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Abbreviations and notation
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b-ET
bpy
B-bpy
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highest occupied molecular orbital
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metal-to-ligand charge transfer
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third-order dispersion
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Abbreviations and notation

Symbol Units
Xe solvation reorganisation energy J, eV
AFE solvatochromic band shift energy J, eV
Avpwgym  wavenumber bandwidth (FWHM) m~!, cm™!
AvVgoly solvatochromic band shift wavenumber m™!, em™!
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formal oxidation/reduction potentials 'V

(ox,red)
€ (max) extinction coefficient M~ tem™!
(M=mol L71)
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f oscillator strength
Amax peak absorption wavelength m, nm
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1. Introduction

The aim of this study is to investigate the photophysics and electronic structure of
a class of novel donor-acceptor charge-transfer complexes, which are composed of a
ferrocene-donor (Fc!) attached to organic acceptors via an intervening B-N network
(as per the prototype compound shown in Figure 1.1(a), with a specific example
for a single bipyridine-based acceptor (B-bpy) in Figure 1.1(b)) [1, 2, 3, 4, 5, 6, 7|.

The central goal was to confirm the proposed assignment [7] of the observed
visible absorption band in these compounds (which we refer to hereafter as Fc-B-
bpy compounds) as a metal-to-ligand charge transfer (MLCT) electronic transition,
i.e. a direct optically induced transfer of an electron localised on the Fc unit into
vacant orbitals on the acceptor group.

Due to the fact that the bridge between the Fc-donor and acceptor group(s)
involves a saturated tetracoordinated B-atom, it could be expected that negligible

'Ferrocene, i.e. dicyclopentadienyl-iron(II), is composed of a central Fe(II) atom between two
cyclopentadienyl rings (Cp~, CsHj).

Delocalised polymer
channel

(c)

Figure 1.1.: Related Fc-B-bpy derivatives. (a) Generic model for Fc-B-bpy charge-
transfer compounds studied in this work. (b) Example compound
[LA]PFg indicating optically-induced charge-transfer. (c) Related tar-
get polymer systems where optically induced charge transfer (CT)
is used to inject charge into delocalised electronic states in a poly-
mer backbone. (d) Example of existing Fc-B-bpy polymers with the
monomer units in the main chain (with possible applications for mixed-
valence transport along the polymer).

(d)
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delocalisation of molecular orbitals across the B-atom would result, with only a
very weak through-bond electronic coupling between donor and acceptor. Hence it
was unclear as to whether the observed visible absorption band (with a peak wave-
length of Apax ~ 500 nm) was due to a MLCT transition, or simply an excitation
predominantly localised on the Fc donor, with the transition energy shifted into
the visible range due to inductive effects from the acceptor substituent, or only
a small degree of delocalisation onto the acceptor. Whilst evidence supporting an
electronic interaction between the Fc-donor and B-bpy-acceptor was provided in an
initial study [7], based on the semi-quantitative spectroscopic comparison of cer-
tain derivatives and indirect ESR measurements of the electrochemically-reduced
derivatives?, the assignment of the MLCT band remained uncertain and no detailed
description of the degree of charge transfer upon optical excitation was available.

In this study, we present and collectively analyse results from UV-vis absorption
and (spectro-)electrochemistry measurements, quantum chemistry calculations and
ultra-fast time-resolved spectroscopy on various Fc-B-bpy derivatives. A combined
interpretation of these data confirm the assignment of the MLCT absorption band
and provide a better understanding of the electronic structure of these compounds
and the relaxation dynamics of the MLCT excited state.

The compelling evidence that emerges in support of the assignment of the vis-
ible absorption band in the Fc-B-bpy compounds as a direct MLCT transition
that involves an almost complete excited-state transfer of an electron from the
Fe-donor to the B-bpy acceptors is based on (i) an analysis of the effect of the sol-
vent environment on the MLCT transition energy, (ii) the correlation between the
MLCT transition energy and the corresponding redox potentials of the Fc-donor
and organic-acceptor for a range of derivatives, (iii) the molecular orbitals from
theoretical DFT calculations on a prototype Fe-B-bpy compound, and (iv) the
correlation between the UV-vis absorption changes that result upon electrochem-
ical oxidation/reduction of the Fc-B-bpy compounds and the transient absorption
spectra of the MLCT excited state.

A critical comparison with other Fc-donor-based compounds and auxiliary spec-
troscopic measurements provide further details of the electronic and photophysical
properties of these compounds to aid in the future design of monomers with im-
proved properties (e.g. greater absorption strength and extended excited-state life-
time) and macromolecular systems incorporating these monomers. An important
result from the time-resolved spectroscopy measurements is that for the Fc-B-bpy
derivatives with flexible linkage between donor and acceptor, a significant fraction
of the CT excited-state relaxation (non-radiative back-electron-transfer, (b-ET))
occurs on a ~ 18 — 45 ps time scale (i.e. exponential time constant), whereas for
compounds where the donor and acceptor geometry is constrained by additional
bridging bonds, the b-ET occurs only on a much longer time scale of ~ 780 ps.

The investigation of these prototype Fc-B-bpy monomers is part of a larger
project? aiming at incorporating these molecular units into low-dimensional solid-
state macromolecular assemblies (e.g. polymers), where the optically-induced
charge transfer acts as the first step in injecting charge into a delocalised system
(Figure 1.1(c)) where the injected excess charge will have a strong effect on the ex-

2Note that a detailed description of the evidence existing at the beginning of this study in
support of the assignment of the MLCT band is given in the introduction to Chapter 4.

3The work on optical control of the charge and spin correlations in low-dimensional metal-organic
systems is a key theme for the work of AG Roskos, Physikalisches Institut, J. W. Goethe-
Universitit, as part of a larger multi-disciplinary Deutsche Forschungsgemeinschaft (DFG)
Forschergruppe project (412), ‘Spin- und Ladungskorrelationen in niedrigdimensionalen metal-
lorganischen Festkorpern’. The Fc-B-bpy compounds studied in this work were synthesised and
initially characterised within AG Wagner, Anorganische Chemie, J. W. Goethe-Universitat.
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Figure 1.2.: Examples of existing macrocyclic and oligomeric derivatives related to
the Fc-B-bpy compounds.

isting electronic charge- and spin-correlation phenomena of the electrons already in
the delocalised system [8]. An important part of the characterisation of the MLCT
excited-state for the Fc-B-bpy monomers involves determining the excited-state
lifetime, i.e. the time scale for b-ET to the Fc-unit. This is a critical parameter
for their performance when incorporated into larger molecular systems, as it deter-
mines (i) the steady-state concentration of CT states that can be maintained for a
given irradiation level of a sample, and (ii) the net efficiency of secondary charge-
transport mechanisms following the initial CT which will compete with the b-ET.
Moreover, a comprehensive investigation of the differences in electronic structure
for different derivatives provides an important key to improving the strength of the
initiating MLCT absorption.

Whilst existing MLCT compounds involving a Fc-donor connected to an organic
acceptor via a conjugated carbon bridge have been well established (for use as
non-linear optical chromophores), the use of a B-N architecture can provide sig-
nificant synthetic advantages in achieving sophisticated target systems, due to the
spontaneous formation of B-N bonds [9, 10, 11, 12, 13, 14]. Examples of the kinds
of macromolecular systems incorporating B-N linkage achieved to date are shown
in Figure 1.2. An important additional property of the Fc-B-bpy compounds is
that they can exist in a number of stable oxidation states, allowing the additional
control of their properties through electrochemical electron removal /addition.

In addition to the use of these monomeric units as functional pendant groups
attached to macromolecular systems, due to the excited-state delocalisation be-
tween the Fc-donor and organic-acceptor groups, they are interesting candidates
for in-chain polymer building blocks (e.g. Figure 1.1(d)). As an example, in the
case of a mixed-valence polymer [15, 16| where adjacent Fc-units are present as Fc
and oxidised FcT (i.e. with the valence electron involved in the MLCT removed
from the latter), the optical MLCT excitation of the Fc groups will place an elec-
tron on an acceptor which may then relax into either of the resultant oxidised
Fc™ groups, hence providing a means for optically-induced electron transport (i.e.
photoconductivity).

In order to place the Fc-B-bpy compounds in perspective, we briefly identify
related systems and some relevant applications in the following.
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Ground-state
charge transfer

Decamethyl- TCNE
ferrocene

Figure 1.3.: Decamethylferrocene-donor/TCNE-acceptor charge transfer com-
plexes (‘Miller compounds’). Ground state electron transfer generates
a cation/anion radical pair with ferromagnetic interaction between the
two spins.

The use of ferrocene as a donor in ground-state charge-transfer complexes demon-
strating interesting magnetic phenomena is well-established in the so-called ‘Miller
compounds’ [17, 18,19, 20], which are composed of an array of decamethylferrocene-
donors (DMFc, where the -H atoms of the Cp~-rings are replaced with CHg groups)
and organic electron acceptors, such as TCNE (Figure 1.3). In these compounds
the relative energy of the DMFc-HOMO is actually lower than that of the TCNE-
LUMO, such that in the solid state, through-space electron transfer occurs in the
ground state to create a cationic radical DMFc" and anionic TCNE™ pair. The
interaction between these two radical spins is ferromagnetic, which, based on a
McConnell model for the spin-interaction, occurs due to the fact that a small ad-
mixture of the lowest-lying excited states (involving further electron transfer from
DMFct —TCNE™) is stabilised when the two spins are parallel [18]. In related
systems where the lowest excited-states involve charge transfer back to the DMFc
donor, antiferromagnetic interaction between the two spins results.

Whilst no ground-state CT is observed for the Fc-B-bpy compounds due to the
fact that the donor-HOMO /acceptor-LUMO energy separation is large (and the CT
must be induced by optical excitation), this example DMFc-TCNE system demon-
strates that if a metastable charge-transfer state resulting from electron transfer
from Fc to an attached organic unit can be prepared, there could be appreciable
spin coupling between the two radicals. The ultrafast time-resolved measurements
presented in this work indicate that the lifetime of the (optically-excited) MLCT
state in the Fc-B-bpy monomers is < 1 ns (and depends critically on the flexi-
bility of the derivative), indicating that no metastable CT state can be prepared
by optical means with their existing design. Nevertheless, it is envisaged that the
results presented here will aid in the design of modified Fc-B-bpy compounds with
stronger MLCT absorption strength and longer lifetimes for the CT state following
optical excitation.

Several applications of ezcited-state CT compounds incorporating Fc as a donor
have been demonstrated. One active area of research involves Fc-donor organic-
acceptor compounds where the two are bridged by a conjugated carbon bridge
(such as the representative compound in Figure 1.4(a)) [21, 22, 23, 24, 25, 26,
27, 28, 29, 30|, and an intense direct MLCT absorption band in the visible/near-
infrared (vis-NIR) range is observed (we review these compounds in Section 2.2.2).
The fact that the MLCT band occurs in the vis-NIR region is a highly desirable
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(a) (b)

Figure 1.4.: Examples of established Fc-donor excited-state CT compounds. (a)
Prototype MLCT compound with conjugated carbon bridge between
Fc-donor and organic acceptor, for use as non-linear optical chro-
mophore. (b) Fe-donor fullerene-acceptor compound where (UV) op-
tical excitation of the fullerene results in long-lived CT from Fc to
fullerene (following intersystem crossing)

attribute for the design of pendant groups for optically-driven CT into macromolec-
ular systems, where excitation in the UV range is less desirable due to the likely
presence of overlapping bands from the macromolecular system (which one would
prefer not to perturb directly with the optical pumping of the CT groups). How-
ever, in accord with the intense absorption strength of these MLCT bands (which
is in itself also highly desirable), the strong donor-acceptor coupling should also
be accompanied by a relatively short-lived excited-state (although this is still an
open question for these particular derivatives, with one of the only measurements
of the MLCT excited-state lifetime being for a ferrocene derivative which showed
complete ground state recovery on a time scale of <50 ps [31]).

An alternative mechanism for optically-induced CT is demonstrated by the Fc-
donor fullerene-acceptor compounds [32, 33|, such as that shown in Figure 1.4(b).
In this case, the fullerene-acceptor is optically excited (in the UV), and following
an intersystem crossing (i.e. a singlet-triplet transition), electron transfer from Fc
to the fullerene occurs in the excited state to form a relatively long-lived excited
state (with lifetimes approaching 40 ns [32]).

Despite the number of various Fc-donor CT systems reported, no such system
appears to possess the required attributes for an ideal pendant group for charge
injection into a polymer system, i.e. (i) strong MLCT absorption strength in the
visible and (ii) a long-lived CT state (which must be achieved by the presence
of an excited-state relaxation mechanism which inhibits the back-ET relaxation).
Given the synthetic advantages of employing a B-N architecture, the possibility
to achieve these targets with a design based on the Fc-B-bpy compounds is a
particularly promising direction for study.

In conclusion, as an example of the possible application of optically-induced
charge-injection in macromolecular systems, we mention the ‘polaronic ferromag-
netic’ systems [17, 34, 35, 36]. These polymers are composed of spin-containing
units connected by ferromagnetic-coupling bridges, such as the example poly(m-
phenylenefuchsone) (PMPF) shown in Figure 1.5. This system employs a sim-
ple meta-phenylene group as an efficient ferromagnetic coupler between fuchsone
radicals, which is based on the favourable alternation of transmitted spin-density
between neighbouring C-atoms in the phenyl rings. We note that in the existing re-
ports on these systems, the unpaired spins are generated after synthesis, either by
chemical or electrochemical oxidation/reduction. However, by appropriate attach-
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Ferromagnetic
coupling group
——

—
Spin-containing
group Ci4Ha

Figure 1.5.: Example of polaronic-ferromagnetic polymer, PMPF [36], with m-
phenylene ferromagnetic coupling groups linking fuchsone spin radi-
cals. The radicals are prepared after synthesis by electrochemical re-
duction.

ment of an optical-CT chromophore to the fuchsone group one could in principle
optically control the presence of these spins, and the delocalised ferromagnetic
interaction.

1.1. Qutline

The structure of this dissertation is as follows:

Chapter 2. A short background theory of electronic structure in polyatomic
molecules, radiative and non-radiative electronic transitions and intramolecular
charge-transfer phenomena is presented. We also review the electronic structure
and photophysical properties of Fc, and established Fc-donor compounds which
exhibit strong MLCT transitions in the vis-NIR range, to lay down a benchmark
for the MLCT absorption properties that can be achieved in Fe-donor compounds.
The UV-vis absorption and electrochemical properties of the relevant organic ac-
ceptor groups are also presented, for comparison with the results of the Fc-B-bpy
compounds in Chapter 4.

Chapter 3. Here we present the background theory and experimental details
pertaining to the femtosecond time-resolved measurements. This includes a discus-
sion of the optical pulse sources used in the transient absorption measurements,
i.e. white-light continuum pulses and non-collinear optical parametric amplifiers
(NOPA), and the design and instrumentation of the measurement system that was
built up as part of the research work. A brief discussion of the time resolution and
coherent artifacts that arise in the time-resolved signals is given.

Chapter 4. This chapter summarises all the non-time-resolved results for the Fc-
B-bpy compounds. We present the UV-vis spectra of the Fc-B-bpy compounds in
solution and the quantitative extraction and comparison of the absorption bands
for a range of Fc-B-bpy derivatives. An analysis of the solvatochromic shift of the
MLCT band using a modified model developed for cationic solutes is applied to the
data for the single-B-bpy-acceptor compound ([1A]Br), which supports a MLCT
transition involving almost complete displacement of a unit electronic charge from
the Fc-donor to the B-bpy-acceptor. Measurements of certain derivatives in doped
polymer films (including low-temperature measurements) and as a single crystal
are presented, which demonstrate the effect of a solid-state environment on the
MLCT absorption band.

The electrochemical data for a selected set of derivatives is given, including a
correlation analysis of the Fc-donor-oxidation and B-bpy-acceptor-reduction poten-
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tials vs the MLCT transition energy, which supports the MLCT assignment and
provides an estimate for the Stokes shift associated with the MLCT transition. We
also present the relevant UV-vis spectroelectrochemistry data which is compared
to the excited-state transient spectra in Chapter 5.

The final section of this chapter presents the calculated density-functional the-
ory (DFT) results for a representative prototype Fc-B-bpy compound, [1]7(H),
including (i) the molecular orbitals and energies for both cationic and dicationic
oxidation states, (ii) a preliminary time-dependent-DFT (TD-DFT) calculation for
the lowest optical excitation energies, (iii) the ground-state potential and molecular
orbitals for an active reaction coordinate describing the relative conformation of
the Fe-donor and B-bpy-acceptor for [1]7(H), and (iv) the electrostatic potential
of the cationic oxidation state. These results provide support for the MLCT band
assignment, and are used wherever applicable in comparison with the experimental
results.

Chapter 5. Here the time-resolved transient-absorption results in the visible range
following direct MLCT excitation for three related Fc-B-bpy derivatives in solution
are presented. The three derivatives are chosen to compare the effects of (i) a rela-
tively unhindered rotation about the B-C bridging bonds connecting Fc-donor and
B-bpy-acceptor, and (ii) the presence of an -O- bridging bond between multiple
acceptors. The excited-state transient-absorption spectra are compared to analo-
gous spectral changes observed upon electrochemical donor-oxidation and acceptor-
reduction which aids in the assignment of the various bands in the excited-state
spectra and provides further support for the MLCT band assignment. A com-
parative analysis of the decay of the transient absorption kinetics for the three
derivatives is performed, which suggests that for the two derivatives where large-
scale excited-states conformational changes can occur, a significant fraction of the
MLCT excited state can relax on a time scale of 10s of picoseconds, whilst in
the presence of a constraining bridge between acceptors where this motion is sup-
pressed, all ground-state recovery proceeds on a far longer time scale — 1000 ps.
Schematic models involving multiple reaction coordinates are proposed to account
for the observed dynamics for each derivative, with the conclusion that for the two
derivatives with flexible donor-acceptor conformation, an efficient non-radiative
coupling to the ground state is encountered during excited-state relaxation, which,
considering the number of degrees of freedom in these medium-sized polyatomics,
is tentatively assigned to the involvement of a conical intersection in each case.

Chapter 6. We conclude with a summary of the key results and suggestions for
future work on related Fc-B-bpy systems.

1.2. Publications

The publications directly related to the research work presented in this dissertation
are as follows:

1. M. Thomson, H. G. Roskos and M. Wagner, On the way to ‘optical doping’ of
electronically low-dimensional polymer systems with strong charge and spin
correlations, Appl. Phys. A 78 477-481 (2004)

2. M. Thomson, M. Novosel, H. G. Roskos, T. Miiller, M. Scheibitz, M. Wagner,
F. Fabrizi de Biani and P. Zanello, Electronic structure, photophysics, and
relazation dynamics of charge transfer excited states in boron-nitrogen bridged

ferrocene-donor organic-acceptor compounds, J. Phys. Chem. A 78 3281-3291
(2004)
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As part of the broader research work on opto-electronics, significant contributions
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1.3. Zusammenfassung

Im Rahmen dieser Dissertation wurden die Photophysik und die elektronische
Struktur einer Klasse neuartiger Donator- Akzeptor-Ladungstransfer-Komplexe un-
tersucht. Im Wesentlichen bestehen diese Verbindungen aus einem Ferrocen-
Donator (Fc) und organischen Akzeptoren, die iiber B-N-Bindungen verbriickt sind.
Abbildung 1.6(a) zeigt einen Prototyp dieser Art von Komplexverbindungen. Eine
spezielle Verbindung mit einem einzelnen auf Bipyridin basierenden Akzeptor (2,2’-
bipyridylboroniumkation, B-bpy) ist in Abbildung 1.6(b) dargestellt*.

Zentrales Ziel der Untersuchungen war es, die Annahme zu bestétigen, dass
die beobachtete Absorptionsbande dieser kationischen Komplexverbindungen, die
im Weiteren als Fc-B-bpy-Verbindungen bezeichnet werden, einem Ladungstrans-
fer von Metall zu Ligand (engl. Abkiirzung: MLCT) zugeordnet werden kann,
gleich bedeutend mit einem optisch induzierten Ubergang eines in der Fc-Einheit
lokalisierten Elektrons in ein unbesetztes Orbital der Akzeptor-Gruppe.

/R—|X- hv e Me—| PFg
K=nl: N
e X %ﬁs
<= < ©

(a) (b)

Abbildung 1.6.: (a) Schema einer metallorganischen Verbindung mit B-N-Briicke
zwischen Donator und Akzeptor. (b) Spezifisches Beispiel [1A]PFg
mit einem einfachen B-bpy-Akzeptor und dem schematisch
dargestellten optisch induzierten Ladungstransfer.

Die vorliegende Arbeit wurde im Rahmen eines groferen Projektes® durchge-
fiihrt, dessen Ziel es unter anderem ist, niedrigdimensionale makromoleku-
lare metallorganische Verbindungen, z.B. Polymere, herzustellen und zu unter-
suchen. Der hier untersuchte optisch induzierte Ladungstransfer soll dabei den
Ladungsiiberschuss regeln, der in delokalisierten elektronischen Kanilen auftritt,
in denen starke Spin- und Ladungs-Korrelationen existieren. Dabei wiirden die
Fc-B-bpy-Monomere entweder (a) an das Polymerriickgrat angehéngt, um dort
Ladungstréger zu injizieren, oder (b) direkt in das Polymerriickgrat integriert.
Eine B-N-Architektur erscheint dabei besonders vielversprechend, da sich B-N-
Bindungen bei dieser Art makromolekularer Systeme spontan ausbilden.

Die Briicke zwischen Fc-Donator und B-bpy-Akzeptor enthélt ein geséttigtes
vierfach-koordiniertes B-Atom. Daher kénnte man annehmen, dass nur eine ver-
nachléssigbare elektronische Delokalisierung iiber diese Briicke erfolgt und deshalb
nur eine schwache elektronische Kopplung zwischen Donator und Akzeptor exis-
tiert. Aus diesem Grund war es unklar, ob die beobachtete Absorptionsbande, die
z.B. fiir [LA]PFg ihr Maximum bei 500 nm hat, von einem MLCT-Ubergang oder
von einer im Fc-Donator lokalisierten Anregung herriihrt. Im zweiten Fall kommen

*Die Fc-B-bpy-Verbindungen wurden von unseren Hauptkollaborateuren, AG Wagner, Anorgan-
ische Chemie, J. W. Goethe-Universitit, Frankfurt am Main, hergestellt.

"Die Untersuchung von optisch kontrollierbaren Spin- und Ladungs-Korrelationen in niedrigdi-
mensionalen metallorganischen Systemen ist eines der Hauptarbeitsgebiete der Arbeitsgruppe
Roskos, J.W. Goethe Universitat, Frankfurt am Main, als Teilprojekt eines groferen interdiszi-
plindren Forschergruppe-Projekts (412) ‘Spin- und Ladungskorrelationen in niedrigdimension-
alen metallorganischen Festkorpern’ der Deutschen Forschungsgemeinschaft (DFG).
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eine durch den B-bpy-Akzeptor induzierte Verschiebung in Richtung des sichtbaren
Spektralbereichs oder nur eine schwache Delokalisierung in Richtung des Akzeptors
als Ursachen in Frage.

Wihrend eine frithere Arbeit Hinweise auf eine elektronische Wechselwirkung
zwischen Fc-Donator und B-bpy-Akzeptor gab, blieb die Zuordnung der MLCT-
Bande unsicher. Des Weiteren war eine detaillierte Beschreibung des optischen
Ubergangs, speziell des Grades des Ladungstransfers, nicht verfiigbar.

Die vorliegende Arbeit analysiert eine Vielzahl verschiedener verwandter Fc-
B-bpy-Derivate. Gegliedert ist die Arbeit in (i) Untersuchungen der Absorp-
tionsspektren vom UV bis zum nahen Infraroten Spektralbereich (250-1000
nm) an Losungen, dotierten Polymer-Diinnfilmen und Einkristallen, (ii) elek-
trochemische Messungen an Loésungen®, (iii) quantenchemische Berechnungen”
und (iv) zeitaufgeloste optische Spektroskopie des angeregten Zustands auf der
Pikosekunden-Zeitskala.

Den Grofsteil der experimentellen Arbeiten im Rahmen dieser Dissertation stell-
ten (i) die Praparation und Charakterisierung der verschiedenen molekularen
Proben fiir die spektroskopischen Messungen und (ii) die Entwicklung des optis-
chen Spektroskopie-Systems mit breitbandigen Femtosekunden-Pulsen sowie den
entsprechenden Detektionsmethoden dar.

Die Ergebnisse dieser Arbeit deuten sehr stark auf die Existenz des MLCT-
Ubergangs, entsprechend eines fast vollstindigen Ubergangs eines Fc-Donator-
Elektrons zum B-bpy-Akzeptor in den angeregten Zustand hin. Zu diesem Schluss
fiihren die folgenden zentralen Resultate:

(a) Im Rahmen dieser Arbeit wurde die Abhingigkeit der MLCT-
Ubergangsenergie von der Dipolaritit der Lésung experimentell bestimmt und mit
einem Modell, das fiir diese Art von kationischen Verbindungen weiterentwick-
elt wurde, verglichen. Diese Analyse beinhaltet eine Abschiitzung der Anderung
des effektiven Dipolmoments der Verbindung bei optischer Anregung des MLCT-
Ubergangs, woraus auf die effektive Verschiebung der Elektronendichte geschlossen
werden kann. Im Fall einer typischen Fc-B-bpy-Verbindung mit einfachem Akzeptor
betriagt die effektive Verschiebung ~70% des Donator-Akzeptor-Abstandes.

(b) Die Redox-Potentiale fiir die elektrochemische Oxidation des Fc-Donators
und fiir die Reduktion des B-bpy-Akzeptors werden mit den entsprechenden
Maxima der MLCT-Bande fiir verschiedene Fc-B-bpy-Derivate in Losung ver-
glichen. Die Differenz beider Redoxpotentiale korreliert mit der beobachteten
MLCT- Ubergangsenergie, wobei die Korrelationsfunktion eine lineare Steigung
von (.99 aufweist, entsprechend des erwarteten fast kompletten Ladungsiibergangs
zwischen Donator und Akzeptor, die nur schwach gekoppelt sind. Mit anderen
Worten korreliert die Photonenenergie, die zur Praparation des angeregten Zus-
tands bendtigt wird, mit der Energiedifferenz, die durch das Entfernen eines Elek-
trons vom Donator und Hinzufiigen des entsprechenden Elektrons zum Akzeptor
hervorgerufen wird.

(c) Es werden die Ergebnisse theoretischer Grundzustandsberechnungen fiir eine
typische Fc-B-bpy-Verbindung in der Gasphase vorgestellt. Dabei werden Metho-
den aus der Dichte-Funktionaltheorie (DFT) angewendet. Daraus folgend befinden
sich die héchsten besetzten Molekiilorbitale (engl. Abkiirzung: HOMOs) im Fc-
Donator, wihrend die tiefsten unbesetzten Zustédnde (engl. Abkiirzung: LUMOs)
im B-bpy-Akzeptor lokalisiert sind.

®Die elektrochemischen Messungen wurden im Rahmen einer Kollaboration in der AG Zanello
(Department of Chemistry, University of Siena, Siena, Italien) durchgefiihrt.

"Die quantenchemischen Ergebnisse wurden von Dr. Thomas Miiller, Anorganische Chemie, J.
W. Goethe-Universitit, Frankfurt am Main, berechnet.
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Abbildung 1.7.: Fc-B-bpy-Verbindungen, an denen zeitaufgeléste optische Absorp-
tionsmessungen auf der pikosekunden Zeitskala durchgefiihrt wur-
den.

(d) Es wurden transiente Absorptionsspektren bestimmter Fc-B-bpy-Derivate
in Losung nach gepulster Anregung der MLCT-Bande (bei 500 nm) iiber einen
Zeitbereich von (,1-1000 ps und einen Wellenléngenbereich von 460-760 nm
aufgenommen. Diese differenziellen Spektren besitzen Absorptionsbanden des an-
geregten Zustands (engl. Abkiirzung: ESA), die qualitativ mit der Gleichgewichts-
Absorptionsénderung nach elektrochemischer Oxidation des Fc-Donators und Re-
duktion des B-bpy-Akzeptors iibereinstimmen. Dieses Ergebnis unterstiitzt die
Aussage, dass der MLCT-angeregte Zustand eine &hnliche elektronische Natur hat
wie ein oxidierter Fc-Donator und ein reduzierter B-bpy-Akzeptor.

Zusétzlich wurden zahlreiche vergleichende Untersuchungen durchgefiihrt, die
weitere wichtige Details der elektronischen Struktur der Fe-B-bpy-Verbindungen
zeigen. Ein wesentliches Ergebnis ergibt sich aus zeitaufgelsten Absorptions-
messungen auf der Pikosekunden-Zeitskala, aus denen Lebensdauern von an-
geregten MLCT-Zusténden fiir verschiedene Fc-B-bpy-Derivate bestimmt werden.
Dabei werden drei Derivate ([2A](PFg)2, (Fc)BOB und a-BOB, Abbildung
1.7) verglichen. Alle diese Verbindungen besitzen zwei B-bpy Akzeptoren, wobei
[2A](PFg)2 und a-BOB einen einzelnen Fe-Donator besitzen und (Fc),BOB zwei
Fc-Donatoren besitzt.

Bei den beiden Derivaten a-BOB und (Fc);BOB existiert eine Sauerstoff-
briickenbindung zwischen den B-bpy-Akzeptoren, welche die elektronische Kop-
plung zwischen den Akzeptoren im Vergleich zu [2A](PFg)2 erhoht. Ferner kann
fiir [2A](PFg)2 und (Fc)eBOB durch flexible Bindungen die relative Konstella-
tion von Donatoren und Akzeptoren relativ grofen Anderungen unterliegen. Eine
flexible Bindung erfolgt beispielsweise iiber B-C(Cp)-Bindungen (siehe Abbildung
1.7), bei denen Bindungsrotationen mit einer relativ kleinen Energiebarriere erzeugt
werden konnen, wie man aus den Grundzustandseigenschaften folgern kann. Bei a-
BOB erzeugt die B-O-B-Briicke eine deutlichere Einschréinkung der moglichen
Geometrien. Dies ermdglicht bei einem Vergleich der drei Derivate die Unter-
suchung der beiden folgenden Effekte: (1) der elektronischen Kopplung der Sauer-
stoffbriicke der B-bpy-Akzeptoren und (2) den Einfluss ungehinderter Anderun-
gen der Konstellation im angeregten Zustand. Beide Effekte konnten prinzipiell auf
die Relaxations-Eigenschaften des angeregten MLCT-Zustands Einfluss haben, wie
z.B. auf die Relaxation in den Grundzustand, bei der ein Elektronenriicktransfer
(engl. Abkiirzung: b-ET) vom B-bpy-Akzeptor zum Fc-Donator stattfindet.

Aus den zeitaufgelosten Absorptionsmessungen ergibt sich fiir (Fc)oBOB, unter
der Annahme einer einfachexponentiellen vollstéindigen Relaxation in den Grundzu-
stand eine Zeitkonstante von 7 ~ 45 ps, ohne einen Hinweis auf die Existenz eines
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Zwischenzustands. Fiir a-BOB findet diese Relaxation auf einen Zeitskala von
T ~ 780 ps statt. Nach unserer Interpretation der Daten des [2A](PFg)2-Derivats,
findet bei diesem die Relaxation auf zwei bestimmten Wegen statt, mit Zeitkon-
stanten von 7 ~ 18 ps und 7 ~ 910 ps und nahezu gleicher Haufigkeit. Diese
Unterschiede deuten darauf hin, dass die fiir die b-ET-Relaxation geltenden Zeit-
skalen hauptsédchlich in der Flexibilitdt der Konformation der Derivate begriindet
sind; im Gegensatz zum Einfluss der Kopplung iiber die B-O-B-Briicke auf die
angeregten elektronischen Zusténde.

Die schnellen Relaxationsprozesse fiir [2A](PFg)2 und (Fc)2BOB suggerieren,
dass fiir das Wellenpaket des angeregten Zustands ein strahlungsfreier Relaxations-
kanal in den Grundzustand wahrscheinlich ist. Aufgrund der Komplexitit der
Molekiile und der grofen Anzahl an mdglichen Freiheitsgraden gibt es bislang
keine eindeutige FErklarung fiir diesen Relaxationskanal. Ein vorldufiger Ansatz
fiihrt diesen Relaxationskanal auf eine konische Schnittfliche zwischen den Po-
tentialflichen des Grund- und des angeregten Zustands mit mehreren aktiven
,Reaktionskoordinaten zuriick. Ein sehr wahrscheinlicher Kanditat fiir einen dieser
Reaktionskoordinaten ist die B-C(Cp)-Bindungsrotation, da diese Bewegung im
Fall von a-BOB stark unterdriickt ist. Dieser Erklarungsversuch hat erheblichen
Einfluss auf das zukiinftige Design derartiger Derivate mit verlingerten Lebens-
dauern der angeregten MLCT-Zustéinde. Das heift, um strahlungsfreie Ubergiinge
in den Grundzustand zu verhindern, muss eine starre Architektur zwischen den
Fc-Donatoren und den B-bpy-Akzeptoren erreicht werden.

Absorptionsmessung im UV und im sichtbaren Spektralbereich an Diinnfilmen
(bei T=20 K und 7=300 K) und Einkristallen zeigen nur eine geringe Beeinflussung
der MLCT-Bande durch die Festkérperumgebung und die Temperatur. In beiden
Féllen tritt eine Blauverschiebung und eine leichte zusétzliche Bandenverbreiterung
auf. Dies bedeutet, dass die Fc-B-bpy-Verbindungen ihre potenzielle Fahigkeit zum
optisch induzierten Ladungstransfer in Festkdrperumgebung aufrecht erhalten, was
fiir mégliche zukiinftige Anwendungen von entscheidender Bedeutung ist.

Ein Vergleich der MLCT-Banden verschiedener verwandter Fc-B-bpy-
Verbindungen in Losung mit mehrfachen B-bpy-Akzeptoren (mit der zuséitzlichen
Option zwischen den Akzeptoren B-O-B- und B-N-B-Briicken einzufiigen) zeigt ein
kompliziertes Verhalten der Position und Breite der MLCT-Bande. Durch die An-
nahme eines einfachen Einelektronenmodells fiir die Ladungstransferzustinde, die
fiir verschiedene Molekiilsymmetrien und Akzeptor-Kopplungen erwartet werden,
und bei Berticksichtigung des Einflusses der Losung und der Ergebnisse der elektro-
chemischen Messungen, wurden die Rahmenbedingungen fiir ein besseres Verstdnd-
nis des Verhaltens der MLCT-Bande geschaffen. Die Ergebnisse untermauern die
Annahme, dass zwei nahezu entartete MLCT-Uberginge fiir Derivate nichtlinearer
Geometrie mit akzeptor-kopplungsabhéngiger Energieaufspaltung existieren, die
sich jedoch unter der grofsen Bandenbreite, infolge der Franck-Condon-Verteilung
und der Konformationsverbreiterung der flexiblen Verbindungen, verbirgt.

Die MLCT-Bande eines Derivats, bei dem der B-bpy-Akzeptor durch ein
delokalisierteres Drei-Ring-System (‘B-dpp’, basierend auf der organischen
Verbindung 2,5-bis(2-pyridyl)pyrazin) ersetzt wurde, zeigt eine deutliche Rotver-
schiebung, mit einem Bandenmaximum bei 600 nm. Dies unterstiitzt die
Zuordnung der MLCT-Banden, da man aus elektrochemischen Messungen auf
eine niedrigere LUMO-Energie dieses B-dpp-Akzeptors schliefst, und zeigt die
Moglichkeit auf, die Bandenenergie durch verschiedene Akzeptoren zu variieren.

Die Ergebnisse der DFT und zeitabhéngigen-DFT (engl. Abkiirzung: TD-DFT)
in der Gasphase fiir eine représentative Fc-B-bpy-Verbindung mit einem einzel-
nen B-bpy-Akzeptor sind unterteilt in, (i) die Grenzorbitale und Energien sowohl



1.3. Zusammenfassung 15

der kationischen als auch der oxidierten dikationischen Form, (ii) eine vorlaufige
TD-DFT-Berechnung der Anregungsenergien und Oszillatorenstérken, (iii) einen
Vergleich des Grundzustandspotentialverlaufs in Abhéngigkeit eines Parameters,
der die B-C(Cp)- Bindungsrotation reprasentiert, und (iv) das elektrostatische Po-
tential des kationischen Grundzustands.

Wie bereits erwihnt, legen die berechneten Molekiilorbitale des kationischen Ox-
idationszustands fiir den MLCT-Ubergang HOMOs und LUMOs nahe, die haupt-
séchlich im Fc-Donator bzw. hauptséchlich im Akzeptor lokalisiert sind. Fiir den
dikationischen Oxidationszustand existieren HOMOs und LUMOs, die sowohl iiber
den Fc-Donator als auch {iber den B-bpy-Akzeptor delokalisiert sind. In diesem
Fall kann eine deutlich grofere elektronische Donator-Akzeptor-Kopplung fiir den
oxidierten Zustand angenommen werden. Dies hat Einfluss auf zukiinftige makro-
molekulare Systeme, die mehrfache Fe-B-bpy-Einheiten enthalten und mit gemisch-
ten Valenzsystemen, d.h. einer Kombination neutraler und oxidierter Fc-Zentren,
hergestellt werden.

Ein wichtiges Ergebnis in Bezug auf die Anwendung von TD-DFT-
Berechnungsmethoden zur Vorhersage der Ubergangsenergien und -intensitéiten
konnte durch den Vergleich mit dem Experiment erzielt werden. Es zeigt sich,
dass TD-DFT- Methoden angewandt auf derartige Ladungstransferverbindungen
nur qualitative Ergebnisse liefern kénnen, da diese systematisch zu niedrige Uber-
gangsenergien (Fehler bis zu ~1 €V) und -intensitéten liefern.

Die Berechnung der Grundzustandspotentialkurve fiir die Rotation um die B-
C(Cp)-Bindung zwischen Donator und Akzeptor besitzt in der Gasphase bei
Raumtemperatur zwei symmetrische Minima. Auf einem dieser Minima ist eine
quasiklassische Schwingung mit einer relativ grofen Amplitude (~30°) und
einer charakteristischen Frequenz von ~320 GHz zentriert. Aus diesem FErgeb-
nis kann die Grofsenordnung der MLCT-Banden-Verbreiterung abgeschétzt wer-
den, die sich unter Verwendung der HOMO-LUMO-Energiedifferenz aus Orien-
tierungschwankungen der B-C(Cp)-Bindung ergibt. Abschliefend sei noch erwéhnt,
dass die elektrostatischen Potentialflichen darauf hindeuten, dass die positive
Ladung des Kations im B-bpy-Akzeptor delokalisiert und damit das Grundzus-
tandsdipolmodell fiir Lésungen anwendbar ist.

Wir gehen davon aus, dass diese ausfiihrliche quantitative Untersuchung der
elektronischen und spektroskopischen Eigenschaften der Fe-B-bpy-Verbindungen
bedeutenden Einfluss auf das zukiinftige Design verwandter makromolekularer
Systeme hat. In derzeitigen Arbeiten werden bereits oligomere Derivate dieser
Monomere untersucht. Des Weiteren wird an neuen Systemen mit dreifach koor-
dinierten B-Atomen zwischen Fc-Donatoren und Polymerriickgrat geforscht. Erste
Untersuchungen an verwandten Polymeren ohne Fc-donatoren suggerieren, dass bei
stiarkerer Delokalisierung eine stérkere elektronische Kopplung zwischen Fc-Donator
und organischen Akzeptor- Zustéinden im Polymerriickgrat bestehen konnte.






2. Background molecular theory and results

2.1. Basic electronic and photophysics theory of polyatomic
molecules

2.1.1. Molecular wavefunctions and radiative transitions

The description of the electronic states ¥y, (r, Q) in polyatomic molecules with nu-
clear coordinates Q! and electronic coordinates r can be described within the Born-
Oppenheimer approximation (i.e. neglecting coupling between electronic states) by
the adiabatic product wavefunctions,

\I/n,M (I‘, Q) = Xn,M (Q) wn (I‘; Q) s

where x,, 1 (Q) and 9, (r; Q) describe the nuclear and electronic wavefunctions, re-
spectively? [37, 38]. With this factorisation, the electronic wavefunctions 1, (r; Q)
are eigenfunctions of the molecular electronic Hamiltonian Hy (i.e. the total molec-
ular Hamiltonian excluding the kinetic and potential energy terms involving only
nuclei) for fixed nuclear positions Q, with a resulting energy E¢ (Q). In turn, the
nuclear (vibrational) wavefunctions x, a (Q) are then taken as eigenfunctions of
a Hamiltonian composed of the nuclear kinetic energy, and an effective nuclear
potential energy,

Un (Q) = EZI (Q) + Viue-nuc (Q) ) (2-1)

where Viyenue (Q) is the electrostatic potential between the nuclei. Examples of the
potential energy curves and vibrational wavefunctions are shown in Figure 2.1(a).

The transition dipole moment for the radiative transition from the ground
electronic-vibrational state Wo = x0,0%o to the excited electronic-vibrational state
\Iln,M - Xn,Mwn is given by [37]7

1o 0—nnr = (Ul DT [10) (X0 | X00) (2.2)

where M,,_.o = (¢| > r|t¢by) is the electronic transition dipole moment and
(Xn,M | X0,0) is the Franck-Condon factor.

Given that the absorption strength for each transition is given by f
‘P’O,OHn,M|27 for a finite absorption strength we require that both the electronic
transition dipole moment and Franck-Condon factor are finite. For molecules pos-
sessing well-defined symmetry, a finite electronic dipole moment requires that the
two electronic states are of opposite parity, whilst in general, (and more important
for the charge-transfer electronic transitions under study here) the two electronic
wavefunctions must also possess extensive spatial overlap for an appreciable ab-
sorption strength (i.e. they must extend into a common spatial region). Moreover,
the Franck-Condon factor will only be appreciable for transitions between vibra-
tional wavefunctions which possess finite amplitude in the same region of nuclear
coordinate space — a requirement which leads to the Franck-Condon principle of a
vertical transition, which is analogous to requiring no displacement of the nuclei

Note that the nuclear coordinates Q are taken as any linear basis of the nuclear positions
(weighted by the appropriate inertia), which are often taken as the normal modes of vibration
for the molecule.

2Note that here a non-relativistic Hamiltonian is assumed, and the spin-dependence of the
wavefunctions is neglected.

17
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Figure 2.1.: (a) Schematic of the lowest energy singlet electronic states, S, and
corresponding vibrational energy levels vs a single reaction coordinate.
(b) Franck-Condon radiative transition between two electronic states,
indicating the Stokes shift energy S and displacement of the nuclear
coordinate AQ .

during the absorption process (see Figure 2.1(b)). This implies that as the equi-
librium positions of the two potential energy surfaces are displaced, the transition
strength will be maximal for transitions to higher excited vibrational states in the
excited electronic state, and consequently the required photon energy for the tran-
sition increases, and the transition results in an initial excited state with increasing
excess vibrational energy. As the Franck-Condon factor is appreciable for a range
of vibrational states |x, ar), we expect a finite absorption bandwidth composed
of transitions to each vibrational state (i.e. the Franck-Condon bandwidth), as
indicated in Figure 2.1(b). As the displacement between the two potential energy
surfaces increases, the magnitude of any single Franck-Condon factor decreases due
to the decreased overlap between the nuclear wavefunctions, but the bandwidth in-
creases due to the weaker dependence of the Franck-Condon factor (x,.as | x0,0) on
M . If we assume parabolic potentials U, (Q) in the ground- and excited-electronic
states (with the same vibrational frequency wyip) then the absorption intensity for
each vibrational transition can be written as (for zero temperature)? [38],

_(Agg) (AgQ)M

2
l(xar | x0)|”" =e Ml

where the dimensionless potential-energy-curve shift is given by Ag =
(\/wvib/Qh) AQ. Hence the envelope of the absorption band (neglecting other

sources of broadening) conforms to a Poisson distribution with mean (AgQ). For
large displacements, this band shape |(xas | x0)|> will tend to a Gaussian with a

variance in photon energy o = wyib/(M?) = wyibAg = (4 /w%ib/Qh)AQ and mean
(maximum) band position Awpax = h(wo +wvibAgQ), where fwg is the energy

3Note that more general analytic expressions for the Franck-Condon factors between harmonic
potential surfaces for finite temperature and multiple vibrational coordinates (not necessarily
with the same frequency) can be derived, but this expression reflects the key qualitative aspects
of the effect of displacement between the two potential energy curves.)
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Figure 2.2.: Example of the absorption spectral envelope (Franck-Condon man-
ifold) | (xar|xo)|? vs displacement of two one-dimensional potential
energy curves (with equal vibrational quanta in each electronic state.)

separation of the potential energy curve minima of the two electronic states (i.e.
the spectroscopic origin of the electronic transition). An example of the expected
absorption envelope vs increasing displacement Ag is shown in Figure 2.2. We note
that the integral of the absorption band is independent of the displacement, i.e.
the peak absorption strength falls away with increasing band broadening. In the
case of several displaced vibrational coordinates, the resulting absorption band en-
velope is a convolution of the single-coordinate band envelopes. When the solute is
placed in a condensed-phase environment, additional broadening mechanisms may
wash out any detectable vibrational structure, resulting in a continuous Gaussian
bandshape (for large displacements).

The expression for the transition dipole moment above (Eq. 2.2) made use of the
Condon approximation (i.e. assuming that the electronic transition dipole moment
M, —o = (¢¥n]>_rlhy) is independent of the instantaneous nuclear coordinates
[38]). However, given that molecular vibrations induce a finite distortion of the
electronic wavefunctions, this expression should be generalised to include the re-
sulting ‘vibronic mixing’ of the excited electronic wavefunctions. The effect of this
mixing becomes important whenever M,,_,o vanishes due to symmetry (parity) of
the electronic states 0 and n. From perturbation theory, the next most significant
term contributing to the radiative transition p'g o, 5s between the two electronic-
vibrational states involves the vibronic-mixing with other excited electronic states,
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Figure 2.3.: (a) Schematic of initial optical excitation and vibrational relaxation
(due to intramolecular vibrational redistribution (IVR) and vibrational
energy relaxation (VER) through coupling with the external environ-
ment). (b) Propagation of wavepacket on a potential energy gradient.
Also included is an encounter with the ground-state potential surface,
where either an avoided crossing (AC) or conical intersection (CI) is
present.

¥;, and can be written,

OH,
P <\IJJ| anl 0|‘1Jn>
4 0,0—»n,M — §k <X'fl,M‘ E] N En

Qk ¢ 1x0,0) Mo, (2.3)

where the sum is over all coordinates @y where (0H/0Q)) causes significant mix-
ing between the excited states ¥; and ¥,,. Hence even in the case where a transition
is parity-forbidden, the transition can ‘borrow intensity’ from other allowed elec-
tronic transitions Mg_,; involving other excited-states lying nearby in energy. This
intensity-borrowing mechanism is responsible for the finite absorption strength of
d-d-transitions in ferrocene (Section 2.2.1) which are parity forbidden.

2.1.2. Non-radiative transitions and motion on potential energy surfaces

In this section, it is assumed that the excited-state has been prepared by a co-
herent broadband optical radiation (i.e. an optical pulse). In this case, the excited
wavefunction is composed of a coherent superposition of excited vibrational states
which form a coherent wavepacket x = Zj ¢jXj, as shown in Figure 2.3(a). Follow-
ing excitation, excess vibrational energy will be lost through anharmonic coupling
to other nuclear degrees of freedom in the polyatomic molecule (intramolecular vi-
brational redistribution, IVR) or the surrounding environment (vibrational energy
relaxation, VER) [38], and the nuclear wavefunction decays towards the lowest-
energy vibrational wavefunctions of the electronic state. These vibrational cooling
processes typically occur on a time scale of 0.1-1 ps [37].

In addition, if along certain nuclear (reaction) coordinates the potential energy
surface in this vicinity does not correspond to a stable minimum, due to a large
change in the equilibrium conformation in the excited state, then the wavepacket
will propagate (and broaden) along these directions on a time scale depending
on the gradient of the potential energy surface, as shown in Figure 2.3(b) (note
that excitation to only the first excited state is assumed here). This motion is
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also accompanied by additional vibrational energy loss, and a new conformational
distribution is established.

