
ABSTRACT 

BOWMAN, DAVID N. Earth-Abundant Sensitizers for Solar Energy Capture: Developing a 
Practical Computational Approach. (Under the direction of Dr. Elena Jakubikova.) 
 

This dissertation describes a computational approach to investigating sensitization 

capabilities of earth-abundant chromophores using a combination of density functional 

methods and quantum dynamics simulations of interfacial electron transfer (IET). 

Sensitization of large band gap semiconductors, such as TiO2, via molecular chromophores is 

fundamentally important for solar energy harvesting via dye-sensitized solar cells (DSSCs). 

The focus of the work is primarily on Fe(II) polypyridine complexes, as these are earth-

abundant analogues of popularly utilized Ru(II) polypyridines which have near perfect 

quantum efficiency of IET into TiO2. Unlike the Ru(II) chromophores, the Fe(II) complexes 

are known to be significantly less efficient at IET due to a rapid intersystem crossing (ISC) 

cascade which quenches the initially-excited, photoactive metal-to-ligand charge-transfer 

(MLCT) states on a sub-picosecond timescale. As the biggest obstacle to successful use of 

Fe(II) polypyridines in DSSCs is the competition between the IET and ISC processes that 

occur at the same timescale, there are essentially two ways to improve the efficiency of Fe(II) 

sensitizers: either the rate of IET must be increased, or the rate of ISC must be decreased. 

Both of these approaches are explored in this dissertation. 

In Chapter 1 the general overview of the electronic structure and photophysical 

properties of Fe(II) polypyridine chromophores are described and contrasted with their Ru(II) 

analogues. Chapter 2 describes our efforts to overcome the error in the computational 

determination of energy differences between states of unlike spin using hybrid functionals, 

which is shown to be systematic for a series of related complexes. The computational 

approach developed in Chapter 2 is utilized in Chapter 3 to compare relative ligand field 

strengths in a series of Fe(II) polypyridines with systematic donor atom and ligand scaffold 

modifications. Since the ligand field strength of these complexes can have pronounced 

effects on the timescale of the deactivation of the photoactive MLCT states via ISC, the 

ability to identify modifications that result in Fe(II) complexes with the strongest ligand field 

strength is important. The results obtained in this work suggest that the strongest ligand field 

is achieved when forming Fe–C bonds. Chapter 4 focuses on IET studies in Fe(II) dye-TiO2 

nanoparticle systems and elucidates a unique band-selective sensitization phenomenon 



observed in [Fe(bipyridine-4,4’-dicarboxylic acid)(CN)2]-TiO2 assemblies. The impact of 

TiO2 anchoring groups on IET efficiency in [Fe(bipyridine-4,4’-anchor)(CN)2]-TiO2 

assemblies is investigated in Chapter 5. The hydroxamate anchoring group was found to lead 

to the most efficient IET and better photon-to-current conversion efficiencies in Fe(II) 

polypyridine sensitized solar cells. Finally, Chapter 6 describes criteria for efficient IET in 

dye-semiconductor assemblies and highlights screening principles to aid in rapid exploration 

of efficient Fe(II) sensitizers. 
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CHAPTER 1 

Portions of this chapter were previously published: Jakubikova, E.; Bowman, D. N,  

Accounts of Chemical Research, 2015, 48, 1441-1449. 

General Introduction 

1.1 Dye-Sensitized Solar Cells 

 The Sun is an abundant source of energy capable of meeting all our energy needs if 

properly harvested. However, efficient capture, storage and transport of energy from sunlight 

still remain a challenge. One of the ways to utilize solar energy is the conversion of sunlight 

to electricity via dye-sensitized solar cells (DSSCs)1 or to chemical fuels via photocatalytic 

synthetic cells.2 These systems, diagramed in Figure 1.1, are often designed around a single 

photoactive molecule (a chromophore) or a molecular array anchored to a semiconductor.  

 

Figure 1.1. Typical dye-sensitized solar cell design is shown. The electronically excited dye 
undergoes interfacial electron transfer into the semiconductor conduction band, shown in 
inset. The oxidized dye is reduced back to the active form via a redox couple. Figure was 
constructed based on source: M. R. Jones, Wikimedia Commons. 
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 Semiconductors used in DSSCs typically do not absorb visible light due to their large 

band gap. These semiconductors are sensitized by chromophores that absorb light in the 

visible region of the spectrum. Upon absorption of the visible light by the dye, the system 

undergoes interfacial electron transfer (IET), in which an electron is transferred between the 

excited dye and the semiconductor (see Figure 1.1). Electrons in the semiconductor network 

are transferred through a conducting transparent electrode, through a workload producing 

power, and then returned to a counter electrode. The regeneration of the oxidized dye and the 

harvest of electrons at the counter electrode is done through the inclusion of a redox couple, 

which is the triiodide/iodide (I3
–/I–) couple shown in Figure 1.1. Currently many of the 

efficient DSSCs employ a TiO2 semiconductor network and I3
–/I– redox couple, which are 

earth abundant components.3 

 Some of the most efficient photocatalysts and photosensitizers are based on second or 

third row transition metals. For example, Ru(II) polypyridines have attracted a large amount 

of attention as candidates for photoredox catalysts and sensitizers in solar cells.4 They 

possess many properties that make them ideal for this task – chemical stability, long-lived 

ligand-centered excited-state lifetimes, and tunable redox potentials. In contrast, the 

photochemical activity of compounds based on first row transition metals is much more 

difficult to control, due to the presence of a number of low-lying metal-centered excited 

states of various spin multiplicities.5 Their stability is also of concern.6 At the same time, due 

to their low cost and abundance, coordination compounds based on first row transition metals 

lie at the heart of many efforts to develop more sustainable photovoltaic or artificial 

photosynthetic systems.6-8 

1.2. Fe(II) vs. Ru(II) Polypyridine Sensitizers 

Several first row transition metal complexes have been investigated as potential 

photosensitizers, among them coordination compounds of iron9 and copper.10 The first 

successful studies of Fe(II)-based compounds as sensitizers in DSSCs were performed by 

Ferrere and Gregg who showed that the [Fe(bpy-dca)2(CN)2]-TiO2 system (bpy-dca = 2,2’-

bipyridine-4,4’-dicarboxylic acid) undergoes band-selective IET from ultra-short-lived, 

initially excited, metal-to-ligand charge transfer (MLCT) states.11 Later studies performed in 
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the same laboratory investigated the effects of solvent and molecular anchoring groups on the 

photosensitization yields in these complexes.9,12 Meyer et al. also investigated the 

sensitization of nanocrystalline TiO2 surfaces by [Fe(bpy)(CN)4]2– complexes attached to 

TiO2 via the CN– ligands.13 They observed sensitization phenomena in these systems, both 

via the direct excitation from the Fe d-orbitals into the Ti d-orbitals and indirect sensitization 

via IET from the MLCT localized on the bpy ligand. 

A common feature of all Fe-based sensitized solar cells is their low efficiency in 

comparison with Ru(II) polypyridine solar cells. This is due to the weaker ligand-field (i.e., 

smaller t2g-eg gap) of iron complexes in comparison with the complexes of ruthenium. 

Therefore, in Fe(II) polypyridines, metal-centered (MC) ligand-field states lie lower in 

energy than the lowest energy metal-to-ligand charge transfer state. As a result, initially 

excited 1MLCT states of these complexes undergo an ultrafast intersystem crossing (ISC) 

into the lowest energy 5MC states. An energy level diagram comparing the photophysical 

processes occurring for Fe(II) and Ru(II) polypyridines is shown in Figure 1.2. A lot of work 

in elucidating the decay pathway from the initially excited 1MLCT states has been done in 

the McCusker research group, who studied the ISC phenomenon in the tren-based 

polypyridine model complexes [Fe(tren(py)3)]2+ and [Fe(tren(6-Me-py)3)]2+.5,7,14,15 The same 

process has been studied in some detail by Chergui and coworkers,16 and more recently by 

Gaffney.17  

 

 

Figure 1.2. Energy level diagram comparing the excited state processes that occur in the 
Ru(II) polypyridine and Fe(II) polypyridine sensitizers. Excitations due to light absorption 
are shown as green lines, IET from the sensitizer into TiO2 are solid red lines, and ISC and 
non-radiative decay pathways are dotted red lines. 
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Clearly, the competition between the ultrafast ISC event and IET upon the initial 

excitation of Fe(II) polypyridines represents the main obstacle to their use as photosensitizers 

in the assemblies for solar energy conversion. Therefore, understanding various structural 

factors that influence the rates of the ISC and IET is important to rational design of more 

efficient Fe-based chromophores.  

1.3. Outline 

Computational studies are especially well suited for investigations of various 

processes in Fe-based sensitizers as they allow one to evaluate the impact of systematic 

structural changes on various photophysical properties. Density functional theory (DFT) is 

more amenable than higher levels of theory for computational studies of iron chromophores, 

due to the large system size of the complexes. It is widely known that DFT suffers from 

errors that prevent it from accurate determination of the ground state of these complexes, 

which can be either low-spin singlet or high-spin quintet.18 We studied the systematic errors 

tied to the amount of exact exchange in the DFT functionals in the ground state calculations 

of iron(II) polypyridines. Chapter 2 describes an approach we developed to estimate the error 

in ground state calculations of first-row transition metal compounds with octahedral 

geometry. This approach allows us to employ DFT to determine the ground state of an 

arbitrary octahedral iron complex and to compare relative ligand field strength between a set 

of related complexes. We find that related complexes can be defined as having a similar 

elongation in their metal-ligand bonds when going from singlet to quintet metal-centered 

states.  

The method developed in Chapter 2 was utilized in Chapter 3, which describes impact 

of ligand scaffold and donor atom modifications on the ligand field strength of Fe(II) 

bis(terpyridine) based complexes. From this work we establish design parameters for tuning 

the ligand field strength of Fe(II) complexes. While the results aid with sensitizer design, as 

tuning the ligand field strength can impact the ISC rate into the non-photoactive high-spin 

state,19,20 the applications are much broader. Many Fe(II) complexes possess a bistability 

between the singlet and quintet electronic states, which have drastically different 

photophysical and magnetic properties, with applications as components of molecular 
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memory, displays, sensors, etc.21-23 

 Having overcome the issue of ground state determination, we take a practical 

approach towards modeling IET in Fe(II) polypyridine sensitized assemblies. In Chapter 4, 

we investigate the IET process in an anatase (101) slab model sensitized with 

[Fe(bpy)(CN)4]2−, [Fe(bpy-dca)(CN)4]2−, or [Fe(bpy-dca)2(CN)2], where bpy = 2,2’-

bipyridine and dca = 4,4’-dicarboxylic acid. This includes the first experimentally 

investigated iron(II) polypyridine sensitizer, [Fe(bpy-dca)2(CN)2], which displays an 

interesting, and previously unexplained, band selective sensitization phenomenon.24 A 

combination of DFT and time-dependent DFT (TD-DFT) was utilized to analyze the ground 

and excited state properties of all three sensitizers. Quantum dynamics simulations were 

subsequently employed to simulate the IET process that follows visible light excitation in the 

dye-TiO2 assemblies.25 Our results reproduce the band selective sensitization phenomenon, 

previously observed, and explain its origin in terms of the electronic structure of dye-TiO2 

assemblies. 

Chapter 5 describes the impact of the linker group on the TiO2 sensitization 

capabilities of [Fe(bpy-L)2(CN)2] chromophores that differ by the linker groups (L) attaching 

them to the surface of TiO2 (L = carboxylic acid, phosphonic acid, hydroxamate, catechol, 

acetylacetonate). Our results reproduce the experimentally observed inefficient sensitization 

capabilities of the phosphonic acid linker relative to carboxylic acid,26 which we compare by 

constructing a wavelength dependent measure of internal efficiency of IET. We also find that 

hydroxamate has the most efficient quantum efficiency relative to the other linkers. With a 

second benchmark of the methodology relative to experiment, we believe this practical 

approach to simulating IET and determining relative sensitization capabilities of transition 

metal sensitizers with short photoactive lifetimes. 

 In Chapter 6, the work in its entirety is briefly summarized and prospects for the 

future of iron sensitizer design are discussed. The percent of electron density on the linking 

group has been identified as an important parameter that can be used to quickly screen out 

inefficient sensitizers. This chapter also contains several remarks on the usefulness and 

drawbacks of the computational approach chosen by us to investigate IET processes in Fe(II) 
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polypyridine sensitized TiO2. Although this approach is not applicable to all electron transfer 

situations, the computational approach utilized in this work is invaluable to investigation of 

Fe(II) polypyridine sensitizers and can be applied with confidence to study IET in a wide 

range of dye-semiconductor systems. 
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CHAPTER 2 

This chapter was previously published: Bowman, D. N.; Jakubikova, E, Inorganic Chemistry, 

2012, 51, 6011-6019. 

Low-Spin vs. High-Spin Ground State in Pseudo-Octahedral Iron Complexes 

Abstract 

Pseudo-octahedral complexes of iron find applications as switches in molecular 

electronic devices, materials for data storage, and more recently, as candidates for dye-

sensitizers in dye-sensitized solar cells. Iron, as a first row transition metal, provides a weak 

ligand-field splitting in an octahedral environment. This results in the presence of low-lying 
5T excited states that, depending on the identity of iron ligands, can become the ground state 

of the complex. The small energy difference between the low-spin, 1A, and high-spin, 5T, 

states presents a challenge for accurate prediction of their ground state using density 

functional theory. In this work, we investigate the applicability of the B3LYP functional to 

the ground state determination of first row transition metal complexes, focusing mainly on 

Fe(II) polypyridine complexes with ligands of varying ligand field strength. It has been 

shown previously that B3LYP artificially favors the 5T state as the ground state of Fe(II) 

complexes, and the error in the energy differences between the 1A and 5T states is systematic 

for a set of structurally related complexes. We demonstrate that structurally related 

complexes can be defined as pseudo-octahedral complexes that undergo similar distortion in 

the metal-ligand coordination environment between the high-spin and low-spin states. The 

systematic behavior of complexes with similar distortion can be exploited and the ground 

state of an arbitrary Fe(II) complex can be determined by comparing the calculated energy 

differences between the singlet and quintet electronic states of a complex to the energy 

differences of structurally related complexes with a known, experimentally determined 

ground state. 
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2.1. Introduction  

Iron pseudo-octahedral complexes have been long considered ideal building blocks 

for molecular electronic switches, data storage materials, or display devices.1 Iron, as a first 

row transition metal, provides a weak ligand field in a pseudo-octahedral environment, which 

leads to the presence of two energetically close electronic states, 1A and 5T. Depending on the 

character of ligands coordinated to the central iron metal, the complexes can display either a 

low-spin (1A), or a high-spin (5T) ground state. The presence of a low-lying excited state of a 

different spin than the ground state is also responsible for the spin crossover phenomenon in 

these compounds, in which the complex changes its spin state under the application of an 

external perturbation such as a change in temperature, pressure, or exposure to 

electromagnetic radiation.2  

Fe(II) polypyridine complexes have also been investigated as  potential 

photosensitizers in dye-sensitized solar cells due to their structural resemblance to the Ru(II) 

polypyridine dyes and the low cost and low toxicity of iron.3-8 Unfortunately, the spin 

crossover properties of these compounds complicate their use as photosensitizers, since upon 

the excitation by visible light into the singlet metal-to-ligand charge transfer states (1MLCT) 

they quickly undergo intersystem crossing into the manifold of non-photoactive 5T states.7-10 

Moreover, only complexes with 1A ground state absorb visible light with appreciable 

intensity and attain the photoactive 1MLCT states upon excitation.9,10  

Computational studies of Fe(II) complexes aiming to either obtain a deeper 

understanding of their electronic structure or to suggest new compounds with desirable 

properties face a number of challenges. One of these challenges is the correct determination 

of the ground state, which is nontrivial.11,12 There have been a number of computational 

studies dedicated to spin crossover compounds using the density functional theory (DFT)12-20 

as well as higher levels of theory, such as CASPT2 (complete active space with second-order 

perturbation theory).21,22 Due to the size of these systems (50 or more atoms), they are most 

amenable to calculations performed by DFT methods. While DFT is very successful at 

predicting geometries of both high-spin and low-spin complexes,11 obtaining the correct 

ground state represents a major challenge since GGA (generalized gradient approximation) 
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functionals (e.g., PBE) tend to favor the low-spin states, while the hybrid functionals (e.g., 

B3LYP) artificially favor the high-spin states. Reiher and coworkers related this behavior to 

the amount of exact Hartree-Fock exchange used in the hybrid functionals.17 While it is 

difficult to accurately determine the ground state of spin crossover complexes or the exact 

energy differences between their high-spin and low-spin states with DFT methods, it is at 

least possible to qualitatively predict the effect of ligand substitution on the spin transition 

behavior.12,15,16  

A number of different approaches were explored in order to alleviate the deficiencies 

of DFT in calculating the ground state of iron pseudo-octahedral complexes. For example, 

Reiher and coworkers suggested a reparameterization of the B3LYP functional resulting in 

the B3LYP* functional with reduced admixture of the Hartree-Fock (HF) exchange.18,19,23 On 

the other hand, Pierloot and Vancoillie argued that while B3LYP* reparameterization 

performs considerably better than B3LYP for molecules with covalent bonds, one would 

need to increase the amount of Hartree-Fock exchange in the functional to properly describe 

the ionic complexes of iron and suggest CASPT2 as a more accurate methodology to study 

bonding and spin state energetics in the first row transition metal complexes.24 More recently, 

Hughes and Friesner suggested a correction scheme to the B3LYP functional applicable to a 

broad set of first row transition metal compounds, containing both covalent and ionic 

complexes.25 The M06-L functional26,27 has also been shown to provide superior results for 

spin crossover complexes than B3LYP.  

Here we provide another insight into the applicability of the B3LYP functional to the 

ground state determination of pseudo-octahedral complexes of first row transition metals, 

with special focus on Fe(II) polypyridines. We confirm systematic trends in the calculated 

energy differences between the high-spin and low-spin electronic states observed 

previously18 for a series of experimentally known transition metal complexes. Finally, we 

suggest that the ground state of an arbitrary Fe(II) complex can be determined by comparing 

the calculated energy difference between the low-spin and high-spin electronic states to the 

energy differences of structurally related complexes with a known, experimentally 

determined ground state, without the need to reparameterize the functional.  
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2.2. Methodology 

We investigate 27 pseudo-octahedral complexes of Fe, Co, Mn, Ru and Os with a 

mixture of heteropyridine and Cl–, F–, CN–, NCS–, NH3, and H2O ligands. The majority of 

the complexes (19) are complexes of iron. Heteropyridine ligands considered are shown in 

Figure 2.1. They include bpy = 2,2'-bipyridine, phen = 1,10-phenanthroline, terpy = 

2,2';6',2"-terpyridine, tren(py)3 = tris((N-(2- pyridylmethyl)-2-iminoethyl)amine), tren(6-Me-

py)3 = tris((N-(2-(6-Me-pyridyl)methyl)-2-iminoethyl)amine), Lt = 4-(4-bromophenyl)-2,6-

bis(2-pyridine)-1,3,5-triazine, Me-Lt = 4-(4-bromophenyl)-2,6-bis(6-picolinyl)-1,3,5-triazine, 

tpen = tetrakis(2-pyridylmethyl)ethylenediamine, and (pyrol)3tren = tris(1-(2-azoyl)-2-

azabuten-4-yl)amine ligands. 

 
Figure 2.1.  Heteropyridine ligands considered in this study. 

 

Geometries of all compounds were initially optimized at the B3LYP level of theory.23 

SDD relativistic effective core potential and associated triple-ζ basis set28 was used to 

describe the metal center and 6-311+G* basis set29,30 was used for all other atoms. Singlet 

and quintet states were optimized for complexes of Fe(II), Co(III), Ru(II), and Os(II), doublet 

and sextet states were optimized for complexes of Fe(III), doublet and quartet states were 

optimized for complexes of Co(II), triplet and quintet states were optimized for the Mn(III) 

complex. All species were optimized both in vacuum and solvent (water) using the 

Polarizable Continuum Model (PCM).31 The use of solvent considerably improved the 
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structures and spin contamination of small anionic species (e.g., [Fe(CN)6]4–) as well as 

improved or did not significantly change the geometries of neutral and cationic complexes. 

Due to its large size, [Fe(Me-Lt)2]2+ was optimized in vacuum only and single point 

calculations with PCM at the vacuum-optimized geometry were used to obtain the solvent 

corrections. All calculations were performed using Gaussian 09 software package.32 

To investigate the dependence of high-spin vs. low-spin energy differences  
(ΔEHS/LS = Ehigh−spin −Elow−spin , ΔHHS/LS = Hhigh−spin −Hlow−spin , ΔGHS/LS =Ghigh−spin −Glow−spin ) on 

the amount of exact exchange in the B3LYP functional, we have systematically varied c1 
parameter from 0.0 to 0.25, corresponding to 0-25% Hartree-Fock exchange in the exchange-
correlation functional of B3LYP: 

Exc = Exc
LSDA + c1(Ex

exact −Ex
LSDA )+ c2ΔEx

B88 + c3ΔEC
PW 91 ,   (1) 

in which c1, c2, and c3 are coefficients fit from experimental data (determined to be c1 = 0.20, 

c2 = 0.72, c3 = 0.81),23 E!"!"#$ is the exchange-correlation energy from the local spin density 

approximation (LSDA),33 Ex
exact is the exact exchange energy, Ex

B88  is Becke’s 1988 gradient 

correction of exchange,34 and ΔEC
PW 91  is Perdew and Wang’s 1991 gradient correction to 

correlation.35  

    Other functional forms, such as BHandHLYP,36 BPW91,34,35,37 B3PW91,23,35,38 

PBE,39,40 and PBE0,41 along with the Hartree-Fock calculations, were also used to investigate 

trends in the high-spin vs. low-spin energy splitting for [Fe(bpy)2(NCS)2)]. The low-spin and 

high-spin geometries of all compounds were fully re-optimized at every level of theory 

considered, as well as for each different value of the exact exchange in the B3LYP 

functional. All optimized structures were verified using vibrational frequency analysis. The 

results of vibrational analysis were used to obtain enthalpies (H) and free energies (G) for all 

compounds at 298.15 K and standard pressure. An ultra-fine integration grid was used for all 

calculations. 

Calculated expectation values of the S2 operator are within 10% of the value expected 

for each complex, except for the doublet spin-state of [FeF6]3–  (< S2> = 1.79 in vacuum and 

< S2> = 1.14 in water)  and [FeCl6]3–  (< S2> = 1.67 in vacuum and < S2> = 1.30 in water). 

The resulting wave functions were also tested for stability.42,43  
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2.3. Results and Discussion 

The aim of this work is to determine if the systematic behavior of high-spin vs. low-

spin energy differences with respect to the exact exchange admixture in the B3LYP 

functional can be used to obtain a ground state of iron polypyridine complexes without the 

need to reparameterize the hybrid functional. This relies on several assumptions. First, we 

assume that B3LYP is reliable in predicting the optimal geometries of high-spin as well as 

low-spin states of transition metal compounds. Second, in order for this approach to be 

reliable, we need to understand its limitations and be capable of identifying the cases in 

which it will work, as well as those in which it will not apply. 

In this section, we start by examining the capability of the B3LYP to predict accurate 

geometries for a variety of high-spin and low-spin transition metal complexes by comparing 

the calculated geometries to crystal structure data available in the literature. Next, we 

confirm the relationship between the amount of exact exchange in the B3LYP functional (c1) 

and high-spin vs. low-spin energy splitting (ΔEHS/LS and ΔGHS/LS).18,19 We further show that 

the dependence of ΔEHS/LS (as well as ΔGHS/LS) on c1 is closely related to the identity of 

transition metal ligands and, in turn, to the average change in the metal-ligand bond lengths 

between the low-spin and high-spin states. We also show that for a set of structurally related 

complexes, the error in ΔEHS/LS is systematic and correctly reflects relative stabilities of high-

spin vs. low-spin states. This observation allows us to come up with a practical way to 

determine the ground state of an unknown complex by comparing its calculated ΔEHS/LS to 

the ΔEHS/LS for a set of structurally related, experimentally known complexes.  

2.3.1 Ground State Geometries of Fe(II) Polypyridine Complexes 

We used density functional theory at the B3LYP level to obtain high-spin and low-

spin geometries of several transition metal complexes with a general formula M(L)x(L’)y, 

where x = 0-3, y = 0, 2, 4, 6; L = bpy, phen, terpy, tren(py)3, tren(6-Me-py)3, (pyrol)3tren, 

tpen, Lt, Me-Lt, and L’ = CN–, NCS–, F–, Cl–, H2O, NH3). Since the pseudo-octahedral 

environment around the central atom is the most critical in determining the properties of 

these compounds, we have compared metal – donor atom bond lengths (donor atoms: C, N, 

O, F and Cl) obtained from the geometry optimization with the B3LYP functional to the 
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bond lengths from the corresponding crystal structures. Note that only 22 out of 25 first-row 

transition metal complexes investigated in this work have available crystal structure data in 

the literature. The results are summarized in Table 2.1.  

The B3LYP geometries for the octahedral coordination environment of all complexes 

investigated are under 5% average error in metal-ligand bond length of corresponding ground 

state crystal structures. The average error in the optimized geometries of anionic, neutral, and 

cationic species in vacuum was 4.6, 3.1, and 3.3%, respectively, in solvent we find these 

average errors for anionic, neutral, and cationic species to be 2.6, 2.3, and 3.0%, respectively.  

The use of solvent most significantly improves the geometries of the anionic species and in 

particular the species with six ligands derived from small anions (F–, Cl–, CN–). The results 

show that the B3LYP functional is able to accurately predict geometries for the transition 

metal complexes of interest and would provide good predictive power for unknown 

complexes if the correct ground state could be determined. 
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Table 2.1. Percent errors in metal-ligand bond lengths obtained from the B3LYP optimized 
geometries with respect to crystal structure data of first row transition metal complexes 
studied. 

Complex 

(spin multiplicity)a 
% Error (M-L) 

Complex 

(spin multiplicity)a 
% Error (M-L) 

[Fe(bpy)2(CN)2] 

(singlet) 
2.4 

[Fe(terpy)2]2+ 

(singlet) 
2.7 

[Fe(bpy)(CN)4]2– 

(singlet) 
2.4 

[Fe(tren(py)3)]2+ 

(singlet) 
2.9 

[Fe(CN)6]4– 

(singlet) 
2.6 

[Fe(tren(6-Me-py)3)]2+ 

(quintet) 
4.0 

[Fe(bpy)2(NCS)2] 

(singlet) 
2.3 

[FeF6]3– 

(sextet) 
3.4 

[Fe(bpy)2Cl2] 

(quintet) 
3.4 

[FeCl6]3– 

(sextet) 
3.0 

[Fe(bpy)3]2+ 

(singlet) 
3.1 

[Fe(pyrol)3tren] 

 (doublet) 
1.7 

[Fe(phen)3]2+ 

(singlet) 
2.9 

[Mn(pyrol)3tren] 

 (doublet) 
1.5 

[Fe(Lt)2]2+ 

(singlet) 
3.0 

[Co(bpy)3]2+ 

(quartet) 
2.2 

[Fe(Me-Lt)2]2+ 

(quintet) 
2.6b 

[Co(terpy)2]2+ 

(doublet) 
4.3 

[Fe(tpen)]2+ 

(singlet) 
2.8 

[Co(CN)6]3– 

(singlet) 
1.6 

[Fe(H2O)6]2+ 

(quintet) 
4.0 

[Co(NH3)6]3+ 

(singlet) 
1.6 

Average % Error:  2.7 
aExperimental ground states obtained from references 44-64. bAll compounds were optimized 
in water using the PCM, while [Fe(Me-Lt)2]2+ was optimized in vacuum. 
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2.3.2. Ground State Determination by B3LYP, Energies of High-Spin vs. Low-Spin 

States 

While B3LYP can be used as a reliable tool in obtaining high-spin and low-spin 

geometries of first row transition metal complexes, it is not as reliable in predicting their 

ground state spin multiplicity. Out of the 25 first row transition metal complexes 

investigated, B3LYP was incorrect in predicting the ground state of eight of these, artificially 

favoring the high-spin state over the low-spin state in seven of the cases (see Table 2.2). 

Inclusion of thermal and entropic factors further stabilized high-spin state in four more 

complexes and incorrectly predicted the high-spin ground state for 10 of the 25 complexes. 

Such bias toward the high-spin states is not unusual for the B3LYP and has been observed 

before.18 

Following the example of Reiher et al.,18 we have calculated the energy (∆EHS/LS), as 

well as enthalpy (∆HHS/LS) and free energy differences (∆GHS/LS) between the high-spin and 

low-spin states for a group of transition metal compounds with respect to the exact exchange 

admixture in the B3LYP functional form (c1 = 0.00 - 0.25, see  

Equation 1). The energy difference was defined as ΔEHS/LS = Ehigh−spin −Elow−spin   

(ΔHHS/LS = Hhigh−spin −Hlow−spin , ΔGHS/LS =Ghigh−spin −Glow−spin ) and is positive if the low-spin 

state is calculated to be more stable than the high-spin state. 

Figure 2.2 shows the ∆EHS/LS dependence on c1 for a number of different Fe(II) 

pseudo-octahedral complexes with polypyridine as well as non-polypyridine ligands both in 

vacuum (dashed line) and water (solid line). While ∆EHS/LS depends linearly on c1, the slope 

of this dependence varies widely among the complexes and it is not possible to fit this 

dependence with a single linear equation for all complexes investigated. Similar behavior has 

been reported previously by Salomon et al.19 for a different set of first row transition metal 

complexes. 
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Table 2.2. Experimental and calculated (B3LYP, SDD/6-311+G*) ground state spin 
multiplicity of pseudo-octahedral first row transition metal complexes investigated in this 
work.  

Complex Experimental 
Calculated 

from ΔEHS/LS 
Calculated 

from ΔGHS/LS 
[Fe(bpy)2(CN)2] Singlet65 Singlet Quintet 
[Fe(bpy)(CN)4]2– Singlet65 Singlet Singlet 
[Fe(CN)6]4– Singlet66 Singlet Singlet 
[Fe(bpy)2(NCS)2] Singlet a,50 Quintet Quintet 
[Fe(bpy)2Cl2] Quintet52 Quintet Quintet 
[Fe(bpy)3]2+ Singlet66 Singlet Quintet 
[Fe(phen)3]2+ Singlet66 Quintet Quintet 
[Fe(Lt)2]2+ Singlet58 Quintet Quintet 
[Fe(Me-Lt)2]2+ Quintet58 Quintet Quintet 
[Fe(tpen)]2+ Singleta,61 Quintet Quintet 
[Fe(terpy)2]2+ Singlet67 Quintet Quintet 
[Fe(tren(py)3)]2+ Singlet68 Quintet Quintet 
[Fe(tren(6-Me-py)3)]2+ Quintet68 Quintet Quintet 
[Fe(H2O)6]2+ Quintet66 Quintet Quintet 
[Fe(NH3)6]2+ Quintet69 Quintet Quintet 
[Fe(NH3)6]3+ Sextet69 Doublet Sextet 
[FeF6]3– Sextet70 Sextet Sextet 
[FeCl6]3– Sextet53 Sextet Sextet 
[Fe(pyrol)3tren] Doublet55 Doublet Sextet 
[Mn(pyrol)3tren] Quintet57 Quintet Quintet 
[Co(bpy)3]2+ Quartet71 Quartet Quartet 
[Co(terpy)2]2+ Doubleta,72 Quartet Quartet 
[CoF6]3– Quintet73 Quintet Quintet 
[Co(CN)6]3– Singlet62 Singlet Singlet 
[Co(NH3)6]3+ Singlet64 Singlet Singlet 

aDenotes thermal spin crossover complexes. 

 

Figure 2.2 also demonstrates how the dependence of ∆EHS/LS on c1 is influenced by 

the inclusion of solvent (water) via the PCM. Majority of the complexes investigated display 

behavior that is quite insensitive toward the solvent inclusion via the PCM and behave 

similarly as [Fe(bpy)3]2+ (complex (2) in Figure 2.2). A small number of complexes, mostly 

those that are negatively charged, undergo a remarkable change in their behavior when the 
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calculations are performed in solvent.  For example, [FeF6]3– (complex (4) in Figure 2.2) 

displays a nonlinear behavior in its dependence of ∆EHS/LS on c1 when optimizations are 

performed in vacuum. Further investigation of this phenomenon revealed the presence of two 

different high-spin states for this complex, whose relative stabilities change depending on the 

amount of exact exchange in the B3LYP functional. Therefore, calculations performed with 

lower admixture of exact exchange converge to a different electronic state than those with a 

higher admixture, resulting in the nonlinear behavior. This problem of state switching for 

[FeF6]3– is not present when optimizations are performed in solvent (water) using PCM, as 

the inclusion of the PCM results in the stabilization of a different electronic state. 

Table 2.3 summarizes the behavior of all complexes investigated, giving the slope of the 

linear fit for the dependence of ∆EHS/LS, ∆HHS/LS, and ∆GHS/LS on the amount of exact 

exchange (c1). The plots of ∆EHS/LS, ∆HHS/LS, and ∆GHS/LS vs. c1 for all complexes investigated 

can be found in Appendix A in Figures A.1-3, A.4-6, and A.7-9, respectively.  

