
ABSTRACT 

MUKHERJEE, SRIPARNA. Solar Energy Harvesting with Fe(II)-polypyridines: Strategies 
for Tuning Light Absorption and Interfacial Electron Transfer (Under the direction of Dr. 
Elena Jakubikova). 
 

Metal polypyridines are popular molecular systems used as sensitizers in dye-

sensitized solar cells (DSSCs) for solar energy capture. Among these, Ru(II) polypyridines 

are the most common, due to their stability, tunable redox properties, and power conversion 

efficiencies of over 11%. Unfortunately, Ru is expensive and rare, which renders these 

sensitizers unsuitable for large-scale applications. Therefore, it is desirable to replace Ru(II) 

polypyridines with dyes that contain cheaper and more abundant metals, such as Fe.  

The Earth-abundant sensitizers based on Fe(II) polypyridines are the focus of this 

dissertation. The major hurdle towards utilization of Fe(II) sensitizers is the short lifetime of 

their photoactive metal-to-ligand charge transfer (MLCT) states that undergo ultrafast inter-

system crossing (ISC) into the low-lying metal-centered (MC) states. There are at least two 

ways of improving the efficiencies of Fe(II)-sensitized solar cells. The first route seeks to 

increase the rate of interfacial electron transfer (IET) from MLCT states into the conduction 

band (CB) of TiO2. Another route endeavors to slow down the ISC, which competes with 

IET, via destabilizing the MC states by designing molecules with strong ligand fields.  

The computational studies presented in this dissertation focus on [Fe(tpy)2]2+ (tpy = 

2,2′:6′,2′′-terpyridine) and related complexes, however it is anticipated that the findings will 

be broadly applicable to any Fe(II) sensitizer. Chapter 1 describes the working of a DSSC, 

and provides a broad overview of this dissertation. Initially, the focus will be on strategies 

that can be used to improve the ligand field strength of Fe sensitizers. One way to improve 

the ligand field strength is by incorporating stronger σ donor ligands into the Fe complex; i.e 

replacing the pyridine moieties by aryl groups, making Fe-C bonds, referred to as 

cyclometalation (Chapter 2). These studies found that cyclometalation is a feasible route to 

increasing the IET efficiency of Fe(II) photosensitizers by destabilizing the low-lying high-

spin MC states, but care is needed in the way the sensitizers are attached to the surface of 

TiO2.  

A well-known long-lived Fe(II) photosensitizer that benefits from strong σ donor 

ligands, in this case heterocyclic carbenes (CNC), is discussed in Chapter 3. We have 



employed molecular dynamics and quantum dynamics simulations to show that the high, 92 

%, quantum efficiency of this sensitizer is due to the increased lifetime of the photoactive 
3MLCT states or slower ISC rates, as opposed to faster IET rates.  

Another possible pathway to increasing the ligand field strength of a transition metal 

complex is by imposing a nearly perfect octahedral environment around the metal center 

through inclusion of pyridine-bridging groups into the tpy ligand, as discussed in Chapter 4. 

The impact of the chemical identity of the bridging group on the resulting ligand geometry 

and the ligand field strength of Fe(II) sensitizers was also explored. These studies found that 

the two properties with the strongest impact on the ligand field strength of Fe(II)-

polypyridines are Fe-ligand bond lengths and the strength of π bonding interactions. Both of 

these properties can be tuned via the choice of a pyridine bridging group. 

In Chapter 5, a series of complexes where the tpy ligand is substituted at the 4, 4', and 

4'' positions by electron donor and acceptor groups was studied. It was found that the 

presence of heterocyclic, π-conjugated donor groups leads to a marked improvement of the 

absorption properties, since the highest occupied molecular orbital (HOMO) is no longer 

solely metal-localized but is delocalized over both the metal center and the ligand. Additional 

improvement in the absorption properties can be achieved by further extending the π-

conjugation of the donor groups. This is due to the phenomenon of “HOMO inversion”, 

where the HOMO changes from being metal-localized, to fully ligand-localized. Finally, 

Chapter 6 summarizes the findings of this dissertation. The wide scope of various electronic 

and structural features examined throughout this work can be used to formulate rational 

strategies for the design of new metal-polypyridine sensitizers for DSSCs that incorporate 

iron or other first row transition metals. 
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CHAPTER 1 

General Introduction 

1.1 Dye-Sensitized Solar Cells 

 Sunlight is an abundant natural resource and for decades scientists have been 

interested to find ways of efficiently harnessing the energy from the sun to meet the world’s 

energy demands.1,2 Energy input from the sun is diffuse and intermittent.3,4 Therefore, for it 

to be the primary and sustainable energy source, it needs to be utilized, and also stored using 

efficient and inexpensive techniques.4 Solar energy can be converted into electricity by dye-

sensitized solar cells (DSSCs)5-7 or into solar fuels, such as hydrogen, with dye-sensitized 

photoelectrosynthesis cells (DSPECs).8-10 The work presented in this dissertation focuses 

mostly on development on new earth-abundant sensitizers for use in DSSCs. 

 The principle components of a DSSC, along with the main processes that occur in this 

cell, are shown in Figure 1.1. DSSCs are composed of a wide band-gap nanostructured n-

type semiconductor (usually titanium oxide, TiO2)
11 attached to a transparent conductive 

oxide,12 a visible-light absorbing dye, an electrolyte (typically I¯/I3¯ redox couple)13 and a 

counter electrode (cathode).14 Upon absorption of sunlight, the dye reaches an excited state 

that undergoes charge separation at the dye-semiconductor interface. The electrons injected 

into the semiconductor are then collected at the transparent electrode, where they are 

introduced into the external circuit, generating electricity. At the counter electrode, electrons 

re-enter the cell and interact with the electrolyte (I¯/I3¯ redox couple) which then regenerates 

the oxidized dye. An ideal dye displays panchromatic absorption across the visible and near 

IR spectrum, possesses long-lived charge-separated states, efficiently injects electrons into 

the conduction band (CB) of semiconductor, is chemically stable and has suitable redox 

potential for regeneration by a redox mediator.   
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Figure 1.1. Schematic representation of a dye-sensitized solar cell. Adapted from J. Photochem. 

Photobiol. C: Photochem. Rev. 2003, 4, 145.15        

1.2 Fe(II) Chromophores as Dye-Sensitizers 

 Over the years, many chromophores have been investigated for applications as dye 

sensitizers.5,6 Among these, the Ru(II)-polypyridines have dominated the DSSCs and DSPCs 

investigations due to their chemical stability, long-lived photo-excited states and optimal 

energy level alignment leading to photon-to-current conversion efficiency exceeding 

11%.7,16,17 However, ruthenium is scarce and expensive. Therefore, it is desirable to replace it 

with an earth-abundant metal, such as iron, for large-scale solar-energy applications. The first 

example of utilization of Fe(II) complexes as light absorbers in DSSCs was provided by 

Ferrere and Gregg.18 In spite of other reports of TiO2 sensitization using Fe(II)-based dyes,19-

21 they are currently not popular because of their low power conversion efficiencies due to 

short lifetime of photoactive metal-to-ligand charge transfer (1,3MLCT) states. 

 Fe is a natural choice to replace Ru as both elements are in the same group of the 

periodic table and display the same oxidation state (d6) in metal polypyridines. The reason 

for poor efficiency of Fe(II) complexes is that Fe is a first row transition metal with less 

diffuse 3d orbitals (in comparison to 4d in Ru) leading to a weaker overlap with the ligand 

orbitals causing a smaller d-splitting or t2g-eg energy gap.22 As a result, the metal-centered 

(5MC) ligand-field states are lower in energy than the initially photo-excited 1,3MLCT states 

in Fe-based chromophores, shown in Figure 1.2. Unlike in semiconductors sensitized by 
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Ru(II)-based dyes, the interfacial electron transfer (IET) from the excited Fe(II) dyes into the 

CB of TiO2 competes with an ultrafast, sub-picosecond, intersystem crossing (ISC) into the 

non-photoactive 5MC state.23-22 Therefore, the IET efficiency Fe(II)-polypyridine sensitized 

semiconductors can be improved either by retarding the ISC process and/or by speeding the 

IET process.   

 

 

Figure 1.2. Jablonski-like energy diagram for the low-spin Fe(II)-based polypyridine (left) and 

Ru(II)-based polypyridine (right) sensitizers. Adapted from Bowman, North Carolina State 

University, 2015.24 

 The IET rates can be in principle increased by improving the electronic coupling 

between the excited dye and the semiconductor by carefully choosing the surface anchoring 

group.25 However, most previous studies have focused on retarding ISC process by 

destabilizing the MC ligand-field state by modulating the electronic structure of Fe dyes via 

substituents on polypyridine ligand scaffold22,26-29 or by employing strong field ligands like 

aryl30,31 or carbene.32,33 An improvement in the geometry around the Fe center has also been 

shown to increase the ligand field strength.27,34 The major advancement in the field of Fe(II) 

based sensitizers was achieved recently by employing strong-field carbene ligands that lead 

to a long-lived 3MLCT state with lifetime of ~16 ps.32,33 A different approach was 

undertaken by Damrauer and coworkers who synthesized a highly strained Fe(II)-

bisterpyridine compound with quintet ground state and long-lived lifetime of the excited 
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thermalized 5,7MLCT state.35,36 The downside is that this complex poorly absorbs the solar 

radiation.   

1.3 Outline 

 The computational studies reported in this dissertation focus on improving the 

efficiency of the IET step in the Fe(II)-sensitized TiO2 as well as the light absorption 

properties of Fe(II)-polypyridines. Improvement in the IET efficiency was achieved by 

increasing the lifetime of the MLCT states by destabilizing the low-lying MC ligand-field 

states. Complexes with increased ligand field strength were obtained through 

cyclometalation, incorporation of carbene ligands, or by making the geometry around Fe 

nearly octahedral. Subsequently, a new ligand design strategy is proposed to improve the 

absorption properties of Fe(II) polypyridines.    

 Chapter 2 describes a computational study of a series of cyclometalated Fe(II)-

polypyridines. The goal of this study was to design an Fe(II) complex with strong field 

ligands that would destabilize the non-photoactive MC states and increase the lifetime of 

MLCT states. We found that cyclometalation has the potential to slow down ISC as it 

stabilizes the singlet 1A ground state, and increases the energy difference between 1A and 5T 

states by 8-19 kcal/mol. Cyclometalation increases both HOMO and LUMO energies, 

therefore fine-tuning of the ligand * and t2g energy levels is necessary to achieve electron 

injection into the semiconductor and regeneration of the dye. Also, for effective sensitization 

of TiO2, the carboxylic acid linkers must be substituted onto the pyridine rings of modified 

ligands.  

 In Chapter 3, the IET was modeled in [Fe(CNC)2]
2+-TiO2 assembly (CNC = 2,6-

bis(imidazol-2-ylidene)pyridine). The [Fe(CNC)2]
2+ was chosen as it displays 92% IET 

efficiency experimentally.37 Interfacial electron transfer from the initially excited 1MLCT 

states and thermalized 3MLCT state into the CB of TiO2 was studied using the quantum 

dynamic simulations. It was found that the presence of carbene ligand does not significantly 

improve the injection rate and that the 92% photon-to-electricity quantum efficiency is most 

likely due to slower intersystem crossing from 1,3MLCT states into the metal-centered state. 
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 In Chapter 4, the effect of octahedral geometry on the ligand field of Fe-based 

chromophores was studied. Nearly ideal octahedral environment was enforced in Fe(II)-

polypridine complexes by adding different pyridine bridging groups (Y) into the terpyridine 

ligand. It was found that along with the geometry around Fe, the type of Y is also important 

since the ligand field strength varied by ~12 kcal/mol depending on the identity of the 

bridging group. In the set of bridging groups studied, the carbonyl group resulted in the 

strongest ligand field. Natural bond orbital (NBO) analysis was utilized to quantify the 

interaction energies of  donation and back-bonding, leading to the revelation that the  

donation is the most important factor in tuning the ligand field strength of the complex, and it 

rapidly decreases with increasing Fe-ligand bond. Hence, the best ligand for long-lived 

MLCT should not only enforce an ideal octahedral geometry, but also possess strong  donor 

groups and shorter Fe-ligand bonds.  

  In Chapter 5, focus was shifted to the improvement of absorption properties of Fe-

based chromophores. A series of [Fe(tpy)2]
2+ complexes, where the terpyridine ligand was 

substituted with -conjugated donor groups containing heteroatoms (O, S, Se), was 

investigated. It was found that the presence of -conjugated donor groups destabilizes the  

orbitals of terpyridine ligand, leading to stronger interactions between the ligand  orbitals 

and t2g orbitals on Fe. This raises the energy of HOMO and delocalizes the electron density 

away from the Fe, consequently red-shifting the absorption spectrum and imparting mixed 

character (MLCT and intra-ligand charge transfer (ILCT)) to the transitions in the lower 

energy region of the absorption spectrum. Further destabilization of the pyridine  orbitals 

was achieved by utilizing donor substituents with more extended  conjugation, that induce 

new ILCT transitions leading to intense absorption in the visible region.  
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 CHAPTER 2 

This chapter was previously published: Mukherjee, S.; Bowman, D. N.; Jakubikova, E. 

Inorg. Chem. 2015, 54, 560. 

 

Cyclometalated Fe(II) Complexes as Sensitizers in Dye-Sensitized Solar Cells 

 

Abstract 

Dye-sensitized solar cells (DSSCs) often utilize transition metal based chromophores for 

light absorption and semiconductor sensitization. Ru(II)-based dyes are among the most 

commonly used sensitizers in DSSCs. As ruthenium is both expensive and rare, complexes 

based on cheaper and more abundant iron could act as a good alternative. In this study, we 

investigate Fe(II) bis(terpyridine) and its cyclometalated analogs, in which pyridine ligands 

are systematically replaced by aryl groups, as potential photosensitizers in DSSCs. We 

employ density functional theory at the B3LYP/6-31G*,SDD level to obtain the ground state 

electronic structure of these complexes. Quantum dynamics simulations are utilized to study 

interfacial electron transfer between the Fe(II) photosensitizers and titanium dioxide 

semiconductor. We find that cyclometalation stabilizes the singlet ground state of these 

complexes by 8–19 kcal/mol, but reduces the electron density on the carboxylic acid attached 

to the aryl ring. The results suggest that while cyclometalation provides a feasible route to 

increasing the efficiency of Fe(II) photosensitizers, care should be taken in choosing the 

substitution position for the semiconductor anchoring group.  
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2.1. Introduction 

Dye-sensitized solar cells (DSSCs) are a cheaper alternative to conventional crystalline 

semiconductor based solar cells thanks to their low fabrication cost.1-5 In contrast to 

conventional solar cells, the component responsible for the light absorption process (dye) in 

DSSCs is separated from the components involved in the transportation of charge carriers 

(electrons and holes).2,3 Grätzel and coworkers have utilized numerous Ru(II)-polypyridines 

as sensitizers in DSSCs, reaching device efficiencies over 10%.4-8 Replacing Ru(II) in the 

polypyridyl dye with an environmentally benign and earth-abundant Fe(II) can further reduce 

the cost of DSSCs.  

The ability of Fe(II)-polypyridines to photosensitize TiO2 was first demonstrated by 

Ferrere and Gregg in a system where [Fe(bpy-dca)2CN2] (bpy-dca = 2,2’-bipyridine-4,4’-

dicarboxylic acid) dye is attached to TiO2 via the carboxylic acid linker.9 This system 

exhibits band-selective sensitization from the initially excited short-lived metal-to-ligand 

charge transfer (MLCT) states, indicating that sensitization is possible even for complexes 

that do not possess long-lived photoactive excited states. Subsequently, the effect of solvent 

and different substituents on the absorption properties of [Fe(L)2CN2] (L = substituted 2,2’-

bipyridine) was studied, showing that the carboxylic acid linker couples the dye to TiO2 more 

efficiently than the phosphonic acid linker.10 Later on, Meyer and coworkers reported two 

possible sensitization mechanisms in a [Fe(bpy)(CN)4]
2-TiO2 assemblies: (1) direct 

sensitization in which an electron is excited from the Fe(II) center directly into Ti(IV) sites 

on the TiO2, and (2) indirect sensitization that involves interfacial electron transfer (IET) 

from the initially populated MLCT states of the dye into the conduction band (CB) of TiO2.
11 

Direct semiconductor sensitization was also observed by Lian and coworkers employing non-

polypyridyl Fe(II) dyes such as [Fe(CN)6]
4.12  

Despite the initially promising results, Fe(II)-polypyridine chromophores are not 

popular due to very low overall efficiency of Fe(II)-sensitized solar cells compared to their 

Ru(II)-based analogs. The main problem with the utilization of Fe(II) dyes in DSSCs is their 

low ligand field strength that results in the presence of low-lying metal-centered (MC) 5T 

state in these complexes. Upon the initial photoexcitation from the 1A ground state into a 

manifold of photo-active MLCT states, the Fe(II)-polypyridine dyes undergo intersystem 

crossing  (ISC) into the metal-centered 5T state on a sub-picosecond time scale.13-16 The MC 
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states are photo-inactive and unable to undergo IET into the semiconductor.17,18 The short 

lifetime of the photoactive 1,3MLCT states thus represents the main obstacle to the utilization 

of Fe(II)-polypyridine  as sensitizers in DSSCs.9,10,14-16 

There are at least two possible routes toward improving the efficiency of Fe(II)-

sensitized solar cells. The first route endeavors to increase the rate of IET so it becomes more 

competitive with the ISC process. We have recently shown that the IET rate in Fe(II) dye-

semiconductor assemblies can be tuned by a judicious choice of a semiconductor anchoring 

group.19  

The approach undertaken in this work aims to increase the lifetime of the photoactive 

MLCT states by slowing down or completely eliminating the ISC, so that the IET becomes a 

dominant decay pathway. This can be in principle achieved for Fe(II)-polypyridines by 

synthetic modifications that increase the ligand field strength of the coordinating ligands. 

Wärnmark, Sundström, Persson and coworkers have shown the presence of a long lived 

excited state (ISC = 9 ps) in a Fe(II)-complex with N-heterocyclic carbene ligands, 

[Fe(CNC)2]
2+ (CNC = 2,6-bis(3-methylimidazole-1-ylidine)pyridine).20,21 McCusker and 

coworkers have reported an approach to the 5T/3T crossing point in a [Fe(dcpp)2]
2+ (dcpp = 

2,6-bis(2-carboxypyridyl)pyridine) complex that displays an almost ideal octahedral 

geometry.22 Computational studies by Dixon et al. also suggest that the presence of one or 

two Fe-C bonds in cyclometalated Fe(II)-bis(terpyridine) complexes will have beneficial 

effects on their light-harvesting properties.23,24  

This work presents a computational study of a series of cyclometalated Fe(II)-

polypyridine complexes. All complexes are derived from the [Fe(tpy)2]
2+ parent complex 

(tpy = 2,2';6',2"-terpyridine), in which the neutral pyridine groups are systematically replaced 

by the negatively charged aryl moieties (see Figure 2.1). Complex 7 was chosen as the only 

representative of triply cyclometalated Fe(II) complexes, since we expected to see the largest 

impact on the ligand field strength when the three Fe-C bonds are placed along three 

different axes. The aim is to determine the changes in the ligand field strength of these 

complexes upon cyclometalation characterized by 1A–5T energy differences, as well as 

explore their ability to sensitize the TiO2 semiconductor. 
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Figure 2.1. [Fe(tpy)2]2+ complex (1) and its cyclometalated analogs, 2–7, investigated in this study. 

Note that the two ligands bind to metal perpendicular to each other in meridional positions, resulting 

in pseudooctahedral complexes. The structures shown in this and subsequent figures are simplified 

due to the size and complexity of the resulting compounds.  

2.2. Methods 

2.2.1 Molecular Structure Optimization and Ground State Spin Multiplicity 

 The complex 1 and its cyclometalated analogs 2–7 (Figure 2.1) were optimized in 

their singlet and quintet states employing the B3LYP functional25-27 with SDD effective core 

potential and associated basis set for Fe,28 and 6-31g* basis set for all other atoms (C, H, O, 

N).29,30 Homoleptic complexes with carboxylic acid at the 4’ position of the terpyridine-

based ligand (1a, 4a), the 4,4’’ positions (1b, 4b), and the 4,4’,4’’ positions (1c, 4c) were 

fully optimized utilizing the same methodology (see Figure A.8 in the Appendix A). 

Optimizations were carried out in vacuum using an ultrafine grid. Vibrational frequency 

analysis was performed for every optimized structure to confirm that potential energy 

minima were found. For the high-spin states, natural population analysis31 was performed to 

verify a metal-centered electronic state. All calculations on the molecular complexes were 

carried out using Gaussian 09.32   

Hybrid DFT functionals (e.g., B3LYP) often incorrectly favor the high-spin state as the 

ground state.33 In general, the calculated relative stabilities of high-spin and low-spin states 

depend on the amount of Hartree-Fock exact exchange used in the hybrid functional.33,34 In 
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this study, the ground state multiplicity of cyclometalated complexes 2–7 was determined by 

comparison to complex 1 using an approach discussed in a previous work.33 The energy 

differences, EHS/LS, between the optimized singlet and quintet states of complexes 1–7 

defined as 

   
DEHS/LS = Equintet - Esinglet

      1 

where Equintet is the total energy of the fully optimized 5T state and Esinglet is the total energy 

of the fully optimized 1A state, were calculated at different amounts of exact exchange (0, 5, 

10, 15, 20, and 25 %) present in the B3LYP functional. The trends in DEHS/LS
 vs. the 

admixture of exact exchange (c1) for complexes 2–7 were then compared to complex 1, 

which is known to be singlet in its ground state.  

2.2.2 Dye-Semiconductor Assemblies 

All periodic system optimizations were performed using Vienna Ab Initio Simulation 

Package (VASP).35-38 These calculations were performed at the PBE39,40 level of theory with 

the Projector Augmented Wave method41 and a basis set expansion terminated at 500 eV. As 

we previously reported,17,18 the unit cell for bulk anatase was obtained with a (13  13  13) 

k-point sampling. The tetragonal lattice was found to have lattice vectors a = b = 3.81 Å, c = 

9.77 Å. The unit cell was extended and cut at the (101) surface and functionalized by 

pyridine-4-carboxylic acid17,18 or benzoic acid in either monodentate or bidentate binding 

modes. The isonicotinic acid-TiO2 as well as the benzoic acid-TiO2 assemblies were relaxed 

along with the top 2 layers of Ti and the top 4 layers of O using a (5  3  1) k-point 

sampling and lattice vectors a = 15.25 Å, b = 10.49 Å, c = 26.00 Å. 

 Complexes 1a, 4a, 4b, 4c and 4c' were optimized with the carboxylic acid group and 

the lower half of the pyridine or aryl ring (three carbon and two hydrogen atoms) were 

constrained at the surface-optimized geometries. These non-periodic constrained 

optimizations were performed employing the Gaussian 09 software package at the 

B3LYP/SDD 6-31G* level of theory. The dyes were then attached to the extended TiO2 

surface using the pyridine-TiO2 or aryl-TiO2 structure as a reference,42 resulting in the dye-

TiO2 supercell with the dimensions of 30.49 Å  31.46 Å  40.00 Å.  
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2.2.3 Interfacial Electron Transfer Simulations 

 Interfacial electron transfer (IET) in dye-semiconductor assemblies (1a, 4a, 4b, 4c, 

4c'-TiO2) was investigated by means of quantum dynamics simulations, in which the time-

dependent electronic wave function, Y(t) , is propagated according to the extended Hückel 

(EH) Hamiltonian.17,18,43-46 The methodology is described in detail in References 45 and 46.  

Excited states of Fe(II)-polypyridine complexes in the visible spectral region serve as 

initial states for IET and are generally assigned to d transitions into the low-lying 

polypyridine-localized * orbitals.17,18,47,48 Time-dependent density functional theory (TD-

DFT) calculations were employed in our previous studies of Fe(II)-polypyridine-TiO2 

assemblies to determine which virtual orbitals become populated upon the visible 

excitations.17-19 The appropriate virtual orbitals were then used to construct the initial states 

for the IET simulations. The TD-DFT is, however, unable to properly reproduce the 

absorption spectrum of the [Fe(tpy)2]
2+ complex.47 For example, the TD-DFT spectra 

obtained at the B3LYP level of theory do not describe the intense peak found in the lower 

energy region of the experimental spectra at around 540 nm (see Reference 49 and Figure 

A.9 in the Appendix A).49 Therefore, we have chosen not to create the initial states based on 

the TD-DFT results in contrast to our previous work.17,18,50 The initial states for the IET 

simulations, , were constructed from EH virtual orbitals that match LUMO through 

LUMO+7 Kohn-Sham (KS) orbitals obtained from the ground state DFT calculations. 

LUMO through LUMO+7 KS orbitals correspond to the lowest energy virtual orbitals with 

 character and act as representative states for the low-lying polypyridine-localized * 

orbitals that become populated upon excitation. While this change in the computational 

protocol allows us to compare the efficiency of IET processes in various dye-semiconductor 

assemblies, it does prevent us from associating IET rates with the absorption bands in the 

visible region and from calculating theoretical internal quantum efficiencies in 1-TiO2 and 4-

TiO2 assemblies.17-19 

The Alvarez's parameter set51 employed in the EH calculations was re-parameterized 

in order to obtain the best match between the KS and EH orbitals for complexes 4a–4c', with 

the nodal structure and energy ordering of the KS orbitals obtained from the B3LYP/SDD,6-

31G* calculations as a reference. The modified parameters employed in EH calculations can 

 
Y(0)
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be found in the Appendix (Table A.1). The default, unmodified, Alvarez's parameter set was 

employed for calculations on complexes 1a, as the EH orbitals provided a satisfactory match 

for the KS orbitals.  

The initial states for the IET simulations (i.e., LUMO–LUMO+7 EH orbitals of the 

dye) were evolved in time according to the time-dependent Schrödinger equation for the 

entire dye-TiO2 system. Survival probability, or the probability that at time t the electron is 

still localized on the dye, was determined by projecting the time-evolved electronic 

wavefunction of the dye-TiO2 system onto the atomic orbitals of the dye at each simulation 

step.45 

All quantum dynamic simulations were run for 2 ps with a time step of 0.1 fs in 

vacuum at a frozen geometry. Periodic boundary conditions with the super cell of 30.49 Å  

31.46 Å  40.00 Å dimensions and a k-point sampling of (1  1  1) were utilized in all 

calculations. Absorbing potentials corresponding to the imaginary terms in the diagonal 

elements of the Hamiltonian were assigned to the bottom layer of Ti to prevent artificial 

recurrences in electron-transient population.  

Survival probabilities obtained from the IET simulations were fit to a linear 

combination of exponential functions according to the following expression, 

  

P(t) = C
i

i=1

N

å e
-a

i
t
, N = 1,2,3      2  

with the constraint (0) 1P   satisfied by 
1

1, 1,2,3
N

i

i

C N


  .  

Goodness of each fit was determined by requiring that the coefficient of determination, 

R2, is greater than 0.95. The fit with the smallest N satisfying this condition was chosen for 

further analysis. Single or double exponential fits were sufficient for most of the simulation 

results, with very few requiring triple exponential fit. The characteristic IET time IET or t  

was calculated as the expectation value of the survival probability according to 

0

0

( )dt

( )dt

IET

t P t

t
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where 
0

( )dtP t



 , is the normalization constant.  

 Electron densities on the carboxylic acid linker group were determined from Mulliken 

population analysis52 for each state, in order to understand their correlation with the IET .  

2.3. Results and Discussion  

2.3.1 Ground State Structure and Spin Multiplicity 

The complex 1 and its cyclometalated analogs 2–7 were optimized in both singlet and 

quintet spin states. [Fe(tpy)2]
2+ (complex 1) has been reported to be singlet53-61 in the ground 

state. Comparison of the optimized structure of complex 1 with all the crystal structures 

reported in the literature reveals that the B3LYP functional overestimates the bond lengths by 

1.99–3.14% and underestimates the bite angles (N1-Fe-N3, N4-Fe-N6) by at most 0.60% (for 

details, see Table A.2 and Figure A.11 of the Appendix A). Relatively small deviations 

between the calculated and experimental structures suggest that the chosen methodology is 

well suited for the determination of molecular structures of Fe(II)-terpyridine based 

complexes. 

The B3LYP functional, however, incorrectly predicts a quintet ground state 

multiplicity for complex 1. The calculated EHS/LS is -1.24 kcal/mol suggesting a quintet 

ground state, while 1 is experimentally known to be singlet in its ground state.53 This is not 

unusual for DFT calculations, since the relative stabilities of high-spin and low-spin states 

depend strongly on the amount of exact exchange in the DFT functional.33,34 It was shown 

previously that the error in the EHS/LS is similar for a set of structurally related complexes.33 

Structurally related complexes are defined as those that undergo similar change in the Fe-

ligand bond lengths, R, between the high-spin and low-spin structures. Complexes 1–7 are 

structurally related as they all display similar R (see Table 2.1). Therefore, one can predict 

the ground state multiplicity of complexes 2–7 by comparing the calculated EHS/LS for these 

complexes to the EHS/LS obtained for complex 1.   
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Table 2.1. Changes in the Fe-ligand bond lengths (R) between the high-spin and low-spin structures 

for each complex 1–7. Intercept, the coefficient of determination (R2), and EHS/LS
 
for each linear fit 

with the common slope of -171.87 kcal/mol are also shown. 

Complex 
R  

(Å) 

Intercept  

(kcal/mol) 
R2 

EHS/LS  

(kcal/mol)
 

1 0.22 32.25 0.98 0.0 

2 0.23 40.21 1.00 8.0 

3 0.25 41.45 1.00 9.2 

4 0.27 40.65 1.00 8.4 

5 0.28 49.85 1.00 17.6 

6 0.29 45.29 0.99 13.0 

7 0.26 51.55 0.99 19.3 

 Data for EHS/LS vs. the admixture of exact exchange (c1) in the B3LYP functional for 

complexes 1–7 were fit to a linear equation with the common slope, -171.87 kcal/mol (also 

see the Appendix A, Figure A.12). The intercept for each complex, the coefficient of 

determination for each fit, R2, and EHS/LS 
defined as 

DDEHS/LS = DEHS/LS - DEHS/LS

complex 1

     4 

where DEHS/LS

complex 1  is the DEHS/LS
 for complex 1, are given in Table 2.1. Since 1 is 

experimentally known to be singlet in its ground state, a positive value of EHS/LS 
indicates 

an increase in the singlet-quintet energy gap and further stabilization of the singlet ground 

state in comparison to the singlet-quintet energy gap of complex 1. As can be seen from 

Table 2.1, cyclometalation stabilizes the singlet state relative to the quintet state and 

complexes 2–7 are all predicted to be singlet in their ground states. The extent of stabilization 

ranges from 8–19 kcal/mol and depends on the location and number of cyclometalation sites.  

2.3.2. Ground State Electronic Structure 

2.3.2.1. Electronic Structure of Complexes 1–7 

The Kohn-Sham (KS) orbital energy levels for complexes 1–7 are shown in Figure 2.2.  

Solvent effects (water) were accounted for in these calculations via the PCM model. An 

analogous energy level diagram obtained without the inclusion of solvent effects (vacuum) 

can be found in the Appendix A, Figure A.13. The overall trend in HOMO–LUMO gaps is 

similar for calculations in water and in vacuum.  

As can be seen in Figure 2.2, cyclometalation destabilizes both the HOMO and the 

LUMO of complexes 2–7 relative to complex 1. The energies of HOMOs in complexes with 
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one metal-aryl bond, 2 and 3, are destabilized by 1.15 and 1.11 eV, respectively. On the other 

hand, LUMOs of complexes 2 and 3 are destabilized only by 0.38 and 0.45 eV, respectively. 

Clearly, the extent of destabilization is greater for HOMO than LUMO in the cyclometalated 

complexes, leading to an overall decrease in the HOMO–LUMO gap. The HOMO–LUMO 

gap progressively decreases from 3.85 eV, in complex 1, to 2.50 eV, in complex 7 with three 

metal-aryl bonds. This correlates well with the observed trends in analogous cyclometalated 

Ru complexes, in which negative shifts of 0.5–0.8 eV were observed in the oxidation 

potentials while reduction potentials decrease by only 0.2–0.4 eV.62 

 

Figure 2.2. KS orbital energy levels of optimized complexes (1–7) after single-point energy 

calculations using PCM model for water as solvent. The optimized structures were obtained in 

vacuum using the B3LYP functional with ECP (SDD) on Fe and 6-31G* basis set on C, H and N. 

The numbers in parenthesis are the HOMO–LUMO energy gap in eV.  Metal-based orbitals are in 

black and the LUMO is in green. The t2g orbitals set is HOMO-2–HOMO. Note there are several * 

ligand centered orbitals (not pictured here) between LUMO and eg
*.  

The three highest occupied KS orbitals, HOMO-2–HOMO, correspond to the t2g orbital 

set for all complexes investigated. Aryl acts as a stronger -donor than pyridine with respect 

to the t2g orbitals (compare t2g orbitals of complexes 2 and 1 in Figure 2.3), thus the 

degeneracy of the t2g orbital set is reduced in singly and doubly cyclometalated complexes, as 

can be seen in Figure 2.2. 
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Figure 2.3. Selected t2g and * orbitals of complexes 1 and 2. 