Moreover, in exploring regions of lower energy on this excited-state potential
energy curve, the wavepacket may encounter a region where the potential energy
approaches that of the ground state. In such regions two situations can result, de-
pending on the interaction between the two molecular states, or more specifically
the interaction with respect to more than one reaction coordinate*: (1) The adia-
batic potential energy surfaces are repelled from one another due to the interaction
between the molecular states near this intended intersection, i.e. an ‘avoided cross-
ing’ results. A finite probability of transfer to the adiabatic ground-state potential
is due to the mixing of the adiabatic electronic states by the nuclear motion (non-
adiabatic coupling). (2) Due to the involvement of a second (or multiple) reaction
coordinate(s), a certain coordinate in reaction coordinate point (or curve) exists
where both the intended crossing occurs and the effective coupling between the two
molecular states vanishes such that the adiabatic potential surfaces can touch, i.e.
a ‘conical intersection’. In this region, a highly localised, singular, non-adiabatic
coupling occurs between the two surfaces which results in a far more efficient cou-
pling to the ground state. The occurrence of such conical intersections are quite
plausible in complex polyatomics molecules [40].

2.1.3. Intramolecular charge transfer

In the case where a molecule is composed of two fragments containing (a) an
electron-donor moiety which is easily oxidised (i.e. has a relatively low ionisation
potential), and (b) an electron-acceptor moiety which is easily reduced (i.e. has
a relatively high electron affinity), the lowest energy electronic excitations in the
combined complex can involve transfer of an electron from an occupied orbital lo-
calised on the donor into unoccupied orbitals localised on the acceptor (assuming a
small but finite overlap of their respective molecular orbitals). Two examples of how
such an intramolecular charge-transfer (CT) can be optically induced are shown in
Figure 2.4. In the first case (a) an optical excitation involving orbitals localised on
the donor is followed by excited-state charge transfer (due to finite electronic cou-
pling between the LUMOs of the donor and acceptor, and an intersection between
the corresponding reaction coordinate potential surfaces) [38]. Due to the fact that
the optical excitation corresponds to a localised electronic transition, the oscillator
strength for such a transition can be very large, and efficient (rapid) excited-state
charge transfer will be achieved if the electronic-vibrational coupling between the
LUMOs of donor and acceptor is large. In certain systems, this process can occur
on a time scale as short as < 100 fs [38, 41, 31].

Another form of optically-induced intramolecular CT (which is the case con-
sidered in this study of the Fc-B-bpy compounds) involves (b) the direct opti-
cal excitation from a predominantly donor-localised HOMO into a predominantly
acceptor-localised LUMO, with the oscillator strength for the electronic transition
afforded by a finite overlap of the donor and acceptor molecular orbitals. This type
of direct CT electronic transition is referred to as a ‘Mulliken’ (or direct) charge-
transfer transition [42], and was first studied in the context of inter-molecular CT.
Due to the fact that these transitions involve excitation directly into the acceptor

“Note that a rigourously discussion of the physical basis for the occurrence of avoided crossings
vs comnical intersections would require a formal introduction of diabatic and adiabatic bases,
and the dependence of the adiabatic potential energy surfaces on the diabatic coupling in the
vicinity of the diabatic potential surface crossing along more than one reaction coordinate
[38, 39]. Hence a more qualitative statement is given here.
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Figure 2.4.: Schematic for two forms of optically-induced intramolecular charge
transfer (a) Excited-state charge-transfer following local excitation of
the donor. (b) Mulliken (or direct) optical charge-transfer (as per the
MLCT band studied here).

LUMO, the required photon energy is in general lower than that required for case
(a).

Based on simplified theory for weakly-interacting donor and acceptor (see Ap-
pendix B.1 and Ref.s [43, 42, 37]), the interaction between a neutral-donor and
neutral-acceptor (with isolated energies Eq and FE,, respectively) leads to the
perturbation of the MO energies as shown in Figure 2.5. (Note that in this ap-
proximate one-electron model the neutral donor is represented as VP, ie. the
effective core potential seen by the valence electron involved in the CT.). The
first-order donor-acceptor interaction leads to a weak stabilisation of the donor-
HOMO (due to attractive van der Waals interaction) and a significant stabilisation
of the acceptor-LUMO (due to the electrostatic interaction between D™ and A™)).
The second-order effects involve mixing of the donor-HOMO and acceptor-LUMO,
which leads to an additional stabilisation (destabilisation) of the donor-HOMO
(acceptor-LUMO), and increases both the strength and required photon energy for
the CT transition (see Appendix B.1).

In the present study, the Fc-B-bpy compounds possess cationic acceptor groups
(Chapter 4), which leads to a different interaction between the CT valence electron
and the effective core potential of the donor and acceptor in the ground and CT
states. This situation is represented schematically in Figure 2.6 (where for simplicity
only the effects of first-order donor-acceptor interaction are shown). Here both the
donor-HOMO and acceptor-LUMO are stabilised by a comparable degree due to
ion-induced-dipole donor-acceptor interactions in the ground state (DA™) and CT
state (D*A), as indicated by the potential terms in Figure 2.6 (see Appendix B.1
for the precise expressions).

In the spectroscopic study of the Fc-B-bpy compounds in Chapter 4, we compare
the MLCT spectra of derivatives with a single cationic acceptor, or multiple cationic
acceptors with different geometries and inter-acceptor coupling. The presence of two
identical acceptors leads to near-degenerate (symmetric and anti-symmetric) LU-
MOs which are split by the inter-acceptor interaction and their different interaction
with the donor, whilst the donor HOMO is now perturbed by the presence of two
acceptors. Due to the fact that there should be significant electrostatic interaction
between the donor and acceptors for these net-charged complexes, in the following,
we neglect the second-order perturbations due to mixing (which will lead in general
to a small blue-shift of the HOMO-LUMO energy separation)
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Figure 2.5.: Donor-HOMO and acceptor-LUMO energies resulting from first-order
(electrostatic) and second-order (mixing) donor-acceptor interaction
(assuming a simple one-electron model) and resulting CT transition
energy, for a neutral-donor—neutral-acceptor complex.
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Figure 2.6.: Donor-HOMO and acceptor-LUMO energies due to first-order (elec-

trostatic) donor-acceptor interaction for a neutral-donor—cationic-
acceptor complex.
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In Figure 2.7, a schematic of the situation for a linear-symmetric donor-acceptor
complex with two cationic acceptors is shown. As the two acceptors are signif-
icantly displaced from each other (with the additional electrostatic shielding of
the intervening polarisable donor), the interaction between the two acceptors is
small, and a small average stabilisation and splitting between the symmetric («)
and antisymmetric (3) orbital energies results. The donor-HOMO, on the other
hand, is now stabilised by the combined presence of two cationic acceptors, such
that the net HOMO-LUMO separation will increase relative to the single-acceptor
complex®. Due to the parity of the wavefunctions, only the electronic transition
to the B-LUMO is allowed, which is analogous to the selection rules in molecu-
lar exciton theory for a dimer (where two identical chromophores, with distinct
HOMO and LUMOs interact) [44, 45]. Moreover, as shown in Appendix B.2, the
expected absorption strength for the CT transition to the 8-LUMO in the case of
two acceptors is expected to be twice that of the single-acceptor complex. We note
that any symmetry-breaking between the two acceptors (i.e. due to fluctuations in
relative conformation or surrounding environment) will lead to an increase in the
localisation of the two wavefunctions on one of the acceptors (such that the a—
and S—LUMOs no longer correspond to symmetric/antisymmetric combinations).

The situation is modified considerably in the case where the two cationic-
acceptors are connected by a short chemical bridge (as is the case for certain Fc-B-
bpy derivatives in Chapter 4). In this case (i) there will be a far larger inter-acceptor
coupling (due to both through-space and through-bond interaction), and (ii) the
linear symmetry is replaced by a mirror symmetry between the two acceptors. As
shown in Figure 2.8, the inter-acceptor coupling should give rise to a larger stabili-
sation and splitting of the a— and S—LUMOs, such that the CT transition energy
should be decreased relative to the unbridged linear A-D-A complex. Moreover, the
transition dipole moment to both a— and f—LUMOs is finite (and directed paral-
lel to the symmetry plane of the D-AB complex), with the CT absorption strength
being shared between the two transitions (with a ratio depending on the angle 6
between the bonds to each acceptor). Hence, one expects two non-degenerate CT
transitions for the bridged-acceptor complex (although as presented in Section 4.4
for the relevant Fc-B-bpy derivatives, in the presence of significant band-broadening
these two transitions may remain unresolvable).

It is clear that the energy separation between the donor-HOMO and acceptor-
LUMO for a CT complex should show a correlation with the corresponding CT
transition energy, and hence an experimental determination of these energies over
a range of related derivatives would allow a test for the assignment of a CT band.
Whilst photoelectron spectroscopy can determine the vertical ionisation potential
of a compound (i.e. an estimate of the donor-HOMO energy), this technique cannot
always be readily applied to organic complexes (which may not be stable in the
gas phase). A practical method for determining estimates of the relative HOMO
and LUMO energies for a complex in solution is with electrochemical techniques
(e.g. cyclovoltammetry) [46], which are employed for the characterisation of the
Fc-B-bpy compounds in Section 4.5, where the relative potentials can be deter-
mined for the processes: (i) electron-removal reaction (oxidation) at the donor
(EZ.), and (ii) electron-addition reaction (reduction) at the acceptor (E/2;). How-
ever, these electrochemical potentials represent different processes with respect to
the optically-induced direct CT transition. Firstly, the electrochemical processes
are assumed to proceed adiabatically, i.e. such that the molecular conformation

5As discussed further in Section 4.2.3, this blue-shift for the linear-symmetric double-acceptor
complex relative to the single-acceptor complex can be physically rationalised by considering
the rearrangement of formal positive charge in the complex.
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Figure 2.7.: Donor-HOMO and near-degenerate acceptor-LUMO energies due
to first-order (electrostatic) donor-acceptor interaction for a lin-
ear neutral-donor—double-cationic-acceptor complex with weak inter-
acceptor coupling. Only the transition to the antisymmetric delocalised
acceptor wavefunction () is allowed.
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Figure 2.8.: Donor-HOMO and near-degenerate acceptor-LUMO energies due to
first-order (electrostatic) donor-acceptor interaction a bent neutral-
donor—double-cationic-acceptor complex with moderate inter-acceptor
coupling. Both CT transitions to the symmetric and antisymmetric
delocalised acceptor wavefunctions (a,3) are allowed. With increasing
inter-acceptor interaction, both CT transitions will red-shift and split
in energy.



2.1. Basic electronic and photophysics theory of polyatomic molecules 27

and surrounding solvent environment can adjust to their new equilibrium positions
(in the presence/absence of the added/removed electron) during the process. For
an optical CT transition, the Franck-Condon principle dictates that these degrees
of freedom remain fixed during the optical transition and the relevant MO energies
all correspond to those in the ground-state equilibrium conformation of the nuclei
and surrounding solvent molecules [47]. Secondly, the electrochemical processes in-
volve different formal charges of the complex, whereas in the optical CT process,
the total charge of the complex remains fixed. Taking these effects into consider-
ation, the expected CT transition energy can be related to the difference in the
electrochemical potentials AE’ for oxidation and reduction by [47],

Fuvrner = eAE"™ + Xe + AFpc — C, (2.4)

where . is the difference between the excited-state solvent interaction energies for
the Franck-Condon (i.e. ground-state) and CT (excited-state) solvent equilibrium
configurations, and AFEpc is one-half the Stokes shift for the transition (i.e. the
relaxation energy in going from the ground-state equilibrium internal geometry
to the CT state equilibrium geometry). The electrostatic interaction term C' > 0
corresponds to the difference between the hypothetical reduction potential for the
acceptor in the case where the donor is oridised (a situation not realisable in
practice) and that measured with a neutral donor. We employ this relation to
analyse the experimental data for a range of Fc-B-bpy compounds in Section 4.5.2.

2.1.4. Solvatochromism of CT absorption band

In solution, electrostatic interaction with the charge distribution of the solute
leads to dipole orientation and induced polarisation in the surrounding solvent
molecules. This leads to an additional electric field (‘reaction field’) [48, 49| experi-
enced by the solute molecule, which causes a shift in the molecular energy (relative
to the gas-phase). Upon CT electronic excitation, the solute charge distribution
will change dramatically, and this solvent interaction energy will be different for
the excited-state, which results in a solvent-dependent shift (and broadening) of
the CT absorption band energy — an effect referred to as solvatochromism. The case
where an electronic transition shifts to lower energy with increasing solvent polar-
ity /dipolarity is termed ‘positive’ solvatochromism (resulting in a ‘bathochromic’
shift) [49], whereas in the case where the transition shifts to higher energies, the
effect is referred to as ‘negative’ solvatochromism (resulting in a ‘hypsochromic’
shift).

In the case of the cationic Fe-B-bpy compounds studied here (which are solu-
ble only in polar solvents), the dominant solute-solvent interactions are ion-dipole
and dipole-dipole interactions. However, as the net charge of the solute does not
change upon optical excitation, the effect of the ion-dipole interaction affects the
solvatochromic shift only through its influence on the orientation of the surround-
ing solvent molecules. This situation is depicted in Figure 2.9. In Figure 2.9(a),
the typical situation for a neutral dipolar solute surrounded by dipolar solvent
molecules is shown. The solvent molecules tend to align themselves to the dipole
electric field created by the solute. In the case of a cationic solute (Figure 2.9(b)),
the field component arising from the net ionic charge of the solute dominates, and
the equilibrium orientation of the solvent molecules will tend to align with this
field. Note that due to solvent-solvent interaction and thermal fluctuations, the
actual instantaneous solvent configuration will deviate from the idealised situation
shown in Figure 2.9.
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(a) Neutral dipolar (b) Cationic dipolar

Figure 2.9.: Schematic representation of the dipole orientation (us) of polar solvent
molecules surrounding (a) a neutral solute molecule (with dipole w),
and (b) a cationic solute (represented as a superposition of a dipole p
and net charge @). (Only the first solvent shell is shown. Induced dipole
components omitted. Note that in this model, the internal dielectric
constant of the solute “’sphere’ is taken as unity.)

Another difference between a neutral CT complex and a cationic CT complex is
represented in Figure 2.10. In Figure 2.10(a) a neutral CT complex with negligible
ground-state dipole is shown®. Upon CT excitation, an appreciable excited-state
solute dipole is created. In this example, the ground-state orientation of the dipolar
solvent molecules will be predominantly random (due to the absence of any strong
dipole-dipole interaction in the ground state, although anisotropy in the polarisabil-
ity of the solute and solvent will result in a weak residual preferential orientation
of the solvent molecules). Upon optical excitation, the interaction between the
excited-state solute dipole with the random arrangement of solvent dipoles (which
cannot reorient on the time scale of the absorption process) will result in no net en-
ergetic dipole-dipole interaction energy. In this case, the dominant solvatochromic
shift will arise from the solute-dipole—solvent-induced-dipole interaction, which will
stabilise the excited-state and lead to a red-shift of the transition, as is commonly
observed for such neutral CT compounds [49].

For the case of the cationic CT complex (Figure 2.10(b)) however, the ground-
and excited-state dipole moments are not uniquely defined (due to the fact that
now the calculated dipole moment depends on the choice of origin, which arises
from the general principle that only the first non-vanishing term in a multipole
expansion is independent of the chosen coordinate system [52]). However, as per
the treatment in Ref. [51], we derive an effective dipole moment using the con-
struction shown in Figure 2.10(b). If we assume that the donor and acceptor are of
comparable dimensions (as is the case for the single-acceptor Fc-B-bpy compounds
in Chapter 4), with the effective molecular centre at a position lying halfway be-
tween the donor and acceptor, then we can decompose the ground-state charge
distribution into the sum of a centralised point charge and an effective dipole, p,

5Note that for the case of zwitterionic CT compounds, both the ground- and excited-state solute
dipoles are large [50, 51], and a significant dipole-dipole solvent shift results, similar to the
case considered for the cationic solute, i.e. with a reversal in the direction of the solute dipole
upon excitation.
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Figure 2.10.: Schematic representation of the charge density distribution in ground
and excited states of donor-acceptor CT compounds for the case of
(a) a neutral non-polar ground state, and (b) a cationic ground state
acceptor (with a symmetrically-displaced CT in the excited state). In
(b), the counteranion in solution is assumed to be sufficiently disso-
ciated and is omitted).

(as shown in Figure 2.10(b))”. For the CT excited state, we displace the formal
positive charge symmetrically about the molecular centre from the acceptor onto
the donor, resulting in the same centralised point charge, but with an antiparallel
excited-state dipole p, = —p, = 1/2Ap.

Employing the foregoing description of a CT transition in a cationic complex,
i.e. an equilibrium solvent orientation dictated by the ion-dipole interaction with a
symmetric change in dipole moment A, in Appendix B.3 we derive an approximate
expression for the expected solvatochromic shift as,

ABan = 5= (=) (0 (v () = 0 (7)) 25)

where v = 1/(4mep), a is the effective solute radius (i.e. the radius of the first solvent
shell, assuming a spherical solute), B = 'yQ,uz/k:T is a measure of the ion-dipole
orientation (in terms of the solute charge @ and solvent permanent dipole moment
tg), Z () is a special integral function (defined in Appendix B.3) which varies in
the range (1,2) for z € (0,00), and ¢ (¢&) and ¢ (n?) are solvent polarity functions
[48] (defined in Appendix B.3) in terms of the solvent static dielectric constant
€5 and optical refractive index n. We note that Eq. 2.5 predicts a solvatochromic
shift of the CT transition to necessarily higher energies with increasing solvent
dipolarity (i.e. increasing solvent static dielectric constant), as is observed for the
Fc-B-bpy compounds (Section 4.2.2), and reported for other compounds where a
cationic model was appropriate [51].

"Note that formally, the charge distribution should be regarded as a sum of a quadrupole term
(i.e. two positive charges e/2 separated by the donor-acceptor separation) and the dipole term.
However, at the radius of the first solvent shell, we can reduce the quadrupole contribution to
an effective centralised charge of e [51].
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Figure 2.11.: Schematic demonstrating the hypsochromic (negative) solvent shift
AFEqy for a CT transition within the symmetric charge displacement
model employed for a cationic solute (see Figure 2.10) relative to
the gas-phase transition energy (Egp). Also shown is the excited-
state solvent reorganisation energy, xe.. Note that only the dipole-
dipole interaction term is shown (i.e. the large constant ion-dipole
contribution is omitted).

The resulting solvatochromic blue shift arises because the average orientation of
the surrounding solvent is distorted from perfect alignment to the ionic field of the
solute, in a way that reduces the dipole-dipole interaction energy in the ground
state. Upon CT excitation, the solute dipole is inverted, and the excited-state is
correspondingly destabilised by interaction with this ground-state equilibrium sol-
vent conformation. The net shifts due to the dipole-dipole interaction are shown in
Figure 2.11 (note that the significantly larger, constant solute-ion—solvent-dipole
interaction shifts are excluded). Following excitation, the solvent dipoles will read-
just to the excited-state solute dipole, resulting in an equal dipole-dipole stabilisa-
tion to that in the ground state. This results in a solvent reorganisation energy of
Xe = AFEgq1y. Moreover, due to thermal fluctuations, the solvatochromic interaction
also results in a broadening of the CT absorption band. As derived in Appendix
B.3, the dominant term for the broadening is characterised by a variance in photon
energy of (Eq. B.109)

i

02, = 2kTAEqy . (2.6)

solv

We note that this implies a fixed relation between the solvatochromic blue-shift
and the solvatochromic contribution to the absorption bandwidth. As presented in
Section 4.2.2, this allows a relatively robust test of the solvatochromic model by a
combined analysis of the CT band energy and width.

2.2. UV-vis spectroscopic properties of ferrocene and ferrocene
derivatives

In this section, we present an overview of the electronic structure and spectroscopic
properties of ferrocene and substituted Fc-derivatives. As mentioned in Section
2.1.3, in the case of a weakly coupled donor and acceptor, the electronic states of
the donor-acceptor complex are expected to be related to those of the isolated donor
and acceptor units through only a low-order perturbation of the original orbitals
and energies. Hence the results presented here (and corresponding details of the
acceptor groups in Section 2.3) provide a basis for interpreting the electronic and
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spectroscopic results of the Fc-B-bpy compounds presented in Chapter 4. More-
over, this section presents a summary of established Fc-donor compounds with
strongly-accepting substituents connected to the Fc via a conjugated bridge, which
exhibit strong vis-NIR MLCT transitions from the Fc core into the acceptor-based
unoccupied orbitals. These results provide a benchmark for Fc-based MLCT com-
pounds for comparison with the Fc-B-bpy compounds, as well as demonstrating the
electronic description developed to explain the observed spectroscopic behaviour.

2.2.1. Electronic structure and optical transitions of ferrocene

Since its discovery [53, 54, 55| the electronic structure of Fc has been studied
intensively, incorporating results from UV-vis spectroscopy [56, 57, 58, 59, 60, 61,
62|, and theoretical calculations based on ligand-field theory [63, 64, 65, 66|, semi-
empirical [67, 68], X-a- [69, 70|, Hartree-Fock [71, 72, 73, 74, 75, 76, 77] and DFT
[78, 79, 80, 81, 82, 83, 84, 85, 86, 87| methods . Valuable information has also
been provided from additional experimental characterisation including gas- and
crystal-structure determination [88, 89, 90|, electrochemical [91, 92|, photoelectron
spectroscopy [93], resonance Raman [94], and magnetic circular dichroism [95, 96]
measurements.

Figure 2.12 shows the correlation diagram which describes the formation of the
molecular orbitals of Fc in terms of the contributing s, p and d-orbitals of Fe? and
the m-orbitals of 2(Cp~) [83, 85]. Note that both (i) the staggered relative confor-
mation between the Cp~ (i.e. C5Hj ) rings presented here (with the corresponding
group theoretical representation Dsg), and (ii) the eclipsed conformation (Dsp),
are employed in the literature. Although the equilibrium conformation in the gas
phase was determined to possess eclipsed Cp~ rings [88] (whilst the Fc-crystal [89]
and many gas-/solution-phase substituted-ferrocenes possess a staggered equilib-
rium conformation), the choice of geometry does not lead to significantly different
results for the molecular orbitals and their energies, as indicated by the almost free
relative rotation of the Cp~ rings in the gas phase (which has an experimentally-
determined barrier of only ~ 0.9 kcal mol™* (2 0.04 eV)) [88].

The corresponding frontier molecular orbitals (MOs)® extracted from a modern
DFT treatment [84] are shown in Figure 2.13, which demonstrate that the ey, and
a1g HOMOs of ferrocene are predominantly of Fe-d character, whilst the e}, LUMO
is more delocalised over the whole Fc structure.

Figure 2.14 shows the UV-vis absorption spectra of Fc measured in room tem-
perature (RT) solution (in CHCls, CH3CN and isopentane). The two main ab-
sorptive features in the near-UV/vis range are labelled ‘Fc-I' (Apax = 440 nm,
e = 110 M~tem™1) and “Fe-II' (Apax = 325 nm, ¢ = 78 M~ lem™!) (although
this band Fec-1I is present only as a shoulder in CHCl3). Also shown is a modified-
Gaussian fit? to the Fc-I band (for CH3CN) which yields an oscillator strength of
f =0.004 - a value of this magnitude for a localised electronic transition generally
corresponds to a perturbed symmetry-forbidden spin-allowed transition.

The appearance of such weak, broad and featureless bands in the visible range
is predicted from simple ligand field theory [98], where the reduction in symmetry
of the Fe?* environment due to the electrostatic interaction with the Cp~ rings
lifts the degeneracy of the Fe?t d-orbitals, resulting in the existence of low-energy
d-d electronic transitions. In most of the early investigations of these low-energy

8The highest-occupied molecular orbitals (HOMOs) and lowest-unoccupied molecular orbitals
(LUMOs) are denoted in this work by H(OMO)[-n| and L(UMO)[-n]|, where n = 0, 1, 2.., where
n=0 corresponds to the highest energy HOMO and lowest energy LUMO.

9See Section 4.2.1, Eq. 4.2 for the definition of the model function.
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Figure 2.12.: Molecular orbital correlation diagram of ferrocene constructed from
the molecular orbitals of isolated Fe?* and dicyclopentadienyl. Also
indicated are the dominant molecular orbitals associated with the

lowest energy singlet optical transitions as presented in Figure 2.14.
(Figure adapted from [83, 85].)

= X\ 7
A\ Ty A /
w’; 1 ;“i; ,“ 3 ‘.‘
- 3 _\__“";
HOMOI[-1] HOMOI0] LUMOI0]
a, Gz o

Figure 2.13.: Frontier Kohn-Sham molecular orbitals of ferrocene from Ref. [84].
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Figure 2.14.: UV-vis absorption spectra of unsubstituted Fc in CH3CN, CHCl3
and isopentane, indicating the two resolvable low-energy singlet-
singlet absorption bands ‘Fc-I’ and ‘Fe-II’. A modified-Gaussian fit
to the Fc-1 band in CH3CN is included for estimating the transition
oscillator strength. Absorption peak data for decamethylferrocene
(((CH3)5Cp)2Fe, ‘DMFc’) in CH3CN are shown as points. (Isopen-
tane spectrum for Fc extracted from [57]. DMFc data from [97])
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absorption bands of Fc [57, 59, 60], this simplified ligand-field-based treatment of
the absorption spectra was employed with certain success to explain the strength
and position of the Fc-1 and Fc-II bands, with the conclusion that the Fc-I band
(which is actually composed of two distinct electronic transitions, Fc-I(a) and Fe-
I(b), see Figure 2.15) was associated with an almost pure d-d transition. This was
supported by absorption spectral measurements of a (limited) set of substituted
Fe-derivatives (Ref. [59], see next section), as well as the first Hartree-Fock /semi-
empirical calculations [69, 71, 68]°.

However, even certain early (perhaps, less-often-cited) reports at the time
[62, 58, 67, 100] came to the conclusion that even the lowest Fc-I band system
must involve appreciable contribution of delocalisation onto the Cp™ rings. This is
consistent with the frontier molecular orbitals from more accurate modern quan-
tum chemical calculations, as well as the relatively smaller number of reports on
explicit calculations of the electronic excitations using SAC-CI! [77] and TD-DFT
[86] methods. The lowest-energy transition, Fc-I(a), corresponds to a fairly pure
orbital transition eyy — ef,, whilst the slightly higher-energy Fc-I(b) and the Fe-II
transitions correspond to mixed configurations have significant contributions from
both esg — €], and ajg — e}, orbital transitions [77].

Despite the finite contribution of the Cp™ rings in the relevant MOs, these tran-
sitions are still symmetry-forbidden (i.e. Laporte-forbidden) [77]. Typical for pre-
dominantly d-d transitions, the Fc-I/II bands acquire the moderate observed ab-
sorption strength due to vibronic coupling (or intensity borrowing) due to mixing
with higher-energy allowed transitions [101, 67, 37, 102]. This mechanism is pro-
moted by the many low-energy degrees of conformational freedom that Fc possesses,
such as the unhindered rotation of the Cp™ rings, which also leads to the character-
istic temperature-dependence (see below) and featureless nature of the bands [58].
In passing, we note that the poorly-resolved but significantly stronger absorption
region further into the UV range (i.e. < 300 nm) is associated with several al-
lowed ligand-to-metal charge transfer (LMCT) transitions, i.e. from predominantly
Cp~ -7 based orbitals into predominantly d-based orbitals [57, 77].

Also plotted in Figure 2.14 are the absorption band peak data for decamethyl-
ferrocene (DMFc, i.e. where the -H atoms of the Cp~ rings are replaced with CHg
groups) [97], where one observes a set of corresponding bands only somewhat shifted
in energy. As discussed further in Section 2.2.2, the substitution of (relatively)
electron-rich methyl groups on the Cp~-rings increases the electron density on
both the Cp~ rings and the Fe?* core, which destabilises the d-orbitals, as testified
by the considerable reduction in the electrochemical oxidation potential of DMFc
relative to Fc (AE/, ~ —0.5 eV) [103]. For the Fc-I band, one observes that the
band peak of DMFc is blue-shifted relative to Fc (hcAvpax =~ 0.11 V), which
implies that the ej, orbital associated with the Fc-I excited state is actually slightly
destabilised relative to the corresponding ground-state ess and aj orbitals. This
observation is consistent with the assertion that the excited-state orbitals possess
an appreciable contribution on the Cp™ rings, where the increased electron density
of the CHs-groups is felt more strongly'2.

We will return to the comparison of Fc and DMFc again in comparing the MLCT

1ONote that the somewhat erroneous conclusion that the Fe-I transitions are strongly localised
d-d transitions can still be found in certain modern reports, e.g. Ref. [99].

1SAC-CI: Symmetry Adapted Cluster/Configuration Interaction.

12Whilst the implications of the destabilised Fe d-orbitals upon Cp-ring methylation has been
well-appreciated in terms of the more facile oxidation and expected red-shift of charge-transfer
transitions into acceptor orbitals in Fc-donor—acceptor compounds (where the acceptor orbitals
are less affected by the increased electron density localised on Fc, see Section 2.2.2), a critical
comparison of the Fc and DMFc¢ UV-vis absorption spectra could not be found in the literature.
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Figure 2.15.: (a) UV-vis absorption spectra of Fc in methylcyclohexane at two tem-
peratures, 300 K and 140 K. At 140 K, the degeneracy of two d-d
transitions is lifted and two bands can be partially resolved (Fc-I(a),
Fc-1(b)). (Spectra extracted from [94]). (b) Fc crystal absorption spec-
tra at RT with polarisation perpendicular (green curve) and parallel
(orange curve) to the Cp~-ring plane, and for 7' = 4.2 K. (Spectra
extracted from [61] and [57], respectively).

spectra of corresponding Fc- and DMFc-donor compounds (Section 2.2.2). We note
that the Fc-1T band is not significantly shifted by the presence of the CHs-groups, al-
though a significant increase in absorption strength occurs (which indicates that the
mechanisms leading to symmetry-reduction (and hence allowing a finite transition
dipole moment for this transition) are sensitive to the electronic/steric influence
of the CH3 groups, and that different d-based orbitals are affected to differing de-
grees. Moreover, in the UV range, a significant red-shift of at least one of the LMCT
absorption bands occurs upon methylation (which from inspection of the spectra,
must involve a red-shift of at least some 100s of meV), which is also consistent with
the assignment of the higher energy bands as being of Cp—d character.

We note that corresponding electrochemistry data of substituted 1,1’-dimethyl-
ferrocene [103, 56| and octamethyl-ferrocene [104, 105| (i.e. Fc bearing 2 and 8
CHgs-groups, respectively) demonstrate that the trends of the less-positive oxidation
potential and the weak blue-shift of the Fc-I band are approximately additive with
the number of CHs groups (which is useful rule for designing Fc-derivatives where
other substituent groups must replace some of the CHjz groups).

Further information concerning these electronic transitions can be gained from
measurements in the solid phase. As shown in Figure 2.15(a), the absorption spec-
trum in frozen solvent reduces the degree of broadening such that the band Fc-I
can be resolved into two distinct electronic transitions, Fc-I(a) and Fe-1(b) [57, 94]
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Figure 2.16.: UV-Vis absorption spectra of ferricinium (Fc*, in 1-mol-%
HCl04/H20). (Fc absorption spectrum in CH3CN shown for com-
parison. Fct spectrum extracted from [57].)

discussed above. (The existence of two distinct unresolved electronic transitions
was also confirmed by MCD'3 measurements of Fc and certain substituted deriva-
tives [95, 96]). Moreover, the whole absorption band system is blue shifted by
~ 500 cm ™!, which as stated in the literature is consistent with a hypothesis of a
vibronically-coupled predominantly d-d transition [65, 58|.

This trend is also reflected in low-temperature crystal measurements (Figure
2.15(b)), where for T' =4.2 K one also observes vibrational structure and a relative
suppression of the absorption strength on the red-side of the band (i.e. in the region
of Fc-1(b)). The observed vibrational spacing is in the range 240 — 300 cm™!,
which corresponds to the totally-symmetric excited-state vibration of the Fe-Cp
separation [57]. Concerning the emergence of the vibrational structure, we add
that for the corresponding measurement of a crystal of a derivative with a single
-CgHjs group attached to one of the Cp™ rings, this vibrational structure is not
observed [57], although the blue-shift and clear band asymmetry are still evident.

Figure 2.15(b) also shows the polarisation dependence of the absorption (at room
temperature) for a single crystal. A strong linear dichroism is observed, supporting
that the transition dipole moment is aligned along the Cs axis, although the fact
that the polarisation contrast is only ~3.3:1 supports the fact that the transitions
involve significant intensity borrowing [106].

An additional important spectroscopic result for Fc¢ (which will emerge in the
discussion concerning the charge-transfer in Fc-B-bpy compounds in Chapters 4
and 5) is the absorption spectrum of the ferricinium ion, Fct i.e. Fc following
oxidation (electron removal). Figure 2.16 shows the absorption spectrum of Fc™,
which possesses several new partially resolvable transitions extending into the vis-
ible |57, 68|. The main absorptive features in this range have all been assigned to
LMCT transitions from predominantly Cp~-based orbitals into the electron hole

'3MCD: Magnetic circular dichroism [37].
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that is localised on the oxidised Fe3* core (although the weak oscillatory struc-
ture apparent between ~ 420 — 600 nm is attributed to a superposition of weak
predominantly d-d transitions remaining available to the Fe3* centre).

We conclude this section by mentioning briefly the general effects of addition of
substituent groups to the Cp~ rings of the Fc unit. As reflected in the numerous
reports on the UV-vis spectroscopic properties of Fc-derivatives with (neutral) sub-
stituents [95, 94, 56, 57, 62, 107, 108, 59, 109, 110, 111, 112, 113, 100, 114, 115] the
addition of even simple (i.e. electronically ‘innocent’) substituents generally leads
to a symmetry-lowering of the Fc-based orbitals, such that the (predominantly d-d)
Fc-1 band can gain significant intensity (i.e. with epnax — 500 M~tem™!). More-
over, with increasingly electron-withdrawing substituents, the Fc-band undergoes
a significant red-shift (with Apax — 500 nm) and gains additional strength due to
the mixing of the m-orbitals of the Cp~ ring with those of the substituent (which
implies a certain degree of charge transfer to the substituent in the excited state.
In the limiting case of a strong acceptor substituent with a low-lying LUMO, the
excited-state orbital is predominantly localised on the substituent itself, consti-
tuting a true MLCT charge-transfer transition, such as the Fc-donor compounds
presented in the next section.

2.2.2. Electronic description and spectroscopic properties of established
Fc-donor MLCT compounds

In this section, we present a summary of the electronic and spectroscopic proper-
ties of established Fc-donor/organic-acceptor MLCT compounds, which have been
studied intensively over the last decade due to their promise as non-linear optical
chromophores [21, 22, 23, 24, 25, 26, 27, 28, 29, 30]. The general structure of these
compounds is shown in Figure 2.17(a), where the Fc-donor and organic acceptor
(‘A’) are covalently attached via a conjugated carbon bridge, although several other
synthetic strategies have been investigated to a lesser degree, e.g. using Schiff base-
[116, 117], ethylene- [118] and single-o-bonding [119, 120, 121] schemes (Figure
2.17(b-d), respectively). A review of these compounds (hereafter referred to as ‘Fc-
m-A’) is important for the consideration of any new Fc-donor MLCT compounds,
due to the fact that their electronic structure and spectroscopic properties have
been extremely well characterised, both experimentally and theoretically. They
also provide a benchmark for the performance of other Fc-based donor-acceptor
compounds (at least in terms of the strength and wavelength range of their MLCT
absorption bands).

The absorption spectra of a selected set of these Fc-m-A compounds is shown
in Figure 2.18 [25, 24]. For all compounds, two main bands (referred to hereafter
as ‘low-energy’ (LE) and ‘high-energy’ (HE)) can be identified in the range 300-
900 nm, which both undergo a progressive red-shift and increase in strength for
the sequence of compounds shown (with an additional band entering in the near-
UV for the compounds with the most red-shifted spectra). The absorption peak
of the LE band progresses from Apax = 513 nm (emax = 4600 M~tem™1) for the
nitrophenyl acceptor (bottom curve) to Apax = 854 nm (max = 19700 M~ tem™1)
for the thioflavyliumyl acceptor, with a similar red-shift (although somewhat less
pronounced absorption increase) for the HE band. One notes that this sequence
includes both neutral and mono-cationic species, the charge of the acceptor per se
is not a critical factor for achieving a strong MLCT transition. We note that for the
neutral derivatives shown, the LE band is reported to undergo a bathochromic shift
with increasing solvent polarity, whereas for the cationic derivatives a hypsochromic
shift is observed [24] (consistent with the discussion in Section 2.1.4). However, no
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Figure 2.17.: General structure of established Fc-donor/organic-acceptor in-
tramolecular MLCT compounds, with various bridges: (a) conjugated
carbon, (b) Schiff base, (c) ethynyl and (d) single-o bonding.

quantitative analysis of the solvatochromic shifts in a series of different solvents
appears to have been reported in the literature.

Several theoretical models of the electronic structure were presented to explain
the origin and spectroscopic trends of these absorption bands using extended Hiickel
[29], ZINDO [122, 123, 124] and DFT [24] methods with the aim of identifying
which electronic transitions might possess significant charge transfer character, and
hence be a useful indicator of strong molecular hyperpolarisability (i.e. the higher-
order polarisability tensors which give rise to nonlinear optical effects). As fur-
ther derivatives were synthesised, especially those incorporating stronger acceptor
groups (as shown in Figure 2.18), the earlier proposed models [25, 29] were found
to be inconsistent with experiment'®, with the interpretation based on the fron-
tier molecular orbitals from the more recent (ground-state) DFT calculations being
the only picture consistent with the observed solvatochromism, electrochemistry,
photoelectron and Stark spectral results [24].

Details of the theoretical model are depicted in Figure 2.19(a,b). The LE band
is assigned to a transition from predominantly d-based orbitals!® of the Fc-core
into the LUMO (Figure 2.19(b)) which is predominantly localised on the accep-
tor, such that the transition possesses a strong CT character. In contrast, the HE
band is assigned to a transition from a lower-lying 7-bridge-based occupied orbital
(HOMOI-3], Figure 2.19(b)) into the acceptor LUMO. (Ironically, the previous
interpretations, which included theoretical models of ZINDO-based transition en-
ergies [123] predicted that the LE transition was a localised d-d transition, whilst
the HE band was assigned as the MLCT transition responsible for the large hy-
perpolarisability of this class of compounds). By inspection of the spatial distribu-
tions of the HOMOJ-3] and LUMO orbitals, it is clear that this transition could
possess significant wavefunction overlap and hence the appreciable observed oscil-

147INDO: Zerner’s Intermediate Neglect of Differential Overlap.

151t is instructive to note that even after several years of concentrated experimental and theoreti-
cal research on this class of compounds, which reached a fair level of maturity, the provision of
experimental data from additional measurement techniques and on a wider range of derivatives
can lead to drastic changes in the qualitative interpretations of results.

SNote that no graphical representations for the calculated Fe-based HOMO[0,1,2] were found in
the literature, although they are described as being similar to the unperturbed d-orbitals of
Fc (see Figure 2.13).
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Figure 2.18.: UV-vis-NIR absorption spectra of a set of Fc-m-A compounds (in
CH3Cly), demonstrating the progression of the low-energy (LE)
MLCT, and high-energy (HE) absorption bands. Note that each curve
is vertically shifted (with the zero-level indicated by the correspond-
ing dashed lines). (Data extracted from [25].)
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Figure 2.19.: Model of electronic transitions in Fc-donor conjugated-bridge MLCT
compounds with strong acceptors groups, illustrated for the nitro-
phenyl acceptor. (a) Schematic Jablonksi diagram depicting the ori-
gin of the LE (d —acceptor MLCT) and HE (7-bridge—acceptor)
transitions. (b) Molecular orbitals extracted from the DFT calcula-
tion results: 7-bridge-based HOMOI-3] (responsible for both the HE
transition and intensity borrowing enhancement of the LE band) and
acceptor-based LUMO. (Molecular orbital surfaces from Ref. [24].)



40 Background molecular theory and results

Photon energy (eV)

35 3.0 25 2.0 1.5 1.0
H’\ T T T T T 1 T T T
' . N 0.33 eV,
5 . /;{ \ . .
; \ , X NO =
s PR S/ N Xy e VA
« 10000 N \\\ \ " V4 * ’ Y /. \ R, Fe
= I W A ¥ / \ooof =R ——CH
2 N\ /020y \/ \ =T c
S <\ / 2 Y < FcR[1]2
= W W AP 4 \
: SN .
= \ // \ \ ' \ R R NC
R . [ 22 e R=
© \4 \ \ 1 R \_¢ )
£ \ \ R o ) Ut
= 1000 R O=s
|_|>j l“ |‘.\ |=‘ “ _§:r 5 Q —CH
3 1. Al il
400 500 600 800 10001200 FCR[3]6

Wavelength (nm)

Figure 2.20.: Comparative UV-vis absorption spectra of MLCT compounds with
ferrocene and octamethylated-ferrocene donors (R=H and R=CHs,
respectively). (Data extracted from [24].)

lator strength. However, the direct wavefunction overlap of the essentially d-based
HOMOI0,-1,-2] with the acceptor LUMO is predicted to be far too small to account
for the observed absorption strength of the LE band.

This apparent disparity was explained [24] by considering the fact that the LE
band can gain significant absorption strength through ‘intensity borrowing’ (Sec-
tion 2.1.1) from the strongly-allowed HE transition (which increases in strength
with increasingly stronger acceptor groups). In support of this, a closer analysis of
the exact peak positions of the LE and HE bands in Figure 2.18 shows that the
absorption strength of the LE band relative to the HE band increases with decreas-
ing energetic separation between the two bands (i.e. with decreasing separation of
the corresponding excited-state energies, such that the denominator in Eq. 2.3 is
reduced)!”. The fact that the LE band possesses an appreciable oscillator strength
through this mechanism (which is the basis of their practical value as CT materi-
als) demonstrates the important role of auxiliary electronic states and transitions
in enhancing the usefulness of direct CT transitions, which are otherwise limited
in their absorption strength by the inherently low degree of HOMO-LUMO spatial
overlap.

We mention two final pertinent results for these Fc-donor MLCT compounds.
Figure 2.20 shows the UV-vis spectra for two representative Fc-MLCT compounds
and the corresponding octa-methylated derivatives where the Cp™-rings bear CHg
groups (labelled ‘FcR[1]2’ and ‘FcR|3|6’, R=H, CHs, as per Ref. [24]). As mentioned
in Section 2.2.1, it is well-established from electrochemical and theoretical studies
of decamethylferrocene [125, 97, 103| that replacement of the -H atoms with -
CHjs groups on the Cp rings leads to a destabilisation of the d-based HOMOs by
~ 0.5 €V, due to the relative increase in electron density at the Fe?" core induced
by the CH3 groups (which leads to an increase in Coulomb repulsion in the Fc core
and renders an energetically more facile oxidation of Fe** —Fe3™).

As seen in Figure 2.20, this modification does indeed lead to a significant red-shift
(in the range 0.22-0.33 eV) of both the LE and HE bands for the octa-methylated
derivatives, with the values extracted from the literature spectra listed in Table

1"Note this trend was identified from personal analysis of the published data, which supports the
statements in Ref. [24].
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Changes upon methylation
Amax (nm) A(hcvmax) (eV)
Compound (Emax M~ tem™1)) (Aemax/Emax k=1 (%))
LE HE LE HE
R=H | R=CH3| R=H | R=CHgj
FcR[1]2 496.8 554.5 356.6 380.8 -0.26 -0.22
(4401) | (3936) (18700) | (15920) | (-10.6) (-14.9)
FcR|[3]6 701.5 864.9 501.2 569.4 -0.33 -0.30
(19600) | (16980) | (28470) | (31430) | (-13.4) (+10.4)

Table 2.1.: Analysis of the absorption band peak positions for LE and HE tran-
sitions for two compounds FcR[1]2 and FcR[3]6, demonstrating red-
shift and absorption strength change upon octamethylation of the Fc-
Cp~ rings (see Figure 2.20 for structures). (Raw data extracted from
[24].)

2.1. This supports the fact that both transitions involve a LUMO which is not
localised on the Fc-unit, where one would expect a corresponding destabilisation of
the d-based LUMO (as discussed in Section 2.2.1), and a resulting small blue-shift
for the absorption band. One useful conclusion arising from these considerations is
that the comparison of the spectral band position of a certain proposed Fc-donor—
acceptor compound with its corresponding methylated derivative could provide a
reliable test of the degree of charge-transfer in the optical excitation: if the excited
state orbitals remain predominantly localised on the Fc-unit, then a significant red-
shift of the band will most probably not result. However, also evident is that the
absorption strength of the LE (MLCT) transition is in both cases slightly decreased
by methylation, due to the distortion of the donor and bridge electronic states.
This is an important point in considering design modifications to the Fec-B-bpy
compounds under study in this work, which suggests that methylation of the Cp™
rings will not necessarily yield any increase in the MLCT absorption strength,
despite the predicted red-shift of the transition'®.

To conclude this section, in Figure 2.21 the results of a Stark (i.e. electroab-
sorption) measurement are shown for compound Fc(CH3)[3]6 in frozen solution
[24]. The net Stark spectrum (i.e. the changes in UV-vis absorption induced by
an applied quasi-DC electric field, [126, 127, 128, 129, 130]) of a rigid!'?, isotropic
molecular ensemble reflects contributions from the change in polarisability (A«)
and dipole moment (|Ap|) that result upon optical excitation (ideally manifested as
spectral contributions proportional to the (frequency-weighted) first- and second-
derivatives, respectively, of the original absorption band(s)). The second derivative
term is ideally proportional to |Ap|?. From a comparison of Figure 2.21(b) and (c),
one sees that the Stark spectrum bears a strong resemblance to the numerically-
generated second-derivative function of the zero-field frequency-weighted absorp-
tion spectrum (in Figure 2.21(a)), which indicates a dominant contribution from

81t should be noted that this comparison for the Fc-B-bpy compounds remains untested due
to the synthetic challenges of producing the methylated derivatives, although this discussion
should motivate continued efforts to synthesise methylated derivatives for spectroscopic com-
parison.

9Note that a rigid environment, such as a frozen glass matrix, is required in order to prevent
molecular reorientation (and, in the case of ionic salts, ion motion) of the molecular ensemble
in the applied electric field.
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Figure 2.21.: UV-vis spectra of compound Fc[3]6 (in frozen 2-methyl-THF) (a) ab-
sorption spectrum, (b) (differential) Stark spectrum and (c) weighted
second-derivative of absorption spectrum. (Data extracted from [24].)
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the electronic dipole moment change upon excitation.

Note that the LE band region of the numerically-generated second-derivative
of the spectrum in Figure 2.21(c) was scaled up by a factor 4 relative to the HE
band region, in order to maintain the relative proportion to the Stark spectrum
in this region. This implies that the Stark spectrum is enhanced by a factor of
~ 4 in the LE band region relative to the HE band region, and hence that the LE
transition represents a larger degree of CT (i.e. a larger value of |[Ap| by a factor of
~ 2) than the HE transition, which provides additional support for the theoretical
model. Quantitative analysis of the spectra in Figure 2.21 [24] yielded the values
|Ap| ~ 18 D (LE) and |Ap| ~ 9 D (HE) (D=debye), which corresponds to the
displacement of a single electronic charge e by ~ 3.8 A and ~ 1.9 A, respectively,
which is in agreement with the displacement of charge suggested by the MOs in
Figure 2.19.

It is clear that Stark spectral measurements can provide extremely useful in-
formation for quantifying the degree of charge transfer involved in an electronic
transition. Moreover, it should be noted that the results derived are generally more
applicable to straightforward interpretation than those obtained from other con-
densed phase techniques, such as the solvatochromism analysis presented for a
Fc-B-bpy compound in Chapter 4. Nevertheless, one needs to invest considerable
effort and care in the experimental implementation involving optical-quality frozen
solutions with high applied electric fields (i.e. of some 100s of kV /cm), especially
to obtain artifact-free results with weakly-absorbing species. In any case, it is clear
that spectroscopic studies on CT compounds can benefit greatly from this type
of spectroscopy, and this would be an important direction for future study of the
Fc-B-bpy compounds studied in this work.

We note that although these Fc-based MLCT compounds with conjugated-
carbon bridges have been studied intensively for over a decade, no information
in the literature could be found concerning their excited-state relaxation dynam-
ics?0. A study of the luminescence properties and ultrafast relaxation dynamics
of the MLCT states for the m-bridged Fc-donor organic-acceptor derivatives pre-
sented in this section poses a very interesting direction for future study, especially
to complement parallel studies on the Fc-B-bpy compounds.