Interestingly, all Fe(II) polypyridine complexes have similar slope of ΔE vs. c1 across 

the 0.0-0.25 range of the exact exchange admixture. On the other hand, while the dependence 

of ΔE vs. c1 for more ionic complexes (e.g., [Fe(H2O)]2+, [FeCl6]4–) is still linear, the slope of 

this dependence is completely different from that of the Fe(II) polypyridine compounds. This 

makes it challenging to come up with a single correction scheme for a wide variety of 

transition metal compounds. We suggest that there is a connection between the slope of the 

ΔE vs. c1 dependence and structural features of the complexes, as well as the character of 

metal-ligand bonds in the complex (ionic vs. covalent). 
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Figure 2.2. Dependence of the energy difference, ΔEHS/LS = Ehigh−spin −Elow−spin  (kcal/mol), on 
the exact exchange admixture (c1) in the B3LYP functional for iron pseudo-octahedral 
complexes with various ligands: [Fe(bpy)(CN)4]2– (1), [Fe(bpy)3]2+ (2), [Fe(NH3)6]3+ (3), 
[FeF6]3– (4).  ∆EHS/LS > 0 corresponds to the low-spin ground state (singlet or doublet), 
∆EHS/LS < 0 corresponds to the high-spin ground state (quintet or sextet). Solid lines are 
calculated in solvent (water, PCM), dashed lines are calculated in vacuum. 

 

2.3.3. Structure of Fe(II) Complexes and Error in High-Spin/Low-Spin Energies from 

B3LYP 

According to ligand field theory, the ligand field splitting between a set of t2g and eg 

metal orbitals is determined by the identity of a central atom and its ligands. The size of the 

ligand field splitting determines the ground state electronic configuration (high-spin vs. low-

spin) as well as the energy difference between the high-spin/low-spin states of a particular 

octahedral compound. Therefore, it would not be surprising if there were some link between 

the structure of the complexes investigated and the slope of ∆EHS/LS vs. c1. 

The change in the electronic configuration from high-spin to low-spin and vice versa 

is usually accompanied by a marked change in the metal-ligand bond lengths of the covalent 

complexes, as placing the electrons into the antibonding eg orbitals increases the metal-ligand 
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distance in the high-spin state. Therefore, we have explored the relationship between the 

average change in the metal-ligand distance (ΔR) and the slope of the ∆EHS/LS dependence on 

amount of exact exchange in the B3LYP functional (c1). The reported ΔR is an average over 

the c1 range investigated, but the results are virtually identical when only considering ΔR 

calculated at c1 = 0.2 (unmodified B3LYP functional).  

Table 2.3 summarizes the average change in the metal-ligand distance between the 

high-spin and low-spin state determined at the B3LYP level of theory along with the slope of 

the ∆EHS/LS, ∆HHS/LS, and ∆GHS/LS dependence on c1. The change in the metal-ligand distance 

was determined as an average of the changes calculated for all values of c1 investigated 

between 0.0 and 0.25. Figure 2.3 shows the plot of the average change in the metal-ligand 

bond lengths between the high-spin and low-spin states, with respect to the slope of the 

∆EHS/LS vs. c1 dependence. Interestingly, there is a linear relationship between the two, 

showing that a smaller slope corresponds to a smaller change in the bond lengths. The R2 

coefficient for this dependence is 0.93, suggesting a strong correlation. Second and third-row 

transition metal compounds ([Ru(bpy)3]2+, [Os(bpy)3]2+, shown in blue) were excluded from 

the fit, but are still shown on the plot. A weaker correlation is observed, with an R2 value of 

0.78, when all species are optimized in vacuum (see Figure A.10 in Appendix A).  All 

species reported in Table 2.3 were optimized using PCM solvent model for water, excluding 

[Fe(Me-Lt)2]2+, for which solvent corrections are included via a single point calculation at the 

vacuum-optimized geometry. 

It is apparent that the complexes with the weakest dependence of ∆EHS/LS on c1 are 

ionic compounds of first row transition metals (e.g., [FeF6]3–, [FeCl6]3–) that also undergo 

smallest change in the metal-ligand bond lengths between the low-spin and high-spin states. 

Complexes with more covalent character of metal-ligand bonds undergo larger structural 

changes between their low-spin and high-spin electronic states and are more strongly 

influences by the amount of exact exchange admixture in the DFT functional.  
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Table 2.3. Table of average change in metal-ligand bond lengths ΔR(metal–ligand) in 
Ångstroms for low-spin to high-spin transition versus slope of the scan over the exact 
exchange for various pseudo-octahedral complexes. 

Complex 
ΔR 

(metal-ligand) 
[Å] 

Slope of Scan 
( )

1dc
Ed Δ  

Slope of Scan 
d ΔH( )
dc1

 

Slope of Scan 
d ΔG( )
dc1

 

[Fe(CN)6]4– 0.3336 -214.17 -212.51 -208.92 
[Fe(bpy)(CN)4]2– 0.2726 -185.56 -184.48 -181.69 
[Fe(bpy)2(CN)2] 0.2337 -161.42 -160.73 160.02 
[Co(CN)6]3– 0.2295 -145.62 -143.93 -137.59 
[Fe(Lt)2]2+ 0.2266 -160.18 -158.10 -161.41 
[Fe(tren(py)3)]2+ 0.2265 -147.79 -146.01 -141.98 
[Fe(terpy)2]2+ 0.2149 -156.18 -154.86 -152.45 
[Fe(tren(6-Me-py)3)]2+ 0.2125 -142.97 -141.98 -142.88 
[Fe(tpen)]2+ 0.2044 -125.25 -124.52 -117.40 
[Fe(bpy)3]2+ 0.2013 -143.56 -143.20 -141.62 
[Fe(bpy)2(NCS)2] 0.2003 -125.76 -124.30 -124.48 
[Fe(phen)3]2+ 0.1994 -139.34 -139.67 -138.29 
[Fe(Me-Lt)2]2+ 0.1991 -142.16 -149.73 -156.79 
[Fe(NH3)6]2+ 0.1827 -91.95 -92.05 -90.70 
[Fe(bpy)2Cl2] 0.1755 -126.90 -127.05 -127.54 
[Fe(pyrol)3tren] 0.1655 -97.80 -96.84 -92.48 
[Co(NH3)6]3+ 0.1561 -88.39 -90.37 -93.56 
[Fe(NH3)6]3+ 0.1498 -89.33 -92.26 -93.07 
[Co(bpy)3]2+ 0.1290 -89.33 -89.55 -87.59 
[Fe(H2O)6]2+ 0.1230 -62.12 -62.24 -63.08 
[Co(terpy)2]2+ 0.1136 -93.29 -90.49 -97.06 
[Mn(pyrol)3tren] 0.1095 -58.44 -58.88 -57.12 
[FeCl6]3– 0.0908 -54.97 -54.51 -49.97 
[CoF6]3– 0.0638 -45.42 -38.17 -30.97 
[FeF6]3– 0.0610 -48.25 -47.47 -42.93 
[Ru(bpy)3]2+ 0.2760 -109.44 -108.74 -112.39 
[Os(bpy)3]2+ 0.1372 -16.74a -9.21a -17.89a 

       a[Os(bpy)3]2+ quintet changes electronic states over the exact exchange admixture investigated. 

 

The outliers to this trend are shown in blue and belong to octahedral compounds with 

a central atom from second and third row of transition metals (Ru and Os), suggesting that 

the relationship between the average change in metal-ligand bond lengths and the slope of the 
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∆EHS/LS dependence on c1 will have a different character than displayed by the complexes of 

first row transition metals.  

 

 

Figure 2.3. Plot of average change in metal to ligand bond lengths in transition from low-
spin to high-spin states versus slope of the scan over exact exchange for data shown in Table 
2.3 along with a plot of the linear regression, R2=0.93. 

 

Note that a similar relationship as observed between the dependence of ∆EHS/LS on c1 

vs. ΔR holds true for ∆HHS/LS and ∆GHS/LS (see Figure A.11 in Appendix A). The correlation 

for this dependence becomes slightly worse with the thermal and entropic corrections 

included (R2 = 0.93 and 0.91, respectively). This is not very surprising, as several 

assumptions are made in obtaining these corrections (i.e., assumption of harmonic potential, 

neglecting the role of the solvent) that are not equally good for all compounds investigated in 

this study. The problem is exacerbated by the fact that the low frequency vibrations, which 

provide the largest contribution to the entropy, suffer from the highest error in the harmonic 

approximation.17  
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It is also important to mention that the changes in the enthalpies and Gibbs free 

energies (∆HHS/LS, ∆GHS/LS) reported here are effectively the changes in the gas-phase 

enthalpies and Gibbs free energies corrected for the solvent effects implicitly via the use of 

the PCM. In reality, the low-spin to high-spin transition is a condensed-phase phenomenon 

with important entropic contributions originating in electronic, vibrational, rotational, and 

phonon (intermolecular) degrees of freedom. The major contribution to the entropy change 

(and, therefore, ∆GHS/LS) arises from the geometrical changes that complexes undergo upon 

their transition between the high-spin and low-spin states. This can be extracted from 

calculated vibrational spectra of both high-spin and low-spin states, which was done in the 

present work. Optical phonons (not included in our model) will also provide a significant 

contribution to the entropy change.74 An in-depth analysis of these and related issues for the 

correct determination of ∆GHS/LS is provided in the work of Brehm and coworkers.74,75 

It is also worth mentioning that essentially the same results are obtained when the 

analysis is performed with a smaller basis set (6-31G* instead of 6-311+G*) and in vacuum. 

The larger basis set and solvent model are, however, necessary to obtain proper description 

of the structures and electronic states of some anionic compounds, especially [Fe(CN)6]4–, 

[FeF6]3–. 

2.3.4. Ground State Determination for a Family of Structurally Related Complexes 

 The linear correlation between the average ΔR and slope of the ∆EHS/LS vs. c1, 

suggests that the octahedral complexes that undergo similar distortion in their octahedral 

environment going from a low-spin to high-spin state (described here by the average change 

in metal-ligand bond lengths), suffer from the similar error in the B3LYP functional. In case 

of the covalent complexes of iron, this systematic error results in the artificial stabilization of 

their high-spin state energies with respect to the low-spin state energies. The question still 

remains if this error is systematic for a group of similar complexes, i.e. if it results in the 

artificial stabilization of the high-spin state energies with respect to the low-spin state 

energies by about the same amount.  

To find if the error is indeed systematic, we have looked at the ∆EHS/LS vs. c1 

dependence in a set of eleven structurally related Fe(II) polypyridine complexes. They were 
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chosen as “structurally related” because they display similar geometry change in the metal-

ligand bond lengths going from low-spin to high-spin geometry (see Table 2.3). The selected 

complexes contain polypyridine ligands combined with other ligands of varying ligand-field 

strength, such as Cl–, NCS–, and CN–. The plot of the ∆EHS/LS as a function of c1 for six 

members from this family of related Fe(II) compounds is shown in Figure 2.4. 

 

 
Figure 2.4. Dependence of the energy difference, ΔEHS/LS = Ehigh−spin − Elow−spin  (kcal/mol), on 
the exact exchange admixture (c1) in the B3LYP functional for several pseudo-octahedral 
iron(II) polypyridine complexes: [Fe(bpy)2(CN)2] (1), [Fe(bpy)3]2+ (2), [Fe(tren(py)3)]2+ (3), 
[Fe(bpy)2(NCS)2] (4), [Fe(tren(6-Me-py)3)]2+ (5), and [Fe(bpy)2Cl2] (6). ∆EHS/LS > 0 
corresponds to the singlet ground state, ∆EHS/LS < 0 corresponds to the quintet ground state. A 
linear regression is plotted for each complex based on the constant slope formula 
ΔEHS/LS = I −142.5c1 . 

 

As can be seen in Figure 2.4, the dependence of ∆EHS/LS on c1 is linear, with 

approximately the same slope for the compounds considered. Note that very similar linear 

dependence of ∆EHS/LS on c1 as well as systematic errors for a group of related Fe(II)-S 
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complexes have been observed previously by Reiher and coworkers.18 In case of our Fe(II) 

test complexes, this linear relationship between ΔE and c1 can be described by the following 

equation:  

  ΔEHS/LS = I −142.5c1 ,     (2) 

where I corresponds to the intercept (the value of ∆EHS/LS at c1 = 0 for each complex) which 

describes the vertical shift between the plots of ∆EHS/LS vs. c1 for different complexes. The 

five complexes included in the fit but not shown in Figure 2.4 are: [Fe(Lt)2]2+, [Fe(Me-

Lt)2]2+, [Fe(phen)3]2+, [Fe(terpy)2]2+
, and [Fe(tpen)]2+.  The above equation fits the ∆EHS/LS 

dependence on c1 for each of the eleven complexes very accurately, with the correlation 

coefficient R2 = 0.97-0.99. More importantly, the vertical shift between plots of ∆EHS/LS for 

different Fe(II) compounds correctly reflects the change in the ligand field strength of their 

ligands, meaning that the low-spin states of Fe(II) compounds are stabilized over the high-

spin states in the same order as the Fe(II) ligands appear in the spectrochemical series: Cl– < 

NCS– < pyridine < bipyridine < CN–. This means that although B3LYP is not capable to 

predict the correct ground state spin multiplicities, the overall order of the high-spin/low-spin 

energy differences for a group of structurally related compounds reflects their high-spin, low-

spin, or thermal spin crossover character in the ground state. 

It should be noted that when comparing [Fe(phen)3]2+ and [Fe(bpy)3]2+ we found that 

the trend in ∆EHS/LS vs. c1 incorrectly reflected the trend in ligand field strength, however the 

distance between the two plots of ∆EHS/LS over c1 = 0-0.25 was at most 2.0 kcal/mol. 

[Fe(phen)3]2+ is not shown in Figure 2.4, but belongs to the same set of structurally related 

complexes. Phen and bpy ligands are considered to have very similar ligand field strength, so 

this discrepancy is well within the accepted error range for the B3LYP functional.  

The linear behavior of ∆EHS/LS with respect to c1, along with the systematic trend in 

the intercept I for a series of related compounds, can therefore be used to construct a 

benchmark for determination of the ground state multiplicity for an arbitrary Fe(II) 

polypyridine complex. A procedure to determine the ground state multiplicity of an arbitrary 

Fe(II) polypyridine complex could be as follows: (1) Obtain ∆EHS/LS vs. exact exchange 

dependence plots for a series of related compounds with available experimental reference 
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data. (2) Based on this benchmark, decide which values of the intercept I correspond to the 

high-spin and low-spin ground states. In the specific example of Fe(II) polypyridines shown 

in Figure 2.4, I > 24 kcal/mol indicates a low-spin complex, I < 18 kcal/mol high-spin 

complex, with I = 18-24 kcal/mol indicating a possible thermal spin crossover complex. (3) 

Obtain ∆EHS/LS vs. exact exchange dependence plot for the compound with unknown ground 

state. (4) Based on the intercept I obtained for the unknown compound, determine its spin 

state. 

For a series of related complexes this procedure will produce a unique range of I 

values describing the regions of low-spin and high-spin stability.  A spin crossover region 

will also always exist between the two stability regions due to the inherent uncertainty of the 

method.  The value of the intercept I obtained for a thermal spin crossover complex 

determines a “critical value”, i.e., the value at which the change between the low-spin and 

high-spin regions occurs. In the particular case presented here, the average value of the 

intercepts I calculated for two thermal spin crossover complexes included in the analysis 

([Fe(tpen)]2+, [Fe(bpy)2(NCS)2]) is 21 kcal/mol. Curiously, this value is virtually identical 

with the calculated value of the exchange interaction between electrons in the d orbitals of 

iron (20.1 - 20.9 kcal/mol).76-78  

The strong linear correlation between the average ΔR and slope of the ∆EHS/LS vs. c1 

scans could also allow us to forgo the calculation of ∆EHS/LS vs. c1 dependence for several 

values of c1 for both benchmark and unknown complexes. It makes it possible for us to rely 

on the average change in the octahedral coordination environment to determine what group 

of complexes is “similar” for the purposes of the ground state determination and reduces the 

number of calculations one needs to perform to just B3LYP with a single value of c1 = 0.2. 

Analogous analysis with virtually identical results toward lower energies can also be 

performed using ∆HHS/LS or ∆GHS/LS instead of ∆EHS/LS, noting that the calculated ∆HHS/LS and 

∆GHS/LS will be systematically shifted toward lower energies. 

2.3.5. High-Spin/Low-Spin Energy Trends with Other Density Functionals 

As a point of interest, it is worth noting that the trend established in the energy 

differences between the quintet and singlet states in iron(II) complexes applies more 
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generally than to just the B3LYP functional. We used multiple density functionals 

(BHandHLYP,36 BPW91,34,35,37 B3PW91,23,35,38 PBE,39,40 and PBE041) and Hartree-Fock 

calculations to determine the energy difference between the quintet and singlet states of 

[Fe(bpy)2(NCS)2)]. The scatter plot of ∆EHS/LS vs. the amount of exact exchange in each of 

the functionals is shown in Figure 2.5.  First, the slope of ∆EHS/LS vs. the amount of exact 

exchange in B3LYP is not linear over the entire range of the exact exchange admixture. This 

is consistent with the findings reported previously by Salomon et al.19 More importantly, 

other DFT functionals closely follow the same trend as the modified B3LYP, suggesting that 

the major error in the energy difference between the high-spin and low-spin states arises from 

the contribution of exact exchange and similar correction schemes as used with the B3LYP 

functional can be applied with other functionals as well. 

 

 
Figure 2.5. Plot of energy difference, ∆EHS/LS (kcal/mol), calculated in water (PCM model) 
between quintet and singlet states of [Fe(bpy)2(NCS)2)] versus the fraction of exact exchange 
in the B3LYP functional form (c1 = 0.00 to 0.25), BHandHLYP (0.50 exact exchange), 
BPW91 (0.00 exact exchange), B3PW91 (0.20 exact exchange), PBE (0.00 exact exchange), 
and PBE0 (0.25 exact exchange), and pure Hartree-Fock calculation (1.0 exact exchange). 
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2.4. Conclusions 

In this work, we investigated the applicability of the B3LYP functional to accurate 

prediction of ground state multiplicity of pseudo-octahedral iron complexes. Iron complexes 

are of great interest due to potential applications as molecular switches, data storage 

materials, and chromophores in dye-sensitized solar cells. Their properties intrinsically 

depend on their ground state, which, depending on the ligand character, can be either low-

spin or high-spin. In general, density functional theory has difficulties with predicting the 

correct ground state multiplicity of such compounds, as local functionals favor the low-spin 

states and hybrid functionals with high fraction of exact Hartree-Fock exchange tend to favor 

high-spin ground states.  

We confirmed the linear relationship between the high-spin/low-spin energy splitting, 

∆EHS/LS  (ΔEHS/LS = Ehigh−spin −Elow−spin ), as well as ∆HHS/LS and ∆GHS/LS, and the amount of 

exact exchange in the B3LYP functional as previously observed by Reiher and coworkers.17 

For coordination complexes of iron with mostly covalent character, such as Fe(II) 

polypyridines, ∆EHS/LS displays a strong dependence on the amount of exact exchange in the 

functional and B3LYP tends to favor high-spin ground states. On the other hand, ∆EHS/LS for 

ionic complexes displays a weaker dependence on c1, and B3LYP artificially stabilizes the 

low-spin states.  

We confirmed that in most cases investigated, dependence of ∆EHS/LS on c1 is linear 

over the range of 0-25% of exact exchange admixture in modified B3LYP. We found that the 

slope of this dependence strongly correlates with the average change in the metal-ligand 

bond lengths between the low-spin and high-spin states. Moreover, the error in ∆EHS/LS for a 

group of structurally related complexes (i.e., complexes that undergo similar change in the 

metal-ligand bond lengths between the high-spin and low-spin states) is systematic and the 

calculated values of ∆EHS/LS correctly reflect the trend in the relative stabilities of their low-

spin and high-spin states. Inclusion of thermal and entropic corrections tends to stabilize the 

high-spin states, but nevertheless results in the identical behavior. This systematic behavior 

allows for a ground state determination of an arbitrary pseudo-octahedral complex of iron by 

comparing the calculated energy differences between the singlet and quintet electronic states 
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of an unknown complex to the energy differences of structurally related complexes with a 

known, experimentally determined ground state. 
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CHAPTER 3 

Alexey Bondarev, an undergraduate Materials Science and Engineering Major working in the 

Jakubikova Lab at North Carolina State University, has significantly contributed to the 

computational studies presented in this chapter. 

Tuning Electronic Structure of Fe(II) Polypyridines via  
Donor Atom and Ligand Scaffold Modifications 

Abstract 

  Fe(II) polypyridines are an important class of pseudo-octahedral metal complexes 

known for their potential applications in molecular electronic switches, data storage and 

display devices, sensors, and dye-sensitized solar cells. Fe(II) polypyridines have a d6 

electronic configuration and pseudo-octahedral geometry and can therefore possess either a 

high-spin (quintet) or a low-spin (singlet) ground state. In this study, we investigate a series 

of complexes based on [Fe(tpy)2]2+ (tpy = 2,2’;6’,2’’-terpyridine) and [Fe(dcpp)2]2+ (dcpp = 

2,6-bis(2-carboxypyridyl)pyridine). The ligand field strength in these complexes is 

systematically tuned by replacing the central pyridine with five-membered (N-heterocyclic 

carbene, pyrrole, furan) or six-membered (aryl, thiazine-1,1-dioxide, 4-pyrone) moieties. To 

determine the impact of ligand substitutions on relative energies of metal-centered states, the 

singlet, triplet and quintet states of the Fe(II) complexes were optimized in water (PCM) 

using density functional theory at the B3LYP+D2 level with 6-311G* (nonmetals) and SDD 

(Fe) basis sets. It was found that the dcpp ligand scaffold allows for a more ideal octahedral 

coordination environment in comparison to the tpy ligand scaffold. Presence of six-

membered central rings also allows for a more ideally octahedral coordination environment 

relative to five-membered central rings, regardless of the ligand scaffold. We find that the 
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ligand field strength in the Fe(II) polypyridines can be tuned by altering the donor atom 

identity, with C donor atoms providing the strongest ligand field. 

3.1. Introduction 

Pseudo-octahedral Fe(II) complexes have a wide variety of potential applications due 

to their magnetic and photophysical properties. As a first row transition metal, Fe provides 

for weak ligand field strength if used as a central metal in a coordination complex. Therefore, 

Fe compounds are characterized by the presence of a large number of electronic states with 

different multiplicities close to each other in energy. Depending on the ligand set utilized, 

energy ordering of various electronic states changes and Fe(II) complexes with either a low-

spin or a high-spin ground state can be prepared. This tunability makes iron compounds 

interesting as candidates for molecular memory,1 pigments in display devices,2 

photosensitizers3 and other functional materials.4 Fe(II) polypyridines are of particular 

interest for dye-sensitized solar cells3,5 (DSSCs) and spin-crossover (SCO) materials.4 

The Tanabe-Sugano diagram for d6 octahedral complexes,6 shown in Figure 3.1, is 

useful for understanding the changes to the relative energies of various metal-centered (MC) 

states present in Fe(II) complexes relative to the ligand field strength. For applications where 

bistability is important (e.g. switches and sensors), it is generally favorable to be near the 

SCO point (solid vertical line in Figure 3.1).7 On the other hand, stabilization of the 1A state 

is important for photovoltaic or photocatalytic applications, especially for tuning the lifetimes 

of the excited photoactive ligand-based charge-transfer states.8-11 Fe(II) polypyridines often 

reside near the SCO point, but can be pushed further into either the 1A or 5T stability regions 

by various ligand alterations.12-19 External perturbations (e.g., pressure changes, solvent 

interactions) can also alter the relative stability of the states, but these phenomena apply to 

condensed matter systems that are beyond the scope of this study.20-23  

Our particular interest in Fe(II) polypyridine complexes stems from their potential to 

serve as light-harvesters in DSSCs. Fe(II) polypyridines are in many ways similar to the 

Ru(II) polypyridine compounds that have been successfully used as photosensitizers in 

DSSCs.24 For example, visible light excitation in both ruthenium and iron polypyridine 
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complexes results in t2g → π* transitions into a manifold of metal-to-ligand charge transfer 

(MLCT) states. These MLCT states are photoactive and can sensitize TiO2 by undergoing 

interfacial electron transfer (IET) into the semiconductor. However, MLCT states are very 

short-lived in Fe(II) polypyridines, as they undergo relaxation into the manifold of non-

emissive high-spin metal-centered (MC) states on sub-picosecond time scale.25 Thus, the 

main obstacle to the utilization of Fe(II)-based compounds as photosensitizers is the short 

lifetime of the initially populated MLCT states state due to their deactivation by very fast 

intersystem crossing (ISC) events.5,25-27 

 

 

Figure 3.1. Simplified Tanabe-Sugano diagram for a d6 complex with Oh symmetry. Δ0 
corresponds to the ligand field splitting parameters, and E denotes the energy. The values of 
Racah parameters used in preparing the diagram are B = 1080, and C = 4774. Lowering of 
the symmetry of the complex to D3, C2v, or C2 reduces the degeneracy of the triplet and 
quintet states shown in the diagram.28,29 
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 In general, there are two possible approaches to increasing the efficiency of Fe(II) 

complexes as sensitizers. The first one tackles this problem by speeding up the rate of the 

IET, with the aim to make it more competitive with the ultrafast ISC process.30,31 The second 

approach aims to slow down the ISC process by increasing the ligand field strength of Fe(II) 

polypyridines via ligand modifications. This can be achieved either via changing the 

character of the donor ligands themselves,8,10,11,32-34 or by changing the geometry of the ligand 

scaffold around the metal center.9 The end goal is to increase the ligand field strength of 

Fe(II) polypyridines to the point where the ordering of various electronic states mirrors that 

of their Ru(II) analogues (see Figure 3.1). 

 The influence of donor atom and ligand scaffold modifications on the ligand field 

strength of a series of pseudooctahedral Fe(II) complexes (see Figure 3.2) was investgated in 

this work. Two closely related complexes, [Fe(tpy)2]2+ (1, tpy = 2,2’;6’,2’’-terpyridine) and 

[Fe(dcpp)2]2+ (1’, dcpp = 2,6-bis(2-carboxypyridyl)pyridine), that contain the same set of 

pyridine donor ligands but differ in the choice of the pyridine connecting groups, were 

chosen as starting points for further modifications. While complex 1 has been previously 

studied and thoroughly characterized,35-39 complex 1' was synthesized only recently by 

McCusker and coworkers, who suggested that 1' exhibits increased ligand field strength in 

comparison to 1.9 Starting from complexes with tpy and dcpp scaffolds, a series of systematic 

modifications was performed in which central pyridine rings are replaced with 5-membered 

or 6-membered rings with C, N, or O donor atoms. These studies served to evaluate the 

impact of the donor atom identity (C vs. N vs. O), ligand scaffold (tpy vs. dcpp) and ring size 

(5-membered vs. 6-membered rings) on the ligand field strength of pseudooctahedral Fe(II) 

complexes. Finally, a simple model system based on [Fe(NH3)6]2+ model system was utilized 

to explore the influence of bond lengths and bond angles on relative energetics of 1A, 3T1, and 
5T2 states in s-donor octahedral FeL6 complexes. Overall, computational studies presented in 

this work help us to define the range of ligand field strengths accessible for Fe(II) 

polypyridines, and establish design principles for tuning the ligand fields in such complexes. 
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Figure 3.2. Complexes investigated in this study, which are based off the [Fe(tpy)2]2+ (1) or 
the [Fe(dccp)2]2+ (1’) parent complexes. From these parent complexes, the central ring was 
replaced with the rings shown to produce complexes 2-7 (from 1) and 2’-7’ (from 1’). 

 

3.2. Methodology 
 The complexes shown in Figure 3.2, along with the [Fe(NH3)6]2+ model system, were 

optimized in their singlet, triplet, and quintet states employing the B3LYP functional40-43 with 

Grimme’s D2 dispersion correction.44 The SDD effective core potential (ECP) and associated 

basis set were used to describe the Fe center,45 and the 6-311G* basis set was used for all 

other atoms (S, O, N, C, and H).46,47 Ultrafine grid was used in all calculations. Solvent 

effects (water) were included in the calculations via a polarizable continuum model (PCM).48 

Vibrational frequency analysis was used to confirm that all optimized structures correspond 

to local minima on their respective potential energy surfaces. Natural orbital analysis was 
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performed on open shell systems to confirm metal-centered triplet and quintet states. The 

ground state multiplicity of each complex was determined by comparison to [Fe(tpy)2]2+ or 

[Fe(dcpp)2]2+ complex using an approach discussed in our previous work.12 All calculations 

were carried out employing the Gaussian 09 software package.49 

 Singlet, triplet, and quintet optimized structures of [Fe(NH3)6]2+ were symmetrized to 

produce an ideal coordination environment by averaging all Fe−N bond lengths and setting 

N−Fe−N bite angles to either 90° or 180°. For the symmetrized singlet and quintet 

geometries, the coordination environment was set to Oh symmetry with Fe−N bond lengths of 

2.064 Å (singlet) and 2.230 Å (quintet). The coordination environment for the symmetrized 

triplet geometry was set to D4h symmetry with Fe−N bond lengths of 2.046 Å (axial N) and 

2.197 Å (equatorial N). Potential energy surface (PES) scans were then performed on each of 

these systems with respect to the change in a single Fe−N bond length, all six Fe−N bond 

lengths, a single N−Fe−N bite angle (α), or both N−Fe−N bite angles (α) as shown in Figure 

3.3. Fe−N bond lengths were varied by ±0.2 Å in steps of 0.05 Å. The N−Fe−N bite angles 

(α) were systematically reduced from 180° to 130° in steps of 10° (5° for each β). Hydrogens 

on all NH3 ligands were fully relaxed at each point the PES scan. 

 

 
Figure 3.3. The model system, [Fe(NH3)6]2+

, used to estimate the destabilization of singlet, 
triplet, and quintet states of the complexes studied by modulating the bite angles (α, β) and 
the metal ligand bond length (R). 
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3.3. Results and Discussion 

 The results are organized as follows. First, the influence of substitutions on the 

molecular structure of all complexes with tpy and dcpp based ligands in 1A state is described, 

followed by the analysis of the energy differences between their 1A, 3T, and 5T MC states. 

Finally, a simplified [Fe(NH3)6]2+ model system is used to illustrate how geometric 

distortions in the first coordination sphere alter energies of the 1A, 3T, and 5T states. 

3.3.1 Analysis of 1A Structures of [Fe(tpy)2]2+ and [Fe(dcpp)2]2+ Based Systems 
  All iron(II) complexes investigated display pseudo-octahedral geometry in their 

singlet electronic state. The coordination environment of each complex has approximately 

C2v symmetry and is characterized by four equivalent Fe−N equatorial bond lengths, two 

equivalent Fe−L (L = C, C−, N, N−, O) axial bond lengths, and two equivalent N−Fe−N bite 

angles (see Figure 3.4). The symmetry of the immediate coordination environment around 

the iron, which consists of the six donor atoms coordinated to the central iron atom, is very 

important in determining the ligand field strength in these complexes. In general, with all else 

being equal, distortions from the ideal octahedral environment reduce the metal-ligand orbital 

overlap and decrease the ligand field strength of a transition metal complex. 

 In order to quantify deviations from the ideal octahedral geometry, where ligand field 

splitting would be maximized, we have calculated the average N−Fe−N bite angles (α) and 

the differences in the average equatorial and axial Fe−L bond lengths, ΔR(E-A) (see Figure 

3.4 and Table 3.1). For an ideally octahedral complex, the bite angles (α) would be precisely 

180° and the differences between the average equatorial and axial bond lengths would be 

zero. 
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Figure 3.4. Geometric parameters describing Fe-ligand coordination environment. 

 

Table 3.1. Average bite angle (α angle as shown in Figure 3.4) and difference in bond length 
between equivalent sets of metal ligand bonds, ΔR(E-A) as defined in Figure 3.4, for singlet 
states of complexes 1-7 and 1’-7’, with averages based on ligand scaffold and size of central 
ring. The average α and ΔR(E-A) for each complex are given in Table B.1 of Appendix B. 

Complex 
Average Bite Angle (α) 

[°] 
ΔR(E−A) 

[Å] 

Ideal octahedral environment 180 0.00 

Avg. of [Fe(tpy)2]2+ based, 

6 membered central ring 
161 0.08 

Avg. of [Fe(tpy)2]2+ based, 

5 membered central ring 
154 0.20 

Avg. of [Fe(dcpp)2]2+ based, 

6 membered central ring 
179 0.00 

Avg. of [Fe(dcpp)2]2+ based, 

5 membered central ring 
177 0.09 
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 Two important trends can be seen from the data in Table 3.1. First, the substitution of 

five-membered rings into the tpy or dcpp ligand scaffold results in a significantly more 

distorted octahedral coordination environment relative to the complexes with six-membered 

central rings. Presence of the 5-membered rings especially strains complexes based on the 

tpy scaffold that display the most acute bite angles (154° on average). Second, the dcpp 

scaffold displays a more ideally octahedral coordination environment than the tpy scaffold. 

