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Preface

To anyone who was once told that they didn’t belong,

If you see the wonder of a fairy tale

You can take the future, even if you fail

ABBA - | have adream
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1 Preface

Abstract

Plasmonic nanoparticles (PNPs) are currently actively researched for their application
towards enhancing photocatalytic transformations, owing to a unique physical
phenomenon called localized surface plasmon resonance (LSPR). This appealing interaction
with light featured by coinage metal nanoparticles under visible light irradiation translates
into thermal and electromagnetic properties, which can subsequently be used to drive
chemical transformations. Different examples of how LSPR allows to perform catalytic
reactions under mild conditions are discussed in this thesis.

The importance of nano-photocatalysts, especially plasmon-driven ones, for the
development of more sustainable alternatives is first introduced, along with reviews
focusing on organic transformations mediated by plasmonic nanoparticles and plasmon-
enhanced water splitting.

The catalytic properties of silver nanocubes towards the oxidation and hydrogenation of
carbonyls using hot electrons are then presented. The synthesis, characterization and usage
in continuous flow chemistry of these plasmonic nanocatalysts are detailed in this thesis.
The use of plasmonic silver nanoparticles in antenna-reactor heterometallic is also
discussed. The field enhancement in the vicinity of Ag PNPs was exploited for the projects
presented in the last chapters. The plasmon-induced field enhancement allowed to boost
the activity of a well-known photocatalyst, Tris(bipyridine)ruthenium(ll), towards selective
oxidation with singlet oxygen. Finally, the use of two other photocatalysts, Rose Bengal and
Methylene Blue, in such antenna-reactor systems is reported. This work sheds light onto
the importance of the careful design of these decorated plasmonic nanoantenna to

maximize their photocatalytic activity.
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Résumé

Les nanoparticules plasmoniques (PNP) font actuellement I'objet de nombreuses
recherches ayant pour but d'améliorer les transformations photocatalytiques, en exploitant
un phénomeéne physique unique appelé résonance plasmonique de surface localisée (LSPR).
Cette interaction attrayante avec la lumiére que présentent les nanoparticules de métaux
du groupe 11 se traduit par des propriétés thermiques et électromagnétiques, qui peuvent
ensuite étre utilisées pour réaliser des transformations chimiques. Différents exemples de
la facon dont la LSPR permet de réaliser des réactions catalytiques dans des conditions
douces sont discutés dans cette thése.

L'importance des nano-photocatalyseurs, en particulier ceux exploitant les plasmons de
surface, pour le développement d'alternatives plus durables est d'abord présentée, ainsi
gue des revues axées sur les transformations organiques médiées par des nanoparticules
plasmoniques, et le craquage de I'eau éxalté par les plasmons de surface.

Les propriétés catalytiques des nanocubes d'argent pour I'oxydation et I'hydrogénation des
carbonyles a l'aide d'électrons chauds sont ensuite présentées. La synthése, la
caractérisation et I'utilisation en chimie a flux continu de ces nanocatalyseurs sont
détaillées dans cette thése. L'utilisation de nanoparticules d'argent plasmoniques dans des
antennes-réacteurs hétérométalliques est également discutée. L'augmentation du champ a
proximité des PNP d'Ag a été exploitée pour les projets présentés dans les derniers
chapitres. Le renforcement du champ induit par les plasmons a permis d'augmenter
['activité d'un photocatalyseur bien connu, le Tris(bipyridine)ruthénium(ll), pour I'oxydation
sélective avec I'oxygene singulet. Enfin, 'utilisation de deux autres photocatalyseurs, Rose
Bengale et Bleu de Méthyléne, dans de tels systémes antenne-réacteur est rapportée. Cette
étude met en lumiére l'importance d'une conception méticuleuse de ces nanoantennes

plasmoniques décorées pour maximiser leur activité photocatalytique.



Preface

Acknowledgements

| was fortunate to join a bright (get ready, this is only the first photochemistry-related pun)
science community, and call Montréal home for eight years. | would have never believed |
would be staying here today, with a few hundred pages about silver. In light of my initials,
maybe | should have seen it coming. This wouldn’t have been possible without the help of
many, and | am extremely thankful to you all. While writing this thesis has been a solitary

endeavour, | have never felt alone.

| would like to start by acknowledging that my PhD research was carried out on the
traditional land of the Huron, Abenaki, and Anishinaabeg peoples. | am grateful for the
opportunity | had to live and work on Turtle Island, and for being given the chance to
immigrate to Canada. Over the years, | have enjoyed the beauty and the resources this
country has to offer, and my meetings with other immigrants, settlers and Indigenous

peoples has shaped my experience and nurtured me.

Thank-you to my supervisor, Dr. Audrey Moores, for giving me the chance to join her lab.
She didn’t know what she had put herself into when taking me on board, and | am grateful
for her patience and her scientific guidance. She helped an overly excited and curious young
woman with big dreams grow into the older, and hopefully a bit wiser, overly excited and
curious woman with bigger dreams that | am today. Merci for being the lighthouse to my

PhD, shining light to help me find my way.

| would like to thank all of my collaborators for making this research possible and their
valuable insights. We cast light on the importance of interdisciplinary work, and your work
was crucial to make these projects happen. Thank you Dr. Stamplecoskie, Dr. Landry, Dr.
Gauvin, Dr. Besteiro, Dr. Barrett, Dr. Amara, Nicolas Brodusch, Graham Beaton and

Frédéric Voisard.



Preface

| would like to express sincere gratitude to my committee members, Dr. Li and Dr. Cosa, for

their helpful feedback.

Then, | would like to thank the technical staff at McGill University and Université de
Montréal for their help and advice, and in particular, Dr. Stein, Vanessa Kairouz and Mohini

Ramkaran.

Mercidear Chantal Marotte, for keeping the department float and being a life raft in storms.
You will probably get my thesis one minute before the deadline, so my apologies in advance,
but anyways | am sure you gave me a deadline earlier than the real one because this is how

great you are.

| also owe a thank-you to the various funding agencies that helped make our big ideas a

reality, and to the Faculty of Science for the scholarship to attend the mini-MBA program.

To my labmates who had to endure my (sometimes questionable) music choices, my
extremely bad singing and my overfilling energy: sorry, not sorry. | know you secretly
enjoyed the French Céline Dion songs, catching the dancing queen who is only seventeen
dancing while clearing glassware. Thank you for all your help around the lab, and the much
needed chocolate and ice cream breaks. There will always be chocolate in the top drawer
of my desk in case you come visit, for celebration or issues, as | will carry on my tradition
wherever | end up. Hopefully with me stepping out of the lab, the curse of Friday afternoon
instrument breaks and weekend floods tradition will stop though. Thanks for the good
laughs and fruitful discussions, but please don’t make me drive you to Boston ever again!
Four chemists — all belonging to different nationalities, French, Chinese, Mexican and
Canadian — driving across the border, isn’t a joke I'd like to repeat. But I'll repeat this story

to my friends forever, be reassured of that.

For the students out there, who read this thesis in hope of finding answers to their PhD

existential crises, induced by an endless list of failed experiments: don’t lose hope. Here is a



Preface

guote by awise intern | had the chance to supervise: Nanoscience and astrology sometimes

have a lot in common, the stars need to be aligned - © Gareth Price.

Most of this thesis is centered around (a few) experiments that led to positive results, but it
doesn’t shed light on all the failed experiments, frustration and questioning, nor the
laughter, brainstorming sessions and parties, that are the equally important reagents in the
PhD process.l will be forever thankful to my friends who reminded me there was light at the

end of the tunnel, and outside of our lab in the Otto Maass basement.

We often hear it takes a village to get a PhD. | would argue it takes an army of inspiring
people, who are ready to do what it takes to see you succeed. | hope | will be able to bring to
light with only a few words all the gratitude | have for them sticking by my side, for the best
and the worst, over the last years. These human experiences provided the most valuable

results that I'll take with me wherever | go next.

A special shout out to my basement lab co-pensioners who have lit up my PhD. Alain, Julio
and Aude, for their unwavering support and friendship inside and outside of the lab,
YouAreUnbearableButlLoveYou, and we’ll need a Tomsone Ouz reunion. Since my first day
in the lab, Alain has found numerous ways to laugh with me, and at me, sometimes. Shake it
off Your impersonations, (h)air flip, and dance moves are unforgettable. Like a headlight,
you brought comfort during the darkest nights of my PhD. Julio, the Brazilian singer and
guitar player who is always ready — yet late — for a party. You have been the rock(star) and
the rainbow of my PhD. Saude to many more years of laughing all night and not
remembering what the topic was the next day. Now sooooooo tellllll meeeeeee, what is your
extraction protoco/? Ma chére Aude, it has been AWESOME! to share a fumehood with
someone as messy, yet organized, as me. You have brought much needed oxygen into the

group, and you are such a delight on ski trails, bike paths, and beyond.

........

(yes | am also doing crystallography puns), for being the plants savior; to Gareth, the best



Preface

intern the Moores group has ever had and will ever have, and to mama Madhu who

brightened the room with her wisdom and happiness.

To complement the Montpellier and lab 400 team, I'd like to thank Aurélie. No matter the
time of the day, your voice messages novels are the spark | need. You helped me to stay
grounded, and also brought me - or followed me - on crazy adventures. Our friendship
started in Montréal and has already brought us across Europe. A pandemic hasn’t stopped

us so what could? | am still waiting for a pint (of science) in London!