The four lowest unoccupied KS orbitals can be described as ligand-based * orbitals. 

Replacement of the pyridine by an aryl group in complexes 2, 3, 5–7 significantly perturbs 

the nodal structure of LUMO–LUMO+3 relative to complex 1 and they become 

predominantly localized on the pyridine rings (see Figure 2.3). In the case of the homoleptic 

complex 4, the energy ordering of the two degenerate orbital pairs (LUMO, LUMO+1 and 

LUMO+2, LUMO+3) is switched in comparison to complex 1. Moreover, LUMO+2 and 

LUMO+3 have virtually no electron density on the central aryl ring. A detailed table of 

HOMO-2–LUMO+3 KS orbitals for complexes 1–7 is provided in the Appendix A (Figure 

A.14). 

2.3.2.2. Electronic Structure of Complexes 1 and 4 Functionalized with Carboxylic Acid 

The effects of functionalization with one (1a, 4a), two (1b, 4b) or three (1c, 4c) 

carboxylic acid linkers on the energy levels of LUMO–LUMO+3 orbitals of complexes 1 and 

4 are shown in Figure 2.4. The unoccupied orbitals of complex 1 as well as of complex 4 

stabilize when functionalized with the linkers. Interestingly, the extent of the orbital energy 

stabilization is more significant in complex 4 than in complex 1. The energy ordering of the 

degenerate orbital pairs (LUMO+2, LUMO+3 and LUMO, LUMO+1) is switched in 

complexes 4b and 4c compared to complexes 4 and 4a. Nodal structures of all orbitals are 

available in the Appendix A, Figure A.15. 
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Figure 2.4. KS orbital energy levels for complexes 1, 1a–1c (left), and 4, 4a–4c (right). The 

complexes were fully optimized in vacuum using the B3LYP functional with SDD for Fe and 6-31G* 

basis set for C, H, O and N. The spin multiplicity is singlet. KS orbitals with the same nodal structure 

are connected by a dashed line. 

The average percent electron density on carboxylic acid linkers in complexes 1a, 1b, 

1c and 4a, 4b, 4c for LUMO and LUMO+2 orbitals is summarized in Table 2.2. The electron 

density was averaged over all carboxylic acid linkers attached to the central rings (4’ 

position) and side rings (4 and 4’’ positions). Interestingly, there is virtually no electron 

density on carboxylic acid linkers attached to the aryl rings at the 4' position in LUMO and 

LUMO+2. At the same time, the density on the linkers attached to the neighboring pyridyl 

rings (4 and 4'' position) increases relative to the parent complex. For example, the electron 

density on the linker attached to the side pyridyl rings (4 and 4’’ positions) in complex 4b 

increases from 1.3 to 5.8% (LUMO) and from 1.2 to 4.9% (LUMO+2) compared to complex 

1b.  Similarly, the electron density on the linker attached the side pyridyl rings (4 and 4’’ 

positions) in complex 4c increases from 0.8 to 5.4% (LUMO) and from 1.2 to 4.6% 

(LUMO+2) compared to complex 1c. 

Table 2.2. Average percent of electron density on the carboxylic acid linker attached to the 4 and 4’’ 

positions on side ring (pyridyl) or 4’ position on center ring (pyridyl in 1a–c, aryl in 4a–c). 

Complex 
Average percent of electron density on carboxylic acid linker 

LUMO LUMO+2 

4’ position 4 and 4’’ positions 4’ position 4 and 4’’ positions 

1a 3.2 - 0.1 - 

1b - 1.3 - 1.2 

1c 2.3 0.8 0.1 1.2 

4a 0.0  - 1.1 - 

4b - 5.8 - 4.9 

4c 0.0  5.4 0.0 4.6 
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2.3.3. Dye-TiO2 Assemblies  

Dye-TiO2 assemblies were constructed based on linker-TiO2 models shown in Figure 

2.5. Carboxylic acid was attached to the surface of TiO2 via monodentate and bidentate 

attachment modes shown to be the most stable in previous computational and experimental 

studies.63-65 Isonicotinic acid served as a linker model for 1a-TiO2 assemblies (see Figure 2.5 

and Figure A.17 of the Appendix A), while benzoic acid model was used to construct 4a, 4b, 

4c and 4c-TiO2 assemblies (the Appendix A, Figure A.18). 

 

Figure 2.5. Linker models (on left) consisting of TiO2 (101) surface with: isonicotinic acid attached 

via carboxylic acid linker in a monodentate (a1) and bidentate attachment mode (a2) (top row), and 

benzoic acid attached via carboxylic acid linker in a monodentate (b1) and bidentate attachment mode 

(b2) (bottom row). Example dye-TiO2 assembly of complex 1a attached via monodentate carboxylic 

acid linkage shown (on right). 

Density of states calculated at the extended Hückel level of theory for 1a-TiO2 and 4a–

c'-TiO2 assemblies in a monodentate attachment mode is shown in Figure 2.6. The density of 

states for the bidentate attachment mode is virtually identical and is provided in the Appendix 

A, Figure A.19.  
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Figure 2.6. Left panel: EH orbital energy levels of the complexes 1 and 4 and their carboxylic acid 

functionalized analogs 1a, 4a, 4b, 4c and 4c. Right panel: The blue line represents the total density of 

states (DOS) for the whole system (4c-TiO2) assemblies and the black line represents the projected 

density of states (pDOS) on the dye only (4c) convoluted using the Gaussian line-shape with HWHM 

0.05 eV. The linker is attached to TiO2 in a monodentate mode.    

Dyes in all dye-TiO2 assemblies investigated introduce occupied energy levels into the 

semiconductor band gap as well as a number of virtual energy levels into the conduction 

band of TiO2. Both HOMO and LUMO energy levels of cyclometalated complexes 4a–c' are 

destabilized with respect to the HOMO and LUMO of the parent complex 1a. While the 

HOMOs of the cyclometalated complex 4a–c' have a significantly higher energy compared 

to their parent complex 1a, they still remain below the edge of the conduction band of TiO2.  

The nodal structures of the virtual EH MOs that were chosen to serve as initial states 

for the IET simulations are shown in Figure 2.7. The percent electron density on the 

carboxylic acid linker for each of these initial states is summarized in Table 2.3. Note that the 

percent electron densities on the linkers attached at the 4' position of the ligand is negligible 

in LUMO and LUMO+1 degenerate pair of complexes 4a (0.0 and 0.2%) and 4c' (0.0 and 

0.7%) complexes. On the other hand, a significant amount of electron density is displayed on 

the linkers attached at the 4 and 4'' positions in LUMO and LUMO+1 degenerate pairs of 

complexes 4b (20.0 and 7.3%) and 4c (23.6 and 4.1%). The nodal structure of virtual MOs 

and the percent of electron density on the linker for dyes attached via a bidentate attachment 

mode are very similar to the monodentate case and can be found in the Appendix A, Figure 

A.20 and Table A.12.  
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Figure 2.7. Nodal structures of LUMO–LUMO+7 EH orbitals employed as initial states for IET 

simulations in 1a-TiO2 and 4a–c'-TiO2 assemblies with a monodentate binding mode. The linker used 

to attach the dye to TiO2 is shown using an arrow. 

Table 2.3. Percent of electron density on the carboxylic acid linker attached in a monodentate 

attachment mode to the TiO2 in the functionalized dyes 1a, 4a, 4b, 4c and 4c. 

Complex 
Average electron density on 

linker [%] 

1a 4a 4b 4c 4c 

LUMO 22.3 0.0 20.0 23.6 0.0 

LUMO+1 0.0  0.2 7.3 4.1 0.7 

LUMO+2 0.0 0.1 0.0 0.0 0.0 

LUMO+3 0.0 5.2 4.4 4.3 0.0 

LUMO+4 19.8 48.0 1.9 0.0 54.6 

LUMO+5 0.0 2.5 1.7 0.0 0.0 

LUMO+6 0.0 0.0 1.4 2.0 0.0 

LUMO+7 0.0 0.0 0.0 1.5 0.0 

2.3.4. Interfacial Electron Transfer Simulations 

The characteristic IET times (IET) for the monodentate attachment modes for the dye-

TiO2 assemblies of complexes 1a, 4a, 4b, 4c and 4c are summarized in Figure 2.8. The EH 

MOs are arranged in the ascending order of their IET times for each dye-TiO2 assembly. The 

black dashed line at 100 fs represents the characteristic time for the ISC process determined 

based on previous experimental studies on Fe(II)-polypyridyl based sensitizers.14-16 Note that 

the ISC process is expected to be slower in cyclometalated complexes 4a, 4b, 4c and 4c 
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compared to the parent complex 1a due to positive , as described in Section 3.1. The 

actual ISC rate is, however, unknown. 

 

Figure 2.8. Characteristic IET times (IET) for LUMO − LUMO+7 Hückel orbitals of dye-TiO2 

assemblies of 1a, 4a, 4b, 4c and 4c (monodentate attachment mode), obtained from exponential fit to 

the survival probability. The dashed line at 100 fs represents the characteristic ISC time for complex 

1a. ISC rate for complexes 4a–4c is unknown. 

Somewhat surprisingly, cyclometalation slows down the electron injection from the 

LUMO of complex 4a by two orders of magnitude compared to complex 1a, even though the 

LUMO of complex 4a is aligned better with the CB of TiO2 than the LUMO of complex 1a 

(see Figure 2.6). The survival probability plots and the nodal structures for LUMOs of 

complexes 1a and 4a shown in Figure 2.9 indicate that the slow rate of IET for complex 4a is 

due to the lack of electron density on the carboxylic acid linker attached to the aryl ring. 

Moreover, the fastest characteristic IET time obtained for the cyclometalated complex 4a 

(377 fs, LUMO+3 initial state) is one order of magnitude larger than the fastest characteristic 

IET time obtained for complex 1a (39 fs, LUMO+4 initial state). Overall, cyclometalation 

negatively impacts the IET in 4a-TiO2 assemblies in comparison to the 1a-TiO2 system.  

 

DDEHS/LS
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Figure 2.9. Survival probability of LUMOs of the parent complex 1a and its cyclometalated analog 

4a.  

In contrast to complex 1a, complexes 4b and 4c display a significant amount of 

electron density on the carboxylic acid linkers that anchor these dyes to TiO2 surface (see 

Table 2.3). The calculated IET rates in 4b-TiO2 and 4c-TiO2 assemblies originating in the 

dye's LUMO improve significantly compared to 4a-TiO2. More importantly, several initial 

states in each of these assemblies achieve sub-picosecond IET rates.  

The IET in 4c'-TiO2 assembly is not as optimal as in 4b-TiO2 or 4c-TiO2 assemblies, 

but more efficient than that of 4a-TiO2 assembly. Note that while 4c'-TiO2 and 4c-TiO2 

model the attachment of the same dye to the semiconductor surface, the dye in the 4c'-TiO2 

assembly is attached to the surface via the carboxylic acid at the 4' position rather than the 4 

position. The drop in the IET efficiency is most likely due to the decrease of the electron 

density on the linker at the 4' position. 

The characteristic IET times were also calculated for dye-TiO2 assemblies with the 

carboxylic acid linker in the bidentate attachment mode. Interestingly, the IET in such 

systems is less efficient than in the assemblies with the monodentate binding mode. The 

overall trends in the behavior are, however, the same for both attachment modes. These 

include the deterioration of the IET in the 4a-TiO2 assembly and increase of the IET 

efficiency in the 4b-TiO2 and 4c-TiO2 assemblies relative to the 1a-TiO2 system. All data 

related to dye-TiO2 assemblies with the bidentate attachment mode can be found in the 

Appendix A, Table A.24 and Figure A.21.  

In summary, the IET is clearly facilitated by an increase in the electron density on the 

carboxylic acid linker and the position of the linker group (4 and 4'' vs. 4') is an important 
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factor in determining the efficiency of IET in the cyclometalated dye-semiconductor 

assemblies.  

2.3.5. Consequences of Cyclometalation for Dye-Sensitization 

An ideal photosensitizer for DSSCs will be chemically stable, absorb light over a wide 

range of visible wavelengths, and undergo efficient IET into the semiconductor.1 Until now, 

the main obstacle to the utilization of Fe(II)-polypyridines as photosensitizers in DSSCs has 

been the very short excited state lifetime of their photoactive metal-to-ligand charge transfer 

states due to the ultrafast ISC into the manifold of low-lying ligand-field states.14,15 

Our initial calculations on [Fe(tpy)2]
2+ and related complexes suggest that the 

cyclometalation may have several beneficial consequences. First, the presence of Fe-C bonds 

will stabilize the singlet ground state and increase 1A–5T energy gap in these complexes, 

which could have a positive impact on the lifetime of the MLCT states. Recently, Wärnmark 

and coworkers have observed an unusually long-lived MLCT excited state in an Fe(II) 

complex with four Fe-C bonds, utilizing N-heterocyclic carbenes as ligands.20,21  This was 

later explained as a consequence of the increase in the 1A–5T gap in these complexes.20 It is 

worth noting that the magnitude of 1A–5T gap increase in the complexes studied here 

depends on both the number of Fe-C bonds and the site of cyclometalation. For example, the 

1A–5T gap increases by approximately 8–9 kcal/mol for complexes 2 and 3 with a single Fe-

C bond in comparison to [Fe(tpy)2]
2+ (complex 1). The 1A–5T gap in doubly cyclometalated 

complexes increases either by 8 kcal/mol in complex 4, where the two Fe-C bond are on the 

same axis, or by 13–18 kcal/mol when the two cyclometalated sites lie along different axes 

(complexes 5 and 6). The increase in 1A–5T gap in the triply cyclometalated complex 7 is 

only marginal over the complex 5. Overall, cyclometalation of the side rings of the 

terpyridine ligand seems to have a much bigger impact on the 1A–5T energy gap than the 

cyclometalation of the central ring (compare EHS/LS for complexes 4, 5, and 6 in Table 

2.1).  

Additional consequences of cyclometalation for ground state electronic structure 

include (1) reduced degeneracy of the t2g orbital set, (2) decrease of the HOMO–LUMO gap, 

and (3) destabilization of both HOMO and LUMO energies. Since the MLCT transitions that 

make up the large portion of the visible spectrum in these complexes originate in the metal-

centered t2g orbitals, the reduced degeneracy will likely result in the absorption spectrum 
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broadening. A decrease in the HOMO–LUMO gap might also result in the red-shift of their 

absorption spectra in comparison to complex 1. Both of these changes should be beneficial 

for light harvesting, as they would result in the absorption over a wider range of the visible 

spectrum. Destabilization in both HOMO and LUMO energies could also be beneficial for 

light harvesting, as it would place the LUMO higher into the conduction band of TiO2, thus 

increasing the driving force for the IET.  

On the other hand, destabilization of HOMO and LUMO energies resulting in a large 

change in the redox potentials of cyclometalated dyes could cause significant problems for 

the IET. In order for the dye-sensitization to work properly, the dye needs to insert its 

occupied energy levels (including the HOMO) into the band gap of TiO2, while the lowest 

energy virtual orbitals have to be aligned with the conduction band of TiO2. Significant 

changes in the redox potential of the dyes caused by cyclometalation could cause the HOMO 

and LUMO to be misaligned with the valence and conduction bands of the TiO2. Our 

semiempirical calculations suggest that doubly cyclometalated dyes will be able to sensitize 

TiO2 despite the shift in the HOMO and LUMO energy levels (see Figure 2.8). It is, 

however, unclear whether the energy levels of the triply cyclometalated dyes will still be 

properly aligned with the TiO2 energy bands.  

Another concern related to cyclometalation is the positioning of the ground state 

oxidation potential of the dye compared to the redox couple of the I¯/I3¯ electrolyte (~ 0.5 

eV vs NHE). The regeneration of dye in DSSCs with I¯/I3¯ electrolyte may become difficult 

or impossible as the energy of HOMO becomes destabilized (see Figure 2.2),62 and use of 

alternative redox shuttles might be necessary to regenerate cyclometalated Fe(II)-

polypyridines.66 Accurate calculations of redox potentials of these new cyclometalated dyes 

are needed to investigate this issue further.  

Finally, it is important to consider the IET efficiency in cyclometalated dye-TiO2 

assemblies. Previous experimental and computational studies suggest that both the amount of 

involved in the photoexcitation with respect to the edge of the conduction band of the 

semiconductor influence the rate of the IET in dye-semiconductor assemblies.2,9,17,18,67,68 In 

general, electron density on the linker facilitates electronic coupling between an excited state 

of the dye and the acceptor states in the conduction band semiconductor and results in faster 
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IET rates.2,19 The placement of the virtual energy levels high in the CB of the semiconductor 

improves the driving force for the IET transfer.19 For the cyclometalated complexes 

investigated here, there is a trade-off between the percent of electron density on the linker 

group and the energy of virtual orbitals. For example, in complex 4a, the LUMO, LUMO+1 

pair has high energy that places it well into the CB of TiO2, but significantly reduced electron 

density. The energy of the LUMO is lowered in complexes 4b and 4c in comparison to 

complex 4a, while the electron density increases. Both the energy of the LUMO as well as 

the electron density on the carboxylic acid linkers at the 4' position are reduced in complex 

4c.  

In summary, our results suggest that the cyclometalated complexes will display similar 

or better ability to sensitize TiO2 as the parent complex 1, assuming that the carboxylic acid 

linker is attached to a pyridine rather than the aryl ring.   

2.4. Conclusions 

Cyclometalated Fe(II) complexes based on [Fe(tpy)2]
2+ in which one, two, or three 

neutral pyridine ligands were substituted by negative aryl ligands were investigated as 

possible photosensitizers in DSSCs. The aim of this work was to determine (1) whether the 

cyclometalation stabilizes the singlet ground state and (2) if the cyclometalated complexes 

can sensitize TiO2. 

Density functional theory calculations performed on complexes 1–7 suggest that 

cyclometalation stabilizes the 1A ground state and increases the energy difference between 

1A and 5T states by 8-19 kcal/mol. The amount of 1A stabilization depends on the total 

number (one, two, or three) and position (center or side) of the aryl groups. Cyclometalation 

has therefore the potential to decrease the ISC rate between 1,3MLCT and 5MC states, thus 

increasing the lifetime of the photoactive MLCT states. Further computational studies 

investigating relative energetic ordering and potential energy surfaces of all electronic states 

involved in the intersystem crossing cascade (1A, 1MLCT, 3MLCT, 3T, 5T) are necessary to 

obtain a better understanding of the ISC processes in these systems. 

Cyclometalation also has consequences for the light-harvesting properties of the Fe(II)-

polypyridine complexes. Both HOMO and LUMO of complexes 2–7 are destabilized in 

comparison to complex 1. The extent of destabilization is greater for HOMO than LUMO, 

leading to a decrease in the HOMO–LUMO gap. Cyclometalated complexes will therefore 
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likely absorb light at lower energy wavelengths. The degeneracy of t2g orbital set is also 

reduced with cyclometalation, which could lead to absorption over a broader range of visible 

wavelengths.  

Increase in the HOMO and LUMO energies of complexes 2–7 suggests that the redox 

potentials of cyclometalated dyes will differ from complex 1. Fine tuning of the ligand * 

and t2g energy levels may therefore be necessary to ensure that the HOMO and LUMO of the 

cyclometalated dyes are properly aligned with the energy bands of the TiO2 semiconductor 

and that the oxidized dyes can be reduced by the electrolyte used in the DSSC.  

 Quantum dynamics simulations of IET in 1-TiO2 and 4-TiO2 assemblies indicate that 

cyclometalated complexes will sensitize the TiO2 semiconductor upon photoexcitation with a 

similar or better efficiency than the [Fe(tpy)2]
2+ parent complex. The carboxylic acid linker 

should be attached to the pyridine group rather than the aryl group of the ligand to facilitate 

efficient IET.  

In conclusion, cyclometalation can potentially improve the absorption properties of 

Fe(II) dyes and may slow down the ISC rate by destabilizing the 5T state relative to the 1A 

ground state. The cyclometalated Fe(II) complexes will display similar or better ability to 

sensitize TiO2 as the parent complex 1, but only when the semiconductor anchoring group is 

attached to a pyridine rather than the aryl ring. While cyclometalation appears to be a 

promising way to improve the sensitization capabilities of Fe(II)-polypyridines, further 

theoretical and experimental work is needed to confirm these observations. 
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David N. Bowman, a past member of the Jakubikova group, has contributed to the 
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 Interfacial Electron Transfer in [Fe(CNCca)2]2+-TiO2 Assemblies: The Role of the 

Photoactive State Lifetime in Increasing the Electron Injection Efficiency  

 

Abstract 

 Fe(II) polypyridines have limited applications as chromophores in dye-sensitized 

solar cells due to the short lifetime (~ 100 fs) of their photoactive metal-to-ligand charge 

transfer (MLCT) states formed upon photoexcitation. Around 100-fold increase in the MLCT 

lifetime was observed in a [Fe(CNC)2]
2+ complex (CNC = 2,6-bis(3-methyl-imidazole-1-

ylidine)pyridine) with the strong -donating N-heterocyclic carbene (NHC) ligand compared 

to the parent [Fe(tpy)2]
2+ complex (tpy = 2,2’:6’,2’’-terpyridine). This study investigates the 

interfacial electron transfer (IET) in [Fe(CNCca)2]
2+ and [Fe(tpyca)2]

2+ sensitized TiO2 from 

the initially excited MLCT states of [Fe(CNCca)2]
2+ and [Fe(tpyca)2]

2+, as well as from the 

relaxed 3MLCT state of [Fe(CNCca)2]
2+. Singlet ground state geometries for both complexes 

substituted at the 4' position with carboxylic acid linkers and 3MLCT structure for 

[Fe(CNCca)2]
2+ were obtained at the B3LYP+D2 level of theory. Molecular dynamics at the 

DFTB level of theory was employed to obtain 10 different conformations for the two dyes 

attached to the (101) surface of TiO2 anatase via the carboxylic acid linker in both 

monodentate and bidentate attachment modes at room temperature. Quantum dynamics 

simulations were performed to obtain the IET rates and the theoretical quantum efficiencies 

following the absorption of UV-Vis light by the two dyes. It was found that the replacement 

of tpy by CNC ligand does not significantly speed up the IET kinetics in [Fe(CNCca)2]
2+-

TiO2 assembly in comparison to the [Fe(tpyca)2]
2+-TiO2 assembly. The high electron 

injection in [Fe(CNCca)2]
2+-TiO2 assembly is therefore due to the longer lifetime of 

[Fe(CNCca)2]
2+ photoactive state, 3MLCT,  rather than due to the faster IET kinetics.  
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3.1. Introduction 

Efficient solar energy conversion to electricity or solar fuels, such as H2, and its 

subsequent storage and utilization are important research problems.1,2 Solar cells represent 

one of the ways that solar energy can be converted and utilized in the form of electricity. 

Dye-sensitized solar cells (DSSCs) represent a good alternative to more traditional crystalline 

silicon cells,3,4 as they function well in diffuse lighting conditions and can be fabricated on a 

flexible support using inexpensive techniques.4-7 Ru(II) polypyridines are some of the typical 

dyes utilized as sensitizers in DSSCs.8 The energy and electron transfer processes in the 

ruthenium polypyridines9-12 have been extensively studied, along with other properties 

relevant to their widespread application as photocatalysts13-15 and photosensitizers.16,17  

The popularity of Ru(II) polypyridines as sensitizers in DSSCs is mainly due to their 

chemical stability, tunable redox properties, and almost perfect incident-photon-to-current 

efficiency18-20 (IPCE) from the long-lived metal-to-ligand charge transfer (MLCT) states.21-26 

These MLCT states are responsible for interfacial electron transfer (IET) into the conduction 

band (CB) of the TiO2 semiconductor. However, ruthenium is expensive and rare, thus 

limiting the utility of Ru(II) sensitizers in large-scale applications. Therefore, considerable 

effort has been expended on the development of dye sensitizers based on cheaper and more 

abundant metals, such as iron.27,28  

Ferrere and Gregg reported of a successful TiO2 sensitization by an iron complex, 

proving that Fe(II) polypyridines can be in principle used as dyes in DSSCs.29-31 

Unfortunately, Fe(II)-polypyridines are inefficient sensitizers, due to the presence of low-

lying photo-inactive ligand-field states (5T).32,33 Upon excitation with visible light, the 

initially populated photoactive MLCT states undergo intersystem crossing (ISC) into the 

ligand-field states on a sub-picosecond time scale.34-38 The ISC process thus competes with 

the IET into the CB of semiconductor, decreasing the IPCE of an Fe(II)-sensitized solar cell. 

Therefore, to achieve a more efficient sensitization, either the IET rate from the MLCT states 

has to be increased, or the ISC into the ligand-field 5T states needs to be retarded.  

A kinetic barrier to ISC can be introduced by raising the energy of metal-centered 

(MC) states by changing the ligand field around iron. Computational and experimental 

studies have demonstrated that the energy of MC states can be raised either by changing the 

geometry around iron to approximate a perfect octahedron39,40 or by including strong  donor 
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ligands like N-heterocyclic carbene (NHC)41 or aryl ligands.42-45 The studies on 

cyclometalated iron complexes have been mostly limited to computational work,42-45 but Fe-

NHC complexes were successfully synthesized41 and shown to possesses relatively long 

MLCT lifetimes. 

Wärnmark and coworkers were the first to synthesize the [Fe(CNC)2]
2+ (CNC = 2,6-

bis(imidazol-2-ylidene)pyridine) complexes, with MLCT lifetime of approximately 9 ps,41 a 

100-fold improvement compared to previously investigated Fe(II) polypyridines. 

Femtosecond transient absorption measurements also demonstrated that the ISC mechanism 

is similar to [Ru(tpy)2]
2+, as the 5MC state is not involved in the 3MLCT decay pathway. The 

rationale for the absence of the 5MC state and involvement of 3MC in the excited state decay 

process was provided from potential energy surfaces (PES) constructed using time-dependent 

density functional theory (TD-DFT) calculations.46 The long lifetime of the 3MLCT state was 

attributed to the presence of a barrier to population transfer from the 3MLCT to 3MC state.47 

One limitation associated with the Fe-NHC complexes is a blue-shift in the absorption 

relative to [Fe(tpyca)2]
2+ complex (tpyca = 2,2’:6’,2’’-terpyridine-4’-carboxylic acid). Gros et 

al. has shown that heteroleptic Fe(II) complex with pyridyl substituted tpy and CNC can 

further decrease the energy of MLCT states, red-shift the absorption spectrum, and increase 

the lifetime of Fe-NHC complexes.48,49 Experimental evidence of sensitization from 

[Fe(CNC)2]
2+ functionalized with a carboxylic acid group exists,50,51 but the poor 

performance in working DSSCs is attributed to various recombination processes between the 

injected electron and oxidized dye or the electrolyte at the interface.  

Fredin et al. predicted facile IET process employing density functional theory (DFT) 

calculations to obtain relaxed [Fe(CNC)(CNCca)]2+-(TiO2)92 assembly (CNCca = 

carboxylated CNC ligand) at the B3LYP level.52 Pastore et al. calculated the rates of electron 

and hole transfer from the dye in a [Fe(CNCca)2]
2+-(TiO2)82 slab employing the Fermi’s 

golden rule framework with parameters obtained from single point DFT calculations. These 

theoretical studies predicted strong coupling of the dye with the acceptor states in the TiO2 

conduction band.  

This work investigates IET in [Fe(CNCca)2]
2+ and [Fe(tpyca)2]

2+ sensitized TiO2, 

utilizing quantum dynamics simulations that provide a more complete description of the IET 

process than the more approximate approaches based on Fermi’s golden rule utilized in the 
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previous studies. All iron complexes studied in this work are shown in Figure 3.1. This work 

provides a comparison of IET in dye-TiO2 assemblies containing two dyes with very 

different excited state dynamics, as show in Figure 3.2. Fe(II)-polypyridines, such as 

[Fe(tpy)2]
2+ or complex 1b, typically undergo ISC from the initially-excited MLCT states 

into the 5T state on a 100 fs timescale.35,36 However, in the case of [Fe(CNCca)2]
2+ (complex 

2a), the 1MLCT excited states undergo ISC into a 3MLCT state with a time constant of 180 

fs, followed by internal conversion into the 3T that occurs on a slower timescale (~ 16 ps).51 

The quantum dynamics simulations described in this work allow us to gain a deeper 

understanding of the mechanism of the IET in both assemblies, and to determine the origin of 

high IET efficiency in the 2a-TiO2 assembly. 

 
Figure 3.1. Fe(II) dyes investigated in this study.  

    

Figure 3.2. Jablonski diagram describing relevant excited-state processes for 1b and 2b complexes.35 
51  
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3.2. Methods 

3.2.1 Ground State Structure Optimizations  

 Complexes 1a, 1b, 2a and 2b (shown in Figure 3.1) were optimized in their singlet 

ground states using the B3LYP functional.53-56 An SDD effective core potential and 

associated basis set57 was utilized for Fe, along with the 6-311G* basis set58-60 for all other 

atoms. Optimizations were performed with Grimme’s dispersion correction (GD2)61 and a 

polarizable continuum model (PCM)62 for water as the solvent. The local minima on the 

potential surface were confirmed for all the equilibrium structures with vibrational frequency 

analyses at the same level of theory.  

The density on the carboxylic acid linker in the extended Hückel virtual orbitals was 

obtained from the Mulliken population analysis,63 so as to estimate the electronic coupling 

between the donor states of the dye and the TiO2 acceptor states.  

3.2.2 Dye-TiO2 Assemblies Optimization 

 The dye-semiconductor assemblies were constructed from isonicotinic acid-TiO2 

models. The bulk anatase and nanoparticle slab models were optimized using the Vienna Ab 

initio Simulation Package (VASP)64-67 at the PBE68,69 level of theory with the Projector 

Augmented-Wave method.70,71 The basis set expansion was terminated at 500 eV. The unit 

cell for bulk anatase was obtained with 13  13  13 k-point sampling with vectors of a = b = 

3.81 Å and c = 9.77 Å and a tetragonal lattice. The bulk unit cell was extended and cut at the 

(101) surface prior to the functionalization with isonicotinic acid in either bidentate or 

monodentate attachment modes. The nanoparticle slab models (isonicotinic acid-TiO2) were 

optimized by relaxing the isonicotinic acid (bidentate or monodentate) along with the top two 

layers of Ti and the top four layers of O using 5  3  1 k-point sampling with lattice vectors 

of a = 15.25 Å, b = 10.49 Å and c = 26.00 Å. The detailed method for construction of the 

dye-TiO2 assemblies has been reported previously.30,31,45,72  

Complexes 1b and 2b were optimized by constraining the lower half of the pyridine 

ring (three carbons and two hydrogens) along with the carboxylic acid linking group at the 

isonicotinic acid structure of the isonicotinic acid-TiO2 slab model. Constrained 

optimizations of the dyes were done with the Gaussian 09 software package at the 

B3LYP+D2/6-311G* level of theory with water (PCM model) as solvent. The optimized 
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dyes were attached to the TiO2 surface using isonicotinic acid-TiO2 slab model as a 

reference,73 resulting in a dye-TiO2 supercell of dimensions 30.49 Å  31.46 Å  40.00 Å. 

3.2.3 Molecular Dynamics for Sampling at Room Temperature 

Molecular dynamic (MD) simulations were performed with density functional-based 

tight binding (DFTB) method implemented in the DFTB+ software suite.74 The mio and tiorg 

parameter sets were used for all simulations.75,76  

NVT simulations were performed on 1b and 2b complexes by constraining the lower 

half of the pyridine ring (three carbons and two hydrogens) along with the carboxylic acid 

linking group to the isonicotinic acid-TiO2 slab model for both monodentate and bidentate 

modes of attachments. All MD simulations were done at a temperature of 298.15 K and with 

the time step of 0.1 fs. The simulations were set for a total of 7 ps using the Nosé-Hoover 

thermostat77,78 with a chain length of 5 at coupling frequency corresponding to the largest 

frequency from vibrational analysis. The coupling frequencies for 1b and 2b were 3727.87 

and 3731.36 cm-1 respectively. The initial 5 ps were used for equilibration, then 10 samples 

were chosen randomly from the remaining 2 ps. This resulted in 20 conformations each for 

1b and 2b with 10 in the bidentate and 10 in monodentate attachment modes.  

3.2.4 Absorption Spectra 

Linear-response time dependent DFT (TD-DFT)79-81 calculations, implemented in 

Gaussian 09,82 with acetonitrile as implicit solvent (PCM model) were performed on 1b and 

2b to obtain the absorption spectra. The stick spectra were broadened using a Lorentzian 

function with a half-width-at-half-maximum (HWHM) of 0.12 eV.  

