
ABSTRACT 

GONZÁLEZ-DELGADO, JESSICA M. Metal Polypyridine Sensitizers for Dye-Sensitized Solar 

Cells: Computational Studies of Interfacial Electron Transfer Dynamics. (Under the direction of 

Dr. Elena Jakubikova). 

 This dissertation describes the interfacial electron transfer (IET) dynamics in Ru(II) and 

Fe(II)-polypyridine sensitizers for applications in dye-sensitized solar cells (DSSCs). Insights 

about IET dynamics were obtained by means of density functional theory (DFT), time-dependent 

DFT (TD-DFT), and quantum dynamics (QD) simulations. Typically, DSSCs employ Ru(II)-

polypyridine sensitizers due to their chemical stability, long-lived metal-to-ligand charge transfer 

(MLCT) photoactive states, and internal quantum efficiencies near unity thanks to high yields of 

the IET process. However, these are expensive for large-scale solar energy applications. Fe(II)-

polypyridine sensitizers could serve as non-toxic, environmentally friendly, and cheaper 

alternatives. Unfortunately, Fe(II)-sensitized DSSCs are quite inefficient due to a competition 

between IET and an ultrafast intersystem crossing (ISC) into non-photoactive high-spin metal-

centered (MC) excited states of Fe complexes that quench the initially excited 1MLCT states. 

Internal quantum efficiencies for both Fe(II)- and Ru(II)-sensitized TiO2 can be tuned by 

different and complementary strategies, which are evaluated in this work.  

 Chapter 1 provides a general overview of the differences in the photophysical properties 

of Ru(II) and Fe(II)-polypyridine sensitizers. Chapter 2 discusses the effects of the linker group 

on the IET dynamics from the 1,3MLCT excited states of [Ru(bpy)2(NCS)2] in [Ru(bpy)2(NCS)2]-

TiO2 assemblies. Results show that the linker group has an influence on the IET rates from both 

excited states, but its identity only matters for the IET quantum efficiencies from 1MLCT excited 

states. Chapter 3 discusses how a recently established enhanced 3MLCT excited state lifetime 

impacts the IET quantum yields in [Fe(bpy)(CN)4]
2--TiO2 assemblies. Results show that the 

identity of the linker group and how it binds to the surface of TiO2 directly affects the IET 

quantum efficiencies from 1,3MLCT excited states. Furthermore, a longer excited state lifetime 

does benefit IET, but functionalization of the dye may negatively impact the IET efficiency. 

Finally, Chapter 4 summarizes the insights obtained from the work presented in this dissertation. 
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CHAPTER 1 

 

General Introduction 

 

 

1.1. Dye-sensitized solar cells 

 The sun is a naturally occurring and abundant source of energy that under proper 

harvesting, storing, and utilization could replace fossil fuels that harm the environment. 

However, development of photovoltaic and photocatalytic devices capable of achieving this with 

a high efficiency at a low-cost and large-scale fashion still remains a challenge. One of the 

promising photovoltaic devices is the dye-sensitized solar cell (DSSC), which was introduced in 

1991 by Grätzel and O’Regan.1 The typical set up of this device (shown in Figure 1.1) consists 

of a cell where the electrode is coated with a layer of a wide-bandgap n-type mesoporous oxide 

semiconductor with a dye attached to its surface, an electrolyte solution, and a counter electrode. 

After photoexcitation, the dye molecule undergoes charge separation and injects an electron into 

the conduction band of the semiconductor by a process called interfacial electron transfer (IET). 

The injected electrons diffuse to the counter electrode and reduce the electrolyte, which then 

regenerates the dye by reducing it and restarts the cycle. 

 

 

Figure 1.1. Schematic representation of the operating principle of a DSSC. Figure was 

constructed based on source.2 
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 Several thousands of dyes, hundreds of electrolyte systems, and various types of 

semiconductors with different morphologies and compositions have been investigated as 

potential components of DSSCs.2 Since the ground-breaking work from Grätzel and O’Regan,1,3 

a copious amount of research has been conducted in order to improve the conversion efficiencies 

of DSSCs from 7.1% in 1991 to 13% in 2014,1,4 though for commercial applications conversion 

efficiencies should be above 15%.5 Typically, the semiconductor of choice is TiO2 because it is 

nontoxic and readily available;3 and the electrolyte of choice is I-/I3
- as it has good solubility, an 

appropriate redox potential, and provides rapid dye regeneration.6 Likewise, dyes must comply 

with various requirements, some of which are:2,3 (1) absorption in the visible and near-IR region 

of the spectrum; (2) excited state levels higher in energy than the conduction band of the 

semiconductor to ensure an efficient electron injection; (3) oxidized state levels more positive 

than the redox potential of the electrolyte to allow regeneration of the dye; and (4) good 

electrochemical stability to undergo 108 turnover cycles. 

 

1.2. Ru(II) and Fe(II)-polypyridine sensitizers 

 Some of the most efficient photosensitizers are based on second or third row transition 

metal complexes. In metal-based sensitizers, IET typically originates from metal-to-ligand 

charge transfer (MLCT) states, therefore the lifetime of these states is a key factor in the 

efficiency of the sensitizers.2,7 [Ru(dcbpy)2(NCS)2] (dcbpy = 4,4’-dicarboxy-2,2’-bipyridine), 

also known as the N3 dye, was the first reported sensitizer, and still one of the most promising 

for applications in DSSCs with overall conversion efficiencies surpassing 11% under standard 

illumination.5,8-11 In N3 and closely related derivatives, IET occurs between ~10 fs – 100 ps,8,12-

14 and their 3MLCT excited states have lifetimes in the nanosecond regime,15,16 which allows for 

an IET quantum efficiency of almost unity. Besides the convenient long-lived photoactive states, 

Ru-based sensitizers have been commonly employed in DSSCs due to their broad absorption 

spectrum, suitable excited and ground state energy levels, and good electrochemical stability.2,3,5 

However, ruthenium is toxic to the environment and expensive for large-scale solar energy 

applications. Therefore, efforts have been made to develop Fe-based sensitizers, as they share 

many chemical and photophysical properties with their ruthenium analogs, and most importantly, 

they present a non-toxic environmentally friendly and cheaper alternative.2 The first Fe-based 

sensitizer, [Fe(dcbpy)2(CN)2], was introduced in 1998 by Ferrere and Gregg.17 Unfortunately, 
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their work showed that while Fe-based sensitizers work, they are quite inefficient at IET. After 

their pioneering work, an extensive amount of research has been dedicated towards developing 

more efficient and sustainable Fe-based sensitizers.18-27 

 Figure 1.2 shows an energy level diagram comparing the photophysics of Fe(II) and 

Ru(II)-based sensitizers. Upon photoexcitation of both metal complexes, an electron populates a 

1MLCT state from which IET can occur within ~10 fs – 100 ps.8,12-14 In the ruthenium sensitizer, 

the electron can undergo ISC after ~30 – 80 fs13 from initial photoexcitation into a 3MLCT state, 

and due to its long-lifetime (~100 ps – 100 ns) it is likely that IET will eventually occur, 

allowing for an IET quantum efficiency of almost unity.12-14,28 Unfortunately, in Fe-based 

sensitizers there is a competition between IET from the initially excited 1MLCT state and an 

ultrafast sub-picosecond ISC (< 150 fs)29 into a non-photoactive low-lying quintet metal-

centered (5MC) state, thus rendering these sensitizers quite inefficient at IET.24 Nonetheless, 

there are different pathways for improving the IET quantum efficiencies of DSSCs sensitizers.  

 

 

Figure 1.2. Schematic representation of the generalized photophysics of [Fe(bpy)3]
2+ and 

[Ru(bpy)3]
2+ (bpy = 2,2’-bipyridine) sensitizers upon photoexcitation.  

 

 For Fe-based sensitizers, the IET quantum efficiencies are quenched by the competition 

between IET and ISC. Therefore, either IET needs to be sped up, or ISC needs to be slowed 

down or completely eliminated so that IET becomes the dominant decay pathway. It has been 

shown that introducing modifications to the ligand scaffold that increase the ligand field strength 
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of the iron can enhance the lifetimes of the 1MLCT states by destabilizing the 5MC 

state.18,20,23,26,27,30,31 Modifications include cyclometalation, and introduction of donor atoms and 

halogens to the ligands. In contrast, there is not an ultrafast ISC in Ru-based sensitizers, thus the 

IET quantum efficiencies could be improved by modifying the ligand scaffold to enhance the 

spectral response in the visible and near-IR region of the spectrum.2,5,7,19 These structural 

modifications can promote the population of higher energy excited states, which promotes a 

higher driving force for the electron, thus speeding up the IET rate. Therefore, understanding 

how the structural modifications of sensitizers affect the rates of IET and ISC is a key factor in 

the design of efficient DSSCs.  

 

1.3. Outline 

 Computational models can be developed to investigate potential sensitizers and the 

factors that influence the IET process in each, thus helping to screen out the inefficient ones. By 

employing density functional theory (DFT), time-dependent DFT (TD-DFT), and quantum 

dynamics (QD) simulations, this dissertation investigates the IET dynamics in a series of 

functionalized [Ru(bpy)2(NCS)2] and [Fe(bpy)(CN)4]
2- complexes. Chapter 2 discusses how the 

selection of the linker group in Ru(II)-polypyridine dyes impacts the IET rates and quantum 

efficiencies. Results show that IET from the initially excited 1MLCT states can be enhanced by 

substituting the commonly used carboxylic acid linker by hydroxamate, which leads to an 

increase of 80.5% in the IET quantum efficiency. However, the identity of the linker has no 

impact on the IET efficiencies from the long-lived 3MLCT states, as all the sensitizers show IET 

quantum efficiencies close to unity (99.5 ‒ 100%). Chapter 3 revisits a previously studied Fe(II) 

sensitizer and how the newly established, longer 3MLCT excited state lifetime impacts the IET 

dynamics. Results show that the identity of the linker group and how it binds to the surface of 

TiO2 directly affects the IET quantum efficiencies in both 1,3MLCT excited states. However, 

while the increase in the lifetime does increase the IET quantum efficiencies in these Fe-based 

sensitizers, it is still not long enough to provide a 100% injection efficiency as in the case of 

Ru(II)-polypyridine sensitizers. 
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CHAPTER 2 

 

The role of a linker group in the interfacial electron transfer dynamics of Ru(II)-

polypyridine-TiO2 assemblies 

 

 

Abstract: 

 Dye-sensitized solar cells (DSSCs) convert solar energy into electricity by utilizing a 

photosensitizing dye that, upon photoexcitation by visible light, undergoes interfacial electron 

transfer (IET) into the conduction band of a semiconductor. Ru(II)-polypyridine dyes are 

commonly used in DSSCs due to their chemical stability, long-lived photoactive states, and high 

quantum efficiency of IET. This work utilizes density functional theory (DFT), time-dependent 

DFT, and quantum dynamics simulations to investigate the influence of linker groups on the IET 

dynamics of functionalized [Ru(bpy)2(NCS)2] (bpy = 2,2’-bipyridine) complexes anchored onto 

the (101) surface of TiO2. Linker groups investigated in this work include carboxylic acid, 

phosphonic acid, hydroxamate, catechol, and acetylacetonate. This study shows that both the 

electron density present on the linker group and the linker group attachment mode affects IET 

rates. Analysis of theoretical internal quantum efficiencies suggests that while the use of 

hydroxamate as a linker group leads to a more efficient IET from the initially excited 1MLCT 

states, the IET efficiency from long-lived 3MLCT sates does not depend on the identity of the 

linker group. 

 



 8 

2.1. Introduction 

 Conversion of solar energy into electricity has the potential to substitute conventional 

fossil fuels used for energy that are harmful to the environment. However, development of highly 

efficient systems capable of transforming solar energy into electricity at a low-cost and in large-

scale still remains a challenge.1 A promising photovoltaic device is the dye-sensitized solar cell 

(DSSC), and ever since the pioneering work done by Grätzel and O'Regan,2,3 copious amount of 

research has been dedicated to improving its efficiency.4-6 DSSCs consist of a cell with a wide-

bandgap semiconductor, typically TiO2, sensitized with a dye that absorbs in the visible region of 

the spectrum. Upon photoexcitation, the sensitizer undergoes charge separation and an electron is 

injected into the conduction band of the semiconductor, a process called interfacial electron 

transfer (IET). The injected electron then travels to the counter electrode completing the circuit, 

and finally the dye is regenerated by reduction from a redox couple, usually I3
-/I-, restarting the 

cycle.  

 Commonly, ruthenium-based photosensitizers are incorporated in DSSCs7-10 due to their 

chemical stability, long-lived charge-separated metal-to-ligand charge transfer (MLCT) states, 

and high IET quantum efficiencies. One of the most efficient ruthenium sensitizers is 

Ru(dcbpy)2(NCS)2 [dcbpy = 4,4’-dicarboxy-2,2’-bipyridine], also known as N3 dye, developed 

by the Grätzel group in 1993.7 It is a very attractive dye as its 3MLCT states have lifetimes of 59 

ns,7,11 and an IET quantum efficiency of almost unity. Its high quantum efficiency is due to IET 

from the long-lived thermalized and non-thermalized vibrational 3MLCT excited states as well as 

the initially excited 1MLCT states.11-14 Although the photophysical properties of N3 and other 

closely related derivatives have been intensively studied, their complex photoinduced dynamics 

still need further exploration.6  

 The N3 dye was the first reported sensitizer, and still one of the most promising for 

applications in DSSCs with overall conversion efficiencies surpassing 11%, though for 

commercial purposes conversion efficiencies above 15% should be achieved.6 There are different 

pathways for further improving the efficiency of DSSCs photosensitizers; however, it is essential 

to have an understanding of their photochemistry. In N3 and closely related derivatives, IET 

occurs between ~10 fs – 100 ps.7,11-13 From Figure 2.1, it can be seen that the 1MLCT states 

populated after photoexcitation are well aligned with the conduction band of the semiconductor, 

and that intersystem crossing (ISC) occurs within 30 fs, which allows for IET from the initially 
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excited states. ISC occurs into a non-thermalized vibrational 3MLCT state, which requires 50 fs 

to fully thermalize, and has a lifetime of 59 ns.7 Therefore, IET can occur either from a 

thermalized or non-thermalized vibrational 3MLCT state and, provided the long lifetime of these 

states, it is likely that the dye will eventually undergo IET,11-14 resulting in the high IET quantum 

efficiencies observed in these sensitizers. Therefore, approaches aiming to improve the IET 

quantum efficiencies of N3 dye and related derivatives are usually focused on speeding IET 

rather than enhancing their excited state lifetimes. 

 

Figure 2.1. Schematic model of the photophysics of N3 and closely related derivatives. 

 

 Speeding up IET can be done by modifying the ligand scaffold by varying the identity of 

the linker group15-24 through which the dye attaches to the surface of the semiconductor. Most of 

the dyes utilized in DSSCs use carboxylic acid groups to anchor to the surface, as is the case for 

the N3 dye.7,16 Phosphonic acid groups have also been extensively studied, both experimentally 

and computationally,16-18,20,22,25-29 as possible substitutes for carboxylic acid groups in ruthenium-

sensitized TiO2. There are other linker groups that have been studied as well, such as catechol, 

acetylacetonate, and hydroxamate; with hydroxamate being the most promising substitute.15-

17,19,21-23,30,31 Bowman et al. previously studied the influence of these linker groups on Fe(II)-

polypyridine sensitized TiO2 and found that the identity of the linker group played a key role on 

the internal quantum IET efficiencies of these iron-based sensitizers.22 Their study also 

suggested that hydroxamate would have a higher efficiency than the carboxylic acid group, and 

discouraged the use of phosphonic acid and acetylacetonate as linker groups. On this basis, the 
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work presented in this chapter investigates whether the choice of the linker group will have an 

impact on the IET quantum efficiencies of Ru(II)-polypyridine sensitized TiO2 in a similar way. 

Figure 2.2. shows the Ru(II)-polypyridine complexes studied in this work. Results suggest that 

the identity of the linker group has an impact on the initially excited 1MLCT states, but not on 

the 3MLCT excited states. 

 

 

Figure 2.2. (1) [Ru(bpy)2(NCS)2] (bpy = 2,2’-bipyridine) functionalized with (2) carboxylic 

acid, (3) phosphonic acid, (4) hydroxamate, (5) catechol, and (6) acetylacetonate at the 4,4’ 

positions of the bipyridine ligands. Complexes are shown in their protonated neutral form. 

 

 

2.2. Methodology 

2.2.1 Molecular structure and absorption spectra 

 Geometry optimizations were performed with density functional theory (DFT) using the 

Gaussian 09 software package revision D.01.32 Complexes 1–6 were optimized in their singlet 

ground states in vacuum at the B3LYP level of theory.33,34 The basis set 6-311G*35,36 was chosen 

for non-metal atoms (C, N, O, S, P, and H) and the SDD effective core potential and associated 

basis set37,38 with an additional f-polarization function39 was chosen for Ru. Lowest-energy 

3MLCT states for complexes 2–6 were optimized in water utilizing the polarizable continuum 

model40 (PCM) and employing the same functional and basis set as described above. Singlet 
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vertical excitations of complexes 2–6 were calculated in acetonitrile employing linear response 

time-dependent DFT (TD-DFT)41,42 and PCM to describe the solvent effects. The UV-Vis 

absorption spectra were simulated utilizing the stick spectra of the -functions associated with 

the excitation energies times the oscillator strengths with a Lorentzian line-shape with half-

width-at-half-maximum (HWHM) of 0.12 eV. Only excitations with oscillator strengths greater 

than or equal to 0.01, and excitation energies in the visible region ( ≥ 350 nm) were selected as 

relevant particle states for the IET simulations.  