While the bite angles in tpy-based complexes range from 151-162°, bite angles in all dcpp 

based complexes are between 175° and 179°, close to the ideal octahedral value of 180°. The 

observed structural trends are consistent with previous experimental work by McCusker and 

coworkers.9 

3.3.2 Energy Ordering of 1A, 5T, and 3T States in [Fe(tpy)2]2+ and [Fe(dcpp)2]2+ Based 

Systems 

 Energy differences between the optimized 1A, 3T, and 5T states were calculated for all 

complexes, in order to determine their ground electronic state as well as relative energies of 
3T and 5T states. Note that DFT is not a reliable tool for calculations of energy differences 

between electronic states of various multiplicities defined as 

        (1) 

where Ehigh-spin and Elow-spin represent total energies of high-spin and low-spin states, 

respectively.12,50 While accurate determination of ΔEHS/LS is difficult, we have previously 

shown that one can reliably determine trends is ΔEHS/LS for a set structurally related 

complexes.12,50 Structurally related complexes are defined as those that undergo similar 

distortions in their metal-ligand bond lengths between the high-spin and low-spin structures, 

ΔRHS/LS, defined as 

         (2) 

where  and  correspond to metal-ligand bond lengths at high-spin and low-spin 

optimized structures, respectively, and n is the total number of metal-ligand bonds in the 

transition metal complex. For these structurally related complexes, ΔΔEHS/LS, defined as  

ΔEHS/LS = Ehigh−spin −Elow−spin

ΔRHS/LS =
Ri
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ni=1

n

∑ − Ri
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       (3) 

is quite reliable, as all of the species suffer from the same systematic error in ΔΔEHS/LS. 

 Average changes in the metal-ligand bond lengths calculated at singlet-quintet 

(ΔRQ/S), triplet-singlet (ΔRT/S), and triplet-quintet (ΔRQ/T) geometries for all of the complexes 

are shown in Table 3.2. Note that complex 5 undergoes a very large structural distortion in its 

quintet state as demonstrated by disproportionately large ΔRQ/S and ΔRQ/T in comparison to 

the rest of the complexes (its structure in 5T is no longer pseudo-octahedral) and is therefore 

excluded from further analysis. 

 Considering the two sets of compounds based on tpy (1−7) and dcpp (1’−7’) scaffolds 

separately, complexes within each of the sets clearly undergo similar changes in the metal-

ligand coordination environment for all pairs of high-spin/low-spin electronic states 

considered. Therefore, the trends in the calculated ΔEHS/LS values within each set of 

complexes will be reliable. It is less obvious whether one can confidently compare the 

calculated ΔEHS/LS among the complexes based on different ligand scaffolds. This is 

especially true for singlet–quintet energy differences, since the average ΔRQ/S for tpy and 

dcpp based complexes differs by 0.07 Å. To ensure that the trends in ΔEQ/S are reliable, we 

have calculated ΔEQ/S for complexes 1 and 1’ for 0-25% of exact exchange admixture in the 

B3LYP functional (see Figure 3.5). As the slope of the ΔEQ/S dependence on the exact 

exchange admixture is similar for the two complexes, we conclude that the trends in ΔEHS/LS 

obtained at the B3LYP level of theory are reliable. 

  

ΔΔEHS/LS = ΔEHS/LS
complex1 − ΔEHS/LS

complex2
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Table 3.2. Changes in the metal-ligand bond lengths between the quintet and singlet (ΔRQ/S), 
triplet and singlet (ΔRT/S), and, quintet and triplet (ΔRQ/T) states of complexes 1−7 and 1’−7’. 
Average changes and standard deviation (σ) were also calculated for each set of complexes. 

Complex ΔRQ/S [Å] ΔRT/S [Å] ΔRQ/T [Å] 

1 0.217 0.099 0.119 

2 0.263 0.120 0.143 

3 0.187 0.095 0.092 

4 0.215 0.098 0.117 

5a 0.477 0.123 0.353 

6 0.254 0.134 0.120 

7 0.241 0.123 0.118 

1’ 0.153 0.076 0.077 

2’ 0.198 0.086 0.112 

3’ 0.147 0.080 0.067 

4’ 0.139 0.072 0.067 

5’ 0.187 0.087 0.100 

6’ 0.171 0.091 0.081 

7’ 0.150 0.070 0.080 

1-7 average (σ) 0.230 (0.026) 0.112 (0.015) 0.118 (0.015) 

1’-7’ average (σ) 0.164 (0.021) 0.080 (0.007) 0.083 (0.016) 
a – Complex 5 does not exhibit pseudo-octahedral coordination in quintet state and is 
therefore excluded from the calculated average 
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Figure 3.5. Plot of ΔEHS/LS with respect to the exact exchange admixture (c1) using the 
B3LYP functional with dispersion GD2 and SDD on Fe and 6-311G* basis set on all other 
atoms for complexes [Fe(tpy)2]2+ and [Fe(dcpp)2]2+. All the optimizations were done using 
PCM as a model for water.48 Linear fits with average slope of -150.47 kcal/mol give R2=0.99 
and 0.98 for [Fe(tpy)2]2+ and [Fe(dcpp)2]2+, respectively. 

 

 Comparing the ΔEHS/LS values between the complexes, we can relate the changes in 

the geometric structure and the donor identify to the ligand field strength. We have plotted 

ΔEHS/LS versus the identity of the central ring for both the tpy and dcpp scaffolds in Figure 3.6 

(ΔEHS/LS = Equintet − Esinglet) and Figure 3.7 (ΔEHS/LS = Equintet − Etriplet). The ordering of the central 

rings in Figures 3.6 and 3.7 is based on increasing stability of the singlet state relative to the 

quintet state, the two potential ground states for the tpy scaffold. The results show that the 

dcpp scaffold consistently stabilizes the lower-spin states for all complexes. For 

singlet/quintet states the average stabilization of the singlet state is 12.8 kcal/mol, and for the 

triplet/quintet states the average stabilization of the triplet state is 9.2 kcal/mol. 
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Figure 3.6. Plot of energy differences between the quintet and singlet states for the 
[Fe(tpy)2]2+ (green line) and [Fe(dcpp)2]2+ (blue line) based complexes versus the identity of 
the central ring.  

 

 
Figure 3.7. Plot of energy differences between the quintet and triplet states for the 
[Fe(tpy)2]2+ (green line) and [Fe(dcpp)2]2+ (blue line) based complexes versus the identity of 
the central ring. 
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 The most reliable comparison of ligand field strengths from these results is ΔΔEHS/LS, 

the energy difference between ΔEHS/LS of complexes with varying ligand scaffold or central 

ring identity. We must, however, exclude the ΔEHS/LS values for complex 5, (N-heterocyclic 

carbene ring substituted into the tpy scaffold) from all comparisons due to the strained 

structure of the quintet state as previously mentioned. The ΔΔEHS/LS
scaffold , defined as the 

difference between ΔEHS/LS of complexes with the tpy and dcpp ligand scaffolds containing 

the same set of ligands, is largest for the systems with five-membered central ring, reflecting 

that the use of the dcpp scaffold results in a more ideal coordination environment for smaller 

central rings. On average, the value of ΔΔEHS/LS
scaffold  is 7.8 kcal/mol for 6-membered central ring 

systems and 19.5 kcal/mol for systems with 5-membered rings for the singlet quintet energy 

differences shown in Figure 3.6. These trends can be attributed to (1) the geometric 

conformation of the bound tpy scaffold versus the dcpp scaffold and (2) electronic effects 

arising from the differences in 1 and 1’. Use of the dcpp scaffold consistently leads to a more 

ideally octahedral coordination environment than the tpy scaffold. Overall, we find that the 

dcpp scaffold affords stronger-field ligands than the tpy scaffold and should be considered 

when stabilization of a singlet ground state is desired. The effect of geometric distortions 

away from the ideal octahedral coordination environment will be discussed further in Section 

3.3, using a model system based on [Fe(NH3)6]2+ where changes to the electronic structure are 

expected to be insignificant. 

  For the ground state calculations, shown in Figure 3.6, we find that the ordering of 

donor atoms based on increasing ligand field strength is O < N < C, regardless of the ligand 

scaffold. The same trend is observed in Figure 3.7, in which increasing ligand field strength 

favors the triplet state over the quintet state, when the dcpp scaffold is utilized.  Based on 

analysis of metal-centered state-splitting in an octahedral field by Tanabe and Sugano (also 

see Figure 3.1),6 increasing ligand field strength should monotonically increase the ΔEHS/LS 

between both the lowest energy quintet and singlet states as well as the quintet and triplet 

states. This trend is seen in both Figures 3.6 and 3.7, with slight deviations attributed to 

distortions away from the ideally octahedral coordination environment. It should be noted 
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that analysis based on ΔHHS/LS or ΔGHS/LS will lead to the same conclusions, as shown in 

Figures B.1-4 of Appendix B.  

3.3.3 Effect of Structural Distortions in [Fe(NH3)6]2+ Model System 

 A simplified model system, the hexaammineiron(II) cation, [Fe(NH3)6]2+, was used to 

determine how structural distortions of the metal-ligand environment alter the energy of the 

relevant metal-centered states. Bite angles (α) and Fe−N bond lengths for the singlet, triplet, 

and quintet metal-centered states of this complex were systematically distorted as diagramed 

in Figure 3.3. The initial structures were symmetrized versions of the fully relaxed 

geometries. For the singlet and quintet states, the symmetrized Fe−N environment has Oh 

symmetry with Fe−N bond lengths of 2.064 Å and 2.230 Å, respectively. An asymmetric 

population of the eg metal orbitals in the triplet state leads to a significant Jahn-Teller 

distortion of the bond lengths. The symmetrized triplet state has a Fe−N environment of D4h 

symmetry with bond lengths of 2.046 Å (axial) and 2.197 Å (equatorial). All symmetrized 

structures have negligible energy differences, ranging from 0.2 to 0.7 kcal/mol, relative to the 

fully optimized systems. 

 The quantity of interest for the model system is the destabilization energy due to 

distortions away from the symmetrized geometry, defined as 

    ΔED = Edist − Esymm      (4) 

where Edist  and Esymm  refers to distorted and symmetrized structures, respectively. It is also 

useful to look at destabilization energy relative to the energy of the symmetrized quintet, 

which is the lowest energy structure,  

    ΔED, q = Edist − Esymm, quin     (5) 

where Esymm, quin  refers to the symmetrized quintet structure. A plot of ΔED  for singlet, triplet, 

and quintet spin states versus the distortion of the Fe−N bonds (both one bond and all six 

bonds) is shown in Figure 3.8, along with a plot of ΔED, q  versus the average Fe−N bond 

length for the same states (all six bonds distorted). The destabilization energy relative to the 

state of interest (ΔED ) versus the N-Fe-N bite angles (α) for these states is given in Figure 

3.9, in which one or two α angles are changed. It is important to note that for this system, 
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bite angle and bond length distortions to the symmetrized structure can be performed 

independently in a straightforward manner. For chelating ligands, such as tpy, independent 

distortions to these geometric parameters are complicated by significant deviations from Oh 

symmetry in the optimized Fe−N environments. 

 The destabilization energies for both structures distorted either by changes to all 

Fe−N bond lengths (see Figure 3.8a) or both N−Fe−N bite angles (see Figure 3.9) show 

important trends among the metal-centered states investigated. The magnitude of the 

destabilization energy is consistently greater for lower spin-states (or states with smaller 

number of unpaired electrons), in the order singlet > triplet > quintet. Due to the electronic 

properties of FeN6 systems with relatively sterically unhindered ligands,51,52 the curvature of 

the potential energy surface (PES) also follows the same trend. This can be explained by the 

fact that higher multiplicity metal-centered states of these systems have one or two 

antibonding eg orbitals populated, which results in weaker Fe−N bonds. The weaker bonds 

have both (1) a longer equilibrium bond distance and (2) a shallower PESs along the Fe−N 

coordinate (see Figure 3.8). It is also clear from Figure 3.8b that the singlet state is the most 

stable state at average Fe−N bond lengths less than ~2.12 Å, while quintet becomes the most 

stable state at higher bond lengths. 

 An additional feature of the destabilization energies for all spin states and both kinds 

of distortions considered, is that the total destabilization (from perturbing all six bonds or 

both bite angles) is additive. Thus we can conclude that each distortion is independently 

contributing to the overall destabilization energies of the various states, and the total 

destabilization energy is simply a sum of the individual contributions. The additive nature of 

destabilization energy is not expected to hold in general. In the case that a complex has 

negligible electronic communication through the metal center and sterically unhindered 

ligands, additive destabilization may be expected. 
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Figure 3.8. (a) Plot of destabilization energy, ΔED, for singlet (blue), triplet (green), and 
quintet (red) states of [Fe(NH3)6]2+ versus the distortion of one Fe−N bond (solid lines) or six 
Fe−N bonds (dashed lines). The N-Fe-N bite angle a was held constant at 180°, and Req = 
2.064 Å (singlet), 2.046 Å (triplet, axial), 2.197 Å (triplet, equatorial), and 2.230 Å (quintet). 
(b) Plot of destabilization energies relative to the lowest energy of the quintet state, ΔED,q, 
versus the average Fe-N bond length in [Fe(NH3)6]2+ system. Note that while equatorial and 
axial Fe-N bond lengths are identical in structures used for singlet and quintet states, average 
Fe−N bond length for the triplet state represents an average of equatorial and axial bonds, 
which always differ by 0.151 Å in the D4h  structure. 
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Figure 3.9. Plot of destabilization energy, ΔED, for singlet (blue), triplet (green), and quintet 
(red) states of [Fe(NH3)6]2+ versus the contraction of one N−Fe−N bite angle a (solid lines) 
and both N−Fe−N bite angles a (dashed lines). The Fe−N distances correspond to the 
symmetrized equilibrium bond lengths (Req) given in caption of Figure 3.8. 

 

 It is difficult to compare the destabilization trends from Fe−N bond length changes 

(Figure 3.8) with those resulting from decreased bite angle (Figure 3.9), as these geometric 

parameters are distinctly different. In general a chemist will have flexibility to change both 

bite angles, for example through ligand scaffold design,9 and equilibrium bond lengths via 

steric interactions.5,53 It is obvious that the bite angle has a drastic effect on the destabilization 

energy of the model system, and that these distortions will cause the higher spin states to 

become stabilized relative to the singlet state when metal-ligand bond lengths are fixed. For 

the family of [Fe(tpy)2]2+ based complexes investigated, the significant distortion of their bite 

angles (161° on average, see Table 3.1) from the ideal octahedral environment is certainly 

important when considering future ligand design.  

 For designing Fe(II) complexes with stable singlet ground states and relatively 

destabilized metal-centered excited states, maintaining a nearly ideal Oh coordination 

environment (as with the dcpp scaffold) is an important factor to consider. Formation of 
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carbon-iron bonds is also suggested for maximizing the ligand-field strength. Future work 

will be focused on investigating further modifications to the dcpp scaffold including 

changing the identity of the carbonyl group joining the pyridine moieties and replacement of 

the side pyridine rings. 

3.4. Conclusions 

 In this a series of systems based on [Fe(tpy)2]2+ and [Fe(dcpp)2]2+ with central 

pyridine rings substituted by five-membered (N-heterocyclic carbene, pyrrole, furan) or six-

membered (aryl, thiazine-1,1-dioxide, 4-pyrone) moieties was considered. The aim of this 

work was to elucidate fundamental principles for ligand design allowing one to tune the 

ligand field strength of Fe(II) polypyridines. We find that the use of a dcpp scaffold allows 

for a significant increase of the ligand field strength of Fe(II) complexes as well as a more 

ideal octahedral coordination environment compared to the tpy scaffold. Additionally, we 

find a clear trend in the effect of the donor atom identity on the resulting ligand field 

strength. The N-heterocyclic carbene and aryl ring, both with a C donor atom, provide for the 

strongest ligand fields regardless of the ligand scaffold. Nitrogenous heterocyclic rings 

provide for moderate ligand field strength, while oxygen-based heterocycles result in the 

weakest field strength. 

 Model system based on [Fe(NH3)6]2+ was utilized to obtain a better understanding of 

the energetic destabilization effects caused by deviations from an ideal octahedral 

coordination environment in Fe(II) complexes. From systematic distortions of the Fe−N bond 

lengths and N−Fe−N bite angles from their respective equilibrium geometries, we find that 

the singlet state is always the most destabilized state relative to the higher spin states. In 

particular, for applications of Fe(II) polypyridines as chromophores and stabilization of the 

low-spin electronic states, the following design criteria seem to be of the utmost importance: 

(1) presence of Fe−C bonds in the system, (2) ideal octahedral environment, and (3) short 

metal-ligand bond lengths. Overall, these design principles aid in elucidating what ligand-

field strengths should be achievable for Fe(II) polypyridines and how these ranges could be 

explored via structural modification. 
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CHAPTER 4 

This chapter was previously published: Bowman, D. N.; Blew, J. H.; Tsuchiya, T.; 

Jakubikova, E., Inorganic Chemistry, 2013, 55, 8621-8628. [Corrected: 2013, 52, 14449] 

Elucidating Band-Selective Sensitization in Iron(II) Polypyridine-TiO2 Assemblies 

 

Abstract 

Iron(II) polypyridines represent a cheaper and non-toxic alternative to analogous 

Ru(II) polypyridine dyes successfully used as photosensitizers in DSSCs. We employ density 

functional theory (DFT) and time-dependent DFT (TD-DFT) to study ground and excited 

state properties of [Fe(bpy)(CN)4]2−, [Fe(bpy-dca)(CN)4]2−, and [Fe(bpy-dca)2(CN)2] 

complexes, where bpy = 2,2’-bipyridine and dca = 4,4’-dicarboxylic acid. Quantum 

dynamics simulations are further used to investigate the interfacial electron transfer (IET) 

between the excited Fe(II) dyes and TiO2 nanoparticle. All three dyes investigated display 

two bands in the visible region of the absorption spectrum, with the major transitions 

corresponding to the metal-to-ligand charge transfer states. The calculated IET rates from the 

particle states created by the excitation of the lower-energy absorption band are comparable 

to or slower than the rate of the excited state decay into the non-emissive, metal-centered 

states of the Fe(II) dyes (~100 fs), indicating that the IET upon the excitation of this band is 

unlikely. Several particle states in the higher-energy absorption band display IET rates at or 

below 100 fs, suggesting the possibility of the IET between the Fe(II)-sensitizer and TiO2 

nanoparticle upon excitation with visible light. Our results are consistent with the previous 

experimental work on Fe(II) sensitizers (Ferrere, S. Chem. Mater. 2000, 12, 1083) and 

elucidate the band-selective nature of the IET in these compounds. 
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4.1. Introduction 

Photoactive dyes anchored to wide band-gap semiconductors are often utilized in 

assemblies for solar energy conversion, such as dye-sensitized solar cells (DSSCs)1-4 or 

photocatalytic systems.5-7 Although the current record efficiency in DSSCs is held by a Zn 

porphyrin dye,8 some of the most efficient dyes are based on Ru(II) polypyridines.9-11 Due to 

the high cost and toxicity of Ru, Fe(II) polypyridines have been evaluated previously as 

possible non-toxic and earth-abundant alternatives to Ru-based dyes.12-19  

The ability of Fe(II) polypyridines to serve as photosensitizers in DSSCs was first 

demonstrated by Ferrere and Gregg, although their efficiency is much lower than that of their 

Ru analogs.14 While they initially absorb visible light into similar metal-to-ligand charge-

transfer (MLCT) states as Ru(II) polypyridines, the photoactive MLCT states undergo 

intersystem crossing (ISC) into the low-lying high-spin metal-centered states on a 

subpicosecond time scale.18 Therefore, the interfacial electron transfer (IET) between the 

excited dye and semiconductor occurs only from the initially populated “hot” MLCT states. 

Since the lifetime of the MLCT manifold of these systems is approximately 100 fs,18,20,21 the 

IET must occur with a characteristic time of approximately 100 fs or less in order to be 

competitive with the ultrafast ISC events. 

The work of Ferrere and Gregg also established the band-selective behavior of the 

IET between the short-lived excited MLCT states of [Fe(bpy-dca)2(CN)2] (bpy-dca = 2,2’-

bipyridine-4,4’-dicarboxylic acid) and TiO2 semiconductor.14 Ferrere et al. observed that 

upon the initial excitation with visible light, the IET is more efficient (10-11%) from the 

higher energy MLCT band and much less efficient (2%), from the lower energy MLCT 

transitions. 

 The goal of this work is to study the light absorption and IET processes for three 

different dye-TiO2 nanoparticle systems, with a special focus on elucidating the origin of the 

band-selective IET in Fe(II) polypyridine-TiO2 assemblies. The dyes investigated include 

[Fe(bpy)(CN)4]2− (1), [Fe(bpy-dca)(CN)4]2− (2), and [Fe(bpy-dca)2(CN)2] (3), shown in 

Figure 4.1. Two of these dyes were studied previously, 1 by Meyer15, 16 and 3 Ferrere.12,14 

While 3 attaches to the TiO2 surface via the carboxylic acid anchoring group, 1 is attached 
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via the CN−−Ti bridge. Although dye 2 was not studied experimentally, it represents a natural 

bridge between the complexes 1 and 3 and was therefore included in our computational 

study. 

 

 
Figure 4.1. Fe(II) complexes investigated in this work 

 

4.2. Methodology 

4.2.1. Molecular Structure and Absorption Spectra  

 Dye molecules were optimized at the B3LYP22,23 level of theory. The B3LYP 

functional was chosen for all calculations on Fe(II) polypyridine dyes as it provides good 

structural parameters24 as well as reliable absorption spectra.25 The SDD relativistic effective 

core potential (ECP) and associated basis set26 were used to describe the central iron atom, 

and 6-31G* basis sets27,28 were used for all other atoms. All complexes were optimized in the 

singlet ground state in vacuum. The calculation of UV-vis absorption spectra for dyes 1-3 

was performed employing TD-DFT29-31 methodology with the same basis set and functional 

as used for the geometry optimizations. Only spin allowed singlet vertical excitations were 

determined and TD-DFT was performed on the entirely relaxed dye molecules 1-3. 

Polarizable continuum model (PCM)32, using acetonitrile as a solvent, was employed in the 

TD-DFT calculations. Absorption spectra were simulated by convoluting the stick spectrum 

composed of the δ-functions associated with each excitation energy times the oscillator 

strength with a Lorentzian line shape with half-width-at-half-maximum (HWHM) of 0.12 

eV.  Canonical Kohn-Sham orbitals were used to characterize absorption peaks with fosc > 
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0.01, within the visible portion of the spectra (λ > 350 nm). The Gaussian 09 software 

package33 was used for all the DFT and TD-DFT calculations on dye molecules. 

 

4.2.2. Slab Model Optimization 

 The Vienna Ab-initio Simulation Package (VASP)34-37 was used to optimize periodic 

systems (bulk TiO2 and nanoparticles) at DFT level of theory. The Perdew-Burke-Ernzerhof 

(PBE)38,39 exchange-correlation functional with Projector Augmented-Wave method40,41 was 

employed in all periodic boundary calculations (PBCs). The PBE functional was chosen over 

B3LYP due to the computational efficiency considerations. Note that structure optimizations 

employing PBE and B3LYP functionals tend to result in nearly identical Ti−O and Ti−C 

bond lengths.42 The plane wave basis set expansion was cutoff at 500 eV for all PBCs.  The 

unit cell for anatase TiO2 was obtained with a (13 × 13 × 13) k-point sampling, resulting in a 

tetragonal lattice with lattice vectors a = b = 3.81 Å, c = 9.77 Å). The optimized geometry of 

the TiO2 unit cell was used to construct a slab model of the (101) TiO2 surface functionalized 

with either hydrogen cyanide or pyridine-4-carboxylic acid. The linker models and the top 2 

layers of Ti and top 4 layers of O were relaxed using a (5 × 3 × 1) k-point sampling, keeping 

the supercell volume fixed with lattice vectors a = 15.25 Å, b = 10.49 Å, c = 26.00 Å. The 

bottom layers of the slab were fixed at bulk geometry. 

 The final model dye-nanoparticle assemblies were constructed by performing a 

constrained optimization of the dyes 1-3 with the linker groups (cyanide, and carboxylic acid 

in both monodentate and bidentate surface binding modes) fixed at surface-optimized 

geometries. Coordinates for the carboxylate functional group as well as the three closest 

carbons in the pyridine ring along with the two adjacent hydrogens were held frozen in the 

constrained optimization of dyes 2 and 3. The Gaussian 09 software package,33 employing 

the same functional and basis sets as described in section 4.2.1., was used for these 

constrained optimizations of dye with frozen linker geometry. Dyes 2 and 3 were attached to 

the slab surface in a cyanide, monodentate carboxylic acid, and bidentate carboxylate binding 

modes via the Kabsch alignment.43 The Kabsch algorithm computes the optimal translation 

and rotation of a set of vectors (atomic positions of the dye) onto a corresponding set of 
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reference vectors (atomic positions of the linker on top of the surface). Dye 1 was attached in 

the same manner with a cyanide binding mode.  All the nonequivalent linker positions on the 

dyes were modeled: two nonequivalent carboxylic acid groups on 1 and 2 and two 

nonequivalent cyanide groups on 3.  All optimizations were performed in vacuum. 

4.2.3. Interfacial Electron Transfer Simulations 

 All model systems were composed of a (101) anatase nanoparticle slab with dyes (1-

3) attached via an anchoring group (cyanide or carboxylic acid) in vacuum and their 

construction is described above. Quantum dynamics simulations to model the interfacial 

electron transfer (IET) were performed on each dye-semiconductor model using a method 

developed by Rego and Batista,44-48 employing the extended Hückel (EH) Hamiltonian. The 

description of the methodology presented below follows the one given by Rego and Batista:44 

 The initial particle (or excited) state is modeled as it undergoes time evolution with 

nuclear coordinates of the entire slab fixed. First a generalized eigenvalue problem is solved: 

!!! = !!!!!!      (1) 

where H is the EH matrix, Qq is the coefficient matrix, Eq is the diagonal energy matrix, and 

S is the overlap matrix calculated in terms of the atomic orbital basis set. The initial state, 

|ɸ 0 , is then expanded in terms of the orthonormal set of eigenvectors |! ,   

|ɸ 0 = ! !!|!!       (2) 

and evolved in time: 

|ɸ ! = ! !!,! ! |!,!!,!      (3) 

In the above, |!,!  denotes the atomic orbital ! of atom !, |!  is defined as  

|! = ! !!,!!!,! |!,!       (4) 

and the time dependent expansion coefficients !!,! !  are calculated according to 

!!,! ! = ! !!,!!!!!!
!
ℏ !!!!     (5) 

 The value of interest for these simulations is the survival probability, !(!), which is a 

fractional percentage of the total electron density that remains on the dye at a given 

simulation time. The survival probability is obtained at each simulation step by projecting the 

time-evolved wave function onto the atomic orbitals of the adsorbed chromophore: 
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! ! = | !!,!∗(!)!,! !!,!(!)!!,!!,!!"#
!,! |   (6) 

where !!,!!,! = !,! !,! . The indices ! and ! refer to specific orbitals in atoms ! and !, 
respectively. The sum over MOL only applies to atoms in the initially excited dye. 

For each system, donor states in the IET simulations were chosen from the particle 

states that make up major contributions to prominent excitations in the visible region of the 

absorption spectrum (fosc > 0.01, λ > 350 nm) as calculated by TD-DFT calculations. The 

canonical Kohn-Sham (KS) orbitals corresponding to the relevant particle states were 

matched to the EH orbitals by visual inspection, which is straightforward for these systems. 

An example of two sets of matched orbitals for dye 3 is shown in Figure 4.2. All TD-DFT 

analysis, relevant KS orbitals, and matched EH orbitals are given in Appendix C (see Figures 

C.1-18 and Tables C.1-3). 

 

 
Figure 4.2. Example of matched orbitals for dye 3. Kohn-Sham particle states LUMO and 
LUMO+12 are matched to Extended Hückel orbitals LUMO and LUMO+15, respectively. 
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 Simulations were run with a time step of 0.1 fs up to 3000 fs on super-cell arrays with 

dimensions 30.49 Å × 31.46 Å × 26.00 Å for 1-TiO2 and 2-TiO2 models, and 30.49 Å × 

31.46 Å × 34.00 Å for 3-TiO2 models. One k-point was used for sampling and the 

calculations were run using periodic boundary conditions.  All simulations were done at the 

frozen geometry. Absorbing potentials (i.e., imaginary terms to the diagonal elements of the 

Hamiltonian) were placed on the bottom layer of Ti atoms to avoid artificial recurrences in 

the electron-transient populations.  

 Characteristic electron injection times were obtained from an exponential fit of the 

survival probability defined by Eqn. 6. The survival probability curves were fit with either an 

exponential decay function, or in the case that R2 < 0.95, a biexponential decay function. The 

survival probability was constrained to unity at time 0 for all fits. The characteristic injection 

time was determined by the reciprocal of the decay constant for single exponential functions, 

or the reciprocal of the decay constant responsible for the majority of decay (coefficient > 

0.50) for the biexponential functions.  

4.3. Results and Discussion 

 The results are organized as follows: First the ground state molecular properties and 

absorption spectra are described for all dyes, followed by the description of the dye-

nanoparticle assemblies. Finally, results of the IET simulation are summarized for each dye 

individually. 

4.3.1. Ground State Structures and Absorption Spectra 

 The optimized structures of dyes 1-3 are shown in Figure 4.3. Metal-ligand bond 

lengths for all three complexes are reported in Table 4.1, using the atom numbering scheme 

from Figure 4.3.  For dye 1, we find a 2% error when comparing B3LYP metal-ligand bond 

length to the experimental crystal structure data.49 For dye 2, crystal structure data is 

unavailable but we assume errors are similar to the related dye 1.  For dye 3, crystal structure 

data is only available for the related species [Fe(bpy)2(CN)2].  When comparing the metal-

ligand bond lengths for the singlet state of dye 3 to the corresponding bonds from the crystal 

structure of [Fe(bpy)2(CN)2], we find only a 2% error.50  Overall, B3LYP provides accurate 

geometries for all the dyes.   
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Figure 4.3. Optimized structures of dyes 1, 2, and 3 with each coordination site labeled (L1-
L6). 

 
Table 4.1. Table of metal ligand bond lengths for the complexes investigated, coordination 
site labeling corresponds with Figure 4.3. 

Iron-Ligand 

Bond 

1 2 3 

Length (Å) Length (Å) Length (Å) 

Fe–L1 (CN–) 1.959 1.955 1.942 

Fe–L2 (CN–) 1.988 1.977 1.942 

Fe–L3 (CN–, bpy) 1.959 1.955 2.020 

Fe–L4 (CN–, bpy) 1.989 1.977 1.996 

Fe–L5 (bpy) 1.992 1.959 2.020 

Fe–L6 (bpy) 1.992 1.963 1.998 

 

The simulated absorption spectra for dyes 1-3 are shown in Figure 4.4. All three 

complexes display two absorption bands in the visible region. Excitations A–C (complex 1) 

and A–F (complex 2) can be all described as metal-to-ligand charge transfer (MLCT) 

transitions. While majority of the transitions A–J (complex 3) also have a MLCT character, 

several transitions (D, E) have significant metal-centered (MC) character. 
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Figure 4.4. Simulated absorption spectra for (from top to bottom) dyes 1, 2, and 3 with 
Lorentzian broadening of HWMH = 0.12 eV with important excitations (fosc > 0.01) in the 
visible region labeled, calculated with B3LYP TD-DFT in acetonitrile (PCM). 
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 Relevant particle states involved in the visible light transitions are shown in Figure 

4.5, classified by the absorption band. Note that functionalization of the bipyridine ligand of 

dye 1 with dicarboxylic acid, resulting in dye 2, changes the energetic ordering of the 

LUMO+1 and LUMO+2 orbitals. Complex 3 possesses two sets of degenerate virtual orbitals 

(LUMO, LUMO+1 and LUMO+2, LUMO+3) and a contribution from metal-centered ligand 

field state (LUMO+12). The particle states shown in Figure 4.5 serve as initial (donor) states 

for the IET simulations reported below. 

 

 
Figure 4.5. Relevant particle states for the major excitations (fosc > 0.01) from the calculated 
spectra shown in Figure 4.4. Kohn-Sham orbitals are classified by the absorption band 
(columns) and by dye (rows). 

 

4.3.2. Dye-Nanoparticle Assemblies  

 The linker models used to attach the dye molecules to the TiO2 surface are shown in 

Figure 4.6. We have explored cyanide attachment mode, and monodentate and bidentate 

attachment modes for carboxylic acid. Although multiple carboxylic acid binding modes 

exist, only two attachment modes are explored in this work, based on previously published 

stability analysis.51 
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Figure 4.6. Optimized structures of anatase (101) with pyridine-4-carboxylic acid binding 
via a monodentate (a) and bidentate (b) binding mode, and hydrogen cyanide (c). 

