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IV Abbreviations and notation

Symbol Units
χe solvation reorganisation energy J, eV
∆Esolv solvatohromi band shift energy J, eV
∆νFWHM wavenumber bandwidth (FWHM) m−1, m−1

∆νsolv solvatohromi band shift wavenumber m−1, m−1

E′◦

(ox,red) formal oxidation/redution potentials V
ε(max) extintion oe�ient M−1cm−1(M≡mol L−1)
ǫs solvent stati dieletri onstant -
f osillator strength
λmax peak absorption wavelength m, nm
ν photon wavenumber m−1, m−1
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1. IntrodutionThe aim of this study is to investigate the photophysis and eletroni struture ofa lass of novel donor-aeptor harge-transfer omplexes, whih are omposed of aferroene-donor (F1) attahed to organi aeptors via an intervening B-N network(as per the prototype ompound shown in Figure 1.1(a), with a spei� examplefor a single bipyridine-based aeptor (B-bpy) in Figure 1.1(b)) [1, 2, 3, 4, 5, 6, 7℄.The entral goal was to on�rm the proposed assignment [7℄ of the observedvisible absorption band in these ompounds (whih we refer to hereafter as F-B-bpy ompounds) as a metal-to-ligand harge transfer (MLCT) eletroni transition,i.e. a diret optially indued transfer of an eletron loalised on the F unit intovaant orbitals on the aeptor group.Due to the fat that the bridge between the F-donor and aeptor group(s)involves a saturated tetraoordinated B-atom, it ould be expeted that negligible1Ferroene, i.e. diylopentadienyl-iron(II), is omposed of a entral Fe(II) atom between twoylopentadienyl rings (Cp−, C5H−

5 ).
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(c)Figure 1.1.: Related F-B-bpy derivatives. (a) Generi model for F-B-bpy harge-transfer ompounds studied in this work. (b) Example ompound

[1A]PF6 indiating optially-indued harge-transfer. () Related tar-get polymer systems where optially indued harge transfer (CT)is used to injet harge into deloalised eletroni states in a poly-mer bakbone. (d) Example of existing F-B-bpy polymers with themonomer units in the main hain (with possible appliations for mixed-valene transport along the polymer).
1



2 Introdutiondeloalisation of moleular orbitals aross the B-atom would result, with only avery weak through-bond eletroni oupling between donor and aeptor. Hene itwas unlear as to whether the observed visible absorption band (with a peak wave-length of λmax ∼ 500 nm) was due to a MLCT transition, or simply an exitationpredominantly loalised on the F donor, with the transition energy shifted intothe visible range due to indutive e�ets from the aeptor substituent, or onlya small degree of deloalisation onto the aeptor. Whilst evidene supporting aneletroni interation between the F-donor and B-bpy-aeptor was provided in aninitial study [7℄, based on the semi-quantitative spetrosopi omparison of er-tain derivatives and indiret ESR measurements of the eletrohemially-reduedderivatives2, the assignment of the MLCT band remained unertain and no detaileddesription of the degree of harge transfer upon optial exitation was available.In this study, we present and olletively analyse results from UV-vis absorptionand (spetro-)eletrohemistry measurements, quantum hemistry alulations andultra-fast time-resolved spetrosopy on various F-B-bpy derivatives. A ombinedinterpretation of these data on�rm the assignment of the MLCT absorption bandand provide a better understanding of the eletroni struture of these ompoundsand the relaxation dynamis of the MLCT exited state.The ompelling evidene that emerges in support of the assignment of the vis-ible absorption band in the F-B-bpy ompounds as a diret MLCT transitionthat involves an almost omplete exited-state transfer of an eletron from theF-donor to the B-bpy aeptors is based on (i) an analysis of the e�et of the sol-vent environment on the MLCT transition energy, (ii) the orrelation between theMLCT transition energy and the orresponding redox potentials of the F-donorand organi-aeptor for a range of derivatives, (iii) the moleular orbitals fromtheoretial DFT alulations on a prototype F-B-bpy ompound, and (iv) theorrelation between the UV-vis absorption hanges that result upon eletrohem-ial oxidation/redution of the F-B-bpy ompounds and the transient absorptionspetra of the MLCT exited state.A ritial omparison with other F-donor-based ompounds and auxiliary spe-trosopi measurements provide further details of the eletroni and photophysialproperties of these ompounds to aid in the future design of monomers with im-proved properties (e.g. greater absorption strength and extended exited-state life-time) and maromoleular systems inorporating these monomers. An importantresult from the time-resolved spetrosopy measurements is that for the F-B-bpyderivatives with �exible linkage between donor and aeptor, a signi�ant frationof the CT exited-state relaxation (non-radiative bak-eletron-transfer, (b-ET))ours on a ∼ 18 − 45 ps time sale (i.e. exponential time onstant), whereas forompounds where the donor and aeptor geometry is onstrained by additionalbridging bonds, the b-ET ours only on a muh longer time sale of ∼ 780 ps.The investigation of these prototype F-B-bpy monomers is part of a largerprojet3 aiming at inorporating these moleular units into low-dimensional solid-state maromoleular assemblies (e.g. polymers), where the optially-induedharge transfer ats as the �rst step in injeting harge into a deloalised system(Figure 1.1()) where the injeted exess harge will have a strong e�et on the ex-2Note that a detailed desription of the evidene existing at the beginning of this study insupport of the assignment of the MLCT band is given in the introdution to Chapter 4.3The work on optial ontrol of the harge and spin orrelations in low-dimensional metal-organisystems is a key theme for the work of AG Roskos, Physikalishes Institut, J. W. Goethe-Universität, as part of a larger multi-disiplinary Deutshe Forshungsgemeinshaft (DFG)Forshergruppe projet (412), `Spin- und Ladungskorrelationen in niedrigdimensionalen metal-lorganishen Festkörpern'. The F-B-bpy ompounds studied in this work were synthesised andinitially haraterised within AG Wagner, Anorganishe Chemie, J. W. Goethe-Universität.
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Figure 1.2.: Examples of existing maroyli and oligomeri derivatives related tothe F-B-bpy ompounds.isting eletroni harge- and spin-orrelation phenomena of the eletrons already inthe deloalised system [8℄. An important part of the haraterisation of the MLCTexited-state for the F-B-bpy monomers involves determining the exited-statelifetime, i.e. the time sale for b-ET to the F-unit. This is a ritial parameterfor their performane when inorporated into larger moleular systems, as it deter-mines (i) the steady-state onentration of CT states that an be maintained for agiven irradiation level of a sample, and (ii) the net e�ieny of seondary harge-transport mehanisms following the initial CT whih will ompete with the b-ET.Moreover, a omprehensive investigation of the di�erenes in eletroni struturefor di�erent derivatives provides an important key to improving the strength of theinitiating MLCT absorption.Whilst existing MLCT ompounds involving a F-donor onneted to an organiaeptor via a onjugated arbon bridge have been well established (for use asnon-linear optial hromophores), the use of a B-N arhiteture an provide sig-ni�ant syntheti advantages in ahieving sophistiated target systems, due to thespontaneous formation of B-N bonds [9, 10, 11, 12, 13, 14℄. Examples of the kindsof maromoleular systems inorporating B-N linkage ahieved to date are shownin Figure 1.2. An important additional property of the F-B-bpy ompounds isthat they an exist in a number of stable oxidation states, allowing the additionalontrol of their properties through eletrohemial eletron removal/addition.In addition to the use of these monomeri units as funtional pendant groupsattahed to maromoleular systems, due to the exited-state deloalisation be-tween the F-donor and organi-aeptor groups, they are interesting andidatesfor in-hain polymer building bloks (e.g. Figure 1.1(d)). As an example, in thease of a mixed-valene polymer [15, 16℄ where adjaent F-units are present as Fand oxidised F+ (i.e. with the valene eletron involved in the MLCT removedfrom the latter), the optial MLCT exitation of the F groups will plae an ele-tron on an aeptor whih may then relax into either of the resultant oxidisedF+ groups, hene providing a means for optially-indued eletron transport (i.e.photoondutivity).In order to plae the F-B-bpy ompounds in perspetive, we brie�y identifyrelated systems and some relevant appliations in the following.
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Figure 1.5.: Example of polaroni-ferromagneti polymer, PMPF [36℄, with m-phenylene ferromagneti oupling groups linking fuhsone spin radi-als. The radials are prepared after synthesis by eletrohemial re-dution.ment of an optial-CT hromophore to the fuhsone group one ould in prinipleoptially ontrol the presene of these spins, and the deloalised ferromagnetiinteration.1.1. OutlineThe struture of this dissertation is as follows:Chapter 2. A short bakground theory of eletroni struture in polyatomimoleules, radiative and non-radiative eletroni transitions and intramoleularharge-transfer phenomena is presented. We also review the eletroni strutureand photophysial properties of F, and established F-donor ompounds whihexhibit strong MLCT transitions in the vis-NIR range, to lay down a benhmarkfor the MLCT absorption properties that an be ahieved in F-donor ompounds.The UV-vis absorption and eletrohemial properties of the relevant organi a-eptor groups are also presented, for omparison with the results of the F-B-bpyompounds in Chapter 4.Chapter 3. Here we present the bakground theory and experimental detailspertaining to the femtoseond time-resolved measurements. This inludes a disus-sion of the optial pulse soures used in the transient absorption measurements,i.e. white-light ontinuum pulses and non-ollinear optial parametri ampli�ers(NOPA), and the design and instrumentation of the measurement system that wasbuilt up as part of the researh work. A brief disussion of the time resolution andoherent artifats that arise in the time-resolved signals is given.Chapter 4. This hapter summarises all the non-time-resolved results for the F-B-bpy ompounds. We present the UV-vis spetra of the F-B-bpy ompounds insolution and the quantitative extration and omparison of the absorption bandsfor a range of F-B-bpy derivatives. An analysis of the solvatohromi shift of theMLCT band using a modi�ed model developed for ationi solutes is applied to thedata for the single-B-bpy-aeptor ompound ([1A]Br), whih supports a MLCTtransition involving almost omplete displaement of a unit eletroni harge fromthe F-donor to the B-bpy-aeptor. Measurements of ertain derivatives in dopedpolymer �lms (inluding low-temperature measurements) and as a single rystalare presented, whih demonstrate the e�et of a solid-state environment on theMLCT absorption band.The eletrohemial data for a seleted set of derivatives is given, inluding aorrelation analysis of the F-donor-oxidation and B-bpy-aeptor-redution poten-



1.2. Publiations 7tials vs the MLCT transition energy, whih supports the MLCT assignment andprovides an estimate for the Stokes shift assoiated with the MLCT transition. Wealso present the relevant UV-vis spetroeletrohemistry data whih is omparedto the exited-state transient spetra in Chapter 5.The �nal setion of this hapter presents the alulated density-funtional the-ory (DFT) results for a representative prototype F-B-bpy ompound, [1]+(H),inluding (i) the moleular orbitals and energies for both ationi and diationioxidation states, (ii) a preliminary time-dependent-DFT (TD-DFT) alulation forthe lowest optial exitation energies, (iii) the ground-state potential and moleularorbitals for an ative reation oordinate desribing the relative onformation ofthe F-donor and B-bpy-aeptor for [1]+(H), and (iv) the eletrostati potentialof the ationi oxidation state. These results provide support for the MLCT bandassignment, and are used wherever appliable in omparison with the experimentalresults.Chapter 5. Here the time-resolved transient-absorption results in the visible rangefollowing diret MLCT exitation for three related F-B-bpy derivatives in solutionare presented. The three derivatives are hosen to ompare the e�ets of (i) a rela-tively unhindered rotation about the B-C bridging bonds onneting F-donor andB-bpy-aeptor, and (ii) the presene of an -O- bridging bond between multipleaeptors. The exited-state transient-absorption spetra are ompared to analo-gous spetral hanges observed upon eletrohemial donor-oxidation and aeptor-redution whih aids in the assignment of the various bands in the exited-statespetra and provides further support for the MLCT band assignment. A om-parative analysis of the deay of the transient absorption kinetis for the threederivatives is performed, whih suggests that for the two derivatives where large-sale exited-states onformational hanges an our, a signi�ant fration of theMLCT exited state an relax on a time sale of 10s of pioseonds, whilst inthe presene of a onstraining bridge between aeptors where this motion is sup-pressed, all ground-state reovery proeeds on a far longer time sale → 1000 ps.Shemati models involving multiple reation oordinates are proposed to aountfor the observed dynamis for eah derivative, with the onlusion that for the twoderivatives with �exible donor-aeptor onformation, an e�ient non-radiativeoupling to the ground state is enountered during exited-state relaxation, whih,onsidering the number of degrees of freedom in these medium-sized polyatomis,is tentatively assigned to the involvement of a onial intersetion in eah ase.Chapter 6. We onlude with a summary of the key results and suggestions forfuture work on related F-B-bpy systems.1.2. PubliationsThe publiations diretly related to the researh work presented in this dissertationare as follows:1. M. Thomson, H. G. Roskos and M. Wagner, On the way to `optial doping' ofeletronially low-dimensional polymer systems with strong harge and spinorrelations, Appl. Phys. A 78 477-481 (2004)2. M. Thomson, M. Novosel, H. G. Roskos, T. Müller, M. Sheibitz, M. Wagner,F. Fabrizi de Biani and P. Zanello, Eletroni struture, photophysis, andrelaxation dynamis of harge transfer exited states in boron-nitrogen bridgedferroene-donor organi-aeptor ompounds, J. Phys. Chem. A 78 3281-3291(2004)



8 IntrodutionAs part of the broader researh work on opto-eletronis, signi�ant ontributionswere made to the following publiations:1. R. Leonhardt, K. J. Siebert, H. Quast, T. Lö�er, M. Thomson, and H. G.Roskos, Continuous-Wave THz Imaging with Photoondutive LT-GaAs An-tennae Proeedings of the 3rd Symposium On Non-Stoihiometri III-V Com-pounds pp. 25-30, (2001).2. M. Wekenbrok, M. Hattass, A. Czash, O. Jagutzki, L. Shmidt, T. Weber,H. Roskos, T. Lö�er, M. Thomson, and R. Dörner Experimental evidene foreletron repulsion in multiphoton double ionization Journal of Physis B 34,L449-55 (2001).3. T. Lö�er, S. Eden, M. Thomson, and H. G. Roskos, THz generation bythird-order non-linearities in air and air-plasmas Ultrafast Phenomena XIII,Springer Series in Chemial Physis, Vol. 71, pp. 274, Springer Verlag, Berlin(2002).4. K. J. Siebert, H. Quast, R. Leonhardt, T. Lö�er, M. Thomson, T. Bauer, H.G. Roskos, and S. Czash, All-optoeletroni CW THz-imaging OSA Trendsin Optis and Photonis (TOPS), CLEO 2002, Postonferene Edition, CFD1p. 633 (2002).5. S. Eden, T. Lö�er, M. Thomson, and H. G. Roskos, Optoeletroni THz Gen-eration by Third-order Non-linearities in Air and Air Plasmas OSA Trends inOptis and Photonis (TOPS), QELS 2002, Postonferene Edition, QWA23p. 144 (2002).6. K. J. Siebert, H. Quast, R. Leonhardt, T. Lö�er, M. Thomson, T. Bauer,H. G. Roskos, and S. Czash, Continuous-wave all-optoeletroni terahertzimaging Appl. Phys. Lett. 80, 3003 (2002).7. K. Siebert, T. Lö�er, H. Quast, M. Thomson, T. Bauer, R. Leonhardt, S.Czash, and H. G. Roskos, All-optoeletroni CW THz imaging for biomedialappliations Phys. Med. Bio. 47(21), 3743 (2002).8. K. J. Siebert, T. Lö�er, H. Quast, R. Leonhardt, M. Thomson, T. Bauer,H. G. Roskos, and S. Czash, All-optoeletroni CW THz imaging for tumorreognition Ultrafast Phenomena XIII, Springer Series in Chemial Physis,Vol. 71, pp. 280, Springer Verlag, Berlin (2002).9. N. Hasegawa, T. Lö�er, M. Thomson, and H. G. Roskos, Remote Identi�a-tion of Protrusions and Dents on Surfaes by Terahertz Re�etometry withSpatial Beam Filtering and Out-of-Fous Detetion Appl. Phys. Lett. 83, 3996(2003).10. T. Lö�er, T. Hahn, M. Thomson, F. Jaob, and H. G. Roskos, Large-AreaEletro-opti ZnTe Terahertz Emitters, to be submitted to Optis Express.11. T. Lö�er, M. Kreÿ, T. Hahn, M. Thomson, and H. G. Roskos, Terahertz emit-ters for ampli�er laser systems, to be submitted to Semiondutor Sieneand Tehnology.12. T. Lö�er, M. Kreÿ, M. Thomson and H. G. Roskos, E�ient Terahertz PulseGeneration in Laser-Indued Gas Plasmas, aepted for publiation in AtaPhysia Polonia (A).
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1.3. Zusammenfassung 111.3. ZusammenfassungIm Rahmen dieser Dissertation wurden die Photophysik und die elektronisheStruktur einer Klasse neuartiger Donator-Akzeptor-Ladungstransfer-Komplexe un-tersuht. Im Wesentlihen bestehen diese Verbindungen aus einem Ferroen-Donator (F) und organishen Akzeptoren, die über B-N-Bindungen verbrükt sind.Abbildung 1.6(a) zeigt einen Prototyp dieser Art von Komplexverbindungen. Einespezielle Verbindung mit einem einzelnen auf Bipyridin basierenden Akzeptor (2,2'-bipyridylboroniumkation, B-bpy) ist in Abbildung 1.6(b) dargestellt4.Zentrales Ziel der Untersuhungen war es, die Annahme zu bestätigen, dassdie beobahtete Absorptionsbande dieser kationishen Komplexverbindungen, dieim Weiteren als F-B-bpy-Verbindungen bezeihnet werden, einem Ladungstrans-fer von Metall zu Ligand (engl. Abkürzung: MLCT) zugeordnet werden kann,gleih bedeutend mit einem optish induzierten Übergang eines in der F-Einheitlokalisierten Elektrons in ein unbesetztes Orbital der Akzeptor-Gruppe.
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(a) (b)Abbildung 1.6.: (a) Shema einer metallorganishen Verbindung mit B-N-Brükezwishen Donator und Akzeptor. (b) Spezi�shes Beispiel [1A]PF6mit einem einfahen B-bpy-Akzeptor und dem shematishdargestellten optish induzierten Ladungstransfer.Die vorliegende Arbeit wurde im Rahmen eines gröÿeren Projektes5 durhge-führt, dessen Ziel es unter anderem ist, niedrigdimensionale makromoleku-lare metallorganishe Verbindungen, z.B. Polymere, herzustellen und zu unter-suhen. Der hier untersuhte optish induzierte Ladungstransfer soll dabei denLadungsübershuss regeln, der in delokalisierten elektronishen Kanälen auftritt,in denen starke Spin- und Ladungs-Korrelationen existieren. Dabei würden dieF-B-bpy-Monomere entweder (a) an das Polymerrükgrat angehängt, um dortLadungsträger zu injizieren, oder (b) direkt in das Polymerrükgrat integriert.Eine B-N-Arhitektur ersheint dabei besonders vielversprehend, da sih B-N-Bindungen bei dieser Art makromolekularer Systeme spontan ausbilden.Die Brüke zwishen F-Donator und B-bpy-Akzeptor enthält ein gesättigtesvierfah-koordiniertes B-Atom. Daher könnte man annehmen, dass nur eine ver-nahlässigbare elektronishe Delokalisierung über diese Brüke erfolgt und deshalbnur eine shwahe elektronishe Kopplung zwishen Donator und Akzeptor exis-tiert. Aus diesem Grund war es unklar, ob die beobahtete Absorptionsbande, diez.B. für [1A]PF6 ihr Maximum bei 500 nm hat, von einem MLCT-Übergang odervon einer im F-Donator lokalisierten Anregung herrührt. Im zweiten Fall kommen4Die F-B-bpy-Verbindungen wurden von unseren Hauptkollaborateuren, AG Wagner, Anorgan-ishe Chemie, J. W. Goethe-Universität, Frankfurt am Main, hergestellt.5Die Untersuhung von optish kontrollierbaren Spin- und Ladungs-Korrelationen in niedrigdi-mensionalen metallorganishen Systemen ist eines der Hauptarbeitsgebiete der ArbeitsgruppeRoskos, J.W. Goethe Universität, Frankfurt am Main, als Teilprojekt eines gröÿeren interdiszi-plinären Forshergruppe-Projekts (412) `Spin- und Ladungskorrelationen in niedrigdimension-alen metallorganishen Festkörpern' der Deutshen Forshungsgemeinshaft (DFG).



12 Introdutioneine durh den B-bpy-Akzeptor induzierte Vershiebung in Rihtung des sihtbarenSpektralbereihs oder nur eine shwahe Delokalisierung in Rihtung des Akzeptorsals Ursahen in Frage.Während eine frühere Arbeit Hinweise auf eine elektronishe Wehselwirkungzwishen F-Donator und B-bpy-Akzeptor gab, blieb die Zuordnung der MLCT-Bande unsiher. Des Weiteren war eine detaillierte Beshreibung des optishenÜbergangs, speziell des Grades des Ladungstransfers, niht verfügbar.Die vorliegende Arbeit analysiert eine Vielzahl vershiedener verwandter F-B-bpy-Derivate. Gegliedert ist die Arbeit in (i) Untersuhungen der Absorp-tionsspektren vom UV bis zum nahen Infraroten Spektralbereih (250-1000nm) an Lösungen, dotierten Polymer-Dünn�lmen und Einkristallen, (ii) elek-trohemishe Messungen an Lösungen6, (iii) quantenhemishe Berehnungen7und (iv) zeitaufgelöste optishe Spektroskopie des angeregten Zustands auf derPikosekunden-Zeitskala.Den Groÿteil der experimentellen Arbeiten im Rahmen dieser Dissertation stell-ten (i) die Präparation und Charakterisierung der vershiedenen molekularenProben für die spektroskopishen Messungen und (ii) die Entwiklung des optis-hen Spektroskopie-Systems mit breitbandigen Femtosekunden-Pulsen sowie denentsprehenden Detektionsmethoden dar.Die Ergebnisse dieser Arbeit deuten sehr stark auf die Existenz des MLCT-Übergangs, entsprehend eines fast vollständigen Übergangs eines F-Donator-Elektrons zum B-bpy-Akzeptor in den angeregten Zustand hin. Zu diesem Shlussführen die folgenden zentralen Resultate:(a) Im Rahmen dieser Arbeit wurde die Abhängigkeit der MLCT-Übergangsenergie von der Dipolarität der Lösung experimentell bestimmt und miteinem Modell, das für diese Art von kationishen Verbindungen weiterentwik-elt wurde, verglihen. Diese Analyse beinhaltet eine Abshätzung der Änderungdes e�ektiven Dipolmoments der Verbindung bei optisher Anregung des MLCT-Übergangs, woraus auf die e�ektive Vershiebung der Elektronendihte geshlossenwerden kann. Im Fall einer typishen F-B-bpy-Verbindung mit einfahem Akzeptorbeträgt die e�ektive Vershiebung ∼70% des Donator-Akzeptor-Abstandes.(b) Die Redox-Potentiale für die elektrohemishe Oxidation des F-Donatorsund für die Reduktion des B-bpy-Akzeptors werden mit den entsprehendenMaxima der MLCT-Bande für vershiedene F-B-bpy-Derivate in Lösung ver-glihen. Die Di�erenz beider Redoxpotentiale korreliert mit der beobahtetenMLCT- Übergangsenergie, wobei die Korrelationsfunktion eine lineare Steigungvon 0.99 aufweist, entsprehend des erwarteten fast kompletten Ladungsübergangszwishen Donator und Akzeptor, die nur shwah gekoppelt sind. Mit anderenWorten korreliert die Photonenenergie, die zur Präparation des angeregten Zus-tands benötigt wird, mit der Energiedi�erenz, die durh das Entfernen eines Elek-trons vom Donator und Hinzufügen des entsprehenden Elektrons zum Akzeptorhervorgerufen wird.() Es werden die Ergebnisse theoretisher Grundzustandsberehnungen für einetypishe F-B-bpy-Verbindung in der Gasphase vorgestellt. Dabei werden Metho-den aus der Dihte-Funktionaltheorie (DFT) angewendet. Daraus folgend be�ndensih die höhsten besetzten Molekülorbitale (engl. Abkürzung: HOMOs) im F-Donator, während die tiefsten unbesetzten Zustände (engl. Abkürzung: LUMOs)im B-bpy-Akzeptor lokalisiert sind.6Die elektrohemishen Messungen wurden im Rahmen einer Kollaboration in der AG Zanello(Department of Chemistry, University of Siena, Siena, Italien) durhgeführt.7Die quantenhemishen Ergebnisse wurden von Dr. Thomas Müller, Anorganishe Chemie, J.W. Goethe-Universität, Frankfurt am Main, berehnet.
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Abbildung 1.7.: F-B-bpy-Verbindungen, an denen zeitaufgelöste optishe Absorp-tionsmessungen auf der pikosekunden Zeitskala durhgeführt wur-den.(d) Es wurden transiente Absorptionsspektren bestimmter F-B-bpy-Derivatein Lösung nah gepulster Anregung der MLCT-Bande (bei 500 nm) über einenZeitbereih von 0,1-1000 ps und einen Wellenlängenbereih von 460-760 nmaufgenommen. Diese di�erenziellen Spektren besitzen Absorptionsbanden des an-geregten Zustands (engl. Abkürzung: ESA), die qualitativ mit der Gleihgewihts-Absorptionsänderung nah elektrohemisher Oxidation des F-Donators und Re-duktion des B-bpy-Akzeptors übereinstimmen. Dieses Ergebnis unterstützt dieAussage, dass der MLCT-angeregte Zustand eine ähnlihe elektronishe Natur hatwie ein oxidierter F-Donator und ein reduzierter B-bpy-Akzeptor.Zusätzlih wurden zahlreihe vergleihende Untersuhungen durhgeführt, dieweitere wihtige Details der elektronishen Struktur der F-B-bpy-Verbindungenzeigen. Ein wesentlihes Ergebnis ergibt sih aus zeitaufgelösten Absorptions-messungen auf der Pikosekunden-Zeitskala, aus denen Lebensdauern von an-geregten MLCT-Zuständen für vershiedene F-B-bpy-Derivate bestimmt werden.Dabei werden drei Derivate ([2A](PF6)2, (F)2BOB und a-BOB, Abbildung1.7) verglihen. Alle diese Verbindungen besitzen zwei B-bpy Akzeptoren, wobei
[2A](PF6)2 und a-BOB einen einzelnen F-Donator besitzen und (F)2BOB zweiF-Donatoren besitzt.Bei den beiden Derivaten a-BOB und (F)2BOB existiert eine Sauersto�-brükenbindung zwishen den B-bpy-Akzeptoren, welhe die elektronishe Kop-plung zwishen den Akzeptoren im Vergleih zu [2A](PF6)2 erhöht. Ferner kannfür [2A](PF6)2 und (F)2BOB durh �exible Bindungen die relative Konstella-tion von Donatoren und Akzeptoren relativ groÿen Änderungen unterliegen. Eine�exible Bindung erfolgt beispielsweise über B-C(Cp)-Bindungen (siehe Abbildung1.7), bei denen Bindungsrotationen mit einer relativ kleinen Energiebarriere erzeugtwerden können, wie man aus den Grundzustandseigenshaften folgern kann. Bei a-BOB erzeugt die B-O-B-Brüke eine deutlihere Einshränkung der möglihenGeometrien. Dies ermögliht bei einem Vergleih der drei Derivate die Unter-suhung der beiden folgenden E�ekte: (1) der elektronishen Kopplung der Sauer-sto�brüke der B-bpy-Akzeptoren und (2) den Ein�uss ungehinderter Änderun-gen der Konstellation im angeregten Zustand. Beide E�ekte könnten prinzipiell aufdie Relaxations-Eigenshaften des angeregten MLCT-Zustands Ein�uss haben, wiez.B. auf die Relaxation in den Grundzustand, bei der ein Elektronenrüktransfer(engl. Abkürzung: b-ET) vom B-bpy-Akzeptor zum F-Donator statt�ndet.Aus den zeitaufgelösten Absorptionsmessungen ergibt sih für (F)2BOB, unterder Annahme einer einfahexponentiellen vollständigen Relaxation in den Grundzu-stand eine Zeitkonstante von τ ∼ 45 ps, ohne einen Hinweis auf die Existenz eines



14 IntrodutionZwishenzustands. Für a-BOB �ndet diese Relaxation auf einen Zeitskala von
τ ∼ 780 ps statt. Nah unserer Interpretation der Daten des [2A](PF6)2-Derivats,�ndet bei diesem die Relaxation auf zwei bestimmten Wegen statt, mit Zeitkon-stanten von τ ∼ 18 ps und τ ∼ 910 ps und nahezu gleiher Häu�gkeit. DieseUntershiede deuten darauf hin, dass die für die b-ET-Relaxation geltenden Zeit-skalen hauptsählih in der Flexibilität der Konformation der Derivate begründetsind; im Gegensatz zum Ein�uss der Kopplung über die B-O-B-Brüke auf dieangeregten elektronishen Zustände.Die shnellen Relaxationsprozesse für [2A](PF6)2 und (F)2BOB suggerieren,dass für das Wellenpaket des angeregten Zustands ein strahlungsfreier Relaxations-kanal in den Grundzustand wahrsheinlih ist. Aufgrund der Komplexität derMoleküle und der groÿen Anzahl an möglihen Freiheitsgraden gibt es bislangkeine eindeutige Erklarung für diesen Relaxationskanal. Ein vorläu�ger Ansatzführt diesen Relaxationskanal auf eine konishe Shnitt�ähe zwishen den Po-tential�ähen des Grund- und des angeregten Zustands mit mehreren aktiven�Reaktionskoordinaten� zurük. Ein sehr wahrsheinliher Kanditat für einen dieserReaktionskoordinaten ist die B-C(Cp)-Bindungsrotation, da diese Bewegung imFall von a-BOB stark unterdrükt ist. Dieser Erklärungsversuh hat erheblihenEin�uss auf das zukünftige Design derartiger Derivate mit verlängerten Lebens-dauern der angeregten MLCT-Zustände. Das heiÿt, um strahlungsfreie Übergängein den Grundzustand zu verhindern, muss eine starre Arhitektur zwishen denF-Donatoren und den B-bpy-Akzeptoren erreiht werden.Absorptionsmessung im UV und im sihtbaren Spektralbereih an Dünn�lmen(bei T=20 K und T=300 K) und Einkristallen zeigen nur eine geringe Beein�ussungder MLCT-Bande durh die Festkörperumgebung und die Temperatur. In beidenFällen tritt eine Blauvershiebung und eine leihte zusätzlihe Bandenverbreiterungauf. Dies bedeutet, dass die F-B-bpy-Verbindungen ihre potenzielle Fähigkeit zumoptish induzierten Ladungstransfer in Festkörperumgebung aufreht erhalten, wasfür möglihe zukünftige Anwendungen von entsheidender Bedeutung ist.Ein Vergleih der MLCT-Banden vershiedener verwandter F-B-bpy-Verbindungen in Lösung mit mehrfahen B-bpy-Akzeptoren (mit der zusätzlihenOption zwishen den Akzeptoren B-O-B- und B-N-B-Brüken einzufügen) zeigt einkompliziertes Verhalten der Position und Breite der MLCT-Bande. Durh die An-nahme eines einfahen Einelektronenmodells für die Ladungstransferzustände, diefür vershiedene Molekülsymmetrien und Akzeptor-Kopplungen erwartet werden,und bei Berüksihtigung des Ein�usses der Lösung und der Ergebnisse der elektro-hemishen Messungen, wurden die Rahmenbedingungen für ein besseres Verständ-nis des Verhaltens der MLCT-Bande gesha�en. Die Ergebnisse untermauern dieAnnahme, dass zwei nahezu entartete MLCT-Übergänge für Derivate nihtlinearerGeometrie mit akzeptor-kopplungsabhängiger Energieaufspaltung existieren, diesih jedoh unter der groÿen Bandenbreite, infolge der Frank-Condon-Verteilungund der Konformationsverbreiterung der �exiblen Verbindungen, verbirgt.Die MLCT-Bande eines Derivats, bei dem der B-bpy-Akzeptor durh eindelokalisierteres Drei-Ring-System (`B-dpp', basierend auf der organishenVerbindung 2,5-bis(2-pyridyl)pyrazin) ersetzt wurde, zeigt eine deutlihe Rotver-shiebung, mit einem Bandenmaximum bei 600 nm. Dies unterstützt dieZuordnung der MLCT-Banden, da man aus elektrohemishen Messungen aufeine niedrigere LUMO-Energie dieses B-dpp-Akzeptors shlieÿt, und zeigt dieMöglihkeit auf, die Bandenenergie durh vershiedene Akzeptoren zu variieren.Die Ergebnisse der DFT und zeitabhängigen-DFT (engl. Abkürzung: TD-DFT)in der Gasphase für eine repräsentative F-B-bpy-Verbindung mit einem einzel-nen B-bpy-Akzeptor sind unterteilt in, (i) die Grenzorbitale und Energien sowohl



1.3. Zusammenfassung 15der kationishen als auh der oxidierten dikationishen Form, (ii) eine vorläu�geTD-DFT-Berehnung der Anregungsenergien und Oszillatorenstärken, (iii) einenVergleih des Grundzustandspotentialverlaufs in Abhängigkeit eines Parameters,der die B-C(Cp)- Bindungsrotation repräsentiert, und (iv) das elektrostatishe Po-tential des kationishen Grundzustands.Wie bereits erwähnt, legen die berehneten Molekülorbitale des kationishen Ox-idationszustands für den MLCT-Übergang HOMOs und LUMOs nahe, die haupt-sählih im F-Donator bzw. hauptsählih im Akzeptor lokalisiert sind. Für dendikationishen Oxidationszustand existieren HOMOs und LUMOs, die sowohl überden F-Donator als auh über den B-bpy-Akzeptor delokalisiert sind. In diesemFall kann eine deutlih gröÿere elektronishe Donator-Akzeptor-Kopplung für denoxidierten Zustand angenommen werden. Dies hat Ein�uss auf zukünftige makro-molekulare Systeme, die mehrfahe F-B-bpy-Einheiten enthalten und mit gemish-ten Valenzsystemen, d.h. einer Kombination neutraler und oxidierter F-Zentren,hergestellt werden.Ein wihtiges Ergebnis in Bezug auf die Anwendung von TD-DFT-Berehnungsmethoden zur Vorhersage der Übergangsenergien und -intensitätenkonnte durh den Vergleih mit dem Experiment erzielt werden. Es zeigt sih,dass TD-DFT- Methoden angewandt auf derartige Ladungstransferverbindungennur qualitative Ergebnisse liefern können, da diese systematish zu niedrige Über-gangsenergien (Fehler bis zu ∼1 eV) und -intensitäten liefern.Die Berehnung der Grundzustandspotentialkurve für die Rotation um die B-C(Cp)-Bindung zwishen Donator und Akzeptor besitzt in der Gasphase beiRaumtemperatur zwei symmetrishe Minima. Auf einem dieser Minima ist einequasiklassishe Shwingung mit einer relativ groÿen Amplitude (∼30◦) undeiner harakteristishen Frequenz von ∼320 GHz zentriert. Aus diesem Ergeb-nis kann die Gröÿenordnung der MLCT-Banden-Verbreiterung abgeshätzt wer-den, die sih unter Verwendung der HOMO-LUMO-Energiedi�erenz aus Orien-tierungshwankungen der B-C(Cp)-Bindung ergibt. Abshlieÿend sei noh erwähnt,dass die elektrostatishen Potential�ähen darauf hindeuten, dass die positiveLadung des Kations im B-bpy-Akzeptor delokalisiert und damit das Grundzus-tandsdipolmodell für Lösungen anwendbar ist.Wir gehen davon aus, dass diese ausführlihe quantitative Untersuhung derelektronishen und spektroskopishen Eigenshaften der F-B-bpy-Verbindungenbedeutenden Ein�uss auf das zukünftige Design verwandter makromolekularerSysteme hat. In derzeitigen Arbeiten werden bereits oligomere Derivate dieserMonomere untersuht. Des Weiteren wird an neuen Systemen mit dreifah koor-dinierten B-Atomen zwishen F-Donatoren und Polymerrükgrat geforsht. ErsteUntersuhungen an verwandten Polymeren ohne F-donatoren suggerieren, dass beistärkerer Delokalisierung eine stärkere elektronishe Kopplung zwishen F-Donatorund organishen Akzeptor- Zuständen im Polymerrükgrat bestehen könnte.





2. Bakground moleular theory and results2.1. Basi eletroni and photophysis theory of polyatomimoleules2.1.1. Moleular wavefuntions and radiative transitionsThe desription of the eletroni states Ψn (r,Q) in polyatomi moleules with nu-lear oordinates Q1 and eletroni oordinates r an be desribed within the Born-Oppenheimer approximation (i.e. negleting oupling between eletroni states) bythe adiabati produt wavefuntions,
Ψn,M (r,Q) = χn,M (Q)ψn (r;Q) ,where χn,M (Q) and ψn (r;Q) desribe the nulear and eletroni wavefuntions, re-spetively2 [37, 38℄. With this fatorisation, the eletroni wavefuntions ψn (r;Q)are eigenfuntions of the moleular eletroni Hamiltonian Hel (i.e. the total mole-ular Hamiltonian exluding the kineti and potential energy terms involving onlynulei) for �xed nulear positions Q, with a resulting energy Eel

n (Q). In turn, thenulear (vibrational) wavefuntions χn,M (Q) are then taken as eigenfuntions ofa Hamiltonian omposed of the nulear kineti energy, and an e�etive nulearpotential energy,
Un (Q) = Eel

n (Q) + Vnu-nu (Q) , (2.1)where Vnu-nu (Q) is the eletrostati potential between the nulei. Examples of thepotential energy urves and vibrational wavefuntions are shown in Figure 2.1(a).The transition dipole moment for the radiative transition from the groundeletroni-vibrational state Ψ0 = χ0,0ψ0 to the exited eletroni-vibrational state
Ψn,M = χn,Mψn is given by [37℄,

µ0,0→n,M = 〈ψn|
∑

r |ψ0〉 〈χn,M | χ0,0〉 , (2.2)where Mn→0 = 〈ψn|
∑

r |ψ0〉 is the eletroni transition dipole moment and
〈χn,M | χ0,0〉 is the Frank-Condon fator.Given that the absorption strength for eah transition is given by f ∝
∣

∣µ0,0→n,M

∣

∣

2, for a �nite absorption strength we require that both the eletronitransition dipole moment and Frank-Condon fator are �nite. For moleules pos-sessing well-de�ned symmetry, a �nite eletroni dipole moment requires that thetwo eletroni states are of opposite parity, whilst in general, (and more importantfor the harge-transfer eletroni transitions under study here) the two eletroniwavefuntions must also possess extensive spatial overlap for an appreiable ab-sorption strength (i.e. they must extend into a ommon spatial region). Moreover,the Frank-Condon fator will only be appreiable for transitions between vibra-tional wavefuntions whih possess �nite amplitude in the same region of nulearoordinate spae � a requirement whih leads to the Frank-Condon priniple of avertial transition, whih is analogous to requiring no displaement of the nulei1Note that the nulear oordinates Q are taken as any linear basis of the nulear positions(weighted by the appropriate inertia), whih are often taken as the normal modes of vibrationfor the moleule.2Note that here a non-relativisti Hamiltonian is assumed, and the spin-dependene of thewavefuntions is negleted. 17
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Figure 2.1.: (a) Shemati of the lowest energy singlet eletroni states, Sn andorresponding vibrational energy levels vs a single reation oordinate.(b) Frank-Condon radiative transition between two eletroni states,indiating the Stokes shift energy S and displaement of the nulearoordinate ∆Q .during the absorption proess (see Figure 2.1(b)). This implies that as the equi-librium positions of the two potential energy surfaes are displaed, the transitionstrength will be maximal for transitions to higher exited vibrational states in theexited eletroni state, and onsequently the required photon energy for the tran-sition inreases, and the transition results in an initial exited state with inreasingexess vibrational energy. As the Frank-Condon fator is appreiable for a rangeof vibrational states |χn,M〉, we expet a �nite absorption bandwidth omposedof transitions to eah vibrational state (i.e. the Frank-Condon bandwidth), asindiated in Figure 2.1(b). As the displaement between the two potential energysurfaes inreases, the magnitude of any single Frank-Condon fator dereases dueto the dereased overlap between the nulear wavefuntions, but the bandwidth in-reases due to the weaker dependene of the Frank-Condon fator 〈χn,M | χ0,0〉 on
M . If we assume paraboli potentials Un (Q) in the ground- and exited-eletronistates (with the same vibrational frequeny ωvib) then the absorption intensity foreah vibrational transition an be written as (for zero temperature)3 [38℄,

|〈χM | χ0〉|2 = e−(∆g2)
(

∆g2
)M

M !
,where the dimensionless potential-energy-urve shift is given by ∆g =

(

√

ωvib/2~

)

∆Q. Hene the envelope of the absorption band (negleting othersoures of broadening) onforms to a Poisson distribution with mean (∆g2
). Forlarge displaements, this band shape |〈χM | χ0〉|2 will tend to a Gaussian with avariane in photon energy σ = ωvib√〈M2〉 = ωvib∆g = (

√

ω3vib/2~)∆Q and mean(maximum) band position ~ωmax = ~
(

ω0 + ωvib∆g2
), where ~ω0 is the energy3Note that more general analyti expressions for the Frank-Condon fators between harmonipotential surfaes for �nite temperature and multiple vibrational oordinates (not neessarilywith the same frequeny) an be derived, but this expression re�ets the key qualitative aspetsof the e�et of displaement between the two potential energy urves.)
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Figure 2.2.: Example of the absorption spetral envelope (Frank-Condon man-ifold) | 〈χM |χ0〉 |2 vs displaement of two one-dimensional potentialenergy urves (with equal vibrational quanta in eah eletroni state.)separation of the potential energy urve minima of the two eletroni states (i.e.the spetrosopi origin of the eletroni transition). An example of the expetedabsorption envelope vs inreasing displaement ∆g is shown in Figure 2.2. We notethat the integral of the absorption band is independent of the displaement, i.e.the peak absorption strength falls away with inreasing band broadening. In thease of several displaed vibrational oordinates, the resulting absorption band en-velope is a onvolution of the single-oordinate band envelopes. When the solute isplaed in a ondensed-phase environment, additional broadening mehanisms maywash out any detetable vibrational struture, resulting in a ontinuous Gaussianbandshape (for large displaements).The expression for the transition dipole moment above (Eq. 2.2) made use of theCondon approximation (i.e. assuming that the eletroni transition dipole moment
Mn→0 = 〈ψn|

∑

r |ψ0〉 is independent of the instantaneous nulear oordinates[38℄). However, given that moleular vibrations indue a �nite distortion of theeletroni wavefuntions, this expression should be generalised to inlude the re-sulting `vibroni mixing' of the exited eletroni wavefuntions. The e�et of thismixing beomes important whenever Mn→0 vanishes due to symmetry (parity) ofthe eletroni states 0 and n. From perturbation theory, the next most signi�antterm ontributing to the radiative transition µ′
0,0→n,M between the two eletroni-vibrational states involves the vibroni-mixing with other exited eletroni states,
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(a) (b)Figure 2.3.: (a) Shemati of initial optial exitation and vibrational relaxation(due to intramoleular vibrational redistribution (IVR) and vibrationalenergy relaxation (VER) through oupling with the external environ-ment). (b) Propagation of wavepaket on a potential energy gradient.Also inluded is an enounter with the ground-state potential surfae,where either an avoided rossing (AC) or onial intersetion (CI) ispresent.
Ψj, and an be written,

µ′

0,0→n,M =
∑

k

〈χn,M |







〈Ψj|
(

∂Hel
∂Qk )0

|Ψn〉
Ej − En

Qk







|χ0,0〉M0→j , (2.3)where the sum is over all oordinates Qk where (∂Hel/∂Qk) auses signi�ant mix-ing between the exited states Ψj and Ψn. Hene even in the ase where a transitionis parity-forbidden, the transition an `borrow intensity' from other allowed ele-troni transitions M0→j involving other exited-states lying nearby in energy. Thisintensity-borrowing mehanism is responsible for the �nite absorption strength ofd-d-transitions in ferroene (Setion 2.2.1) whih are parity forbidden.2.1.2. Non-radiative transitions and motion on potential energy surfaesIn this setion, it is assumed that the exited-state has been prepared by a o-herent broadband optial radiation (i.e. an optial pulse). In this ase, the exitedwavefuntion is omposed of a oherent superposition of exited vibrational stateswhih form a oherent wavepaket χ =
∑

j cjχj, as shown in Figure 2.3(a). Follow-ing exitation, exess vibrational energy will be lost through anharmoni ouplingto other nulear degrees of freedom in the polyatomi moleule (intramoleular vi-brational redistribution, IVR) or the surrounding environment (vibrational energyrelaxation, VER) [38℄, and the nulear wavefuntion deays towards the lowest-energy vibrational wavefuntions of the eletroni state. These vibrational oolingproesses typially our on a time sale of 0.1-1 ps [37℄.In addition, if along ertain nulear (reation) oordinates the potential energysurfae in this viinity does not orrespond to a stable minimum, due to a largehange in the equilibrium onformation in the exited state, then the wavepaketwill propagate (and broaden) along these diretions on a time sale dependingon the gradient of the potential energy surfae, as shown in Figure 2.3(b) (notethat exitation to only the �rst exited state is assumed here). This motion is



2.1. Basi eletroni and photophysis theory of polyatomi moleules 21also aompanied by additional vibrational energy loss, and a new onformationaldistribution is established.Moreover, in exploring regions of lower energy on this exited-state potentialenergy urve, the wavepaket may enounter a region where the potential energyapproahes that of the ground state. In suh regions two situations an result, de-pending on the interation between the two moleular states, or more spei�allythe interation with respet to more than one reation oordinate4: (1) The adia-bati potential energy surfaes are repelled from one another due to the interationbetween the moleular states near this intended intersetion, i.e. an `avoided ross-ing' results. A �nite probability of transfer to the adiabati ground-state potentialis due to the mixing of the adiabati eletroni states by the nulear motion (non-adiabati oupling). (2) Due to the involvement of a seond (or multiple) reationoordinate(s), a ertain oordinate in reation oordinate point (or urve) existswhere both the intended rossing ours and the e�etive oupling between the twomoleular states vanishes suh that the adiabati potential surfaes an touh, i.e.a `onial intersetion'. In this region, a highly loalised, singular, non-adiabatioupling ours between the two surfaes whih results in a far more e�ient ou-pling to the ground state. The ourrene of suh onial intersetions are quiteplausible in omplex polyatomis moleules [40℄.2.1.3. Intramoleular harge transferIn the ase where a moleule is omposed of two fragments ontaining (a) aneletron-donor moiety whih is easily oxidised (i.e. has a relatively low ionisationpotential), and (b) an eletron-aeptor moiety whih is easily redued (i.e. hasa relatively high eletron a�nity), the lowest energy eletroni exitations in theombined omplex an involve transfer of an eletron from an oupied orbital lo-alised on the donor into unoupied orbitals loalised on the aeptor (assuming asmall but �nite overlap of their respetive moleular orbitals). Two examples of howsuh an intramoleular harge-transfer (CT) an be optially indued are shown inFigure 2.4. In the �rst ase (a) an optial exitation involving orbitals loalised onthe donor is followed by exited-state harge transfer (due to �nite eletroni ou-pling between the LUMOs of the donor and aeptor, and an intersetion betweenthe orresponding reation oordinate potential surfaes) [38℄. Due to the fat thatthe optial exitation orresponds to a loalised eletroni transition, the osillatorstrength for suh a transition an be very large, and e�ient (rapid) exited-stateharge transfer will be ahieved if the eletroni-vibrational oupling between theLUMOs of donor and aeptor is large. In ertain systems, this proess an ouron a time sale as short as . 100 fs [38, 41, 31℄.Another form of optially-indued intramoleular CT (whih is the ase on-sidered in this study of the F-B-bpy ompounds) involves (b) the diret opti-al exitation from a predominantly donor-loalised HOMO into a predominantlyaeptor-loalised LUMO, with the osillator strength for the eletroni transitiona�orded by a �nite overlap of the donor and aeptor moleular orbitals. This typeof diret CT eletroni transition is referred to as a `Mulliken' (or diret) harge-transfer transition [42℄, and was �rst studied in the ontext of inter -moleular CT.Due to the fat that these transitions involve exitation diretly into the aeptor4Note that a rigourously disussion of the physial basis for the ourrene of avoided rossingsvs onial intersetions would require a formal introdution of diabati and adiabati bases,and the dependene of the adiabati potential energy surfaes on the diabati oupling in theviinity of the diabati potential surfae rossing along more than one reation oordinate[38, 39℄. Hene a more qualitative statement is given here.
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Figure 2.4.: Shemati for two forms of optially-indued intramoleular hargetransfer (a) Exited-state harge-transfer following loal exitation ofthe donor. (b) Mulliken (or diret) optial harge-transfer (as per theMLCT band studied here).LUMO, the required photon energy is in general lower than that required for ase(a).Based on simpli�ed theory for weakly-interating donor and aeptor (see Ap-pendix B.1 and Ref.s [43, 42, 37℄), the interation between a neutral-donor andneutral-aeptor (with isolated energies Ed and Ea, respetively) leads to theperturbation of the MO energies as shown in Figure 2.5. (Note that in this ap-proximate one-eletron model the neutral donor is represented as V D+, i.e. thee�etive ore potential seen by the valene eletron involved in the CT.). The�rst-order donor-aeptor interation leads to a weak stabilisation of the donor-HOMO (due to attrative van der Waals interation) and a signi�ant stabilisationof the aeptor-LUMO (due to the eletrostati interation between D+ and A−)).The seond-order e�ets involve mixing of the donor-HOMO and aeptor-LUMO,whih leads to an additional stabilisation (destabilisation) of the donor-HOMO(aeptor-LUMO), and inreases both the strength and required photon energy forthe CT transition (see Appendix B.1).In the present study, the F-B-bpy ompounds possess ationi aeptor groups(Chapter 4), whih leads to a di�erent interation between the CT valene eletronand the e�etive ore potential of the donor and aeptor in the ground and CTstates. This situation is represented shematially in Figure 2.6 (where for simpliityonly the e�ets of �rst-order donor-aeptor interation are shown). Here both thedonor-HOMO and aeptor-LUMO are stabilised by a omparable degree due toion�indued-dipole donor-aeptor interations in the ground state (DA+) and CTstate (D+A), as indiated by the potential terms in Figure 2.6 (see Appendix B.1for the preise expressions).In the spetrosopi study of the F-B-bpy ompounds in Chapter 4, we omparethe MLCT spetra of derivatives with a single ationi aeptor, or multiple ationiaeptors with di�erent geometries and inter-aeptor oupling. The presene of twoidential aeptors leads to near-degenerate (symmetri and anti-symmetri) LU-MOs whih are split by the inter-aeptor interation and their di�erent interationwith the donor, whilst the donor HOMO is now perturbed by the presene of twoaeptors. Due to the fat that there should be signi�ant eletrostati interationbetween the donor and aeptors for these net-harged omplexes, in the following,we neglet the seond-order perturbations due to mixing (whih will lead in generalto a small blue-shift of the HOMO-LUMO energy separation)
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Figure 2.5.: Donor-HOMO and aeptor-LUMO energies resulting from �rst-order(eletrostati) and seond-order (mixing) donor-aeptor interation(assuming a simple one-eletron model) and resulting CT transitionenergy, for a neutral-donor�neutral-aeptor omplex.