 

2.2.2 TiO2 slab model 

 A previously constructed TiO2 anatase (101) surface slab orthorhombic supercell with 

lattice vectors a = 30.49 Å, b = 31.46 Å, and c = 40.00 Å was utilized to perform IET 

simulations.22,43 The surface of the slab was functionalized with a pyridine molecule attached via 

all the linker groups present in this study and their respective attachment modes (Figure 2.4). The 

surface was then optimized in vacuum using the Vienna ab-initio simulation package (VASP)44-

47 with periodic boundary conditions (PBC) and the Perdew-Burke-Ernzerhof (PBE) exchange-

correlation functional48,49 with projector augmented-wave method.50,51 The plane wave basis set 

expansion was cutoff at 500 eV and a (5 × 3 × 1) k-point sampling space was utilized keeping the 

supercell volume and the bottom layers of the slab fixed. All pyridine-TiO2 assemblies utilized in 

this work are identical to those used previously.22 The optimized functionalized pyridine 

molecule was then utilized to perform a constrained optimization of the dye molecule without 

TiO2. In this optimization, the linker and lower half of the optimized functionalized pyridine ring 

(three carbon and two hydrogen atoms) were frozen and the rest of the dye molecule was 

relaxed. Finally, the optimized structures of the dyes were attached onto the optimized 

functionalized surfaces to build the models for the IET simulations.  

 

2.2.3 Interfacial electron transfer simulations 

 IET processes in all dye-TiO2 systems were simulated using a wavepacket dynamics 

approach with an extended Hückel (EH) Hamiltonian.19,52-54 Initial states for simulations are 

constructed as a linear combination of EH MOs of the dye-TiO2 system, which are then 

propagated in time via the time-dependent Schrödinger equation. This methodology is described 

in detail in reference [52]. EH orbitals were calculated with the default Hoffmann parameter set55 
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on the optimized DFT structures. The initial states, , were constructed to match virtual 

Kohn-Sham (KS) MOs populated upon photoexcitation (i.e., dye-localized LUMO, LUMO+1, 

etc.) as determined from TD-DFT calculations. The survival probability, P(t), describes the 

probability of the wavepacket being localized on the dye at time t after photoexcitation, and it 

was calculated by projecting the time-evolved wavepacket, , onto all the atomic orbitals 

of the dye at each simulation step. IET simulations were run in vacuum at a frozen geometry for 

4 ps with a step size of 0.1 fs. To prevent artificial electron-transient populations, absorbing 

potentials were added to the Ti atoms located at the bottom layer of the supercell. These are 

imaginary terms added to the diagonal elements of the Hamiltonian, which prevent artificial 

recurrences in the survival probability.  

 Survival probabilities were fit to a linear combination of exponential functions as 

  

                (1) 

with the conditions that , and 

.                 (2)

 

Each exponential fit was required to have a coefficient of determination, R2, greater than or equal 

to 0.95, and only fits with the smallest N satisfying this condition were chosen for further 

analysis, and the largest N used for fitting was 2. The calculated survival probabilities were then 

used to determine the characteristic IET times as 

                 (3)

 

 

2.2.4 Theoretical internal quantum efficiencies 

 Theoretical internal quantum efficiencies (TIQEs) are analogous to the quantum yield, as 

they describe the ratio of electrons injected into the conduction band of TiO2 to the number of 

electrons absorbed by the dye at a specific wavelength.22 TIQEs were calculated following the 

procedure introduced previously.22 To determine the TIQEs it was assumed that: (1) IET only 
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competes with the 1MLCT  3MLCT ISC process; (2) ISC occurs at a constant rate over the 

whole visible spectrum; and (3) both IET and ISC are first order processes.  

 By employing linear response TD-DFT, a set of excitation energies and oscillator 

strengths with their respective set of KS orbital excitations and de-excitations is obtained.56-58 

These excitations and de-excitations are components of the transition density eigenvectors of 

allowed vertical transitions of the system at a specific excitation energy, also known as density 

fluctuations or transition densities. While the KS Slater determinant is known to not be exact,59 

these KS transition densities have been known to provide a suitable description of excitation 

processes in a variety of systems.56 Utilizing the KS transition densities, ai, the survival 

probability at a specific wavelength can be expressed as a normalized linear combination of the 

survival probabilities obtained from the IET simulations of each individual KS donor orbital as 

 

.                  (4)

 

 Given the survival probability, the IET rate is calculated as the reciprocal of the 

characteristic IET time at a specific wavelength 

                

(5)

 
 Lastly, the TIQEs are obtained as follows:  

                (6)

 

where  is the rate of the intersystem-crossing process, which was assumed to occur at a 

constant time of 30 fs-1; the experimental value11,13 for the 1MLCT 3MLCT in N3 (Figure 

2.1).  
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2.3. Results and discussion 

2.3.1. Ground state structure 

 Calculated metal-ligand bond lengths for the parent complex (1) as well as the 

functionalized complexes (2–6) are summarized in Table 2.1. With the chosen methodology, the 

parent complex shows an average error of 1.06% in the Ru–N bonds, which demonstrates that 

the coordination environment is reproduced in a good agreement with the experimental crystal 

structure.60 Additionally, comparison of the Ru–N bonds of dyes 2–6 relative to the parent 

complex yields percent differences ranging from 0.03 to 0.34% suggesting that functionalization 

of the parent complex has no significant impact on the Ru(II) coordination environment. 

 

Figure 2.3. Coordination environment of [Ru(bpy-R2)2(NCS)2] (bpy = 2,2’-bipyridine), where R 

is the linker group (carboxylic acid, phosphonic acid, hydroxamate, catechol, acetylacetonate), 

and R = H for the parent complex. 

 

Table 2.1. Ru–ligand bond lengths of the parent crystal structure and the B3LYP/SDD+f,6-

311G* optimized structures for complexes (1–6) in their singlet ground states. 

 Bond lengths (Å) 

Bond exp.60 1 2 3 4 5 6 

Ru-N1 2.059 2.070 2.065 2.064 2.067 2.069 2.069 

Ru-N2 2.038 2.070 2.063 2.063 2.064 2.070 2.072 

Ru-N3 2.025 2.070 2.063 2.063 2.064 2.070 2.072 

Ru-N4 2.055 2.070 2.065 2.064 2.067 2.069 2.069 

Ru-N5 2.053 2.042 2.033 2.041 2.031 2.043 2.043 

Ru-N6 2.058 2.042 2.033 2.041 2.031 2.043 2.043 

 

2.3.2. Absorption spectra 

 The simulated absorption spectra of complexes 1–6 are shown in Figure 2.4. Excitation 

energies for the parent complex were reproduced in a very good agreement with the experimental 
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spectra found in reference [61]. The excitations can be separated into two major absorption 

bands located in the visible region centered around 550 nm (band 1) and 350–425 nm (band 2) 

for the parent complex. For the functionalized complexes, these absorption bands are red shifted 

with band 1 between 550–625 nm and band 2 between 355–475 nm. All intense transitions (fosc ≥ 

0.01) in the visible region were identified as metal-to-ligand charge transfer (MLCT) transitions. 

For dyes 2–5, the excitations from these transitions populate the LUMO through LUMO+5 

orbitals where electron density is localized on the bpy groups. These orbitals were chosen as the 

initial donor particle states for the IET simulations. For dye 6, excitations also populate 

LUMO+7 and LUMO+8, but the contributions of these orbitals to the excitations are 

insignificant, hence they were not considered as donor states for IET. Contributions were 

calculated as twice the square of the coefficient of the excitations (Appendix A Table A.1–A.5), 

and only orbitals with 10% or greater contribution were considered for IET.  

 

 

Figure 2.4. Calculated absorption spectra for the parent and functionalized complexes. Spectra 

were calculated at the B3LYP/SDD+f,6-311G* level of theory in acetonitrile (PCM). Lorentzian 

broadening of HWHM = 0.12 eV was used to construct the envelope. 
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2.3.3. Dye-TiO2 assemblies 

 Models of the dye-TiO2 assemblies constructed for the IET simulations are shown in 

Figure 2.5. Several possible linker attachment modes were taken into consideration in 

construction of these models, as determined by previous computational and experimental 

studies.7,15-23,25-31 Dyes 2–3 were both modeled in their monodentate and bridging bidentate 

attachment modes, and dye 5 was modeled in its bridging bidentate mode. Both dyes 4 and 6 

were modeled in their chelating bidentate attachment modes at an oxygen vacancy in the TiO2 

surface. In addition, dye 6 was modeled in its other two attachment modes as monodentate and 

bridging bidentate. Orientation of the non-attached bipyridine group with respect to the TiO2 

surface was also taken into consideration for the models, as it can either be perpendicular or 

parallel to the surface, except for dye 5 where only the perpendicular orientation is possible. An 

example of the different orientations of the bpy group is presented in Figure 2.6. 

 

 

Figure 2.5. Linker attachment modes utilized for the construction of the dye-TiO2 models.  
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Figure 2.6. Slab models of TiO2 anatase (101) sensitized with dye 3, attached with the bpy group 

perpendicular (left) and parallel (right) to the TiO2 surface. 

 

 The density of states (DOS) was calculated for all the models at the EH level. A DOS 

plot for 2-TiO2 in the monodentate attachment mode with the bpy perpendicular is shown in 

Figure 2.7, along with the EH energy levels of the DFT optimized structures of 2–6 in their 

protonated neutral forms. The projected DOS of the other linker attachment modes and bpy 

orientation can be found in Appendix A (Figure A.48–A.81). The identity of the linker group 

significantly affects the energies of the lowest unoccupied orbitals of the chromophores with 

respect to the edge of the TiO2 conduction band, consistent with the redshift observed in the 

calculated absorption spectra. The positioning of the orbitals with respect to the edge of the 

conduction band is essential for the dye IET efficiency, as it is directly related to the driving 

force and free energy change, which is an important parameter for characterizing the rate and 

efficiency of the electron injection process.62,63 Thus, it is expected that the higher in energy an 

orbital is, the faster the IET rate would be from that orbital.  
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Figure 2.7. EH energy levels of dyes 2–6 (left) and dye 2-TiO2 density of states plot (right). The 

density of states plot shows the total density of states (blue line) and the projected density of 

states (black line). All complexes are protonated in their neutral forms and are attached with the 

bpy perpendicular to the surface.  

 

2.3.4. Interfacial electron transfer simulations 

 IET simulations were performed utilizing the wavepacket dynamics with EH 

Hamiltonian. The virtual orbitals obtained for dye 4 with bpy perpendicular at both DFT and EH 

levels of theory are presented in Figure 2.8, demonstrating that EH calculations with the 

Hoffman parameter set provide a satisfactory description of the electronic structure of the dye. 

Orbital matching for all the dyes can be found in Appendix A. As can be seen in Figure 2.8, there 

are three sets of near-degenerate KS orbitals where the electron density is delocalized over both 

bpy groups. The equivalent sets of near-degenerate EH orbitals correspond to a linear 

combination of the KS orbitals, mostly localized on one or the other bpy group. 
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Figure 2.8. Comparison of Kohn-Sham (left) and extended Hückel (right) orbitals of dye 4-ch 

with bpy-perp. The isovalue displayed is 0.02 electrons/Å3. 

 

 Figure 2.9 displays characteristic IET times, IET, organized by donor particle states. 

Results presented in this figure and the rest of this chapter are based on an average of the two 

bpy orientations. Survival probabilities and characteristic IET times for each bpy orientation can 

be found in Appendix A (Figure A.82–A.88 and Table A.6–A.12). The dashed line labeled as 

ISC represents the characteristic time of the ISC (30 fs) from the initially excited 1MLCT state to 

a non-thermalized vibrational 3MLCT excited state, as shown in Figure 2.1. For the initially 

excited 1MLCT state to inject into the conduction band of the TiO2, the donor particle state has to 

have an IET rate constant greater than 1/ISC. Only the LUMO+2 states from 2-mono. 4-bi, and 
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4-ch assemblies have a large enough rate constant to compete with ISC and to give a significant 

injection yield within this time regime. Initially, before the thermal relaxation of 3MLCT state is 

completed (~50 fs), the 3MLCT excited state has the character similar to that of the initially 

populated 1MLCT state and a similar behavior with respect to the IET. Therefore, instead of 

looking at the competition between the kIET from the initially populated 1MLCT and kISC 

describing 1MLCT  3MLCT transition, one can also look at the competition between the kIET 

and the kISC that includes the thermal relaxation of the 3MLCT state, krelax. Now IET from 

LUMO+4 states, also from 2-mono and 4-ch, become competitive with the ISC into the fully 

thermalized 3MLCT state (Figure 2.9). Since only one of the attachment modes of dye 2 and only 

two out of the five dyes favor IET, it is evident that both the linker identity and its attachment 

mode have an impact on the IET rates from the initially excited 1MLCT states. However, the 

injection time of the individual particle states provides no information on the overall IET 

efficiency of the dye-semiconductor assembly, because excitations are usually a combination of 

multiple particle states. Thus, TIQEs are calculated to gain a better understanding of the dyes’ 

IET efficiencies.  

 

Figure 2.9. Characteristic IET injection times of 2–6 grouped by donor particle state for both 

initially excited 1MLCT states and 3MLCT excited states. 
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Table 2.2. Average percent of electron density present on the linker group on EH orbitals 

utilized as donor particle states for IET simulations.  

Assembly 
Binding 

modea 

Average percent of electron density present on linker group 

LUMO LUMO+1 LUMO+2 LUMO+3 LUMO+4 LUMO+5 

2-TiO2 mono 12.6 1.8 18.2 0.2 5.5 1.6 

2-TiO2 br 11.5 2.5 18.7 0.3 5.6 1.9 

3-TiO2 mono <0.1 0.4 <0.1 <0.1 0.6 <0.1 

3-TiO2 br 0.3 0.1 <0.1 0.4 0.3 <0.1 

4-TiO2 ch 16.7 0.4 15.3 <0.1 5.6 0.7 

5-TiO2 br 2.2 3.7 0.7 1.3 0.9 0.9 

6-TiO2 mono 0.8 9.1 0.5 0.2 0.4 <0.1 

6-TiO2 br 0.1 4.0 0.5 0.2 0.6 <0.1 

6-TiO2 ch 0.5 4.5 0.7 0.3 0.5 <0.1 
a mono = monodentate, br = bridging bidentate, ch = chelating bidentate 

 

 It was previously suggested that (1) the electron density present on the linker group, (2) 

the driving force of the electron, and (3) the electronic coupling between donor and acceptor 

states influence the IET efficiency of dye-TiO2 assemblies.5,22,23,64,65 Generally, higher electron 

density on the linker group results in a faster IET rate of injection, as it is an indicator of strong 

electronic coupling between the donor and acceptor states. Figure 2.10 presents the IET rates as a 

function of electron density on the linker upon photoexcitation. Electron densities were 

calculated from Mulliken population analysis.66 Only results for 2-TiO2 and 6-TiO2 assemblies 

are shown as they have the highest electron density on the linker group (Table 2.2). Both dye-

TiO2 assemblies show a moderately strong correlation between the electron density on the linker 

and IET rates. For the hydroxamate linker, there are only two states that are outliers (circled 

states) as they exhibit poor injection rates although there is a large percentage of electron density 

present on the linker. Both states correspond to the LUMO states (16.7% of electron density), 

and it can be seen in Figure 2.7 that the LUMO states for the 6-TiO2 assemblies are very close to 

the edge of the conduction band, meaning that these states both lack the driving force necessary 

for an efficient charge transfer, and are in the region of the conduction band with few acceptor 

states available. The boxed points correspond to the LUMO and LUMO+1 initial states (1.8–

11.5% of electron density) for all the 2-TiO2 assemblies; as well as LUMO+2, LUMO+4, and 

LUMO+5 initial states (1.6–18.2 % of electron density) for the 2-br assemblies. The poor 
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injection rates from the LUMO and LUMO+1 initial states for the carboxylic acid assemblies are 

also attributed to their lack of driving force (Figure 2.7). Furthermore, the LUMO+2, LUMO+4 

and LUMO+5 initial states also exhibit poor electron injection rates, even though these states 

have relatively large driving forces. Inspection of the electron density throughout the IET 

simulations showed that the injection rate is slow because of charge anisotropy, a consequence of 

differences of the speed of charge delocalization along different directions of the TiO2 

surface.23,52 These results are in agreement with previous studies that show a good correlation 

between the amount of electron density on the linker group and IET efficiency.23,67 In general, 

the percent of electron density present on the linker can be a useful indicator of the IET 

efficiency in a sensitizer-TiO2 assembly, as long as there is also enough driving force and 

electronic coupling between the donor and acceptor states.  

 

 

Figure 2.10. IET rates versus percent of electron density present on linkers 2 and 4. Boxed states 

correspond to all LUMO and LUMO+1 states for both 2-mono and 2-br assemblies, in addition 

to LUMO+2, LUMO+4 and LUMO+5 states for 2-br assemblies. States inside the circles 

correspond to the LUMO states for 4-br assemblies. 
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2.3.5. Theoretical internal quantum efficiencies 

 TIQEs for all dye-TiO2 assembles are shown in Figure 2.11. As mentioned in section 

2.2.4, TIQEs are wavelength dependent and represent the ratio of electrons injected into the 

conduction band to the number of photons absorbed at a specific wavelength, and they also 

depend on the rate of the ISC, as it is assumed that IET competes with this process. Figure 2.11 

provides a better understanding of the efficiency of each dye as a TiO2 sensitizer along the 

visible spectrum, as the TIQEs take into consideration the orbital composition of each significant 

excitation.  

 For dye 2, it is observed that the monodentate attachment mode is significantly more 

efficient than the bidentate mode. Interestingly, the opposite effect is observed for dyes 3 and 6. 

Also, the bidentate-chelating attachment mode for dye 6 is slightly more efficient than the 

bidentate-bridging. This supports the idea that both the linker identity and its attachment mode 

have a significant impact on initially excited 1MLCT injection times. Overall, the best IET 

performance of 1MLCT states is given by the 4-ch assembly followed by the 2-mono, 6-ch, 6-br, 

and 3-br assemblies. Moreover, the 6-mono and 5-ch exhibit a moderate IET efficiency, while 3-

mono and 2-br exhibit the poorest.  

