ABSTRACT

GOGGINS ERIC MICHAEL. Lengthening Charge Transfer Excited State LifetimeSirst
Row Transition MetalComplexes(Under the direction ddr. Walter Weare

Solarto-fuel researchrequirescharge transfer chromophores with lifetimes long
enough to facilitate the photocatalytic production of fuglse research presentéd this
thesisis basedn d° titanium chromophores that have lofiged charge transfer eited state
lifetimes ranging from microseconds to milliseconds in solution and at room tempehature.
order to understand the mechanism of this {liwmed excited statethe specificnature of the
relaxationprocessvas explored using various spectroscopic and electrochemical techniques.
Experiments show that symmetry forbidden electron relaxation and large conformational
rearrangements play a large role in the decay mechanidmse titaniurrbased
chromophores wengsed to synthesizeeterobimetallic systemgvhichwere therexplored to
probeheterobimetallicharge transfer dynamick was found that in thesystems, a ligand
to-metal charge transfeLCT) induced netatto-ligand charge transféMLCT) is present
which in the case of bimetallic complexes results in a net fteetaktal charge transfer
(MMCT). The charge separated state cansame casesallow accesgo spin forbidden
relaxation mechanismendextendexcited statdifetimes. The effect thatuning of donor and

acceptor energetics has on the resukingted state lifetimearealso examined
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1 Chapter 1: Introduction
1.1 Solar Fuels as an Energy Alternative

In order preserve our planet, greibes should be made to ensdhat energy
sources that are minimally deleterious to our environment yet economically viable on the
global scalare increasinglysed By 205Q an estimated 20 TW of clean renewable energy
wi || be needed to satisfy tsticelimateochdngtasithe ner gy
associated economic tribulatich§he use of sun and water pose little apparent harm to the
environment as potential energy sources and their supply is virtually endless. 170000 TW of
solar radiati on sveryday soitis feasibte rmmdassanoughsadan r f a c e

energyto meet our needsven withdeploymenbf low-efficiency solatechnologie$

1.2 The Disciplines of Solar Energy Research

There are two main divisions sblar energy; @nversion of solar radiaticio
electricity and conversion of solar radiation to fuels. Solar radiation to electricity conversion
initially involves the generation of electrbiole pairs (excitons) by the absorption of light on
a semiconductofpllowed byseparation of charge camseand theise of theseharge
carriersthrough a circuito generate currenPhotovoltaic cells are thgrototypical device
for solar radiation to electricitgpplications’ In contrast, slar radiation to fuel conversion
can be broken down into fosteps; Light absorption, charge separation, electron transfer to a

fuel formingcatalyst, and energy storatjgough the formation of fuel molecules



What makes solar energy to fuel conversion an area of great imtettestontextof
green energy reaech isapractical challenge posed bglar electricitythe electricity must
be useds it is createdr it is lost This createaneed for energy storageethods Use of
batteries can sometimes be a viable option, but when the power demands ofdée devi
increase, then so does the need for a laagémeaviebattery. Because of the low energy
density associated with batteries (about 0.1 to 0.5 MJ/ kg), extremely large batteries would be
required f@ more energy intensive devices, such as freightgrainich can limit the
economic viability of electrical powel he use of liquid fus for energy storage solves this
energy density problenTheenergy density of petroleum+60 MJ/kg and the energy
density of clean burning Hs even higher (140 MJ/kgdhus the process of water splitting
(2H,0 Y 80 usingartificial photosynthesis can provide an abundantyglaad high
energy density fuellThe origin ofthe innately higher energy densdayliquid fuelsin respect
to batteriediesin the fact tlat batteries store thestectrochemical potentiaithin ionic
interactions, whereas fuels store tred@ctrochemical potentiafithin covalent chemical
bonds. Since covalent bonds occupy much less space than purely ionic interactions, higher

energy derisies can be obtainet

Dye-sensitized solar cells (DSSCsjiten called Gréatzel cellsyere among the first

devices made that formedbridge between solar electricity and solar fu€igigre 1.1).
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Figure 1.1.General diagram of a dygensitizedsolar cell. Light absrption by the sensitizer (dgads to the
formation of an excited state sensitizer (S*) and electron injection into the conduction band of a semiconductor
oxide film (TiO,). The dye molecule regains its lost electron from a saalifedectron donor (redox mediator).
The sacrificial electron donor then regains its electron by the current generated from the semiconductor. The
energy levels drawn match the redox potentials of Rugtsgyjsitizer ground state and the iodide/triiodide
couple. Figure adopted from GrétZel.

In a Gréatzel cell, light is absorbed by a dyath the electron being promoted to a dye
centeredexcited state. A sacrificial electron donor (lodide) can tmgect an electron into
the dye. e initially excited eletronis then transferretb the conduction band of TiOThe
electronpopulation of the conduction band then be usedlg@atrochemicallyreplenishthe
electrons ofthe sacrificial electron donprcreating an overall current in the system

Conceptually, fi water is thesacrificial electron donom a DSSC system, overallater

splitting chemistry caroccur Current slar-convesion efficiencies(percentge of power



output over power input for theystem) for DSSCs lie at about 11&though modifications
can lead to higher efficienciewjth the current efficiency record of 20.1 &6hievedhrough
perovskite based cells.Although dyebase solar cells seem promising, inorganic
semiconductorsare more likelythe feasible approacho provide the necessaryredox

potentialsfor oxidizing water and reducirgrotons to form hydrogeh.

1.3 Natural vs. Atrtificial Photosynthesis

In plants, the process of photosynthesis can be divided into the water oxidation half
reaction (2HO Y " 4@+ 4€) and the CQreduction half reaction (COr 4€ + 4H" Y
Y6 CeH1206 [glucose] + HO). Both of these processes are thermodynamically uphill (1.23 V
plus overpotential for water oxidation) so the energy fsotar radiation is utilizetb drive
the chemistry. For waterxidation light absorption is achieved from pigments, such as
chlorophyll. After light absorption, charge separation is achieved through an electron
transport chain that ultimately reduagsotinamide adenine dinucleotide phosph®&aDP)
into NADPH. Ttre catalyst needed to drive water oxidat®theoxygen evolving catgbt
(OEC) found in photosystem Il, which has a stoichiometi@ai¥in,O,. The OEC water
oxidation process isneoverallfour electroffour protonprocess, with thelectronsbeing
used to reduce NADH he potons formed during the water oxidation procassised to
generate a proton gradient that ultimately is usédrta ATP? Natural and artificial
photosynthesis vary in several aspects. The plant pigments, chlorophyll aadnsdb,
mainly red and blue light. Artificial photoelectrochemical systems aim to use light absorbers
that absorb a broader range of light. In chloroplasts, the electron transport chain involved in
charge separation consists of several incremental redsaicer relatively long distances

before the final product is forme#igure 1.2). In artificial photosynthesis, charge separation



may occur in one step over a short distance; because of this, charge recombination is

more probable in artificial photosyrgsis,potentiallymaking it less efficienper absorbed
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Figure 1.2 Charge carrier proces$ photosynthesis referred to as thecheme. The two photosystems, PSI

and PSII and their components which are involved in plant photosynthesis. The electron transport chains are a
series of electronic energy transfers that ultimately lead to electnasfér. The reduction potentials are vs.

NHE. The arrows correspond to electron movement. Figure adoptedFfoomm and Hargrove.

The catalysts used in artificial synthesis are not enzymatic like in photosystem Il, but are
often inorganic, in part due theirlong-termstability over organic catalysts. These catalysts
can be heterogeneous transition metal oxides or homogeneous organometallic complexes. It

is very common to see catalysts capable of performing several steps of artificial

photosystems unialecularly, such as Ru(bpyand its derivatives, which habeenshown



to be capable of light absorption, charge separation and catilysifortunately ruthenium
is the 4" most expensive metal on the periodic table so there is as need to find more
ecanomical catalysts that are capable of scalable and efficient water splitting chémistry.
Yin and coworkers have@balt based polyoxometallate (POater oxidation catalyst
which possess inexpensive transition metals, operates under ambient conddioagesa
desirableturnover number (TON) of ~£0? Artificial photosynthesis was eloquently
demonstrated with and without a circuit connecting both photoelectrodes by Reece and
coworkers using earth abundant materilater oxidation is achieved by the use cbhalt
co-catalyst (hich structurally resemblébe Mn based OEC) that self assembles and a
silicon semconductor in a buffer solutionydrogen gas is made byNaMoZn alloy on a
silicon surfae. These systenachieved solato-fuel energyefficiencies of 2.5 % (wireless)
ard 4.7 % (wired) when driven Ispolar cels of 6.2 % and 7.7 % ligkib-electricity

efficiency, respectively® Systems where £and H are produced in tandem are beneficial
because it avoidsomplications such as proton accumulation, which can hinder the efficiency
of integratedsolar device. Although Q and H are not separated, the authors claim that H

gas can be easily harnessed as a fuel with they@oduct being of little consequence.

1.4  Electron Transfer: Marcus Theory

Understanding the process of electron transfer is vital in the design of photosynthetic
systems, where efficient charge transfer is needed. In orgedethe presented research in
its appropriate context, an overvi@ivelectron transfer theory will be presented. By
definition, electron transfer involves the movement of an electron from one chemical species
to andher, with the oxidation stat# bothspecies changing he wo main classes of

electron transfer are outephere and innesphere electron transfer. These two classes differ



by whether the two chemical species share a common atom or group in the case of inner
sphere electron transfer or if they lack a common atom or group, which is the case for outer
sphereelectron transfer. By this definition, inngphere electron transfer involves strong
interactions between the relevant electronic orbitals and-epk&re electron transfer lacks
strong orbital interactions. The research presented in this documenesvahersphere
electron transfer, but due to several overlapping concepts, both will be discusséd here.
Marcus theory is the most accepted theory for the general nature of electron transfer,
and follows the assumption that Fra@kndon principle mugie obeyed; meaning the
movement of electrons is substantially faster than the movement of atomic Rigeles. 1.3
shows the general steps of outer and kspdrere electron transfer. During the first step of
electron transfer a precursor complex is fadmeith no real bonds being formed in the

outersphere case and the distance between the two chemical species remaining

approximately the same

A+B == A|B (la)] AX+B(H,0) === AXB+H0 (lb)

A|B <—= [A|B]* (23) AXB <=  [axB}x (P
[A || B =—= A'||BJr (3a) [AXB]* _— AXB" (3b)

A ||B" =—= A +B" (2 AXB"+H,0 == A(H,0) +BX" (4b)
Figure 1.3 The steps of electron transfer for the otgehere (agnd thennersphere (b) case as described by
Sutin®

(1a). In the innesphere case the opposite occurs where a bond is formed either through
substitution or addition (1b). The second step involves reorganization of the precursor

complex into an activated spes and the inner coordination shell and polarization of the

surrounding medium adjust in size according to the activated complex (2). Electron transfer



occurs during the later end of the @ed step, with the third step involvingactivation of
the activated complex (3). If electron transismot successfuteactivation of the activated
complex will lead to the precursor compléikelectron transfer was successfigactivation

will lead to a new charge transfer product. In some cases dissociatzan(dga fourth step,

but is not requiredbr electron transfer.

