the centre is not clear. No obvious protrusion
is seen on the single Pc which can be attributed to the NO group. As the molecules
are heteroleptic, one would assume that 50% of the observed Pcs would contain the
NO group. Therefore, the molecule in c) is likely a Pc without the group. This will
be addressed in greater detail in a later section.
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FIGURE 7.2: Comparison of profiles of various [TbPc,]° derivatives observed on Au

(111), a) Image of an [TbPcy]® copied from Figure 5.4, with an indicated line pro-

file, Up=-0.5V [;=19.9 pA b) Presumed intact [NO-Pc(TbPc)]® molecule with line profile,

Up=-0.5V [;=235pA. c) Single Pc dissociated from [NO-Pc(TbPc)]?, with line profile,
Up=-0.6 V [;=22.6 pA d) apparent height profiles corresponding to a-c)
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By comparing the profiles taken of the [TbPc,]° and the [NO-Pc(TbPc)]? from
Figures 7.2 a) and b) respectively, the heights are almost identical. Given that the
NO group is only attached to one of the benzene rings of one of the phthalocyanines,
barring electronic effects, it is expected that the heights would be similar. From this
image alone, it is not clear where the NO group is. Adjacent to the molecule in Figure
7.2b), some contamination is seen in the bottom right.
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FIGURE 7.3: Comparison of observed intact [NO-Pc(TbPc)]® molecules deposited
onto Au(111). a) "upwards protrusion’ [NO-Pc(TbPc)]® with line profiles highlighted,
Up=-0.5V [;=11.6 pA, the scale applies to all images, b) the same image as in a), with con-
trast adjusted to highlight the height difference, and a simple molecule schematic in top
right of image. In model, green represents Terbium, grey carbon, blue nitrogen, red oxygen
and hydrogens are not shown. c) ‘downwards protrusion” [NO-Pc(TbPc)]” with line pro-
files highlighted, Up=-0.5V I;=11.6 pA, d) the same image as in c), with contrast adjusted
to highlight the height difference,and a simple molecule schematic in top right of image. e)
[NO-Pc(TbPc)]? without protrusion, with line profiles highlighted and a simple molecule
schematic in bottom right of image, Up=-0.5V [;=23.5 pA, f) Profiles form a), c) and e) in
corresponding colours.
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Some examples of molecules with a clear distinction from the [TbPc,]° were ob-
served and are depicted in Figure 7.3. It is proposed that this appearance is due
to the NO group on the top Pc bending away from the plane of the phthalocyanine
backbone. Figure 7.3 a) shows an eight-lobed structure similar to that of the [TbPc,]°
but with a higher protrusion on two of the lobes. This protrusion is attributed to the
electronic repulsion of the NO group. This may be coulombic repulsion between
the Nitrogen on the NO groups and the Nitrogens in the Pc ring. In b) the contrast
has been adjusted to highlight that this large protrusion is only present on one of
the lobes. From f), the profile taken on the molecule in b) shows that the protru-
sion is 0.5 A in apparent height. By measuring multiple protrusions, an average
protrusion height for protrusions bending upwards was 0.63+0.17 A. The average
height of the planar section (not the protrusion) of the [TbPc,]° was measured as
3.28 +0.2A, which is lower than that of the [TbPc,]°. Two averages of greater ac-
curacy are defined by ascribing two species, one with a lower plane, and the other
with a higher plane. The lower plane molecules had a height of 3.00 +0.05 A, and
the higher plane molecules had a height of 3.5£0.1 A There was no distinction in
protrusion heights between the ‘lower plane” and ‘higher plane” molecules. Given
that these molecules have a complex electronic structure due to their diradical na-
ture, this apparent height change is likely not a difference in real height. The clear
protrusion on one lobe allows one to define a ‘lobe height’.

In Figure 7.3 c), the inverse of a) is observed, where two of the eight lobes ap-
pear to bend downwards towards the surface. Rather than for the single protrusion,
the lobe appears to bend downwards gradually, as seen from the adjusted contrast
image in d). Given that there appears to be spatial overlap between the NO group
and the benzene ring, it may be the case that the larger benzene ring will cause a
slope when it is displaced downwards, but the smaller NO group causes a sharper
protrusion when bending upwards. This sharp protrusion contrasted with gradual
bending can be seen by comparing the schematics in each of figure b) and d).This
supports that the NO group is causing this protrusion, as when it is pointing up-
wards, it is observed directly by the tip, but when pointing downwards, the pro-
trusion is not as sharp. From the profile in c) shown in f), the height of the cyclic
backbone is measured as 4 A, which is higher than has been measured for other
[TbPc,]° molecules. Few molecules were imaged with the lobe pointing down, but
nevertheless, they could be separated into two categories, one with a higher plane
and the other with a lower plane, as described before. These were measured as 4
+0.1 A, and 3.12 £0.02 A respectively.