Figure 2.6.: Donor-HOMO and aeptor-LUMO energies due to �rst-order (ele-trostati) donor-aeptor interation for a neutral-donor�ationi-aeptor omplex.



24 Bakground moleular theory and resultsIn Figure 2.7, a shemati of the situation for a linear-symmetri donor-aeptoromplex with two ationi aeptors is shown. As the two aeptors are signif-iantly displaed from eah other (with the additional eletrostati shielding ofthe intervening polarisable donor), the interation between the two aeptors issmall, and a small average stabilisation and splitting between the symmetri (α)and antisymmetri (β) orbital energies results. The donor-HOMO, on the otherhand, is now stabilised by the ombined presene of two ationi aeptors, suhthat the net HOMO-LUMO separation will inrease relative to the single-aeptoromplex5. Due to the parity of the wavefuntions, only the eletroni transitionto the β-LUMO is allowed, whih is analogous to the seletion rules in moleu-lar exiton theory for a dimer (where two idential hromophores, with distintHOMO and LUMOs interat) [44, 45℄. Moreover, as shown in Appendix B.2, theexpeted absorption strength for the CT transition to the β-LUMO in the ase oftwo aeptors is expeted to be twie that of the single-aeptor omplex. We notethat any symmetry-breaking between the two aeptors (i.e. due to �utuations inrelative onformation or surrounding environment) will lead to an inrease in theloalisation of the two wavefuntions on one of the aeptors (suh that the α−and β−LUMOs no longer orrespond to symmetri/antisymmetri ombinations).The situation is modi�ed onsiderably in the ase where the two ationi-aeptors are onneted by a short hemial bridge (as is the ase for ertain F-B-bpy derivatives in Chapter 4). In this ase (i) there will be a far larger inter-aeptoroupling (due to both through-spae and through-bond interation), and (ii) thelinear symmetry is replaed by a mirror symmetry between the two aeptors. Asshown in Figure 2.8, the inter-aeptor oupling should give rise to a larger stabili-sation and splitting of the α− and β−LUMOs, suh that the CT transition energyshould be dereased relative to the unbridged linear A-D-A omplex. Moreover, thetransition dipole moment to both α− and β−LUMOs is �nite (and direted paral-lel to the symmetry plane of the D-AB omplex), with the CT absorption strengthbeing shared between the two transitions (with a ratio depending on the angle θbetween the bonds to eah aeptor). Hene, one expets two non-degenerate CTtransitions for the bridged-aeptor omplex (although as presented in Setion 4.4for the relevant F-B-bpy derivatives, in the presene of signi�ant band-broadeningthese two transitions may remain unresolvable).It is lear that the energy separation between the donor-HOMO and aeptor-LUMO for a CT omplex should show a orrelation with the orresponding CTtransition energy, and hene an experimental determination of these energies overa range of related derivatives would allow a test for the assignment of a CT band.Whilst photoeletron spetrosopy an determine the vertial ionisation potentialof a ompound (i.e. an estimate of the donor-HOMO energy), this tehnique annotalways be readily applied to organi omplexes (whih may not be stable in thegas phase). A pratial method for determining estimates of the relative HOMOand LUMO energies for a omplex in solution is with eletrohemial tehniques(e.g. ylovoltammetry) [46℄, whih are employed for the haraterisation of theF-B-bpy ompounds in Setion 4.5, where the relative potentials an be deter-mined for the proesses: (i) eletron-removal reation (oxidation) at the donor(E′◦
ox), and (ii) eletron-addition reation (redution) at the aeptor (E′◦

red). How-ever, these eletrohemial potentials represent di�erent proesses with respet tothe optially-indued diret CT transition. Firstly, the eletrohemial proessesare assumed to proeed adiabatially, i.e. suh that the moleular onformation5As disussed further in Setion 4.2.3, this blue-shift for the linear-symmetri double-aeptoromplex relative to the single-aeptor omplex an be physially rationalised by onsideringthe rearrangement of formal positive harge in the omplex.
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Figure 2.7.: Donor-HOMO and near-degenerate aeptor-LUMO energies dueto �rst-order (eletrostati) donor-aeptor interation for a lin-ear neutral-donor�double-ationi-aeptor omplex with weak inter-aeptor oupling. Only the transition to the antisymmetri deloalisedaeptor wavefuntion (β) is allowed.
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Figure 2.8.: Donor-HOMO and near-degenerate aeptor-LUMO energies due to�rst-order (eletrostati) donor-aeptor interation a bent neutral-donor�double-ationi-aeptor omplex with moderate inter-aeptoroupling. Both CT transitions to the symmetri and antisymmetrideloalised aeptor wavefuntions (α,β) are allowed. With inreasinginter-aeptor interation, both CT transitions will red-shift and splitin energy.



2.1. Basi eletroni and photophysis theory of polyatomi moleules 27and surrounding solvent environment an adjust to their new equilibrium positions(in the presene/absene of the added/removed eletron) during the proess. Foran optial CT transition, the Frank-Condon priniple ditates that these degreesof freedom remain �xed during the optial transition and the relevant MO energiesall orrespond to those in the ground-state equilibrium onformation of the nuleiand surrounding solvent moleules [47℄. Seondly, the eletrohemial proesses in-volve di�erent formal harges of the omplex, whereas in the optial CT proess,the total harge of the omplex remains �xed. Taking these e�ets into onsider-ation, the expeted CT transition energy an be related to the di�erene in theeletrohemial potentials ∆E′◦ for oxidation and redution by [47℄,
EMLCT = e∆E′◦ + χe + ∆EFC − C, (2.4)where χe is the di�erene between the exited-state solvent interation energies forthe Frank-Condon (i.e. ground-state) and CT (exited-state) solvent equilibriumon�gurations, and ∆EFC is one-half the Stokes shift for the transition (i.e. therelaxation energy in going from the ground-state equilibrium internal geometryto the CT state equilibrium geometry). The eletrostati interation term C > 0orresponds to the di�erene between the hypothetial redution potential for theaeptor in the ase where the donor is oxidised (a situation not realisable inpratie) and that measured with a neutral donor. We employ this relation toanalyse the experimental data for a range of F-B-bpy ompounds in Setion 4.5.2.2.1.4. Solvatohromism of CT absorption bandIn solution, eletrostati interation with the harge distribution of the soluteleads to dipole orientation and indued polarisation in the surrounding solventmoleules. This leads to an additional eletri �eld (`reation �eld') [48, 49℄ experi-ened by the solute moleule, whih auses a shift in the moleular energy (relativeto the gas-phase). Upon CT eletroni exitation, the solute harge distributionwill hange dramatially, and this solvent interation energy will be di�erent forthe exited-state, whih results in a solvent-dependent shift (and broadening) ofthe CT absorption band energy � an e�et referred to as solvatohromism. The asewhere an eletroni transition shifts to lower energy with inreasing solvent polar-ity/dipolarity is termed `positive' solvatohromism (resulting in a `bathohromi'shift) [49℄, whereas in the ase where the transition shifts to higher energies, thee�et is referred to as `negative' solvatohromism (resulting in a `hypsohromi'shift).In the ase of the ationi F-B-bpy ompounds studied here (whih are solu-ble only in polar solvents), the dominant solute-solvent interations are ion-dipoleand dipole-dipole interations. However, as the net harge of the solute does nothange upon optial exitation, the e�et of the ion-dipole interation a�ets thesolvatohromi shift only through its in�uene on the orientation of the surround-ing solvent moleules. This situation is depited in Figure 2.9. In Figure 2.9(a),the typial situation for a neutral dipolar solute surrounded by dipolar solventmoleules is shown. The solvent moleules tend to align themselves to the dipoleeletri �eld reated by the solute. In the ase of a ationi solute (Figure 2.9(b)),the �eld omponent arising from the net ioni harge of the solute dominates, andthe equilibrium orientation of the solvent moleules will tend to align with this�eld. Note that due to solvent-solvent interation and thermal �utuations, theatual instantaneous solvent on�guration will deviate from the idealised situationshown in Figure 2.9.
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(a) Neutral dipolar (b) Cationic dipolarFigure 2.9.: Shemati representation of the dipole orientation (µs) of polar solventmoleules surrounding (a) a neutral solute moleule (with dipole µ),and (b) a ationi solute (represented as a superposition of a dipole µand net harge Q). (Only the �rst solvent shell is shown. Indued dipoleomponents omitted. Note that in this model, the internal dieletrionstant of the solute �'sphere' is taken as unity.)Another di�erene between a neutral CT omplex and a ationi CT omplex isrepresented in Figure 2.10. In Figure 2.10(a) a neutral CT omplex with negligibleground-state dipole is shown6. Upon CT exitation, an appreiable exited-statesolute dipole is reated. In this example, the ground-state orientation of the dipolarsolvent moleules will be predominantly random (due to the absene of any strongdipole-dipole interation in the ground state, although anisotropy in the polarisabil-ity of the solute and solvent will result in a weak residual preferential orientationof the solvent moleules). Upon optial exitation, the interation between theexited-state solute dipole with the random arrangement of solvent dipoles (whihannot reorient on the time sale of the absorption proess) will result in no net en-ergeti dipole-dipole interation energy. In this ase, the dominant solvatohromishift will arise from the solute-dipole�solvent-indued-dipole interation, whih willstabilise the exited-state and lead to a red-shift of the transition, as is ommonlyobserved for suh neutral CT ompounds [49℄.For the ase of the ationi CT omplex (Figure 2.10(b)) however, the ground-and exited-state dipole moments are not uniquely de�ned (due to the fat thatnow the alulated dipole moment depends on the hoie of origin, whih arisesfrom the general priniple that only the �rst non-vanishing term in a multipoleexpansion is independent of the hosen oordinate system [52℄). However, as perthe treatment in Ref. [51℄, we derive an e�etive dipole moment using the on-strution shown in Figure 2.10(b). If we assume that the donor and aeptor are ofomparable dimensions (as is the ase for the single-aeptor F-B-bpy ompoundsin Chapter 4), with the e�etive moleular entre at a position lying halfway be-tween the donor and aeptor, then we an deompose the ground-state hargedistribution into the sum of a entralised point harge and an e�etive dipole, µg6Note that for the ase of zwitterioni CT ompounds, both the ground- and exited-state solutedipoles are large [50, 51℄, and a signi�ant dipole-dipole solvent shift results, similar to thease onsidered for the ationi solute, i.e. with a reversal in the diretion of the solute dipoleupon exitation.
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Figure 2.10.: Shemati representation of the harge density distribution in groundand exited states of donor-aeptor CT ompounds for the ase of(a) a neutral non-polar ground state, and (b) a ationi ground stateaeptor (with a symmetrially-displaed CT in the exited state). In(b), the ounteranion in solution is assumed to be su�iently disso-iated and is omitted).(as shown in Figure 2.10(b))7. For the CT exited state, we displae the formalpositive harge symmetrially about the moleular entre from the aeptor ontothe donor, resulting in the same entralised point harge, but with an antiparallelexited-state dipole µe = −µg = 1/2∆µ.Employing the foregoing desription of a CT transition in a ationi omplex,i.e. an equilibrium solvent orientation ditated by the ion-dipole interation with asymmetri hange in dipole moment ∆µ, in Appendix B.3 we derive an approximateexpression for the expeted solvatohromi shift as,
∆Esolv =

γ

a3
Ξ

(

a√
B

)

(∆µ)2
(

ϕ (ǫs) − ϕ
(

n2
))

, (2.5)where γ = 1/(4πǫ0), a is the e�etive solute radius (i.e. the radius of the �rst solventshell, assuming a spherial solute), B ≡ γQµsg/kT is a measure of the ion-dipoleorientation (in terms of the solute harge Q and solvent permanent dipole moment
µsg), Ξ (x) is a speial integral funtion (de�ned in Appendix B.3) whih varies inthe range (1, 2) for x ∈ (0,∞), and ϕ (ǫs) and ϕ (n2

) are solvent polarity funtions[48℄ (de�ned in Appendix B.3) in terms of the solvent stati dieletri onstant
ǫs and optial refrative index n. We note that Eq. 2.5 predits a solvatohromishift of the CT transition to neessarily higher energies with inreasing solventdipolarity (i.e. inreasing solvent stati dieletri onstant), as is observed for theF-B-bpy ompounds (Setion 4.2.2), and reported for other ompounds where aationi model was appropriate [51℄.7Note that formally, the harge distribution should be regarded as a sum of a quadrupole term(i.e. two positive harges e/2 separated by the donor-aeptor separation) and the dipole term.However, at the radius of the �rst solvent shell, we an redue the quadrupole ontribution toan e�etive entralised harge of e [51℄.
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Figure 2.11.: Shemati demonstrating the hypsohromi (negative) solvent shift
∆Esolv for a CT transition within the symmetri harge displaementmodel employed for a ationi solute (see Figure 2.10) relative tothe gas-phase transition energy (EGP). Also shown is the exited-state solvent reorganisation energy, χe. Note that only the dipole-dipole interation term is shown (i.e. the large onstant ion-dipoleontribution is omitted).The resulting solvatohromi blue shift arises beause the average orientation ofthe surrounding solvent is distorted from perfet alignment to the ioni �eld of thesolute, in a way that redues the dipole-dipole interation energy in the groundstate. Upon CT exitation, the solute dipole is inverted, and the exited-state isorrespondingly destabilised by interation with this ground-state equilibrium sol-vent onformation. The net shifts due to the dipole-dipole interation are shown inFigure 2.11 (note that the signi�antly larger, onstant solute-ion�solvent-dipoleinteration shifts are exluded). Following exitation, the solvent dipoles will read-just to the exited-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

χe = ∆Esolv. Moreover, due to thermal �utuations, the solvatohromi interationalso results in a broadening of the CT absorption band. As derived in AppendixB.3, the dominant term for the broadening is haraterised by a variane in photonenergy of (Eq. B.109),
σ2solv = 2kT∆Esolv. (2.6)We note that this implies a �xed relation between the solvatohromi blue-shiftand the solvatohromi ontribution to the absorption bandwidth. As presented inSetion 4.2.2, this allows a relatively robust test of the solvatohromi model by aombined analysis of the CT band energy and width.2.2. UV-vis spetrosopi properties of ferroene and ferroenederivativesIn this setion, we present an overview of the eletroni struture and spetrosopiproperties of ferroene and substituted F-derivatives. As mentioned in Setion2.1.3, in the ase of a weakly oupled donor and aeptor, the eletroni states ofthe donor-aeptor omplex are expeted to be related to those of the isolated donorand aeptor units through only a low-order perturbation of the original orbitalsand energies. Hene the results presented here (and orresponding details of theaeptor groups in Setion 2.3) provide a basis for interpreting the eletroni and



2.2. UV-vis spetrosopi properties of ferroene and ferroene derivatives 31spetrosopi results of the F-B-bpy ompounds presented in Chapter 4. More-over, this setion presents a summary of established F-donor ompounds withstrongly-aepting substituents onneted to the F via a onjugated bridge, whihexhibit strong vis-NIR MLCT transitions from the F ore into the aeptor-basedunoupied orbitals. These results provide a benhmark for F-based MLCT om-pounds for omparison with the F-B-bpy ompounds, as well as demonstrating theeletroni desription developed to explain the observed spetrosopi behaviour.2.2.1. Eletroni struture and optial transitions of ferroeneSine its disovery [53, 54, 55℄ the eletroni struture of F has been studiedintensively, inorporating results from UV-vis spetrosopy [56, 57, 58, 59, 60, 61,62℄, and theoretial alulations based on ligand-�eld theory [63, 64, 65, 66℄, semi-empirial [67, 68℄, X-α- [69, 70℄, Hartree-Fok [71, 72, 73, 74, 75, 76, 77℄ and DFT[78, 79, 80, 81, 82, 83, 84, 85, 86, 87℄ methods . Valuable information has alsobeen provided from additional experimental haraterisation inluding gas- andrystal-struture determination [88, 89, 90℄, eletrohemial [91, 92℄, photoeletronspetrosopy [93℄, resonane Raman [94℄, and magneti irular dihroism [95, 96℄measurements.Figure 2.12 shows the orrelation diagram whih desribes the formation of themoleular orbitals of F in terms of the ontributing s, p and d-orbitals of Fe2+ andthe π-orbitals of 2(Cp−) [83, 85℄. Note that both (i) the staggered relative onfor-mation between the Cp− (i.e. C5H
−

5 ) rings presented here (with the orrespondinggroup theoretial representation D5d), and (ii) the elipsed onformation (D5h),are employed in the literature. Although the equilibrium onformation in the gasphase was determined to possess elipsed Cp− rings [88℄ (whilst the F-rystal [89℄and many gas-/solution-phase substituted-ferroenes possess a staggered equilib-rium onformation), the hoie of geometry does not lead to signi�antly di�erentresults for the moleular orbitals and their energies, as indiated by the almost freerelative rotation of the Cp− rings in the gas phase (whih has an experimentally-determined barrier of only ∼ 0.9 kcal mol−1 (∼= 0.04 eV)) [88℄.The orresponding frontier moleular orbitals (MOs)8 extrated from a modernDFT treatment [84℄ are shown in Figure 2.13, whih demonstrate that the e2g and
a1g HOMOs of ferroene are predominantly of Fe-d harater, whilst the e∗1g LUMOis more deloalised over the whole F struture.Figure 2.14 shows the UV-vis absorption spetra of F measured in room tem-perature (RT) solution (in CHCl3, CH3CN and isopentane). The two main ab-sorptive features in the near-UV/vis range are labelled `F-I' (λmax = 440 nm,
ε = 110 M−1cm−1) and `F-II' (λmax = 325 nm, ε = 78 M−1cm−1) (althoughthis band F-II is present only as a shoulder in CHCl3). Also shown is a modi�ed-Gaussian �t9 to the F-I band (for CH3CN) whih yields an osillator strength of
f = 0.004 - a value of this magnitude for a loalised eletroni transition generallyorresponds to a perturbed symmetry-forbidden spin-allowed transition.The appearane of suh weak, broad and featureless bands in the visible rangeis predited from simple ligand �eld theory [98℄, where the redution in symmetryof the Fe2+ environment due to the eletrostati interation with the Cp− ringslifts the degeneray of the Fe2+ d-orbitals, resulting in the existene of low-energyd-d eletroni transitions. In most of the early investigations of these low-energy8The highest-oupied moleular orbitals (HOMOs) and lowest-unoupied moleular orbitals(LUMOs) are denoted in this work by H(OMO)[-n℄ and L(UMO)[-n℄, where n = 0, 1, 2.., wheren=0 orresponds to the highest energy HOMO and lowest energy LUMO.9See Setion 4.2.1, Eq. 4.2 for the de�nition of the model funtion.
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 Figure 2.14.: UV-vis absorption spetra of unsubstituted F in CH3CN, CHCl3and isopentane, indiating the two resolvable low-energy singlet-singlet absorption bands `F-I' and `F-II'. A modi�ed-Gaussian �tto the F-I band in CH3CN is inluded for estimating the transitionosillator strength. Absorption peak data for deamethylferroene(((CH3)5Cp)2Fe, `DMF') in CH3CN are shown as points. (Isopen-tane spetrum for F extrated from [57℄. DMF data from [97℄)



34 Bakground moleular theory and resultsabsorption bands of F [57, 59, 60℄, this simpli�ed ligand-�eld-based treatment ofthe absorption spetra was employed with ertain suess to explain the strengthand position of the F-I and F-II bands, with the onlusion that the F-I band(whih is atually omposed of two distint eletroni transitions, F-I(a) and F-I(b), see Figure 2.15) was assoiated with an almost pure d-d transition. This wassupported by absorption spetral measurements of a (limited) set of substitutedF-derivatives (Ref. [59℄, see next setion), as well as the �rst Hartree-Fok/semi-empirial alulations [69, 71, 68℄10.However, even ertain early (perhaps, less-often-ited) reports at the time[62, 58, 67, 100℄ ame to the onlusion that even the lowest F-I band systemmust involve appreiable ontribution of deloalisation onto the Cp− rings. This isonsistent with the frontier moleular orbitals from more aurate modern quan-tum hemial alulations, as well as the relatively smaller number of reports onexpliit alulations of the eletroni exitations using SAC-CI11 [77℄ and TD-DFT[86℄ methods. The lowest-energy transition, F-I(a), orresponds to a fairly pureorbital transition e2g → e∗1g, whilst the slightly higher-energy F-I(b) and the F-IItransitions orrespond to mixed on�gurations have signi�ant ontributions fromboth e2g → e∗1g and a1g → e∗1g orbital transitions [77℄.Despite the �nite ontribution of the Cp− rings in the relevant MOs, these tran-sitions are still symmetry-forbidden (i.e. Laporte-forbidden) [77℄. Typial for pre-dominantly d-d transitions, the F-I/II bands aquire the moderate observed ab-sorption strength due to vibroni oupling (or intensity borrowing) due to mixingwith higher-energy allowed transitions [101, 67, 37, 102℄. This mehanism is pro-moted by the many low-energy degrees of onformational freedom that F possesses,suh as the unhindered rotation of the Cp− rings, whih also leads to the harater-isti temperature-dependene (see below) and featureless nature of the bands [58℄.In passing, we note that the poorly-resolved but signi�antly stronger absorptionregion further into the UV range (i.e. . 300 nm) is assoiated with several al-lowed ligand-to-metal harge transfer (LMCT) transitions, i.e. from predominantly
Cp−-π based orbitals into predominantly d -based orbitals [57, 77℄.Also plotted in Figure 2.14 are the absorption band peak data for deamethyl-ferroene (DMF, i.e. where the -H atoms of the Cp− rings are replaed with CH3groups) [97℄, where one observes a set of orresponding bands only somewhat shiftedin energy. As disussed further in Setion 2.2.2, the substitution of (relatively)eletron-rih methyl groups on the Cp−-rings inreases the eletron density onboth the Cp− rings and the Fe2+ ore, whih destabilises the d-orbitals, as testi�edby the onsiderable redution in the eletrohemial oxidation potential of DMFrelative to F (∆E′◦

ox ∼ −0.5 eV) [103℄. For the F-I band, one observes that theband peak of DMF is blue-shifted relative to F (hc∆νmax ≈ 0.11 eV), whihimplies that the e∗1g orbital assoiated with the F-I exited state is atually slightlydestabilised relative to the orresponding ground-state e2g and a1g orbitals. Thisobservation is onsistent with the assertion that the exited-state orbitals possessan appreiable ontribution on the Cp− rings, where the inreased eletron densityof the CH3-groups is felt more strongly12.We will return to the omparison of F and DMF again in omparing the MLCT10Note that the somewhat erroneous onlusion that the F-I transitions are strongly loalisedd -d transitions an still be found in ertain modern reports, e.g. Ref. [99℄.11SAC-CI: Symmetry Adapted Cluster/Con�guration Interation.12Whilst the impliations of the destabilised Fe d -orbitals upon Cp-ring methylation has beenwell-appreiated in terms of the more faile oxidation and expeted red-shift of harge-transfertransitions into aeptor orbitals in F-donor�aeptor ompounds (where the aeptor orbitalsare less a�eted by the inreased eletron density loalised on F, see Setion 2.2.2), a ritialomparison of the F and DMF UV-vis absorption spetra ould not be found in the literature.
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Figure 2.15.: (a) UV-vis absorption spetra of F in methylylohexane at two tem-peratures, 300 K and 140 K. At 140 K, the degeneray of two d-dtransitions is lifted and two bands an be partially resolved (F-I(a),F-I(b)). (Spetra extrated from [94℄). (b) F rystal absorption spe-tra at RT with polarisation perpendiular (green urve) and parallel(orange urve) to the Cp−-ring plane, and for T = 4.2 K. (Spetraextrated from [61℄ and [57℄, respetively).spetra of orresponding F- and DMF-donor ompounds (Setion 2.2.2). We notethat the F-II band is not signi�antly shifted by the presene of the CH3-groups, al-though a signi�ant inrease in absorption strength ours (whih indiates that themehanisms leading to symmetry-redution (and hene allowing a �nite transitiondipole moment for this transition) are sensitive to the eletroni/steri in�ueneof the CH3 groups, and that di�erent d -based orbitals are a�eted to di�ering de-grees. Moreover, in the UV range, a signi�ant red-shift of at least one of the LMCTabsorption bands ours upon methylation (whih from inspetion of the spetra,must involve a red-shift of at least some 100s of meV), whih is also onsistent withthe assignment of the higher energy bands as being of Cp→d harater.We note that orresponding eletrohemistry data of substituted 1,1'-dimethyl-ferroene [103, 56℄ and otamethyl-ferroene [104, 105℄ (i.e. F bearing 2 and 8
CH3-groups, respetively) demonstrate that the trends of the less-positive oxidationpotential and the weak blue-shift of the F-I band are approximately additive withthe number of CH3 groups (whih is useful rule for designing F-derivatives whereother substituent groups must replae some of the CH3 groups).Further information onerning these eletroni transitions an be gained frommeasurements in the solid phase. As shown in Figure 2.15(a), the absorption spe-trum in frozen solvent redues the degree of broadening suh that the band F-Ian be resolved into two distint eletroni transitions, F-I(a) and F-1(b) [57, 94℄



36 Bakground moleular theory and results

200 250 300 400
0

10

20

Wavenumber (103 cm-1)
 

 

E
xt

in
ct

io
n 

co
ef

fic
ie

nt
 (

10
3  M

-1
cm

-1
)

Wavelength (nm)

400 450 500 600 700
0.0

0.2

0.4

0.6

0.8

 Fc+ (HClO
4
/H

2
O)

 Fc (CH
3
CN)

x 25

 

 

 

λ
max

 = 618 nm

50 40 30
 

 

 

25 20 15

 

 

 Figure 2.16.: UV-Vis absorption spetra of ferriinium (F+, in 1-mol-%HClO4/H2O). (F absorption spetrum in CH3CN shown for om-parison. F+ spetrum extrated from [57℄.)disussed above. (The existene of two distint unresolved eletroni transitionswas also on�rmed by MCD13 measurements of F and ertain substituted deriva-tives [95, 96℄). Moreover, the whole absorption band system is blue shifted by
∼ 500 cm−1, whih as stated in the literature is onsistent with a hypothesis of avibronially-oupled predominantly d-d transition [65, 58℄.This trend is also re�eted in low-temperature rystal measurements (Figure2.15(b)), where for T =4.2 K one also observes vibrational struture and a relativesuppression of the absorption strength on the red-side of the band (i.e. in the regionof F-I(b)). The observed vibrational spaing is in the range 240 − 300 cm−1,whih orresponds to the totally-symmetri exited-state vibration of the Fe-Cpseparation [57℄. Conerning the emergene of the vibrational struture, we addthat for the orresponding measurement of a rystal of a derivative with a single-C6H5 group attahed to one of the Cp− rings, this vibrational struture is notobserved [57℄, although the blue-shift and lear band asymmetry are still evident.Figure 2.15(b) also shows the polarisation dependene of the absorption (at roomtemperature) for a single rystal. A strong linear dihroism is observed, supportingthat the transition dipole moment is aligned along the C5 axis, although the fatthat the polarisation ontrast is only ∼3.3:1 supports the fat that the transitionsinvolve signi�ant intensity borrowing [106℄.An additional important spetrosopi result for F (whih will emerge in thedisussion onerning the harge-transfer in F-B-bpy ompounds in Chapters 4and 5) is the absorption spetrum of the ferriinium ion, F+ i.e. F followingoxidation (eletron removal). Figure 2.16 shows the absorption spetrum of F+,whih possesses several new partially resolvable transitions extending into the vis-ible [57, 68℄. The main absorptive features in this range have all been assigned toLMCT transitions from predominantly Cp−-based orbitals into the eletron hole13MCD: Magneti irular dihroism [37℄.



2.2. UV-vis spetrosopi properties of ferroene and ferroene derivatives 37that is loalised on the oxidised Fe3+ ore (although the weak osillatory stru-ture apparent between ∼ 420 − 600 nm is attributed to a superposition of weakpredominantly d-d transitions remaining available to the Fe3+ entre).We onlude this setion by mentioning brie�y the general e�ets of addition ofsubstituent groups to the Cp− rings of the F unit. As re�eted in the numerousreports on the UV-vis spetrosopi properties of F-derivatives with (neutral) sub-stituents [95, 94, 56, 57, 62, 107, 108, 59, 109, 110, 111, 112, 113, 100, 114, 115℄ theaddition of even simple (i.e. eletronially `innoent') substituents generally leadsto a symmetry-lowering of the F-based orbitals, suh that the (predominantly d-d)F-I band an gain signi�ant intensity (i.e. with εmax → 500 M−1cm−1). More-over, with inreasingly eletron-withdrawing substituents, the F-band undergoesa signi�ant red-shift (with λmax → 500 nm) and gains additional strength due tothe mixing of the π-orbitals of the Cp− ring with those of the substituent (whihimplies a ertain degree of harge transfer to the substituent in the exited state.In the limiting ase of a strong aeptor substituent with a low-lying LUMO, theexited-state orbital is predominantly loalised on the substituent itself, onsti-tuting a true MLCT harge-transfer transition, suh as the F-donor ompoundspresented in the next setion.2.2.2. Eletroni desription and spetrosopi properties of establishedF-donor MLCT ompoundsIn this setion, we present a summary of the eletroni and spetrosopi proper-ties of established F-donor/organi-aeptor MLCT ompounds, whih have beenstudied intensively over the last deade due to their promise as non-linear optialhromophores [21, 22, 23, 24, 25, 26, 27, 28, 29, 30℄. The general struture of theseompounds is shown in Figure 2.17(a), where the F-donor and organi aeptor(`A') are ovalently attahed via a onjugated arbon bridge, although several othersyntheti strategies have been investigated to a lesser degree, e.g. using Shi� base-[116, 117℄, ethylene- [118℄ and single-σ-bonding [119, 120, 121℄ shemes (Figure2.17(b-d), respetively). A review of these ompounds (hereafter referred to as `F-
π-A') is important for the onsideration of any new F-donor MLCT ompounds,due to the fat that their eletroni struture and spetrosopi properties havebeen extremely well haraterised, both experimentally and theoretially. Theyalso provide a benhmark for the performane of other F-based donor-aeptorompounds (at least in terms of the strength and wavelength range of their MLCTabsorption bands).The absorption spetra of a seleted set of these F-π-A ompounds is shownin Figure 2.18 [25, 24℄. For all ompounds, two main bands (referred to hereafteras `low-energy' (LE) and `high-energy' (HE)) an be identi�ed in the range 300-900 nm, whih both undergo a progressive red-shift and inrease in strength forthe sequene of ompounds shown (with an additional band entering in the near-UV for the ompounds with the most red-shifted spetra). The absorption peakof the LE band progresses from λmax = 513 nm (εmax = 4600 M−1cm−1) for thenitrophenyl aeptor (bottom urve) to λmax = 854 nm (εmax = 19700 M−1cm−1)for the thio�avyliumyl aeptor, with a similar red-shift (although somewhat lesspronouned absorption inrease) for the HE band. One notes that this sequeneinludes both neutral and mono-ationi speies, the harge of the aeptor per seis not a ritial fator for ahieving a strong MLCT transition. We note that for theneutral derivatives shown, the LE band is reported to undergo a bathohromi shiftwith inreasing solvent polarity, whereas for the ationi derivatives a hypsohromishift is observed [24℄ (onsistent with the disussion in Setion 2.1.4). However, no
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Figure 2.17.: General struture of established F-donor/organi-aeptor in-tramoleular MLCT ompounds, with various bridges: (a) onjugatedarbon, (b) Shi� base, () ethynyl and (d) single-σ bonding.quantitative analysis of the solvatohromi shifts in a series of di�erent solventsappears to have been reported in the literature.Several theoretial models of the eletroni struture were presented to explainthe origin and spetrosopi trends of these absorption bands using extended Hükel[29℄, ZINDO14 [122, 123, 124℄ and DFT [24℄ methods with the aim of identifyingwhih eletroni transitions might possess signi�ant harge transfer harater, andhene be a useful indiator of strong moleular hyperpolarisability (i.e. the higher-order polarisability tensors whih give rise to nonlinear optial e�ets). As fur-ther derivatives were synthesised, espeially those inorporating stronger aeptorgroups (as shown in Figure 2.18), the earlier proposed models [25, 29℄ were foundto be inonsistent with experiment15, with the interpretation based on the fron-tier moleular orbitals from the more reent (ground-state) DFT alulations beingthe only piture onsistent with the observed solvatohromism, eletrohemistry,photoeletron and Stark spetral results [24℄.Details of the theoretial model are depited in Figure 2.19(a,b). The LE bandis assigned to a transition from predominantly d-based orbitals16 of the F-oreinto the LUMO (Figure 2.19(b)) whih is predominantly loalised on the aep-tor, suh that the transition possesses a strong CT harater. In ontrast, the HEband is assigned to a transition from a lower-lying π-bridge-based oupied orbital(HOMO[-3℄, Figure 2.19(b)) into the aeptor LUMO. (Ironially, the previousinterpretations, whih inluded theoretial models of ZINDO-based transition en-ergies [123℄ predited that the LE transition was a loalised d-d transition, whilstthe HE band was assigned as the MLCT transition responsible for the large hy-perpolarisability of this lass of ompounds). By inspetion of the spatial distribu-tions of the HOMO[-3℄ and LUMO orbitals, it is lear that this transition ouldpossess signi�ant wavefuntion overlap and hene the appreiable observed osil-14ZINDO: Zerner's Intermediate Neglet of Di�erential Overlap.15It is instrutive to note that even after several years of onentrated experimental and theoreti-al researh on this lass of ompounds, whih reahed a fair level of maturity, the provision ofexperimental data from additional measurement tehniques and on a wider range of derivativesan lead to drasti hanges in the qualitative interpretations of results.16Note that no graphial representations for the alulated Fe-based HOMO[0,1,2℄ were found inthe literature, although they are desribed as being similar to the unperturbed d -orbitals ofF (see Figure 2.13).
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Figure 2.20.: Comparative UV-vis absorption spetra of MLCT ompounds withferroene and otamethylated-ferroene donors (R=H and R=CH3,respetively). (Data extrated from [24℄.)lator strength. However, the diret wavefuntion overlap of the essentially d-basedHOMO[0,-1,-2℄ with the aeptor LUMO is predited to be far too small to aountfor the observed absorption strength of the LE band.This apparent disparity was explained [24℄ by onsidering the fat that the LEband an gain signi�ant absorption strength through `intensity borrowing' (Se-tion 2.1.1) from the strongly-allowed HE transition (whih inreases in strengthwith inreasingly stronger aeptor groups). In support of this, a loser analysis ofthe exat peak positions of the LE and HE bands in Figure 2.18 shows that theabsorption strength of the LE band relative to the HE band inreases with dereas-ing energeti separation between the two bands (i.e. with dereasing separation ofthe orresponding exited-state energies, suh that the denominator in Eq. 2.3 isredued)17. The fat that the LE band possesses an appreiable osillator strengththrough this mehanism (whih is the basis of their pratial value as CT materi-als) demonstrates the important role of auxiliary eletroni states and transitionsin enhaning the usefulness of diret CT transitions, whih are otherwise limitedin their absorption strength by the inherently low degree of HOMO-LUMO spatialoverlap.We mention two �nal pertinent results for these F-donor MLCT ompounds.Figure 2.20 shows the UV-vis spetra for two representative F-MLCT ompoundsand the orresponding ota-methylated derivatives where the Cp−-rings bear CH3groups (labelled `FR[1℄2' and `FR[3℄6', R=H, CH3, as per Ref. [24℄). As mentionedin Setion 2.2.1, it is well-established from eletrohemial and theoretial studiesof deamethylferroene [125, 97, 103℄ that replaement of the -H atoms with -
CH3 groups on the Cp rings leads to a destabilisation of the d-based HOMOs by
≈ 0.5 eV, due to the relative inrease in eletron density at the Fe2+ ore induedby the CH3 groups (whih leads to an inrease in Coulomb repulsion in the F oreand renders an energetially more faile oxidation of Fe2+ →Fe3+).As seen in Figure 2.20, this modi�ation does indeed lead to a signi�ant red-shift(in the range 0.22-0.33 eV) of both the LE and HE bands for the ota-methylatedderivatives, with the values extrated from the literature spetra listed in Table17Note this trend was identi�ed from personal analysis of the published data, whih supports thestatements in Ref. [24℄.



2.2. UV-vis spetrosopi properties of ferroene and ferroene derivatives 41Changes upon methylation
λmax (nm) ∆(hcνmax) (eV)Compound (εmax (M−1cm−1)) (∆εmax/εmax,R=H (%))LE HE LE HER=H R=CH3 R=H R=CH3FR[1℄2 496.8 554.5 356.6 380.8 -0.26 -0.22(4401) (3936) (18700) (15920) (-10.6) (-14.9)FR[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 ompounds FR[1℄2 and FR[3℄6, demonstrating red-shift and absorption strength hange upon otamethylation of the F-

Cp− rings (see Figure 2.20 for strutures). (Raw data extrated from[24℄.)2.1. This supports the fat that both transitions involve a LUMO whih is notloalised on the F-unit, where one would expet a orresponding destabilisation ofthe d-based LUMO (as disussed in Setion 2.2.1), and a resulting small blue-shiftfor the absorption band. One useful onlusion arising from these onsiderations isthat the omparison of the spetral band position of a ertain proposed F-donor�aeptor ompound with its orresponding methylated derivative ould provide areliable test of the degree of harge-transfer in the optial exitation: if the exitedstate orbitals remain predominantly loalised on the F-unit, then a signi�ant red-shift of the band will most probably not result. However, also evident is that theabsorption strength of the LE (MLCT) transition is in both ases slightly dereasedby methylation, due to the distortion of the donor and bridge eletroni states.This is an important point in onsidering design modi�ations to the F-B-bpyompounds under study in this work, whih suggests that methylation of the Cp−rings will not neessarily yield any inrease in the MLCT absorption strength,despite the predited red-shift of the transition18.To onlude this setion, in Figure 2.21 the results of a Stark (i.e. eletroab-sorption) measurement are shown for ompound F(CH3)[3℄6 in frozen solution[24℄. The net Stark spetrum (i.e. the hanges in UV-vis absorption indued byan applied quasi-DC eletri �eld, [126, 127, 128, 129, 130℄) of a rigid19, isotropimoleular ensemble re�ets ontributions from the hange in polarisability (∆α)and dipole moment (|∆µ|) that result upon optial exitation (ideally manifested asspetral ontributions proportional to the (frequeny-weighted) �rst- and seond-derivatives, respetively, of the original absorption band(s)). The seond derivativeterm is ideally proportional to |∆µ|2. From a omparison of Figure 2.21(b) and (),one sees that the Stark spetrum bears a strong resemblane to the numerially-generated seond-derivative funtion of the zero-�eld frequeny-weighted absorp-tion spetrum (in Figure 2.21(a)), whih indiates a dominant ontribution from18It should be noted that this omparison for the F-B-bpy ompounds remains untested dueto the syntheti hallenges of produing the methylated derivatives, although this disussionshould motivate ontinued e�orts to synthesise methylated derivatives for spetrosopi om-parison.19Note that a rigid environment, suh as a frozen glass matrix, is required in order to preventmoleular reorientation (and, in the ase of ioni salts, ion motion) of the moleular ensemblein the applied eletri �eld.
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Figure 2.21.: UV-vis spetra of ompound F[3℄6 (in frozen 2-methyl-THF) (a) ab-sorption spetrum, (b) (di�erential) Stark spetrum and () weightedseond-derivative of absorption spetrum. (Data extrated from [24℄.)



2.3. Eletroni and spetrosopi properties of relevant organi aeptorompounds 43the eletroni dipole moment hange upon exitation.Note that the LE band region of the numerially-generated seond-derivativeof the spetrum in Figure 2.21() was saled up by a fator 4 relative to the HEband region, in order to maintain the relative proportion to the Stark spetrumin this region. This implies that the Stark spetrum is enhaned by a fator of
∼ 4 in the LE band region relative to the HE band region, and hene that the LEtransition represents a larger degree of CT (i.e. a larger value of |∆µ| by a fator of
∼ 2) than the HE transition, whih provides additional support for the theoretialmodel. Quantitative analysis of the spetra in Figure 2.21 [24℄ yielded the values
|∆µ| ≃ 18 D (LE) and |∆µ| ∼ 9 D (HE) (D=debye), whih orresponds to thedisplaement of a single eletroni harge e by ∼ 3.8 Å and ∼ 1.9 Å, respetively,whih is in agreement with the displaement of harge suggested by the MOs inFigure 2.19.It is lear that Stark spetral measurements an provide extremely useful in-formation for quantifying the degree of harge transfer involved in an eletronitransition. Moreover, it should be noted that the results derived are generally moreappliable to straightforward interpretation than those obtained from other on-densed phase tehniques, suh as the solvatohromism analysis presented for aF-B-bpy ompound in Chapter 4. Nevertheless, one needs to invest onsiderablee�ort and are in the experimental implementation involving optial-quality frozensolutions with high applied eletri �elds (i.e. of some 100s of kV/m), espeiallyto obtain artifat-free results with weakly-absorbing speies. In any ase, it is learthat spetrosopi studies on CT ompounds an bene�t greatly from this typeof spetrosopy, and this would be an important diretion for future study of theF-B-bpy ompounds studied in this work.We note that although these F-based MLCT ompounds with onjugated-arbon bridges have been studied intensively for over a deade, no informationin the literature ould be found onerning their exited-state relaxation dynam-is20. A study of the luminesene properties and ultrafast relaxation dynamisof the MLCT states for the π-bridged F-donor organi-aeptor derivatives pre-sented in this setion poses a very interesting diretion for future study, espeiallyto omplement parallel studies on the F-B-bpy ompounds.2.3. Eletroni and spetrosopi properties of relevant organiaeptor ompoundsIn this setion, we provide a brief desription of the eletroni and spetrosopiproperties of the organi aeptor groups (Figure 2.22) whih are present in theF-B-bpy ompounds. The key aeptor group for the F-B-bpy ompounds stud-ied in this work is the 2,2'-bipyridylboronium ation (as indiated by the generistruture `(R,R'-)B-bpy', Figure 2.22()), whilst another important related deriva-tive studied in Chapter 4 inorporates the aeptor group `B-dpp' (Figure 2.22(d),whih possesses an even more deloalised π-system than the B-bpy aeptor.These two aeptors are related to the parent organi groups 2,2'-bipyridine(`bpy', Figure 2.22(a)) and 2,5-bis(2-pyridyl)pyrazine (`2,5-dpp', Figure 2.22(b)),whih have been inorporated as aeptors in a wide range of harge transfer om-plexes (e.g. [131, 102℄). In the ase of `B-bpy' and `B-dpp' a tetraoordinated-B-atom is bonded to the N-atoms of two pyridine rings to form a ationi aeptorgroup where the positive harge is deloalised over the whole B-bpy system [7℄ with20The fat that no time-resolved exited-state study on these π-bridged F-donor ompounds hasbeen performed was supported by personal ommuniation with one of the key researhers ofthese ompounds, S. R. Marder, Department of Chemistry, University of Arizona.
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 Figure 2.23.: UV absorption spetra of relevant bpy-derivative aeptor groups,inluding a omparison of the neutral bpy and prototype ationiaeptor σ-B-bpy. For σ-B-bpy a Gaussian band �t to the lowest-energy absorption region (labelled `σ-b') and residual is shown. (Notethat vertial sale for 2,5-dpp has been redued by a fator of 2. Datafor 2,5-dpp extrated from [132℄).dative bonding from the N-atoms to the B-atom. These aeptors are inorporatedinto the F-B-bpy ompounds via attahment to a Cp ring of the F group usingone of the two additional substituent sites (R). In order to obtain the spetrosopiproperties of the isolated B-bpy aeptor groups, the ompound `σ-B-bpy' (Figure2.22()) was synthesised, where the fully-saturated arbon struture is expetedto have only a weak e�et on the spetrosopi properties of the B-bpy unit. Fur-ther details were available from existing studies on the bpy and 2,5-dpp aeptors[132, 133℄ as well as a report on the (spetro-)eletrohemial properties of variousderivatives of R,R'-B-bpy [134℄.A omparison of relevant UV absorption spetra is provided in Figure 2.23. Thelowest-energy absorption band of bpy (labelled `b-I') ours at λmax = 280 nm(εmax = 18400 M−1cm−1), with a seond absorption band (`b-II') in the range 220-250 nm, both of whih are assigned to π−π∗ transitions involving orbitals that aredeloalised over both pyridine rings [131℄. Analogous bands are present for both 2,5-dpp and the ationi σ-B-bpy, whih shows that the deloalised positive harge in
σ-B-bpy still results in similar HOMO-LUMO orbitals for the system. Considering2,5-dpp, the b-I band peak is red-shifted some 0.5 eV relative to bpy, with aninrease in osillator strength by a fator of ∼ 2, whih results from the greaterdeloalisation of the π-orbitals over the three aromati rings and a orrespondinglylarger transition dipole moment. Comparing the bands for σ-B-bpy relative to bpy,one observes a red-shifting of both bands b-I and b-II relative to bpy (with ared-shift of ∼0.43 eV for the b-I band), although only small hanges in relativeabsorption strength are observed. Note also that a resolvable vibrational struture(with a spaing of ∆ν ∼ 1040 cm−1) an be observed in the b-I band of σ-B-bpy in ontrast to bpy, whih an be attributed to the inreased rigidity of thebpy onformation enfored by the presene of the N-B-N substruture (similarvibrational struture is observed for other bipyridines upon addition of a ommon
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Figure 2.24.: Cylovoltammetry traes for bpy, Hf and 2,5-dpp. (Data for bpy and2,5-dpp extrated from Ref.s [133℄ and [131℄, respetively.atom bonded to both N-atoms [132℄). The weaker band (σ-b) on the red-edge ofthe spetrum for σ-B-bpy was not reported for other related B-bpy derivatives andmay be due to a residual impurity in the sample. A Gaussian �t to this band (andthe residual absorption after subtrating this �tted band) is inluded in Figure 2.23to aid in omparison with the other spetra.The orresponding eletrohemial data for bpy, 2,5-dpp and a (Ph)2-B-bpyderivative (`Hf ')21 are shown in Figure 2.24. In omparing bpy and 2,5-dpp, wenote that the �rst redution potential for 2,5-dpp is shifted to less negative poten-tial by 0.56 V relative to bpy, indiating a orresponding stabilisation of the LUMOenergy in 2,5-dpp relative to that of bpy. Hene the red-shift of the b-I band for2,5-dpp relative to bpy (Figure 2.23) is due predominantly to a stabilisation of theorresponding LUMO, with only a small shift between the HOMO energies of bpyand 2,5-dpp.Most striking is a omparison of the redution potentials between bpy and theB-bpy ation Hf (Figure 2.24), whih shows that the �rst eletron addition for Hfours at 1.22 V less negative potential than for bpy, indiating that the LUMO en-ergy is signi�antly stabilised for the ationi aeptor (onsistent with its positiveharge). A omparison of the literature data [134℄ allows an estimate of the ex-peted shift of the redution potential for σ-B-bpy relative to bpy, i.e. also stronglyshifted to less negative potential by a similar magnitude (i.e. ∼ 1.14 V). This sig-ni�antly lower LUMO energy for the B-bpy derivatives is an important propertyfor their use as aeptor groups in CT ompounds, where a lower energy CT bandwill result (e.g. see Figure 2.5).21Note that data for the ompound Hf was reported in [134℄ as well as being measured by aollaborating 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 eletrohemial redution (i.e. in their neutralstate). Counteranions (PF−

6 ) not shown. (Data extrated from [134℄).Note that the two lowest energy bands are blue-shifted for theeletron-withdrawing ompounds (H andHe) relative to ompoundsHf/Hg. Compound Hg is idential to σ-B-bpy exept for the di�er-ent ounteranion.A �nal important result that we will refer to in Chapter 4 and 5 is the positionof the absorption bands that our in the B-bpy aeptors upon the �rst eletro-hemial redution. The peak wavelengths of the absorption bands for a range ofthese (neutral) B-bpy derivatives were tabulated in Ref. [134℄ and are shown inFigure 2.25. As an be seen by the band energies, the eletron addition leads tonew absorption peaks whih are red-shifted relative to the b-I and b-II bands of theationi form (Figure 2.23). However, the lowest-energy absorption peak positiondepends ritially on the nature of the substituents attahed to B. For the aseof eletron-withdrawing substituents (H and He) the lowest energy absorptionpeaks are strongly blue-shifted to 460 nm and 458 nm, respetively, relative tothe ase of aromati/aliyli substituents in Hf and Hg, where the lowest energytransitions are at 490 nm and 494 nm, respetively.In Setion 4.5.3 we will present the orresponding spetra for the F-B-bpy om-plexes following eletrohemial redution of the B-bpy groups, whih leads toabsorption bands with positions very similar to those of Hf and Hg. In ontrast,in onsidering the MLCT exited-state of the F-B-bpy ompounds in Chapter 5,we treat the exited-state as a ombination of a simultaneously oxidised-F-donorattahed to a redued-B-bpy aeptor. In this ase, the oxidised F onnetedto the redued B-bpy should resemble more losely the situation of an eletron-withdrawing substituent as per the ase of H and He, and any exited-state ab-sorption due to loalised transitions on the B-bpy aeptors should be blue-shiftedto higher energy (i.e. ∼ 460 nm), whih will be shown to be onsistent with theexited-state spetra in Chapter 5.





