Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 2290

Carbenes: The Gathering

Photophysics of Transition Metal Carbene Complexes
NIDHI KAUL

ACTA UNIVERSITATIS ISSN 1651-6214
UPSALIENSIS ISBN 978-91-513-1860-8
2023 urn:nbn:se:uu:diva-508707



Dissertation presented at Uppsala University to be publicly examined in Pohlemsalen,
Angstromlaboritoriet, Ligerhyddsvigen 1, Uppsala, Monday, 25 September 2023 at 13:15 for
the degree of Doctor of Philosophy. The examination will be conducted in English. Faculty
examiner: James K. McCusker (Michigan State University).

Abstract

Kaul, N. 2023. Carbenes: The Gathering. Photophysics of Transition Metal Carbene
Complexes. Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty
of Science and Technology 2290. 101 pp. Uppsala: Acta Universitatis Upsaliensis.

ISBN 978-91-513-1860-8.

This thesis explores the photophysics of some transition-metal complexes (TMCs) which utilize
N-heterocyclic carbenes as ligands. After a historical interlude which traces the development
of the broader field of transition metal complexes and their photophysical investigations, there
is an overview of theoretical concepts and the spectroscopic methods employed. The focus
thereafter is placed on complexes of the type [ML,]"" (where M=Fe and Mn) which feature the
tripodal ‘Scorpionate’ motif, i.e. L=[phenyl(tris(3-methylimidazol-1-ylidene))borate] . L, like
many carbenes, is an exceptional sigma-donor, and by some metrics is the strongest tripodal
donor known. It is therefore able to sufficiently destabilize metal-centred states in conjunction
with several 3d metals, allowing for the realization of long-lived charge-transfer states on the
nanosecond timescale, in sharp contrast to many complexes based on polypyridyl ligand motifs
previously investigated.

[Fe"L,]" features a 2 ns doublet ligand-to-metal charge transfer (LMCT) excited state, which
is substantially energetic and is shown to be capable of engaging in photoinduced electron
transfer reactions with both donors and acceptors. The strong ligand field imposed on the iron
centre furthermore makes possible the occurrence of two metal-centred redox events before the
ligand oxidation — this translates to the unusual situation of the LMCT excited state of [Fe"'L,]"
being able to oxidize or reduce its own ground state: a phenomenon called photoinduced
symmetry-breaking charge separation. The finding is the first documented case with direct
evidence for a transition-metal complex, and the only one which proceeds with a substantial
driving force generally. [Mn"L,]*" features a long-lived LMCT excited state, which is found
to be a potent photo-oxidant, capable of oxidizing a range of substrates including solvents
such as methanol. Its excited state lifetime of 16 ns also presents a near order of magnitude
improvement over the iron counterpart. One possible cause is traced to the spin-forbidden
nature of the transition back to the ground state, highlighting the importance of such a design
principle for the realization of longer lifetimes, as has been the case previously for excited states
based on precious metals. The last half of the thesis features benzothiadiazole-Au-carbene (and
phosphine) chromophores that are bright phosphors in room temperature solution — it is found
that the carbene is inconsequential to the photophysics in this case, which is instead contingent
on the direct linkage of the gold atom to a heteroarene moiety, causing an efficient population
of its triplet manifold. Concluding remarks are furnished.

Keywords: photophysics, time-resolved spectroscopy, transition-metal complexes

Nidhi Kaul, Department of Chemistry - Angstrom, Physical Chemistry, Box 523, Uppsala
University, SE-75120 Uppsala, Sweden.

© Nidhi Kaul 2023
ISSN 1651-6214

ISBN 978-91-513-1860-8
URN urn:nbn:seruu:diva-508707 (http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-508707)









List of Papers included

This thesis is based on the following papers, which are referred to in the text
by their Roman numerals.

I.

I1.

III.

Luminescence and reactivity of a charge-transfer excited
iron complex with nanosecond lifetime

Kasper Skov Kjert, Nidhi Kault, Om Prakasht, Pavel Cha-
bera, Nils W Rosemann, Alireza Honarfar, Olga Gordivska,
Lisa A Fredin, Karl-Erik Bergquist, Lennart Higgstrém, Tore
Ericsson, Linnea Lindh, Arkady Yartsev, Stenbjorn Styring,
Ping Huang, Jens Uhlig, Jesper Bendix, Daniel Strand, Villy
Sundstrom, Petter Persson, Reiner Lomoth, Kenneth Wérn-
mark. 2019 Science 363, 6424, 249-253.

Contribution: Investigation, Methodology, Formal Analysis,
Validation, Visualization (lead) for reactivity studies.

The Carbene Cannibal: Photoinduced Symmetry-Breaking
Charge Separation in an Fe(III) N-Heterocyclic Carbene
Nidhi Kaul and Reiner Lomoth. 2021 Journal of the American
Chemical Society /43,29, 10816—-10821.

Contribution: Conceptualization (equal), Investigation, Method-
ology, Formal Analysis, Validation, Visualization, Writing —
original draft (lead), review, editing (equal) for all photophysi-
cal studies.

A Mn(IV)-carbene complex with a long-lived charge trans-
fer excited state

Nidhi Kaul, Juan A. Valdez-Moreira, Jeremy M. Smith, Leif
Hammarstrom. Submitted.

Contribution: Conceptualization, Investigation, Methodology,
Formal Analysis, Validation, Visualization, Writing — original
draft (lead), review, editing (equal) for all photophysical, elec-
trochemical, spectro-electrochemical, and reactivity studies.



IV. Benzothiadiazole-Au(I) complexes as efficient room-temper-
ature phosphors in solution
Mauricio Posada Urrutia, Nidhi Kaul,T Tobias Kaper, Dustin
Hurell, Linus Chiang, Fredric Ingner, Jordann Wells, Andreas
Orthaber, Leif Hammarstrom, Lukasz T. Pilarski, and Christine
Dyrager. In Manuscript.
Contribution: Conceptualization (supporting), Investigation
(equal), Methodology (equal), Formal Analysis, Validation,
Visualization, Writing — original draft (lead), review, editing
(equal) for all photophysical studies.

Contributions according to CRediT, see: https://credit.niso.org.
tEqual contribution.

Initial reactivity results in Paper I were published in the Masters thesis, enti-
tled, ‘Excited State Reactivity of [{PhB(Melm)s;},Fe]™. In the paper, how-
ever, reductive quenching data is new, and erroneously determined cage-es-
cape yields were corrected. All quenching rate constants were also revised
using time-resolved emission spectroscopy.

Reprints were made with permission from the publisher (Paper I). All other
material is (or will be) published under a Creative Commons (CC BY 4.0 or
CC BY-SA 4.0) license: https://creativecommons.org/licenses/by/4.0/, i.e. it
is free to share, use, and adapt with appropriate credit; see link for details.



Papers not included in this thesis

VL

VIIL.

VIII.

Photophysical Integrity of the Iron(III) Scorpionate Frame-
work in Iron(III)-NHC Complexes with Long-Lived 2LMCT
Excited States

Om Prakasht, Linnea Lindh{, Nidhi Kaulf, Nils W. Rosemann,
Bolano Losada, Catherine Johnson, Pavel Chabera, Aleksandra
Ilic, Jesper Schwarz, Arvind Kumar Gupta, Jens Uhlig, Tore Er-
icsson, Lennart Haggstrom, Ping Huang, Jesper Bendix, Daniel
Strand, Arkady Yartsev, Reiner Lomoth, Petter Persson, and
Kenneth Warnmark. 2022 Inorganic Chemistry 61, 44, 17515—
17526.

How Rigidity and Conjugation of Bidentate Ligands Affect
the Geometry and Photophysics of Iron N-heterocyclic Com-
plexes — A Comparative Study

Om Prakasht, Pavel Chaberat, Nidhi Kault, Valtyr F. Hlynsson
¥, Nils W. Rosemann, Iria Bolano Losada, Yen Tran Hoang Hai,
Ping Huang, Jesper Bendix, Tore Ericsson, Lennart Higgstrom,
Arvind Gupta, Daniel Strand, Arkady Yartsev, Reiner Lomoth,
Petter Persson, Kenneth Warnmark. Submitted.

SMLCT excited state dynamics of a Homoleptic Iron(II) Hexa
N-heterocyclic Carbene Scorpionate Complex

Nidhi Kaul, Mawuli Deegbey, Aleksandra Ilic, Catherine John-
son, Om Prakash, Kenneth Warnmark, Elena Jakubikova, Reiner
Lomoth. In Manuscript.

Realizing Symmetry-Breaking Architectures in Soap Films
Hongwei Songt, Nidhi Kaulf, Agnese Amati, Gabriele Falciani,
Luca Bergamasco, Cees J. M. van Rijn, Eliodoro Chiavazzo, In-
draneel Sen, Sylvestre Bonnet, Leif Hammarstrom. Submitted.



IX. Surface plasmon-enhanced photo-driven CO; hydrogenation
by hydroxy-terminated nickel nitride nanosheets
Saideep Singhf, Rishi Vermaf, Nidhi Kault, Jacinto Sa, Ajinkya
Punjal, Shriganesh Prabhu, Vivek Polshettiwar. 2023 Nature
Communications /4, 1, Article: 2551 1-18.

tEqual contribution.



Contents

PrOLOGUE ...ttt ettt st e e ebe e 14
L. INErOAUCHION oottt st 17
1.1 Metal COMPLEXES.....eeverriieiieiieiieitesieeseesteeieeaeeeeenteeseeesseesenesaneens 18
1.2 Photophysics of Transition-Metal CompleXxes ..........cccceevuererueeeennene 22
1.21 Objectives and MOIVALION .............c..ccoueeeevieesieeeciencirecieeereenieenenens 25

2. Fundamentals of Molecular PhotophySics.......c.cccccvviviieniieeciieenireeee, 27
2.1 The Theoretical MinimuML.........cccceerierieriienieeieeie et 27
2.2 TTANSTLIOMNS ..cnvenvieiieiirtteteete ettt ettt ettt et sttt ettt e st et eseeseeeee b 32
2.3 Excited States: Energetics and Dynamics ............cocceveveevienereeneennen. 36
2.4 LAZANAS ...vveeeieeie ettt et e e e e et a et e st e saessbeenbeenreensaeraens 38

3. MEthOAS oo 40
3.1 Steady-state SPECITOSCOPY ....eevververrerririieiiniiritenienieeee e sieeee e eeeenee e 40
3.2 Time-resolved SPectroSCOPY ....c..eeveririeriiniinieierieeiene et 42
3.21 Transient ADSOrption SpectroSCOPY .......c..ceeeeereveecerrcrrenseersnenenens 43

3.22 Time-resolved Emission SpectrOSCOPY.........cocuvevueeecuverceeserenanenns 46

3.3 EleCtrOChEMISIIY ......vieevieeiieiieieeiee e ete e ereereereesseereesraeseaesenesenenes 47
3.31 Spectro-electroChemiSITY ............ccueeceeeeieeeeciieeiieesieeeereeesveeneeeas 48

4. A Fluorescent Fe-NHC COmMPIEX ......eevvveiieniieniienienieeieeie e eie e 49
4.1 Fundamental Photophysics and Excited State Dynamics................... 49
4.2 REACHIVILY 1eevveeveeiieriieriieereeteeteeseesseesseessaessaesssesssesssesssesssessseessesssenns 51
4.21 Symmetry-Breaking Charge Separation (SB-CS) .......ccouvvevvennee.. 54

4.3 REIMATKS . ...ceuteeieetietieet ettt sttt et ettt e e 56

5. The Dark Knight: A Long-Lived Mn-NHC Excited State................... 57
5.1 Excited State Energetics and Dynamics..........ccoecvevveriencieniennieenenne 57
5.2 REACHVILY cuvvevieeiieeiieciieriereeteete e st e steeseteseresevessbe b e esseessaessaessaessnenens 61
5.3 ReMATKS. .couiiiiiiiiiei e 62

6.  First-Row Transition Metal Carbene Scorpionates: A Brief Survey...63
6.1 OVEIVIEW ..uviiniieiiiieiie ettt ettt et e st e eeeteeteesteesaeesntesnteenseenseenseenseens 63
6.2 COMPATALIVE CASES ...eevvienrierrieriierieereesreereereeseesseesseesseesseesssesssessseans 65
6.21 Mn" and Fe™ (d* and d°).........cocoeeviveeeceeeeeeeeeeeee, 66

6.22 Mn" and Fe'™ (d%) ..o, 66

6.23 Fe' and Co™ (d%)...vvveeeeeeeeeeeeeeeee e, 67



7. Spectator NHCs in Brightly Shining organo-Au(I) Complexes.......... 71

7.1 Excited State Energetics and Dynamics........cc.ccevveeevieniiinniiinceneeneene 72

7.2 REMATKS.....ooiuiiiiiiieiiie ettt ettt e e sib e e e e eeaeeeereeenenas 74
8. EPIOGUE.cceiieieceeee e e 75
Popular Scientific SUMMATY ........cccovviiiiiiiiieieecee e 78
Svensk SaMMIAttNING ........ccevviviiiiiiiieiieeeeeese e 80
RNY-TATY BTG TR 82
ACKNOWIEAZEMENLS.......cveeeiieeiieeiieieeieeite ettt ettt seaesneeenseeneees 84
RETEICNCES ...ttt st 87

APPETIAIX ¢ttt ettt b st 99



Key Abbreviations and Symbols

bpy
FWHM

HOMO
ILCT/ICT
IRF
LMCT
LUMO
MC
MLCT
MO
MV

NHC

SCE
SV
T™C
uv

Vis

2,2'-bipyridine
Full-width-half-maximum

highest occupied molecular orbital
inter-ligand charge-transfer
instrument response function
ligand-to-metal charge transfer
lowest unoccupied molecular orbital
metal-centred

metal-to-ligand charge transfer
molecular orbital
1,1’-Dimethyl-4,4'-bipyridinium dication
N-heterocylic carbene

Quencher

Saturated Calomel Electrode
Stern-Volmer

Transition-metal complex
Ultraviolet

Visible



uM
mM

KSV

Kper
ket

ke
ka/k_q
ky

knr

ksub
0/10]

Absorbance

Differential absorbance

concentration

0-0 spectroscopic transition energy
Differential extinction coefficient

Molar extinction coefficient in M~ cm’!
Energy

Ligand-field splitting parameter in an octahe-
dral field

Ferrocene ferrocenium couple

Cage escape efficiency

Standard Gibbs free energy change in a chem-
ical process / reaction

Reduced Planck’s constant: h/2m
Intensity of light

Micromolar (107)

Millimolar (107)

Molar

Stern-Volmer constant

Bimolecular quenching rate constant
Rate constant of back electron transfer
Rate constant of forward electron transfer
Rate constant of cage escape

Rate constant of diffusion

Rate constant of radiative decay

Rate constant of non-radiative decay
Electronic transmission coefficient

Rate constant; sub=defined in text

Quencher / Quencher concentration



To

Coordinate

Reorganization energy

Excited state lifetime in the presence of
quencher

Excited state lifetime in the absence of

quencher



Prologue

It is so difficult to find the beginning. Or better: it is difficult to begin at the beginning.
And try not to go further back.

— Ludwig Wittgenstein, On Certainty

“What kind of field defines itself as a negation?” a wise man questioned” —
presumably half in jest — referring to the field of inorganic chemistry. Inas-
much as G.N. Lewis characterized physical chemistry as ‘encompassing all
that is interesting’, it may be worthwhile to make the broad subject of this
condensed treatise — physical inorganic chemistry — somewhat less vacuous
and accessible before beginning in earnest.

The wise man’s seemingly innocent query turns out to be a loaded one as a
brief stroll through history would indicate: inorganic chemistry has known
many definitions, depending on individual, time-period, and even geographic
location. Deriving from ancient Greek dpyavov, the classification of sub-
stances as “organic bodies” in the early 1700s by philosophers and chemists
hearkened to the Aristotelian thought of living beings as organised bodies,
with non-living — i.e. everything else — as inorganic, and unorganized, though
little was known of their composition in a chemical sense. Berzelius, together
with others, using combustion analysis, made substantial contributions to the
understanding of the chemical constituents of materials. He also espoused the
vital-force theory®, which conferred on elements in living beings a special
function inaccessible via purely inorganic ‘non-living’ means. This doctrine
was dismantled by Wohler’s synthesis of urea from ammonium cyanate, with-
out use of — as understood at the time — organic sources. Kolbe’s synthesis of
acetic acid from the elements drove further nails into the coffin — and the im-
plication of organic changed from “life-based” to “carbon-based”, which is
what we typically think of in current parlance.

Accordingly, the negation that is inorganic chemistry proceeded to include

2 In conversation with Professor Leif Hammarstrom, April 29 2021.

b It is worth noting that Berzelius had re-used the nomenclature and concepts from Bergman
and Gren, both of whom had died by that point, and were not cited. Bergman was based in
Uppsala; for a recent, thorough account of the origins of organic chemistry, see: C. Wentrup,
Eur. J. Org. Chem. 2022, ¢202101492, and references therein.
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everything that is not based on carbon — at least prima facie. In truth, not only
are the roots of modern synthetic organic chemistry markedly ‘inorganic’ in
character, hardly any organic synthesis of appreciable complexity may be
achieved without the involvement of a metal, or, more specifically, a transition
metal complex. Indeed, as reflected in textbooks and symposia, the present
implication of inorganic chemistry (besides metallurgy®) is commonly re-
garded as equivalent to coordination chemistry, which invariably involves a
central metal atom bonded to several molecular units called ligands (from
Latin /igare "to bind"), that are organic or inorganic. Yet, it is the former —
organometallic complexes — which are oftentimes far more interesting than
the latter. We need only look to Nature to confirm the fact: everything from
photosynthesis to respiration relies on the involvement of metals or their com-
plexes. We are carbon-based lifeforms, whose critical functionalities are
mostly impossible without first-row transition metals®.,

Suffice to say, the distinction between branches is an artifice more rooted in
tradition, perspective, and convenience of study, rather than an honest con-
ceptual one. Alfred Werner had noted already in 1914 in the context of isom-
erism, ‘...the distinction between organic and purely inorganic compounds
disappears’ and that the chemistry of carbon fell in the broader scope and rules
of coordination chemistry, rather than the other way round. Decades later, in
1988, Lehn would echo such a sentiment in relation to supramolecular chem-
istry: “...the chemistry of receptor molecules may be considered a generalized
coordination chemistry, not limited to transition metal ions, but extending to
all types of receptees: cationic, anionic or neutral species of organic, inorganic
or biological nature.” Ultimately, one is forced to acknowledge that the (struc-
tural) study of matter reduces itself to the classifications of ordered arrange-
ments and the interactions which hold these arrangements together — the most
encompassing definition of coordination chemistry.