And the last Montpellier musketeer: Sosthéne! You are the worst at keeping secrets, but
you have many other qualities which make you an excellent friend. Kevin, you have also
been one of the cool kids, even if you belong to Pulp and Paper. | will never get enough of

your fine TOC and culinary critics.

My chemistry family wouldn’t be complete without the chemists “from the other side of the

mountain”, and in France.

Mes chéres Chtimistes Margaux et Léa, il me semble bien loin le temps des dosages et
circuits électriques dans cet amphi de Lille pourtant rien ne semble avoir changé une fois
réunies. Parsemées mais avec des liens incassables, toujours réactives et des retrouvailles

explosives!

Un énorme merci a la gang de chimiste de I'Université de Montréal qui m’a accueilli a bras
ouverts. Aucun d’entre nous n'aurait parié que la Alexe Francaise perdue que jétais a
I'époque et qui ne comprend pas quand on lui dit de se tirer une blche en serait la

aujourd'hui. Leur encouragement et leur camaraderie y sont pour beaucoup.

Marie-Pier, ma partenaire de lab, et de nombreuses aventures jusqu’en Australie. J’attends
toujours que tu déclares au Canada que je suis ta partenaire de vie et que jai ma

citoyenneté... Stephanie, meuf t'es au top! Cricri, mon boloss préféré sans qui je n’aurais pas



Preface

passé le cours de chimie quantique, et qui aurait oublier de se pointer aux examens ou de
graduer si je lui avait pas rappelé, on est d( pour une séance de magasinage ensemble Mr.
Christophe. Aux étudiants et profs de I'UdeM, qui m’ont fait sentir a la maison a Roger
Gaudry, au Café-In, pendant une game d’ultimate en pleine tempéte de neige et a la Maiz, je
vous suis infiniment reconnaissante. Mes années a I'UdeM ont forgé ma passion pour la
chimie et ma soif d’apprendre. Un merci tout particulier a Vaness pour m’avoir appris a me
servir de mes deux mains - et de mon cerveau - dans un lab, et a Dr. Dollé pour m’avoir ouvert

la porte de son bureau et toujours avoir trouvé les mots justes.

Mon passage a I'UdeM m’a mené jusqu’en Australie pour un semestre qui a fait une grande
différence dans ma carriére scientifique et en Gréce avec ma (bio)chimiste préférée Moana,
princesse des iles égarée dans les couloirs glacés de Roger Gaudry en septembre 2013. Ce
cours de chimie organique a créé un lien si bord que notre amitié résonne encore de part et

d'autre de I'océan (oui oui je fais aussi des blagues de NRM).

The Canadian science communication community welcomed me with open arms, and | owe
so much to these passionate and dedicated scientists. It has been an honor and privilege to
be involved in various science communication initiatives throughout the country, and to
meet some of the most inspiring people | know. Thanks to my SciComm buddies for being
constant reminders of how cool science is, and shining examples of how fun and diverse

scientists can be.

Listing all of them would require adding an annex, but | want to put under the spotlight a few

key people who had a huge influence on me during my PhD years.

You have supported, inspired and invigorated me for my studies. Thanks for all the non PhD-
related projects that | enjoyed working on with you, and the time spent together nerding
out. | truly believe you all made me a better scientist. Little did | know that speaking about

science in bars would lead me to such transformative encounters and experiences. As | am



Preface

writing this today, a science communication job awaits me, and it will likely not be the only

one of my career. None of that would have been possible without you all.

Cylita, Rackeb, Farah, Diane, Alexia, Emily, Chantal, Julia, Alice — and Virginia on the other
side of the border — you are my SciComm sheroes. So far physically, but always a message
away: you made me love science even more, and have paved the way for many other science

enthusiasts to speak up. Your trust, empowerment, and advice are invaluable.

Cylita and Rackeb, meeting you in Boston at ComSciCon in 2018 was life changing. | looked
up to you, and | am so humbled to call you my friends. Farah, like many others of my
SciComm friends, you started as a vague connaissance on Twitter, and a person | admire.
You also became my pandemic penpal, English proofreader, French inquisitor, future co-
author, and so much more. | have learned so much by your side and | cannot wait to be
physically by your side again, because | NEED to know what these Ottawa’s shawarmas are
about and | owe you a ski lesson. Diane, you have opened so many doors for me to walk
through. You have been the mentor | didn’'t know | needed. Alexia, je suis tellement
reconnaissante que tu sois incapable de dire non aux projets un peu fous que je te propose

parce que la team #SciCommAlexes est allumée et éclatante.

For once, women outnumbered men, but Pramodh the Quantum Fluid Mechanic, and
Cristian, the wise and silly papa bear, have never failed to put a smile on my face and to

impress me.

Thank you to all the volunteers of Pint of Science and ComSciCon who believed in me, and

worked hard to make science shine coast to coast. | have learned tremendously by your side.

While | can’t highlight all of the wonderful friends | have made over the last few years, I'd
like to cast light on two Québécoises rays of sunshine: Alexandrine and Eva. Je ne pensais
pas revenir d’Australie avec une amie pour lavie 3 Montréal, et pourtant la ptite et la grande

Alexe ont encore des belles soirées a chanter du Céline Dion et se conter des histoires de

10



Preface

fougéres géantes devant elles. Je suis tellement reconnaissante d’avoir été adoptée par Eva,

une personne au grand cceur qui m’a fait une petite place entre son chien et les trois chats.

A ma famille, qui m’a vu parcourir le monde dans tous les sens et ne se demande toujours ou

je suis, merci pour m’avoir soutenue dans mes réves.

Mes chers parents, Rosina et Thierry, je vous en ai fait voir de toutes les couleurs mais vous
avez toujours cru en moi et m’avez aidé a accomplir mes projets les plus fous. Peu importe
sur quel continent j'étais et a quel point vous étiez loin, j’ai toujours su que vous étiez 1a pour
moi et me souhaitait tout le meilleur - méme si ce n'était pas vraiment ce qui vous
arrangeait! Merci de m’avoir emmené maintes fois au musée des sciences de Paris et la
Géode. Et de m’avoir montré que les frontiéres ne devraient pas étre une limite.

Sensei Nathan et Solenne la stagiaire de compét, vous n’étes pas toujours calés sur le bon
fuseau horaire mais toujours préts pour déconner. Je sais qu’'un de vous deux est plus pinte

et I'autre plus science, mais vous faites un excellent cocktail.

A mon grand-pére qui m’a transmis son amour pour la science, le chocolat extra noir et les
avions dés mon plus jeune age.

A ma mamy, qui a fait mille et une fois les visites des parfumeries de Grasse avec moi dans
mon enfance et qui a maintenant dois écouter mes cours de chimie organique sur la
distillation et l'extraction quand on retourne a la capitale mondiale des parfums.
A ma mamie, qui est la plus belle preuve de résilience et de courage que je connaisse, et qui

m’a transmis son amour pour la cuisine, et I'art de la pifométrie replicable.

Finally, | am extremely grateful to the one who could make me laugh in any circumstances,
who broadened my horizons, and taught me | could dream bigger than | am. Erin, tu es un
vrai rigolo, and you brightened up my PhD days. From Jay Peak to Garibaldi Park, from
McGill Pizza to Desolation Sound, you were a constant source of inspiration, positivity and

knowledge. You made me discover the beautiful British Columbia and beautiful people, for

11



Preface

which I will be forever thankful. This thesis wouldn’t exist without you, and not only because

you introduced me to the Piano Guys who saved me from losing my mind writing this thesis.

| thought this day would never come, and that March 2020 would never end but see that
girl, what that scene. Nothing happened as planned, but here | am writing this, amid a
pandemic. | haven't developed a COVID-19 vaccine nor flown a drone on Mars, but here is
my humble contribution to the field of science. Who knows what scientists will need one
day. | may hang up the pipettes for ever, but will hopefully continue working among brilliant

scientists.

My PhD years will probably turn out to be the best and worst years of my life. | am grateful
for the opportunity | had to learn, to experiment, and to learn what | didn’t know. Most of
you will probably never realize how important you were for me over the last few years.
Thanks to everyone who have been my best cheerleaders and critics from around the globe.
| don’t know what’s up next, but I'll keep surprising you I’'m sure.

Thank you.

Merci.

Ala prochaine!