 TIQEs of 3MLCT states are shown in Table 2.3, where it is shown that essentially all 

assemblies have the IET quantum efficiency of unity. This high efficiency is due to the long 

lifetimes (59 ns) of the 3MLCT states of Ru(II)-polypyridine dyes, which allows the occurrence 

of IET regardless of the linker group or its binding mode. As shown in Figure 2.2, the initially 

excited 1MLCT states can undergo ISC into a thermalized or non-thermalized vibrational 3MLCT 

excited states. Both 1,3MLCT states are aligned to the conduction band, allowing IET from either 

excited state. However, injection from the initially excited 1MLCT states competes with the ISC, 

while the injection from the 3MLCT states competes with the emission lifetime. Regardless of 

the linker group, the initially excited 1MLCT states will eventually undergo ISC and either inject 

from the 3MLCT states or decay to the ground state, which is why the linker identity only has an 

impact on the IET quantum efficiency of the 1MLCT states and not the 3MLCT states. A 

previous study performed on Fe(II)-polypyridine sensitizers also predicted that the identity of the 

linker influences the IET efficiency from 1MLCT states,22 but the 3MLCT states were not 

explored. However, Fe(II)-polypyridine derivatives have very short MLCT lifetimes, thus IET 
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efficiency from 3MLCT states should not be expected to differ much from those of 1MLCT 

states.  

 

Figure 2.11. TIQEs (bars) with krelax (80 fs-1) of all dye-TiO2 assemblies along with the 

simulated absorption spectra (lines) of the dyes.  

 

Table 2.3. TIQEs for dye-TiO2 
3MLCT assemblies with em= 59 ns. 

Assembly Attachment mode 


TIQEs (%) 

2-TiO2 mono 761.7 fs 100.0 

2- TiO2 br 273.4 ps 99.6 

3- TiO2 mono 11.9 ps 100.0 

3- TiO2 br 265.9 ps 99.6 

4- TiO2 ch 88.85 fs 100.0 

5- TiO2 br 50.8 ps 99.9 

6- TiO2 mono 783.1 fs 100.0 

6- TiO2 br 525.9 fs 100.0 

6- TiO2 ch 995.8 fs 100.0 
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2.4. Conclusions 

 A systematic study was performed investigating the influence of different linker groups 

on the performance of [Ru(bpy)2(NCS)2] as a TiO2 anatase (101) sensitizer. The linker groups 

studied were carboxylic acid, phosphonic acid, hydroxamate, catechol, and acetylacetonate. 

Analyses of the calculated visible absorption spectra for all sensitizers show the presence of two 

different bands in the visible region that are primarily composed of MLCT transitions populating 

LUMO through LUMO+5 orbitals. Quantum dynamics simulations imply that both the identity 

of the linker and its attachment mode significantly impact the IET efficiencies from the initially 

excited 1MLCT states, but not the IET efficiencies from the long-lived 3MLCT excited states. 

Analysis of TIQEs suggests that the 4-br and 2-mono assemblies display the most efficient IET 

from the initially excited 1MLCT states, while the 3-mono and 5-ch assemblies lead to the 

poorest. Furthermore, it was shown that there is a moderate correlation between the electron 

density present on the linker group in the excited state and the calculated IET rates. Most 

importantly, due to the long lifetimes of the 3MLCT states, the identity of the linker group and its 

attachment mode have a negligible impact on the internal quantum efficiency of the IET in all 

the dye-TiO2 assemblies investigated. The results, however, suggest that the identity of the linker 

group can play an important role in tuning the IET efficiency of sensitizers with shorter 

photoactive state lifetimes. 
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CHAPTER 3 

 

[Fe(bpy)(CN)4]2--TiO2 assembly revisited: Impact of the 20 ps excited-state lifetime on 

interfacial electron transfer rates 

 

Chang Liu, a graduate student in the Jakubikova group at North Carolina State University has 

contributed to the computational studies presented in this chapter. 

 

Abstract 

 Solar energy conversion into electricity can be achieved by appropriate light-harvesting 

in a variety of artificial systems, such as dye-sensitized solar cells (DSSCs) and photocatalytic 

systems. Ru-based dyes are commonly used in DSSCs due to their chemical stability, long-lived 

metal-to-ligand photoactive states, and interfacial electron transfer (IET) quantum efficiencies of 

almost unity. Efforts have been made to develop Fe-based dyes, as they present a non-toxic 

environmentally friendly and cheaper alternative to Ru-based dyes. Unfortunately, these are very 

inefficient at IET due to an ultrafast intersystem crossing (ISC) from a photoactive metal-to-

ligand charge transfer (MLCT) excited state into a non-photoactive high-spin metal-centered 

(MC) state. The work presented here revisits the previously studied [Fe(bpy)(CN)4]
2- dye as it 

was recently determined that its photoactive 3MLCT excited state decays with a lifetime of ~20 

ps without undergoing spin crossover [Chem. Sci. 2017, 8, 515-523]. Methodologies employed 

in this study include density functional theory (DFT), time-dependent DFT (TD-DFT), and 

quantum dynamics (QD). Results suggest that the identity of the binding group of the dye and its 

binding mode directly affect the IET quantum efficiencies, and that the increase in the lifetimes 

of the excited states lead to a more efficient IET. However, the lifetimes are still not long enough 

to guarantee an IET efficiency close to unity, as is the case for Ru-based dyes.  
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3.1 Introduction 

 Transition metal complexes, such as Ru(II)-polypyridine based chromophores, are 

commonly used in DSSCs1-4 due to their high IET quantum efficiency (~100%)1,5, chemical 

stability, and long-lived MLCT excited states. However, Ru(II)-based complexes are toxic, 

expensive, and rare. A practical alternative is to replace Ru(II) with Fe(II) in these complexes,6-10 

since iron is non-toxic, inexpensive, and earth-abundant. However, Fe(II)-based dyes usually 

have short MLCT lifetimes7 rendering IET in Fe(II)-polypyridine sensitized TiO2 quite 

inefficient at IET. Therefore, in order to make iron sensitizers a viable alternative to Ru(II)-based 

dyes, the MLCT lifetimes of Fe(II)-based complexes must be tuned, an endeavor that much of 

the photochemistry community has directed their efforts towards.10-20 

 In 1998, Ferrere and Gregg introduced [Fe(dcbpy)2(CN)2] (dcbpy = 2,2’-bipyrydine-4,4’-

dicarboxylic acid) as the first iron-based TiO2 sensitizer.6 They showed that while it can sensitize 

the TiO2, its light-to-electrical conversion efficiency is much lower than that of Ru(II)-based 

chromophores, and that it exhibits a unique “band selective” sensitization mechanism. These 

studies showed that iron sensitizers have the potential to replace ruthenium dyes in DSSCs. Yang 

et al. later successfully sensitized TiO2 with [Fe(bpy)(CN)4]
2- (bpy = 2,2’-bipyrydine) and 

[Fe(CN)6]
4- and showed that these complexes exhibit dual pathways for electron injection.8,9 The 

IET in these systems can occur either through direct (metal-to-particle charge transfer, MPCT) or 

indirect (MLCT) sensitization. McCusker and co-workers established the intersystem crossing 

(ISC) time of Fe(II)-polypyridyl related compounds to be ~100 fs, and studied the rate of light-

induced spin crossover dynamics in these complexes.7,21  

 Differences in the efficiencies of ruthenium and Fe(II)-based chromophores are due to 

variations in the ligand field strength of these two metals, which controls the energies of states 

that partake in the photophysics of these complexes. After photoexcitation, an Fe(II) complex is 

promoted to a 1MLCT state from which it can undergo IET within ~10 fs – 100 ps.5,22 

Unfortunately, due to the weak ligand field strength of iron, it can undergo ISC into a low-lying 

quintet metal-centered (MC) state that is not photoactive within the same time frame as IET. This 

competition between the IET and ISC is the main challenge that Fe-based chromophores 

encounter as efficient sensitizers. To overcome this challenge, the ligand field strength of the 

iron complex needs to be tuned in such a way that the competition between the IET and ISC is 

eliminated. This can be achieved by modifying the ligand scaffold to either slow down the 
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ultrafast ISC into the non-photoactive 5MC state, or speed up the IET process so that both 

processes occur in different time regimes.23  

 In early 2017, Zhang et al. performed a robust characterization of the electronic state 

dynamics of [Fe(bpy)(CN)4]
2-, and showed that the cyano groups enhance the MLCT excited 

state lifetime in comparison to [Fe(bpy)3] by more than two orders of magnitude.20 As shown in 

Figure 3.1, this happens through a significant destabilization of the low-lying 5MC state, an 

effect of the strong sigma donation of the cyano groups. Now the 1MLCT excited state undergoes 

ISC into a relatively long-lived photoactive 3MLCT state that was previously inaccessible due to 

the ultrafast ISC into the 5MC. The lifetime of this 3MLCT is roughly 20 ps, which should 

provide sufficient time for IET to occur from this state, thus increasing the IET quantum yield. 

Yang et al. previously studied [Fe(bpy)(CN)4]
2- as a TiO2 sensitizer,8,9 and its poor quantum IET 

efficiency was attributed to the ultrafast spin crossover. A computational study of Bowman et al. 

also investigated IET in a [Fe(bpy)(CN)4]
2--TiO2 assembly, with the assumption of a 100 fs 

MLCT lifetime.12,24 Now that the spin crossover was recently established to be four orders of 

magnitude slower than previously thought (20 ps vs. 100 fs), the goal of the study presented here 

is to revisit the Bowman et al. work to investigate the effects that the binding group has on IET 

dynamics from the 1MLCT and the now accessible 3MLCT excited states and see if ISC is still 

responsible for the poor IET efficiency in these assemblies. Assemblies studied are presented in 

Figure 3.2. Results suggest that the identity of the binding group and how it binds to the surface 

of the TiO2 mode directly affect the IET quantum efficiencies of these Fe(II)-polypyridine 

complexes, and that the increase in the lifetimes of the MLCT excited states lead to a more 

efficient IET. 
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Figure 3.1. Comparison of the photophysics of [Fe(bpy)3] and [Fe(bpy)(CN)4]
2- complexes. 

 

 

Figure 3.2. [Fe(bpy)(CN)4]
2- (bpy = 2,2’-bipyridine) parent complex (1), and –COOH 

functionalized complex (2). 

 

 

3.2. Methodology 

3.2.1. Molecular structure and absorption spectra 

 Dye molecules (Figure 3.2) were optimized by employing DFT at the B3LYP level of 

theory25,26 and Grimme's D2 dispersion correction27 as implemented in the Gaussian 09 software 

package.28 The SDD effective core potential and associated basis set29,30 with an additional f-

polarization function31 was used to describe the Fe atom, and the 6-311G* basis set32,33 was used 

for all other atoms (H, C, N, and O). All dyes were optimized in their lowest energy singlet and 

triplet electronic states with implicit water solvent effects accounted for by the polarizable 

continuum model (PCM).34 Minima were confirmed by vibrational analysis. 



 34 

 Singlet vertical excitations were calculated by employing linear response TD-DFT35-37 

with the same methodology, basis set, and solvent model utilized for the geometry optimizations. 

UV-Vis absorption spectra were simulated utilizing the stick spectra of the δ-functions 

associated with the excitation energies times the oscillator strengths with a Lorentzian line-shape 

with half-width-at-half-maximum (HWHM) of 0.12 eV. Only excitations with oscillator 

strengths greater than or equal to 0.01, and excitation energies in the visible region (λ ≥ 350 nm) 

were considered to identify particle states for the IET simulations. 

 

3.2.2. TiO2 slab model 

 A TiO2 anatase (101) surface slab orthorhombic supercell with lattice vectors a = 30.49 

Å, b = 31.46 Å, and c = 40.00 Å was utilized to carry out the IET simulations, as described in 

references [12,24]. The surface of the slab was functionalized with a pyridine molecule attached 

through the carboxylic acid and cyano groups in their respective binding modes (Figure 3.3). The 

surfaces were then optimized in vacuum using the Vienna Ab-initio Simulation Package38-41 

(VASP) with periodic boundary conditions and the Perdew-Burke-Ernzerhof exchange-

correlation functional42,43 with projector augmented-wave method.44,45 A k-point sampling space 

of (5 × 3 × 1) was used along with a plane wave basis set expansion cutoff of 500 eV, and the 

supercell volume and the bottom layers of the slab were kept fixed. The optimized isonicotinic 

acid molecules from the optimization of the functionalized surfaces were then used to perform 

constrained optimizations of the dyes, where the linkers and lower half of the pyridine molecules 

(three carbon and two hydrogen atoms) were kept frozen at surface-optimized geometry. Lastly, 

the constrained-optimized structures of the dyes were attached onto the optimized functionalized 

surfaces to build the models for the IET simulations (Figure 3.3).  

 

 

Figure 3.3. Dye-TiO2 models constructed for IET simulations. The red box contains the parent 

complex models, and the blue box contains the CA models. 
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3.2.3. Interfacial electron transfer simulations  

 Wavepacket dynamics method with an extended Hückel (EH) Hamiltonian was used to 

simulate wavepacket dynamics and investigate the IET process of the dye-TiO2 systems.46 The 

standard EH parameter set (as implemented in the YAeHMOP) was employed in all the 

calculations.47,48 Initial wavepackets were constructed from EH MOs of dyes projected onto the 

MOs of full dye-nanoparticle assemblies. The initial states represented by EH orbitals were 

matched to the Kohn-Sham (KS) MOs populated upon photoexcitation with visible light as 

predicted by TD-DFT calculations. They were selected by their total contribution to the excited 

state, which was calculated as twice the square of the coefficient (transition density) of the 

excitations (see Appendix B, Table B.1–B.2). Only orbitals with 10% or greater contribution 

were considered as donor particle orbitals of IET. Orbital matching was made by visual 

inspection (Appendix B, Figure B.6–B.10, B.12–B.19). Simulations were run in vacuum at a 

frozen geometry for 4 ps with a step size of 0.1 fs. Absorbing potentials were added to the Ti 

atoms located at the bottom layer of the supercell to prevent artificial electron transient 

populations on the dyes.  

 The probability of the wavepacket being localized on the dye at time t after 

photoexcitation was represented by the survival probability, P(t), calculated by projecting the 

time-evolved electronic wavefunction onto the atomic orbitals of the dye at each step of the IET 

simulation. To obtain the IET rates and characteristic times, survival probabilities were fit to 

mono- or bi-exponential functions as: 

                (1) 

with the conditions that P(0) = 1, and 

                (2)

 

Exponential fits were required to have a coefficient of determination, R2, greater than or equal to 

0.95. The calculated survival probabilities were then used to calculate the characteristic IET 

times as 

                 (3) 
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3.2.4. Theoretical internal quantum efficiencies 

 Theoretical internal quantum efficiencies (TIQEs) are defined as the ratio of electrons 

injected into the conduction band of TiO2 to the number of electrons absorbed by the dye at a 

specific wavelength.16 TIQEs were calculated according to the previously published procedure.16 

It was assumed that: (1) IET only competes with the 1MLCT  3MLCT ISC process (Figure 

3.1); (2) ISC is wavelength independent and occurs at a constant rate; and (3) both IET and ISC 

are first order processes.  

 Linear response TD-DFT calculations return a set of excitation energies and oscillator 

strengths with their respective set of KS orbitals excitations and de-excitations.49-51 Although the 

KS Slater determinant is known to be imprecise,52 these KS transition densities have been known 

to provide a practical description of excitation processes in a variety of systems.49 Thus, by 

taking the KS transition densities, ai, the survival probability at a specific wavelength can be 

expressed as a normalized linear combination of the survival probabilities of each individual KS 

donor orbital that contributes to the excited state as16 

 

                 (4)

 

 The IET rate is then calculated as the reciprocal of the characteristic IET time at a 

specific wavelength 

                (5) 

 Finally, the TIQEs are calculated as 

                (6)

 

where kISC is the rate of the intersystem-crossing process 1MLCT 3MLCT (Figure 3.1).  

 

 

 

 

 

®
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3.3. Results and discussion 

3.3.1. Ground state structure 

 Fe–ligand bond lengths for the optimized complexes are summarized in Table 3.1. With 

the chosen methodology and basis set, the structure of the complex is reproduced with a 1.6% 

error relative to the crystal structure,53 which suggests a good agreement with the experimental 

values. Additionally, percent differences between the parent complex and the complex with 

carboxylic acid linker range from 0.03 to 0.98% suggesting that functionalization of the parent 

complex has no significant impact on the coordination environment of Fe(II). 

 

Figure 3.4. Coordination environment of [Fe(bpy)(CN)4]
2-, where R = COOH for the 

functionalized complex, and R = H for the parent complex. 

 

Table 3.1. Fe–ligand bond lengths of the parent crystal structure and the optimized structures of 

the (1) parent and (2) functionalized complexes in their singlet ground states. 

Bond 
Bond length (Å) 

1 (exp.)53 1 2 

Fe–N1 1.992 2.041 2.021 

Fe–N2 1.990 2.041 2.021 

Fe–C1 1.958 1.973 1.972 

Fe–C2 1.923 1.946 1.946 

Fe–C3 1.914 1.946 1.947 

Fe–C4 1.953 1.973 1.972 

 

3.3.2. Absorption spectra 

 Simulated absorption spectra of 1 and 2 are presented in Figure 3.5. Excitation energies 

of complex 1 are ~100 nm blue shifted relative to the experimental spectrum.20 These excitation 

energies can be separated into two major absorption bands located around 535 nm (band 1) and 

370 nm (band 2). Absorption energies for complex 2 are red shifted relative to complex 1 (band 
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1 ~ 620 nm, band 2 ~ 480 nm), which is expected after functionalization of complex 1 with an 

electron withdrawing group. All intense transitions (fosc ≥ 0.01) in the visible region were 

identified as MLCT transitions. In both complexes, excitations from these transitions populate 

the LUMO through LUMO+2 orbitals. These are the particle donor orbitals that participate in 

IET, thus the ones utilized as the initial states for the quantum dynamics simulations.  

 

Figure 3.5. Calculated UV-Vis absorption spectra for complexes 1 and 2. 

