
ABSTRACT 

GOGGINS, ERIC MICHAEL. Lengthening Charge Transfer Excited State Lifetimes in First 

Row Transition Metal Complexes. (Under the direction of Dr. Walter Weare.) 

 

Solar-to-fuel research requires charge transfer chromophores with lifetimes long 

enough to facilitate the photocatalytic production of fuels. The research presented in this 

thesis is based on d
0
 titanium chromophores that have long-lived charge transfer excited state 

lifetimes ranging from microseconds to milliseconds in solution and at room temperature. In 

order to understand the mechanism of this long-lived excited state, the specific nature of the 

relaxation process was 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 mechanism. These titanium-based 

chromophores were used to synthesize heterobimetallic systems, which were then explored to 

probe heterobimetallic charge transfer dynamics. It was found that in these systems, a ligand-

to-metal charge transfer (LMCT) induced metal-to-ligand charge transfer (MLCT) is present, 

which in the case of bimetallic complexes results in a net metal-to-metal charge transfer 

(MMCT). The charge separated state can, in some cases, allow access to spin forbidden 

relaxation mechanisms and extend excited state lifetimes. The effect that tuning of donor and 

acceptor energetics has on the resulting excited state lifetimes are also examined. 
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1 Chapter 1: Introduction  

1.1 Solar Fuels as an Energy Alternative 

In order preserve our planet, great efforts should be made to ensure that energy 

sources that are minimally deleterious to our environment yet economically viable on the 

global scale are increasingly used. By 2050, an estimated 20 TW of clean renewable energy 

will be needed to satisfy the worldôs energy demands to avoid drastic climate change and the 

associated economic tribulations.
1
 The 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 radiation strike the earthôs surface every day, so it is feasible to harness enough solar 

energy to meet our needs even with deployment of low-efficiency solar technologies.
2
   

1.2 The Disciplines of Solar Energy Research 

There are two main divisions of solar energy; Conversion of solar radiation to 

electricity and conversion of solar radiation to fuels. Solar radiation to electricity conversion 

initially involves the generation of electron-hole pairs (excitons) by the absorption of light on 

a semiconductor, followed by separation of charge carriers and the use of these charge 

carriers through a circuit to generate current. Photovoltaic cells are the prototypical device 

for solar radiation to electricity applications.
3 
In contrast, solar radiation to fuel conversion 

can be broken down into four steps; Light absorption, charge separation, electron transfer to a 

fuel forming catalyst, and energy storage through the formation of fuel molecules.  

 



 

2 

What makes solar energy to fuel conversion an area of great interest in the context of 

green energy research is a practical challenge posed by solar electricity: the electricity must 

be used as it is created or it is lost. This creates a need for energy storage methods. Use of 

batteries can sometimes be a viable option, but when the power demands of the device 

increase, then so does the need for a larger and heavier battery. Because of the low energy 

density associated with batteries (about 0.1 to 0.5 MJ/ kg), extremely large batteries would be 

required for more energy intensive devices, such as freight trains, which can limit the 

economic viability of electrical power. The use of liquid fuels for energy storage solves this 

energy density problem. The energy density of petroleum is ~50 MJ/kg and the energy 

density of clean burning H2 is even higher (140 MJ/kg), thus the process of water splitting 

(2H2O Ÿ 2H2+O2) using artificial photosynthesis can provide an abundant, clean, and high 

energy density fuel. The origin of the innately higher energy density of liquid fuels in respect 

to batteries lies in the fact that batteries store their electrochemical potential within ionic 

interactions, whereas fuels store their electrochemical potential within covalent chemical 

bonds. Since covalent bonds occupy much less space than purely ionic interactions, higher 

energy densities can be obtained.
4
  

Dye-sensitized solar cells (DSSCs), often called Grätzel cells, were among the first 

devices made that formed a bridge between solar electricity and solar fuels (Figure 1.1).
5 
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Figure 1.1. General diagram of a dye-sensitized solar cell. Light absorption by the sensitizer (S)  leads to the 

formation of an excited state sensitizer (S*) and electron injection into the conduction band of a semiconductor 

oxide film (TiO2). The dye molecule regains its lost electron from a sacrificial electron 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 Ru(bpy)3 sensitizer ground state and the iodide/triiodide 

couple. Figure adopted from Grätzel.
6
 

 

In a Grätzel cell, light is absorbed by a dye, with the electron being promoted to a dye-

centered excited state. A sacrificial electron donor (Iodide) can then inject an electron into 

the dye. The initially excited electron is then transferred to the conduction band of TiO2. The 

electron population of the conduction band then be used to electrochemically replenish the 

electrons of the sacrificial electron donor, creating an overall current in the system. 

Conceptually, if water is the sacrificial electron donor in a DSSC system, overall water 

splitting chemistry can occur. Current solar-conversion efficiencies (percentage of power 
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output over power input for the system) for DSSCs lie at about 11%, although modifications 

can lead to higher efficiencies, with the current efficiency record of 20.1 % achieved through 

perovskite based cells.
7
 Although dye-based solar cells seem promising, inorganic 

semiconductors are more likely the feasible approach to provide the necessary redox 

potentials for oxidizing water and reducing protons to form hydrogen.
8
 

1.3 Natural vs. Artificial Photosynthesis 

 

In plants, the process of photosynthesis can be divided into the water oxidation half 

reaction (2H2O Ÿ 4H
+
 +O2 + 4e

-
) and the CO2 reduction half reaction (CO2 + 4e

-
 + 4H

+
 Ÿ  

1
/6 C6H12O6 [glucose] + H2O). Both of these processes are thermodynamically uphill (1.23 V 

plus overpotential for water oxidation) so the energy from solar radiation is utilized to drive 

the chemistry. For water oxidation, light absorption is achieved from pigments, such as 

chlorophyll. After light absorption, charge separation is achieved through an electron 

transport chain that ultimately reduces nicotinamide adenine dinucleotide phosphate (NADP) 

into NADPH. The catalyst needed to drive water oxidation is the oxygen evolving catalyst 

(OEC) found in photosystem II, which has a stoichiometry of CaMn4O4. The OEC water 

oxidation process is an overall four electron/four proton process, with the electrons being 

used to reduce NADP. The protons formed during the water oxidation process are used to 

generate a proton gradient that ultimately is used to form ATP.
9
 Natural and artificial 

photosynthesis vary in several aspects. The plant pigments, chlorophyll a and b, absorb 

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 reductions over relatively long distances 

before the final product is formed (Figure 1.2). In artificial photosynthesis, charge separation  



 

5 

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

more probable in artificial photosynthesis, potentially making it less efficient per absorbed 

photon.
9
  

 

 
Figure 1.2. Charge carrier process of photosynthesis referred to as the Z-scheme. 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 electron transfer. The reduction potentials are vs. 

NHE.  The arrows correspond to electron movement. Figure adopted from Fromm and Hargrove.
9 

 

The catalysts used in artificial synthesis are not enzymatic like in photosystem II, but are 

often inorganic, in part due to their long-term stability 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 unimolecularly, such as Ru(bpy)3 and its derivatives, which have been shown 
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to be capable of light absorption, charge separation and catalysis.
10

 Unfortunately ruthenium 

is the 4
th
 most expensive metal on the periodic table so there is as need to find more 

economical catalysts that are capable of scalable and efficient water splitting chemistry.
11

 

Yin and coworkers have a cobalt based polyoxometallate (POM) water oxidation catalyst 

which possess inexpensive transition metals, operates under ambient conditions and have a 

desirable turnover number (TON) of ~10
3
.
12

 Artificial photosynthesis was eloquently 

demonstrated with and without a circuit connecting both photoelectrodes by Reece and 

coworkers using earth abundant materials. Water oxidation is achieved by the use of a cobalt 

co-catalyst (which structurally resembles the Mn based OEC) that self assembles and a 

silicon semiconductor in a buffer solution hydrogen gas is made by a NiMoZn alloy on a 

silicon surface. These systems achieved solar-to-fuel energy efficiencies of 2.5 % (wireless) 

and 4.7 % (wired) when driven by solar cells of 6.2 % and 7.7 % light-to-electricity 

efficiency, respectively.
13

 Systems where O2 and H2 are produced in tandem are beneficial 

because it avoids complications such as proton accumulation, which can hinder the efficiency 

of integrated solar devices. Although O2 and H2 are not separated, the authors claim that H2 

gas can be easily harnessed as a fuel with the O2 byproduct 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 order to place the presented research in 

its appropriate context, an overview of electron transfer theory will be presented. By 

definition, electron transfer involves the movement of an electron from one chemical species 

to another, with the oxidation state of both species changing. The two main classes of 

electron transfer are outer-sphere and inner-sphere electron transfer. These two classes differ 
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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-

sphere electron transfer. By this definition, inner-sphere electron transfer involves strong 

interactions between the relevant electronic orbitals and outer-sphere electron transfer lacks 

strong orbital interactions. The research presented in this document involves inner-sphere 

electron transfer, but due to several overlapping concepts, both will be discussed here.
14

 

  Marcus theory is the most accepted theory for the general nature of electron transfer, 

and follows the assumption that Frank-Condon principle must be obeyed; meaning the 

movement of electrons is substantially faster than the movement of atomic nuclei. Figure 1.3 

shows the general steps of outer and inner-sphere electron transfer. During the first step of 

electron transfer a precursor complex is formed, with no real bonds being formed in the 

outer-sphere case and the distance between the two chemical species remaining 

approximately the same 

 

 
Figure 1.3. The steps of electron transfer for the outer-sphere (a) and the inner-sphere (b) case as described by 

Sutin
15

 

  

(1a). In the inner-sphere 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 species and the inner coordination shell and polarization of the 

surrounding medium adjust in size according to the activated complex (2). Electron transfer 
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occurs during the later end of the second step, with the third step involving deactivation of 

the activated complex (3). If electron transfer is not successful, deactivation of the activated 

complex will lead to the precursor complex. If electron transfer was successful, deactivation 

will lead to a new charge transfer product. In some cases dissociation (4) can be a fourth step, 

but is not required for electron transfer. 