12



Preface

Table of content
1 Preface...sissnsinssnssisssssssssnssssnssanssnssassonssassonssnssonssnsssnssnssonsonssassonssassonss 3
AADSTIACT ettt ssse s s b a st 3
RESUME......eeceeteectsesetsess e ssesssese s esas s s sss s ssseses st a s s s s ses st s s sssesasesesessess 4
ACKNOWIEAZEMENTS ...ttt ses s ssssassesses s s sassesses s ssessssastessesassassassanes 5
TaADIE Of CONEENT ...ttt ssse s s ssse s sase s s s ssseees 13
LIST Of fISUIMES ettt s s sssses s ses s sasses s s s s s ssssesses s s s sassasaessesssassassessessnsas 19
LISt OF SCNEIMES ...ttt s sseesssessse s ssse s s sss s s s s s aasesane 27
LISE OF LADIES ettt ssse s sse s sse s s sass b esane 28
LISt Of EQUALIONS ..ottt se s s s sas s sasassassesas s sas s sasasassesasssasaes 29
ADDIEVIATIONS .ottt ess s ssss e ssse s sssessse s sss s s sase s sss s saseses 30
CONLFIDULION OF AULNOIS ....oree et essse e essse e ssss s sssesss s sssessssesanes 33
1 Chapter 1 - INtrodUCEION.....ccccucsesinssesenscassinssusssnssasssnssnssenssnsssnssnssssssnssasssnssossonssossonss 34
1.1 Photochemistry : harvesting energy from light.......ceenenecnccrecsees 34
1.1.1 Abrilliant idea inspired by NatUre..... e ceeceeeceeeesesesesaenes 34
1.1.2 Bringing photocatalysts under the spotlight..........coeeveeeeerercereerererennee 35
1.2 Shining light 0N COINAZE-MELAI ...t s s sessesaees 40
1.3 Green chemistry principles: Call for Change...... e seresessessesans 44
1.3.1 The light DUID IEa ettt aes s sessessssassessessesaens 44
1.3.2 Contribution of NAN0-CatalySiS ... 47
1.4 Scope and contribution to original knowledge of the presented research......... 49
1.5 REFEIENCES. ...ttt essse s tass s st s sttt ass s ssseeen 53
2 Chapter 2 - Applications of Plasmon-Enhanced Nanocatalysis to Organic

T rANSTOIINALIONS ...cerevcrieressasassssasasassasasassnsassssssassssssasasssassasassssasasassasasassssssasassssasassssasassssasasassas 60

13



Preface

2.1
22

2.3

24

2.5
2.6

[NEFOAUCTION ..ottt bsssasssssessssssesasessssssesssessssssesssees 61
Mechanisms of plasmon-enhanced nanocatalysis ... 63
2.2.1 Principles of localized surface plasmon resonance..........eeeeneeennnne 63
2.2.2 LSPRtheories and ProPerti€s... . ceeeeseisseeesessssssssesssesssssssssssses 63
2.2.3 LSPR ANd CatalySiS.. ettt ssssessssesssssssssssssssssssesssassasaes 69
2.2.4 LSPR CharaCterization ......nieissnsssssssissssssssssssssssssssssssssssssssssns 72
Design of plasmon-enhanced NanoCatalysts......eeeeeeeereereeresesesesssesseseenes 73
2.3.1 Design of free-standing plasmoniC NPS .........eeeeeveeeeresresesesesessessessenens 74
2.3.1.1 Polyol synthesis of Ag and Au PNPs 75
Application of LSPR to organic transformations............eessereesessesseseenn. 78
241 OXIdation rEACLIONS ....vvueeereiereestseiseiseissssetssisssesssssssssssssssesssssssssssssssssssssssssssses 78
2.4.1.1 Oxidation of alcohols 80
2.4.1.2 Oxidation of alkenes and aromatics 85
2.4.1.3 Oxidation of amines 87
2.4.1.4 Oxidation of carbon monoxide 89
2.4.2 RedUCTION FEACLIONS ..t tssisssisesssssssssssssessssssssssssssssssssssssssssns 90
2.4.2.1 Reduction of alkenes and alkynes 90
2.4.2.2 Reduction of aldehydes and ketones 92
2.4.2.3 Reduction of nitro compounds 93
2.4.3 C-Cand C-N Bond-Forming Coupling Reactions ............eeeereerererennns 96
2.4.3.1 Suzuki-Miyaura coupling reactions 98
2.4.3.2 Other C-C coupling reactions 102
2.4.3.3 C-N Coupling reactions 103
2.4.3.4 A3 Coupling reactions 104
CONCIUSION ettt ssssssssssessssssssssessssssssssssssessssssessssssssssesssesssssssssses 105
RETEIENCES ...ttt ssss s s sase s s s sasessssssesasessssans 107

3 Chapter 3 - Water splitting catalyzed by titanium dioxide decorated

DIaSMONIC NANOPAITICIES....ccccceereasessasessassssasnsassasassassssassnsassnsassasansassnsassnsassassssassssassssassases 126

3.1

N T O AUCTION ettt eeee et ete e st st se e s eee e easasaeaeasasasasasasasasasananas 127

14



Preface

3.2 Semiconductor-catalyzed photoelectrochemical water-splitting.........cccouuu..... 129
3.3 Surface plasmon resonance in group XI metal nanoparticles..........eeeenee. 132
3.4 Plasmonic nanoparticle supported on titanium dioxide as photocatalyst for
WALEE SPIIELING oottt ss s sesss s b ses s s sas st s sassassessessesaesassassessesssanen 133
3.4.1 Gold nanostructures on titanium dioXide...........cooverenrerernseenneserseesseisens 135
3.4.2 Silver nanostructures on titanium dioXide............crenernernneenseserseesseneenns 140
3.4.3 Copper nanoparticles on titanium dioXide........eeeceececeecerennns 142
3.5 CONCIUSION ettt ssss st sssesssssssssssssssssessssssssssssassssssssssssasssssssssses 143
3.6 RETEIENCES. ...ttt bsss st sssssssssssssss s sase s s sasessssssssssssssssssssses 145

4 Chapter 4 - Unveiling the potential of Ag NCs for plasmon-driven

PROLOCREMISEIY...cccciensinsinsinisensensnssenssnssenssnssonssnssasssnssassonssassonssnssssssnssosssnssassanssassonssnssensns 151
AL INEFOAUCTION oot ess et sssessssessse s s s ssse s sssessse s s s ssssesasesane 152
4.2  Synthesis of the NANOCALAlYSES..... s sesssaens 153
4.3 Characterization of NANOCATAIYSES ..t saesesssaens 159

4.3.1 Morphology and nature of the Ag NCs...... . eeeeeeeeeeeeeeeeeeseesesseseesaens 159
4.3.2 Optical properties of the AG NCs..... et essesssssessessesaees 162
4.4  Photo-nanocatalysis in DAtCh..... et sessesens 164
4.4.1 Oxydation of aldehydes (work done by Michael Landry)................. 164
4.4.2 Hydrogenation of carbonyls (work done by Michael Landry).................. 165
45  GOING WILN the flOW... ettt sessessssessssessessssassessessesaesans 167
4.5.1 Introduction to continuous flow chemistry ... 167
4.5.2 How to access greener reaction conditions with flow processes.......... 168
4.5.3 From batch to flow CONAItioNS ... 171
.6 CONCIUSION ccoueeneneeretreceeenseese s esssesssetsssesssesssesssssasessse s s sssessse s esssesssessssesasesasessssssasesans 174
A7 REFEIENCES. ...ttt esasesss s s s s ssse s st sss s sssssbasesane 176

5 Chapter 5 - Enhancing singlet oxygen photocatalysis with plasmonic

NANOPAITICIES ....eoevcrrserensesssensnsassssasassssasassssasssassssasassssasassssasasasassassssssasassssasassssssssasassssasassssase 181




Preface

DL It  OAUCTION e e eeee et et e tesene s s eeseseeeeeeaeesaeeasasasasnsassasassanas 182

5.2 Synthesis and characterization of plasmon-active supports for photocatalysis

184
5.2.1 Synthesis of Ag@SiO2 and Ag@SiO2-[RU] NPs ... 185
5.2.2 Characterization of Ag@SiO2 and Ag@SiO2-[RU] NPs.........ereerreennnee 186
5.3  PhotoCatalytic SEUAIES .t sassesasassasaes 189
5.4 Electron Energy LOSS SPECIrOSCOPY ...uvrrrereereeerestesseresenesssessessessssnssessessssassessessessesseses 193
5.4.1 Experimental data from scanning transmission electron microscopy. 193
5.4.2 Simulations using boundary element method ...........eeeevereereerenrennee. 195
5.5 CONCIUSION ittt esssesssessse s esssesssessssesasesssessss s esssessssesasesssessssssssesssessanes 197
5.6 REFEIENCES...co ettt esssessse s s sasesss b ssse s ssse s esssesssesssnes 198
6 Chapter 6 - Rational for antenna-reactor design using Ag PNPs to boost
PROLOCAtAlYSIS. cocreussnssenssnssanssnssessonssussenssnssonssnssosssnssussonssassonssassonssnssssssnssssssnssasssnssassonssnssensns 206
6.1 INErOAUCTION .ttt esseesssesse s s st s sss st s s sase s esasesasesas 207
6.2 Synthesis of plasmon-active supports for photocatalysis.......eereereennee 209
6.3 Characterization of Ag@SiO2 and Ag@SiO2-[photocatalyst] NPs....................... 210
BBttt AR AR AR 211
6.5 Evaluation of the bosting of the emission and catalytic activity of the
PROTOCATAIYSES ...ttt sas s s s s s s e sas s sas s sas s sasaes 211
6.5.1 Influence of the plasmonic core on the luminescence properties......... 211
6.5.2 Photocatalytic SEUAIES ...t s s s s assenas 213
6.6 Time-resolved SPectroSCOPY STUAY ... ssssesasaens 218
6.7 CONCIUSION oottt essse s s esssessss s essse st s sssesase s sasesasessssessesaseses 221
6.8 REFEIENCES.....ceeeeceeeeee ettt sssessse st sase s s s s s saeses 222
7 Chapter 7 - Conclusion and OULIOOKS ........ccccesemssucsinssnssenssnssenssnssonssnssonsonssassonsse 225
7.1 CONCIUSION oottt esssessse s esssessss s s st s sssessse s sssesasessssesssesaseses 225