 

 

Figure 3.6. MOs populated upon photoexcitation in band 1 (left) and band 2 (right) from 

complex 1 (top) and complex 2 (bottom). 
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3.3.3. Dye-TiO2 assemblies 

 There is an array of possible ways in which the complexes could bind to the surface of 

the TiO2, but experimentally it is challenging to control or identify which binding mode is 

present. Therefore, seven possible binding modes were chosen to simulate IET in 

[Fe(bpy)(CN)4]
2- (Figure 3.3). Both the complexes could bind through the cyano (CN-) 

groups,8,9,12 and in this binding mode the bpy group could be oriented either perpendicular (bpy-

perp) or parallel (bpy-par) to the TiO2 surface. Complex 2 could also bind through the carboxylic 

acid (CA) group in a monodentate or bidentate mode,54,55 as well as through both carboxylic 

groups in a bis-monodentate mode.  

The density of states (DOS) was calculated for all the models at the EH level. Figure 3.7 

shows a DOS plot for 2-TiO2 in the bidentate binding mode, along with the EH energy levels of 

the DFT constrained optimized structures of the dyes in their protonated neutral forms and bpy-

perpendicular for CN- binding modes. The projected DOS of the other binding modes and bpy 

orientation can be found in Appendix B (Figure B.20–B.26). Functionalizing the complex with 

carboxylic acid significantly affects the energies of the lowest unoccupied molecular orbitals 

with respect to the edge of the TiO2 conduction band, consistent with the red shift observed in 

the calculated absorption spectra. Additionally, the binding mode of complex 2 slightly perturbs 

the energies of the lowest unoccupied molecular orbitals. This is evident in the monodentate 

binding mode where the LUMO and LUMO+1 have lower energies relative to the other binding 

modes. The positioning of the orbitals with respect to the edge of the conduction band is a key 

factor in the dye’s IET efficiency, as it is related to the driving force and free energy change; a 

parameter used for characterizing the rate and efficiency of the electron injection process.56-58 

Thus, it is expected that the higher in energy an orbital is, the faster the IET rate upon its 

population. 
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Figure 3.7. EH energy levels of complexes 1 and 2 at their TiO2 attachment geometries (left), 

and density of states plot for 2-TiO2 in bidentate attachment mode (right). The density of states 

plot shows the total density of states (blue line) and the projected density of states (black line). 

All dyes are in their protonated neutral forms, and in the bpy-perpendicular conformation for 

CN- binding modes. 

 

3.3.4. Interfacial electron transfer simulations 

 IET simulations were performed utilizing wavepacket dynamics with an EH Hamiltonian. 

The particle donor orbitals of 2 at the bidentate attachment conformation at both DFT and EH 

levels of theory are presented in Figure 3.8, where it is clear that EH calculations provide an 

excellent description of the electronic structure of the dye. Orbital matching done for the other 

binding modes can be found in Appendix B. Figure 3.9 shows the characteristic IET times, IET, 

from all donor particle states of complexes 1 and 2 in all binding modes. The dashed line labeled 

as ISC-1 represents the characteristic time of the ISC (100 fs) from the initially excited 1MLCT 

state to a 3MLCT excited state (Figure 3.1). The IET characteristic time needs to be faster than 

ISC-1 in order to successfully transfer the electron into the conduction band of the TiO2. Only 

complex 2 in all binding modes can undergo IET within this time frame from the LUMO+1 and 

LUMO+2 particle states. The injection rate seems to be dependent on the orientation of the bpy 
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group in 1-TiO2 assembly, with the bpy-perpendicular being the most favorable orientation as it 

usually allows for a faster injection time, even for the 3MLCT excited states. However, the 

parallel orientation of the bpy group is most favorable for injection from the LUMO‒LUMO+2 

particle states in 2-TiO2 assemblies. Binding through the CN- group with the bpy-perpendicular 

orientation in the 2-TiO2 assemblies provides for the slowest injection time, followed by the 

bidentate and the CN- with bpy-parallel binding modes. This suggests that the IET characteristic 

time for electron injection from the initially excited 1MLCT states depends on the identity of the 

binding group (CN- vs. carboxylic acid), the binding mode (monodentate vs. bidentate), as well 

as the overall dye orientation on the surface (bpy-parallel vs. bpy-perpendicular). However, the 

IET characteristic times obtained from the IET simulations modeling electron injection from the 

initial states represented by individual virtual orbitals are not an effective way to describe how 

the binding group benefits the overall IET efficiency of a complex, as visible excitations usually 

populate multiple virtual orbitals (i.e., excitations are represented by a linear combination of 

multiple hole-electron pairs). Therefore, a better understanding of the IET efficiency from 

1MLCT states populated upon excitation by visible light is provided by theoretical internal 

quantum efficiencies discussed in Section 3.3.5. 

 The rightmost column of IET characteristic times on Figure 3.9 represents the 

characteristic IET times from the 3MLCT states. Electron transfer from these states competes 

with the decay back to the ground state, which was recently established to be 20 ps (ISC-2).
20 

Once again, it is observed that both the binding group identity and the binding mode impact IET. 

Interestingly, the CN- binding mode leads to efficient IET from the 3MLCT state in 1-TiO2 

assemblies, but not in 2-TiO2 assemblies.  
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Figure 3.8. Comparison of particle donor orbitals in 2-TiO2 assembly with monodentate 

attachment mode. The isovalue displayed is 0.02 electrons/Å3. 

 

 

 

Figure 3.9. Characteristic IET injection times of complexes 1 and 2 in all binding modes 

grouped by donor particle state for both initially excited 1MLCT states and 3MLCT excited 

states.ISC-1 = 100 fs, ISC-2 = 20 ps. 
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 A Mulliken population analysis59 was performed to further analyze the influence of the 

binding group on the IET injection times. It is known that the IET injection time increases with 

the electron density present on the binding group, along with the driving force of the 

wavepacket, and the electronic coupling between the donor and acceptor states.16,23,60,61 Table 3.2 

summarizes the percent of electron density present on the linker group during the first step of the 

IET simulations. An interesting observation is that for both complexes in the CN- binding mode, 

the electron density present on the linker usually increases when the bpy group orientation swaps 

from perpendicular to parallel. Figure 3.9 shows that IET becomes faster in all dye-TiO2 

assemblies as the donor state increases in energy (i.e. the driving force increases), except for the 

2-TiO2 assembly attached via the CN- linker with the bpy-perpendicular orientation, where the 

LUMO+2 initial state injects slightly slower than the LUMO+1 state. However, the IET injection 

time varies as expected with the amount of electron density present on the linker. In the 2-TiO2 

assemblies with the bpy-parallel orientation, the electron density decreases going from LUMO to 

LUMO+2, but the IET injection time still becomes faster. Furthermore, in the other binding 

modes of 2-TiO2, the percent of electron density fluctuates from state to state, while the IET 

characteristic times become shorter regardless of the electron density present on the linker. In 

these cases, the IET is guided by an increase in the wavepacket driving force and good electronic 

coupling (i.e., orbital overlap) between the donor and acceptor states. This shows that the percent 

of electron density present on the linker can be used to quickly predict the IET efficiency of a 

dye, but other factors such as the driving force and the electronic coupling between the states 

should also be taken into consideration.61 

 

Table 3.2. Average percent of electron density present on the binding group on EH orbitals 

utilized as donor particle states for IET simulations.  

Assembly 
Binding 

mode 

Bpy 

orientation 

% electron density present on binding group 

LUMO LUMO+1 LUMO+2 3MLCT 

1-TiO2 CN- perp 0.02 0.08 0.41 0.02 

1-TiO2 CN- par 0.40 0.26 < 0.01 0.49 

2-TiO2 CN- perp 0.01 0.08 0.04 0.02 

2-TiO2 CN- par 0.46 < 0.01 0.08 0.55 

2-TiO2 mono - 15.08 18.34 6.38 9.13 

2-TiO2 bis-mono - 30.51 46.15 15.57 27.12 

2-TiO2 bi - 14.93 18.55 7.05 8.83 
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3.3.5. Theoretical internal quantum efficiencies 

 Figure 3.10 shows the TIQEs for all dye-TiO2 assemblies investigated. These represent 

the percentage of electrons injected into the conduction band of TiO2 after photoexcitation of the 

dye at a specific wavelength. TIQEs depend on the rate of all the deactivation pathways, in this 

case only the 1MLCT  3MLCT ISC was considered. These further helps understand the 

overall impact of the binding modes on the IET efficiency of the dyes, as they take into account 

the contribution of individual particle states (LUMO, LUMO+1, LUMO+2) to each excited state. 

It can be seen from Figure 3.10, that both complexes exhibit band-selective sensitization, as 

TIQEs at wavelengths within band 2 are significantly higher than those at wavelengths within 

band 1. This agrees with previous calculations by Bowman et. al.12,16,24 Also, in both types of 

assemblies, the perpendicular orientation of the bpy group leads to a more efficient IET, but 

further analysis needs to be performed to determine specifically why the perpendicular 

orientation is favored for IET.  

 

Figure 3.10. TIQEs (bars) with ISC-1 (100 fs) calculated for dye-TiO2 assemblies in all binding 

modes along with the simulated absorption spectra (lines) of the dyes. 

®
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 The 2-TiO2 assembly in the bidentate binding mode displays the highest IET efficiency in 

the range of band 2 with an efficiency of 89.1%. This efficiency drops to 79.3% when it binds 

through the monodentate mode, and further drops to 76.1% when it binds through the bis-

monodentate mode. However, from Figure 3.10 it is evident that, overall, IET is the most 

efficient in the 2-TiO2 assembly in the monodentate binding mode with an average quantum 

efficiency of 64.8%. Based on data in Figure 3.9 and Table 3.2, it would be expected that the bis-

monodentate binding mode would be the most efficient at IET in comparison to the monodentate 

mode as it has both higher driving force and electron density on the binding group. However, 

from Fermi’s golden rule, the rate of electron transfer is given by:62-64 

 

          (7) 

 

where VDA(E) is the electronic coupling between the excited state and the semiconductor 

averaged over all the available acceptor states at energy E; accept(E) is the density of the acceptor 

states at E; ∆Go is the driving force of the electron;  is the reorganization energy; and kB and T 

are the Boltzmann constant and temperature, respectively. The driving force can be easily 

obtained from a DOS plot, and the electronic coupling depends on the orbital overlap between 

the donor and acceptor states. Thus, as the distance between the donor and acceptor states 

increases, the orbital overlap between the states decreases, and the rate of electron transfer also 

decreases. The spatial distances between the binding oxygen and titanium atoms are longer in the 

bis-monodentate (2.14–2.16 Å) than in the monodentate (2.09 Å) and bidentate (2.04–2.08 Å) 

binding modes. The fastest injection time and highest IET quantum efficiency in 2-TiO2 

assemblies is indeed provided by the bidentate binding mode (12.2 fs, 89.1%), followed by the 

monodentate (19.0 fs, 84.0%), and the bis-monodentate (31.3 fs, 76.1%).  
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Table 3.3. TIQEs calculated for dye-TiO2 
3MLCT assemblies with ISC-2 = 20 ps. 

Assembly Binding mode Bpy orientation TIQEs (%) 

1-TiO2 CN- perp 80.5 

1-TiO2 CN- par 55.8 

2-TiO2 CN- perp 16.3 

2-TiO2 CN- par 9.2 

2-TiO2 mono - 96.8 

2-TiO2 bis-mono - 53.1 

2-TiO2 bi - 10.9 

 

 TIQEs calculated for the 3MLCT excited states are presented in Table 3.3. These show 

that, given the 3MLCT lifetime of 20 ps, the IET is the most efficient in 2-TiO2 assembly with 

the monodentate binding mode with a 96.8% IET quantum efficiency. Surprisingly, IET in the 2-

TiO2 assemblies with all the other binding modes is significantly less efficient (9.2–53.1%) in 

comparison to the IET in 1-TiO2 assemblies that display efficiencies of 55.8 and 80.5%, 

depending on the orientation of the bpy group. In both 1-TiO2 and 2-TiO2 assemblies, the 

perpendicular orientation of the bpy group leads to a faster IET. These broad differences in the 

IET quantum efficiencies of the various binding modes of assembly 2, along with the good 

efficiencies of assembly 1 suggest that functionalization of the parent complex might not 

necessarily be beneficial to IET unless the binding mode could be controlled experimentally. 

 

3.4. Conclusions  

 The effect of lengthened MLCT lifetime of [Fe(bpy)(CN)4]
2- on the IET dynamics in 

[Fe(bpy)(CN)4]
2--sensitized TiO2 was investigated by means of DFT, TD-DFT, and quantum 

dynamics simulations. Calculated UV-Vis absorption spectra showed that there are two main 

absorption bands in the visible region of the spectrum for both the parent and functionalized 

complexes. These bands were assigned to MLCT transitions that populate LUMO to LUMO+2 

virtual orbitals. DOS calculations showed that in all dye-TiO2 assemblies investigated, donor 

states (LUMO–LUMO+2) are well aligned with the conduction band of TiO2, and that the 

presence of the carboxylic acid substituent on the bpy group significantly stabilizes the energies 

of the ligand-based virtual orbitals. Analysis of the characteristic IET times and the TIQEs show 

that the identity of the binding group and its binding mode are important for the IET quantum 
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efficiencies in both 1-TiO2 and 2-TiO2 assemblies. Results show that overall the IET is the most 

efficient in 2-TiO2 assemblies with the monodentate binding mode. Additionally, the 

perpendicular orientation of the bpy group relative to the surface of the TiO2 leads to faster IET. 

Furthermore, results suggest that functionalization of the parent complex might not be 

necessarily beneficial to IET unless the complex binds to the surface through the carboxylic acid 

group. This is because the efficiency dramatically drops from 80.5 to 9.2% in a 2-TiO2 complex 

in which the dye attaches through the cyano groups. However, further investigation with 

conformational sampling is needed to verify that the IET efficiency depends only on the binding 

mode and not on the conformation of the molecule. Finally, while the 20 ps MLCT lifetime leads 

to a more efficient IET transfer, it is still not long enough to guarantee 100% injection efficiency 

as in the case of Ru(II)-polypyridine sensitizers. 
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CHAPTER 4 

 

Concluding Remarks 

 

 

4.1. Summary 

 Studies discussed in previous chapters have provided insights into the interfacial electron 

transfer (IET) process in Ru(II) and Fe(II)-polypyridine sensitized TiO2. It had been previously 

suggested that1-4 (1) the electron density present on the linker group, (2) the driving force of the 

electron, and (3) the electronic coupling between donor and acceptor states are three important 

factors that directly influence the IET efficiency of a sensitizer. This dissertation shows that by 

employing computational methodologies such as density functional theory (DFT), time-

dependent DFT (TD-DFT), and quantum dynamics (QD) simulations, these factors can be easily 

calculated. Overall, DFT and TD-DFT calculations provide useful and reliable ground and 

excited state electronic structure information that can be directly correlated to the driving force 

of the electron transfer and the electronic coupling between donor and acceptor states, which can 

be estimated by a simple Mulliken population analysis. At last, QD simulations at the extended 

Hückel (EH) level theory, serve as an inexpensive methodology to investigate IET dynamics in 

dye-semiconductor interfaces with application to dye-sensitized solar cells (DSSCs). 

 Chapter 2 investigated the effects of the linker group on the IET dynamics from the 

1,3MLCT excited states of the [Ru(bpy)2(NCS)2] sensitizer. Results showed that the IET quantum 

efficiencies from the 1MLCT excited states can be tuned by careful selection of the linker group. 

It was concluded that carboxylic acid and hydroxamate should be utilized as linkers to promote 

the most efficient IET from these initially excited states. However, the IET efficiencies from the 

3MLCT excited states are independent of the linker group, due to the long lifetimes (up to 6 s)5 

of these states. Chapter 3 investigated how the recently established relatively long lifetime of the 

3MLCT excited states of [Fe(bpy)(CN)4]
2- (~20 ps)6 would impact the IET quantum efficiencies. 

In contrast to Ru(II)-based sensitizers, here the identity of the linker group impacts both 

1,3MLCT excited states efficiency. Interestingly, results also showed that functionalization of 

[Fe(bpy)(CN)4]
2- with carboxylic acid is only beneficial to efficient IET if the sensitizer binds to 

the surface through the carboxylic acid and not the cyano groups. Overall, the long lifetime does 
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enhance IET quantum efficiencies in these Fe(II)-based sensitizers, though it is not long enough 

to help these complexes compete with the quantum efficiencies of their ruthenium analogues. 

The work presented in this dissertation contributes to a fundamental understanding of the IET 

dynamics in DSSCs, especially the structural factors related to the linker group identity and its 

attachment mode that govern the IET efficiency.  

 

4.2.References 

1. Bowman, D. N.; Mukherjee, S.; Barnes, L. J.; Jakubikova, E. J. Phys. Condens. Matter 

2015, 27, 134205. 

2. Hagfeldt, A.; Boschloo, G.; Sun, L.; Kloo, L.; Pettersson, H. Chem. Rev. 2010, 110, 6595. 

3. Jakubikova, E.; Bowman, D. N. Acc. Chem. Res. 2015, 48, 1441. 

4. Liu, C.; Jakubikova, E. Chem. Sci. 2017, 8, 5979.  

5. Morris, K. J.; Roach, M. S.; Xu, W.; Demas, J. N.; DeGraff, B. A. Anal. Chem. 2007, 79, 

9310. 

6. Zhang, W.; Kjær, K. S.; Alonso-Mori, R.; Bergmann, U.; Chollet, M.; Fredin, L. A.; Hadt, 

R. G.; Hartsock, R. W.; Harlang, T.; Kroll, T.; Kubiček, K.; Lemke, H. T.; Liang, H. W.; 

Liu, Y.; Nielsen, M. M.; Persson, P.; Robinson, J. S.; Solomon, E. I.; Sun, Z.; Sokaras, D.; 

van Driel, T. B.; Weng, T.-C.; Zhu, D.; Wärnmark, K.; Sundström, V.; Gaffney, K. J. 

Chem. Sci. 2017, 8, 515. 