TD-DFT studies were conducted for 20 conformations of 1b and 2b obtained from the 

MD simulations as described above. The resulting absorption spectra for 1b and 2b in the 

bidentate and monodentate attachment modes were calculated by simple averaging of the 

broadened spectra. For each conformation, the initial states for quantum dynamics were 

constructed as a linear combination of the virtual orbitals that get populated upon 

photoexcitation utilizing the TD-DFT coefficients as weights.  
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3.2.5 Interfacial Electron Transfer 

Interfacial electron transfer (IET) from dye-TiO2 assemblies of 1b and 2b (DFT 

optimized structures and MD-generated samples) were obtained by propagating the time-

dependent electronic wave function 
  
y (t)  via quantum dynamics simulations utilizing 

extended Hückel (EH) Hamiltonian.83-86 

The initial states 
 
y

l
(0)  for the DFT optimized structures and the MD samples were 

obtained as the normalized linear combination of EH virtual orbitals. These EH orbitals 

match the DFT virtual orbitals that are populated upon light absorption at a given wavelength 

with coefficients ai. The initial state at a specific , 
 
y

l
(0)

 
was described as 

   

  

y
l
(0) =
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i

å
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2
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The coefficients, ai are obtained from TD-DFT calculations. Quantum dynamics 

simulations were performed for transitions with   350 nm, and virtual orbitals with 

contributions  10% were included in the composition of initial states. 

The Alvarez’s parameter sets87 produced EH orbitals that matched the shapes and 

energy ordering of the DFT orbitals. All quantum dynamic simulations were run at a frozen 

geometry for 2 ps with a time step of 0.1 fs in vacuum with periodic boundary conditions and 

k-point sampling of 1  1  1. Absorbing potentials corresponding to the imaginary terms in 

the diagonal elements of the Hamiltonian were assigned to the bottom layer of Ti to prevent 

artificial recurrences in the electron-transient population. Survival probability obtained from 

the IET simulation, at a particular , P(t), were fitted with a single, double or triple 

exponential function, expressed as  

  

P
l
(t) = C

i
e

-a
i
t

i=1

N

å , N = 1, 2, 3       2 

with the constraint 
  
P

l
(0) = 1 satisfied by 

  

C
i
= 1

i=1

N

å (N = 1, 2, 3) .  

An exponential fit with coefficient of determination R2 > 0.95 was the criterion to 

select the model for survival probability fit. Mostly single or double exponentials were 

sufficient for the P(t) fitting. Only a few were triple exponentials. The characteristic IET 
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time at a specific wavelength, IET(), was calculated from the expectation value of the 

survival probability given by 

  

t
IET

(l) =

t P
l
(t) dt

0

¥

ò

P
l
(t) dt

0

¥

ò

        3 

where 

  

P
l
(t) dt

0

¥

ò is a normalization factor. 

3.2.6 Theoretical Internal Quantum Efficiency 

Theoretical internal quantum efficiencies (TIQEs) were calculated for the DFT-

optimized structures and all the MD-generated samples of 1b and 2b for monodentate and 

bidentate modes of attachment at excitations with fosc > 0.01 in the visible region,   350 

nm. The TIQE at a given wavelength TIQE() was obtained with the expression  

        4 

where 
  
k

IET
l( ) = t

IET
l( )é

ë
ù
û

-1

. The distribution of TIQEs obtained from the 10 conformations of 

1b or 2b in monodentate or bidentate attachment mode were plotted as histogram by 

averaging over 10 nm intervals starting from 350 nm. 

 
The IET from MLCT to CB of TiO2 competes with the ISC from photoactive MLCT 

states to MC state. In this method for computing TIQE the ISC was assumed to be the only 

competing pathway and ISC was considered to be independent of the wavelength.72 The 

lifetimes of the 1MLCT states and the 3MLCT state for 2b obtained from the literature are 

180 fs and 16 ps51 respectively, and that of the 1b is 100 fs.36 The TIQEs were initially 

computed with kISC = (100 fs)-1 for both 1b and 2b to analyze the effect of difference in IETs 

between the two complexes. Then the role of ISC was analyzed by computing TIQEs with 

kISC = (180 fs)-1 and (16 ps)-1 for the 1MLCT and 3MLCT states, respectively, of  2b.    

3.3. Results and Discussion 

3.3.1 Geometry Optimizations and Calculated Absorption Spectrum 

Structure optimizations utilizing B3LYP+D2 functional were successful in reproducing 

the experimental crystal structures of 1a and 2a with minimal deviations (bond lengths ≤ 

1.5%, bite angles ≤ 0.3%) around the coordination environment of iron, as shown in Table 
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3.1. The presence of carboxylic linkers on the center pyridine rings (complexes 1b and 2b) 

did not change the optimized coordination environment around the iron significantly. The 

maximum deviation found in the bond length was 1% and in the bite angle was 0.1% for 1b 

and 2b compared to 1a and 2a (see the Appendix B Table B.1)  

    

Figure 3.3. Schematics of 1a and 2a with the atoms around iron labeled to help with the description 

of bonds and angles.   

Table 3.1. Comparison of optimized geometry at singlet state with the crystal structure obtained from 

literature.41,88-96 The bonds and angles are depicted in the schematics in Figure 3.3.  

Bonds and 

Angles around 

Iron 

Deviations from Crystal Structure 

(%) 

1a 2a 

Fe-N1/C1 (Å) 1.5 -0.3 

Fe-N2 (Å) 1.3 1.5 

Fe-N3/C3 (Å) 1.5 0.0 

Fe-N4/C4 (Å) 1.5 0.1 

Fe-N5 (Å) 1.5 0.9 

Fe-N6/C6 (Å) 1.4 -0.6 

N1-Fe-N3 (°) -0.1 -0.3 

N4-Fe-N6 (°) -0.1 0.1 

 

The absorption spectra obtained using TD-DFT on DFT-optimized structures of 1b and 

2b are shown in Figure 3.4. The calculated peak positions are consistent with the 

experimental spectra of these complexes reported in Eur J Inorg Chem 2015, 2469.51. The 

higher wavelength transitions correspond to MLCT and the lower wavelength ones to the 

ligand-centered -* transitions. The higher wavelength transitions for 2b are blue-shifted 

compared to 1b, in agreement with the experimental spectra. The Kohn-Sham (KS) orbitals 
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involved in transitions for 1b and 2b are given in Table B.2 and B.3 respectively in the the 

Appendix B.  

 

Figure 3.4. Calculated absorption spectra of 1b and 2b obtained from the Lorentzian broadening 

HWHM of 0.12 eV of the B3LYP TD-DFT spectrum in acetonitrile (PCM model). The oscillator 

strengths are shown as sticks with values on the right axis.  

3.3.2 Density of States for Singlets 

The dye-TiO2 assemblies were constructed for 1b and 2b complexes to analyze the 

alignment of their energy levels with respect to the acceptor states in the conduction band 

(CB) of TiO2. The density of states (DOS) for the monodentate attachment mode is shown in 

Figure 3.5. Both 1b and 2b have highest occupied orbitals (HOMOs) in the band gap of 

TiO2, as expected of any dye sensitizing a wide band gap semiconductor for solar cell 

applications. The lowest unoccupied orbital (LUMO) as well as higher energy virtual orbitals 

of 2b are raised relative to the energy levels of 1b. Hence 2b is expected to have higher 

driving force for electron injection into the CB. Similar behavior is observed for the bidentate 

mode of attachment, refer to Figure B.2 in the Appendix B for the DOS. But, as reported in 

the literature,45,72,85 electron density on the carboxylic acid linker that determines the 

coupling of the dye to the TiO2, is also an important parameter for efficient IET. In order to 

predict the possibilities of IET from the photoexcited 1MLCT states, both energy and density 

on the carboxylic acid linker of the newly populated virtual orbitals were considered, 

discussed in the following section.  
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Figure 3.5. Density of states of 1b-TiO2 assembly (blue line) with –COOH attached in a monodentate 

mode and the projected DOS on 1b (black line). The extended Hückel energy levels of the 

constrained dyes 1b and 2b are shown in green and red horizontal lines, respectively.  

3.3.3 Interfacial Electron Transfer  

The characteristic IET time (IET) was determined utilizing the 11 lowest energy virtual 

orbitals of 1b and 2b as initial states for the electron transfer into TiO2 in 1b-TiO2 and 2b-

TiO2 assemblies with the monodentate attachment mode. Since both the energy of the 

initially populated virtual orbital and the amount of electron density on the carboxylic acid 

linker are important for the IET efficiency, these are plotted along with IET for the EH 

orbitals shown in Figure 3.6.  

The LUMO of 2b has higher energy as well as electron density on the carboxylic acid 

linker compared to 1b and, as expected, has a shorter characteristic time. The IET for 

injection from the LUMO is 10 times shorter for 2b than that of 1b. The higher energy of the 

LUMO of 2b places it in the CB region with the higher density of acceptor states, and higher 

density on –COOH leads to better coupling with the TiO2 orbitals.  

However, the situation is different for higher energy virtual orbitals of 2b. A set of 

virtual orbitals (LUMO+4, LUMO+5) with ~ 9% electron density on –COOH is situated in 

the region between -8.5 eV and -8 eV, and another set (LUMO+8, LUMO+9) with ~5% has 

energy > -7.2 eV. As seen from Figure 3.5, the advantage of raising energy is not significant 

for orbitals with energy higher than ~ 9 eV because the number of available acceptor states 

on the CB decreases with energy. This is clear from the IET of LUMO+4, LUMO+5 

compared to LUMO+8, LUMO+9. Even though both sets have similar electron distribution 
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on –COOH linker (< 10%), the available acceptor states in the CB of TiO2 is significantly 

lower for the LUMO+8, LUMO+9 leading to longer IET, in spite of having higher energy.  

Clearly, from Figure 3.6, considering the intersystem crossing time ISC = 100 fs, not 

much improvement is observed in the number of MLCT states with the potential to transfer 

an electron into the CB of TiO2 when compared for 2b to 1b. Most of the IET for 2b are still 

in the picosecond timescale, therefore electron injection efficiency can potentially improve if 

the ISC increases to ~ 20 picosecond timescale or higher, providing enough time for all the 

1MLCT states to transfer electrons into semiconductor. The experimentally known ISC from 

1MLCT to 3MLCT is 180 fs,51 shown as the dashed blue line in Figure 3.6 is not slow enough 

compared to the IET, hence not much improvement in electron injection efficiency is 

expected from the 1MLCT.    

 

Figure 3.6. Characteristic IET time (IET) calculated for electron injection from the 11 lowest energy 

virtual orbitals of 1b and 2b attached to the (101) surface of TiO2 in a monodentate mode via the 

carboxylic acid (-COOH) linker. The dashed lines represent the time constants for ISC process, 100 fs 

(red) and 180 fs (blue).35,51  

Figure 3.6 shows that in 2b the electron density on the –COOH is less for the higher 

energy orbitals indicating a lower potential for IET from the higher energy excited states 

Similar low electron injection ability for the higher energy orbitals were reported by Gros et. 

al. utilizing different approach of optimization involving a single point DFT computation on 

the interface of 2b-TiO2 assembly.97 Significantly high electron density is on the –COOH of 



 47 

LUMO for the bidentate (Figure B.2 in the Appendix B) as well as monodentate binding 

modes of attachment. The lowest energy excitations of 1b and 2b, 442.92 nm and 426.19 nm 

respectively, in the monodentate attachment mode, comprise of linear combination of LUMO 

and LUMO+1 orbitals (see Figure 3.7). Since LUMO and LUMO+1 orbitals have similar 

energies but one injecting and the other is non-injecting into the CB of semiconductor, due to 

the difference in electron density on carboxylic linker, both will affect the IET of the excited 

state they are contributing to.    

We have observed that similar contribution of injecting and non-injecting states 

artificially reduces injection from the resulting excited state, and consequently lowers the 

TIQE. This is clear from TIQEs calculated for 1b-TiO2 in both monodentate and bidentate 

attachment modes, shown in Figure 3.7. The TIQE calculated for the lowest energy MLCT 

state is negligible. Similar behavior was observed for the bidentate attachment mode (Figure 

B.3 in the Appendix B). Hence we decided to include nuclear motion at room temperature, 

via MD simulation with DFTB theory, that reduces the degeneracy of the orbitals of the dye, 

and/or delocalize the electron density between the two ligands for a degenerate set of 

orbitals. The dye is not static on the surface of TiO2; therefore inclusion of samples will more 

accurately represent the actual condition of the dye in a DSSC. The injection rates of the 

excited states described using TD-DFT for the samples were obtained employing quantum 

dynamics simulations. The distribution of theoretical internal quantum efficiencies of these 

excited states were plotted as discussed in the next section.  

 

Figure 3.7. The theoretical internal quantum efficiencies (TIQE), for transitions with  ≥ 350 nm and 

fosc ≥ 0.01, of DFT optimized structure of 1b and 2b attached to the surface of TiO2 in the 
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monodentate mode. Note: the TIQE ranges up to 60%. The contributions (%) of the orbitals that are 

populated after absorption of light are shown for the lowest energy excitation.  

3.3.4 Theoretical Internal Quantum Efficiency (TIQE) 

The probability of electron injection into the semiconductor from an excited state 

formed at a specific wavelength was calculated as TIQE. The absorption of light transfers 

electron density from a set of occupied orbitals to a set of virtual orbitals with different 

contributions. The electron density distribution of the resultant excited state then determines 

if the coupling of the dye with TiO2 orbitals on the surface is sufficient for IET. The 

absorption spectrum depends on the geometry of the complex and hence it was different for 

the 10 conformations selected from the MD simulation. Therefore IET were computed for all 

10 conformations, independently for absorptions  ≥ 350 nm. Two sets of TIQEs were 

obtained for 2b one set at ISC = 100 fs and other set at ISC = 16 ps. For 1b only the ISC = 

100 fs was considered since these rapidly cross from the MLCT states to ligand field state 

5MC, the lowest energy excited state. The distributions of TIQEs for the monodentate 

attachment are shown for 1b and 2b in Figure 3.8. 
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Figure 3.8. Distribution of TIQEs obtained for 10 conformations each of constrained optimized 1b 

and 2b  attached to (101) surface of TiO2-anatase in a monodentate mode via the –COOH linker. Left 

column is for ISC  = 100 fs and right is for ISC  = 180 fs. The dotted line is the average absorption 

over the TD-DFT spectra from the 10 conformations. TIQEs were computed for  ≥ 350 nm.  

Theoretical quantum efficiency at a particular  depends on the IET at that wavelength 

as well as ISC, assumed here to be independent of the wavelength. Since TIQEs depend on 

these two factors, for a specific ISC = 100 fs the difference in the quantum efficiency 

between 1b and 2b is due to difference in their IET (Figure 3.8, left). The TIQEs for 2b are 

much lower than the experimental value ~ 92% reported by Warnmark et al.50 Also, the 

TIQEs for 2b are not improving relative to that of 1b indicating that the IET times for the 

1MLCT states are not changing or reducing slightly with the inclusion of NHC in the 

terpyridine ligand scaffold. Some of many factors that can lead to not significant 

improvement in IET are the decrease in the density on the –COOH linker, decrease in the 

available acceptor states in the CB of TiO2 for higher energy orbitals, and contribution from 

one or many non-injecting states upon photoexcitaton. Only slight improvement in TIQEs of 

2b are observed for ISC = 180 fs (Figure 3.8, right). This clearly demonstrates that the 

presence of NHC ligands does not significantly improve electron injection from the 1MLCT 

states into the CB of TiO2 compared to the 1b. Similar behavior was seen for the bidentate 

mode of attachment (the Appendix B Figure B.4).  

The initially excited states undergo ISC from 1MLCT to 3MLCT in 180 fs. Unlike Fe-

polypyridine dyes, the presence of a strong ligand field CNC raises the MC states, 

consequently the 3MLCT does not undergo intersystem crossing to 5MC, instead it crosses to 

a lower lying 3MC state. The 3MLCT to 3MC ISC is a slow process and occurs in ~ 16 ps.51 

In the 3MLCT the electron injection into the CB is from the singly occupied eHückel orbital. 

The longer lifetime of 3MLCT leads to > 90% injection efficiency as seen in (right histogram 

in Figure 3.9) for the monodentate attachment mode as well as for the bidentate attachment 

mode, the Appendix B Figure B.5.  
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Figure 3.9. Interfacial electron transfer IET from the singly occupied orbital of 3MLCT (left) and the 

TIQE for ISC  = 16 ps (right) of 2b-TiO2 assemblies in monodentate attachment mode.  

3.4. Conclusions 

The limited application of Fe(II) polypyridines as sensitizers in DSSCs stems from 

their short-lived MLCT states populated upon absorption of visible light. The initially excited 

MLCT states undergo ultrafast ISC into a photo-inactive 5T state that no longer injects 

electrons into the CB of the TiO2 semiconductor. The quantum efficiency of IET can be 

improved either by increasing the IET rate (kIET) from 1,3MLCT states or by slowing down 

the ISC rate (kISC).  

Recently, it has been reported that Fe complexes with NHC ligands, such as dye 2b, 

possess MLCT states with ps lifetimes, capable of injecting electrons into the CB of TiO2 

with ~ 92% quantum efficiency. In this study, we obtained the IET rates for the electron 

transfer from the initially excited 1MLCT states of 1b and 2b and have not found marked 

improvement in IET for 2b relative to the 1b. The TIQEs computed for 1MLCT states of 2b 

at the ISC time of 180 fs are less than 40%, which is much lower than the experimentally 

observed quantum efficiency of 92%. The TIQEs computed from 3MLCT state of 2b that has 

a lifetime of 16 ps is greater than 90%. This clearly indicates that the higher quantum 
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efficiency seen for 2b is not resulting from an improvement in the IET rate, but is due to the 

long-lived charge transfer state resulting in a slower ISC.  
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 CHAPTER 4 

Alexey Bondarev, an undergraduate student, and George Van Den Driessche, a graduate 

student at North Carolina State University, have contributed to the computational studies 

presented in this chapter. 

 

Tuning the Ligand Field Strength of Fe(II)-polypyridine Complexes  

 

Abstract 

The ability to tune the ligand field strength (LFS) of Fe(II)-polypyridines is important for the 

rational design of chromophores based on cheaper and more abundant metals with favorable 

optical properties for DSSCs. One of the methods to increase the LFS of a complex is to 

enforce the octahedral geometry around the Fe center, and we have taken this approach with 

the [Fe(tpy)2]
2+ (tpy = 2,2’;6’,2’’-terpyridine) complex. A more ideal octahedral environment 

around Fe was achieved by adding groups bridging the central and the side pyridines of the 

terpyridine ligand. The pyridine bridging groups (Y) included O, NH, S, C(CH2), C(CF2), 

CO, CS, C(NH), C(NCH3), CH(CH3), C(CH3)2, CF2, and CH2. Density functional theory at 

the B3LYP level with 6-311G* and SDD (Fe) basis sets was utilized to optimize all 

compounds in their singlet and quintet states. The calculated quintet-singlet spin state energy 

differences were then used as a measure of their LFS. We found that the carbonyl bridging 

group results in the strongest ligand field out of our sample set, while C(CH3)2 results in the 

weakest LFS. Additional studies using natural bond orbital analysis on the singlet spin states 

and model complexes were conducted to understand the effect of geometric (Fe-ligand bond 

length, tilt and rotation of the pyridine rings, and volume of the connecting groups) and 

electronic properties ( and  interactions) of the connecting groups on the LFS of the Fe(II) 

complexes. Overall, we find that Fe-ligand bond lengths and the strength of  interactions are 

the two properties with the strongest impact on the LFS of Fe(II)-polypyridines.  
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4.1. Introduction 

Transition metal complexes anchored to semiconductor surfaces play an important role 

as chromophores in artificial systems for solar energy conversion, such as dye-sensitized 

solar cells (DSSCs).1,2 Fe(II)-polypyridines represent a cheaper alternative to Ru(II)-

polypyridines that are often used as sensitizers in DSSCs.3-7 The main obstacle to the 

utilization of Fe(II)-complexes in DSSCs is the short lifetime of its initially excited states that 

is caused, in part, by a weak ligand field strength (LFS) of these complexes.8 Therefore, the 

ability to control the LFS of Fe(II)-polypyridines is important for designing chromophores 

based on cheaper and more abundant metals with favorable optical properties for DSSCs. 

The LFS in Fe(II) complexes can be tuned either by (i) incorporating strong  donor ligands6 

or by (ii) changing the geometry around iron to a near perfect octahedron.5  

The concept of a strong  donor ligand was demonstrated successfully by Wärnmark et 

al.6 It was shown that for [Fe(CNC)2]
2 (CNC = 2,6-bis(3-methylimidazole-1-

ylidine)pyridine), a strong field ligand N-heterocyclic carbene increases the lifetime of its 

3MLCT state by 100 fold.6,9-15 Other theoretical studies have also predicted that by 

cyclometalating the terypridine ligands of [Fe(tpy)2]
2+ (tpy = 2,2’;6’,2’’-terpyridine), the ISC 

process can be delayed. 16-19  

McCusker and coworkers have demonstrated the effect of geometry around Fe on the 

LFS. They showed that the LFS of [Fe(tpy)2]
2+ can be increased by incorporating carbonyl 

groups as a bridge between the pyridines in the tpy ligand, creating a dcpp ligand (dccp = 

2,6-bis(2-carboxypyridyl)pyridine), which provides a perfect octahedron around the iron 

center.5 It was proposed that the homoleptic complex, [Fe(dcpp)2]
2+, is close to the 3T/5T 

crossing point, and undergoes relaxation from 3T to 1A based on the shorter ground state 

recovery time. Similar results were also observed for other heteroleptic and homoleptic Fe(II) 

sensitizers with dcpp and ddpd (N,N’-dimethyl-N,N’-dipyridine-2-yl-pyridine-2,6-diamine) 

ligands.20  

The LFS of a sensitizer depends on the geometry around iron, and the electronic 

interactions ( donation,  back-bonding and  donation) of the ligand with the iron center. 

Any modification to the ligand scaffold alters both the geometry around Fe and metal-ligand 

electronic interactions that will then affect the LFS of the complex. It is critical for the 
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rational design of photosensitizers that we understand the effect of these parameters on the 

LFS.  

In this study, we have explored the contribution of the pyridine bridging group (Y), 

carbonyl, in [Fe(dcpp)2]
2+  on its LFS by substituting the carbonyl with other groups as 

shown in Figure 4.1 and Figure 4.2. The LFS of the series of complexes investigated in this 

study varied significantly, ~ 30 kcal/mol, with the bridging group. Also, we determined the 

significance of geometric and electronic parameters on the variation of the LFS. It was found 

that the LFS has a strong negative correlation with Fe-ligand distance. Among the electronic 

interactions it was found that the  interaction is statistically the most significant predictor of 

the LFS. However this information did not explain if the observed variation in the LFS is 

mostly due to changes in the Fe-ligand distance, or due to changes in the electronic 

interactions with the Y.   

Since the Y affects simultaneously the electronic interaction and Fe-ligand distance, it 

is difficult to decouple these in the complexes shown in Figure 4.1 and Figure 4.2. In order to 

understand the changes in the electronic interactions caused by the presence Y group, we 

used a [Fe(NH3)4(pyridine)2]
2+ model with fixed geometry around the Fe center shown in 

Figure 4.13. The Y were included as substituents on the para position. It was found that the Y 

did not significantly change the electronic interactions in the model complex, hence the 

electronic interactions cannot be considered the only factor in the LFS trend seen for the 

complexes in Figure 4.1 and Figure 4.2. Also, the electronic ( and ) interactions decrease 

with the Fe-ligand distance. Therefore, the observed trends in the LFS can be attributed to a 

balance between the Fe-ligand distance and the decrease in the electronic interactions with 

the Fe-ligand distance.  

4.2. Methods 

4.2.1 Geometry Optimizations  

Complexes shown in Figure 4.1 were optimized in the singlet, triplet and quintet spin 

states employing the B3LYP functional21-24 and Grimme’s D225 dispersion correction. The 

SDD effective core potential and associated basis set for Fe26 and 6-311G* basis set for all 

other atoms (C, H, O, N, S) 27,28 were used. Optimizations were carried out using an ultrafine 

grid and water as an implicit solvent defined with polarizable continuum model (PCM)29 

model. The local minima at their respective potential energy surfaces were confirmed with 



 61 

the vibrational frequency analysis. Optimized geometries are provided in the Appendix C. 

Natural bond orbital analysis30 for open-shell systems was performed to verify a metal-

centered electronic state. All calculations on the molecular complexes were carried out using 

Gaussian 09 software package.31   

 

 

Figure 4.1. Complexes investigated in this study (2-14) were formed by adding a pyridine bridging 

group (Y) to 1. 

 

Figure 4.2. Configurational isomers of complexes with Y as CNH, CNCH3 and C(H)CH3. In complex 

11a the CH3 of bridging group has a weak interaction with the phenyl, however in 1b the H weakly 

interacts with the phenyl.   

4.2.2 Natural Bond Orbital Analysis  

Natural bond orbital (NBO 6.0)32 population analysis was performed on the singlet 

optimized structures of complexes shown in Figure 4.1 by single-point calculations at the 

same level of theory and basis sets as for the geometry optimization. A consistent Lewis 

structure was defined for all the complexes using the CHOOSE procedure implemented in 

NBO 6.0. The description of the Lewis structure included three lone pairs on Fe and a lone 

pair on each pyridine nitrogen atom.  The  interaction of the ligand with Fe and the  back-

bonding from the Fe to the pyridine rings on the ligand were estimated using the perturbation 

theory energy analysis. The stabilization energy E(2) from an ith donor bond orbital (filled) to 

jth acceptor bond orbital (unfilled) was  evaluated as    
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where the i and j are the orbital energies of the ith and jth NBO respectively, 
  
f

i
F̂ f

j
 

is the off-diagonal NBO Fock matrix element and qi is the occupancy of the ith donor bond 

orbital. The threshold for printing the stabilization energy was 0.1 kcal/mol. The complexes 

investigated were homoleptic hence the  and  interactions were determined from the 

interactions of a single ligand with the Fe.  

The  interaction was estimated by combining the stabilization energies from the lone 

pair on the pyridine nitrogens to the dz
2 and dx

2
-y

2 orbitals on Fe. The  interaction was 

computed by combining the stabilization energies from the dxy, dxz, dyz on Fe to the * 

orbitals on the ligand. An example of the set of NBOs considered for constructing the donor-

acceptor pairs for the 2 are shown in Figure 4.2. 

 

Figure 4.3. Sets of the donor and acceptor NBOs that were considered for computing the  and  

interactions of one of the dcpp ligands with Fe in 2.  

4.3. Results and Discussion  

4.3.1 Geometry Optimization and Ligand Field Strength (LFS) 

The complexes shown in Figure 4.1 and Figure 4.2 were optimized in singlet and 

quintet spin states. These were derived from the parent complex 1 by adding a Y group, 

whose presence results in a near perfect octahedral geometry around Fe to close to a perfect 

octahedral.  

Complexes 1 and 2 have been reported to be singlet5,33-41 in the ground state. The 

comparisons between the optimized structures of 2 and 3 with their respective crystal 

structures using B3LYP and B3LYP+D2 are reported in Table 4.1. The inclusion of 
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dispersion correction in the method shows marked improvement in the geometry, especially 

the Fe-N length and CO/CH2-pyridine stacking distance between the bridging groups of one 

ligand with the pyridines of other ligand. The computational method resulted in a geometry 

with small deviations from the crystal structure, therefore is suitable for the determination of 

structures of complexes investigated in this study. 

Table 4.1. Optimized structures with and without dispersions of 2 and 3 were compared to their 

respective crystal structures. The quality of the optimized structure was estimated by measuring the 

deviations of the average Fe-N bond length, average bite angle and average stacking distance (CO / 

CCH2 – pyridine) from the crystal structure. RMSD is the root mean square displacement of the 

optimized structure from the crystal structure.  

% Deviation from crystal structure  
2 3 

B3LYP B3LYP+D2 B3LYP B3LYP+D2 

Fe – N [Å]a 3.06 1.54 3.26 1.46 

Bite angle [°]a 0.84 0.92 -0.60 -0.37 

CO / CCH2 – pyridine [Å]a 7.83 0.63 8.67 0.14 

RMSD [Å] b 0.20 0.16 0.18 0.08 
a Average values were calculated. Six Fe-N bond lengths and two bite angles and four CO / 

CCH2 – pyridine distances were considered for their respective averages.    
b Hydrogen atoms are excluded as their positions are not resolved in X-ray crystal 

diffraction.   

 

In general, DFT calculations do not predict the correct spin in the ground state because 

the relative stabilities of high-spin and low-spin states depend strongly on the amount of 

exact exchange in the DFT functional.42,43 However, they can still be employed to determine 

the relative LFS of a set of structurally related complexes. It was shown previously that 

structurally related complexes have similar error in the EHS/LS,
42 an estimate for the LFS. 

Structurally related complexes are defined as those that undergo similar changes in the Fe-

ligand bond lengths, R (schematic provided in Figure 4.4), between the high-spin and low-

spin structures. Most of the complexes investigated in this study have similar R, 0.15 or 

0.16 Å (see Table 4.2).  Only the ones with bridging group as CF2 and CH(CH3)
isomer1 have 

R intermediate between those of 2 and 1. However, the scans of their EHS/LS with respect to 

the amount of exact exchange in the functional, are parallel to that of 2 (see Figure C.1 in 

Appendix C) hence they were included in the analysis.  

The plot of EHS/LS vs the type of connecting group is shown in Figure 4.5. Based on 

the value of EHS/LS, the ordering of the complexes according to increasing LFS is C(CH3)2, 
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CF2, CH(CH3)
isomer1, S, CH(CH3)

isomer2, CH2, NH, O, CCF2, CNCH3
out, CCH2, CNCH3

in, 

CNHin, CNHout, CS, CO. Among the list of complexes investigated, the 2 has the strongest 

LFS and the complex with Y as C(CH3)2 has the weakest LFS. It is interesting that the type 

of Y significantly changes the LFS, it varies by ~ 30 kcal/mol.  

 

Figure 4.4. (a) Parameters considered in determining the deviation from an ideal octahedral 

environment around the central metal Fe. <Req> and <Rax> are the average equatorial and axial bond 

lengths. (b) The increase in the average bond length upon transition from singlet to quintet spin state.  

<RQuintet> and <RSinglet> are the average Fe-ligand bond lengths of the optimized geometries with 

singlet and quintet spins respectively.   
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Table 4.2. The bite angle and difference in the average equatorial and average axial bonds, Δr(eq-ax), 

of the optimized structure with singlet spin. The energy difference between the optimized quintet and 

singlet states EQ/S , and change in average Fe-ligand bonds R(Q-S) on undergoing a change in the 

spin multiplicity from singlet to quintet for all complexes. EQ/S 
 
is the ligand field of complex 

relative to the reference complex 2. Complex 1 does not contain Y.     

Bridging Group 

Octahedral Environment LFS 
EQ/S  

(kcal/mol)
 Δr(eq-ax) 

[Å] 

Bite angle [°] 

 
EQ/S 

[kcal/mol]
 

ΔR(Q-S) 

[Å] 

2 0.02 179 12.05 0.15 0.00 

4 0.02 178 9.97 0.16 -2.08 

5a 0.01 179 9.04 0.16 -3.01 

5b 0.02 179 8.60 0.16 -3.45 

6b 0.02 178 8.54 0.16 -3.52 

3 0.01 179 7.56 0.16 -4.49 

6a 0.00 179 7.08 0.16 -4.98 

1 0.10 162 5.83 0.23 -6.23 

7 0.00 178 5.73 0.16 -6.32 

8 0.02 176 4.57 0.16 -7.48 

9 0.00 178 3.77 0.15 -8.29 

10 -0.01 179 1.20 0.16 -10.86 

11b 0.00 178 -1.44 0.16 -13.50 

12 -0.02 178 -2.03 0.15 -14.08 

11a -0.02 178 -3.37 0.20 -15.43 

13 -0.01 180 -5.70 0.20 -17.76 

14 -0.07 180 -19.94 0.15 -32.00 
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Figure 4.5. Energy differences of the optimized geometries in the quintet and singlet spin states. 

Geometries were optimized using the B3LYP+D2 functional with SDD for Fe and 6-311G* for other 

atoms in water described with PCM model. 

4.3.2 Geometric Factors Affecting LFS 

The LFS of a Fe-polyrpyridine complex depends on the geometric parameters like the 

distance of ligand from the Fe, volume of the connecting group, tilt and rotation of pyridine 

rings, and bite angle. Schematic diagrams of these parameters are shown in Figure 4.6. The 

distance of ligand from Fe is calculated as the average <Fe-N> bond. The volume of Y is 

calculated as the total area of the overlapping circles with van der Waal’s radii of the 

composing atoms. The tilts in side and center pyridines were calculated as average of 

distances of the nitrogen of pyridine from the plane defined by FeC1C2 as shown in Figure 

4.6. The bite angle is the angle formed by the Fe with the nitrogen of the side pyridines on 

the same ligand.   
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Figure 4.6. Schematics of the geometric factors that affect the LFS of sensitizers are shown. The 

changes in geometry of one of the ligand due to the presence of Y is shown at the top left corner 

where the Fe(tpy) is in red and Fe(dcpp) in blue.  

The rotation was quantified as dihedrals of the pyridine rings opposite to each other. 