 

4.3.2.1. Nonequivalent Dye Attachments 

 Each of the Fe(II) polypyridine compounds investigated can attach to the surface in 

multiple ways. Complex 3 can be anchored to the TiO2 surface via –COOH group attached at 

4 or 4’ site of the bpy ligand. Similarly, two non-equivalent CN– sites for attachment are 

present in 1 and 2. This results in two possible attachments of all three dyes onto the surface, 

in which the bipyridine group not bound to the surface is oriented either parallel or 

perpendicular relative to the (101) plane of TiO2 (see Figure 4.7). 

 

 
Figure 4.7. Final slab models of dye-nanoparticle assemblies consisting of [Fe(bpy-
dca)2(CN)2] attached to anatase (101) via a monodentate carboxylic acid binding mode in the 
following nonequivalent orientations: bpy parallel (left) and bpy perpendicular (right). 
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4.3.2.2. Concerns with Cyanide Anchor 

 Dyes anchored to the surface via the CN– group have a free degree of rotation about 

the axis defined by the cyanide bond (see Figure 4.8). This ambiguity is caused by the fact 

that HCN–TiO2 surface model was chosen to model the full dye-TiO2 assembly due to the 

computational constrains. A conformation that places the bipyridine groups as far from the 

surface as possible was chosen for the IET simulations reported here. This allows us to study 

the IET via the surface-anchoring group, rather than indirect IET between the bpy ligand 

group and TiO2 surface due to their spatial proximity. The results of IET simulations with 

different orientations of the dyes on the surface are reported in Tables C.4-11 of Appendix C.  

 It is important to note that the structure optimization of the HCN–TiO2 system (see 

Figure 4.8) resulted in a significantly longer N–Ti bond length (2.33 Å) than that reported by 

Selloni52 (2.12 Å). Selloni and coworkers have optimized [Fe(CN)6]4– on a Ti38O76 cluster, 

which likely provides a better model for this attachment. The influence of the N–Ti distance 

on the results on the IET rates was therefore investigated by setting the N–Ti bond length to 

2.12, 2.22, and 2.33 Å in the IET simulations as shown in Figure 4.8.  

 

 
Figure 4.8. Structure of 1-TiO2 assembly employing CN– as the anchoring group.  
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4.3.3. Interfacial Electron Transfer Simulations 

 Density of states plots for chromophore/nanoparticle assemblies calculated with the 

extended Hückel method are shown in Figures 4.9 and 4.10. For all three complexes 

investigated, dyes introduce occupied energy levels into the semiconductor band gap and a 

number of virtual energy levels (LUMO–LUMO+12 for dye 1, LUMO–LUMO+13 for dye 

2, and LUMO–LUMO+15 for dye 3) that couple with the conduction band of TiO2.  

Differences in the orbital energy levels among the three dyes are illustrated in Figure 

4.10. Addition of carboxylic acid groups to bipyridine ligand of dye 1, creating dye 2, results 

in significant lowering of the orbital energies of LUMO–LUMO+2 states. Replacement of 

the two CN– ligands in dye 2 by an additional bipyridine ligand creating dye 3 results in three 

sets of doubly degenerate virtual orbitals (LUMO–LUMO+5). 

 

Figure 4.9. Density of states for 1-TiO2 anatase (101) slab model (left) and enlarged 
conduction band (right) show the following: total density of states (blue line), projected 
density of states on the dye (black line), and the energy levels of the dye in vacuum using 
extended Hückel (black level set lines).  Gaussian line-shape (HWHM = 0.05 eV) used for 
convolution. 
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Figure 4.10. Discrete energy levels of the dyes (left) in vacuum, using extended Hückel level 
of theory, showing the evolution of the similar molecular orbitals, going from the smallest to 
the largest dye.  The DOS/pDOS for the [Fe(bpy-dca)2(CN)2]-TiO2 nanoparticle system is 
shown for reference (right).  

 
 Results of the IET simulations are summarized in Figures 4.11-13. In order for the 

IET to be competitive with the ultrafast intersystem crossing into a low-lying 5T state in these 

complexes, the IET characteristic time, τ, should be smaller or equal to 100 fs.18,20,21 A 

horizontal red line in Figures 4.11-13 denotes the characteristic time τ =100 fs. Therefore, 

only the initial states with this or faster rates (i.e., lying below the red line) will be capable of 

the electron injection into the TiO2 semiconductor. 

 As can be seen in Figure 4.11, excited dye 1 will not undergo IET efficiently, as the 

majority of the characteristic times are between 483.0 fs and 17.7 ps. The only exception is 

the IET from LUMO+1 orbital in the bpy perpendicular attachment. In the LUMO+1 case the 

characteristic times range between 137.3 and 101.6 fs, suggesting that while the IET is not 

very efficient in 1-TiO2 assemblies, it does occur for certain excitations. This is consistent 

with the work of Meyer16 which indicates that the excited state charge transfer in 1-TiO2 

assemblies occurs via a combination of the direct sensitization mechanism (i.e., direct 

charge-transfer excitation between the dye and the semiconductor) as well as the indirect 

-10

-9

-8

-7
En

er
gy

 [e
V]

Density of States [arb]

LUMO, LUMO+1

LUMO

Dye 1 Dye 2 Dye 3

LUMO
LUMO+2, LUMO+3

LUMO+4, LUMO+5

LUMO+1

LUMO+2LUMO+1
LUMO+2

3-TiO2



 

71 

mechanism (i.e., IET). It is also interesting to note that the IET is overall more efficient when 

the plane defined by the single bipyridine ligand is oriented perpendicular with respect to the 

TiO2 surface. Additionally, variation of the CN– group distance from the TiO2 surface 

between 2.12-2.33 Å does not significantly impact the calculated IET rates. Therefore, only 

Ti–N distance of 2.33 Å was considered in all subsequent IET simulations. 

 

 
Figure 4.11. Characteristic interfacial electron transfer times for relevant particle states of 
[Fe(bpy)(CN)4]2– attached to anatase (101) slab in both the “bpy parallel” and “bpy 
perpendicular” orientations via monodentate cyanide anchoring groups with varying nitrogen 
titanium distances (2.33, 2.22, and 2.12 Å), determined by exponential fitting. 

 

 Figure 4.12 summarizes the IET rates for 2-TiO2 assemblies. Both bidentate and 

monodentate attachments via the carboxylic acid anchoring group were investigated, as well 

as the attachment via the CN– ligand. There are several conclusions that can be drawn from 

these results. First, IET via the CN– ligand for 2-TiO2 assemblies is much less efficient than 

in the case of the 1-TiO2. This is likely due to the stabilization of the MLCT states localized 
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on the bpy ligand caused by addition of the carboxylic acid groups (see Figure 4.10).  As a 

result, IET via the CN– anchoring group will not be competitive with the ultrafast intersystem 

crossing events in these complexes. Second, this complex displays a band-selective IET 

when attached to the TiO2 via the carboxylic acid anchoring group in both monodentate and 

bidentate binding modes. Interestingly, IET via the monodentate binding mode is overall 

more efficient than via the bindentate binding mode. Finally, comparison of the IET 

characteristic times among 1-TiO2 and 2-TiO2 leads us to conclude that indirect sensitization 

will be more efficient in 2-TiO2 thanks to the presence of the carboxylic acid anchoring 

groups. On the other hand, attachment of this complex via the carboxylic acid group will 

eliminate the direct sensitization mechanism that occurs when the complex is attached to 

TiO2 via the CN– group.16  

 

 
Figure 4.12. Characteristic interfacial electron transfer times for relevant particle states of 
[Fe(bpy-dca)(CN)4]2– attached to anatase (101) slab by monodentate carboxylic acid, 
bidentate carboxylic acid, and cyanide anchoring groups (in both the “bpy parallel” and “bpy 
perpendicular” orientations), determined by exponential fitting. 
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 Characteristic IET times for 3-TiO2 assemblies are shown in Figure 4.13. Dye 3 

undergoes a band-selective IET for all attachments investigated. Interestingly, attachment via 

the carboxylic acid anchoring group in monodentate binding modes results in the fastest IET 

rates on average. Note that while LUMO–LUMO+4 belong to the π* ligand-localized states, 

LUMO+15 (which matches Kohn-Sham orbital LUMO+12) corresponds to a metal-centered 

state (see Figure 4.5). This accounts for an ultrafast IET from this state (τ = 12.4 fs) for CN– 

attachment, while significantly slower IET rates (τ = 302.9 fs – 7.3 ps) were observed for the 

3-TiO2 assemblies employing carboxylic acid as the anchoring group.  

 

 
Figure 4.13. Characteristic interfacial electron transfer times for relevant particle states of 
[Fe(bpy-dca)2(CN)2] attached to anatase (101) slab by monodentate carboxylic acid (in both 
the “bpy parallel” and “bpy perpendicular” orientations), bidentate carboxylate (in both the 
“bpy parallel” and “bpy perpendicular” orientations), and cyanide anchoring groups, 
determined exponential fitting. 

 

 Interestingly, band-selective indirect sensitization was observed in dye-TiO2 

assemblies for all three dyes investigated. While our results do not elucidate this 

phenomenon for the 1-TiO2 system, they do provide an explanation in case of the 2-TiO2 and 
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3-TiO2 assemblies. Band 1 (the lowest energy band in the UV-vis spectrum) corresponds to 

the excitations into the LUMO of 2 and a nearly degenerate set of LUMO and LUMO+1 

orbitals of 3 (see Figures 4.4 and 4.5). These orbitals lie at the edge of the TiO2 conduction 

band (see Figure 4.10) where the density of TiO2 states is low, which results (1) a small 

number of TiO2 acceptor states available to couple with the donor states (LUMO, LUMO+1) 

of 2 and 3 and (2) a small driving force for the IET. Our results are consistent with the 

experimental observations of Ferrere and coworkes who first identified this band-selective 

behavior in 3-TiO2 assemblies.14 Moreover, they also provide a pathway to improving the 

efficiency of these chromophores: In order to improve the IET efficiency, one needs to 

increase the energy of the LUMO and LUMO+1 states which should increase the driving 

force for the electron injection as well as provide a larger number of the TiO2 acceptor states 

capable of coupling with the dye donor states. This could be, for example, achieved by 

targeted functionalization of their polypyridine scaffolds by electron donating groups, such as 

ethoxy, hydroxyl, or dimethylamino groups.53 

 It is important to note that according to the work of Meyer and coworkers, 

semiconductor sensitization in 1-TiO2 occurs by a combination of both direct and indirect 

sensitization mechanisms.16 Moreover, according to their experimental studies, 1-TiO2 does 

not display band-selective sensitization. Direct sensitization is characterized by an electron 

being excited directly from the d6 iron center into the Ti(IV) sites on the TiO2. It is observed 

for dyes attached to TiO2 via the CN– linkers.54,55 Indirect sensitization occurs via the IET 

mechanism and can be observed for both CN– and carboxylic acid attachment modes. 

Computational studies presented here focus only on the indirect sensitization pathway and 

are thus not able to shed light on the efficiency of the direct sensitization in these assemblies. 

Our results, however, suggest that indirect sensitization becomes more important at higher 

excitation energies due to the long characteristic IET times displayed in the lower energy 

region (see Figure 4.11). Direct sensitization likely dominates the semiconductor 

sensitization mechanism in 1-TiO2 at lower energies.  

In contrast to dye 1, dye 3 attaches to the surface of TiO2 exclusively via the 

carboxylic acid.12 Therefore, in 3-TiO2, sensitization of the semiconductor surface is 
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dominated by IET and our simulations are able to provide a reliable description of the band 

selective sensitization in these assemblies.  

 

4.4. Conclusions 

 In this work we study initial excitation and subsequent IET among three Fe(II) 

polypyridine dyes and TiO2 anatase semiconductor. We find that all three complexes 

investigated can undergo IET at the time scale competitive with the ultrafast intersystem 

crossing of the initially excited 1MLCT states into the low-lying metal-centered states of 

higher multiplicities. The indirect sensitization is more efficient when the dyes are attached 

to surface via the carboxylic acid anchoring group rather than CN–. Attachment via the 

carboxylic acid in a monodentate binding mode also results in more efficient IET rates in 

comparison to the bidentate attachment.  

 The 3-TiO2 assembly displays band-selective sensitization, which is consistent with 

previous experimental findings by Ferrere and coworkers.12,14 The origin of the band-

selective behavior is attributed to the poor alignment of the lowest energy excited states with 

the conduction band of the TiO2 semiconductor. This results in a poor driving force for the 

injection and insufficient density of the semiconductor acceptor states available for coupling 

with the dye donor states. One way to improve the efficiency of Fe(II) polypyridine based 

dyes would be to increase the energy of their LUMO and LUMO+1 states with respect to the 

conduction band of the semiconductor. This could be, for example, achieved by targeted 

functionalization of their polypyridine scaffolds by electron donating groups.  
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CHAPTER 5 

This chapter was previously published: Bowman, D. N.; Mukherjee, S.; Barnes, L. J.; 

Jakubikova, E. Journal of Physics: Condensed Matter, 2015, 27, 134205. 

Linker Dependence of Interfacial Electron Transfer Rates in  

Fe(II) Polypyridine Solar Cells 

Abstract 
Dye-sensitized solar cells (DSSCs) convert solar energy to electricity employing dye 

molecules attached to a semiconductor surface. Some of the most efficient DSSCs use Ru-

based chromophores. Fe-based dyes represent a cheaper and more environmentally friendly 

alternative to these expensive and toxic dyes. The photoactive state of Fe-based 

chromophores responsible for charge-separation at the dye-semiconductor interface is, 

however, deactivated on a sub-picosecond time scale via the intersystem crossing (ISC) into 

a manifold of low-lying photo-inactive quintet states. Therefore, development of Fe-based 

dyes capable of fast interfacial electron transfer (IET) leading to efficient charge separation 

on a time scale competitive with the ISC events is important. This work investigates how 

linker groups anchoring a prototypical Fe-based dye [Fe(bpy-L)2(CN)2] (bpy = 2,2’-

bipyridine, L = linker group) onto the TiO2 semiconductor surface influence the IET rates in 

the dye/semiconductor assemblies. Linker groups investigated include carboxylic acid, 

phosphonic acid, hydroxamate, catechol, and acetylacetonate. We employ time-dependent 

density functional theory (TD-DFT) to obtain absorption spectra of [Fe(bpy-L)2(CN)2] with 

each linker, and quantum dynamics simulations to investigate the IET rates between the dye 

and the (101) TiO2 anatase surface. For all attachments, TD-DFT calculations show similar 

absorption spectra with two main bands corresponding to the metal-to-ligand charge transfer 

transitions. The quantum dynamics simulations predict that the utilization of the hydroxamate 
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linker instead of the commonly used carboxylic acid linker will lead to a more efficient IET 

and better photon-to-current conversion efficiencies in Fe(II) polypyridine sensitized solar 

cells. 

5.1. Introduction 

 Sensitization of wide band gap semiconductors by photoactive molecules is a 

growing area of active research thanks to the development of efficient photoelectrochemical 

devices for solar energy conversion, such as the dye-sensitized solar cells (DSSCs).1,2 DSSCs 

are based on a semiconductor nanoparticle network sensitized either by transition-metal 

complexes3-7 or organic dyes.6,8-11 Conversion of sunlight into electricity in these devices 

occurs by migration of charge carriers from the excited sensitizers into the nanoparticle 

network following absorption of visible light by the dye. To date, the most common 

semiconductor utilized in such systems is TiO2 and the prototypical sensitizers are Ru(II) 

polypyridine complexes covalently attached to the nanoparticle surface via a carboxylic acid 

linker group.1 Ru(II) polypyridines, such as N3 or the “black dye”, sensitize TiO2 with near 

perfect quantum efficiencies for interfacial electron transfer (IET) across most of the visible 

spectrum.12 

 DSSCs offer a promising alternative to single crystal silicon solar cells for 

implementation of solar energy harvesting on a global scale due to their low cost and ease of 

manufacturing.1,2 In this respect, Fe(II) polypyridines represent an interesting alternative to 

Ru(II) polypyridine dyes as they share many of their chemical and photophysical properties. 

Additionally, Fe is inexpensive, earth-abundant and non-toxic, and its use could further 

reduce the cost of fabrication of DSSCs.  

 Photochemistry of Fe(II) polypyridines has been studied in some detail 

experimentally and their ability to sensitize the TiO2 semiconductor was successfully 

demonstrated.13-19 Unfortunately, compared to the Ru(II) polypyridine sensitized solar cells, 

Fe(II) polypyridine sensitized solar cells display significantly reduced quantum 

efficiencies.13,14 Both sensitizers initially absorb visible light and achieve similar metal-to-

ligand charge transfer (MLCT) excited states. Ru(II) chromophores remain in photoactive 

MLCT states for hundreds of nanoseconds and undergo IET into the TiO2 nanoparticle 
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network at near perfect quantum efficiency.20 The MLCT states in Fe(II) polypyridines are, 

however, very short-lived as they undergo intersystem crossing (ISC) into the manifold of 

non-photoactive metal-centered (MC) quintet states on a subpicosecond time scale (~100 

fs),15,21-23 The short lifetime of the initially excited MLCT states thus represents the main 

obstacle to the utilization of Fe(II) polypyridines in DSSCs, since the IET is unable to 

efficiently compete with the ultrafast ISC event.  

 There are two possible pathways toward improving the efficiency of Fe(II)-sensitized 

DSSCs. The first approach aims to increase the lifetime of photoactive MLCT states by 

either eliminating the ISC event entirely or slowing down its rate so that the IET becomes the 

fastest decay process. This can be in principle achieved by various synthetic modifications 

that increase the ligand field strength of the polypyridine-based Fe ligands.24-26  

 The second approach, undertaken in the work presented here, endeavors to increase 

the rate of the IET in Fe(II)-sensitized TiO2 assemblies, so that it occurs on a femtosecond 

time scale and becomes competitive with the sub-picosecond ISC events. Since the lifetime 

of the MLCT manifold is approximately 100 fs15,23 the IET must occur with a characteristic 

time of 100 fs or less. Lian and coworkers have observed an experimental evidence for the 

ultrafast (< 100 fs) electron injection from vibrationally excited states of various sensitizer 

molecules to TiO2 films, suggesting that such approach is feasible.27,28 Anchoring groups that 

covalently link sensitizers to the semiconductor surface represent an important structural 

parameter that controls the kinetics of the IET transfer in DSSCs and were therefore chosen 

as targets for the modifications.14,28,29 

 The influence of the linker group identity on the visible light absorption properties 

and kinetics of the IET process in [Fe(bpy)2(CN)2]-TiO2 (bpy = 2,2’-bipyridine) assemblies 

is explored here. [Fe(bpy)2(CN)2] was functionalized at 4 or 4,4' positions with a variety of 

anchor groups as shown in Figure 5.1, including the carboxylic acid (1), phosphonic acid (2), 

hydroxamate (3), catechol (4), and acetylacetonate (5). The aim is to identify viable 

alternatives to the commonly used carboxylic acid linker that could potentially increase the 

efficiency of the IET process across a range of visible wavelengths in Fe(II)-sensitized solar 

cells. 
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Figure 5.1. Complexes investigated in this study. [Fe(bpy)2(CN)2] functionalized with 
carboxylic acid (1), phosphonic acid (2), hydroxamate (3), catechol (4), or acetylacetonate 
(5) at the 4 or 4,4’ positions of bipyridine as shown. All complexes are shown with linkers in 
protonated neutral form.  

 

5.2. Methodology 

5.2.1. Molecular Structure and Absorption Spectra  

 Complexes 1-5 along with the unsubstituted [Fe(bpy)2(CN)2] complex were 

optimized in their singlet ground states in vacuum using the B3LYP functional.30,31 Hybrid 

functionals, such as B3LYP, are known to provide accurate geometries32 and absorption 

spectra in a better agreement with the experimental ones than those calculated with local 

functionals.33 SDD effective core potential and associated basis set34 was used for the Fe 

atom, all other atoms (P, C, N, O, and H) were described using the 6-31G* basis set.35-37 

Time-dependent DFT (TD-DFT)38-40 calculations were employed to obtain the singlet 

excitations for [Fe(bpy)2(CN)2] (30 states), complexes 1-4 (30 states), and for complex 5 (50 

states). Solvent effects (acetonitrile) were included in the TD-DFT calculations by means of 

the polarizable continuum model (PCM).41 The UV-vis absorption spectra were simulated by 

convoluting the stick spectra composed of the δ-functions associated with the excitation 

energies times the oscillator strength with a Lorentzian line shape, with half-width-at-half-
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maximum (hwhm) set to 0.12 eV. Excitations in the visible region of the absorption spectrum 

(λ > 325 nm) with oscillator strength greater than 0.01 were used to identify the donor states 

for interfacial electron transfer simulations. Gaussian 09 software package was utilized for all 

molecular calculations.42 

5.2.2. Slab Model Optimization 

 Periodic systems (bulk anatase and nanoparticle slab models) were optimized using 

the Vienna Ab-initio Simulation Package (VASP)43-46 employing the PBE exchange-

correlation functional47,48 with Projector Augmented-Wave method.49,50 A local functional 

(PBE) was chosen over a hybrid functional (B3LYP) due to the computational cost 

considerations. Structure optimizations employing PBE and B3LYP functionals have been 

shown to result in nearly identical Ti−O and Ti−C bond lengths.51 The plane wave basis set 

expansion was cutoff at 500 eV for all periodic boundary condition (PBC) calculations. The 

anatase TiO2 unit cell was obtained with (13 × 13 × 13) k-point sampling, which resulted in a 

tetragonal lattice with lattice vectors a = b = 3.81 Å, c = 9.77 Å.  

The optimized unit cell of bulk anatase was used to construct a slab model of the 

(101) surface. Linker model consisting of catechol or pyridine functionalized at the 4-

position with carboxylic acid, phosphonic acid, hydroxamic acid, or acetylacetonate was 

attached to the anatase (101) surface. The top two layers of Ti and top four layers of O were 

relaxed along with the linker models, keeping the remainder of the slab frozen at bulk 

geometry, using a (5 × 3 × 1) k-point sampling. The supercell volume was kept fixed with 

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

 Optimized structure of pyridine functionalized with the various linkers on the TiO2 

slab was then used to perform a constrained optimization of complexes 1, 2, 3, and 5, 

keeping the linker and the lower half of the pyridine ring (three carbon and two hydrogen 

atoms) frozen at the surface geometry. Structure of complex 4 was obtained by a constrained 

optimization with all of the catechol atoms frozen at surface geometry. Calculations were 

done employing the Gaussian 09 software package42 at the B3LYP/SDD, 6-31G* level of 

theory. Following the constrained optimization, complexes 1-5 were aligned onto the surface 

using the linker geometry as a reference.52 
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5.2.3. Interfacial Electron Transfer Simulations 

 Quantum dynamics simulations, in which the time-dependent electronic wave 

function, , is propagated according to the extended Hückel (EH) model Hamiltonian, 

were used to investigate interfacial electron transfer in all dye-TiO2 assemblies.53-59 The 

methodology is described in detail in Reference 53. A number of different approaches to 

quantum dynamics simulations have been described in the literature.60 Some of the most 

popular ones are based on non-equilibrium Green’s functions,61 surface hopping,62 the 

stochastic Schrödinger equation,63 and propagation of the density matrix.64 Our approach 

utilizes a semi-empirical EH Hamiltonian that allows us to determine the timescale of IET as 

well as the spatial evolution of the excited electron wave packet. Moreover, use of this 

methodology enables us to tackle large systems composed of a thousand or more atoms.  

 The initial states for the IET simulations, , were created based on the results of 

the TD-DFT calculations for complexes 1-5. Kohn-Sham (KS) orbitals populated by the 

visible light excitations were matched to virtual EH orbitals of the complexes 1-5 by visual 

inspection. These EH particle states then served as the initial states for the IET simulations of 

the entire dye-TiO2 systems, and were evolved in time according to the time-dependent 

Schrödinger equation. Survival probability, or the probability that at time t the electron is still 

localized in the dye, was determined by projecting the time-evolved electronic wave function 

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

All quantum dynamics simulations were run for 2 ps with a step-size of 0.1 fs in 

vacuum at a frozen geometry. PBC with the super cell of 31.46 Å  × 30.49 Å × 40.00 Å 

dimensions and a k-point sampling of (1 × 1 × 1) were utilized in all calculations. In order to 

avoid artificial recurrences in the electron-transient populations, absorbing potentials (i.e., 

imaginary terms to the diagonal elements of the Hamiltonian) were assigned to the bottom 

layer of Ti atoms. 

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

combination of exponential functions according to the following expression, 

Ψ(t)

Ψ(0)
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     (1) 

with the constraint that satisfied by 

      (2) 

Goodness of each fit was determined by requiring that the coefficient of determination, R2, 

be 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. In a few cases IET was not observed 

and exponential fitting was not possible. The characteristic IET times were then calculated as 

the expectation values of the survival probabilities according to  

      (3) 

 The IET simulations for 1-TiO2 are similar to those we have previously reported,58,59 

however the calculations presented have an increased cell height to keep the dimensions 

consistent for all dye-TiO2 assemblies reported in this work. The method for determining the 

expectation value for the IET time (shown in Equation 3) is also different than we have 

previously published,58,59 although the two methods are equivalent when a single exponential 

fit adequately describes the decay of the survival probability. 

5.2.4. Theoretical Internal Quantum Efficiency 

 Theoretical internal quantum efficiencies (TIQEs) were obtained for each dye-TiO2 

assembly at every excitation with fosc > 0.01 in the visible region. TIQE at a particular 

wavelength, λ, represents the ratio of the number of electrons injected into the semiconductor 

to the number of photons of this wavelength that are absorbed by the dye. Following 

assumptions were made in obtaining the TIQEs: (1) IET process competes only with the 
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∞
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1MLCT → 5MC ISC cascade, (2) ISC process occurs at a constant rate over the entire visible 

spectrum, and (3) both ISC and IET are first-order processes.  

 Excitations determined from TD-DFT calculations are often described as a linear 

combination of several transitions between pure KS states, with coefficients ai. Therefore, the 

survival probability at a given wavelength λ, Pλ(t), can be approximated as a normalized 

linear combination of the survival probabilities, Pi(t), obtained from the IET simulations in 

which the individual KS orbitals serve as donor states:  

        (4)
 

The IET rate at each wavelength can be then calculated according to the expression, 

 
    (5)

 

Finally, TIQEs at each wavelength λ are obtained as 

     (6) 

where  is the rate of inter-system crossing out of the photoactive manifold. The 

characteristic time of inter-system crossing was assumed to be constant and set to 30 fs 

(1MLCT  → 3MLCT ISC time, the first step in 1MLCT to 5MC ISC cascade),65 or 100 fs 

(MLCT  → MC ISC time).23 

5.3. Results and Discussion 

5.3.1. Ground State Structures  

 Table 5.1 summarizes the calculated metal-ligand bond lengths for complexes 1-5 and 

the parent complex [Fe(bpy)2(CN)2]. The metal-ligand bonds for the parent complex are 

found to have an average error of 1.7 % when compared to crystal structure. The percent 

difference in the metal-ligand bond lengths for complexes 1-5, relative to the parent complex, 

ranges from 0.008% to 0.3%. This suggests that the metal-ligand coordination environment is 
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not significantly perturbed by addition of the linker groups and that the chosen computational 

methodology is well suited for determining the molecular structures.  

 
Table 5.1. Fe-ligand bond lengths for the crystal structure of the parent complex, 
[Fe(bpy)2(CN)2], as well as the B3LYP/SDD, 6-31G* optimized structures of the parent 
complex and complexes 1-5. aTaken from Reference 66 (crystal structure). bPreviously 
reported in Reference 58. 

Bond 
Bond Lengths (Å) 

[Fe(bpy)2(CN)2] 1 2 3 4 5 

Fe−N1 1.978a 2.004 1.996b 1.997 2.004 2.000 2.002 

Fe−N2 2.003a 2.031 2.020b 2.023 2.032 2.032 2.029 

Fe−N3 1.962a 2.004 1.998b 1.998 2.004 2.002 2.002 

Fe−N4 1.987a 2.031 2.020b 2.024 2.031 2.034 2.029 

Fe−C1 1.910a 1.944 1.942b 1.942 1.944 1.945 1.945 

Fe−C2 1.915a 1.944 1.942b 1.943 1.944 1.944 1.945 

 

 Figure 5.2 shows the lowest unoccupied KS orbitals for the [Fe(bpy)2(CN)2] parent 

complex. These orbitals have π* character and are localized on the bipyridine ligands. A set 

of KS orbitals with similar nodal structure, derived from the parent orbitals, can be found for 

dyes 1-5. The orbitals derived from the parent LUMO of complexes 1-5 are shown in Figure 

5.2. A critical difference among the bpy π* orbitals of complexes 1-5 is the degree of orbital 

delocalization onto the linker and the resulting lowering of their energies relative to the 

orbital energies of the parent complex. Complexes functionalized with the carboxylic acid 

(1), hydroxamate (3), and catechol (4) posses a conjugated π system that has significant 

orbital overlap with the bpy π system. Therefore, their bpy-based π* orbitals are delocalized 

onto these linker groups, with 2.7% or more electron density of LUMO and LUMO+1 

orbitals localized on each linker group (see Table 5.2). The bpy-based π* orbitals of the 

complex with the phosphonic acid linker (2) are not significantly delocalized over the linker 

due to the lack of an available unhybridized p-orbital on the phosphorus atom. Complex 5 
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with the acetylacetonate linker is decoupled from the bpy moiety due to a large dihedral 

angle (~ 90°) between the acetylacetonate and bipyridine groups. 

 

 
Figure 5.2. LUMO−LUMO+5 KS orbitals at the B3LYP vacuum optimized geometry in 
acetonitrile (PCM), of the parent complex [Fe(bpy)2(CN)2] (top), and the orbitals of 
complexes 1-5 derived from the parent LUMO (bottom).  

 
Table 5.2. Average % electron density per linker group for KS orbitals at the B3LYP 
vacuum optimized geometry in acetonitrile (PCM), based on Mulliken population analysis. 

Complex 
Avg. % electron density per linker 

LUMO LUMO+1 

1 4.5 4.8 

2 0.8 0.8 

3 2.9 2.7 

4 2.7 2.8 

5 1.0 1.0 

 

5.3.2. Absorption Spectra 

 The calculated absorption spectra for dyes 1-5 are shown in Figure 5.3 along with the 

absorption spectrum of the parent complex. All complexes display two absorption bands in 
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the visible region. The lower energy absorption band of the parent complex (Band 1) is 

centered at 470 nm, while the higher energy absorption band (Band 2) is centered at 330 nm. 

Red shifts relative to the absorption profile of the parent are observed for complexes 1-5, 

with Band 1 centered between 475-520 nm and Band 2 centered at 345-400 nm. UV-vis 

spectra of 1 and 3 display the largest red shift relative to the parent complex. Based on the 

absorption profiles alone, complexes 3 and 4 (i.e., dyes with hydroxamate and catechol 

linkers) provide the best combination of spectral coverage and absorption intensity for the 

complexes investigated. 

 Significant excitations (fosc > 0.01) in the visible region for all complexes investigated 

are labeled in Figure 5.3. For all the complexes, the majority of these excitations can be 

described as metal-to-ligand charge-transfer (MLCT) d → π* transitions. Contributions from 

metal-centered (MC) d → d* transitions are found in Band 1 for complexes 2-5, and in Band 

2 for complex 1. All of the complexes possess ligand-centered (LC) π → π* transitions at 

higher energies, but only complexes 3, 4 and 5 have these excitations in the portion of the 

spectra considered (λ > 325 nm). The MLCT excitations in Band 1 for all five complexes 

populate the degenerate LUMO and LUMO+1 orbitals, which derive from the LUMO and 

LUMO+1 degenerate set of the parent complex (see Figure 5.2). In Band 2, the MLCT 

excitations populate bpy π* orbitals that derive from LUMO+2 to LUMO+5 of the parent 

complex. Band 2 of complex 5 contains additional MLCT transitions that populate orbitals 

entirely localized on the acetylacetonate linker, labeled as "ACAC states" in further analysis 

(shown in Appendix D). The LC transitions in Band 2 (complexes 3, 4, 5) populate LUMO 

and LUMO+1. Figure 5.4 displays particle states populated by visible-light excitation of 

complex 2 as determined from the analysis of TD-DFT calculations. The relevant particle 

states for the rest of the complexes display similar nodal structure, but they do differ in the 

amount of electron density localized on the linker group (see Tables D.9-13 in Appendix D). 
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Figure 5.3. Simulated absorption spectra for the parent complex and complexes 1-5. A-O 
label significant excitations (fosc > 0.01). Excitations were calculated at the B3LYP/SDD, 6-
31G* level of theory in acetonitrile (PCM). Lorentzian broadening of HWHM = 0.12 eV was 
used to construct the spectra. aPreviously reported in Reference 58. 

 

 The average percent of electron density on the linker for the LUMO and LUMO+1 

orbitals is shown in Table 5.2. It should be noted that the carboxylic acid group is the 

smallest linker investigated (fewest atoms), yet the LUMO and LUMO+1 orbitals afford the 
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most electron density to this anchoring group. The trend in the amount of electron density on 

the linker is: 1 > 3 > 4 > 5 > 2. This gives us a qualitative comparison of the potential for the 

orbital overlap between the excited states of the dyes and the TiO2 surface states. 