The rate of electron transfer can be expressed by the following Arrhenius equation.

T \ ) N
Q non 7 Equation 1.1

Where p is unity when the process is adiabatic and less than unity when the process is

nonadiabatic, Zistheo |l | i si on frequency between two unc

is the free energy of activation, T is the temperature, and R is the ideal gas cdnstant.

Reactants Products

Potental Energy

qO,r qrp qO,p

Nuclear Coordinates

Figure 1.4. Potential energy diagram of the overlapping ptétenergy surfaces of a set of reactants and its
redox pr dldthecenesgy requinp@to overcome the barrier for electron transfer. Electron timnsfer

most probable atgwhere H is largest at the intersection.



Now let us explorewhdt act or s m& The élestson transfer popeass can be
thought of in terms of potential energy vs. nuclear coordinates where two potential energy
surfaces, one the reactants and the other the protdagtsharmonic oscillator behavior.
Homogenous anditionsareassumed.If the distance between the reacting species is small
the two potential energy surfaces can intersect as séegure 1.4. In the presence of
strong electroie interactions the system will follow the lower potential energy casve
moves from reactants to products in an adiabatic fashion. In order for electron transfer to
occur the reactants must gain enough energy to surpass the potential energpbtreer
electrors can alternativelyunnel to fom the products. In the presence of weak electronic
interactions, the potential energy surface will follow the higher potential energy path of the
reactants and no electron transfer occurs. If we conaglerple classical case, where we
treat the reactastas hard spheres and assume only ispBere polarization occurs, we can

express G, the energy of charge transfer and energy of reversible (back) transfer as

0O — — - — — wQ Equation 1.2
Wherefandpar e the radii of the two spdaerged), R i
are the static and optical dielectric const a

transferred. We can be more specific bytirgy the two sphere model on the molecular level

and assuming single electron transferthis caseputers pher e r eor gan) zati on
must be accounted for, which is the energy required for nuclear coordinates to change from

that of the reactasttothat ofthe products. The free energy of activation can now be

expressed as
(Dd EE— Equation 1.3

Wh e r e°is thef@e energy of reaction.



The i nner spher e rjeanifegtairself méhe mobeoukar energy,

vibrations and assuming the vibrations follow harmonic oscillator behavior we can write

= - r'I h I’] h Equation 1.4

Where §, and & are the vibration force constants of the donor and acceptorparahd ¢ a

are the normal coordinates of the donor and acceptor. This resengblestula for the

potential energy of a harmonic oscillator E £ kx

The tgmrmnmareee addi ti ve terms so the tot al reor
— O o Equation 1.5

Substituting equations 3, 4, and 5 into the rate of electron transticeywe get:

T NaQ (x)—F]J— Equation 1.6
The pZ (change A) term contains thegdHterm which represents the electronic coupling

between donoand acceptor. Lander and Zener go into greater detail about the p? term.

Expanding the pZ term lead to the following equation for the electron transfer rate ¢nstant

17
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Equation 1.7

Figure 1.4 infers that if the nuclear coordinates of the products shifts to that of the
reactants the potential energy surface of the products will eventually intersect at the
mni mum of t he Ywikheeeroawhichswouddrgise thmp @istest rate of electron
transfer. The dashed lines in the figure represent the electronic coupling and as a result the
upper potential energy surface must be reached by photochemical thdansuclear

coordinates shift in the same direction the Marcus inverted resjioe a c h e dwihnd G

10



begin to increas&SuchMarcusinvertedbehavior wadirst experimentally demonstrated by
Miller and coworkers®

It is important to note thdifference between electron transfer and electronic energy
transfer in order to avoid confusion. Electron transfer is aradmative process in which
there is electron exchange between donor and acceptor orbitals, one of which is in a light
induced excitd state. Electronic energy transfer is generally thought of as a quenching

mechanismKigure 1.5).

a)
D) @ D @ D) @
}__4»4{\_%_%
"
"D @ ©® @ ® @
— ot

o Ty T o

Figure 15. General model of electron trefer (a) and electron&nergy transfer (b). Upon promotion of an
electron to an excited state donor (i) the electron can either transfer to acceptor orbital (a, ii.) or undergo spin
exchange between the acceptor orbitals (b, ii.).

1.5 Heterobimetallic Charge Transfer Systems
Lin and coworkers were the first to explore metaietal charge transfer (MMCT)

systems of heterobinuclear covalently bound oxygen bridged systems on silica Sdrfaces.
Ti**-O-Srf* and Tf*-O-Cu' systems contained MMCT transitions that were in the visible

light spectrum. Systems such as these can give rise to transition metal mediated redox

chemistry upon irradiation of the MMCT. Other silica bounddMM6 syst ems have a

notedtohave MMCT&nsi tions M = Ti:; “¥#>~*Teéctthfo, Cr ,

11



these systems are carbon free afiéov oxidative stability. The potential of these systems as
photocatalysts has been demonstrated by the oxidation of isopropanol to carbon?dimxide
serving as a pump for other water oxidation catal{srsd in a closed photochemical cycle
where CQis reduced to CO and water is oxidized to forgf0Cuk and coworkers have

also found that these systems can possess long MMCT excited state lifasraeen in the
Ti**-O-Mn?* system (1.8 ps)® studies of the MMCT dynamiasf these systems have been
explored, lowever, he heterogeneous nature of these systems makes it difficult for extensive
spectoscopic studies to be perform&drherefore, theres a need for homogeneous

molecular analogs of these systaméully understand the nature of the charge transfer states
in such heterobimetallic complexes

Polyoxometallates are a class of éxadged early transition metal molecular clusters
in their highest oxidation state that can be thought of multidentate inorganic macroffjands.
POMSs show excellent thermodynamic stability and possestsple functionalitiegshrough
metal substitution into lacunary (vacant metal site) POMs. POMs may also podsass re
inactive heteroatomdébs that can give access t
of other active metals contained in the PE&M.

Zhao (Craig Hill) and coworkers have designed a polyoxometallate, (POM) supported
metal carbonyl derivativéP,W3s01.4Re(CO)}5]*® that contains a metabi POM charge
transfer (MPCT), where charge is transferred from the rhenium metal to the multimetal POM
unit containing delocalized orbitai$The carbonyl ligands serve as a spectroscopic handle
for studyirg the charge transfer kinetics due to the easily identifi@ fretching frequency.

The rhenium carbonyl POM motif is inspired by rhenium carbonyl polyglcomplexes

that possess a metatligand charge transfét.The excited state lifetime of theRCT

12



excited state is 1.4 ps, which is not desirable for solar energy application. Further research on
these MPCT systems by Zhao and coworkers have led to the synthesis of

[X 2W20076{M(CO)3}5]*? where X = Sb or Bi and M = Mn or Re, all of which possess an
intense MPCT transition in the visible regidfigure 1.6).%° It is worth noting that steady

state photolysis measurements indicate that when Manganese is substituted in place of the

Rhenium atom, the compound is subject to decomposition upon irradiation if the MPCT.

hv 400 nm

NI/

@ Re/Mn
ow
@ sv/si
®c
®o

Figure 1.6. The dimer, [XW,0:{M(CO)3},]** where X = Sb or Bi and M = Mn or Re. The molecule contains
an MPCT transition. The figure adapted Zhao and cowofRers.

This could possibly suggest that back electron transfer to the ground state is slower in the
Manganese substituted complexes comptareéde Rhenium substituted complexes. If
decomposition did not happen in the manganese substituted complexes the lifetime would
most likely be longer that its rhenium analogs due to slower back electron transfer. This
coul d be due -bhacklmbhdmgfroin meniure @ tha thenium has a more
negative potential than manganese. It is also possible tHfatftmed in the excited state

could be labile due to weak ligand field stabilization enefglglitional studies have been
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performed on MPCBystems to extend the excited state lifetitesugh tuning the
energetics*

Takashima and coworkers discuss the visible region MMCT transition of am#
polyoxotungsten (VI) cluster anchored on mesopsisilica to a C8-W°* excited staté?
The MMCT transition is most likely MPCT in character, but minimal characterizatamn
done on this system. Substitution of &Tan in place of one of the tungsten atoms of the
polyoxometallate give a species capable is oxidizing isopropanol to carbashedipon
irradiation of the MMCT.

Cyanometallates, such as Prussian blue, are known to have strongenteradiarge
transfer interactions from large charge density overlapping between the bridged*irigtals.
cyano ligand is a strong field ligand withow ener gy ~* orbitals cent
that are capable of providing a low energy route for electron transfer from the carbon bound
metal to the nitrogen bound metal. As a cons
means for MLCT trasitions to take place which can possibly interfere in MMCT studies.
These complexes can be mixed valence homobimetallic, heterobimetallic, or
polycyanometallates.

Lu and coworkers have reported the synthesis, magnetic, and electrochemical
properties of aexies of heterobimetallic complexes, where direct meethl bonds are
formed throughthedesig of A doubl e dbeny themetalsin clgpavitidity t hat
of one anothet® Multiple bonding orders were reported in these complexes from quintuple to
single bonds. The complexes with the most MMCT activity are the complexes that have the
lowest bonding order due to more occupied orbitals localized on individual metals (leading to

more accessible redox potentials).
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Wagenknechand coworkers have reportadne@allocene based EeY  1i
heterobimetallic complexes linked through an alkyne bridgée complex shows strongly
coupled MMCT activity in the visible region witleversible redox potential$he changes in
energy of the MMCT is consistent with the tuning of the ligands when monitoring the metal
centerd6s redox potential via cyclic voltamme
decreasing reduction potential.
Molecular unsupported oxido bridged heterobimetallics have recently been reported
to have MMCT activity. Falzone and coworkers have reported tHeYCr i
heterobimetallic complex where the oxido bridge is covalently linked between both.thetals
Wu and cowekers have reported the'\Y  E*deterobimetallic complex where the bridge

involves the dative interaction from a*&O fragment to the Pécenter®

1.6  Electronic Coupling: A Brief Overview

Electron coupling between to two chemical systems describes the degree to which
they communicate with each other. The best way to determine the amount of electronic
coupling between systems is to monitor electronic transitions through electronic albsorptio
spectroscopy, where tmeolar absorptiot 0 e f f ing lieasdantfiowldliowed or
forbidden an electronic transition is. Allowed electronic transitions adhere to (1) spin
selection rules, (2) angular momentum selection rules, and (3) symmetryosetalds. Spin
selection rules dictate that transitions between states with different spin multiplicities (S) are
forbidden, or S = 0. Angular momentum sel ec
moment of anything other than 0, or £1 is forbiddensHailection rule is generally not a
significant factor because most electronic states are within one angular momentum of each

other. Symmetry selection rules state that if the product of the electronic dipole vector and
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the group theoretical representasaf the states are not totally symmetric, then the
transition is forbidden. In other words the greater the overlap between donor and acceptor
orbitals, the more allowed the electronic transition. An example of this would be an
electronic transition of aelectron to an orthogonal orbital, such asatdcansition in a
transition metal . Auisdhe Bnergy diffexende betwedn thadonoa f f e c t
and acceptor orbitals. Usuadirdvolvestthe BIOMOta nsi t i o
LUMO transition?® **

There are several factors that can lift the forbidden nature of electronic transitions that
violate the selection rules. Spambit coupling can give rise to weak spin forbidden bands. In
terms of chemistry, spiorbit couplingisthent er acti on bet ween an el e
magnetic field produced by an electrons motion (orbit) around its nucleus. The spin orbit
interaction can be represented in terms of energy
w0 126 Equation 1.8
Where p is the magnetic moment of the electron, and B is the magnetic field of the nucleus.