The dihedral angles could not be accurately determined for the set of complexes in this study 

(Figure 4.1 and Figure 4.2) because of other changes occurring in conjunction like tilt of the 

pyridine rings. In order to understand the role rotation plays in modulating the LFS, a model 

complex 15 (shown in Figure 4.7) was optimized in D2h symmetry at the same level of theory 

(same as for complexes in this study) maintaining the dihedral angle as 0°. Then the dihedral 

was selectively changed to 22.5°, 45°, 90° and the corresponding electronic structure was 

determined from single point calculations. The effect of rotation on the  donation and  

back-bonding were calculated from NBO analysis at each dihedral angle. The  donation was 

quantified with the % of electron density on Fe. The electron density on Fe decreases with an 

increase in the  donation.  
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Figure 4.7. The model structure of 15 optimized at D2h symmetry at B3LYP+D2 level of theory with 

SDD for Fe and 6-311G* for other atoms in water described using PCM model. Single point 

calculations by varying the dihedral angle were conducted to understand the effect of rotation on 

electronic properties:  donation,  back-bonding and  donation.  

The degree of octahedral geometry in a complex was determined from the bite angle 

and the difference between the equatorial and axial bond lengths, r (schematic shown in 

Figure 4.4). All complexes have bite angle ~ 180° and r ~ 0 Å, hence a perfect octahedral 

structure around iron (see Table 4.2). 

Among the geometric parameters, the bite angle and the tilt of the side and center 

pyridines do not vary much nor show any correlation with the LFS for the set of complexes. 

The bite angle is ~179(± 1)° which is similar to that of an ideal octahedral geometry and no 

tilt is observed in the center pyridine rings. The side pyridines do tilt in the presence of Y but 

the variations are small (0-0.37 Å), and show no correlation with the LFS (Appendix C, 

Figure C.5). The base complex [Fe(tpy)2]
2+ without any connecting group has 0 Å tilt in the 

center and side pyridines, and maximum tilt of 0.37 Å is observed in the side pyridines for 

C(CH3)2. Hence we can safely eliminate the bite angle and tilt from the list of geometric 

factors that affect the LFS.  

The LFS has a strong negative correlation with the average <Fe-N> bond as shown in 

Figure 8 indicating that as the pyridines move farther away from the Fe center due to the 

presence of Y, the ligand field strength will decrease. Similar results were reported earlier 

that demonstrated the importance of a shorter Fe-N distance in increasing the LFS.44 It was 

also found that increasing the Fe-N distance of the side pyridine has greater impact on the 

LFS than the center pyridine shown in Appendix C, Figure C.6. This can be explained based 
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on the higher number of side pyridines compared to the center pyridines, 4 vs 2, respectively, 

in a complex with bis-tridentate ligands.  

The type of hybridization of carbon in Y also affects the LFS. The set of complexes 

where the Y has sp2 hybridized carbon (marked in circle, Figure 4.8) are observed to be 

closer to the iron center than those with an sp3 hybridized carbon leading to a stronger LFS in 

the former. Another parameter that varied the LFS is the size of the Y. If a bulkier group like 

S is considered as Y instead of O, it pushes the pyridines away from the iron center, and 

consequently reduces the LFS. Similarly, as more hydrogens of CH2 are replaced with CH3, 

the <Fe-N> increases leading to a decrease in the LFS, as seen in CH2, CH(CH3) and 

C(CH3)2 where the LFS decreases from left to right.  

   

   

Figure 4.8. The correlation of the LFS, EQ/S with the average bond length <Fe-N> of the complexes 

in singlet spin. The top circled data represent the set of complexes with different A and the rest of the 

complexes differ in the type of Y.  

The steric property of Y, quantified as its volume, shows weaker correlation with the 

LFS for complexes with sp2 hybridized carbon (green labels in Figure 4.9) compared to the 

complexes with sp3 hybridized Y. However, overall correlation is not good with the volume 

of Y. Since volume indirectly affects the LFS by changing the <Fe-N> bond, the correlation 

of the average Fe-N bond with the volume of pyridine is also important that is shown in 

Figure 4.10. Similar to the effect of volume on LFS, a weaker correlation is observed for 

complexes with sp2 hybridized carbon. This indicates that the set of complexes with sp2 
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hybridized carbon does not significantly alter the Fe-N distance leading to lower impact on 

the LFS, hence these appear as the cluster shown in Figure 4.8. Therefore, the presence of S 

instead of O as a Y decreases the LFS by 6.60 kcal/mol compared to when S is attached to a 

sp2 hybridized carbon (C=S vs C=O the decrease in LFS is 2.08 kcal/mol).  

 

   

Figure 4.9. EQ/S correlation with the volume of the Y.  

   

Figure 4.10. Variation of <Fe-N> bond length due to the volume of Y.  

The relative rotation of the trans-pyridines in 15 for dihedrals of 0°, 22.5°, 45° and 90° 

did not significantly change the  donation (54.3 – 54.8 kcal/mol),  back-bonding (4.6 – 4.8 

kcal/mol) and  donation (95.6 – 96.6 %) indicating that the rotation does not affect the LFS. 
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In conclusion, among the geometric factors we have found that the most important is the 

<Fe-N> bond and the volume of Y is indirectly playing a role in modulating the LFS by 

changing the proximity of polypyridines to the Fe center.  

4.3.3 Electronic Factors Affecting LFS 

The electronic factors that can affect the LFS are  donor,  donor and  acceptor 

interactions of the ligand with the Fe center. The  donor and  acceptor interactions were 

quantified using NBO analysis as mentioned in the method. These interactions are measured 

in kcal/mol and higher value indicates stronger interactions. The  donor interaction was 

quantified using % electron density on Fe and the way to look at it is different from the 

interaction energy as stronger  donor interaction will lead to more delocalization of the 

electron density from Fe onto the ligand causing a decrease in % electron density on Fe. The 

 donor interaction was calculated for the complexes being investigated because the HOMO, 

HOMO-1 and HOMO-2 KS orbitals have * character, shown in Figure 4.11 for the 1 and  2. 

Weak interaction between the Fe center and ligand will concentrate more electron density on 

the Fe and delocalization of density from Fe to ligand means stronger interaction.  

 

Figure 4.11. Kohn–Sham t2g (black) and eg* (red) orbitals of 1 and 2 in singlet optimized structures. 

The isovalue of KS orbitals is 0.02. Left: Contours of the lowest energy orbitals in the t2g sets of 1 and 

2. Contours have isovalue 0.4 and resolution 0.1 Å.  

A strong positive correlation was found between the LFS EQ/S and  donation energy 

(R2 = 0.94) for all the complexes as shown in Figure 4.12. The effect of -interactions that is 

back-bonding and donation is not significant as the linear regression model shows lower 

coefficient of determination (R2 = 0.86) and no correlation respectively (Appendix C Figure 

C.7 and C.8). Multiple regression analysis using lm() model in R package45 indicates that the 
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dependence of LFS on the  back-bonding and donation are not statistically significant with 

T-test values of  0.38 and 0.17 respectively (Appendix C Table C.2).    

 

   

Figure 4.12. LFS vs the  donation from the lone pairs on pyridine to empty 
  
d

x
2- y

2
 and 

  
d

z
2  on Fe.  

4.3.4 Decoupling the Electronic and Geometric Factors 

In the set of complexes that were investigated, the presence of Y not only affects the  

donation,  donation and  back-bonding of the bis(terpyridine) by modulating the electron 

density of the ligand, but also changes the geometry around the Fe center that consequently 

affects the interaction of terpyridine with the Fe center. In order to understand the effect of Y 

on the  donation,  donation and  back-bonding interactions at a fixed geometry, complex 

15 was considered at D2h symmetry (dihedral 0° between the trans pyridines). Constraint 

optimizations were performed by substituting Y with CH3 at the para position of pyridines on 

the model structure and relaxing only the Y-CH3 moiety in Figure 4.13.    

The  donation and  back-bonding interactions measured in kcal/mol were computed 

from NBO analysis whereas the amount of  donation was quantified with % electron on Fe 

center of HOMO. The data obtained by varying the substituents at the para position are 

shown in Figure 4.14. The changes in the  or  interactions are subtle with variations in the 

type of substituents at the para positions. The  donation ranges from 54.3 to 54.8 kcal/mol, 

 back-bonding ranges from 4.6 to 4.8 kcal/mol and  donation varies from 95.6 to 96.6 

kcal/mol. In general no trend in any ( donation,  back-bonding and  donation) 
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interactions were seen with the LFS of the complexes investigated (Figure 1 and Figure 2) in 

this study. This shows that the electronic effects of the substituents are not significantly 

different for a specific geometry around the Fe. Since in the complexes studied the <Fe-N> 

distance is not the same, we investigated the variation in the  donation,  back-bonding and 

 donation with <Fe-N> for the model complexes with carbonyl and vinyl connecting 

groups, shown in Figure 4.15. 

    

 

Figure 4.13. Model structures to decouple the electronic factors from the geometric factors to 

understand the role of substituents on the  donation,  donation and  back-bonding interactions. 

Optimizations were performed with the previously mentioned computational method and constraining 

the part shown in black.  

As the Fe-pyridine distance increases, the  donation and  back-bonding interaction 

energies decrease but the variation in  donation is more significant compared to  back-

bonding. The % electron on Fe of the HOMO increases indicating that  donation decreases 

with Fe-pyridine distance but the decrease is less compared to  donation. At a particular 

<Fe-N> distance the  donation and  donation are higher for 15b compared to 15a whereas 

opposite is observed in the case of  back-bonding. Since in the complexes investigated, 2 

and 3, the <Fe-N> distances are 2.1 and 2.2 Å, respectively, it is not surprising as seen from 

the results on these model complexes that the  donation are 258.78 and 253.44 kcal/mol 

respectively. The decrease in the  donation with <Fe-N> distance is significant in the case 

of complex 3 causing the complex 2 to be a better  donor. The  donation is ~ 87 % for both 

and  back-bonding is ~15 kcal/mol for both. Hence the rapid decrease in the  donation 

with <Fe-N> is a major factor responsible for the LFS observed in the complexes in this 

study.  
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Figure 4.14. The  donation,  back-bonding and  donation interactions for the model structures 

15a-j.  

   

Figure 4.15. The variation in the  donation,  back-bonding and  donation interactions for the 

model structures 15a and 15b as connecting groups with an increase in <Fe-N> bond. The data at the 

<Fe-N> bond lengths for 2 and 3 are marked in grey and brown, respectively.  

4.4. Conclusions  

In this study we investigated the effect of changing the Y on the LFS. The chemical 

identity of the Y group impacts the geometry around the Fe center, as reflected by the <Fe-

N> distance, octahedral symmetry, tilt and rotation of the pyridine ligand, as well as 

electronic interactions ( donation,  donation and  back-bonding) between the terpyridine 

ligands and the Fe center.  
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Ligand fiend strength (EQ/S) was estimated based on the energy difference of the 

optimized quintet and singlet states for the series of complexes shown in Figure 4.1 and 

Figure 4.2. The decreasing order of LFS for different Y are CO, CS, CNHout, CNHin, 

CNCH3
in, CCH2, CNCH3

out, CCF2, O, NH, CH2, CH(CH3)
isomer2, S, CH(CH3)

isomer1, CF2, 

C(CH3)2.   

All complexes have nearly ideal octahedral symmetry. The tilt in the side pyridines is 

not correlated with the LFS, and no tilt is observed in the center pyridines. Rotation 

calculated as dihedrals between trans pyridines in a model complex 15 showed no significant 

changes in the electronic interactions ( donation,  donation and  back-bonding). Among 

the geometric factors, the <Fe-N> bond has the most impact on the LFS in these complexes. 

The LFS is also indirectly affected by the sterics of the bridging group measured in terms of 

the volume. The presence of a S atom leads to a weaker LFS compared to an O atom. Also, 

substituting H atoms of CH2 group with CH3 leads to weaker LFS. The steric effect of the 

bridging group on the <Fe-N> distance, and consequently the LFS, is less pronounced when 

the C(O) is replaced with C(S).  

The electronic interactions for the set of complexes were calculated from NBO analysis 

( donation and  back-bonding) and % electron on Fe of HOMO ( donation). The multiple 

linear regression analysis showed that only the  donation is statistically significant for these 

complexes and the LFS decreases as the <Fe-N> bond increases. As the electronic 

interactions depend on the geometry around the Fe center, the effect of geometry on the 

electronic interaction was decoupled using the model complex 15 and substituting Y-CH3, 

where Y is the bridging group, at the para position of pyridine. The electronic interactions ( 

donation,  donation and  back-bonding) did not change significantly with the bridging 

group, however, the decrease in the  donation with <Fe-N> bond is more rapid compared to 

 donation and  back-bonding. The <Fe-N> distance and the steep decrease in the  

donation strength with an increase in <Fe-N> distance were determined to play the most 

important role in the LFS of these complexes.   
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 CHAPTER 5 
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the computational studies presented in this chapter. 

 

HOMO Inversion as a Strategy for Improving the Light-Absorption Properties of 

Fe(II) Chromophores 

 

Abstract 

A computational study of a series of [Fe(tpy)2]
2+ (tpy = 2,2′:6′,2″-terpyridine) complexes is 

reported, where the tpy ligand is substituted at the 4, 4', and 4'' positions by electron donor 

(furan, thiophene, selenophene, NH2) and acceptor (carboxylic acid, NO2) groups. Using 

DFT and TD-DFT calculations, we show that the substitution of heterocyclic  donor groups 

onto the tpy ligand scaffold leads to marked improvement of the [Fe(tpy)2]
2+ absorption 

properties, characterized by increased molar extinction coefficients, shift of absorption 

energies to lower wavelengths, and broadening of the absorption spectrum in the visible 

region. The observed changes in the light absorption properties are due to destabilization of 

ligand-centered occupied  orbital energies, thus increasing the interactions between the 

metal t2g (HOMO) and ligand  orbitals. Substitution of extended -conjugated groups, such 

as thienothiophene and dithienothiophene, further destabilizes the ligand  orbital energies, 

resulting in a fully ligand-localized HOMO (i.e., HOMO inversion) and additional 

improvement of the light absorption properties. These results open up a new strategy to 

tuning the light absorption properties of Fe(II)-polypyridines and related metal polypyridine 

complexes.  
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5.1. Introduction 

Metal polypyridines have been at the forefront of numerous experimental and 

computational studies focusing on design of molecular systems that could serve as sensitizers 

or photocatalysts in various assemblies for solar energy conversion, such as dye-sensitized 

solar cells (DSSCs)1,2 and dye-sensitized photoelectrosynthesis cells (DSPECs).3 Among 

these, Ru(II)-polypyridines have been examined in the most detail as they are typical 

sensitizers employed in DSSCs due to their stability, tunability, optimal redox properties, and 

solar-to-electric power conversion efficiencies (PCE) of over 11%.2,4-8 Unfortunately, 

ruthenium is a relatively rare and expensive metal, which limits its wide application in 

photovoltaic and photocatalytic assemblies on a large scale. 

Significant attention has been recently focused on Fe(II)-polypyridines as a 

replacement for Ru(II)-polypyridine sensitizers. While it was known since about 1998 that 

Fe(II)-polypyridines are in principle capable of sensitizing TiO2 semiconductor thanks to the 

work of Ferrere and Gregg,9-12 as well as Meyer and coworkers,13 the first report of a 

successful, high-yield sensitization of TiO2 with an iron complex did not appear until 

recently.14 The main obstacle to utilization of Fe(II)-polypyridines as photosensitizers is the 

short lifetime of their photoactive metal-to-ligand charge transfer (MLCT) states, that 

undergo ultrafast intersystem crossing into low-lying metal-centered (MC) ligand field 

states.15-18 Therefore, much effort has been expended on designing iron complexes with 

increased ligand field strength, with the intention to destabilize the low-lying ligand field 

states and decrease the rate of intersystem crossing.19-27 Until now, introduction of strongly 

sigma donating carbene ligands proved to be the most successful strategy for increasing the 

lifetime of the photoactive MLCT states in Fe(II)-polypyridines.28-31 An interesting and 

counter-intuitive approach was also taken by Damrauer and coworkers who designed a 

highly strained Fe(II)-bisterpyridine based complex with quintet ground state and long-lived 

lifetime of the excited thermalized 5,7MLCT state.32 A downside of this approach is, however, 

a weak absorption of the visible light in the quintet ground state. 

While great strides were made in designing viable Fe-based sensitizers, there is still a 

significant room for improvement.33-35 Besides the chemical stability and tunability 

mentioned earlier, an ideal photosensitizer (1) displays panchromatic absorption across all 

wavelengths of the visible spectrum, including the near infrared (NIR) region, (2) possesses 
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long-lived charge-separated (MLCT) states, (3) undergoes efficient electron injection into the 

semiconductor, and (4) is amenable to efficient regeneration by the redox mediators used in 

DSSCs. Until now, most studies of iron sensitizers have focused on increasing the lifetime of 

the photoactive MLCT states19,30-32 or rational design of semiconductor surface anchoring 

groups20 with the aim to increase the efficiency of interfacial electron transfer between the 

excited dye and semiconductor.14,31,35,36 Comparably little attention has been paid to 

improving light absorption properties of iron sensitizers or to regeneration of oxidized iron 

dyes by standard electrolytes, both essential for increasing the external quantum efficiency of 

DSSCs. 

 
Figure 5.1. Substituted [Fe(tpy)2]2+ investigated in this work. Note that complexes 1a and 2a are 

identical (D = H case). 
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In this work, a computational study focused on improving light absorption properties of 

Fe(II) polypyridines is reported. A series of [Fe(tpy)2]
2+ (tpy = 2,2′:6′,2″-terpyridine) based 

complexes is investigated (see Figure 5.1), substituted with different electron donor and 

acceptor groups along the tpy scaffold. Improvement in the absorption properties and 

progress toward panchromatic absorption is achieved by destabilization of the occupied 

ligand  orbitals via substitution of the -conjugated electron donating groups onto the 

terpyridine scaffold. While the highest occupied molecular orbital (HOMO) in traditional 

Fe(II)-polypyridine complexes possesses metal-localized t2g character with separated ligand 

 orbitals at lower energy, destabilization of the ligand  orbitals causes extensive mixing 

between the ligand  orbitals and metal t2g levels (see Figure 5.2). Finally, further 

destabilization inverts the ordering of metal t2g levels and ligand  based orbitals (i.e., 

causing the HOMO inversion), making HOMO ligand-localized. This leads to dramatic 

changes in the light absorption properties of substituted Fe(II)-polypyridines, resulting in 

near panchromatic absorption. We propose that HOMO inversion is an effective strategy for 

tuning the absorption properties of Fe(II)-polypyridines as well as other metal polypyridine 

systems. 

 
Figure 5.2. Interactions between the t2g orbital set on Fe with ligand-centered  orbitals. Increased 

interaction of ligand  orbitals with the t2g orbitals destabilizes the HOMO and decreases the electron 

density on the Fe center. Further increase in the energy of ligand  orbitals inverts the character of 

HOMO to a ligand-centered  orbital. 

5.2. Methods 

5.2.1 Structure Optimization  

All complexes investigated in this study (Figure 5.1) were optimized in the singlet 

ground state employing the B3LYP functional37,38 and Grimme’s D239 dispersion correction. 

The SDD effective core potential and associated basis set for Fe40 and 6-311G* basis set for 

all other atoms (C, H, O, N, S, Se) 41,42 were utilized along with a polarizable continuum 
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(PCM)43 model to include water as implicit solvent. Vibrational frequency analysis was 

performed for each optimized structure to confirm the local minima at their respective 

potential energy surfaces. Optimized geometries are provided in the Appendix D. All 

calculations on the molecular complexes were carried out using Gaussian 09 software 

package (revision D).44  

5.2.2 Absorption Spectra and Electron Density on the Linker Group 

Absorption spectra were calculated with linear-response time dependent DFT (TD-

DFT)45-47 at the same level of theory as described for optimization. Singlet excitations for 50 

lowest excited states were computed for the complexes without any donor groups. Seventy 

singlet excitations were included for complexes containing donor groups in order to obtain 

the high energy ligand centered (LC) -* transitions. The stick spectra were broadened 

using Lorentzian function with a half-width-at-half-maximum (HWHM) of 0.12 eV. Excited 

states with oscillator strength, fosc ≥ 0.01, were characterized for wavelength greater than 350 

nm. Each transition in the UV-Vis spectrum can be represented by a set of hole and electron 

pairs. Only the hole and electron pairs whose contributions add up to 70% were considered 

for identification of the excited states. Absorption spectra for selected complexes (1a, 1c, 1e, 

1f, 1h and 1c′′′′) were also obtained with CAM-B3LYP48 functional to eliminate any 

ambiguity in the analysis based on the choice of functional.  

Electron densities on the carboxylic acid substituents that can serve as anchoring 

groups binding the dye to TiO2 semiconductor surface were calculated from Mulliken 

population analysis for the lowest degenerate set of unoccupied orbitals (LUMO).49 Amount 

of electron density on the linker in the degenerate LUMO set is directly correlated with the 

electronic coupling between the conduction band of semiconductor and the excited state of 

the dye characterized by the population of low energy virtual orbitals.50 This percent of 

electron density on the linker can therefore serve as a means to qualitatively determine the 

impact of donor group substitutions on the initial IET rate due to the choice and position of 

donor groups as well as position of the carboxylic acid linker on the terpyridine scaffold.  

The magnitude of interactions between the metal-based t2g orbital set and ligand-based 

 orbitals were estimated by calculating the electron density on the Fe center (Fe) for twenty 

highest energy occupied Kohn-Sham (KS) orbitals.  
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5.2.3 Pyridine-Donor Model for Understanding the Effect of Donor Groups 

Perturbations to the KS orbitals of 2,2′:6′,2″-terpyridine due to various donor groups 

were investigated using a ligand only model of pyridine-donor shown in Figure 5.3. The role 

of the type of the donor group was explored by placing the four donor groups (furan, 

thiophene, and conjugated thiophenes) at the para position of the pyridine ring. Another 

model with thiophene at the meta position of the pyridine was employed to understand the 

impact of donor groups substituted the 5, 5″ positions of the terpyridine scaffold. Structures 

of the pyridine-donor models were constrained to the geometry in their respective Fe-

complexes in the 1a-c, 1e and 1f series (see Figure 5.1). 

 

Figure 5.3. Model complexes employed to investigate perturbation of the KS orbitals of pyridine due 

to the presence of donor groups. 

5.3. Results 

Photophysical properties of metal polypyridine sensitizers related to their light 

absorption capabilities, such as the molar extinction coefficients, energies of the lowest 

energy excited states, and HOMO-LUMO gaps, can be tuned by introducing various donor 

and acceptor moieties onto their polypyridine ligand scaffold. It is therefore important to 

determine the ideal positions and types of substituents by studying their effect on the energies 

and electronic character of the frontier orbitals (HOMO and LUMO) as well as the HOMO-

LUMO gaps. The ability of the photoexcited dye to transfer electrons into the conduction 

band (CB) of a semiconductor is among other essential properties of dye sensitizers. The 

amount of electron density on the linker in the excited state is a strong indicator of the 

strength of electronic coupling between the excited dye and the CB of semiconductor and the 

initial IET rate.50 Therefore, performance of the donor and acceptor groups was gauged by 
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calculating the HOMO-LUMO gaps, frontier orbitals energies, electron density on the 

carboxylic linker of LUMO, as well as UV-Vis absorption spectra of selected complexes.  

The following sections describe the impact of the selected donor and acceptor group 

substitutions on light absorption. The first section deals with the determination of the best 

position for the carboxylic acid substituent (i.e., the acceptor group) at the tpy scaffold, while 

the second section focuses on describing the influence of -conjugated donor groups on 

light-harvesting properties of Fe(II) polypyridine sensitizers. The third section investigates a 

simple model based on substituted pyridine and provides a deeper understanding of 

perturbations to terpyridine ligand MO energies and shapes in the presence of  conjugated 

donor groups. The following (fourth) section then delves into understanding of metal-ligand 

interactions in the presence of different -conjugated donor groups, while the fifth section 

focuses on calculations of absorption spectra for substituted complexes. The final two 

sections deal with improving the electron density on the carboxylic acid linker group via 

substitutions of more simple electron donating and withdrawing groups. 

5.3.1 Optimal Position of the Carboxylic Acid Substituents 

First, an optimal position of the carboxylic acid group on the terpyridine scaffold was 

determined by comparing the properties of complexes 1a, 3a, and 4a. Since, as shown in the 

following sections, the substitution of donor groups affects the electronic structure of 

[Fe(tpy)2]
2+ series of complexes in the same way irrespective of the position of the carboxylic 

acid, the optimal substituent position was determined in the absence of the  conjugated 

donor groups.  

Molecular orbitals in the frontier energy region for complexes 1a, 3a, and 4a are 

shown in Figure 5.4. The position of the carboxylic acid linkers does not change the nodal 

structures of the HOMO, doubly degenerate HOMO-1 and LUMO orbitals. Consequently, 

we can compare their orbital energies and distribution of electron densities to understand the 

perturbation caused by the position of the linking group. 

Energies of the HOMO and LUMO orbitals for complexes 1a, 3a, and 4a are shown 

Figure 5.5 (top panel), along with the HOMO-LUMO gap and electron density on the 

carboxylic acid linker averaged over a set of two degenerate LUMO orbitals (Figure 5, 

bottom panel). As can be seen in this figure, substituent position of the carboxylic acid group 

has negligible effect on the HOMO and LUMO energies and subsequently on the HOMO-
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LUMO gap, which varies by at most 0.06 eV across the set. The smallest HOMO-LUMO gap 

is observed for complex 1a (3.53 eV). 

 

Figure 5.4. Frontier KS orbitals of [Fe(tpy)2]2+ complexes substituted by carboxylic acid groups at 

the 4' (1a), 4,4'' (3a), and 5,5'' (4a) positions. 
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Figure 5.5. Electronic properties for a series of [Fe(tpy)2]2+ complexes substituted with carboxylic 

acid groups. Top: HOMO and LUMO energies. Bottom: HOMO-LUMO gaps (red), and average % 

of electron density (%el) on the linker group in doubly degenerate LUMO (blue).  

Interestingly, amount of electron density on the carboxylic acid linker is more sensitive 

to the substituent position, varying from 1.9 - 4.6% across the set. Complex 1a (carboxylic 

acid substituted at 4' position) displays the largest amount of the electron density on the 

linker, approximately double the amount in comparison to complexes 3a and 4a. This trend 

can be explained based on the number of linking groups attached to the dye. Adding four 

carboxylic acid groups will delocalize the density on all four linkers, thus significantly 

lowering densities on individual linkers capable of attaching the dye to the semiconductor 

surface. In conclusion, the 4' position on the terpyridine scaffold is the ideal position for the 

carboxylic acid attachment as it maximizes the electron density on the linker in the low-

energy excited states, thus improving the electronic coupling between the excited dye and 

semiconductor. 

5.3.2 Influence of Donor Groups 

Donor groups with various heteroatoms (O, S, Se) as well as different extent of  

conjugation (1-3 fused heterocycles, Figure 5.1 were utilized to understand their impact on 

electronic and absorption properties of [Fe(tpy)2]
2+ complexes. While only the thiophene 

heterocycle was utilized to investigate the effect of extended -conjugation, results obtained 

should be applicable to donor groups with any heteroatom. Since the presence of  

conjugated donor groups impacts the ground state electronic structure in the same way 

irrespective of the substituent position on the tpy scaffold, only results for series 1a-f are 
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presented in this section.  Data for series 2a-f, 3a-e, and 4a-d can be found in Appendix D 

(Figures D.1-D.3). Note that the effect of extending  conjugation was only studied for series 

1 and 2, as these have carboxylic acid group attached at optimal 4' position as determined in 

the previous section. 

Figure 5.6 summarizes the changes in the most important electronic properties for 

various donor substituents for 1a-f series of complexes. Electron donor substituents do not 

affect the LUMO energy, while they slightly decrease the percent of electron density on the 

carboxylic acid linker. Negligible effects of donor group on the LUMO energies can be 

explained by inspecting the nodal structure of the degenerate pair of LUMO orbitals for 

complex 1a shown in Figure 5.7. As the electron density is mostly concentrated on central 

pyridine ring of the tpy group, substitution of the electron donor groups on the side pyridine 

rings does not significantly impact the LUMO energies. 

While the influence of donor groups on LUMO energies is negligible, they do have a 

significant impact on the HOMO energies. Substitution of furan (1b), thiophene (1c), and 

selenophene (1d) raises the HOMO energy by 0.35 - 0.47 eV with respect to complex 1a. 

Further increase in the HOMO energies is observed for complexes 1e and 1f with donor 

groups with extended  conjugation (0.60 – 0.79 eV). Consequently, the HOMO-LUMO gap 

decreases significantly in the presence of all donor groups investigated (see Figure 5.6, 

bottom panel).  

 

 

Figure 5.6. Electronic properties of 1a-f series of complexes. Top: HOMO and LUMO energies. 

Bottom: HOMO-LUMO gaps (red) and average % of electron density on the carboxylic acid in 

doubly degenerate LUMO (blue). 
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Figure 5.7. Doubly degenerate LUMO orbitals for complex 1a. MO surfaces were constructed with 

0.04 e/Å3 isovalue. The LUMO KS orbitals for complexes 1b-1f can be found in the Appendix D, 

Figure D.4.  

Interestingly, changing the type of donor group from furan to thiophene to selenophene 

(complexes 1b, 1c, and 1d, respectively) slightly reduces the HOMO energy and increases 

the HOMO-LUMO gap. This decrease in the HOMO energy with the type of donor atom can 

be explained on the basis of variation in the atomic size (van der Waals radii of O, S and Se 

are 48, 88 and 103 pm, respectively) and electronic structure of the donor group. As the atom 

size increases the dihedral between the donor and the pyridine increases. The dihedral angles 

between the terpyridine group and heterocycle are 0°, 15.8° and 16.8° for furan, thiophene 

and selenophene, respectively. 

Since the HOMO is the most affected orbital by the donor group substitution, it is 

crucial to focus on and explain the changes in its energy and nodal structure. Nodal structures 

of HOMO orbitals for complexes 1a-1f are shown in Figure 5.8. In the presence of a donor 

group, electron density delocalizes away from the Fe center onto the ligands. The extent of 

delocalization can be quantified with the percent of electron density on Fe, Fe, where larger 

delocalization results in lower Fe. Interestingly, the HOMO energy is inversely correlated 

with the electron density on the Fe center, as seen in Figure 5.9. Equal sharing of electron 

density between the metal center and ligands (Fe

 ~ 50%) corresponds to the strongest 

interaction between the t2g set of Fe orbitals and the occupied  orbitals of the substituted tpy 

ligand, and is accompanied by an increase in the HOMO energy in comparison to the 

unsubstituted tpy ligand. As the energy of the ligand-centered  orbitals increases further, the 

interaction between the metal t2g and ligand  orbitals decreases. Consequently, the HOMO 

becomes almost entirely ligand-centered and continues to increase in energy (also see Figure 

5.2). 



 90 

 
Figure 5.8. Highest occupied molecular orbitals (HOMO) for 1a-1f complexes. Surfaces are 

constructed with the isovalue of 0.04 e/Å3.  

 
Figure 5.9. Correlation between the energy of HOMO and electron density on Fe for complexes 1a-

1f.  

Based on Figure 5.9, the interaction between the metal t2g set and ligand  orbitals is 

the strongest for complexes 1b-1d, as the electron density on the metal center in the HOMO 

is ~ 50% for these complexes, suggesting an equal sharing of electron density between the 

metal and ligand. Interaction further decreases as the energy of  donor orbitals increases 

with the extension of  conjugation of the donor group (complexes 1e and 1f). Note that 

interaction between the substituted tpy ligand and Fe center is almost identical for complexes 

1c and 1d, possibly due to similar dihedral angles between the donor heterocycle and tpy 

(15.8° and 16.8° for 1c and 1d, respectively), and similar electronegativities of heteratoms 

(2.58 and 2.55 for S and Se, respectively). 
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5.3.3 Substituted Pyridine Model for Understanding Tpy Substitution Effects 

The perturbation to terpyridine ligand orbitals due to donor group substitutions were 

studied utilizing a simpler model comprised of a single pyridine with donor substituent at the 

para or meta position (see Figure 5.3). MO energy levels and shapes for pyridine and 

substituted pyridine models are shown in Figure 5.10. Only one  and two  pyridine orbitals 

that have appropriate symmetry to interact with the Fe d orbital set (dxy, dyz, dxz, dz
2 and dx

2
-y

2) 

were considered, and variations in their energies due to donor group substitution were 

monitored.  

 
Figure 5.10. Top: KS orbital energies of the pyridine and pyridine-donor models. Energies of 

HOMO are given in parenthesis. Bottom: Schematics of KS orbitals for the energy levels highlighted 

in black on the top panel in the order of increasing energy. 