Perhaps the most powerful tool at our disposal to gain insight into the afore-
mentioned arrangements — both in space and time — is spectroscopy. Nearly
all introductory courses begin with a reflection on the telling origins of the
word: Latin spectron, “ghost or spirit”, and Greek ororerv, “to see”. Unable
to be directly seen, the spectres that are molecules unravel themselves in their
response to the stimulus of electromagnetic radiation, i.e. light. A measure-
ment of the response to this perturbation furnishes all sorts of information
about the physical properties of the molecular world: structures, symmetries,
energies of states, dynamics, etc. Many coordination complexes display

¢ More generally, smelting and metallurgy — the cornerstones of the development of human
civilization — fall in the ambit of the modern conception of inorganic chemistry as well.

4 So entwined they are since antiquity that the Sanskrit root word for iron/metal, q1g, was
equivalently substituted to mean blood in Vedic texts.
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vibrant colours: a direct manifestation of the quantum mechanical principles
which govern their electronic arrangement, easily measured even by the prim-
itive detector that is our eye. Absorption of a visible photons by molecules
leads to the promotion of their electrons to higher energy levels, resulting in
the formation of excited states. Both steady-state and time-resolved spectro-
scopic methods — the latter typically using pulsed light sources such as lasers
—may be used to gain insight into the nature, energetics and dynamics of these
electronically excited states. The study of such light-matter interactions and
resulting phenomena fall specifically within the realm of molecular photo-
physics, and forms the core content of the pages that follow. As alluded to
before, the subjects are a set of novel organometallic complexes, which hap-
pen to exhibit certain photophysical properties hitherto unseen in coordination
complexes based on first-row metals — the findings may thus be thought to be
of substantial interest from both fundamental and applied perspectives. Alt-
hough the systems under study are highly specific, the aim is to gain some
general insight.

The first chapter serves to set the stage with appropriate historical and con-
temporary context of the research field, and a more formal motivation (in ad-
dition to curiosity)! The second chapter brushes up on old concepts that are
readily applied to the study of these new complexes, while the third chapter
revisits the well-known spectroscopic and other methods employed. The next
few chapters delve into the systems under study, tackling one by one com-
plexes of Fe and Mn, followed by a comparative account of the properties of
these complexes in several oxidation states. The seventh chapter sees a segue
to organo-Au complexes that function as an important contrasting example.
The final chapter summarizes findings, presents a future outlook, and notes
challenges. An attempt has been made to make the text self-contained, largely
accessible to an individual with an undergraduate training in chemistry or
physics, and enjoyable for one who should like to call themselves an expert in
molecular photophysics — all the while qualifying for a doctoral degree in
Chemical Physics! Time will tell if these lofty ambitions were achieved, but
it is important to say that the good things contained herein are undoubtedly a
product of the inspiration imparted by my mentors, collaborators, and friends,
while the errors and missteps are all my own.

Nidhi Kaul

Uppsala, Sweden
July 2023
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1. Introduction

It is not what you look at that matters, but what you see.

— Henry David Thoreau, Walden

Essential to the understanding of molecular photophysics are both structure
and dynamics. Structure can be considered in a nuclear as well as electronic
sense, and at the level of principle the former is a consequence of the latter.
The electronic arrangement of a molecule determines how it interacts with
light; put conversely, interaction with light — spectroscopy — can furnish struc-
tural information about a molecule. The type of information gained depends
on the wavelength of light used (i.e. the energy of the incident photons), and
what is probed (absorption, diffraction, resonances, etc.). Dynamics comes
into play because electromagnetic perturbation necessarily generates a transi-
ent metastable state of a molecule, different from its ground state. How this
state proceeds to evolve in time to return to its original configuration (though
this is not always the case) is contingent on the states available in the mole-
cule, and their relative energies. Structure and dynamics are thus intimately
tied, and correlated with function. Further, dynamical measurements, particu-
larly in the solution phase (which are the kind this thesis concerns itself with)
are carried out on ensembles and not individual molecules: a population-av-
eraged signal is measured. Finally, the evolution of populations is frequently
also tied to the solvation environment. These considerations in coordination
complexes can sometimes be particularly nuanced: a clarity of their structure
was not developed until the second quarter of the 20™ century, and dynamical
investigations followed only thereafter.

Indeed, coordination chemistry speaks of a coloured past — both literally and
figuratively. This has been documented in painstaking detail by George
Kauffman'?, and also others**. A compressed rendition follows, unavoidably
coloured by the author’s biases which determine what is told and what is left
out — the reader is encouraged to explore the aforementioned references for a
more complete picture.
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1.1 Metal Complexes

Alizarin is perhaps one of the oldest dyes, its
usage well-known to Indians and Egyptians as
far back as 1500 BC. The principle component,
orange 1,2—dihydroxyanthraquinone, was ex-
tracted from the roots of the Madder plant, Ru-
bia tinctorum and in conjunction with a metal
salt could give rise to shades of red, pink, and
brown (Figure 1.11) — the resulting colour a
consequence of chelation (Latin chela, “crab’s
claw”) with the metals Al, Sn and Fe, respec-
tively. Even at the time, the importance of the
constituents was known, although the specific
way they interacted or were arranged was not.

This continued to be the case well into the 18"

century: coordination complexes were discov-

ered sporadically, typically on accident (and

many likely went unreported despite being

used). On the higher energy end of the spec- Figure 1.11. a) Protonated
trum, the accidental discovery of Prussian  form of 1,2—dihydroxyan-
Blue by German manufacturer Diesbach in thraquinone, i.e. Alizarin.
1704 is notable, especially since it presents ) Alizarin coordinated to
one of the first examples of a coordination  AJ resulting in a crimson-
complex possessing transition-metal—carbon  ¢oloured complex.

bonds’, even if the fact was delineated over

two centuries later. We skip another century — and some intermediary findings
— to mention the work of Gmelin®, to whom the discovery of several double
salts such as ferricyanides and cobalticyanides is credited’. It was only in 1856
that the first extensive, systematic study of coordination compounds appeared,
however: a series of Co(Ill)-ammine cations (e.g. [Co™(NH;)s]Xs,
[Co™(NH;)sC1]X; etc. — here modern nomenclature is used for clarity) was
characterized in detail by Gibbs and Genth® — and several of them would as-
sume centre stage in the founding of modern coordination theory. Indeed, dur-
ing the latter half of the 19" century, understanding the structure of such — at
the time referred to as — ‘molecular compounds’ was a substantial challenge
and a central question in the theory of chemical bonding. In fact, the lack of
clarity on how such entities were held together is exactly what earned them
the moniker, ‘complex’.

Swiss chemist Alfred Werner was a 26 year-old unsalaried docent when he
found an answer to this problem. It came to him in a dream at 2 AM, and he

18



woke up and wrote without pause until evening the next day, resulting in his
seminal publication in 1893°. Therein, he proposed without any experimental
proof of his own, the concepts of primary and secondary valence, and the oc-
tahedral arrangement of the primary coordination sphere of the central metal
atom. This was considered as one unit, whose net charge was neutralized by
the (ionizable) secondary valence. He also criticized the ‘choo-choo train’
chain theory of Scandinavian pair Blomstrand—Jergensent, well accepted at
the time, which successfully explained the behaviour of cobalt-ammines based
on structures as shown to the left of Figure 1.12.

Figure 1.12. Structures of Cobalt-ammines as proposed by Blomstrand—
Jorgensen and Werner, left and right, respectively. a: Cobalt hexaammine, and
b: Cobalt tetraammine.

To modern eyes, the Blomstrand—Jargensen structures appear immediately
unphysical, not the least due to the pentavalent nitrogen. However, put in the
perspective of those times, they were reasonable: the chemistry of carbon
compounds was far more extensively studied, and a nitrogen with valence five
arranging itself in chains — in analogy to tetravalent carbon — was not regarded
as unusual. The theory was simple: groups directly bound, i.e. ‘nearer’ to the
metal were difficult to release, while those further away could be easily ion-
ized. As is evident from Figure 1.12, the structures from both theories pre-
dicted the same number of ions (and free chlorides) for both Cobalt hexa- and
tetraammines, easily verified by conductivity measurements and precipitation
with silver salts. They were thus equally likely, and Werner’s ideas were more
radical.

¢ Christian Wilhelm Blomstrand (1826 — 1897) was a Professor at Lund University, and initially
proposed the theory; Sophus Mads Jergensen (1837 — 1914), Professor at University of Copen-
hagen, was eleven years his junior, and his good friend. He was the one to meticulously apply
the theory to a large number of complexes and became its primary proponent — as well as Wer-
ner’s principal adversary.
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The battle began to swing in Werner’s favour with triammines, where the two
theories predicted different number of ions, as seen in Figure 1.13. In 1893—
1894, together with former student Miolati, Werner could confirm by a series
of conductance measurements on ammines (including nitro-complexes) that
they were in accord with his theory for all considered complexes, and that the
solution had a conductivity close to zero for the triammine in particular. Sym-
pathizers should like to declare at this point Werner’s theory had triumphed,
but this was far from the case.

Figure 1.13. Structures of Cobalt-triammines as proposed by Blomstrand—
Jorgensen and Werner, left and right, respectively. The former should result
in two ions, while the latter in none.

A coordination of six around the metal does not imply an octahedral arrange-
ment apriori, and three other possibilities exist: trigonal prismatic, hexagonal
pyramidal, and hexagonal planar (the third one could well be considered a
special case of the second). In order to decisively established the octahedron,
Werner needed to rely on the technique of ‘isomer counting’ — the different
arrangement would give rise to different numbers of optical isomers, i.e. bend
polarized light differently’. Challenges were met in the form of unstable iso-
mers which could not be isolated (Werner was thus criticized for postulating
structures which did not exist). At the same time, if another arrangement (say
trigonal prismatic) predicted an extra isomer which could not be isolated, its
existence was not precluded.

Figure 1.14. The two optical isomers of [Co(NH3)Cl(en),]*.

f Isomer counting as a technique was known since the 1870s to van’t Hoff and Le Bel — the
history of optical activity, starting from the late 17" century discovery of polarized light by
Huygens is a very interesting one, but beyond the scope of this text.
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It therefore took nearly two decades for Werner to find decisive proof, which
came in the form of the successful preparation and optical resolution of cis-
amminechlorobis(ethylenediamine)Co(IIl) salts (see Figure 1.14) in 1911,
with the help of his American PhD student Victor L. King. Two years later,
Werner became the first inorganic chemist to win the Nobel Prize. Interest-
ingly, a few skeptics still remained, who believed that the chirality was due to
the organic ligand (although ethylene diamine by itself was shown to be opti-
cally inactive). The last of Werner’s critics were silenced by the optical reso-
lution of the entirely ‘inorganic’ tris[tetraammine-u-dihydroxocobalt(IIT)]Co-
balt(Ill)bromide in 1914 — a compound, poetically enough, first prepared by
Jorgensen. A new era had finally dawned, and coordination chemistry flour-
ished.

Much of the interest in coordination complexes in the late 19™ and early 20™
century had to do with their use as dyes, redox indicators, and importantly, as
sensitive colorimeters, clearly seen in the survey published by Morgan and
Burstall in 1936'°. Colorimetry, of course, was made possible by the synthesis
of novel organic ligands — chelates — that could bind to biologically relevant
metals of interest such as Fe and produce an intense colour, serving as both
qualitative and quantitative probe for the analysis of samples. Fritz Blau must
be mentioned, the first to report the synthesis of 2,2°-bipyridine (bpy) in
1888'"12. Already then, he had noted an intense red colour upon addition of
FeSO4, but went into no further details. A year later he confirmed the find-
ing"®, but it was only a decade hence, in 1898, that he formally reported the
characteristics of [Fe(bpy);]*", describing its structure in accord with Werner’s
formulation'*. This was confirmed by Werner himself'” in 1912, by resolution
of its isomers (this was somewhat non-trivial as the system racemized easily).

It is useful at this stage to take a macro-view of the extant scientific climate at
the time (to the late 1930s), which is impossible to document in detail, owing
to both the rapidity and variety of findings. Two years after Werner’s demise,
in 1921, Wyckoff and Posnjak using X-ray diffraction published the crystal
structure of [PtCls](NH,), and found a perfect octahedron'®. In 1922, Dickin-
son'’” could likewise confirm Werner’s prediction of the planar structure for
Pt(II). In hindsight, one can wonder how much easier the acceptance of theory
would have been, were the method readily available!

Contemporary developments at the time also included a more complete theo-
retical understanding of chemical bonding thanks to Pauling, Lewis, Mulli-
ken, Hund, Condon, Slater, among others. The foundations of quantum me-
chanics were laid in tandem, where the observation of distinct atomic spectral
lines forced a reconsideration of classical views of continuous energies. Elec-
tronic structure, and its consequences, became tractable. Some relevant details
of these matters are reviewed in Chapter 2.
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1.2 Photophysics of Transition-Metal Complexes

Advances outlined in the previous section meant that the time was ripe for a
shift to queries of a more fundamental photophysical character: the first elec-
tronic absorption spectrum of [Fe(bpy);]*" was reported by Yamasaki in
1937'®. While in the decades to follow [Ru(bpy)s;]** would play a pivotal role
in the development of the photophysics and photochemistry of coordination
compounds, its synthesis was reported by Burstall only in 1936, and its ab-
sorption spectrum was not published until 1954?. The authors note in the very
first sentence, “The accumulation of considerable information on the Fe(Il)
complexes with 2,2'-bipyridine made the investigation of the corresponding
ruthenium system seem desirable, especially in view of the similarity of the
coordination chemistry of the two metals.”

One can speculate why — rightfully christened by Wenger*' — the fruit-fly of
photophysics trailed behind, and the reason could have been as simple as the
biological irrelevance of Ruthenium, coupled with its scarcity. The sophisti-
cation of the instrumentation available was of course a general limitation. In
this regard, the advent of pulsed light sources — particularly the laser in 1960
— can be considered a milestone, without which the detailed study of excited
state dynamics, and consequently an understanding of their reactivity, would
not be possible. We return to this matter shortly. Meanwhile, it would be re-
miss to not mention that the very first laser was based on the crystal Ruby,
which is nothing but Cr** ions doped in Al,O;.

Returning to the matter of electronic structure, transition-metal complexes
(TMCs) are colourful, i.e. they absorb visible light (more broadly, they absorb
from the UV to the near infrared, ca. 200 to 1100 nm). Visible photons pack
around 170 to 300 kJ/mol of energy, and their absorption by a complex leads
to a rearrangement in its electronic structure, and it is said to be in an (elec-
tronically) excited state. It is these electronic transitions which dominate the
absorption spectra of TMCs. [Fe(bpy)s;]** and [Ru(bpy);]**, for instance, are
the colour of red wine and whiskey, respectively, when dissolved in a solvent
such as water or acetonitrile. This translates to absorption maxima of ca. 520
nm and 450 nm in the visible: absorption spectra are a quantitative measure
of what we see (or don’t) with our eyes. A unique feature of TMCs is the
variety of electronic states, and consequently, transitions availables, often-
times due to the presence of partially filled orbitals on the metal or empty
orbitals on the ligand. As an example, the transition responsible for the colour
of [Ru(bpy)s;]*" or [Fe(bpy):]*" is entirely different than the one which

€ See 2.1 for details; for the purpose of this discussion, however, it is sufficient to think of the
complex’s orbitals as comprised of those based on the metal, and those on the ligand
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underlies the emission of the Ruby laser mentioned previously. The former is
a so-called (metal-to-ligand) charge-transfer (MLCT) transition, characterized
by the movement of an electron from a primarily metal-based to ligand-based
orbital; the latter on the other hand is a ligand-field transition: the electron
moves from one metal-based orbital to another (see Figure 3.11 for a repre-
sentative illustration). The transitions which characterize their emissions (if
any), likewise involve different electronic states.

This complexity of electronic structure meant that coordination complexes
were once again at the forefront of the application and refinement of electronic
theory?*?*: the molecular orbital approach was first applied to TMCs in 1952;
correlation diagrams which tracked the energies of various electronic states
were published by Tanabe and Sugano in 1954***°, and remain an invaluable
tool in the analysis of spectra even today. Needless to say, the rich landscape
of electronic states presents a myriad of possibilities from both a perspective
of fundamental understanding and practical use.

A
0 A | A

Figure 1.21. A molecular orbital picture of why the excited state is a better
oxidant and reductant. Ground state on the left, excited state on the right. The
red arrows indicate ionization potential, while the dark blue arrows indicate
electron affinity. ‘0’ indicates continuum, or the electron in vacuum.

Given the altered electronic structure, the excited state can be regarded as a
distinct species — it is more energetic, and is a more potent oxidant and reduct-
ant, which can be simply visualized in Figure 1.21. Excited states are transient
species, and several pathways may allow them to shed their excess energy in
order to return to the ground state. The principle two are radiative (emission
of a photon) and non-radiative decay. The latter is vibrational in character,
and is called intersystem crossing when accompanied by a change in spin,
otherwise called internal conversion. The importance of knowing the time-
scales of occurrence of these processes is made evident by once again consid-
ering the cases of congeners [Fe(bpy)s;]*" and [Ru(bpy)s]*".

The luminescence spectrum of [Ru(bpy);]*" was reported in 1959 by Brandt*,
and the corresponding spectrum for the iron analogue does not exist. This is

not due to a lack of measurement — the complex does not emit. Furthermore,
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[Ru(bpy)s]** finds extensive use as a photosensitizer, the first quenching ex-
periments demonstrating its photochemical activity having been conducted by
Balzani and co-workers, as well as Meyer and co-workers in 1974*"%%, Such
is not true for the iron counterpart. The two are isoelectronic (d° configuration)
and superficially isostructural® (bite angles and M—N bond lengths are not
drastically different, although the bond lengths for [Fe(bpy);]*" are around 5%
shorter: 78.840.5° / 2.064 A for Ru, and 81.840.6° / 1.961 A for Fe), so the
observed difference cannot be explained by these metrics alone. On the other
hand, the difference is immediately unravelled upon a consideration of the
state energetics and dynamics, which are summarized in Figure 1.22 (this pic-
ture was built on, cumulatively, several decades of steady-state and time-re-
solved spectroscopic measurements26,”'*, some of them conducted — and
still debated — as late as 2014-15%"*! and work still continues***).
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a) b) T,
SMLCT
~20fs T,
: T,
photoproducts .":50 fs
E E . 3T]
~0.46 us _
On=002 (" "
S N = 3
GS Q0 \
AN ..’ ~660 pPs
y N | N amen
\.’) I?NEI/LQ g
I_,\,_\ ;
internuclear distance (Ru-N) internuclear distance (Fe-N)

Figure 1.22. State energetics for the isoelectronic, and geometrically isostruc-
tural oligopyridyl complexes, a: [Ru(bpy)s]** and b: [Fe(bpy)s]*", where bpy
=2,2’-bipyridine. Note that the exact cascade in b is disputed; here the picture
suggested from ref 26 is drawn.