 

 



 53 

APPENDICES 

 



 54 

APPENDIX A 

 

 

 

Figure A.1. Structures of singlet [Ru(bpy)2(NCS)2]-TiO2, CA linker assemblies. (A) CA-mono, 

bpy-perpendicular, (B) CA-mono, bpy-parallel, (C) CA-br, bpy-perpendicular, (D) CA-br, bpy-

parallel. 
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Figure A.2. Structures of triplet [Ru(bpy)2(NCS)2]-TiO2, CA linker assemblies. (A) CA-mono, 

bpy-perpendicular, (B) CA-mono, bpy-parallel, (C) CA-br, bpy-perpendicular, (D) CA-br, bpy-

parallel. 
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Figure A.3. Structures of singlet [Ru(bpy)2(NCS)2]-TiO2, PA linker assemblies. (A) PA-mono, 

bpy-perpendicular, (B) PA-mono, bpy-parallel, (C) PA-br, bpy-perpendicular, (D) PA-br, bpy-

parallel. 
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Figure A.4. Structures of triplet [Ru(bpy)2(NCS)2]-TiO2, PA linker assemblies. (A) PA-mono, 

bpy-perpendicular, (B) PA-mono, bpy-parallel, (C) PA-br, bpy-perpendicular, (D) PA-br, bpy-

parallel. 
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Figure A.5. Structures of singlet [Ru(bpy)2(NCS)2]-TiO2, HA linker assemblies. (A) HA-ch, 

bpy-perpendicular, (B) HA-ch, bpy-parallel. 

 

 

 

 

Figure A.6. Structures of triglet [Ru(bpy)2(NCS)2]-TiO2, HA linker assemblies. (A) HA-ch, bpy-

perpendicular, (B) HA-ch, bpy-parallel. 
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Figure A.7. Structure of singlet [Ru(bpy)2(NCS)2]-TiO2, CAT linker assembly. CAT linker only 

binds as br with bpy-perpendicular. 

 

 

 

 

Figure A.8. Structure of trilet [Ru(bpy)2(NCS)2]-TiO2, CAT linker assembly. CAT linker only 

binds as br with bpy-perpendicular. 
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Figure A.9. Structures of singlet [Ru(bpy)2(NCS)2]-TiO2, AC linker assemblies. (A) AC-mono, 

bpy-perpendicular, (B) AC-mono, bpy-parallel, (C) AC-br, bpy-perpendicular, (D) AC-br, bpy-

parallel, (E) AC-ch, bpy-perpendicular, (F) AC-ch, bpy-parallel. 
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Figure A.10. Structures of triplet [Ru(bpy)2(NCS)2]-TiO2, AC linker assemblies. (A) AC-mono, 

bpy-perpendicular, (B) AC-mono, bpy-parallel, (C) AC-br, bpy-perpendicular, (D) AC-br, bpy-

parallel, (E) AC-ch, bpy-perpendicular, (F) AC-ch, bpy-parallel. 
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Figure A.11. Calculated UV-Vis of [Ru(bpy)2(NCS)2] with CA linker in acetonitrile (PCM) 

using TD-DFT/B3LYP. Spectra was simulated with a Lorentzian broadening with HWHM = 

0.12 eV.  

 

 

Table A.1. Excitation summary for [Ru(bpy)2(NCS)2], CA linker in acetonitrile. 

Excited State λ (nm) fosc Coefficient Hole State Particle State 

1 704.73 0.0388 0.68476 HOMO LUMO 

2 692.25 0.0143 

-0.10557 HOMO-2 LUMO 

0.18831 HOMO-1 
LUMO+1 

0.6651 HOMO 

5 578.35 0.1267 

-0.46426 HOMO-1 
LUMO 

0.12533 HOMO 

0.50187 HOMO-2 LUMO+1 

6 556.18 0.0183 -0.36789 HOMO-2 LUMO 
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Table A.1. Continued 

   

0.50141 HOMO-1 
LUMO+1 

-0.19219 HOMO 

0.25057 HOMO LUMO+3 

7 491.61 0.09 0.68968 HOMO LUMO+2 

8 473.65 0.0714 

-0.19251 HOMO-3 
LUMO 

0.14579 HOMO-2 

-0.1611 HOMO-2 LUMO+1 

-0.13299 HOMO-1 LUMO+2 

0.60724 HOMO LUMO+3 

10 452.09 0.0228 

0.65991 HOMO-3 LUMO 

-0.18451 HOMO-2 LUMO+2 

0.12592 HOMO LUMO+3 

12 443.75 0.0339 

0.51266 HOMO-3 LUMO+1 

0.1889 HOMO-1 LUMO+2 

-0.41751 HOM-2 LUMO+3 

0.11457 HOMO LUMO+4 

13 441.99 0.0104 

-0.12605 HOMO-3 LUMO 

-0.40454 HOMO-2 LUMO+2 

0.53782 HOMO-1 
LUMO+3 

-0.10385 HOMO 

14 441.8 0.0932 

0.13095 HOMO-3 LUMO+1 

0.55506 HOMO-1 LUMO+2 

0.36593 HOMO-2 LUMO+3 

-0.16288 HOMO LUMO+4 

16 424.77 0.0213 0.68776 HOMO LUMO+5 

21 384.71 0.0693 

0.65177 HOMO-5 LUMO 

-0.18774 HOMO-4 LUMO+1 

-0.15668 HOMO-2 LUMO+5 
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Table A.1. Continued 

23 380.6 0.0304 

-0.10461 HOMO-6 
LUMO 

0.18167 HOMO-5 

0.65864 HOMO-4 LUMO+1 

24 377.48 0.0113 

0.45177 HOMO-4 LUMO 

-0.25899 HOMO-6 
LUMO+1 

-0.39807 HOMO-5 

-0.17701 HOMO-1 LUMO+5 

25 365.42 0.0931 

0.6521 HOMO-6 LUMO 

0.10545 HOMO-4 LUMO+1 

0.226 HOMO-3 LUMO+3 

26 362.93 0.0121 0.69533 HOMO-3 LUMO+2 

27 358.96 0.0101 
-0.22066 HOMO-6 LUMO 

0.66464 HOMO-3 LUMO+3 
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HOMO-6 

(E = -0.25143 a.u.) 

 

HOMO-5 

(E = -0.24742 a.u. ) 

 

HOMO-4 

(E = -0.24621 a.u.) 

 

HOMO-3 

(E = -0.19861 a.u.) 

 

HOMO-2 

(E = -0.19419 a.u.) 

 

HOMO-1 

(E = -0.19243 a.u.) 

 

HOMO 

(E = -0.18591 a.u.) 

 

 

Figure A.12. Kohn-Sham orbitals (hole states) of singlet [Ru(bpy)2(NCS)2] with CA linker 

relevant to the excitations shown in Table A.1. The isovalue displayed is 0.02 electron/Å3. 
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LUMO 

(E = -0.12606 a.u.) 

 

LUMO+1 

(E = -0.12177 a.u.) 

 

LUMO+2 

(E = -0.10308 a.u.) 

 

LUMO+3 

(E = -0.10126 a.u.) 

 

LUMO+4 

(E = -0.09348 a.u.) 

 

LUMO+5 

(E = -0.08770 a.u.) 

 

Figure A.13. Kohn-Sham orbitals (particle states) of singlet [Ru(bpy)2(NCS)2] with CA linker 

relevant to the excitations shown in Table A.1. The isovalue displayed is 0.02 electron/Å3. 
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Metal-centered 

 

Ligand-centered 

 

Figure A.14. Natural orbitals of singly occupied orbitals of triplet [Ru(bpy)2(NCS)2] with CA 

linker. The isovalue displayed is 0.02 electron/Å3. 
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LUMO 

(E = -0.37442 a.u. 

) 

LUMO+1 

(E = -0.37348 a.u.) 

 

 

LUMO+2 

(E = -.0.36119 a.u.) 

 

 

LUMO+3 

(E = -0.35994 a.u.) 

 

 

LUMO+4 

(E = -0.32607 a.u.) 

 

LUMO+5 

(E = -0.32538 a.u.) 

 

3MLCT 

 

 

Figure A.15. Extended Hückel orbitals of [Ru(bpy)2(NCS)2], CA-mono linker, bpy-perp, 

matched to the Kohn-Sham orbitals shown in Figure A.13 and the ligand centered natural orbital 

shown in Figure A.14. The isovalue displayed is 0.02 electron/Å3. 
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LUMO 

(E = -0.37430 a.u.) 

 

LUMO+1 

(E = -0.37343 a.u.) 

 

LUMO+2 

(E = -0.36102 a.u.) 

 

LUMO+3 

(E = -0.35996 a.u._ 

 

LUMO+4 

(E = -0.32635 a.u.) 

 

LUMO+5 

(E = -0.32545 a.u.) 

 

3MLCT 

 

 

Figure A.16. Extended Hückel orbitals of [Ru(bpy)2(NCS)2], CA-mono linker, bpy-par, matched 

to the Kohn-Sham orbitals shown in Figure A.13 and the ligand centered natural orbital shown in 

Figure A.14. The isovalue displayed is 0.02 electron/Å3. 
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LUMO 

(E = -0.37427 a.u.) 

 

 

LUMO+1 

(E = -0.37346 a.u.) 

 

 

LUMO+2 

(E = -0.36103 a.u.) 

 

LUMO+3 

(E = -0.35994 a.u.) 

 

LUMO+4 

(E = -0.32599 a.u.) 

 

LUMO+5) 

(E = -0.32535 a.u.) 

 

3MLCT 

 

 

Figure A.17. Extended Hückel orbitals of [Ru(bpy)2(NCS)2], CA-br linker, bpy-perp, matched to 

the Kohn-Sham orbitals shown in Figure A.13 and the ligand centered natural orbital shown in 

Figure A.14. The isovalue displayed is 0.02 electron/Å3. 



 71 

 

LUMO 

(E = -0.37413 a.u.) 

 

LUMO+1 

(E = -0.37339 a.u.) 

 

LUMO+2 

(E = -0.36090 a.u.) 

 

LUMO+3 

(E = -0.35996 a.u.) 

 

LUMO+4 

(E = -0.32640 a.u.) 

 

LUMO+5 

(E = -0.32546 a.u.) 

 

3MLCT 

 

 

 

Figure A.18. Extended Hückel orbitals of [Ru(bpy)2(NCS)2], CA-br linker, bpy-par, matched to 

the Kohn-Sham orbitals shown in Figure A.13 and the ligand centered natural orbital shown in 

Figure A.14. The isovalue displayed is 0.02 electron/Å3. 
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Figure A.19. Calculated UV-Vis of [Ru(bpy)2(NCS)2] with PA linker in acetonitrile (PCM) 

using TD-DFT/B3LYP. Spectra was simulated with a Lorentzian broadening with HWHM = 

0.12 eV.  

 

 

Table A.2. Excitation summary for [Ru(bpy)2(NCS)2], PA linker in acetonitrile.  

Excited State λ (nm) fosc Coefficient Hole State Particle State 

1 654.26 0.0363 
0.68503 HOMO LUMO 

-0.10384 HOMO-2 LUMO+1 

2 650.55 0.0123 

-0.10593 HOMO-2 LUMO 

0.18401 HOMO-1 
LUMO+1 

0.66654 HOMO 

5 545.63 0.1279 

-0.48213 HOMO-1 
LUMO 

0.1355 HOMO 

0.48669 HOMO-2 LUMO+1 
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Table A.2. Continued 

6 525.05 0.0212 

0.4667 HOMO-2 LUMO 

-0.44639 HOMO-1 
LUMO+1 

0.19085 HOMO 

0.17273 HOMO LUMO+3 

7 453.58 0.0313 
0.67641 HOMO LUMO+2 

0.17992 HOMO LUMO+4 

8 442.79 0.0533 
-0.16917 HOMO LUMO+2 

0.66946 HOMO LUMO+4 

9 438.98 0.0228 

-0.17999 HOMO-3 LUMO 

0.6234 HOMO LUMO+3 

0.20982 HOMO LUMO+5 

11 423.33 0.0358 0.69589 HOMO-3 LUMO+1 

12 417.11 0.0514 

-0.14228 HOMO-3 LUMO 

0.13819 HOMO-2 LUMO+2 

-0.18435 HOMO LUMO+3 

0.13833 HOMO-2 LUMO+4 

0.10081 HOMO-1 
LUMO+5 

0.60003 HOMO 

15 405.87 0.0318 
0.67513 HOMO-2 LUMO+3 

-0.11477 HOMO-1 LUMO+4 

17 399.54 0.0496 
0.10931 HOMO-2 LUMO+3 

0.68848 HOMO-1 LUMO+4 

21 371.41 0.0994 
-0.43649 HOMO-5 LUMO 

0.54023 HOMO-4 LUMO+1 

24 364.18 0.0111 

0.61016 HOMO-4 LUMO 

-0.25429 HOMO-6 LUMO+1 

-0.14355 HOMO-1 LUMO+5 
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HOMO-6 

(E = -0.24898 a.u.) 

 

HOMO-5 

(E = -0.24397 a.u.) 

 

HOMO-4 

(E = -0.24356 a.u.) 

 

HOMO-3 

(E = -0.19923 a.u.) 

 

HOMO-2 

(E = -0.19448 a.u.) 

 

HOMO-1 

(E = -0.19241 a.u.) 

 

HOMO 

(E = 0.18533 a.u.) 

 

 

Figure A.20. Kohn-Sham orbitals (hole states) of singlet [Ru(bpy)2(NCS)2] with PA linker 

relevant to the excitations shown in Table A.2. The isovalue displayed is 0.02 electron/Å3. 
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LUMO 

(E = -0.11696 a.u.) 

 

LUMO+1 

(E = -0.11475 a.u.) 

 

LUMO+2 

(E = -0.09275 a.u.) 

 

LUMO+3 

(E = -0.08702 a.u.) 

 

LUMO+4 

(E = -0.08636 a.u.) 

 

LUMO+5 

(E = -0.08348 a.u.) 

 

Figure A.21. Kohn-Sham orbitals (particle states) of singlet [Ru(bpy)2(NCS)2] with PA linker 

relevant to the excitations shown in Table A.2. The isovalue displayed is 0.02 electron/Å3. 
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Metal-centered 

 

Ligand-centered 

 

Figure A.22. Natural orbitals of singly occupied orbitals of triplet [Ru(bpy)2(NCS)2] with PA 

linker. The isovalue displayed is 0.02 electron/Å3. 

 

 

 



 77 

 

LUMO 

(E = -0.35782 a.u.) 

 

LUMO+1 

(E = -0.35744 a.u.) 

 

LUMO+2 

(E = -0.33016 a.u.) 

 

LUMO+3 

(E = -0.32976 a.u.) 

 

LUMO+4 

(E = 0.31733 a.u.) 

 

LUMO+5 

(E = -0.31690 a.u.) 

 

3MLCT 

 

 

Figure A.23. Extended Hückel orbitals of [Ru(bpy)2(NCS)2], PA-mono linker, bpy-perp, 

matched to the Kohn-Sham orbitals shown in Figure A.21 and the ligand centered natural orbital 

shown in Figure A.22. The isovalue displayed is 0.02 electron/Å3. 
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LUMO 

(E = -0.35769 a.u.) 

 

LUMO+1 

(E = -0.35751 a.u.) 

 

LUMO+2 

(E = -0.33017 a.u.) 

 

LUMO+3 

(E = -0.32992 a.u.) 

 

LUMO+4 

(E = -0.31718 a.u.) 

 

LUMO+5 

(E = -0.31695 a.u.) 

 

3MLCT 

 

 

Figure A.24. Extended Hückel orbitals of [Ru(bpy)2(NCS)2], PA-mono linker, bpy-par, matched 

to the Kohn-Sham orbitals shown in Figure A.21 and the ligand centered natural orbital shown in 

Figure A.22. The isovalue displayed is 0.02 electron/Å3. 
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LUMO 

(E = -0.35784 a.u.) 

 

LUMO+1 

(E = -0.35764 a.u.) 

 

LUMO+2 

(E = -0.33022 a.u.) 

 

LUMO+3 

(E = -0.33001 a.u.) 

 

LUMO+4 

(E = -0.31723 a.u.) 

 

LUMO+5 

(E = -0.31705 a.u.) 

 

3MLCT 

 

 

Figure A.25. Extended Hückel orbitals of [Ru(bpy)2(NCS)2], PA-br linker, bpy-perp, matched to 

the Kohn-Sham orbitals shown in Figure A.21 and the ligand centered natural orbital shown in 

Figure A.22. The isovalue displayed is 0.02 electron/Å3. 
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LUMO 

(E = -0.35779 a.u.) 

 

LUMO+1 

(E = -0.35767 a.u.) 

 

LUMO+2 

(E= -0.33025 a.u.) 

 

LUMO+3 

(E = -033005 a.u.) 

 

LUMO+4 

(E = -0.31718 a.u.) 

 

LUMO+5 

(E = -0.31695 a.u.) 

 

3MLCT 

 

 

Figure A.26. Extended Hückel orbitals of [Ru(bpy)2(NCS)2], PA-br linker, bpy-par, matched to 

the Kohn-Sham orbitals shown in Figure A.21 and the ligand centered natural orbital shown in 

Figure A.22. The isovalue displayed is 0.02 electron/Å3. 
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Figure A.27 Calculated UV-Vis of [Ru(bpy)2(NCS)2] with HA linker in acetonitrile (PCM) 

using TD-DFT/B3LYP. Spectra was simulated with a Lorentzian broadening with HWHM = 

0.12 eV.  

 

 

Table A.3. Excitation summary for [Ru(bpy)2(NCS)2], HA linker in acetonitrile.  