In general, donor group orbitals interact with pyridine 

bonding and antibonding MO combinations and raising the energy of HOMO. Detailed 

molecular orbital diagrams of all pyridine-donor models depicting relevant interactions 
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between the donor and pyridine orbitals are provided in the Appendix D (Figures D.5 and 

D.6). As seen from the orbital schematics in Figure 5.10, there are three relevant pyridine 

orbitals - , 1, and 2 (HOMO-1 and HOMO-2, respectively). The 2

pyridine interacts with a donor  orbital giving a bonding and antibonding pair. The new  

antibonding orbital becomes the HOMO of the pyridine-donor system in place of the  

orbital. The same interaction is present between the occupied  orbitals of the tpy and donor 

groups, raising the energy of the occupied  orbitals of the tpy. Therefore, terpyridine with 

substituted furan, thiophene, and selenophene groups has occupied  orbitals energetically 

aligned with the t2g orbitals on Fe, maximizing their interaction (see Figure 5.2). The HOMO 

in a tpy ligand substituted with more extended  conjugated donor groups is destabilized to a 

greater extent, thus reducing the interaction with Fe t2g, set and the HOMO of the Fe(II) 

complex becomes ligand-centered. These interactions explain why higher HOMO energies 

and lower HOMO-LUMO gaps are observed in 1b-1f complexes relative to 1a (refer to 

Figure 5.6).  

Another interesting observation is that the presence of donor groups increases the 

number of orbitals at the appropriate energy that could interact with the t2g orbitals on Fe, 

symmetry permitting. A further increase in this number is seen with an increase in donor 

group conjugation. In the case of highly conjugated donors, the fraction of higher energy 

orbitals with density localized on the donor also increases. The trends are identical 

irrespective of the substituent position (meta vs. para) as can be seen in Figures D.6 and D.7 

in Appendix D. 

5.3.4 Electron Density on Fe and Fe-Ligand Interaction 

As discussed previously, the interaction of ligand  orbitals with the Fe t2g orbitals 

raises energies of the latter and delocalizes the electron density away from Fe (also see 

Figure 5.2). To illustrate this point further, Figure 5.11 displays the histograms of calculated 

electron density on Fe (Fe) for a set of highest energy occupied MOs along with the MO 

energies. Molecular orbitals with significant iron character (Fe ≥ 20%) are highlighted in red 

and the doubly degenerate sets are marked with an asterisk. While the figure shows only 

thiophene-substituted complexes, histogram profiles are very similar for other heterocycles 

considered in this study, as shown in Figure D.8 in Appendix D.  
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Figure 5.11. Electron density on Fe (Fe) of the 21 highest energy occupied KS orbitals near the 

frontier region for 1a, 1c, 1e and 1f. The KS orbitals with electron distribution ≥ 20% on Fe are 

shown in red and, among these, the doubly degenerate orbitals are labelled with ‛*’.  

In the case of complex 1a, HOMO, HOMO-1 and HOMO-2 orbitals display high 

electron density on Fe (~ 84%) and correspond to the Fe t2g orbital set. The presence of a 

heterocyclic donor group such as thiophene (1c) delocalizes the density away from the Fe 

center (KS orbitals shown in Figure 5.8). Consequently, HOMO, HOMO-1 and HOMO-2 

orbitals have Fe ~ 43%, while the lower energy orbitals, HOMO-4, HOMO-5 and HOMO-6, 

have Fe ~ 40%. This result is consistent with the analysis of substituted pyridine models (see 

Section 5.3.3) suggesting that  orbitals of substituted terpyridine ligands are closer in energy 

to the Fe t2g orbital set, resulting in a stronger interaction between the two orbital sets.  

In addition to changes observed for Fe, HOMO energies are also significantly different 

between 1c and 1a. Since the energy of the 1c HOMO is higher with the electron density 

spread over both metal and ligand, its UV-Vis spectrum is expected to be red-shifted in 

comparison to 1a, with mixed metal-to-ligand and ligand-centered transitions in the lower 

energy region. When donor group  conjugation increases going from 1c to 1e and 1f, 

HOMO and neighboring orbitals now display more than 70% of electron density on the 

ligand. This is expected to introduce ligand-centered transitions into the low energy region of 

the absorption spectrum.  

5.3.5 UV-Vis Absorption Spectra  

The calculated absorption spectra for 1a, 1c, 1e and 1f are shown in Figure 5.12 along 

with the character of transitions with significant oscillator strength (fosc ≥ 0.01) in the visible 

region ( ≥ 350 nm). Transitions were classified as metal-centered (MC), metal-to-ligand 
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charge transfer (MLCT), intra-ligand charge transfer (ILCT), or ligand-centered (LC) based 

on visual inspection. Details for each transition (excitation wavelength, oscillator strength, 

MO contributions) are provided in the Appendix D (Figure D.9-D.12). Mixed character was 

observed for several transitions; most of these displayed features of both MLCT and ILCT 

character. Two basic cases of mixed transitions were observed, in which the joint 

MLCT/ILCT assignment can either imply that the electron density in the hole state is 

delocalized over metal and ligand (case 1), or that the transition has contributions from 

several hole-particle pairs that display either MLCT or ILCT character (case 2, also see 

Figure 5.13). 

 

Figure 5.12. Top: Calculated UV-Vis spectra for complexes 1a, 1c, 1e and 1f. Bottom: Assignments 

for transitions with  ≥ 350 nm and oscillator strength fosc ≥ 0.01 for complexes 1a, 1c, 1e and 1f. 

MC: metal-centered, MLCT: metal-to-ligand charge transfer, ILCT: intra-ligand charge transfer and 

LC: ligand-centered. 
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Figure 5.13. Mixed transition examples for 1e. Only the hole-particle pairs whose contributions add 

up to ≥ 70 % were considered in the assignment. Electron density on Fe (Fe) is given in parenthesis.  

Calculated UV-Vis spectra (see Figure 5.12) predict remarkable improvements in 

absorption properties upon substitution of the tpy ligand by donor groups. The absorption 

spectra of substituted complexes shift towards higher wavelengths, with most of their 

transitions displaying a mixed MLCT/ILCT character (compare transition assignments for 1c 

vs. 1a, see Figure 5.12). The substituted complexes also display significant increase in the 

molar absorptivity (see Figure 5.12). Extending the -conjugation of the substituent groups 

(going from 1c to 1e and 1f) further enhances the intensity as well as red-shifts the spectrum. 

New transitions with pure ILCT character are also observed for complexes 1e and 1f. These 

results are consistent with our predictions of a red shift in the absorption spectrum and rise of 

new ILCT transitions based on the Fe  and energetics of occupied orbitals discussed in 

Section 5.3.4. It is also important to note that observations based on the calculated UV-Vis 

spectra do not rely on the use of a particular DFT functional. Absorption spectra calculated 

with the CAM-B3LYP functional48 display the same features, i.e., red-shifted absorption 

spectra and increased molar absorptivities (see Figure D.13 in the Appendix D). 

Improvements in molar absorptivity observed for substituted Fe(II) complexes are 

likely due to (1) an increased number of transitions in the lower energy region of the 

spectrum, and (2) mixed character (MLCT/ILCT) of these transitions. This is supported by 

the TD-DFT data on an iron-free complex of 1c (i.e., a hypothetical complex consisting of 

two substituted terpyridine ligands obtained by removal of the central Fe atom from complex 
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1c, labeled as 1c-2L) shown in Figure 5.14. While the 1c-2L complex displays intense 

transitions in the higher energy region (~ 300 nm), the presence of iron atom is necessary for 

these transitions to be shifted towards the lower-energy region. This clearly demonstrates that 

the involvement of the metal is critical for enhancing the absorption spectrum in the visible 

region.  

 

 
Figure 5.14. Calculated UV-Vis spectra of 1a, 1c and 1c-2L. 1c-2L denotes a ligand only structure 

obtained from the optimized geometry of 1c. 

5.3.6 Improving Electron Density on LUMO  

While the heterocyclic donor substituents do improve the absorption properties of 

Fe(II) bis(terpyridine) complexes, they also slightly decrease the electron density on the 

carboxylic acid group in the degenerate LUMO set (refer to Figure 5.6), which can adversely 

affect IET. Therefore, strong electron withdrawing (NO2) and donating (NH2) groups were 

substituted onto 1a, with the aim to increase the electron density on the acceptor group. The 

resulting frontier MO energies, HOMO-LUMO gaps, and %el are shown in Figure 5.15.   

Unlike the heterocyclic substituents, strong electron withdrawing (NO2) and donating 

(NH2) substituents change energies of both HOMO and LUMO. Overall, both substituents 

decrease the HOMO-LUMO gap. The NH2 substituent (complex 1h) has a more prominent 

effect, resulting in a HOMO-LUMO gap comparable to that of the complexes with 
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heterocyclic substituents (see Figure 5.6). Both substituents also strongly affect the electron 

density on the carboxylic acid linker group. While the NO2 substitution results in a 

significant decrease of electron density (%el = 0.87 vs. 4.64 in an unsubstituted complex), 

substitution of NH2 has an opposite effect (%el = 6.52). Moreover, the LUMO energy of 

NH2-substituted complex (1h) increases by 0.31 eV compared to 1a. Since the density of 

states of the TiO2 conduction band increases non-linearly with energy,51 even a 0.31 eV 

change in the LUMO energy can significantly impact the IET efficiency. Thus, the main 

advantages of NH2 over heterocyclic substituents is that it increases the LUMO energy as 

well as the electron density on the carboxylic acid linking group in the LUMO, while 

decreasing the HOMO-LUMO gap. Due to lack of extended conjugation, however, an 

NH2 substituent will not provide the same orbital mixing and destabilization of terpyridine 

ligand-based  orbitals as seen with heterocyclic donor groups (see Section 5.3.2).  

 

Figure 5.15. Electronic properties of 1a, 1g, and 1h. Top: HOMO and LUMO energies. Bottom: 

HOMO-LUMO gaps (red) and average % of electron density on the carboxylic acid in doubly 

degenerate LUMO (blue). 

5.3.7 NH2-Functionalized Thiophene Substituted Complexes 

As shown in the previous sections, heterocyclic donor groups significantly improve the 

light absorption in Fe(II) polypyridine complexes, but are not expected to improve the IET 

efficiency. On the other hand, an NH2 substituent favorably modulates the complex's 

electronic properties (%el and LUMO energy) important for the efficient IET. Complexes 
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1c'-1c'''' (see Figure 5.1) utilize both NH2 and thiophene substituents in the molecular design 

with the aim to improve electronic properties important both for light-absorption and 

efficient IET. These complexes feature thiophene substituents functionalized with NH2 at 

position 5, 4, or 3 corresponding to complexes 1c′, 1c′′, and 1c''′, respectively, as well as 

functionalized at all three positions simultaneously (1c′′′′). 

Although NH2-functionalized thiophene substituents do not affect the LUMO energies 

and %el to the same extent as direct substitution of NH2 onto the tpy scaffold, they still 

improve these properties relative to an unfunctionalized thiophene substituent. Variations in 

the frontier orbital energies and %el due to NH2-functionalized thiophene are more 

noticeable when all three positions of thiophene are substituted (complex 1c′′′′), as shown in 

Figure 5.16. The LUMO energy increases by 0.24 eV and density on the carboxylic acid 

linker of LUMO increases by 1.4% in 1c′′′′ relative to 1a. The increases in the LUMO 

energy and density on the carboxylic acid linker are lower than those for 1h (0.31 eV and 

1.9%, respectively) but higher than for 1c (0 eV and -0.5 % respectively). As higher electron 

density on the carboxylic acid linker and higher LUMO energy are some of the important 

parameters for efficient IET,20,50,52 we predict that the IET efficiency from the excited states 

populating LUMO of these complexes will follow the order of 1h > 1c′′′′ > 1c.  

 

Figure 5.16. . Electronic properties of 1c series of complexes. Top: HOMO and LUMO energies. 

Bottom: HOMO-LUMO gaps (red) and average % of electron density on the carboxylic acid in 

doubly degenerate LUMO (blue).  

The HOMO-LUMO gap of 1c'''' is reduced by 0.77 eV relative to 1a, which is a larger 

change than that for 1c and 1h complexes (0.38 eV and 0.50 eV, respectively). Therefore, the 
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absorption spectrum of 1c′′′′ is expected to red shift more compared to the spectrum of 1c 

and 1h. The calculated UV-Vis spectra shown in Figure 5.17 are consistent with this 

prediction. Additionally, 1c′′′′ absorbs over a wider range of wavelengths with a better 

intensity compared to 1c and 1h. Panchromatic absorption in the visible region can 

potentially improve the light harvesting capability of sensitizers and, in turn, enhance the 

incident photon-to-current efficiency (IPCE). UV-Vis spectra calculated employing the 

CAM-B3LYP functional display similar features and do not alter this analysis (see Appendix 

D, Figure D.14). 

Figure 5.17 also summarizes the character of transitions in the visible region of the 

absorption spectrum ( ≥ 350 nm). Molecular orbitals involved in the transitions of 1h and 

1c′′′′ can be found in the Appendix D, Figures D.15 and D.16. The amount of electron 

density on Fe (Fe) in the higher energy occupied orbitals for complexes 1a and 1h (see 

Figure 5.18) suggests the electron distribution does not change significantly upon the NH2 

substitution and HOMO, HOMO-1, and HOMO-2 correspond to the t2g orbital set in both 

complexes. The main effect of the NH2 substitution is the destabilization of MO energies. 

Therefore, the absorption spectra for 1h and 1a are very similar, with the lowest energy 

transitions red-shifted for 1h.  

In the case of 1c and 1c′′′′ complexes, mixed MLCT/ILCT transitions are observed in 

the lower-energy region of their absorption spectra. Additionally, a larger number of ILCT 

transitions is present in the spectrum of 1c′′′′ in comparison to 1c, since its HOMO - HOMO-

5 orbitals are almost entirely ligand localized (see Figure 5.18). The presence of a number of 

ILCT and mixed MLCT/ILCT transitions is likely behind the higher intensity observed for 

1c′′′′. 
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Figure 5.17. Calculated UV-Vis spectra employing TD-DFT for 1a, 1h, 1c and 1c′′′′. Characteristics 

of the transitions at  ≥ 350 nm with oscillator strength fosc  ≥ 0.01 for complexes 1a, 1h, 1c, 1c′′′′. 

MC: metal centered, MLCT: metal-ligand charge transfer, ILCT: intra-ligand charge transfer and LC : 

ligand centered. 

 
Figure 5.18. Electron density on Fe (Fe) for the 21 highest energy occupied orbitals near the frontier 

region for 1a, 1h, 1c, 1c′′′′. The KS orbitals with electron distribution ≥ 20% are shown in red and 

among these the doubly degenerate orbitals are labeled with *. The red * indicates nearly degenerate 

orbitals.  

5.4. Discussion 

An ideal photosensitizer will possess multiple desirable properties. First, it will be 

stable in its ground, excited, and oxidized states, and undergo reversible oxidation and 

reduction. It will absorb light in the visible and near-IR region of the spectrum with a high 

molar absorptivity coefficient. A good photosensitizer will also possess long-lived 

photoactive excited states, and undergo efficient interfacial electron transfer into the 
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semiconductor, if used in DSSC or DSPEC devices. Designing an ideal photosensitizer is a 

complex multi-dimensional optimization problem; an improvement in a single property is no 

guarantee of an overall good performance.53 It is, however, desirable to determine structure-

property relationships for individual properties, as these can help us to formulate useful 

strategies for the rational design of new chromophores. 

Modification of metal polypyridine complexes by ligand substitutions is an important 

and commonly used approach in molecular design of chromophores with desired 

properties.1,54,55 This work adopts the same strategy to explore the impact of electron donor 

group substitutions on ground and excited state properties of Fe(II)-polypyridine complexes, 

with the aim to improve their light-absorption properties (i.e., achieve strong and broad 

absorption in the visible and near-IR region). A strong link between the electronic structure 

of the dyes, especially the amount of electron density on the semiconductor linker group in 

the excited state, and the initial IET rates50,52 also allows us to explore impact of the ligand 

modifications on the IET efficiency, albeit to a smaller (and less reliable) extent. 

This work provides several important insights into the structure-property relationships 

in substituted [Fe(tpy)2]
2+ complexes. First, only one acceptor group used for the attachment 

of the dye to a semiconductor should be substituted on each terpyridine ligand, ideally at the 

4' position of the center pyridine ring. This will result in the highest electron density on the 

linker in the lowest energy excited state, in which the excited electron populates the LUMO. 

Substitution of strong electron donating groups, such as NH2, onto the terpyridine scaffold 

further increases the amount of electron density on the acceptor group, which is expected to 

have a positive impact on the initial IET rates. Substitution of either of these groups does not 

have a considerable impact on the light-absorption properties of the [Fe(tpy)2]
2+ complex. 

Second, -conjugated donor groups, such as thiophene, selenophene, and furan, 

significantly improve the light absorption profile of the Fe(II)-polypyridine complex under 

study. They do so by destabilizing the occupied  orbitals of the terpyridine ligand, making 

them energetically well aligned with the metal t2g orbitals, causing a considerable t2g- orbital 

mixing. This results in the presence of multiple mixed MLCT/ILCT transitions in the visible 

spectrum, shifting the absorption spectrum of the dye toward the lower energies, broadening 

it, as well as increasing the molar absorption coefficients of the visible transitions. Donor 

groups with more extended  conjugation (e.g., thienothiophene, dithienothio-phene), will 
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cause further destabilization of the ligand  orbitals and result in a ligand-centered HOMO. 

This type of "inverted ligand field", in which the occupied antibonding orbitals are localized 

more on ligand than the metal, was described previously56 and more recently observed in a 

series of metallacarbatrane complexes of copper.57 The "HOMO inversion" in the 

[Fe(tpy)2]
2+ complex introduces new ILCT transitions into the visible spectrum, further 

increases the intensity of transitions in the visible region, and results in an additional shift of 

the UV-Vis spectrum toward lower energies. Similar improvement in the absorption 

properties due to the presence of new ILCT absorption bands was recently reported for a 

[Cr(tpy)2]
3+ complex substituted with aryl-based ligands.58 It is likely that HOMO inversion 

is responsible for tuning the photophysical properties of this complex as well, however, 

electronic structure calculations would be necessary to confirm this. 

Interestingly, substitution of conjugated donor groups in Fe(II)-polypyridine 

complexes has only a small effect on the energies of the LUMO or the electron density on the 

carboxylic acid linker group, causing a slight decrease in both properties. Finally, an increase 

in the electron density on the linker group along with improved absorption profile in the 

visible region, can be achieved by combining both types of substituents into the NH2-

functionalized thiophenes (see complex 1c'''').  

Recently, a great deal of attention has been focused on lengthening the lifetime of the 

MLCT states of iron polypyridine complexes, with the goal to improve the IET efficiency in 

Fe(II)-polypyridine sensitized semiconductors.14,28-30,59-61 Great strides have been made by 

utilization of N-heterocyclic carbene (NHC) ligands that significantly destabilize metal t2g * 

orbitals, increase the ligand field strength of the iron complex, and, consequently, lengthen 

the lifetime of photoactive 3MLCT states.59 An interesting question is whether one can 

further improve Fe-NHC complexes by increasing their ability to absorb sunlight via -

conjugated donor group substitutions. The calculated absorption spectrum for an 

unsubstituted [Fe(CNC)2]
2+ complex designed by Wärnmark and coworkers28 is shown in 

Figure 5.19, along with the spectrum for the same complex substituted with a 

dithienothiophene donor group (absorption spectra obtained with CAM-B3LYP can be found 

in Appendix D, Figure D.17). The DFT calculations predict a dramatic increase in the 

absorption intensity as well as shift to lower energies, in accordance with the calculations on 

the substituted [Fe(tpy)2]
2+ complex. Moreover, electron densities on Fe (Fe) for the higher 
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energy occupied orbitals (see Appendix D Figure D.18), indicate significant mixing between 

the Fe t2g and ligand  orbitals. The combination of improved light absorption and high IET 

quantum yield14 could make this complex an interesting synthetic target. 

 
Figure 5.19. Calculated UV-Vis spectra of [Fe(CNC)2]2+ and the complex with conjugated thiophene 

substituent on 4' position of CNC ligand.  

A different approach to increasing the lifetime of photoactive MLCT states of Fe(II)-

polypyridine complexes was taken by Damrauer and coworkers,32,62 in which halogen 

substituents at 6 and 6'' positions of the terpyridine ligand scaffold create a highly strained 

complex with a long-lived 5,7MLCT state (~ 16 ps). A downside of this approach is a 

decrease in the ligand field strength of the Fe complex, resulting in a complex with a quintet 

ground state. This reduces the molar absorptivity in the visible region relative to the 

unsubstituted [Fe(tpy)2]
2+,3,32 due to a smaller spatial overlap between the metal- and ligand-

centered orbitals caused by longer metal-ligand bond lengths resulting in a high-spin ground 

state. Interestingly, the substitution of a conjugated thiophene at the 4′ positions of the 

terpyridine ligand improves the absorption spectrum of the strained complex as shown in 

Figure 5.20.  
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Figure 5.20. Calculated UV-Vis spectra of [Fe(dctpy)2]2+ and the complex with conjugated thiophene 

substituent on 4' position of tpy ligand. 

In summary, it is clear that light absorption in Fe(II) polypyridines can be fine-tuned by 

modifying interactions between the metal t2g and ligand  orbitals. The occupied  orbitals of 

the terpyridine ligand are close enough in energy to the Fe t2g orbitals that the strength of 

metal-ligand interactions as well as energetic ordering of the metal- and ligand-based orbitals 

can be adjusted by substitutions on the terpyridine ligand scaffold, with dramatic 

consequences for light-absorption properties.  
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CHAPTER 6 

Concluding Remarks 

6.1 Tuning Properties of Dyes by Structural Modification 

 Computational studies presented in this dissertation describe an effort to uncover 

practical strategies for molecular design of Fe(II) polypyridine sensitizers for use in dye-

sensitized solar cells (DSSCs). Fe(II)-polypyridines have recently gained attention as a 

potential replacement for Ru(II)-polypyridine sensitizers due to the low cost and high 

abundance of iron.1 

Currently, the main drawback of the use of Fe(II) polypyridines in DSSCs is 

inefficient IET between the excited dyes and the semiconductor. In Fe(II)-sensitized TiO2, 

IET from the initially excited 1MLCT states of iron dyes competes with inter system crossing 

(ISC) into non-photoactive MC states that do not inject electrons into the conduction band 

(CB) of TiO2. The IET efficiency can be therefore improved either by speeding up the IET 

rate, so it becomes competitive with the ISC, or by slowing down the ISC rate. The IET rate 

depends on the electronic coupling between the excited dye and semiconductor, driving force 

for the injection, and density of the semiconductor acceptor states.2,3 The rate of the ISC will 

mainly depend on the ligand field strength of the complex (i.e. the interaction between the 

ligand and the d orbitals of Fe). All these properties have a strong dependence on electronic 

and structural parameters of the dyes that can be tuned by rational ligand design. The 

electronic coupling strongly depends on the electron density on the linking group of the dye 

in the excited state as well as the orientation of the linker on the surface, and energy of 

virtual orbitals populated upon excitation is related to the driving force.4-6 The ligand field 

strength can be gauged by the energy difference between the dye in its high spin state vs. its 

low spin state (EHS/LS). An increase in EHS/LS will slow down the ISC process.  

Simple structural modifications can have a profound impact on the electronic structure 

of the dye sensitizers, thus altering the rates of IET and ISC processes, and light-absorption 

properties. In this work, different approaches to structural modification of Fe(II)-

polypyridines were investigated: (1) replacement of the pyridine of 2,2′:6′,2′′-terpyridine 



 110 

(tpy) with a carbene or an aryl, (2) introduction of pyridine bridging groups (Y), and (3) 

addition of -conjugated donor substituents (D) (see Figure 6.1).   

 

Figure 6.1. Summary of structural modifications to the terpyridine ligand of [Fe(tpy)2]2+ and their 

consequences studied in this work. 

Carbene and aryl ligands lead to formation of strong Fe-C bonds and increased lifetime 

of photoactive MLCT states, as was shown by previous research studies of Fe-carbene 

complexes.7-9 A theoretical study described in Chapter 2 demonstrated that the presence of an 

aryl group can also potentially improve the IET efficiency, since a TiO2 sensitized with a 

cyclometalated iron complex undergoes IET with similar or higher rate compared to 

[Fe(tpy)2]
2+, and the stronger ligand field of the cyclometalated complex will likely result in 

a slower ISC.10 A computational study of IET in TiO2 sensitized with a carbene complex 

showed that high reported IET efficiency in this assembly (92%)8 is due to the increased 

3MLCT lifetime, rather than the faster IET (see Chapter 3).7-9  

Chapters 2 and 5 also dealt with the problem of optimal location of the carboxylic acid 

linking group on the polypyridine ligand scaffold. Identifying the best location is important, 

since the linker plays a key role in mediating the electronic coupling between the excited dye 

and the CB of TiO2. The ideal location was decided based on the energies of the frontier 

orbitals and the electron density on the carboxylic acid of the lowest energy unoccupied 

orbital. The electron density analysis on the carboxylic acid linker clearly demonstrates that 
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ideal location is the 4′ position of [Fe(tpy)2]
2+ (see Chapter 5). However, in the presence of 

an aryl group, the dye should be attached to TiO2 via the pyridine ring instead of aryl, in 

order to achieve efficient IET from the lower energy excited states (refer to Chapter 2). This 

is schematically depicted in Figure 6.2. 

 

Figure 6.2.  Schematically shown that the position of the –COOH linker is important for effective 

IET.     

Chapter 4 investigated a series of ligands providing idealized octahedral geometry 

around the Fe center in the first coordination shell. In principle, such a geometry should lead 

to increased ligand field strength due to an improved overlap between the metal and ligand 

orbitals. Even though an ideal octahedral geometry11 was achieved around Fe by introducing 

different Y groups, this approach did not uniformly increase the EHS/LS (refer to Chapter 4). 

A systematic study of the effect of the Y group on the geometry around Fe (bite angle, tilt, 

Fe-N distance, rotation), along with the analysis of bonding interactions between the Fe and 

pyridine ligands ( and  donation,  back-bonding), indicated the importance of Fe-N 

distance and its relationship to the  donation strength in tuning the ligand field strength Fe 

complexes.  

Interestingly, significant improvements in the light-absorption properties were seen 

with donor groups containing heteroatoms as substituents (D) that raised the energy of tpy-

localized  orbitals, thus increasing their interactions with the t2g orbitals on Fe. As a result, 

the HOMO energy was raised and HOMO became delocalized over both the metal center and 

the tpy ligand, leading to numerous mixed-character transitions in the lower energy region of 

the solar spectrum. Extending the  conjugation of the donor groups further increased the 
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intensity of light absorption in the visible region. Furthremore, presence of NH2 substituents 

increased the electron density on the carboxylic linker in the LUMO, which can lead to 

improved IET.  

6.2 Summary 

In summary, several important structure-property relationships that can prove useful 

for rational design of new Fe(II)-polypyridine sensitizers were uncovered. First, an ideal 

location of the carboxylic acid linker group was determined for [Fe(tpy)2]
2+ complex, as well 

as for its cyclometalated analog. Studies reported in this dissertation also highlight the 

importance of  donation for tuning the ligand field strength of Fe(II)-polypyridines and its 

relationship to Fe-N bond lengths. An ideal Fe sensitizer will display short Fe-N bonds, 

leading to increased ligand field strength. The presence of ligands with improved  donor 

strength is also more important than an ideal octahedral environment around Fe center. 

Finally, a substantial improvement in the light absorption properties can be achieved by the 

substitution of polypyridine ligand scaffold -conjugated donor groups. 

It is important to keep in mind that improving the external quantum efficiency of dyes 

in DSSCs is a multi-dimensional problem due to multiple steps involved in the light 

harvesting process – photo-absorption, interfacial electron transfer, electron diffusion, and 

dye regeneration. Structural modifications to a dye have the potential to affect multiple steps 

simultaneously, and improvement in a single property (such as light absorption) may not 

translate to the overall improvement of the entire process. However, computational studies of 

structure-property relationships in dye sensitizers can still provide valuable guidance to 

experimentalists and help formulate strategies for the rational design of new and improved 

dyes. 
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Appendix A 

List A.1. Coordination environment around the central atom Fe for complex 1, 2, 3, 4, 5, 6 

and 7   
Complex 1 Singlet 

Fe-N1(Å)    2.0377   

Fe-N2(Å)    1.9232   

Fe-N3(Å)    2.0377   

Fe-N4(Å)    2.0377   

Fe-N5(Å)    1.9232  

Fe-N6(Å)    2.0377   

N1-Fe-N3()    160.868 

N2-Fe-N5()    180.000 

N4-Fe-N6()    160.868 

Complex 1 Quintet 
Fe-N2(Å)    2.1727 

Fe-N3(Å)    2.2417 

Fe-N4(Å)    2.2414 

Fe-N5(Å)    2.1727 

Fe-N6(Å)    2.2416 

N1-Fe-N3(°)    147.033 

N2-Fe-N5(°)    179.951 

N4-Fe-N6(°)    147.037 

Complex 2 Singlet 

Fe-N1(Å)    2.0612 

Fe-C1(Å)    1.8930 

Fe-N2(Å)    2.0612 

Fe-N3(Å)    2.0286 

Fe-N4(Å)    1.9425 

Fe-N5(Å)    2.0286 

N1-Fe-N2(°)    159.820 

C1-Fe-N4(°)    180.000 

N3-Fe-N5(°)    159.602 

Complex 2 Quintet 

Fe-N1(Å)    2.3566 

Fe-C1(Å)    2.0386 

Fe-N2(Å)    2.3567 

Fe-N3(Å)    2.2366 

Fe-N4(Å)    2.1828 

Fe-N5(Å)    2.2365 

N1-Fe-N2(°)    151.779 

C1-Fe-N4(°)    179.990 

N3-Fe-N5(°)    145.558 

Compelx 3 Singlet 

Fe-N1(Å)    2.0820 

Fe-N2(Å)    1.9455 

Fe-C1(Å)    1.9847 

Fe-N3(Å)    2.0118 

Fe-N4(Å)    1.8876 
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Fe-N5(Å)    2.0118 

N1-Fe-C1(°)    160.919 

N2-Fe-N4(°)    179.052 

N3-Fe-N5(°)    161.819 

Complex 3 Quintet 

Fe-N1(Å)    2.3686 

Fe-N2(Å)    2.1977 

Fe-C1(Å)    2.0910 

Fe-N3(Å)    2.2746 

Fe-N4(Å)    2.1966 

Fe-N5(Å)    2.2747 

N1-Fe-C1(°)    148.322 

N2-Fe-N4(°)    166.024 

N3-Fe-N5(°)    143.991 

Complex 4 Singlet  
Fe-N1(Å)    2.0637 

Fe-C1(Å)    1.9182 

Fe-N2(Å)    2.0637 

Fe-N3(Å)    2.0637 

Fe-C2(Å)    1.9182 

Fe-N4(Å)    2.0637 

N1-Fe-N2(°)    158.224 

C1-Fe-C2(°)    180.000 

N3-Fe-N4(°)    105.954 

Complex 4 Quintet 
Fe-N1(Å)    2.3854 

Fe-C1(Å)    2.0733 

Fe-N2(Å)    2.3855 

Fe-N3(Å)    2.3856 

Fe-C2(Å)    2.0733 

Fe-N4(Å)    2.3856 

N1-Fe-N2(°)    148.534 

C1-Fe-C2(°)    180.000 

N3-Fe-N4(°)    116.303 

Complex 5 Singlet  

Fe-N1(Å)    2.0361 

Fe-N2(Å)    1.9144 

Fe-C1(Å)    1.9738 

Fe-N3(Å)    2.0361 

Fe-N4(Å)    1.9144 

Fe-C2(Å)    1.9738 

C1-Fe-N1(°)    161.804 

N2-Fe-N4(°)    179.514 

N3-Fe-C2(°)    161.804 

Complex 5 Quintet 

Fe-N1(Å)    2.3796 

Fe-N2(Å)    2.2437 

Fe-C1(Å)    2.1291 

Fe-N3(Å)    2.3796 

Fe-N4(Å)    2.2437 
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Fe-C2(Å)    2.1291 

C1-Fe-N1(°)    145.172 

N2-Fe-N4(°)    156.803 

N3-Fe-C2(°)    145.172 

Complex 6 Singlet 

Fe-N1(Å)    2.0596 

Fe-N2(Å)    1.9651 

Fe-C1(Å)    1.9846 

Fe-N3(Å)    2.0416 

Fe-C2(Å)    1.8688 

Fe-N4(Å)    2.0417 

N1-Fe-C1(°)    159.964 

N2-Fe-C2(°)    179.968 

N3-Fe-N4(°)    160.352 

Complex 6 Quintet 

Fe-N1(Å)    2.4070 

Fe-N2(Å)    2.2793 

Fe-C1(Å)    2.1239 

Fe-N3(Å)    2.3919 

Fe-C2(Å)    2.0895 

Fe-N4(Å)    2.3918 

N1-Fe-C1(°)    143.818 

N2-Fe-C2(°)    160.830 

N3-Fe-N4(°)    147.606 

Complex 7 Singlet 

Fe-N1(Å)    2.0667 

Fe-C1(Å)    1.9025 

Fe-C2(Å)    2.0022 

Fe-N2(Å)    1.9736 

Fe-N3(Å)    1.9202 

Fe-C3(Å)    2.0110 

N1-Fe-C2(°)    159.626 

C1-Fe-N3(°)    179.314 

N2-Fe-C3(°)    161.196 

Complex 7 Quintet 
Fe-N1(Å)    2.6282 

Fe-C1(Å)    2.1118 

Fe-C2(Å)    2.1435 

Fe-N2(Å)    2.2352 

Fe-N3(Å)    2.1710 

Fe-C3(Å)    2.1424 

N1-Fe-C2(°)    149.593 

C1-Fe-N3(°)    155.033 

N2-Fe-C3(°)    147.940 
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   SONO3   SONO4  

     
 DONO    SONO1   SONO2  

     

Figure A.1. Metal centered Kohn-Sham natural orbitals of complex 1 in quintet spin state in 

vacuum calculated using B3LYP with 6-31G* (non-metal atoms) and SDD (Fe atom). The 

isovalue displayed is 0.03 electron/Å3. DONO is doubly occupied natural orbital and SONO 

is singly occupied natural orbital. 