2.3. Electronic and spectroscopic properties of relevant organic
acceptor compounds

In this section, we provide a brief description of the electronic and spectroscopic
properties of the organic acceptor groups (Figure 2.22) which are present in the
Fc-B-bpy compounds. The key acceptor group for the Fc-B-bpy compounds stud-
ied in this work is the 2,2’-bipyridylboronium cation (as indicated by the generic
structure ‘(R,R’-)B-bpy’, Figure 2.22(c)), whilst another important related deriva-
tive studied in Chapter 4 incorporates the acceptor group ‘B-dpp’ (Figure 2.22(d),
which possesses an even more delocalised m-system than the B-bpy acceptor.
These two acceptors are related to the parent organic groups 2,2’-bipyridine
(‘bpy’, Figure 2.22(a)) and 2,5-bis(2-pyridyl)pyrazine (‘2,5-dpp’, Figure 2.22(b)),
which have been incorporated as acceptors in a wide range of charge transfer com-
plexes (e.g. [131, 102]). In the case of ‘B-bpy’ and ‘B-dpp’ a tetracoordinated-B-
atom is bonded to the N-atoms of two pyridine rings to form a cationic acceptor
group where the positive charge is delocalised over the whole B-bpy system [7] with

20The fact that no time-resolved excited-state study on these w-bridged Fe-donor compounds has
been performed was supported by personal communication with one of the key researchers of
these compounds, S. R. Marder, Department of Chemistry, University of Arizona.
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Figure 2.22.: Relevant isolated organic acceptor compounds employed in the Fc-B-
bpy compounds.
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Figure 2.23.: UV absorption spectra of relevant bpy-derivative acceptor groups,
including a comparison of the neutral bpy and prototype cationic
acceptor o-B-bpy. For o-B-bpy a Gaussian band fit to the lowest-
energy absorption region (labelled ‘o-b’) and residual is shown. (Note
that vertical scale for 2,5-dpp has been reduced by a factor of 2. Data
for 2,5-dpp extracted from [132]).

dative bonding from the N-atoms to the B-atom. These acceptors are incorporated
into the Fc-B-bpy compounds via attachment to a Cp ring of the Fc group using
one of the two additional substituent sites (R). In order to obtain the spectroscopic
properties of the isolated B-bpy acceptor groups, the compound ‘o-B-bpy’ (Figure
2.22(c)) was synthesised, where the fully-saturated carbon structure is expected
to have only a weak effect on the spectroscopic properties of the B-bpy unit. Fur-
ther details were available from existing studies on the bpy and 2,5-dpp acceptors
[132, 133] as well as a report on the (spectro-)electrochemical properties of various
derivatives of R,R’-B-bpy [134].

A comparison of relevant UV absorption spectra is provided in Figure 2.23. The
lowest-energy absorption band of bpy (labelled ‘b-I") occurs at Apax = 280 nm
(Emax = 18400 M~tem™!), with a second absorption band (‘b-IT’) in the range 220-
250 nm, both of which are assigned to m — 7* transitions involving orbitals that are
delocalised over both pyridine rings [131]. Analogous bands are present for both 2,5-
dpp and the cationic o-B-bpy, which shows that the delocalised positive charge in
o-B-bpy still results in similar HOMO-LUMO orbitals for the system. Considering
2,5-dpp, the b-I band peak is red-shifted some 0.5 eV relative to bpy, with an
increase in oscillator strength by a factor of ~ 2, which results from the greater
delocalisation of the m-orbitals over the three aromatic rings and a correspondingly
larger transition dipole moment. Comparing the bands for o-B-bpy relative to bpy,
one observes a red-shifting of both bands b-I and b-II relative to bpy (with a
red-shift of ~0.43 eV for the b-I band), although only small changes in relative
absorption strength are observed. Note also that a resolvable vibrational structure
(with a spacing of Av ~ 1040 cm™!) can be observed in the b-I band of o-B-
bpy in contrast to bpy, which can be attributed to the increased rigidity of the
bpy conformation enforced by the presence of the N-B-N substructure (similar
vibrational structure is observed for other bipyridines upon addition of a common
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Figure 2.24.: Cyclovoltammetry traces for bpy, Hf and 2,5-dpp. (Data for bpy and
2,5-dpp extracted from Ref.s [133] and [131], respectively.

atom bonded to both N-atoms [132]). The weaker band (o-b) on the red-edge of
the spectrum for o-B-bpy was not reported for other related B-bpy derivatives and
may be due to a residual impurity in the sample. A Gaussian fit to this band (and
the residual absorption after subtracting this fitted band) is included in Figure 2.23
to aid in comparison with the other spectra.

The corresponding electrochemical data for bpy, 2,5-dpp and a (Ph)s-B-bpy
derivative (‘Hf’)2! are shown in Figure 2.24. In comparing bpy and 2,5-dpp, we
note that the first reduction potential for 2,5-dpp is shifted to less negative poten-
tial by 0.56 V relative to bpy, indicating a corresponding stabilisation of the LUMO
energy in 2,5-dpp relative to that of bpy. Hence the red-shift of the b-I band for
2,5-dpp relative to bpy (Figure 2.23) is due predominantly to a stabilisation of the
corresponding LUMO, with only a small shift between the HOMO energies of bpy
and 2,5-dpp.

Most striking is a comparison of the reduction potentials between bpy and the
B-bpy cation Hf (Figure 2.24), which shows that the first electron addition for Hf
occurs at 1.22 V less negative potential than for bpy, indicating that the LUMO en-
ergy is significantly stabilised for the cationic acceptor (consistent with its positive
charge). A comparison of the literature data [134] allows an estimate of the ex-
pected shift of the reduction potential for o-B-bpy relative to bpy, i.e. also strongly
shifted to less negative potential by a similar magnitude (i.e. ~ 1.14 V). This sig-
nificantly lower LUMO energy for the B-bpy derivatives is an important property
for their use as acceptor groups in CT compounds, where a lower energy CT band
will result (e.g. see Figure 2.5).

*INote that data for the compound Hf was reported in [134] as well as being measured by a
collaborating group (Professor Zanello, University of Siena).
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Figure 2.25.: UV-vis absorption peak positions for various B-bpy derivatives (in
CH3CN) following electrochemical reduction (i.e. in their neutral
state). Counteranions (PFy ') not shown. (Data extracted from [134]).
Note that the two lowest energy bands are blue-shifted for the
electron-withdrawing compounds (Hec and He) relative to compounds
Hf/Hg. Compound Hg is identical to o-B-bpy except for the differ-
ent counteranion.

A final important result that we will refer to in Chapter 4 and 5 is the position
of the absorption bands that occur in the B-bpy acceptors upon the first electro-
chemical reduction. The peak wavelengths of the absorption bands for a range of
these (neutral) B-bpy derivatives were tabulated in Ref. [134] and are shown in
Figure 2.25. As can be seen by the band energies, the electron addition leads to
new absorption peaks which are red-shifted relative to the b-I and b-II bands of the
cationic form (Figure 2.23). However, the lowest-energy absorption peak position
depends critically on the nature of the substituents attached to B. For the case
of electron-withdrawing substituents (Hc and He) the lowest energy absorption
peaks are strongly blue-shifted to 460 nm and 458 nm, respectively, relative to
the case of aromatic/alicyclic substituents in Hf and Hg, where the lowest energy
transitions are at 490 nm and 494 nm, respectively.

In Section 4.5.3 we will present the corresponding spectra for the Fc-B-bpy com-
plexes following electrochemical reduction of the B-bpy groups, which leads to
absorption bands with positions very similar to those of Hf and Hg. In contrast,
in considering the MLCT excited-state of the Fc-B-bpy compounds in Chapter 5,
we treat the excited-state as a combination of a simultaneously oxidised-Fc-donor
attached to a reduced-B-bpy acceptor. In this case, the oxidised Fc connected
to the reduced B-bpy should resemble more closely the situation of an electron-
withdrawing substituent as per the case of Hec and He, and any excited-state ab-
sorption due to localised transitions on the B-bpy acceptors should be blue-shifted
to higher energy (i.e. ~ 460 nm), which will be shown to be consistent with the
excited-state spectra in Chapter 5.






3. Ultrafast spectroscopy: system design and
characterisation

In this chapter the elements of the femtosecond broadband spectroscopy system
used for the measurements in Chapter 5 are presented, including an overview of the
pulse sources used (i.e. white-light continuum and non-collinear optical parametric
amplifier (NOPA)) and the measurement system, with a brief discussion of the time-
resolution and coherent artifacts for the measured transient absorption signals.

3.1. Femtosecond optical pulse sources

3.1.1. Regenerative amplifier laser

The femtosecond broadband optical pulse sources used for the measurements pre-
sented here all employ the output of a 1-kHz-repetition-rate regenerative amplifier
laser (Clark-MXR CPA-2001) as the pump-pulse source. A schematic for this laser
system is given in Figure 3.1. As shown, an Er-doped fibre laser followed by a high-
efficiency second-harmonic-generation (SHG) stage (frequency doubler) produces a
high-repetition (~ 25 MHz) pulse train of 150-fs-duration seed pulses with a centre
wavelength of 775 nm. A frequency-divider produces a 1-kHz signal frequency-
locked to this pulse-train. This 1-kHz signal triggers an intracavity-doubled Q-
switched YAG laser which produces 8-mJ pulses (of some 100s of ns pulse length)
at 532 nm, which pump a Ti:sapphire crystal in the regenerative-amplifier cavity.
The 1-kHz signal also triggers a Pockels cell which couples a single seed pulse from
the 25-MHz pulse train into the cavity, where it experiences amplification from
the inversion created in the Ti:sapphire crystal. After the cavity amplification sat-
urates, the pulse is coupled out by a second switching of the Pockels cell, with
an output pulse energy of typically ~ 800 pJ (centre wavelength: 775 nm, pulse
duration: ~ 150 fs (FWHM)). Note that due to the high instantaneous intensity
of the amplified pulse in the cavity, the seed pulse passes through a grating pulse-
stretcher before entering the cavity (which greatly reduces the peak intensity, and
avoids damage to the intra-cavity optics) and is subsequently re-compressed after
leaving the cavity. Due to the use of such a temporally-dispersed (or ‘chirped’) pulse
in the amplifier cavity, this technique is referred to as ‘chirped-pulse amplification’.
The two main issues for the CPA performance that required careful attention for
its use as a pump source for the subsequent nonlinear pulse generation (i.e. NOPA
and white-light-continuum generation) were (i) the beam profile, and (ii) the pres-
ence of slow drifts in output power (on a time scale of hours) — both of these had a
critical influence on the stability of the subsequent pulse generation mechanisms.

3.1.2. White-light continuum pulse generation

In general, all media demonstrate a third-order non-linear response in the polari-
sation (characterised by the non-linear susceptibility, x® [135]) for sufficiently in-
tense optical radiation. When an ultrashort pulse is focussed into such a medium,
one of the resulting effects is an intensity-dependent (spatiotemporal) refractive
index change, which (for most materials) leads to an increased refractive index
on the beam axis. This leads to a distortion of the wavefronts corresponding to a
stronger focussing of the beam, i.e. self-focussing [135, 136], which causes a rapid

49
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Figure 3.1.: Schematic for the commercial regenerative amplifier laser system
(Clark-MXR CPA-2001) based on chirped-pulse amplification.
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Figure 3.2.: Generation of white-light continuum by self-focussing of femtosecond
near-IR pulses in a large-band-gap dielectric medium (e.g. sapphire),
followed by higher-order non-linear processes resulting in the genera-
tion of a broad white-light pulse.

collapse of the beam profile to a thin filament with an extreme peak intensity
(~ 103 W cm~?), as depicted in Figure 3.2. Due to an interplay of self-phase mod-
ulation (SPM), dispersion and higher-order nonlinear effects, these high intensities
lead to the generation of a white-light (WL) continuum pulse [135, 136, 137, 138],
which for near-IR femtosecond pump pulses has a spectrum predominantly on the
blue-side of the pump wavelength [136] .

A typical spectrum of these WL pulses is shown in Figure 3.3, which was gen-
erated by focussing ~ 2 uJ of each pulse from the CPA (as described above) into
a 3-mm-thick sapphire disk (using a lens with a focal length of 30 mm, diameter
22.4 mm). As can be seen, the spectrum extends down to < 450 nm and the to-
tal conversion efficiency in the range 450-750 nm is <1%. These WL pulses are
employed directly as the probe pulses in the pump-probe system described in this
chapter, as well as the seed light for the NOPA. We note the photon spectral den-
sity (per pulse) is rather low (~ 10® photons/nm), which needs to be considered
when using the WL pulses for optical measurements, where the fluctuations due
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Figure 3.3.: Calibrated spectrum of white-light continuum pulses generated in a
3-mm sapphire disk (with extraordinary axis normal to the surface)
using a near-IR regenerative amplifier pump-pulse (CPA 2001, 775 nm,
~150-fs pulse duration, ~ 2 — uJ pulse energy). Calibration involved
absolute-power measurements through a range of interference filters
with known spectral transmission. Residual 775-nm pump light sup-
pressed with short-pass optical filter.

to single-shot photon noise can become significant [139]. Moreover, from measure-
ments of the spectrally-resolved beam profile, the divergence and beam diameter
of the white-light were determined to be wavelength-dependent, such that subse-
quent collimation and refocussing of these beams should involve fairly long focal
lengths to avoid significant chromatic aberrations (or ‘spatial chirp’). Specifically,
for a 30-mm NIR-pump focus, a collimating optic with a focal length of 70-100 mm
is preferable !.

3.1.3. Second harmonic generation (SHG)

In non-centrosymmetric crystals, there is a second-order non-linear response in the
polarisation to incident electric fields, i.e. P®)(t) = eoxP E(t) - E(t) (assuming an
instantaneous response), which for an incident optical field leads to a mixing of each
frequency component pair (wy,ws) in the spectrum of E(t) to produce new waves
at w; — wy (difference-frequency generation, DFG) and w; 4+ we (sum-frequency
generation, SFG) [135, 139, 138|. For a single incident optical pulse (with a centre
frequency wy), this SFG corresponds to the generation of a second pulse with a
centre frequency (2wp) (and hence photon energy) twice that of the incident pulse.
As mentioned above, this effect is referred to as second harmonic generation (SHG).
The SHG process is used in the NOPA (described in Section 3.1.5) to convert the
incoming near-IR (775-nm) pulses into near-UV pump pulses required for the OPA
process.

Moreover, the SHG effect can be exploited in the measurement of pulse durations
[138, 139]. If an optical pulse (described by E(t)) and a delayed replica (E(t — 7))

!For the measurements presented in Chapter 5, a collimating off-axis paraboloidal mirror with
an effective focal length of 25.4 mm was used, although test measurements with dye samples
were performed to confirm that the chromatic aberrations of the white light did not lead to a
significant distortion of the measured signals.
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Figure 3.4.: Double-pass prism-pair compressor, with an inter-apex distance L be-
tween the two prisms, with the intermediate ray at frequency w crossing
the inter-apex line at an angle 3(w).

overlap at a small angle (i.e. in the absence of temporal interference) in a (thin)
SHG crystal, then a component of the SHG signal is given by Eac «x E(t)E(t —7)
[139]. This signal has a corresponding time-integrated intensity,

e x /Oo AT I(t—1), (3.1)

—0o0

which is the intensity autocorrelation of the pulse E(t).

3.1.4. Prism compression and autocorrelation

Given an optical pulse (centre frequency wp) with spectral intensity I (2) and a
spectral phase ¢ (2) (where Q = w—wy), the corresponding variance of the temporal
intensity (i.e. pulse width) is minimised for ¢ () = A + B (for any A, B € R),
i.e. for a constant (or linear) spectral phase (A and B only dictate the absolute
carrier phase and temporal position of the optical pulse, respectively) [138]. Such
a pulse is said to be ‘transform-limited’.

When the optical pulse propagates through a transparent medium with thickness
L and refractive index n(w), an additional spectral phase is acquired, ¢ (2) =
k(wo + Q) L where k (w) = n(w)w/c is the wavevector (magnitude). Expanding
this phase about the centre frequency gives,

1 1
@ () = [ (o) + K () 2 4" (@0) 02+ 2h" (o) O+ | L (32)

such that the first terms which lead to temporal broadening of the optical pulse
are the group dispersion delay (GDD), ¢” (Q) = $k” (wo) Q2L (where k" (wp) is
referred to as group velocity dispersion (GVD)), and the third-order delay ¢ (©2) =
TK" (wo) % (where k" (wy) is referred to as the third-order dispersion (TOD)). For
most dielectric materials in the near-UV /vis range, k” (wg) > 0 (positive GVD), so
that in order to compensate for the dispersion of optics between the pulse source
and the sample in an experiment, an optical system which possesses a variable
negative GVD is required.

The simplest construction to achieve this is a prism-pair compressor [140, 141],
shown in Figure 3.4. For any given frequency component of the incident optical
pulse, the net phase shift through this system (assuming a double pass) is ¢ (w) =
(2wL/c)cos (B (w)) [141], where f(w) is the wavelength-dependent angle formed
between the intermediate ray between the two prisms and the line connecting the
apex of each prism. Taking the second derivative of this phase shift results in,

oo (%) [_ (222 + o8 s 9) - (%) w)] RNCE)
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The second term in the square brackets is necessarily negative and for small 3 will
dominate, resulting in a net negative-GDD contribution which can be used to elimi-
nate the positive-GDD introduced by other optics in the system. Note that a given
target negative-GDD can be achieved over a continuous range of configurations
of the two prisms (due to the dependence on both L and f3), i.e. by varying the
distance between the two prisms and the amount of prism glass the beam passes
through. In this case, we consider the contribution to the TOD from the prism-pair.
For a simple prism-pair and materials such as SF10 (used in the experiments in this
work) for the typical prism configuration needed to compensate the GDD from the
other optics, the TOD of the prism compressor is generally more negative than the
corresponding positive-TOD from the dispersive optics in the system [141]. Given
that the negative-TOD of the prism-pair increases with the inter-apex distance,
L, the optimal experimental configuration is to reduce L as far as possible (until
the practical limit for the minimum amount of prism glass traversed is reached).
We note that for other prism materials, such as fused-silica, the residual negative-
TOD is smaller than for SF10, allowing superior pulse compression. However, the
required inter-apex distance for a fused-silica prism-pair (to eliminate the typical
levels of GDD, i.e. L ~ 1 — 2 m) is far larger than that for SF10 (10s of cm),
such that SF10 is a more practical choice if reaching the absolute minimum pulse
duration is not essential. In the case of more complex pulse compression construc-
tions (involving a combination of multiple prisms/gratings), even more control of
the dispersion compensation (including over a wider bandwidth) is possible at the
expense of more involved optimisation procedure.

The prism compression is used to achieve the shortest possible pulse duration at
the sample position (i.e. including pre-compensation of the positive-GDD between
compressor and sample). Many experimental techniques exist in order to measure
the duration of femtosecond optical pulses (for obtaining optimal compression and
determining the corresponding time-resolution of the experiment) [142, 143, 144],
with the simplest being methods of ‘intensity autocorrelation’ (AC) [139] (c.f. Eq.
3.1).

The two implementations for measuring the pulse AC used in this work are
shown in Figure 3.5. A Mach-Zehnder-type interferometer assembly is used to pro-
duce two beams composed of the input optical pulse E(t) and a variably-delayed
replica (E(t—7)) with the relative delay 7 controlled by a rapid-scanning computer-
controlled delay stage. The use of two (1-mm-thick ultra-broadband metallic) beam-
splitters in this way incurs the same small degree of material dispersion for the two
pulse replicas, with a paraboloidal mirror used for focusing to avoid incurring any
further dispersion?.

For generating the AC signal, the first method involves the use of SHG in a (-
barium-borate (BBO) crystal to generate an AC optical signal (Section 3.1.3) which
is detected by a UV-sensitive detector and sent to a (12-bit) boxcar-integrator for
recording the signal. We note that for optical pulses with centre wavelengths in
the range 500-550 nm and bandwidths of ~ 15 nm (corresponding to a transform-
limited (FWHM) pulse width of 20-30 fs), the material dispersion between the
input and generated SHG pulse requires the use of a BBO crystal no thicker than
100 pm.

The second method for generating the AC signal involves the use of two-photon-
absorption (TPA) directly in the detection element of a photodiode [144]|, where
the detection element is a material with a band-gap larger than the photon energy

?Note that the autocorrelator is used at a position in the pump-probe measurement system (Sec-
tion 3.2) such that the material dispersion from the beamsplitters is approximately matched
to the material dispersion incurred in reaching the sample.
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Figure 3.5.: Schematic of real-time non-collinear intensity autocorrelator (with bal-
anced dispersion employing either (i) two-photon absorption (TPA) di-
rectly in a SiC photodiode, or (ii) measurement of the SHG cross-signal
from a thin BBO crystal.

of the fundamental pulse (such that the linear absorption signal is negligible). In
this case, the instantaneous generation of photocarriers in the photodiode is given
by itpa o (I (t)+I(t—7))% which contains the cross-term iac o< I (¢) I (t — 7).
Hence a measurement of the time-integrated photodiode signal vs delay 7 also yields
the intensity AC (Eq. 3.1) of the optical pulses. For pulses with centre wavelengths
in the range 460-600 nm, a suitable choice of detector material is SiC [144]. Three
practical advantages of the use of a TPA photodiode (over SHG in a BBO crystal)
are (i) the low cost and simplicity of implementation, (ii) the wide bandwidth over
which a single device can be used, and (iii) the fact that if a TPA photodiode with
an active area slightly smaller than the focussed input beams is used, then spatial
overlap of the two beams is achieved very simply by maximising the TPA signal
from each beam alone. However, it should be noted that due to saturation of the
TPA signal for large signals, only a very weak input pulse energy should be used,
to avoid distortion of the measured AC signal (which will result in a significantly
broadened width of the measured AC trace). This limits the maximum signal-to-
noise (in a given measurement time) for TPA-based autocorrelations.

The measurement of the intensity-AC signal does not provide a unique determi-
nation of the optical pulse shape (or spectral phase). However, if a certain temporal
pulse profile is assumed, then there is a well-defined relation between the width of
the measured AC signal (TﬁV%HM) and the temporal intensity profile of the op-
tical pulse (Tpwpm). For transform-limited pulses, the ratio Tpév(\j/HM/TFWHM for
several common pulse shapes can be derived analytically [139]. For a Gaussian in-
tensity profile (I (¢) o exp (—4ln (2) tQ/T}?WHM) ) we have TﬁV%HM/TFWHM =2,
whereas for a hyperbolic-secant pulse (I (t) o sech? (—21n (1 + \/5) t/TFWHM) )

3.1.5. Non-collinear optical parametric amplifier (NOPA)

For pump-probe measurements, an ultrashort pump pulse tuned to the absorption
wavelength of the sample under study is required. Such tunable pump pulses in the
visible and near-IR (460-1600 nm) can be obtained using a non-collinear optical
parametric amplifier (NOPA) [145, 146]. For the research work, we employed both
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Figure 3.6.: (a) Schematic of a non-collinear optical parametric amplifier with two
cascaded amplification stages. (b) Beam geometry for non-collinear
parametric process with near-UV pump pulse (387.5 nm) and white-
light-continuum seed, showing amplified bandwidth of white light.

a commercially-obtained NOPA as well as a home-built version of similar design.
The layout of these NOPAs is shown in Figure 3.6(a), with the relevant schematic
of the optical parametric amplification process in Figure 3.6(b).

The optical parametric amplification (OPA) process involves the down-
conversion of photons in a near-UV pump pulse (with centre frequency wp) into a
signal (ws) and idler (wj) pulse in a second-order nonlinear medium (in this case a
BBO crystal), with conservation of photon energy dictating that w, = ws+wj [146].
The near-UV femtosecond pump pulses (in this case, at 387 nm) are generated by
frequency-doubling of the near-IR pulses (775 nm) from the regenerative ampli-
fier laser in an SHG crystal (in this case, using a 10-mm-aperture, 0.5-mm-thick
BBO). In order to provide a significant gain for the process, a seed-light source is
required, which is provided by a white-light continuum pulse (Section 3.1.2) cov-
ering the wavelength range of the required signal pulse. Due to residual dispersion
in the WL generation process, the WL components are temporally dispersed (i.e.
‘chirped’). Both UV-pump and WL seed pulses are spatially overlapped into a BBO
crystal, with the relative delay tuned to achieve temporal overlap of the UV pump
pulse with the target signal wavelength range.
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Besides the conservation of photon energy, the OPA process must also conserve
photon momentum (or, equivalently, the vectorial sum of the photon wavevectors
must satisfy k, = ks + ki, as represented graphically in Figure 3.6(b)), which
is referred to as ‘phase-matching’. The signal amplification of the OPA process
includes a phase-matching factor L%sinc? (AkL/2) where L is the interaction length
in the mixing crystal and Ak = k, — ks — k; is the wavevector mismatch [139].

In order to satisfy this phase-matching condition, one needs to utilise a birefrin-
gent crystal (due to the fact that for a common polarisation one has k, > ks + k;
for the wavelengths considered). For a negative-birefringent crystal [139] (such as
BBO, where the extraordinary and ordinary refractive indices satisfy ne < n,) the
UV-pump pulse is linearly polarised along the extraordinary axis, such that the
magnitude of the wavevector kj, can be controlled by the angle of propagation ¢ to
the optical axis of the crystal [139].

An important degree of freedom is introduced by employing non-collinear beam
geometries, i.e. with an angle between the propagation direction of the pump and
signal beams («). This allows the phase-matching condition to be met for a contin-
uous range of beam geometries/crystal rotations (for a signal in the visible range).
This added degree of freedom can be exploited to satisfy not only the phase-
matching condition Ak = 0, but also to achieve the broadband phase-matching
condition 0 (Ak)/0ws = 0 [146], such that a far greater phase-matched signal band-
width can be achieved than for a collinear beam geometry. Depending on the BBO
crystal used and temporal dispersion of the white-light seed, this bandwidth is suf-
ficient to achieve pulses (after passing through a pulse compression setup) with a
duration of 10-25 fs (in the range 460-720 nm).

Due to the energy fluctuations in the WL seed pulse, a single OPA amplification
stage can result in considerable signal pulse fluctuations (i.e. 3-5 %). In order to
improve the stability of the output, an OPA setup with two amplification stages is
used (Figure 3.6(a)) (resulting in reduced relative pulse fluctuations of 1-2%), each
using a fraction of the pulse energy of the UV-pump pulses, with the signal output
of the first OPA stage forming the ‘seed’ for the second OPA stage.

The spectrum and autocorrelation for the typical NOPA output pulses used in the
experiments here is shown in Figure 3.7, which following the optimised prism-pair
compressor (SF10 prisms) results in a pulse duration of Trwpnm ~ 35 fs. We note
that based on the spectral intensity bandwidth of AX = 15.5 nm, a Gaussian model
predicts a transform-limited pulse duration of Trwnm ~ (21n2/7c) )\2/A)\FWHM ~
24 fs [138]. The resultant longer pulse width implied by the autocorrelation is a
result of the residual uncompensated higher-order phase distortion of the NOPA
output (as evidenced by the wings of the autocorrelation trace). Careful tuning of
the NOPA and the use of fused-silica prisms allows one to achieve a pulse duration
closer to the transform-limit, although for the measurements presented here the
resulting experimental time resolution is determined by dispersion of the WL probe
pulses, such that further optimisation of the NOPA pump pulse was not beneficial.

3.2. Pump-probe methodology and system design

In order to measure the excited-state transient UV-vis absorption spectra of a
molecular sample and obtain a signature for the relaxation dynamics, one can
employ a pump-probe scheme, as shown in Figure 3.8(a), where the time resolution
of the measurement is limited only by the duration of the optical pulses (with
< 50 fs being readily achievable with modern pulse generation techniques). In the
pump-probe technique, a fraction of the sample is excited by a pump pulse (tuned
to the appropriate excitation wavelength, \ex), and the differential absorption of a
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Figure 3.8.: Concept of pump-probe transient absorption measurements. (a) Ex-
citation of sample followed by probing of excited-state absorption
changes with variably-delayed broadband WL pulse. (b) Schematic
showing various signal components during excited-state evolution:
ground-state bleach, stimulated emission to the ground state (SE) and
excited-state-absorption (ESA) transitions to higher excited states.

subsequent probe pulse (\) is measured as a function of the time delay (7) between
the two pulses (which can be varied by changing the relative path length of the two
pulses before the sample). The transient absorption signal is composed of several
contributions (Figure 3.8(b)), (i) a negative-differential absorption band due to
ground-state depopulation (i.e. a ‘bleach’ signal) which will possess the same shape
as the ground-state absorption curve (neglecting inhomogeneous broadening), (ii)
a negative-differential signal due to stimulated emission (SE) of the excited state
(whose spectral properties can change during the excited-state relaxation) and
(iii) positive-differential excited-state absorption bands (ESA) involving transitions
to higher-lying states. Due to this complex combination of signals, which may
overlap at any given probe wavelength, measurement of the transient absorption
at only one wavelength (e.g. the ‘degenerate’ case where A = \o) generally does not
yield sufficient information about the corresponding relaxation of the excited state.
Hence one usually needs to measure transient absorption spectra over a range of
probe wavelengths, which facilitates the distinction of characteristic signal bands.

In the design of the measurement system, several options are available, and a
subset of these is shown in Figure 3.9. For the probe pulses, one can employ either
(i) a WL pulse (Section 3.1.2) or (ii) a tunable pulse source (such as a NOPA,
Section 3.1.5). The advantage of using a white-light pulse is that one can in prin-
ciple measure the transition absorption of the sample across a broad wavelength
range in parallel (reducing measurement time), whilst a NOPA must be manually
tuned to each probe wavelength of interest. However, the pulse energy for fem-
tosecond WL pulses in a given wavelength interval is limited to much lower levels
(i.e. typically < 100 pJ/nm), which results in the measurement of pulse energies
where the single-shot quantum fluctuations in the energy can become important for
small signals (i.e. with a relative modulation depth of ~ 10~%). Moreover, the pulse
energy (and spectral) fluctuations are typically larger than for NOPA pulses and
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Figure 3.9.: Schematic demonstrating various methods for broadband pump-probe
spectroscopy, including single-wavelength vs white-light probing and
various post-sample detection options.

normalisation of the signal must be performed carefully on the signal (a discussion
of other sources of noise is given below). A major issue in the use of WL pulses is
that it is that any dispersive optics will rapidly degrade the time resolution, and
the use of simple dispersion-compensating compression techniques (i.e. prism- or
grating-based systems) generally cannot rectify the dispersion over the whole spec-
tral range simultaneously. Hence, in using WL pulses, the use of reflective optics
for collimating and focussing the WL beam is imperative to maintain a sub-100-
fs time resolution (Section 3.3). However, standard reflective focussing optics (i.e.
off-axis paraboloidal mirrors) also pose problems (in comparison to lenses) due to
aberrations and scattering which degrade the quality of the beam profile.

Following the sample, there are several options for detection of the probe pulse
energy (and hence modulation due to the differential absorption of the sample).
In the case of a tunable NOPA source (i.e. single probe wavelength), this involves
using a single-element photodetector. For the WL pulse, a variable wavelength fil-
ter (e.g. monochromator) can also be used in conjunction with a single-element
detector (as per the setup used in the experiments presented in this work). The
use of single-element detection (or double-element detection in the case where a
reference beam is also used for normalisation) allows the use of relatively inex-
pensive photodetectors and either a boxcar-detector (i.e. a gated integrator) or a
lockin-amplifier for registering the detected signal.

Given that the usable probe pulse energy is limited (even for NOPA probe pulses,
due to the maximum fluence usable at the sample) and the typical pulse rep-rate
in such systems is <10 kHz, boxcar detection has the advantage that it samples
only the peak voltage of the photodetector signal. Hence, a medium-high band-
width detector can be used (i.e. 1-100 MHz) and the sampled electronic signals
are much higher than the average signal (without the need for large amplification
factors). For lockin-based techniques, the (average) detected electronic signal is
much lower, and the use of electronic amplification is limited by the associated
noise penalties. However, we note that lock-in detection can, in principle, possess
a far higher dynamic range for the measurement of differential signals due to the
use signal averaging in conjunction with optical chopping of the pump and probe
pulses (which can also be used to efficiently reject scattered pump signals).
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The simplest method for parallel detection of the white-light spectra (following
a spectrograph) is a CCD camera. However, despite the low background noise of
CCDs, they usually possess very low photon capacities (i.e. < 10 photons/pixel)
such that single-shot quantum fluctuations of the signal are large, and they are
generally not designed to perform well at high acquisition rates (such as the typi-
cal 1-kHz pulse repetition rate used in the research work here). In order to obtain
the necessary dynamic range and acquisition rates, one can employ a Si-diode
array (with typical implementations involving ~40 elements). However, the han-
dling of the subsequent parallel electronic signals requires custom multi-channel
amplification and sampling electronics, such that this option can be particularly
time-consuming and expensive?.

The broadband femtosecond pump-probe setup used for the measurements
presented in this work is shown in Figure 3.10%. The system is driven by the
regenerative-amplifier laser described in Section 3.1.1. A fraction of this output
(250 11J) is used to pump a two-stage tunable NOPA (Section 3.1.5) which produces
the required visible pump pulses (Aex = 500 nm for the measurements presented in
Chapter 5) with typical output pulse energies of 10 — 20 pJ, which are compressed
using a prism compressor to achieve pulse durations (FWHM) ~ 35 fs (at the
sample position). The NOPA pump beam passes a computer-controlled mechani-
cal translation stage (which generates the variable pump-probe delay), is reduced
to a pulse energy of < 100 nJ, and a broadband waveplate is used to prepare the
required polarisation relative to the probe polarisation.

A WL pulse (Section 3.1.2) is employed as the probe pulse, using a small frac-
tion (~ 2 uJ) of the amplifier laser output for the pump pulses®. The WL beam is
collimated by an off-axis paraboloidal mirror, and after a 1-mm-thick filter which
rejects the 775 nm pump light is split into probe and reference beams (with the
probe beam reflected from the front face of the beamsplitter to minimise disper-
sion).

The NOPA-pump and WL probe beam are brought into parallel alignment with
a vertical displacement and focused into the sample using an off-axis paraboloidal
mirror. Following the sample, the WL probe beam is recollimated, and sent to one of
two detection setups where a small variable wavelength interval (AApwpm ~ 5 nm)
is filtered out and detected, in order to measure the corresponding transient ab-
sorption for each small probe wavelength range. Two wavelength-selection methods
were employed during the research work, as shown in Figure 3.10. The first detec-
tion system was based on the use of a prism-pair (SF18 glass, inter-apex separation
~ 20 c¢m) to disperse the WL probe light. A variable slit after the prisms mounted
on a manual translation stage was used to select the appropriate wavelength range
(and bandwidth). Before the prism-pair, a focussing lens (f = 400 mm) is posi-
tioned such that the light is focussed at the position of this slit. We note that despite
its low-cost and simplicity (as compared to a aberration-corrected monochroma-
tor), this construction provided the necessary wavelength resolution (which could
reach down to A\ ~ 1.5 nm). The second post-sample detection setup employed

3Note that another multichannel detector, based on an integrated CMOS array (Hamamatsu)
has been investigated, and may be a highly practical alternative to CCDs and diode arrays in
that (i) they possess a far higher photon capacity than CCDs, and (ii) the standard integrated
electronics deliver a serial signal which can be digitised using a single (or double) channel
ADC board.

“Note that an overview description of the experimental setup is given here, with the specific
parameters used for the presented measurements given in Chapter 5.

’Note that another important practical advantage of WL probe pulses is the far smaller pump-
power requirement compared to pumping a NOPA (where a vast majority of the output cannot
be used in any case, due to the fluence threshold of the molecular samples.)
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a computer controlled monochromator in place of the prism-pair. The spectrally
filtered beams are then sent to the Si-photodetectors (or optionally directed to a
fibre-coupled spectrometer to monitor the filtered spectra).

The measurement of the detected probe (and when used, reference) signals was
performed using a digital lock-in amplifier (EG&G 7265). In order to measure
the net modulation of the pump-probe signal, different optical chopping methods
were used (employing a Thorlabs MC-1000 chopper controller locked to a 1-kHz
reference signal from the CPA system). In the earlier measurements, only the pump
beam was chopped (at 500 Hz), which rejects the background probe signal in the
demodulated lock-in output. However, in this case scattered pump light led to large
noise levels for probe wavelengths near the pump wavelength.

We note that normally this problem is combated by the use of differential chop-
ping of both pump and probe beams and lock-in detection at the sum or differ-
ence frequency of the two chopping frequencies. However, no suitable commercial
product was available for use with the 1-kHz system, where the beams should be
chopped at a sub-harmonic of the 1-kHz repetition rate. This led to the design and
construction of a custom chopper wheel, with two sets of slots (at different radii on
the chopping wheel) which provided a 500-Hz/333-Hz modulation of the probe and
pump beams, with a resulting net pump-probe signal at 166 Hz. In order to provide
a phase-locked 166-Hz reference signal for the lock-in, we used the frequency-divider
built into the front end of the chopper controller to provide a 166-Hz trigger, and
then ‘tricked’ the chopper controller to rotate at the required rate with a third set
of slots at the outer radius of the chopper wheel (i.e. at the radial position where
the optical chopper controller monitors the physical rotation).

In connection with the use of lock-in detection, the photodetector design was
particularly critical, due to the very low average power of the filtered WL probe
(typically ~ 10 nW). After evaluating many standard photodetectors available in
the research group (which were optimised for 100-MHz repetition rate pulse trains
with much higher average power), we designed a dual-channel detector based on
photodetectors with an integrated 4-kHz-bandwidth FET amplifier (Texas Instru-
ments, Radio-Shack-OPT301M), followed by an additional low-noise amplification
stage in the detector housing (with a gain factor of 10). This resulted in ~ 250 — us
electronic signal pulses with a peak voltage of ~ 500 mV (for a detected pulse
energy of ~ 10 pJ) as input for the lock-in, with a dark-background noise of 1073
relative to the probe signal (using a 100-ms integration time on the lock-in). How-
ever, it should be noted that this dark noise was still the dominant source of noise
in the measurements (i.e. more significant than the WL pulse fluctuations for a 100-
ms integration time). Hence, for the measurement of the small modulation depths
for the Fe-B-bpy samples (with relative modulation depths of ~ 107%), considerable
averaging of the transient absorption data was necessary.

3.3. Coherent artifacts and time resolution with white-light
continuum probing

The dominant source of coherent artifacts about zero-delay in the transient-
absorption signals of solution samples in cuvettes using wavelength-resolved WL
probe pulses is due to cross-phase modulation (XPM), i.e. intensity-dependent re-
fractive index changes induced by the pump pulse I}, through third-order non-linear
effects [147, 148]. The change in refractive index seen by the probe pulse can be
written An (z,t) = nalp (2,t) [149], which leads to a deviation in the instantaneous
frequency of the probe pulse of AQ (z,t) o —0I,,/0t. Hence probe wavelength com-
ponents which overlap temporally with the leading edge of the pump pulse are
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red-shifted, whilst those overlapping with the trailing edge are blue-shifted.

As mentioned in Section 3.2, the transient-absorption kinetics are measured by
filtering out a small wavelength interval of the WL spectrum after the sample
(the same holds in principle whether single-element or parallel-detection is used).
Even when the pump pulse does not temporally overlap appreciably with the wave-
length interval being measured, the XPM phase modulation leads to a shift in the
frequency of neighbouring wavelength regions into the measured wavelength inter-
val, giving rise to a structured coherent artifact about the pump-probe zero delay
for a given probe wavelength.

An example of these XPM-coherent artifacts (CA) is shown in Figure 3.11 for
a pure sample of CH3CN (in a 1-mm sample-thickness, fused-silica cuvette with
1.25-mm-thick windows). In the case of these earlier measurements, refractive optics
(achromatic lenses, f = 10 cm) were used for collimating and refocussing the WL
beam. The significant temporal dispersion of the WL pulses using refractive optics
is evident from the wavelength-dependent position of the centre of each coherent
artifact.

Before treating the temporal distribution of the artifacts further, we inspect the
dependence of the CA on the relative polarisation between pump and probe in
Figure 3.12. Unlike certain CAs that arise in solid-state time-resolved spectroscopy
(arising from coherent interference between parallel-polarised pump and probe,
which can be largely suppressed by the use of perpendicular polarisations), the
XPM-CA persists even for perpendicular polarisation. This is to be expected, due
to the fact that in an isotropic medium the magnitude of XPM induced for light
with the orthogonal polarisation is given by 1/3 that for parallel polarisations [149].
This reduction in the magnitude of the XPM-CA is reflected in Figure 3.12. Note
that in order to eliminate the effects of molecular reorientation on the time-resolved
signals on longer time scales (i.e. 100s of picoseconds), one must employ the magic-
angle (MA, 54.7°) between pump- and probe-polarisation [150], and hence the
relative polarisation cannot be chosen to minimise the amplitude of the CA in any
case.

Returning to the temporal distribution of the CA position vs probe wavelength,
we note that by extracting the extrema positions one can obtain the temporal
distribution of the white-light pulse (i.e. the relative group delay T' (w) = —0¢/0w
[138]). In Figure 3.13 we plot the relative temporal position of the CA minimum
(T'(w)) vs probe wavelength extracted from the curves in Figure 3.11 (red curve),
along with a parabolic fit (vs w = 2w¢/A). Given that the spectral phase can be
expanded as,

¢ (W) = @ (wo) + ¢’ (wo) 2+ 59" (wo) 0 + " (wo) 27,
then the corresponding group delay will be given by,
T (w) = — (¢ (wo) + ¢" (wo) 2 + 50" (wo) 7).,

such that the parabolic fit provides an estimate of ¢” (wg) and ¢ (wp), which
in this case resulted in ¢” (wp) = 3090 fs? and ¢ (wy) = 319 fs®>. These values
are consistent with the material dispersion and thickness of the achromatic lenses
used (standard LINOS f=30-mm and f=100-mm visible-range doublets, with 8-
mm and 22.4-mm diameter, respectively). We note that the dispersion due to the
refractive optics results in a ~ 2700 fs relative delay across the probe wavelength
range 480 — 650 nm. As mentioned in Section 3.2, the current measurement setup
employs off-axis-paraboloidal mirrors for collimating and refocusing of the WL
beam. The corresponding temporal distribution of the CA extrema in this case are
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Figure 3.11.: Coherent artifacts vs post-filtered white-light wavelength
(Adpwnam ~ 6 nm) for a 1-mm cuvette of pure CH3CN, with
refractive optics (achromatic lenses) between white-light continuum
generation and sample. (Pump pulse: 500 nm, ~ 70 nlJ).
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also included in Figure 3.13, which demonstrate a significant reduction in the WL
temporal dispersion, as expected. The residual dispersion is due to a fraction of
the sapphire generation medium, a 1-mm short-pass filter and the front window of
the cuvette (1.25-mm of fused silica). In this case, the fitted parabolic group delay
yields ¢” (wp) = 200 fs? and ¢ (wp) = 9.3 fs3, with a temporal shift across the
range 480-650 nm of only 330 fs.

The fact that the WL dispersion leads to a wavelength-dependent zero-delay
position can be corrected for in the measurements, by a calibration procedure as
just shown, independent of the magnitude of the temporal dispersion. The more
damaging effect, however, is the temporal width of the XPM-CAs with increasing
WL dispersion. This is demonstrated in Figure 3.14, where the CAs for both the
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Figure 3.13.: Temporal distribution of coherent artifact minima vs probe wave-
length for using (a) refractive optics (achromatic lenses) and (b) reflec-
tive optics. Experimental data (open circles) and quadratic fit (solid
line) as described in text.



66 Ultrafast spectroscopy: system design and characterisation

150

ARy WA
50 [ [ 2s0ts

-100 &X i / :
f —o— Achromatic lenses

I —o— Paraboloidal mirrors
-150 i i i i i i
-0.2 -0.1 0.0 0.1 0.2 0.3

Delay (ps)

Differential transmission (arb. units)
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reflective and refractive optics are shown for a pump wavelength Ay = 500 nm and
probe wavelength of A = 660 nm. Taking the minimum of the CA as the effective
zero-delay, the CA is observed to extend ~ 93 fs into the positive delay range for
the case of reflective optics, but ~ 250 fs for the case of refractive optics. Hence in
order to measure the transient absorption on a sub-picosecond time-scale, the use
of reflective optics is extremely important. We note that the residual width of the
CA using reflective optics is due to the use of cuvettes with relatively thick window
and sample thicknesses (1.25 mm and 1 mm, respectively). This residual width
can be further reduced (allowing a sub-50 fs resolution) [148, 151] by the use of
custom cuvettes with thin windows and sample thicknesses (e.g. ~ 100 pm). Whilst
the time resolution of the existing setup is satisfactory for the measurements on
the Fc-B-bpy compounds presented in this work (where the dynamics of particular
interest occur with time scales >400 fs), for future work where dynamics on shorter
time-scales may become important, such custom cuvettes should be constructed.



4. CW spectroscopy, electrochemical and quantum
chemistry results

4.1. Introduction

In this chapter, we will develop a description of the electronic properties of the
Fc-B-bpy compounds (represented by the generic structures in Figure 4.1) based
on an analysis of (i) CW UV-vis absorption spectra, (ii) (spectro-)electrochemical,
and (iii) theoretical quantum chemistry results. A combined interpretation of these
data provide strong evidence that the visible absorption band generally exhibited
by the Fc-B-bpy compounds can be attributed to a direct (i.e. Mulliken-) MLCT
transition from occupied orbitals predominantly localised on the Fc-donor into un-
occupied orbitals predominantly localised on the B-bpy acceptor, with the remain-
ing evidence provided by the time-resolved transient absorption results in Chapter
5.

As mentioned in the Introduction, at the outstart of this work, the key deriva-
tives of the Fc-B-bpy compounds ([nA](PFg)n, Figure 4.1!) had already been
well-characterised in terms of single-crystal structure, 'H, '3C and ''B NMR
spectra, cyclovoltammetry, general chemical stability/solubility, preliminary semi-
empirical calculations and semi-quantitative UV-vis spectroscopy [7]. Moreover,
other related Fc-based tetracoordinated-B—N-bridged systems had also been simi-
larly characterised [11, 12, 13, 14, 6, 152], including polymeric derivatives. During
the course of the investigation, additional derivatives were synthesised and charac-
terised [10, 4, 3, 5, 1, 9, 2| and incorporated in this spectroscopic study whenever
additional relevant information might be gained and samples were made available.
In parallel with this work, a considerable level of maturity in the synthetic strategy
has evolved, as reflected in some key overview papers (e.g. Ref. [1]) of the broader
family of compounds.

The presence of visible absorption near 500 nm generally exhibited by the Fec-B-
bpy compounds (Amax ~ 500 nm, pax ~ 500 M~tem™! for [1A]Br, see Figure 4.2
in Section 4.2.1), which gives rise to their dark-red colour in solution/crystal and is
absent in the isolated Fc and B-bpy fragments (or in mixed solutions), was tenta-
tively attributed to charge-transfer interactions between the Fc and B-bpy moieties.
This was definitely a reasonable conclusion, given that no other electronic interac-
tion in the system appeared to be a plausible candidate for the observed transition?.
Moreover, the peak absorption strength of the band was observed to increase in
almost 1:1 proportion with the number of attached B-bpy groups (i.e. across the
series [NA](PFg)n, n = 1,2,4), with a consistent red-shift with increasing n. Some
additional evidence for mixing of the Fe?* and B-bpy orbitals in the radical species
[1A]° (i.e. [LA]JPFg following electrochemical reduction of the B-bpy unit) from
ESR measurements was observed. However, a small electronic coupling between the
orbitals of the reduced B-bpy unit with the Fe-core does not necessarily imply that
the excited state resulting from excitation of the observed visible band corresponds

'Note that the notation [nA](PF¢)n is adopted from Ref. [7], where n denotes the number of
B-bpy acceptor groups and X is the counteranion (as shown in Figure 4.1).

?Specifically, it was unlikely that the new/shifted electronic transition arises from (i) inter-
molecular charge transfer from the counteranion to the cationic B-bpy unit, as stated in early
reports of B-bpy compounds in the solid state [153], or (ii) charge-transfer from the CHs
substituents attached to boron.
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Figure 4.1.: Generic structures of the specific Fc-B-bpy compounds under study.
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to a large-scale charge transfer from Fc into the B-bpy unit.

The possibility that the observed band in these compounds could correspond to
a modified version of the existing Fc-I band of unsubstituted Fc¢ (Apax = 440 nm,
Emax ~ 100 M~tem™!, Section 2.2.1) corresponding to a predominantly localised
excitation on the Fc-unit had to be considered. In principle, the required increase
in absorption strength and red-shift of the Fc-1 band could result from a combi-
nation of the symmetry-lowering and the inductive effects of the cationic B-bpy
substituents, as well as only a partial amount of charge-transfer onto the B-bpy
unit. Such substituent effects on the absorption band would also be expected to
increase with the number of substituents [37].