16



Preface

oo

T2 OULIOOKS ettt eeeeteseeeeeseseee e easaseeasasasasassasassasasasasasasassasasenesanasasesesaeeeaenenas 227
7.3 RO O EINCES ettt eeeeeeeeeeeeseeeeasasasasasasasasas s s asasas s ssasanenenanananeseeesesaensnas 231
AANINIEX . eiernsasessnsassssnsassssssasassssassssssasassssssssasassssassssssasassssasasassasassssssasassssasssassssasassssasassssase 232

8.1 Supplementary information - Unveiling the potential of Ag NCs for plasmon-

AriVEN PROTOCHEMISTIY .ottt se st ss s sas s s s e s sasaens 232
B.1.1  AZNCS SYNTNESIS ..ttt s sesassassessessessssassessessessesans 232

8.1.2 Hydrogenation catalytic tests reactions..........veeeeeeeeeceeeeeesresesennns 233

8.1.3 Oxidation CatalytiC tEStS. . assenas 235

8.1.4  CONLINUOUS FIOW.....cuieiireiretstseiseiseisssseissisesssssssssssssssssssssssssssssssssssssssssssssssssssns 236

8.1.5 CharacterizatioN .. ssssssissssssssssssssssssssssssssssssssssssssssses 236

8.2 Supplementary information - Enhancing singlet oxygen photocatalysis with
PlaSMONIC NANOPATTICIES ..t ss s s s s sas s s sassesasassasaes 239
8.2.1 SYNthESIS Of AGINPS ...ttt es s s s sessssassessessessesans 239

8.2.2 Synthesis Of AG@SIO2 NPS......eeeeeeeeteeereeeessessessessssssessessessessssssessessesaess 239

8.2.3 Immobilization of [Ru(bpy)s]?* to form Ag@SiO2-Ru NPs.......eene... 240

8.2.4 Surface loading and SUrface COVEIrage.....nrveresressessesessssessessessesens 240

8.2.5  MaALNIAD ettt s s s saes 241

8.2.6 Discussion synthesis and optimization of materials........eeerennnn.e. 244
8.2.6.1 Plasmonic core: metal and size NPs 244

8.2.6.2 Surface loading: determination optimal surface coverage..........eunnne. 245

8.2.7 Nanoparticle Characterization ... sessesenns 246
8.2.7.1 BET surface area 247

8.2.7.2 -potential 247

8.2.7.3 UV Vis absorption 248

8.2.7.4 Luminescence 249

8.2.7.5 EELS 250

8.2.8 PhotocatalytiCc tESES. ... s s s senas 251
8.2.8.1 Mechanism 251

8.2.8.2 Experimental conditions 251

17



Preface

8.2.8.3 Effect of surface loading 256

8.2.9 Comparison With previous StUIES ... sesaesenns 257

8.3 Supplementary information - Rational for the antenna-reactor design using Ag

PNPS t0 boOSt PhOtOCAtAIYSIS .ot ss s s sesassenes 258
8.3.1 EXPerimental SECTION .t s s s assenas 258
8.3.1.1 Synthesis of SiO, NPs 258

8.3.1.2 Synthesis of SiO,@Ag-[Ru] NPs and SiO,@Ag-MB NPs 258

8.3.2 Synthesis of SIO2@AZ-RB NPs ...ttt sessessasssessenes 259
8.3.2.1 Nanoparticle Characterization 259

8.3.2.2 Catalytictests 260

8.3.2.3 Time-resolved spectroscopy 261

8.3.3  BET SUIMACE Qra...eereeseeseseeseisseisesssessissssssssssssssssssssssssssssssssssssssssssssssssssssses 262

8.3.4  T-POLENTIAL. .t be s as s senas 262

8.3.5 ReEal-TIiME SPECLIOSCOPY ..c.eveeercteecteereetesesssssssesssses s sassssassesssssassesas 263

8.4 REFEIENCES. ...ttt ssss st s s s st s sasesssassssasssssssssssssssssasessses 267
9 BiblIOBraphie .....cccoeenssnsenssnsnsnssnssnssnassnssassassassnssnssnssassassassassassassassasssassassassassnssassassassas 269

18



Preface

List of figures

Figure 1-1 - Common organic and organometallic compounds activated by light................. 35
Figure 1-2 - Common organic compounds used in photooxidations and photoredox
FEACLIONS ettt sttt st s ssssssssssssssesssessssasesasassssssessssssssssesssessssssassssssssssesssssssssss 36
Figure 1-3 - Representations of molecular oxygen ground state and excited states®?........ 37
Figure 1-4- Excitation of [Ru(bpy)s]?* followed by the formation of O (A) and the Schenck
Ene reaction mechanism USiNG 102 (B) ... reeeesessnsssssssssssssssssssssssssssnsessssssens 38
Figure 1-5 - Synthesis of Rose oxide from Citronellol ... 39
Figure 1-6 - Photographs of the Lycurgus cup (A), Au NPs solution produced by Faraday (B)
and Notre-Dame cathedral rose window (C). Credits: The British Museum, Paul
WIilKinson and PatriCk KOVAriK. ... iiiississisesssssessisssssssssssssssssssssssssssssssssssssssssssess 41
Figure 1-7 - Main applications of plasmonic nanoparticles in various fields ........cccceeeruerueee. 42
Figure 1-8 - Photoactive materials developed and their application, by Mukherjee et al. (A)
74 Swearer and al. (B)72, aNd Planas €t al. (C)77 . eeeeeeeeeeeeeeeeeeeeesseeseeeseesseseesseessenseessens 44
Figure 1-9 - The twelve principles of Green ChemiStry .......eeeeeeeeereeesesesesesessessessesens 46
Figure 2-1 - A) Depiction of the dynamics of a PNP during irradiation. The diagram shows a
snapshot of a nanoparticle excited at a frequency below that of resonance, at which the
carriers follow the changes in electric field orientation. The excitation is caused by the
incoming electric field (orange), while the restoring electric field is generated by the
out-of-equilibrium surface charges (green) and the ionic network causes damping
(purple, with the direction of the arrow assuming that the electrons already moving
downwards in the diagram). Importantly, if the external field oscillates at the frequency
of the resonant mode of the particle, both external and restoring fields will sync, greatly
enhancing the total field in and around the particle. If the external field disappears, the
charge oscillation in the particle will continue until dampened by the friction-like
losses. Figure adapted from Ref.130 Copyright American Chemical Society B) The
electron cloud can be understood as behaving like a harmonic oscillator, in analogy to
a macroscopic oscillator such as a spring attached to a mass driven by an external

oscillating force (orange), to which the spring responds with a restoring force (green)

19



Preface

when expanded or contracted. Friction with the supporting surface will also cause

damping (purple). Reproduced from ref ¢°. Copyright 2020 American Chemical Society.

Figure 2-2 - Schematic of the three properties on a PNP arising from LSPR, their general
applications, and their applications specifically in the context of catalysis. All these
effects take place in a given PNP, yet their respective intensity and relevance to
catalysis may vary greatly as a function of the PNP design. The general applications,
specifically in the context of catalysis of PNP, are given in relation to these three main
B R CES e st 71

Figure 2-3 - A) HAADF-STEM image of a Ag nanoprism with 78-nm-long sides; B) EEL
spectra acquired at corner A before (original data) and after deconvolution
(Deconvoluted). After deconvolution, resonances (here, one peaked at 1.75 eV) in the
ultraviolet/near-infrared domain are more clearly resolved C) EELS mapping. Each
EELS mapping corresponds to a specific energy, provided on the image. The colour
scale, common to the three maps, is linear and in arbitrary units. Reprinted with
permission from#’. Copyright 2007 Nature PUblishing. .........rnnecneceneeessssennn. 73

Figure 2-4 - Description of PNPs growth via a polyol process, light-mediated synthesis, and
nanosphere lithography with the variety of morphologies obtained. (A, C-l)
Reproduced with permission fromref 1°°. Copyright 2007 American Chemical Society.
(B) Reproduced with permission from ref 180, Copyright 2009 American Chemical
Society. (J) Reproduced with permission from ref 10, Copyright 2011 American
Chemical Society. (K, L) Reproduced from ref 181, Copyright 2003 Nature. (M)
Reproduced from ref 182, Copyright 2010 American Chemical Society.........ceevencee. 77

Figure 2-5 - (a) Schematic of synergistic catalytic processes for alcohol aerobic oxidation on
PtCu@TiO2 NB in dark. B) Schematic of hot carrier enhanced synergistic catalysis
catalytic processes for alcohol aerobic oxidation on PtCu@TiO2 NB under visible light.
The inset at center shows an energy band diagram for hot carrier generation and
transfer at the PtCu@TiO2 NB interface. Reproduced with permission from 223,

Copyright 2017 JOhN WIlEY aNd SONS. ...ttt sessessessssssssessessssassessessessens 83

20



Preface

Figure 2-6: Proposed mechanism for the hydrogenation of carbonyl compounds with H>

catalyzed by Ag NCs. From reference 2°?. Copyright 2017 American Chemical Society.