One may expect the NO-group to interact more heavily with the substrate,as has
been observed in literature [263]. Aside from expecting one orientation, it is surpris-
ing that no molecule was found where the NO-group is clearly in the lower layer.
One clear counter-argument to this model, is that the observed contrasts are not due
to a changing position of the NO group, but in fact an alteration to the electronic
structure, causing a change in contrasts, due to the nature of STM imaging being a
convolution of topography and electronic structure. This model will be discussed in
a further section and is only a tentative. These are only simple schematics so are not
intended to show a real scale.

The majority of isolated molecules were measured at-0.5V and 15-25pA, so these
height differences are assumed not to be voltage or current dependent. By measur-
ing the height of the lobe dipping towards the surface relative to the height of the
other lobes, the height difference caused by the protrusion is measured as 0.59+0.22
A. By comparing to the measurement of the upwards protruding molecule, these
protrusions appear to be the same size, supporting the claim that they have the same
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origin.

Many molecules with no obvious protrusion were measured, such as in e). The
average height of these molecules was 3.27 +0.14 A. This is both lower and more
variable than expected for the [TbPcy]’. It may be the case that the NO group is
still intact but is attached to the lower Pc and thus is not observed directly by STM,
although it is unlikely that there is no observed structural difference from an NO-
group in the lower layer. Alternatively one could consider that the NO-group has
broken off but given the strength of the bonding, this breaking does not seem pos-
sible. The apparently varying height, may be a signature that the NO-group is in
fact in the lower layer, causing the electronic structure to vary and thus a differing
apparent height is measured. It must be noted that the change between differing
height molecules is a small difference and it cannot be discounted that this is due to
some simpler factor, such as different adsorption sites.

The most common type were those with the protrusion pointing upwards, which
had three times the occurrence of the other two species, which had equal occurrence.
Furthermore, the lower height molecules were the most common. This does not
account for the many molecules that were too heavily agglomerated to comment on
their nature.

Some characterisation of molecules was performed, particularly with regards to
their dimensions. A molecule with the well understood 8-lobe structure was imaged,
as well as some protrusion attributed to the NO-group. The specific conformation
of these molecules is not clear and requires further experimentation. A possible
conformation was suggested but will be supported with further evidence.

7.2.3 Switching of observed contrasts

In order to better understand the conformation of these molecules, one may use the
tip to interact with them. This may reveal some details about their three dimen-
sional conformation and some information regarding intramolecular interactions.
Due to the unstable nature of the diradical, it was found that the tip would interact
very heavily with the molecule. This interaction sometimes caused the molecules to
change between certain previously observed contrasts.

Figure 7.4 depicts one molecule that was imaged multiple times and was altered
between images. Clearly, its apparent height is altered but maintains a similar struc-
ture. The 8-lobe structure with two lobes pointing downwards is observed. The
orientation of the top Pc appears identical to prior to switching, but it is unclear if
the rotation of the lower Pc has changed, although this is not likely. From the pro-
files in c), in the initial image the higher lobes (red profile) were 4 A, and in the latter
image the higher lobes (yellow profile) were 3.4 A. The downward protrusion was
0.25 A lower in the latter case. As discussed in the prior section, there was some
variation in height measured for these molecules despite having a similar appear-
ance otherwise. These findings imply that these changes are likely only changes in
apparent height, given that the physical structure of the molecule appears identical.
Given that these molecules were synthesised with two unpaired electrons, this may
change during measurements, and thus, the electronic structure of the molecule may
have been altered. As STM is a convolution of topography and electronic structure,
this may explain the variety of heights measured for similar appearing molecules,
if the electronic structure varies due to the variable status of the electrons on the
molecules. One would expect a discreet change in the heights based on whether the
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FIGURE 7.4: Observed apparent height change of an [NO-Pc(TbPc)]° molecule deposited

onto Au(111) a) Image of an [NO-Pc(TbPc)]° Up=-0.5V [;=11.6 pA, b) Subsequent image of

the same [NO-Pc(TbPc)]? molecule imaged sequentially, Up=-0.5V 1;=20.0 pA, c) apparent
height profiles of line profiles taken in a) and b).

molecule is still a diradical or not, particularly given that only two discreet heights
were measured.

The centre of the molecule does not change its apparent height. Given that this
centre is due to the Terbium, this further supports that the observed change is due
to changes in the ligand.

Another molecule was observed that appears to switch NO group orientation
between measurements. The images depicted in Figures 7.3 a), b), and c) were
taken sequentially. From a comparison of Figures 7.5 a) b) and c), it appears that
the molecule has switched from a state of the protrusion pointing upwards to the
protrusion pointing downwards, and finally back to the initial configuration. Addi-
tionally, there is a rotation of the upper Pc of the molecule, which is likely a rotation
of the entire molecule.