Excitation into the MLCT bands of both complexes results in the population
of the "MLCT state, which then undergoes rapid intersystem crossing on the
timescale of 20—40 fs to the *MLCT state. In [Ru(bpy):;]*, the *MLCT is the
lowest lying excited state — the thermalized state delocalized over the three
bpy ligands* — which is luminescent and proceeds to decay with a lifetime of
ca. 0.6 pus in room temperature solution. Although some 0.5 eV is lost during
the intersystem crossing process, the "MLCT is still rather energetic (2.1 eV),
and has a long enough lifetime to allow for bimolecular reactivity in the solu-
tion phase. By contrast, in [Fe(bpy);]*", the lowest lying state is the metal-
centred quintet state, °T,, which is populated from the *MLCT on a sub-
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picosecond timescale. This state deactivates with a lifetime of around 660 pi-
coseconds — even if one may consider this just enough for reactivity using
rather high quencher concentrations, the fact remains that it is too low in en-
ergy (0.6 to 0.8 eV) for most photochemical applications, although some re-
cent reports exist'>*®. Thus, as expected from the identical electronic config-
urations, the available electronic states in both systems are the same, but their
energetic ordering is very different. The concepts illustrated here are applica-
ble for polypyridyl complexes of the first-row generally, compared to their
heavier counterparts from the second and third rows, thus precluding their use
as photosensitizers or light harvesters of any merit. Recent developments,
however, have begun to see this paradigm slowly shift*’~°.

At this stage, it is right to ask ourselves why — despite being nearly isostruc-
tural in the ground state and possessing the same ligand set — are the metal-
centred state energies so different in [Fe(bpy)s;]**? The answer lies, coarsely
put, in the proximity of the 3d orbitals to the metal®’ — the ligands must ap-
proach far closer to achieve a good orbital overlap, but this is not possible due
to electronic repulsion. They are thus pre-disposed to experiencing a smaller
ligand-field compared to 4d and 5d metals, and low-lying metal-centred states
result. Armed with all this information, we are in a position to approach the
central premise of this thesis.

1.21 Objectives and Motivation

A natural question emerges from the discussion above: is it possible to achieve
the energetic paradigm of a 4d or 5d metal with a 3d one? Put differently, can
we generate long-lived, energetic charge-transfer states with first-row transi-
tion metal complexes? Can the proverbial torch exchange hands once again
from Ru to Fe? Clearly, the metals themselves cannot be changed, so the effort
must be directed towards a different design of the ligand framework, if such
an outcome is to be achieved. This thesis explores one such strategy, which
utilizes N-heterocyclic carbene ligands in a unique tripodal — scorpionate —
motif in conjunction with 3d metals Mn, Fe, and Co. The general structure of
the complex can be seen in Figure 1.23. Throughout the text, we will refer to
it as [M*L2]"" (where M=Mn, Fe, or Co, x is the oxidation state of the metal,
and L=[phenyl(tris(3-methylimidazol-1-ylidene))borate]. Sometimes, we
will also use the shorthand M-carbene or M-NHC, where M is the metal, but
only when it precludes any confusion.
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Figure 1.23. General structure of the complex(es) investigated in this thesis
(apart from Chapter 7), [M*L,]"". M=metal, x=oxidation state of the metal,
and n=charge of the complex. L=[phenyl(tris(3-methylimidazol-1-yli-
dene))borate] ", which is the tridentate Scorpionate ligand.

Should the answer to the aforementioned questions be a positive one — and we
mildly spoil the reader by saying yes — then several corollaries emerge: what
are the energetics and dynamics of these excited states? What is their reactiv-
ity? How is the structural and dynamic paradigm in these complexes similar
or different from the ones already studied?

Finally, the motivation for answering such questions can be twofold. To begin
with, there is the matter of fundamental photophysical insight: not only was a
mechanistic understanding of the underlying photophysics of transition-metal
complexes useful to explain their behaviour, it altered the dogma established
from organic photophysics regarding the timescales of processes. For a large
suite of organic chromophores, vibrational relaxation always occurs first, fol-
lowed by internal conversion, and finally intersystem crossing. This is hardly
the case for metal polypyridyls, however, where any generality seems a lux-
ury™2. Thus, as always, with this new class of complexes comes the possibility
of unforeseen photophysics. The second motivation can admit of a social con-
texth: several first-row metals are orders of magnitude more abundant than rare
metals such as Ru and Ir, and can also be relatively non-toxic. The realization
of first-row based excited states with similar or better properties, enabling
them, for e.g., to harvest sunlight, can thus be thought to contribute towards a
more sustainable future.

" whether one considers it philosophically tenable is another matter entirely.
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2. Fundamentals of Molecular Photophysics

The universe is an enormous direct product of representations of symmetry groups.

— Steven Weinberg

We refresh here some key theoretical concepts that are used in the chapters
that follow. Nothing new is presented, per se, and the treatment is essential
and far from exhaustive. It takes inspiration from well-known texts on quan-
tum mechanics®*, physical inorganic chemistry”>*® and molecular photo-
physics®’ — the reader is directed there for any missed details or clarifications.

2.1 The Theoretical Minimum

The electronic structure of matter cannot be explained by classical theories of
physics. One must instead use quantum theory, the core axiom of which is
Schrodinger’s equation (here it is written in one dimension, but can be gener-
alized to three):

ho¥(x,t)  h? 0°W(x,t)
i ot  2m  0x?

+ V®(x,t)
2.1

h is the reduced Planck’s constant, m is the mass of the particle, and V is the
potential energy function (that does not depend on time). W is the particle’s
wavefunction — which in principle contains all information about the particle
— and what we try to solve for. Visual inspection suggests we may look for
solutions of the form W(x,t) = f(t)(x). If we take this expression and dif-
ferentiate with respect to time and twice with respect to position, we get:

0¥ (x,t) df(t) °W(x,t)  d*P(x)

ot dt Y(x) and ox?z dx? f®
Substituting these equations into 2.1 yields:
hRo1 df(t h? 1 d?
_h 1@ _ JZCINN

i f(t) dt  2my(x) dx?
2.2)
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We can observe that the left-hand side of 2.2 is exclusively a function of t,
while the right-hand side is a function x: we can therefore set both sides equal
to an arbitrary constant, ‘E’, and solve. The solution of the left-hand side gives
us the time-dependence of the wavefunction:

h 1 df(t) .
-~ =F; H=A —iEt/h
[ f(O dt f(&) = 4e
(2.3)
The right-hand side gives us the time-independent Schrodinger’s equation:
hz 2
“omaz T V(x)] Y(x) = Ep(x)

(2.4)
In principle, multiplying 1 (x) with 2.3 can give us a general solution which
maps the evolution of the wavefunction in space and time. The correspond-

2
ence of the term in brackets with the classical Hamiltonian, Zim + V(x), is

immediately evident. 2.4 is therefore often written as:

Hy = Ey

(2.5)
where H is the Hamiltonian. The correspondence between physical quantities
in classical mechanics and operators in quantum mechanics is general, and
every physical observable has a corresponding operator. In order to obtain
Y(x) from 2.4, we need V(x) and this is determined by the problem of interest.
Unfortunately, 2.4 is only exactly analytically solvable for very few systems
(types of V(x)). Fortunately, these simple potentials (such as V(x) = 0 for a
free particle, or a Hooke’s law style potential, V(x) = 1/ 2 kx? for the harmonic

oscillator, etc.) are sufficient to model a lot of physically interesting problems.

One such solvable problem is that of the one-electron atom, where V (x) takes
2
the form of the spherically symmetric Coulomb potential, — (Z lel / x)- Zis

atomic number, e is the electronic charge and x is the distance from the nu-
cleus. The solution wavefunction gives rise to the three quantum numbers n,
1, and m. It is a product function consisting of a radial part which determines
the distance of the electron from the nucleus and an angular part (spherical
harmonics) which decides how it is positioned with respect to the nucleus.
The latter is what gives the ‘shapes’ of atomic orbitals. It was not mentioned
thus far, but the actual probability of finding a particle (or in this case, the
electron) will be given not by the wavefunction itself. Rather it is determined
by its product with its complex conjugate, i.e. [(x)|?, termed the probability
density. This is plotted for the 3d orbitals in Figure 2.11.
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Figure 2.11. Shapes of the 3d orbitals as obtained by plotting the probability
density obtained for the solutions of the Schrédinger equation for hydrogenic
atoms.

Our approximation of the shape also holds up reasonably well in a multielec-
tron system (surprisingly enough!). So what is the fate of the 3d-orbitals in a
typical octahedral’ transition metal complex? Crystal-field theory (CFT) offers
a first explanation from a purely electrostatic point of view. If the ligands are
thought of as negative point charges surrounding the central metal atom, we
can see that the d,” and d,”.,” orbitals which point along the axis will experi-
ence greater repulsion. Accordingly, under the influence of the ligand’s field
orbital degeneracy will be lifted as illustrated in Figure 2.12. A, is the crystal-
field splitting parameter for the octahedral case; d,” and d\.,” are destabilized

by 2Acand dyy, dy;, dy, are stabilized by 2A.

L _J A2 d2 2

Figure 2.12. Splitting of the d-orbitals in an octahedral crystal field.

Ligands may be classified as ‘strong’ or ‘weak’ field depending on the mag-
nitude of A,, with those generating a larger splitting labeled as strong-field.
After the third electron is added, there is a choice to pair-up or to fill an empty
orbital which is at higher energy (but is favorable from the point of view of
Hund’s rule of maximum multiplicity). What happens is determined by A,: if
it is larger than the energetic cost of pairing up electrons (pairing energy), then
the fourth electron would rather pair-up. If it is smaller, then the electron will
go to a higher energy d-orbital. Accordingly, strong-field ligands with large
values of A, favour low-spin complexes, while weak-field ligands result in
high-spin complexes. A concept called ‘spectro-electrochemical series’ exists,

I there are of course other geometries of complexes, but we restrict ourselves to the octahedral
/ pseudo-octahedral case here
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where the ligands are arranged according to their field-strength, and a partial
one is shown below:

I <Br <SCN™ (S-bonded) < CI'<NO; <F <OH < C,04 <H,O <NCS~
(N-bonded) < py (pyridine) < NH3 < en (ethylenediamine) < bpy (2,2'-bipyr-
idine) < phen (1,10-phenanthroline) < PPhs (Triphenylphosphine) < CN™

The series embeds the weakness of CFT: neutral ligands such as bpy and phen
generate a stronger field as opposed to the doubly-charged oxalate. A purely
ionic description of bonding in TMC:s is therefore inadequate, and we must
consider covalency. Before we introduce a more refined theory, we take a
small detour. The alert reader may have noticed that the d,* and d,,* orbitals
in Figure 2.12 carry a label called ‘e,’ beside them. Likewise, dy, dy., and dy,
are denoted as ‘tyg’. These are symmetry symbols which belong to group the-
ory. In a simple way, group theory may be understood as a formal system of
classifying objects according to their symmetry operations. The latter include
transformations such as reflection in a plane), rotating about an axis, doing
nothing (it’s math, you see, so the ‘identity’ operation i.e. multiplying by ‘1’
which changes nothing must always appear to ensure completeness...), etc.

Some core ideas are understood even without the use of formalism: for in-
stance, we can see that rotating the axis 90° (a ‘C4’ operation) can transform
the dyy, dy, and dx, orbitals into one another: they are triply degenerate. Hence
the symbol ‘t’. Note that lower case will be used for orbitals, while upper case
for states (t2g or Tog). Likewise, the e, set is doubly degenerate (though this is
not as simple to visualize — but we can at least see that changing the axis labels
can ‘mix’ the two orbitals). A character table of a given “point group’ tells us
how an orbital with a given symmetry symbol transforms under different sym-
metry operations. For instance, the character table for the octahedral point
group collects all its symmetry operations, and the aforementioned symmetry
symbols are found there.

For our purposes, without getting into details, the important point from the
context of molecular orbital (MO) theory is that only ligand and metal orbitals
with the same symmetry properties may interact to generate molecular orbit-
als. This gives rise to MO diagrams, which are illustrated in Figure 2.13 for
an octahedral complex. In the MO perspective, one can rationalize larger field
splittings for ligands such as bpy, for instance, by noting that ligand & orbitals
(depending on their energy) can interact with the metal t,, orbitals and stabi-
lize them. Similarly, ligand ¢ orbitals influence the field-splitting by changing
the energy of the e,* orbitals.

I Note the corresponding symmetry elements which are mirror planes, axes of rotation etc.
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Figure 2.13. Molecular orbital diagrams for an octahedral complex. Left: For
ligands which do not possess m orbitals or do not have substantial 7 interac-
tions. Right: Showing both ligand ¢ and & interactions.

We can draw a generic and simplified MO diagram in order to illustrate the
many transitions we mentioned in the introductory chapter. These include
metal-to-ligand charge transfer (MLCT), ligand-to-metal charge transfer
(LMCT), ligand-centred (LC), and metal-centred (MC) transitions.
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Figure 2.14. Generic MO diagram illustrating the several types of transitions

possible in an octahedral complex. See text for details. Figure concept from
ref 56.

We bring this section to a close by mentioning one more handy tool: the
Tanabe-Sugano (TS) diagram. These diagrams can be made for different d-

31



electron configurations, and track the energies of the different electronic states
available as a function of A, One for a d* electron configuration is illustrated
in Figure 2.15. The abscissa is the ground term, which is arbitrarily set to zero
energy; B is a Racah parameter (there are also Racah parameters A and C, but
they are typically less important) which accounts for electron repulsion. An
important point to bear in mind is that a lot of TS diagrams will be plotted
with some arbitrary C/B value (the one shown has a C/B = 4.5), while in real-
ity B will be different for every complex, so the relative energies will be dif-
ferent as well. Nevertheless, a generic TS diagram is still an excellent quali-
tative guide. In a crystal-field approach, B can be taken as the free-ion value
obtained from atomic spectral data. However, it has been found that metal
complexes will typically have a smaller B value than that of the free-ion (usu-
ally obtained as a fit parameter). We once again see the consequence of cova-
lency: the electrons are in fact delocalized over the ligands, and the effective
charge on the metal is also reduced, resulting in a lowered B value than from
a purely ionic perspective.

Figure 2.15. Tanabe-Sugano
diagram for a d’ electron con-
figuration. See text for details.

A few more caveats are good to note®®: TS diagrams do not feature charge-
transfer states, and the excited state energies are determined at the ground state
geometry (but excited states will typically feature some distortion). If the com-
plex is not perfectly octahedral, then degeneracy will be further lifted, result-
ing in more terms.

2.2 Transitions

The electronic transitions between different molecular orbitals that we have
illustrated towards the end of the previous section (Figure 2.14) are a conse-
quence of the radiation field coupling two quantum states. In fact, the most
general descriptor (at least for weakly coupled systems) of the transition
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probability between two quantum states is the ‘golden rule’, obtained using
Schrodinger’s equation and time-dependent perturbation theory:

2
P = 7 [VI2p(Ef)

(2.6)
P is the transition probability per unit time between initial state, i, and final
state, f, and V is the coupling between the two states (note this is not to be
confused with the potential energy function we have discussed in section 2.1).
p(Ef) is the density of states at the energy of the final state, E;. V takes the
form of the transition matrix element:

V = (fIH']i)

2.7)
Which is shorthand for [ W,"H'W;d7r and H' is the interaction Hamiltonian.
When we consider radiative transitions, 2.6 is modified slightly in that a pho-
ton is exchanged with the radiation field — absorption (supplied from the field)
and stimulated emission (taken up by the field)*. The density of states is rather
the mode density of electromagnetic waves in space; but the essential point is
that of the transition rate depending on the square of the matrix element. H'
takes the form of the dipole moment operator, g = e.r and the matrix element
is (Wr|u|¥;), also called the transition moment. The latter must be totally sym-
metric in order to be non-zero, and results in selection rules for transitions,
such as those between d-orbitals in an octahedral complex being formally for-
bidden by symmetry. We may apply the Born-Oppenheimer approximation,
which allows for a separation of the wavefunction into nuclear (¢) and elec-
tronic () parts:

(el (o rlpl@i)lw:)
2.8)
And the more restrictive Condon approximation, that considers the dipole op-
erator acts only on the electronic part, which allows us to write:

(Wrlpe|wiMor | i)
(2.9)

k spontaneous emission is a bit trickier in that vacuum fluctuations of the field constitute the
perturbation; but we stick with a handwavy approach in the interest of brevity

I'octahedral complexes have something called a ‘centre of inversion’: if you translate each point
through the centre the same distance on the other side, you obtain the same shape. the d-orbitals
are ‘gerade’ i.e. symmetric with respect to the inversion centre, hence the ‘g’ subscript in the
symmetry label. g x g = g and the dipole operator has u (ungerade, antisymmetric) symmetry,
giving an anti-symmetric product in the integral: g x g x u = u, making it zero. So why do we
see these transitions at all? Because the rules are meant to be broken, of course. Vibrations of
appropriate symmetry can mix a forbidden state with an allowed one, resulting in some intensity
stealing — formally this is a breakdown of the Born-Oppenheimer approximation.
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(gof|<pi)2 are the Franck-Condon factors, and hence the principle essentially
states that the most probable transitions occur between states which maximize
the vibrational overlap. The situation is illustrated in Figure 2.21. The vibra-
tional wavefunctions may be obtained by solving the time-independent Schro-
dinger equation for potential function of a mass tied to the end of a spring, as
mentioned previously. Note that a closer approximation of a real system is a
Morse potential, and the density of states will get much larger at the higher
energy levels.

Figure 2.21. Potential energy surfaces with possible transitions; blue is the
ground state, red is the excited state. Left: Vertical transitions corresponding
to absorption and emission (solid arrows), showing how transitions which
maximize vibrational wavefunction overlap are favored, in accord with the
Condon approximation. Aq is the displacement of the excited state minimum
with respect to the ground state. Right: Non-radiative transitions (not
illustrated by arrows but should occur horizontally) between differently
distorted excited states and the ground state.

Finally, we can make a further approximation where we separate the elec-
tronic part into a one-electron wavefunction (orbital, 0) and a spin part (S), to
obtain:
(67 [12]0:)(S|Si)er [ 02)

(2.10)
We can therefore view the transition probability in terms of the squares of
these three matrix elements: the electronic transition moment, contingent on
orbital overlap and symmetry, the spin integral which accounts for change in
spin between the states (if any), and the vibrational overlap, i.e. the Franck-
Condon factors just described. By portioning the electronic part, we see that
transitions which will involve a spin-change are formally forbidden. On the
other hand, much like for symmetry-forbidden transitions, in this case, spin-
orbit coupling (particularly for metals which are heavy) can make these
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transitions allowed. It is convenient, perhaps, to look at the situation in kinetic
terms as the final observed rate constant being a function of these three ‘retar-
dation’ factors:
kobs = ko X fefsty

2.11)
where kops is the observed rate constant, and ko is the hypothetical maximally
allowed rate constant (10"°~10'° s™), and f,, f,, and f, are the electronic, spin,
and nuclear retardation factors, respectively.