3. Ultrafast spetrosopy: system design andharaterisationIn this hapter the elements of the femtoseond broadband spetrosopy systemused for the measurements in Chapter 5 are presented, inluding an overview of thepulse soures used (i.e. white-light ontinuum and non-ollinear optial parametriampli�er (NOPA)) and the measurement system, with a brief disussion of the time-resolution and oherent artifats for the measured transient absorption signals.3.1. Femtoseond optial pulse soures3.1.1. Regenerative ampli�er laserThe femtoseond broadband optial pulse soures used for the measurements pre-sented here all employ the output of a 1-kHz-repetition-rate regenerative ampli�erlaser (Clark-MXR CPA-2001) as the pump-pulse soure. A shemati for this lasersystem is given in Figure 3.1. As shown, an Er-doped �bre laser followed by a high-e�ieny seond-harmoni-generation (SHG) stage (frequeny doubler) produes ahigh-repetition (∼ 25 MHz) pulse train of 150-fs-duration seed pulses with a entrewavelength of 775 nm. A frequeny-divider produes a 1-kHz signal frequeny-loked to this pulse-train. This 1-kHz signal triggers an intraavity-doubled Q-swithed YAG laser whih produes 8-mJ pulses (of some 100s of ns pulse length)at 532 nm, whih pump a Ti:sapphire rystal in the regenerative-ampli�er avity.The 1-kHz signal also triggers a Pokels ell whih ouples a single seed pulse fromthe 25-MHz pulse train into the avity, where it experienes ampli�ation fromthe inversion reated in the Ti:sapphire rystal. After the avity ampli�ation sat-urates, the pulse is oupled out by a seond swithing of the Pokels ell, withan output pulse energy of typially ∼ 800 µJ (entre wavelength: 775 nm, pulseduration: ∼ 150 fs (FWHM)). Note that due to the high instantaneous intensityof the ampli�ed pulse in the avity, the seed pulse passes through a grating pulse-strether before entering the avity (whih greatly redues the peak intensity, andavoids damage to the intra-avity optis) and is subsequently re-ompressed afterleaving the avity. Due to the use of suh a temporally-dispersed (or `hirped') pulsein the ampli�er avity, this tehnique is referred to as `hirped-pulse ampli�ation'.The two main issues for the CPA performane that required areful attention forits use as a pump soure for the subsequent nonlinear pulse generation (i.e. NOPAand white-light-ontinuum generation) were (i) the beam pro�le, and (ii) the pres-ene of slow drifts in output power (on a time sale of hours) � both of these had aritial in�uene on the stability of the subsequent pulse generation mehanisms.3.1.2. White-light ontinuum pulse generationIn general, all media demonstrate a third-order non-linear response in the polari-sation (haraterised by the non-linear suseptibility, χ(3) [135℄) for su�iently in-tense optial radiation. When an ultrashort pulse is foussed into suh a medium,one of the resulting e�ets is an intensity-dependent (spatiotemporal) refrativeindex hange, whih (for most materials) leads to an inreased refrative indexon the beam axis. This leads to a distortion of the wavefronts orresponding to astronger foussing of the beam, i.e. self-foussing [135, 136℄, whih auses a rapid49
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Figure 3.2.: Generation of white-light ontinuum by self-foussing of femtoseondnear-IR pulses in a large-band-gap dieletri medium (e.g. sapphire),followed by higher-order non-linear proesses resulting in the genera-tion of a broad white-light pulse.ollapse of the beam pro�le to a thin �lament with an extreme peak intensity(∼ 1013 W cm−2), as depited in Figure 3.2. Due to an interplay of self-phase mod-ulation (SPM), dispersion and higher-order nonlinear e�ets, these high intensitieslead to the generation of a white-light (WL) ontinuum pulse [135, 136, 137, 138℄,whih for near-IR femtoseond pump pulses has a spetrum predominantly on theblue-side of the pump wavelength [136℄ .A typial spetrum of these WL pulses is shown in Figure 3.3, whih was gen-erated by foussing ∼ 2 µJ of eah pulse from the CPA (as desribed above) intoa 3-mm-thik sapphire disk (using a lens with a foal length of 30 mm, diameter22.4 mm). As an be seen, the spetrum extends down to . 450 nm and the to-tal onversion e�ieny in the range 450-750 nm is .1%. These WL pulses areemployed diretly as the probe pulses in the pump-probe system desribed in thishapter, as well as the seed light for the NOPA. We note the photon spetral den-sity (per pulse) is rather low (∼ 108 photons/nm), whih needs to be onsideredwhen using the WL pulses for optial measurements, where the �utuations due
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 Figure 3.3.: Calibrated spetrum of white-light ontinuum pulses generated in a3-mm sapphire disk (with extraordinary axis normal to the surfae)using a near-IR regenerative ampli�er pump-pulse (CPA 2001, 775 nm,
∼150-fs pulse duration, ∼ 2 − µJ pulse energy). Calibration involvedabsolute-power measurements through a range of interferene �lterswith known spetral transmission. Residual 775-nm pump light sup-pressed with short-pass optial �lter.to single-shot photon noise an beome signi�ant [139℄. Moreover, from measure-ments of the spetrally-resolved beam pro�le, the divergene and beam diameterof the white-light were determined to be wavelength-dependent, suh that subse-quent ollimation and refoussing of these beams should involve fairly long foallengths to avoid signi�ant hromati aberrations (or `spatial hirp'). Spei�ally,for a 30-mm NIR-pump fous, a ollimating opti with a foal length of 70-100 mmis preferable 1.3.1.3. Seond harmoni generation (SHG)In non-entrosymmetri rystals, there is a seond-order non-linear response in thepolarisation to inident eletri �elds, i.e. P (2)(t) = ε0χ

(2)E(t) ·E(t) (assuming aninstantaneous response), whih for an inident optial �eld leads to a mixing of eahfrequeny omponent pair (ω1,ω2) in the spetrum of E(t) to produe new wavesat ω1 − ω2 (di�erene-frequeny generation, DFG) and ω1 + ω2 (sum-frequenygeneration, SFG) [135, 139, 138℄. For a single inident optial pulse (with a entrefrequeny ω0), this SFG orresponds to the generation of a seond pulse with aentre frequeny (2ω0) (and hene photon energy) twie that of the inident pulse.As mentioned above, this e�et is referred to as seond harmoni generation (SHG).The SHG proess is used in the NOPA (desribed in Setion 3.1.5) to onvert theinoming near-IR (775-nm) pulses into near-UV pump pulses required for the OPAproess.Moreover, the SHG e�et an be exploited in the measurement of pulse durations[138, 139℄. If an optial pulse (desribed by E(t)) and a delayed replia (E(t− τ))1For the measurements presented in Chapter 5, a ollimating o�-axis paraboloidal mirror withan e�etive foal length of 25.4 mm was used, although test measurements with dye sampleswere performed to on�rm that the hromati aberrations of the white light did not lead to asigni�ant distortion of the measured signals.
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LFigure 3.4.: Double-pass prism-pair ompressor, with an inter-apex distane L be-tween the two prisms, with the intermediate ray at frequeny ω rossingthe inter-apex line at an angle β(ω).overlap at a small angle (i.e. in the absene of temporal interferene) in a (thin)SHG rystal, then a omponent of the SHG signal is given by EAC ∝ E(t)E(t− τ)[139℄. This signal has a orresponding time-integrated intensity,
IAC ∝

∫

∞

−∞

dt I (t) I (t− τ), (3.1)whih is the intensity autoorrelation of the pulse E(t).3.1.4. Prism ompression and autoorrelationGiven an optial pulse (entre frequeny ω0) with spetral intensity I (Ω) and aspetral phase ϕ (Ω) (where Ω = ω−ω0), the orresponding variane of the temporalintensity (i.e. pulse width) is minimised for ϕ (Ω) = A + BΩ (for any A,B ∈ R),i.e. for a onstant (or linear) spetral phase (A and B only ditate the absolutearrier phase and temporal position of the optial pulse, respetively) [138℄. Suha pulse is said to be `transform-limited'.When the optial pulse propagates through a transparent medium with thikness
L and refrative index n(ω), an additional spetral phase is aquired, ϕ (Ω) =
k (ω0 + Ω)L where k (ω) = n (ω)ω/c is the wavevetor (magnitude). Expandingthis phase about the entre frequeny gives,

ϕ (Ω) =

[

k (ω0) + k′ (ω0)Ω +
1

2
k′′ (ω0) Ω2 +

1

6
k′′′ (ω0)Ω3 + ...

]

L (3.2)suh that the �rst terms whih lead to temporal broadening of the optial pulseare the group dispersion delay (GDD), ϕ′′ (Ω) = 1
2k

′′ (ω0)Ω2L (where k′′ (ω0) isreferred to as group veloity dispersion (GVD)), and the third-order delay ϕ′′′ (Ω) =
1
6k

′′′ (ω0) Ω3 (where k′′′ (ω0) is referred to as the third-order dispersion (TOD)). Formost dieletri materials in the near-UV/vis range, k′′ (ω0) > 0 (positive GVD), sothat in order to ompensate for the dispersion of optis between the pulse soureand the sample in an experiment, an optial system whih possesses a variablenegative GVD is required.The simplest onstrution to ahieve this is a prism-pair ompressor [140, 141℄,shown in Figure 3.4. For any given frequeny omponent of the inident optialpulse, the net phase shift through this system (assuming a double pass) is ϕ (ω) =
(2ωL/c) cos (β (ω)) [141℄, where β(ω) is the wavelength-dependent angle formedbetween the intermediate ray between the two prisms and the line onneting theapex of eah prism. Taking the seond derivative of this phase shift results in,d2ϕdω2

=

(

2L

c

)

[

−
(

2
dβdω + ω

d2βdω2

)

sin (β) − ω

(dβdω)2

cos (β)

]

. (3.3)



3.1. Femtoseond optial pulse soures 53The seond term in the square brakets is neessarily negative and for small β willdominate, resulting in a net negative-GDD ontribution whih an be used to elimi-nate the positive-GDD introdued by other optis in the system. Note that a giventarget negative-GDD an be ahieved over a ontinuous range of on�gurationsof the two prisms (due to the dependene on both L and β), i.e. by varying thedistane between the two prisms and the amount of prism glass the beam passesthrough. In this ase, we onsider the ontribution to the TOD from the prism-pair.For a simple prism-pair and materials suh as SF10 (used in the experiments in thiswork) for the typial prism on�guration needed to ompensate the GDD from theother optis, the TOD of the prism ompressor is generally more negative than theorresponding positive-TOD from the dispersive optis in the system [141℄. Giventhat the negative-TOD of the prism-pair inreases with the inter-apex distane,
L, the optimal experimental on�guration is to redue L as far as possible (untilthe pratial limit for the minimum amount of prism glass traversed is reahed).We note that for other prism materials, suh as fused-silia, the residual negative-TOD is smaller than for SF10, allowing superior pulse ompression. However, therequired inter-apex distane for a fused-silia prism-pair (to eliminate the typiallevels of GDD, i.e. L ∼ 1 − 2 m) is far larger than that for SF10 (10s of m),suh that SF10 is a more pratial hoie if reahing the absolute minimum pulseduration is not essential. In the ase of more omplex pulse ompression onstru-tions (involving a ombination of multiple prisms/gratings), even more ontrol ofthe dispersion ompensation (inluding over a wider bandwidth) is possible at theexpense of more involved optimisation proedure.The prism ompression is used to ahieve the shortest possible pulse duration atthe sample position (i.e. inluding pre-ompensation of the positive-GDD betweenompressor and sample). Many experimental tehniques exist in order to measurethe duration of femtoseond optial pulses (for obtaining optimal ompression anddetermining the orresponding time-resolution of the experiment) [142, 143, 144℄,with the simplest being methods of `intensity autoorrelation' (AC) [139℄ (.f. Eq.3.1).The two implementations for measuring the pulse AC used in this work areshown in Figure 3.5. A Mah-Zehnder-type interferometer assembly is used to pro-due two beams omposed of the input optial pulse E(t) and a variably-delayedreplia (E(t−τ)) with the relative delay τ ontrolled by a rapid-sanning omputer-ontrolled delay stage. The use of two (1-mm-thik ultra-broadband metalli) beam-splitters in this way inurs the same small degree of material dispersion for the twopulse replias, with a paraboloidal mirror used for fousing to avoid inurring anyfurther dispersion2.For generating the AC signal, the �rst method involves the use of SHG in a β-barium-borate (BBO) rystal to generate an AC optial signal (Setion 3.1.3) whihis deteted by a UV-sensitive detetor and sent to a (12-bit) boxar-integrator forreording the signal. We note that for optial pulses with entre wavelengths inthe range 500-550 nm and bandwidths of ∼ 15 nm (orresponding to a transform-limited (FWHM) pulse width of 20-30 fs), the material dispersion between theinput and generated SHG pulse requires the use of a BBO rystal no thiker than
100 µm.The seond method for generating the AC signal involves the use of two-photon-absorption (TPA) diretly in the detetion element of a photodiode [144℄, wherethe detetion element is a material with a band-gap larger than the photon energy2Note that the autoorrelator is used at a position in the pump-probe measurement system (Se-tion 3.2) suh that the material dispersion from the beamsplitters is approximately mathedto the material dispersion inurred in reahing the sample.
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Figure 3.5.: Shemati of real-time non-ollinear intensity autoorrelator (with bal-aned dispersion employing either (i) two-photon absorption (TPA) di-retly in a SiC photodiode, or (ii) measurement of the SHG ross-signalfrom a thin BBO rystal.of the fundamental pulse (suh that the linear absorption signal is negligible). Inthis ase, the instantaneous generation of photoarriers in the photodiode is givenby iTPA ∝ (I (t) + I (t− τ))2, whih ontains the ross-term iAC ∝ I (t) I (t− τ).Hene a measurement of the time-integrated photodiode signal vs delay τ also yieldsthe intensity AC (Eq. 3.1) of the optial pulses. For pulses with entre wavelengthsin the range 460-600 nm, a suitable hoie of detetor material is SiC [144℄. Threepratial advantages of the use of a TPA photodiode (over SHG in a BBO rystal)are (i) the low ost and simpliity of implementation, (ii) the wide bandwidth overwhih a single devie an be used, and (iii) the fat that if a TPA photodiode withan ative area slightly smaller than the foussed input beams is used, then spatialoverlap of the two beams is ahieved very simply by maximising the TPA signalfrom eah beam alone. However, it should be noted that due to saturation of theTPA signal for large signals, only a very weak input pulse energy should be used,to avoid distortion of the measured AC signal (whih will result in a signi�antlybroadened width of the measured AC trae). This limits the maximum signal-to-noise (in a given measurement time) for TPA-based autoorrelations.The measurement of the intensity-AC signal does not provide a unique determi-nation of the optial pulse shape (or spetral phase). However, if a ertain temporalpulse pro�le is assumed, then there is a well-de�ned relation between the width ofthe measured AC signal (TACFWHM) and the temporal intensity pro�le of the op-tial pulse (TFWHM). For transform-limited pulses, the ratio TACFWHM/TFWHM forseveral ommon pulse shapes an be derived analytially [139℄. For a Gaussian in-tensity pro�le (I (t) ∝ exp
(

−4 ln (2) t2
/

T 2FWHM) ) we have TACFWHM/TFWHM =
√

2,whereas for a hyperboli-seant pulse (I (t) ∝ seh2
(

−2 ln
(

1 +
√

2
)

t/TFWHM) ),
TACFWHM/TFWHM ≈ 1.55.3.1.5. Non-ollinear optial parametri ampli�er (NOPA)For pump-probe measurements, an ultrashort pump pulse tuned to the absorptionwavelength of the sample under study is required. Suh tunable pump pulses in thevisible and near-IR (460-1600 nm) an be obtained using a non-ollinear optialparametri ampli�er (NOPA) [145, 146℄. For the researh work, we employed both



3.1. Femtoseond optial pulse soures 55

White
light

UV
pump

t

Amplified
Output

TimeTime

Gain~10
5

kPe( )q

kSo

kIo

O
pt

ic
al

 a
xi

s

q

a b

SHG-BBO

500 mm

387 nm

~80 Jm

~15 Jm

~65 Jm

775 nm

~250 Jm

f = 2 m

White-light seed
generation

OPA-BBO
2 mm

OPA-BBO
1 mm

First-stage
output

0.5-2 Jm

First-stage
output
460-720 nm

~10-50 nm

5-20 J

Dl

m

(a)

(b)

Pump

White-light
seed

Signal

Idler

BBO

Figure 3.6.: (a) Shemati of a non-ollinear optial parametri ampli�er with twoasaded ampli�ation stages. (b) Beam geometry for non-ollinearparametri proess with near-UV pump pulse (387.5 nm) and white-light-ontinuum seed, showing ampli�ed bandwidth of white light.a ommerially-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 shematiof the optial parametri ampli�ation proess in Figure 3.6(b).The optial parametri ampli�ation (OPA) proess involves the down-onversion of photons in a near-UV pump pulse (with entre frequeny ωp) into asignal (ωs) and idler (ωi) pulse in a seond-order nonlinear medium (in this ase aBBO rystal), with onservation of photon energy ditating that ωp = ωs+ωi [146℄.The near-UV femtoseond pump pulses (in this ase, at 387 nm) are generated byfrequeny-doubling of the near-IR pulses (775 nm) from the regenerative ampli-�er laser in an SHG rystal (in this ase, using a 10-mm-aperture, 0.5-mm-thikBBO). In order to provide a signi�ant gain for the proess, a seed-light soure isrequired, whih is provided by a white-light ontinuum pulse (Setion 3.1.2) ov-ering the wavelength range of the required signal pulse. Due to residual dispersionin the WL generation proess, the WL omponents are temporally dispersed (i.e.`hirped'). Both UV-pump and WL seed pulses are spatially overlapped into a BBOrystal, with the relative delay tuned to ahieve temporal overlap of the UV pumppulse with the target signal wavelength range.



56 Ultrafast spetrosopy: system design and haraterisationBesides the onservation of photon energy, the OPA proess must also onservephoton momentum (or, equivalently, the vetorial sum of the photon wavevetorsmust satisfy kp = ks + ki, as represented graphially in Figure 3.6(b)), whihis referred to as `phase-mathing'. The signal ampli�ation of the OPA proessinludes a phase-mathing fator L2sin2 (∆kL/2) where L is the interation lengthin the mixing rystal and ∆k = kp − ks − ki is the wavevetor mismath [139℄.In order to satisfy this phase-mathing ondition, one needs to utilise a birefrin-gent rystal (due to the fat that for a ommon polarisation one has kp > ks + kifor the wavelengths onsidered). For a negative-birefringent rystal [139℄ (suh asBBO, where the extraordinary and ordinary refrative indies satisfy ne < no) theUV-pump pulse is linearly polarised along the extraordinary axis, suh that themagnitude of the wavevetor kp an be ontrolled by the angle of propagation θ tothe optial axis of the rystal [139℄.An important degree of freedom is introdued by employing non-ollinear beamgeometries, i.e. with an angle between the propagation diretion of the pump andsignal beams (α). This allows the phase-mathing ondition to be met for a ontin-uous range of beam geometries/rystal rotations (for a signal in the visible range).This added degree of freedom an be exploited to satisfy not only the phase-mathing ondition ∆k = 0, but also to ahieve the broadband phase-mathingondition ∂ (∆k)/∂ωs = 0 [146℄, suh that a far greater phase-mathed signal band-width an be ahieved than for a ollinear beam geometry. Depending on the BBOrystal used and temporal dispersion of the white-light seed, this bandwidth is suf-�ient to ahieve pulses (after passing through a pulse ompression setup) with aduration of 10-25 fs (in the range 460-720 nm).Due to the energy �utuations in the WL seed pulse, a single OPA ampli�ationstage an result in onsiderable signal pulse �utuations (i.e. 3-5 %). In order toimprove the stability of the output, an OPA setup with two ampli�ation stages isused (Figure 3.6(a)) (resulting in redued relative pulse �utuations of 1-2%), eahusing a fration of the pulse energy of the UV-pump pulses, with the signal outputof the �rst OPA stage forming the `seed' for the seond OPA stage.The spetrum and autoorrelation for the typial NOPA output pulses used in theexperiments here is shown in Figure 3.7, whih following the optimised prism-pairompressor (SF10 prisms) results in a pulse duration of TFWHM ∼ 35 fs. We notethat based on the spetral intensity bandwidth of ∆λ = 15.5 nm, a Gaussian modelpredits a transform-limited pulse duration of TFWHM ≈ (2 ln 2/πc)λ2
/

∆λFWHM ≈
24 fs [138℄. The resultant longer pulse width implied by the autoorrelation is aresult of the residual unompensated higher-order phase distortion of the NOPAoutput (as evidened by the wings of the autoorrelation trae). Careful tuning ofthe NOPA and the use of fused-silia prisms allows one to ahieve a pulse durationloser to the transform-limit, although for the measurements presented here theresulting experimental time resolution is determined by dispersion of the WL probepulses, suh that further optimisation of the NOPA pump pulse was not bene�ial.3.2. Pump-probe methodology and system designIn order to measure the exited-state transient UV-vis absorption spetra of amoleular sample and obtain a signature for the relaxation dynamis, one anemploy a pump-probe sheme, as shown in Figure 3.8(a), where the time resolutionof the measurement is limited only by the duration of the optial pulses (with
< 50 fs being readily ahievable with modern pulse generation tehniques). In thepump-probe tehnique, a fration of the sample is exited by a pump pulse (tunedto the appropriate exitation wavelength, λex), and the di�erential absorption of a
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Figure 3.7.: (a) Typial output spetrum for two-stage NOPA (pulse energy ∼
18 µJ, entre wavelength λ = 500 nm, bandwidth ∆λFWHM = 15.5 nm)inluding Gaussian �t and spetrum after �rst-stage ampli�ation).(b) Corresponding intensity autoorrelation (non-ollinear SHG signalfrom 100 µm-thik BBO).
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Figure 3.8.: Conept of pump-probe transient absorption measurements. (a) Ex-itation of sample followed by probing of exited-state absorptionhanges with variably-delayed broadband WL pulse. (b) Shematishowing various signal omponents during exited-state evolution:ground-state bleah, stimulated emission to the ground state (SE) andexited-state-absorption (ESA) transitions to higher exited states.subsequent probe pulse (λ) is measured as a funtion of the time delay (τ) betweenthe two pulses (whih an be varied by hanging the relative path length of the twopulses before the sample). The transient absorption signal is omposed of severalontributions (Figure 3.8(b)), (i) a negative-di�erential absorption band due toground-state depopulation (i.e. a `bleah' signal) whih will possess the same shapeas the ground-state absorption urve (negleting inhomogeneous broadening), (ii)a negative-di�erential signal due to stimulated emission (SE) of the exited state(whose spetral properties an hange during the exited-state relaxation) and(iii) positive-di�erential exited-state absorption bands (ESA) involving transitionsto higher-lying states. Due to this omplex ombination of signals, whih mayoverlap at any given probe wavelength, measurement of the transient absorptionat only one wavelength (e.g. the `degenerate' ase where λ = λex) generally does notyield su�ient information about the orresponding relaxation of the exited state.Hene one usually needs to measure transient absorption spetra over a range ofprobe wavelengths, whih failitates the distintion of harateristi signal bands.In the design of the measurement system, several options are available, and asubset of these is shown in Figure 3.9. For the probe pulses, one an employ either(i) a WL pulse (Setion 3.1.2) or (ii) a tunable pulse soure (suh as a NOPA,Setion 3.1.5). The advantage of using a white-light pulse is that one an in prin-iple measure the transition absorption of the sample aross a broad wavelengthrange in parallel (reduing measurement time), whilst a NOPA must be manuallytuned to eah probe wavelength of interest. However, the pulse energy for fem-toseond WL pulses in a given wavelength interval is limited to muh lower levels(i.e. typially < 100 pJ/nm), whih results in the measurement of pulse energieswhere the single-shot quantum �utuations in the energy an beome important forsmall signals (i.e. with a relative modulation depth of ∼ 10−4). Moreover, the pulseenergy (and spetral) �utuations are typially larger than for NOPA pulses and
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Figure 3.9.: Shemati demonstrating various methods for broadband pump-probespetrosopy, inluding single-wavelength vs white-light probing andvarious post-sample detetion options.normalisation of the signal must be performed arefully on the signal (a disussionof other soures of noise is given below). A major issue in the use of WL pulses isthat it is that any dispersive optis will rapidly degrade the time resolution, andthe use of simple dispersion-ompensating ompression tehniques (i.e. prism- orgrating-based systems) generally annot retify the dispersion over the whole spe-tral range simultaneously. Hene, in using WL pulses, the use of re�etive optisfor ollimating and foussing the WL beam is imperative to maintain a sub-100-fs time resolution (Setion 3.3). However, standard re�etive foussing optis (i.e.o�-axis paraboloidal mirrors) also pose problems (in omparison to lenses) due toaberrations and sattering whih degrade the quality of the beam pro�le.Following the sample, there are several options for detetion of the probe pulseenergy (and hene modulation due to the di�erential absorption of the sample).In the ase of a tunable NOPA soure (i.e. single probe wavelength), this involvesusing a single-element photodetetor. For the WL pulse, a variable wavelength �l-ter (e.g. monohromator) an also be used in onjuntion with a single-elementdetetor (as per the setup used in the experiments presented in this work). Theuse of single-element detetion (or double-element detetion in the ase where areferene beam is also used for normalisation) allows the use of relatively inex-pensive photodetetors and either a boxar-detetor (i.e. a gated integrator) or alokin-ampli�er for registering the deteted signal.Given that the usable probe pulse energy is limited (even for NOPA probe pulses,due to the maximum �uene usable at the sample) and the typial pulse rep-ratein suh systems is <10 kHz, boxar detetion has the advantage that it samplesonly the peak voltage of the photodetetor signal. Hene, a medium-high band-width detetor an be used (i.e. 1-100 MHz) and the sampled eletroni signalsare muh higher than the average signal (without the need for large ampli�ationfators). For lokin-based tehniques, the (average) deteted eletroni signal ismuh lower, and the use of eletroni ampli�ation is limited by the assoiatednoise penalties. However, we note that lok-in detetion an, in priniple, possessa far higher dynami range for the measurement of di�erential signals due to theuse signal averaging in onjuntion with optial hopping of the pump and probepulses (whih an also be used to e�iently rejet sattered pump signals).



60 Ultrafast spetrosopy: system design and haraterisationThe simplest method for parallel detetion of the white-light spetra (followinga spetrograph) is a CCD amera. However, despite the low bakground noise ofCCDs, they usually possess very low photon apaities (i.e. . 106 photons/pixel)suh that single-shot quantum �utuations of the signal are large, and they aregenerally not designed to perform well at high aquisition rates (suh as the typi-al 1-kHz pulse repetition rate used in the researh work here). In order to obtainthe neessary dynami range and aquisition rates, one an employ a Si-diodearray (with typial implementations involving ∼40 elements). However, the han-dling of the subsequent parallel eletroni signals requires ustom multi-hannelampli�ation and sampling eletronis, suh that this option an be partiularlytime-onsuming and expensive3.The broadband femtoseond pump-probe setup used for the measurementspresented in this work is shown in Figure 3.104. The system is driven by theregenerative-ampli�er laser desribed in Setion 3.1.1. A fration of this output(250 µJ) is used to pump a two-stage tunable NOPA (Setion 3.1.5) whih produesthe required visible pump pulses (λex = 500 nm for the measurements presented inChapter 5) with typial output pulse energies of 10− 20 µJ, whih are ompressedusing a prism ompressor to ahieve pulse durations (FWHM) ∼ 35 fs (at thesample position). The NOPA pump beam passes a omputer-ontrolled mehani-al translation stage (whih generates the variable pump-probe delay), is reduedto a pulse energy of . 100 nJ, and a broadband waveplate is used to prepare therequired polarisation relative to the probe polarisation.A WL pulse (Setion 3.1.2) is employed as the probe pulse, using a small fra-tion (∼ 2 µJ) of the ampli�er laser output for the pump pulses5. The WL beam isollimated by an o�-axis paraboloidal mirror, and after a 1-mm-thik �lter whihrejets the 775 nm pump light is split into probe and referene beams (with theprobe beam re�eted from the front fae of the beamsplitter to minimise disper-sion).The NOPA-pump and WL probe beam are brought into parallel alignment witha vertial displaement and foused into the sample using an o�-axis paraboloidalmirror. Following the sample, the WL probe beam is reollimated, and sent to one oftwo detetion setups where a small variable wavelength interval (∆λFWHM ∼ 5 nm)is �ltered out and deteted, in order to measure the orresponding transient ab-sorption for eah small probe wavelength range. Two wavelength-seletion methodswere employed during the researh work, as shown in Figure 3.10. The �rst dete-tion system was based on the use of a prism-pair (SF18 glass, inter-apex separation
∼ 20 cm) to disperse the WL probe light. A variable slit after the prisms mountedon a manual translation stage was used to selet the appropriate wavelength range(and bandwidth). Before the prism-pair, a foussing lens (f = 400 mm) is posi-tioned suh that the light is foussed at the position of this slit. We note that despiteits low-ost and simpliity (as ompared to a aberration-orreted monohroma-tor), this onstrution provided the neessary wavelength resolution (whih ouldreah down to ∆λ ∼ 1.5 nm). The seond post-sample detetion setup employed3Note that another multihannel detetor, based on an integrated CMOS array (Hamamatsu)has been investigated, and may be a highly pratial alternative to CCDs and diode arrays inthat (i) they possess a far higher photon apaity than CCDs, and (ii) the standard integratedeletronis deliver a serial signal whih an be digitised using a single (or double) hannelADC board.4Note that an overview desription of the experimental setup is given here, with the spei�parameters used for the presented measurements given in Chapter 5.5Note that another important pratial advantage of WL probe pulses is the far smaller pump-power requirement ompared to pumping a NOPA (where a vast majority of the output annotbe used in any ase, due to the �uene threshold of the moleular samples.)



3.2. Pump-probe methodology and system design 61

CPA-2001
Ti:Sapphire

Amplifier Laser

Dual-stage NOPA

Pulse
compression

Variable
delay line

Pump
~70 nJ

Optical
Chopper

White-Light
Generation

800 J
775 nm
~150 fs

m

10-20 J
460-720 nm
~20-40 fs

m

250 Jm

2 Jm

Probe
wavelength
selection

To spectrometer

Digital
lockin

Monochromator

PM

PM

VF

HWP

Sample
cuvette

To Boxcar

SiC
TPA

Real-time
Autocorrelator

Detection

F
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62 Ultrafast spetrosopy: system design and haraterisationa omputer ontrolled monohromator in plae of the prism-pair. The spetrally�ltered beams are then sent to the Si-photodetetors (or optionally direted to a�bre-oupled spetrometer to monitor the �ltered spetra).The measurement of the deteted probe (and when used, referene) signals wasperformed using a digital lok-in ampli�er (EG&G 7265). In order to measurethe net modulation of the pump-probe signal, di�erent optial hopping methodswere used (employing a Thorlabs MC-1000 hopper ontroller loked to a 1-kHzreferene signal from the CPA system). In the earlier measurements, only the pumpbeam was hopped (at 500 Hz), whih rejets the bakground probe signal in thedemodulated lok-in output. However, in this ase sattered pump light led to largenoise levels for probe wavelengths near the pump wavelength.We note that normally this problem is ombated by the use of di�erential hop-ping of both pump and probe beams and lok-in detetion at the sum or di�er-ene frequeny of the two hopping frequenies. However, no suitable ommerialprodut was available for use with the 1-kHz system, where the beams should behopped at a sub-harmoni of the 1-kHz repetition rate. This led to the design andonstrution of a ustom hopper wheel, with two sets of slots (at di�erent radii onthe hopping wheel) whih provided a 500-Hz/333-Hz modulation of the probe andpump beams, with a resulting net pump-probe signal at 166 Hz. In order to providea phase-loked 166-Hz referene signal for the lok-in, we used the frequeny-dividerbuilt into the front end of the hopper ontroller to provide a 166-Hz trigger, andthen `triked' the hopper ontroller to rotate at the required rate with a third setof slots at the outer radius of the hopper wheel (i.e. at the radial position wherethe optial hopper ontroller monitors the physial rotation).In onnetion with the use of lok-in detetion, the photodetetor design waspartiularly ritial, due to the very low average power of the �ltered WL probe(typially ∼ 10 nW). After evaluating many standard photodetetors available inthe researh group (whih were optimised for 100-MHz repetition rate pulse trainswith muh higher average power), we designed a dual-hannel detetor based onphotodetetors with an integrated 4-kHz-bandwidth FET ampli�er (Texas Instru-ments, Radio-Shak-OPT301M), followed by an additional low-noise ampli�ationstage in the detetor housing (with a gain fator of 10). This resulted in ∼ 250−µseletroni signal pulses with a peak voltage of ∼ 500 mV (for a deteted pulseenergy of ∼ 10 pJ) as input for the lok-in, with a dark-bakground noise of 10−3relative to the probe signal (using a 100-ms integration time on the lok-in). How-ever, it should be noted that this dark noise was still the dominant soure of noisein the measurements (i.e. more signi�ant than the WL pulse �utuations for a 100-ms integration time). Hene, for the measurement of the small modulation depthsfor the F-B-bpy samples (with relative modulation depths of ∼ 10−4), onsiderableaveraging of the transient absorption data was neessary.3.3. Coherent artifats and time resolution with white-lightontinuum probingThe dominant soure of oherent artifats about zero-delay in the transient-absorption signals of solution samples in uvettes using wavelength-resolved WLprobe pulses is due to ross-phase modulation (XPM), i.e. intensity-dependent re-frative index hanges indued by the pump pulse Ip through third-order non-lineare�ets [147, 148℄. The hange in refrative index seen by the probe pulse an bewritten ∆n (z, t) = n2Ip (z, t) [149℄, whih leads to a deviation in the instantaneousfrequeny of the probe pulse of ∆Ω (z, t) ∝ −∂Ip/∂t. Hene probe wavelength om-ponents whih overlap temporally with the leading edge of the pump pulse are



3.3. Coherent artifats and time resolution with white-light ontinuum probing 63red-shifted, whilst those overlapping with the trailing edge are blue-shifted.As mentioned in Setion 3.2, the transient-absorption kinetis are measured by�ltering out a small wavelength interval of the WL spetrum after the sample(the same holds in priniple whether single-element or parallel-detetion is used).Even when the pump pulse does not temporally overlap appreiably with the wave-length interval being measured, the XPM phase modulation leads to a shift in thefrequeny of neighbouring wavelength regions into the measured wavelength inter-val, giving rise to a strutured oherent artifat about the pump-probe zero delayfor a given probe wavelength.An example of these XPM-oherent artifats (CA) is shown in Figure 3.11 fora pure sample of CH3CN (in a 1-mm sample-thikness, fused-silia uvette with1.25-mm-thik windows). In the ase of these earlier measurements, refrative optis(ahromati lenses, f = 10 cm) were used for ollimating and refoussing the WLbeam. The signi�ant temporal dispersion of the WL pulses using refrative optisis evident from the wavelength-dependent position of the entre of eah oherentartifat.Before treating the temporal distribution of the artifats further, we inspet thedependene of the CA on the relative polarisation between pump and probe inFigure 3.12. Unlike ertain CAs that arise in solid-state time-resolved spetrosopy(arising from oherent interferene between parallel-polarised pump and probe,whih an be largely suppressed by the use of perpendiular polarisations), theXPM-CA persists even for perpendiular polarisation. This is to be expeted, dueto the fat that in an isotropi medium the magnitude of XPM indued for lightwith the orthogonal polarisation is given by 1/3 that for parallel polarisations [149℄.This redution in the magnitude of the XPM-CA is re�eted in Figure 3.12. Notethat in order to eliminate the e�ets of moleular reorientation on the time-resolvedsignals on longer time sales (i.e. 100s of pioseonds), one must employ the magi-angle (MA, 54.7◦) between pump- and probe-polarisation [150℄, and hene therelative polarisation annot be hosen to minimise the amplitude of the CA in anyase.Returning to the temporal distribution of the CA position vs probe wavelength,we note that by extrating the extrema positions one an obtain the temporaldistribution of the white-light pulse (i.e. the relative group delay T (ω) = −∂ϕ/∂ω[138℄). In Figure 3.13 we plot the relative temporal position of the CA minimum(T (ω)) vs probe wavelength extrated from the urves in Figure 3.11 (red urve),along with a paraboli �t (vs ω = 2πc/λ). Given that the spetral phase an beexpanded as,
ϕ (ω) ≈ ϕ (ω0) + ϕ′ (ω0)Ω + 1

2ϕ
′′ (ω0)Ω2 + 1

6ϕ
′′′ (ω0) Ω3,then the orresponding group delay will be given by,

T (ω) ≈ −
(

ϕ′ (ω0) + ϕ′′ (ω0)Ω + 1
2ϕ

′′′ (ω0)Ω2
)

,suh that the paraboli �t provides an estimate of ϕ′′ (ω0) and ϕ′′′ (ω0), whihin this ase resulted in ϕ′′ (ω0) = 3090 fs2 and ϕ′′′ (ω0) = 319 fs3. These valuesare onsistent with the material dispersion and thikness of the ahromati lensesused (standard LINOS f=30-mm and f=100-mm visible-range doublets, with 8-mm and 22.4-mm diameter, respetively). We note that the dispersion due to therefrative optis results in a ∼ 2700 fs relative delay aross the probe wavelengthrange 480 − 650 nm. As mentioned in Setion 3.2, the urrent measurement setupemploys o�-axis-paraboloidal mirrors for ollimating and refousing of the WLbeam. The orresponding temporal distribution of the CA extrema in this ase are
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4. CW spetrosopy, eletrohemial and quantumhemistry results4.1. IntrodutionIn this hapter, we will develop a desription of the eletroni properties of theF-B-bpy ompounds (represented by the generi strutures in Figure 4.1) basedon an analysis of (i) CW UV-vis absorption spetra, (ii) (spetro-)eletrohemial,and (iii) theoretial quantum hemistry results. A ombined interpretation of thesedata provide strong evidene that the visible absorption band generally exhibitedby the F-B-bpy ompounds an be attributed to a diret (i.e. Mulliken-) MLCTtransition from oupied orbitals predominantly loalised on the F-donor into un-oupied orbitals predominantly loalised on the B-bpy aeptor, with the remain-ing evidene provided by the time-resolved transient absorption results in Chapter5. As mentioned in the Introdution, at the outstart of this work, the key deriva-tives of the F-B-bpy ompounds ([nA](PF6)n, Figure 4.11) had already beenwell-haraterised in terms of single-rystal struture, 1H, 13C and 11B NMRspetra, ylovoltammetry, general hemial stability/solubility, preliminary semi-empirial alulations and semi-quantitative UV-vis spetrosopy [7℄. Moreover,other related F-based tetraoordinated-B�N-bridged systems had also been simi-larly haraterised [11, 12, 13, 14, 6, 152℄, inluding polymeri derivatives. Duringthe ourse of the investigation, additional derivatives were synthesised and hara-terised [10, 4, 3, 5, 1, 9, 2℄ and inorporated in this spetrosopi study wheneveradditional relevant information might be gained and samples were made available.In parallel with this work, a onsiderable level of maturity in the syntheti strategyhas evolved, as re�eted in some key overview papers (e.g. Ref. [1℄) of the broaderfamily of ompounds.The presene of visible absorption near 500 nm generally exhibited by the F-B-bpy ompounds (λmax ∼ 500 nm, εmax ∼ 500 M−1cm−1 for [1A]Br, see Figure 4.2in Setion 4.2.1), whih gives rise to their dark-red olour in solution/rystal and isabsent in the isolated F and B-bpy fragments (or in mixed solutions), was tenta-tively attributed to harge-transfer interations between the F and B-bpy moieties.This was de�nitely a reasonable onlusion, given that no other eletroni intera-tion in the system appeared to be a plausible andidate for the observed transition2.Moreover, the peak absorption strength of the band was observed to inrease inalmost 1:1 proportion with the number of attahed B-bpy groups (i.e. aross theseries [nA](PF6)n, n = 1, 2, 4), with a onsistent red-shift with inreasing n. Someadditional evidene for mixing of the Fe2+ and B-bpy orbitals in the radial speies
[1A]0 (i.e. [1A]PF6 following eletrohemial redution of the B-bpy unit) fromESR measurements was observed. However, a small eletroni oupling between theorbitals of the redued B-bpy unit with the Fe-ore does not neessarily imply thatthe exited state resulting from exitation of the observed visible band orresponds1Note that the notation [nA](PF6)n is adopted from Ref. [7℄, where n denotes the number ofB-bpy aeptor groups and X is the ounteranion (as shown in Figure 4.1).2Spei�ally, it was unlikely that the new/shifted eletroni transition arises from (i) inter -moleular harge transfer from the ounteranion to the ationi B-bpy unit, as stated in earlyreports of B-bpy ompounds in the solid state [153℄, or (ii) harge-transfer from the CH3substituents attahed to boron. 67
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4.1. Introdution 69to a large-sale harge transfer from F into the B-bpy unit.The possibility that the observed band in these ompounds ould orrespond toa modi�ed version of the existing F-I band of unsubstituted F (λmax = 440 nm,
εmax ∼ 100 M−1cm−1, Setion 2.2.1) orresponding to a predominantly loalisedexitation on the F-unit had to be onsidered. In priniple, the required inreasein absorption strength and red-shift of the F-I band ould result from a ombi-nation of the symmetry-lowering and the indutive e�ets of the ationi B-bpysubstituents, as well as only a partial amount of harge-transfer onto the B-bpyunit. Suh substituent e�ets on the absorption band would also be expeted toinrease with the number of substituents [37℄.Perhaps the most ompelling existing evidene for the MLCT assignment of theband at the time was the strongly ontrasting spetrosopi behaviour of the ontrolompound [1G]Br (Figure 4.1), where the B-bpy unit is replaed with two separatepyridine moieties, and the lowest energy band is observed at λmax = 448 nm, typialof very weakly-perturbed substituted ferroenes. The removal of the onneting C-C bridge whih forms B-bpy is known to strongly eliminate the eletron-aeptingnature of the pyridine system due to the requirement of a deloalised eletronisystem over both pyridine rings [7℄. It seems a valid assertion that the purelyindutive e�ets of the ationi B-bpy groups seen by the F-unit is not signi�antlyaltered in going from [1A]Br to [1G]Br, hene ruling out the possibility thatthe eletroni transition remains loalised on the F-unit, but not implying thatthe exited state involves the degree of harge-transfer suh that the LUMO ispredominantly loalised on the B-bpy substituent in [1A]Br.Given that the moleular systems under study are omplex polyatomi metal-organi systems, and most of the argumentation is on a (albeit sound) intuitivehemial basis, a deeper spetrosopi and theoretial investigation was deemedimportant for further testing the hypothesis of a visible MLCT transition in theseompounds, and to determine to what degree harge is transferred to the aeptorin the exited state3. Moreover, through the use of more quantitative spetrosopimeasurement and analysis over a set of related F-B-bpy derivatives, a superior un-derstanding of the nature of the proposed MLCT transition, inluding initiatives fordesign modi�ations to inrease the MLCT absorption strength, was antiipated.In the following setions, we present a omparison of the spei� derivativesidenti�ed in Figure 4.1 with (i) measurements and ritial analysis of the UV-vis absorption spetra in solution (inluding a quantitative analysis of the solventdependene of the MLCT band) and seleted derivatives in doped thin �lms andsingle-rystal, (ii) analysis of the ylovoltammetry traes and UV-vis spetralhanges aompanying the respetive eletrohemial oxidation/redution of theF-donor/B-bpy-aeptor (whih will also be employed in the interpretation of theexited state transient spetra in Chapter 5) and (iii) the theoretial (TD-)DFTresults on a gas phase prototype, inluding the e�ets of onformation and eletronremoval on the predited eletroni struture and a disussion of the preditedexitation energies.We note that no detetable evidene for photohemistry for the F-B-bpyompounds in solution was observed upon prolonged irradiation of the MLCTband. Moreover, tests for photoluminesene in the emission wavelength range
λ 6 900 nm showed no emission following MLCT exitation from any of the om-pounds tested (with alibrated sensitivity tests plaing an upper bound for anyphotoluminesent quantum yield at < 3 × 10−5 in this wavelength range). Hene3Note that in the rest of the text, the term `MLCT transition' will be used to desribe thevisible absorption band to avoid ompliation in the disussion, thus foreshadowing the �nalonlusion of its assignment.
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 Figure 4.2.: Comparative overview of the UV-vis absorption spetra of prototypeF-B-bpy ompound, [1A]Br, and related donor and aeptor �frag-ment� ompounds, as well as an indiation of the lowest-energy ab-sorption peak for [1G]Br (from [7℄).the experimental spetrosopi data presented in this hapter is based on only theUV-vis absorption harateristis, with a diret probe of the MLCT exited stateprovided by the time-resolved measurements in the next hapter.4.2. UV-vis absorption in solution4.2.1. Extration of UV-vis absorption bandsFigure 4.2 provides an overview of the UV-vis absorption spetra of the represen-tative prototype [1A]Br and those of the two moleular �fragments�, F and theaeptor model ompound σ-B-bpy (presented in Setions 2.2 and 2.3), as wellas the reported absorption maximum position of [1G]Br [7℄. In the UV rangeof Figure 4.2, [1A]Br exhibits two main regions of partially resolvable absorp-tion, labelled `UV-I' and `UV-II' respetively. The absorption in these regions isseen to orrespond approximately additively to the UV bands of the isolated F-donor and B-bpy-aeptor fragments, and on this basis we an assign them toloalised transitions on the donor or aeptor. The UV-II band orresponds tothe π − π∗-transition loalised on the B-bpy unit, whih is observed to blue-shiftsome 550 cm−1 (∼= 0.07 eV) relative to σ-B-bpy. From a omparison of the ele-trohemistry data for [1A]Br, σ-B-bpy and Hf in Setions 2.3 and 4.5.1 with theorresponding data in [134℄, the eletrohemial redution potential of σ-B-bpy isless negative than that of [1A]Br also by ∼ 0.07 eV, suh that this blue-shift ofthe B-bpy-π − π∗-transition an be attributed to a destabilisation of the B-bpyLUMO.In the visible region, one observes the proposed MLCT band (`MLCT') for
[1A]Br� a broad featureless band with a maximum at ∼ 500 nm, resolvable onthe 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 visiblerange is the F-I band of the F-donor (Setion 2.2.1), whih exhibits the relatively
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Figure 4.3.: UV-Vis absorption spetra of [1A]Br (in CH3CN) (blue urves) and�tted urves to eah region. (a) Initial analysis using only a singleGaussian MLCT band (red) demonstrating non-Gaussian harater ofresidual in the 370−470 nm range. (b) Linear plot showing both �ttedGaussian MLCT band (red) and �tted modi�ed Gaussian HE band(green), and residual (blak).weaker absorptive feature due to unresolved predominantly d-d transitions with amaximum at λmax ∼ 440 nm (εmax ≈ 100 M−1cm−1).In order to isolate and quantify the individual absorption bands under this en-velope, we begin with �tting the low-energy side of the MLCT band for [1A]Brwith a simple Gaussian funtion (vs frequeny), i.e.
ε (ν) = εmax exp

[

−4 ln 2
(ν − ν0)

2

∆ν2FWHM] . (4.1)The resulting Gaussian least-square �t to the data (using the �tting range
480 − 800 nm) is shown in Figure 4.34, whih yields a highly satisfatory �t ofthe low-energy region (over some 2 orders of magnitude) with a (FWHM) widthof ∆νFWHM = 6220 cm−1. Note that the Gaussian �t retrieves a peak position of
λ0 = 1/ν0 = 499.7 nm as opposed to that obtained by �tting a quadrati funtionin a small neighbourhood about the loal maximum whih yields λmax = 503.3 nm.Inspetion of the Gaussian �ts for the MLCT band aross a range of related om-pounds (presented in the following setions) near the band maximum reveals asystemati small blue-shift of the peak position (due to minor deviations of theMLCT band absorption peak from an ideal Gaussian, but not attributable to thefrequeny pulling e�et of higher energy bands), and hene we will preferentiallydisuss the position of the loal maximum λmax as the entre wavelength wheneverone is learly resolvable (although for the thin �lm and rystal data to be presented,no loal maximum is available, and we must resort to that from the Gaussian �t).4In most ases, the �tting proedures of the absorption bands use the objetive funtion χ2 ≡
∑

(εexp − ε�t)2/εexp as opposed to unweighted least-square �tting, in order to lend moreweight to the wings of the absorption bands.