Excited State λ (nm) fosc Coefficient Hole State Particle State 

1 700.32 0.0421 0.68651 HOMO LUMO 

2 685.04 0.0152 

-0.11003 HOMO-1 LUMO 

0.19197 HOMO-2 
LUMO+1 

0.66343 HOMO 

5 575.93 0.1402 

-0.47447 HOMO-2 
LUMO 

0.12444 HOMO 

0.49629 HOMO-1 LUMO+1 

6 550.62 0.0274 
-0.34884 HOMO-1 LUMO 

0.52615 HOMO-2 LUMO+1 
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Table A.3. Continued 

   

-0.20105 HOMO 
 

-0.21353 HOMO LUMO+3 

7 478.6 0.0835 0.68915 HOMO LUMO+2 

8 466.88 0.0577 

-0.17377 HOMO-3 
LUMO 

-0.11787 HOMO-1 

0.10964 HOMO-2 LUMO+1 

-0.12651 HOMO-1 LUMO+2 

0.62635 HOMO LUMO+3 

0.12459 HOMO LUMO+5 

9 458.81 0.015 0.69574 HOMO LUMO+4 

10 445.78 0.0207 

0.67442 HOMO-3 LUMO 

-0.111 HOMO-1 LUMO+2 

0.12544 HOMO LUMO+3 

11 436.83 0.0347 

0.68367 HOMO-3 LUMO+1 

-0.10956 HOMO-3 LUMO+2 

0.11403 HOMO-1 LUMO+3 

12 434.18 0.0343 

-0.14117 HOMO-3 LUMO+1 

-0.21611 HOMO-2 LUMO+2 

0.64375 HOMO-1 LUMO+3 

14 430.22 0.0938 
0.65387 HOMO-2 LUMO+2 

0.22845 HOMO-1 LUMO+3 

16 426.6 0.0405 

-0.25741 HOMO-1 LUMO+2 

-0.13774 HOMO LUMO+3 

0.12228 HOMO-1 LUMO+4 

0.59615 HOMO LUMO+5 

18 413.01 0.0142 0.69578 HOMO-2 LUMO+4 

21 381.79 0.0971 

-0.11749 HOMO-8 
LUMO 

0.64583 HOMO-5 

-0.22871 HOMO-4 LUMO+1 
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Table A.3. Continued 

23 376.43 0.0284 

0.21752 HOMO-5 LUMO 

0.12883 HOMO-9 
LUMO+1 

0.63575 HOMO-4 

24 374.46 0.0127 

-0.28964 HOMO-4 LUMO 

-0.11134 HOMO-8 

LUMO+1 0.24071 HOMO-6 

0.54165 HOMO-5 

25 365.8 0.0803 
0.20467 HOMO-10 

LUMO 
0.65372 HOMO-6 

26 352.39 0.0137 0.69468 HOMO-3 LUMO+2 

27 350.34 0.0123 0.69654 HOMO-3 LUMO+3 

28 350.03 0.0229 

0.12627 HOMO-7 
LUMO 

0.17385 HOMO-4 

0.60332 HOMO-6 
LUMO+1 

-0.14436 HOMO-5 
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HOMO-10 

(E = -0.28101 a.u.) 

 

 

HOMO-9 

(E = -0.28019 a.u.) 

 

 

HOMO-8 

(E = -0.27510 a.u.) 

 

HOMO-7 

(E = -0.27509 a.u.) 

 

HOMO-6 

(E = -0.25668 a.u.) 

 

HOMO-5 

(E = -0.25309 a.u.) 

 

HOMO-4 

(E = -0.25193 a.u.) 

 

HOMO-3 

(E = -0.20339 a.u.) 

 

HOMO-2 

(E = -0.19895 a.u.) 

 

HOMO-1 

(E = -0.19728 a.u.) 

 

HOMO 

(E = -0.19081 a.u.) 

 

 

Figure A.28. Kohn-Sham orbitals (hole states) of singlet [Ru(bpy)2(NCS)2] with HA linker 

relevant to the excitations shown in Table A.3. The isovalue displayed is 0.02 electron/Å3. 
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LUMO 

(E = -0.13286 a.u.) 

 

LUMO+1 

(E = -0.12799 a.u.) 

 

LUMO+2 

(E = -0.10674 a.u.) 

 

LUMO+3 

(E = -0.10469 a.u.) 

 

LUMO+4 

(E = -0.10206 a.u.) 

 

LUMO+5 

(E = -0.09634 a.u.) 

 

Figure A.29. Kohn-Sham orbitals (particle states) of singlet [Ru(bpy)2(NCS)2] with HA linker 

relevant to the excitations shown in Table A.3. The isovalue displayed is 0.02 electron/Å3. 
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Metal-centered 

 

Ligand-centered 

 

Figure A.30. Natural orbitals of singly occupied orbitals of triplet [Ru(bpy)2(NCS)2] with HA 

linker. The isovalue displayed is 0.02 electron/Å3. 
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LUMO 

(E = -0.37185 a.u.) 

 

LUMO+1 

(E = -0.36833 a.u.) 

 

LUMO+2 

(E = -0.35674 a.u.) 

 

LUMO+3 

(E = -0.35183 a.u.) 

 

LUMO+4 

(E = -0.32437 a.u.) 

 

LUMO+5 

(E = -0.32311 a.u.) 

 

3MLCT 

 

 

Figure A.31. Extended Hückel orbitals of [Ru(bpy)2(NCS)2], HA-ch linker, bpy-perp, matched 

to the Kohn-Sham orbitals shown in Figure A.29 and the ligand centered natural orbital shown in 

Figure A.30. The isovalue displayed is 0.02 electron/Å3. 
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LUMO 

(E = -0.37006 a.u.) 

 

LUMO+1 

(E = -0.36824 a.u.) 

 

LUMO+2 

(E = -0.35400 a.u.) 

 

LUMO+3 

(E = -0.35185 a.u.) 

 

LUMO+4 

(E = -0.32449 a.u.) 

 

LUMO+5 

(E = -0.32313 a.u.) 

 

3MLCT 

 

 

Figure A.32. Extended Hückel orbitals of [Ru(bpy)2(NCS)2], HA-ch linker, bpy-par, matched to 

the Kohn-Sham orbitals shown in Figure A.29 and the ligand centered natural orbital shown in 

Figure A.30. The isovalue displayed is 0.02 electron/Å3. 
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Figure A.33. Calculated UV-Vis of [Ru(bpy)2(NCS)2] with CAT linker in acetonitrile (PCM) 

using TD-DFT/B3LYP. Spectra was simulated with a Lorentzian broadening with HWHM = 

0.12 eV. 

 

 

Table A.4. Excitation summary for [Ru(bpy)2(NCS)2], CAT linker in acetonitrile. 

Excited State λ (nm) fosc Coefficient Hole State Particle State 

1 603.62 0.0183 0.69 HOMO LUMO 

3 541.49 0.0118 
-0.38 HOMO-2 LUMO 

0.58 HOMO-1 LUMO+1 

5 516.38 0.2328 

0.58 HOMO 
LUMO 

-0.12 HOMO-2 

0.38 HOMO-1 LUMO+1 

0.38 HOMO-1 LUMO 

6 493.49 0.0277 

0.53 HOMO 
LUMO+1 

-0.19 HOMO-2 

0.11 HOMO LUMO+5 
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Table A.4. Continued 

9 394.52 0.0607 
-0.13 HOMO-2 LUMO+2 

0.68 HOMO LUMO+4 

11 388.65 0.086 
0.68 HOMO-2 LUMO+2 

0.13 HOMO LUMO+4 

12 382.91 0.2151 

0.69 HOMO-1 LUMO+3 

0.50 HOMO-4 LUMO 

14 378.05 0.1655 
-0.12 HOMO-3 

LUMO+1 
0.47 HOMO-5 

16 376.03 0.0208 

0.44 HOMO-3 
LUMO 

0.34 HOMO-5 

0.33 HOMO-4 LUMO+1 

-0.19 HOMO-2 LUMO+3 

-0.20 HOMO LUMO+5 

0.15 HOMO-4 LUMO 

17 375.16 0.014 0.68 HOMO-5 LUMO+1 

18 373.13 0.0151 

-0.11 HOMO-3 LUMO 

0.33 HOMO-2 LUMO+3 

0.46 HOMO-1 LUMO+4 

-0.14 HOMO 
LUMO+5 

-0.34 HOMO-2 

20 364.61 0.0635 0.68 HOMO-2 LUMO+4 

24 351.76 0.0151 

-0.15 HOMO-6 LUMO 

0.64 HOMO 
LUMO+5 

-0.16 HOMO-2 
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HOMO-6 

(E = -0.22369 a.u.) 

 

HOMO-5 

(E = -0.21900 a.u.) 

 

HOMO-4 

(E = -0.21742 a.u.) 

 

HOMO-3 

(E = -0.18039 a.u.) 

 

HOMO-2 

(E = -0.17361 a.u.) 

 

HOMO-1 

(E = -0.17228 a.u.) 

 

HOMO 

(E = -0.16463 a.u.) 

 

 

Figure A.34. Kohn-Sham orbitals (hole states) of singlet [Ru(bpy)2(NCS)2] with CAT linker 

relevant to the excitations shown in Table A.4. The isovalue displayed is 0.02 electron/Å3. 
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LUMO 

(E = -0.09268 a.u.) 

 

LUMO+1 

(E = -0.09039 a.u.) 

 

LUMO+2 

(E = -0.06630 a.u.) 

 

LUMO+3 

(E = -0.06171 a.u.) 

 

LUMO+4 

(E = -0.05937 a.u.) 

 

LUMO+5 

(E = -0.05429 a.u.) 

 

Figure A.35. Kohn-Sham orbitals (particle states) of singlet [Ru(bpy)2(NCS)2] with CAT linker 

relevant to the excitations shown in Table A.4. The isovalue displayed is 0.02 electron/Å3. 
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Metal-centered 

 

Ligand-centered 

 

Figure A.36. Natural orbitals of singly occupied orbitals of triplet [Ru(bpy)2(NCS)2] with CAT 

linker. The isovalue displayed is 0.02 electron/Å3. 
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LUMO 

(E = -0.35640 a.u.) 

 
LUMO+1 

(E = -0.35602 a.u.) 

 
LUMO+2 

(E = -0.33040 a.u.) 

 
LUMO+3 

(E = -0.32999 a.u.) 

 
LUMO+4 

(E = -0.31950 a.u.) 

 
LUMO+5 

(E = -0.31755 a.u.) 

3MLCT 

 

Figure A.37. Extended Hückel orbitals of [Ru(bpy)2(NCS)2], CAT-br linker, bpy-perp, matched 

to the Kohn-Sham orbitals shown in Figure A.35 and the ligand centered natural orbital shown in 

Figure A.36. The isovalue displayed is 0.02 electron/Å3. 
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Figure A.38. Calculated UV-Vis of [Ru(bpy)2(NCS)2] with AC linker in acetonitrile (PCM) 

using TD-DFT/B3LYP. Spectra was simulated with a Lorentzian broadening with HWHM = 

0.12 eV. 

 

Table A.5. Excitation summary for [Ru(bpy)2(NCS)2], AC linker in acetonitrile. 

Excited State λ (nm) fosc Coefficient Hole State Particle State 

1 612.42 0.0311 0.69321 HOMO LUMO 

2 600.49 0.0103 
0.17242 HOMO 

LUMO+1 
0.67261 HOMO-2 

5 520.12 0.2049 

0.53244 HOMO 
LUMO 

-0.11165 HOMO-2 

-0.44084 HOMO-1 LUMO+1 

6 493.58 0.0337 

-0.33952 HOMO-1 LUMO 

0.55758 HOMO 
LUMO+1 

-0.19421 HOMO-2 

0.11676 HOMO LUMO+5 
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Table A.5. Continued 

7 432.75 0.016 
0.69091 HOMO LUMO+2 

0.10367 HOMO LUMO+4 

9 407.12 0.0895 0.68083 HOMO LUMO+4 

11 392.43 0.0373 
0.67702 HOMO-2 LUMO+2 

0.15609 HOMO-2 LUMO+4 

12 388.04 0.0558 

0.12143 HOMO-3 LUMO 

-0.19656 HOMO-1 LUMO+2 

0.16776 HOMO-2 LUMO+3 

-0.24052 HOMO-1 LUMO+4 

0.11008 HOMO 
LUMO+5 

0.5529 HOMO-2 

13 383.7 0.1076 
0.67758 HOMO-1 LUMO+3 

0.11782 HOMO-1 LUMO+8 

15 378.25 0.0136 
0.61311 HOMO-3 LUMO 

-0.32994 HOMO-2 LUMO+3 

16 373.43 0.085 

0.21437 HOMO-3 LUMO+1 

-0.15337 HOMO-2 LUMO+2 

0.62619 HOMO-2 LUMO+4 

0.1251 HOMO-1 LUMO+5 

18 372.32 0.0336 
0.66569 HOMO-3 LUMO+1 

-0.19389 HOMO-2 LUMO+4 

20 361.54 0.0234 

0.16636 HOMO-5 LUMO 

0.1388 HOMO-2 LUMO+3 

0.60827 HOMO 
LUMO+5 

-0.16924 HOMO-2 

0.11388 HOMO-2 LUMO+7 

23 352.92 0.1537 
0.61745 HOMO-4 LUMO 

-0.31964 HOMO-5 LUMO+1 
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HOMO-5 

(E = -0.22091 a.u.) 

HOMO-4 

(E = -0.22069 a.u.) 

HOMO-3 

(E = -0.18334 a.u.) 

HOMO-2 

(E = -0.17600 a.u.) 

HOMO-1 

(E = -0.17476 a.u.) 

HOMO 

(E = -0.16649 a.u.) 

 

Figure A.39. Kohn-Sham orbitals (hole states) of singlet [Ru(bpy)2(NCS)2] with AC linker 

relevant to the excitations shown in Table A.5. The isovalue displayed is 0.02 electron/Å3. 
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LUMO 

(E = -0.09540 a.u.) 

 

LUMO+1 

(E = -0.09226 a.u.) 

LUMO+2 

(E = -0.06995 a.u.) 

LUMO+3 

(E = -0.06762 a.u.) 

 

LUMO+4 

(E = -0.06507 a.u.) 

 

LUMO+5 

(E = -0.05813 a.u.) 

 

Figure A.40. Kohn-Sham orbitals (particle states) of singlet [Ru(bpy)2(NCS)2] with AC linker 

relevant to the excitations shown in Table A.5. The isovalue displayed is 0.02 electron/Å3. Note: 

LUMO+7 and LUMO+8 are not shown as their contribution is insignificant and they do not 

participate in IET.  
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Metal-centered 

 

Ligand-centered 

 

Figure A.41. Natural orbitals of singly occupied orbitals of triplet [Ru(bpy)2(NCS)2] with AC 

linker. The isovalue displayed is 0.02 electron/Å3. 
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LUMO 

(E = -0.35370 a.u.) 

 

LUMO+1 

(E = -0.35212 a.u.) 

 

LUMO+2 

(E = -0.34975 a.u.) 

 

LUMO+3 

(E = -034509 a.u.) 

 

LUMO+4 

(E = -0.33697 a.u.) 

 

LUMO+5 

(E = -0.33296 a.u.) 

 

3MLCT 

 

 

Figure A.42. Extended Hückel orbitals of [Ru(bpy)2(NCS)2], AC-mono linker, bpy-perp, 

matched to the Kohn-Sham orbitals shown in Figure A.40 and the ligand centered natural orbital 

shown in Figure A.41. The isovalue displayed is 0.02 electron/Å3. 
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LUMO 

(E = -0.35340 a.u.) 

 

LUMO+1 

(E = -0.35287 a.u.) 

 

LUMO+2 

(E = -0.34963 a.u.) 

 

LUMO+3 

(E = -0.34323 a.u.) 

 

LUMO+4 

(E = -033508 a.u.) 

 

LUMO+5 

(E = -0.33477 a.u.) 

 

3MLCT 

 

 

Figure A.43. Extended Hückel orbitals of [Ru(bpy)2(NCS)2], AC-mono linker, bpy-par, matched 

to the Kohn-Sham orbitals shown in Figure A.40 and the ligand centered natural orbital shown in 

Figure A.41. The isovalue displayed is 0.02 electron/Å3. 
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LUMO 

(E = -0.35377 a.u.) 

 

LUMO+1 

(E = -0.35218 a.u.) 

 

LUMO+2 

(E = -0.34789 a.u.) 

 

LUMO+3 

(E = -0.34520 a.u.) 

 

LUMO+4 

(E = -0.33686 a.u.) 

 

LUMO+5 

(E = -0.33284 a.u.) 

 

3MLCT 

 

 

Figure A.44. Extended Hückel orbitals of [Ru(bpy)2(NCS)2], AC-br linker, bpy-perp, matched to 

the Kohn-Sham orbitals shown in Figure A.40 and the ligand centered natural orbital shown in 

Figure A.41. The isovalue displayed is 0.02 electron/Å3. 
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LUMO 

(E = -0.35383 a.u.) 

 

LUMO+1 

(E = -0.35295 a.u.) 

 

LUMO+2 

(E = -0.34782 a.u.) 

 

LUMO+3 

(E = -0.33695 a.u.) 

 

LUMO+4 

(E = -0.33546 a.u.) 

 

LUMO+5 

(E = -0.33291 a.u.) 

 

3MLCT 

 

 

Figure A.45. Extended Hückel orbitals of [Ru(bpy)2(NCS)2], AC-br linker, bpy-par, matched to 

the Kohn-Sham orbitals shown in Figure A.40 and the ligand centered natural orbital shown in 

Figure A.41. The isovalue displayed is 0.02 electron/Å3. 
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LUMO 

(E = -0.35338 a.u.) 

 

LUMO+1 

(E = -0.35243 a.u.) 

 

LUMO+2 

(E = -0.34935 a.u.) 

 

LUMO+3 

(E = -0.34494 a.u.) 

 

LUMO+4 

(E = -0.34207 a.u.) 

 

LUMO+5 

(E = -0.33479 a.u.) 

 

3MLCT 

 

 

Figure A.46. Extended Hückel orbitals of [Ru(bpy)2(NCS)2], AC-ch linker, bpy-perp, matched 

to the Kohn-Sham orbitals shown in Figure A.40 and the ligand centered natural orbital shown in 

Figure A.41. The isovalue displayed is 0.02 electron/Å3. 
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LUMO 

(E = -0.35340 a.u.) 

 

LUMO+1 

(E = -0.35275 a.u.) 

 

LUMO+2 

(E = -0.34930 a.u.) 

 

LUMO+3 

(E = -0.34333 a.u.) 

 

LUMO+4 

(E = -0.33512 a.u.) 

 

LUMO+5 

(E = -0.33479 a.u.) 