For the case of non-radiative transitions, it is important to note that they may
only occur between states that are isoenergetic (so they are ‘horizontal’ tran-
sitions in that sense). Strictly speaking — of course, the solvent may act as a
reservoir to take or supply energy. We can re-express the golden-rule expres-
sion, for clarity:
(05/H[0:5:) (or|01)”

(2.12)
Here symbols have the same meanings introduced previously. Note that in last
term we should consider that there is a unique overlap integral for each vibra-
tional mode, which we have not explicitly written for simplicity. The interac-
tion Hamiltonian, H' is either Hic or Hs, for internal conversion or intersystem
crossing, respectively. The latter involves a transition between states of dif-
ferent multiplicities. The implication of the golden-rule formulation of non-
radiative rates is also illustrated in Figure 2.21.

We can see that distorted excited states may be expected to decay faster since
at higher vibrational levels most of the wavefunction density is at the turning
points. At the same time, nested surfaces would promote a longer excited state
lifetime (not considering the radiative rate) — in that regard, the very small
coupling term (which absorbs the Franck-Condon factors) at very high vibra-
tional levels overwhelms the density of states. It is these types of considera-
tions that have given rise to rules of thumb such as the ‘energy gap law’ i.e. a
larger energy separation implies a slower non-radiative rate of decay. Or that
emission should typically occur from the lowest vibrationally excited level of
a given electronic state (Kasha’s rule), since internal conversion from higher
vibrational levels can be expected to be fairly fast due to the large density of
states. These statements should, however, always be viewed as derivatives of
the more general golden-rule treatment.

We end our admittedly simplified discussion of transitions with yet another
handy tool: the Strickler-Berg equation, which may be used to estimate the
radiative rate constant using experimental data. The equation may be derived
by using a golden-rule style treatment to obtain the rate for stimulated absorp-
tion/emission, and then equating with rates obtained independently by
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Einstein in terms of the coefficients A and B (for spontaneous and stimulated
8mhv3n3
c3
in terms of quantities that may be obtained in a facile way using experiment.
Originally developed for organic chromophores, the expression can be ex-
pected to yield reasonable results (order of magnitude) for any spin-allowed

transition.

absorption/emission, respectively, 4 = B). This allows for recasting

ky = /7, = 2.88 x 107°n2(573)7! j e(¥) /¥ dv

(2.13)
n is the refractive index of the solvent, V¢ is the emission frequency in cm’,
and ¢ is the extinction coefficient (which is integrated over all frequencies in
the last expression). The radiative rate constant, k,, may therefore be evalu-
ated.

2.3 Excited States: Energetics and Dynamics

Using the simple molecular orbital picture seen in Figure 1.21, we are able to
see how the excited state (we label it *S) is both a better oxidant and reductant
than the ground state (we label it S). If we know the potentials for oxidation
and reduction of the ground state E°(S*/S) or E°(S/S™), together with the ex-
cited state energy, Eoo (i.e. the zero-point energy difference between the
ground and excited state), we can estimate the excited state potentials as fol-
lows, using the Weller equation:

E°(S*/"S) = E°(S*/S) — Eo—o("S/S)
E°(*S/S7) = E°(S/S7) + Eo—o("S/S)

(2.14)
As we saw in section 2.2, the excited state may decay radiatively or non-radi-
atively — the set of equations 2.14 suggest we may also utilize it for reactivity
within its lifetime. Thus, the fate of this excited state may be summarized us-
ing the following kinetic equations, if no photochemistry goes on:

ke
*S — S+hv’

knr
*S —— S + heat
(2.15)
And the following equations may be added if reactivity is involved:

kp
*S —— products

k
*S+Q —— §™+ Q (alternatively, S”+ Q")
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(2.16)
Where we note that kq is the bimolecular quenching rate constant, and there-
fore must be multiplied by the quencher concentration in order to convert it to
a unimolecular rate constant. In principle, the excited state may be quenched
by electron or energy transfer processes, but we only concern ourselves with
the former in this thesis.

We can define a quantum yield for any of these processes:

ki
ke + ke + Ky + kg [Q]

¢i

(2.17)
where the denominator may be re-expressed as: Kops = ky + kpy +kp +
kq,[Q] = 1/Tobs’ in terms of the observed excited state lifetime. In this thesis,
ks is typically not a concern either, and the vast majority of the analysis con-
cerns only the set of equations in 2.15. Electron transfer reactivity of the ex-
cited states is also tested using different quenchers, however, so kqis some-
times relevant. Electron transfer quenching may proceed via dynamic or static
mechanisms. The former involves diffusional encounter between an excited
state and quencher molecule, resulting in the excited state’s deactivation — the
excited state lifetime should therefore be lowered. Static quenching involves,
for instance, complexation in the ground state and therefore the lifetime of the
uncomplexed population should not be affected. Accordingly, kq (and the
mechanism of quenching) is conveniently determined using the Stern-Volmer
equation and conducting both steady-state and lifetime quenching experi-
ments:
17" =1+k47,[0Q] and%’ =1+k47,[0Q]
(2.18)
Here, I, is the emission intensity at a given wavelength (typically the maxi-
mum) in the absence of quencher, / is the emission intensity at the same wave-
length in the presence of quencher concentration /Q], k, is the bimolecular
quenching rate constant, and 7, is the excited state lifetime in the absence of
quencher. Therefore, a plot of 17" (or T?") with the quencher concentration /O]
can be expected to be linear with the slope equal to k,7, or K, the Stern-

Volmer constant if a single quenching mechanism is operative. If the quench-
ing process involves both static and dynamic mechanisms however, the Stern-

Ip . . .

Volmer plot for 7" is parabolic instead. Then time-resolved measurements can

help sift out the dynamic quenching rate constant, and the static quenching
I

rate constant may be evaluated from the 7" plot.
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Since electron transfer has been mentioned, we ceremonially close this section
by writing out the expression for electron transfer using Marcus theory™:

21
ke = ? |VAB|2

A+ AGO)Z)

1
ex —
JAmAkgT p( 4mtAkpT
(2.19)

ke is the rate constant for electron transfer, V,p is the electronic coupling be-
tween the initial and final states, A is the reorganization energy, and AG? is the
total free energy change of the reaction, and the other symbols have their usual
meanings. A key prediction of Marcus theory is that of the inverted region —
when AG® exceeds the reorganization energy, the rate of electron transfer de-
creases. The similarities with the golden-rule expressions considered above
are evident: and indeed, non-radiative transitions may be treated within a Mar-
cus-style framework, if desired®.

2.4 Ligands

We saw in the introduction that coordination chemistry started off with the
use of ligands such as CI", NH3;, CN™ etc. These are the so-called classical
ligands, which — again as we noted in chapter 1 — slowly gave way to modern
chelating motifs, such as 2,2'-bipyridine. The variety of ligands available to-
day is immense, ranging from cryptands to macrocycles. One popular motif is
the scorpionate®"* and Smith has noted that the tris(pyrazolyl)borate anion is
the common ancestor to all scorpionate ligands®. Scorpionates typically form
homoleptic complexes with first-row metals, showcasing a close to octahedral
geometry. Meanwhile, the past few decades have also seen utilization of N-
heterocyclic carbenes (NHCs) as ligands™, with their exceptional steric and
electronic properties®*® resulting in breakthroughs in organometallic synthe-
sis® and catalysis®’.

The best of both worlds is perhaps found in the relatively unique scorpionate-
NHC®, i.e. NHCs constrained to a tripodal framework. This motif was first
reported by Fehlhammer in 19967', and a facile synthetic route was developed
by Smith in 20057°. Later, a phenyl group was incorporated on the boron’?,
resulting in [phenyl(tris(3-methylimidazol-1-ylidene))borate] (L) — the lig-
and whose complexes are the subjects of the chapters that follow. By some

™ a carbene has six valence electrons as opposed to the usual eight, and is therefore highly
reactive, and must be stabilized by, for e.g. use of bulky substituents. The carbon is character-
ized by three sp? and an unhybridized p-orbital; two of the sp? orbitals are engaged in bonding
with substituents, which leaves one sp? and one p-orbital available. In a singlet carbene, the
former will house the lone-pair of electrons, making the carbene a strong sigma-donor; the
empty p-orbital allows for © back-donation as well. NHCs, as the name implies, are carbenes
which feature heterocycles containing nitrogens.
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metrics”, L is the strongest tripodal sigma-donor known. If we look at the MO
diagrams in Figure 2.13, the ligand-c orbitals can be expected to be lifted
higher in energy than what is illustrated, and the e,* set therefore substantially
destabilized. This is an interesting situation to contrast with a typical
polypyridyl that more prominently features n-interactions.
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3. Methods

I need a weapon.

—John-117, Halo 2

In this section, we review the techniques employed in the following chapters
for the study of electronically excited states. Since the theory behind these
methods is very well documented, it is dealt with briefly, and the emphasis is
instead placed on considerations that are specific to transition metal com-
plexes when using these methods. Without due precaution, in certain cases,
erroneous conclusions may be drawn: some relevant cases from current liter-
ature are surveyed to highlight the fact.

3.1 Steady-state Spectroscopy

Sample absorbance can be determined using the Bouguer-Lambert-Beer law:

Iy
A=c¢cl= logT

3.1)

where 4 is the absorbance, ¢ is the molar decadic extinction coefficient (typi-
cally expressed in M' cm™, and a direct reflection of the transition moment),
¢ is the concentration of the analyte (in M), and / is the absorption pathlength
(in cm, for consistency of units such that the absorbance is unitless). /y and /
are the incident and transmitted light intensity, respectively. Therefore, if ¢ for
a given species is known, its concentration may be evaluated; conversely, a
solution of known concentration may be used to determine the extinction co-
efficient of a given absorption band. This can already serve as a useful starting
point for TMC:s: as outlined in the theory section, absorptions having different
electronic origins can be expected to have varying extinction coefficients,
ranging from a few hundred M'cm™ for spin-allowed d-d bands to typically
thousands for charge-transfer transitions. Figure 3.11 illustrates two typical
examples. Spin-forbidden d-d bands on the other hand can sometimes have
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extinction coefficient values <1 M x10!
'em” and be extremely broad and 2
featureless, making them difficult

to detect unless large concentra- L5
tions or path lengths are employed.
It is in any case advisable to check
linearity of absorption bands with
concentration — deviations can be 0.5
diagnostic for chemical or physical
interactions in the system, e.g. for- 0 e - s = ol
mation of aggregates. Finally, lin- Wavelength / nm

ear absorption is perhaps the sim-
plest coherent spectroscopy, i.e. the
field produced due to the molecular
response, that determines the ab-
sorption line shape, has a fixed
phase relationship with the incident
light (a phase-shift of « for the sig-
nal field, in the semi-classical pic-
turen).

e [ Cr(B1C:AC )3

[Ru(bpyJal*’

cim

/M

x 100

Figure 3.11. Absorption spectra of
[Ru(bpy)s]** and [Cr(acac)s]
(acac=acetylacetonate) recorded in ac-
etonitrile seen in orange and green, re-
spectively. The lowest energy bands
centred at ca. 450 and 560 nm can be
adjudged charge-transfer (MLCT) and
metal-centred (MC, *A, — *T,) in
character. Note the difference in ex-

. tinction coefficients.
By contrast, spontaneous emission

from a sample is incoherent, and un-
related to the phase of the incident light. The emission quantum yield is a
useful parameter to determine:

Ix AS nx
= X =X — X —
¢x = s LA

(3.2)

where ¢, is the quantum yield of the sample, ¢, is the known quantum yield
of the standard, I, and I are the integrated emission intensities of the sample
and standard, respectively, and 1, and 7, are the respective refractive indices
of the sample and standard solutions, often approximated as those of the sol-
vents for dilution solutions. Finally, 4, and A, are the absorbances of the sam-
ple and standard, typically kept as close as possible at the given excitation
wavelength, and below 0.1 to avoid filter effects (i.e. due to absorption or
trivial re-absorption of emitted light by the analyte). In some situations, high

" This statement must be qualified by the fact that the semi-classical view of destructive inter-
ference between the incident and signal electromagnetic field interpreted as absorption violates
energy conservation in the first-order approximation; to account for the ‘missing’ photon, a
fully quantum mechanical treatment or consideration of higher-order density matrices in the
semi-classical treatment is necessary.
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concentrations are unavoidable (see chapter 4), and front-face detection can
be employed; use of very small path-lengths (<100 um) is also a possibility.

Emission spectroscopy is typically a few orders of magnitude more sensitive
than absorption, since it is not a difference measurement, and only limited by
how low we can make the background. This makes it an excellent probe of
molecular information and at the same time rather susceptible to impurities.
One should be especially careful about the latter when, 1) dealing with samples
with low emission quantum yield°, and ii) exciting in the blue, where several
species tend to absorb, which may include photoproducts. To verify that the
observed emission originates from the species of interest in the sample, it is
routine practice to measure it as a function of several excitation wavelengths
and confirm its invariance. Further, the excitation spectrum — i.e. scanning a
range of excitation wavelengths, typically spanning the sample absorbance,
while detecting at a fixed emission wavelength — should reproduce the ground
state absorption line shape of the species in question (barring, e.g. Kasha-
breaking behaviour, energy transfer etc.), and can usually be taken as good
evidence for attributing the emission to a given band from the complex. Nev-
ertheless, the information is not sufficient in isolation, especially for TMCs
which display several transitions. For instance, a very rare case of dual (called
“Janus”-type) emission from ligand-to-metal (LMCT) as well as metal-to-lig-
and (MLCT) has recently been reported from Fe(Ill)-cyclometalated com-
plexes’, the latter occurring from a band in the blue (<400 nm). Although the
excitation spectrum matches the absorption band, it is notable that there is
onset of ligand absorption in the region, and no control for the ligand emission
is presented. Taken together with the low quantum yield (~10, seeing as it is
on the order of Raman bands) and nanosecond lifetime the results demand
further scrutiny: indeed, a complete picture cannot be constructed without
probing the excited state dynamics (vide infra).

3.2 Time-resolved Spectroscopy

Everything is a transient on some timescale. To truly appreciate the statement,
we may consider the fact that the universe is some hundred million times older
than the relatively longer-lived (ca. 100 years) specimens of the human spe-
cies. As we saw in the introduction, the triplet MLCT state of [Ru(bpy)s]*" has
a lifetime that is around a million times greater than that of the ~100 fs of
[Fe(bpy)s]*", and the human lifespan is 10* times longer than the latter. It is

° It is important to consider that (especially with increasing detector sensitivity) with large
enough bandwidths and long enough integration times, nearly anything may be regarded as
luminescent: a cut-off could be worthwhile.
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evident that the notion of relative timescales is of critical importance: on the
timescales of the universe we are transients, but on that of (even the longest-
lived) electronically excited states, we are eternal. Philosophical exposition
aside, light absorption takes place in ~1 fs — the dynamics of the excited states
which result and we seek to observe are thus some of the fastest processes
extant in nature. The need for such a time resolution necessitates the use of
laser pulses, and ~100 fs, ~300 ps, as well as ~4 ns pulses have been used in
this thesis.

Short pulse generation is achieved via mode-locking, i.e. the summing of a
large number of frequencies (modes) in phase. In principle the pulse-width is
only limited by the time-bandwidth product, and the broader the spectral
width, the shorter the pulse: accordingly, fs pulses can be as broad as 100 nm
in the visible, while ps pulses are nearly monochromatic with widths of a tenth
of'anm. Longer pulses in the ns range are typically produced using Q-switch-
ing: a population inversion is allowed to build up in a non-resonant laser cav-
ity, and a passive or active ‘switch’ (a Pockels cell which changes the polari-
zation of light is an example of an active switch, while a saturable absorber is
a passive one) makes the cavity resonant after an optimal build-up time (a few
hundred microseconds, for most systems), allowing a single cavity mode to
be amplified by the entire inverted population: the resulting ns pulse is there-
fore spectrally narrow.

The broadband nature of fs pulses has interesting implications: since all fre-
quencies in the pulse envelope are in-phase, the excitation of several vibra-
tional modes in a complex can result in the formation of a wavepacket, which
can sample the potential energy surface; indeed, coherent oscillations may be
analysed to identify, for example, specific decay pathways. In this thesis, how-
ever, such an analysis will not be made, and we shall restrict ourselves to
monitoring population states, and not coherences. Spectrally broad pulses pro-
duce more trivial effects as well, such as group velocity dispersion, dubbed
‘chirp’ — a consequence of different frequencies having different propagation
velocities through a medium — which must be corrected for. This is not a mat-
ter of concern for spectrally narrow excitation sources.

3.21 Transient Absorption Spectroscopy

Transient absorption (TA) or pump-probe in the UV-Visible range is perhaps
one of the most used time-resolved spectroscopic techniques. The core prin-
ciple across timescales is the same; a light pulse (designated pump) excites a
sample and probe pulse measures absorption changes in time:

AA = Apumped _Aunpumped = Aecl
(3.3)
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where A¢ is the differential molar extinction coefficient. A few differences
exist between typical fs and ns measurements: the latter can utilize a conven-
tional white light probe source (e.g. a Xe lamp), and dynamics can be meas-
ured in real-time due to fast electronics (which can go down to a few picosec-
onds). To preserve the time-resolution in a fs measurement, however, fs pulses
must be used to probe the sample as well — time is accounted for using an
optical delay stage, which allows for the probe pulse to follow a longer path,
and sub-micrometer movements can afford time-stamps down to a few fs: the
total measurement is a collection of these snapshots. Given that TA probes
absorption differences, it is a powerful tool to probe dark states — which as we
have learned, those of many TMCs tend to be, particularly of the first-row. It
is also relatively less sensitive to impurities.

10
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Figure 3.21. Transient absorption data for two different iron complexes, rec-
orded in acetonitrile, after exciting into the lowest energy absorption band(s)
at 500 and 520 nm. a: [Fe"'L,]", where L=[phenyl(tris(3-methylimidazol-1-
ylidene))borate]” which is the complex discussed in chapter 4 and illustrated
in Figure 1.23. The white rectangle marks the region of pump scatter. b:
[Fe"L'2]** where L'=(2,6—diimine)pyridine. Please note color bar gradients are
different in the two figure panels.