From the profiles depicted in d), The height of the aromatic backbone of the
molecule in a) is measured as 4 A, and the downward protrusion is measured as
3.5 A. For the molecule in b), the aromatic backbone is measured as 3.4 A, and the
upwards protrusion is measured at a height of 4.3 A. In the profile taken from c),
the height of the aromatic backbone was measured as 4.3 A, and the downward pro-
trusion was measured as 3.6 A. The ‘aromatic backbone’ heights quoted here are
measured by averaging over the three lobes on each molecule that are not forming
the "protrusion’. From these measurements, it is clear that the orientation switches
between the protrusion pointing upwards and protrusion pointing downwards.

Additionally, the blue and purple profiles are the same shape as the black and
yellow profiles but are 0.4 A higher. Seemingly having switched between the two
heights previously defined.

If the assumption of the protrusion being due to the NO group is correct, then
the position of the NO group has rotated by 160° (200°) counterclockwise (clockwise)
between a) and b) and then 70° (290°) clockwise (counterclockwise).

Despite some uncertainty, this molecule appears to be capable of switching be-
tween NO-group orientations reversibly due to scanning, even with mild scanning
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FIGURE 7.5: An [NO-Pc(TbPc)]? molecule on Au(111) switching between NO group ori-
entations a) An image of an [NO-Pc(TbPc)]? molecule in the protrusion down orientation,
with drawn line profiles, red oblong depicts location of downward pointing protrusion,
Up=-0.25V 1;=25.6 pA, b) An image of the same [NO—PC(Tch)]0 molecule in the protrusion
up orientation, with drawn line profiles, green oblong depicts location of upward pointing
protrusion Up=-0.1V [;=20.8 pA, c) An image of the same [NO-Pc(TbPc)]® molecule in the
protrusion down orientation, with drawn line profiles, red oblong depicts location of down-
ward pointing protrusion, Up=-0.25V [;=16.9 pA, d) Apparent height profiles from lines
drawn in a)-c).

parameters. Given that the unsubstituted molecule does not show this level of vari-
ability and switching, it is assumed that the diradical nature of the molecule causes
this. As the NO group is so reactive, it is not surprising that this system may have
multiple physical forms, potentially depending on whether the molecule is a dirad-
ical or not.

Given that the position of the NO-group appears to change, one would assume
it is in the upper layer, and unconfined by the surface, thus having the freedom to
switch. As discussed prior, this is surprising when comparing to literature, [263]
where one expects the radical group to interact heavily with the Au(111) and thus
for the NO group to be attached to the surface.

One alternative explanation is that the molecule has performed a full rotation
(salto) and landed upside down via manipulation, and then after further manipula-
tion, returned to its initial position. This is highly unlikely, and one would expect
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that the Pc with the NO group always stays in the same relative position.

A more likely alternative explanation is that the NO group is always in contact
with the surface, and the adjusted contrasts observed here are due to changes in
the electronic structure, possibly depending on the status of the radical.Given how
interactive the radical would be expected to be, this seems likely. This would further
support that the radical is not quenched for some of the species on the surface.

Whilst the specifics of how the molecule switches has not been shown through
data, it is clear that the many different contrasts imaged are simply multiple confor-
mations of the same molecule, and that the molecules can readily switch between
these contrasts. Furthermore some limited evidence has been provided supporting
the model depicted in figure 7.3.

7.2.4 Overview of a higher coverage sample

A series of samples with different coverages were prepared in order to understand
how these molecules interact with each other. As has been previously described,
there was significant dissociation of the molecules into single Pcs. It was found
that there was a strong interaction between the intact molecules and the dissociated
single Pcs, this is expected, given that 50% of Pcs have an intact reactive NO group
with an unpaired electron.

Figure 7.6 shows an overview of the species observed for one of these higher
coverage depositions. As before, a high level of dissociation occurred. By analysing
the different ways the single Pcs interact with each other, one may understand more
deeply the way the NO groups interact on the surface. Specific examples of some
specific formations of Pcs are highlighted in Figures 7.6 b)-e), but many other exam-
ples are seen over the image, as well as examples of other more random formations.
These examples will be discussed in greater detail in later sections.

Given that from the prior experiment on unsubstituted Pcs, the isolated Pcs do
not self assemble as strongly, nor form clusters, the strong tendency of the Pcs here
to form clusters with each other must be due to the NO group. Additionally, there is
significant clusterisation of single Pcs around intact double decker molecules. Pre-
sumably, the isolated single Pcs that do not form clusters do not contain an NO
group. Single intact double decker molecules were less common than clusters. How-
ever, this is equally observed for the [TbPc,]°, where the molecule strongly organises
into islands. The trimer of double decker molecules is the most common configura-
tion. There are few clusters of more than three intact molecules, and by comparing to
the strong tendency of the unsubstituted molecule to form islands, this lower order
clusterisation must be partially driven by the NO group.