 

 
Figure 5.4. KS particle states at the B3LYP vacuum optimized geometry in acetonitrile 
(PCM), populated by visible light excitations with fosc > 0.01 for complex 2 as determined by 
TD-DFT. 

 

5.3.3. Dye-Nanoparticle Assemblies 

 The dye-TiO2 assemblies employed in IET simulations were constructed based on 

linker-nanoparticle models shown in Figure 5.5 as described in section 5.2.2. The most stable 

attachment modes for each linker were chosen based on previous computational studies. 

Attachment of carboxylic acid67-71 and phosphonic acid linkers68,72 was modeled in both 

monodentate and bridging bidentate binding modes, while only bridging bidentate 

attachment mode was utilized for catechol.54,73 Three different binding modes were modeled 

for the acetylacetonate linker: monodentate, bridging bidentate, and chelating bidentate at a 

surface oxygen vacancy.56 Hydroxamate linker attachment is modeled as chelating bidentate 

attachment at an oxygen vacancy.74-77 In contrast to linkers that attach on the perfect (101) 
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anatase surface, chelating acetylacetonate and hydroxamate attachments have an oxygen 

atom of the linker group inserted at an oxygen vacancy defect site (see Figure 5.5). 

 Due to the symmetry of the chromophore, two non-equivalent attachment sites 

resulting in two distinct orientations of the chromophore on the surface are possible for every 

attachment mode. One of the attachment sites places the linker group on the pyridine trans to 

a cyanide ligand. It is denoted here as “bpy parallel”, since it places the non-anchored 

bipyridine ligand approximately parallel to the TiO2 surface. Second linkage, denoted as 

“bpy perpendicular”, attaches the dye via a linker group on a pyridine trans to the pyridine of 

the second substituted bipyridine ligand. This linkage results in the non-anchored bipyridine 

ligand being approximately perpendicular to the TiO2 surface. An example of a constructed 

dye-nanoparticle assembly for the 3-TiO2 assembly with both bpy perpendicular and bpy 

parallel orientations is shown in Figure 5.6.  
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Figure 5.5. Optimized linker models used for the construction of dye-TiO2 slab models. The 
bidentate modes investigated were either bridging (br.) or chelating (ch.). 
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Figure 5.6. Slab models of anatase (101) sensitized with complex 3, where the chromophore 
is anchored to TiO2 via the linker in the (a) bpy perpendicular and (b) bpy parallel 
orientations. The dimensions of the unit cell are (30.49 ×  31.46 ×  40.00 Å3). 

 

 Overall, 18 different models of dye-TiO2 assemblies were constructed to account for 

the variability in the linker type (carboxylic acid, phosphonic acid, hydroxamate, catechol, 

acetylacetonate), attachment mode (bidentate, monodentate), and linkage (bpy parallel, bpy 

perpendicular). IET simulations were performed using all the models constructed. It is 

important to note that due to the way 4-TiO2 assemblies were constructed, the molecular 

calculations corresponding to the bpy parallel and bpy perpendicular systems had to be done 

on distinct constitutional isomers of complex 4. All results presented here are for the 

complex 4 in the bpy perpendicular orientation only, but analysis of either set of data leads to 

the same conclusions. Analysis for the bpy parallel isomer of 4 can be found in Appendix D. 

 Following the construction of dye-nanoparticle assemblies, a density of states (DOS) 

for each system was obtained based on the EH methodology. A DOS plot for the 5-TiO2 

assembly in the bpy perpendicular orientation with monodentate binding mode is shown in 

Figure 5.7. The total DOS for the system is shown (dashed blue curve) along with the 

projected DOS for complex 5 (black curve). The level set lines give the discrete EH energy 

levels of the DFT optimized structures for the isolated complexes 1-5. Identity of the linker 

group also significantly affects the energy of the lowest unoccupied orbitals of the 

chromophores with respect to the edge of the conduction band of TiO2.  
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Figure 5.7. Extended Hückel energy levels (left) of chromophores 1-5. Density of states for 
5-TiO2 anatase (101) slab model (right) shows the total density of states (dashed blue line), 
and the projected density of states of the adsorbate (black line). 

 

5.3.4. Interfacial Electron Transfer Simulations 

 Characteristic IET times, τIET, for each dye-TiO2 assembly in the bpy perpendicular 

orientation are shown in Figure 5.8. Results for the bpy parallel orientation are similar and 

can be found in Appendix D. The characteristic IET times are grouped together according to 

the orbital symmetry of the initial donor states and labeled based on the orbitals of the parent 

complex (see Figure 5.2 for nodal structure and Table D.8 in Appendix D for matched 

orbitals). Linker-localized orbitals of 5 are displayed separately and labeled as "ACAC 

states". Further reordering within the degenerate pairs of orbitals was performed to group 

orbitals by localization on the linking ligand (LUMO, LUMO+2, LUMO+4 in Figure 5.8) or 

the non-linking ligand (LUMO+1, LUMO+3, LUMO+5 in Figure 5.8). The black dashed line 

at 100 fs denotes the characteristic time, below which the IET can efficiently compete with 

the ISC into the low-lying non-photoactive 5T states.15,21,22,65 
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 It is apparent from Figure 5.8 that all of the dye-TiO2 assemblies, with the exception 

of 3-TiO2, must exhibit band-selective sensitization. For these systems, excitations in Band 1 

populate states that undergo IET at a rate too slow to compete with the ISC process. On the 

other hand, several excitations in Band 2 populate states (those with similar nodal structure to 

LUMO+2 and LUMO+4 of the parent complex) that undergo IET at a rate competitive with 

ISC. This phenomenon was first observed for the 1-TiO2 system by Ferrere and Gregg, 

although a specific explanation of its origins was unavailable at the time.13,14 Previously, we 

suggested that the band-selective nature of the 1-TiO2 system is due to the low density of the 

TiO2 acceptor states at the energy of the dye states populated by excitations in Band 1 

(LUMO and LUMO+1).58,59  

 

 
Figure 5.8. Characteristic IET times for the relevant donor states of complexes 1-5 attached 
to anatase (101) slab in bpy perpendicular orientation. Donor states (LUMO−LUMO+5, 
LUMO+9, and ACAC states) are ordered based on the similarity to the nodal structure of the 
parent complex. Relevant KS orbitals of complex 2 (see Figure 5.4) and the acac states are 
shown as an example. L = LUMO, Bi = bidentate, Mono = monodentate, br = bridging, ch = 
chelating. 
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 Interestingly, 2-TiO2, 4-TiO2, and 5-TiO2 assemblies also show band-selective 

sensitization despite the fact that the LUMO and LUMO+1 states populated by the excitation 

of the lower energy band lie well into the conduction band of TiO2 (see Figures 5.7 and 5.8). 

LUMO and LUMO+1 orbitals populated by the Band 1 excitations of complex 2 have very 

low electron density on the linker (< 0.3%, see Table 5.3) that anchors the dye to the 

semiconductor surface. LUMO and LUMO+1 orbitals of complex 4 also display low electron 

density on the linking oxygen atoms (< 0.3%), with the major portion of the linker-localized 

density shown in Table 5.3 confined to the aryl ring of catechol. The band selective 

sensitization in 2-TiO2 and 4-TiO2 can therefore be explained by the poor orbital overlap of 

the particle states populated upon excitation of Band 1 with the TiO2 surface states.  

 
Table 5.3. Percent of electron density on the linking group from EH orbitals at the simulation 
model geometries for the bpy perpendicular orientation, based on Mulliken population 
analysis. These bpy localized orbitals are arranged by match to orbitals of the parent 
complex. 

Complex 
% of electron density on bpy perpendicular linker 

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

1-Mono 9.5 4.4 4.9 - 18.3 0.4 

2-Mono 0.1 0.3 < 0.1 < 0.1 0.6 0.1 

3-Bi 10.2 1.1 3.6 3.0 16.3 - 

4-Bi 1.9 4.1 1.3 1.2 13.9 0.6 

5-Mono 10.7 16.6 - 0.2 1.3 0.2 

 

 In contrast, complex 5 does have a significant portion of electron density on the linker 

for LUMO and LUMO+1 orbitals (see Table 5.3) and, indeed, 5-TiO2 assemblies undergo 

relatively fast IET (~300 fs, see Figure 5.8) for these MLCT states. It is worth noting this 

delocalization of density to the linker of 5 appears to be exaggerated by the EH level of 

theory (compare Tables 5.2 and 5.3). The IET from these states is still not competitive with 

the ISC rate because the planes defined by the sp2 carbon atoms of the acetylacetonate are 

nearly orthogonal to those defined by the bipyridine group. This is reflected in the bi-
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exponential behavior of the simulated survival probabilities for LUMO and LUMO+1 donor 

states in 5-TiO2 assemblies, in which an initially fast injection component (corresponding to 

the drain of the electron density from linker to TiO2) is followed by a slow one as the 

electron density localized on the bpy ligand traverses the acetylacetonate linker to reach the 

TiO2 surface. 

 Phosphonic acid and acetylacetonate linkers in 2-TiO2 and 5-TiO2 assemblies almost 

completely decouple all relevant particle states for higher energy absorption bands from the 

TiO2 surface states. The MLCT states of these complexes, populated by excitations in Band 

2, are localized on the bipyridine rings with very little electron density on the linker group 

(see Figure 5.3). Therefore, 2-TiO2 and 5-TiO2 assemblies display the slowest IET rates and 

phosphonic acid and acetylacetonate linkers are predicted to be the worst choices for efficient 

sensitization of TiO2. Note that a significant reduction of the sensitization efficiency for 2-

TiO2 relative to 1-TiO2 has been experimentally observed by Ferrere,14 which is in agreement 

with the results of our simulations.  

 Multiple virtual orbitals populated by excitations of complex 3 (matching LUMO, 

LUMO+2, LUMO+3, and LUMO+4 of the parent) could be competitive with ISC. All of 

these states have a significant amount of electron density on the linker (3.0-16.3%, see Table 

5.3). The electronic coupling in 3-TiO2 assemblies is also facilitated by the insertion of the 

hydroxamate acid linker into the O vacancy on the semiconductor surface. Although the 

LUMO of 3 has an IET time competitive with ISC, further analysis suggests that 3-TiO2 

assembly displays the same band selective sensitization behavior as all of the other 

complexes. This is a result of the wavelength dependence of the IET times, as discussed in 

the next section.   

 Finally, it is important to note that the EH orbitals of 4 (corresponding to the parent 

LUMO+2 and LUMO+3 states) display only a small amount of delocalization to the linker (< 

1.3%) in comparison to KS orbitals obtained by the DFT calculations (13.0-18.7%). As a 

result, we are likely overestimating the injection time (and under-estimating the IET rate) in 

4-TiO2 assemblies. This deficiency could potentially be overcome by reparameterization of 

the EH Hamiltonian, but that approach was not utilized in this work. 
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5.3.5. Theoretical Internal Quantum Efficiencies 

 TIQEs for all dye-TiO2 assemblies studied in this work are shown in Figure 5.9. 

TIQEs are wavelength-dependent and represent the ratio of the number of electrons injected 

into the semiconductor to the number of photons of a given energy that are absorbed by the 

dye. They were calculated for each relevant excited state, assuming that the IET process only 

competes with the ISC process and that ISC occurs at a constant rate for all of the excitations 

considered. For ISC, the characteristic times of τISC = 30 and 100 were considered, but only 

τISC =100 fs will be presented (the corresponding plot with τISC = 30 is Figure D.40 in 

Appendix D). Unlike the τIET presented in Figure 5.8, these results take into account the 

composition of particle states for every excitation as identified based on TD-DFT 

calculations and therefore provide a more complete picture of the IET efficiency in dye-TiO2 

assemblies. Only the bpy perpendicular orientation of catechol was considered for the TIQE 

because the bpy parallel orientation is a constitutional isomer.  

 As can be seen in Figure 5.9, all dye-TiO2 assemblies studied display band-selective 

sensitization. All assemblies have relatively low TIQEs at wavelengths incident with Band 1 

excitations, compared with the significantly higher TIQEs for Band 2 excitations. It is not 

obvious that 3-TiO2 assemblies should also display band-selective sensitization, since the 

calculated IET times following the excitations into the LUMO (35.9 fs for bpy perpendicular 

and 31.8 fs for bpy parallel attachment) are fast enough to compete with the ISC (~100 fs). 

However, the excitations of 3 in Band 1 do not populate pure LUMO and LUMO+1 states, 

but rather their combination which results in a long IET time at lower energy wavelengths. 
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Figure 5.9. Idealized TIQEs (bars) for dye-TiO2 assemblies (dye = 1-5) along with the 
absorption spectra (lines) of complexes 1-5. All attachment modes and orientations (bpy 
perpendicular and bpy parallel, for 1-3 and 5) were averaged. τISC was set to 100 fs.  

 

  Also note that the EH calculations employed in this work artificially localize the 

LUMO+2 and LUMO+3 states of 4 on the bipyridine. Therefore, the resulting TIQEs of 4-

TiO2 in the Band 2 region are likely underestimated. 

 Overall, complexes with carboxylic acid (1), hydroxamate (3) and catechol (4) linkers 

exhibit the best performance. On the other hand, phosphonic acid (2) and acetylacetonate (5) 

seem to be suboptimal choices for the linkers. Note that the conclusions that can be drawn 

from TIQEs are the same irrespective of whether the τISC is set to 30 or 100 fs.  
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5.3.6. Linker Efficiency Comparison 

 In general, three main factors influence the efficiency of the IET in dye-

semiconductor assemblies: (1) electronic coupling (or orbital overlap) between the donor 

states of the dye and acceptor states of the semiconductor, (2) density of acceptor states of 

the semiconductor, and (3) driving force that is proportional to the energy difference of the 

acceptor state of the dye and the edge of the conduction band of the semiconductor.28 All 

three of these criteria have to be satisfied simultaneously at every absorption wavelength in 

the visible spectrum of the dye in order to achieve efficient IET. This is especially critical for 

Fe(II)-sensitized DSSCs since the initially-excited photoactive MLCT states of Fe(II) 

chromophores undergo ISC into photo-inactive MC states on a sub-picosecond time 

scale.15,21-23 

 The five linkers investigated in this work all fail to achieve high sensitization 

efficiency of TiO2 across the visible spectrum but for different reasons. Carboxylic acid 

linkers achieve strong electronic coupling in dye-TiO2 assemblies at the expense of 

positioning the lower-energy excited states at the edge of the conduction band of TiO2, where 

both the density of the acceptor states and driving force are greatly reduced. On the other 

hand, all initially populated MLCT states for dyes with the phosphonic acid, acetylacetonate, 

and catechol linkers lie high in the conduction band of TiO2, where the density of TiO2 

acceptor states as well as driving force are excellent (see Figure 5.7). This, however, happens 

at the expense of the reduced electronic coupling between the donor states of the dye and 

acceptor states of the semiconductor. Hydroxamate appears to be near the ideal point where 

delocalization does not lower the energy of the donor states to the conduction band edge, 

leading to rapid IET from the pure LUMO states. The low energy excitations for 3 result in 

low TIQEs, however, since a combination of two states (LUMO and LUMO+1) is being 

populated; one with a very fast (< 40 fs) and one with a slow (> 740 fs) characteristic IET 

time. 

 Among the linkers investigated, we consider the hydroxamate to be the best overall, 

as it displays non-negligible TIQEs across the entire range of the visible spectrum (see Figure 

5.9). The commonly utilized carboxylic acid linker is the second best overall, but this linker 
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is still not sufficient to afford utilization of [Fe(bpy)2(CN)2] in efficient DSSC devices, as 

shown by Ferrere,13,14 due to quenching of the photoactive state by the ISC process.58,59 

Additionally, hydrolysis of the carboxylate TiO2 bonds limits the application of this linker 

significantly.78 This might favor the use of hydroxamate or catechol (third best overall 

efficiency) linkers in the practical applications, as they are more stable.55,75  

 Catechol has been studied54,73 and utilized as an anchoring group in various dye-TiO2 

assemblies,55,79 with promising results for photovoltaic and photocatalytic applications. 4 

possesses an excited state with the fastest IET time of any of the linkers studied (see IET for 

LUMO+4 in Figure 5.8). As mentioned above, our model likely underestimates the IET 

efficiencies for 4-TiO2 assemblies in the higher energy (Band 2) region, since the EH orbitals 

corresponding to the parent LUMO+2 and LUMO+3 states of complex 4 display relatively 

small amount of electron density on the catechol linker in group in comparison to the KS 

orbitals. Compared to 1, 4 shows a notable blue shift in the absorption bands which is not 

ideal for solar energy harvesting. On the other hand, higher extinction coefficients somewhat 

compensate for the unfavorable energy shift in terms of applications. 

 The hydroxamate linker has also been shown to anchor sensitizers to TiO2, forming 

stable linkages at oxygen vacancies.75,77 The linker embedded in the surface at the oxygen 

vacancy supports strong electronic coupling between the MLCT states of 3 and the TiO2 

conduction band states, resulting in rapid IET for Band 2 excitations. The TIQEs for the 

lower energy (Band 1) excitations are similar to those of the 1-TiO2 assemblies. It is, 

however, likely that 3-TiO2 will outperform 1-TiO2 in the higher energy absorption band 

(Band 2). Recent computational and experimental studies also suggest that, as an anchoring 

group, hydroxamate is superior to carboxylic acid in terms of improving both linker stability 

in aqueous environments and efficiency of IET between the dye and semiconductor.80,81 

 Phosphonic acid and acetylacetonate linkers are predicted to be the worst choices for 

coupling the Fe(II) dyes to the TiO2 semiconductor surface. While several experimental 

studies have shown that the phosphonic acid linker binds strongly to TiO2 and shows 

improved stability in aqueous environments compared to the carboxylic acid linker, this 

increased stability comes at the expense of internal quantum efficiency.14,68,78,82,83 The results 
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of our simulations support this experimental evidence as a marked decrease of the TIQEs is 

observed for 2-TiO2 across the entire range of the visible spectrum in comparison to the 1-

TiO2 (see Figure 5.9). 

 Acetylacetonate linker has also been investigated as a replacement for the traditional 

carboxylic acid linker due to the improved binding and stability.56 The use of this linker leads 

to the reduced TIQEs due to the decreased electronic coupling between the dye and the 

semiconductor, just like in the case of the phosphonic acid linker. 

 In conclusion, we suggest that the hydroxamate acid and catechol linkers could serve 

as viable alternatives to the carboxylic acid linker for attachment of Fe(II) sensitizers to TiO2 

semiconductor surface. The use of these alternative linkers will, most likely, still result in 

band-selective sensitization of TiO2. 

5.4. Conclusions 

 Carboxylic acid, phosphonic acid, hydroxamate, catechol, and acetylacetonate were 

investigated as anchoring groups for attachment of [Fe(bpy)2(CN)2] chromophore to the TiO2 

semiconductor surface. The aim of this work was to identify the anchoring group that would 

facilitate the fastest IET and therefore the most efficient sensitization in Fe(II)-sensitized 

DSSCs.  

The UV-vis absorption spectra of the five functionalized [Fe(bpy)2(CN)2] complexes 

possess two distinct bands in the visible region predominantly composed of 1MLCT 

transitions. Transitions corresponding to the lower energy band (Band 1) mostly populate 

LUMO and LUMO+1, while the higher energy transitions (Band 2) populate LUMO+2 and 

higher energy orbitals.  

The quantum dynamics simulations suggest that all chromophore-TiO2 assemblies 

investigated undergo band-selective sensitization, as the wavelength-dependent TIQEs for 

the Band 2 excitations are significantly higher than the TIQEs for the lower energy Band 1 

excitations. The band selectivity can be attributed to the poor energetic alignment of the 

LUMO and LUMO+1 states with the conduction band of TiO2 for the [Fe(bpy)2(CN)2] 

attached via the carboxylic acid. In contrast to this, poor electronic coupling between the 

initially excited Fe(II) chromophore donor states and TiO2 acceptor states is the cause behind 



 

105 

the band-selectivity in dye-TiO2 assemblies utilizing the phosphonic acid, catechol, and 

acetylacetonate linkers. For the hydroxamate linker, band selective sensitization comes from 

the addition of a slowly injecting pure state to all excitations comprising Band 1. 

Hydroxamate is predicted to couple the [Fe(bpy)2(CN)2] with the TiO2 the most 

efficiently, as it displays the best overall theoretical internal quantum efficiency across a 

range of visible wavelengths. The traditionally utilized carboxylic acid linker is found to 

have a good overall theoretical quantum efficiency as well. Phosphonic acid and 

acetylacetonate linkers result in dye-TiO2 assemblies with the lowest quantum efficiencies 

and are thus not recommended for use in the Fe(II) sensitized solar cells. Catechol linkers are 

found to have the third best IET quantum efficiency from those studied, with our model 

underestimating the efficiency of this linker. Therefore, hydroxamate and catechol appear to 

be viable alternatives to the carboxylic acid linkers in Fe(II) polypyridine sensitized solar 

cells. 

Future work will be focused on modifying the coordination environment around the 

central iron atom in Fe(II) polypyridines in an effort to destabilize the metal-centered quintet 

states. This can be achieved either by altering the polypyridine scaffold to allow for a more 

ideally octahedral coordination environment,25 or by changing the identity of the ligand 

donor atoms.26,84 
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CHAPTER 6 

Portions of this chapter were previously published: Jakubikova, E.; Bowman, D. N.  

Accounts of Chemical Research, 2015, 48, 1441-1449. 

Concluding Remarks 

6.1. Criteria for Efficient IET in Fe(II) Polypyridine-TiO2 Assemblies 

The computational studies described in previous chapters provide us with several 

general insights into the IET processes in dye-nanoparticle assemblies. Taken together they 

can be used to construct a roadmap to rapid screening for efficient dyes using simple criteria, 

such as the percent of electron density on the linker, and alignment of LUMO and higher 

energy orbitals with the conduction band. These properties can be rapidly calculated utilizing 

ground state electronic structure methods, without the need for more costly excited state 

calculations.  

There are three important conditions that influence the IET efficiency in dye-

semiconductor assemblies in general: (1) driving force for the IET which depends on the 

energy difference between the donor state of the dye and the edge of the CB of the 

semiconductor (ΔED-CB), (2) density of semiconductor acceptor states (ρaccept.), and (3) 

electronic coupling, or orbital overlap, between the donor states of the dye and the acceptor 

states of the semiconductor.1-3 All three of these criteria have to be satisfied simultaneously 

in order to achieve IET with the characteristic time less than 100 fs. For example, all initially 

excited states in [Fe(bpy)2(CN)2]-TiO2 assemblies with the hydroxamate linker possess 

adequate driving force and are localized in the energy region with sufficient density of 

semiconductor states. Therefore, the rate of the IET in these systems is directly proportional 

(with a coefficient of determination of 0.93) to the orbital overlap between the initial dye-
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localized states and the semiconductor acceptor states, which is governed by the percent of 

electron density on the hydroxamate linker (see Figure 6.1).  

 

 

Figure 6.1. Reciprocal of characteristic IET time versus % of electron density on the linker 
for different donor states in [Fe(bpy)2(CN)2]-TiO2 assemblies with carboxylic acid and 
hydroxamate linkers. The electron densities were calculated from Mulliken population 
analysis.4 Boxed and circled points correspond to the LUMO/LUMO+1 and LUMO+2 of 
[Fe(bpy-dca)2(CN)2], respectively.  

 

The relationship between the percent of electron density on the linker and the rate of 

the IET is not as straightforward in case of the carboxylic acid linker. First, there are several 

states with approximately 3-11% of electron density on the linker that show much poorer IET 

rates than expected based on the electronic coupling alone (see states in a box in Figure 6.1). 

These states correspond to the LUMO and LUMO+1 of the [Fe(bpy-dca)2(CN)2] complex 

that are not aligned well with the CB of TiO2 (See Figure 5.7). 

LUMO+2 initial state (shown in circles in Figure 6.1) is another interesting case. It is 

characterized by substantial electron density (~18-19%) on the carboxylic acid linker in both 

monodentate and bidentate attachment modes. The IET in [Fe(bpy-dca)2(CN)2]-TiO2 
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assembly with a monodentate binding mode is, however, one to two orders of magnitude 

faster than in the assembly with a bidentate binding mode. Since the LUMO+2 donor states 

in both assemblies have almost same energy, the driving force and the density of acceptor 

states should be virtually identical for both. Inspection of the electron density over the course 

of simulation reveals that the differences between the IET rates are due to the differences in 

the speed of delocalization of the injected charge into the TiO2 bulk. Anisotropy in the charge 

delocalization along different directions on the TiO2 surface was observed in previous 

computational studies of dye-nanoparticle assemblies.5 

Similar analysis can be done for all other dye-semiconductor assemblies with 

different linkers, yielding analogous results. Overall, the percent of electron density on the 

linker is a very strong predictor of the IET efficiency, but only if the other two criteria 

(adequate driving force and substantial density of acceptor states at the donor energy level) 

are satisfied as well. Information about the driving force and the density of acceptor states 

can be easily obtained from the DOS plots similar to that shown Figure 5.7. The percent of 

electron density on the linker can be calculated from a population analysis. Therefore, 

qualitative insights into the IET in dye-semiconductor assemblies can be gained just by 

inspection of quantities easily acquired from the ground state electronic structure 

calculations, which should allow for quick screening of a large number of potential dyes and 

not only those based on Fe(II) polypyridines. Note that this approach is more suited for 

screening out inefficient sensitizers than for the identification of ideal ones and should be 

followed by TD-DFT and IET studies of selected target compounds to confirm efficient 

sensitization. 

6.2. Summary 

Over the past few years we have established a computational strategy to investigate 

sensitization capabilities of Fe(II) polypyridines employing DFT, TD-DFT and quantum 

dynamics simulations. Overall, DFT is a suitable tool for studies of Fe(II) complexes. Careful 

benchmarking of DFT against experimental data or higher-level ab initio calculations is 

necessary to obtain reliable information about the energy ordering of electronic states with 

different spin multiplicities. 
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Time-dependent DFT has also proved useful for calculations of excited state 

properties in Fe(II) polypyridines. Along with the quantum dynamics simulations of the IET 

processes, it enabled us to explain band selective sensitization in [Fe(bpy-dca)2(CN)2]-TiO2 

assemblies and evaluate the impact of the sensitizer anchoring groups on the IET rates and 

internal quantum efficiencies. 

Interestingly, insights into the IET in dye-semiconductor assemblies can be obtained 

from ground state electronic structure calculations alone. As is often the case with theoretical 

approaches, the trends obtained from the currently available computational models are more 

reliable than the actual calculated rates. Therefore, these models are utilized best as tools for 

systematic studies of a set of related complexes. The constant interplay between the theory 

and experiment is crucially important to further improve the current computational models 

and approaches. Finally, while our focus over the past few years has been exclusively on 

Fe(II) polypyridines, the computational strategies outlined in this paper are applicable to a 

wide variety of sensitizers. 
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APPENDIX A 

 

 
Figure A.1. Plot of ΔEHS/LS(kcal/mol) versus exact exchange admixture (c1) for first row 
transition metal complexes investigated.  

 

 

 

 
Figure A.2. Plot of ΔEHS/LS(kcal/mol) versus exact exchange admixture (c1) for first row 
transition metal complexes investigated. 
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Figure A.3. Plot of ΔEHS/LS(kcal/mol) versus exact exchange admixture (c1) for [Ru(bpy)3]2+ 
and [Os(bpy)3]2+. 

 

 

 

 
Figure A.4. Plot of ΔHHS/LS(kcal/mol) versus exact exchange admixture (c1) for first row 
transition metal complexes investigated. 
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Figure A.5. Plot of ΔHHS/LS(kcal/mol) versus exact exchange admixture (c1) for first row 
transition metal complexes investigated. 

 

 

 

 
Figure A.6. Plot of ΔHHS/LS(kcal/mol) versus exact exchange admixture (c1) for [Ru(bpy)3]2+ 
and [Os(bpy)3]2+. 
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Figure A.7. Plot of ΔGHS/LS(kcal/mol) versus exact exchange admixture (c1) for first row 
transition metal complexes investigated. 

 

 

 

 

Figure A.8. Plot of ΔGHS/LS(kcal/mol) versus exact exchange admixture (c1) for first row 
transition metal complexes investigated. 
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Figure A.9. Plot of ΔGHS/LS(kcal/mol) versus exact exchange admixture (c1) for [Ru(bpy)3]2+ 
and [Os(bpy)3]2+. 

 

 

 
Figure A.10. Plot of average change in metal to ligand bond lengths in transition from low-
spin to high-spin states versus slope of the scan over exact exchange for ΔEHS/LS(kcal/mol), 
ΔHHS/LS(kcal/mol), and ΔGHS/LS(kcal/mol) for complexes included in regression along with a 
plot of the linear regression and R2. Calculations performed in vacuum. 
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Figure A.11. Plot of average change in metal to ligand bond lengths in transition from low-
spin to high-spin states versus slope of the scan over exact exchange for ΔEHS/LS(kcal/mol), 
ΔHHS/LS(kcal/mol), and ΔGHS/LS(kcal/mol) for complexes included in regression along with a 
plot of the linear regression and R2. Calculations included PCM solvent model for water. 
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APPENDIX B 

 
Figure B.1. Plot of enthalpy differences between the quintet and singlet states for the 
[Fe(tpy)2]2+ (green line) and [Fe(dcpp)2]2+ (blue line) based complexes versus the identity of 
the central ring.  

 
Figure B.2. Plot of enthalpy differences between the quintet and triplet states for the 
[Fe(tpy)2]2+ (green line) and [Fe(dcpp)2]2+ (blue line) based complexes versus the identity of 
the central ring. 
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Figure B.3. Plot of Gibbs free energy differences between the quintet and singlet states for 
the [Fe(tpy)2]2+ (green line) and [Fe(dcpp)2]2+ (blue line) based complexes versus the identity 
of the central ring.  

 

 
Figure B.4. Plot of Gibbs free energy differences between the quintet and triplet states for 
the [Fe(tpy)2]2+ (green line) and [Fe(dcpp)2]2+ (blue line) based complexes versus the identity 
of the central ring. 
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Table B.1. Average bite angle (α angles as shown in Figure 3.2) and difference in bond 
length between equivalent sets of metal ligand bonds, ΔR(E-A) as defined in Figure 3.4, for 
singlet states of complexes 1-7 and 1’-7’. 

Complex Average Bite Angle (α) 
[degrees] 

ΔR(E−A) 
[Å] 

Ideal octahedral environment 180 0.00 
1 162 0.10 
2 159 0.13 
3 162 0.06 
4 161 0.05 
5 151 0.26 
6 156 0.20 
7 155 0.15 
1’ 179 0.02 
2’ 178 0.02 
3’ 179 -0.00 
4’ 178 -0.04 
5’ 175 0.13 
6’ 178 0.09 
7’ 178 0.05 
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APPENDIX C 

 
Figure C.1. Calculated UV-Vis excitations of [Fe(bpy)(CN)4]2– in acetonitrile (PCM) using 
B3LYP/TD-DFT. Lorentzian broadening with HWHM = 0.12 eV was used to simulate 
spectra.  
 

 

 

 

 

 

 

 

 

 

Table C.1. Electronic excitation wavelength and oscillator strength for [Fe(bpy)(CN)4]2– 
using B3LYP/TD-DFT with PCM (acetonitrile). Only excitations with oscillator strength > 
0.01, |Coeff.| > 0.2, and λ > 350 nm are considered. 

Excited State Wavelength (nm) fosc Hole State !Particle State (coef.) 
3 (A) 531.8 0.0496 HOMO-1 ! LUMO (0.69) 
10 (B) 371.8 0.0325 HOMO-1 ! LUMO+2 (0.69) 
12 (C) 363.3 0.0712 HOMO-1 ! LUMO+1 (0.30) 

HOMO ! LUMO+2 (0.62) 
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LUMO+2 (E = -0.02081 a.u.) 
 

HOMO    (E = -0.17200 a.u.) 
 

LUMO+1 (E = -0.02839 a.u.) 
 

HOMO-1 (E = -0.17320 a.u.) 
 

LUMO     (E = -0.06031 a.u.) 
 

Figure C.2. Kohn-Sham orbitals of [Fe(bpy)(CN)4]2– in acetonitrile (PCM) relevant to the 
excitations shown in Table C.1 calculated using B3LYP with 6-31G* (non-metal atoms) and 
SDD (Fe atom). The isovalue displayed is 0.03 electrons/Å3. 
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Figure C.3. Calculated UV-Vis excitations of [Fe(dca-bpy)(CN)4]2- in acetonitrile (PCM) 
using B3LYP/TD-DFT. Lorentzian broadening with HWHM = 0.12 eV was used to simulate 
spectra.  
 

 

 

 

 

 

Table C.2. Electronic excitation wavelength and oscillator strength for [Fe(dca-bpy)(CN)4]2– 
using B3LYP/TD-DFT with PCM (acetonitrile). Only excitations with oscillator strength > 
0.01, |Coeff.| > 0.2, and λ > 350 nm are considered. 