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

Ὧ ὴὤὩὼὴ
ɗȾ                                                                                                   Equation 1.1 

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

nonadiabatic, Z is the collision frequency between two uncharged reactants in solution, ȹG
ÿ
 

is the free energy of activation, T is the temperature, and R is the ideal gas constant.
15

 

 
 

Figure 1.4. Potential energy diagram of the overlapping potential energy surfaces of a set of reactants and its 

redox products.  ȹG
ÿ
 Is the energy required to overcome the barrier for electron transfer. Electron transfer is 

most probable at qrp where HAB is largest at the intersection. 
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Now let us explore what factors manifest in ȹG
ÿ
. The electron transfer process can be 

thought of in terms of potential energy vs. nuclear coordinates where two potential energy 

surfaces, one the reactants and the other the products, have harmonic oscillator behavior. 

Homogenous conditions are assumed.  If the distance between the reacting species is small, 

the two potential energy surfaces can intersect as seen in Figure 1.4. In the presence of 

strong electronic interactions the system will follow the lower potential energy curve as it 

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 energy barrier, or the 

electrons can alternatively tunnel to form 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 consider a simple classical case, where we 

treat the reactants as hard spheres and assume only inner-sphere polarization occurs, we can 

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

Ὃ ῳὩ                                                                    Equation 1.2 

Where r1 and r2 are the radii of the two spheres, R is their distance between them, Ůs and Ůop 

are the static and optical dielectric constants of the solvent, and ȹe is the amount of charge 

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

and assuming single electron transfer. In this case, outer-sphere reorganizational energy (ɚo) 

must be accounted for, which is the energy required for nuclear coordinates to change from 

that of the reactants to that of the products. The free energy of activation can now be 

expressed as 

ῳὋɗ                                                                                                         Equation 1.3 

Where  ȹG° is the free energy of reaction.  
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The inner sphere reorganizational energy, ɚi, manifests itself in the molecular 

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

‗ ήȟ ήȟ                                                                                            Equation 1.4 

Where fD, and fA are the vibration force constants of the donor and acceptor, and q0,D and q0,A 

are the normal coordinates of the donor and acceptor.  This resembles the formula for the 

potential energy of a harmonic oscillator E = kx
2 

The terms ɚo and ɚi are additive terms so the total reorganizational energy, ɚ, is simply 

‗ ɚ ɚ                                                                                                                                                                         Equation 1.5 

 Substituting equations 3, 4, and 5 into the rate of electron transfer equation we get: 

Ὧ ὴὤὩὼὴ
Ј

                                                                                                Equation 1.6 

The pZ (change A) term contains the |HAB| term which represents the electronic coupling 

between donor and acceptor.  Lander and Zener go into greater detail about the pZ term.
15

 

Expanding the pZ term lead to the following equation for the electron transfer rate constant
16, 

17
  

 Ὧ
ǩ
 ȿὌ ȿ ÅØÐ                                                                  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 

minimum of the reactants and ȹG
ÿ 
will be zero, which would give the fastest 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 means. If the nuclear 

coordinates shift in the same direction the Marcus inverted region is reached and ȹG
ÿ
 will 
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begin to increase. Such Marcus inverted behavior was first experimentally demonstrated by 

Miller and coworkers.
18

 

It is important to note the difference between electron transfer and electronic energy 

transfer in order to avoid confusion. Electron transfer is a non-radiative process in which 

there is electron exchange between donor and acceptor orbitals, one of which is in a light 

induced excited state. Electronic energy transfer is generally thought of as a quenching 

mechanism (Figure 1.5). 

 
 
Figure 1.5.  General model of electron transfer (a) and electronic energy 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  metal-to-metal charge transfer (MMCT) 

systems of heterobinuclear covalently bound oxygen bridged systems on silica surfaces.
19

 

Ti
4+

-O-Sn
2+

 and Ti
4+

-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 bound M-O-Mô systems have also be 

noted to have MMCT transitions M = Ti; Mô= Ce, Co, Cr, Mn, Fe.
20, 21, 22, 23

 The fact that 



 

12 

these systems are carbon free allows for oxidative stability. The potential of these systems as 

photocatalysts has been demonstrated by the oxidation of isopropanol to carbon dioxide,
23

 by 

serving as a pump for other water oxidation catalysts
24

 and in a closed photochemical cycle 

where CO2 is reduced to CO and water is oxidized to form O2.
25

 Cuk and coworkers have 

also found that these systems can possess long MMCT excited state lifetimes, as seen in the 

Ti
4+

-O-Mn
2+

 system (1.8 µs).
26

 studies of the MMCT dynamics of these systems have been 

explored, however, the heterogeneous nature of these systems makes it difficult for extensive 

spectroscopic studies to be performed.
27

 Therefore, there is a need for homogeneous 

molecular analogs of these systems to fully understand the nature of the charge transfer states 

in such heterobimetallic complexes. 

Polyoxometallates are a class of oxo-bridged early transition metal molecular clusters 

in their highest oxidation state that can be thought of multidentate inorganic macroligands.
28

 

POMs show excellent thermodynamic stability and possess multiple functionalities through 

metal substitution into lacunary (vacant metal site) POMs. POMs may also possess redox 

inactive heteroatomôs that can give access to different POM structures and shift to potentials 

of other active metals contained in the POM.
29

  

Zhao (Craig Hill) and coworkers have designed a polyoxometallate, (POM) supported 

metal carbonyl derivative, [P4W35O124{Re(CO)3} 2]
16ï

  that contains a metal-toïPOM charge 

transfer (MPCT), where charge is transferred from the rhenium metal to the multimetal POM 

unit containing delocalized orbitals.
30

 The carbonyl ligands serve as a spectroscopic handle 

for studying the charge transfer kinetics due to the easily identified C-O stretching frequency. 

The rhenium carbonyl POM motif is inspired by rhenium carbonyl polypyridyl complexes 

that possess a metal-to-ligand charge transfer.
31

 The excited state lifetime of the MPCT 
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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 

[X2W20O70{M(CO)3} 2]
12ï 

where X = Sb or Bi and M = Mn or Re, all of which possess an 

intense MPCT transition in the visible region (Figure 1.6).
30

 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.  

 
 
Figure 1.6. The dimer, [X2W20O70{M(CO)3} 2]

12ï 
where X = Sb or Bi and M = Mn or Re. The molecule contains 

an MPCT transition. The figure adapted Zhao and coworkers.
28

 

 

This could possibly suggest that back electron transfer to the ground state is slower in the 

Manganese substituted complexes compared to the 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 

could be due to the increased ˊ-back bonding from rhenium or that rhenium has a more 

negative potential than manganese. It is also possible that Mn
2+

 formed in the excited state 

could be labile due to weak ligand field stabilization energy. Additional studies have been 
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performed on MPCT systems to extend the excited state lifetimes through tuning the 

energetics.
32, 33

 

Takashima and coworkers discuss the visible region MMCT transition of a Ce
3+

 and 

polyoxotungsten (VI) cluster anchored on mesoporous silica to a Ce
2+

-W
5+

 excited state.
34

 

The MMCT transition is most likely MPCT in character, but minimal characterization was 

done on this system. Substitution of a Cu
2+

 ion in place of one of the tungsten atoms of the 

polyoxometallate give a species capable is oxidizing isopropanol to carbon dioxide upon 

irradiation of the MMCT. 

Cyanometallates, such as Prussian blue, are known to have strong intervalence charge 

transfer interactions from large charge density overlapping between the bridged metals.
35

 The 

cyano ligand is a strong field ligand with low energy ˊ* orbitals centered on the carbon atom 

that are capable of providing a low energy route for electron transfer from the carbon bound 

metal to the nitrogen bound metal. As a consequence the low lying ˊ* orbital also provide a 

means for MLCT transitions 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 a series of heterobimetallic complexes, where direct metal-metal bonds are 

formed through the design of ñdouble deckerò ligands that bring the metals in close vicinity 

of one another.
36 

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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Wagenknecht and coworkers have reported a metallocene based Fe
2+

 Ÿ Ti
4+

 

heterobimetallic complexes linked through an alkyne bridge.
37

 The complex shows strongly 

coupled MMCT activity in the visible region with reversible redox potentials. The changes in 

energy of the MMCT is consistent with the tuning of the ligands when monitoring the metal 

centerôs redox potential via cyclic voltammetry, where the MMCT energy decreases with 

decreasing reduction potential. 

Molecular unsupported oxido bridged heterobimetallics have recently been reported 

to have MMCT activity. Falzone and coworkers have reported the Cr
3+

 Ÿ Ti
4+

 

heterobimetallic complex where the oxido bridge is covalently linked between both metals.
38 

Wu and coworkers have reported the V
4+

 Ÿ Fe
2+

 heterobimetallic complex where the bridge 

involves the dative interaction from a Ti
4+

=O fragment to the Fe
2+

 center.
39

  

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 absorption 

spectroscopy, where the molar absorption coefficient, Ůmax, represents how allowed or 

forbidden an electronic transition is. Allowed electronic transitions adhere to (1) spin 

selection rules, (2) angular momentum selection rules, and (3) symmetry selection rules. Spin 

selection rules dictate that transitions between states with different spin multiplicities (S) are 

forbidden, or ȹS = 0. Angular momentum selection rules state that a change in angular 

moment of anything other than 0, or ±1 is forbidden. This selection 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 representations of 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 an electron to an orthogonal orbital, such as a d-d transition in a 

transition metal. Another factor that affects Ůmax is the energy difference between the donor 

and acceptor orbitals. Usually the transition that has the highest Ůmax involves the HOMO to 

LUMO transition.
40, 41

 

 There are several factors that can lift the forbidden nature of electronic transitions that 

violate the selection rules. Spin-orbit coupling can give rise to weak spin forbidden bands. In 

terms of chemistry, spin-orbit coupling is the interaction between an electronôs spin and the 

magnetic field produced by an electrons motion (orbit) around its nucleus. The spin orbit 

interaction can be represented in terms of energy  

ῳὌ ʈz ὄ                                                                                                            Equation 1.8 

Where µ is the magnetic moment of the electron, and B is the magnetic field of the nucleus. 