Clusters of molecules are observed pinned to the herringbone elbows. This is
well reported in literature. The elbows pin the molecules, creating nucleation sites
for these interacting clusters. Interestingly, the herringbone elbows pointing to the
right, so called pinched elbows, predominantly contain clusters of intact [NO-Pc(TbPc)]°.
In contrast, the left pointing, so called bulged herringbone elbows contain predom-
inantly single Pc clusters. The difference between elbow directions showing differ-
ent organisations is reported in literature [264-270]. Whilst clusters of single Pcs are
more strongly pinned to the bulged elbows, many Pc clusters are observed on the
bridge sites of the herringbone. Likely the double deckers become strongly pinned
to the pinched elbows and create nucleation sites. The single Pcs with NO groups
maintain some mobility on the herringbones, and once the pinched elbows become
filled, they can only become pinned to the bulged elbows. The intact NO double
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FIGURE 7.6: Overview of a deposition of [NO-Pc(TbPc)]" onto Au(111), with a focus on

dissociated Pcs a) STM image of a large Au(111) terrace with multiple species highlighted,

Up=-0.7 V 1;=11.6 pA b-e) Zoomed images of each highlighted box, taken directly from a)
all zoomed images scaled to the same size, with scale depicted in e)
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deckers do not have such a strong affinity to the bridge sites, only to the pinched
elbows.

Given that the [NO-Pc(TbPc)]® is heteroleptic, when it dissociates into two ph-
thalocyanines, one would expect an equal ratio of Pcs with and without an NO
group. By comparing Pcs in clusters and isolated Pcs, the ratio is ~2:1 respectively.
Presumably 50% of Pcs have an NO group, therefore by the simplest analysis, this
would imply that 25% of the Pcs in clusters do not contain NO groups. 25% is not an
immediately explainable number. Given that the specifics of the dissociation mech-
anism are unknown, it is not possible to assume that Pcs with an NO group and
without are in an equal ratio.

7.2.5 Analysis of NO-Pc clusters

By analysing the structure of the clusters of single Pcs observed in Figure 7.6, one
may learn more about the nature of the intermolecular interactions and, in particular,
how the NO groups drive this organisation.

FIGURE 7.7: Modelling of phthalocyanines dissociated from [NO-Pc(TbPc)]® molecules de-
posited onto Au(111). a) Copy of image from Figure 7.6 c). b) image in a) with overlaid
model. c) Copy of image from Figure 7.6 d). d) image in c) with overlaid model.

In Figure 7.7, a) a dimer of Pcs is observed, with a large protrusion connecting
the two Pcs. The “connection point” protrudes from the benzene ring, parallel to the
arms of the cross structure. It is unclear if this dimerisation is due to one single NO
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group or an interaction between two separate NO groups. However, the symmet-
rical appearance of the dimer through the cross structure implies that there are two
NO groups involved. Figure 7.7 b) depicts a model overlaid onto the image in a),
where the model is made assuming a Pc size of 1.73 nm using the Van der Waals
radii of the H atoms, as discussed in Moeller et al. [271]. By analysing this model,
it can be seen that in the two dimensional surface projection, the highly electroneg-
ative oxygens appear to overlap as well as the hydrogens. This is not likely since
they are assumed to repel each other. If one of the oxygens pushes upwards and the
other pushes downwards, the nitrogens and oxygen may interact alternately, creat-
ing a strong exchange interaction, likely driving the dimerisation observed on the
surface.

From Figure 7.7 c), a tetramer of Pcs is observed, where again, a protrusion link-
ing the Pcs is seen. This is likely to be four NO groups interacting, due to the link-
ing points all protruding directly from the benzene ring where the NO group is lo-
cated. Each NO group and cross structure is not lying directly opposite the opposing
molecule, such as in a) and not perpendicular to adjacent molecules, creating a chiral
windmill like structure. This is more clearly seen in the model in d). This rotation
away from the perpendicular axes may be due to dipolar interactions between ad-
jacent molecules rather than opposing molecules. The trimer observed in 7.6 e) also
shows an irregular interaction by observation of the trimer structure. This variabil-
ity in NO group coupled structures further proves that is likely a dipolar interaction,
and is not chemical in nature. No comment can be made about any spin interaction
due to any potential unpaired electrons, due to the limits of the data presented here.

7.2.6 Analysis of [NO-Pc(TbPc)]° clusters

FIGURE 7.8: Modelling of a cluster from deposition of [NO-Pc(TbPc)] onto Au(111) a) Zoom
of the image taken from Figure 7.6 a). b) Copy of a) with model overlaid

Figure 7.8 a) shows a cluster of Pcs surrounding an intact [NO-Pc(TbPc)]°. Given
that no such structures are observed for the [TbPc,]°, these cluster formations are
clearly stabilised by interactions between the NO groups. The NO must have some
interaction with non-NO groups, for example hydrogens on the [NO-Pc(TbPc)]°
molecule. From this image and various others, there does appear to be some protru-
sion on certain lobes of the [NO-Pc(TbPc)]°. However, given that there is significant
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overlap with single Pcs, one cannot interpret the same protrusions as for the isolated
molecules from imaging alone.