Excited State Wavelength (nm) fosc Hole State !Particle State (coef.) 
3 (A) 625.6 0.0390 HOMO-1 ! LUMO+1 (-0.34) 

HOMO ! LUMO (0.59) 
4 (B) 516.4 0.0921 HOMO ! LUMO+1 (0.69) 
6 (C) 473.0 0.1639 HOMO-1 ! LUMO+1 (0.59) 

HOMO ! LUMO (0.33) 
7 (D) 431.6 0.0218 HOMO-1 ! LUMO+2 (0.61) 

HOMO ! LUMO+2 (0.35) 
8 (E) 431.0 0.0239 HOMO-1 ! LUMO+2 (-0.35) 

HOMO ! LUMO+2 (0.59) 
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LUMO+2 (E = -0.05269 a.u.) 
 

HOMO   (E = -0.18464 a.u.) 
 

LUMO+1 (E = -0.07203 a.u.) 
 

HOMO-1 (E = -0.18491 a.u.) 
 

LUMO    (E = -0.08686 a.u.) 
 

Figure C.4. Kohn-Sham orbitals of [Fe(dca-bpy)(CN)4]2– in acetonitrile (PCM) relevant to 
the excitations shown in Table C.2 calculated using B3LYP with 6-31G* (non-metal atoms) 
and SDD (Fe atom). The isovalue displayed is 0.03 electron/Å3. 
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Figure C.5. Calculated UV-Vis excitations of [Fe(dca-bpy)2(CN)2] in acetonitrile (PCM) 
using B3LYP/TD-DFT. Lorentzian broadening with HWHM = 0.12 eV was used to simulate 
spectra.  
 

 

 
Table C.3. Electronic excitation wavelength and oscillator strength for [Fe(dca-bpy)2(CN)2] 
using B3LYP/TD-DFT with PCM (acetonitrile). Only excitations with oscillator strength > 
0.01, |Coeff.| > 0.2, and λ > 350 nm are considered. 

Excited State Wavelength (nm) fosc Hole State !Particle State (coef.) 
2 (A) 577.1 0.0146 HOMO ! LUMO (0.65) 
4 (B) 537.2 0.0468 HOMO-1 ! LUMO+1 (0.65) 
5 (C) 514.9 0.0857 HOMO-2 ! LUMO (0.65) 

9 (D) 421.5 0.0240 HOMO ! LUMO+3 (-0.43) 
HOMO ! LUMO+12 (0.48) 

10 (E) 412.0 0.0483 HOMO ! LUMO+3 (0.51) 
HOMO ! LUMO+12 (0.36) 

11 (F) 408.3 0.0479 
HOMO-2 ! LUMO+2 (0.21) 
HOMO-1 ! LUMO+3 (0.29) 
HOMO ! LUMO+2 (0.51) 

12 (G) 398.3 0.0668 HOMO-1 ! LUMO+2 (0.64) 

14 (H) 386.9 0.0183 HOMO-2 ! LUMO+3 (-0.48) 
HOMO ! LUMO+4 (0.50) 

15 (I) 385.2 0.0420 HOMO-2 ! LUMO+3 (0.48) 
HOMO ! LUMO+4 (0.48) 

19 (J) 359.9 0.0117 HOMO-2 ! LUMO+4 (0.70) 
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HOMO-1 (E = -0.22168 a.u.) 
 

 
HOMO    (E = -0.21431 a.u.) 

 
HOMO-2 (E = -0.22367 a.u.) 

 
Figure C.6. Kohn-Sham orbitals of [Fe(dca-bpy)2(CN)2] in acetonitrile (PCM) relevant to 
the excitations shown in Table C.3 (hole states) calculated using B3LYP with 6-31G* (non-
metal atoms) and SDD (Fe atom). The isovalue displayed is 0.03 electron/Å3. 
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LUMO+2 (E = -0.08027 a.u.) 
 

LUMO+12 (E = 0.01730 a.u.) 
 

LUMO+1 (E = -0.10113 a.u.) 
 

LUMO+4 (E = -0.06989 a.u.) 
 

LUMO   (E = -0.10142 a.u.) 
 

LUMO+3 (E = -0.07980 a.u.) 
 

Figure C.7. Kohn-Sham orbitals of [Fe(dca-bpy)2(CN)2] in acetonitrile (PCM) relevant to 
the excitations shown in Table C.3 (particle states) calculated using B3LYP with 6-31G* 
(non-metal atoms) and SDD (Fe atom). The isovalue displayed is 0.03 electron/Å3. 
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Cyanide Attachment, Bpy Parallel 
 

 
LUMO+2 

 
LUMO 

 
LUMO+1 

Figure C.8. Extended Hückel orbitals of [Fe(bpy)(CN)4]2– matched to the Kohn-Sham 
orbitals shown in Figure C.2. The structure is from the constrained optimization for cyanide 
attachment with bpy parallel. The black arrow on the LUMO orbital indicates the linking 
group. The isovalue displayed is 0.03 electrons/Å3. 
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Cyanide Attachment, Bpy Perpendicular 
 

 
LUMO+2 

 
LUMO 

 
LUMO+1 

Figure C.9. Extended Hückel orbitals of [Fe(bpy)(CN)4]2– matched to the Kohn-Sham 
orbitals shown in Figure C.2. The structure is from the constrained optimization for cyanide 
attachment with bpy perpendicular. The black arrow on the LUMO orbital indicates the 
linking group. The isovalue displayed is 0.03 electrons/Å3. 
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Cyanide Attachment, Bpy Parallel 
 

 

 
LUMO+2 

 
LUMO 

 
LUMO+1 

Figure C.10. Extended Hückel orbitals of [Fe(dca-bpy)(CN)4]2– matched to the Kohn-Sham 
orbitals shown in Figure C.4. The structure is from the constrained optimization for cyanide 
attachment with bpy parallel. The black arrow on the LUMO orbital indicates the linking 
group. The isovalue displayed is 0.03 electrons/Å3. 
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Cyanide Attachment, Bpy Perpendicular 
 

 
LUMO+2 

 
LUMO 

 
LUMO+1 

Figure C.11. Extended Hückel orbitals of [Fe(dca-bpy)(CN)4]2– matched to the Kohn-Sham 
orbitals shown in Figure C.4. The structure is from the constrained optimization for cyanide 
attachment with bpy perpendicular. The black arrow on the LUMO orbital indicates the 
linking group. The isovalue displayed is 0.03 electrons/Å3. 
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Bidentate Carboxylate Attachment 
 

 
LUMO+2 

 
LUMO 

 
LUMO+1 

Figure C.12. Extended Hückel orbitals of [Fe(dca-bpy)(CN)4]2– matched to the Kohn-Sham 
orbitals shown in Figure C.4. The structure is from the constrained optimization for bidentate 
carboxylate attachment. The black arrow on the LUMO orbital indicates the linking group. 
The isovalue displayed is 0.03 electrons/Å3. 
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Monodentate Carboxylic Acid Attachment 
 

 
LUMO+2 

 
LUMO 

 
LUMO+1 

Figure C.13. Extended Hückel orbitals of [Fe(dca-bpy)(CN)4]2– matched to the Kohn-Sham 
orbitals shown in Figure C.4. The structure is from the constrained optimization for 
monodentate carboxylic acid attachment. The black arrow on the LUMO orbital indicates the 
linking group. The isovalue displayed is 0.03 electrons/Å3. 
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Cyanide Attachment 

 
LUMO+2 

 
LUMO+15 

 
LUMO+1 

 
LUMO+4 

 
LUMO 

 
LUMO+3 

Figure C.14. Extended Hückel orbitals of [Fe(dca-bpy)2(CN)2] matched to the Kohn-Sham 
orbitals shown in Figure C.7. The structure is from the constrained optimization for cyanide 
attachment. The black arrow on the LUMO orbital indicates the linking group. The isovalue 
displayed is 0.03 electrons/Å3. 
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Bidentate Carboxylate Attachment, Bpy Parallel 

 
LUMO+2 

 
LUMO+15 

 
LUMO+1 

 
LUMO+4 

 
LUMO 

 
LUMO+3 

Figure C.15. Extended Hückel orbitals of [Fe(dca-bpy)2(CN)2] matched to the Kohn-Sham 
orbitals shown in Figure C.7. The structure is from the constrained optimization for bidentate 
carboxylate attachment with bpy parallel. The black arrow on the LUMO orbital indicates the 
linking group. The isovalue displayed is 0.03 electrons/Å3. 
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Bidentate Carboxylate Attachment, Bpy Perpendicular 

 
LUMO+2 

 
LUMO+15 

 
LUMO+1 

 
LUMO+4 

 
LUMO 

 
LUMO+3 

Figure C.16. Extended Hückel orbitals of [Fe(dca-bpy)2(CN)2] matched to the Kohn-Sham 
orbitals shown in Figure C.7. The structure is from the constrained optimization for bidentate 
carboxylate attachment with bpy perpendicular. The black arrow on the LUMO orbital 
indicates the linking group. The isovalue displayed is 0.03 electrons/Å3. 
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Monodentate Carboxylic Acid Attachment, Bpy Parallel 

 
LUMO+2 

 
LUMO+15 

 
LUMO+1 

 
LUMO+4 

 
LUMO 

 
LUMO+3 

Figure C.17. Extended Hückel orbitals of [Fe(dca-bpy)2(CN)2] matched to the Kohn-Sham 
orbitals shown in Figure C.7. The structure is from the constrained optimization for 
monodentate carboxylic acid attachment with bpy parallel. The black arrow on the LUMO 
orbital indicates the linking group. The isovalue displayed is 0.03 electrons/Å3. 
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Monodentate Carboxylic Acid Attachment, Bpy Perpendicular 

 
LUMO+2 

 
LUMO+15 

 
LUMO+1 

 
LUMO+4 

 
LUMO 

 
LUMO+3 

Figure C.18. Extended Hückel orbitals of [Fe(dca-bpy)2(CN)2] matched to the Kohn-Sham 
orbitals shown in Figure C.7. The structure is from the constrained optimization for 
monodentate carboxylic acid attachment with bpy perpendicular. The black arrow on the 
LUMO orbital indicates the linking group. The isovalue displayed is 0.03 electrons/Å3. 
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Table C.4. Characteristic electron injection times for [Fe(bpy)(CN)4]2–, with bpy parallel, 
from constrained exponential fit of survival probability, !(!) = !"#(−! ∗ !), with t = 0-3000 
fs. The distance (d) of the Ni−Ti bond from the surface bound cyanide was varied (2.33, 
2.22, 2.12 Å).  

 
Initial Particle 

State 
 

[Fe(bpy)(CN)4]2–, bpy parallel 

Injection time 

Max rot. 
d = 2.33 Å 

Max rot. 
d =2.22 Å 

Max rot. 
d = 2.12 Å 

Min rot. 
d = 2.33 Å 

Min rot. 
d =2.22 Å 

Min rot. 
d = 2.12 Å 

B
A

N
D

 1
 

53, 
LUMO 

17.7 ps 
(R2=0.999) 

15.6 ps 
(R2=0.999) 

13.2 ps 
(R2=0.999) 

46.8 fs 
(R2=0.981) 

35.6 fs 
(R2=0.977) 

26.2 fs 
(R2=0.975) 

B
A

N
D

 2
 

 
54, 

LUMO+1 
 

1.4 ps 
(R2=0.999) 

1.2 ps 
(R2=0.999) 

995.4 ps 
(R2=0.999) 

10.5 fs 
(R2=0.989) 

8.7 fs 
(R2=0.988) 

7.5 fs 
(R2=0.987) 

 
55, 

LUMO+2 
 

1.0 ps 
(R2=1.000) 

916.8 fs 
(R2=1.000) 

827.1 fs 
(R2=1.000) 

7.2 fs 
(R2=0.941) 

6.5 fs 
(R2=0.930) 

5.9 fs 
(R2=0.899) 
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Table C.5. Characteristic electron injection times for [Fe(bpy)(CN)4]2–, with bpy 
perpendicular, from constrained exponential fit of survival probability, !(!) = !"#(−! ∗ !), 
with t = 0-3000 fs. The distance (d) of the Ni−Ti bond from the surface bound cyanide was 
varied (2.33, 2.22, 2.12 Å).  

 
Initial Particle State 

 

[Fe(bpy)(CN)4]2–, bpy perpendicular  

Injection time 

Max rot. 
d = 2.33 Å 

Max rot. 
d =2.22 Å 

Max rot. 
d = 2.12 Å 

Min rot. 
d = 2.33 Å 

Min rot. 
d =2.22 Å 

Min rot. 
d = 2.12 Å 

B
A

N
D

 1
 

53, 
LUMO 

4.0 ps 
(R2=0.999) 

3.0 ps 
(R2=0.999) 

2.4 ps 
(R2=0.999) 

7.3 fs 
(R2=0.989) 

6.5 fs 
(R2=0.981) 

6.1 fs 
(R2=0.961) 

B
A

N
D

 2
 

54, 
LUMO+1 

137.3 fs 
(R2=0.995) 

116.7 fs 
(R2=0.991) 

101.6 fs 
(R2=0.986) 

14.8 fs 
(R2=0.993) 

12.5 fs 
(R2=0.991) 

10.6 fs 
(R2=0.989) 

 
55, 

LUMO+2 
 

758.9 fs 
(R2=0.999) 

603.1 fs 
(R2=0.998) 

483.0 fs 
(R2=0.998) 

16.2 fs 
(R2=0.962) 

14.0 fs 
(R2=0.967) 

12.3 fs 
(R2=0.961) 
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Table C.6. Characteristic electron injection times for [Fe(bpy)(CN)4]2–, with bpy parallel, 
from constrained biexponential fit of survival probability, !
! ! = ! ∗ !!" −!! ∗ ! + (! − !) ∗ !"#(−!! ∗ !), with t = 0-3000 fs. The percent 
contribution to the biexponential for each of the injection times is given below the 
corresponding time. The distance (d) of the Ni−Ti bond from the surface bound cyanide was 
varied (2.33, 2.22, 2.12 Å).  

 
Initial 

Particle State 
 

[Fe(bpy)(CN)4]2–, bpy parallel 

Injection time 

Max rot. 
d = 2.33 Å 

Max rot. 
d =2.22 Å 

Max rot. 
d = 2.12 Å 

Min rot. 
d = 2.33 Å 

Min rot. 
d =2.22 Å 

Min rot. 
d = 2.12 Å 

B
A

N
D

 1
 

53, 
LUMO 

18.2 ps 
 [100%] 

 
 

(R2=1.000) 

16.1 ps 
 [100%] 

 
 

(R2=1.000) 

13.6 ps 
 [100%] 

 
 

(R2=1.000) 

17.4 fs 
 [43%] 
75.3 fs 
 [57%] 

(R2=0.999) 

18.2 fs 
 [60%] 
74.2 fs 
 [40%] 

(R2=0.999) 

17.3 fs 
 [78%] 
83.4 fs 
 [22%] 

(R2=0.998) 

B
A

N
D

 2
 

54, 
LUMO+1 

112.1 fs 
 [3%] 
1.5 ps 
 [97%] 

(R2=1.000) 

90.1 fs 
 [4%] 
1.2 ps 
 [96%] 

(R2=1.000) 

67.6 fs 
 [4%] 
1.0 ps 
 [96%] 

(R2=1.000) 

7.2 fs 
 [71%] 
22.3 fs 
 [29%] 

(R2=0.996) 

6.9 fs 
 [85%] 
26.4 fs 
 [15%] 

(R2=0.995) 

6.6 fs 
 [94%] 
44.6 fs 
 [6%] 

(R2=0.993) 

55, 
LUMO+2 

1.0 ps 
 [97%] 
1.5 ps 
 [3%] 

(R2=1.000) 

696.9 fs 
 [13%] 
953.3 fs 
 [87%] 

(R2=1.000) 

511.6 fs 
 [8%] 

855.7 fs 
 [92%] 

(R2=1.000) 

0.4 fs 
 [8%] 
7.7 fs 

 [92%] 
(R2=0.943) 

0.6 fs 
 [10%] 
7.3 fs 

 [90%] 
(R2=0.933) 

0.8 fs 
 [15%] 
7.0 fs 

 [85%] 
(R2=0.904) 
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Table C.7. Characteristic electron injection times for [Fe(bpy)(CN)4]2–, with bpy 
perpendicular, from constrained biexponential fit of survival probability, 
 ! ! = ! ∗ !"# −!! ∗ ! + (! − !) ∗ !"#(−!! ∗ !), with t = 0-3000 fs. The percent 
contribution to the biexponential for each of the injection times is given below the 
corresponding time. The distance (d) of the Ni−Ti bond from the surface bound cyanide was 
varied (2.33, 2.22, 2.12 Å).  

 
Initial Particle 

State 

[Fe(bpy)(CN)4]2–, bpy perpendicular 

Injection time 

Max rot. 
d = 2.33 Å 

Max rot. 
d =2.22 Å 

Max rot. 
d = 2.12 Å 

Min rot. 
d = 2.33 Å 

Min rot. 
d =2.22 Å 

Min rot. 
d = 2.12 Å 

B
A

N
D

 1
 

53, 
LUMO 

136.8 fs 
 [1%] 
4.2 ps 
 [99%] 

(R2=1.000) 

136.5 fs 
 [2%] 
3.1 ps 
 [98%] 

(R2=1.000) 

131.7 fs 
 [2%] 
2.4 ps 
 [98%] 

(R2=1.000) 

6.6 fs 
 [96%] 
57.2 fs 
 [4%] 

(R2=0.995) 

5.7 fs 
 [95%] 
47.6 fs 
 [5%] 

(R2=0.989) 

5.4 fs 
 [96%] 
112.3 fs 
 [4%] 

(R2=0.986) 

B
A

N
D

 2
 

54, 
LUMO+1 

67.8 fs 
 [36%] 
184.7 fs 
 [64%] 

(R2=0.999) 

56.8 fs 
 [44%] 
175.2 fs 
 [56%] 

(R2=0.999) 

47.9 fs 
 [48%] 
167.4 fs 
 [52%] 

(R2=0.999) 

13.9 fs 
 [97%] 
104.2 fs 
 [3%] 

(R2=0.995) 

11.2 fs 
 [95%] 
63.1 fs 
 [5%] 

(R2=0.995) 

9.4 fs 
 [94%] 
58.8 fs 
 [6%] 

(R2=0.994) 

55, 
LUMO+2 

758.9 fs 
 [100%] 

 
 

(R2=0.999) 

603.1 fs 
 [100%] 

 
 

(R2=0.998) 

483.0 fs 
 [100%] 

 
 

(R2=0.998) 

13.6 fs 
 [93%] 
182.3 fs 
 [7%] 

(R2=0.992) 

12.4 fs 
 [95%] 
234.7 fs 
 [5%] 

(R2=0.990) 

11.4 fs 
 [97%] 
468.5 fs 
 [3%] 

(R2=0.988) 
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Table C.8. Characteristic electron injection times for [Fe(dca-bpy)(CN)4]2– from constrained 
exponential fit of survival probability, !(!) = !"#(−! ∗ !), with t = 0-3000 fs. The distance 
of the Ni−Ti bond from the surface bound cyanide was 2.33 Å.  

 
Initial Particle 

State 

[Fe(dca-bpy)(CN)4]2– 

Injection time 

CN−, 
Bpy Par. 

CN−, 
Bpy Perp. Mono CA Bi CA 

B
A

N
D

 1
 

69, 
LUMO 

63.8 ps 
(R2=0.996) 

117.8 ps 
(R2= 0.998) 

565.6 fs 
(R2= 0.998) 

27.0 ps 
(R2= -2.585) 

B
A

N
D

 2
 

 
70, 

LUMO+1 
 

5.6 ps 
(R2= 1.000) 

1.2 ps 
(R2= 1.000) 

31.8 fs 
(R2= 0.995) 

1.8 ps 
(R2= 0.890) 

 
71, 

LUMO+2 
 

2.1 ps 
(R2= 0.998) 

2.0 ps 
(R2= 0.999) 

21.9 fs 
(R2= 0.996) 

12.7 fs 
(R2= 0.989) 
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Table C.9. Characteristic electron injection times for [Fe(dca-bpy)(CN)4]2– from constrained 
biexponential fit of survival probability, ! ! = ! ∗ !"# −!! ∗ ! + (! − !) ∗ !"#(−!! ∗ !), 
with t = 0-3000 fs. The percent contribution to the biexponential for each of the injection 
times is given below the corresponding time. The distance of the Ni−Ti bond from the 
surface bound cyanide was 2.33 Å. 

 
Initial Particle 

State 

[Fe(dca-bpy)(CN)4]2– 

Injection time 

CN−, 
Bpy Par. 

CN−, 
Bpy Perp. Mono CA Bi CA 

B
A

N
D

 1
 

69,  
LUMO 

67.5 ps 
[100%] 

 
 

(R2=1.000) 

117.8 ps 
[100%] 

 
 

(R2=0.998) 

12.2 fs 
[5%] 

595.5 fs 
[95%] 

(R2=1.000) 

0.8 fs 
[5%] 

78.3 ps 
[95%] 

(R2=0.673) 

B
A

N
D

 2
 

70,  
LUMO+1 

5.6 ps 
[100%] 

 
 

(R2=1.000) 

1.2 ps 
[100%] 

 
 

(R2=1.000) 

6.4 fs 
[16%] 
37.3 fs 
[84%] 

(R2=0.999) 

0.8 fs 
[16%] 
2.3 ps 
[84%] 

(R2=0.999) 

71,  
LUMO+2 

110.5 fs 
[3%] 
2.1 ps 
[97%] 

(R2=1.000) 

135.1 fs 
[3%] 
2.1 ps 
[97%] 

(R2=1.000) 

21.9 fs 
[98%] 
21.8 fs 
[2%] 

(R2=0.996) 

10.8 fs 
[90%] 
47.8 fs 
[10%] 

(R2= 0.994) 
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Table C.10. Characteristic electron injection times for [Fe(dca-bpy)2(CN)2] from constrained 
exponential fit of survival probability, !(!) = !"#(−! ∗ !), with t = 0-3000 fs. The distance 
of the Ni−Ti bond from the surface bound cyanide was 2.33 Å.  

 
Initial Particle 

State 

[Fe(dca-bpy)2(CN)2] 

Injection time 

CN− 
 

Mono CA, 
Bpy Par. 

Mono CA, 
Bpy Perp. 

Bi CA, 
Bpy Par. 

Bi CA, 
Bpy Perp. 

B
A

N
D

 1
 

 
 

104, LUMO 
 
 

45.3 ps 
(R2= 0.964) 

244.4 fs 
(R2= 0.986) 

275.4 fs 
(R2= 0.978) 

19.9 ps 
(R2= -2.141) 

22.2 ps 
(R2= -1.508) 

 
 

105, LUMO+1 
 
 

6.0 ps 
(R2= 0.999) 

2.4 ps 
(R2= 0.995) 

1.8 ps 
(R2= 0.991) 

69.9 ps 
(R2= -1.024) 

42.3 ps 
(R2= -1.036) 

B
A

N
D

 2
 

 
 

106, LUMO+2 
 
 

516.0 fs 
(R2=0.999) 

24.2 fs 
(R2= 0.969) 

22.3 fs 
(R2= 0.982) 

745.0 fs 
(R2= 0.940) 

566.4 fs 
(R2= 0.981) 

 
 

107, LUMO+3 
 
 

894.4 fs 
(R2= 0.999) 

2.6 ps 
(R2= 1.000) 

3.2 ps 
(R2= 1.000) 

28.0 ps 
(R2= 0.762) 

41.2 ps 
(R2= 0.811) 

 
 

108, LUMO+4 
 
 

126.7 fs 
(R2=0.996) 

94.9 fs 
(R2= 0.993) 

41.0 fs 
(R2= 0.997) 

50.0 fs 
(R2= 0.989) 

27.4 fs 
(R2= 0.963) 

 
 

119 LUMO+15 
 
 

23.5 fs 
(R2= 0.752) 

10.9 ps 
(R2= 0.970) 

5.0 ps 
(R2= 1.000) 

314.7 fs 
(R2= 0.988) 

700.7 fs 
(R2=0.996) 
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Table C.11. Characteristic electron injection times for [Fe(dca-bpy)2(CN)2] from constrained 
biexponential fit of survival probability, ! ! = ! ∗ !"# −!! ∗ ! + (! − !) ∗ !"#(−!! ∗ !), 
with t = 0-3000 fs. The percent contribution to the biexponential for each of the injection 
times is given below the corresponding time. The distance of the Ni−Ti bond from the 
surface bound cyanide was 2.33 Å. 

 
Initial Particle  

State 
 

[Fe(dca-bpy)2(CN)2] 

Injection time 

CN− 
 

Mono CA, 
Bpy Par. 

Mono CA, 
Bpy Perp. 

Bi CA, 
Bpy Par. 

Bi CA, 
Bpy Perp. 

B
A

N
D

 1
 

104, 
LUMO 

0.9 fs 
[1%] 

52.5 ps 
[99%] 

(R2=0.999) 

214.6 fs 
[95%] 
2.2 ps 
[5%] 

(R2=1.000) 

227.8 fs 
[92%] 
1.9 ps 
[8%] 

(R2=1.000) 

1.2 fs 
[6%] 

52.1 ps 
[94%] 

(R2=0.855) 

2.3 fs 
[5%] 

54.4 ps 
[95%] 

(R2=0.822) 

105, 
LUMO+1 

1.1 fs 
[1%] 
6.2 ps 
[99%] 

(R2=1.000) 

168.5 fs 
[5%] 
2.6 ps 
[95%] 

(R2=1.000) 

185.1 fs 
[8%] 
2.0 ps 
[92%] 

(R2=1.000) 

0.5 fs 
[2%] 

169.0 ps 
[98%] 

(R2=0.609) 

0.6 fs 
[3%] 

101.0 ps 
[97%] 

(R2=0.656) 

B
A

N
D

 2
 

106, 
LUMO+2 

29.4 fs 
[2%] 

527.4 fs 
[98%] 

(R2=1.000) 

23.1 fs 
[98%] 
2.7 ps 
[2%] 

(R2=0.996) 

22.2 fs 
[2%] 

22.3 fs 
[98%] 

(R2=0.982) 

1.8 fs 
[18%] 

934.6 fs 
[82%] 

(R2=0.990) 

0.6 fs 
[11%] 

641.5 fs 
[89%] 

(R2=0.993) 

107, 
LUMO+3 

593.9 fs 
[19%] 

972.0 fs 
[81%] 

(R2=1.000) 

3.2 fs 
[1%] 
2.7 ps 
[99%] 

(R2=1.000) 

3.2 ps 
[100%] 

 
 

(R2=1.000) 

325.7 fs 
[3%] 

48.8 ps 
[97%] 

(R2=0.995) 

389.4 fs 
[2%] 

72.7 ps 
[98%] 

(R2=0.997) 

108, 
LUMO+4 

120.7 fs 
[96%] 

343.4 fs 
[4%] 

(R2=0.996) 

93.2 fs 
[99%] 

467.3 fs 
[1%] 

(R2=0.993) 

4.6 fs 
[6%] 

43.7 fs 
[94%] 

(R2=0.998) 

6.5 fs 
[13%] 
57.6 fs 
[87%] 

(R2=0.994) 

18.5 fs 
[82%] 

114.3 fs 
[18%] 

(R2=0.995) 

119, 
LUMO+15 

12.4 fs 
[82%] 

243.7 fs 
[18%] 

(R2=0.967) 

38.8 fs 
[2%] 

12.6 ps 
[98%] 

(R2=1.000) 

5.0 ps 
[100%] 

 
 

(R2=1.000) 

75.9 fs 
[21%] 

389.1 fs 
[79%] 

(R2=0.996) 

72.9 fs 
[8%] 

757.6 fs 
[92%] 

(R2=0.999) 
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APPENDIX D 

 
Figure D.1. Calculated UV-Vis excitations of [Fe(bpy)2(CN)2] in acetonitrile (PCM) using 
B3LYP/TD-DFT. Lorentzian broadening with HWHM = 0.12 eV was used to simulate 
spectra.  
 
 
 
 
Table D.1. Electronic excitation wavelength and oscillator strength for [Fe(bpy)2(CN)2] 
using B3LYP/TD-DFT with PCM (acetonitrile). Excitations with oscillator strength > 0.01, 
|Coeff.| > 0.25, and λ > 325 nm considered. 

Excited State Wavelength (nm) fosc Hole State !Particle State (coef.) 

3 (A) 492.2 0.0363 
HOMO-1 ! LUMO+1  (-0.26) 
HOMO-1 ! LUMO+11 (0.41) 
   HOMO ! LUMO   (0.37) 

7 (B) 453.3 0.0515 
HOMO-2 ! LUMO  (0.55) 
 HOMO-1 ! LUMO+1  (-0.29) 
 HOMO-1 ! LUMO+11 (-0.26) 

9 (C) 425.0 0.0112  HOMO-2 ! LUMO+1              (0.49) 
  HOMO-1 ! LUMO  (-0.38) 

17 (D) 333.0 0.0390      HOMO ! LUMO+5  (0.65) 

18 (E) 329.9 0.0423   HOMO-1 ! LUMO+3 (0.41) 
  HOMO-1 ! LUMO+4 (0.50) 
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HOMO-1 (E = -0.20741 a.u.) 

 

 
HOMO (E = -0.20071 a.u.) 

 

 
HOMO-2 (E = -0.20916 a.u.) 

Figure D.2. Kohn-Sham orbitals of [Fe(bpy)2(CN)2] in acetonitrile (PCM) relevant to the 
excitations shown in Table D.1 (hole states) calculated using B3LYP with 6-31G* (non-
metal atoms) and SDD (Fe atom). The isovalue displayed is 0.03 electron/Å3. 
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LUMO+3 (E = -0.04043 a.u.) 

 

 
LUMO+9 (E = 0.02125 a.u.) 

 
LUMO+1 (E = -0.07562 a.u.) 

 

 
LUMO+5 (E = -0.03434 a.u.) 

 
LUMO (E = -0.07576 a.u.) 

 

 
LUMO+4 (E = -0.03652 a.u.) 

Figure D.3. Kohn-Sham orbitals of [Fe(bpy)2(CN)2] in acetonitrile (PCM) relevant to the 
excitations shown in Table D.1 (particle states) calculated using B3LYP with 6-31G* (non-
metal atoms) and SDD (Fe atom). The isovalue displayed is 0.03 electron/Å3. 
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Figure D.4. Calculated UV-Vis excitations of 1 in acetonitrile (PCM) using B3LYP/TD-
DFT. Lorentzian broadening with HWHM = 0.12 eV was used to simulate spectra.  
 
 
 
Table D.2. Electronic excitation wavelength and oscillator strength for 1 using B3LYP/TD-
DFT with PCM (acetonitrile). Excitations with oscillator strength > 0.01, |Coeff.| > 0.25, and 
λ > 325 nm considered. 

Excited State Wavelength (nm) fosc Hole State !Particle State (coef.) 
2 (A) 577.1 0.0146    HOMO ! LUMO  (0.65) 
4 (B) 537.2 0.0468 HOMO-1 ! LUMO+1  (0.65) 
5 (C) 514.9 0.0857 HOMO-2 ! LUMO  (0.65) 

9 (D) 421.5 0.0240     HOMO ! LUMO+3  (-0.43) 
   HOMO ! LUMO+12  (0.48) 

10 (E) 412.0 0.0483    HOMO ! LUMO+3  (0.51) 
   HOMO ! LUMO+12  (0.36) 

11 (F) 408.3 0.0479 HOMO-1 ! LUMO+3  (0.29) 
   HOMO ! LUMO+2  (0.51) 

12 (G) 398.3 0.0668 HOMO-1 ! LUMO+2  (0.64) 

14 (H) 386.9 0.0183 HOMO-2 ! LUMO+3  (-0.48) 
   HOMO ! LUMO+4  (0.50) 

15 (I) 385.2 0.0420 HOMO-2 ! LUMO+3  (0.48) 
   HOMO ! LUMO+4  (0.48) 

19 (J) 359.9 0.0117 HOMO-2 ! LUMO+4  (0.70) 
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HOMO-1 (E = -0.22168 a.u.) 

 

 
HOMO (E = -0.21431 a.u.) 

 

 
HOMO-2 (E = -0.22367 a.u.) 

Figure D.5. Kohn-Sham orbitals of 1 in acetonitrile (PCM) relevant to the excitations shown 
in Table D.2 (hole states) calculated using B3LYP with 6-31G* (non-metal atoms) and SDD 
(Fe atom). The isovalue displayed is 0.03 electron/Å3. 
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LUMO+2 (E = -0.08027 a.u.) 

 

 
LUMO+12 (E = 0.01730 a.u.) 

 

 
LUMO+1 (E = -0.10113 a.u.) 

 

 
LUMO+4 (E = -0.06989 a.u.) 

 

 
LUMO (E = -0.10142 a.u.) 

 

 
LUMO+3 (E = -0.07980 a.u.) 

 
Figure D.6. Kohn-Sham orbitals of 1 in acetonitrile (PCM) relevant to the excitations shown 
in Table D.2 (particle states) calculated using B3LYP with 6-31G* (non-metal atoms) and 
SDD (Fe atom). The isovalue displayed is 0.03 electron/Å3. 
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Monodentate Carboxylic Acid Attachment, Bpy Parallel 

 
LUMO+2 (E = -0.36116 a.u.) 