     

   SONO3   SONO4 

     
 DONO    SONO1   SONO2 

 

Figure A.2. Metal centered Kohn-Sham natural orbitals of complex 2 in quintet spin state in 

vacuum calculated using B3LYP with 6-31G* (non-metal atoms) and SDD (Fe atom). The 

isovalue displayed is 0.03 electron/Å3. DONO is doubly occupied natural orbital and SONO 

is singly occupied natural orbital. 
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   SONO3   SONO4 

     
 DONO    SONO1   SONO2 

 

Figure A.3. Metal centered Kohn-Sham natural orbitals of complex 3 in quintet spin state in 

vacuum calculated using B3LYP with 6-31G* (non-metal atoms) and SDD (Fe atom). The 

isovalue displayed is 0.03 electron/Å3. DONO is doubly occupied natural orbital and SONO 

is singly occupied natural orbital.   

       
   SONO3   SONO4  

     
 DONO    SONO1   SONO2   

 

Figure A.4. Metal centered Kohn-Sham natural orbitals of complex 4 in quintet spin state in 

vacuum calculated using B3LYP with 6-31G* (non-metal atoms) and SDD (Fe atom). The 

isovalue displayed is 0.03 electron/Å3. DONO is doubly occupied natural orbital and SONO 

is singly occupied natural orbital.   
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   SONO3   SONO4 

     
 
 DONO    SONO1   SONO2 

   

Figure A.5. Metal centered Kohn-Sham natural orbitals of complex 5 in quintet spin state in 

vacuum calculated using B3LYP with 6-31G* (non-metal atoms) and SDD (Fe atom). The 

isovalue displayed is 0.03 electron/Å3. DONO is doubly occupied natural orbital and SONO 

is singly occupied natural orbital.  

     
   SONO3   SONO4 

     
 DONO    SONO1   SONO2   

 

Figure A.6. Metal centered Kohn-Sham natural orbitals of complex 6 in quintet spin state in 

vacuum calculated using B3LYP with 6-31G* (non-metal atoms) and SDD (Fe atom). The 

isovalue displayed is 0.03 electron/Å3. DONO is doubly occupied natural orbital and SONO 

is singly occupied natural orbital. 
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   SONO3   SONO4 

     
 DONO    SONO1   SONO2 

 

Figure A.7.  Metal centered Kohn-Sham natural orbitals of complex 7 in quintet spin state in 

vacuum calculated using B3LYP with 6-31G* (non-metal atoms) and SDD (Fe atom). The 

isovalue displayed is 0.03 electron/Å3. DONO is doubly occupied natural orbital and SONO 

is singly occupied natural orbital. 

 

Figure A.8.  Complexes 1 and 4 functionalized with the carboxylic acid linkers. The square 

highlights the carboxylic acid group that covalently links the dyes onto the TiO2 surface. 
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Figure A.9. Absorption spectra for complex 1 in vacuum (red) and with PCM model for 

acetonitrile (blue) calculated with B3LYP TD-DFT in the 250-800 nm region. Lorentzian 

broadening of HWMH = 0.12 eV was applied.   

Tuning the extended Hückel (EHT) parameters for cyclometalated Fe(II)-terpyridines 

 
The default extended Hückel parameters set (Alvarez1-3) did reproduce the energy ordering and shape 

of KS orbitals for complex 1a. However, a reparametrized ionization potential set was used for the 

cyclometalated analogs (complexes 4a, 4b and 4c) so that the EH orbitals matches the KS orbitals in 

the HOMO-LUMO frontier orbital region.    

 

In the extended Hückel approach the secular determinant HC=SCE is solved for E (molecular orbital 

energies) and C (molecular orbital coefficient matrix). The H is Hamiltonian matrix where Hii is the 

energy of an electron in ith atomic orbital and Hij is the energy of an electron in the overlap region 

between ith and jth atomic orbitals. In this method an approximate H is constructed by substituting the 

Hii terms with experimentally known ionization potentials (IP) and off-diagonal elements are 

evaluated using Wolfsberg-Helmholtz relation  

𝐻𝑖𝑗 = 𝐾𝑆𝑖𝑗 (
𝐻𝑖𝑖 +𝐻𝑗𝑗

2
) 

where Sij is an element of overlap matrix S and K is an adjustable parameter. A value of 1.75 

(Hoffmann2) was used for K.  

 

The default parameters used for C 2s, 2p; H 1s; Fe 3d, 4s, 4p and N 2s, 2p are given in the table 

below. The atomic orbitals are described using slater orbitals with single (1) or double exponents (1, 

2) with coefficients c1, c2.   

 

Aryl rings are anionic and strong σ donors, hence they have higher electron density compared to the 

adjacent pyridine rings. It will be easier to remove an electron from the valence atomic orbitals of C 

atoms in aryl rings, than from those in the pyridine rings. Also due to the strong σ donor property of 

the cyclometalated ligands, there will be an increased electron density on the Fe metal. Consequently, 

lower (less negative) IPs were used for Fe and the aryl ring C atoms.  
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Table A.1. Ionization potentials (IP) used to construct EH Hamiltonian for the 

cyclometalated complexes 4a-4c. The Wolfsberg-Helmholtz constant K was set to 1.75.2,4 

The aryl ring C atoms with the modified IP parameters are highlighted in Figure A.10. 

Atom Label Atomic Orbital 

Modified 

IP 

(eV) 

H 1s -13.60 

Pyridine ring C 
2s -21.40 

2p -11.40 

Aryl ring C 
2s -21.40 

2pa -10.60 

Fe 

4s -9.10 

4p -5.32 

3da -11.00 

N 
2s -26.00 

2p -13.40 
          a The atomic orbitals with the modified IPs. 

 

 

 

 

  

 
Figure A.10.  Modified Alvarez’s parameter was employed for C atoms of the aryl group 

(marked in red) and the central Fe atom in cyclometalated complexes. 
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Table A.2. Fe-N bond lengths and N-Fe-N bite angles for the crystal structure (averaged over 

all available crystal structures)5-13 (column titled experimental) and optimized structure of 

complex 1 (column titled calculated) using B3LYP with SDD on Fe and 6-31G* on C, H and 

N in vacuum. The labels of the atoms are shown in Figure A.11.  
Type Calculated Experimental Deviation (%) 

Fe-N1 (Å) 2.04 1.98 3.14 

Fe-N2 (Å) 1.92 1.89 1.99 

Fe-N3 (Å) 2.04 1.98 3.14 

Fe-N4 (Å) 2.04 1.98 3.06 

Fe-N5 (Å) 1.92 1.88 2.22 

Fe-N6 (Å) 2.04 1.98 2.97 

N1-Fe-N3 (°) 160.87 161.79 -0.57 

N4-Fe-N6 (°) 160.87 161.84 -0.60 

N2-Fe-N5 (°) 180.00 178.69 0.74 

     

Figure A.11.  Optimized structure of complex 1 obtained at the B3LYP/SDD,6-31G* level of 

theory in vacuum.  

 

Table A.3. Spin contamination of quintet state 
Complex <S2> 

1 6.0155 

2 6.0676 

3 6.0356 

4 6.0361 

5 6.0850 

6 6.0540 

7 6.6533 

The scans of ΔEHS/LS vs. the exact exchange admixture C1 

Slopes of the complexes were calculated by taking the mean of slopes using the neighboring 

points along the scan from 0 to 0.25. As these complexes belong to the same class, they share 

a common slope (Average slope = -171.87 kcal/mol). The intercepts were calculated using 

the following formulae 
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DE
HS / LSnå -171.87 ´ c

1nå
n  

where EHS/LS is the value of scan for a specific exact exchange admixture 𝑐1. Scan was done 

for 𝑐1 = 0, 0.05, 0.1, 0.15, 0.2 and 0.25. 𝑛 is the number of exact exchange admixtures used 

to obtain the scan. In this case 𝑛 = 6. 

 

Table A.4. Energy differences ΔEHS/LS between singlet and quintet states for complex 1 with 

exact exchange admixture 𝒄𝟏= 0, 0.05, 0.1, 0.15, 0.2, and 0.25. 
Exact Exchange Admixture ΔEHS/LS  (kcal/mol) 

0 31.48 

0.05 22.31 

0.1 13.70 

0.15 5.82 

0.2 -1.24 

0.25 -7.44 

 

Table A.5. Energy differences ΔEHS/LS between singlet and quintet states for complex 2 with 

exact exchange admixture 𝒄𝟏= 0, 0.05, 0.1, 0.15, 0.2, and 0.25. 
Exact Exchange Admixture ΔEHS/LS  (kcal/mol) 

0 39.95 

0.05 30.93 

0.1 22.14 

0.15 13.89 

0.2 6.21 

0.25 -0.79 

Table A.6. Energy differences ΔEHS/LS between singlet and quintet states for complex 3 with 

exact exchange admixture 𝒄𝟏= 0, 0.05, 0.1, 0.15, 0.2, and 0.25.  
Exact Exchange Admixture ΔEHS/LS  (kcal/mol) 

0 41.88 

0.05 33.02 

0.1 23.99 

0.15 15.12 

0.2 6.74 

0.25 -0.93 

Table A.7. Energy differences ΔEHS/LS between singlet and quintet states for complex 4 with 

exact exchange admixture 𝒄𝟏= 0, 0.05, 0.1, 0.15, 0.2, and 0.25. 
Exact Exchange Admixture ΔEHS/LS  (kcal/mol) 

0 41.93 

0.05 31.31 

0.1 23.72 

0.15 14.28 

0.2 5.68 

0.25 -1.94 
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Table A.8. Energy differences ΔEHS/LS between singlet and quintet states for complex 5 with 

exact exchange admixture 𝒄𝟏= 0, 0.05, 0.1, 0.15, 0.2, and 0.25. 
Exact Exchange Admixture ΔEHS/LS  (kcal/mol) 

0 49.43 

0.05 42.23 

0.1 33.34 

0.15 24.20 

0.2 15.01 

0.25 5.98 

Table A.9. Energy differences ΔEHS/LS between singlet and quintet states for complex 6 with 

exact exchange admixture 𝒄𝟏= 0, 0.05, 0.1, 0.15, 0.2, and 0.25.  
Exact Exchange Admixture ΔEHS/LS  (kcal/mol) 

0 n/a 

0.05 38.20 

0.1 28.26 

0.15 18.51 

0.2 9.03 

0.25 3.53 

    n/a : quintet is not metal-centered state 

Table A.10. Energy differences ΔEHS/LS between singlet and quintet states for complex 7 with 

exact exchange admixture 𝒄𝟏= 0, 0.05, 0.1, 0.15, 0.2, and 0.25.  
Exact Exchange Admixture ΔEHS/LS  (kcal/mol) 

0 n/a 

0.05 n/a 

0.1 35.95 

0.15 26.11 

0.2 16.49 

0.25 7.36 

    n/a : quintet is not metal-centered state 

Table A.11. Slope, Intercept and R2 (a measure of the goodness of fit of the linear model-

function) of the scans 
Complex Slope (kcal/mol) Intercept (kcal/mol) R2 

1 -155.67 32.25 0.98 

2 -162.97 40.21 1.00 

3 -171.23 41.45 1.00 

4 -175.48 40.65 1.00 

5 -173.77 49.85 1.00 

6 -173.32 45.29 0.99 

7 -190.63 51.55 0.99 

 



 

 127 

 

Figure A.12.  Plot of EHS/LS  with respect to the exact exchange admixture (c1) in the 

B3LYP functional for complexes 1-7. The EHS/LS  at 0%, 5% for complex 7, and 0% for 

complex 6 could not be obtained as optimization of the quintet spin state led to unpaired 

electron on the ligand rather than the metal.  

 
Figure A.13.  KS orbital energy levels of optimized complexes 1-7 in vacuum using the 

B3LYP functional with ECP (SDD) on Fe and 6-31G* basis set on C, H and N. The numbers 

in parenthesis are the HOMO-LUMO energy gap in eV.  Metal-based orbitals are in black 

and the LUMO is in green. The t2g orbitals set is HOMO to HOMO-2. Note there is several 

* ligand centered orbitals (not shown in Figure) between LUMO and eg*.  
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Figure A.14.  HOMO-2 – LUMO+3 KS orbitals of complexes 1, 2, 3, 4, 5, 6 and 7, fully 

optimized in vacuum using the B3LYP functional with SDD for Fe and 6-31G* basis set for 

C, H and N. The spin multiplicity is singlet.  
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Figure A.15.  Left panel: LUMO – LUMO+3 KS orbitals of complex 1 and its carboxylic 

acid functionalized congeners 1a, 1b and 1c. Right panel: LUMO – LUMO+3 KS orbitals of 

complex 4 and its carboxylic acid functionalized congeners 4a, 4b and 4c. The complexes 

were fully optimized in vacuum using the B3LYP functional with SDD for Fe and 6-31G* 

basis set for C, H, O and N. The spin multiplicity is singlet. 

 

 

 

 
Figure A.16.  The modified IPs improved the energy ordering and shape of the EH 

unoccupied orbitals near the frontier region of the HOMO-LUMO gap for complex 4a.  
 

 



 

 130 

 

 

 

Figure A.17.  Dye-TiO2 assemblies of complex 1a attached via carboxylic acid linker in a 

monodentate (left) and bidentate (right) binding modes.  

 

 

 

 

 

 

 

 

 

 

 
Figure A.18.  The dye-TiO2 assemblies of complexes  4a, 4b, 4c and 4c'. (a) The –COOH 

linker is in monodentate binding mode and (b) in the bidentate binding mode.  
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Figure A.19.  Left panel: EH orbital energy levels of the complexes 1 and 4 and their 

functionalized congeners with one (1a, 4a), two (4b) and three (4c, 4c) –COOH linkers. 

Right panel: The blue line represents the total density of states (DOS) for the whole system 

(4c-TiO2) assemblies and the black line represents the projected density of states (pDOS) on 

the dye only (4c) convoluted using the Gaussian line-shape with HWHM 0.05 eV. The –

COOH linker is attached to TiO2 in a bidentate mode. 

 
 

Figure A.20. The initial EH molecular orbitals for LUMO to LUMO+7 used for IET studies 

of dye-TiO2 assemblies of 1a, 4a, 4b, 4c and 4c (linker attached in a bidentate mode). The 

linker used to attach the dye to TiO2 is shown using an arrow. 
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Table A.12. Percentage electron density on the -COOH linker attached in a bidentate 

attachment mode to the TiO2 in the functionalized dyes 1a, 4a, 4b, 4c and 4c. 

Complex 
Electron Density [%] 

1a 4a 4b 4c 4c 
LUMO 22.3 0.0 17.0 20.5 0.0 

LUMO+1 0.0 0.0 10.0 7.0 0.7 

LUMO+2 0.0 0.7 0.0 0.0 0.0 

LUMO+3 0.0 4.6 5.0 4.9 0.0 

LUMO+4 20.4 52.0 2.0 0.0 55.9 

LUMO+5 0.0 0.0 2.0 0.0 0.1 

LUMO+6 0.0 0.0 2.0 1.6 0.0 

LUMO+7 0.0 0.0 0.0 2.0 0.0 

 

Table A.13. Characteristic electron injection times for complex 1a from constrained 

exponential fit of survival probability, P(t) = exp(-α*t), with t = 0-2000 fs and the electron 

density on the constrained linker group.  

 

Initial Particle 

State 

1a_monodentate 

Injection time 

 

Electron density 

COOH [%] 

106, LUMO 
92.4 fs 

(R2= 0.998) 
22.3 

107, LUMO+1 
3.8 ns 

(R2= 0.999) 
0.0 

108, LUMO+2 
4.4 ps 

(R2= 1.000) 
0.0 

109, LUMO+3 
6.0 ps 

(R2= 0.978) 
0.0 

110, LUMO+4 
11.7 fs 

(R2= 0.940) 
19.8 

111, LUMO+5 
206.2 ps 

(R2= 0.999) 
0.0 

112, LUMO+6 
32.1 ps 

(R2= 1.000) 
0.0 

113, LUMO+7 
9.1 ps 

(R2= 0.972) 
0.0 
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Initial Particle 

State 

1a_bidentate 

Injection time 

 

Electron density 

COOH [%] 

106, LUMO 
4.1 ps 

(R2= 0.184) 22.3 

107, LUMO+1 
5.1 ns 

(R2= 1.000) 0.0 

108, LUMO+2 
9.8 ps 

(R2= 0.998) 0.0 

109, LUMO+3 
16.6 ps 

(R2= 0.996) 0.0 

110, LUMO+4 
5.7 fs 

(R2= 0.976) 20.4 

111, LUMO+5 
224.7 ps 

(R2= 1.000) 
0.0 

112, LUMO+6 
301.1 ps 

(R2= 1.000) 
0.0 

113, LUMO+7 
13.7 ps 

(R2= 1.000) 
0.0 
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 Table A.14. Characteristic electron injection times for complex 1a from constrained double 

exponential fit of survival probability, P(t) = a*exp(-α1*t) + (1-a)*exp(-α2*t), with t = 0-

2000 fs. The percent contribution to the double exponential for each of the injection times is 

given below the corresponding time 

Initial Particle 

State 

1a monodentate 

Injection time 

 

 

106, LUMO 

 

 

97.8 fs 

[94%] 

0.9 fs 

[6%] 

(R2= 1.000) 

107, LUMO+1 

 

3.8 ns 

[100%] 

1.4 ns 

[0%] 

(R2= 0.999) 

108, LUMO+2 

6.4 ps 

[40%] 

3.6 ps 

[60%] 

(R2= 1.000) 

109, LUMO+3 

6.9 ps 

[97%] 

80.1 fs 

[3%] 

( R2= 1.000) 

110, LUMO+4 

60.0 fs 

[17%] 

7.8 fs 

[83%] 

( R2= 0.987) 

111, LUMO+5 

206.2 ps 

[100%] 

51.0 ps 

[0%] 

( R2= 0.999) 

112, LUMO+6 

32.1 ps  

[100%] 

26.2 ps 

[0%] 

( R2= 1.000) 

113, LUMO+7 

10.4 ps  

[98%] 

35.9 fs 

[2%] 

( R2= 1.000) 
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Initial Particle 

State 

[Fe(tpyCOOH)2]2+ 

Injection time 

 

 

106, LUMO 

 

 

7.3 ps 

[88%] 

0.7 fs 

[12%] 

(R2= 0.998) 

107, LUMO+1 

 

5.0 ns 

[100%] 

1.8 ns 

[0%] 

(R2= 1.000) 

108, LUMO+2 

9.8 ps 

[100%] 

8.5 ps 

[0%] 

(R2= 0.998) 

109, LUMO+3 

17.7 ps 

[100%] 

84.5 fs 

[0%] 

( R2= 1.000) 

110, LUMO+4 

5.7 fs 

[94%] 

5.7 fs 

[6%] 

( R2= 0.976) 

111, LUMO+5 

224.7 ps 

[100%] 

123.5 ps 

[0%] 

( R2= 1.000) 

112, LUMO+6 

301.1 ps  

[100%] 

109.5 ps 

[0%] 

( R2= 1.000) 

113, LUMO+7 

13.7 ps  

[100%] 

13.2 ps 

[0%] 

( R2= 1.000) 
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Table A.15. Characteristic electron injection times for complex 4a from constrained 

exponential fit of survival probability, P(t) = exp(-α*t), with t = 0-2000 fs and the electron 

density on the constrained linker group. 

 

Initial Particle 

State 

4a monodentate 

Injection time 

 

Electron density 

COOH [%] 

106, LUMO 
6.8 ps 

(R2= 0.998) 
0.0 

107, LUMO+1 
2.2 ps 

(R2= 0.999) 
0.2 

108, LUMO+2 
29.6 ps 

(R2= 0.975) 
0.1 

109, LUMO+3 
376.6 fs 

(R2= 0.991) 
5.2 

110, LUMO+4 
8.2 fs 

(R2= -2.262) 
48.0 

111, LUMO+5 
22.9 ps 

(R2= -45.654) 
2.5 

112, LUMO+6 
1.3 ps 

(R2= 0.999) 
0.0 

113, LUMO+7 
2.4 ps 

(R2= 1.000) 
0.0 
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Initial Particle 

State 

4a bidentate 

Injection time 

 

Electron density 

COOH [%] 

106, LUMO 
32.7 ps 

(R2= 0.999) 
0.0 

107, LUMO+1 
19.2 ps 

(R2= 1.000) 
0.0 

108, LUMO+2 
9.9 ps 

(R2= 0.529) 
0.7 

109, LUMO+3 
572.8 fs 

(R2= 0.928) 
4.6 

110, LUMO+4 
3.0 fs 

(R2= -0.197) 
52.0 

111, LUMO+5 
735.1 fs 

(R2= 0.691) 
0.0 

112, LUMO+6 
12.6 ps 

(R2= 0.998) 
0.0 

113, LUMO+7 
11.8 ps 

(R2= 1.000) 
0.0 
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Table A.16. Characteristic electron injection times for complex 4a from constrained double 

exponential fit of survival probability, P(t) = a*exp(-α1*t) + (1-a)*exp(-α2*t), with t = 0-

2000 fs. The percent contribution to the double exponential for each of the injection times is 

given below the corresponding time.  

Initial Particle 

State 

4a monodentate 

Injection time 

 

 

106, LUMO 

 

 

7.1 ps 

[99%] 

46.6 fs 

[1%] 

(R2= 1.000) 

107, LUMO+1 

 

2.3 ps 

[99%] 

130.1 fs 

[1%] 

(R2= 1.000) 

108, LUMO+2 

35.3 ps 

[99%] 

192.5 fs 

[1%] 

(R2= 1.000) 

109, LUMO+3 

419.4 fs 

[90%] 

5.1 fs 

[10%] 

( R2= 0.999) 

110, LUMO+4 

1.6 ps 

[13%] 

4.3 fs 

[87%] 

( R2= 0.912) 

111, LUMO+5 

196.2 ps 

[95%] 

4.5 fs 

[5%] 

( R2= 0.943) 

112, LUMO+6 

1.4 ps  

[100%] 

1.4 ps 

[0%] 

(R2= 0.999) 

113, LUMO+7 

2.4 ps  

[100%] 

111.6 fs 

[0%] 

(R2= 1.000) 
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Initial Particle 

State 

4a bidentate 

Injection time 

 

 

 

106, LUMO 

 

 

32.7 ps 

[100%] 

9.5 ps 

[0%] 

(R2= 0.999) 

107, LUMO+1 

 

19.2 ps 

[100%] 

1.5 ps 

[0%] 

(R2= 1.000) 

108, LUMO+2 

18.5 ps 

[94%] 

128.5 fs 

[6%] 

(R2= 0.984) 

109, LUMO+3 

1.3 ps 

[43%] 

249.7 fs 

[57%] 

( R2= 0.996) 

110, LUMO+4 

557.8 fs 

[12%] 

2.0 fs 

[88%] 

( R2= 0.989) 

111, LUMO+5 

735.1 fs 

[100%] 

236.8 fs 

[0%] 

(R2= 0.691) 

112, LUMO+6 

13.3 ps  

[99%] 

172.6 fs 

[1%] 

(R2= 1.000) 

113, LUMO+7 

11.8 ps  

[100%] 

12.0 ps 

[0%] 

(R2= 1.000) 
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Table A.17. Characteristic electron injection times for complex 4b from constrained 

exponential fit of survival probability, P(t) = exp(-α*t), with t = 0-2000 fs and the electron 

density on the constrained linker group. 

 

Initial Particle 

State 

4b monodentate 

Injection time 

 

Electron density 

COOH [%] 

122, LUMO 
62.2 fs 

(R2= 0.976) 
20.0 

123, LUMO+1 
409.8 fs 

(R2= 0.995) 
7.3 

124, LUMO+2 
2.0 ns 

(R2= 0.997) 
0.0 

125, LUMO+3 
99.7 fs   

(R2= 0.996) 
4.4 

126, LUMO+4 
120.2 fs 

(R2= 0.993) 
1.9 

127, LUMO+5 
58.9 fs   

(R2= 0.961) 
1.7 

128, LUMO+6 
429.6 fs    

(R2= 0.996) 
1.4 

129, LUMO+7 
26.6 ps    

(R2= 1.000) 
0.0 
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Initial Particle 

State 

4b bidentate 

Injection time 

 

Electron density 

COOH [%] 

122, LUMO 
1.6 ps 

(R2= 0.871) 
17.0 

123, LUMO+1 
6.4 ps 

 (R2= 0.597) 
10.0 

124, LUMO+2 
479.5 ps 

(R2= 0.994) 
0.0 

125, LUMO+3 
2.1 ps  

(R2= 0.984) 
5.0 

126, LUMO+4 
44.9 fs 

 (R2= 0.989) 
2.0 

127, LUMO+5 
54.2 fs  

(R2= 0.965) 
2.0 

128, LUMO+6 
73.0 fs 

(R2= 0.995) 
2.0 

129, LUMO+7 
19.1 ps 

(R2= 1.000) 
0.0 
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Table A.18. Characteristic electron injection times for complex 4b from constrained double 

exponential fit of survival probability, P(t) = a*exp(-α1*t) + (1-a)*exp(-α2*t), with t = 0-

2000 fs. The percent contribution to the double exponential for each of the injection times is 

given below the corresponding time. 

Initial Particle 

State 

4b monodentate 

Injection time 

122, LUMO 

454.2 fs 

[8%] 

51.2 fs 

[92%] 

(R2= 0.998) 

123, LUMO+1 

450.3 fs 

[91%] 

35.4 fs 

[9%] 

(R2= 1.000) 

124, LUMO+2 

2.0 ns 

[100%] 

725.3 ps 

[0%] 

(R2= 0.997) 

125, LUMO+3 

99.7 fs 

[100%] 

99.7 fs 

[0%] 

( R2= 0.996) 

126, LUMO+4 

136.5 fs 

[88%] 

15.1 fs 

[12%] 

( R2= 0.998) 

127, LUMO+5 

58.8 fs 

[99%] 

58.7 fs 

[1%] 

( R2= 0.961) 

128, LUMO+6 

469.2 fs 

[92%] 

35.5 fs 

[8%] 

( R2= 1.000) 

129, LUMO+7 

26.6 ps   

[100%] 

6.5 ps  

[0%] 

( R2= 1.000) 
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Initial Particle 

State 

4b bidentate 

Injection time 

 

122, LUMO 

2.0 ps  

[86%] 

1.8 fs 

 [14%] 

(R2=  0.993) 

123, LUMO+1 

9.8 ps 

 [93%] 

0.7 fs 

 [7%] 

(R2= 0.963) 

124, LUMO+2 

479.5 ps 

 [100%] 

30.5 ps 

[0%] 

(R2= 0.994) 

125, LUMO+3 

2.3 ps 

[95%] 

1.22 fs 

[5%] 

( R2=  0.999) 

126, LUMO+4 

107.9 fs 

[23%] 

32.6 fs 

[77%] 

( R2= 0.997) 

127, LUMO+5 

140.5 fs 

[28%] 

33.4 fs 

[72%] 

( R2= 0.987) 

128, LUMO+6 

103.4 fs 

[50%] 

47.5 fs 

[50%] 

( R2= 0.998) 

129, LUMO+7 

19.1 ps 

[100%] 

21.4 ps 

[0%] 

( R2= 1.000) 
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Table A.19. Characteristic electron injection times for side-ring constrained complex 4c 

from constrained exponential fit of survival probability, P(t) = exp(-α*t), with t = 0-2000 fs 

and the electron density on the constrained linker group.  

 

Initial Particle 

State 

4c monodentate 

Injection time 
Electron density 

COOH [%] 

138, LUMO 
55.3 fs   

(R2= 0.970) 23.6 

139, LUMO+1 
834.5 fs 

(R2= 0.996) 
4.1 

140, LUMO+2 
1.3 ns   

(R2= 0.998) 
0.0 

141, LUMO+3 
96.9 fs 

(R2= 0.995) 
4.3 

142, LUMO+4 
79.3 ps 

(R2= 0.999) 
0.0 

143, LUMO+5 
29.4 ps 

(R2= 0.999) 
0.0 

144, LUMO+6 
276.8 fs 

(R2= 0.996) 
2.0 

145, LUMO+7 
121.5 fs 

(R2= 0.989) 
1.5 
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Initial Particle 

State 

4c bidentate 

Injection time 
Electron density 

COOH [%] 

138, LUMO 
1.4 ps 

(R2= 0.865) 20.5 

139, LUMO+1 
9.6 ps  

(R2= 0.543) 
7.0 

140, LUMO+2 
2.4 ns 

(R2= 0.979) 0.0 

141, LUMO+3 
2.0 ps 

(R2= 0.986) 4.9 

142, LUMO+4 
3.6 ps 

(R2= 0.999) 0.0 

143, LUMO+5 
57.8 ps 

(R2= 0.987) 0.0 

144, LUMO+6 
64.5 fs 

(R2= 0.995) 1.6 

145, LUMO+7 
39.0 fs 

(R2= 0.967) 2.0 
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Table A.20. Characteristic electron injection times for side-ring constrained complex 4c 

from constrained double exponential fit of survival probability, P(t) = a*exp(-α1*t) + (1-

a)*exp(-α2*t), with t = 0-2000 fs. The percent contribution to the double exponential for each 

of the injection times is given below the corresponding time. 

Initial Particle 

State 

4c monodentate 

Injection time 

138, LUMO 

881.9 fs 

[5%] 

48.5 fs 

[95%] 

(R2= 0.997) 

139, LUMO+1 

886.2 fs 

[95%] 

37.5 fs 

[5%] 

(R2= 1.000) 

140, LUMO+2 

1.3 ns   

[100%] 

440.8 ps 

[0%] 

(R2= 0.998) 

141, LUMO+3 

96.9 fs 

[100%] 

96.9 fs 

[0%] 

(R2= 0.995) 

142, LUMO+4 

81.8 ps 

[100%] 

121.2 fs 

[0%] 

(R2= 1.000) 

143, LUMO+5 

29.4 ps 

[100%] 

6.8 ps 

[0%] 

(R2= 0.999) 

144, LUMO+6 

299.1 fs 

[93%] 

13.1 fs 

[7%] 

(R2= 1.000) 

145, LUMO+7 

118.3 fs 

[99%] 

1.1 ps 

[1%] 

( R2= 0.989) 
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Initial Particle 

State 

4c bidentate 

Injection time 

138, LUMO 

1.9 ps 

[85%] 

1.1 fs 

[15%] 

(R2= 0.996) 

139, LUMO+1 

15.1 ps 

[95%] 

0.8 fs 

[5%] 

(R2= 0.961) 

140, LUMO+2 

2.4 ns 

[100%] 

810.4 ps 

[0%] 

(R2= 0.979) 

141, LUMO+3 

2.2 ps 

[95%] 

1.3 fs 

[5%] 

(R2= 0.999) 

142, LUMO+4 

3.7 ps 

[99%] 

46.4 fs 

[1%] 

(R2= 1.000) 

143, LUMO+5 

76.1 ps 

[99%] 

704.8 fs 

[1%] 

(R2= 1.000) 

144, LUMO+6 

89.4 fs 

[59%] 

34.7 fs 

[41%] 

(R2= 0.999) 

145, LUMO+7 

209.9 fs 

[7%] 

34.4 fs 

[93%] 

(R2= 0.974) 
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Table A.21. Characteristic electron injection times for center-ring constrained complex 4c' 

from constrained exponential fit of survival probability, P(t) = exp(-α*t), with t = 0-2000 fs 

and the electron density on the constrained linker group. 