We can express B as  

ὄ ,                                                                                                     Equation 1.9 

Where U is the potential energy of the electron, e is the elementary charge, r is the radius of 

the atom, c is the speed of light, me is the mass of an electron and L is the orbital angular 

momentum.  

µ, the magnetic moment of an electron is expressed as 

ʈ Ὣʈ
ü
                                                                                                              Equation 1.10 
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Where gs is the g-factor, which is equal to 2 for an electron. ʈ  is the bohr magneton, S is the 

spin angular momentum . 

 In terms of group theory, spin-orbit coupling arises if the direct product of state term 

symbols transform as rotations. Also, spin-orbit coupling can relax the spin selection rules by 

mixing states of different spin multiplicities. During spin-orbit coupling the total angular 

momentum (J) is conserved while the spin angular momentum (S) and the orbital angular 

momentum (L) change. This gives a splitting of degenerate states of J, where                                

J = (|L+S|...|L-S|).
41, 42

 

 Frank-Condon Factors manifest within the overlap of vibrational wavefunctions of 

the ground and excited state. These transitions are often called vibronic transitions. Letôs 

consider the potential energy vs. the nuclear coordinates of the systemôs ground and excited 

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 very small or the temperature is very high. If an electronic 

excitation were to occur from the vôô=0 to the vô=0 position, that would require a vibrational 

stretch in the ground state or a vibrational compression if the electron is going from the vô=0 

to vôô=0 state. Due to electron movement being much faster than atomic movement (~1000 

times faster), this is not probable and excitation occurs from the vôô=0 to the vôÍ0 state 

instead (blue line) is most probable. In terms of group theory, electronic transitions that are 

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 product of the excited state, Ŭ, with the irreducible reducible 
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representation of the vibrational modes (ũvib) and the characters of the dipole operators, µe (x, 

y, z) must be totally symmetric for the false origin to be active (Ŭ x ũvib x µe = A1 ).
41,43,44 

 
 

Figure 1.7. Potential energy diagram showing electron promotion to an excited state (blue) and relaxation back 

to the ground state (green). Figure adopted from http://en.wikipedia.org/wiki/Franck-Condon_principle 

 

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

of metal oxides to not have high molar absorption coefficients in the visible spectrum. This is 

why photosensitizers lie above the valence band (HOMO) in order to absorb photons for the 

metal oxide at higher wavelengths. 
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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 catalyst (Figure 1.8) 

 
Figure 1.8. Chromophore-catalyst 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 chromophore-catalyst dyadic system that has a charge separated excited 

state long enough for efficient charge transfer.
45

 Design 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 of systems capable of achieving longer 

lived excited state lifetimes, where the rate of back electron transfer to the ground state is as 

slow as possible. 

1.7.1 Using Selection Rules to Achieve Long-Lived Excited States 

 

Using the combined knowledge of Marcus theory and the factors the effect electron 

transfer rates, chromophores can be selected where we look to manipulate these factors and 

alter them so that we can improve upon the lifetimes of their charge separated excited states. 

The first strategy used in this research project entails studying chromophores with electronic 

transitions, that have large (> 10
5
) molar absorption coefficients (good orbital overlap) in the 
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ground state, leading to fast electron transfer to a charge separated excited state and poor 

overlap between the electron transfer orbitals in the excited states (leading to slow back 

electron transfer), thus yielding long-lived excited states through symmetry forbidden 

relaxation mechanisms.  

For the second strategy, heterobimetallic charge transfer systems will also be 

explored for MMCT activity. Oxo bridges are focused on because it has been documented 

that u-oxo bridged metals on surfaces have been shown to contain long lifetimes and they 

have also been a textbook example of a bridge between donor and acceptor in homogenous 

and heterogeneous catalysis.
6,
 
26

 By studying heterobimetallic charge transfer systems, the 

opportunity to form excited states where relaxation into the ground state will have to 

transition via spin-forbidden relaxation mechanisms providing 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 metal) of donor and acceptor orbitals 

to alter excited state lifetimes will also be explored. In addition designing heterobimetallic 

system will allow for coarse and fine tuning of each metal center individually from one 

another. The use of transition metals with mediating redox potentials can also serve to 

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

Chromophores  

Goedken and coworkers reported the synthesis of various heterobimetallic complexes 

formed through a dative bond of a titanium terminal oxo complex, (O)Ti
4+

(tmtaa) (1). The 

spectroscopic properties of these 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 dative linkage, 

rather than a covalent bond.
1
 The primary research in this document is focused on the 

synthesis of single molecule datively bonded Ti
4+

/M
2+

 systems and the study of its electron 

transfer kinetics through various spectroscopic and electrochemical techniques as well as the 

electron kinetics of 1. 

 

2.1 Synthesis of (O)Ti
4+

(tmtaa) and its Derivatives 

1 is a stronger base compared to other terminal single metal 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 smaller Ti-O stretching frequency observed for 1 compared to 

other titanium oxo complexes is more evidence that 1 would be more reactive.
2
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Figure 2.1. Overall reaction scheme for the synthesis of 1. Further details can be found in the experimental 

section. 

 

In order to explore the fine tuning of 1 the synthesis of substituted ligand sets were carried 

out. The general synthesis of the 1 complex is shown in Figure 2.1. The first step involves a 

nickel-templated Schiff base condensation to form the macrocycle, Ni
2+

(tmtaa) (2). To 

remove the nickel, the complex is then treated with hydrochloric acid, protonating the imine 

nitrogens and releasing nickel as a tetrachloronickelate 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 complex tmtaa(H)2 (3), where tmtaa = 7,16-

dihydro-6,8,15,17-tetramethyldibenzo(b,i)(1,4,8,11) tetraazacyclotetradecine. To 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.
2,3 

There are other methods to forming the titanium oxo complex by the use of a 
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Li 2(tmtaa) complex, where the protons of the 3 complex are removed with n-butyl lithium. 

The Li2(tmtaa) complex can then be reacted with (O)Ti
4+

(acac)2 to directly form the 1 

complex; however this usually leads to a mixture of 1 and 3 that need to be separated by 

column chromatography. The (NBu
t
)Ti

4+
(tmtaa) complex formed from the lithium salt of the 

macrocycle can be used as a precursor for making 1 that can be purified by a simple 

recrystallization.
4
 

Making functional group substitutions to the macrocycle framework of 1 is needed 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 avoid steric interactions that may occur during 

complexation with other metals (Figure 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
4+

(tmtaa)(X)4 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 with 3; however attempts to demetallate these complexes 

have proven to be difficult due to solubility issues.
5
 The first ligand variant has methyl groups 

at the X position and has been previously published by Place and coworkers.
5
 The inductive 

donating ability of the methyl groups lead to increased yields and reaction rates across many 

of the reaction steps. In the nickel-templated macrocycle formation, the 4,5-dimethyl-o-
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dianiline precursor  nitrogens are a stronger nucleophile compared to the o-dianiline nitrogens, 

and will attack the carbonyl carbons of acetylacetone faster. This leads to an increased rate of 

Ni
2+

(tmtaa)(Me)4 (4) formation. The demetallation process to produce tmtaa(H)2(Me)4 (5) is 

also faster due to a decrease in the energy of activation for protonating the nitrogen 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 chloro-substituted ligand variants have slower reaction rates 

and yields across several steps. Inductive electron withdrawing effects decrease the yield of 

the nickel-templated macrocycle formation of Ni
2+

(tmtaa)(Cl)4 (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 basicity of the 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 several days. It would appear that Ti
4+

 is 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 made to make the ligand more basic. To further support the effects of electron 

withdrawing substituents, Place and coworkers reported that using 4,5-dinitro-o-dianiline to 

form the macrocycle with nitro substituted aryl positions does not work, most likely due to the 

significantly decreased nucleophilicity and basicity of the amine nitrogens.
5 
The compounds 

Ni
2+

(tmtaa)(Br)4 (8),  tmtaa(H)2(Br)4 (9), and Ni
2+

(tmtaa)(F)4(10) were also synthesized. 
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tmtaa(H)2(F)4 was not synthetically accessible due to the increased electron withdrawing 

properties of fluorine as described previously. 

2.2 Forming Lewis Acid-Base Adducts with (O)Ti
4+

(tmtaa)  

 Goedken and coworkers reported the synthesis of various heterobimetallic complexes 

formed by 1 terminal oxo dative bond.
1
 Attempts to 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 acid-base adduct, [(tmtaa)Ti
4+

OMn
2+

(Salen)]
2+

 lead 

to complications due to the low oxophilicity of the Mn
2+

(Salen) precursor. Stirring the 

reactants over several days still lead to unreacted starting materials and performing the 

reaction at high temperatures would lead to decomposition products. The characterization 

provided for this complex was limited to an IR spectrum and a UV-Vis spectrum. The solvent 

used for the UV-Vis spectrum was dimethylformamide where they reported peaks at 320 and 

377 nm, both of which are very similar to the parent complex 1. In addition, the 320 nm peak, 

corresponding to the O pˊ Ÿ Ti dˊ* LMCT should be red shifted further into the visible 

region if there is a bonding interaction with the oxo and the Manganese center. To explore this 

further, a titration of complex [(tmtaa)Ti
4+

OCo
2+

(Py5Me2)]
2+

 with DMF and DMSO were 

performed in acetonitrile (Figure 2.3).  
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Figure 2.3. Change in the absorption spectrum during the qualitative titration of [(tmtaa)Ti
4+

OCo
2+

(Py5Me2)]
2+

 

with DMF. The downward arrows correspond to the decrease in concentration of [(tmtaa)Ti
4+

OCo
2+

(Py5Me2)]
2+

 

and the upward arrows correspond to the increase in 1 concentration.  

Upon titration, the dissociation of the dative oxo linkage of [(tmtaa)Ti
4+

OCo
2+

(Py5Me2)]
2+

 

was observed. In terms of solvents, DMSO and DMF have and stronger coordinating ability 

relative to solvents such as acetonitrile and methanol.
6
 Since the solution based the 

characterization of the reported [(tmtaa)Ti
4+

OMn
2+

(Salen)]
2+

 complex was performed in 

DMF, it is possible that the compound could have decomposed. Similar synthesis issues occur 

when trying to make a [(tmtaa)Ti
2+

OCo
2+

(Salen)]
2+

 complex using Co
2+

(Salen) as the 

precursor. The Co
2+

(Salen) and Mn
2+

(Salen) complexes appear to favor anionic axial ligands 

over the neutral dative oxo linkage, making the 1 a poor Lewis base to form adducts in this 

case.  