Similar clusters were observed across the surface surrounded by randomly at-
tached Pcs and additional contaminants. The Pc at the bottom of the image appears
very close to colliding with the double decker. Observing the model in b), there is
no overlap.

Figure 7.9 a) shows an example of a trimer of intact [NO-Pc(TbPc)]° surrounded
by single Pcs. This is one example, but as seen in Figure 7.6 a), many similar clusters
were found on the surface.

The Pcs clustering around the trimer appear to heavily overlap with the Pcs of
the double decker. From an initial observation, it appears that the Pcs would not all
fit into the bottom layer. In particular, the Pc at the bottom left of the image heavily
intersects with the trimer structure. This apparent overlap is more severe than what
was observed for the monocluster observed in Figure 7.8. Even considering the fact
that this structure is three dimensional, the geometry is still highly confined. One
may argue that this is not possible due to overlapping atoms, and that the brighter
layer is not an intact double decker, but instead some alternate structure. One may
offer an alternative structure that does not have such a confined geometry. For ex-
ample, given that there is so much dissociation of double deckers into Pcs, it may
be the case that these structures are re-formed from dissociated molecules in a new
configuration, where the lower layer of Pcs is not aligned with the top layer, allow-
ing for the multiple Pcs at the edge to fit geometrically. In order to understand the
larger structures that will be observed later, one must confirm that these are in fact
intact molecules, and not some complex re-arrangement of dissociated molecules.

Figure 7.9 b) is adapted from Amokrane et al. [14] with permission from the
author. An image taken by Amokrane et al. of an island of [TbPc,]° with the model
presented in this thesis overlaid on top, where the same scaling of 1.73 nm for the
width of the Pc is used to scale the model. From the model, there is evidently some
overlap of hydrogens. It does appear that the structure does not fit, likely due to
the difficulty in understanding a three dimensional structure projected onto a two
dimensional image. Additionally, the free rotation of each molecule with respect
to the adjacent molecule does allow the footprint of the structure to be optimised.
Given that the islands of the [TbPc;]" were measured as 1.43 nm in the compact
phase, there must be some overlap of the 1.73 nm wide phthalocyanines.

From Figure 7.9 c), it seems that NO groups on the double decker could not fit
into the lower layer, so are thus assumed to be in the second layer. Some protrusions
may be seen, but again, it is not possible to define protrusions in these clusters, as
any additional groups in the lower layer may not be visible in STM. Clearly the
upper layer of Pcs fits well and there is no concern that this proposed structure is
incorrect.

From Figure 7.9 d), the proposed positions of Pcs in the lower layer are depicted.
The positioning was chosen based on the cross structure of the dissociated Pcs, but
otherwise it was only modelled in such a way that overlap between molecules was
reduced. Whilst many of the hydrogens are close to colliding, there is no direct
overlap. Given that from b) some overlap in the projected model appears possible,
this model or similar is likely. This structure is most likely a trimer of intact [NO-
Pc(Tch:)]O molecules, surrounded by dissociated Pcs, and not some more complex
structure made up of layers of recombined dissociated Pcs. Furthermore, the 8-lobe
structure observed is very distinctive, no other molecular re-organisation would give
such a specific structure, without alignment between the two layers of Pcs as seen
for the intact molecule.
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FIGURE 7.9: Modelling of a tricluster from a deposition of [NO-Pc(TbPc)]” onto Au(111) a)

Zoom of image taken from Figure 7.6 a). b) Figure adapted from Amokrane et al. [14] with

a model overlaid using the same calibration as other models in this chapter. c¢) Image in a)

with an overlaid model of the upper layer of Pcs. d) Image in a) with an overlaid model of
the lower layer of Pcs.

7.2.7 Analysis of islands of [NO-Pc(TbPc)]1° molecules

Figure 7.10 a) shows an island of [NO-Pc(TbPc)]” on Au(111). The expected 8-lobe
structure is observed but is especially pronounced at the edges of the layer. There
is also some ring like structure observed at the confluence of four molecules. This
island is distinct from the structure of the [TbPc,]° and is likely an island of fully
intact [NO-Pc(TbPc)]°. Some smaller molecules are also observed at the edges of the
layer and also seen in other images of layers. From the images of clusters of [NO-
Pc(TbPc)]°, they are assigned as dissociated single Pcs. The profile taken in Figure
7.10 c) shows the height of the [NO-Pc(TbPc)]? layer. From literature[188, 191, 194],
and Figure 5.4, the expected height of an [TbPc,]° layer is 3.5 A. By taking an average
of all imaged [NO-Pc(TbPc)]” layers, an average of 3.04+£0.09 A is measured, where
the error is the standard deviation. The height of these islands correlates quite well to
the smaller isolated molecules with the protrusions pointing upwards, as observed
in Figure 7.3 a). There does not appear to be a mixture of species organising into
islands, where 2 different height species were observed for isolated molecules. The
ring like protrusions were also measured and found to have a height of 0.61£0.06 A.