Figure 3-1 Photosynthesis by green plants and photocatalytic water splitting as an artificial
photosynthesis. Reproduced from Ref >0 with permission of The Royal Society of
CREMISTIY. ottt ss s ss bbb s b b as bbb as b e bes s sesasbasassesas 127

Figure 3-2 - UV-driven water splitting with a semiconductor where oxygen and hydrogen
evolution take place on the valence band and conduction band respectively.
Reproduced from Ref 76 with permission of De Gruyter (left) and diagram of the basic
principles of water splitting for a photoelectrochemical cell with an n-type
semiconductor photoanode where oxygen is evolved and a photocathode (Pt sheet)
where hydrogen is evolved (right). Reproduced from Ref 3°¢ with permission of The
Royal SOCIiety Of CHEMIUSIIY. e se s s s ssassesas s sasaens 130

Figure 3-3 - Relationship between band structure of semiconductor and redox potentials of
water splitting. Reprinted by permission from Macmillan Publishers Ltd: NATURE
(reference 322, COPYFIgNt 200L.) .. eecececeesesessssssssessssssssssssssssssssssssssssssssssssssssasess 131

Figure 3-4 - Schematic of plasmon oscillation for a sphere, showing the displacement of the
conduction electron charge cloud relative to the nuclei. Reprinted with permission
from 139, Copyright 2003 American Chemical SOCIEtY. ... rrenecererieeeeerenesesesennee 133

Figure 3-5 - Visible light-driven water splitting catalyzed by PNP@TiO2 via plasmon-

mediated electron transfer. Reproduced from Ref 7¢ with permission of De Gruyter

Figure 3-6 - Schematics of the Au-NP fabrication procedure via chemical reduction.
Reproduced from Ref. 376with permission from The Royal Society of Chemistry...... 138
Figure 3-7 - (left) Energy level diagram superimposed on a schematic of an individual unit of
the plasmonic solar water splitter, showing the proposed processes occurring in its
various parts and in energy space. CB, conduction band; VB, valence band; EF, Fermi
energy. Reprinted by permission from Macmillan Publishers Ltd: NATURE
NANOTECHNOLOGY (reference 88), copyright 2013. (right) Schematic diagram of
excitation and separation of electrons and holes on TiO2-1 wt% Au@TiO2/Al203/Cu20

21



Preface

heterostructure photoelectrodes in PEC system. Reproduced from Ref 384 with
permission of The Royal Society of ChemiStry. ... sessenens 140
Figure 3-8 - Synthetic procedure for accessing TiO2 nanotube vertical arrays, followed by
the deposition of Ag NPs. Reproduced from Ref 394 with permission of The Royal
SOCIELY Of CREMISTIY. .ot s s s s s s s e s e s sassesasassasaes 142
Figure 4-1 - Mechanism for the formation of Ag NCs via AgCl/ NCs proposed by Rioux and
coworkers. Schematic of 28 h growth process of Ag nanocubes with four identified
stages: (i) initial formation of AgC/ nanocubes; (ii) reduction of AgNO:s to Ag seed's and
their subsequent etching by in situ formed HNO3; (iii) dissolution of AgCl along with
AgNOs reduction; and (iv) the continued growth of Ag nanocubes along with AgCl/

Figure 4-2 - SEMimages of NPs samples when using 1,5-pentanediol as areducing agent at
different time points (19, 21, 24, 27 et 30 h) after being centrifuged in ethanol........ 157
Figure 4-3 - SEM images of NPs sampled at different time point (19, 21, 24, 27 et 30 h) after

being centrifuged in ethanol when using ethylene glycol as a reducing agent............ 159
Figure 4-4 - Images of the Ag NCs by TEM (A), SEM (B) and BFSTEM (C) ....ocevvevevrveerrerneee 160
Figure 4-5 - BFSTEM image of the Ag NCs (A) with the corresponding EDS linescan (B), XPR

spectrum (C) and XRD diffractogram (D). ......reeeeeeeieeseseesscssesssesssssesssessssssssssssasees 161
Figure 4-6 - UV-Vis spectrum of the Ag NCs in ethanol........eeeceeeeeeeeeeereereeresenaenens 162

Figure 4-7 - Localized surface plasmon (LSP) energy-filtered STEM images of a 50 nm NC
extracted from a spectrum image acquired with spectrometer dispersion was
0.055 eV/channel with an energy width of A£=0.21 eV. (a) Edge LSP with £r=3.53 eV,
(b) corner LSP with £r=2.95 eV, (c) overlapped spectra extracted from the corner and
edge LSPs. LSP energies determined by Gaussianfit are 3.32 and 3.53 eV for the corner
and edges spectra respectively. Reproduced with permission from reference 146,
COPYFIZNES 2020 EISEVIEN..uueeeeeeeeteereecteteetesiersssses s sesassssessessesssssssessessesssssssassessessesssssssessessesaens 164

Figure 4-8 - Scope of products obtained from SPR-enhanced oxidation of aldehydes with Ag
NCs using the conditions detailed in Scheme 4-1. Reproduced with permission from

reference 42> . Copyright 2007 American Chemical SOCIELY.......cervereneresererseeirns 165

22



Preface

Figure 4-9 - Scope of products obtained from SPR-enhanced hydrogenation of ketones with
Ag NCs using the conditions detailed in Scheme 4-2. Reproduced with permission from
reference 42> . Copyright 2007 American Chemical SOCIELY .......cerveeenerenereneeirnnes 166

Figure 4-10 - Set up featuring the injection sites, the pumps, the tube-in-tube, the irradiated
coil and the Product COIECLION ...ttt sesasassasaes 171

Figure 4-11 - Close up tube-in-tube. Reproduced with permission from Ref 427, Copyright
2017 American ChemiCal SOCIELY ...t sssesss s sssssessssenes 172

Figure 4-12- Continuous-flow reactor set-up used for the purple light-mediated oxidation
of 4-bromobenzaldehyde catalyzed by Ag NCs (5 mol%) including a VapourTec module

connected to a tube-in-tube module and a PFA coil (1mm I.D.) around a LED tower.

Figure 5-1 - A) Synthesis of the silver plasmonic nanoparticles core with a silica shell and
immobilization of the photocatalyst [Ru(bpy)s]?* B-E) TEM images of Ag NPs (1B) and
Ag@SiO2 NPs with various thicknesses 1C-E (7 nm, 30 nm and 37 nm) F) High-angle
annular dark-field image (HAADF), overlaid with EDS mapping for Ag (blue), Si (pink),
and O (green) of an individual Ag@SiO2 NP with a 28 nm shell thickness; G-I) EDS
mapping of the same particle for Ag, Si and O; J) Intensity for HAADF and EDS of Ag, O
and Si across the linescan shown in G. Scale bars for F), G), H), and |) is 50 nm........... 185

Figure 5-2- Normalized extinction spectra of studied photoactive systemsin ethanol. Black
line: Ag NPs; blue line: Ag@SiOg; red line: homogeneous [Ru(bpy)s]Cl2; orange gradient
AZ@STO2[RUL. cevvveereeerreeeseeiessissssssssssssssssssssesssssssssssssssssssssssssssssssssssssssssssssssssassssssssssssssssssssssesssss 187

Figure 5-3 - Conversion of citronellol as determined by GC-MS (green) and NMR (blue) after
3h of reaction in comparison with the intensity of the luminescence measured for
Ag@SiO2-[Ru] NPs (orange), plotted as a function of SiO2 shell thickness. Conversion
by NMR for [Ru(bpy)s]Cl2 homogeneous (*) and [Ru(bpy)s]Cl2 immobilized on
commercial SiO2 NPs (). The molar catalytic loading was identical in all reactions (3.4
INIMIOIB). cereeeeereeee e eeseseeeseessesstesesessassssesetessasssssssesenssasssssssssesenssasssssssnstasenssessssasenssassasssnstassnssasssssssnstans 190

Figure 5-4- Intensity of the LSPR peak measured by STEM-EELS at 3,4,3.2,3.0and 3.0 eV,
for naked Ag, Ag@SiO2_7nm, Ag@SiO2_19nm and Ag@SiO2_28nm NP respectively,

measured as a function of the distance from the Ag surface........eeeveevercereereenrennns 194

23



Preface

Figure 5-5 - Simulations of the intensity of the LSPR peaks at energies ranging between 2.25
and 3.75 eV for Ag@SiO2 with shell ranging from O to 45 nm obtained with Matlab
MNPBEM toolbox in vacuum (A) and in CHICN (B) .uceeeeeeeeeeeeeeeeeeeeeenseseseeseeessessssens 195

Figure 5-6- Intensity of the LSPR peak calculated with Matlab MNPBEM toolbox in CH3CN
as a function of the distance from the Ag surface for naked Ag NPs and Ag@SiO> with
7,19 aNd 28 NIM SNEIIS ...ttt cisesse e sss s s s sssesssessssssssessessssssasesase 196

Figure 6-1- A) Uv-Vis spectra of Ag@SiO2 NPs and the three photocatalysts used,
[Ru(bpy)s]?*, MB and RB, and B) B) synthesis of the silver plasmonic nanoparticles core
with a silica shell and immobilization of the photocatalysts. ... 210

Figure 6-2- Emission and catalytic enhancement factors measured for the three
PROTOCALAIYST ..ottt s bbb e e s s s s s sasbenn 213

Figure 6-3 - Lifetimes Tay for SiO2-[Ru*] (brown curve), Tay (yellow curve), T1(blue curve), T2
(green curve) determined for [Ru(bpy)s]?* immobilized on Ag@SiO2 NPs with different
thicknesses, and phosphorescence enhancement factor (grey curve) measured for the
SAME SAMPIES. ettt ae sttt bbb e s e s e b asas s sasaesassesasassasaes 220