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

Heterobimetallic Molecules: Synthesis and Structure 

 Heterobimetallic, oxido-bridged metal-to-metal charge transfer chromophores are 

known to drive electron transfer processes including oxidation,
7,8,9,10

 reduction
11,12

 and 

complete redox cycles.
13,14

 However, the bulk of these studies focus on solid state systems, 
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and spectroscopic techniques available to study them are limited.
15,16,17

 To overcome this 

limitation, I have found that soluble molecular systems that model such chromophores are 

useful.
18,19

 Here, I report the synthesis of series of first row transition metal heterobimetallic 

molecules (Ti=OŸM) where the structural and electrochemical properties can be controlled 

through the identity of M. To date, only a few examples of unsupported oxido-bridged Ti-O-

M heterobimetallics are known.
11,12,19,20,21,22 

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 from a titanium terminal oxo complex (1).
1,2,23

 

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, (Py5Me2)M
2+

L (11a-f where a = Mn, b = Fe, c = Co, d 

= Ni, e = Cu, f = Zn, L = solvent) have been utilized in a variety of redox processes.
18,24,25,26

 

11a-f are ideal compounds for forming heterobimetallic adducts with 1 due to their single 

open coordination site and significant chemical and electrochemical stability.
27,28

 In this report 

I will  discuss the synthesis of a series of complexes that include synthetically accessible first 

row transition metals, [(tmtaa)Ti
4+

OM
2+

(Py5Me2)][OTf] 2 (compounds 12a-f, M=Mn, Fe, Co, 

Ni, Cu and Zn, OTf = trifluoromethanesulfonate), along with their structural, electronic, and 

electrochemical properties. The earlier transition metals (M = Sc, Ti, V
29

,Cr
19

) were not 

included since their M
2+

 oxidation states are unstable under the conditions utilized when 

forming these heterobimetallic linkages. The Lewis acidïbase adducts 12a-f are formed by 

reacting one equivalent of 1 with one equivalent of (Py5Me2)M
2+

L. The Lewis-base, 1 

displaces the axial ligand, L, on (Py5Me2)M
2+

L and forms a dative linkage with M, the Lewis 

acidic transition metal.  
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Figure 2.4. Reaction of OTi
4+

(tmtaa) with (Py5Me2)M
2+

L to form compounds 12a-f. Conditions: (i) Titanium 

(IV) chloride, triethylamine, in acetonitrile. Then treatment with excess ammonium hydroxide in methanol. (ii ) 

Corresponding metal precursor in acetone at r.t. (iii ) 3 h reflux in acetone. For 12e, Cu
2+

 is five coordinate and 

binds to only four of the pyridyl groups of the Py5Me2 ligand binding to Cu, which is not schematically shown. a. 

M = Mn, n = 1, L = OTf, 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 = OTf, f. M = Zn,  n = 2, L = solvent.  

 The reaction reaches completion within 2-3 hours and X-ray quality crystals of these 

complexes can be grown within 2-4 days 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 photodecomposition 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 a high-spin configuration except 

for 11b and 12b, which is found to be low-spin Fe
2+

 (µeff values for compounds 11a, 11c-e, 
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12a, and 12c-e can be found in the experimental section). Complexes 11f and 12f are 

diamagnetic. 

 When in solution, an equilibrium exists involving the dative bound heterobimetallic 

and the monometallic complexes as seen in reaction iii  of 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 

(Py5Me2)M
2+

L complex. This can be monitored in acetonitrile by comparing the relative 

intensities of the two ground state absorption bands. For monometallic 1 the low 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 titrations (Tables 6.1-6.4) indicate that Keq ranges ~ from    

3 x 10
5
 ï 2 x10

7
 in acetonitrile for the formation of 12a (3.1 x 10

5
 ± 0.6 x 10

5
), 12c (3 x 10

6
 ± 

2 x 10
6
), 12d (3.2 x 10

5
 ± 0.9 x 10

5
), and 12f (1.8 x 10

7
 ± 0.9 x 10

7
), 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 (for 12b and 12e).  The solution was filtered and exposed 

to slow vapor diffusion of diethyl ether. After 1-3 days, X-ray quality crystals formed. 

Selected crystallographic parameters are shown in Table 2.1 and full crystallographic details 

can be found in Appendix H. 
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Figure 2.5. X-ray crystal structures of compounds 12a-12f. Hydrogen atoms, solvents of crystallization and 

counterions are not shown. 

 In these heterobimetallic molecules, a dative bond forms through ů interactions 

between the oxygen and metal orbitals with additional stability imparted by ˊ donation from 

the oxygen. For the compounds, 12a, 12b, and 12c, the dˊ orbitals are only partially filled, 

allowing for more favorable ˊ interactions. For compounds 12d, 12e, and 12f, any ˊ bonding 

must include interactions with higher energy empty p orbitals since the d orbitals become 

increasingly occupied across the period. I found that the Ti-O bond length increases upon 

formation of the heterobimetallic complexes due to a decrease in the Ti-O ů and ˊ bonding 

interactions. The Ti-O-M bond angles range from 157.6° to 169.7° in this series. In this case, 

the only significant deviation from the Ti-O-M angle is found in 12a (157.6°), which is 

attributed to a slightly larger magnitude of dative ů interactions to the Mn center. The Ti-O-M 
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angles in compounds 12b-f have a maximum difference of 2° which is negligible in terms of 

energetic contributions.  In the case of 12e, one of the equatorial pyridyl ligands is left 

unbound, leaving the Cu atom in a 5-coordinate environment, presumably due to a Jahn-Teller 

distortion at the d
9
 Cu

2+
 center. 

    Table 2.1. Selected bond lengths and angles. 

Complex Ti-O 
distance 
(Å) 

M-X 
distance 
(Å) 

M-X 
interaction 

Ti-O-M 
angle (°) 

 1 1.653    

11a  2.117(1) Mn-OOTf  

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

11b  1.942(1) Fe- NMeCN  

12b 1.697(2) 1.943(2) Fe-OTiO 167.9(1) 

11c
28 

 2.123(3) Co-NMeCN  

12c 1.704(4) 1.987(3) Co-OTiO 168.2(2) 

11d  2.083(1) Ni-NMeCN  

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

11e  2.149(1) Cu-OOTf  

12e 1.7026(8) 1.9274(8) Cu-OTiO 169.7(4) 

11f  2.074(1) Zn-NMeOH  

12f 1.694(1) 1.997(1) Zn-OTiO 169.1(2) 

 

 The general electronic absorption spectra  (Figure 2.6) for these heterobimetallic 

complexes consists of an intense (Ů > 10
5 
M

-1
cm

-1
) oxygen-to-titanium LMCT transition (~340 

nm), a nitrogen-to titanium LMCT (~400 nm) and a tmtaa based ˊ Ÿ ˊ* transition (375 nm).
30

 

The O Ÿ Ti LMCT transition, which is also present in 1, undergoes a red shift when the oxo 

ligand becomes datively bound to a transition metal as in 12a-f. 
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Figure 2.6. UV-Vis spectrum of 1 (black) and 12f (red) in acetonitrile. 

 

Table 2.2. Absorbance features of compounds 1, 12a-f. 

Compound 

Ů (M
-1
cm

-1
)   

(O Ÿ Ti LMCT) 

ɚmax  

(O Ÿ Ti LMCT) 

Ů (M
-1
cm

-1
)   

(ˊ Ÿ ˊ*) 

ɚmax  

(ˊ Ÿ ˊ*) 

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 the intensity of the O Ÿ Ti LMCT band, depends on 

the magnitude of the bonding interactions with the Lewis-acidic metal center. Stronger 

interactions result in more intense O Ÿ Ti LMCT bands that are further red shifted. For 

instance, in 12a (M=Mn
2+

) the LMCT transition is shifted from 330 nm (Ů= 21800 M
-1

cm
-1

) in 

1 to 346 nm (Ů=45600 M
-1

cm
-1

), while in 12d (M= Ni
2+

) the O Ÿ Ti LMCT transition is only 

shifted to 336 nm (Ů=20700 M
-1

cm
-1

).  This trend is also observed in the Ti-O bond lengths, 

which indirectly reflect the strength of the bonding interactions between the oxo ligand and 



 

36 

the titanium. The observed changes in the O Ÿ Ti LMCT band upon dative interaction with 

M
2+

 metal is most likely due to the resulting decrease in the Ti-O ů and ˊ bonding 

interactions. This leads to a smaller energy gap between the antibonding titanium dˊ* orbitals 

and the oxygen pˊ orbitals, resulting in a red-shift of the band and an increase in intensity. 

Intensity borrowing from the tmtaa ligand based ˊ Ÿ ˊ* transitions also occurs after 

formation of the dative linkage. Most of the Lewis acidic metal centers (11a, 11c-f) do not 

have intense absorption features at wavelengths greater than 300 nm, and therefore contribute 

little to the observed spectra. 12b has additional absorption features between 350 nm and 420 

nm that are due to the Fe
2+ 

center which are also observed in 11b (Ů < 2000 M
-1

cm
-1

).   

 The FTIR spectrum of complexes 1 and 12a-f have a Ti-O and Ti-O-M stretch that has 

previously been utilized as a spectroscopic handle for metal binding.
2,18 

The Ti-O-M 

stretching frequencies roughly follow the structural trends, increasing as the Ti-O-M bond 

angle increases and the atomic number of the neighboring Lewis-acid transition metal 

increases. The main outlier to this trend is the Ni
2+

 complex 12d. However, there are several 

unique factors that affect the energy for each Ti-O-M stretch. For instance the low-spin nature 

of 12b and the Jahn-Teller distortion of 12e will manifest themselves in the frequencies of the 

Ti-O-M stretch. Therefore, I 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 play. This is particularly true since the ɜas(Ti-O-M) vibrational mode 

involves the combined contributions from both the Ti-O and O-M bonds. Consequently, a 

firm correlation that focuses on just one of the bonds involved could be inaccurate. 
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 Table 2.3. IR stretching frequencies for the ɜ(Ti-O) and ɜ(Ti-O-M) stretching mode in compounds. 