We can express B as

o} —_—, Equation 1.9

WhereU is the potential energy of the electrens the elementary charge, r is the radius of
the atom, c is the speed of lights imthe nass of an electron and L is the orbital angular

momentum.

M, the magnetic moment of an electron is expressed as

t Qf 5 Equation 1.10

16



Wheregsis the gfactor, which is equal to 2 for an electrgn.is the bohr magneton, S is the

spin angular momentum .

In terms of group theory, spiorbit coupling arises if the direct product of state term
symbols transform as rotations. Also, spiit coupling can relax the spin selection rules by
mixing states of different spin multiplicities. During sqarbit coupling the total angular
momentum (J) is conserved while the spin angular momentum (S) and the orbital angular
momentum (L) change. This givassplitting of degenerate states of J, where

J = (|L+S]...|kS|) 42

FrankCondon Factors manifest within the overlap of vibrational wavefunctions of
the ground and excited state. These transitions are oftencallddr oni ¢ transi ti or
consider the potenti al energy vs. the nucl ea
state Figure 1.7). In the ground state, the electron will be in the v = 0 vibrational state unless
the energy of the vibration is vesynall or the temperature is very high. If an electronic
excitation were to occur from the vod6=0 to t
stretch in the ground state or a vibrational
t o vstat@.D0e to electron movement being much faster than atomic movement (~1000
times faster), this is not probable and exci
instead (blue line) is most probable. In terms of group theory, electronic tranditbase
orbitally forbidden can become allowed if the excitation is accompanied by excited state

vibrational energy quanta. These transitions are called false origins can give rise to bands in a

spectrum. The direct pr thaineducibleordductblo e exci t ed
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representation of ptamdehe eharéictera of thedpald operatodgts ( G

y, z) must be totally symmetpipg=Af)8+*the fals

Energy

Nuclear Coordinates

Figure 1.7. Potential energy diagram showing electron promotion to an excited state (blue) and relaxation back
to the ground state (green). Figure adopted finttpt//en.wikipedia.org/wiki/FranckCondon_principle

Electronic coupling affects the issue of light absiorpin solar devices due to the tendency

of metal oxides to not have high mo&ysorption coefficients the visible spectrum. This is
why photosensitizers lie above the valence band (HOMO) in order to absorb photons for the

metal oxide at higher wavelgths.
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1.7 Research Goals
For the purposes of this thesis consider a simple chromophore catalyst dyad capable

of light absorption, charge separation, and charge injection into a cakatyste(1.8)

Charge Separated Inactive
Excited State Excited State
Light Charge
Absorption

Chromophore

+ Injection *
(D) Charge (D) —\® Catalysis

Recombination .
! B

Figure 1.8. Chromophorecatalyst dyad system illustrating the four steps (in red) of solar fuels production.

One of the problems associated with artificial photosynthesis is the need to use a
chromophore or chromopheoatalyst dyadic system that has a charge segzhextcited

state long enough for efficient charge tran&léesign of such a system would cover the

first three steps of solar energy to fuel conversion. Studying the chemical bonding linkages
and charge transfer kinetics can lead to the creation @msgstapable of achieving longer
lived excited state lifetimesvhere the rate of back electron transfer to the ground state is as

slow & possible

1.7.1 Using Selection Rules to Achieve Longived Excited States

Usingthe combined knowledge of Mars theoryand the factors the effect electron
transfer rateschromophores can be selected whereosk to manipulate these fact@sd
alter them so that we can improve upon the lifetimes of their charge separated excited states
Thefirst strategyused in this reearchproject entails studyinghromophores with electronic

transitions, that have large (>°)@nolar absorptiomoefficients goodorbital overlap)n the
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ground stateleading to fast eleain transfer to a charge separated excited state and poor
overlap betweetthe electron transfer orbitals in the excited states (leading to slow back
electron transfer), thus yielding lotiged excited statethrough symmetry forbidden
relaxation mechanisms

For the second strategy, heterobimetallic charge trangfterss will also be
explored for MMCT activityOxo bridges are focused on because it has been documented
that uoxo bridged metals on surfaces have been shown to contain long lifetimes and they
have also been a textbook example of a bridge between dwhaceeptor in homogenous
and heterogeneous cataly$i€. By studying heterobimetallic charge transfer systems, the
opportunity to form excited states where relaxation into the ground state will have to
transition via spirforbidden relaxation mechanismeoviding another mean to extend
lifetimes

In each case the more conventional method of coarse tuning (metal substitution) and
fine tuning (modification of ligand environment around mesfllonorand acceptor orbitals
to alter excited state lifetimes will also be exploredaddition designing heterobimetallic
system will allow for coarse and fine tuning of each metal center individually from one
another.The use of transition metals with medmgtiredox potentials caalsoserve to

stabilize high energy species that form during photoexcitation of chromophores.
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2 Chapter 2: Synthesis and Ground State Electronicsn Charge Transfer

Chromophores

Goedken and coworkers reported the synthesis of various heterobimetallic complexes
formedthrough a dative bond oftaanium terminal oxo complexQ)Ti**(tmtaa) (). The
spectroscoig properties ofthese complexes was not explored extensively, with no
photophysical dynamics or electrochemistry being reported. These complexes and other
similar complexes are ideal for exploring charge transfer kinetics through a dakagel,
rather than a covalent bohdheprimaryresearch in this document is focusetthe
synthesis of single molecule datively bondet/M?* systems and the study of its electron
transfer kinetics through various spectroscopic and electrochemical techesquel as the

electron kinetics ot.

2.1  Synthesis offO)Ti*'(tmtaa) and its Derivatives

1is a stronger base compared to other terminglsimetal oxo complexes. In
addition, the saddle shape of the complex allows for increased steric accessibility for forming
dative linkages. The macrocyclic nature of the tmtaa ligands also serves to keep the complex
from dimerizing with itself. A smalleFi-O stretching frequency observed focompared to

other titanium oxo complexes is more evidence thaould be more reactive.
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Figure 2.1. Overall reaction scheme for the synthesig.dfurther details can be found in the experimental

section.

In order to explore the fine tuning bthe synthesis of substituted ligand sets were carried
out. The general synthesis of theomplex is shown ifrigure 2.1. The first step involves a
nickeFtemplated Schiff base condensation to form the macrodyid&tmtaa) (2). To

remove the nickel, the complex is then treated with hydrochloric acid, protonating the imine
nitrogens and releasing nickel as a tetrachlor@tatk anion. To prevent any reinsertion of

the nickel into the macrocycle, an anion exchange with tetrafluoroborate is performed. The
ligand is then deprotonated to afford the neutral comipieaa(H), (3), where tmtaa = 7,16
dihydro-6,8,15,1tetramethylibenzop,i)(1,4,8,11) tetraazacyclotetradecii® form the
titanium oxo species from the neutral ligand, titanium chloride is added in the presence of
base to form a titanium dichloro species, followed by ammonium hydroxide to form titanium

oxo complex?® There are other methods to forming the titanium oxo complex by the use of a
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Li(tmtaa) complex, where the protons of &xomplex are removed withoutyl lithium.

The Li(tmtaa) complex can then be reacted W@hiTi**(acac) to directly form thel
complex; however this usually leads to a mixturd ahd3 that need to be separated by
column chromatography. THBIBU)Ti**(tmtag complex formed from the lithium salt of the
macrocycle can be used as a precursor for makthgt can be purified by simple
recrystallizatior:

Making functional group substitutions to the macrocycle framewoiki®heeded to
tune the electronics of the metal center. Substitutions on the aryl rings at positions ortho to the
amine groups were chosen in order to avadsinteractions that may occur during
complexation with other metalsigure 2.2). Substitution at the meta position of the aryl
rings would lead to no formation of the macrocycle because of steric hindrance from the

methyl groups.

Figure 2.2. OTi*(tmtaa)(X)where various aryl ring substitutions are targeted (X= H, Me, Cl, Br, F).

Substitution at the carbon between the methyl groups has been done before by
electrophilic substitution reactions wie however attempt® demetallate these complexes
have proven to be difficult due to solubility issiékhe first ligand variant has methyl groups
at theX position and has been previously published by Place and cowdiKeesinductive
donating ability of the methyl grospead to increased yields and reaction rates across many

of the reaction steps. In the nickemplated macrocycle formation, the 4iiinethyto-
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dianiline precursor nitrogens are a stronger nucleophile compared talidwail;e nitrogens,
and will attak the carbonytarbons of acetylacetone fastéhis leads to an increased rate of
Ni?*(tmtaa)(Me), (4) formation. The demetallation proceassproducemtaa(H)x(Me)s (5) is

also faster due to a decrease in the energy of activation for protonatmgagen atoms and
releasing the nickel ion. The extra electron donation makes the nitrogen atoms more basic,
and thus they more readily react with protic acid.