 

 
LUMO+15 (E = -0.26909 a.u.) 

 

 
LUMO+1 (E = -0.37223 a.u.) 

 

 
LUMO+4 (E = -0.32697 a.u.) 

 

 
LUMO (E = -0.37324 a.u.) 

 

 
LUMO+3 (E = -0.36049 a.u.) 

 
Figure D.7. Extended Hückel orbitals of 1 matched to the Kohn-Sham orbitals shown in 
Figure D.6. The structure is from the constrained optimization for monodentate carboxylic 
acid attachment with bpy parallel. The black arrow on the LUMO orbital indicates the 
linking group. The isovalue displayed is 0.03 electrons/Å3. 
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Monodentate Carboxylic Acid Attachment, Bpy Perpendicular 

 
LUMO+2 (E = -0.36124 a.u.) 

 

 
LUMO+15 (E = -0.26913 a.u.) 

 

 
LUMO+1 (E = -0.37223 a.u.) 

 

 
LUMO+4 (E = -0.32720 a.u.) 

 

 
LUMO (E = -0.37312 a.u.) 

 

 
LUMO+3 (E = -0.36049 a.u.) 

 
Figure D.8. Extended Hückel orbitals of 1 matched to the Kohn-Sham orbitals shown in 
Figure D.6. The structure is from the constrained optimization for monodentate carboxylic 
acid attachment with bpy perpendicular. The black arrow on the LUMO orbital indicates the 
linking group. The isovalue displayed is 0.03 electrons/Å3. 
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Bidentate Carboxylate Attachment, Bpy Parallel 

 
LUMO+2 (E = -0.36101 a.u.) 

 

 
LUMO+15 (E = -0.26905 a.u.) 

 

 
LUMO+1 (E = -0.37219 a.u.) 

 

 
LUMO+4 (E = -0.32690 a.u.) 

 

 
LUMO (E = -0.37312 a.u.) 

 

 
LUMO+3 (E = -0.36048 a.u.) 

 
Figure D.9. Extended Hückel orbitals of 1 matched to the Kohn-Sham orbitals shown in 
Figure D.6. The structure is from the constrained optimization for bidentate carboxylate 
attachment with bpy parallel. The black arrow on the LUMO orbital indicates the linking 
group. The isovalue displayed is 0.03 electrons/Å3. 
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Bidentate Carboxylate Attachment, Bpy Perpendicular 

 
LUMO+2 (E = -0.36112 a.u.) 

 

 
LUMO+15 (E = -0.26908 a.u.) 

 

 
LUMO+1 (E = -0.37216 a.u.) 

 

 
LUMO+4 (E = -0.32723 a.u.) 

 

 
LUMO (E = -0.37301 a.u.) 

 

 
LUMO+3 (E = -0.36048 a.u.) 

 
Figure D.10. Extended Hückel orbitals of 1 matched to the Kohn-Sham orbitals shown in 
Figure D.6. The structure is from the constrained optimization for bidentate carboxylate 
attachment with bpy perpendicular. The black arrow on the LUMO orbital indicates the 
linking group. The isovalue displayed is 0.03 electrons/Å3. 
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Figure D.11. Calculated UV-Vis excitations of 2 in acetonitrile (PCM) using B3LYP/TD-
DFT. Lorentzian broadening with HWHM = 0.12 eV was used to simulate spectra.  
 
Table D.3. Electronic excitation wavelength and oscillator strength for 2 using B3LYP/TD-
DFT with PCM (acetonitrile). Excitations with oscillator strength > 0.01, |Coeff.| > 0.25, and 
λ > 325 nm considered. 

Excited State Wavelength (nm) fosc Hole State !Particle State (coef.) 

3 (A) 521.9 0.0187 
HOMO-2 ! LUMO  (-0.33) 
HOMO-1 ! LUMO  (0.46) 
HOMO-1 ! LUMO+1   (-0.27) 

4 (B) 521.2 0.0357 HOMO-1 ! LUMO  (0.42) 
HOMO-1 ! LUMO+1  (0.41) 

5 (C) 499.7 0.0619 HOMO-2 ! LUMO+1  (0.61) 

7 (D) 468.2 0.0193  HOMO-2 ! LUMO+1  (-0.25) 
HOMO-1 ! LUMO+9   (0.52) 

10 (E) 377.5 0.0174    HOMO ! LUMO+2  (0.64) 
11 (F) 374.7 0.0201    HOMO ! LUMO+3  (0.55) 
12 (G) 371.6 0.0577    HOMO ! LUMO+4   (0.65) 

13 (H) 364.3 0.0268 HOMO-1 ! LUMO+2  (0.50) 
 HOMO-1 ! LUMO+4  (-0.40) 

16 (I) 356.5 0.0132 HOMO-1 ! LUMO+4  (0.28) 
   HOMO ! LUMO+5  (0.57) 

18 (J) 350.3 0.0102 HOMO-2 ! LUMO+3  (0.53) 
 HOMO-2 ! LUMO+5  (-0.25) 

19 (K) 347.1 0.0439 HOMO-2 ! LUMO+4  (0.67) 
20 (L) 341.1 0.0109 HOMO-1 ! LUMO+5  (0.68) 

  

 0

 10

 20

 300  350  400  450  500  550  600  650
 0

 0.05

 0.1

 0.15

ε [
M

-1
cm

-1
, 1

03 ]

O
sc

illa
to

r S
tre

ng
th

Wavelength [nm]



 

163 

 

 
HOMO-1 (E = -0.22127 a.u.) 

 

 
HOMO (E = -0.21379 a.u.) 

 

 
HOMO-2 (E = -0.22290 a.u.) 

 
Figure D.12. Kohn-Sham orbitals of 2 in acetonitrile (PCM) relevant to the excitations 
shown in Table D.3 (hole states) calculated using B3LYP with 6-31G* (non-metal atoms) 
and SDD (Fe atom). The isovalue displayed is 0.03 electron/Å3. 
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LUMO+9 (E = 0.00895 a.u.) 

 

 
LUMO+2 (E = -0.06653 a.u.) 

 
LUMO+5 (E = -0.05867 a.u.) 

 
LUMO+1 (E = -0.09658 a.u.) 

 
LUMO+4 (E = -0.06278 a.u.) 

 
LUMO (E = -0.09669 a.u.) 

 
LUMO+3 (E = -0.06425 a.u.) 

Figure D.13. Kohn-Sham orbitals of 2 in acetonitrile (PCM) relevant to the excitations 
shown in Table D.3 (particle states) calculated using B3LYP with 6-31G* (non-metal atoms) 
and SDD (Fe atom). The isovalue displayed is 0.03 electron/Å3.  
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Monodentate Phosphonic Acid Attachment, Bpy Parallel 
 

 
LUMO+6 (E = -0.30769 a.u.) 

 

 
LUMO+2 (E = -0.32893 a.u.) 

 

 
LUMO+5 (E = -0.31563 a.u.) 

 

 
LUMO+1 (E = -0.35630 a.u.) 

 

 
LUMO+4 (E = -0.31762a.u.) 

 

 
LUMO (E = -0.35679 a.u.) 

 

 
LUMO+3 (E = -0.32888 a.u.) 

 
Figure D.14. Extended Hückel orbitals of 2 matched to the Kohn-Sham orbitals shown in 
Figure D.13. The structure is from the constrained optimization for monodentate phosphonic 
acid attachment with bpy parallel. The black arrow on the LUMO orbital indicates the 
linking group. The isovalue displayed is 0.03 electrons/Å3. 
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Monodentate Phosphonic Acid Attachment, Bpy Perpendicular 
 

 
LUMO+6 (E = -0.30788 a.u.) 

 

 
LUMO+2 (E = -0.32898 a.u.) 

 

 
LUMO+5 (E = -0.31562 a.u.) 

 

 
LUMO+1 (E = -0.35616 a.u.) 

 

 
LUMO+4 (E = -0.31770 a.u.) 

 

 
LUMO (E = -0.35683 a.u.) 

 

 
LUMO+3 (E = -0.32889 a.u.) 

 
Figure D.15. Extended Hückel orbitals of 2 matched to the Kohn-Sham orbitals shown in 
Figure D.13. The structure is from the constrained optimization for monodentate phosphonic 
acid attachment with bpy perpendicular. The black arrow on the LUMO orbital indicates the 
linking group. The isovalue displayed is 0.03 electrons/Å3. 
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Bidentate Hydrogen Phosphite Attachment, Bpy Parallel 
 

 
LUMO+6 (E = -0.30768 a.u.) 

 

 
LUMO+2 (E = -0.32912 a.u.) 

 

 
LUMO+5 (E = -0.31570 a.u.) 

 

 
LUMO+1 (E = -0.35630 a.u.) 

 

 
LUMO+4 (E = -0.31768 a.u.) 

 

 
LUMO (E = -0.35677 a.u.) 

 
LUMO+3 (E = -0.32890 a.u.) 

Figure D.16. Extended Hückel orbitals of 2 matched to the Kohn-Sham orbitals shown in 
Figure D.13. The structure is from the constrained optimization for bidentate hydrogen 
phosphite attachment with bpy parallel. The black arrow on the LUMO orbital indicates the 
linking group. The isovalue displayed is 0.03 electrons/Å3. 
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Bidentate Hydrogen Phosphite Attachment, Bpy Perpendicular 
 

 
LUMO+6 (E = -0.30767 a.u.) 

 
LUMO+2 (E = -0.32899 a.u.) 

 
LUMO+5 (E = -0.31559 a.u.) 

 
LUMO+1 (E = -0.35625 a.u.) 

 
LUMO+4 (E = -0.31766 a.u.) 

 
LUMO (E = -0.35682 a.u.) 

 
LUMO+3 (E = -0.32888 a.u.) 

Figure D.17. Extended Hückel orbitals of 2 matched to the Kohn-Sham orbitals shown in 
Figure D.13. The structure is from the constrained optimization for bidentate hydrogen 
phosphite attachment with bpy perpendicular. The black arrow on the LUMO orbital 
indicates the linking group. The isovalue displayed is 0.03 electrons/Å3. 
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Figure D.18. Calculated UV-Vis excitations of 3 in acetonitrile (PCM) using B3LYP/TD-
DFT. Lorentzian broadening with HWHM = 0.12 eV was used to simulate spectra.  
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Table D.4. Electronic excitation wavelength and oscillator strength for 3 using B3LYP/TD-
DFT with PCM (acetonitrile). Excitations with oscillator strength > 0.01, |Coeff.| > 0.25, and 
λ > 325 nm considered. 

Excited State Wavelength (nm) fosc Hole State !Particle State (coef.) 

2 (A) 567.6 0.0151      HOMO ! LUMO  (-0.39) 
    HOMO ! LUMO+1  (0.52) 

4 (B) 527.6 0.0681 HOMO-1 ! LUMO  (0.38)     
HOMO-1 ! LUMO+1  (0.52) 

5 (C) 508.0 0.0795 HOMO-2 ! LUMO  (0.47)     
 HOMO-2 ! LUMO+1  (-0.45) 

7 (D) 472.3 0.0119 HOMO-1 ! LUMO+11 (0.49) 

10 (E) 405.0 0.0717    HOMO ! LUMO+2  (0.54) 
    HOMO ! LUMO+3  (-0.30) 

11 (F) 400.2 0.0491    HOMO ! LUMO+3  (0.50) 
12 (G) 392.8 0.0121    HOMO ! LUMO+4  (0.66) 
13 (H) 390.7 0.0608 HOMO-1 ! LUMO+2  (0.59)     

14 (I) 385.5 0.0220  HOMO-2 ! LUMO+2  (-0.44)     
 HOMO-1 ! LUMO+3  (0.47) 

16 (J) 376.4 0.0267  HOMO-2 ! LUMO+3  (0.60)     
19 (K) 365.7 0.0304  HOMO-2 ! LUMO+4  (0.68) 
23 (L) 332.0 0.0476  HOMO-3 ! LUMO  (0.69) 

24 (M) 330.0 0.0368  HOMO-5 ! LUMO+1  (0.63) 
  HOMO-4 ! LUMO+1 (-0.28) 

25 (N) 329.0 0.0956   HOMO-5 ! LUMO  (0.26) 
  HOMO-4 ! LUMO  (0.63) 

26 (O) 327.3 0.0443   HOMO-6 ! LUMO+1 (0.67) 
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HOMO-6 (E = -0.25531 a.u.) 

 

 
HOMO-2 (E = -0.22314 a.u.) 

 

 
HOMO-5 (E = -0.25497 a.u.) 

 

 
HOMO-1 (E = -0.22079 a.u.) 

 

 
HOMO-4 (E = -0.25462 a.u.) 

 

 
HOMO (E = -0.21361 a.u.) 

 

 
HOMO-3 (E = -0.25425 a.u.) 

 
Figure D.19. Kohn-Sham orbitals of 3 in acetonitrile (PCM) relevant to the excitations 
shown in Table D.4 (hole states) calculated using B3LYP with 6-31G* (non-metal atoms) 
and SDD (Fe atom). The isovalue displayed is 0.03 electron/Å3. 



 

172 

 
LUMO+2 (E = -0.07731 a.u.) 

 

 
LUMO+11 (E = 0.00938 a.u.) 

 

 
LUMO+1 (E = -0.09853 a.u.) 

 

 
LUMO+4 (E = -0.07159 a.u.) 

 

 
LUMO (E = -0.09899 a.u.) 

 

 
LUMO+3 (E = -0.07585 a.u.) 

 
Figure D.20. Kohn-Sham orbitals of 3 in acetonitrile (PCM) relevant to the excitations 
shown in Table D.4 (particle states) calculated using B3LYP with 6-31G* (non-metal atoms) 
and SDD (Fe atom). The isovalue displayed is 0.03 electron/Å3. 
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Bidentate Hydroxamate Attachment, at Oxygen Vacancy, Bpy Parallel 

 
LUMO+2 (E = -0.35473 a.u.) 

 

 
LUMO+15 (E = -0.26949 a.u.) 

 

 
LUMO+1 (E = -0.36690 a.u.) 

 

 
LUMO+4 (E = -0.32605 a.u.) 

 

 
LUMO (E = -0.36840 a.u.) 

 

 
LUMO+3 (E = -0.35315 a.u.) 

 
Figure D.21. Extended Hückel orbitals of 3 matched to the Kohn-Sham orbitals shown in 
Figure D.20. The structure is from the constrained optimization for bidentate hydroxamate 
attachment, at oxygen vacancy, with bpy parallel. The black arrow on the LUMO orbital 
indicates the linking group. The isovalue displayed is 0.03 electrons/Å3. 
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Bidentate Hydroxamate Attachment, at Oxygen Vacancy, Bpy Perpendicular 

 
LUMO+2 (E = -0.35468 a.u.) 

 

 
LUMO+15 (E = -0.26830 a.u.) 

 

 
LUMO+1 (E = -0.36668 a.u.) 

 

 
LUMO+4 (E = -0.32617 a.u.) 

 

 
LUMO (E = -0.36863 a.u.) 

 

 
LUMO+3 (E = -0.35285 a.u.) 

 
Figure D.22. Extended Hückel orbitals of 3 matched to the Kohn-Sham orbitals shown in 
Figure D.20. The structure is from the constrained optimization for bidentate hydroxamate 
attachment, at oxygen vacancy, with bpy perpendicular. The black arrow on the LUMO 
orbital indicates the linking group. The isovalue displayed is 0.03 electrons/Å3. 
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Figure D.23. Calculated UV-Vis excitations of 4, with bpy parallel, in acetonitrile (PCM) 
using B3LYP/TD-DFT. Lorentzian broadening with HWHM = 0.12 eV was used to simulate 
spectra.  
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Table D.5. Electronic excitation wavelength and oscillator strength for 4, with bpy parallel, 
using B3LYP/TD-DFT with PCM (acetonitrile). Excitations with oscillator strength > 0.01, 
|Coeff.| > 0.25, and λ > 325 nm considered. 

Excited State Wavelength (nm) fosc Hole State !Particle State (coef.) 
2 519.8 0.0200  HOMO    ! LUMO  (0.60) 

3 495.9 0.0580 
 HOMO-1 ! LUMO+1  (-0.34) 
HOMO-1 ! LUMO+11 (0.41) 
    HOMO ! LUMO  (-0.29) 

4 489.2 0.0109 

 HOMO-2 ! LUMO+1  (-0.26) 
 HOMO-2 ! LUMO+11  (0.32) 
 HOMO-1 ! LUMO  (-0.29) 
    HOMO ! LUMO+1      (0.42) 

7 458.1 0.0654 
 HOMO-2 ! LUMO  (0.56) 
 HOMO-1 ! LUMO+1  (-0.25)     
 HOMO-1 ! LUMO+11 (-0.28) 

8 430.6 0.0170  HOMO-2 ! LUMO+1  (0.45) 
  HOMO-1 ! LUMO  (-0.38) 

10 377.4 0.0670 HOMO      ! LUMO+2  (0.68) 

11 367.8 0.0121 HOMO      ! LUMO+4  (0.26) 
HOMO      ! LUMO+11 (0.44) 

12 364.1 0.1338   HOMO-4 ! LUMO  (-0.44) 
  HOMO-3 ! LUMO+1 (0.54) 

13 363.2 0.0431   HOMO-4 ! LUMO+1 (-0.38) 
 HOMO-3 ! LUMO             (0.54) 

14 358.6 0.0504   HOMO-1 ! LUMO+2 (-0.36) 
    HOMO ! LUMO+3     (0.47) 

16 355.7 0.0449   HOMO-1 ! LUMO+2 (0.40) 
    HOMO ! LUMO+3     (0.40) 

17 351.0 0.0392 
HOMO-4 ! LUMO                (0.27) 
 HOMO-3 ! LUMO+1  (0.31) 
    HOMO ! LUMO+5      (0.44) 

19 348.6 0.0286 
HOMO-4 ! LUMO                (0.46) 
 HOMO-3 ! LUMO+1  (0.31) 

    HOMO ! LUMO+5      (-0.34) 
22 344.3 0.0144 HOMO-2 ! LUMO+3   (0.65) 

23 333.1 0.0139  HOMO-2 ! LUMO+5  (-0.22) 
  HOMO-1 ! LUMO+4    (0.59) 

25 326.9 0.0443 HOMO-2 ! LUMO+5  (0.59) 
  HOMO-1 ! LUMO+4    (0.26) 
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HOMO-4 (E = -0.21995 a.u.) 

 

 
HOMO-1 (E = -0.20617 a.u.) 

 

 
HOMO-3 (E = -0.21780 a.u.) 

 

 
HOMO (E = -0.19765 a.u.) 

 

 
HOMO-2 (E = -0.20734 a.u.) 

 
Figure D.24. Kohn-Sham orbitals of 4, with bpy parallel, in acetonitrile (PCM) relevant to 
the excitations shown in Table D.5 (hole states) calculated using B3LYP with 6-31G* (non-
metal atoms) and SDD (Fe atom). The isovalue displayed is 0.03 electron/Å3. 
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LUMO+11 (E = 0.02259 a.u.) 

 
LUMO+2 (E = -0.05174 a.u.) 

 
LUMO+5 (E = -0.03855 a.u.) 

 
LUMO+1 (E = -0.07596 a.u.) 

 
LUMO+4 (E = -0.03859 a.u.) 

 
LUMO (E = -0.07610 a.u.) 

 
LUMO+3 (E = -0.04680 a.u.) 

 
Figure D.25. Kohn-Sham orbitals of 4, with bpy parallel, in acetonitrile (PCM) relevant to 
the excitations shown in Table D.5 (particle states) calculated using B3LYP with 6-31G* 
(non-metal atoms) and SDD (Fe atom). The isovalue displayed is 0.03 electron/Å3. 
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Bidentate Catechol Attachment, Bpy Parallel 
 

 
LUMO+15 (E = -0.27288 a.u.) 

 
LUMO+2 (E = -0.33008 a.u.) 

 
LUMO+5 (E = -0.31639 a.u.) 

 
LUMO+1 (E = -0.35453 a.u.) 

 
LUMO+4 (E = -0.31764 a.u.) 

 
LUMO (E = -0.35511 a.u.)  

 

 
LUMO+3 (E = -0.32938 a.u.) 

 
Figure D.26. Extended Hückel orbitals of 4 matched to the Kohn-Sham orbitals shown in 
Figure D.25. The structure is from the constrained optimization for bridging acetylacetonate 
attachment with bpy parallel. The black arrow on the LUMO orbital indicates the linking 
group. The isovalue displayed is 0.03 electrons/Å3. 
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Figure D.27. Calculated UV-Vis excitations of 4, with bpy perpendicular, in acetonitrile 
(PCM) using B3LYP/TD-DFT. Lorentzian broadening with HWHM = 0.12 eV was used to 
simulate spectra.  
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Table D.6. Electronic excitation wavelength and oscillator strength for 4, with bpy 
perpendicular, using B3LYP/TD-DFT with PCM (acetonitrile). Excitations with oscillator 
strength > 0.01, |Coeff.| > 0.25, and λ > 325 nm considered. 

Excited State Wavelength (nm) fosc Hole State !Particle State (coef.) 

3 (A) 497.0 0.0863 
 HOMO-1 ! LUMO+1  (-0.34) 
HOMO-1 ! LUMO+11 (0.36) 
    HOMO ! LUMO  (-0.31) 

4 (B) 489.6 0.0113 
 HOMO-2 ! LUMO+1  (-0.33) 
 HOMO-1 ! LUMO  (0.43) 
     HOMO ! LUMO+1  (-0.32) 

7 (C) 463.3 0.1228 
 HOMO-2 ! LUMO  (0.50) 
 HOMO-1 ! LUMO+1  (0.27)     
 HOMO-1 ! LUMO+11 (0.32) 

12 (D) 363.8 0.0255  HOMO-3 ! LUMO  (0.44) 
 HOMO-1 ! LUMO+2  (0.34) 

13 (E) 363.6 0.1364  HOMO-4 ! LUMO  (0.44) 
 HOMO-3 ! LUMO+1  (0.34) 

15 (F) 358.3 0.0924   HOMO-2 ! LUMO+2 (0.63) 
16 (G) 351.2 0.1934   HOMO-1 ! LUMO+3 (0.66) 
21 (H) 343.5 0.0763      HOMO ! LUMO+4  (0.65) 
25 (I) 330.2 0.0325   HOMO-2 ! LUMO+4 (0.65) 

26 (J) 325.6 0.0172   HOMO-2 ! LUMO+3 (0.26) 
     HOMO ! LUMO+5  (0.49) 
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HOMO-4 (E = -0.21979 a.u.) 

 

 
HOMO-1 (E = -0.20390 a.u.) 

 

 
HOMO-3 (E = -0.21956 a.u.) 

 

 
HOMO (E = -0.19963 a.u.) 

 

 
HOMO-2 (E = -0.20522 a.u.) 

 
Figure D.28. Kohn-Sham orbitals of 4, with bpy perpendicular, in acetonitrile (PCM) 
relevant to the excitations shown in Table D.6 (hole states) calculated using B3LYP with 6-
31G* (non-metal atoms) and SDD (Fe atom). The isovalue displayed is 0.03 electron/Å3. 
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LUMO+11 (E = 0.02257 a.u.) 

 

 
LUMO+2 (E = -0.05096 a.u.) 

 

 
LUMO+5 (E = -0.03765 a.u.) 

 

 
LUMO+1 (E = -0.07577 a.u.) 

 

 
LUMO+4 (E = -0.03942 a.u.) 

 

 
LUMO   (E = -0.07648 a.u.) 

 

 
LUMO+3 (E = -0.04761 a.u.) 

 
Figure D.29. Kohn-Sham orbitals of 4, with bpy perpendicular, in acetonitrile (PCM) 
relevant to the excitations shown in Table D.6 (particle states) calculated using B3LYP with 
6-31G* (non-metal atoms) and SDD (Fe atom). The isovalue displayed is 0.03 electron/Å3. 
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Bidentate Catechol Attachment, Bpy Perpendicular 
 

 
LUMO+15 (E = -0.27353 a.u.) 

 
LUMO+2 (E = -0.33031 a.u.) 

 
LUMO+5 (E = -0.31560 a.u.) 

 
LUMO+1 (E = -0.35468 a.u.) 

 
LUMO+4 (E = -0.31798 a.u.) 

 
LUMO (E = -0.35526 a.u.)  

 

 
LUMO+3 (E = -0.32982 a.u.) 

 
Figure D.30. Extended Hückel orbitals of 4 matched to the Kohn-Sham orbitals shown in 
Figure D.29. The structure is from the constrained optimization for bridging acetylacetonate 
attachment with bpy perpendicular. The black arrow on the LUMO orbital indicates the 
linking group. The isovalue displayed is 0.03 electrons/Å3. 



 

185 

 

 
Figure D.31. Calculated UV-Vis excitations of 5 in acetonitrile (PCM) using B3LYP/TD-
DFT. Lorentzian broadening with HWHM = 0.12 eV was used to simulate spectra.  
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Table D.7. Electronic excitation wavelength and oscillator strength for 5 using B3LYP/TD-
DFT with PCM (acetonitrile). Excitations with oscillator strength > 0.01, |Coeff.| > 0.25, and 
λ > 325 nm considered. 

Excited State Wavelength (nm) fosc Hole State !Particle State (coef.) 

2 (A) 496.9 0.0711 
HOMO-1 ! LUMO+1  (0.36) 
HOMO-1 ! LUMO+13 (-0.39) 
   HOMO ! LUMO  (-0.30) 

7 (B) 460.1 0.0696 
HOMO-2 ! LUMO  (0.51) 
HOMO-1 ! LUMO+1  (0.29) 
HOMO-1 ! LUMO+13 (0.31) 

14 (C) 349.4 0.0147 HOMO-2 ! LUMO+7  (-0.25) 
   HOMO ! LUMO+8  (0.38) 

15 (D) 347.1 0.0574     HOMO ! LUMO+4  (-0.35) 
    HOMO ! LUMO+9  (0.50) 

17 (E) 345.7 0.0239 HOMO-1 ! LUMO+3  (0.49) 
 HOMO-1 ! LUMO+7  (-0.43) 

18 (F) 340.8 0.0734 HOMO-1 ! LUMO+8  (0.54) 

25 (G) 328.0 0.0187  HOMO-2 ! LUMO+4  (-0.34) 
 HOMO-2 ! LUMO+9  (0.54) 

26 (H) 325.6 0.0129 
 HOMO-2 ! LUMO+3  (0.38) 
  HOMO-1 ! LUMO+4 (-0.35) 
      HOMO ! LUMO+8 (-0.33) 
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HOMO-1 (E = -0.20925 a.u.) 

 

 
HOMO (E = -0.20281 a.u.) 

 

 
HOMO-2 (E = -0.21162 a.u.) 

 
Figure D.32. Kohn-Sham orbitals of 5 in acetonitrile (PCM) relevant to the excitations 
shown in Table D.7 (hole states) calculated using B3LYP with 6-31G* (non-metal atoms) 
and SDD (Fe atom). The isovalue displayed is 0.03 electron/Å3. 
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LUMO+4 (E = -0.05312 a.u.) 

 

 
LUMO+13 (E = 0.01861 a.u.) 

 

 
LUMO+3 (E = -0.05451 a.u.) 

 

 
LUMO+9 (E = -0.04114 a.u.) 

 

 
LUMO+1 (E = -0.07997 a.u.) 

 

 
LUMO+8 (E = -0.04278 a.u.) 

 

 
LUMO   (E = -0.08003 a.u.) 

 

 
LUMO+7 (E = -0.04413 a.u.) 

 
Figure D.33. Kohn-Sham orbitals of 5 in acetonitrile (PCM) relevant to the excitations 
shown in Table D.7 (particle states) calculated using B3LYP with 6-31G* (non-metal atoms) 
and SDD (Fe atom). The isovalue displayed is 0.03 electron/Å3. 
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Monodentate Acetylacetone Attachment, Bpy Parallel 

 
LUMO+5 (E = -0.34738 a.u.) 

 
LUMO+15 (E = -0.27380 a.u.) 

 
LUMO+3 (E = -0.34747 a.u.) 

 
LUMO+9 (E = -0.31326 a.u.) 

 
LUMO+1 (E = -0.35096 a.u.) 

 
LUMO+7 (E = -0.32112 a.u.) 

 
LUMO (E = -0.35138 a.u.) 

 

 
LUMO+6 (E = -0.32169 a.u.) 

 
Figure D.34. Extended Hückel orbitals of 5 matched to the Kohn-Sham orbitals shown in 
Figure D.33. The structure is from the constrained optimization for monodentate 
acetylacetone attachment with bpy parallel. The black arrow on the LUMO orbital indicates 
the linking group. The isovalue displayed is 0.03 electrons/Å3. 
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Monodentate Acetylacetone Attachment, Bpy Perpendicular 

 
LUMO+5 (E = -0.34736 a.u.) 

 

 
LUMO+15 (E = -0.27380 a.u.) 

 

 
LUMO+2 (E = -0.34953 a.u.) 

 

 
LUMO+9 (E = -0.31323 a.u.) 

 

 
LUMO+1 (E = -0.35090 a.u.) 

 

 
LUMO+7 (E = -0.32086 a.u.) 

 

 
LUMO (E = -0.35122 a.u.) 

 

 
LUMO+6 (E = -0.32146 a.u.) 

 
Figure D.35. Extended Hückel orbitals of 5 matched to the Kohn-Sham orbitals shown in 
Figure D.33. The structure is from the constrained optimization for monodentate 
acetylacetone attachment with bpy perpendicular. The black arrow on the LUMO orbital 
indicates the linking group. The isovalue displayed is 0.03 electrons/Å3. 
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Chelating Bidentate Acetylacetonate Attachment, at Oxygen Vacancy, Bpy Parallel 

 
LUMO+5 (E = -0.34737 a.u.) 

 

 
LUMO+15 (E = -0.27370 a.u.) 

 

 
LUMO+3 (E = -0.34746 a.u.) 

 

 
LUMO+9 (E = -0.31349 a.u.) 

 

 
LUMO+1 (E = -0.35088 a.u.) 

 

 
LUMO+7 (E = -0.32159 a.u.) 

 

 
LUMO (E = -0.35114 a.u.) 

 

 
LUMO+6 (E = -0.32215 a.u.) 

 
Figure D.36. Extended Hückel orbitals of 5 matched to the Kohn-Sham orbitals shown in 
Figure D.33. The structure is from the constrained optimization for bidentate acetylacetonate 
attachment, at oxygen vacancy, with bpy parallel. The black arrow on the LUMO orbital 
indicates the linking group. The isovalue displayed is 0.03 electrons/Å3. 
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Chelating Bidentate Acetylacetonate Attachment, at Oxygen Vacancy, Bpy Perpendicular 

 
LUMO+5 (E = -0.34736 a.u.) 

 
LUMO+15 (E = -0.27392 a.u.) 

 
LUMO+2 (E = -0.34910 a.u.) 

 
LUMO+9 (E = -0.31331 a.u.) 

 
LUMO+1 (E = -0.35089 a.u.) 

 
LUMO+7 (E = -0.32154 a.u.) 

 
LUMO (E = -0.35120 a.u.) 

 

 
LUMO+6 (E = -0.32196 a.u.) 

 
Figure D.37. Extended Hückel orbitals of 5 matched to the Kohn-Sham orbitals shown in 
Figure D.33. The structure is from the constrained optimization for chelating bidentate 
acetylacetonate attachment, at oxygen vacancy, with bpy perpendicular. The black arrow on 
the LUMO orbital indicates the linking group. The isovalue displayed is 0.03 electrons/Å3. 
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Bridging Acetylacetonate Attachment, Bpy Parallel 

 
LUMO+5 (E = -0.34737 a.u.) 

 
LUMO+15 (E = -0.27353 a.u.) 

 
LUMO+4 (E = -0.34742 a.u.) 

 
LUMO+9 (E = -0.31338 a.u.) 

 
LUMO+1 (E = -0.35084 a.u.) 

 
LUMO+7 (E = -0.32153 a.u.) 

 
LUMO (E = -0.35112 a.u.) 

 

 
LUMO+6 (E = -0.32188 a.u.) 

 
Figure D.38. Extended Hückel orbitals of 5 matched to the Kohn-Sham orbitals shown in 
Figure D.33. The structure is from the constrained optimization for bridging acetylacetonate 
attachment with bpy parallel. The black arrow on the LUMO orbital indicates the linking 
group. The isovalue displayed is 0.03 electrons/Å3. 
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Bridging Acetylacetonate Attachment, Bpy Perpendicular 

 
LUMO+5 (E = -0.34736 a.u.) 

 
LUMO+15 (E = -0.27370 a.u.) 

 
LUMO+2 (E = -0.34782 a.u.) 

 
LUMO+9 (E = -0.31328 a.u.) 

 
LUMO+1 (E = -0.35084 a.u.) 

 
LUMO+7 (E = -0.32147 a.u.) 

 
LUMO (E = -0.35118 a.u.) 

 

 
LUMO+6 (E = -0.32182 a.u.) 