Three types of signal contributions can exist: excited state absorption (ESA),
ground-state bleach (GSB), and stimulated emission (SE — note it is sponta-
neous emission for a ns measurement). Sample excitation leads to a depletion
of the ground state population — more light therefore reaches the detector
where the ground state absorbed, resulting in a negative GSB signal. Likewise,
the formed excited state absorbs, and less light reaches the detector resulting
in a positive ESA. Interaction with a probe photon can trigger emission from
the excited state, and, since once again more light arrives at the detector, the
resulting signal is stimulated emission. The net shape (and sign) of the AA
signal at different wavelengths is a superposition of all contributionsy: this is

Psome extra details are provided in the appendix for the interested reader, which are necessary,
for instance, to explain coherent artefacts
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best understood by looking at some data, seen in Figure 3.21. Both surfaces
feature a net positive signal in the blue region, due to ESA. The GSB from
around 450 to 600 nm manifests as a net negative signal for the Fe-polypyridyl
(Figure 3.21, right), while it leads to a reduction in the ESA for the Fe-carbene
(Figure 3.21, left — for a clearer view of the band shape, the reader is directed
to Figure 4.12). Finally, a negative AA which represents a SE signal is seen
towards the red for the Fe-carbene, but this is not the case for the polypyridyl,
which is not emissive.

Despite the general similarity in spectral features and lifetimes (~2 ns), their
electronic origins are entirely different, being a charge-transfer state for the
Fe-carbene, and a metal-centred state for the Fe-polypyridyl. In this particular
case we have the benefit of having an emissive charge-transfer excited state
to have greater certainty in our assignments (together with other measure-
ments, see chapter 4) — but the fact remains that in many cases, transient data
in the UV-Vis will be characterized by an ESA and bleach, making distinction
between charge-transfer and ligand-field state manifolds a challenging task.
Spectroelectrochemical data (see section 3.31) is useful to determine diagnos-
tic spectral features for CT states, but it is by no means water-tight. A case in
point is that of long-lived CT states in Fe"-amido complexes reported by Her-
bert and co-workers’: the observed spectral features in the TA were in good
agreement with the spectroelectrochemical data, leading to a CT assignment.
Follow-up investigations by the same group — which now include time-re-
solved X-ray measurements — have revealed this to be the usual low-lying
quintet metal-centred state (°T,) common in most Fe-complexes, however’®.

Nevertheless, TA remains an invaluable tool in conjunction with other meth-
ods. Returning to the case of Janus-emission discussed at the end of section
3.1, it is notable that the observed lifetime in TA and emission measurements
does not agree (the TA signals disappear entirely in <500 ps, while emission
lifetimes in the ns range are reported). An agreement between TA and emis-
sion lifetimes is a good indication of the emission originating from the same
species. Furthermore, the observed extinction coefficient of the absorption
band (ca. 6000 cm™) suggests a radiative rate constant on the order of magni-
tude of ~10% s™! via the Strickler-Berg relation mentioned in the theory section
(although strictly applicable to transitions where there is no change in multi-
plicity, the claimed ns lifetimes partly justify its application in this case). The
observed emission lifetime (few ns) and quantum yield (around 0.01%) allow

kr
to about
kr+knr)

~10*s, leading to a discrepancy of up to 4 orders of magnitude. It is therefore
wise to question the spectacular results.

for an independent determination of the radiative rate (e, =
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We end this section by noting that additional complications arise in the anal-
ysis and interpretation of ultrafast TA data <500 fs”’, since many relevant pho-
tophysical processes in TMCs, from vibrational cooling to intersystem cross-
ing may take place on these timescales, sometimes in parallel (this has not
been discussed and truncated in Figure 3.21 for lucidity). Contributions from
the IRF (instrument response function) — which is typically held as a fixed
parameter in multiexponential fits, but may have a wavelength dependence —
can influence the early time-constants at different wavelengths to an appre-
ciable degree. Depending on resolution, ultrafast events may occur within the
IRF, or at the least be heavily convolved with it. Coherent artefacts may be
mistaken for signals’®”. A global analysis of the data and independent deter-
mination of the IRF using the solvent may to some degree help ameliorate
such issues®; at the same time, single-wavelength analysis can provide insight
in specific spectral regions which may be missed in a global fit of the data.
The latter approach is adopted in this thesis, if conservative. There is always
some trade-off, and at the end of the day, the importance of fit models and
parameters being physically realistic cannot be stressed enough.

3.22 Time-resolved Emission Spectroscopy

Time-resolved photoluminescence (emission) (TRE) measurements track the
decay of a luminescent excited state in time. Data collection and analysis is
relatively straightforward (for single species) and serves to complement TA
nicely — as mentioned in the previous section, agreement between the excited
state lifetime determined from TA and TRE allows for attribution of the emis-
sion to the same species. It also provides a facile way of determining dynamic
quenching rate constants; in conjunction with steady-state measurements, it
can be used to differentiate between static and dynamic quenching mecha-
nisms. TRE comes with the same caveats as steady-state emission measure-
ments, however, in that it is sensitive, and one must remain mindful of impu-
rities.

A frequently used method is ‘Time-correlated Single Photon Counting’ i.e.
TCSPC, or SPC for short, which with very fast electronics and use of short
pulses can measure excited states with lifetimes down to a few ps in the best
case; even the most routine setup allows for ns time resolution. In principle,
pulsed excitation creates an ensemble of excited states — in the ideal case sce-
nario, we would be able to simultaneously measure the photons emitted by the
entire population and obtain the mean decay time (and multi-channel SPC set-
ups are indeed becoming more common). The core concept®' of single-chan-
nel SPC is unique in that it reconstructs the ensemble decay by repeatedly
measuring a single photon at a time; statistical conditions are met such that
the ensemble is sampled in an unbiased fashion: this practically translates to

46



maintaining a low count-rate with 10°f
respect to the excitation rate (other-
wise, the measurement would be 10° )
naturally skewed to the fastest de- :
caying members of the ensemble by
virtue of design). A representative
example can be seen in Figure 3.22
(the instrument response function —
IRF — is plotted in red, which de- T 20 30 10 50
pending on detector or light- ki) g
source may be limited by either). Figure 3.22. Typical data from an SPC
measurement. Decays (blue) and the
IRF (red).
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3.3 Electrochemistry

A suite of electrochemical methods® involve the application of a potential and
the measurement of the current response of the analyte; cyclic voltammetry
(CV) enjoys particular popularity, as noted by Johnson® and sometimes the
involved analysis for correctly interpreting the resulting curves may not be
fully appreciated for coupled reaction schemes. Fortunately, for a large num-
ber of TMCs, determination of parameters of photophysical relevance (couple
potentials, generally) is a simple task. The usual three-electrode setup may be
utilized, consisting of a working, reference and counter electrode. The poten-
tial is scanned at a given (linear) sweep rate up to a vertex potential, typically
determined by the solvent window, and then scanned back up to the starting
point. The couple potential — which is the thermodynamic parameter of inter-
est — may be determined by taking the average of the anodic and cathodic peak
potentials. To ensure correct assignment of a given couple to a metal or ligand
centred redox event, it is useful to measure the latter on its own as a reference
— this is not always possible, however, e.g. for carbene ligands which are gen-
erated in-situ to bind with the metal and cannot persist in solution.

In addition to cyclic voltammetry, differential pulse voltammetry (DPV) has
also been used in this thesis; the primary difference between the two tech-
niques is that in the latter small amplitude potential pulses are applied on a
linear ramp, and the difference between values on either side of the pulse is
recorded. This allows for a substantial reduction in capacitive contributions to
the current response, resulting in both greater sensitivity, and allowing for
stretching the limit of the solvent window. Reversible couples appear as sym-
metric peaks in a DPV, with the peak potential equalling the aforementioned
couple potential.

The determination of ground state potentials can be used to estimate the ex-
cited state potentials in a first approximation using the Weller formalism, as
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shown in section 2.3. Unlike metal-centred states, whose energies can be
tracked using Tanabe-Sugano diagrams, charge-transfer transition energies
should rather depend on the reduction potentials of the metal and ligand. In-
deed, the potential difference between a ligand oxidation/reduction and that
of a metal couple should vary with the observed charge-transfer absorption
band energy if the orbitals probed electrochemically are the same as those in-
volved in the optical transitions. The approach is similar to that used for the
determination of HOMO-LUMO gaps in organic chromophores. Finally, elec-
trochemical potentials may also be used to make informed comparisons, re-
garding, for example, electron density on the metal in different complexes,
but care must be taken to account for outer-sphere effects®.

3.31 Spectro-electrochemistry

As alluded to in section 3.21, spectro-electrochemistry is by far one of the
most robust and accessible methods to determine diagnostic features for
charge-transfer states, which take centre-stage in this thesis. The potential may
be held either anodic or cathodic of a given couple, and the absorption changes
recorded with time, until conversion is complete. The final spectrum is thus
representative of the oxidized/reduced ligand or metal, and an appropriate su-
perposition can be used to approximately simulate the excited state spectrum.
The general setup is the same as for a CV measurement, except the working
electrode is typically switched from a standard 1 or 2 mm working electrode
to a mesh electrode with large surface area, together with a smaller path-length
optical cell, which allows for swift electrolysis (<10 min for sample volumes
of around 0.3 ml) and concomitant monitoring of spectral changes. Clean con-
version from one species to another can be confirmed from the presence of
isosbestic points, and cycling a few times to check reversibility of the spectral
changes is always good practice. A current-time curve may be measured in
tandem with the bulk electrolysis — the area under the curve can furnish the
total charge transferred, and be used to confirm the one-electron nature of the
process.
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4. A Fluorescent Fe-NHC Complex

The last decade has seen many ingenious attempts to make the charge-transfer
excited states of Fe-complexes mimic those of Ru, so much so that it has led
to paper titles such as, “Is Iron the New Ruthenium?*"*¥| where Wenger has
elucidated the various strategies that may be employed. As the generic molec-
ular orbital diagrams shown in Chapter 2 suggest, typical approaches may
seek to stabilize ty, orbitals or destabilize e,* orbitals to effect larger field-
splitting; accordingly, reports have used high-symmetry®*¢ (McCusker,
Heinze), cyclometalation®”** (Dixon, Jakubikova, Bauer), nested potentials®
(Vura-Weis), and strong sigma-donation® %’ (Wirnmark, Gros), with the last
one necessarily featuring different types of carbene ligands. On a different,
perhaps more interesting track, the possibility of accessing strained high mul-
tiplicity CT states has also been suggested'®'® (Damrauer). Cumulatively,
the work has resulted in the enhancement of CT lifetimes from the sub-ps to
tens of ps and even a few ns for iron-based complexes.

[Fe™L,]" is the subject of this chapter (Papers I and II), an exemplar of the
strong sigma-donation strategy — and a successor of [Fe(btz);]*" (btz = 3,3'-
dimethyl-1,1'-bis(p-tolyl)-4,4'-bis(1,2,3-triazol-5-ylidene), which possessed a
weakly luminescent 100 ps LMCT excited state'®. At the time it was pub-
lished in 2019, the fluorescent 2 ns LMCT excited state of [Fe''L,]" became
the longest and brightest known for iron-based CT states, capable of engaging
in demanding bimolecular electron transfer reactivity. Let us revisit the com-
plex, now with the benefit of nearly five years of hindsight in a rapidly evolv-
ing field, which has included several more publications on it'*'%,

4.1 Fundamental Photophysics and Excited State
Dynamics

[Fe™L,]" is a low-spin ground state doublet, i.e. one unpaired electron in the
metal-based orbitals (t;’), which is in contrast to the more prevalent fully-
filled ty, set in Fe'-polypyridyls. This is a direct consequence of the strong o-
donation of the ligand framework, which has a propensity to stabilize higher
oxidation states. The absorption spectrum in acetonitrile is presented to the
right of Figure 4.11 — the rose-red solution is characterized by a moderately
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strong band in the visible, peaking at 502 nm (¢ = 2950 M"'cm™) with a very
minor shoulder at 545 nm; the extinction coefficient together with the electro-
chemical potential difference between the ligand oxidation and the Fe"™" cou-
ple potential confirms an LMCT assignment, together with other measure-
ments and analyses (see Paper I and its SI for details). Excitation into this
lowest energy absorption band results in bright orange photoluminescence
peaking at ca. 650 nm, with an emission quantum yield of 2%: the emission
lifetime is 2 ns, and is in excellent agreement with the transient absorption
data (Figure 4.12 and its caption), which confirms the 2LMCT nature of the
emissive excited stated, which can therefore be adjudged as a fluorescence.
Relevant photophysical and electrochemical properties of both [Fe"'L,]" and
[Ru(bpy)s]** are collated together in the Latimer diagram seen to the left of
Figure 4.11. This is not just a nice cosmetic exercise, but allows us to see
important similarities and differences between the two.

0.6

U[FeIIILzla
*[Ru"(bpy),)**

Emission

Absorbance

{F;‘"Lﬂ" +0.64 V p [FeiL]* 079V [FE“l:I 0 l 3 e\ 0
[Ru"(bpy)s]** 29 v\ [Ru'(bpy)sl* ‘IT [Ru'(bpy)a]* 100 5000 600 700 800
. - Wavelength / nm
Figure 4.11. Left: A Latimer diagram comparing the key electrochemical and
photophysical properties of [Fe"'L,]" and [Ru(bpy);]*" in aerated acetonitrile;
all potentials are referenced to SCE. Right: Normalized absorption and emis-
sion data for [FeL,]".

Fe-carbene features excited state potentials (*Fe'//Fe'' = +1.35 and Fe''/*Fe™
= —1.50 vs. SCE) that far exceed those of *[Ru(bpy)s]**, thus priming it for
photoinduced electron-transfer reactivity. Given the virtually identical Eoo
value, the superior oxidizing and reducing power can be linked to the ground
state potentials for oxidation and reduction of the metal centre. In fact, close
scrutiny shows us that both the first reduction and oxidation events in
[Fe"L,]" occur on the metal centre. This contrasts not only with [Ru(bpy)s]**
where the first reduction occurs on a bpy ligand and oxidation on the metal
centre'”, but with a large class of investigated polypyridyls for which it serves
as prototype''’. This has interesting implications for the reactivity of
*[Fe'"L,]", which we will return to shortly. For the moment, we end our com-
parative commentary by noting the order of magnitude smaller extinction co-
efficient of Fe-carbene, and its relatively short lifetime when compared to that
of *[Ru(bpy)s]**, whose transition back to the ground state is spin-forbidden.

9 The LMCT nature of the transition means that in the ES the radical character moves from the
metal to the ligand; since there is only one unpaired electron, however, a doublet multiplicity
remains the only possibility, much as in the excited states of organic radical species
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On the other hand, the photostability of Fe-carbene is far greater when irradi-
ated under identical conditions in aerated acetonitrile for ca. 160 hours with
no quenchers present (Figures S21 and S22 of Paper I). The doublet nature of
its excited state also makes it immune to quenching by oxygen, unlike triplets.
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Figure 4.12. fs-TA data recorded for a 2 mM solution of [Fe"'L,]" in acetoni-
trile. Ax=502 nm, power = 2 puJ/pulse. Spectra at selected time points as indi-
cated in the legend (left) and kinetics at wavelengths as indicated in the legend
(right). The excited state absorption in the blue agrees very well the spectro-
electrochemical signature of [Fe"L,] (see Figure 6.11), indicating the for-
mation of the transiently reduced metal centre in the LMCT excited state; the
ground state bleach centred at 502 nm appears as a trough in the ESA, with
stimulated emission seen further towards the red beyond 600 nm, in agreement
with the observed steady-state emission seen in Figure 4.11. The decays are
monoexponential with a fit lifetime of ~2 ns.

4.2 Reactivity

Before embarking on a discussion of the reactivity results for *[Fe'L,]", it
may be worthwhile to consider the physical implications of quenching an ex-
cited state with a lifetime of 2 ns — a situation which can be thought to be
prevalent for a number of first-row metal-based CT excited states under in-
vestigation in the literature currently. Assuming a diffusion-controlled bimo-
lecular quenching rate constant of ~10'" M's™!, a quencher concentration of
0.05 M would be required to quench 50% of the excited state. Thus, to see
appreciable quenching, concentrations of ca. 0.1 M may be nominal to test.
The use of such concentrations on the practical level speaks to trivial limita-
tions, such as limited solubility, and, depending on where the quencher ab-
sorbs, a difficulty in probing certain wavelengths using transient absorption
spectroscopy. Fortunately, a large suite of reductive quenchers such as aro-
matic and aliphatic amines are either liquids or can be dissolved to appreciable
extents in solvents such as acetonitrile (the one used here), and typically ab-
sorb only <350 nm. The oxidative side of matters is somewhat more challeng-
ing; MV?" (methyl-viologen dication) and its derivatives may be used, but
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other popular candidates such as 1,4-Benzoquinone are rendered unusable due
to both solubility and absorbance constraints.

Then there are conceptual distinctions to make when employing such high
quencher concentrations: at ~0.1 M, for typical quencher and chromophore
radii, some 35% of quenchers can be expected to be in the sphere-of-action”
(i.e. quencher present next to the chromophore at the moment of excitation,
essentially translating to behaviour akin to static quenching), resulting in so-
called “contact pairs”. This suggests that the evaluation of rates under a diffu-
sional assumption may not disentangle the behaviour of various reactant sub-
populations. The situation of inhomogeneous reactant distributions in the so-
lution phase and its consequences for charge separation has been dealt with in
detail by a number of groups, notably that of Vauthey'''"''%, and earlier by
Mataga''"""°, and the interested reader is directed there. A key take-home is
that since parameters such as electronic coupling and the reorganization en-
ergy are in fact sensitive functions of distance, one has to be careful when
evaluating the intrinsic charge-separation rate constant, which should incor-
porate a reaction-diffusion model. In our case, we note the caveat, and with
this backdrop, review the reactivity data presented in Paper I.
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Figure 4.13. fs-TA data for the quenching of *[Fe''L,]* by the methyl-vio-
logen dication (MV*") and diphenylamine (DPA), with oxidative electron
transfer as the mechanism for the former and reductive electron transfer for
the latter. a: Spectral data for quenching by MV** (conc. = 0.25 M, where the
excited state is ca. 65% quenched), with an inset illustrating the cage escape
products; earlier timescale spectral data can be found in Figure A2. b: Kinetics
monitored at 625 nm, which is an isosbestic point in the excited state decay
(see Figure 4.12), and allows for unambiguous monitoring of the product for-
mation. MV", Fe'V (oxidative quenching products and DPA" (reductive
quenching product) absorb there. MV?*" is pink, DPA is blue. Data has been
scaled for comparison.