72 CW spetrosopy, eletrohemial and quantum hemistry resultsThe residual absorption, after subtration of the �tted MLCT band from the rawdata, is also shown in Figure 4.3(a) (logarithmi sale), and reveals the low-energytail of a seond higher-energy (HE) band in the range ∼350-500 nm. Attemptsto �t this region with a seond Gaussian resulted in poor agreement with theexperimental data. It is evident that the logarithmi urve of the residual aftersubtration of the �tted MLCT band (Figure 4.3(a)) does not re�et a simpleparaboli shape, but instead onforms to a higher order polynomial. Based on thisobservation, we attempted to �t this seond band region with a modi�ed (higher-order) Gaussian funtion5:
ε (ν) = εmax exp

{

−4 ln 2
(ν − νmax)

2

ν2w [

1 + α2 (ν − νmax)
2

ν2w ]}

, (4.2)where,
∆νFWHM =

√

2

√
1 + α2 − 1

α2
∆νw, (4.3)whih was also used for the �tting of the F-I band in Setion 2.2.1 (whih, wenote, was omposed of two unresolved, relatively symmetri non-Gaussian bands).Applying this model funtion results in the �tted HE band shown in Figure 4.3(b)(λmax = 369.4 nm, εmax = 388 M−1cm−1, ∆νFWHM = 6940 cm−1), whih mathesthe residual absorption in this region well and yields a negligible total residualabove 370 nm (i.e. after substration of both bands), below whih the onset ofthe relatively strong B-bpy UV-absorption band begins. These two model bandfuntions will be used as desribed here for all the following spetral data, whilst atabulation of all �tted-spetra parameters for all derivatives presented are given inTable A.2 (Appendix A). In order to have a measure of absorption strength whihis independent of a given bandwidth/shape, we an also alulate the osillatorstrength f6, whih for these parameters yields the values fMLCT = 0.015 and fHE =

0.012. Osillator strengths of this magnitude are generally related to symmetry-forbidden loalised transitions in moleules possessing some symmetry elements [37,98℄, although in the present ase of a proposed CT transition, the weak osillatorstrength is also onsistent with a low extensive spatial overlap of the donor andaeptor MOs.The fat that the proposed MLCT band onforms to a single Gaussian pro�lewith only slight deviations, suggests that the entire absorption feature orrespondsto a single dominant eletroni transition (or a number of losely-spaed transi-tions), although the mehanism leading to the signi�ant line broadening requiresfurther analysis, and will be disussed after presenting the absorption spetra ofvarious derivatives and in various environments.4.2.2. Solvation e�ets on the UV-vis absorption spetraIn this setion, we analyse the solvent dependene of the UV-vis absorption bands ofthe F-B-bpy ompounds. As desribed in Setion 2.1.4, one expets an appreiablerearrangement of the harge density of the solute upon a CT eletroni transition,5Note that this higher-order Gaussian funtion was adopted after the trial of various otherommon model funtions for the HE band, although no rigorous physial derivation of itsform was found in the literature. This indiates that several di�erent non-Gaussian broadeningmehanisms are assoiated with the HE bandshape, as well as possibly more than one distinteletroni transition.6The osillator strength is related to the integrated absorption band via f ≈ 4.32 ×
10−9

∫ dν ε (ν), where ε(ν) is in units of M−1cm−1 and the wavenumber ν in cm−1.
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 Figure 4.4.: UV-vis absorption spetra of [1A]Br in a range of solvents (as indi-ated), inluding �tted HE (modi�ed Gaussian) and MLCT (Gaussian)bands (open symbols denote the respetive band peak positions).whih should give rise to a dependene of the transition energy on the partiularsolvent, due to the di�erent eletrostati interation energies of the ground andexited-state solute with the surrounding solvent moleules. Hene we expet asigni�ant e�et upon varying the solvent on the proposed MLCT band in the
[nA]Xn ompounds. Moreover, a quantitative analysis (using the theoretial modelderived in Appendix B.3) an yield an estimate of the hange in dipole momentbetween the ground and exited states, as well as the extrapolation of the expetedgas-phase absorption (e.g. for omparison with theoretial results). Moreover, wewill see that the solvent shift model is important for interpreting the absorptionspetral hanges that our upon addition of further B-bpy aeptor groups. In thefollowing, we fous on an analysis of the prototype ompound [1A]Br, whih hasonly a single aeptor group and features more favourable solubility properties inomparison to the orresponding PF−

6 ompound.Figure 4.4 shows the UV-vis absorption spetra and orresponding �tted HEand MLCT bands for a range of polar solvents7. As an be readily observed, boththe peak wavelength and absorption strength of the MLCT band hange signi�-antly in going from H2O (λmax = 484.9 nm, εmax = 370 M−1cm−1) to CHCl3(λmax = 528.8 nm, εmax = 520 M−1cm−1) (whih is experimentally observable asa pronouned olour hange in the solutions). Qualitatively, this orresponds to ablue-shift with inreasing solvent dipolarity, i.e. hypsohromism (or negative solva-tohromism) [48, 49℄. This ontrasts with the usual observation of a bathohromishift (or positive solvatohromism) observed for CT transitions in neutral om-pounds. This e�et has been reported for MLCT transitions in other ationi om-plexes, and an be rationalised based on the disussion of Setion 2.1.4 (.f. Figures2.9-2.11), where it was asserted that for ationi ompounds, both the ground and7Note that a large number of other solvents, inluding non-polar solvents, were tested and re-jeted due to their poor solubility properties for the [nA]Xn ompounds. The solvents usedhere may be regarded as a fairly exhaustive seletion of appropriate ommonly-available sol-vents, whih unfortunately implies a limited degree of statistial performane in the quanti-tative analysis, i.e. in literature reports, often a robust orrelation emerges with the inlusionof ∼ 10 − 20 solvents



74 CW spetrosopy, eletrohemial and quantum hemistry resultsexited state possess antiparallel e�etive dipole moments, suh that the solventdipole orientation stabilises the ground state and destabilises the Frank-Condonexited state, leading to a blue-shift with inreasing solvent interation.In order to systematially aount for the solvent dependene, we employ thetheoretial model for a ationi solute as desribed in Setion 2.1.4 (and derivedin Appendix B.3), in terms of the solvent polarity funtions ϕ(ǫs) and ϕ(n2) (seeAppendies A.1,B.3) for eah solvent (where ǫs and n are the stati (DC) dieletrionstant (permittivity) and optial-frequeny refrative index, respetively), whihdesribe the dipolar and polarisability properties of the respetive solvents andaount for their response to the eletroni harge density distribution of the solute.An inspetion of the moleular dimensions of eah solvent (i.e. in terms of their vander Waals radii) indiated that the e�etive solute radius a (whih is taken as thedistane of the entre of the solute `sphere' to the entre of the �rst solvent shell)varied signi�antly for eah solvent (see Table A.1). Hene, in order to aount forthis e�et in the following analysis, we alulated the prefator of Eq. 2.5,
Cs ≡ γ

a3
Ξ

(

a√
B

)

(

ϕ (εs) − ϕ
(

n2
))

, (4.4)with a = a0 +rs, where a0 is the e�etive solute radius, and rs is an e�etive radiusfor eah solvent. In keeping with the expeted solvent dipole orientation relativeto the solute (Figure 2.9) the solvent radii were determined for eah solvent byonsidering the length of eah solvent moleule parallel to their respetive perma-nent dipole moments8. We note that taking the solvent dimensions into aountin this way improved the overall orrelation of the data. From an analysis of thetheoretial struture (Setion 4.6), the e�etive spherial solute radius a0 of the
[1A]Br was estimated as a0 ≃ 5.56 Å9.Figure 4.5 shows the results of the analysis. In Figure 4.5(a) we plot the alulatedsolvent pre-fators Cs vs the observed MLCT absorption band peak wavenumber(from the data shown in Figure 4.4). As predited by Eq. 2.5, a linear �t of Cs vsthe transition energy hcνmax should yield the quantity (∆µ)−2. The linear �t tothe data is also shown whih yields an estimate of the hange in dipole momentof ∆µ = 4.5 ± 0.2 × 10−29C · m (∼= 13.4 D). This dipole hange orresponds to adisplaement of a unit eletroni harge by ∆µ/e = 2.8 Å. In order to put thisdisplaement in perspetive, in Figure 4.6 we show the distane as a projetedvetor with the alulated (gas-phase) struture of [1]+(H) (see Setion 4.6), witha diretion parallel to the line passing through the Fe atom and the entroid ofthe two B-bpy N atoms10. One observes that the predited eletron displaementamounts to ∼70% of the distane between these two points. The fat that theextrated e�etive eletroni displaement upon exitation is somewhat less thanthe geometri separation between donor and aeptor has been reported for otherCT ompounds (e.g. Ref. [154℄), with the di�erene attributed to the fat thatother eletroni orbitals are partially polarised so as to oppose the CT and reduethe net harge displaement.8These `dipole-parallel solvent lengths' were determined by a simple ode whih employed ap-proximate 3-D strutures of eah solvent moleule obtained from a hemial database, seeAppendix A.1, and tabulated van der Waals radii for the atoms at the extreme positions ofthe solvent moleule.9This value was derived from the theoretial gas phase struture of [1]+(H) (Setion 4.6). Alter-natively, using the rystal struture unit ell volume [7℄ ones arrives at the omparable valueof a ≃ 5.14Å10Note that we take these two oordinates as de�ning the approximate entral loation of theF-donor and B-bpy aeptor, respetively.
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Figure 4.5.: Results of the solvatohromism analysis of the MLCT band of [1A]Br.(a) Plot of solvent shift prefator Cs (see RHS of Eq. 2.5 ) vs ex-perimental MLCT band peak wavenumber, and orresponding linear,indiating extrapolated gas phase peak wavenumber. (Note that forgraphial reasons, the experimental peak wavenumber is plotted asthe x -axis. (b) Corresponding MLCT bandwidth vs peak wavenum-ber, and �tted model urve (.f. Eq. 2.6), indiating extrapolated gasphase bandwidth )
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Dm /e = 2.80 Å

Figure 4.6.: Illustration of the estimated dipole moment hange upon MLCT exi-tation from the solvatohromism analysis of [1A]Br (projeted dipolevetor lengths added to sale with struture, with vetor orientationplaed parallel to the line onneting the Fe-ore and N-N-entroid ofthe B-bpy unit. The struture shown is the theoretially derived gas-phase struture of the losely related ompound [1]+(H) (.f. Setion4.6).Besides an estimate of the hange in dipole moment ourring upon exitation,an extrapolation of the linear urve in Figure 4.5(a) also yields an estimate of theexpeted gas-phase absorption band peak position of νGP = 18500 ± 100 cm−1,orresponding to λGP = 540 nm. We will refer to this value again in the next setionin disussing the dependene of the MLCT absorption spetra on the number ofaeptor groups.We turn now to the �tted MLCT bandwidth vs solvent, whih is shown in Figure4.5(b). The data also show a disernible trend with variation of the solvent (asexpeted from the theory in Setion 2.1.4), with a trend of inreasing bandwidthwith inreasing blue-shift of the band. The observed bandwidth11 is a onvolutionof both the solvent-indued bandwidth (given by σsolv, Eq. 2.6) and the residualgas-phase bandwidth σGP (i.e. due to both a Frank-Condon manifold arising froma distribution of vibrational transitions as well any additional broadening froma onformational distribution). Assuming that both the solvent broadening andresidual gas-phase bandshapes onform to Gaussian funtions, we have,
∆ν2

FWHM = 8 ln(2)(σ2
GP + σsolv) = 8 ln(2)(σ2

FC + 2kT∆Esolv)

= 8 ln(2)(σ2
FC + 2hckT (νmax − νGP)),

(4.5)where we have used σ2solv = 2kT∆Esolv (i.e. Eq. 2.6). Hene Eq. 4.5 allows us to�t the data with a single free parameter (i.e. σGP) due to the predited depen-dene of the solvent broadening on the observed solvent shift (whih is availablefrom the analysis in Figure 4.5(a)). The �tted urve (using T = 300 K) is shownwith the data in Figure 4.5(a), whih shows a satisfatory orrespondene to theexperimental MLCT bandwidths, and yields an expeted gas-phase bandwidth of
∆νFWHM,GP = 5973 cm−1. This orrespondene provides a good degree of on�-dene in the applied solvatohromism model.11Note that the σ values refer to the seond moment of the band, as opposed to the FWHM.
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∼ 2.3 − 2.8 upon the addition of a seond B-bpy aeptor and hene it is likelythat the HE band is due to a transition loalised on the B-bpy group(s). Whilstan analysis of the possible auses of this e�et lies outside the sope of the urrentwork, the fat that the hypsohromi e�et onforms to a fairly well-de�ned trendwith the dipolarity of the solvent tends to argue against spei� solvent e�ets(i.e. due to interation between hemial groups on the solvent and solute [50℄),although the fat that the ounteranions in solution will be loser to the solute insolvents with low ǫs may be a determining fator.The ationi solvatohromism model employed here for the MLCT band yieldsgood agreement with experiment, and provides ompelling support for the as-signment of the MLCT band. However, we should note that despite the fatthat eletrostati-based solvatohromism models have enjoyed a onsiderableamount of popularity and onsisteny with experiment and theoretial expeta-tions [50, 49, 155, 156, 157, 158, 159, 160, 51, 161, 162℄, as well as being employedsuessfully in dynami solvation models of exited states [163℄, there is growingattention in the literature to the fat that the solute-solvent interations are gen-erally more omplex than that represented in these relatively simple models and
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 Figure 4.8.: UV-vis absorption spetra of [nA]Xn vs number of aeptors (n) andounteranion, X =PF−

6 ,Br−.additional solvent interation e�ets may be important [164, 165, 166, 167, 168℄. Forinstane, as shown in Appendix B.3, suh models are e�etively based on seond-order perturbation theory [48, 169, 170℄ (although dieletri ontinuum models,whih yield omparable expressions for the solvent shift, are usually based on asimple lassial treatments [171, 48, 49, 172, 173, 174℄), whereas in the presene ofsuh large eletri �elds from the surrounding solvent environment (whih an be inthe range 104 − 105 kV/cm), it is possible that these �elds ould indue signi�antmixing of exited states [175, 176℄, and hene observed solvent shifts may be alsoonneted to these higher-order orretions to the eletroni states of the solute.Moreover, the role of spei� solute-solvent interations, suh as hydrogen-bondingand eletron-donation/aepting e�ets from the �rst solvent shell ould play asigni�ant role. Hene, any truly rigorous analysis of the observed solvent shiftsshould be aompanied by aurate quantum hemial modelling of the ombinedsolute-solvent system [165, 166, 168, 177, 178℄. In losing, we note that the use ofStark spetrosopy of frozen solutions (suh as the example in Setion 2.2.2) wouldbe an important omplementary measurement to on�rm the results of the solva-tohromism analysis presented here (where the solvent, and hene spei� hemialinterations with the solute, is kept onstant, and the external eletri �eld appliedto the solute an be varied in a ontrolled manner). Moreover, the synthesis of F-B-bpy derivatives with good solubility in both polar and non-polar solvents wouldallow a far more omprehensive investigation.4.2.3. Comparison of eletroni spetra for [nA]XnFigure 4.8 shows the UV-vis absorption spetra of a set of related derivatives
[nA]Xn (in CH3CN) with a variable (i) number of B-bpy aeptor groups (n =
1, 2, 4), and (ii) ounteranion (X=PF−

6 , Br−). The variation of the ounteranionX is seen to have only a small in�uene on the absorption spetra aross thewhole spetral range. This rules out that the near-UV/vis transitions arise frominter-moleular eletroni transitions involving the ounteranion (although suhtransitions have been observed in the solid state (and poorly-solvating solvents)for ertain B-bpy salts, due to harge transfer from the ounteranion [153℄). The
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512.7 nm, εmax = 891 M−1cm−1) the peak absorption wavelength is shifted by
∆ν = −364 cm−1 relative to [1A]Br (λmax = 503.3 nm, εmax = 521 M−1cm−1)(the orresponding shift for [2A](PF6)2 is ∆ν = −338 cm−1, whih is onsistentwithin the experimental auray). The peak absorption strengths εmax are largerby a fator 1.71 ([2A]Br2/[1A]Br) and 1.79 ([2A](PF6)2/[1A]PF6), respetively,with orresponding osillator-strength ratios of 1.67 and 1.79 (note that the valuesof εmax are not exatly proportional to f due to small hanges in the �tted MLCTbandwidths). From Ref. [7℄, the orresponding absorption peak data for the om-pound [4A](PF6)4 is available12 (λmax = 540 nm, εmax = 1700 M−1cm−1), and isadded as a data point in Figure 4.8.The absorption band peak data for both HE and MLCT bands (inluding
[4A](PF6)4 for the MLCT band) are summarised in Figure 4.9. In Figure 4.9(a),12Note that this ompound was not available during the ourse of this work for independentmeasurements.



80 CW spetrosopy, eletrohemial and quantum hemistry resultsthe peak absorption strength of the MLCT band for [nA](PF6)n
13 demonstratesa lear linear trend vs number of aeptor groups, with a best-�t slope orrespond-ing to a fator inrease in absorption strength of 0.83 for eah additional aeptorgroup. Although this fator is lose to unity, as predited from the theory in Se-tion 2.1.3, the small deviation implies a �nite degree of eletroni ommuniationbetween the aeptor groups (whih is evident from analysis of the eletrohemistrydata in Setion 4.5.1).Figure 4.9(b) also shows the lear linear red -shift in the peak photon energy of theMLCT absorption band with inreasing number of aeptors, n. A simple linear �tto the data yields a best-�t slope of −455 cm−1/acceptor. The fat that a red-shiftis observed for the proposed MLCT transition with inreasing number of ationiaeptors is somewhat unexpeted, and requires a detailed examination. From thesimple one-eletron (gas-phase) model derived in Appendix B.2.2, we expet thatthe CT transition energies for the single-aeptor (∆E′da) and the linear double-aeptor (∆E′dβ) ompounds (in the absene of signi�ant eletroni overlap) arerelated by (Eq. B.63),

∆E′dβ = ∆E′da +
(

V Baa − V Add) ,where V Add is the interation energy between the valene eletron loalised on thedonor with either of the ationi aeptors and V Baa is the interation energy betweenthe eletron loalised on one aeptor with the other ationi aeptor (with both
V Add, V Baa < 0). Sine we expet that ∣∣V Add∣∣ > ∣

∣V Baa∣∣ (mainly beause the aeptor-aeptor distane is greater than the donor-aeptor distane), one would expet ablue-shift in the CT transition energy upon the addition of a seond aeptor (notethat an even larger blue shift is predited if there is appreiable overlap/mixingbetween the eletroni wavefuntions, due to the resulting stabilisation (destabili-sation) of the donor (aeptor) one-eletron wavefuntions).The situation is represented shematially in Figure 4.10, whih demonstratesthat in the ase of two ationi aeptors, the CT transition e�etively redistributesthe positive moleular harge in an energetially unfavourable way in omparisonto the (a) single-aeptor ompound (whether or not one assumes a (b) symmet-ri deloalised wavefuntion for the exited state or a () loalised wavefuntiondue to a symmetry-lowering imposed by the environment or an asymmetri on-formation of the two aeptors). We note that if one applies the onepts of thewell-established moleular-exiton theory [45, 179, 180, 181℄14 for a dimer of twoationi monomers (with a signi�ant displaement of the positive harge towardsthe other monomer upon exitation), a net blue-shift would also result for both the`symmetri' and `antisymmetri' transitions.In general, the observed red-shift in transition energy upon addition of furtherB-bpy aeptors ould be attributed to three main e�ets: (i) a lowering in theequilibrium HOMO-LUMO separation for the transition (whih would have to in-volve a more omplex eletroni rearrangement upon CT than that desribed bythe simple one-eletron CT piture), (ii) a redution in the (gas phase) Stokes shift,due to a redued displaement of the relative onformational equilibria of ground13Note that the MLCT band peak extintion oe�ients εmax are analysed as opposed to theextrated osillator strengths f (the latter being a more objetive measure of the strength ofthe transition), due to the fat that the experimental urve for [4A](PF6)4 was not available.However, given that the �tted MLCT bandwidths do not vary signi�antly, at least for [1A]Xand [2A]X2, we will take εmax as a reliable measure of the integrated band intensity.14Note that many aspets in standard moleular-exiton theory parallel the derivation in Ap-pendix B.2, although in its usual form the exiton theory is appliable only to systems withdistint ground state orbitals.
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82 CW spetrosopy, eletrohemial and quantum hemistry resultsand exited states (i.e. shifting to smaller values in the presene of additional a-eptor groups), or (iii) a redution in the solvent interation energy with inreasingnumber of aeptors.One would tend to argue against a signi�ant relative Stokes shift (mehanism(ii)) as the ause of the red-shifting. The presene of additional (ationi) aeptorsis most likely to lead to additional steri onstraints on the geometry of the om-pound in solution, due to e.g. repulsive eletrostati interation between the B-bpyaeptors (espeially in the ase of four aeptors, as testi�ed by the signi�antdegeneray-lifting of the aeptor redution proesses observed in eletrohemistrymeasurements [7℄), and hene one ould expet a greater relative displaementof the reation oordinates upon exitation with the addition of further aeptorgroups (giving rise to a larger Stokes shift of the potential energy surfaes andhene a blue-shifting of the transition energy).However, a hange in the magnitude of solvation interation vs number of a-eptors (mehanism (iii)) ould lead to the observed red-shifting. In the previoussetion, we showed that the MLCT transition in [1A]Br exhibits a marked neg-ative solvatohromism, i.e. an inreasing blue shift with solvent polarity (ǫs) anddipole moment hange between ground and exited states (∆µ). The alulatedsolvent-indued blue-shift for [1A]Br in CH3CN was ∆νsolv = 1340 cm−1 relativeto the extrapolated gas-phase value (λGP = 540 nm) (See Figure 4.5(a)).For the ase of two aeptors, we expet a fairly high degree of entrosymmetryin the ground state, with the residual asymmetry due to �utuations in the loalsolvent environment in ombination with the fat that the B-bpy groups possessa distribution of onformations resulting from the relatively unhindered rotationabout the B-C(Cp) bonds. Moreover, depending on the degree of instantaneoussymmetry between the two aeptors during photon absorption, in general the CTexited-state orresponds to a transfer of eletron density from the donor into awavefuntion deloalised to a ertain degree over both aeptors [42, 44℄. Henewe expet that the dipole moment hange ∆µ, and hene the solvatohromi blue-shift, will be redued in [2A]Br2 relative to [1A]Br (even more so onsidering thatthe e�etive solvent-shell radius a0 in [2A]Br2 is larger).The data for the MLCT absorption band of [2A]Br2 in various solvents is shownin Figure 4.11, along with the orresponding data for [1A]Br. As an be seen (Fig-ure 4.11(a)), in all ases, there is a red-shift of the MLCT band upon addition of theseond B-bpy aeptor group, and the data for CH3CN and DMF are seen to on-verge, whih supports that the solvatohromi shift is strongly redued. However,we note that the relative hanges in the MLCT band peak position and bandwidthfor H2O do not onform to the simple trend that might be expeted from thesolvatohromism theory, i.e. the relative derease in solvent blue-shift/bandwidthappears to be too small. Keeping in mind that the solvatohromism model wasdeveloped for only a single aeptor group, the lak of a ompletely onsistentbehaviour in MLCT band-shifts/-widths for [2A]Br2 may well be due to an inter-ation between the solvent and the degree of symmetry between the two aeptors.One ould antiipate that the strongly interating H2O moleules lead to a largerinstantaneous �utuation in the relative eletroni environment of the two B-bpysubstituents, leading to a more loalised exited state on one of the aeptorswith a resulting larger e�etive dipole moment hange upon exitation (and henesolvent-indued blue-shift, onsistent with what is observed).We note that the reported MLCT band peak position for [4A](PF6)4 in CH3CNis λmax = 540 nm, i.e. very lose to the extrapolated gas-phase value for [1A]Br.This would imply (within the urrent hypothesis) that both the e�etive solventblue-shift and the eletrostati penalty for the MLCT eletroni rearrangement
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Figure 4.11.: Comparison of (a) MLCT band peak position and (b) �ttedMLCT bandwidth, ∆νFWHM for single ([1A]Br) and double-aeptor([2A]Br2) ompounds vs solvent (as indiated).are both greatly redued for the ase of four B-bpy aeptors. This is quite anaeptable assertion given the following. (i) We expet a higher degree of rela-tive symmetry between the aeptor groups in the ase of four B-bpy aeptors,espeially as their relative onformations are now more strongly imposed due tomutual steri interations (testi�ed by the fat that NMR results show that there isa far larger barrier to rotation of the B-bpy aeptor groups about their respetiveB-C(Cp) bonds than in [1A]PF6 and [2A](PF6)2). Thus we expet [4A](PF6)4to be highly entrosymmetri in solution, whih requires that the ground- andexited-state dipole moments should vanish (and hene suppressing the dominantdipole-dipole interations with the solvent). (ii) The eletrostati penalty for theCT from the F-ore into a symmetri deloalised wavefuntion over all four aep-tors will be far more e�etively shielded by the large number of polarisable B-bpy
π-systems in [4A](PF6)4, as well as the fat that now adjaent B-bpy aeptorgroups are in lose proximity and the e�etive `hole'-transfer to the entral F-orewill be partially ompensated by a orresponding redued eletrostati repulsionbetween ationi aeptors (as demonstrated by the signi�ant Coulomb interationbetween aeptors revealed from the eletrohemial redution data [7℄).Returning to the other details in Figure 4.9, we note that the osillator strengthof the �tted HE bands also inreases with the addition of a seond aeptor, withratios [2A]X2:[1A]X of 2.3 and 2.8 for X=PF−

6 and Br− respetively. However, inontrast to the MLCT band we note that for the �tted HE band peak energy, oneobserves a onsistent blue-shift with the addition of the seond aeptor amount-ing to 876 cm−1 and 267 cm−1 for X=PF−

6 and Br−, respetively. It should benoted that beause the HE absorption bands are �tted using only the resolvablelow-energy side of the band (i.e. using data in the region 380-500 nm, whih isalready obtained as the residual after subtration of the �tted MLCT band fromthe experimental urve), the �tted values (espeially the band peak energies) aresubjet to possible systemati errors. Hene we do not attempt to draw any quan-titative onlusions from the di�erenes in the values for X=PF−

6 and Br−. In anyase, the data for the HE band (inluding the lak of solvatohromism reportedin the last setion for [1A]Br) suggests that its origin lies in a transition that isloalised on the respetive B-bpy units.



84 CW spetrosopy, eletrohemial and quantum hemistry results4.3. UV-vis absorption in solid stateIn this setion, we present the absorption spetra of seleted F-B-bpy ompoundsin solid-state environments, spei�ally, the ompound [2N](PF6)2 (see Figure4.1) in a doped-polymer �lm (at both room temperature and 20 K), and thedouble-aeptor ompound [2A](PF6)2 in a single-rystal sample. The inlusionof doped-polymer thin �lm measurements serves multiple purposes in the overallinvestigation of these ompounds. Firstly, it allows a onvenient medium for theinvestigation of possible hanges in the absorption spetra at low temperature,whih were shown to reveal important details for ferroene in Setion 2.2.1 (i.e.reduing the degree of band broadening to the point where two distint eletronitransitions ould be resolved). Seondly, for use in pratial appliations, the abil-ity to inorporate the F-B-bpy monomers in thin �lms is essential, and one mustinvestigate the e�et of the new environment on the existing absorption bands (aswell as developing appropriate tehniques for the preparation of suh �lms, whihrequires �nding ompatible solvent/polymer host ombinations). The investigationof the [2A](PF6)2 single-rystal sample was spei�ally hosen beause a struturedetermination based on X-ray di�ratometry [7℄ shows that the onformation ofthe B-bpy aeptor groups in the rystal is di�erent to that expeted in the gasphase/solution, whih we antiipated may have an in�uene on the MLCT band.4.3.1. [2N](PF6)2-doped polymer �lm absorption vs temperatureIn approahing the problem of ahieving high-quality doped-polymer thin �lmssuitable for optial measurements, several key issues had to be dealt with. Per-haps most ritial was �nding a suitable polymer/solvent ombination, in whihthe monomer is predissolved before forming the �lm. As we had extensive expe-riene with spin-oated �lms employing polystyrene (PS) or PMMA as the hostpolymer (whih allow one to ahieve optial-quality thin �lms, with the requiredtranspareny into the UV15, and where experiene had shown that the degree ofeletroni interation between the polymer host and dopant monomers was min-imised) we attempted to �nd a suitable solvent (or solvent ombination) that wouldallow good mixing of the PS/PMMA polymer and [nA]Xn monomers (and avoidaggregation of the monomer). However, due to the fat that the [nA]Xn om-pounds only dissolve readily in polar solvents, whih yielded poor solubility forPS/PMMA, we did not manage to prepare any �lms of usable quality16.Fortunately, an additional derivative [2N](PF6)2 had been synthesised, whihdi�ers only from [2A](PF6)2 in that saturated nonyl-hains are attahed to theB-bpy-units whih renders the ompound soluble in non-polar solvents (note thatthe saturated arbon hains were not expeted to have a signi�ant eletroniin�uene on the rest of the ompound, although as presented in the followingwe will show that their presene results in a moderate blue-shift of the MLCTband). Using [2N](PF6)2, we were able to form high-quality doped PS-�lms byspin-oating from THF solution (whih is an extremely suitable solvent for PS�lms). However, due to the weak absorption strength of the MLCT band, the useof standard spin-oated �lms (i.e. using a polymer solution of <30 mg/mL withresulting thikness in the range 100-1000 nm) and reasonable monomer-dopingonentrations (.5%) resulted in a very low optial density of the �lms (typially<0.01), suh that absorption results had extremely low signal-to-noise, and were15See Figure A.6 for a typial absorption spetrum of a pure polystyrene �lm.16Note that the solubility of [1A]X and [2A]X2 was found to be problemati in CHCl3 for theformation of thin �lms.
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Figure 4.12.: UV-vis absorption of [2N](PF6)2-doped polystyrene �lm (2-wt%,thikness ∼ 30 µm) for T=300 K (blue urve) and 20 K (red). (a)Raw optial density and Gaussian band �t (inluding modelling ofbirefringent substrate whih gives rise to the osillation, as desribedin the text). (b) Comparison of [2N](PF6)2 molar absorption in THFsolution (green) and orresponding alibrated PS-�lm data extratedfrom the analysis in (a).partiularly suseptible to bakground artifats. Attempts to inrease the monomerand/or polymer onentrations resulted in solvation and aggregation problems withunusable results.As a �nal solution to the problem, we turned to the method of `drop-asting'�lms [182℄, where in ontrast to spin-oating, the �lm is deposited as a solution inan atmosphere of the solvent, and slowly evaporates17. So long that are is takenin the ontrol of humidity and that the substrate is ompletely level (ahievedusing a �ne-adjustable kinemati mount), this tehnique provided high-quality �lmswith the ability to ahieve thiknesses of & 30 µm whih were su�ient for themeasurements.Figure 4.12(a) shows the absorption spetrum of suh a drop-ast PS-�lm dopedwith [2N](PF6)2 (drop-ast from a 2-wt-% monomer, 30 mg/mL PS/THF solu-tion), both at T = 300 K and T = 20 K, measured using a small He-ryo head in-serted into a standard UV-vis absorption spetrometer. As in solution, ones learlyobserves the low-energy side of the MLCT absorption band. For the measurements17This tehnique and the neessary details were kindly provided by Prof. Wun-Shain Fann, In-stitute of Atomi and Moleular Siene, Aademia Sinia, Taiwan.



86 CW spetrosopy, eletrohemial and quantum hemistry resultsshown, we employed a 2-mm-thik sapphire substrate (to avoid any possible shat-tering at low temperature), with brass ontats to the ryo old-�nger both at therear of the substrate and a brass ontat ring on the upper side, in ontat with the�lm surfae (whih also was important to prevent the �lm from detahing at lowtemperature). Due to an (albeit very weak) polarisation sensitivity in the optis ofthe spetrometer, the birefringene of the sapphire resulted in the observed osilla-tory struture (as on�rmed by measurements on a blank substrate and modellingof the e�et). (Note that the muh �ner osillatory struture due to multiple re-�etions in the �lm is not resolvable in Figure 4.12). Using a simple Jones matrixmodel [139℄ based on a birefringent substrate and a weak polariser (using literaturedata for the refrative indies of sapphire), we ould �t the experimental urves, asshown in Figure 4.12(a) using a Gaussian absorption band for the bulk thin �lmabsorption and �tting the low-energy region of the band.The Gaussian MLCT absorption band extrated from the �tted �lm dataare shown in Figure 4.12(b) along with the measured absorption spetrum of
[2N](PF6)2 in THF (and �tted MLCT and HE bands). We address the THFsolution data �rst. We note that the MLCT absorption band peak (λmax =
501 nm) is signi�antly blue-shifted by 436 cm−1 relative to that of [2A](PF6)2in CH3CN. This blue-shift was somewhat unexpeted, onsidering the negativesolvatohromism expeted for any residual dipole moments in [2A](PF6)2 and
[2N](PF6)2, and the fat that THF is relatively non-polar (ǫs = 7.6) omparedto CH3CN (ǫs = 37.5). Instead, the explanation for this might arise from one ofseveral fators: (i) a weak eletron-donating e�et from the nonyl hains wouldlead to a small destabilisation of the B-bpy LUMO, and hene a blue shift of theMLCT band, (ii) the bulky nonyl hains may ause signi�ant distortion of therelative onformation between the F-ore and the B-bpy aeptors leading to ahange in the MLCT energy, or (iii) the nonyl hains may a�et the loation of theounteranions in proximity to the ationi B-bpy aeptors. Whilst insu�ient in-formation is available to draw any onlusions in this respet, we note that at leastthat the Gaussian shape, peak MLCT absorption strength and �tted bandwidthfor [2N](PF6)2 in THF (∆νFWHM = 6039 cm−1) are onsistent with [2A](PF6)2,and hene we will assume that the [2N](PF6)2 system is still a representative F-B-bpy ompound for studying the general e�ets of the polymer environment onthe MLCT transition.We now turn to the omparison of the solution and variable-temperature �lm ab-sorption data in Figure 4.12(b). Note that the absolute saling of the extrated �lmabsorption is based on the experimental monomer-doping onentration, �lm thik-ness (∼ 30 µm as measured using an interferene mirosope after reating a ridgein the sample so that the refrative index of the �lm did not a�et the measurement)and the nominal density of polystyrene, allowing a fairly aurate omparison ofthe absolute absorption strengths between solution and �lm. As an be seen, for
T = 300 K, the peak absorption strength in the thin �lm is very similar to thatin THF solution, although the �tted MLCT bandwidth (∆νFWHM = 7930 cm−1)is signi�antly larger (by a fator of ∼ 1.3), suh that the osillator strength isinreased by the same fator (although we note that given the experimental un-ertainty in the monomer-onentration in the thin �lm, at least a 10% error inthe absolute absorption strength is possible). Also, a small but signi�ant blue-shift(∆ν = 540 cm−1) of in the MLCT band peak (λmax = 486 nm) is observed in goingto the thin �lm environment. These moderate but signi�ant inreases in MLCTbandwidth and band-peak energy may be attributed to the inrease in onforma-tional inhomogeneity of the [2N](PF6)2 solute in the thin �lm imposed by therelatively rigid and omplex PS environment, as well as possibly some eletroni



4.3. UV-vis absorption in solid state 87interation with the C6H5 groups in the PS hain. In lowering the temperature to
T = 20 K18, the �tted MLCT band peak position did not hange signi�antly (i.e.by less than 1 nm, whih is within the auray of the band �tting proedure).However, a small inrease in MLCT bandwidth (∆νFWHM = 8271 cm−1, largerby around 4% than for T = 300 K) and a signi�ant inrease in peak absorptionstrength (∼11%) result, suh that the �tted osillator strength is larger by a fa-tor of η ∼ 1.15 % at low temperature. One likely explanation for the inreasedMLCT absorption strength is due to the ontration to higher densities of the�lm at low temperature. At a mirosopi level, this should lead to a ompressionof the [2N](PF6)2 moleules, whih would fore the F-donor and B-bpy groupsloser together, and inrease any through-spae ontribution to the MLCT transi-tion strength. We assume that the through-bond ontribution is relatively onstant,whih is reasonable onsidering that the relative hanges in bond lengths requiredto ahieve the same inrease due to through-bond oupling [183, 184, 185℄.We note that these low-T �lm measurements were originally intended to inves-tigate the possible emergene of resolvable struture under the MLCT band (i.e.due to the possibility of multiple eletroni transitions, suh as in the ase of theF-I(a,b) band of ferroene, Setion 2.2.1). Whilst the additional inhomogeneousbroadening in thin �lms, espeially at low temperature, de�nitely worked againstthis aim, we note that the extremely good �t of the thin-�lm spetra using a singleGaussian funtion (at least over the entire low-energy side of the band, see Figure4.12) for both T = 20 K and T = 300 K provides reasonable doubt as to thepresene of more than one eletroni transition under the MLCT band, where eaheletroni transition would in general respond di�erently to the signi�antly alteredenvironment (and redution of exited low-frequeny vibrations at low T) and leadto some distortion in the band shape. In any ase, we an onlude that if morethan one eletroni transition is present within the MLCT band (with ompara-ble absorption strength), then they must be of similar eletroni harater, e.g. interms of their loalisation on the F and B-bpy units in the ground and exitedstate.4.3.2. Single-rystal absorption of [2A](PF6)2In examining the [nA]Xn ompounds for any harateristi di�erenes whih ouldlead to a di�erent spetrosopi behaviour, we noted from the X-ray struture deter-minations that the onformation of the B-bpy unit(s) in [1A]PF6 and [2A](PF6)2di�er signi�antly [7℄. Figure 4.13 shows the relevant rystal strutures of [1A]PF6and [2A](PF6)2 (reprodued from Ref.[7℄). As an be seen, for [1A]PF6, the B-bpyunit is faing away from the F-unit, onsistent with the theoretial ground-statestruture (Setion 4.6)19, whilst rystal-paking fores for [2A](PF6)2 enfore theB-bpy aeptors into a onformation where they are bent in towards the F-ore.Hene measurements on a single-rystal sample of [2A](PF6)2 was seen as a pos-sible probe of the relative role of through-spae vs through-bond donor-aeptoroupling on the MLCT transition.The pratial steps in preparation of a suitable single-rystal [2A](PF6)2 sample18Note that more than one absorption spetrum was aquired whilst the sample was at lowtemperature, whih provided on�dene that the thin-�lm sample had reahed thermal equi-librium. Moreover, the room temperature spetra were measured again after warming thesample, whih reovered the original spetrum.19Note that the standard 2D representation for [1A]X where the B-bpy aeptor is drawn bentdown towards the F unit is used in this work to be graphially onsistent with the literaturereports [7, 1, 9℄, and not to imply the lowest-energy onformation of [1A]Br, nor neessarilythe role of through-spae oupling between the F and B-bpy units.
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(a) [1A] (b) [2A]Figure 4.13.: Single-rystal struture of (a) [1A]PF6 and (b) [2A](PF6)2 [7℄,demonstrating di�erent relative donor-aeptor onformations.presented several hallenges. Whilst a small olletion of irregular-shaped single-rystal fragments, generally with edge dimensions of ∼ 500 µm, were available,only a small subset possessed a geometry suitable for further proessing. The �rststep in the rystal sample preparation involved setting the rystal in an epoxy disk,and manual polishing of both surfaes to ahieve a polished disk with a thiknessof a few 100 µm. However, the optial density of the resulting samples was stillfar too high for transmission measurements, and further manual polishing resultedin fraturing of the rystal. Moreover, attempts to obtain spetra using di�use-re�etometry measurements in a suitably-equipped UV-vis spetrometer produedunusable results. Fortuitously, a high-preision rystal polishing mahine in anotherresearh group20 was available for polishing the samples to a thikness of < 100 µm,su�iently thin for transmission measurements of the MLCT band region. Thepreision polishing proedure involves attahing the rystal-embedded epoxy diskon a silia substrate using an adhesive of suitable transpareny. The sample isthen polished using a preision-mounted multi-axis rotating lead (Pb) polishinghead with an intervening suspension of diamond-powder (grain size 0.25 µm) inpara�n21.Figure 4.14(a) shows the absorption spetrum of a (randomly oriented) rys-tal sample of [2A](PF6)2 with unpolarised light, as well as the �tted HE andMLCT bands. As in the ase of the solution and thin-�lm samples, the low-energyside of the MLCT band onforms very well to a Gaussian pro�le, and the sumof the two �tted bands yields a negligible residual in the range > 350 nm. The�tted absorption peak wavelength (λmax = 480 nm) is signi�antly blue-shiftedby 1310 cm−1 relative to CH3CN solution (512.2 nm) (and hene, based on thenegative solvatohromism in these ompounds, even more blue-shifted than the20Institut für Mineralogie, Abteilung für Petrologie und Geohemie, J. W. Goethe-Universität.21It should be noted that even though the polishing proess is apable of high-preision proessingof inorgani rystals, the inherently low mehanial stability of these organometalli rystalsand the small sample ross-setion resulted in destrution of the rystal in several initialattempts. Due to the poor suess rate of the polishing proess, we ended up foregoing therystal axis pre-orientation proedure, whih required a areful absolute orientation of therystal samples using a sensitive X-ray di�ratometer before mounting (note that attemptsto orient the samples using the X-ray equipment available within the researh institute werenot suessful, due to the relatively low density of heavy atoms in these rystals). Hene themeasurements presented here are on an sample of undetermined orientation. Further optialinvestigations of suh materials in rystal should only be arried out one a proess designedspei�ally for preparing thin fragile organi rystal samples is available.
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 Figure 4.14.: UV-Vis absorption spetrum of [2A](PF6)2 single rystal (arbitraryorientation).expeted gas-phase absorption peak), with a orrespondingly larger �tted MLCTbandwidth (∆νFWHM = 8800 cm−1).As presented in the (gas-phase) theoretial results for the prototype [1]+(H)(Setion 4.6), the relative B-bpy onformation of [2A](PF6)2 in the rystal phaseorresponds losely to the geometry where the dihedral angle in the theoretialstruture is θFe−C−B−H ∼ 180◦ (see Figure 4.30, far right olumn) whereas theexpeted equilibrium onformation of the B-bpy groups of [2A](PF6)2 in the gasphase (and presumably, in solution) is lose to the onformation θFe−C−B−H ∼
60◦. From the MO orbital alulations of the ground state (Figure 4.28(d)), thepredited smallest HOMO-LUMO gap is predited to be slightly lower for theonformation θFe−C−B−H ∼ 180◦ than that for 60◦ by approximately 30 meV (∼=
250 cm−1). Hene, based on this result for a single-aeptor ompound in thegas-phase, one ould expet a small red -shift (or at least, not a blue-shift of >
1300 cm−1) in the MLCT transition energy for the single-aeptor ompound whenthe B-bpy group is oriented towards the F-ore.However, as disussed in Setion 4.2.3, in the ase of the two-aeptor ompoundwe expet a signi�ant eletrostati penalty for the CT proess relative to the single-aeptor ompound due to the relatively unfavourable redistribution of the positivemoleular harge. This eletrostati penalty (whih in a simple point-harge modelshould sale with 1/rDA) inreases as the donor�ationi-aeptor separation isredued. Hene we attribute the observed blue-shift of [2A](PF6)2 in the rystalto the fat that in this onformation, rDA is signi�antly redued relative to theexpeted gas-phase/solution onformation.In addressing the soure of the inreased broadening of the MLCT band for
[2A](PF6)2 in the rystal, we annot invoke onformational/environmental inho-mogeneity as its primary soure, and must onsider additional solid-state e�ets.However, given that the broadening in the rystal an arise from many di�erentsoures, suh as moleular-exiton-band formation due to intermoleular intera-tions, eletron-phonon oupling and rystal defets [186℄, it is not possible to drawany onlusions as to the nature of the additional broadening e�ets from the dataavailable. It is interesting, however, to note that the MLCT band is still qualita-tively similar to that in solution and thin �lms, suh that to a large degree thenature of the MLCT transition is still dominated by intramoleular e�ets.
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Figure 4.15.: Relevant bridged and unbridged F-B-bpy derivatives presented inthis setion.We note that an interesting diretion for future study inludes not only spe-tral measurements on [1A]PF6, but also on the ompound [2A](OH), whih is adouble-aeptor ompound as per [2A](PF6)2, exept the B-bpy groups are bentaway from the F-unit (as per [1A]PF6) [2℄.4.4. UV-vis absorption spetra of other F-B-bpy derivativesIn this setion, we present the UV-vis absorption of the additional F-B-bpy deriva-tives seleted for the spetrosopi study (see Figure 4.15). The key omparisonpresented here is between the MLCT spetra of double-aeptor ompounds witha onneting ansa-bridge between the two B-bpy aeptors (either an O-atom inthe ase of a-BOB to form a B-O-B bridge, or a substituted N-atom in the ase ofa-NPhOMe to form a B-N-B bridge) with the orresponding unbridged-aeptoranalogs [2A](OH) and [2A](NPhOMe).In the ase of the ansa-bridged ompounds, eletrohemial studies [3, 2℄ suggest



4.4. UV-vis absorption spetra of other F-B-bpy derivatives 91a signi�ant (and variable) eletroni oupling between the two B-bpy aeptorgroups, whih is apparent from the splitting of the �rst two one-e−redution po-tentials E′◦

red1(a) and E′◦

red1(b) (whih would be degenerate in the ase of isolatedaeptors), with splittings ∆E′◦

1a−b ≡ E′◦

red1(b) − E′◦

red1(b) in the range 0.12-0.17 V(∼= 970 − 1370 cm−1) for the derivatives presented here [2℄, see Setion 4.5.1). Inomparison, for the unbridged prototype [2A](PF6)2 these two redution wavesare not resolvable in the ylovoltammetry data, implying an upper bound of thesplitting of . 0.05 V. This inreased inter-aeptor oupling in the bridged-aeptorderivatives ould in priniple be due purely to inreased Coulomb interation be-tween the two B-bpy aeptors resulting from their smaller spatial separation en-fored by the onneting ansa-bridge. However, no orrelation was found betweenthe degree of aeptor interation and the polarisability of the N-substituent, e.g.
Si(Me)3 in the ase of a-NSiMe and the π-system PhOMe for a-NPhOMe. Be-ause this substituent is spatially loated between the two B-bpy aeptors, anythrough-spae Coulomb interation between the aeptor groups should dereasewith inreasing polarisability of the substituent. This led to the onlusion thatthe dominant interation between the B-bpy aeptors aross both the B-O-B andB-N-B bridges is due to through-bond oupling [2℄.From the CT theory presented in Setion 2.1.3 (as well as Appendix B.2 andRef. [187℄), the fat that the ansa-bridge enfores a bent formation of the aep-tors should result in a �nite transition dipole moment for the CT transitions toboth the symmetri and anti-symmetri aeptor wavefuntions. With inreasinginteration between the aeptors, one expets a splitting between the energiesof the symmetri and antisymmetri CT transitions and a orresponding broad-ening of the band and aompanying red-shift. Whilst a red-shift is onsistentlyobserved in omparing the ansa-bridged derivatives with the orresponding `free'aeptor analogs, the MLCT bandwidth onsistently dereases, indiating that thesplitting of the symmetri and antisymmetri wavefuntions is small ompared tothe MLCT bandwidth and that a onformational mehanism ditates the observedMLCT bandwidth.This mehanism originates from the fat that, besides the inreased aeptor ou-pling, the ansa-bridge also enfores a di�erent onformation for the B-bpy groups,and strongly hinders any signi�ant geometry hanges. The results from the gas-phase theoretial alulations (Setion 4.6) suggest that the onformational dis-tribution of rotation about the B-C(Cp) bonds for the prototype single-aeptorompound [1]+(H) does lead to a degree of broadening on the same order of magni-tude as the di�erenes in MLCT bandwidths between the bridged- and unbridged-aeptor ompounds, indiating that di�erent onformational distributions ditatethe major hanges in the MLCT bandwidth amongst the derivatives presented here.In an additional attempt to distinguish between the aeptor oupling and on-formation e�ets, we also ompare the MLCT bandwidth of a-BOB with thedi-ferroene ompound (F)2BOB. For the ase of (F)2BOB, the B-O-B bridgebetween the two B-bpy aeptors is still present (although the aeptors are at-tahed to the Cp rings of distint F units), and NMR measurements indiate thatin the absene of the onstraining ansa-bridge of a-BOB, (F)2BOB retains theonformational �exibility of the unbridged-aeptor ompounds in solution. In thisase, the MLCT bandwidth is loser to those of the unbridged-aeptor derivatives,supporting the proposed broadening mehanism as being due to a wider onfor-mational distribution in the absene of the bridge. Another major di�erene of theansa-bridged ompounds is the greater expeted solvatohromi blue-shift, due tothe �nite hange in dipole moment upon exitation (ompared to the entrosym-