 
Figure D.39. Extended Hückel orbitals of 5 matched to the Kohn-Sham orbitals shown in 
Figure D.33. The structure is from the constrained optimization for bridging acetylacetonate 
attachment with bpy perpendicular. The black arrow on the LUMO orbital indicates the 
linking group. The isovalue displayed is 0.03 electrons/Å3. 
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Table D.8. Table of extended Hückel orbitals for complexes 1-5 matched to Kohn-Sham 
orbitals of parent complex [Fe(bpy)2(CN)2]. The relevant ligand based orbitals of the parent 
complex (LUMO-LUMO+5) are delocalized over both ligands and two orbitals are required 
for a proper match when they are localized. The Kohn-Sham orbitals of the parent were used 
to reference the extended Hückel orbitals of 1-5 in the main manuscript. 

KS Orbitals 
of Parent 
Complex 

EH Orbitals Matched to Parent Complex 

1 2 3 4 5 

LUMO LUMO LUMO LUMO 
LUMO+1 LUMO LUMO 

LUMO+1 

LUMO+1 LUMO+1 LUMO+1 LUMO 
LUMO+1 LUMO+1 LUMO 

LUMO+1 

LUMO+2 LUMO+4 LUMO+4 LUMO+4 LUMO+4 − 

LUMO+3 − LUMO+5 LUMO+5 LUMO+5 LUMO+9 

LUMO+4 LUMO+2 
LUMO+3 

LUMO+2 
LUMO+3 

LUMO+2 
LUMO+3 

LUMO+2 
LUMO+3 

LUMO+6 
LUMO+7 

LUMO+5 LUMO+2 
LUMO+3 

LUMO+2 
LUMO+3 − LUMO+2 

LUMO+3 
LUMO+6 
LUMO+7 

LUMO+11 LUMO+15 LUMO+6 LUMO+15 LUMO+15 LUMO+15 
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Table D.9. Percent electron density on linker (carboxylic acid) of each relevant particle state 
determined by Mulliken population analysis of Hückel orbitals for complex 1. 

 
Initial Particle 

State 

Complex 1 

Electron density on linker (%) 

Mono, 
Bpy Par 

Mono, 
Bpy 
Perp 

Bi, 
Bpy Par 

Bi, 
Bpy Perp 

B
A

N
D

 1
 

 
 

104, LUMO 
 
 

11.0 9.5 9.8 7.7 

 
 

105, LUMO+1 
 
 

2.9 4.4 3.8 5.8 

B
A

N
D

 2
 

 
 

106, LUMO+2 
 
 

18.5 18.3 18.5 18.7 

 
 

107, LUMO+3 
 
 

0.7 0.4 1.2 0.7 

 
 

108, LUMO+4 
 
 

3.6 4.9 3.3 5.3 

 
 

119, LUMO+15 
 
 

0.5 0.3 0.4 0.3 
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Table D.10. Percent electron density on linker (phosphonic acid) of each relevant particle 
state determined by Mulliken population analysis of Hückel orbitals for complex 2. 

 
Initial Particle 

State 

Complex 2 

Electron density on linker (%) 

Mono, 
Bpy Par 

Mono, 
Bpy 
Perp 

Bi, 
Bpy Par 

Bi, 
Bpy Perp 

B
A

N
D

 1
 

 
120, LUMO 

 
 

0.2 0.1 0.2 0.1 

 
121, LUMO+1 

 
 

0.3 0.3 0.3 0.3 

B
A

N
D

 2
 

 
122, LUMO+2 

 
 

0.4 0.6 0.6 0.6 

 
123, LUMO+3 

 
 

0.3 0.1 < 0.1 < 0.1 

 
124, LUMO+4 

 
 

< 0.1 < 0.1 < 0.1 < 0.1 

 
125, LUMO+5 

 
 

0.1 < 0.1 < 0.1 < 0.1 

B
A

N
D

 1
 

 
126, LUMO+6 

 
 

< 0.1 < 0.1 < 0.1 < 0.1 
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Table D.11. Percent electron density on linker (hydroxamate) of each relevant particle state 
determined by Mulliken population analysis of Hückel orbitals for complex 3. 

 
Initial Particle 

State 

Complex 3 

Electron density on linker (%) 
Bi, 

Bpy Par 
Bi, 

Bpy Perp 

B
A

N
D

 1
, B

A
N

D
 2

 

 
 

116, LUMO 
 
 

11.5 10.2 

 
 

117, LUMO+1 
 
 

< 0.1 1.1 

B
A

N
D

 2
 

 
 

118, LUMO+2 
 
 

16.1 16.3 

 
 

119, LUMO+3 
 
 

< 0.1 < 0.1 

 
 

120, LUMO+4 
 
 

2.5 3.6 

B
A

N
D

 1
  

 
131 LUMO+15 

 
 

0.3 0.5 
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Table D.12. Percent electron density on linker (catechol) of each relevant particle state 
determined by Mulliken population analysis of Hückel orbitals for complex 4. 

 
Initial Particle 

State 

Complex 4 

Electron density on linker (%) 

Bi, 
Bpy Par 

Bi, 
Bpy Perp 

B
A

N
D

 1
 

 
112, LUMO 

 
 

1.1 1.9 

 
113, LUMO+1 

 
 

4.5 4.1 

B
A

N
D

 2
 

 
114, LUMO+2 

 
 

< 0.1 0.6 

 
115, LUMO+3 

 
 

14.1 13.9 

 
116, LUMO+4 

 
 

1.0 1.3 

 
117, LUMO+5 

 
 

2.3 1.2 

B
A

N
D

 1
, 

B
A

N
D

 2
 

 
127 LUMO+15 

 
 

0.2 0.2 
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Table D.13. Percent electron density on linker (acetylacetonate) of each relevant particle 
state determined by Mulliken population analysis of Hückel orbitals for complex 5.  
 aThe first ACAC state is 150/LUMO+2 (Mono Perp, Bi Chelating Perp, Bi Bridging Perp), 
151/LUMO+3 (Mono Par and Bi Chelating Par), and 152/LUMO+4 (Bi Bridging Par). 

 
Initial Particle 

State 

Complex 5 

Electron density on linker (%) 

Mono, 
Bpy Par 

Mono, 
Bpy 
Perp 

Bi 
Chelating, 
Bpy Par 

Bi 
Chelating, 
Bpy Perp 

Bi 
Bridging, 
Bpy Par 

Bi 
Bridging, 
Bpy Perp 

B
A

N
D

 1
 

 
148, LUMO 

 
30.8 10.7 10.4 11.7 3.0 3.3 

 
149, LUMO+1 

 
1.5 16.6 7.1 4.7 2.9 2.6 

B
A

N
D

 2
 

 
ACAC Statea 

 
 

< 0.1 73.5 < 0.1 85.2 2.3 93.6 

 
ACAC State 

153, LUMO+5 
 

< 0.1 < 0.1 < 0.1 0.1 0.1 1.5 

 
154, LUMO+6 

 
1.7 0.2 2.3 2.2 1.8 1.5 

 
155, LUMO+7 

 
1.2 1.3 0.3 0.6 0.7 1.1 

 
157, LUMO+9 

 
 

0.5 0.2 0.6 0.3 0.6 0.3 

B
A

N
D

 1
 

 
163, 

LUMO+15 
 

0.2 < 0.1 0.2 < 0.1 0.2 < 0.1 
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Table D.14. Characteristic electron injection times for 1 from constrained exponential fit of 
survival probability, !(!) = !"#(−! ∗ !), with t = 0-2000 fs.  

 
Initial Particle 

State 

1-TiO2 

Injection time 

Mono, 
Bpy Par 

Mono, 
Bpy Perp 

Bi, 
Bpy Par 

Bi, 
Bpy Perp 

B
A

N
D

 1
 

 
 

104, LUMO 
 
 

244.3 fs 
(R2=0.989) 

275.4 fs 
(R2=0.981) 

15.0 ps 
(R2=-3.287) 

16.8 ps 
(R2=-2.351) 

 
 

105, LUMO+1 
 
 

2.3 ps 
(R2=0.992) 

1.7 ps 
(R2=0.988) 

53.0 ps 
(R2=-1.346) 

32.0 ps 
(R2=-1.291) 

B
A

N
D

 2
 

 
 

106, LUMO+2 
 
 

24.2 fs 
(R2=0.972) 

22.3 fs 
(R2=0.984) 

711.3 fs 
(R2=0.940) 

556.7 fs 
(R2=0.983) 

 
 

107, LUMO+3 
 
 

2.6 ps 
(R2=1.000) 

3.2 ps 
(R2=1.000) 

235.4 ps 
(R2=0.765) 

35.9 ps 
(R2=0.820) 

 
 

108, LUMO+4 
 
 

95.1 fs 
(R2=0.993) 

41.1 fs 
(R2=0.997) 

50.0 fs 
(R2=0.989) 

27.3 fs 
(R2=0.962) 

 
 

119 LUMO+15 
 
 

10.2 ps 
(R2=0.940) 

5.0 ps 
(R2=0.999) 

313.5 fs 
(R2=0.986) 

695.7 fs 
(R2=0.994) 

 
 
 
 
 



 

202 

Table D.15. Characteristic electron injection times for 1 from constrained biexponential fit of 
survival probability, ! ! = ! ∗ !"# −!! ∗ ! + (!− !) ∗ !"#(−!! ∗ !), with t = 0-2000 
fs. The percent contribution to the biexponential for each of the injection times is given 
below the corresponding time.  

 
Initial Particle  

State 
 

1-TiO2 

Injection time 

Mono, 
Bpy Par 

Mono, 
Bpy Perp 

Bi, 
Bpy Par 

Bi, 
Bpy Perp 

B
A

N
D

 1
 

104, LUMO 

212.9 fs 
[94%] 
1.8 ps 
[6%] 

(R2=1.000) 

227.3 fs 
[92%] 
1.9 ps 
[8%] 

(R2=1.000) 

45.0 ps 
[94%] 
1.0 fs 
[6%] 

(R2=0.753) 

46.8 ps 
[95%] 
1.5 fs 
[5%] 

(R2=0.724) 

105, LUMO+1 

2.6 ps 
[95%] 

159.8 fs 
[5%] 

(R2=1.000) 

2.0 ps 
[92%] 

176.8 fs 
[8%] 

(R2=0.999) 

142.0 ps 
[98%] 
0.5 fs 
[2%] 

(R2=0.490) 

82.5 ps 
[98%] 
0.5 fs 
[2%] 

(R2=0.557) 

B
A

N
D

 2
 

106, LUMO+2 

23.1 fs 
[98%] 
2.8 ps 
[2%] 

(R2=0.996) 

22.3 fs 
[100%] 

 
 

(R2=0.984) 

872.9 fs 
[84%] 
1.2 fs 
[16%] 

(R2=0.995) 

621.9 fs 
[90%] 
0.6 fs 
[10%] 

(R2=0.996) 

107, LUMO+3 

2.7 ps 
[99%] 
3.2 fs 
[1%] 

(R2=1.000) 

3.2 ps 
[100%] 

 
 

(R2=1.000) 

40.7 ps 
[98%] 

224.4 fs 
[2%] 

(R2=0.991) 

65.0 ps 
[98%] 

319.3 fs 
[2%] 

(R2=0.993) 

108, LUMO+4 

93.4 fs 
[99%] 

483.1 fs 
[1%] 

(R2=0.993) 

43.9 fs 
[94%] 
4.5 fs 
[6%] 

(R2=0.998) 

57.6 fs 
[87%] 
6.5 fs 
[13%] 

(R2=0.993) 

18.4 fs 
[82%] 

114.3 fs 
[18%] 

(R2=0.995) 

119, LUMO+15 

12.5 ps 
[98%] 
37.7 fs 
[2%] 

(R2=1.000) 

5.0 ps 
[100%] 

 
 

(R2=0.999) 

387.8 fs 
[79%] 
76.2 fs 
[21%] 

(R2=0.996) 

755.9 fs 
[92%] 
73.8 fs 
[8%] 

(R2=0.999) 
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Table D.16. Characteristic electron injection times for 2 from constrained exponential fit of 
survival probability, !(!) = !"#(−! ∗ !), with t = 0-2000 fs.  

 
Initial Particle 

State 

2-TiO2 

Injection time 

Mono, 
Bpy Par 

Mono, 
Bpy Perp 

Bi, 
Bpy Par 

Bi, 
Bpy Perp 

B
A

N
D

 1
 

 
120, LUMO 

 
 

4.0 ps 
(R2=1.000) 

5.8 ps 
(R2=1.000) 

4.1 ps 
(R2=0.999) 

5.7 ps 
(R2=1.000) 

 
121, LUMO+1 

 
 

2.4 ps 
(R2=1.000) 

2.2 ps 
(R2=1.000) 

4.1 ps 
(R2=1.000) 

3.1 ps 
(R2=1.000) 

B
A

N
D

 2
 

 
122, LUMO+2 

 
 

1.7 ps 
(R2=0.995) 

1.0 ps 
(R2=1.000) 

163.9 fs 
(R2=1.000) 

200.5 fs 
(R2=0.996) 

 
123, LUMO+3 

 
 

1.8 ps 
(R2=0.987) 

5.2 ps 
(R2=0.999) 

6.3 ps 
(R2=0.999) 

2.6 ps 
(R2=0.998) 

 
124, LUMO+4 

 
 

1.5 ps 
(R2=0.980) 

3.7 ps 
(R2=0.999) 

455.3 fs 
(R2=0.998) 

360.0 fs 
(R2=0.992) 

 
125, LUMO+5 

 
 

3.8 ps 
(R2=0.995) 

7.9 ps 
(R2=0.998) 

1.7 ps 
(R2=1.000) 

3.7 ps 
(R2=0.998) 

B
A

N
D

 1
 

 
126 LUMO+6 

 
 

5.9 ps 
(R2=1.000) 

3.8 fs 
(R2=1.000) 

2.2 ps 
(R2=1.000) 

752.9 fs 
(R2=0.999) 

 
 
 
 
 



 

204 

Table D.17. Characteristic electron injection times for 2 from constrained biexponential fit of 
survival probability, ! ! = ! ∗ !"# −!! ∗ ! + (!− !) ∗ !"#(−!! ∗ !), with t = 0-2000 
fs. The percent contribution to the biexponential for each of the injection times is given 
below the corresponding time.  

 
Initial Particle  

State 
 

2-TiO2 

Injection time 

Mono, 
Bpy Par 

Mono, 
Bpy Perp 

Bi, 
Bpy Par 

Bi, 
Bpy Perp 

B
A

N
D

 1
 

 
120, LUMO 

 
 

4.0 ps 
[100%] 

(R2=1.000) 

5.8 ps 
[100%] 

(R2=1.000) 

4.2 ps 
[100%] 

(R2=1.000) 

5.8 ps 
[100%] 

 (R2=1.000) 

 
121, LUMO+1 

 
 

2.4 ps 
[100%] 

(R2=1.000) 

2.2 ps 
[100%] 

(R2=1.000) 

4.2 ps 
[100%] 

(R2=1.000) 

3.2 ps 
[100%] 

(R2=1.000) 

B
A

N
D

 2
 

 
122, LUMO+2 

 
 

1.7 ps 
[99%] 
24.9 fs 
[1%] 

(R2=0.995) 

1.0 ps 
[100%] 

 
 

(R2=1.000) 

176.0 fs 
[90%] 
72.2 fs 
[10%] 

(R2=1.000) 

192.5 fs 
[99%] 

412.3 µs 
[1%] 

(R2=0.999) 

 
123, LUMO+3 

 
 

1.8 ps 
[100%] 

 
 

(R2=0.987) 

5.2 ps 
[100%] 

 
 

(R2=0.999) 

6.3 ps 
[100%] 

 
 

 (R2=0.999) 

2.6 ps 
[99%] 
6.9 fs 
[1%] 

(R2=0.998) 

 
124, LUMO+4 

 
 

1.8 ps 
[89%] 

182.2 fs 
[11%] 

(R2=1.000) 

3.8 ps 
[99%] 
30.0 fs 
[1%] 

(R2=1.000) 

455.3 fs 
[100%] 

 
 

 (R2=0.998) 

360.0 fs 
[100%] 

 
 

 (R2=0.992) 

 
125, LUMO+5 

 
 

4.1 ps 
[98%] 
34.6 fs 
[2%] 

(R2=1.000) 

8.1 ps 
[99%] 
44.9 fs 
[1%] 

(R2=1.000) 

1.7 ps 
[99%] 
7.7 fs 
[1%] 

(R2=1.000) 

3.8 ps 
[99%] 
20.4 fs 
[1%] 

(R2=1.000) 

B
A

N
D

 1
 

 
126 LUMO+6 

 
 

5.9 ps 
[100%] 

 (R2=1.000) 

3.8 ps 
[100%] 

 (R2=1.000) 

2.2 ps 
[100%] 

(R2=1.000) 

752.9 fs 
[100%] 

(R2=0.999) 
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Table D.18. Characteristic electron injection times for 3 from constrained exponential fit of 
survival probability, !(!) = !"#(−! ∗ !), with t = 0-2000 fs.  

 
Initial Particle 

State 

3-TiO2 

Injection time 
Bi, 

Bpy Par 
Bi, 

Bpy Perp 

B
A

N
D

 1
, B

A
N

D
 2

 

 
 

116, LUMO 
 
 

31.8 fs 
(R2=0.996) 

35.9 fs 
(R2=0.995) 

 
 

117, LUMO+1 
 
 

94.5 ps 
(R2=1.000) 

742.1 fs 
(R2=1.000) 

B
A

N
D

 2
 

 
 

118, LUMO+2 
 
 

26.0 fs 
(R2=0.991) 

25.5 fs 
(R2=0.991) 

 
 

119, LUMO+3 
 
 

17.2 ps 
(R2=0.999) 

87.7 ps 
(R2=0.998) 

 
 

120, LUMO+4 
 
 

71.6 fs 
(R2=0.995) 

49.4 fs 
(R2=0.994) 

B
A

N
D

 1
  

 
131 LUMO+15 

 
 

2.3 ps 
(R2=0.972) 

669.1 fs 
(R2=0.977) 
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Table D.19. Characteristic electron injection times for 3 from constrained biexponential fit of 
survival probability, ! ! = ! ∗ !"# −!! ∗ ! + (!− !) ∗ !"#(−!! ∗ !), with t = 0-2000 
fs. The percent contribution to the biexponential for each of the injection times is given 
below the corresponding time.  

 
Initial Particle  

State 
 

3-TiO2 

Injection time 

Bi, 
Bpy Par 

Bi, 
Bpy Perp 

B
A

N
D

 1
, B

A
N

D
 2

 
 
 

116, LUMO 
 
 

31.8 fs 
[100%] 

  
 

(R2=0.996) 

35.1 fs  
[99%] 
 1.5 ps 
[1%] 

(R2=0.997) 

 
 

117, LUMO+1 
 
 

94.5 ps 
[100%] 

 
 

(R2=1.000) 

 756.5 fs 
[98%] 
5.3 fs  
[2%] 

(R2=1.000) 

B
A

N
D

 2
 

 
 

118, LUMO+2 
 
 

30.9 fs 
[84%] 
3.7 fs  
[16%] 

(R2=0.998) 

30.1 fs  
[84%] 
3.5 fs  
[16%] 

(R2=0.998) 

 
 

119, LUMO+3 
 
 

17.8 ps 
[100%] 

  
 

(R2=1.000) 

 91.6 ps 
[100%] 

  
 

(R2=1.000) 

 
 

120, LUMO+4 
 
 

71.6 fs 
[100%] 

  
 

(R2=0.995) 

 49.4 fs 
[99%] 
49.3 fs  
[1%] 

(R2=0.994) 

B
A

N
D

 1
  

 
131 LUMO+15 

 
 

2.3 ps 
[100%] 

  
 

(R2=0.972) 

 669.1 fs 
[100%] 

  
 

(R2=0.977) 
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Table D.20. Characteristic electron injection times for 4 from constrained exponential fit of 
survival probability, !(!) = !"#(−! ∗ !), with t = 0-2000 fs.  

 
Initial Particle 

State 

4-TiO2 

Injection time 

Bi, 
Bpy Par 

Bi, 
Bpy Perp 

B
A

N
D

 1
 

 
112, LUMO 

 
 

4.9 ps 
(R2=0.989) 

2.4 ps 
(R2=0.998) 

 
113, LUMO+1 

 
 

3.4 ps 
(R2=0.977) 

4.0 ps 
(R2=0.975) 

B
A

N
D

 2
 

 
114, LUMO+2 

 
 

425.3 ps 
(R2=0.998) 

2.2 ps 
(R2=0.990) 

 
115, LUMO+3 

 
 

8.4 fs 
(R2=0.967) 

9.1 fs 
(R2=0.573) 

 
116, LUMO+4 

 
 

508.1 fs 
(R2=0.996) 

186.7 ps 
(R2=0.999) 

 
117, LUMO+5 

 
 

 452.1 fs 
(R2=0.986) 

602.0 fs 
(R2=1.000) 

B
A

N
D

 1
, 

B
A

N
D

 2
 

 
127 LUMO+15 

 
 

19.1 ps 
(R2=1.000) 

10.5 ps 
(R2=1.000) 
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Table D.21. Characteristic electron injection times for 4 from constrained biexponential fit of 
survival probability, ! ! = ! ∗ !"# −!! ∗ ! + (!− !) ∗ !"#(−!! ∗ !), with t = 0-2000 
fs. The percent contribution to the biexponential for each of the injection times is given 
below the corresponding time.  

 
Initial Particle  

State 
 

4-TiO2 

Injection time 

Bi, 
Bpy Par 

Bi, 
Bpy Perp 

B
A

N
D

 1
 

 
 

112, LUMO 
 
 

 5.3 ps 
[98%] 
 75.4 fs 
[2%] 

(R2=0.996) 

2.5 ps 
[99%] 
2.3 fs 
[1%] 

(R2=0.998) 

 
 

113, LUMO+1 
 
 

3.9 ps 
[96%] 
 5.8 fs 
[4%] 

(R2=0.998) 

4.5 ps 
[97%] 
4.4 fs 
[3%] 

(R2=0.996) 

B
A

N
D

 2
 

 
 

114, LUMO+2 
 
 

426.3 ps 
[100%] 

 
 

(R2=0.998) 

2.4 ps 
[96%] 
8.4 fs 
[4%] 

(R2=1.000) 

115, LUMO+3 
 

8.36 fs 
[100%] 

(R2=0.967) 

9.1 fs 
[100%] 

 (R2=0.573) 

 
 

116, LUMO+4 
 
 

549.3 fs 
[93%] 
 33.2 fs 
[7%] 

(R2=1.000) 

203.4 fs 
[89%] 
73.2 fs 
[11%] 

(R2=0.999) 

 
 

117, LUMO+5 
 
 

522.2 fs 
[87%] 
 28.1 fs 
[13%] 

(R2=1.000) 

610.4 fs 
[99%] 
2.7 fs 
[1%] 

(R2=1.000) 

B
A

N
D

 1
, 

B
A

N
D

 2
  

127 LUMO+15 
 
 

19.1 ps 
[100%] 

 (R2=1.000) 

10.6 ps 
[100%] 

(R2=1.000) 
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Table D.22. Characteristic electron injection times for 5 from constrained exponential fit of 
survival probability,!!(!) = !"#(−! ∗ !), with t = 0-2000 fs.  aThe first ACAC state is 
150/LUMO+2 (Mono Perp and Bi Chelating Perp) and 151/LUMO+3 (Mono Par and Bi 
Chelating Par). 

 
Initial Particle 

State 

5-TiO2 

Injection time 

Mono, 
Bpy Par 

Mono, 
Bpy Perp 

Bi Chelating, 
Bpy Par 

Bi Chelating, 
Bpy Perp 

B
A

N
D

 1
 

 
148, LUMO 

 

254.2 fs 
(R2=-0.859) 

1.7 ps 
(R2=0.648) 

474.7 fs 
(R2=0.823) 

322.6 fs 
(R2=0.813) 

 
149, LUMO+1 

 

5.0 ps 
(R2=0.823) 

966.1 fs 
(R2=0.613) 

364.8 fs 
(R2=0.946) 

347.4 fs 
(R2=0.980) 

B
A

N
D

 2
 

 
ACAC Statea 

 
 

604.2  ps 
(R2=1.000) 

31.7 fs 
(R2=-2.503) 

30.3 ps 
(R2=1.000) 

5.8 fs 
(R2=-0.062) 

 
ACAC State 

153, LUMO+5 
 

5.8 ns 
(R2=1.000) 

5.5 ps 
(R2=0.999) 

512.9 ps 
(R2=0.999) 

7.3 ps 
(R2=1.000) 

 
154, LUMO+6 

 

1.7 ps 
(R2=1.000) 

1.4 ps 
(R2=1.000) 

180.4 fs 
(R2=1.000) 

202.9 fs 
(R2=0.999) 

 
155, LUMO+7 

 

670.0 fs 
(R2=0.987) 

799.3 fs 
(R2=0.986) 

2.2 ps 
(R2=0.999) 

1.1 ps 
(R2=0.999) 

 
157, LUMO+9 

 
 

1.7 ps 
(R2=1.000) 

3.8 ps 
(R2=1.000) 

387.8 fs 
(R2=0.999) 

564.0 fs 
(R2=0.995) 

B
A

N
D

 1
 

 
163, LUMO+15 

 

258.1 ps 
(R2=0.910) 

460.1 ps 
(R2=0.977) 

24.0 ps 
(R2=0.983) 

80.5 ps 
(R2=0.996) 
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Table D.23. Characteristic electron injection times for 5 from constrained exponential fit of 
survival probability, !(!) = !"#(−! ∗ !), with t = 0-2000 fs. aThe first ACAC state is 
150/LUMO+2 (Bi Bridging Perp) and 152/LUMO+4 (Bi Bridging Par). 

 
Initial Particle 

State 

5-TiO2 

Injection time 

Bi Bridging, 
Bpy Par 

Bi Bridging, 
Bpy Perp 

B
A

N
D

 1
 

 
148, LUMO 

 

358.6 fs 
(R2=0.949) 

331.8 fs 
(R2=0.958) 

 
149, LUMO+1 

 

319.0 fs 
(R2=0.984) 

312.4 fs 
(R2=0.973) 

B
A

N
D

 2
 

 
ACAC Statea 

 
 

12.3 ps 
(R2=0.897) 

35.4 fs 
(R2=0.382) 

 
ACAC State 

153, LUMO+5 
 

606.5 ps 
(R2=-4.082) 

16.8 ps 
(R2=0.905) 

 
154, LUMO+6 

 

89.3 fs 
(R2=0.988) 

105.2 fs 
(R2=0.994) 

 
155, LUMO+7 

 

332.6 fs 
(R2=0.992) 

196.3 fs 
(R2=0.990) 

 
157, LUMO+9 

 
 

762.8 fs 
(R2=0.999) 

1.6 ps 
(R2=1.000) 

B
A

N
D

 1
 

 
163, LUMO+15 

 

22.3 ps 
(R2=0.992) 

83.5 ps 
(R2=0.992) 
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Table D.24. Characteristic electron injection times for 5 from constrained biexponential fit of survival 
probability, ! ! = ! ∗ !"# −!! ∗ ! + (! − !) ∗ !"#(−!! ∗ !), with t = 0-2000 fs. The percent contribution 
to the biexponential for each of the injection times is given below the corresponding time.  aThe first ACAC 
state is 150/LUMO+2 (Mono Perp and Bi Chelating Perp) and 151/LUMO+3 (Mono Par and Bi Chelating Par). 

 
Initial Particle  

State 
 

5-TiO2 

Injection time 

Mono, 
Bpy Par 

Mono, 
Bpy Perp 

Bi Chelating, 
Bpy Par 

Bi Chelating, 
Bpy Perp 

B
A

N
D

 1
 

 
148, LUMO 

 

13.2 fs 
[62%] 
1.1 ps 
[38%] 

(R2=0.970) 

2.5 ps 
[80%] 
16.3 fs 
[20%] 

(R2=0.991) 

727.4 fs 
[69%] 
19.4 fs 
[31%] 

(R2=0.993) 

543.3 fs 
[63%] 
22.0 fs 
[37%] 

(R2=0.987) 

 
149, LUMO+1 

 

7.3 ps 
[93%] 

104.8 fs 
[7%] 

(R2=0.981) 

1.5 ps 
[73%] 

0.004 fs 
[27%] 

(R2=0.980) 

172.0 fs 
[58%] 

755.1 fs 
[42%] 

(R2=0.990) 

300.4 fs 
[91%] 
1.2 ps 
[9%] 

(R2=0.984) 

B
A

N
D

 2
 

 
ACAC Statea 

 
 

604.2 ps 
[100%] 

  
 

(R2=1.000) 

3.5 fs 
[76%] 
1.1  ps 
[24%] 

 (R2=0.983) 

30.3  ps 
[100%] 

  
 

(R2=1.000) 

2.1 fs 
[81%] 

338.1 fs 
[19%] 

 (R2=0.987) 

ACAC State 
153, LUMO+5 

 

5.8  ns 
[100%] 

(R2=1.000) 

 5.5 ps 
[100%] 

(R2=0.999) 

 512.9 ps 
[100%] 

(R2=0.999) 

7.3  ps 
[100%] 

(R2=1.000) 

 
154, LUMO+6 

 

1.7 ps 
[100%] 

 
 

(R2=1.000) 

1.4 ps 
[100%] 

 
 

(R2=1.000) 

174.2 fs 
[97%] 

488.6 fs 
[3%] 

(R2=1.000) 

228.1 fs 
[84%] 
91.9 fs 
[16%] 

(R2=1.000) 

 
155, LUMO+7 

 

752.3 fs 
[90%] 
31.4 fs 
[10%] 

(R2=0.999) 

891.4 fs 
[91%] 
21.0 fs 
[9%] 

(R2=1.000) 

2.3 ps 
[99%] 
15.9 fs 
[1%] 

(R2=1.000) 

1.1 ps 
[98%] 
10.6 fs 
[2%] 

(R2=1.000) 

 
157, LUMO+9 

 

1.7 ps 
[100%] 

(R2=1.000) 

3.8 ps 
[100%] 

(R2=1.000) 

387.8 fs 
[100%] 

(R2=0.999) 

564.0 fs 
[100%] 

(R2=0.995) 

B
A

N
D

 1
 

163, LUMO+15 
 

258.1 ps 
[100%] 

 
 

(R2=0.910) 

460.1 ps 
[100%] 

 
 

(R2=0.977) 

24.0 ps 
[99%] 
90.2 fs 
[1%] 

(R2=0.999) 

80.5 ps 
[100%] 

 
 

(R2=0.996) 



 

212 

Table D.25. Characteristic electron injection times for 5 from constrained biexponential fit of survival 
probability, ! ! = ! ∗ !"# −!! ∗ ! + (! − !) ∗ !"#(−!! ∗ !), with t = 0-2000 fs. The percent contribution 
to the biexponential for each of the injection times is given below the corresponding time. aThe first ACAC 
state is 150/LUMO+2 (Bi Bridging Perp) and 152/LUMO+4 (Bi Bridging Par). 

 
Initial Particle  

State 
 

5-TiO2 

Injection time 

Bi Bridging, 
Bpy Par 

Bi Bridging, 
Bpy Perp 

B
A

N
D

 1
 

 
 

148, LUMO 
 

585.0 fs 
[59%] 

109.9 fs 
[41%] 

(R2=0.993) 

542.6 fs 
[58%] 

113.0 fs 
[42%] 

(R2=0.994) 

 
 

149, LUMO+1 
 

278.3 fs 
[93%] 
1.6 ps 
[7%] 

(R2=0.990) 

227.0 fs 
[80%] 

901.3 fs 
[20%] 

(R2=0.990) 

B
A

N
D

 2
 

 
ACAC Statea 

 
 

15.8  ps 
[98%] 
19.2 fs 
[2%] 

(R2=1.000) 

1.5 fs 
[63%] 

162.2 fs 
[37%] 

(R2=0.839) 

 
ACAC State 

153, LUMO+5 
 

 606.6 ps 
[100%] 

 
 

(R2=-4.081) 

21.5 ps 
[98%] 
33.2 fs 
[2%] 

(R2=0.998) 

 
154, LUMO+6 

 

74.5 fs 
[90%] 

344.7 fs 
[10%] 

(R2=0.996) 

102.8 fs 
[99%] 

783.4 fs 
[1%] 

(R2=0.994) 

 
155, LUMO+7 

 

390.6 fs 
[84%] 
62.2 fs 
[16%] 

(R2=1.000) 

245.1 fs 
[79%] 
46.0 fs 
[21%] 

(R2=1.000) 

 
 

157, LUMO+9 
 
 

780.2 fs 
[98%] 
12.9 fs 
[2%] 

(R2=1.000) 

1.6 ps 
[99%] 
7.6 fs 
[1%] 

(R2=1.000) 

B
. 1

 

163, LUMO+15 
24.2 ps 
[100%] 

(R2=1.000) 

83.5 ps 
[100%] 

(R2=1.000) 
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Figure D.40. Idealized TIQEs (bars) for dye-TiO2 assemblies (dye = 1-5) along with the absorption 
spectra (lines) of complexes 1-5. All attachment modes and orientations (bpy perpendicular and bpy 
parallel, for 1-3 and 5) were averaged. τISC was set to 30 fs. 

 