96 Chapter 7. Thermolabile Di-radical Molecules on the Surface

€ 1.5 E
o
S 1.0/ !
a
<J:05. L

0.0 -

3.6nm 0 > 3

S e Distance (nm)

- o
o

FIGURE 7.10: Line profile of an [NO-Pc(TbPc)]” island on Au(111). a) STM image of an [NO-

Pc(TbPc)]° island surrounded by single Pcs, imaging parameters Up=-1.8 mV [;=19.9 pA.

b) zoom of a) with line profile position in red. Profile taken from left to right. c¢) Apparent
height profile of line in b).

This appears very similar to the upwards pointing protrusion.

The orientation of the heteroleptic [NO-Pc(TbPc)]° is not clear, i.e. it is uncertain
if the Pc containing the NO group is only on the upper layer which is not in contact
with the surface, or if the layer is some mixture of the two orientations. Assuming
that the protrusions discussed in prior sections are due to the NO group pointing
upwards, one may assume that all molecules are oriented so that the NO contain-
ing Pc is pointing upwards. Further supporting this, the height of the molecules
in the island is uniform, and the height correlates well to this species. Given that
these molecules can change between NO group orientations, intermolecular interac-
tions in this island may force a specific orientation. However, for the lower coverage
sample, the molecules with the protrusion pointing upwards and a lower apparent
height were the dominant species. It may be that the larger islands are composed
of this species and that this is the most common NO group orientation by a wide
margin. This is surprising, as due to the higher interactivity of the NO-group, one
would expect it to interact more heavily with the surface, as reported by [263]. This
may imply that there is some oversight in the conclusions drawn here. One alter-
native explanation is that the molecules organised into islands are oriented with the
NO-group in contact with the surface, and as such are the dominant species. Other
surfaces with higher reactivity, such as copper, would allow a study of how these
molecules interact with the surface.
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These conclusions would need some further experimentation to be fully verified,
but it is an interesting result that the NO group appears to force the orientation of the
molecule. Potentially, this will allow one to control the orientation of double decker
molecules in future studies.

FIGURE 7.11: Higher resolution images of an [NO-Pc(TbPc)]? island on Au(111) with over-

laid models. a) Constant height STM image of an [NO-Pc(TbPc)]? island. Imaged at Up=-1V

b) Constant current image of an [NO-Pc(TbPc)]° island imaged in a), imaging parameters

Up=-770 mV [;=24.6 pA c) Copy of image in a) with overlaid model of the second layer. d)

Copy of the image in b) with overlaid model of the second layer. e) Model of the two dimen-
sional crystal structure, with lattice vectors shown

Figure 7.11 depicts a higher resolution image of an island. To prevent interaction
of the tip with the molecules, images of these islands were only taken in constant
height mode, such as in Figure 7.11 a), or at higher tip speed, as in Figure 7.11 b).
In these images, the ring structure appears clearer, allowing a discussion of its likely
origin.
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Figures 7.11 c) and d) depict models overlaid onto these higher resolution im-
ages. The model implies there is interaction between sets of four molecules. There
does appear to be some overlap of hydrogens, but this is limited and is less signif-
icant than the overlap observed in Figure 7.9 b) from literature, showing that the
model presented here is reasonable. In this model, it is assumed that all four upper
layer molecules contain an NO group.

Figure 7.11 e) shows the crystal structure of this island, where the lattice param-
eters are a;=3.15 nm and a;=3.5 nm with an angle of 52° between the vectors. In this
case, the basis is not a single molecule, but a tetramer of [NO-Pc(TbPc)]°. This basis
is most clear in c)

The parameters of the tetramer were a square lattice of 1.57+0.04 nm. By observ-
ing the periodicity of the ring structure in Figure 7.10 a), it has the same structure as
the island displayed in Figure 7.11 e). The image in Figure 7.10 a) does appear to be
regular.

From the model in 7.11 e), there is some chirality in the tetramer, similar to the Pc
tetramer seen in Figure 7.7 c). The spacing of the Pc tetramer in 7.7 c) was 1.65 nm.
As these values are so similar, it is likely that this interaction is of the same origin,
which also implies that the interaction driving this island formation is due to the
interaction of four NO groups.

From these molecular islands, there is a clear interaction between NO groups, as
seen by the repeating 4x4 arrangement. It is not clear if these groups have reacted on
the surface, quenching the radical property. If there is a reaction between radicals on
the surface, one could suppress this interaction and reaction by performing colder
depositions.