For similar reasons, the chlesoibstituted ligand variants have slower reaction rates
and yietls across several steps. Inductive electron withdrawing effects decrease the yield of
the nickeltemplated macrocycle formation Nf?*(tmtaa)(Cl). (6) by about 10% and slows
down the reaction rate. The demetallation step has significantly lower yields and higher
reaction temperatures are needed to overcome the increased energy of activation to protonate
the less basic nitrogens. The decreased basicihye macrocycle nitrogens is also seen when
inserting titanium. The reaction of titanium tetrachloride with the neutral macrocycle,
tmtaa(H)2(Cl)4 (7) in the presence of triethylamine, leads to unreacted starting material even
after heating for severahgls. It would appear that*fiis more stable when complexed by the
triethylamine ligands compared to the chloro substituted macrocycle. In order to achieve
titanium insertion into the chloro substituted macrocycle, the lithium salt of the macrocycle
was nade to make the ligand more basic. To further support the effects of electron
withdrawingsubstituentsPlace and coworkers reported that usingddnitro-o-dianiline to
form the macrocycle with nitro substituted aryl positions does not work, mostdikelyo the
significantly decreased nucleophilicity and basicity of the amine nitrogEms.compounds

Ni?*(tmtaa)(Br) 4 (8), tmtaa(H)(Br). (9), andNi?*(tmtaa)(F)4(10)were also synthesized.
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tmtaa(H)}(F); was not synthetically accessible due toitteeeased electron withdrawing
properties of fluorine as described previously.
2.2 Forming Lewis Acid-Base Adducts with (O)Tf*(tmtaa)

Goedken and coworkers reported the synthesis of various heterobimetallic complexes
formed byl terminal oxo dativéond?! Attemptsto synthesize some of the compounds
Goedken reported were unsuccessful, however these attempts led to a better understanding of
1 as a Lewis base. Attempts to make the-feise adducf(tmtadTi**OMn?*(Salen]** lead
to complications due to the low oxophilicity of the fSaler) precursor. Stirring the
reactants over several days still lead to unreacted starting materials and performing the
reaction at high temperatures would lead to decomposition productshaitaeterization
provided for this complex was limited to an IR spectrum and avis\spectrum. The solvent
used for the UWis spectrum was dimethylformamide where they reported peaks at 320 and
377 nm, both of which are very similar to the parent compléx addition, he 320nm peak,
corresponding to the O p° Y Ti d°* LMCT shou
region if there is a bonding interaction with the oxo and the Manganese center. To explore this
further, a titration of compleitmtag Ti**OCd*(PysMey)]** with DMF and DMSO were

performed in acetonitrileSjgure 2.3).
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Figure 2.3. Change in the absorption spectrum during the qualitative titration of [(tmt5@d (PysMe,)]**
with DMF. The downward arrows correspond to the decrease in concentration of [(tH@&xFi(Py;Me,)]**
and the upward arrows correspond to the increaseamcentration.

Upon titration, the dissociation of the dative oxo linkagftaftaa) T *OCo*(PysMe,)]*
was observed. In terms of solvents, DMSO and DMF have and stronger coordinating ability
relative to solvents such as acetonitrile and metha8ivice the solution based the
characterization of the reportfidmtadTi**OMn?*(Salen]** complex was performed in
DMF, it is possible that the compound could have decomposed. Similar synthesis issues occur
when trying to make KtmtadTi**OCd*(Saler)]** complex using C3(Salen as the
precursorThe Co?*(Salen and Mrf*(Salen) complexes appear to favor anionic axial ligands

over the neutral dative oxo linkage, making treepoor Lewis base to form adducts in this

case.

2.3 A Periodic Walk Through a Series of FirstRow, Oxido-Bridged,

Heterobimetallic Molecules: Synthesis and Strature
Heterobimetallic, oxiddoridged metato-metal charge transfer chromophores are
known to drive electron transfer processes including oxid&fidf° reductiort*? and

complete redox cycle$:** However, the bulk of these studies focus on ssliate systems,
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and spectroscopic techniques available to study them are Iini¢d.To overcome this
limitation, | have found that soluble molecular systems that model such chromophores are
useful’®* Here, | report the synthesis of series of first row transition metal heterobimetallic
mol ecules (Ti=0YM) where the structural and
through the identity of M. To date, only aMexamples of unsupported oxitboidged T+O-
M heterobimetallics are knowh>®%%242 Molecules of this type were pioneered by
Goedken and coworkers, who reported the synthesis of various heterobimetallic complexes
formed through the use of dative interactions frotitamium terminal oxo amplex (1)."%%*
Such complexes, along with other similar complexes, may be ideal for exploring charge
transfer kinetics through a dative linkage, rather than a covalent bond.

The monometallic complexes, ERe2)M>'L (11a-f where a = Mn, b = Fe, ¢ = Co, d
= Ni, e = Cu, f = Zn, L = solvent) have been utilized in a variety of redox proc8<8é3°
1la-f are ideal compounds for forming heterobimetallic adducts Witlue to their single
open coordination site and signdiat chemical and electrochemical stabifity® In this report
I will discuss the synthesis of a series of complexes that include synthetically accessible first
row transition metals, [(tmtaa)TOM* (PysMe,)][OTf] > (compoundsl2a-f, M=Mn, Fe, Co,
Ni, Cuand Zn, OTf = trifluoromethanesulfonate), along with their structural, electronic, and
electrochemical properties. The earlier transition metals (M = Sc, iCN?) were not
included since their Kt oxidation states are unstable under the conditionizeadi when
forming these heterobimetallic linkages. The Lewis iduéde adductd2a-f are formed by
reacting one equivalent of with one equivalent of (RWe,)M?'L. The Lewisbase,1
displaces the axial ligand, L, on @e2)M>'L and forms a dative linka&gwith M, the Lewis

acidic transition metal.
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a.M=Mn,n=1,L=0Tf
b. M =Fe, n=2, L = solvent
¢. M=Co, n=2, L =solvent
d. M =Ni, n=2, L =solvent
e M=Cuy,n=1,L=0Tf

f. M=Z7Zn, n=2, L =solvent

Figure 2.4. Reaction of OTi'(tmtaa) with (PyMe,)M>'L to form compoundd2a-f. Conditions: {) Titanium

(IV) chloride, triethylamine, in acetonitrile. Then treatment vaktess ammonium hydroxide in methana). (
Corresponding metal precursor in acetone atiii.). X h reflux in acetone. Fdr2e, C* is five coordinate and
binds to only four of the pyridyl groups of thes®e, ligand binding to Cu, which is not schergatly shown. a.
M=Mn,n=1,L=0Tf,b. M=Fe, n=2,L=solvent,c. M=Co, n=2,L=solvent,d. M=Ni, n=2,L=
solvent,e. M=Cu,n=1,L=0Tf,f. M=2Zn, n=2, L =solvent.

The reaction reaches completion withi3 hours and Xay quality crystals of these
complexes can be grown withinr&2days from vapor diffusion of ether into either methanol or
acetonitrile. The resulting compounds were found to be stable in the absence of oxygen and
light, with only a small amount of photodecpasition being detected after several days in
solution. In the solid state, all compounds were found to be indefinitely stable under ambient
conditions. All paramagnetic compounds were found to have aspighconfiguration except

for 11b and12b, which & found to be lovspin Fé" (e values for compoundkla, 11c-e,
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12a, and12c-e can be found in the experimental section). Complé&téand12f are
diamagnetic.

When in solution, an equilibrium exists involving the dative bound heterobimetallic
and the monometallic complexes as seen in readtionf Figure 2.4 Functionally, in
solutions with concentrations above 0.02 mM the equilibrium favors the formation of
heterobimetallic complexes, and in concentrations lower than 0.02 mM the equilibrium shifts
to form the monometallic complexes with a solvent molecule (L) being bound to form the
(PysMe;)MZL complex. This can be monitored in acetonitrile by comparing étetive
intensities of the two ground state absorption bands. For monométdikclow energy band
at 375 nm is more intense than the 330 nm band. For comparison, in each of the
heterobimetallics 12a-f), the situation is reversed with the high energy band at ~340 nm
being more intense. Colorimetric titratioiBables 6.1-6.4) indicate that K, ranges ~ from
3 x 107 2 x10 in acetonitrile for the formation df2a (3.1 x 16 + 0.6 x 10), 12c (3 x 1F +
2 x 10), 12d (3.2 x 16 + 0.9 x 10), and12f (1.8 x 10 + 0.9 x 1d), demonstrating that

heterobimetallic formation is significantly favored under these conditions.

X-ray quality crystals of the heterobimetallic complexes were obtained by the
following method; a saturated solution of the heterobimetallic was made using acetonitrile
(for 12a, 12c, 12d, 12f) or methanol (fod2b and12e). The solution was filtered arekposed
to slow vapor diffusion of diethyl ether. After3ldays, Xray quality crystals formed.
Selected crystallographic parameters are showialnte 2.1 and full crystallographic details

canbe found inAppendix H.

32



Figure 2.5. X-ray crystal structures of compoundia-12f. Hydrogen atoms, solvents of crystallization and
counterions are not shown.

In these heterobimetallic molecules, a da
between the oxygen and metal orbitaldwita d di t i onal stability i mpa
the oxygen. For the compound®a, 12b,and12c, t he d° orbitals are on
all owing for more favor ab2 &2 andli2int engcti basdi
must include interactions with higher energy empty p orbitals since the d orbitals become
increasingly occupied across the periothundthat the TiO bond length increases upon
formation of the heterobimetallic complexes dueto adeeri@ahe TIO 0 and °~ bondi
interactions. The TO-M bond angles range from 157.6° to 169.7° in this series. In this case,
the only significant deviation from the-0O-M angle is found irl2a (157.6°), whichs

attributed to a slightly larger magnituddo dati ve 0 i nteractiOMns t o t
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angles in compoundi2b-f have a maximum difference of 2° which is negligible in terms of
energetic contributions. In the casel@é, one of the equatorial pymtiligands is left
unbound, leaving th€u atom in a &£oordinate environment, presumably due to a Jiailer

distortion at the YCL#* center.

Table 2.1.Selected bond lengths and angles.

Complex  Ti-O M-X M-X Ti-O-M
distance distance interaction  angle (°)
(A) (A)

1 1.653

11a 2.117(1) Mn-Oor

12a 1.703(1)  2.050(1)  Mn-Orpo 157.60(9)

11b 1.942(1) Fe Nyecn

12b 1.697(2)  1.943(2) FeOro 167.9(1)

11c% 2.123(3) Co-Nyecn

12c 1.704(4)  1.987(3)  CoOro 168.2(2)

11d 2.083(1) Ni-Nyecn

12d 1.690(1)  2.009(1)  Ni-Orio 167.7(5)

1le 2.149(1) Cu-Oor

12 1.7026(8) 1.9274(8) Cu-Oro 169.7(4)

11f 2.074(2) Zn-Nyeon

12 1.694(1)  1.997(1)  Zn-Oro 169.1(2)

The general electronic absorption spedffagure 2.6) for these heterobimetallic
compl exes consi 40M'cno'Yoxygento-itanitne LME ®trar{sition 340
nm),anitroget 0 titanium LMCT (~400 nm) and 2 tmtase
The O Y Ti LMCT tr ansi t,uaergoesw red shift wherstheaxos o pr

ligand becomes datgly bound to a transition metal asliga-f.
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Figure 2.6. UV-Vis spectrum ofl (black) andlL2f (red) in acetonitrile.