92 CW spetrosopy, eletrohemial and quantum hemistry resultsmetri unbridged-aeptor analogs), and an estimate of the expeted blue-shift,based on the results in Setion 4.2.2 for [1A]Br, is presented.We note that the early spetrosopi measurements of a-BOB were severely dis-torted by the presene of a small onentration of the strongly-absorbing impurityFe(bpy)2+3 . A omparison with the stringently puri�ed a-BOB samples presentedin this setion is given in Appendix A.5, whih demonstrates the potential hazardof even small quantities of impurity when studying ompounds with relatively weakabsorption.Finally, we present data for the ompound [1C](PF6), where the B-bpy aeptorgroup has been replaed with a B-dpp substituent (Setion 2.3), whih has beenshown to possess a more deloalised, lower-energy LUMO relative to bpy, and allowsus to examine the e�et of this alteration on the MLCT band, whih provides arobust test of the dependene of the aeptor-LUMO energy on the energy of theproposed MLCT transition.In Figure 4.16(a) we present the absorption spetra for a-BOB, (F)2BOB and
[2A](OH) (all in CH3CN), with the �tted HE and MLCT bands in Figure 4.16(b-d). The e�et of replaing the CH3-substituents on the boron atom of [2A](PF6)2(λmax = 512 nm) with the OH substituents of [2A](OH) (λmax = 522 nm) leadsto a red-shift of the MLCT band peak energy of ∆ν = 374 cm−1. Hene we anonlude that the OH-substituent leads to a stabilisation of the B-bpy LUMOenergy relative to the CH3-substituent. From a omparison of [2A](OH) and a-BOB (λmax = 522 nm), one sees that the presene of the ansa-bridge results in anadditional red-shift of ∆ν = 360 cm−1 (whilst the �tted MLCT bandwidth reduesfrom ∆νFWHM = 5841 cm−1 to ∆νFWHM = 5260 cm−1).In Figure 4.17 the visible absorption spetra of the ansa-bridged ompound,a-NPhOMe, where a substituted N-atom replaes the O-atom in the bridge, ispresented, as well as its unbridged analog [2A](NPhOMe). Again, the MLCT ab-sorption band peak of a-NPhOMe (λmax = 532 nm) is red-shifted relative to theunbridged ompound [2A](NPhOMe) (λmax = 519 nm) by ∆ν = 471 cm−1,with a derease in the �tted MLCT bandwidth (∆νFWHM = 6104 cm−1 for
[2A](NPhOMe) and ∆νFWHM = 5753 cm−1 for a-NPhOMe).As mentioned above, given that the ansa-bridged ompounds no longer possessa linear arrangement A-D-A, we expet CT transitions to both the non-degeneratesymmetri and anti-symmetri deloalised aeptor states. However, no additionalstruture is observed in the MLCT bands for either a-BOB or a-NPhOMe, andthe MLCT bandwidths are atually signi�antly less than those of their unbridged-aeptor analogs ([2A](OH) and [2A](NPhOMe)).Numerial tests of the form of the superposition of two Gaussian funtions vstheir peak separation (relative to their FWHM width) suggests that the inter-aeptor oupling annot be larger than ∼ 0.2∆νFWHM ∼ 1000 cm−1 ∼= 0.12 eV.In the ase of the double-F-donor ompound (F)2BOB (Figure 4.16), oneobserves an MLCT band peak position (λmax = 537 nm), i.e. an additional smallred-shift of ∆ν = 175 cm−1 relative to a-BOB, but the MLCT bandwidth is
∆νFWHM = 6243 cm−1, i.e. omparable to the unbridged-aeptor ompounds.Hene the onformational �exibility of the derivative learly ditates the MLCTbandwidth.From the theoretial gas-phase alulations on [1]+(H) (Setion 4.6), there isevidene that the �utuation of the B-C(Cp) rotation angle (whih is the maindegree of freedom suppressed by the ansa-bridge) will result in a modest broadeningof the MLCT transition energy (i.e. ∼ 300 cm−1). However, in solution this valueould be signi�antly modi�ed (i.e. inreased), and other displaed vibrationaloordinates may also ontribute to the total MLCT bandwidth.
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Figure 4.16.: (a) UV-vis spetra for B-O-B-bridged ompounds a-BOB and(F)2BOB, and unbridged-aeptor B-O ompound [2A](OH) foromparison. Corresponding MLCT and HE band �ts (and residual)for (b) a-BOB, () (F)2BOB and (d) [2A](OH) (note that thesaling for [2A](OH) is arbitrary.)
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4.4. UV-vis absorption spetra of other F-B-bpy derivatives 95An important omparison arises between the MLCT bands for a-NSiMe anda-NPhOMe (Figure 4.17). Here we observe that for a-NSiMe the MLCT bandpeak (λmax = 550 nm) is even further red-shifted by ∆ν = 615 cm−1 relativeto a-NPhOMe, with a signi�ant redution in MLCT bandwidth (∆νFWHM =
5753 cm−1 for a-NPhOMe and ∆νFWHM = 4959 cm−1 for a-NSiMe). Wenote that the splitting between the two near-degenerate redution waves for a-NPhOMe (∆E′◦

1a−b = 0.17 V) and a-NSiMe (∆E′◦

1a−b = 0.12 V) is signi�antlydi�erent, by 0.042 V (∼= 403 cm−1). The shift and splitting of redox potentials fortwo oupled aeptors depends somewhat non-trivially on the inter-aeptor inter-ations in eah ombination of the two oxidation states (i.e. `++',`+0' and `00', seeFigure 4.20), and so this value is not diretly appliable to the expeted splitting ofthe symmetri and antisymmetri deloalised aeptor wavefuntions, although itdoes provide an indiation for the approximate magnitude, whih is within a fatorof 2 of the di�erene in the MLCT bandwidths of a-NPhOMe and a-NSiMe.Hene it is reasonable to attribute the redued MLCT bandwidth for a-NSiMeto a redution in the inter-aeptor interation, supporting the assertion that thetwo CT transitions (symmetri and antisymmetri) are hidden under the MLCTabsorption band. Note that another ontribution to the di�erent MLCT bandsfor a-NPhOMe and a-NSiMe ould arise due to the presene of the non-planar
Si(Me)3 group, whih is e�etively bulkier than the planar PhOMe group, as ev-idened from small relative di�erenes in the X-ray rystal strutures of the twoompounds [2℄ whih ould be expeted to be more signi�ant in solution due tothe absene of rystal paking fores.A more omplex issue is the red-shifting of the MLCT band with the addi-tion of the ansa-bridge. We onsider �rst the expeted e�et of the negative sol-vatohromism of the F-B-bpy ompounds. As disussed in Setion 4.2.3 for the
[nA]Xn ompounds, in the ase of two unbridged aeptors, both the e�etiveground- and exited-state dipole moments should be greatly redued due to sym-metry (with the residual dipole moments being due to symmetry-breaking e�etsimposed by �utuations in the environment and relative instantaneous onforma-tion of the two aeptor groups). However, in the ase of the ansa-bridged om-pounds, this entro-symmetry is not present, and the MLCT transition shouldstill represent a signi�ant hange in dipole moment and result in a signi�antsolvatohromi blue-shift. In order to estimate the expeted relative blue-shiftfor the ansa-ompounds a-BOB, a-NPhOMe ompared to the unbridged om-pounds [2A](OH), [2A](NPhOMe) we employ the results of Setion 4.2.2. Forthe single aeptor ompound [1A]Br in CH3CN, the solvatohromi blue-shiftfrom the extrapolated gas-phase MLCT peak wavelength was alulated to be
∆νsolv = 1340 cm−1. Considering the relative geometries, it is reasonable to takethe e�etive dipole moment hange ∆µ upon MLCT exitation for the ansa-bridgedompounds to be a fator √2 smaller than that for the single-aeptor ompound,whih, in light of the quadrati dependene of the solvatohromi shift on ∆µwould imply that the solvent-indued blue-shift for the ansa-bridged ompoundsin CH3CN is approximately ∆νsolv = 670 cm−1 (although, admittedly, no aountof the inreased e�etive solute radius is inluded in this estimate). Moreover, inSetion 4.2.3, the observation that the MLCT band of [2A](PF6)2 is blue-shiftedrelative to the expeted gas-phase value for [1A]PF6 was attributed to the ele-trostati penalty for CT in the ase of two ationi aeptors, with only a smallresidual solvatohromi blue-shift. Hene, assuming ∆νsolv ∼ 0 for all the unbridgeddouble-aeptor ompounds, we an estimate the expeted gas-phase red-shifts ofa-BOB (relative to [2A](OH)) and a-NPhOMe (relative to [2A](NPhOMe))



96 CW spetrosopy, eletrohemial and quantum hemistry resultsto be ∆νGP ∼ 1030 cm−1 and ∆νGP ∼ 1140 cm−1, respetively22. Thus, aount-ing approximately for the solvatohromi shift, one expets even larger red-shiftsfor the gas-phase spetra.Given that the gas-phase theoretial alulations on [1]+(H) indiate signi�anthanges in the expeted MLCT transition energy (Setion 4.6) should aompanythe distortion in the aeptor geometry (i.e. at least for the B-C(Cp) bond rotation),it is not possible to reliably extrat the separate ontributions to the red-shifts aris-ing from (i) the di�erent aeptor onformation imposed by the ansa-bridge and(ii) the inter-aeptor eletroni oupling, for the bridged- and unbridged-aeptorompounds. The fat that both may be signi�ant is aentuated by the observedred-shift of the MLCT band of a-NSiMe relative to a-NPhOMe. Whereas theredution in MLCT bandwidth is onsistent with the redued inter-aeptor ou-pling for a-NSiMe, simple CT theory would predit that the MLCT transition fora-NPhOMe should be at lower energy, whih is not observed.We turn now to the UV-vis spetra for the derivative [1C](PF6), where theB-bpy group is replaed with a B-dpp-based aeptor group. In Figure 4.18(a) wepresent a omparison of the visible-range absorption for [1C](PF6) (and �ttedHE and MLCT bands) with the B-bpy-aeptor ompound [1A]PF6. As an beseen, the MLCT absorption peak of [1C](PF6) (λmax = 605.4 nm) is red-shiftedby ∆ν = 3340 cm−1 (∼= 0.41 eV) with respet to [1A]PF6. As desribed in Se-tion 2.3, omparison of the eletrohemial data for the isolated (B-free) aeptorompounds bpy and 2,5-dpp suggests that the LUMO in 2,5-dpp is stabilised by
0.56 eV relative to bpy, and one ould antiipate a similar situation for the orre-sponding B-bpy and B-dpp aeptor groups in [1A]PF6 and [1C](PF6). Indeed,the eletrohemistry data for [1A]PF6 and [1C](PF6) (see Setion 4.5.2) indiatesthat the LUMO for [1C](PF6) is stabilised by 0.5 eV relative to [1A]PF6. Whilstthis observation alone seems to provide strong evidene for the general assignmentof the MLCT band, we note that in Figure 4.18(b), the π−π∗ band for [1C](PF6)is also red-shifted relative to that of [1A]PF6 by ∆ν = 4600 cm−1 (∼= 0.57 eV),whih indiates that transitions whih are de�nitely loalised on the aeptor alsoundergo a red-shift of similar magnitude in the three-ring B-dpp system, due to thefat that the highest oupied aeptor-MO energy hanges by only a small amount(∼ 0.07 eV, see Setion 2.3) in going from B-bpy to the B-dpp aeptor. Henewith this observation alone, it is still possible that the proposed MLCT band wouldinstead be loalised on the B-bpy units (and would also be expeted to inreasewith the number of aeptors).However, an important additional argument for the MLCT assignment ariseswhen onsidering the relative F-based oxidation potentials for [1A]PF6 and
[1C](PF6) (Setion 4.5.2). In this ase, the oxidation potential for [1C](PF6)(E′◦

ox = 0.50 V) is shifted to a more positive potential relative to [1A]PF6(E′◦
ox = 0.40 V) by 0.10 V. This implies that the F-based HOMO in [1C](PF6)is stabilised (by 0.10 eV) relative to [1A]PF6, so that the net shift between theF-HOMO and aeptor-LUMO (relative to [1A]PF6) is predited to be 0.40 eV,in almost exat agreement with the observed MLCT band shift of 0.41 eV. The fatthat the MLCT band red-shift for [1C](PF6) relative to [1A]PF6 an be explainedwith a onsideration of both hanges in the aeptor-LUMO and F-donor-HOMOprovides extremely ompelling evidene for the MLCT assignment (perhaps themost diret steady-state spetrosopi evidene in this study). As will be seen inSetion 4.5.2 where we present a summary of the orrelation between the MLCT22As per the preeding disussion, these values are alulated by taking the observed red-shifts in
CH3CN solution and adding the estimated negative solvatohromi shift for the ansa-bridgedompounds.
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Figure 4.18.: (a) Comparison of UV-vis spetra for orresponding bpy- and 2,5-dpp-based aeptor ompounds [1A]PF6 and [1C](PF6). (a) Visi-ble range, inluding �tted MLCT and HE bands for [1C](PF6), andMLCT absorption peak shift between [1A]PF6 and [1C](PF6) (allin CH3CN). (b) UV range spetra for [1A]PF6 and [1C](PF6), in-luding boron-free organi aeptors bpy and 2,5-dpp for omparison,and approximate relevant band peak shifts.



98 CW spetrosopy, eletrohemial and quantum hemistry resultsband peak position and the orresponding redox potentials, the inlusion of thederivative [1C](PF6) (with its orrespondingly large hanges in MLCT band posi-tion and redox potentials) is partiularly important in establishing the orrelationbetween the two sets of experimental results (whereas e�ets suh as varying sol-vation and Stokes shifts for the bridged- and unbridged-bpy-aeptor ompoundsalone somewhat disturbs the ideal linear trend).We note that within the simple Mulliken-type CT model (Setion 2.1.3, AppendixB.2) the relative stabilisation of the F-HOMO for [1C](PF6) ould well be due tomixing of the F-HOMO and dpp-aeptor LUMO (i.e. a greater degree of ground-state harge transfer, and resultant stabilisation of the F-HOMO), relative to thebpy-based derivatives where the interpretation of the observed trend of MLCT-band red-shifting with inreased number of aeptors suggested that this mixing(whih should result in an inreasing blue-shift of the CT transition) did not playa signi�ant role.We do note however, that the Mulliken-CT theory also predits an additionalterm in the CT transition dipole moment (see Eq. B.43) with signi�ant ground-state mixing, whereas a small derease in the MLCT osillator strength is atuallyobserved for [1C](PF6) relative to [1A]PF6. We an onlude even though ground-state mixing appears to our in [1C](PF6), there is a orresponding di�erene inthe spatial distribution of the aeptor orbitals for the B-bpy and B-dpp groupssuh that the orbital overlap with the F-HOMO is atually slightly dereased.This issue remains open for further investigation.In Figure 4.18(b), we also inlude the UV absorption spetra of the B-free iso-lated aeptor groups bpy and 2,5-dpp. Here we observe that the approximateorresponding red-shifts of the π − π∗ band whih our on `addition' of the `F-B<'-group are ∆ν = 2890 cm−1 (for the bpy-based aeptor) and ∆ν = 3420 cm−1(for the 2,5-dpp-based aeptor), in both ases due to the deloalisation of the π-bonding and π-anti-bonding orbitals onto the B atom [7℄. In Setion 4.5.1, we willombine the reported MLCT and π−π∗ spetrosopi data with the orrespondingeletrohemial data to a yield a more detailed omparison of the relative orbitalenergies of [1A]PF6 and [1C](PF6).4.5. Eletrohemistry measurementsIn this setion we present a summary of the available eletrohemial data for se-leted F-B-bpy derivatives, inluding (i) the ylovoltammetry traes (from whihthe redox potentials are extrated) (ii) the orrelation of the redox potentials withthe MLCT band position, (iii) the hanges in UV-vis absorption resulting uponoxidation/redution.The ylovoltammetry data presented here was measured as a standard ompo-nent of the original haraterisation of these ompounds [7, 3, 2℄ due to the fatthat it provides a straightforward probe of the eletroni oupling between theeletroative fragments in the various derivatives, and hene is inluded here morefor the sake of ompleteness, due to the importane of this data in the analysis ofthe spetrosopi data. Due to the fat that we did not devote a theory setionin Chapter 2 to eletrohemistry, we provide some remarks here on the details ofinterpreting the redox potentials (in partiular the shift and splitting of redox po-tentials for idential oupled aeptor groups) in order to put some of the ommentsearlier in this hapter on a more solid footing.Whilst we have already employed the potentials for the F-oxidation and B-bpy-aeptor-redution proesses in interpreting the MLCT band positions on asomewhat `derivative-by-derivative' basis in the previous setions, here we present



4.5. Eletrohemistry measurements 99a summary of the orrelation between the relevant redox potentials and the MLCTband energy for the key derivatives and a simple analysis whih demonstrates thatthe redox potentials provide a robust preditor of the MLCT band energy (whihstrongly supports the assignment of the band). Finally, we present the di�erentialUV-vis absorption spetra that result upon eletrohemial oxidation and redu-tion of the derivatives [1A]PF6, [2A](PF6)2 and a-BOB. A more quantitativemeasurement of these data was arried out during this study23, due to the real-isation that the new optial transitions that arise upon the F-entred oxidationand B-bpy-entred redution of the F-B-bpy ompounds would be extremely use-ful in interpreting the exited-state transient spetra following MLCT exitation(presented in the next hapter), espeially in light of the relatively weak ouplingbetween donor and aeptor.4.5.1. Cylovoltammetry data and redox potentialsFigure 4.19 displays the measured ylovoltammetry traes for [1A]PF6,
[2A](PF6)2, a-BOB and (F)2BOB (under omparable experimental onditions,brie�y indiated in the �gure aption)24. We begin by identifying the basi featuresin these traes and the nomenlature indiated in the �gure.At positive potentials (vs SCE25, note the inverted diretion of the horizon-tal axis) we observe the oxidation wave for [1A]PF6, [2A](PF6)2 and a-BOB(`ox1') orresponding to eletron removal from a predominantly F-based HOMO,whilst for the di-ferroene ompound (F)2BOB one observes two poorly-resolvednear-degenerate oxidation waves (`ox1a' and `ox1b') orresponding to suessiveoxidation of the two-F system. At negative potential, two redution wave systemsare observed for eah ompound, eah representing the addition of one eletron foreah B-bpy aeptor present in the ompound. Whilst for the single B-bpy aeptorompound [1A]PF6, eah sequential proess (`red1' and `red2') involves only oneeletron per moleule, for the double-aeptor ompounds eah wave represents theaddition of two eletrons to the double-aeptor system at near-degenerate poten-tials (`red1a'/`red1b' and `red2a'/`red2b')26 . The strong aeptor-oupling in theansa-bridged ompounds a-BOB and (F)2BOB leads to a visible splitting ofthe two near-degenerate redution potentials for eah wave, but for [2A](PF6)2they are not resolvable. We note that for the derivatives shown, all these redox23Note that preliminary spetra were measured during the initial haraterisation of the om-pounds [7, 3, 2℄, but only with the express purpose of extrating approximate peak wavelengthsfor the new bands whih emerge upon oxidation/redution. The spetral data for the om-pounds [1A]PF6 and [2A](PF6)2 presented here were arefully repeated by F. Fabrizi deBiani (AG Zanello, University of Siena, Italy) with an aim to have spetra suitable for morequantitative omparison.24It should be noted that due to the a number of inherent energy o�sets and kineti terms insolution-phase eletrohemial measurements, that depend on experimental fators and thespei� systems under study [46℄, the absolute position of the redox measurements (givenrelative to a standard redox proess of personal hoie) does not readily a�ord the absoluteionisation potential or eletron a�nity of the ompound. However, in most ases the relativeredox potentials do possess a fairly well-de�ned relation to the relative energy hanges of theeletron-addition and removal proesses for a partiular ompound and related derivatives,and we assume here that the eletrohemial potential di�erenes (in V) orrespond to therespetive energy hanges of the solute (in eV). Whilst further details are beyond the sopeof the present work, we do stress that the interpretation of the redox data involved washeked with the experiene of the eletrohemistry group (AG Zanello) who performed themeasurements, and the relevant redox potentials were taken from the literature.25SCE: Standard alomel eletrode.26Note that the absolute number of eletrons per moleule involved in eah redox wave was on-�rmed by ontrolled `oulometri' tests [7, 3, 2℄, and is also re�eted in the relative amplitudeof the orresponding oxidation/redution peaks.
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4.5. Eletrohemistry measurements 101Compound Redox Potentials (V vs SCE)Oxidation Redutionox1(a,b) red1(a,b) red2(a,b)
[1A]PF6 +0.40 -1.02 -1.71
[2A](PF6)2 +0.43 -0.98 -1.71
[4A](PF6)4 +0.38 -1.05 -1.85a-BOB +0.57 -0.80 -0.93 -1.55 -1.67(F)2BOB +0.53 +0.47 -0.75 -0.88 -1.78 -1.96
[1C](PF6) +0.50 -0.52 -1.25
σ-B-bpy � -0.95 �F +0.49 � �Table 4.1.: Formal eletrohemial potentials E′◦

ox,1(a,b) and E′◦

red,n(a,b) for rele-vant F-B-bpy ompounds and related isolated F-donor and σ-B-bpy-aeptor ompounds. Note that in the ase where the derivative bearsmultiple aeptor or donor units, the two non-degenerate potentials aregiven whenever the two waves were resolvable. (Data extrated from[134, 7, 3, 2℄).proesses are eletrohemially reversible (at least on the experimental time saleof seonds) [7, 3, 2℄. The extrated formal eletrode potentials are listed in Table4.1 for referene.From hereon, we will onentrate only on the �rst of the two n-eletron re-dution waves (red1(a,b)), whih is the only one relevant to the MLCT proess.Inspetion of the values in Table 4.1 reveals several important variations for thedi�erent derivatives (and the ontrol ompounds, F and σ-B-bpy), as detailed inthe following paragraphs.(i) We note that the oxidation potentials for [1A]PF6 (E′◦
ox = +0.40 V),

[2A](PF6)2 (E′◦
ox = +0.43 V) and [4A](PF6)4 (E′◦

ox = +0.38 V) all our atslightly lower positive values in omparison to F, indiating that the eletronremoval is slightly energetially more favourable, whih suggests that the B-bpygroup(s) atually donate some eletron density to the Cp-ring(s) of the F unitdespite their formal positive harge [7℄ . The lak of a trend for n = 1, 2, 4 howeverdeserves some attention, if one onsiders the inreasing formal positive harge ofthese ationi ompounds with inreasing number of B-bpy aeptors. In the gas-phase (i.e. in the absene of ounteranions or surrounding dieletri solvent), theionisation potential of these ompounds would demonstrate a very large Coulombbarrier for eletron removal (depending on the e�etive solute radius and the degreeof intramoleular shielding of the eletron from the formal positive harge duringremoval). In the eletrohemial solution however, the large exess of ounteran-ions in the eletrolyte will render this Coulombi esape energy almost negligible(espeially onsidering the additional eletri �eld shielding a�orded by the DMFsolvent (ǫs = 36.7)). However, the fat that the UV-vis spetra are measured insolution in the absene of the exess eletrolyte (with only a 1:1 onentration ofounteranions, whih need not be within the �rst solvent shell of the solute) ouldlead to some deviations in the orrelation between the measured MLCT band en-ergy and oxidation potential. We return to this point in the next setion whenpresenting this orrelation.(ii) For the di-ferroene ompound (F)2BOB, the splitting in the oxidation



102 CW spetrosopy, eletrohemial and quantum hemistry resultspotentials (E′◦
ox,a = +0.47 V,E′◦

ox,b = +0.53 V) is ∆E′◦

ox,a−b = 0.06 V (∼= 480 cm−1)indiates that a small (presumably through-spae) oupling exists between the twoF units. We note that the degree of this splitting is a ritial parameter if oneattempts to eletrohemially prepare a mixed-valene ompound [188, 189, 190,191, 192, 15, 193℄ (i.e. with oxidation of only one of the two F units). The averageof the two oxidation peaks, however, is lose to that in F, and does not reproduethe less-positive value for the unbridged double-aeptor ompound [2A](PF6)2.(iii) The oxidation potential for a-BOB (E′◦
ox = +0.57 V) is shifted to on-siderably more positive potential, suh that the F-HOMO is stabilised by thepresene of the ansa-bridged B-bpy-system. However, we note that the fat thatboth B-O-B bridged derivatives, a-BOB and (F)2BOB, do not demonstrate thedestabilisation of the F-HOMO witnessed in [nA](PF6)n might suggest that anyeletron density from the B-bpy groups whih extends onto the Cp− rings forthe [nA](PF6)n series is `diverted' onto the B-O-B bridge (onsistent with thethrough-bond oupling hypothesis for the B-O-B bridged ompounds).(iv) Turning now to the orresponding redution proesses, we note that for theunbridged-B-bpy-aeptor derivatives [1A]PF6 (E′◦

red1 = −1.02 V), [2A](PF6)2(E′◦

red1 = −0.98 V) and [4A](PF6)4 (E′◦

red1 = −1.05 V) the redution proesses allour at more negative potential than the ontrol ompound σ-B-bpy, indiating adestabilisation of the B-bpy LUMO when the saturated arbon network in σ-B-bpyis replaed by the F unit (note that for [2A](PF6)2 and [4A](PF6)4, these valuesare the average of the near-degenerate 2- and 4-e−redution proesses). There seemsto be no simple explanation for the observed destabilisation of both F-HOMO andB-bpy-LUMO for these derivatives. We note that in omparison to the oxidationproess, whih involves a F-HOMO whih is loalised on the Fe2+-ore, the B-bpy-LUMO involves a highly deloalised LUMO, suh that eletroni distortiondue to the presene of the F-unit leads to an inherently more omplex in�ueneon the redution potential. Hene it is foreseeable that the eletroni distortion ofthe bpy HOMOs in [nA](PF6)n (whih is assoiated also with the slight donationof eletron density to the F) leads to resulting π-orbitals whih possess a higherdegree of repulsion with the π∗ orbital.(v) In ontrast to the unbridged ompounds, for the B-O-B bridged om-pounds a-BOB and (F)2BOB there is both a well-resolved splitting in thenear-degenerate redution potentials (∆E′◦

red1a−b = 0.13 V) in both ases, andthe average of the two split potentials E′◦

red1 (0.865 V for a-BOB and 0.815 Vfor (F)2BOB) is shifted to less-negative values for both derivatives relative to
σ-B-bpy (by 0.085 V for a-BOB and 0.135 for (F)2BOB). In order to disussthese shifts, we refer to Figure 4.20 whih provides a shemati for the expetedsplitting of the redution potentials for a system with two idential aeptors (ina symmetri environment), with a small perturbation due to interation matrixelements V11 and V12 in eah ombination of oxidation states (`++',`+0' and `00').(We note that the shemati in Figure 4.20 is derived from simple perturbationtheory analogous to that in Appendix B.1.2 assuming the wavefuntion overlap issmall).As indiated, the splitting depends in a somewhat non-trivial way on the inter-ation between aeptors for all three possible ombinations of (distinguishable)oxidation states. Assuming that V11 ≫ V12, we have ∆Ered,a-b = 1/e(V 00

11 +V ++
11 −

2V +0
11 ) for the potential splitting whilst the shift of the average potential is givenby E′◦

red = Ered +1/(2e)
(

V 00
11 − V ++

11

). Hene, negleting wavefuntion overlap, theshift of the average redution potential E′◦

red1 for both a-BOB and (F)2BOB isdue to a ombination of the dominant repulsive ation-ation interation (V ++
11 > 0)
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Figure 4.20.: Shemati demonstrating the expeted non-degenerate redution po-tentials for two oupled ationi aeptors (E′◦
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red(b)) inomparison with two isolated ationi aeptors (with degenerate re-dution potentials E′◦

red).and a smaller ontribution from the attrative dipole-dipole interation of the twoneutral (redued) aeptors (V 00
11 < 0), whilst the splitting ∆Ered,a-b also inludesa ontribution from the attrative ion-dipole interation (V +0

11 < 0).We note that in the ase of purely through-spae interation, for the more �ex-ible (F)2BOB derivative the relative loation of the B-bpy aeptors should beable to adjust more readily to redue the magnitude of the repulsive ation-ationinteration (|V ++
11 |). However, given that the splitting of the near-degenerate redoxpotentials for (F)2BOB and a-BOB are so similar, this would imply that thehief mehanism for the inter-aeptor oupling must be due to through-bond in-terations, i.e. the relevant wavefuntions of eah B-bpy group extend signi�antlyonto the intervening B-O-B bridge, where the bond lengths aross the B-O-B bridgein eah ase are omparable.The ylovoltammetry trae for [1C](PF6) is shown in Figure 4.21 (with thatof [1A]PF6 inluded for omparison). As already mentioned in Setion 4.4, theredution potential E′◦

red1 = −0.52 V is shifted to signi�antly less negative valuesrelative to [1A]PF6 (i.e. by 0.50 V) due to the inherently lower energy LUMO in2,5-dpp ompared with bpy (whih is also presumably the ase in their orrespond-ing ationi B-derivatives). However in Setion 2.3 we showed that the relative shiftbetween the redution potentials of bpy and 2,5-dpp was slightly larger, i.e. 0.56 V.Whilst little weight an be given to this observation alone, we note also that theoxidation potential for [1C](PF6) (E′◦
ox = +0.50 V) is more positive than that for

[1A]PF6 by 0.1 V. Taken together, these shifts imply a omparable F-HOMOstabilisation and B-dpp-LUMO destabilisation. As mentioned in Setion 4.4 in ex-amining the UV-vis spetrum of [1C](PF6), suh an e�et is in aord with theMulliken-type CT theory (also presented in this work, Appendix B.2) in the asewhere there is a �nite degree of mixing between the F-HOMO and B-dpp-LUMOin the ground state. This inreased mixing is to be expeted (see Eq.s B.40 andB.42) based on the fat that the unperturbed donor and aeptor orbital energiesare muh loser for [1C](PF6) in omparison to the B-bpy-aeptor ompounds.If we ombine the estimates for relative energy level positions and separations
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 Figure 4.21.: Cylovoltammetry traes for 2,5-dpp-aeptor derivative [1C](PF6)for omparison with orresponding bpy-aeptor ompound [1A]PF6.(Measurements in DMF ontaining [NEt4℄[PF6℄ eletrolyte, Pt-eletrode [9℄.)from UV-vis and eletrohemial data for [1A]PF6 and [1C](PF6), we an on-strut an approximate energy level diagram for the F-HOMO, B-bpy- and B-dpp-HOMO and -LUMO, as shown in Figure 4.22. The dedution of this energydiagram is atually overdetermined from the available data, yet all observed transi-tions and relative shifts for the F-HOMO and aeptor-LUMO are onsistent withthe sheme to within 0.01 eV. We do note, however, that the energy level of thehighest-oupied π-orbitals on the B-bpy and B-dpp aeptors are determined onlyby the estimates of the UV π−π∗ absorption bands, and lead to an implied relativestabilisation of this orbital energy by ∼ 0.07 eV. It is hoped that this sheme willprovide a useful omparison with future theoretial modelling of the [1C](PF6)derivative.4.5.2. Correlation between MLCT transition energies and redox potentialsOne of the most robust experimental tests for the assignment of a CT transitionis given by a omparison of the CT transition energy (∝ νMLCT) and the di�er-ene between donor-oxidation and aeptor-redution eletrohemial potentials
∆E′◦ = E′◦

ox − E′◦

red [194, 47, 195, 196, 197, 198, 199, 200, 201, 202, 203, 204, 205℄.As stated in Setion 2.1.3, whereas the CT absorption proess takes plae on atime sale muh shorter than the time for nulear rearrangement (Frank-Condonpriniple), the eletrohemial potentials orrespond to adiabati proesses [47℄,suh that we assume that the internal and solvent onformation an adopt theirnew equilibrium positions during the ourse of eletron addition/removal. Henethe observed MLCT transition energy EMLCT in solution and the redox potentialdi�erene ∆E′◦ are related by (Eq. 2.4),
EMLCT = e∆E′◦ + χe + ∆EFC − C, (4.6)where χe is the di�erene between the exited-state solvent interation energiesfor the Frank-Condon (i.e. ground-state) and CT (exited-state) solvent equilib-
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Figure 4.22.: Shemati of frontier F/aeptor orbital energies for [1A]PF6 vs
[1C](PF6) derived from the UV-vis and CV data (as indiated).ria. ∆EFC is the one-half Stokes shift for the transition (i.e. due to the di�erenebetween internal equilibrium nulear oordinates) (see Setion 2.1.1). The eletro-stati interation term C > 0 orresponds to the di�erene between the hypothet-ial redution potential for the aeptor E′◦

red1(a),D+ in the ase where the donoris oxidised (a situation not realisable in pratie) and that measured with a neu-tral donor, E′◦

red1(a). Note that this term orresponds to the value that would bemeasured in the same solute environment as the other redox potentials appearingin Eq. 4.6, i.e. in the presene of a high onentration of ounteranions, and nota gas-phase value whih would inlude a signi�ant additional Coulomb term (dis-ussed further below). We note that using the simple model of symmetri hargedisplaement for the CT in a ationi ompound, we have χe = ∆Esolv (Setion2.1.4).In Figure 4.23 we plot the (a) �rst eletrohemial oxidation potential (E′◦

ox1(a)),(b) �rst redution potential (E′◦

red1(a)) and () the di�erene between these twoquantities (∆E′◦) vs the orresponding observed MLCT band peak energy EMLCT.(We note that the redox data are measured all in DMF, whilst the MLCT dataare all measured in CH3CN, whih we will address below). One observes an over-all orrelation between the data, although the data for some derivatives deviatesigni�antly. Inluding the data for all derivatives, a linear regression of the redu-tion potential data E′◦

red1(a) (Figure 4.23(b)) yields a slope of -1.18 V/eV, whilstthe regression of the more weakly dependent (and less orrelated) oxidation po-tential data E′◦

ox1(a) (Figure 4.23(a)) yields a slope of -0.19 V/eV27, suh that theregression of the redox potential di�erene ∆E′◦ (Figure 4.23()) yields a slope of27Note that in an earlier report [206℄ the data for [1C](PF6) was not inluded, suh that the or-relation between the MLCT transition energy and the oxidation potentials was not identi�ed.



106 CW spetrosopy, eletrohemial and quantum hemistry results+0.99 V/eV � in very lose agreement to the expeted value of unity. The regres-sion has a orrelation oe�ient r = 0.88 for the �t of ∆E′◦, with an horizontalinterept of EMLCT,0 = 0.98 eV.We note that from Eq. 4.6, any di�erenes in solvent interation energy, Stokesshift or eletrostati donor-aeptor interation amongst the derivatives shouldgive rise to displaements from an ideal orrelation (whilst one should also bear inmind that the various total moleular harges for the di�erent derivatives ould alsosigni�antly a�et the eletrohemial potentials, although ertain fators shouldbe expeted to anel between the oxidation and redution potentials).Upon inspetion of the potential di�erene data ∆E′◦ (Figure 4.23()) for thederivatives [nA](PF6)n (n = 1, 2, 4) alone, we note that a �tted line through thesepoints would be almost �at (i.e. no orrelation at all). However, from the disussionand analysis of Setion 4.2.3, we ame to the onlusion that the red-shifting of theMLCT band with inreasing n was due to the derease in the solvent blue-shift.Hene, from Eq. 4.6 the deviation for [4A](PF6)4 is to be expeted.Inspeting Eq. 4.6, we an extrat further information from the extrapolatedinterept EMLCT,0, i.e.,
EMLCT,0 = ∆Esolv + ∆EFC − C. (4.7)From the solvatohromism analysis of Setion 4.2.2, we an estimate the ontribu-tion from the solvent ∆Esolv, even though it must be reognised that this term isnot onstant for eah derivative (due to di�erenes in the expeted dipole momenthanges, as disussed in Setion 4.2.3), and that the MLCT absorption band datais taken in CH3CN as opposed to DMF (although due to the similar dieletri on-stants of CH3CN and DMF, this leads to a relatively small orretion). In order toprodue a reasonable estimate, we use the following approah (using the availableexperimental data diretly, as appropriate, in preedene to �tted urves).The measured MLCT band peak wavelengths for [1A]PF6 are λmax =

503.5 cm−1 for CH3CN and λmax = 497.7 cm−1 for DMF, whih suggests that wemust shift the �tted line in Figure 4.23() horizontally (and hene also EMLCT,0)by ∼ +0.029 eV to approximately aount for the di�erene in solvent betweenthe two measurements (note that suh a shift atually slightly improves the agree-ment of the �tted line with the data points for [1A]PF6 and [1C](PF6)). More-over, we adopt the value of solvent blue-shift observed for [1A]Br in DMF of
∆νsolv = 1676 cm−1 (relative to the extrapolated gas-phase value of ν) whih or-responds to ∆Esolv = 0.21 eV. Hene, we an estimate the remaining quantities inEq. 4.7 as,

∆EFC −C ∼ 0.81 eV,whih is onsistent in magnitude with reports on other MLCT systems (see Ref. [47℄for a fairly omprehensive list), although no data was found for similar F-donorompounds for a ritial omparison.Unfortunately, a means to estimate the quantity C is not aessible with theavailable experimental/theoretial results. Although in Setion 4.6 we present thetheoretial gas-phase LUMO energies for both the prototype ation ([1]+(H))and diation ([1]2+(H)), whih shows that the aeptor-LUMO is stabilised by
∆ELUMO = 3.44 eV upon oxidation of the F unit, this value is not readily us-able in the estimate of C beause it inludes a dominating ontribution from theCoulomb esape potential in the gas phase, where no ounteranions are in loseontat with the ationi solute. Note that an attempt to ompensate for the es-ape potential present in the alulated gas-phase LUMO energies (relative to therequired situation where ounteranions are in lose ontat with the solute) using
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108 CW spetrosopy, eletrohemial and quantum hemistry resultsa simple Coulomb point-harge model is open to signi�ant unertainty dependingon the estimates used for the unknown parameters, i.e. an e�etive radius for themoleule and the proximity of the ounteranions to the solute in the eletrohem-ial solution. Hene in order to aurately estimate C would require additionaltheoretial alulations of both the ation and diation with an aurate inlusionof surrounding ounteranions/solvent.However, we do at least have a lower bound for the Stokes (blue-)shift of theMLCT transition ∆EFC > 0.81 eV (∼= 6490 cm−1). Given our existing estimatefor the MLCT band peak for [1A]Br in the gas-phase of νGP = 18530 cm−1,we predit a HOMO-LUMO spaing (i.e. the origin of the MLCT transition) of
νHOMO−LUMO
GP < 12040 cm−1, orresponding in wavelength to λHOMO−LUMO

GP >
830 nm). The fat that the appreiable Stokes shift (whih is atually of a fairly typ-ial magnitude for MLCT systems [47℄), and to a lesser degree the solvatohromiblue-shift, lead to a predition for the HOMO-LUMO energy separation signi�-antly lower than the experimentally observed MLCT band peak photon energyshould be kept in mind when onsidering suh systems. We note that based onthis lower bound for the origin of the MLCT transition, it is not surprising that nophotoluminesene (PL) was deteted in the range λ < 900 nm, whih motivatesfuture PL measurements with the neessary near-IR equipment. We will onsiderthe large magnitude of this Stokes shift (i.e. exited-state internal reorganisationenergy) in interpreting the exited-state transient absorption kinetis in Chapter5. We onlude this setion by noting an interesting point for future synthe-sis of F-B-bpy derivatives. As given above, the extrapolated gas-phase equilib-rium HOMO-LUMO spaing for [1A]Br is predited to be EHOMO−LUMO

GP + C =
hcνHOMO−LUMO

GP ≈ 1.5 eV. Given that the aeptor LUMO of the orrespondingB-dpp-based aeptor ompound [1C](PF6) is predited to be ∼ 0.5 eV lower inenergy (see Figure 4.22), we an expet that for [1C](PF6) EHOMO−LUMO
GP +C ∼

1.0 eV. Moreover, if the F-donor was replaed with an otamethylated-F donor(`OMF', i.e. with 8 CH3 groups on the Cp− rings [104, 105℄), then this shoulddestabilise the donor HOMO by approximately 0.4 eV (given the approximate ad-ditive shift of the F-based HOMO with inreasing number of CH3 groups, seeSetion 2.2.1). Hene, in suh a OMF-donor/B-dpp-aeptor derivative, we ouldexpet EHOMO−LUMO
GP + C ∼ 0.6 eV. Given that typial values of the eletrostatiterm C for MLCT ompounds are often reported on the order of C ∼ 0.5 V [47℄,this opens the question of whether EHOMO−LUMO

GP may atually beome negativefor a OMF-B-dpp ompound, whih would result in a stable MLCT ground statefor suh a derivative. Based on the analysis presented here, investigation into thepossible synthesis of suh a derivative are urrently being pursued.4.5.3. UV-vis spetroeletrohemistry resultsDue to the weakly-oupled nature of the donor and aeptor in the F-B-bpy om-pounds, we should expet that the loalised eletroni transitions present on theeletrohemially oxidised-donor and redued-aeptor should also be present in theCT exited state of the donor-aeptor omplex, depending on the in�uene of thedi�erent net moleular harge in eah ase (i.e. D+A/DA− and D+A−). Suh orre-lations between the absorption spetra of the oxidised/redued speies and the CTexited-state have been observed for other MLCT ompounds [207, 195℄. Hene, foromparison with the exited-state transient spetra presented in Chapter 5, a se-ries of UV-vis spetroeletrohemistry (SEC) measurements were performed28 (i.e.28F. Fabrizi de Biani, AG Zanello, University of Siena, Italy.
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Figure 4.24.: Di�erential UV-vis spetra upon exhaustive �rst eletrohemial (b)oxidation (ox1) and () redution (red1(a,b)), for omparison with (a)spetra in `normal' redox state (ationi harge n+), for ompounds
[1A]PF6, [2A](PF6)2 and a-BOB (in DMF) as indiated. (See Fig-ures A.2 and A.3 for time series spetra, and �xed redox potentials).Di�erent qualitative regions of the spetra are labelled `ox-X' and`red-X' to aid disussion in the text (the spanning arrows only indi-ate the general spetral region, whih are spei�ed more learly inthe text for eah ompound).a measurement of the absorption spetra upon eletrohemial oxidation or redu-tion at a stati eletrode potential) on the ompounds [1A]PF6 and [2A](PF6)2,whilst some provisional data for a-BOB were also available from an earlier har-aterisation [3℄.The time-series di�erential UV-vis spetra during oxidation and redution of

[1A]PF6 and [2A](PF6)2 are presented in Figures A.2 and A.3 in Appendix A.3,whih demonstrate that the oxidation/redution of the samples was almost ex-haustive and that the form of the di�erential spetra does not hange during themeasurement (indiating that no seondary reations take plae on the time saleof the measurement). In Figure 4.24 we present a summary of the di�erential spe-tra for [1A]PF6, [2A](PF6)2 and a-BOB. Figure 4.24(a) shows the spetra of theompounds before oxidation/redution (as already presented in Setions 4.2.3 and4.4) for omparison.In Figure 4.24(b) (oxidation), several di�erential absorption features an be ob-



110 CW spetrosopy, eletrohemial and quantum hemistry resultsserved whih are qualitatively similar for the three derivatives presented29, and eventhough these hanges are omprised of unresolved overlapping absorption bands wehave added a labelling sheme (`ox-X') to the approximate wavelength regions toaid in their disussion (please note the di�erent vertial sales/zero levels for eahpanel). In the wavelength region `ox-A', the strutured di�erential absorption in-rease arises from a small inrease in strength and broadening of the existing π−π∗transition loalised on the B-bpy aeptor(s), whih we attribute to the in�uenefrom the inreased eletronegativity of the oxidised F. Extending deeper into theUV (λ . 300 nm), a broad region of unresolved positive absorption arises, whih weattribute to the LMCT transitions observed in the UV absorption spetrum of un-substituted F+ (i.e. from the oupied π-orbitals of the Cp− rings into the vaated
Fe3+ d-based orbitals, see Figure 2.16, Setion 2.2.1 for the UV-vis spetrum ofF+). In the visible range, the broad region of negative di�erential absorption (`ox-B') orresponds in part to the suppression of the MLCT band. However, from themagnitude of the negative absorption hanges in omparison to the MLCT band(.f. Figure 4.24(a)), it is lear that additional new absorption features arise in thisregion, whih is exempli�ed by the net absorption inrease (with a peak ourringin the range ∼ 600− 650 nm) labelled `ox-C'. We note that these new features arehighly onsistent with the visible absorption spetrum for F+ (Figure 2.16), wherea similar peak in the absorption is observed at λmax = 618 nm assoiated with thelowest-energy LMCT band of F+, with a broad, weakly strutured absorptionplateau extending down to 400 nm (whih onsists of several unresolved residuald-d transitions entred on the Fe3+-ore [57℄. We note that any residual MLCTtransitions are expeted to be strongly blue-shifted due to the positive harge onthe F-unit after oxidation.Turning now to the di�erential spetra upon the �rst n-eletron redution in Fig-ure 4.24() (note that the eletrohemial potentials used were some 100s of mV be-yond the near-degenerate �rst redution wave, suh that both B-bpy groups reeivedone eletron in [2A](PF6)2 and a-BOB). Aross the entire UV-vis range, the mag-nitude of the absorption hanges is signi�antly greater than those ourring uponoxidation. In the region `red-A', a negative di�erential feature whih represents thesuppression of the original B-bpy π− π∗ band dominates. The strutured di�eren-tial absorption features whih dominate in the ranges λ & 325 − 400 nm (`red-B')and ∼ 400− 550 nm (`red-C') are highly onsistent with the absorption peak posi-tions of the F-free B-bpy derivatives presented in Figure 2.25. For instane, uponredution, the derivative σ-B-bpy possesses absorption peaks at 378 nm and at463/494 nm30, whilst the di�erential spetra for the redued-[2A](PF6)2 deriva-tive (Figure 4.24) possesses well-de�ned peaks at 374 nm (red-B) and 470/499 nm(red-C) (note that these two latter peaks would appear to represent the vibrationalmanifold of the same eletroni transition). We make the important note that forthe ase of F-free B-bpy-derivatives with eletron-withdrawing substituents at-tahed to B (i.e. ompounds `H' and `He' in Figure 2.25), the `red-C' absorptionband is signi�antly blue-shifted, with the lowest-energy absorption peak ourringat λ ≈ 460 nm. Hene we ould antiipate that the presene of a simultaneouslyoxidised F unit attahed to the redued B-bpy aeptor would also result in asigni�ant blue-shift of this band � a point we will return to in interpreting the29Note that ertain experimental problems in the measurement for a-BOB resulted in signi�antbakground artifats, and the spetra shown here are reovered after a areful bakgroundsubtration from the data. Hene it is possible that the spetra for a-BOB shown are stillslightly distorted, and if required for more a more ritial analysis, should be remeasured.30Note that in the original report for the UV-vis spetra of these ompounds [134℄, only peakwavelengths were reported, without any detailed interpretation.