" This is an idealized scenario assuming no interaction between chromophore and quencher
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*[Fe'"L,]" is quenched oxidatively and reductively by MV*" and DPA, respec-
tively, to yield electron transfer products with total yields of around 5% for
the two cases. These translate to cage escape yields of ~6% and ~8% when
accounting for the associated quenching efficiency at the concentrations
tested. Since the relevant long timescale data is already presented in Figure 4
and supporting information of Paper I, we here take the opportunity to take a
look at events occurring on shorter timescales, see Figure 4.13 a) and b). We
focus on oxidative quenching by MV?*, since reports on reductive quenching
already exist'**!'®. Given the low yields, it is unsurprising to find recombina-
tion rates in excess of ~10'' s, in good agreement with those reported for the
reductive quenching cases. We can note that >90% of the signal amplitude has
decayed <1 ps — with much of the formation and decay convolved with the
IRF. This is in contrast with the somewhat slower product formation and de-
cay dynamics for DPA: the latter was tested at 2.5 times lower concentration,
however. Ultimately, the low yields for both cases can be traced to the spin-
allowed nature of the recombination process, as illustrated in Figure 4.14.
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Figure 4.14. Simplified schematic showing how charge-recombination is
spin-allowed in the case of a doublet excited state (left), and spin-forbidden
for a triplet excited state (right).

Such a hypothesis has now been further corroborated by a report from Ay-
dogan and co-workers'®, which reports high yields of cage escape (~60%)
when using a halogenated solvent, dichloromethane; controls using other hal-
ogenated solvents could confirm the reasoning. This leads to the unusual re-
sult of improved cage escape yield for charge-transfer products in a solvent of
relatively low polarity. Nevertheless, it would appear *[Fe'"L,]" is a relatively
poor electron-donor: yields of cage escape for all other (neutral) oxidative
quenchers tested is ~0%, in contrast to a few percent for most reductive
quenchers (see Appendix Figure A3). One possible rationale is that reductive
quenching occurs on a ligand-based orbital, in contrast to oxidative quenching
occurring on a metal-based orbital: the quencher could have greater electronic
coupling with the former due greater accessibility i.e. proximity. Put differ-
ently, the 2LMCT is already transiently an Fe", so reductive quenching can be
thought to be favoured. It is actually fortuitous that yields are seen with MV**
- likely due to the advantage of electrostatic repulsion in the charge separated
products.
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4.21 Symmetry-Breaking Charge Separation (SB-CS)

As promised in section 4.1, we now examine the consequences of a metal-
centred oxidation preceding the ligand oxidation in Fe-carbene, the situation
illustrated in Chart 1 c) of Paper II. It can be alternatively expressed in the
form of the following two reaction equations, 4.21 and 4.22, with the help of
the Latimer diagram in Figure 4.11. Here we use the oxidation state label to
denote the complex for simplicity (i.e. *Fe™ = *[Fe"L,]", Fe'¥ = [Fe'VL,]**
etc.):

*Fe'l + ¢~ — Fe! E’=+135V 4.21)

FeV+e — Fe'l E’=+0.64 V (4.22)

Subtracting 4.22 from 4.21 and re-arranging yields: *Fe'" + Fe''! — Fe'' + Fe!V,
with an AE® = 0.71 eV. The excited state can therefore oxidize or reduce its
own ground state, resulting in charge disproportionation reaction which pro-
ceeds with a substantial driving force — to understand why this is unusual, the
reader is encouraged to execute the aforementioned exercise for Drosophila
[Ru(bpy)s]** and confirm for themselves that lies are not being peddled. In
fact, the two cases for TMCs in the literature where SB-CS has been impli-
cated are a Ni-complex'?’ and Ir-complex'?"'??. Based on the reported values
of the couple potentials and the excited state energy, however, the SB-CS re-
action can be expected to be around 0.22 and 0.38 eV uphill for the Ir and Ni
complex, respectively — therefore, it is probable that the process is driven by
other coupled reactions. In fact, for TMCs such as [Ru(bpy);]*, excited state
energy is lost during intersystem crossing, and SB-CS can therefore typically
be expected to be endergonic. Meanwhile, SB-CS is very common in organic
chromophore assemblies'**'?*: this is because their optical transitions corre-
spond to the HOMO-LUMO gap. The driving force for SB-CS is therefore
usually close to zero'*'%, and the solvent work-term typically drives charge
separation. Put in context, the paradigm for SB-CS in Fe-carbene — where it
proceeds with a significant driving force — is unique to the point of being sin-
gular to this class of complexes.

Having said that, as mentioned previously, of course, bimolecular reactivity
within the 2 ns lifetime is only possible at high concentrations: the experi-
ments were therefore conducted on 70 mM solutions in 25 pm path-length cell
in order to ensure optical transparency. Barring these considerations, the SB-
CS process may be treated as any other photoinduced bimolecular ET within
the ambit of the solvent-cage model, where the symbols have their usual
meanings:

k
2[*FeIH] + 2FCHI k_d) 3,1 {*FCIH'”FCIH} (423)
3 {*Fem"'Fem} et o3 {FeH"'FeW} (4.24)
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kpet

3(Fel-Fe'V) 2Rl 4 2ol (4.25)
k

3{Fe"Fe'V} —= 'Fe" + *Fe'v (4.26)
krec

el + 3FelV 2pelll 4+ 2Rl (4.27)

Here, 4.23 would apply for the diffusional pairs, but not for the contact pairs.
Given the reactants are both doublets, and the product is a triplet, spin conser-
vation should statistically favour the formation of the triplet in the diffusional
encounter complexes, and can proceed with a maximal rate constant of %k,.

[*Fe(ilt)+Fe(lll) — reactant distance e FeERESH
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Figure 4.21. Left: fs-TA data for a ca. 70 mM solution of Fe(Ill) in acetoni-
trile. Aex=502 nm, power = 2 pJ/pulse. Kinetics measured at 375 nm (Fe' max-
imum), 625 nm (isosbestic point in the unperturbed ES decay), and 715 nm
(Fe" maximum). Product formation is clearly seen as a rise in the first few ps
at the latter two wavelengths where absorption from Fe'¥ attenuates the stim-
ulated emission signal from the unquenched excited state. Data scaled as in-
dicated for clarity. Data recorded at ca. 2 mM shown in grey for comparison.
Right: Kinetic parameters of the SB-CS process obtained from global analysis
of the data using a sum of exponentials fit model; all rate constants in s .
Figure adapted from Paper II.

In-line with expectations, SB-CS is clearly observed, and the critical results
are summarized in Figure 4.21 and its caption. Interestingly, there is a corre-
spondence between the early timescale kinetics observed at the isosbestic
point of 625 nm for this case and reductive quenching by DPA, featuring near-
identical sub-ps rate constants of charge separation. Note that a sum of expo-
nentials global fit applied to a sequential model was used to determine the
parameters, with contact and diffusional pairs considered separately; accord-
ingly, the first two exponents modeled charge separation and geminate recom-
bination in the contact pairs (ke and kpet in the scheme shown in Figure 4.21),
while the third exponent gave the lifetime of the quenched excited state
(k~=1/t, which could also be determined independently from SPC data). k.
~6x10" 57" and kvt ~5.2x10' s could be evaluated, the latter with ke, calcu-
lated from the Debye-Smolchowski equation. The determined values are in
good agreement with the follow-up study which could reproduce the results'®,
It can be noted that the slower kne could well be a consequence of
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recombination occurring in the inverted region (driving force of 1.4 eV). Alt-
hough yields remain modest due to the spin-considerations mentioned previ-
ously, this first case of SB-CS in a TMC is promising, since ligand design
offers the opportunity to tune driving forces such that the recombination lies
deeper in the inverted region.

4.3 Remarks

Having surveyed its properties, one would not be incorrect to state that several
photophysical characteristics of the 2LMCT excited state of [Fe"'L,]" resem-
ble those of organic radicals — though with some thermodynamic advantage
when it comes to driving photoinduced electron transfer reactions, which tap
into the redox activity of the metal centre. It is worthwhile to note that while
the SB-CS process possible with the complex opens up a new avenue, it also
suggests a more complicated picture for another: the conclusions of Paper I
mention that the complex may be utilized in conjunction with semiconductor
materials. However, any application — e.g. dye-sensitized solar cells — which
involves high concentration of the complex (in a coating or otherwise) will
necessarily feature SB-CS as a competing pathway to interfacial charge injec-
tion from the excited dye. Fe"" from the charge-separated products could be
harvested, but geminate recombination would need to be outcompeted.

Returning to the fluorescent nature of the excited state, while it is true — also
as Paper I mentions — that energy loss is minimized in the system since there
is no intersystem crossing event, the spin-allowed nature of the transition will
ultimately limit its lifetime. Such a statement is corroborated by the tempera-
ture dependence of the emission lifetime, which features only about a fourfold
increase to 8.4 ns at 80 K. The key non-radiative decay pathways are therefore
related to the intrinsic decay of the 2LMCT to the ground state, most likely not
via the metal-centred states which have already been substantially destabilized
owing to the strong sigma-donation. Modifications of the ligand scaffold on
the phenyl ring by introduction of electron-donating or withdrawing substitu-
ents has shown negligible impact on the photophysics'® — this allows for im-
parting functionality on the one hand, but also indicates that the phenyl ring
does not electronically communicate with the carbene framework to a sub-
stantial degrees. Further advances therefore demand more substantial altera-
tion of the ligand-set.

S At the time of writing this thesis, a pyrene substituted version of the complex — both on the
phenyl ring and the boron — was presented at the 25" International Symposium on the Photo-
physics and Photochemistry of Coordination Compounds. Expectedly, no change in the LMCT
lifetime could be observed; this highlights the fact that typical strategies implemented for
polypyridyls may not always translate for carbenes.
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5. The Dark Knight: A Long-Lived Mn-
NHC Excited State

We now take the proverbial step back — in time and in the 3™ row of the peri-
odic table — to look at [Mn'VL,]**, the less famous but equally (if not more!)
photophysically interesting cousin of [Fe"'L,]". Both the first synthetic report
by Smith”, as well as the photophysical characterization in the solid state of
Mn-carbene predate that of the iron counterpart'?. Possessing a d° electron
configuration, [Mn'VL,]*" is a ground state quartet — one can therefore suspect
its photophysical properties to bear some resemblance to that of well-studied
Cr'" and V" systems'**'*, Indeed, the solid state showed spin-flip lumines-
cence from the °E state which is typical for the aforementioned complexes.
Interestingly, however, a weak emission was also reported from a CT state,
with a lifetime of 50 ns. In this chapter, we turn our attention to the latter in
the solution phase — and find that, if [Mn'VL,]** was dissolved in solution first,
perhaps history may have been written a little differently.

5.1 Excited State Energetics and Dynamics

It is good to start our endeavour with some book-keeping: having three un-
paired electrons in the ground state, [Mn'VL,]** can give rise to excited states
having different multiplicities, and some of the most relevant ones for our
discussion are shown in panel a) of Figure 5.11. The absorption of [Mn'VL,]*
in acetonitrile features a prominent band in the visible, peaking at 504 nm (¢
= 6200 M cm™ with a shoulder at ca. 550 nm (please see Figure 6.11 in
Chapter 6 for the absorption data in terms of €). The extinction coefficient
together with the difference in electrochemical potential between the Mn'"/!!!
couple (Figure 5.11 panel ¢)) and the ligand oxidation (not shown, occurs at
ca. +1.8 V) supports an LMCT assignment. Excitation into this lowest energy
absorption band results in a broad (ca. 600 to 750 nm) and very weak emission
(Pem < 107 in the solution phase at room temperature, at detector limits (Fig-
ure 5.11 panel b)). The collection of reliable excitation spectra is precluded in
the solution phase due to the low signals. However, the spectra qualitatively
agrees with the previously reported solid-state data; the emission at ca. 820
nm from the °E state can also be clearly seen in solvent glass at 77K. Further,
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the measured excitation spectrum on the solid-state sample traces out the low-
est energy absorption band.
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Figure 5.11. a) Some possible electronically excited states of [Mn'VL,]*",
which is a ground state quartet (d*). b) Normalized steady state absorption
(solid pink) and corrected emission spectra of [Mn'VL,]*" in a ca. 80 uM so-
lution in acetonitrile (dotted red), and at 77 K in butyronitrile glass (dotted
blue). Aex = 500 nm, excitation and emission slit widths corresponding to a
spectral resolution of 5 and 8 nm, respectively, with an integration time of 1
s. Note that the spectra have been corrected for solvent background, including
Raman scatter, for clarity, due to the small emission signals. Uncorrected
spectra are supplied in the extended data of Paper III. ¢) Cyclic voltammetry
(100 mV/s) and differential pulse voltammetry data for ~1 mM [Mn'VL,]*
measured in acetonitrile with 0.1 M TBAPFs as supporting electrolyte, and,
d) Expected spectral signature of the LMCT excited state as determined from
spectro-electrochemistry. Note that contributions from the oxidized ligand are
not included, since ligand oxidation occurs at the edge of the solvent window
and spectral data cannot be reliably measured. See Figure 6.11 for spectra of
the different oxidation states of the metal centre.

Thus, the emission — though homeopathic — can serve the useful purpose of
evaluating Eoo from the intersection of the absorption and emission spectra,
which comes to be ca. 2.1 eV. Taken together with the Mn""" couple potential
of —0.47 V (vs. Fc'/Fc), we get *Mn'Y/Mn'" =~ 1.63 V (or nearly 2 V vs. SCE!).
The impressive predicted oxidizing power of this excited state can be seen as
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a direct consequence of the near 700 mV stabilization of the Mn"™"™ couple

compared to that of the iron analogue (Fe'"™= 0.255 vs. Fc'/Fc), which also
has an Eg.oof 2.1 eV. This observed lowering in couple potential is consistent
with expected trends across a row; indeed, for other scorpionates such as
tris(pyrazolyl)borates (Tp), a lowering of around 300 mV has been seen'**!*,
The more dramatic difference seen here could be a simple consequence of the
strongly-donating nature of this ligand-set compared to Tp. Alternatively, it
may be that this is partly due to better orbital overlap with Mn as compared to
Fe (Mn>Fe): the twice as large extinction coefficient lends some credence to
such a hypothesis.

Finally, spectro-electrochemistry allows for the determination of spectral
markers of the LMCT excited state, and the expected difference spectrum is
seen in panel d) of Figure 5.11, where the peak at ca. 380 nm is from Mn"".
Unfortunately, spectral signatures from the ligand cannot be reliably obtained
since the ligand oxidation occurs at the edge of the solvent window. Never-
theless, measurements on the related iron complex suggest absorption from

the oxidized ligand may be expected in the red (>600 nm), see SI of Paper I.
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Figure 5.12. a) Contour map of femtosecond transient absorption data rec-
orded for [Mn'VL,]*" (excitation wavelength = 480 nm, pulse energy = 0.7
pJ/pulse, absorption ~ 0.35 at the excitation wavelength). b) and ¢) Spectral
traces at selected time points (horizontal cuts from a)), with arrows to guide
the spectral evolution. d) Vertical cuts from a) at selected wavelengths; a
global analysis of the data yields fit components of 3 ps and 16 ns.
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We are now ready to interpret the transient absorption data seen in Figure
5.12. The observed spectral shape at all timescales is suggestive of charge-
transfer character, with an ESA in the blue characteristic of the transiently
reduced Mn"" as expected from the spectro-electrochemical data, together
with a GSB centred at ca. 500 nm, and contributions in the red from the oxi-
dized ligand. The data is amenable to a biexponential fit and global analysis
yields values of ~3 ps and ~16 ns (Figure 5.12 panel d)). The initial timescale
spectral evolution is interesting, featuring a narrowing of the observed bleach
and a simultaneous growth in the transient signal towards the red (Figure 5.12
panel b)): this is best interpreted as a loss of stimulated emission, given that
emission from the LMCT can be expected in this region based on the steady-
state data.

As we have learned in chapter 3, making definitive assignments to the identi-
ties of excited states based on UV-Vis transient data alone can be tricky. In
this case, however, this may be possible to do. It is reasonable to assume that
the initially formed Franck-Condon state is the “LMCT. Experience from re-
lated polypyridyl complexes'**'** should suggest that the ‘LMCT already de-
activates within the IRF (<100 fs) to yield the “E. Some things can be thought
to speak against such a situation for the carbene, however: 1) there is clear
loss of stimulated emission, suggesting that the initially formed “LMCT in fact
disappears in around 3 ps, 2) the observed spectral signatures retain primarily
charge-transfer contributions throughout, and 3) the observed reactivity is en-
ergetically incompatible with a E state (vide infia). Given all these observa-
tions, we can make a tentative assignment of the observed time-constant to
intersystem crossing from the initially formed ‘LMCT to the LMCT. This
would agree well with the comparatively subtle spectral changes observed. It
could also help explain the nearly order of magnitude longer lifetime com-
pared to the iron analogue, given the spin-forbidden nature of the transition
back to the ground state.

Having made these arguments, it is important to mention that MCD data re-
ported for [Mn'VL,]*" prior'?’ exhibits sharp line shapes in the low-energy re-
gion of the observed absorption spectrum (i.e. at the shoulder). Analysis sug-
gested that the observed structure was at least partly due to a vibrational pro-
gression, and comparison with recently reported low temperature data'® for
the iron analogue also suggests that this may well be the case (see Chapter 6
for details). At the same time, the presence of spin-forbidden transitions in the
region could not be ruled out in MCD. Transient spectroscopy upon exciting
into the lower energy shoulder yielded identical time constants, although some
reduction in amplitude could be observed. Ultimately, based on the current
dataset, a mixed metal-centre/charge-transfer character cannot be ruled out,
but a predominantly charge-transfer assignment seems reasonable to make.
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5.2 Reactivity

Some first reactivity data is shown in Paper III, with diphenylamine and
DMF: the former has a potential of ca. +0.91 V vs. SCE, while the latter is
around +1.5 V. We here take the opportunity to present some more data in
order to test the limits of the approximated excited state potential of ca. 2 V
vs. SCE. As we can see in Figure 5.21, the excited state is capable of oxidizing
both 1,3—-Dimethoxybenzene (+1.6 vs. SCE) and 4-Methylanisole (+1.8 vs.
SCE). The total product yields remain low (~5%), virtually identical to the
iron analogue, and the cause can once again be traced to the spin-allowed na-
ture of the recombination. It is important here to note that relatively high
quencher concentrations were employed in these cases, ca. 0.4 M. It could
therefore be possible that the “LMCT is harvested due to quenchers in the
sphere-of-action. However, this would suggest rather high yields of cage-es-
cape if the signal is thought to be sourced entirely in the “LMCT. Furthermore,
in the case of 4-Methylanisole, a shortening of the 16 ns lifetime is partly
observed even on the ns-TA experiment. It would be interesting to conduct
more experiments with a homologous series to delineate exactly how much
energy is lost during the intersystem crossing process. In any case, the oxidiz-
ing power accessible is substantial.
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Figure 5.21. ns-TA spectral data for reductive electron transfer quenching of
*Mn'VL,]*" by a: 1,3-Dimethoxybenzene (+1.6 vs. SCE) and b: 4-Methyl-
anisole (+1.8 vs. SCE), respectively. Excitation wavelength = 480 nm, pulse
energy = 10 mJ/pulse, absorption =~ 0.3 — 0.4 at the excitation wavelength, and
integration time = 40 ns or 100 ns.
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5.3 Remarks

With [Mn'VL,]*", we see the natural advantage of exploiting spin to achieve a
long lifetime. And while Mn-carbene is able to show! that a paradigm similar
to the heavy congeners may be realized with first-row metal-based charge-
transfer states, there remain challenges. One in particular is the presence of
low-lying spin-flip states (which, of course, have their own uses and applica-
tions) in this electronic configuration. Their energies can be expected to be
independent of the ligand-field, and they may serve as efficient non-radiative
decay pathways for the LMCT state. Variable-temperature measurements
should help gain further insight into whether activated or non-activated path-
ways dominate the excited state decay.