Perhaps the most compelling existing evidence for the MLCT assignment of the
band at the time was the strongly contrasting spectroscopic behaviour of the control
compound [1G]Br (Figure 4.1), where the B-bpy unit is replaced with two separate
pyridine moieties, and the lowest energy band is observed at Apax = 448 nm, typical
of very weakly-perturbed substituted ferrocenes. The removal of the connecting C-
C bridge which forms B-bpy is known to strongly eliminate the electron-accepting
nature of the pyridine system due to the requirement of a delocalised electronic
system over both pyridine rings [7]. It seems a valid assertion that the purely
inductive effects of the cationic B-bpy groups seen by the Fc-unit is not significantly
altered in going from [1LA]Br to [LG]Br, hence ruling out the possibility that
the electronic transition remains localised on the Fc-unit, but not implying that
the excited state involves the degree of charge-transfer such that the LUMO is
predominantly localised on the B-bpy substituent in [1A|Br.

Given that the molecular systems under study are complex polyatomic metal-
organic systems, and most of the argumentation is on a (albeit sound) intuitive
chemical basis, a deeper spectroscopic and theoretical investigation was deemed
important for further testing the hypothesis of a visible MLCT transition in these
compounds, and to determine to what degree charge is transferred to the acceptor
in the excited state®. Moreover, through the use of more quantitative spectroscopic
measurement and analysis over a set of related Fc-B-bpy derivatives, a superior un-
derstanding of the nature of the proposed MLCT transition, including initiatives for
design modifications to increase the MLCT absorption strength, was anticipated.

In the following sections, we present a comparison of the specific derivatives
identified in Figure 4.1 with (i) measurements and critical analysis of the UV-
vis absorption spectra in solution (including a quantitative analysis of the solvent
dependence of the MLCT band) and selected derivatives in doped thin films and
single-crystal, (ii) analysis of the cyclovoltammetry traces and UV-vis spectral
changes accompanying the respective electrochemical oxidation/reduction of the
Fc-donor/B-bpy-acceptor (which will also be employed in the interpretation of the
excited state transient spectra in Chapter 5) and (iii) the theoretical (TD-)DFT
results on a gas phase prototype, including the effects of conformation and electron
removal on the predicted electronic structure and a discussion of the predicted
excitation energies.

We note that no detectable evidence for photochemistry for the Fc-B-bpy
compounds in solution was observed upon prolonged irradiation of the MLCT
band. Moreover, tests for photoluminescence in the emission wavelength range
A < 900 nm showed no emission following MLCT excitation from any of the com-
pounds tested (with calibrated sensitivity tests placing an upper bound for any
photoluminescent quantum yield at < 3 x 107° in this wavelength range). Hence

3Note that in the rest of the text, the term ‘MLCT transition’ will be used to describe the
visible absorption band to avoid complication in the discussion, thus foreshadowing the final
conclusion of its assignment.
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Figure 4.2.: Comparative overview of the UV-vis absorption spectra of prototype
Fe-B-bpy compound, [1A]Br, and related donor and acceptor “frag-
ment” compounds, as well as an indication of the lowest-energy ab-
sorption peak for [1G]|Br (from [7]).

the experimental spectroscopic data presented in this chapter is based on only the
UV-vis absorption characteristics, with a direct probe of the MLCT excited state
provided by the time-resolved measurements in the next chapter.

4.2. UV-vis absorption in solution

4.2.1. Extraction of UV-vis absorption bands

Figure 4.2 provides an overview of the UV-vis absorption spectra of the represen-
tative prototype [LA]Br and those of the two molecular “fragments”, Fc and the
acceptor model compound o-B-bpy (presented in Sections 2.2 and 2.3), as well
as the reported absorption maximum position of [1G]|Br [7]. In the UV range
of Figure 4.2, [LA|Br exhibits two main regions of partially resolvable absorp-
tion, labelled ‘UV-I’ and ‘UV-II’ respectively. The absorption in these regions is
seen to correspond approximately additively to the UV bands of the isolated Fc-
donor and B-bpy-acceptor fragments, and on this basis we can assign them to
localised transitions on the donor or acceptor. The UV-II band corresponds to
the m — m*-transition localised on the B-bpy unit, which is observed to blue-shift
some 550 cm ™! (=2 0.07 eV) relative to o-B-bpy. From a comparison of the elec-
trochemistry data for [LA|Br, o-B-bpy and Hf in Sections 2.3 and 4.5.1 with the
corresponding data in [134], the electrochemical reduction potential of o-B-bpy is
less negative than that of [LA]Br also by ~ 0.07 eV, such that this blue-shift of
the B-bpy-m — w*-transition can be attributed to a destabilisation of the B-bpy
LUMO.

In the visible region, one observes the proposed MLCT band (‘MLCT’) for
[LA]|Br- a broad featureless band with a maximum at ~ 500 nm, resolvable on
the low-energy side and with an absorption plateau that extends into the near-UV.
The only absorptive feature of the isolated fragments that extends into the visible
range is the Fc-I band of the Fe-donor (Section 2.2.1), which exhibits the relatively
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Figure 4.3.: UV-Vis absorption spectra of [1A]|Br (in CH3CN) (blue curves) and
fitted curves to each region. (a) Initial analysis using only a single
Gaussian MLCT band (red) demonstrating non-Gaussian character of
residual in the 370 — 470 nm range. (b) Linear plot showing both fitted
Gaussian MLCT band (red) and fitted modified Gaussian HE band
(green), and residual (black).

weaker absorptive feature due to unresolved predominantly d-d transitions with a
maximum at Apay ~ 440 nm (£pay ~ 100 M~ tem™1).

In order to isolate and quantify the individual absorption bands under this en-
velope, we begin with fitting the low-energy side of the MLCT band for [1A]|Br
with a simple Gaussian function (vs frequency), i.e.

2
£(V) = Emaxexp | —4In 2(1/271/0) . (4.1)
AV

The resulting Gaussian least-square fit to the data (using the fitting range
480 — 800 nm) is shown in Figure 4.3%, which yields a highly satisfactory fit of
the low-energy region (over some 2 orders of magnitude) with a (FWHM) width
of Avpwam = 6220 cm~!. Note that the Gaussian fit retrieves a peak position of
Ao = 1/vy = 499.7 nm as opposed to that obtained by fitting a quadratic function
in a small neighbourhood about the local maximum which yields Apax = 503.3 nm.
Inspection of the Gaussian fits for the MLCT band across a range of related com-
pounds (presented in the following sections) near the band maximum reveals a
systematic small blue-shift of the peak position (due to minor deviations of the
MLCT band absorption peak from an ideal Gaussian, but not attributable to the
frequency pulling effect of higher energy bands), and hence we will preferentially
discuss the position of the local maximum Ay .« as the centre wavelength whenever
one is clearly resolvable (although for the thin film and crystal data to be presented,
no local maximum is available, and we must resort to that from the Gaussian fit).

*In most cases, the fitting procedures of the absorption bands use the objective function x? =

> (Eexp — sﬁt)Q/sexp as opposed to unweighted least-square fitting, in order to lend more
weight to the wings of the absorption bands.
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The residual absorption, after subtraction of the fitted MLCT band from the raw
data, is also shown in Figure 4.3(a) (logarithmic scale), and reveals the low-energy
tail of a second higher-energy (HE) band in the range ~350-500 nm. Attempts
to fit this region with a second Gaussian resulted in poor agreement with the
experimental data. It is evident that the logarithmic curve of the residual after
subtraction of the fitted MLCT band (Figure 4.3(a)) does not reflect a simple
parabolic shape, but instead conforms to a higher order polynomial. Based on this
observation, we attempted to fit this second band region with a modified (higher-
order) Gaussian function®:

(¥ = Vinax)”

2
Vw

£ (V) = Emax €XP {—4 In2

| 4 g2V Vmax)” ”ma")2] } : (4.2)

where,

/ 2 _

AVvpwHM = 2$AVW, (4.3)
which was also used for the fitting of the Fc-I band in Section 2.2.1 (which, we
note, was composed of two unresolved, relatively symmetric non-Gaussian bands).
Applying this model function results in the fitted HE band shown in Figure 4.3(b)
(Amax = 369.4 nm, €0 = 388 M~ tem ™!, Avpwian = 6940 ecm™1), which matches
the residual absorption in this region well and yields a negligible total residual
above 370 nm (i.e. after substraction of both bands), below which the onset of
the relatively strong B-bpy UV-absorption band begins. These two model band
functions will be used as described here for all the following spectral data, whilst a
tabulation of all fitted-spectra parameters for all derivatives presented are given in
Table A.2 (Appendix A). In order to have a measure of absorption strength which
is independent of a given bandwidth/shape, we can also calculate the oscillator
strength f8, which for these parameters yields the values fycr = 0.015 and fug =
0.012. Oscillator strengths of this magnitude are generally related to symmetry-
forbidden localised transitions in molecules possessing some symmetry elements [37,
98], although in the present case of a proposed CT transition, the weak oscillator
strength is also consistent with a low extensive spatial overlap of the donor and
acceptor MOs.

The fact that the proposed MLCT band conforms to a single Gaussian profile
with only slight deviations, suggests that the entire absorption feature corresponds
to a single dominant electronic transition (or a number of closely-spaced transi-
tions), although the mechanism leading to the significant line broadening requires
further analysis, and will be discussed after presenting the absorption spectra of
various derivatives and in various environments.

4.2.2. Solvation effects on the UV-vis absorption spectra

In this section, we analyse the solvent dependence of the UV-vis absorption bands of
the Fc-B-bpy compounds. As described in Section 2.1.4, one expects an appreciable
rearrangement of the charge density of the solute upon a CT electronic transition,

"Note that this higher-order Gaussian function was adopted after the trial of various other
common model functions for the HE band, although no rigorous physical derivation of its
form was found in the literature. This indicates that several different non-Gaussian broadening
mechanisms are associated with the HE bandshape, as well as possibly more than one distinct
electronic transition.

5The oscillator strength is related to the integrated absorption band via f ~ 4.32 x

107? [ dve (v), where e(v) is in units of M~ 'cm ™' and the wavenumber v in cm™".
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Figure 4.4.: UV-vis absorption spectra of [1A]|Br in a range of solvents (as indi-
cated), including fitted HE (modified Gaussian) and MLCT (Gaussian)
bands (open symbols denote the respective band peak positions).

which should give rise to a dependence of the transition energy on the particular
solvent, due to the different electrostatic interaction energies of the ground and
excited-state solute with the surrounding solvent molecules. Hence we expect a
significant effect upon varying the solvent on the proposed MLCT band in the
[nA]X,, compounds. Moreover, a quantitative analysis (using the theoretical model
derived in Appendix B.3) can yield an estimate of the change in dipole moment
between the ground and excited states, as well as the extrapolation of the expected
gas-phase absorption (e.g. for comparison with theoretical results). Moreover, we
will see that the solvent shift model is important for interpreting the absorption
spectral changes that occur upon addition of further B-bpy acceptor groups. In the
following, we focus on an analysis of the prototype compound [1A]|Br, which has
only a single acceptor group and features more favourable solubility properties in
comparison to the corresponding PFy compound.

Figure 4.4 shows the UV-vis absorption spectra and corresponding fitted HE
and MLCT bands for a range of polar solvents”. As can be readily observed, both
the peak wavelength and absorption strength of the MLCT band change signifi-
cantly in going from HoO (Apax = 484.9 nm, e = 370 M~ 'em™!) to CHCl3
(Amax = 528.8 nm, £ax = 520 M~tem™1) (which is experimentally observable as
a pronounced colour change in the solutions). Qualitatively, this corresponds to a
blue-shift with increasing solvent dipolarity, i.e. hypsochromism (or negative solva-
tochromism) [48, 49]. This contrasts with the usual observation of a bathochromic
shift (or positive solvatochromism) observed for CT transitions in neutral com-
pounds. This effect has been reported for MLCT transitions in other cationic com-
plexes, and can be rationalised based on the discussion of Section 2.1.4 (c.f. Figures
2.9-2.11), where it was asserted that for cationic compounds, both the ground and

"Note that a large number of other solvents, including non-polar solvents, were tested and re-
jected due to their poor solubility properties for the [nA]X, compounds. The solvents used
here may be regarded as a fairly exhaustive selection of appropriate commonly-available sol-
vents, which unfortunately implies a limited degree of statistical performance in the quanti-
tative analysis, i.e. in literature reports, often a robust correlation emerges with the inclusion
of ~ 10 — 20 solvents
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excited state possess antiparallel effective dipole moments, such that the solvent
dipole orientation stabilises the ground state and destabilises the Franck-Condon
excited state, leading to a blue-shift with increasing solvent interaction.

In order to systematically account for the solvent dependence, we employ the
theoretical model for a cationic solute as described in Section 2.1.4 (and derived
in Appendix B.3), in terms of the solvent polarity functions ¢(es) and ¢(n?) (see
Appendices A.1,B.3) for each solvent (where €5 and n are the static (DC) dielectric
constant (permittivity) and optical-frequency refractive index, respectively), which
describe the dipolar and polarisability properties of the respective solvents and
account for their response to the electronic charge density distribution of the solute.
An inspection of the molecular dimensions of each solvent (i.e. in terms of their van
der Waals radii) indicated that the effective solute radius a (which is taken as the
distance of the centre of the solute ‘sphere’ to the centre of the first solvent shell)
varied significantly for each solvent (see Table A.1). Hence, in order to account for
this effect in the following analysis, we calculated the prefactor of Eq. 2.5,

¢, =1z <%) (0 (e) — ¢ (1)), (4.4)

with a = ag + 15, where ag is the effective solute radius, and rg is an effective radius
for each solvent. In keeping with the expected solvent dipole orientation relative
to the solute (Figure 2.9) the solvent radii were determined for each solvent by
considering the length of each solvent molecule parallel to their respective perma-
nent dipole moments®. We note that taking the solvent dimensions into account
in this way improved the overall correlation of the data. From an analysis of the
theoretical structure (Section 4.6), the effective spherical solute radius ag of the
[1A]|Br was estimated as ag ~ 5.56 A,

Figure 4.5 shows the results of the analysis. In Figure 4.5(a) we plot the calculated
solvent pre-factors Cy vs the observed MLCT absorption band peak wavenumber
(from the data shown in Figure 4.4). As predicted by Eq. 2.5, a linear fit of Cy vs
the transition energy hcvmay should yield the quantity (Ap)~2. The linear fit to
the data is also shown which yields an estimate of the change in dipole moment
of App=4540.2x1072C-m (= 13.4 D). This dipole change corresponds to a
displacement of a unit electronic charge by Au/e = 2.8 A. In order to put this
displacement in perspective, in Figure 4.6 we show the distance as a projected
vector with the calculated (gas-phase) structure of [1]7(H) (see Section 4.6), with
a direction parallel to the line passing through the Fe atom and the centroid of
the two B-bpy N atoms!?. One observes that the predicted electron displacement
amounts to ~70% of the distance between these two points. The fact that the
extracted effective electronic displacement upon excitation is somewhat less than
the geometric separation between donor and acceptor has been reported for other
CT compounds (e.g. Ref. [154]), with the difference attributed to the fact that
other electronic orbitals are partially polarised so as to oppose the CT and reduce
the net charge displacement.

8These ‘dipole-parallel solvent lengths’ were determined by a simple code which employed ap-
proximate 3-D structures of each solvent molecule obtained from a chemical database, see
Appendix A.1, and tabulated van der Waals radii for the atoms at the extreme positions of
the solvent molecule.

This value was derived from the theoretical gas phase structure of [1]*(H) (Section 4.6). Alter-
natively, using the crystal structure unit cell volume [7] ones arrives at the comparable value
of a ~ 5.14A

1ONote that we take these two coordinates as defining the approximate central location of the
Fc-donor and B-bpy acceptor, respectively.
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Figure 4.5.: Results of the solvatochromism analysis of the MLCT band of [LA]Br.
(a) Plot of solvent shift prefactor Cs (see RHS of Eq. 2.5 ) vs ex-
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graphical reasons, the experimental peak wavenumber is plotted as
the z-axis. (b) Corresponding MLCT bandwidth vs peak wavenum-
ber, and fitted model curve (c.f. Eq. 2.6), indicating extrapolated gas
phase bandwidth )



76 CW spectroscopy, electrochemical and quantum chemistry results
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Figure 4.6.: Illustration of the estimated dipole moment change upon MLCT exci-
tation from the solvatochromism analysis of [1A]Br (projected dipole
vector lengths added to scale with structure, with vector orientation
placed parallel to the line connecting the Fe-core and N-N-centroid of
the B-bpy unit. The structure shown is the theoretically derived gas-
phase structure of the closely related compound [1]*(H) (c.f. Section
4.6).

Besides an estimate of the change in dipole moment occurring upon excitation,
an extrapolation of the linear curve in Figure 4.5(a) also yields an estimate of the
expected gas-phase absorption band peak position of vgp = 18500 £+ 100 cm™?,
corresponding to Agp = 540 nm. We will refer to this value again in the next section
in discussing the dependence of the MLCT absorption spectra on the number of
acceptor groups.

We turn now to the fitted MLCT bandwidth vs solvent, which is shown in Figure
4.5(b). The data also show a discernible trend with variation of the solvent (as
expected from the theory in Section 2.1.4), with a trend of increasing bandwidth
with increasing blue-shift of the band. The observed bandwidth'! is a convolution
of both the solvent-induced bandwidth (given by g1y, Eq. 2.6) and the residual
gas-phase bandwidth ogp (i.e. due to both a Franck-Condon manifold arising from
a distribution of vibrational transitions as well any additional broadening from
a conformational distribution). Assuming that both the solvent broadening and
residual gas-phase bandshapes conform to Gaussian functions, we have,

AI/}%WHM = 81n(2)(aép + Osoly) = 8ln(2)(a}270 + 2kTAEqo1y)

) (4.5)

= 81In(2)(opc + 2hckT (Vmax — vap)),
where we have used O'SZOIV = 2kTAFEsy (i.e. Eq. 2.6). Hence Eq. 4.5 allows us to
fit the data with a single free parameter (i.e. ogp) due to the predicted depen-
dence of the solvent broadening on the observed solvent shift (which is available
from the analysis in Figure 4.5(a)). The fitted curve (using 7' = 300 K) is shown
with the data in Figure 4.5(a), which shows a satisfactory correspondence to the
experimental MLCT bandwidths, and yields an expected gas-phase bandwidth of
AvpwaMm,gp = 5973 cm~!. This correspondence provides a good degree of confi-
dence in the applied solvatochromism model.

"UNote that the o values refer to the second moment of the band, as opposed to the FWHM.
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Figure 4.7.: Oscillator strengths from the fitted MLCT and HE band parameters
for [1A]|Br vs solvent dielectric constant. Included is a linear fit for
the HE band data.

Considering now the solvent effect on the HE band, we refer back to Figure
4.4(a), where one observes a very distinct behaviour in comparison to the MLCT
band. In the case of the HE band, there is no significant shift in the absorption
peak energy vs solvent interaction, which suggests that the dipole moment change
Ay for this transition is negligible, i.e. the HE band can be attributed to a localised
transition and not to a CT transition. However, a strong dependence of the inte-
grated absorption strength on the solvent dipolarity is observed. In Figure 4.7 we
plot the oscillator strengths (obtained from the fitted band parameters) for both
the MLCT and HE bands in each solvent vs the solvent static dielectric constant
(€s). As can be seen, the MLCT band oscillator strength does not demonstrate any
significant variation with e (i.e. the trend in the MLCT peak absorption strength
observed in Figure 4.4(a) is mostly a result of the bandwidth variation, and not the
integrated absorption intensity). However, the oscillator strength of the HE band
shows a marked dependence, with decreasing absorption intensity with increasing
solvent dipolarity — a phenomenon referred to as hypsochromism [50]. A linear fit
to the HE band oscillator strengths in Figure 4.7 is provided as a visual guide. As
shown in the next section, the fitted HE band increases in strength by a factor
~ 2.3 — 2.8 upon the addition of a second B-bpy acceptor and hence it is likely
that the HE band is due to a transition localised on the B-bpy group(s). Whilst
an analysis of the possible causes of this effect lies outside the scope of the current
work, the fact that the hypsochromic effect conforms to a fairly well-defined trend
with the dipolarity of the solvent tends to argue against specific solvent effects
(i.e. due to interaction between chemical groups on the solvent and solute [50]),
although the fact that the counteranions in solution will be closer to the solute in
solvents with low e¢; may be a determining factor.

The cationic solvatochromism model employed here for the MLCT band yields
good agreement with experiment, and provides compelling support for the as-
signment of the MLCT band. However, we should note that despite the fact
that electrostatic-based solvatochromism models have enjoyed a considerable
amount of popularity and consistency with experiment and theoretical expecta-
tions [50, 49, 155, 156, 157, 158, 159, 160, 51, 161, 162], as well as being employed
successfully in dynamic solvation models of excited states [163], there is growing
attention in the literature to the fact that the solute-solvent interactions are gen-
erally more complex than that represented in these relatively simple models and
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Figure 4.8.: UV-vis absorption spectra of [nA]X,, vs number of acceptors (n) and
counteranion, X =PF; Br™.

additional solvent interaction effects may be important [164, 165, 166, 167, 168|. For
instance, as shown in Appendix B.3, such models are effectively based on second-
order perturbation theory [48, 169, 170] (although dielectric continuum models,
which yield comparable expressions for the solvent shift, are usually based on a
simple classical treatments [171, 48, 49, 172, 173, 174]), whereas in the presence of
such large electric fields from the surrounding solvent environment (which can be in
the range 10* — 10° kV /cm), it is possible that these fields could induce significant
mixing of excited states [175, 176], and hence observed solvent shifts may be also
connected to these higher-order corrections to the electronic states of the solute.
Moreover, the role of specific solute-solvent interactions, such as hydrogen-bonding
and electron-donation/accepting effects from the first solvent shell could play a
significant role. Hence, any truly rigorous analysis of the observed solvent shifts
should be accompanied by accurate quantum chemical modelling of the combined
solute-solvent system [165, 166, 168, 177, 178|. In closing, we note that the use of
Stark spectroscopy of frozen solutions (such as the example in Section 2.2.2) would
be an important complementary measurement to confirm the results of the solva-
tochromism analysis presented here (where the solvent, and hence specific chemical
interactions with the solute, is kept constant, and the external electric field applied
to the solute can be varied in a controlled manner). Moreover, the synthesis of Fc-
B-bpy derivatives with good solubility in both polar and non-polar solvents would
allow a far more comprehensive investigation.

4.2.3. Comparison of electronic spectra for [nA]X,,

Figure 4.8 shows the UV-vis absorption spectra of a set of related derivatives
[nA]X, (in CH3CN) with a variable (i) number of B-bpy acceptor groups (n =
1,2,4), and (ii) counteranion (X=PFy, Br™). The variation of the counteranion
X is seen to have only a small influence on the absorption spectra across the
whole spectral range. This rules out that the near-UV /vis transitions arise from
inter-molecular electronic transitions involving the counteranion (although such
transitions have been observed in the solid state (and poorly-solvating solvents)
for certain B-bpy salts, due to charge transfer from the counteranion [153]). The
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small observed differences resulting from varying the counteranion may well be due
to slight differences in sample purity (e.g. due to partial oxidation of the Fc-B-bpy
compounds).

Turning now to the dependence of the absorption spectra on the number of ac-
ceptors, n, one observes that the addition of a second B-bpy acceptor group leads
to an increase of the absorption strength for all the bands present, with a sys-
tematic red-shift of the MLCT band energy. Specifically, for [2A]|Bra (Amax =
512.7 nm, epax = 891 M~lem™!) the peak absorption wavelength is shifted by
Av = —364 cm~! relative to [TA|Br (Apax = 503.3 nm, epay = 521 M~tem™!)
(the corresponding shift for [2A](PFg)2 is Av = —338 cm™!, which is consistent
within the experimental accuracy). The peak absorption strengths ey, are larger
by a factor 1.71 ([2A]|Br2/[LA]|Br) and 1.79 ([2A](PFg)2/[LA]|PFg), respectively,
with corresponding oscillator-strength ratios of 1.67 and 1.79 (note that the values
of emax are not exactly proportional to f due to small changes in the fitted MLCT
bandwidths). From Ref. [7], the corresponding absorption peak data for the com-
pound [4A](PFg)y is available!? (Apax = 540 nm, epay = 1700 M~ tem ™), and is
added as a data point in Figure 4.8.

The absorption band peak data for both HE and MLCT bands (including
[4A](PFg)4 for the MLCT band) are summarised in Figure 4.9. In Figure 4.9(a),

12Note that this compound was not available during the course of this work for independent
measurements.
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the peak absorption strength of the MLCT band for [nA](PFg), '* demonstrates
a clear linear trend vs number of acceptor groups, with a best-fit slope correspond-
ing to a factor increase in absorption strength of 0.83 for each additional acceptor
group. Although this factor is close to unity, as predicted from the theory in Sec-
tion 2.1.3, the small deviation implies a finite degree of electronic communication
between the acceptor groups (which is evident from analysis of the electrochemistry
data in Section 4.5.1).

Figure 4.9(b) also shows the clear linear red-shift in the peak photon energy of the
MLCT absorption band with increasing number of acceptors, n. A simple linear fit
to the data yields a best-fit slope of —455 cm ™! /acceptor. The fact that a red-shift
is observed for the proposed MLCT transition with increasing number of cationic
acceptors is somewhat unexpected, and requires a detailed examination. From the
simple one-electron (gas-phase) model derived in Appendix B.2.2, we expect that
the CT transition energies for the single-acceptor (AE},) and the linear double-
acceptor (AEj;) compounds (in the absence of significant electronic overlap) are
related by (Eq. B.63),

AEcliﬁ = AEéia + (V;g - Vdéi) )

where Vd/él is the interaction energy between the valence electron localised on the
donor with either of the cationic acceptors and V.2 is the interaction energy between
the electron localised on one acceptor with the other cationic acceptor (with both
VA, VB < 0). Since we expect that {Vd‘f‘j{ > {Va]g (mainly because the acceptor-
acceptor distance is greater than the donor-acceptor distance), one would expect a
blue-shift in the CT transition energy upon the addition of a second acceptor (note
that an even larger blue shift is predicted if there is appreciable overlap/mixing
between the electronic wavefunctions, due to the resulting stabilisation (destabili-
sation) of the donor (acceptor) one-electron wavefunctions).

The situation is represented schematically in Figure 4.10, which demonstrates
that in the case of two cationic acceptors, the CT transition effectively redistributes
the positive molecular charge in an energetically unfavourable way in comparison
to the (a) single-acceptor compound (whether or not one assumes a (b) symmet-
ric delocalised wavefunction for the excited state or a (c¢) localised wavefunction
due to a symmetry-lowering imposed by the environment or an asymmetric con-
formation of the two acceptors). We note that if one applies the concepts of the
well-established molecular-exciton theory [45, 179, 180, 181|'* for a dimer of two
cationic monomers (with a significant displacement of the positive charge towards
the other monomer upon excitation), a net blue-shift would also result for both the
‘symmetric’ and ‘antisymmetric’ transitions.

In general, the observed red-shift in transition energy upon addition of further
B-bpy acceptors could be attributed to three main effects: (i) a lowering in the
equilibrium HOMO-LUMO separation for the transition (which would have to in-
volve a more complex electronic rearrangement upon CT than that described by
the simple one-electron CT picture), (ii) a reduction in the (gas phase) Stokes shift,

i

due to a reduced displacement of the relative conformational equilibria of ground

3Note that the MLCT band peak extinction coefficients emax are analysed as opposed to the
extracted oscillator strengths f (the latter being a more objective measure of the strength of
the transition), due to the fact that the experimental curve for [4A](PFg)4 was not available.
However, given that the fitted MLCT bandwidths do not vary significantly, at least for [1A]X
and [2A]X2, we will take emax as a reliable measure of the integrated band intensity.

"Note that many aspects in standard molecular-exciton theory parallel the derivation in Ap-
pendix B.2, although in its usual form the exciton theory is applicable only to systems with
distinct ground state orbitals.
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and excited states (i.e. shifting to smaller values in the presence of additional ac-
ceptor groups), or (iii) a reduction in the solvent interaction energy with increasing
number of acceptors.

One would tend to argue against a significant relative Stokes shift (mechanism
(ii)) as the cause of the red-shifting. The presence of additional (cationic) acceptors
is most likely to lead to additional steric constraints on the geometry of the com-
pound in solution, due to e.g. repulsive electrostatic interaction between the B-bpy
acceptors (especially in the case of four acceptors, as testified by the significant
degeneracy-lifting of the acceptor reduction processes observed in electrochemistry
measurements [7]), and hence one could expect a greater relative displacement
of the reaction coordinates upon excitation with the addition of further acceptor
groups (giving rise to a larger Stokes shift of the potential energy surfaces and
hence a blue-shifting of the transition energy).

However, a change in the magnitude of solvation interaction vs number of ac-
ceptors (mechanism (iii)) could lead to the observed red-shifting. In the previous
section, we showed that the MLCT transition in [1A]Br exhibits a marked neg-
ative solvatochromism, i.e. an increasing blue shift with solvent polarity (e5) and
dipole moment change between ground and excited states (Au). The calculated
solvent-induced blue-shift for [1A]Br in CH3CN was Avg,y, = 1340 cm™! relative
to the extrapolated gas-phase value (Agp = 540 nm) (See Figure 4.5(a)).

For the case of two acceptors, we expect a fairly high degree of centrosymmetry
in the ground state, with the residual asymmetry due to fluctuations in the local
solvent environment in combination with the fact that the B-bpy groups possess
a distribution of conformations resulting from the relatively unhindered rotation
about the B-C(Cp) bonds. Moreover, depending on the degree of instantaneous
symmetry between the two acceptors during photon absorption, in general the CT
excited-state corresponds to a transfer of electron density from the donor into a
wavefunction delocalised to a certain degree over both acceptors [42, 44]. Hence
we expect that the dipole moment change Ay, and hence the solvatochromic blue-
shift, will be reduced in [2A]Brz relative to [LA]Br (even more so considering that
the effective solvent-shell radius ag in [2A]Bry is larger).

The data for the MLCT absorption band of [2A|Brz in various solvents is shown
in Figure 4.11, along with the corresponding data for [1A]Br. As can be seen (Fig-
ure 4.11(a)), in all cases, there is a red-shift of the MLCT band upon addition of the
second B-bpy acceptor group, and the data for CH3CN and DMF are seen to con-
verge, which supports that the solvatochromic shift is strongly reduced. However,
we note that the relative changes in the MLCT band peak position and bandwidth
for HoO do not conform to the simple trend that might be expected from the
solvatochromism theory, i.e. the relative decrease in solvent blue-shift /bandwidth
appears to be too small. Keeping in mind that the solvatochromism model was
developed for only a single acceptor group, the lack of a completely consistent
behaviour in MLCT band-shifts/-widths for [2A]|Bra may well be due to an inter-
action between the solvent and the degree of symmetry between the two acceptors.
One could anticipate that the strongly interacting HoO molecules lead to a larger
instantaneous fluctuation in the relative electronic environment of the two B-bpy
substituents, leading to a more localised excited state on one of the acceptors
with a resulting larger effective dipole moment change upon excitation (and hence
solvent-induced blue-shift, consistent with what is observed).

We note that the reported MLCT band peak position for [4A](PFg)4 in CH3CN
is Amax = 540 nm, i.e. very close to the extrapolated gas-phase value for [1A|Br.
This would imply (within the current hypothesis) that both the effective solvent
blue-shift and the electrostatic penalty for the MLCT electronic rearrangement
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Figure 4.11.: Comparison of (a) MLCT band peak position and (b) fitted
MLCT bandwidth, Avpwmw for single ([1A]Br) and double-acceptor
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are both greatly reduced for the case of four B-bpy acceptors. This is quite an
acceptable assertion given the following. (i) We expect a higher degree of rela-
tive symmetry between the acceptor groups in the case of four B-bpy acceptors,
especially as their relative conformations are now more strongly imposed due to
mutual steric interactions (testified by the fact that NMR results show that there is
a far larger barrier to rotation of the B-bpy acceptor groups about their respective
B-C(Cp) bonds than in [1A]PF¢ and [2A](PFg)2). Thus we expect [4A](PF¢)4
to be highly centrosymmetric in solution, which requires that the ground- and
excited-state dipole moments should vanish (and hence suppressing the dominant
dipole-dipole interactions with the solvent). (ii) The electrostatic penalty for the
CT from the Fc-core into a symmetric delocalised wavefunction over all four accep-
tors will be far more effectively shielded by the large number of polarisable B-bpy
m-systems in [4A](PFg)q4, as well as the fact that now adjacent B-bpy acceptor
groups are in close proximity and the effective ‘hole’-transfer to the central Fc-core
will be partially compensated by a corresponding reduced electrostatic repulsion
between cationic acceptors (as demonstrated by the significant Coulomb interaction
between acceptors revealed from the electrochemical reduction data [7]).

Returning to the other details in Figure 4.9, we note that the oscillator strength
of the fitted HE bands also increases with the addition of a second acceptor, with
ratios [2A]X2:[1A]X of 2.3 and 2.8 for X=PFy and Br~ respectively. However, in
contrast to the MLCT band we note that for the fitted HE band peak energy, one
observes a consistent blue-shift with the addition of the second acceptor amount-
ing to 876 cm~! and 267 cm™! for X=PFy and Br~, respectively. It should be
noted that because the HE absorption bands are fitted using only the resolvable
low-energy side of the band (i.e. using data in the region 380-500 nm, which is
already obtained as the residual after subtraction of the fitted MLCT band from
the experimental curve), the fitted values (especially the band peak energies) are
subject to possible systematic errors. Hence we do not attempt to draw any quan-
titative conclusions from the differences in the values for X=PFg and Br™. In any
case, the data for the HE band (including the lack of solvatochromism reported
in the last section for [1A]Br) suggests that its origin lies in a transition that is
localised on the respective B-bpy units.
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4.3. UV-vis absorption in solid state

In this section, we present the absorption spectra of selected Fc-B-bpy compounds
in solid-state environments, specifically, the compound [2N](PFg)2 (see Figure
4.1) in a doped-polymer film (at both room temperature and 20 K), and the
double-acceptor compound [2A](PFg)2 in a single-crystal sample. The inclusion
of doped-polymer thin film measurements serves multiple purposes in the overall
investigation of these compounds. Firstly, it allows a convenient medium for the
investigation of possible changes in the absorption spectra at low temperature,
which were shown to reveal important details for ferrocene in Section 2.2.1 (i.e.
reducing the degree of band broadening to the point where two distinct electronic
transitions could be resolved). Secondly, for use in practical applications, the abil-
ity to incorporate the Fc-B-bpy monomers in thin films is essential, and one must
investigate the effect of the new environment on the existing absorption bands (as
well as developing appropriate techniques for the preparation of such films, which
requires finding compatible solvent/polymer host combinations). The investigation
of the [2A](PF¢)2 single-crystal sample was specifically chosen because a structure
determination based on X-ray diffractometry [7] shows that the conformation of
the B-bpy acceptor groups in the crystal is different to that expected in the gas
phase/solution, which we anticipated may have an influence on the MLCT band.

4.3.1. [2N](PFg)2-doped polymer film absorption vs temperature

In approaching the problem of achieving high-quality doped-polymer thin films
suitable for optical measurements, several key issues had to be dealt with. Per-
haps most critical was finding a suitable polymer/solvent combination, in which
the monomer is predissolved before forming the film. As we had extensive expe-
rience with spin-coated films employing polystyrene (PS) or PMMA as the host
polymer (which allow one to achieve optical-quality thin films, with the required
transparency into the UV'®, and where experience had shown that the degree of
electronic interaction between the polymer host and dopant monomers was min-
imised) we attempted to find a suitable solvent (or solvent combination) that would
allow good mixing of the PS/PMMA polymer and [nA]X,, monomers (and avoid
aggregation of the monomer). However, due to the fact that the [nA]X, com-
pounds only dissolve readily in polar solvents, which yielded poor solubility for
PS/PMMA, we did not manage to prepare any films of usable quality'®.
Fortunately, an additional derivative [2N](PFg)2 had been synthesised, which
differs only from [2A](PFg)2 in that saturated nonyl-chains are attached to the
B-bpy-units which renders the compound soluble in non-polar solvents (note that
the saturated carbon chains were not expected to have a significant electronic
influence on the rest of the compound, although as presented in the following
we will show that their presence results in a moderate blue-shift of the MLCT
band). Using [2N](PFg)2, we were able to form high-quality doped PS-films by
spin-coating from THF solution (which is an extremely suitable solvent for PS
films). However, due to the weak absorption strength of the MLCT band, the use
of standard spin-coated films (i.e. using a polymer solution of <30 mg/mL with
resulting thickness in the range 100-1000 nm) and reasonable monomer-doping
concentrations (<5%) resulted in a very low optical density of the films (typically
<0.01), such that absorption results had extremely low signal-to-noise, and were

'5See Figure A.6 for a typical absorption spectrum of a pure polystyrene film.
5Note that the solubility of [1A]X and [2A]X2 was found to be problematic in CHCl; for the
formation of thin films.
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in the text). (b) Comparison of [2N](PFg)2 molar absorption in THF
solution (green) and corresponding calibrated PS-film data extracted
from the analysis in (a).

particularly susceptible to background artifacts. Attempts to increase the monomer
and/or polymer concentrations resulted in solvation and aggregation problems with
unusable results.

As a final solution to the problem, we turned to the method of ‘drop-casting’
films [182], where in contrast to spin-coating, the film is deposited as a solution in
an atmosphere of the solvent, and slowly evaporates'”. So long that care is taken
in the control of humidity and that the substrate is completely level (achieved
using a fine-adjustable kinematic mount), this technique provided high-quality films
with the ability to achieve thicknesses of 2 30 pum which were sufficient for the
measurements.

Figure 4.12(a) shows the absorption spectrum of such a drop-cast PS-film doped
with [2N](PFg)2 (drop-cast from a 2-wt-% monomer, 30 mg/mL PS/THF solu-
tion), both at T'= 300 K and 7" = 20 K, measured using a small He-cryo head in-
serted into a standard UV-vis absorption spectrometer. As in solution, ones clearly
observes the low-energy side of the MLCT absorption band. For the measurements

1"This technique and the necessary details were kindly provided by Prof. Wun-Shain Fann, In-
stitute of Atomic and Molecular Science, Academia Sinica, Taiwan.
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shown, we employed a 2-mm-thick sapphire substrate (to avoid any possible shat-
tering at low temperature), with brass contacts to the cryo cold-finger both at the
rear of the substrate and a brass contact ring on the upper side, in contact with the
film surface (which also was important to prevent the film from detaching at low
temperature). Due to an (albeit very weak) polarisation sensitivity in the optics of
the spectrometer, the birefringence of the sapphire resulted in the observed oscilla-
tory structure (as confirmed by measurements on a blank substrate and modelling
of the effect). (Note that the much finer oscillatory structure due to multiple re-
flections in the film is not resolvable in Figure 4.12). Using a simple Jones matrix
model [139] based on a birefringent substrate and a weak polariser (using literature
data for the refractive indices of sapphire), we could fit the experimental curves, as
shown in Figure 4.12(a) using a Gaussian absorption band for the bulk thin film
absorption and fitting the low-energy region of the band.

The Gaussian MLCT absorption band extracted from the fitted film data
are shown in Figure 4.12(b) along with the measured absorption spectrum of
[2N](PFg)2 in THF (and fitted MLCT and HE bands). We address the THF
solution data first. We note that the MLCT absorption band peak (Apax =
501 nm) is significantly blue-shifted by 436 cm™! relative to that of [2A](PFg)2
in CH3CN. This blue-shift was somewhat unexpected, considering the negative
solvatochromism expected for any residual dipole moments in [2A](PFg)2 and
[2N](PFg)2, and the fact that THF is relatively non-polar (e = 7.6) compared
to CH3CN (es = 37.5). Instead, the explanation for this might arise from one of
several factors: (i) a weak electron-donating effect from the nonyl chains would
lead to a small destabilisation of the B-bpy LUMO, and hence a blue shift of the
MLCT band, (ii) the bulky nonyl chains may cause significant distortion of the
relative conformation between the Fc-core and the B-bpy acceptors leading to a
change in the MLCT energy, or (iii) the nonyl chains may affect the location of the
counteranions in proximity to the cationic B-bpy acceptors. Whilst insufficient in-
formation is available to draw any conclusions in this respect, we note that at least
that the Gaussian shape, peak MLCT absorption strength and fitted bandwidth
for [2N](PFg)2 in THF (Avpwan = 6039 cm™!) are consistent with [2A](PFg)2,
and hence we will assume that the [2N](PFg)2 system is still a representative Fc-
B-bpy compound for studying the general effects of the polymer environment on
the MLCT transition.

We now turn to the comparison of the solution and variable-temperature film ab-
sorption data in Figure 4.12(b). Note that the absolute scaling of the extracted film
absorption is based on the experimental monomer-doping concentration, film thick-
ness (~ 30 pm as measured using an interference microscope after creating a ridge
in the sample so that the refractive index of the film did not affect the measurement)
and the nominal density of polystyrene, allowing a fairly accurate comparison of
the absolute absorption strengths between solution and film. As can be seen, for
T = 300 K, the peak absorption strength in the thin film is very similar to that
in THF solution, although the fitted MLCT bandwidth (Avpwam = 7930 cm ™)
is significantly larger (by a factor of ~ 1.3), such that the oscillator strength is
increased by the same factor (although we note that given the experimental un-
certainty in the monomer-concentration in the thin film, at least a 10% error in
the absolute absorption strength is possible). Also, a small but significant blue-shift
(Av = 540 cm™1) of in the MLCT band peak (Amax = 486 nm) is observed in going
to the thin film environment. These moderate but significant increases in MLCT
bandwidth and band-peak energy may be attributed to the increase in conforma-
tional inhomogeneity of the [2N](PFg)2 solute in the thin film imposed by the
relatively rigid and complex PS environment, as well as possibly some electronic
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interaction with the CgHs groups in the PS chain. In lowering the temperature to
T = 20 K'® the fitted MLCT band peak position did not change significantly (i.e.
by less than 1 nm, which is within the accuracy of the band fitting procedure).
However, a small increase in MLCT bandwidth (Avpwam = 8271 cm™ Y, larger
by around 4% than for T" = 300 K) and a significant increase in peak absorption
strength (~11%) result, such that the fitted oscillator strength is larger by a fac-
tor of n ~ 1.15 % at low temperature. One likely explanation for the increased
MLCT absorption strength is due to the contraction to higher densities of the
film at low temperature. At a microscopic level, this should lead to a compression
of the [2N](PFg)2 molecules, which would force the Fe-donor and B-bpy groups
closer together, and increase any through-space contribution to the MLCT transi-
tion strength. We assume that the through-bond contribution is relatively constant,
which is reasonable considering that the relative changes in bond lengths required
to achieve the same increase due to through-bond coupling [183, 184, 185].

We note that these low-T film measurements were originally intended to inves-
tigate the possible emergence of resolvable structure under the MLCT band (i.e.
due to the possibility of multiple electronic transitions, such as in the case of the
Fc-I(a,b) band of ferrocene, Section 2.2.1). Whilst the additional inhomogeneous
broadening in thin films, especially at low temperature, definitely worked against
this aim, we note that the extremely good fit of the thin-film spectra using a single
Gaussian function (at least over the entire low-energy side of the band, see Figure
4.12) for both T' = 20 K and T" = 300 K provides reasonable doubt as to the
presence of more than one electronic transition under the MLCT band, where each
electronic transition would in general respond differently to the significantly altered
environment (and reduction of excited low-frequency vibrations at low T) and lead
to some distortion in the band shape. In any case, we can conclude that if more
than one electronic transition is present within the MLCT band (with compara-
ble absorption strength), then they must be of similar electronic character, e.g. in
terms of their localisation on the Fc and B-bpy units in the ground and excited
state.

4.3.2. Single-crystal absorption of [2A](PFg)2

In examining the [nA]X,, compounds for any characteristic differences which could
lead to a different spectroscopic behaviour, we noted from the X-ray structure deter-
minations that the conformation of the B-bpy unit(s) in [LA]PFg and [2A](PFg)2
differ significantly [7]|. Figure 4.13 shows the relevant crystal structures of [1A|PFg
and [2A](PFg)2 (reproduced from Ref.[7]). As can be seen, for [LA]PFg, the B-bpy
unit is facing away from the Fc-unit, consistent with the theoretical ground-state
structure (Section 4.6)', whilst crystal-packing forces for [2A](PFg)2 enforce the
B-bpy acceptors into a conformation where they are bent in towards the Fc-core.
Hence measurements on a single-crystal sample of [2A](PFg)2 was seen as a pos-
sible probe of the relative role of through-space vs through-bond donor-acceptor
coupling on the MLCT transition.

The practical steps in preparation of a suitable single-crystal [2A](PFg)2 sample

!8Note that more than one absorption spectrum was acquired whilst the sample was at low
temperature, which provided confidence that the thin-film sample had reached thermal equi-
librium. Moreover, the room temperature spectra were measured again after warming the
sample, which recovered the original spectrum.

“Note that the standard 2D representation for [LA]X where the B-bpy acceptor is drawn bent
down towards the Fc unit is used in this work to be graphically consistent with the literature
reports [7, 1, 9], and not to imply the lowest-energy conformation of [LA]|Br, nor necessarily
the role of through-space coupling between the Fc and B-bpy units.
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(a) [1A] (b) [2A]

Figure 4.13.: Single-crystal structure of (a) [LA]PFg and (b) [2A](PFg)2 [7],
demonstrating different relative donor-acceptor conformations.

presented several challenges. Whilst a small collection of irregular-shaped single-
crystal fragments, generally with edge dimensions of ~ 500 pum, were available,
only a small subset possessed a geometry suitable for further processing. The first
step in the crystal sample preparation involved setting the crystal in an epoxy disk,
and manual polishing of both surfaces to achieve a polished disk with a thickness
of a few 100 um. However, the optical density of the resulting samples was still
far too high for transmission measurements, and further manual polishing resulted
in fracturing of the crystal. Moreover, attempts to obtain spectra using diffuse-
reflectometry measurements in a suitably-equipped UV-vis spectrometer produced
unusable results. Fortuitously, a high-precision crystal polishing machine in another
research group?? was available for polishing the samples to a thickness of < 100 pm,
sufficiently thin for transmission measurements of the MLCT band region. The
precision polishing procedure involves attaching the crystal-embedded epoxy disk
on a silica substrate using an adhesive of suitable transparency. The sample is
then polished using a precision-mounted multi-axis rotating lead (Pb) polishing
head with an intervening suspension of diamond-powder (grain size 0.25 pm) in
paraffin?'.

Figure 4.14(a) shows the absorption spectrum of a (randomly oriented) crys-
tal sample of [2A](PFg)2 with unpolarised light, as well as the fitted HE and
MLCT bands. As in the case of the solution and thin-film samples, the low-energy
side of the MLCT band conforms very well to a Gaussian profile, and the sum
of the two fitted bands yields a negligible residual in the range > 350 nm. The
fitted absorption peak wavelength (Apax = 480 nm) is significantly blue-shifted
by 1310 em™! relative to CH3CN solution (512.2 nm) (and hence, based on the
negative solvatochromism in these compounds, even more blue-shifted than the

*Tnstitut fiir Mineralogie, Abteilung fiir Petrologie und Geochemie, J. W. Goethe-Universitit.

211t should be noted that even though the polishing process is capable of high-precision processing
of inorganic crystals, the inherently low mechanical stability of these organometallic crystals
and the small sample cross-section resulted in destruction of the crystal in several initial
attempts. Due to the poor success rate of the polishing process, we ended up foregoing the
crystal axis pre-orientation procedure, which required a careful absolute orientation of the
crystal samples using a sensitive X-ray diffractometer before mounting (note that attempts
to orient the samples using the X-ray equipment available within the research institute were
not successful, due to the relatively low density of heavy atoms in these crystals). Hence the
measurements presented here are on an sample of undetermined orientation. Further optical
investigations of such materials in crystal should only be carried out once a process designed
specifically for preparing thin fragile organic crystal samples is available.
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Figure 4.14.: UV-Vis absorption spectrum of [2A](PFg)2 single crystal (arbitrary
orientation).

expected gas-phase absorption peak), with a correspondingly larger fitted MLCT
bandwidth (Avpwam = 8800 cm™1).

As presented in the (gas-phase) theoretical results for the prototype [1]*(H)
(Section 4.6), the relative B-bpy conformation of [2A](PFg)2 in the crystal phase
corresponds closely to the geometry where the dihedral angle in the theoretical
structure is Ope_c_p_g ~ 180° (see Figure 4.30, far right column) whereas the
expected equilibrium conformation of the B-bpy groups of [2A](PFg)2 in the gas
phase (and presumably, in solution) is close to the conformation Ope_c_p-g ~
60°. From the MO orbital calculations of the ground state (Figure 4.28(d)), the
predicted smallest HOMO-LUMO gap is predicted to be slightly lower for the
conformation fp._c_p_g ~ 180° than that for 60° by approximately 30 meV (%
250 cm~!). Hence, based on this result for a single-acceptor compound in the
gas-phase, one could expect a small red-shift (or at least, not a blue-shift of >
1300 cm™!) in the MLCT transition energy for the single-acceptor compound when
the B-bpy group is oriented towards the Fc-core.