Table 2.2. Absorbance features of compourid4d 2af.

U (e’ B U fem) c—

Compound (O Y Ti (O Y Ti (" Y (Y
1 21800 330 27300 379
12a 45600 346 15100 384
12b 35400 341 21500 376
12c 31900 342 17800 376
12d 20700 336 22300 376
12e 42400 346 13400 380
12f 43500 345 17400 380

The degree of this red shift, and theensity of theO Y LMCT band, depends on
the magnitude of the bonding interactions with the Leawislic metal center. Stronger
interactions result in more inten€® Y LMCT bands that are further red shifted. For
instance, iM2a (M=Mn®**)the LMCTt r ansi ti on i s s BIBOONM erd))if r o m
1t o 3 4 645800rM*¢m3), while in12d (M= Ni*") theO Y LMCT transition is only
shifted t=20708M'6mY)n iThis trdéhd is also observed in theibond lengths,

which indirectly reflect the strength of the bonding interactions between the oxo ligand and
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the titani um. The observed changes in the O

M?* metal is mostlikely due to the resulting decrease in theOli & and ’ bond
i nteractions. This | eads to a smaller energy
and the oxygen p’ ogshift of tha basd andrap marelse innngensityn a
I ntensity borrowing from the tmtaa | igand

formation of the déwve linkage.Most of the Lewis acidic metal centerklg, 11c-f) do not
have intense absorption features at wavelengths greater than 300 nm, aodeticergfibute
little to the observed spectri2b has additional absorption features between 350 nm and 420
nm that are due to the #eenter which are also observediitb ( U < Zc.0 M

The FTIR spectrum of complexésand12a-f have a THO and T+O-M stretch that has
previously been utilized as a spectroscopic handle for metal binthiige T+O-M
stretching frequencies roughly follow the structural trends, increasing as@&iond
angle increases and the atomic numii¢heneighboringLewis-acid transition metal
increases. The main outlier to this trend is th& bhmplex12d. However, there are several
unique factors that affect the energy for eaclodM stretch. For instance the lespin nature
of 12b and the JahiTeller distortion ofl2e will manifest themselves in the frequencies of the
Ti-O-M stretch. Thereford,propose that this trend can only qualitatively be used to measure
the relative strength of the dative interactions across the series, realizing that a multitude of
factors are also at pl aywydTi-OM) visatianamgadea r t i cul ar
involves the combined contributions from both theOTand GM bonds. Consequently, a

firm correlation that focuses on just one of the bonds involved could be inaccurate.
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Table23.1 R stretching f 09 g we@dVipsfrsichihgmode it domposndsT i

Complex Stretch Frequen
Identity cy (cni™)

1 Ti-O 930
12a Ti-O-Mn 876
12b Ti-O-Fe 895
12c Ti-O-Co 892
12d Ti-O-Ni 912
12 Ti-O-Cu 903
12f Ti-O-Zn 904

Relative Absorbance

950 925 900 875 850 825
1
Wavenumber (cm ™)

Figure 2.7. ATR-FTIR spectrum ol, 12a, 12b, and12d showing the TO or T+O-M stretch for each
compound.

Utilizing cyclic voltammetry, the Ti"** halfwave potential () in 1is found to be at
-2.26 V versus the ferrocene/ferrocinium (FEJFedox couple. This redox potential was
assigned based on comparison to themetallated ligand tmtaa(k{)which lacked this
feature. Formation of the dative oxo linkage with a transition metal anodically shifts the

potential of the Ti"** redox couple (B,=-1.53 V for12c and B, = -1.68V for 12f). In 12,
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side reactions between free copper and the working electrode occur when scanning at negative
potentials, preventing assignment of th&"#1 potential. Comparison of the cyclic

voltammograms of tmtaa(kland1 led to the assignment ah irreversible ligand reduction at

-2.67 V and two irreversible ligand oxidations (+0.26 V and +0.82 V for tmtaafidi +0.50

Vand +1.13V for 1).

Table 2.4. IR Selected redox potentials (vs. FSFn acetonitrile.

Complex M2H3* Ti4+3*
(V) V)
1 -2.26
1lla +0.90
12a +0.27 -1.68
11b +0.81
12b +0.02 -1.80
1lc +0.23
12c -0.09 -1.53
11d +1.08
12d -1.57
1 -1.68

The M*** redox potentials of the transition metals in theNRs ligand environment
for compoundd.1a-11d and12a-12c in general show a cathodic shift (hundreds of mV) when
bound to the oxo ligand, corresponding to the metal centers becoming more electron rich. The
M?2*3* potentials forlla, 11b, 12a, and 12b show reversible behavior, while the?Kf*
potentials forl1c and12c are quasireversible. Thef#* potential for12d was not observed,
however a higher potential oxidation potential is observed at 0.88 V which is assigned as the
Ni**** potential from comparisons tbld. The cobalt center possesses the mesfative
M2 Eyp for the (PyMez)M?*L and [(tmtaa) TH'OM?*(PysMe,)]** complexes, making it the

most easily oxidized transition metal. The copper centerd¥erand 12e do not have any
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oxidative peaks in its voltammogram when scanning within +2n0aking it a poor reducing
agent. The Zfi center of11f and 12f contains no obvious reductive or oxidative peaks. To
summarize, formation of a dative linkage betweenNRy)M?*L complexes and compourid
cathodically shifts the K1"** redox couple ~20800 mV for the M*** redox active metals.
This shift can be explained by the increased electron donation of the dative linkage into the
(PysMez)MZL metal making it more electron rich and thus easier to oxidiablé 2.3). (All
cyclic voltammograms can eund inAppendix B.)

Six new heterobimetallic complexes that are oxido bridged through a dative interaction
between a titanium oxo and &Menter were synthesized and structurally confirmed. The Ti
O bond lengths i12a-12f are longer than in the monetallic complexi, due to interaction
with the M* centers. The degree of bending in theéDfM bond is determined by a
combination of the O aficentérandihd Téceraer, whdi@ans bet w
possess the st r on glébd havelsimilanmagnitudes foi treincombinedd t h e
8 and °~ bondi ng 12aigfeundaochave aboardinat€@fimenteredue to
JahnTeller distortion. UMVis and ATRFTIR spectroscopy of compountiiga-12f show red
shifts in the peaks that are involved in theO'bond orbitals when compared to the
monometallic comples. Cyclic voltammetry shows that the*T?* redox potential is
stabilized when the K center is bound to the oxido ligand. Thé'f redox potentials of the
heterobimetallic complexes can be varied as much as 500 mV through selection of an
appropriate M" precursor. The ability to control spectroscopic, structural and redox properties
across this series shows that this class of compounglbena useful tool for understanding

selective electron transfer reactions.
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3 Chapter 3: Excited State Dynamics of Charge Transfer
Chromophores

Thestudiespresented in this chaptarefocused on the charge transfer excited state
dynamics of transition metal complex@&se work inSection 3.1was done ina@llaboration
with thegroup of Yulia Pushkar, the group of Sergei Savikhin and the grodymn&b Yano
and Vittal Yachandra. My contributions to these studies include transient absorption,
electrochemical, spectroelectrochemical, and synthetic experirSeatson 3.2.1was done

in collaboration with the group of Junko Yano and Vittal Yachandra. My contributions to
these studies include transient absorption, synthetic, electrochemical, and

spectroelectrochemical experiments.

3.1 LMCT dynamics of (O)Ti*'(tmtaa)

Complexes wth longlived charge transfer excited states are important for performing
electron transfer reactions. Ru(bplas been widely used as a chromophore for-light
induced electron transfer reactions due to its{ioreg MLCT excited state lifetimé&Due to
the cost of ruthenium, the iron analog, Fe(bplyas been explored as a replacement for-light
induced electron transfer reactions. However the MLCT excited state lifetime is significantly
shorter (~ 1 ps) in the Fe(bpyomplex. This is due to a lelying d-centered quintet state
inactivating the MLCT excited stafélhe efforts to overcome this by increasing ligdiedt
strength via ligand modification have, to date, only met with modest increases in CT
lifetimes (~ 10 ps). ¥ complexes, such as copper phenanthrolines, have been used
successfully as a means to circumvent inactivadidgelectronicstates as a factor on the

relaxation process of charge transfer excited states, yieldingil@uglifetimes? In theory
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d’ complexes can be used in a similar fashion to obtainoregl. charge transfer states, yet
little research has been done to explore this 4féwere are a wide range of knowh¥ *d
LMCT complexes:®"#91°hese complexes typically lead to sHared LMCT excited

state states upon light irradiatibit>**n this section | report an extremely lotiged

(microsecond) excited state arising from’d@id* complex and its mechanistic dynamics.

Discovery of new molecules with interesting phptoysial properties is important
for light to energy conversion via generation and stabilization of charge separated states and
for light-sensing and lighinduced molecular manipulations via lightluced conformational
changesLight-induced conformational chges in molecules are also important for a variety
of biological and technological applicatiot’s®*’For example, upon excitation of the
chromophore in photoreceptors such as rhodopsin, bacteriorhodopsin, and photoactive
yellow protein isomerization aund a C=C double bond has been observed on a time scale of
0 . 2 1 8Ligpt4énduced structural changes in phytochrome, a photoreceptor in plants, occur
within similar time scale, 0. 271 ¥Lightgvensugge st

molecular motors also utilize a C=C double bond isomerization mechanism.

Thetitanium oxo complex stabilized by a fecoordinate macrocyclic ligand (tmtaa
= dibenzotetramethyltetraaza[14]annuleri€)Ti**(tmtaa)(1),% is capable of lamgscale
reversible structural change in the excited state. This conformational change results in large
spatial rearrangement of the molecule and is, thus, suitable for construction of molecular
pulleys and other signal transducing assemblibis propertycan help design

nanomachines, sensors, and photoswitches.

Although this structural change is vital for the formation of the Jorey state]

have found that this molecular rearrangement does not sufficiently explain the extreme
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longevity of the resting excited state (95.8 ud)propose that the lorliyved state is
Asymmetry trapped, oO-separatedstate hawingmeghkgible gpatialgr c har g
vibrational overlap with the ground stalde presence of similar LMCT states, with charge
sepaated lifetimes of ~500 fsas beempreviously demonstrated

(O)Ti**(tmtaa)(1), was synthesized as previously repaff8/hen dissolved in
acetonitrile, the electronic absorption spectrumlafonsi st s of Zptieniimnt ens e
based r ansition at 325 n)iligandeenteres tramsitidn at 3d4nemn s e (U
and a broad titaniurhased transition at 405 MHTD-DFT analysis reproduces these 3
transitions(Appendix A).