¢ important here to note that d* V'-complexes reported by Damrauer show similar behaviour
for MLCT states, by virtue of which a ~1 ns lifetime is achieved with a conventional
polypyridyl like bpy. The observed states there possess mixed MC/MLCT character, however.

62



6. First-Row Transition Metal Carbene
Scorpionates: A Brief Survey

In 2003, McCusker published an incisive account on the fs-TA spectroscopy
of transition-metal complexes with a focus on metal-polypyridyls'*. In con-
clusion, it poetically read, ‘...virtually every ultrafast measurement carried
out on an inorganic system represents new information, and inorganic chem-
istry provides an enormously rich variety of molecules to study.” As we have
seen in the last two chapters, the carbene scorpionates present an interesting
class of complexes to study. Accordingly, in this chapter, our first aim is doc-
umentation, with an eye toward trends. Since the field is still in its infancy,
such a catalogue should prove useful to see what is known and what is not, in
particular regarding timescales of excited state evolution and the identities of
the states involved in the scorpionates. Although the current data-set is rela-
tively minimal, our second aim is to see if any correlations may be found be-
tween the observed dynamics and the structure of these complexes. We also
try to benchmark along the way, note possibilities, and make comparisons
where appropriate.

6.1 Overview

Spectro-electrochemical data for the various [M*L,]"" complexes (where
M=Mn, Fe, and Co) is presented in Figure 6.11. For convenience, a label of
the metal together with its oxidation state is substituted to denote the complex
(so [Fe"L,]" = Fe, [Mn"L,] = Mn" etc.). All metal couples are characterized
by clean, reversible one-electron redox processes, and the associated spectral
changes are reversible as well (under the usual oxygen and moisture-free elec-
trochemical conditions). Of the several accessible oxidation states, Mn'", Fe'",
Fe'” and Co™ (all low-spin) have been characterized by ultrafast optical spec-
troscopy, and can also be obtained as air and moisture insensitive crystals.
Their key structural data is collected in Table 6.1. All complexes are charac-
terized by a close to perfect octahedral environment (though formally
D;¢**!%7), featuring C-M-C bond angles >87°, making the bis(carbene)borate
scorpionate motif competitive with some of the most symmetric polypyridyl
ligands known, such as dqgp (2,6-di(quinolin-8-yl)pyridine)'*® and dccp (2,6-
bis(2-carboxypyridyl)pyridine)®. Bond lengths are 2.00 A for Fe™ and Fe'V,
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while Co' features an average bond length of 1.94 A which is 5% shorter than
Mn"V. The small variations in values across various metals and oxidation states

can be taken to represent the rigidity of the ligand framework and the cova-
lency of the M-carbene bond.

Table 6.1: Bond lengths (in A) and angles (C“M-C) for various [M*L,]"™"
complexes. Extremes are mentioned with average values in brackets. Refer-
ence publications noted in text.

MnIV FeHI FeIV COI"
Bond 2.03-2.05 1.98-2.01 1.99-2.01 1.93-1.95
length  (2.04) (2.00) (2.00) (1.94)
C-M-C 86.83-86.95 86.42-87.12 87.26-87.72  88.36-92.38
angle (86.92) (87.00) (87.54) (90.00)
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Figure 6.11. Absorption data for the various oxidation states of the metal cen-

tre as determined from UV-Vis-NIR spectro-electrochemistry for a: [M*L,]™,

b: [M*L,]"", and ¢: [M*L,]*". d: Electrochemical data for [M*L,]"", where

M=Mn, Fe, and Co. Note the log scale on the x-axis in panel c¢. Note that

different line-styles are used in the different panels.
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Fe" and Mn"" are both oxygen sensitive, the former to the point that it is dif-
ficult to keep stable even in a glovebox over long periods. The latter too tends
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to oxidize under air, albeit over several days, at least in powder form. A crystal
structure has been obtained, and features bond lengths and angles virtually
identical to the Mn'" congener (2.02-2.04 A, and 85.82-87.32°). As we shall
see below, it has been possible to study the ultrafast photophysics of Fe" by
electrochemically reducing it and maintaining inert conditions and a constant
potential bias throughout the experiment, to prevent contamination from the
oxidation product. It should in principle be possible to study Mn"' by imple-
menting the same methodology. Finally, apart from the absorption spectra
shown in Figure 6.11, nothing is known about Mn" and Co'".

We end this section by noting the nature of the charge-transfer bands seen,
with the vast majority being LMCT transitions in-line with the strongly-do-
nating nature of the ligand-set. The data is collected in Table 6.12. The as-
signment is in generally good agreement with the potential difference of the
relevant metal couple (seen in Figure 6.11 d)) and ligand oxidation (which lies
in between 1.6-1.8 V vs. Fc'/Fc, see papers). Co'" is the only outlier, with no
prominent charge-transfer absorption features in the vis-NIR; a more detailed

analysis is presented in section 6.23.

Table 6.12: Charge-transfer transitions for various [M*L,]"" complexes. ¢ is
in M"'em™ at the given absorption maximum in nm.

Ox. State/Metal Mn Fe Co
I MLCT MLCT —
£436~8870 £345~10850
m LMCT LMCT ?
£384~6200 €502~2950
v LMCT LMCT LMCT
€504~6300 €71576850 €1514~4754

6.2 Comparative Cases

In order to systematize our study, we start simple by comparing Mn'" and Fe'",

which happen to be the only two members (of this class of complexes inves-
tigated so far) which feature long-lived CT states in the nanosecond regime.
Thereafter, we view pairs based on their shared electronic configurations d*
and d°, and see if commonalities can be found.
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6.21 Mn'Y and Fe'! (d3 and d°)

Since we have already delineated the photophysics of the two subjects in ques-
tion in chapters previous, we restrict ourselves to the most essential observa-
tions. Fe'"' presents a limitation in its lifetime due to the spin-allowed nature
of the ’LMCT excited state’s transition back to the ground state. Meanwhile,
Mn'"" presents an improvement in lifetime, at least partly due to the spin-for-
bidden nature of the ’LMCT — *A, transition. At the same time, the presence
of *E/*T spin-flip states — whose energies are essentially independent of the
ligand-field strength — may nevertheless present a leakage pathway for the CT
state, limiting its lifetime.

Despite the difference in electronic configuration, both Mn'" and Fe" feature
an interesting congruence in their absorption and emission spectra. In fact, a
recent report'®® shows that the relatively unstructured absorption spectrum of
Fe" develops structure at low temperature — the shoulder at 545 nm becomes
resolved, much like the room temperature spectrum of Mn'Y, which has a
shoulder at 550 nm. Similarly, the emission also becomes structured, with
three peaks showing energy separations of ca. 1100 cm™, which is very similar
to those observed for the room temperature and 77K emissions for Mn'"'%,
Taken together, the data strongly suggests a vibrational progression at least
partly being responsible for the observed absorption and emission structure in
the two complexes, with the B-C stretch mode occurring around the same fre-
quency most likely implicated. At the same time, as pointed out in Chapter 5,
the sharp line shapes observed on the low energy side in the MCD data col-
lected for Mn'Y may also suggest the involvement of spin-forbidden states.
That the Fe™ absorption and emission becomes similar to that of Mn'" on low-
ering the temperature further supports the idea advanced in Chapter 5 that the
ligand framework is probably best suited to a given size of the metal centre.
Mn > Fe, and on lowering the temperature, contraction probably enables a
better orbital overlap in Fe'" that is already extant in Mn'" at room tempera-
ture.

As a final remark, it can be noted that both Mn" and Co' are isoelectronic
with Fe' — what their photophysics is like, however, remains to be seen.

6.22 Mn'"" and Fe'V (d%)

Both Mn"" and Fe'” show low-spin triplet LMCT transitions differing by ca.
2 eV as reflected in their electrochemical couple potentials. Ultrafast spectros-
copy on Fe' has been reported'®, and shows a sub-ps (0.8 ps) lifetime of the
LMCT excited state. This decay component accounts for nearly 90% of the
ground state recovery. This is followed by a ~16 ps component which com-
pletes the ground state recovery, most likely mapping the decay of a metal-
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centred state. Given the available structural parameters, there is no reason to
assume the ligand-field in this case should have a very large attenuation, but
it could still be a possibility. It is not immediately clear why the Fe'¥ congener
should possess such a short lifetime and the initial report furnishes no expla-
nation. We may find a clue by considering its Mn'" counterpart. Although
Mn'" has not been spectroscopically characterized experimentally — owing to
its tendency to get oxidized — an extremely detailed ligand-field theory anal-
ysis has been carried out on the complex®, followed by another report using
ab-initio methods to calculate its electronic structure'*’. The results have been
benchmarked using other scorpionates ((tris-pyrazolyl)borates) which could
be characterized fully using variable-temperature MCD. There, the °E pair of
states has been found to lie at a low energies of ca. 1415000 cm™.

A similar situation may prevail in the Fe'V, and the °E states would then be
isoenergetic with the broad LMCT absorption band. Since it is less evident
how state-mixing or crossing should occur between the *’LMCT and °E, given
the multiplicity change of two, it is probable that the initially formed FC
’LMCT undergoes rapid intersystem crossing to yield the >LMCT®. This
SLMCT could be strongly coupled to the °E, and the short lifetime could then
be explained by the presence of the low-lying °E states. On the other hand, a
scenario where most of the initially formed LMCT directly decays back to the
ground state cannot be excluded — though, once again, it is not immediately
obvious why this would be the case for this complex in particular.

We end this section by asking ourselves where such an analysis leaves the
Mn", and if it might be worthwhile to characterize photophysically? Given
that the Mn"" LMCT lies at substantially higher energy (~26000 cm™), and all
other metal-centred apart from the °E states have been computed to lie above
30,000 cm™, one could consider such an investigation a worthwhile endeav-
our. The relatively energetically isolated Mn"' LMCT state could potentially
have a long lifetime. Additionally, the Mn"" LMCT excited state, much like
that of the Fe'", presents the possibility of SB-CS, i.e. undergoing photoin-
duced charge-disproportionation to yield Mn" and Mn".

6.23 Fe'l and Co™ (d%)

The final pair we consider are isoelectronic Fe' and Co™, both of which have
a ta," configuration in the ground state. Starting with the former, it is worth
noting that the Fe-NHC complex, where the NHC is btz (=3,3'-dimethyl-1,1'-
bis(p-tolyl)-4,4'-bis(1,2,3-triazol-5-ylidene)), possesses a 100 ps °LMCT ex-
cited state for [Fe"(btz);]** and a 500 ps *MLCT for [Fe"(btz);]*" - i.e. long-

4 Of course, rapid intersystem crossing from 3SMLCT to T2 is something we already saw in
Chapter 1 with [Fe(bpy)3]** - so a direct deactivation may not be immediately ruled out.
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lived excited states for two different oxidation states of the same complex,
which is very interesting. The photofunctionality of the two was also recently
demonstrated'®’. We learn that a naive expectation by analogy should prove
to be false for the scorpionate-NHC under study herein, not just for the Fe',
but also for the Fe' — albeit for entirely different reasons. Data obtained for
Fe'' is shown in Figure 6.23, which shows a *MLCT lifetime of ca. 7 ps.
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Figure 6.23. a: Contour map of femtosecond transient absorption data rec-
orded for [Fe"L,] (excitation wavelength = 400 nm, pulse energy = 0.56
uJ/pulse, absorption = 0.3 at the excitation wavelength). b: Vertical cuts from
a), showing the kinetics at selected wavelengths.

Depending on the benchmark, this may still be considered “long”, but if the
comparison is with the Fe™ 2LMCT lifetime, this is three orders of magnitude
shorter, quite unlike the Fe-btz. Part of the results may be explained by a low-
ered barrier for crossing to the *MC state (Paper X, not included in the thesis
for brevity). However, it is notable that despite the use of inert conditions and
a constant bias potential to avoid oxidation, the Fe"' gradually photodegraded
under laser irradiation at 400 nm, making it difficult to obtain high quality
data.

By contrast, if we look at Co™ — whose photophysics was reported in the lit-
erature'*' — it has been claimed that emission (Amax = 690 nm, lifetime 0.8 s
in acetonitrile) can be observed from a *MC state, whose relaxed geometry is
computed at an average Co-C bond elongation of nearly 20% — the latter can
already be regarded as unusual given the observations made above, particu-
larly regarding the relative rigidity of the ligand framework. Some remeasure-
ments were made in the present thesis work to check the results, especially
considering that both the TA and emission data in the original publication has
only been reported at selected wavelengths. When using a CCD camera to
measure the full spectral range, a large negative amplitude signal appears in
the accessible 350—400 nm region during initial timescales from the first shot,
which can be seen in Figure 6.24. As can be seen in panel ¢ of Figure 6.11,
Co™ only begins to absorb below 325 nm (that too with an extinction
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coefficient of only ca. 400 M'em™ at 307 nm, with substantial absorption only
setting in below 300 nm). This is therefore not a ground-state bleach. Steady-
state measurements show an emission in the region: the data is not shown,
because it is unclear if this emission originates from the complex — even as
the absorption does not change, excitation spectra which monitor this blue
emission change upon irradiation, indicating that a potential photoproduct
formed in the blue compensates for any lost absorption from the complex. The
excitation spectra are included in the appendix.
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Figure 6.24. ns-TA spectral data recorded for [Co™'L,]" upon excitation at 266
nm (pulse energy = 1 mJ/pulse). a: Single shot spectral traces collected at 0
and 20 ns without prior irradiation. Note that [Co"'L,]" absorbs only below
300 nm, so this is not a ground state bleach. b: Long timescale transients in
agreement with the published data measured using dielectric filters which
measured kinetics in the range of 650 — 700 nm.

It is also worth pointing out that even in the original work, lifetime changes
as large as 50% have been reported for different solvents (0.8 us in acetoni-
trile, 1.6 ps in ethanol) — it is difficult to reconcile this solvent effect for a
metal-centred state. On the other hand, the results would be perfectly compat-
ible with photosubstitution chemistry that has been commonly observed in
both [Cr(CN)s]* and [Co(CN)s]* in the past'**, among others'**°. A full ex-
planation of the incompatible observations and the involved photochemistry
will require a careful study, but that is not necessary to make the essential
point that the Co™ complex is not as photostable as originally envisioned, and
in that is quite unlike Fe"" and Mn'". This would make it rather similar in
behaviour to isoelectronic Fe" instead.

Ultimately, the relatively poor performance of the bis(carbene)borate frame-
work with the d® configuration is perhaps rather simply understood when con-
sidering the simplified MO diagram shown in Figure 6.25. With a fully-filled
tag, @ high energy LMCT transition would necessarily populate metal orbitals
with antibonding character. On the other hand, an MLCT transition would
require that ligand-based m orbitals are populated. Unlike btz — which is

69



known to be both a strong sigma-donor and good m-acceptor — the bis(car-
bene)borate has poor m-accepting abilities, making it ill-suited to host MLCT
transitions. We thus learn an important — if obvious — lesson that the paradigm
routinely accessed in metal-polypyridyl which involves a fully-filled to, is in-
compatible with this ligand-set. But of course, this does not preclude the pos-
sibility of using other btz-like NHCs in a scorpionate framework to achieve a
different outcome.
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Figure 6.25. A simplified and truncated molecular orbital picture illustrating
possible LMCT transitions when the ty, orbitals are partially filled (dashed
red) and when they are fully filled (solid blue).
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7. Spectator  NHCs in Brightly Shining
organo-Au(l) Complexes

In the final part of our sojourn, we take a detour away from the scorpionate
motif to take a look at a class of chromophores which hearken back — at least
to some degree, if only by vague analogy — to the lakes mentioned in the in-
troduction of this thesis. In modern times, Alizarin mostly enjoys photophys-
ical attention as a model compound to study excited-state intramolecular pro-
ton transfer (ESIPT)'**!'*7. As one would expect, the absorption (and emis-
sion) spectrum is fairly sensitive to pH, i.e. the protonation state of the dye.
Substituents at the 1-position (capable of hydrogen bonding with the carbonyl)
serve to bathochromically shift Alizarin’s absorption (centred at ca. 430 nm);
which is the same effect observed upon chelation with a metal'*®. Indeed,
sometimes, the introduction of a metal can help to suitably modify the photo-
physical properties of an organic chromophore. The novel organo-Au(l) com-
plexes that form the subject of this chapter exemplify such a situation, alt-
hough protonation effects are certainly not involved. The structural motif can

be seen in Figure 7.1.
Q M “uiPr
QAu—énj@ Q—AL;& j

wiPr

Figure 7.1. Representative structures of the linear organo-Au(I) complexes
under investigation. The organic moiety is BTD (benzothiadiazole) while the
auxiliary ligand is a phosphine (left) or N-heterocyclic carbene (right).

The photosensitivity of gold has been known from as far back as the early
1730s'1%° where it was observed that ‘invisible writing’ on paper with a
very dilute solution of gold in aqua regia took on a purple colour only upon
light exposure. Surprisingly, the field of gold-based photophysics remained
largely in hibernation until the pioneering work of Che and co-workers, who
in 1989 first described the photoredox properties of a phosphorescent di-nu-
clear Au(I) complex''. Since then, a large body of work has focused on pol-
ynuclear Au(I) species'**'*®, where the observed luminescence could often be
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associated with the close Au—Au contacts (2.7-3.5 A)'* seen in crystal struc-
tures.'*® In the context of luminescent mononuclear gold complexes, however,
perhaps the most well-known and investigated motif has been linear gold-al-
kynyls"’, which feature a bridging alkynyl unit between the gold atom and
the organic chromophore. In 2017, Che et. al. reported a detailed characteri-
zation of several Au(I) (and Au(IIl)) complexes bearing this motif, with the
former exclusively exhibiting fluorescence or delayed fluorescence phenom-
ena at room temperature'®. This study included alkynyl-bridged counterparts
of the structures seen in Figure 7.1.