However, as discussed in Section 4.2.3, in the case of the two-acceptor compound
we expect a significant electrostatic penalty for the CT process relative to the single-
acceptor compound due to the relatively unfavourable redistribution of the positive
molecular charge. This electrostatic penalty (which in a simple point-charge model
should scale with 1/rpa) increases as the donor—cationic-acceptor separation is
reduced. Hence we attribute the observed blue-shift of [2A](PFg)2 in the crystal
to the fact that in this conformation, rpa is significantly reduced relative to the
expected gas-phase/solution conformation.

In addressing the source of the increased broadening of the MLCT band for
[2A](PFg)2 in the crystal, we cannot invoke conformational /environmental inho-
mogeneity as its primary source, and must consider additional solid-state effects.
However, given that the broadening in the crystal can arise from many different
sources, such as molecular-exciton-band formation due to intermolecular interac-
tions, electron-phonon coupling and crystal defects [186], it is not possible to draw
any conclusions as to the nature of the additional broadening effects from the data
available. It is interesting, however, to note that the MLCT band is still qualita-
tively similar to that in solution and thin films, such that to a large degree the
nature of the MLCT transition is still dominated by intramolecular effects.
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Figure 4.15.: Relevant bridged and unbridged Fc-B-bpy derivatives presented in
this section.

We note that an interesting direction for future study includes not only spec-
tral measurements on [LA]PFg, but also on the compound [2A](OH), which is a
double-acceptor compound as per [2A]|(PFg)2, except the B-bpy groups are bent
away from the Fc-unit (as per [1A]PFg) [2].

4.4. UV-vis absorption spectra of other Fc-B-bpy derivatives

In this section, we present the UV-vis absorption of the additional Fc-B-bpy deriva-
tives selected for the spectroscopic study (see Figure 4.15). The key comparison
presented here is between the MLCT spectra of double-acceptor compounds with
a connecting ansa-bridge between the two B-bpy acceptors (either an O-atom in
the case of a-BOB to form a B-O-B bridge, or a substituted N-atom in the case of
a-NPhOMe to form a B-N-B bridge) with the corresponding unbridged-acceptor
analogs [2A](OH) and [2A](NPhOMe).

In the case of the ansa-bridged compounds, electrochemical studies [3, 2] suggest
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a significant (and variable) electronic coupling between the two B-bpy acceptor
groups, which is apparent from the splitting of the first two one-e~reduction po-
tentials E;Zdl(a) and E;Zdl(b) (which would be degenerate in the case of isolated
acceptors), with splittings AE)? | = ;Zdl(b) — E;Zdl(b) in the range 0.12-0.17 V
(=2 970 — 1370 em™!) for the derivatives presented here [2], see Section 4.5.1). In
comparison, for the unbridged prototype [2A](PFg)2 these two reduction waves
are not resolvable in the cyclovoltammetry data, implying an upper bound of the
splitting of < 0.05 V. This increased inter-acceptor coupling in the bridged-acceptor
derivatives could in principle be due purely to increased Coulomb interaction be-
tween the two B-bpy acceptors resulting from their smaller spatial separation en-
forced by the connecting ansa-bridge. However, no correlation was found between
the degree of acceptor interaction and the polarisability of the N-substituent, e.g.
Si(Me)s in the case of a-NSiMe and the m-system PhOMe for a-NPhOMe. Be-
cause this substituent is spatially located between the two B-bpy acceptors, any
through-space Coulomb interaction between the acceptor groups should decrease
with increasing polarisability of the substituent. This led to the conclusion that
the dominant interaction between the B-bpy acceptors across both the B-O-B and
B-N-B bridges is due to through-bond coupling [2].

From the CT theory presented in Section 2.1.3 (as well as Appendix B.2 and
Ref. [187]), the fact that the ansa-bridge enforces a bent formation of the accep-
tors should result in a finite transition dipole moment for the CT transitions to
both the symmetric and anti-symmetric acceptor wavefunctions. With increasing
interaction between the acceptors, one expects a splitting between the energies
of the symmetric and antisymmetric CT transitions and a corresponding broad-
ening of the band and accompanying red-shift. Whilst a red-shift is consistently
observed in comparing the ansa-bridged derivatives with the corresponding ‘free’
acceptor analogs, the MLCT bandwidth consistently decreases, indicating that the
splitting of the symmetric and antisymmetric wavefunctions is small compared to
the MLCT bandwidth and that a conformational mechanism dictates the observed
MLCT bandwidth.

This mechanism originates from the fact that, besides the increased acceptor cou-
pling, the ansa-bridge also enforces a different conformation for the B-bpy groups,
and strongly hinders any significant geometry changes. The results from the gas-
phase theoretical calculations (Section 4.6) suggest that the conformational dis-
tribution of rotation about the B-C(Cp) bonds for the prototype single-acceptor
compound [1]7(H) does lead to a degree of broadening on the same order of magni-
tude as the differences in MLCT bandwidths between the bridged- and unbridged-
acceptor compounds, indicating that different conformational distributions dictate
the major changes in the MLCT bandwidth amongst the derivatives presented here.

In an additional attempt to distinguish between the acceptor coupling and con-
formation effects, we also compare the MLCT bandwidth of a-BOB with the
di-ferrocene compound (Fc)2BOB. For the case of (Fc)oBOB, the B-O-B bridge
between the two B-bpy acceptors is still present (although the acceptors are at-
tached to the Cp rings of distinct Fc units), and NMR measurements indicate that
in the absence of the constraining ansa-bridge of a-BOB, (Fc)2BOB retains the
conformational flexibility of the unbridged-acceptor compounds in solution. In this
case, the MLCT bandwidth is closer to those of the unbridged-acceptor derivatives,
supporting the proposed broadening mechanism as being due to a wider confor-
mational distribution in the absence of the bridge. Another major difference of the
ansa-bridged compounds is the greater expected solvatochromic blue-shift, due to
the finite change in dipole moment upon excitation (compared to the centrosym-
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metric unbridged-acceptor analogs), and an estimate of the expected blue-shift,
based on the results in Section 4.2.2 for [1A]Br, is presented.

We note that the early spectroscopic measurements of a-BOB were severely dis-
torted by the presence of a small concentration of the strongly-absorbing impurity
Fe(bpy)%*. A comparison with the stringently purified a-BOB samples presented
in this section is given in Appendix A.5, which demonstrates the potential hazard
of even small quantities of impurity when studying compounds with relatively weak
absorption.

Finally, we present data for the compound [LC](PFg), where the B-bpy acceptor
group has been replaced with a B-dpp substituent (Section 2.3), which has been
shown to possess a more delocalised, lower-energy LUMO relative to bpy, and allows
us to examine the effect of this alteration on the MLCT band, which provides a
robust test of the dependence of the acceptor-LUMO energy on the energy of the
proposed MLCT transition.

In Figure 4.16(a) we present the absorption spectra for a-BOB, (Fc)2BOB and
[2A](OH) (all in CH3CN), with the fitted HE and MLCT bands in Figure 4.16(b-
d). The effect of replacing the CHg-substituents on the boron atom of [2A](PFg)2
(Amax = 512 nm) with the OH substituents of [2A](OH) (Apax = 522 nm) leads
to a red-shift of the MLCT band peak energy of Av = 374 cm™!. Hence we can
conclude that the OH-substituent leads to a stabilisation of the B-bpy LUMO
energy relative to the CHs-substituent. From a comparison of [2A](OH) and a-
BOB (Anax = 522 nm), one sees that the presence of the ansa-bridge results in an
additional red-shift of Av = 360 cm™~! (whilst the fitted MLCT bandwidth reduces
from Avpwum = 5841 cm~! to AvpwaMm = 5260 Cm_l).

In Figure 4.17 the visible absorption spectra of the ansa-bridged compound,
a-NPhOMe, where a substituted N-atom replaces the O-atom in the bridge, is
presented, as well as its unbridged analog [2A](NPhOMe). Again, the MLCT ab-
sorption band peak of a-NPhOMe (A\ax = 532 nm) is red-shifted relative to the
unbridged compound [2A](NPhOMe) (Apax = 519 nm) by Av = 471 cm™!,
with a decrease in the fitted MLCT bandwidth (Avpwam = 6104 cm™! for
[2A](NPhOMe) and Avpwpy = 5753 cm™! for a-NPhOMe).

As mentioned above, given that the ansa-bridged compounds no longer possess
a linear arrangement A-D-A, we expect CT transitions to both the non-degenerate
symmetric and anti-symmetric delocalised acceptor states. However, no additional
structure is observed in the MLCT bands for either a-BOB or a-NPhOMe, and
the MLCT bandwidths are actually significantly less than those of their unbridged-
acceptor analogs ([2A](OH) and [2A](NPhOMe)).

Numerical tests of the form of the superposition of two Gaussian functions vs
their peak separation (relative to their FWHM width) suggests that the inter-
acceptor coupling cannot be larger than ~ 0.2Avpwmy ~ 1000 em~! 22 0.12 eV.

In the case of the double-Fc-donor compound (Fc)eBOB (Figure 4.16), one
observes an MLCT band peak position (Apax = 537 nm), i.e. an additional small
red-shift of Av = 175 em™! relative to a-BOB, but the MLCT bandwidth is
Avpwam = 6243 cm™!, ie. comparable to the unbridged-acceptor compounds.
Hence the conformational flexibility of the derivative clearly dictates the MLCT
bandwidth.

From the theoretical gas-phase calculations on [1]7(H) (Section 4.6), there is
evidence that the fluctuation of the B-C(Cp) rotation angle (which is the main
degree of freedom suppressed by the ansa-bridge) will result in a modest broadening
of the MLCT transition energy (i.e. ~ 300 cm~!). However, in solution this value
could be significantly modified (i.e. increased), and other displaced vibrational

i

coordinates may also contribute to the total MLCT bandwidth.
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An important comparison arises between the MLCT bands for a-NSiMe and
a-NPhOMe (Figure 4.17). Here we observe that for a-NSiMe the MLCT band
peak (Amax = 550 nm) is even further red-shifted by Av = 615 cm™! relative
to a-NPhOMe, with a significant reduction in MLCT bandwidth (Avpwnm =
5753 cm~! for a-NPhOMe and Avpwam = 4959 cm™! for a-NSiMe). We
note that the splitting between the two near-degenerate reduction waves for a-
NPhOMe (AE},_,, = 0.17 V) and a-NSiMe (AE}}_, = 0.12 V) is significantly
different, by 0.042 V (=2 403 cm™1!). The shift and splitting of redox potentials for
two coupled acceptors depends somewhat non-trivially on the inter-acceptor inter-
actions in each combination of the two oxidation states (i.e. ‘++",*+0” and ‘00, see
Figure 4.20), and so this value is not directly applicable to the expected splitting of
the symmetric and antisymmetric delocalised acceptor wavefunctions, although it
does provide an indication for the approximate magnitude, which is within a factor
of 2 of the difference in the MLCT bandwidths of a-NPhOMe and a-NSiMe.
Hence it is reasonable to attribute the reduced MLCT bandwidth for a-NSiMe
to a reduction in the inter-acceptor interaction, supporting the assertion that the
two CT transitions (symmetric and antisymmetric) are hidden under the MLCT
absorption band. Note that another contribution to the different MLCT bands
for a-NPhOMe and a-NSiMe could arise due to the presence of the non-planar
Si(Me)s group, which is effectively bulkier than the planar PhOMe group, as ev-
idenced from small relative differences in the X-ray crystal structures of the two
compounds [2| which could be expected to be more significant in solution due to
the absence of crystal packing forces.

A more complex issue is the red-shifting of the MLCT band with the addi-
tion of the ansa-bridge. We consider first the expected effect of the negative sol-
vatochromism of the Fc-B-bpy compounds. As discussed in Section 4.2.3 for the
[nA]X,, compounds, in the case of two unbridged acceptors, both the effective
ground- and excited-state dipole moments should be greatly reduced due to sym-
metry (with the residual dipole moments being due to symmetry-breaking effects
imposed by fluctuations in the environment and relative instantaneous conforma-
tion of the two acceptor groups). However, in the case of the ansa-bridged com-
pounds, this centro-symmetry is not present, and the MLCT transition should
still represent a significant change in dipole moment and result in a significant
solvatochromic blue-shift. In order to estimate the expected relative blue-shift
for the ansa-compounds a-BOB, a-NPhOMe compared to the unbridged com-
pounds [2A](OH), [2A](NPhOMe) we employ the results of Section 4.2.2. For
the single acceptor compound [1A]|Br in CH3CN, the solvatochromic blue-shift
from the extrapolated gas-phase MLCT peak wavelength was calculated to be
Avgly = 1340 cm™!. Considering the relative geometries, it is reasonable to take
the effective dipole moment change Ay upon MLCT excitation for the ansa-bridged
compounds to be a factor v/2 smaller than that for the single-acceptor compound,
which, in light of the quadratic dependence of the solvatochromic shift on Ay
would imply that the solvent-induced blue-shift for the ansa-bridged compounds
in CH3CN is approximately Avg,, = 670 cm™! (although, admittedly, no account
of the increased effective solute radius is included in this estimate). Moreover, in
Section 4.2.3, the observation that the MLCT band of [2A](PFg)2 is blue-shifted
relative to the expected gas-phase value for [LA]PFg was attributed to the elec-
trostatic penalty for CT in the case of two cationic acceptors, with only a small
residual solvatochromic blue-shift. Hence, assuming Avggy, ~ 0 for all the unbridged
double-acceptor compounds, we can estimate the expected gas-phase red-shifts of
a-BOB (relative to [2A](OH)) and a-NPhOMe (relative to [2A](NPhOMe))
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to be Avgp ~ 1030 cm™! and Avgp ~ 1140 cm ™!, respectively??. Thus, account-
ing approximately for the solvatochromic shift, one expects even larger red-shifts
for the gas-phase spectra.

Given that the gas-phase theoretical calculations on [1]*(H) indicate significant
changes in the expected MLCT transition energy (Section 4.6) should accompany
the distortion in the acceptor geometry (i.e. at least for the B-C(Cp) bond rotation),
it is not possible to reliably extract the separate contributions to the red-shifts aris-
ing from (i) the different acceptor conformation imposed by the ansa-bridge and
(ii) the inter-acceptor electronic coupling, for the bridged- and unbridged-acceptor
compounds. The fact that both may be significant is accentuated by the observed
red-shift of the MLCT band of a-NSiMe relative to a-NPhOMe. Whereas the
reduction in MLCT bandwidth is consistent with the reduced inter-acceptor cou-
pling for a-NSiMe, simple CT theory would predict that the MLCT transition for
a-NPhOMe should be at lower energy, which is not observed.

We turn now to the UV-vis spectra for the derivative [1C|(PFg), where the
B-bpy group is replaced with a B-dpp-based acceptor group. In Figure 4.18(a) we
present a comparison of the visible-range absorption for [1C](PFg) (and fitted
HE and MLCT bands) with the B-bpy-acceptor compound [1A]PFg. As can be
seen, the MLCT absorption peak of [1C](PFg) (Amax = 605.4 nm) is red-shifted
by Av = 3340 cm~! (=2 0.41 eV) with respect to [LA]PFg. As described in Sec-
tion 2.3, comparison of the electrochemical data for the isolated (B-free) acceptor
compounds bpy and 2,5-dpp suggests that the LUMO in 2,5-dpp is stabilised by
0.56 eV relative to bpy, and one could anticipate a similar situation for the corre-
sponding B-bpy and B-dpp acceptor groups in [1A]PFg and [1C](PFg). Indeed,
the electrochemistry data for [1A|PFg and [1C](PFg) (see Section 4.5.2) indicates
that the LUMO for [1C](PF) is stabilised by 0.5 eV relative to [LA|PFg. Whilst
this observation alone seems to provide strong evidence for the general assignment
of the MLCT band, we note that in Figure 4.18(b), the m# —7* band for [1C](PFs)
is also red-shifted relative to that of [LA]PFg by Av = 4600 cm™! (=2 0.57 eV),
which indicates that transitions which are definitely localised on the acceptor also
undergo a red-shift of similar magnitude in the three-ring B-dpp system, due to the
fact that the highest occupied acceptor-MO energy changes by only a small amount
(~ 0.07 eV, see Section 2.3) in going from B-bpy to the B-dpp acceptor. Hence
with this observation alone, it is still possible that the proposed MLCT band would
instead be localised on the B-bpy units (and would also be expected to increase
with the number of acceptors).

However, an important additional argument for the MLCT assignment arises
when considering the relative Fc-based oxidation potentials for [LA]PFg and
[LC](PFg) (Section 4.5.2). In this case, the oxidation potential for [1C](PFg)
(B, = 0.50 V) is shifted to a more positive potential relative to [1A]PFg
(EY = 0.40 V) by 0.10 V. This implies that the Fc-based HOMO in [1C|(PFg)
is stabilised (by 0.10 eV) relative to [LA|PFg, so that the net shift between the
Fc-HOMO and acceptor-LUMO (relative to [LA]PFg) is predicted to be 0.40 eV,
in almost exact agreement with the observed MLCT band shift of 0.41 eV. The fact
that the MLCT band red-shift for [LC](PFg) relative to [LA|PFg can be explained
with a consideration of both changes in the acceptor-LUMO and Fc-donor-HOMO
provides extremely compelling evidence for the MLCT assignment (perhaps the
most direct steady-state spectroscopic evidence in this study). As will be seen in
Section 4.5.2 where we present a summary of the correlation between the MLCT

22 As per the preceding discussion, these values are calculated by taking the observed red-shifts in
CH3CN solution and adding the estimated negative solvatochromic shift for the ansa-bridged
compounds.
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Figure 4.18.: (a) Comparison of UV-vis spectra for corresponding bpy- and 2,5-
dpp-based acceptor compounds [1A|PFg and [1C](PFs). (a) Visi-
ble range, including fitted MLCT and HE bands for [1C](PFg), and
MLCT absorption peak shift between [1A|PFg and [1C](PFg) (all
in CH3CN). (b) UV range spectra for [LA|PFg and [1C](PFg), in-
cluding boron-free organic acceptors bpy and 2,5-dpp for comparison,
and approximate relevant band peak shifts.
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band peak position and the corresponding redox potentials, the inclusion of the
derivative [1C](PFg) (with its correspondingly large changes in MLCT band posi-
tion and redox potentials) is particularly important in establishing the correlation
between the two sets of experimental results (whereas effects such as varying sol-
vation and Stokes shifts for the bridged- and unbridged-bpy-acceptor compounds
alone somewhat disturbs the ideal linear trend).

We note that within the simple Mulliken-type CT model (Section 2.1.3, Appendix
B.2) the relative stabilisation of the Fe-HOMO for [1C](PFg) could well be due to
mixing of the Fe-HOMO and dpp-acceptor LUMO (i.e. a greater degree of ground-
state charge transfer, and resultant stabilisation of the Fe-HOMO), relative to the
bpy-based derivatives where the interpretation of the observed trend of MLCT-
band red-shifting with increased number of acceptors suggested that this mixing
(which should result in an increasing blue-shift of the CT transition) did not play
a significant role.

We do note however, that the Mulliken-CT theory also predicts an additional
term in the CT transition dipole moment (see Eq. B.43) with significant ground-
state mixing, whereas a small decrease in the MLCT oscillator strength is actually
observed for [1C](PFg) relative to [LA|PFg. We can conclude even though ground-
state mixing appears to occur in [1C](PFg), there is a corresponding difference in
the spatial distribution of the acceptor orbitals for the B-bpy and B-dpp groups
such that the orbital overlap with the Fc-HOMO is actually slightly decreased.
This issue remains open for further investigation.

In Figure 4.18(b), we also include the UV absorption spectra of the B-free iso-
lated acceptor groups bpy and 2,5-dpp. Here we observe that the approximate
corresponding red-shifts of the # — n* band which occur on ‘addition’ of the ‘Fc-
B<’-group are Av = 2890 cm ™! (for the bpy-based acceptor) and Av = 3420 cm~!
(for the 2,5-dpp-based acceptor), in both cases due to the delocalisation of the -
bonding and m-anti-bonding orbitals onto the B atom [7]. In Section 4.5.1, we will
combine the reported MLCT and 7 — 7* spectroscopic data with the corresponding
electrochemical data to a yield a more detailed comparison of the relative orbital
energies of [1A]PFg and [1C|(PFg).

4.5. Electrochemistry measurements

In this section we present a summary of the available electrochemical data for se-
lected Fc-B-bpy derivatives, including (i) the cyclovoltammetry traces (from which
the redox potentials are extracted) (ii) the correlation of the redox potentials with
the MLCT band position, (iii) the changes in UV-vis absorption resulting upon
oxidation/reduction.

The cyclovoltammetry data presented here was measured as a standard compo-
nent of the original characterisation of these compounds |7, 3, 2] due to the fact
that it provides a straightforward probe of the electronic coupling between the
electroactive fragments in the various derivatives, and hence is included here more
for the sake of completeness, due to the importance of this data in the analysis of
the spectroscopic data. Due to the fact that we did not devote a theory section
in Chapter 2 to electrochemistry, we provide some remarks here on the details of
interpreting the redox potentials (in particular the shift and splitting of redox po-
tentials for identical coupled acceptor groups) in order to put some of the comments
earlier in this chapter on a more solid footing.

Whilst we have already employed the potentials for the Fc-oxidation and B-
bpy-acceptor-reduction processes in interpreting the MLCT band positions on a
somewhat ‘derivative-by-derivative’ basis in the previous sections, here we present
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a summary of the correlation between the relevant redox potentials and the MLCT
band energy for the key derivatives and a simple analysis which demonstrates that
the redox potentials provide a robust predictor of the MLCT band energy (which
strongly supports the assignment of the band). Finally, we present the differential
UV-vis absorption spectra that result upon electrochemical oxidation and reduc-
tion of the derivatives [1A]PFg, [2A](PFg)2 and a-BOB. A more quantitative
measurement of these data was carried out during this study??, due to the real-
isation that the new optical transitions that arise upon the Fc-centred oxidation
and B-bpy-centred reduction of the Fc-B-bpy compounds would be extremely use-
ful in interpreting the excited-state transient spectra following MLCT excitation
(presented in the next chapter), especially in light of the relatively weak coupling
between donor and acceptor.

4.5.1. Cyclovoltammetry data and redox potentials

Figure 4.19 displays the measured cyclovoltammetry traces for [1A]|PFg,
[2A](PFg)2, a-BOB and (Fc)2BOB (under comparable experimental conditions,
briefly indicated in the figure caption)?4. We begin by identifying the basic features
in these traces and the nomenclature indicated in the figure.

At positive potentials (vs SCE?°, note the inverted direction of the horizon-
tal axis) we observe the oxidation wave for [1A]PFg, [2A](PFg)2 and a-BOB
(‘ox1’) corresponding to electron removal from a predominantly Fe-based HOMO,
whilst for the di-ferrocene compound (Fc)2BOB one observes two poorly-resolved
near-degenerate oxidation waves (‘oxla’ and ‘ox1b’) corresponding to successive
oxidation of the two-Fc system. At negative potential, two reduction wave systems
are observed for each compound, each representing the addition of one electron for
each B-bpy acceptor present in the compound. Whilst for the single B-bpy acceptor
compound [LA]PFg, each sequential process (‘red1l’ and ‘red2’) involves only one
electron per molecule, for the double-acceptor compounds each wave represents the
addition of two electrons to the double-acceptor system at near-degenerate poten-
tials (‘redla’/‘red1b’ and ‘red2a’/‘red2b’)?¢. The strong acceptor-coupling in the
ansa-bridged compounds a-BOB and (Fc)2;BOB leads to a visible splitting of
the two near-degenerate reduction potentials for each wave, but for [2A](PFg)2
they are not resolvable. We note that for the derivatives shown, all these redox

2Note that preliminary spectra were measured during the initial characterisation of the com-
pounds [7, 3, 2], but only with the express purpose of extracting approximate peak wavelengths
for the new bands which emerge upon oxidation/reduction. The spectral data for the com-
pounds [LA|PF¢ and [2A](PFe)2 presented here were carefully repeated by F. Fabrizi de
Biani (AG Zanello, University of Siena, Italy) with an aim to have spectra suitable for more
quantitative comparison.

241t should be noted that due to the a number of inherent energy offsets and kinetic terms in
solution-phase electrochemical measurements, that depend on experimental factors and the
specific systems under study [46], the absolute position of the redox measurements (given
relative to a standard redox process of personal choice) does not readily afford the absolute
ionisation potential or electron affinity of the compound. However, in most cases the relative
redox potentials do possess a fairly well-defined relation to the relative energy changes of the
electron-addition and removal processes for a particular compound and related derivatives,
and we assume here that the electrochemical potential differences (in V) correspond to the
respective energy changes of the solute (in €V). Whilst further details are beyond the scope
of the present work, we do stress that the interpretation of the redox data involved was
checked with the experience of the electrochemistry group (AG Zanello) who performed the
measurements, and the relevant redox potentials were taken from the literature.

25SCE: Standard calomel electrode.

26Note that the absolute number of electrons per molecule involved in each redox wave was con-
firmed by controlled ‘coulometric’ tests [7, 3, 2|, and is also reflected in the relative amplitude
of the corresponding oxidation/reduction peaks.
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Figure 4.19.: Cyclovoltammetry traces for [LA]PFg, [2A](PFg)2, a-BOB and
(Fc)2BOB, indicating nomenclature for each redox process, the num-
ber of electrons involved in each oxidation/reduction wave and the
molecular charge in each region (Measurements in DMF containing
[NEt4][PFg] electrolyte, Pt-electrode [7, 3, 2]. Note the inverted di-
rection of the x-axis (potential)).
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Compound Redox Potentials (V vs SCE)
Oxidation Reduction
ox1(a,b) red1(a,b) red2(a,b)

[1A]PFg +0.40 -1.02 1.71

[2A](PFg)2 +0.43 -0.98 -1.71

[4A](PFg)4 +0.38 -1.05 -1.85

a-BOB +0.57 -0.80 -0.93 -1.55 -1.67

(Fc)BOB  +0.53 +0.47 -0.75 -0.88 -1.78 -1.96

[1C](PFg) +0.50 -0.52 1.25

o-B-bpy - -0.95 -

Fc +0.49 - -

Table 4.1.: Formal electrochemical potentials ng(’l(a7b) and E;de(a,b) for rele-
vant Fc-B-bpy compounds and related isolated Fc-donor and o-B-bpy-
acceptor compounds. Note that in the case where the derivative bears
multiple acceptor or donor units, the two non-degenerate potentials are
given whenever the two waves were resolvable. (Data extracted from

[134, 7, 3, 2)).

processes are electrochemically reversible (at least on the experimental time scale
of seconds) [7, 3, 2]. The extracted formal electrode potentials are listed in Table
4.1 for reference.

From hereon, we will concentrate only on the first of the two n-electron re-
duction waves (red1(a,b)), which is the only one relevant to the MLCT process.
Inspection of the values in Table 4.1 reveals several important variations for the
different derivatives (and the control compounds, Fc and o-B-bpy), as detailed in
the following paragraphs.

(i) We note that the oxidation potentials for [LA|PFg (El = +0.40 V),
[2A](PFg)2 (EJ = +0.43 V) and [4A](PFg)s (EJ, = +0.38 V) all occur at
slightly lower positive values in comparison to Fc, indicating that the electron
removal is slightly energetically more favourable, which suggests that the B-bpy
group(s) actually donate some electron density to the Cp-ring(s) of the Fc unit
despite their formal positive charge [7] . The lack of a trend for n = 1,2, 4 however
deserves some attention, if one considers the increasing formal positive charge of
these cationic compounds with increasing number of B-bpy acceptors. In the gas-
phase (i.e. in the absence of counteranions or surrounding dielectric solvent), the
ionisation potential of these compounds would demonstrate a very large Coulomb
barrier for electron removal (depending on the effective solute radius and the degree
of intramolecular shielding of the electron from the formal positive charge during
removal). In the electrochemical solution however, the large excess of counteran-
ions in the electrolyte will render this Coulombic escape energy almost negligible
(especially considering the additional electric field shielding afforded by the DMF
solvent (es = 36.7)). However, the fact that the UV-vis spectra are measured in
solution in the absence of the excess electrolyte (with only a 1:1 concentration of
counteranions, which need not be within the first solvent shell of the solute) could
lead to some deviations in the correlation between the measured MLCT band en-
ergy and oxidation potential. We return to this point in the next section when
presenting this correlation.

(ii) For the di-ferrocene compound (Fc)eBOB, the splitting in the oxidation
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potentials (Ef, , = 4+0.47 V.E? | = +0.53 V) is AE |, =0.06 V (=480 cm ™)
indicates that a small (presumal;ly through-space) coui)ling exists between the two
Fc units. We note that the degree of this splitting is a critical parameter if one
attempts to electrochemically prepare a mixed-valence compound [188, 189, 190,
191, 192, 15, 193] (i.e. with oxidation of only one of the two Fc units). The average
of the two oxidation peaks, however, is close to that in Fc, and does not reproduce

the less-positive value for the unbridged double-acceptor compound [2A](PFg)s.

(iii) The oxidation potential for a-BOB (E.. = +0.57 V) is shifted to con-
siderably more positive potential, such that the Fc-HOMO is stabilised by the
presence of the ansa-bridged B-bpy-system. However, we note that the fact that
both B-O-B bridged derivatives, a-BOB and (Fc)2BOB, do not demonstrate the
destabilisation of the Fe-HOMO witnessed in [nA](PFg), might suggest that any
electron density from the B-bpy groups which extends onto the Cp~ rings for
the [nA](PFg)n series is ‘diverted’ onto the B-O-B bridge (consistent with the
through-bond coupling hypothesis for the B-O-B bridged compounds).

(iv) Turning now to the corresponding reduction processes, we note that for the
unbridged-B-bpy-acceptor derivatives [LA|PFg (El,, = —1.02 V), [2A](PFg)2
(B4 = —0.98 V) and [4A](PFg)4 (B4, = —1.05 V) the reduction processes all
occur at more negative potential than the control compound o-B-bpy, indicating a
destabilisation of the B-bpy LUMO when the saturated carbon network in o-B-bpy
is replaced by the Fc unit (note that for [2A](PFg)2 and [4A](PFg)4, these values
are the average of the near-degenerate 2- and 4-e~reduction processes). There seems
to be no simple explanation for the observed destabilisation of both Fe-HOMO and
B-bpy-LUMO for these derivatives. We note that in comparison to the oxidation
process, which involves a Fe-HOMO which is localised on the Fe?*-core, the B-
bpy-LUMO involves a highly delocalised LUMO, such that electronic distortion
due to the presence of the Fc-unit leads to an inherently more complex influence
on the reduction potential. Hence it is foreseeable that the electronic distortion of
the bpy HOMOs in [nA](PFg)y, (which is associated also with the slight donation
of electron density to the Fc) leads to resulting m-orbitals which possess a higher
degree of repulsion with the 7* orbital.

(v) In contrast to the unbridged compounds, for the B-O-B bridged com-
pounds a-BOB and (Fc)2BOB there is both a well-resolved splitting in the
near-degenerate reduction potentials (AE!2;,. , = 0.13 V) in both cases, and

the average of the two split potentials £, (0.865 V for a-BOB and 0.815 V
for (Fc)2BOB) is shifted to less-negative values for both derivatives relative to
o-B-bpy (by 0.085 V for a-BOB and 0.135 for (Fc)2BOB). In order to discuss
these shifts, we refer to Figure 4.20 which provides a schematic for the expected
splitting of the reduction potentials for a system with two identical acceptors (in
a symmetric environment), with a small perturbation due to interaction matrix
elements V17 and V35 in each combination of oxidation states (‘++,*+0” and ‘00’).
(We note that the schematic in Figure 4.20 is derived from simple perturbation
theory analogous to that in Appendix B.1.2 assuming the wavefunction overlap is

small).

As indicated, the splitting depends in a somewhat non-trivial way on the inter-
action between acceptors for all three possible combinations of (distinguishable)
oxidation states. Assuming that Vi; > Via, we have AFE eqa-b = 1/e(VQ + Vf{* —
2\/1*1'0) for the potential splitting whilst the shift of the average potential is given
by f‘gd = Frea+1/(2e) (‘/1010 — Vf{*). Hence, neglecting wavefunction overlap, the
shift of the average reduction potential % for both a-BOB and (Fc)2;BOB is

due to a combination of the dominant repulsive cation-cation interaction (V™ > 0)
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Figure 4.20.: Schematic demonstrating the expected non-degenerate reduction po-
tentials for two coupled cationic acceptors (E;Zd(a) and E;Zd(b)) in

comparison with two isolated cationic acceptors (with degenerate re-
duction potentials E’ ).

and a smaller contribution from the attractive dipole-dipole interaction of the two
neutral (reduced) acceptors (VY < 0), whilst the splitting A Fjeq ab also includes
a contribution from the attractive ion-dipole interaction (V1" < 0).

We note that in the case of purely through-space interaction, for the more flex-
ible (Fc)2BOB derivative the relative location of the B-bpy acceptors should be
able to adjust more readily to reduce the magnitude of the repulsive cation-cation
interaction (|V;1|). However, given that the splitting of the near-degenerate redox
potentials for (Fc)oBOB and a-BOB are so similar, this would imply that the
chief mechanism for the inter-acceptor coupling must be due to through-bond in-
teractions, i.e. the relevant wavefunctions of each B-bpy group extend significantly
onto the intervening B-O-B bridge, where the bond lengths across the B-O-B bridge
in each case are comparable.

The cyclovoltammetry trace for [1C](PFg) is shown in Figure 4.21 (with that
of [1A]PFg included for comparison). As already mentioned in Section 4.4, the
reduction potential E/2;, = —0.52 V is shifted to significantly less negative values
relative to [LA|PFg (i.e. by 0.50 V) due to the inherently lower energy LUMO in
2,5-dpp compared with bpy (which is also presumably the case in their correspond-
ing cationic B-derivatives). However in Section 2.3 we showed that the relative shift
between the reduction potentials of bpy and 2,5-dpp was slightly larger, i.e. 0.56 V.
Whilst little weight can be given to this observation alone, we note also that the
oxidation potential for [LC](PFg) (E’. = +0.50 V) is more positive than that for
[LA]PFg by 0.1 V. Taken together, these shifts imply a comparable Fe-HOMO
stabilisation and B-dpp-LUMO destabilisation. As mentioned in Section 4.4 in ex-
amining the UV-vis spectrum of [1C](PFg), such an effect is in accord with the
Mulliken-type CT theory (also presented in this work, Appendix B.2) in the case
where there is a finite degree of mixing between the Fc-HOMO and B-dpp-LUMO
in the ground state. This increased mixing is to be expected (see Eq.s B.40 and
B.42) based on the fact that the unperturbed donor and acceptor orbital energies
are much closer for [1C](PFg) in comparison to the B-bpy-acceptor compounds.

If we combine the estimates for relative energy level positions and separations
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Figure 4.21.: Cyclovoltammetry traces for 2,5-dpp-acceptor derivative [LC](PFg)
for comparison with corresponding bpy-acceptor compound [1A]PFg.
(Measurements in DMF containing [NEt4]|[PFg] electrolyte, Pt-
electrode [9].)

from UV-vis and electrochemical data for [1A]PFg and [1C](PFg), we can con-
struct an approximate energy level diagram for the Fc-HOMO, B-bpy- and B-
dpp-HOMO and -LUMO, as shown in Figure 4.22. The deduction of this energy
diagram is actually overdetermined from the available data, yet all observed transi-
tions and relative shifts for the Fe-HOMO and acceptor-LUMO are consistent with
the scheme to within 0.01 eV. We do note, however, that the energy level of the
highest-occupied m-orbitals on the B-bpy and B-dpp acceptors are determined only
by the estimates of the UV m —7* absorption bands, and lead to an implied relative
stabilisation of this orbital energy by ~ 0.07 eV. It is hoped that this scheme will
provide a useful comparison with future theoretical modelling of the [1C](PFg)
derivative.

4.5.2. Correlation between MLCT transition energies and redox potentials

One of the most robust experimental tests for the assignment of a CT transition
is given by a comparison of the CT transition energy (ox vypcor) and the differ-
ence between donor-oxidation and acceptor-reduction electrochemical potentials
AE" = El — EZ2, [194, 47, 195, 196, 197, 198, 199, 200, 201, 202, 203, 204, 205].
As stated in Section 2.1.3, whereas the CT absorption process takes place on a
time scale much shorter than the time for nuclear rearrangement (Franck-Condon
principle), the electrochemical potentials correspond to adiabatic processes [47],
such that we assume that the internal and solvent conformation can adopt their
new equilibrium positions during the course of electron addition/removal. Hence
the observed MLCT transition energy Eypcor in solution and the redox potential
difference AE' are related by (Eq. 2.4),

Enrer = eAE" 4+ xe + ABpc — C, (4.6)

where x, is the difference between the excited-state solvent interaction energies
for the Franck-Condon (i.e. ground-state) and CT (excited-state) solvent equilib-
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Figure 4.22.: Schematic of frontier Fc/acceptor orbital energies for [1A]PFg vs
[LC](PF¢) derived from the UV-vis and CV data (as indicated).

ria. AEpc is the one-half Stokes shift for the transition (i.e. due to the difference
between internal equilibrium nuclear coordinates) (see Section 2.1.1). The electro-
static interaction term C' > 0 corresponds to the difference between the hypothet-
ical reduction potential for the acceptor E;Zdl(a)7D+ in the case where the donor
is ozidised (a situation not realisable in practice) and that measured with a neu-
tral donor, E;Zdl(a)' Note that this term corresponds to the value that would be
measured in the same solute environment as the other redox potentials appearing
in Eq. 4.6, i.e. in the presence of a high concentration of counteranions, and not
a gas-phase value which would include a significant additional Coulomb term (dis-
cussed further below). We note that using the simple model of symmetric charge
displacement for the CT in a cationic compound, we have yo = AFEgy (Section
2.1.4).

In Figure 4.23 we plot the (a) first electrochemical oxidation potential (Eg)’d(a)),
(b) first reduction potential (E;Zdl(a)) and (c) the difference between these two

quantities (AE") vs the corresponding observed MLCT band peak energy Enpcr.
(We note that the redox data are measured all in DMF, whilst the MLCT data
are all measured in CH3CN, which we will address below). One observes an over-
all correlation between the data, although the data for some derivatives deviate
significantly. Including the data for all derivatives, a linear regression of the reduc-
tion potential data E;Zdl(a) (Figure 4.23(b)) yields a slope of -1.18 V/eV, whilst
the regression of the more weakly dependent (and less correlated) oxidation po-
tential data Eg’d(a) (Figure 4.23(a)) yields a slope of -0.19 V/eV?", such that the

regression of the redox potential difference AE™ (Figure 4.23(c)) yields a slope of

*"Note that in an earlier report [206] the data for [1C](PFg) was not included, such that the cor-
relation between the MLCT transition energy and the oxidation potentials was not identified.
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+0.99 V/eV — in very close agreement to the expected value of unity. The regres-
sion has a correlation coefficient 7 = 0.88 for the fit of AE, with an horizontal
intercept of Eyipcr,0 = 0.98 eV.

We note that from Eq. 4.6, any differences in solvent interaction energy, Stokes
shift or electrostatic donor-acceptor interaction amongst the derivatives should
give rise to displacements from an ideal correlation (whilst one should also bear in
mind that the various total molecular charges for the different derivatives could also
significantly affect the electrochemical potentials, although certain factors should
be expected to cancel between the oxidation and reduction potentials).

Upon inspection of the potential difference data AE’® (Figure 4.23(c)) for the
derivatives [nA](PFg)n (n = 1,2,4) alone, we note that a fitted line through these
points would be almost flat (i.e. no correlation at all). However, from the discussion
and analysis of Section 4.2.3, we came to the conclusion that the red-shifting of the
MLCT band with increasing n was due to the decrease in the solvent blue-shift.
Hence, from Eq. 4.6 the deviation for [4A](PFg)4 is to be expected.

Inspecting Eq. 4.6, we can extract further information from the extrapolated
intercept Envpcer,o, 1.€.,

Enier,o = AEgow + AErc — C. (4.7)

From the solvatochromism analysis of Section 4.2.2, we can estimate the contribu-
tion from the solvent A Fgy, even though it must be recognised that this term is
not constant for each derivative (due to differences in the expected dipole moment
changes, as discussed in Section 4.2.3), and that the MLCT absorption band data
is taken in CH3CN as opposed to DMF (although due to the similar dielectric con-
stants of CH3CN and DMF, this leads to a relatively small correction). In order to
produce a reasonable estimate, we use the following approach (using the available
experimental data directly, as appropriate, in precedence to fitted curves).

The measured MLCT band peak wavelengths for [1A|PFg are Apax =
503.5 cm~! for CH3CN and Apax = 497.7 cm ™! for DMF, which suggests that we
must shift the fitted line in Figure 4.23(c) horizontally (and hence also EncoT,0)
by ~ 4+0.029 eV to approximately account for the difference in solvent between
the two measurements (note that such a shift actually slightly improves the agree-
ment of the fitted line with the data points for [1A|PFg and [1C](PFg)). More-
over, we adopt the value of solvent blue-shift observed for [LA|Br in DMF of
Avgly = 1676 cm™! (relative to the extrapolated gas-phase value of v) which cor-
responds to AFgy = 0.21 eV. Hence, we can estimate the remaining quantities in
Eq. 4.7 as,

AEFC —C ~0.81 eV,

which is consistent in magnitude with reports on other MLCT systems (see Ref. [47]
for a fairly comprehensive list), although no data was found for similar Fc-donor
compounds for a critical comparison.

Unfortunately, a means to estimate the quantity C is not accessible with the
available experimental /theoretical results. Although in Section 4.6 we present the
theoretical gas-phase LUMO energies for both the prototype cation ([1]7(H))
and dication ([1]*"(H)), which shows that the acceptor-LUMO is stabilised by
AFErumo = 3.44 eV upon oxidation of the Fc unit, this value is not readily us-
able in the estimate of C' because it includes a dominating contribution from the
Coulomb escape potential in the gas phase, where no counteranions are in close
contact with the cationic solute. Note that an attempt to compensate for the es-
cape potential present in the calculated gas-phase LUMO energies (relative to the
required situation where counteranions are in close contact with the solute) using
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a simple Coulomb point-charge model is open to significant uncertainty depending
on the estimates used for the unknown parameters, i.e. an effective radius for the
molecule and the proximity of the counteranions to the solute in the electrochem-
ical solution. Hence in order to accurately estimate C would require additional
theoretical calculations of both the cation and dication with an accurate inclusion
of surrounding counteranions/solvent.

However, we do at least have a lower bound for the Stokes (blue-)shift of the
MLCT transition AEpc > 0.81 eV (= 6490 cm™!). Given our existing estimate
for the MLCT band peak for [LA]Br in the gas-phase of vgp = 18530 cm™!,
we predict a HOMO-LUMO spacing (i.e. the origin of the MLCT transition) of
yggMofLUMO < 12040 cm™!, corresponding in wavelength to AggMO*LUMO >
830 nm). The fact that the appreciable Stokes shift (which is actually of a fairly typ-
ical magnitude for MLCT systems [47]), and to a lesser degree the solvatochromic
blue-shift, lead to a prediction for the HOMO-LUMO energy separation signifi-
cantly lower than the experimentally observed MLCT band peak photon energy
should be kept in mind when considering such systems. We note that based on
this lower bound for the origin of the MLCT transition, it is not surprising that no
photoluminescence (PL) was detected in the range A < 900 nm, which motivates
future PL measurements with the necessary near-IR equipment. We will consider
the large magnitude of this Stokes shift (i.e. excited-state internal reorganisation
energy) in interpreting the excited-state transient absorption kinetics in Chapter
5.

We conclude this section by noting an interesting point for future synthe-
sis of Fc-B-bpy derivatives. As given above, the extrapolated gas-phase equilib-
rium HOMO-LUMO spacing for [LA|Br is predicted to be EggMO*LUMO +C =
hcngO)Mo_LUMO ~ 1.5 eV. Given that the acceptor LUMO of the corresponding
B-dpp-based acceptor compound [1C](PFg) is predicted to be ~ 0.5 eV lower in
energy (see Figure 4.22), we can expect that for [LC](PFg) ESOMO-LUMO 4 0 o
1.0 eV. Moreover, if the Fc-donor was replaced with an octamethylated-Fc donor
(‘OMFc’, i.e. with 8 CHjz groups on the Cp~ rings [104, 105]), then this should
destabilise the donor HOMO by approximately 0.4 eV (given the approximate ad-
ditive shift of the Fc-based HOMO with increasing number of CHj3 groups, see
Section 2.2.1). Hence, in such a OMFc-donor/B-dpp-acceptor derivative, we could
expect ESSMO*LUMO + C ~ 0.6 eV. Given that typical values of the electrostatic
term C for MLCT compounds are often reported on the order of C' ~ 0.5 V [47],
this opens the question of whether ESSMO*LUMO may actually become negative
for a OMFc-B-dpp compound, which would result in a stable MLCT ground state
for such a derivative. Based on the analysis presented here, investigation into the
possible synthesis of such a derivative are currently being pursued.

4.5.3. UV-vis spectroelectrochemistry results

Due to the weakly-coupled nature of the donor and acceptor in the Fc-B-bpy com-
pounds, we should expect that the localised electronic transitions present on the
electrochemically oxidised-donor and reduced-acceptor should also be present in the
CT excited state of the donor-acceptor complex, depending on the influence of the
different net molecular charge in each case (i.e. DTA/DA~ and DT A™). Such corre-
lations between the absorption spectra of the oxidised /reduced species and the CT
excited-state have been observed for other MLCT compounds [207, 195]. Hence, for
comparison with the excited-state transient spectra presented in Chapter 5, a se-
ries of UV-vis spectroelectrochemistry (SEC) measurements were performed?® (i.e.

28F. Fabrizi de Biani, AG Zanello, University of Siena, Italy.
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Figure 4.24.: Differential UV-vis spectra upon exhaustive first electrochemical (b)
oxidation (ox1) and (c) reduction (red1(a,b)), for comparison with (a)
spectra in ‘normal’ redox state (cationic charge n+), for compounds
[LA|PFg, [2A](PFg)2 and a-BOB (in DMF) as indicated. (See Fig-
ures A.2 and A.3 for time series spectra, and fixed redox potentials).
Different qualitative regions of the spectra are labelled ‘ox-X’ and
‘red-X’ to aid discussion in the text (the spanning arrows only indi-
cate the general spectral region, which are specified more clearly in
the text for each compound).

a measurement of the absorption spectra upon electrochemical oxidation or reduc-
tion at a static electrode potential) on the compounds [LA|PFg and [2A](PFg)a2,
whilst some provisional data for a-BOB were also available from an earlier char-
acterisation [3].

The time-series differential UV-vis spectra during oxidation and reduction of
[LA]PF¢ and [2A](PFg)2 are presented in Figures A.2 and A.3 in Appendix A.3,
which demonstrate that the oxidation/reduction of the samples was almost ex-
haustive and that the form of the differential spectra does not change during the
measurement (indicating that no secondary reactions take place on the time scale
of the measurement). In Figure 4.24 we present a summary of the differential spec-
tra for [1A]PFg, [2A](PFg)2 and a-BOB. Figure 4.24(a) shows the spectra of the
compounds before oxidation/reduction (as already presented in Sections 4.2.3 and
4.4) for comparison.

In Figure 4.24(b) (oxidation), several differential absorption features can be ob-
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served which are qualitatively similar for the three derivatives presented?’, and even
though these changes are comprised of unresolved overlapping absorption bands we
have added a labelling scheme (‘ox-X’) to the approximate wavelength regions to
aid in their discussion (please note the different vertical scales/zero levels for each
panel). In the wavelength region ‘ox-A’, the structured differential absorption in-
crease arises from a small increase in strength and broadening of the existing m —*
transition localised on the B-bpy acceptor(s), which we attribute to the influence
from the increased electronegativity of the oxidised Fc. Extending deeper into the
UV (A <300 nm), a broad region of unresolved positive absorption arises, which we
attribute to the LMCT transitions observed in the UV absorption spectrum of un-
substituted Fct (i.e. from the occupied m-orbitals of the Cp~ rings into the vacated
Fe3T d-based orbitals, see Figure 2.16, Section 2.2.1 for the UV-vis spectrum of
Fct). In the visible range, the broad region of negative differential absorption (‘ox-
B’) corresponds in part to the suppression of the MLCT band. However, from the
magnitude of the negative absorption changes in comparison to the MLCT band
(c.f. Figure 4.24(a)), it is clear that additional new absorption features arise in this
region, which is exemplified by the net absorption increase (with a peak occurring
in the range ~ 600 — 650 nm) labelled ‘ox-C’. We note that these new features are
highly consistent with the visible absorption spectrum for Fct (Figure 2.16), where
a similar peak in the absorption is observed at An.x = 618 nm associated with the
lowest-energy LMCT band of Fc™, with a broad, weakly structured absorption
plateau extending down to 400 nm (which consists of several unresolved residual
d-d transitions centred on the Fe3T-core [57]. We note that any residual MLCT
transitions are expected to be strongly blue-shifted due to the positive charge on
the Fc-unit after oxidation.