   Complex Stretch 
Identity 

Frequen
cy (cm

-1
) 

1 Ti-O  930 

12a Ti-O-Mn 876 

12b Ti-O-Fe  895 

12c Ti-O-Co  892 

12d Ti-O-Ni  912 

12e Ti-O-Cu  903 

12f Ti-O-Zn  904 
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Figure 2.7. ATR-FTIR spectrum of 1, 12a, 12b, and 12d showing the Ti-O or Ti-O-M stretch for each 

compound. 

 

 Utilizing cyclic voltammetry, the Ti
4+/3+

 halfwave potential (E1/2) in 1 is found to be at 

-2.26 V versus the ferrocene/ferrocinium (Fc/Fc
+
) redox couple. This redox potential was 

assigned based on comparison to the non-metallated ligand tmtaa(H)2, which lacked this 

feature. Formation of the dative oxo linkage with a transition metal anodically shifts the 

potential of the Ti
4+/3+

 redox couple (E1/2 = -1.53 V for 12c and E1/2 = -1.68 V for 12f). In 12e, 
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side reactions between free copper and the working electrode occur when scanning at negative 

potentials, preventing assignment of the Ti
4+/3+

 potential. Comparison of the cyclic 

voltammograms of tmtaa(H)2 and 1 led to the assignment of an irreversible ligand reduction at 

-2.67 V and two irreversible ligand oxidations (+0.26 V and +0.82 V for tmtaa(H)2 and +0.50 

V and +1.13 V    for 1). 

 

 

 

   Table 2.4. IR Selected redox potentials (vs. Fc/Fc
+
) in acetonitrile. 

Complex M
2+/3+

 
(V) 

Ti
4+/3+

 
(V) 

1  -2.26 

11a +0.90  

12a +0.27 -1.68 

11b +0.81  

12b +0.02 -1.80 

11c +0.23  

12c -0.09 -1.53 

11d +1.08  

12d  -1.57 

12f  -1.68 

 

 The M
2+/3+

 redox potentials of the transition metals in the Py5Me2 ligand environment 

for compounds 11a-11d and 12a-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 for 11a, 11b, 12a, and 12b show reversible behavior, while the M
2+/3+

 

potentials for 11c and 12c are quasireversible. The M
2+/3+

  potential for 12d was not observed, 

however a higher potential oxidation potential is observed at 0.88 V which is assigned as the 

Ni
3+/4+

 potential from comparisons to 11d. The cobalt center possesses the most negative 

M
2+/3+

 E1/2
 
for the (Py5Me2)M

2+
L and [(tmtaa)Ti

4+
OM

2+
(Py5Me2)]

2+
 complexes, making it the 

most easily oxidized transition metal. The copper centers for 11e and 12e do not have any 
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oxidative peaks in its voltammogram when scanning within +2.0 V making it a poor reducing 

agent. The Zn
2+

 center of 11f and 12f contains no obvious reductive or oxidative peaks. To 

summarize, formation of a dative linkage between (Py5Me2)M
2+

L complexes and compound 1 

cathodically shifts the M
2+/3+

 redox couple ~200-300 mV for the M
2+/3+

 redox active metals. 

This shift can be explained by the increased electron donation of the dative linkage into the 

(Py5Me2)M
2+

L metal making it more electron rich and thus easier to oxidize (Table 2.3). (All 

cyclic voltammograms can be found in Appendix B.) 

 Six new heterobimetallic complexes that are oxido bridged through a dative interaction 

between a titanium oxo and a M
2+

 center were synthesized and structurally confirmed. The Ti-

O bond lengths in 12a-12f are longer than in the monometallic complex 1, due to interaction 

with the M
2+

 centers. The degree of bending in the Ti-O-M bond is determined by a 

combination of the ů and ˊ interactions between the M
2+

 center and the Ti center, where 12a 

possess the strongest ů interactions and the 12b-f have similar magnitudes for their combined 

ů and ˊ bonding interactions. Complex 12e is found to have a 5-coordinate Cu
2+

 center due to 

Jahn-Teller distortion. UV-Vis and ATR-FTIR spectroscopy of compounds 12a-12f show red 

shifts in the peaks that are involved in the Ti-O bond orbitals when compared to the 

monometallic complex 1. Cyclic voltammetry shows that the Ti
4+/3+

 redox potential is 

stabilized when the M
2+

 center is bound to the oxido ligand. The M
2+/3+ 

redox potentials of the 

heterobimetallic complexes can be varied as much as 500 mV through selection of an 

appropriate M
2+

 precursor. The ability to control spectroscopic, structural and redox properties 

across this series shows that this class of compounds may be a useful tool for understanding 

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

Chromophores 
 

The studies presented in this chapter are focused on the charge transfer excited state 

dynamics of transition metal complexes. The work in Section 3.1 was done in collaboration 

with the group of Yulia Pushkar, the group of Sergei Savikhin and the group of Junko Yano 

and Vittal Yachandra. My contributions to these studies include transient absorption, 

electrochemical, spectroelectrochemical, and synthetic experiments. Section 3.2.1 was 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
4+

(tmtaa) 

 Complexes with long-lived charge transfer excited states are important for performing 

electron transfer reactions. Ru(bpy)3 has been widely used as a chromophore for light-

induced electron transfer reactions due to its long-lived MLCT excited state lifetime.
1
 Due to 

the cost of ruthenium, the iron analog, Fe(bpy)3, has 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(bpy)3 complex. This is due to a low-lying d-centered quintet state 

inactivating the MLCT excited state.
2
 The efforts to overcome this by increasing ligand-field 

strength via ligand modification have, to date, only met with modest increases in CT 

lifetimes (~ 10 ps). d
10

 complexes, such as copper phenanthrolines, have been used 

successfully as a means to circumvent inactivating d-d electronic states as a factor on the 

relaxation process of charge transfer excited states, yielding long-lived lifetimes.
3
 In theory 
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d
0
 complexes can be used in a similar fashion to obtain long-lived. charge transfer states, yet 

little research has been done to explore this area.
4
 There are a wide range of known d

0
 Ÿ d

1 

LMCT complexes.
5,6,7,8,9,10 

These complexes typically lead to  short-lived LMCT excited 

state states upon light irradiation.
11,12,13,14 

In this section I report an extremely long-lived 

(microsecond) excited state arising from a d
0
 Ti

4+
 complex and its mechanistic dynamics.  

 Discovery of new molecules with interesting photo-physical properties is important 

for light to energy conversion via generation and stabilization of charge separated states and 

for light-sensing and light-induced molecular manipulations via light-induced conformational 

changes. Light-induced conformational changes in molecules are also important for a variety 

of biological and technological applications.
15,16,17

 For example, upon excitation of the 

chromophore in photoreceptors such as rhodopsin, bacteriorhodopsin, and photoactive 

yellow protein isomerization around a C=C double bond has been observed on a time scale of 

0.2ī3 ps.
18

 Light-induced structural changes in phytochrome, a photoreceptor in plants, occur 

within similar time scale, 0.2ī4 ps, suggesting a similar reaction mechanism.
19

 Light-driven 

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

 The titanium oxo complex stabilized by a four-coordinate macrocyclic ligand (tmtaa 

= dibenzotetramethyltetraaza[14]annulene), (O)Ti
4+

(tmtaa) (1),
20

 is capable of large scale 

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 assemblies. This property can help design 

nanomachines, sensors, and photoswitches.  

 Although this structural change is vital for the formation of the long-lived state, I 

have found that this molecular rearrangement does not sufficiently explain the extreme 
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longevity of the resulting excited state (95.8 µs). I propose that the long-lived state is 

ñsymmetry trapped,ò with the resulting charge-separated state having negligible spatial or 

vibrational overlap with the ground state. The presence of similar LMCT states, with charge-

separated lifetimes of ~500 ps has been previously demonstrated.
21

 

 (O)Ti
4+

(tmtaa) (1), was synthesized as previously reported.
20

 When dissolved in 

acetonitrile, the electronic absorption spectrum of  1 consists of an intense (Ů > 10
5
) titanium-

based transition at 325 nm, a second intense (Ů > 10
5
) ligand-centered transition at 374 nm, 

and a broad titanium-based transition at 405 nm.
22 

TD-DFT analysis reproduces these 3 

transitions (Appendix A).  

 Spectroelectrochemical measurements were performed on 1 in acetonitrile to enable 

assignment of transient absorption features (Figure 3.1).
23

 A voltage of ï 2.4 V vs. Fc/Fc
+
 

was applied to an acetonitrile solution of 1 which exceeds the Ti
4+/3+

 reduction potential.
22

 

The absorbance at 374 nm decreased and broad band at 475 nm increased over time. I 

propose that this new band at 475 nm occurs upon formation of Ti
3+

 during reduction of 1, 

with this feature being assigned to a ligand field transition. This is supported by TD-DFT 

calculations performed on the Ti
3+

 triplet excited state. This complex does not emit 

measurable fluorescence at room temperature upon excitation in 300-400 nm range. This 

suggests an efficient nonradiative deactivation channel.  
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Figure 3.1. Spectroelectrochemistry of 1. The potential was held at -2.4 V vs. Fc/Fc
+
 in acetonitrile for the 

given time. I assign the new absorption feature centered at 475 nm to a ligand field transition of the 

electrochemically formed Ti
3+

. 
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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 (bottom left) and 370 nm probe (bottom right). Time constants were 

obtained by fitting the data to a single exponential decay function. Ű = 95.8 Ñ 1.0 Õs at 400 nm probe and Ű = 