By studying various coverages of molecules, larger organisation of both intact
[NO-Pc(TbPc)]® and single NO-Pcs were observed. From these varying organisa-
tions, it was found that the molecules heavily interact with each other via the NO
groups. This supports strongly that the NO group is still interactive once reaching
the surface.

Investigations of varying molecular coverages revealed extended assemblies of
both intact [NO-Pc(TbPc)]? and isolated NO-Pc fragments. The observed densely
packed clusters at higher coverages, highlight significant intermolecular interac-
tions mediated by the NO groups. This pronounced tendency for NO-driven self-
assembly provides compelling evidence that the NO ligands retain their chemical
reactivity and electronic functionality post-deposition. Such interactions highlight
the robustness of the NO groups’ activity on the surface, however this needs further
experimentation to draw certain conclusions.

7.2.8 Scanning tunnelling spectroscopy of [NO-Pc(TbPc)]°

Due to the various physical forms of molecules on the surface, it was not possible
to take reproducible spectra. Furthermore, as was discussed in Figures 7.5 and 7.4,
the molecules can switch between measurements, which made acquisition of repro-
ducible spectra challenging, given that there were so many possible conformations.
As a result, no relevant conclusions can be made from the few spectra taken with
some level of reproducibility. The only conclusion that can be drawn is that the
spectra taken on [NO-Pc(TbPc)]° differ from that of the [TbPc,]°.

Measurements on the island of [NO-Pc(TbPc)]° were not attempted due to an
issue where the precise location of spectroscopy was not possible to define.

In order to confirm the presence of the unpaired electron on the NO group, one
method would be to measure a Kondo peak not attributed to the Pc. If one could
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measure a Kondo peak with a differing Kondo temperature to that of the Pc, this may
indicate an unpaired spin. An experimental issue made reproducible spectroscopy
close to Fermi level impossible, therefore this remains an open question.

7.3 Conclusion

A deeper understanding of the use of the ESI-CIBD system for depositing stable in-
tact radicals onto surfaces was achieved. Furthermore, a di-radical [TbPc,]° molecule
was studied on an Au(111) surface. From analysis of the mass to charge ratio of
the [NO-Pc(TbPc)]? molecule measured with the ESI-CIBD system, it is clear that
the molecule is singly charged, and it is highly likely that the unpaired electron is
present on the NO group.

From some isolated molecules, protrusions most likely due to the NO groups
were observed. These were uncommon and only observed when depositions of very
low coverage were performed. These intact molecules were capable of switching
between a number of NO group orientations, thus giving some supporting evidence
that the molecule is still a diradical on the surface, due to a remaining unpaired
electron on the NO group.

At higher coverages, the molecules interact strongly and form clusters. This
strong interaction was assumed to be due to the NO groups, supporting that the
molecule may be a diradical upon contact with the surface. Large islands of intact
[NO-Pc(TbPc)]? where the NO groups clearly interact were found.

The molecules were found to switch between NO group orientations, implying
that these ligands are still highly interactive. They were found to change in height,
and the assigned NO group was found to switch between pointing upwards and
pointing downwards.

Spectroscopic studies attempted to understand the electronic structure of these
molecules but were inconsistent.

Some interesting progress towards depositing intact radicals on the surface has
been achieved. The molecules certainly arrive to the surface as a radical, but it cannot
be excluded that they are suppressed once they begin to interact on the surface.

For its potential application towards quantum information processing, the study
of these molecules on the surface still needs significant further experimentation and
development. The presence of the diradical has neither been proved nor disproved;
therefore, it remains a possibility. From a more general perspective, the principle
of depositing highly unstable molecules onto the surface was successful. The ESI
is promising as a method to deposit highly reactive groups without quenching the
radical property, opening many new possibilities for experiments outside the scope
of the study discussed here.
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Chapter 8

Conclusion

This thesis is concerned with the stable deposition of thermolabile molecules in UHV
onto metals via the technique of electrospray deposition for study with STM. The
molecules were charged in solution prior to electrospray. Mass spectra were taken
of these molecules to verify their charge state and ensure that the intact molecule was
carried into the gas phase in a UHV environment. These ions were subsequently de-
posited onto surfaces and imaged via STM. By imaging and manipulation of molec-
ular structures using the STM tip, the molecular structures, conformations, and or-
ganisations were probed, analysed, and measured. Scanning tunneling spectroscopy
was measured on some molecular structures, both as a method of characterisation
and to study the Kondo effect.

The molecules of interest were derivatives of the [TbPc;]° SMM base. Where the
functionalisation of the molecule reduces the stability of the molecule relative to its
evaporation temperature, thus making it thermolabile.

If one were to attempt deposition by sublimation, one would expect decomposi-
tion of the molecule. For the [Tb(Et-Pc),]° and [Tb(Hex-Pc),]°, decomposition from
sublimation was measured. This decomposition would lead to disorder upon the
surface and possibly contamination of the chamber. Electrospray deposition cir-
cumvents these issues, allowing intact transfer of molecules traditionally deemed
‘non-depositable” due to their thermal instability. This capability unlocks the study
of surface architectures previously inaccessible via conventional methods.