Figure 6-4 - Decay rates (Knon-rad €t Krad) determined for [Ru(bpy)s]?* immobilized on

commercial SiO2 NPs and Ag@SiO2 NPs with different thicknesses, and emission

enhancement factor measured for the same SAMPIES...... e 221
Figure 8-1 - SEM images Of A NS ...t esesssssessesssssssessssessssasssssssessessesassessessessesans 236
Figure 8-2 - BFSTEM images of Ag NCs on Cu/ lacey carbon grid........oeeeeeneeeeeeneceeneenne 237

Figure 8-3 - STEM image (top left) and EDS spectra (top right and bottom) of Ag NCs. The

bottom view focuses on the silver region, where the silver contribution is provided in

orange over the total CoUNt iN YEIIOW....... st ses s sesaesaens 237
Figure 8-4 - XPS full scan (A) and closeup on Cl2p scan (B), Ag3d scan (C) and C1s (D) of Ag
NCS. ettt sss st ass s sas e bbb as st bbb e bRttt a s bt a bRt st s s s s sas s e s sssseas 238

Figure 8-5 - Structure and measurement of Ru(bpy)s?* radius for determination of the
SUITACE COVEIAZE...ourrrrtereeeretestessese st sssssssses s s sassassessesssssesassessessesssssssassessessssssssssessessesssanse 241
Figure 8-6 - Simulations, Laurentzian multi linear least squared fit and residuals of the
plasmonic excitations of a 80 nm silver sphere with varying thickness of silica shell, in

WALEE AN ACETONIEITIC. et eeeeeeteteteeeteseteeeeeeeseaeeseasasasnsasassasasnaeas 243

24



Preface

Figure 8-7 - Energy (color) and intensity of the fitted peaks for vacuum and CH3CN at
varying shell thickness. A red shift is present on all the peaks but is much more
significant in the vacuum environment then in the acetonitrile........eeeeeeerennnnee. 244

Figure 8-8 - Extinction spectra of naked Ag NPs and with SiO2 shell upon 6 TEOS additions

Figure 8-9 -A) Shift of the SPR band observed upon 6 TEOS additions and B) corresponding
thickness of the SiO2 shell measured by TEM...... e eesssesssesnaes 249
Figure 8-10- Emission of Ru(bpy)s]?* for similar surface loadings (6.5E-5 mmol of
[Ru(bpy)s]?*/m?2) with various thickness of silica. The quantity of Ru(bpy)s]%*in solution
WAS KEPE CONSTANT. et s s s se s s s s s s sas s sassesasaesasaes 249
Figure 8-11 - Emission of Ru(bpy)s]?* for similar silica layers (Ag@SiO2_28nm NPs) with
various surface loadings of photosensitizer. The quantity of NPsin solution was kept
CONSTANT. coueeeereece et sse s s e sa s s as e et s s st tssesasens 250
Figure 8-12 - EELS spectra of a single naked Ag NP and Ag@SiO2_28nm NP with different
plasmon modes between 5, 8 and 25 eV. LSP was measured at 3.4 eV (365 nm)....... 250
Figure 8-13 - Detailed mechanism of the citronellol photooxidation reaction.”8.............. 251
Figure 8-14 -Photograph of the photoreactor USed. ... eeceeeeeeeceeeeeeeesesssessessessenens 252
Figure 8-15 -Sample gas chromatogram for a crude reaction product showing the internal
standard, remaining reagent, the two product peaks and also the quenching agent and
IES OXIAIZEA FOIMN.cceeriiceeeeeiecteeeeie et esss s s s b ssse s b sase s essse s s s saseses 253
Figure 8-16 - Conversion of citronellol as determined by GC-MS (green) and NMR (blue)
after 3h of reaction in comparison with the intensity of the fluorescence measured for
Ag@SiO2-Ru NPs (orange), plotted as a function of SiO2 shell thickness. Conversion by
NMR for [Ru(bpy)s]Cl2 homogeneous (x) and [Ru(bpy)s]Cl2 immobilized on commercial
SiO2 NPs (#). The molecular catalyst loading of photosensitizers was identical for each
reaction (0.0034 mol%) independently of the nanomaterial used. .........ovevverrrncnne. 254
Figure 8-17 - Conversation by GC-MS over time or [Ru(bpy)s]** homogeneous or
immobilized on various NANOMALErial ... eiseesseeiseesesssessssesssesssesssessssesssenss 255
Figure 8-18 - Conversion determined by NMR for various thickness of silica and surface

loadings of [Ru(bpy)s]?* immobilized on Ag@SiO2_28 NM NPS........oeerenereserereecirnns 256

25



Preface

Figure 8-19 - Time resolved emission for [Ru(bpy)s;]**@SiO- standard with 5 microsecond
pulse rate and acqUISTTION WINAOW. ...t sssssssssesassens 263
Figure 8-20 - Experimental data for the emission of [Ru(bpy)3]** immobilized on commercial
SiO2 NPs and Ag@SiO2 NPs with different thicknesses, and fitting of the lifetime. Insert

on 2B shows the lifetime short COMPONENT. ... 264

26



Preface

List of schemes

Scheme 2-1 - Oxidation of alcohols, alkenes and aromatics, amines, and carbon monoxide

......................................................................................................................................................................... 79
Scheme 2-2: Reduction of organic compounds by PNPs ... sssessesenns 95
Scheme 2-3 - Coupling reactions catalyzed by PNPs......... s esesessssessesaenes 97

Scheme 4-1 - Reaction conditions for the oxidation of aldehydes using the Ag NCs........ 165
Scheme 4-2 - Reaction conditions for the hydrogenation of carbonyls using Ag NCs....... 166
Scheme 4-3 - Conversion of 4-bromobenzaldehyde aldehyde into 4-bromobenzoic acid in
presence of Ag NCs in the continuous flow photoreactor ..., 173
Scheme 5-1- Reaction scheme for the oxidation of citronellol using Ag@SiO2-[Ru] NPs.
Standard reaction conditions: 0.33 mmol citronellol, CH3CN, 3 h, Oz balloon, 3.4
mmol% in [Ru(bpy)s]?* for Ag@SiO2-[Ru], white LED illumination. ... 189
Scheme 6-1 - Reaction scheme for the oxidation of citronellol using Ag@SiO»-
[photocatalyst] NPs. Standard reaction conditions: 3 h and Oz balloon. For Ag@SiO2-
[Ru] : 0.33 mmol of citronellol and 0.0034 mol% in [Ru(bpy)s]?* in acetonitrile. For
Ag@SiO2-MB 0.42 mmol of citronellol and 0.0011 mol% in MB in isopropanol. For
Ag@SiO2-RB, 0.42 mmol of citronellol and 0.0009 mol% in RB in isopropanoil.......... 214

27



Preface

List of tables

Table 2-1 - PNP properties and relevance to CatalySiS.... e sssenenes 69
Table 4-1 - Comparison of the yields obtained for the oxidation of 4-bromobenzaldehyde
aldehyde to 4-bromobenzoic acid under flow and batch conditions, and with and
WILNOUL CAtAlYSES. caee et ss s s s s ae s s s s sas s sassesassesasassasaes 173
Table 6-1 - Summary of the emission and photoactivity enhancement factors observed for
Ag@SiO2-(photocatalyst) with 33 and 28 nm shells respectively, the spectral overlap
for the free photocatalyst and their QY ... sesssesasaes 215
Table 8-1 -Results for the hydrogenation of camphor with Ag NCs as catalyst as a function
of temperature, Hz pressure, and light @XpoSUre. ... seseesens 234
Table 8-2 - Table comparing optimization conditions for the standard photo-oxidation

reaction. Control experiments showed no reactivity when the catalyst was not present,

or when the reagent Sas Was NOL il ...t sesssssssessessessessssessessessesaens 235
Table 8-3 - Elemental identification and quantification of Ag NCs by XPS.........nne. 238
Table 8-4 -BET surface area of Ag@SiO2 NPs with various silica thickness shell................. 247
Table 8-5 - Z-potential of Ag@SiO2 NPs with 28 and 33 nm shell before and after

IMMODIIZAtION OF [RU(DDY) 312 eeeeeeeeeeeeeeeseeseeesssssessssssssssessssssssssssssasessssssssssssessssssssssassses 247
Table 8-6 - Conversions for the oxidation of citronellol under various reaction conditions

...................................................................................................................................................................... 253
Table 8-7- Comparison of the different separation distances used for various core-shell and

photosensitizer SYStEMS STUAIE.......... et sasaens 257
Table 8-8 - BET surface area of Ag@SiO2 NPs with various silica thickness shell................ 262
Table 8-9 - Z-potential of Ag@SiO2 NPs with 28 and 33 nm shell before and after

IMMODIIZAtION OF [RU(DDY) 312 e eeeeeeeeeeeeeeeeeseesesssssssessssssssssesssessssssssssasessssssssssssessssssssssassses 262

Table 8-10 - Measured lifetimes, amplitudes, and residuals for each sample as well as the

calculated average lifetime, radiative and non-radiative decay rates...........cccoeuueuuee... 266

28



Preface

List of equations

Equation 2-1 -Extinction cross section for a small spherical NP, where em is the dielectric
function of the medium, €1 and g2 the real and imaginary part of the metal’s permittivity,
and A the wavelength of iNCIAENt lIGht. ... sesaens 64
Equation 2-2 - Position of an electron in a PNP, where m is the mass of the electron, tis a
phenomenological relaxation time or mean free time between electronic collisions with

the background, wo is a frequency, and Eext is the external magnetic field driving the