93.1 ± 3.6 µs at 370 nm probe.  
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 To study the photo-physical behavior of 1, I first performed time-resolved UV-visible 

spectroscopy on the ns-µs time scales. Laser excitation into the absorption bands of 1 

resulted in the growth of intense optical absorption band around 400 nm (Figure 3.2). This 

light-induced state decays with time constant ~100 µs. (NOTE: rigorously dry acetonitrile is 

needed to obtain reproducible lifetimes, the presence of water dramatically alters the excited 

state dynamics). The long-lived (> microsecond) features showed excited state absorbance 

bands (355, 400, and 510 nm) which most likely originate from a red shift of the LMCT- and 

ligand-based ˊ to ˊ* transitions with an additional low energy peak that was assigned to the 

Ti
3+

 based d-d transition.  The assignment of the band at 510 nm is supported by the presence 

of a Ti
3+

 d-d signal at the 475 nm band as observed using spectroelectrochemistry. The small 

spectral differences in the UV-visible transient excited state spectra and 

spectroelectrochemical spectra are due to the lower energy of the electrochemically reduced 

orbitals when compared to the photo-excited states.
23  

 

 UV-visible transient absorption experiments in acetonitrile showed a negative 

absorption feature at 371 nm that can be attributed to a bleach of the ligand-centered ˊ to ˊ* 

transition (Ű = 93.1 Ñ 3.6 Õs). The lifetime for the transient absorption feature at 400 nm was 

95.8 ± 1.0 µs. This is similar to that obtained for the broad band at 510 nm, which decayed 

with a time constant of 343 ± 73 µs. 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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 Pump-wavelength dependence of the excited state absorbance feature at 400 nm 

tracked that of the ground state electronic absorption spectrum of 1 in acetonitrile (Figure 

3.3). This indicates that internal conversion is efficient 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 wavelength, indicating that an identical excited state is formed 

regardless of the excitation energy.  
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Figure 3.3. Pump-wavelength dependence of 1 in acetonitrile. The solid black line represents the ground state 

UV-Vis spectrum. The red dots represent the change in absorbance after laser excitation (normalized to the 

ground state absorbance). Further details can be found in the experimental section. 

 

 I then turned my attention to the shorter time scales of the transient absorption 

features (Figure 3.4). After excitation at 370 nm under N2, the long-lived (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 the aforementioned broad 

feature centered at 510 nm. Surprisingly, the rate for both processes was shortened to ~ 30 ns 

under an O2 atmosphere, with an intermediate lifetime (~90 ns) being observed in the 
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presence of dry air. Upon comparison of the transient absorption feature at 400 nm under 

identical concentrations, there was no change in the resulting ȹA between the N2 and O2 

sparged solutions, instead. The loss of intensity for the 400 nm transient absorption feature in 

saturated air is due to a ground state reaction of 1 with CO2,
24

 which alters the amount of 1 in 

solution. Therefore, I conclude that O2 catalyzes the formation of the long-lived state, which 

is unusual since O2 typically fully quenches excited states.  
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Figure 3.4. Transient absorption difference plots of 1 in acetonitrile displaying features leading to long-lived 

(100 us) excited state using 370 nm laser excitation. (Top left) Transient kinetics following the rise feature at 

400 nm probe in gas saturated solutions (black = N2, red = O2, and blue = Air). (Top right) excited state 

spectrum of 1 after 10 ns delay in N2 saturated solution (black) and O2 saturated solution (red). (Bottom left) 

Exponential decay trace following the rise feature at 400 nm probe in gas saturated solutions (black = N2, red = 

O2, and blue = Air. Ű = 300 ns, 30 ns and 90 ns respectively). (Bottom right) Transient kinetics following the 

rise feature at 510 nm probe in N2 saturated solutions (Ű = 290 ns). 
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 Ar saturated solutions have nearly identical lifetimes and transient absorption spectra 

as the N2 saturated solutions, further supporting that O2, not N2, is the reactive species in this 

system and speeds the formation of the long-lived state (Appendix A). As previously 

mentioned, I was still able to observe a ȹA for the 510 nm feature at long times in both N2 

and O2 saturated solutions, which suggests that a charge-transfer state (Ti
3+

) remains. This 

step occurs with a conversion efficiency near 100 % due to no observable loss in intensity of 

the bleach. I propose this O2-dependent step occurs after the formation of the initial 

intermediate at ~ 17 ps, which is proposed to be a transition from an initial spin triplet 

excited state to a lower energy spin singlet excited state. 

TD-DFT predicted an absorption profile that includes a d-d band 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 time-resolved X-ray absorption 

spectroscopy at Ti K-edge and phosphorescence measurements were unsuccessful.  

 Picosecond photodynamics of 1 show positive ȹA features at 345, 400, 480, and 540 

nm and a negative absorption difference at 373 nm (Figure 3.5). Based on experimental 

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 480 and 540 nm 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 N2(g) and O2(g) atmosphere. I propose this 17 ps process to be a feature where the back 

electron-transfer to form the ground state 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 dxy orbital on the titanium atom. This transition into the non-bonding dxy occurs with 

a conversion efficiency of 16 %. 
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Figure 3.5. Ultrafast optical absorption of 1 in acetonitrile using 320 nm laser excitation showing the decay of 

the 15 ps excited state at 480 and 540 nm to the feature at 510 nm (Left). Right: Full spectrum. 

 

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

transient absorption experiments on 1 in mixtures of toluene and mineral oil to increase the 

sampleôs viscosity which would inhibit conformation changes in this system (Figure 

3.6).
25

As the ratio of mineral oil was increased, I observed a significant decrease the in the 

concentration of the long-lived excited state. A similar result was observed on the picosecond 

timescale (Appendix 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 long-lived excited state. Although the conversion 

efficiency for the formation of the long-lived state decreases with higher viscosities, the 

lifetime of this excited state was not altered, remaining identical to that pure toluene in all 

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

CH2Cl2, with a decrease in formation of the long-lived state but no impact on excited state 
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lifetimes (Appendix A). This key result implies that the mechanisms which trap this long-

lived excited state are based on vibronic dynamics and not on the large conformational shifts. 
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Figure 3.6. Transient absorption difference plots for the decay of the long-lived excited state (400 nm) of 1 in 

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), 95:5 (cyan), as well as 100% toluene (pink). 

 

 

 To assist in exploring the origin of these conformational changes, DFT analysis was 

undertaken for two alternative structures of 1: one with the observed ñwings upò 

configuration 
26

 or an alternative ñwings downò configuration which has been observed when 

1 is bound through the oxido group to metalloporphyrins. For 1, the energy difference 

between the favored ñwings upò and ñwings downò conformations optimized in vacuum is 

relatively small (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. Structure of 1 in the ñwings downò conformation (top) and the ñwings upò conformation (bottom). 

 

Variable temperature transient absorption measurements were performed on the long-

lived excited state of 1 (400 nm probe) in the range of -35 to 55 °C. This resulted in a linear 

Arrhenius relationship (Figure 3.8) which is consistent with the long-lived excited state 

decaying through a single thermally activated relaxation pathway. The activation energy for 

this decay (ȹEa) was calculated to be 11.2 kcal/mol, which 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 non-bonding dxy orbital to ligand ṕ  in the ground state. 
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Figure 3.8. Arrhenius plot of the long-lived excited state decay kinetics of 1 in acetonitrile from 55°C to -35°C. 

R
2 
= 0.9991. 

 

Considering the presented results, I propose a model for the relaxation mechanism of 

the excited state, illustrated in Figure 3.9. After the formation of the Frank-Condon state (a 

vertical arrow should be drawn in the scheme for this process), with the photoinduced oxo 

ligand ˊ - to titanium(IV) ˊ* electronic transition, conformational changes take place, 

inducing the formation of the excited state S1 showed in Figure 3.9 (process Ű1). During this 

process, the conformation of the complex changes from "wings up" to "wings down". After 

this step the electron populating the ˊ* orbital relaxes to the lower energy nonbonding dxy 

orbital while undergoing an intersystem crossing event from a spin singlet into a triplet 
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manifold (Ű2). This process occurs within 17 ps. The next step involves a second intersystem 

crossing event going from a spin triplet to lower energy singlet (Ű3). This process occurs 

within 300 ns in N2 saturated solutions and is accelerated by the presence of O2. The last step 

(Ű4) involves the symmetry forbidden relaxation of the electron from the titanium dxy back to 

the ground state where it populates the ligand ˊ orbital and changing conformation from the 

"wings down" conformation back into the original "wings up" position. The driving force for 

the long-lived excited state lifetimes is manifested within the symmetry forbidden relaxation 

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

coupling.  

 

Figure 3.9. Excited state dynamics upon laser irradiation of 1. Ű1 is the light induced excitation. Ű-1 is the rate of 

recombination to the ground state from the first excited state. Ű2 is the rate of ISC to a spin triplet and the 

electron relaxing to the dxy orbital. Ű3 is the rate of ISC to spin singlet. Ű4 is the rate of relaxation from the long-

lived excited state to the ground state. The blue orbitals are titanium orbitals and the red orbital is the ligand ˊ 

orbital. Ű < 2 ps, Ű-1 = 16.8 Ñ 2.1 ps, Ű2 < 16.8 ps, Ű3 = 300 ns, Ű4 = 100 ɛs (acetonitrile). Note: The charge 

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 visualization of the 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 transfer HABkin was be calculated.
27

 Using cyclic voltammetry, the 

potential difference (2.5 V) can be used to approximate ȹGÁ. Using ȹGÁ and the activation 

energy (Ea), the reorganizational energy ɚ can be found through the relationship,  

Ὁ ρ
Ј

                                                                                                        Equation 3.1 

Giving a reorganizational energy of 102 kcal/mol. Using ɚ and the pre-exponential factor    

(A = 19.2 x 10
11

 s
-1
) found from the Arrhenius fit , HABkin can then be calculated from 

Equation 3.2, 

Ὄ
üЍ

                                                                                                    Equation 3.2 

Giving a value of HABkin = 1.11 x10
-10

 cm
-1 

which is quite small and consistent with 

orthogonally oriented donor and acceptor manifolds. 

 Microsecond charge transfer lifetimes are typical for triplet states in molecules such 

as [Cu(phenanthroline) complexes
28

 or porphyrin-fullerene dyads.
29

 However, such triplet 

states normally exhibit excited state quenching when exposed to oxygen due to energy 

transfer, while the microsecond kinetics of 1 are insensitive to the presence of dioxygen in 

the sample. Therefore, I conclude that the long-lived state is unlikely to be a triplet excited 

state, but instead is a singlet excited state that is inhibited from relaxing into a the ground 

state due to a poorly overlapping donor-acceptor manifold. 