4.6. Quantum hemistry results 111exited-state transient spetra in the next hapter.The �nal feature upon redution is the broad band (red-D) extending from λ ∼
600 nm into the near-IR. We note that no mention of suh a band was made forredued-B-bpy derivatives in the only existing literature report [134℄, although thispaper was mostly devoted to syntheti issues, and no mention of the wavelengthrange used in the measurements was reported. In a simple MO piture, we expetthat addition of an eletron to the B-bpy-aeptors should signi�antly destabilisethe next lowest unoupied orbital, suh that any MLCT transitions should besigni�antly blue-shifted (relative to the original MLCT band in the non-reduedF-B-bpy derivatives), and hene not be a likely assignment for the `red-D' band.In our original reports on this band [206, 8℄, we onluded that this red-D band isdue to a loalised transition on the redued B-bpy-aeptors, both in onsideringthe energy of the band and the fat that the absorption strength inreases inproportion to the number of B-bpy groups in eah derivative (see Figure 4.24()).However, from the broad featureless nature of this band, it is also oneivablethat it orresponds to a transition involving signi�ant LMCT harater from thenewly oupied orbital on the B-bpy units into an unoupied orbital whih isalso deloalised onto the F unit. This remaining unertainty strongly motivatesthe measurement of the vis-NIR absorption of the σ-B-bpy derivative followingeletrohemial redution in future work. In any ase, the presene of this bandan be taken as an indiator of the presene of redued B-bpy aeptor(s), and wewill show that a similar band also appears in the exited-state transient spetra ofall the F-B-bpy ompounds presented in Chapter 5.4.6. Quantum hemistry resultsAs demonstrated in the preeding setions, a great deal of insight into the ele-troni struture and photophysis of these medium-sized-polyatomi metal-organiompounds an be derived from omparative experimental measurements of relatedderivatives, in onjuntion with simpli�ed generi models whih avoid an expliitdesription of the interation of the weakly-oupled moleular fragments and theirinternal eletroni struture. However, in general, only in onjuntion with resultsfrom aurate quantum-hemial alulations an the interpretation of the observedphysial properties be made more onrete.A great deal of progress in the last deade in the development of ab-initioDFT methods for metal-organi 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 an provide aurate preditions of exited-state properties (i.e. optial transition energies and exited-state potential energysurfaes) for organi [209, 210, 211℄ and metal-organi systems (inluding F)[177, 212, 213, 214, 178, 41, 215, 216, 217, 218, 219, 220, 86℄. We note however,that reent reports demonstrate that purely TD-DFT-based methods possess aninherent error for large-sale CT transitions (i.e. where the net spatial displaementof harge density upon exitation is omparable to the spatial extent of the relatedmoleular orbitals) due to the treatment of the exhange energy [221, 41℄ suh thatit should predit transition energies that are systematially too low (with possibleerrors of 1-2 eV [221℄). Existing reports whih show fair agreement between theoryand experiment for suh CT transitions [177, 178℄ may well involve an interplay ofother systemati errors in the alulation (although this question remains at thefrontier of investigation of TD-DFT methods). Moreover, the predited osillatorstrengths for optial transitions are generally weaker than those observed experi-
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4.6. Quantum hemistry results 113tive onformation of the F Cp−-rings. A more quantitative omparison of bondlengths/angles is given in Table C.1. The fat that the predited equilibrium gas-phase struture for [1]+(H) is onsistent with the rystal struture of [1A]PF6indiates that the rystal struture of [1A]PF6 is dominated by intramoleularonstraints, as opposed to rystal-paking fores.The orresponding frontier Kohn-Sham33 oupied (HOMO) and unoupied(LUMO) moleular orbitals and their respetive vauum energy eigenvalues areshown in Figure 4.26. As is observed, the highest �ve oupied moleular orbitals(HOMO[0℄-HOMO[-4℄) are loalised on the F moiety, whilst the four lowest uno-upied orbitals (LUMO[0℄-LUMO[+3℄) are all loalised on the B-bpy moiety, suhthat in a simpli�ed MO piture we expet the lowest-energy transitions to be ofF→B-bpy MLCT harater.It is instrutive to ompare the F-based HOMOs in Figure 4.26 with those al-ulated for F in Figure 2.13, although one must onsider that somewhat di�erentDFT alulation methods were used in eah ase [206, 84℄, and that the alulationfor F was performed for the staggered (D5d) relative onformation of the F Cp−-rings, although this should not lead to any signi�ant di�erenes after aountingfor the modi�ed symmetry of the orbitals (see Setion 2.2.1). We note that forF, the frontier orbitals HOMO[-1℄ (a1g) and (doubly-degenerate) HOMO[0℄ (e2g)possess signi�ant dz2 and dxy, dx2−y2 harater, in qualitative agreement to theHOMO[-2℄�HOMO[0℄ moleular orbitals for [1]+(H) 34, whih shows that the pres-ene of the ationi B-bpy groups does not strongly a�et the eletroni haraterof the frontier oupied F-orbitals, although as an be seen in Figure 4.26 the MOsare somewhat distorted. Moreover, the lower-lying HOMO[-3,-4℄ are also similar tothose reported in Ref. [84℄ (not shown in Figure 2.13), in that they are deloalisedover the whole F unit (we note that a small admixture of these orbitals in theeletroni exitations, either through vibroni oupling or on�guration interation(CI), ould be important for ahieving the degree of overlap with the B-bpy-basedLUMOs).The fat that a modi�ed analog of the e∗1g LUMO[0℄ of unsubstituted F (whihis the dominant LUMO ontribution to the lowest-energy d-d-transitions in F[77, 86℄) is absent in the frontier LUMOs shown for [1]+(H) suggests that it issigni�antly destabilised by the presene of the ationi B-bpy group, whih alsoexplains the absene of the F-I band in the analysis of the UV-vis absorptionspetra for [nA](PF6)n in Setion 4.2.3. We note that there is only a small de-loalisation of the frontier MOs onto the intervening B-C(Cp) bridge between theF-donor and B-bpy-aeptor, whih is onsistent with the fat that no strongly-allowed MLCT transitions (i.e. f & 0.1) are observed in these ompounds.The alulated TD-DFT transition energies, osillator strengths and dominantontributing HOMO-LUMO terms for [1]+(H) are listed in Table C.2 (AppendixC), and presented graphially in Figure 4.27. Inluded in Figure 4.27 are the exper-imental visible absorption spetrum of [1A]Br (in CH3CN) and the extrapolatedgas-phase absorption band from the solvatohromism analysis in Setion 4.2.2.We note that sine the TD-DFT transition energies are alulated for the �xed(gas-phase) ground-state geometry, they orrespond to the experimental transition33Note that the Kohn-Sham moleular orbitals extrated from DFT theory have a modi�edinterpretation to those from Hartree-Fok methods [208℄, although their physial interpretationin the literature is usually treated on an equal footing.34Note that there is a possible soure of onfusion in the indexing shemes for the HOMOs ofF and those of [1]+(H). Due to the moleular symmetry in unsubstituted F, the doubly-degenerate HOMO[0℄ atually orresponds to the non-degenerate HOMO[-1℄ and HOMO[0℄ in
[1]+(H).



114 CW spetrosopy, eletrohemial and quantum hemistry results

-9

-8

-7

-6

-5

-4

-3

HOMO

LUMO[0]

E
n

e
rg

y
 (

e
V

)

[-1]

[-2]

[-3]

[-4]

[0]

[0]

[+1]

[+2]

[+3]
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4.6. Quantum hemistry results 115energy, inluding the Stokes shift energy (i.e. exess vibrational energy). From aomparison with the extrapolated gas-phase MLCT band maximum for the gasphase (with λmax = 540.0 nm ∼= 2.30 eV) we observe that the lowest-energy tran-sitions predited by TD-DFT are at signi�antly lower photon energy. Spei�ally,the lowest two TD-DFT transitions (labelled `MLCT-1' and `MLCT-2' in Figure4.27) our at λmax = 1058 nm ∼= 1.17 eV and λmax = 1029 nm ∼= 1.20 eV,respetively. As for all the �rst seven lowest-energy predited transitions, these ex-itations involve a dominant ontribution from a single HOMO-LUMO pair withnormalised amplitudes in the range 0.6-0.7 (see Table C.2) 35, with the next largestamplitude < 0.2. As ould be expeted from an inspetion of the orbital energies inFigure 4.26, for transitions MLCT-1 and MLCT-2 the major ontributing HOMO-LUMO pairs are HOMO[0℄→LUMO[0℄ and HOMO[-1℄→LUMO[0℄, respetively.Nevertheless, there is a signi�ant admixture of lower-lying-HOMOs and higher-lying LUMOs in eah exitation, suh that the more deloalised F-HOMO[-3,-4℄may play an important role in inreasing the transition dipole moment for thesetransitions. Besides the fat that the lowest-energy TD-DFT transitions MLCT-1and MLCT-2 are some 1.1 eV red-shifted from that expeted from analysed exper-imental data, we also note that the predited osillator strengths are signi�antlysmaller than that alulated for the MLCT band by a fator of 5 (i.e. f = 0.0006and f = 0.0028 for transitions MLCT-1 and MLCT-2, respetively, ompared to
fMLCT = 0.014 for the experimental MLCT band).We do note, however, that transition MLCT-3 is far more onsistent with theexperimental MLCT transition, both in terms of transition energy and osillatorstrength (λmax = 699 nm ∼= 2.01 eV,f = 0.0084, major ontribution HOMO[-2℄→LUMO[0℄). Hene, in our previous literature report [206℄, we tentatively as-signed the MLCT band to transition MLCT-336. However, sine learning of theerrors inherent in urrent implementations of TD-DFT for long-range CT transi-tions � i.e. systematially low predited energies, with 1-2 eV not being unusual[41℄, and low estimates for the osillator strengths by up to a fator ∼ 10 (seee.g. [212, 218℄) � we must reonsider this assignment37. Given that the omparisonof eletrohemial potentials and MLCT band positions for the extended range ofF-B-bpy derivatives in this work shows a orrelation between the MLCT transi-tion energies and orresponding oxidation potentials, it seems likely that the near-degenerate frontier orbitals HOMO[0℄ and HOMO[-1℄ are involved in the MLCTtransition, and hene we must onsider that the TD-DFT transitions MLCT-1and/or MLCT-2 orrespond to the experimental MLCT band. (We note that inthe solution phase, the environmental perturbation may lead to onsiderable mix-ing between the lose-lying HOMO[0℄ and HOMO[-1℄, whih are separated by only0.027 eV).We note that similar deviations from experiment have been observed in ad-ditional preliminary TD-DFT alulations arried out for the derivative a-BOB[221℄, with similar or even larger resultant red-shifts in the predited lowest-energy35Note that the TD-DFT transitions are onstruted from a linear ombination of single HOMO-LUMO pair exitations, with the `amplitudes' representing the oe�ients in this linear om-bination.36Note that the previous assignment of the MLCT band to transition MLCT-3 was also onsistentwith the fat that no lear orrelation between the eletrohemial oxidation potential andthe MLCT band position was observed, due to the exlusion of the data for [1C](PF6), whihindiated that a lower-lying HOMO might be involved in the MLCT transition as opposed tothe frontier HOMO (whih in a simple MO piture was assumed the dominant orbital involvedin the oxidation proess).37Note that the systemati transition-energy errors in TD-DFT for CT transitions is still notuniversally reognised in the literature [221℄.
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Figure 4.27.: Spetrum of lowest-energy eletroni transitions for [1]+(H) preditedby TD-DFT (gas phase) alulations. For omparison, the experimen-tal absorption spetrum of [1A]Br in CH3CN is inluded, as well theextrapolated gas-phase spetrum from the solvatohromism analysisof Setion 4.2.2. (Note that the sale for the osillator strength (left)is hosen to math the extintion oe�ient range (right) assuming aGaussian band with width ∆νFWHM = 5970 cm−1, i.e. the extrapo-lated gas-phase bandwidth for [1A]Br).transitions, depending on the exat method used (the lowest-energy transition didstill orrespond to CT states). Moreover, preliminary alulations based on theHartree-Fok on�guration-interation-singles (SCI) method (whih does not su�erfrom the systematially low-energies, but does not aount for dynamial eletronorrelation inluded in DFT-based methods[41℄) predited transition energies muhlarger than those observed (i.e. < 300 nm).In summary, whilst the existing TD-DFT results do at least support that thelowest-energy transitions in the F-B-bpy ompounds arise from MLCT transitionsfrom F-based orbitals into B-bpy orbitals, the predited energies and strengthsare systematially inorret, perhaps even to the point where even omparison oftheoretial exitation energies amongst related derivatives may be hazardous.We turn now to an investigation of the dependene of the (nulear) potentialenergy U (Eq. 2.1) and frontier moleular orbitals on the relative F-B-bpy on-formation in the ground state. The spei� oordinate hosen for study was thedihedral angle θFe−C−B−H (i.e. the minimum angle between the planes ontainingFe-C(11)-B and C(11)-B-H(1), as per the atom labelling in Figure 4.25), whih isrepresentative of the rotation about the B-C(11) bond. This oordinate was hosenfor study based on the dedution from NMR spetra [7℄ that rotation about theB-C(11) bond is relatively unhindered for [1A]PF6 and [2A](PF6)2 (in solution).A better understanding of the possible motion/osillation along this oordinate anbe gained from an analysis of the theoretial potential energy urve U(θFe−C−B−H)and an estimate for the orresponding rotational inertia for eah moleular frag-ment, as is presented below. Moreover, it is important to onsider the possible e�etof motion along this oordinate on the frontier moleular orbitals, and hene theexpeted MLCT absorption transition energy (and intensity), whih will in general



4.6. Quantum hemistry results 117ontribute to broadening of the absorption spetrum.In Figure 4.28, we give a summary of the alulated DFT results for [1]+(H) for aset of seleted dihedral angles θFe−C−B−H (note that from the symmetry of F, theresults are invariant for θFe−C−B−H = −θFe−C−B−H). In Figure 4.28(a) we plot therelative potential energy urve (for stati nulei, with a onstrained optimisationof the remaining geometry in eah ase) U = U(θFe−C−B−H) vs the dihedral angle(with a spline-interpolation between the alulated values). The interpolated urvedemonstrates a well-de�ned minimum near θFe−C−B−H = 60◦, and a peak barrierfor large sale motion of ∼ 0.2 eV (near θFe−C−B−H = 0◦, note that we inlude theorresponding sale in kal mol−1 at right, due to its ommon usage in transition-state theory).If we treat the thermal motion about the equilibrium as a lassial vibration(see below) then we an alulate the expeted relative Boltzmann probability dis-tribution (∝ exp(−U/kT )) vs a quasi-stati displaement from the equilibrium,as is indiated by the inset in Figure 4.28(b), whih indiates that, negletingtunnelling, the motion is onstrained 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,), we plot the orresponding frontier LUMO and HOMO ener-gies vs θFe−C−B−H, with the orresponding HOMO[0℄-LUMO[0℄ energy separation
∆EH[0]−L[0] in Figure 4.28(d), whih we an onsider as a measure of the variationof the expeted lowest-energy eletroni transition energy. We note, as ould begenerally expeted, that the frontier orbital energies bear a distint dependene onthe dihedral angle to that of the potential energy U . We will return to the natureof the frontier orbitals vs dihedral angle shortly.In order to gain a better desription for the expeted motion along this oor-dinate, we need an estimate for the harateristi frequeny of vibration ωθ ex-peted about the equilibrium position38. In order to simplify the alulation, weassume that small displaements in the dihedral angle are equivalent to rotationabout the B-C(11) bond, and alulate the rotational inertia (Ik =

∑

mjr
2
⊥,j) ofthe two moleular fragments (i.e. F (k = 1) and B-bpy (k = 2) groups) withrespet to this axis39. Using the Z-matrix of the geometry optimised moleularstruture for θFe−C−B−H = 60◦, this gives values of I1 = 5.57 × 10−44 kg · m2and I2 = 8.08 × 10−44kg · m2. In analogy to a diatomi vibration, the e�etiverotational inertia for ounter-rotation between the two moleular fragments is theredued rotational inertia I = (I−1

1 + I−1
2 )−1 = 3.30 × 10−44kg · m2. Fitting aquadrati funtion U ≈ 1

2Kθθ
2 to the interpolated urve about the equilibriumpositions yields an estimate of K = 1.31 × 10−19N · m · rad−1. Hene we an esti-mate the vibrational frequeny quantum as ωθ =

√

K/I ≈ 2π × 320 GHz, witha orresponding energy of ~ωθ = 0.0013 eV40. Hene the energy quanta for vi-bration ~ωθ ≪ kT (for T = 300 K), hene justifying a lassial treatment ofthe motion along this dihedral. In Figure 4.29(a), a magni�ed setion of the datain Figure 4.28(a) about the equilibrium dihedral position is presented, as well asthe a portion of the vibration manifold U θ
M from the foregoing analysis, and the38Note that the vibrational frequeny along this oordinate was not requested as an outputfrom the quantum alulations, and hene we alulate an estimate manually from the givenpotential energy urve U(θ) and the given moleular struture39Note that this approximation is also employed in many high-level quantum hemistry pakages[225℄.40Note that given that the analysis involved the interpolated urve through the data for a smallnumber of alulated geometries, this value is only a tentative estimate. However, given thatthe frequeny alulated in this way depends on √

K (where the soure for possible errorarises) and that we an expet the potential to vary as a smooth funtion of the geometry, arigorously-determined probably does not deviate by more than some 10's of %.)
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Figure 4.28.: Analysis of theoretial results for [1]+(H) vs Fe-C(11)-B-H(1) dihedralangle θFe−C−B−H (onstrained geometry optimisation). (a) (Nulear)potential energy U relative to the onformation θFe−C−B−H = 60◦.Inset shows the relative Boltzmann probability (exp(−U/kT )) for
T = 300 K in the absene of oupling to other degrees of freedom.(b,) Energy eigenvalues for seleted frontier orbitals (as indiated)(Note that the loal sale is preserved within eah range). (d) Energydi�erene between frontier orbital energies of HOMO[0℄-LUMO[0℄ vsdihedral angle. Sale at right demonstrates the orresponding magni-tude of wavelength variation (pragmatially assuming no systematishift between true transition energies and HOMO-LUMO spaing).
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 Figure 4.29.: Closer inspetion of the potential energy urve vs θFe−C−B−H nearthe equilibrium. (a) Interpolated potential energy (blue urve), andorresponding Boltzmann probability distribution (green urve). Alsoinluded is a representation of the lowest estimated vibrational en-ergy levels U θ
M = (M+1/2)~ωθ . (b) Interpolated HOMO[0℄-LUMO[0℄spaing vs θFe−C−B−H.orresponding Boltzmann probability distribution (now plotted as a funtion of

θFe−C−B−H). The interpolated HOMO[0℄-LUMO[0℄ energy separation ∆EH[0]−L[0]is plotted below in 4.29(b). Using the Boltzmann distribution (as opposed to a�nite-amplitude lassial osillation with amplitude θmax = 2kT/K), we an al-ulate the expeted seond moment σH[0]−L[0] of ∆EH[0]−L[0]. This results in thevalue σH[0]−L[0] = 0.016 eV ∼= 130 cm−1, whih orresponds to an expeted linebroadening of ∆νFWHM =
√

8 ln(2)σH[0]−L[0] ∼ 300 cm−1 for the assoiated ele-troni transition. Compared to the observed MLCT bandwidth in solution (e.g.for [1A]PF6 ∆νFWHM = 6220 cm−1, Setion 4.2.3), this small �utuation in theeletroni band gap due to onformational �utuations along θFe−C−B−H is rathersmall, and the predited gas-phase bandwidth (i.e. after deonvolving the expetedsolvent broadening, Setion 4.2.2) is mostly due to a large Stokes shift between theground- and exited-state onformational equilibria. However, it should be notedthat this onformational distribution appears to play a role in the MLCT band-width hanges between the unbridged- and bridged-aeptor ompounds (Setion4.4), suh that either this gas-phase potential does not re�et the situation in polarsolution, or other onformational degrees of freedom are also involved in the MLCTband broadening.In addressing the unhindered rotation (dedued from NMR [7℄) about the B-C(11) bond, these theoretial results imply that the gas-phase situation would bedesribed by only a small vibration about either of the two equilibria θFe−C−B−H ≈
±60◦, with tunnelling to the symmetri minimum at θFe−C−B−H ≈ ∓60◦. We notethat the transformation between these two equilibria orresponds to an exhangeof the two pyridine rings of the B-bpy group and a re�etion of the C atomsin the substituted Cp ring, onsistent with the observed degenerate 1H and 13C



120 CW spetrosopy, eletrohemial and quantum hemistry resultsNMR signals for the relevant atoms. Whilst an aurate estimate for the expetedbarrier-rossing rate between these two minima requires a rigorous appliation oftransition-state theory [226℄ (whih is beyond the sope of the urrent investiga-tion), given the alulated harateristi vibrational frequeny ωθ ≈ 2π× 320 GHzwe an assume that even if the semi-lassial `single-enounter' tunnelling prob-ability aross the barrier is only ∼ 10−3, this would still result in many barrierrossings within the e�etive measurement time of the NMR (assumed to be onthe order of µs). Note that two important issues remain open in terms of the mo-tion along this dihedral oordinate: (i) In solution, it is quite plausible that solventinteration will lead to a modi�ation of the gas-phase potential presented here,and (ii) we an antiipate a signi�antly modi�ed potential in the MLCT exitedstate. As we will show in the next hapter, it is likely that large-sale rotationabout the B-C(Cp) bond ours on a ∼ 20 ps time-sale following exitation insolution for the unbridged-aeptor ompound [2A](PF6)2.In Figure 4.30 we plot the frontier moleular orbitals for a subset of the alulated�xed-dihedral onformations. An inspetion of the nature of these orbitals againstthe dihedral oordinate an help provide an indiation for lose approahes betweenthe ground- and exited-state potentials (where, due to the fat that we onsiderthe adiabati ground-state wavefuntions [37℄, one an expet to observe a hangein the nature of the total eletroni wavefuntion upon passing near a potentialsurfae rossing). As an be seen from an inspetion of the LUMOs in Figure 4.30and their orresponding energies in Figure 4.28, only minor hanges result in the(B-bpy-loalised) orbitals with varying dihedral angle, and the LUMO energiesremain well-apart and maintain a relatively onstant separation. For the HOMOsin Figure 4.30, we note that the spatial harater of the two frontier HOMOsexhange approximately upon going from θFe−C−B−H = 0◦ → 180◦, with the orbitalontaining a large orbital density lobe on the F unit beneath the B-bonded-C-atombeing HOMO[-1℄ for θFe−C−B−H = 0◦, and HOMO[0℄ for θFe−C−B−H = 180◦. Whilstfrom the energy urve in Figure 4.28(a) we do not expet the moleule to spend asigni�ant amount of time in either of these onformations, it is interesting to notethat the spatial distribution of F-based HOMOs with respet to the bpy LUMOs(whih should have a diret in�uene on the HOMO-LUMO overlap and hene theabsorption strength) is dependent in this way on the onformation. Comparisonof the lowest HOMO-LUMO energy separation vs dihedral angle in Figure 4.28(d)re�ets the fat that any MLCT band transition energy ould be strongly in�uenedby enforing a di�erent dihedral angle (e.g. though syntheti modi�ation). Anopen question that also emerges is to whether the stabilised LUMO of the ansa-bridge ompounds (Setions 4.4) might be due in part to the di�erent onformationbetween F-donor and B-bpy-aeptors (as opposed to the existing hypothesis thatthis stabilisation results mainly from inter-aeptor oupling aross the -B-X-B-bridge). Additional theoretial alulations would be needed to investigate thisfurther (e.g. to see if the moleular orbitals and HOMO/LUMO energies in theansa-ompounds are signi�antly di�erent to those presented here for the single-aeptor ompound [1]+(H)).We now present the orresponding ground-state eletroni struture of the di-ation [1]2+(H), i.e. [1]+(H) following eletron removal. These results were of in-terest for several reasons. Perhaps most importantly, most envisioned appliationsfor polymeri systems based on the F-B-bpy monomers will involve the oxidisedstate of the F-unit in some way (suh as following an optially-driven CT into anattahed maromoleular system or eletrohemial oxidation to generate a propor-tion of paramagneti F+ entres), and hene it is important to know what e�etthis eletron removal has on the overall eletroni struture of the donor-aeptor
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122 CW spetrosopy, eletrohemial and quantum hemistry resultsomplex. To a lesser degree, these data also provide a omparison for the UV-visspetroeletrohemistry data in Setion 4.5.3 for the oxidised speies [1A]PF6 and
[2A](PF6)2.In Figure 4.31 we present the moleular orbitals and their energies for [1]2+(H) foromparison with [1]+(H). Several important di�erenes exist between [1]+(H) and
[1]2+(H). Due to the fat that the total eletron spin momentum is no longer zero,the α-spin- and β-spin-orbitals are no longer degenerate in the paramagneti radial
[1]2+(H) (note that the diation possesses net α-spin, i.e. there is one additional α-spin orbital). The vauum energies of all orbitals fall signi�antly to more negative(bound) values. This is to be expeted due to the inreased oulomb binding of themore positively harged solute. However, the HOMOs of both spin are stabilisedfar more strongly than the LUMOs, whih results in an inrease of 3.09 eV inthe smallest HOMO-LUMO separation from 1.66 eV (for the ation [1]+(H)) to4.75 eV (for the diation [1]2+(H)). It is lear however, that using these observedHOMO-LUMO separations for [1]2+(H) to predit the energy of atual eletronitransitions is learly hazardous in this ase, due to the fat the resulting energieswould be inonsistent with the fat that visible range absorption is still observedin the oxidised ompound [1A]PF6 (Setion 4.5.3) due to F-loalised transitions.Of onsiderable interest is the e�et of oxidation on the spatial harater anddeloalisation of the frontier moleular orbitals, whih bear only sare orrespon-dene to those of the ation [1]+(H), and re�et the omplex redistribution of hargedensity that ours upon eletron removal. We note that whilst the lowest energyunoupied orbital (α−LUMO[0℄) is still of the same harater as the LUMO[0℄for [1]+(H), there is a number of losely-spaed HOMOs whih are deloalised overboth the F and B-bpy fragments, with the highest `singly-oupied moleular or-bital' (α-H[0℄) atually loalised on the B-bpy aeptor, as opposed to on the Funit. We note that we annot generalise these results diretly to the ase of theMLCT exited-state (where the harge displaed from the F-entre is still presentin the moleule). However, an important impliation arises when we onsider theexpeted behaviour of mixed-valene [188, 189, 190, 191, 192, 15, 193℄ maromole-ular systems inorporating the F-B-bpy monomers in both oxidation states. Basedon the theoretial orbitals presented here, we expet that the moleular orbitals as-soiated with oxidised entres should possess inreased deloalisation over F-donorand B-bpy aeptor, whih should promote eletroni oupling between adjaentdonor and aeptor groups in related oligomeri/polymeri systems.In onlusion to this setion, we present in Figure 4.32 the alulated eletrostatipotential of the ation [1]+(H) alulated on the isosurfaes of total eletron densityfor several toleranes, as indiated (with two perspetives in eah ase). For thetight tolerane of r = 0.1 (far right), one observes the relative positive potential ofthe hydrogen atoms and a large relative positive potential in the neighbourhood ofthe B atom. For inreasing tolerane r (and orrespondingly larger distane fromthe moleular entre), the average positive potential falls away as expeted, andone sees learly that approahing the van der Waals surfae, the spatial region nearthe B-bpy aeptor re�ets more of the net positive harge on the ation, with asigni�antly higher relative potential to near the unsubstituted Cp− ring. Henewe an onlude that the e�etive harge density seen by the surrounding solventmoleules for the single-B-bpy-aeptor derivatives [1A]X does orrespond to asuperposition of a monopole/dipole distribution, hene supporting (at least for theground state) the solvatohromism model employed in Setion 4.2.2.
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5. Time-resolved transient-absorption spetrosopy ofF-B-bpy ompounds in solutionIn this hapter, we present the time-resolved exited-state absorption harater-istis of several F-B-bpy derivatives in solution following diret exitation of theMLCT band. Whilst the previous hapter provided many key details in under-standing the eletroni properties of the ground-state (and to a lesser degree, theexited-state) and strongly supports the assignment of the MLCT band, a diretprobe of the properties of the transient MLCT exited state an only be gained fromultra-fast time-resolved measurements. The properties of MLCT exited states inmedium-size polyatomi metal-organi ompounds an display a range of interest-ing exited-state phenomena, suh as ultrafast intersystem-rossing and eletroniloalisation [207℄, whih an be diretly observed with ultrafast exited-state spe-trosopy. Our key interests in probing the exited-state dynamis of the F-B-bpyompounds was two-fold: (i) in order to look for spetral harateristis that sup-port the assignment of the MLCT band, and (ii) to gain knowledge of the relaxationmehanisms (inluding the possible role of intermediate exited states) and relatedtime-sales for deay of the exited CT state. This latter point is extremely rele-vant for the design of related derivatives for the optially-driven injetion of hargeinto an attahed maromoleular system, as the e�ieny of eletron injetion willbe determined by the relative magnitudes of the e�etive bak-eletron transfer(b-ET) relaxation rate ∑ kb−ET,i and the rate for seondary transfer ksec of theexited eletron into a deloalised hannel in the maromoleular framework, orinto an adjaent oxidised donor. Moreover, even in the simpler ase where thediretly-exited CT state is itself the target exited state, the steady-state frationof exited moleules in a sample (for a given onstant optial exitation level) willbe proportional to the exited-state lifetime.In the following, we present (i) the transient-absorption spetra of ompounds
[2A](PF6)2, a-BOB and (F)2BOB (in the range λ = 450 − 760 nm, on a timesale from 1-1000 ps), (ii) a omparison of these exited-state transient spetra withUV-vis spetroeletrohemistry data (from Setion 4.5.3), and (iii) the orrespond-ing transient-absorption kinetis for several harateristi wavelengths (inludinga global �tting analysis). We disuss ertain models for the relaxation mehanismonsistent with the observed exited-state dynamis. These three derivatives (Fig-ure 5.1) were seleted for the omparative time-resolved study based on the fatthat both (i) onformational �exibility and (ii) the eletroni oupling betweenaeptors aross the B-O-B bridge, ould ontribute to the di�erenes in observedexited-state relaxation behaviour. As will be presented in the following setions,the transient absorption data suggest relaxation dynamis for both [2A](PF6)2and (F)2BOB whih inlude an e�ient non-radiative transition to the groundstate (at least for a fration of the exited-state ensemble of [2A](PF6)2) on timesales in the range ∼ 18 − 45 ps due to large-sale onformational rearrangementin the exited-state, whilst the ground-state reovery for a-BOB proeeds onlyon a ∼ 780 ps time sale, indiating that the ritial fator in the exited-staterelaxation behaviour is ditated by onformational freedom as opposed to an in�u-ene on the exited-state eletroni wavefuntion due to the presene of the B-O-Bbridge. 125
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5.1. Additional experimental details 1275.1. Additional experimental detailsThe experimental setup used for the measurements in this hapter was outlinedin Setion 3.2 (see Figure 3.10), although here we give the details for the spei�measurements presented in this hapter. For the exitation pulses, we employed aNOPA soure (Setion 3.1.5) tuned to a entre wavelength of λ = 500 nm (typi-ally with ∆λFWHM = 15.6 nm), and ompressed to a pulse width of ∼ 35 fs (atthe sample position). A two-lens telesope arrangement was used to ollimate theNOPA beam, with a beam diameter of approximately 3 mm (FWHM).For the probe soure, we employed white-light ontinuum pulses (Setion 3.1.2)generated in a 3-mm-thik sapphire disk using the near-IR pulses from the CPAampli�er laser (∼ 2 µJ pulse energy, λ = 775 nm) (Setion 3.1.1). The white-lightontinuum beam was ollimated by an 90◦o�-axis paraboloidal mirror (Ag-oated)with o�-axis-distane of 25.4 mm, with a beam diameter of ∼ 7 mm (although thiswas slightly wavelength-dependent). Optimal adjustment of the ollimating mirrorwas ahieved by inspeting the beam pro�le at a distane ∼8 m after the mirror(i.e. by diverting the probe beam from the sample into a long path traversing thelab). A thin IR-bloking �lter (with a 1-mm BK7 substrate) was used to suppressthe residual 775 nm pump light in the white-light-ontinuum spetrum. A long-range manual delay-stage (providing up to 1 m of adjustable delay) was used toadjust the relative total path lengths of the pump and probe suh that almost thefull travel of the translation stage orresponded to positive pump-probe delays (i.e.allowing the measurement of the transient probe absorption up to 1000 ps followingexitation).The pump and probe beams were brought into parallel alignment (with a separa-tion between the two beam entres of ∼ 6 mm), and foussed into the sample usinga seond 90◦o�-axis paraboloidal mirror with an o�-axis-distane of 100 mm. Theprobe beam was inident on the entre of the paraboloidal mirror, whilst the pumpbeam was displaed vertially, suh that the beams ross in the vertial diretionat the fous. This arrangement is essential due to the signi�ant sattering of thepump beam from the (diamond-turned) paraboloidal mirror, whih leads to sat-tering in the horizontal diretion. Fine tuning of the spatial overlap of the pumpand probe beams was �rst ahieved using a 25−µm-diameter pinhole positioned atthe foal plane (on�rmed by optimising the probe beam transmission through thepinhole). Further optimisation in the presene of a sample uvette was performedusing a rhodamine-6G sample.The alignment of the NOPA pump beam to the mehanial translation stage(upon whih a retrore�etor was mounted) was �ned-tuned by diverting a fra-tion of the pump beam after the translation stage diretly onto a CCD amerahip and monitoring the beam motion (using a dediated measurement program)as the translation stage was moved over its full travel of 20 m (.a. ∼= 1300 psdouble pass). In this way, the alignment ould be ompensated inluding system-ati mehanial defets in the translation stage resulting in a residual beam-walkof ∼ 40 µm over the full travel range (and a resulting negligible beam-walk at thesample foal position). The relative polarisation of the pump and probe beams washeked using a Glan-Taylor polariser, and a broadband λ/2-waveplate in the pumpbeam path was used to ahieve the desired relative polarisation between pump andprobe (for the measurements presented here, this was the magi angle 54.7◦).The solution samples were in stati quartz uvettes with a 1-mm sample thikness(and standard front/bak window thikness of 1.25 mm). The F-B-bpy sampleonentrations were typially ∼ 3.5 mM, whih resulted in a sample optial densityof ∼ 0.3 at the pump wavelength (orresponding to ∼ 50% absorption). Tests were



128 Time-resolved transient-absorption spetrosopy of F-B-bpy ompounds insolutionperformed to ensure that no detetable onentration dependene of the form ofthe transient absorption signals resulted for these levels of sample onentration.For the measurements presented here, an inident pump pulse energy of J0 ≈
70 nJ was employed at the sample. Assuming a nominal pump-beam foal diameterof 100 µm (Gaussian FWHM) at the sample, this orresponds to an on-axis inidentpump �uene of F0 = 6.2 µJ · mm−2. Given the moleular absorption strength ofthe F-B-bpy derivatives at the probe wavelength ε ∼ 900 M−1cm−1 (whih orre-sponds to an absorption ross-setion of σ = ln(10)/(10NA)ε ∼ 3.4×10−22m−2), atthe front surfae of the sample we have an approximate relative exitation densityof,

∆n

n
=
λσF0

hc
∼ 0.0054,whih is onsistent with the magnitude of the observed maximum transient-absorption modulation depth(s) (∆OD . 10−3).Tests of the pump-probe signal vs inident pump pulse energy on�rmed thatthe form of the signals did not hange signi�antly in reduing the pump energyby a fator of 5 (below whih the signal-to-noise of the transients was too low formeaningful omparison), hene indiating that the level of two-photon exitationwas negligible for the pump energies used (as supported by the low relative ex-itation density estimated above). However, attempts to inrease the pump-pulseenergy above F0 = 10 µJmm−2 (i.e. to inrease the signal modulation) resulted insigni�ant non-linear e�ets in the sample (whih was evident from the produtionof a super-broadened pump spetrum after the uvette), and resulted in extremelynoisy, distorted pump-probe signals. We note that the fat that the onset of sig-ni�ant thermal (i.e. average pump-power) e�ets were observed at slightly higherpump-�uenes than the onset of non-linear (instantaneous intensity) e�ets wastaken to justify the use of stati uvettes.Following the sample, the diverging probe beam passed through an adjustableaperture (to rejet sattered pump light) and was reollimated by a plano-onvexlens (f =100 mm). The probe beam was then foussed (using an f =80 mm lens)at the entrane slit of the omputer-ontrolled monohromator (0.5 m, entraneslit 200 µm 600 lines/mm grating, blaze wavelength 500 nm). At the output ofthe monohromator, a manually adjustable slit was used to provide a bandpass of

∆λFWHM ∼ 5 nm for the probe light. For the measurements here, the �ltered probebeam was reollimated (by a f =50 mm lens), and oupled into a multimode-�brevia a �bre-oupler. In this way, the �ltered probe light ould be oupled either tothe optial detetor or to a home-built �bre-oupled spetrometer (in the latterase, to allow for an aurate alibration of the monohromator).As mentioned in Setion 3.2, the optial detetor for the probe beam used forthese measurements is based on a Si-photodiode (sensitivity range 250-1100 nm)with an integrated 4-kHz-bandwidth FET-ampli�er, and an additional x10 ampli-�er setion in the detetor housing. The eletroni signal was then sent to a digitallok-in ampli�er (Perkin Elmer, 7265). Before the sample, the NOPA-pump andwhite-light-probe pulses passed through a ustom-built two-phase optial hopper(synhronised to the pulse train, Setion 3.2) whih downsampled the 1-kHz pulsetrains to 333 Hz and 500 Hz, respetively. Hene the net pump-probe signal mod-ulation is enoded on the deteted probe signal with a fundamental frequeny of166 Hz. The optial hopper provided a synhronised 166-Hz TTL referene diretlyto the lokin ampli�er. Note that extensive tests were performed using di�erenttime onstants for the analog integration of the demodulated lok-in signals. Fromstatistial analyses of the signal �utuations vs di�erent lok-in time onstants (inthe range 10-2000 ms), a value of 100 ms was determined to be near optimal, due



5.2. Transient absorption spetra 129to the fat that for longer integration times, soures of sub-Hz-bandwidth noisebeame important, and the onvergene of the relative standard deviation of thesignal �utuations tended to diverge from the entral-limit theorem behaviour vsintegration 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 probepulse signal, whih was ahieved by setting the lok-in ampli�er to detet the 3rdharmoni of the 166 Hz referene signal (i.e. the probe modulation frequeny of500 Hz), and saling the value by the appropriate fator of 3 (due to the di�erentduty yle of the pump-probe and probe-only signals).In the measurements shown here, no referene beam was used, as the domi-nant soure of noise on the pump-probe signals was determined to be due to theresidual dark eletroni noise from the detetor, pre-ampli�er and lok-in ampli�ereletronis. (Note that due to the �nite orrelation between neighbouring white-light pulses, the lok-in detetion e�etively performs a quasi-normalisation usingadjaent modulated and unmodulated probe pulse signals).The data-aquisition omputer programs1 mediated ontrol of the monohroma-tor position (i.e. deteted probe wavelength), translation-stage position (i.e. pump-probe delay) and aquisition of the transient-absorption signals from the lok-inampli�er.We note that the transient absorption spetra presented here, are not orretedfor the temporal hirp of the white-light ontinuum (this funtionality has been putinto more reent measurement programs), suh that the e�etive pump-probe delayvaries by ∼ 500 fs aross the probe wavelength range (i.e. with the e�etive pump-probe delay being more positive at the blue end of the spetrum). This results insome distortion of the transient spetra for the nominal τ = 1 ps delay (whihis de�ned for λ = 520 nm). Any onfusion resulting from this distortion an beresolved by inspetion of the orresponding single-wavelength kinetis, whih areorreted from analysis of the oherent artifats (whih are also removed in thedata presented).Due to the fat that the transient-absorption kinetis exhibit hanges on sev-eral distint time sales (i.e. with the oherent artifats and initial relaxation onsub-pioseond time sales, and omplete ground-state reovery on a time saleapproahing 1000 ps), the sub-routines handling the pump-probe delay sanningwere adapted to allow for the de�nition of multiple san ranges with di�erent sanspeeds (i.e. in ps-delay/se), suh that a single san program aquired kinetis withthe appropriate delay resolution in eah delay range. Moreover, due to the possibleourrene of burst noise during the measurements, the data from eah repeateddelay san was stored in auxiliary data �les, allowing the removal of obvious out-liers from the data in the analysis stage, as well as providing the possibility toestimate the standard error of the averaged transient absorption data.5.2. Transient absorption spetraFigure 5.2 shows the exited-state transient absorption spetra for the ompounds(a) [2A](PF6)2, (b) a-BOB and () (F)2BOB (in CH3CN) following exitationwith λex = 500 nm (as desribed in the previous setion), for seleted pump-probedelays in the range τ = 1−1000 ps. For omparison, the orresponding CW ground-state absorption spetra (as well as the �tted HE and MLCT bands) are shownin Figure 5.2(d), as well as the exitation pulse spetrum. For both [2A](PF6)21The self-written data-aquisition programs used here were oded in Labview.
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Figure 5.2.: Transient absorption spetra for (a) [2A](PF6)2, (b) a-BOB and ()(F)2BOB (in CH3CN) following exitation at λex = 500 nm for se-leted pump-probe delays (as indiated) (relative pump-probe polari-sation: magi angle). Approximate regions of predominant bleah andtwo regions of overlapping exited-state absorption (ESA-I, ESA-II)are indiated in (a). (d) Corresponding ground-state absorption spe-tra and exitation-pulse spetrum.



5.2. Transient absorption spetra 131and a-BOB, ones observes a region of negative di�erential absorption (ground-state bleah signal) in the range λ ∼ 460− 600 nm, whereas for wavelengths abovea quasi-isosbesti point at λ ≈ 600 nm the transient absorption is dominated byexited-state absorption, extending to the red-edge of the measurement wavelengthwindow at λ = 760 nm. It is apparent that whilst the transient-absorption bleahband for [2A](PF6)2 and a-BOB is no longer dominant for λ & 600 nm, froman inspetion of the ground-state absorption urves in Figure 5.2(d) the ground-state absorption strength at this wavelength is still ∼50% that of the absorptionmaximum, whih indiates that the ESA band extends into the region λ < 600 nm.Also evident is that despite the fat that the regions of predominant bleah andESA deay at learly di�erent rates in the spetra of [2A](PF6)2 (with only anegligible residual net ESA signal for τ > 100 ps) the position of the zero rossingdoes not red-shift signi�antly with inreasing delay. In the ase where all ESAbands would deay more rapidly and leave only a residual ground-state bleah(due to the involvement of a `dark' intermediate exited state), one would expetthe negative bleah band to expand progressively into the region λ > 600 nmand aquire the same form as the ground-state absorption spetrum, whih is notobserved.One possible explanation for this would be that the exitation at λex =
500 nm exites only a spetrosopially distint portion of the ground-state en-semble, i.e. that a bleah band of redued width results from `hole-burning' of aninhomogeneously-broadened ground state ensemble. However, given that no red-shifting of the bleah band is observed over the full delay range (τ → 1000 ps) for
[2A](PF6)2, this would imply a harateristi time sale for the redistribution ofthe inhomogeneity of τ ≫ 1000 ps. It is oneivable that suh a slowly-�utuatingbroadening mehanism ould arise in [2A](PF6)2 from a distribution of relativeonformations between the F-donor and B-bpy-aeptor groups due to variablerotation about the B-C(Cp) bridging bonds. However, the fat that the transientspetra for a-BOB (where the onformational distribution of the B-bpy groupsrelative to the F-donor is onstrained by the onneting -O- bridge) also exhibitthe same deviation between the predominant bleah band and the ground-stateabsorption tends to rule out suh an inhomogeneous broadening mehanism.Hene, in order to explain the persistent redued wavelength range of predomi-nant bleah signal for both [2A](PF6)2 and a-BOB, we are led to onlude thatthere are atually two distint overlapping ESA bands (whih we will refer to as`ESA-I' and `ESA-II') ontributing to the transient spetra. The �rst band (ESA-I)is dominant in the region λ ∼ 550 − 650 nm and suppresses the bleah band inthis region, whilst the ESA-II band dominates the signal for λ & 650 nm and isresponsible for the observed net-positive di�erential absorption in this region. Wenote that based on the spetra for [2A](PF6)2, this implies that the ESA-I banddeays on the same (or omparable) time sale as the ground-state reovery (i.e.bleah band deay).Conerning the origin of these two ESA bands, we onsider ertain di�erentialabsorption features in the UV-vis spetra that appear upon eletrohemial oxi-dation/redution of [2A](PF6)2 and a-BOB (Figure 4.24). We note that uponoxidation of these ompounds, one also does not observe a negative di�erentialabsorption of the same shape as the MLCT band in the visible range (ox-B inFigure 4.24(b)), due to the presene of the new eletroni transitions that arise forthe F+-entre in this wavelength range, and that also lead to a suppression of thenegative di�erential absorption on the red-side of the MLCT band. Hene we pro-pose that the ESA-I band is assoiated with analogous loalised transitions on theF-unit of [2A](PF6)2 and a-BOB in the MLCT exited state, whih orresponds



132 Time-resolved transient-absorption spetrosopy of F-B-bpy ompounds insolutionto the transient oxidised speies F+ (assuming that the eletroni displaementupon exitation orresponds to almost omplete removal of a unit eletroni hargefrom the F-entre and negleting the oupling to the B-bpy unit). Moreover, this isonsistent with the fat that the ESA-I band possesses the same relaxation kinetisas the ground-state reovery.In onsidering the possible origin of the ESA-II band, we onsider the orre-sponding hanges in UV-vis absorption for [2A](PF6)2 and a-BOB that ourupon eletrohemial redution (Figure 4.24()). Here we observe an analogousdi�erential absorption band (red-D) that arises in the near-IR (and extends downto λ ∼ 600 nm), whih (based on the disussion in Setion 4.5.3) we an assignto the presene of an additional eletron on the B-bpy aeptor. Hene we assignthe ESA-II band to the presene of an exess unit eletroni harge distributedon the B-bpy units in the initial MLCT exited-state. Both the assignment of theESA-I band and the ESA-II band in terms of the orresponding spetroeletro-hemistry data strongly support an almost omplete harge transfer of an eletronupon exitation of the proposed MLCT band.In order to investigate more ritially the omparison of the exited-state tran-sient di�erential spetra with the spetra upon oxidation/redution, in Figure5.3 we present the results of a regression analysis of the exited-state transientspetrum of [2A](PF6)2 (for τ = 10 ps) using the orresponding oxidised-
[2A](PF6)2/redued-[2A](PF6)2 spetra as basis funtions. We note that fromthe disussion of the UV-vis spetra of redued-B-bpy derivatives (Setions 2.3and 4.5.3), we expet a blue-shifting of seond lowest-energy band in the redued-
[2A](PF6)2-spetrum (red-C, whih has its �rst vibrational peak at λ = 499 nm)in the presene of an eletron-withdrawing group, whih we an expet to be thease in a MLCT exited-state where the F unit is formally oxidised. Hene inthe �tting proess, we allowed a variable blue-shift of the redued-[2A](PF6)2spetrum as a �tting parameter. As shown in Figure 5.3, a reasonable agree-ment between the experimental exited-state transient spetrum and the hybrid-oxidised/redued-[2A](PF6)2 spetrum is obtained, if we allow for a blue shift ofthe redued-[2A](PF6)2 spetrum of ∆ν = 2470 cm−1, whih is somewhat largerthan the blue-shift of the red-C band in substituting eletron-withdrawing sub-stituents (∆ν ∼ 1600 cm−1) (see Setion 2.3). We note that the relative weightingof eah redox spetrum in the �t involves a signi�antly smaller weight for theredued-[2A](PF6)2 spetrum than for the oxidised-[2A](PF6)2 spetrum. A-ounting for the fat that the ESA-II region has already deayed signi�antly by
τ = 10 ps, we an extrapolate a ratio for the two spetra of ∼4:1 (oxidised:redued)for the initial exited state. However, given that the di�erential spetra of theoxidised-donor-[2A](PF6)2 and redued-aeptor-[2A](PF6)2 orrespond to thease of A-D+-A and A−-D-A−, respetively, whilst the MLCT exited-state of
[2A](PF6)2 orresponds formally to A-D+-A−, it is foreseeable that the di�er-enes in eletrostati in�uene between in donor and aeptor in eah ase (andthe aompanying di�erene in equilibrium onformation) will lead to distortionsin the energy and strength of the related eletroni transitions2.Returning to Figure 5.2, one observes that the transient spetra of the di-ferroene ompound (F)2BOB (Figure 5.2()) di�er signi�antly from those of
[2A](PF6)2 and a-BOB. Whilst the ESA-II band region is still disernible, it islear that additional exited-state absorption bands arise in the same wavelengthregion as the bleah band with similar magnitude, suh that no lear region of neg-ative di�erential absorption is observed, although the depression in the spetrum2Note that we desribe the MLCT exited state in terms of a loalised CT onto one of the twoB-bpy aeptors, whih we will address later in this hapter.
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Figure 5.3.: Results of a regression analysis of di�erential exited state absorptionspetrum of [2A](PF6)2 (τ=10 ps following λex = 500 nm exitation)based on a weighted sum of the di�erential absorption upon eletro-hemial oxidation and redution (Figure 4.24) (with a �tted blue-shiftof the redution spetrum of 2470 cm−1 as indiated).between λ ∼ 470 − 600 nm does again re�et the presene of the bleah band3.Moreover, despite the omparatively low signal-to-noise of the data (whih is dueto the generally weaker signal modulation aross the spetrum), it is also evidentthat the entire transient spetrum deays by τ = 100 ps (see the orrespondingtransient-absorption kinetis and analysis in the next setion).We note that from the eletrohemistry data for (F)2BOB (Setion 4.5.1)there is evidene for a �nite degree of eletroni oupling between the two F-units. Hene, it is reasonable to expet additional exited-state transitions betweenthe F/F+ pair in (F)2BOB, in analogy to mixed-valene F-F+ ompounds[188, 189, 190, 191, 192, 15, 193℄. Moreover, suh intervalene transitions normallypossess extremely broad di�use absorption bands, whih is onsistent with the fatthat no harateristi band struture is observed for the additional ESA ontribu-tions in the transient spetra of (F)2BOB. One an antiipate from these resultsfor (F)2BOB that far more omplex exited-state spetra may be enountered inthe F-B-bpy-based oligomeri systems to be studied in the future where multipleF units an interat.5.3. Transient absorption kinetisIn this setion, we present the time-resolved transient-absorption kinetis for
[2A](PF6)2, a-BOB and (F)2BOB following MLCT exitation (λex = 500 nm),in order to better quantify the di�erent relaxation harateristis of the MLCT ex-ited state. For eah derivative, we present the data for three harateristi probewavelengths, (i) λ = 470 nm (high-energy side of predominant bleah band), (ii)3We note that the transient spetra for (F)2BOB were performed during the same measurementrun as those for [2A](PF6)2 and a-BOB, and similar transient spetra for (F)2BOB wereprodued in earlier preliminary measurements, suh that it is unlikely that the signi�antdi�erenes in the transient spetra ompared to the other derivatives are due to spuriousartifats in the measurement.
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λ = 540 nm (near-degenerate predominant bleah), and (iii) λ = 660 nm (ESA-IIband). The results are shown in Figures 5.4 ([2A](PF6)2), 5.5 (a-BOB) and 5.6((F)2BOB). The transient-absorption kinetis for all derivatives exhibit multi-exponential relaxation harateristis on several distint time sales, inluding aninitial sub-pioseond transient (τ1), and depending on the derivative, 1-2 sloweromponents (τ2, τ3) whih vary over a broad range of from several ps to almost1 ns. In order to extrat meaningful parameters from the urves, we �t the datafor eah derivative with global time sales for all probe wavelengths, i.e.,