The study of surface structures composed of thermolabile molecules was split
into three distinct projects.

In the fifth chapter, the unsubstituted [TbPc,]° was deposited using the ESI-CIBD
system. Necessarily, the charge state of the molecule is altered during the spraying
process. The viability of the ESI-CIBD system was confirmed by a comparative study
of [TbPc,]° deposition on the Au(111) surface for both ESD and sublimation based
deposition. Despite radical quenching during charging for electrospray, the Kondo
effect—arising from the unpaired electron delocalised over the Pc ligand was ob-
served post-deposition via STS. This confirmed the restoration of the radical state on
the surface, with electronic properties identical to sublimated samples. While frag-
mentation into Pc components occurred, it mirrored sublimation results, confirming
ESI-CIBD’s capability to deposit intact molecules. This method circumvents decom-
position risks inherent to sublimation, enabling studies of thermolabile derivatives
previously restricted to solid-liquid interfaces.

The sixth chapter discusses the deposition of functionalised [TbPc,]° with ethyl
([Tb(Et-Pc);]") and hexyl ([Tb(Hex-Pc),]") substituents attached. This created tun-
able surface lattices, with lattice spacings increasing from 1.43 nm (compact [TbPc,]%)



102 Chapter 8. Conclusion

to 1.76 nm ([Tb(Et-Pc);]%) to 2.52 nm ([Tb(Hex-Pc),]°). These semi-regular assem-
blies demonstrated the potential to modulate intermolecular distances for control-
ling magnetic interactions (e.g., exchange, RKKY). Challenges in imaging uncon-
fined alkyl chains highlighted the need for heteroleptic designs. This advances the
study of thermolabile systems in UHV environments.

Finally the 7th chapter discusses the deposition of diradical [NO-Pc(TbPc)]° re-
vealed conformational switching of NO groups suggesting a radical property. High-
coverage clusters exhibited strong intermolecular interactions, likely mediated by
unpaired electrons, though spectroscopic confirmation was not successful. While
the diradical’s on-surface stability requires further validation, ESI-CIBD proved ef-
fective in delivering reactive species without quenching their electronic properties.

By combining electrospray deposition with STM/STS, this work bridges the gap
between organic chemistry and surface science, enabling the study of fragile, func-
tionalized molecules in well-defined environments. The findings highlight the po-
tential of electrospray for depositing complex molecular systems and pave the way
for exploring emergent quantum phenomena in surface-supported architectures.
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et sondées par STM

Résumé

L'auto-organisation des centres de spin d’atomes magnétiques habillés par des
ligands, appelés « Single Molecule Magnets » (SMM) a fait 'objet de nombreuses
études a ce jour. Dans cette thése, nous nous limiterons aux modifications apportées
aux complexes Bis(phthalocyaninato) de terbium (TbPc2). Afin d'étudier cette classe
de molécules plus en détail, nous les fonctionnalisons avec des ligands permettant un
ajustement de leurs propriétés en vue de leurs applications dans les technologies
quantiques telles que le traitement quantique de l'information. Or, I'étude de molécules
exotiques sur des surface par microscopie a effet tunnel (STM) dans un
environnement d’ultravide (UHV) est souvent limitée par leur thermolabilité. Les
molécules complexes étant plus grosses sont généralement thermolabiles et ne
peuvent donc pas étre déposées par la méthode standard de dépdt par sublimation
sous UHV. C'est pourquoi nous utilisons ici la technologie émergente du dépbt par
électrospray, plus précisément : Electrospray lonisation-Controlled lon Beam
Deposition (ESI-CIBD).

Mot clés : Aimant monomoléculaire, Microscope d’effet tunnel, Electrospray ionisation

Résumeé en anglais

The self-organization of spin centres of magnetic atoms dressed by ligands, so called
single molecule magnets (SMMs), is widely studied and reported. In this thesis, the
study is confined to modifications on the bis(phthalocyaninato) terbium complexes
(TbPc2). In order to study these molecules in greater detail, more exotic ligands can
be functionalised to the molecule in order to tune surface properties, allowing for wider
development of expanding quantum technologies, such as quantum information
processing. The study of newer more exotic molecules on surface in ultra high
vacuum (UHV) by scanning tunnel microscopy (STM) are often limited by their
thermolability. Molecules of greater volume and thus greater complexity are generally
highly thermolabile and thus not depositable by the standard UHV deposition method
of sublimation. As such the emerging technology of electrospray deposition has been
used, specifically the so named Electrospray lonisation-Controlled lon Beam
Deposition (ESI-CIBD) system.

Key words: Single molecule magnets, Scanning tunneling microscope, electrospray
ionisation
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