 In conclusion, the results from transient absorption spectroscopy and from 

spectroelectrochemistry both showed that the d
0
 LMCT complex obtained upon irradiation of 

1 has an excited state lifetime of ~100 µs, where relaxation occurs through single non 

radiative pathway. More detailed studies showed that a large conformational rearrangement, 
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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 conformation in the excited state occurs 

after the initial excitation and that rate determining process is a symmetry-forbidden 

electronic transition from the titanium dxy to the oxygen pˊ orbital. The ability to utilize d
0
 

complexes from which long-lived excited state having long lifetimes can be generated allows 

for expanded options in light-driven chemical reactions. With these findings I hope to 

provide a new approach for the design of chromophores with long-lived excited state 

lifetimes. 

3.1.1 Solvent Dependence Studies of (O)Ti
4+

(tmtaa) Excited State 

 

Complex 1 displays lifetimes ranging from 10
-5

-10
-3

 s in solution at room temperature 

(Table 3.1). The solvent medium therefore must play a role in the stabilization of the excited 

state.
30, 31

 There does 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 lifetime in a manner yet to be discovered. 

Table 3.1. Room temperature excited state lifetimes of 1 in various solutions. 

Solvent Lifetime (µs) Solvent Lifetime (µs) 

Toluene 47.0 ± 1.6 1,4-difluorobenzene 111.6 ± 0.9 

Acetone 86.4 ± 0.3 Pyridine 124.1 ± 0.6 

Ethyl acetate 87.0 ± 0.4 Carbon tetrachloride 311.7 ± 1.0 

Chlorobenzene 93.4 ± 0.3 Fluorobenzene 328.6 ± 4.1 

Acetonitrile 94.0 ± 0.7 Dichloromethane 346.1 ± 1.2 

1,2-dichlorobenzene 96.5 ± 1.6 Chloroform 452.6 ± 0.4 

Tetrahydrofuran 97.1 ± 0.3 Ethanol 1238 ± 20 

Benzene 97.7 ± 0.3 Methanol d4 1496 ± 3 

Butyronitrile 100.1 ± 0.3 Pentanol 1573 ± 18 

Bromobenzene 109.7 ± 0.6 Methanol 1588 ± 5 
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In order to directly test the effect of Bronstead basicity of the solvent and the excited 

state of 1, lifetime measurements were performed in methanol solution using KOH to 

increase the pH of the solution. No significant changes in lifetime were observed, which 

suggests that pH does not factor into the dynamics of the excited state. 

In a similar fashion, lifetime measurements were performed on acetonitrile 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 of 1 leads to unwanted reactions, and therefore was not explored. 

Lifetime measurements in alcohols lead to millisecond lifetimes, which may be due to 

additional stabilization of the excited state from hydrogen bonding interactions. Lifetime 

measurements between methanol and its deuterated form showed insignificant isotope effects 

on the excited state lifetimes. 

Variable temperature kinetics were measured in order to get Arrhenius and Eyring 

parameters (Table 3.2). From these it can be seen that the long-lived excited state has an 

intrinsically large activation barrier to access the ground state. Comparison of the 

halogenated solvents shows the trend of a decreasing energy of activation with increasing 

solvent polarity, suggesting that dipole interactions lower the energy barrier to relax back 

into the ground state. The entropy term becomes more negative with increasing polarity as 

well, suggesting that the more polar solvent is capable of forming more outer sphere 

interactions with the excited state of 1. This is consistent with the behavior of a charge 

separated excited state.
32

  

The activation barrier for methanol and methanol-d4 are similar, however the smaller 

ɲ{
ϟ 
for methanol-d4 indicates a smaller outer sphere solvation shell with fewer H-bonding 
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interactions in the excited state. The relative strength of a deuterium interaction compared to 

a hydrogen interaction with the excited state of 1 is not clear,
33

 but since the Arrhenius and 

Eyring parameters are similar, it can be deduced that any differences in H-bonding strength 

between the two solvents is being made up for in the number of H-bonding interactions    

with 1. 

 
Table 3.2. Eyring and Arrhenius parameters for the excited state relaxation of 1 into the ground state. 

Solvent  
ȹH

ÿ
 

(kcal*mol
-1
)  

ȹS
ÿ                 

(cal*mol
-1 

*K
-1
)  

Ea  

(kcal*mol
-1
)  

A (pre-exponential 

factor) (s
-1
) (x 10

11
) 

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 

tetrachloride 
12.5 ± 0.1 -0.57 ± 0.03 13.1 ± 0.6 131 ± 4 

Toluene  10.3 ± 0.2 -5.45 ± 0.09 10.9 ± 0.2 10.3 ± 0.1 

methanol-d4  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 methanol of 1 in acetonitrile, where 100 % is pure 

methanol. Left: Transient absorption difference plot of 1 50:50 acetonitrile:methanol solution displaying mono 

exponential function fit. 

 

Solvent dependence experiments were performed using combinations of two solvents 

in a solution of 1 and measuring the lifetime of its long-lived excited state (Figure 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 complex in the excited state, then the 

lifetimes would display biexponential decay kinetics representing two independent lifetimes 

for each specific excited state-solvent interaction. Fitting the traces observed to a 

biexponential decay function gives two identical lifetimes that match the lifetime of the 

single exponential decay function. Additional plots using various pairs of solvent mixtures 

were obtained yielding similar results (Appendix G).  

 In conclusion, complex 1 has an intrinsically long lifetime that can vary by two orders 

of magnitude depending on the solvent. Different solvents are capable of outer sphere 

stabilization of the excited state through dipole-dipole interactions, polarizability, and H-

bonding interactions. Ultimately, a full understanding of these solvent-chromophore 

interactions will lead us to better design reaction conditions for photochemical reactions 

utilizing these LMCT chromophores. 

 

3.1.2 Energetic Tuning of (O)Ti
4+

(tmtaa) 

The compounds (O)Ti
4+

(tmtaa)(Me)4 (13) and (O)Ti
4+

(tmtaa)(Cl)4 (14) were 

synthesized in order to probe the effects of electron withdrawing and donating on the excited 

state dynamics. Room temperature lifetimes in acetonitrile for 13 and 14 are all on the order 

of 100 µs with a rise and decay feature lasting ~300 ns. These results are similar to that 

observed in complex 1, suggesting that the same relaxation pathway is active. Temperature 

dependent lifetime measurements afforded Eyring and Arrhenius parameters for the 

relaxation of the long-lived excited state.  
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Table 3.3. Eyring and Arrhenius parameters for the excited state relaxation into the ground state in acetonitrile. 

Compound 

ȹH
ÿ
  

(kcal*mol
-1
)  

ȹS
ÿ    

 
(cal*mol

-1 
*K

-1
)  

Ea  

(kcal*mol
-1
)  

A (pre-exponential 

factor) (s
-1
) (x 10

11
) 

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 groups appear to lower the activation barrier for electron 

transfer to the ground state while electron donating groups increase the activation barrier. 

This is most likely due to perturbation of the electron donating ligand orbital energies since 

the titanium orbitals involved in the long lived excited state are non bonding. Thus the more 

electron donating groups will  provide electron density to a ligand-centered radical stabilizing 

its excited state. The entropy term becomes more negative as with increasing electron 

withdrawing properties from the substituent. This is also due to the ability of a more electron-

rich substituent to stabilize a ligand-centered radical.   

 

3.2 Heterobimetallic Charge Transfer Chromophores 

 High-valent metal-oxo species (i.e. M
n+1

(O
2-

); M
n+1

 = transition metal ion) have been 

suggested to be the active intermediates implicated in a variety of processes, from O2-

dependent transition metal-mediated industrially important substrate oxidations
34, 35, 36

 to C-H 

bond activation, O-O bond formation, and water oxidation reactions occurring in 

bioinorganic systems.
37,38,39

 Because detection of high-valent metal-oxo species in biological 

systems can be difficult given their, typically, high reactivity and their consequent low 

transient concentration, major efforts have been made in order to synthesize and study their 
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synthetic analogues. In fact, several high-valent metal-oxo species have been isolated and 

their reactivity with substrates has been characterized in the last few decades.
40, 41, 42, 43

 In 

more recent years, it has been argued that high-valent metal-oxyl species, where the oxygen 

atom has a radical character (i.e. M
n
(O
Å-
)), could be, in many cases, the reactive entities 

responsible for the attack of the substrate in the rate-determining step of key biological 

reactions, including the O-O bond formation in photosystem II, as the radical terminal oxyl 

ligand in metal-oxyl moieties might afford selective low-barrier activation of substrates.
44, 45, 

46, 47 

 Here, I present a novel approach for the clean photogeneration of reactive high-valent 

metal-oxyl molecular moieties through light irradiation of the stable high-valent metal-oxo 

compounds (O
2-

)Ti
4+

(tmtaa) (1), [(tmtaa)Ti
4+

(O
2-

)Mn
2+

(Py5Me2)]
2+

 (12a), and  

[(tmtaa)Ti
4+

(O
2-

)Co
2+

(Py5Me2)]
2+

 (12c)  into their oxo-to-titanium(IV) ligand-to-metal charge 

transfer (LMCT) bands at room temperature to induce a subsequent MLCT. Although 

titanium-oxo photochemistry has been widely investigated for materials in heterogeneous 

catalysis, the work presented here is, to the best of my knowledge, the first example of direct 

MLCT generation of a redox-active oxyl ligand through a preceding photoinduced oxo-to-

metal charge transfer in molecular systems. This process can be thought of as a LMCT 

induced MLCT, therefore from now on it will be addressed as an ñindirectò MMCT.  
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3.2.1 Observing Indirect MMCT through Ultrafast Spectroscopy 
 

 

Figure 3.11. Compounds 1 and 12a. 12a has a neighboring Lewis acid (Mn
2+

) next to the titanium oxido 

manifold. 