 

3MLCT 

 

 

Figure A.47. Extended Hückel orbitals of [Ru(bpy)2(NCS)2], AC-ch linker, bpy-par, matched to 

the Kohn-Sham orbitals shown in Figure A.40 and the ligand centered natural orbital shown in 

Figure A.41. The isovalue displayed is 0.02 electron/Å3. 
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Figure A.48. Total density of states (blue line), projected density of states from singlet 

[Ru(bpy)2(NCS)2], CA-mono linker, bpy-perp, and EH energy levels of the dye in vacuum 

(black level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.49. Total density of states (blue line), projected density of states from triplet 

[Ru(bpy)2(NCS)2], CA-mono linker, bpy-perp, and EH energy levels of the dye in vacuum 

(black level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.50. Total density of states (blue line), projected density of states from singlet 

[Ru(bpy)2(NCS)2], CA-mono linker, bpy-par, and EH energy levels of the dye in vacuum 

(black level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.51. Total density of states (blue line), projected density of states from triplet 

[Ru(bpy)2(NCS)2], CA-mono linker, bpy-par, and EH energy levels of the dye in vacuum 

(black level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.52. Total density of states (blue line), projected density of states from singlet 

[Ru(bpy)2(NCS)2], CA-br linker, bpy-perp, and EH energy levels of the dye in vacuum (black 

level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.53. Total density of states (blue line), projected density of states from triplet 

[Ru(bpy)2(NCS)2], CA-br linker, bpy-perp, and EH energy levels of the dye in vacuum (black 

level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.54. Total density of states (blue line), projected density of states from singlet 

[Ru(bpy)2(NCS)2], CA-br linker, bpy-par, and EH energy levels of the dye in vacuum (black 

level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.55. Total density of states (blue line), projected density of states from triplet 

[Ru(bpy)2(NCS)2], CA-br linker, bpy-par, and EH energy levels of the dye in vacuum (black 

level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.56. Total density of states (blue line), projected density of states from singlet 

[Ru(bpy)2(NCS)2], PA-mono linker, bpy-perp, and EH energy levels of the dye in vacuum 

(black level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.57. Total density of states (blue line), projected density of states from triplet 

[Ru(bpy)2(NCS)2], PA-mono linker, bpy-perp, and EH energy levels of the dye in vacuum 

(black level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.58. Total density of states (blue line), projected density of states from singlet 

[Ru(bpy)2(NCS)2], PA-mono linker, bpy-par, and EH energy levels of the dye in vacuum 

(black level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom.z 
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Figure A.59. Total density of states (blue line), projected density of states from triplet 

[Ru(bpy)2(NCS)2], PA-mono linker, bpy-par, and EH energy levels of the dye in vacuum 

(black level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.60. Total density of states (blue line), projected density of states from singlet 

[Ru(bpy)2(NCS)2], PA-br linker, bpy-perp, and EH energy levels of the dye in vacuum (black 

level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.61. Total density of states (blue line), projected density of states from triplet 

[Ru(bpy)2(NCS)2], PA-br linker, bpy-perp, and EH energy levels of the dye in vacuum (black 

level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.62. Total density of states (blue line), projected density of states from singlet 

[Ru(bpy)2(NCS)2], PA-br linker, bpy-par, and EH energy levels of the dye in vacuum (black 

level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.63. Total density of states (blue line), projected density of states from triplet 

[Ru(bpy)2(NCS)2], PA-br linker, bpy-par, and EH energy levels of the dye in vacuum (black 

level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 



 122 

Figure A.64. Total density of states (blue line), projected density of states from singlet 

[Ru(bpy)2(NCS)2], HA-ch linker, bpy-perp, and EH energy levels of the dye in vacuum 

(black level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.65. Total density of states (blue line), projected density of states from triplet 

[Ru(bpy)2(NCS)2], HA-ch linker, bpy-perp, and EH energy levels of the dye in vacuum 

(black level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.66. Total density of states (blue line), projected density of states from singlet 

[Ru(bpy)2(NCS)2], HA-ch linker, bpy-par, and EH energy levels of the dye in vacuum (black 

level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.67. Total density of states (blue line), projected density of states from triplet 

[Ru(bpy)2(NCS)2], HA-ch linker, bpy-par, and EH energy levels of the dye in vacuum (black 

level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.68. Total density of states (blue line), projected density of states from singlet 

[Ru(bpy)2(NCS)2], CAT-br linker, bpy-perp, and EH energy levels of the dye in vacuum 

(black level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.69. Total density of states (blue line), projected density of states from triplet 

[Ru(bpy)2(NCS)2], CAT-br linker, bpy-perp, and EH energy levels of the dye in vacuum 

(black level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.70. Total density of states (blue line), projected density of states from singlet 

[Ru(bpy)2(NCS)2], AC-mono linker, bpy-perp, and EH energy levels of the dye in vacuum 

(black level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.71. Total density of states (blue line), projected density of states from triplet 

[Ru(bpy)2(NCS)2], AC-mono linker, bpy-perp, and EH energy levels of the dye in vacuum 

(black level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.72. Total density of states (blue line), projected density of states from singlet 

[Ru(bpy)2(NCS)2], AC-mono linker, bpy-par, and EH energy levels of the dye in vacuum 

(black level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.73. Total density of states (blue line), projected density of states from triplet 

[Ru(bpy)2(NCS)2], AC-mono linker, bpy-par, and EH energy levels of the dye in vacuum 

(black level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.74. Total density of states (blue line), projected density of states from singlet 

[Ru(bpy)2(NCS)2], AC-br linker, bpy-perp, and EH energy levels of the dye in vacuum (black 

level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.75. Total density of states (blue line), projected density of states from triplet 

[Ru(bpy)2(NCS)2], AC-br linker, bpy-perp, and EH energy levels of the dye in vacuum (black 

level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.76. Total density of states (blue line), projected density of states from singlet 

[Ru(bpy)2(NCS)2], AC-br linker, bpy-par, and EH energy levels of the dye in vacuum (black 

level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom.  
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Figure A.77. Total density of states (blue line), projected density of states from triplet 

[Ru(bpy)2(NCS)2], AC-br linker, bpy-par, and EH energy levels of the dye in vacuum (black 

level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.78. Total density of states (blue line), projected density of states from singlet 

[Ru(bpy)2(NCS)2], AC-ch linker, bpy-perp, and EH energy levels of the dye in vacuum 

(black level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.79. Total density of states (blue line), projected density of states from triplet 

[Ru(bpy)2(NCS)2], AC-ch linker, bpy-perp, and EH energy levels of the dye in vacuum 

(black level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.80. Total density of states (blue line), projected density of states from singlet 

[Ru(bpy)2(NCS)2], AC-ch linker, bpy-par, and EH energy levels of the dye in vacuum (black 

level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.81. Total density of states (blue line), projected density of states from triplet 

[Ru(bpy)2(NCS)2], AC-ch linker, bpy-par, and EH energy levels of the dye in vacuum (black 

level set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged 

conduction band is shown on the bottom. 
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Figure A.82. Survival probability, P(t), from IET simulations for LUMO wavepacket of 

[Ru(bpy)2(NCS)2] propagating into TiO2 slab. The plot on the top corresponds to the structures 

with bpy-perp, and the plot on the bottom corresponds to the structures with bpy-par.  
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Figure A.83. Survival probability, P(t), from IET simulations for LUMO+1 wavepacket of 

[Ru(bpy)2(NCS)2] propagating into TiO2 slab. The plot on the top corresponds to the structures 

with bpy-perp, and the plot on the bottom corresponds to the structures with bpy-par.  
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Figure A.84. Survival probability, P(t), from IET simulations for LUMO+2 wavepacket of 

[Ru(bpy)2(NCS)2] propagating into TiO2 slab. The plot on the top corresponds to the structures 

with bpy-perp, and the plot on the bottom corresponds to the structures with bpy-par.  
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Figure A.85. Survival probability, P(t), from IET simulations for LUMO+3 wavepacket of 

[Ru(bpy)2(NCS)2] propagating into TiO2 slab. The plot on the top corresponds to the structures 

with bpy-perp, and the plot on the bottom corresponds to the structures with bpy-par.  
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Figure A.86. Survival probability, P(t), from IET simulations for LUMO+4 wavepacket of 

[Ru(bpy)2(NCS)2] propagating into TiO2 slab. The plot on the top corresponds to the structures 

with bpy-perp, and the plot on the bottom corresponds to the structures with bpy-par.  
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Figure A.87. Survival probability, P(t), from IET simulations for LUMO+5 wavepacket of 

[Ru(bpy)2(NCS)2] propagating into TiO2 slab. The plot on the top corresponds to the structures 

with bpy-perp, and the plot on the bottom corresponds to the structures with bpy-par.  
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Figure A.88. Survival probability, P(t), from IET simulations for 3MLCT wavepacket of 

[Ru(bpy)2(NCS)2] propagating into TiO2 slab. The plot on the top corresponds to the structures 

with bpy-perp, and the plot on the bottom corresponds to the structures with bpy-par.  
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Table A.6. Characteristic injection times for LUMO wavepacket of [Ru(bpy)2(NCS)2] 

propagating into TiO2 slab. Injection times were obtained by fitting the survival probabilities to a 

mono- or bi-exponential function, P(t) = A*exp(-a1*t) + (1-A)*exp(-a2*t), with t = 0–4000 fs.  

 

 

Assembly A a1 a2 R2 IET 

bpy-perp 

CA-mono 1.00 0.002612 - 0.993 382.9 fs 

CA-br 0.94 0.000010 1.013550 0.837 96.4 ps 

PA-mono 1.00 0.000144 - 1.000 7.0 ps 

PA-br 1.00 0.000177 - 0.999 5.6 ps 

HA-ch 1.00 0.022380 - 0.987 44.7 fs 

CAT-br 1.00 0.000649 - 0.996 1.5 ps 

AC-mono 1.00 0.000041 - 1.000 24.4 ps 

AC-br 1.00 0.000056 - 1.000 17.9 ps 

AC-ch 1.00 0.000074 - 1.000 13.6 ps 

bpy-par 

CA-mono 1.00 0.002484 - 0.989 402.6 fs 

CA-br 0.99 0.000003 2.225670 0.531 381.5 ps 

PA-mono 1.00 0.000036 - 1.000 27.8 ps 

PA-br 1.00 0.000226 - 0.998 4.4 ps 

HA-ch 0.94 0.028857 0.000941 0.998 695.2 fs 

AC-mono 1.00 0.000938 - 0.999 1.1 ps 

AC-br 1.00 0.000233 - 1.000 4.3 ps 

AC-ch 1.00 0.000737 - 0.998 1.4 ps 
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Table A.7. Characteristic injection times for LUMO+1 wavepacket of [Ru(bpy)2(NCS)2] 

propagating into TiO2 slab. Injection times were obtained by fitting the survival probabilities to a 

mono- or bi-exponential function, P(t) = A*exp(-a1*t) + (1-A)*exp(-a2*t), with t = 0–4000 fs.  

Assembly A a1 a2 R2 IET 

bpy-perp 

CA-mono 1.00 0.000179 - 0.993 5.6 ps 

CA-br 0.99 0.000001 1.802040 0.438 733.8 ps 

PA-mono 1.00 0.000447 - 1.000 2.2 ps 

PA-br 1.00 0.000073 - 0.997 13.7 ps 

HA-ch 1.00 0.000254 - 1.000 3.9 ps 

CAT-br 1.00 0.000236 - 0.993 4.2 ps 

AC-mono 1.00 0.004430 - 0.980 228.7 fs 

AC-br 1.00 0.002928 - 0.951 341.5 fs 

AC-ch 1.00 0.007962 - 0.986 125.6 fs 

bpy-par 

CA-mono 1.00 0.000212 - 0.997 4.7 ps 

CA-br 0.99 0.000003 2.225670 0.531 381.5 ps 

PA-mono 1.00 0.000585 - 1.000 1.7 ps 

PA-br 1.00 0.000028 - 0.975 35.1 ps 

HA-ch 1.00 0.000944 - 0.997 1.1 ps 

AC-mono 0.66 0.001725 0.049159 0.998 569.7 fs 

AC-br 1.00 0.002880 - 0.985 347.2 fs 

AC-ch 1.00 0.003931 - 0.971 254.4 fs 

 



 149 

Table A.8. Characteristic injection times for LUMO+2 wavepacket of [Ru(bpy)2(NCS)2] 

propagating into TiO2 slab. Injection times were obtained by fitting the survival probabilities to a 

mono- or bi-exponential function, P(t) = A*exp(-a1*t) + (1-A)*exp(-a2*t), with t = 0–4000 fs.  

 

 

Assembly A a1 a2 R2 IET 

bpy-perp 

CA-mono 1.00 0.044542 - 0.996 22.5 fs 

CA-br 1.00 0.002004 - 0.988 499.0 fs 

PA-mono 1.00 0.000305 - 1.000 3.3 ps 

PA-br 1.00 0.001091 - 1.000 916.7 fs 

HA-ch 1.00 0.038252 - 0.980 26.1 fs 

CAT-br 1.00 0.000263 - 0.999 3.8 ps 

AC-mono 1.00 0.000365 - 1.000 2.7 ps 

AC-br 1.00 0.000953 - 1.000 1.1 ps 

AC-ch 1.00 0.002749 - 0.999 363.7 fs 

bpy-par 

CA-mono 1.00 0.046933 - 0.991 21.3 fs 

CA-br 1.00 0.000872 - 0.927 1.147 ps 

PA-mono 1.00 0.000143 - 1.000 7.0 ps 

PA-br 1.00 0.000602 - 1.000 1.7 ps 

HA-ch 1.00 0.037965 - 0.995 26.3 fs 

AC-mono 1.00 0.000624 - 1.000 1.6 ps 

AC-br 1.00 0.001416 - 1.000 706.2 fs 

AC-ch 1.00 0.002796 - 0.997 357.7 fs 
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Table A.9. Characteristic injection times for LUMO+3 wavepacket of [Ru(bpy)2(NCS)2] 

propagating into TiO2 slab. Injection times were obtained by fitting the survival probabilities to a 

mono- or bi-exponential function, P(t) = A*exp(-a1*t) + (1-A)*exp(-a2*t), with t = 0–4000 fs.  

 

 

Assembly A a1 a2 R2 IET 

bpy-perp 

CA-mono 1.00 0.000151 - 1.000 6.6 ps 

CA-br 1.00 0.000016 - 0.989 60.9 ps 

PA-mono 1.00 0.000118 - 1.000 8.5 ps 

PA-br 1.00 0.002105 - 0.992 475.0 fs 

HA-ch 1.00 0.000010 - 1.000 96.6 ps 

CAT-br 1.00 0.001399 - 1.000 714.9 fs 

AC-mono 1.00 0.000000 - 1.000 10696.3 ps 

AC-br 1.00 0.000001 - 1.000 1437.0 ps 

AC-ch 1.00 0.000001 - 1.000 1180.8 ps 

bpy-par 

CA-mono 1.00 0.000181 - 1.000 5.5 ps 

CA-br 1.00 0.000023 - 0.995 43.8 ps 

PA-mono 1.00 0.000162 - 1.000 6.2 ps 

PA-br 1.00 0.003127 - 0.993 319.8 fs 

HA-ch 1.00 0.000056 - 0.999 18.0 ps 

AC-mono 1.00 0.000561 - 1.000 1.8 ps 

AC-br 1.00 0.004285 - 1.000 233.3 fs 

AC-ch 1.00 0.000734 - 1.000 1.4 ps 
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Table A.10. Characteristic injection times for LUMO+4 wavepacket of [Ru(bpy)2(NCS)2] 

propagating into TiO2 slab. Injection times were obtained by fitting the survival probabilities to a 

mono- or bi-exponential function, P(t) = A*exp(-a1*t) + (1-A)*exp(-a2*t), with t = 0–4000 fs.  

 

 

Assembly A a1 a2 R2 IET 

bpy-perp 

CA-mono 1.00 0.012081 - 0.988 82.8 fs 

CA-br 0.21 0.002117 0.047455 0.997 407.4 fs 

PA-mono 1.00 0.000902 - 1.000 1.1 ps 

PA-br 1.00 0.003954 - 0.997 252.9 fs 

HA-ch 1.00 0.022055 - 0992 45.3 fs 

CAT-br 1.00 0.000535 - 0.983 1.9 ps 

AC-mono 1.00 0.000305 - 1.000 3.3 ps 

AC-br 1.00 0.001265 - 0.999 790.8 fs 

AC-ch 1.00 0.000716 - 1.000 1.4 ps 

bpy-par 

CA-mono 1.00 0.030110 - 0.991 33.2 

CA-br 0.09 0.001709 0.069568 0.996 469.4 fs 

PA-mono 1.00 0.000610 - 1.000 1.6 ps 

PA-br 1.00 0.002928 - 0.996 341.5 fs 

HA-ch 1.00 0.029252 - 0.993 34.2 fs 

AC-mono 1.00 0.000877 - 1.000 1.1 ps 

AC-br 1.00 0.002202 - 1.000 454.1 fs 

AC-ch 1.00 0.001154 - .999 866.7 fs 
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Table A.11. Characteristic injection times for LUMO+5 wavepacket of [Ru(bpy)2(NCS)2] 

propagating into TiO2 slab. Injection times were obtained by fitting the survival probabilities to a 

mono- or bi-exponential function, P(t) = A*exp(-a1*t) + (1-A)*exp(-a2*t), with t = 0–4000 fs.  

 

 

Assembly A a1 a2 R2 IET 

bpy-perp 

CA-mono 1.00 0.005607 - 0.993 178.4 fs 

CA-br 0.60 0.002208 0.046817 0.998 439.7 fs 

PA-mono 1.00 0.000056 - 1.000 17.9 ps 

PA-br 1.00 0.000805 - 1.000 1.2 ps 

HA-ch 1.00 0.005023 - 0.993 199.1 fs 

CAT-br 1.00 0.001883 - 0.990 531.2 fs 

AC-mono 1.00 0.000004 - 1.000 275.6 ps 

AC-br 1.00 0.000004 - 1.000 249.1 ps 

AC-ch 1.00 0.000002 - 1.000 453.9 ps 

bpy-par 

CA-mono 1.00 0.005518 - 0.995 181.2 fs 

CA-br 1.00 0.002269 - 0.960 440.6 fs 

PA-mono 1.00 0.000429 - 1.000 2.3 ps 

PA-br 1.00 0.000420 - 1.000 2.4 ps 

HA-ch 1.00 0.004032 - 0.996 248.0 fs 

AC-mono 1.00 0.000016 - 1.000 158.3 fs 

AC-br 1.00 0.000004 - 1.000 259.9 ps 

AC-ch 1.00 0.000016 - 1.000 61.7 ps 
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Table A.12. Characteristic injection times for 3MLCT wavepacket of [Ru(bpy)2(NCS)2] 

propagating into TiO2 slab. Injection times were obtained by fitting the survival probabilities to a 

mono- or bi-exponential function, P(t) = A*exp(-a1*t) + (1-A)*exp(-a2*t), with t = 0–4000 fs.