Turning now to the differential spectra upon the first n-electron reduction in Fig-
ure 4.24(c) (note that the electrochemical potentials used were some 100s of mV be-
yond the near-degenerate first reduction wave, such that both B-bpy groups received
one electron in [2A](PFg)2 and a-BOB). Across the entire UV-vis range, the mag-
nitude of the absorption changes is significantly greater than those occurring upon
oxidation. In the region ‘red-A’; a negative differential feature which represents the
suppression of the original B-bpy m — 7* band dominates. The structured differen-
tial absorption features which dominate in the ranges A 2 325 — 400 nm (‘red-B’)
and ~ 400 — 550 nm (‘red-C’) are highly consistent with the absorption peak posi-
tions of the Fc-free B-bpy derivatives presented in Figure 2.25. For instance, upon
reduction, the derivative o-B-bpy possesses absorption peaks at 378 nm and at
463/494 nm3® whilst the differential spectra for the reduced-[2A](PFg)2 deriva-
tive (Figure 4.24) possesses well-defined peaks at 374 nm (red-B) and 470/499 nm
(red-C) (note that these two latter peaks would appear to represent the vibrational
manifold of the same electronic transition). We make the important note that for
the case of Fc-free B-bpy-derivatives with electron-withdrawing substituents at-
tached to B (i.e. compounds ‘Hc’ and ‘He’ in Figure 2.25), the ‘red-C’ absorption
band is significantly blue-shifted, with the lowest-energy absorption peak occurring
at A = 460 nm. Hence we could anticipate that the presence of a simultaneously
oxidised Fc unit attached to the reduced B-bpy acceptor would also result in a
significant blue-shift of this band — a point we will return to in interpreting the

29Note that certain experimental problems in the measurement for a-BOB resulted in significant
background artifacts, and the spectra shown here are recovered after a careful background
subtraction from the data. Hence it is possible that the spectra for a-BOB shown are still
slightly distorted, and if required for more a more critical analysis, should be remeasured.

30Note that in the original report for the UV-vis spectra of these compounds [134], only peak
wavelengths were reported, without any detailed interpretation.
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excited-state transient spectra in the next chapter.

The final feature upon reduction is the broad band (red-D) extending from A\ ~
600 nm into the near-IR. We note that no mention of such a band was made for
reduced-B-bpy derivatives in the only existing literature report [134], although this
paper was mostly devoted to synthetic issues, and no mention of the wavelength
range used in the measurements was reported. In a simple MO picture, we expect
that addition of an electron to the B-bpy-acceptors should significantly destabilise
the next lowest unoccupied orbital, such that any MLCT transitions should be
significantly blue-shifted (relative to the original MLCT band in the non-reduced
Fc-B-bpy derivatives), and hence not be a likely assignment for the ‘red-D’ band.
In our original reports on this band [206, 8], we concluded that this red-D band is
due to a localised transition on the reduced B-bpy-acceptors, both in considering
the energy of the band and the fact that the absorption strength increases in
proportion to the number of B-bpy groups in each derivative (see Figure 4.24(c)).
However, from the broad featureless nature of this band, it is also conceivable
that it corresponds to a transition involving significant LMCT character from the
newly occupied orbital on the B-bpy units into an unoccupied orbital which is
also delocalised onto the Fc unit. This remaining uncertainty strongly motivates
the measurement of the vis-NIR absorption of the o-B-bpy derivative following
electrochemical reduction in future work. In any case, the presence of this band
can be taken as an indicator of the presence of reduced B-bpy acceptor(s), and we
will show that a similar band also appears in the excited-state transient spectra of
all the Fc-B-bpy compounds presented in Chapter 5.

4.6. Quantum chemistry results

As demonstrated in the preceding sections, a great deal of insight into the elec-
tronic structure and photophysics of these medium-sized-polyatomic metal-organic
compounds can be derived from comparative experimental measurements of related
derivatives, in conjunction with simplified generic models which avoid an explicit
description of the interaction of the weakly-coupled molecular fragments and their
internal electronic structure. However, in general, only in conjunction with results
from accurate quantum-chemical calculations can the interpretation of the observed
physical properties be made more concrete.

A great deal of progress in the last decade in the development of ab-initio
DFT methods for metal-organic systems [84, 85, 83, 82, 81, 76, 75, 79, 87, 208]
has led to a situation where the results for ground-state properties are in al-
most quantitative agreement with experiment. Moreover, the extended time-
dependent DFT (TD-DFT) methods can provide accurate predictions of excited-
state properties (i.e. optical transition energies and excited-state potential energy
surfaces) for organic [209, 210, 211] and metal-organic systems (including Fc)
[177, 212, 213, 214, 178, 41, 215, 216, 217, 218, 219, 220, 86]. We note however,
that recent reports demonstrate that purely TD-DFT-based methods possess an
inherent error for large-scale CT transitions (i.e. where the net spatial displacement
of charge density upon excitation is comparable to the spatial extent of the related
molecular orbitals) due to the treatment of the exchange energy [221, 41] such that
it should predict transition energies that are systematically too low (with possible
errors of 1-2 eV [221]). Existing reports which show fair agreement between theory
and experiment for such CT transitions [177, 178] may well involve an interplay of
other systematic errors in the calculation (although this question remains at the
frontier of investigation of TD-DFT methods). Moreover, the predicted oscillator
strengths for optical transitions are generally weaker than those observed experi-
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(a) Crystal (P2,) (b) Theory (gas phase)

Figure 4.25.: Comparison of (a) experimentally-determined crystal structure of
[LA|PFg and (b) theoretical (gas-phase) structure of model com-
pound [1]7(H) (structure obtained from independent geometry opti-
misation). Atoms relevant to the geometry comparison in Table C.1
indicated in (a) (using the same indices as in [7]). Counteranion po-
sition for the crystal structure of [1A]PFg is omitted.

mentally [212, 218]. In any case, a comparison of theory and experimental transition
energies is important to gauge the accuracy of TD-DFT methods for the Fc-B-bpy
systems.

In this section, we present results of the prototype Fc-B-bpy derivative [1]7(H)
31 including (i) the (gas-phase) ground-state conformation and molecular-orbital
electronic structure, (ii) the predicted low-energy electronic transitions from a TD-
DFT calculation, (iii) the potential energy contour of the ground-state vs the rota-
tion about the B-C(Cp) bond bridging the donor and acceptor, (iv) a comparison
of the electronic structure with the corresponding dication [1]**(H) (in order to
predict the changes that occur upon oxidation) and (v) the ground-state electro-
static potential surfaces of [1]7(H) (which reflects the distribution of the formal
positive charge in these cationic species). The technical details of the (TD-)DFT
calculations are given in Ref. [206] and references therein [222, 223, 224]32.

The equilibrium geometry calculated for [1]*(H) is shown in Figure 4.25 for
comparison with the reported crystal structure of [LA]PFg from Ref. [7]. We note
that the prototype [1](H) differs from [1A]PFg only in that the CHsz-substituent
attached to the B atom is replaced with a single H-atom, which is not expected to
lead to significant differences in conformation/electronic structure (although the
slightly more electron-rich CHg group could have a small effect on the B atom).
From visual inspection, the theoretical structure is shown to be in excellent agree-
ment with the structure of [1A]PFg in the crystal phase, with a consistent relative
conformation of the B-bpy and Fc groups, and the almost eclipsed (Dsp) rela-

31The theoretical results presented here were performed by T. Miiller, Anorganische Chemie, J.
W. Goethe-Universitat, Frankfurt.

32We note that the theoretical results presented here (excepting the TD-DFT electronic transition
results) are actually from more recent calculations than those presented in Ref. [206], although
they differ only in that the B3LYP basis-set has been used, as opposed to the B3P86 basis-set
used for the results in Ref. [206].
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tive conformation of the Fc Cp™-rings. A more quantitative comparison of bond
lengths/angles is given in Table C.1. The fact that the predicted equilibrium gas-
phase structure for [1]7(H) is consistent with the crystal structure of [LA]PFg
indicates that the crystal structure of [LA]PFg is dominated by intramolecular
constraints, as opposed to crystal-packing forces.

The corresponding frontier Kohn-Sham?®? occupied (HOMO) and unoccupied
(LUMO) molecular orbitals and their respective vacuum energy eigenvalues are
shown in Figure 4.26. As is observed, the highest five occupied molecular orbitals
(HOMO[0]-HOMO|-4]) are localised on the Fc moiety, whilst the four lowest unoc-
cupied orbitals (LUMOI0]-LUMO[+3]) are all localised on the B-bpy moiety, such
that in a simplified MO picture we expect the lowest-energy transitions to be of
Fc—B-bpy MLCT character.

It is instructive to compare the Fc-based HOMOs in Figure 4.26 with those cal-
culated for Fc in Figure 2.13, although one must consider that somewhat different
DFT calculation methods were used in each case [206, 84], and that the calculation
for Fc was performed for the staggered (Dsq) relative conformation of the Fc Cp™-
rings, although this should not lead to any significant differences after accounting
for the modified symmetry of the orbitals (see Section 2.2.1). We note that for
Fc, the frontier orbitals HOMOJ-1] (a;4) and (doubly-degenerate) HOMO[0] (e2q)
possess significant d,2 and dyy,d,2_,2 character, in qualitative agreement to the
HOMO[-2]-HOMO[0] molecular orbitals for [1]7(H) 34, which shows that the pres-
ence of the cationic B-bpy groups does not strongly affect the electronic character
of the frontier occupied Fc-orbitals, although as can be seen in Figure 4.26 the MOs
are somewhat distorted. Moreover, the lower-lying HOMOI-3,-4| are also similar to
those reported in Ref. [84] (not shown in Figure 2.13), in that they are delocalised
over the whole Fc unit (we note that a small admixture of these orbitals in the
electronic excitations, either through vibronic coupling or configuration interaction
(CI), could be important for achieving the degree of overlap with the B-bpy-based
LUMOs).

The fact that a modified analog of the e], LUMOI0] of unsubstituted Fc (which
is the dominant LUMO contribution to the lowest-energy d-d-transitions in Fc
[77, 86]) is absent in the frontier LUMOs shown for [1]*(H) suggests that it is
significantly destabilised by the presence of the cationic B-bpy group, which also
explains the absence of the Fc-1 band in the analysis of the UV-vis absorption
spectra for [nA](PFg), in Section 4.2.3. We note that there is only a small de-
localisation of the frontier MOs onto the intervening B-C(Cp) bridge between the
Fc-donor and B-bpy-acceptor, which is consistent with the fact that no strongly-
allowed MLCT transitions (i.e. f 2 0.1) are observed in these compounds.

The calculated TD-DFT transition energies, oscillator strengths and dominant
contributing HOMO-LUMO terms for [1]7(H) are listed in Table C.2 (Appendix
C), and presented graphically in Figure 4.27. Included in Figure 4.27 are the exper-
imental visible absorption spectrum of [LA|Br (in CH3CN) and the extrapolated
gas-phase absorption band from the solvatochromism analysis in Section 4.2.2.

We note that since the TD-DFT transition energies are calculated for the fixed
(gas-phase) ground-state geometry, they correspond to the experimental transition

33Note that the Kohn-Sham molecular orbitals extracted from DFT theory have a modified
interpretation to those from Hartree-Fock methods [208], although their physical interpretation
in the literature is usually treated on an equal footing.

3 Note that there is a possible source of confusion in the indexing schemes for the HOMOs of
Fc and those of [1]7(H). Due to the molecular symmetry in unsubstituted Fc, the doubly-
degenerate HOMOJ0] actually corresponds to the non-degenerate HOMO[-1] and HOMO[0] in
(1] (1),
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Figure 4.26.: Frontier Kohn-Sham molecular orbitals and energy eigenvalues for
(geometry-optimised) [1]1(H) extracted from DFT calculations. (Iso-
surfaces encompass 0.95 of total normalised electron density.)
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energy, including the Stokes shift energy (i.e. excess vibrational energy). From a
comparison with the extrapolated gas-phase MLCT band maximum for the gas
phase (with Apax = 540.0 nm = 2.30 eV) we observe that the lowest-energy tran-
sitions predicted by TD-DF'T are at significantly lower photon energy. Specifically,
the lowest two TD-DFT transitions (labelled ‘MLCT-1" and ‘MLCT-2’ in Figure
4.27) occur at Apax = 1058 nm = 1.17 eV and Apax = 1029 nm = 1.20 eV,
respectively. As for all the first seven lowest-energy predicted transitions, these ex-
citations involve a dominant contribution from a single HOMO-LUMO pair with
normalised amplitudes in the range 0.6-0.7 (see Table C.2) 3%, with the next largest
amplitude < 0.2. As could be expected from an inspection of the orbital energies in
Figure 4.26, for transitions MLCT-1 and MLCT-2 the major contributing HOMO-
LUMO pairs are HOMO[0]—-LUMO[0] and HOMO[-1]-=LUMO|0], respectively.
Nevertheless, there is a significant admixture of lower-lying-HOMOs and higher-
lying LUMOs in each excitation, such that the more delocalised Fe-HOMO|-3,-4]
may play an important role in increasing the transition dipole moment for these
transitions. Besides the fact that the lowest-energy TD-DFT transitions MLCT-1
and MLCT-2 are some 1.1 eV red-shifted from that expected from analysed exper-
imental data, we also note that the predicted oscillator strengths are significantly
smaller than that calculated for the MLCT band by a factor of 5 (i.e. f = 0.0006
and f = 0.0028 for transitions MLCT-1 and MLCT-2, respectively, compared to
fuvrer = 0.014 for the experimental MLCT band).

We do note, however, that transition MLCT-3 is far more consistent with the
experimental MLCT transition, both in terms of transition energy and oscillator
strength (Apax = 699 nm = 2.01 eV,f = 0.0084, major contribution HOMO|-
2]—-LUMOI[0]). Hence, in our previous literature report [206], we tentatively as-
signed the MLCT band to transition MLCT-33¢. However, since learning of the
errors inherent in current implementations of TD-DFT for long-range CT transi-
tions — i.e. systematically low predicted energies, with 1-2 €V not being unusual
[41], and low estimates for the oscillator strengths by up to a factor ~ 10 (see
e.g. [212, 218]) — we must reconsider this assignment®’. Given that the comparison
of electrochemical potentials and MLCT band positions for the extended range of
Fc-B-bpy derivatives in this work shows a correlation between the MLCT transi-
tion energies and corresponding oxidation potentials, it seems likely that the near-
degenerate frontier orbitals HOMOJ[0] and HOMOI-1] are involved in the MLCT
transition, and hence we must consider that the TD-DFT transitions MLCT-1
and/or MLCT-2 correspond to the experimental MLCT band. (We note that in
the solution phase, the environmental perturbation may lead to considerable mix-
ing between the close-lying HOMOJ0] and HOMOJ-1], which are separated by only
0.027 eV).

We note that similar deviations from experiment have been observed in ad-
ditional preliminary TD-DFT calculations carried out for the derivative a-BOB
[221], with similar or even larger resultant red-shifts in the predicted lowest-energy

35Note that the TD-DFT transitions are constructed from a linear combination of single HOMO-
LUMO pair excitations, with the ‘amplitudes’ representing the coefficients in this linear com-
bination.

36Note that the previous assignment of the MLCT band to transition MLCT-3 was also consistent
with the fact that no clear correlation between the electrochemical oxidation potential and
the MLCT band position was observed, due to the exclusion of the data for [1C](PFs), which
indicated that a lower-lying HOMO might be involved in the MLCT transition as opposed to
the frontier HOMO (which in a simple MO picture was assumed the dominant orbital involved
in the oxidation process).

3TNote that the systematic transition-energy errors in TD-DFT for CT transitions is still not
universally recognised in the literature [221].
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Figure 4.27.: Spectrum of lowest-energy electronic transitions for [1]*(H) predicted
by TD-DFT (gas phase) calculations. For comparison, the experimen-
tal absorption spectrum of [LA|Br in CH3CN is included, as well the
extrapolated gas-phase spectrum from the solvatochromism analysis
of Section 4.2.2. (Note that the scale for the oscillator strength (left)
is chosen to match the extinction coefficient range (right) assuming a
Gaussian band with width Avpway = 5970 cm™, i.e. the extrapo-
lated gas-phase bandwidth for [1A]Br).

transitions, depending on the exact method used (the lowest-energy transition did
still correspond to CT states). Moreover, preliminary calculations based on the
Hartree-Fock configuration-interaction-singles (SCI) method (which does not suffer
from the systematically low-energies, but does not account for dynamical electron
correlation included in DFT-based methods[41]) predicted transition energies much
larger than those observed (i.e. < 300 nm).

In summary, whilst the existing TD-DFT results do at least support that the
lowest-energy transitions in the Fc-B-bpy compounds arise from MLCT transitions
from Fc-based orbitals into B-bpy orbitals, the predicted energies and strengths
are systematically incorrect, perhaps even to the point where even comparison of
theoretical excitation energies amongst related derivatives may be hazardous.

We turn now to an investigation of the dependence of the (nuclear) potential
energy U (Eq. 2.1) and frontier molecular orbitals on the relative Fc-B-bpy con-
formation in the ground state. The specific coordinate chosen for study was the
dihedral angle 0p.—c—p—u (i.e. the minimum angle between the planes containing
Fe-C(11)-B and C(11)-B-H(1), as per the atom labelling in Figure 4.25), which is
representative of the rotation about the B-C(11) bond. This coordinate was chosen
for study based on the deduction from NMR spectra [7] that rotation about the
B-C(11) bond is relatively unhindered for [LA|PFg and [2A](PFg)2 (in solution).
A better understanding of the possible motion/oscillation along this coordinate can
be gained from an analysis of the theoretical potential energy curve U(Ope—c—B—u)
and an estimate for the corresponding rotational inertia for each molecular frag-
ment, as is presented below. Moreover, it is important to consider the possible effect
of motion along this coordinate on the frontier molecular orbitals, and hence the
expected MLCT absorption transition energy (and intensity), which will in general
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contribute to broadening of the absorption spectrum.

In Figure 4.28, we give a summary of the calculated DFT results for [1]7(H) for a
set of selected dihedral angles fp._c_p_u (note that from the symmetry of Fc, the
results are invariant for Ope—c—p-n = —0pe—c—p—n). In Figure 4.28(a) we plot the
relative potential energy curve (for static nuclei, with a constrained optimisation
of the remaining geometry in each case) U = U(Ope—c—p—n) vs the dihedral angle
(with a spline-interpolation between the calculated values). The interpolated curve
demonstrates a well-defined minimum near 0p._c_p_g = 60°, and a peak barrier
for large scale motion of ~ 0.2 eV (near 0p._c_p_g = 0°, note that we include the
corresponding scale in kcal mol™! at right, due to its common usage in transition-
state theory).

If we treat the thermal motion about the equilibrium as a classical vibration
(see below) then we can calculate the expected relative Boltzmann probability dis-
tribution (o< exp(—U/kT)) vs a quasi-static displacement from the equilibrium,
as is indicated by the inset in Figure 4.28(b), which indicates that, neglecting
tunnelling, the motion is constrained to a fairly small region about the equilib-
rium dihedral angle at room temperature (we will return to this point shortly).
In Figures 4.28(b,c), we plot the corresponding frontier LUMO and HOMO ener-
gies vs Ope_c_p_m, with the corresponding HOMOI0]-LUMO|0| energy separation
AFEyjo)-1g in Figure 4.28(d), which we can consider as a measure of the variation
of the expected lowest-energy electronic transition energy. We note, as could be
generally expected, that the frontier orbital energies bear a distinct dependence on
the dihedral angle to that of the potential energy U. We will return to the nature
of the frontier orbitals vs dihedral angle shortly.

In order to gain a better description for the expected motion along this coor-
dinate, we need an estimate for the characteristic frequency of vibration wy ex-
pected about the equilibrium position®®. In order to simplify the calculation, we
assume that small displacements in the dihedral angle are equivalent to rotation
about the B-C(11) bond, and calculate the rotational inertia (I = ijrij) of
the two molecular fragments (i.e. Fc (k = 1) and B-bpy (k = 2) groups) with
respect to this axis?®. Using the Z-matrix of the geometry optimised molecular
structure for Ope_c_p_g = 60°, this gives values of I; = 5.57 x 107* kg - m?
and I, = 8.08 x 10~%*kg - m?. In analogy to a diatomic vibration, the effective
rotational inertia for counter-rotation between the two molecular fragments is the
reduced rotational inertia I = (I;' 4+ I;1)™' = 3.30 x 10~*kg - m?. Fitting a
quadratic function U = %Kg@Q to the interpolated curve about the equilibrium
positions yields an estimate of K = 1.31 x 107N - m - rad~!. Hence we can esti-
mate the vibrational frequency quantum as wyg = /K /I ~ 27 x 320 GHz, with
a corresponding energy of hwy = 0.0013 eV, Hence the energy quanta for vi-
bration fiwy < kT (for T = 300 K), hence justifying a classical treatment of
the motion along this dihedral. In Figure 4.29(a), a magnified section of the data
in Figure 4.28(a) about the equilibrium dihedral position is presented, as well as
the a portion of the vibration manifold UXJ from the foregoing analysis, and the

38Note that the vibrational frequency along this coordinate was not requested as an output
from the quantum calculations, and hence we calculate an estimate manually from the given
potential energy curve U(f) and the given molecular structure

39Note that this approximation is also employed in many high-level quantum chemistry packages
[225].

1ONote that given that the analysis involved the interpolated curve through the data for a small
number of calculated geometries, this value is only a tentative estimate. However, given that
the frequency calculated in this way depends on VK (where the source for possible error
arises) and that we can expect the potential to vary as a smooth function of the geometry, a
rigorously-determined probably does not deviate by more than some 10’s of %.)
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Figure 4.28.: Analysis of theoretical results for [1]*(H) vs Fe-C(11)-B-H(1) dihedral
angle Ope_c_p_p (constrained geometry optimisation). (a) (Nuclear)
potential energy U relative to the conformation Op._c_p_g = 60°.
Inset shows the relative Boltzmann probability (exp(—U/kT)) for
T = 300 K in the absence of coupling to other degrees of freedom.
(b,c) Energy eigenvalues for selected frontier orbitals (as indicated)
(Note that the local scale is preserved within each range). (d) Energy
difference between frontier orbital energies of HOMO|0]-LUMO|0] vs
dihedral angle. Scale at right demonstrates the corresponding magni-
tude of wavelength variation (pragmatically assuming no systematic
shift between true transition energies and HOMO-LUMO spacing).
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Figure 4.29.: Closer inspection of the potential energy curve vs Op._c_p_y near
the equilibrium. (a) Interpolated potential energy (blue curve), and
corresponding Boltzmann probability distribution (green curve). Also
included is a representation of the lowest estimated vibrational en-
ergy levels UY; = (M +1/2)hwy. (b) Interpolated HOMO|0]-LUMO][0]
spacing vs fpe_c_B_1-

corresponding Boltzmann probability distribution (now plotted as a function of
Ore—c-B-n). The interpolated HOMO[0]-LUMO[0] energy separation A Ep)_r,[]
is plotted below in 4.29(b). Using the Boltzmann distribution (as opposed to a
finite-amplitude classical oscillation with amplitude 0,.x = 2kT/K), we can cal-
culate the expected second moment oy _y,g of AEq_r[o- This results in the
value ogg_pjg = 0.016 eV = 130 em ™!, which corresponds to an expected line
broadening of Avpwmnv = 81n(2)0H[0}_L[0} ~ 300 cm~! for the associated elec-
tronic transition. Compared to the observed MLCT bandwidth in solution (e.g.
for [1A]JPFg Avpwam = 6220 cm ™!, Section 4.2.3), this small fluctuation in the
electronic band gap due to conformational fluctuations along 0p._c_p_g is rather
small, and the predicted gas-phase bandwidth (i.e. after deconvolving the expected
solvent broadening, Section 4.2.2) is mostly due to a large Stokes shift between the
ground- and excited-state conformational equilibria. However, it should be noted
that this conformational distribution appears to play a role in the MLCT band-
width changes between the unbridged- and bridged-acceptor compounds (Section
4.4), such that either this gas-phase potential does not reflect the situation in polar
solution, or other conformational degrees of freedom are also involved in the MLCT
band broadening.

In addressing the unhindered rotation (deduced from NMR [7]) about the B-
C(11) bond, these theoretical results imply that the gas-phase situation would be
described by only a small vibration about either of the two equilibria 0p._c_g_u ~
4+60°, with tunnelling to the symmetric minimum at fp._c_p_g ~ F60°. We note
that the transformation between these two equilibria corresponds to an exchange
of the two pyridine rings of the B-bpy group and a reflection of the C atoms
in the substituted Cp ring, consistent with the observed degenerate 'H and 3C
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NMR signals for the relevant atoms. Whilst an accurate estimate for the expected
barrier-crossing rate between these two minima requires a rigorous application of
transition-state theory [226] (which is beyond the scope of the current investiga-
tion), given the calculated characteristic vibrational frequency wy =~ 27 x 320 GHz
we can assume that even if the semi-classical ‘single-encounter’ tunnelling prob-
ability across the barrier is only ~ 1073, this would still result in many barrier
crossings within the effective measurement time of the NMR (assumed to be on
the order of us). Note that two important issues remain open in terms of the mo-
tion along this dihedral coordinate: (i) In solution, it is quite plausible that solvent
interaction will lead to a modification of the gas-phase potential presented here,
and (ii) we can anticipate a significantly modified potential in the MLCT excited
state. As we will show in the next chapter, it is likely that large-scale rotation
about the B-C(Cp) bond occurs on a ~ 20 ps time-scale following excitation in
solution for the unbridged-acceptor compound [2A](PFg)2.

In Figure 4.30 we plot the frontier molecular orbitals for a subset of the calculated
fixed-dihedral conformations. An inspection of the nature of these orbitals against
the dihedral coordinate can help provide an indication for close approaches between
the ground- and excited-state potentials (where, due to the fact that we consider
the adiabatic ground-state wavefunctions [37], one can expect to observe a change
in the nature of the total electronic wavefunction upon passing near a potential
surface crossing). As can be seen from an inspection of the LUMOs in Figure 4.30
and their corresponding energies in Figure 4.28, only minor changes result in the
(B-bpy-localised) orbitals with varying dihedral angle, and the LUMO energies
remain well-apart and maintain a relatively constant separation. For the HOMOs
in Figure 4.30, we note that the spatial character of the two frontier HOMOs
exchange approximately upon going from 0p._c_p_g = 0° — 180°, with the orbital
containing a large orbital density lobe on the Fc unit beneath the B-bonded-C-atom
being HOMO[—l] for 9FefoBfH = OO, and HOMO[O] for eFefoBfH = 180°. Whilst
from the energy curve in Figure 4.28(a) we do not expect the molecule to spend a
significant amount of time in either of these conformations, it is interesting to note
that the spatial distribution of Fc-based HOMOs with respect to the bpy LUMOs
(which should have a direct influence on the HOMO-LUMO overlap and hence the
absorption strength) is dependent in this way on the conformation. Comparison
of the lowest HOMO-LUMO energy separation vs dihedral angle in Figure 4.28(d)
reflects the fact that any MLCT band transition energy could be strongly influenced
by enforcing a different dihedral angle (e.g. though synthetic modification). An
open question that also emerges is to whether the stabilised LUMO of the ansa-
bridge compounds (Sections 4.4) might be due in part to the different conformation
between Fc-donor and B-bpy-acceptors (as opposed to the existing hypothesis that
this stabilisation results mainly from inter-acceptor coupling across the -B-X-B-
bridge). Additional theoretical calculations would be needed to investigate this
further (e.g. to see if the molecular orbitals and HOMO/LUMO energies in the
ansa-compounds are significantly different to those presented here for the single-
acceptor compound [1]F(H)).

We now present the corresponding ground-state electronic structure of the di-
cation [1]*1(H), i.e. [1]7(H) following electron removal. These results were of in-
terest for several reasons. Perhaps most importantly, most envisioned applications
for polymeric systems based on the Fc-B-bpy monomers will involve the oxidised
state of the Fc-unit in some way (such as following an optically-driven CT into an
attached macromolecular system or electrochemical oxidation to generate a propor-
tion of paramagnetic Fct centres), and hence it is important to know what effect
this electron removal has on the overall electronic structure of the donor-acceptor
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Figure 4.30.: Calculated Kohn-Sham frontier molecular orbital isosurfaces vs se-

lected dihedral angles fp._c_p_p for [1]T(H) (orbital energies shown
in Figure 4.28). Note that in order to aid visual inspection, the approx-
imate graphical orientation of the Fc-unit is constant for the HOMOs,
whilst for the LUMOs the B-bpy-unit orientation is approximately

constant.
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complex. To a lesser degree, these data also provide a comparison for the UV-vis
spectroelectrochemistry data in Section 4.5.3 for the oxidised species [LA]PFg and
[2A] (PFg)2.

In Figure 4.31 we present the molecular orbitals and their energies for [1]*" (H) for
comparison with [1]7(H). Several important differences exist between [1]7(H) and
[1)"(H). Due to the fact that the total electron spin momentum is no longer zero,
the a-spin- and (§-spin-orbitals are no longer degenerate in the paramagnetic radical
[1]** (H) (note that the dication possesses net a-spin, i.e. there is one additional a-
spin orbital). The vacuum energies of all orbitals fall significantly to more negative
(bound) values. This is to be expected due to the increased coulomb binding of the
more positively charged solute. However, the HOMOs of both spin are stabilised
far more strongly than the LUMOs, which results in an increase of 3.09 €V in
the smallest HOMO-LUMO separation from 1.66 €V (for the cation [1]*(H)) to
4.75 ¢V (for the dication [1]*T(H)). It is clear however, that using these observed
HOMO-LUMO separations for [1]*"(H) to predict the energy of actual electronic
transitions is clearly hazardous in this case, due to the fact the resulting energies
would be inconsistent with the fact that visible range absorption is still observed
in the oxidised compound [1A]PFg (Section 4.5.3) due to Fc-localised transitions.

Of considerable interest is the effect of oxidation on the spatial character and
delocalisation of the frontier molecular orbitals, which bear only scarce correspon-
dence to those of the cation [1]7(H), and reflect the complex redistribution of charge
density that occurs upon electron removal. We note that whilst the lowest energy
unoccupied orbital («—LUMOI0]) is still of the same character as the LUMO|[0]
for [1]7(H), there is a number of closely-spaced HOMOs which are delocalised over
both the Fc and B-bpy fragments, with the highest ‘singly-occupied molecular or-
bital” (a-HJ[0]) actually localised on the B-bpy acceptor, as opposed to on the Fc
unit. We note that we cannot generalise these results directly to the case of the
MLCT excited-state (where the charge displaced from the Fc-centre is still present
in the molecule). However, an important implication arises when we consider the
expected behaviour of mixed-valence [188, 189, 190, 191, 192, 15, 193] macromolec-
ular systems incorporating the Fc-B-bpy monomers in both oxidation states. Based
on the theoretical orbitals presented here, we expect that the molecular orbitals as-
sociated with oxidised centres should possess increased delocalisation over Fc-donor
and B-bpy acceptor, which should promote electronic coupling between adjacent
donor and acceptor groups in related oligomeric/polymeric systems.

In conclusion to this section, we present in Figure 4.32 the calculated electrostatic
potential of the cation [1]*(H) calculated on the isosurfaces of total electron density
for several tolerances, as indicated (with two perspectives in each case). For the
tight tolerance of r = 0.1 (far right), one observes the relative positive potential of
the hydrogen atoms and a large relative positive potential in the neighbourhood of
the B atom. For increasing tolerance r (and correspondingly larger distance from
the molecular centre), the average positive potential falls away as expected, and
one sees clearly that approaching the van der Waals surface, the spatial region near
the B-bpy acceptor reflects more of the net positive charge on the cation, with a
significantly higher relative potential to near the unsubstituted Cp~ ring. Hence
we can conclude that the effective charge density seen by the surrounding solvent
molecules for the single-B-bpy-acceptor derivatives [1A]X does correspond to a
superposition of a monopole/dipole distribution, hence supporting (at least for the
ground state) the solvatochromism model employed in Section 4.2.2.
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Figure 4.31.: Frontier Kohn-Sham molecular and energies for the dication [1]*" (H)
extracted from DFT calculations. Shown on the left are the MO en-
ergies for the cation [1]"(H) for comparison.
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r=10.0001 r=0.005 r=0.02 r=0.1

Figure 4.32.: Electrostatic potential for [1]7(H) (calculated from the theoretical
gas-phase ground state) plotted on the total electron density isosur-
faces for several tolerances, as indicated (r represents the fraction of
remaining electron density not encompassed by the surface). Note the
colour scaling differs for each isosurface.



5. Time-resolved transient-absorption spectroscopy of
Fc-B-bpy compounds in solution

In this chapter, we present the time-resolved excited-state absorption character-
istics of several Fc-B-bpy derivatives in solution following direct excitation of the
MLCT band. Whilst the previous chapter provided many key details in under-
standing the electronic properties of the ground-state (and to a lesser degree, the
excited-state) and strongly supports the assignment of the MLCT band, a direct
probe of the properties of the transient MLCT excited state can only be gained from
ultra-fast time-resolved measurements. The properties of MLCT excited states in
medium-size polyatomic metal-organic compounds can display a range of interest-
ing excited-state phenomena, such as ultrafast intersystem-crossing and electronic
localisation [207], which can be directly observed with ultrafast excited-state spec-
troscopy. Our key interests in probing the excited-state dynamics of the Fc-B-bpy
compounds was two-fold: (i) in order to look for spectral characteristics that sup-
port the assignment of the MLCT band, and (ii) to gain knowledge of the relaxation
mechanisms (including the possible role of intermediate excited states) and related
time-scales for decay of the excited CT state. This latter point is extremely rele-
vant for the design of related derivatives for the optically-driven injection of charge
into an attached macromolecular system, as the efficiency of electron injection will
be determined by the relative magnitudes of the effective back-electron transfer
(b-ET) relaxation rate ) ky,_gr; and the rate for secondary transfer kg of the
excited electron into a delocalised channel in the macromolecular framework, or
into an adjacent oxidised donor. Moreover, even in the simpler case where the
directly-excited CT state is itself the target excited state, the steady-state fraction
of excited molecules in a sample (for a given constant optical excitation level) will
be proportional to the excited-state lifetime.

In the following, we present (i) the transient-absorption spectra of compounds
[2A](PFg)2, a-BOB and (Fc)2BOB (in the range A = 450 — 760 nm, on a time
scale from 1-1000 ps), (ii) a comparison of these excited-state transient spectra with
UV-vis spectroelectrochemistry data (from Section 4.5.3), and (iii) the correspond-
ing transient-absorption kinetics for several characteristic wavelengths (including
a global fitting analysis). We discuss certain models for the relaxation mechanism
consistent with the observed excited-state dynamics. These three derivatives (Fig-
ure 5.1) were selected for the comparative time-resolved study based on the fact
that both (i) conformational flexibility and (ii) the electronic coupling between
acceptors across the B-O-B bridge, could contribute to the differences in observed
excited-state relaxation behaviour. As will be presented in the following sections,
the transient absorption data suggest relaxation dynamics for both [2A](PFg)2
and (Fc)2BOB which include an efficient non-radiative transition to the ground
state (at least for a fraction of the excited-state ensemble of [2A](PFg)2) on time
scales in the range ~ 18 — 45 ps due to large-scale conformational rearrangement
in the excited-state, whilst the ground-state recovery for a-BOB proceeds only
on a ~ 780 ps time scale, indicating that the critical factor in the excited-state
relaxation behaviour is dictated by conformational freedom as opposed to an influ-
ence on the excited-state electronic wavefunction due to the presence of the B-O-B
bridge.
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Figure 5.1.: Fc-B-bpy derivatives studied in the transient absorption measure-
ments, [2A](PFg)2, a-BOB and (Fc)2:BOB. The excited-state dy-
namics of these three derivatives are compared in order to better dis-
tinguish between excited-state effects from (i) conformational flexibil-
ity and (ii) possible electronic influence of the B-O-B bridge between
coupled acceptors.
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5.1. Additional experimental details

The experimental setup used for the measurements in this chapter was outlined
in Section 3.2 (see Figure 3.10), although here we give the details for the specific
measurements presented in this chapter. For the excitation pulses, we employed a
NOPA source (Section 3.1.5) tuned to a centre wavelength of A = 500 nm (typi-
cally with AApwnm = 15.6 nm), and compressed to a pulse width of ~ 35 fs (at
the sample position). A two-lens telescope arrangement was used to collimate the
NOPA beam, with a beam diameter of approximately 3 mm (FWHM).

For the probe source, we employed white-light continuum pulses (Section 3.1.2)
generated in a 3-mm-thick sapphire disk using the near-IR pulses from the CPA
amplifier laser (~ 2 pJ pulse energy, A = 775 nm) (Section 3.1.1). The white-light
continuum beam was collimated by an 90°off-axis paraboloidal mirror (Ag-coated)
with off-axis-distance of 25.4 mm, with a beam diameter of ~ 7 mm (although this
was slightly wavelength-dependent). Optimal adjustment of the collimating mirror
was achieved by inspecting the beam profile at a distance ~8 m after the mirror
(i.e. by diverting the probe beam from the sample into a long path traversing the
lab). A thin IR-blocking filter (with a 1-mm BK7 substrate) was used to suppress
the residual 775 nm pump light in the white-light-continuum spectrum. A long-
range manual delay-stage (providing up to 1 m of adjustable delay) was used to
adjust the relative total path lengths of the pump and probe such that almost the
full travel of the translation stage corresponded to positive pump-probe delays (i.e.
allowing the measurement of the transient probe absorption up to 1000 ps following
excitation).

The pump and probe beams were brought into parallel alignment (with a separa-
tion between the two beam centres of ~ 6 mm), and focussed into the sample using
a second 90°off-axis paraboloidal mirror with an off-axis-distance of 100 mm. The
probe beam was incident on the centre of the paraboloidal mirror, whilst the pump
beam was displaced vertically, such that the beams cross in the vertical direction
at the focus. This arrangement is essential due to the significant scattering of the
pump beam from the (diamond-turned) paraboloidal mirror, which leads to scat-
tering in the horizontal direction. Fine tuning of the spatial overlap of the pump
and probe beams was first achieved using a 25 — pm-diameter pinhole positioned at
the focal plane (confirmed by optimising the probe beam transmission through the
pinhole). Further optimisation in the presence of a sample cuvette was performed
using a rhodamine-6G sample.

The alignment of the NOPA pump beam to the mechanical translation stage
(upon which a retroreflector was mounted) was fined-tuned by diverting a frac-
tion of the pump beam after the translation stage directly onto a CCD camera
chip and monitoring the beam motion (using a dedicated measurement program)
as the translation stage was moved over its full travel of 20 cm (c.a. = 1300 ps
double pass). In this way, the alignment could be compensated including system-
atic mechanical defects in the translation stage resulting in a residual beam-walk
of ~ 40 pm over the full travel range (and a resulting negligible beam-walk at the
sample focal position). The relative polarisation of the pump and probe beams was
checked using a Glan-Taylor polariser, and a broadband \/2-waveplate in the pump
beam path was used to achieve the desired relative polarisation between pump and
probe (for the measurements presented here, this was the magic angle 54.7°).

The solution samples were in static quartz cuvettes with a 1-mm sample thickness
(and standard front/back window thickness of 1.25 mm). The Fc-B-bpy sample
concentrations were typically ~ 3.5 mM, which resulted in a sample optical density
of ~ 0.3 at the pump wavelength (corresponding to ~ 50% absorption). Tests were
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performed to ensure that no detectable concentration dependence of the form of
the transient absorption signals resulted for these levels of sample concentration.
For the measurements presented here, an incident pump pulse energy of Jy ~
70 nJ was employed at the sample. Assuming a nominal pump-beam focal diameter
of 100 pm (Gaussian FWHM) at the sample, this corresponds to an on-axis incident
pump fluence of Fy = 6.2 J - mm~2. Given the molecular absorption strength of
the Fc-B-bpy derivatives at the probe wavelength e ~ 900 M~!em ™! (which corre-
sponds to an absorption cross-section of ¢ = In(10)/(10N4 )e ~ 3.4x 10722m~2), at
the front surface of the sample we have an approximate relative excitation density
of,
An Aok

n C

~ 0.0054,

which is consistent with the magnitude of the observed maximum transient-
absorption modulation depth(s) (AOD < 1073).

Tests of the pump-probe signal vs incident pump pulse energy confirmed that
the form of the signals did not change significantly in reducing the pump energy
by a factor of 5 (below which the signal-to-noise of the transients was too low for
meaningful comparison), hence indicating that the level of two-photon excitation
was negligible for the pump energies used (as supported by the low relative ex-
citation density estimated above). However, attempts to increase the pump-pulse
energy above Fy = 10 pJmm~2 (i.e. to increase the signal modulation) resulted in
significant non-linear effects in the sample (which was evident from the production
of a super-broadened pump spectrum after the cuvette), and resulted in extremely
noisy, distorted pump-probe signals. We note that the fact that the onset of sig-
nificant thermal (i.e. average pump-power) effects were observed at slightly higher
pump-fluences than the onset of non-linear (instantaneous intensity) effects was
taken to justify the use of static cuvettes.

Following the sample, the diverging probe beam passed through an adjustable
aperture (to reject scattered pump light) and was recollimated by a plano-convex
lens (f =100 mm). The probe beam was then focussed (using an f =80 mm lens)
at the entrance slit of the computer-controlled monochromator (0.5 m, entrance
slit 200 pm 600 lines/mm grating, blaze wavelength 500 nm). At the output of
the monochromator, a manually adjustable slit was used to provide a bandpass of
AlpwnaMm ~ b nm for the probe light. For the measurements here, the filtered probe
beam was recollimated (by a f =50 mm lens), and coupled into a multimode-fibre
via a fibre-coupler. In this way, the filtered probe light could be coupled either to
the optical detector or to a home-built fibre-coupled spectrometer (in the latter
case, to allow for an accurate calibration of the monochromator).

As mentioned in Section 3.2, the optical detector for the probe beam used for
these measurements is based on a Si-photodiode (sensitivity range 250-1100 nm)
with an integrated 4-kHz-bandwidth FET-amplifier, and an additional x10 ampli-
fier section in the detector housing. The electronic signal was then sent to a digital
lock-in amplifier (Perkin Elmer, 7265). Before the sample, the NOPA-pump and
white-light-probe pulses passed through a custom-built two-phase optical chopper
(synchronised to the pulse train, Section 3.2) which downsampled the 1-kHz pulse
trains to 333 Hz and 500 Hz, respectively. Hence the net pump-probe signal mod-
ulation is encoded on the detected probe signal with a fundamental frequency of
166 Hz. The optical chopper provided a synchronised 166-Hz TTL reference directly
to the lockin amplifier. Note that extensive tests were performed using different
time constants for the analog integration of the demodulated lock-in signals. From
statistical analyses of the signal fluctuations vs different lock-in time constants (in
the range 10-2000 ms), a value of 100 ms was determined to be near optimal, due
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to the fact that for longer integration times, sources of sub-Hz-bandwidth noise
became important, and the convergence of the relative standard deviation of the
signal fluctuations tended to diverge from the central-limit theorem behaviour vs
integration time observed for shorter integration times.

In order to determine the absolute modulation depth of the transient absorp-
tion signals, the measurement programs regularly monitored the absolute probe
pulse signal, which was achieved by setting the lock-in amplifier to detect the 3rd
harmonic of the 166 Hz reference signal (i.e. the probe modulation frequency of
500 Hz), and scaling the value by the appropriate factor of 3 (due to the different
duty cycle of the pump-probe and probe-only signals).

In the measurements shown here, no reference beam was used, as the domi-
nant source of noise on the pump-probe signals was determined to be due to the
residual dark electronic noise from the detector, pre-amplifier and lock-in amplifier
electronics. (Note that due to the finite correlation between neighbouring white-
light pulses, the lock-in detection effectively performs a quasi-normalisation using
adjacent modulated and unmodulated probe pulse signals).

The data-acquisition computer programs! mediated control of the monochroma-
tor position (i.e. detected probe wavelength), translation-stage position (i.e. pump-
probe delay) and acquisition of the transient-absorption signals from the lock-in
amplifier.

We note that the transient absorption spectra presented here, are not corrected
for the temporal chirp of the white-light continuum (this functionality has been put
into more recent measurement programs), such that the effective pump-probe delay
varies by ~ 500 fs across the probe wavelength range (i.e. with the effective pump-
probe delay being more positive at the blue end of the spectrum). This results in
some distortion of the transient spectra for the nominal 7 = 1 ps delay (which
is defined for A = 520 nm). Any confusion resulting from this distortion can be
resolved by inspection of the corresponding single-wavelength kinetics, which are
corrected from analysis of the coherent artifacts (which are also removed in the
data presented).

Due to the fact that the transient-absorption kinetics exhibit changes on sev-
eral distinct time scales (i.e. with the coherent artifacts and initial relaxation on
sub-picosecond time scales, and complete ground-state recovery on a time scale
approaching 1000 ps), the sub-routines handling the pump-probe delay scanning
were adapted to allow for the definition of multiple scan ranges with different scan
speeds (i.e. in ps-delay/sec), such that a single scan program acquired kinetics with
the appropriate delay resolution in each delay range. Moreover, due to the possible
occurrence of burst noise during the measurements, the data from each repeated
delay scan was stored in auxiliary data files, allowing the removal of obvious out-
liers from the data in the analysis stage, as well as providing the possibility to
estimate the standard error of the averaged transient absorption data.

5.2. Transient absorption spectra

Figure 5.2 shows the excited-state transient absorption spectra for the compounds
(a) [2A](PFg)2, (b) a-BOB and (c) (Fc)2BOB (in CH3CN) following excitation
with Aex = 500 nm (as described in the previous section), for selected pump-probe
delays in the range 7 = 1—1000 ps. For comparison, the corresponding CW ground-
state absorption spectra (as well as the fitted HE and MLCT bands) are shown
in Figure 5.2(d), as well as the excitation pulse spectrum. For both [2A](PFg)2

!The self-written data-acquisition programs used here were coded in Labview.
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Figure 5.2.: Transient absorption spectra for (a) [2A](PFg)2, (b) a-BOB and (c)
(Fc)2BOB (in CH3CN) following excitation at Aex = 500 nm for se-
lected pump-probe delays (as indicated) (relative pump-probe polari-
sation: magic angle). Approximate regions of predominant bleach and
two regions of overlapping excited-state absorption (ESA-I, ESA-II)
are indicated in (a). (d) Corresponding ground-state absorption spec-
tra and excitation-pulse spectrum.
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and a-BOB, ones observes a region of negative differential absorption (ground-
state bleach signal) in the range A ~ 460 — 600 nm, whereas for wavelengths above
a quasi-isosbestic point at A =~ 600 nm the transient absorption is dominated by
excited-state absorption, extending to the red-edge of the measurement wavelength
window at A = 760 nm. It is apparent that whilst the transient-absorption bleach
band for [2A](PFg)2 and a-BOB is no longer dominant for A 2 600 nm, from
an inspection of the ground-state absorption curves in Figure 5.2(d) the ground-
state absorption strength at this wavelength is still ~50% that of the absorption
maximum, which indicates that the ESA band extends into the region A < 600 nm.

Also evident is that despite the fact that the regions of predominant bleach and
ESA decay at clearly different rates in the spectra of [2A](PFg)2 (with only a
negligible residual net ESA signal for 7 > 100 ps) the position of the zero crossing
does not red-shift significantly with increasing delay. In the case where all ESA
bands would decay more rapidly and leave only a residual ground-state bleach
(due to the involvement of a ‘dark’ intermediate excited state), one would expect
the negative bleach band to expand progressively into the region A > 600 nm
and acquire the same form as the ground-state absorption spectrum, which is not
observed.