∆A (λ, τ ) =
∑

j

A0j (λ) exp (−τ/τj).The �tted multi-exponential urves are shown with the experimental data in theorresponding �gures. The �tted parameters for eah derivative are listed in Table5.1, where we have normalised the amplitudes of eah �tted exponential om-ponent to the unsigned sum of the amplitudes for the τ2 and τ3 omponents,i.e. A0j (λ) → A0j (λ)/(|A02 (λ)| + |A03 (λ)|), in order to more readily evaluatetheir relative ontribution. In ertain ases, a partiular exponential omponentdid not improve the �t to the data (i.e. A03(λ = 660 nm) for [2A](PF6)2 and
A02(λ = 540 nm) for a-BOB), and were omitted from the �tting proedure forthese urves.We note that the �tted multi-exponential parameters di�er somewhat from ourprevious report [206℄. This is due to two reasons. Firstly, for the weak absorptionhanges here, the presene of a small vertial o�sets (assoiated with residual pump-only and probe-only signals not ompletely rejeted by the lok-in detetion) ansigni�antly a�et the �tting parameters for the weak omponents, and these o�setswere arefully reanalysed (using the data for negative pump-probe delays).Seondly, the analyses employed here for the global �tting of the data for eahderivative employed an improved algorithm, where only the global time onstants
τj are treated as parameters in the non-linear optimisation problem. For eah guessof the global time onstants, the orresponding amplitudes A0j(λ) for eah probewavelength are determined by linear regression. This leads to a greatly improvedperformane of the �tting algorithm over a `standard' implementation where allparameters are inluded in the non-linear searh4. For the robust �tting of (noisy)experimental data, a Nelder-Mead simplex algorithm is generally preferable overLevenberg-Marquardt methods [227℄. However, with inreasing number of �t pa-rameters, simplex-based methods beome slow and less reliable, with the possibilityof stagnation (i.e. onvergene on a set of parameters that orrespond to a loalminimum of the mis�t between the model urve and the experiment data). By usinglinear regression for the amplitudes of eah exponential (i.e. using the more stablesingular-value deomposition method [227℄) in eah iteration, the dimensionalityof the algorithm searh spae is redued onsiderably (e.g. from a maximum of 12parameters, to only 3) resulting in faster and more reliable onvergene.For all derivatives, large-amplitude sub-ps transients are observed, with a smallbut signi�ant variation in �tted time onstant for eah derivative (τ1 = 0.67 ps for
[2A](PF6)2, τ1 = 0.52 ps for a-BOB and τ1 = 0.46 ps for (F)2BOB). From theanalysis of the MLCT spetra and eletrohemial potentials in Setion 4.5.2, weexpet that the initial (Frank-Condon, FC) MLCT-exited state is signi�antlydisplaed from the exited-state equilibrium intramoleular and solvent geometry.The time sale for the assoiated initial ooling (vibrational energy redistribution)4For example, the standard �tting routines in appliations suh as Originr, both the non-linearand linear parameters are treated as non-linear searh parameters in the �tting algorithms.
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Figure 5.4.: Transient absorption kinetis for [2A](PF6)2 (in CH3CN) followingexitation at λex = 500 nm for seleted probe wavelengths (a) λ =
470 nm, (b) λ = 540 nm and () λ = 600 nm (relative pump-probepolarisation: magi angle ). Global time sales (when employed for eahprobe wavelength) as indiated.Derivative τj στj

λ = 470 nm λ = 540 nm λ = 660 nm(ps) (ps) Aj σAj
Aj σAj

Aj σAj

[2A](PF6)2 0.67 0.03 4.43 0.03 0.44 0.02 3.13 0.0418.3 1.7 -0.52 0.02 -0.49 0.01 1 0.01913 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 0.045.4 1.8 -0.30 0.01 � � 0.45 0.02779 28 -0.70 0.003 -1 0.004 0.55 0.005(F)2BOB 0.46 0.02 15.1 0.1 3.8 0.5 5.29 0.0644.8 4.5 1 0.02 1 0.1 1 0.02Table 5.1.: Normalised amplitudes and global time onstants (and standard er-rors, σX) from multiexponential regression of the transient absorp-tion kinetis for [2A](PF6)2, a-BOB and (F)2BOB (in CH3CN,
λex = 500 nm).
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 Figure 5.7.: Comparison of initial sub-ps deay rates for [2A](PF6)2, a-BOB and(F)2BOB (obtained from global time onstant �tting for eah deriva-tive) vs exess exitation energy (i.e. obtained from λex = 500 nmMLCT band peak position)for medium-sized polyatomi solutes and polar solvent reorientation are generallyobserved on suh time sales of 0.1-1 ps [228, 229℄. Moreover, we note that the timeonstant τ1 dereases as we go from [2A](PF6)2 →a-BOB →(F)2BOB, whilstfrom Figure 5.2(d) we see that the MLCT band peak position shifts to progressivelylower energy (with respet to the pump wavelength λex = 500 nm) in this sameorder. Hene the exess vibrational energy of the initial exited state inreases in theorder [2A](PF6)2 →a-BOB →(F)2BOB, whih is onsistent with the observedinrease in the �tted rates 1/τ1 for the sub-ps transients. In Figure 5.7 we show aplot of these deay rates (1/τ1) against a proportional measure of the relative exessexitation energy ∆νex (taken as the di�erene between the entre wavenumber ofthe pump spetrum and the MLCT band peak position, i.e. ∆νex = 1/λex−1/λmax)for eah derivative.Given that the estimated Stokes shift for the MLCT band of [1A]X (i.e. exessinitial exited-state vibrational energy upon exitation at the MLCT band peak)was determined to be large (∆EFC > 0.81 eV ∼= 6490 cm−1, see Setion 4.5.2) om-pared to the range of additional exess energies here (∆νex
∼= 470 − 1370 cm−1),it is interesting that suh a strong dependene is observed and suggests that theobserved trend in these sub-ps transients may also be a�eted by inherent di�er-enes in the exited-state potential surfae for eah derivative. This question shouldbe studied in future measurements of these sub-ps transients vs exitation wave-length. For all derivatives, the amplitudes of the sub-ps transients are generallypositive (exept for [2A](PF6)2, λ = 540 nm), and muh larger for λ = 470 nmand λ = 660 nm than for λ = 540 nm, indiating that these transients are asso-iated with transient exited-state absorption aessible in the initial hot exitedstate, and not partial relaxation to the ground state. Hene, we onentrate in thefollowing on the 1-2 longer time sales in disussing the relaxation to the groundstate.For [2A](PF6)2, the near-degenerate (predominant bleah) transient absorptiondeay (λ = 540 nm, Figure 5.4(b)) is omposed of a nearly 1:1 ombination of thetwo longer global time sales (τ2 = 18.3 ps, τ3 = 913 ps, A02 : A03 = −0.49 :
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−0.51). Similar values are obtained at the blue-edge of the predominant bleahband (λ = 470 nm, Figure 5.4(a)) (A02 : A03 = −0.52 : −0.48). Most strikingof all in the kinetis for [2A](PF6)2 is that the predominant ESA-II signal (λ =
660 nm, Figure 5.4()) deays ompletely on the shorter of the two time sales (τ2 =
18.3 ps), whih indiates that following the initial sub-ps relaxation, an additionalsigni�ant relaxation proess ours on this 18.3 ps time sale. In general, thisould be related to (i) a strong displaement in reation oordinates away from theinitially-equilibrated exited state5 due to slower onformational dynamis whilstremaining in the same (adiabati) eletroni state, or a non-radiative transition toeither (ii) and intermediate eletroni state or (iii) return to the eletroni ground-state. We will return to a disussion of these possibilities in presenting the proposedrelaxation models in the next setion.For a-BOB the two longer time sales are τ2 = 5.4 ps and τ3 = 779 ps, i.e.with τ2 signi�antly smaller than that for [2A](PF6)2 although with a omparabletime sale for the omplete ground-state reovery τ3 (note the assoiated 1-σ errorsfor these �tted time onstants in Table 5.1). Whilst the faster of these two timesales ontributes signi�antly to the blue-edge (λ = 470 nm, Figure 5.5(a)) andESA-II (λ = 660 nm, Figure 5.5()) kinetis (with A02 : A03 = −0.3 : −0.7 and
A02 : A03 = −0.45 : −0.55, respetively), no detetable τ2-omponent is present inthe predominant-bleah signal6 (λ = 540 nm, Figure 5.5(b)). This indiates thatdespite some additional exited-state dynamis on this τ2-time sale for a-BOB,the nature of the exited state remains relatively onstant, and all relaxation tothe ground state ours on the longer τ3 = 779 ps time sale. Combined with thefat that more than half of the ESA-II signal persists on the τ3-time sale (in starkontrast to [2A](PF6)2), we are led to onlude that the relaxation dynamis fora-BOB following initial equilibration are on�ned to a only small rearrangementsin a single exited eletroni state.For (F)2BOB (Figure 5.6), a third distint behaviour in the relaxation dynam-is is observed. In this ase, following equilibration, all kinetis deay ompletelyon a single τ2 = 44.8 ps time sale. This indiates that omplete ground-state re-overy due to non-radiative deay7 ours on this relatively fast time sale. Thefat that the �exible (F)2BOB an reah a onformation where suh an e�ientnon-radiative oupling to the ground-state ours will be used in the next setionto aid in the interpretation of the relaxation dynamis for [2A](PF6)2.5.4. Interpretation of time-resolved data and proposed relaxationmodelsIn this setion, we disuss the observed transient-absorption data in more detail,and attempt to develop a more expliit model of the exited-state relaxation dy-namis for eah derivative onsistent with the observed kinetis/spetra.We note that the foundations for a rigorous model of the exited-state eletroniand onformational dynamis would require extensive investigation of a wider rangeof derivatives and test ompounds, and information from other time-resolved spe-trosopies (e.g. optial-pump infrared-probe). In addition, extensive (ground- andexited-state) theoretial alulation would be required to identify all possible a-5Note that we will use the term `initially-equilibrated exited state' to desribe the situationdiretly following the initial sub-ps transient.6More preisely, the inlusion of the τ2 omponent did not assist in measurably reduing themis�t of the a-BOB transient absorption urve for λ = 540 nm.7Note that onsidering the MLCT absorption strength, any radiative deay times for theseompounds is expeted to be on a far longer time sale, ≫ 1000 ps [230℄.
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Figure 5.8.: Shemati representation of the exited states and resulting signal om-ponents during the initial relaxation following exitation. (a) Exita-tion. (b) Initial Frank-Condon (FC) wavepaket, and orrespondingtransient ESA signals (FC-ESA), ground-state depopulation (bleah)and degenerate stimulated emission (SE). () Wavepaket followinginitial equilibration, and ps-time-sale signal omponents (see Figure5.2).tive degrees of freedom and the dependene of the exited state(s) on these oor-dinates for eah derivative.Hene, we must on�ne ourselves to a more qualitative approah, i.e. onstrut-ing minimalisti shemati reation-oordinate-energy diagrams onsistent with theobserved transient-absorption data without an expliit desription of the exatnulear motion orresponding to eah reation oordinate. Moreover, whilst thetransient spetra appear to be omposed of a small number of ESA bands (whihwe have assigned to analogous eletroni transitions in the oxidised/redued om-pounds), we stress the fat that with suh broad, featureless transient spetra, theremay well be additional superposed ESA bands (with their own spei� temporalbehaviour) whih would ompliate the situation and possibly lead to modi�ed re-laxation models and interpretation to that presented here [231, 232℄. Nevertheless,the approah employed here will serve to larify the proposed relaxation meha-nisms that may be present in these systems, and provide a referene for futuretheoretial/experimental investigation.We begin by addressing the sub-ps transient absorption signals present in themeasured kinetis of [2A](PF6)2 (Figure 5.4), a-BOB (Figure 5.5) and (F)2BOB(Figure 5.6). As presented in the last setion, all derivatives exhibit large-amplitudetransient ESA signals with deay times in the range 0.46− 0.67 ps (see Table 5.1).These time sales are typial for both (i) intra-moleular ooling of exited vibra-tional modes that are displaed from equilibrium in the Frank-Condon exitedstate (with the vibrational energy being redistributed into the large number ofother modes present in the polyatomi moleule), and (ii) reorientation of thesolvent (and orresponding oupling with the internal motion) due to the new ele-tron distribution in the exited-state. Given the appreiable magnitude of both theStokes shift and solvent reorganisation energies for the F-B-bpy systems (Setion



5.4. Interpretation of time-resolved data and proposed relaxation models 1414.2.2 and 4.5.2), we an expet both to ontribute signi�antly to the observedsub-ps transient behaviour.In Figure 5.8, we present a shemati of the sub-ps development of the initial ex-ited state and the relevant ontributions to the transient signals. In Figure 5.8(a),the Frank-Condon exited state (prepared by absorption of the pump photon)will rapidly dissipate the exess vibrational energy, orresponding to a downhillpropagation of the depited wavepaket along the relevant reation oordinates.We note that the relatively large sub-ps transient-absorption hanges for eahderivative imply that the aessible eletroni transitions to higher exited stateshanges signi�antly during this initial equilibration (and that these initial aessi-ble transitions possess a far larger transition dipole moment). In Figure 5.8(b) weindiate the orresponding aessible ESA transitions in the Frank-Condon region(FC-ESA). Moreover, in the FC state, we expet two additional negative-di�erentialontributions in the transient spetra, due to the ground-state depopulation (whihorresponds to our working de�nition of `bleah') and an equal ontribution fromdegenerate stimulated emission (SE) of the initial exited-state population8. Whilstthe `bleah' omponent persists until ground-state reovery is ahieved, for the ur-rent systems where a large displaement ours during the initial equilibration, thedegenerate-SE signal is expeted to deay during the initial relaxation.In a �uoresent dye (where radiative oupling to the ground state remains sig-ni�ant even after ooling, and generally only small Stokes shifts are involved)this is usually aompanied by the emergene of red-shifted negative-di�erentialabsorption, i.e. non-degenerate stimulated emission, whih aquires the spetralform of the �uoresene spetrum. However, in the F-B-bpy systems under study,the degree of rearrangement is expeted to be large, and the initially-equilibratedstate may possess a far weaker radiative oupling to the ground state, suh thatno red-shifted stimulated emission signal emerges.In inspeting the relative amplitudes of the sub-ps transients in Figures 5.4-5.6,we see at the near-degenerate probe wavelength (λ = 540 nm) the ESA transientsare signi�antly smaller than those for λ = 470 nm and λ = 660 nm, with the atualsign of the amplitude for λ = 540 nm depending on the derivative (for [2A](PF6)2and (F)2BOB, the amplitude represents a small net positive absorption, whilst fora-BOB a small net absorption derease results). Based on the foregoing disussion,we assign these smaller amplitude transients for λ = 540 nm to a near anellationof the FC-ESA and degenerate stimulated emission omponents, both of whihdeay with a similar time dependene as the wavepaket leaves the FC region. Forthe probe wavelengths λ = 470 nm and λ = 660 nm, the FC-ESA signals dominatethe signals. As shown in Figure 5.8(), after this initial rapid equilibration, the ESAomponents orresponding to those identi�ed in the longer-time transient spetrain Figure 5.2 are established, and the temporal behaviour of these signals indiatesthe subsequent slower exited state dynamis in returning to the ground eletronistate.At this point, we address brie�y the question of the deloalisation of the ex-itation in these double-aeptor ompounds. Comparison with preliminary mea-surements on the single-aeptor ompound [1A]PF6 demonstrated no signi�antdi�erenes in the transient-absorption spetra ompared to the double-unbridged-8Note that in the following disussion, we de�ne `bleah' signals as the negative-di�erential ab-sorption ontribution arising only from ground-state depopulation (and not degenerate stimu-lated emission) although in the literature both are often referred to olletively as the `bleahsignal', whih is perhaps a more natural terminology, onsidering that for a idealised two levelsystem it is their ombined presene whih leads to transpareny of a moleular ensemblewhen half the moleules are exited, i.e. ng = nex = 1

2
n0.



142 Time-resolved transient-absorption spetrosopy of F-B-bpy ompounds insolutionaeptor ompound [2A](PF6)2 (although the omparison ould only be made inthe > 1 ps delay range). Moreover, it has been observed for the MLCT exitedstates in other systems with degenerate aeptors that the exitation beomes lo-alised on a single aeptor on a sub-ps time sale [207, 233℄.A semi-quantitative theory for approahing these issues is provided from mole-ular exiton theory for a oupled dimer (i.e. in the ase of two hromophores with a�nite eletrostati interation), when the treatment is extended to inlude a repre-sentative reation oordinate for eah aeptor with a Stokes shift for the eletronitransition [44℄ (as opposed to pure eletroni wavefuntions).In this treatment, the fat that the exited-state energy of the two hromophores(before inluding their oupling) an possess non-degenerate energies (through theirrespetive dependene on distint reation oordinates) leads to symmetry-breakingin the oupled system, suh that the deloalisation of the two oupled-dimer wave-funtions dereases as the di�erene in the reation oordinates (and hene ener-gies) of the two hromophores inreases. This in turn leads to one exited-statedimer wavefuntion that is lower in energy (i.e. the one more loalised on the hro-mophore with the more energetially favourable reation oordinate). This stateis even further stabilised by inreasing the di�erene between the reation oordi-nates of the two hromophores. In the `weak-oupling' ase (where the magnitudeof the Stokes shift is muh larger than the inter-hromophore oupling), this typeof instability leads to two minima in the exited-state energy surfae, i.e. where theexitation is ompletely loalised on one hromophore (at the exited-state equi-librium geometry), whilst the other hromophore is in its ground eletroni state(and ground-state equilibrium geometry). This situation is depited in Figure 5.9,whih shows both the degenerate ground-state minimum and the two symmetriloalised-exitation minima in the exited-state.Given the analogy to the ase of a donor with two idential aeptors, thissuggests that dynami loalisation of the MLCT exitation on a single aeptor willour in the ase of [2A](PF6)2 (and presumably for a-BOB and (F)2BOB),where the energy hanges due to onformational rearrangement in the exited stateare signi�antly larger than the magnitude of the inter-aeptor oupling (Setion4.4 and 4.5.2). Sine we expet this loalisation to our on the time sale ofthe initial onformational hanges, it is quite likely that this dynami loalisationours during the initial equilibration, i.e. that the MLCT exitation is loalisedon a single aeptor after 1 ps. This time-sale is onsistent with that reported forother MLCT ompounds [207, 233℄.We turn now to the relaxation dynamis that our after the initial equilibration,i.e. on the time sales τ2 (and τ3 for [2A](PF6)2 and a-BOB). As desribed in thelast setion, for [2A](PF6)2 the near-degenerate transient absorption signal (λ =
540 ps) deays on two time sales τ2 = 18.3 ps and τ3 = 913 ps with approximatelyequal amplitudes for the two omponents (A02 : A03 = −0.49 : −0.51), with asimilar ratio for the λ = 470 ps kinetis (A02 : A03 = −0.52 : −0.48). Moreover,the ESA-II signal deays ompletely on the shorter τ2 time sale, indiating thatthe wavepaket leaves the initially-equilibrated region ompletely, into a reationoordinate region where the ESA-II transition no longer possesses an appreiabletransition dipole moment, whih ould involve an distint intermediate eletronistate. We will refer to this new exited-state situation as the `intermediate state'(IS).We note that the τ2 deay of the predominant bleah signal (both at λ = 470 nmand 540 nm) ould in general be due to one of two in�uenes: (i) the presene ofa new ESA signal for the IS in this wavelength range, or (ii) return of a portionof the wavepaket to the ground-state (due to the enounter with a near-rossing
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Figure 5.9.: Qualitative reation-oordinate energy diagram for a system with twoweakly-interating aeptors (a,b) ompound, indiating the motionfrom the ground-state equilibrium (i.e. Frank-Condon oordinates di-retly following exitation) (Qa = Qb = Qg
0) where the MLCT exi-tation is deloalised on both aeptors, towards one of two degenerateexited-state minima (e.g. (Qa = Qex

0 , Qb = Qg
0) where the exitationis loalised on a single aeptor. (Adapted from [44℄).or onial intersetion with the ground state energy surfae). However, from aninspetion of the relevant transient spetra for [2A](PF6)2 (Figure 5.2(a)), for

τ 6 100 ps there is no evidene for the emergene of a new ESA band that ouldaount for ase (i). Hene we onlude that the τ2 deay omponent in the λ =
540 nm signal is due to partial ground-state reovery (involving ∼ 0.50 of theexited ensemble). The remaining fration of the exited ensemble then reahes theIS where a far slower transition to the ground-state ours. Due to the fat thatno photoluminesene measurements were performed in the range λ > 900 nm weannot rule out that this slower omponent of the ground-state reovery is dueto a radiative transition. However, as disussed below in relation to the proposedreation oordinate diagrams, if the IS for [2A](PF6)2 orresponds to an exited-state equilibrium strongly displaed from the ground-state with an energy lowerthan the ground state for this geometry, then only non-radiative transitions anour, due to thermal exitation to the ground-state rossing. We summarise theonlusions drawn so far for [2A](PF6)2 in the Jablonksi diagram in Figure 5.10(a).We return to a disussion of the nature of the onformational dynamis below.From the transient absorption data, the interpretation of the relaxation dynam-is of a-BOB and (F)2BOB is somewhat more straightforward. For a-BOB,whilst there is a �nite deay omponent in the transient-absorption kinetis for
λ = 470 nm (blue-edge of bleah band) and 660 nm (ESA-II) on a τ2 = 5.4 pstime sale, there is no evidene for any ground-state reovery in the predominantbleah signal (λ = 540 nm). Moreover, as less than half the ESA-II signal de-ays on this time sale, this indiates that these τ2-dynamis involve only a smallonformational hange to a slightly displaed IS whih a�ets the strength of theESA transitions. The subsequent deay of all transient-absorption kinetis on the
τ3 = 779 ps time sale implies that from this IS, there is a single slower mehanismfor oupling to the ground-state (as per the slower relaxation of [2A](PF6)2). A
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Figure 5.10.: Jablonksi diagram depiting the proposed exited-state relaxationbehaviour and time sales (following initial equilibration) for eahderivative (a) [2A](PF6)2, (b) a-BOB and () (F)2BOB. In (a),the wavepaket-splitting frations (dedued from the global �t of thekinetis and the proposed model) are indiated (0.49,0.51).representation of these relaxation steps is given in Figure 5.10.For (F)2BOB, the fat that only a single exponential deay with τ2 = 44.8 psis present in the kinetis following the initial equilibration signi�es that the entireexited-state ensemble evolves to a onformation where e�ient oupling to theground state ours, with no trapping of a fration of the exited-state ensemblein an IS with a slower ground-state reovery time. We note that beause the ESA-II (λ = 660 nm) signal deays on the same time sale as the bleah signal, thisimplies that the ground-state reovery ours promptly as the wavepaket leavesthe initially-equilibrated state, due to enountering a onformation where a highlye�ient non-radiative transition to the ground state (i.e. a near-rossing or onialintersetion) ours. The orresponding Jablonski diagram for (F)2BOB is givenin Figure 5.10.The fat that omplete ground state reovery ours with sub-nanoseond timeonstants for all the derivatives presented here, tends to rule out the ourreneof an intersystem rossing (i.e. singlet-triplet onversion, S1 → T1) in the MLCTexited state. Although `forward' intersystem rossing an our for MLCT exitedstates in medium-sized organometalli ompounds on even sub-pioseond timesales [207℄, the resulting triplet state generally has a lifetime of at least 10's of ns(and typially in the range of µs) [37℄.Up to this point, we have onstruted shemati Jablonski diagrams to providean overview of the proposed relaxation pathways of the MLCT state. In onludingthis hapter, we attempt to speify the situation more expliitly in terms of theonformational dynamis assoiated with the identi�ed relaxation pathways. Giventhat there is evidene for a very rapid internal onversion between the exited-and ground-state potential energy surfaes for [2A](PF6)2 and (F)2BOB, it isour working hypothesis that the exited-state wavepakets enounter, or loselyapproah, a onial intersetion during their relaxation, whih have been shownreently to be far more likely than avoided rossings in polyatomis of this size(one it is established that a lose approah of the potential surfaes exists), based



5.4. Interpretation of time-resolved data and proposed relaxation models 145on a general formal treatment [40℄. In onstruting a minimalisti potential energydiagram we employ shemati diagrams involving two ative reation oordinates[37, 38℄.A shemati of the proposed potential energy surfaes for [2A](PF6)2 is depitedin Figure 5.11 (note that ertain likely onformational modes that may be ativein the relaxation dynamis are indiated on the 2D struture in the �gure). In thismodel, following the initial equilibration, a slower (i.e. more weakly driven) onfor-mational hange along a oordinate Q2 ours on a τ2 = 18.3 ps time sale, whihorresponds to the propagation of the wavepaket along a path where it enountersan intersetion with the ground state potential surfae. Given that rotation aboutthe B-C(Cp) bond would reasonably be expeted to lead to signi�ant hangesin the eletroni oupling between the ground (D-A+) and exited state (D-A+)9,due to the large resulting hange in the D-A separation, we propose that the re-ation oordinate Q2 orresponds to a form of motion whih involves the B-C(Cp)bond rotation. In general the exited-state potential (in solution) should be modi-�ed signi�antly with respet to the gas-phase ground-state potential involving theB-C(Cp) bond rotation alulated in Setion 4.6 (whih possessed a fundamentalvibrational period estimated as 2π/ωθ ∼ 3 ps). If we assume that the exited-statepotential is signi�antly `�attened' relative to the ground-state potential, then B-C(Cp) rotation in the exited state on a time sale of τ2 = 18.3 ps would be areasonable value.We antiipate that other relatively `loose' degrees of freedom e.g. involving tiltingof the B-bpy planes and ounter-rotation of the Cp-rings of the F will also a�et theenergy of the exited state, suh that the onial intersetion ours with respetto the B-C(Cp) bond rotation and another oordinate, Q1, based on these otherdegrees of freedom. As depited in Figure 5.11, we assume that only a fration (0.51)of the wavepaket is direted to the ground (diabati) state, whilst the remainingfration (0.49) ontinues to propagate to a lower, displaed exited-state minimum(IS). From this position, the only available mehanism for ground-state reovery isthrough thermal/solvent-indued ativation to the ground-state intersetion witha harateristi time sale of τ3 = 913 ps.For the ase of a-BOB, the fat that all ground-state reovery is observed onthe τ3 = 779 ps time sale indiates that no lose approah to the ground-statepotential surfae ours in the exited state. This is reasonable in omparison to ourproposed model for [2A](PF6)2, where signi�ant rotation of the B-C(Cp) bondalong a relatively unonstrained potential urve was required in order to reahthe onial intersetion. The orresponding ground-/exited-state potential energyurves along this oordinate for a-BOB will instead feature extreme energetibarriers beyond a ertain degree of B-C(Cp) rotation (due to signi�ant bondstrething).However, due to the fat that a-BOB still possesses a �nite �exibility of the B-C(Cp) bond (with a onerted bending of the B-O-B bridge and ounter-rotationof the Cp rings of the F-unit), it is plausible that small sale motion along thisreation oordinate ours after initial equilibration on the τ2 = 5.4 ps time sale,whih leads to the hanges observed in the ESA signals on this time sale. Henewe propose the shemati potential energy surfaes for a-BOB in Figure 5.12,where the wavepaket proeeds on a 5.4 ps time sale along Q2 to a more stable,distorted, exited-state IS, from where relaxation to the ground state ours on9Note that it would be hazardous to draw strong onlusions about the exited-state oupling be-tween donor and aeptor vs the B-C(Cp) rotation angle from the ground-state HOMO/LUMOtheoretial DFT results in Setion 4.6, whih did not show any strong dependene of the donor-aeptor HOMO-LUMO overlap upon rotation of the B-C(Cp) bond.
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5.4. Interpretation of time-resolved data and proposed relaxation models 149In summary, from the experimental data and proposed models for the relaxationdynamis of the three derivatives presented here, we an draw several onlusions.(1) The orrelation between the MLCT exited-state transient-absorption spetrafor [2A](PF6)2 and a-BOB and the absorption bands of the orresponding oxi-dised/redued speies strongly supports that the MLCT exited state involves analmost omplete transfer of an eletron from the F-donor to the B-bpy-aeptor(s).(2) The eletroni e�ets of the B-O-B bridge onneting the two aeptors in a-BOB and (F)2BOB does not result in any lear harateristi di�erenes in therelaxation dynamis in omparison to [2A](PF6)2. This may be due to the fatthat upon exitation, the exited-state wavefuntion beomes loalised on only oneof the two aeptors due to the symmetry redution introdued from instantaneous�utuations in the two aeptor onformations, hene leading to an eletroni be-haviour similar to the ase of unoupled aeptors. (3) The relatively unhindereddistortion of bridging bonds for [2A](PF6)2 and (F)2BOB (in partiular, rota-tion of the B-C(Cp) bonds between F-donor an B-bpy-aeptors) is a determiningfator in the relaxation to the ground-state (i.e. bak-eletron transfer to the F-donor), due to the ability of the exited-state wavepaket to enounter an e�ientnon-radiative oupling to the ground state. This �nal point indiates that in or-der to maximise the lifetime of the MLCT state, target derivatives should possessa rigid struture linking donor and aeptor to prevent exited-state geometryhanges whih lead to an enounter with e�ient non-radiative deay hannels.





6. ConlusionsA ombined interpretation of the results and analysis presented in this workstrongly support the assignment of the MLCT band in the F-B-bpy ompounds,with the exited state involving an almost omplete transfer of an eletron from theF-donor to the B-bpy-aeptor. The key results supporting this onlusion are,(i) the observed solvatohromi behaviour of [1A]Br (Setion 4.2.2), whih sug-gests a dipole moment hange between the ground and exited state orrespondingto the displaement of the moleular eletron density by an amount approahingthe donor-aeptor separation upon optial exitation,(ii) the orrelation between redox potentials and the observed MLCT transitionfor a range of derivatives (Setion 4.5.2),(iii) the nature of the theoretial frontier moleular orbitals for the prototype
[1]+(H) (Setion 4.6), and,(iv) the omparison of the UV-vis spetral hanges upon eletrohemial donor-oxidation/aeptor-redution with the MLCT exited-state transient absorptionspetra (Setion 5.2).A number of additional results emerge whih will aid the rational design offuture derivatives, for both (i) inlusion as funtional pendant groups for optially-indued CT into maromoleular systems, and (ii) polymers employing the F-B-bpy monomers diretly in the polymer bakbone.From the time-resolved transient absorption measurements, we an onlude thatthe degree of onformational �exibility for di�erent F-B-bpy derivatives ritiallya�ets the relaxation (bak-eletron transfer) rate from the B-bpy aeptor to theF-donor, where those derivatives with �exible linkage between donor and aeptor(i.e. [2A](PF6)2 and (F)2BOB) undergo partial (or omplete for (F)2BOB)relaxation on a time sale of ∼ 18− 45 ps, whilst for the derivative a-BOB with aonstraining hemial bridge between the two aeptors, the ground-state reoveryours only on a 770 ps time sale. This strong dependene of relaxation time vsstrutural rigidity an be traed to the presene of e�ient non-radiative relaxationpathways (potential energy surfae-rossings) to the ground state, whih involveexited-state geometries whih an only be enountered for those ompounds wheresigni�ant exited-state geometri rearrangement is possible. Hene, in order toahieve longer CT lifetimes and higher e�ienies for the optially-indued injetionand subsequent propagation of the transferred harge in maromoleular networks,an important design priniple is to ensure a rigid moleular framework linkingdonor and aeptor.A detailed omparison of the MLCT spetra of derivatives with bridged- andunbridged-aeptors led to a onlusion supporting signi�ant inter-aeptor ou-pling between bpy-groups linked by -B-N-B and -B-O-B- bridges, whih is an im-portant fator for the design of maromoleular systems where eletron transferbetween aeptor groups an be employed to provide a hannel for harge prop-agation. Moreover, from the theoretial results of the diation [1]2+(H), there isevidene that oxidation of the F unit results in frontier moleular orbitals de-loalised over both donor and aeptor, suh that the inlusion of the oxidisedF-B-bpy units in polymeri systems may result in a greater deloalisation over thewhole F-B-bpy struture and hene enhane eletroni-oupling between remoteeletroni systems onneted via these F-B-bpy monomers.151



152 ConlusionsThe future diretion of this researh is aimed at low-dimensional solid-state sys-tems inorporating these monomers for the optial ontrol of eletroni hargeinjetion into deloalised eletroni hannels. In this respet, the synthesis ofmodel materials, where the F-B-bpy ompounds are attahed to a well-establishedoligomeri/polymeri system is antiipated. An example of a suh system (poly(m-phenylenefuhsone)) where strong ferromagneti interations result from the inje-tion of additional harge was given in the Introdution, although many possibleandidate systems should be onsidered, where the unique syntheti advantages ofB-N bonding ould be explored for inorporating the F-donor.In pursuit of highly e�ient optially-driven CT derivatives, the existing F-B-bpy ompounds still require additional syntheti modi�ation to ahieve a strongerMLCT absorption strength, suh that the required levels of optial irradiation tomaintain a signi�ant fration of CT exited states in the moleular ensemble anbe redued. As demonstrated in Setion 2.2.2, the inorporation of onjugated π-systems into F-donor derivatives an lead to exellent optial properties (εmax ∼
40000 M−1cm−1, λmax ∼ 850 nm), through the partiipation of π-bridge eletronistates in enhaning the eletroni oupling between donor and aeptor via intensityborrowing. Hene the development of modi�ed derivatives inorporating onjugated
π-systems in onjuntion with the B-N linkage (e.g. with the onjugated C hainlinking F-donor and B-bpy aeptor), ould result in a signi�ant enhanement ofthe optial properties.
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Figure 6.1.: F-B-bpy systems for future investigation. (a) Reently synthesisedF-B-bpy-polymer. Possibility to prepare statistially oxidised F+-entres, suh that irradiation of the MLCT band of the remainingunoxidised F-entres may result in photoondutivity. (b) ExistingF-B-bpy maroyle ompounds prepared as a mixed-valene F/F+pair. () Target F-B-bpy monomer with otamethylated-F-donor andB-dpp aeptor, where MLCT ould our in the ground state.
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Figure 6.2.: Target polymers ontaining F-donors attahed to tri -oordinated B-atoms integrated into the polymer π-system bakbone.Very reently, the suessful synthesis of the F-B-bpy-based polymer (Figure6.1(a)) has been ahieved within the group of our syntheti ollaborators (AG Wag-ner, Anorganishe Chemie, J. W. Goethe-Universität, Frankfurt am Main), and isurrently undergoing preliminary haraterisation. As depited in Figure 6.1(a), oneantiipated area for study involves preparing a statistial mixture of oxidised F+-entres along the polymer bakbone (either by hemial or eletrohemial means).In this ase, exitation of the MLCT band of remaining unoxidised F-entres willallow for eletron transfer along the polymer bakbone (i.e. photoondutivity)in the presene of an external bias �eld. Similar parallel studies of the existingF-B-bpy maroyle ompounds (Figure 6.1(b)), involving optially-indued CTbetween a mixed-valene F/F+ pair will also be useful in investigating the pos-sible transfer of harge between two F-entres following MLCT exitation. Theappliation of ultrafast time-resolved optial studies will be partiularly suited toprobe the proesses following MLCT exitation in these systems.In terms of interesting possible magneti phenomena, the synthesis of a modi�edF-B-bpy ompound with an otamethylated-F donor (OMF) and B-dpp aeptor(Figure 6.1()) is being onsidered. As disussed in Setion 4.5.2, there is someindiation that for this ompound (with a signi�antly destabilised OMF-donorHOMO and stabilised B-dpp aeptor LUMO) the MLCT state might well be theground state of the system. In suh a ase, this ground state would be omposed ofboth a ationi radial F+ and anioni radial B-dpp− whih ould interat eitherferro- or antiferromagnetially [18℄.In parallel with the future development of materials with tetra-oordinated-Blinkage, urrent work with our syntheti ollaborators is underway to produepolymers inorporating tri -oordinated-B in the bakbone, with F attahed asa pendant group to the B atom, suh as the struture shown in Figure 6.2. In thesesystems, the empty p-orbital of the B atom allows it to partiipate in eletronistates deloalised along the polymer hain, as suggested from studies of relatedpolymers [234℄. We antiipate that the CT exitation of the F-group should resultin optial injetion of an eletron into the deloalised states on the polymer bak-bone. Future time-resolved optial studies will also be applied to these systems.





A. Auxiliary spetrosopi data and resultsA.1. Solvent data for solvatohromism analysisTable A.1 gives the relevant solvent parameters [50℄, inluding e�etive solventdimensions determined by analysis of 3D solvent approximate solvent struturesand dipole moments obtained from www.nist.gov/srd. Figure A.1 shows the solventpolarity funtions ϕ(ǫs) and ϕ(n2) as de�ned in Eq. B.102 for the solvents employedin the solvatohromism study of [1A]Br in Setion 4.2.2.Solvent PropertyName Formula Optial Stati Dipole Density Molar Average Van derrefrative dieletri moment ρ mass van der Waalsindex onstant µ (kg m3) M Waals radius
n εs (D) (g mol1) radius ⊥ µ(Å) (Å)Water H2O 1.333 80.1 1.85 1 18.02 1.35 1.59N,N'-dimethyl-formamide DMF 1.4305 36.7 3.82 0.944 73.09 2.54 3.22Aetonitrile CH3CN 1.3442 37.5 3.52 0.7857 41.05 2.07 2.85Chloroform CHCl3 1.4459 4.806 1.04 1.489 119.38 2.52 2.31Dihloro-methane CH2Cl2 1.4242 8.93 1.6 1.3266 84.93 2.33 2.28Dimethyl-sulfoxide DMSO 1.4785 47.24 3.96 1.1014 78.14 2.51 2.81Table A.1.: Refrative index, λ = 589 nm) stati dieletri onstant (ǫs) data forthe solvents employed in the study of the F-B-bpy ompounds [50℄.
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 Refractive index nFigure A.1.: Onsager polarity funtions ϕ(ǫs) and ϕ(n2) for the solvents used inthe solvatohromism study of [1A]Br in Setion 4.2.
A.2. F-B-bpy UV-vis absorption data and �tted band parametersA omplete listing of the �tted MLCT and HE bands for the F-B-bpy ompoundsis given in Table A.2. 155
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CompoundSolvent
MLCTband

HEband

λ
m

a
x

ε
m

a
x

λ
0

ε
0

∆
ν
F
W

H
M f

λ
0

ε
0

∆
ν
F
W

H
M

αf

(nm)(M
−

1
cm

−
1)(nm)(M

−
1
cm

−
1)(cm

−
1)

(nm)(M
−

1
cm

−
1)(cm

−
1)

[1
A

]B
r

C
H

3
C

N503.3521499.752862200.015369.438869352.350.012

D
M

F494.9433492.544964560.013367.634672972.410.011

H
2
O484.9370481.837162070.011367.225864642.180.0071

D
M

S
O494.2437494.143763450.013366.636174682.410.012

C
H

C
l3 527.0520525.152559480.014368.450481582.770.018

C
H

2
C

l2 524.3470523.947061300.013362.349589792.460.019

[1
A

]P
F

6
C

H
3
C

N503.5487485.250259400.014359.637171972.510.011

D
M

F497.7419497.841859540.011370.931473002.610.0098

[2
A

]B
r
2

C
H

3
C

N512.7891510.990561230.025365.881376022.120.027

D
M

F511.7778511.279961790.023368.873077042.440.026

H
2
O496.0670493.267162080.019362.7598.173181.970.019

[2
A

](
P

F
6
)
2

C
H

3
C

N512.2871508.388062550.025359.690279331.950.031

D
M

F511.2770511.877859710.021372.967876592.880.022

a-BOB

C
H

3
C

N532.0944529.496352600.023411.236774833.060.017

D
M

F531.3918533.393350650.022419.943450841.690.014

a-NSiMe

C
H

3
C

N549.9�551.9�4959�419.9�52190.847�

a-NPhOMe

C
H

3
C

N532.8�531.6�5753�378.0�78853.17�

(F)

2 BOB

C
H

3
C

N536.8801549.180962430.023381.6112785101.990.059

[1
C

](
P

F
6
)

C
H

3
C

N605.4429604.042959940.012407.9423821325.570.022

[2
A

](
N

P
h
O

M
e
)

C
H

3
C

N518.7�521.1�6104�348.0�98621.79�

[2
A

](
O

H
)

C
H

3
C

N522.0�522.3�5841�362.3�85522.29�

[2
N

](
P

F
6
)
2

T
H

F501.0862498.986460390.024367.375773182.340.046

PS�lm,300K��485.98597928(0.031)�����

PS�lm,20K��485.29548270(0.036)�����

TableA.2.:FittedMLCTandHEbandparametersfortheF-B-bpyderivatives.



A.3. F-B-bpy UV-vis spetroeletrohemial time-series 157A.3. F-B-bpy UV-vis spetroeletrohemial time-seriesThe UV-vis spetro-eletrohemistry time-series data for [1A]PF6 and
[2A](PF6)2 is shown in Figures A.2 and A.3.
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Figure A.2.: Time-series di�erential UV-vis absorption of [1A]PF6 (in DMF) dur-ing eletrohemial proesses (a) 1-e−oxidation (ox1), (b) �rst 1-
e−redution (red1) and () seond 1-e−(red2) redution. Bold linesdenote the �nal absorption urve, whilst small arrows indiate dire-tion of hange with time. Stati redox potentials are for eah set ofspetra are indiated in the inset of eah panel.
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Figure A.3.: Time-series di�erential UV-vis absorption of [2A](PF6)2 (in DMF)during eletrohemial proesses (a) 1-e−oxidation (ox1), (b) �rst 2-
e−redution (red1) and () seond 2-e−redution.



A.4. Expressions for the initial degenerate transient-absorption signal of atwo-omponent sample 159A.4. Expressions for the initial degenerate transient-absorption signalof a two-omponent sampleWe onsider a sample omposed of a dilute mixture of two (non-interating) om-pounds, with molar frations fi and absorption ross-setions σi and a total mole-ular density n0. In the following, we assume idential non-diverging, ylindrialpump/probe beams (ross-setion A). The pump pulse energy vs distane z in theuvette an be written,
J (z) = J0e

−(α1+α2)z, (A.1)where the absorption oe�ients are given by αi = σifin0. The di�erential pumppulse energy absorbed by eah ompound is given by,dJidz = αiJ (z) = αiJ0e
−(α1+α2)L, (A.2)whih yields the initial exitation density pro�le for eah ompound,

∆ni (z) =
αiJ0

hνA
e−(α1+α2)z. (A.3)The initial hange in sample absorption (at the pump wavelength) due to eahompound is given by,

∆αi = −2∆niσi, (A.4)so that the probe pulse energy obeys,dJpdz = − [(α1 + ∆α1 (z)) + (α2 + ∆α2 (z))] Jp, (A.5)or,
Jp (z) = Jp0e−(α1+α2)L exp



−
L
∫

0

dz (∆α1 + ∆α2)



 . (A.6)This yields the di�erential transmitted probe pulse energy (i.e. relative to that inthe absene of the pump),
∆Jp = Jp0e−(α1+α2)L







exp



−
L
∫

0

dz (∆α1 + ∆α2)



− 1







. (A.7)The normalised di�erential signal is thus given by,
∆S

S0
=

∆Jp
Jp0e−(α1+α2)L

= exp



−
L
∫

0

dz (∆α1 + ∆α2)



− 1, (A.8)or, to a good approximation for typial di�erential signals,
∆S

S0
≈ −

L
∫

0

dz (∆α1 + ∆α2). (A.9)From Eq.s A.3 and A.4 we have,
∆αi (z) = −2

J0

hνA
fiσ

2
i n0e

−(f1σ1+f2σ2)n0z, (A.10)



160 Auxiliary spetrosopi data and resultsso that,
∆S

S0
≈ 2

J0

hνA
n0

(

f1σ
2
1 + f2σ

2
2

)

L
∫

0

dze−(f1σ1+f2σ2)n0z

= 2
J0

hνA

(

f1σ
2
1 + f2σ

2
2

)

f1σ1 + f2σ2

[

1 − e−(f1σ1+f2σ2)n0L
]

,

(A.11)or for a weakly absorbing sample,
∆S

S0
≈ 2

J0

hνA
n0L

(

f1σ
2
1 + f2σ

2
2

)

. (A.12)Writing the approximate single-omponent signals as (∆S
S0

)

i
≈ 2 J0

hνAn0Lfiσ
2
i , therelative ontribution from eah ompound is given by,

(

∆S

S0

)

2

/(

∆S

S0

)

1

≈ f2σ
2
2

f1σ
2
1

. (A.13)Eq. A.13 demonstrates that the presene of a small quantity of impurity ompound(with a molar absorption strength greater than the non-impurity ompound) in thesample an lead to a relative ontribution to the transient absorption whih is notgiven simply by the ratio of the ground-state absorptivities, i.e. α2/α1 = f2σ2/f1σ1,but is larger by a fator σ2/σ1. A numerial ase study is given in Setion A.5 forthe ase of a-BOB and the impurity Fe(bpy)2+3 .A.5. Spetrosopi omparison of ontaminated/puri�ed samples ofa-BOBAs mentioned in Setion 4.4, the original samples of a-BOB ontained a smallfration of the impurity Fe(bpy)2+3 . Considerable e�ort was required to isolate ausably-pure a-BOB sample with a low yield (arried out by our syntheti ollab-orators, AG Wagner, J. W. Goethe-Universität). Here we demonstrate the impor-tane of high sample purity for spetrosopi studies of relatively weak absorptionbands (suh as the MLCT band of the F-B-bpy ompounds) in the presene ofontaminants (with far stronger absorption).A regression analysis of the ontaminated a-BOB-sample absorption spe-trum εtot using the spetra of puri�ed a-BOB (ε1) and Fe(bpy)2+3 (ε′2) as per,
εtot = η1ε1 + η2ε2, yielded the moleular number frations η1 = 0.961 and
η2 = 0.038. Note that η1 + η2 = 1.00, whih was not onstrained in the regressionanalysis, and testi�es an aurate alibration of the spetra. This analysis demon-strates the ritial distintion between �syntheti purity (i.e. with f2 ∼ 0.038 molarimpurity)� and �spetrosopi purity� (in this ase, ∼ 0.26 of total absorption is dueto impurity at 500 nm) for (relatively) strongly absorbing ontaminants. Moreover,from an inspetion of the spetra in Figure A.4 it emphasises the spei� hazardthat the impurities (whih generally possess ommon moieties) may often have anabsorption pro�le whih is similar to that of the target hromophore, and heneremain undeteted without areful quantitative analysis.The far more drasti impat of relatively small quantities of suh strongly-absorbing ontaminants arises when one onsiders the expeted impurity ontri-bution to a transient-absorption signal (due to the quadrati dependene of themolar absorbane). Using the values above, and Eq. A.13, we an predit the rela-tive ontributions to the degenerate (bleah) signal. This is demonstrated in Figure
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 Figure A.4.: UV-vis absorption of ontaminated a-BOB samples and stringentlypuri�ed samples, and spetra of predominant ontaminant Fe(bpy)2+3 .Inluded is a regression of the spetra of puri�ed a-BOB andFe(bpy)2+3 .A.5, whih shows the expeted relative initial bleah signal amplitude (relative to apure sample of a-BOB) as a funtion of the impurity onentration of Fe(bpy)2+3 .For the impurity onentration derived above of f2 ∼ 0.038, Eq. A.13 predits thatthe Fe(bpy)2+3 -impurity ontribution to the initial bleah signal (for a pump wave-length λex = 500 nm) is ∼ 2.5 times that from the target a-BOB hromophore.An omparison of transient absorption traes taken for the ontaminated sample,and puri�ed samples of Fe(bpy)2+3 and a-BOB (obtained only near the end ofthe study) are onsistent with this magnitude of distortion. Whilst in priniple itwould be possible to remove the Fe(bpy)2+3 ontributions from the earlier transientabsorption measurements on a-BOB, this was not pursued due to the fat thatsuh a deomposition analysis depends ritially on the relative exitation density,beam geometry and onentrations in eah set of measurements.
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B. Derivation of theoretial resultsB.1. Perturbation theory results for D-An omplexesB.1.1. Donor�single-aeptor omplex, D-AIn order to obtain useful semiquantitative expressions for the energies and wave-funtions of a donor-aeptor (D-A) system in terms of the isolated donor andaeptor (and their interation) using low-order perturbation theory, an approahis needed whih is appropriate for unperturbed wavefuntions whih are not eigen-funtions of a ommon hamiltonian (and hene are also not in general orthogonal).The results of the following perturbation treatment for a donor�single-aeptorsystem was �rst presented in Ref. [42℄ without derivation, exept for stating thatit is based on a `generalisation' of a derivation in Ref. [235℄ for the simpler aseof a set of orthogonal eigenfuntions of a ommon unperturbed hamiltonian (andperturbation). Moreover, whilst a modern referene [187℄ addressing the ase of adonor�double-aeptor omplex exists, they avoid any expliit expressions for theorresponding energies of the system. Hene it is deemed appropriate to present alear derivation of all required results here1.The approah is based on an approximate simpli�ation of the �nite-basis seulardeterminant (whih is limited to the unperturbed, one-eletron ground state wave-funtions), whih is shown to parallel standard Rayleigh-Shrödinger perturbationtheory, only allowing more readily for the use of non-orthogonal unperturbed wave-funtions, for whih di�erent terms in the hamiltonian represent the perturbation.We assume we have two one-eletron wavefuntions, ϕj (j = 1, 2), whih are the ground-state eigenfuntions of the isolated donor and aeptor, respetively, and use these as anapproximate basis to desribe the two lowest one-eletron wavefuntions of the weakly-oupled D-A system:
ϕ′
j =

∑2

i=1
cjiϕi. (B.1)In terms of the hamiltonian for the ombined D-A system, H , we require:

Hϕ′
j = E′

jϕ
′
j (B.2)Swithing to Dira notation, this requires for i, j = 1, 2:

〈ϕi|H
∣

∣ϕ′
j

〉

= cj1 〈ϕi|H |ϕ1〉 + cj2 〈ϕi|H |ϕ2〉
= cj1Hi1 + cj2Hi2

= E′
j (cj1 〈ϕi | ϕ1〉 + cj2 〈ϕi | ϕ2〉)

= E′
j (cj1Si1 + cj2Si2)

(B.3)or,
cj1
(

Hi1 − E′
jSi1

)

+ cj2
(

Hi2 − E′
jSi2

)

= 0 (B.4)or in matrix form for j = 1, 2,
[

H11 − E′
jS11 H12 − E′

jS12

H21 − E′
jS21 H22 − E′

jS22

] [

cj1
cj2

]

=

[

H11 − E′
j H12 − E′

jS12

H12 − E′
jS12 H22 − E′

j

] [

cj1
cj2

]

= 0(B.5)1Moreover, it should be noted that in the more modern aount in Ref. [43℄ it appears thatthe �rst-order perturbation terms are simply disarded, due to the emphasis on the seond-order e�ets (i.e. wavefuntion mixing), whih makes this habitually-ited referene potentiallymisleading. 163



164 Derivation of theoretial resultswhere we used the fat that H is hermitian, as well speifying ϕj ∈ R , so that H12 =
H∗

21 = H21 ,Sij = S∗
ji = Sji and have taken normalised unperturbed wavefuntions, i.e.