Spectroelectrochemical measurements were performédnoacetonitrile to enable
assignment of transient absorption featuFégufre 3.1).23 A voltage ofi 2.4 V vs. Fc/FE
was applied to an acetonitrile solutionlofvhich exceeds the 41** reduction potential?
The absorbance at 374 nm decreased and broad band at 475 nm increased dver time.
propose that this new band at 475 nm occurs upon formatiof*afufing reduction o,
with this feature being assigned to a ligand field transition. This is supporidd-BDFT
calculations performed on the®*Ttriplet excited state. This complex does not emit
measurable fluorescence at room temperature upon excitatiog-#08 nm rangeThis

suggests an efficient nonradiative deactivation channel.
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Figure 3.1. Spectroelectrochemistry af The potential was held &.4 V vs. Fc/Ftin acetonitrile for the
given time.l assign the new absorption feature centered at 475 nm to a ligand field transition of the
electrochemically formed Ti.
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Figure 3.2.Transient absorption difference plots of 1 in acetonitrile with submicrosecond temporal resolution.
Top: Optical difference absorption with 600 ns (black) delays after 370 nm excitation pulse. Transient
absorption difference plots at 400 nm probe (bothefth and 370 nm probe (bottom right). Time constants were
obtained by fitting the data to a single exponenti al
93.1 £ 3.6 us at 370 nm probe.
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To study the photphysical behavior of, | first performed timeresolved UWisible
spectroscopy on the s time scales. Laser excitation into the absorption bantis of
resulted in the growth of intense optical absorption band around 40Bigung 3.2). This
light-induced state decays with time cons$tah00 ps. (NOTE: rigorouslgiry acetonitrile is
needed to obtain reproducible lifetimes, the presence of water dramatically alters the excited
state dynamics). The lodiyed (> microsecond) features showed excited state absorbance
bands (355, 400, and @ hm) which most likely originate from a red shift of the LM@ihd
ligandbased ~ t o ~ * dditioaahlew ehergy peak that wassigedtmthea
Ti*" based e transition. Theassignment of the band at 510 nm is supported by the presence
of a T#* d-d signal at the 475 nm band as observed using spectroelectrochemistry. The small
spectraldifferences in the UWisible transient excited state spectra and
spectroelectrochemical sgtra are due to the lower energy of the electrochemically reduced

orbitals when compared to the phaxcited state§’

UV-visible transient absorption experiments in acetonitrile showed a negative
absorption feature at 371 nm that can be attributedoleach of theligand ent er ed °~ t o
transition (U = 93.1 N 3abdrptOesture al40@nmiwasf et i me
95.8 £ 1.0 ps. This is similar to that obtained for the broad band at 510 nm, which decayed
with a time constant of 34873 us. The significant error in fitting the 510 nm band is due to
the low signal to noise ratio for this feature. However, the similarity in lifetimes when
combined with the other transient experiments suggest that both transient absorption features

originate from the same excited state.
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Pumpwavelength dependence of the excited state absorbance feature at 400 nm
tracked that of the ground state electronic absorption spectriimm aicetonitrile Figure
3.3). This indicates that internal conversiorefBcient since the final population of the long
lived excited state is proportional to the amount of light absorbed at each wavelength.
Furthermore, neither the excited state lifetimes nor the transient absorption spectra change
varying the excitation waalength, indicating that an identical excited state is formed

regardless of the excitation energy.

Absorbance

0.0

300 350 400 450 500 550 600
Wavelength (nm)

Figure 3.3. Pumpwavelength dependence bin acetonitrile. Thesolid black line represents tlggound state
UV-Vis spectrumThe red dots represent the change in absorbance after laser excitation (normalized to the
ground state absorbancEurther details can be found in the experimental section

| then turned myattention to the shorter time scales of the transient absorptio
features Figure 3.4). After excitation at 370 nm underNhe longlived (microsecond)
band at 400 nm appeared with a rise time of ~300 ns while a relatively sharp feature decayed
at 515 nm on the same time window, ultimately overlapping with theraéorgoned broad
feature centered at 510 nm. Surprisingly, the rate for both processes was shortened to ~ 30 ns

under an @atmosphere, with an intermediate lifetime (~90 ns) being observed in the
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presence of dry air. Upon comparison of the transient afiwofeature at 400 nm under
identical concentrations, there »m»akQ no chang
sparged solutions, instead. The loss of intensity for the 400 nm transient absorption feature in
saturated air is due to a ground statetiea of 1 with CO,,%* which alters the amount dfin

solution. Thereford, conclude that @catalyzeghe formation of the longjved state, which

is unusual since Qypically fully quenches excited states.
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Figure 3.4.Transient absorption difference plotslah acetonitrile displaying features leading to ldivgd

(100 us) excited state using 370 nm laser excitation. [@fgpTransient kinetics following the rise feature at

400 nm probe in gas saturated solutions (black,rédl = Q, and blue = Air). (Top right) excited state

spectrum ofl after 10 ns delay in Nsaturated solution (black) and €aturated solution (r¢d(Bottom left)

Exponential decay trace following the rise feature at 400 nm probe in gas saturated solutions (blaek =N

0,, and blue = Air. O = 300 ns, 30 ns and 90 ns respec
rise feature 510 nm probeinNs at ur at ed solutions (U = 290 ns).
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Ar saturated solutions have nearly identical lifetimes and transient absorption spectra
as the N saturated solutions, further supporting thatt N, is the reactive species in this
system andpeeds the formation of the lofiged state Appendix A). As previously
mentionedJwass t i | | able to observe a oA fox the
and Q saturated solutions, which suggests that a chaagsfer state (1) remains. Tts
step occurs with a conversion efficiency near 100 % due to no observable loss in intensity of
the bleachl propose this @dependent step occurs after the formation of the initial
intermediate at ~ 17 ps, whichproposed to ba transition from an itial spin triplet

excited state to a lower energy spin singlet excited state.

TD-DFT predicted an absorption profile that includesdalhnd in the visible region (500
600 nm)range, Appendix A) that qualitatively matches the spectra of the ns and
microsecond transient absorption features and that of the spectroelectrochemical results.
Attempts to observe the formation of a triplet state using-teselved Xray absorption

spectroscopy at Ti #€dge and phosphorescence measurements were unsuccessful.

Picosecond photodynamicsbs how positive @A features
nm and a negative absorption difference at 373Figu(e 3.5). Based orexperimental
conditions this initial excited state forms with a conversion efficiency of 25 %. All features
decayed with a time constant of 16.8 £ 2.1 ps concomitantly with a decrease in intensity of
the 345 and 400 nm bands, the disappearance of 4&X8nmtm bands, the bleach at 373 nm
and the formation of a broad band at 510 nm. The new features each have lifetimes > 6 ns
under N and Q) atmospherel. propose this 17 ps process to be a feature where the back
electrontransfer to form the groundade is convoluted with the concomitant decay of the

initial excited state to form excited the LMCT where the electron largely occupies the non
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bonding dly orbital on the titanium atom. This transition into the 4b@mding ¢, occurs with

a conversion ef@iency of 16 %.
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Figure 3.5. Ultrafast optical absorption dfin acetonitrile using 320 nm laser excitation showing the decay of
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the 15 ps excited state at 480 and 540 nm to the feature at 51@#mRight Full spectrum.

Large scale structural changes in the excited state were confirmed by conducting

transient absorption experiments bim mixtures of toluene and mineral oil to increase the

sampl ebds viscosity

3.6).°As the ratio of mineral oil was increas¢dbserved a significant decrease the in the

wh i

c h

wo ul

d

iFigurei b i t

conf o

concentration of theohglived excited state. A similar result was observed on the picosecond

timescalgAppendix A) suggesting that a structural rearrangement occurs during the initial

stages of the relaxation process. When the amount of mineral oil exceeded 50 %, there was

no longer any observable signal from the léivgd excited state. Although tl®nversion

efficiency for the formation of the lorlived state decreases with higher viscosities, the

lifetime of this excited state was not altered, remaining identical tgtha toluene in all

mixtures (47 us). Qualitatively similar results were observed in mixtures of polystyrene:

CH.ClI,, with a decrease in formation of the lelined state but no impact on excited state
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lifetimes(Appendix A). This key result implies thathe mechanisms which trap this leng

lived excited state are based on vibronic dynamics and not on the large conformational shifts.

0.104 e 10% toluene 90% oil
] *  25% toluene 75% oil
0.08 - 50% toluene 50% oil
] *  75% toluene 25% oll
0.06 - 95% toluene 5% oil
< 1 100% toluene
a) 0.04
0.02
0.00 -
-0.02 -

0 100 200 300 400 500 600
Time (rs)

Figure 3.6. Transient absorption difference plots for the decay of the-lioed excited state (400 nm) dfin
toluene/mineral oil mixtures upon 370 nm laser excitation. Toluene/mineral oil ratios are 10:90 (black), 25:75
(red), 50:50 (green), 75:25 (blue), 95:54n), as well as 100% toluene (pink).

To assist in exploring the origin of these conformational changes, DFT analysis was
undertaken for two alternative structurednf one with the observed fv
configuration®®or an alternative fAwings downd config
1is bound through the oxido group to metalloporphyrins.1-tine energy difference
bet ween the favored fAwings upo and Awings do
relativelysmall (on the order of 0.14 eV (3.3 kcal/mol). This small energy difference is
maintained in the excited state, and is consistent with the observed rapid formation of an

excited state where such a conformational change has occurred.
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Figure 3.7.Structureofti n t he Awi ngs downo conformation (top)

Variable temperature transient absorption measurements were performed on-the long
lived excited state df (400 nm probe) in the range &5 to 55 °C. This multed in a linear
Arrhenius relationshipHigure 3.8) which is consistent with the lofiyed excited state
decaying through a single thermally activated relaxation pathway. The activation energy for
this decay @E;) was @lculated to be 11.2 kcal/mathich is an unusually high kinetic
barrier for relaxation of an excited state into a ground state. This high activation barrier
represents the driving force for the spatially forbidden relaxation of the excited state electron

from the norAbonding gy orbital to ligand pin the ground state.
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Figure 3.8 Arrhenius plot of the longjved excited state decay kineticsIin acetonitrile from 55°C te35°C.
R*=0.9991

Considering the presented resultsropose a model for the relaxation mechanism of
the excited state, illustrated kigure 3.9. After the formation of the Fran€ondon state (a
vertical arrow should be drawn in the scheme for this process), with the photoinduced oxo
| i gartoditanium( 1 V) ~* el ectronic transition, conf
inducing the formation of the excited statesBowed inFigure 3.9( p r o ¢).dsrigg thik
process, the conformation of the complex changes from "wings up” to "wings down". After
thisst¢ t he el ectron populating the "~ * yorbital

orbital while undergoing an intersystem crossing event from a spin singlet into a triplet
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ma n i fop Thid préceks occurs withir? ps. The next step involves a seconigisystem
crossing event going fr om g).Thipprooesstoccurpl| et t o
within 300 ns in N saturated solutions and is accelerated by the presence Dfi®last step