One possible explanation for this would be that the excitation at Aex =
500 nm excites only a spectroscopically distinct portion of the ground-state en-
semble, i.e. that a bleach band of reduced width results from ‘hole-burning’ of an
inhomogeneously-broadened ground state ensemble. However, given that no red-
shifting of the bleach band is observed over the full delay range (7 — 1000 ps) for
[2A](PFg)2, this would imply a characteristic time scale for the redistribution of
the inhomogeneity of 7> 1000 ps. It is conceivable that such a slowly-fluctuating
broadening mechanism could arise in [2A](PFg)2 from a distribution of relative
conformations between the Fc-donor and B-bpy-acceptor groups due to variable
rotation about the B-C(Cp) bridging bonds. However, the fact that the transient
spectra for a-BOB (where the conformational distribution of the B-bpy groups
relative to the Fe-donor is constrained by the connecting -O- bridge) also exhibit
the same deviation between the predominant bleach band and the ground-state
absorption tends to rule out such an inhomogeneous broadening mechanism.

Hence, in order to explain the persistent reduced wavelength range of predomi-
nant bleach signal for both [2A](PFg)2 and a-BOB, we are led to conclude that
there are actually two distinct overlapping ESA bands (which we will refer to as
‘ESA-T’ and ‘ESA-II’) contributing to the transient spectra. The first band (ESA-I)
is dominant in the region A ~ 550 — 650 nm and suppresses the bleach band in
this region, whilst the ESA-II band dominates the signal for A 2 650 nm and is
responsible for the observed net-positive differential absorption in this region. We
note that based on the spectra for [2A](PFg)2, this implies that the ESA-I band
decays on the same (or comparable) time scale as the ground-state recovery (i.e.
bleach band decay).

Concerning the origin of these two ESA bands, we consider certain differential
absorption features in the UV-vis spectra that appear upon electrochemical oxi-
dation/reduction of [2A](PFg)2 and a-BOB (Figure 4.24). We note that upon
oxidation of these compounds, one also does not observe a negative differential
absorption of the same shape as the MLCT band in the visible range (ox-B in
Figure 4.24(b)), due to the presence of the new electronic transitions that arise for
the Fc-centre in this wavelength range, and that also lead to a suppression of the
negative differential absorption on the red-side of the MLCT band. Hence we pro-
pose that the ESA-I band is associated with analogous localised transitions on the
Fc-unit of [2A](PFg)2 and a-BOB in the MLCT excited state, which corresponds
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to the transient oxidised species Fct (assuming that the electronic displacement
upon excitation corresponds to almost complete removal of a unit electronic charge
from the Fc-centre and neglecting the coupling to the B-bpy unit). Moreover, this is
consistent with the fact that the ESA-I band possesses the same relaxation kinetics
as the ground-state recovery.

In considering the possible origin of the ESA-II band, we consider the corre-
sponding changes in UV-vis absorption for [2A](PFg)2 and a-BOB that occur
upon electrochemical reduction (Figure 4.24(c)). Here we observe an analogous
differential absorption band (red-D) that arises in the near-IR (and extends down
to A ~ 600 nm), which (based on the discussion in Section 4.5.3) we can assign
to the presence of an additional electron on the B-bpy acceptor. Hence we assign
the ESA-IT band to the presence of an excess unit electronic charge distributed
on the B-bpy units in the initial MLCT excited-state. Both the assignment of the
ESA-I band and the ESA-IT band in terms of the corresponding spectroelectro-
chemistry data strongly support an almost complete charge transfer of an electron
upon excitation of the proposed MLCT band.

In order to investigate more critically the comparison of the excited-state tran-
sient differential spectra with the spectra upon oxidation/reduction, in Figure
5.3 we present the results of a regression analysis of the excited-state transient
spectrum of [2A](PFg)2 (for 7 = 10 ps) using the corresponding oxidised-
[2A](PFg)2/reduced-[2A](PFg)2 spectra as basis functions. We note that from
the discussion of the UV-vis spectra of reduced-B-bpy derivatives (Sections 2.3
and 4.5.3), we expect a blue-shifting of second lowest-energy band in the reduced-
[2A](PFg)2-spectrum (red-C, which has its first vibrational peak at A = 499 nm)
in the presence of an electron-withdrawing group, which we can expect to be the
case in a MLCT excited-state where the Fc unit is formally oxidised. Hence in
the fitting process, we allowed a variable blue-shift of the reduced-[2A](PFg)2
spectrum as a fitting parameter. As shown in Figure 5.3, a reasonable agree-
ment between the experimental excited-state transient spectrum and the hybrid-
oxidised /reduced-[2A](PFg)2 spectrum is obtained, if we allow for a blue shift of
the reduced-[2A](PFg)2 spectrum of Av = 2470 ecm™~!, which is somewhat larger
than the blue-shift of the red-C band in substituting electron-withdrawing sub-
stituents (Av ~ 1600 cm ™) (see Section 2.3). We note that the relative weighting
of each redox spectrum in the fit involves a significantly smaller weight for the
reduced-[2A](PFg)2 spectrum than for the oxidised-[2A](PFg)2 spectrum. Ac-
counting for the fact that the ESA-II region has already decayed significantly by
7 = 10 ps, we can extrapolate a ratio for the two spectra of ~4:1 (oxidised:reduced)
for the initial excited state. However, given that the differential spectra of the
oxidised-donor-[2A](PFg)2 and reduced-acceptor-[2A](PFg)2 correspond to the
case of A-DT-A and A~-D-A~, respectively, whilst the MLCT excited-state of
[2A](PFg)2 corresponds formally to A-DT-A~ it is foreseeable that the differ-
ences in electrostatic influence between in donor and acceptor in each case (and
the accompanying difference in equilibrium conformation) will lead to distortions
in the energy and strength of the related electronic transitions?.

Returning to Figure 5.2, one observes that the transient spectra of the di-
ferrocene compound (Fc)oBOB (Figure 5.2(c)) differ significantly from those of
[2A](PFg)2 and a-BOB. Whilst the ESA-II band region is still discernible, it is
clear that additional excited-state absorption bands arise in the same wavelength
region as the bleach band with similar magnitude, such that no clear region of neg-
ative differential absorption is observed, although the depression in the spectrum

2Note that we describe the MLCT excited state in terms of a localised CT onto one of the two
B-bpy acceptors, which we will address later in this chapter.



5.3. Transient absorption kinetics 133

Wavenumber v (103 cm'l)

22 20 18 16 14
— 10— e —
8 /\ A\/ — Reduction AA _ (v)
é 0-5 . é470 Cm-l o AAred(V_AV) /Me Z(PFG )
S ‘ ‘ o] Q)
2 ool — o= B QLN i Q
s | 0y /B—<_j
2 A PN
8-05 \@ O/ © O Exc. state . 6
f:s O o AA(v,T=10 ps) -
G -1.0 \)—O\_,/O . —Fit |
[} @) I
= o¥e} Oxidation AA_ (v)
O 15 . i . T T S N

450 500 550 600 650 700 750 800

Wavelength (nm)

Figure 5.3.: Results of a regression analysis of differential excited state absorption
spectrum of [2A](PFg)2 (7=10 ps following Aex = 500 nm excitation)
based on a weighted sum of the differential absorption upon electro-
chemical oxidation and reduction (Figure 4.24) (with a fitted blue-shift
of the reduction spectrum of 2470 cm™! as indicated).

between A\ ~ 470 — 600 nm does again reflect the presence of the bleach band?.
Moreover, despite the comparatively low signal-to-noise of the data (which is due
to the generally weaker signal modulation across the spectrum), it is also evident
that the entire transient spectrum decays by 7 = 100 ps (see the corresponding
transient-absorption kinetics and analysis in the next section).

We note that from the electrochemistry data for (Fc)oBOB (Section 4.5.1)
there is evidence for a finite degree of electronic coupling between the two Fc-
units. Hence, it is reasonable to expect additional excited-state transitions between
the Fc/Fc' pair in (Fc)sBOB, in analogy to mixed-valence Fc-Fct compounds
[188, 189, 190, 191, 192, 15, 193]. Moreover, such intervalence transitions normally
possess extremely broad diffuse absorption bands, which is consistent with the fact
that no characteristic band structure is observed for the additional ESA contribu-
tions in the transient spectra of (Fc)eBOB. One can anticipate from these results
for (Fc)2,BOB that far more complex excited-state spectra may be encountered in
the Fc-B-bpy-based oligomeric systems to be studied in the future where multiple
Fc units can interact.

5.3. Transient absorption kinetics

In this section, we present the time-resolved transient-absorption kinetics for
[2A](PFg)2, a-BOB and (Fc);BOB following MLCT excitation (Aex = 500 nm),
in order to better quantify the different relaxation characteristics of the MLCT ex-
cited state. For each derivative, we present the data for three characteristic probe
wavelengths, (i) A = 470 nm (high-energy side of predominant bleach band), (ii)

3We note that the transient spectra for (Fc)2BOB were performed during the same measurement
run as those for [2A](PFg)2 and a-BOB, and similar transient spectra for (Fc)2BOB were
produced in earlier preliminary measurements, such that it is unlikely that the significant
differences in the transient spectra compared to the other derivatives are due to spurious
artifacts in the measurement.
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A = 540 nm (near-degenerate predominant bleach), and (iii) A = 660 nm (ESA-II
band). The results are shown in Figures 5.4 ([2A](PFg)2), 5.5 (a-BOB) and 5.6
((Fc)2:BOB). The transient-absorption kinetics for all derivatives exhibit multi-
exponential relaxation characteristics on several distinct time scales, including an
initial sub-picosecond transient (71), and depending on the derivative, 1-2 slower
components (72, 73) which vary over a broad range of from several ps to almost
1 ns. In order to extract meaningful parameters from the curves, we fit the data
for each derivative with global time scales for all probe wavelengths, i.e.,

AANT) = ZAOJ’ (A) exp (=7/75).

The fitted multi-exponential curves are shown with the experimental data in the
corresponding figures. The fitted parameters for each derivative are listed in Table
5.1, where we have normalised the amplitudes of each fitted exponential com-
ponent to the unsigned sum of the amplitudes for the 7o and 73 components,
ie. Ag;j (A) — Aogj (N)/(JAo2 (A)| 4 Aoz (N)]), in order to more readily evaluate
their relative contribution. In certain cases, a particular exponential component
did not improve the fit to the data (i.e. Agz(A = 660 nm) for [2A](PFg)2 and
Ap2(A = 540 nm) for a-BOB), and were omitted from the fitting procedure for
these curves.

We note that the fitted multi-exponential parameters differ somewhat from our
previous report [206]. This is due to two reasons. Firstly, for the weak absorption
changes here, the presence of a small vertical offsets (associated with residual pump-
only and probe-only signals not completely rejected by the lock-in detection) can
significantly affect the fitting parameters for the weak components, and these offsets
were carefully reanalysed (using the data for negative pump-probe delays).

Secondly, the analyses employed here for the global fitting of the data for each
derivative employed an improved algorithm, where only the global time constants
7;j are treated as parameters in the non-linear optimisation problem. For each guess
of the global time constants, the corresponding amplitudes Ag;(A) for each probe
wavelength are determined by linear regression. This leads to a greatly improved
performance of the fitting algorithm over a ‘standard’ implementation where all
parameters are included in the non-linear search*. For the robust fitting of (noisy)
experimental data, a Nelder-Mead simplex algorithm is generally preferable over
Levenberg-Marquardt methods [227]. However, with increasing number of fit pa-
rameters, simplex-based methods become slow and less reliable, with the possibility
of stagnation (i.e. convergence on a set of parameters that correspond to a local
minimum of the misfit between the model curve and the experiment data). By using
linear regression for the amplitudes of each exponential (i.e. using the more stable
singular-value decomposition method [227]) in each iteration, the dimensionality
of the algorithm search space is reduced considerably (e.g. from a maximum of 12
parameters, to only 3) resulting in faster and more reliable convergence.

For all derivatives, large-amplitude sub-ps transients are observed, with a small
but significant variation in fitted time constant for each derivative (73 = 0.67 ps for
[2A](PFg)2, 71 = 0.52 ps for a-BOB and 71 = 0.46 ps for (Fc)2BOB). From the
analysis of the MLCT spectra and electrochemical potentials in Section 4.5.2, we
expect that the initial (Franck-Condon, FC) MLCT-excited state is significantly
displaced from the excited-state equilibrium intramolecular and solvent geometry.
The time scale for the associated initial cooling (vibrational energy redistribution)

“For example, the standard fitting routines in applications such as Origin®, both the non-linear
and linear parameters are treated as non-linear search parameters in the fitting algorithms.
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Figure 5.4.: Transient absorption kinetics for [2A](PFg)2 (in CH3CN) following
excitation at Aex = 500 nm for selected probe wavelengths (a) A =
470 nm, (b) A = 540 nm and (c) A = 600 nm (relative pump-probe
polarisation: magic angle ). Global time scales (when employed for each
probe wavelength) as indicated.

Derivative Tj or;, A=470nm A =540 nm A =660 nm
(ps) (ps) Aj OA; Aj 04 Aj OA;
[2A](PF6):
0.67 0.03 4.43 0.03 044 0.02 3.13 0.04
183 1.7 -0.52 0.02 -0.49 0.01 1 0.01
913 63 -0.48 0.01 -0.51 0.003 - -
a-BOB 0.52 0.02 4.10 0.02 -0.58 0.02 3.41 0.04
54 1.8 -0.30 0.01 - - 0.45 0.02
779 28 -0.70  0.003 -1 0.004 0.55 0.005
(Fc):BOB 0.46 0.02 151 0.1 3.8 0.5 5.29 0.06
448 45 1 0.02 1 0.1 1 0.02

Table 5.1.: Normalised amplitudes and global time constants (and standard er-
rors, ox) from multiexponential regression of the transient absorp-
tion kinetics for [2A](PFg)2, a-BOB and (Fc)2;BOB (in CH3CN,
Aex = 500 nm).
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Figure 5.5.:
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Figure 5.6.: Transient absorption kinetics for (Fc)2BOB (in CH3CN) following
excitation at Aex = 500 nm for selected probe wavelengths (a) A =
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Figure 5.7.: Comparison of initial sub-ps decay rates for [2A](PFg)2, a-BOB and
(Fc)2BOB (obtained from global time constant fitting for each deriva-
tive) vs excess excitation energy (i.e. obtained from A¢x = 500 nm
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for medium-sized polyatomic solutes and polar solvent reorientation are generally
observed on such time scales of 0.1-1 ps [228, 229]. Moreover, we note that the time
constant 71 decreases as we go from [2A](PFg)2 —a-BOB —(Fc),BOB, whilst
from Figure 5.2(d) we see that the MLCT band peak position shifts to progressively
lower energy (with respect to the pump wavelength Aexy = 500 nm) in this same
order. Hence the excess vibrational energy of the initial excited state increases in the
order [2A](PFg)2 —a-BOB —(Fc)2BOB, which is consistent with the observed
increase in the fitted rates 1/7; for the sub-ps transients. In Figure 5.7 we show a
plot of these decay rates (1/71) against a proportional measure of the relative excess
excitation energy Ave, (taken as the difference between the centre wavenumber of
the pump spectrum and the MLCT band peak position, i.e. Avex = 1/Aex —1/Amax)
for each derivative.

Given that the estimated Stokes shift for the MLCT band of [1A]X (i.e. excess
initial excited-state vibrational energy upon excitation at the MLCT band peak)
was determined to be large (AErc > 0.81 eV 22 6490 cm ™!, see Section 4.5.2) com-
pared to the range of additional excess energies here (Ave, = 470 — 1370 cm™1),
it is interesting that such a strong dependence is observed and suggests that the
observed trend in these sub-ps transients may also be affected by inherent differ-
ences in the excited-state potential surface for each derivative. This question should
be studied in future measurements of these sub-ps transients vs excitation wave-
length. For all derivatives, the amplitudes of the sub-ps transients are generally
positive (except for [2A](PFg)2, A = 540 nm), and much larger for A = 470 nm
and A = 660 nm than for A\ = 540 nm, indicating that these transients are asso-
ciated with transient excited-state absorption accessible in the initial hot excited
state, and not partial relaxation to the ground state. Hence, we concentrate in the
following on the 1-2 longer time scales in discussing the relaxation to the ground
state.

For [2A](PFg)2, the near-degenerate (predominant bleach) transient absorption

decay (A = 540 nm, Figure 5.4(b)) is composed of a nearly 1:1 combination of the
two longer global time scales (1o = 18.3 ps, 73 = 913 ps, Ags : Agz = —0.49 :
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—0.51). Similar values are obtained at the blue-edge of the predominant bleach
band (A = 470 nm, Figure 5.4(a)) (A2 : Aoz = —0.52 : —0.48). Most striking
of all in the kinetics for [2A](PFg)2 is that the predominant ESA-IT signal (A =
660 nm, Figure 5.4(c)) decays completely on the shorter of the two time scales (1 =
18.3 ps), which indicates that following the initial sub-ps relaxation, an additional
significant relaxation process occurs on this 18.3 ps time scale. In general, this
could be related to (i) a strong displacement in reaction coordinates away from the
initially-equilibrated excited state® due to slower conformational dynamics whilst
remaining in the same (adiabatic) electronic state, or a non-radiative transition to
either (ii) and intermediate electronic state or (iii) return to the electronic ground-
state. We will return to a discussion of these possibilities in presenting the proposed
relaxation models in the next section.

For a-BOB the two longer time scales are 79 = 5.4 ps and 73 = 779 ps, i.e.
with 79 significantly smaller than that for [2A](PFg)2 although with a comparable
time scale for the complete ground-state recovery 73 (note the associated 1-o errors
for these fitted time constants in Table 5.1). Whilst the faster of these two time
scales contributes significantly to the blue-edge (A = 470 nm, Figure 5.5(a)) and
ESA-IT (A = 660 nm, Figure 5.5(c)) kinetics (with Agy : Ags = —0.3 : —0.7 and
Ape : Apgg = —0.45 : —0.55, respectively), no detectable mo-component is present in
the predominant-bleach signal® (A = 540 nm, Figure 5.5(b)). This indicates that
despite some additional excited-state dynamics on this 7»-time scale for a-BOB,
the nature of the excited state remains relatively constant, and all relaxation to
the ground state occurs on the longer 73 = 779 ps time scale. Combined with the
fact that more than half of the ESA-IT signal persists on the 73-time scale (in stark
contrast to [2A](PFg)z2), we are led to conclude that the relaxation dynamics for
a-BOB following initial equilibration are confined to a only small rearrangements
in a single excited electronic state.

For (Fc)2BOB (Figure 5.6), a third distinct behaviour in the relaxation dynam-
ics is observed. In this case, following equilibration, all kinetics decay completely
on a single 7o = 44.8 ps time scale. This indicates that complete ground-state re-
covery due to non-radiative decay’ occurs on this relatively fast time scale. The
fact that the flexible (Fc)2BOB can reach a conformation where such an efficient
non-radiative coupling to the ground-state occurs will be used in the next section
to aid in the interpretation of the relaxation dynamics for [2A](PFg)2.

5.4. Interpretation of time-resolved data and proposed relaxation
models

In this section, we discuss the observed transient-absorption data in more detail,
and attempt to develop a more explicit model of the excited-state relaxation dy-
namics for each derivative consistent with the observed kinetics/spectra.

We note that the foundations for a rigorous model of the excited-state electronic
and conformational dynamics would require extensive investigation of a wider range
of derivatives and test compounds, and information from other time-resolved spec-
troscopies (e.g. optical-pump infrared-probe). In addition, extensive (ground- and
excited-state) theoretical calculation would be required to identify all possible ac-

®Note that we will use the term ‘initially-equilibrated excited state’ to describe the situation
directly following the initial sub-ps transient.

5More precisely, the inclusion of the 7> component did not assist in measurably reducing the
misfit of the a-BOB transient absorption curve for A = 540 nm.

"Note that considering the MLCT absorption strength, any radiative decay times for these
compounds is expected to be on a far longer time scale, > 1000 ps [230].
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Figure 5.8.: Schematic representation of the excited states and resulting signal com-
ponents during the initial relaxation following excitation. (a) Excita-
tion. (b) Initial Franck-Condon (FC) wavepacket, and corresponding
transient ESA signals (FC-ESA), ground-state depopulation (bleach)
and degenerate stimulated emission (SE). (c) Wavepacket following
initial equilibration, and ps-time-scale signal components (see Figure
5.2).

tive degrees of freedom and the dependence of the excited state(s) on these coor-
dinates for each derivative.

Hence, we must confine ourselves to a more qualitative approach, i.e. construct-
ing minimalistic schematic reaction-coordinate-energy diagrams consistent with the
observed transient-absorption data without an explicit description of the exact
nuclear motion corresponding to each reaction coordinate. Moreover, whilst the
transient spectra appear to be composed of a small number of ESA bands (which
we have assigned to analogous electronic transitions in the oxidised/reduced com-
pounds), we stress the fact that with such broad, featureless transient spectra, there
may well be additional superposed ESA bands (with their own specific temporal
behaviour) which would complicate the situation and possibly lead to modified re-
laxation models and interpretation to that presented here [231, 232]. Nevertheless,
the approach employed here will serve to clarify the proposed relaxation mecha-
nisms that may be present in these systems, and provide a reference for future
theoretical /experimental investigation.

We begin by addressing the sub-ps transient absorption signals present in the
measured kinetics of [2A](PFg)2 (Figure 5.4), a-BOB (Figure 5.5) and (Fc),BOB
(Figure 5.6). As presented in the last section, all derivatives exhibit large-amplitude
transient ESA signals with decay times in the range 0.46 — 0.67 ps (see Table 5.1).
These time scales are typical for both (i) intra-molecular cooling of excited vibra-
tional modes that are displaced from equilibrium in the Franck-Condon excited
state (with the vibrational energy being redistributed into the large number of
other modes present in the polyatomic molecule), and (ii) reorientation of the
solvent (and corresponding coupling with the internal motion) due to the new elec-
tron distribution in the excited-state. Given the appreciable magnitude of both the
Stokes shift and solvent reorganisation energies for the Fc-B-bpy systems (Section
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4.2.2 and 4.5.2), we can expect both to contribute significantly to the observed
sub-ps transient behaviour.

In Figure 5.8, we present a schematic of the sub-ps development of the initial ex-
cited state and the relevant contributions to the transient signals. In Figure 5.8(a),
the Franck-Condon excited state (prepared by absorption of the pump photon)
will rapidly dissipate the excess vibrational energy, corresponding to a downhill
propagation of the depicted wavepacket along the relevant reaction coordinates.

We note that the relatively large sub-ps transient-absorption changes for each
derivative imply that the accessible electronic transitions to higher excited states
changes significantly during this initial equilibration (and that these initial accessi-
ble transitions possess a far larger transition dipole moment). In Figure 5.8(b) we
indicate the corresponding accessible ESA transitions in the Franck-Condon region
(FC-ESA). Moreover, in the FC state, we expect two additional negative-differential
contributions in the transient spectra, due to the ground-state depopulation (which
corresponds to our working definition of ‘bleach’) and an equal contribution from
degenerate stimulated emission (SE) of the initial excited-state population®. Whilst
the ‘bleach’ component persists until ground-state recovery is achieved, for the cur-
rent systems where a large displacement occurs during the initial equilibration, the
degenerate-SE signal is expected to decay during the initial relaxation.

In a fluorescent dye (where radiative coupling to the ground state remains sig-
nificant even after cooling, and generally only small Stokes shifts are involved)
this is usually accompanied by the emergence of red-shifted negative-differential
absorption, i.e. non-degenerate stimulated emission, which acquires the spectral
form of the fluorescence spectrum. However, in the Fc-B-bpy systems under study,
the degree of rearrangement is expected to be large, and the initially-equilibrated
state may possess a far weaker radiative coupling to the ground state, such that
no red-shifted stimulated emission signal emerges.

In inspecting the relative amplitudes of the sub-ps transients in Figures 5.4-5.6,
we see at the near-degenerate probe wavelength (A = 540 nm) the ESA transients
are significantly smaller than those for A = 470 nm and A = 660 nm, with the actual
sign of the amplitude for A = 540 nm depending on the derivative (for [2A](PFg)2
and (Fc),BOB, the amplitude represents a small net positive absorption, whilst for
a-BOB a small net absorption decrease results). Based on the foregoing discussion,
we assign these smaller amplitude transients for A = 540 nm to a near cancellation
of the FC-ESA and degenerate stimulated emission components, both of which
decay with a similar time dependence as the wavepacket leaves the FC region. For
the probe wavelengths A = 470 nm and A = 660 nm, the FC-ESA signals dominate
the signals. As shown in Figure 5.8(c), after this initial rapid equilibration, the ESA
components corresponding to those identified in the longer-time transient spectra
in Figure 5.2 are established, and the temporal behaviour of these signals indicates
the subsequent slower excited state dynamics in returning to the ground electronic
state.

At this point, we address briefly the question of the delocalisation of the ex-
citation in these double-acceptor compounds. Comparison with preliminary mea-
surements on the single-acceptor compound [1A]PFg demonstrated no significant
differences in the transient-absorption spectra compared to the double-unbridged-

8Note that in the following discussion, we define ‘bleach’ signals as the negative-differential ab-
sorption contribution arising only from ground-state depopulation (and not degenerate stimu-
lated emission) although in the literature both are often referred to collectively as the ‘bleach
signal’, which is perhaps a more natural terminology, considering that for a idealised two level
system it is their combined presence which leads to transparency of a molecular ensemble
when half the molecules are excited, i.e. ng = Nex = %no.
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acceptor compound [2A](PFg)2 (although the comparison could only be made in
the > 1 ps delay range). Moreover, it has been observed for the MLCT excited
states in other systems with degenerate acceptors that the excitation becomes lo-
calised on a single acceptor on a sub-ps time scale [207, 233].

A semi-quantitative theory for approaching these issues is provided from molec-
ular exciton theory for a coupled dimer (i.e. in the case of two chromophores with a
finite electrostatic interaction), when the treatment is extended to include a repre-
sentative reaction coordinate for each acceptor with a Stokes shift for the electronic
transition [44] (as opposed to pure electronic wavefunctions).

In this treatment, the fact that the excited-state energy of the two chromophores
(before including their coupling) can possess non-degenerate energies (through their
respective dependence on distinct reaction coordinates) leads to symmetry-breaking
in the coupled system, such that the delocalisation of the two coupled-dimer wave-
functions decreases as the difference in the reaction coordinates (and hence ener-
gies) of the two chromophores increases. This in turn leads to one excited-state
dimer wavefunction that is lower in energy (i.e. the one more localised on the chro-
mophore with the more energetically favourable reaction coordinate). This state
is even further stabilised by increasing the difference between the reaction coordi-
nates of the two chromophores. In the ‘weak-coupling’ case (where the magnitude
of the Stokes shift is much larger than the inter-chromophore coupling), this type
of instability leads to two minima in the excited-state energy surface, i.e. where the
excitation is completely localised on one chromophore (at the excited-state equi-
librium geometry), whilst the other chromophore is in its ground electronic state
(and ground-state equilibrium geometry). This situation is depicted in Figure 5.9,
which shows both the degenerate ground-state minimum and the two symmetric
localised-excitation minima in the excited-state.

Given the analogy to the case of a donor with two identical acceptors, this
suggests that dynamic localisation of the MLCT excitation on a single acceptor will
occur in the case of [2A](PFg)2 (and presumably for a-BOB and (Fc)2BOB),
where the energy changes due to conformational rearrangement in the excited state
are significantly larger than the magnitude of the inter-acceptor coupling (Section
4.4 and 4.5.2). Since we expect this localisation to occur on the time scale of
the initial conformational changes, it is quite likely that this dynamic localisation
occurs during the initial equilibration, i.e. that the MLCT excitation is localised
on a single acceptor after 1 ps. This time-scale is consistent with that reported for
other MLCT compounds [207, 233].

We turn now to the relaxation dynamics that occur after the initial equilibration,
i.e. on the time scales 75 (and 73 for [2A](PFg)2 and a-BOB). As described in the
last section, for [2A](PFg)2 the near-degenerate transient absorption signal (A =
540 ps) decays on two time scales 79 = 18.3 ps and 73 = 913 ps with approximately
equal amplitudes for the two components (Age : Ags = —0.49 : —0.51), with a
similar ratio for the A\ = 470 ps kinetics (Ag2 : Aps = —0.52 : —0.48). Moreover,
the ESA-II signal decays completely on the shorter 7 time scale, indicating that
the wavepacket leaves the initially-equilibrated region completely, into a reaction
coordinate region where the ESA-II transition no longer possesses an appreciable
transition dipole moment, which could involve an distinct intermediate electronic
state. We will refer to this new excited-state situation as the ‘intermediate state’
(IS).

We note that the 75 decay of the predominant bleach signal (both at A = 470 nm
and 540 nm) could in general be due to one of two influences: (i) the presence of
a new ESA signal for the IS in this wavelength range, or (ii) return of a portion
of the wavepacket to the ground-state (due to the encounter with a near-crossing
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Figure 5.9.: Qualitative reaction-coordinate energy diagram for a system with two
weakly-interacting acceptors (a,b) compound, indicating the motion
from the ground-state equilibrium (i.e. Franck-Condon coordinates di-
rectly following excitation) (Q* = QP = Q§) where the MLCT exci-
tation is delocalised on both acceptors, towards one of two degenerate
excited-state minima (e.g. (Q* = Q5¥, Q® = Qf) where the excitation
is localised on a single acceptor. (Adapted from [44]).

or conical intersection with the ground state energy surface). However, from an
inspection of the relevant transient spectra for [2A](PFg)2 (Figure 5.2(a)), for
7 < 100 ps there is no evidence for the emergence of a new ESA band that could
account for case (i). Hence we conclude that the 75 decay component in the A =
540 nm signal is due to partial ground-state recovery (involving ~ 0.50 of the
excited ensemble). The remaining fraction of the excited ensemble then reaches the
IS where a far slower transition to the ground-state occurs. Due to the fact that
no photoluminescence measurements were performed in the range A > 900 nm we
cannot rule out that this slower component of the ground-state recovery is due
to a radiative transition. However, as discussed below in relation to the proposed
reaction coordinate diagrams, if the IS for [2A](PFg)2 corresponds to an excited-
state equilibrium strongly displaced from the ground-state with an energy lower
than the ground state for this geometry, then only non-radiative transitions can
occur, due to thermal excitation to the ground-state crossing. We summarise the
conclusions drawn so far for [2A](PFg)2 in the Jablonksi diagram in Figure 5.10(a).
We return to a discussion of the nature of the conformational dynamics below.

From the transient absorption data, the interpretation of the relaxation dynam-
ics of a-BOB and (Fc)2;BOB is somewhat more straightforward. For a-BOB,
whilst there is a finite decay component in the transient-absorption kinetics for
A = 470 nm (blue-edge of bleach band) and 660 nm (ESA-II) on a 75 = 5.4 ps
time scale, there is no evidence for any ground-state recovery in the predominant
bleach signal (A = 540 nm). Moreover, as less than half the ESA-II signal de-
cays on this time scale, this indicates that these m-dynamics involve only a small
conformational change to a slightly displaced IS which affects the strength of the
ESA transitions. The subsequent decay of all transient-absorption kinetics on the
T3 = 779 ps time scale implies that from this IS, there is a single slower mechanism
for coupling to the ground-state (as per the slower relaxation of [2A](PFg)2). A
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Figure 5.10.: Jablonksi diagram depicting the proposed excited-state relaxation
behaviour and time scales (following initial equilibration) for each
derivative (a) [2A](PFg)2, (b) a-BOB and (c) (Fc)2:BOB. In (a),
the wavepacket-splitting fractions (deduced from the global fit of the
kinetics and the proposed model) are indicated (0.49,0.51).

representation of these relaxation steps is given in Figure 5.10.

For (Fc)2BOB, the fact that only a single exponential decay with 7o = 44.8 ps
is present in the kinetics following the initial equilibration signifies that the entire
excited-state ensemble evolves to a conformation where efficient coupling to the
ground state occurs, with no trapping of a fraction of the excited-state ensemble
in an IS with a slower ground-state recovery time. We note that because the ESA-
IT (A = 660 nm) signal decays on the same time scale as the bleach signal, this
implies that the ground-state recovery occurs promptly as the wavepacket leaves
the initially-equilibrated state, due to encountering a conformation where a highly
efficient non-radiative transition to the ground state (i.e. a near-crossing or conical
intersection) occurs. The corresponding Jablonski diagram for (Fc)oBOB is given
in Figure 5.10.

The fact that complete ground state recovery occurs with sub-nanosecond time
constants for all the derivatives presented here, tends to rule out the occurrence
of an intersystem crossing (i.e. singlet-triplet conversion, S; — T3) in the MLCT
excited state. Although ‘forward’ intersystem crossing can occur for MLCT excited
states in medium-sized organometallic compounds on even sub-picosecond time
scales [207], the resulting triplet state generally has a lifetime of at least 10’s of ns
(and typically in the range of us) [37].

Up to this point, we have constructed schematic Jablonski diagrams to provide
an overview of the proposed relaxation pathways of the MLCT state. In concluding
this chapter, we attempt to specify the situation more explicitly in terms of the
conformational dynamics associated with the identified relaxation pathways. Given
that there is evidence for a very rapid internal conversion between the excited-
and ground-state potential energy surfaces for [2A](PFg)2 and (Fc)2BOB, it is
our working hypothesis that the excited-state wavepackets encounter, or closely
approach, a conical intersection during their relaxation, which have been shown
recently to be far more likely than avoided crossings in polyatomics of this size
(once it is established that a close approach of the potential surfaces exists), based
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on a general formal treatment [40]. In constructing a minimalistic potential energy
diagram we employ schematic diagrams involving two active reaction coordinates
[37, 38].

A schematic of the proposed potential energy surfaces for [2A](PFg)2 is depicted
in Figure 5.11 (note that certain likely conformational modes that may be active
in the relaxation dynamics are indicated on the 2D structure in the figure). In this
model, following the initial equilibration, a slower (i.e. more weakly driven) confor-
mational change along a coordinate Q2 occurs on a 70 = 18.3 ps time scale, which
corresponds to the propagation of the wavepacket along a path where it encounters
an intersection with the ground state potential surface. Given that rotation about
the B-C(Cp) bond would reasonably be expected to lead to significant changes
in the electronic coupling between the ground (D-A*) and excited state (D-A™)?,
due to the large resulting change in the D-A separation, we propose that the re-
action coordinate @2 corresponds to a form of motion which involves the B-C(Cp)
bond rotation. In general the excited-state potential (in solution) should be modi-
fied significantly with respect to the gas-phase ground-state potential involving the
B-C(Cp) bond rotation calculated in Section 4.6 (which possessed a fundamental
vibrational period estimated as 27w /wy ~ 3 ps). If we assume that the excited-state
potential is significantly ‘flattened’ relative to the ground-state potential, then B-
C(Cp) rotation in the excited state on a time scale of 79 = 18.3 ps would be a
reasonable value.

We anticipate that other relatively ‘loose’ degrees of freedom e.g. involving tilting
of the B-bpy planes and counter-rotation of the Cp-rings of the Fc will also affect the
energy of the excited state, such that the conical intersection occurs with respect
to the B-C(Cp) bond rotation and another coordinate, @1, based on these other
degrees of freedom. As depicted in Figure 5.11, we assume that only a fraction (0.51)
of the wavepacket is directed to the ground (diabatic) state, whilst the remaining
fraction (0.49) continues to propagate to a lower, displaced excited-state minimum
(IS). From this position, the only available mechanism for ground-state recovery is
through thermal/solvent-induced activation to the ground-state intersection with
a characteristic time scale of 73 = 913 ps.

For the case of a-BOB, the fact that all ground-state recovery is observed on
the 73 = 779 ps time scale indicates that no close approach to the ground-state
potential surface occurs in the excited state. This is reasonable in comparison to our
proposed model for [2A](PFg)2, where significant rotation of the B-C(Cp) bond
along a relatively unconstrained potential curve was required in order to reach
the conical intersection. The corresponding ground- /excited-state potential energy
curves along this coordinate for a-BOB will instead feature extreme energetic
barriers beyond a certain degree of B-C(Cp) rotation (due to significant bond
stretching).

However, due to the fact that a-BOB still possesses a finite flexibility of the B-
C(Cp) bond (with a concerted bending of the B-O-B bridge and counter-rotation
of the Cp rings of the Fc-unit), it is plausible that small scale motion along this
reaction coordinate occurs after initial equilibration on the 79 = 5.4 ps time scale,
which leads to the changes observed in the ESA signals on this time scale. Hence
we propose the schematic potential energy surfaces for a-BOB in Figure 5.12,
where the wavepacket proceeds on a 5.4 ps time scale along @2 to a more stable,
distorted, excited-state IS, from where relaxation to the ground state occurs on

9Note that it would be hazardous to draw strong conclusions about the excited-state coupling be-
tween donor and acceptor vs the B-C(Cp) rotation angle from the ground-state HOMO/LUMO
theoretical DFT results in Section 4.6, which did not show any strong dependence of the donor-
acceptor HOMO-LUMO overlap upon rotation of the B-C(Cp) bond.
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Figure 5.11.: Schematic reaction coordinate diagram to describe proposed relax-
ation dynamics of [2A](PFg)2. Relatively unhindered rotation about
the B-C(Cp) bond (Q2) on an 18.3 ps time-scale takes wavepacket to
a metastable intermediate state (IS) (with non-radiative decay to the
ground-state on a ~ 913 ps time scale) via a conical intersection to
the ground state.
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Figure 5.12.: Schematic reaction coordinate to describe proposed relaxation dy-
namics of a-BOB. Following small scale excited-state rearrangement
on a ~ 5.4 ps time-scale, wavepacket reaches metastable intermedi-
ate state (with non-radiative decay to the ground-state on a 779 ps
time scale). Close intersections with the ground-state potential are
prevented due to the limited motion enforced by the ansa-bridge.

the slower 73 = 779 ps time scale. We note that based on the schematic in Fig-
ure 5.12, where the displacement of the reaction coordinate (); is far smaller than
for [2A](PFg)2 (due to the limited motion along Q)2), it is possible that this IS
is still energetically higher than the corresponding ground-state potential. Hence
both non-radiative and radiative coupling to the ground state would be possible.
As mentioned earlier, an important future measurement would be to perform sen-
sitive near-IR luminescence measurements (in the range A > 900 nm) to see if any
radiative relaxation is observed for a-BOB.

For the case of (Fc)oBOB, we propose the situation shown in Figure 5.13. In the
case of (Fc)2BOB, the additional relatively unhindered degrees of conformation
freedom (involving bending and twisting of the loose B-O-B bridge) will result in an
effective reaction coordinate (3 composed of several forms of motion, in addition to
rotation about the B-C(Cp) bonds. We assume then that motion along this complex
hybrid coordinate towards a conical intersection is less direct than for [2A](PFg)2
(or involving a greater inertia for the conformational rearrangement), such that the
time scale for reaching the intersection is slowed down (relative to [2A](PFg)z2)
to the observed time scale of 7o = 44.8 ps. Moreover, unlike [2A](PFg)2, we
assume that the region where an intersection to the ground state potential occurs
corresponds to a point near the minimum in the excited-state potential, such that
complete non-radiative relaxation to the ground state results, without any fraction
reaching a displaced excited-state minimum where slower relaxation takes place.
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Figure 5.13.: Schematic reaction coordinate to describe proposed relaxation dy-
namics of (Fc)2BOB. Following significant rearrangement on a
44.8 ps time-scale, wavepacket reaches metastable intermediate state
with conical intersection to ground-state. Note that the reaction co-
ordinates (); are not assumed to be normal-mode coordinates.
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In summary, from the experimental data and proposed models for the relaxation
dynamics of the three derivatives presented here, we can draw several conclusions.
(1) The correlation between the MLCT excited-state transient-absorption spectra
for [2A](PFg)2 and a-BOB and the absorption bands of the corresponding oxi-
dised /reduced species strongly supports that the MLCT excited state involves an
almost complete transfer of an electron from the Fc-donor to the B-bpy-acceptor(s).
(2) The electronic effects of the B-O-B bridge connecting the two acceptors in a-
BOB and (Fc)2;BOB does not result in any clear characteristic differences in the
relaxation dynamics in comparison to [2A](PFg)2. This may be due to the fact
that upon excitation, the excited-state wavefunction becomes localised on only one
of the two acceptors due to the symmetry reduction introduced from instantaneous
fluctuations in the two acceptor conformations, hence leading to an electronic be-
haviour similar to the case of uncoupled acceptors. (3) The relatively unhindered
distortion of bridging bonds for [2A](PFg)2 and (Fc)2:BOB (in particular, rota-
tion of the B-C(Cp) bonds between Fc-donor an B-bpy-acceptors) is a determining
factor in the relaxation to the ground-state (i.e. back-electron transfer to the Fe-
donor), due to the ability of the excited-state wavepacket to encounter an efficient
non-radiative coupling to the ground state. This final point indicates that in or-
der to maximise the lifetime of the MLCT state, target derivatives should possess
a rigid structure linking donor and acceptor to prevent excited-state geometry
changes which lead to an encounter with efficient non-radiative decay channels.






6. Conclusions

A combined interpretation of the results and analysis presented in this work
strongly support the assignment of the MLCT band in the Fc-B-bpy compounds,
with the excited state involving an almost complete transfer of an electron from the
Fc-donor to the B-bpy-acceptor. The key results supporting this conclusion are,

(i) the observed solvatochromic behaviour of [LA|Br (Section 4.2.2), which sug-
gests a dipole moment change between the ground and excited state corresponding
to the displacement of the molecular electron density by an amount approaching
the donor-acceptor separation upon optical excitation,

(ii) the correlation between redox potentials and the observed MLCT transition
for a range of derivatives (Section 4.5.2),

(iii) the nature of the theoretical frontier molecular orbitals for the prototype
[1]7(H) (Section 4.6), and,

(iv) the comparison of the UV-vis spectral changes upon electrochemical donor-
oxidation/acceptor-reduction with the MLCT excited-state transient absorption
spectra (Section 5.2).

A number of additional results emerge which will aid the rational design of
future derivatives, for both (i) inclusion as functional pendant groups for optically-
induced CT into macromolecular systems, and (ii) polymers employing the Fc-B-
bpy monomers directly in the polymer backbone.

From the time-resolved transient absorption measurements, we can conclude that
the degree of conformational flexibility for different Fc-B-bpy derivatives critically
affects the relaxation (back-electron transfer) rate from the B-bpy acceptor to the
Fc-donor, where those derivatives with flexible linkage between donor and acceptor
(i.e. [2A](PFg)2 and (Fc)2BOB) undergo partial (or complete for (Fc)2BOB)
relaxation on a time scale of ~ 18 — 45 ps, whilst for the derivative a-BOB with a
constraining chemical bridge between the two acceptors, the ground-state recovery
occurs only on a 770 ps time scale. This strong dependence of relaxation time vs
structural rigidity can be traced to the presence of efficient non-radiative relaxation
pathways (potential energy surface-crossings) to the ground state, which involve
excited-state geometries which can only be encountered for those compounds where
significant excited-state geometric rearrangement is possible. Hence, in order to
achieve longer CT lifetimes and higher efficiencies for the optically-induced injection
and subsequent propagation of the transferred charge in macromolecular networks,
an important design principle is to ensure a rigid molecular framework linking
donor and acceptor.

A detailed comparison of the MLCT spectra of derivatives with bridged- and
unbridged-acceptors led to a conclusion supporting significant inter-acceptor cou-
pling between bpy-groups linked by -B-N-B and -B-O-B- bridges, which is an im-
portant factor for the design of macromolecular systems where electron transfer
between acceptor groups can be employed to provide a channel for charge prop-
agation. Moreover, from the theoretical results of the dication [1]**(H), there is
evidence that oxidation of the Fc unit results in frontier molecular orbitals de-
localised over both donor and acceptor, such that the inclusion of the oxidised
Fc-B-bpy units in polymeric systems may result in a greater delocalisation over the
whole Fc-B-bpy structure and hence enhance electronic-coupling between remote
electronic systems connected via these Fc-B-bpy monomers.
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The future direction of this research is aimed at low-dimensional solid-state sys-
tems incorporating these monomers for the optical control of electronic charge
injection into delocalised electronic channels. In this respect, the synthesis of
model materials, where the Fc-B-bpy compounds are attached to a well-established
oligomeric/polymeric system is anticipated. An example of a such system (poly(m-
phenylenefuchsone)) where strong ferromagnetic interactions result from the injec-
tion of additional charge was given in the Introduction, although many possible
candidate systems should be considered, where the unique synthetic advantages of
B-N bonding could be explored for incorporating the Fc-donor.

In pursuit of highly efficient optically-driven CT derivatives, the existing Fc-B-
bpy compounds still require additional synthetic modification to achieve a stronger
MLCT absorption strength, such that the required levels of optical irradiation to
maintain a significant fraction of CT excited states in the molecular ensemble can
be reduced. As demonstrated in Section 2.2.2, the incorporation of conjugated -
systems into Fc-donor derivatives can lead to excellent optical properties (emax ~
40000 M~tem ™!, Apax ~ 850 nm), through the participation of 7-bridge electronic
states in enhancing the electronic coupling between donor and acceptor via intensity
borrowing. Hence the development of modified derivatives incorporating conjugated
m-systems in conjunction with the B-N linkage (e.g. with the conjugated C chain
linking Fe-donor and B-bpy acceptor), could result in a significant enhancement of
the optical properties.

hv 0

Ground-state CT?
_ PFg
B/Me _| 6
: | é vald

(c)

Figure 6.1.: Fc-B-bpy systems for future investigation. (a) Recently synthesised
Fc-B-bpy-polymer. Possibility to prepare statistically oxidised Fc*-
centres, such that irradiation of the MLCT band of the remaining
unoxidised Fc-centres may result in photoconductivity. (b) Existing
Fc-B-bpy macrocycle compounds prepared as a mixed-valence Fc/Fc™
pair. (¢) Target Fc-B-bpy monomer with octamethylated-Fc-donor and
B-dpp acceptor, where MLCT could occur in the ground state.
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Figure 6.2.: Target polymers containing Fc-donors attached to #ri-coordinated B-
atoms integrated into the polymer 7-system backbone.

Very recently, the successful synthesis of the Fe-B-bpy-based polymer (Figure
6.1(a)) has been achieved within the group of our synthetic collaborators (AG Wag-
ner, Anorganische Chemie, J. W. Goethe-Universitit, Frankfurt am Main), and is
currently undergoing preliminary characterisation. As depicted in Figure 6.1(a), one
anticipated area for study involves preparing a statistical mixture of oxidised Fc™-
centres along the polymer backbone (either by chemical or electrochemical means).
In this case, excitation of the MLCT band of remaining unoxidised Fc-centres will
allow for electron transfer along the polymer backbone (i.e. photoconductivity)
in the presence of an external bias field. Similar parallel studies of the existing
Fc-B-bpy macrocycle compounds (Figure 6.1(b)), involving optically-induced CT
between a mixed-valence Fc/FcT pair will also be useful in investigating the pos-
sible transfer of charge between two Fc-centres following MLCT excitation. The
application of ultrafast time-resolved optical studies will be particularly suited to
probe the processes following MLCT excitation in these systems.

In terms of interesting possible magnetic phenomena, the synthesis of a modified
Fc-B-bpy compound with an octamethylated-Fc donor (OMFc) and B-dpp acceptor
(Figure 6.1(c)) is being considered. As discussed in Section 4.5.2, there is some
indication that for this compound (with a significantly destabilised OMFc-donor
HOMO and stabilised B-dpp acceptor LUMO) the MLCT state might well be the
ground state of the system. In such a case, this ground state would be composed of
both a cationic radical Fc™ and anionic radical B-dpp™ which could interact either
ferro- or antiferromagnetically [18].

In parallel with the future development of materials with tetra-coordinated-B
linkage, current work with our synthetic collaborators is underway to produce
polymers incorporating t¢ri-coordinated-B in the backbone, with Fc attached as
a pendant group to the B atom, such as the structure shown in Figure 6.2. In these
systems, the empty p-orbital of the B atom allows it to participate in electronic
states delocalised along the polymer chain, as suggested from studies of related
polymers [234]. We anticipate that the CT excitation of the Fc-group should result
in optical injection of an electron into the delocalised states on the polymer back-
bone. Future time-resolved optical studies will also be applied to these systems.






A. Auxiliary spectroscopic data and results

A.1. Solvent data for solvatochromism analysis

Table A.1 gives the relevant solvent parameters [50], including effective solvent
dimensions determined by analysis of 3D solvent approximate solvent structures
and dipole moments obtained from www.nist.gov/srd. Figure A.1 shows the solvent
polarity functions ¢(es) and ¢(n?) as defined in Eq. B.102 for the solvents employed
in the solvatochromism study of [1A]Br in Section 4.2.2.