Assembly A a1 a2 R2 IET 

bpy-perp 

CA-mono 1.00 0.001538 - 0.997 650.4 fs 

CA-br 0.97 0.000004 0.174287 0.320 253.4 ps 

PA-mono 1.00 0.000085 - 1.000 11.8 ps 

PA-br 1.00 0.000027 - 0.999 36.9 ps 

HA-ch 1.00 0.013442 - 0.991 74.4 fs 

CAT-br 1.00 0.000020 - 0.991 50.8 ps 

AC-mono 1.00 0.006317 - 1.000 158.3 fs 

AC-br 1.00 0.010246 - 0.984 97.6 fs 

AC-ch 1.00 0.003107 - 0.993 321.9 fs 

bpy-par 

CA-mono 1.00 0.001145 - 1.000 873.1 fs 

CA-br 0.98 0.000003 0.068827 0.141 293.4 ps 

PA-mono 1.00 0.000083551 - 1.000 12.0 ps 

PA-br 1.00 0.000002 - 0.996 494.9 ps 

HA-ch 1.00 0.009680 - 0.973 103.3 fs 

AC-mono 1.00 0.000710 - 1.000 1.4 ps 

AC-br 1.00 0.001048 - 0.994 954.3 fs 

AC-ch 1.00 0.000599 - 1.000 1.7 ps 
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APPENDIX B 

 

 

 

Figure B.1. Structures of singlet 1-TiO2 assemblies. (A) CN-,bpy-perp, (B) CN-,bpy-par. 

 

 

 

Figure B.2. Structures of triplet 1-TiO2 assemblies. (A) CN-,bpy-perp, (B) CN-,bpy-par. 
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Figure B.3. Structures of singlet 2-TiO2 assemblies. (A) CN-,bpy-perp, (B) CN-,bpy-par, (C) 

CA-monodentate, (D) CA-bis-monodentate, (E) CA-bidentate. 
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Figure B.4. Structures of triplet 2-TiO2 assemblies. (A) CN-,bpy-perp, (B) CN-,bpy-par, (C) CA-

monodentate, (D) CA-bis-monodentate, (E) CA-bidentate. 
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Figure B.5. Calculated UV-Vis of complex 1 in water (PCM) using TD-DFT/B3LYP-D2. 

Spectra was simulated with a Lorentzian broadening with HWHM = 0.12 eV.  

 

 

Table B.1. Excitation summary for complex 1 in water. 

Excited State λ (nm) fosc Coefficient Hole State Particle State 

3 534.13 0.0433 0.69625 HOMO-1 LUMO 

10 373.12 0.0262 0.69955 HOMO-1 LUMO+2 

11 368.97 0.0594 
0.25029 HOMO-1 LUMO+1 

0.64781 HOMO-2 LUMO+2 
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HOMO-1 

(E = -0.18426 a.u.) 

 

HOMO 

(E = -0.18262 a.u.) 

 

Figure B.6. Kohn-Sham orbitals (hole states) of complex 1 (singlet) relevant to the excitations 

shown in Table B.1. The isovalue displayed is 0.02 electron/Å3. 

 

 

LUMO 

(E = -0.07152 a.u.) 

 

LUMO+1 

(E = -0.04242 a.u.) 

 

LUMO+2 

(E = -0.03263 a.u.) 

 

 

Figure B.7. Kohn-Sham orbitals (particle states) of complex 1 (singlet) relevant to the 

excitations shown in Table B.1. The isovalue displayed is 0.02 electron/Å3. 
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Metal-centered 

 

Ligand-centered 

 

Figure B.8. Natural orbitals of singly occupied orbitals of complex 1 (triplet). The isovalue 

displayed is 0.02 electron/Å3. 
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LUMO 

(E = -0.35363 a.u.) 

 

LUMO+1 

(E = -0.32538 a.u.) 

 

LUMO+2 

(E = -0.31543 a.u.) 

 

3MLCT 

 

 

Figure B.9. Extended Hückel orbitals of 1-TiO2 binded via CN- with bpy-perpendicular, 

matched to the Kohn-Sham orbitals shown in Figure B.7 and the ligand centered natural orbital 

shown in Figure B.8. The isovalue displayed is 0.02 electron/Å3. 
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LUMO 

(E = -0.35360 a.u.) 

 

LUMO+1 

(E = -0.32539 a.u.) 

 

LUMO+2 

(E = -0.31543 a.u.) 

 

3MLCT 

 

 

Figure B.10. Extended Hückel orbitals of 1-TiO2 binded via CN- with bpy-parallel, matched to 

the Kohn-Sham orbitals shown in Figure B.7 and the ligand centered natural orbital shown in 

Figure B.8. The isovalue displayed is 0.02 electron/Å3. 
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Figure B.11. Calculated UV-Vis of complex 2 in water (PCM) using TD-DFT/B3LYP-D2. 

Spectra was simulated with a Lorentzian broadening with HWHM = 0.12 eV.  

 

 

Table B.2. Excitation summary for complex 2 in water. 

Excited State λ (nm) fosc Coefficient Hole State Particle State 

3 620.97 0.0454 
0.64716 HOMO-1 LUMO 

-0.26358 HOMO LUMO+1 

4 499.68 0.059 0.69841 HOMO-1 LUMO+1 

6 478.73 0.0987 

0.24092 HOMO-1 LUMO 

0.62593 HOMO LUMO+1 

-0.19619 HOMO-1 LUMO+2 

8 449.75 0.016 
0.68308 HOMO LUMO+2 

-0.13483 HOMO-2 LUMO+6 

9 441.88 0.0282 

0.11242 HOMO-1 LUMO 

0.16453 HOMO-2 LUMO+1 

0.67518 HOMO-1 LUMO+2 
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HOMO-1 

(E = -0.19427 a.u.) 

 

HOMO 

(E = -0.19153 a.u.) 

 

Figure B.12. Kohn-Sham orbitals (hole states) of complex 2 (singlet) relevant to the excitations 

shown in Table B.2. The isovalue displayed is 0.02 electron/Å3. 

 

 

LUMO 

(E = -0.09432 a.u.) 

 

LUMO+1 

(E = -0.07630 a.u.) 

 

LUMO+2 

(E = -0.06367 a.u.) 

 

 

 

Figure B.13. Kohn-Sham orbitals (particle states) of complex 2 (singlet) relevant to the 

excitations shown in Table B.2. The isovalue displayed is 0.02 electron/Å3.  
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Metal-centered 

 

Ligand-centered 

 

Figure B.14. Natural orbitals of singly occupied orbitals of complex 2 (triplet). The isovalue 

displayed is 0.02 electron/Å3. 
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LUMO 

(E = -0.37141 a.u.) 

 

LUMO+1 

(E = -0.35972 a.u.) 

 

LUMO+2 

(E = -0.32571 a.u.) 

 

3MLCT 

 

 

Figure B.15. Extended Hückel orbitals of 2-TiO2 binded via CN- with bpy-perpendicular, 

matched to the Kohn-Sham orbitals shown in Figure B.13 and the ligand centered natural orbital 

shown in Figure B.14. The isovalue displayed is 0.02 electron/Å3. 
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LUMO 

(E = -0.37140 a.u.) 

 

LUMO+1 

(E = -0.35973 a.u.) 

 

LUMO+2 

(E = -0.32570 a.u.) 

 

3MLCT 

 

 

Figure B.16. Extended Hückel orbitals of 2-TiO2 binded via CN- with bpy-parallel, matched to 

the Kohn-Sham orbitals shown in Figure B.13 and the ligand centered natural orbital shown in 

Figure B.14. The isovalue displayed is 0.02 electron/Å3. 
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LUMO 

(E = -0.37223 a.u.) 

 

LUMO+1 

(E = -0.36062 a.u.) 

 

LUMO+2 

(E = -0.32568 a.u.) 

 

3MLCT 

 

 

Figure B.17. Extended Hückel orbitals of 2-TiO2 binded via CA-mono, matched to the Kohn-

Sham orbitals shown in Figure B.13 and the ligand centered natural orbital shown in Figure 

B.14. The isovalue displayed is 0.02 electron/Å3. 
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LUMO 

(E = -0.37549 a.u.) 

 

LUMO+1 

(E = -0.36413 a.u.) 

 

LUMO+2 

(E = -0.32498 a.u.) 

 

3MLCT 

 

 

Figure B.18. Extended Hückel orbitals 2-TiO2 binded via CA-bis-mono, matched to the Kohn-

Sham orbitals shown in Figure B.13 and the ligand centered natural orbital shown in Figure 

B.14. The isovalue displayed is 0.02 electron/Å3. 
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LUMO 

(E = -0.37185 a.u.) 

 

LUMO+1 

(E = -0.36067 a.u.) 

 

LUMO+2 

(E = -0.32634 a.u.) 

 

3MLCT 

 

 

Figure B.19. Extended Hückel orbitals of 2-TiO2 binded via CA-bi, matched to the Kohn-Sham 

orbitals shown in Figure B.13 and the ligand centered natural orbital shown in Figure B.14. The 

isovalue displayed is 0.02 electron/Å3. 
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Figure B.20. Total density of states (blue line), projected density of states from singlet 1-TiO2 

binded via CN- with bpy-perpendicular, and EH energy levels of the dye in vacuum (black level 

set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged conduction 

band is shown on the bottom.  
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Figure B.21. Total density of states (blue line), projected density of states from triplet 1-TiO2 

binded via CN- with bpy-perpendicular, and EH energy levels of the dye in vacuum (black level 

set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged conduction 

band is shown on the bottom.  
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Figure B.22. Total density of states (blue line), projected density of states from singlet 1-TiO2 

binded via CN- with bpy-parallel, and EH energy levels of the dye in vacuum (black level set 

lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged conduction band 

is shown on the bottom.  
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Figure B.23. Total density of states (blue line), projected density of states from triplet 1-TiO2 

binded via CN- with bpy-parallel, and EH energy levels of the dye in vacuum (black level set 

lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged conduction band 

is shown on the bottom.  
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Figure B.24. Total density of states (blue line), projected density of states from singlet 2-TiO2 

binded via CN- with bpy-perpendicular, and EH energy levels of the dye in vacuum (black level 

set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged conduction 

band is shown on the bottom.  
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Figure B.25. Total density of states (blue line), projected density of states from triplet 2-TiO2 

binded via CN- with bpy-perpendicular, and EH energy levels of the dye in vacuum (black level 

set lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged conduction 

band is shown on the bottom.  
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Figure B.26. Total density of states (blue line), projected density of states from singlet 2-TiO2 

binded via CN- with bpy-parallel, and EH energy levels of the dye in vacuum (black level set 

lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged conduction band 

is shown on the bottom.  
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Figure B.27. Total density of states (blue line), projected density of states from triplet 2-TiO2 

binded via CN- with bpy-parallel, and EH energy levels of the dye in vacuum (black level set 

lines). Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged conduction band 

is shown on the bottom.  
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Figure B.28. Total density of states (blue line), projected density of states from singlet 2-TiO2 

binded via CA-mono and EH energy levels of the dye in vacuum (black level set lines). Gaussian 

line-shape (HWHM = 0.05 eV) used for convolution. Enlarged conduction band is shown on the 

bottom.  



 179 

Figure B.29. Total density of states (blue line), projected density of states from triplet 2-TiO2 

binded via CA-mono, and EH energy levels of the dye in vacuum (black level set lines). 

Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged conduction band is 

shown on the bottom.  
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Figure B.30. Total density of states (blue line), projected density of states from singlet 2-TiO2 

binded via CA-bis-mono, and EH energy levels of the dye in vacuum (black level set lines). 

Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged conduction band is 

shown on the bottom.  
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Figure B.31. Total density of states (blue line), projected density of states from triplet 2-TiO2 

binded via CA-bis-mono, and EH energy levels of the dye in vacuum (black level set lines). 

Gaussian line-shape (HWHM = 0.05 eV) used for convolution. Enlarged conduction band is 

shown on the bottom.  
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Figure B.32. Total density of states (blue line), projected density of states from singlet 2-TiO2 

binded via CA-bi, and EH energy levels of the dye in vacuum (black level set lines). Gaussian 

line-shape (HWHM = 0.05 eV) used for convolution. Enlarged conduction band is shown on the 

bottom.  
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Figure B.33. Total density of states (blue line), projected density of states from triplet 2-TiO2 

binded via CA-bi, and EH energy levels of the dye in vacuum (black level set lines). Gaussian 

line-shape (HWHM = 0.05 eV) used for convolution. Enlarged conduction band is shown on the 

bottom.  
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Figure B.34. Survival probability, P(t), from IET simulations for LUMO wavepacket of 

[Fe(bpy)(CN)4]
2- complexes propagating into TiO2 slab.  
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Figure B.35. Survival probability, P(t), from IET simulations for LUMO+1 wavepacket of 

[Fe(bpy)(CN)4]
2- complexes propagating into TiO2 slab.  
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Figure B.36. Survival probability, P(t), from IET simulations for LUMO+2 wavepacket of 

[Fe(bpy)(CN)4]
2- complexes propagating into TiO2 slab.  
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Figure B.37. Survival probability, P(t), from IET simulations for 3MLCT wavepacket of 

[Fe(bpy)(CN)4]
2- complexes propagating into TiO2 slab.  
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Table B.3. Characteristic injection times for LUMO wavepacket of [Fe(bpy)(CN)4]
2- complexes 

propagating into TiO2 slab. Injection times were obtained by fitting the survival probabilities to a 

mono- or bi-exponential function, P(t) = A*exp(-a1*t) + (1-A)*exp(-a2*t), with t = 0–4000 fs.  

 

 

Assembly Binding Bpy A a1 a2 R2 IET 

1-TiO2 CN- perp 1.00 0.000331 - 1.000 3.0 ps 

1-TiO2 CN- par 1.00 0.000083 - 1.000 12.1 ps 

2-TiO2 CN- perp 1.00 0.000018 - 1.000 55.1 ps 

2-TiO2 CN- par 1.00 0.000043 - 1.000 23.4 ps 

2-TiO2 mono - 1.00 0.005387 - 0.999 185.6 fs 

2-TiO2 bis-mono - 1.00 0.000946 - 1.000 1.1 ps 

2-TiO2 bi - 0.91 0.000041 1.177190 0.962 24.4 ps 
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Table B.4. Characteristic injection times for LUMO+1 wavepacket of [Fe(bpy)(CN)4]
2- 

complexes propagating into TiO2 slab. Injection times were obtained by fitting the survival 

probabilities to a mono- or bi-exponential function, P(t) = A*exp(-a1*t) + (1-A)*exp(-a2*t), with 

t = 0–4000 fs.  

 

 

Assembly Binding Bpy A a1 a2 R2 IET 

1-TiO2 CN- perp 1.00 0.000626 - 0.999 1.6 ps 

1-TiO2 CN- par 1.00 0.000840 - 0.999 1.2 ps 

2-TiO2 CN- perp 1.00 0.000945 - 1.000 1.1 ps 

2-TiO2 CN- par 1.00 0.000119 - 1.000 8.4 ps 

2-TiO2 mono - 1.00 0.052676 - 0.989 19.0 fs 

2-TiO2 bis-mono - 1.00 0.003906 - 0.994 256.0 fs 

2-TiO2 bi - 0.80 0.000788 0.526661 0.999 1.3 ps 
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Table B.5. Characteristic injection times for LUMO+2 wavepacket of [Fe(bpy)(CN)4]
2- 

complexes propagating into TiO2 slab. Injection times were obtained by fitting the survival 

probabilities to a mono- or bi-exponential function, P(t) = A*exp(-a1*t) + (1-A)*exp(-a2*t), with 

t = 0–4000 fs.  

 

 

Assembly Binding Bpy A a1 a2 R2 IET 

1-TiO2 CN- perp 1.00 0.005478 - 0.999 182.5 fs 

1-TiO2 CN- par 1.00 0.000841 - 0.996 1.2 ps 

2-TiO2 CN- perp 1.00 0.000359 - 1.000 2.8 ps 

2-TiO2 CN- par 1.00 0.000401 - 1.000 2.5 ps 

2-TiO2 mono - 1.00 0.038278 - 0.986 26.1 fs 

2-TiO2 bis-mono - 1.00 0.031915 - 0.997 31.3 fs 

2-TiO2 bi - 1.00 0.081785 - 0.992 12.2 fs 
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Table B.6. Characteristic injection times for 3MLCT wavepacket of [Fe(bpy)(CN)4]
2- complexes 

propagating into TiO2 slab. Injection times were obtained by fitting the survival probabilities to a 

mono- or bi-exponential function, P(t) = A*exp(-a1*t) + (1-A)*exp(-a2*t), with t = 0–4000 fs.  

 

 

Assembly Binding Bpy A a1 a2 R2 IET 

1-TiO2 CN- perp 1.00 0.000207 - 1.000 4.8 ps 

1-TiO2 CN- par 1.00 0.000063 - 1.000 15.8 ps 

2-TiO2 CN- perp 1.00 0.000010 - 0.999 103.0 ps 

2-TiO2 CN- par 1.00 0.000005 - 0.985 196.8 ps 

2-TiO2 mono - 1.00 0.001490 - 1.000 671.1 fs 

2-TiO2 bis-mono - 1.00 0.000057 - 0.989 17.7 ps 

2-TiO2 bi - 0.96 0.000006 1.429030 0.608 163.5 ps 