ChAIrZE MOVEMENT ...ttt s s s s s s s s s s s ses s s s s s s ses b s s s e sassessesansas 65
EQUAtioN 8-1 - Area Of ONE RU(DPY) 32 oo eeeeeeeeeeeeeeseeseeesessesessssssssesasssssssssssssssssssssssssssesasssssssaseses 241
Equation 8-2 - Area of occupied by one mol of RU(DPY) 32" IONS w...eeveeeeeereeeeeeeereesseeesersenns 241
EQUAtioNn 8-3 - SUITACE COVEIAZE....u ettt sessessessssessssessssassassessssessssassessessessesans 241

Equation 8-4 - Relationship between the lifetime (T avg) and the fitting functions, with t1
and t2 emission lifetimes with respective B1 and B2 contribution amplitude values.. 265
Equation 8-5A-D- relationships between the emission enhancement, the quantum yield @,

the radiative (Kr) and non-radiative (Knr) decay rates and th lifetime (t average).... 265

29



Preface

Abbreviations

acac - acetylacetone

AIBN - 2,2’-azo-bis-isobutyronitrile

APTES - 3-Aminopropyl)triethoxysilane

BET - Brunauer-Emmett-Teller

BINAP - 2,2"-bis(diphenylphosphino)-1,1'-binaphthyl
BINOL - 1,1’-Bi-2-naphthol

BSPP - bis(p-sulphonato-phenyl)phenylphosphine dihydrate dipotassium
CB - conduction band

CID - chemical interface damping

CTAB - cetrimonium bromide,

DCP - dicumyl peroxide

DFT - density functional theory

DMAB - dimercaptoazobenzene

DOS - density of states

EBL - electron beam lithography

EDC - 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
EDX - energy dispersive X-ray

EELS - electron energy loss spectroscopy

EGOR - ethylene glycol oxidation reaction

EM - electromagnetic

EO - ethylene oxide

fcc - face-centered cubic

FDTD - finite difference time domain

GO - graphene oxide

HAADF - high annular dark field

HOMO - highest unoccupied molecular orbital

HPS - hyper cross-linked polystyrene

HT - hydrotalcite

30



Preface

KIE - kinetic isotope effect

LDOS - local density of states

LED - Light-emitting diode

LSPR - localized surface plasmon resonance
LUMO - lowest unoccupied molecular orbital
MB - methylene blue

MEF - metal enhanced fluorescence

MOF - metal-organic framework

NB - nanoblock

NC - nanocube

ND - nanodisk

NIR - near-infrared

NP - nanoparticle

NR - nanorod

NSL - nanosphere lithography

OER - oxygen evolution reaction

PATP - p-aminothiophenol

PFA - perfluoroalkoxy alkane

PDMS - polydimethylsiloxane

PDOS - projected density of state

PET - polyethylene teraphthalate

PMET - plasmon-mediated electron transfer
PMMA - poly(methyl methacrylate)

PNP - plasmonic nanoparticle

PNTP - p-nitrothiophenol

PPF - photopolyermizable formulation

PVP - polyvinylpyrrolidone

QY - quantumyield

RS - Rose Bengal

RWGS - reverse water-gas shift

31



Preface

SEF - surface enhanced fluorescence

SERS - surface enhanced Raman spectroscopy
SET - Single electron transfer

SS - superstructure

STEM - scanning transmission electron microscopy
TA - transient absorption

TERS - tip-enhanced Raman scattering
TMPTA - trimethylolpropane triacrylate

TNI - transient negative ion

TPA - (2-pyridylmethyl)amine

UV - ultraviolet

VB - valence band

32



Preface

Contribution of Authors

Prof. Audrey Moores (AM) provided funding, research objectives, experimental design and

intellectual guidance for all the projects described in this thesis.

Chapter 1 was written by Alexandra Gellé (AG) and edited by AM.

Chapter 2 was adapted from the published review written and edited by AG, Tony Jin, Luis
de la Garza, Gareth Price (GP), Lucas Besteiro and AM.

Chapter 3 was adapted from a published review written by AG and by AM.

For Chapter 4, AM and Michael Landry (ML) initiated the project. MJ focused on the
catalysis test. AG developed the synthesis and characterized the materials. Beryl Meng
helped with the characterization. AM, ML, AG and Christopher Barrett co-authored the
published article. The EELS data were acquired by Nicolas Brodusch (NB) using samples
made by AG. Hendrix Demers performed experiments that are not presented in this thesis.
NB, AG, AM and Raynald Gauvin (RG) co-authored the published article.

For Chapter 5, AG, AM and Zacharias Amara (ZA) initiated the project. AG designed and
performed all the experiments, beside EELS. GP assisted in data collection and AG trained
him for all laboratory techniques involved in the paper. The EELS data were acquired by NB
using samples made by AG. Frédéric Voisard performed the EELS calculations. AG, AM, RG

and ZA co-authored the submitted article, which was adapted for this chapter.

For Chapter 6, AG and AM initiated the project. ZA helped with experimental design. AG
performed all the experiments, except real time spectroscopy. Graham Beaton (GB) and
Kevin Stamplecoskie (KS) designed and performed the real time spectroscopy experiment.
AG, GB, KS and AM co-authored the manuscript in preparation, which was adapted for this
chapter.

33
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1 Chapter 1 - Introduction
1.1 Photochemistry : harvesting energy from light

1.1.1 Abrilliant idea inspired by Nature

Life on Earth relies on photosynthesis so it is no surprise that Nature and its use of
photochemistry have inspired chemists to harvest energy from photons. While scientists
cannot be credited for inventing photochemistry, extensive studies have been done over
the last century to develop this field, by exploiting light to drive a large variety of chemical
transformations. As early as 1912, Giacomo Ciamician envisioned a future society powered
by sunlight rather than fossil fuels.! Several other seminal studies laid the foundation stones
of photo-responsive materials for catalysis.Z* In the 215t century photocatalysis has spurred
renewed interest and started to develop a wide variety of photo-active materials which can
be used as catalysts for numerous transformations.>? Nowadays, scientists are still
captivated by using light to drive chemical transformations. As solar panels bloom on the
roof of buildings and in fields, many scientists are working on developing more
photocatalysts for various applications such as hydrogen generation via water splitting,
depollution of wastewater,10-12 redox transformations!® 14 and singlet oxygen excitation®
for reduction, oxidation1®1” and coupling reactions.'8-23 More specifically, the development
of visible light-driven photocatalysts is of particular interest as it accounts for a large

portion of the wavelengths emitted by the sun.?4

Many photocatalysts require UV light excitation due to their larger band gap. Such a high
source of energy could hinder chemical transformations due to absorption of the solvents
and potential degradation of organic substrates. Fortunately, some organic molecules such
as fluorescein, chlorophyll, and rhodamine (Figure 1-1) have an inherent small enough
energy gap, allowing their excited states to be populated using visible light or near UV
irradiations. Some semiconductors,?® including titania (TiO2), CdS and ZnO, and
organometallic complexes?° such as tris(2,2"-bipyridine) ruthenium (ll1), [Ru(bpy)s]?*, and

tris[2-phenylpyridinato-C2,N] iridium (I11), [Ir(ppy)s], (Figure 1-1) also feature an appealing
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energy gap, and have been used for visible light-triggered excitation or using near-UV

excitation.
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Figure 1-1 - Common organic and organometallic compounds activated by light

A wide range of photo-responsive materials and molecules with catalytic properties have
been reported since the process of photosynthesis was revealed. Different kinds of
homogeneous and heterogeneous photocatalysts, and their advantage as sustainable

alternatives are described in this chapter.

1.1.2 Bringing photocatalysts under the spotlight

Organic compounds, organometallic complexes and nanoparticles with appealing light
properties have been used for a wide range of catalytic applications.’® While the excitation
mechanism varies from one structure to another, they all offer a venue to excite electrons,

which can be subsequently used for chemical transformations.
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First, some organic compounds have been employed to perform homogeneous
photocatalytic reactions. Rose Bengal,?® Eosin Y,?” acridinium salts?® and porphyrin derivatives®’
(Figure 1-2) are only but a few examples of photocatalysts®° used for singlet oxygen production3!
33 and redox®34 reactions, for example. Yet many catalytic reactions employ organometallic
complexes which feature long excited state lifetimes and higher photostability. Ru- and Ir-
based organometallic complexes were for instance reported for homogeneous photoredox

and light-induced singlet oxygen production.? 1%.20.23

Rose Bengal Eosin Y Porphyrin Acridinium

Figure 1-2 - Common organic compounds used in photooxidations and photoredox

reactions

Transition metal complexes started to receive great attention in the early 2000s following
pioneer studies by the MacMillan and Yoon groups revealing the potential of ruthenium
complexes for photocatalysis, and new pathways and molecules were accessed for the first
time.3> Several Ru, Ir and Os-based organometallic complexes have been since employed as
catalysts for a large variety of organic transformations including couplings, oxidations,

polymerizations and cyclizations .3>-37

Out of the organometallic complexes, Ru and Ir-based structures stand out owing to their
excited states which can be efficiently accessed through both UV and visible radiations, and
their long-lived triplet states.®®-40 [Ru(bpy)s]?** was one of the first reported visible light-
driven photocatalysts. Promotion of an electron to the excited state happens via metal-
ligand charge transfer (MLCT),®> and can be followed by energy transfer to form singlet

oxygen (102), a strong oxidant, which can subsequently mediate organic transformations.
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In addition to synthesis, 1Oz is crucial to human life and has also been used in for cancer
therapy. The ground state of Oz is 32@ and the lowest excited state of Oo, 1Ag , features an
empty low lying IT orbital which makes it a highly reactive species** commonly used for
organic and biological transformations. Transition from 1Ag tothe ground state 32@, is spin
forbidden, which makes 1Ag Oz along-lived species. The second excited state 12;, is short

lived as the transition to A, state is spin-allowed.®

State Orbital Assignment

. @ Q,
8, @D, O,
o @, @,

Figure 1-3 - Representations of molecular oxygen ground state and excited statess?