Solvent Property
Name Formula Optical Static Dipole Density ~ Molar Average  Van der
refractive  dielectric moment p mass van der  Waals
index constant I (kg m3) M Waals radius
n s (D) (g mol!)  radius Llu
(A) (A)
Water H20 1.333 80.1 1.85 1 18.02 1.35 1.59
N,N’-dimethyl-
formamide DMF 1.4305 36.7 3.82 0.944 73.09 2.54 3.22
Acetonitrile CH3CN 1.3442 37.5 3.52 0.7857 41.05 2.07 2.85
Chloroform CHCl3 1.4459 4.806 1.04 1.489 119.38 2.52 2.31
Dichloro-
methane CH2Cl, 1.4242 8.93 1.6 1.3266 84.93 2.33 2.28
Dimethyl-
sulfoxide DMSO 1.4785 47.24 3.96 1.1014 78.14 2.51 2.81
Table A.1.: Refractive index, A = 589 nm) static dielectric constant (es) data for

Static Onsager
polarity function ¢(e_)

Figure A.1.: Onsager polarity functions p(es) and ¢(n?) for the solvents

A.2. Fc-B-bpy UV-vis absorption data and fitted band parameters

the solvents employed in the study of the Fe-B-bpy compounds [50].
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the solvatochromism study of [LA]|Br in Section 4.2.

used in

A complete listing of the fitted MLCT and HE bands for the Fc-B-bpy compounds
is given in Table A.2.
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Compound Solvent MLCT band HE band
Amax  €max Ao €0 Avrwam  f Ao €0 AvpwaM @ f
(nm) (M~'em™!) (nm) (M~'em™!) (cm™1) (nm)  (M~lem™!)  (em™1)
[1A]Br CH3CN 503.3 521 499.7 528 6220 0.015 369.4 388 6935 2.35 0.012
DMF 494.9 433 492.5 449 6456 0.013 367.6 346 7297 2.41 0.011
H2O 484.9 370 481.8 371 6207 0.011 367.2 258 6464 2.18 0.0071
DMSO 494.2 437 494.1 437 6345 0.013 366.6 361 7468 2.41 0.012
CHCl3 527.0 520 525.1 525 5948 0.014 368.4 504 8158 2.77 0.018
CH2Cl, 524.3 470 523.9 470 6130 0.013 362.3 495 8979 2.46 0.019
[1A]PFe CH3CN 503.5 487 485.2 502 5940 0.014 359.6 371 7197 2.51 0.011
DMF 497.7 419 497.8 418 5954 0.011 370.9 314 7300 2.61 0.0098
[2A]Br2 CH3CN 512.7 891 510.9 905 6123 0.025 365.8 813 7602 2.12 0.027
DMF 511.7 778 511.2 799 6179 0.023 368.8 730 7704 2.44 0.026
H2O 496.0 670 493.2 671 6208 0.019 362.7  598.1 7318 1.97 0.019
[2A](PFg)2 CH3CN 512.2 871 508.3 880 6255 0.025 359.6 902 7933 1.95 0.031
DMF 511.2 770 511.8 778 5971 0.021 372.9 678 7659 2.88 0.022
a-BOB CH3CN 532.0 944 529.4 963 5260 0.023 411.2 367 7483 3.06 0.017
DMF 531.3 918 533.3 933 5065 0.022 419.9 434 5084 1.69 0.014
a-NSiMe CH3CN 549.9 - 551.9 - 4959 - 419.9 - 5219 0.847 -
a-NPhOMe CH3CN 532.8 - 531.6 — 5753 - 378.0 - 7885 3.17 -
(Fc)2BOB CH3CN 536.8 801 549.1 809 6243 0.023 381.6 1127 8510 1.99 0.059
[1C|(PFe) CH3CN 605.4 429 604.0 429 5994 0.012 407.9 423 8213 25.57  0.022
[2A](NPhOMe) CH3CN 518.7 - 5211 - 6104 - 3480 - 9862 179 -
[2A](OH) CH3CN 522.0 - 522.3 - 5841 - 362.3 - 8552 229 -
[2N](PFe)2 THF 501.0 862 498.9 864 6039 0.024 367.3 757 7318 2.34 0.046
PS film, 300 K — - 485.9 859 7928 (0.031) - - - - -
PS film, 20 K - - 485.2 954 8270 (0.036) — - - - -

Table A.2.: Fitted MLCT and HE band parameters for the Fc-B-bpy derivatives.
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A.3. Fc-B-bpy UV-vis spectroelectrochemical time-series

The UV-vis spectro-electrochemistry time-series data for [LA]PFg and
[2A](PFg)2 is shown in Figures A.2 and A.3.

Differential extinction coefficient (10° Mcm™)
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Figure A.2.: Time-series differential UV-vis absorption of [1A]PFg (in DMF) dur-
ing electrochemical processes (a) l-e”oxidation (ox1l), (b) first 1-
e reduction (redl) and (c) second 1-e~(red2) reduction. Bold lines
denote the final absorption curve, whilst small arrows indicate direc-
tion of change with time. Static redox potentials are for each set of
spectra are indicated in the inset of each panel.
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Figure A.3.:

Differential extinction coefficient (10° M*cm™)
(@]

o

]
w

IS, J R A A R
-1 | BUNNEINY N N R -

S
__(b)rediab |

AR
ol

=T —+-Jo

T g&y 5

-15
. i i il
SRR SO NN SR RN S ST N R A J DU, AU DU RN UL AU AU BN LI B
R R ARt Y O A e
J S N R R Eain e n et
b A XS
o o o o o o o O 00 O
Yol o n o o o o O o000 O

Wavelength (nm)

Time-series differential UV-vis absorption of [2A](PFg)2 (in DMF)
during electrochemical processes (a) 1-e~oxidation (ox1), (b) first 2-
e~ reduction (redl) and (c) second 2-e~reduction.
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A.4. Expressions for the initial degenerate transient-absorption signal
of a two-component sample

We consider a sample composed of a dilute mixture of two (non-interacting) com-
pounds, with molar fractions f; and absorption cross-sections ¢; and a total molec-
ular density ng. In the following, we assume identical non-diverging, cylindrical
pump/probe beams (cross-section A). The pump pulse energy vs distance z in the
cuvette can be written,

J(2) = Joe~(1Fe2)> (A1)

where the absorption coefficients are given by «; = o;f;ng. The differential pump
pulse energy absorbed by each compound is given by,

dJ;

P o (2) = g Jge~(eataz)L, (A.2)

which yields the initial excitation density profile for each compound,
) o= (ontaz)z, (A.3)

The initial change in sample absorption (at the pump wavelength) due to each
compound is given by,
AOéi = —2Aniai, (A4)

so that the probe pulse energy obeys,

dJ,
o~ f(on + By (2) + (a2 + Aas ()] I, (A5)
or,
L
Jp (2) = Jpoef(alJraQ)L exp —/dz (Aag + Aag) | . (A.6)
0

This yields the differential transmitted probe pulse energy (i.e. relative to that in
the absence of the pump),

L
AJ, = Jpge_(o‘1+0‘2)L exp —/dz(Aal +Aag)| —15. (A.7)
0

The normalised differential signal is thus given by,

L
AS AJ
S0 = T (ranr = O ‘/dz(ml the =L (A
p
0

or, to a good approximation for typical differential signals,

L
A
854 —/dz (Aay + Aas). (A.9)
So

0

From Eq.s A.3 and A.4 we have,

J
Ao (2) = =2, fiotnge ot fazaes, (A.10)
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so that,

L
AS Ji
< = 2&% (fr07 + f203) /dze(f1”1+f202)”02

" 0 (A.11)

_ JO (flo_% + fQO_%) |:1 - e—(f10'1+f20'2)n0Li|
hvA  fio1 + fa02 ’

or for a weakly absorbing sample,

AS Jo
S—O % QMTL()L (flaf + fQO'%) . (A.12)

Writing the approximate single-component signals as (%—f)i = QFJ{/—OAnOLfiUf, the

relative contribution from each compound is given by,

AS\ [(AS\ _ fob
(SO)2/<SO>1NJ610%. (A.13)

Eq. A.13 demonstrates that the presence of a small quantity of impurity compound
(with a molar absorption strength greater than the non-impurity compound) in the
sample can lead to a relative contribution to the transient absorption which is not
given simply by the ratio of the ground-state absorptivities, i.e. as/a1 = foo2/ f101,
but is larger by a factor o3/01. A numerical case study is given in Section A.5 for
the case of a-BOB and the impurity Fe(bpy)3'.

A.5. Spectroscopic comparison of contaminated/purified samples of
a-BOB

As mentioned in Section 4.4, the original samples of a-BOB contained a small
fraction of the impurity Fe(bpy)?r. Considerable effort was required to isolate a
usably-pure a-BOB sample with a low yield (carried out by our synthetic collab-
orators, AG Wagner, J. W. Goethe-Universitét). Here we demonstrate the impor-
tance of high sample purity for spectroscopic studies of relatively weak absorption
bands (such as the MLCT band of the Fc-B-bpy compounds) in the presence of
contaminants (with far stronger absorption).

A regression analysis of the contaminated a-BOB-sample absorption spec-
trum ey, using the spectra of purified a-BOB (g1) and Fe(bpy)§+ (¢}) as per,
Etot = M1€1 + 1Me2eo, yielded the molecular number fractions 7; = 0.961 and
19 = 0.038. Note that 7 + 12 = 1.00, which was not constrained in the regression
analysis, and testifies an accurate calibration of the spectra. This analysis demon-
strates the critical distinction between “synthetic purity (i.e. with fo ~ 0.038 molar
impurity)” and “spectroscopic purity” (in this case, ~ 0.26 of total absorption is due
to impurity at 500 nm) for (relatively) strongly absorbing contaminants. Moreover,
from an inspection of the spectra in Figure A.4 it emphasises the specific hazard
that the impurities (which generally possess common moieties) may often have an
absorption profile which is similar to that of the target chromophore, and hence
remain undetected without careful quantitative analysis.

The far more drastic impact of relatively small quantities of such strongly-
absorbing contaminants arises when one considers the expected impurity contri-
bution to a transient-absorption signal (due to the quadratic dependence of the
molar absorbance). Using the values above, and Eq. A.13, we can predict the rela-
tive contributions to the degenerate (bleach) signal. This is demonstrated in Figure
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Figure A.4.: UV-vis absorption of contaminated a-BOB samples and stringently
purified samples, and spectra of predominant contaminant Fe(bpy)%Jr
Included is a regression of the spectra of purified a-BOB and
Fe(bpy)3*

A5, which shows the expected relative initial bleach signal amplitude (relative to a
pure sample of a-BOB) as a function of the impurity concentration of Fe(bpy)%Jr
For the impurity concentration derived above of fo ~ 0.038, Eq. A.13 predicts that
the Fe(bpy)3t-impurity contribution to the initial bleach signal (for a pump wave-
length Aex = 500 nm) is ~ 2.5 times that from the target a-BOB chromophore.
An comparison of transient absorption traces taken for the contaminated sample,
and purified samples of Fe(bpy)?r and a-BOB (obtained only near the end of
the study) are consistent with this magnitude of distortion. Whilst in principle it
would be possible to remove the Fe(bpy)?,)+ contributions from the earlier transient
absorption measurements on a-BOB, this was not pursued due to the fact that
such a decomposition analysis depends critically on the relative excitation density,
beam geometry and concentrations in each set of measurements.
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Figure A.5.: Predicted initial degenerate transient absorption (bleach) signal (c.f.
Eq A.13) for an a-BOB sample contaminated with Fe(bpy)?,fr vs im-
purity fraction fs relative to a pure a-BOB sample, using the molar
extinction coefficients for Mgy = 500nm.
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A.6. Additional materials
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Figure A.6.: UV-vis absorption of neat polystyrene film (drop-cast from THF so-
lution (concentration 30 mg/mL)).



B. Derivation of theoretical results

B.1. Perturbation theory results for D-A"™ complexes

B.1.1. Donor-single-acceptor complex, D-A

In order to obtain useful semiquantitative expressions for the energies and wave-
functions of a donor-acceptor (D-A) system in terms of the isolated donor and
acceptor (and their interaction) using low-order perturbation theory, an approach
is needed which is appropriate for unperturbed wavefunctions which are not eigen-
functions of a common hamiltonian (and hence are also not in general orthogonal).
The results of the following perturbation treatment for a donor-single-acceptor
system was first presented in Ref. [42] without derivation, except for stating that
it is based on a ‘generalisation’ of a derivation in Ref. [235] for the simpler case
of a set of orthogonal eigenfunctions of a common unperturbed hamiltonian (and
perturbation). Moreover, whilst a modern reference [187| addressing the case of a
donor—double-acceptor complex exists, they avoid any explicit expressions for the
corresponding energies of the system. Hence it is deemed appropriate to present a
clear derivation of all required results here'.

The approach is based on an approximate simplification of the finite-basis secular
determinant (which is limited to the unperturbed, one-electron ground state wave-
functions), which is shown to parallel standard Rayleigh-Schrodinger perturbation
theory, only allowing more readily for the use of non-orthogonal unperturbed wave-
functions, for which different terms in the hamiltonian represent the perturbation.

We assume we have two one-electron wavefunctions, ¢, (j = 1,2), which are the ground-
state eigenfunctions of the isolated donor and acceptor, respectively, and use these as an
approximate basis to describe the two lowest one-electron wavefunctions of the weakly-
coupled D-A system:

@ = Zj:1 Cjipi- (B.1)
In terms of the hamiltonian for the combined D-A system, H, we require:
Hyl = B¢ (B.2)
Switching to Dirac notation, this requires for 7, j = 1, 2:

(il H |©}) = cjn (@il H 1) + ¢j2 (@il H |@2)
=cj1Hji +cjoHjo

(B.3)
= E; (cj1 (@i | o1) + cj2 (@i | Y2))
= E; (¢j18i1 + ¢j25i2)
or,
cit (Hin — EjSi) + ¢j2 (Hiz — E}Siz) =0 (B.4)

or in matrix form for j =1, 2,
Hyp — ESS11 Hiz — B S ¢ | _ | Hu—E; Hix—EjS Gt | _po
Hyy — E}Sa1 Hap — E}Sa Cj2 Hig — EiS12  Hy — Ej Cj2
(B.5)

"Moreover, it should be noted that in the more modern account in Ref. [43] it appears that
the first-order perturbation terms are simply discarded, due to the emphasis on the second-
order effects (i.e. wavefunction mixing), which makes this habitually-cited reference potentially
misleading.
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where we used the fact that H is hermitian, as well specifying ¢; € R, so that Hip =
H3 = Hy ,S;5 = S;Z- = Sj; and have taken normalised unperturbed wavefunctions, i.e.
Sii = 1. (Note that these assumptions only simplify the algebraic form of the following
expressions, and do not affect the principle results.) Non-trivial solutions to Eq. B.1.1
require:

Hy —E;  Hiz— EjSi2

Hy — EiS12 Ha — Ej

=0, (B.6)

which is the standard secular equation.

In the present case, the eigenvalues and eigenfunctions could be obtained exactly (within
the approximation of the finite basis set). However, in order to prepare for the case of a
larger basis, we want to develop the diagonalisation problem approximately, in a way
that parallels standard low-order perturbation theory (although the standard Rayleigh-
Schrédinger or Brillouin-Wigner results are not directly applicable, as we are dealing with
a non-orthogonal basis of unperturbed wavefunctions which do not share a common un-
perturbed hamiltonian).

The application of perturbation theory is as follows [235]. We assume that the unper-
turbed wavefunctions ¢; are only weakly mixed by their respective perturbations in H.
In order to find approximate E; and 30;, we assume that E; ~ Hj; for all elements in the
secular determinant except at the (4, j) position. Moreover, all terms away from the j-th
row and j-th column are set to zero. (Note that these rather seemingly drastic simplifi-
cations still maintain a level of approximation equal to standard low-order perturbation
theory.) For j = 1:

Hy1 — Ef His — H11512

=0 B.7
Hip — H11512  Hap— Hiy (B.7)
or,
Hyp — H115)2
E, = Hi; — (— B.8
! H Hsy — Hiy (B8)
This yields for the coefficients,
H{o — H1S
C12 __He 11 12. (B.Q)
ci1 Hyy — Hyy
Similarly, for j = 2 :
Hip — H22512)2
B = Hyp + : B.10
? - Hyp — Hiy (B.10)
and o oo
02_1 _ 12 — 22 12' (B.]_]_)

C22 Hyy — Hyy

We can demonstrate that these equations are consistent with standard perturbation theory
(with orthogonal eigenfunctions of an unperturbed Hamiltonian, H(®). If we write H =
HO + HD then,
_ 7700 1 _ 1)
Hjj = Hjy’ + Hjy" = Ej + Hjy,

Hy = Hyy + Hy = Hy),

and
S12 = 0.
Substituting these expressions into Eq.s B.1.1-B.1.1 e.g., for j = 1 yields,
1

(Hy)’

EizEl +H1(P_ )
(B2 + Hyy) — (E1 + HYY)

(B.12)

and,
W
C12 = — (1) 21 (1) C11, (B13)
(E2 + H22 ) - (El +H11 )

which are consistent with the standard results of Rayleigh-Schrédinger perturbation theory

(first-order wavefunctions, second-order energies).
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B.1.2. Symmetric double-acceptor complex, A-D-A

We now employ three-dimensional bases and write: ¢, = 2?21 ¢;ipi- The secular equations
now read,

Hy — E;  Hia— E;S12 Hiz— EjS13 ¢
H21 — E;-SQl H22 — E§ H23 — E§523 ng =0 (B14)
H31 — EjS31 Hzp — EjS32 Hss — B €53

We assume that the two isolated acceptors are identical, i.e. the unperturbed wavefunctions
w2 , 3 are degenerate (but centred on different origins). For the case to be treated (i.e. a
sum of three independent effective potentials, one from each isolated system), it is possible
to write the total hamiltonian for the A-D-A complex as H = H'+ H?3)_ and we can first
treat the degenerate (2,3)-subsystem alone. If we carry out this part of the problem without
approximation, then the results can be used in the subsequent perturbation treatment
for the full A-D-A system as per the D-A case without requiring any special additional
considerations. For the 2-3 degenerate system we have,

HSY — B, H3Y — Sy

=0, (B.15)
HEY — Sy HypY — B

where, in the present case, the two acceptors are interchangeable, and hence HQ%’S) =
HZ . Solving Eq. B.1.2 yields,

(H? — Ej)? — (HS® — E;S23)? = 0,
or,
2,3 2,3
By £ g
1+ So3

which is exactly the same result as for the simple MO treatment for H [98]. The corre-
sponding coefficients yield symmetric («) and antisymmetric (3) eigenfunctions,

Bop = (B.16)

1
Ca,32 = ﬁ = ica,ﬁ?n
which defines

Pa,p = % (p2 £ p3). (B.17)

Now we use this new non-degenerate basis in the full A-D-A problem:

H11 7E§ Hla*E_;‘Sla H1g7E§Slg le
Hla - E;Sla Hoca — E; Haﬁ Cja = 0, (BIS)
Hyp — E}S15 Hup Hgp — E} ;B

where S,3 = 0. Following the previous implementation of perturbation theory from the
D-A case, we solve the approximate secular determinant equation, which reads for j =1,

Hy — By Hio — H1151a Hip — H1151p
Hio — Hi1510  Hoo — Hin 0 =0, (B.19)
Hig — H11518 0 Hgs — Hix

which upon rearrangement gives,

(Hia — H11514) (Hip —H1151ﬁ)2

E, =Hy — — B.20
C T Hao - Hu Hgs —Hu (20
Cl_a :7H1Q*H1151a (B 21)
C11 Haa - Hll .
and,
cp _ _Hip— HiSip (B.22)

i1 Hgp — Hyq



166 Derivation of theoretical results

Likewise for j = a,

(Hloz _Haasla)Q (HaB)Q

E =H — B.23
o oo Haa*Hll Hﬁﬁ*Haa, ( )
Cal Hla - Haasla
= B.24
Caa + Haa - Hll ’ ( )
and,
Cap Hag
- = B.25
Can Hﬁﬁ - Haa ' ( )
and for j = 3,
B — Hy, s s HypS1p)° (Hap) (B.26)
g Hpp — Hiy Hpp — Hao' '
Hi3s — H
csp Hpp — Hu
and,
« Ha
Sa _ y_HoB (B.28)

¢ss  Hpp — Hoa

When we consider the single-electron hamiltonian as H = T + V) 4 V2 £ V) some
of these expressions are considerably simplified (due to the symmetrised properties of .

and ¢g).

B.2. One-electron wavefunctions and charge transfer transitions of
D-A" complexes

B.2.1. Donor-single-acceptor complex, D-A

(pd (Pa

We describe the D-A system using one-electron wavefunctions and an effective
potential composed of the sum of the isolated donor (ezcluding the valence electron
under consideration), VP, and acceptor, VA, with no response of either potential
to the wavefunction occupied by the electron. (Note that this is quite a severe
approximation, in that the remaining electrons on the donor cannot relax upon
charge transfer, which is the major assumption in this model. The neglect of using
correctly antisymmetrised wavefunctions also results in the neglect of the exchange
energy contribution, although due to the small overlap of the wavefunctions this is
expected to be only a small correction).

The hamiltonian is written as,

H=T+VP4+VA, (B.29)
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where (T + VD) pa = Eqpq and (T + VA) Ya = Fap,. From Eq.s B.1.1-B.1.1 we have,

8021 = Sad + cda@a,

with,
g = _ Haq — HadSad
: Haa - Hdd
and,
Had — HaaSaa)”
By = Hyq — o
d ad Haa - Hdd
Also,
©n = Pa + CadPd;
with,
Cod = Had - HaaSad
* Haa - Hdd
and,
Had — HaaSad)?
Eili. = Haa + ( ad dd ad) = Haa + (Haa - Hdd) nga

Haa - Hdd

= Haq — (Haa — Haa) 3,

(B.30)

(B.31)

(B.32)

(B.33)

(B.34)

(B.35)

where from hereon we will always take c¢;; = 1 (and leave the resultant perturbed wave-

functions slightly unnormalised).
Substituting the unperturbed eigenfunctions gives:

Haa = (pa| T+ VP + VA |0a) = Ea (pa | a) + (pal VA |0a)

= EqSaa + V3
= Hda

= {pa| T+ VP + V2 [pa) = Ea (@a | 0a) + (al VP |a)

= EaSad + Va]?h

Haa = (pa| T+ VP + VA |p4) = Eq (¢a | ¢a) + (wal V" |¢a)

:Ed+‘/(1%1a

and,

Haa = (pa| T + VP vA |0a) = Ea(®a | ¥a) + (¢@al VP |a)

=FE, +VD.

For ¢/, this gives,
Vad = VidSad

Cda = —

and,

Ejy=Eq+ Vi — 3, [(Ea — Ba) + (V2 — ViY)],

whilst for ¢!,
Vd]?; — Va]gsad
(Ea — Ea) + (Va]g - Vdél) 7

Cad =

and,

El=Ey + VR + 2 [(Ba— Ea) + (V2 = Viy)] .

For the transition dipole moment we have,

1 aa = (gl M |@y) = ((@al + cda (wal) M (J@a) + cad |¢a))
= (pd| M [pa) + cda (pal M |@a) + cad (¢a| M [pa) + O (02)

R gy + Cdallas T CadMdg
= (/J/da - Sadlidd) + Cda (ll’aa - ll’dd) )

(Ea = Ea) + (VR = Via)”

(B.36)

(B.37)

(B.38)

(B.39)

(B.40)

(B.41)

(B.42)

(B.43)
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using cga + Caq + Saq = 0. This result represents an important result for charge-transfer
transitions between the interacting donor and acceptor, which demonstrates that the fi-
nite oscillator strength for the transition results from two terms, (i) the ‘contact’ term
(Hqs — Sadtqq) due to the finite overlap of the unperturbed donor and acceptor wavefunc-
tions, and (ii) the ‘transfer’ term cga (f4, — Haq); Which results due to mixing of the donor
and acceptor orbitals. Due to the fact that the transfer term effectively contains local tran-
sition dipole moments, for appreciable mixing of the donor and acceptor wavefunctions this
term is expected to dominate.

Assuming that the mixing of the unperturbed orbitals is negligible (due to a large ener-
getic separation), then cqa = cag = 0 and from Eq.s B.40 and B.42 the energy separation
of the two perturbed states is given by,

AE}, ~ (By — Eq) + (VR - Viy) . (B.44)

This shows that the approximate photon energy for the transition is shifted by two terms,
(i) V2, i.e. the electrostatic interaction of the valence electron on the acceptor with the
ozidised donor (which will lead to a red-shift of the CT transition), and (ii) Vi, the
electrostatic interaction of the valence electron on the donor with the acceptor.

In the case where the ground-state donor and acceptor are both neutral, we have V{} ~
0, and the transition energy is lowered by V.2 < 0. However, in the case of a ground
state with neutral-donor and cationic-acceptor, then V.2 ~ Vi and no significant red-
shift results from the interaction terms. However, in general, a cationic acceptor will have
a greater electron affinity, i.e. F, will generally be lower in energy. Note that inclusion of the
mixing terms ¢ will in general result in an additional blue-shift of the CT transition (due to

the resulting stabilisation of the donor and destabilisation of the acceptor wavefunctions).

B.2.2. Symmetric donor—double-acceptor complex, A-D-A

¢, Py P,

The total hamiltonian can be written,
H=T+VP4+VvA4+ VB (B.45)

where (T4 VP) pq = Eapa, (T +V?2) @a = Eaga and (T + VB) ¢y, = Eagpy, (Ep, = Ea).
Using the perturbation results for the symmetrised-acceptor basis, for ¢,

s = _Hoa — HaaSaa _ Vaa — ViaSaa (B.46)
“« Haa - Hdd (Ea - Ed) + (Vc]ujoz - 2‘/(1%) ’ -

where V{4 = VE and VA = VE. From the antisymmetry of ¢g it is clear that,
cag = 0. (B.47)
The corresponding energy is given by,

Ej = Eq + 2V} — i [(Ba — Ea) + (Vi — 2V3)] - (B.48)
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For ¢,
caa = Do~ HooSda _ Vo ~ Voo Saa . (B.49)
Hoo — Haa (Eo — Ea) + (Vi — 2Vgq)
Again, from symmetry (i.e. Vb% =0),
cap = 0. (B.50)
The corresponding energy is then given by,
El, =FEo+ VD + 2y [(Ba — Ea) + (VI — 2V4y)] (B.51)
For )3, from symmetry we have,
cga =0, (B.52)
cga =0, (B.53)
and,
Ej = Eg + Vi, (B.54)

i.e. the antisymmetric acceptor wavefunction does not mix with the donor wavefunction.
We now express these relations in terms of the original single acceptor wavefunctions
and energies. We need the following results,

E — H;AQ.B + H;AbB — E + Vali + ‘/ijl?:}. — E + ‘/a]i B VbBaSab + VbBa B Valzsab
f 1+ Sap T+ S @ 1- 52, 1-52
A 1 A
Vad = /2 ( ad + Vo) »
VB Vada
Sda = 7 (Sda + Sab) = V2S4a,
1
Vi = (Via + Van)

V2
and,

Vo, == (Via+ Vin + Vb + Vi) = Vi + V.

N~

Substitution yields, for ¢/,

A A A
e = —V/2 (Vad + Voa) — 2ViaSaa (B.55)
VB +vB ’
(Ba — Ea) + (5555 + VR + VB -2V
and,
Vi + W
E) = Eq + 2V — &, [(E —Eq+ 7‘3) + (Via +Vih — 2Vdf§)] : (B.56)
1+ Sab
For ¢,
ad VB+VE ) ‘
(Ba— Ba+ 855) + (VR + VR - 2vf)
and,
E =E +%+VD+VD+CQ E—Ed—l—% +(VD+V QVA)
« a 1+ Sab aa ab ad a 1+ Sab aa b dd
(B.58)
For ¢ = ¢p,
vB_vB
Ej=E, + 22— 4 YD _yD. (B.59)

1— Sap
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Figure B.1.: Non-linear double-acceptor CT complex.

The transition dipole moment for the symmetric acceptor wavefunction vanishes due to
the antisymmetry of the transition dipole moment operator, i.e.,

l"’lda =0, (B.60)

whereas for the antisymmetric acceptor wavefunction,

1 ap = (4l M |@}) = ({pa] + cda (Pal) M (J¢g) + cga |$a))

= (pal M |@g) + caa (pa| M |pp)
= =5 foal Mlin) = <= {gal Mlgw) + 5o (fgal + ) M) = ) 561
1

1
=7 (Kqa — Bap) + 5Cda (Han + Ba — Hap — Hpp)

= ﬁ”’da + CdaMaq-

This result exemplifies the situation in a symmetric linear donor—-double-acceptor com-
plex, i.e. whilst mixing with donor wavefunction occurs only for the symmetric acceptor
wavefunctions, the CT transition to this state is forbidden, whilst for the antisymmetric
wavefunction, the opposite situation holds. However, this latter transition can also gain
intensity through mixing of the donor and symmetric acceptor wavefunction due to the
finite transition dipole moment between the symmetric and antisymmetric wavefunctions.

We note that if we neglect mixing, then the predicted transition dipole between the
donor and antisymmetric acceptor wavefunction is given by u',5 = V24, and the os-

cillator strength f o |“,d6|2 for the CT transition is twice that for the single-acceptor
transition. The energy separation for each state, also assuming negligible mixing, is given
by,

AFE)s = (Ea — Ea) + (Vi — 2Viy + Vi2)

(B.62)
= (Ba = Ba) + (Vaa — Via) + (Vaa — Vaa)
Comparing this result to the single-acceptor AE), (Eq. B.62), we have,
AE); = AEy, + (Vs — Vi) (B.63)

For a neutral-donor-neutral-double-acceptor complex, we have |V{y| > [VB| ~ 0 and
we expect a small blue shift (due to the fact that the donor-acceptor distance is smaller
than the acceptor-acceptor distance). However, for a donor with two cationic acceptors, we
expect much larger electrostatic interactions with |VA | significantly larger than [V.E| due
to the smaller separation, and a significant blue-shift of the CT transition should result.

An important difference arises when the A-D-A complex is not linear, but form an angle
260 as in Figure B.1. In this case, the transition dipole moment to the symmetric acceptor
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wavefunction does not vanish, and the CT transitions to the symmetric and antisymmetric
acceptor wavefunctions will vary with cos?(6) and sin®(6), respectively [187].

If we return to the energies of the symmetric (E7,) and antisymmetric (Ej) wavefunc-
tions (Eq.s B.58 and B.59), then neglecting mixing these two energies should be separated
by,

‘/alg + ‘/ba ‘/alg — ‘/b%

VB SaVB
AFE! = E/ £ — oyD — ba ab Vaa
ap = 8T 118y | 1- Sy Ve 1— 52,

+2VD.  (B.64)

B.3. Solvatochromic shift and broadening of a symmetric
charge-transfer electronic transition for a charged-solute

The following derivation for the expected solvent shift and broadening of a
charge-transfer electronic transition, using second-order perturbation theory and
subsequent classical averaging of the perturbation terms, is based closely on the
treatment in Ref. [48]. However, in order to treat the case of a solute with net
charge, we need to include additional terms arising from ion-dipole interactions.
Moreover, the classical averaging is now performed with the dominant ion-dipole
term in the Boltzmann factor, which, after retaining only the most dominant
terms, leads to a correction to the result for neutral solute molecules [48]. It should
be noted that the neglect of solvent-solvent interactions is quite a significant
approximation, although this is approximately accounted for through the use of
the solvent dielectric properties through the Clausius-Mossotti and Clausius-Debye
relations [48] (as opposed to the explicit solvent dipole moments).

For a single solute molecule and a set of solvent molecules n, and neglecting solvent-solvent
interactions, we have H = Ho + Y Ho, + Y V,, where,
n n

Vn = (Vnuc—nuc)n + (‘/el nuc) + (V:el el)

B Z1Zns (B.65)
_Iz;|r . Z|r17r J| Z|r17r Z|rz

I*rnJ| *rnj|

and the sum is over all solute/n-th solvent nuclei (charge Z;, Z, s, position rr,r, ;) and
electrons (ry,r,;). In each solute/n-th-solvent reference frame where the vector RZ, is
the displacement from the molecular centre of 1 to the molecular centre of 2, each distance
can be expressed as in terms of the local coordinates,

rig=R |1+

21— 2) | (@12’ + @ — )"+ (21— )|
R R? '

Taking an inverse power expansion yields:

1 1 (Zl — 22) 1

1 1
B e <5 (27 + 23 + yi + 5 — 227 — 223) + 2122 + Y1y2 — 221Z2>+O <

R*

T12 R R2 R3
(B.66)
Now we evaluate each term in the expansion, V™.
ViV =% ZZIZM —ZZM —ZZI +Zl
1
— — (PP, — NP, — PN, + NN, (B.67)
1
= R_n(P_N)(Pn_Nn)
1

Ry,
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where P and P, are the total nuclear charge on the solute and n-th solvent, respectively,
N and N, the corresponding total electronic charges, and @, = P, — N, are the net

molecular charges. This term clearly corresponds to the ion-ion contribution. If one or

both molecules are neutral, V,El) =0.

Vf):ﬁ ZZIZnJ 21 — ZnJ) ZZnJ i — ZnJ) ZZI 21 — Znj) +Z Zi — Znj)
n \77

= R2 Qn <§ Zrzp — E Zi) -Q § Znjing — § Znj
n I i J J
(B.GS)

These terms correspond to ion-dipole interaction. For neutral solvent molecules @,, = 0,
and,

v = f% > Znsins =Y g |- (B.69)

1
3) _
Vi = 2R3

Z Z1Zny (27 + a0y +yi +yng — 221 — 220;) — Z Zny (23 + 20y +y7 +yng — 227 — 227 5)
1.7 i

—ZZI (ac% —l—xij + 52 —l—yij — 227 — 22,21]-) + Z (xf —l—xij +y? +y72w- — 222 — 22721]-)
I.j .3

1
+ I > Z1Zns (21T0g + Y1yng — 221205) = Y Zng (XiTng + Yitns — 22iZns)
IJ i,J

= Zr (1 + Yryng — 220%05) + Y (Tinj + YiYing — 22i%n;)
1,5 4,J

! Qn{ZZ[ (27 +y7 — 227) Z(xf+yf2zf)}
T

2R3 :

+Q Z Zng (Thy +yny —2205) — Z (25 + ynj — 221;)
J

J

Z Z1Znilrng — Z Zniling — Z Zrlrn; + Z Iing| »
1,J i,J 1,5 4,7

(B.70)
where 14,5 = 24%nB + YaYns — 2242np. For Q, =0,
1
(3) - ___ 2 2 2 . 2 2 2
V 2R3 ; Z"J (InJ + Yng Qan) Z]: (xn]’ + ynj 22’"])
(B.71)

Z L1 Znilrng — Z Zngling — Z Zilpng + le’,nj
1.7 I 1, i.j

Assuming that the spatial distribution of the solvent charge density is small compared to
the distance between the solvent and solute, we can neglect the remaining ion-quadrupole
term:

% ZZIZnIIInJ ZZnJIsz*ZZIIIn]‘i’ZI'LnJ (B72)
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We introduce the dipole operators,
M = Z Ziry — Z r;
I i

and

= § Zngtng — § Tpj.
7 J

If we define the matrix: T, =1 — Sknkg (where k,, is the unit vector along the z,-axis),
then we can rewrite Eq.s B.69 and B.72 as,

vV = —%kn -M", (B.73)

n
and,

1
Vv = M- Ty - M". (B.74)

n

These are the two interaction terms we employ in the following second-order perturbation
theory.

We take a ground state electronic wavefunction of the form ¥, = ( [| ©g | “g, where 1)

n
and @y refer to the isolated solute and n-th solvent molecule, respectively. The interaction
Hamiltonian term for all solvent molecules is given by

V:ZVn:Z%M-Tn~MMQZ$kn~M" (B.75)

The only excited wavefunctions that will contribute to the energy perturbation (to sec-
ond order), involve at most one solvent excitation, i.e. we need consider only the electronic
wavefunctions,

=<H¢g>-we, Uip=| ] e | ebte and,  W'p=|(]]wd] o v

n#p J#p

The last of these (involving both excited solvent and solute) leads to a dispersion term,
which should be far smaller than the ion-dipole and dipole-dipole terms, and will be
neglected.

The first-order correction to the ground state energy is given by,

1 1
ABN = (Vg V[Wg) =7 o7 (sl M T M |5 15)—1Q Y | o (9| Ken - M [ 045
n n n n

(B.76)
Introducing g, = (| M |¢)g) , and pf = (| M™ |@), we can rewrite this as,

1 1
ABN =73 g To iy —1Q Y prkn - g (B.77)
n n n n
The second order corrections are given by

2 K gIVl‘If
app -y VIl
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where the sum is over all the excited states above. For U/,

2
AE) le IVI\I/>| Z<<W§)'%;‘/Jgg@%>-we>
ZZ %%}V |¢g¢e>_<gzwe|vk R

<80]¢g|M T; M/ — QRk; - MJ‘SDJ%) <<Pg1/)e‘M Tr - My, — QRiky - Mk|80§¢g>

1
=YY —

11, M [1he) (e | M |t
e 4.k J

€e — Eg

1 11,
=572 g (P M [9d) Ty o T (| M i)
e jk Ik

(B.78)

— 22 ¢3|M|¢'e><we|M‘¢'g> FOI' ‘Illlp

Ee—Eg

where ag; =

2

‘<(D%) Ve 25 <2Hpsog> -sos-wg>

E//(Q)p Z | 9| 14 |\I/”I)>| _ Z
eb —ef

<(§[ sog) |V (il;[p%) e wg>

(1) o g

2

2

(H wé) -k ~¢g>
i#p

_ 22 1 [k | M- T, - MP — QRyky, - MP ] - l/fg”
eb — &b
9 Sﬁg'7/’g|M'Tp'Mp*QRpkp'Mp|90§'1/’g><90g'¢g|Mp'Tp'M*QRpMp'kag'wQ
=7 Zﬁ P _ P
e P e g
_ 2zi<%'¢g|M'TP'M”\Sﬁé"¢g><s0§'wg\Mp~Tp-M|<p€-wg>

+’72in<¢€'¢g|M'TP'MP|501g)'wg><901g)'wg|Mp'kp|<Pg'1/)g>
— R} eb — ek

2 1 (gl - gl Ky - MP [0 - i) (2f - g | MP - T, - M|k - 4
+7QZE P _ P
e P e g

2 2 1 <‘Pg'¢g|kp'Mp|<Pg'¢g> <<Pg'¢g|Mp'kp|"F’€'wg>
—7°Q 234 P ,
e D e g

(B.79)
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or,
(0B MP |oF) (0B | MP |iol)

eb — &b

1! 1
AEg(Q)p = —9? Z 0 (hg| M [tpg) - T - Ty, - (Vg M [thg)
e 1Y

1 (k| MP [08) (b | MP |B)
+7°Q ) 75 Wl Mty) - T = ‘55_55 =k
e P € g
1 (B MP |@) (ph| MP [F)
+°Q Y iy MDD
e P € g

1 (pB| MP |F) (@F | MP [F)
*’YQQQZﬁkP' : ‘E§>_<E§| =k
P € g

1 1 1
2 T T 2 T T
=" RG“g p'o‘g' p Mgt Q_Rs“g' p'o‘zg)'kp""YQQ_Rs)kp'o‘zg)' P Hg
P P

1
- Q ﬁk Oélg) 'kp,
(B.80)

(«pSIM"I%)w |M*|oP)
E —E

where of = 2 Z . Summing over all solvent molecules,

AE//(Q) ZAE//
:7—22 T; o} T py +7°Q T; o - 2Q k-~aj~T-~
v R@#g “Hg T R5/”’g kjy j Qg Ly Mg

—~2Q? ﬁk a -k;.
(B.81)
Putting together all the perturbation terms we have,

AE; = AE(Y + AE + AE!®
1 T WP S R BN ST
ZVZﬁ#g'T]'Hé*W ZWH?;'T“%'T g =37 ) ke T o Ty
j ' i
w@Z AN vz@Zng o)kt QQZ—k oy Ty

2Q2 Z —k -
(B.82)

For the solute excited state, we will assume that solute dipole moment changes dominate
and take oy =~ .. Thus, writing the difference in solvation energies of the ground and
excited stateAFe., = AE, — AE; , we have,

AE.q = (AES! + AES) — (AEFY + AES), (B.83)
where AEg'd =7 Z Rigug . ué and AEg'id = —Q Z RL?k . ué .
J J

We now carry out a classical Boltzmann averaging of these terms to get the expected
ensemble average (AFe.g). For each energy term (i.e. each solute-solvent pair), we need to
evaluate the expression,

((aEp),) = Zi] /dpj (AE), exp (—(AEy), /kT), (B.84)

where,

/dp] = / / / / dO© d® df;dp; sin©siné;, (B.85)

©=09=06,=0¢;=0
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and,
Z; = / dp; exp (~(AE,), /kT). (B.86)

For a charged solute, we expect that the ion-dipole interaction AE;® will be dominant,
and hence use (AEy), ~ (AEfg‘d)j in the Boltzmann factor. If, however, this expectation
value vanishes, then we include the next most significant dipole-dipole term, (AEg)j ~

i-d d-d
(3B, + (AE})
In terms of spherical polar coordinates, with

Mg = [ sin®cos®, sinOsin®, cosO ]T, (B.87)
we have,

- Y
(AES d)j = D3

R? ug~Tj ~ué = Rl?ugué (cos p; sin @ cos  sin © + sin p; sinf; sin ¢ sin © — 2 cos b cos O) ,

(B.88)
and, (AEL- d)j = 72k pl = —yQui-L cosf;, and the appropriate Boltzmann factor
J J
is then given by,

1 1
exp { T (AEI d) ] = exp <’ykgﬂg R2 cosf; ) = exp (A; cosb;), (B.89)

with A; = fy%%%?, or, if this result vanishes,

P { k;lT {(AEI 0t (AEg_d)j}] ~ eXp< o7 (AE) ) [1 - o7 (MBS,

1 ,
= exp (A;j cosb;) ll - k_T%“g“é (cosp; sin 6 cos P sin © + sin p; sin §; sin & sin © — 2 cos §; cos ©)
J
(B.90)
For <(AE§'d)j> the averaging with only (AEfg'd)j vanishes. Thus we take,
1
d-dy \ _ 1 , d-d i-d _ L d-d
((arH)) -7 [ vy (3EE), e ( (2B )J) [1 o (am),
1
= /d (AES d) exp (A; cos 0;) (B.91)
"5
2 72 2 1 3
=37 (ghy) R [2 - A—jL(AJ)] ;
where L (A;) = coth (4;) — A% is the Langevin function.
For ( (ABF) ),
i 1 - 2 4 1
((@rr),) = 7 [ oy (MBI exp (4 cost)) = 92 (ug gy (B2)
, J

For the excited state, from the Franck-Condon principle, we retain the ground state
energies in the Boltzmann factors, due to the fact that the solvent cannot reorient on
the time scale of the absorption process. In general, we can write the solute excited state
dipole as,

1
2|2

Mo = He (cosar; +sinar’;) (B.93)

(e mig) g l1<u)

Heltg  Hg Heltg
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where r; = [ cosOcos®, cosOsin®, —sind ]T and r; = [ —sin®, cos®, O ]
Hence,

sin © cos @ cos d + sin 6 (cos © cos P cos a — sin D sin )
e = e | SINOsin® cosd + sind (cos O sin P cosa + cos Psina) |, (B.94)
cos O cosd + sin d (—sin O cos )

where ¢ is the angle between p, and p,. Then,

] 1 _ N ) _
<(AE§1 d)j> = Z /dpj (AE;1 d)j exp ( T (AE )]) [1 -7 (AES d)j]
Pj
) _ 1 N
=77, | Wi (MBS (AB) jexp (—ﬁ (AEgd)j) (B.95)
21 72 [ 3 ]
= e 2——L(A)],
“3rTROMETH (5)° o L)
and,
<(AEd ld J = / Ed ‘d ;€Xp (Ajcos@) = —12 (e)? aé%. (B.96)
J

P

Combining these results, and taking identical solvent molecules, ué = g s aé =al,

2 42 2 1 3 1

(AFeg) = —g7Thg (ke — 1) (153)°D e {2 - A_jL (Aj)} — 7 (12— 1) g Y ok
J J J J

(B.97)

Note that for @ — 0, A; — 0 [2 — %L(Aj)} — 1. We introduce the molecular den-

oo
sity, ng = %, and take the continuum limit, i.e. Zf (R;) — 4mn [ drr? f (r). Putting
a

A(Rj) = ’YQ,?%R%_ = R% where B = ’kaT, we have

1 3 7o 34 B B
o 2| —sdmm [dr= 2422 (1-Zcoth (2
S b ] e [ 2 (1= B (33))

(o]
47 ng 3 1 3rt B B (B.98)
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3 3= (0.B).

where we define the integral function,
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Moreover,
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Substitution into Eq. B.97 yields,

2
27~ a N (,LL) B Ns g
OB =202 () g (e~ 1) g B~ T (=) e (B0

Using the Clausius-Debye equation [48]

Ng (u§)2+ e —1 (&)
3cg \ KT ) T oy P

and the Clausius-Mossotti equation,

2
ns 4 n°—1 9
3eg n?+2 v (n ) ’
where,
r—1
_r-2 B.102
pla)=-"—s. ( )
then,
2v_( a 2 Y o2 2 2
(AEeg) = ——F (ﬁ) py (e = 1) (9 (26) =9 (n°)) = —5 (e — 1) @ (n*) - (B.103)
If we now assume the special case of a symmetric displacement of charge about the
molecular centre, we impose an origin of coordinates such that p, = —p, = %Au, then,
ABsry = (AEeg) = 22 [ —= | (A)? (¢ (es) — ¢ (n?)). (B.104)
g ag \/E

For the expected corresponding solvent-induced bandwidth, we need to evaluate, o2 g =
<AE§_g> (AEe_g> . For the first term, we perform the following expansion and carry out

classical averaging as above.
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(B.105)

The following dominant terms are,
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and,

Once again, switching to a continuum, with, A (R;) = 7Q% 72 = R B = 7@5—% we

have as before, > 25 {2 — A%L (Aj)} — 232 (a, B), and,
J

J

Given that all terms in (AE,)” depend on higher orders of (1/a®) we have,

2y _( a 2(n 2y _( a o [ ng
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2
where we assume p, || p,, so that in terms of (AFe ) = 5= (—) (Ap)? P 255 We can

write,
0t = 2kT (AEe.g) = 2kT AEqqy. (B.109)
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C. Auxiliary results from theoretical (TD-)DFT
calculations

Crystal structure Theoretical

structure

[1A]PFs [1]" (1)
Bond lengths (A)
B-C(11) 1.592 1.573
B-N(21) 1.613 1.596
B-N(31) 1.580 1.579
N(21)-C(26) 1.360 1.351
N(31)-C(36) 1.352 1.355
C(26)-C(36) 1.457 1.459
Bond angles (°)
N(21)-B-N(31) 94.9 95.5
B-N(21)-C(26) 112.5 112.8
B-N(31)-C(36) 113.8 113.1
N(21)-C(26)-C(36) 109.2 109.2
N(31)-C(36)-C(26) 109.4 109.3
Dihedrals (°)
C(25)-C(26)-C(36)-C(35) -2.2 +0.4
C(1)-B-C(11)-C(12) 39.7 34.9

Table C.1.: Comparison of selected bond lengths, angles and dihedrals from (a)
X-ray diffractometry structure determination of [LA|PFg and (b) the-
oretical structure for prototype [1]T(H) from DFT calculations.
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Transition Coeff. HOMO LUMO A (nm) FE (eV) Epomo-rLumo f
1 0.70 0] — [0] 1058 1.17 1.66 0.0006
2 070 [1] — [0] 1020 120  1.69 0.0028
3 0.70 [-2] — [0] 699 2.01 2.67 0.0084
4 0.68 0] — [+1] 598 2.07 2.64 0.0004
013 (0] —  [+2]
012 [-1] — [+1]
5 0.68 1] —  [+1] 589 2.10 2.67 0.0031
013 [[1] —  [+2]
012 0] —  [+2]
6 066 [0] — [+2] 548 226  2.94 0.0013
0.15 0] — [+4]
012 [1] —  [+5]
011 0] — [+2]
7 0.64 [-1] — [+2] 543 2.28 3.12 0.0004
017  [1] — [+4]
0.15 0] — [+5]
011 [1] — [+6]
0.10 1] — [+1]
8 041 [0] — [+3] 516 240 5.1 0.0002
0.38 1] —  [+4]
-026  [-1] — [+2]
024 [1] — [+6]
019 0] —  [+4]
012 [1] — [+3]
9 051  [3] — [0] 499 248  2.97 0.0013
047  [4] — [0]
011  [5] — [0]
10 051  [4] (0] 492 252 2.96 0.0003
-048 [-3] — 0]

Table C.2.: Calculated lowest-energy electronic transitions for [1]*(H) from TD-

DFT calculations.
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