Sii = 1. (Note that these assumptions only simplify the algebrai form of the followingexpressions, and do not a�et the priniple results.) Non-trivial solutions to Eq. B.1.1require:
∣

∣

∣

∣

H11 − E′
j H12 − E′

jS12

H21 − E′
jS12 H22 − E′

j

∣

∣

∣

∣

= 0, (B.6)whih is the standard seular equation.In the present ase, the eigenvalues and eigenfuntions ould be obtained exatly (withinthe approximation of the �nite basis set). However, in order to prepare for the ase of alarger basis, we want to develop the diagonalisation problem approximately, in a waythat parallels standard low-order perturbation theory (although the standard Rayleigh-Shrödinger or Brillouin-Wigner results are not diretly appliable, as we are dealing witha non-orthogonal basis of unperturbed wavefuntions whih do not share a ommon un-perturbed hamiltonian).The appliation of perturbation theory is as follows [235℄. We assume that the unper-turbed wavefuntions ϕj are only weakly mixed by their respetive perturbations in H .In order to �nd approximate E′
j and ϕ′

j , we assume that E′
j ≈ Hjj for all elements in theseular determinant exept at the (j, j) position. Moreover, all terms away from the j-throw and j-th olumn are set to zero. (Note that these rather seemingly drasti simpli�-ations still maintain a level of approximation equal to standard low-order perturbationtheory.) For j = 1:

∣

∣

∣

∣

H11 − E′
1 H12 −H11S12

H12 −H11S12 H22 −H11

∣

∣

∣

∣

= 0 (B.7)or,
E′

1 = H11 −
(H12 −H11S)2

H22 −H11
. (B.8)This yields for the oe�ients,

c12
c11

= −H12 −H11S12

H22 −H11
. (B.9)Similarly, for j = 2 :

E′
2 = H22 +

(H12 −H22S12)
2

H22 −H11
, (B.10)and

c21
c22

=
H12 −H22S12

H22 −H11
. (B.11)We an demonstrate that these equations are onsistent with standard perturbation theory(with orthogonal eigenfuntions of an unperturbed Hamiltonian, H(0)). If we write H =

H(0) +H(1) then,
Hjj = H

(0)
jj +H

(1)
jj = Ej +H

(1)
jj ,

H21 = H
(0)
21 +H

(1)
21 = H

(1)
21 ,and

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

1 = E1 +H
(1)
11 − (H

(1)
21 )2

(E2 +H
(1)
22 ) − (E1 +H

(1)
11 )

, (B.12)and,
c12 = − H

(1)
21

(E2 +H
(1)
22 ) − (E1 +H

(1)
11 )

c11, (B.13)whih are onsistent with the standard results of Rayleigh-Shrödinger perturbation theory(�rst-order wavefuntions, seond-order energies).



B.1. Perturbation theory results for D-An omplexes 165B.1.2. Symmetri double-aeptor omplex, A-D-AWe now employ three-dimensional bases and write: ϕ′
j =

∑3
i=1 cjiϕi. The seular equationsnow read,





H11 − E′
j H12 − E′

jS12 H13 − E′
jS13

H21 − E′
jS21 H22 − E′

j H23 − E′
jS23

H31 − E′
jS31 H32 − E′

jS32 H33 − E′
j









cj1
cj2
cj3



 = 0 (B.14)We assume that the two isolated aeptors are idential, i.e. the unperturbed wavefuntions
ϕ2 , ϕ3 are degenerate (but entred on di�erent origins). For the ase to be treated (i.e. asum of three independent e�etive potentials, one from eah isolated system), it is possibleto write the total hamiltonian for the A-D-A omplex as H = H ′+H(2,3), and we an �rsttreat the degenerate (2,3)-subsystem alone. If we arry out this part of the problem withoutapproximation, then the results an be used in the subsequent perturbation treatmentfor the full A-D-A system as per the D-A ase without requiring any speial additionalonsiderations. For the 2-3 degenerate system we have,

∣

∣

∣

∣

∣

H
(2,3)
22 − E′

j H
(2,3)
23 − E′

jS23

H
(2,3)
23 − E′

jS23 H
(2,3)
22 − E′

j

∣

∣

∣

∣

∣

= 0, (B.15)where, in the present ase, the two aeptors are interhangeable, and hene H(2,3)
22 =

H
(2,3)
33 . Solving Eq. B.1.2 yields,

(H
(2,3)
22 − Ej)

2 − (H
(2,3)
23 − EjS23)

2 = 0,or,
Eα,β =

H
(2,3)
22 ±H

(2,3)
23

1 ± S23
, (B.16)whih is exatly the same result as for the simple MO treatment for H+

2 [98℄. The orre-sponding oe�ients yield symmetri (α) and antisymmetri (β) eigenfuntions,
cα,β2 =

1√
2

= ±cα,β3,whih de�nes
ϕα,β =

1√
2

(ϕ2 ± ϕ3) . (B.17)Now we use this new non-degenerate basis in the full A-D-A problem:




H11 − E′
j H1α − E′

jS1α H1β − E′
jS1β

H1α − E′
jS1α Hαα − E′

j Hαβ

H1β − E′
jS1β Hαβ Hββ − E′

j









cj1
cjα
cjβ



 = 0, (B.18)where Sαβ = 0. Following the previous implementation of perturbation theory from theD-A ase, we solve the approximate seular determinant equation, whih reads for j = 1,
∣

∣

∣

∣

∣

∣

H11 − E′
1 H1α −H11S1α H1β −H11S1β

H1α −H11S1α Hαα −H11 0
H1β −H11S1β 0 Hββ −H11

∣

∣

∣

∣

∣

∣

= 0, (B.19)whih upon rearrangement gives,
E′

1 = H11 −
(H1α −H11S1α)

2

Hαα −H11
− (H1β −H11S1β)

2

Hββ −H11
, (B.20)

c1α
c11

= −H1α −H11S1α

Hαα −H11
, (B.21)and,

c1β
c11

= −H1β −H11S1β

Hββ −H11
. (B.22)



166 Derivation of theoretial resultsLikewise for j = α,
E′
α = Hαα +

(H1α −HααS1α)
2

Hαα −H11
− (Hαβ)

2

Hββ −Hαα

, (B.23)
cα1

cαα
= +

H1α −HααS1α

Hαα −H11
, (B.24)and,

cαβ
cαα

= − Hαβ

Hββ −Hαα

; (B.25)and for j = β,
E′
β = Hββ +

(H1β −HββS1β)
2

Hββ −H11
+

(Hαβ)
2

Hββ −Hαα

, (B.26)
cβ1

cββ
= +

H1β −HββS1β

Hββ −H11
, (B.27)and,

cβα
cββ

= +
Hαβ

Hββ −Hαα

. (B.28)When we onsider the single-eletron hamiltonian as H = T + V (1) + V (2) + V (3), someof these expressions are onsiderably simpli�ed (due to the symmetrised properties of ϕαand ϕβ).B.2. One-eletron wavefuntions and harge transfer transitions ofD-An omplexesB.2.1. Donor�single-aeptor omplex, D-A

D A

V
D(+)

V
A

jd ja

We desribe the D-A system using one-eletron wavefuntions and an e�etivepotential omposed of the sum of the isolated donor (exluding the valene eletronunder onsideration), V D, and aeptor, V A, with no response of either potentialto the wavefuntion oupied by the eletron. (Note that this is quite a severeapproximation, in that the remaining eletrons on the donor annot relax uponharge transfer, whih is the major assumption in this model. The neglet of usingorretly antisymmetrised wavefuntions also results in the neglet of the exhangeenergy ontribution, although due to the small overlap of the wavefuntions this isexpeted to be only a small orretion).The hamiltonian is written as,
H = T + V D + V A, (B.29)



B.2. One-eletron wavefuntions and harge transfer transitions of D-Anomplexes 167where (T + V D)ϕd = Edϕd and (T + V A)ϕa = Eaϕa. From Eq.s B.1.1-B.1.1 we have,
ϕ′d = ϕd + cdaϕa, (B.30)with,

cda = −Had −HddSad
Haa −Hdd , (B.31)and,

E′d = Hdd − (Had −HddSad)2
Haa −Hdd = Hdd − (Haa −Hdd) c2da. (B.32)Also,

ϕ′a = ϕa + cadϕd, (B.33)with,
cad =

Had −HaaSad
Haa −Hdd , (B.34)and,

E′a = Haa +
(Had −HddSad)2

Haa −Hdd = Haa + (Haa −Hdd) c2ad, (B.35)where from hereon we will always take cjj = 1 (and leave the resultant perturbed wave-funtions slightly unnormalised).Substituting the unperturbed eigenfuntions gives:
Had = 〈ϕa|T + V D + V A |ϕd〉 = Ed 〈ϕa | ϕd〉 + 〈ϕa|V A |ϕd〉

= EdSad + V Aad
= Hda
= 〈ϕd|T + V D + V A |ϕa〉 = Ea 〈ϕa | ϕd〉 + 〈ϕa|V D |ϕd〉
= EaSad + V Dad, (B.36)

Hdd = 〈ϕd|T + V D + V A |ϕd〉 = Ed 〈ϕd | ϕd〉 + 〈ϕd|V A |ϕd〉
= Ed + V Add, (B.37)and,

Haa = 〈ϕa|T + V D + V A |ϕa〉 = Ea 〈ϕa | ϕa〉 + 〈ϕa|V D |ϕa〉
= Ea + V Daa . (B.38)For ϕ′d this gives,

cda = − V Aad − V AddSad
(Ea − Ed) +

(

V Daa − V Add) , (B.39)and,
E′d = Ed + V Add − c2da [(Ea − Ed) +

(

V Daa − V Add)] , (B.40)whilst for ϕ′a,
cad =

V Dda − V DaaSad
(Ea − Ed) +

(

V Daa − V Add) , (B.41)and,
E′a = Ea + V Daa + c2ad [(Ea − Ed) +

(

V Daa − V Add)] . (B.42)For the transition dipole moment we have,
µ′da = 〈ϕ′d|M |ϕ′a〉 = (〈ϕd| + cda 〈ϕa|)M (|ϕa〉 + cad |ϕd〉)

= 〈ϕd|M |ϕa〉 + cda 〈ϕa|M |ϕa〉 + cad 〈ϕd|M |ϕd〉 +O
(

c2
)

≈ µda + cdaµaa + cadµdd
= (µda − Sadµdd) + cda (µaa − µdd) , (B.43)



168 Derivation of theoretial resultsusing cda + cad + Sad = 0. This result represents an important result for harge-transfertransitions between the interating donor and aeptor, whih demonstrates that the �-nite osillator strength for the transition results from two terms, (i) the `ontat' term
(µda − Sadµdd) due to the �nite overlap of the unperturbed donor and aeptor wavefun-tions, and (ii) the `transfer' term cda (µaa − µdd), whih results due to mixing of the donorand aeptor orbitals. Due to the fat that the transfer term e�etively ontains loal tran-sition dipole moments, for appreiable mixing of the donor and aeptor wavefuntions thisterm is expeted to dominate.Assuming that the mixing of the unperturbed orbitals is negligible (due to a large ener-geti separation), then cda ≈ cad ≈ 0 and from Eq.s B.40 and B.42 the energy separationof the two perturbed states is given by,

∆E′da ≈ (Ea − Ed) +
(

V Daa − V Add) . (B.44)This shows that the approximate photon energy for the transition is shifted by two terms,(i) V Daa , i.e. the eletrostati interation of the valene eletron on the aeptor with theoxidised donor (whih will lead to a red-shift of the CT transition), and (ii) V Add, theeletrostati interation of the valene eletron on the donor with the aeptor.In the ase where the ground-state donor and aeptor are both neutral, we have V Add ≈
0, and the transition energy is lowered by V Daa < 0. However, in the ase of a groundstate with neutral-donor and ationi-aeptor, then V Daa ≈ V Add and no signi�ant red-shift results from the interation terms. However, in general, a ationi aeptor will havea greater eletron a�nity, i.e. Ea will generally be lower in energy. Note that inlusion of themixing terms c will in general result in an additional blue-shift of the CT transition (due tothe resulting stabilisation of the donor and destabilisation of the aeptor wavefuntions).B.2.2. Symmetri donor�double-aeptor omplex, A-D-A
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The total hamiltonian an be written,
H = T + V D + V A + V B, (B.45)where (T + V D)ϕd = Edϕd, (T + V A)ϕa = Eaϕa and (T + V B)ϕb = Eaϕb (Eb = Ea).Using the perturbation results for the symmetrised-aeptor basis, for ϕ′d,

cdα = −Hαd −HddSdα
Hαα −Hdd = −2

V A
αd − V AddSdα

(Eα − Ed) +
(

V D
αα − 2V Add) , (B.46)where V Add = V Bdd and V A

αd = V B
αd. From the antisymmetry of φβ it is lear that,

cdβ = 0. (B.47)The orresponding energy is given by,
E′d = Ed + 2V Add − c2dα [(Eα − Ed) +

(

V D
αα − 2V Add)] . (B.48)
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α,

cαd =
Hdα −HααSdα
Hαα −Hdd =

V Ddα − V D
ααSdα

(Eα − Ed) +
(

V D
αα − 2V Add) . (B.49)Again, from symmetry (i.e. V D

βα = 0),
cαβ = 0. (B.50)The orresponding energy is then given by,

E′
α = Eα + V D

αα + c2αd [(Eα − Ed) +
(

V D
αα − 2V Add)] (B.51)For ϕ′

β , from symmetry we have,
cβd = 0, (B.52)
cβα = 0, (B.53)and,

E′
β = Eβ + V D

ββ , (B.54)i.e. the antisymmetri aeptor wavefuntion does not mix with the donor wavefuntion.We now express these relations in terms of the original single aeptor wavefuntionsand energies. We need the following results,
Eα,β =

HABaa ±HABab
1 ± Sab = Ea +

V Baa ± V Bba
1 ± Sab = Ea +

V Baa − V BbaSab
1 − S2ab ± V Bba − V BaaSab

1 − S2ab ,

V A
αd =

1√
2

(

V Aad + V Abd) ,
V B
αd = V A

αd,
Sdα =

1√
2

(Sda + Sdb) =
√

2Sda,
V D

dα =
1√
2

(

V D
da + V D

db

)

,and,
V D
αα =

1

2

(

V Daa + V Dbb + V Dab + V Dba) = V Daa + V Dab.Substitution yields, for ϕ′d,
cdα = −

√
2

(

V Aad + V Abd)− 2V AddSda
(Ea − Ed) +

(

V Baa+V Bba
1+Sab + V Daa + V Dab − 2V Add) (B.55)and,

E′d = Ed + 2V Add − c2dα [(Ea − Ed +
V Baa + V Bba
1 + Sab )+

(

V Daa + V Dab − 2V Add)] . (B.56)For ϕ′
α,

cαd =
√

2
V Dda − (V Daa + V Dab)Sda

(

Ea − Ed +
V Baa+V Bba
1+Sab )+

(

V Daa + V Dab − 2V Add) , (B.57)and,
E′
α = Ea +

V Baa + V Bba
1 + Sab +V Daa +V Dab + c2αd [(Ea − Ed +

V Baa + V Bba
1 + Sab )+

(

V Daa + V Dab − 2V Add)] .(B.58)For ϕ′
β = ϕβ ,

E′
β = Ea +

V Baa − V Bba
1 − Sab + V Daa − V Dab. (B.59)
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Figure B.1.: Non-linear double-aeptor CT omplex.The transition dipole moment for the symmetri aeptor wavefuntion vanishes due tothe antisymmetry of the transition dipole moment operator, i.e.,
µ′dα = 0, (B.60)whereas for the antisymmetri aeptor wavefuntion,

µ′dβ = 〈ϕ′d|M ∣

∣ϕ′
β

〉

= (〈ϕd| + cdα 〈ϕα|)M (|ϕβ〉 + cβα |ϕα〉)
= 〈ϕd|M |ϕβ〉 + cdα 〈ϕα|M |ϕβ〉

=
1√
2
〈ϕd|M |ϕa〉 − 1√

2
〈ϕd|M |ϕb〉 +

1

2
cdα (〈ϕa| + 〈ϕb|)M (|ϕa〉 − |ϕb〉)

=
1√
2

(µda − µdb) +
1

2
cdα (µaa + µba − µab − µbb)

=
√

2µda + cdαµaa. (B.61)
This result exempli�es the situation in a symmetri linear donor�double-aeptor om-plex, i.e. whilst mixing with donor wavefuntion ours only for the symmetri aeptorwavefuntions, the CT transition to this state is forbidden, whilst for the antisymmetriwavefuntion, the opposite situation holds. However, this latter transition an also gainintensity through mixing of the donor and symmetri aeptor wavefuntion due to the�nite transition dipole moment between the symmetri and antisymmetri wavefuntions.We note that if we neglet mixing, then the predited transition dipole between thedonor and antisymmetri aeptor wavefuntion is given by µ′dβ =

√
2µda, and the os-illator strength f ∝

∣

∣µ′dβ∣∣2 for the CT transition is twie that for the single-aeptortransition. The energy separation for eah state, also assuming negligible mixing, is givenby,
∆E′dβ = (Ea − Ed) +

(

V Daa − 2V Add + V Baa)
= (Ea − Ed) +

(

V Daa − V Add)+
(

V Baa − V Add) (B.62)Comparing this result to the single-aeptor ∆E′da (Eq. B.62), we have,
∆E′dβ = ∆E′da +

(

V Baa − V Add) (B.63)For a neutral-donor�neutral-double-aeptor omplex, we have |V Add| & |V Baa| ≈ 0 andwe expet a small blue shift (due to the fat that the donor-aeptor distane is smallerthan the aeptor-aeptor distane). However, for a donor with two ationi aeptors, weexpet muh larger eletrostati interations with |V Add| signi�antly larger than |V Baa| dueto the smaller separation, and a signi�ant blue-shift of the CT transition should result.An important di�erene arises when the A-D-A omplex is not linear, but form an angle
2θ as in Figure B.1. In this ase, the transition dipole moment to the symmetri aeptor



B.3. Solvatohromi shift and broadening of a symmetri harge-transfereletroni transition for a harged-solute 171wavefuntion does not vanish, and the CT transitions to the symmetri and antisymmetriaeptor wavefuntions will vary with cos2(θ) and sin2(θ), respetively [187℄.If we return to the energies of the symmetri (E′
α) and antisymmetri (E′

β) wavefun-tions (Eq.s B.58 and B.59), then negleting mixing these two energies should be separatedby,
∆E′

αβ ≡ E′
α − E′

β =
V Baa + V Bba
1 + Sab − V Baa − V Bba

1 − Sab + 2V Dab = 2
V Bba − SabV Baa

1 − S2ab + 2V Dab. (B.64)B.3. Solvatohromi shift and broadening of a symmetriharge-transfer eletroni transition for a harged-soluteThe following derivation for the expeted solvent shift and broadening of aharge-transfer eletroni transition, using seond-order perturbation theory andsubsequent lassial averaging of the perturbation terms, is based losely on thetreatment in Ref. [48℄. However, in order to treat the ase of a solute with netharge, we need to inlude additional terms arising from ion-dipole interations.Moreover, the lassial averaging is now performed with the dominant ion-dipoleterm in the Boltzmann fator, whih, after retaining only the most dominantterms, leads to a orretion to the result for neutral solute moleules [48℄. It shouldbe noted that the neglet of solvent-solvent interations is quite a signi�antapproximation, although this is approximately aounted for through the use ofthe solvent dieletri properties through the Clausius-Mossotti and Clausius-Debyerelations [48℄ (as opposed to the expliit solvent dipole moments).For a single solute moleule and a set of solvent moleules n, and negleting solvent-solventinterations, we have H = H0 +
∑

n

H0n +
∑

n

Vn where,
Vn = (Vnu−nu)n + (Vel−nu)n + (Vel−el)n

=
∑

I,J

ZIZnJ
|rI − rnJ |

−
∑

i,J

ZnJ
|ri − rnJ |

−
∑

I,j

ZI
|rI − rnj |

+
∑

i,j

1

|ri − rnj |
,

(B.65)and the sum is over all solute/n-th solvent nulei (harge ZI , ZnJ , position rI , rnJ) andeletrons (rI , rnJ). In eah solute/n-th-solvent referene frame where the vetor Rẑn isthe displaement from the moleular entre of 1 to the moleular entre of 2, eah distanean be expressed as in terms of the loal oordinates,
r12 = R

[

1 +
2 (z1 − z2)

R
+

(x1 − x2)
2

+ (y1 − y2)
2
+ (z1 − z2)

2

R2

]
1

2

.Taking an inverse power expansion yields:
1

r12
→ 1

R
+

(z1 − z2)

R2
+

1

R3

(

−1

2

(

x2
1 + x2

2 + y2
1 + y2

2 − 2z2
1 − 2z2

2

)

+ x1x2 + y1y2 − 2z1z2

)

+O

(

1

R4

)(B.66)Now we evaluate eah term in the expansion, V (n)
n .

V (1)
n =

1

Rn





∑

I,J

ZIZnJ −
∑

i,J

ZnJ −
∑

I,j

ZI +
∑

i,j

1





=
1

Rn
(PPn −NPn − PNn +NNn)

=
1

Rn
(P −N) (Pn −Nn)

=
1

Rn
QQn

(B.67)



172 Derivation of theoretial resultswhere P and Pn are the total nulear harge on the solute and n-th solvent, respetively,
N and Nn the orresponding total eletroni harges, and Qx = Px − Nx are the netmoleular harges. This term learly orresponds to the ion-ion ontribution. If one orboth moleules are neutral, V (1)

n = 0.
V (2)
n =

1

R2
n





∑

I,J

ZIZnJ (zI − znJ) −
∑

i,J

ZnJ (zi − znJ) −
∑

I,j

ZI (zI − znj) +
∑

i,j

(zi − znj)





=
1

R2
n



Qn

(

∑

I

ZIzI −
∑

i

zi

)

−Q





∑

J

ZnJznJ −
∑

j

znj







 (B.68)These terms orrespond to ion-dipole interation. For neutral solvent moleules Qn = 0,and,
V (2)
n = − Q

R2
n





∑

J

ZnJznJ −
∑

j

znj



 . (B.69)
V (3)
n = − 1

2R3
n





∑

I,J

ZIZnJ
(

x2
I + x2

nJ + y2
I + y2

nJ − 2z2
I − 2z2

nJ

)

−
∑

i,J

ZnJ
(

x2
i + x2

nJ + y2
i + y2

nJ − 2z2
i − 2z2

nJ

)

−
∑

I,j

ZI
(

x2
I + x2

nj + y2
I + y2

nj − 2z2
I − 2z2

nj

)

+
∑

i,j

(

x2
i + x2

nj + y2
i + y2

nj − 2z2
i − 2z2

nj

)





+
1

R3
n





∑

I,J

ZIZnJ (xIxnJ + yIynJ − 2zIznJ) −
∑

i,J

ZnJ (xixnJ + yiynJ − 2ziznJ)

−
∑

I,j

ZI (xIxnj + yIynj − 2zIznj) +
∑

i,j

(xixnj + yiynj − 2ziznj)





= − 1

2R3
n

[

Qn

{

∑

I

ZI
(

x2
I + y2

I − 2z2
I

)

−
∑

i

(

x2
i + y2

i − 2z2
i

)

}

+Q







∑

J

ZnJ
(

x2
nJ + y2

nJ − 2z2
nJ

)

−
∑

j

(

x2
nj + y2

nj − 2z2
nj

)











+
1

R3
n





∑

I,J

ZIZnJII,nJ −
∑

i,J

ZnJIi,nJ −
∑

I,j

ZIII,nj +
∑

i,j

Ii,nj



 , (B.70)where IA,nB ≡ xAxnB + yAynB − 2zAznB. For Qn = 0,
V (3)
n = − 1

2R3
n

Q





∑

J

ZnJ
(

x2
nJ + y2

nJ − 2z2
nJ

)

−
∑

j

(

x2
nj + y2

nj − 2z2
nj

)





+
1

R3
n





∑

I,J

ZIZnJII,nJ −
∑

i,J

ZnJIi,nJ −
∑

I,j

ZIII,nj +
∑

i,j

Ii,nj





(B.71)Assuming that the spatial distribution of the solvent harge density is small ompared tothe distane between the solvent and solute, we an neglet the remaining ion-quadrupoleterm:
V (3)
n → 1

R3
n





∑

I,J

ZIZnJII,nJ −
∑

i,J

ZnJIi,nJ −
∑

I,j

ZIII,nj +
∑

i,j

Ii,nj



 (B.72)



B.3. Solvatohromi shift and broadening of a symmetri harge-transfereletroni transition for a harged-solute 173We introdue the dipole operators,
M =

∑

I

ZIrI −
∑

i

riand
Mn =

∑

J

ZnJrnJ −
∑

j

rnj .If we de�ne the matrix: Tn = I − 3knk
T
n (where kn is the unit vetor along the zn-axis),then we an rewrite Eq.s B.69 and B.72 as,

V (2)
n = − Q

R2
n

kn ·Mn, (B.73)and,
V (3)
n =

1

R3
n

M · Tn ·Mn. (B.74)These are the two interation terms we employ in the following seond-order perturbationtheory.We take a ground state eletroni wavefuntion of the form Ψg =

(

∏

n

ϕng)·ψg, where ψgand ϕng refer to the isolated solute and n-th solvent moleule, respetively. The interationHamiltonian term for all solvent moleules is given by
V =

∑

n

Vn =
∑

n

1

R3
n

M · Tn ·Mn −Q
∑

n

1

R2
n

kn ·Mn (B.75)The only exited wavefuntions that will ontribute to the energy perturbation (to se-ond order), involve at most one solvent exitation, i.e. we need onsider only the eletroniwavefuntions,
Ψ′e =

(

∏

n

ϕng) ·ψe, Ψ′′
ep =





∏

n6=p
ϕng ·ϕpe ·ψg, and, Ψ′′′e p =





∏

j 6=p
ϕjg ·ϕpe ·ψe.The last of these (involving both exited solvent and solute) leads to a dispersion term,whih should be far smaller than the ion-dipole and dipole-dipole terms, and will benegleted.The �rst-order orretion to the ground state energy is given by,

∆E(1)g = 〈Ψg|V |Ψg〉 = γ
∑

n

1

R3
n

〈

ϕngψg∣∣M ·Tn · Mn
∣

∣ϕngψg〉−γQ∑
n

1

R2
n

〈

ϕngψg∣∣kn · Mn
∣

∣ϕngψg〉(B.76)Introduing µg = 〈ψg|M |ψg〉 , and µng =
〈

ϕng ∣∣Mn
∣

∣ϕng 〉, we an rewrite this as,
∆E(1)g = γ

∑

n

1

R3
n

µg · Tn · µng − γQ
∑

n

1

R2
n

kn · µng (B.77)The seond order orretions are given by
∆E(2)g = −

∑e |〈Ψg|V |Ψe〉|2
Ee − Eg ,



174 Derivation of theoretial resultswhere the sum is over all the exited states above. For Ψ′e,
∆E′(2)g = −

∑e |〈Ψg|V |Ψ′e〉|2
Ee − Eg = −

∑e ∣

∣

∣

∣

∣

〈(

∏

i

ϕig) · ψg∣∣∣
∣

∑

j

Vj

∣

∣

∣

∣

(

∏

i

ϕig) · ψe〉∣∣∣∣
∣

2

εe − εg
= −

∑e ∑j,k 〈ϕjgψg∣∣Vj ∣∣ϕjgψe〉 〈ϕkgψe∣∣Vk ∣∣ϕkgψg〉εe − εg
= −γ2

∑e ∑j,k 1

R3
j

1

R3
k

〈

ϕjgψg∣∣M ·Tj · Mj −QRjkj · Mj
∣

∣ϕjgψe〉 〈ϕkgψe∣∣M ·Tk · Mk −QRkkk ·Mk
∣

∣ϕkgψg〉
εe − εg

= −γ2
∑e ∑j,k 1

R3
j

1

R3
k

〈

ϕjg∣∣Mj
∣

∣ϕjg〉 ·Tj ·
〈ψg|M |ψe〉 〈ψg|M |ψe〉

εe − εg ·Tk ·
〈

ϕkg∣∣Mk
∣

∣ϕkg〉
= −1

2
γ2
∑e ∑j,k 1

R3
j

1

R3
k

〈

ϕjg∣∣Mj
∣

∣ϕjg〉 · Tj · αg ·Tk ·
〈

ϕkg∣∣Mk
∣

∣ϕkg〉 , (B.78)where αg = 2
∑e 〈ψg|M|ψe〉〈ψe|M|ψg〉

εe−εg . For Ψ′′pe ,
∆E′′(2)pg = −

∑e |〈Ψg|V |Ψ′′pe 〉|2
Epe − Epg = −

∑e ∣

∣

∣

∣

∣

〈(

∏

i

ϕig) · ψg∣∣∣
∣

∑

j

Vj

∣

∣

∣

∣

∣

(

∏

i6=p
ϕig) · ϕpe · ψg〉∣∣∣∣

∣

2

εpe − εpg
= −

∑e ∣

∣

∣

∣

∣

〈(

∏

i

ϕig) · ψg∣∣∣
∣

Vp

∣

∣

∣

∣

∣

(

∏

i6=p
ϕig) · ϕpe · ψg〉∣∣∣∣

∣

2

εpe − εpg
= −

∑e ∣

∣

∣

∣

∣

〈(

∏

i

ϕig) · ψg∣∣∣
∣

γ 1
R3

p
M ·Tp · Mp − γ Q

R2
p
kp ·Mp

∣

∣

∣

∣

∣

(

∏

i6=p
ϕig) · ϕpe · ψg〉∣∣∣∣

∣

2

εpe − εpg
= −γ2

∑e 1

R6
p

∣

∣

〈

ϕpg · ψg∣∣M ·Tp ·Mp −QRpkp ·Mp |ϕpe · ψg〉∣∣2
εpe − εpg

= −γ2
∑e 1

R6
p

〈ϕpe · ψg|M ·Tp · Mp −QRpkp ·Mp
∣

∣ϕpg · ψg〉 〈ϕpg · ψg∣∣Mp ·Tp ·M −QRpM
p · kp |ϕpe · ψg〉

εpe − εpg
= −γ2

∑e 1

R6
p

〈ϕe · ψg|M · Tp ·Mp
∣

∣ϕpg · ψg〉 〈ϕpg · ψg∣∣Mp ·Tp ·M |ϕpe · ψg〉
εpe − εpg

+ γ2Q
∑e 1

R5
p

〈ϕpe · ψg|M ·Tp · Mp
∣

∣ϕpg · ψg〉 〈ϕpg · ψg∣∣Mp · kp |ϕpe · ψg〉
εpe − εpg

+ γ2Q
∑e 1

R5
p

〈ϕpe · ψg|kp ·Mp
∣

∣ϕpg · ψg〉 〈ϕpg · ψg∣∣Mp ·Tp ·M |ϕpe · ψg〉
εpe − εpg

− γ2Q2
∑e 1

R4
p

〈ϕpe · ψg|kp ·Mp
∣

∣ϕpg · ψg〉 〈ϕpg · ψg∣∣Mp · kp |·ϕpe · ψg〉
εpe − εpg , (B.79)



B.3. Solvatohromi shift and broadening of a symmetri harge-transfereletroni transition for a harged-solute 175or,
∆E′′(2)pg = −γ2

∑e 1

R6
j

〈ψg|M |ψg〉 ·Tp ·
〈ϕpe |Mp

∣

∣ϕpg〉 〈ϕpg∣∣Mp |ϕpe〉
εpe − εpg ·Tp · 〈ψg|M |ψg〉

+ γ2Q
∑e 1

R5
p

〈ψg|M |ψg〉 ·Tp ·
〈ϕpe |Mp

∣

∣ϕpg〉 〈ϕpg∣∣Mp |ϕpe〉
εpe − εpg · kp

+ γ2Q
∑e 1

R5
p

kp ·
〈ϕpe |Mp

∣

∣ϕpg〉 〈ϕpg∣∣Mp |ϕpe〉
εpe − εpg ·Tp · 〈ψg|M |ψg〉

− γ2Q2
∑e 1

R4
p

kp ·
〈ϕpe |Mp

∣

∣ϕpg〉 〈ϕpg∣∣Mp |ϕpe〉
εpe − εpg · kp

= −γ2 1

R6
p

µg · Tp · αpg ·Tp · µg + γ2Q
1

R5
p

µg ·Tp · αpg · kp + γ2Q
1

R5
p

kp · αpg ·Tp · µg
− γ2Q2 1

R4
p

kp · αpg · kp, (B.80)where αpg = 2
∑e 〈ϕpg|Mp|ϕpe 〉〈ϕpe |Mk|ϕpg〉

ε
pe−εpg . Summing over all solvent moleules,

∆E′′(2)g =
∑

j

∆E′′(2)jg
= −1

2
γ2
∑

j

1

R6
j

µg ·Tj · αjg · Tj · µg + γ2Q
1

R5
j

µg ·Tj · αjg · kjγ2Q
1

R5
j

kj · αjg ·Tj · µg
− γ2Q2 1

R4
j

kj · αjg · kj . (B.81)Putting together all the perturbation terms we have,
∆Eg = ∆E(1)g + ∆E′(2)g + ∆E′′(2)g
= γ

∑

j

1

R3
j

µg · Tj · µjg − 1

2
γ2
∑

j,k

1

R3
jR

3
k

µjg ·Tj · αg ·Tk · µkg − 1

2
γ2
∑

j

1

R6
j

µg ·Tj · αjg · Tj · µg
− γQ

∑

j

1

R2
j

k · µjg +
1

2
γ2Q

∑

j

1

R5
j

µg · Tj · αjg · k +
1

2
γ2Q

∑

j

1

R5
j

k · αjg ·Tj · µg
− 1

2
γ2Q2

∑

j

1

R4
j

k · αjg · k. (B.82)For the solute exited state, we will assume that solute dipole moment hanges dominateand take αg ≈ αe. Thus, writing the di�erene in solvation energies of the ground andexited state∆Ee-g ≡ ∆Ee − ∆Eg , we have,
∆Ee-g =

(

∆Ed-de + ∆Ed-ide )

−
(

∆Ed-dg + ∆Ed-idg )

, (B.83)where ∆Ed-dg = γ
∑

j

1
R3

j

µg · Tj · µjg and ∆Ed-idg = −γQ∑
j

1
R2

j

k · µjg .We now arry out a lassial Boltzmann averaging of these terms to get the expetedensemble average 〈∆Ee-g〉. For eah energy term (i.e. eah solute-solvent pair), we need toevaluate the expression,
〈

(

∆Eng )j〉 =
1

Zj

∫

pj

dpj (∆Eng )j exp
(

−(∆Eg)j/kT), (B.84)where,
∫

pj

dpj ≡ π
∫

Θ=0

2π
∫

Φ=0

π
∫

θj=0

2π
∫

ϕj=0

dΘ dΦ dθjdϕj sin Θ sin θj , (B.85)
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Zj =

∫

pj

dpj exp
(

−(∆Eg)j/kT). (B.86)For a harged solute, we expet that the ion-dipole interation ∆Ei-dg will be dominant,and hene use (∆Eg)j ≈ (∆Ei-dg )j in the Boltzmann fator. If, however, this expetationvalue vanishes, then we inlude the next most signi�ant dipole-dipole term, (∆Eg)j ≈
(

∆Ei-dg )j +
(

∆Ed-dg )

j
.In terms of spherial polar oordinates, with
µg =

[

sin Θ cosΦ, sinΘ sin Φ, cosΘ
]T
, (B.87)we have,

(

∆Ed-dg )

j
=

γ

R3
j

µg·Tj ·µjg =
γ

R3
j

µgµjg (cosϕj sin θj cosΦ sinΘ + sinϕj sin θj sin Φ sinΘ − 2 cos θj cosΘ) ,(B.88)and, (∆Ei - dg )

j
= −γ Q

R2

j

k · µjg = −γQµjg 1
R2

j

cos θj , and the appropriate Boltzmann fatoris then given by,
exp

[

− 1

kT

(

∆Ei-dg )j] = exp

(

γ
Q

kT
µjg 1

R2
j

cos θj

)

≡ exp (Aj cos θj) , (B.89)with Aj ≡ γ Q
kT
µjg 1

R2

j

, or, if this result vanishes,
exp

[

− 1

kT

{

(

∆Ei-dg )j +
(

∆Ed-dg )

j

}

]

≈ exp

(

− 1

kT

(

∆Ei-dg )j)[1 − 1

kT

(

∆Ed-dg )

j

]

= exp (Aj cos θj)

[

1 − 1

kT

γ

R3
j

µgµjg (cosϕj sin θj cosΦ sinΘ + sinϕj sin θj sin Φ sinΘ − 2 cos θj cosΘ)

]

.(B.90)For 〈(∆Ed-dg )

j

〉 the averaging with only (∆Ei-dg )j vanishes. Thus we take,
〈

(

∆Ed-dg )

j

〉

=
1

Zj

∫

pj

dpj (∆Ed-dg )

j
exp

(

1

kT

(

∆Ei-dg )j)[1 − 1

kT

(

∆Ed-dg )

j

]

= − 1

kTZj

∫

pj

dpj (∆Ed-dg )2

j
exp (Aj cos θj)

= −2

3

γ2

kT

(

µgµjg)2 1

R6
j

[

2 − 3

Aj
L (Aj)

]

,

(B.91)
where L (Aj) ≡ coth (Aj) − 1

Aj
is the Langevin funtion.For 〈(∆Ed-idg )

j

〉,
〈

(

∆Ed-idg )

j

〉

=
1

Zj

∫

pj

dpj (∆Ed - idg )

j
exp (Aj cos θj) = γ2 (µg)2 αjg 1

R6
j

(B.92)For the exited state, from the Frank-Condon priniple, we retain the ground stateenergies in the Boltzmann fators, due to the fat that the solvent annot reorient onthe time sale of the absorption proess. In general, we an write the solute exited statedipole as,
µe = µe



(

µe · µg)
µeµg µg

µg + µe [1 −
(

µe · µg
µeµg )2

]
1

2

(cosαr⊥ + sinαr′⊥)







(B.93)
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[

cosΘ cosΦ, cosΘ sinΦ, − sin θ
]T and r′⊥ =

[

− sinΦ, cosΦ, 0
]T
.Hene,

µe = µe  sin Θ cosΦ cos δ + sin δ (cosΘ cosΦ cosα− sinΦ sinα)
sin Θ sinΦ cos δ + sin δ (cosΘ sinΦ cosα+ cosΦ sinα)

cosΘ cos δ + sin δ (− sinΘ cosα)



 , (B.94)where δ is the angle between µg and µe. Then,
〈

(

∆Ed-de )

j

〉

=
1

Zj

∫

pj

dpj (∆Ed-de )

j
exp

(

− 1

kT

(

∆Ei - dg )

j

)[

1 − 1

kT

(

∆Ed-dg )

j

]

= − 1

kTZj

∫

pj

dpj (∆Ed-de )

j

(

∆Ed-dg )

j
exp

(

− 1

kT

(

∆Ei-dg )j)
= −2

3

1

kT

γ2

R6
j

µg · µe (µjg)2 [2 − 3

Aj
L (Aj)

]

,

(B.95)
and,

〈

(

∆Ed-ide )

j

〉

=
1

Z

∫

p

dp (∆Ed-ide )

j
exp (Aj cosΘ) = −γ2 (µe)2 αjg 1

R6
j

. (B.96)Combining these results, and taking idential solvent moleules, µjg = µsg , αjg = αsg,
〈∆Ee-g〉 = −2

3

γ2

kT
µg · (µe − µg) (µsg)2∑

j

1

R6
j

[

2 − 3

Aj
L (Aj)

]

− γ2
(

µ2e − µ2g)αg∑
j

1

R6
j

.(B.97)Note that for Q → 0 , Aj → 0
[

2 − 3
Aj
L (Aj)

]

→ 1. We introdue the moleular den-sity, ns = NAρ
M

, and take the ontinuum limit, i.e. ∑
j

f (Rj) → 4πn
∞
∫

a

dr r2 f (r). Putting
A (Rj) = γQ

µsg
kT

1
R2

j

≡ B
R2

j

, where B ≡ γQ
µsg
kT

, we have,
∑

j

1

R6
j

[

2 − 3

Aj
L (Aj)

]

→ 4πns ∞
∫

a

dr
1

r4

[

2 +
3r4

B2

(

1 − B

r2
coth

(

B

r2

))]

=
4π

3

ns
a3







3a3

∞
∫

a

dr
1

r4

[

2 +
3r4

B2

(

1 − B

r2
coth

(

B

r2

))]







≡ 4π

3

ns
a3

Ξ (a,B) ,

(B.98)
where we de�ne the integral funtion,

Ξ (a,B) = 3a3

∞
∫

a

dr 1

r4

[

2 +
3r4

B2

(

1 − B

r2
coth

(

B

r2

))]

= 3

(

a√
B

)3 ∞
∫

a/
√
B

dx 1

x4

[

2 + 3x4

(

1 − 1

x2
coth

(

1

x2

))]

= Ξ

(

a√
B

)

.

(B.99)Moreover,
∑

j

1

R6
j

→ n

∞
∫

r=a

∫

θ

∫

ϕ

dr dθ dϕr2 sin θr−6 = n

∞
∫

r=a

dr r−4

∫

θ

dθ sin θ

∫

ϕ

dϕ =
4π

3

ns
a3(B.100)
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〈∆Ee-g〉 = −2γ

a3
Ξ

(

a√
B

)

µg · (µe − µg) ns3ε0

(

µsg)2
3kT

− γ

a3

(

µ2e − µ2g) ns3ε0
αsg (B.101)Using the Clausius-Debye equation [48℄

ns
3ε0

(

(

µsg)2
3kT

+ αs) =
εs − 1

εs + 2
≡ ϕ (εs)and the Clausius-Mossotti equation,

ns
3ε0

αsg =
n2 − 1

n2 + 2
≡ ϕ

(

n2
)

,where,
ϕ (x) ≡ x− 1

x+ 2
, (B.102)then,

〈∆Ee-g〉 = −2γ

a3
Ξ

(

a√
B

)

µg ·(µe − µg) (ϕ (εs) − ϕ
(

n2
))

− γ

a3

(

µ2e − µ2g)ϕ (n2
)

. (B.103)If we now assume the speial ase of a symmetri displaement of harge about themoleular entre, we impose an origin of oordinates suh that µe = −µg = 1
2∆µ, then,

∆Esolv ≡ 〈∆Ee-g〉 =
γ

a3
Ξ

(

a√
B

)

(∆µ)
2 (
ϕ (εs) − ϕ

(

n2
))

. (B.104)For the expeted orresponding solvent-indued bandwidth, we need to evaluate, σ2e-g =
〈

∆E2e-g〉− 〈∆Ee-g〉2. For the �rst term, we perform the following expansion and arry outlassial averaging as above.
∆E2e-g =









∑

j

(

∆Ed-de )

j
+
∑

j

(

∆Ed-ide )

j



−





∑

j

(

∆Ed-dg )

j
+
∑

j

(

∆Ed-idg )

j









2

=
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(

∆Ed-de )

j





2

+
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j

(

∆Ed-ide )

j





2

+
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(

∆Ed-dg )

j
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+
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(

∆Ed-idg )

j
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=





∑

j

∑

k

(

∆Ed-de )

j

(

∆Ed-de )
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+
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j

∑

k

(

∆Ed-ide )
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(

∆Ed-ide )
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+





∑

j

∑

k

(

∆Ed-dg )

j

(

∆Ed-dg )

k



+





∑

j

∑

k

(

∆Ed-idg )

j

(

∆Ed-idg )

k





+ 2
∑

j

∑

k

(

∆Ed-de )

j

(

∆Ed-ide )

k
− 2

∑

j

∑

k

(

∆Ed-de )

j

(

∆Ed-dg )

k
− 2

∑

j

∑

k

(

∆Ed-de )

j

(

∆Ed-idg )

k

− 2
∑

j

∑

k

(

∆Ed-ide )

j

(

∆Ed-dg )

k
− 2

∑

j

∑

k

(

∆Ed-ide )

j

(

∆Ed-idg )

k
+
∑

j

∑

k

(

∆Ed-dg )

j

(

∆Ed-idg )

k
.(B.105)The following dominant terms are,

〈

∑

j

∑

k

(

∆Ed-de )

j

(

∆Ed-de )

k

〉

=
2

3
γ2µ2eµ2s ∑

j

1

R6
j

(

2 − 3

Aj
L (Aj)

)

,

〈

∑

j

∑

k

(

∆Ed-dg )

j

(

∆Ed-dg )

k

〉

=
2

3
γ2µ2gµ2s ∑

j

1

R6
j

(

2 − 3

Aj
L (Aj)

)

,
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〈

∑

j

∑

k

(

∆Ed-de )

j

(

∆Ed-dg )

k

〉

=
2

3
γ2
(

µg · µe)µ2s ∑
j

1

R6
j

(

2 − 3

Aj
L (Aj)

)

,so that,
〈

∆E2e - g〉→ 2

3
γ2
(

µ2g + µ2e − 2µg · µe)µ2s ∑
j

1

R6
j

(

2 − 3

Aj
L (Aj)

)

=
2

3
γ2
∣

∣µg − µe∣∣2 µ2s ∑
j

1

R6
j

(

2 − 3

Aj
L (Aj)

)

.

(B.106)One again, swithing to a ontinuum, with, A (Rj) = γQ
µsg
kT

1
R2

j

≡ B
R2

j

, B ≡ γQ
µsg
kT

wehave as before, ∑
j

1
R6

j

[

2 − 3
Aj
L (Aj)

]

→ 4π
3
ns
a3 Ξ (a,B), and,

〈

∆E2e-g〉 =
2

3

γ

a3
Ξ

(

a√
B

)

∣

∣µg − µe∣∣2( ns
3ε0

)

µ2s . (B.107)Given that all terms in 〈∆Ee-g〉2 depend on higher orders of (1/a3
) we have,

σ2e-g ≈
〈

∆E2e-g〉 =
2

3

γ

a3
Ξ

(

a√
B

)

∣

∣µg − µe∣∣2( ns
3ε0

)

µ2s =
2

3

γ

a3
Ξ

(

a√
B

)

(∆µ)
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C. Auxiliary results from theoretial (TD-)DFTalulations Crystal struture Theoretialstruture
[1A]PF6 [1]+(H)Bond lengths (Å)B-C(11) 1.592 1.573B-N(21) 1.613 1.596B-N(31) 1.580 1.579N(21)-C(26) 1.360 1.351N(31)-C(36) 1.352 1.355C(26)-C(36) 1.457 1.459Bond angles (◦)N(21)-B-N(31) 94.9 95.5B-N(21)-C(26) 112.5 112.8B-N(31)-C(36) 113.8 113.1N(21)-C(26)-C(36) 109.2 109.2N(31)-C(36)-C(26) 109.4 109.3Dihedrals (◦)C(25)-C(26)-C(36)-C(35) -2.2 +0.4C(1)-B-C(11)-C(12) 39.7 34.9Table C.1.: Comparison of seleted bond lengths, angles and dihedrals from (a)X-ray di�ratometry struture determination of [1A]PF6 and (b) the-oretial struture for prototype [1]+(H) from DFT alulations.
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182 Auxiliary results from theoretial (TD-)DFT alulations
Transition Coe�. HOMO LUMO λ (nm) E (eV) EHOMO−LUMO f1 0.70 [0℄ → [0℄ 1058 1.17 1.66 0.00062 0.70 [-1℄ → [0℄ 1029 1.20 1.69 0.00283 0.70 [-2℄ → [0℄ 699 2.01 2.67 0.00844 0.68 [0℄ → [+1℄ 598 2.07 2.64 0.0004-0.13 [0℄ → [+2℄0.12 [-1℄ → [+1℄5 0.68 [-1℄ → [+1℄ 589 2.10 2.67 0.0031-0.13 [-1℄ → [+2℄-0.12 [0℄ → [+2℄6 0.66 [0℄ → [+2℄ 548 2.26 2.94 0.00130.15 [0℄ → [+4℄-0.12 [-1℄ → [+5℄0.11 [0℄ → [+2℄7 0.64 [-1℄ → [+2℄ 543 2.28 3.12 0.00040.17 [-1℄ → [+4℄0.15 [0℄ → [+5℄-0.11 [-1℄ → [+6℄0.10 [-1℄ → [+1℄8 0.41 [0℄ → [+5℄ 516 2.40 5.11 0.00020.38 [-1℄ → [+4℄-0.26 [-1℄ → [+2℄-0.24 [-1℄ → [+6℄-0.19 [0℄ → [+4℄0.12 [-1℄ → [+5℄9 0.51 [-3℄ → [0℄ 499 2.48 2.97 0.00130.47 [-4℄ → [0℄0.11 [-5℄ → [0℄10 0.51 [-4℄ → [0℄ 492 2.52 2.96 0.0003-0.48 [-3℄ → [0℄Table C.2.: Calulated lowest-energy eletroni transitions for [1]+(H) from TD-DFT alulations.
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