Photosensitization of O into Oz can be triggered by many organic and organometallic
compounds, including dyes (Rose Bengal, Methylene Blue, BODIPY, etc), porphyrins and
other macrocycles, semiconductors, and Ru-, Pt-, Re- and Ir-based complexes.3! Excitation
by a sensitizer is achieved viaa one-photo transition between the ground state and a singlet
excited state (Figure 1-4A). The triplet state can be accessed by excitation by a sensitizer
via a one-photo transition from the ground state to the singlet excited followed by an
intersystem crossing (ISC) transition as described in Figure 1-4A. The equations describing

the formation of a photosensitizer in the triplet state and 1Oz are the following:

P(Sy) = hvP(Sy) = kyscP(T1)
P(Ty) + 302 - kgpP(So) + 102
where P is the photosensitizer; So the singlet ground state; S1 the first excited singlet state;

T3, the first excited triplet state; kisc, the rate constant of intersystem crossing; ker, the
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rate constant of energy transfer; >Oy, the ground state triplet oxygen, and 1Oy, the singlet

oxygen.

Quenching of 10, can happen by interaction with other species, leading in some cases to
oxidations. Studies reported that 'O is more oxidizing than O, thus making it a better
electrophile and enabling reaction with C-C bonds, sulfides, amines and anions. 1Oz can
undergo several oxidation pathways such as [4+3] or [2+2] cycloadditions and Schenck Ene
reactions, depending on the substrate of interest.#2#4 Allylic hydroperoxides formed from
unactivated olefins with allylic hydrogen 4> 4¢ can lead to the formation of alcohols upon

quenching.(Figure 1-4B)

Si——~JCS
T
—s,
ET H O----H O—H
e, /
To —» 0 ( —_—>» 0
S “\’\_ \ //
Ru(bpy);** 0,
Photosensitizer Active species Schenck-ene reaction

Figure 1-4- Excitation of [Ru(bpy)s]?* followed by the formation of O (A) and the Schenck

Ene reaction mechanism using 102 (B)

This reaction is of particular interest for the synthesis of high value terpenes such as Rose
oxide which is used in perfume industry and artemisinin, an anti-malarial drug.’® The
synthesis of these two commercially important terpenes can be achieved from citronellol
(Figure 1-5) and dihydroartemisinic acid respectively. The commercial synthesis of these

common industrial products relies on 102-mediated photooxidation.*”
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Figure 1-5 - Synthesis of Rose oxide from citronellol

Nanoparticles (NPs) can also be interesting photocatalysts, and have the intrinsic
advantage of easy separation from the reaction and recyclability, also they are often more
robust. The photocatalytic properties of metal oxides for the photodegradation via
oxidation of organic compounds under UV light were reported as early as 1955.48TiO, owes
its popularity to its heterogeneous photocatalysis abilities following observations made by
Fujishima and Honda in 1972,%° when they brought to light the photocatalytic properties of
TiO2 for the formation of H2 from water. Since then, TiO2 which features appealing band gap
and energy levels to trigger transformations,’® have been exploited beyond water splitting.
TiO2 is of great interest in the field of light-triggered nanophotocatalysis as it is cheap,
abundant and highly stable.>! A wide range of photo-responsive oxide semiconductors NPs,
including ZnO, CdS and Sb203, have been exploited for various reactions such as oxidations

and reductions®?, couplings,® water decontamination,”#>¢ and water splitting.>”->®

The main drawbacks of semiconductor-catalyzed reactions are the fast recombination of
charges following excitation of an electron from the valence to the conduction band of the
material.”® Strategies such as bimetallic materials, doping and couplings with organic
compounds have been extensively studied in an effort to address the issues related to UV

light excitation, and to extend the lifetime of the excited electrons.®°
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Despite the fast growing interest for photocatalysis, major limitations remain. Several
organometallic complexes are highly efficient and can be excited by visible light, but require
rare toxic transition metals which are hard to recover and often have low quantum yield. On
the other hand, most heterogeneous photocatalysts feature high stability, can be recycled
and require UV activation. However, many strategies such as dopping and addition of
cocatalysts permit to drive transformations using visible light even though the band gap of

the photoactive materials correspond to UV irradiation.

Photo-responsive nanomaterials have recently attracted a lot of enthusiasm for catalytic
applications due to their ability to harvest energy from light and because they can be used
as heterogeneous catalysts, therefore being of particular interest from sustainability and

green chemistry perspectives.®?

1.2 Shining light on coinage-metal

Nanoparticles of group X| metals, also refered to as coinage metals (Cu, Ag, Au), exhibit a
different behaviour when irradiated from the one of other photo-active nanomaterials. The
unique interaction with light of these materials, called plasmonic nanoparticles (PNPs),
make them of particular interest for light-driven heterogeneous catalysis, and embrace
several green chemistry principles. Their attractive response to light irradiation has been
known for centuries, but only received a great deal of attention over the last 20 years, in
physics, medecine, engineering and chemistry. Yet many questions still persist about their

behaviour upon irradiation and their use in catalytic applications.

Their appealing optical properties manifested in vivid colors have been observed very early
on. The dichromic Lycurgus cup (Figure 1-6A), made in the 4t century by Romans, turns
from green to red when illuminated, and is a texbook example of how Au NPs were used in
ancient times to craft art pieces.®? The windows of Notre-Dame de Paris cathedral (Figure

1-6B) are another famous example of tinted glass with both esthetic and scientific appeal.
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The unexpected red color of nano-size Au peaked the interest of many scientists but
remained mysterious, until Faraday created what he called “activated gold” by reducing a
yellow solution of gold chloride with phosphorus. Faraday finally elucidated the enigma of
his “ruby gold” solution (Figure 1-6C) when he realized that the solution was made of
suspended colloidal gold, and not only dissolved salt as originally thought, with unique

scattering properties.

Figure 1-6 - Photographs of the Lycurgus cup (A), Au NPs solution produced by Faraday (B)
and Notre-Dame cathedral rose window (C). Credits: The British Museum, Paul Wilkinson

and Patrick Kovarik.

Beyond a wide palette of colors, plasmonic materials offer unique interactions with light,
which opened the door to many other applications.® PNPs have been employed in a large
variety of fields, including but not limited to, biosensors,®® nanotherapy,®* nanophotonics,®>
photovoltaics,®® nanorobotics,®’ spectroscopy®® and catalysis®? (Figure 1-7). The latter is a

rapidly emerging field since major breakthroughs which paved the way in the early 2000s.
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Plasmonic
nanoparticles

Figure 1-7 - Main applications of plasmonic nanoparticles in various fields

PNPs can play a pivoting role in mediating chemical transformations triggered by light. The
reactivity of the PNPs is often due to the presence of highly energetic charge carriers, so-
called hot electrons or hot holes These are formed upon irradiation at the resonance
frequency of the material, which induces surface plasmon resonance (SPR).”° Excitation at
the SPR wavelength results in coherent oscillation of the free electrons centered on the
PNP. The energy distribution of the band structure is impacted to generate hot electrons
and holes.”! Subsequent injection of these so-called hot electrons into nearby substrate

molecular orbitals can trigger chemical transformations.

This contrasts with semiconductor bandgaps and complexes HOMO-LUMO gaps for which
electrons have to be promoted individually by irradiation at a specific wavelength. On the
contrary, PNP SPR bands cover a large range of wavelengths and SPR leads to a collective
excitation of electrons over a range of energies. Along with the formation of these light-
induced hot electrons, an increase in temperature, and enhancement of the electric field at

the vicinity of NPs are observed.”! Hence the mechanisms by which PNP can mediate
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organic transformations are due to 1) a local thermal effect resulting from the relaxation of
the hot electrons, 2) a field enhancement in the NP surroundings arising from the alteration
of the field distribution, 3) energetic charge carriers at the surface of the plasmonic metal,

and 4) any combination of the previously mentioned. ¢%-72.73

PNPs unique response to light irradiation provides appealing catalytic properties to
materials that are usually considered to have weak catalytic potential. Hot electrons can
even "do the impossible” as Halas and coworkers wrote when reporting plasmon-induced
dissociation of H2 catalyzed by Au PNPs (Figure 1-8A).”4 Several transformation pathways
thought to be impracticable, because not feasible under traditional thermal conditions, are

now accessible using such photo-active materials.

Additionally, bimetallic systems gave a vibrant new direction to the field of plasmon-
mediated catalysis. PNPs are employed in such systems as light harvesters, combined with
highly active catalytic materials commonly used under thermal conditions. These bimetallic
nanostructures have offered new perspectives to photo-nanocatalyst designs using PNPs
with semiconductors, weakly absorbing metals with catalytic capacity or organometallic
complexes. The combination of visible light responsive PNPs with species featuring high
catalytic activity have been used by Swearer et al to selectively form ethylene by
hydrogenation of acetylene cat