( Ainvolves the symmetry forbidden relaxation of thetten from the titanium,g back to

the ground state where it popul ates the | iga
"wingsdown" conformation back into the originalthgsup” position.The driving force for

the longlived excited state lifetims is manifested within the symmetry forbidden relaxation

that takes place between orthogonal donor and acceptor manifolds, leading to poor electronic

coupling.
g 'm 2
<17 ps
A \ ,
T
T -1 y
117 ps 300 ns (Ny)
30 ns (O,)
] E(F@”E
100 us
Figure 3.9.Excited state dynamics upon laser irradiatiodof,ils t he | i ght Jisitdeuateeol e xci t
recombination to the gr oundistd rate ef ISC tocamspinttriplet aridithe s t e X (
electron relaxing to thexporbital.(gi s the rate of,islthe Gate bfoelaaton fromshe long | et . U
lived excited state to the ground state. The blue or

orbital .- 1<6.28 pib< 2108 . H=s p3s0D,ths1,000es (acetonitrile).
densities for these electronic states are spread throughout the entire molecule. The states illustrated are
represented through the localization of two atoms for simplicity in order to make visoalipétthe poor

orbital overlap involved in the symmetry forbidden relaxation to the ground state easier.
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In a mathematical approach to validate this driving force, the electronic coupling

constant for back electron transfexgid, wasbe calculated’ Using cyclic voltammetrythe

potenti al di fference (2.5 V) can be used to
energy(f) , t he reorganizational energy & can be
. J .

O -p — Equation 3.1
Giving a reorganizational e n eexpgnentiafactol 02 kc al

(A =19.2 x 108" s?) found from the Arrheniufit, Hagkin can then be calculated from

Equation 3.2

" am
(@] _— Equation 3.2

Giving a value ofHagkin = 1.11 x10*° cm* which is quitesmall and consistent with
orthogonally oriented donor and acceptor manifolds.

Microsecond charge transfer lifetimes are typical for triplet states in molecules such
as[Cu(phenanthrolineyomplexe& or porphyrinfullerene dyad$® However, such triplet
states normally exhibit excited state quenching when exposed to oxygen due to energy
transfer, while the microsecond kineticsladre insensitive to the presence of dioxygen in
the sample. Thereforéconclude that the lonlived state is unlikely to betaiplet excited
state, but instead is a singlet excited state that is inhibited from relaxing into a the ground
state due to a poorly overlapping dofaceptor manifold.

In conclusion, the results from transient absorption spectroscopy and from
spectroelectrochemistry both showed that theMICT complex obtained upon irradiation of
1 has an excited state lifetime of ~100 ps, where relaxation occurs through single non

radiative pathway. More detailed studies showed that a large conformationahgeanent,
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intersystem crossing and symmetry forbidden electronic transitions play a role in the
relaxation pathway. In addition, transient absorption measurements performed varying the
viscosity of the solvent showed that the change in conformatior iexitited state occurs

after the initial excitation and that rate determining process is a symfodirgden

electronic transition from the titaniungd 0 t he oxygen p  orbital
complexes from which lontived excited state hawg long lifetimes can be generated allows
for expanded options in ligldriven chemical reactions. With these findindgspe to

provide a new approach for the design of chromophores withlived) excited state

lifetimes.

3.1.1 Solvent Dependenc&tudiesof (O)Ti*'(tmtaa) Excited State

Complex1 displays lifetimes ranging from Pa10° s in solution at room temperature
(Table 3.1). The solvent mediurtherefore must plag role in the stabilization of the excited
state®® *! Theredoes not appear to be a direct relationship between the excited state lifetime
and solvent polarity or polarizability. The most likely case is that both solvent polarity and

polarizability factor into the excited state lifetinmea manner yet to be disaered

Table 3.1.Room temperature excited state lifetimed @f various solutions.

Solvent Lifetime (us)  Solvent Lifetime (us)
Toluene 470+ 1.6 1,4-difluorobenzene 111.6+0.9
Acetone 86.4+£0.3 Pyridine 1241+0.6
Ethyl acetate 87.0+04 Carbontetrachloride 311.7+1.0
Chlorobenzene 934+0.3 Fluorobenzene 328.6+4.1
Acetonitrile 94.0+0.7 Dichloromethane 3461 +1.2
1,2-dichlorobenzene 965+1.6 Chloroform 452.6+ 0.4
Tetrahydofuran 97.1+0.3 Ethanol 1238+ 20
Benzene 97.7+0.3 Methanol d 1496+ 3
Butyronitrile 1001+0.3 Pentanol 1573+ 18
Bromobenzene 1097+ 0.6 Methanol 1588+ 5
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In orderto directly test the effect ofiBnstead basicitgf the solvent and the excited
state ofl, lifetime measurements were performednathanol solution using KOH to
increase the pH of the solution. No significant changes in lifetime were obsehield
suggests that pH does not factor intodlggamicsof the excited state.

In a similar fashionlifetime measurements were performed oatanitrile solutions
of 1 of varying concentrations of Lewis bases. No significant changes in lifetimes were
observed when using triethylamine or dimethyltoluidene. Decreasing the pH or adding Lewis
acids to solutions df leads to unwanted reactions, atfterefore was not explored.

Lifetime measurements in alcohols lead to millisecond lifetimveg;h maybe due to
additional stabilization of the excited state from hydrogen bonding interactions. Lifetime
measurements between methanol and its deuteratedfmwed insignificant isotope effects
on the excited state lifetimes.

Variabletemperature kinetics were measdiin order to get Arrhenius and Eyring
parametersiable 3.2). From these it can be seen that the {twed excited state has an
intrinsically large activation barrier to access the ground ateparison of the
halogenated solvents shows the trend décreasing energy of activation with increasing
solvent polarity, suggestirthatdipole interactions lower the energy barrier to relax back
into the ground stat& he entr@y term becomes more negativeh increasing polarity as
well, suggesting thahe more polar solvent is capable of forming more outer sphere
interactions with the excited statelofThisis consistent with the behavior of a charge
separated excited stafe

The activation barrier famethanol and methandl are similar however the smaller

n Efor methanold, indicates a smaller outer spherdévation shellwith fewerH-bonding
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interactiongn the excited stat@ he relative strength of a deuterium interaction compared to
ahydrogen interaction with the excited statel @ not clear but sincethe Arrhenius and
Eyring parameters are similar, it can be deduced that any differencdsandihg strength
between the two solvents is being made up for in the numbetohHing interactions

with 1.

Table 3.2 Eyring and Arrhenius parameters for the excited state relaxatibmtd the ground state.

Solvent opH PSS E, A (pre-exponential
(kcal*mol™)  (cal*mol**K™)  (kcal*mol®)  factor) (") (x 10"
Methanol 11.1+0.3 -8.43+0.23 11.7+0.3 2.38+ 0.05
Acetonitrile 10.7£0.2 -4.21+0.01 11.2+0.2 19.2+0.2
Dichloromethane 10.3+0.5 -8.15+ 0.40 10.8+ 0.5 2.41+0.09
Chloroform 11.7+0.2 -4.04+ 0.07 12.3+0.2 22.4+0.3
Carbon 12.5+ 0.1 -0.57+ 0.03 13.1£ 0.6 131+ 4
tetrachloride
Toluene 10.3+0.2 -5.45+ 0.09 10.9+ 0.2 10.3+0.1
methanold, 11.4+0.01 -7.05+ 0.08 12.0+ 0.1 4,74+ 0.04
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Figure 3.10. Right: plot of measured lifetime vs. percent methandl iof acetonitrile, where 100 % is pure
methanol. Left: Transient absorption difference plot 60:50 acetonitrilanethanolsolution displaying mono
exponential function fit.

Solvent dependence gariments were performed using combinations of two solvents
in a solution ofl and measuring the lifetime of its lotiged excited stateHigure 3.10). A

linear relationship between the solvent:solvent ratio and the excited state lifetime. In
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addition, all of the lifetimes were fit to a single exponential decay function. This suggests

that the solvent molecules only have outer sphere interactions with the complex in the excited
state. If there was an inner sphere interaction with the comptar excited state, then the
lifetimes would display biexponential decay kinetics representingrtdependenlifetimes

for each specifiexcited statesolvent interaction. Fitting the traces observed to a

biexponential decay function gives two identilti@times that match the lifetime of the

single exponential decay function. Additadplots using various pairs of solvent mixtures

were obtained yielding similar resul&gpendix G).

In conclusioncomplexl has an intrinsically long lifetime that can vary by two orders
of magnitude depending on the solvent. Different solvents are capable o$ghees
stabilization of the excited state through dipdipole interactions, polarizabilifyand H
bonding inteactions.Ultimately, a fullunderstanding of tlsesolventchronophore
interactions will lead us tbetter dsign reaction conditions for photochemical reactions

utilizing these LMCT chromophores.

3.1.2 Energetic Tuning of (O)Ti* (tmtaa)
The compound&0) Ti*(tmtaa)(Me) (13) and(O)Ti**(tmtaa)Cl). (14) were

synthesized in order to probe the effects of electron withdrawing and dooatihg excited
statedynamics. Rom temperature lifetimes in acetonitrite 13 and14 are all on the order
of 100 us with a risand decayeature lasting ~300 ns. These results are similar to that
observedn complexl, suggestinghat thesame relaxation pathway active. Emperature
dependenlifetime measurements afforded Eyring andh®&®nius parameters for the

relaxation of the londived excited state.
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Table 3.3.Eyring and Arrhenius parameters for the excited state relaxation into the ground ata®nitrile

opH pS E. A (pre-exponential

Compound (kcal*mol™) (cal*mol™**K ™) (kcal*mol™) factor) (8%) (x 104
14 10.4+£ 0.6 -6.07£0.31 11.0+£0.7 8.0+0.3
1 10.7+ 0.2 -4.21+0.01 11.2+ 0.2 19.2+ 0.2
13 11.2+0.1 -3.42+ 0.03 11.8+ 0.1 30.5£0.2

Electron withdrawing groupappear to lower the activation barrier &ectron
transfer to the ground state while electron donating groups increase the activation barrier.
This is most likely due to ptirbation of the electron donating ligaarbital energies since
the titanium orbitals involved in the long lived excited state are non bonding. Thus the more
electron donating groups Mprovide electron density @ ligandcenteredadical stabilizing
its excited state. Thentropy term beconsemore negative as with increasing electron
withdrawing properties from the substituent. Thial®due to the ability oh more electron

rich substituent to stabiliza ligandcenteredadical.