Meanwhile, the photophysics of complexes where an aryl moiety is directly
bound to the gold — without an intervening alkynyl bridge, as those seen in
Figure 7.1 — still remain relatively unexplored. A first report by Gray and co-
workers emerged in 2007'®, where pyrenyl derivatives of Au(I) exhibited a
pyrene-based nn* phosphorescence at 77 K. More recently, Thompson et al.
could observe both ILCT (inter-ligand charge transfer) and MLCT emissions
in carbene-Au(I)-aryl complexes'® at room temperature, and changing the
electron donating strength of the aryl group allowed for tuning between the
two emissive states. Thus, it can be interesting to investigate what happens if
gold is directly bound to an electron-deficient unit such as BTD (benzothiadi-
azole) instead, without an intervening alkynyl bridge.

7.1 Excited State Energetics and Dynamics

The photophysical properties of the five complexes synthesized (two carbenes
and three phosphines) were found to be largely similar (see Paper IV for de-
tails) — hence the title of the chapter.
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Figure 7.11. Representative photophysical data for complex 3a recorded in
2Me-THF. a: Absorption, emission and excitation spectra as indicated in the
legend. b: Time-resolved emission monitored at 620 nm (~16,000 cm™).
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We will therefore limit ourselves to the discussion of the photophysical char-
acteristics of one representative complex, 3a (seen to the left of Figure 7.1 and
photophysical data plotted in Figure 7.11; the corresponding carbene is shown
in Paper IV). The absorption is characterized by two primary bands in the
blue: a higher energy one centred at around 300 nm (33,000 cm™) and another
one at ca. 350 nm (28,500 cm™). The former band is also present in unsubsti-
tuted BTD, while the latter is only present in the complex, i.e. it is a direct
consequence of ligation with the gold. This observation somewhat contrasts
with explanations invoked for the closest BTD-based alkynyl-bridged ana-
logues reported by Che, mentioned previously'®. In that case, the observed
absorption was attributed to the dipole-allowed intraligand transitions of the
arylacetylide ligands ('nn*(C=CR)), with some charge-transfer character. Li-
gation with the gold was said to simply result in a bathochromic shift of the
'IL band. However, given that the bridging alkynyl is entirely absent in this
class of complexes, its involvement can be ruled out.

The origins of this lowest energy band are better understood when considering
unsubstituted BTD’s own transitions. Detailed spectroscopic analyses re-
ported by Hollas'®® and others'**'®> have shown that while the strong band at
300 nm (33,000 cm™) is characterized by a ‘4; «— '4; transition, it tails off
into a weaker band at ca. 328 nm which is formally 'B, «— ‘4, (this is hardly
visible in unsubstituted BTD’s absorption spectrum, see Paper IV). About a
fifth of this weak band’s intensity was said to derive from the fully-symmetric
ring contraction of the BTD, with b, vibrations also contributing and indulging
in intensity stealing. It therefore stands to reason that introduction of gold at
the para-position — or in Che’s case, an alkynyl — should serve to perturb this
transition: indeed, the spectral signatures observed for Che’s ligand (without
gold; i.e. BTD-alkynyl) are very similar to the ones observed for the complex
here. Further support for such an analysis is found in a recent report which
shows very weak phosphorescence in the solid state upon bromination of the

BTD at the para positions'®.

Returning to the complexes under study here, excitation into this lowest en-
ergy band leads to bright orange luminescence in deaerated solutions; time-
resolved emission measurements show lifetimes in the range of ~100 ps. The
observed Stokes shift of ca. 12000 cm™ further supports a triplet assignment.
Quantum yields of phosphorescence lie between 3 to 6%. The observed vibra-
tional progression bears resemblance to that reported for BTD’s own ex-
tremely weak phosphorescence (only observed when deuterated or in halo-
genated solvents at 77K), suggesting that gold’s large SOC promotes efficient
population of BTD’s triplet manifold. It may be worthwhile to contrast this
observation of phosphorescence with the predominantly fluorescence and de-
layed fluorescence behaviour seen in the alkynyl-bridged counterparts re-
ported by Che. Delayed fluorescence suggests formation of a triplet even in
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the alkynyl-complexes. One possible reason that phosphorescence is observed
here is that, in conjunction with a larger S-T gap (see computations in Paper
IV), direct ligation of the gold to BTD results in a higher radiative rate con-
stant.

7.2 Remarks

The introduction of a heavy metal atom has transformed a weak fluorophore
into a room temperature phosphor, adding to the library of luminescent mon-
onuclear Au(l) complexes. More formally, the observations made herein sug-
gest that direct auration (at the appropriate position) in weak luminophores
may allow for the construction of efficient phosphors with compact, robust
structural motifs, which can find application where such properties are re-
quired (e.g. bio-imaging). Further, while in this study the role of the auxiliary
ligand was minimal, it would be interesting to see what alternatives may be
used to manifest greater electronic participation — and what new photophysi-
cal properties may emerge.
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8. Epilogue

I've discovered the remains of Sinderion, an alchemist from Skingrad in Cyrodiil. He
was exploring Blackreach in search of the Crimson Nirnroot, and appeared to be on
the brink of an amazing discovery.

—“A Return To Your Roots”, The Elder Scrolls V: Skyrim, Dungeon Quest

We have arrived at the end of our journey, dear reader, and if you are still
here, then you are either supervisor, opponent or committee member — if not,
however, something of worth may have been accomplished, after all. To re-
capitulate, we have acquainted ourselves with several bis(carbene)borate
complexes. We first looked at a brightly fluorescent Fe(Ill)-carbene complex
with a 2 ns 2LMCT excited state. Owing to its unique electronic structure, this
complex was also able to undergo optically triggered charge disproportiona-
tion with a significant driving force — and presents the first direct evidence for
such a reaction in a TMC in the literature. We have also investigated the re-
lated Mn(IV)-complex, whose 16 ns long-lived 2LMCT excited state happens
to be dark, and also a potent photo-oxidant. Finally, having exhausted our-
selves with a mess of metal-centred states, we have moved to the d'’ configu-
ration with benzothiadiazole-Au(I)-carbenes and phosphines, where ligation
of the gold to the very weakly fluorescent heteroarene results in room temper-
ature phosphorescence deriving from its triplet.

At the end of any journey, two key questions arise, “Have we reached our
destination?” and, “Where to from here?”. Both questions have contextual an-
swers, best determined from the intended goal. Purely in terms of accessible
photoinduced redox chemistry, the aims seem to have not only been met, but
exceeded: for instance, the excited state potential of Mn(IV)-carbene (ca. 2 V
vs. SCE) and also that of Fe(Ill)-carbene (1.35 V vs. SCE) already exceeds
that of well-known photosensitizers such as (Ir[dF(CF3)ppy].(dtbpy))PFs
(+1.26 V vs. SCE)'%”. While this thesis has only demonstrated the first electron
transfer reactivity step, it has been shown already for Fe(Ill)-carbene that it
may be employed for useful photoredox transformations, that too with high
yields. There are also other examples of first-row based excited states suc-
cessfully accomplishing chemical transformations of utility*®. The difficulty
of mechanistic delineation, or the conditions (e.g. high quencher

75



concentrations) which the relatively short nanosecond lifetimes may impose,
can be thought to not hinder the chemist engaged in more practical pursuits.

Of course, one may definitely seek to increase the lifetime to mimic excited
states based on heavier metals in every aspect — for a number of reasons, not
the least of which is doing so simply because we can. And so we have some-
where to go at the end of our journey: but how do we get there? The straight-
forward thing to think about is how we may modify the scorpionate motif we
have used so far. In recent work carried out'®®, coherences were thought to be
diagnostic for what vibrations should be selectively targeted and hindered in
the ligand framework in order to enhance the charge-transfer lifetime. It must
be noted, however, that it is difficult to judge if the improved lifetime in the
cage complex was a consequence of mode-specific effects as guided from co-
herence data vs. the general hindering effect of rigidity on vibrations. More
importantly, for complexes such as the ones investigated here which already
have lifetimes in the nanosecond regime, coherences may be too short-lived
to prove useful diagnostics of vibronic deactivation pathways or the expected
vibrational modes may lie in low-frequency regions where selective targeting
may be difficult to do. And this is all under the assumption that the product
state be unequivocally spectrally resolved from the reactant state to begin
with, which may not be true for several transition-metal complexes.

Relying, therefore, for the moment on more traditional approaches, the col-
lected data set at least putatively points to the fact that the rigidity of the scor-
pionate ligand predisposes it to favouring certain sizes — i.e. metals — for better
orbital overlap. We have further seen that there may stil/ be an advantage to
be gained in making the ligand less flexible to further slow down non-radiative
decay. Better m-accepting properties could also be desirable for the potential
stabilization of MLCT excited states. Since substitutions on the boron or the
phenyl have no bearing on the photophysics due to low electronic coupling'®,
there must be an alteration within the carbene framework. A potential candi-
date which may fulfil all these criteria already exists: tris(benzimidazol-2-yli-
dene)borate'®. Although it is a slightly weaker sigma-donor (yet only second
to the ligand studied here), it may nevertheless stabilize metal-centred states
sufficiently, while at the same time imparting the aforementioned advantages
in-tandem. We could also be more radical, and advocate for the construction
of a new scorpionate motif — one based on a CAAC (cyclic alkyl amino car-
bene) instead of an NHC, since the former are known to be both better sigma-
donors as well as m-acceptors than the latter'’’. CAACs of course have been
implemented to great success in realizing Cu-based ILCT emitters where non-
radiative decay is shut-off entirely'”". However, so far, mostly linear motifs
exist for other metals, e.g. Fe(0)'7* 17,

v some people consider the CAAC as an NHC variant inasmuch as it still contains a nitrogen
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On the matter of metal-centred states, it is indeed the case that photochemical
activity has been reported, even from low-lying, short-lived ones such as those
of [Fe(bpy)s]***’. Raised sufficiently in energy, they may become even more
photochemically relevant — while the idea is an interesting one, it is important
to acknowledge the possibility of ligand lability when some of these states get
populated. Another remark can be made: while the octahedron is the favoured
motif over a tetrahedron from a ligand-field perspective (A; = 4/9A,), for ex-
ploiting metal-centred states, a tetrahedral geometry could be worthwhile in
terms of having greater intensity (d-d transitions are orders of magnitude more
intense in tetrahedral complexes due to orbital mixing of metal p and d orbit-
als). In fact, from an intensity stealing perspective, non-octahedral geometries
are more interesting — though other disadvantages are duly acknowledged.

In closing, whether the future is dark or bright remains to be seen — but with

the spirit of curiosity of the spectroscopist and the creativity of the synthetic
chemist, a never-ending adventure is guaranteed.
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Popular Scientific Summary

The colours all around you are a consequence of light interacting with matter
— the colours which are not absorbed or the ones which are emitted are the
ones you see. This thesis, too, engenders a world of colour: it tries to under-
stand what happens when visible light in particular is absorbed by a somewhat
specific type of matter, called a transition-metal complex (TMC). TMCs usu-
ally consist of a metal centre which has formed bonds with other groups of
molecules that are called “ligands” (from Latin, /igare, “to bind”). With dif-
ferent metals and ligands, the types of complexes accessible are practically
infinite — it is all about creativity! We can make an attempt to classify and
categorize complexes for ease of study, but in the end, each one of them is
quite unique, and in that we may as well regard them as a beautiful people.
Absorbing light makes complexes go to a higher energy level, something re-
ferred to as an ‘excited state’. Indeed, depending on metal and ligand, a par-
ticular complex after absorbing light can do all sorts of things: it can emit light
of a different colour, it can convert the light energy to separated charges like
a little battery (only for some time, though!), it could even give away this
charge to another molecule in the surrounding, or it can just dump the energy
away as heat. For a long time, complexes based on earth-abundant metals —
particularly those of iron — have only been capable of the last outcome: if at
all they separate charges using light, this is done for a very very short time,
and they most definitely do not glow.

The key finding of this thesis is that certain complexes of iron and manganese
can achieve the above outcomes. This has been made possible by binding
these metals to a special type of ligand. In fact, the ligand looks like a Scor-
pion, and that is what inspires the cover of this thesis. The two ‘claws’ and
‘tail” attach themselves to the metal, and a metal can bind to two Scorpions,
resulting in a cage-like structure, which is very stable. With the help of laser-
based spectroscopic techniques an attempt has been made to understand what
exactly happens in these complexes after they absorb light, and document their
properties. The use of lasers is necessary because the events which follow
light absorption are extremely fast — about a billion times faster than the blink
of an eye! So very short laser pulses must be used to both excite and monitor
the excited states of complexes: we cannot measure anything shorter than the
least count of our ruler, after all. What are some interesting properties of these

78



complexes? Briefly, after absorbing light, the iron complex glows orange at
room temperature, and it also separates charges long enough in order to be
harvested. The manganese complex does not glow, but its capacity to give
away charges to other molecules after absorbing is beyond that seen in most
metal-based complexes. Some gold complexes have also been studied in this
thesis, which also emit bright orange light at room temperature. They actually
do so for a long time unlike the iron complex — they are phosphorescent, like
glow sticks. This is made possible by attaching a gold metal atom to another
molecule, and this time, it is the metal atom which gives rise to the shine! In
the end though, in all cases, by assembling metals and other groups of atoms,
i.e. “ligands” like little puzzle pieces, some fascinating results have been
achieved.

79



Svensk Sammfattning

Férgerna runt omkring dig dr en konsekvens av ljus som interagerar med ma-
teria — de farger som inte absorberas 4r de som du ser. Denna avhandling fram-
kallar ocksé en vérld av farg: den forsoker forstd vad som hander nir synligt
ljus absorberas av en specifik typ av materia, kallad ett dvergangsmetallkom-
plex (eng. transition metal complex, TMC). TMC:er bestar vanligtvis av ett
metallcentrum som har bildat bindningar med andra grupper av molekyler
som kallas "ligander" (fran latin, ligare, "att binda"). Med olika metaller och
ligander &r de tillgéngliga typerna av komplex praktiskt taget oéndliga - det
handlar bara om kreativitet! Vi kan forsoka klassificera och kategorisera kom-
plex for att forenkla att studera dem, men i slutdndan ar var och en av dem
ganska unik, och i det avseendet kan vi lika girna betrakta dem som vackra
individer. Att absorbera ljus far komplex att gé till en hogre energiniva, nagot
som kallas "exciterat tillstdnd". Beroende pa metall och ligand kan ett speci-
fikt komplex, efter att ha absorberat ljus, gora alla mojliga saker. Det kan till
exempel avge ljus av en annan firg, det kan omvandla ljusenergin till separe-
rade laddningar som ett litet batteri (bara under en viss tid, dock!), det kan till
och med 6verfora denna laddning till en annan molekyl i narheten, eller s& kan
det helt enkelt avge energin som varme. Under ldng tid har komplex baserade
pa jordens vanligt forekommande metaller - sdrskilt jdrn - bara varit kapabla
att na det sista utfallet: om de 6verhuvudtaget separerar laddningar med hjélp
av ljus, gors detta under en mycket kort tid, och de lyser definitivt inte.

Huvudresultatet av denna avhandling ar att vissa komplex av jirn och mangan
kan uppna flera av ovanstaende utfall. Detta har gjorts mdjligt genom att binda
dessa metaller till en sérskild typ av ligand. Faktum &r att liganden ser ut som
en skorpion, och det dr det som inspirerar omslaget pa denna avhandling. De
tvé "klorna" och "svansen" féster sig vid metallen, och en metall kan binda till
tvé skorpioner, vilket resulterar i en burliknande struktur som &r mycket stabil.
Med hjilp av laserspektroskopiska tekniker har ett forsok gjorts att forsta vad
som exakt hinder i dessa komplex efter att de absorberar ljus, och dokumen-
tera vilka egenskaper de har. Anvindningen av laser dr nddvindig eftersom
hindelserna som foljer efter ljusabsorption dr extremt snabba - ungefér en mil-
jard ganger snabbare dn ett 6ga kan blinka! Déarfor méste mycket korta laser-
pulser anvindas for att bade excitera och studera de exciterade tillstinden hos
komplexen, vi kan trots allt inte méita négot kortare &n uppldosningen pa var
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linjal. Vad ar da nagra intressanta egenskaper hos dessa komplex? Kort sagt,
efter att ha absorberat ljus, lyser jairnkomplexet orange vid rumstemperatur,
och det separerar ocksa laddningar tillrdckligt ldnge for att kunna utnyttjas.
Mangan-komplexet lyser inte, men dess forméga att overfora laddningar till
andra molekyler efter absorption 6verskrider det som ses i de flesta metaller-
baserade komplex. I hédr avhandlingen har ocksé vissa guldkomplex studerats
vilka ocksa sdnder ut orange ljus vid rumstemperatur. Detta sker under ldng
tid, till skillnad fran jairnkomplexet, dd guldkomplexen é&r fosforescerande,
som lysstavar. Detta dr mojligt genom att fasta en guldmetallatom till en annan
molekyl, och den hér gngen &r det metallatomen som ger upphov till ljuset!
I slutdndan har fascinerande resultat uppnatts genom att sitta samman metal-
ler och ligander, precis som sma pusselbitar.
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Appendix
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Figure Al. Consequences of detection geometry in pump-probe spectroscopy.
Since the pump and probe are collinear, and the detection geometry is such
that we detect signal in the direction of the probe — we force by considerations
of vector addition that the pump must interact with the sample twice. Pump-
probe is a third-order non-linear spectroscopy. The concept is also illustrated
in the Feynman diagram (for stimulated emission) seen to the right; it is not
possible to determine the time-ordering of the two interactions of the pump,
since they come from the same field. Here we have assumed that the probe
always follows the pump in terms of time ordering: when they overlap in time,
however, a coherent artefact is generated. Figure concept from ref' .
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Figure A2. Earlier timescale spectral data for the oxidative quenching of
[Fe"L,]" by MV?* (in addition to that provided in Figure 4.13 panel a)). The
early timescales <500 fs are convolved with the IRF; same measurement con-
ditions.
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Figure A3. Compiled data for the oxidative quenching of [Fe"'L,]" by various
quenchers in acetonitrile. Dynamic quenching rate constants (kq) determined
from TCSPC. Cage-escape yields as determined from ns-TA are noted beside
the quencher structure. No yields could be detected for any candidate tested

except methyl-viologen.
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Figure A4. Compiled data for the reductive quenching of [Fe"'L,]" by various
quenchers in acetonitrile. Dynamic quenching rate constants (kq) determined
from TCSPC. Cage-escape yields as determined from ns-TA are noted beside

the quencher structure.
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Figure A5. Absorption and excitation data for [Co™L,]". Excitation spectrum
2 was measured after irradiation.
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