 

 When manganese(II) was present (in 12a), the formed oxyl radical engaged in fast 

electron transfer with it leading to a titanium(III)-oxo-manganese(III) adduct: Ti
3+

(O
Å-
)Mn

2+
 

(TiMn1) Ÿ Ti
3+

(O
2-

)Mn
3+

 (TiMn2 ) (Figure 3.12) with an estimated quantum yield of  ű = 

0.063 (see experimental section). The redox chemistry observed was supported by transient 

absorption UV-Vis experiments performed on an analogue titanium(IV)-oxo-zinc(II) 

compound and by spectroelectrochemical measurements. This approach allows the 

generation of reactive metal-oxyl molecular species that are, normally, not easily accessible 

through synthesis 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 mechanism of 1 (a) and 12a (b). The dashed arrow represents a 

combination of steps (see Section 3.1 for details). 

  

 The UV-Vis spectrum of complex 1 in acetonitrile solvent shows three main 

electronic transitions (Figure 3.13): one with lmax = 325 nm (e = 25500 M
-1

 cm
-1

), assigned 

as an oxo-to-titanium(IV) LMCT, one at lmax =  374 nm (e = 38500 M
-1

 cm
-1

), assigned as a 

ligand-centered p-p * transition and a low intensity one at lmax = 405 nm assigned as a N (b-

dikeminato) to titanium(IV) LMCT.
22, 48
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Figure 3.13. Top left: Absorption spectrum of 1 in acetonitrile. Top right: Transient difference absorption 

spectra of 1 in acetonitrile measured at the indicated delay times after 320 nm  laser excitation (750 nJ/pulse and 

fwhm = 100 fs). Bottom left: Time profile of the difference in the observed absorbance at 345 nm. Bottom right: 

Time profile of the difference in the observed absorbance at 373 nm (bleach). 

 

Femtosecond light irradiation of 1 into its oxo-to-titanium(IV) charge transfer band 

(lex = 320 nm) at room temperature (Figure 3.13) led to formation of a positive spectral 

feature at ~ 340-450 nm with a low-energy tail at 450-650 nm. The species formed upon 

laser excitation of 1 was assigned as the titanium(III)-oxyl complex 
1
[(O

Å-
)Ti

3+
(tmtaa)] (Ti1) 

on the basis of previous studies performed on bulk TiO2 and on various titanium-

functionalized semiconductor photocatalysts.
49, 50, 51,52,53

 In fact, it is well-known from 

fluorescence studies conducted on such systems that oxo-to-titanium(IV) photoinduced 
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charge transfer leads to titanium(III) -oxyl charge-separated singlet species: Ti
4+

(O
2-

) + light 

Ÿ 
1
[Ti

3+
(O
Å-
)].

54, 55, 56
 Analysis of the absorbance difference (due to Ti1) collected at 345 

revealed a monoexponential decay with a time constant of 20.5 ± 0.04  ps (Ű1 in Figure 3.12 

and in Table 3.4) that matched with the recovery of the bleach observed at 373 nm (Ű = 22.4 

± 0.04 ps) which is consistent with back electron transfer from titanium(III) to the oxyl 

ligand in Ti1 to re-form the starting material, 1: 
1
[Ti

3+
(O
Å-
)] (Ti1) Ÿ Ti

4+
(O

2-
) (1) (Ű1 in 

Figure 3.12). The average lifetime estimated for Ti1, t1 (20.5 ± 0.2 ps) was smaller than that 

found for TiO2 powders (nanoseconds)
57, 58, 59 

which is consistent with its singlet character. 

The presence of a residual absorbance difference at both 373 and 400 nm after the first 

monoexponential decay suggested that an only partial conversion (84 %), Ti1 Ÿ 1, occurred. 

The kinetic trace at 510 nm corresponding to the Ti(III) d-d bands was used to monitor the 

formation of a new species forming from Ti1 with the time constant 15.3 ± 0.3 ps (Ti1 Ÿ 

Ti2: Ű2 in Figure 3.12 and Table 3.4). 

 

Table 3.4. Kinetic time constants for femtosecond laser-induced reactions of 1 and 12a at room temperature in 

acetonitrile. 

 rate constant for 1 (s)  rate constant for 12a (s) 

Ű1
 a
 2.05 ± 0.04 x 10

-11
 

 Ű 4
 c
 7.05 ± 0.44 x 10

-12
 

 

Ű 2
 a
 1.53 ± 0.03 x 10

-11 
Ű 5

 c
 9.35 ± 0.10 x 10

-12
 

 

  Ű 6
 c
 6.30 ± 0.90 x 10

-12
 

 

Ű 3 
b

 
 

9.38 ± 0.04 x 10
-5

 

 Ű 7
 d
 1.07 ± 0.01 x 10

-4
 

a
 lexc = 320 nm. 

b
 lexc = 300-410 nm range. 

c
 lexc = 345 nm.

 d
 lexc = 420 nm. 

 

 The absorption maxima and full-width-at-half-maximum observed for Ti2 were 

similar to those previously shown for porous titanosilicates which were assigned to long-

lived titanium(III)-oxyl triplet states.
60, 61, 62

 Consistent with these previous works, the 
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conversion Ti1 Ÿ Ti2 observed here is ascribed to intersystem crossing occurring in Ti1 to 

give Ti2: 
1
[Ti

3+
(O
Å-
)] (Ti1) Ÿ 

3
[Ti

3+
(O
Å-
)] (Ti2) (Ű2 in Figure 3.12). The step, Ű3  ~ 100 µs in 

Figure 3.12 and Table 3.4 consists of decay of the triplet state into a lower energy singlet 

and a subsequent decay of that singlet state into the ground state, (
3
[Ti

3+
(O
Å-
)] (Ti2) Ÿ 

Ti
4+

(O
2-

) (1), Ű3 in Figure 3.12, and Table 3.4)  
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Figure 3.14. (Top left) Absorption spectrum of 12a in acetonitrile. (Top Right) Transient difference absorption 

spectra of 12a in acetonitrile measured at the indicated delay times after 370 nm laser excitation (750 nJ/pulse 

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

(Bottom Right). Time profile of the difference in the observed absorbance at 447 nm. 

 

 The UV-Vis spectrum of 12a (Ti
4+

(O
2-

)Mn
2+

) is shown in Figure 3.14. Compared to 

that of complex 1 (Figure 3.13), a red shift (ɚmax = 344 vs 325 nm for 1) and an enhancement 
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of the absorptivity of the oxo-to-titanium(IV) LMCT (Ů = 46500 vs 25500 M
-1

cm
-1

 for 1) 

occur while a slight red shift and a decrease in absorptivity show up for the ́-  ́* transition, 

instead (ɚmax = 378 vs 374 nm and Ů = 15500 vs 38500 M
-1

 cm
-1

 for 12a and 1, respectively). 

This evidence is consistent with the electronic perturbations associated with the newly 

formed oxo interaction with the manganese(II) center.
22 

 Light irradiation of 12a into its oxo-to-titanium(IV) LMCT band ( ɚex = 345 nm) and 

-́  ́* band  under the same conditions as used for 1 also led to the appearance of similar 

spectroscopic features as shown in Figure 3.13 (ɚmax ~ 340-450 nm with a low-energy tail, 

Figure 3.14), suggesting the formation of the transient titanium(III)-oxyl-manganese(II) 

species [(tmtaa)Ti
3+

(O
Å-
)Mn

2+
(Py5Me2)]

2+
 (Ti

3+
(O
Å-
)Mn

2+
, TiMn1  in Figure 3.12) from 12a: 

Ti
4+

(O
2-

)Mn
2+

 (12a) Ÿ  Ti
3+

(O
Å-
)Mn

2+
 (TiMn1 ). However, differently from the 

photochemistry observed for 1, an additional new band (ɚmax = 447 nm) also appeared after 

irradiation of 12a, suggesting that fast electron transfer occurred from the manganese(II) ion 

to the oxyl moiety, in TiMn1 , to generate the titanium(III)-oxo-manganese(III) complex 

[(tmtaa)Ti
3+

(O
2-

)Mn
3+

(Py5Me2)]
2+

 (Ti
3+

(O
2-

)Mn
3+

, TiMn2  in Figure 3.12, bottom): Ti
3+

(O
Å-

)Mn
2+

 (TiMn1) Ÿ  Ti
3+

(O
2-

)Mn
3+

 (TiMn2 ). The assignment of the 447 nm band as a 

manganese(III) signature is consistent with results from separate spectroelectrochemical 

experiments as well as with laser experiments performed on an analogous compound where 

manganese(II) was replaced with zinc(II): [(tmtaa)Ti
3+

(O
2-

)Zn
2+

(Py5Me2)]
2+

. After formation 

of TiMn2 , back electron transfer took place to regenerate TiMn1  with a time constant of 

(9.35 ± 0.01) ps (Ű5 in Figure 3.12, Figure 3.14 and Table 3.4). As in the case of 1, the 

photodynamics observed at 400 nm for 12a was also biphasic with a second 
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monoexponential decay observed in the submillisecond time-regime to afford a similar rate 

constant with that observed after photoexcitation of 1 (Ű7 å Ű3 in Table 3.4 and Figure 3.15).  
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Figure 3.15. Difference absorption spectra of 1 (top showing kinetics of Ű3) and 12a (bottom showing kinetics 

of Ű7). Top left: 370 nm excitation, Ű = 93 µs. Top right: 370 excitation, Ű = 267 ns. Bottom left:  310 nm 

excitation, Ű = 106 µs. Bottom right: 420 nm excitation,  Ű = 150 ns. All kinetics were measured at 400 nm 

probe wavelength. 

This is consistent with the formation of a long-lived titanium(III)-oxyl state within the 

complex [(tmtaa) Ti
3+

(O
Å-
)Mn

2+
(Py5Me2)]

2+
 (Ti

3+
(O
Å-
)Mn

3+
, TiMn3  in Figure 3.12). Pulse 

energy dependence studies led to the linear relationships shown in Appendix A (in the 3-14 

µJ cm
-2
 pulse energy range) suggesting that monophotonic dynamics occurred for all 

processes upon excitation of 1 and 12a with the pulse energy used: 10.7 µJ cm
-2

 (~ 750 nJ / 

pulse). 














































































































































































































