3.2 Heterobimetallic Charge Transfer Chromophores

High-valent metatoxo species (i.e. M{(0%); M™*! = transition metal ion) have been
suggested to be the active intermediates implicated in a variety of processes;-from O
dependent transition metalediated industrially important substratédations* *> *®to C-H
bond activation, @ bond formation, and water oxidation reactions occurring in
bioinorganic system$.*4**Because detection of highalent metabxo species in biological
systems can be difficult given their, typically, high reactivity and tb@msequent low

transient concentration, major efforts have been made in order to synthesize and study their
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synthetic analogues. In fact, several higlhent metaloxo species have been isolated and
their reactivity with substrates has been characteiizéte last few decadé$.*" 4% *in

more recent years, it has been argued thatVvadgnt metaloxyl species, where the oxygen
atom has a radical character (i.e'“.(m&)), could be, in many cases, the reactive entities
responsible for the attack tife substrate in the rateetermining step of key biological
reactions, including the @ bond formation in photosystem I, as the radical terminal oxyl

ligand inmetatoxyl moieties might afford selective lebarrier activation of substratés*>

46,47

Here,l present a novel approach for the clean photogeneration of reactivedtegit
metatoxyl molecular moieties through light irradiation of the stable iglent metaloxo
compound$O0?)Ti*(tmtag (1), [(tmtadTi**(O*)Mn?*(PysMe,)]** (12a), and
[(tmtad Ti**(0%)Co®* (PysMe2)]?* (12¢) into theiroxo-to-titanium(1V) ligandto-metal charge
transfer (LMCT) bandat room temperatur® induce a subsequent MLCAIthough
titanium-oxo photochemistry has been widely investigated for materials in heterogeneous
catalysis, the work presented here is, to the bestyddhowledge, the first example of direct
MLCT generation of a redeactive oxyl ligand through precding photoinduced oxao-
metal charge transfer in molecular systentss process can be thought of as a LMCT

induced MLCT, therefore from now on it will be addressed alratirecd MMCT.
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3.2.1 ObservingIndirect MMCT through Ultrafast Spectroscopy

Figure 3.11. Compoundd and12a. 12a has a neighboringewis acid(Mn*") next to the titaniunoxido
manifold.

When manganese(ll) was presentl(#a), the formed oxyl radical engaged in fast
electron transfer with feading to a titanium(lIhoxo-manganese(lll) adduct: ST(OA)an*
(TiMn1)  Y**(@*)Mn** (TiMn2) (Figure 3.12 with an estimated quantum yield &f=
0.063(seeexperimental semon). The redox chemistry observed was supported by transient
absorptionJV-Vis experiments performed on an analogue titanium@X6-zinc(ll)
compound and by spectroelectrochemical measurements. This approach allows the
generation of reactive metakyl molecular species that are, normally, not easily accessible
through synthgis and represents an important step forward towards our understanding of the

nature of the intermediates, possibly, involved in the mechanism of key biological reactions.
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Figure 3.12. Excited state relaxation mechanismldgf) andl2a(b). The dashed arrow represents a
combination of steps (see Section 3.1 for details).

The UV-Vis spectrum of complek in acetonitrile solvent showhkree main
electronic transitiongFigure 3.13: one with/ max= 325 nm €= 25500 M* cmi?), assigned
as an oxdo-titanium(IV) LMCT, one at/ nax= 374 nm €= 38500 M* cm?), assigned as a

ligand-centerego-p* transition and a low intensity one &fax= 406 nm assigned as a M-

dikeminato) tatitanium(IV) LMCT.?%48
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Figure 3.13. Top left: Absorption spectrum df in acetonitrile Top right: Transient difference absorption
spectra ofl in acetonitrile measured at the indicated delay times 32@mm laser excitation{50nJ/pulse and

fwhm = 100 fs).Bottom left Time profile of the difference in the observed absorban8dzihm. Bottom right:
Time profile of the difference in the sbrved absorbance at 373 nm (bleach).

Femtosecond light irradiation @finto its oxato-titanium(IV) charge transfer band
(/ ex= 320 nm) at room temperatuf&igure 3.13) led to formation of a positive spectral
feature at ~ 34@50 nm with a lowenergy tail at 4550 nm. The species formed upon
laser excitation o was assigned as the titaniumddxyl complexl[(OA)Ti3+(tmtaa] (Ti1)
on the basis of previous studiesrformed on bulk Ti@and on various titanium
functionalized semiconductor photocatalySts® 5:*23n fact, it is weltknown from

fluorescence studies conducted on such systems that-ditanium(IV) photoinduced
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charge transfer leads toaitum(lll) -oxyl chargeseparated singlet specid@s®*(0%) + light

¥ Ti**(0M].5* % S®Analysis of the absorbance difference (du@ito) collected aB45
revealed anonoexponential decay with a timenstanbf 20.5+ 0.04 ps ({ in Figure 3.12
and inTable 3.4) that matched with the recovery of the bleach observed at 378=na2(4
+ 0.04ps) which is consistent with back electron transfer from titanium(lll) to the oxyl
ligand inTil to reform the starting material; Y[Ti®*(0"] (Til)  #*(©O*) (1) in
Figure 3.12). The average lifetime estimated fad, #; (20.5 £ 0.2 pswas smaller than that
found for TiQ, powders (nanosecond§)® *qwhich is consistent with its singlet character.
The presence of a residual absorbatifference at both 373 and 400 nm after the first
monoexponential decay suggested that an only partial convégién) Til Y 1, occurred.
The kinetic trace at 510 nm corresponding to the Ti(Hd) lsands was used to monitor the
formation ofa new species forming frofil with the timeconstantl5.3 + 0.3 pgTil Y

Ti2: Qin Figure 3.12 andTable 3.4).

Table 3.4. Kinetic time constants fofemtosecondlaserinducedreactions ofl and12aatroomtemperature in
acetonitrile.

rate constant fot (s) rate constant for2a(s)

¢ 7.05 + 0.44 X10*?

9.35 + 0.10 x10*?
c 6.30 + 0.90 xL0*?

G 938+004x0° (%  1.07+0.01x0°
2/ o= 320 NM." / oc = 300410 NmM range’ / ey = 345 NM? / o= 420 Nm.

g® 2.05+0.04x0"
0,* 153+0.03x18" (
G

o

The absorption maxima and fullidth-at-half-maximum observed foFi2 were
similar to those previouslshown for porous titanosilicates which were assigned to long

lived titanium(ll)}-oxyl triplet stateS? °* ®*Consistent with these previous works, the
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conversiorTil Y Ti2 observed here is ascribed to intersystem crossing occurrifigy to
give Ti2: YTi%*(OM] (Ti1)  YTi**©OM] (Ti2) (G in Figure 3.12). The step{3 ~ 100psin
Figure 3.12 andTable 3.4 consists of decay of the triplet state into a lower energy singlet
and a subsequent decay of that singlet state into the grounc(%Tziﬁé(OA)] (Ti2) Y

Ti**(0%) (1), G in Figure 3.12, andTable 3.4)
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Figure 3.14. (Top left) Absorption spectrum d2ain acetonitrile. (Top Right) Transient difference absorption
spectra ofl2ain acetonitrile measureat the indicated delay times after 370 nm laser excitafib@ (J/pulse

and fwhm = 100 fs). (Bottom Left].ime profile of the difference in the observed absorbance at 402 nm.
(Bottom Right).Time profile of the difference in the observed absorbandd anm.

The U\LVis spectrum ofl2a (Ti**(0*)Mn?") is shown inFigure 3.14. Compared to

that of complexl (Figure 3.13), a redshift (amax= 344 vs 325 nm fot) and an enhancement
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of the absaptivity of the oxoto-titanium(IV) LMCT (U= 46500 vs 25500 NMcmi* for 1)
occur while a slight redhift and a decrease in algtvity show up for the -* * transition,
instead émax= 378 vs 374 nm and= 15500 vs 38500 Mcm” for 12a and1, respectively).
This evidence isonsistent withthe electronic perturbations associated with the newly

formed oxo interaction with th@manganese(ll) centét.

Light irradiation of12a into its oxato-titanium(lV) LMCT band([asx = 345 nm)and
“-" * pand under the same conditions as usedlfalso led to the appearance of similar
spectroscopic features as showrrigure 3.13 (8max~ 340450 nm with a la/-energy tail,
Figure 3.14), suggesting the formation of the transient titaniumy@iyl-manganese(ll)
species fntagTi®*(O")Mn?* (PysMe2)]?* (Ti**(0*)Mn?*, TiMn1 in Figure 3.12) from 12a:
Ti*(0*)Mn?* (12a)  Yi**(O*Mn?* (TiMn1). However, differently from the
photochemistry observed fr an additional new banénw(ax= 447 nm) also appeared after
irradiation of12a, suggesting that fast electron transfer occurred from the manganese(ll) ion
to the oxyl moiety, inMiMn1, to generate the titanium(#xo-manganese(lll) complex
[(tmtad Ti** (O )Mn* (PysMex)]>* (Ti®*(O?)Mn**, TiMn2 in Figure 3.12, bottom):Ti**(O"
Mn?* (TiMn1)  Yi**(O*)Mn*" (TiMn2). The assignment of the 447 nm band as a
manganese(lll) signature is consistent with results from separate spectroelectrochemical
experiments as well as with laser experiments performed on an analogous compound where
manganese(ll) was replaced with zinc(Ilinitad Ti>*(0*)Zn**(PysMe,)]**. After formation
of TiMn2, back electron transfer took place to regenerdinl with atime constant of
(9.35+ 0.01) p(@ in Figure 3.12, Figure 3.14 andTable 3.4). As in the case df, the

photodynamics observed at 400 nmX2a was also biphasic with a second
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monoexponential decay observed in the submillisecondregiene to afford a similar rate

constant with that observed after photoexcitatioh @ & ( in Table 3.4 andFigure 3.15).
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Figure 3.15. Difference absorption spectra b{top showingkinetics of}) and12a(bottom showing kinetics
o f;). Tdp left: 370 nm excitationU= 93 ps Top right:370 exitation, U= 267 ns Bottom left: 310nm

exc i t a t=il06 ps,Bottm right:420 nm exitation, U= 150 ns. All kinetics were measured at 400 nm
probe wavelength.

This is consistent with the formation of a leliged titanium(lIl)-oxyl state within the

complex [(mtad Ti**(OM)MnZ*(PysMe,)]* (Ti**(0*)Mn**, TiMn3 in Figure 3.12). Pulse

energy dependence studies led to the linear relationships shéwpendix A (in the 314

uJ cm?

pulse energy range) suggesting that monophotonic dynamics occurred for all

processes upon excitation bénd12a with the pulse energy used: 1QJ cm? (~ 750 nJ /

pulse).
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