 

Initial Particle 

State 

4c' monodentate 

Injection time 
Electron density 

COOH [%] 

138, LUMO 
36.1 ps 

(R2= 1.000) 
0.0 

139, LUMO+1 
639.0 fs 

(R2= 1.000) 
0.7 

140, LUMO+2 
227.1 ps 

(R2= 0.106) 
0.0 

141, LUMO+3 
11.1 ps 

(R2= 1.000) 
0.0 

142, LUMO+4 
4.1 fs 

(R2= 0.955) 
54.6 

143, LUMO+5 
47.0 ps 

(R2= 1.000) 
0.0 

144, LUMO+6 
956.2 fs 

(R2= 0.999) 
0.0 

145, LUMO+7 
476.5 fs 

(R2= 0.985) 
0.0 

 

  



 

 149 

 

Initial Particle 

State 

4c' bidentate 

Injection time 
Electron density 

COOH [%] 

138, LUMO 
1.6 ns 

(R2= 0.999) 
0.0 

139, LUMO+1 
26.9 ps 

(R2= 0.911) 
0.7 

140, LUMO+2 
719.3 ps 

(R2= 0.979) 
0.0 

141, LUMO+3 
670.7 ps 

(R2= 1.000) 
0.0 

142, LUMO+4 
2.2 fs 

(R2= 0.939) 
55.9 

143, LUMO+5 
120.1 ps 

(R2= 0.893) 
0.1 

144, LUMO+6 
5.8 ps 

(R2= 1.000) 
0.0 

145, LUMO+7 
8.0 ps 

(R2= 0.999) 
0.0 
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Table A.22. Characteristic electron injection times for center-ring constrained complex 4c' 

from constrained double exponential fit of survival probability, P(t) = a*exp(-α1*t) + (1-

a)*exp(-α2*t), with t = 0-2000 fs. The percent contribution to the double exponential for each 

of the injection times is given below the corresponding time. 

Initial Particle 

State 

4c' monodentate 

Injection time 

138, LUMO 

36.1 ps 

[100%] 

3.9 ps 

[0%] 

(R2= 1.000) 

139, LUMO+1 

30.4 s 

[0%] 

634.0 fs 

[100%] 

(R2= 1.000) 

140, LUMO+2 

227.1 ps 

[100%] 

18.5 ps 

[0%] 

(R2= 0.106) 

141, LUMO+3 

11.1 ps 

[100%] 

1.7 ps 

[0%] 

(R2= 1.000) 

142, LUMO+4 

4.1 fs 

[88%] 

4.1 fs 

[12H%] 

(R2= 0.955) 

143, LUMO+5 

47.0 ps 

[100%] 

47.2 ps 

[0%] 

(R2= 1.000) 

144, LUMO+6 

985.3 fs 

[97%] 

21.6 fs 

[3%] 

(R2= 1.000) 

145, LUMO7 

619.3 fs 

[74%] 

148.3 fs 

[126%] 

(R2= 0.999) 
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Initial Particle 

State 

4c' bidentate 

Injection time 

138, LUMO 

1.6 ns 

[100%] 

579.4 ps 

[0%] 

(R2= 0.999) 

139, LUMO+1 

33.9 ps 

[99%] 

1.7 fs 

[1%] 

(R2= 1.000) 

140, LUMO+2 

719.3 ps 

[100%] 

284.1 ps 

[0%] 

(R2= 0.979) 

141, LUMO+3 

670.7 ps 

[100%] 

237.9 ps 

[0%] 

(R2= 1.000) 

142, LUMO+4 

2.2 fs 

[78%] 

2.2 fs 

[22%] 

(R2= 0.939) 

143, LUMO+5 

120.1 ps 

[100%] 

19.7 ps 

[0%] 

(R2= 0.893) 

144, LUMO+6 

5.8 ps 

[100%] 

3.1 ps 

[0%] 

(R2= 1.000) 

145, LUMO+7 

8.2 ps 

[99%] 

98.2 fs 

[1%] 

(R2= 1.000) 
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Table A.23. Summarized IET for 1a, 4a, 4b, 4c and 4c-TiO2 assemblies, in monodentate 

attachment mode, from the single or double or triple or quadruple exponential fit based on 

the goodness of fit R2 ≥ 0.950. The electron density on the COOH linker group that attaches 

the dye to TiO2 is given in bracket.  

 

Initial Particle 

State 

Injection time 

R2 

(Electron density [%]) 

1a 4a 4b 4c 4c 

LUMO 

92.4 fs 

R2= 0.998 

(22.3) 

6.8 ps 

R2= 0.998 

(0.0) 

62.2 fs 

R2= 0.976 

(20.0) 

55.3 fs 

R2= 0.998 

(23.6) 

36.1 ps 

R2= 1.000 

(0.0) 

LUMO+1 

3.8 ns 

R2= 0.999 

(0.0) 

2.2 ps  

R2= 0.999 

(0.2) 

409.8 fs 

R2= 0.995 

(7.3) 

834.5 fs 

R2= 0.996 

(4.1) 

639.0 fs 

R2= 1.000 

(0.7) 

LUMO+2 

4.4 ps 

R2= 1.000 

(0.0) 

29.6 ps 

R2= 0.975 

(0.1) 

2.0 ns 

R2= 0.997 

(0.0) 

1.3 ns 

R2= 0.998 

(0.0) 

No Inj 

(0.0) 

LUMO+3 

6.0 ps 

R2= 0.978 

(0.0) 

376.6 fs 

R2= 0.991 

(5.2) 

99.7 fs  

R2= 0.996 

(4.4) 

96.9 fs 

R2= 0.995 

(4.3) 

11.1 ps 

R2= 1.000 

(0.0) 

LUMO+4 

39.9 fs 

R2= 0.987 

(19.8) 

1.6 ps a 

R2= 0.912 

(48.0) 

120.2 fs 

R2= 0.993 

(1.9) 

79.3 ps 

R2= 0.999 

(0.0) 

4.1 fs 

R2= 0.955 

(54.6) 

LUMO+5 

206.2 ps 

R2= 0.999 

(0.00) 

289.0 ps b 

R2= 0.996 

(2.5) 

58.9 fs   

R2= 0.961 

(1.7) 

29.4 ps 

R2= 0.999 

(0.0) 

47.0 ps 

R2= 1.000 

(0.0) 

LUMO+6 

32.1 ps 

R2= 1.000 

(0.00) 

1.3 ps 

R2= 0.999 

(0.0) 

429.6 fs    

R2= 0.996 

(1.4) 

276.8 fs 

R2= 0.996 

(2.0) 

956.2 fs 

R2= 0.999 

(0.0) 

LUMO+7 

9.1 ps 

R2=0.972 

(0.00) 

2.4 ps 

R2= 1.000 

(0.0) 

26.6 ps    

R2= 1.000 

(0.0) 

121.5 fs 

R2= 0.989 

(1.5) 

476.5 fs 

R2= 0.985 

(0.0) 

a Due to the oscillatory behavior of IET no improvement in R2 was observed using the triple 

exponential fit hence double exponential fit is reported. 
b

 Quadruple exponential fit is reported 
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Table A.24. Summarized IET for 1a, 4a, 4b, 4c and 4c-TiO2 assemblies, bidentate 

attachment mode, from the single or double or triple exponential fit based on the goodness of 

fit R2 ≥ 0.950. The electron density on the COOH linker group that attaches the dye to TiO2 

is provided in parenthesis.  

 

Initial Particle 

State 

Injection time 

R2 

(Electron density) 

1a 4a 4b 4c 4c 

LUMO 

7.3 ps 

R2= 0.998 

(22.3) 

32.7 ps 

R2= 0.999 

(0.0) 

2.0 ps  

R2= 0.993 

(17.0) 

1.9 ps 

R2= 0.996 

(20.5) 

1.6 ns 

R2=1.000  

(0.0) 

LUMO+1 

5.1 ns 

R2= 1.000 

(0.0) 

19.2 ps 

R2= 1.000 

(0.0) 

9.8 ps 

R2= 0.963 

(10.0) 

15.1 ps 

R2= 0.961 

 (7.0) 

33.9 ps 

R2= 1.000  

(0.7) 

LUMO+2 

9.8 ps 

R2= 0.998 

(0.0) 

18.5 ps 

R2= 0.984 

(0.7) 

479.5 ps 

R2= 0.994 

(0.0) 

2.4 ns 

R2= 0.979 

(0.0) 

719.3 ps 

R2= 0.979 

(0.0) 

LUMO+3 

16.6 ps 

R2= 0.996 

(0.0) 

1.1 ps 

R2= 0.996 

(4.6) 

2.1 ps 

R2= 0.984 

(5.0) 

2.0 ps 

R2= 0.986 

(4.9) 

670.7 ps 

R2= 1.000 

(0.0) 

LUMO+4 

5.7 fs 

R2= 0.976 

(20.4) 

543.1 fs 

R2= 0.989 

(52.0) 

44.9 fs 

R2= 0.989 

(2.0) 

3.6 ps 

R2= 0.999 

(0.0) 

1.7 fs a 

R2= 0.959 

(55.9) 

LUMO+5 

224.7 ps 

R2= 1.000 

(0.0) 

1.1 ns a 

R2= 0.995 

(0.0) 

54.2 fs   

R2= 0.965 

(2.0) 

57.8 ps 

R2= 0.987 

(0.0) 

154.2 ps a 

R2= 1.000 

(0.1) 

LUMO+6 

301.1 ps 

R2= 1.000 

(0.0) 

12.6 ps 

R2= 0.998 

(0.0) 

73.0 fs    

R2= 0.995 

(2.0) 

64.5 fs 

R2= 0.995 

(1.6) 

5.8 ps 

R2= 1.000 

(0.0) 

LUMO+7 

13.7 ps 

R2= 1.000 

 (0.0) 

11.8 ps 

R2= 1.000 

(0.0) 

19.1 ps    

R2= 1.000 

(0.0) 

39.0 fs 

R2= 0.967 

(2.0) 

8.0 ps 

R2= 0.999 

(0.0) 

a Triple exponential fit  is reported 
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Figure A.21. Characteristic IET times for LUMO-LUMO+7 extended Hückel orbitals of 

dye-TiO2 assemblies of 1a, 4a, 4b, 4c and 4c (bidentate attachment mode), obtained from 

exponential fit to the survival probability.  The dashed line is the time taken (100 fs) for 

intersystem crossing. The IET for each dye-TiO2 assembly are arranged in ascending order.  

 

List A.2. Coordinates of optimized structures 

 

Structure optimizations were employed using B3LYP functional with the SDD basis set on 

Fe and 6-31g* basis set on the rest of the atoms. Optimizations were carried out in vacuum 

and using ultrafine grid. 

 
Complex 1 Singlet 

Fe     -0.000000028     0.000000220     0.000000168 

N       0.338636881    -1.422232276     1.419443210 

N       1.923196491     0.000002477     0.000002857 

N       0.338637605     1.422234223    -1.419441342 

N      -0.338632641    -1.419442686    -1.422233525 

N      -1.923196502    -0.000002495    -0.000003038 

N      -0.338641813     1.419442046     1.422232757 

C      -0.568331813    -2.122135244     2.117960835 

C      -0.219149281    -3.077306275     3.071187865 

C       1.131673215    -3.319247465     3.312594099 

C       2.083949869    -2.598209339     2.592990747 

C       1.662839119    -1.656604337     1.653304462 

C      -0.568330686     2.122135731    -2.117960919 

C      -0.219147640     3.077307646    -3.071186886 

C       1.131674999     3.319251207    -3.312590008 

C       2.083951245     2.598214541    -2.592984635 
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C       1.662839950     1.656608629    -1.653299515 

C       2.578306651    -0.835474618     0.833807784 

C       3.975829727    -0.856972230     0.855260273 

C       4.671301747     0.000004563     0.000005638 

C       3.975830146     0.856980242    -0.855250441 

C       2.578307064     0.835480497    -0.833800804 

C       0.568337962    -2.117960179    -2.122134185 

C       0.219158061    -3.071187325    -3.077306053 

C      -1.131663732    -3.312593972    -3.319250630 

C      -2.083942397    -2.592990864    -2.598214906 

C      -1.662834277    -1.653304394    -1.656608883 

C       0.568324569     2.117961777     2.122136519 

C       0.219138935     3.071187859     3.077307349 

C      -1.131684365     3.312590839     3.319247365 

C      -2.083958670     2.592985233     2.598208355 

C      -1.662844787     1.653300033     1.656603676 

C      -2.578304249    -0.833807927    -0.835481587 

C      -3.975827309    -0.855261062    -0.856982539 

C      -4.671301784    -0.000006566    -0.000007572 

C      -3.975832659     0.855249954     0.856969638 

C      -2.578309540     0.833800958     0.835473300 

H      -1.608839363    -1.905865647     1.902158332 

H      -0.994634342    -3.614007415     3.606825956 

H       1.442149162    -4.055374952     4.047216839 

H       3.140805418    -2.769539330     2.763940121 

H      -1.608838358     1.905864197    -1.902160977 

H      -0.994632405     3.614007563    -3.606826644 

H       1.442151358     4.055379376    -4.047211896 

H       3.140806879     2.769546357    -2.763931618 

H       4.516063728    -1.522047517     1.519002314 

H       5.756591765     0.000005370     0.000006719 

H       4.516064485     1.522056206    -1.518991524 

H       1.608844925    -1.902157480    -1.905861985 

H       0.994644613    -3.606825231    -3.614005203 

H      -1.442137657    -4.047216828    -4.055378842 

H      -3.140797491    -2.763940524    -2.769547452 

H       1.608832791     1.902161824     1.905867742 

H       0.994622224     3.606827792     3.614009225 

H      -1.442162714     4.047212801     4.055374624 

H      -3.140814758     2.763932110     2.769537467 

H      -4.516059405    -1.519003579    -1.522058931 

H      -5.756591818    -0.000008195    -0.000009369 

H      -4.516068877     1.518990831     1.522044247 

 

Complex 1 Quintet 
Fe     -0.000015176     0.000633063    -0.001019769 

N      -0.637629061     1.992062481    -0.808118347 
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N      -2.172694501    -0.000816379     0.000053779 

N      -0.634272776    -1.990755635     0.809734677 

N       0.636415155    -0.809556423    -1.991552031 

N       2.172732306     0.000948431    -0.000606033 

N       0.635538075     0.808212509     1.991182850 

C       0.206471882     2.956869728    -1.199060969 

C      -0.223467260     4.185869004    -1.697349919 

C      -1.594093433     4.417337941    -1.791494354 

C      -2.479204407     3.418079104    -1.386655502 

C      -1.971101697     2.211592143    -0.897470474 

C       0.211195338    -2.953791917     1.202061103 

C      -0.216899338    -4.183270479     1.700764234 

C      -1.587171954    -4.417173817     1.794047110 

C      -2.473731731    -3.419742625     1.387946128 

C      -1.967406151    -2.212676686     0.898258774 

C      -2.834138277     1.087990875    -0.442261871 

C      -4.232579238     1.115575237    -0.454607889 

C      -4.928573851    -0.003623766    -0.001071564 

C      -4.230675206    -1.121319355     0.453101111 

C      -2.832217200    -1.090944282     0.441963008 

C      -0.208289757    -1.202349546    -2.955081130 

C       0.220873565    -1.700858210    -4.184261533 

C       1.591351686    -1.793408378    -4.417246738 

C       2.477089291    -1.386807180    -3.419261698 

C       1.969745755    -0.897357268    -2.212562855 

C      -0.209387966     1.198683423     2.955454280 

C       0.219414379     1.697269748     4.184732390 

C       1.589823401     1.792264508     4.417153206 

C       2.475814810     1.387928612     3.418499069 

C       1.968795707     0.898395460     2.211665243 

C       2.833488384    -0.440521907    -1.090166936 

C       4.231915200    -0.450787022    -1.119468410 

C       4.928608116     0.003849487    -0.001153127 

C       4.231408788     0.456921792     1.117429601 

C       2.832936479     0.443711627     1.088757669 

H       1.265423707     2.732798715    -1.108001833 

H       0.500192092     4.934642778    -2.000648958 

H      -1.973325443     5.359880788    -2.173597706 

H      -3.547307856     3.586780512    -1.455282303 

H       1.269822382    -2.727849209     1.111837786 

H       0.507890980    -4.930521467     2.005124400 

H      -1.964997194    -5.360132200     2.176514886 

H      -3.541582037    -3.590249448     1.456048361 

H      -4.775494030     1.983728252    -0.807367736 

H      -6.014113260    -0.004749349    -0.001548047 

H      -4.772118461    -1.990549960     0.805462073 

H      -1.267098505    -1.112667033    -2.729786829 
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H      -0.503256540    -2.005632754    -4.931980573 

H       1.969986319    -2.175708451    -5.359949899 

H       3.545086666    -1.454348257    -3.589069807 

H      -1.268144800     1.106986622     2.730714603 

H      -0.504943185     2.000145382     4.933005377 

H       1.968186418     2.174624273     5.359939897 

H       3.543765189     1.457204576     3.587906633 

H       4.774288405    -0.802794301    -1.988265788 

H       6.014147604     0.005025698    -0.001378221 

H       4.773389825     0.810022703     1.986025691 

 

Complex 2 Singlet 

Fe      0.012416110    -0.000000116    -0.000000789 

N       0.373525361     2.029287864    -0.000041080 

N       0.373526958    -2.029287827     0.000038243 

N      -0.346781674     0.000037417     1.996522592 

N      -1.930074641    -0.000000566     0.000004647 

N      -0.346792830    -0.000037501    -1.996521931 

C      -0.545922391     3.008204050    -0.000057819 

C      -0.223235599     4.361326000    -0.000081538 

C       1.126163036     4.719573297    -0.000087576 

C       2.090493246     3.717909698    -0.000069759 

C       1.702699461     2.371959476    -0.000045975 

C      -0.545920116    -3.008204638     0.000059795 

C      -0.223232378    -4.361326365     0.000082715 

C       1.126166518    -4.719572699     0.000082676 

C       2.090496019    -3.717908412     0.000060026 

C       1.702701282    -2.371958481     0.000037469 

C       2.607929600     1.214923749    -0.000026590 

C       4.011914459     1.219524062    -0.000027004 

C       4.700174761     0.000001598    -0.000008624 

C       4.011915374    -1.219521373     0.000011343 

C       2.607930531    -1.214922098     0.000013491 

C       0.565480982     0.000057172     2.981702390 

C       0.220418128     0.000082603     4.331639317 

C      -1.129139658     0.000087360     4.680904524 

C      -2.085014907     0.000066512     3.667794023 

C      -1.669709871     0.000041681     2.334411104 

C       0.565464461    -0.000056523    -2.981706713 

C       0.220394214    -0.000082160    -4.331641751 

C      -1.129165476    -0.000087927    -4.680899577 

C      -2.085035185    -0.000067804    -3.667783853 

C      -1.669722863    -0.000042673    -2.334403214 

C      -2.589177533     0.000019513     1.179306329 

C      -3.986553795     0.000018240     1.210273631 

C      -4.683251859    -0.000001470     0.000012298 

C      -3.986560526    -0.000020737    -1.210252914 
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C      -2.589184100    -0.000021127    -1.179293375 

H      -1.582359505     2.685563235    -0.000053628 

H      -1.010505298     5.107436044    -0.000095393 

H       1.421387492     5.764721567    -0.000106416 

H       3.145745737     3.969380941    -0.000074758 

H      -1.582357452    -2.685564521     0.000060299 

H      -1.010501546    -5.107436970     0.000100547 

H       1.421391715    -5.764720773     0.000100529 

H       3.145748679    -3.969378941     0.000060077 

H       4.579844595     2.147244750    -0.000042304 

H       5.786037248     0.000002016    -0.000009646 

H       4.579846198    -2.147241633     0.000026224 

H       1.600921142     0.000052382     2.660855533 

H       0.999907514     0.000098605     5.085980258 

H      -1.434534233     0.000107335     5.722570380 

H      -3.141692599     0.000070112     3.911840921 

H       1.600906372    -0.000050921    -2.660865503 

H       0.999879473    -0.000097527    -5.085986963 

H      -1.434565756    -0.000108093    -5.722563712 

H      -3.141714211    -0.000072187    -3.911825009 

H      -4.525581785     0.000033559     2.151019604 

H      -5.768516085    -0.000001798     0.000015317 

H      -4.525593744    -0.000036376    -2.150995886 

C       1.905428361     0.000000568    -0.000006057 

 

Complex 2 Quintet 
Fe      0.029541235    -0.000139008    -0.000120923 

N       0.605300593    -2.285386698     0.000595779 

N       0.602822689     2.285674110    -0.000607921 

N      -0.633015466    -0.000939165    -2.136265328 

N      -2.153274068    -0.000943686     0.000312381 

N      -0.632186807     0.000232632     2.136321003 

C      -0.193939388    -3.360009245     0.001033733 

C       0.278522262    -4.669376150     0.001311387 

C       1.660830161    -4.858921954     0.001107145 

C       2.500133398    -3.749190178     0.000648162 

C       1.955900108    -2.455145223     0.000397808 

C      -0.197595863     3.359414704    -0.000798307 

C       0.273430746     4.669294503    -0.001347965 

C       1.655532272     4.860351019    -0.001750200 

C       2.496053092     3.751539418    -0.001572220 

C       1.953237987     2.456899440    -0.000981846 

C       2.778028708    -1.211502836    -0.000063376 

C       4.183780934    -1.213347907    -0.000105341 

C       4.871752628     0.002471950    -0.000459908 

C       4.182450144     1.217536186    -0.000753036 

C       2.776703368     1.214155982    -0.000721951 
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C       0.227505005    -0.000970071    -3.162931211 

C      -0.190833005    -0.001591862    -4.492017445 

C      -1.560442864    -0.002214557    -4.754157663 

C      -2.458082786    -0.002199956    -3.688209987 

C      -1.962876357    -0.001557973    -2.379834495 

C       0.228716979     0.000808121     3.162664570 

C      -0.189125165     0.001105367     4.491907080 

C      -1.558634432     0.000790900     4.754559128 

C      -2.456674307     0.000178493     3.688945697 

C      -1.961957388    -0.000112328     2.380382908 

C      -2.823719810    -0.001500758    -1.170357556 

C      -4.222385152    -0.001960906    -1.203250730 

C      -4.923213810    -0.001836512     0.000849987 

C      -4.221911920    -0.001239510     1.204679149 

C      -2.823263945    -0.000791934     1.171241684 

H      -1.262344219    -3.155105882     0.001167706 

H      -0.412875016    -5.505371129     0.001668622 

H       2.081795092    -5.860360505     0.001302077 

H       3.575122309    -3.887667090     0.000479073 

H      -1.265779933     3.153346727    -0.000491629 

H      -0.418880070     5.504532648    -0.001468027 

H       2.075400191     5.862249773    -0.002206301 

H       3.570889342     3.891194083    -0.001909611 

H       4.758830160    -2.135632554     0.000154571 

H       5.958050427     0.003065869    -0.000482026 

H       4.756485376     2.140451845    -0.000973800 

H       1.279945589    -0.000468520    -2.894485652 

H       0.539803362    -0.001586870    -5.293627855 

H      -1.928741744    -0.002715444    -5.775514877 

H      -3.524737781    -0.002700852    -3.880326656 

H       1.281056258     0.001044845     2.893828181 

H       0.541811727     0.001569456     5.293243513 

H      -1.926552216     0.001010820     5.776053897 

H      -3.523257260    -0.000077809     3.881463514 

H      -4.760132566    -0.002395582    -2.143860519 

H      -6.008598228    -0.002198042     0.001063650 

H      -4.759293587    -0.001128284     2.145497873 

C       2.068145426     0.000939827    -0.000402369 

 

Complex 3 Singlet  
Fe      0.021253609    -0.028766547     0.000001222 

N      -0.745568252    -1.964372410     0.000182963 

N       0.336717979    -0.068088282    -1.986548211 

N       1.882668174    -0.342352700     0.000057334 

N       0.336664684    -0.067693005     1.986569447 

C       1.207618495     2.825433413    -0.000276222 

C       1.049074802     4.215853947    -0.000416801 
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C      -0.228388728     4.786898269    -0.000483782 

C      -1.345998758     3.959026478    -0.000409440 

C      -1.179706689     2.563240209    -0.000268036 

C      -0.053986347    -3.114117175     0.000293817 

C      -0.662087668    -4.366809720     0.000407955 

C      -2.055388313    -4.430234514     0.000406610 

C      -2.784038901    -3.243608066     0.000289090 

C      -2.105563112    -2.021340337     0.000177239 

C      -2.299982501     1.621294062    -0.000182761 

C      -3.677369670     1.904131776    -0.000216855 

C      -4.591604706     0.855969244    -0.000119519 

C      -4.145539149    -0.470085025     0.000012772 

C      -2.769544859    -0.700699401     0.000043029 

C      -0.563113708     0.110361031    -2.967126124 

C      -0.225936229     0.089096121    -4.317305335 

C       1.105461777    -0.124979233    -4.674783516 

C       2.048780974    -0.307228984    -3.667781016 

C       1.640656090    -0.273041318    -2.332071357 

C      -0.563190438     0.110954032     2.967089722 

C      -0.226046392     0.089958276     4.317281538 

C       1.105342194    -0.124048516     4.674835523 

C       2.048685760    -0.306501251     3.667892689 

C       1.640594097    -0.272579454     2.332166143 

C       2.541422127    -0.431972150    -1.179683368 

C       3.922935290    -0.636065893    -1.208138999 

C       4.613828546    -0.741043564     0.000133215 

C       3.922902587    -0.635829901     1.208366148 

C       2.541390164    -0.431740395     1.179833400 

H       2.220482664     2.424611333    -0.000229451 

H       1.925442986     4.860233806    -0.000475070 

H      -0.347849781     5.866308668    -0.000593290 

H      -2.339184642     4.402515275    -0.000463028 

H       1.027136184    -3.016905586     0.000289310 

H      -0.053871496    -5.265003373     0.000495480 

H      -2.567678005    -5.387355563     0.000494308 

H      -3.867976189    -3.267521949     0.000283444 

H      -4.021846332     2.931991621    -0.000317912 

H      -5.656972938     1.066104651    -0.000145336 

H      -4.854598148    -1.289744517     0.000089827 

H      -1.584128026     0.282980821    -2.646363486 

H      -0.994982049     0.242060341    -5.066807813 

H       1.404943839    -0.145678636    -5.717849431 

H       3.091822463    -0.469729505    -3.916161780 

H      -1.584196433     0.283513228     2.646268340 

H      -0.995110374     0.243074464     5.066734342 

H       1.404798554    -0.144540003     5.717912932 

H       3.091720893    -0.468953841     3.916331381 
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H       4.454548788    -0.706757908    -2.150403155 

H       5.687540225    -0.897902066     0.000163030 

H       4.454490531    -0.706337366     2.150658477 

N      -1.891591848     0.326111149    -0.000055018 

C       0.108899650     1.953996880    -0.000197168 

 

Complex 3 Quintet 
Fe      0.034108042     0.008991981    -0.216681991 

N       0.295412228    -0.090232922     2.135413274 

N      -0.640026943     2.162676404     0.069070668 

N      -2.162374006     0.009244292    -0.195144200 

N      -0.642332854    -2.160153499    -0.111190203 

C       0.311013245     0.139527863    -3.363414627 

C       1.044460292     0.189179348    -4.554562995 

C       2.440849469     0.187550365    -4.512489734 

C       3.094117007     0.136343165    -3.283298621 

C       2.349540217     0.086610243    -2.091882495 

C      -0.711208929    -0.127277208     3.017894317 

C      -0.520363349    -0.184883968     4.396213341 

C       0.788604594    -0.204773382     4.877280826 

C       1.842376283    -0.166730092     3.968842281 

C       1.566984679    -0.109462638     2.596002030 

C       3.011211465     0.031191663    -0.767208980 

C       4.400116816     0.021936623    -0.546500327 

C       4.885827451    -0.032521816     0.755133871 

C       3.998805951    -0.077525074     1.831830363 

C       2.628419077    -0.066019747     1.555531369 

C       0.196956703     3.201052248     0.176132807 

C      -0.230354172     4.527475292     0.130643065 

C      -1.591251180     4.776699289    -0.034716828 

C      -2.468584339     3.699694101    -0.149081213 

C      -1.961322931     2.396955563    -0.094314470 

C       0.193680287    -3.204609256    -0.090996593 

C      -0.234939163    -4.522279534    -0.246154124 

C      -1.596139375    -4.755641788    -0.431055726 

C      -2.472468013    -3.672035654    -0.455355773 

C      -1.963891340    -2.378805669    -0.292949161 

C      -2.817737065     1.185094639    -0.224142114 

C      -4.209105879     1.224678110    -0.374076450 

C      -4.903207430     0.023291240    -0.497748926 

C      -4.210402501    -1.184966895    -0.474262772 

C      -2.819011683    -1.159462163    -0.321635607 

H      -0.777333807     0.142288902    -3.430846795 

H       0.531676121     0.229045939    -5.512901744 

H       3.018178501     0.225914977    -5.431960651 

H       4.180985164     0.135826752    -3.269913428 

H      -1.712103305    -0.109758685     2.595079251 
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H      -1.372490020    -0.213056058     5.067085795 

H       0.987825149    -0.249250676     5.943760897 

H       2.864999808    -0.181527871     4.327119890 

H       5.090438073     0.056844161    -1.380633745 

H       5.956852476    -0.040039707     0.935320562 

H       4.374304684    -0.119907189     2.847179617 

H       1.247006912     2.951881074     0.297490443 

H       0.487424934     5.335747503     0.220824783 

H      -1.968354701     5.793853831    -0.077776946 

H      -3.528274876     3.881439680    -0.285064814 

H       1.244023172    -2.967327032     0.050109729 

H       0.482093389    -5.335915622    -0.223632828 

H      -1.974238131    -5.765370021    -0.558160038 

H      -3.532373723    -3.840857492    -0.605563674 

H      -4.746596546     2.164866266    -0.393470730 

H      -5.982612452     0.028688884    -0.613771815 

H      -4.748895154    -2.119726011    -0.571656829 

N       2.171862957    -0.013267876     0.292719279 

C       0.929168078     0.087162130    -2.104817872 

 

Complex 4 Singlet 

Fe     -0.000000025     0.000001097     0.000003745 

N       0.389780575    -1.441932019    -1.424000707 

N       0.389834253     1.441924082     1.424002643 

N      -0.389793285     1.424007237    -1.441924071 

N      -0.389821500    -1.423996182     1.441931908 

C      -0.527161291    -2.139703546    -2.113130569 

C      -0.202206263    -3.103031691    -3.064561000 

C       1.147059164    -3.358117897    -3.316523462 

C       2.109681730    -2.644430148    -2.611672163 

C       1.721185039    -1.685996750    -1.665076242 

C      -0.527081929     2.139720194     2.113141729 

C      -0.202091386     3.103040824     3.064567667 

C       1.147183457     3.358092036     3.316515233 

C       2.109779745     2.644378394     2.611654229 

C       1.721247704     1.685954209     1.665063537 

C       2.629498894    -0.863976727    -0.853247156 

C       4.032770788    -0.868427441    -0.857642433 

C       4.722317668    -0.000058273    -0.000025331 

C       4.032803099     0.868327421     0.857601041 

C       2.629531068     0.863909410     0.853225534 

C       0.527142489     2.113130357    -2.139710182 

C       0.202179069     3.064561889    -3.103034421 

C      -1.147088587     3.316532892    -3.358100439 

C      -2.109704935     2.611688748    -2.644397223 

C      -1.721199862     1.665091387    -1.685968666 

C       0.527100768    -2.113142359     2.139713066 
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C       0.202118642    -3.064567747     3.103037046 

C      -1.147153935    -3.316507042     3.358108260 

C      -2.109756498    -2.611638693     2.644410346 

C      -1.721232872    -1.665048926     1.685981795 

C      -2.629506525     0.853269609    -0.863933535 

C      -4.032778424     0.857668173    -0.868368670 

C      -4.722317710     0.000053102     0.000008517 

C      -4.032795548    -0.857575747     0.868385752 

H      -1.560183419    -1.903837427    -1.880169129 

H      -0.990276171    -3.633871388    -3.588828973 

H       1.443742398    -4.102021510    -4.051245354 

H       3.166141486    -2.821676953    -2.786754941 

H      -1.560112726     1.903880756     1.880191678 

H      -0.990141712     3.633901594     3.588843753 

H       1.443894081     4.101988558     4.051233252 

H       3.166246025     2.821597466     2.786725666 

H       4.602840424    -1.528789367    -1.509821592 

H       5.809179861    -0.000070989    -0.000032960 

H       4.602897327     1.528676869     1.509771341 

H       1.560166665     1.880162404    -1.903859525 

H       0.990244336     3.588824215    -3.633886581 

H      -1.443778292     4.051256027    -4.102000248 

H      -3.166166225     2.786778695    -2.821627750 

H       1.560129480    -1.880198578     1.903858393 

H       0.990173616    -3.588849664     3.633885115 

H      -1.443858050    -4.051224229     4.102008186 

H      -3.166221254    -2.786703155     2.821645504 

H      -4.602853855     1.509847617    -1.528725305 

H      -5.809179914     0.000063359     0.000007970 

H      -4.602883960    -1.509746115     1.528740175 

C       1.918200556    -0.000025610    -0.000005573 

C      -2.629523512    -0.853203415     0.863952316 

C      -1.918200571     0.000026942     0.000010257 

 

Complex 4 Quintet 
Fe     -0.000051831    -0.000003638     0.000004808 

N      -0.646885519    -1.705411129     1.537384750 

N      -0.646878983     1.705437435    -1.537359635 

N       0.646896107     1.705797556     1.537131539 

N       0.646795357    -1.705801096    -1.537149568 

C       0.154701583    -2.476912890     2.277932713 

C      -0.319158576    -3.419306964     3.188162809 

C      -1.702264779    -3.552560289     3.320286192 

C      -2.541869424    -2.750669553     2.554284414 

C      -1.994335133    -1.817293606     1.656427550 

C       0.154708538     2.476927707    -2.277917971 

C      -0.319150447     3.419335392    -3.188135361 
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C      -1.702255704     3.552614842    -3.320232841 

C      -2.541861291     2.750735716    -2.554220092 

C      -1.994327184     1.817345031    -1.656377966 

C      -2.800765997    -0.901206296     0.805302971 

C      -4.206303542    -0.908927436     0.800647646 

C      -4.900648032     0.000050851     0.000045041 

C      -4.206298848     0.909016772    -0.800567660 

C      -2.800761494     0.901269173    -0.805243476 

C      -0.154596123     2.477599619     2.277472059 

C       0.319374287     3.420466582     3.187151255 

C       1.702500872     3.553898382     3.318916380 

C       2.542006799     2.751712281     2.553122743 

C       1.994363671     1.817842225     1.655835586 

C      -0.154745685    -2.477567562    -2.277473880 

C       0.319166016    -3.420448712    -3.187169237 

C       1.702284057    -3.553934393    -3.318967631 

C       2.541840351    -2.751784371    -2.553191149 

C       1.994255359    -1.817896556    -1.655887138 

C       2.800713159     0.901435515     0.804972923 

C       4.206258355     0.909125640     0.800296124 

C       4.900576916    -0.000085274    -0.000057280 

C       4.206205078    -0.909268560    -0.800396128 

H       1.221066640    -2.326122278     2.124334949 

H       0.371458754    -4.024100913     3.767185949 

H      -2.124206676    -4.273963240     4.015538889 

H      -3.617391101    -2.844985558     2.655433727 

H       1.221073614     2.326116918    -2.124340368 

H       0.371467738     4.024119370    -3.767167915 

H      -2.124196950     4.274029329    -4.015474038 

H      -3.617383020     2.845072185    -2.655349053 

H      -4.777031607    -1.607224362     1.409158889 

H      -5.987680859     0.000060619     0.000053058 

H      -4.777023002     1.607324292    -1.409070353 

H      -1.220981087     2.326664500     2.124162421 

H      -0.371172054     4.025486203     3.766023220 

H       2.124532512     4.275678457     4.013723171 

H       3.617539181     2.846205291     2.653978410 

H      -1.221120838    -2.326591166    -2.124136571 

H      -0.371417819    -4.025438292    -3.766027835 

H       2.124270564    -4.275728321    -4.013787460 

H       3.617366584    -2.846318534    -2.654073641 

H       4.777010636     1.607548139     1.408636417 

H       5.987610160    -0.000106545    -0.000069173 

H       4.776916124    -1.607712719    -1.408750285 

C      -2.073315667     0.000024619     0.000023689 

C       2.800660347    -0.901521823    -0.805042055 

C       2.073234433    -0.000029095    -0.000026402 
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Complex 5 Singlet  
Fe     -0.000000066    -0.000000193    -0.023065965 

N       0.573587315     1.368608426    -1.417165145 

N      -0.573583172    -1.368614237    -1.417161657 

N      -1.894685646     0.274204684    -0.014947386 

C      -0.957181333    -1.989911592     2.139197277 

C      -0.694211551    -2.990287475     3.077415413 

C       0.616540322    -3.434293649     3.301390349 

C       1.658373049    -2.865118655     2.578455615 

C       1.385494339    -1.859155735     1.634505992 

C      -0.215479039     2.217368345    -2.099037706 

C       0.272915433     3.135705272    -3.021346135 

C       1.649746116     3.185919881    -3.254343717 

C       2.478197838     2.317703625    -2.552264909 

C       1.918882199     1.418415739    -1.637316638 

C       2.418018467    -1.197968261     0.839679788 

C       3.806600952    -1.396727802     0.870976270 

C       4.631346433    -0.646364025     0.034645173 

C       4.076253062     0.301737149    -0.826570804 

C       2.687935928     0.465783678    -0.823790703 

C       0.215484887    -2.217376833    -2.099028917 

C      -0.272907141    -3.135717337    -3.021335096 

C      -1.649737226    -3.185933158    -3.254335752 

C      -2.478190843    -2.317714838    -2.552261750 

C      -1.918877627    -1.418423285    -1.637315617 

C       0.957175734     1.989922964     2.139188942 

C       0.694203661     2.990304859     3.077400040 

C      -0.616548842     3.434311890     3.301369531 

C      -1.658379886     2.865131927     2.578436294 

C      -1.385498958     1.859162694     1.634494017 

C      -2.687933775    -0.465788916    -0.823794650 

C      -4.076251078    -0.301743969    -0.826577763 

C      -4.631346994     0.646360136     0.034633362 

C      -3.806603762     1.396728416     0.870962591 

C      -2.418020976     1.197970489     0.839669120 

H      -1.988961703    -1.668047392     2.003083548 

H      -1.513385542    -3.429940219     3.644417858 

H       0.817331402    -4.212195755     4.033615281 

H       2.678501757    -3.204431087     2.750964950 

H      -1.276023243     2.149323046    -1.880214411 

H      -0.413449428     3.797309288    -3.539996558 

H       2.068643519     3.891044696    -3.966192559 

H       3.551770481     2.337037707    -2.706564448 

H       4.233129275    -2.127807965     1.549274764 

H       5.707345793    -0.794856769     0.056609559 
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H       4.708312972     0.898214281    -1.475256017 

H       1.276028540    -2.149330703    -1.880203230 

H       0.413459193    -3.797322840    -3.539981678 

H      -2.068632756    -3.891060471    -3.966183219 

H      -3.551763115    -2.337049856    -2.706563744 

H       1.988956581     1.668058685     2.003078918 

H       1.513376345     3.429961709     3.644401189 

H      -0.817341694     4.212218690     4.033588986 

H      -2.678509017     3.204445317     2.750941280 

H      -4.708309220    -0.898224473    -1.475261600 

H      -5.707346587     0.794851610     0.056595446 

H      -4.233134022     2.127810675     1.549257592 

N       1.894685619    -0.274205757    -0.014941786 

C       0.063137123    -1.385866662     1.380937959 

C      -0.063140956     1.385872647     1.380931609 

 

Complex 5 Quintet 
Fe     -0.000001549    -0.000000643     0.361200802 

N      -0.034436661     1.596659207    -1.402897961 

N       0.034440037    -1.596650708    -1.402903988 

N      -2.071871077    -0.733470287    -0.089895192 

C       0.853692750    -2.219760745     2.497317064 

C       1.766622173    -2.898873674     3.309647339 

C       3.126294336    -2.573149899     3.257288286 

C       3.556232366    -1.570995319     2.393211016 

C       2.626482902    -0.895415171     1.579005961 

C      -1.161797919     2.028778647    -1.980684086 

C      -1.206217234     3.108355864    -2.859108504 

C      -0.014196386     3.776362988    -3.143706378 

C       1.161767020     3.339425352    -2.542726533 

C       1.122491054     2.239128757    -1.673843634 

C       3.058086284     0.173539154     0.648540166 

C       4.381572849     0.624545165     0.484849716 

C       4.654478028     1.631843453    -0.434197787 

C       3.620360182     2.194792005    -1.181234667 

C       2.321925533     1.715594748    -0.971569651 

C       1.161802946    -2.028765788    -1.980690415 

C       1.206224669    -3.108336412    -2.859122628 

C       0.014204571    -3.776341800    -3.143728524 

C      -1.161760358    -3.339409043    -2.542748276 

C      -1.122486889    -2.239118841    -1.673857075 

C      -0.853699291     2.219749018     2.497325811 

C      -1.766629905     2.898855237     3.309660372 

C      -3.126301173     2.573127885     3.257300711 

C      -3.556237319     1.570977014     2.393218117 

C      -2.626486828     0.895403979     1.579008459 

C      -2.321922749    -1.715590154    -0.971582420 
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C      -3.620357245    -2.194784713    -1.181255294 

C      -4.654477028    -1.631840987    -0.434217748 

C      -4.381573981    -0.624549166     0.484837739 

C      -3.058087797    -0.173545421     0.648535779 

H      -0.199710379    -2.492479511     2.569580995 

H       1.424137557    -3.680534351     3.986006001 

H       3.843395432    -3.094774843     3.886525729 

H       4.615964405    -1.325897063     2.365167005 

H      -2.062657774     1.482490293    -1.717028241 

H      -2.148642164     3.415563744    -3.301188213 

H      -0.000912584     4.628089141    -3.817896382 

H       2.094959084     3.855162137    -2.739448763 

H       5.185906087     0.191422973     1.067474003 

H       5.674563159     1.981276770    -0.570411241 

H       3.827156745     2.976803463    -1.902570238 

H       2.062661938    -1.482479143    -1.717028077 

H       2.148650784    -3.415540831    -3.301202226 

H       0.000922719    -4.628062915    -3.817924937 

H      -2.094951913    -3.855144489    -2.739476518 

H       0.199703265     2.492469832     2.569590483 

H      -1.424146897     3.680513173     3.986023014 

H      -3.843403136     3.094747210     3.886541832 

H      -4.615968655     1.325875790     2.365174075 

H      -3.827151824    -2.976790398    -1.902597713 

H      -5.674562048    -1.981272330    -0.570437166 

H      -5.185908955    -0.191429854     1.067461768 

N       2.071872093     0.733467795    -0.089891041 

C       1.239770149    -1.203540820     1.605225157 

C      -1.239774943     1.203533009     1.605228798 

 

 

Complex 6 Singlet 

Fe     -0.032401068    -0.000137688    -0.008603649 

N       0.513169808    -0.018934402    -1.994493748 

N      -0.381292464    -2.011813851    -0.001504337 

C      -0.847734358     0.028080531     2.983412860 

C      -0.518505991     0.040732766     4.340923683 

C       0.821433192     0.044348794     4.751780863 

C       1.824683476     0.035178094     3.790057073 

C       1.485724005     0.022448652     2.424487759 

C      -0.315688817    -0.028225147    -3.053085257 

C       0.132945687    -0.040711270    -4.370142637 

C       1.508559896    -0.043747858    -4.610492729 

C       2.377747150    -0.034128276    -3.524601851 

C       1.858237872    -0.021753727    -2.225164020 

C       2.490753568     0.012191619     1.358797650 

C       3.890444948     0.013173801     1.475316677 
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C       4.677034466     0.001921977     0.324299208 

C       4.077809685    -0.010144551    -0.937457068 

C       2.680740563    -0.010460737    -1.001376393 

C       0.539035568    -2.984523111     0.096130141 

C       0.224868490    -4.339597952     0.111423067 

C      -1.119295453    -4.710541909     0.023998558 

C      -2.085249185    -3.716503420    -0.072785188 

C      -1.706361553    -2.366520021    -0.083517958 

C       0.541244989     2.985165717     0.039957716 

C       0.228035943     4.340503686     0.030050562 

C      -1.115893707     4.710765830    -0.063693312 

C      -2.082597107     3.715794302    -0.141511839 

C      -1.704673102     2.365572487    -0.127255333 

C      -2.608849950    -1.216869095    -0.167263589 

C      -4.008166127    -1.220353393    -0.258613939 

C      -4.697051541    -0.001367866    -0.316087925 

C      -4.007343691     1.218010541    -0.280958634 

C      -2.608032673     1.215257777    -0.189578848 

H      -1.899671738     0.025592853     2.704204540 

H      -1.308961037     0.047867246     5.089948944 

H       1.074754449     0.054198381     5.808942737 

H       2.867070155     0.037915275     4.104952882 

H      -1.373721358    -0.025438512    -2.813586908 

H      -0.584278738    -0.047830918    -5.184603030 

H       1.896777203    -0.053403195    -5.624833466 

H       3.451292673    -0.036135449    -3.680466331 

H       4.355516163     0.022670850     2.455181329 

H       5.760334794     0.002578985     0.408289782 

H       4.683063604    -0.018921022    -1.837362122 

H       1.568697076    -2.650125963     0.171508459 

H       1.015557961    -5.078193272     0.194855664 

H      -1.407755480    -5.758198982     0.035102190 

H      -3.137923625    -3.973348251    -0.136216706 

H       1.570745558     2.651617724     0.121119969 

H       1.019299694     5.079958190     0.099249423 

H      -1.403582415     5.758660530    -0.072035081 

H      -3.135116599     3.972151057    -0.209346572 

H      -4.574920230    -2.149876031    -0.283620624 

H      -5.781524002    -0.001636098    -0.385707756 

H      -4.573474190     2.147301457    -0.322993079 

N       1.928509113     0.000402769     0.120091431 

C       0.129359873     0.018377814     1.969289170 

C      -1.897154702    -0.000613750    -0.132028537 

N      -0.379832259     2.011402796    -0.039057470 

 

Complex 6 Quintet 
Fe     -0.040967096     0.000282994    -0.297161636 
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N       0.624973296    -2.296695871    -0.258166440 

N       0.057480504    -0.001641658     2.107789192 

N      -2.118359861    -0.000515643     0.640780761 

C      -0.168580315     3.369681509    -0.183011352 

C       0.291395796     4.677276628    -0.326569561 

C       1.654342068     4.861986568    -0.559849653 

C       2.487107436     3.750377995    -0.639786950 

C       1.952484254     2.460006668    -0.484114579 

C      -0.168553840    -3.369412184    -0.188018146 

C       0.291459875    -4.676795040    -0.333383459 

C       1.654425556    -4.861143832    -0.566836708 

C       2.487169525    -3.749404849    -0.645163486 

C       1.952506844    -2.459264433    -0.487711815 

C       2.757188064     1.209551849    -0.567494152 

C       4.154746484     1.212590866    -0.721536277 

C       4.843849183     0.000615447    -0.796291930 

C       4.154754284    -1.211472249    -0.723308137 

C       2.757194038    -1.208675310    -0.569266695 

C       1.211565686    -0.002137603     2.785570203 

C       1.278425581    -0.003208945     4.177590582 

C       0.082404960    -0.003791868     4.895700591 

C      -1.121922130    -0.003285373     4.198706118 

C      -1.103204392    -0.002200006     2.796377959 

C      -1.014435026     0.002715122    -3.320547495 

C      -1.967780057     0.003480697    -4.343855685 

C      -3.330224442     0.003155217    -4.027927266 

C      -3.724098939     0.002075045    -2.692765438 

C      -2.753831657     0.001316672    -1.672689192 

C      -2.335232630    -0.001581555     1.965442734 

C      -3.631152677    -0.002046511     2.496358464 

C      -4.703250450    -0.001370287     1.605972704 

C      -4.467522589    -0.000267926     0.235383255 

C      -3.143608232     0.000156752    -0.241513896 

H      -1.222221802     3.164174302    -0.006625662 

H      -0.396322246     5.514467527    -0.261423633 

H       2.064936141     5.860911061    -0.683115964 

H       3.546025199     3.882713986    -0.832298179 

H      -1.222210297    -3.164171164    -0.011408440 

H      -0.396241171    -5.514093663    -0.269452523 

H       2.065053306    -5.859884827    -0.691471646 

H       3.546102358    -3.881450697    -0.837789774 

H       4.722993232     2.138529593    -0.777481014 

H       5.924868635     0.000702295    -0.911081251 

H       4.723013483    -2.137320116    -0.780609594 

H       2.109022608    -0.001638962     2.173875826 

H       2.241352482    -0.003569832     4.678411089 

H       0.085436115    -0.004627286     5.982182496 
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H      -2.061020722    -0.003726920     4.740509659 

H       0.040069637     0.002990124    -3.597911781 

H      -1.654831197     0.004325449    -5.386740818 

H      -4.079270282     0.003738073    -4.816171601 

H      -4.787660216     0.001831320    -2.463583879 

H      -3.806729362    -0.002905833     3.565803938 

H      -5.722682989    -0.001704179     1.982798546 

H      -5.301202603     0.000258554    -0.456664912 

C      -1.363871819     0.001612880    -1.958714045 

N       0.624966506     2.297080827    -0.254717651 

C       2.040123080     0.000374683    -0.483971572 

 

Complex 7 Singlet 

Fe     -0.002082125    -0.005724627    -0.005098579 

N       0.371328762     0.843199642    -1.789535086 

N      -0.548336302    -1.818690337    -0.833325651 

C      -0.633157386    -1.236869538     2.767287183 

C      -0.223613304    -1.844595922     3.954350853 

C       1.136043521    -2.091464202     4.201711580 

C       2.073620955    -1.719545638     3.245323457 

C       1.653182598    -1.108386608     2.049569650 

C      -0.533473296     1.362064520    -2.647572704 

C      -0.191486899     1.941618187    -3.860448532 

C       1.161092965     2.001209092    -4.228088968 

C       2.106215106     1.479778477    -3.356522448 

C       1.696768734     0.907410333    -2.142707087 

C       2.577921738    -0.682999080     0.998738619 

C       3.972757610    -0.773918503     0.972240124 

C       4.682018231    -0.296618658    -0.137960511 

C       3.994122431     0.269467539    -1.207881999 

C       2.594729645     0.342565904    -1.140978611 

C       0.289004664    -2.785074332    -1.240941054 

C      -0.134137157    -3.988259317    -1.797552142 

C      -1.509417787    -4.204438245    -1.937760623 

C      -2.390618862    -3.217446545    -1.516110286 

C      -1.901970077    -2.021912139    -0.960265076 

C       0.840595127     2.643585819     1.332528891 

C       0.566454885     3.891518897     1.908638064 

C      -0.754457704     4.323128417     2.061725157 

C      -1.794948717     3.495486034     1.634867939 

C      -1.517927417     2.247856847     1.058137777 

C      -2.702688823    -0.908344299    -0.464794713 

C      -4.111504742    -0.818685445    -0.444760296 

C      -4.706087930     0.325178455     0.082732283 

C      -3.920322642     1.378433913     0.593986536 

C      -2.525828190     1.288028305     0.575989595 

H      -1.695413538    -1.054919776     2.613301547 
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H      -0.964763188    -2.130470002     4.701446564 

H       1.453183120    -2.564757344     5.129301705 

H       3.131747359    -1.905437484     3.430956033 

H      -1.564639625     1.299041510    -2.317254221 

H      -0.970127347     2.342176573    -4.503170548 

H       1.465126110     2.448919426    -5.170807190 

H       3.162987246     1.514183097    -3.604068991 

H       4.503152201    -1.209479024     1.813560414 

H       5.767138425    -0.364372636    -0.161061842 

H       4.528927349     0.650534820    -2.072609512 

H       1.345456722    -2.573310901    -1.103958575 

H       0.595588403    -4.731189245    -2.105912359 

H      -1.885198350    -5.130942471    -2.366726268 

H      -3.463521318    -3.358650439    -1.607302252 

H       1.883286941     2.339084045     1.237018919 

H       1.386931430     4.528443930     2.241645408 

H      -0.971457746     5.291789969     2.510280482 

H      -2.827727714     3.825461796     1.753451291 

H      -4.739494739    -1.623124677    -0.828351057 

H      -5.791729449     0.407156222     0.105149699 

H      -4.419578329     2.256521458     1.004725751 

N       1.913206181    -0.129310363    -0.063220501 

C       0.276097541    -0.841349141     1.761138464 

C      -0.174948090     1.778820602     0.886070203 

C      -1.898891594     0.134721079     0.038561471 

 

Complex 7 Quintet 
Fe     -0.097017199    -0.381399703    -0.026306786 

N       0.092431688     0.437688764     2.044712422 

N       0.489451202     2.023992314    -0.908118218 

C      -1.846433453     0.679790228    -0.548773619 

C       0.289701225    -1.635431709    -2.951583804 

C       1.027996314    -2.246763075    -3.970102570 

C       2.389144426    -2.510975260    -3.781416271 

C       2.997737560    -2.157077312    -2.579044917 

C       2.247149152    -1.535122936    -1.565025147 

C      -0.953945250     0.911264748     2.747941586 

C      -0.856329841     1.399325300     4.039284049 

C       0.415611776     1.402408430     4.659516330 

C       1.500257407     0.914184309     3.959768532 

C       1.331764273     0.425577494     2.642459455 

C       2.853898781    -1.125590403    -0.272859901 

C       4.201933808    -1.250941630     0.060373271 

C       4.644959527    -0.798367781     1.321559820 

C       3.744706221    -0.237002332     2.206510772 

C       2.386224373    -0.130097347     1.828328633 

C       1.683251543     2.605005695    -1.023947087 
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C       1.863525564     3.909662563    -1.485061819 

C       0.722022798     4.631397329    -1.837031963 

C      -0.526892837     4.030750109    -1.719552686 

C      -0.627503493     2.706429132    -1.249394961 

C      -1.411381444    -3.138248603     1.031637418 

C      -2.499166834    -3.988962027     1.269289426 

C      -3.791643097    -3.554848430     0.966665395 

C      -3.984806324    -2.280682625     0.429772384 

C      -2.892155494    -1.429242085     0.190988052 

C      -1.911090980     1.974268945    -1.092662166 

C      -3.147294311     2.538614074    -1.469967695 

C      -4.316745534     1.802523122    -1.296632838 

C      -4.271876350     0.512147769    -0.756928528 

C      -3.043627141    -0.058832192    -0.385145524 

H      -0.771724291    -1.448476100    -3.117331493 

H       0.547765627    -2.522385707    -4.909049107 

H       2.971505981    -2.992107194    -4.565504533 

H       4.055970806    -2.373560523    -2.441182485 

H      -1.904592705     0.890235876     2.222068851 

H      -1.739073658     1.768708052     4.552412763 

H       0.538269801     1.779484545     5.672253883 

H       2.484546033     0.899245949     4.418943603 

H       4.906948231    -1.683975007    -0.640473722 

H       5.694742750    -0.888641999     1.592549061 

H       4.075662881     0.120072763     3.176994016 

H       2.533083691     1.990249207    -0.733309121 

H       2.858748611     4.337990004    -1.562745282 

H       0.802802889     5.654378594    -2.199231151 

H      -1.419793705     4.585836352    -1.986706048 

H      -0.410174567    -3.498487813     1.273158733 

H      -2.340977076    -4.983232967     1.687649640 

H      -4.647513670    -4.204300865     1.146111487 

H      -4.999704105    -1.959549849     0.198541880 

H      -3.213326249     3.535668540    -1.901773974 

H      -5.273903229     2.233223283    -1.586573989 

H      -5.205162761    -0.035289960    -0.636106586 

N       1.970957618    -0.578215991     0.604645430 

C       0.866059690    -1.259507040    -1.726627939 

C      -1.566975006    -1.851147866     0.496764744 
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Appendix B 

Table B.1. Deviations in the optimized singlet geometry due to carboxylic linkers at the 4 

positions on both ligands (1b and 2b) relative to their optimized structures without linkers 

(1a and 1b respectively). 

 

Geometry around 

Fe 

Deviations in 1b 

relative to 1a (%) 

Deviations in 2b 

relative to 2a (%) 

Fe-N1/C1 (Å) 0.0 1.0 

Fe-N2 (Å) 0.3 -0.3 

Fe-N3/C3 (Å) 0.0 0.6 

Fe-N4/C4 (Å) 0.0 0.6 

Fe-N5 (Å) 0.3 -0.3 

Fe-N6/C6 (Å) 0.0 1.0 

N1-Fe-N3 (°) -0.1 0.1 

N4-Fe-N6 (°) -0.1 0.1 
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Table B.2. Calculated UV-Vis spectra of relaxed DFT optimized 1b and the KS orbitals 

involved in selected transitions. The left ordinate is molar absorptivity and the sticks are 

oscillator strengths, fosc, represented on the right.  
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Table B.3. Calculated UV-Vis spectra of 2b and the KS orbitals involved in selected 

transitions. The left ordinate is molar absorptivity and the sticks are oscillator strengths, fosc, 

represented on the right. 
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Figure B.1. Density of states of 1b-TiO2 assembly (blue line) with –COOH attached in a 

bidentate mode and the projected DOS on 1b (black line). The extended Hückel energy 

levels of the constrained dyes 1b and 2b are shown in green and red horizontal lines 

respectively. 

    
Figure B.2. Characteristic IET time (IET) was obtained for electron injections from the 11 

lowest virtual orbitals of 1b and 2b attached to (101) surface of TiO2 in a bidentate mode via 

the –COOH linker.   
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Figure B.3. The theoretical internal quantum yields (TIQE), for transitions with  ≥ 350 nm 

and fosc ≥ 0.01, of DFT optimized structure of 1b and 2b attached to the surface of TiO2 in 

the bidentate mode. The contributions (%) of the orbitals that are populated after absorption 

of light are shown for the lowest energy excitation. 

 

   
Figure B.4. Distribution of TIQEs obtained for 10 conformations each of constrained 

optimized 1b and 2b attached to (101) surface of TiO2-anatase in a bidentate mode via the –

COOH linker. Left column is for ISC  = 100 fs and right is for ISC  = 16 ps. The dotted line is 

the average absorption over the TD-DFT spectrums from the 10 conformations. TIQEs were 

computed for  ≥ 350 nm. 
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Figure B.5. Interfacial electron transfer IET from the singly occupied orbital of 3MLCT (left) 

and the TIQE for ISC  = 16 ps (right) of 2b-TiO2 assembly in bidentate attachment mode. 
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Appendix C 

 
 
 

   
Figure C.1. Plot of ΔEHS/LS with respect to the exact exchange admixture (c1) in the B3LYP 
functional for 2, 11a and 13.  
     
 
 
 
 
 
 
 
 

   

Figure C.2. Optimized structures of 2 and 3, with dispersion (shown in red) and without 
dispersion (shown in green) are aligned to their respective crystallographic structures (shown 
in blue).  
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Figure C.3. Method to measure the average stacking distance (Y----pyridine). As an example 
complex 2 is shown. The d1 and d2 distances of the four Y groups were considered in 
computing the average stacking distance.  
 
 
 
 

  
Figure C.4. The rotation of center and side pyridines measured with dihedral angles.  
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Table C.1. The geometrical parameters of 2 and 3. Average Fe-N bond length, bite angle and 
stacking distance of the Y of one ligand from the pyridine on other ligand are shown. RMSD 
is the residual displacement of optimized geometry from the crystallographic structure. 
Geometry optimizations were performed using B3LYP with or without Grimme’s dispersion 
including effective core potential SDD for Fe and 6-311G* for other atoms in water (PCM 
model) as solvent.  
 

Average 
2 

 
3 
 

X-ray 
structure B3LYP B3LYP+

D2 
X-ray 

structure 
B3LY

P 
B3LYP+D

2 
Fe-N [Å] 1.98 2.04 2.01 1.99 2.06 2.02 

bite angle [°] 177.60 179.10 179.30 179.20 178.20 178.60 

Y ----pyridine [Å] 3.32 3.58 3.34 3.30 3.59 3.31 

RMSD - 0.20 0.16 - 0.18 0.08 
 
 

   
Figure C.5. The correlation between the tilt of the side (blue) and center pyridines (red) with 
the ligand field strength (

  
ΔEQ/S ). Maximum tilt in the side pyridines was observed for 14 with 

Y as bulky C(CH3)2..  
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Figure C.6. Left: the correlation of the ligand field strength, ΔEQ/S with the average side 
pyridine-Fe bond length <Rside>. Right: ΔEQ/S vs average center pyridine-Fe bond length 
<Rcenter>.  
 
 
 

   
Figure C.7. Ligand field strength, ΔEQ/S vs the π back-bonding from the filled 

  
d xy ,   d xz and 

  
d yz orbitals of Fe center to π* orbitals of pyridines and Y.   
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Figure C.8. Ligand field strength, ΔEQ/S vs % electron density on Fe. 
   
Table C.2. Multiple linear regression analysis    
 
LFS (ΔEQ/S) vs σ donation, π back-bonding, π donation 
 
lm(formula = (ΔEQ/S ~ σ donation + π back-bonding + π donation,  
    data = datafile) 
 
Residuals: 
    Min      1Q  Median      3Q     Max  
-3.0360 -0.8419 -0.1855  0.6860  3.4935  
 
Coefficients: 
                Estimate  Std. Error  t value   Pr(>|t|)     
(Intercept)    -98.26252     8.21767  -11.957  5.03e-08 *** 
SigmaBond        0.37865     0.08122    4.662   0.000549 *** 
Pibackbonding   0.92493     1.00686   0.919   0.376385     
PiDonation      -0.03994     0.02764   -1.445   0.174029     
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Residual standard error: 1.918 on 12 degrees of freedom 
Multiple R-squared:  0.9543, Adjusted R-squared:  0.9429  
F-statistic: 83.62 on 3 and 12 DF,  p-value: 2.602e-08 
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Appendix D 

  
 

Figure D.1. Top: HOMO and LUMO energies, bottom: HOMO-LUMO gaps (red), and 

average % of electron density (%el) on the linker group in doubly degenerate LUMO (blue) 

for 2a-f series of complexes.  

 

  

Figure D.2. Top: HOMO and LUMO energies, bottom: HOMO-LUMO gaps (red), and 

average % of electron density (%el) on the linker group in doubly degenerate LUMO (blue) 

for 3a-e series of complexes. 
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Figure D.3. Top: HOMO and LUMO energies, bottom: HOMO-LUMO gaps (red), and 

average % of electron density (%el) on the linker group in doubly degenerate LUMO (blue) 

for 4a-e series of complexes. 

 

 

 

 
Figure D.4. Degenerate LUMO orbitals for 1b-f with carboxylic acid (A) on the center 

pyridines and donor groups on the side pyridines. Surfaces are constructed with 0.04 

isovalue.   
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Figure D.5. Left: the KS orbital diagram of pyridine, 5b and b. Right: the KS orbital diagram 

of the pyridine, 5c and c. Interactions between the orbitals are shown with dashed lines. 

LUMO orbitals are marked in green.    

 

 

 

 

 
Figure D.6. The KS orbital diagrams of 5c, 6, 5d and 5e derived from the interaction of 

pyridine with their respective donor groups. The relevant orbitals are highlighted. 

Interactions between the orbitals are shown with dashed lines. LUMO orbitals are marked in 

green.  
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Figure D.7. Left: the KS orbital energies of 5c and 6. Right: schematics of KS orbitals for 

the energy levels highlighted on the left in the order of increasing energy.   

 

 

 

 

Figure D.8. Electron density on Fe (Fe) of the 21 higher energy occupied orbitals near the 

frontier region for the 1a-d. The KS orbitals with electron distribution ≥ 20 % are shown in 

red and among these the doubly degenerate orbitals are labeled as ‘*’.  
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Figure D.9. Excited states for 1a. Excited states were characterized for wavelengths > 350 

nm with oscillator strength (fosc)  0.01. Only those hole-particle pairs were considered 

whose contributions add up to ≥ 70 %.  
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a Excitation with closely contributing hole-particle pairs hence only those with ≥ 10 % contribution 

were considered for characterization. 
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Figure D.10. Excited states for 1c. Excited states were characterized for wavelengths > 350 

nm with oscillator strength (fosc)  0.01. Only those hole-particle pairs were considered 

whose contributions add up to ≥ 70 %.  
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a Excitation with closely contributing hole-particle pairs hence only those with ≥ 10 % contribution 

were considered for characterization. 
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a Excitation with closely contributing hole-particle pairs hence only those with ≥ 10 % contribution 

were considered for characterization. 

 

Figure D.11. Excited states for 1e. Excited states were characterized for wavelengths > 350 

nm with oscillator strength (fosc)  0.01. Only those hole-particle pairs were considered 

whose contributions add up to ≥ 70 %.  
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Figure D.12. Excited states for 1f. Excited states were characterized for wavelengths > 350 

nm with oscillator strength (fosc)  0.01. Only those hole-particle pairs were considered 

whose contributions add up to ≥ 70 %.  
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Figure D.13. Calculated UV-Vis spectra with TD-DFT employing CAM-B3LYP functional 

for 1a, 1c, 1e and 1f.  

  
Figure D.14. Calculated UV-Vis spectra with TD-DFT employing CAM-B3LYP functional 

for 1a, 1h, 1c and 1c′′′′. 
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Figure D.15. Excited states for 1h. Excited states were characterized for wavelengths > 350 

nm with oscillator strength (fosc)  0.01. Only those hole-particle pairs were considered 

whose contributions add up to ≥ 70 %. 



 

 203 
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a Excitation with closely contributing hole-particle pairs hence only those with ≥ 10 % contribution 

were considered for characterization. 
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a Excitation with closely contributing hole-particle pairs hence only those with ≥ 10 % contribution 

were considered for characterization. 
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Figure D.16. Excited states for 1c′′′′. Excited states were characterized for wavelengths > 

350 nm with oscillator strength (fosc)  0.01. Only those hole-particle pairs were considered 

whose contributions add up to ≥ 70 %.  
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Figure D.17. Calculated UV-Vis spectra, with CAM-B3LYP functional, of [Fe(CNC)2]

2+ 

and complex with conjugated thiophene substituent on 4' position of CNC. 

 

 
Figure D.18. Electron density on Fe (Fe) of the 21 higher energy occupied orbitals near the 

frontier region for [Fe(CNC)2]
2+ and the complex with conjugated thiophene substituent on 4' 

position of CNC. The KS orbitals with electron distribution ≥ 20% are shown in red and 

among these the doubly degenerate orbitals are labeled as ‛*’. The red ‘*’ indicates energy 

levels with difference in energy by 0.01 eV.  
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